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The o r g a n i z a t i o n  o f  t h i s  book h a s  t h r e e  g e n e r a l  o b j e c t i v e s .  The 

f i r s t  o b j e c t i v e  i s  t o  p r e s e n t  f u n d a m e n t a l  c o n c e p t s ,  t e c h n i q u e s ,  and d a t a  

t h a t  a r e  o f  g e n e r a l  u s e  i n  t h e  d e s i g n  o f  t h e  wide r a n g e  o f  microwave 

s t r u c t u r e s  d i s c u s s e d  i n  t h i s  book.  The second  o b j e c t i v e  i s  t o  p r e s e n t  

s p e c i a l i z e d  d a t a  i n  more o r  l e s s  handbook form s o  t h a t  a  d e s i g n e r  c a n  

work o u t  p r a c t i c a l  d e s i g n s  f o r  s t r u c t u r e s  h a v i n g  c e r t a i n  s p e c i f i c  c o n -  

f i g u r a t i o n s ,  w i t h o u t  h a v i n g  t o  r e c r e a t e  t h e  d e s i g n  t h e o r y  o r  t h e  d e r i v a -  

t i o n  o f  t h e  e q u a t i o n s .  (However ,  t h e  o p e r a t i o n  o f  most  of  t h e  d e v i c e s  

d i s c u s s e d  h e r e i n  i s  s u f f i c i e n t l y  complex t h a t  knowledge o f  some o f  t h e  

b a s i c  c o n c e p t s  a n d  t e c h n i q u e s  i s  u s u a l l y  i m p o r t a n t . )  The t h i r d  o b j e c t i v e  

i s  t o  p r e s e n t  t h e  t h e o r y  upon wh ich  t h e  v a r i o u s  d e s i g n  p r o c e d u r e s  a r e  

b a s e d ,  s o  t h a t  t h e  d e s i g n e r  c a n  a d a p t  t h e  v a r i o u s  d e s i g n  t e c h n i q u e s  t o  

new and u n u s u a l  s i t u a t i o n s ,  and s o  t h a t  r e s e a r c h e r s  i n  t h e  f i e l d  o f  

microwave d e v i c e s  may u s e  some o f  t h i s  i n f o r m a t i o n  a s  a  b a s i s  f o r  d e r i v -  

i n g  a d d i t i o n a l  t e c h n i q u e s .  The p r e s e n t a t i o n  o f  t h e  m a t e r i a l  s o  t h a t  i t  

c a n  be  a d a p t e d  t o  new and u n u s u a l  s i t u a t i o n s  i s  i m p o r t a n t  b e c a u s e  many 

o f  t h e  microwave f i l t e r  t e c h n i q u e s  d e s c r i b e d  i n  t h i s  book a r e  p o t e n t i a l l y  

u s e f u l  f o r  t h e  d e s i g n  o f  microwave d e v i c e s  n o t  o r d i n a r i l y  t h o u g h t  o f  a s  

h a v i n g  a n y t h i n g  t o  do w i t h  f i l t e r s .  Some examples  a r e  t u b e s ,  p a r a m e t r i c  

d e v i c e s ,  and a n t e n n a s ,  where  f i l t e r  s t r u c t u r e s  c a n  s e r v e  a s  e f f i c i e n t  

i m p e d a n c e - m a t c h i n g  n e t w b r k s  f o r  a c h i e v i n g  b r o a d - b a n d  o p e r a t i o n .  F i l t e r  

s t r u c t u r e s  a r e  a l s o  u s e f u l  a s  s low-wave s t r u c t u r e s  o r  t i m e -  

t u r e s .  I n  a d d i t i o n ,  microwave f i l t e r  t e c h n i q u e s  c a n  be  app  

d e v i c e s  n o t  o p e r a t i n g  i n  t h e  microwave band of  f r e q u e n c i e s ,  

i n s t a n c e  t o  i n f r a r e d  and o p t i c a l  f i l t e r s .  

The t h r e e  o b j e c t i v e s  a b o v e a r e  n o t l i s t e d i n  any o r d e r  of  

d e l a y  s t r u c -  

l i e d  t o  o t h e r  

a s  f o r  

m p o r t a n c e ,  no r  

i s  t h i s  book e n t i r e l y  s e p a r a t e d  i n t o  p a r t s  a c c o r d i n g  t o  t h e s e  o b j e c t i v e s .  

However,  i n  c e r t a i n  c h a p t e r s  where  t h e  m a t e r i a l  l e n d s  i t s e l f  t o  s u c h  

o r g a n i z a t i o n ,  t h e  f i r s t  s e c t i o n  o r  t h e  f i r s t  few s e c t i o n s  d i s c u s s  g e n e r a l  

p r i n c i p l e s  w h i c h  a  d e s i g n e r  s h o u l d  u n d e r s t a n d  i n  o r d e r  t o  make b e s t  u s e  

o f  t h e  d e s i g n  d a t a  i n  t h e  c h a p t e r ,  t h e n  come s e c t i o n s  g i v i n g  d e s i g n  d a t a  
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f o r  s p e c i f i c  t y p e s  o f  s t r u c t u r e s ,  and t h e  end o f  t h e  c h a p t e r  d i s c u s s e s  

t h e  d e r i v a t i o n s  o f  t h e  v a r i o u s  d e s i g n  e q u a t i o n s .  A l s o ,  a t  numerous  p l a c e s  

c r o s s  r e f e r e n c e s  a r e  made t o  o t h e r  p o r t i o n s  o f  t h e  book where  i n f o r m a t i o n  

u s e f u l  f o r  t h e  d e s i g n  o f  t h e  p a r t i c u l a r  s t r u c t u r e  u n d e r  c o n s i d e r a t i o n  c a n  

b e  found .  F o r  example ,  C h a p t e r  11 d e s c r i b e s  p r o c e d u r e s  f o r  m e a s u r i n g  t h e  

u n l o a d e d  Q and  e x t e r n a l  Q o f  r e s o n a t o r s ,  and f o r  m e a s u r i n g  t h e  c o u p l i n g  

c o e f f i c i e n t s  be tween  r e s o n a t o r s .  Such p r o c e d u r e s  h a v e  wide  a p p l i c a t i o n  

i n  t h e  p r a c t i c a l  deve lopmen t  o f  many t y p e s  o f  b a n d - p a s s  f i l t e r s  a n d  

impedance -ma tch ing  n e t w o r k s .  

C h a p t e r  1 o f  t h i s  book d e s c r i b e s  t h e  b r o a d  r a n g e  o f  a p p l i c a t i o n s  f o r  

which microwave f i l t e r  s t r u c t u r e s  a r e  p o t e n t i a l l y  u s e f u l .  C h a p t e r s  2 

t h r o u g h  6 c o n t a i n  r e f e r e n c e  d a t a  and background  i n f o r m a t i o n  f o r  t h e  r e s t  

o f  t h e  book.  C h a p t e r  2 summar izes  v a r i o u s  c o n c e p t s  and e q u a t i o n s  t h a t  

a r e  p a r t i c u l a r l y  u s e f u l  i n  t h e  a n a l y s i s  o f  f i l t e r  s t r u c t u r e s .  A l t h o u g h  

t h e  image p o i n t  o f  v iew f o r  f i l t e r  d e s i g n  i s  made u s e  o f  o n l y  a t  c e r t a i n  

p o i n t s  i n  t h i s  book,  some knowledge o f  image d e s i g n  m e t h o d s  i s  d e s i r a b l e .  

C h a p t e r  3 g i v e s  a  b r i e f  summary o f  t h e  image d e s i g n  c o n c e p t s  wh ich  a r e  

p a r t i c u l a r l y  u s e f u l  f o r  t h e  p u r p o s e s  o f  t h i s  book .  C h a p t e r s  1 t o  3 s h o u l d  

b e  e s p e c i a l l y  h e l p f u l  t o  r e a d e r s  whose background  f o r  t h e  m a t e r i a l  o f  t h i s  

book may h a v e  some g a p s .  

Most o f  t h e  f i l t e r  and impedance -ma tch ing  n e t w o r k  d e s i g n  t e c h n i q u e s  

d e s c r i b e d  l a t e r  i n  t h e  book make u s e  o f  a  l o w - p a s s  p r o t o t y p e  f i l t e r  a s  a  

b a s i s  f o r  d e s i g n .  C h a p t e r  4  d i s c u s s e s  v a r i o u s  t y p e s  o f  l u m p e d - e l e m e n t ,  

l o w - p a s s ,  p r o t o t y p e  f i l t e r s ,  p r e s e n t s  t a b l e s  o f  e l e m e n t  v a l u e s  f o r  s u c h  

f i l t e r s ,  d i s c u s s e s  t h e i r  t i m e - d e l a y  p r o p e r t i e s ,  t h e i r  i m p e d a n c e - m a t c h i n g  

p r o p e r t i e s ,  and  t h e  e f f e c t s  o f  d i s s i p a t i o n  l o s s  upon t h e i r  r e s p o n s e s .  I n  
l a t e r  c h a p t e r s  t h e s e  l o w - p a s s  p r o t o t y p e  f i l t e r s  a n d  t h e i r  v a r i o u s  p r o p e r -  

t i e s  a r e  employed i n  t h e  d e s i g n  o f  l ~ w - ~ a s s ,  h i g h - p a s s ,  b a n d - p a s s ,  and 

b a n d - s t o p  mic rowave  f i l t e r s ,  a n d  a l s o  i n  t h e  d e s i g n  o f  mic rowave  impedance -  

m a t c h i n g  n e t w o r k s ,  and  t i m e - d e l a y  n e t w o r k s .  

V a r i o u s  e q u a t i o n s ,  g r a p h s ,  and t a b l e s  r e l e v a n t  t o  t h e  d e s i g n  o f  

c o a x i a l  l i n e ,  s t r i p - l i n e ,  wavegu ide ,  and  a  v a r i e t y  o f  r e s o n a t o r s ,  c o u p l i n g  

s t r u c t u r e s ,  and  d i s c o n t i n u i t i e s ,  a r e  summar ized  f o r  e a s y  r e f e r e n c e  i n  

C h a p t e r  5. C h a p t e r  6  d i s c u s s e s  t h e  d e s i g n  o f  s t e p  t r a n s f o r m e r s  and p r e -  

s e n t s  t a b l e s  o f  d e s i g n s  f o r  c e r t a i n  c a s e s .  The s t e p  t r a n s f o r m e r s  i n  

C h a p t e r  6 a r e  n o t  o n l y  f o r  u s e  i n  c o n v e n t i o n a l  i m ~ e d a n c e - t r a n s f o r m e r  

a p p l i c a t i o n s ,  b u t  a l s o  f o r  u s e  a s  p r o t o t y p e s  f o r  c e r t a i n  t y p e s  o f  band-  

p a s s  o r  p seudo  h i g h - p a s s  f i l t e r s  d i s c u s s e d  i n  C h a p t e r  9 .  

Des ign  o f  l o w - p a s s  f i l t e r s  and  h i g h - p a s s  f i l t e r s  f rom t h e  s e m i -  

l umped-e l emen t  p o i n t  o f  v iew a r e  t r e a t e d  i n  C h a p t e r  7 .  C h a p t e r s  8 ,  9 ,  

and 10 d i s c u s s  b a n d - p a s s  o r  p s e u d o - h i g h - p a s s  f i l t e r  d e s i g n  u s i n g  t h r e e  

d i f f e r e n t  d e s i g n  a p p r o a c h e s .  Which a p p r o a c h  i s  b e s t  depends  on t h e  t y p e  

o f  f i l t e r  s t r u c t u r e  t o  be u s e d  a n d  t h e  bandwid th  r e q u i r e d .  A  t a b u l a t i o n  

o f  t h e  v a r i o u s  f i l t e r  s t r u c t u r e s  d i s c u s s e d  i n  a l l  t h r e e  c h a p t e r s ,  a  

summary o f  t h e  p r o p e r t i e s  o f  t h e  v a r i o u s  f i l t e r  s t r u c t u r e s ,  and t h e  

s e c t i o n  number where  d e s i g n  d a t a  f o r  t h e  v a r i o u s  s t r u c t u r e s  can  b e  f o u n d ,  

a r e  p r e s e n t e d  a t  t h e  b e g i n n i n g  o f  C h a p t e r  8.  

C h a p t e r  11 d e s c r i b e s  v a r i o u s  a d d i t i o n a l  t e c h n i q u e s  which a r e  u s e f u l  

t o  t h e  p r a c t i c a l  deve lopmen t  o f  microwave b a n d - p a s s  f i l t e r s ,  impedance -  

m a t c h i n g  n e t w o r k s ,  and  t i m e - d e l a y  n e t w o r k s .  T h e s e  t e c h n i q u e s  a r e  q u i t e  

g e n e r a l  i n  t h e i r  a p p l i c a t i o n  a n d  c a n  be  u s e d  i n  c o n j u n c t i o n  w i t h  t h e  

f i l t e r  s t r u c t u r e s  and t e c h n i q u e s  d i s c u s s e d  i n  C h a p t e r s  8 ,  9 ,  and 10,  and 

e l s e w h e r e  i n  t h e  book.  

C h a p t e r  12 d i s c u s s e s  b a n d - s t o p  f i l t e r s ,  w h i l e  C h a p t e r  13 t r e a t s  

c e r t a i n  t y p e s  o f  d i r e c t i o n a l  c o u p l e r s .  The TEM-mode, c o u p l e d - t r a n s m i s s i o n -  

l i n e ,  d i r e c t i o n a l  c o u p l e r s  d i s c u s s e d  i n  C h a p t e r  13 a r e  r e l a t e d  t o  c e r t a i n  

t y p e s  o f  d i r e c t i o n a l  f i l t e r s  d i s c u s s e d  i n  C h a p t e r  1 4 ,  w h i l e  t h e  b r a n c h -  

g u i d e  d i r e c t i o n a l  c o u p l e r s  c a n  b e  d e s i g n e d  u s i n g  t h e  s t e p - t r a n s f o r m e r  

p r o t o t y p e s  i n  C h a p t e r  6 .  Both  waveguide  and s t r i p - l i n e  d i r e c t i o n a l  f i l t e r s  

a r e  d i s c u s s e d  i n  C h a p t e r  1 4 ,  w h i l e  h igh -power  f i l t e r s  a r e  t r e a t e d  i n  C h a p t e r  15. 
C h a p t e r  16  t r e a t s  m u l t i p l e x e r s  and  d i p l e x e r s ,  and  C h a p t e r  17  d e a l s  w i t h  

f i l t e r s  t h a t  c a n  b e  t u n e d  e i t h e r  m e c h a n i c a l l y  o r  by v a r y i n g  a  b i a s i n g  

m a g n e t i c  f i e l d .  

I t  i s  hoped  t h a t  t h i s  book w i l l  f i l l  a  need  (wh ich  h a s  become i n -  

c r e a s i n g l y  a p p a r e n t  i n  t h e  l a s t  few y e a r s )  f o r  a  r e f e r e n c e  book on  d e s i g n  

d a t a ,  p r a c t i c a l  deve lopmen t  t e c h n i q u e s ,  and d e s i g n  t h e o r y ,  i n  a  f i e l d  of  

e n g i n e e r i n g  wh ich  h a s  been  e v o l v i n g  r a p i d l y .  



ACKNOWLEDGMENTS 

The p r e p a r a t i o n  o f  t h i s  book was l a r g e l y  s u p p o r t e d  by t h e  S i g n a l  C o r p s ,  

u n d e r  C o n t r a c t  DA 36-039  SC-87398;  i t s  p r e p a r a t i o n  was a l s o  p a r t i a l l y  sup -  

p o r t e d  by S t a n f o r d  R e s e a r c h  I n s t i t u t e ,  and by o f f - w o r k  t i m e  c o n t r i b u t e d  by 

t h e  a u t h o r s .  Many o f  t h e  d e s i g n  t e c h n i q u e s  d e s c r i b e d  i n  t h i s  book a r e  t h e  

r e s u l t  o f  r e s e a r c h  p r o g r a m s  s p o n s o r e d  by t h e  S i g n a l  Corps  u n d e r  

C o n t r a c t s  DA 36-039  SC-63232,  DA 36-039 SC-64625, UA 36-039 SC-74862,  

and  DA 3 6 - 0 3 9  SC-87398. 

Mr. N a t h a n  L i p e t z  o f  t h e  U .S .  Army E l e c t r o n i c s  R e s e a r c h  L a b o r a t o r y ,  

F t .  Monmouth, N.  J . ,  b e c a u s e  o f  h i s  b e l i e f  i n  t h e  i m p o r t a n c e  o f  r e s e a r c h  

work i n  t h e  a r e a  o f  microwave f i l t e r s  and c o u p l i n g  s t r u c t u r e s ,  a n d  i n  t h e  

p o t e n t i a l  v a l u e  o f  a  book s u c h  a s  t h i s ,  d i d  much t o - m a k e  t h i s  book p o s s i b l e  

Mr. J o h n  P. A g r i o s  and Mr. W i l l i a m  P. D a t t i l o ,  b o t h  o f  t h e  U .S .  Army 

E l e c t r o n i c s  R e s e a r c h  L a b o r a t o r y  a l s o  were  o f  g r e a t  h e l p .  Mr. A g r i o s  main- 

t a i n e d  a  c l o s e  i n t e r e s t  i n  t h i s  p r o j e c t  t h r o u g h o u t  t h e  p r e p a r a t i o n  o f  t h i s  

book ,  a s  d i d  Mr. D a t t i l o ,  who r e v i e w e d  a l l  o f  t h e  c h a p t e r s  a s  t h e y  were 

p r e p a r e d .  He made numerous  s u g g e s t i o n s  which have  r e s u l t e d  i n  v a l u a b l e  

improvement  i n  t h e  c l a r i t y  and  u s e f u l n e s s  o f  t h i s  book. 

Dr .  S .  B. Cohn, f o r m e r l y  o f  S t a n f o r d  H e s e a r c h  I n s t i t u t e  and  p r e s e n t l y  

o f  t h e  R a n t e c  C o r p o r a t i o n ,  l e d  t h e  mic rowave  f i l t e r  and c o u p l i n g  s t r u c t u  

r e s e a r c h  a t  S t a n f o r d  R e s e a r c h  I n s t i t u t e  d u r i n g  t h e  e a r l i e r  S i g n a l  Corps  

f i l t e r  p r o g r a m s  a t  SRI .  I n  many p l a c e s  t h i s  book p r e s e n t s  r e s e a r c h  r e s u  

o r  r e f l e c t s  p o i n t s  o f  v i ew ,  wh ich  a r e  d u e  t o  him. 

The a u t h o r s '  c o l l e a g u e s  a t  S R I ,  and numerous  r e s e a r c h e r s  e l s e w h e r e  

h a v e  made many v a l u a b l e  c o n t r i b u t i o n s  t o  t h e  s u b j e c t  a r e a  o f  t h i s  book,  

and many r e s u l t s  o f  t h e i r  work h a v e  b e e n  i n c o r p o r a t e d  i n t o  t h i s  book.  

The a u t h o r s  t h a n k  t h e  v a r i o u s  j o u r n a l s ,  book p u b l i s h e r s ,  and e l e c -  

t r o n i c s  f i r m s  who h a v e  g i v e n  p e r m i s s i o n  f o r  t h e  u s e  o f  numerous  f i g u r e s  

and t a b l e s .  

vii 



And f i n a l l y ,  t h e  a u t h o r s  t h a n k  t h e m a n y  p e o p l e  a t  SRI who t o o k  a  s p e c i a l  

i n t e r e s t  i n  t h e  huge  j o b  o f  p r e p a r i n g  t h i s  book .  Mrs. E d i t h  Chamber s  

s p e n t  c o u n t l e s s  p a i n s t a k i n g  h o u r s  s u p e r v i s i n g  t h e  p r e p a r a t i o n  o f  t h e  

s t a g g e r i n g  number o f  i l l u s t r a t i o n s  i n  t h i s  b o o k ,  a n d  h e l p e d  g r e a t l y  i n  

i n s u r i n g  i l l u s t r a t i o n s o f h i g h  q u a l i t y  a n d c l a r i t y .  Mrs .  Mary F. A r m s t r o n g  

s u p e r v i s e d  t h e  V a r i t y p i n g  o f  t h e  t e x t .  The a u t h o r s '  t h a n k s  a l s o  g o  t o  

t h e  e d i t o r s ,  s e c r e t a r i e s ,  and  r e p o r t  p r o d u c t i o n  s t a f f  a t  SRI who a l l  

we re  v e r y  c o o p e r a t i v e  i n  t h e  p r o d u c t i o n  o f  t h i s  b o o k .  

CONTENTS 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  PREFACE 

ACKNOWLEDGMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

CHAPTER 1 SOME GENERAL APPLICATIONS OF FILTER STRUCTURES 
IN MICROWAVE ENGINEERING. . . . . . . . . . . . . . . . . . . . . . .  
Sec. 1.01, Introduction . . . . . . . . . . . . . . . . . . . . . . .  
Sec. 1.02, Use of Filters for the Separation or Summing . . . . . . . . . . . . . . . . . . . . . . .  of Signals. 

Sec. 1.03, Impedance-Matching Networks. . . . . . . . . . . . . . . .  
Sec. 1.04, Coupling Networks for Tubes and Negative- 

Resistance Amplifiers. . . . . . . . . . . . . . . . . . .  
Sec. 1.05, Time-Delay Networks and Slow-Wave Structures . . . . . . .  
Sec. 1.06, General Use of Filter Principles in the 

Design of Microwave Components . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  References. 

CHAPTER 2 SOME USEFUL CIRCUIT CONCEPTS AND EQUATIONS. . . . . . . . . . . . . .  
Sec. 2.01, Introduction . . . . . . . . . . . . . . . . . . . . . . .  
Sec. 2.02, Complex Frequency and Poles and Zeros. . . . . . . . . . .  
Sec. 2.03, Natural Modes of Vibration and Their Relation 

to Input-Impedance Poles and Zeros . . . . . . . . . . . .  
. . . . . . .  
. . . . . . .  

Sec. 2.04, Fundamental Properties of Transfer Functions 

. . . . . . . . .  Sec. 2.05, General Circuit Parameters 
Sec. 2.06, Open-Circuit Impedances and Short-circuit . . . . . . . . . . . . . . . .  Admittances. 
Sec. 2.07, Relations Between General Circuit Parameters 

. . .  and Open- and Short-circuit Parameters 

Sec. 2.08, Incident and Reflected Waves, Reflection Coe 
and One Kind of Transmission Coefficient . . 

Sec. 2.09, Calculation of the Input Impedance of a Term 
Two-Port Network . . . . . . . . . . . . . .  

Sec. 2.10, Calculation of Voltage Transfer Functions. . 
Sec. 2.11, ,plculation of Power Transfer Functions and 

Attenuation". . . . . . . . . . . . . . . .  
Sec. 2.12, Scattering Coefficienta. . . . . . . . . . .  
Sec. 2.13, Analysis of Ladder Circuits. . . . . . . . .  
References. . . . . . . . . . . . . . . . . . . . . . .  - 

CHAPTER 3 PRINCIPLES OF THE IMAGE METHOD FOR FILTER DESIGN. . . .  
Sec. 3.01, Introduction . . . . . . . . . . . . . . . .  

. . . . . . .  
fficients, . . . . . . .  
inated, . . . . . . .  

. . . . . . .  
Sec. 3.02, Physical and Mathematical Definition of Image 

Impedance and Image Propagation Function . . . . . . . . .  
Sec. 3.03, Relation Between the Image Parameters and General 

Circuit Parameters, Open-Circuit Impedancea, and 
Short-circuit Admittances. . . . . . . . . . . . . . . . .  

iii 

vii 

1 

1 

1 
3 

6 
9 

13 
14 

15 
15 
15 

18 
2 0 
26 

29 

29 

34 

3 5 
3 6 

3 8 
42 
45 
48 

49 
4 9 

49 

5 2 

v i i i  



CONTENTS 
CONTENTS 

CHAPTER 4 

. . . . . . . .  . Sec 3.04. Image Parameters for Some Common Structures 
Sec . 3.05, The Special Image Properties of Dissipationless . . . . . . . . . . . . . . . . . . . . . . . . .  Networks 

. . . . . . . . .  Sec . 3.06. Constant-k and a-Derived Filter Sections 
Sec . 3.07, The Effects of Terminations Which Mismatch the . . . . . . . . . . . . . . . . . . . . .  Image Impedances 

Sec . 3.08, Design of Matching End Sections to Improve the 
Response of Filters Designed on the Image Basis . . . . . .  

. . . . . . . . . . . . . .  Sec . 3.09. Measurement of Image Parameters 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  References 

LOW-PASS PROTOTYPE FILTERS OBTAINED BY NETWORK 
SYNTHESIS METHODS . . . . . . . . . . . . . . . . . . . . . . . . .  
Sec . 4.01. Introduction . . . . . . . . . . . . . . . . . . . . . . .  
Sec . 4.02, Comparison of Image and Network Synthesis 

Methods for Filter Design . . . . . . . . . . . . . . . . .  
Sec . 4.03, Maximally Flat and Tchebyscheff Filter 

. . . . . . . . . . . . . . . .  Attenuation Characteristics 

Sec . 4.04, Definition of Circuit Parameters for Low- 
Pass Prototype Filters . . . . . . . . . . . . . . . . . .  

Sec . 4.05, Doubly Terminated. Maximally Flat and 
Tchebyscheff Prototype Filters . . . . . . . . . . . . . .  

Sec . 4.06, Singly Terminated Maximally Flat and 
Tchebyscheff Filters . . . . . . . . . . . . . . . . . . .  

Sec . 4.07. Maximally Flat Time-Delay Prototype Filters . . . . . . . .  
Sec . 4.08, Comparison of the Time-Delay Characteristics 

of Various Prototype Filters . . . . . . . . . . . . . . .  
Sec . 4.09, Prototype. Tchebyscheff Impedance-Matching 

Networks Giving Minimum Reflection . . . . . . . . . . . .  
Sec . 4.10, Computation of Prototype Impedance-Matching 

Networks for Specified Ripple or Minimum 
Reflection . . . . . . . . . . . . . . . . . . . . . . . .  

Sec . 4.11. Prototypes for Negative-Resistance Amplifiers . . . . . . .  
Sec . 4.12, Conversion of Filter Prototypes to Use Impedance- 

or Admittance-Inverters and Only One Kind of 
Reactive Element . . . . . . . . . . . . . . . . . . . . .  

Sec . 4.13, Effects of Dissipative Elements in Prototypes 
for Low-Pass. Band-Pass. or' High-Pass Filters . . . . . .  

Sec . 4.14, Approximate Calculation of Prototype Stop-Band 
Attenuation . . . . . . . . . . . . . . . . . . . . . . . .  

Sec . 4.15, Prototype Representation of Dissipation Loss in 
Band-Stop Filters . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  References 

CHAPTER 5 PROPERTIES OF SOME COMMON MICROWAVE FILTER ELEMENTS . . . . . . . . .  
Sec . 5.01. Introduction . . . . . . . . . . . . . . . . . . . . . . .  
Sec . 5.02. General Properties of Transmienion Lines . . . . . . . . .  
Sec . 5.03. Special Properties of Coaxial Lines . . . . . . . . . . . .  
Sec . 5.04. Special Properties of Strip Lines . . . . . . . . . . . . .  
Sec . 5.05, Parallel-Coupled Lines and Arrays of 

Lines Between Ground Planes . . . . . . . . . . . . . . . .  
Sec . 5.06. Special Properties of Waveguidea . . . . . . . . . . . . .  
Sec . 5.07. Common Transmission Line Discontinuities . . . . . . . . .  
Sec . 5.08. Transmission Lines as Resonators . . . . . . . . . . . . .  
Sec . 5.09. Coupled-Strip-Transmiasion-Line Filter Sections . . . . . .  

. . . . . . . . . . . . .  . Sec 5.10. Iris-Coupled Waveguide Junctions 
Sec . 5.11, Resonant Frequencies and Unloaded Q of 

Waveguide Resonators . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  References 

. . . . . . . . .  CHAPTER 6 STEPPED-IMPEDANCE TRANSFORMERS AND FILTER PROTOTYPES 
. . . . . . . . . . . . . . . . . . . . . . .  Sec . 6.01. Introduction 

Sec . 6.02, The Performance of Homogeneous Quarter-Wave . . . . . . . . . . . . . . . . . . . . . . . .  Transformers 
. . . . .  . Sec 6.03. The Performance of Homogeneous Half-Wave Filters 

Sec . 6.04, Exact Tchebyscheff and Maximally Flat Solutions . . . . . . . . . . . . . . . . . .  for Up to Four Sections 

Sec . 6.05, Exact Maximally Flat Solutions for Up to Eight . . . . . . . . . . . . . . . . . . . . . . . . .  Sections 
. . . . . . . . . . . .  Sec . 6.06. Approximate Design when R Is Small 

Sec . 6.07. Approximate Design for Up to Moderately Large R . . . . . .  
Sec . 6.08, Correction for Small Step-Discontinuity . . . . . . . . . . . . . . . . . . . . . . .  Capacitances 

. . . . . . . . . . . .  . Sec 6.09. Approximate Design when R Is Large 
. . . . . . . . .  . Sec 6.10. Asymptotic Behavior as R Tends to Infinity 

Sec . 6.11, Inhomogeneous Waveguide Quarter-Wave Transformers 
ofOneSection . . . . . . . . . . . . . . . . . . . . . .  

Sec . 6.12, Inhomogeneous Waveguide Quarter-Wave Transformers 
of Two or More Sections . . . . . . . . . . . . . . . . . .  

Sec . 6.13. A Nonsynchronous Transformer . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . .  Sac . 6.14. Internal Dissipation Losses 

Sec . 6.15. Group Delay . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  References 

CHAPTER 7 LOW-PASS AND HIGH-PASS FILTERS USING SEMI-LUMPED ELEMENTS . . . . . . . . . . . . . . . . . . . . . .  O R  WAVEGUIDE CORRUGATIONS 

Sec . 7.01, Properties of the Filters Discussed in This . . . . . . . . . . . . . . . . . . . . . . . . . .  Chapter 

Sec . 7.02, Approximate Microwave Realization of Lumped . . . . . . . . . . . . . . . . . . . . . . . . .  Elements 

Sec . 7.03. Low-Pass Filters Using Semi-Lumped Elements . . . . . . . .  
Sec . 7.04. Low-Pass Corrugated-Waveguide Filter . . . . . . . . . . .  
Sec . 7.05, Low-Pass Waffle-lron Filtera Having Very Wide . . . . . . . . . . . . . . . . . . . . . . . .  Stop Bands 

Sec . 7.06, Low-Pasa Filters from Quarter-Wave Transformer 
Prototypes . . . . . . . . . . . . . . . . . . . . . . . .  

Sec . 7.07. High-Pass Filters Using Semi-Lumped Element6 . . . . . . .  
Sec . 7.08, Low-Pass and High-Pass Impedance-Matching 

Networks . . . . . . . . . . . . . . . . . . . . . . . . .  
Sec . 7.09. Low-Pass Time-Delay Networks . . . . . . . . . . . . . . .  
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

C H A P m R  8 BANI)-PASS FILTERS (A GENERAL SUMMARY OF BAND-PASS FILTERS. 
AND A VERSATILE DESIGN TECHNIQUE FOR FILTERS WITH NARROW 
OR MODERATE BANDWIDTHS) . . . . . . . . . . . . . . . . . . . . . . .  
Sec . 8.01, A Summary of the Propertiea of the Band-Pass or 

Pseudo High-Peas Filters Treated in Chapters 8. 9. 
a n d 1 0  . . . . . . . . . . . . . . . . . . . . . . . . . .  

Sec . 8.02. General Principles of Coupled-Renonator Filters . . . . . .  



CONTENTS 
CONTENTS 

Sec .  1 0 . 0 7 ,  I n t e r d i g i t a l - L i n e  F i l t e r s  Having Wide 
Bandwidths  . . . . . . . . . . . . . . . . . . . . . . .  

Sec .  1 0 . 0 8 ,  D e r i v a t i o n  o f  t h e  Design E q u a t i o n s  f o r  . . . . . . . . . . .  P a r a l l e l - C o u p l e d  and S t u b  F i l t e r s .  
Sec .  1 0 . 0 9 ,  D e r i v a t i o n  o f  t h e  Design E q u a t i o n s  f o r  

I n t e r d i g i t a l - L i n e  F i l t e r s .  . . . . . . . . . . . . . . .  
. . . . . . . . . . . . .  Sec.  1 0 . 1 0 ,  S e l e c t i o n  o f  Mapping F u n c t i o n s  

. . . . . .  Sec .  8 . 0 3 ,  P r a c t i c a l  R e a l i z a t i o n  o f  K- and J - I n v e r t e r s .  
. . . . . . . . .  Sec.  8 .04 ,  Use of Low-Pass t o  Band-Pass Mappings .  

Sec .  8 . 0 5 ,  Capac i t i ve -Gap-Coup led  T r a n s m i s s i o n  L i n e  . . . . . . . . . . . . . . . . . . . . . . . .  F i l t e r s .  
Sec .  8 .06 ,  S h u n t - I n d u c t a n c e - C o u p l e d ,  Waveguide F i l t e r s .  . . . . . .  
Sec .  8 . 0 7 ,  Narrow-Band C a v i t y  Resona to r  F i l t e r s  Coupled . . . . . . . . . . . . . . . . . . . .  by Smal l  I r i s e s .  

R e f e r e n c e s  . . . . . . . . . . . . . . . . . . . . . . . . . .  Sec.  8 . 0 8 ,  F i l t e r s  Us ing  Two-Por t ,  Qua r t e r -Wave leng th  
R e s o n a t o r s  . . . . . . . . . . . . . . . . . . . . . . .  

Sec.  8 . 0 9 ,  F i l t e r s  w i th  P a r a l l e l - C o u p l e d  S t r i p - L i n e  . . . . . . . . . . . . . . . . . . . . . . .  R e s o n a t o r s  CHAPTER l i  SPECIAL PROCEDURES TO AID IN THE PRACTICAL DEVELOPMENT 
OF COUPLED-RESONATOR BAND-PASS FILTERS, IMPEDANCE- 
MATCHING NETWORKS, AND TIME-DELAY NETWORKS . . . . . . .  
Sec .  1 1 . 0 1 ,  I n t r o d u c t i o n  . . . . . . . . . . . . . . . .  
Sec.  1 1 . 0 2 ,  Measurement o f  V , Q e ,  and QL of  a  S i n g l y  

. . . . . . . . . . . . .  Loaded ~ e s o n a t o r ~ .  
Sec .  1 1 . 0 3 ,  T e s t s  on S i n g l e  R e s o n a t o r s  w i th  Load ing  . . . . . . . . . . . . . . . .  a t  Both Ends 
Sec .  11 .04 ,  T e s t s  on Symmet r i ca l  P a i r s  o f  R e s o n a t o r s  . . 
Sec.  1 1 . 0 5 ,  Tuning o f  M u l t i p l e - R e s o n a t o r  Band-Pass  . . . . . . . . . . . . . . . . . .  F i l t e r s .  
Sec .  1 1 . 0 6 ,  C a l c u l a t i o n  o f  t h e  Midband D i s s i p a t i o n  

. . . . . . . . .  Loss  of Band-Pass  F i l t e r s .  
Sec .  1 1 . 0 7 ,  Design o f  Narrow-Band F i l t e r s  f o r  Minimum 

Midband Loss  and S p e c i f i e d  High A t t e n u a t i o n  
a t  some Nearby Frequency . . . . . . . . . .  

Sec.  1 1 . 0 8 ,  Design o f  Band-Pass  Impedance-Matching Net-  
works Us ing  t h e  Methods o f  C h a p t e r  8  . . . .  

. . . . . . .  Sec.  8 .10 ,  F i l t e r s  w i th  Qua r t e r -Wave leng th  C o u p l i n g s .  

. . . . . . .  Sec.  8 . 1 1 ,  Lumped-Element,  Coup led -Resona to r  F i l t e r s .  
. . . . . . . . .  Sec.  8 . 1 2 ,  Band-Pass  F i l t e r s  w i th  Wide S t o p  Bands  

. . . . . . . . . . . . . .  Sec.  8 . 1 3 ,  Comb-Line, Band-Pass  F i l t e r s  
Sec .  8 . 1 4 ,  Conce rn ing  t h e  D e r i v a t i o n  o f  Some o f  t h e  

P r e c e d i n g  E q u a t i o n s .  . . . . . . . . . . . . . . . . . .  
R e f e r e n c e s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

CHAPTER 9 BAND-PASS FILTERS, CONTINUED (WIDE-BAND AND NARROW-BAND 
BAND-PASS FILTERS CONSISTING OF TRANSMISSION LINES WITH 
REACTIVE DISCONTINUITIES). . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . .  Sec.  9 . 0 1 ,  I n t r o d u c t i o n  
Sec .  9 . 0 2 ,  F i l t e r s  w i th  Impedance S t e p s  and Impedance . . . . . . . . . . . . . . . . .  I n v e r t e r s .  
Sec .  9 . 0 3 ,  Synch ronous ly  Tuned Reac t ance -Coup led  H a l f -  . . . . . . . . . . . . . . . .  Wave F i l t e r s  
Sec .  9 .04 ,  Narrow-Band Half-Wave F i l t e r s .  . . . . . . .  
Sec.  9 . 0 5 ,  P r a c t i c a l  R e a l i z a t i o n  o f  R e a c t i v e  C o u p l i n g s .  
Sec .  9 . 0 6 ,  Some S t a n d a r d i z e d  Pseudo-High -Pas s  F i l t e r  . . . . . . . . . . . . . . . . . .  Des igns .  
Sec .  9 . 0 7 ,  An Expe r imen ta l  Wide-Band Waveguide F i l t e r  . 

Sec .  1 1 . 0 9 ,  Design o f  Band-Pass  Impedance-Matching 
Networks by t h e  Methods o f  C h a p t e r  10. . . . . . . . . .  

Sec.  1 1 . 1 0 ,  Design o f  Wide-Band Coup l ing  S t r u c t u r e s  f o r  
N e g a t i v e - R e s i s t a n c e  A m p l i f i e r s  . . . . . . . . . . . . .  

Sec.  1 1 . 1 1 ,  Band-Pass  Time-Delay F i l t e r s  . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . .  R e f e r e n c e s  

Sec .  9 . 0 8 ,  Design f o r  S p e c i f i e d  Band-Edges and S t o p -  . . . . . . . . . . . . . . . . . . . .  Band A t t e n u a t i o n  547 
Sec .  9 . 0 9 ,  Examples o f  F i l t e r s  Having Medium and L a r g e  

Bandwidths  . . . . . . . . . . . . . . . . . . . . . . .  557 
Sec .  9 . 1 0 ,  D e r i v a t i o n  o f  t h e  Data f o r  Bandwidth  C o n t r a c t i o n  . . . . . . . . . . . . . . . .  and Pass-Band D i s t o r t i o n  564 

CHAPTER 1 2  BAND-STOP FILTERS. . . . . . . . . . . . . . . . . . . . . . . . . . .  
Sec.  1 2 . 0 1 ,  I n t r o d u c t i o n  . . . . . . . . . . . . . . . . . . . . . .  
Sec.  12 .02 ,  Lumped-Element Band-Stop F i l t e r s  from Low- 

P a s s  P r o t o t y p e s .  . . . . . . . . . . . . . . . . . . . .  
Sec.  1 2 . 0 3 ,  The E f f e c t s  o f  D i s s i p a t i o n  Loss  on Band- 

S t o p  F i l t e r  Pe r fo rmance .  . . . . . . . . . . . . . . . .  
Sec.  12 .04 .  An Approximate  Deaign P r o c e d u r e  f o r  Microwave 

F i l t e r s  w i t h  Very Narrow S t o p  Bands. . . . . . . . . . .  
. . . . . . . . . . . . .  Sec .  9 . 1 1 ,  O p t i m i z i n g  t h e  L i n e  Impedances  569 

. . . . . . . . .  Sec.  9 . 1 2 ,  Reac t ance -Coup led  Quar ter -Wave F i l t e r s  571 
. . . . . . . . . . . . . . . . . . . . . . . . . . . .  R e f e r e n c e s  582 

Sec .  1 2 . 0 5 ,  P r a c t i c a l  R e a l i z a t i o n  o f  Band-Stop R e s o n a t o r s  
f o r  Narrow-Stop-Band F i l t e r s  . . . . . . . . . . . . . .  CHAPTER 1 0  BAND-PASS FILTERS, CONTINUED (BAND-PASS AND PSEUW HIGH- 

PASS FILTERS CONSISTING OF LINES AND STUBS, OR PARALLEL- 
COUPLED ARRAYS OF LINES) . . . . . . . . . . . . . . . . . . . . . .  Sec.  1 2 . 0 6 ,  Expe r imen ta l  Ad jus tmen t  o f  t h e  Coup l ings  and 

Tuning o f  Band-Stop R e s o n a t o r s  . . . . . . . . . . . . .  
Sec .  10 .01 ,  Conce rn ing  t h e  F i l t e r s  and Design P r o c e d u r e s  . . . . . . . . . . . . . . . . . . . .  i n  t h i s  C h a p t e r .  583 
Sec .  10 .02 ,  P a r a l l e l - C o u p l e d  F i l t e r s  w i t h  A0 /2  R e s o n a t o r s .  . . . . .  585 
Sec .  1 0 . 0 3 ,  F i l t e r s  w i th  Shun t  o r  S e r i e s  A0 /4  S t u b s .  . . . . . . . .  595 
Sec .  1 0 . 0 4 ,  F i l t e r s  w i th  A0 /2  S t u b s  and A0/4  C o n n e c t i n g  . . . . . . . . . . . . . . . . . . . . . . . .  L i n e s . .  605 
Sec .  1 0 . 0 5 ,  F i l t e r s  Using bo th  S e r i e s  and S h u n t  S t u b s .  . . . . . . .  609 

Sec .  1 2 . 0 7 ,  Example o f  a  S t r i p - L i n e ,  Narrow-Stop-Band 
F i l t e r  Design.  . . . . . . . . . . . . . . . . . . . . .  

Sec.  12 .08 ,  Narrow-Stop-Band Waveguide F i l t e r  Design 
C o n s i d e r a t i o n s ,  and an Example . . . . . . . . . . . . .  

Set. 1 2 . 0 9 ,  A  Design P r o c e d u r e  Which I s  A c c u r a t e  f o r  F i l t e r s  
w i t h  Wide ( and  Narrow) Stop-Band Widths.  . . . . . . . .  

Sec .  1 2 . 1 0 ,  Some Examples I l l u s t r a t i n g  t h e  Pe r fo rmance  
O b t a i n a b l e  Us ing  t h e  E q u a t i o n s  i n  Sec .  12 .09  . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . .  R e f e r e n c e s  

Sec .  1 0 . 0 6 ,  I n t e r d i g i t a l - L i n e  F i l t e r s  o f  Narrow o r  . . . . . . . . . . . . . . . . . . .  Modera t e  Bandwidth 614 

xii xiii 



CONTENTS CONTENTS 

CHAPTER 1 3  

CHAPTER 1 4  

TEM.MODE. COUPLED-TRANSMISSION-LINE DIRECTIONAL COUPLERS. 
AND BRANCH-LINE DIRECTIONAL COUPLERS . . . . . . . . . . . . . . . .  775 
S e c  . 1 3 . 0 1 ,  
S e c  . 1 3 . 0 2 ,  

S e c  . 1 3 . 0 3  

S e c  . 1 3 . 0 4 ,  

S e c  . 1 3 . 0 5 ,  

S e c  . 1 3 . 0 6 ,  

S e c  . 1 3 . 0 7 ,  

S e c  . 1 3 . 0 8 ,  

S e c  . 1 3 . 0 9 ,  

S e c  . 1 3 . 1 0 ,  
S e c  . 1 3 . 1 1 ,  

S e c  . 1 3 . 1 2  

S e c  . 1 3 . 1 3 ,  

S e c  . 1 3 . 1 4 ,  

R e f e r e n c e s  

. . . . . . . . . . . . . . . . . . . . . .  I n t r o d u c t i o n  
D e s i g n  R e l a t i o n s  f o r  TEM.Mode. C o u p l e d -  
T r a n s m i s s i o n - L i n e  D i r e c t i o n a l  C o u p l e r s  

. . . . . . . . . . . . . . . . . . . . .  o f o n e s e c t i o n  
D e s i g n  R e l a t i o n s  f o r  TEM.Mode. C o u p l e d -  
T r a n s m i s s i o n - L i n e  D i r e c t i o n a l  C o u p l e r s  

. . . . . . . . . . . . . . . . . . . .  o f  T h r e e  S e c t i o n s  

R e l a t i o n s  f o r  TEM-Mode C o u p l e d - T r a n s m i s s i o n -  
L i n e  D i r e c t i o n a l  C o u p l e r s  o f  F i v e  a n d  More 

. . . . . . . . . . . . . . . . . . . . . . . .  S e c t i o n s  
T y p i c a l  D e s i g n s  f o r  TEM.Mode. C o u p l e d -  
T r a n s m i s s i o n - L i n e  D i r e c t i o n a l  C o u p l e r s  o f  
One S e c t i o n  w i t h  A p p r o x i m a t e l y  3  d b  Average  

. . . . . . . . . . . . . . . . . . . . . . . .  C o u p l i n g  
T y p i c a l  D e s i g n s  f o r  TEM Mode. C o u p l e d -  
T r a n s m i s s i o n - L i n e  D i r e c t i o n a l  C o u p l e r s  o f  
One S e c t i o n  and  w i t h  Weak C o u p l i n g  . . . . . . . . . . .  
D e r i v a t i o n  o f  D e s i g n  F o r m u l a s  f o r  TEM.Mode. 
C o u p l e d - T r a n s m i s s i o n - L i n e  C o u p l e r s  o f  

. . . . . . . . . . . . . . . . . . . . . . .  O n e s e c t i o n  
Q u a r t e r - W a v e  F i l t e r  P r o t o t y p e  C i r c u i t s  f o r  
TEM.Mode. C o u p l e d - T r a n s m i s s i o n - L i n e  
D i r e c t i o n a l  C o u p l e r s  . . . . . . . . . . . . . . . . . .  
C o n s i d e r a t i o n s  and G e n e r a l  F o r m u l a s  f o r  

. . . . . . . . . . . . . . . . . .  B r a n c h - L i n e  C o u p l e r s  
. . . . . . . . . . . . . .  P e r i o d i c  B r a n c h - L i n e  C o u p l e r s  

The C h a r a c t e r i s t i c s  and  P e r f o r m a n c e  o f  
S y n c h r o n o u s  B r a n c h - L i n e  C o u p l e r s  . . . . . . . . . . . .  
T a b l e s  o f  I m m i t t a n c e s  o f  S y n c h r o n o u s  Branch-  

. . . . . . . . . . . . . . . . . . . . . .  L i n e  C o u p l e r s  
Examples  I l l u s t r a t i n g  t h e  D e s i g n  and  P e r f o r m -  
a n c e  o f  S y n c h r o n o u s  B r a n c h - L i n e  C o u p l e r s  . . . . . . . .  
D e s i g n  o f  a n  E x p e r i m e n t a l  B r a n c h - L i n e  C o u p l e r  

. . . . . . . . . . . . . . . . . . . . . .  i n w a v e g u i d e  

DIRECTIONAL. CHANNEL-SEPARATION FILTERS AND TRAVELING- 
WAVE RING.RESONATORS . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . .  . S e c  1 4 . 0 1 .  I n t r o d u c t i o n  
S e c  . 1 4 . 0 2 .  Waveguide D i r e c t i o n a l  F i l t e r s  . . . . . . . . .  
S e c  . 1 4 . 0 3 ,  S t r i p  T r a n s m i s s i o n  L i n e  D i r e c t i o n a l  F i l t e r s  

U s i n g  H a l f -  o r  F u l l - W a v e l e n g t h  S t r i p s  . . . . .  
S e c  . 1 4 . 0 4 .  T r a v e l i n g - W a v e - L o o p  D i r e c t i o n a l  F i l t e r  . . . .  
S e c  . 1 4 . 0 5 .  T r a v e l i n g - W a v e  R i n g  R e s o n a t o r  . . . . . . . . .  
S e c  . 1 4 . 0 6 ,  D e r i v a t i o n  o f  F o r m u l a s  f o r  Waveguide  

D i r e c t i o n a l  F i l t e r s  . . . . . . . . . . . . . .  
S e c  . 1 4 . 0 7 ,  D e r i v a t i o n  o f  F o r m u l a s  f o r  T r a v e l i n g - W a v e  

Loop D i r e c t i o n a l  F i l t e r s  and  t h e  T r a v e l i n g -  
Wave R i n g  R e s o n a t o r  . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . .  CHAPTER 1 5  HIGH- POWER FILTERS 8 8 9  
. . . . . . . .  . Sec  1 5 . 0 1 .  I n t r o d u c t i o n  a n d  G e n e r a l  C o n s i d e r a t i o n s  8 8 9  

S e c  . 1 5 . 0 2 ,  P o w e r - H a n d l i n g  C a p a c i t y  o f  V a r i o u s  . . . . . . . . . . . . . . . . . .  T r a n s m i s s i o n - L i n e s  8 9 5  
S e c  . 1 5 . 0 3 ,  T h e o r e t i c a l  P u l s e - P o w e r  C a p a c i t y  o f  D i r e c t -  . . . . . . . . . . . . . . .  C o u p l e d - R e s o n a t o r  F i l t e r s  910  
S e c  . 1 5 . 0 4  A  High-Power T u n a b l e  Narrow-Band TEOl1-Mode F i l t e r  . . 9 2 1  

. . . . . . . . . . . .  . S e c  1 5 . 0 5 .  High-Power  W a f f l e - I r o n  F i l t e r s  937 
. . . . . . . . . . . . .  . S e c  1 5 . 0 6 .  D i s s i p a t i v e  Waveguide  F i l t e r s  952  

. . . . . . . . . . .  . S e c  1 5 . 0 7 .  D i s s i p a t i v e  C o a x i a l - L i n e  F i l t e r s  957 
. . . . . . . . . . . . . . . . . . . . . . . . . . .  R e f e r e n c e s  9 6 1  

. . . . . . . . . . . . . . . . . . . . . . . .  CHAPTER 1 6  MULTIPLEXER DESIGN 9 6 5  
. . . . . . . . . . . . . . . . . . . . .  . S e c  1 6 . 0 1 .  I n t r o d u c t i o n  9 6 5  

. . . . . . . .  . S e c  1 6 . 0 2 .  M u l t i p l e x e r s  U s i n g  D i r e c t i o n a l  F i l t e r s  966 
S e c  . 1 6 . 0 3 ,  Mu1 t i p l e x e r s  U s i n g  R e f l e c t i n g  Narrow-Band . . . . . .  F i l t e r s .  w i t h  G u a r d  Bands  Between C h a n n e l s  968  

. . . . . . . .  . S e c  1 6 . 0 4 .  M u l t i p l e x e r s  w i t h  C o n t i g u o u s  P a s s  Bands  973 
. . . . . . . . .  . S e c  1 6 . 0 5 .  D i p l e x e r s  w i t h  C o n t i g u o u s  P a s s  Bands  9 9 1  

R e f e r e n c e s  . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 0 0 0  

. . . . . .  CHAPTER 1 7  MECHANICALLY AND MAGNETICALLY TUNABLE MICROWAVE FILTERS 1 0 0 1  
. . . . . . . . . . . . . . . . . . . . .  . S e c  1 7 . 0 1 .  I n t r o d u c t i o n  1 0 0 1  

. . . . . .  . S e c  1 7 . 0 2 .  Theory  o f  I d e a l .  T u n a b l e  B a n d - P a s s  F i l t e r s  1006 
. . . .  . S e c  1 7 . 0 3 .  M e c h a n i c a l l y  T u n a b l e  C o a x i a l  B a n d - P a s s  F i l t e r s  1 0 1 3  

. . .  . S e c  1 7 . 0 4 .  Waveguide M e c h a n i c a l l y  T u n a b l e  B a n d - P a s s  F i l t e r s  1 0 2 0  
. . . . . . . .  . S e c  1 7 . 0 5 .  P r o p e r t i e s  o f  F e r r i m a g n e t i c  R e s o n a t o r s  1 0 2 7  

S e c  . 1 7 . 0 6 ,  D e t e r m i n a t i o n  o f  t h e  C r y s t a l  Axes o f  S p h e r i c a l  . . . . . . . . . . . . . . .  F e r r i m a g n e t i c  R e s o n a t o r s  1 0 4 0  
S e c  . 1 7 . 0 7 ,  D e s i g n  o f  M a g n e t i c a l l y  T u n a b l e  B a n d - P a s s  F i l t e r s  

w i t h  'EM-Mode I n p u t s  and  O u t p u t s .  and  a  . . . . . . . .  D i s c u s s i o n  o f  G e n e r a l  D e s i g n  P r i n c i p l e s  1 0 4 3  

S e c  . 1 7 . 0 8 ,  n e s u l t s  o f  Some T r i a l  M a g n e t i c a l l y  T u n a b l e  Band- 
P a s s  F i l t e r  I ) e s i g n s  H a v i n g  S t r i p - L i n e  I n p u t s  . . . . . . . . . . . . . . . . . . . . . .  and O u t p u t s  1056 

S e c  . 1 7 . 0 9 ,  M a g n e t i c a l l y  T u n a b l e  R a n d - P a s s  F i l t e r s  w i t h  . . . . . . . . . . . . .  Waveguide I n p u t s  and  O u t p u t s  1 0 6 8  

S e c  . 1 7 . 1 0 ,  M a g n e t i c a l l y  T u n a b l e  D i r e c t i o n a l  F i l t e r s  . . . . . . . . . . . . . . . .  H a v i n g  C i r c u l a t o r  A c t i o n  1072 
. . . . . . . .  . S e c  1 7 . 1 1 .  M a g n e t i c a l l y  T u n a b l e  Band-Stop  F i l t e r s  1078 

R e f e r e n c e s  . . . . . . . . . . . . . . . . . . . . . . . . . . .  1086 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  INDEX 1 0 8 9  

S e c  . 1 4 . 0 8 ,  D e r i v a t i o n  o f  F o r m u l a s  f o r  S t r i p - T r a n s m i s s i o n -  
L i n e  D i r e c t i o n a l  F i l t e r s  U s i n g  H a l f - W a v e l e n g t h  
and  One-Wavelength  S t r i p s  . . . . . . . . . . .  

R e f e r e n c e s  . . . . . . . . . . . . . . . . . . . . . . .  

x i v  



MICROWAVE FILTERS, 
IMPEDANCE-MATCHING NETWORKS, 
AND COUPLING STRUCTURES 



C H A P T E R  I 

SOME GENERAL APPLICATIONS OF FILTER STRUCTURES 
I N  MICROWAVE ENGINEERING 

SEC.  1 . 0 1 .  INTRODUCTION 

Most r e a d e r s  w i l l  b e  f a m i l i a r  w i t h  t h e  u s e  o f  f i l t e r s  a s  d i s c u s s e d  

i n  S e c .  1 . 0 2  be low.  However,  t h e  p o t e n t i a l  a p p l i c a t i o n s  o f  t h e  m a t e r i a l  

i n  t h i s  book g o e s  much beyond t h e s e  c l a s s i c a l  f i l t e r  a p p l i c a t i o n s  t o  

c o v e r  many o t h e r  microwave e n g i n e e r i n g  p r o b l e m s  which i n v o l v e  f i l t e r - t y p e  

s t r u c t u r e s  b u t  a r e  n o t  a l w a y s  t h o u g h t  o f  a s  b e i n g  f i l t e r  p r o b l e m s .  

Thus ,  t h e  p u r p o s e  o f  t h i s  c h a p t e r  i s  t o  make c l e a r  t o  t h e  r e a d e r  

t h a t  t h i s  book i s  n o t  a d d r e s s e d  o n l y  t o  f i l t e r  d e s i g n  s p e c i a l i s t s ,  b u t  

a l s o  t o  a n t e n n a  e n g i n e e r s  who may n e e d  a  b r o a d b a n d  a n t e n n a  f e e d ,  t o  

microwave t u b e  e n g i n e e r s  who may n e e d  t o  o b t a i n  b r o a d b a n d  impedance  

m a t c h e s  i n  and  o u t  o f  microwave t u b e s ,  t o  s y s t e m  e n g i n e e r s  who may n e e d  

a  microwave t i m e - d e l a y  n e t w o r k ,  and  t o  numerous  o t h e r s  h a v i n g  o t h e r  

s p e c i a l  microwave c i r c u i t  d e s i g n  p r o b l e m s .  

SEC.  1 . 0 2 ,  USE OF FILTERS FOR THE SEPARATION OR 
SUMMING OF SIGNALS 

The mos t  o b v i o u s  a p p l i c a t i o n  o f  f i l t e r  s t r u c t u r e s ,  o f  c o u r s e ,  i s  

f o r  t h e  r e j e c t i o n  o f  unwanted s i g n a l  f r e q u e n c i e s  w h i l e  p e r m i t t i n g  good 

t r a n s m i s s i o n  o f  wan ted  f r e q u e n c i e s .  The most  common f i l t e r s  o f  t h i s  

s o r t  a r e  d e s i g n e d  f o r  e i t h e r  l o w - p a s s ,  h i g h - p a s s ,  b a n d - p a s s  o r  b a n d - s t o p  

a t t e n u a t i o n  c h a r a c t e r i s t i c s  s u c h  a s  t h o s e  shown i n  F i g .  1 . 0 2 - 1 .  Of c o u r s e ,  

i n  t h e  c a s e  o f  p r a c t i c a l  f i l t e r s  f o r  t h e  microwave o r  any o t h e r  f r e q u e n c y  

r a n g e ,  t h e s e  c h a r a c t e r i s t i c s  a r e o n l y  a c h i e v e d  a p p r o x i m a t e l y ,  s i n c e  t h e r e  

i s  a  h i g h - f r e q u e n c y  l i m i t  f o r  any  g i v e n  p r a c t i c a l  f i l t e r  s t r u c t u r e  above  

which i t s  c h a r a c t e r i s t i c s  w i l l  d e t e r i o r a t e  due  t o j u n c t i o n  e f f e c t s ,  r e s o -  - 
n a n c e s  w i t h i n  t h e  e l e m e n t s ,  e t c .  

F i l t e r s  a r e  a l s o  commonly u s e d  f o r  s e p a r a t i n g  f r e q u e n c i e s  i n  

d i p l e x e r s  o r  m u l t i p l e x e r s .  F i g u r e  1 . 0 2 - 2  shows a  m u l t i p l e x e r  which 

s e g r e g a t e s  s i g n a l s  w i t h i n  t h e  2 . 0  t o  4 . 0  Gc band i n t o  t h r e e  s e p a r a t e  
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c h a n n e l s  a c c o r d i n g  t o  t h e i r  f r e q u e n c i e s .  A  w e l l  d e s i g n e d  m u l t i p l e x e r  o f  

t h i s  s o r t  would h a v e  v e r y  low VSWR a t  t h e  i n p u t  p o r t  a c r o s s  t h e  2 . 0  t o  

4 . 0  Gc i n p u t  b a n d .  To a c h i e v e  t h i s  r e s u l t  t h e  i n d i v i d u a l  f i l t e r s  mus t  

be d e s i g n e d  s p e c i a l l y  f o r  t h i s  p u r p o s e  a l o n g  w i t h  a  s p e c i a l  j u n c t i o n -  

m a t c h i n g  n e t w o r k .  These  m a t t e r s  a r e  t r e a t e d  i n  C h a p t e r  16.  

Ano the r  way t h a t  d i p l e x e r s  o r  m u l t i p l e x e r s  a r e  o f t e n  u s e d  i s  i n  t h e  

summing of  s i g n a l s  h a v i n g  d i f f e r e n t  f r e q u e n c i e s .  S u p p o s i n g  t h a t  t h e  

s i g n a l - f l o w  a r r o w h e a d s  i n  F i g .  1 . 0 2 - 2  a r e  r e v e r s e d ;  i n  t h i s  e v e n t ,  s i g n a l s  

e n t e r i n g  a t  t h e  v a r i o u s  c h a n n e l s  c a n  a l l  be j o i n e d  t o g e t h e r  w i t h  n e g l i g i b l e  

r e f l e c t i o n  o r  l e a k a g e  of  e n e r g y  s o  t h a t  a l l  o f  t h e  s i g n a l s  w i l l  b e  s u p e r -  

imposed on a  s i n g l e  o u t p u t  l i n e .  I f  s i g n a l s  i n  t h e s e  v a r i o u s  c h a n n e l  f r e -  

quency r a n g e s  were  summed by a  s i m p l e  j u n c t i o n  o f  t r a n s m i s s i o n  l i n e s  ( i . e . ,  

w i t h o u t  a  m u l t i p l e x e r ) ,  t h e  l o s s  i n  e n e r g y  a t  t h e  s i n g l e  o u t p u t  l i n e  wou ld ,  

o f  c o u r s e ,  be c o n s i d e r a b l e ,  a s  a  r e s u l t  o f  r e f l e c t i o n s  and o f  l e a k a g e  o u t  

of  l i n e s  o t h e r  t h a n  t h e  i n t e n d e d  o u t p u t  l i n e .  

S E C .  1 . 0 3 ,  IMPEDANCE - MATCHING NETWORKS 

i30de1 f i r s t  showed what  t h e  p h y s i c a l  l i m i t a t i o n s  were on t h e  b roadband  

impedance  m a t c h i n g  o f  l o a d s  c o n s i s t i n g  o f  a  r e a c t i v e  e l e m e n t  and a  r e s i s t o r  

i n  s e r i e s  o r  i n  p a r a l l e l .  L a t e r ,  ~ a n o '  p r e s e n t e d  t h e  g e n e r a l  l i m i t a t i o n s  

on t h e  impedance  m a t c h i n g  o f  any  l o a d .  F a n o ' s  work shows t h a t  e f f i c i e n c y  

o f  t r a n s m i s s i o n  and bandwid th  a r e  e x c h a n g e a b l e  q u a n t i t i e s  i n  t h e  impedance  

m a t c h i n g  o f  any  l o a d  h a v i n g  a  r e a c t i v e  componen t .  

To i l l u s t r a t e  t h e  t h e o r e t i c a l  l i m i t a t i o n s  wh ich  e x i s t  on b roadband  

impedance  m a t c h i n g ,  c o n s i d e r  t h e  example  shown i n  F i g .  1 . 0 3 - 1  where  t h e  

l o a d  t o  be ma tched  c o n s i s t s  

of  a  c a p a c i t o r  C1 and a  r e -  

s i s t o r  R,, i n  p a r a l l e l .  A 

l o s s l e s s  i m p e d a n c e - m a t c h i n g  
WSSLESS 

ne twork  i s  t o  be  i n s e r t e d  IMPEDANCE - MATCHING 

be tween t h e  g e n e r a t o r  and NETWORK 

t h e  l o a d ,  and t h e  r e f l e c -  - 
LOAD 

t i o n  c o e f f i c i e n t  be tween Zin 
A-3527-95 

t h e  g e n e r a t o r  and  t h e  

impedance -ma tch ing  n e t -  F1.G. 1.03-1 EXAMPLE OF AN IMPEDANCE-MATCHING 
work i s  PROBLEM 



The work o f  ~ o d e l  and t h a t  o f  ~ a n o '  shows t h a t  t h e r e  i s  a  p h y s i c a l  l i m i t a -  

t i o n  on wha t  I- c an  be a s  a  f u n c t i o n  o f  f r e q u e n c y .  The best possible 

r e s u l t s  a r e  l i m i t e d  a s  i n d i c a t e d  by t h e  r e l a t i o n *  

R e c a l l  t h a t  f o r  a  p a s s i v e  c i r c u i t  0  5 1i-l 5 1 ,  f o r  t o t a l  r e f l e c t i o n  
Irl = 1 ,  and  t h a t  f o r  p e r f e c t  t r a n s m i s s i o n  Irl = 0 .  T h u s ,  t h e  l a r g e r  
In Il/rl i s  t h e  b e t t e r  t h e  t r a n s m i s s i o n  w i l l  b e .  d u t  Eq.  ( 1 . 0 3 - 2 )  s a y s  
t h a t  t h e  a r e a  u n d e r  t h e  c u r v e  o f  In Il/rl u s  o can  be  no g r e a t e r  t h a n  

n / ( R o C 1  ) .  

I f  a  good impedance  ma tch  i s  d e s i r e d  f r o m  f r e q u e n c y  t o  w b ,  b e s t  
r e s u l t s  can  be o b t a i n e d  i f  Ii-1 = 1 a t  a l l  f r e q u e n c i e s  e x c e p t  i n  t h e  band 
f rom a,a t o  u b .  Then In ll/rl = 0  a t  a l l  f r e q u e n c i e s  e x c e p t  i n  t h e  ma t o  

w b  band ,  and t h e  a v a i l a b l e  a r e a  u n d e r  t h e  In Il/rl c u r v e  c a n  a l l  be  c o n -  

c e n t r a t e d  i n  t h e  r e g i o n  where  i t  d o e s  t h e  mos t  good .  With t h i s  s p e c i f i -  

c a t i o n ,  Eq. ( 1 . 0 3 - 2 )  becomes 

and i f  Irl is  assumed t o  b e  c o n s t a n t  a c r o s s  t h e  band o f  impedance  m a t c h ,  

1i-1 a s  a  f u n c t i o n  o f  f r e q u e n c y  hecomes 

* 
T h i s  r e l a t i o n  h o l d s  i f  t h e  i m p e d a n c e  m a t c h i n g  n e t w o r k  i s  d e s i g n e d  s o  t h a t  t h e  r e f l e c t i o n  c o e f -  

f i c i e n t  b e t w e e n  Ro and t h e  c i r c u i t  t o  t h e  l e f t  o f  Ro i n  F i g .  1 . 0 3 - 1  h a s  a l l  o f  i t s  z e r o s  i n  

t h e  l e f t  h a l f  p l a n e . ' "  

E q u a t i o n  ( 1 . 0 3 - 4 )  s a y s  t h a t  an  i d e a l  impedance -ma tch ing  n e t w o r k  f o r  

t h e  l o a d  i n  F i g .  1 . 0 3 - 1  would b e  a  b a n d - p a s s  f i l t e r  s t r u c t u r e  w h i c h  would 

c u t  o f f  s h a r p l y  a t  t h e  e d g e s  o f  t h e  band o f  impedance  ma tch .  The c u r v e s  

i n  F i g .  1 . 0 3 - 2  show how t h e  Irl vs o c u r v e  f o r  p r a c t i c a l  b a n d - p a s s  

impedance -ma tch ing  f i l t e r s  m i g h t  l o o k .  The c u r v e  marked Case  1 i s  f o r  t h e  

impedance  m a t c h i n g  o f  a  g i v e n  l o a d  o v e r  t h e  r e l a t i v e l y  na r row band f rom 

w a  t o  o b ,  w h i l e  t h e  c u r v e  marked C a s e  2 i s  f o r  t h e  impedance  m a t c h i n g  o f  

t h e  same l o a d  o v e r  t h e  w i d e r  band f rom oc t o  od u s i n g  t h e  same number o f  

e l e m e n t s  i n  t h e  i m p e d a n c e - m a t c h i n g  n e t w o r k .  The r e c t a n g u l a r  (rl c h a r a c t e r  

i s t i c  i n d i c a t e d  by Eq. ( 1 . 0 3 - 4 )  i s  t h a t  which would  be a c h i e v e d  by an  

optimum b a n d - p a s s  ma tch ing  f i l t e r  w i t h  an  i n f i n i t e  number o f  e l e m e n t s . *  

I I I 

wc wo do wb Wd 

RADIAN FREQUENCY. W A-asz7-9s 

FIG. 1.03-2 CURVES ILLUSTRATING RELATION BETWEEN BANDWIDTH AND DEGREE OF 
IMPEDAMCE MATCH POSSIBLE FOR A GIVEN LOAD HAVING A REACTIVE 
COMPONENT 

The work o f  ~ a n o ~  shows t h a t  s i m i l a r  c o n d i t i o n s  a p p l y  no m a t t e r  what 

t h e  n a t u r e  o f  t h e  l o a d  ( a s  l o n g  a s  t h e  l o a d  i s  n o t  a p u r e  r e s i s t a n c e ) .  Thus, 

f o r  this very fundamental reason, efficient broadband impedance-matching 

structures are necessarily filter structures. S e e  S e c s .  4 .09  t h r o u g h  4 . 1 1 ,  

7 . 0 8 ,  and 1 1 . 0 8  t h r o u g h  1 1 . 1 0  f o r  d i s c u s s i o n s  o f  how t h e  f i l t e r  s t r u c t u r e s  

t r e a t e d  i n  t h i s  book may b e  d e s i g n e d  f o r u s e  as impedance-matching n e t w o r k s .  

* 
S i m p l e  m a t c h i n g  n e t w o r k s  c a n  # i v e  v e r y  g r e a t  i m p r o v e m e n t s  i n  i m p e d a n c e  m a t c h ,  and a s  t h e  
number o f  m a t c h i n g  e l e m e n t s  i s  i n c r e a s e d  t h e  improvement  p e r  a d d i t i o n a l  e l e m e n t  r a p i d l y  
becomes  s m a l l e r  and s m a l l e r .  For  t h i s  r e a s o n  f a i r l y  s i m p l e  m a t c h i n g  n e t w o r k s  c a n  g i v e  
P e r f o r m a n c e  w h i c h  c o m e s  e l a s .  t o  t h e  t h c a r c t i c a l l y  optimum p e r f o r m a n c e  f o r  a n  i n f i n i t e  
number o f  i m p e d m n c e - m a t c h i n g  e l e m e n t s .  



S E C .  1 . 0 4 ,  COUPLING NETWOHKS FOH TUBES AND 
NEGATIVE-RESI STANCE AMPLIFIERS 

A  p e n t o d e  vacuum t u b e  c a n  o f t e n  be  s i m u l a t e d  a t  i t s  o u t p u t  a s  an  

i n f i n i t e - i m p e d a n c e  c u r r e n t  g e n e r a t o r  w i t h  a  c a p a c i t o r  s h u n t e d  a c r o s s  t h e  

t e r m i n a l s .  B roadband  o u t p u t  c i r c u i t s  f o r  s u c h  t u b e s  c a n  be  d e s i g n e d  a s  

a  f i l t e r  t o  be  d r i v e n  by a n  i n f i n i t e - i m p e d a n c e  c u r r e n t  g e n e r a t o r  a t  one  

end  w i t h  o n l y  one  r e s i s t o r  t e r m i n a t i o n  ( l o c a t e d  a t  t h e  o t h e r  end  o f  t h e  

f i l t e r ) .  Then t h e  o u t p u t  c a p a c i t a n c e  o f  t h e  t u b e  i s  u t i l i z e d  a s  one  o f  

t h e  e l e m e n t s  r e q u i r e d  f o r  t h e  f i l t e r ,  and  i n  t h i s  way t h e  d e l e t e r i o u s  

e f f e c t s  o f  t h e  s h u n t  c a p a c i t a n c e  a r e  c o n t r o l l e d . 3  D a t a  p r e s e n t e d  l a t e r  

i n  t h i s  book w i l l  p r o v i d e  c o n v e n i e n t  means  f o r  d e s i g n i n g  mic rowave  b r o a d -  

band c o u p l i n g  c i r c u i t s  f o r  p o s s i b l e  m i c r o w a v e  s i t u a t i o n s  o f  a  s i m i l a r  

c h a r a c t e r  whe re  t h e  d r i v i n g  s o u r c e  may be  r e g a r d e d  a s  a  c u r r e n t  o r  v o l t a g e  

g e n e r a t o r  p l u s  a  r e a c t i v e  e l e m e n t .  

I n  some c a s e s  t h e  i n p u t  o r  o u t p u t  i m p e d a n c e s  o f  a n  o s c i l l a t o r  o r  an  

a m p l i f y i n g  d e v i c e  may be  r e p r e s e n t e d  a s  a  r e s i s t a n c e  a l o n g  w i t h  one  o r  

two r e a c t i v e  e l e m e n t s .  I n  s u c h  c a s e s  i m p e d a n c e - m a t c h i n g  f i l t e r s  a s  d i s -  

c u s s e d  i n  t h e  p r e c e d i n g  s e c t i o n  a r e  n e c e s s a r y  i f  optimum b r o a d b a n d  p e r f o r m -  

a n c e  i s  t o  be  a p p r o a c h e d .  

N e g a t i v e - r e s i s t a n c e  a m p l i f i e r s  a r e  y e t  a n o t h e r  c l a s s  o f  d e v i c e s  which  

r e q u i r e  f i l t e r  s t r u c t u r e s  f o r  optimum b r o a d b a n d  o p e r a t i o n .  C o n s i d e r  t h e  

c i r c u i t  i n  F i g .  1 . 0 4 - 1 ,  w h e r e  we s h a l l  d e f i n e  t h e  r e f l e c t i o n  c o e f f i c i e n t  

a t  t h e  l e f t  a s  

and t h a t  a t  t h e  r i g h t  a s  

S i n c e  t h e  i n t e r v e n i n g  b a n d - p a s s  f i l t e r  c i r c u i t  i s  d i s s i p a t i o n l e s s ,  

t hough  t h e  p h a s e s  o f  I-, and  r3 a r e  n o t  n e c e s s a r i l y  t h e  same.  The  a v a i l a b l e  

power e n t e r i n g  t h e  c i r c u l a t o r  on t h e  r i g h t  i s  d i r e c t e d  i n t o  t h e  f i l t e r  

n e t w o r k ,  and  p a r t  o f  i t  i s  r e f l e c t e d  b a c k  t o  t h e  c i r c u l a t o r  w h e r e  i t  i s  

f i n a l l y  a b s o r b e d  i n  t h e  t e r m i n a t i o n  11'. The t r a n s d u c e r  g a i n  f r o m  t h e  

g e n e r a t o r  t o  RL i s  

where  Psvmil  i s  t h e  a v a i l a b l e  power  o f  t h e  g e n e r a t o r  and  P r  i s  t h e  power 

r e f l e c t e d  b a c k  f rom t h e  f i l t e r  n e t w o r k .  

I f  t h e  r e s i s t o r  R,, on t h e  l e f t  i n  F i g .  1 . 0 4 - 1  i s  p o s i t i v e ,  t h e  

t r a n s d u c e r  g a i n  c h a r a c t e r i s t i c  m i g h t  be  a s  i n d i c a t e d  by t h e  C a s e  1 c u r v e  

i n  F i g .  1 . 0 4 - 2 .  I n  t h i s  c a s e  t h e  ,gain i s  low i n  t h e  p a s s  band o f  t h e  

f i l t e r  s i n c e  Ir, 1 = Ir3 1 i s  s m a l l  t h e n .  However ,  i f  R o  i s  r e p l a c e d  by a  

n e g a t i v e  r e s i s t a n c e  Ri = -Ro, t h e n  t h e  r e f l e c t i o n  c o e f f i c i e n t  a t  t h e  

l e f t  becomes 

FIG. 1.04-1 CIRCUIT ILLUSTRATING THE USE OF FILTER STRUCTURES 
IN THE DESIGN OF NEGATIVE-RESISTANCE AMPLIFIERS 

As a  r e s u l t  we t h e n  have  



FIG. 1.04-2 TRANSDUCER GAIN BETWEEN GENERATOR IN FIG. 1.04-1 
ANDTHECIRCULATOROUTPUT 
Case 1 i s  for Ro Positive while Case 2 is for Ro Replaced by 
R;; = -Ro 

T h u s ,  r e p l a c i n g  R,, by i t s  n e g a t i v e  c o r r e s p o n d s  t o  1 b e i n g  r e p l a c e d  by 
/I-: 1 = l/lr3 1 , and t h e  t r a n s d u c e r  g a i n  is as  i n d i c a t e d  by t h e  c u r v e  marked 

C a s e  2  i n  F i g .  1 . 0 4 - 2 .  Unde r  t h e s e  c i r c u m s t a n c e s  t h e  o u t p u t  power g r e a t l y  

e x c e e d s  t h e  a v a i l a b l e  power o f  t h e  g e n e r a t o r  f o r  f r e q u e n c i e s  w i t h i n  t h e  

p a s s  hand o f  t h e  f i l t e r .  

With t h e  a i d  o f  E q s .  ( 1 . 0 4 - 1 )  and  ( 1 . 0 4 - 6 )  c o u p l i n g  n e t w o r k s  f o r  

n e g a t i v e - r e s i s t a n c e  a m p l i f i e r s  a r e  e a s i l y  d e s i g n e d  u s i n g  i m p e d a n c e -  

m a t c h i n g  f i l t e r  d e s i g n  t e c h n i q u e s .  P r a c t i c a l  n e g a t i v e - r e s i s t a n c e  e l e m e n t s  
s u c h  a s  t u n n e l  d i o d e s  a r e  n o t  s i m p l e  n e g a t i v e  r e s i s t a n c e s ,  s i n c e  t h e y  a l s o  

h a v e  r e a c t i v e  e l e m e n t s  i n  t h e i r  e q u i v a l e n t  c i r c u i t .  I n  t h e  c a s e  o f  t u n n e l  
d i o d e s  t h e  d o m i n a n t  r e a c t i v e  e l e m e n t  i s  a  r e l a t i v e l y  l a r g e  c a p a c i t a n c e  i n  

p a r a l l e l  w i t h  t h e  n e g a t i v e  r e s i s t a n c e .  With  t h i s  l a r g e  c a p a c i t a n c e  p r e s e n t  
s a t i s f a c t o r y  o p e r a t i o n  i s  i m p o s s i b l e  a t  m ic rowave  f r e q u e n c i e s  u n l e s s  some 

s p e c i a l  c o u p l i n g  n e t w o r k  i s  u s e d  t o  c o m p e n s a t e  f o r  i t s  e f f e c t s .  I n  
F i g .  1 . 0 4 - 1 ,  C1 and H: on t h e  l e f t  c a n  be  d e f i n e d  a s  t h e  t u n n e l - d i o d e  

c a p a c i t a n c e  a n d  n e g a t i v e  r e s i s t a n c e ,  and  t h e  r e m a i n d e r  o f  t h e  b a n d - p a s s  

f i l t e r  c i r c u i t  s e r v e s  a s  a  b r o a d b a n d  c o u p l i n g  n e t w o r k .  w 

S i m i l a r  p r i n c i p l e s  a l s o  a p p l y  i n  t h e  d e s i g n  o f  b r o a d b a n d  c o u p l i n g  

n e t w o r k s  f o r  m a s e r s  and p a r a m e t r i c  a m p l i f i e r s .  I n  t h e  c a s e  o f  p a r a m e t r i c  
a m p l i f i e r s ,  howeve r ,  t h e  d e s i g n  o f  t h e  c o u p l i n g  f i l t e r s  i s  c o m p l i c a t e d  

somewhat by t h e  r e l a t i v e l y  complex  impedance  t r a n s f o r m i n g  e f f e c t s  o f  t h e  

t i m e - v a r y i n g  e l e m e n t  . 4 "  

8 

The c o u p l i n g  ne twork  shown i n  F i g .  1 . 0 4 - 1  i s  i n  a  l u m p e d - e l e m e n t  

form which  i s  n o t  v e r y  p r a c t i c a l  t o  c o n s t r u c t  a t  microwave f r e q u e n c i e s .  

However,  t e c h n i q u e s w h i c h  a r e  s u i t a b l e  f o r  d e s i g n i n g  p r a c t i c a l  m ic rowave  

f i l t e r  s t r u c t u r e s  f o r  s u c h  a p p l i c a t i o n s  a r e  d i s c u s s e d  i n  S e c .  1 1 . 1 0 ,  u s i n g  

r e s u l t s  d e v e l o p e d  i n  S e c s .  1 1 . 0 8  and  11 .09 .  Low-pas s  p r o t o t y p e s  f o r  n e g a t i v e -  

r e s i s t a n c e - a m p l i f i e r  c o u p l i n g  n e t w o r k s  a r e  t a b u l a t e d  i n  S e c .  4 . 1 1 .  

SEC.  1 . 0 5 ,  TIME-DELAY NETWORKS AND SLOW- 
WAVE STRUCTURES 

C o n s i d e r  t h e  l o w - p a s s  f i l t e r  n e t w o r k  i n  F i g .  1 . 0 5 - l ( a )  wh ich  h a s  a  

v o l t a g e  t r a n s f e r  f u n c t i o n  E o / E 6  The t r a n s m i s s i o n  p h a s e  i s  d e f i n e d  a s  

The phase delay of  t h i s  n e t w o r k  a t  any  g i v e n  f r e q u e n c y  w i s  

w h i l e  i t s  g r o u p  delay i s  

d' s e c o n d s  t d  = - ( 1 . 0 5 - 3 )  
dw 

where  4 i s  i n  r a d i a n s  and  w i s  i n  r a d i a n s  p e r  s e c o n d .  Under  d i f f e r e n t  

c i r c u m s t a n c e s  e i t h e r  p h a s e  o r  g r o u p  d e l a y  may be  i m p o r t a n t ,  b u t  i t  i s  

FIG. 1.05-1(a) LOW-PASS FILTER DISCUSSED IN SEC. 1.05 



FIG. 1.05-l(b) A POSSIBLE IE,/E, ICHARACTERISTIC FOR THE FILTER IN 
FIG. 1.05-1(a), AND AN APPROXIMATE CORRESPONDING 
PHASE CHARACTERISTIC 

g r o u p  d e l a y  wh ich  d e t e r m i n e s  t h e  t i m e  r e q u i r e d  f o r  a  s i g n a l  t o  p a s s  

t h r o u g h  a  c i r c ~ i t . ~ , ~ *  

Low-pas s  l a d d e r  n e t w o r k s  o f  t h e  form i n  F i g .  1 . 0 5 - l ( a )  h a v e  z e r o  
t r a n s m i s s i o n  p h a s e  f o r  w = 0 ,  and  a s  o becomes  l a r g e  

nrr 
(01 * -  r a d i a n s  

U - m  2 

where  n i s  t h e  

shows a  p o s s i b  

a l o n g  w i t h  t h e  

c i r c u i t .  F i g u r e  1 . 0 5 - l ( b )  
l e  I E , , / E ~  1 c h a r a c t e r i s t i c  f o r  t h e  f i l t e r  i n  F i g .  1 . 0 5 - l ( a )  

a p p r o x i m a t e  c o r r e s p o n d i n g  p h a s e  c h a r a c t e r i s t i c .  Note  t h a t  
most  o f  t h e  p h a s e  s h i f t  t a k e s  p l a c e  w i t h i n  t h e  p a s s  band w = 0  t o  w = w l .  

T h i s  i s  n o r m a l l y  t h e  c a s e ,  h e n c e  a  rough  e s t i m a t e  o f  t h e  g r o u p  t i m e  d e l a y  

i n  t h e  p a s s  band o f  f i l t e r s  o f  t h e  form i n  F i g .  1 . 0 5 - l ( a )  c a n  be  o b t a i n e d  Eom 

n77 
t d  = - s e c o n d s  

2w 1 

where n i s  a g a i n  t h e  number o f  r e a c t i v e  e l e m e n t s  i n  t h e  f i l t e r .  
Of c o u r s e ,  

i n  some c a s e s  t d  may v a r y  a p p r e c i a b l y  w i t h i n  t h e  p a s s  b a n d ,  a n d E q .  ( 1 . 0 5 - 5 )  

i s  v e r y  a p p r o x i m a t e . *  

F i g u r e  1 . 0 5 - 2 ( a )  shows a  f i v e - r e s o n a t o r  b a n d - p a s s  f i l t e r  w h i l e  

F i g .  1 . 0 5 - 2 ( b )  shows a  p o s s i b l e  p h a s e  c h a r a c t e r i s t i c  f o r  t h i s  f i l t e r .  

I n  t h i s  c a s e  t h e  t o t a l  p h a s e  s h i f t  f rom w = 0  t o  w = a i s  nn r a d i a n s ,  

FIG. 1.05-2(a) A BAND-PASS FILTER CORRESPONDING TO THE 
LOW-PASS FILTER IN FIG. 1.05-l(a) 

number o f  r e a c t i v e  e l e m e n t s  i n  t h e  

FIG. 1.05-2(b) A POSSIBLE PHASE CHARACTERISTIC FOR THE FILTER 
IN FIG. 1.05-2(a) 

T h a t  i s ,  i f  t h e r e  i s  n o  a m p l i t u d e  d i s t o r t i o n  and d & d o  i s  h o n s t a n t  a c r o s s  t h e  f r e q u e n c y  band o f  
t h e  s i g n a l ,  t h e n  t h e  o u t p u t  s i g n a l  r i l l  be  a n  e x a c t  r e p l i c a  o f  t h e  i n p u t  s i g n a l  b u t  d i a p l a c e d  i n  
t l m e  by t d  a a c o n d a .  

* 
S i n c e  n o t  d l  o f  t h e  phase  a h i f t  o c c u r s  w i t h i n  t h e  p a s s  band, Eq. (1 .05 -5 )  w i l l  u s u a l l y  
OVereatimate t h e  t ime d e l a y ,  o f t e n  b y  a8 much 8 s  a  factor o f  two. 
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where  n i s  t h e  number o f  r e s o n a t o r s ,  a n d  a  rough  e s t i m a t e  o f  t h e  p a s s -  

band g r o u p  t ime  d e l a y  i s  
* 

n7T 
t d  = ---- s e c o n d s  

Wb - 

where  ma and wb a r e  t h e  r a d i a n  f r e q u e n c i e s  o f  t h e  p a s s - b a n d  e d g e s  

I n  l a t e r  c h a p t e r s  more  p r e c i s e  i n f o r m a t i o n  on  t h e  t i m e  d e l a y  c h a r a c t e r .  

i s t i c s  o f  f i l t e r s  w i l l  h e  p r e s e n t e d .  E q u a t i o n s  ( 1 . 0 5 - 5 )  a n d  ( 1 . 0 5 - 6 )  a r e  

i n t r o d u c e d  h e r e  s i m p l y  h e c a u s e  t h e y  a r e  h e l p f u l  f o r  g i v i n g  a  f e e l  f o r  t h e  

g e n e r a l  t i m e  d e l a y  p r o p e r t i e s  o f  f i l t e r s .  S u p p o s e  t h a t  f o r  some s y s t e m  
a p p l i c a t i o n  i t  i s  d e s i r e d  t o  d e l a y  p u l s e s  o f  S - b a n d  e n e r g y  0 . 0 5  microseconds 
and t h a t  a n  o p e r a t i n g  b a n d w i d t h  o f  50  Mc i s  d e s i r e d  t o  accommodate  t h e  

s i g n a l  s p e c t r u m  and  t o  p e r m i t  some v a r i a t i o n  o f  c a r r i e r  f r e q u e n c y .  I f  
t h i s  d e l a y  were t o  be  a c h i e v e d  w i t h  a n  a i r - f i l l e d  c o a x i a l  l i n e ,  49 f e e t  
o f  l i n e  would  be  r e q u i r e d .  E q u a t i o n  ( 1 . 0 5 - 6 )  i n d i c a t e s  t h a t  t h i s  d e l a y  

c o u l d  he  a c h i e v e d  w i t h  a  f i v e - r e s o n a t o r  f i l t e r  h a v i n g  5 0  Mc b a n d w i d t h .  

An S - b a n d  f i l t e r  d e s i g n e d  f o r  t h i s  p u r p o s e  wou ld  t y p i c a l l y  b e  l e s s  t h a n  

a  f o o t  i n  l e n g t h  and  c o u l d  be  made t o  be  q u i t e  l i g h t .  

I n  s l ow-wave  s t r u c t u r e s  u s u a l l y  phase  v e l o c i t y  

o r  g r o u p  v e l o c i t y  

i s  o f  i n t e r e s t ,  where  1 i s  t h e  l e n g t h  o f  t h e  s t r u c t u r e  a n d  t p  and  t d  a r e  

a s  d e f i n e d  i n  Eqs .  ( 1 . 0 5 - 2 )  and ( 1 . 0 5 - 3 ) .  Not  a l l  s t r u c t u r e s  u s e d  a s  

s l ow-wave  s t r u c t u r e s  a r e  f i l t e r s ,  h u t  v e r y  many o f  them a r e .  Some 
e x a m p l e s  o f  s l ow-wave  s t r u c t u r e s  wh ich  a r e  b a s i c a l l y  f i l t e r  s t r u c t u r e s  

a r e  w a v e g u i d e s  p e r i o d i c a l l y  l o a d e d  w i t h  c a p a c i t i v e  o r  i n d u c t i v e  i r i s e s ,  

i n t e r d i g i t a l  l i n e s ,  and  comb l i n e s .  The m e t h o d s  o f  t h i s  book s h o u l d  be  

q u i t e  h e l p f u l  i n  t h e  d e s i g n  o f  s u c h  s low-wave  s t r u c t u r e s  w h i c h  a r e  

b a s i c a l l y  f i l t e r s .  The u s e  o f  f i l t e r s  a s  t i m e  d e l a y  n e t w o r k s  i s  discussed 
f u r t h e r  i n  S e c s .  4 . 0 7 ,  4 . 0 8 ,  6 . 1 5 ,  7 . 0 9 ,  a n d  11.11. 
* 

As for Eqa. ( 1 . 0 5 - 5 1 ,  t h i s  e q u a t i o n  w i l l  u s u a l l y  g i v e  an o v e r  e s t i m a t e  o f  t h e  time d e l a y .  

SEC.  1 . 0 6 ,  GENERAL USE, OF FILTER PRIXCIPLES IN THE 
DESIGN OF MICROWAVE COMPONEKTS 

As c a n  h e  r e a d i l y  s e e n  by e x t r a p o l a t i n g  f rom t h e  d i s c u s s i o n s  i n  

p r e c e d i n g  s e c t i o n s ,  microwave f i l t e r  d e s i g n  t e c h n i q u e s  when u s e d  i n  t h e i r  

most g e n e r a i  way a r e  f u n d a m e n t a l  t o  t h e  e f f i c i e n t  d e s i g n  of a  w i d e  v a r i e t y  

o f  microwave c o m p o n e n t s .  I n  g e n e r a l ,  t h e s e  t e c h n i q u e s  a r e  b a s i c  t o  p r e c i s i ,  

d e s i g n  when s e l e c t i n g ,  r e j e c t i n g ,  o r  c h a n n e l i n g  o f  e n e r g y  o f  d i f f e r e n t  f r e -  

q u e n c i e s  i s  i m p o r t a n t ;  when a c h i e v i n g  e n e r g y  t r a n s f e r  w i t h  low r e f l e c t i o n  

o v e r  a  w ide  hand  i s  i m p o r t a n t ;  o r  when a c h i e \ - i n g  a  c o n t r o l l e d  t i m e  d e l a y  

i s  i m p o r t a n t .  The p o s s i b l e  s p e c i f i c  p r a c t i c a l  s i t u a t i o n s  whe re  s u c h  c o n -  

s i d e r a t i o n s  a r i s e  a r e  t o o  numerous  and v a r i e d  t o  p e r m i t  any a t t e m p t  t o  

t r e a t  them i n d i v i d u a l l y  h e r e i n .  However ,  a  r e a d e r  who i s  f a m i l i a r  w i t h  

t h e  p r i n c i p l e s  t o  be  t r e a t e d  i n  t h i s  book w i l l  u s u a l l v  have  l i t t l e  t r o u b l e  

i n  a d a p t i n g  them f o r  u s e  i n  t h e  many s p e c i a l  d e s i g n  s i t u a t i o n s  h e  w i l l  

e n c o u n t e r .  
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The p u r p o s e  o f  t h i s  c h a p t e r  i s  t o  summarize  v a r i o u s  c i r c u i t  t h e o r y  

c o n c e p t s  and  e q u a t i o n s  wh ich  a r e  u s e f u l  f o r  t h e  a n a l y s i s  o f  f i l t e r s .  Tlrough 

much of t h i s  m a t e r i a l  w i l l  b e  f a m i l i a r  t o  many r e a d e r s ,  i t  a p p e a r s  

d e s i r a b l e  t o  g a t h e r  i t  t o g e t h e r  f o r  e a s y  r e f e r e n c e .  I n  a d d i t i o n ,  t h e r e  

w i l l  u n d o u b t e d l y  be  t o p i c s  w i t h  which  some r e a d e r s  w i l l  he  u n f a m i l i a r .  

I n  s u c h  c a s e s  t h e  d i s c u s s i o n  g i v e n  h e r e  s h o u l d  p r o v i d e  a  b r i e f  i n t r o -  

d u c t i o n  wh-ich s h o u l d  be  a d e q u a t e  f o r  t h e  p u r p o s e s  o f  t h i s  book.  

S E C .  2 . 0 2 ,  COMPLEX FREQUENCY AND P O L E S  A N D  Z E R O S  

A " s i n u s o i d a l "  v o l t a g e  

may a l s o  be  d e f i n e d  i n  t h e  fo rm 

where t  i s  t h e  t i m e  i n  s e c o n d s ,  w is  f r e q u e n c y  i n  r a d i a n s  p e r  s e c o n d ,  a n d  

Em = I E ~ I ~ J ~  i s  t h e  complex  a m p l i t r l d e  o f  t h e  v o l t a g e .  The q u a n t i t y  E n ,  

of  c o u r s e ,  i s  r e l a t e d  t o  t h e  r o o t - m e a n - s q ~ ~ a r e  v o l t a g e  E  by t h e  r e l a t i o n  

E = E,/i% 

S i n u s o i d a l  waveforms a r e  a  s p e c i a l  c a s e  o f  t h e  more g e n e r a l  waveform 

e ( t )  = I ~ ~ l e * '  c o s  ( w t  + p) 

where El = I E ~ ~ ~ J ~  i s  a g a i n  t h e  complex  a m p l i t u d e .  I n  t h i s  c a s e  



i s  t h e  complex  f r e q u e n c y .  I n  t h i s  - '1 --w>o -4-0 
g e n e r a l  c a s e  t h e  wave fo rm may be  a 

_-dC p u r e  e x p o n e n t i a l  f u n c t i o n  a s  i l l u s -  

t- t r a t e d  i n  F i g .  2 . 0 2 - l ( a ) ,  i t  may 

A - 3 5 2 7 - ~ i :  be a n  e x p o n e n t i a l l y - v a r y i n g  s i n u s o i d  

FIG. 2.02-1(a) SHAPE OF COMPLEX-FREQUENCY t r a t e d  i n  Fig.  2 .  0 2 - 1 ( b ) l  
WAVEFORM WHEN p = u + i O  o r  i t  may be a  p u r e  s i n u s o i d  i f  

p  = j w .  

I n  l i n e a r ,  t i m e - i n v a r i a n t  

c i r c u i t s  s u c h  a s  a r e  d i s c u s s e d  i n  t h i s  book c o m p l e x - f r e q u e n c y  waveforms 

have  f u n d a m e n t a l  s i g n i f i c a n c e  n o t  s h a r e d  by o t h e r  t y p e s  o f  w a v e f o r m s .  

T h e i r  b a s i c  i m p o r t a n c e  i s  e x e m p l i f i e d  by t h e  f o l l o w i n g  p r o p e r t i e s  o f  

l i n e a r ,  t i m e - i n v a r i a n t  c i r c u i t s :  

( 1 )  I f  a l ' s t e a d y - s t a t e "  d r i v i n g  v o l t a g e  o r  c u r r e n t  o f  complex  
f r e q u e n c y  p i s  a p p l i e d  t o  a  c i r c u i t  t h e  s t e a d y - s t a t e  
r e s p o n s e  s e e n  a t  any  p o i n t  i n  t h e  c i r c u i t *  w i l l  a l s o  
h a v e  a  c o m p l e x - f r e q u e n c y  waveform w i t h  t h e  same f r e q u e n c y  
p .  The a m p l i t u d e  and p h a s e  a n g l e  w i l l ,  i n  g e n e r a l ,  be  
d i f f e r e n t  a t  d i f f e r e n t  p o i n t s  t h r o u g h o u t  t h e  c i r c u i t .  
But a t  any g i v e n  p o i n t  i n  t h e  c i r c u i t  t h e  r e s p o n s e  a m p l i -  
t u d e  and t h e  p h a s e  a n g l e  a r e  h o t h  l i n e a r  f u n c t i o n s  o f  
t h e  d r i v i n g - s i g n a l  a m p l i t u d e  and  p h a s e .  

( 2 )  The v a r i o u s  p o s s i b l e  n a t u r a l  modes o f  v i b r a t i o n  o f  t h e  
c i r c u i t  w i l l  h a v e  c o m p l e x - f r e q u e n c y  wave fo rms .  (The  
n a t u r a l  modes a r e  c u r r e n t  a n d  v o l t a g e  v i b r a t i o n s  wh ich  
can  e x i s t  a f t e r  a l l  d r i v i n g  s i g n a l s  a r e  r e m o v e d . )  

The c o n c e p t s  o f  impedance  and t r a n s f e r  f u n c t i o n s  r e s u l t  f rom t h e  

f i r s t  p r o p e r t y  l i s t e d  a b o v e ,  s i n c e  t h e s e  two f u n c t i o n s  r e p r e s e n t  r a t i o s  

be tween  t h e  complex  a m p l i t u d e s  o f  t h e  d r i v i n g  s i g n a l  and  t h e  r e s p o n s e .  

As a  r e s u l t  o f  P r o p e r t y  ( 2 ) ,  t h e  t r a n s i e n t  r e s p o n s e  o f  a  n e t w o r k  w i l l  
c o n t a i n  a  s u p e r p o s i t i o n  o f  t h e  c o m p l e x - f r e q u e n c y  waveforms o f  t h e  v a r i o u s  

n a t u r a l  modes o f  v i b r a t i o n  o f  t h e  c i r c u i t .  

The impedance  o f  a  c i r c u i t  a s  a  f u n c t i o n  o f  complex  f r e q u e n c y  p  w i l l  

t a k e  t h e  form 
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U n l e s s  s t a t e d  o t h e r w i s e ,  a l i n e a r ,  time-invariant c i r c u i t  r i l l  be u n d e r s t o o d .  

By f a c t o r i n g  t h e  n u m e r a t o r  and  d e r o m i n a t o r  p o l y n o m i a l s  t h i s  may h e  

w r i t t e n  a s  

A t  t h e  f r e q u e n c i e s  P = p l ,  p 3 ,  p g ,  . . .  e t c . ,  whe re  t h e  n u m e r a t o r  p o l y n o m i a l  

goes  t o  z e r o  t h e  impedance  f u n c t i o n  w i l l  be  z e r o ;  t h e s e  f r e q u e n c i e s  a r e  

t h u s  known a s  t h e  z e r o s  o f  t h e  f u n c t i o n .  At t h e  f r e q u e n c i e s  p = p 2 ,  p 4 ,  

p 6 ,  . . . ,  e t c . ,  whe re  t h e  d e n o m i n a t o r  p o l y n o m i a l  i s  z e r o  t h e  impedance  

f u n c t i o n  w i l l  b e  i n f i n i t e ;  t h e s e  

f r e q u e n c i e s  a r e  known a s  t h e  p o l e s  I 
o f  t h e  f u n c t i o n .  The p o l e s  a n d  I .  
z e r o s  o f  a  t r a n s f e r  f u n c t i o n  a r e  

d e f i n e d  i n  a  s i m i l a r  f a s h i o n .  

A  c i r c u i t  w i t h  a  f i n i t e  num- 

b e r  o f  lumped,  r e a c t i v e  e l e m e n t s  A /  

I 0 

w i l l  h ave  a  f i n i t e  number o f  p o l e s  

and z e r o s .  However ,  a  c i r c u i t  

d i s t r i b u t e d  FIG. 2.02-l(b) SHAPE OF COMPLEX-FREQUENCY 
(wh ich  may be  r e p r e s e n t e d  a s  a n  JVAVEFORM WHEN P = rn + i~ 

i n f i n i t e  number o f  i n f i n i t e s i m a l  ANDu < 0 

l u m p e d - e l e m e n t s )  w i l l  h ave  a n  

i n f i n i t e  number o f  p o l e s  a n d  z e r o s .  

Thus ,  c i r c u i t s  i n v o l v i n g  t r a n s m i s s i o n  l i n e s  w i l l  h a v e  impedance  f u n c t i o n s  

t h a t  a r e  t r a n s c e n d e n t a l ,  i . e . ,  when e x p r e s s e d  i n  t h e  form i n  Eq. ( 2 . 0 2 - 7 )  

t h e y  w i l l  be  i n f i n i t e - p r o d u c t  e x p a n s i o n s .  F o r  e x a m p l e ,  t h e  i n p u t  impedance  

t o  a  l o s s l e s s ,  s h o r t - c i r c u i t e d  t r a n s m i s s i o n  l i n e  wh ich  i s  o n e - q u a r t e r  wave- 

l e n g t h  l o n g  a t  f r e q u e n c y  w o  may be  e x p r e s s e d  a s  



where  Zo i s  t h e  c h a r a c t e r i s t i c  impedance  o f  t h e  l i n e .  T h i s  c i r c u i t  i s  

s e e n  t o  h a v e  p o l e s  a t  p  = + j ( 2 k  - l ) w o  and  z e r o s  a t  p  = 0  and  + j 2 k w o ,  

whe re  k = 1, 2 ,  3 ,  . . . , m. 

R e g a r d i n g  f r e q u e n c y  a s  t h e  more  g e n e r a l  p = u + jw  v a r i a b l e  i n s t e a d  

o f  t h e  u n n e c e s s a r i l y  r e s t r i c t i v e  j w  v a r i a h l e  p e r m i t s  a  much b r o a d e r  p o i n t  

o f  v iew i n  c i r c u i t  a n a l y s i s  and d e s i g n .  Impedance  and  t r a n s f e r  f u n c t i o n s  

become f u n c t i o n s  o f  a  c o m p l e x  v a r i a h l e  ( i . e . ,  t h e y  become f u n c t i o n s  o f  

t h e  v a r i a b l e  p  = cr + j w )  a n d  a l l  o f  t h e  p o w e r f u l  t o o l s  i n  t h e  m a t h e m a t i c a l  

t h e o r y  o f  f u n c t i o n s  o f  a  complex  v a r i a b l e  become a v a i l a b l e .  I t  becomes 

v e r y  h e l p f u l  t o  d e f i n e  t h e  p r o p e r t i e s  o f  a n  impedance  o r  t r a n s f e r  f u n c t i o n  

i n  t e r m s  o f  t h e  l o c a t i o n s  o f  t h e i r  p o l e s  a n d  z e r o s ,  and  t h e s e  p o l e s  and  

z e r o s  a r e  o f t e n  p l o t t e d  i n  t h e  c o m p l e x - f r e q u e n c y  p l a n e  o r  p - p l a n e .  The 

p o l e s  a r e  i n d i c a t e d  by c r o s s e s  and  t h e  z e r o s  hy c i r c l e s .  F i g u r e  2 . 0 2 - 2 ( a )  

shows s u c h  a  p l o t  f o r  t h e  l o s s l e s s  t r a n s m i s s i o n  l i n e  i n p u t  impedance  i n  

Eq.  ( 2 . 0 2 - 8 )  w h i l e  F i g .  2 . 0 2 - 2 ( b )  shows a  s 

m a g n i t u d e  o f  t h i s  f u n c t i o n  f o r  p  = jw .  'The 

t o  t h e  p o l e s  and z e r o s  i f  t h e  l i n e  h a s  l o s s  

moved t o  t h e  l e f t  o f  t h e  j w  a x i s ,  and  t h e  

r o u n d e d  o f f .  

e t c h  o f  t h e  s h a p e  o f  t h e  

f i g u r e  a l s o  shows wha t  happens  

t h e  p o l e s  a n d  z e r o s  a r e  a l l  

Z ( l w )  1 c h a r a c t e r i s t i c  becomes 

The c o n c e p t s  o f  complex  f r e q u e n c y  a n d  p o l e s  and  z e r o s  a r e  v e r y  h e l p f u l  

i n  n e t w o r k  a n a l y s i s  and  d e s i g n .  D i s c u s s i o n s  f rom t h i s  p o i n t  o f  v iew w i l l  

be  found  i n  numerous  books  on  n e t w o r k  a n a l y s i s  and s y n t h e s i s ,  i n c l u d i n g  

FIG. 2.02-2 T H E  LOCATIONS OF T H E  POLES AND ZEROS O F  A SHORT-CIRCUITED 
TRANSMISSION L I N E  WHICH IS A QUARTER-WAVELENGTH LONG WHEN 
P = iu0 
The Magnitude of the Input Impedance for Frequencies p = jw is also 
Sketched 

t h o s e  l i s t e d  i n  R e f e r e n c e s  1 t o  5 .  P o l e s  a n d  z e r o s  a l s o  h a v e  a n  e l e c t r o -  

s t a t i c  a n a l o g y  wh ich  r e l a t e s  t h e  m a g n i t u d e  a n d  p h a s e  o f  a n  impedance  o r  

t r a n s f e r  f u n c t i o n  t o  t h e  p o t e n t i a l  and  f l u x ,  r e s p e c t i v e l y ,  o f  a n  a n a l o g o u s  

e l e c t r o s t a t i c  p r o b l e m .  T h i s  a n a l o g y  i s  u s e f u l  b o t h  a s  a  t o o l  f o r  m a t h e -  word v i b r a t i o n  i s  u s e d  t o  i n c l u d e  n a t u r a l  modes h a v i n g  e x p o n e n t i a l  wave-  

m a t i c a l  r e a s o n i n g  and a s  a  means f o r  d e t e r m i n i n g  m a g n i t u d e  and  p h a s e  by forms o f  f r e q u e n c y  p  = u a s  w e l l  a s  o s c i l l a t o r y  w w e f o r m s  o f  f r e q u e n c y  

m e a s u r e m e n t s  on a n  a n a l o g  s e t u p .  Some o f  t h e s e  m a t t e r s  a r e  d i s c u s s e d  i n  P = o + jw. 

R e f e r e n c e s  2 ,  3 ,  6 ,  and  7 .  F u r t h e r  u s e  o f  t h e  c o n c e p t s  o f  complex  f r e -  

quency  a n d  p o l e s  and z e r o s  w i l l  b e  d i s c u s s e d  i n  t h e  n e x t  two s e c t i o n s .  

SEC.  2 .  0 3 ,  NATURAL MODES OF VIdRATION AN0 THEIR HELATION 
TO INPUT-IMPEDANCE POLES AND ZEROS 

Suppose  t h a t  t h e  i n p u t  impedance  o f  a  c i r c u i t  i s  g i v e n  by t h e  f u n c t i o n  

The  n a t u r a l  modes o f  v i b r a t i o n  o f  a  c i r c u i t  a r e  complex  f r e q u e n c i e s  

a t  which  t h e  v o l t a g e s  and  c u r r e n t s  i n  t h e  c i r c u i t  c a n  " v i b r a t e "  i f  t h e  H e a r r a n g i n g  Eq .  ( 2 . 0 3 - l ) ,  

c i r c u i t  i s  d i s t u r b e d .  'These v i b r a t i o n s  c a n  c o n t i n u e  even  a f t e r  a l l  

d r i v i n g  s i g n a l s  h a v e  b e e n  s e t  t o  z e r o .  I t  s h o u l d  be  n o t e d  t h a t  h e r e  t h e  



I f  t h e  i n p u t  t e r m i n a l s  o f  t h i s  c i r c u i t  a r e  o p e n - c i r c u i t e d  and  t h e  c i r c u i t  

i s  v i b r a t i n g  a t  one  o f  i t s  n a t u r a l  f r e q u e n c i e s ,  t h e r e  w i l l  be  a  complex -  

f r e q u e n c y  v o l t a g e  a c r o s s  Z ( p )  e v e n  t h o u g h  I = 0 .  By Eq .  ( 2 . 0 3 - 2 )  i t  i s  

s e e n  t h a t  t h e  o n l y  way i n  wh ich  t h e  v o l t a g e  E  c a n  be  n o n - z e r o  w h i l e  I = 0 

i s  f o r  Z ( p )  t o  be  i n f i n i t e .  T h u s ,  i f  Z ( p )  i s  o p e n - c i r c u i t e d ,  n a t u r a l  

v i b r a t i o n  c a n  be  o b s e r v e d  o n l y  a t  t h e  f r e q u e n c i e s  p 2 ,  p , ,  p , ,  e t c . ,  which 

a r e  t h e  p o l e s  o f  t h e  i n p u t  impedance  f u n c t i o n  Z ( p ) .  A l s o ,  by a n a l o g o u s  

r e a s o n i n g  i t  i s  s e e n  t h a t  i f  Z ( p )  i s  s h o r t - c i r c u i t e d ,  t h e  n a t u r a l  f r e -  

q u e n c i e s  o f  v i b r a t i o n  w i l l  b e  t h e  f r e q u e n c i e s  o f  t h e  z e r o s  o f  Z ( p ) .  

l i x c e p t  f o r  s p e c i a l  c a s e s  whe re  one  o r  more n a t u r a l  modes may be  

s t i f l e d  a t  c e r t a i n  p o i n t s  i n  a  c i r c u i t ,  i f  any  n a t u r a l  modes a r e  e x c i t e d  

i n  any p a r t  o f  t h e  c i r c u i t ,  t h e y  w i l l  b e  o b s e r v e d  i n  t h e  v o l t a g e s  and 

c u r r e n t s  t h r o u g h o u t  t h e  e n t i r e  c i r c u i t .  The f r e q u e n c y  p n  = on + lo, o f  

e a c h  n a t u r a l  mode mus t  l i e  i n  t h e  l e f t  h a l f  o f  t h e  c o m p l e x - f r e q u e n c y  

p l a n e ,  o r  on t h e  j o  a x i s .  I f  t h i s  we re  n o t  s o  t h e  v i b r a t i o n s  would  be  

o f  e x p o n e n t i a l l y  i n c r e a s i n g  m a g n i t u d e  a n d  e n e r g y ,  a  c o n d i t i o n  wh ich  i s  

i m p o s s i b l e  i n  a  p a s s i v e  c i r c u i t .  S i n c e  u n d e r  o p e n - c i r c u i t  o r  s h o r t -  

c i r c u i t  c o n d i t i o n s  t h e  p o l e s  o r  t h e  z e r o s ,  r e s p e c t i v e l y ,  o f  an  impedance  

f u n c t i o n  a r e  n a t u r a l  f r e q u e n c i e s  o f  v i b r a t i o n ,  any impedance  o f  a  l i n e a r ,  

p a s s i v e  c i r c u i t  mus t  h a v e  a l l  o f  i t s  p o l e s  and  z e r o s  i n  t h e  l e f t  h a l f  

p l a n e  o r  on  t h e  jo a x i s .  

SEC.  2 .  0 4 ,  FUNDAMENTAL PHOPLHi'Ib5 OF 'Tl<ANSFEH FUNCTIONS 

L e t  u s  d e f i n e  t h e  v o l t a g e  a t t e n u a t i o n  f u n c t i o n  E  /EL  f o r  t h e  ne twork  

i n  F i g .  2 .  0 4 - 1  a s  

g 
C ( P  - P J  (P - p 3 )  (P - P J  . . . 

T ( p )  = - = ( 2 . 0 4 - 1 )  
L (P - p 2 )  (P - P , )  (P - p , )  " . 

LINEAR, 
TIME-INVARIANT 

NETWORK 

FIG. 2.04-1 NETWORK DISCUSSED IN SECTION 2.04 

w h e r e  c i s  a  r e a l  c o n s t a n t  and p  i s  t h e  c o m p l e x - f r e q u e n c y  v a r i a b l e .  4'e 

s h a l l  now b r i e f l y  summarize  some i m p o r t a n t  g e n e r a l  p r o p e r t i e s  o f  l i n e a r ,  

p a s s i v e  c i r c u i t s  i n  t e r m s  o f  t h i s  t r a n s f e r  f u n c t i o n  and  F i g .  2 . 0 4 - 1 .  

The z e r o s  o f  T ( p ) ,  i . e . ,  p l ,  p 3 ,  p s , ,  . .  . a r e  a l l  f r e -  
q u e n c i e s  o f  n a t u r a l  modes o f  v i b r a t i o n  f o r  t h e  c i r c u i t .  
They a r e  i n f l u e n c e d  by a l l  o f  t h e  e l e m e n t s  i n  t h e  
c i r c u i t  s o  t h a t ,  f o r  e x a m p l e ,  i f  t h e  v a l u e  f o r  R o r  
HL were  c h a n g e d ,  g e n e r a l l y  t h e  f r e q u e n c i e s  o f  a l l g t h e  
n a t u r a l  modes w i l l  c h a n g e  a l s o .  

The  p o l e s  o f  T ( p ) ,  i . e . ,  p 2 ,  p 4 ,  p 6 ,  . . . , a l o n g  w i t h  
any p o l e s  o f  T ( p )  a t  p  = 0 and  p  = a r e  a l l  f r e q u e n c i e s  
of i n f i n i t e  a t t e n u a t i o n ,  o r  " p o l e s  o f  a t t e n u a t i o n . "  
'They a r e  p r o p e r t i e s  o f  t h e  n e t w o r k  a l o n e  and  w i l l  n o t  
be  c h a n g e d  i f  R o r  HL i s  c h a n g e d .  E x c e p t  f o r  c e r t a i n  
d e g e n e r a t e  case!, i f  two n e t w o r k s  a r e  c o n n e c t e d  i n  
c a s c a d e ,  t h e  r e s u l t a n t  o v e r - a l l  r e s p o n s e  w i l l  h ave  t h e  
p o l e s  o f  a t t e n u a t i o n  o f  b o t h  component n e t w o r k s .  

I n  a  l a d d e r  n e t w o r k ,  a  p o l e  o f  a t t e n u a t i o n  i s  c r e a t e d  
when a  s e r i e s  b r a n c h  h a s  i n f i n i t e  i m p e d a n c e ,  o r  when 
a  s h u n t  b r a n c h  h a s  z e r o  impedance .  I f  a t  a  g i v e n  f r e -  
q u e n c y ,  i n f i n i t e  impedance  o c c u r s  i n  s e r i e s  b r a n c h e s  
s i m u l t a n e o u s l y  w i t h  z e r o  impedance  i n  s h u n t  b r a n c h e s ,  
a  h i g h e r - o r d e r  p o l e  o f  a t t e n u a t i o n  w i l l  r e s u l t .  

I n  c i r c u i t s  where  t h e r e  a r e  two o r  more t r a n s m i s s i o n  
c h a n n e l s  i n  p a r a l l e l ,  p o l e s  of a t t e n u a t i o n  a r e  c r e a t e d  
a t  f r e q u e n c i e s  whe re  t h e  o u t p u t s  f rom t h e  p a r a l l e l  
c h a n n e l s  have  t h e  p r o p e r  magn i tude  and p h a s e  t o  c a n c e l  
e a c h  o t h e r  o u t .  T h i s  c a n  h a p p e n ,  f o r  e x a m p l e ,  i n  
b r i d g e d - T ,  l a t t i c e ,  and  p a r a l l e l - l a d d e r  s t r u c t u r e s .  

The n a t u r a l  modes [ z e r o s  o f  T ( p ) l  must  l i e  i n  t h e  l e f t  
h a l f  o f  t h e  p - p l a n e  ( o r  on t h e  j a  a x i s  i f  t h e r e  a r e  
n o  l o s s  e l e m e n t s ) .  

The p o l e s  o f  a t t e n u a t i o n  c a n  o c c u r  anywhere  i n  t h e  
p - p l a n e .  

I f  E g  i s  a  z e r o  impedance  v o l t a g e  g e n e r a t o r ,  t h e  z e r o s  
o f  Zin i n  F i g .  2 . 0 4 - 1  w i l l  t e  t h e  n a t u r a l  f r e q u e n c i e s  
o f  v i b r a t i o n  o f  t h e  c i r c u i t .  These  z e r o s  must  t h e r e -  
f o r e  c o r r e s p o n d  t o  t h e  z e r o s  o f  t h e  a t t e n u a t i o n  f u n c t i o n  
T ( p ) .  ( O c c a s i o n a l l y  t h i s  f a c t  i s  o h s c u r e d  b e c a u s e  i n  
some s p e c i a l  c a s e s  c a n c e l l a t i o n s  c a n  be  c a r r i e d  o u t  b e -  
tween  c o i n c i d e n t  p o l e s  and  z e r o s  o f  T ( p )  o r  o f  Z i n  
Assuming  t h a t  no s u c h  c a n c e l l a t i o n s  h a v e  been  c a r r i e d  
o u t  e v e n  when t h e y  a r e  p o s s i b l e ,  t h e  a b o v e  s t a t e m e n t  
a l w a y s  h o l d s .  ) 



( 8 )  I f  t h e  z e r o  impedance  v o l t a g e  g e n e r a t o r  E  were  r e p l a c e d  
by an  i n f i n i t e  impedance  c u r r e n t  g e n e r a t o :  I g ,  t h e n  t h e  
n a t u r a l  f r e q u e n c i e s  o f  v i b r a t i o n  would  c o r r e s p o n d  t o  t h e  
p o l e s  o f  2 . .  R e d e f i n i n g  T ( p )  a s  T 1 ( p )  = I g / E , ,  t h e  
z e r o s  o f  ~ ' ( p )  wou ld  i n  t h i s  c a s e  s t i l l  be t h e  n a t u r a l  
f r e q u e n c i e s  o f  v i b r a t i o n  b u t  t h e y  would  i n  t h i s  c a s e  be  
t h e  same a s  t h e  p o l e s  o f  Z i n .  

L e t  u s  now c o n s i d e r  some e x a m p l e s  o f  how some o f  t h e  c o n c e p t s  i n  t h e  

s t a t e m e n t s  i t e m i z e d  above  may be  a p p l i e d .  Suppose  t h a t  t h e  box i n  

F i g .  2 . 0 4 - 1  c o n t a i n s  a  l o s s l e s s  t r a n s m i s s i o n  l i n e  which  i s  o n e - q u a r t e r  

w a v e l e n g t h  l o n g  a t  t h e  f r e q u e n c y  w o .  L e t  u s  s u p p o s e  f u r t h e r  t h a t  

R g  = R L  # Z O ,  where  Zo i s  t h e  c h a r a c t e r i s t i c  impedance  o f  t h e  l i n e .  

Under  t h e s e  c o n d i t i o n s  t h e  v o l t a g e  a t t e n u a t i o n  f u n c t i o n  T ( p )  would  h a v e  

a , p - p l a n e  p l o t  a s  i n d i c a t e d  i n  F i g .  2 . 0 4 - 2 ( a ) .  S i n c e  t h e  t r a n s m i s s i o n  

l i n e  i s  a  d i s t r i b u t e d  c i r c u i t  t h e r e  a r e  a n  i n f i n i t e  number o f  n a t u r a l  

AT INFINITY 

ALL p"" O t lZWO 

FIG. 2.04-2 TRANSFER FUNCTION OF THE CIRCUIT IN FIG. 2.04-1 IF  THE BOX CONTAINS 
A LOSSLESS TRANSMISSION LINE k/4 LONG AT w,, WITH A CHARACTERISTIC 
IMPEDANCE Zo k Rg = RL 

modes o f  v i b r a t i o n ,  a n d ,  h e n c e  t h e r e  a r e  an  i n f i n i t e  a r r a y  o f  z e r o s  t o  

T ( p )  I n  a l l  impedance  and  t r a n s f e r  f u n c t i o n s  t h e  number o f  p o l e s  a n d  

z e r o s  must  be  e q u a l  i f  t h e  p o i n t  a t  p = a i s  i n c l u d e d .  I n  t h i s  c a s e  t h e r e  

a r e  no  p o l e s  o f  a t t e n u a t i o n  on t h e  f i n i t e  p l a n e ;  t h e y  a r e  a l l  c l u s t e r e d  

a t  i n f i n i t y .  As a  r e s u l t  o f  t h e  p e r i o d i c  a r r a y  of z e r o s ,  IT ( jw)  ( h a s  a n  

o s c i l l a t o r y  b e h a v i o r  U S  w a s  i n d i c a t e d  i n  F i g .  2 . 0 4 - 2 ( b ) .  As t h e  v a l u e  o f  

R g  = R L  i s  made t o  a p p r o a c h  t h a t  o f  Z o ,  t h e  z e r o s  o f  T ( p )  w i l l  move t o  t h e  

l e f t ,  t h e  p o l e s  w i l l  s t a y  f i x e d  a t  i n f i n i t y ,  and  t h e  v a r i a t i o n s  i n  I T ( j w )  1 
w i l l  become s m a l l e r  i n  a m p l i t u d e .  When R g  = R L  = Z O ,  t h e  z e r o s  w i l l  h a v e  

moved t o w a r d  t h e  l e f t  t o  minus  i n f i n i t y ,  and  t h e  t r a n s f e r  f u n c t i o n  

becomes s i m p l y  

which h a s  I T ( j w )  1 e q u a l  t o  two f o r  a l l  p  = jw.  

From t h e  p r e c e d i n g  e x a m p l e  i t  i s  s e e n  t h a t  t h e  t r a n s c e n d e n t a l  f u n c t i o n  

ep h a s  an i n f i n i t e  number o f  p o l e s  a n d  z e r o s  wh ich  a r e  a l l  c l u s t e r e d  a t  

i n f i n i t y .  The p o l e s  a r e  c l u s t e r e d  c l o s e s t  t o  t h e  p  = +v a x i s  s o  t h a t  i f  

we a p p r o a c h  i n f i n i t y  i n  t h a t  d i r e c t i o n  e P  becomes i n f i n i t e .  I f  we a p p r o a c h  

i n f i n i t y  v i a  t h e  p  = -u a x i s  eP g o e s  t o  z e r o .  On t h e  o t h e r  h a n d ,  i f  we 

a p p r o a c h  i n f i n i t y  a l o n g  t h e  p  = j w  a x i s ,  eP w i l l  a l w a y s  have  u n i t  m a g n i t u d e  

b u t  i t s  p h a s e  w i l l  v a r y .  T h i s  u n i t  m a g n i t u d e  r e s u l t s  f rom t h e  f a c t  t h a t  

t h e  a m p l i t u d e  e f f e c t s  o f  t h e  p o l e s  and  z e r o s  c o u n t e r  b a l a n c e  e a c h  o t h e r  

a l o n g  t h e  p  = j w  a x i s .  The i n f i n i t e  c l u s t e r  o f  p o l e s  and z e r o s  a t  i n f i n i t y  

forms what  i s  c a l l e d  a n  e s s e n t i a l  s i n g u l a r i t y .  

F i g u r e  2 . 0 4 - 3  shows a  b a n d - p a s s  f i l t e r  u s i n g  t h r e e  t r a n s m i s s i o n - l i n e  

r e s o n a t o r s  w h i c h  a r e  a  q u a r t e r - w a v e l e n g t h  l o n g  a t  t h e  f r e q u e n c y  w o ,  and  

F i g .  2 . 0 4 - 4 ( a )  shows a  t y p i c a l  t r a n s f e r  f u n c t i o n  f o r  t h i s  f i l t e r .  I n  t h e  

example  i n  F i g .  2 . 0 4 - 4 ,  t h e  r e s p o n s e  i s  p e r i o d i c  a n d  h a s  an  i n f i n i t e  

number o f  p o l e s  a n d  z e r o s .  The  n a t u r a l  modes o f  v i b r a t i o n  [ i . e . ,  z e r o s  

o f  T ( p ) l  a r e  c l u s t e r e d  n e a r  t h e  j w  a x i s  n e a r  t h e  f r e q u e n c i e s  ] a o ,  j 3 w o ,  

1 5 a 0 ,  e t c . ,  f o r  w h i c h  t h e  l i n e s  a r e  a n  odd number o f  q u a r t e r  w a v e l e n g t h s  

l o n g .  At p  = 0 ,  a n d  t h e  f r e q u e n c i e s  p  = j 2 a o ,  j 4 w o ,  j 6 w o ,  e t c . ,  f o r  wh ich  

t h e  l i n e s  a r e  a n  e v e n  number o f  q u a r t e r - w a v e l e n g t h s  l o n g ,  t h e  c i r c u i t  

f u n c t i o n s  l i k e  a  s h o r t - c i r c u i t ,  f o l l o w e d  by an  o p e n - c i r c u i t ,  a n d  t h e n  

a n o t h e r  s h o r t - c i r c u i t .  I n  a c c o r d a n c e  w i t h  P r o p e r t y  ( 3 )  a b o v e ,  t h i s  

c r e a t e s  t h i r d - o r d e r  p o l e s  of a t t e n u a t i o n  a s  i n d i c a t e d  i n  F i g .  2 . 0 4 - 4 ( a ) .  



FIG. 2.04-3 A THREE-RESONATOR, BAND-PASS 
FILTER USING RESONATORS CON- 
SISTING OF AN OPEN-CIRCUITED 
STUB IN SERIES AND TWO SHORT- 
ClRCUlTED STUBS IN SHUNT 

The a p p r o x i m a t e  s h a p e  o f  IT ( JU)  1 
i s  i n d i c a t e d  i n  F i g .  2 . 0 4 - 4 ( b ) .  

I f  t h e  t e r m i n a t i o n  v a l u e s  R and 

RL were  c h a n g e d ,  t h e  p o s i t i o n s  of 

t h e  n a t u r a l  modes [ z e r o s  o f  T ( p ) ]  

wou ld  s h i f t  and  t h e  s h a p e  o f  t h e  

p a s s  b a n d s  would  be  a l t e r e d .  

However ,  t h e  p o s i t i o n s  o f  t h e  

p o l e s  o f  a t t e n u a t i o n  would  be  

u n a f f e c t e d  [ s e e  P r o p e r t y  ( 2 ) 1 .  

'The c i r c u i t  i n  F i g .  2 . 0 4 - 3  

i s  n o t  v e r y  p r a c t i c a l  b e c a u s e  

t h e  o p e n - c i r c u i t e d  s e r i e s  s t u b  

i n  t h e  m i d d l e  i s  d i f f i c u l t  t o  

c o n s t r u c t  i n  a  s h i e l d e d  s t r u c t u r e .  

'The f i l t e r  s t r u c t u r e  shown i n  

F i g .  2 . 0 4 - 5  i s  much more common 

a n d  e a s y  t o  b u i l d .  I t  u s e s  s h o r t -  

c i r c u i t e d  s h u n t  s t u b s  w i t h  c o n -  

n e c t i n g  l i n e s ,  t h e  s t u b s  a n d  l i n e s  a l l  h e i n g  o n e - q u a r t e r  w a v e l e n g t h  l o n g  

a t  f r e q u e n c y  w o .  T h i s  c i r c u i t  h a s  t h e  same number o f  n a t u r a l  modes a s  

d o e s  t h e  c i r c u i t  i n  F i g .  2 . 0 4 - 3 ,  and  c a n  g i v e  s i m i l a r  p a s s - b a n d  r e s p o n s e s  

f o r  f r e q u e n c i e s  i n  t h e  v i c i n i t y  o f  p = J u g ,  ] ~ G J ~ ,  e t c .  However ,  a t  

p  = 0 ,  j 2 w o ,  j 4 w o ,  e t c . ,  t h e  c i r c u i t  o p e r a t e s  l i k e  t h r e e  s h o r t  c i r c u i t s  

i n  p a r a l l e l  ( w h i c h  a r e  e q u i v a l e n t  t o  one  s h o r t - c i r c u i t ) ,  and  a s  a  r e s u l t  

t h e  p o l e s  o f  a t t e n u a t i o n  a t  t h e s e  f r e q u e n c i e s  a r e  f i r s t - o r d e r  p o l e s  o n l y .  

I t  c a n  t h u s  be  s e e n  t h a t  t h i s  f i l t e r  w i l l  n o t  have  a s  f a s t  a  r a t e  o f  c u t -  

o f f  a s  w i l l  t h e  f i l t e r  i n  F i g .  2 . 0 4 - 3  whose  p o l e s  on t h e  J U  a x i s  a r e  

t h i r d - o r d e r  p o l e s .  The c o n n e c t i n g  l i n e s  b e t w e e n  s h u n t  s t u b s  i n t r o d u c e  

p o l e s  o f  a t t e n u a t i o n  a l s o ,  b u t  a s  f o r  t h e  c a s e  i n  F i g .  2 . 0 4 - 2 ,  t h e  p o l e s  

t h e y  i n t r o d u c e  a r e  a l l  a t  i n f i n i t y  whe re  t h e y  do l i t t l e  good  a s  f a r  a s  

c r e a t i n g  a  f a s t  r a t e  o f  c u t o f f  i s  c o n c e r n e d  s i n c e  t h e r e  a r e  an  e q u a l  

number o f  z e r o s  ( i . e . ,  n a t u r a l  modes)  wh ich  a r e  much c l o s e r ,  h e n c e  more 

i n f l u e n t i a l .  

T h e s e  e x a m p l e s  g i v e  b r i e f  i l l u s t r a t i o n s  o f  how t h e  n a t u r a l  modes and 

f r e q u e n c i e s  o f  i n f i n i t e  a t t e n u a t i o n  o c c u r  i n  f i l t e r s  wh ich  i n v o l v e  t r a n s -  

m i s s i o n - l i n e  e l e m e n t s .  H e a s o n i n g  f rom t h e  v i e w p o i n t s  d i s c u s s e d  above  can  

o f t e n  be  v e r y  h e l p f u l  i n  d e d u c i n g  wha t  t h e  b e h a v i o r  o f  a  g i v e n  f i l t e r  

Eg 
T ( P )  = - 

EL 

p -  PLANE 

ate. I 
I, 1-3527-7  

FIG. 2.04-4 VOLTAGE ATTENUATION FUNCTION PROPERTIES FOR THE FILTER 
IN FIG. 2.04-3 
The Stubs are One-Quarter Wavelength Long at Frequency wO 

FIG. 2.04-5 A BAND-PASS FILTER CIRCUIT USING SHORT- 
ClRCUlTED STUBS WITH CONNECTING LINES 
A L L  OF WHICH ARE A QUARTER-WAVELENGTH 
LONG AT THE MIDBAND FREQUENCY wo 

s t r u c t u r e  w i l l  b e .  
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S E C .  2 . 0 5 ,  GENERAL C I R C U I T  PAHAME'TEHS r e p e a t e d  a p p l i c a t i o n  o f  t h i s  o p e r a t i o n  t h e  g e n e r a l  c i r c u i t  p a r a m e t e r s  

can be computed  f o r  any number o f  t w o - p o r t  n e t w o r k s  i n  c a s c a d e .  

F i g u r e  2 . 0 5 - 3  g i v e s  t h e  g e n e r a l  c i r c u i t  p a r a m e t e r s  f o r  a  number o f  common 

s t r u c t u r e s .  

I n  t e r m s  o f  F i g .  2 . 0 5 - 1 ,  t h e  g e n e r a l  c i r c u ~ t  p a r a m e t e r s  a r e  d e f i n e d  

by t h e  e q u a t i o n s  

Under c e r t a i n  c o n d i t i o n s  t h e  g e n e r a l  c i r c u i t  p a r a m e t e r s  a r e  i n t e r -  

r e l a t e d  i n  t h e  f o l l o w i n g  s p e c i a l  ways :  I f  t h e  n e t w o r k  i s  r e c i p r o c a l  

A D - B C  = 1 . ( 2 . 0 5 - 4 )  
o r  i n  m a t r i x  n o t a t i o n  

I f  t h e  ne twork  i s  s y m m e t r i c a l  

If t h e  n e t w o r k  i s  l o s s l e s s  ( i . e . ,  

f o r  f r e q u e n c i e s  p  = j w ,  A  and  D w 

be p u r e l y  i m a g i n a r y .  

I f  t h e  n e t w o r k  i n  F i g .  2 . 0 5 -  

m a t r i x  i n  E q .  ( 2 . 0 5 - 2 )  i s  

w i t h o u t  d i s s i p a t i v e  e l e m e n t s ) ,  t h e n  

i l l  be p u r e l y  r e a l  w h i l e  B  and  C w i l  T h e s e  p a r a m e t e r s  a r e  p a r t i c u l a r l y  u s e f u l  i n  r e l a t i n g  t h e  p e r f o r m a n c e  o f  

c a s c a d e d  n e t w o r k s  t o  t h e i r  p e r f o r m a n c e  when o p e r a t e d  i n d i v i d u a l l y .  The 

g e n e r a l  c i r c u i t  p a r a m e t e r s  f o r  t h e  two c a s c a d e d  n e t w o r k s  i n  F i g .  2 . 0 5 - 2  

a r e  g i v e n  by 
1 is  t u r n e d  a r o u n d ,  t h e n  t h e  s q u a r e  

[: :] = I;: I:] [:: :I] 
where t h e  p a r a m e t e r s  w i t h  t s u b s c r i p t s  a r e  f o r  t h e  n e t w o r k  when t u r n e d .  

a r o u n d ,  and t h e  p a r a m e t e r s  w i t h o u t  s u b s c r i p t s  a r e  f o r  t h e  n e t w o r k  w i t h  

i t s  o r i g i n a l  o r i e n t a t i o n .  I n  b o t h  c a s e s ,  E l  and  I 1  a r e  a t  t h e  t e r m i n a l s  

a t  t h e  l e f t  a n d  E 2  and  I ,  a r e  a t  t h e  t e r m i n a l s  a t  t h e  r i g h t .  

Uy u s e  o f  E q s .  ( 2 . 0 5 - 6 1 ,  ( 2 . 0 5 - 3 ) ,  and ( 2 . 0 5 - 4 ) ,  i f  t h e  p a r a m e t e r s  

A ' ,  B ' ,  C ' ,  3' a r e  f o r  t h e  l e f t  h a l f  o f  a  r e c i p r o c a l  s y m m e t r i c a l  n e t w o r k ,  

t h e  g e n e r a l  c i r c u i t  p a r a m e t e r s  f o r  t h e  e n t i r e  n e t w o r k  a r e  

FIG. 2.05-1 DEFINITION OF CURRENTS k 4 1-3527-10 

AND VOLTAGES FOR 
TWO-PORT NETWORKS FIG. 2.05-2 CASCADED TWO-PORT NETWORKS 



A = cosh T l  , 0 = Zo sinh Yt L 

TRANSMISSION L I N E  

0 
s inh Y t i  

0 c =  - 
Zo 

1 D = cosh Y t i  

Yt ' at  + jPt PROPAGATION CONSTANT, PER UNIT LENGTH 
Z o  = CHARACTERISTIC IMPEDANCE 

S E C ,  2  0 6 ,  OPEN-CIHCUIT IMPEDANCES AND 
SHOHT-CIHCUIT ADMITTANCES 

I n  t e r m s  o f  F i g .  2 . 0 5 - 1 ,  t h e  o p e n - c i r c u i t  impedances  of a  t w o - p o r t  

n e t w o r k  may be  d e f i n e d  by t h e  e q u a t i o n s  

P h y s i c a l l y ,  z l l  i s  t h e  i n p u t  impedance  a t  End 1 when End 2  i s  o p e n -  

c i r c u i t e d  'The q u a n t i t y  z 1 2  c o u l d  be  measu red  a s  t h e  r a t i o  of t h e  

v o l t a g e  B l i 1 2  when End 1 i s  o p e n - c i r c u i t e d  and c u r r e n t  I2 i s  f l o w i n g  i n  

End 2 .  The p a r a m e t e r s  z z l  and  Z z 2  may he  i n t e r p r e t e d  a n a l o g o u s l y .  

I n  a  s i m i l a r  f a s h i o n ,  t h e  s h o r t - c i r c u i t  a d m i t t a n c e s  may be  d e f i n e d  

i n  t e rms  o f  F i g .  2 . 0 5 - 1  and  t h e  e q u a t i o n s  

I n  t h i s  c a s e  y l l  i s  t h e  a d m i t t a n c e  a t  End 1 when End 2  i s  s h o r t - c i r c u i t e d .  

'lhe p a r a m e t e r  y 1 2  c o u l d  be  compu ted  a s  t h e  r a t i o  I l : E 2  when End 1 i s  

s h o r t - c i r c u i t e d  a n d  a  v o l t a g e  E2 i s  a p p l i e d  a t  End 2 .  

F i g u r e  2 . 0 6 - 1  shows t h e  o p e n - c i r c u i t  i m p e d a n c e s  and s h o r t - c i r c u i t  

a d m i t t a n c e s  f o r  a  number o f  common s t r u c t u r e s .  F o r  r e c i p r o c a l  n e t w o r k s  

z 1 2  - - z Z 1  and y I P  = y Z 1 .  F o r  a  l o s s l e s s  n e t w o r k  ( i . e . ,  one composed o f  

r e a c t a n c e s ) ,  t h e  o p e n - c i r c u i t  i m p e d a n c e s  and t h e  s h o r t - c i r c u i t  a d m i t -  

t a n c e s  a r e  a l l  p u r e l y  i m a g i n a r y  f o r  a l l  p = ] w .  

SEC.  2 . 0 7 ,  RELATIONS BETWEEN GENEHAL CIRCUIT  PARAMETERS 
AND OPEN - AND SHOHT- CIHCUI'T PARAEdE'rERS 

'The r e l a t i o n s h i p s  be tween  t h e  g e n e r a l  c i r c u i t  p a r a m e t e r s ,  t h e  o p e n -  

c i r c u i t  i m p e d a n c e s ,  and  t h e  s h o r t - c i r c u i t  a d m i t t a n c e s  d e f i n e d  i n  

Sets. 2 . 0 5  and 2 . 0 6  a r e  a s  f o l l o w s :  
FIG. 2.05-3 GENERAL CIRCUIT PARAMETERS OF 

SOME COMMON STRUCTURES 



z 0 
r,, = Zo coth y t j  , I,,= - 

sinh Yt{ 

TRANSMISSION L INE 
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Y2, = - 

Zoslnh Ytl  Y22 ' - z o  

Yt = a ,  + 1Pt =PROPAGATION CONSTANT, PER UNIT LENGTH 

Zo' CHARACTERISTIC IMPEDANCE 
8-3527-12 

FIG. 2.06-1 OPEN-CIRCUIT IMPEDANCES AND 
SHORT-CIRCUIT ADMITTANCES 
OF SOME COMMON STRUCTURES 



where  

= 1 ( f o r  r e c i p r o c a l  n e t w o r k s )  

I f  any  o f  t h e s e  v a r i o u s  c i r c u i t  p a r a m e t e r s  a r e  e x p r e s s e d  a s  a  f u n c t i o n  

o f  complex  f r e q u e n c y  p ,  t h e y  w i l l  c o n s i s t  o f  t h e  r a t i o  o f  two p o l y n o m i a l s ,  

e a c h  o f  wh ich  may be  p u t  i n  t h e  form 

p o l y n o m i a l  = c (p - p l )  ( p  - p 2 )  ( p  - p 3 )  . . . ( 2 . 0 7 - 7 )  

where  c i s  a  r e a l  c o n s t a n t  and  t h e  p k  a r e  t h e  r o o t s  o f  t h e  p o l y n o m i a l .  

As s h o u l d  be  e x p e c t e d  f rom t h e  d i s c u s s i o n s  i n  S e c s .  2 . 0 2  t o  2 . 0 4 ,  t h e  

l o c a t i o n s  o f  t h e  r o o t s  6 f  t h e s e  p o l y n o m i a l s  h a v e  p h y s i c a l  s i g n i f i c a n c e .  
, . 
Ihe  q u a n t i t i e s  on t h e  r i g h t  i n  E q s .  ( 2 . 0 7 - 1 )  t o  ( 2 . 0 7 - 6 )  h a v e  b e e n  i n t r o -  

duced  t o  c l a r i f y  t h i s  p h y s i c a l  s i g n i f i c a n c e .  

The symho l s  n s s ,  n o o ,  n o s ,  a n d  n S o  i n  t h e  e x p r e s s i o n s  a b o v e  r e p r e s e n t  

p o l y n o m i a l s  o f  t h e  form i n  E q .  ( 2 . 0 7 - 7 )  whose r o o t s  a r e  n a t u r a l  f r e q u e n c i e s  

o f  v i b r a t i o n  o f  t h e  c i r c u i t  u n d e r  c o n d i t i o n s  i n d i c a t e d  hy t h e  s u b s c r i p t s .  

T h u s ,  t h e  r o o t s  o f  n S S  a r e  t h e  n a t u r a l  f r e q u e n c i e s  o f  t h e  c i r c u i t  i n  

F i g .  2 . 0 5 - 1  when b o t h  p o r t s  a r e  s h o r t - c i r c u i t e d ,  w h i l e  t h e  r o o t s  o f  n o o  

a r e  n a t u r a l  f r e q u e n c i e s  when b o t h  p o r t s  a r e  o p e n - c i r c u i t e d .  The  r o o t s  

o f  n o s  a r e  n a t u r a l  f r e q u e n c i e s  when t h e  l e f t  p o r t  i s  o p e n - c i r c u i t e d  

w h i l e  t h e  r i g h t  p o r t  i s  s h o r t - c i r c u i t e d ,  and  t h e  i n v e r s e  o b t a i n s  f o r  n,,. 

The symbo l s  m 1 2  and  m Z 1  r e p r e s e n t  p o l y n o m i a l s  whose r o o t s  a r e  p o l e s  o f  

a t t e n u a t i o n  ( s e e  S e c .  2 . 0 4 )  o f  t h e  c i r c u i t ,  e x c e p t  f o r  t h o s e  p o l e s  o f  

a t t e n u a t i o n  a t  p  = a. The p o l y n o m i a l  m 1 2  h a s  r o o t s  c o r r e s p o n d i n g  t o  t h e  

p o l e s  o f  a t t e n u a t i o n  f o r  t r a n s m i s s i o n  t o  End 1 from End 2  i n  F i g .  2 . 0 5 - 1 ,  

w h i l e  t h e  p o l y n o m i a l  m z l  h a s  r o o t s  wh ich  a r e  p o l e s  o f  a t t e n u a t i o n  f o r  

t r a n s m i s s i o n  t o  End 2 from End 1. I f  t h e  n e t w o r k  i s  r e c i p r o c a l ,  m L 2  = m Z 1 .  

These p o l y n o m i a l s  f o r  a  g i v e n  c i r c u i t  a r e  i n t e r r e l a t e d  by t h e  e x p r e s s i o n s  

and ,  a s  i s  d i s c u s s e d  i n  R e f .  8 ,  t h e y  c a n  y i e l d  c e r t a i n  l a b o r - s a v i n g  

a d v a n t a g e s  when t h e y  t h e m s e l v e s  a r e  u s e d  a s  b a s i c  p a r a m e t e r s  t o  d e s c r i b e  

t h e  p e r f o r m a n c e  o f  a  c i r c u i t .  

As i s  i n d i c a t e d  i n  E q s .  ( 2 . 0 7 - 4 )  t o  ( 2 . 0 7 - 6 ) ,  when t h e  d e t e r m i n a n t s  

A ,  Az  and Ay a r e  formed a s  a  f u n c t i o n  of p ,  t h e  r e s u l t i n g  r a t i o n a l  

f u n c t i o n  w i l l  n e c e s s a r i l y  c o n t a i n  c a n c e l l i n g  p o l y n o m i a l s .  T h i s  f a c t  c a n  

be v e r i f i e d  by u s e  o f  E q s .  ( 2 . 0 7 - 1 )  t o  ( 2 . 0 7 - 3 )  a l o n g  w i t h  ( 2 . 0 7 - 8 ) .  

Removal o f  t h e  c a n c e l l i n g  p o l y n o m i a l s  w i l l  u s u a l l y  c u t  t h e  d e g r e e  o f  t h e  

p o l y n o m i a l s  i n  t h e s e  f u n c t i o n s  r o u g h l y  i n  h a l f .  Ana logous  p r o p e r t i e s  

e x i s t  when t h e  n e t w o r k  c o n t a i n s  d i s t r i b u t e d  e l e m e n t s ,  a l t h o u g h  t h e  

po lynomia l s  t h e n  become o f  i n f i n i t e  d e g r e e  ( s e e  S e c .  2 . 0 2 )  and  a r e  mos t  

c o n v e n i e n t l y  r e p r e s e n t e d  by t r a n s c e n d e n t a l  f u n c t i o n s  s u c h  a s  s i n h  p  and  

cosh p .  F o r  e x a m p l e ,  f o r  a  l o s s l e s s  t r a n s m i s s i o n  l i n e  

n P  
n = Z; s inh  - s S 

b o  

where Z0 i s  t h e  c h a r a c t e r i s t i c  impedance  of t h e  l i n e ,  and  w o  i s  t h e  r a d i a n  

f r e q u e n c y  f o r  wh ich  t h e  l i n e  i s  o n e - q u a r t e r  w a v e l e n g t h  l o n g .  I n  t h i s  c a s e ,  

m 1 2  = m Z 1  i s  a  c o n s t a n t  s i n c e  a l l  o f  t h e  p o l e s  o f  a t t e n u a t i o n  a r e  a t  i n -  

f i n i t y  ( s e e  S e c .  2 . 0 4  and H e f .  8 ) .  The c h o i c e  o f  c o n s t a n t  m u l t i p l i e r s  f o r  

t h e s e  " p o l y n o m i a l s "  i s  a r b i t r a r y  t o  a  c e r t a i n  e x t e n t  i n  t h a t  any one  m u l t i -  

p l i e r  may be c h o s e n  a r h i t r a r i l ~ ,  h u t  t h i s  t h e n  f i x e s  what t h e  o t h e r  c o n -  

s t a n t  m u l t i p l i e r s  must  be.' 



S E C .  2 . 0 8 ,  INCIDENT AND REFLECTED WAVES, REFLECTION COEFFICIENTS,  
AND ONE KIND OF TRANSMISSION COEFFICIENT 

L e t  u s  s u p p o s e  t h a t  i t  i s  d e s i r e d  t o  a n a l y z e  t h e  t r a n s m i s s i o n  a c r o s s  

t h e  t e r m i n a l s  2 - 2 '  i n  F i g .  2 . 0 8 - 1  f rom t h e  wave p o i n t  o f  v i e w .  By 

d e f i n i t i o n  

where  E i  i s  t h e  a m p l i t u d e  o f  t h e  i n c i d e n t  v o l t a g e  wave e m e r g i n g  f rom 

t h e  n e t w o r k ,  E r  i s  t h e  r e f l e c t e d  v o l t a g e  wave a m p l i t u d e ,  a n d  E i s  t h e  

t r a n s m i t t e d  v o l t a g e  wave a m p l i t u d e  

( w h i c h  i s  a l s o  t h e  v o l t a g e  t h a t  wou ld  

be  m e a s u r e d  a c r o s s  t h e  t e r m i n a l s  2 - 2 ' ) .  

I f  Z S  = Z L ,  t h e r e  w i l l  be  n o  r e f l e c t i o n *  

NETWORK s o  t h a t  E r  = 0  a n d  E ,  = E.  R e p l a c i n g  

2' t h e  n e t w o r k  and g e n e r a t o r  a t  ( a )  i n  
I 

zs F i g .  2 . 0 8 - 1  by a  T h e v e n i n  e q u i v a l e A t  
( 0 )  

g e n e r a t o r  a s  shown a t  ( b ) ,  i t  i s  

r e a d i l y  s e e n  t h a t  s i n c e  f o r  ZS  = LL, 
E i  = E ,  t h e n  

2' 

(b) n-3527-,3 w h e r e  E o c  i s  t h e  v o l t a g e  wh ich  would 

be  m e a s u r e d  a t  t e r m i n a l s  2 - 2 '  i f  t h e v  

FIG' 2'08-1 CIRCU'TS DlSCUSSED IN w e e  o p e n - c r c u t e d  U s i n g  E q s .  (2 .08-11 
SEC. 2.08 FROM THE WAVE- 
ANALYSIS VIEWPOINT and  ( 2 . 0 8 - 2 )  t h e  v o l t a g e  r e f l e c t i o n  

c o e f f i c i e n t  i s  d e f i n e d  a s  

An a n a l o g o u s  t r e a t m e n t  f o r  c u r r e n t  waves  p r o c e e d s  a s  f o l l o w s :  

w h e r e  I i  i s  t h e  i n c i d e n t  c u r r e n t  a m p l i t u d e ,  I r  i s  t h e  r e f l e c t e d  c u r r e n t  

a m p l i t u d e ,  and  I i s  t h e  t r a n s m i t t e d  c u r r e n t  a m p l i t u d e  which  i s  a l s o  t h e  

a c t u a l  c u r r e n t  p a s s i n g  t h r o u g h  t h e  t e r m i n a l s  2 - 2 ' .  The i n c i d e n t  c u r r e n t  i s  

where I,, i s  t h e  c u r r e n t  which  would  p a s s  t h r o u g h  t h e  t e r m i n a l s  2 - 2 '  i f  

t hey  were  s h o r t - c i r c u i t e d  t o g e t h e r .  The c u r r e n t  r e f l e c t i o n  c o e f f i c i e n t  

i s  t h e n  d e f i n e d  a s  

where Y S  = l / Z s  and  YL = l / Z L  

I n  a d d i t i o n ,  some t imes  t h e  v o l t a g e  t r a n s m i s s i o n  c o e f f i c i e n t  

i s  u s e d .  The c o r r e s p o n d i n g  c u r r e n t  t r a n s m i s s i o n  c o e f f i c i e n t  i s  

I t  w i l l  be n o t e d  t h a t  t h e s e  t r a n s m i s s i o n  c o e f f i c i e n t s  T and T c  a r e  n o t  

t h e  same a s  t h e  t r a n s m i s s i o n  c o e f f i c i e n t  t  d i s c u s s e d  i n  S e c .  2 . 1 0 .  

SEC.  2 . 0 9 ,  CALCULATION OF THE INPUT IMPEDANCE OF 
A T E R M I N A T E D ,  rwo-POH'T N E T W O R K  

The i n p u t  impedance  ( Z i n ) l  d e f i n e d  i n  F i g .  2 . 0 9 - 1  c a n  be  compu ted  

from Z2 and any o f  t h e  c i r c u i t  p a r a m e t e r s  u s e d  t o  d e s c r i b e  t h e  p e r f o r m -  

ance o f  a  t w o - p o r t  n e t w o r k .  I n  t e r m s  o f  t h e  g e n e r a l  c i r c u i t  p a r a m e t e r s ,  

t h e  o p e n - c i r c u i t  i m p e d a n c e s ,  and  t h e  s h o r t - c i r c u i t  a d m i t t a n c e s ,  

* 
N o t e  t h a t  n o  r e f l e c t i o n  o f  t h e  v o l t a g e  wave  d o e a  n o t  n e c e s s a r i l y  i m p l y  maximum power  t r a n s f e r .  
For  n o  r a f l e c t i o n  o f  t h e  v o l t a g e  w a v e  Z, = ZL, w h i l e  f o r  mmximum power  t r a n s f e r  Z Z i  w h e r e  
Z i  i a  t h e  c o m p l e x  c o n j u g a t e  o f  Z L' 



0-f-I I NETWORK 2 

and FIG. 2.09-1 DEFINITION OF INPUT IMPEDANCES 
COMPUTED IN SEC. 2.09 

T r a n s f e r  f u n c t i o n s  s u c h  a s  t h e  E g , E 2  f u n c t i o n  p r e s e n t e d  above  a r e  

comm.only u s e d  b u t  h a v e  a  c e r t a i n  d i s a d v a n t a g e .  T n i s  d i s a d v a n t a g e  is 

t h a t , d e p e n d i n g  on what  t h e  r e l a t i v e  s i z e  o f  H1 and  Hz a r e ,  c o m p l e t e  

e n e r g y  t r a n s f e r  may c o r r e s p o n d  t o  any o f  a  w ide  r a n g e  o f  I E  /E2 1 v a l u e s .  

Such c o n f u s i o n  i s  e l i m i n a t e d  i f  t h e  t r a n s f e r  f u n c t i o n  

i s  u s e d  i n s t e a d .  'The q u a n t i t y  

r e s p e c t i v e l y ,  where  Y2 = 1 / Z 2 .  S i m i l a r l y ,  f o r  t h e  impedance  ( Z i , ) 2  i n  

F i g .  2 . 0 9 - 1  

w i l l  he r e f e r r e d  t o  h e r e i n  a s  t h e  u u a z l a b l e  v o l t a g e ,  which  i s  t h e  v o l t a g e  

a c r o s s  A2 when t h e  e n t i r e  a v a i l a b l e  power o f  t h e  g e n e r a t o r  i s  a b s o r b e d  by 

R 2 .  T h u s ,  f o r  c o m p l e t e  e n e r g y  t r a n s f e r  1 (E2 )aYai l /E2 1 = 1 r e g a r d l e s s  

I NETWORK 2 

where  Y1 = l /Z1  

S E C .  2 . 1 0 ,  CALCULATION OF VOLTAGE TRANSYEIl FUNCTIONS 

FIG. 2.10-1 A CIRCUIT DISCUSSED IN SEC. 2.10 
The t r a n s f e r  f u n c t i o n  B g / E 2  f o r  t h e  c i r c u i t  i n  F i g .  2 . 1 0 - 1  c a n  be 

computed  i f  any o f  t h e  s e t s  o f  c i r c u i t  p a r a m e t e r s  d i s c u s s e d  i n  S e c s .  2 . 0 5  

t o  2 . 0 7  a r e  known f o r t h e  n e t w o r k  i n  t h e  box .  The a p p r o p r i a t e  e q u a t i o n s  a r e  



o f  t h e  r e l a t i v e  s i z e s  o f  R2 and  R 1 .  Note  t h a t  ( E 2 ) a Y a i l  h a s  t h e  same 

p h a s e  a s  E g .  

I n  t h e  l i t e r a t u r e  a  t r a n s m i s s i o n  c o e f f i c i e n t  t i s  commonly u s e d  whe re  

N o t e  t h a t  t h i s  i s  n o t  t h e  same a s  t h e  t r a n s m i s s i o n  c o e f f i c i e n t s  T o r  T c  

d i s c u s s e d  i n  S e c .  2 . 0 8 .  The t r a n s m i s s i o n  c o e f f i c i e n t  t  i s  t h e  s a m e ,  

h o w e v e r ,  a s  t h e  s c a t t e r i n g  c o e f f i c i e n t s  S12 = S Z 1 ,  d i s c u s s e d  ' i n S e c .  2 . 1 2 .  

A l s o  n o t e  t h a t  t  i s  an  o u t p u t / i n p u t  r a t i o  o f  a  " v o l t a g e  g a i n "  r a t i o ,  

w h i l e  t h e  f u n c t i o n  i n  E q .  ( 2 . 1 0 - 4 )  i s  an i n p u t / o u t p u t  r a t i o  o r  a  " v o l t a g e  

a t t e n u a t i o n "  r a t i o .  

S E C .  2 . 1 1 ,  CALCULATION OF POWER TRANSFER FUNCTIONS 
AND " ATTENUATION" 

One commonly u s e d  t y p e  o f  power t r a n s f e r  f u n c t i o n  i s  t h e  i n s e r t i o n  

l o s s  f u n c t i o n  

whe re  R1, R 2 ,  E g ,  and E2  a r e  d e f i n e d  i n  F i g .  2 . 1 0 - 1 ,  and  I E ~ / E ~  I c a n  be  

computed  by u s e  o f  E q s .  ( 2 . 1 0 - 1 )  t o  ( 2 . 1 0 - 3 ) .  The q u a n t i t y  P2 i s  t h e  

power a b s o r b e d  by R2 when t h e  n e t w o r k  i n  F i g .  2 . 1 0 - 1  i s  i n  p l a c e ,  w h i l e  

P2, i s  t h e  power i n  R2 when t h e  n e t w o r k  i s  removed and R2 i s  c o n n e c t e d  

d i r e c t l y  t o  R1 and  E  . 

I n s e r t i o n  l o s s  f u n c t i o n s  h a v e  t h e  same d i s a d v a n t a g e  a s  t h e  E g / E 2  

f u n c t i o n  d i s c u s s e d  i n  S e c .  2 . 1 0 ,  i . e . ,  c o m p l e t e  power t r a n s f e r  may c o r -  

r e s p o n d  t o  a l m o s t  any v a l u e  o f  P 2 0 , / P 2 , d e p e n d i n g  on t h e  r e l a t i v e  s i z e s  of 

R1 and  R 2 .  F o r  t h i s  r e a s o n  t h e  power t r a n s f e r  f u n c t i o n  

w i l l  he u s e d  i n  t h i s  book i n s t e a d  o f  i n s e r t i o n  l o s s .  The f u n c t i o n  Ppva l l /P2  

is known a s  a  t r a n s d u c e r  l o s s  r a t t o ,  where  P 2  i s  a g a i n  t h e  power d e l i v e r e d  

t o  R2 i n  F i g .  2 . 1 0 - 1  w h i l e  

i s  t h e  ava  

r e s i s t a n c e  

i l a h l e  power o f  t h e  g e n e r a t o r  composed o f  E and t h e  i n t e r n a l  

R 1 .  T h u s ,  f o r  c o m p l e t e  power t r a n s f e r  PaVail/P2 = 1 r e g a r d l e s s  

of t h e  r e l a t i v e  s i z e  o f  R1 and R 2 .  Note  t h a t  t  i n  Eq .  ( 2 . 1 1 - 2 )  i s  t h e  

t r a n s m i s s i o n  c o e f f i c i e n t  d e f i n e d  by E q .  ( 2 . 1 0 - 6 ) .  

I t  w i l l  o f t e n  be d e s i r a b l e  t o  e x p r e s s  PpVa i l /P2  i n  d b  s o  t h a t  

H e r e i n ,  when a t t e n u a t i o n  i s  r e f e r r e d  t o ,  t h e  t r a n s d u c e r  l o s s  ( i . e . ,  

t r a n s d u c e r  a t t e n u a t i o n )  i n  d b  a s  d e f i n e d  i n  Eq. ( 2 . 1 1 - 4 )  w i l l  be u n d e r -  

s t o o d ,  u n l e s s  o t h e r w i s e  s p e c i f i e d .  

I f  we d e f i n e  L i  = 1 0  l o g l o  P2,,/P2 a s  i n s e r t i o n  l o s s  i n  d b ,  t h e n  t h e  

a t t e n u a t i o n  i n  d b  i s  

Note t h a t  i f  R1 = R 2 ,  t h e n  i n s e r t i o n  l o s s  and t r a n s d u c e r  a t t e n u a t i o n  a r e  

t h e  same. 

I f  t h e  n e t w o r k  i n  

F i g .  2 . 1 1 - 1  c o n t a i n s  d i s -  

s i p a t i v e  e l e m e n t s  wh ich  

canno t  be n e g l e c t e d ,  t h e n  

L A  may he  compu ted  hy u s e  

of  Eqs .  ( 2 . 1 1 - 4 ) ,  ( 2 . 1 1 - 2 ) ,  

and any o f  E q s .  ( 2 . 1 0 - 1 )  

t o  ( 2 . 1 0 - 3 ) .  Howeve r ,  i f  

t h e  ne twork  i n  t h e  box may 

be r e g a r d e d  a s  l o s s l e s s  

( 1 . e . )  w i t h o u t  any  

LOSSLESS NETWORK SEPARATED 
INTO TWO PARTS 

FIG. 2.11-1 A NETWORK DISCUSSED IN SEC. 2.11 



d i s s i p a t i v e  e l e m e n t s ) ,  t h e n  some s i m p l i f i c a t i o n s  c a n  be  t a k e n  a d v a n t a g e  of  

Fo r  e x a m p l e ,  a s  d i s c u s s e d  i n  S e c .  2 . 0 5 ,  f o r  a  d i s s i p a t i o n l e s s  n e t w o r k  A 

and  D  w i l l  be  p u r e l y  r e a l  w h i l e  B  and C  w i l l  b e  p u r e l y  i m a g i n a r y  f o r  f r e -  

q u e n c i e s  ] w .  Because  o f  t h i s ,  t h e  form 

becomes c o n v e n i e n t  f o r  c o m p u t a t i o n .  T h i s  e x p r e s s i o n  a p p l i e s  t o  d i s s i p a -  

t i o n l e s s  r e c i p r o c a l  n e t w o r k s  and a l s o  t o  n o n - r e c i p r o c a l  d i s s i p a t i o n l e s s  

n e t w o r k s  f o r  t h e  c a s e  o f  t r a n s m i s s i o n  f rom L e f t  t o  r i g h t .  I f  we f u r t h e r  

s p e c i f y  t h a t  Rl  = R2 = R ,  t h a t  t h e  n e t w o r k  i s  r e c i p r o c a l  ( i . e . ,  AD - BC = 

1 1 ,  and t h a t  t h e  n e t w o r k  i s  s y m m e t r i c a l  ( i . e . ,  A = D ) ,  t h e n  Eq. ( 2 . 1 1 - 6 )  

becomes 

F u r t h e r m o r e ,  i t  i s  c o n v e n i e n t  i n  s u c h  c a s e s  t o  compute  t h e  g e n e r a l  c i r c u i t  

p a r a m e t e r s  A ' ,  B ' ,  C ' ,  D' f o r  t h e  l e f t  h a l f  o f  t h e  n e t w o r k  o n l y .  Then by 

E q s .  ( 2 . 0 5 - 7 )  and  ( 2 . 1 1 - 7 ) ,  t h e  t r a n s d u c e r  l o s s  r a t i o  f o r  t h e  o v e r - a l l  

n e t w o r k  i s  

'avail - = 1 )  A ' U '  C 1 3 ' R  
( 2 . 1 1 - 8 )  

P 2  I fi 1 

I n  t h e  c a s e  o f  d i s s i p a t i o n l e s s  n e t w o r k s  s u c h  a s  t h a t  shown i n  

F i g .  2 . 1 1 - 1 ,  t h e  power t r a n s m i s s i o n  i s  e a s i l y  computed  f rom t h e  g e n e r a t o r  

p a r a m e t e r s  and t h e  i n p u t  impedance  o f  t h e  d i s s i p a t i o n l e s s  n e t w o r k  t e r m i -  

n a t e d  i n  R Z .  T h i s  i s  b e c a u s e  any power a b s o r b e d  by mus t  s u r e l y  

e n d  up  i n  R 2 .  The c o m p u t a t i o n s  may be  c o n v e n i e n t l y  made i n  t e r m s  o f  t h e  

v o l t a g e  r e f l e c t i o n  c o e f f i c i e n t  d i s c u s s e d  i n  S e c .  2 . 0 8 .  I n  t h e s e  t e r m s  

and HI and ( Z i n ) l  a r e  a s  d e f i n e d  i n  F i g .  2 . 1 1 - 1 .  The  r e f l e c t i o n  c o e f -  

f i c i e n t  a t  t h e  o t h e r  end  i s  

and f o r  a  d i s s i p a t i o n l e s s  n e t w o r k  

s o  t h a t  t h e  m a g n i t u d e  o f  e i t h e r  r e f l e c t i o n  c o e f f i c i e n t  c o u l d  be  u s e d  i n  

E q .  ( 2 . 1 1 - 9 ) .  [ I t  s h o u l d  be  u n d e r s t o o d  i n  p a s s i n g  t h a t  t h e  p h a s e  o f  rl 
i s  n o t  n e c e s s a r i l y  t h e  same a s  t h a t  o f  r2 e v e n  though  Eq. ( 2 . 1 1 - 1 2 )  h o l d s . ]  

The r e f l e c t i o n  c o e f f i c i e n t  

between Z a  a n d  Z b  i n  F i g .  2 . 1 1 - 1  c a n n o t  be u s e d  i n  Eq. ( 2 . 1 1 - 9 )  i f  b o t h  

Z a  and Z b  a r e  complex .  However ,  i t  c a n  be shown t h a t  

where Z t  i s  t h e  complex  c o n j u g a t e  o f  L b .  T h u s ,  i f  Z a  = R a  + j X a  a n d  

Zb = R b  + j X b ,  by u s e  o f  E q s .  ( 2 . 1 1 - 1 4 )  and ( 2 . 1 1 - 9 )  we o b t a i n  

For c a s e s  w h e r e  Z a  = Z b  s u c h  a s  o c c u r s  a t  t h e  m i d d l e  o f  a  s y m m e t r i c a l  

ne twork ,  Eq.  ( 2 . 1 1 - 1 5 )  r e d u c e s  t o  



A n o t h e r  s i t u a t i o n  w h i c h  commonly o c c u r s  i n  f i l t e r  c i r c u i t s  i s  f o r  

t h e  s t r u c t u r e  t o  be  a n t r m e t r r c a l *  a b o u t  i t s  m i d d l e .  I n  s u c h  c a s e s ,  i f  

Zg and  Z b  i n  F i g .  2 . 1 1 - 1  a r e  a t  t h e  m i d d l e  o f  a  a n t i m e t r i c a l  n e t w o r k ,  

t h e n  f o r  a l l  f r e q u e n c i e s  

where  H h  i s  a  r e a l ,  p o s i t i v e  c o n s t a n t .  D e f i n i n g  Z a  a g a i n  a s  R a  + J X ~ ,  
by E q s .  ( 2 . 1 1 - 1 7 ) ,  ( 2 . 1 1 - 1 4 1 ,  and  ( 2 . 1 1 - 9 ) ,  

( 2 . 1 1 - 1 8 )  

The  q u a n t i t y  A,, i s  o b t a i n e d  mos t  e a s i l y  by e v a l u a t i n g  

R,, = qb = r e a l ,  p o s i t i v e  ( 2 . 1 1 - 1 9 )  

a t  a  f r e q u e n c y  whe re  Z a  a n d  Z b  a r e  b o t h  known t o  be  r e a l .  The  m a x i m a l l y  

f l a t  and  T c h e b y s c h e f f  l o w - p a s s  p r o t o t y p e  f i l t e r  s t r u c t u r e  whose  e l e m e n t  

v a l u e s  a r e  l i s t e d  i n  T a b l e s  4 . 0 5 - l ( a ) ,  ( b )  and  4 . 0 5 - 2 ( a ) ,  ( b )  a r e  

s y m m e t r i c a l  f o r  an  odd number  n o f  r e a c t i v e  e l e m e n t s ,  and  t h e y  a r e  
a n t i m e t r i c a l  f o r  a n  e v e n  number  n  o f  r e a c t i v e  e l e m e n t s .  The s t e p  t r a n s -  
f o r m e r s  d i s c u s s e d  i n  C h a p t e r  6 a r e  a d d i t i o n a l  example s  o f  a n t i m e t r i c a l  

c i r c u i t s .  

SEC.  2 . 1 2 ,  SCATTEHING COEFFICIENTS 

I n  t h i s  book t h e r e  w i l l  be  some o c c a s i o n  t o  make u s e  o f  s c a t t e r i n g  

c o e f f i c i e n t s .  S c a t t e r i n g  c o e f f i c i e n t s  a r e  u s u a l l y  d e f i n e d  e n t i r e l y  f rom 

a  wave p o i n t  o f  v i e w .  Howeve r ,  f o r  t h e  p u r p o s e s  o f  t h i s  book i t  w i l l  be  

s u f f i c i e n t  t o  s i m p l y  e x t r a p o l a t e  f rom p r e v i o u s l y  d e v e l o p e d  c o n c e p t s .  

i 

The p e r f o r m a n c e  o f  any l i n e a r  t w o - p o r t  n e t w o r k  w i t h  t e r m i n a t i o n s  

can be d e s c r i h e d  i n  t e r m s  o f  f o u r  s c a t t e r i n g  c o e f f i c i e n t s :  S l l ,  S 1 2 ,  

S Z 1 ,  and  S 2 2 .  With  r e f e r e n c e  t o  t h e  t w o - p o r t  n e t w o r k  i n  F i g .  2 . 1 1 - 1 ,  

S l l  = and  SZ2 = r2 a r e  s i m p l y  t h e  r e f l e c t i o n  c o e f f i c i e n t s  a t  Ends  1 

and 2 ,  r e s p e c t i v e l y ,  a s  d e f i n e d  i n  E q s .  ( 2 . 1 1 - 1 0 )  and  ( 2 . 1 1 - 1 1 ) .  The 

s c a t t e r i n g  c o e f f i c i e n t  S z l  i s  s i m p l y  t h e  t r a n s m i s s i o n  c o e f f i c i e n t ,  t ,  

f o r  t r a n s m i s s i o n  t o  End 2  f rom End 1 a s  d e f i n e d  i n  Eqs .  ( 2 . 1 0 - 5 )  a n d  

( 2 . 1 0 - 6 )  The s c a t t e r i n g  c o e f f i c i e n t ,  S 1 2 ,  i s  l i k e w i s e  t h e  same as  t h e  

t r a n s m i s s i o n  c o e f f i c i e n t ,  t ,  f o r  t r a n s m i s s i o n  t o  End 1 from End 2 .  Of 

c o u r s e ,  i f  t h e  n e t w o r k  i s  r e c i p r o c a l  SZ1 = S12 .  The r e l a t i o n s  i n  

Sec .  2 . 1 1  i n v o l v i n g  t ,  r l ,  and  r 2 ,  o f  c o u r s e ,  a p p l y  e q u a l l y  w e l l  t o  

t = S12 = S Z 1 ,  rl = S l l ,  and  r2 = S Z 2 ,  r e s p e c t i v e l y .  

T h u s ,  i t  is s e e n  t h a t  a s  f a r  a s  t w o - p o r t  n e t w o r k s  a r e  c o n c e r n e d ,  

t h e  s c a t t e r i n g  c o e f f i c i e n t s  a r e  s i m p l y  t h e  r e f l e c t i o n  c o e f f i c i e n t s  o r  

t r a n s m i s s i o n  c o e f f i c i e n t s  d i s c u s s e d  i n  S e c s .  2 . 1 0  and  2 . 1 1 .  However ,  

s c a t t e r i n g  c o e f f i c i e n t s  may be  a p p l i e d  t o  n e t w o r k s  w i t h  a n  a r b i t r a r y  

number o f  p o r t s .  Fo r  e x a m p l e ,  f o r  a  t h r e e - p o r t  n e t w o r k  t h e r e  a r e  n i n e  

s c a t t e r i n g  c o e f f i c i e n t s ,  wh ich  may be  d i s p l a y e d  a s  t h e  m a t r i x  

For an  n - p o r t  n e t w o r k  t h e r e  a r e  n 2  c o e f f i c i e n t s .  

ne twork  w i t h  r e s i s t i v e  t e r m i n a t i o n s ,  

( 2 . 1 2 - 1 )  

I n  g e n e r a l ,  f o r  any  

( 2 . 1 2 - 2 )  

i s  t h e  r e f l e c t i o n  c o e f f i c i e n t  b e t w e e n  t h e  i n p u t  impedance  ( Z i n ) ,  a t  

P o r t  j and  t h e  t e r m i n a t i o n  H I  a t  t h a t  p o r t .  F o r  t h e  o t h e r  c o e f f i c i e n t s ,  

a n a l o q o u s l y  t o  E q s .  ( 2 . 1 0 - 5 )  a n d  ( 2 . 1 0 - 6 1 ,  

* 
T h i s  term war c o i n e d  b y  G u i l l e m i n .  See p p .  371 a n d  467 of Ref. 2 .  



where  

The v o l t a g e  E .  i s  t h e  r e s p o n s e  a c r o s s  t e r m i n a t i o n  i?. a t  P o r t  j due t o  a  

g e n e r a t o r  o f  v o l t a g e  ( E g ) k  a n d  i n t e r n a l  impedance  H, a t  P o r t  k .  I n  com- 
p u t i n g  t h e  c o e f f i c i e n t s  d e f i n e d  by E q s .  ( 2 . 1 2 - 2 )  t o  ( 2 . 1 2 - 4 ) ,  a l l  p o r t s  

a r e  a s sumed  t o  a l w a y s  be  t e r m i n a t e d  i n  t h e i r  s p e c i f i e d  t e r m i n a t i o n s  R . .  

w h e r e  P I  i s  t h e  power d e l i v e r e d  t o  t h e  t e r m i n a t i o n  H i  a t  P o r t  j ,  and  

(p,v,il)k i s  t h e  a v a i l a b l e  power  of a  g e n e r a t o r  a t  P o r t  k .  I n  a c c o r d  w i t h  

E q .  ( 2 . 1 1 - 4 )  t h e  d b  a t t e n u a t i o n  f o r  t r a n s m i s s i o n  from P o r t  k t o  P o r t  j 

( w i t h  a l l  s p e c i f i e d  t e r m i n a t i o n s  c o n n e c t e d )  i s  

F u r t h e r  d i s c u s s i o n  o f  s c a t t e r i n g  c o e f f i c i e n t s  w i l l  be  f o u n d  i n  H e f .  9 
I f  an  n - p o r t  n e t w o r k  i s  r e c i p r o c a l ,  

SEC. 2 . 1 3 ,  ANALYSIS OF LADDER CIRCUITS 

By E q s .  ( 2 . 1 1 - 9 ) a n d  ( 2 . 1 1 - 1 2 )  f o r  a  d i s s i p a t i o n l e s s  r e c i p r o c a l  t w o - p o r t  

n e t w o r k  

and 

The a n a l o g o u s  r e l a t i o n  f o r  t h e  g e n e r a l  n - p o r t ,  d i s s i p a t i o n l e s s ,  r e c i p r o c a l  

n e t w o r k  is 

where  [S ]  i s  t h e  s c a t t e r i n g  m a t r i x  o f  s c a t t e r i n g  c o e f f i c i e n t s  [ a s  i l l u s -  

t r a t e d  i n  Eq. ( 2 . 1 2 - 1 )  f o r  t h e  c a s e  o f  n  = 31 ,  [SI* i s  t h e  same m a t r i x  
w i t h  a l l  o f  i t s  complex  number s  c h a n g e d  t o  t h e i r  c o n j u g a t e s ,  and [ I ]  i s  

a n  n t h - o r d e r  u n i t  m a t r i x .  S i n c e  t h e  n e t w o r k  i s  s p e c i f i e d  t o  be r e c i p r o c a l ,  
Eq.  ( 2 . 1 2 - 5 ) a p p l i e s  a n d  [Sl i s  s y m m e t r i c a l  a b o u t  i t s  p r i n c i p a l  d i a g o n a l .  

F o r  any n e t w o r k  w i t h  r e s i s t i v e  t e r m i n a t i o n s ,  

L a d d e r  c i r c u i t s  o f t e n  o c c u r  i n  f i l t e r  w o r k ,  some e x a m p l e s  b e i n g  t h e  

l o w - p a s s  p r o t o t y p e  f i l t e r s  d i s c u s s e d  i n  C h a p t e r  4 .  The r o u t i n e  o u t l i n e d  

below i s  p a r t i c u l a r l y  c o n v e n i e n t  

f o r  c o m p u t i n g  t h e  r e s p o n s e  o f  1 I - 1 3  - 
such  n e t w o r k s .  r- 

The f i r s t  s t e p  i n  t h i s  r o u -  

t i n e  i s  t o  c h a r a c t e r i z e  e a c h  

s e r i e s  b r a n c h  by i t s  impedance  
I I 

and t h e  c u r r e n t  f l o w i n g  t h r o u g h  

t h e  b r a n c h ,  and e a c h  s h u n t  

b r anch  by i t s  a d m i t t a n c e  and  t h e  

v o l t a g e  a c r o s s  t h e  b r a n c h .  T h i s  

c h a r a c t e r i z a t i o n  i s  i l l u s t r a t e d  FIG. 2.13-1 A  LADDER NETWORK EXAMPLE 

i n  F i g .  2 . 1 3 - 1 .  Then ,  i n  g e n e r a l  
DISCUSSED IN SEC. 2.13 

t e r m s  we d e f i n e  

F k  = s e r i e s  impedance  o r  s h u n t  a d m i t t a n c e  o f  ( 2 . 1 3 - 1 )  
Branch  k 

Uk  = s e r i e s - b r a n c h  c u r r e n t  o r  s h u n t - b r a n c h  
v o l t a g e  o f  8 r a n c h  k 

Urn = s e r i e s - b r a n c h  c u r r e n t  o r  s h u n t - b r a n c h  ( 2 . 1 3 - 3 )  
v o l t a g e  f o r  t h e  l a s t  b r a n c h  on t h e  r i g h t  

b',, = c u r r e n t  o r  v o l t a g e  a s s o c i a t e d  w i t h  t h e  ( 2 . 1 3 - 4 )  
d r i v i n g  g e n e r a t o r  on  t h e  l e f t .  

I n  g e n e r a l ,  i f  B ranch  1 i s  i n  s h u n t ,  U o  s h o u l d  be  t h e  c u r r e n t  o f  an  

i n f i n i t e - i m p e d a n c e  c u r r e n t  g e n e r a t o r ;  i f  B r a n c h  1 is i n  s e r i e s ,  U o  s h o u l d  

be t h e  v o l t a g e  o f  a  z e r o - i m p e d a n c e  v o l t a g e  g e n e r a t o r .  Then ,  f o r  a l l  c a s e s ,  

4 5 



Thus  Al i s  t h e  t r a n s f e r  f u n c t i o n  from t h e  g e n e r a t o r  on t h e  l e f t  t o  

Branch  m on t h e  r i g h t .  I f  w e  d e f i n e  

( F i n ) L  = impedance l o o k i n g  r i g h t  t h r o u g h  Branch  k  i f  ( 2 . 1 3 - 6 )  
B r a n c h  k  i s  i n  s e r i e s ,  o r  admittance l o o k i n g  
r i g h t t h r o u g h B r a n c h  k  1 f B r a n c h k  i s  i n  s h u n t ,  

t h e n  

To i l l u s t r a t e  t h i s  p r o c e d u r e  c o n s i d e r  t h e  c a s e  i n  F i g .  2 . 1 3 - 1  

T h e r e  m = 4 a n d  

T h u s ,  A l  i s  t h e  t r a n s f e r  f u n c t i o n  be tween  E o  a n d  E 4 .  The impedance  

( Z i , ) l  a n d  a d m i t t a n c e  ( Y i n ) ,  d e f i n e d  i n  t h e  f i g u r e  a r e  
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CHAPTER 3 

PRINCIPLES OF TEE IMAGE METHOD FOR FILTER DESIGN 

SEC. 3 . 0 1 ,  INTROUUCTION 

A l t h o u g h  tile image method f o r  f i l t e r  d e s i g n  w i l l  n o t  be d i s c u s s e d  i n  

d e t a i l  in t h i s  book ,  i t  w i l l  b e  n e c e s s a r y  f o r  r e a d e r s  t o  u n d e r s t a n d  t h e  

image method i n  o r d e r  t o  u n d e r s t a n d  some o f  t h e  d e s i g n  t e c h n i q u e s  u s e d  

i n  l a t e r  chap te r s .  The o b j e c t i v e  o f  t h i s  c h a p t e r  i s  t o  s u p p l y  t h e  n k c -  

e s s a r y  b a c k g r o u n d  by d i s c u s s i n g  t h e  p h y s i c a l  c o n c e p t s  a s s o c i a t e d  w i t h  

t h e  image method and by summar iz ing  t h e  most u s e f u l  e q u a t i o n s  a s s o c i a t e d  

w i t h  t h i s  method.  D e r i v a t i o n s  w i l l  b e  g i v e n  f o r  o n l y  a  few e q u a t i o n s ;  

more c o m p l e t e  d i s c u s s i o n s  w i l l  b e  found i n  t h e  r e f e r e n c e s  l i s t e d  a t  t h e  

end o f  t h e  c h a p t e r .  

SEC. 3 . 0 2 ,  PHYSICAL AND MATHEMATICAL DEFINITION OF IMAGE 

IMPEDANCE AND IMAGE PROPAGATION FUNCTION 

The image v i e w p o i n t  f o r  t h e  a n a l y s i s  o f  c i r c u i t s  i s  a  wave v i e w p o i n t  

much t h e  same a s  t h e  wave v i e w p o i n t  commonly u s e d  f o r  a n a l y s i s  o f  t r a n s -  

m i s s i o n  l ines .  I n  f a c t ,  f o r  t h e  c a s e  o f  a  u n i f o r m  t r a n s m i s s i o n  l i n e  t h e  

impedance  o f  t h e  l i n e  i s  a l s o  i t s  image impedance ,  a n d  i f  

Y t  i s  t h e  p r o p a g a t i o n  c o n s t a n t  p e r  u n i t  l e n g t h  t h e n  y , l  i s  t h e  image 

P r o p a g a t i o n  f u n c t i o n  f o r  a  l i n e  o f  l e n g t h  I .  However,  t h e  t e rms  image 

L m ~ e d a n c e  and  image p r o p a g a t i o n  f u n c t i o n  have  much more g e n e r a l  m e a n i n g  

than  t h e i r  d e f i n i t i o n  w i t h  r e g a r d  t o  a  un i fo rm t r a n s m i s s i o n  l i n e  a l o n e  

s u g g e s t .  

C o n s i d e r  t h e  c a s e  of  a  t w o - p o r t  ne twork  which can  b e  s y m m e t r i c a l ,  

but  w h i c h ,  f o r  t h e  s a k e  o f  g e n e r a l i t y ,  w i l l  b e  assumed t o  be u n s y m m e t r i c a l  

with d i f f e r e n t  i m p e d a n c e  c h a r a c t e r i s t i c s  a t  End 1 t h a n  a t  End 2 .  

3 . 0 2 - 1  shows t h e  c a s e  o f  an  i n f i n i t e  number o f  i d e n t i c a l  n e t w o r k s  
O f  s o r t  a l l  c o n n e c t e d  s o  t h a t  a t  e a c h  j u n c t i o n  e i t h e r  End Is a r e  

C o n n e c t e d  t o g e t h e r  o r  End 2 s  a r e  c o n n e c t e d  t o g e t h e r .  S i n c e  t h e  c h a i n  of 

e x t e n d s  t o  i n f i n i t y  i n  e a c h  d i r e c t i o n ,  t h e  same impedance  ZI1 i s  
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FIG. 3.02-1 INFINITE CHAIN OF IDENTICAL NETWORKS USED FOR 
DEFINING IMAGE IMPEDANCES AND THE IMAGE 
PROPAGATION FUNCTION 

s e e n  l o o k i n g  b o t h  l e f t  and  r i g h t  a t  a  j u n c t i o n  o f  t h e  two End l s ,  w h i l e  
a t  a  j u n c t i o n  o f  two End 2 s  a n o t h e r  i m p e d a n c e  Z12 w i l l  b e  s e e n  when 

l o o k i n g  e i t h e r  l e f t  o r  r i g h t .  The i m p e d a n c e s  ZI1 a n d  Z12, d e f i n e d  a s  i n -  

d i c a t e d  i n  F i g .  3 . 0 2 - 1 ,  a r e  t h e  image i m p e d a n c e s  f o r  End 1 and  End 2 ,  
r e s p e c t i v e l y ,  o f  t h e  n e t w o r k .  Fo r  an  u n s y m m e t r i c a l  n e t w o r k  t h e y  a r e  

g e n e r a l l y  u n e q u a l .  

N o t e  t h a t  b e c a u s e  o f  t h e  way t h e  i n f i n i t e  c h a i n  o f  n e t w o r k s  i n  

F i g .  3 . 0 2 - 1  a r e  c o n n e c t e d ,  t h e  i m p e d a n c e s  s e e n  l o o k i n g  l e f t  and  r i g h t  a t  

e a c h  j u n c t i o n  a r e  a l w a y s  e q u a l ,  h e n c e  t h e r e  i s  n e v e r  any r e f l e c t i o n  o f  a  

wave p a s s i n g  t h r o u g h  a  j u n c t i o n .  T h u s ,  f rom t h e  wave p o i n t  o f  v i ew ,  t h e  

n e t w o r k s  i n  F i g .  3 . 0 2 - 1  a r e  a l l  p e r f e c t l y  m a t c h e d .  I f  a  wave i s  s e t  t o  

p r o p a g a t i n g  t o w a r d s  t h e  r i g h t ,  t h r o u g h  t h e  c h a i n  o f  n e t w o r k s ,  i t  w i l l  b e  

a t t e n u a t e d  a s  d e t e r m i n e d  by  t h e  p r o p a g a t i o n  f u n c t i o n  o f  e a c h  n e t w o r k ,  b u t  

w i l l  p a s s  on  from n e t w o r k  t o  n e t w o r k  w i t h o u t  r e f l e c t i o n .  No te  t h a t  t h e  

image impedances  ZI1 and  Z12 a r e  a c t u a l l y  impedance  o f  infinite n e t w o r k s ,  

and a s  s u c h  t h e y  s h o u l d  b e  e x p e c t e d  t o  h a v e  a  m a t h e m a t i c a l  form d i f f e r e n t  

from t h a t  o f  t h e  r a t i o n a l  impedance  f u n c t i o n s  t h a t  a r e  o b t a i n e d  f o r  f i n i t e ,  

l umped-e l emen t  n e t w o r k s .  I n  t h e  c a s e s  o f  l umped-e l emen t  f i l t e r  s t r u c t u r e s ,  

t h e  image impedances  a r e  u s u a l l y  i r r a t i o n a l  f u n c t i o n s ;  i n  t h e  c a s e s  o f  

microwave f i l t e r  s t r u c t u r e s  which i n v o l v e  t r a n s m i s s i o n  l i n e  e l e m e n t s ,  t h e  

image impedances  a r e  u s u a l l y  b o t h  i r r a t i o n a l  and  t r a n s c e n d e n t a l .  

An e q u a t i o n  f o r  t h e  image impedance  i s  e a s i l y  d e r i v e d  i n  t e r m s  o f  t h e  

c i r c u i t  i n  F i g .  3 . 0 2 - 2 .  I f  Z L  i s  made t o  b e  e q u a l  t o  Z I 1  t h e n  t h e  impedanct 

Z i n  s e e n  l o o k i n g  i n  f rom t h e  l e f t  o f  t h e  c i r c u i t  w i l l  a l s o  be  e q u a l  t o  ZI1o 
Now, i f  A ,  B ,  C, and D a r e  t h e  g e n e r a l  c i r c u i t  p a r a m e t e r s  f o r  t h e  box  on 

t h e  l e f t  i n  F i g .  3 . 0 2 - 2 ,  a s s u m i n g  t h a t  t h e  n e t w o r k  i s  r e c i p r o c a l ,  t h e  

I 
I 
j g e n e r a l  c i r c u i t  p a r a m e t e r s  A s ,  B s ,  Cs, 

and D, f o r  t h e  two b o x e s  c o n n e c t e d  a s  

shown c a n  be  computed by u s e  of  

Eq. ( 2 . 0 5 - 7 ) .  Then by E q .  ( 2 . 0 9 - 1 )  

S e t t i n g  Z i n  = ZL = ZI1 and s o l v i n g  f o r  

ZI1 i n  t e r m s  o f  A, R ,  C ,  and  D g i v e s  

FIG. 3.02-2 CIRCUIT DISCUSSED IN SEC. 

The same p r o c e d u r e  c a r r i e d  o u t  w i t h  r e s p e c t  t o  End 2  g i v e s  

F i g u r e  3 . 0 2 - 3  shows a  ne twork  w i t h  a g e n e r a t o r  whose i n t e r n a l  imped- 

ance  i s  t h e  same a s  t h e  image impedance  a t  End 1 and w i t h  a  l o a d  impedance  
on t h e  r i g h t  e q u a l  t o  t h e  image impedance  a t  End 2 .  With t h e  t e r m i n a t i o n s  

matched t o  t h e  image impedances  i n  t h i s  manner  i t  can be shown t h a t  

FIG. 3.02-3 NETWORK HAVING TERMINATIONS WHICH 
ARE MATCHED ON THE IMAGE BASIS 



where  

i s  t h e  zmage p r o p a g a t i o n  f u n c t i o n ,  a i s  t h e  Image a t t e n u a t i o n  i n  n e p e r s ,  * 
and ,B i s  t h e  image p h a s e  i n  r a d i a n s .  N o t e  t h a t  t h e  h I 2 / Z I l  f a c t o r  i n  

Eq. ( 3 . 0 2 - 5 )  h a s  t h e  e f f e c t  o f  making Y i n d e p e n d e n t  o f  t h e  r e l a t i v e  imped- 

a n c e  l e v e l s  a t  Ends  1 and  2 ,  much a s  d o e s  t h e  ml f a c t o r  i n  Eq. ( 2 . 1 0 - 4 ) .  

An a l t e r n a t i v e  form o f  Eq.  ( 3 . 0 2 - 5 )  i s  

where  I l  = E 1 / Z I 1  and I ;  = E 2 / Z 1 2  a r e  a s  d e f i n e d  i n  F i g .  3 . 0 2 - 3  

I t  s h o u l d  b e  e m p h a s i z e d  t h a t  t h e  image  p r o p a g a t i o n  f u n c t i o n  d e f i n e s  

t h e  t r a n s m i s s i o n  t h r o u g h  t h e  c i r c u i t  a s  i n d i c a t e d  by Eq. ( 5 . 0 2 - 4 ) ,  

( 3 . 0 2 - 5 ) ,  o r  ( 3 . 0 2 - 7 )  o n l y  if t h e  t e r m i n a t i o n s  ma tch  t h e  image impedances  

a s  i n  F i g .  3 .02-3 .  The e f f e c t s  o f  mi sma tch  w i l l  be  d i s c u s s e d  i n  S e c .  3 .07 .  

Fo r  a  r e c i p r o c a l  n e t w o r k  t h e  image p r o p a g a t i o n  f u n c t i o n  i s  t h e  same f o r  

p r o p a g a t i o n  i n  e i t h e r  d i r e c t i o n  even  t h o u g h  t h e  ne twork  may n o t  b e  

s y m m e t r i c a l .  

SEC.  3 . 0 3 ,  RELATION BETKEEN THE IMAGE PARAMETERS AND GENERAL 

CIRCUIT PARAMETERS, OPEN-CIRCUIT IMPEDANCES, AND 

SHORT-CIRCUIT ADMITTANCES 

The t r a n s m i s s i o n  p r o p e r t i e s  o f  a  l i n e a r  t w o - p o r t  n e t w o r k  c a n  b e  d e -  

f i n e d  i n  t e r m s  o f  i t s  image p a r a m e t e r s  a s  w e l l  a s  i n  t e r m s  o f  t h e  v a r i o u s  

p a r a m e t e r s  d i s c u s s e d  i n  S e c s .  2 . 0 5  t o  2 . 0 7 .  Any o f  t h e s e  o t h e r  p a r a m e t e r s  

can  b e  computed f rom t h e  i m a g e  p a r a m e t e r s  and  v i c e  v e r s a .  T h e s e  v a r i o u s  

r e l a t i o n s h i p s  a r e  summar ized  i n  T a b l e s  3 . 0 3 - 1  a n d  3 . 0 3 - 2 .  F o r  s i m p l i c i t y ,  

o n l y  e q u a t i o n s  f o r  r e c i p r o c a l  n e t w o r k s  a r e  i n c l u d e d .  

Table 3.03-1 

IMAGE PARAMETERS IN TERMS OF GENERAL CIRCUIT PARAMETERS, 
OPEN-CIRCUIT IMPEDANCES, OR SHORT-CIRCUIT ADMITTANCES 

IMAGE I N  TERMS O F  I N  TERMS O F  I N  TERMS O F  I N  C O N V E N I E N T  
PARAMETER A . B ,  C,D ' 1 1 ' z 1 2  = '21"22 Y l l ' y 1 2  = Y 2 1 , Y 2 2  M I X E D  FORM 

Table. 3.03-2 

GENERAL CIRCUIT PARAMETERS, OPEN-CIRCUIT IMPEDANCES, 

AND SHORT-CIRCUIT ADMITTANCES IN TERMS OF IMAGE PARAMETERS 

sinh y 
c = -  D = cosh y J";I 

z l l  = ZIl  coth y , 

Z Z 1  = z 12 z Z 2  = Z12 coth y 

To change nepers  t o  decibel .  ma~lt iply  nepers  by 8.686. 



SEC.  3 . 0 4 ,  IMAGE PARAMETERS FOR SOME COMMON STRUCTURES 

The image p a r a m e t e r s  o f  t h e  L - s e c t i o n  n e t w o r k  i n  F i g .  3 . 0 4 - 1  a r e  

g i v e n  by  

( 3 . 0 4 -  3  ) FIG. 3.04-1 AN L-SECTION NETWORK 

Note  t h a t  by Eqs .  ( 3 . 0 4 - 2 )  and ( 3 . 0 4 - 4 )  

F o r  t h e  s y m m e t r i c a l  T - s e c t i o n  i n  F i g .  3 . 0 4 - 2  

FIG. 3.04-2 A SYMMETRICAL T-SECTION NETWC 

( 3 . 0 4 - 1 2 )  

Note t h a t  t h e  c i r c u i t  i n  F i g .  3 . 0 4 - 2  c a n  be  formed by two L - s e c t i o n s  a s  

i n  F i g .  3 . 0 4 - 1  p u t  back t o  b a c k  s o  t h a t  Z b  i n  F i g .  3 . 0 4 - 2  i s  o n e - h a l f  o f  

Z c  i n  F i g .  3 . 0 4 - 1 .  Then Z I 1  w i l l  b e  t h e  same f o r  b o t h  n e t w o r k s  and y f o r  

t h e  T - s e c t i o n  i s  t w i c e  t h a t  f o r  t h e  L - s e c t i o n .  

For  t h e  n - s e c t i o n  i n  F i g .  3 . 0 4 - 3  t h e  image  a d m i t t a n c e s  a r e  

and 

A  r - s e c t i o n  c a n  a l s o  be  c o n s t r u c t e d  

from two h a l f  s e c t i o n s  back  t o  

back ,  s o  t h a t  Y1 = l / Z c  and 

Y J  = 1 / ( 2 Z a ) .  F o r  F i g .  3 . 0 4 - 1 ,  

Y 1 2  = 1 / z 1 2  w i l l  t h e n  be  t h e  same 
I - 3 5 1 7 - 2 3  

a s  Y 1 2  = Y I 1  i n  F i g .  3 . 0 4 - 3 ,  w h i l e  

Y f o r  F i g .  3 . 0 4 - 3  w i l l  a g a i n  be  FIG. 3.04-3 A SYMMETRICAL n-SECTION NETWO 
t w i c e  t h a t  f o r  F i g .  3 . 0 4 - 1 .  



F o r  a  u n i f o r m  t r a n s m i s s i o n  l i n e  o f  l e n g t h  1 ,  c h a r a c t e r i s t i c  impedance  

ZO,  and  p r o p a g a t i o n  c o n s t a n t  y, = a t  + j P t  p e r  u n i t  l e n g t h ,  

SEC.  3 . 0 5 ,  THE SPECIAL IMAGE PROPERTIES OF DISSIPATIONLESS 

NETWORKS 

By T a b l e  3 . 0 3 - 1  

w h i l e  

Y = a +  j p  = c ~ t h ' ~ ~ ~ ~  . ( 3 . 0 5 - 2 )  

F o r  a  d i s s i p a t i o n l e s a  n e t w o r k ,  we may w r i t e  f o r  f r e q u e n c i e s  p = j w  

and 

where  j ( X o , )  i s  t h e  impedance  a t  End 1 o f  t h e  n e t w o r k  w i t h  End 2 o p e n -  
1 

c i r c u i t e d , ,  a n d  j ( X l c )  i s  t h e  impedance  a t  End 1 w i t h  End 2  s h o r t -  
1  c i r c u i t e d .  Then by  Eqs.  ( 3 . 0 5 - 1 )  t o  ( 3 . 0 5 - 4 1 ,  f o r  d i s s i p a t i o n l e s s  n e t -  

works  

and 

The i n v e r s e ,  h y p e r b o l i c  c o t a n g e n t  f u n c t i o n  i n  Eq. ( 3 . 0 5 - 6 )  i s  a  

m u l t i v a l u e d  f u n c t i o n ,  whose v a r i o u s  p o s s i b l e  v a l u e s  a l l  d i f f e r  by 

. u l t i p l e s  o f  l n .  For  t h i s  r e a s o n ,  i t  i s  c o n v e n i e n t  t o  w r i t e E q .  ( 3 . 0 5 - 6 )  

i n  t h e  form 

& e r e  t h e  i n v e r s e  h y p e r b o l i c  f u n c t i o n  i s  t o  b e  e v a l u a t e d  t o  g i v e  an  

i m a g i n a r y  p a r t  h a v i n g  minimum m a g n i t u d e ,  and where  t h e  a p p r o p r i a t e  v a l u e  

f o r  t h e  i n t e g e r  n must b e  d e t e r m i n e d  by e x a m i n a t i o n  o f  t h e  c i r c u i t  u n d e r  

c o n s i d e r a t i o n .  E q u a t i o n  ( 3 . 0 5 - 7 )  a l s o  h a s  t h e  e q u i v a l e n t  form 

Two d i s t i n c t  c a s e s  o c c u r  i n  t h e  e v a l u a t i o n  o f  Eq. ( 3 . 0 5 - 5 )  and 

Eq. ( 3 . 0 5 - 7 )  o r  ( 3 . 0 5 - 8 )  d e p e n d i n g  on whe the r  ( X o c )  and ( X I c )  h a v e  t h e  
1 1 

same s i g n  o r  o p p o s i t e  s i g n s .  T h e s e  two c a s e s  w i l l  be summarized 

s e p a r a t e l y .  

Case A ,  C o n d i t i o n  f o r  a  P a s s  Band-In t h i s  c a s e  ( X o c )  and ( X s c )  
1 1 

have o p p o s i t e  s i g n s  and 

Z = d m  = r e a l  and p o s i t i v e .  ( 3 . 0 5 - 9 )  

I t  can  b e  shown t h a t ,  a t  t h e  same t i m e ,  t h e  c o n d i t i o n  

Z12 = = r e a l  and p o s i t i v e .  ( 3 . 0 5 - 1 0 )  

must a l s o  e x i s t ,  where  ( X o c )  and ( X I , )  a r e  t h e  open-  and s h o r t - c i r c u i t  
2 2 

impedances  m e a s u r e d  f rom End 2 .  Under t h e s e  c o n d i t i o n s ,  Eqs .  ( 3 . 0 5 - 7 )  

and ( 3 . 0 5 - 8 )  y i e l d  f o r  a and ,B, 



r a d i a n s  

= [tan-/M] -: r a d i a n s  . 

I 

I f  ( X o c )  1  < ( X l c )  1  , Eq. ( 3 . 0 5 - 8 )  s h o u l d  be  u s e d ,  and i t  g i v e s  

No te  t h a t  f o r  t h i s  p a s s - b a n d  c a s e ,  t h e  a t t e n u a t i o n  i s  z e r o  w h i l e  t h e  phase 

i s  g e n e r a l l y  n o n - z e r o  and v a r y i n g  w i t h  f r e q u e n c y .  I n  Eqs .  ( 3 . 0 5 - 1 1 )  and 
( 3 . 0 5 - 1 2 )  t h e  n n  t e r m  h a s  b e e n  o m i t t e d  s i n c e  t h e  m u l t i v a l u e d  n a t u r e  of  

t h e s e  i n v e r s e  t r i g o n o m e t r i c  f u n c t i o n s  w i l l  b e  f a m i l i a r  t o  t h e  r e a d e r  

( t h o u g h  p e r h a p s  t h e  m u l t i v a l u e d  n a t u r e  o f  i n v e r s e  h y p e r b o l i c  f u n c t i o n s  

may n o t ) .  

and 

Case  B ,  C o n d i t i o n s  f o r  a S t o p  Band-In  t h i s  c a s e  ( X o c )  
and  ( X l c )  

1 1  [and a l s o  (Xo , )  and (Xsc 1 1 h a v e  t h e  same s i g n .  Then 
2 2 

and 

a r e  b o t h  p u r e l y  i m a g i n a r y .  B o t h  XI1 and X12 m u s t  h a v e  p o s i t i v e  s l o p e s  
u s .  f r e q u e n c y ,  i n  a c c o r d  w i t h  F o s t e r ' s  r e a c t a n c e  theo rem.  I f  

( X o c )  > ( X a c )  Eq. ( 3 . 0 5 - 7 )  s h o u l d  be  u s e d  t o  o b t a i n  a and P :  1  1 

and 

n e p e r s  

r a d i a n s  

,B = ( 2 n  - 1 )  ' r a d i a n s  . ( 3 . 0 5 - 1 8 )  
2  

Note t h a t  f o r  t h i s  s t o p - b a n d  c a s e  t h e  image a t t e n u a t i o n  i s  n o n - z e r o  and 

w i l l  v a r y  w i t h  f r e q u e n c y .  Meanwhi le ,  t h e  image p h a s e  i s  c o n s t a n t  u s .  

f r e q u e n c y  a t  some m u l t i p l e  o f  T ,  o r  odd m u l t i p l e  o f  ~ / 2 .  However,  i t  w i l l  

be found  t h a t  t h e  image p h a s e  c a n  make d i s c r e t e  jumps a t  p o i n t s  i n  t h e  

s t o p  band where  t h e r e  a r e  p o l e s  o f  a t t e n u a t i o n  f o r  f r e q u e n c i e s  jw.  

A s i m i l a r  a n a l y s i s  f o r  d i s s i p a t i o n l e s s  n e t w o r k s  can  be  c a r r i e d  o u t  

u s i n g  t h e  v a r i o u s  o t h e r  e x p r e s s i o n s  f o r  t h e  image p a r a m e t e r s  i n  S e c s . 3 . 0 3  

and 3 . 0 4 .  The v a r i o u s  e q u a t i o n s  g i v e n  f o r  t h e  image p r o p a g a t i o n  c o n s t a n t  

w i l l  i n v o l v e  i n v e r s e  h y p e r b o l i c  f u n c t i o n s  of  a  p u r e l y  r e a l  o r  ~ u r e l y  

imag ina ry  a r g u m e n t .  Due t o  t h e  m u l t i v a l u e d  n a t u r e  o f  t h e s e  i n v e r s e  

h y p e r b o l i c  f u n c t i o n s  c a r e  mus t  be  t a k e n  i n  e v a l u a t i n g  them.  T a b l e  3 . 0 5 - 1  

s h o u l d  p r o v e  h e l p f u l  f o r  t h i s  p u r p o s e .  Note  t h a t  i n  some c a s e s  a  d i f f e r e n t  

e q u a t i o n  must  b e  u s e d  d e p e n d i n g  on w h e t h e r  l u l  o r  IvI  i s  g r e a t e r  o r  l e s s  t h a n  

one.  T h i s  i s  b e c a u s e ,  f o r  e x a m p l e ,  cosh- lw when t a k e n  t o  b e a f u n c t i o n  o f  

a  r e a l  v a r i a b l e  c a n n o t  be e v a l u a t e d  f o r  w = l u l  < 1 ;  i f  however ,  w i s  a  

f u n c t i o n  o f  a  complex  v a r i a b l e  t h e  above example  h a s  a  v a l u e ,  name ly ,  

~ ( C O S - l u ) .  The  p r o p e r  v a l u e  o f  t h e  i n t e g e r  n t o  be  u s e d  w i t h  t h e  v a r i o u s  

e q u a t i o n s  i n  T a b l e  3 . 0 5 - 1  mus t  b e  d e t e r m i n e d  by e x a m i n a t i o n  o f  t h e  c i r c u i t  

a t  some f r e q u e n c y  where  t h e  t r a n s m i s s i o n  p h a s e  i s  e a s i l y  e s t a b l i s h e d .  As 

was done  i n  t h e  c a s e  o f  Eqs .  ( 3 . 0 5 - 1 1 )  and ( 3 . 0 5 - 1 2 ) ,  t h e  n n  t e r m s  have  

been o m i t t e d  f o r  fo rms  i n v o l v i n g  i n v e r s e  t r i g o n o m e t r i c  f u n c t i o n s  s i n c e  

t h e i r  m u l t i v a l u e d  n a t u r e  i s  much more w i d e l y  f a m i l i a r  t h a n  i s  t h a t  o f  i n -  

v e r s e  h y p e r b o l i c  f u n c t i o n s .  



Table 3.05-1 

EVALUATION OF SOME INVERSE HYPERBOLIC FUNCTIONS 
FOR PURELY REAL OR PUhELY IMAGINARY ARGUMENTS 

In g e n e r a l .  R = U + jV, w = a + j v ,  and n i a  a n  i n t a g a r  ( p o s i t i r s ,  u s g a t i r e  or r e r o )  

I Funct ion  I Caae of v = u 

w = coth-lu t jnn 

= cOttl-lw + 
where R' , L '  , and C '  a r e  f o r  t h e  n o r m a l i z e d  c i r c u i t  and R ,  L ,  and C a r e  

c o r r e s p o n d i n g  e l e m e n t s  f o r  t h e  s c a l e d  c i r c u i t .  The r a t i o  R o / R b  d e f i n e s  

t h e  change  i n  impedance  l e v e l  w h i l e  wl/w; d e f i n e s  t h e  change  i n  f r e q u e n c y  

s c a l e .  

F i g u r e  3 . 0 6 - l ( a )  shows a  n o r m a l i z e d  c o n s t a n t - k  f i l t e r  h a l f  s e c t i o n .  

I t s  image impedances  a r e  

z,, = J l -  ( w 0 2  

and 

n  = odd 

I t s  p r o p a g a t i o n  f u n c t i o n  i s  

y = a t j p  = 0  t j s in- 'w '  

w = cash-lu t jnn  W = s i n h - l v  t j ( 2 n  - 1)  f 

f o r  t h e  0  5 w' $ 1 p a s s  band ,  and  

n  = even 

i f u . 1  , 

n  = odd 
i f  u ,  < -1 . 

i f v > O  . 

n  = even 
i f v < O  . 

S E C .  3 . 0 6 ,  CONSTANT-k A N D  m-DERIVED FILTEH SECTIONS 

C o n s t a n t - k  and m - d e r i v e d  f i l t e r s  a r e  c l a s s i c  examples  o f  f i l t e r s  

wh ich  a r e  d e s i g n e d  f rom t h e  image  p o i n t  o f  v i e w .  T h e i r  p r o p e r t i e s  w i l l  
b e  b r i e f l y  summarized i n  o r d e r  t o  i l l u s t r a t e  some o f  t h e  image  p r o p e r t i e s  

o f  d i s s i p a t i o n l e s s  n e t w o r k s  d i s c u s s e d  i n  t h e  p r e c e d i n g  s e c t i o n ,  a n d  t o  
p r o v i d e  r e f e r e n c e  d a t a .  The  f i l t e r  s e c t i o n s  shown a r e  a l l  n o r m a l i z e d  s o  

t h a t  t h e i r  image impedance  i s  H i  = 1 ohm a t  w' = 0 and t h e i r  c u t o f f  f r e -  

quency  o c c u r s  a t  w; = 1 r a d i a n l s e c .  However ,  t h e s e  n o r m a l i z e d  c i r c u i t s  

c a n  e a s i l y  b e  changed  t o  o t h e r  impedance  a n d  f r e q u e n c y  s c a l e s .  Each 
r e s i s t a n c e ,  i n d u c t a n c e ,  o r  c a p a c i t a n c e  i s  s c a l e d  u s i n g  

f o r  t h e  1 6 w' 5 a s t o p  band ,  where  a i s  i n  n e p e r s  and p i s  i n  r a d i a n s .  

F i g u r e s  3 . 0 6 - l ( b ) ,  ( c )  show s k e t c h e s  o f  t h e  image impedance  and 

a t t e n u a t i o n  c h a r a c t e r i s t i c s  o f  t h i s  s t r u c t u r e .  No te  t h a t ,  a s  d i s c u s s e d  



FIG. 3.06-1 THE IMAGE PROPERTIES OF NORMALIZED, 
CONSTANT-k HALF SECTIONS 

i n  S e c .  3 . 0 5 ,  ZIT and ZIT a r e  p u r e l y  r e a l  i n  t h e  p a s s  band and p u r e l y  

i m a g i n a r y  i n  t h e  s t o p  band .  A l s o  n o t e  t h a t  c i  = 0  i n  t h e  p a s s  band w h i l e  

,B i s  c o n s t a n t  i n  t h e  s t o p  band .  

F i g u r e  3 . 0 6 - 2 ( a )  shows a  " s e r i e s ,  m - d e r i v e d "  h a l f  s e c t i o n .  I t s  

image i m p e d a n c e s  a r e  

where  

Note  t h a t  E q .  ( 3 . 0 6 - 8 )  i s  i d e n t i c a l  t o  Eq.  ( 3 . 0 6 - 4 ) ,  b u t  Eq.  ( 3 . 0 6 - 9 )  

d i f f e r s  f rom E q .  ( 3 . 0 6 - 5 ) .  The  p r o p a g a t i o n  f u n c t i o n  i s  

i n  t h e  0  2 w' 5 1 p a s s  b a n d ,  

i n  t h e  1 = w' 2 wA s t o p  b a n d ,  and  

i n  t h e  w& 2 w' 2 r.n s t o p  band 



FIG. 3.06-2 NORMALIZED, SERIES, m-DERIVED HALF- 
SECTION CHARACTERISTICS 

F i g u r e s  3 . 0 6 - 2 ( b )  and ( c )  show s k e t c h e s  o f  t h e  image impedance  and 

p r o p a g a t i o n  c h a r a c t e r i s t i c s  o f  t h i s  s t r u c t u r e .  No te  t h a t  i n t r o d u c i n g  a  

s e r i e s  r e s o n a n c e  i n  t h e  s h u n t  b r a n c h  i n  F i g .  3 . 0 6 - 2 ( a )  h a s  p r o d u c e d  a  

p o l e  o f  a t t e n u a t i o n  a t  t h e  f r e q u e n c y  w: where  t h e  s h u n t  b r a n c h  s h o r t -  

c i r c u i t s  t r a n s m i s s i o n .  ( S e e  d i s c u s s i o n  i n  S e c . 2 . 0 4 . )  No te  t h a t  

Z I T I  = R I n m  i n  t h e  p a s s  band i n  F i g .  3 . 0 6 - 2 ( b )  i s  more n e a r l y  c o n s t a n t  

t han  i s  RI,, i n  F i g .  3 . 0 6 - l ( b ) .  T h i s  p r o p e r t y  o f  m - d e r i v e d  image impedances  

makes them h e l p f u l  f o r  i m p r o v i n g  t h e  impedance  match t o  r e s i s t o r  

t e r m i n a t i o n s .  

The " s h u n t  m - d e r i v e d "  h a l f  s e c t i o n  i n  F i g .  3 . 0 6 - 3 ( a )  i s  t h e  d u a l  o f  

t h a t  i n  F i g .  3 . 0 6 - 2 ( a ) .  The image impedances  a r e  

where a g a i n  

I n  t h i s  c a s e  Z I T ,  i n  Eq. ( 3 . 0 6 - 1 4 )  d i f f e r s  f rom Z I T  i n  Eq. ( 3 . 0 6 - 4 ) ,  b u t  

Eqs. ( 3 . 0 6 - 1 5 )  and ( 3 . 0 6 - 5 )  a r e  i d e n t i c a l .  The image p r o p a g a t i o n  f u n c t i o n  

f o r  t h i s  s e c t i o n  i s  t h e  same a s  t h a t  i n  Eqs .  ( 3 . 0 6 - 1 1 )  t o  ( 3 . 0 6 - 1 3 ) .  

F i g u r e s  3 . 0 6 - 3 ( b )  and ( c )  show s k e t c h e s  o f  t h e  image c h a r a c t e r i s t i c s  o f  

t h i s  f i l t e r  s e c t i o n .  I n  t h i s  c a s e ,  a  p o l e  o f  a t t e n u a t i o n  i s  p r o d u c e d  a t  

t he  f r e q u e n c y  w: where  t h e  s e r i e s  b r a n c h  h a s  a p o l e  o f  impedance  wh ich  b l o c k s  

a l l  t r a n s m i s s i o n .  The image impedance  Z I T .  i s  s e e n  t o  be  more n e a r l y  con -  

S t a n t  i n  t h e  p a s s  band t h a n  was Z I T  i n  F i g .  3 . 0 6 - l ( b ) .  T h u s ,  m - d e r i v e d  

h a l f  s e c t i o n s  o f  t h i s  t y p e  a r e  a l s o  u s e f u l  f o r  i m p r o v i n g  t h e  impedance  

match t o  r e s i s t o r  t e r m i n a t i o n s .  

F i g u r e  3 . 0 6 - 4 ( a )  and ( b )  show how c o n s t a n t - k  and in -de r ived  h a l f  s e c -  

t i o n s  may be  ~ i e c e d  t o g e t h e r  t o  form a  s i z e a b l e  f i l t e r .  I n  t h i s  c a s e ,  

t h r e e  c o n s t a n t - k  h a l f  s e c t i o n s  a r e  u s e d  a l o n g  w i t h  two,  s e r i e s ,  m - d e r i v e d ,  



FIG. 3.06-3 NORMALIZED, SHUNT, m-DERIVED 
HALF-SECTION CHARACTERISTICS 

FIG. 3.06-4 A F ILTER PIECED TOGETHER FROM THREE CONSTANT-k 
AND TWO m-DERIVED H A L F  SECTIONS 
The resulting imoge propagation function i s  sketched at ( c )  



h a l f  s e c t i o n s .  The two m-der ived  s e c t i o n s  have m = 0 . 5 ,  which in t roduce8  

a  p o l e  of  a t t e n u a t i o n  a t  w: = 1 . 1 6  and g r e a t l y  i n c r e a s e s  t h e  r a t e  of c u t o f t ,  

of  t h e  f i l t e r .  A s  i n d i c a t e d  i n  F i g .  3 . 0 6 - 4 ( a )  t h e  s e c t i o n s  a r e  a l l  chosen i 

s o  t h a t  t h e  image impedances match a t  e a c h  j u n c t i o n .  Under t h e s e  condi t iOp,  

when t h e  s e c t i o n s  a r e  a l l  j o i n e d  t o g e t h e r ,  t h e  image a t t e n u a t i o n  and t h e  
I image phase  f o r  t h e  e n t i r e  s t r u c t u r e  a r e  s i m p l y  t h e  sum o f  t h e  image at ten.!  

u a t i o n  and phase v a l u e s  f o r  t h e  i n d i v i d u a l  s e c t i o n s .  L i k e w i s e ,  w i t h  a l l o l ~  

t h e  s e c t i o n s  matched t o  e a c h  o t h e r ,  t h e  image impedances s e e n  a t  t h e  ends 

a r e  t h e  same a s  t h e  image impedances of  t h e  end s e c t i o n s  b e f o r e  t h e y  were 

connec ted  t o  t h e  i n t e r i o r  s e c t i o n s .  

1 The c i r c u i t  i n  F i g .  3 . 0 6 - 4 ( b )  would h a v e  t h e  t r a n s m i s s i o n  c h a r a c t e r -  i 
i s t i c s  i n d i c a t e d  i n  F ig .  3 . 0 6 - 4 ( c )  i f  i t  were t e r m i n a t e d  i n  i t s  image i m -  

pedances a t  b o t h  ends .  However, s i n c e  i n  p r a c t i c e  r e s i s t o r  t e r m i n a t i o n s  

a r e  g e n e r a l l y  r e q u i r e d ,  t h i s  t r a n s m i s s i o n  c h a r a c t e r i s t i c  w i l l  b e  cons ider -  
where 

a b l y  a l t e r e d  (main ly  i n  t h e  p a s s  band)  due t o  t h e  r e f l e c t i o n s  a t  b o t h  ends 

of  t h e  f i l t e r .  I n  o r d e r  t o  r e d u c e  t h e  magni tude  o f  t h e s e  r e f l e c t i o n s  e f -  

f e c t s ,  i t  i s  customary w i t h  f i l t e r s  o f  t h i s  t y p e  t o  i n t r o d u c e  m-derived 

h a l f - s e c t i o n s  a t  each end o f  t h e  f i l t e r  w i t h  t h e  impedance ZIT. o r  ZIT. 
n e x t  t o  t h e  t e r m i n a t i o n  r e s i s t o r .  B'ith m = 0 . 6 ,  t h e s e  image impedances and 
a r e  r e l a t i v e l y  c o n s t a n t  i n  t h e  p a s s  band and i t  becomes p o s s i b l e  t o  greatly 

reduce  t h e  r e f l e c t i o n  e f f e c t s  o v e r  much o f  t h e  pass  band. These  m a t t e r s  

w i l l  be d i s c u s s e d  f u r t h e r  i n  S e c s .  3 .07  and 3 . 0 8 .  

SEC. 3 . 0 7 ,  THE EFFECTS OF TERMINATIONS WHICH MISMATCH THE 

IMAGE IMPEDANCES 
a r e  

The r e s i s t a n c e  t e r m i n a t i o n s  used  on d i s s i p a t i o n l e s s  f i l t e r  s t r u c t u r e s  

cannot  match t h e  image impedance o f  t h e  s t r u c t u r e  e x c e p t  a t  d i s c r e t e  f r e -  

q u e n c i e s  i n  t h e  p a s s  band. A s  a  r e s u l t  o f  t h e  m u l t i p l e  r e f l e c t i o n s  t h a t  

o c c u r ,  t h e  performance o f  t h e  f i l t e r  may be c o n s i d e r a b l y  a l t e r e d  f r o m t h a t  and 

p r e d i c t e d  by t h e  image p r o p a g a t i o n  f u n c t i o n .  T h i s  a l t e r a t i o n  i s  most severe 

i n  t h e  p a s s  band and i n  t h e  s t o p  band n e a r  c u t o f f .  Formulas  which ~ C C O U D ~  

f o r  t h e  e f f e c t s  of such  t e r m i n a l  r e f l e c t i o n s  a r e  summarized below. 

t h e  r e f 1  

Cons ider  t h e  c i r c u i t  i n  F i g .  3 . 0 7 - 1  whose image impedances,  ZI1 and 

Z12, may d i f f e r  c o n s i d e r a b l y  from R 1  and R 2 .  The v o l t a g e  a t t e n u a t i o n  

r a t i o ,  E s / E 2 ,  may be c a l c u l a t e d  from t h e  image p a r a m e t e r s  and t h e  t e r m i -  

n a t i o n s  u s i n g  t h e  e q u a t i o n  

FIG. 3.07-1 NETWORK DISCUSSED IN SEC. 3.07 

e c t i o n  c o e f f i c i e n t s  a t  Ends 1 and 2 w h i l e  

a r e  t h e  t r a n s m i s s i o n  c o e f f i c i e n t s  ( s e e  Sec.  2 . 0 8 ) .  Note t h a t  t h e s e  r e -  

f l e c t i o n  and t r a n s m i s s i o n  c o e f f i c i e n t s  a r e  d e f i n e d  wi th  r e s p e c t  t o  t h e  

image impedances  r a t h e r  than w i t h  r e s p e c t  t o  t h e  a c t u a l  i n p u t  impedances 

, ,  1 and ( Z i , )  2 . 



The actua 

nated in R 2  is 
1 input impedance seen looking in End 1 with End 2 termi- 

By analogy, (Zin) in Fig. 3.07-1 is 
2 

Equations (3.07-1) to (3.07-7) apply whether the circuit 
or not. 

For a dissipationless network at pass band frequenc 

y = 0 * jn~1,,,,,~,,, ... Eq. (3.07-6) shows that 

has dissipation 

ies where 

where ZI1 and Z12 will be purely real. Analogous expressions also exist 

for (Zi,) . 
2 

Equation (3.07-1) is quite general, and it can be used with 

Eqs. (2.11-2) and (2.11-4) for computing the attenuation of a network. 

However, simpler expressions (about to be presented) can be used if the network 

is dissipationless. Such expressions become especially simple if the dis- 
sipationless network is symmetrical ( i . e . ,  ZI1 = Z12) and has symmetrical 
terminations ( i . e . ,  H1 = R 2 )  Another case of relative simplicity is that 
of a dissipationless antimetrical network (see Sec. 2.11) with antimetrical 

terminations. Such a filter will satisfy the conditions 

7 0 

at all frequencies, where R o  is a positive, real constant. The constant-k 

half section in Fig. 3.06-1 is an example of an antimetrical network. The 

filter in Fig. 3.06-4 also satisfies the antimetry condition given by 

E q .  (3,.07-10). 

For dissipationless symmetrical networks with symmetrical terminations, 

Z r l  = R I 1  in the pass band and the attenuation is 

while in the stop band Z I 1  = jXIl and 

Similarly for dissipationless antimetrical networks with antimetrical 

terminations, in the pass band 

while in the stop band E q .  (3.07-13) applies just as for the symmetrical 

case. For the symmetrical case 

while for the antimetrical case 

r r l  = - r r 2  . 
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For the dissipationless symmetrical case the 

multiple of 77 radians, while in the dissipat 

an odd multiple of ~ / 2  radians. 

stop-band image phase is a 

ionless antimetric case it is 

The actual  ass-band attenuation which will result from mismatched 
image impedances is seen by Eqs. (3.07-12) and (3.07-14) to depend strongly 

on the image ~ h a s e ,  ,8. For given Z I 1  and R 1  it is easily shown that the 
maximum possible pass-band attenuation in a dissipationless symmetrical 

or antimetrical network with symmetrical or antimetrical terminations, 

respectively, is 

where 

with either definition giving the same answer. For symmetrical networks, 

the value given by Eq. (3.07-17) applies when ,R = (2n - 1)~/2 radians 
while L A  = 0 when ,B = n n  radians (where n is an integer). For antimetrical 

networks Eq. (3.07-17) applies when ,B = n r  radians while L A  = 0 when 

,8 = (2n - 1)77/2 radians. Figure 3.07-2 shows a plot of maximum L A  us. a, 

and also shows the corresponding input VSWR. 

SEC. 3.08, DESIGN OF MATCHING END SECTIONS TO IMPROVE THE 
RESPONSE OF FILTERS DESIGNED O N  THE IMAGE BASIS 

As mentioned in Sec. 3.06, one way in which the pass-band responsc 

of constant-k filters can be improved is to use m-derived half sections 

at the ends. Experience shows that a half section with m about 0.6 will 

cause Z I T .  or Z I T "  to give the best approximation of a constant resistance 

in the pass band, and hence will cause the ends of the filter to give the 

best match to resistor terminations. As an example, Fig. 3.08-1 shows the 

normalized filter structure in Fig. 3.06-4(b) with matching sections added 

to improve the pass-band match to the one-ohm terminations shown. The 

matching sections also introduce poles of attenuation at w i  = 1.25, which 

will further sharpen the cutoff characteristics of the.filter. 

FIG. 3.07-2 MAXIMUM POSSIBLE PASS-BAND ATTENUATION AND VSWR FOR 
DISSIPATIONLESS SYMMETRICAL NETWORKS WlTH SYMMETRICAL 
TERMINATIONS, O R  DISSIPATIONLESS ANTIMETRICAL NETWORKS 
WlTH ANTIMETRICAL TERMINATIONS 
These values will apply if P = (2n - 1)(77/2)1,=,, ,..., for the 
symmetrical case or ,I3 = nnl,,,, 2,3 ,..., for the antimetrical case 



FIG. 3.08-1 THE NORMALIZED FILTER CIRCUIT IN FIG. 3.06-4(b) WITH 
in-DERIVED HALF SECTIONS ADDED TO IMPROVE THE 
PASS-BAND IMPEDANCE MATCH TO RESISTOR TERMINATIONS 

I n  t h e  d e s i g n  o f  microwave f i l t e r  s t r u c t u r e s  on t h e  image b a s i s ,  i t  

i s  o f t e n  d e s i r a b l e  t h a t  t h e  match ing  end s e c t i o n s  be of  t h e  same g e n e r a l  

form a s  t h e  main p a r t  o f  t h e  f i l t e r .  C o n s i d e r  t h e  c a s e  o f  a  wide band, 

band-pass  f i l t e r  t o  be  c o n s t r u c t e d  u s i n g  f i l t e r  s e c t i o n s  a s  shown i n  

F i g .  3 . 0 8 - 2 ( a ) .  The f i l t e r  s e c t i o n s  have image c h a r a c t e r i s t i c s  a s  shown 

i n  F ig .  3 . 0 8 - 2 ( b ) ,  ( c ) .  F i g u r e  3 .08-3  shows t h e  l e f t  h a l f  o f  a  symmetrical 

f i l t e r  formed from such  s e c t i o n s .  I n  t h i s  f i l t e r  t h e  i n t e r i o r  s e c t i o n s  of 

t h e  f i l t e r  a r e  a l l  a l i k e ,  b u t  two s e c t i o n s  a t  each  end a r e  d i f f e r e n t  i n  

o r d e r  t o  improve t h e  pass -band  match t o  t h e  t e r m i n a t i o n s .  The d e s i g n  of 

such  end s e c t i o n s  w i l l  now be c o n s i d e r e d .  

A s  i s  seen  from F i g .  3 . 0 8 - 2 ( c ) ,  e a c h  s e c t i o n  o f  t h e  f i l t e r  h a s  a  m i d -  

band image phase s h i f t  of  P = n/2 .  The t o t a l  midband image phase  s h i f t  

f o r  t h e  end match ing  network i n  F i g .  3 . 0 8 - 3  a t  f o  i s  t h u s  P = 77. A t  mid- 

band, t h e n ,  t h e  end match ing  network w i l l  o p e r a t e  s i m i l a r l y  t o  a h a l f -  

wave leng th  t r a n s m i s s i o n  l i n e ,  and i n  F i g .  3 . 0 8 - 3  

Thus,  i f  ZI i s  t h e  image impedance of t h e  i n t e r i o r  s e c t i o n s  o f  t h e  f i l t e r ,  

and ZIe i s  t h e  image impedance o f  t h e  s e c t i o n s  i n  t h e  end match ing  network, 

t h e n  i f  

FIG. 3.08-2 A BAND-PASS FILTER SECTION USING 
TRANSMISSION LINES, AND ITS lMAGE 
CHARACTER ISTICS 



I _ I - - - 
END SECTIONS I INTERIOR SECTIONS 
FOR MATCHING 

P 
[LINE IMPEDANCE zO] 

[LINE IMPEDANCE(Z,)J 

FIG. 3.08-3 ONE-HALF OF A SYMMETRICAL FILTER COMPOSED OF 
SECTIONS OF THE TYPE IN FIG. 3.08-2 

a  p e r f e c t  ma tch  i s  a s s u r e d  a t  f o ,  r e g a r d l e s s  o f  t h e  s i z e  o f  ZIe a t  t h a t  

f r e q u e n c y .  At p a s s - b a n d  f r e q u e n c i e s  f n l z  a n d  f 3 n 1 2 ,  where  t h e  image  phase 

s h i f t  o f  t h e  end  m a t c h i n g  n e t w o r k  i s  P = n / 2  and 3 n / 2 ,  r e s p e c t i v e l y ,  

s i m i l a r l y  t o  Eq. ( 3 . 0 7 - 9 ) .  T h u s ,  s e t t i n g  Z i n  = ZI and s o l v i n g  f o r  ZIe 
g i v e s  

a s  t h e  c o n d i t i o n  f o r  a  p e r f e c t  impedance  m a t c h  when P = n / 2  o r  3 n / 2  f o r  

t h e  e n d  m a t c h i n g  n e t w o r k .  By s u c h  p r o c e d u r e s  a  p e r f e c t  impedance  ma tch  

can  be  a s s u r e d  when t h e  e n d  m a t c h i n g  ne twork  h a s  n / 2 ,  n, o r  3 n / 2  r a d i a n s  

image p h a s e .  

F i g u r e  3 . 0 8 - 4  shows how t h e  image impedance  o f  t h e  end  m a t c h i n g  n e t -  

work m i g h t  compare  w i t h  t h e  image impedance  o f  t h e  i n t e r i o r  s e c t i o n s  f o r  

a  p r a c t i c a l  d e s i g n .  I n  t h i s  c a s e  R g  i s  made a  l i t t l e  l e s s  t h a n  ZI f o r  
t h e  i n t e r i o r  s e c t i o n s  a t  f,,, b u t  ZI and Z r e  a r e  b o t h  made t o  b e  e q u a l  t o  

R g  a t  f a  a n d  f,,, a  l i t t l e  t o  e a c h  s i d e  o f  f o ,  s o  t h a t  a  p e r f e c t  ma tch  w i l l  

be a c h i e v e d  a t  t h o s e  two f r e q u e n c i e s .  T h i s  p r o c e d u r e  w i l l  r e s u l t  i n  a  
s m a l l  mi sma tch  i n  t h e  v i c i n i t y  o f  f o ,  b u t  s h o u l d  improve  t h e  o v e r - a l l  r e -  

s u l t s .  The end m a t c h i n g  n e t w o r k  i s  made t o  be  more b roadband  t h a n  t h e  

FIG. 3.08-4 RELATIVE IMAGE IMPEDANCE CHARACTERISTICS 
FOR THE END MATCHING NETWORK AND INTERIOR 
SECTIONS OF A PROPOSED FILTER OF THE FORM 
IN FIG. 3.08-3 

i n t e r i o r  s e c t i o n s  o f  t h e  f i l t e r  s o  t h a t  t h e  p = n / 2  and 3 ~ / 2  p h a s e  s h i f t  

p o i n t s  w i l l  o c c u r  n e a r  t h e  c u t o f f  f r e q u e n c i e s  o f  t h e  i n t e r i o r  s e c t i o n s .  

The end m a t c h i n g  n e t w o r k  i s  d e s i g n e d  s o  t h a t  Eq. ( 3 . 0 8 - 4 )  w i l l  b e  s a t i s -  

f i e d ,  a t  l e a s t  a p p r o x i m a t e l y ,  a t  t h e s e  two f r e q u e n c i e s  i n  o r d e r  t o  g i v e  

a  good impedance  ma tch  c l o s e  t o  t h e  c u t o f f  f r e q u e n c i e s  o f  t h e  f i l t e r .  I n  

t h i s  p a r t i c u l a r  example  t h e r e  a r e  o n l y  t h r e e  d e g r e e s  o f  f r eedom i n  t h e  

d e s i g n  of  t h e  end  m a t c h i n g  n e t w o r k ,  namely t h e  s i z e  o f  C e ,  t h e  s i z e  o f  

( Z o )  , and t h e  l e n g t h  o f  t h e  t r a n s m i s s i o n , l i n e s  i n  t h e  s e c t i o n s  o f  t h e  end 

m a t c i i n g  n e t w o r k .  One d e g r e e  o f  f r eedom i s  u s e d  i n  f i x i n g  t h e  c e n t e r  f r e -  

quency o f  t h e  r e s p o n s e ,  a n o t h e r  may be  used f o r  s e t t i n g  ZIe = R g  a t  f r e -  

quency f a  i n  F i g .  3 . 0 8 - 4 ,  and a n o t h e r  may be u s e d  f o r  s a t i s f y i n g  

Eq. ( 3 . 0 8 - 4 )  a t  f n 1 2 .  Al though  m a t c h i n g  c o n d i t i o n s  a r e  n o t  s p e c i f i c a l l y  

f o r c e d  a t  f r e q u e n c i e s  f b  and f 3 , , , 2  i n  F i g .  3 . 0 8 - 4 ,  t h e y  w i l l  b e  a p p r o x i -  

m a t e l y  s a t i s f i e d  b e c a u s e  o f  t h e  n e a r l y  s y m m e t r i c a l  n a t u r e  of  t h e  r e s p o n s e  

abou t  f o .  

The d e s i g n  p r o c e d u r e  d e s c r i b e d  above p r o v i d e s  a p e r f e c t  impedance  

match a t  c e r t a i n  f r e q u e n c i e s  and a s s u r e s  t h a t  t h e  maximum mismatch t h r o u g h -  

o u t  t h e  p a s s  band  w i l l  n o t  b e  l a r g e .  I n  a d d i t i o n  i t  s h o u l d  be r e c a l l e d  

t h a t  p e r f e c t  t r a n s m i s s i o n  w i l l  r e s u l t  a t  p a s s - b a n d  f r e q u e n c i e s  where  t h e  

image p h a s e  o f  t h e  o v e r - a l l  f i l t e r  s t r u c t u r e  i s  a  m u l t i p l e  o f  n r a d i a n s ,  

a s  w e l l  a s  a t  p o i n t s  where  t h e  image impedances  a r e  p e r f e c t l y  m a t c h e d .  

These  same p r i n c i p l e s  a l s o  a p p l y  f o r  t h e  d e s i g n  o f  m a t c h i n g  s e c t i o n s  f o r  

o t h e r  t y p e s  o f  f i l t e r s .  
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SEC. 3.09, MEASUREMENT OF IMAGE PARAMETERS 

Occasionally it will be desirable to measure the image parameters of 

a circuit. A general method is to measure the input impedance at one end 

for open- and short-circuit terminations at the other end. Then 

and for a reciprocal network 

In these equations ( Z o c )  and ( Z S c )  are impedances measured at End 1 with 
1 1 

End 2 open-circuited and short-circuited, respectively. Impedances ( Z o c )  
2 

and ( Z a c )  are corresponding impedances measured from End 2 with End 1 
2 

open-circuited or short-circuited. 

If the network has negligible dissipation and is symmetrical, a con- 

venient method due to Dawirs5 can be used. Using this method the network 

is terminated at one port in a known resistive load RL and its input im- 
pedance Z i n  = B i n  + ] X i ,  is measured at the other port. Then the image 

impedance Z I  can be computed from Z i n  and RL by the equation5 

which applies for both the pass and stop bands. 

Dawirs5 has expressed this method in terms of a very useful chart 

which is reproduced in Fig. 3.09-1. This chart should be thought of as 

being superimposed on top of a Smith chart6" with the zero "wavelengths 

toward generator" point coinciding with that of the Smith chart. Then 

RA-3527-200 

SOURCE: By courtesy of H. N. Dawirs and Proc. IRE.= 

FIG. 3.09-1 DAWIRS' CHART FOR DETERMINING THE IMAGE PARAMETERS OF 
SYMMETRICAL, DISSIPATIONLESS NETWORKS 



t o  o b t a i n  t h e  image p a r a m e t e r s ,  Z i n  measured a s  d i s c u s s e d  above,  i s  nor -  

mal ized  w i t h  r e s p e c t  t o  R L .  Next ,  t h e  p o i n t  Z i n / R L  i s  f i r s t  p l o t t e d  on 

a  Smith c h a r t ,  and t h e n  s c a l e d  t o  t h e  same p o i n t  on t h i s  c h a r t  by u s e  of  

a  s c a l e  and c u r s o r .  I n  t h e  p a s s  band t h e  Z i n / R L  p o i n t s  w i l l  f a l l  w i t h i n  

e i t h e r  of  t h e  two heavy c i r c l e s  marked " c u t o f f  c i r c l e , "  w h i l e  i n  t h e  s t o p  

band t h e  Z i n / R L  p o i n t s  w i l l  f a l l  o u t s i d e  of  t h e s e  c i r c l e s .  F u r t h e r  d e t a i l s  

of  t h e  u s e  of  t h e  c h a r t  a r e  p e r h a p s  b e s t  i l l u s t r a t e d  by examples .  

Suppose t h a t  Z i n / R L  = 0 . 2 0  + j  0 . 2 5 .  P l o t t i n g  t h i s  p o i n t  on a  Smith 

c h a r t  and t h e n  r e s c a l i n g  i t  t o  t h i s  c h a r t  g i v e s  t h e  p o i n t  shown a t  A i n  

F i g .  3 . 0 9 - 1 .  The c i r c l e s  i n t e r s e c t i n g  t h e  v e r t i c a l  a x i s  a t  r i g h t  a n g l e s  

g i v e  t h e  image impedance w h i l e  t h e  n e a r l y  v e r t i c a l  l i n e s  g i v e  t h e  phase  

c o n s t a n t .  Fo l lowing  t h e  c i r c l e  from p o i n t  A a round  t o  t h e  v e r t i c a l  a x i s  

g i v e s  a  normal ized  image impedance v a l u e  of  R I / R L  = 0 . 3 5 ,  w h i l e  t h e  phase  

c o n s t a n t  i s  s e e n  t o  be  a p p r o x i m a t e l y  0 . 3 7  A .  T h i s  c h a r t  u s e s  t h e  term 

" c h a r a c t e r i s t i c  impedance" f o r  image impedance and e x p r e s s e s  t h e  image 

phase i n  wave leng ths  f o r  s p e c i f i c  r e f e r e n c e  t o  t r a n s m i s s i o n  l i n e s .  How- 

e v e r ,  t h e  more g e n e r a l  image impedance concep t  a l s o  a p p l i e s  and t h e  c o r -  

responding  image phase  i n  r a d i a n s  ( w i t h i n  some unknown m u l t i p l e  o f  T)  i s  

s imply 277 t i m e s  t h e  number of  wave leng ths .  Thus ,  i n  t h i s  c a s e  

P = 0 . 3 7 ( 2 7 ~ )  + n r  r a d i a n s .  

I f  Z i r l / R L  gave t h e  p o i n t  B i n  F i g .  3 . 0 9 - 1 ,  t h e  f i l t e r  would be c u t  

o f f ,  hence ,  t h e  image impedance would be i m a g i n a r y  and ct would be  non- 

ze ro .  I n  t h i s  c a s e  t h e  image impedance i s  r e a d  by f o l l o w i n g  t h e  l i n e  t o  

t h e  o u t e r  edge of t h e  c h a r t  t o  r e a d  j X I / R L  = j 1 . 4 ,  w h i l e  t h e  image a t -  

t e n u a t i o n  i n  db i s  r e a d  from t h e  h o r i z o n t a l  a x i s  of t h e  c h a r t  a s  b e i n g  

about  8 . 5  db. S i n c e  t h e  network i s  s p e c i f i e d  t o  be symmet r ica l ,  t h e  s t o p -  

band image p h a s e  w i l l  be  z e r o  o r  some m u l t i p l e  o f  T r a d i a n s  ( s e e  Sec .  3 . 0 7 ) .  
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CHAPTER 4 

LOW-PASS PROTOTYPE FILTERS OBTAINED BY 
NETWORK SYNTHESIS METBODS 

SEC. 4 . 0  1 ,  INTRODUCTION 

i 
Many o f  t h e  f i l t e r  d e s i g n  me thods  t o  be  d i s c u s s e d  i n  l a t e r  c h a p t e r s  

i of  t h i s  book w i l l  make u s e  o f  t h e  l u m p e d - e l e m e n t ,  l o w - p a s s  p r o t o t y p e  

f i l t e r s  d i s c u s s e d  i n  t h i s  c h a p t e r .  Most o f  t h e  l o w - p a s s ,  h i g h - p a s s ,  band-  

I p a s s ,  o r  h a n d - s t o p  mic rowave  f i l t e r s  t o  b e  d i s c u s s e d  w i l l  d e r i v e  t h e i r  

! i m p o r t a n t  t r a n s m i s s i o n  c h a r a c t e r i s t i c s  f rom t h o s e  o f  a  l o w - p a s s  p r o t o t y p e  
f i l t e r  u s e d  i n  t h e i r  d e s i g n .  E l e m e n t  v a l u e s  f o r  s u c h  l o w - p a s s  p r o t o t y p q  

f i l t e r s  .were o r i g i n a l l y  o h t a i n e d  by n e t w o r k  s y n t h e s i s  methods ,  o f  D a r l i n g t o r  

and o t h e r s ? - 3  However ,  more  r e c e n t l y  c o n c i s e  e q u a t i o n s 4 - "  w h i c h  a r e  con -  

v e n i e n t  f o r  c o m p u t e r  p rog ramming  h a v e  been  f o u n d  f o r  t h e  e l e m e n t  v a l u e s  

of t h e  t y p e s  o f  p r o t o t y p e  f i l t e r s  o f  i n t e r e s t  i n  t h i s  b o o k ,  a n d  numerous  

f i l t e r  d e s i g n s  h a v e  heen  t a b u l a t e d .  Some o f  t h e  t a b l e s  i n  t h i s  book were  

o b t a i n e d  f rom t h e  work o f  ~ e i n b e r ~ , ~ , ~  w h i l e  o t h e r s  we re  compu ted  a t  

S t a n f o r d  R e s e a r c h  I n s t i t u t e  f o r  t h e  p u r p o s e s  o f  t h i s  book.  No d i s c u s s i o n  

o f  f o r m a l  n e t w o r k  s y n t h e s i s  m e t h o d s  w i l l  b e  i n c l u d e d  i n  t h i s  book s i n c e  

t h e s e  m a t t e r s  a r e  d i s c u s s e d  e x t e n s i v e l y  e l s e w h e r e  ( s e e  R e f s .  1 t o  3 ,  f o r  

e x a m p l e ) ,  a n d  s i n c e  t h e  a v a i l a b i l i t y  o f  t a b u l a t e d  d e s i g n s  makes  s u c h  d i s -  

c u s s i o n  u n n e c e s s a r y .  The main  o b j e c t i v e s  o f  t h i s  c h a p t e r  a r e  t o  make c l e a r  

t h e  p r o p e r t i e s  o f  t h e  t a b u l a t e d  p r o t o t y p e  f i l t e r s ,  d e l a y  n e t w o r k s ,  and  

impedance -ma tch ing  n e t w o r k s  s o  t h a t  t h e y  may be  u s e d  i n t e l l i g e n t l y  i n  t h e  

s o l u t i o n  o f  a  w ide  v a r i e t y  o f  mic rowave  c i r c u i t  d e s i g n  p r o b l e m s  o f  t h e  

s o r t s  d i s c u s s e d  i n  C h a p t e r  1. 

I t  s h o u l d  be  n o t e d  t h a t  t h e  s t e p  t r a n s f o r m e r s  i n  C h a p t e r  6 c a n  a l s o  

be u sed  a s  p r o t o t y p e s  f o r  t h e  d e s i g n  o f  c e r t a i n  t y p e s  o f  mic rowave  f i l t e r s  

a s  i s  d i s c u s s e d  i n  C h a p t e r  9 .  

SEC.  4 . 0 2 ,  COMPAHISON OF IMAGE AND NETWORK SYNTHESIS 
METMOUS bOR FILTER DESIGN 

As was d i s c u s s e d  i n  C h a p t e r  3 ,  t h e  image  impedance  and  a t t e n u a t i o n  

f u n c t i o n  o f  a  f i l t e r  s e c t i o n  a r e  d e f i n e d  i n  t e r m s  o f  a n  i n f i n i t e  c h a i n  

o f  i d e n t i c a l  f i l t e r  s e c t i o n s  c o n n e c t e d  t o g e t h e r .  U s i n g  a  f i n i t e ,  



d i s s i p a t i o n l e s s  f i l t e r  n e t w o r k  w i t h  r e s i s t o r  t e r m i n a t i o n s  w i l l  p e r m i t  1 
t h e  image impedances  t o  b e  ma tched  o n l y  a t  d i s c r e t e  f r e q u e n c i e s ,  and the  

r e f l e c t i o n  e f f e c t s  can  c a u s e  s i z e a b l e  a t t e n u a t i o n  i n  t h e  p a s s  b a n d ,  a s  I 

I 
w e l l  a s  d i s t o r t i o n  o f  t h e  s t o p - h a n d  e d g e s .  i 

I n  S e c .  3 . 0 8  p r i n c i p l e s  were  d i s c u s s e d  f o r  t h e  d e s i g n  o f  end s e c t i o n s  j 
which r e d u c e  t h e s e  r e f l e c t i o n  e f f e c t s .  A l t h o u g h  s u c h  me thods  w i l l  d e f i -  ' 
n i t e l y  r e d u c e  t h e  s i z e  o f  r e f l e c t i o n s  i n  f i l t e r s  d e s i g n e d  by t h e  image 

method,  t h e y  g i v e  no a s s u r a n c e  a s  t o  how l a r g e  t h e  peak r e f l e c t i o n  l o s s  

v a l u e s  may b e  i n  t h e  p a s s  b a n d .  T h u s ,  t hough  t h e  image method i s  con-  

c e p t u a i l y  s i m p l e ,  i t  r e q u i r e s  a  good d e a l  o f  " c u t  and t r y "  o r  "know how" 1 

i f  a  p r e c i s i o n  d e s i g n  w i t h  low p a s s - b a n d  r e f l e c t i o n  l o s s  and v e r y  1 
a c c u r a t e l y  d e f i n e d  band e d g e s  i s  r e q u i r e d .  i 

I 
Ne twork s y n t h e s i s  m e t h o d s l f o 3  f o r  f i l t e r  d e s i g n  g e n e r a l l y  s t a r t  o u t  

by s p e c i f y i n g  a  t r a n s f e r  f u n c t i o n  [ such  a s  t h e  t r a n s m i s s i o n  c o e f f i c i e n t  t ,  

d e f i n e d  by tiq. ( 2 . 1 0 - 6 1 1  a s  a  f u n c t i o n  o f  complex  f r e q u e n c y  p .  From t h e  
t r a n s f e r  f u n c t i o n  t h e  i n p u t  impedance  t o  t h e  c i r c u i t  i s  found  a s  a  funct ion  

o f  p .  Then ,  by v a r i o u s  c o n t i n u e d - f r a c t i o n  o r  p a r t i a l - f r a c t i o n  e x p a n s i o n  

p r o c e d u r e s ,  t h e  i n p u t  impedance  i s  expanded  t o  g i v e  t h e  e l e m e n t  v a l u e s  of 

t h e  c i r c u i t .  The c i r c u i t  o b t a i n e d  by t h e s e  p r o c e d u r e s  h a s  t h e  same t ransfer  

f u n c t i o n  t h a t  was s p e c i f i e d  a t  t h e  o u t s e t ,  and  a l l  g u e s s  work a n d  " c u t  and 
t r y "  i s  e l i m i n a t e d .  Image c o n c e p t s  n e v e r  e n t e r  s u c h  p r o c e d u r e s ,  and t h e  
e f f e c t s  o f  t h e  t e r m i n a t i o n s  a r e  i n c l u d e d  i n  t h e  i n i t i a l  s p r c i f i c a t i o n s  of 

t h e  t r a n s f e r  f u n c t i o n .  

I n  g e n e r a l ,  a  l o w - p a s s  f i l t e r  d e s i g n e d  by t h e  image method and an 

a n a l o g o u s  f i l t e r  d e s i g n e d  f o r  t h e  same a p p l i c a t i o n  by n e t w o r k  s y n t h e s i s  

me thods  w i l l  b e  q u i t e  s i m i l a r .  However,  t h e  f i l t e r  d e s i g n e d  by  ne twork  

s y n t h e s i s  me thods  w i l l  h a v e  somewhat d i f f e r e n t  e l e m e n t  v a l u e s ,  t o  i t  

t h e  s p e c i f i e d  r e s p o n s e .  

The T c h e b y s c h e f f  and  max ima l ly  f l a t  t r a n s f e r  f u n c t i o n s  d i s c u s s e d  i n  

t h e  n e x t  s e c t i o n  a r e  o f t e n  s p e c i f i e d  f o r  f i l t e r  a p p l i c a t i o n s .  The f i l t e r s  
whose e l e m e n t  v a l u e s  a r e  t a b u l a t e d  i n  S e c .  4 . 0 5  w i l l  p r o d u c e  r e s p o n s e s  

d i s c u s s e d  i n  S e c .  4 . 0 3  e x a c t l y .  iIowever,  i n  d e s i g n i n g  microwave f i 1  t e r s  
f rom l o w - p a s s ,  l u m p e d - e l e m e n t  p r o t o t y p e s  a p p r o x i m a t i o n s  w i l l  b e  i n v o l v e d .  

N e v e r t h e l e s s ,  t h e  a p p r o x i m a t i o n s  w i l l  g e n e r a l l y  he  v e r y  good o v e r  s i z e a b l e  

f r e q u e n c y  r a n g e s ,  and  t h e  u s e  o f  s u c h  p r o t o t y p e s  i n  d e t e r m i n i n g  t h e  

p a r a m e t e r s  o f  t h e  microwave f i l t e r  w i l l  e l i m i n a t e  t h e  g u e s s  work i n h e r e n t  

i n  t h e  c l a s s i c a l  image me thod .  

s EL 4 . 0 3 ,  MAXIMALLY FLA'I' AND TCHE3YSC9EF'F FILTEH 
ATTENUATION C;lAHACTEnISTICS 

F i g u r e  4 . 0 3 - 1  shows a  t y p i c a l  max ima l ly  f l a t , *  l o w - p a s s  f i l t e r  a t -  

t e n u a t i o n  c h a r a c t e r i s t i c .  'The f r e q u e n c y  w ; ,  where  t h e  a t t e n u a t i o n  i s  L A r ,  

i s  d e f i n e d  a s  t h e  p a s s - h a n d  e d g e .  T h i s  c h a r a c t e r i s t i c  i s  e x p r e s s e d  

where 

The r e s p o n s e  i n  F i g .  4 . 0 3 - 1  c a n  be  a c h i e v e d  by l o w - p a s s  f i l t e r  c i r c u i t s  

such a s  t h o s e  d i s c u s s e d  i n  S e c s .  4 . 0 4  and 4 . 0 5 ,  and t h e  p a r a m e t e r  n i n  

Eq. ( 4 . 0 3 - 1 )  c o r r e s p o n d s  t o  t h e  numher 

of  r e a c t i v e  e l e m e n t s  r e q u i r e d  i n  t h e  

c i r c u i t .  T h i s  a t t e n u a t i o n  c h a r a c t e r -  

i s t i c  a c q u i r e s  i t s  name max ima l ly  f l a t  

from t h e  f a c t  t h a t  t h e  q u a n t i t y  w i t h i n  

t h e  s q u a r e  b r a c k e t s  i n  Eq. ( 4 . 0 3 - 1 )  

h a s  ( 2 n  - 1 )  z e r o  d e r i v a t i v e s  a t  w'  = 0 .  

I n  mos t  c a s e s  w ;  f o r  m a x i m a l l y  LL] 
f l a t  f i l t e r s  i s  d e f i n e d  a s  t h e  3 -db  

hand-edge p o i n t .  F i g u r e  4 . 0 3 - 2  shows 

p l o t s  of  t h e  s t o p - b a n d  a t t e n u a t i o n  w'- rodlonr A--21- 92 

c h a r a c t e r i s t i c s  o f  max ima l ly  f l a t  f i l -  

t e r s  where  L A r  = 3  d b ,  f o r  n = 1 t o 1 5 .  FIG.4.03-l AMAXIMALLYFLATLOW- 

Note t h a t  f o r  c o n v e n i e n c e  i n  p l o t t i n g  
PASS ATTENUATION 
CHARACTERISTIC 

t h e  d a t a  I w t / w ;  1 - 1 was u s e d  f o r  t h e  

a b s c i s s a .  'The m a g n i t u d e  s i g n  i s  u s e d  

on ol/cl); b e c a u s e  t h e  l o w - p a s s  t o  b a n d -  

P a s s  o r  b a n d - s t o p  mapp ings  t o  be  d i s c u s s e d  i n  l a t e r  c h a p t e r s  c a n  y i e l d  

n e g a t i v e  v a l u e s  o f  w l / w ;  f o r  wh ich  t h e  a t t e n u a t i o n  i s  i n t e r p r e t e d  t o  be  

t h e  same a s  f o r  p o s i t i v e  v a l u e s  o f  ~ ' / w ; .  

A n o t h e r  commonly u s e d  a t t e n u a t i o n  c h a r a c t e r i s t i c  i s  t h e  Tchebysche f f  

o r  " e q u a l - r i p p l e "  c h a r a c t e r i s t i c  ahown i n  ~ ' i g .  4 . 0 3 - 3 .  I n  t h i s  c a s e  L a r  

8 

T h i s  c h a r a c t e r i s t i c  is a l s o  known a s  a B u t t e r n o r t h  f i l t e r  characteristic. 



FIG. 4.03-2 ATTENUATION CHARACTERISTICS OF MAXIMALLY F L A T  FILTERS 
The Frequency u,' i s  the 3-db Band-Edge Point 

i s  a g a i n  t h e  maximum db  a t t e n u a t i o n  i n  t h e  p a s s  band ,  w h i l e  w ;  i s  t h e  
e q u a l - r i p p l e  band e d g e .  A t t e n u a t i o n  c h a r a c t e r i s t i c s  o f  t h e  fo rm i n  

F i g .  4 . 0 3 - 3  may be  s p e c i f i e d  m a t h e m a t i c a l l y  a s  

and 

T h i s  t y p e  o f  c h a r a c t e r i s t i c  c a n  a l s o  be a c h i e v e d  by t h e  f i l t e r  s t r u c t u r e s  

d e s c r i b e d  i n  S e c s .  4 . 0 4  and 4 . 0 5 ,  and t h e  p a r a m e t e r  n  i n  E q s .  ( 4 . 0 3 - 3 )  

and ( 4 . 0 3 - 4 )  i s  a g a i n  t h e  number o f  r e a c t i v e  e l e m e n t s  i n  t h e  c i r c u i t .  I f  

n i s  even t h e r e  w i l l  b e  n/2 f r e q u e n c i e s  where  L A  = 0  f o r  a  l o w - p a s s  

Tchebysche f f  r e s p o n s e ,  w h i l e  i f  n  i s  odd t h e r e  w i l l  b e  ( n  + 1 ) / 2  s u c h  

f r e q u e n c i e s .  F i g u r e s  4 . 0 3 - 4  t o  4 . 0 3 - 1 0  show t h e  s t o p - b a n d  a t t e n u a t i o n  

c h a r a c t e r i s t i c s  o f  T c h e b y s c h e f f  f i l t e r s  h a v i n g  L A r  = 0 . 0 1 ,  0 . 1 0 ,  0 . 2 0 ,  

0 . 5 0 ,  1 . 0 0 ,  2 . 0 0 ,  and  3 . 0 0  d b  p a s s - b a n d  r i p p l e .  A g a i n ,  I w ' / w ;  I - 1 i s  

used a s  t h e  a b s c i s s a .  

I t  i s  i n t e r e s t i n g  t o  compare  t h e  max ima l ly  f l a t  a t t e n u a t i o n  c h a r a c t e r -  

i s t i c s  i n  F i g .  4 . 0 3 - 2  w i t h  t h e  'Tchebysche f f  c h a r a c t e r i s t i c s  i n  F i g s .  4 . 0 3 - 4  

t o  4 . 0 3 - 1 0 .  I t  w i l l  b e  s e e n  t h a t  f o r  a  g i v e n  p a s s - b a n d  a t t e n u a t i o n  t o l e r -  

a n c e ,  L A r ,  and  number o f  r e a c t i v e  e l e m e n t s ,  n ,  t h a t  a  T c h e b y s c h e f f  f i l t e r  

w i l l  g i v e  a  much s h a r p e r  r a t e  o f  c u t o f f .  Fo r  e x a m p l e ,  t h e  max ima l ly  f l a t  

c h a r a c t e r i s t i c s  i n  F i g .  4 . 0 3 - 2  and  t h e  T c h e b y s c h e f f  c h a r a c t e r i s t i c s  i n  

F i g .  4 . 0 3 - 1 0  b o t h  h a v e  L A r  = 3  d b .  For  t h e  n  = 1 5  max ima l ly  f l a t  c a s e ,  

70 db a t t e n u a t i o n  i s  r e a c h e d  a t  w' = 

1 . 7  w ; ;  f o r  t h e  n  = 1 5  T c h e b ~ s c h e f f  

c a s e ,  70  db  a t t e n u a t i o n  i s  r e a c h e d  a t  

w 1  = 1 . 1 8  w ; .  B e c a u s e  o f  t h e i r  s h a r p  

c u t o f f ,  T c h e b y s c h e f f  c h a r a c t e r i s t i c s  

a r e  o f t e n  p r e f e r r e d  o v e r  o t h e r  p o s -  

s i b l e  c h a r a c t e r i s t i c s ;  however ,  i f  

t h e  r e a c t i v e  e l e m e n t s  o f  a  f i l t e r  

have a p p r e c i a b L e  d i s s i p a t i o n  l o s s  t h e  

shape  o f  t h e  p a s s - b a n d  r e s p o n s e  o f  

any t y p e  o f  f i l t e r  w i l l  b e  a l t e r e d  a s  

compared w i t h  t h e  l o s s l e s s  c a s e ,  and 

t h e  e f f e c t s  w i l l  b e  p a r t i c u l a r l y  

l a r g e  i n  a  ' l 'chehyschef f f i l t e r .  

These m a t t e r s  w i l l  b e  d i s c u s s e d  i n  

Set. 4 . 1 3 .  h l ax ima l ly  f l a t  f i l t e r s  

have o f t e n  been  r e p u t e d  t o  h a v e  l e s s  

d e l a y  d i s t o r t i o n  t h a n  T c h e b y s c h e f f  

FIG. 4.03-3 A TCHEBYSCHEFF LOW- 
PASS CHARACTERISTIC 



FIG. 4.03-4 0.01-db-RIPPLE TCHEBYSCHEFF FILTER CHARACTERISTICS FIG. 4.03-5 0.10-db-RIPPLE TCHEBYSCHFFF FILTER CHARACTERISTICS 



FIG, 4.03-6 0.20-db-RIPPLE TCHEBYSCHEFF FILTER CHARACTERISTICS FIG. 4.03-7 0.50-db-RIPPLE TCHEBYSCHEFF FILTER CHARACTERISTICS 



FIG. 4.03-8 1.00-db-RIPPLE TCHEBYSCHEFF FILTER CHARACTERISTICS FIG. 4.03-9 2.00-db-RIPPLE TCHEBYSCHEFF FILTER CHARACTERISTICS 



FIG. 4.03-10 3.00-db-RIPPLE TCHEBYSCHEFF FILTER CHARACTERISTICS 

f i l t e r s ;  however ,  a s  d i s c u s s e d  i n  S e c .  4 . 0 8  

d e p e n d i n g  on t h e  s i z e  o f  L A r .  

, t h i s  may n o t  be  t r u e ,  

The m a x i m a l l y  f l a t  and T c h e b y s c h e f f  c h a r a c t e r i s t i c s  i n  F i g s .  4 . 0 3 - 1  

and 4 . 0 3 - 3  a r e  n o t  t h e  o n l y  p o s s i b l e  c h a r a c t e r i s t i c s  o f  t h i s  t y p e .  Fo r  

example ,  t h e  T c h e b y s c h e f f  c h a r a c t e r i s t i c s  o f  t h e  i m p e d a n c e - m a t c h i n g -  

ne twork p r o t o t y p e s  t o  be  d i s c u s s e d  i n  S e c s .  4 . 0 9  and 4 . 1 0  w i l l  b e  s i m i l a r  

i n  s h a p e ,  b u t  L A  w i l l  n o t  t o u c h  z e r o  a t  t h e  b o t t o m  o f  t h e  r i p p l e s .  Some- 

t imes  T c h e b y s c h e f f  f i l t e r s  a r e  d e s i g n e d  t o  h a v e  b o t h  an e q u a l - r i p p l e  

c h a r a c t e r i s t i c  i n  t h e  p a s s  b a n d ,  and an  " e q u a l - r i p p l e "  a p p r o x i m a t i o n  of 

a  s p e c i f i e d  a t t e n u a t i o n  l e v e l  i n  t h e  s t o p  b a n d .  A l though  s u c h  f i l t e r s  

a r e  u s e d  a t  l ow  f r e q u e n c i e s ,  t h e y  a r e  v e r y  d i f f i c u l t  t o  d e s i g n  p r e c i s e l y  

f o r  u s e  a t  mic rowave  f r e q u e n c i e s .  One p o s s i b l e  e x c e p t i o n  i s  t h e  t y p e  

of  microwave f i l t e r  d i s c u s s e d  i n  Sec .  7 . 0 3 .  

SEC.  4 . 0 4 ,  DEFINITION OF CIRCUIT PARAMETEHS FOR 
LOW-PASS PROTOTYPE FILTERS 

The e l e m e n t  v a l u e s  g o ,  g l ,  g 2 ,  . . . ,  g,, ,  g n t l  o f  t h e  l o w - p a s s  p r o t o t y p e  

f i l t e r s  d i s c u s s e d  i n  t h i s  c h a p t e r  a r e  d e f i n e d  a s  s h o w n i n F i g .  4 . 0 4 - 1 .  

FIG. 4.04-1 DEFINITION OF PROTOTYPE FILTER PARAMETERS 
901 91, 92, " ' I  g,, 9,+1 
A prototype circuit i s  shown at (a) ond i ts  dual i s  shown 
a t  (b). Either form w i l l  give the same response. 



One p o s s i b l e  form o f  a  p r o t o t y p e  f i l t e r  i s  shown a t  ( a )  w h i l e  i t s  d u a l  
i s  shown a t  ( b ) .  E i t h e r  fo rm may b e  u s e d ,  s i n c e  b o t h  g i v e  i d e n t i c a l  
r e s p o n s e s .  S i n c e  t h e  n e t w o r k s  a r e  r e c i p r o c a l ,  e i t h e r  t h e  r e s i s t o r  on 

t h e  l e f t  o r  t h e  one  on t h e  r i g h t  may be  d e f i n e d  a s  t h e  g e n e r a t o r  i n t e r n a l  

impedance .  I t  s h o u l d  b e  n o t e d  t h a t  i n  F i g .  4 . 0 4 - 1  t h e  f o l l o w i n g  conven-  
t i o n s  a r e  o b s e r v e d :  

t h e  i n d u c t a n c e  o f  a  s e r i e s  c o i l ,  

g 4 = l  t o  n 
= { o r  t h e  c a p a c i t a n c e  o f  a  s h u n t  c a p a c i t o r  

t h e  g e n e r a t o r  r e s i s t a n c e  Rh i f  g l  = C; , b u t  i s  

go = { ( 4 . 0 4 - 1 )  
d e f i n e d  a s  t h e  g e n e r a t o r  c o n d u c t a n c e  GA i f  g l  = L ;  

t h e  l o a d  r e s i s t a n c e  R i t l  i f  g n  = CA, b u t  i s  

g n t 1  - 
d e f i n e d  a s  t h e  l o a d  c o n d u c t a n c e  G:+l i f  gn = LA 

The r e a s o n  f o r  u s i n g  t h e s e  c o n v e n t i o n s  i s  t h a t  t h e y  l e a d  t o  e q u a t i o n s  o f  

i d e n t i c a l  form w h e t h e r  a  g i v e n  c i r c u i t  o r  i t s  d u a l  i s  u s e d .  B e s i d e s  t h e  

c i r c u i t  e l e m e n t  v a l u e s ,  g k  , an  a d d i t i o n a l  prototype parameter, o;, w i l l  a l s o  

be  u s e d .  The p a r a m e t e r  o; i s  t h e  r a d i a n  f r e q u e n c y  o f  t h e  p a s s - b a n d  edge ,  
which i s  d e f i n e d  i n  F i g s .  4 . 0 3 - 1  and  4 . 0 3 - 3  f o r  max ima l ly  f l a t  and 

T c h e b y s c h e f f  f i l t e r s  o f  t h e  s o r t  d i s c u s s e d  h e r e .  I t s  d e f i n i t i o n  i n  t h e  

c a s e  o f  m a x i m a l l y  f l a t  t i m e - d e l a y  f i l t e r s  i s  d i s c u s s e d  i n  S e c .  4 . 0 7 .  

The e l e m e n t  v a l u e s  o f  t h e  p r o t o t y p e  f i l t e r s  d i s c u s s e d  i n  t h i s  c h a p t e r  

a r e  a l l  n o r m a l i z e d  t o  make g o  = 1 and  w; = 1. These  p r o t o t y p e s  a r e  e a s i l y  
changed  t o  o t h e r  impedance  l e v e l s  and f r e q u e n c y  s c a l e s  by t h e  f o l l o w i n g  

t r a n s f o r m a t i o n s  a p p l i e d  t o  t h e  c i r c u i t  e l e m e n t s .  F o r , r e s i s t a n c e s  o r  
c o n d u c t a n c e s ,  

Fo r  i n d u c t a n c e s ,  

And, f o r  c a p a c i t a n c e s ,  

/ In t h e s e  e q u a t i o n s  t h e  pr imed q u a n t i t i e s  a r e  f o r  t h e  n o r m a l i z e d  p r o t o t y p e  
and t h e  unpr imed q u a n t i t i e s  a r e  f o r  t h e  c o r r e s p o n d i n g  s c a l e d  c i r c u i t .  As 

i n d i c a t e d  from t h e  p r e c e d i n g  d i s c u s s i o n ,  f o r  t h e  p r o t o t y p e s  i n  t h i s  

& a p t e r ,  g o  = Rh = 1 o r  g o  = Gh = 1. 

A s  an example  o f  how t h i s  s c a l i n g  1 s  a c c o m p l i s h e d ,  s u p p o s e  t h a t  we 

have a  l ow-pass  p r o t o t y p e  w i t h  Rb = 1 . 0 0 0  ohm, C; = 0 .8430  f a r a d ,  

L; = 0 . 6 2 2 0  h e n r y ,  and Gi = 1 . 3 5 5 4  mho. These  e l e m e n t  v a l u e s  a r e  f o r  a  

Tchebysche f f  f i l t e r  w l t h  0 . 1 0 - d b  r i p p l e  and an e q u a l - r i p p l e  band e d g e  

of w ;  = 1 r a d i a n .  [ s e e  t h e  c a s e  o f  0 . 1 0 - d b  r i p p l e  and n = 2  i n  

Table  4 . 0 5 - 2 ( a ) . ]  Assuming t h a t  i t  i s  d e s i r e d  t o  s c a l e  t h i s  p r o t o t y p e  

so t h a t  Ro = 50  ohms and s o  t h a t  t h e  e q u a l - r i p p l e  band e d g e  o c c u r s  a t  

f l  = 1000 Mc, t h e n  (Ro/Rh)  = 5 0 ,  and  (w;/wl) = l / ( 2 7 1 0 9 )  = 0 . 1 5 9  X 

Next ,  by Eqs .  ( 4 . 0 4 - 2 )  t o  ( 4 . 0 4 - 4 ) ,  Ro = 50 ohm, C1 = (1L50)  ( 0 . 1 5 9  X 

( 0 . 8 4 3 0 )  = 2 . 6 8  X l o - ' '  f a r a d ,  L z  = 50 ( 0 . 1 5 9  X l o a 9 )  ( 0 . 6 2 2 0 )  = 

4 .94  X 1 0 - l o  h e n r y ,  and Gj  = ( 1 / 5 0 )  ( 1 . 3 5 5 4 )  = 0 . 0 2 7 1  mho. 

3 KC. 4 . 0  5 ,  DOUBLY TERMINATED, MAXIMALLY FLAT AND 
TCHEBYSCHEFF PROTOTYPE FILTERS 

For  max ima l ly  f l a t  f i l t e r s  h a v i n g  r e s i s t o r  t e r m i n a t i o n s  a t  b o t h  ends  

a  r e s p o n s e  o f  t h e  form o f  t h a t  i n  F i g .  4 . 0 3 - 1  w i t h  L A r  = 3  d b ,  g o  = 1 ,  

and w ;  = 1 ,  t h e  e l e m e n t  v a l u e s  may be  computed a s   follow^:^ 

'cable 4 . 0 5 - l ( a )  g i v e s  e l e m e n t  v a l u e s  f o r  s u c h  f i l t e r s  h a v i n g  n = 1 t o  

10 r e a c t i v e  e l e m e n t s ,  w h i l e  T a h l e  4 . 0 5 - l ( b )  p r e s e n t s  c o r r e s p o n d i n g  

f i l t e r s  w i t h  n = 11 t o  1 5  r e a c t i v e  e l e m e n t s .  



For  T c h e b y s c h e f f  f i l t e r s  h a v i n g  r e s i s t o r  t e r m i n a t i o n s  a t  b o t h  e n d s ,  

r e s p o n s e s  o f  t h e  form shown i n  F i g .  4 . 0 3 - 3  h a v i n g  L A r  d b  p a s s - b a n d  

r i p p l e ,  g o  = 1 ,  and  GJ; = 1, t h e  e l e m e n t  v a l u e s  may be  computed  a s  f 0 1 l o w s : ~ J  
Table  4 . 0 5 - l ( a )  

ELEMENT VALUES FOR FILTERS WITH MAXIMALLY FLAT ATTENUATION HAVING 
go = 1 ,  o; = 1 ,  and n = 1 t o  10 

The r e s p o n s e s  a r e  o,f t h e  form i n  Fig. 4 . 0 3 - 1  with L A r  = 3  db 

f i r s t  compute  

y = r i n h  ($) 

then compute  

2a1  
g l  = - 

Y Table  4 . 0 5 - l ( b )  

ELEMENT VALUES FOR FILTERS WITH MAXIMALLY FLAT ATTENUATION HAVING 
go = 1 ,  w; = 1, and n = 11 t o  15 

The r e s p o n s e s  a r e  o f  t h e  form i n  Fig. 4 . 0 3 - 1  w i th  L A r  = 3  db 

g ,  tl = 1 f o r  n odd 

= c o t h 2  (+) f o r  n even  

Tab le  4 . 0 5 - 2 ( a )  g i v e s  e l e m e n t  v a l u e s  f o r  s u c h  f i l t e r s  f o r  v a r i o u s  L A r  and 

= 1 t o  1 0  r e a c t i v e  e l e m e n t s .  T a b l e  4 . 0 5 - 2 ( b )  g i v e s  c o r r e s p o n d i n g  d a t a  

f o r  f i l t e r s  h a v i n g  n = 11 t o  1 5  r e a c t i v e  e l e m e n t s .  

I t  w i l l  b e  n o t e d  t h a t  a l l  o f  t h e  f i l t e r  p r o t o t y p e s  d i s c u s s e d  i n  t h i s  

s e c t i o n  a r e  s y m m e t r i c a l  i f  n i s  odd .  I f  n i s  e v e n ,  t h e y  h a v e  t h e  p r o p e r t y  

o f  a n t i m e t r y  m e n t i o n e d  i n  S e c s .  2 . 1 1  and 3 . 0 7 .  Under  t h i s  c o n d i t i o n  one  

h a l f  o f  t h e  n e t w o r k  i s  t h e  r e c i p r o c a l  o f  t h e  o t h e r  h a l f  o f  t h e  n e t w o r k  

wi th  r e s p e c t  t o  a  p o s i t i v e  r e a l  c o n s t a n t  R h ,  where  R h  may be  d e f i n e d  a s  



Table 4.05-2(a) 

ELEMENT VALUES FOR TCHEBYSCHEFF FILTERS HAVING g o  = 1, o; = 1, AND RESPONSES 
OF THE FORM IN FIG. 4.03-3 WITH VARIOUS db RIPPLE 

Cases of n = 1 to 10 

Table 4.05-2(a) C o n c l u d e d  

VALUE 
OF n '1 '2 g3 '4 85 '6 '7 '8 ' 9  '10 '11 

0 . 0 1  d b  r i p p l e  VALUE 
OF n '1 '2 63 '4 8s 86 -.- 

L. lot 

1.0 d b  r i o o l e  

1.5386 
1.2275 1.0000 
1.9761 0.8468 1.5386 
2.1660 1.3370 1.3394 1 0000 
2.2394 1.4555 2.0974 0'8838 1 5386 
2 2756 1.5001 2 2756 1'3781 1'3722 1 0000 
212963 1.5217 213413 1'4925 2:1349 0'8972 1 5386 
2.3093 1.5340 2.3728 1'5340 2 3093 1'3938 1'3860 1 0000 
2.3181 1.5417 2.3904 1:5536 2:3720 1:5066 211514 0:9034 1.5386 

0.5 d b  r i p p l e  

0.6986 1.0000 
1.4029 0.7071 1.9841 
1.5963 1 0967 1 5963 1 0000 
1.6703 1'1926 2'3661 0:8419 1 9841 
1.7058 1:2296 2:5408 1:2296 1'7058 1 0000 
1.7254 1 2479 2 6064 1.3137 2'4758 0'8696 1 9841 
1.7372 1:2583 2:6381 1.3444 2:6381 1'2583 1'7372 1 0000 
1.7451 1.2647 2 6564 1.3590 2 6964 1'3389 2:5093 0'8796 1 9841 
1.7504 1.2690 216678 1.3673 217239 1'3673 2 6678 1.2690 1'7504 1 0000 
1.7543 1.2721 2.6754 1.3725 2.7392 1:3806 2:7231 1:3485 2:5239 0:8842 1.9841 



T a b l e  4 . 0 5 - 2 ( b )  
ELEMENT VALUES FOR TCHEBYSCHEFF FILTERS HAVING go  = 1, w ;  = 1, AND RESPONSES 

OF THE FORM IN FIG.  4 . 0 3 - 3  hI1H VARIOUS dh  RIPPLE. 

C a s e s  o f  n = 11 to 1 5  

and whe re  R; and  R:+l a r e  t h e  r i s i s t a n c e s  o f  t h e  t e r m i n a t i o n s  a t  t h e  e n d s  

o f  t h e  f i l t e r .  I f  Z; i s  t h e  imbedance  o f  o n e  b r a n c h  o f  t h e  f i l t e r  l a d d e r  
\ 

n e t w o r k ,  t h e n  I 

\s RZ, 
\ = -  'A + 1'7 A Z i  ( 4 . 0 5 - 4 )  

where  Z,',+l-b i s  t h e  d u a l  b r a n c h  a t  t h e  o t h e r  end  o f  t h e  f i l t e r .  By 

E q .  ( 4 . 0 5 - 4 )  i t  w i l l  be  s e e n  t h a t  t h e  i n d u c t i v e  r e a c t a n c e s  a t  o n e  end  o f  

t h e  f i l t e r  a r e  r e l a t e d  t o  t h e  c a p a c i t i v e  s u s c e p t a n c e s  a t  t h e  o t h e r  e n d  by 

A1 s o ,  

- 
s o  t h a t  i t  i s  p o s s i b l e  t o  o h t a i n  t h e  e l e m e n t  v a l u e s  o f  t h e  s e c o n d  h a l f  

o f  t h e  f i l t e r  f rom t h o s e  o f  t h e  f i r s t  h a l f  i f  t h e  f i l t e r  i s  a n t i m e t r i c a l ,  

( a s  w e l l  a s  when t h e  f i l t e r  i s  s y m m e t r i c a l ) .  

I t  w i l l  be  f o u n d  t h a t  t h e  symmetry  a n d  a n t i m e t r y  p r o p e r t i e s  d i s c u s s e d  

above  w i l l  o c c u r  i n  m a x i m a l l y  f l a t  and  T c h e L y s c h e f f  f i l t e r s  o f  t h e  form i n  

F i g .  4 . 0 4 - 1  h a v i n g  t e r m i n a t i o n s  a t  b o t h  e n d s ,  p r o v i d e d  t h a t  t h e  f i l t e r  i s  

d e s i g n e d  s o  t h a t  L A  = 0  a t  o n e  o r  more  f r e q u e n c i e s  i n  t h e  p a s s  band  a s  

shown i n  F i g s .  4 . 0 3 - 1  a n d  4 . 0 3 - 3 .  The m a x i m a l l y  f l a t  and  T c h e b y s c h e f f  

f i l t e r s  d i s c u s s e d  i n  S e c s .  4 . 0 6 ,  4 . 0 9 ,  and  4 . 1 0  d o  n o t  h a v e  t h i s  p r o p e r t y .  

The m a x i m a l l y  f l a t  t i m e - d e l a y  f i l t e r s  i n  S e c .  4 . 0 7  a r e  n o t  s y m m e t r i c a l  o r  

a n t i m e t r i c a l ,  e v e n  t h o u g h  L A  = 0  a t  w '  = 0.  

I n  some r a r e  c a s e s  d e s i g n s  w i t h  n g r e a t e r  t h a n  1 5  may b e  d e s i r e d .  

I n  s u c h  c a s e s  good a p p r o x i m a t e  d e s i g n s  c a n  b e  o b t a i n e d  by a u g m e n t i n g  an  

n = 1 4  o r  n = 1 5  d e s i g n  by  r e p e a t i n g  t h e  two m i d d l e  e l e m e n t s  o f  t h e  f i l t e r .  

T h u s ,  s u p p o s e  t h a t  an  n = 1 8  d e s i g n  i s  d e s i r e d .  An n = 1 4  d e s i g n  c a n  be 

augmented  t o  n = 1 8  hy b r e a k i n g  t h e  c i r c u i t  i m m e d i a t e l y  f o l l o w i n g  t h e  g7 

? l e m e n t ,  r e p e a t i n g  e l e m e n t s  g6  a n d  g, t w i c e ,  and  t h e n  c o n t i n u i n g  on w i t h  

e l e m e n t  gg a n d  t h e  r e s t  o f  t h e  e l e m e n t s .  T h u s ,  l e t t i n g  p r imed  g ' s  i n d i c a t e  

e l e m e n t  v a l u e s  f o r  t h e  n = 1 8  I i l t e r ,  and  u n p r i m e d  g ' s  i n d i c a t e  e l e m e n t  

v a l u e s  f rom t h e  n = 1 4  d e s i g n ,  t h e  n = 1 8  d e s i g n  would  have  t h e  e l emen t ,  

v a l u e s  



T h i s  i s ,  o f  c o u r s e ,  a n  a p p r o x i m a t e  p r o c e d u r e ,  b u t  i t  i s  b a s e d  on t h e  

f a c t  t h a t  f o r  a  g i v e n  T c h e b y s c h e f f  r i p p l e  t h e  e l e m e n t  v a l u e s  i n  a  d e s i g n  

change  v e r y  l i t t l e  a s  n  i s  v a r i e d ,  o n c e  n  i s  a r o u n d  1 0  o r  more .  T h i s  i s  
r e a d i l y  s e e n  by c o m p a r i n g  t h e  e l e m e n t  v a l u e s  f o r  d i f f e r e n t  v a l u e s  o f  n ,  

down t h e  co lumns  a t  t h e  l e f t  i n  'Table 4 . 0 5 - 2 ( b ) .  

S E C .  4 . 0 6 ,  SINGLY TERMINATED MAXIMALLY FLAT 
AND TCHEBYSCHEFF FILTERS 

A l l  o f  t h e  p r o t o t y p e  f i l t e r s  d i s c u s s e d  i n  S e c .  4 . 0 5  h a v e  r e s i s t o r  

t e r m i n a t i o n s  a t  b o t h  e n d s .  However ,  i n  some c a s e s  i t  i s  d e s i r a b l e  t o  

FIG. 4.06-1 AN n a 5 REACTIVE ELEMENT SINGLY 
TERMINATED FILTER DRIVEN BY A 
ZERO-IMPEDANCE VOLTAGE 
GENE RATOR 

u s e  f i l t e r s  w i t h  a  r e s i s t o r  

t e r m i n a t i o n  a t  o n e  end o n l y .  

F i g u r e  4 . 0 6 - 1  shows an  example  

o f  s u c h  a  f i l t e r  w i t h  a  r e -  

s i s t o r  t e r m i n a t i o n  on t h e  l e f t  

a n d  a  z e r o  i n t e r n a l  impedance  

v o l t a g e  g e n e r a t o r  on  t h e  r i g h t  

t o  d r i v e  t h e  c i r c u i t .  I n  t h i s  

c a s e  t h e  a t t e n u a t i o n  L A  d e f i n e d  

by Eq. ( 2 . 1 1 - 4 )  d o e s  n o t  a p p l y ,  
s i n c e  a  z e r o  i n t e r n a l  impedance  

v o l t a g e  g e n e r a t o r  h a s  i n f i n i t e  

a v a i l a b l e  power .  The power 

a b s o r b e d  by t h e  c i r c u i t  i s  

where  Y i n  and E g  a r e  d e f i n e d  i n  t h e  F i g .  4 . 0 6 - 1 .  S i n c e  a l l  o f  t h e  power 
mus t  he  a b s o r b e d  i n  G;, 

Thus i n  t h i s  c a s e  i t  i s  c o n v e n i e n t  t o  u s e  t h e  v o l t a g e  a t t e n u a t i o n  f u n c t i o n  , 

F i g u r e  4 . 0 6 - 2  shows t h e  d u a l  c k s e  t o  t h a t  i n  F i g .  4 . 0 6 - 1 .  I n  t h i s  

l a t t e r  c a s e  t h e  c i r c u i t  i s  d r i v e n  by an  i n f i n i t e - i m p e d a n c e  c u r r e n t  
t t o  u s e  t h e  c u r r e n t  a t t e n u a t i o n  f u n c t i o n  g e n e r a t o r  and i t  i s  conven ien  

d e f i n e d  a s  

L I  = 20 l o g 1 ,  

where  Ig, I ,  R ,  and Z[,, a r e  a s  d e f i n e d  i n  F i g .  4 . 0 6 - 2 .  I f  L A  and L A r  

i n  S e c .  4 . 0 3  a r e  r e p l a c e d  by a n a l o g o u s  q u a n t i t i e s  L E  and L E r ,  o r  L I  and  

L I r ,  a l l  o f  t h e  e q u a t i o n s  and c h a r t s  i n  S e c .  4 . 0 3  a p p l y  t o  t h e  s i n g l y  

t e r m i n a t e d  max ima l ly  f l a t  o r  'Tchebyscheff  f i l t e r s  o f  t h i s  s e c t i o n  a s  

w e l l  a s  t o  t h e  d o u b l y  t e r m i n a t e d  f i l t e r s  i n  S e c .  4 . 0 5 .  

E q u a t i o n  ( 4 . 0 6 - 1 ) h o w s  t h a t  f o r  a  g i v e n  g e n e r a t o r  v o l t a g e ,  E g ,  t h e  

power t r a n s m i s s i o n  t h r o u g h  t h e  f i l t e r  i s  c o n t r o l l e d  e n t i r e l y  by Re Y:,. 

Thus ,  i f  t h e  f i l t e r  i n  F i g .  4 . 0 6 - 1  i s  t o  have  a  m a x i m a l l y  f l a t  o r  

Tchebysche f f  t r a n s m i s s i o n  c h a r a c t e r i s t i c ,  Re Y l ,  mus t  a l s o  have  s u c h  a  

c h a r a c t e r i s t i c .  F i g u r e  4 . 0 6 - 3  shows t h e  a p p r o x i m a t e  s h a p e  o f  He Y f ,  and 

I m  Y i n  f o r  t h e  c i r c u i t  i n  F i g .  4 . 0 6 - 1  i f  d e s i g n e d  t o  g i v e  a  'Tchebysche f f  

t r a n s m i s s i o n  c h a r a c t e r i s t i c .  'The c u r v e s  i n  F i g .  4 . 0 6 - 3  a l s o  a p p l y  t o  

t h e  c i r c u i t  i n  F i g .  4 .06 -2  i f  Y l n  i s  r e p l a c e d  by L i n .  As w i l l  b e  d i s -  

c u s s e d  i n  C h a p t e r  1 6 ,  t h i s  p r o p e r t y  o f  Re Y i n  o r  3 e  21, f o r  s i n g l y  l o a d e d  

f i l t e r s  makes them q u i t e  u s e f u l  i n  t h e  d e s i g n  o f  d i p l e x e r s  and m u l t i -  

p l e x e r s .  P r o t o t y p e s  o f  t h i s  s o r t  w i l l  a l s o  b e  u s e f u l  f o r  t h e  d e s i g n  o f  

f i l t e r s  t o  be  d r i v e n  by ene rgy  s o u r c e s  t h a t  l o o k  a p p r o x i m a t e l y  l i k e  a  

ze ro - impedance  v o l t a g e  g e n e r a t o r  o r  an  i n f i n i t e - i m p e d a n c e  c u r r e n t  g e n e r -  

a t o r .  A t y p i c a l  example  i s  a  p e n t o d e  t u b e  wh ich ,  f rom i t s  p l a t e  c i r c u i t  

may r e s e m b l e  a  c u r r e n t  g e n e r a t o r  w i t h  a  c a p a c i t o r  i n  p a r a l l e l .  I n  s u c h  

c a s e s  a  b roadhand  r e s p o n s e  c a n  b e  o b t a i n e d  i f  t h e  s h u n t  c a p a c i t a n c e  i s  

u s e d  a s  t h e  f i r s t  e l e m e n t  o f  a  s i n g l y  t e r m i n a t e d  f i l t e r .  

O r c h a r d s  g i v e s  f o r m u l a s  f o r  s i n g l y  t e r m i n a t e d  max ima l ly  f l a t  f i l t e r s  

n o r m a l i z e d  s o  t h a t  g o  = 1 ,  and w ;  = 1 a t  t h e  band-edge  p o i n t  where  

L ,  = L I r  o r  L E  = L E r  i s  3  db .  They may be w r i t t e n  a s  f o l l o w s :  



FIG. 4.06-2 THE DUAL CIRCUIT TO THAT IN 
FIG. 4.06-1 
In this case the generator is an 
infinite-impedance current generator. 

FIG. 4.06-3 THE APPROXIMATE FORM OF 
THE INPUT ADMITTANCE Y:,, 
IN FIG. 4.06-1 FOR AN n = 5 
REACTIVE-ELEMENT, SINGLY 
TERMINATED TCHEBYSCHEFF 
FILTER 

I \ 

1 '\ 

w i t h  t h e  e l e m e n t  v a l u e s  \ 

~ g1 = a* 

[ c h e c k :  gn  = n g l ]  , 

I where  t h e  g k  d e f i n e d  above a r e  t o  be  i n t e r p r e t e d  a s  i n  F i g .  4 . 0 4 - l ( a )  
I 
I 
i 

and ( b ) .  T a b l e  4 . 0 6 - 1  g i v e s  e l e m e n t  v a l u e s  f o r  s u c h  f i l t e r s  f o r  t h e  

I c a s e s  o f  n = 1 t o  n-= 10 .  

Table 4.06-1 

ELEMENT VALUES FOR SINGLY TERMINATED MAXIMALLY FLAT FILTERS HAVING 
go = 1, gncl = m, AND o; = 1 

9 
N o t e :  Data b y  c o u r t e s y  of I.. Wainberg a n d  t h e  J o u r n a l  o f  the F r a n k l i n  I n s t i t u t e  

I 

F'or singly l o a d e d  T c h e b y s c h e f f  f i l t e r s  h a v i n g  g o  = 1 ,  w; = 1 ,  and 

L I r  o r  L E r  db  p a s s - b a n d  r i p p l e ,  O r c h a r d ' s  e q u a t i o n s C  g i v e  

VALUE 
OF n 

I I I I 
g1 g2 64 g5 86 g7 gg g 1 0  



P 7 = s i n h  (---) 

( 4 . 0 6 - 7 )  
w i t h  e l e m e n t  v a l u e s  

T a b l e 4 . 0 6 - 2  p r e s e n t s  e l e m e n t  v a l u e s  f o r  s i n g l y  t e r m i n a t e d  f i l t e r s  f o r  

v a r i o u s  amoun t s  o f  T c h e b y s c h e f f  r i p p l e .  

SEC. 4 .  0 7 .  MAXIMALLY FLAT TIME- DELAY PROTOTYPE FILTERS 

The v o l t a g e  a t t e n u a t i o n  r a t i o  ( E 2 ) a v a i , / E 2  ( s e e  See .  2 . 1 0 )  f o r  a  

n o r m a l i z e d ,  max ima l ly  f l a t ,  t i m e - d e l a y  f i l t e r  may be  d e f i n e d  a s m s 9  

where p '  = c' + jo' i s  t h e  n o r m a l i z e d  c o m p l e x - f r e q u e n c y  v a r i a b l e ,  c i s  

a  r e a l ,  p o s i t i v e  c o n s t a n t ,  a n d  

T a b l e  4 . 0 6 - 2  

ELEMENT VALUES FOR SINGLY TERMINATED TCHEBYSCHEFF FILTERS HAVING 
go = 1 ,  B,+ l  = m, AND = 1 

VALUE 
 OF^ gl 

0.50 db ripple 

NOTE: Most of the data i n  this table wer5 obtained by courteay of L. Weinberg and the 
Journal o f  the Franklin Institute. 

2.00 db ripple 

1.4539 
1 .5238 
1.9816 

m 
1.4379 
1.7571 
1.8119 

1 .9553 
2.3794 

m 
1.2284 
1.4959 
1.5419 

m 
1.5982 
1.9571 
2.0203 
2.0432 

1.2353 

m 
1.4042 
1.7254 
1 .7838 
1 .8055 
1.8165 

m 
1.2137 
1.4836 
1.5298 
1 .5495 
1 .5536 

1 .5388 
1 .9018 
1.9712 
1.9980 
2.0116 
2.0197 

m 
1.9379 
2.3646 
2.4386 
2.4607 

m 
1.1727 
1.4468 
1.4974 
1.5159 
1.5251 
1.5304 
1.5337 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

1.9004 
2.3304 
2 .4063 
2.4332 
2.4463 
2.4538 

m 
0.9766 
i .2740 
1.3389 
1.3640 
1.3765 
1.3836 
1 .3881 
1 .3911 
1.3932 

0.7648 
1.2441 
1.3553 
1.3962 
1.4155 
1.4261 
1 .4328 
1.4366 
1.4395 
1.4416 

m 
1.3465 
1.7279 
1.8142 
1.8494 
1.8675 
1.8750 
a 8 5 6  
1.8905 

m 
0 . 7 0 1 4 0 . 9 4 0 3  

1.3001 
1.3916 
1.4291 
1.4483 
1.4596 
1.4666 
1.4714 
1.4748 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

m 
1.7717 
2.2169 
2.3049 
2.3383 
2.3551 
2.3h45 
2.3707 
2.3748 

m 
1.3138 
1.4426 
1 .7101 
1.7371 
1.7508 
1.7591 
1.7645 

0.3493 

0.7981 
0.8352 
0.8529 
0.8627 
0.8686 
0.8725 
0.8752 
0.8771 



i s  a  B e s s e l  p o l y n o m i a l  f u n c t i o n  o f  I,$'. E q u a t i o n s  4 0 7 - 1 )  and ( 4 . 0 7 - 2 )  
r e d u c e  t o  a  s i m p l e  p o l y n o m i a l  o f  t h e  form 

L e t  

( 4 . 0 7 - 4 )  

Then,  a s  was d i s c u s s e d  i n  S e c .  1 . 0 5 ,  t h e  t i m e  d e l a y  ( i . e . ,  g r o u p  d e l a y )  i s  

d4' t >  = - s e c s  
do' 

where  a' i s  i n  r a d i a n s  p e r  s e c o n d .  The t r a n s f e r  f u n c t i o n ,  d e f i n e d  by 
E .  4 . 0 7 -  and ( 4 . 0 7 - 2 )  h a s  t h e  p r o p e r t y  t h a t  i t s  g r o u p  d e l a y ,  t ; ,  

h a s  t h e  maximum p o s s i b l e  number  o f  z e r o  d e r i v a t i v e s  w i t h  r e s p e c t  t o  o' 

a t  ' = 0 .  which i s  why i t  i s  s a i d  t o  have  m a x i m a l l y  f l a t  t i m e  d e l a y .  

The t i m e  d e l a y ,  t ; ,  may b e  e x p r e s s e d  asiOvg 

t : ,  = 1 
( 4 . 0 7 - 6 )  

where  J - n - X ( o i / ~ ; )  and  J n + ( o l o )  a r e  B e s s e l  f u n c t i o n s  o f  r r l / o ; ,  and 

is t h e  g r o u p  d e l a y  a s  W' 0 .  The  m a g n i t u d e  o f  ( E 2 ) a v a i , / E 2  i s  

and f o r  i n c r e a s i n g  n t h e  a t b e n u a t i o n  a p p r o a c h e s  t h e  G a u s s i a n  f ~ r r n ' ~ ~ ' ~ - ~  

For n 2 3 t h e  3 db bandwid th  i s  n e a r l y  

Weinbergg h a s  p r e p a r e d  t a b l e s  o f  e l e m e n t  v a l u e s  f o r  n o r m a l i z e d  maxi- 

m a l l y  f l a t  t i m e - d e l a y  f i l t e r s ,  and  t h e  e l e m e n t  v a l u e s  i n  T a b l e  4 .  0 7 - 1  a r e  

f rom h i s  work.  These  e l e m e n t  v a l u e s  a r e  n o r m a l i z e d  s o  t h a t  t L o  = l / w ;  = 

1 s e c o n d ,  and  g o  = 1. I n  o r d e r  t o  o b t a i n  a  d i f f e r e n t  t i m e  d e l a y ,  t d O ,  

t h e  f r e q u e n c y  s c a l e  mus-t b e  c h a n g e d  by  t h e  f a c t o r  
1 

u s i n g  t h e  s c a l i n g  p r o c e d u r e  d i s c u s s e d  i n  S e c .  4 . 0 4 .  Weinberg  a l s o  p r e -  

s e n t s  some computed d a t a  showing  t i m e  d e l a y  a n d  a t t e n u a t i o n  i n  t h e  

T a b l e  4 . 0 7 - 1  

ELEMENT VALUES FOR MAXIMALLY ?.AT TIME DELAY FILTERS 
HAVING go  = 1 and ol = l / t d O  = 1 

VALUE 61 62 83 g4 85 g6 87 6s I 89 1 810 I g l l  I g12 O F  n 

Note: Data by courteay of  L. Weinberg and the Journal o f  the  Franklin ~ n a t i t u t a . '  

111 
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NOTE: Plotted from data prepared hy L. Weinb g and published Y in the /ournal of the Fmnklin Institute. 

FIG. 4.07-1 TIME-DELAY CHARACTERISTICS OF MAXIMALLY 
FLAT TIME-DELAY FILTERS 

wyw; 
s-YI -U 

NOTE: Plotted from date prepared by L. Weinherg and published 
in the Journal of the Franklin Institute.9 

FIG. 4.07-2 PASS-BAND ATTENUATION CHARACTERISTICS OF 
MAXIMALLY FLAT TIME-DELAY FILTERS 

v i c i n i t y  o f  t h e  p a s s  band f o r  f i l t e r s  w i t h  n = 1 t o  11. H i s  d a t a  h a v e  

been p l o t t e d  i n  F i g s .  4 . 0 7 - 1  and  4 . 0 7 - 2 ,  and c u r v e s  have  been d rawn  i n  

t o  a i d  i n  i n t e r p o l a t i n g  bbtween d a t a  p o i n t s .  A l though  t h e  t i m e - d e l a y  

c h a r a c t e r i s t i c s  a r e  v e r y  k o n s t a n t  i n  t h e  p a s s - b a n d  r e g i o n ,  t h e s e  f i l t e r s  

w i l l  b e  s e e n  t o  h a v e  l o w - p a s s  f i l t e r  a t t e n u a t i o n  c h a r a c t e r i s t i c s  which 

a r e  g e n e r a l l y  i n f e r i o r  t o  c h o s e  o f  o r d i n a r y  max ima l ly  f l a t  a t t e n u a t i o n  

o r  T c h e b y s c h e f f  f i l t e r s  h a v i n g  t h e  same number o f  r e a c t i v e  e l e m e n t s .  

SEC. 4 . 0 8 ,  COMPARISON OF THE TIME- DELAY*CHARACTERISTICS 
OF VARIOUS PROTOTYPE FILTERS 

I f  t h e  t e r m i n a t i o n s  o f  a p r o t o t y p e  f i l t e r  a r e  e q u a l  o r  a r e  n o t  t o o  

g r e a t l y  d i f f e r e n t ,  t h e  g r o u p  t i m e  d e l a y  a s  w' ' 0  can  b e  computed f rom 

t h e  r e l a t i o n t  

where g l ,  g 2 ,  . . . ,  g,, a r e  t h e  p r o t o t y p e  e l e m e n t  v a l u e s  a s  d e f i n e d  i n  

F ig .  4 .04-1 .  A l s o  i n  T a b l e  4 . 1 3 - 1  and  F i g .  4 . 1 3 - 2  a c o e f f i c i e n t  C,, i s  

t a b u l a t e d  f o r  max ima l ly  f l a t  and T c h e b y s c h e f f  p r o t o t y p e  f i l t e r s  where  

t k o  = Cn s e c o n d s  ( 4 . 0 8 - 2 )  

which i s  k x a c t .  

I f  t h e  f r e q u e n c y  s c a l e  o f  a  l ow-pass  p r o t o t y p e  i s  a l t e r e d  s o  t h a t  

OJ; becomes w l ,  t h e n  t h e  t i m e  s c a l e  i s  a l t e r e d  s o  t h a t  a s  U +  0  t h e  

d e l a y  i s  

4 
t d o  = tLo - s e c o n d s  . ( 4 . 0 8 - 3 )  

1  

I f  a  b a n d - p a s s  f i l t e r  i s  d e s i g n e d  f rom a  l o w - p a s s  p r o t o t y p e ,  t h e n  t h e  

midband t i m e  d e l a y  i s  ( a t  l e a s t  f o r  na r row-band  c a s e s ) $  

* The time de lay  c h a r a c t e r i s t i c s  of some add i t iona l  structures  w i l l  be found i n  Sec.  6 .15.  ' This equation is due t o  S. B. Cohn and can he derived by use of Eqs. (4 .13 -9 )  and (4 .13-11)  t o  fo l l ow .  ' Thia is the approximate de lay  for a  lumped-clement band-pass f i l t e r  c m r i s t i n g  of r ladder of a e r i e s  
and shunt resonator.. If transmission l i n e  c i r c u i t s  are used there may be addit ional  t i w  delay due 
t o  the physical  length of the f i l t e r .  



where  ul  and w2 a r e  t h e  p a s s - b a n d  e d g e s  o f  t h e  b a n d - p a s s  r e s p o n s e  c o r r e -  
j s p o n d i n g  t o  w; f o r  t h e  l o w - p a s s  r e s p o n s e .  

I n  o r d e r  t o  d e t e r m i n e  t h e  t i m e  d e l a y  a t  o t h e r  f r e q u e n c i e s  i t  i s  

n e c e s s a r y  t o  work f rom t h e  t r a n s f e r  f u n c t i o n s .  F o r  a l l  o f  t h e  p r o t o t y p e  
f i l t e r s  d i s c u s s e d  i n  t h i s  c h a p t e r  t h e  v o l t a g e  a t t e n u a t i o n  r a t i o  (E , ) a , , i , / f i  

d e f i n e d  i n  Sec .  2 . 1 0  can  b e  r e p r e s e n t e d  by a  p o l y n o m i a l  P n ( p l )  s o  t h a t  

where p i  = u' + jw '  i s  t h e  complex f r e q u e n c y  v a r i a b l e .  I n  t h e  c a s e  o f  
p r o t o t y p e  f i l t e r s  w i t h  m a x i m a l l y  f l a t  a t t e n u a t i o n ,  n r e a c t i v e  e l e m e n t s ,  

w ;  = 1 ,  and L A r  = 3  d b  ( s e e  F i g ,  4 . 0 3 - l ) ,  P n ( p l )  i s  f o r  n e v e n  

and c i s  a g a i n  a  r e a l  c o n s t a n t .  The c o n s t a n t s  c i n  Eqs .  ( 4 . 0 8 - 5 )  t o  

( 4 . 0 8 - 9 )  a r e  t o  b e  e v a l u a t e d  s o  a s  t o  f i x  t h e  minimum a t t e n u a t i o n  o f  t h e  

r e s p o n s e .  For  example ,  f o r  t h e  T c h e b y s c h e f f  r e s p o n s e  i n  F i g .  4 . 0 3 - 3 ,  c 

would b e  e v a l u a t e d  s o  a s  t o  make, L A  = 20 l o g l O  ( E 2 ) a r a i l / E 2  = 0  a t  t h e  

bot tom o f  t h e  p a s s - b a n d  r i p p l e s .  However,  f o r  t h e  T c h e b y s c h e f f  r e s p o n s e  

i n  t h e  i m p e d a n c e - m a t c h i n g  f i l t e r  r e s p o n s e  t o  b e  p r e s e n t e d  i n  F i g .  4 . 0 9 - 2  

a  d i f f e r e n t  v a l u e  o f  c would be  r e q u i r e d  s i n c e  L A  n e v e r  g o e s  t o  z e r o  i n  

t h i s  l a t t e r  c a s e .  Bo th  c a s e s  wou ld ,  however ,  h a v e  i d e n t i c a l  p h a s e  s h i f t  

and t i m e  d e l a y  c h a r a c t e r i s t i c s .  

and f o r  n odd  
The p h a s e  s h i f t  and g r o u p  t i m e  d e l a y  f o r  f i l t e r s  w i t h  max ima l ly  f l a t  

( n - 1 ) / 2  o r  Tchebysche f  f  a t t e n u a t i o n  c h a r a c t e r i s t i c s  c a n  b e  computed by u s e  o f  

P n ( p l )  = c ( p  + 1 )  
nm 

77 [ ( P i ) '  + (2 cos -)p' t 11 Eqs. ( 4 . 0 8 ' 5 )  t o  ( 4 . 0 8 - 9 )  above a n d  Eqs.  ( 4 . 0 7 - 4 )  and  ( 4 . 0 7 - 5 ) .  ~ o h n *  

a= I 
1 

h a s  computed t h e  p h a s e  and t i m e  d e l a y  c h a r a c t e r i s t i c s  f o r  v a r i o u s  p r o t o -  

( 4 . 0 8 - 6 )  t y p e  f i l t e r s  w i t h  n = 5  r e a c t i v e  e l e m e n t s  i n  o r d e r  t o  compare t h e i r  

where c i s  a  r e a l  c o n s t a n t .  r e l a t i v e  m e r i t  i n  s i t u a t i o n s  where  t i m e - d e l a y  c h a r a c t e r i s t i c s  a r e  i m -  

p o r t a n t .  H i s  r e s u l t s  a r e  shown i n  F i g .  4 . 0 8 - 1  t o  4 . 0 8 - 3 .  
For T c h e b ~ s c h e f f  p r o t o t y p e  f i l t e r s  h a v i n g  n r e a c t i v e  e lements,  1, 

and L A r  db r i p p l e  ( s e e  F ig .  4 . 0 3 - 3 ) ,  P n ( P ' )  i s  f o r  n e v e n  F i g u r e  4 . 0 8 - 1  shows t h e  p h a s e  c h a r a c t e r i s t i c s  o f  T c h e b ~ s c h e f f  f i l t e r s  

h a v i n g  0 .01 -db  and  0 . 5 - d b  r i p p l e  w i t h  w; = 1, and a  max ima l ly  f l a t  a t -  

t e n u a t i o n  f i l t e r  w i t h  i t s  3-db ~ o i n t  a t  w; = 1. The 3-db p o i n t s  o f  t h e  

T c h e b y s c h e f f  f i l t e r s  a r e  a l s o  i n d i c a t e d .  N o t e  t h a t  t h e  0 . 5 - d b  r i p p l e  

2  n f i l t e r  1 a s  c o n s i d e r a b l y  more c u r v a t u r e  i n  i t s  p h a s e  c h a r a c t e r i s t i c  t h a n  

e i t h e r  t h e  0 . 0 1 - d b  r i p p l e  o r  max ima l ly  f l a t  a t t e n u a t i o n  f i l t e r s .  I t  w i l l  

b e  found  t h a t  i n  g e n e r a l  t h e  l a r g e r  t h e  r i p p l e  o f  a  T c h e b y s c h e f f  f i l t e r  

t h e  l a r g e r  t h e  c u r v a t u r e  o f  t h e  p h a s e  c h a r a c t e r ; s t , i c  w i l l  b e  i n  t h e  

v i c i n i t y  o f  w ; .  As a  r e s u l t ,  t h e  l a r g e r  t h e  r i p p l e ,  t h e  more t h e  d e l a y  

d i s t o r t i o n  w i l l  b e  n e a r  c u t o f f .  
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RIPPLE - 

- MAXIMALLY FLAT 
ATTENUATION 1 

SOURCE: Final Report, Contract DA 36-039 SC-74862, Stanford 
Research Institute, reprinted in The Microwave 
Journal ( s e e  Ref. 13 by S. B.  Cohn). 

FIG. 4.08-1 PHASE-SHIFT CHARACTERISTICS OF FILTERS 
WITH MAXIMALLY FLAT OR T C H E B Y S C H ~  
ATTENUATION RESPONSES AND n = 5 

SOURCE: Final Report, Contract DA 36-039 SC-74862, Stanford 
Research Institute, reprinted in The Microwave 
Journal ( s e e  Ref. 13 by S.  B. Cohn). 

FIG. 4.08-2 NORMALIZED TIME DELAY vs. w f / w i d b  FOR 
VARIOUS PROTOTYPE FILTERS 
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SOURCE: Final Report, Contract DA 36-039 SC-74862, Stanford 

Research Institute, reprinted in The Microwave 
lournal ( s e e  Ref. 13 by S. B. Cohn). 

FIG. 4.08-3 NORMALIZED TIME DELAY vs. ~ ' / w g ' ~ ~ ~  FOR VARIOUS 
PROTOTYPE FILTERS 

F i g u r e  4 . 0 8 - 2  shows t h e  t i m e  d e l a y  c h a r a c t e r i s t i c s  o f  0 . 1 -  and 

0 . 5 - d b  r i p p l e  T c h e b y s c h e f f  f i l t e r s ,  o f  a  m a x i m a l l y  f l a t  a t t e n u a t i o n  

f i l t e r ,  a l o n g  w i t h  t h a t  o f  a  m a x i m a l l y  f l a t  t i m e  d e l a y  f i l t e r .  The  
s c a l e  o f  t d  i s  n o r m a l i z e d  t o  t h e  t i m e  d e l a y  t d O ,  o b t a i n e d  a s  w' + 0 ,  

and t h e  f r e q u e n c y  s c a l e  i s  n o r m a l i z e d  t o  t h e  f r e q u e n c y  a; d,, where  

L A  = 3 db  f o r  e a c h  c a s e .  N o t e  t h a t  t h e  t i m e - d e l a y  c h a f a c t e r i s t i c  o f  

t h e  0 .5 -db  r i p p l e  f i l t e r  i s  q u i t e  e r r a t i c ,  b u t  t h a t  d e l a y  c h a r a c t e r i s -  

t i c s  f o r  t h e  0 . 1 - d b  r i p p l e  f i l t e r  a r e  s u p e r i o r  t o  t h o s e  o f  t h e  max ima l ly  

f l a t  a t t e n u a t i o n  f i l t e r .  The 0 . 1 - d b - r i p p l e  c u r v e  i s  c o n s t a n t  w i t h i n  
51 p e r c e n t  f o r  w l / a ;  d b  5 0 . 3 1  w h i l e  t h e  m a x i m a l l y  f l a t  f i l t e r  i s  w i t h i n  

t h i s  t o l e r a n c e  o n l y  f o r  w ' / w ;  d,, 2 0 .16 .  The m a x i m a l l y  f l a t  t i m e - d e l a y  
f i l t e r  i s  s e e n  t o  h a v e  by f a r  t h e  most c o n s t a n t  t i m e  d e l a y  o f  a l l .  

How- 
e v e r ,  t h e  e q u a l - r i p p l e  band f o r  t h e  0 . 1 - d b - r i p p l e  f i l t e r  e x t e n d s  t o  

I 0 .88  wl/w; d h  w h i l e  t h e  max ima l ly  f l a t  t ime  d e l a y  f i l t e r  h a s  a b o u t  2 . 2  db  

1 , t t e n u a t i o n  a t  t h a t  f r e q u e n c y .  ( S e e  F i g .  4 . 0 7 - 2 . )  Thus ,  i t  i s  s e e n  t h a t  

maximal ly  f l a t  t i m e - d e l a y  f i l t e r s  a c h i e v e  a  more c o n s t a n t  t i m e  d e l a y  a t  

1 t h e  c o s t  o f  a  l e s s  c o n s t a n t  a t t e n u a t i o n  c h a r a c t e r i s t i c .  

! 
! I n  some c a s e s  a  band o f  low l o s s  and low d i s t o r t i o n  i s  d e s i r e d  up  

t o  a  c e r t a i n  f r e q u e n c y  and t h e n  a  s p e c i f i e d  h i g h  a t t e n u a t i o n  i s  d e s i r e d  
i 
1 a t  an  a d j a c e n t  h i g h e r  f r e q u e n c y .  F i g u r e  4 . 0 8 - 3  shows t h e  t i m e - d e l a y  

1 c h a r a c t e r i s t i c s  o f  v a r i o u s  pro, , totype f i l t e r s  w i t h  t h e  f r e q u e n c y  s c a l e  

n o r m a l i z e d  t o  t h e  60 -db  a t t e n u a t i o n  f r e q u e n c y  uLo d b  f o r  e a c h  f i l t e r .  Fo r  

I a  f l  p e r c e n t  t o l e r a n c e - o n  t d ,  a  0 . 1 - d b - r i p p l e  f i l t e r  i s  found t o  h e  u s a b l e  
I t.o 0 .106  wLo d b  w h i l e  a  max ima l ly  f l a t  a t t e n u a t i o n  f i l t e r  i s  w i t h i n  t h i s  ' t o l e r a n c e  o n l y  t o  0 . 0 4 0  m i o  d b .  F o r  a  f 1 0  p e r c e n t  t o l e r a n c e  on t d  a  0 . 5 - d b -  

r i p p l e  f i l t e r  i s  u s a b l e  t o  0 . 1 5 4  w i o d b w h i l e  t h e  m a x i m a l l y  f l a t  a t t e n u a t i o n  
I 

1 f i l t e r  i s  u s a h l e  o n l y  t o  0 . 1 1 6  w L O d b .  The m a x i m a l l y  f l a t  t i m e - d e l a y  f i l t e r  

a g a i n  h a s  by f a r  t h e  b r o a d e s t  u s a b l e  band f o r  a  g i v e n  t i m e - d e l a y  t o l e r a n c e ;  

however ,  i t s  r e f l e c t i o n  l o s s  w i l l  a g a i n  be  an  i m p o r t a n t  c o n s i d e r a t i o n .  Fo r  

example ,  f o r  w' = 0 . 1  m i O  d b  i t s  a t t e n u a t i o n  i s  1 . 2 5  db and  i t s  a t t e n u a t i o n  

i s  3  db f o r  w' = 0 . 1 5  wL0 d b .  I n  c o n t r a s t  t h e  0 . 1 - d b - r i p p l e  p r o t o t y p e  f i l t e r  

h a s  0 . 1  db a t t e n u a t i o n  o r  l e s s  o u t  t o  w' = 0 . 2 9 4  m i o d b .  

The c h o i c e  between t h e s e  v a r i o u s  t y p e s  o f  f i l t e r s  w i l l  d epend  on t h e  

a p p l i c a t i o n  u n d e r  c o n s i d e r a t i o n .  I n  most  c a s e s  where  t i m e  d e l a y  i s  o f  

i n t e r e s t  i n  microwave f i l t e r s ,  t h e  f i , l t e r s  u s e d  w i l l    rob ably be  b a n d - p a s s  

f i l t e r s  o f  n a r r o w  o r  modera t e  b a n d w i d t h .  Such f i l t e r s  c a n  be d e s i g n e d  

from p r o t o t y p e  f i l t e r s  o r  s t e p  t r a n s f o r m e r s  by m e t h o d s  d i s c u s s e d  i n  

C h a p t e r s  8 ,  9 ,  and 1 0 . '  For  c a s e s  where  t h e  s p e c t r u m  o f  a  s i g n a l  b e i n g  

t r a n s m i t t e d  i s  a p p r e c i a b l e  a s  compared w i t h  t h e  b a n d w i d t h  o f  t h e  f i l t e r ,  

v a r i a t i o n s  i n  e i t h e r  t i m e  d e l a y  o r  p a s s - b a n d  a t t e n u a t i o n  w i t h i n  t h e  s i g n a l  

s p e c t r u m  w i l l  c a u s e  s i g n a l  d i s t o r t i o n . 1 3  However,  f o r  example ,  a  m a x i m a l l y  

f l a t  t i m e - d e l a y  f i l t e r  which h a s  v e r y  l i t t l e  d e l a y  d i s t o r t i o n  and a  mono- 

t o n i c a l l y  i n c r e a s i n g  a t t e n u a t i o n  w i l l  t e n d  t o  r o u n d  a  p u l s e  o u t  w i t h o u t  

o v e r s h o o t  o r  r i n g i n g ,  w h i l e  a  f i l t e r  w i t h  a  s h a r p  c u t o f f  ( s u c h  a s  a  

T c h e b y s c h e f f  f i l t e r )  w i l l  t e n d  t o  c a u s e  r i ng ing .13  The t r a n s i e n t  r e s p o n s e  

r e q u i r e m e n t s  f o r  t h e  g i v e n  a p p l i c a t i o n  w i l l  b e  d o m i n a n t  c o n s i d e r a t i o n s  

when c h o o s i n g  a  f i l t e r  t y p e  f o r  s u c h  c a s e s  where  t h e  s i g n a l  s p e c t r u m  and  

f i l t e r  p a s s  band a r e  o f  s i m i l a r  b a n d w i d t h .  

* 
A S  1s d i a c u a s s d  I n  Sec.  1 . 0 5 ,  m o s t  m ~ c r o r a v s  f i l t e r s  w i l l  h a v e  e x t r a  t l n e  d e l a y  o v e r  t h a t  o f  
their p r o t o t y p e s  b e c a u s e  o f  t h e  e l e c t r i c a l  l e n g t h  o f  t h e l r  physical s t r u c t u r e s .  



I n  o t h e r  s i t u a t i o n s  t h e  s i g n a l  s p e c t r u m  may be na r row compared  wi th  

t h e  bandwid th  o f  t h e  f i l t e r  s o  t h a t  t h e  s p e c t r a l  components  o f  a  g i v e n  

s i g n a l  s e e  e s s e n t i a l l y  c o n s t a n t  a t t e n u a t i o n  and d e l a y  f o r  any  common 

f i l t e r  r e s p o n s e ,  and  d i s t o r t i o n  o f  t h e  s i g n a l  s h a p e  may t h u s  b e  n e g l i g i b l e ,  

I n  s u c h  c a s e s  a  c h o i c e  o f  f i l t e r  r e s p o n s e  t y p e s  may depend  on c o n s i d e r a -  

t i o n s  o f  a l l o w a b l e  t i m e  d e l a y  t o l e r a n c e  o v e r  t h e  r a n g e  o f  p o s s i b l e  f r e -  

q u e n c i e s ,  a l l o w a b l e  v a r i a t i o n  o f  a t t e n u a t i o n  i n  t h e  c a r r i e r  o p e r a t i n g  

band ,  and  r e q u i r e d  r a t e  o f  c u t o f f .  Fo r  example ,  i f  t i m e - d e l a y  c o n s t a n c y  
was o f  m a j o r  i m p o r t a n c e  and i t  d i d n ' t  m a t t e r  w h e t h e r  s i g n a l s  w i t h  d i f -  

f e r e n t  c a r r i e r  f r e q u e n c i e s  s u f f e r e d  d i f f e r e n t  amounts  o f  a t t e n u a t i o n ,  a  

max ima l ly  f l a t  t i m e - d e l a y  f i l t e r  would be  t h e  b e s t  c h o i c e .  

S E C .  4 . 0 9 ,  PROTOTYPE, TCHEBYSCHEFF IMPEDANCE-MATCHING 
NETWOHKS GIVING MINIMUM REFLECTION 

I n  t h i s  s e c t i o n  t h e  l o w - p a s s  impedance  m a t c h i n g  o f  l o a d s  r e p r e -  

s e n t a b l e  a s  a  r e s i s t a n c e  and i n d u c t a n c e  i n  s e r i e s ,  and o f  l o a d s  r e p r e -  

s e n t a b l e  a s  a  r e s i s t o r  and  

c a p a c i t a n c e  i n  p a r a l l e l  w i l l  be  
L{'o\ L& f+g5 - . - -  - d i s c u s s e d .  A  l o a d  o f  t h e  fo rmer  - 

I - -  

t y p e  w i t h  a  m a t c h i n g  n e t w o r k  o f  

t h e  s o r t  t o  be  t r e a t e d  i s  shown - - - -- i n  F' ig.  4 . 0 9 - 1 .  I n  g e n e r a l ,  t h e  
MATCWINQ NETWORK 

A - B w - . ~  e l e m e n t s  go, and g l  i n  t h e  c i r -  

c u i t s  i n  F i g .  4 . 0 4 - l ( a ) ,  ( b )  may 
FIG. 4.09-1 A LOAD WITH A LOW-PASS be r ega rded  a s  l o a d s ,  a n d  ,.he 

IMPEDANCE-MATCH ING 
NETWORK (Case of n  = 4) r e m a i n d e r  o f  t h e  r e a c t i v e  e l e -  

m e n t s  r e g a r d e d  a s  i m p e d a n c e -  

m a t c h i n g  n e t w o r k s .  F o r  conven ience  

i t  w i l l  b e  assumed t h a t  t h e  imped- 
ance  l e v e l  o f  t h e  l o a d  t o  b e  ma tched  h a s  been  n o r m a l i z e d  s o  t h a t  t h e  r e -  

s i s t o r  o r  c o n d u c t a n c e  i s  e q u a l  t o  o n e ,  and  t h a t  t h e f r e q u e n c y  s c a l e  h a s  

been n o r m a l i z e d  s o  t h a t  t h e  e d g e  o f  t h e  d e s i r e d  band o f  good impedance  

match i s  w ;  = 1. 

As was d i s c u s s e d  i n  S e c .  1 . 0 3 ,  i f  an  impedance  h a v i n g  a  r e a c t i v e  p a r t  

i s  t o  be  matched o v e r  a  band o f  f r e q u e n c i e s ,  an  optimum impedance -ma tch ing  

ne twork  mus t  n e c e s s a r i l y  have  a  f i l t e r - l i k e  c h a r a c t e r i s t i c .  Any d e g r e e  of  
impedance  match i n  f r e q u e n c y  r e g i o n s  o t h e r  t h a n  t h a t  f o r  which a  good match 

i s  r e q u i r e d  w i l l  d e t r a c t  from t h e  p e r f o r m a n c e  p o s s i b l e  i n  t h e  band  where  

good match i s  r e q u i r e d .  T h u s ,  t h e  s h a r p e r  t h e  c u t o f f  o f  a  p r o p e r l y  

d e s i g n e d  m a t c h i n g  n e t w o r k ,  t h e  b e t t e r  i t s  p e r f o r m a n c e  c a n  b e .  

A n o t h e r  i m p o r t a n t  p r o p e r t y  o f  i m p e d a n c e - m a t c h i n g  n e t w o r k s  i s  t h a t  

i f  t h e  l o a d  h a s  a  r e a c t i v e  p a r t ,  p e r f e c t  power t r a n s m i s s i o n  t o  t h e  l o a d  

i s  p o s s i b l e  o n l y  a t  d i s c r e t e  f r e q u e n c i e s ,  and n o t  o v e r  a  band o f  f r e -  

q u e n c i e s .  F u r t h e r m o r e ,  i t  w i l l  u s u a l l y  b e  found  t h a t  t h e  o v e r - a l l  

t r a n s m i s s i o n  c a n  b e  improved  i f  a t  l e a s t  a  s m a l l  amount o f  power i s  re- 

f l e c t e d  a t  a l l  f r e q u e n c i e s .  T h i s  i s  i l l u s t r a t e d  i n  F i g .  4 . 0 9 - 2 ,  where  

i t  w i l l  b e  assumed t h a t  t h e  d e s i g n e r ' s  o b j e c t i v e  i s  t o  keep  ( L A ) m a x  a s  

s m a l l  a s  p o s s i b l e  f rom w' = 0  t o  w' = w;, where  t h e  d b  a t t e n u a t i o n  LA 

r e f e r s  t o  t h e  a t t e n u a t i o n  o f  t h e  power r e c e i v e d  by t h e  l o a d  w i t h  r e s p e c t  

t o  t h e  a v a i l a b l e  power o f  t h e  g e n e r a t o r  ( s e e  S e c .  2 . 1 1 ) .  I f  ( L A ) m i n  i s  

made v e r y  s m a l l  s o  a s  t o  g i v e  v e r y  e f f i c i e n t  t r a n s m i s s i o n  a t  t h e  b o t t o m s  

of  t h e  p a s s - b a n d  r i p p l e s ,  t h e  e x c e s s i v e l y  good t r a n s m i s s i o n  a t  t h e s e  

p o i n t s  must  b e  c o m p e n s a t e d  f o r  by e x c e s s i v e l y  p o o r  t r a n s m i s s i o n  a t  t h e  

c r e s t s  o f  t h e  r i p p l e s ,  and  a s  a  r e s u l t ,  ( L A ) n a x  w i l l  i n c r e a s e .  On t h e  

FIG. 4.09-2 DEFINITION OF (LA)ma, AND (LA)min 
FOR TCHEBYSCHEFF IMPEDANCE 
MATCHING NETWORKS DISCUSSED 
HEREIN 



o t h e r  h a n d  i f  ( L A ) m i n  i s  s p e c i f i e d  t o  be  n e a r l y  e q u a l  t o  ( L A ) m m x ,  t h e  

s m a l l  p a s s - b a n d  r i p p l e  w i l l  r e s u l t  i n  a  r e d u c e d  r a t e  o f  c u t o f f  f o r  t h e  

f i l t e r ;  a s  i n d i c a t e d  a b o v e ,  t h i s  r e d u c e d  r a t e  o f  c u t o f f  w i l l  d e g r a d e  t h e  

p e r f o r m a n c e  and a l s o  c a u s e  t o  i n c r e a s e .  T h u s ,  i t  i s  s e e n  t h a t  

f o r  a  g i v e n  l o a d ,  a  g i v e n  number o f  i m p e d a n c e - m a t c h i n g  e l e m e n t s ,  and a  

g i v e n  i m p e d a n c e - m a t c h i n g  b a n d w i d t h ,  t h e r e  i s  some d e f i n i t e  v a l u e  o f  

T c h e b y s c h e f f  p a s s - b a n d  r i p p l e  ( L A ) m a x  - ( L A ) m i n  t h a t  g o e s  w i t h  a  minimum 

v a l u e  o f  The p r o t o t y p e  i m p e d a n c e - m a t c h i n g  n e t w o r k s  d i s c u s s e d  in  

t h i s  s e c t i o n  a r e  optimum i n  t h i s  s e n s e ,  ~ . e . ,  t h e y  do  m i n i m i z e  ( L A ) m a x  

f o r  a  l o a d  and i m p e d a n c e - m a t c h i n g  ne twork  o f  t h e  form i n  F i g .  4 . 0 9 - 1  o r  

i t s  g e n e r a l i z a t i o n  i n  t e r m s  o f  F i g s .  4 . 0 4 - l ( a ) . ,  ( b ) .  

I t  i s  c o n v e n i e n t  t o  c h a r a c t e r i z e  t h e  l o a d s  u n d e r  c o n s i d e r a t i o n  by 

t h e i r  d e c r e m e n t ,  which i s  d e f i n e d  a s  

where  t h e  v a r i o u s  q u a n t i t i e s  i n  t h i s  e q u a t i o n  a r e  a s  i n d i c a t e d  i n  

F i g s .  4 . 0 3 - 1 ,  4 . 0 9 - 2 ,  and 4 . 0 4 - l ( a ) ,  ( h ) .  N o t e  t h a t  6 i s  t h e  r e c i p r o c a l  

o f  t h e  Q o f  t h e  l o a d  e v a l u a t e d  a t  t h e  edge  o f  t h e  i m p e d a n c e - m a t c h i n g  

Land and t h a t  6 e v a l u a t e d  f o r  t h e  u n - n o r m a l i z e d  l o a d  i s  t h e  sane as t h a t  

f o r  t h e  n o r m a l i z e d  l o a d .  F i g u r e  4 . 0 9 - 3  shows t h e  minimum v a l u e  o f  (L.A)m,x 

vs  6 f o r  c i r c u i t s  h a v i n g  n  = 1 t o  n  = 4  r e a c t i v e  e l e m e n t s  ( a l s o  f o r  c a s e  

o f  n  = S i n c e  one  o f  t h e  r e a c t i v e  e l e m e n t s  i n  e a c h  c a s e  i s  p a r t  o f  

t h e  l o a d ,  t h e  n  = 1 c a s e  i n v o l v e s  no L o r  C i m p e d a n c e - m a t c h i n g  e l e m e n t s ,  

t h e  optimum r e s u l t  b e i n g  d e t e r m i n e d  o n l y  by optimum c h o i c e  o f  d r i v i n g -  

g e n e r a t o r  i n t e r n a l  impedance .  No te  t h a t  f o r  a  g i v e n ' v a l u e  o f  6 ,  

i s  d e c r e a s e d  by u s i n g  more complex  m a t c h i n g  n e t w o r k s  ( i . e . ,  l a r g e r  v a l u e s  

o f  n ) .  However ,  a  p o i n t  o f  d i m i n i s h i n g  r e t u r n s  i s  r a p i d l y  r e a c h e d  s o  

t h a t  i t  i s  u s u a l l y  n o t  w o r t h w h i l e  t o  go beyond  n  = 3  o r  4.  N o t e  t h a t  

n  = IX i s  n o t  g r e a t l y  b e t t e r  t h a n  n  = 4 .  

F i g u r e  4 . 0 9 - 4  sh.ows t h e  db  T c h e b y s c h e f f  r i p p l e  us 6 f o r  minimum 

( L A ) m a x .  Once a g a i n ,  g o i n g  t o  l a r g e r  v a l u e s  o f  n  w i l l  g i v e  b e t t e r  r e s u l t s 1  

s i n c e  when n  i s  i n c r e a s e d ,  t h e  s i z e  o f  t h e  r i p p l e  i s  r e d u c e d  f o r  a  g i v e n  8 .  
For  n = t h e  r i p p l e  goes  t o  z e r o .  

FIG. 4.09-3 (LA)max VS.  6 FOR THE IMPEDANCE-MATCHING 
NETWORKS WHOSE ELEMENT VALUES ARE 
GIVEN IN FIGS. 4.09-5 TO -8 



FIG. 4.09-4 TCHEBYSCHEFF RIPPLE IN db vs. 6 FOR THE 
IMPEDANCE-MATCHING NETWORKS WHOSE 
ELEMENT VALUES ARE GIVEN IN FIGS. 4.09-5 
TO 4.09-8 

F i g u r e s  4 . 0 9 - 5  t o  4 . 0 9 - 8  show c h a r t s  o f  e l e m e n t  v a l u e s  u s  6 f o r  

optimum T c h e b y s c h e f f  m a t c h i n g  n e t w o r k s .  T h e i r  u s e  i s  p r o b a b l y  b e s t  

i l l u s t r a t e d  by a n  e x a m p l e .  S u p p o s e  t h a t  an  impedance  ma tch  i s  d e s i r e d  

t o  a  l o a d  which  c a n  be  r e p r e s e n t e d  a p p r o x i m a t e l y  by a  50-ohm r e s i s t o r  

(Go = 0 . 0 2 0  mho) i n  s e r i e s  w i t h  an i n d u c t a n c e  L1 = 3 . 9 8  X lo- '  h e n r y ,  

and t h a t  good i m p e d a n c e  match  i s  t o  e x t e n d  up  t o  f l  = 1 Gc s o  t h a t  

wl = 2 n f l  = 6 . 2 8  X l o 9 .  Then t h e  d e c r e m e n t  i s  6 = l / ( G o w l L , )  = 

1 / ( 0 . 0 2 0  X 6 . 2 8  X 10 '  X 3 . 9 8  X l o - ' )  = 0 . 2 0 .  A f t e r  c o n s u l t i n g  

F i g s .  4 . 0 9 - 3  a n d  4 . 0 9 - 4  f o r  6 = 0 . 2 0  l e t  

which  c a l l s  f o r  ( L A ) m l x  = 1 . 9  d b  and  a  r i  

F i g .  4 . 0 9 - 8  ( w h i c h  i s  f o r  n = 4 )  we o b t a i  

6 = 0 . 2 0 :  g l / 1 0  = 0 . 5 0 ,  g ,  = 0 . 4 4 5 ,  g , / l  

g 5 / 1 0  = 0 . 3 9 .  T h i s  c o r r e s p o n d s  t o  t h e  c i  

g o  = Gb = 1, g1 = 5 . 0 0  = L; ,  g ,  = 0 . 4 4 5  = 

u s  s u p p o s e  t h a t  n = 4  i s  c h o s e n  

p p l e  o f  a b o u t  0 . 2 5  db .  Then by 

n  f o r  g o  = 1 ,  w; = 1 ,  and 

0  = 0 . 5 4 ,  g 4  = 0 . 2 0 5 ,  a n d  

r c u i t  i n  F i g .  4 . 0 9 - 1  w i t h  

C;, g ,  = 5 . 4 0  = L j ,  g 4  = 0 . 2 0 5  = 

, and  g 5  

. 0 4 - 4 )  w i  

v e s :  Go 

= 4 . 2 9  X 

= 3 . 9 0  = R; .  U n - n o r m a l i z i n g  t h i s  by u s e  o f  E q s .  ( 4 . 0 4 - 2 )  t o  

t h  (Go/Gb)  = 0 . 0 2 0 / 1  a n d  w;/wl = 1 / ( 6 . 2 8  X 10 ' )  = 1 . 5 9  X 1 0 - l o  

= 0 . 0 2 0  mho, L1 = 3 . 9 8  X l o - '  h e n r y ,  C, = 1 . 4 1 5  x l o - ' ,  f a r a d ,  

l o - '  h e n r y ,  C4 = 6 . 5 2  X 10-I  f a r a d ,  a n d  R5 = 195  ohms.  N o t e  

. h a t  Go and L1 a r e  t h e  o r i g i n a l  e l e m e n t s  g i v e n  f o r  t h e  l o a d .  The p h y s i c a l  

r e a l i z a t i o n  o f  mic rowave  s t r u c t u r e s  f o r  s u c h  an  a p p l i c a t i o n  c a n  b e  accom- 

p l i s h e d  u s i n g  t e c h n i q u e s  d i s c u s s e d  i n  C h a p t e r  7 .  

I t  i s  i n t e r e s t i n g  t o  n o t e  how much t h e  i m p e d a n c e - m a t c h i n g  n e t w o r k  

d e s i g n  d i s c u s s e d  a b o v e  a c t u a l l y  i m p r o v e s  t h e  power t r a n s f e r  t o  t h e  l o a d .  

I f  t h e  A-L l o a d  t r e a t e d  above  w e r e  d r i v e n  d i r e c t l y  by a  g e n e r a t o r  w i t h  

a  50-ohm i n t e r n a l  i m p e d a n c e ,  t h e  l o s s  would  a p p r o a c h  0  d b  a s  f - 0 ,  b u t  

i t  would  be  8 . 6  d b  a t  f l  = 1 Gc. By F i g s .  4 . 0 9 - 3  t o  4 . 0 9 - 5 ,  t h e  optimum 

n = 1 d e s i g n  f o r  t h i s  c a s e  would  c a l l  f o r  t h e  g e n e r a t o r  i n t e r n a l  imped-  

a n c e  t o  b e  a b o u t  256 ohms, wh ich  would  g i v e  a b o u t  2 . 6  d b  l o s s  a s  f + 0  

and 5 . 9  d b  l o s s  a t  1 Gc ( a  r e d u c t i o n  o f  2 . 7  d b  f rom t h e  p r e c e d i n g  c a s e ) .  

Thus ,  t h e  n = 4  d e s i g n  w i t h  o n l y  1 . 9  db  maximum l o s s  and a b o u t  0 . 2 5  d b  

v a r i a t i o n  a c r o s s  t h e  o p e r a t i n g  band  i s  s e e n  t o  r e p r e s e n t  a  m a j o r  i m p r o v e -  

ment i n  p e r f o r m a n c e .  Going t o  l a r g e r  v a l u e s  o f  n would  g i v e  s t i l l  g r e a t e r  

improvemen t ,  b u t  even  w i t h  n = a, ( L A ) m a x  would  s t i l l  be  a b o u t  1 . 4 6  d b .  

I n  mos t  mic rowave  c a s e s  b a n d - p a s s  r a t h e r  t h a n  l o w - p a s s  i m p e d a n c e  

m a t c h i n g  n e t w o r k s  a r e  d e s i r e d .  The  d e s i g n  o f  s u c h  n e t w o r k s  i s  d i s c u s s e d  

i n  S e c s .  1 1 . 0 8  and  1 1 . 0 9  w o r k i n g  f rom t h e  d a t a  i n  t h i s  s e c t i o n .  A s p e c i a l  

f e a t u r e  o f  b a n d - p a s s  i m p e d a n c e - m a t c h i n g  n e t w o r k s  i s  t h a t  t h e y  a r e  e a s i l y  

d e s i g n e d  t o  p e r m i t  any  d e s i r e d  v a l u e  o f  g e n e r a t o r  i n t e r n a l  r e s i s t a n c e ,  
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NETWORKS THAT MINIMIZE ( L A ) m a x  



w h e r e a s  l o w - p a s s  m a t c h i n g  n e t w o r k s  must  h a v e  a  s p e c i f i e d  g e n e r a t o r  

i n t e r n a l  r e s i s t a n c e  f o r  optimum d e s i g n .  

The a t t e n u a t i o n  c h a r a c t e r i s t i c s  o f  t h e  i m p e d a n c e - m a t c h i n g  n e t w o r k s  

d i s c u s s e d  i n  t h i s  s e c t i o n  and  i n  S e c .  4 . 1 0  may b e  computed by 

where  L; i s  t h e  a t t e n u a t i o n  o f  t h e  i m p e d a n c e - m a t c h i n g  ne twork  and LA i s  

o b t a i n e d  by Eqs .  ( 4 . 0 3 - 3 )  t o  ( 4 . 0 3 - 5 1 ,  o r  by F i g s .  4 . 0 3 - 4  t o  4 . 0 3 - 1 0  f o r  

t h e  a p p r o p r i a t e  d b  T c h e b y s c h e f f  r i p p l e  L A r  = ( L A ) m a x  - ( L A ) m i n .  

I n  t h e  n e x t  s e c t i o n  t h e  c a l c u l a t i o n  o f  p r o t o t y p e  i m p e d a n c e - m a t c h i n g  

n e t w o r k s  s o  a s  t o  g i v e  a  s p e c i f i e d  T c h e b y s c h e f f  r i p p l e  [ a t  t h e  c o s t  o f  a  

l a r g e r  w i l l  b e  d i s c u s s e d .  The me thod  by which F i g s .  4 . 0 9 - 3  t o  

4 . 0 9 - 8  were  p r e p a r e d  w i l l  a l s o  be  o u t l i n e d .  
i 

S EC. 4 . 1 0 ,  COMPUTATION OF PROTOTYPE IMPEDANCE- MATCHING 
NETWORKS FOR S P E C I F I E D  R I P P L E  OR MINIMUY 
REFLECTION 

I 

The n e t w o r k s  d i s c u s s e d  i n  t h e  p r e c e d i n g  s e c t i o n  w e r i  s p e c i f i e d  s o  

t h a t  was t o  be  a s  s m a l l  a s  p o s s i b l e .  Under  t h a t  c o n d i t i o n ,  i t  
was n e c e s s a r y  t o  a c c e p t  w h a t e v e r  p a s s - b a n d  T c h e b y s c h e f f  r i p p l e  t h e  c h a r t s  

m i g h t  c a l l  f o r  i n  t h e  c a s e  o f  any g i v e n  d e s i g n .  A l t e r n a t i v e l y ,  we may 
s p e c i f y  t h e  p a s s - h a n d  T c h e b y s c h e f f  r i p p l e  a n d  a c c e p t  w h a t e v e r  v a l u e  o f  

( L A ) n a x  may r e s u l t .  S i n c e  i n  some c a s e s  k e e p i n g  t h e  p a s s - h a n d  a t t e n u a -  
t i o n  c o n s t a n t  may be  t h e  m a j o r  c o n s i d e r a t i o n ,  c o m p u t a t i o n  o f  p r o t o t y p e  

m a t c h i n g - n e t w o r k  e l e m e n t  v a l u e s  f o r  a  s p e c i f i e d  T c h e b y s c h e f f  r i p p l e  w i l l  

be b r i e f l y  o u t l i n e d .  

P r o t o t y p e  c i r c u i t s  f o r  s p e c i f i e d  d e c r e m e n t  6 = l / ( g o g l w ; )  and  db  

r i p p l e  may be  o b t a i n e d  a s  f o l l o w s .  F i r s t  compute14 

( d b  Tchebysche f  f  r i p p l e )  
ff = a n t i l o g l  

1 0  

and  

w h e r e  n i s  t h e  number o f  r e a c t i v e  e l e m e n t s  i n  t h e  p r o t o t y p e .  
Nex t  

compute 

e  = d - 28 s i n  (E) 

and t h e  maximum, p a s s - h a n d  r e f l e c t i o n  c o e f f i c i e n t  v a l u e  

c o s h  ( n  s i n h - I  e )  
Irlmax = c o s h  (n s i n h - l  d )  

Then t h e  ( L A ) m a x  v a l u e  which mus t  b e  a c c e p t e d  i s  

F i g u r e  4 . 1 0 - 1  shows a  p l o t  o f  ( L A ) m B X  v s  8 f o r  v a r i o u s  v a l u e s  o f  n 

and v a r i o u s  amoun t s  o f  T c h e b ~ s c h e f f  r i p p l e  a m p l i t u d e  [ ( L A ) m a x  - 

Suppose  t h a t  8  = 0 . 1 0  and 0 . 1 0 - d b  r i p p l e  i s  d e s i r e d  w i t h  n = 2 .  
T h i s  

c h a r t  shows t h a t  ( L A ) m a x  w i l l  t h e n  be 5 . 9  db .  By F i g s .  4 . 0 9 - 3  and 4 . 0 9 - 4  

i t  i s  s e e n  t h a t  f o r  t h e  same 6 ,  when ( L A ) m a x  i s  m i n i m i z e d ,  ( L A ) m P X  = 

4 . 8  db  w h i l e  t h e  r i p p l e  i s  0 . 9 8  d b  T h u s ,  t h e  p r i c e  f o r  r e d u c i n g  t h e  

r i p p l e  from 0 . 9 8  db  t o  0 . 1 0  d b  i s  an i n c r e a s e  i n  ( L A ) m a x  o f  a b o u t  1.1 d b .  

G r e e n ' s  work6,' a p p e a r s  t o  p r o v i d e  t h e  e a s i e s t  means f o r  d e t e r m i n i n g  

t h e  e l e m e n t  v a l u e s .  U s i n g  h i s  e q u a t i o n s  a l t e r e d  t o  t h e  n o t a t i o n  o f  t h i s  

c h a p t e r ,  we o b t a i n  

where  t h e  g j 7 s  a r e  a s  d e f i n e d  i n  F i g .  4 . 0 4 - 1 .  The e l e m e n t  v a l u e s  a r e  

t h e n  computed by u s e  o f  t h e  e q u a t i o n s  



FIG. 4.10-1 (LA)max VS. 8 FOR IMPEDANCE-MATCHING NETWORKS 
HAVING A SPECIFIED TCHEBYSCHEFF RIPPLE 

where  t h e  k a r e  c o u p l i n g  c o e f f i c i e n t s  t o  be  e v a l u a t e d  a s  shown be low.  
1 - 1 8 1  

G r e e n ' s  e q u a t i o n s  f o r  t h e  k J - l ,  are6 , '  

whe re  



A l s o ,  f o r  n  a r b i t r a r y ,  

s i n Z  rB c o s z  r B  + ( c o s 2  r B  + D~ s i n 2  r e )  ( s i n z  8 ) s 2  
k r ,  , + l  = 

s i n  ( 2 r  - 1 ) B  s i n  ( 2 r  + 1 ) B  

A  compu te r  p rog ram was s e t  u p  t o  f i n d  v a l u e s  o f  a  a n d  b t h a t  s a t i s f y  

Eq. ( 4 . 1 0 - 1 7 )  u n d e r  t h e  c o n s t r a i n t  g i v e n  by Eq.  ( 4 . 1 0 - 2 0 ) .  From t h e s e  a  

and b v a l u e s  f o r  v a r i o u s  6 ,  v a l u e s  f o r  d and e were  o b t a i n e d  by d = s i n h a  

and  e = s i n h  b .  When v a l u e s  o f  d and  e had been  o b t a i n e d  f o r  v a r i o u s  6 ,  

- 1 6 )  t h e  e l e m e n t  v a l u e s  f o r  t h e  n e t w o r k s  we re  computed  u s i n g  Eqs .  ( 4 . 1 0 - 6 )  t o  

whe re  

I t  i s  u s u a l l y  c o n v e n i e n t  t o  n o r m a l i z e  t h e  p r o t o t y p e  d e s i g n  s o  t h a t  

g o  = 1 and w; = 1 ,  a s  h a s  been  done  w i t h  t h e  t a b u l a t e d  d e s i g n s  i n  t h i s  

c h a p t e r .  

The e l e m e n t  v a l u e s  f o r  t h e  p r o t o t y p e  m a t c h i n g  n e t w o r k s  d i s c u s s e d  i n  

S e c .  4 . 0 9  and  p l o t t e d  i n  F i g s .  4 . 0 9 - 5  t o  4 . 0 9 - 8  c o u l d  h a v e  b e e n  o b t a i n e d  
u s i n g  G r e e n ' s  c h a r t s 7  o f  c o u p l i n g  c o e f f i c i e n t s  a n d  D  v a l u e s  a l o n g  w i t h  

E q s .  ( 4 . 1 0 - 7 )  t o  ( 4 . 1 0 - 9 ) .  * However ,  i n  o r d e r  t o  e n s u r e  h i g h  a c c u r a c y ,  
t o  add t h e  n  = 1 c a s e ,  and  t o  c o v e r  a  somewhat w i d e r  r a n g e  0 1  d e c r e m e n t s  

t h a n  was t r e a t e d  by G r e e n ,  t h e  c o m p u t a t i o n s  f o r  t h e  c h a r t s  i n  S e c .  4 . 0 9  
I were  c a r r i e d  o u t  f rom t h e  b e g i n n i n g .  The p r o c e d u r e  u s e d  was t h a t  d e -  

s c r i b e d  be low.  1 

/' ~ a n o l ~  h a s  shown t h a t ,  f o r  l o w - p a s s  n e t w o r k s  o f  t h e  t y p e  u n d e r  c o n -  

s i d e r a t i o n ,  ( L A ) m a x  w i l l  be  a s  s m a l l  a s  p o s s i b l e  i f  

t a n h  nu  t a n h  nb  
- = -  
c o s h  a  c o s h  b  

whe re  

and d a n d  e a r e  a s  i n d i c a t e d  i n  E q s .  ( 4 . 1 0 - 2 )  a n d  ( 4 . 1 0 - 3 ) .  By 
Eqs .  ( 4 . 1 0 - 1 8 1 ,  ( 4 . 1 0 - 1 9 1 ,  and  ( 4 . 1 0 - 3 1 ,  

Barton ( s e e  Ref .  1 5 )  has independent ly  a l s o  computed c h a r t s  e q u i v a l e n t  t o  the c o u p l i n g -  
c o e f f i c i e n t  c h a r t s  of  Green. Barton ,  however,   include^ the  maximally f l a t  c a s e  i n  a d d i t i o n .  

( 4 . 1 0 - 1 5 ) .  

The  d a t a  f o r  t h e  c h a r t s  i n  F i g .  4 . 0 9 - 3  were  o b t a i n e d  by u s i n g  t h e  

v a l u e s  o f  a  a n d  b u s  6 o b t a i n e d  a b o v e ,  and t h e n  compu t ing  ( L A ) n a x  by u s e  

o f  Eqs .  ( 4 . 1 0 - 1 8 ) ,  ( 4 . 1 0 - 1 9 ) ,  ( 4 . 1 0 - 4 ) ,  and ( 4 . 1 0 - 5 ) .  The d a t a  i n  

F i g .  4 . 0 9 - 4  w e r e  o b t a i n e d  by s o l v i n g  Eqs .  ( 4 . 1 0 - 1 8 1 ,  ( 4 . 1 0 - 1 9 ) ,  ( 4 . 1 0 - 1 )  

and ( 4 . 1 0 - 2 )  f o r  t h e  d b  r i p p l e  a s  a  f u n c t i o n  o f  a  and  b .  

L o s s l e s s  impedance  m a t c h i n g  n e t w o r k s  f o r  some more g e n e r a l  f o r m s  o f  

l o a d s  a r e  d i s c u s s e d  i n  R e f s .  1 4 ,  1 6 ,  1 7 ,  and 1 8 .  However,  much work  r e -  

ma ins  t o  be  d o n e  on t h e  p r a c t i c a l ,  microwave r e a l i z a t i o n  o f  t h e  more  com 

p l i c a t e d  fo rms  o f  m a t c h i n g  n e t w o r k s  c a l l e d  f o r  i n  s u c h  c a s e s .  A t  t h e  

p r e s e n t  t i m e  t h e  p r o t o t y p e  n e t w o r k s  i n  S e c .  4 . 0 9  and t h i s  s e c t i o n  a p p e a r  

t o  h a v e  t h e  w i d e s t  r a n g e  o f  u s e f u l n e s s  i n  t h e  d e s i g n  o f  l o w - p a s s ,  h i g h -  

p a s s ,  and  b a n d - p a s s  mic rowave  impedance  m a t c h i n g  n e t w o r k s  i n  t h e  f o r m s  

d i s c u s s e d  i n  C h a p t e r s  7 ,  and  11. 

S E C .  4 . 1 1 ,  PKOTOTYPES FOR NEGATIVE-RESISTANCE 
AMPLIFIERS 

As was d i s c u s s e d  i n  S e c .  1 . 0 4 ,  i f  a  d i s s i p a t i o n l e s s  f i l t e r  w i t h  r e -  

s i s t o r  t e r m i n a t i o n s  h a s  o n e  t e r m i n a t i o n  r e p l a c e d  by a  n e g a t i v e  r e s i s t a n c e  

o f  t h e  same m a g n i t u d e ,  t h e  c i r c u i t  c a n  become a  n e g a t i v e - r e s i s t a n c e  a m p l i  

f i e r .  I t  was n o t e d  t h a t ,  i f  r l ( p )  i s  t h e  r e f l e c t i o n  c o e f f i c i e n t  b e t w e e n  

a  p o s i t i v e  r e s i s t a n c e  Ro and  t h e  f i l t e r ,  when Ho i s  r e p l a c e d  by Rg = - R o ,  

t h e  r e f l e c t i o n  c o e f f i c i e n t  a t  t h a t  e n d  o f  t h e  f i l t e r  becomes 

whe re  p = r~ + j w  i s  t h e  complex  f r e q u e n c y  v a r i a b l e .  Then ,  r e f e r r i n g  t o  

F i g s .  1 . 0 4 - 1  a n d  1 . 0 4 - 2 ,  t h e  g a i n  o f  t h e  a m p l i f i e r  a s  measu red  a t  a  

c i r c u l a t o r  w i l l  he  

li 



where  P r  i s  t h e  power r e f l e c t e d  i n t o  t h e  c i r c u l a t o r  by t h e  n e g a t i v e -  

r e s i s t a n c e  a m p l i f i e r .  I f  LA i s  t h e  a t t e n u a t i o n  i n  db  ( i . e . ,  t r a n s d u c e r  
l o s s ,  a s  d e f i n e d  i n  S e c .  2 . 1 1 )  be tween  R g  and  R o  i n  F i g .  1 . 0 4 - 1  f o r  t h e  

d i s s i p a t i o n l e s s  f i l t e r  w i t h  p o s i t i v e  t e r m i n a t i o n s ,  t h e n  t h e  s q u a r e d  magni- 

t u d e  o f t h e  r e f l e c t i o n  c o e f f i c i e n t  f o r  p o s i t i v e  t e r m i n a t i o n s  i s  g i v e n  by 

When R ,  on  t h e  l e f t  i n  F i g .  1 . 0 4 - 1  i s  r e p l a c e d  by i t s  n e g a t i v e ,  R i .  = -R 
0' 

t h e n  Eq. ( 4 . 1 1 - 3 )  c a n  be  r e p l a c e d  by 

I 
LA I 

a n t i l o g l  - / 
1 0  1 - - db  / ( 4 . 1 1 - 4 )  

LA 
a n t i l o g , ,  - - 

1 0  
1 

where  G ,  i s  t h e  t r a n s d u c e r  g a i n  a t  t h e  c i r c u l a t o r ,  i n  db .  F i g u r e  4 . 1 1 - 1  
shows t h e  a t t e n u a t i o n  f o r  a  f i l t e r  w i t h  p o s i t i v e - r e s i s t a n c e  t e r m i n a t i o n s  

u s .  t h e  db  t r a n s d u c e r  g a i n  o f  t h e  c o r r e s p o n d i n g  n e g a t i v e - r e s i s t a n c e  ampl i -  

f i e r  w i t h  a  c i r c u l a t o r ,  a s  d e t e r m i n e d  u s i n g  t h e  above r e l a t i o n s .  

The p r o t o t y p e  i m p e d a n c e - m a t c h i n g  f i l t e r s  d i s c u s s e d  i n  S e c s .  4 . 0 9  and 
4 . 1 0  c a n  a l s o  be  u s e d  a s  p r o t o t y p e s  f o r  n e g a t i v e - r e s i s t a n c e  a m p l i f i e r s .  

With r e g a r d  t o  t h e i r  u s e ,  some c o n s i d e r a t i o n  mus t  b e  g i v e n  t o  t h e  m a t t e r  
o f  s t a b i l i t y .  L e t  u s  d e f i n e  r l ( p )  a s  t h e  r e f l e c t i o n  c o e f f i c i e n t  be tween - 
any o f  t h e  f i l t e r s  i n  F i g .  4 . 0 4 - 1  and t h e  t e r m i n a t i o n  g o  = R o  o r  G o  a t  

t h e  l e f t  and  r n ( ~ )  a s  t h e  r e f l e c t i o n  c o e f f i c i e n t  a t  t h e  o t h e r  end .  I t  
c a n  b e  shown t h a t  t h e  p o l e s  o f  a  r e f l e c t i o n  c o e f f i c i e n t  f u n c t i o n  a r e  t h e  

f r e q u e n c i e s  o f  n a t u r a l  v i b r a t i o n  o f  t h e  c i r c u i t  ( s e e  S e c s .  2 . 0 2  t o  2 . 0 4 ) ;  
h e n c e ,  t h e y  mus t  l i e  i n  t h e  l e f t  h a l f  o f  t h e  c o m p l e x - f r e q u e n c y  p l a n e  i f  

t h e  c i r c u i t  i s  p a s s i v e .  However ,  t h e  z e r o s  o f  r l ( p ) ,  o r  o f  r n ( p ) ,  c a n  

l i e  i n  e i t h e r  t h e  l e f t  o r  r i g h t  h a l f  o f  t h e  p - p l a n e .  S i n c e  r;'.(p) = 

l / r l ( p ) ,  t h e  z e r o s  o f  r J p )  f o r  t h e  p a s s i v e  f i l t e r  become t h e  p o l e s  o f  

. 
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FIG. 4.11-1 ATTENUATION OF A FILTER WITH POSITIVE-RESISTANCE 
TERMINATIONS vs. TRANSDUCER GAIN OF THE 
CORRESPONDING NEGATIVE-RESISTANCE AMPLIFIER 
USING A CIRCULATOR 

r i ( p )  f o r  t h e  n e g a t i v e - r e s i s t a n c e  a m p l i f i e r .  T h u s ,  i n  c h o o s i n g  a  f i l t e r  

a s  a  p r o t o t y p e  f o r  a  n e g a t i v e - r e s i s t a n c e  a m p l i f i e r ,  i t  i s  i m p o r t a n t  t h a t  

r l ( p )  have  i t s  z e r o s  i n  t h e  l e f t  h a l f  p l a n e  s i n c e  i f  t h e y  a r e  n o t ,  when 

t h e s e  z e r o s  become p o l e s  o f  r : ( p )  f o r  t h e  n e g a t i v e - r e s i s t a n c e  a m p l i f i e r  

t h e y  w i l l  c a u s e  e x p o n e n t i a l l y  i n c r e a s i n g  o s c i l l a t i o n s  ( i . e . ,  u n t i l  some 

n o n - l i n e a r i t y  i n  t h e  c i r c u i t  l i m i t s  t h e  a m p l i t u d e ) .  

The m a t h e m a t i c a l  d a t a  g i v e n  i n  S e c s .  4 . 0 9  and 4 . 1 0  f o r  f i l t e r  p r o t o -  

t y p e s  o f  t h e  v a r i o u s  fo rms  i n  F i g .  4 . 0 4 - 1  a r e  s u c h  t h a t  t h e  r e f l e c t i o n  

c o e f f i c i e n t  r l ( p )  i n v o l v i n g  t h e  t e r m i n a t i o n  g o  on t h e  l e f t  w i l l  h ave  a l l  
of  i t s  z e r o s  i n  t h e  l e f t  h a l f  o f  t h e  p - p l a n e ,  w h i l e  t h e  r e f l e c t i o n  c o e f -  

f i c i e n t  r , ( p )  i n v o l v i n g  t h e  t e r m i n a t i o n  g n + l  on  t h e  r i g h t  w i l l  h a v e  a l l  

o f  i t s  z e r o s  i n  t h e  r i g h t  h a l f  p l a n e . '  For  t h i s  r e a s o n  i t  i s  s e e n  t h a t  

t h e  t e r m i n a t i o n  g o  a t  t h e  l e f t  must be t h e  one  which i s  r e p l a c e d  by i t s  

n e g a t i v e ,  n e v e r  t h e  t e r m i n a t i o n  g , + l  a t  t h e  r i g h t .  

* 
An e x c e p t i o n  t o  t h i s  occurs w h e n  e = 0 i n  Eq. (4.10-3) w h i c h  l a a d s  t o  ( L A ) m i n  = 0 xn F i g .  4 . 0 9 - 2 .  

Then t h e  zeros o f  rib) and rnb) a r c  a l l  o n  t h e  p = jo a x i s  o f  the p - p l a n e .  



By u s e  o f  Eqs .  ( 4 . 1 1 - 1 )  t o  ( 4 . 1 1 - 4 )  a l o n g  w i t h  t h e  e q u a t i o n s  i n  

S e c .  4 . 1 0  i t  i s  p o s s i b l e  t o  compute  p r o t o t y p e  impedance -ma tch ing  ne tworks  

f o r  n e g a t i v e - r e s i s t a n c e  a m p l i f i e r s  s o  a s  t o  g i v e  a  s p e c i f i e d  g a i n  and 

p a s s - b a n d  T c h e b y s c h e f f  r i p p l e .  However,  ~ e t s i n ~ e r "  h a s  p r e p a r e d  e x t e n s i v e  

t a b l e s  o f  p r o t o t y p e  e l e m e n t  v a l u e s  f o r  n e g a t i v e - r e s i s t a n c e  a m p l i f i e r s ,  and 

h i s  t a b l e s  a r e  r e p r o d u c e d  i n  T a b l e s  4 . 1 1 - 1  t o  4 . 1 1 - 3  h e r e i n .  F i g u r e  4 .11-2  

shows how t h e  e l e m e n t  v a l u e s  i n  T a b l e s  4 . 1 1 - 1  t o  4 . 1 1 - 3  s h o u l d  b e  i n t e r -  

p r e t e d .  The c o n d u c t a n c e  o r  r e s i s t a n c e  on t h e  l e f t  i s  a l w a y s  n e g a t i v e ,  and 

i t  i s  s c a l e d  s o  a s  t o  a l w a y s  be  e q u a l  t o  m i n u s  o n e .  Note  t h a t  an  i d e a l i z e d  

c i r c u l a t o r  i s  i n c l u d e d  on t h e  r i g h t  s i d e  o f  e a c h  c i r c u i t .  F i g u r e  4 . 1 1 - 3  

shows a  t y p i c a l  g a i n  c h a r a c t e r i s t i c  f o r  t h e s e  c i r c u i t s .  I t  s h o u l d  b e  no ted  

t h a t  t h e  f r e q u e n c y  s c a l e  i s  n o r m a l i z e d  s o  t h a t  t h e  e q u a l - r i p p l e  band-edge  

f r e q u e n c y  mi i s  e q u a l  t o  o n e .  

With t h e  n o r m a l i z a t i o n s  i n d i c a t e d  a b o v e ,  t h e  d e c r e m e n t s  f o r  t h e  normal- 

i z e d  p r o t o t y p e  c i r c u i t s  i n  F i g .  4 . 1 1 - 2  and T a b l e s  4 . 1 1 - 1  t o  4 . 1 1 - 3  a r e  

g i v e n  by 
i 

T h i s  i s  t h e  same d e f i n i t i o n  o f  d e c r e m e n t  a s  was  u s e d  ih S e c .  4 . 0 9 ,  b u t ,  o f  

c o u r s e ,  s i n c e  t h e  r e s i s t a n c e  i s  n e g a t i v e  t h e  d e c r e m e n t  i s  n e g a t i v e .  

P r a c t i c a l  n e g a t i v e - r e s i s t a n c e  d e v i c e s  h a v e  a  p a r a s i t i c  r e a c t i v e  i m -  

p e d a n c e  component  a s  w e l l  a s  n e g a t i v e  r e s i s t a n c e .  I f  a n e g a t i v e - r e s i s t a n c e  

d e v i c e  ( s u c h  a s  a  t u n n e l  d i o d e )  may be  r e p r e s e n t e d  by a  n e g a t i v e - r e s i s t a n c e  

R,, i n  p a r a l l e l  w i t h  a  s h u n t  c a p a c i t a n c e  C1, o r  by a  n e g a t i v e  c o n d u c t a n c e  Go 
i n  s e r i e s  w i t h  an  i n d u c t a n c e  L1, t h e n  i n  e i t h e r  c a s e  i f  an  o p e r a t i n g  r a n g e  

f rom w = 0  t o  wl i s  d e s i r e d ,  t h e  d e c r e m e n t  o f  t h e  d e v i c e  i s  

T h i s  d e c r e m e n t  i s  unchanged  i f  t h e  impedance  l e v e l  o r  f r e q u e n c y  s c a l e  o f  

t h e  c i r c u i t  i s  changed ,  s o  t h e  d e s i r e d  e q u i v a l e n t  e l e m e n t  v a l u e s  f o r  t h e  

d e v i c e  can b e  o b t a i n e d  by s e l e c t i n g  a  d e s i g n  f rom T a b l e s  4 . 1 1 - 1  t o  4 . 1 1 - 3  

which h a s  t h e  r e q u i r e d  d e c r e m e n t  v a l u e ,  and t h e n  a l t e r i n g  t h e  impedance  

l e v e l  and f r e q u e n c y  s c a l e  o f  t h e  d e s i g n  a s  d e s c r i b e d  i n  S e c .  4 . 0 4  s o  a s  

t o  make t h e  p r o t o t y p e  c i r c u i t  c o r r e s p o n d  t o  t h e  d e s i r e d  d e s i g n .  By u s e  
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FIG. 4.1 1-2 DUAL INTERPRETATIONS OF THE LOW-PASS, NEGATIVE-~ESISTANCE 
AMPLIFIER DESIGNS IN TABLES 4.11-1 TO 4.11-3 ! 

FIG. 4.11-3 A TYPICAL TCHEBYSCHEFF 
TRANSDUCER GAIN CHARACTERISTIC 
FOR THE LOW-PASS PROTOTYPE 
NEGATIVE-RESISTANCE AMPLIFIERS 
IN TABLES 4.11-1 TO 4.11-3 
The number of pass-band ripples shown 
corresponds to the case of n = 3 

of  Eq. ( 4 . 1 1 - 5 ) ,  i f  t h e  r e q u i r e d  n e g a t i v e  d e c r e m e n t  6 h a s  been  d e t e r m i n e d ,  

i t h e  d e s i g n s  i n  T a b l e s  4 . 1 1 - 1  t h r o u g h  4 . 1 1 - 3  wh ich  c a n  be  u s e d  a r e  t h o s e  

I t h a t  h a v e  a  v a l u e  o f  g l  e q u a l  t o  o r  l a r g e r  t h a n  

A v a l u e  o f  g l  g r e a t e r  t h a n  t h e  v a l u e  g i v e n  by Eq.  ( 4 . 1 1 - 7 )  i s  a c c e p t a b l e  

b e c a u s e  t o  a c h i e v e  t h i s  v a l u e  i t  i s  m e r e l y  n e c e s s a r y  t o  add more s h u n t  

c a p a c i t a n c e  ( o r  more  s e r i e s  i n d u c t a n c e )  t o  t h e  n e g a t i v e - r e s i s t a n c e  d e v i c e ,  

and  t h i s  i s  a l w a y s  p o s s i b l e  t o  d o .  However,  s i n c e  6 was assumed t o  have  

been  computed  f rom t h e  d e v i c e  i n  i t s  f u n d a m e n t a l  f o r m ,  f rom wh ich  no  

c a p a c i t a n c e  o r  i n d u c t a n c e  c a n  be  removed,  i t  i s  n o t  p o s s i b l e  t o  make u s e  

o f  d e s i g n s  c a l l i n g  f o r  v a l u e s  o f  g l  t h a t  a r e  s m a l l e r  t h a n  t h a t  i n d i c a t e d  

by Eq. ( 4 . 1 1 - 7 ) .  To o b t a i n  t h e  maximum g a i n  c o r r e s p o n d i n g  t o  a  g i v e n  

b a n d w i d t h ,  c h o o s e  a  d e s i g n  f r o m  t h e  t a b l e  ( o r  by i n t e r p o l a t i o n  f rom t h e  

t a b l e )  s o  t h a t  g l  i s  e x a c t l y  t h e  v a l u e  g i v e n  by Eq. ( 4 . 1 1 - 7 ) .  

S i n c e  t h e  d e s i g n  p r o c e d u r e  h e r e i n  a s sumes  t h e  u s e  o f  a  c i r c u l a t o r ,  

and  s i n c e  p r a c t i c a l  c i r c u l a t o r s  h a v e  l i m i t e d  b a n d w i d t h ,  t h e  d a t a  i n  t h i s  

s e c t i o n  i s  o f  mos t  i n t e r e s t  a s  a  s o u r c e  o f  l o w - p a s s  p r o t o t y p e  d e s i g n s  t o  

be u s e d  i n  t h e  d e s i g n  o f  b a n d - p a s s  a m p l i i i e r s  a s  d e s c r i b e d  i n  S e c .  1 1 . 1 0 .  

However,  i n  o r d e r  t o  f u r t h e r  c l a r i f y  t h e  s e l e c t i o n  o f  p r o t o t y p e  d e s i g n s ,  

l e t  u s  c o n s i d e r  a  h y p o t h e t i c a l  l o w - p a s s  example  f o r  u s e  w i t h  an  i d e a l i z e d  

c i r c u l a t o r  o f  u n l i m i t e d  b a n d w i d t h .  

L e t  u s  s u p p o s e  t h a t  a  n e g a t i v e - r e s i s t a n c e  d e v i c e  c a n  be  r e p r e s e n t e d  

by a  n e g a t i v e  r e s i s t a n c e  o f  -50  ohms i n  p a r a l l e l  w i t h  a  c a p a c i t a n c e  o f  

5 p p f ,  and  t h a t  i t  i s  d e s i r e d  t o  u s e  t h i s  d e v i c e  i n  an  a m p l i f i e r  wh ich  

i s  t o  have  minimum p a s s - b a n d  g a i n  (Gt),i, of  1 5  d b ,  and a  T c h e b y s c h e f f  

r i p p l e  o f  G t r  = 1 d b .  L e t  u s  s u p p o s e  t h a t  v e r y  h i g h  p e r f o r m a n c e  i s  

n e e d e d ,  s o  t h a t  an  n = 4  c i r c u i t  f rom T a b l e  4 . 1 1 - 3  i s  c h o s e n  i n  p r e f e r -  

e n c e  t o  t h e  s i m p l e r  a n d  l o w e r  p e r f o r m a n c e  c i r c u i t s  i n  T a b l e s  4 . 1 1 - 1  and 

4 . 1 1 - 2 .  From T a b l e  4 . 1 1 - 3  t h e  d e s i g n  w i t h  t h e  d e s i r e d  g a i n  p a r a m e t e r s  

h a s  g l  = 1 . 4 5 4 8 ,  g 2  = 1 . 0 0 8 1 ,  g 3  = 1 . 7 6 6 8 ,  g 4  = 0 . 4 2 8 2 ,  and g 5  = 1 . 4 3 2 6 .  

By Eqs .  ( 4 . 1 1 - 5 )  and ( 4 . 1 1 - 6 )  



Thus ,  t h i s  d e s i g n  w i l l  g i v e  t h e  d e s i r e d  1 5 - d b  minimum g a i n  w i t h  1 - d b  

T c h e b y s c h e f f  r i p p l e  up t o  f l  = (wl/2.rr) = 926 Mc. The p r o t o t y p e  c i r c u i t h a s  
t h e  form i n F i g .  4 . 1 1 - 2 ( b )  ( f o r  n  e v e n )  w i t h R i  = -1, C; = 1 . 4 5 4 8 ,  a n d w '  = 1. 

1 
U s i n g  t h e  me thods  o f  S e c .  4 . 0 4 ,  t h e  impedance  o f  t h i s  c i r c u i t  i s  n e x t  s c a l e d  up 

by a f a c t o r  R,,/R; = ( - 5 0 ) / ( - 1 )  = 50 ,  w h i l e  t h e  f r e q u e n c y  s c a l e  i s  a l t e r e d  by 

t h e  f a c t o r  o l /w;  = ( 5 . 8 2 )  ( l o 9 ) / l .  T h e s e  s c a l e  c h a n g e s  make R i  = -1 become 
Ro = -50, and  C; = 1 . 4 5 4 8  become C1 = 5 X 1 0 - 1 2 ,  andmake  t h e  o t h e r  e l e m e n t s  t ake  

c o r r e s p o n d i n g  v a l u e s .  Then i n  t h e  s c a l e d  c i r c u i t ,  Ro and Clon t h e  l e f t  [ s ee  
F i g .  4 . 1 1 - 2 ( b ) l  a r e  r e p l a c e d  by t h e  n e g a t i v e - r e s i s t a n c e  d e v i c e  which i s  t o  be 

u s e d ,  w h i l e L 2 ,  C,, and L4 c o m p r i s e  t h e e l e m e n t s  o f t h e  c i r c u i t  r e q u i r e d  t o  

g i v e  t h e  d e s i r e d  b r o a d - b a n d  r e s p o n s e  s h a p e  u p  t o  926 Mc. 

The p h y s i c a l  s t r u c t u r e  o f t h e  l o w - p a s s  f i l t e r  s t r u c t u r e  f o r t h e  above ex- 

ample  c o u l d b e  d e s i g n e d u s i n g m e t h o d s  d e s c r i b e d i n c h a p t e r  5 .  However,  a s  
men t ioned  a b o v e ,  t h i s  l o w - p a s s  a m p l i f i e r  example  i s  r a t h e r  h y p o t h e t i c a l  be-  

c a u s e  o f t h e b a n d w i d t h  l i m i t a t i o n s  o f c i r c u l a t o r s ,  a n d t h e  r e s u l t s o f t h i s  

s e c t i o n  a r e  o f  most  p r a c t i c a l  i n t e r e s t  f o r  u s e  i n  t h e d e s i g n  o f  b a n d - p a s s  am- 

p l i f i e r s  a s  d e s c r i b e d  i n  S e c .  1 1 . 1 0 .  

, SEC. 4 . 1 2 ,  CONVERSION OF FILTER PROTOTYPES TO USE 1 
IMPEDANCE - OR ADMITTANCE - INVERTERS AND 1 
ONLY ONE KIND OF REACTIVE ELEMENT 

I 
I 

I I n  d e r i v i n g  d e s i g n  e q u a t i o n s  f o r  c e r t a i n  t y p e s  o f  b a n d l p a s s  and band- 

s t o p  f i l t e r s i t  i s  d e s i r a b l e  t o  c o n v e r t  t h e  p r o t o t y p e s  i n  Fitg. 4 . 0 4 - 1  which 

u s e  b o t h  i n d u c t a n c e s  and c a p a c i t a n c e s  t o  e q u i v a l e n t  fo rms  wh ich  u s e  o n l y  

i n d u c t a n c e s  o r  o n l y  c a p a c i t a n c e s .  T h i s  c a n  b e  done  w i t h  t h e  a i d  o f  t h e  
i d e a l i z e d  i n v e r t e r s  which a r e  s y m b o l i z e d  i n  F i g .  4 . 1 2 - 1 .  

An i d e a l i z e d  impedance i n v e r t e r  o p e r a t e s  l i k e a  q u a r t e r - w a v e l e n g t h  l i n e  

o f  c h a r a c t e r i s t i c  impedance  K a t  a l l  f r e q u e n c i e s .  T h e r e f o r e ,  i f  i t  i s  t e r m i n a t e d  

i n  an impedance  Zb on one  e n d ,  t h e  impedance  Za s e e n  l o o k i n g  i n  a t  t h e  o t h e r  end i s  

A n i d e a l i z e d a d m i t t a n c e  i n v e r t e r  a s  d e f i n e d h e r e i n i s t h e  a d m i t t a n c e  r e p r e s e n c a -  

t i o n o f t h e  same t h i n g ,  i . e . ,  i t  o p e r a t e s  l i k e a  q u a r t e r - w a v e l e n g t h  l i n e  o f  

c h a r a c t e r i s t i c  a d m i t t a n c e  J a t  a l l  f r e q u e n c i e s .  Thus ,  i f  an a d m i t t a n c e  Y b  i s  
a t t a c h e d  a t o n e e n d ,  t h e  a d m i t t a n c e  Ya s e e n l o o k i n g  i n  t h e  o t h e r  end i s  

- 
IMPEDANCE 

INVERTER 

ADMITTANCE 
INVERTER 

SOURCE: Final Report, Contract DA 36-039 
SC-74862. Stanford Reaearch Institute, 
reprinted in IRE Trans.. PGMTT (ace 
Ref. 1 of Chapter 10. by G .  L. Matthaei). 

FIG. 4.12-1 DEFINITION OF IMPEDANCE 
INVERTERS AND 
ADMITTANCE INVERTERS 

As i n d i c a t e d  i n  F i g .  4 . 1 2 - 1 ,  an  

i n v e r t e r  may h a v e  an image p h a s e  

s h i f t  o f  e i t h e r  +90 d e g r e e s  o r  an  

odd m u l t i p l e  t h e r e o f .  

Because  o f  t h e  i n v e r t i n g  

a c t i o n  i n d i c a t e d  by Eqs .  ( 4 . 1 2 - 1 )  

and ( 4 . 1 2 - 2 )  a  s e r i e s  i n d u c t a n c e  

w i t h  an  i n v e r t e r  on e a c h  s i d e  l o o k s  

l i k e  a  s h u n t  c a p a c i t a n c e  f rom i t s  

e x t e r i o r  t e r m i n a l s .  L i k e w i s e ,  a  

s h u n t  c a p a c i t a n c e  w i t h  a n  i n v e r t e r  

on b o t h  s i d e s  l o o k s  l i k e  a  s e r i e s  

i n d u c t a n c e  f rom i t s  e x t e r n a l  t e r -  

m i n a l s .  Making u s e  of  t h i s  p r o p -  

e r t y ,  t h e  p r o t o t y p e  c i r c u i t s  i n  

F i g .  4 . 0 4 - 1  c a n  b e  c o n v e r t e d  t o  

e i t h e r  o f  t h e  e q u i v a l e n t  f o r m s  i n  

F i g .  4 . 1 2 - 2  which have  i d e n t i c a l  

t r a n s m i s s i o n  c h a r a c t e r i s t i c s  t o  

t h o s e  p r o t o t y p e s  i n  F i g .  4 . 0 4 - 1 .  

As can  be  s e e n  f rom Eqs .  ( 4 . 1 2 - 1 )  

and  ( 4 . 1 2 - 2 ) ,  i n v e r t e r s  h a v e  t h e  

a b i l i t y  t o  s h i f t  impedance  o r  a d m i t t a n c e  l e v e l s  d e p e n d i n g  on t h e  c h o i c e  

o f  t h e  K  o r  J p a r a m e t e r s .  Fo r  t h i s  r e a s o n  i n  F i g .  4 . 1 2 - 2 ( a )  t h e  s i z e s  

o f  R A ,  R and  t h e  i n d u c t a n c e s  L a k  may be  chosen  a r b i t r a r i l y  and t h e  

r e s p o n s e  w i l l  b e  i d e n t i c a l  t o  t h a t  o f  t h e  o r i g i n a l  p r o t o t y p e  a s  i n  

F i g .  4 . 0 4 - 1  p r o v i d e d  t h a t  t h e  i n v e r t e r  p a r a m e t e r s  K k ,  k , l  
a r e  s p e c i f i e d  

a s  i n d i c a t e d  by t h e  e q u a t i o n s  i n  F i g .  4 . 1 2 - 2 ( a ) .  The same h o l d s  f o r  t h e  

c i r c u i t  i n  F i g .  4 . 1 2 - 2 ( b )  o n l y  on t h e  d u a l  b a s i s .  No te  t h a t  t h e  g k  v a l u e s  

r e f e r r e d  t o  i n  t h e  e q u a t i o n s  i n  F i g .  4 . 1 2 - 2  a r e  t h e  p r o t o t y p e  e l e m e n t  v a l u e s  

a s  d e f i n e d  i n  F i g .  4 . 0 4 - 1 .  

A way t h a t  t h e  e q u a t i o n s  f o r  t h e  K k ,  k + l  and  J k ,  k + l  
c an  b e  d e r i v e d  

w i l l  now be b r i e f l y  c o n s i d e r e d .  A  f u n d a m e n t a l  way o f  l o o k i n g  a t  t h e  

r e l a t i o n  he tween  t h e  p r o t o t y p e  c i r c u i t s  i n  F i g s .  4 . 0 4 - l ( a ) ,  ( b )  and  t h e  

c o r r e s p o n d i n g  c i r c u i t  i n ,  s a y ,  F i g .  4 . 1 2 - 2 ( a )  makes u s e  o f  t h e  c o n c e p t  

o f  d u a l i t y .  A g i v e n  c i r c u i t  a s  s e e n  t h r o u g h  a n  impedance  i n v e r t e r  l o o k s  

l i k e  t h e  d u a l  o f  t h a t  g i v e n  c i r c u i t .  Thus ,  t h e  impedances  s e e n  f rom 



i n d u c t o r  L a l  i n  F i g .  4 . 1 2 - 2 ( a )  a r e  t h e  same a s  t h o s e  s e e n  f rom i n d u c t a n c e  

L ;  i n  F i g .  4 . 0 4 - l ( b ) ,  e x c e p t  f o r  an  i m p e d a n c e  s c a l e  f a c t o r .  The imped- 

a n c e s  s e e n  f rom i n d u c t o r  L a 2  i n  F i g .  4 . 1 2 - 2 ( a )  a r e  i d e n t i c a l  t o  t h o s e  

s e e n  from i n d u c t a n c e  L ;  i n  F i g .  4 . 0 4 - l ( a ) ,  e x c e p t  f o r  a  ~ o s s i b l e  impedance 

s c a l e  c h a n g e .  I n  t h i s  manner  t h e  i m p e d a n c e s  i n  any p o i n t  o f  t h e  c i r c u i t  

i n  F i g .  4 . 1 2 - 2 ( a )  may be  q u a n t i t a t i v e l y  r e l a t e d  t o  t h e  c o r r e s p o n d i n g  

impedances  i n  t h e  c i r c u i t s  i n  F i g .  4 . 0 4 - l ( a ) ,  ( b ) .  

F i g u r e  4 . 1 2 - 3 ( a )  shows a  p o r t i o n  o f  a l o w - p a s s  p r o t o t y p e  c i r c u i t  

t h a t  h a s  b e e n  o p e n - c i r c u i t e d  j u s t  beyond  t h e  c a p a c i t o r  C k + l .  The d u a l  

c i r c u i t  i s  shown a t  ( b ) ,  w h e r e  i t  s h o u l d  b e  n o t e d  t h a t  t h e  open  c i r c u i t  

(a) MODIFIED PROTOTYPE USING IMPEDANCE INVERTERS 

(b)  MODIFIED PROTOTYPE USlNG ADMITTANCE tNVERTERS 
RB-2316-T7-ITZR 

SOURCE: Final Report, Contract DA 36-039 SC-14862, S tanford Research Institute, 
reprinted in IRE Tmns., PGMTT (see  Ref. 1  of Chapter 10, by G. L. Matthasi). 

FIG. 4.12-2 LOW-PASS PROTOTYPES MODIFIED TO INCLUDE 
IMPEDANCE INVERTERS OR ADMITTANCE INVERTERS 
The go, gl, .,., gn are obtained from the original 
prototype as i n  Fig. 4.04-1, while the RA; La,, ..., La,, 
and RB or the GA, Ca,, ..., Can and GB may be chosen 
as desired. 

FIG. 4.12-3 SOME CIRCUITS DISCUSSED IN SEC. 4.12 
A ladder circuit i s  shown at (a), and i ts dual is shown at (b). The 
analogous K-inverter form of these two circuits i s  shown a t  (c). 

shown a t  ( a )  becomes a  s h o r t  c i r c u i t  i n  t h e  d u a l  c a s e .  The c o r r e s p o n d i n g  

c i r c u i t  u s i n g  a l l  s e r i e s  i n d u c t o r s  and K i n v e r t e r s  i s  shown a t  ( c ) .  The 

c i r c u i t s  i n  F i g .  4 . 1 2 - 3  w i l l  h e  c o n v e n i e n t  f o r  d e r i v i n g  t h e  f o r m u l a  f o r  

K k ,  k + l  i n  t e r m s  o f  L a k ,  L a k t l ,  a n d  t h e  p r o t o t y p e  e l e m e n t  v a l u e s  g k  and  

&'h+l.  The o p e n -  and s h o r t - c i r c u i t s  a r e  i n t r o d u c e d  m e r e l y  t o  s i m p l i f y  

t h e  e q u a t i o n s .  

R e f e r r i n g  t o  F i g .  4 . 1 2 - 3 ,  i n  t h e  c i r c u i t  a t  ( a ) ,  

Meanwhile i n  t h e  c i r c u i t  a t  ( c )  



Now 2; mus t  b e  i d e n t i c a l  t o  Zk e x c e p t  f o r  a n  impedance  s c a l e  c h a n g e  o f  

L a k / L k .  T h e r e f o r e  

E q u a t i n g  t h e  s e c o n d  t e r m s  i n  E q s .  ( 4 . 1 2 - 4 )  a n d  ( 4 . 1 2 - 5 )  g i v e s ,  a f t e r  
some r e a r r a n g e m e n t ,  

S i n c e  L k  = g k  a n d  C k + l  = g k + l ,  Eq. ( 4 . 1 2 - 6 )  i s  e q u i v a l e n t  t o  t h e  e q u a t i o n  

f o r  K k ,  k + l  g i v e n  i n  F i g .  4 . 1 2 - 2 ( a ) .  I t  i s  e a s i l y  s e e n  t h a t  by moving t h e  
p o s i t i o n s  o f  t h e  open-  a n d  s h o r t -  

c i r c u i t  p o i n t s  c o r r e s p o n d i n g l y ,  t h e  

same p r o c e d u r e  would  a p p l y  f o r  c a l c u -  

l a t i o n  o f  t h e  K ' s  f o r  a l l  t h e  i n -  

v e r t e r s  e x c e p t  t h o s e  a t  t h e  e n d s .  

Hence ,  Eq. ( 4 . 1 2 - 6 )  a p p l i e s  f o r  k = 1, 

2 ,  . . . ,  n - 1 .  

Next  c o n s i d e r  F i g .  4 . 1 2 - 4 .  At 

( a )  i s  shown t h e  l a s t  two e l e m e n t s  o f  

a  p r o t o t y p e  c i r c u i t  and a t  ( b )  i s  

shown a  c o r r e s p o n d i n g  form w i t h  a  K  

i n v e r t e r .  I n  t h e  c i r c u i t  a t  ( a )  

w h i l e  a t  ( b )  

S i n c e  Z i  m u s t  e q u a l  Zn w i t h i n  a  s c a l e  

f a c t o r  L a n / L n ,  

FIG.  4.12-4 ADDITIONAL CIRCUITS 
DISCUSSED IN SEC. 4.12 
The end portion of a 
prototype circuit is  shown 
at (a) while at (b) i s  shown 
the corresponding end 
portion of a circuit with 
K-inverters. 

E q u a t i n g  t h e  s e c o n d  t e r m s  o f  E q s .  ( 4 . 1 2 - 8 )  and ( 4 . 1 2 - 9 )  l e a d s  t o  t h e  

r e s u l t  

S u b s t i t u t i n g  g n  a n d  g n t l  f o r  L n  a n d  G n t l ,  r e s p e c t i v e l y ,  g i v e s  t h e  e q u a t i o n  

f o r  K n , n + l  shown i n  F i g .  4 . 1 2 - 2 .  

F i g .  

d u a l  

S  EC 

and 

The d e r i v a t i o n  o f  t h e  e q u a t i o n s  f o r  t h e  J L , k + l  p a r a m e t e r s  i n  

4 . 1 2 - 2 ( b )  may he c a r r i e d  o u t  i n  l i k e  manner on  t h e  a d m i t t a n c e  ( i . e . ,  

b a s i s .  

4 . 1 3 ,  EFFECTS OF' DISSIPATIVE ELEMEN'I'S I N  PROTOTYPES 
FOH LOW-PASS, dAND-PASS, OR HIGH-PASS FILTERS 

Any p r a c t i c a l  microwave f i l t e r  w i l l  h a v e  e l e m e n t s  w i t h  f i n i t e  Q ' s ,  

n  many p r a c t i c a l  s i t u a t i o n s  i t  i s  i m p o r t a n t  t o  be a b l e  t o  e s t i m a t e  

t h e  e f f e c t  o f  t h e s e  f i n i t e  e l e m e n t  Q.'s on p a s s - b a n d  a t t e n u a t i o n .  When a  

f i l t e r  h a s  b e e n  d e s i g n e d  f rom a  l o w - p a s s  p r o t o t y p e  f i l t e r  i t  i s  c o n v e n i e b t  

t o  r e l a t e  t h e  mic rowave  f i l t e r  e l e m e n t  Q ' s  t o  d i s s i p a t i v e  e l e m e n t s  i n  t h e  

p r o t o t y p e  f i l t e r  and t h e n  d e t e r m i n e  t h e ' e f f e c t s  o f  t h e  d i s s i p a t i v e  e l e m e n t s  

on t h e  p r o t o t y p e  f i l t e r  r e s p o n s e .  Then t h e  i n c r e a s e  i n  p a s s - b a n d  a t t e n u -  

a t i o n  o f  t h e  p r o t o t y p e  f i l t e r  d u e  t o  t h e  d i s s i p a t i v e  e l e m e n t s  w i l l  be t h e  

same a s  t h e  i n c r e a s e  i n  p a s s - b a n d  a t t e n u a t i o n  ( a t  t h e  c o r r e s p o n d i n g  f r e -  

quency)  o f  t h e  microwave f i l t e r  due  t o  t h e  f i n i t e  e l e m e n t  Q ' s .  

The e l e m e n t  Q ' s  r e f e r r e d  t o  be low a r e  t h o s e  o f  t h e  e l e m e n t s  o f  a  

l ow-pass  f i l t e r  a t  i t s  c u t o f f  f r e q u e n c y  wl and a r e  d e f i n e d  a s  

where R k  i s  t h e  p a r a s i t i c  r e s i s t a n c e  o f  t h e  i n d u c t a n c e  L k ,  and  G k  i s  t h e  

p a r a s i t i c  c o n d u c t a n c e  o f  t h e  c a p a c i t a n c e  C k . *  I n  t h e  c a s e  o f  a  b a n d - p a s s  

* 
H e r e ,  t h e  u n p r i m e d  L k ,  Rk,  C,, C k ,  a n d  wl v a l u e s  a r e  meant t o  a p p l y  t o  a n y  l o w - p a s s  f i l t e r ,  

w h e t h e r  i t  i s  a n o r m a l i z e d  p r o t o t y p e  o r  n o t .  L a t e r  i n  t h i s  s e c t i o n  p r i m e s  w i l l  be i n t r o d u c e d  

t o  a i d  i n  d i s t i n g u i s h i n g  b e t w e e n  t h e  l o w - p a s s  p r o t o t y p e  p a r a m e t e r s  and t h o a e  o f  t h e  C O r r t -  

s p o n d i n g  b e n d - p a s a  o r  h i g h - p a s s  f i l t e r .  
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f i l t e r  wh ich  i s  d e s i g n e d  f rom a  low-pass  p r o t o t y p e ,  i f  ( Q B p I k  i s  t h e  mid- 

band u n l o a d e d  Q  o f  t h e  k t h  r e s o n a t o r  o f  t h e  b a n d - p a s s  f i l t e r ,  t h e n  t h e  
c o r r e s p o n d i n g  Q  o f  t h e  k t h  r e a c t i v e  e l e m e n t  o f  t h e  p r o t o t y p e  i s  

I n  t h i s  e q u a t i o n  w i s  t h e  f r a c t i o n a l  b a n d w i d t h  o f  t h e  b a n d - p a s s  f i  

a s  measu red  t o  i t s  p a s s - b a n d  e d g e s  which c o r r e s p o n d  t o  t h e  w; p a s s  

e d g e  o f  t h e  l o w - p a s s  p r o t o t y p e  ( s e e  C h a p t e r  8 ) .  The u n l o a d e d  Q  o f  

r e s o n a t o r s  can  be  e s t i m a t e d  by u s e  o f  t h e  d a t a  i n  C h a p t e r  5 ,  o r  i t  
b e  d e t e r m i n e d  by m e a s u r e m e n t s  a s  

i n  S e c .  1 1 . 0 2 .  

l t e r  

-band 

t h e  

ca I 

I n  t h e  c a s e  o f  a  h i g h - p a s s  +02 f4>d2o2 

f i l t e r  d e s i g n e d  f rom a  l o w - p a s s  

p r o t o t y p e ,  t h e  e l e m e n t  Q ' s  o f  ~:Q-G;:- t h e  p r o t o t y p e  s h o u l d  b e  made t o  --- 
be  t h e  same a s  t h e  Q ' s  o f  t h e  A-SOZT-S~ 

c o r r e s p o n d i n g  e l e m e n t s  o f  t h e  
FIG. 4.13-1 LOW-PASS PROTOTYPE FILTER h i g h - p a s s  f i l t e r  a t  i t s  c u t o f f  

WITH DISSIPATIVE ELEMENTS 
f r e q u e n c y .  ADDED 

F i g u r e  4 . 1 3 - 1  shows a  p o r -  

t i o n  o f  a  l o w - p a s s  p r o t o t y p e  

f i l t e r  w i t h  p a r a s i t i c  l o s s  e l e m e n t s  i n t r o d u c e d .  No te  t h a t  t h e  p a r a s i t i c  
l o s s  e l e m e n t  t o  go w i t h  r e a c t i v e  e l e m e n t  g k  i s  d e s i g n a t e d  a s  d k g k ,  where  

d k  w i l l  b e  r e f e r r e d  t o  h e r e i n  a s  a  d i s s i p a t i o n  f a c t o r .  U s i n g  t h i s  n o t a -  
t i o n  Eq.  ( 4 . 1 3 - 1 )  becomes Qk = w ; g k / ( d k g h )  = w i l d k  where  w; i s  t h e  c u t o f f  

f r e q u e n c y  o f  t h e  l o w - p a s s  p r o t o t y p e .  Thus ,  

Then f o r  a  s e r i e s  b r a n c h  o f  a  p r o t o t y p e  f i l t e r  

and f o r  a  s h u n t  b r a n c h  

A  s p e c i a l  c a s e  o f  c o n s i d e r a b l e  p r a c t i c a l  i n t e r e s t  i s  t h a t  where  t h e  

Q ' s  o f  a l l  t h e  e l e m e n t s  a r e  t h e  same s o  t h a t  d k  = d  f o r  k  = 1 t o  n .  Then, 

a s  can  be  s e e n  from E q s .  ( 4 . 1 3 - 4 )  and ( 4 . 1 3 - 5 ) ,  t h e  e f f e c t s  o f  d i s s i p a t i o n  

can  be  a c c o u n t e d  f o r  by s i m p l y  r e p l a c i n g  t h e  f r e q u e n c y  v a r i a b l e  jo' f o r  

t h e  l o s s l e s s  c i r c u i t  by ( j w '  + d )  t o  i n c l u d e  t h e  l o s s e s .  For  example ,  

t h i s  s u b s t i t u t i o n  c a n  b e  made d i r e c t l y  i n  t h e  t r a n s f e r  f u n c t i o n s  i n  

E q s .  ( 4 . 0 7 - I ) ,  ( 4 . 0 8 - 5 )  t o  ( 4 . 0 8 - 8 )  i n  o r d e r  t o  compute  t h e  t r a n s f e r  

c h a r a c t e r i s t i c s  w i t h  p a r a s i t i c  d i s s i p a t i o n  i n c l u d e d .  At DC t h e  f u n c t i o n  

( j o '  + d )  becomes s i m p l y  d ,  s o  t h a t  i f  

f o r  a  d i s s i p a t i o n l e s s  p r o t o t y p e ,  t h e  DC l o s s  f o r  a  p r o t o t y p e  w i t h  un i fo rm 

d i s s i p a t i o n  d  i s  f o r  Q' = 0  

where  ( E 2 i v a i l / E 2  i s  a s  d e f i n e d  i n  S e c .  2 . 1 0 .  U s u a l l y  d  i s  s m a l l  s o  t h a t  

o n l y  t h e  l a s t  two t e r m s  o f  Eq.  ( 4 . 1 3 - 7 )  a r e  s i g n i f i c a n t .  Then i t  i s  

e a s i l y  shown t h a t  

( M A )  = 2 0  l o g , ,  [C"d + 11 db  

where  ( M A ) O  i s  t h e  db  i n c r e a s e  i n  a t t e n u a t i o n  a t  w' = 0  when d  i s  f i n i t e ,  

o v e r  t h e  a t t e n u a t i o n  when d = 0  ( i . e . ,  when t h e r e  i s  no d i s s i p a t i o n  l o s s ) . '  

The c o e f f i c i e n t  Cn = a l / a o  w h e r e  a l  and  a. a r e  f rom p o l y n o m i a l  P n ( j o l )  

i n  Eq. ( 4 . 1 3 - 6 ) .  

I n  t h e  c a s e  o f  l o w - p a s s  p r o t o t y p e s  f o r  b a n d - p a s s  f i l t e r s ,  (aA),, i s  

a l s o  t h e  i n c r e a s e  i n  t h e  midband l o s s  o f  t h e  c o r r e s p o n d i n g  b a n d - p a s s  

f i l t e r  a s  a  r e s u l t  o f  f i n i t e  r e s o n a t o r  Q ' s .  F o r  h i g h - p a s s  f i l t e r s  designee 

t 
For e x a m p l e ,  a d i s s i p a t i o n l e s s ,  0 .5 -db  r i p p l e  T c h e b y s c h e f f  f i l t e r  w i t h  n = 4 would h a v e  L A  = 
0 . 5  d b  f a r  w' 0 .  If u n i f o r m  d i s s ~ ~ a t i o n  is i n t r o d u c e d  t h e  a t t e n u a t i o n  f o r  o' = 0 r i l l  become 

L A  = 0 . 5  + ("LA)0 d b .  
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from l o w - p a s s  p r o t o t y p e s ,  r e l a t e s  t o  t h e  a t t e n u a t i o n  a s  o -a. 

E q u a t i o n  ( 4 . 1 3 - 8 )  a p p l i e s  b o t h  f o r  p r o t o t y p e s  s u c h  a s  t h o s e  i n  S e c .  4 . 0 5  

which f o r  t h e  c a s e  o f  n o  d i s s i p a t i o n  l o s s  h a v e  p o i n t s  where  L A  i s  z e r o ,  

and a l s o  f o r  t h e  i m p e d a n c e - m a t c h i n g  n e t w o r k  p r o t o t y p e s  i n  S e c s .  4 . 0 9  and  

4 . 1 0  which e v e n  f o r  t h e  c a s e  o f  n o  d i s s i p a t i o n  h a v e  n o n - z e r o  L A  a t  a l l  

f r e q u e n c i e s .  

T a b l e  4 . 1 3 - 1  i s  a  t a b u l a t i o n  o f  t h e  c o e f f i c i e n t s  Cn f o r  p r o t o t y p e  

f i l t e r s  h a v i n g  max ima l ly  f l a t  a t t e n u a t i o n  w i t h  t h e i r  3-db p o i n t  a t  

w: = 1. F i g u r e  4 . 1 3 - 2  shows t h e  C c o e f f i -  - 
Table  4 . 1 3 - 1  

c i e n t s  f o r  T c h e b y s c h e f f  f i l t e r s  p l o t t e d  u s  d b  
MAXIMALLY FLAT ATTENUATION 

p a s s - b a n d  r i p p l e .  I n  t h i s  c a s e  t h e  e q u a l -  FILTER COEFFICIENTS C- FOR 
r i p p l e  band e d g e  i s  w; = 1. N o t e  t h a t  above  USE I N  EQ. (4 .13 -8 :  

a b o u t  0 . 3  d b - r i p p l e ,  t h e  c u r v e s  f a l l  f o r  n These c o e f f i c i e n t s  are for  
f i l t e r s  with the i r  3-db point 

even and  r i s e  f o r  n odd .  T h i s  phenomenon i s  a t  o; = 1 and are  equal tb the 
group time delay i n  seconds a s  

r e l a t e d  t o  t h e  f a c t  t h a t  a  T c h e b y s c h e f f  p r o -  LI'' approaches zerp 
b e e  Eq. (4 .08-2)J  

t o t y p e  f i l t e r  w i t h  n even  h a s  a  r i p p l e  max i -  

mum a t  w' = 0 ,  w h i l e  a  c o r r e s p o n d i n g  f i l t e r  

w i t h  n odd h a s  a  r i p p l e  minimum a t  t h a t  f r e -  1.00 5.76 

quency .  T h e r e  i s  a p p a r e n t l y  a  t e n d e n c y  f o r  1 1 1 lo 1 6 . 3 9  1 - -  
t h e  e f f e c t s  o f  d i s s i p a t i o n  t o  b e  mos t  p r o -  

nounced a t  r i p p l e  minima.  

Bodelg g i v e s  a n  e q u a t i o n  f o r  M A ,  t h e  I / I :: I :::: I 
i n c r e a s e  i n  a t t e n u a t i o n  d u e  t o  u n i f o r m  d i s -  8 5.13 1 
s i p a t i o n ,  a s  a  f u n c t i o n  o f  t h e  a t t e n u a t i o n  p h a s e  s l o p e  and t h e  d i s s i p a -  

t i o n  f a c t o r ,  d. B o d e ' s  e q u a t i o n  may b e  e x p r e s s e d  i n  t h e  form 

where 

and  i n  t h i s  c a  t h e  i n c r e a s e  i n  a t t e n u a t i o n  a t ,  f a ' ,  t h e  f r e q u e n c y ,  

a t  which d4/dw1 i s  e v a l u a t e d . '  T h u s ,  t h i s  e q u a t i o n  p r o v i d e s  a c o n v e n i e n t  

I t  can be aeen from Eqs. ( 4 . 1 3 - 8 )  and ( 4 . 1 3 - 9 )  t h a t  the Cn c o e f f i c i e n t s  i n  Table 4 . 1 3 - 1  and 

F i g .  4 . 1 3 - 2  a r e  e q u a l  t o  the group t ime  d e l a y  i n  s e c o n d s  a s  o' approaches z e r o .  
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Db TCHEBYSCHEFF RIPPLE 
B-wl-m. 

FIG. 4.13-2 PROTOTYPE TCHEBYSCHEFF FILTER 
COEFFICIENTS C, vs. db TCHEBYSCHEFF 
RIPPLE, FOR PROTOTYPES WITH n 
REACTIVE ELEMENTS AND w,' = 1 
These coefficients are for use in Eq. (4.13-8). 
They are also the group time delay in  seconds 
as a'  approaches zero (see Eq. 4.08-2). 



means f o r  e s t i m a t i n g  t h e  e f f e c t s  o f  u n i f o r m  d i s s i p a t i o n  a t  any  f r e q u e n c y .  

Bode ' s  d i s c u ~ s i o n ~ ~  i n d i c a t e s  t h a t  f o r  c a s e s  where  a l l  t h e  i n d u c t a n c e s  

h a v e  a  g i v e n  Q, QL,  and  a l l  o f  t h e  c a p a c i t a n c e s  h a v e  a n o t h e r  Q, Q c ,  good 

r e s u l t s  can  b e  o b t a i n e d  by c o m p u t i n g  d  a s  2 a ; / ( Q L  + Q , ) .  

c o h n 2 ' h a s  p r e s e n t e d  a n o t h e r  f o r m u l a  w h i c h  i s  c o n v e n i e n t  f o r  e s t i -  

m a t i n g  t h e  e f f e c t s  o f  d i s s i p a t i o n  l o s s  o f  l o w - p a s s  p r o t o t y p e s  f o r  w' = 0 .  
H i s  f o r m u l a  may b e  e x p r . e s s e d  i n  t h e  fo rm 

where  t h e  d k  a r e  g i v e n  by Eq.  ( 4 . 1 3 - 3 ) ,  a n d  t h e  p r o t o t y p e  e l e m e n t  v a l u e s  
g k  a r e  s p e c i f i c a l l y  a s sumed  t o  h a v e  been  n o r m a l i z e d  s o  t h a t  g o  = 1 ( a s  

h a s  been  d o n e  f o r  a l l  o f  t h e  p r o t o t y p e s  d i s c u s s e d  i n  t h i s  c h a p t e r ) .  Note  
t h a t  t h i s  f o r m u l a  d o e s  n o t  r e q u i r e  t h a t  t h e  d i s s i p a t i o n  be  u n i f o r m .  

E q u a t i o n  ( 4 . 1 3 - 1 1 )  was d e r i v e d  by a s s u m i n g  t h a t  t h e  l o a d  and  s o u r c e  r e -  

s i s t a n c e s  e r e  b o t h  o n e  ohm, a n d  t h a t  t h e  e f f e c t  o f  e a c h  R ;  o r  G; i n  

F i g .  4 . 1 3 - 1  a t  o' = 0 i s  t o  a c t  a s  v o l t a g e  o r  c u r r e n t  d i v i d e r  w i t h  

r e s p e c t  t o  o n e  ohm?' As a  r e s u l t ,  Eq. ( 4 . 1 3 - 1 1 )  c a n  l e a d  t o  a p p r e c i a b l e  

e r r o r  i f  t h e  l o a d  and  s o u r c e  r e s i s t a n c e s  a r e  s i z e a b l y  d i f f e r e n t ,  t hough  
i t  g e n e r a l l y  g i v e s  v e r y  good  r e s u l t s  i f  t h e  t e r m i n a t i o n s  a r e  e q u a l  o r  a t  

l e a s t  n o t  v e r y  g r e a t l y  d i f f e r e n t . '  

T a b l e  4 . 1 3 - 2  compares  t h e  a c c u r a c y  o f  E q s .  ( 4 . 1 3 - 8 ) ,  ( 4 . 1 3 - 9 1 ,  and 

( 4 . 1 3 - 1 1 )  f o r  v a r i o u s  T c h e b y s c h e f f  f i l t e r s  h a v i n g  u n i f o r m  d i s s i p a t i o n .  

C a s e s  1 t o  3 ,  wh ich  a r e  f o r  f i l t e r s  w i t h  n = 4 r e a c t i v e  e l e m e n t s ,  h a v e  

T a b l e  4.13-2 

COMPARISON OF ACCURACY OF EQS. (4.13-8), (4.13-9), AND (4.13-11) FOR 
COMPUTING (A,), FOR VARIOUS TCHEBYSCHEFF FILTERS 

RIPPLE 

0.5 
0.5 

VALUE 

2.39 

I *  Equation (4.13-11) can be made t o  be more a c c u r a t e  f o r  t h e  c a s e  o f  unequal  t e r m i n a t i o n .  by 

m u l t i p l ~ i n e  i t s  r i g h t - h a n d  s i d e  by 4RORnt l / (R0 + R,+1)2 where R o  and Rnt l  a r e  the  raaimtanoea 

of  the  t e r m i n a t i o n . .  T h i s  c a n  be a e e n  from t h e  m l t a r n a t e  p o i n t  of  view i n  S e c .  6.14. 

(OL.4)0 
BY 

(&A '0 
BY 

E'?. (4.13-8) EQ. (4.13-9) 

0.232 - -  
0.214 - - 
1.95 - - 
0.357 0.35 
3.05 3.5 

u n e q u a l  t e r m i n a t i o n s ;  h e n c e ,  Eq. ( 4 . 1 3 - 1 1 )  h a s  r e l a t i v e l y  low a c c u r a c y  

i f  t h e  p a s s - b a n d  r i p p l e s  a r e  l a r g e .  E q u a t i o n  ( 4 . 1 3 - 8 )  g i v e s  r e d u c e d  

a c c u r a c y  i f  t h e  v a l u e  o f  Q i s  v e r y  low.  T h i s  h a p p e n s  a s  a  r e s u l t  o f  

u s i n g  o n l y  t h e  l a s t  two t e r m s  i n  Eq. ( 4 . 1 3 - 7 ) .  The a c t u a l  v a l u e  o f  

( a A ) O  was computed by u s i n g  a s  many t e rms  i n  Eq. ( 4 . 1 3 - 7 )  a s  was r e -  

q u i r e d  i n  o r d e r  t o  o b t a i n  h i g h  a c c u r a c y .  The v a l u e s  computed u s i n g  

Eq. ( 4 . 1 3 - 9 )  w e r e  o b t a i n e d  by compu t ing  p h a s e  s l o p e  from F i g .  4 . 0 8 - 1 .  

Note  t h a t  t h e  r e s u l t s  a r e  q u i t e  good. The Q  = 1 0  v a l u e s  i n c l u d e d  i n  

T a b l e  4 . 1 3 - 2  a r e  o f  p r a c t i c a l  i n t e r e s t  s i n c e  i n  t h e  c a s e  o f  l o w - p a s s  

p r o t o t y p e s  o f  b a n d - p a s s  f i l t e r s  t h e  e l e m e n t  Q ' s  f o r  t h e  l o w - p a s s  p r o t o -  

t y p e  can  become q u i t e  low i f  t h e  f r a c t i o n a l  b a n d w i d t h  w o f  t h e  b a n d - p a s s  

f i l t e r  i s  s m a l l  [ s e e  Eq. ( 4 . 1 3 - 2 ) l .  

( & A ) o  
BY 

EQ. (4.13-11) 

0.264 
0.346 
3.46 
0.365 
3.65 

The above  d i s c u s s i o n  t r e a t s  t h e  e f f e c t s  o f  p a r a s i t i c  d i s s i p a t i o n  a t  

w' = 0 ,  and  t h e  i m p o r t a n t  q u e s t i o n  a r i s e s  a s  t o  wha t  t h e  l o s s  w i l l  b e  

e l s e w h e r e  i n  t h e  p a s s  band.  E q u a t i o n  ( 4 . 1 3 - 9 )  p r o v i d e s  c o n v e n i e n t  means 

f o r  o b t a i n i n g  a n  a p p r o x i m a t e  answer  t o  t h i s  q u e s t i o n .  S i n c e  i t  s a y s  t h a t  

DLA a t  any f r e q u e n c y  i s  p r o p o r t i o n a l  t o  t h e  a t t e n u a t i o n  p h a s e  s l o p e  ( i . e . ,  

t h e  g roup  t i m e  d e l a y )  a t  t h a t  f r e q u e n c y ,  we can  e s t i m a t e  LA a c r o s s  t h e  

p a s s  band by e x a m i n i n g  t h e  p h a s e  s l o p e  a c r o s s  t h a t  band.  As s e e n  f rom 

t h e  examples  i n  F i g .  4 . 0 8 - 1 ,  t h e  p h a s e  s l o p e  i n  t y p i c a l  c a s e s  i s  g r e a t e s t  

n e a r  t h e  c u t o f f  f r e q u e n c y .  I n  F i g .  4 . 0 8 - 1  t h e  s l o p e  n e a r  c u t o f f  i s  2 . 6 6 ,  

1 . 7 3 ,  and 1 . 4 9  t i m e s  t h e  s l o p e  a t  w' = 0  f o r  t h e  c a s e s  o f  0 . 5 - d b  r i p p l e ,  

0 . 0 1 - d b  r i p p l e ,  and max ima l ly  f l a t  r e s p o n s e s ,  r e s p e c t i v e l y .  Thus  uA 
n e a r  c u t o f f  w i l l  b e  g r e a t e r  t h a n  ( M A ) o  a t  w' = 0  by a b o u t  t h e s e  f a c t o r s .  

These  r e s u l t s  a r e  t y p i c a l  and  a r e  u s e f u l  i n  o b t a i n i n g  an  e s t i m a t e  o f  

what t o  e x p e c t  i n  p r a c t i c a l  s i t u a t i o n s .  

S  EC. 4 . 1 4 ,  APPROXIMATE CALCULATION OF PHOTOTYPE 
STOP- BAND ATTENUATION 

cohnZ0 h a s  d e r i v e d  a  c o n v e n i e n t  fo rmula  f o r  compu t ing  t h e  a t t e n u a t i o n  

of  l o w - p a s s  f i l t e r s  a t  f r e q u e n c i e s  w e l l  i n t o  t h e i r  s t o p  b a n d s .  T h i s  

fo rmula  i s  d e r i v e d  u s i n g  t h e  a s s u m p t i o n  t h a t  t h e  r e a c t a n c e s  o f  t h e  s e r i e s  

i n d u c t a n c e s  a r e  v e r y  l a r g e  compared t o  t h e  r e a c t a n c e s  o f  t h e  s h u n t  c a p a c i -  

t o r s .  When t h i s  c o n d i t i o n  h o l d s ,  t h e  v o l t a g e  a t  one  node  o f  t h e  f i l t e r  

may be  computed w i t h  good a c c u r a c y  f rom t h a t  a t  t h e  p r e c e d i n g  node  u s i n g  

a  s i m p l e  v o l t a g e  d i v i d e r  c o m p u t a t i o n . P  Cohn f u r t h e r  s i m p l i f i e s  h i s  

fo rmula  by u s e  o f  t h e  a s s u m p t i o n  t h a t  ( U ~ L ~ C , , ~  - 1) = w z L k ~ k + l  



C o h n ' s  f o r m u l a ,  when p u t  i n  t h e  n o t a t i o n  o f  t h e  l o w - p a s s  p r o t o t y p e  

f i l t e r s  i n  t h i s  c h a p t e r ,  i s  

where  go, g , ,  . . . , g n t l  a r e  t h e  p r o t o t y p e  e l e m e n t  v a l u e s  d e f i n e d  i n  
I 

F i g .  4 . 0 4 - l ( a ) ,  ( b )  and  w' i s  t h e  p r o t o t y p e  r a d i a n  f r e q u e n c y  v a r i a b l e .  

For  t h i s  f o r m u l a  t o  h a v e  h i g h  a c c u r a c y ,  w' s h o u l d  b e  a  number o f  t i m e s  i 
a s  l a r g e  a s  w;, t h e  f i l t e r  c u t o f f  f r e q u e n c y .  

I 

As an example ,  c o n s i d e r  a  T c h e b y s c h e f f  f i l t e r  w i t h  n = 4  r e a c t i v e  

e l e m e n t s  a n d  0 . 2  d b  r i p p l e .  By T a b l e  4 . 0 5 - 2 ( a ) ,  g o  = 1 ,  g, - - 1 . 3 0 2 8 ,  
gZ = 1 . 2 8 4 4 ,  g 3  = 1 . 9 7 6 1 ,  g 4  = 0 . 8 4 6 8 ,  gS = 1 . 5 3 8 6 ,  and  t h e  c u t o f f  f r e -  

quency  i s  w; = 1. By Eq.  ( 4 . 1 4 - 1 1 ,  t o  s l i d e - r u l e  a c c u r a c y  

L A  = 2 0  l o g l o  [ ( w ' 1 4 ( 4 . 2 9 ) 1  - 1 0  l o g , ,  6 . 1 5  . ( 4 . 1 4 - 2 )  

E v a l u a t i n g  Eq. ( 4 . 1 4 - 2 )  f o r  w'  = 3 g i v e s  L A  = 4 3 . 1  d b .  By F i g .  4 . 0 3 - 6  
we f i n d  t h a t  t h e  a c t u a l  a t t e n u a t i o n  i s  42 d b .  R e p e a t i n g  t h e  c a l c u l a t i o n  

f o r  w' = 2 g i v e s  L A  = 2 8 . 8  d b  a s  compared t o  2 6 . 5  d b  by F i g .  4 . 0 3 - 6 .  

Thus i t  a p p e a r s  t h a t  even  f o r  v a l u e s  o f  w'/w; a s  s m a l l  a s  2 ,  Eq. ( 4 . 1 4 - 1 )  
g i v e s  f a i r l y  good r e s u l t s .  The e r r o r  was + 2 . 3  d b  f o r  w' = 2  and t1.1 db 
f o r  w' = 3 .  

E q u a t i o n  ( 4 . 1 4 - 1 )  n e g l e c t s  t h e  e f f e c t s  o f  d i s s i p a t i o n  i n  t h e  c i r c u i t .  

T h i s  i s  v a l i d  a s  l o n g  a s  t h e  d i s s i p a t i v e  e l e m e n t s  i n  t h e  p r o t o t y p e  can  

b e  assumed t o  be a r r a n g e d  a s  a r e  t h o s e  i n  F i g .  4 . 1 3 - 1 .  T h i s  a r r a n g e m e n t  
o f  d i s s i p a t i v e  e l e m e n t s  i s  u s u a l l y  a p p r o p r i a t e  f o r  p r o t o t y p e s  f o r  low-  

p a s s ,  b a n d - p a s s ,  and  h i g h - p a s s  f i l t e r s .  However ,  i n  t h e  c a s e  o f  p r o t o -  

t y p e s  f o r  b a n d - s t o p  f i l t e r s ,  t h e  d i f f e r e n t  a r r a n g e m e n t  o f  d i s s i p a t i v e  e l e -  

men t s  d i s c u s s e d  i n  S e c .  4 . 1 5  s h o u l d  b e  a s sumed .  F o r  t h a t  c a s e  Eq. ( 4 . 1 4 - 1 )  

w i l l  b e  q u i t e  i n a c c u r a t e  i n  some p a r t s  o f  t h e  s t o p  band.  

S E C .  4 . 1 5 ,  PROTOTYPE REPRESENTATION OF DISSIPATION LOSS 
I N  BAND- STOP FILTEHS 

I n  t h e  c a s e  o f  b a n d - s t o p  f i l t e r s ,  t h e  e f f e c t s  o f  p a r a s i t i c  d i s s i p a -  
t i o n  i n  t h e  f i l t e r  e l e m e n t s  a r e  u s u a l l y  more s e r i o u s  i n  t h e  s t o p  band 
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t h a n  i n  t h e  p a s s  b a n d .  The s t o p  band u s u a l l y  h a s  one  o r  more  f r e -  

q u e n c i e s  w h e r e ,  i f  t h e  f i l t e r  h a d  n o  d i s s i p a t i o n  l o s s ,  t h e  a t t e n u a t i o n  

would b e  i n f i n i t e .  However ,  d i s s i p a t i o n  l o s s  i n  t h e  r e s o n a t o r s  w i l l  

p r e v e n t  t h e  a t t e n u a t i o n  from g o i n g  t o  i n f i n i t y  and i n  some c a s e s  may r e -  
duce  t h e  maximum s t o p - b a n d  a t t e n u a t i o n  t o  a n  u n a c c e p t a b l y  low v a l u e .  I f  

a  b a n d - s t o p  f i l t e r  i s  d e s i g n e d  from a  l o w - p a s s  p r o t o t y p e ,  i t  i s  q u i t e  

e a s y  t o  compute  t h e  e f f e c t s  o f  f i n i t e  r e s o n a t o r  Q ' s  on  t h e  maximum s t o p -  

band a t t e n u a t i o n .  

The s o l i d  l i n e s  i n  F i g .  4 . 1 5 - 1  shows a  T c h e b y s c h e f f  l o w - p a s s  p r o t o -  

t y p e  r e s p o n s e  a l o n g  w i t h  t h e  r e s p o n s e  o f  a  b a n d - s t o p  f i l t e r  d e s i g n e d  from 

FIG.  4.15-1 A LOW-PASS PROTOTYPE RESPONSE 
IS SHOWN A T  (a), AND T H E  CORRE- 
SPONDING BAND-STOP F I L T E R  
RESPONSE IS SHOWN A T  (b) 
The  dashed lines show the effects of 
dissipation loss. 



t h i s  p r o t o t y p e ,  b o t h  f o r  t h e  
L;=P; 

c a s e  o f  no  i n c i d e n t a l  d i s s i p a -  R h , ,  r?? 
t i o n .  F o r  a  t y p i c a l  b a n d - s t o p  + ~ ,  ~ 1 . 0 ~ 0 ~  G o 3  
f i l t e r  t h e  r e s o n a t o r s  a r e  r e s o -  

G;.D,oI =;%% 
n a n t  a t  t h e  c e n t e r  o f  t h e  s t o p  ---- --- 
band ( i n s t e a d  o f  a t  t h e  c e n t e r  

L-3517-Sl 

o f  t h e  p a s s  band a s  i s  t h e  c a s e  

f o r  a  t y p i c a l  b a n d - p a s s  f i l t e r ) ,  FIG. 4.15-2 LOW-PASS PROTOTYPE FILTER 
and a s  a  r e s u l t  t h e  l o s s  e f f e c t s  

a r e  mos t  s e v e r e  a t  t h e  c e n t e r  o f  

t h e  s t o p  band .  The d a s h e d  l i n e  

WITH DISSIPATIVE ELEMENTS 
ADDED AS REQUIRED FOR 
COMPUTING PEAK STOP-BAND 
ATTENUATION OF CORRE- 

i n  F i g .  4 . 1 5 - l ( b )  shows how d i s -  SPONDING BAND-STOP FILTERS i 

s i p a t i o n  l o s s  i n  t h e  r e s o n a t o r s  
I 

w i l l  r ound  o f f  t h e  a t t e n u a t i o n  

c h a r a c t e r i s t i c  o f  a  b a n d - s t o p  

f i l t e r .  The d a s h e d  l i n e  i n  F i g .  4 . 1 5 - l ( a )  shows t h e  c o r r e s p o n d i n g  e f f e c t  

i n  a  l o w - p a s s  p r o t o t y p e  f i l t e r .  

I t  i s  e a s i l y  s e e n  t h a t  i n  o r d e r  f o r  r e s i s t o r  e l e m e n t s  t o  a f f e c t  t h e  

a t t e n u a t i o n  o f  a  p r o t o t y p e  f i l t e r  a s  shown by t h e  d a s h e d  l i n e  i n  

F i g .  4 . 1 5 - 1 ,  t h e y  s h o u l d  b e  i n t r o d u c e d  i n t o  t h e  p r o t o t y p e  c i r c u i t  a s  

shown i n  F i g .  4 . 1 5 - 2 .  N o t e  t h a t  i n  t h i s  c a s e  a s  w' + a, t h e  r e a c t i v e  
e l e m e n t s  h a v e  n e g l i g i b l e  i n f l u e n c e  and  t h e  c i r c u i t  o p e r a t e s  i n  t h e  same 

way a s  a  l a d d e r  n e t w o r k  o f  r e s i s t o r s .  I n  F i g .  4 . 1 5 - 2  t h e  Q o f  t h e  k t h  
r e a c t i v e  e l e m e n t  i s  g i v e n  by* 

where  a; i s  t h e  c u t o f f  f r e q u e n c y  i n  F i g .  4 . 1 5 - l ( a ) .  The u n l o a d e d  Q, 
Q k  o f  t h e  k t h  r e s o n a t o r  o f  t h e  b a n d - s t o p  f i l t e r  i s  r e l a t e d  t o  Qk 
o f  t h e  p r o t o t y p e  ( a t  f r e q u e n c y  a ; )  by 

* 
Note t h a t  t h e s e  uauaual  d e f i n i t i o n s  of Q r e s u l t  from t h e  manner i n  which the d i a e i p a t i r e  
e l e m e n t s  a r e  i n t r o d u c e d  i n  each  branch  of the  f i l t e r .  

where  

and  w a ,  u b ,  a n d  w o  a r e  a s  d e f i n e d  i n  F i g .  4 . 1 5 - l ( b ) .  By Eq. ( 4 . 1 5 - 2 ) .  

and a s  shown i n  F i g .  4 . 1 5 - 2 ,  

where  t h e  gk a r e  t h e  p r o t o t y p e  f i l t e r  e l e m e n t s  a s  d e f i n e d  i n  F i g .  4 . 0 4 - 1  

As p r e v i o u s l y  m e n t i o n e d ,  when w' - 0 3  t h e  r e a c t i v e  e l e m e n t s  i n  

F i g .  4 . 1 5 - 2  may b e  n e g l e c t e d ,  a n d  t h e  a t t e n u a t i o n  c a n  b e  computed f rom 

t h e  r e m a i n i n g  n e t w o r k  o f  r e s i s t o r s .  I n  t y p i c a l  c a s e s ,  r e s i s t a n c e s  o f  

t h e  s e r i e s  b r a n c h e s  w i l l  b e  v e r y  l a r g e  compared t o  t h e  r e s i s t a n c e s  o f  

t h e  s h u n t  b r a n c h e s ,  and C o h n ' s  method f o r  c o m p u t i n g  t h e  s t o p - b a n d  a t t e n u -  

a t i o n  o f  l o w - p a s s  f i l t e r s z 0  can  b e  a d a p t e d  t o  c o v e r  t h i s  c a s e  a l s o .  
The 

r e s u l t i n g  e q u a t i o n  i s  

which i s  a n a l o g o u s  t o  Eq. ( 4 . 1 4 - 1 )  f o r  t h e  r e a c t i v e  a t t e n u a t i o n  o f  a  

l ow-pass  f i l t e r .  

As an  e x a m p l e ,  l e t  u s  s u p p o s e  t h a t  a  b a n d - s t o p  f i l t e r  i s  d e s i r e d  

w i t h  a  f r a c t i o n a l  s t o p - b a n d  w i d t h  o f  w = 0 . 0 2  ( r e f e r r e d  t o  t h e  3  db  

p o i n t s ) ,  and  t h a t  max ima l ly  f l a t  p a s s  bands  a r e  d e s i r e d .  L e t  u s  assume 

f u r t h e r  t h a t  t h e  r e s o n a t o r  Q ' s  a t  t h e  m i d - s t o p - b a n d  f r e q u e n c y  a r e  700 

and t h a t  t h e  maximum s t o p - b a n d  a t t e n u a t i o n  i s  t o  b e  compu ted .  By 

Eq. ( 4 . 1 5 - 3 )  Q, = Q z  = 0 . 0 2  ( 7 0 0 )  = 1 4 .  By T a b l e  4 . 0 5 - l ( a )  t h e  e l e m e n t s  

v a l u e s  o f  t h e  d e s i r e d  n = 2 l o w - p a s s  p r o t o t y p e  a r e  g o  = 1, g ,  = 1 . 4 1 4 ,  

g2 = 1 . 4 1 4 ,  and  g3 = 1 .  A l s o ,  w ;  which i n  t h i s  c a s e  i s  t h e  3 - d b  hand-edge  



f r e q u e n c y ,  i s  e q u a l  t o  u n i t y .  By Eq. ( 4 . 1 5 - 5 ) ,  Dl  = D 2  = 1 4 ,  a n d ,  t o  ! 
s l i d e - r u l e  a c c u r a c y ,  Eq. ( 4 . 1 5 - 7 )  g i v e s  (LA) ,  = 4 5 . 8  d b .  I n  c o m p a r i s o n ,  / 
u s i n g  t h e  method o f  S e c .  2 . 1 3  t o  compute  t h e  a t t e n u a t i o n  f rom t h e  l a d d e r  

o f  r e s i s t o r s  g i v e s  ( L A ) ,  = 4 6 . 7  d b .  

I As i s  s u g g e s t e d  by t h e  d a s h e d  l i n e s  i n  F i g .  4 . 1 5 - 1 ,  t h e  e f f e c t s  o f  I 
d i s s i p a t i o n  i n  t h e  p a s s  band a r e  f o r  t h i s  c a s e  mos t  s e v e r e  a t  t h e  p a s s -  

band e d g e ,  and  t h e y  d e c r e a s e  t o  z e r o  a s  t h e  f r e q u e n c y  moves away f rom 

t h e  p a s s - b a n d  edge  ( w i t h i n  t h e  p a s s  b a n d ) .  The i n c r e a s e  i n  l o s s  d u e  t o  

d i s s i p a t i o n  a t  t h e  b a n d - e d g e  f r e q u e n c y  c a n  b e  e s t i m a t e d  by u s e  o f  t h e  

fo rmula  * 
I 

I 

T h i s  f o r m u l a  r e p r e s e n t s  o n l y  a n  e s t i m a t e ,  b u t  s h o u l d  b e  r e a s o n a b l y  a c c u r a t e  

f o r  c a s e s  s u c h  a s  when an  n  = 5 ,  0 . 1 - d b  r i p p l e  p r o t o t y p e  i s  u s e d .  F o r  
c a s e s  where  v e r y  l a r g e  T c h e b y s c h e f f  r i p p l e s  a r e  u s e d  t h i s  e q u a t i o n  w i l l  

u n d e r e s t i m a t e  t h e  l o s s ;  when v e r y  s m a l l  r i p p l e s  a r e  u s e d  i t  w i l l  o v e r -  

e s t i m a t e  t h e  l o s s .  F o r  0 . 1 - d b  r i p p l e ,  i f  n  were  r e d u c e d  t o  2 o r  1 ,  I 

Eq. ( 4 . 1 5 - 8 )  would t e n d  t o  o v e r e s t i m a t e  t h e  band-edge  l o s s .  F o r  t y p i c a l  
p r a c t i c a l  c a s e s ,  Eq. ( 4 . 1 5 - 8 )  s h o u l d  n e v e r  h a v e  an  e r r o r  a s  g r e a t  a s  a  
f a c t o r  o f  2 .  

E q u a t i o n  ( 4 . 1 5 - 8 )  was o b t a i n e d  f rom Eq.  ( 4 . 1 3 - 1 1 )  by t h e  u s e  o f  two 

a p p r o x i m a t i o n s .  The f i r s t  i s  t h a t  f o r  t h e  a r r a n g e m e n t  o f  d i s s i p a t i v e  

e l e m e n t s  shown i n  F i g .  4 . 1 3 - 1 ,  t h e  added  l o s s  M A  d u e  t o  d i d s i p a t i o n  a t  

t h e  band e d g e  w; i s  r o u g h l y  t w i c e  t h e  v a l u e  ( M A ) o  o f  t h e  l o s s  d u e  t o  

d i s s i p a t i o n  when o' = 0 .  T h i s  was shown by  e x a m p l e s  i n  S e c .  4 .13  t o  b e  

a  r e a s o n a b l y  good a p p r o x i m a t i o n  f o r  t y p i c a l  l o w - p a s s  p r o t o t y p e  f i l t e r s ,  

t hough  i t  c o u l d  be  m a r k e d l y  l a r g e r  i f  v e r y  l a r g e  p a s s - b a n d  r i p p l e s  a r e  

u s e d .  The s e c o n d  a p p r o x i m a t i o n  a s sumes  t h a t  a  f i l t e r  w i t h  d i s s i p a t i v e  . 
e l e m e n t s  a s  shown i n  F i g .  4 . 1 5 - 2  c a n  b e  a p p r o x i m a t e d  a t  t h e  f r e q u e n c y  o; 

by t h e  c o r r e s p o n d i n g  c i r c u i t  i n  F i g .  4 . 1 3 - 1 .  The r e a c t i v e  e l e m e n t  v a l u e s  
g k  a r e  assumed t o  h a v e  b e e n  u n c h a n g e d ,  a n d  a l s o  t h e  Q ' s  o f  t h e  i n d i v i d u a l  

r e a c t i v e  e l e m e n t  a r e  a s sumed  t o  b e  unchanged ;  however ,  t h e  manner i n  which 

t h e  d i s s i p a t i o n  i s  i n t r o d u c e d  h a s  b e e n  c h a n g e d .  T h i s  a p p r o x l m a t i o n  i s  
v a l i d  t o  t h e  e x t e n t  t h a t  I 
* 

This formula im baaed on Eq. ( 4 . 1 3 - 1 1 )  which anaumem t h a t  the  prototypa element raluam hare  
been normmlized so that  go = 1.  

r e p r e s e n t s  a  good a p p r o x i m a t i o n .  I t  i s  r e a d i l y  s e e n  t h a t  t h i s  i s  a  good 

a p p r o x i m a t i o n  even  f o r  Q ' s  a s  low a s  1 0 .  Thus t o  summarize  t h e  b a s i s  

f o r  Eq. ( 4 . 1 5 - 8 ) - t h e  e q u a t i o n  a s  i t  s t a n d s  g i v e s  a  rough e s t i m a t e  o f  

t h e  a t t e n u a t i o n  due  t o  d i s s i p a t i o n  a t  band edge  f o r  t h e  s i t u a t i o n  where  

t h e  d i s s i p a t i v e  e l e m e n t s  a r e  i n t r o d u c e d  a s  shown i n  F i g .  4 . 1 3 - 1 .  
We 

j u s t i f y  t h e  u s e  o f  t h i s  same e q u a t i o n  f o r  t h e  c a s e  o f  d i s s i p a t i v e  e l e m e n t s  

a r r a n g e d  a s  i n  F i g .  4 . 1 5 - 2  on t h e  b a s i s  o f  t h e  a p p r o x i m a t i o n  i n  

Eq. ( 4 . 1 5 - 9 ) .  I t  shows t h a t  a s  l o n g  a s  t h e  r e a c t i v e  e l e m e n t s  a r e  t h e  

same,  and t h e  e l e m e n t  Q ' s  a r e  t h e  same,  and a r o u n d  1 0  o r  h i g h e r ,  i t  

d o e s n ' t  make much d i f f e r e n c e  wh ich  way t h e  d i s s i p a t i v e  e l e m e n t s  a r e  con -  

n e c t e d  a s  f a r  a s  t h e i r  e f f e c t  on t r a n s m i s s i o n  l o s s  i s  c o n c e r n e d .  
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CHAPTER 5 

PROPERTIES OF SOME COMMON MICROWAVE FILTER ELEMENTS 

SEC. 5 . 0 1 ,  INTRODUCTION 

P r e v i o u s  c h a p t e r s  have  summarized a  number o f  i m p o r t a n t  c o n c e p t s  

n e c e s s a r y  f o r  t h e  d e s i g n  o f  mic rowave  f i l t e r s  and  h a v e  o u t l i n e d  v a r i o u s  

p r o c e d u r e s  f o r  l a t e r  u s e  i n  d e s i g n i n g  f i l t e r s  f rom t h e  image v i e w p o i n t  

and from t h e  i n s e r t i o n - l o s s  v i e w p o i n t .  I n  o r d e r  t o  c o n s t r u c t  f i l t e r s  

t h a t  w i l l  h a v e  m e a s u r e d  c h a r a c t e r i s t i c s  a s  p r e d i c t e d  by t h e s e  t h e o r i e s ,  

i t  i s  n e c e s s a r y  t o  r e l a t e  t h e  d e s i g n  p a r a m e t e r s  t o  t h e  d i m e n s i o n s  and 

p r o p e r t i e s  o f  t h e  s t r u c t u r e s  u s e d  i n  s u c h  f i l t e r s .  Much i n f o r m a t i o n  o f  

t h i s  t y p e  i s  a v a i l a b l e  i n  t h e  l i t e r a t u r e .  The p r e s e n t  c h a p t e r  w i l l  a t t e m p t  

t o  summarize  i n f o r m a t i o n  f o r  c o a x i a l  l i n e s ,  s t r i p  l i n e s ,  and wavegu ides  

t h a t  i s  most  o f t e n  needed  i n  f i l t e r  d e s i g n .  No p r e t e n s e  o f  c o m p l e t e n e s s  

i s  made, s i n c e  a  c o m p l e t e  c o m p i l a t i o n  o f  s u c h  d a t a  would  f i l l  s e v e r a l  

volumes.  I t  i s  hoped t h a t  t h e  r e f e r e n c e s  i n c l u d e d  w i l l  d i r e c t  t h e  i n t e r -  

e s t e d  r e a d e r  t o  s o u r c e s  of more d e t a i l e d  i n f o r m a t i o n  on p a r t i c u l a r  s u b j e c t s  

SEC. 5 . 0 2 ,  GENERAL PROPERTIES OF TEM-MODE TRANSMISSION LINES 

T r a n s m i s s i o n  l i n e s  composed o f  two c o n d u c t o r s  o p e r a t i n g  i n  t h e  t r a n s -  

v e r s e  e l e c t r o m a g n e t i c  (TEM) mode a r e  v e r y  u s e f u l  a s  e l e m e n t s  o f  microwave 

f i l t e r s .  L o s s l e s s  l i n e s  o f  t h i s  t y p e  have  a  c h a r a c t e r i s t i c  o r  image i m -  

pedance  Zo, w h i c h  i s  i n d e p e n d e n t  o f  f r e q u e n c y  f , .  and  waves  on t h e s e  l i n e s  

a r e  p r o p a g a t e d  a t  a  v e l o c i t y ,  v ,  e q u a l  t o  t h e  v e l o c i t y  o f  l i g h t  i n  t h e  

d i e l e c t r i c  f i l l i n g  t h e  l i n e .  D e f i n i n g  R ,  L ,  G, and C a s  t h e  r e s i s t a n c e ,  

i n d u c t a n c e ,  c o n d u c t a n c e  and c a p a c i t a n c e  p e r  u n i t  l e n g t h  f o r  s u c h  a  l i n e ,  

i t  i s  found t h a t  Zo and  t h e  p r o p a g a t i o n  c o n s t a n t  yt a r e  g i v e n  by 



where  w = 2 r f .  When t h e  l i n e  i s  l o s s l e s s  

& = a m  r a d  

, a t  i s  z e r o  and 

i a n s / u n i t  l e n g t h  ( 5 . 0 2 - 3 )  

0 vL ohms . 
v c  

I n  p r a c t i c e  a  l i n e  w i l l  h a v e  some f i n i t e  amount o f  a t t e n u a t i o n  

where  a,  i s  t h e  a t t e n u a t i o n  d u e  t o  c o n d u c t o r  l o s s  and  ad t h e  a t t e n u a t i o n  

due  t o  l o s s  i n  t h e  d i e l e c t r i c .  F o r  s m a l l  a t t e n u a t i o n s  

G  
ad = - P t 

5 - =  

P t 
n e p e r s  ( 5 . 0 2 - 8 )  

2Yo 2Qd 2  t a n  S 

where  Qe = d / R ,  Qd  = d / G ,  a n d  t a n  S i s  t h e  l o s s  t a n g e n t  o f  t h e  
d i e l e c t r i c  m a t e r i a l  f i l l i n g  t h e  l i n e .  The t o t a l  Q o f  t h e  t r a n s m i s s i o n  

l i n e  u s e d  a s  a  r e s o n a t o r  i s  g i v e n  by 

T h e s e  d e f i n i t i o n s  a r e  i n  a g r e e m e n t  w i t h  t h o s e  g i v e n  i n  t e r m s  o f  t h e  

r e s o n a t o r  r e a c t a n c e  and  s u s c e p t a n c e  s l o p e  p a r a m e t e r s  i n  S e c .  5 . 0 8 .  For  

a  s l i g h t l y  l o s s y  l i n e  t h e  c h a r a c t e r i s t i c  impedance  and p r o p a g a t i o n  

c o n s t a n t  become 

TO convert nepers t o  dec ibe l . ,  multiply by 8.686. 
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The TEM modes c a n  a l s o  p r o p a g a t e  on s t r u c t u r e s  c o n t a i n i n g  more  t h a n  two 

c o n d u c t o r s .  Examples  o f  s u c h  s t r u c t u r e s  w i t h  two c o n d u c t o r s  c o n t a i n e d  w i t h -  

i n  an o u t e r  s h i e l d  a r e  d e s c r i b e d  i n  Sec .  5 .05 .  Two p r i n c i p a l  modes c a n  

e x i s t  on  such  t w o - c o n d u c t o r  s t r u c t u r e s :  an  even mode i n  which t h e  c u r r e n t s  

i n  t h e  two c o n d u c t o r s  f l o w  i n  t h e  same d i r e c t i o n ,  and  an odd mode i n  which 

t h e  c u r r e n t s  on  t h e  c o n d u c t o r s  f l o w  i n  o p p o s i t e  d i r e c t i o n s .  The v e l o c i t y  o f  

p r o p a g a t i o n  o f  e a c h  o f  t h e s e  modes i n  t h e  l o s s l e s s  c a s e  i s  e q u a l  t o  t h e  

v e l o c i t y  o f  l i g h t  i n  t h e  d i e l e c t r i c  medium s u r r o u n d i n g  t h e  c o n d u c t o r s .  How- 

e v e r ,  t h e  c h a r a c t e r i s t i c  impedance  o f  t h e  even  mode i s  d i f f e r e n t  f rom t h a t  

o f  t h e  odd mode. 

SEC. 5 . 0 3 ,  SPECIAL PHOPERTIES OF COAXIAL LINES 

The c h a r a c t e r i s t i c  impedance  Z0  of  a  c o a x i a l  l i n e  o f  o u t e r  d i a m e t e r  

b  and i n n e r  d i a m e t e r  d ,  f i l l e d  w i t h  a  d i e l e c t r i c  m a t e r i a l  o f  r e l a t i v e  

d i e l e c t r i c  c o n s t a n t  E ~ ,  i s  

T h i s  e x p r e s s i o n  i s  p l o t t e d  

c o a x i a l  l i n e  d u e  t o  ohmic 

6 0  b  
= - ohms 

i n  F i g .  5 . 0 3 - 1 .  The a t t e n u a t i o n  a c  o f  a  c o p p e r  

l o s s e s  i n  t h e  c o p p e r  i s  

d b / u n i t  l e n g t h  ( 5 . 0 3 - 2 )  

where f C e  i s  m e a s u r e d  i n  g i g a c y c l e s .  (Here  t h e  c o p p e r  i s  assumed t o  be  

ve ry  smooth  and  c o r r o s i o n - f r e e . )  The a t t e n u a t i o n  i s  a  minimum f o r  b /d  

of 3 . 6  c o r r e s p o n d i n g  t o  K z O  o f  77 ohms. 

The a t t e n u a t i o n  ad o f  t h e  c o a x i a l  l i n e  ( o r  any  o t h e r  TEM l i n e )  d u e  

t o  l o s s e s  i n  t h e  d i e l e c t r i c  i s  

2 7 . 3  < t a n  6 
ad = d b / u n i t  l e n g t h  

A 



FIG. 5.03-1 COAXIAL-LINE CHARACTERISTIC IMPEDANCE 

where t a n  8 i s  t h e  l o s s  t a n g e n t  of  t h e  d i e l e c t r i c ,  and A i s  t h e  f r e e - s p a c e  

wavelength.  The t o t a l  a t t e n u a t i o n  a t  i s  t h e  sum of  a c  and a d .  The a t -  
t e n u a t i o n  o f  a  c o a x i a l  l i n e  due  t o  ohmic l o s s e s  i n  t h e  copper  i s  shown i n  

F i g .  5 .03-2.  

The Q  o f  a  d i e l e c t r i c - f i l l e d  c o a x i a l  l i n e  may be e x p r e s s e d  a s  

FIG. 5.03-2 COAXIAL-LINE ATTENUATION AND Q 

where Qc = < / M ~  depends  o n l y  on t h e  c o n d u c t o r  l o s s  and Qd depends only 

on t h e  d i e l e c t r i c  l o s s .  The Q c  of  a  d i e l e c t r i c - f i l l e d  c o a x i a l  l i n e  i s  

independen t  o f  E ,  and i s  g i v e n  by t h e  e x p r e s s i o n  



where  b  and  d  a r e  measu red  i n  i n c h e s .  The v a l u e  o f  Qd f o r  t h e  c o a x i a l  
l i n e  o r  any TEM l i n e  i s  

1 
Q d = - .  

t a n  6 
( 5 . 0 3 - 6 )  

The v a l u e s  o f  Q c  f o r  a  c o p p e r  c o a x i a l  l i n e  a r e  p l o t t e d  i n  F i g .  5 . 0 3 - 2  

Breakdown w i l l  o c c u r  i n  a n  a i r - f i l l e d  c o a x i a l  l i n e  a t  a t m o s p h e r i c  
p r e s s u r e  when t h e  maximum e l e c t r i c  f i e l d  E m  r e a c h e s  a  v a l u e  o f  a p p r o x i -  

m a t e l y  2 . 9  x l o 4  v o l t s  p e r  cm. The a v e r a g e  power P t h a t  c a n  b e  t r a n s -  

m i t t e d  on  a  ma tched  c o a x i a l  l i n e  u n d e r  t h e s e  c o n d i t i o n s  i s  

ES In b/d 
p = - b 2 -  w a t t s  

480  ( b / d ) 2  

When t h e  o u t e r  d i a m e t e r  b  i s  f i x e d ,  t h e  maximum power c a n  be  t r a n s m i t t e d  
when b/d  i s  1 . 6 5 ,  c o r r e s p o n d i n g  t o  Z,, o f  30 ohms. 

The f i r s t  h i g h e r - o r d e r  TE mode i n  a  c o a x i a l  l i n e  w i l l  p r o p a g a t e  wher 

t h e , a v e r a g e  c i r c u m f e r e n c e  o f  t h e  l i n e  i s  a p p r o x i m a t e l y  e q u a l  t o  t h e  wave- 

l e n g t h  i n  t h e  medium f i l l i n g  t h e  l i n e .  The a p p r o x i m a t e  c u t o f f  f r e q u e n c y ,  

f ,  ( i n  g i g a c y c l e s ) ,  o f  t h i s  mode i s  

where  b  and d  a r e  measu red  i n  i n c h e s .  

SOURCE: Final Report, Contract DA 3 6 0 3 9  SC-63232. SRI; reprinted 
in IRE Trsns., PCMTT (see Ref. 2. by S. B. Cohn). 

FIG. 5.04-1 GRAPH OF ZO vs. w/b FOR VARIOUS VALUES OF t/b 

v a l u e s  o f  t / b .  F i g u r e  5 . 0 4 - 2  shows e x a c t  v a l u e s  o f  Z,, f o r  a l l  v a l u e s  o f  

t / b ,  and w/b ( 1 . 6 . ~  

SEC.  5 . 0 4 ,  SPECIAL PROPERTIES OF S T R I P  LINES 

The c h a r a c t e r i s t i c  impedance  o f  s t r i p  l i n e  c a n  be  c a l c u l a t e d  by 

c o n f o r m a l  mapping t e c h n i q u e s ;  however ,  t h e  r e s u l t i n g  f o r m u l a s  a r e  r a t h e r  
complex.  F i g u r e  5 . 0 4 - 1  shows t h e  c h a r a c t e r i s t i c  impedance ,  Z,,, o f  a  

common t y p e  o f  s t r i p  l i n e  w i t h  a  r e c t a n g u l a r  c e n t e r  f o r  
v a r i o u s  v a l u e s  o f  t / b  ( 0 . 2 5 ,  and 0 . 1  ( w/b ( 4 . 0 .  The v a l u e s  shown a r e  
e x a c t  f o r  t / b  = 0  and a r e  a c c u r a t e  t o  w i t h i n  a b o u t  1 p e r c e n t  f o r  o t h e r  

The t h e o r e t i c a l  a t t e n u a t i o n  a ,  due  t o  ohmic l o s s e s  i n  a  c o p p e r  s t r i p  

l i n e  f i l l e d  w i t h  a  d i e l e c t r i c  o f  r e l a t i v e  d i e l e c t r i c  c o n s t a n t  E , ,  
i s  

shown i n  F i g .  5 . 0 4 - 3 .  The a t t e n u a t i o n  a d  due  t o  t h e  d i e l e c t r i c  l o s s  i s  

g i v e n  by E q .  ( 5 . 0 3 - 3 ) .  As i n  t h e  c a s e  of  t h e  c o a x i a l .  l i n e ,  t h e  t o t a l  

a t t e n u a t i o n  a t  i s  t h e  sum o f  a ,  and a d .  

The Q o f  a  d i e l e c t r i c - f i l l e d  s t r i p  l i n e  i s  g i v e n  by E q .  ( 5 . 0 3 - 4 )  

The Q c  o f  a  d i e l e c t r i c - f i l l e d  l i n e  i s  shown p l o t t e d  i n  F i g .  5 .04-4 . ' '  

AS i n  t h e  c a s e  o f  t h e  c o a x i a l  l i n e ,  Qd i s  t h e  r e c i p r o c a l  o f  t a n  6. 



.-3S*?-tOS 

SOURCE: IRE Trans. PGHTT (nee R e f .  3 ,  by R .  H. T. Baten).  

FIG. 5.04-2 GRAPH OF ZO vs. w / b  FOR VARIOUS VALUES O F  t/b 
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I SOURCE: Final  Report. Contract DA 36-039 SC-63232. SRI; reprinted 
in IRE Trans.. PGMTT b a e  Ref .  2, by S .  B. Cohn). 

FIG. 5.04-3 THEORETICAL ATTENUATION OF COPPER-SHIELDED STRIP 
LINE IN A DIELECTRIC MEDIUM E, 



SOURCE: F i n d  Repon. Contract DA 36-039 SC-63232. SRI; reprinted 
in IRE Trans.. PCMTT (see Ref. 2, by S. B. Cohn). 

FIG. 5.04-4 THEORETICAL Q OF COPPER-SHIELDED STRIP LlNE 
IN A DIELECTRIC MEDIUM E, 

The a v e r a g e  power ,  P (measu red  i n  kw) ,  t h a t  c a n  be  t r a n s m i t t e d  a l o n g  

a  matched s t r i p  l i n e  h a v i n g  an  i n n e r  c o n d u c t o r  w i t h  r o u n d e d  c o r n e r s  i s  

p l o t t e d  i n  F i g .  5 . 0 4 - 5 .  I n  t h i s  f i g u r e  t h e  g r o u n d  p l a n e  s p a c i n g  b i s  

measured i n  i n c h e s ,  and t h e  breakdown s t r e n g t h  o f  a i r  i s  t a k e n  a s  

2 . 9  X l o 4  v o l t s / c m .  An a p p r o x i m a t e  v a l u e  of Z,, c a n  b e  o b t a i n e d  f rom 

F i g s .  5 . 0 4 - 1  and 5 . 0 4 - 2 .  

The f i r s t  h i g h e r - o r d e r  mode t h a t  c a n  e x i s t  i n  a  s t r i p  l i n e ,  i n  which 

t h e  two g r o u n d  p l a n e s  have  t h e  same p o t e n t i a l ,  h a s  z e r o  e l e c t r i c - f i e l d  

s t r e n g t h  on t h e  l o n g i t u d i n a l  p l a n e  c o n t a i n i n g  t h e  c e n t e r  l i n e  o f  t h e  s t r i p ,  

and t h e  e l e c t r i c  f i e l d  i s  o r i e n t e d  p e r p e n d i c u l a r  t o  t h e  s t r i p  a n d  g r o u n d  

p l a n e .  The f r e e - s p a c e  c u t o f f  w a v e l e n g t h ,  he o f  t h i s  mode i s  

FIG. 5.04-5 THEORETICAL BREAKDOWN POWER OF 
AIR-DIELECTRIC ROUNDED-STRIP 
TRANSMISSION LlNE 



where d i s  a  f u n c t i o n  o f  t h e  c r o s s  s e c t i o n  Table 5.04-1 

of  t h e  s t r i p  l i n e .  I f  t / b  = 0  and 'IRE QUANTITY 4 d / b  us. b / h +  

u n c t i n n  n f  FOR * / b  2 0.35 AND t / b  = 6 

SEC. 5 . 0  5 ,  PARALLEL- COUPLED LINES AND 
ARRAYS OF LINES BETWEEN 
GROUND PLANES 

A number of s t r i p - l i n e  components f 
(a) u t i l i z e  t h e  n a t u r a l  c o u p l i n g  e x i s t i n g  between p a r a l l e l  c o n d u c t o r s .  

Examples o f  such  components a r e  d i r e c t i o n a l  c o u p l e r s ,  f i l t e r s ,  b a l u n s ,  

and d e l a y  l i n e s  such  a s  i n t e r d i g i t a l  l i n e s .  A number o f  examples  o f  

p a r a l l e l - c o u p l e d  l i n e s  a r e  shown i n  F i g .  5 .05-1 .  The ( a ) ,  ( b ) ,  and ( c )  

c o n f i g u r a t i o n s  shown a r e  p r i m a r i l y  u s e f u l  i n  a p p l i c a t i o n s  where weak 

c o u p l i n g  between t h e  l i n e s  i s  d e s i r e d .  The ( d ) ,  ( e ) ,  ( f ) ,  and ( g )  con-  

f i g u r a t i o n s  a r e  u s e f u l  where s t r o n g  c o u p l i n g  between t h e  l i n e s  i s  

d e s i r e d .  

The c h a r a c t e r i s t i c s  of  t h e s e  coupled  l i n e s  can  be s p e c i f i e d  i n  

terms o f  Z o e  and Zoo, t h e i r  even and odd impedances,  r e s p e c t i v e l y .  Zoe 
i s  d e f i n e d  a s  t h e  c h a r a c t e r i s t i c  impedance o f  one l i n e  t o  ground when 

e q u a l  c u r r e n t s  a r e  f l o w i n g  i n  t h e  two l i n e s .  Zoo i s  d e f i n e d  a s  t h e  

c h a r a c t e r i s t i c  impedance o f  one l i n e  t o  ground when e q u a l  and o p p o s i t e  

c u r r e n t s  a r e  f lowing  i n  t h e  two l i n e s .  F i g u r e  5 .05-2  i l l u s t r a t e s  t h e  

e l e c t r i c  f i e l d  c o n f i g u r a t i o n  o v e r  t h e  c r o s s  s e c t i o n  of  t h e  l i n e s  shown 

i n  F i g .  5 . 0 5 - l ( a )  when t h e y  a r e  e x c i t e d  i n  t h e  even and odd modes. 
DISTANCE d NEGATIVE 

( f )  

Thin S t r i p  Lines--The e x a c t  even-mode c h a r a c t e r i s t i c  impedance of 

t h e  i n f i n i t e s i m a l l y  t h i n  s t r i p  c o n f i g u r a t i o n  of  F i g .  5 . 0 5 - l ( a )  i s 4  

FIG. 5.05-1 CROSS SECTIONS OF VARIOUS COUPLED- 
TRANSMISSION-LINE CONFIGURATIONS where 

w t s  
k = t an ,  ( f .  3 . t a n h  (t . --;--) 



and K i s  t h e  c o m p l e t e  e l l i p t i c  i n t e g r a l  o f  t h e  f i r s t  k i n d .  C o n v e n i e n t  

t a b l e s  o f  K ( k l ) / K ( k )  h a v e  b e e n  c o m p i l e d  by O b e r h e t t i n g e r  and Magnus. '  

Nomographs g i v i n g  t h e  e v e n -  a n d  odd-mode c h a r a c t e r i s t i c  impedances  a r e  

p r e s e n t e d  i n  F i g s .  5 . 0 5 - 3 ( a )  and ( b ) .  

AXIS OF EVEN L/ SYMMETRY 

Thin  L i n e s  Coup led  Through  a S l o t - T h e  t h i n - s t r i p  c o n f i g u r a t i o n  

shown i n  F i g .  5 . 0 5 - l ( b )  w i t h  a  t h i n  w a l l  s e p a r a t i n g  t h e  two l i n e s  h a s  a  

v a l u e  o f  Z o o  = Z o ,  which i s  t h e  c h a r a c t e r i s t i c  impedance  of  an u n c o u p l e d  

l i n e  a s  g i v e n  i n  S e c .  5 . 0 4 .  The even-mode c h a r a c t e r i s t i c  impedance  Z o e  

i s  g i v e n  a p p r o x i m a t e l y  by 

(01 
EVEN-MODE ELECTRIC FIELD DISTRIBUTION 

AXIS OF 0 0 0  SYMMETRY 

where  
I bl 

0 0 0 - M O D E  ELECTRIC FIELD DISTRIBUTION 

SOURCE: Final Report. Contract DA 3 6 0 3 9  SC-63232. SRI; reprinted 
in IRE Trans., PGMTT Gee Ref. 4, by S.  B. Cohn). 

c o s h  -- I 7  
FIG. 5.05-2 FIELD DISTRIBUTIONS OF 

THE EVEN AND ODD MODES 
IN COUPLED STRIP LINE 

and E~ i s  t h e  r e l a t i v e  d i e l e c t r i c  c o n s t a n t  o f  t h e  medium o f  p r o p a g a t i o n .  

The e x a c t  odd-mode impedance  i n  t h e  same c a s e  is1 Round Wires-The e v e n -  and  odd-mode c h a r a c t e r i s t i c  impedances  o f  

round l i n e s  p l a c e d ' m i d w a y  be tween  ground p l a n e s  a s  shown i n  F i g .  5 . 0 5 - l ( c )  

a r e  g i v e n  a p p r o x i m a t e l y  by 3 0 x  K(k:)  - - . -  
Z" - K ( k o )  

ohms 

where  

These  s h o u l d  g i v e  good r e s u l t s ,  a t  l e a s t  when d /b  < 0 . 5 5  and 

s / b  > 2 d / b .  



2-= CHARACTERISTIC IMPEDANCE OF ONE 
STRIP TO GROUND WITH EQUAL CURRENTS 
I N  SAME DIRECTION. 

Zoo= CHARACTERISTIC IMPEDANCE OF ONE 
STRIP TO GROUND w m  EQUAL CURRENTS 
I N  OPPOSITE DIRECTION. 

SOURCE: Fiml Report, Contract DA 36-039 SC-63232, SRI; reprinted 
in IRE Trana., PCMTT ( m e  Ref. 4, by S.  B. Cohn). 

FIG. 5.05-%a) NOMOGRAM GIVING d b  AS A FUNCTION OF Zoe  AND Zoo 
IN COUPLED STRIP LlNE 

3 0 0  

2 0 0  -- 
1 8 0  

Z,, . CHARACTERISTIC IMPEDANCE ff O M  
STRIP TO GROUND WITH EWAL CURRElS 
IN SAMI DIRECTION. 

-- 

SOURCE: Final Report, Contract DA 36-039 SC-63232, SRI; reprinted 
in IRE Trans., PGMTT (ass  Ref. 4 ,  by S. B. Cohn). 

FIG. 5.05-3(b) NOMOGRAM GIVING w/b AS A FUNCTION OF Z,,  AND Zoo  
IN COUPLED STRIP LINE 
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Thin  L i n e s  V e r t i c a l  t o  t h e  Ground P l a n e s - T h e  e v e n -  and odd-mode 

c h a r a c t e r i s t i c  impedances  o f  t h e  t h i n  c o u p l e d  l i n e s  s h o w n i n F i g .  5 .05 -1 (6 )  

a r e  g i v e n  a p p r o x i m a t e l y  by t h e  f o r m u l a s 6  

I n  t h e s e  f o r m u l a s  k' i s  a  p a r a m e t e r  e q u a l  t o  m, and K i s  t h e  com- 

p l e t e  e l l i p t i c  i n t e g r a l  o f  t h e  f i r s t  k i n d .  The r a t i o  w/b i s  g i v e n  by 

The i n v e r s e  c o s i n e  and t a n g e n t  f u n c t i o n s  a r e  e v a l u a t e d  i n  r a d i a n s  between 

0  and n/2. To f i n d  t h e  d i m e n s i o n s  o f  t h e  l i n e s  f o r  p a r t i c u l a r  v a l u e s  of  

Z and Z o o ,  one f i r s t  d e t e r m i n e s  t h e  v a l u e  o f  t h e  k from Eq.  ( 5 . 0 5 - 1 3 )  

and t h e  t a b l e s  of K ( k ) / K ( k l )  u s .  k i n  R e f .  5 .  Then b/s  i s  d e t e r m i n e d  
f rom Eq. ( 5 . 0 5 - 1 4 )  and f i n a l l y  w/b i s  d e t e r m i n e d  f rom Eq .  ( 5 . 0 5 - 1 5 ) .  

E q u a t i o n s  ( 5 . 0 5 - 1 3 )  t h r o u g h  ( 5 . 0 5 - 1 5 )  a r e  a c c u r a t e  f o r  a l l  v a l u e s  o f  w/b 

and s / b ,  a s  l o n g  a s  w/s i s  g r e a t e r  t h a n  a b o u t  1 . 0 .  

T h i n  L i n e s  Supe r imposed -The  f o r m u l a s  f o r  t h e  even -  and odd-mode 

c h a r a c t e r i s t i c  impedances  o f  t h e  c o u p l e d  l i n e s  shown i n  F i g .  5 . 0 5 - l ( e )  

r e d u c e  t o  f a i r l y  s i m p l e  e x p r e s s i o n s  when ( w / b ) / ( l  - s / b )  , 0 . 3 5 . 6  
I t  i s  

found  t h a t  

The c a p a c i t a n c e  C;, i s  t h e  c a p a c i t a n c e  p e r  u n i t  l e n g t h  t h a t  must  be added 

a t  e a c h  e d g e  o f  e a c h  s t r i p  t o  t h e  p a r a l l e l  p l a t e  c a p a c i t a n c e ,  s o  t h a t  t h e  

t o t a l  c a p a c i t a n c e  t o  g round  f o r  t h e  even  mode w i l l  b e  c o r r e c t .  C i 0  i s  

t h e  c o r r e s p o n d i n g  q u a n t i t y  f o r  t h e  odd mode and E , ,  i s  t h e  r e l a t i v e  

d i e l e c t r i c  c o n s t a n t .  The e v e n -  and odd-mode f r i n g i n g  c a p a c i t a n c e s  a r e  

p l o t t e d  i n  F i g .  5 . 0 5 - 4 .  

SOURCE: F ina l  Repor t ,  Con t r ac t  DA-36-039 SC-74862, SRI; reprinted 
in IRE Trans. ,  PGMTT ( s e e  Ref. 5, by S. B. Cohn). 

FIG. 5.05-4 EVEN- AND ODD-MODE FRINGING CAPACITANCES FOR BROADSIDE-COUPLEC 
VERY T H I N  STRIPS PARALLEL TO THE GROUND PLANES 

The e v e n -  and odd-mode c h a r a c t e r i s t i c  impedances  o f  t h e  c o u p l e d  l i n e s  

shown i n  F i g s .  5 . 0 5 - l ( a ) ,  ( d ) ,  and ( e )  a r e  m o d i f i e d  s l i g h t l y  when t h e  

s t r i p s  h a v e  a  f i n i t e  t h i c k n e s s .  C o r r e c t i o n  t e r m s  t h a t  a c c o u n t  f o r  t h e  

e f f e c t s  o f  f i n i t e  t h i c k n e s s  have  been d e r i v e d  by Cohn. '  



I n t e r l e a v e d  Thin Lines--The c o n f i g u r a t i o n  o f  coupled  s t r i p  l i n e s  

i l l u s t r a t e d  i n  F i g .  5 . 0 5 - l ( f ) ,  i n  which t h e  two l i n e s  o f  w i d t h  c  a r e  

always o p e r a t e d  a t  t h e  same p o t e n t i a l ,  i s  p a r t i c u l a r l y  u s e f u l  when i t  i s  

d e s i r e d  t o  o b t a i n  t i g h t  c o u p l i n g  w i t h  t h i n  s t r i p s  t h a t  a r e  s u p p o r t e d  by 

a  homogeneous d i e l e c t r i c ,  o f  r e l a t i v e  d i e l e c t r i c  c o n s t a n t  e r ,  t h a t  com- 

p l e t e l y  f i l l s  t h e  r e g i o n  between s h e  ground p l a n e s . =  The d i m e n s i o n s  o f  

t h e  s t r i p s  f o r  p a r t i c u l a r  v a l u e s  of  Zo,  and Z o o  c a n  be d e t e r m i n e d  wi th  

t h e  a i d  of  F i g s .  5 . 0 5 - 5  t h r o u g h  5 .05-8 .  For  t h i s  purpose  one  n e e d s  t h e  
d e f i n i t i o n s  t h a t  

where C ~ i a n d  Coo a r e  t h e  t o t a l  c a p a c i t i e s  t o  ground p e r  u n i t  l e n g t h  of  

t h e  s t r i p s  o f  wid th  c o r  t h e  s t r i p  pf w i d t h  a ,  when t h e  l i n e s  a r e  e x c i t e d  

i n  t h e  even and odd modes, r e s p e c t i v e l y .  The a b s o l u t e  d i e l e c t r i c  c o n s t a n t  

i s  e q u a l  t o  0..225 er  pf  p e r  i n c h .  Using t h e  v a l u e s  of  Z o e  and Z o o  which 
a r e  assumed t o  be known, one t h e n  computes AC/E from 

Values o f  b and g  a r e  t h e n  s e l e c t e d  and d /g  i s  de te rmined  from F i g .  5 .05-5.  

Next,  v a l u e s  of CLm/6 and C:./E a r e  r e a d  from F i g s .  5 .05-6 and 5 .05-7 .  

These q u a n t i t i e s .  t o g e t h e r  w i t h  t h e  v a l u e  o f  C0,/6 from Eq.  ( 5 . 0 5 - 1 8 ) .  

a r e  t h e n  s u b s t i t u t e d  in  Eq. (5 .05-21)  t o  g i v e  c/b:  

F i n a l l y ,  C : e / ~  i s  found from F i g .  5 .05-8  and s u b s t i t u t e d  i n  Eq. ( 5 . 0 5 - 2 2 )  

t o  g i v e  a/b:  

b . ( 5 . 0 5 - 2 2 a )  

Thus a l l  t h e  p h y s i c a l  d imens ions  a r e  de te rmined .  



SOURCE: Final  Report. Contract DA 36039 SC-74862, SRI; reprinted 
in IRE Trans., PGMTT b e e  Ref. 32, by W. J. Getainger). 

FIG. 5.05-6 FRINGING CAPACITANCE OF OFFSET THIN 
STRIP IN FIG. 5.05-l(f) 



T h e s e  f o r m u l a s  a r e  e x a c t  i n t h e  l i m i t  o f  a  and c  >> b  s o t h a t  f r i n g i n g  

f i e l d s  a t  o p p o s i t e  e d g e s  o f t h e  s t r i p s  d o n o t  i n t e r a c t .  They a r e  a c c u r a t e  t o  

w i t h i n  1 . 2 4  p e r c e n t  when a / b  2 0 . 3 5  and  [ ( c / b ) / ( l  - g / b ) l  2 0 . 3 5 .  I f  t h e s e  

c o n d i t i o n s  a r e n o t  s a t i s f i e d ,  i t  i s  p o s s i b l e  t o m a k e  a p p r o x i m a t e  c o r r e c t i o n s  

b a s e d o n  i n c r e a s i n g  t h e  p a r a l l e l  p l a t e  c a p a c i t a n c e  t o  compensa t e  f o r t h e  l o s s  

o f  f r i n g i n g  c a p a c i t a n c e  d u e  t o  i n t e r a c t i o n  o f  t h e  f r i n g i n g  f i e l d s .  If  an  

i n i t i a l  v a l u e  a l / b  i s  found  t o  b e  l e s s  t h a n  0 . 3 5 ,  a  new v a l u e ,  a 2 / b ,  c a n  b e  used  

where  

p r o v i d e d  0 . 1  < a 2 / b  < 0 . 3 5 .  A s i m i l a r  f o r m u l a  f o r  c o r r e c t i n g  an  i n i t i a l  

v a l u e  c l / b  g i v e s  a  new v a l u e  c 2 / b ,  a s  

p r o v i d e d  g / b  i s  f a i r l y  s m a l l  and  0 . 1  < ( c , / b ) / ( l  - g / b ) .  

When t h e  s t r i p  o f w i d t h  a i s i n s e r t e d s o  f a r  b e t w e e n t h e  s t r i p s  o f w i d t h  c  

t h a t  d l g >  1 . 0 t h e e v e n - m o d e v a l u e s C : , / ~  a n d c L e / e ,  d o n o t  change  f rom t h e i r  

v a l u e s  a t d / g  ~ 1 . 0 .  H o w e v e r t h e  v a l u e  of  AC/E d o e s  c h a n g e  and i t  c a n b e  found 

s i m p l y  by a d d i n g  4 ( d / g  - 1 )  t o  t h e  v a l u e  o f  AC/E a t  d / g  = 1 . 0 .  F o r  s p a c i n g  be-  

tween t h e  s t r i p s  o f  w i d t h  c  g r e a t e r t h a n g l b  = 0 . 5 ,  o r  f o r  a  s e p a r a t i o n  d /g  < 
-2 .0 ,  some o f  t h e  c o n f i g u r a t i o n s  shown i n  F i g .  5 . 0 5 - l ( a ) ,  ( b ) ,  o r  ( c )  a r e  

p r o b a b l y  more  s u i t a b l e .  

Th ick  R e c t a n g u l a r  Ba r s -The  t h i c k  r e c t a n g u l a r  b a r  c o n f i g u r a t i o n  of 

c o u p l e d  t r a n s m i s s i o n  l i n e s ,  i l l u s t r a t e d  i n  F i g .  5 . 0 5 - l ( g )  c a n  a l s o  b e  

c o n v e n i e n t l y  u s e d  where  t i g h t  c o u p l i n g  b e t w e e n  l i n e s  i s  des i r ed .33  The 

d i m e n s i o n s  o f  t h e  s t r i p s  f o r  p a r t i c u l a r  v a l u e s  o f  Z o e  and Zoo c a n  b e  de-  

t e r m i n e d  w i t h  t h e  a i d  o f  F i g s .  5 . 0 5 - 9  and 5 . 0 5 - l O ( a ) , ( b ) .  A c o n v e n i e n t  

p r o c e d u r e  f o r  u s i n g  t h e  c u r v e s  i s  a s  f o l l o w s .  F i r s t  o n e  d e t e r m i n e s  AC/E 
from Eq.  ( 5 . 0 5 - 2 0 ) ,  u s i n g  t h e  s p e c i f i e d  v a l u e s  o f  Z o e  and Z o o .  Next  a  

c o n v e n i e n t  v a l u e  o f  t / b  i s  s e l e c t e d  and t h e  v a l u e  o f  s / b  i s  d e t e r m i n e d  

from F i g .  5 . 0 5 - 9 .  The v a l u e  o f  w/b i s  t h e n  d e t e r m i n e d  from t h e  e q u a t i o n  





SOURCE: Quarterly Report 2 ,  Contract DA 36-039 SC-87398, SRI; reprinted 
in IRE Tmw.. PCMTT ( s ee  Ref. 33, by W. J. Getsingsr). 

FIG. 5.05-10(b) NORMALIZED FRINGING CAPACITANCE FOR AN ISOLATED RECTANGULAR BAR 
The v a l u e  o f  Coe t o  u s e  i s  d e t e r m i n e d  from t h e  s p e c i f i e d  v a l u e  o f  Z O e  

u s i n g  E q .  ( 5 . 0 5 - 1 8 ) .  The f r i n g i n g  c a p a c i t a n c e  C i e  f o r  t h e  e v e n  mode can 

h e  r e a d  f rom F i g .  5 . 0 5 - 9 ,  and  C; can  be  d e t e r m i n e d  from F i g .  5 . 0 5 - 1 0 ( b ) .  

The c u r v e s  i n  F i g .  5 . 0 5 - 1 0 ( a )  a l l o w  one t o  d e t e r m i n e  C;o d i r e c t l y .  

The v a r i o u s  f r i n g i n g  a n d  p a r a l l e l - p l a t e  c a p a c i t a n c e s  u s e d  i n  t h e  

above  d i s c u s s i o n  a r e  i l l u s t r a t e d  i n  F i g .  5 . 0 5 - 1 1 .  Note  t h a t  t h e  odd-mode 

f r i n g i n g  c a p a c i t a n c e s  Cia c o r r e s p o n d  t o  t h e  f r i n g i n g  c a p a c i t a n c e s  between 

t h e  i n n e r  e d g e s  o f  t h e  b a r s  and a  m e t a l l i c  w a l l  ha l fway  be tween  t h e  b a r s .  

I t  i s  s e e n  t h a t  t h e  t o t a l  odd mode c a p a c i t a n c e  o f  a  b a r  i s  

and t h e  t o t a l  e v e n  mode c a p a c i t a n c e  o f  a  b a r  i s  

The n o r m a l i z e d  p e r - u n i t - l e n g t h  p a r a l l e l  p 

Cp/e = 2w/(b - t ) ,  and E = 0 .2256 ,  p f  p e r  

l a t e  c a p a c i t a n c e  

i n c h .  

SOURCE: Quarterly Report 2, Contract DA 36-039 SC-87398, SRI; 
reprinted in IRE Trans., PGMTT (see  Ref. 33, by 
W. J. Getsinger). 

FIG. 5.05-11 COUPLED RECTANGULAR BARS CENTERED BETWEEN 
PARALLEL PLATES ILLUSTRATING THE VARIOUS 
FRINGING AND PARALLEL PLATE CAPACITIES 

The e v e n -  and odd-mode f r i n g i n g  c a p a c i t a n c e s  C i e / e  and C;,/E were  

d e r i v e d  by c o n f o r m a l  mapping t e c h n i q u e s  and a r e  e x a c t  i n  l i m i t s  o f  

[ w / b / ( l  - t / b ) ]  + a. I t  i s  b e l i e v e d  t h a t  when [w/b / ( l  - t / b ) I  > 0 . 3 5  

t h e  i n t e r a c t i o n  he tween  t h e  f r i n g i n g  f i e l d s  i s  s m a l l  enough s o  t h a t  t h e  

v a l u e s  o f  C o o / €  and G o , / €  d e t e r m i n e d  from E q s .  ( 5 . 0 5 - 2 4 )  and ( 5 . 0 5 - 2 5 )  

a r e  r e d u c e d  by a  maximum o f  1 . 2 4  p e r c e n t  o f  t h e i r  t r u e  v a l u e s .  

I n  s i t u a t i o n s  where  an  i n i t i a l  v a l u e ,  w/b i s  found from Eq. ( 5 . 0 5 - 2 3 )  

t o  be less  t h a n  0 . 3 5  [I - ( t l b ) ]  s o  t h a t  t h e  f r i n g i n g  f i e l d s  i n t e r a c t ,  a  

new v a l u e  o f  w l / b  c a n  be u s e d  where  



p r o v i d e d  0 . 1  < ( w 1 / b ) / [ l  - ( t / b ) l  < 0 . 3 5 .  

Unsymmet r i ca l  P a r a l l e l - C o u p l e d  L i n e s - F i g u r e  5 .05 -12  shows a n  un= 

s y m m e t r i c a l  p a i r  o f  p a r a l l e l - c o u p l e d  l i n e s  and  v a r i o u s  l i n e  c a p a c i t a n c e s .  

No te  t h a t  Ca i s  t h e  c a p a c i t a n c e  p e r  u n i t  l e n g t h  between L i n e  a  and ground,  

C o b  i s  t h e  c a p a c i t a n c e  p e r  u n i t  l e n g t h  b e t w e e n  L i n e  a  and L i n e  b ,  w h i l e C b  

i s  t h e  c a p a c i t a n c e  p e r  u n i t  l e n g t h  be tween  L i n e  b  and g round .  When Ca i s  

n o t  e q u a l  t o  C b ,  t h e  two l i n e s  w i l l  h a v e  d i f f e r e n t  odd- and even-mode ad- 

m i t t a n c e s  a s  i s  i n d i c a t e d  by Eqs.  ( 1 )  i n  T a b l e  5 .05-1 .  I n  t e r m s  o f  odd- and 

even-mode c a p a c i t a n c e s ,  f o r  L i n e  a 

C:o = C a + 2 C a b ,  Cze = Ca ( 5 . 0 5 - 2 7 )  

w h i l e  f o r  L i n e  b 

LINE a LINE b 

FIG. 5.05-12 AN UNSYMMETRICAL PAIR OF  
PARALLEL-COUPLED LINES 
C,, Cab, and Cb are line capaci- 
tances per unit length. 

F o r  s y m m e t r i c a l  p a r a l l e l - c o u p l e d  l i n e s  t h e  odd-mode i m p e d a n c e s  a r e  

s i m p l y  t h e  r e c i p r o c a l s  o f  t h e  odd-mode a d m i t t a n c e s ,  and a n a l o g o u s l y  f o r  

t h e  even-mode impedances  and a d m i t t a n c e s .  However ,  a s  can  be  d e m o n s t r a t e d  

f rom Eqs .  ( 2 )  i n  T a b l e  5 . 0 5 - 1 ,  t h i s  i s  n o t  t h e  c a s e  f o r  u n s y m m e t r i c a l  

p a r a l l e l - c o u p l e d  l i n e s .  F o r  u n s y m m e t r i c a l  l i n e s ,  t h e  odd-  and even-mode 

impedances  a r e  n o t  s i m p l y  t h e  r e c i p r o c a l s  o f  t h e  odd-  and even-mode 

T a b l e  5 . 0 5 - 1  

RELATIONS BETWEEN LINE ADMITTANCES, IMPEDANCES, AND 
CAPACITANCES PER UNIT LENGTH OF UNSYMMETRICAL 

PARALLEL-COUPLED LINES 

v = v e l o c i t y  o f  l i g h t  i n  media of propagat ion  

T o  = i n t r i n s i c  impedance of f r e e  space  = 376.7 ohms 

E = d i e l e c t r i c  c o n s t a n t  = 0 . 2 2 5  E r  @/inch 



a d m i t t a n c e s .  The r e a s o n  f o r  t h i s  l i e s  i n  t h e  f a c t  t h a t  when t h e  odd-  and 

even-mode a d m i t t a n c e s  a r e  computed t h e  b a s i c  d e f i n i t i o n  o f  t h e s e  a d -  

m i t t a n c e s  a s sumes  t h a t  t h e  l i n e s  a r e  b e i n g  d r i v e n  w i t h  v o l t a g e s  of  

i d e n t i c a l  magn i tude  w i t h  e q u a l  o r  o p p o s i t e  p h a s e ,  w h i l e  t h e  c u r r e n t s  i n  

t h e  l i n e s  may b e  o f  d i f f e r e n t  m a g n i t u d e s .  When t h e  odd-  and  even-mode 

impedances  a r e  compu ted ,  t h e  b a s i c  d e f i n i t i o n  o f  t h e s e  i m p e d a n c e s  assumes 

t h a t  t h e  l i n e s  a r e  b e i n g  d r i v e n  by c u r r e n t s  of i d e n t i c a l  m a g n i t u d e  w i t h  

e q u a l  o r  o p p o s i t e  p h a s e s ,  w h i l e  m a g n i t u d e s  o f  t h e  v o l t a g e s  on  t h e  two 

l i n e s  may be  d i f f e r e n t .  T h e s e  two d i f f e r e n t  s e t s  o f  b o u n d a r y  c o n d i t i o n s  

c a n  be s e e n  t o  l e a d  t o  d i f f e r e n t  v o l t a g e - c u r r e n t  r a t i o s  i f  t h e  l i n e s  a r e  

u n s y m m e t r i c a l .  

Some u n s y m m e t r i c a l  p a r a l l e l - c o u p l e d  l i n e s  which a r e  q u i t e  e a s y  t o  

d e s i g n  a r e  shown i n  F i g .  5 .05 -13 .  Bo th  b a r s  h a v e  t h e  same h e i g h t ,  and 

b o t h  a r e  assumed t o  be  wide  enough s o  t h a t  t h e  i n t e r a c t i o n s  b e t w e e n  t h e  

To d e s i g n  a  p a i r  of l i n e s  s u c h  a s  t h o s e  i n  F i g .  5 . 0 5 - 1 3  s o  a s  t o  

have  s p e c i f i e d  odd- and even-mode a d m i t t a n c e s  o r  impedances ,  f i r s t  u s e  

Eqs .  ( 3 )  o r  ( 4 )  i n  T a b l e  5 . 0 5 - 1  t o  compute C,/E, C a b / € ,  and Cb /& S e l e c t  

a  c o n v e n i e n t  v a l u e  f o r  t / b ,  and  n o t i n g  t h a t  

u s e  F i g .  5 . 0 5 - 9  t o  d e t e r m i n e  s / b ,  and a l s o  C;,/E Us ing  t / b  and  

F i g .  5 . 0 5 - 1 0 ( b )  d e t e r m i n e  C;/E, and  t h e n  compute  

ELECTRIC WALL FOR ODD MODE 
MAGNETIC WALL FOR E V E N  MODE 

FIG. 5.05-13 CROSS SECTION OF UNSYMMETRICAL, 
RECTANGULAR-BAR PARALLEL- 
COUPLED LINES 

f r i n g i n g  f i e l d s  a t  t h e  r i g h t  and  l e f t  s i d e s  o f  e a c h  b a r  a r e  n e g l i g i b l e ,  

o r  a t  l e a s t  s m a l l  enough t o  be  c o r r e c t e d  f o r  by u s e  o f  Eq. ( 5 . 0 5 - 2 6 ) .  On 

t h i s  b a s i s  t h e  f r i n g i n g  f i e l d s  a r e  t h e  same f o r  b o t h  b a r s ,  a n d  t h e i r  

d i f f e r e n t  c a p a c i t a n c e s  C o  a n d  C b  t o  ground a r e  d u e  e n t i r e l y  t o  d i f f e r e n t  

p a r a l l e l - p l a t e  c a p a c i t a n c e s  C i  and  c:. F o r  t h e  s t r u c t u r e  shown 

Knowing t h e  g r o u n d - p l a n e  s p a c i n g  b ,  t h e  r e q u i r e d  b a r  w i d t h s  w a  and  w b  

a r e  t h e n  d e t e r m i n e d .  T h i s  p r o c e d u r e  a l s o  works  f o r  t h e  t h i n - s t r i p  c a s e  

where t / b  = 0 .  I f  e i t h e r  wa/b o r  wb/b i s  l e s s  t h a n  0 . 3 5 [ 1  - t / b I ,  

E q .  ( 5 . 0 5 - 2 6 )  s h o u l d  be a p p l i e d  t o  o h t a i n  c o r r e c t e d  v a l u e s .  

A r r a y s  of P a r a 1  l e  1 - C o u p l e d  L r n e s - - F i g u r e  5 . 0 5 - 1 4  shows an  a r r a y  of  

p a r a l l e l - c o u p l e d  l i n e s  s u c h  a s  i s  u s e d  i n  t h e  i n t e r d i g i t a l - l i n e  f i l t e r s  

d i s c u s s e d  i n  C h a p t .  1 0 .  I n  t h e  s t r u c t u r e  shown,  a l l  of  t h e  b a r s  have  t h e  

same t / b  r a t i o  and t h e  o t h e r  d i m e n s i o n s  of  t h e  b a r s  a r e  e a s i l y  o b t a i n e d  

SOURCE: Quarterly Progress Report 4, Contract DA 36-039 SC-87398, SRI; 
reprinted in the IRE Trans. PGMTT (see Ref. 3 of Chapter 10, 
by G .  L. Matthaei) 

FIG. 5.05-14 CROSS SECTION OF AN ARRAY OF PARALLEL-COUPLED 
LINES BETWEEN GROUND PLANES 



by g e n e r a l i z i n g  t h e  p r o c e d u r e  d e s c r i b e d  f o r  d e s i g n i n g  t h e  u n s y m m e t r i c a l  

p a r a l l e l - c o u p l e d  l i n e s  i n  F i g .  5 .05 -13 .  I n  t h e  s t r u c t u r e  i n  F i g .  5 .05 -14  

t h e  e l e c t r i c a l  p r o p e r t i e s  o f  t h e  s t r u c t u r e  a r e  c h a r a c t e r i z e d  i n  t e r m s  o f  

t h e  s e l f - c a p a c i t a n c e s  Ck  p e r  u n i t  l e n g t h  o f  e a c h  b a r  w i t h  r e s p e c t  t o  

g r o u n d ,  a n d  t h e  m u t u a l  c a p a c i t a n c e s  C k n k t l  p e r  u n i t  l e n g t h  be tween  a d -  

j a c e n t  b a r s  k  and k  + 1. T h i s  r e p r e s e n t a t i o n  i s  n o t  n e c e s s a r i l y  a lways  

h i g h l y  a c c u r a t e  b e c a u s e  t h e r e  c a n  c o n c e i v a b l y  be  a  s i g n i f i c a n t  amount o f  

f r i n g i n g  c a p a c i t a n c e  i n  some c a s e s  be tween a  g i v e n  l i n e  e l e m e n t ,  a n d ,  f o r  

e x a m p l e ,  t h e  l i n e  e l e m e n t  beyond t h e  n e a r e s t  n e i g h b o r .  However,  a t  l e a s t  

f o r  g e o m e t r i e s  s u c h  a s  t h a t  shown,  e x p e r i e n c e  h a s  shown t h i s  r e p r e s e n -  

t a t i o n  t o  have  s a t i s f a c t o r y  a c c u r a c y  f o r  a p p l i c a t i o n s  s u c h a s  i n t e r d i g i t a l  

f i l t e r  d e s i g n .  

F o r  d e s i g n  o f  t h e  p a r a l l e l - c o u p l e d  a r r a y  s t r u c t u r e s  d i s c u s s e d  i n  

t h i s  book ,  e q u a t i o n s  w i l l  b e  g i v e n  f o r  t h e  n o r m a l i z e d  s e l f  and  m u t u a l  

c a p a c i t a n c e s  C k / e  and  C k ,  k + l  / E  p e r  u n i t  l e n g t h  f o r  a l l  t h e  l i n e s  i n  t h e  

s t r u c t u r e .  Then t h e  c r o s s - s e c t i o n a l  d i m e n s i o n s  o f  t h e  b a r s  and s p a c i n g s  

be tween  them a r e  d e t e r m i n e d  a s  fo l lows .  F i r s t ,  choose  v a l u e s  f o r  t and 

b .  Then ,  s i n c e  

F i g .  5 . 0 5 - 9  c a n  be  u s e d  t o  d e t e r m i n e  s k ,  k + l / b .  I n  t h i s  manne r ,  t h e  

s p a c i n g s  s ~ , ~ + ~  be tween  a l l  t h e  b a r s  a r e  o b t a i n e d .  A l s o ,  u s i n g  

F i g .  5 . 0 5 - 9 ,  t h e  n o r m a l i z e d  f r i n g i n g  c a p a c i t a n c e s  (c;.) k ,  k + l / ~  a s s o c i a t e d  

w i t h  t h e  g a p s  s ~ , ~ + ~  be tween  b a r s  a r e  o b t a i n e d .  Then t h e  n o r m a l i z e d  

w i d t h  o f  t h e  k t h  b a r  i s  

I n  t h e  c a s e  o f  t h e  b a r  a t  t h e  end  o f  t h e  a r r a y  ( t h e  b a r  a t  t h e  f a r  l e f t  

i n  F i g .  5 . 0 5 - 1 4 ) ,  C ; , / E  f o r  t h e  edge  o f  t h e  b a r  which h a s  no n e i g h b o r  

must  be  r e p l a c e d  by C;/E w h i c h  i s  d e t e r m i n e d  f rom F i g .  5 . 0 5 - 1 0 ( b ) .  Thus ,  
f o r  e x a m p l e ,  f o r  Ba r  0 i n  F i g .  5 . 0 5 - 1 4 ,  

I f  wk/b  < 0 . 3 5 [ 1  - t / b ]  f o r  any  of  t h e  b a r s ,  t h e  w i d t h  c o r r e c t i o n  g i v e n  

i n  Eq. ( 5 . 0 5 - 2 6 )  s h o u l d  be  a p p l i e d  t o  t h o s e  b a r s  where  t h i s  c o n d i t i o n  

e x i s t s .  

SEC.  5 . 0 6 ,  SPECIAL PROPERTIES OF \~AVECUILlES 

A w a v e g u i d e  c o n s i s t i n g  o f  a  s i n g l e  h o l l o w  c o n d u c t o r  t h a t  c a n  p r o p a -  

g a t e  e l e c t r o m a g n e t i c  e n e r g y  above  a  c e r t a i n  c u t o f f  f r e q u e n c y ,  f c ,  i s  a l s o  

a  v e r y  u s e f u l  e l e m e n t  i n  microwave f i l t e r s .  A wavegu ide  can  p r o p a g a t e  an 

i n f i n i t e  number o f  modes ,  which can be  c h a r a c t e r i z e d  a s  b e i n g  e i t h e r  TE 

( t r a n s v e r s e  e l e c t r i c )  o r  TM ( t r a n s v e r s e  m a g n e t i c ) .  The TE modes have  a  

m a g n e t i c  f i e l d  b u t  n o  e l e c t r i c  f i e l d  i n  t h e  d i r e c t i o n  o f  p r o p a g a t i o n ,  

w h i l e  TM modes have  an  e l e c t r i c  f i e l d  b u t  no m a g n e t i c  f i e l d  i n  t h e  d i -  

r e c t i o n  o f  p r o p a g a t i o n .  U s u a l l y  a  wavegu ide  i s  o p e r a t e d  s o  t h a t  i t  p ropa -  

g a t e s  e n e r g y  i n  a  s i n g l e  mode, and u n d e r  t h i s  c o n d i t i o n  it can  b e  d e s c r i b e d  

a s  a  t r a n s m i s s i o n  l i n e  w i t h  a  p r o p a g a t i o n  c o n s t a n t  y ,  and a  c h a r a c t e r i s t i c  

impedance  Z,,. The p r o p a g a t i o n  c o n s t a n t  f o r  a  wavegu ide  i s  u n i q u e l y  d e -  

f i n e d .  The c h a r a c t e r i s t i c  impedance  o f  a  wavegu ide  can  b e  c o n s i d e r e d  t o  

be t h e  wave impedance  o f  t h e  g u i d e ,  Zw ( ~ . e . ,  t h e  r a t i o  o f  t h e  t r a n s v e r s e  

e l e c t r i c  t o  t h e  t r a n s v e r s e  m a g n e t i c  f i e l d  i n  t h e  g u i d e ) ,  m u l t i p l i e d  by a  

c o n s t a n t .  The v a l u e  o f  t h e  c o n s t a n t  d e p e n d s  on what d e f i n i t i o n  of  c h a r a c -  

t e r i s t i c  impedance  i s  employed ( i . e . ,  v o l t a g e - c u r r e n t ,  v o l t a g e - p o w e r ,  o r  

c u r r e n t - p o w e r ) .  Thus  i t  i s  s e e n  t h a t  t h e  c h a r a c t e r i s t i c  impedance  o f  a  

waveguide  i s  n o t  a  u n i q u e  q u a n t i t y ,  a s  i t  i s  i n  t h e  c a s e  o f  a  TEM t r a n s -  

m i s s i o n  l i n e .  However,  t h i s  l a c k  of  u n i q u e n e s s  t u r n s  o u t  t o  be  u n i m p o r t a n t  

i n  wavegu ide  f i l t e r  c a l c u l a t i o n s  b e c a u s e  one  c a n  a l w a y s  n o r m a l i z e  a l l  

waveguide  e q u i v a l e n t  c i r c u i t  e l e m e n t s  t o  t h e  c h a r a c t e r i s t i c  impedance  of  

t h e  g u i d e .  

I n  a  l o s s l e s s  wavegu ide  f i l l e d  w i t h  d i e l e c t r i c  of  r e l a t i v e  d i e l e c t r i c  

c o n s t a n t  E , . ,  t h e  g u i d e  w a v e l e n g t h  As, f r e e - s p a c e  w a v e l e n g t h  A ,  wave leng th  

i n  t h e  d i e l e c t r i c  A l ,  and  c u t o f f  w a v e l e n g t h  h e ,  a r e  r e l a t e d  a s  

The c h a r a c t e r i s t i c  impedance  t h a t  we s h a l l  assume f o r  c o n v e n i e n c e  t o  e q u a l  

t h e  wave impedance  i s  



The p r o p a g a t i o n  p h a s e  c o n s t a n t  P ,  i s  

27T 
P ,  = - r a d i a n s / u n i t  l e n g t h  . ( 5 . 0 6 - 3 )  

The mos t  common form o f  wavegu ide  f o r  u s e  i n  microwave f i l t e r s  i s  a  

r e c t a n g u l a r  wavegu ide  o f  w i d t h  a and h e i g h t  b o p e r a t i n g  i n  a  TElo mode. 

TE,, modes h a v e  c u t o f f  w a v e l e n g t h s  

The i n d e x  a e q u a l s  t h e  n u m b e r  o f  h a l f - w a v e s  o f  v a r i a t i o n  o f  t h e  e l e c t r i c  

f i e l d  a c r o s s  t h e  w i d t h ,  a, o f  t h e  g u i d e .  The c u t o f f  f r e q u e n c y  f c  
(measu red  i n  g i g a c y c l e s )  i s  r e l a t e d  t o  t h e  c u t o f f  w a v e l e n g t h  i n  i n c h e s  a s  

The d o m i n a n t  mode, t h a t  i s ,  t h e  one  w i t h  t h e  l o w e s t  c u t o f f  f r e q u e n c y ,  i s  

t h e  TEl mode. 

The d o m i n a n t  mode i n  c i r c u l a r  wavegu ide  o f  d i a m e t e r  D  i s  t h e  TEll 1 
mode. The  c u t o f f  w a v e l e n g t h  o f  t h e  TEl l  mode i s  1 . 7 0 6 0 .  i 

The a t t e n u a t i o n  o f  t h e s e  modes due  t o  l o s s e s  i n  t h e  c o p p e r  c o n d u c t o r s  

a r e  f o r  TEmo modes i n  r e c t a n g u l a r  g u i d e  

and f o r  t h e  T E i l  mode i n  c i r c u l a r  g u i d e  

where  f i s  measu red  i n  g i g a c y c l e s .  T h e s e  v a l u e s  o f  a t t e n u a t i o n  a r e  

p l o t t e d  i n  F i g .  5 . 0 6 - 1 .  

The a t t e n u a t i o n  c a u s e d  by l o s s e s  i n  t h e  d i e l e c t r i c  i n  any  waveguid 

mode i s  

where  t a n  6 i s  t h e  l o s s  t a n g e n t  o f  t h e  d i e l e c t r i c .  The u n l o a d e d  0, o f  

a  wavegu ide*  i s  

where  Q d  d e p e n d s  o n l y  on l o s s e s  i n  t h e  d i e l e c t r i c  and i s  g i v e n  by 

1 
Q d  = - ( 5 . 0 6 - 1 0 )  

t a n  6 

and Q c  i s  a  f u n c t i o n  of  t h e  ohmic l o s s e s  i n  t h e  waveguide  w a l l s  and the  

r a t i o  f/f,, and i s  g i v e n  by 

A d d i t i o n a l  d i s c u s s i o n  r e l e v a n t  t o  t h e  u s e  o f  w a v e g u i d e s  a s  r e s o n a t o r s  w i l l  be found i n  
S e c .  5 . 0 8 .  
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where t h e  d i m e n s i o n s  a r e  i n  i n c h e s .  

I n  a  r e c t a n g u l a r  wavegu ide  operating i n  t h e  l'bl0 mode, w i t h  an a s p e c t  

r a t i o  b l a  o f  0 . 5  o r  0 . 4 5 ,  t h e  n e x t  ! l i p h e r - o r d e r  mode i s  t h e  T E Z 0  w i t h  c u t -  

o f f  w a v e l e n g t h  A c  = a .  Yext  come t h e  T E l l  o r  T M l l  modes e a c h  o f  which has  

t h e  same c u t o f f  w a v e l e n g t h ,  A c  = 2ab/da2 + b Z .  I n  t h e  c i r c u l a r  wavegu ide ,  

t h e  n e x t  h i g h e r - o r d e r  mode i s  t h e  T M o l  n o d e ,  wh ich  h a s  A c  = 1 . 3 0 5  3.  

For  r e c t a n g u l a r  c o p p e r  w a v e g u i d e s  o p e r a t i n g  i n  t h e  TEmo mode, we have  

where  u a n d  b  a r e  measured  i n  i n c h e s ,  a n d  f i n  g i g a c y c l e s .  F o r  a  c i r -  

c u l a r  wavegu ide  o p e r a t i n g  i n  t h e  T E l l  mode, we have  

where D i s  measu red  i n  i n c h e s  and f i n  g i g a c y c l e s .  T h e s e  e x p r e s s i o n s  

f o r  Q c  a r e  p l o t t e d  i n  F i g .  5 . 0 6 - 2 .  

The p u l s e - p o w e r  c a p a c i t y  P m a x  o f  a i r - f i l l e d  g u i d e s , *  a t  a t m o s p h e r i c  

p r e s s u r e ,  a s s u m i n g  a  breakdown s t r e n g t h  o f  29  kv/cm, f o r  t h e  TEmo mode i n  

r e c t a n g u l a r  g u i d e  i s  

A 
' n s x  (TE.~) = 3 . 6  a b  - m e g a w a t t s  , ( 5 . 0 6 - 1 4 )  

AB 

and f o r  t h e  T E l l  mode i n  c i r c u l a r  g u i d e  

* 
See S e c .  1 5  02 f a r  f u r t h e r  d i s c u s s i o n  of t h i s  s u b j e c t  



This section presents formulas and curves for some of the common 

discontinuities in transmission lines. Other more complete results are 

to be found in the literature. v10-u,121213 

Changes in Diameter of Coazial Lines-When a change is made in the 

diameter of either the inner or outer conductor of a coaxial line, or in both 

conductors simultaneously, the equivalent circuits can be represented as shown in 

Fig. 5.07-l.lO." The equivalent shunt capacity, C d ,  for each of these 

cases is given in Fig. 5.07-2. These equivalent circuits apply when the 

operating frequency is appreciably below the cutoff frequency of the next 

higher-order propagating mode. 

Changes in Width of Center Conductor of a Strip Line-The change in 

width of the center conductor of a strip line introduces an inductive 

reactance in series with the line.' In most situations this reactance 

is small and can be neglected. The approximate equivalent circuit for 

this situation is shown in Fig. 5.07-3. 

Compensated Hight-Angle Corner in Strip Line-A low-VSWR right-angle 

corner can be made in strip line if the outside edge of the strip is 

beveled. Figure 5.07-4 shows the dimensions of some matched right-angle 

corners for a plate-spacing-to-wavelength ratio, b/h, of 0.0845. These 

data were obtained for a center strip conductor having negligible thick- 

ness; however, the data should apply with acceptable accuracy for strips 

of moderate thickness. 

Fringing Capacitance for Semi-Infinite Plate Centered Between 

Para1 le 1 Ground Planes-The exact fringing capacitance, C:, from one 

corner of a semi-infinite plate centered between parallel ground planes 

where E = 0 . 2 2 5  e r  micromicrofarads per inch and E ?  is the relative 

dielectric constant of the material between the semi-infinite plate and 

the ground planes. Fringing capacitance, C;, is plotted in Fig. 5.07-5 

Dats for  discontinuity configurations rill be found in Sees. 8.05, 8.06, 8.08, 8.12. 
and 9.05. 
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Cd = 21rcC;~ + 2 ~ a C & ~  

SOURCE: Proc. IRE (see Ref. 10 and 11 by J.  R.  Whinnery and 
H. W. Jamisson). 

FIG. 5.07-2 COAXIAL-LINE-STEP FRINGING CAPACITIES 

( c )  STEP IN  INNER AND OUTER CONDUCTORS 
A-3627-139 

FIG. 5.07-1 COAXIAL-LINE DISCONTINUITIES 



TOP VIEW 

X = -  " I n  csc - - ;:I 
EQUIVALENT CIRCUIT 

SOURCE: IRE Trans., PCYTT Gee  Ref. 12. by A. A. Oliner). 

FIG. 5.07-3 STRIP-LINE STEP EQUIVALENT CIRCUIT 

FIG. 5.07-4 MATCHED STRIP-LINE CORNER 
The parameter 8 i s  the effective 
length around the corner. 

SOURCE: Final Report Contract DA 36-039 SC-63232, SRI; reprinted 
in IRE Trams., PGMTT (see Ref. 2, by S. B. Cohn). 

FIG. 5.07-5 EXACT FRINGING CAPACITANCE FOR A SEMI-INFINITE PLATE 
CENTERED BETWEEN PARALLELGROUNDPLANES 



Strip-Line T-Junctions-A symmetrical strip-line T-junction of the 

type illustrated in Fig. 5.07-6(a) can be represented by the equivalent 

circuit shown in Fig. 5.07-6(b). A short-circuit placed in turn in each 

of the three arms, at distances equal to multiples of one-half wavelength 

from the corresponding reference planes labeled P I  and P P ,  will block 

transmission between the other two arms of the junction. 

Measured values obtained for the equivalent circuit parameters of 

sixteen different strip-line T-junctions are shown in Figs. 5.07-7, 

5.07-8, and 5.07-9. The thickness, t ,  of the strips used in these meas- 

urements was 0.020 inch, while the ground-plane spacing was 0.500 inch. 

The widths of the strips having 35, 50, 75, and 100 ohms characteristic 

impedance were 1.050, 0.663, 0.405, and 0.210 inches, respectively. 

Measurements carried out in the frequency band extending from 2 to 5 Gc, 

corresponding to values of b/A varying from 0.085 to 0.212. It was found 

that the reference plane pasitions were almost independent of frequency 

for all sixteen 7-junctions, and therefore only the values corresponding 

to b/A of 0.127 are shown in Fig. 5.07-7. It is seen from an inspection 

of Fig. 5.07-8 that A, the equivalent transformer turns ratio squared, is 
sensitive to frequency and has a value approximately equal to unity for 

b/A very small, and decreases considerably for larger values of b/X. The 

values of the discontinuity susceptance, B d ,  vary considerably from one 
junction to another, and in some instances are quite frequency-sensitive. 

It is believed that Ed is essentially capacitive in nature. Thus positive 

values of B d  correspond to an excess of capacitance at the junction, while 
negative values correspond to a deficiency. 

Although the data presented in Figs. 5.07-7, 5.07-8, and 5.07-9 are 

for T-junctions with air-filled cross section and with the ratio 

t/b = 0.040, these data may be applied to other cross sections. For in- 

stance, it is expected that these data should hold for any strip-thickness 

ratio, t/b, up to at least 0.125 if the same characteristic impedances are 

maintained. 

In the case of a dielectric-filled section, E~ > 1, the data are ex- 
pected to apply with good accuracy if one divides the characteristic 

impedances Zol and Z,, by < and multiples b/A and B d / Y o  by <. 

FIG. 5.07-6 EQUIVALENT CIRCUIT 

(b' .-*Iz.-.?"- ,... 
A STRIP-LINE T-JUNCTION 

FIG. 5.07-7 REFERENCE-PLANE LOCATIONS vs. ZO2 

Change in Height of a Rectangular Waveguides-The equivalent circuit 

of the junction of two waveguides of different height but the same width, 

which are both operating in the TElo mode can be represented as shown in 



FIG. 5.07-8 MEASURED TRANSFORMER-TURNS RATIO SQUARED FOR SIXTEEN 
STRIP-LINE T-JUNCTIONS 

I + 
0 0 
N O N  



t---a---i 
CROSS SECTIONAL VlEW SIDE VIEW EQUIVALENT CIRCUIT 

( a )  SYMMETRIC JUNCTION 

ral 
CROSS SECTIONAL VlEW SIDE VlEW 

(b) ASYMMETRIC JUNCTION 

SOURCE: Waveguide Handbook (see  Ref. 8 ,  edited by N. Marcuvitz). 

EQUIVALENT CIRCUIT 

b' - 
b A-3511-149 

SOURCE: Wavesuide Handbook ( see  Ref. 8 ,  edited by N. ~ a r c u v i t z ) .  

FIG. 5.07-11 SHUNT SUSCEPTANCE FOR CHANGE IN HEIGHT OF RECTANGULAR GUIDE 

FIG. 5.07-10 EQUIVALENT CIRCUIT FOR CHANGE IN HEIGHT OF RECTANGULAR 
WAVEGUIDE 



Fig. 5.07-10. The normalized susceptance BAg/Yob is plotted in 

Fig. 5.07-11 for various values of b/Ag, and is accurate to about 

1 percent for b/Ag 5 1. 

SEC. 5.08, TRANSMISSION LINES AS RESONATORS 

In many microwave filter designs, a length of transmission line 

terminated in either an open-circuit or a short-circuit is often used 

as a resonator. Figure 5.08-1 illustrates four resonators of this type, 

together with their lumped-constant equivalent circuits. It is to be 

noted that the resonators in Fig. 5.08-l(a) and 5.08-l(b) each have 

lengths which are multiples of one-half guide wavelength, and that the 

lumped-constant equivalent circuit of the transmission line which is 

short-circuited at one end is the dual of the equivalent circuit of the 

transmission line with an open-circuit termination. Similarly, the 

resonators in Fig. 5.08-l(c) and 5.08-l(d) have lengths which are odd 

multiples of one-quarter guide wavelength, and their lumped constant 

equivalent circuits are also duals of one another. The quantities a , ,  
Ago and A. are the attenuation of the transmission line in nepers per 

unit length, the guide wavelength at the resonant frequency, and the 

plane-wave wavelength at the resonant frequency, respectively, in the 

dielectric medium filling the resonator. 

'in - 1 
T 

The equivalence between the lumped constant circuits and the micro- 

wave circuits shown was established in the following fashion. The values 

of the resistance, R, and conductance, G, in the lumped-constant equiva- 
lent circuits were determined as the values of these quantities for the 

various lines at the resonance angular frequency, wo. The reactive 

elements in the lumped-constant equivalent circuits were determined by 

equating the slope parameters (defined below) of the lumped-element 

circuits to those of the transmission-line circuits which exhibited the 

same type of resonance. The general definition of the reactance slope 

parameter 6, which applies to circuits that exhibit a series type of 

( a )  ( b )  A-31P7-152 

FIG. 5.08-1 SOME TRANSMISSION LINE RESONATORS resonance., is 

where X is the reactance portion of the input 
The susceptance slope parameter A ,  which appl 
a parallel type of resonance, is 
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impedance to the circuit. 

ies to circuits that exhib 



4 = 
Wo dE 

mhos 

Wo 

FIG. 5.08-1 Concluded 

where B is the susceptance component of the input admittance of the 

circuit. 

The above general definitions for slope parameters provide a con- 

venient means for relating the resonance properties of any circuit to a 

simple lumped equivalent circuit such as those in Fig. 5.08-1. The 

reactance slope parameter x given by Eq. (5.08-1) is seen to be equal to 

L = l/(woC) for the equivalent, series, lumped-element circuit, while 
0 

the susceptance slope parameter & is equal to woC = l/(uOL) for the 

equivalent, parallel, lumped-element circuit. Considerable use will be 

made of these parameters in later chapters dealing with band-pass and 

band-stop microwave filters. 

It should be noted in Fig. 5.08-1 that the use of reactance or sus- 

ceptance slope parameters also leads to convenient expressions for Q, 
and for the input impedance or admittance of the circuit in the vicinity 

of resonance. For narrow-band microwave applications, the approximate 

equivalence 

is often convenient for use in the expressions for input impedance or 

admittance. 

SEC. 5 . 0 9 ,  COUPLED-STHIP-TRANSMISSION-LINE FILTER SECTIONS 

The natural electromagnetic coupling that exists between parallel 

transmission lines can be used to advantage in the design of filters and 

directional c o u p l e r s . 1 4 * 1 5 ~ 1 6 ~ 1 7 ~ 1 8 ~ 1 9 ~ m  In this section, formulas are given 

for filter sections constructed of parallel-coupled lines of the types 

illustrated in Fig. 5.05-1. Several cases involving unsymmetrical 

Parallel-coupled lines as rn Figs. 5.05-12 and 5.05-13 are also considered. 

The ten coupling arrangements that can be obtained from a pair of 

Symmetrical, coupled transmission lines by placing open- or short-circuits 

On various terminal pairs, or by connecting ends of the lines together, 



are illustrated in Fig. 5.09-1. In this figure, schematic diagrams of 

single sections of each type are shown, together with their image pa- 

rameters and either their open-circuit impedances or their short-circuit 

admittances. In addition, equivalent open-wire transmission-line 

circuits for eight of the coupled transmission line sections are shown 

beneath the corresponding schematic diagram. 

In the schematic diagrams of the coupled-transmission-line sections 

in Fig. 5.09-1, the input and output ports are designated by small open 

circles. The image impedance seen looking into each of these ports is 

also indicated near each port. Open-circuited ports of the coupled lines 

are shown with no connection, while short-circuited ports are designated 

with the standard grounding symbol. In the equivalent transmission-line 

circuits shown beside the schematic diagrams, a two-wire line represen- 

tation is used. In each case, the characteristic impedance or admittance 

of the lengths of transmission line is shown, together with the electrical 

length, 8. The equivalence between the parallel-coupled line sections and 

the non-parallel-coupled line sections shown is exact. 

Figure 5.09-2 shows the same parallel-coupled sections as appear in 

Figs. 5.09-l(b), (c), (d), but for cases where the strip transmission 

lines have unsymmetrical cross sections.; The line capacitances Go, C a b ,  

and Cb per unit length are as defined in Fig. 5.05-12. It is interesting 

to note that in the case of Fig. 5.09-2(a) the line capacitances per unit 

length for the left and right shunt stub in the equivalent open-wire 

representation are the same as the corresponding capacitances per unit 

length between Line a and ground, and Line b  and ground, respectively. 

Meanwhile, the capacitance per unit length for the connecting line in the 

open-wire circuit is the same as the capacitance per unit length b e t w e e n  

Lines n and b of the parallel-coupled representation. In Fig. 5.09-2(b) 

the dual situation holds, where L a  and L b  are the self-inductances per 

unit length of Lines a and b  in the parallel-coupled representation, while 

L a b  is the mutual inductance per unit length between the parallel-coupled 

lines. Since the line capacitances are more convenient to deal with, the 

line impedances of the equivalent open-wire circuit are also given in 

terms of Go, C a b ,  and C b ,  for all three cases in Fig. 5.09-2. The 

quantity v indicated in Vig. 5.09-2 is the velocity of light in the 

medium of propagation. 

The r e s u l t s  i n  F i g .  5 . 0 9 - 2  and a l s o  t h o s e  i n  F i g s .  5 . 0 9 - 3  and 5 . 0 9 - 4  r e r e  o b t a i n e d  by 
e x t e n s i o n  o f  t h e  r e s u l t s  in R e f s .  1 9  and 2 0 .  

SCHEMATIC AND EQUIVALENT CIRCUIT 

2 ~ o e z o o  0 
z l l  - 2 1 2  = j t a n  - 

Z o e  + zoo  2 

Z 1 2  ' - j  Z o e  z o o  
c s c  B 

' o e  + z e0  

( Z o e  - z o o ) 2  
z 2 2  - z l l  = J 2 ( Z o e  + Z o o )  t a n  B 

TWO-PORT CIRCUIT PARAMETERS 

z~ I 

c o s h  ( a  + j p )  

2 zoe  L o o  c o s  0 

Z I ,  = 
[ - ( Z o e  - 

+ ( Z o ,  + Z o o ) '  c o s 2  B ]  % 

IMAGE PARAMETERS 

( 0 )  Low PASS A-3527-A162 

SOURCE: Adapted from f igures  in Final  Repor t ,  Contract DA36-039 SC-64625, SRI; which 
were  reprinted in IRE Trans. PCMTT (see Ref .  19 by E. M. T. Jones  and 
J. T. Bolljahn).  

FIG. 5.09-1 SOME PARALLEL-COUPLED TRANSMISSION-LINE FILTER SECTIONS 
(continued on p.  220)  
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FIG. 5.09-1 Continued 

TWO-PORT CIRCUIT PARAMETERS 
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( C )  BAND PASS 

FIG. 5.09-1 Continued 
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FIG. 5.09-1 Continued 



SCHEMATIC 

TWO-PORT ClRCUlT PARAMETERS 

zo - - t a n 2  8 

cos  p - zoe 
, t a n p  = 2/zoe Z o o  

Z o e  ' - (Z.,. c o t  8  - Zoo t a n  8 )  
+ t a n 2  8  

z ~ l  - K x  
z o o  

IMAGE PARAMETERS 

( g  ALL PASS 

SCHEMATIC AND EOUIVALENT CIRCUIT 

TWO-PORT CIRCUIT PARAMETERS 

IMAGE PARAMETERS 

( h )  A L L  STOP 

SCHEMATIC AND EOUIVALENT CIRCUIT 

TWO-PORT CIRCUIT PARAMETERS 

IMAGE PARAMETERS 

( i ) ALL STOP 

SCHEMATIC AND EQUIVALENT CIRCUIT 

TWO-PORT CIRCUIT PARAMETERS 

ZI1 = - j m  c o t  e C O S ~  a = 
Z o e  + Z o o  

Z o *  - z o o  

IMAGE PARAMETERS 

( j ) ALL STOP A - ~ s ~ ~ - G I ~ z  

FIG. 5.09-1 Concluded 

FIG. 5.09-1 Continued 





0 - 3 5 1 7 - 4 7 4  

FIG. 5.09-4 A PARALLEL-COUPLED SECTION AND TWO OPEN-WIRE-LINE 
CIRCUITS WHICH ARE EXACTLY EQUIVALENT 
The Cat Cab, and Cb are as indicated in Fig. 5.05-12. 

I n  t h e  c a s e s  o f  t h e  c i r c u i t s  i n  F i g s .  5 . 0 9 - 2 ( a ) ,  and ( b ) ,  i f  t h e  

p a r a l l e l - c o u p l e d  s e c t i o n s  a r e  p r o p e r l y  t e r m i n a t e d ,  t h e i r  e q u i v a l e n t  

o p e n - w i r e  l i n e  c i r c u i t  s i m p l i f i e s  i n  a  v e r y  i n t e r e s t i n g  and use>-d-way. 

T h i s  i s  i l l u s t r a t e d  i n  F i g .  5 . 0 9 - 3 ( a )  and ( b ) .  No te  t h a t  when t h e  i n d i -  

c a t e d  c o n s t r a i n t s  a r e  a p p l i e d ,  t h e  e q u i v a l e n t  o p e n - w i r e  c i r c u i t  r e d u c e s  

t o  s i m p l y  an  i d e a l  t r a n s f o r m e r  a n d  a  s i n g l e  s t u b .  I n  s p i t e  of  t h e  con -  

s t r a i n t  e q u a t i o n s  wh ich  a r e  e n f o r c e d  i n  t h e s e  c i r c u i t s ,  t h e r e  a r e  s t i l l  

s u f f i c i e n t  d e g r e e s  o f  f reedom s o  t h a t  f o r  s p e c i f i e d  Ys and GT o r  Z S  and 

R T ,  a  wide  r a n g e  o f  Y ,  o r  Z A ,  r e s p e c t i v e l y ,  c a n  h e  accommodated.  F o r  

t h i s  r e a s o n  t h e s e  two s t r u c t u r e s  w i l l  p r o v e  q u i t e  u s e f u l  f o r  u s e  w i t h  

c e r t a i n  t y p e s  o f  b a n d - p a s s  f i l t e r s  f o r  t h e  p u r p o s e  o f  e f f e c t i v e l y  r e a l -  

i z i n g  a  s e r i e s -  o r  s h u n t - s t u b  r e s o n a t o r ,  a l o n g  w i t h  o b t a i n i n g  an  impedance  

t r a n s f o r m a t i o n  wh ich  w i l l  accommodate some d e s i r e d  t e r m i n a t i n g  impedance .  

I n  a  somewhat more  complex way, t h e  c i r c u i t  i n  F i g .  5 . 0 9 - 2 ( c )  w i l l  a l s o  

p r o v e  u s e f u l  f o r  s i m i l a r  p u r p o s e s .  

F i g u r e  5 . 0 9 - 4  shows t h e  p a r a l l e l - c o u p l e d  s e c t i o n  i n  F i g .  5 . 0 9 - l ( i )  

g e n e r a l i z e d  t o  c o v e r  t h e  c a s e  where  t h e  two s t r i p  l i n e s  may b e  o f  d i f -  

f e r e n t  w i d t h s .  At ( a )  i s  shown t h e  s t r u c t u r e  u n d e r  c o n s i d e r a t i o n ,  w h i l e  

a t  ( b )  a n d  ( c )  a r e  shown two o p e n - w i r e  l i n e  s t r u c t u r e s  which a r e  i d e n t i -  

c a l l y  e q u i v a l e n t  e l e c t r i c a l l y  t o  t h e  s t r i p - l i n e  s t r u c t u r e  a t  ( a ) .  As 

p r e v i o u s l y  i n d i c a t e d ,  p a r a l l e l - c o u p l e d  s t r u c t u r e s  o f  t h i s  s o r t  a r e  a l l -  

s t o p  s t r u c t u r e s  a s  t h e y  s t a n d ,  b u t  when p r o p e r l y  u s e d  w i t h  lumped 

c a p a c i t a n c e s ,  t h e y  become t h e  b a s i s  f o r  t h e  c o m b - l i n e  form o f  f i l t e r  

d i s c u s s e d  i n  S e c .  8 . 1 3 .  

SEC.  5 . 1 0 ,  IRIS-COUPLED WAVEGUIDE JUNCTIONS 

~ e t h e " - * ~ ~ ~ ~ ~  h a s  d e v e l o p e d  a  g e n e r a l  p e r t u r b a t i o n  t e c h n i q u e  f o r  

c a l c u l a t i n g  t h e  s c a t t e r i n g  o f  power by s m a l l  i r i s e s  c o n n e c t i n g  o n e  t r a n s -  

m i s s i o n  l i n e  w i t h  a n o t h e r .  The  t h e o r y  i s  a p p l i c a b l e  even  though  t h e  two 

t r a n s m i s s i o n  l i n e s  h a v e  d i f f e r e n t  c r o s s  s e c t i o n s  and o p e r a t e  i n  d i f f e r e n t  

modes;  h o w e v e r ,  i t  a p p l i e s  r i g o r o u s l y  o n l y  t o  i n f i n i t e s i m a l l y  t h i n  i r i s e s  

whose d i m e n s i o n s  a r e  s m a l l  i n  t e r m s  o f  t h e  o p e r a t i n g  w a v e l e n g t h .  T h e s e  

i r i s e s  s h o u l d  b e  l o c a t e d  f a r  f rom any c o r n e r s ,  i n  a  t r a n s m i s s i o n - l i n e  

w a l l  whose r a d i u s  o f  c u r v a t u r e  i s  l a r g e  i n  t e r m s  o f  w a v e l e n g t h .  I n  

p r a c t i c e  i t  i s  f o u n d  t h a t  t h e  t h e o r y  h o l d s  r e a s o n a b l y  w e l l  even  when t h e  

i r i s e s  a r e  l o c a t e d  r e l a t i v e l y  c l o s e  t o  s h a r p  c o r n e r s  i n  t r a n s m i s s i o n - l i n e  

w a l l s  o f  f a i r l y  s m a l l  r a d i i  o f  c u r v a t u r e .  F o r  i r i s e s  o f  f i n i t e  t h i c k n e s s ,  

i t  i s  found  t h a t  B e t h e ' s  t h e o r y  i s  s t i l l  a p p l i c a b l e  e x c e p t  t h a t  t h e  



t r a n s m i s s i o n  t h r o u g h  t h e  i r i s  i s  r e d u c e d . 2 5  I n  many i n s t a n c e s  i t  i s  
p o s s i b l e  t o  u s e  C o h n ' s  f r e q u e n c y  c o r r e c t i ~ n ~ ~  where  t h e  i r i s  d i m e n s i o n s  

a r e  n o t  n e g l i g i b l y  s m a l l  w i t h  r e s p e c t  t o  a  w a v e l e n g t h .  

S e t h e ' s  o r i g i n a l  d e r i v a t i o n ~ ' , ~ , ~ a p p e a r e d  i n  a  s e r i e s  o f  MIT 

R a d i a t i o n  L a b o r a t o r y  R e p o r t s ,  c o p i e s  o f  wh ich  a r e  q u i t e  d i f f i c u l t  t o  

o b t a i n .  R e c e n t l y  C o l l i n z  h a s  d e r i v e d  some o f  D e t h e ' s  r e s u l t s  u s i n g  a  

d i f f e r e n t  a p p r o a c h ,  and  t h e s e  r e s u l t s  a r e  r e a d i l y  a v a i l a b l e .  
~ a r c u v i t z ~  

r e c a s t  much o f  B e t h e ' s  work and  d e r i v e d  many e q u i v a l e n t  c i r c u i t s  f o r  

i r i s - c o u p l e d  t r a n s m i s s i o n  l i n e s ,  many o f  w h i c h  a r e  p r e s e n t e d  i n  t h e  

Waveguide H a n d b o ~ k . ~  A p a p e r  by O l i n e r "  c o n t a i n s  some a d d i t i o n a l  c i r c u i t s  
f o r  i r i s - c o u p l e d  l i n e s .  

B e t h e ' s  c a l c u l a t i o n  o f  t h e  s c a t t e r i n g  o f  power by s m a l l  i r i s e s  

a c t u a l l y  c o n s i s t s  o f  two d i s t i n c t  s t e p s .  The f i r s t  s t e p  i s  t h e  compu- - t a t i o n  o f  t h e  e l e c t r i c  d i p o l e  moment, p ,  and  t h e  m a g n e t i c  d i p o l e  moment, - 
m ,  i n d u c e d  i n  t h e  i r i s  by t h e  e x c i t i n g  f i e l d s .  The n e x t  s t e p  i s  t h e  
c a l c u l a t i o n  o f  t h e  f i e l d s  r a d i a t e d  by t h e  e l e c t r i c  a n d  m a g n e t i c  d i p o l e  

moments. 

F i g u r e  5 . 1 0 - 1  i l l u s t r a t e s  two p a r a l l e l - p l a n e  t r a n s m i s s i o n  l i n e s  c o n -  

n e c t e d  by a  s m a l l  i r i s .  The e l e c t r i c  f i e l d .  E o n ,  i n  t h e  b o t t o m  l i n e  w i l l  
c o u p l e  t h r o u g h  t h e  i r i s  i n  t h e  manner  shown i n  F i g .  5 . 1 0 - l ( a ) .  

To a  
f i r s t - o r d e r  a p p r o x i m a t i o n ,  t h e  d i s t o r t e d  f i e l d  w i t h i n  t h e  i r i s  c a n  b e  

c o n s i d e r e d  t o  a r i s e  from two  e l e c t r i c  d i p o l e  moments. e a c h  o f  s t r e n g t h  b, 
i n d u c e d  i n  t h e  i r i s  by t h e  e x c i t i n g  e l e c t r i c  f i e l d  E o n  a s  shown i n  

F i g .  5 . 1 0 - l ( b ) .  The e l e c t r i c  d i p o l e  moment i n  t h e  u p p e r  l i n e  i s  p a r a l l e l  
t o  E o n .  w h i l e  t h e  e l e c t r i c  d i p o l e  moment i n  t h e  l o w e r  l i n e  i s  o p p o s i t e l y  

d i r e c t e d .  

FIG. 5.10-1 ELECTRIC DIPOLE MOMENTS INDUCED IN AN IRIS BY AN ELECTRIC 
FIELD NORMAL TO THE PLANE OF THE IRIS 

F i g u r e  5 . 1 0 - 2  i l l u s t r a t e s  t h e  m a g n e t i c  f i e l d  c o u p l i n g  t h r o u g h  an  

i r i s  c o n n e c t i n g  two p a r a l l e l - p l a n e  t r a n s m i s s i o n  l i n e s .  
Again  t h e  d i s -  

-- ._-_ 
t o r t e d  m a g n e t i c  f i e l d  w i t h i n  t h e  i r i s  can  b e  c o n s i d e r e d  t o  a r i s e  from - 

two m a g n e t i c  d i p o l e  moments e a c h  o f  s t r e n g t h  m ,  i n d u c e d  i n  t h e  i r i s  by 

t h e  e x c i t i n g  t a n g e n t i a l  m a g n e t i c  f i e l d ,  H o t .  
The m a g n e t i c  d i p o l e  moment 

i n  t h e  u p p e r  l i n e  i s  d i r e c t e d  a n t i - p a r a l l e l  t o  H o t ,  w h i l e  t h a t  i n  t h e  

l o w e r  l i n e  i s  o p p o s i t e l y  d i r e c t e d  and  p a r a l l e l  t o  H o t .  

FIG. 5.10-2 MAGNETIC DIPOLE MOMENTS INDUCED IN AN IRIS BY A MAGNETIC 
FIELD TANGENTIAL TO THE PLANE OF THE IRIS 

- 
The s t r e n g t h  o f  t h e  e l e c t r i c  d i p o l e  moment, p ,  i s  p w p o r t i o n a l  t o  

t h e  p r o d u c t  o f  t h e  e l e c t r i c  p o l a r i z a b i l i t y  P o f  t h e  i r i s  and t h e  e x c i t i n g  

f i e l d ,  E o n .  I t s  v a l u e  i n  mks u n i t s  i s  

- 
where  r,,  = 8 . 8 5 4  x 1 0 - l 2  f a r a d s / m e t e r ,  and n i s  a  u n i t  v e c t o r  d i r e c t e d  

away f rom t h e  i r i s  on t h e  s i d e  o p p o s i t e  f rom t h e  e x c i t i n g  f i e l d .  

The s t r e n g t h  o f  t h e  m a g n e t i c  d i p o l e  moment i s  p r o p o r t i o n a l  t o  t h e  

p r o d u c t  o f  t h e  m a g n e t i c  ~ o l a r i z a b i l i t y ,  M ,  o f  t h e  i r i s  and e x c i t i n g  

t a n g e n t i a l  m a g n e t i c  f i e l d  A o t .  For  t h e  u s u a l  t y p e  o f  i r i s  t h a t  h a s  axe. 

of  symmet ry ,  t h e  m a g n e t i c  d i p o l e  moment i s ,  i n  mks u n i t s ,  

- 
I n  t h i s  e x p r e s s i o n  t h e  u n i t  r e c t o r s  u and ; l i e  i n  t h e  p l a n e  o f  t h e  i r i s  

a l o n g  t h e  a x e s  o f  symmetry ,  MI  and M2 a r e  t h e  m a g n e t i c  p o l a r i z a b i l i t i e ~ ,  



and Hey and H o w  t h e  e x c i t i n g  magne t ic  f i e l d s  a l o n g  t h e  u and a x e s ,  

r e s p e c t i v e l y .  

- 
The e l e c t r i c  d i p o l e  moment, p ,  s e t  up i n  an i r i s  by an e x c i t i n g  

e l e c t r i c  f i e l d ,  w i l l  r a d i a t e  power i n t o  a  g i v e n  mode i n  t h e  secondary  

waveguide o n l y  when t h e  e l e c t r i c  f i e l d  o f  t h e  mode t o  be  e x c i t e d  has  a  - 
component p a r a l l e l  t o  t h e  d i p o l e  moment, p . ,  S i m i l a r l y  t h e  m a g n e t i c  

d i p o l e  moment s e t  u p  i n  t h e  a p e r t u r e  by an e x c i t i n g  magne t ic  f i e l d  

w i l l  r a d i a t e  power i n t o  a  g i v e n  mode i n  t h e  secondary  waveguide o n l y  

when t h e  magne t ic  f i e l d  o f  t h e  mode t o  be  e x c i t e d  h a s  a  component 

p a r a l l e l  t o  t h e  magne t ic  d i p o l e  moment G. 

I n  o r d e r  t o  be  a b l e  t o  a p p l y  B e t h e ' s  t h e o r y ,  i t  i s  n e c e s s a r y  t o  

know t h e  e l e c t r i c  p o l a r i z a b i l i t y  P and t h e  magne t ic  p o l a r i z a b i l i t i e s  

MI and M 2  o f  t h e  i r i s .  T h e o r e t i c a l  v a l u e s  o f  t h e  p o l a r i z a b i l i t i e s  can 

o n l y  b e  o b t a i n e d  f o r  i r i s e s  o f  s i m p l e  shapes .  For  example, a  circular 

i r i s  o f  d i a m e t e r  d h a s  a  v a l u e  of  M I  = M2 = d3/6 and P = d3/12. A long ,  

narrow i r i s  o f  l e n g t h  1 and wid th  r h a s  P = M 2  a (7d16) 1w2, i f  t h e  ex- 

c i t i n g  magne t ic  f i e l d  i s  p a r a l l e l  t o  t h e  nar row dimension o f  t h e  s l i t  - 
( t h e  v d i r e c t i o n  i n  t h i s  c a s e ) ,  and t h e  e x c i t i n g  e l e c t r i c  f i e l d  i s  p e r -  

p e n d i c u l a r  t o  t h e  p l a n e  o f  t h e  s l i t .  The p o l a r i z a b i l i t i e s  o f  e l l i p t i c a l  

i r i s e s  have a l s o  been computed. I n  a d d i t i o n ,  t h e  p o l a r i z a b i l i t i e s  o f  

i r i s e s  o f  o t h e r  s h a p e s  t h a t  a r e  t o o  d i f f i c u l t  t o  c a l c u l a t e  have been 

measured by ~ o h n ~ ~ ' ~  i n  an e l e c t r o l y t i c  tank.  The measured v a l u e s  o f  t h e  

p o l a r i z a b i l i t y  o f  a  number o f  i r i s e s  a r e  shown i n  F igs .  5 .10-3 and 

5 . 1 0 - 4 ( a ) ,  ( b ) ,  t o g e t h e r  wkth t h e  t h e o r e t i c a l  v a l u e s  f o r  e l l i p t i c a l  i r i s e s .  

C i r c u l a r  i r i s e s  a r e  t h e  e a s i e s t  t o  p a c h i n e ,  b u t  sometimes e l o n g a t e d  i r i s e ~  

a r e  r e q u i r e d  i n  o r d e r  t o  o b t a i n  adequa te  c o u p l i n g  between r e c t a n g u l a r  

waveguides. 

For  many a p p l i c a t i o n s  t h e  e q u i v a l e n t - c i r c u i t  r e p r e s e n t a t i o n  o f  i r i s -  

coupled t r a n s m i s s i o n  l i n e s  i s  more c o n v e n i e n t  t h a n  t h e  s c a t t e r i n g  r e p r e -  

s e n t a t i o n .  F i g u r e s  5.10-5 t o  5.10-12 c o n t a i n  t h e  e q y i v a l e n t - c i r c u i t  

r e p r e s e n t a t i o n s  o f  s e v e r a l  two- and t h r e e - p o r t  waveguide j u n c t i o n s  coupled 

by i n f i n i t e s i m a l l y  t h i n  i r i s e s .  Most o f  t h e  i n f o r m a t i o n  i n  t h e  f i g u r e s  i s  

s e l f - e x p l a n a t o r y .  I t  i s  t o  b e  no ted  t h a t  i n  each  c a s e  t h e  r e f e r e n c e  

p l a n e s  f o r  t h e  e q u i v a l e n t  c i r c u i t s  a r e  a t  t h e  c e n t e r  o f  g r a v i t y  o f  t h e  

i r i s .  The symbol K used  i n  some c i r c u i t s  s t a n d s  f o r  an impedance i n v e r t e r  

a s  d e f i n e d  i n  Sec. 4.12. Also i n c l u d e d  i n  each  f i g u r e  i s  t h e  power t r a n s -  

miss ion  c o e f f i c i e n t  th rough  t h e  i r i s ,  e x p r e s s e d  a s  t h e  s q u a r e  o f  t h e  

magnitude o f  t h e  s c a t t e r i n g  c o e f f i c i e n t .  (Sec.  2.12). 

FIG. 5.10-3 MEASURED ELECTRIC POLARIZABILITIES OF 
RECTANGULAR, ROUNDED, CROSS- AND 
DUMBBELL-SHAPED SLOTS 



FIG. 5.10-4(a) MAGNETIC POLARlZABlLlTlES OF RECTANGULAR, ROUNDED-END, 
AND ELLIPTICAL SLOTS 

SOURCE: Proc. IRE (see Ref. 29. by S. B. CO~U). 

FIG. 5.10-4(b) MAGNETIC POLARlZABlLlTlES OF H-, CROSS-, AND 
DUMBBELL-SHAPED APERTURES 

JRCE: Proc. IRE (see Ref. 29, by S. B. Cohn). 



CROSS SECTIONAL VlEW SlDE VlEW EQUIVALENT CIRCUIT 

Isl2l- = - = 
bI2 . 2 b 2 ~ 2  .-15z7-144 

Adapted from the Waveguide Handbook ( s ee  Ref. 8 edited by N. Marcuvitz) 

FIG. 5.10-5 IRIS CONNECTING RECTANGULAR WAVEGUIDES OF THE 
SAME CROSS SECTION 

TEln MODE 

I f ,  - 
CROSS SECTIONAL VIEW SIDE VIEW EQUIVALENT CIRCUIT 

n x '  n x  
6 4 n 2 ~ '  s i n 2  - s i n 2  - 

4~02 Y;) 
Is1J2 - - .- . a a 

1BI2 "0 aa' b b ' ~ ~ ~ ;  

Adapted from the Waveguide Handbook ( s ee  Ref. 8 edited by N. Marcuvitz) 

FIG. 5.10-6 IRIS CONNECTING RECTANGULAR WAVEGUIDES 
OF DIFFERENT CROSS SECTIONS 

TE, ,  MODE 

CROSS SECTIONAL VIEW SIDE VIEW EQUIVALENT CIRCUIT 

Adapted from the Waveguide Handbook (see R e f .  8 edited by N. Marcuvitz) A-3527-14e 

FIG. 5.10-7 IRIS CONNECTING CIRCULAR WAVEGUIDES OF THE SAME RADIUS 

TE,, MODE 

CROSS SECTIONAL VIEW SIDE VIEW EQUIVALENT CIRCUIT 

Adapted from the Waveguide Handbook (see R e f .  8 edited by N. Marcuvitz) 

FIG. 5.10-8 IRIS CONNECTING CIRCULAR WAVEGUIDES OF DIFFERENT RADII 



MODES 

GENERAL VlEW SlDE VlEW 

EQUIVALENT CIRCUIT 

FIG. 5.10-9 IRIS-COUPLED SHUNT T-JUNCTION IN RECTANGULAR GUIDE E-PLANE 

GENERAL VlEW 

Ej_ 

EQUIVALENT CIRCUIT 

SlDE VlEW 

M' = M I  sin2 6 + M z  c o s 2  4 M = M1 c o s 2  q5 + M 2  sin2 6 

B-3517-14. 

Adapted from the Waveguide Handbook (see Ref. 8 edited by N. Marcuvitz) 

FIG. 5.10-10 IRIS-COUPLED T-JUNCTION OF RECTANGULAR AND CIRCULAR GUIDES 

239 



GENERAL VlEW 

EQUIVALENT CIRCUIT 

n x  
Y;, Y: 1 6 ~ ~ ~ ~  s i n 2  - 

lsZ3l2 - - - a 

Yo b b 1 2  aa'bb'A6Ab 

II = M1 c o s 2  4 + M2 s i n 2  $ M' - M1 s i n 2  q5 + M2 c o s 2  $ 

Adapted from the Waveguide H ~ d b o o k  ( s e e  Ref.  8 edited by N. Marcuvitz) A-3W.7-16S 

FIG. 5.10-11 IRIS-COUPLED SERIES T-JUNCTION IN RECTANGULAR GUIDE, 
E-PLANE 

1 GENERAL VIEW SIDE VlEW 

T ,  T 

EQUIVALENT CIRCUIT 

4-3327-150 

Adapted from the Waveguide Handbook ( s e e  Ref. 8 edited by N. Marcuvitz) 

FIG. 5.10-12 IRIS-COUPLED SHUNT T-JUNCTION IN RECTANGULAR GUIDE, 
H-PLANE 



When t h e  i r i s e s  a r e  n o t  s m a l l  wi th  r e s p e c t  t o  f r e e - s p a c e  wavelength,  

i t  i s  found t h a t  t h e  e q u i v a l e n t  c i r c u i t s  o f  F i g s .  5 .10-5 t o  5.10-12 a p p l y  
with good a c c u r a c y  i f  t h e  s t a t i c  magne t ic  p o l a r i z a b i l i t y  M1 g i v e n  i n  

Fig. 5 .10-4 i s  r e p l a c e d  by t h e  magne t ic  p o l a r i z a b i l i t y  M i .  The e x p r e s s i o n  
f o r  Mi i s  

where kc i s  t h e  f r e e - s p a c e  wave leng th  a t  t h e  c u t o f f  f r e q u e n c y  f o r  t h e  

l o w e s t - o r d e r  mode i n  a  waveguide h a v i n g  t h e  same c r o s s  s e c t i o n  a s  t h e  

i r i s ,  and h i s  t h e  f r e e - s p a c e  wavelength a t  t h e  f r e q u e n c y  o f  o p e r a t i o n .  

For long ,  t h i n  i r i s e s  o f  l e n g t h  1,  hc i s  a p p r o x i m a t e l y  e q u a l  t o  21. 

The f i n i t e  t h i c k n e s s ,  t ,  o f  an i r i s  r e d u c e s  t h e  t r a n s m i s s i o n  through 
it .  It i s  found t h a t  t h e  t o t a l  a t t e n u a t i o n  a o f  a  t h i c k  i r i s  i s  p r e -  

d i c t e d  wi th  r e a s o n a b l e  a p p r o x i m a t i o n  a s  t h e  sum o f  t h e  a t t e n u a t i o n  a. of  

a  t h i n  i r i s  and t h e  a t t e n u a t i o n  U 1  o f  a  l e n g t h  o f  t r a n s m i s s i o n  l i n e  having 

a  l e n g t h  equa l  t o  t h e  i r i s  t h i c k n e s s .  Thus,  

and 

where A i s  an e m p i r i c a l l y  d e t e r m i n e d  c o n s t a n t  a p p r o x i m a t e l y  e q u a l  t o  one 

f o r  a  round hole.% For  an e l o n g a t e d  s l o t  o f  l e n g t h  I i n  a  w a l l  t t h i c k ,  

A i s  about  3 i f  t < 0.02 1, b u t  A d e c r e a s e s  i n  s i z e  a s  t becomes l a rger . "  

The i n f o r m a t i o n  i n  Eqs. (5 .10-31 ,  ( 5 . 1 0 - 4 ) ,  and (5 .10-5)  c a n  be  com- 

bined t o  y i e l d  an e q u i v a l e n t  p o l a r i z a b i l i t y  M i ,  f o r  a  t h i c k  i r i s  whose 

c r o s s - s e c t i o n a l  dimensions a r e  n o t  s m a l l  i n  t e r m s  o f  a  wavelength.  The 
e x p r e s s i o n  i s  

SEC. 5 . 1 1 ,  RESONANT FREQUENCIES AND UNLOADED Q 
OF WAVEGUIDE RESONATORS ', 1 

Two i m p o r t a n t  c h a r a c t e r i s t i c s  of  a  wiveguide r e s o n a t o r  t h a t  a r e  

u s e f u l  i n  t h e  d e s i g n  of waveguide f i l t e r s  a r e  t h e  r e s o n a n t  f requency  of  

t h e  r e s o n a t o r  and i t s  unloaded Q ,  Q U .  T h i s  s e c t i o n  p r e s e n t s  c u r v e s  and 

fo rmulas  y i e l d i n g  t h e s e  q u a n t i t i e s  f o r  comple te ly  c l o s e d  c a v i t i e s  o f  t h e  

r e c t a n g u l a r  and c y l i n d r i c a l  v a r i e t i e s .  When a  s m a l l  c o u p l i n g  i r i s  i s  c u t  

i n  a  c a v i t y  i t s  r e s o n a n t  f r e q u e n c y  and Qu w i l l  be  n e a r l y  t h e  same a s  

t h o s e  of t h e  u n p e r t u r b e d  c a v i t y .  

R e c t a n g u l a r  Waveguide Resona tors -Rec tangula r  r e s o n a t o r s  a r e  

p robab ly  used more o f t e n  i n  waveguide f i l t e r s  t h a n  any o t h e r  t y p e .  An 

example of  s u c h  a  r e s o n a t o r  i s  i l l u s t r a t e d  i n  F i g .  5 . 1 1 - l ( a ) .  The modes 

t h a t  c a n  e x i s t  i n  t h i s  r e s o n a t o r  a r e  c o n v e n i e n t l y  d i v i d e d  i n t o  two s e t s ,  

t h e  t r a n s v e r s e  e l e c t r i c  TE-modes and t h e  t r a n s v e r s e - m a g n e t i c  TM-modes. 

The TE-modes have no e l e c t r i c  f i e l d  components,  E ,  a long  t h e  z a x i s  and 

t h e  TM-modes have no magnet ic  f i e l d  components,  H ,  a long  t h e  z a x i s .  

The two t y p e s  o f  modes a r e  f u r t h e r  s p e c i f i e d  i n  t e r m s  of t h e  i n t e g e r s  

1, m, and n. These  a r e  d e f i n e d  a s  

I = number o f  h a l f - p e r i o d  v a r i a t i o n s  of  E and H a long  x 

m = number o f  h a l f - p e r i o d  v a r i a t i o n s  of  E and H a long  y 

n  = number o f  h a l f - p e r i o d  v a r i a t i o n s  of E and H a l o n g  2. 

For a  g iven  s e t  o f  i n t e g e r s  a  mode i s  c o m p l e t e l y  s p e c i f i e d ,  and t h e  modes 

a r e  d e s i g n a t e d  a s  e i t h e r  TE1,, ,, , o r  m l , ,  ,,. 

The r e s o n a n t  f r e q u e n c i e s  a r e  g i v e n  by t h e  e q u a t i o n  

where A ,  B ,  and L a r e  measured i n  i n c h e s ,  and f i s  expressed  i n  g i g a -  

c y c l e s .  F i g u r e  5 . 1 1 ( a )  a l s o  c o n t a i n s  a  mode c h a r t  i n  which f 2 A 2  i s  

p l o t t e d  a s  a  f u n c t i o n  of A 2 / L 2  f o r  a11 of  t h e  TE- and TM-modes h a v i n g  



FIG. 5.11-l(a) MODE CHART FOR RECTANGULAR WAVEGUIDE 
RESONATOR WITH B/A = 1/2 
The dimensions A, 0, and L are measured in inches 
and frequency f is measured in gigacycles 

I 
1 ,  n, n  _1 2  i n  a  c a v i t y  i n  which B / A  = 1 / 2 .  I n  t h i s  f i g u r e ,  a l l  d imens ions  

/' 
a r e  i n  i n c h e s ,  and f requency  i s  measured i n  g i g a c y c l e s .  

I 
The unloaded Q  of  a  c a v i t y  i s  most c o n v e n i e n t l y  t a b u l a t e d  i n  t h e  

d i m e n s i o n l e s s  form QU8/A where 8  i s  t h e  s k i n  d e p t h  and A i s  t h e  f r e e  space  

wavelength.  T a b l e  5 . 1 1 - 1  p r e s e n t s  b a l u e s  \ of  8 / h  f o r  v a r i o u s  m e t a l s  hav ing  

I p o l i s h e d ,  c o r r o s i o n - f r e e  s u r f  a c e s .  \ 

4 '\ 

i 
Table 5 . 1 1 - 1  

VALUES OF $/A FOR V ~ O U S  METALS 
The Values Given Are For Po l i shed  Corrosion-Free Surfaces .  

The Frequency fC ,  I s  1; Gigacyc les .  

I Silver,  

For TE-modes we f i n d  t h a t  Qu(S/A) i s  g i v e n  by:' 

f o r  ( 1  and n )  > 0;  

S ABL 
Q - = - .  ( q *  + r 2 )  3/2 

, f o r  1 = 0 ; ( 5 . 1 1 - 3 )  
U h  2  rq2L(B + 2 A )  + r 2 B ( L  + 2.4) 

and 

S  ABL ( p a  + r 2 )  3 
Q , - =  - '  , f o r  n  = 0 ( 5 . 1 1 - 4 )  

h  2 p 2 ~ ( ~  + 2 B )  + r 2 A ( L  + 2 8 )  

where p = 1 / A ,  q  = n/B, r = n / L .  F i g u r e  5 . 1 1 - l ( b )  shows a  c h a r t  of Qu(S/A) 

v e r s u s  AIL f o r  v a r i o u s  a s p e c t  r a t i o s  k = A/B f o r  t h e  TElol mode. 



F IG  5 l ( b )  CHART FOR ESTIMATING THE UNLOADED Q OF TE,,,-MODE 
RECTANGULAR WAVEGUIDE RESONATORS 

F o r  t h e  TM-modes we f i n d  t h a t  QU i s  g i v e n  by:' 

6 .  ABL ( p Z + q 2 )  ( P 2 + q 2 + r 2 ) *  Quh = -. , f o r  n  > 0 ; 
4 , D ~ B ( A + L ) + ~ ~ A ( B + L )  

and  

6 ABL 
Q"h - - *  ( p 2  + q 2 )  * 

, f e r n - 0  
P ~ B ( A + S L )  + q 2 ~ ( ~ + 2 ~ )  

R i g h t - C i r c u l a r - C y l i n d e r  R e s o n a t o r s - C y l i n d r i c a l  r e s o n a t o r s  o f  t h e  

t y p e  i l l u s t r a t e d  i n  F&. 5 . 1 1 - 2  a l s o  h a v e  no rma l  modes t h a t  c a n  b e  

c h a r a c t e r i z e d  a s  TE-modes when t h e r e  a r e  no  e l e c t r i c  f i e l d  c o m p o n e n t s , E ,  

a l o n g  t h e  z a x i s ,  and a s  TM-modes when t h e r e  a r e  no  m a g n e t i c  f i e l d  com- 

p o n e n t s ,  H, a l o n g  t h e  z a x i s .  The i n d i v i d u a l  TE- and TM-modes a r e  f u r t h e r  

i d e n t i f i e d  b y  means o f  t h e  t h r . e e  i n t e g e r s  1 ,  m, and n ,  wh ich  a r e  d e f i n e d  

a s  f o l l o w s :  %\ 

L = number o f  f u l l - p e r i o d  v \ i r i a t i o n s  o f  E ,  w i t h  r e s p e c t  t o  0 
\ 

m = number o f  h a l f - p e r i o d  v a r i k g t i o n s  o f  E8 w i t h  r e s p e c t  t o  r 

n  = number o f  h a l f - p e r i o d  v a r i a t i o n s  of  E r  w i t h  r e s p e c t  t o  z 

SOURCE: Technique of Microwave Measurementa, see Ref. 31 
by C. G. Monteornery 

FIG. 5.11-2 RIGHT-CIRCULAR-CYLINDER 
RESONATOR 

where  Er  and  E g  a r e  t h e  f i e l d  componen t s  i n  t h e  r and 8 d i r e c t i o n s .  As 

i n  t h e  c a s e  o f  t h e  r e c t a n g u l a r  c a v i t y  modes t h e  r i g h ~  c i r c u l a r  c y l i n d e r  

modes a r e  a l s o  d e s i g n a t e d  a s  TEl , , , ,  o r  TMl, ,, The r e s o n a n t  f r e q u e n c i e  

o f  t h e s e  modes a r e  g i v e n  b y  t h e  e x p r e s s i o n 3  



I n  t h i s  e x p r e s s i o n  f i s  measu red  i n  g i g a c y c l e s ,  t h e  d i m e n s i o n s  D and L 
a r e  measu red  i n  i n c h e s .  The q u a n t i t i e s  x l ,  a a r e  

x , ,  = n t h  r o o t  o f  J;(x) = 0 f o r  t h e  TE-modes 

( 5 . 1 1 - 8 )  
X l , .  = mth r o o t  o f  J ~ ( x )  = 0 f o r  t h e  TM-modes . 

Values  o f  a  few o f  t h e s e  r o o t s  a r e  g i v e n  i n  T a b l e  5 .11-2 .  

Table 5.11-2 

ROOTS OF J , ( . r )  AM) J ; ( z )  

TY- mode 

Oln 
I l n  
2 l n  
02n 
31n 
12n 
41n 
22n 
03n 
5 1n 
32n 
61n 
1311 

Sourca:  T e c h n i q u e  of  M i c r o r o v e  
M e s a u r e a e n r ~ ,  r o e  Ref .  31. 
b y  C. G. Montgomery. 

F i g u r e  5 . 1 1 - 3  i s  a mode c h a r t  i n  which f 2 ~ 2  i s  p l o t t e d  a s  a  f u n c t i o n  

o f  D ' / L ~ ,  f o r  s e v e r a l  o f  t h e  l o w e r - o r d e r  TE- and  TM-modes. I n  t h i s  f i g u r e  
a l l  d i m e n s i o n s  a r e  i n  i n c h e s  and  f r e q u e n c y  i s  m e a s u r e d  i n  g i g a c y c l e s .  

Va lues  of Qy f o r  r i g h t - c i r c u l a r - c y l i n d e r  c o p p e r  r e s o n a t o r s  a r e  

p l o t t e d  f o r  TE-modes i n  F i g s .  5 . 1 1 - 4  and 5 . 1 1 - 5 ,  a n d  f o r  TM-modes i n  

FIG. 5.11-3 MODE CHART FOR RIGHT-CIRCULAR-CYLINDER 
RESONATOR 
The diameter D and length L are measured i n  inches 
and the frequency f i s  measured in gigacycles 

F i g .  5 . 1 1 - 6  



FIG. 5.11-4 THEORETICAL UNLOADED Q OF SEVERAL 
TEo-MODES IN A RIGHT-CIRCULAR- 
CYLINDER COPPER RESONATOR 
Frequency i s  measured in gigacycles 

SOURCE: Technique of Microwave Measwements. see Ref .  31 
by C.  G. Montgomery 

FIG. 5.11-5 THEORETICAL UNLOADED Q OF SEVERAL 
TE-MODES IN A RIGHT-CIRCULAR- 
CYLINDER COPPER RESONATOR 
Frequency is measured in gigacycles 



SOURCE: Technique of Yicmwave Meoarucmantr. see Ref. 31 
by C. G. Mantromery 

FIG. 5.11-6 THEORETICAL UNLOADED Q OF 
SEVERAL TM-MODES IN A RIGHT- 
CIRCULAR-CYLINDER RESONATOR 
Frequency is  measured in gigacycles 

/' 
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CHAPTER 6 

STEPPED-IMPEDANCE TRANSFORMERS AND FILTER PROTOTYPES 

SEC. 6.01, INTRODUCTION 

The objective of this chapter is to present .- design equations and 
numerical data for the design of quarter-wave transformers, with two 

applications in mind: the first application is as an impedance-matching 

device or, literally, transformer; the second is as a prototype circuit, 

which shall serve as the basis for the design of various band-pass and 

low-pass filters. 

This chapter is organized into fifteen sections, with the following 

purpose and content: 

Section 6.01 is introductory. It also discusses applications, 
and gives a number of definitions, 

Sections 6.02 and 6.03 deal with the performance characteristics 
of quarter-wave transformers and half-wave filters. In these 
parts the designer will find what can be done, not how to do it. 

Sections 6.04 to 6.10 tell how to design quarter-wave transformers 
and half-wave filters. If simple, general design formulas were 
available, and solvable by nothing more complicated than a slide- 
rule, these sections would be much shorter. 

Section 6.04 gives exact formulas and tables of complete designs 
for Tchebyscheff and maximally flat transformers of up to four 
sections. 

Section 6.05 gives tables of designs for maximally flat (but not 
Tchebyscheff) transformers of up to eight seccions. 

Section 6.06 gives a first-order theory for Tchebyscheff and 
maximally flat transformers of up to eight sections, with 
explicit formulas and numerical tables. It also gives a general 

first-order formula, and refers to existing numerical tables 
published elsewhere which are suitable for up to 39 sections, 
and for relatively wide (but not narrow) bandwidths. 

Section 6.07 presents a modified fimt-order theory, accurate 
for larger transformer ratios than can be designed by the 
(unmodified) first-order theory of Sec. 6.06. 



S e c t i o n  6 . 0 8  d e a l s  w i t h  t h e  d i s c o n t i n u i t y  e f f e c t s  o f  n o n - i d e a l  
j u n c t i o n s ,  and f i r s t - o r d e r  c o r r e c t i o n s  t o  compensa t e  f o r  them. 

I 
S e c t i o n s  6 .09  and 6 . 1 0  a p p l y  p r i m a r i l y  t o  p r o t o t y p e s  f o r  f i l t e r s ,  
s i n c e  t h e y  a r e  c o n c e r n e d  w i t h  l a r g e  i m p e d a n c e  s t e p s .  They 
become e x a c t  o n l y  i n  t h e  l i m i t  a s  t h e  o u t p u t - t o - i n p u t  impedance  
r a t i o ,  R, t e n d s  t o  i n f i n i t y .  S i m p l e  f o r m u l a s  a r e  g i v e n  f o r  any 
number o f  s e c t i o n s ,  and n u m e r i c a l  t a b l e s  on  l u m p e d - c o n s t a n t  
f i l t e r s  a r e  r e f e r r e d  t o .  

Note :  S e c t i o n s  6 .09  and 6 . 1 0  complement S e c s .  6 . 0 6  and  6 .07 ,  wh ich  g i v e  1 
e x a c t  r e s u l t s  o n l y  i n  t h e  l i m i t  a s  R t e n d s  t o  z e r o .  I t  i s  p o i n t e d  o u t  
t h a t  t h e  d i v i d i n g  l i n e  be tween  " s m a l l  R" and  " l a r g e  R" i s  i n  t h e  o r d e r  

o f  [ 2 / ( q u a r t e r - w a v e  t r a n s f o r m e r  b a n d w i d t h )  1 2n, w h e r e  n  i s  t h e  number o f  
i 

s e c t i o n s .  T h i s  d e t e r m i n e s  w h e t h e r  t h e  f i r s t - o r d e r  t h e o r y  o f  S e c s .  6 . 0 6  

and 6 .07 ,  o r  t h e  f o r m u l a s  o f  S e c s .  6 . 0 9  and 6 . 1 0  a r e  t o  b e  u s e d .  An 

example  (Example  3 o f  Sec. 6 . 0 9 )  where  R i s  i n  t h i s  b o r d e r l i n e  r e g i o n ,  

is  s o l v e d  by  b o t h  t h e  " s m a l l  R" and t h e  " l a r g e  R" a p p r o x i m a t i o n s ,  and  
b o t h  me thods  g i v e  t o l e r a b l y  good  r e s u l t s  f o r  m o s t  p u r p o s e s .  I 

S e c t i o n s  6 . 1 1  and 6 . 1 2  d e a l  w i t h  " inhomogeneous"  t r a n s f o r m e r s ,  
which a r e  n o t  u n i f o r m l y  d i s p e r s i v e ,  s i n c e  t h e  c u t o f f  w a v e l e n g t h  
c h a n g e s  a t  each  s t e p .  

S e c t i o n  6 . 1 3  d e s c r i b e a  a  p a r t i c u l a r  t r a n s f o r m e r  whose p e r f o r m a n c e  
and  o v e r - a l l  l e n g t h  a r e  s i m i l a r  t o  t h o s e  o f  a  s i n g l e - s e c t i o n  
q u a r t e r - w a v e  t r a n s f o r m e r ,  b u t  which r e q u i r e s  o n l y  m a t c h i n g  s e c t i o n s  
whose c h a r a c t e r i s t i c  impedances  a r e  e q u a l  t o  t h e  i n p u t  and  
o u t p u t  impedances .  I 
S e c t i o n  6 .14  c o n s i d e r s  d i s s i p a t i o n  l o s s e s .  I t  g i v e s  a  g e n e r a l  
f o r m u l a  f o r  t h e  midband d i s s i p a t i o n  l o s s .  1 
S e c t i o n  6 .15  r e l a t e s  g r o u p  d e l a y  t o  d i s s i p a t i o n  l o s s  i n  t h e  p a s s  
band ,  and p r e s e n t s  n u m e r i c a l  d a t a  i n  a  set  o f  u n i v e r s a l  c u r v e s .  

Q u a r t e r - w a v e  t r a n s f o r m e r s  h a v e  numerous a p p l i c a t i o n s  b e s i d e s  b e i n g  1 
impedance  t r a n s f o r m e r s ;  an u n d e r s t a n d i n g  o f  t h e i r  b e h a v i o r  g i v e s  i n s i g h t  

i n t o  many o t h e r  p h y s i c a l  s i t u a t i o n s  n o t  o b v i o u s l y  c o n n e c t e d  w i t h  

impedance  t r a n s f o r m a t i o n s .  The d e s i g n  e q u a t i o n s  a n d  n u m e r i c a l  t a b l e s  
have ,  m o r e o v e r ,  been  d e v e l o p e d  t o  t h e  p o i n t  w h e r e  t h e y  c a n  b e  u s e d  

c o n v e n i e n t l y  f o r  t h e  s y n t h e s i s  o f  c i r c u i t s ,  many o f  which were  1 
p r e v i o u s l y  d i f f i c u l t  t o  d e s i g n .  

C i r c u i t s  t h a t  can  b e  d e s i g n e d  u s i n g  q u a r t e r - w a v e  t r a n s f o r m e r s  a s  a  

p r o t o t y p e  i n c l u d e :  impedance   transformer^'^ ( a s  i n  t h i s  c h a p t e r ) ;  

r e a c t a n c e - c o u p l e d  f i l t e r s 7 +  ( C h a p t .  9 ) ;  s h o r t - l i n e  l o w - p a s s  f i l t e r s  

( S e c .  7 . 0 6 ) ;  b r a n c h - g u i d e  d i r e c t i o n a l  c o u p l e r s  lo ( C h a p t .  1 3 ) ;  a s  w e l l  

a s  o p t i c a l  m u l t i - l a y e r  f i l t e r s  and  t r a n s f o r m e r s ,  Y*12 and a c o u s t i c a l  

t r a n s f o r m e r s .  13*14 -, '.__ 
The a t t e n u a t i o n  f u n c t i o n s  c o n s i d e r e d  h e r e  a r e  a l l  f o r  max ima l ly  

f l a t  o r  T c h e b y s c h e f f  r e s p o n s e  i n  t h e  p a s s  band.  I t  i s  o f  i n t e r e s t  t o  

n o t e  t h a t  o c c a s i o n a l l y  o t h e r  r e s p o n s e  s h a p e s  may b e  d e s i r a b l e .  Thus  

TEM-mode c o u p l e d - t r a n s m i s s i o n - l i n e  d i r e c t i o n a l  c o u p l e r s  a r e  a n a l y t i c a l l y  

e q u i v a l e n t  t o  q u a r t e r - w a v e  t r a n s f o r m e r s  ( C h a p t .  1 3 ) ,  b u t  r e q u i r e  

f u n c t i o n s  w i t h  max ima l ly  f l a t  o r  e q u a l - r i p p l e  c h a r a c t e r i s t i c s  i n  t h e  

s t o p  band.  O t h e r  a t t e n u a t i o n  f u n c t i o n s  may b e  c o n v e n i e n t  f o r  o t h e r  

a p p l i c a t i o n s ,  b u t  w i l l  n o t  b e  c o n s i d e r e d  h e r e .  

As i n  t h e  d e s i g n  o f  a l l  microwave c i r c u i t s ,  o n e  must d i s t i n g u i s h  

between t h e  i d e a l  c i r c u i t s  a n a l y z e d ,  and t h e  a c t u a l  c i r c u i t s  t h a t  

have  p rompted  t h e  a n a l y s i s  and which a r e  t h e  d e s i r e d  end p r o d u c t .  

To b r i n g  t h i s  o u t  e x p l i c i t l y ,  w e  s h a l l  s t a r t  w i t h  a  l i s t  o f  

d e f i n i t i o n s :  l5 

Homogeneous t r a n s f o r m e r - a  t r a n s f o r m e r  i n  which t h e  r a t i o s  o f  
i n t e r n a l  w a v e l e n g t h s  and c h a r a c t e r i s t i c  impedances  a t  d i f f e r e n t  
p o s i t i o n s  a l o n g  t h e  d i r e c t i o n  o f  p r o p a g a t i o n  a r e  i n d e p e n d e n t  
o f  f r e q u e n c y .  

Inhomogeneous  t r a n s f o r m e r - a  t r a n s f o r m e r  i n  which t h e  r a t i o s  o f  
i n t e r n a l  w a v e l e n g t h s  and c h a r a c t e r i s t i c  impedances  a t  d i f f e r e n t  
p o s i t i o n s  a l o n g  t h e  d i r e c t i o n  o f  p r o p a g a t i o n  may change  w i t h  
f r e q u e n c y .  

Q u a r t e r - w a v e  t r a n s f o r m e r - a  c a s c a d e  o f  s e c t i o n s  o f  l o s s l e s s ,  
u n i f o r m *  t r a n s m i s s i o n  l i n e s  o r  media ,  each  s e c t i o n  b e i n g  
o n e - q u a r t e r  ( i n t e r n a l )  w a v e l e n g t h  l o n g  a t  a  common f r e q u e n c y .  

* 
A uniform tranamisaion l ine ,  medium, c t c . ,  is here defined as  one in  which the physical and e l e c t r i c a l  
charac ter i s t i c s  do not wi th  diatancc along the direct ion of  propagation. l l i s  i a  a  g e n e r a l i ~ a t i o n  

o f  the IRE d e f i n i t i o n  o f  uniform waveguide ( s e e  Ref. 16). 



Note: Homogeneous and inhomogeneous q u a r t e r - w a v e  t r a n s f o r m e r s  a r e  now 

d e f i n e d  by a  combinat ion o f  t h e  above d e f i n i t i o n s .  For i n s t a n c e ,  an 

inhomogeneous quar te r -wave  t r a n s f o r m e r  i s  a  q u a r t e r - w a v e  t r a n s f o r m e r  i n  

which t h e  r a t i o s  o f  i n t e r n a l  wavelengths  and c h a r a c t e r i s t i c  impedances 

t a k e n  between d i f f e r e n t  s e c t i o n s ,  may change w i t h  f requency .  

I d e a l  j u n c t i o n - t h e  c o n n e c t i o n  between two impedances o r  t r a n s -  
m i s s i o n  l i n e s ,  when t h e  e l e c t r i c a l  e f f e c t s  o f  t h e  c o n n e c t i n g  
w i r e s ,  o r  t h e  j u n c t i o n  d i s c o n t i n u i t i e s ,  c a n  be n e g l e c t e d .  (The 
j u n c t i o n  e f f e c t s  may l a t e r  be  r e p r e s e n t e d  by e q u i v a l e n t  r e a c t a n c e s  
and t r a n s f o r m e r s ,  o r  by p o s i t i v e  and n e g a t i v e  l i n e  l e n g t h s ,  e t c . )  

I d e a l  quar te r -wave  t rans former -a  q u a r t e r - w a v e  t r a n s f o r m e r  i n  
which a l l  o f  t h e  j u n c t i o n s  ( o f  g u i d e s  o r  media hav ing  d i f f e r e n t  
c h a r a c t e r i s t i c  impedances)  may be t r e a t e d  a s  i d e a l  j u n c t i o n s .  

Half-wave f i l t e r - a  c a s c a d e  of  s e c t i o n s  o f  l o s s l e s s  u n i f o r m  
t r a n s m i s s i o n  l i n e s  o r  media ,  each s e c t i o n  b e i n g  o n e - h a l f  
( i n t e r n a l )  wavelength l o n g  a t  a  common f requency .  

Synchronous t u n i n g  c o n d i t i o n - a  f i l t e r  c o n s i s t i n g  o f  a  s e r i e s  o f  
d i s c o n t i n u i t i e s  s p a c e d  a l o n g  a  t r a n s m i s s i o n  l i n e  i s  s y n c h r o n o u s l y  
t u n e d  i f ,  a t  some f i x e d  f requency  i n  t h e  p a s s  band, t h e  r e f l e c t i o n s  
from any p a i r  o f  s u c c e s s i v e  d i s c o n t i n u i t i e s  a r e  p h a s e d  t o  g i v e  
t h e  maximum c a n c e l l a t i o n .  (A q u a r t e r - w a v e  t r a n s f o r m e r  i s  a 
synchronous ly  tuned  c i r c u i t  i f  i t s  impedances form a  monotone 
sequence .  A h a l f - w a v e  f i l t e r  i s  a  s y n c h r o n o u s l y  t u n e d  c i r c u i t  
i f  i t s  impedances a l t e r n a t e l y  i n c r e a s e  and d e c r e a s e  a t  e a c h  s t e p  
a l o n g  i t s  l e n g t h . )  

Synchronous f requency- the  " f i x e d  f r e q u e n c y "  r e f e r r e d  t o  i n  t h e  
p r e v i o u s  d e f i n i t i o n  w i l l  b e  c a l l e d  t h e  synchronous  f requency .  
( I n  t h e  c a s e  o f  q u a r t e r - w a v e  t r a n s f o r m e r s ,  a l l  s e c t i o n s  a r e  
o n e - q u a r t e r  wave leng th  l o n g  a t  t h e  synchronous  f r e q u e n c y ;  i n  t h e  
c a s e  o f  ha l f -wave  f i l t e r s ,  a l l  s e c t i o n s  a r e  o n e - h a l f  wave leng th  
l o n g  a t  t h e  synchronous f requency .  S h o r t - l i n e ,  low-pass  f i l t e r s  
may a l s o  be  d e r i v e d  from ha l f -wave  f i l t e r s ,  w i t h  t h e  synchronous  
f requency  b e i n g  t h o u g h t  o f  a s  z e r o  f r e q u e n c y . )  

The r e a l i z a t i o n  of  t r a n s m i s s i o n - l i n e  d i s c o n t i n u i t i e s  by impedance 

s t e p s  i s  e q u i v a l e n t  t o  t h e i r  r e a l i z a t i o n  by means of  i d e a l  impedance i n -  

v e r t e r s  ( S e c .  4 . 1 2 ) .  The main d i f f e r e n c e  i s  t h a t  w h i l e  impedance s t e p s  

can be p h y s i c a l l y  r e a l i z e d  o v e r  a  wide band o f  f r e q u e n c i e s  ( a t  l e a s t  f o r  

s m a l l  s t e p s ) ,  i d e a l  impedance i n v e r t e r s  can  be  approx imated  o v e r  o n l y  

l i m i t e d  bandwid ths .  A s  f a r  a s  u s i n g  e i t h e r  c i r c u i t  a s  a  m a t h e m a t i c a l  

IMPEDANCE STEP IMPEDANCE INVERTER 

LINE CHARACTERISTIC LINE CHARACTERISTIC 
IMPEDANCES * ZI .Z2 IMPEDANCES= 

IMPEDANCE RATIO OR JUNCTION VSWR: 
V=22/21 OR 21/22,  WHICHEVER >I  

ELECTRICAL LENGTH'O 
AT ALL FREQUENCIES 

IMPEDANCE OF INVERTER' K 

ELECTRICAL LENGTH. 90. 
AT ALL FREQUENCIES 

FOR SAME COUPLING: 

JUNCTION VSWR, V z  (+o)r2 > 1 

A-,,2?-2S, 

SOURCE: Quarterly Progress Report 4, Contract DA 36-039 SC-87398, SRIi 
reprinted in IRE Trans. PGMTT (See Ref. 36 by L. Young) 

FIG. 6.01-1 CONNECTION BETWEEN IMPEDANCE STEP 
AND IMPEDANCE INVERTER 

SEC. 6 . 0 2 ,  THE PERFORMANCE OF HOMOGENEOUS 
QUARTER-WAVE TRANSFORMERS 

T h i s  s e c t i o n  summarizes t h e  r e l a t i o n s h i p s  between t h e  pass -band  

and s top-band  a t t e n u a t i o n ,  t h e  f r a c t i o n a l  bandwidth,  w q ,  and t h e  

number o f  s e c t i o n s  o r  r e s o n a t o r s ,  n. Although t h e  e x p r e s s i o n s  o b t a i n e d  

h o l d  e x a c t l y  o n l y  f o r  i d e a l  quar te r -wave  t r a n s f o r m e r s ,  they h o l d  

r e l a t i v e l y  a c c u r a t e l y  f o r  r e a l  p h y s i c a l  quar te r -wave  t r a n s f o r m e r s  and 

f o r  c e r t a i n  f i l t e r s ,  e i t h e r  w i t h o u t  m o d i f i c a t i o n  o r  a f t e r  s i m p l e  

c o r r e c t i o n s  have been a p p l i e d  t o  account  f o r  j u n c t i o n  e f f e c t s ,  e t c .  

A quar te r -wave  t r a n s f o r m e r  i s  d e p i c t e d  i n  F ig .  6.02-1. D e f i n e  

t h e  quar te r -wave  t r a n s f o r m e r  f r a c t i o n a l  bandwidth,  w q ,  by 

model,  o r  p r o t o t y p e  c i r c u i t ,  i s  concerned ,  t h e y  g i v e  e q u i v a l e n t  r e s u l t s ,  

a s  can  be  s e e n  from F i g .  6 . 0 1 - 1 .  



ELECTRICAL ,+'t"t"l 
L E N G T H S  : 

NORMALIZED 
IMPEDANCES : 

Z0= I 2 ,  z2 z, 2, - - - Zn Z",i-R 
JUNCTION VSWR's :  

V, v, v, v, - - - ",+I 

REFLECTION 
COEFFICIENTS: 

r r, r r, ---  rn+, 

SOURCE: Quarterly Regress Report 4. Contract DA 36-039 SC-87398, SRI; 
reprinted in IRE Tmnr. PCMTT (See Ref. 36 by L. Young) 

FIG. 6.02-1 QUARTER-WAVE TRANSFORMER NOTATION 

where  A  a n d  Ag2 a r e  t h e  l o n g e s t  and  s h o r t e s t  g u i d e  w a v e l e n g t h s ,  
8 1 

r e s p e c t i v e l y ,  i n  t h e  p a s s  band  o f  t h e  q u a r t e r - w a v e  t r a n s f o r m e r .  The 

l e n g t h ,  L ,  o f  e a c h  s e c t i o n  ( F i g .  6 . 0 2 - 1 )  i s  n o m i n a l l y  o n e - q u a r t e r  

w a v e l e n g t h  a t  c e n t e r  f r e q u e n c y  and i s  g i v e n  b y  

where  t h e  c e n t e r  f r e q u e n c y  i s  d e f i n e d  a s  t h a t  f r e q u e n c y  a t  wh ich  t h e  

g u i d e  w a v e l e n g t h  A  i s  e q u a l  t o  A  
8 0 '  

When t h e  t r a n s m i s s i o n  l i n e  i s  n o n - d i s p e r s i v e ,  t h e  f r e e - s p a c e  wave- 

l e n g t h  A  may b e  u s e d  i n  Eqs .  ( 6 . 0 2 - 1 )  a n d  ( 6 . 0 2 - 2 ) ,  which t h e n  become 

L = 9 2  
A 0 - - 

2 ( h 1  + 4 

where  f s t a n d s  f o r  f r e q u e n c y .  

The t r a n s d u c e r  l o s s  r a t i o  ( S e c .  2-11) i s  d e f i n e d  a s  

t h e  a v a i l a b l e  g e n e r a t o r  power ,  t o  PL, _ t h e  -__ power 

d e l i v e r e d  t o  t h e  l o a d .  The " e x c e s s  l o s s , "  € , i s  h e r e i n  d e f i n e d  by 

t h e  r a t i o  o f  

a c t u a l l y  

Fo r  t h e  max ima l ly  f l a t  q u a r t e r - w a v e  t r a n s f o r m e r  o f  n s e c t i o n s  and  

o v e r - a l l  impedance  r a t i o  R ( F i g .  6 . 0 2 - 1 )  E i s  g i v e n  by 

where  

'go b e i n g  t h e  g u i d e  wave leng th  a t  band c e n t e r ,  when 6' = rr/2; and where  

i s  t h e  g r e a t e s t  e x c e s s  l o s s  p o s s i b l e .  ( I t  o c c u r s  when 6 i s  an i n t e g r a l  

m u l t i p l e  o f  T,  s i n c e  t h e  s e c t i o n s  t h e n  a r e  an i n t e g r a l  number o f  h a l f -  

w a v e l e n g t h s  l o n g .  ) 

The 3-db f r a c t i o n a l  b a n d w i d t h  o f  t h e  max ima l ly  f l a t  q u a r t e r - w a v e  

t r a n s f o r m e r  i s  g i v e n  by 

The f r a c t i o n a l  bandwid th  o f  t h e  max ima l ly  f l a t  q u a r t e r - w a v e  

t r a n s f o r m e r  be tween  t h e  p o i n t s  o f  x-db a t t e n u a t i o n  i s  g i v e n  by 

and 



For t h e  Tchebyscheff  t r a n s f o r m e r  o f  f r a c t i o n a l  bandwidth w q .  

where 

p = s i n  (7) , 
Tn i s  a  Tchebyscheff  po lynomia l  ( o f  t h e  f i r s t  k i n d )  o f  o r d e r  n, and 

where t h e  q u a n t i t y  

i s  t h e  maximum e x c e s s  l o s s  i n  t h e  p a s s  band. [Compare a l s o  Eq. (6 .02-18 
below.] The shape  o f  t h e s e  r e s p o n s e  c u r v e s  f o r  maximally f l a t  and 

Tchebyscheff  quar te r -wave  t r a n s f o r m e r s  i s  shown i n  F ig .  6 .02-2.  N o t i c e  
t h a t  t h e  peak t r a n s d u c e r  l o s s  r a t i o  f o r  any q u a r t e r - w a v e  t r a n s f o r m e r  i s  

P a r a i  1 
I 

(R + 112  e a t l  = 
4R 

(6 .02-14)  
PL 

and i s  de te rmined  s o l e l y  by t h e  o u t p u t - t o - i n p u t  impedance r a t i o ,  R. 

For t h e  maximally f l a t  t r a n s f o r m e r ,  t h e  3-db f r a c t i o n a l  bandwid th ,  

w q , J d b ,  i s  p l o t t e d  a g a i n s t  l o g  R fo r  n = 2 t o  n = 15 i n  F ig .  6.02-3. 

The a t t e n u a t i o n  g iven  by Eq. ( 6 . 0 2 - 6 )  can a l s o  b e  de te rmined  from t h e  

c o r r e s p o n d i n g  lumped-cons tan t ,  low-pass ,  p r o t o t y p e  f i l t e r  (Sec.  4 .03) .  
I f  a' i s  t h e  f requency  v a r i a b l e  o f  t h e  maximally f l a t ,  lumped-cons tan t ,  

low-pass  p r o t o t y p e ,  and a; i s  i t s  band edge,  t h e n  

NORMALIZED FREQUENCY. f 0R.NORMALIZED RECIPROCALGUIDE I-. WAVELENGTH XgO/& - 

(b) TCHEBYSCHEFF 
I 

SOURCE: Quarterly Progreaa Report 4, Contract DA 36-039 SC-87398. SRI; 
reprinted in IRE Tmns. PGMTT (See Ref. 36 by L. Young) 

FIG. 6.02-2 QUARTER-WAVE TRANSFORMER CHARACTERISTICS 

where po i s  d e f i n e d  by Eq. ( 6 . 0 2 - 1 2 ) .  and w q  (which o c c u r s  i n  t h e  

d e f i n i t i o n  of  p,,) i s  t h e  f r a c t i o n a l  bandwidth o f  t h e  maximally f l a t  

quar te r -wave  t r a n s f o r m e r  between p o i n t s  of  t h e  same a t t e n u a t i o n  a s  

t h e  a t t e n u a t i o n  of  t h e  maximally f l a t  low-pass  f i l t e r  a t  w' = a' 1' 

T h i s  e n a b l e s  one  t o  t u r n  t h e  g r a p h  of  a t t e n u a t i o n  v e r s u s  w ' / w ;  i n  

F i g .  4.03-2 i n t o  a  graph of  a t t e n u a t i o n  v e r s u s  c o s  6 of  t h e  q u a r t e r -  

wave t r a n s f o r m e r ,  u s i n g  Eq. ( 6 . 0 2 - 1 5 ) .  

For t h e  Tchebyscheff  t r a n s f o r m e r ,  



SOURCE: Q u ~ t e r l y  Rogreas Report 4. Contract DA 36-039 SC-87398. SRU 
rewnted  in IRE Trans. PGMTT (See Ref. 36 by L. Young) 

FIG. 6.02-3 3-db BANDWIDTHS OF MAXIMALLY FLAT 
TRANSFORMERS 

where  IU i s  t h u s  d e f i n e d  a s  a  f u n c t i o n  o f  t h e  number o f  s e c t i o n s ,  n, 

and t h e  b a n d w i d t h ,  w q .  I t  shows how much t h e  p a s s - b a n d  t o l e r a n c e  

i n c r e a s e s  when i t  i s  d e s i r e d  t o  improve t h e  p e a k  r e j e c t i o n .  The 
f u n c t i o n  M i n  Eq. ( 6 . 0 2 - 1 5 )  i s  g i v e n  i n  T a b l e  6 . 0 2 - 1  f o r  a l l  f r a c t i o n a l  

b a n d w i d t h s ,  w q ,  i n  s t e p s  o f  1 0  p e r c e n t ,  f o r  n = 2  t o  n = 15. The 
s m a l l e s t  f r a c t i ~ o n a l  bandwid th  i n  T a b l e  6 . 0 2 - 1  is w q  = 0.1 .  Fo r  s m a l l  
b a n d w i d t h s ,  

i Table 6 .02 -1  

Table 6.02-1 (concluded) 

* 4  means " m u l t i p l y  by lo4," and no on. 

SOURCE: Quarterly Progress  Report 4.  Contract DA 3 6 - 0 3 9  SC-87398. SRI ;  reprinted i n  IRE Trans.  PGMTT 
( s ee  Ref. 3 6  by L.  Young) 



Table 6.02-3 

MAXIMUM VSWR FOR TWO-SECTION 
TCHEBYSCHEFF QUARTER-WAVE TRANSFORMERS* 

Table 6.02-2 

- 
MPEDANCE 

RATIO,  
R 

MAXIMUM VSWR FOR SINGLE-SECTION 
QUARTER- WAVE TRANSFORMERS 

E q u a t i o n  ( 6 . 0 2 - 1 7 )  i s  a c c u r a t e  t o  b e t t e r  t h a n  about  1 p e r c e n t  f o r  

w l e s s  t h a n  0.1.  

The a t t e n u a t i o n  g i v e n  by Eq. (6.02-11) f o r  t h e  Tchebyscheff  

q u a r t e r - w a v e  t r a n s f o r m e r  can  a l s o  be  d e t e r m i n e d  from t h e  g r a p h s  i n  

F igs .  4 . 0 3 - 4  t o  4.03- 10 f o r  t h e  c o r r e s p o n d i n g  lumped-cons tan t ,  low-pass ,  

p r o t o t y p e  f i l t e r  [ a s  a l r e a d y  e x p l a i n e d  f o r  t h e  maximally f l a t  c a s e  i n  

c o n n e c t i o n  w i t h  Eq. (6 .02-15)]  by u s i n g  t h e  same Eq. (6 .02-15)  e x c e p t  
t h a t  now i s  t h e  Tchebyschef f  ( e q u a l - r i p p l e )  band edge o f  t h e  

low-pass  f i l t e r .  

I n  t h e  d e s i g n  of  t r a n s f o r m e r s  a s  such ,  o n e  i s  i n t e r e s t e d  o n l y  i n  

t h e  pass -band  performance f o r  s m a l l  R ( u s u a l l y  l e s s  than  l o o ) ,  and 
t h i s  i s  e x p r e s s e d  i n  t e r m s  o f  maximum VSWR r a t h e r  t h a n  maximum 

a t t e n u a t i o n .  T a b l e s  6 .02-2 th rough  6 .02-5  g i v e  d i r e c t l y  t h e  maximum 
VSWR i n s i d e  t h e  p a s s  band f o r  t r a n s f o r m e r s  w i t h  o u t p u t - t o - i n p u t  

impedance r a t i o s ,  R, o f  l e s s  t h a n  100, and f r a c t i o n a l  bandwid ths ,  w 
9' 

up t o  120 p e r c e n t ,  f o r  t r a n s f o r m e r s  o f  n = 1, 2 ,  3 ,  a n d 4 a e c t i o n s . 4  

For a l l  o t h e r  c a s e s ,  t h e  maximum VSWR may b e  worked o u t  from T a b l e  6 .02-1,  

IMPEDANCE 
RATIO, 

R 

1.25 
1.50 
1.75 
2.00 
2.50 

BANDWIDTH, 

0.2 1 0 .4  1 0.61 0 . 8  

SOURCE: IRE Trans. P m  (me. Rf.  4 by L. Young) 

BANDWIDTSI, m q  
/ 

Table 6.02-5 

MAXIMUM VSWR FOR FOUR-SECTION 
TCHEBYSCHEFF QUARTER-WAVE TRANSFORMERS* 

Table 6.02-4 

1 . 2  

1.20 
1.39 
1.57 
1.76 
2.12 

u s i n g  t h e  r e l a t i o n  

1 . 0  

1.17 
1.33 
1.49 
1.64 
1.93 

MAXIMUM VSWR FOR THREE-SECTION 
TCHEBYSCHEFF QUARTER- WAVE TF~ANSFORMERS* 

0 . 8  

1.14 
1.27 
1.39 
1.51 
1.73 

APEDANCE BANDWIDTH, w 
RATIO,  

R 0 . 2  0 .4  0 .6  0 . 8  

0.6 

1.11 
1.20 
1.30 
1.38 
1.53 

0 .2  

1.03 
1.06 
1.09 
1.12 
1.16 

IPEDANCE 
RATIO, 

R 

1.25 
1.50 
1.75 
2.00 
2.50 

3.00 
4.00 
5.00 
6.00 
8.00 

10.00 
12.50 
15.00 
17.50 
20.00 

25.00 
30.00 
40.00 
50.00 
60.00 

80.00 
100.00 

0 . 4  

1.07 
1.13 
1.19 
1.24 
1.34 

BANDWIDTH, u c  

where V r  i s  t h e  r i p p l e  VSWR (maximum VSWR i n  t h e  p a s s  b 

w i t h  Eqs. (6 .02-8)  and (6 .02-16) .  
a n d ) ,  t o g e t h e r  

Example I -Dete rmine  t h e  minimum number o f  s e c t i o n s  f o r  a  t r a n s -  

former o f  impedance r a t i o  R = 100 t o  have  a VSWR o f  l e s s  t h a n  1 . 1 5  

o v e r  a  1 0 0 - p e r c e n t  bandwidth ( w  = 1 . 0 ) .  

From Eq. (6 .02-181,  f o r  Vr = 1 .15 ,  

and from Eq. (6 .02-81,  f o r  R = 100, 

SOURCE: IRE Trans. PCWIT ( see  Asf .  4 by L. Young) SOURCE: IRE Pans. PWTT ( see  Ref. 4 by L. Young) 

* Corresponding Tshebyacheff transformer design8 are presented on pp. 275-278. 
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Hence ,  Eq. ( 6 . 0 2 - 1 6 )  g i v e s  

From T a b l e  6 . 0 2 - 1 ,  i n  t h e  column w q  = 1 . 0 ,  i t  i s  s e e n  t h a t  t h i s  v a l u e  

o f  M(n,wq)  f a l l s  be tween n  = 5 and n  = 6.  T h e r e f o r e ,  t h e  t r a n s f o r m e r  
must have  a t  l e a s t  s i x  s e c t i o n s .  ( S e e  a l s o  Example 1 o f  S e c .  6 . 0 7 ) .  

SEC. 6 . 0 3 ,  THE PERFORMANCE OF HOMOGENEOUS 
HALF- WAVE FILTERS 

The h a l f - w a v e  f i l t e r  was d e f i n e d  i n  S e c .  6 . 0 1 .  I t  i s  shown i n  
F i g .  6 . 0 3 - 1 .  I ts f r a c t i o n a l  bandwid th  w,, i s  d e f i n e d  [compare 
Eq. ( 6 . 0 2 - 1 1 1  by 

ELECTRICAL 
LENGTHS : F8'-ct)-@Y 
PHYSICAL 
LENGTHS: kL'-LtCL1d 

NORMALIZE0 
IMPEDANCES: 

Z& I Z; zh Z; - - - 2,: G+, 
JUNCTION V S W R ~ :  

v, v2 v3 - - - v n  ""+I 
REFLECTION 
COEFFICIENTS: 

I 
r ~r~ tr3 - - -  f r n  F r n + l  

SOURCE: Quarterly Regress Report 4. Contract DA 36-039 SC-87398, SRI; 
reprinted in IRE Tmns. PCMTT (See Ref. 36 by L. Young) 

FIG. 6.03-1 HALF-WAVE FILTER NOTATION 

and t h e  l e n g t h  L' o f  e a c h  s e c t i o n  [compar /F Eq. ( 6 . 0 2 - 2 ) l  \ i s  

'-. 
where  h g l  and h g 2  a r e  t h e  l o n g e s t  and s h o r t e s t  w a v e l e n g t h s ,  r e s p e c t i v e l y ,  

i n  t h e  p a s s  b a n d  o f  t h e  h a l f - w a v e  f i l t e r .  T h i s  c a n  b e  s i m p l i f i e d  f o r  

n o n - d i s p e r s i v e  l i n e s  by d r o p p i n g  t h e  s u f f i x l ' g , "  a s  i n  Eqs. ( 6 . 0 2 - 3 )  

and ( 6 . 0 2 - 4 ) .  A  h a l f - w a v e  f i l t e r  w i t h  t h e  same j u n c t i o n  VSlYRs V i  

( F i g s .  6 . 0 2 - 1  and  6 . 0 3 - 1 )  a s  a q u a r t e r - w a v e  t r a n s f o r m e r  o f  b a n d w i d t h  

w h a s  a  b a n d w i d t h  

s i n c e  i t s  s e c t i o n s  a r e  t w i c e  a s  l o n g  and t h e r e f o r e  t w i c e  a s  f r e q u e n c y -  

s e n s i t i v e .  The  p e r f o r m a n c e  o f  a  h a l f - w a v e  f i l t e r  g e n e r a l l y  c a n  b e  

d e t e r m i n e d  d i r e c t l y  f rom t h e  p e r f o r m a n c e  o f  t h e  q u a r t e r - w a v e  

t r a n s f o r m e r  w i t h  t h e  same number  o f  s e c t i o n s ,  n ,  and j u n c t i o n  VSWRs 

V i ,  by a  l i n e a r  s c a l i n g  o f  t h e  f r e q u e n c y  a x i s  by a  s c a l e - f a c t o r  o f  2. 

Compare F i g s .  6 . 0 3 - 2  and 6 . 0 2 - 2 .  The q u a r t e r - w a v e  t r a n s f o r m e r  w i t h  

t h e  same n  and Vi a s  t h e  h a l f - w a v e  f i l t e r  i s  h e r e i n  c a l l e d  i t s  

p r o t o t y p e  c i r c u i t .  

I n  t h e  c a s e  o f  t h e  h a l f - w a v e  f i l t e r ,  R i s  t h e  maximum VSWR, wh ich  

i s  n o  l o n g e r  t h e  o u t p u t - t o - i n p u t  impedance  r a t i o ,  a s  f o r  t h e  q u a r t e r -  

wave t r a n s f o r m e r ,  b u t  may g e n e r a l l y  b e  d e f i n e d  a s  t h e  p r o d u c t  o f  t h e  

j u n c t i o n  VSWRs : 

T h i s  d e f i n i t i o n  a p p l i e s  t o  b o t h  t h e  q u a r t e r - w a v e  t r a n s f o r m e r  and t h e  

h a l f - w a v e  f i l t e r ,  a s  w e l l  a s  t o  f i l t e r s  whose p r o t o t y p e  c i r c u i t s  t h e y  

a r e .  ( I n  t h e  l a t t e r  c a s e ,  t h e  Vi a r e  t h e  i n d i v i d u a l  d i s c o n t i n u i t y  

VSWRs a s  i n  C h a p t e r  9 . )  

The  e q u a t i o n s  c o r r e s p o n d i n g  t o  Eqs.  ( 6 . 0 2 - 6 )  t h r o u g h  ( 6 . 0 2 - 1 8 )  w i l l  

now b e  r e s t a t e d ,  whe reve r  t h e y  d i f f e r ,  f o r  t h e  h a l f - w a v e  f i l t e r .  



(a) MAXIMALLY FLAT 

VSWR 1 I I I I ifyyy I I 

I 
I I I I 

0 112 I 
I l/Z 2 

NORMALIZED FREQUENCY, f 0R.NORMALIZED RECIPROCALGUIDE WAVELENGTH XgO/Ag 

(b) TCHEBYSCHEFF vswRR I I 

I 
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I I 1 I 
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NORMALIZED FREQUENCY t.OR. NORMALIZED RECIPROCAL GUIDE WAVELENCTH AgO/Ag 

SOURCE: Quarterly Propeas Report 4, Contract DA 36-039 SC-87398, SRI; 
reprinted in IRE Trans. PCMTT (See Ref. 36 by L. Young) 

FIG. 6.03-2 HALF-WAVE FILTER CHARACTERISTICS 

F o r  t h e  maxi.mally f l a t  h a l f - w a v e  f i l t e r  o f  n s e c t i o n s ,  

where  

i n s t e a d  o f  Eq. ( 6 . 0 2 - 7 1 ,  s o  t h a t  8 '  = rr ( i n s t e a d  o f  8 = r / 2 )  a t  

band c e n t e r .  The 3-dh b a n d w i d t h  o f  t h e  m a x i m a l l y  f l a t  h a l f - w a v e  
f i l t e r  i s  

and t h e  b a n d w i d t h  be tween  t h e  p o i n t s  o f  x-db a t t e n u a t i o n  i s  

W q . x d b  ( 6 . 0 3 - 8 )  
W h , z d b  = '7, 

', , 

which  c a n  be  o b t a i n e d  f rom Eqs .  ( 6 . 0 2 - 9 )  and ( 6 . 0 2 - 1 0 ) .  

For  t h e  T c h e b ~ s c h e f f  h a l f - w a v e  f i l t e r ,  

& = 
(R - 1) 2 T : ( ~ i n  " / p 0 )  

4R T: ( ) 

where  

PO = s i n  (7) = s i n  (7) 
The q u a n t i t i e s  &,, &,, and t h e  maximum t r a n s d u c e r  l o s s  r a t i o  a r e  

s t i l l  g i v e n  by Eqs .  ( 6 . 0 2 - a ) ,  ( 6 .  0 2 - 1 3 ) ,  and  ( 6 . 0 2 - 1 4 ) .  Fo r  max ima l ly  

f l a t  h a l f - w a v e  f i l t e r s ,  t h e  g r a p h  o f  F i g .  6 . 0 2 - 3  can  a g a i n  b e  u s e d ,  

b u t  w i t h  t h e  r i g h t - h a n d  s c a l e .  

The l u m p e d - c o n s t a n t ,  l o w - p a s s ,  p r o t o t y p e  f i l t e r  g r a p h s  i n  

F i g s .  4 . 0 3 - 2  and 4 . 0 3 - 4  t o  4 . 0 3 - 1 0  may a g a i n  be  u s e d  f o r  b o t h  t h e  

max ima l ly  f l a t  and T c h e b y s c h e f f  h a l f - w a v e  f i l t e r s  by s u b s t i t u t i n g  

W '  s i n  8 '  
- =  - 
4 0 

f o r  Eq. ( 6 . 0 2 - 1 5 ) ,  where  po i s  g i v e n  by Eq. ( 6 . 0 3 - 1 0 ) .  

E q u a t i o n  ( 6 . 0 2 - 1 6 )  and T a b l e  6 . 0 2 - 1  s t i l l  a p p l y ,  u s i n g  Eq. ( 6 . 0 3 - 3 )  

t o  c o n v e r t  b e t w e e n  w p  and w , , .  

Example 1 -F ind  87 f o r  a  h a l f - w a v e  f i l t e r  o f  s i x  s e c t i o n s  h a v i n g  a  

T c h e b y s c h e f f  f r a c t i o n a l  bandwid th  o f  60 p e r c e n t  w i t h  a  p a s s - b a n d  \ 

r i p p l e  of  1 db 



Here ,  w,, = 0 . 6 ,  o r  w q  = 1 . 2  . From Eq. ( 6 . 0 2 - 1 3 ) ,  

and from T a b l e  6 . 0 2 - 1  f o r  w q  = 1 . 2 ,  

Hence, R = 850. 

SEC. 6 . 0 4 ,  EXACT TCHEBYSCHEFF AND MAXIMALLY FLAT SOLUTIONS 
FOR UP TO FOUR SECTIONS 

Enough e x a c t  s o l u t i o n s  w i l l  be  p r e s e n t e d  t o  p e r m i t  t h e  s o l u t i o n  

of  a l l  i n t e r m e d i a t e  c a s e s  by i n t e r p o l a t i o n  f o r  Tchebyscheff  and 

maximally f l a t  t r a n s f o r m e r s  and f i l t e r s  h a v i n g  up t o  f o u r  s e c t i o n s .  

The s o l u t i o n s  were o b t a i n e d  from C o l l i n ' s  f o r m u l a s . '  With t h e  
n o t a t i o n  of  F ig .  6 .02-1 ,  t h e y  can be reduced t o  t h e  e x p r e s s i o n s  

g iven  below. The e q u a t i o n s  a r e  f i r s t  g i v e n  f o r  maximally f l a t  

t r a n s f o r m e r s  and t h e n  f o r  Tchebyscheff  t r a n s f o r m e r s .  

For  maximally f l a t  t r a n s f o r m e r s  w i t h  n = 2, 3, and 4: 

where 

For Tchebyscheff  Trans formers  w i t h  n = 
2 ,  3, and 4: 

where 



where 

A 2  = 

and 

A d i f f e r e n c e  between t y p i c a l  q u a r t e r - w a v e  t r a n s f o r m e r s ,  and h a l f -  

wave f i l t e r s  s u i t a b l e  f o r  u s e  a s  p r o t o t y p e s  f o r  microwave f i l t e r s ,  i s  

t h a t ,  f o r  t h e  fo rmer ,  R i s  r e l a t i v e l y  s m a l l  ( u s u a l l y  l e s s  t h a n  100)  

and o n l y  t h e  pass -band  per formance  i s  o f  i n t e r e s t ;  f o r  t h e  l a t t e r ,  R 

i s  r e l a t i v e l y  l a r g e ,  and t h e  performance i n  b o t h  p a s s  band and s t o n  

2 

band i s  i m p o r t a n t .  Two s e t s  o f  t a b l e s  a r e  p r e s e n t e d  f o r  n  = 2, 3, 
and 4. The f i r s t  s e t  ( T a b l e s  6 . 0 4 - 1  t o  6 . 0 4 - 4 )  cover  R from 1 t o  100. 

, (6 .04-6)  
( c o n t d .  ) 

S i n c e  t h e s e  t a b l e s  a r e  most l i k e l y  t o  be used  i n  t h e  d e s i g n  o f  

t r a n s f o r m e r s ,  t h e  impedances Z1 and Z2 (F ig .  6 . 0 2 - 1 )  a r e  t a b u l a t e d ;  

t h e  remain ing  impedances a r e  o b t a i n e d  from t h e  symmetry r e l a t i o n ,  

which c a n  be  w r i t t e n  ( f o r  any n )  

T a b l e  6 . 0 4 - 1  

Z l  FOR TWO-SECTION TCHEBYSCHEFF WAmER-WAVE TRANSFORMERS* 

 o or w q  = 2 . 0 ,  Z 1  = Z 2  = '6) 

IMPEDANCE 
RATIO. 

R  

1.00 
1.25 
1.50 
1.75 

* 
Z  i. g i v e n  by 2 

z2 = R / Z ]  

- 
BANDWIDTH, W q  

The maximum pass-hand VSWR's of these  design.  are tabulated on p. 267. 

SOURCE: IRE Trans. PGW'IT ( s ee  Ref. 4 by L. Young) 

1 . 8  

1.000 
1.115 
1.218 
1.314 

1 . 6  

1.000 
1.107 
1.203 
1.291 

1 . 2  

1.00000 
1.08650 
1.16292 
1.23199 

1 . 0  

1.00000 
1.07725 
1.14495 
1.20572 

1 . 4  

1.000 
1.096 
1.183 
1.261 

0 . 8  

1.00000 
1.06979 
1.13051 
1.18469 

0 . 6  

1.00000 
1.06418 
1.11973 
1.16904 

0 . 4  

1.00000 
1.06034 
1.11236 
1.15837 

0 . 0  

1.00000 
1.05737 
1.10668 
1.15016 

0 . 2  

1.00000 
1.05810 
1.10808 
1.15218 



- -- 

IMPEDANCI 
RATIO. 

R 

1.00 
1.25 
1.50 
1.75 
2.00 
2.50 
3.00 
4.00 
5.00 
6.00 
8.00 

10.00 
12.50 
15.00 
17.50 
20.00 
25.00 
30.00 
40.00 
50.00 
60.00 
80.00 

100.00 

Table 6.04-2 

Z ,  FOR THREE-SECTION TCHEBYSCHEFF QUARTER-WAVE ~RANSFORMERS* 

(For rp = 2.0, Z1 = Z2 = Z3 = & )  

* 
Z2 and Zj a r e  g i v e n  by  

z2 = fi 

Z3 = A/Z, 

0 . 0  

1.00000 
1.02829 
1.05202 
1.07255 
1.09068 
1.12177 
1.14793 
1.19071 
1.22524 
1.25439 
1.30219 
1.34089 
1.38110 
L.41512 
1.46675 
L.47108 
L. 51650 
L. 55498 
..61832 
.. 66978 
.71340 
.78522 
.84359 

f 

Table 6.04-3 

z1 FCR FOUR-SECTICN T C ~ B Y S C ~ F F  QUARTER-WAVE TRANSFCR~ERS* 

(For u = 2.0 ,  Zl = Z 2  = Z 3  = Z 4  =A) 
i 

0 . 2  

1.00000 
1.02883 
1.05303 
1.07396 
1.09247 
1.12422 
1.15096 
1.19474 
1.23013 
1.26003 
1.30916 
1.34900 
1.39048 
1.42564 
1.45630 
1.48359 
1.53075 
1.57080 
1.63691 
1.69080 
1.73661 
1.81232 
1.87411 

* 
Sac F o o t n o t e ,  Tab le  6 . 0 4 - 4  

SOURCE: IRE Trans. P G W  ( s e e  Ref. 4  by L. Young) 

--- 
IMPEDANCE 
RATIO. R 

1.00 
1.25 
1. 50 
1.75 
2.00 
2.50 
3.00 
4.00 
5.00 
6.00 
8.00 

10.00 
12.50 
15.00 
17.50 
20.00 
25.00 
30.00 
40.00 
50.00 
60.00 
80.00 

100.00 

The maxim- pas*-band V S W s  of theme demigns are t d u l a t e d  on p. 267. 

SOURCE: IRE Tran.. PCV7T b e e  Ref. 4  by L. Young) 

0 . 4  

1.00000 
1.03051 
1.05616 
1.07839 
1.09808 
1.13192 
1.16050 
1.20746 
1.24557 
1.27790 
1.33128 
1.37482 
1.42039 
1.45924 
1.49328 
1.52371 
1.57661 
1.62184 
1.69719 
1.75922 
1.81246 
1.90144 
1.97500 

1 . 8  

1.000 
1.102 
1.193 
1.277 
1.354 
1.495 
1.622 
1.847 
2.045 
2.225 
2.545 
2.828 
3.146 
3.433 
3.699 
3.946 
4.399 
4.809 
5.538 
6.182 
6.765 
7.801 
8.715 

0 . 6  

1.00000 
1.03356 
1.06186 
1.08646 
1.10830 
1.14600 
1.17799 
1.23087 
1.27412 
1.31105 
1.37253 
1.42320 
1.47674 
1.52282 
1.56355 
1.60023 
1.66464 
1.72040.1.89229 
1.81471 
1.88378 
1.96266 
2.08004 
2.17928 

1 . 6  

1.000 
1.073 
1.137 
1.194 
1.247 
1.342 
1.426 
1.574 
1.703 
1.820 
2.028 
2.213 
2.420 
2.609 
2.784 
2.948 
3.249 
3.524 
4.015 
4.451 
4.848 
5.556 
6.183 

'1.4 

1.000 
1.050 
1.093 
1.131 
1.165 
1.226 
1.280 
1.371 
1.450 
1.520 
1.642 
1.749 
1.869 
1.977 
2.077 
2.170 
2.342 
2.498 
2.780 
3.031 
3.261 
3.674 
4.043 

BANDWIDTH, 

0 . 8  

1.00000 
1.03839 
1.07092 
1.09933 
1.12466 
1.16862 
1.20621 
1.26891 
1.32078 
1.36551 
1.44091 
1.50397 
1.57157 
1.63055 
1.68331 
1.73135 
1.81693 

2.02249 
2.13434 
2.23376 
2.40750 
2.55856 

1 . 2  

1.00000 
1.03560 
1.06576 
1.09214 
1.11571 
1.15681 
1.19218 
1.25182 
1.30184 
1.34555 
1.42054 
1.48458 
1.55461 
1.61690 
1.67357 
1.72593 
1.82099 
1.90654 
2.05820 
2.19214 
2.31378 
2.53156 
2.72559 

" q 

1 . 0  

1.00000 
1.02662 
1.04898 
1,06838 
1.08559 
1.11531 
1.14059 
1.18259 
1.21721 
1.24702 
1.29722 
1.33920 
1.38421 
1.42350 
1.45869 
1.49074 
1.54791 
1.59831 
1.68552 
1.76055 
1.82732 
1.94412 
2.04579 

rg 

1 . 0  

1.00000 
1.04567 
1.08465 
1.11892 
1.14966 
1.20344 
1.24988 
1.32837 
1.39428 
1.45187 
1.55057 
1.63471 
1.72651 
1.80797 
1.88193 
1.95013 
2.07364 
2.18447 
2.38028 
2.55256 
2.70860 
2.98700 
3.23420 

BANDWIDTH. 

0 . 8  

1.00000 
1.02106 
1.03866 
1.05385 
1.06726 
1.09026 
1.10967 
1.14159 
1.16759 
1.18974 
1.22654 
1.25683 
1.28883 
1.31638 
1.34074 
1.36269 
1.40125 
1.43467 
1.49127 
1.53879 
1.58022 
1.65091 
1.71073 

0 . 6  

1.00000 
1.01761 
1.03227 
1.04488 
1.05598 
1.07494 
1.09086 
1.11685 
1.13784 
1.15559 
1. 18482 
1.20863 
1.23353 
1.25475 
1.27335 
1.28998 
1.31891 
1.34367 
1.38498 
1.41905 
1.44833 
1.49736 
1.53798 

1 . 2  

1.00000 
1.05636 
1.10495 
1.14805 
1.18702 
1.25594 
1.31621 
1.41972 
1. 50824 
1.58676 
1.72383 
1.84304 
1.97543 
2.09480 
2.20457 
2.30687 
2.49446 
2.66499 
2.97034 
3.24219 
3.49018 
3.93524 
4.33178 

0 . 4  

1.00000 
1.01553 
1.02842 
1.03949 
1.04921 
1.06577 
1.07963 
1.10216 
1.12026 
1.13549 
1.16043 
1.18060 
1.20156 
1.21931 
1.23478 
1.24854 
1.27232 
1.29251 
1.32587 
1.35308 
1.37624 
1.41455 
1.44587 

0 . 0  

1.00000 
1.01405 
1.02570 
1.03568 
1.04444 
1.05933 
1.07176 
1.09190 
1.10801 
1.12153 
1.14356 
1.16129 
1.17961 
1.19506 
1.20847 
1.22035 
1.24078 
1.25803 
1.28632 
1.30920 
1.32853 
1.36025 
1.38591 

0 . 2  

1.00000 
1.01440 
1.02635 
1.03659 
1.04558 
1.06088 
1.07364 
1.09435 
1.11093 
1.12486 
1.14758 
1.16588 
1.18483 
1.20082 
1.21471 
1.22703 
1.24824 
1.26618 
1.29564 
1.31953 
1.33974 
1.37297 
1.39992 

1 . 4  

1.000 
1.071 
1.134 
1.189 
1.240 
1.332 
1.413 
1.556 
1.679 
1.790 
1.985 
2.159 
2.354 
2.532 
2.698 
2.848 
3.129 
3.384 
3.845 
4.249 
4.616 
5.286 
5.870 

1 . 6  

1.000 
1.091 
1.170 
1.243 
1.310 
1.434 
1.543 
1.736 
1.907 
2.060 
2.333 
2.577 
2.849 
3.098 
3.325 
3.541 
3.934 
4.288 
4.920 
5.480 
5.987 
6.896 
7.700 

1 . 8  

1.00( 
1. lo! 
1.ZOi 
1.29t 
1.38: 
1.53! 
1.672 
1.911 
2.139 
2.329 
2.677 
2.984 
3.329 
3.640 
3.924 
4.191 
4.678 
5.124 
5.909 
6.600 
7.226 
8.338 
9.318 



T a b l e  6.04-4 

z, FOR FOUR-SECTION TCHEBYSCHEFF QUARTER -WAVE TRANSFORMERS* 

( F O P  u p  = 2.0, z1 = z2 = z3 = z4 = 6 )  

* 
Z1 i s  g i v e n  i n  Table 6.04-3.  Z3 and Z4 a r e  given by 

IMPEDANCE 
RATIO, 

R 

1.00 
1.25 
1.50 
1.75 
2.00 
2.50 
3.00 
4.00 
5.00 
6.00 
8.00 
10.00 
12.50 
15.00 
17.50 
20.00 
25.00 
30.00 
40.00 
50.00 
60.00 
80.00 
100.00 

The maximum pas.-band VSIVR's of these designs are tabulated on 267. 

SOURCE: IRE Trans. PWV (nee Ref. 4 by L.  Young) 

The c h a r a c t e r i s t i c  i m p e d a n c e s ,  Z ,  , a r e  ob ta ined - f r s t r r - t he  j u n c t i o n  

VSWRs, V,, u s i n g  F i g .  6 . 0 2 - 1  f o r  t h e  q u a r t e r - w a v e  /' t r a n s f o r m e r  and 

F i g .  6 . 0 3 - 1  f o r  t h e  h a l f - w a v e  f i l t e r .  I t  1s c o n v e n i e n t  t o  n o r m a l i z e  

w i t h  r e s p e c t  t o  Z O ,  and a s  a  r e s u l t ,  t h e  v a l u e s  o f  Z1, Z 2 ,  . . .  g i v e n  
i n  t h e  t a b l e s  a r e  f o r  Z o  = 1. The t a b l e s  g i v i n g  t h e  Z, a l l  r e f e r  t o  

q u a r t e r - w a v e  t r a n s f o r m e r s .  To o b t a i n  t h e  Z: o f  h a l f - w a v e  f i l t e r s ,  

o b t a i n  t h e  V ,  f rom F i g .  6 . 0 2 - 1 ,  and u s e  t h e s e  V i  t o  o b t a i n  t h e  Z: 

f rom F i g .  6 . 0 3 - 1 .  T h i s  g i v e s  t h e  h a l f - w a v e  f i l t e r  w i t h  t h e  same 

a t t e n u a t i o n  c h a r a c t e r i s t i c s  a s  t h e  q u a r t e r - w a v e  t r a n s f o r m e r ,  
b u t  

h a v i n g  a  b a n d w i d t h  w h  = % w q .  (Compare F i g s .  6 . 0 2 - 2  and  6 . 0 3 - 2 . )  
0 . 0  

1.00000 
1.07223 
1.13512 
1.19120 
1.24206 
1.33204 
1.41051 
1.54417 
1.65686 
1.75529 
1.92323 
2.06509 
2.21803 
2.35186 
2.47169 
2.58072 
2.77447 
2.94423 
3.23492 
3.48136 
3.69752 
4.06810 
4.38263 

The s o l u t i o n s  o f  Eqs .  ( 6 . 0 4 - 1 )  t o  ( 6 . 0 4 - 6 )  f o r  l a r g e r  v a l u e s  o f  

R  a r e  p r e s e n t e d  i n  t h e  s e c o n d  s e t  o f  t a b l e s  ( T a b l e s  6 . 0 4 - 5  t o  6 . 0 4 - 8 ) .  

They g i v e  t h e  v a l u e s  o f  V 2  a n d  V3 f o r  n = 2, 3 ,  and 4. The r e m a i n i n g  

v a l u e s  o f  V a r e  o b t a i n e d  f rom Eq. ( 6 . 0 4 - 8 )  and 

wh ich ,  f o r  e v e n  n ,  r e d u c e s  t o  

0 . 2  

1.00000 
1.07260 
1.13584 
1. I9224 
1.24340 
1.33396 
1.41296 
1.54760 
1.66118 
1.76043 
1.92990 
2.07315 
2.22770 
2.36303 
2.48426 
2.59463 
2.79089 
2.96299 
3.25798 
3.50835 
3.72816 
4.10544 
4.42610 

and f o r  odd n ,  r e d u c e s  t o  

E q u a t i o n s  ( 6 . 0 4 - 7 )  t o  ( 6 . 0 4 - 1 2 )  h o l d  f o r  a l l  v a l u e s  o f  n . 

0 . 4  

1.00000 
1.07371 
1.13799 
1.19537 
1.24745 
1.33974 
1.42036 
1.55795 
1.67423 
1.77600 
1.95009 
2.09756 
2.25698 
2.39686 
2.52237 
2.63681 
2.84069 
3.01989 
3.32792 
3.59021 
3.82111 
4.21877 
4.55802 

T a b l e s  6 . 0 4 - 5  t o  6 . 0 4 - 8  g i v e  t h e  s t e p  VSWRs f o r  R  f rom 10  t o  

i n  m u l t i p l e s  o f  10.  No te  t h a t  f o r  T c h e b y s c h e f f  t r a n s f o r m e r s  V z ,  V,, . .. 
Vn and v ~ / ( R ) %  = V n + l / ( ~ ) %  t e n d  t o w a r d  f i n i t e  l i m i t s  a s  R  t e n d s  toward  

i n f i n i t y ,  a s  c a n  b e  s e e n  f rom Eqs .  6 . 0 4 - 1  t o  6 . 0 4 - 6  f o r  n up t o  4 ,  by 

l e t t i n g  R  t e n d  toward  i n f i n i t y .  ( F o r  l i m i t i n g  v a l u e s  a s  R  t e n d s  

toward  i n f i n i t y  and n > 4 ,  s e e  S e c .  6 . 1 0 . )  The t a b l e s  g i v e  f r a c t i o n a l  

b a n d w i d t h s ,  w q ,  f rom 0  t o  2 . 0 0  i n  s t e p s  o f  0 . 2 0 .  
 he g r e a t e s t  

p o s s i b l e  b a n d w i d t h  i s  w q  = 2 . 0 0 ,  by d e f i n i t i o n ,  a s  c a n  be  s e e n  f rom 

Eq. ( 6 . 0 2 - 1 ) .  1 

0 . 6  

1.00000 
1.07559 
1.14162 
1.20065 
1.25431 
1.34954 
1.43290 
1.57553 
1.69642 
1.80248 
1.98446 
2.13915 
2.30691 
2.45455 
2.58739 
2.70880 
2.92575 
3.11712 
3.44754 
3.73029 
3.98025 
4.41293 
4.78420 

BANDWIDTH, 

0 . 8  

1.00000 
1.07830 
1.14685 
1.20827 
1.26420 
1.36370 
1.45105 
1.60102 
1.72864 
1.84098 
2.03453 
2.19984 
2.37988 
2.53898 
2.68264 
2.81433 
3.05065 
3.26008 
3.62377 
3.93704 
4.21547 
4.7063 
5.12003 

r q  

1 . 0  

1.00000 
1.08195 
1. I5394 
1.21861 
1.27764 
1.38300 
1.47583 
1.63596 
1.77292 
1.89401 
2.10376 
2.28397 
2.48134 
2.65667 
2.81570 
2.96208 
3.22609 
3.46148 
3.87328 
4.23091 
4.55096 
5.11329 
5.60394 

1 .2  

1.00000 
1.08683 
1.16342 
1.23248 
1.29572 
1.40907 
1.50943 
1.68360 
1.83358 
1.96694 
2.19954 
2.40096 
2.62317 
2.82190 
3.00321 
3.17095 
3.47548 
3.74905 
4.23198 
4.65555 
5.03760 
5.71502 
6.31175 

1 . 4  

1.000 
1.093 
1.176 
1.251 
1.320 
1.445 
1.556 
1.750 
1.918 
2.069 
2.335 
2.568 
2.826 
3.059 
3.273 
3.472 
3.836 
4.165 
4.750 
5.266 
5.734 
6.568 
7.304 

1 . 6  

1.000 
1.102 
1.193 
1.277 
1.354 
1.494 
1.620 
1.842 
2.037 
2.212 
2.524 
2.798 
3.105 
3.383 
3.639 
3.878 
4.315 
4.711 
5.415 
6.038 
6.601 
7.603 
8.487 

1.8 

1.000 
1.112 
1.214 
1.307 
1.393 
1.551 
1.694 
1.947 
2.170 
2.371 
2.730 
3.046 
3.399 
3.719 
4.014 
4.288 
4.789 
5.243 
6.049 
6.759 
7.401 
8.543 
9.548 



V2 FOR 'IHREE-SECTION QUARTER-WAVE TRANSFORMERS 

Table 6.04-5 

V2 FOR TWO-SECTION QUARTER-WAVE TRANSMRMERS 

h) 

Table 6.04-7 

V2 FOR FOUR-SECTION QUARTER-WAVE TRANSFORMERS 

S O W :  Quarterly Progress Report 4, Contract M 36-039 SC 87398, SRI; reprinted in  I R E  Trans. PCYIT (ace Ref. 36 by 1. Young) 
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Table 6.04-6 

1 

3.1622 
3.1070 
2.9446 
2.6872 
2.3592 
2.0000 

1.6569 
1.3708 

1.1635 
1.0405 
1.0000 

Table 6.04-8 

V 3  FOR FOUR-SECTION QUARTER-WAVE TRANSFORMERS 

0 
0.2 
0.4 
0.6 
0.8 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 

- 

m 

m 

114.1604 
28.1877 
12.2682 
6.6982 
4.1231 
2.7298 
1.9016 
1.3906 
1.0980 
1.0000 

2 

10.0000 
9.4056 
7.8214 
5.8168 
4.0155 
2.7937 
1.9939 
1.5000 
1.2055 
1.0491 
1.0000 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

m: Quarterly Progress Report 4, Contract M 36-039 SC-87398. SRI; reprinted in  I R E  Trona. PGKIT (nee Ref. 36 by L. Young) 

1 0  

316.2277 

113.2186 
28.1867 
12.2681 
6.6982 
4.1231 
2.7298 
1.9016 
1.3906 
1.0980 
1.0000 

8 

238.0478 
114.9996 
33.4806 
14.3367 
7.6379 
4.5615 

2.9206 

1.9700 
1.4064 
1.0992 
1.0000 

7 

132.4190 
85.7685 
33.0054 
14.3279 
7.6374 
4.5615 

2.9206 

1.9700 
1.4064 
1.0992 
1.0000 

3 

31.6227 
26.0349 
15.2942 
8.1357 
4.6882 
2.9763 
2.0491 
1.5172 
1.2105 
1.0500 
1.0000 

a 

100.0000 

82.9105 
28.0996 
12.2667 
6.6981 
4.1230 
2.7298 
1.9016 
1.3906 
1.0980 
1.0000 

7 

56.2341 

52.9321 
27.3837 
12.2543 
6.6975 
4.1230 
2.7298 
1.9016 
1.3906 
1.0980 
1.0000 

6 

73.0562 
56.7950 
30.2006 
14.2420 
7.6326 
4.5610 

2.9205 

1.9700 
1.4064 
1.0992 
1.0000 

9 

177.8279 

106.5498 
28.1787 
12.2680 
6.6982 
4.1231 
2.7298 
1.9016 
1.3906 
1.0980 
1.0000 

6 

31.6227 

31.0220 
23.4997 
12.1344 
6.6915 
4.1225 
2.7297 
1.9016 
1.3906 
1.0980 
1.0000 

5 

39.7366 
34.4781 
23.5245 
13.5788 
7.5865 
4.5564 

2.9199 
1.9699 
1.4064 
1.0992 
1.0000 

4 

100.0000 
55.6931 
19.2101 
8.6395 
4.7783 
2.9976 
2.0550 
1.5190 
1.2110 

1.0501 
1.0000 

5 

17.7827 

17.6752 
16.1089 
11.2447 
6.6331 
4.1171 
2.7290 
1.9014 
1.3905 
1.0980 
1.0000 

4 

21.1024 
19.5265 
15.6771 
11.1871 
7.2224 
4.5121 

2.9136 

1.9688 
1.4062 
1.0991 
1.0000 

2 

5.2063 
5.1045 
4.8133 
4.3689 
3.8146 
3.1842 

2.5101 

1.8739 
1.3880 
1.0967 
1.0000 

4 

10.0000 

9.9808 
9.6904 
8.4944 
6.1880 
4.0665 
2.7224 
1.9004 
1.3904 
1.9080 
1.0000 

3 

10.7833 
10.3536 
9.1941 
7.698 
5.8599 
4.1904 

2.8558 

1.9587 
1.4045 
1.0989 
1.0000 

5 

316.2278 
76.0577 
19.8657 
8.6971 
4.7878 
2.9997 
2.0556 
1.5192 
1.2111 
1.0502 
1.0000 

3 

5.6234 

5.6200 
5.5677 
5.3364 
4.7320 
3.7126 
2.6617 
1.8903 
1.3886 
1.0978 
1.0000 

2 

3.1622 

3.1616 
3.1524 
3.1107 
2.9928 
2.7392 
2.3157 
1.8065 
1.3725 
1.0956 
1.0000 

6 

80.2075 
19.9363 
8.7030 
4.7887 
3.0000 
2.0557 
1.5192 
1.2111 

1.0502 
1.0000 

1 

1.7782 

1.7781 
1.7766 
1.7698 
1.7503 
1.7054 
1.6172 
1.4676 
1.2645 
1.0768 
1.0000 

0 

0.2 
0.4 
0.6 
0.8 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 

1.0 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

7 

80.6742 
19.9434 
8.7036 
4.7888 
3.0000 
2.0557 
1.5192 

1.2111 
1.0502 
1.0000 

8 

80.7215 
19.9441 
8.7037 
4.7889 
3.0000 
2.0557 
1.5192 
1.2111 

1.0502 
1.0000 

9 

0 

80.7263 
19.9442 
8.7037 
4.7889 
3.0000 
2.0557 
1.5192 

1.2111 
1.0502 
1.0000 

10 

0 

80.7267 
19.9443 
8.7037 
4.7889 
3.0000 
2.0557 
1.5192 
1.2111 
1.0502 
1.0000 

m 

m 

80.7267 
19.9443 
8.7037 
4.7889 
3.0000 
2.0557 
1.5192 

1.2111 
1.0502 
1.0000 



When i n t e r p o l a t i n g ,  i t  i s  g e n e r a l l y  s u f f i c i e n t  t o  u s e  o n l y  t h e  

two n e a r e s t  v a l u e s  o f  V o r  Z. I n  t h a t  c a s e ,  a  l i n e a r  i n t e r p o l a t i o n  
on a  l o g  V o r  l o g  Z  a g a i n s t  l o g  R s c a l e  i s  p r e f e r a b l e .  Such 
i n t e r p o l a t i o n s ,  u s i n g  o n l y  f i r s t  d i f f e r e n c e s ,  a r e  most a c c u r a t e  f o r  

s m a l l  R and f o r  l a r g e  R, and a r e  l e a s t  a c c u r a t e  i n  t h e  ne ighborhood  

I n  t h i s  r e g i o n ,  second-  o r  h i g h e r - o r d e r  d i f f e r e n c e s  may be u s e d  ( o r  a  

g r a p h i c a l  i n t e r p o l a t i o n  may b e  more c o n v e n i e n t )  t o  a c h i e v e  g r e a t e r  

accuracy .  

E x a m p l e  I-Design a  q u a r t e r - w a v e  t r a n s f o r m e r  f o r  R = 2 .5 ,  t o  have 

a  VSWR l e s s  t h a n  1 . 0 2  o v e r  a  2 0 - p e r c e n t  bandwid th .  

Here ,  R = 2 . 5  and w q  = 0 .2 .  From T a b l e  6 . 0 2 - 2 ,  i t  can  b e  s e e n  
t h a t  one s e c t i o n  i s  n o t  enough,  b u t  T a b l e  6 . 0 2 - 3  i n d i c a t e s  t h a t  two 

s e c t i o n s  w i l l  do. From T a b l e  6 .04-1 ,  we o b t a i n  Z: = 1 .261 ,  and 
from Eq. (6 .04-71 ,  Z2 = 1 .982 .  

E x a m p l e  2-Find t h e  s t e p  VSWRs V1, V2, V3, and V 4  f o r  a  t h r e e -  

s e c t i o n  q u a r t e r - w a v e  t r a n s f o r m e r  o f  8 0 - p e r c e n t  bandwidth and R = 200. 

Also ,  f i n d  t h e  maximum p a s s - b a n d  VSWR. 

Here ,  n 3 and w q  = 0 .8 .  For  R = 100,  f rom T a b l e  6 .04-6 ,  

For  R = 1000, 

--. . -- 
l o g  R = 2 .301  . 

I n t e r p o l a t i n g  l i n e a r l y ,  
- 

l o g  V z  = 0.5920 t O.3Ol(O.7456 - 0.5920)  

V 2  = 4 .347  = V3 a l s o  . 

From Eq. ( 

The maximum p a s s - b a n d  VSWR, V,, i s  found from Eqs. (6 .02-81 ,  (6 .02-131 ,  

and Tab le  6 .02-1 ,  which g i v e  E r  = 0 .23 ,  and t h e n  Eq. (6 .02-18)  

de te rmines  t h e  maximum pass -band  VSWR, V, 2 .5 .  

SEC. 6 . 0 5 ,  EXACT MAXIMALLY FLAT SOLUTIONS FOR UP 
TO EIGHT SECTIONS 

Enough e x a c t  s o l u t i o n s  w i l l  be  p r e s e n t e d  t o  p e r m i t  t h e  s o l u t i o n  

of a l l  i n t e r m e d i a t e  c a s e s  by i n t e r p o l a t i o n ,  . f o r  maximal ly  f l a t  t r a n s -  
fo rmers  w i t h  up t o  e i g h t  s e c t i o n s .  

The s o l u t i o n s  were o b t a i n e d  by R i b l e t ' s  m e t h ~ d . ~  T h i s  i s  a  t e d i o u s  

p rocedure  t o  c a r r y  o u t  n u m e r i c a l l y ;  i t  r e q u i r e s  h i g h  a c c u r a c y ,  e s p e c i a l l y  

f o r  l a r g e  v a l u e s  o f  R.  I n  t h e  l i m i t  a s  R becomes v e r y  l a r g e ,  a p p r o x i m a t e  

formulas  a d a p t e d  from t h e  d i r e c t - c o u p l e d  c a v i t y  f i l t e r  p o i n t , o f  view 

i n  Chap te r  8  become q u i t e  a c c u r a t e ,  and become e x a c t  i n  t h e  l i m i t ,  a s  

R t e n d s  t o  i n f i n i t y .  T h i s  w i l l  be  summarized i n  Sec .  6 .09.  For  o u r  

p r e s e n t  p u r p o s e s ,  i t  i s  s u f f i c i e n t  t o  p o i n t  o u t  t h a t ,  f o r  maximally 

f l a t  t r a n s f o r m e r s ,  t h e  r a t i o s  

Now, f o r  R = 200,  



t end  t o  f  

T a b l e  

maximally 

i n i t e  l i m i t s  a s  R t e n d s  t o  i n f i n i t y  ( s e e  Sec .  6 .10) .  

6 .05-1  g i v e s  t h e  impedances Z1 t o  Zq (F ig .  6 .02-1)  o f  

f l a t  q u a r t e r - w a v e  t r a n s f o r m e r s  o f  5 ,  6 ,  7 ,  and 8 s e c t i o n s  

f o r  v a l u e s  o f  R up t o  100. The impedances o f  maximally f l a t  t r a n s -  

fo rmers  o f  2, 3 ,  and 4  s e c t i o n s  were a l r e a d y  g iven  i n  T a b l e s  6 .04-1  

t o  6 .04-4  ( c a s e  o f  w q  = 0 ) .  The remain ing  impedances no t  g i v e n  i n  

t h e s e  t a b l e s  a r e  d e t e r m i n e d  from Eq. ( 6 . 0 4 - 7 ) .  

T a b l e  6.05-2 g i v e s  t h e  A i  d e f i n e d  i n  Eq. (6 .05-1)  f o r  maximally 

f l a t  t r a n s f o r m e r s  o f  from 3 t o  8 s e c t i o n s  f o r  v a l u e s  of  R from 1 t o  " 
i n  m u l t i p l e s  of  10.  The A i  change r e l a t i v e l y  l i t t l e  over  t h e  i n f i n i t e  

range o f  R ,  t h u s  p e r m i t t i n g  very  a c c u r a t e  i n t e r p o l a t i o n .  The V i  a r e  

t h e n  o b t a i n e d  from Eqs. (6 .05-11 ,  ( 6 . 0 4 - 8 ) ,  and (6 .04-10) .  The c a s e  

n = 2  i s  n o t  t a b u l a t e d ,  s i n c e  t h e  fo rmulas  i n  Eq. (6 .04-1)  a r e  s o  s i m p l e .  

SEC. 6 . 0 6 ,  APPROXIMATE DESIGN WHEN R IS SMALL 

Firs t -Order  Theory-Exact  numer ica l  Tchebyschef f  s o l u t i o n s  f o r  

n > 4 ,  c o r r e s p o n d i n g  t o  t h e  maximally f l a t  s o l u t i o n s  up t o  n = 8 i n  

Sec .  6 . 0 5  have n o t  y e t  been computed. When t h e  o u t p u t - t o - i n p u t  

impedance r a t i o ,  R, a p p r o a c h e s  u n i t y ,  t h e  r e f l e c t i o n  c o e f f i c i e n t s  o f  

t h e  impedance s t e p s  approach  z e r o ,  and a  f i r s t - o r d e r  t h e o r y  i s  

adequa te .  The f i r s t - o r d e r  t h e o r y  assumes t h a t  each d i s c o n t i n u i t y  

( impedance s t e p )  s e t s  up a  r e f l e c t e d  wave o f  s m a l l  a m p l i t u d e ,  and 

t h a t  t h e s e  r e f l e c t e d  waves p a s s  th rough  t h e  o t h e r  s m a l l  d i s c o n t i n u i t i e s  

w i t h o u t  s e t t i n g  up f u r t h e r  second-order  r e f l e c t i o n s .  T h i s  t h e o r y  

h o l d s  f o r  " s m a l l  R" a s  d e f i n e d  by 

and can  be  u s e f u l  even when R approaches  (2 /wq)" ,  p a r t i c u l a r l y  f o r  l a r g e  

bandwidths .  [compare w i t h  Eqs. (6 .07-2)  and (6 .09-1)  .] 



Deno te  t h e  r e f l e c t i o n  c o e f f i c i e n t s  o f  an  n  = s e c t i o n  t r a n s f o r m e r  

o r  f i l t e r  by  - 

r, , where  i = 1, 2 ,  .\. , n + 1 

t o  g i v e  a  T c h e b y s c h e f f  r e s p o n s e  o f  b a n d w i d t h ,  w q .  L e t  

c = c o s  (?) 
The q u a n t i t y  c i s  r e l a t e d  t o  p, o f  Eq. ( 6 . 0 2 - 1 2 )  by 

Then,  f o r  n - s e c t i o n  T c h e b y s c h e f f  t r a n s f o r m e r s ,  t h e  f o l l o w i n g  r a t i o  

f o r m u l a s  r e l a t e  t h e  r e f l e c t i o n  c o e f f i c i e n t s  u p  t o  n  = 8.  

For  n  = 2 ,  

r1:r2 = 

For  n  = 3 ,  

m m - "  E T ; W 2 % 2  I - # i j t ~ i ? f i t D r ~ F ~  a ~ ~ ~ ~ ~ o o o o o  I For  n  = 4 ,  

* m n - n m n *  5 - i 3 2 J s a % % R a c  
? A O O O ~ O  1 2 6 6 6 6 6 6 6  For  n = 5 ,  

rl:r2:r3 = 

For n  = 6 ,  

rl:r2:r3:r4 = 

For  n  = 7 ,  



Table  6  

s t e p s  of 20 

The rs a r e  

o r  from Tab 

v a l u e  of  R 

06-1  t a b u l a t e s  t h e  ri/rl f o r  a l l  f r a c t i o n a l  bandwid ths  i n  

p e r c e n t  i n  w q ,  f o r  t r a n s f o r m e r s  o f  up t o  e i g h t  s e c t i o n s .  

o b t a i n e d  from t h e  a p p r o p r i a t e  o n e  of  t h e  above e q u a t i o n s ,  

e  6 .06-1 ,  t o g e t h e r  w i t h  Eq. (6 .04-9)  and t h e  s p e c i f i e d  

s e e  Example 1 o f  Sec .  6 .06) .  When w o  = 0  (maximally f l a t  

c a s e ) ,  t h e  rs reduce  t o  t h e  b inomia l  c o e f f i c i e n t s .  ( A  g e n e r a l  formula 

f o r  any n w i l l  be g i v e n  below.)  

Range of V a l i d i t y  of F i r s t - O r d e r  Theory-For a  t r a n s f o r m e r  of  g iven  

bandwidth,  a s  R i n c r e a s e s  from u n i t y  on up, t h e  r i  a l l  i n c r e a s e  a t  t h e  

same r a t e  a c c o r d i n g  t o  t h e  f i r s t - o r d e r  t h e o r y ,  keep ing  t h e  r a t i o s  r,[r, 
c o n s t a n t .  E v e n t u a l l y  one o f  t h e  r i  would exceed  u n i t y ,  r e s u l t i n g  i n  a  

p h y s i c a l l y  i m p o s s i b l e  s i t u a t i o n ,  and showing t h a t  t h e  f i r s t - o r d e r  

t h e o r y  h a s  been pushed t o o  f a r .  To e x t e n d  t h e  range  o f  v a l i d i t y  o f  t h e  

f i r s t - o r d e r  t h e o r y ,  i t  h a s  been found advan tageous  t o  s u b s t i t u t e  l o g  V i  

f o r  ri. T h i s  s u b s t i t u t i o n ,  17 which a p p e a r s  t o  be  due t o  W. W.  ans sen,' 
might be e x p e c t e d  t o  work b e t t e r ,  s i n c e ,  f i r s t ,  l o g  V i  w i l l  d o  j u s t  

a s  w e l l  a s  when t h e  r i  a r e  s m a l l  compared t o  u n i t y ,  a s  t h e n  

9 c o n s t a n t  x ri  J 
and, second ,  l o g  V i  can i n c r e a s e  i n d e f i n i t e l y  w i t h  i n c r e a s i n g  l o g  R and 

s t i l l  be  p h y s i c a l l y  r e a l i z a b l e .  

The f i r s t - b r d e r  t h e o r y  g e n e r a l l y  g i v e s  good r e s u l t s  i n  t h e  p a s s  

band when l o g  V i  i s  s u b s t i t u t e d  f o r  r i ,  p r o v i d e d  t h a t  R is " s m a l l "  a s  

d e f i n e d  by Eq. (6 .06-1) .  (Compare end o f  Sec.  6 . 1 0 .  ) 

Example 1-Design a  s i x - s e c t i o n  q u a r t e r - w a v e  t r a n s f o r m e r  o f  

40-percen t  bandwidth f o r  an impedance r a t i o  o f  R = 10. [ T h i s  t r a n s -  

former w i l l  have a  VSWR l e s s  t h a n  1 .005  i n  t h e  p a s s  band, from 

Eqs. (6 .02-8)  and (6.02-18) and Tab le  6 .02-1.1 

Here (2 /wq)" /*  = 125,  which i s  a p p r e c i a b l y  g r e a t e r  t h a n  R = 10. 

T h e r e f o r e ,  we can ~ r o c e e d  by t h e  f i r s t - o r d e r  t h e o r y .  From T a b l e  6 .06-1 ,  



l 0 g V 1  l 0 g V 1  
. . - =  I - 1 

7 
= 0.01813 . 

l o g  R  
Z l o g  v i  55.1593 
i= 1 

S ince  l o g  R  = l o g  10 = 1, 

:. V1 = V, = a n t i l o g  (0 .01813)  

V z  = V6 = a n t i l o g  (5 .4270  x 0.01813) = 

V3 = Vs = a n t i l o g  (12 .7903  x 0.01813) = 

and 

V, = a n t i l o g  (16.7247 X 0.01813) = 

Hence 

R  = 

R e l a t i o n  t o  Dolph-Tch ebyscheff  Antenna Arrays-When R  i s  sma 
numer ica l  s o l u t i o n s  o f  c e r t a i n  c a s e s  up t o  n  = 39 may be o b t a i n e d  

th rough  t h e  u s e  of  e x i s t i n g  a n t e n n a  t a b l e s .  The f i r s t - o r d e r  
Tchebyscheff  t r a n s f o r m e r  problem i s  m a t h e m a t i c a l l y  t h e  same a s  Dolph 's  

so lu t ion1 '  of t h e  l i n e a r  a r r a y ,  and t h e  c o r r e s p o n d e n c e s  shown i n  

T a b l e  6 .06-2  may be  s e t  up. 

Table 6 . 0 6 - 2  

TRANSFORMER-ARRAY CORRESPONDENCES ,. 

Frequency 
Transformer length 
Pass band 
Stop band 
Reflection coe f f i c i en t  
Number of  s teps  (n + 1) 

M(n,w,)  

-- 

TCHEBYSCHEFF TRANSFORMER 

First-order theory 

Synchronous tuning 
Angle in  space 
Array length 
Side-lobe region 
Main lobe 
Radiation f i e l d  
Number of elements 
Side-lobe ra t io  

DOY-TCHEBYSCHEFF ARRAY 

Optical dkffraction theory 
Uniform phase (or linear phase taper) 

10 10gl$l 1 Side-lobe level  in  db 

log V i  I Element currents, I i  
I 

SOURCE: Q u a r t e r l y  R o g r e s s  Report 4 ,  Contract DA 3 6 - 0 3 9  SC-87398,  
SRI; reprinted In IRE Trans. PGMTT (see Ref. 36 by L. Young) 

The c a l u l a t i o n  of t r a n s f o r m e r s  from t a b l e s  o r  g r a p h s  of a r r a y  

s o l u t i o n s  i s  b e s t  i l l u s t r a t e d  by an example. 

Example ?-Design a  t r a n s f o r m e r  of  impedance r a t i o  R = 5 t o  have a 

maximum VSWR, V r ,  of  l e s s  t h a n  1 . 0 2  over  a  1 4 0 - p e r c e n t  bandwidth 

( w q  = 1 . 4 ) .  

I t  i s  f i r s t  n e c e s s a r y  t o  de te rmine  t h e  minimum number of  s e c t i o n s .  

T h i s  i s  e a s i l y  done a s  i n  Example 1 of  Sec. 6 .02 ,  u s i n g  T a b l e  6 . 0 2 - 1 ,  

and i s  de te rmined  t o  be n = 11. 

Applying t h e  t e s t  of Eq. ( 6 . 0 6 - 1 )  

whereas R  i s  o n l y  5 ,  and s o  we may expec t  t h e  f i r s t - o r d e r  t h e o r y  t o  

f u r n i s h  an a c c u r a t e  d e s i g n .  

The most e x t e n s i v e  t a b l e s  o f  a r r a y  s o l u t i o n s  a r e  c o n t a i n e d  i n  

Ref. 19. (Some a d d i t i o n a l  t a b l e s  a r e  g iven  i n  Ref .  2 0 . )  We f i r s t  work 

ou t  M from Eqs. ( 6 . 0 2 - 8 ) ,  (6 .02-181 ,  and ( 6 . 0 2 - 1 6 ) ,  and f i n d  M = 8000. 

Hence t h e  s i d e - l o b e  l e v e l  i s  



From T a b l e  I1 i n  Ref .  19,  t h e  c u r r e n t s  o f  a n  n + 1 = 12  e l e m e n t  a r r a y  

o f  s i d e - l o b e  l e v e l  39 db a r e  r e s p e c t i v e l y  p r o p o r t i o n a l  t o  3.249, 6 .894,  

12 .21 ,  18 .00 ,  22.96,  25.82,  25.82,  22.96,  18 .00 ,  12.21,  6 .894,  and 

3.249. T h e i r  sum i s  178.266. S i n c e  t h e  c u r r e n t s  a r e  t o  be p r o p o r t i o n a l  

t o  l o g  V i ,  and s i n c e  R = 5 ,  l o g  R = 0 .69897 ,  we m u l t i p l y  t h e s e  c u r r e n t s  by 

0.69897/178.266 = 0.003921 t o  o b t a i n  t h e  l o g  V i  . Taking  a n t i l o g a r i t h m s  
~ i e l d s  t h e  V i  and, f i n a l l y ,  m u l t i p l y i n g  y i e l d s  t h e  Z i  ( a s  i n  Example 1 ) .  

Thus Zo t h r o u g h  R a r e  r e s p e c t i v e l y  found  t o  b e  1 . 0 ,  1 .0298 ,  1 .09585,  

1 .2236,  1 .4395 ,  1 .7709,  2 .2360,  2.8233, 3 .4735 ,  4.0861, 4 .5626 ,  4.8552, 

and 5.0000. The r e s p o n s e  o f  t h i s  t r a n s f o r m e r  i s  p l o t t e d  i n  F i g .  6 .06-1,  

and i s  found t o  s a t i s f y  t h e  s p e c i f i c a t i o n s  a l m o s t  p e r f e c t l y .  

I n  a n t e n n a  t h e o r y ,  one i s  u s u a l l y  n o t  i n t e r e s t e d  i n  s i d e - l o b e  r a t i o s  

i n  e x c e s s  o f  40 db;  t h i s  i s  a s  f a r  a s  t h e  a n t e n n a  t a b l e s  t a k e  u s .  Only 
f a i r l y  l a r g e  bandwid ths  c a n  b e  c a l c u l a t e d  w i t h  t h i s  40-db l i m i t .  For  

1 I 0.2 04 0.6 0.8 1.0 1.2 1.4 I6 1.8 2.0 
NORMALIZED FREQUENCY 

SOURCE: Quarterly Rope*m Report 4, Contract DA 36-039 SC-87398. SRI; 
reprinted in IRE Tmna. PCMTT (See Ref. 36 by L. Young) 

example, T a b l e  6 .02-1  shows t h a t  f o r  n = 2  t h i s  l i m i t s  . u s  t o  

>0 .18 ;  f o r  n  = 4, t o  w q > 0 . 6 7 ;  f o r  n  = 8 ,  t o  w q >  1 . z ;  and 

f o r  n  12 ,  t o  w q  > 1.52.  A  g e n e r a l  fo rmula  f o r  a l l  c a s e s  h a s  been 

g iven  by G. J .  Van d e r  M a a ~ , ~ w h i c h  becomes, when a d a p t e d  t o  t h e  

t r a n s f o r m e r ,  ", 

f o r  2  ( i < ( n / 2 )  + 1 ,  where c  i s  g i v e n  by Eq. ( 6 . 0 6 - 2 ) ,  and ( i )  a r e  

t h e  b i n o m i a l  c o e f f i c i e n t s  

(;) = 

a! 

b ! ( a  - b ) !  

SEC. 6 . 0 7 ,  APPROXIMATE DESIGN FOB UP TO MODEHATELY LARGE R 

Modif ied F i r s t - O r d e r  Theory-In S e c .  6 . 0 6  a  f i r s t - o r d e r  t h e o r y  w a s  

p r e s e n t e d  which h e l d  f o r  " s m a l l "  v a l u e s  of R a s  d e f i n e d  by Eq. ( 6 . 0 6 - 1 ) .  

I n  Sec .  6 . 0 9 ,  t h e r e  w i l l  be  p r e s e n t e d  f o r m u l a s  t h a t  h o l d  f o r  " l a r g e "  

v a l u e s  o f  R a s  d e f i n e d  by Eq. ( 6 . 0 9 - 1 ) .  T h i s  l e a v e s  an i n t e r m e d i a t e  

r e g i o n  w i t h o u t  e x p l i c i t  f o r m u l a s .  S i n c e  e x a c t  n u m e r i c a l  s o l u t i o n s  f o r  

maximally f l a t  t r a n s f o r m e r s  o f  up t o  e i g h t  s e c t i o n s  have been  t a b u l a t e d  

( T a b l e s  6 . 0 5 - 1  and 6 .05-21 ,  t h e s e  might  be  used  i n  c o n j u n c t i o n  w i t h  

e i t h e r  t h e  " s m a l l  R" o r  t h e  " l a r g e  R" t h e o r i e s  t o  e x t e n d  t h e  one upward 

o r  t h e  o t h e r  downward i n  R ,  and s o  o b t a i n  more a c c u r a t e  s o l u t i o n s  f o r  

TcheLyscheff  t r a n s f o r m e r s  w i t h  R i n  t h i s  i n t e r m e d i a t e  r e g i o n .  T h i s  i d e a  

i s  a p p l i e d  h e r e  t o  t h e  f i r s t - o r d e r  ( " smal l  R " )  t h e o r y  o n l y ,  a s  w i l l  be 

e x p l a i n e d .  I t  e x t e n d s  t h e  r a n g e  of t h e  f i r s t - o r d e r  t h e o r y  f rom t h e  

upper l i m i t  g i v e n  by E q .  ( 6 . 0 6 - 1 )  up t o  " m o d e r a t e l y  l a r g e "  v a l u e s  o f  R 

a s  d e f i n e d  by 

FIG. 6.06-1 ANALYZED PERFORMANCE OF TRANSFORMER 
DESIGNED IN EXAMPLE 2 OF SEC. 6.06 



and g i v e s  a c c e p t a b l e  r e s u l t s  even up t o  t h e  s q u a r e  o f  t h i s  l i m i t ,  

[compare w i t h  Eqs. (6 .06-1)  and (6.09-11.1 Of c o u r s e ,  when R i s  l e s s  

t h a n  s p e c i f i e d  by Eq. ( 6 . 0 6 , - l ) ,  t h e r e  i s  no  need t o  go beyond t h e  

s i m p l e r  f i r s t - o r d e r  t h e o r y  o f  Sec .  6 .06.  

The f i r s t  s t e p  i n  t h e  p roposed  m o d i f i c a t i o n  of  t h e  f i r s t - o r d e r  

t h e o r y  i s  t o  form r a t i o s  o f  t h e  r i ,  which w i l l  be deno ted  by y i ,  w i t h  

t h e  p r o p e r t y  t h a t  

mcheff  maximally flat 
t r a n a f o r n e r  trans former  

The Yi a r e  f u n c t i o n s  o f  n  ( t h e  same n f o r  b o t h  t r a n s f o r m e r s )  and w q  

( t h e  bandwidth of  t h e  d e s i r e d  Tchebyschef f  t r a n s f o r m e r ) .  The 
n+ 1 s u b s t i t u t i o n  of  l o g  V i  f o r  r i  w i l l  a g a i n  be  used,  and t h e r e f o r e  
1 ri  i=  1 

i s  r e p l a c e d  by l o g  R, a c c o r d i n g  t o  Eq. (6 .04-10) .  I f  now we choose 

R t o  be  t h e  same f o r  b o t h  t h e  Tchebyschef f  t r a n s f o r m e r  and t h e  

c o r r e s p o n d i n g  maximally f l a t  t r a n s f o r m e r ,  then  Eq. (6 .07-3)  r e d u c e s  t o  

( l o g  v . 1  ' Tchebyachef f 
" Y i ( h  Vi) 

maximally f l a t  
tranaformer transformer 

The m o d i f i c a t i o n  t o  t h e  f i r s t - o r d e r  t h e o r y  now c o n s i s t s  i n  u s i n g  t h e  

e x a c t  l o g  V i  o f  t h e  maximally f l a t  t r a n s f o r m e r  where t h e s e  a r e  known 

( T a b l e s  6 .05-1  and 6 . 0 5 - 2 ) .  The Yi cou ld  be o b t a i n e d  from Eq. (6 .07-3)  . 
and T a b l e  6 .06-1 ,  b u t  a r e  t a b u l a t e d  f o r  g r e a t e r  conven ience  i n  

T a b l e  6 .07-1 .  The numbers i n  t h e  f i r s t  row o f  t h i s  t a b l e  a r e ,  by 

d e f i n i t i o n ,  a l l  u n i t y .  The a p p l i c a t i o n  o f  t h i s  t a b l e  i s  i l l u s t r a t e d  

by an example g i v e n  below. 

fiange of V a l r d i t y  of t h e  Modrf ied F i r s t - O r d e r  Theory-The ana lyzed  

performance of  a  f i r s t - o r d e r  d e s i g n ,  modi f ied  a s  e x p l a i n e d  above and .. - 
t o  be i l l u s t r a t e d  i n  Example 1 ,  a g r e e s  w e l l  w i t h  t h e  p r e d i c t e d  

performance,  p rov ided  t h a t  R s a t i s f i e s  Eq. ( 6 . 0 7 - 1 )  o r  a t  l e a s t  

Eq. ( 6 . 0 7 - 2 ) .  ( I n  t h i s  r e g a r d ,  compare t h e  end o f  Sec.  6 . 1 0 . )  

A s  a  rough bu t  u s e f u l  g  f i d e ,  t h e  f i r s t - o r d e r  m o d i f i c a t i o n  o f  t h e  

exac t  maximally f l a t  d e s i g n  g e n e r a l l y  g i v e s  good r e s u l t s  when t h e  

pass-band maximum VSWR i s  l e s s  t h a n  o r  e q u a l  t o  ( 1  + w;), where w 

i s  t h e  e q u a l - r i p p l e  quar te r -wave  t r a n s f o r m e r  bandwidth C E ~ .  (6 .02-  I ) ] .  

By d e f i n i t i o n ,  i t  becomes e x a c t  when w q  = 0. 

Example I - I n  Example 1 of Sec .  6 . 0 2 ,  i t  was shown t h a t  a  q u a r t e r -  

wave t r a n s f o r m e r  of impedance r a t i o  R = 100 ,  f r a c t i o n a l  bandwidth w q =  1. 

and maximum pass -band  VSWR of l e s s  t h a n  1 . 1 5  must have a t  l e a s t  s i x  

s e c t i o n s  ( n  = 6 ) .  C a l c u l a t e  t h e  normal ized  l i n e  impedances,  Zi, of t h i s  

quar te r -wave  t r a n s f o r m e r .  P r e d i c t  t h e  maximum pass -band  VSWR, Vr. Then, 

a l s o  f i n d  t h e  bandwidth,  w h ,  and normal ized  l i n e '  impedances,  Zil, of t h e  

c o r r e s p o n d i n g  ha l f -wave  f i l t e r .  

F i r s t ,  check t h a t  R i s  s m a l l  enough f o r  t h e  t r a n s f o r m e r  t o  be 

so lved  by a  f i r s t - o r d e r  t h e o r y .  Using Eq.  (6 .06-11 ,  

T h e r e f o r e  t h e  unmodif ied f i r s t - o r d e r  t h e o r y  would n o t  be e x p e c t e d  t o  

g i v e  good r e s u l t s ,  s i n c e  R = 100 i s  c o n s i d e r a b l y  g r e a t e r  t h a n  8 .  

Using Eqs. (6 .07-1)  and (6.07-213 
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T h e r e f o r e  t h e  m o d i f i e d  f i r s t - o r d e r  t h e o r y  shou ld ,work  q u i t e  w e l l ,  

a l t h o u g h  w e  may e x p e c t  n o t i c e a b l e  b u t  n o t  e x c e s s i v e ' d w i a t i o n  - f rom 

t h e  d e s i r e d  p e r f o r m a n c e  s i n c e  R = 100 i s  s l i g h t l y  g r e a t e r  t h a n  

( 2 / w p I n  = 64.  

From T a b l e  6 . 0 5 - 1  and F i g  
i 6 . 0 2 - 1 1  

o r  f rom T a b l e  6 .05-2  and  

Eq. ( 6 . 0 5 - I ) ,  i t  c a n  be  s e e n  t h a t  a  max ima l ly  f l a t  t r a n s f o r m e r  o f  

s i x  s e c t i o n s  w i t h  R = 100 h a s  

v1 = v7 = 1 .094  :. l o g  v1 = 0 .0391  I 

The  l o g  VSWRs o f  t h e  r e q u i r e d  1 0 0 - p e r c e n t  b a n d w i d t h  t r a n s f o r m e r  a r e  

now o b t a i n e d ,  a c c o r d i n g  t o  Eq. ( 6 . 0 7 - 3 b ) ,  m u l t i p l y i n g  t h e  l o g  V s  i n  

Eq. ( 6 . 0 7 - 6 )  by t h e  a p p r o p r i a t e  v a l u e s  o f  Y i n  T a b l e  6 .07 -1 :  

l o g  v1 = 0 .0391  X 2.586 = 0 . 1 0 1 1  1 
l o g  V, = 0.2068 X 1 . 2 9 3  = 0.2679 I ( 6 . 0 7 - 7 )  

l o g  V 3  = 0 .4612  X 0 . 9 0 5  = 0.4170 

:. V, = V7 1 . 2 6 2  

V, = V6 = 1 . 8 5 3  

V3 = V, = 2 . 6 1 2  

v4 2 . 9 7 4  

Now t h i s  p r o d u c t  VIVZ.. .V7 e q u a l s  1 0 5 . 4 ,  i n s t e a d  o  

t h e r e f o r e  n e c e s s a r y  t o  s c a l e  t h e  V i  s l i g h t l y  downward, s o  t h a t  t h e i r  

p r o d u c t  r e d u c e s  t o  e x a c t l y  100.  The p r e f e r r e d  p r o c e d u r e  i s  t o  r e d u c e  

V1 and  V7 by a  f a c t o r  o f  ( 1 0 0 / 1 0 5 . 4 ) ~ ~ ~  w h i l e  r e d u c i n g  V2, . . ., V6 
1 

by a  f a c t o r  o f  (100 /105 .4 )  i6. [In g e n e r a l ,  i f  R '  and R a r e  r e s p e c t i v e l y  



t h e  t r i a l  and d e s i r e d  impedance r a t i o s ,  t h e n  f o r  an n - s e c t i o n  t r a n s -  

former,  t h e  s c a l i n g  f a c t o r  i s  (R/R')lIn f o r  V 2 ,  V 3 ,  . . . Vn, and 

( R / R ' ) ~ / ~ "  f o r  V 1  and V n + l .  1 It can  be  shown [ s e e  Example 2 o f  Sec .  6 .09 

and Eq. (6 .09-2) l  t h a t  t h i s  t y p e  o f  s c a l i n g ,  where V 1  and V n + l  a r e  

s c a l e d  by t h e  s q u a r e  r o o t  o f  t h e  s c a l i n g  f a c t o r  f o r  VZ, ..., V n ,  h a s  
a s  i t s  p r i n c i p a l  e f f e c t  a  s l i g h t  i n c r e a s e  i n  bandwidth w h i l e  l e a v i n g  

t h e  pass-band r i p p l e  a lmos t  u n a f f e c t e d .  S i n c e  t h e  approx imate  
d e s i g n s  g e n e r a l l y  f a l l  s l i g h t l y  s h o r t  i n  bandwid th ,  w h i l e  coming v e r y  

c l o s e  t o ,  o r  even improving on ,  t h e  s p e c i f i e d  pass -band  r i p p l e ,  t h i s  

method of  s c a l i n g  i s  p r e f e r a b l e .  S u b t r a c t i n g  0.0038 from l o g  V 1  
and 0.0076 from t h e  remain ing  l o g  V t  i n  Eq .  (6 .07-7)  g i v e s  t h e  new V i  

and f o r  t h e  c o r r e s p o n d i n g  normal ized  l i n e  impedances of  t h e  q u a r t e r -  

wave t r a n s f o r m e r  ( F i g .  6 .02-1) .  

We n o t e  i n  p a s s i n g  t h a t  t h e  p r o d u c t  of  t h e  VSWRs b e f o r e  r e d u c t i o n  was 

105.4 i n s t e a d  o f  t h e  s p e c i f i e d  100. I f  t h e  d i s c r e p a n c y  between t h e s e  
two numbers exceeds  about  5  t o  1 0  p e r c e n t ,  t h e  p r e d i c t e d  per formance  
w i l l  u s u a l l y  n o t  be r e a l i z e d  very  c l o s e l y .  T h i s  p r o v i d e s  an 

a d d i t i o n a l  i n t e r n a l  check on t h e  a c c u r a c y  o f  t h e  d e s i g n .  

298 

The maximum t r a n s d u c e r  a t t e n u a t i o n  and VSWR i n  t h e  p a s s  band 

p r e d i c t e d  from Eq. (6 .02-16)  and Table  6 .02-1  a r e  

There fore  by Eq. (6 .02-18)  ,/ (6 .07-11)  

The computed p l o t  of V a g a i n s t  normalized f r e q u e n c y ,  f ,  of t h i s  

t r a n s f o r m e r  ( o r  a g a i n s t  A g O / A g  i f  t h e  t r a n s f o r m e r  i s  d i s p e r s i v e )  i s  

shown i n  F i g .  6 .07-1.  The bandwidth i s  95 p e r c e n t  (compared t o  

100 p e r c e n t  p r e d i c t e d )  f o r  a  maximum pass-band VSWR of  1.11. 

I 
'.OO O h  I 1.8 2.0 

NORMhLIZEO FREQUENCY 
1-11Z1-111 

SOURCE: Quarterly Progress Report 4, Contract DA 36-039 SC-87398. SRI; 
reprinted in IRE Trans. PCMTT (See Ref. 36 by L. Young) 

FIG. 6.07-1 ANALYZED PERFORMANCE OF TRANSFORMER 
DESIGNED IN EXAMPLE 1 OF SEC. 6.07 



( N o t i c e  t h a t  t h e  r e s p o n s e  h a s  e q u a l  r i p p l e  h e i g h t s  w i t h  a  maximum VSWR 

of  1 .065  o v e r  an  8 6 - p e r c e n t  b a n d w i d t h . )  

The b a n d w i d t h  w,, of  t h e  h a l f - w a v e  f i l t e r  f o r  a  maximum VSWR o f  

1.11 w i l l  b e  j u s t  h a l f  t h e  c o r r e s p o n d i n g  b a n d w i d t h  o f  t h e  q u a r t e r - w a v e  

t r a n s f o r m e r ,  namely ,  47 .5  p e r c e n t  ( i n s t e a d  o f  t h e  d e s i r e d  50  p e r c e n t ) .  

The n o r m a l i z e d  l i n e  i m p e d a n c e s  o f  t h e  h a l f - w a v e  f i l t e r  a r e  ( s e e  

F i g .  6 . 0 3 - 1 )  : 

I, = 1.0 ( i n p u t )  

Z; = V1 = 1 . 2 5 1  1 

I t  s h o u l d  b e  n o t i c e d  t h a t  t h e  o u t p u t  i m p e d a n c e ,  Z;, o f  t h e  h a l f -  

wave f i l t e r  i s  a l s o  t h e  VSWR o f  t h e  f i l t e r  o r  t r a n s f o r m e r  a t  c e n t e r  

f r e q u e n c y g  ( F i g .  6 . 0 7 - 1 ) .  

I n  t h i s  example  i t  was n o t  n e c e s s a r y  t o  i n t e r p o l a t e  f rom t h e  

t a b l e s  f o r  t h e  V i  o r  Zi. When R i s  n o t  g i v e n  e x a c t l y  i n  t h e  t a b l e s ,  
t h e  i n t e r p o l a t i o n  p r o c e d u r e  e x p l a i n e d  a t  t h e  e n d  o f  S e c .  6 . 0 4  s h o u l d  

b e  f o l l o w e d .  

SEC 6 . 0 8 ,  CORRECTION FOR SMALL-STEP 
DISCONTINUITY C A P A C I T A N C E S ~ ~  

A  d i s c o n t i n u i t y  i n  wavegu ide  o r  c o a x i a l - l i n e  c r o s s - s e c t i o n  c a n n o t  

b e  r e p r e s e n t e d  by a  c h a n g e  o f  impedance  o n l y - - i .  e . ,  p r a c t i c a l  

j u n c t i o n s  a r e  n o n - i d e a l  ( s e e  S e c .  6 . 0 1 ) .  The e q u i v a l e n t  c i r c u i t  f o r  
a  s m a l l  c h a n g e  i n  i n n e r  o r  o u t e r  d i a m e t e r  o f  a  c o a x i a l  l i n e  c a n  b e  

r e p r e s e n t e d  by an  i d e a l  j u n c t i o n  s h u n t e d  by a  c a p a c i t a n ~ e , ~  a n d  t h e  

same r e p r e s e n t a t i o n  i s  p o s s i b l e  f o r  an  E - p l a n e  s t e p  i n  r e c t a n g u l a r  

~ a v e g u i d e . ~ ~  T h i s  s h u n t  c a p a c i t a n c e  h a s  o n l y  a  s e c o n d - o r d e r  e f f e c t  

on t h e  m a g n i t u d e  o f  t h e  j u n c t i o n  VSWR, s i n c e  i t  c o n t r i b u t e s  a  s m a l l e r  

component i n  q u a d r a t u r e  w i t h  t h e  ( a l r e a d y  s m a l l )  r e f l e c t i o n  _ 
c o e f f i c i e n t  o f  t h e  s t e p .  I t s  main  e f f e c t  i s  t o  move t h e  r e f e r e n c e  

p l a n e s  w i t h  r e a l  r o u t  o f  t h e  p l a n e  o f  t h e  j u n c t i o n .  S i n c e  t h e  

s p a c i n g  b e t w e e n  a d j a c e n t  and f a c i n g  r e f e r e n c e  p l a n e s  s h o u l d  b e  o n e -  

q u a r t e r  w a v e l e n g t h  a t  c e n t e r  f r e q u e n c y ,  t h e  p h y s i c a l  j u n c t i o n s  s h o u l d  

be moved t h e  n e c e s s a r y  amyunt t o  a c c o m p l i s h  t h i s .  F o r m u l a s  

have  b e e n  g i v e n  by Cohn.' The  p r o c e d u r e  o u t l i n e d  h e r e  i s  e q u i v a l e n t  

t o  Cohn ' s  f o r m u l a s ,  b u t  i s  i n  p i c t o r i a l  fo rm,  s h o w i n g  t h e  d i s p l a c e d  

r e f e r e n c e  p l a n e s ,  and s h o u l d  make t h e  n u m e r i c a l  w o r k i n g  o f  a  p rob lem 

a  l i t t l e  e a s i e r .  The n e c e s s a r y  f o r m u l a s  a r e  summar ized  i n  F i g .  6 . 0 8 - 1  

which shows t h e  new r e f e r e n c e  p l a n e  p o s i t i o n s .  The low- impedance  end 

i s  shown on t h e  l e f t ,  t h e  h igh - impedance  end  on  t h e  r i g h t .  T h e r e  a r e  

two r e f e r e n c e  p l a n e s  w i t h  r e a l  r a s s o c i a t e d  w i t h  e a c h  j u n c t i o n ,  one  

s e e n  f rom t h e  low-impedance  s i d e ,  and one  s e e n  f rom t h e  h igh - impedance  

s i d e  ( F i g .  6 . 0 8 - 1 ) .  When t h e  two " t e r m i n a l - p a i r s "  o f  a  j u n c t i o n  a r e  

s i t u a t e d  i n  t h e  a p p r o p r i a t e  r e f e r e n c e  p l a n e s ,  i t  i s  e q u i v a l e n t  t o  an 

i d e a l  j u n c t i o n .  The f o l l o w i n g  r e s u l t s  c a n  b e  shown t o  h o l d  g e n e r a l l y  

s t e p  d i s c o n t i n u i t y  c a n  be r e p r e s e n t e d  by a  s h u n t  c a p a c i t a n c e :  

The two r e f e r e n c e  p l a n e s  a s s o c i a t e d  w i t h  any  j u n c t i o n  a r e  
b o t h  i n  t h e  h i g h e r  impedance  l i n e  ( t o  t h e  r i g h t  o f  t h e  
j u n c t i o n  i n  F i g .  6 . 0 8 - 1 ) .  

The two r e f e r e n c e  p l a n e s  a s s o c i a t e d  w i t h  any  j u n c t i o n  a r e  
a l w a y s  i n  t h e  o r d e r  shown i n  F i g .  6 . 0 8 - 1 - - i . e . ,  t h e  
r e f e r e n c e  p l a n e  s e e n  f rom t h e  h i g h e r  impedance  l i n e  i s  
n e a r e r  t o  t h e  j u n c t i o n .  

As t h e  s t e p  v a n i s h e s ,  b o t h  r e f e r e n c e  p l a n e s  f a l l  i n t o  
t h e  p l a n e  o f  t h e  j u n c t i o n .  

The r e f e r e n c e  p l a n e  s e e n  from t h e  h i g h e r  impedance  l i n e  
( t h e  one  n e a r e r  t o  t h e  j u n c t i o n )  i s  a l w a y s  w i t h i n  o n e -  
e i g h t h  o f  a  w a v e l e n g t h  o f  t h e  j u n c t i o n .  (The  o t h e r  
r e f e r e n c e  p l a n e  i s  n o t  s o  r e s t r i c t e d . )  

The s p a c i n g  be tween  j u n c t i o n s  i s  t h e n  d e t e r m i n e d  a s  shown i n  F i g .  6 .08-1 .  

I t  i s  s e e n  t h a t  t h e  9 0 - d e g r e e  l e n g t h s  o v e r l a p ,  and  t h a t  t h e  s e p a r a t i o n  

be tween  j u n c t i o n s  w i l l  t h e r e f o r e  g e n e r a l l y  be  l e s s  t h a n  o n e - q u a r t e r  

w a v e l e n g t h ,  a l t h o u g h  t h i s  d o e s  n o t  n e c e s s a r i l y  a l w a y s  h o l d  ( e . g . ,  i f  

X I  ' X,). 



, 9~ , L O W  ADMITTANCE. 

ADMITTANCES : 

REFERENCE I- I_ 
PLANES IN 

-I (W+. , -X  ,) 1 ( 9 0 ' + ~ 3 )  I (W+.,-x.) 
WHICH r 
IS  REAL 

WHERE B i  IS THE EQUIVALENT SHUNT SUSCEPTANCE AT THE STEP. 
1-3527-2% 

b o  1 1 .300  i n c h e s  

b l  = 1.479 i n c h e s  

b 2  = 2.057 i n c h e s  

b J  = 2.857 i n c h e s  

b 4  = 3.250 i n c h e s  

Make a11 t h e  s t e p s  symmet r ica l  ( a s  i n  F ig .  6 . 0 8 - 2 ) ,  s i n c e  i n  t h i s  c a s e  

t h e  l e n g t h  c o r r e c t i o n s  w{uld be a p p r e c i a b l e  i f  t h e  s t e p s  were unsym- 

m e t r i c a l .  

SECTIONS: 
1 -0  

FIG. 6.08-1 LENGTH CORRECTIONS FOR DISCONTINUITY CAPACITANCES 
JUNCTIONS: 

E x a m p l e  1-Design a  t r a n s f o r m e r  from 6.5-  by 1 . 3 - i n c h  r e c t a n g u l a r  

waveguide t o  6 . 5 -  by 3 .25- inch  r e c t a n g u l a r  waveguide t o  have a  VSWR 

l e s s  t h a n  1 . 0 3  from a t  l e a s t  1180 t o  1430 megacyc les .  

Here R = 2.5 

k g l  a 15.66 i n c h e s  , k E 2  = 1 0 . 6 8  i n c h e s  . 

0 Ago = 12 .68  i n c h e s  , and - = 3.17 i n c h e s  , 
4  

WAVEGUIDE 1 1 I I I 
1.479 in. 2.057 In. 2 .857in.  3.250 in 

HEIGHTS: I. 3 0 0  in. 
I I I I I 

WAVEGUIDE WIDTH 6 . 5 0 0  in. 
A- 3527-303 

FIG. 6.08-2 SOLUTION TO EXAMPLE 1 OF SEC. 6.08 ILLUSTRATING 
LENGTH CORRECTIONS FOR DISCONTINUITY -- - 

CAPACITANCES 

whi le  Eq. ( 6 . 0 2 - 1 )  g i v e s  w q  = 0.38.  From T a b l e s  6 .02-3 and 6 .02-4 ,  
i t  can be s e e n  t h a t  a t  l e a s t  t h r e e  s e c t i o n s  a r e  needed. We s h a l l  

s e l e c t  w q  = 0 .50 ,  which s t i l l  mee ts  t h e  s p e c i f i c a t i o n  t h a t  t h e  pass -band  

VSWR be l e s s  t h a n  1 . 0 3  ( s e e  T a b l e  6 . 0 2 - 4 ) .  From T a b l e  6 .04-2 ,  t h e  
b  dimensions o f  such a  t r a n s f o r m e r  a r e  



Now make up a  t a b l e  a s  f o l l o w s :  

LIN 

- 
1. 

2. 

3. 

4. 

5 .  

6. 

7. 

8. 

1. 

LO. 

- 

QUANTITY 

b i - J b i  = Y i / Y i - ,  

(fromFigs. 5.07-10 and -11) 
Y i  b i  

i /Y i  - , = Line 1 x Line 2 

x Line 3 

X i  electrical  degrees 
(from Fig. 6.08-1) 

x i  electrical  degrees 
(from Fig. 6.08-1) 

- x i )  e lec tr ica l  degrees 

XTION OR JUNCTION NO. 
(ass Fig. I 

I -- 

I 

I 

, 
,I 

- 

The l a s t  l i n e  s u b t r a c t e d  f rom 3.17 i n c h e s  g i v e s  t h e  s e c t i o n  

l e n g t h s .  The f i r s t  two s e c t i o n s  a r e  somewhat s h o r t e r  t h a n  o n e - q u a r t e r  

w a v e l e n g t h ,  w h i l e  t h e  t h i r d  s e c t i o n  i s  s l i g h t l y  l o n g e r .  The f i n a l  
d i m e n s i o n s  a r e  shown i n  F i g .  6 .08 -2 .  

SEC. 6 . 0 9 ,  APPROXIMATE DESIGN WHEN R I S LARGE 

T h e o r y - R i b l e t ' s  p r ~ c e d u r e , ~  w h i l e  m a t h e m a t i c a l l y  e l e g a n t  a n d  

a l t h o u g h  i t  h o l d s  f o r  a l l  v a l u e s  o f  R ,  i s  c o m p u t a t i o n a l l y  v e r y  

t e d i o u s ,  and t h e  a c c u r a c y  r e q u i r e d  f o r  l a r g e  R can  l e a d  t o  d i f f i c u l t i e s  

even  w i t h  a  l a r g e  d i g i t a l  c o m p u t e r .  C o l l i n ' s  f o r m u l a s 2  a r e  more 

c o n v e n i e n t  ( S e c .  6 .04 )  b u t  d o  n o t  go  beyond n  = 4  ( T a b l e s  6 . 0 4 - 1  t o  

6 . 0 4 - 8 ) .  R i b l e t ' s  p r o c e d u r e  h a s  been  u s e d  t o  t a b u l a t e  max ima l ly  

f l a t  t r a n s f o r m e r s  up t o  n  = 8 ( T a b l e s  6 . 0 6 - 1  and  6 . 0 6 - 2 ) .  G e n e r a l  

s o l u t i o n s  a p p l i c a b l e  o n l y  t o  " s m a l l  R" have  b e e n  g i v e n  i n  S e c s .  6 . 0 6  

and 6 . 0 7 ,  a n d  a r e  t a b u l a t e d  i n  T a b l e s  6 . 0 6 - 1  and  6 .07 -1 .  I n  t h i s  

p a r t ,  c o n v e n i e n t  f o r m u l a s  w i l l  b e  g i v e n  which become e x a c t  o n l y  

when R i s  " l a r g e ,  " a s  d e f i n e d  by 

These  s o l u t i o n s  a r e  s u i t a b l e  f o r  most  p r a c t i c a l  f i l t e r  a p p l i c a t i o n s  

( b u t  n o t  f o r  p r a c t i c a l  t r a n s f o r m e r  a p p l i c a t i o n s ) .  [Compare w i t h  

Eqs.  ( 6 . 0 6 - 1 )  and  (6.07-21.1 

Fo r  " l a r g e  R" ( o r  s m a l l  w q ) ,  s t e p p e d  impedance  t r a n s f o r m e r s  and 

f i l t e r s  may b e  d e s i g n e d  f rom l o w - p a s s ,  l u m p e d - c o n s t a n t ,  p r o t o t y p e  

f i l t e r s  ( C h a p t e r  4 )  whose e l e m e n t s  a r e  d e n o t e d  by g i  ( i  = 0 ,  1 ,  ..., 
n  + I ) . *  The  t r a n s f o r m e r  o r  f i l t e r  s t e p  VSWRs a r e  o b t a i n e d  f rom 

( V i  l a r g e ,  w q  s m a l l )  

where  i s  t h e  r a d i a n  c u t o f f  f r e q u e n c y  o f  t h e  l o w - p a s s  p r o t o t y p e  and 

w q  i s  t h e  q u a r t e r - w a v e  t r a n s f o r m e r  f r a c t i o n a l  bandwid th  [ g i v e n  by 

Eq. (6 .02-1)  f o r  T c h e b y s c h e f  f  t r a n s f o r m e r s  and Eqs .  (6 .02 -9 )  o r  ( 6 . 0 2 - 1 0 )  

f o r  m a x i m a l l y  f l a t  t r a n s f o r m e r s ] .  Again ,  t h e  h a l f - w a v e  f i l t e r  band-  

w i d t h ,  w,, , i s  e q u a l  t o  o n e - h a l f  w q  [Eq. (6 .03-311 . 
* Note: Here i t  i s  assurned t h a t  i n  t h e  prototypes  d e f i n e d  i n  F i g .  4 .04-1 ,  t h e  c i r c u i t  i s  s y m t r i c  or 

a n t i m e t r i c  ( s e e  Sec. 4 . 0 5 ) .  



The  V ,  and r i  a r e  s y m m e t r i c a l  a b o u t  t h e  c e n t e r  i n  t h e  s e n s e  o f  
a 

Eqs. ( 6 . 0 4 - 8 )  and ( 6 . 0 4 - 9 ) ,  when t h e  p r o t o t y p e  i s  s y m m e t r i c a l  o r  

a n t i m e t r i c a l  a s  was assumed.  

With  T a b l e s  4 . 0 5 - 1 ,  4 . 0 5 - 2 ,  4 . 0 6 - 1 ,  4 . 0 6 - 2 ,  and 4 . 0 7 - 1 ,  

i t  i s  e a s y  t o  u s e  Eq. ( 6 . 0 9 - 1 ) .  One s h o u l d ,  however ,  a l w a y s  v e r i f y  

t h a t  t h e  a p p r o x i m a t i o n s  a r e  v a l i d ,  and t h i s  i s  e x p l a i n e d  n e x t .  

P r o c e d u r e s  t o  b e  u s e d  i n  b o r d e r l i n e  c a s e s ,  a n d  t h e  a c c u r a c y  t o  b e  

e x p e c t e d ,  w i l l  b e  i l l u s t r a t e d  by examples .  

Range of V a l i d i t y - T h e  c r i t e r i a  g i v e n  i n  Eqs .  ( 6 . 0 6 - 1 )  a n d  ( 6 . 0 7 - 1 )  

a r e  r e v e r s e d .  The v a l i d i t y  o f  t h e  d e s i g n  f o r m u l a s  g i v e n  i n  t h i s  p a r t  

depends  on R b e i n g  l a r g e  enough .  I t  i s  f o u n d  t h a t  t h e  a n a l y z e d  p e r f o r -  

mance a g r e e s  w e l l  w i t h  t h e  p r e d i c t e d  p e r f o r m a n c e  ( a f t e r  a d j u s t i n g  R, 

i f  n e c e s s a r y ,  a s  i n  Examples  2  and 3  o f  t h i s  s e c t i o n )  p r o v i d e d  t h a t  

Eq. ( 6 . 0 9 - 1 )  i s  s a t i s f i e d ;  R s h o u l d  e x c e e d  ( 2 / w q ) "  by p r e f e r a b l y  a  

f a c t o r  o f  a b o u t  10  o r  100  o r  more.  (Compare end  o f  S e c .  6 . 1 0 . )  The 

r a n g e s  o f  v a l i d i t y  f o r  " s m a l l  R "  a n d l ' i a r g e  R" o v e r l a p  i n  t h e  r e g i o n  

be tween  Eqs .  ( 6 . 0 7 - 2 )  and ( 6 . 0 9 - l ) ,  where  b o t h  p r o c e d u r e s  h o l d  o n l y  

i n d i f f e r e n t l y  w e l l .  ( S e e  Example  3  o f  t h i s  s e c t i o n . )  

F o r  t h e  maximal ly  f l a t  t r a n s f o r m e r ,  Eq. ( 6 . 0 9 - 1 )  s t i l l  a p p l i e s  

f a i r l y  w e l l ,  when w q , 3 d b  i s  s u b s t i t u t e d  f o r  w q .  

As a  rough  b u t  u s e f u l  g u i d e ,  t h e  f o r m u l a s  o f  t h i s  s e c t i o n  g e n e r a l l y  

r e s u l t  i n  t h e  p r e d i c t e d  p e r f o r m a n c e  i n  t h e  p a s s  band when t h e  p a s s - b a n d  

maximum VSWR e x c e e d s  a b o u t  ( 1  + w i ) .  T h i s  r u l e  must be  c o n s i d e r e d  

i n d e t e r m i n a t e  f o r  t h e  m a x i m a l l y  f l a t  c a s e  (wq = O),  when t h e  f o l l o w i n g  

rough  g e n e r a l i z a t i o n  may b e  s u b s t i t u t e d :  The  f o r m u l a s  g i v e n  i n  t h i s  

s e c t i o n  f o r  max ima l ly  f l a t  t r a n s f o r m e r s  o r  f i l t e r s  g e n e r a l l y  r e s u l t  i n  

t h e  p r e d i c t e d  p e r f o r m a n c e  when t h e  m a x i m a l l y  f l a t  q u a r t e r - w a v e  t r a n s -  

f o r m e r  3-db f r a c t i o n a l  b a n d w i d t h ,  w q , J d b r  i s  l e s s  t h a n  a b o u t  0.40: 

The h a l f - w a v e  f i l t e r  f r a c t i o n a l  b a n d w i d t h ,  w ~ , ~ ~ ~ ,  m u s t ,  o f  c o u r s e ,  be  

l e s s  t h a n  h a l f  o f  t h i s ,  o r  0 . 2 0 .  

A f t e r  t h e  f i l t e r  h a s  b e e n  d e s i g n e d ,  a  good  way t o  c h e c k  o n  w h e t h e r  

i t  i s  l i k e l y  t o  p e r f o r m  a s  p r e d i c t e d  i s  t o  m u l t i p l y  a l l  t h e  VSWRs, 

V 1 V 2 . .  . V n + l ,  and t o  compare  t h i s  p r o d u c t  w i t h  R d e r i v e d  f rom t h e  p e r -  

fo rmance  s p e c i f i c a t i o n s  u s i n g  T a b l e  6 . 0 2 - 1  and  Eq. ( 6 . 0 2 - 1 3 ) .  I f  t h e y  

8 
Larger  3 -db  f r a c t i o n a l  bandwidths. can be des igned  a c c u r a t e l y  f o r  amal l  n , f o r  example up  t o  
a b o u t  w q,3db = 0 . 6 0  f o r  n = 2 .  

a g r e e  w i t h i n  a  f a c t o r  o f  a b o u t  2 ,  t h e n  a f t e r  s c a l i n g  each,V s o  t h a t  

t h e i r  VSWR p r o d u c t  f i n a l l y  e q u a l s  R ,  good a g r e e m e n t  w i t h  t h e  d e s i r e d  

p e r f o r m a n c e  may b e  e x p e c t e d .  

T h r e e  e x a m p l e s  w i l l  b e  worked o u t ,  i l l u s t r a t i n g  a  na r row-band  and 

a  w ide -band  d e s i g n ,  and one  c a s e  where  Eq. ( 6 . 0 9 - 1 )  i s  no l o n g e r  

s a t i s f i e d .  

Example I - D e s i g n  a  h a l f - w a v e  f i l t e r  o f  1 0 - p e r c e n t  f r a c t i o n a l  

bandwid th  w i t h  a  VSWR r i p  l e  o f  1 . 1 0 ,  and w i t h  a t  l e a s t  30-db 

a t t e n u a t i o n  1 0  p e r c e n t  f  /' om c e n t e r  f r e q u e n c y .  

Here  wh = 0 . 1 ,  :. w q  = 0 . 2 .  A VSWR of  1 . 1 0  c o r r e s p o n d s  t o  an  

i n s e r t i o n  l o s s  o f  0 . 0 1  db.  From Eqs .  ( 6 . 0 3 - 1 2 )  and ( 6 . 0 3 - l o ) ,  o r  

( 6 . 0 2 - 1 7 )  and  (6 .02 -121 ,  

nw h 
p o  = s i n  - 2  = s i n  9O = 0 .1564  . 

A t  1 0  p e r c e n t  f rom c e n t e r  f r e q u e n c y ,  by Eq. ( 6 . 0 3 - 1 1 1 ,  

W '  s i n  6" s i n  172'  
- = - =  = 1 .975  . 
4 Po 0.1564 

From F i g .  4 . 0 3 - 4 ,  a  5 - s e c t i o n  f i l t e r  would g i v e  o n l y  24 .5  db a t  a  

f r e q u e n c y  1 0  p e r c e n t  f rom b a n d  c e n t e r ,  b u t  a  s i x - s e c t i o n  f i l t e r  w i l l  

g i v e  35 .5  d b .  T h e r e f o r e ,  we must  c h o o s e  n  = 6  t o  g i v e  a t  l e a s t  30 -db  

a t t e n u a t i o n  1 0  p e r c e n t  f rom c e n t e r  f r e q u e n c y .  

The o u t p u t - t o - i n p u t  impedance  r a t i o  o f  a  s i x - s e c t i o n  q u a r t e r - w a v e  

t r a n s f o r m e r  o f  2 0 - p e r c e n t  f r a c t i o n a l  bandwid th  and  0 .01 -db  r i p p l e  i s  

g i v e n  by T a b l e  6 . 0 2 - 1  and Eq. ( 6 . 0 2 - 1 3 )  and y i e l d s  ( w i t h  E ,  0 . 0 0 2 3  

c o r r e s p o n d i n g  t o  0 . 0 1 - d b  r i p p l e )  

Thus  R e x c e e d s  (2 /wq  

i s  ample ,  s o  t h a t  we can  

) "  b y  a  f a c t o r  o f  4  x l o 4 ,  which by Eq. ( 6 . 0 9 - 1 )  

p r o c e e d  w i t h  t h e  d e s i g n .  



From Table  4 . 0 5 - 2 ( a ) ,  f o r  n = 6  and 0.01-db r i p p l e  ( c o r r e s p o n d i n g  

t o  a maximum VSWR o f  1 . 1 0 ) ,  and from Eq. ( 6 . 0 9 - 2 )  

T h i s  y i e l d e d  t h e  r e s p o n s e  c u r v e  shown i n  F i g .  6 .09-1,  which i s  v e r y  

c l o s e  t o  t h e  d e s i g n  s p e c i f i c a t i o n  i n  b o t h  t h e  p a s s  and s t o p  bands.  

The ha l f -wave  f i l t e r  l i n e  impedances a r e  

z; = 1 . 0  ( i n p u t )  

2; = v ,  = 4.98 

2; = Z: /V2  = 0.1158 

I 

Note t h a t  2; = 1 .10  i s  a l s o  t h e  VSWR a t  c e n t e r  f r e q u e n c y  

( F i g .  6 . 0 9 - 1 ) .  

The c o r r e s p o n d i n g  q u a r t e r - w a v e  t r a n s f o r m e r  h a s  a f r a c t i o n a l  

bandwidth o f  20 p e r c e n t ;  i t s  l i n e  impedances a r e  

= 1.0 ( i n p u t )  

4.98 

= 2 . 1 4  X l o 2  

= 1.987 X l o 4  

= 2.084 x  l o 6  
1.9315 x l o 9  

= 8 . 3 0  X l o 9  

= 4.135 x  10'' ( o u t p u t )  . 
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FIG. 6.09-1 ANALYZED PERFORMANCE OF HALF-WAVE FILTER 
DESIGNED IN EXAMPLE 1 OF SEC. 6.09 



which i s  w i t h i n  about  1% p e r c e n t  of  R i n  Eq. ( 6 . 0 9 - 3 ) .  T h e r e f o r e  we 
would e x p e c t  an a c c u r a t e  d e s i g n ,  which i s  conf i rmed  by Fig.. 6 .09-1 .  
The a t t e n u a t i o n  of 35.5 db a t  f = 1.1 i s  a l s o  e x a c t l y  a s  p r e d i c t e d .  

Example 2-I t  i s  r e q u i r e d  t o  d e s i g n  a  h a l f - q a v e  f i l t e r  of  6 0 - p e r c e n t  

bandwidth w i t h  a  2-db p a s s - b a n d  r i p p l e -  The r e j e c t i o n  1 0  p e r c e n t  
beyond t h e  band edges s h a l l  be  a t  l e a s t  20 db.  

Here oh = 0 .6 ,  :. w q  = 1.2.  As i n  t h e  p r e v i o u s  example, i t  i s  

de te rmined  t h a t  a t  l e a s t  s i x  s e c t i o n s  w i l l  b e  r e q u i r e d ,  and t h a t  t h e  
r e j e c t i o n  1 0  p e r c e n t  beyond t h e  band edges  s h o u l d  t h e n  be 22 .4  db.  

From Eq. (6 .02-13)  and T a b l e  6 . 0 2 - 1  i t  can  b e  s e e n  t h a t ,  f o r  an 

e x a c t  d e s i g n ,  R would be 1915;  whereas  (2 /wqIn  i s  22. Thus R e x c e e d s  
( 2 ; ~ ~ ) "  by a  f a c t o r  o f  l e s s  t h a n  100.  and t h e r e f o r e ,  by Eq. ( 6 . 0 9 - 1 ) .  

we would e x p e c t  on ly  a  f a i r l y  a c c u r a t e  d e s i g n  w i t h  a  n o t i c e a b l e  

d e v i a t i o n  from t h e  s p e c i f i e d  performance.  The s t e p  VSWRs a r e  found 
by Eq. (6 .09-2)  t o  b e  

T h e i r  p roduc t  i s  4875, whereas  from Eq. ( 6 . 0 2 - 1 3 )  and T a b l e  6 . 0 2 - 1 ,  

R should  be  1915. The V i  must t h e r e f o r e  be reduced .  A s  i n  Example 1 
of  Sec.  6 .07 ,  we s h a l l  s c a l e  t h e  V i  s o  a s  t o  s l i g h t l y  i n c r e a s e  t h e  

bandwidth, w i t h o u t  a f f e c t i n g  t h e  pass -band  r i p p l e .  S i n c e  from 
Eq. ( 6 . 0 9 - 2 )  V1 and V n + l  a r e  i n v e r s e l y  p r o p o r t i o n a l  t o  w q ,  whereas  

t h e  o t h e r  (n - 1 )  j u n c t i o n  VSWRs, namely V2,  V,, . . . V n ,  a r e  i n v e r s e l y  
p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  t o q ,  reduce  V1 and V ,  by a  f a c t o r  o f  

and V2 th rough  V6 by a  f a c t o r  o f  

(Compare Example 1 of Sec.  6 . 0 7 . )  T h i s  reduces  R from 4875 t o  1915 

Hence, 

The ha l f -wave  f i l t e r  l i n e  impedances a r e  now 

Zi = 1 . 0  ( i n p u t )  

2 ;  = 2 .803  

2;  = 1 .128  
I 

2, = 3 .788  

Zk = 1 . 0 9 2  

2 ;  = 3.667 

2: = 1 . 4 7 5  

2; = 4.135 ( o u t p u t )  

S i n c e  t h e  r e d u c t i o n  of  R ,  from 4875 t o  1915, i s  a  r e l a t i v e l y  l a r g e  

one,  we may e x p e c t  some measurab le  d i s c r e p a n c y  between t h e  p r e d i c t e d  

and t h e  a n a l y z e d  per formance .  The ana lyzed  per formances  of t h e  d e s i g n s  

given by Eqs. (6 -09-7)  and ( 6 . 0 9 - a ) ,  b e f o r e  and a f t e r  c o r r e c t i o n  f o r  

R ,  a r e  shown i n  F ig .  6 .09-2 .  For  most p r a c t i c a l  p u r p o s e s ,  t h e  agreement  

a f t e r  c o r r e c t i o n  f o r  R i s  q u i t e  a c c e p t a b l e .  The bandwidth f o r  2-db 

i n s e r t i o n  l o s s  i s  58 p e r c e n t  i n s t e a d  of 60 p e r c e n t ;  t h e  r e j e c t i o n  i s  

e x a c t l y  a s  s p e c i f i e d .  

Discuss ion-The  ha l f -wave  f i l t e r  of Example !. r e q u i r e d  l a r g e  

impedance s t e p s ,  t h e  l a r g e s t  b e i n g  V4 = 105. I t  would t h e r e f o r e  be  

i m p r a c t i c a l  t o  b u i l d  i t  a s  a  s t epped- impedance  f i l t e r ;  i t  s e r v e s ,  

i n s t e a d  a s  a  p r o t o t y p e  f o r  a  r e a c t a n c e - c o u p l e d  c a v i t y  f i l t e r  (Sec.  9 . 0 4 ) .  



NORMALIZED FREQUENCY 
e-,,z7-m. 

SOURCE: Quarterly Progress Report 4. Contract DA 36039 SC-87398. SRI: 
reprinted in IRE Troru. PCMTT (See Ref. 36 by L. Young) 

FIG. 6.09-2 ANALYZED PERFORMANCE OF TWO HALF-WAVE FILTERS 
DESIGNED IN EXAMPLE 2 OF SEC. 6.09 

This is typical of narrow-band filters. The filter given in the second 

example, like many wide-band filters, may be built directly from 

Eq. (6.09-9) since the largest impedance step is V4 = 3.47 and it 

could be constructed after making a correction for junction discontinuity 

capacitances (see Sec. 6.08). Such a filter would also be a low-pass 

filter (see Fig.. 6.03-2). It would have identical pass bands a t  all 

harmonic frequencies, and it would attain its peak attenuation at 

one-half the center frequency (as well as  at 1.5, 2.5, etc., times 

the center frequency, as shown in Fig. 6.03-2). The peak attenuation 

can be calculated from Eqs. (6.02-8) and (6.09-3). In Example 1 of 
Sec. 6.09 the ~ e a k  attenuation is 100 db, but the impedance steps are 

too large to realize in practice. In Example 2 of Sec. 6.09 the 
impedance steps could be realized. but the peak attenuation is only 

27 db. Half-wave filters are therefore more useful as prototypes for 

o t h e r  f i l t e r - t y p e s  wh ich  a r e  e a s i e r  t o  r e a l i z e  p h y s i c L l l y .  I f  s h u n t  

i n d u c t a n c e s  o r  s e r i e s  c a p a c i t a n c e s  we re  u s e d  ( i n  o f  t h e  impedance  

s t e p s )  t o  r e a l i z e  t h e  V, a n d t o  fo rm a  d i r c c t - c o u p l e d - c a v i t y  f i l t e r ,  t h e n  

t h e  a t t e n u a t i o n  be low t h e  p a s s  b a n d  i s  i n c r e a s e d  and r  \ a c h e s  i n f i n i t y  a t  

z e r o  f r e q u e n c y ;  t h e  a t t e n u a t i o n  a b o v e  t h e  p a s s  band  i s  r e d u c e d ,  a s  com- 

p a r e d  w i t h  t h e  s y m m e t r i c a l  r e s p o n s e  o f  t h e h a l f - w a v e  f i l t e r s  ( F i g s .  6 . 0 9 - 1  

and 6 . 0 9 - 2 ) .  The  d e r i v a t i o n  o f  s u c h  f i l t e r s  f rom t h e  q u a r t e r - w a v e  t r a n s -  

fo rmer  o r  h a l f - w a v e  f i l t e r  p r o t o t y p e s  w i l l  b e  p r e s e n t e d  i n  C h a p t e r  9 .  

Example  3-This example  i l l u s t r a t e s  a  c a s e  when n e i t h e r  t h e  f i r s t -  

o r d e r  t h e o r y  ( S e c .  6 . 0 6 )  n o r  t h e  method o f  t h i s  p a r t  a r e  a c c u r a t e ,  b u t  

b o t h  may g i v e  u s a b l e  d e s i g n s .  T h e s e  a r e  compared  t o  t h e  e x a c t  d e s i g n .  

/ 
I t  i s  r e q u i r e d  t o  d e s i g n  t h e  b e s t  q u a r t e r - w a v e  t r a n s f o r m e r  o f  f o u r  

s e c t i o n s ,  w i t h  o u t p u t - t o - i n p u t  impedance  r a t i o  R = 3 1 . 6 ,  t o  c o v e r  a  

f r a c t i o n a l  b a n d w i d t h  o f  120 p e r c e n t .  

H e r e  n = 4  and w = 1 . 2 .  From 

Eq. ( 6 . 0 2 - 1 3 )  and  T a b l e  6 . 0 2 - 1 ,  t h e  

maximum VSWR i n  t h e  p a s s  band  i s  2 . 0 4 .  

P r o c e e d i n g  a s  i n  t h e  p r e v i o u s  e x a m p l e ,  

and a f t e r r e d u c i n g t h e p r o d u c t  V I V  2 . . . V 5  

t o  3 1 . 6  ( t h i s  r e q u i r e d  a  r e l a t i v e l y  

l a r g e  r e d u c t i o n  f a c t o r  o f  4 1 ,  y i e l d s  

Des ign  A shown i n  T a b l e  6 . 0 9 - 1 .  I t s  

computed  VSWR i s  p l o t t e d  i n  F i g .  6 . 0 9 - 3  

( c o n t i n u o u s  l i n e ,  C a s e  A ) .  

S i n c e  R e x c e e d s  (2 /wq)"  by a  f a c t o r  

o f  o n l y  4 [ s e e  Eq. 6 . 0 9 - I ) ] ,  t h e  f i r s t -  

o r d e r  p r o c e d u r e  o f  S e c .  6 . 0 7  may be  

more a p p r o p r i a t e .  T h i s  i s  a l s o  i n d i -  

T a b l e  6 . 0 9 - 1  

THE THREE DESIGNS OF EXAMPLE 3 

A-"Large R "  A p p r o x i m a t i o n .  

B L ' S m a 1 1  R "  A p p r o x i m a t  i o n .  

C-Exact D e s i g n .  

SOURCE: Q u a r t e r l y  P r o g r e s s  R e p o r t  4 ,  
C o n t r a c t  SRI; r e p r i n t e d  DA 36-039 i n  IRE SC-87398,  T r a n s .  

PCMTT (see Ref .  36 by 
L. Young) 

c a t e d  by Eq. ( 6 . 0 7 - 2 ) ,  w h i c h  i s  s a t i s f i e d ,  a l t h o u g h  Eq.  ( 6 . 0 7 - 1 )  i s  n o t  

P r o c e e d i n g  a s  i n  Example 1 o f  S e c .  6 . 0 7  ~ i e l d s  D e s i g n  B,  shown i n  

T a b l e  6 . 0 9 - 1  a n d    lotted i n  F i g .  6 . 0 9 - 3  ( d a s h - d o t  l i n e ,  C a s e  B ) .  

I n  t h i s  e x a m p l e ,  t h e  e x a c t  d e s i g n  c a n  a l s o  b e  o b t a i n e d  f rom 

T a b l e s  6 . 0 4 - 3  a n d  6 . 0 4 - 4 ,  by  l i n e a r  i n t e r p o l a t i o n  o f  l o g  V a g a i n s t  l o g  R .  

T h i s  g i v e s  D e s i g n  C  shown i n  T a b l e  6 . 0 9 - 1  and  p l o t t e d  i n  F i g .  6 . 0 9 - 3  

( b r o k e n  l i n e ,  C a s e  C ) .  

D e s i g n s  A a n d  B  b o t h  g i v e  l e s s  f r a c t i o n a l  b a n d w i d t h  t h a n  t h e  

120 p e r c e n t  a s k e d  f o r ,  and  s m a l l e r  VSWR p e a k s  t h a n  t h e  2 . 0 4  a l l o w e d .  



SOURCE: Quarterly Progress Report 4. Contract DA 36-039 SC-87398. SRI; 
reprinted in IRE Trans. PGMTT (Sae Ref. 36 by L. Young) 

FIG. 6.09-3 ANALYZED PERFORMANCE OF THREE QUARTER-WAVE 
TRANSFORMERS DESIGNED IN EXAMPLE 3 OF SEC. 6.09 

The f r a c t i o n a l  bandwidth (between V = 2.04 p o i n t s )  o f  Design A  i s  

110 p e r c e n t ,  and o f  Design B  i s  115 p e r c e n t ,  and o n l y  t h e  e x a c t  e q u a l -  

r i p p l e  d e s i g n ,  Design C, a c h i e v e s  e x a c t l y  120 p e r c e n t .  I t  i s  r a t h e r  

a s t o n i s h i n g  t h a t  two approx imate  d e s i g n s ,  one based on t h e  p r e m i s e  

R = 1, and one on R + a, should  a g r e e  s o  w e l l .  

SEC. 6 . 1 0 ,  ASYMPTOTIC BEHAVIOH AS R TENDS TO INFINITY 

\ . .  
bandwidth i n  r e c i p r o c a l  g u i d e  wavelength.]  The v a r i a t i o n  of  t h e  V i  

wi th  bandwidth i s  c o r r e c t l y  g iven  by Eq. (6.09-2);\ f o r  s m a l l  bandwidths .  
\ 

n e s e  f o r m u l a s  c a n  be adap ted  f o r  d e s i g n  of  b o t h  quar te r -wave  t r a n s f o r m e r s  

and ha l f -wave  f i l t e r s ,  a s  i n  Eq. (6 .09-2) ,  and h o l d  even b e t t e r  i n  t h i s  

c a s e  t h a n  when t h e  d i s c o n t i n u i t i e s  a r e  r e a c t i v e .  [Th is  might be  

expec ted  s i n c e  t h e  l i n e  l e n g t h s  between d i s c o n t i n u i t i e s  f o r  ha l f -wave  

f i l t e r s  become e x a c t l y  o n e - h a l f  wavelength a t  band-cen te r ,  whereas  

they a r e  o n l y  approx imate ly  180 e l e c t r i c a l  d e g r e e s  long i n  d i r e c t - c o u p l e d  

c a v i t y  f i l t e r s  ( s e e  F ig .  8 . 0 6 - I ) ] .  

Using Eq. (6 .09-2)  and t h e  fo rmulas  of Eqs. (4 .05-1)  and ( 4 . 0 5 - 2 )  

f o r  t h e  p r o t o t y p e  e l e m e n t k a l u e s  g i  ( i  = 0 ,  1, 2 , . .  . , n ,  n + l ) ,  one 

can r e a d i l y  deduce some i n t e r e s t i n g  and u s e f u l  r e s u l t s  f o r  t h e  Vi  a s  

R t e n d s  t o  i n f i n i t y .  One t h u s  o b t a i n s ,  f o r  t h e  j u n c t i o n  VSWRs o f  

Formulas  f o r  d i r e c t - c o u p l e d  c a v i t y  f i l t e r s  wi th  r e a c t i v e  d i s c o n -  

t i n u i t i e s  a r e  g i v e n  i n  C h a p t e r  8. These fo rmulas  become e x a c t  o n l y  i n  

t h e  l i m i t  a s  t h e  bandwidth t e n d s  t o  ze ro .  T h i s  i s  n o t  t h e  o n l y  

r e s t r i c t i o n .  The f o r m u l a s  i n  Secs .  8 .05 and 8.06 f o r  t r a n s m i s s i o n - l i n e  

f i l t e r s ,  l i k e  t h e  f o r m u l a s  i n  Eq. ( 6 . 0 9 - 2 ) ,  hofd o n l y  when Eq. (6 .09-1)  

o r  i t s  e q u i v a l e n t  i s  s a t i s f i e d .  [Def ine  t h e  V i  a s  t h e  VSWRs o f  t h e  

r e a c t i v e  d i s c o n t i n u i t i e s  a t  c e n t e r  f r e q u e n c y ;  R i s  s t i l l  g i v e n  by 
I 

Eq. ( 6 . 0 4 - 1 0 ) ;  f o r  w q  i n  Eq. ( 6 . 0 9 - l ) ,  u s e  t w i c e  t h e  f i l t e r  f r a c t i o n a l  i 
I 

Tchebyscheff  t r a n s f o r m e r s  and f i l t e r s ,  

( 2 )  ( 2 2 - 1 4  
s i n  - s i n  - 

l i m  v i  = ($) 2  n 2  n 
R4m 

s i n  f? ,) s in  (7 4 
= 1 4 \ 2  

s i n  (G .) 
- 

s in  :'I 
The q u a n t i t y  

2 

w i  l i m  ( v , )  = (2) l i m  (Vi )  
R-m +a 



is  t a b u l a t e d  i n  Tab le  6 . 1 0 - 1  f o r  i = 2 ,  3 ,  . . ., n  and f o r  

Table 6.10-1 

SURCE: Quarterly R o g r e s a  Report 4 ,  Contract M 36-039 SC-87398. SRI; 
reprinted i n  IRE Trans. PWTT b e e  Ref. 36 by L. Young) 

We n o t i c e  t h a t  f o r  Tchebyscheff  t r a n s f o r m e r s  and f i l t e r s ,  t h e  

V i ( i  f 1, n  + 1 )  t e n d  t o  f i n i t e  l i m i t s ,  and t h u s  V1  = V n t l  t e n d  t o  a  

c o n s t a n t  t imes  R%. We a l s o  s e e  t h a t  

f o r  a l l  n, and t e n d s  t o  16/rr2 o n l y  i n  t h e  l i m i t  i n/2  * 

For maximally f l a t  t r a n s f o r m e r s ,  t h e  V i  a l l  t e n d  t o  i n f i n i t y  w i t h  

R ,  b u t  t h e  q u a n t i t i e s  

I 

t e n d  toward f i n i t e  l i m i t s  g iven  by 1 
i 

I 

from which we s e e  t h a t  

f o r  a l l  n. They tend  toward t h e  v a l u e s  on t h e  r i g h t  hand s i d e  o n l y  i n  

t h e  l i m i t  i + n/2 +a. 

To show how a  t y p i c a l  V i  approaches  i t s  a s y m p t o t i c  v a l u e ,  t h e  

e x a c t  s o l u t i o n  f o r  V 2  when n  = 4 i s  p l o t t e d  i n  F i g .  6.10-1 f o r  a l l  

f r a c t i o n a l  bandwidths  w q  i n  s t e p s  of 0 .20.  I t  i s  seen  t h a t  each 

curve  c o n s i s t s  of  two a lmos t  l i n e a r  r e g i o n s  w i t h  a  s h a r p  knee j o i n i n g  

them. I n  t h e  s l o p i n g  r e g i o n  above t h e  o r i g i n  ("small  R"), t h e  

a p p r o x i m a t i o n s  of  Sec. 6 .06 o r  6 .07  a p p l y ;  i n  t h e  h o r i z o n t a l  r e g i o n  

( " l a r g e  R"), t h e  approx imat ions  of Sec .  6 .09  a p p l y .  These two s e t s  

of  a p p r o x i m a t i o n s  p robab ly  h o l d  a s  we l l  a s  t h e y  do because t h e  knee 

r e g i o n  i s  s o  s m a l l .  

The e x a c t  a s y m p t o t i c  v a l u e s  of w i V i  = ( u q / 2 ) ' v i  a r e    lotted a g a i n s t  

w v  i n  F i g .  6 .10-2 .  I f  Eq. (6 .10-1)  were e x a c t  i n s t e a d  of  approx imate ,  

then a l l  o f  t h e  c u r v e s  would be  h o r i z o n t a l  s t r a i g h t  l i n e s .  A s  i t  i s ,  

Eq. (6 .10-1)  g i v e s  t h e  c o r r e c t  v a l u e  o n l y  on t h e  w q =  0  a x i s .  AS t h e  

bandwidth i n c r e a s e s ,  w;v i  d e p a r t s  from t h e  v a l u e  a t  w = 0  s l o w l y  a t  

f i r s t ,  t h e n  r e a c h e s  a  minimum, and f i n a l l y  a l l  c u r v e s  p a s s  th rough  u n i t y  

a t  w q  = 2  (",, = 1 )  .The v a l u e s  of  ( W ~ / ~ ) ~ V ~  a t  w q  = 0 up t o  n = 8 a r e  

a l s o  shown i n  F i g .  6 .10-2.  (They can be o b t a i n e d  more a c c u r a t e l y  

from T a b l e  6 .10-1 . )  They a l l  l i e  below t h e  v a l u e  16/f12 = 1.62115,  and 
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may be  e x p e c t e d  t o  e x h i b i t  t h e  same s o r t  o f  g e n e r a l  b e h a v i o r  a s  do t h e  

c u r v e s  up t o  n  = 4,  f o r  which t h e  e x a c t  s o l u t i o n s  were o b t a i n e d  from 

Eqs. (6 .04-4)  t o  ( 6 . 0 4 - 6 ) .  

The a s y m p t o t i c  v a l u e s  o f  t h e  V i  f o r  i = 2, 3, ... , n ,  and f o r  a  

g i v e n  f r a c t i o n a l  bandwid th ,  a r e  s e e n  t o  be f a i r l y  independen t  o f  n ,  on 

examina t ion  o f  Eq. ( 6 , l O - I ) ,  T a b l e  6 .10-1 ,  o r  F ig .  6.10-2. I t  f o l l o w s  

t h a t  t h e  same i s  t r u e  of  v I / f l  = V n + l / f i .  Thus,  a s  R  i n c r e a s e s  i n d e f i -  
n i t e l y ,  s o  do V1 and Vn+l;  on t h e  o t h e r  hand f o r  " s m a l l  R,"  V; and 

VKt l  a r e  l e s s  t h a n  t h e  o t h e r  V i  ( n o t  s q u a r e d )  f o r  s m a l l  and modera te ly  

wide f r a c t i o n a l  bandwid ths  ( u p  t o  about  100-percen t  bandwidths ,  by 
Tab le  6 . 6 6 - 1 ) .  I f  we assume t h a t  i n  t h e  knee  r e g i o n  (F ig .  6 .10-1)  

V; V % + l  a r e  o f  t h e  o r d e r  o f  t h e  o t h e r  Vi, t h e n  i n  t h e  knee r e g i o n  

R  i s  of t h e  o r d e r  o f  ( V i ) " ,  f o r  any i f 1 ,  n  + 1. From Eq. (6 .09-21,  
R  i s  t h e r e f o r e  i n v e r s e l y  p r o p o r t i o n a l  t o  ( c o n s t .  x w ~ ) ~ " ,  and from t h e  

p r e v i o u s  remarks t h i s  c o n s t a n t  o f  p r o p o r t i o n a l i t y  i s  r e a s o n a b l y  

i n d e p e n d e n t  of n. Using F i g .  6 .10-1 f o r  example,  t h e  c o n s t a n t  i s  

v e r y  c l o s e  t o  t h e  v a l u e  K. T h i s  l e a d s  t o  t h e  magnitude f o r m u l a s  of  

Eqs. (6 .06-11,  ( 6 . 0 7 - l ) ,  (6 .07-21 ,  and ( 6 . 0 9 - l ) ,  which have been 

conf i rmed  by numerous sample s o l u t i o n s .  

SEC. 6 . 1 1 ,  INHOMOGENEOUS WAVEGUIDE QUARTER-WAVE 
TRANSFORMERS OF ONE SECTION 

Inhomogeneous t r a n s f o r m e r s  were d e f i n e d  i n  Sec. 6.01. They 

come a b o u t ,  f o r  i n s t a n c e ,  when r e c t a n g u l a r  waveguides hav ing  d i f f e r e n t  

'a' dimens ions  a r e  c a s c a d e d ;  o r  when r e c t a n g u l a r  waveguides a r e  

combined w i t h  r i d g e d ,  c i r c u l a r ,  o r  o t h e r  t y p e s  of  waveguide; o r  when 

t h e  m a t e r i a l s  o f  an o p t i c a l  m u l t i - l a y e r  a r e  n o t  un i fo rmly  d i s p e r s i v e .  

At f i r s t ,  o n l y  i d e a l  waveguide t r a n s f o r m e r s  w i l l  be c o n s i d e r e d .  

The j u n c t i o n  e f f e c t s  i n  n o n - i d e a l  t r a n s f o r m e r s  can be compensated 

by a d j u s t i n g  t h e  l e n g t h s  a s  i n  Sec .  6 .08 ,  e x c e p t  t h a t  t h e  s t e p  
d i s c o n t i n u i t y  e f f e c t s  c a n n o t  u s u a l l y  be r e p r e s e n t e d  by a  s h u n t  

c a p a c i t a n c e  a l o n e .  Only v e r y  l i m i t e d  i n f o r m a t i o n  on waveguide j u n c t i o n s  

( o t h e r  t h a n  E-p lane  s t e p s )  i s  a v a i l a b l e , 2 3  and f o r  l a r g e  s t e p s  t h e  

d e s i g n e r  may have t o  make i n d i v i d u a l  measurements on each j u n c t i o n .  

To o b t a i n  z e r o  r e f l e c -  

t i o n  a t  c e n t e r  f requency  

(where t h e  s e c t i o n  l e n g t h  

i s  o n e - q u a r t e r  gu ide-  

wavelength)  a  s u f f i c i e n t  

c o n d i t i o n  i s  t h a t  

where Z o ,  Z l ,  and Z2 a r e  

t h e  c h a r a c t e r i s t i c  imped- 
/- 

antes o f  t h e  i n p u t  wave- 

gu ide ,  t h e  t r a n s f o r m e r  

s e c t i o n ,  and t h e  o u t p u t  

waveguide, r e s p e c t i v e l y  

(F ig .  6 .11-1) .  For a  

homogeneous t r a n s f o r m e r  

Eq. ( 6 . 1 1 - 1 )  d e t e r m i n e s  t h e  
I 

d e s i g n  c o m p l e t e l y ,  s i n c e  

E L E C T R I C A L  i 
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FIG. 6.1 1-1 INHOMOGENEOUS QUARTER-WAVE 
TRANSFORMER OF ONE SECTION 

t h e  t h r e e  c u t o f f  wave leng ths  

a r e  t h e  same (Aco = A c l  = h e * ) ;  i n  t h e  c a s e  o f  r e c t a n g u l a r  waveguide, 

t h e  t h r e e  wide dimensions a r e  then  e q u a l  ( a o  = a1  = a Z )  . However, 

even when a  homogeneous t r a n s f o r m e r  i s  p o s s i b l e ,  t h a t  i s ,  when 

h c o  = A c 2 ,  we may p r e f e r  t o  make A c l  d i f f e r e n t ,  and t h u s  choose  t o  
make t h e  t r a n s f o r m e r  inhomogeneous. T h i s  g i v e s  an e x t r a  d e g r e e  of 

I 
freedom, which,  i t  t u r n s  o u t ,  can always be used t o :  (11, lower  t h e  

VSWH n e a r  c e n t e r  f requency ,  and s i m u l t a n e o u s l y  ( 2 ) ,  s h o r t e n  t h e  

t r a n s f o r m e r .  

When L e o  and X c 2  a r e  n o t  e q u a l ,  an inhomogeneous t r a n s f o r m e r  r e s u l t s  

of n e c e s s i t y .  For a  match a t  c e n t e r  f r e q u e n c y ,  Eq. (6 .11-1)  s t i l l  ho lds ,  

bu t  t h e r e  a r e  an i n f i n i t y  o f  p o s s i b l e  c u t o f f  wave leng ths ,  h c l  ( e q u a l  t o  

2 a l  f o r  r e c t a n g u l a r  waveguide) .  T h i s  g e n e r a l  c a s e  w i l l  now be cons idered .  

( I f  a  homogeneous t r a n s f o r m e r  i s  r e q u i r e d ,  t h e n  A c o  can be  s e t  equa l  

t o  h r 2  a t  any s t a g e . )  

The n o t a t i o n  f o r  an inhomogeneous quar te r -wave  t r a n s f o r m e r  of  one 

s e c t i o n  i s  shown i n  F ig .  6 .11-1 .  



I t  c a n  be shown5 t h a t  t h e  e x c e s s  l o s s  [ s e e  Eq. (6 .02-5) ]  i s  g iven  by 

For  no a t t e n u a t i o n  a t  c e n t e r  f requency  ( 8  = n / 2 ) ,  i t  i s  o n l y  n e c e s s a r y  

t h a t  rl = r2, which is  e q u i v a l e n t  t o  Eq. ( 6 . 1 1 - 1 ) .  Minimizing t h e  

f r e q u e n c y  v a r i a t i o n  o f  E a t  c e n t e r  f r e q u e n c y ,  l e a d s  f o r  b o t h  TE and TM 
modes t o :  

Note t h a t  

and t h a t  f u r t h e r ,  i f  h e O  = h e ? ,  

T h e r e f o r e ,  one can  always improve upon a  homogeneous t r a n s f o r m e r  

(Ae1 = L e o  = h e z ) .  The computed VSWH a g a i n s t  normalized wave leng th  of  

t h r e e  t r a n s f o r m e r s  m a t c h i n g  from a. = 0.900 i n . ,  bo = 0 .050  i n . ,  t o  

a2 = 0.900 i n . ,  bD = 0 .400  i n .  waveguide, a t  a  c e n t e r  f r e q u e n c y  o f  

7211 megacycles  (Ao = 1 .638  i n . )  i s  shown i n  F i g .  6 .11-2 f o r  t r a n s f o r m e r  

g u i d e  w i d t h s  of  a l  = 0 . 9 0 0  i n .  (homogeneous),  a l  = 0 .990  i n . ,  and 

a 1  1 . 9 0  i n .  (optimum). Beyond t h i s  v a l u e  t h e  performance d e t e r i o r a t e s  

a g a i n .  The performance changes  very  s l o w l y  around t h e  optimum v a l u e .  

I t  i s  s e e n  t h a t  f o r  t h e  b e s t  inhomogeneous t r a n s f o r m e r  ( a l  = 1 .90  i n . )  

t h e  VSWR US. f requency  s l o p e  i s  s l i g h t l y  b e t t e r  than  45 p e r c e n t  of  t h a t  

f o r  t h e  homogeneous t r a n s f o r m e r .  Moreover a l  i s  so  u n c r i t i c a l  t h a t  i t  

VSWR 

SOURCE: IRE Trans. PCMTT (See Ref. 5 by L. Young) 

FIG. 6.11-2 VSWR AGAINST WAVELENGTH OF THREE QUARTER- 
WAVE TRANSFORMERS OF ONE SECTION, ALL FROM 
0.900-INCH BY 0.050-INCH WAVEGUIDE TO 0.900-INCH 
BY 0.400-INCH WAVEGUIDE. CENTER 
FREQUENCY = 7211 Mc 

may be reduced  from 1.90 i n .  t o  1 .06  i n .  and t h e  improvement remains  

I b e t t e r  t h a n  50 p e r c e n t .  T h i s  i s  very u s e f u l  i n  p r a c t i c e ,  s i n c e  a l  

cannot  be  made much g r e a t e r  t h a n  a. o r  a 2  w i t h o u t  i n t r o d u c i n g  h i g h e r -  

o r d e r  modes o r  s e v e r e  j u n c t i o n  d i s c o n t i n u i t i e s .  

The example s e l e c t e d  above f o r  numer ica l  and e x p e r i m e n t a l  i n v e s t i -  

g a t i o n  h a s  a  h i g h e r  t r a n s f o r m e r  impedance r a t i o  (R = 8 ) ,  and o p e r a t e s  

c o n s i d e r a b l y  c l o s e r  t o  c u t o f f  (h,,/he = 0 . 9 1 ) ,  t h a n  i s  common. I n  such 

a  s i t u a t i o n  t h e  g r e a t e s t  improvement can  be  o b t a i n e d  from o p t i m i z i n g  

a l .  I n  most c a s e s  (low H and low d i s p e r s i o n )  t h e  improvement o h t a i n e d  

i n  making t h e  t r a n s f o r m e r  s e c t i o n  l e s s  d i s p e r s i v e  than t h a t  o f  a  

homogeneous t r a n s f o r m e r  w i l l  o n l y  be s l i g h t .  T h i s  t e c h n i q u e ,  t h e n ,  i s  

most u s e f u l  o n l y  f o r  h i g h l y  d i s p e r s i v e ,  h i g h - i m p e d a n c e - r a t i o  t r a n s f o r m e r s  

Tab le  6 . 1 1 - 1  c o n n e c t s  (A/h,) wi th  ( A 8 / h ) ,  and i s  u s e f u l  i n  t h e  

s o l u t i o n  of inhomogeneous t r a n s f o r m e r  problems.  

TO compensate  f o r  t h e  j u n c t i o n  e f f e c t s ,  we n o t e  t h a t  a  n o n - i d e a l  

j u n c t i o n  can  always be r e p r e s e n t e d  by an i d e a l  j u n c t i o n ,  b u t  t h e  n o n - i d e a l  

j u n c t i o n ' s  r e f e r e n c e  p l a n e s  ( i n  which t h e  j u n c t i o n  r e f l e c t i o n  c o e f f i c i e n t  



Table 6.11-1 

RELATIONS BETWEEN A', A,. AND 
r is r e a l )  a r e  n o  l o n g e r  i n  t h e  p l a n e  o f l t h e  I j u n c t i o n .  T h i s  c a n  be  

c o m p e n s a t e d  f o r  E - p l a n e  s t e p s ,  a s  e x p l a i 1  ed  i n  Sec .  6 .08 .  I n  compound r 
j u n c t i o n s  i n v o l v i n g  b o t h  E - p l a n e  and H - p ~ l a n e  I s t e p s ,  i f  t h e  j u n c t i o n  

d i s c o n t i n u i t i e s  o f  t h e s e  s t e p s  a r e  s m a l l  \ enough ,  t h e y  may be  t r e a t e d  

s e p a r a t e l y  o f  e a c h  o t h e r  u s i n g  t h e  j u n c t i o n  d a t a  i n  M a r c u v i t ~ ; ~ ~  t h e  

two c o r r e c t i o n s  a r e  t h e n  s u p e r i m p o s e d .  I n  mos t  c a s e s ,  f o r t u n a t e l y ,  

t h e s e  two c o r r e c t i o n s  t e n d  t o  o p p o s e  e a c h  o t h e r ;  t h e  s h u n t  i n d u c t a n c e  

e f f e c t  o f  t h e  H-p lane  s t e p  p a r t l y  c a n c e l s  t h e  s h u n t  c a p a c i t a n c e  e f f e c t  

of  t h e  E - p l a n e  s t e p .  When f o r  a  r e c t a n g u l a r  wavegu ide  o p e r a t i n g  i n  

t h e  TElo  mode, b o t h  t h e  w i d t h  a and h e i g h t  b a r e  t o  b e  i n c r e a s e d  

t o g e t h e r  ( o r  d e c r e a s e d  t o g e t h e r ) ,  t h e  c o n d i t i o n  f o r  r e s o n a n c e  o f  t h e  

two r e a c t i v e  d i s c o n t i n u i t i e s  c o i n c i d e s  w i t h  t h e  c o n d i t i o n  f o r  e q u a l  

c h a r a c t e r i s t i c  impedances ,  

/- 

('"Waveguide I W a v e g u i d e  2 

a c c o r d i n g  t o  R e f .  24, p. 1 7 0 ;  when an  i n c r e a s e  i n  t h e  ' a '  d i m e n s i o n  i s  

accompan ied  by a  d e c r e a s e  i n  t h e  ' b '  d i m e n s i o n  ( o r  v i c e  v e r s a ) ,  t h e n  an 

e m p i r i c a l  e q u a t i o n  showing  when t h e  r e a c t i v e  d i s c o n t i n u i t i e s  r e s o n a t e  

and s o  c a n c e l  i s  g i v e n  i n  R e f .  2 5 ,  b u t  i t  i s  n o t  known how a c c u r a t e  

t h i s  e m p i r i c a l  d a t a  i s .  

I n  a d d i t i o n  t o  t h e  p h a s e  p e r t u r b a t i o n  i n t r o d u c e d  by t h e  n o n - i d e a l  

j u n c t i o n ,  t h e r e  may a l s o  b e  a  n o t i c e a b l e  e f f e c t  on  t h e  m a g n i t u d e  o f  

t h e  r e f l e c t i o n  c o e f f i c i e n t .  ( I n  t h e  c a s e  o f  E - p l a n e  s t e p s  a l o n e ,  t h e  

l a t t e r  i s  u s u a l l y  n e g l i g i b l e ;  s e e  Sec .  6 . 0 8 . )  The i n c r e a s e  i n  t h e  

m a g n i t u d e  o f  t h e  r e f l e c t i o n  c o e f f i c i e n t  f o r  H-p lane  s t e p s  i n  r e c t a n g u l a r  

wavegu ide  c a n  be  d e r i v e d  f rom t h e  c u r v e s  i n  ~ a r c u v i t z ' ~  (pp .  296-3041. 

The j u n c t i o n  VSWR i s  t h e n  g r e a t e r  t h a n  t h e  impedance  r a t i o  o f  t h e  two 

g u i d e s .  F o r  i n s t a n c e ,  i n  t h e  example  a l r e a d y  q u o t e d ,  t h e  o u t p u t - t o -  

i n p u t  impedance  r a t i o ,  R ,  i s  e q u a l  t o  8 w i t h  i d e a l  j u n c t i o n s .  However, 

b e c a u s e  o f  t h e  a d d i t i o n a l  r e f l e c t i o n  d u e  t o  j u n c t i o n  s u s c e p t a n c e s ,  

t h i s  g o e s  up t o  an  e f f e c t i v e  R o f  9 .6  ( c o n f i r m e d  e x p e r i m e n t a l l y 5 ) .  

As a  g e n e r a l  r u l e ,  f o r  r e c t a n g u l a r  wavegu ides  t h e  c h a n g e  i n  t h e  

' a '  d i m e n s i o n  o f  an H-p lane  s t e p  s h o u l d  be  k e p t  be low a b o u t  10-20 p e r c e n l  

i f  t h e  j u n c t i o n  e f f e c t s  a r e  t o  b e  t r e a t e d  a s  f i r s t - o r d e r  c o r r e c t i o n s  t o  

t h e  i d e a l  t r a n s f o r m e r  t h e o r y .  T h i s  i s  m a i n l y  t o  k e e p  t h e  r e f e r e n c e  plan1 
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from moving t o o  f a r  ou t  of  t h e  j u n c t i o n  p l a n e  ( s e e  ~ a r c u v i t z , ~ ~ F i g .  5 .24-2 ,  

p .  299, and F ig .  5 . 2 4 - 5 ,  p .  303) .  Symmetr ical  j u n c t i o n s  a r e  t o  be  p r e -  

f e r r e d  t o  asymmet r ica l  j u n c t i o n s .  Larger  H-p lane  s t e p s  a r e  p e r m i s s i b l e  

a s  t h e  g u i d e  n e a r s  c u t o f f  ( s m a l l e r  ' a '  d i m e n s i o n ) .  

SEC. 6 . 1 2 ,  INHOMOGENEOUS WAVEGUIDE QUARTER-WAVE 
TRANSFORMERS OF TWO OR MORE SECTIONS 

The c o n d i t i o n  t h a t  an i d e a l  inhomogeneous t r a n s f o r m e r  o f  two 

s e c t i o n s  ( F i g .  6.12-1) be  maximally f l a t  can  be  w r i t t e n  f o r  b o t h  TE 

and TM modes: 

w i t h  t h e  n o t a t i o n  o f  F i g .  6 .12-1 .  Equa t ions  (6 .12-1)  t o  ( 6 . 1 2 - 3 )  a r e  

o n l y  t h r e e  c o n d i t i o n s  f o r  t h e  f o u r  p a r a m e t e r s  A g l e  k g , ,  Z1, 2,; O r  i n  

r e c t a n g u l a r  waveguide, f o r  a l ,  a 2 ,  b l ,  b2 .  Thus t h e r e  a r e  an i n f i n i t y  of  

maximally f l a t  t r a n s f o r m e r s  o f  two s e c t i o n s  ( j u s t  a s  t h e r e  was an i n f i n i t y  

of matching t r a n s f o r m e r s  of  one s e c t i o n ) ,  and some have f l a t t e r  r e s p o n s e s  

t h a n  o t h e r s .  An example is shown i n  F ig .  6 . 1 2 - 2 ,  i n  which i d e a l  j u n c t i o n s  

a r e  assumed. The t r a n s f o r m a t i o n  i n  t h i s  c a s e  i s  between two r e c t a n g u l a r  

waveguides ,  namely a. 8 i n . ,  b,, = 2  i n . ,  t o  be t r a n s f o r m e d  t o  a )  = 5  i n . ,  

b 3  = 3  i n . ,  a t  a  c e n t e r  f requency  of 1300 megacycles .  The v a r i o u s  v a l u e s  

of  a l  t a k e n  a r e  shown i n  F i g .  6 .12-2 .  There i s  probab ly  an optimum ( o r  

" f l a t t e s t  maximally f l a t " )  t r a n s f o r m e r ,  bu t  t h i s  has  n o t  been found .  

I n s t e a d ,  i t  i s  s u g g e s t e d  t h a t  a l  and a 2  be chosen  t o  minimize j u n c t i o n  

d i s c o n t i n u i t i e s  and keep t h e  t r a n s f o r m e r  a s  n e a r l y  i d e a l  a s  p o s s i b l e .  

ELECTRICAL 
LENGTHS : 
I 

NORMALIZED 
IMPEDANCES: 

z 0 1 = 2 
Z,' ZoR 

GUIDE 
WAVELENGTHS: 

b o  l g l  A q 3  

IF RECTANGULAR WAVEGUIDE: 

(t bo . b , , b AND b3 , RESPECTIVELY - 
ao. a, , a 2  AND a 3 ,  RESPECTIVELY 

A-3527-296 

FIG. 6 . 1 c  INHOMOGENEOUS QUARTER-WAVE 
TRANSFORMER OF TWO SECTIONS 

1.4 - 

VSWR 

SOURCE: IRE Trans.  PGMTT (see Ref .  6 by L. Young) 

FIG. 6.12-2 VSWR AGAINST WAVELENGTH OF SEVERAL TWO-SECTION 
MAXIMALLY FLAT TRANSFORM RS, ALL FROM 8-INCH BY 
2-INCH WAVEGUIDE TO I I N C H  BY 3-INCH WAVEGUIDE. 
CENTER FREQUENCY = 1300 Mc 

Equat ion  (6.12-3)  i s  p l o t t e d  i n  F ig .  6 .12-3,  w i t h  ( h g 2 / ~ g 1 ) 2  r u n n i n g  

from 0 . 5  t o  2 .5 ,  f o r  R = 1, 2, . . . , 9 ,  10. 



( ~ ~ 2 / ~ ~ 3 2  

SOURCE: The Microwave Journal (see  Ref. 15 by L. Young) 

FIG. 6.12-3 DEPENDENCE OF Z1 ON ( A ~ , / X ~ , ) ~  TO OBTAIN A MAXIMALLY 
FLAT TRANSFORMER, FOR TEN VALUES OF R 

I n  mos t  . p r a c t i c a l  a p p l i c a t i o n s  t h e  t r a n s f o r m e r  s h o u l d  h a v e  

minimum r e f l e c t i o n  o v e r  a  f i n i t e  f r e q u e n c y  band ,  r a t h e r  t h a n  have  
m a x i m a l l y  f l a t  f r e q u e n c y  r e s p o n s e .  No e x a c t  method h a s  y e t  b e e n  found  
t o  b r o a d - b a n d  inhomogeneous  t r a n s f o r m e r s ,  b u t  an  a p p r o x i m a t e  d e s i g n  

p r o c e d u r e  h a s  worked o u t  v e r y  w e l l .  T h i s  c o n s i s t s  of' f i r s t  d e s i g n i n g  

f o r  m a x i m a l l y  f l a t  r e s p o n a e ,  and t h e n  a p p l y i n g  t h e  inhomogeneous  

t r a n s f o r m e r  t h e o r y  a s  a  m u l t i p l i c a t i v e  " c o r r e c t i o n "  t o  t h e  impedance  

r a t i o s .  

Example I - D e s i g n  a  t r a n s f o r m e r  f rom 0 .900-  by 0 . 4 0 0 - i n c h  (WR-90, 

o r  RG-52/U o r  RG-67/U) t o  0 . 7 5 0 -  by 0 . 4 0 0 - i n c h  waveguide  t o  have  a  

VSWR o f  b e t t e r  t h a n  1 . 1 0  o v e r  a  1 3 - p e r c e n t  f r e q u e n c y . b a n d .  H e r e ,  
L o  + 1 . 3 9 0  i n c h e s .  

The r e c i p r o c a l - g u i d e - w a v e l e n g t h  f r  d c t i o n a l  bandwid th  i s  a p p r o x i m a t e l y  

( d h g f i g ) / ( d k / A )  = ( k g / k ) 2  t i m e s  t h e  f r e q u e n c y  / f r a c t i o n a l  b a n d w i d t h  o f  

0 . 1 3 .  The a r i t h m e t i c  mean o f  ( A ~ / A ) ~  f o r  t h e  a  = 0 . 9 0 0 - i n c h  and  t h e  

a = 0 . 7 5 0 - i n c h  wavegu ides  i s  ( 2 . 4 7  f . 0 4 ) / 2  = 4 .75 ,  s o  t h a t  t h e  ( l / A g )  i 
bandwid th  i s  a p p r o x i m a t e l y  4 . 7 5  X 1 3  = 62  p e r c e n t .  The c h a r a c t e r i s t i c  

impedance  i s  p r o p o r t i o n a l  t o  ( b / a )  (Xl/A),  a s  i n  Eq. ( 6 . 1 1 - 6 ) ,  and t h e  

o u t p u t - t o - i n p u t  impedance  r a t i o ,  R, i s  2 . 0 2 7 .  A homogeneous t r a n s f o r m e r  

o f  R = 2 . 0 2 7 ,  t o  have  a  VSWR o f  l e s s  t h a n  1 . 1 0  o v e r  a  6 2 - p e r c e n t  band- 

w i d t h ,  must  have  a t  l e a s t  two s e c t i o n s ,  a c c o r d i n g  t o  T a b l e  6 .02 -3 .  

T h e r e f o r e  c h o o s e  n = 2. 

S i n c e  t h e  t r a n s f o r m e r  i s  inhomogeneous ,  f i r s t  d e s i g n  t h e  max ima l ly  

f l a t  t r a n s f o r m e r .  The c h o i c e  o f  one  wavegu ide  ' a '  d i m e n s i o n  i s  

a r b i t r a r y ,  s o  l o n g  a s  none o f  t h e  s t e p s  e x c e e d s  a b o u t  10 -20  p e r c e n t .  

S e l e c t i n g  a l  = 0.850 i n c h ,  Eq. ( 6 . 1 2 - 2 )  y i e l d s  a 2  = 0 . 7 7 1  i n c h  and 

t h e n  Eqs .  ( 6 . 1 2 - 1 )  a n 6 6 . 1 2 - 3 ) ,  o r  F i g .  6 . 1 2 - 3 ,  y i e l d  b l  = 0 . 4 2 9  i n c h ,  

b 2  = 0 . 4 1 7  i n c h .  (No te  t h a t  none  o f  t h e  H - p l a n e  s t e p s  e x c e e d  1 0  p e r c e n t . )  

The computed p e r f o r m a n c e  o f  t h i s  max ima l ly  f l a t  t r a n s f o r m e r ,  a s suming  

i d e a l  wavegu ide  j u n c t i o n s ,  i s  shown by t h e  b r o k e n  l i n e  i n  F i g .  6 .12 -4 .  

- BROAD - BANDED 

- -- MAXIMALLY FLAT 

3 
> 

1.05- 

A - 
A6 

A- 3127-211 

SOURCE: IRE Trans. PCMTT (see  Ref. 6 by L. Young) 

FIG. 6.12-4 VSWR AGAINST WAVELENGTH OF BROADBANDED AND MAXIMALLY 
FLAT TRANSFORMERS 



To broadband t h i s  t r a n s f o r m e r  (minimize i t s  r e f l e c t i o n  o v e r  t h e  

s p e c i f i e d  13  p e r c e n t  f r e q u e n c y  band) ,  we n o t e  from T a b l e  6 . 0 4 - 1  t h a t ,  

f o r  a  t w o - s e c t i o n  homogeneous t r a n s f o r m e r  o f R  = 2.027 t o b e m o d i f i e d  from 

maximally f l a t  t o  62 p e r c e n t  bandwidth,  Zl i n c r e a s e s  about  2  p e r c e n t ,  and 

Z 2 i s  reduced  about  2  p e r c e n t .  Applying e x a c t l y  t h e  same " c o r r e c t i o n s "  

t o  bl and b2 t h e n  y i e l d s  bl = 0 .437  i n c h  and b2 = 0 .409  i n c h .  The ' a '  d i -  

mensions a r e  n o t  a f f e c t e d .  The computed per formance  o f  t h i s  t r a n s f o r m e r  

i s  shown i n  F i g .  6 . 1 2 - 4  ( s o l i d  l i n e ) ,  and a g r e e s  v e r y  w e l l  w i t h  t h e  

p r e d i c t e d  per formance .  

I n  t h e  computa t ions ,  t h e  e f f e c t s  of h a v i n g  j u n c t i o n s  t h a t  a r e  non- 

i d e a l  have n o t  been a l lowed  f o r .  B e f o r e  s u c h  a  t r a n s f o r m e r  i.s b u i l t ,  

t h e s e  e f f e c t s  s h o u l d  be e s t i m a t e d  and f i r s t - o r d e r  l e n g t h  c o r r e c t . i o n s  

s h o u l d  be a p p l i e d  a s  i n d i c a t e d  i n  Secs .  6 . 1 1  and 6.08.  

Trans formers  h a v i n g  R  = I-It i s  sometimes r e q u i r e d  t o  change t h e  

' a '  d imension keep ing  t h e  i n p u t  and o u t p u t  impedances t h e  same (R = 1 ) .  

It may a l s o  sometimes be c o n v e n i e n t  t o  e f f e c t  an inhomogeneous t r a n s -  

former by combining a  homogeneous t r a n s f o r m e r  (which a c c o u n t s  f o r  a l l  

o r  most o f  t h e  impedance change)  w i t h  such an inhomogeneous t r a n s f o r m e r  

(which a c c o u n t s  f o r  l i t t l e  o r  none of  t h e  impedance change b u t  a l l  of  

t h e  change i n  t h e  ' a '  d imens ion) .  Such inhomogeneous t r a n s f o r m e r s  a r e  

s k e t c h e d  i n  F i g .  6.12-5. We s e t  R  = 1 i n  Eqs. (6 .12-1)  and (6.12-2)  

and o b t a i n  

The r e f l e c t i o n  c o e f f i c i e n t s  a t  each j u n c t i o n  a r e  z e r o  a t  c e n t e r  

f r e q u e n c y ,  and we may add t h e  r e q u i r e m e n t  t h a t  t h e  r a t e s  o f  change of 

t h e  t h r e e  r e f l e c t i o n  c o e f f i c i e n t s  w i t h  f r e q u e n c y  be i n  t h e  r a t i o  1 :2 :1 .  

T h i s  t h e n  l e a d s  t o  

FIG. 6.12-5 INHOMOGENEOUS TRANSFORMERS 
WITH R = 1 

Equat ions ( 6 . 1 2 - 2 ) ,  ( 6 . 1 2 - 4 ) ,  and (6 .12-5)  t h e n  de te rmine  a l l  t h e  wave- 

guide d imens ions .  

Example  ?-Find t h e  ' a '  d imens ions  o f  a n  i d e a l  t w o - s e c t i o n  q u a r t e r -  

wave t r a n s f o r m e r  i n  r e c t a n g u l a r  waveguide from a i n  = 1 .372  i n c h e s  t o  

a o U t  = 1 .09  i n c h e s  t o  have R  = 1 and t o  conform wi th  Eqs. ( 6 . 1 2 - 2 1 ,  

(6 .12-41,  and ( 6 . 1 2 - 5 ) .  Here,  A, = 1.918 i n c h e s .  

The s o l u t i o n  i s  r e a d i l y  found t o  be  a l  = 1 .226  i n c h e s  and a 2  = 

1.117 i n c h e s .  I n  o r d e r  f o r  t h e  impedances t o  be  t h e  same a t  c e n t e r  

f requency ,  a s  r e q u i r e d  by Eq. (6 .12-4) ,  t h e  ' b '  d imens ions  have t o  be i n  



t h e  r a t i o  bO:b l :  b 2 : b 3  = 1 : 0 . 7 7 7 : 0 . 5 8 2 : 0 . 5 2 6 ,  s i n c e  Z oc ( b / a )  (XB/A).  

The p e r f o r m a n c e  o f  t h i s  t r a n s f o r m e r  i s  shown i n  F i g .  6 .12 -6 .  

The p e r f o r m a n c e s  o f  two o t h e r  t r a n s f o r m e r s  a r e  a l s o  shown i n  F i g .  6 .12 -6 ,  

b o t h  w i t h  t h e  same i n p u t  and  o u t p u t  wavegu ide  d i m e n s i o n s  a s  i n  Example 2, 

g i v e n  a b o v e ,  a n d  b o t h  t h e r e f o r e  a l s o  w i t h  R = 1. The optimum o n e -  
s e c t i o n  t r a n s f o r m e r  h a s  Z 2  = Z1 = Z O ,  f r o m  Eq. ( 6 . 1 1 - 3 ) ,  b u t  r e q u i r e s  

k i I  = ( k i o  + A:,)/2, whe re  s u f f i x  2  now r e f e r s  t o  t h e  o u t p u t .  T h i s  
y i e l d s  a l  = 1 . 1 5 7  i n c h e s .  The t h i r d ,  and o n l y  V-shaped ,  c h a r a c t e r i s t i c  

i n  F i g .  6 . 1 2 - 6  r e s u l t s  when t h e  two w a v e g u i d e s  a r e  j o i n e d  w i t h o u t  b e n e f i t  

o f  i n t e r m e d i a t e  t r a n s f o r m e r  s e c t i o n s .  The  match a t  c e n t e r  f r e q u e n c y  i s  

e n s u r e d  by t h e  ' b '  d i m e n s i o n s  wh ich  a r e  a g a i n  c h o s e n  s o  t h a t  R = 1 a t  

c e n t e r  f r e q u e n c y .  

FIG. 6.12-6 PERFORMANCE OF THREE INHOMOGENEOUS TRANSFORMERS 
ALL WITH R = 1, HAVING NO INTERMEDIATE SECTION 
(n = O), ONE SECTION (n = 11, AND TWO SECTIONS 
(n = 2), RESPECTIVELY 

T r a n s f o r m e r s  w i t h  more t h a n  two ,$ect ions-NO d e s i g n  e q u a t i o n s  have  

been d i s c o v e r e d  f o r  n  > 2. I f  a  t o - s e c t i o n  t r a n s f o r m e r ,  a s  i n  i 
Example 1 o f  S e c .  6 . 1 2 ,  d o e s  n o t  B i v e  a d e q u a t e  p e r f o r m a n c e ,  t h e r e  a r e  

I 
two ways o p e n  t o  t h e  d e s i g n e r :  When t h e  c u t o f f  w a v e l e n g t h s  Acof  t h e  

i n p u t  and  o u t p u t  wavegu ides  a r e  (only s l i g h t l y  d i f f e r e n t ,  t h e  t r a n s f o r m e r  

may be  d e s i g n e d  a s  i f  it were  homogeneous.  I n  t h i s  c a s e  t h e  k c  of  t h e  

i n t e r m e d i a t e  s e c t i o n s  may be  a s s i g n e d  a r b i t r a r y  v a l u e s  i n t e r m e d i a t e  t o  

t h e  i n p u t  a n d  o u t p u t  v a l u e s  o f  k c ;  t h e  i m p e d a n c e s  a r e  s e l e c t e d  f rom t h e  

t a b l e s  f o r  homogeneous t r a n s f o r m e r s  f o r  a  f r a c t i o n a l  b a n d w i d t h  b a s e d  on 

t h e  g u i d e  w a v e l e n g t h ,  Eq.  ( 6 . 0 2 - l ) ,  o f  t h a t  wavegu ide  wh ich  i s  n e a r e s t  

t o  b e i n g  c u t o f f .  Even t h o u g h  t h e  most d i s p e r s i v e  g u i d e  i s  t h u s  s e l e c t e  

f o r  t h e  homogeneous p r o t o t y p e ,  t h e  f r e q u e n c y  b a n d w i d t h  o f  t h e  inhomogene 

t r a n s f o r m e r  w i l l  s t i l l  come o u t  l e s s ,  and when t h e  s p r e a d  i n  Ac i s  a p p r e  

c i a b l e ,  c o n s i d e r a b l y  l e s s .  T h u s ,  t h i s  method a p p l i e s  o n l y  t o  t r a n s f o r m e  

t h a t  a r e  n e a r l y  homogeneous i n  t h e  f i r s t  p l a c e .  - 
The s e c o n d  method i s  t o  d e s i g n  t h e  t r a n s f o r m e r  i n  two p a r t s :  one 

an  inhomogeneous  t r a n s f o r m e r  o f  two s e c t i o n s  w i t h  R = 1 ,  a s  i n  Example 2  

of  t h i s  s e c t i o n ;  t h e  o t h e r  a  homogeneous t r a n s f o r m e r  w i t h  t h e  r e q u i r e d  

R, p r e f e r a b l y  b u i l t  i n  t h e  l e a s t  d i s p e r s i v e  wavegu ide .  

Example  3-Design a  q u a r t e r - w a v e  t r a n s f o r m e r  i n  r e c t a n g u l a r  wave- 

g u i d e  f rom a i ,  = 1 . 3 7 2  i n c h e s  t o  a O u e  = 1 . 0 9  i n c h e s ,  when R = 4. Here ,  

h o  = 1 . 9 1 8  i n c h e s .  

S e l e c t i n g  a  t h r e e - s e c t i o n  homogeneous t r a n s f o r m e r  o f  p r o t o t y p e  band 

w i d t h  w q  = 0 . 3 0  and R = 4 ,  i n  a = 1 . 3 7 2 - i n c h  wavegu ide ,  f o l l o w e d  by t h e  

t w o - s e c t i o n  inhomogeneous  t r a n s f o r m e r  o f  Example  2  o f  t h i s  s e c t i o n ,  g i v e  

1 . 3 7 2  i n c h e s  , Zo  = 1 . 0  , 

1 . 3 7 2  i n c h e s  , Z1 = 1 . 1 9 9 9 2  , 

1 . 3 7 2  i n c h e s  , Z2  = 2 .0  , 

1 . 3 7 2  i n c h e s  , Z 3  = 3.33354 , 

1 . 2 7 6  i n c h e s  , Z4 = 4 . 0  , 

1 . 1 1 7  i n c h e s  , Z5 = 4 . 0  , 

1 . 0 9 0  i n c h e s  , Z6 = 4 . 0  . 



The ' b '  d i m e n s i o n s  may a g a i  

i n  Example 2  o f  t h i s  s e c t i o n .  

t r a n s f o r m e r  i s  shown i n  F i g .  6 .  

a  2 0 - p e r c e n t  f r e q u e n c y  b a n d ,  a 1  

c u t o f f  a t  one  end .  

n  b e  o b t a i n e d  from Z ac ( b / a )  ( A g / h ) ,  a s  

The p e r f o r m a n c e  o f  t h i s  f i v e - s e c t i o n  

1 2 - 7 .  I ts  VSWR i s  l e s s  t h a n  1 . 0 5  o v e r  

t hough  i t  comes w i t h i n  6  p e r c e n t  o f  

Where a  low VSWR o v e r  a  r e l a t i v e l y  w ide  p a s s  band i s  i m p o r t a n t ,  and 

where  t h e r e  i s  room f o r  f o u r  o r  f i v e  s e c t i o n s ,  t h e  method o f  Example 3  

o f  t h i s  s e c t i o n  i s  g e n e r a l l y  t h e  b e s t .  

SEC. 6 . 1 3 ,  A  NONSYNCHRONOUS TRANSFORMER 

A l l  o f  t h e  q u a r t e r - w a v e  t r a n s f o r m e r s  c o n s i d e r e d  s o  f a r  h a v e  been  

s y n c h r o n o u s l y  t u n e d  (see  Sec. 6.01); t h e  impedance  r a t i o  a t  any  j u n c t i o n '  

h a s  been  l e s s  t h a n  t h e  o u t p u t - t o - i n p u t  impedance  r a t i o ,  R. I t  i s  pos -  

s i b l e  t o  o b t a i n  t h e  same o r  b e t t e r  e l e c t r i c a l  p e r f o r m a n c e  w i t h  an  i d e a l  

NORMALIZED FREQUENCY 
. - ,sz~-~l.  

FIG. 6.12-7 PERFORMANCE OF A FIVE-SECTION 
INHOMOGENEOUS TRANSFORMER 

n o n s y n c h r o n o u s  t r a n s f o r m e r  o f  / 
s h o r t e r  l e n g t h ;  however ,  t h e  i m -  

/ 
pedance  r a t i o s  a t  t h e  j u n c t i o n s  

g e n e r a l l y  e x c e e d  R by a  l a r g e  I ' 
f a c t o r ,  and  f o r  more t h a n  twql 

s e c t i o n s  s u c h  " s u p e r m a t c h e d "  1 
t r a n s f o r m e r s  a p p e a r  t o  b e  i m -  

p r a c t i c a l .  T h e r e  i s  one c a s e  o f  

a  n o n s y n c h r o n o u s  t r a n s f o r m e r  t h a t  

i s  s o m e t i m e s  u s e f u l .  I t  c o n s i s t s  

of two s e c t i o n s ,  whose r e s p e c t i v e  

impedances  a r e  e q u a l  t o  t h e  o u t -  

p u t  and i n p u t  impedances ,  a s  

shown i n  F i g .  6 .13-1 .  The who le  

t r a n s f o r m e r  i s  l e s s  t h a n  o n e - s i x t h  

A N D  R * Z l / Z g  

E X A M P L E  : ZO = SO ohms 
Z I  = 70 ohms 

-.- I ARCCOT/- 
A g  2. 

A-1527-300 

FIG. 6.13-1 A NONSYNCHRONOUS 
TRANSFORMER 

w a v e l e n g t h  l o n g ,  and i t s  p e r f o r m a n c e  i s  a b o u t  t h e  same a s  t h a t  o f  a  - 
s i n g l e - s e c t i o n  q u a r t e r - w a v e  t r a n s f o r m e r .  I t  c a n  be  shownz6 t h a t  t h e  

l e n g t h  o f  e a c h  s e c t i o n  f o r  a  p e r f e c t  m a t c h  h a s  t o  b e  e q u a l  t o  

1 1 % 
L =  - a r c  c o t  (R + 1 + -)  w a v e l e n g t h s  

R 
( 6 . 1 3 - 1 )  

2  rr 

which i s  a l w a y s  l e s s  t h a n  30 e l e c t r i c a l  d e g r e e s ,  and becomes 3 0  d e g r e e s  

o n l y  i n  t h e  l i m i t  a s  R a p p r o a c h e s  u n i t y .  I t  c a n  be  shown f u r t h e r  t h a t ,  

f0.r s m a l l  R ,  t h e  s l o p e  o f  t h e  VSWR u s .  f r e q u e n c y  c h a r a c t e r i s t i c  i s  

g r e a t e r  t h a n  t h a t  f o r  t h e  c o r r e s p o n d i n g  q u a r t e r - w a v e  t r a n s f o r m e r  by a  

f a c t o r  o f  2 / 6  ( a b o u t  1 5  p e r c e n t  g r e a t e r ) ;  b u t  t h e n  t h e  new t r a n s f o r m e r  

i s  o n l y  t w o - t h i r d s  t h e  o v e r - a l l  l e n g t h  ( h g / 6  compared t o  A g / 4 ) .  

The ma in  a p p l i c a t i o n  o f  t h i s  t r a n s f o r m e r  i s  i n  c a s e s  where  i t  i s  

d i f f i c u l t  t o  come by,  o r  m a n u f a c t u r e ,  a  l i n e  o f  a r b i t r a r y  impedance .  

Thus i f  i t  i s  d e s i r e d  t o  m a t c h  a  50-ohm c a b l e  t o  a  70-ohm c a b l e ,  i t  

i s  n o t  n e c e s s a r y  t o  l o o k  f o r  a  59.1-ohm c a b l e ;  i n s t e a d ,  t h e  m a t c h i n g  

S e c t i o n s  c a n  be  one  p i e c e  o f  50-ohm a n d  o n e  p i e c e  o f  70-ohm c a b l e .  

S i m i l a r l y ,  i f  i t  i s  d e s i r e d  t o  ma tch  o n e  medium t o  a n o t h e r ,  a s  i n  an  

o p t i c a l  m u l t i l a y e r  a n t i r e f l e c t i o n  c o a t i n g ,  t h i s  c o u l d  be  a c c o m p l i s h e d  

w i t h o u t  l o o k i n g  f o r  a d d i t i o n a l  d i e l e c t r i c  m a t e r i a l s .  



SEC. 6 . 1 4 ,  INTERNAL DISSIPATION LOSSES 

I n  S e c .  4 .13  a  f o r m u l a  was d e r i v e d  f o r  t h e  c e n t e r - f r e q u e n c y  i n c r e a s e  

i n  a t t e n u a t i o n  ( & A ) O  d u e  t o  d i s s i p a t i o n  l o s s e s .  E q u a t i o n  ( 4 . 1 3 - 1 1 )  

a p p l i e s  t o  l u m p e d - c o n s t a n t  f i l t e r s  which a r e  r e f l e c t i o n l e s s  a t  band 

c e n t e r ,  and  a l s o  i n c l u d e s  t h o s e  t r a n s m i s s i o n - l i n e  f i l t e r s  wh ich  can be 

d e r i v e d  f rom t h e  l o w - p a s s  l u m p e d - c o n s t a n t  f i l t e r s  o f  C h a p t e r  4  ( s e e ,  

f o r  example ,  Sec .  6 . 0 9 ) .  I f ,  however ,  t h e  f i l t e r  h a s  n o t  b e e n  d e r i v e d  

f rom a  l u m p e d - c o n s t a n t  p r o t o t y p e ,  t h e n  i t  i s  e i t h e r  i m p o s s i b l e  o r  

i n c o n v e n i e n t  t o  u s e  Eq. ( 4 . 1 3 - 1 1 ) .  What i s  r e q u i r e d  i s  a  f o r m u l a  g i v i n g  

t h e  d i s s i p a t i o n  l o s s  i n  t e r m s  o f  t h e  t r a n s m i s s i o n - l i n e  f i l t e r  p a r a m e t e r s ,  

s u c h  a s  t h e  V t  i n s t e a d  o f  t h e  gi . 
D e f i n e  S i  a s  t h e  VSWR a t  c e n t e r  f r e q u e n c y  s e e n  i n s i d e  t h e  i t h  f i l t e r  

c a v i t y ,  o r  t r a n s f o r m e r  s e c t i o n ,  when t h e  o u t p u t  l i n e  i s  ma tched  

( F i g .  6 . 1 4 - 1 ) .  H e r e  t h e  number ing  i s  s u c h  t h a t  i = 1 r e f e r s  t o  t h e  

s e c t i o n  o r  t r a n s m i s s i o n - l i n e  c a v i t y  n e a r e s t  t h e  g e n e r a t o r .  L e t  

b e  t h e  a m p l i t u d e  o f  t h e  r e f l e c t i o n  c o e f f i c i e n t  i n  t h e  i t h  c a v i t y ,  

c o r r e s p o n d i n g  t o  t h e  VSWR S, .  

POWER FLOW 
C 

i-th CAVITY r 
I 

MATCHED 
LINE 
OUTPUT 

--- , 8 

INPUT 0 I 2 (1-1)  1 i 1 ( 1 + 1 )  --- n n r l  

I I 
V S W R  SEEN IN I-th 

SECTION OR CAVITY IS Si 

FIG. 6.14-1 VSWR INSIDE A FILTER OR TRANSFORMER 

G r o s s  Power Flow 
u ,  = 

Net  qower Flow 

The a t t e n u a t i o n  of  t r a n s m i s s i o n  l i n e s  o r  d i e l e c t r i c  media  i s  u s u a l l y  

deno ted  by a ,  b u t  i t  i s  measu red  i n  v a r i o u s  u n i t s  f o r  v a r i o u s  p u r p o s e s .  

Let - 
a d  = a t t e n u a t i o n  measu red  i n  d e c i b e l s  p e r  u n i t  l e n g t h  7 
a n  = a t t e n u a t i o n  m e a s u r e d  i n  n e p e r s  p e r  u n i t  l e n g t h  i ( 6 . 1 4 - 3 )  

a ,  = a b s o r p t i o n  c o e f f i c i e n t  ( u s e d  i n  o p t i c s 1 2 )  . ) 

The a b s o r p t i o n  c o e f f i c i e n t ,  a o ,  i s  d e f i n e d  a s  t h e  f r a c t i o n  o f  t h e  

i n c i d e n t  power  a b s o r b e d  p e r  u n i t  l e n g t h .  Thus ,  i f  P i n e  i s  t h e  i n c i d e n t  

power ( o r  i r r a d i a n c e )  i n  t h e  2 - d i r e c t i o n ,  t h e n  

These t h r e e  a t t e n u a t i o n  c o n s t a n t s ,  a d ,  a,,, and a , ,  a r e  r e l a t e d  a s  

f o l l o w s :  

a n  = a o / 2  n e p e r s  

a d  a ( 1 0  l o g , ,  e ) a ,  = 4 . 3 4 3 a 0  d e c i b e l s  ( 5 . 1 4 - 5 )  

= ( 2 0  l o g l o  e ) a n  = 8 .686a ,  d e c i b e l s  . 

Denote t h e  l e n g t h  o f  t h e  i t h  c a v i t y  o r  s e c t i o n  by 1 i. I f  each  1 i s  

equa l  t o  an i n t e g r a l  number o f  q u a r t e r - w a v e l e n g t h s ,  w i t h  impedance  

maxima and minima a t  t h e  e n d s ,  a s  i s  t h e  c a s e  w i t h  s y n c h r o n o u s l y  t u n e d ,  



I 

s t e p p e d - i m p e d a n c e  f i l t e r s  and t r a n s f o r m e r s  a t  c e n t e r  f r e q u e n c y ' ,  t h e n  

t h e  d i s s i p a t i o n  l o s s  ( i f  s m a l l )  i s  g i v e n  b y 1 2  

= ( 1  - 1 )  ' 1 ~ 1  n e p e r s  
i = l  

a s  a  f r a c t i o n  o f  t h e  i n c i d e n t  power The i n t e r n a l  VSWR, S i ,  f o r  s y n c h r o n o u s  f i l t e r s ,  c an  a l s o  b e  w r i t t e n  i n  

t h e  form 

where  l P o l  i s  a g a i n  t h e  r e f l e c t i o n  c o e f f i c i e n t  a m p l i t u d e  a t  t h e  i n p u t .  

To c a l c u l a t e  t h e  d i s s i p a t i o n  l o s s  f rom Eq. ( 6 . 1 4 - 6 ) ,  t h e  g r o s s - t o -  

n e t  power f l o w  r a t i o ,  U i ,  h a s  t o  b e  d e t e r m i n e d  f rom Eq. ( 6 . 1 4 - 2 ) .  Fo r  

h a l f - w a v e  f i l t e r s  t h i s  i s  p a r t i c u l a r l y  s i m p l e ,  s i n c e  

where  Z: i s  t h e  impedance  o f  t h e  l i n e  f o r m i n g  t h e  i t h  c a v i t y  and Z:+l 

i s  t h e  o u t p u t  impedance  o f  t h e  h a l f - w a v e  f i l t e r .  The h a l f - w a v e  f i l t e r  

impedances ,  Z:, c a n  b e  worked o u t  a s  i n  Example  1 o f  S e c .  6 . 0 7 ,  o r  

Examples 1 and  2 o f  S e c .  6 . 0 9 ,  o r  f rom F i g .  6 . 0 3 - 1 .  S i n c e  t h e  f i l t e r  

o r  t r a n s f o r m e r  i s  s y n c h r o n o u s l y  t u n e d ,  

The h i g h e s t  s u f f i x  of  any V i n  t h i s  e q u a t i o n  i s  n  + 1. 

Narrow-Band F i l t e r s - F o r  na r row-band  f i l t e r s  o f  l a r g e  R ( f i l t e r s  

w i t h  l a r g e  s t o p - b a n d  a t t e n u a t i o n ) ,  Eq. ( 6 . 0 9 - 2 )  combined w i t h  t h e  

f o r m u l a s 7  f o r  t h e  g i  ( S e c .  4 . 0 3 )  shows t h a t  t h e  V i  i n c r e a s e  t o w a r d  

t h e  c e n t e r  ( compare  T a b l e  6 . 1 0 - 1  o r  F i g .  6 . 1 0 - 2 ) .  T h e r e f o r e ,  t h e  

p o s i t i v e  e x p o n e n t  must be t a k e n  i n  Eq. ( 6 . 1 4 - 9 )  and hence  t h r o u g h o u t  

Eq. ( 6 . 1 4 - 8 ) .  Then 

S i n c e  t h e  o u t p u t  i s  matched ( S n t l  = I ) ,  and  from Eq. ( 6 . 0 4 - l o ) ,  t h e  

maximum p o s s i b l e  VSWH ( i n  t h e  s t o p  b a n d )  i s  

With t h e  r e s t r i c t i o n  o f  c o n s t a n t  R ,  i t  c a n  b e  shown12 t h a t  when a l l  t h e  

a i l i  p r o d u c t s  a r e  e q u a l ,  Eq. ( 6 . 1 4 - 6 )  g i v e s  minimum d i s s i p a t i o n  l o s s  



when a l l  t h e  S i  a r e  made e q u a l .  The  i n t e r n a l  Vi a r e  t h e n  a l l  e q u a l  

t o  e a c h  o t h e r ,  and  e q u a l  t o  t h e  s q u a r e  o f  V1 = V , + l .  Such  a  f i l t e r  

( c a l l e d  a  " p e r i o d i c  f i l t e r " )  g i v e s  minimum b a n d - c e n t e r  d i s s i p a t i o n  l o s s  

f o r  a  g i v e n  R ( i . e . ,  f o r  a  g i v e n  maximum s t o p - b a n d  a t t e n u a t i o n ) .  ( I n  
o p t i c a l  t e r m s ,  i t  g i v e s  maximum " c o n t r a s t " . )  G e n e r a l  f o r m u l a s  i n c l u d i n g  

f i l t e r s  o f  t h i s  t y p e  h a v e  been  g i v e n  by M i e l e n z a  and b y  A b e l k ~ . ~  

S i n c e  t h e  a t t e n u a t i o n ,  an, and  t h e  u n l o a d e d  Q, Qu, a r e  r e l a t e d  b p  

t h e r e f o r e  ( & A ) O  c a n  be  e x p r e s s e d  i n  t e r m s  o f  Qy, 

= 27 

T o  r e l a t e  t h i s  

n e p e r s  I ( 6 . 1 4 - 1 5  

d e c i b e i a  

n 1 1 .  2 

i n e p e r s  
i = l  Q U i  Ag 1 

It  d i f f e r s  f rom Eq.  ( 4 . 1 3 - 1 1 )  and Ref .  3 1  f o r  t h e  l o w - p a s s  l u m p e d - c o n s t a r  

f i l t e r  by an  a d d i t i o n a l  f a c t o r  

n 1 1 .  2 

2  ( 1  - )  E -2 ($) U i  d e c i b e l s  
i = l  Qui k g i  J 

t o  Eq. ( 4 . 1 3 - l l ) ,  we mus t  a s sume  na r row-band  f i l t e r s  

w i t h  l a r g e  R. As i n  C h a p t e r  4  and R e f .  3 1 ,  i t  i s  c o n v e n i e n t  t o  

n o r m a l i z e  t h e  l o w - p a s s  f i l t e r  p r o t o i y p e  e l e m e n t s  t o  g o  = 1. I n  

Eq. ( 4 . 1 3 - 2 )  and  i n  Re f .  31,  w i s  t h e  f r e q u e n c y  f r a c t i o n a l  b a n d w i d t h ,  

r e l a t e d  t o  w q  o r  w , ,  ( S e c s .  6 . 0 2  and 6 . 0 3 )  o f  d i s p e r s i v e  waveguide  

f i l t e r s  by3' 

w h i c h e v e r  i s  a p p r o p r i a t e .  T h i s  c a n  b e  shown t o  l e a d ,  f o r  s m a l l  w 

and l a r g e  R, t o  

II 

I f  t h i s  f a c t o r  i s  added  t o  Eq. ( 4 . 1 3 - 1 1 )  o r  Eq. ( 1 )  i n  R e f .  31, t h e y  

a l s o  become more a c c u r a t e .   o or i n s t a n c e ,  m u l t i p l y i n g  t h e  l a s t  column 

i n  T a b l e  4 . 1 3 - 2  by t h e  f a c t o r  i n  Eq. ( 6 . 1 4 - 1 6 1 ,  a p p r o x i m a t e s  t h e  e x a c t  

v a l u e s  i n  t h e  f i r s t  column f o r  ( L A ) O  more  c l o s e l y ,  r e d u c i n g  t h e  e r r o r  

by an  o r d e r  o f  m a g n i t u d e  i n  e v e r y  c a s e . ]  

E q u a t i o n  ( 6 . 1 4 - 6 )  i s  t h e  most a c c u r a t e  a v a i l a b l e  f o r m u l a  f o r  t h e  

d i s s i p a t i o n  l o s s  a t  c e n t e r  f r e q u e n c y  o f  a  q u a r t e r - w a v e  o r  h a l f - w a v e  

f i l t e r ,  and  c a n  be a p p l i e d  t o  any  s u c h  f i l t e r  d i r e c t l y ;  Eq. ( 6 . 1 4 - 1 5 )  

i s  t h e  mos t  a c c u r a t e  a v a i l a b l e  f o r m u l a  f o r  b a n d - p a s s  f i l t e r s  d e r i v e d  

from t h e  l o w - p a s s  l u m p e d - c o n s t a n t  f i l t e r  p r o t o t y p e  o f  C h a p t e r  4. 

E q u a t i o n  ( 6 . 1 4 - 6 )  o r  ( 6 . 1 4 - 1 5 )  d e t e r m i n e s  t h e  d i s s i p a t i o n  l o s s  a t  t h e  

c e n t e r  o f  t h e  p a s s  band .  The d i s s i p a t i o n  l o s s  g e n e r a l l y  s t a y s  f a i r l y  

c o n s t a n t  o v e r  most  o f  t h e  p a s s  band ,  r i s i n g  t o  s h a r p  p e a k s  j u s t  

o u t s i d e  b o t h  e d g e s ,  a s  i n d i c a t e d  i n  F i g .  6 . 1 4 - 2 ( a ) ,  When t h e  t o t a l  

a t t e n u a t i o n  ( r e f l e c t i o n  l o s s  p l u s  d i s s i p a t i o n  l o s s )  i s  p l o t t e d  a g a i n s t  

f r e q u e n c y ,  t h e  a p p e a r a n c e  o f  t h e  r e s p o n s e  c u r v e  i n  a  t y p i c a l  c a s e  i s  

a s  shown i n  F i g .  6 . 1 4 - 2 ( b ) ;  t h e  two " d i m p l e s "  a r e  due  t o  t h e  two 

d i s s i p a t i o n  p e a k s  shown i n  F i g .  6 . 1 4 - 2 ( a ) .  

The two p e a k s  o f  d i s s i p a t i o n  l o s s  n e a r  t h e  two b a n d - e d g e s  may be 

a t t r i b u t e d  t o  a  b u i l d - u p  i n  t h e  i n t e r n a l  f i e l d s  and c u r r e n t s .  T h u s  we 

would e x p e c t  t h e  p o w e r - h a n d l i n g  c a p a c i t y  o f  t h e  f i l t e r  t o  be  a p p r o x i m a t e  
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o f  bandwid th  

l o s s  i f  t h i s  

4 .05  db/100 f  

1 .015 i n c h e s .  

i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  d i s s i .  

p a t i o n  l o s s ,  a s  t h e  f r e q u e n c y  

c h a n g e s .  An i n c r e a s e  i n  s t o r e d  

e n e r g y  f o r  a  ma tched  f i l t e r  i s  i n  

t u r n  a s s o c i a t e d  w i t h  a  r e d u c e d  

g r o u p  v e l o c i t y ,  32 o r  i n c r e a s e d  

g r o u p  d e l a y .  Thus  we would  e x p e c t  
t h e  g r o u p  d e l a y  t h r o u g h  t h e  f i l t e r  

t o  b e  a p p r o x i m a t e l y  p r o p o r t i o n a l  

t o  t h e  d i s s i p a t i o n  l o s s ,  a s  t h e  
f r e q u e n c y  c h a n g e s .  T h i s  h a s  a l r e a d y  

been  p o i n t e d  o u t  i n  S e c .  4 .13 .  These 

q u e s t i o n s  a r e  t a k e n  up  f u r t h e r  i n  

S e c .  6 . 1 5 .  

Example  I -The p a r a m e t e r s  o f  a  

h a l f - w a v e  f i l t e r  a r e :  2; = 1 ,  
2; = 2 4 5 . 5 ,  2; = 0 . 0 0 2 4 2 5 ,  2; = 

455 .8 ,  2; = 0 .0045 ,  2; = 1 . 1 0 6  

( c o r r e s p o n d i n g  t o  a  0 . 0 1 - d b  p a s s -  

band r i p p l e  f o r  a  l o s s l e s s  f i l t e r  
w,, = 0 .00185) .  C a l c u l a t e  t h e  c e n t e r - f r e q u e n c y  d i s s i p a t i o n  

f i l t e r  i s  c o n s t r u c t e d  i n  wavegu ide  h a v i n g  an  a t t e n u a t i o n  o f  

t .  Wavelength  = ko = 1 . 4 3 7  i n c h e s ;  wavegu ide  w i d t h  = a = 

( S e e  a l s o  Examples  1 and 2 ,  p a g e s  344  and 3 5 2 . )  

The g u i d e  w a v e l e n g t h  i s  

klo a 2.034 i n c h e s  

and 

The i n t e r n a l  VSWRs a r e  by Eq. ( 6 . 1 4 - 7 ) ,  

Summing t h e s e  g i v e s  

S i n c e  t h e  c e n t e r - f r e q u e n c y  i n p u t  VSWR i s  e q u a l  t o  2 ;  = 1 . 1 0 6 ,  

t h e r e f o r e  

Hence f rom t h e  f i r s t  of  Eqs .  ( 6 . 1 4 - 6 ) ,  

( )  = 0 .9975  4 ' 0 5  x 1 .017  x 6 6 7 . 9  d e c i b e l s  100  x 12 

The s l o p e  o f  t h e  p h a s e - v e r s u s - f r e q u e n c y  c u r v e  of  a  matched f i l t e r  

i s  a  measu re  o f  t h e  g roup  d e l a y  t h r o u g h  t h e  f i l t e r .  
T h i s  h a s  a l r e a d y  

b e e n  d i s c u s s e d  i n  S e c .  4 . 0 8 ,  and r e s u l t s  f o r  some t y p i c a l  l o w - p a s s  

f i l t e r  p r o t o t y p e s  w i t h  n = 5 e l e m e n t s  a r e  g i v e n  i n  F i g s .  4 . 0 8 - 1  and  

4 . 0 8 - 2 .  I n  t h i s  s e c t i o n ,  g r o u p  d e l a y ,  d i s s i p a t i o n  l o s s ,  and power-  

h a n d l i n g  c a p a c i t y  w i l l  b e  examined i n  t e r m s  o f  s t e p p e d - i m p e d a n c e  f i l t e r s .  

s u c h  a s  t h e  q u a r t e r - w a v e  t r a n s f o r m e r  p r o t o t y p e .  

I t  c a n  b e  shown33 t h a t  t h e  g r o u p  d e l a y  a t  c e n t e r  f r e q u e n c y  f o  

t h r o u g h  a  homogeneous matched q u a r t e r - w a v e  t r a n s f o r m e r  i s  g i v e n  by 

where  t d  i s  t h e  p h a s e  s l o p e  d@/LIw and may b e  i n t e r p r e t e d  a s  t h e  g r o u p  

d e l a y  i n  t h e  p a s s  band .  (The p h a s e  s l o p e  t i  = d+/du w i l l .  a s  u s u a l .  



b e  r e f e r r e d  t o  a s  t h e  g r o u p  d e l a y  a l s o  o u t s i d e  t h e  p a s s  band,  a l t h o u g h  

i t s  p h y s i c a l  mean ing  i s  n o t  c l e a r  when t h e  a t t e n u a t i o n  v a r i e s  r a p i d l y  

w i t h  f r e q u e n c y . )  

The g r o u p  d e l a y  o f  a  h a l f - w a v e  f i l t e r  i s  j u s t  t w i c e  t h a t  o f  i t s  

q u a r t e r - w a v e  t r a n s f o r m e r  p r o t o t y p e ;  i n  g e n e r a l ,  t h e  g r o u p  d e l a y  o f  any 

matched s t e p p e d - i m p e d a n c e  f i l t e r  a t  c e n t e r  f r e q u e n c y  i s  g i v e n  b y 3 3  

Combining Eq. ( 6 . 1 5 - 2 )  w i t h  Eq.  ( 6 . 1 4 - 6 )  when po = 0  ( f i l t e r  ma tched  

a t  c e n t e r  f r e q u e n c y ) ,  a n d  when t h e  a t t e n u a t i o n  c o n s t a n t s  a a n d  g u i d e  
w a v e l e n g t h s  A a r e  t h e  same i n  e a c h  s e c t i o n ,  y i e l d s  

where a may b e  measu red  i n  u n i t s  o f  n e p e r s  p e r  u n i t  l e n g t h  ( a n ) ,  o r  i n  

u n i t s  o f  d e c i b e l s  p e r  u n i t  l e n g t h  ( a d ) ,  & A  b e i n g  measu red  a c c o r d i n g l y  

i n  n e p e r s  o r  d e c i b e l s .  

E q u a t i o n  ( 6 . 1 5 - 3 )  c a n  a l s o  b e  w r i t t e n *  

n e p e r s  . 

T h e s e  e q u a t i o n s  h a v e  been  p r o v e d  f o r  c e n t e r  f r e q u e n c y  o n l y .  I t  c a n  b e  
a r g u e d  f rom t h e  c o n n e c t i o n  b e t w e e n  g r o u p  v e l o c i t y  and s t o r e d  e n e r g y B  

t h a t  t h e  r e l a t i o n s  ( 6 . 1 5 - 3 )  a n d  ( 6 . 1 5 - 4 )  be tween  d i s s i p a t i o n  l o s s  and 

g roup  d e l a y  s h o u l d  h o l d  f a i r l y  w e l l  o v e r  t h e  e n t i r e  p a s s  band.  F o r  
t h i s  r e a s o n  t h e  s u f f i x  0 h a s  been  l e f t  o u t  of  E q s .  ( 6 . 1 5 - 3 )  and ( 6 . 1 5 - 4  

T h i s  c o n c l u s i o n  c a n  a l s o  b e  r e a c h e d  t h r o u g h  Eqs .  ( 4 . 1 3 - 2 ) ,  ( 4 . 1 3 - 3 )  and 

( 4 . 1 3 - 9 )  i n  C h a p t e r  4.  

Example  I - C a l c u l a t e  t h e  time delay ( t d ) o  a t  the center  frequency of t h e  f i l t e r  

i n  Example 1 o f  Sec .  6 . 1 4  f rom i t s  c e n t e r -  f r e q u e n c y  d i s s i p a t i o n  l o s s ,  (ALAJ O .  

* To convert nepers t o  d e c i b e l s ,  multiply by 8.686.  

From Eq. ( 6 . 1 5 - 3 1 ,  

f O ( t d )  0 .(g yo c y c l e s  a t  c e n t e r  f r e q u e n c y  

= 2 .00  X c y c l e s  a t  c e n t e r  f r e q u e n c y  
(4. 05 X 2.034) 

= 668 c y c l e s  a t  c e n t e r  f r e q u e n c y  . 

S i n c e  h a  1 1 . 4 3 7  i n c h e s ,  which c o r r e s p o n d s  t o  f a  = 8220 Mc, t h e r e f o r e  

668 
( t d ) o  I - m i c r o s e c o n d s  

8220 

= 8 1 . 2 5  nanoseconds  . 

U n i v e r s a l  C u r v e s  of  G r o u p  CeEay-Curves w i l l  b e  p r e s e n t e d  i n  

F i g s .  6 . 1 5 - 1  t h r o u g h  6 .15 -10  which a p p l y  t o  s t e p p e d - i m p e d a n c e  t r a n s f o r m e r s  
and f i l t e r s  o f  l a r g e  R and s m a l l  bandwidth  ( u p  t o  a b o u t  w = 0 . 4 ) .  

They 

were  computed f o r  s p e c i f i c  c a s e s  ( g e n e r a l l y  R = l o 2 "  and wq = 0 . 2 0 ) .  

b u t  a r e  p l o t t e d  i n  a  n o r m a l i z e d  f a s h i o n  and t h e n  a p p l y  g e n e r a l l y  f o r  

l a r g e  R ,  s m a l l  m. The r e s p o n s e  i s  p l o t t e d  n o t  d i r e c t l y  a g a i n s t  

f r e q u e n c y ,  b u t  a g a i n s t  

w i t h  T g i v e n  by 

where p i s  t h e  l e n g t h  o f  e a c h  s e c t i o n  measu red  i n  q u a f i e r - w a v e l e n g t h s .  

(Thus  p = 1 f o r  a  q u a r t e r - w a r e  t r a n s f o r m e r ,  and p = 2  f o r  a  h a l f - w a v e  







f i l t e r . )  F o r  max ima l ly  f l a t  f i l t e r s ,  Eq.  ( 6 . 1 5 - 6 )  w i t h  t h e  a i d  o f  

S e c .  6 . 0 2  r e d u c e s  t o  

where w ~ - ~ ~  i n  Eq.  ( 6 . 1 5 7  i s  t h e  3-db f r a c t i o n a l  bandwid th ;  w h i l e  f o r  

T c h e b y s c h e f f  t r a n s f o r m e r s ,  

S i m i l a r l y  i t  c a n  be  shown33 f o r  m a r i m a l l y  f l a t  t i m e - d e l a y  f i l t e r s ,  t h a t  

and t h a t  f o r  e q u a l - e l e m e n t  f i l t e r s  ( c o r r e s p o n d i n g  t o  ~ e r i o d i c  f i l t e r s ) ,  

I t  c a n  b e  d e d u c e d  f rom Eq.  ( 6 . 0 9 - 2 )  t h a t  t h e  a t t e n u a t i o n  c h a r a c -  

t e r i s t i c s  a r e  i n d e p e n d e n t  o f  b a n d w i d t h  o r  t h e  v a l u e  o f  R  when   lotted 
a g a i n s t  I, d e f i n e d  by Eq. ( 6 . 1 5 - 5 ) .  S i m i l a r l y ,  i t  f o l l o w s  from 

Eqa. ( 6 . 1 5 - 1 )  a n d  ( 6 . 0 9 - 2 )  t h a t  t h e  t i m e  d e l a y  s h o u l d  be  p l o t t e d  a s  

s o  t h a t  i t  s h o u l d  become i n d e p e n d e n t  o f  bandwid th  and t h e  q u a n t i t y  R 

( s t i l l  s u p p o s i n g  s m a l l  b a n d w i d t h ,  l a r g e  R ) .  



By using Eq. (6.15-7) through (6.15-10) to obtain r ,  the curves in 
Figs. 6.15-1 through 6.15-10 can be used also for lumped-constant filters. 

These curves are useful not only for predicting the group delay, but 

also for predicting the dissipation loss and (less accurately) the power- 

handling capacity in the pass band, when the values of these quantities 

at midband are already known [as, for instance, by Eq. (6.14-6) or 
(6.14-15)l. 

The following filter types are presented: maximally flat; Tchebyschef 
(0.01 db ripple, 0.1 db ripple and 1.0 db ripple); maximally flat timedelay 

and periodic filters. The last-named are filters in which V: = V i  = v i + l  

for i = 2, 3, . . . , n. [They correspond to low-pass prototype filters in 

which all the gi ( i  = 1 ,  2, . . . ,  n )  in Fig. 4.04-1 are equal to one another. 

For large R and small bandwidth periodic filters give minimum band-center 
dissipation loss12*" and greatest power-handling capacityU for a given 

selectivity. 1 

The figures go in pairs, the first plotting the attenuation charac- 

teristics, and the second the group delay. Figures 6.15-1 and 6.15-2 are 

for three periodic filters. The case n = 1 cannot be labelled, as it be- 
longs to all types. The case n = 

case n = 3 periodic is equivalent 

ripple. 

Figures 6.15-3 to 6.15-8 are 

respectively, and include various 

2 periodic is also maximally flat. The 

to a Tchebyscheff filter of about 0.15 db 

for n = 4, n = 8, and n = 12 sections, 

conventional filter types. Figures 6.15-.9 

and 6.15-10 are for several periodic filters, showing how the character- 

istics change from n = 4 to n = 12 sections. 

E x a m p l e  2-Calculate the dissipation loss at band-edge of the filter 

in Example 1 of Sec. 6.14. 

It was shown in that example that the band-center dissipation loss for 

that filter is 2.29 db. Since this is a Tchebyscheff 0.01-db ripple filter 

with n = 4, we see from Fig. 6.15-4 that the ratio*of band-edge to band- 

center dissipation loss is approximately 0.665/0.535 = 1.243. Therefore 
the band-edge dissipation loss is approximately 2.29 X 1.243 = 2.85 db. 

The application of the universal curves to the power-handling capacity 

of filters is discussed in Section 15.03. 

* Exact ca lcu la t ions  made l a t e r  ahowed that  the r a t i o  d i s s ipat ion  l o ~ a / ~ r o u p  delay remained cons tmr  to  
within one-percent over the p8.s hand. 
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C H A P T E R  7 

LOW-PASS AND HIGH-PASS FILTERS USING SEMI-LUMPED ELEMENTS 
OR WAVEGUIDE CORRUGATIONS 

SEC. 7 . 0 1 ,  PROPERTIES OF THE FILTERS DISCUSSED I N  T H I S  CHAPTER 

U n l i k e  most  o f  t h e  f i l t e r  s t r u c t u r e s  t o  b e  d i s c u s s e d  i n  l a t e r  

c h a p t e r s ,  t h e  mic rowave  f i l t e r s  t r e a t e d  i n  t h i s  c h a p t e r  c o n s i s t  e n t i r e l y  

o f  e l e m e n t s  wh ich  a r e  s m a l l  compared  t o  a  q u a r t e r - w a v e l e n g t h  ( a t  p a s s -  

band f r e q u e n c i e s ) .  I n  t h e  c a s e s  o f  t h e  TEM-mode f i l t e r s  t r e a t e d ,  t h e  

d e s i g n  i s  c a r r i e d  o u t  s o  a s  t o  a p p r o x i m a t e  an  i d e a l i z e d  lumped-e l emen t  

c i r c u i t  a s  n e a r l y  a s  p o s s i b l e .  I n  t h e  c a s e s  o f  t h e  c o r r u g a t e d  and  

w a f f l e - i r o n  l o w - p a s s  wavegu ide  f i l t e r s  d i s c u s s e d ,  t h e  c o r r u g a t i o n s  a r e  

a l s o  sma l l  compared t o  a  q u a r t e r - w a v e l e n g t h .  Such  f i l t e r s  a r e  a  wave- 

g u i d e  e q u i v a l e n t  o f  t h e  common s e r i e s - L ,  s h u n t - C ,  l a d d e r  t y p e  o f  low- 

p a s s  f i l t e r ,  b u t  d u e  t o  t h e  wavegu ide  n a t u r e  o f  t h e  s t r u c t u r e ,  i t  i s  

more d i f f i c u l t  t o  d e s i g n  them a s  a  d i r e c t  a p p r o x i m a t i o n  o f  a  lumped- 

e l e m e n t ,  l o w - p a s s  f i l t e r .  T h u s ,  i n  t h i s  c h a p t e r  t h e  w a v e g u i d e  f i l t e r s  

w i t h  c o r r u g a t i o n s  a r e  t r e a t e d  u s i n g  t h e  image method o f  d e s i g n  ( C h a p t e r  3) .  

I n  Sec .  7 . 0 2  w i l l  b e  found  a  d i s c u s s i o n  o f  how lumped  e l e m e n t s  may 

be a p p r o x i m a t e d  u s i n g  s t r u c t u r e s  w h i c h  a r e  p r a c t i c a l  t o  b u i l d  f o r  m i c r o -  

wave a p p l i c a t i o n s .  I n  l a t e r  s e c t i o n s  t h e  d e s i g n  o f  f i l t e r s  i n  s p e c i f i c  

common t y p e s  o f  c o n s t r u c t i o n  a r e  d i s c u s s e d ,  b u t  u s i n g  t h e  p r i n c i p l e s  i n  

Sec.  7 . 0 2  t h e  r e a d e r  s h o u l d  b e  a b l e  t o  d e v i s e  a d d i t i o n a l  fo rms  o f  c o n -  

s t r u c t i o n  a s  may b e  a d v a n t a g e o u s  f o r  s p e c i a l  s i t u a t i o n s .  

F i g u r e  7 . 0 1 - l ( a )  shows a  c o a x i a l  form o f  l o w - p a s s  f i l t e r  w h i c h  i s  

v e r y  common. I t  c o n s i s t s  of  s h o r t  s e c t i o n s  o f  h i g h - i m ~ e d a n c b  l i n e  ( o f  

r e l a t i v e l y  t h i n  r o d  o r  w i r e  s u r r o u n d e d  by a i r  d i e l e c t r i c )  which s i m u l a t e  

s e r i e s  i n d u c t a n c e s ,  a l t e r n a t i n g  w i t h  s h o r t  s e c t i o n s  o f  v e r y - l o w - i m p e d a n c e  

l i n e  ( e a c h  s e c t i o n  c o n s i s t i n g  o f  a  m e t a l  d i s k  w i t h  a  r i m  o f  d i e l e c t r i c )  

which s i m u l a t e  s h u n t  c a p a c i t a n c e s .  The  f i l t e r  shown i n  F i g .  7 . 0 1 - l ( a )  

h a s  t a p e r e d  l i n e s  a t  t h e  e n d s  which p e r m i t  t h e  e n l a r g i n g  o f  t h e  c o a x i a l  

r e g i o n  a t  t h e  c e n t e r  o f  t h e  f i l t e r  s o  a s  t o  r e d u c e  d i s s i p a t i o n  l o s s .  

However, i t  i s  more common t o  b u i l d  t h i s  t y p e  o f  f i l t e r  w i t h  t h e  o u t e r  

c o n d u c t o r  c o n s i s t i n g  o f  a  u n i f o r m ,  c y l i n d r i c a l  m e t a l  t u b e .  The p o p u l a r i t y  



FIG. 7.01-1 SOME SPECIFIC LOW-PASS FILTER STRUCTURES 
DISCUSSED IN THIS CHAPTER 

I 

of t h i s  t y p e  o f  l o w - p a s s  f i l t e r  r e s u l t s  f rom i t s  s i m p l i c i t y  o f  f a b r i c a t i o n  

and i t s  e x c e l l e n t  p e r f o r m a n c e  c a p a b i l i t i e s .  I t s  f i r s t  s p u r i o u s  p a s s  band 

o c c u r s ,  t y p i c a l l y ,  when t h e  h i g h - i m p e d a n c e  l i n e s  a r e  r o u g h l y  a  h a l f -  

w a v e l e n g t h  l o n g .  I t  i s  n o t  d i f f i c u l t  w i t h  t h i s  t y p e  o f  f i l t e r  t o  o b t a i n  

s t o p  bands  w h i c h  a r e  f r e e  o f  s p u r i o u s  r e s p o n s e s  up a s  f a r  a s  f i v e  t i m e s  

t h e  c u t o f f  f r e q u e n c y  o f  t h e  f i l t e r .  F i l t e r s  o f  t h i s  t y p e  a r e  commonly 

b u i l t  w i t h  c u t o f f  f r e q u e n c i e s  r a n g i n g  f rom a  few h u n d r e d  m e g a c y c l e s  up 

t o  a round  1 0  Gc. A  d i s c u s s i o n  o f  t h e i r  d e s i g n  w i l l  b e  found  i n  Sec .  7.03.  

F i g u r e  7 . 0 1 - l ( b )  shows  a p r i n t e d - c i r c u i t ,  s t r i p - l i n e  f i l t e r  which i s  

e q u i v a l e n t  t o  t h e  f i l t e r  i n  F i g .  7 . 0 1 - l ( a )  i n  mos t  r e s p e c t s ,  b u t  which h a s  

somewhat i n f e r i o r  p e r f o r m a n c e  c h a r a c t e r i s t i c s .  The  g r e a t  a d v a n t a g e  o f  

t h i s  t y p e  o f  f i l t e r  i s  t h a t  i t  i s  u n u s u a l l y  i n e x p e n s i v e  and e a s y  t o  f a b r i -  

c a t e .  I t  u s u a l l y  c o n s i s t s  p r i m a r i l y  o f  two s h e e t s  o f  l o w - l o s s  d i e l e c t r i c  

m a t e r i a l  w i t h  a p h o t o - e t c h e d ,  c o p p e r - f o i l ,  c e n t e r - c o n d u c t o r  [shown i n  

F i g .  7 . 0 1 - l ( b ) l  s a n d w i c h e d  i n  be tween ,  and w i t h  c o p p e r  f o i l  o r  m e t a l  

p l a t e s  on  t h e  o u t e r  s u r f a c e s  o f  t h e  d i e l e c t r i c  p i e c e s  t o  s e r v e  a s  g round  

p l a n e s .  When t h i s  t y p e  o f  c i r c u i t  i s  used t h e  d i s s i p a t i o n  l o s s  i s  g e n e r -  

a l l y  m a r k e d l y  h i g h e r  t h a n  f o r  t h e  f i l t e r  i n  F i g .  7 . 0 1 - l ( a )  b e c a u s e  o f  t h e  

p r e s e n c e  o f  d i e l e c t r i c  m a t e r i a l  t h r o u g h o u t  t h e  c i r c u i t .  A l s o ,  when t h i s  

t y p e  o f  c o n s t r u c t i o n  i s  u s e d  i t  i s  g e n e r a l l y  n o t  p o s s i b l e  t o  o b t a i n  a s  

l a r g e  a  d i f f e r e n c e  i n  i m p e d a n c e  l e v e l  be tween  t h e  h i g h -  and low-impedance  

l i n e  s e c t i o n s  a s  i s  r e a d i l y  f e a s i b l e  i n  t h e  c o n s t r u c t i o n  shown i n  

F i g .  7 . 0 1 - l ( a ) .  As a  r e s u l t  o f  t h i s ,  t h e  a t t e n u a t i o n  l e v e l  a t  f r e q u e n c i e s  

w e l l  i n t o  t h e  s t o p  band f o r  f i l t e r s  c o n s t r u c t e d  a s  shown i n  F i g .  7 . 0 1 - l ( b )  

i s  g e n e r a l l y  somewhat l o w e r  t h a n  t h a t  f o r  f i l t e r s  c o n s t r u c t e d  a s  shown i n  

F i g .  7 . 0 1 - l ( a ) .  A l s o ,  s p u r i o u s  r e s p o n s e s  i n  t h e  s t o p  band g e n e r a l l y  t e n d  

t o  o c c u r  a t  l o w e r  f r e q u e n c i e s  f o r  t h e  c o n s t r u c t i o n  i n  F i g .  7 . 0 1 - l ( b ) .  

F i l t e r s  u s i n g  t h i s  l a t t e r  c o n s t r u c t i o n  c a n  a l s o  be  u s e d  i n  t h e  200-Mc t o  

10-Gc r a n g e .  However,  f o r  t h e  h i g h  p o r t i o n  o f  t h i s  r a n g e  t h e y  must  be 

q u i t e  s m a l l  and t h e y  t e n d  t o  h a v e  c o n s i d e r a b l e  d i s s i p a t i o n  l o s s .  A d i s -  

c u s s i o n  o f  t h e  d e s i g n  o f  t h i s  t y p e  o f  f i l t e r  w i l l  b e  found  i n  S e c .  7 . 0 3 .  

F i g u r e  7 . 0 1 - l ( c )  shows a n o t h e r  r e l a t e d  t y p e  o f  p r i n t e d - c i r c u i t  low- 

p a s s  f i l t e r .  The symbo l s  L 1 ,  L a g  C , ,  e t c . ,  i n d i c a t e  t h e  t y p e  o f  e l emen t  

wh ich  d i f f e r e n t  p a r t s  o f  t h e  c i r c u i t  a p p r o x i m a t e .  E l e m e n t s  L 2  and  C 2  i n  

s e r i e s  a p p r o x i m a t e  an  L - C  b r a n c h  which w l l l  s h o r t - c i r c u i t  t r a n s m i s s i o n  a t  

i t s  r e s o n a n t  f r e q u e n c y .  L i k e w i s e  f o r  t h e  p a r t  o f  t h e  c i r c u i t  wh ich  ap -  

p r o x i m a t e s  L 4  a n d  C 4 .  T h e s e  b r a n c h e s  t h e n  p r o d u c e  p e a k s  o f  h i g h  a t t e n u -  

a t i o n  a t  f r e q u e n c i e s  above  t h e  c u t o f f  f r e q u e n c y  and f a i r l y  c l o s e  t o  i t ,  



and  by s o  d o i n g ,  t h e y  i n c r e a s e  t h e  s h a r p n e s s  o f  t h e  c u t o f f  character is t i , . ,  
T h i s  t y p e  o f  f i l t e r  i s  a l s o  e a s y  t o  f a b r i c a t e  i n  p h o t o - e t c h e d ,  p r i n t e d -  

c i r c u i t  c o n s t r u c t i o n ,  b u t  h a s  n o t  b e e n  u s e d  a s  much a s  t h e  t y p e  i n  

F i g .  7 . 0 1 - l ( b ) ,  p r o b a b l y  b e c a u s e  i t  i s  somewhat more  d i f f i c u l t  t o  d e s i g n  

a c c u r a t e l y .  T h i s  t y p e  o f  f i l t e r  can  a l s o  be  d e s i g n e d  i n  c o a x i a l  o r  c o -  

a x i a l  s p l i t - b l o c k  fo rm s o  a s  t o  o b t a i n  improved  p e r f o r m a n c e ,  b u t  s u c h  a  
f i l t e r  wou ld ,  o f  c o u r s e ,  b e  m a r k e d l y  more c o s t l y  t o  b u i l d .  D i s c u s s i o n  
o f  t h e  d e s i g n  o f  f i l t e r s  s u c h  a s  t h a t  i n  F i g .  7 . 0 1 - l ( c )  w i l l  b e  f o u n d  i n  

S e c .  7 .03 .  

The f i l t e r  shown i n  F i g .  7 . 0 1 - l ( d )  i s  a  wavegu ide  v e r s i o n  o f  t h e  
f i l t e r s  i n  F i g s .  7 . 0 1 - l ( a )  a n d  ( b ) .  I n  t h i s  c a s e  t h e  low- and  h i g h -  
impedance  s e c t i o n s  o f  l i n e  a r e  r e a l i z e d  by  r a i s i n g  and l o w e r i n g  t h e  h e i g h t  

o f  t h e  g u i d e ,  wh ich  h a s  l e d  t o  t h e  n a m e " c o r r u g a t e d  waveguide  f i l t e r "  by 

which it  i s  commonly known. I t  i s  a  l o w - p a s s  f i l t e r  i n  i t s  o p e r a t i o n ,  bu t  
s i n c e  t h e  wavegu ide  h a s  a  c u t o f f  f r e q u e n c y ,  i t  c a n n o t  o p e r a t e ,  o f  c o u r s e ,  

t o  M: a s  d o  mos t  l o w - p a s s  f i l t e r s .  T h i s  t y p e  o f  f i l t e r  can  b e  made t o  
h a v e  v e r y  low p a s s - b a n d  l o s s  b e c a u s e  o f  i t s  wavegu ide  c o n s t r u c t i o n ,  and 

i t  can b e  e x p e c t e d  t o  have  a  h i g h e r  power r a t i n g  t h a n  e q u i v a l e n t  TEM-mode 

f i l t e r s .  However,  t h i s  t y p e  o f  f i l t e r  h a s  d i s a d v a n t a g e s  compared t o ,  

s a y ,  t h e  c o a x i a l  f i l t e r  i n  F i g .  7 . 0 1 - l ( a )  b e c a u s e  ( 1 )  i t  i s  l a r g e r  and 

more c o s t l y  t o  b u i l d ,  ( 2 )  t h e  s t o p  b a n d s  c a n n o t  r e a d i l y  b e  made t o  be  
f r e e  o f  s p u r i o u s  r e s p o n s e s  t o  a s  h i g h  a  f r e q u e n c y  even  f o r  t h e  no rma l  

TElo  mode o f  p r o p a g a t i o n ,  and  ( 3 )  t h e r e  w i l l  b e  numerous  s p u r i o u s  r e s p o n s e s  

i n  t h e  s t o p - b a n d  r e g i o n  f o r  h i g h e r - o r d e r  modes ,  which a r e  e a s i l y  e x c i t e d  

a t  f r e q u e n c i e s  a b o v e  t h e  normal  TElo  o p e r a t i n g  r a n g e  o f  t h e  waveguide .  

Due t o  t h e  p r e s e n c e  o f  t h e  c o r r u g a t i o n s  i n  t h e  g u i d e ,  modes h a v i n g  v a r i -  

a t i o n s  i n  t h e  d i r e c t i o n  o f  t h e  wavegu ide  h e i g h t  w i l l  b e  c u t  o f f  up t o  ve ry  

h i g h  f r e q u e n c i e s .  T h e r e f o r e ,  TEno  modes w i l l  b e  t h e  o n l y  o n e s  t h a t  n e e d  

be c o n s i d e r e d .  If t h e  wavegu ide  i s  e x c i t e d  by a  p r o b e  on  i t s  c e n t e r  l i n e ,  

t h e  T E 2 0 r  T E d O ,  and o t h e r  e v e n - o r d e r  modes w i l l  n o t  be  e x c i t e d .  I n  t h i s  
c a s e ,  t h e  f i r s t . h i g h e r - o r d e r  mode t h a t  w i l l  b e  a b l e  t o  c a u s e  t r o u b l e  i s  

t h e  TE30 mode which h a s  a  c u t o f f  f r e q u e n c y  t h r e e  t i m e s  t h a t  o f  t h e  TElo 

mode. I n  t y p i c a l  c a s e s  t h e  TE30 mode migh t  g i v e  a  s p u r i o u s  r e s p o n s e  a t  

a b o u t  2 . 5  t i m e s  t h e  c e n t e r  f r e q u e n c y  of  t h e  f i r s t  p a s s  band. T h u s ,  i f  
t h e  TE20 mode i s  n o t  e x c i t e d ,  o r  i f  a  v e r y  wide  s t o p  band i s  n o t  r e q u i r e d ,  

c o r r u g a t e d  w a v e g u i d e  f i l t e r s  w i l l  f r e q u e n t l y  b e  q u i t e  s a t i s f a c t o r y .  The 
o n l y  l i m i t a t i o n s  on  t h e i r  u s e f u l  f r e q u e n c y  r a n g e  a r e  t h o s e  r e s u l t i n g  f rom 

c o n s i d e r a t i o n s  o f  s i z e  and e a s e  o f  m a n u f a c t u r e .  F i l t e r s  o f  t h i s  t y p e  ( o r  

t h e  w a f f l e - i r o n  f i l t e r s  d i s c u s s e d  be low)  a r e  p r o b a b l y  t h e  most  p r a c t i c a l  
fo rms  o f  l o w - p a s s  f i l t e r s  f o r  f r e q u e n c i e s  o f  10  Gc o r  h i g h e r .  T h i s  t y p e  

o f  f i l t e r  i s  d i s c u s s e d  i n  Sec .  7 . 0 4 .  

F i g u r e  7 . 0 1 - l ( e )  shows a w a f f l e - i r o n  f i l t e r  wh ich  i n  many r e s p e c t s  

is  e ~ u i v a l e n t  t o  t h e  c o r r u g a t e d  wavegu ide  f i l t e r  i n  F i g .  7 . 0 1 - l ( d ) ,  b u t  

i t  i n c l u d e s  a  f e a t u r e  which r e d u c e s  t h e  p rob lem o f  h i g h e r - o r d e r  modes 

i n t r o d u c i n g  s p u r i o u s  r e s p o n s e s  i n  t h e  s t o p  band.  
T h i s  f e a t u r e  c o n s i s t s  

o f  t h e  f a c t  t h a t  t h e  low-impedance  s e c t i o n s  o f  t h e  wavegu ide  a r e  s l o t t e d  

i n  t h e  l o n g i t u d i n a l  d i r e c t i o n  s o  t h a t  no  m a t t e r  what  t h e  d i r e c t i o n  o f  t h e  

components  o f  p r o p a g a t i o n  i n  t h e  wavegu ide  a r e ,  t h e y  w i l l  s e e  a  l o w - p a s s  

- 

f i l t e r  t y p e  o f  s t r u c t u r e ,  and b e  a t t e n u a t e d .  
F i l t e r s  o f  t h i s  t y p e  h a v e  

been c o n s t r u c t e d  w i t h  s t o p  b a n d s  which a r e  f r e e  o f  s p u r i o u s  r e s p o n s e s  up 

t o  t h r e e  t i m e s  t h e  c u t o f f  f r e q u e n c y  o f  t h e  f i l t e r .  
The i n c l u s i o n  o f  

] o n R i t u d i n a ]  s l o t s  makes them somewhat more  d i f f i c u l t  t o  b u i l d  t h a n  c o r r u -  

g a t e d  waveguide  f i l t e r s ,  b u t  t h e y  a r e  o f t e n  wor th  t h e  e x t r a  t r o u b l e .  
- 

T h e i r  c h a r a c t e r i s t i c s  a r e  t h e  same a s  t h o s e  o f  t h e  c o r r u g a t e d  waveguide  
f i l t e r ,  e x c e p t  f o r  t h e  improved  s t o p  band .  T h i s  t y p e  o f  f i l t e r  i s  d i s -  

c u s s e d  i n  S e c .  7 . 0 5 .  

F i g u r e  7 . 0 1 - 2  shows a  common t y p e  o f  h i g h - p a s s  f i l t e r  u s i n g  c o a x i a l  

s p l i t - b l o c k  c o n s t r u c t i o n .  T h i s  t y p e  o f  f i l t e r  i s  a l s o  d e s i g n e d  s o  t h a t  

i t s  e l e m e n t s  a p p r o x i m a t e  lumped e l e m e n t s .  
I n  t h i s  c a s e  t h e  s h o r t -  

c i r c u i t e d  c o a x i a l  s t u b s  r e p r e s e n t  s h u n t  i n d u c t a n c e s ,  and t h e  d i s k s  w i t h  

T e f l o n  s p a c e r s  r e p r e s e n t  s e r i e s  c a p a c i t o r s .  
T h i s  t y p e  o f  f i l t e r  h a s  
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e x c e l l e n t  c u t o f f  c h a r a c t e r i s t i c s  s i n c e  f o r  a  d e s i g n  w i t h  n r e a c t i v e  

e l e m e n t s  t h e r e  i s  an  n t h - o r d e r  p o l e  o f  a t t e n u a t i o n  (Sec .  2 . 0 4 )  a t  z e r o  

f r e q u e n c y .  T y p i c a l  f i l t e r s  o f  t h i s  s o r t  h a v e  a  l o w - a t t e n u a t i o n ,  low-VSWR 

p a s s  band e x t e n d i n g  up a b o u t  a n  o c t a v e  above  t h e  c u t o f f  f r e q u e n c y ,  w i t h  

r e l a t i v e l y  low a t t e n u a t i o n  e x t e n d i n g  up t o  c o n s i d e r a b l y  h i g h e r  f r e q u e n c i e s ,  

The w i d t h  o f  t h e  p a s s  band o v e r  w h i c h  t h e  f i l t e r  w i l l  s i m u l a t e  t h e  r e sponse  

o f  i t s  i d e a l i z e d ,  lumped p r o t o t y p e  d e p e n d s  on t h e  f r e q u e n c y  a t  which t h e  

e l e m e n t s  n o  l o n g e r  a p p e a r  t o  b e  s u f f i c i e n t l y  l i k e  lumped e l e m e n t s .  To 

a c h i e v e  c u t o f f s  a t  h i g h  mic rowave  f r e q u e n c i e s ,  s t r u c t u r e s  o f  t h i s  t y p e  

have  t o  b e  v e r y  s m a l l ,  and t h e y  r e q u i r e  f a i r l y  t i g h t  m a n u f a c t u r i n g  t o l e r -  

ance .  T h i s  makes them r e l a t i v e l y  d i f f i c u l t  t o  c o n s t r u c t  f o r  h i g h  microwave 

f r e q u e n c y  a p p l i c a t i o n s .  F o r  t h i s  r e a s o n  t h e y  a r e  u s e d  most o f t e n  f o r  c u t -  

o f f s  i n  t h e  l o w e r  microwave f r e q u e n c y  r a n g e  ( 2 0 0  t o  2000 Mc) where  t h e i r  

e x c e l l e n t  p e r f o r m a n c e  and  c o m p a c t n e s s  h a s  c o n s i d e r a b l e  a d v a n t a g e ,  b u t  the.y 

a r e  a l s o  some t imes  m i n i a t u r i z e d  s u f f i c i e n t l y  t o  o p e r a t e  w i t h  c u t o f f s  a s  

h i g h  a s  5 o r  6 Gc. U s u a l l y  a t  t h e  h i g h e r  mic rowave  f r e q u e n c y  r a n g e s  t h e  

need  f o r  h i g h - p a s s  f i l t e r s  i s  s a t i s f i e d  by u s i n g  wideband  b a n d - p a s s  f i l t e r s  

( s e e  C h a p t e r s  9 and  1 0 ) .  The  t y p e  o f  h i g h - p a s s  f i l t e r  i n  F i g .  7 . 0 1 - 2  has 

n o t  been  f a b r i c a t e d  i n  e q u i v a l e n t  p r i n t e d - c i r c u i t  form much b e c a u s e  o f  t h e  

d i f f i c u l t i e s  i n  o b t a i n i n g  good  s h o r t - c i r c u i t s  o n  t h e  i n d u c t i v e  s t u b s  i n  

p r i n t e d  c i r c u i t s ,  and i n  o b t a i n i n g  a d e q u a t e l y  l a r g e  s e r i e s  c a p a c i t a n c e s .  

SEC 7 . 0 2 ,  APPROXIMATE MICROWAVE REALIZATION OF LUMPED ELEMENTS 

A c o n v e n i e n t  way t o  r e a l i z e  r e l a t i v e l y  w ide -band  f i l t e r s  o p e r a t i n g  i n  

t h e  f r e q u e n c y  r a n g e  e x t e n d i n g  f r o m  a b o u t  1 0 0  Mc t o  1 0 , 0 0 0  Mc i s  t o  con-  

s t r u c t  them from s h o r t  l e n g t h s  o f  c o a x i a l  l i n e  o r  s t r i p  l i n e ,  wh ich  a p p r o x i -  

ma te  l umped-e l emen t  c i r c u i t s .  F i g u r e  7 . 0 2 - 1  i l l u s t r a t e s  t h e  e x a c t  T- and 

x - e q u i v a l e n t  c i r c u i t s  o f  a  l e n g t h  of  n o n - d i s p e r s i v e  TEM t r a n s m i s s i o n  l i n e .  

A l s o  shown a r e  t h e  e q u i v a l e n t  r e a c t a n c e  and  s u s c e p t a n c e  v a l u e s  o f  t h e  n e t -  

works when t h e i r  p h y s i c a l  l e n g t h  1  i s  s m a l l  enough s o  t h a t  t h e  e l e c t r i c a l  

. l e n g t h  d / v  o f  t h e  l i n e  i s  l e s s  t h a n  a b o u t  n/4 r a d i a n s .  H e r e  we h a v e  used 

t h e  symbol w f o r  t h e  r a d i a n  f r e q u e n c y  and  v  f o r  t h e  v e l o c i t y  o f  

a l o n g  t h e  t r a n s m i s s i o n  l i n e .  

F o r  a p p l i c a t i o n s  where  t h e  l i n e  l e n g t h s  a r e  v e r y  s h o r t  o r  where  a n  

e x t r e m e l y  p r e c i s e  d e s i g n  i s  n o t  r e q u i r e d ,  i t  i s  o f t e n  p o s s i b l e  t o  r e p r e s e n t  

a  s h o r t  l e n g t h  o f  l i n e  by a  s i n g l e  r e a c t i v e  e l e m e n t .  F o r  example ,  i n s p e c -  
t i o n  o f  F i g .  7 . 0 2 - 1  shows t h a t  a s h o r t  l e n g t h  o f  h i g h - Z o  l i n e  t e r m i n a t e d  

a t  b o t h  e n d s  by a  r e l a t i v e l y  l ow impedance  h a s  a n  e f f e c t  e q u i v a l e n t  t o  t h a t  

X * ZO SIN $! m zoV I%<% 

FIG. 7.02-1 TEM-LINE EQUIVALENT CIRCUITS 

of  a  s e r i e s  i n d u c t a n c e  h a v i n g  a  v a l u e  ,of L = Z o l / v  h e n r i e s .  S i m i l a r l y ,  

a  s h o r t  l e n g t h  o f  low-Zo l i n e  t e r m i n a t e d  a t  e i t h e r  e n d  by a  r e l a t i v e l y  

h igh  impedance h a s  an  e f f e c t  e q u i v a l e n t  t o  t h a t  o f  a  s h u n t  c a p a c i t a n c e  

C = Yo l/v = l / zOv  f a r a d s .  Such s h o r t  s e c t i o n s  o f  h i g h - Z o  l i n e  and low-Zo  

l i n e  a r e  t h e  mos t  common ways o f  r e a l i z i n g  s e r i e s  i n d u c t a n c e  and s h u n t  

c a p a c i t a n c e ,  r e s p e c t i v e l y ,  i n  TEM-mode microwave f i l t e r  s t r u c t u r e s .  

A l umped-e l emen t  s h u n t  i n d u c t a n c e  can be  r e a l i z e d  i n  TEM t r a n s m i s s i o n  

l i n e  i n  s e v e r a l  ways ,  a s  i l l u s t r a t e d  i n  F i g .  7 . 0 2 - 2 ( a ) .  The mos t  c o n -  

v e n i e n t  way i n  mos t  i n s t a n c e s  i s  t o  employ a  s h o r t  , l e n g t h  o f  h i g h - Z o  l i n e ,  

s h o r t - c i r c u i t e d  t o  g round  a t  i t s  f a r  e n d ,  a s  shown i n  t h e  s t r i p - l i n e  e x -  

ample.  Fo r  a p p l i c a t i o n s  where  a  v e r y  compact  s h u n t  i n d u c t a n c e  i s  r e q u i r e d ,  

a  s h o r t  l e n g t h  o f  f i n e  w i r e  c o n n e c t e d  between t h e  i n n e r  and o u t e r  c o n -  

d u c t o r s  c a n  b e  u s e d ,  a s  i s  i l l u s t r a t e d  i n  t h e  c o a x i a l  l i n e  example  i n  

F i g .  7 . 0 2 - 2 ( a ) .  



A l s o ,  a  lumped e l e m e n t  s e r i e s  c a p a c i t a n c e  c a n  b e  r e a l i ~ e d a p p r o x i m a ~   el^ 
i n  TEM t r a n s m i s s i o n  l i n e s  i n  a  v a r i e t y  o f  ways,  a s  i l l u s t r a t e d  i n  

F i g .  7 . 0 2 - 2 ( b ) .  O f t e n  t h e  mos t  c o n v e n i e n t  way i s  by means  o f  a  gap  i n  t h e  

c e n t e r  conduc to r . '  Where l a r g e  v a l u e s  o f  s e r i e s  c a p a c i t a n c e  a r e  r e q u i r e d  

i n  a  c o a x i a l  s y s t e m  a  s h o r t  l e n g t h  o f  l o w - Z o ,  o p e n - c i r c u i t e d  l i n e ,  i n  

s e r i e s  w i t h  t h e  c e n t e r  c o n d u c t o r  c a n  b e  u s e d .  V a l u e s  o f  t h e  s e r i e s  capaci.  

t a n c e  o f  ove r1  a p p i n g  s t r i p  l i n e s  a r e  a l s o  shown i n  F i g .  7 . 0 2 - 2 ( b ) .  

S e c t i o n  8 . 0 5  p r e s e n t s  some f u r t h e r  d a t a  o n  c a p a c i t i v e  g a p s .  

A l u m p e d - e l e m e n t ,  s e r i e s - r e s o n a n t ,  s h u n t  c i r c u i t  c a n  b e  r e a l i z e d  i n  

s t r i p  l i n e  i n  t h e  manne r  shown i n  F ig .  7 . 0 2 - 2 ( c ) .  I t  i s  u s u a l l y  neces sa ry  

when c o m p u t i n g  t h e  c a p a c i t i v e  r e a c t a n c e  o f  t h e  l ow- impedance  ( Z o l )  l i n e  in 

F i g .  7 . 0 2 - 2 ( c )  t o  i n c l u d e  t h e  f r i n g i n g  c a p a c i t a n c e  a t  t h e  end  o f  t h e  Zo l  

l i n e  and  a t  t h e  s t e p  b e t w e e n  l i n e s .  The end  f r i n g i n g  c a p a c i t a n c e  c a n  be 

a c c o u n t e d  f o r  a s  f o l l o w s .  F i r s t ,  compute  t h e  p e r - u n i t - l e n g t h  c a p a c i t a n c e  
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for the Zol line, where E ,  is the relative dielectric constant. Then 
the effect of the fringing capacitances at the ends of the line can be 

accounted for, approximately, by computing the total effective electrical 

length of the Zol line as the measured length plus a length 

0.450 w e r  (?) 
A1 = inches (7.02-2) 

co 1 

added at each end. In Eqs. (7.02-1) and (7.02-21, w is the width of the 

strip in inches, and C;/E is obtained from Fig. 5.07-5. A further re- 
finement in the design of resonant elements such as that in Fig. 7.02-2(c) 
can be made by correcting for the junction inductance predicted by 

Fig. 5.07-3; however, this correction is usually quite small. 

A lumped-element parallel-resonant shunt circuit can be realized in 

the manner shown in Fig. 7.02-2(d). Here too it is necessary, when com- 
puting the capacitive reactance of the low-impedance (Zol) line, to in- 

clude the fringing capacitance at the end of the open-circuited line. 

The series-resonance and parallel-resonance characteristics of the 

lumped elements of Figs. 7.02-2(c) and 7.02-2(d) can also be approximated 

over limited frequency bands by means of quarter-wavelength lines, re- 

spective] y, open-circui ted or short-circuited at their f ar ends. Formulas 
for computing the characteristics of such lines are given in Fig. 5.08-1. 

Series circuits having either the characteristics of lumped series- 

resonant circuits or lumped parallel-resonant circuits are very difficult 

to realize in semi-lumped-form TEM transmission lines. However, they can 
be approximated over limited frequency bands, in coaxial lines, by means 

of quarter wavelength stubs in series with the center conductor, that are 

either open-circuited or short-circuited at their ends, respectively. 

Such stubs are usually realized as lines within the center conductor in 

a manner similar to the first example in Fig. 7.02-2(b). 

I 
SEC. 7.03, LOW-PASS FILTERS USING SEMI-LUMPED ELEMENTS 

The first step in the design of filters of this type is to select 

an appropriate lumped-element design (usually normalized), such as those 

in the tables of low-pass prototypes in Secs. 4.05 to 4.07. The choice 

of the type of the response (for example, the choice between a 0.1- or 

0.5-db ripple Tchebyscheff response) will depend on the requirements of 

a specific application. Also, the number n of reactive elements will be 

determined by the rate of cutoff required for the filter. For Tchebyscheff 

and maximally flat series-L, shunt-C, ladder low-pass filters the required 

value of n is easily determined from the normalized attenuation curves in 

Sec. 4.03. 

Having obtained a suitable lumped-element design, the next step is 

to find a microwave circuit which approximates it. Some examples will 

now be considered. 

An Example of a Simple L-C Ladder Type of Low-Pass Filter-It is 

particularly advantageous to design low-pass filters in coaxial- or 

printed-circuit form using short lengths of transmission line that act 

as semi-lumped elements. In order to illustrate the design procedure 

for this type of filter the design of a 15-element filter is described 

in this section. The design specifications for this filter are 0.1-db 

equal-ripple insertion loss in the pass band extending from zero frequency 

to 1.971 Gc, and at least 35-db attenuation at 2.168 Gc. A photograph 

of the filter constructed from coaxial elements using thel'split-block" 

coaxial line construction technique is shown in Fig. 7.03-1. 

The form of the 15-element low-pass prototype chosen for this filter 

has a series inductance as the first element, as illustrated in the 

schematic of Fig. 7.03-2(a). At the time this filter was designed the 

element values in Table 4.05-2(b) were not available, but the element 

values for filters containing up to 10 elements as listed inTable4.05-2(a) 

were available. Therefore, the 15-element prototype was approximated by 

using the nine-element prototype in Table 4.05-2(a), augmented by re- 

peating three times each of the two middle elements of the nine-element 

filter. Comparison of these values with the more recently obtained exact 

values from Table 4.05-2(b) shows that the end elements of the filter 

are about 1.2 percent too small and that the error in the element values 

increases gradually toward the center of the filter so that the center 

element is about 4.2 percent too small. These errors are probably too 



FIG. 7.03-1 A MICROWAVE LOW-PASS FILTER 
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small to be of significance in most applications. It should be noted 
that since tables going to n = 15 are now available, good designs for 

even larger n's can be obtained by augmenting n = 14 or n = 15 designs, 
in the above manner. 

The schematic of the lumped-constant prototype used in the design 

of the actual filter is shown in Fig. 7.03-2(a). This filter is scaled 
to operate at a 50-ohm impedance level with an angular band-edge fre- 

quency w, of 12.387 x 10' radians per second. The values of the in- 
ductances and capacitances used in the lumped-constant circuit are 

obtained frsm the low-pass prototype by means of Eqs. (4.04-3) and 
(4.04-4). That is, all inductances in the low-pass prototype are mul- 

tiplied by 50/(12.387 x 10') and all capacitances are multiplied by 
1/(50 x 12.387 x lo9). Sometimes, instead of working with inductance 

in henries and capacitance in farads, it is more convenient to work in 

terms of reactance and susceptance. Thus, a reactance w;L; for the 
prototype becomes simply wlLk = (w;L;)(Ro/Ri) for the actual filter, 

where Rb is the resistance of one of the prototype terminations and R o  
is the corresponding resistance for the scaled filter. Also, the shunt 
susceptances w;C; for the prototype become wlCI = (w;C; )(Ri/Ro) for the 

scaled filter. This latter approach will be utilized in the numerical 
procedures about to be outlined. 

The semi-lumped realization of a portion of the filter is shown in 

Fig. 7.03-2(b). It is constructed of alternate sections of high- 

impedance (Zh = 150 ohms) and low-impedance (2, = 10 ohms) coaxial line, 

chosen so that the lengths of the high-impedance line would be approxi- 

mately one-eighth wavelength at the equal-ripple band-edge frequency of 

1.971 Gc. The whole center conductor structure is held rigidly aligned 

by dielectric rings ( E ?  = 2.54) surrounding each of the low-impedance 

lengths of line. The inside diameter of the outer conductor was chosen 

to be 0.897 inch so that the 2.98-Gc cutoff frequency of the first 
higher-order mode* that can propagate in the low-impedance sections of 

the filter is well above the 1.971-Gc band-edge frequency of the filter. 

The values of the inductances and capacitances in the lumped-constant 

circuit, Fig. 7.03-2(a), are realized by adjusting the lengths of the 

high- and low-impedance lines respectively. 

The exact equivalent circuit of the semi-lumped realization of the 

first three end elements of the filter are shown in Fig. 7.03-2(c). 
In 

this figure Cfo is the fringing capacity at the junction of the SO-ohm 
terminating line and the 150-ohm line representing the first element in 

the filter, as determined from Fig. 5.07-2. 
Similarly, Cf is the fringing 

capacitance at each junction between the 10-ohm and 150-ohm lines in the 

filter. It is also determined from Fig. 5.07-2, neglecting the effect 

on fringing due to the dielectric spacers in 10-ohm lines. 
The velocity 

of propagation vh of a wave along the 150-ohm line is equal to the veloc- 

ity of light in free space while the velocity of propagation u l  along the 

10-ohm line is vh/<. 

Some of the 150-ohm lines in this filter attain electrical lengths 

of approximately 50 electrical degrees at the band-edge frequency ol. 

For lines of this length it has been found that the pass-band bandwidth 

is most closely approximated if the reactances of the lumped-constant 

inductive elements at frequency wl are matched to the exact inductive 

reactance of the transmission line elements at frequency ol using the 
formulas in Fig. 7.02-1. The inductive reactance of the 10-ohm lines 

can also be included as a small negative correction to the lengths of 

the 150-ohm lines. Following this procedure we have 

etc 

The capacitance of each shunt element in the low-pass filter in 

Fig. 7.03-2(a) is realized as the sum of the capacitance of a short 

length of 10-ohm line, plus the fringing capacitances between the 10-ohm 

line and the adjacent 150-ohm lines, plus the equivalent 150-ohm-line 

capacitance as lumped at the ends of the adjacent 150-ohm lines. 
Thus. 

we can determine the lengths of the 10-ohm lines by means of the 

An dincussed in  Snc. 5.03. the f i r s t  higher mode can occur when f 2 7.5l(b + d ) K ,  "here f is i n  Gc 
and b and d are the outer and inner dimwtera in inches. 

relations 



Yl lzw1 
w1c, = - Yhllal Yh13w1 

+ 2Cf&Jl + - + - mhos (7.03-2) 
v l  2vh 2vh 

etc. 

In Eqs. (7.03-1) above, the first term in each equation on the right 

is the major one, and the other terms on the right represent only small 

corrections. Thus, it is convenient to start the computations by neg- 

lecting all but the first term on the right in each of Eqs. (7.03-l), 
which makes it possible to solve immediately for preliminary values of 

the lengths 11, 13, 1 5 ,  etc., of the series-inductive elements. Having 

approximate values for 11, 13, 15, etc., it is then possible to solve 
each of Eqs. (7.03-2) for the lengths 12, 14, 16, etc., of the capacitive 
elements. Then, having values for 12, 11, 16, etc., these values may 

then be used in the correction terms in Eqs. (7.03-I), andEqs. (7.03-1) 

can then be solved to give improved values of the inductive element 

lengths 11, 13, 15, etc. 

The iterative process described above could be carried on to insert 

the improved values of 11, 1 3 ,  Z 5 ,  etc., in Eq. (7.03-2) in order to re- 
compute the lengths 12, 14, l,, etc. Hqwever, this is unnecessary because 

the last two terms on the right in each of Eqs. (7.03-2) are only small 
correction terms themselves, and a small correction in them would have 

negligible effect on the computed lengths of the capacitor elements. 

The reactance or susceptance form of Eqs. (7.03-1) and (7.03-2) is 
convenient because it gives numbers of moderate size and avoids the 

necessity of carrying multipliers such as 10-12. The velocity of light 
is v = 1.1803 x.lOlo/l/;r inches per second, so that the ratios ol/vh 

and ul/vh are of moderate size. 

The effect of the discontinuity capacitances Cfo and Yhl1/2v,, at 
the junction between the 50-ohm lines terminating the filter and the 

150-ohm lines comprising the first. inductive elements of the filter can 

be minimized by increasing the length of the 150-ohm lines by a small 

amount l o  to simulate the series inductance and shunt capacitance of a 

short length of 50-ohm line. The necessary line length L o  can be 

' ! determined from the relation 

= J  Series Inductance 

Zo = 50 = I  Shunt Capacitance 

I 

Solving for l o  gives 

Figure 7.03-3(a) shows the dimensions of the filter determined using 
I 

the above procedures, while Fig. 7.03-3(b) shows the measured response 

of the filter. It is seen that the maximum pass-band ripple level as 

determined from VSWR measurements is about 0.12 db over most of the pass 

band while rising to 0.2 db near the edge of the pass band. 
It is 

believed that the discrepancy between the measured  ass-band ripple 

MODIFIED UG-5eA/u 
TYPE N CONNECTOR 

"O.E.? ZJ~S'YTTT, SYTRAIGHT OF BOTM CONDUCTORS, TAPER 

0.276 INSIDE d l 0  0.428' 0.747" 50 ohms IMPEDANCE THROUGHOUT 
0.7'23' 0.747' 

5Oohm SECTION 
LENGTH TO SUIT 

FILTER SYMMETRICAL ABOUT MIDDLE. 

FIG. 7.03-3(a) DIMENSIONS OF THE FILTER IN FIG. 7.03-1 
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FIG. 7.03-3(c) A POSSIBLE PRINTED-CIRCUIT VERSION 
OF THE LOW-PASS FILTER IN FIG. 7.03-3(a) 

level and the theoretical 0.1-db level is caused primarily by the fact 

that the approximate prototype low-pass filter was used rather than the 

exact prototype as given in Table 4.05-2(b). The actual pass-band at- 

tenuation of the filter, which includes the effect of dissipation loss 

in the filter, rises to approximately 0.35 db near the edge of the pass 

band. This behavior is typical and is explained by the fact that d + / d ~ ' ,  

the rate of change of phase shift through the low-pass prototype filter 

as a function of frequency,is more rapid near the pass-band edge, and 

this leads to increased attenuation as predicted by Eq. (4.13-9). A more 

complete discussion of this effect is contained in Sec. 4.13. 

This filter was found to have some spurious responses in the vicinity 

of 7.7 to 8.5 Gc, caused by the fact that many of the 150-ohm lines in the 

filter were approximately a half-wavelength long at these frequencies. No 

other spurious responses were observed, however, at frequencies up through 

X-band. In situations where it is desired to suppress these spurious 

responses it is possible to vary the length and the diameter of the high- 

impedance lines to realize the proper values of series inductance, so 

that only a few of the lines will be a half-wavelength long at any fre- 

quency within the stop band. 

The principles described above for approximate realization of low- 

pass filters of the form in Fig. 7.03-2(a) can also be used with other 

types of filter constructions. For example, Fig. 7.03-3(c) shows how the 

filter in Fig. 7.02-3(a) would look if realized in printed-circuit, strip- 

line construction. The shaded area is the copper foil circuit which is 

photo-etched on a sheet of dielectric material. In the assembled filter 

the photo-etched circuit is sandwiched between two slabs of dielectric, 

and copper foil or metal plates on the outside surfaces serve as the 

ground planes. The design procedure is the same as that described above, 

except that in this case the line impedances are determined using 

Fig. 5.04-1 or 5.04-2, and the fringing capacitance Cf in Eqs. (7.03-2) 

is determined using Fig. 5.07-5. It should be realized that C; in 

Fig. 5.07-5 is the capacitance per unit length from one edge of the 

conductor to one ground plane.* Thus, Cf in Eqs. (7.03-2) is Cf = 2C;W,, 

where Wl is the width of the low-impedance line sections [Fig. 7.03-3(~)1 
The calculations then proceed exactly as described before. The relative 

If i n  computing C' from C'/E in  Fig.  5 . 0 7 - 5 ,  = 0 . 2 5 5 . ~ ~  x 10-l' is u e d .  then C' w i l l  have the units  of 
farads/ inch.  f f 



advantages and disadvantages of printed- 

circuit us. coaxial construction are 

discussed in Sec. 7.01. 

Low-Pass Fi 1 ters Designed from 
Prototypes Having Infinite Attenuation 

I I 
at Finite Frequencies-The prototype 

. - 
filters tabulated in Chapter 4 all have 
their frequencies of infinite attenuation 

0 WI W m b  w-o 

w- (see Secs. 2.02 to 2.04) at o = a. The ----  
1-352 7-zw corresponding microwave filters, such as 

the one just discussed in this section, 

F'G'7'03"4 ~ : ~ ~ ~ ~ ~ ~ [ ~ E ~ ~ ~ R  are of a form which is very practical to 
. - . - 

INFINITE ATTENUATION build and commonly used in microwave en- 
POINTS AT FINITE gineering. However, it is possible to 
FREQUENCIES -. 

design filters with an even sharper rate 
of cutoff for a given number of reactive 

elements, by using structures giving in- 
finite attenuation at finite frequencies. Figure 7.03-4 shows a 
Tchebyscheff attenuation characteristic of this type, while Fig. 7.03-5 

shows a filter structure which can give such a characteristic. 
Note that 

the filter structure has series-resonant branches connected in shunt, 

which short out transmission at the frequencies oms and omb, and thus 
give the corresponding infinite attenuation points shown in Fig. 7.03-4. 

In addition this structure has a second-order pole of attenuation at 
= since the oms and umb branches have no effect at that frequency, 

and the inductances L l ,  L and LI block transmission by having infinite 

FIG. 7.03-5 A FILTER STRUCTURE WHICH IS POTENTIALLY 
CAPABLE OF REALIZING THE RESPONSE IN 
FIG. 7.03-4 

series reactance, while C 6  shorts out transmission by having infinite 

shunt susceptance (see Sec. 2.04). 

Filters of the form in Fig. 7.03-5 having Tchebyscheff responses 

such as that in Fig. 7.03-4 are mathematically very tedious to design. 

However, Saal and ulbrich2 have tabulated element values for many cases. 

If desired, of course, one may obtain designs of this same general class 

by use of the classical image approach discussed in Secs. 3.06 and 3.08. 

Such image designs are sufficiently accurate for many less critical 

applications. 

COPPER FOIL 
GROUND PLANES 

PRINTED CIRCUIT 
IN CENTER 

TOP VIEW OF COPPER 
PRINTED CIRCUIT 

END VIEW 
OF FILTER 
A-3527-252 

FIG. 7.03-6 A STRIP-LINE PRINTED-CIRCUIT FILTER WHICH CAN 
APPROXIMATE THE CIRCUIT IN FIG. 7.03-5 

Figure 7.03-6 shows how the filter in Fig. 7.03-5 can be realized, 

approximately, in printed-circuit, strip-line construction. 
Using this 

construction, low-loss dielectric sheets are used, clad on one or both 

sides with thin copper foil. The circuit is photo-etched on one side of 

one sheet, and the printed circuit is then sandwiched between the first 

sheet of dielectric and a second sheet, as shown at the right in the 

figure. Often, the ground planes consist simply ofthecopper foil onthe 

outer sides of the dielectric sheets. 

The L's and C's shown in Fig. 7.03-6 indicate portions of the strip 

line circuit which approximate specific elements in Fig. 7.03-5. 
The 

various elements are seen to be approximated by use of short lengths of 

high- and low-impedance lines, and the actual dimensions of the line 



e l  emen t s  a r e  computed a s  d i s c u s s e d  

a c c u r a c y ,  t h e  s h u n t  c a p a c i t a n c e  o f  

compensated  f o r  i n  t h e  d e s i g n .  By 

i n  S e c .  7 . 0 2 .  I n  o r d e r  t o  o b t a i n  bes t  

t h e  i n d u c t i v e  l i n e  e l e m e n t s  s h o u l d  be 

F i g .  7 . 0 2 - l ( c )  t h e  l e n g t h s  o f  t h e  
i n d u c t i v e - l i n e - e l e m e n t s  c a n  b e  computed by t h e  e q u a t i o n  

w'L k 
s i n - '  - , 

Zk 

and t h e  r e s u l t i n g  e q u i v a l e n t  c a p a c i t i v e  s u s c e p t a n c e  a t  e a c h  e n d  o f  t h e  

p i - e q u i v a l e n t  c i r c u i t  o f  i n d u c t i v e - l i n e - e l e m e n t  k is  t h e n  

1 ~ 1 1 k  
w l ( ~ , , ) k  a - t a n  - 

z k  2v 

where  wl i s  t h e  c u t o f f  f r e q u e n c y ,  Zk i s  t h e  c h a r a c t e r i s t i c  impedance  of  

i n d u c t i v e - l i n e - e l e m e n t  k ,  l k  i s  t h e  l e n g t h  o f  t h e  l i n e  e l e m e n t ,  and  v i s  

a g a i n  t h e  v e l o c i t y  o f  p r o p a g a t i o n .  Now, f o r  example ,  a t  t h e  j u n c t i o n  o f  
t h e  i n d u c t i v e  l i n e  e l e m e n t s  f o r  L 1 ,  L 2 ,  and L J  i n  F i g .  7 .03 -6  t h e r e  i s  

an  unwanted t o t a l  e q u i v a l e n t  c a p a c i t i v e  s u s c e p t a n c e  o f  wlCL = o l ( C n )  + 
~ ~ ( c , , ) ~  + w I ( c , , )  due t o  t h e  t h r e e  i n d u c t a n c e  l i n e  e l e m e n t s .  The un- 
wanted  s u s c e p t a n c e  wlCL c a n  be  compensa t ed  f o r  by c o r r e c t i n g  t h e  s u s -  

c e p t a n c e  o f  t h e  s h u n t  b r a n c h  formed by L2 and  Cz s o  t h a t  

where  B2 i s  t h e  s u s c e p t a n c e  a t  f r e q u e n c y  ol o f  t h e  b r a n c h  fo rmed  by  L2 

and C2 i n  F i g .  7 .03 -5 ,  and  B; i s  t h e  s u s c e p t a n c e  o f  a  " compensa t ed"  s h u n t  

b r a n c h  which h a s  L2 and Cz a l t e r e d  t o  become L; and C ;  i n  o r d e r  t o  com- 

p e n s a t e  f o r  t h e  p r e s e n c e  o f  C L .  S o l v i n g  Eq. ( 7 . 0 3 - 5 )  * fo r  u l C ;  and 04; 
g i v e s  

where  

Then t h e  s h u n t  b r a n c h  i s  r e d e s i g n e d  u s i n g  t h e  compensa t ed  v a l u e s  L; and 

C; which  s h o u l d  b e  o n l y  s l i g h t l y  d i f f e r e n t  f rom t h e  o r i g i n a l  v a l u e s  

computed b y  n e g l e c t i n g  t h e  c a p a c i t a n c e  o f  t h e  i n d u c t i v e  e l e m e n t s .  

I n  f i l t e r s  c o n s t r u c t e d  a s  shown i n  F i g .  7 . 0 3 - 6  ( o r  i n  f i l t e r s  of  

any a n a l o g o u s  p r a c t i c a l  c o n s t r u c t i o n )  t h e  a t t e n u a t i o n  a t  t h e  f r e q u e n c i e s  

wma and  ( s e e  F i g .  7 . 0 3 - 4 )  w i l l  be f i n i t e  a s  a  r e s u l t  of l o s s e s  i n  

t h e  c i r c u i t .  N e v e r t h e l e s s ,  t h e  a t t e n u a t i o n  s h o u l d  r e a c h  h i g h  p e a k s  a t  

t h e s e  f r e q u e n c i e s ,  and t h e  r e s p o n s e  s h o u l d  have  t h e  g e n e r a l  fo rm i n  

F i g .  7 . 0 3 - 4 ,  a t  l e a s t  up t o  s t o p - b a n d  f r e q u e n c i e s  where  t h e  l i n e  e l e m e n t s  

a r e  o f  t h e  o r d e r  o f  a  q u a r t e r - w a v e l e n g t h  l o n g .  

Example-One o f  t h e  d e s i g n s  t a b u l a t e d  i n  Ref .  2  g i v e s  n o r m a l i z e d  

e l e m e n t  v a l u e s  f o r  t h e  c i r c u i t  i n  F ig .  7 . 0 3 - 5  which a r e  a s  f o l l o w s :  

T h i s  d e s i g n  h a s  a  maximum p a s s - b a n d  r e f l e c t i o n  c o e f f i c i e n t  o f  0 . 2 0  

( 0 . 1 7 9  db  a t t e n u a t i o n )  and a  t h e o r e t i c a l  minimum s top -band  a t t e n u a t i o n  

o f  3 8 . 1  d b  w h i c h  i s  r e a c h e d  b y  a  f r e q u e n c y  w' = 1 . 1 9 4  w l .  AS a n  example  

o f  how t h e  d e s i g n  c a l c u l a t i o n s  f o r  s u c h  a  f i l t e r  w i l l  g o ,  c a l c u l a t i o n s  

w i l l  be  made t o  o b t a i n  t h e  d i m e n s i o n s  o f  t h e  p o r t i o n s  of  t h e  c i r c u i t  i n  

F i g .  7 . 0 3 - 6  w h i c h  a p p r o x i m a t e  e l e m e n t s  L1 t o  L 3 .  The impedance  l e v e l  i s  

t o  b e  s c a l e d  s o  t h a t  Z o  = 50  ohms, and s o  t h a t  t h e  u n - n o r m a l i z e d  c u t o f f  

f r e q u e n c y  i s  f l  = 2 Gc o r  wl = ( 2 n ) 2  x l o 9  = 1 2 . 5 5  X l o 9  r a d i a n s / s e c .  

A p r i n t e d - c i r c u i t  c o n f i g u r a t i o n  w i t h  a  ground- lane s p a c i n g  of  

b = 0 . 2 5  i n c h  u s i n g  d i e l e c t r i c  w i t h  E ,  = 2 . 7  i s  assumed. Then,  f o r  t h e  

i n p u t  a n d  o u t p u t  l i n e  &,zo = 1 . 6 4  ( 5 0 )  = 8 2 ,  and by F ig .  5 . 0 4 - 1 ,  

wo/b = 0 . 7 1 ,  and a  w i d t h  W,, = 0 . 7 1  ( 0 . 2 5 )  = 0 . 1 7 8  i n c h  i s  r e q u i r e d .  



Now v = 1 .1803  x lo1' /< i n c h e s / s e c  
S i m i l a r  c a l c u l a t i o n s  f o r  Lg g i v e  l 3  = 0.302 i n c h  and 

ol(C,) = 0.0022 mho, where Z3 i s  taken  t o  be 118 ohms a s  was Z l .  Then 

t h e  n e t  unwanted s u s c e p t a n c e  due t o  l i n e  c a p a c i t a n c e  a t  t h e  j u n c t i o n  of 

L1, L 2 ,  and LJ i s  

I WICL = ", (C,J, + W, (CJ2 + ",(CJ3 = 0 '0049  mho . 
For i n d u c t o r  L1, a l L l  = a ;L; (Zo/zb)  1 ( 0 . 8 2 1 4 ) ( 5 0 ) / 1  - 4 1 . 1  ohms. 
Assuming a  l i n e  impedance of Z, = 118 ohms, <.Z1 = 1 9 3 ,  and F i g .  5 . 0 4 - 1  

Now w l ~ 2  = w;c;(z;/zO) = 1 ( 1 . 0 8 4 ) / 5 0  = 0.0217 mhos- Then by Eq- ( 7 . 0 3 - 8 )  
c a l l s  f o r  a  l i n e  wid th  of V1 = 0.025 inch.  Then t h e  l e n g t h  o f  t h e  I 

L 1 - i n d u c t i v e  e lement  is 1 
( = 19 .45(0 .0217)  = 0.422 . 

The e f f e c t i v e ,  unwanted c a p a c i t i v e  s u s c e p t a n c e  a t  each  end o f  t h i s  

i n d u c t i v e  l i n e  is 

l 

and by Eq. ( 7 . 0 3 - 6 )  t h e  compensated v a l u e  f o r  olC2 i s  

0.204 Now t h e  compensated v a l u e  f o r  w1L2 i s  

2 (0 .573)118  
= 0.0015 mho . 

/ "1 \ 2  1 

A f t e r  some e x p e r i m e n t a t i o n  i t  i s  found t h a t  i n  o r d e r  t o  k e e p  t h e  

l i n e  e lement  which r e a l i z e s  Lz from b e i n g  e x t r e m e l y  s h o r t ,  i t  is d e s i r a b l e  

t o  use a  lower l i n e  impedance o f  Zz = 90 ohms, which g i v e s  a  s t r i p  w i d t h  

of W2 0 .055 inch .  Then = u;L;(Z0/Z;) = 19.95 and 

1, = - W & Z  1 9 . 9 5  
s i n - '  - = 0.573 s i n - '  - * 0.128 i n c h  . 

'5 2 90 

wlL: = \c) = 
22.3 ohms . 

Then t h e  compensated v a l u e  f o r  t h e  l e n g t h  l 2  of  t h e  l i n e  f o r  L2 i s  

22 .3  
l 2  1 0 . 5 7 3 s i n - '  - 9 0  = 0.144 inch  . 

1 "1 l2 0 .128 
O1(Cn) 3 - - - = 

2  v, Z2 2(0 .573)90  = 0.0012 mho . 



To c o r r e c t  f o r  t h e  f r i n g i n g  c a p a c i t a n c e  a t  t h e  e n d s  o f  t h i s  s t r i p  we 

f i r s t  u s e  Eq. ( 7 . 0 2 - 1 )  t o  o b t a i n  t h e  l i n e  c a p a c i t a n c e  

Then by F i g .  5 . 0 7 - 5 ,  C;/E = 0 . 4 5 ,  and by Eq. ( 7 . 0 2 - 2 )  we n e e d  t o  s u b t r a c t  
abou t  

i n c h  

f rom e a c h  e n d  o f  t h e  c a p a c i t i v e  s t r i p ,  r e a l i z i n g  C; i n  o r d e r  t o  c o r r e c t  

f o r  e n d - f r i n g i n g .  The  c o r r e c t e d  l e n g t h  o f  t h e  s t r i p  is t h e n  
1 - 2A1 = 0 . 2 2 2  i n c h .  T h i s  c a l c u l a t i o n  i g n o r e s  t h e  a d d i t i o n a l  

C? f r i n g i n g  f rom t h e  c o r n e r s  o f  t h e  C2 s t r i p  ( F i g .  7 . 0 3 - 6 ) ,  b u t  t h e r e  a p -  

p e a r  t o  b e  n o  s a t i s f a c t o r y  d a t a  f o r  e s t i m a t i n g  t h e  c o r n e r - f r i n g i n g .  The 
c o r n e r - f r i n g i n g  w i l l  b e  c o u n t e r - b a l a n c e d  i n  some d e g r e e  b y  t h e  l o s s  i n  

c a p a c i t a n c e  d u e  t o  t h e  s h i e l d i n g  e f f e c t  o f  t h e  l i n e  wh ich  r e a l i z e s  L 2 .  

I n  t h i s  manner t h e  d i m e n s i o n s  o f  t h e  p o r t i o n s  o f  t h e  c i r c u i t  i n  

F i g .  7 . 0 3 - 6  which a r e  t o  r e a l i z e  L1 ,  L 2 ,  CZ, and  L 3  i n  F i g .  7 . 0 3 - 5  a r e  

f i x e d .  I t  would b e  p o s s i b l e  t o  compensa t e  t h e  l e n g t h  o f  t h e  l i n e  

r e a l i z i n g  L1 s o  a s  t o  c o r r e c t  f o r  t h e  f r i n g i n g  c a p a c i t a n c e  a t  t h e  j u n c t i o n  

between L1 and  Zo  ( F i g .  7 . 0 3 - 6 1 ,  b u t  i n  t h i s  c a s e  t h e  c o r r e c t i o n  would be 

v e r y  s m a l l  and d i f f i c u l t  t o  d e t e r m i n e  a c c u r a t e ]  y. 

SEC. 7 . 0 4 ,  LOW- PASS CORRUGATED- WAVEGUIDE FILTER 

A  l o w - p a s s *  c o r r u g a t e d - w a v e g u i d e  f i l  t e r  o f  t h e  t y p e  i l  I  u s t r a t e d  

s c h e m a t i c a l l y  i n  F i g .  7 . 0 4 - 1  c a n  b e  d e s i g n e d  t o  h a v e  a  w i d e ,  w e l l - m a t c h e d  

. 
That i s  the f i l t e r  is low-pass  i n  nature except for the c u t o f f  e f f e c t  o f  t h e  waveguide .  
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- 0 4  

END VIEW SIDE VIEW 1-3321-231 

SOURCE: Proc. IRE (See Ref. 4 by S. B. Cohn) 

FIG. 7.04-1 A LOW-PASS CORRUGATED WAVEGUIDE FILTER 

p a s s  band and a wide ,  h i g h - a t t e n u a t i o n  s t o p  b a n d ,  f o r  power p r o p a g a t i n g  

i n  t h e  dominan t  TElo  mode. B e c a u s e  t h e  c o r r u g a t i o n s  a r e  un i fo rm a c r o s s  

t h e  w i d t h  o f  t h e  waveguide  t h e  c h a r a c t e r i s t i c s  o f  t h i s  f i l t e r  d e p e n d  

o n l y  on t h e  g u i d e  wave leng th  o f  t h e  TEno modes p r o p a g a t i n g  t h r o u g h  t h e  

f i l t e r ,  and  n o t  on  t h e i r  f r e q u e n c y .  T h e r e f o r e ,  w h i l e  t h i s  t y p e  o f  f i l t e r  

c a n  b e  d e s i g n e d  t o  have  h i g h  a t t e n u a t i o n  o v e r  a  p a r t i c u l a r  f r e q u e n c y  band 

f o r  power p r o p a g a t i n g  i n  t h e  TElo  mode, i t  may o f f e r  l i t t l e  o r  no  a t t e n u -  

a t i o n  t o  power i n c i d e n t  upon i t  i n  t h e  TEzo o r  TE30 modes i n  t h i s  same 

f r e q u e n c y  b a n d ,  i f  t h e  g u i d e  w a v e l e n g t h s  o f  t h e s e  modes f a l l s  w i t h i n  t h e  

r a n g e  o f  g u i d e  w a v e l e n g t h s  which w i l l  g i v e  a  p a s s  band i n  t h e  f i l t e r  

r e s p o n s e .  

A  t e c h n i q u e  f o r  s u p p r e s s i n g  t h e  p r o p a g a t i o n .  o f  t h e  h i g h e r - o r d e r  TEno  

modes,  c o n s i s t i n g  o f  c u t t i n g  l o n g i t u d i n a l  s l o t s  t h r o u g h  t h e  c o r r u g a t i o n s ,  

t h u s  making a  " w a f f l e - i r o n "  f i l t e r ,  i s  d e s c r i b e d  i n  Sec .  7 . 0 5 .  However ,  

t h e  p r o c e d u r e  f o r  d e s i g n i n g  t h e  u n s l o t t e d  c o r r u g a t e d  waveguide  f i l t e r  

w i l l  be  d e s c r i b e d  h e r e  b e c a u s e  t h i s  t y p e  o f  f i l t e r  i s  u s e f u l  i n  many a p -  

p l i c a t i o n s ,  a n d  a n  u n d e r s t a n d i n g  o f  d e s i g n  t e c h n i q u e s  f o r  i t  i s  h e l p f u l  

i n  u n d e r s t a n d i n g  t h e  d e s i g n  t e c h n i q u e s  f o r  t h e  w a f f l e - i r o n  f i l t e r .  

The d e s i g n  o f  t h e  c o r r u g a t e d  waveguide  f i l t e r  p r e s e n t e d  h e r e  f o l l o w s  

c l o s e l y  t h e  image  p a r a m e t e r  method d e v e l o p e d  by ~ o h n . ~ ' ~  When b 5 1 t h e  

d e s i g n  o f  t h i s  f i l t e r  can  be c a r r i e d  o u t  u s i n g  t h e  lumped-e l emen t  p r o t o -  

t y p e  a p p r o a c h  d e s c r i b e d  i n  Sec .  7 . 0 3 ;  however ,  t h e  p r e s e n t  d e s i g n  a p p l i e s  

f o r  u n r e s t r i c t e d  v a l u e s  o f  b .  V a l u e s  o f  1 '  a r e  r e s t r i c t e d ,  however ,  t o  



be g r e a t e r  t h a n  about  bf/2 s o  t h a t  t h e  f r i n g i n g  f i e l d s  a t  e i t h e r  end 

o f  t h e  l i n e  s e c t i o n s  of  l e n g t h  1'  w i l l  n o t  i n t e r a c t  w i t h  each  o t h e r .  

F i g u r e  7.04-2 i l l u s t r a t e s  t h e  image p a r a m e t e r s  of  t h i s  t y p e  o f  

f i l t e r  a s  a  f u n c t i o n  of f r e q u e n c y .  The pass  band e x t e n d s  from f c ,  t h e  

c u t o f f  f r e q u e n c y  of  t h e  waveguide,  t o  f l ,  t h e  upper  c u t o f f  f r e q u e n c y  

FIG. 7.04-2 IMAGE PARAMETERS OF  A SECTION OF  A 
CORRUGATED WAVEGUIDE FILTER 

of t h e  f i r s t  p a s s  band o f  t h e  f i l t e r .  A t  t h e  i n f i n i t e  a t t e n u a t i o n  f r e -  

quency, f,, t h e  image phase  s h i f t  p e r  s e c t i o n  changes  a b r u p t l y  from 180 
t o  360 d e g r e e s .  The f r e q u e n c y  f 2  i s  t h e  lower c u t o f f  f requency  o f  t h e  

second p a s s  band. The n o r m a l i z e d  image a d m i t t a n c e  y I  o f  t h e  f i l t e r  i s  

maximum a t  f c  (where t h e  g u i d e  wave leng th  kg = a) and z e r o  a t  f l  (where 

kg = kg'). I I 

The e q u i v a l e n t  c i r c u i t  o f  a  s i n g l e  h a l f - s e c t i o n  o f  t h e  f i l t e r  i s  1 
i l l u s t r a t e d  i n  F i g ,  7.04-3. F o r  conven ience  a 1 1  a d m i t t a n c e s  a r e  normalazed 

w i t h  r e s p e c t  t o  t h e  waveguide c h a r a c t e r i s t i c  a d m i t t a n c e  of t h e  p o r t r o n s  of I 

I 

FIG. 7.04-3 NORMALIZED EQUIVALENT 
CIRCUIT OF A WAVEGUIDE 
CORRUGATED FILTER 
HALF-SECTION 
y o ,  and yOP are normalized 
characteristic admittances 
and yI is the normalized 
image admittance 

t h e  f i l t e r  of h e i g h t  b and w i d t h  a .  Thus, t h e  normal ized  c h a r a c t e r i s t i c  

a d m i t t a n c e  of t h e  t e r m i n a t i n g  l i n e s  a r e  b/bT, where b and b r  a r e  d e f i n e d  

i n  F ig .  7.04-1. 

The ha1 f - s e c  t i o n  open- and s h o r t - c i r c u i t  s u s c e p t a n c e s  a r e  g i v e n  by 

where 

and 

s = bl/b . 



The s u s c e p t a n c e s  marked o c  a r e  e v a l u a t e d  w i t h  t h e  e n d s  o f  t h e  w i r e s  on  

t h e  r i g h t  i n  F i g .  7 . 0 4 - 3  l e f t  o p e n - c i r c u i t e d ,  w h i l e  t h e  s u s c e p t a n c e s  

marked s c  a r e  e v a l u a t e d  w i t h  t h e  e n d s  o f  t h e  w i r e s  on  t h e  r i g h t  a l l  

s h o r t e d  t o g e t h e r  a t  t h e  c e n t e r  l i n e .  

When S 2 0 . 1 5 ,  t h e  s h u n t  s u s c e p t a n c e  B c ,  i s  g i v e n  a c c u r a t e l y  by  t h e  

e q u a t i o n  

and  t h e  s e r i e s  s u s c e p t a n c e  B c ,  h a s  t h e  v a l u e  

where  

The  n o r m a l i z e d  image a d m i t t a n c e  y I  = i s  

c o t  

S 

and  t h e  image p r o p a g a t i o n  c o n s t a n t  f o r  a  f u l l  s e c t i o n  i s  

where 8' 3 2 ~ 1 ' ~ ' ~ ~  i s  t h e  e l e c t r i c a l  l e n g t h  o f  t h e  l ow- impedance  l i n e s  

o f  l e n g t h  1 ' . *  

The a t t e n u a t i o n  p e r  s e c t i o n  o f  a c o r r u g a t e d  f i l t e r  can  be  computed 

by u s e  o f  Eq. ( 7 . 0 4 - 8 a )  ( f o r  f r e q u e n c i e s  where  t h e  e q u i v a l e n t  c i r c u i t  i n  

F i g .  7 . 0 4 - 3  a p p l i e s ) .  However, o n c e  t h e  image c u t o f f  f r e q u e n c y  o f  t h e  

s e c t i o n s  h a s  b e e n  d e t e r m i n e d ,  w i t h  i t s  c o r r e s p o n d i n g  g u i d e  w a v e l e n g t h  

A g l  , t h e  a p p r o x i m a t e  formul a  

i s  c o n v e n i e n t ,  where  A g  i s  t h e  g u i d e  w a v e l e n g t h  a t  a  s p e c i f i e d  s t o p - b a n d  

f r e q u e n c y .  E q u a t i o n  ( 7 . 0 4 - 8 b )  i s  b a s e d  on Eq. ( 3 . 0 6 - 7 )  which i s  f o r  

l umped-e l emen t  f i l t e r s .  Thus ,  Eq. ( 7 . 0 4 - 8 b )  a s sumes  t h a t  t h e  c o r r u g a t i o n s  

a r e  s m a l l  compared t o  a  w a v e l e n g t h .  Note  t h a t  a  s e c t i o n  of  t h i s  f i l t e r  i s  

d e f i n e d  a s  t h e  r e g i o n  f rom t h e  c e n t e r  of  one  t o o t h  o f  t h e  c o r r u g a t i o n  t o  

t h e  c e n t e r  o f  t h e  n e x t  t o o t h .  The  a p p r o x i m a t e  t o t a l  a t t e n u a t i o n  i s ,  o f  

c o u r s e ,  t i m e s  t h e  number o f  s e c t i o n s .  

E q u a t i o n s  ( 7 . 0 4 - 7 )  and ( 7 . 0 4 - 8 a )  can  b e  i n t e r p r e t e d  most e a s i l y  w i t h  

t h e  a i d  o f  F i g .  7 . 0 4 - 4 ,  which shows a  s k e t c h  of  t h e  q u a n t i t i e s  i n  t h e s e  

e q u a t i o n s  a s  a  f u n c t i o n  of  r e c i p r o c a l  g u i d e  w a v e l e n g t h .  I t  i s  s e e n  t h a t  

t h e  image c u t o f f  f r e q u e n c y  f l  a t  which y I  = 0 ,  i s  d e t e r m i n e d  by t h e  

c o n d i t i o n  t h a t  

0 '  
t a n  - 

2 
b 1 . t  - = o .  

6 

The equation. used here for yI  and y are e s s e n t i a l l y  the same an equations which can be found i n  
Table 3.03-1. Their  v a l i d i t y  for the case i n  Fig. 7.04-3, where there are more than two terminal. on 
the r i g h t ,  can be proved by use o f  B a r t l e t t ' ~  B i sec t ion  ~heorem.5 



FIG. 7.04-4 GRAPH OF QUANTIT4ES WHICH DETERMINE CRITICAL FREQUENCIES 
IN CORRUGATED-WAVEGUIDE FILTER RESPONSE 

The i n f i n i t e  a t t e n u a t i o n  f r e q u e n c y  f, i s  d e t e r m i n e d  by t h e  c o n d i t i o n  

t h a t  

F i n a l l y ,  t h e  image c u t o f f  f r e q u e n c y  f ,  a t  t h e  u p p e r  edge  o f  t h e  f i r s t  
s t o p  band i s  d e t e r m i n e d  f rom t h e  c o n d i t i o n  t h a t  

D e s i g n  P rocedure -One  c a n  d e s i g n  c o r r u g a t e d  waveguide  f i l t e r s  by 

means o f  Eqs .  ( 7 . 0 4 - 1 )  t o  ( 7 . 0 4 - l l ) ,  u s i n g  computed v a l u e s  o f  b : c  and b : ,  

o r  t h e  v a l u e s  p l o t t e d  by cohn3 f o r  l / b  = 1 / n ,  1 / 2 n ,  and  1 / 4 n .  A1 t e r n a -  

t i v e l y  one  c a n  u s e  t h e  v a l u e s  o f  b b c  and b : ,  d e r i v e d  f r o m  t h e  e q u i v a l e n t  

c i r c u i t  o f  a  waveguide  E- lane T - j u n c t i o n  a s  t a b u l a t e d  by ~ a r c u v i t t  f o r  

l / b '  2 1 . 0 .  However,  i t  i s  g e n e r a l l y  e a s i e r  t o  u s e  t h e  d e s i g n  g r a p h s  

386 

( F i g s .  7 . 0 4 - 5 ,  7 . 0 4 - 6 ,  and 7 . 0 4 - 7 )  p r e p a r e d  by ~ o h n , ~  which a r e  a c c u r a t e  

t o  w i t h i n  a  few p e r c e n t  f o r  8 5 0 .20 . ;  I n  u s i n g  t h e s e  g r a p h s  t h e  f i r s t  

s t e p  i s  t o  s p e c i f y  f , ,  f l ,  and f,. The w i d t h  a i s  t h e n  f i x e d ,  s i n c e  

where a i s  m e a s u r e d  i.n i n c h e s  and ( f c ) c c  i n  g i g a c y c l e s .  V a l u e s  o f  k K l  

and kK, m e a s u r e d  i n  i n c h e s  a r e  t h e n  c a l c u l a t e d  i n  t h e  u s u a l  way f rom t h e  

r e l a t i o n  

1 1 . 8  
'gn 

( 7 . 0 4 - 1 3 )  

u s i n g  n = 1 and  n  = m. 

SOURCE: Proc. IRE (Sea Ref. 7 by S. 8.  Cohn) 

FIG. 7.04-5 DESIGN GRAPH GIVING THE PARAMETER b 
USED IN SEC. 7.04 

It rill b e  noted t h a t  u se  of Cohn'a graphs  bypaasas  the use o f  Eqs. (7 .04-5)  and (7 .04-6) .  which were 
acsuraca f o r  s I- 0.15. 
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SOURCE: Proc. IRE (See Ref. 7 by S .  B. Cohn) 

FIG. 7.046 DESIGN GRAPH GIVING THE PARAMETER G 
USED IN SEC. 7.04 

SOURCE: Roc. IRE (Sea Ref. 7 by S. B. Cohnl 

FIG. 7.04-7 INFINITE-ATTENUATION- 
WAVELENGTH CURVE 

The n e x t  s t e p  i n  t h e  f i l t e r  d e s i g n  i s  t o  c h o o s e  a  c o n v e n i e n t  v a l u e  

o f  l / b .  Using  t h i s  v a l u e  o f  l / b  and  t h e  v a l u e  o f  k g l / h g ,  one t h e n  e n t e r s  

F i g .  7 . 0 4 - 5  and  d e t e r m i n e s  b / k I 1  and  b , , / A g l ,  t h u s  f i x i n g  t h e  v a l u e s  o f  

b ,  b e ,  and  1 .  H e r e  b o  i s  t h e  t e r m i n a t i n g  g u i d e  h e i g h t  which w i l l  m a t c h  

t h e  f i l t e r  a s  k g  a p p r o a c h e s  i n f i n i t y .  Then one  d e t e r m i n e s  t h e  d e s i g n  

p a r a m e t e r  G f rom F i g .  < 7 .04 -6  i n  t e r m s  o f  l / b  and b / A g l .  F i n a l l y ,  o n e  

a s sumes  a  v a l u e  o f  6 = 0 . 2 0  and  c a l c u l a t e s  1' f rom t h e  r e l a t i o n  

I f  l ' / b f  i s  l e s s  t h a n  0 . 5 ,  a  d i f f e r e n t  v a l u e  o f  6 s h o u l d  be  used .  

The image a d m i t t a n c e  i n  t h e  p a s s  band o f  t h e  f i l t e r ,  n o r m a l i z e d  t o  

a  g u i d e  o f  h e i g h t  b ,  i s  g i v e n  t o  v e r y  good a p p r o x i m a t i o n  by 

where  h g l  i s  t h e  g u i d e  w a v e l e n g t h  a t  f r e q u e n c y  f l u  I n  o r d e r  t h a t  a  

p e r f e c t  ma tch  t o  t h e  f i l t e r  b e  a c h i e v e d  a t  some f r e q u e n c y  f a  ( f o r  wh ich  

k g  = kg . ) ,  t h e  h e i g h t  b T  of  t h e  t e r m i n a t i n g  g u i d e  may be  a d j u s t e d  s o  t h a t  

I f  b o  = 0 . 7  b T  a  f a i r l y  good o v e r - a l l  match  i n  t h e  p a s s  band i s  o b t a i n e d .  

The amount o f  m i s m a t c h  can be  e s t i m a t e d  by u s e  o f  Eq. ( 7 . 0 4 - 1 5 )  a n d  

F i g .  3 . 0 7 - 2 ,  whe re  t h e  a b s c i s s a  o f  F i g .  3 . 0 7 - 2  i s  d = y I b T / b .  A s u p e r i o r  

a l t e r n a t i v e  f o r  a c h i e v i n g  a  w i d e - b a n d  ma tch  i s  t o  u s e  t r a n s f o r m i n g  e n d  

s e c t i o n s  a s  d e s c r i b e d  i n  Sec .  3 . 0 8 .  I n  t h i s  c a s e ,  o n e  s e t s  b o  = b T ,  b o t h  

f o r  t h e  i n t e r n a l  s e c t i o n s  and f o r  t h e  t r a n s f o r m i n g  end s e c t i o n s .  However,  

t h e  i n t e r n a l  s e c t i o n s  a r e  d e s i g n e d  t o  have  a  c u t o f f  a t  h g l ,  w h i l e  t h e  

t r a n s f o r m i n g  e n d  s e c t i o n s  a r e  d e s i g n e d  t o  have  t h e i r  c u t o f f  a t  a b o u t  

A g l / l .  3 .  



An e x p l i c i t  r e l a t i o n  f o r  b/h8, i n  t e rms  o f  l / b  is a l s o  p r e s e n t e d  

i n  F ig .  7 . 0 4 - 7 ,  which i s  o f t e n  u s e f u l  i n  d e s i g n  work. 

U n f o r t u n a t e l y  c o h n ' s 7  s i m p l i f i e d  d e s i g n  p r o c e d u r e  does  n o t  e n a b l e  

one t o  s p e c i f y  f2. However, i t  i s  g e n e r a l l y  found t h a t  f 2  is  o n l y  about 

20% h i g h e r  i n  f r e q u e n c y  t h a n  f,. T h e r e f o r e ,  i t  i s  wise  i n  a n y  d e s i g n  
s i t u a t i o n  t o  p l a c e  f, q u i t e  n e a r  t h e  upper  edge  o f  t h e  p r e s c r i b e d  s t o p  

band. 

The l e n g t h  1 ' /2  of  t h e  low-impedance l i n e  o f  h e i g h t  b ' ,  c o n n e c t i n g  

t o  t h e  t e r m i n a t i n g  l i n e  o f  h e i g h t  bT,  must b e  reduced  by a n  amount A1' 
t o  account  f o r  t h e  d i s c o n t i n u i t y  s u s c e p t a n c e  B of  t h e  j u n c t i o n .  T h i s  i s  
i l l u s t r a t e d  i n  F ig .  7 .04-1 .  The amount o f  A1' t h a t  t h e  l i n e  s h o u l d  b e  

d e c r e a s e d  i n  l e n g t h  i s  g i v e n  by t h e  e x p r e s s i o n  

where Yo i s  t h e  c h a r a c t e r i s t i c  a d m i t t a n c e  o f  t h e  t e r m i n a t i n g  l i n e .  The 
a p p r o p r i a t e  v a l u e  o f  [(A8/bT) (B/Yo)] i s  e a s i l y  de te rmined  from F i g .  5.07-11. 

Two examples  of  t h i s  p r o c e d u r e  a s  a p p l i e d  t o  t h e  d e s i g n  o f  w a f f l e -  

i r o n  f i l t e r s  w i l l  be p r e s e n t e d  i n  t h e  n e x t  s e c t i o n .  

SEC. 7 . 0 5 ,  LOW-PASS WAFFLE- IRON FILTERS * 
HAVING VERY WIDE STOP BANDS 

T h i s  s e c t i o n  d e s c r i b e s t h e  designof low-pass c o r r u g a t e d w a v e g u i d e  f i l -  

t e r s  c o n t a i n i n g  l o n g i t u d i n a l  s l o t s  c u t  th rough  t h e c o r r u g a t i o n s .  These  types  
of  f i l t e r ,  known a s  w a f f l e - i r o n  f i l t e r s ,  have  wide,  w e l l  matched p a s s  bands 

a n d w i d e ,  h i g h - a t t e n u a t i o n  s t o p  bands which can  be  made t o  b e  f r e e o f  s p u r i o u s  

r e s p o n s e s  f o r  a l l  modes. S e v e r a l  s p e c i f i c  d e s i g n s  w i l l  be  d i s c u s s e d .  

F i g u r e  7 .05-1  i s  a  d rawing  o f  a  w a f f l e - i r o n  f i l t e r ,  i l l u s t r a t i n g  t h e  

meta l  i s l a n d s ,  o r  b o s s e s  ( f rom which i t  d e r i v e s  i t s  name) l y i n g  between 

t h e  l o n g i t u d i n a l  and t r a n s v e r s e  s l o t s .  I n  t h e s e  f i l t e r s  i t  i s  e s s e n t i a l  
t h a t  t h e  c e n t e r - t o - c e n t e r  s p a c i n g  of  t h e  b o s s e s  be  no g r e a t e r  t h a n  a  h a l f  

of  a  f r e e - s p a c e  wavelength a t  t h e  h i g h e s t  r e q u i r e d  s t o p - b a n d  f r e q u e n c y .  

Under t h e s e  c o n d i t i o n s  t h e  w a f f l e - i r o n  s t r u c t u r e  is e s s e n t i a l l y  i s o t r o p i c  

and h a s  t h e  same c h a r a c t e r i s t i c s ,  a t  a  g i v e n  f r e q u e n c y ,  f o r  TEM waves 

* 
This  t y p e  o f  f i l t a r  was o r i # i n a t e d  by S. 6 .  Cohn. Additional data w i l l  h e  found i n  Sac. 15.05. 

lo Ff&u# A-A 

FIG. 7.05-1 DETAILS OF A TYPICAL WAFFLE-IRON 
FILTER 

p r o p a g a t i n g  th rough  i t  i n  any d i r e c t i o n .  Thus,  s i n c e  any TEa0 mode can 

be r e s o l v e d  i n t o  TEM waves t r a v e l i n g  i n  d i f f e r e n t  d i r e c t i o n s  t h r o u g h  t h e  

f i l t e r  i t  i s  s e e n  t h a t  t h e  p r o p e r t i e s  of t h e  w a f f l e - i r o n  f i l t e r  f o r  TEmo 

modes a r e  f u n c t i o n s  o f  f requency  only.  T h i s  i s  i n  c o n t r a s t  t o  t h e  un- 

s l o t t e d  c o r r u g a t e d  waveguide f i l t e r s  d e s c r i b e d  i n  Sec. 7 .04 ,  whose response  

p r o p e r t i e s  i n v o l v e  gu ide  dimensions and mode numbers a l s o ,  and a r e  f u n c t i o n s  

of  gu ide  wavelength.  

I n c i d e n t  modes having h o r i z o n t a l  components of  e l e c t r i c  f i e l d  can 

e x c i t e  s l o t  modes t h a t  w i l l  p ropaga te  th rough  t h e  l o n g i t u d i n a l  s l o t s  i n  

t h e  f i l t e r  a t  f r e q u e n c i e s  where t h e  s l o t  h e i g h t  b is g r e a t e r  t h a n  one h a l f  

a  f r e e - s p a c e  wavelength.  U s u a l l y  t h e s e  modes a r e  t roublesome o n l y  a t  t h e  

h i g h e s t  s t o p - b a n d  f r e q u e n c i e s .  However, when u n s l o t t e d  s t e p  t r a n s f o r m e r s  

a r e  used t o  match t h e  w a f f l e - i r o n  f i l t e r s  t o  waveguide of t h e  s t a n d a r d  
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SECTION A-A 

FIG. 7.05-2 A SINGLE-FILTER 
SECTION OF A 
WAFFLE-IRON 
FILTER 

h e i g h t ,  t h e  reduced h e i g h t  of  t h e  s t e p p e d  

t r a n s f o r m e r s  e f f e c t i v e l y  s u p p r e s s e s  t h e  

i n c i d e n t  modes w i t h  h o r i z o n t a l  components 

of e l e c t r i c  f i e l d  which cou ld  o t h e r w i s e  

e x c i t e  s l o t  modes i n  t h e  f i l t e r s .  

Design U t i l i z i n g  Cohn's C o r r u g a t e d  

F i l t e r  Da ta -Waff le - i ron  f i l t e r s  c a n  be  de-  

s i g n e d  a p p r o x i m a t e l y  u s i n g  t h e  t e c h n i q u e  

d e s c r i b e d  i n  Sec. 7.04 if t h e  g u i d e  wave- 

l e n g t h  A used t h e r e  i s  everywhere r e p l a c e d  

by t h e  f r e e - s p a c e  wave leng th  A l .  AS an 

i l l u s t r a t i o n  we w i l l  c o n s i d e r  t h e  d e s i g n  of  

W a f f l e - I r o n - F i l t e r - I ,  used wi th  WR-650 wave- 

g u i d e  o f  wid th  a  = 6.5 inches .  We u s e  t h e  

n o t a t i o n  i n  Sec. 7 .04 and t h a t  shown i n  

F l g .  7 .05-2 ,  and choose  f l  = 2.02 Gc 

(A1 5.84 i n c h e s ) ,  f, = 5.20 Gc 

(A, = 2.27 i n c h e s ) ,  s o  t h a t  Xl/A, = 2.57. 

L e t t i n g  l /b  = 0.318 = l / ~ ,  we f i n d  from 

F i g .  7 .04-5  t h a t  bo/A1 = 0.077, and 

b/Al = 0.275,  s o  t h a t  b o  = 0.450 i n c h ,  

b  = 1.607 i n c h e s  and 1  = 0.511 i n c h .  R e f e r r i n g  t o  Fig.  7 .04-6 we f i n d  
t h e  d e s i g n  paramete r  G t o  be 3.85. Now, we make t h e  assumpt ion  t h a t  we 

want f i v e  b o s s e s  a c r o s s  t h e  a  = 6 . 5 - i n c h  wid th  o f  t h e  f i l t e r  s o  t h a t  

1 + 1' 6 .5/5 = 1 . 3  i n c h e s  and 1' = 0.789 inch .  From v a r i o u s  t r i a l  

d e s i g n s ,  i t  h a s  been found t h a t  f o r  a  3 : l  s t o p - b a n d  width,  f i v e  b o s s e s  
i s  about  optimum i n  t e rms  o f  g i v i n g  c o n v e n i e n t  dimensions.  For  na r rower  
s top-band  w i d t h s  more b o s s e s  c a n  be used. S u b s t i t u t i n g  t h e  v a l u e s  of G 
and 1'  i n t o  Eq. (7 .04-16)  we f i n d  t h a t  6 = b' /b  0.176 and s i n c e  
b  1 .607  i n c h e s ,  b '  = 0.282 inch .  

The p r e s e n c e  o f  t h e  l o n g i t u d i n a l  s l o t s  t h r o u g h  t h e  f i l t e r  h a s  t h e  

e f f e c t  of  d e c r e a s i n g  t h e  c a p a c i t a n c e  per  u n i t  l e n g t h  o f  t h e  low-impedance 

l i n e s .  T h i s  d e c r e a s e  i n  c a p a c i t a n c e  can  be compensated f o r  by d e c r e a s i n g  

t h e  dimension b '  f o r  an u n s l o t t e d  f i l t e r  t o  b". The r a t i o  b N / b '  i s  g iven  
approx imate ly  by 

S o l v i n g  t h e  above e q u a t i o n  g i v e s  b"Jbf  = 0.81. However, t h e  f i l t e r  

d e s c r i b e d  h e r e  h a s  t h e  edges of  t h e  b o s s e s  rounded w i t h  a  0 . 0 6 2 5 - i n c h  

r a d i u s  t o  i n c r e a s e  i t s  power-handl ing c a p a c i t y ,  and t h i s  rounding f u r t h e r  

d e c r e a s e s  t h e  c a p a c i t a n c e  of  t h e  low-impedance l i n e s .  T h e r e f o r e ,  bl ' /b '  

was chosen t o  be 0.75,  y i e l d i n g  a  v a l u e  of  b" = 0 .210  inch .  

The h e i g h t  of t h e  u n s l o t t e d  t e r m i n a t i n g  g u i d e  b T  n e c e s s a r y  t o  match 

t h i s  f i l t e r  a t  some pass-band d e s i g n  f requency  f m  i s  r e l a t e d  t o  b o ,  t h e  

h e i g h t  t o  g i v e  a  match when k g  a, by 

I n  o r d e r  t o  m a i n t a i n  a  r e a s o n a b l y  good match a c r o s s  t h e  band, f .  s h o u l d  

no t  be t o o  c l o s e  t o  f l ;  t y p i c a l l y ,  f *  5 0.7 f l  i s  d e s i r a b l e .  For  t h e  b e s t  

wide-bandmatch,  matching end s e c t i o n s  s h o u l d  be used ,  a s  w i l l  be d e s c r i b e d  

i n  a  f o l l o w i n g  example. Using f  = 1 . 3  Gc, Eq. ( 7 . 0 5 - 2 )  p r e d i c t s  

b T  = 0.555 i n c h .  S t e p  t r a n s f o r m e r s  were used a t  e a c h  end t o  match t h i s  

gu ide  of  h e i g h t  b T  t o  s t a n d a r d  g u i d e .  

The a t t e n u a t i o n  per  s e c t i o n  i n  t h e  s t o p - b a n d  r e g i o n  j u s t  above t h e  

p a s s  band can be e s t i m a t e d  by u s e  o f  Eq. ( 7 . 0 4 - 8 b ) ,  w i t h  k g  and A g l  

r e p l a c e d  by A and A l .  

F i g u r e  7 . 0 5 - 3  shows t h e  measured i n s e r t i o n  l o s s  of t h i s  f i l t e r  i n  

t h e  s t o p  band. I t  i s  seen  t o  be everywhere g r e a t e r  than  60 db from 2 . 2  

t o  5 .7  Gc. The VSWR i n  t h e  1 . 2 5 - t o - 1 . 4 0 - G c  r e q u i r e d  pass  band of t h i s  

f i l t e r  was l e s s  t h a n  1 . 0 8  and t h e  a t t e n u a t i o n  was l e s s  t h a n  0 . 1  d b .  AS 

w i l l  be d i s c u s s e d  a t  t h e  end of t h i s  s e c t i o n ,  a  b r o a d e r  band of good 

impedance match c o u l d  have been o b t a i n e d  i f  t h e  f i l t e r  had been c o n s t r u c t e d  

t o  s t a r t  and end i n  t h e  c e n t e r  of  a  boss  [ i . e . ,  a t  p lane  A - A  i n  

F i g .  7 . 0 5 - 2 ( a ) 1  i n s t e a d  of i n  t h e  c e n t e r  of a  row of t e e t h  [ r . e . ,  i n  t h e  

p lane  of one of  t h e  d o t t e d  l i n e s  i n  F i g .  7 . 0 5 - 2 ( a ) 1 .  

Design Using t h e  T-Junc t  ion  Equiva Lent Ci  

t h e  method d e s c r i b e d  above i s  u s u a l l y  e a s i e r ,  

a l s o  be d e s i g n e d  u s i n g  t h e  e q u i v a l e n t  c i r c u i t  

a s  g iven  by M a r c u v i t z 6  when l / b f  5 1,  f o r  a r b i  

r c u i t  of Marcuvitz--Though 

w a f f l e - i r o n  f i l t e r s  c a n  

o f  a  waveguide T - j u n c t i o n  

t r a r y  v a l u e s  of 6 = b ' / b ,  



FREQUENCY - Gc 

SOURCE: Technical Note 2, Contract AF 30(602)-2392, SRI 
(See Ref. 8 by Eugene Sharp) 

FIG. 7.05-3 MEASURED INSERTION LOSS OF WAFFLE-IRON 
FILTER I 

so long as l'/bl is greater than about 0.5. Cohn's graphs apply only 
when l / b l  > 1, so if 1 / b 1  < 1, the use of Marcuvitz's data is the most 
convenient. In order to illustrate this procedure we will now describe 

the design of Waffle-Iron-Filter-11, used with Wn-112 waveguide of width 

a 1.122 inch. It has a pass band extending from 7.1 to 8.6 Gc and a 

stop band with greater than 40-db attenuation extending from 14 to 26 Gc. 

This filter could also be designed by the technique described above but 

the alternate procedure is presented here for completeness. 

Figure 7.05-4 illustrates the bottom half of a single section of the 

waffle-iron filter together with its equivalent circuit. The part of the 
equivalent circuit representing the junction of the series stub with the 

main transmission line of characteristic impedance Z,, is taken from 
Marcuvitz's Fig. 6.1-2. (The parameter labeled b / A g  on Marcuvitz's 

I c u e 6  in h i  Figs. 6.1-4 to 6.1-14 should in reality be 2 b / A g . )  The 

normalized image impedance of a filter section is 

I while the image attenuation constant y = a + J P  per section is related I 

to the bisected section open- and short-circuit impedance Z o c  and Z s c  by 

SHORT CIRCUIT 
OR WEN CIRCUIT 

\ 

FIG. 7.05-4 FULL-FILTER SECTION - CROSS SECTION 
OF WAFFLE-IRON FILTER AND 
EQUIVALENT CIRCUIT 
At (c) the equivalent circuit has been bisected 



tanh 

where 

d tan 4' + tan - 
2 

2; 4 + n2 , tan 4. - cot - 
2 

(7.05-6) 

In applying 
and the remaining parameters are as indicated in Fig. 7.05-4. 

Eqs. (7.05-3) and (7.05-4) it has been found that +/+' I 1 is nearly 
optimum. Values of 4/4' = 2 are to be avoided because they cause the 
filter to have a narrow spurious pass band near the infinite attenuation 

frequency fm. 

The design of this filter proceeded by a trial and error technique 

using Eq. (7.05-4) to determine the dimensions to yield approximately 

equal attenuations at 14 and 26 Gc. In this design the curves for t h e  
- - -  

equivalent-circuit element values for series T-junctions in ~ a r c u v i t z ~  

were extrapolated to yield equivalent-circuit parameters for I 1 / b  = 1.17, 

and k6 was replaced by A. The choice of dimensions was restricted to 
some extent in order to have an integral number, m, of bosses across the 

width of the guide. The value of m was chosen to be 7. The calculated 
attenuation per section was calculated to be 7.6 db at 14 Gc and 8.8 db 

at 26 Gc. The total number of sections along the length of the filter 

was chosen to be 7 in order to meet the design specifications. 
Reference 

to Eq. (7.05-1) showed that b' was within 5 percent of b f  , so b" = b' was 

used. The final dimensions of the filter obtained by this method are 
those shown in Fig. 7.05-1. 

The normalized image impedance ZI/Zo of the filter was computed from 
Eq. (7.05-3) to be 2.24 at 7.9 Gc. Thus. it is expected that the height 

b T  of the terminating guide should be 

or 0.036 X 2.24 = 0.080 inch. Experimentally, it was determined that 

the optimum value for b,. is 0.070 inch at 7.9 Gc. 

This filter was connected to standard WR-112 waveguide by means of 

smooth tapered transitions which had a VSWR of less than 1.06 over the 

frequency band from 7.1 to 8.6 Gc, when they were placed back-to-back. 

The measured insertion loss of the filter and transitions in the stop 

band was less than 0.4 db from 6.7 to 9.1 Gc while the VSYR was less than 

1.1 from 7 to 8.6 Gc. The measured stop-band attenuation of the filter 

is shown in Fig. 7.05-5, and it is seen to agree quite closely with the 

theoretical analysis. 

FREQUENCY- Gc 
A-3527-261 

FIG. 7.05-5 STOP-BAND ATTENUATlON OF 
WAFFLE-IRON FILTER II 

No snurious responses were measured on either of the above described - r 

filters in the stop band when they were terminated by centered waveguides. 

However, if the terminating waveguides are misaligned at each end of the 

filter, it is found that spurious transmissions can occur when A < 2b. 
These spurious responses are caused by power propagating through the 

longitudinal slots in the filter in a mode having a horizontal component 
of electric field. Thus, it is seen to be essential to accurately align 

the waveguides terminating waffle-iron filters if maximum stop-band width 

is desired. 

A Third Example with Special End-Sections to Improve Impedance 
Match-As a final example, the design of a low-pass waffle-iron filter 



naving i n t e g r a l  l o n g i t u d i n a l l y  s l o t t e d  s t e p  t r a n s f o r m e r s  w i l l  be d e s c r i b e d .  

T h i s  f i l t e r  i s  des igned  t o  be t e r m i n a t e d  a t  e i t h e r  end w i t h  WR-51 wave- 

gu ide .  The p a s s  band of t h e  f i l t e r  e x t e n d s  from 1 5  t o  21 Gc and t h e  s t o p  

band which h a s  g r e a t e r  t h a n  40-db a t t e n u a t i o n ,  e x t e n d s  from 30 t o  63 Gc. 

A photograph  of  t h i s  f i l t e r  i s  shown i n  F i g .  7 . 0 5 - 6 ,  i l l u s t r a t i n g  t h e  

s p l i t - b l o c k  c o n s t r u c t i o n ,  chosen  s o  t h a t  t h e  f o u r  p a r t s  of t h e  f i l t e r  would 

be e a s y  t o  machine.  

The l o n g i t u d i n a l  s l o t s  i n  t h e  s t e p p e d  t r a n s f o r m e r s  n e c e s s i t a t e  t h a t  

t h e  d e s i g n  of  t h i s  f i l t e r  be d i f f e r e n t  t h a n  t h o s e  d e s c r i b e d  p r e v i o u s l y .  

T h i s  o c c u r s  because  t h e s e  s l o t s  a l l o w  modes i n c i d e n t  on t h e  t r a n s f o r m e r s  

such  a s  t h e  TEll o r  TMll t o  s e t  up t h e  p r e v i o u s l y  d e s c r i b e d  s l o t  modes, 

hav ing  h o r i z o n t a l  e l e c t r i c  f i e l d s ,  which p r o p a g a t e  through t h e  f i l t e r  when 

b  h A/2. T h u s ,  i t  i s  n e c e s s a r y  i n  t h e  d e s i g n  of t h i s  f i l t e r  t o  choose  

b  5 A / 2  a t  t h e  h i g h e s t  s t o p - b a n d  f requency  of 63 Gc. I n  t h e  d e s i g n  p r e -  

s e n t e d  h e r e ,  b  = 0.0803 and f l  = 24 .6  Gc ( A l  = 0 .480  i n c h ) .  It was d e -  

c i d e d  t o  use  5  b o s s e s  a c r o s s  t h e  wid th  of  t h e  g u i d e  w i t h  1  = 0 .0397  i n c h  

and 1' = 0 .0623  i n c h .  R e f e r r i n g  t o  F i g .  7 .04-5 we f i n d  b o  = 0 . 0 2 1  i n c h ,  

and from F i g .  7 . 0 4 - 6  we f i n d  t h e  d e s i g n  paramete r  G = 7.  S u b s t i t u t i n g  i n  

Eq. ( 7 . 0 4 - 1 6 )  we f i n d  6 = 0 . 1 3 9  o r  b' = 0.0113 i n c h .  We f i n d  t h e  r e d u c t i o n  

i n  gap h e i g h t  due t o  t h e  p r e s e n c e  o f t h e  l o n g i t u d i n a l  s l o t s  f romEq.  (7 .05-11 ,  

which p r e d i c t s  b " / b l  ~ 0 . 7 ' 7  o r  b" = 0 .0087  i n c h .  

The h e i g h t  b T  of a  p a r a l l e l - p l a t e  t e r m i n a t i n g  gu ide  t h a t  w i l l  g i v e  a  

match a t  18  Gc i s  de te rmined  from Eq. (7 .04-16)  t o  be 0 .031  i n c h .  The 

a c t u a l  h e i g h t  of  t h e  l o n g i t u d i n a l l y  s l o t t e d  l i n e s  used  i n  t h i s  d e s i g n  is 

b T  a 0 .030  i n c h .  

I n  o r d e r  t o  f u r t h e r  improve t h e  match of t h i s  f i l t e r  over  t h e  o p e r -  

a t i n g  band,  t r a n s f o r m i n g  end s e c t i o n s  were used  a t  e i t h e r  end h a v i n g  t h e  

same v a l u e s  of  b ,  b " ,  and 1 ,  b u t  w i t h  I' reduced from 0.0623 i n c h  t o  

0 .040  i n c h .  T h i s  r e d u c t i o n  i n  t h e  v a l u e  of 1 '  c a u s e s  t h e  end s e c t i o n s  t o  

have a  low-f requency  image a d m i t t a n c e  about  14 p e r c e n t  lower t h a n  t h a t  of 

t h e  middle  s e c t i o n s  and an image c u t o f f  f requency  about  14 p e r c e n t  h i g h e r  

t h a n  t h a t  of t h e  middle s e c t i o n s .  F i g u r e  7 .05-7  shows a  s k e t c h  of  t h e  

image a d m i t t a n c e  of  t h e  middle  and end s e c t i o n s  o f  t h e  f i l t e r  normal ized  

t o  t h e  a d m i t t a n c e  of a  p a r a l l e l - p l a t e  gu ide  of h e i g h t  b  3 0.0803 i n c h .  

The image phase s h i f t  of t h e  end s e c t i o n s  is 90 d e g r e e s  a t  2 1  Gc ( t h e  upper 

edge of t h e  o p e r a t i n g  band) and no t  g r e a t l y  d i f f e r e n t  from 90 d e g r e e s  over 

t h e  r e s t  of  t h e  o p e r a t i n g  band. The approximate admi t tance  l e v e l  of  t h e  

FIG. 1.U-6 PHOTOGRAPHS OF WAFFLE-IRON FILTER I II HAVING 15-to-21-GC 
PASS BAND AND 30-to-63-GC STOP E.AND 
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f i l t e r  is t r a n s f o r m e d  t o  c l o s e l y  approx imate  t h e  normal ized  t e r m i n a t i n g  

a d m i t t a n c e  y T  = 2 .68  over  t h e  o p e r a t i n g  band,  a s  i n d i c a t e d  i n  t h e  f i g u r e .  

A more g e n e r a l  d i s c u s s i o n  of  t h i s  matching t e c h n i q u e  is p r e s e n t e d  i n  

Sec .  3 . 0 8 .  

The d i s c o n t i n u i t y  c a p a c i t y  a t  t h e  j u n c t i o n  between e a c h  end s e c t i o n  

and t h e  t e r m i n a t i n g  l i n e  was compensated f o r  by reduc ing  t h e  l e n g t h  of 

each end s e c t i o n  by 0.004 i n c h  a s  p r e d i c t e d  by Eq. ( 7 . 0 4 - 1 7 ) .  

Quarter-Wave Trans formers  w i t h  L o n g i t u d i n a l  S l o t s - Q u a r t e r - w a v e  

t r a n s f o r m e r s ,  some of whose s e c t i o n s  c o n t a i n e d  l o n g i t u d i n a l  s l o t s ,  were 

des igned  f o r  W a f f l e - I r o n  F i l t e r  I11 u s i n g  t h e  methods p r e s e n t e d  i n  

Chapte r  6. I f  t h e r e  were no l o n g i t u d i n a l  s l o t s  i n  any of t h e  s t e p s  of  
t h e  t r a n s f o r m e r s  t h e  a p p r o p r i a t e  t r a n s f o r m a t i o n  r a t i o  t o  use i n  t h e  

d e s i g n  of t h e  t r a n s f o r m e r s  would be t h e  r a t i o  o f  t h e  h e i g h t  o f  t h e  t e r m i -  

n a t i n g  g u i d e ,  which is 0.255 i n c h ,  t o  t h e  h e i g h t  of  t h e  gu ide  which 

p r o p e r l y  t e r m i n a t e s  t h e  f i l t e r ,  which i n  t h i s  c a s e  is 0 .030  i n c h .  
Thus, 

t h e  t r a n s f o r m a t i o n  r a t i o  would be 0 .255 /0 .030  = 8 . 5 .  

I f  t h e  f i l t e r s  and t h e  s t e p  t r a n s f o r m e r s  a r e  made from t h e  same 

p i e c e  of m a t e r i a l  i t  i s  d i f f i c u l t  t o  machine l o n g i t u d i n a l  s l o t s  i n  t h e  

main body o f  t h e  f i l t e r  w i t h o u t  machining them i n  t h e  s t e p  t r a n s f o r m e r s  

a t  t h e  end a l s o .  However, t h i s  d i f f i c u l t y  c a n  be avoided i f  t h e  s t e p  

t r a n s f o r m e r s  a r e  made a s  i n s e r t s  o r  a s  removable s e c t i o n s .  A l t e r n a t e l y ,  

t h e  s t e p  t r a n s f o r m e r s  can  be d e s i g n e d  t o  i n c l u d e  l o n g i t u d i n a l  s l o t s .  

The p r e s e n c e  of  t h e  l o n g i t u d i n a l  s l o t s  would t end  t o  i n c r e a s e  t h e  

t r a n s f o r m a t i o n  r a t i o  about  8  p e r c e n t  s i n c e  t h e  impedance of  a  s l o t t e d  

t r a n s f o r m e r  s t e p  i s  s l i g h t l y  lower t h a n  t h a t  o f  a n  u n s l o t t e d  s t e p .  The 

procedure used  t o  c a l c u l a t e  t h e  impedance of  a  s l o t t e d  waveguide i s  e x -  

p l a i n e d  i n  d e t a i l  l a t e r  i n  t h i s  s e c t i o n .  Q u a l i t a t i v e l y ,  however, i t  c a n  

be seen  t h a t  t h e  impedance of a  s l o t t e d  waveguide t e n d s  t o  be i n c r e a s e d  

because t h e  c a p a c i t y  between t h e  t o p  and bottom o f  t h e  waveguide i s  r e -  

duced.  On t h e  o t h e r  hand, t h e  s l o t s  a l s o  reduce  t h e  gu ide  wavelength 

which t e n d s  t o  d e c r e a s e  t h e  waveguide impedance. O r d i n a r i l y  i t  i s  found 

t h a t  t h e  n e t  r e s u l t  of  t h e s e  two competing e f f e c t s  i s  t h a t  t h e  impedance 

of a  l o n g i t u d i n a l l y  s l o t t e d  waveguide is l e s s  t h a n  t h a t  f o r  an u n s l o t t e d  

waveguide. 

The p r e s e n t  d e s i g n  was c a r r i e d  o u t  i n c l u d i n g  t h e  p resence  o f  t h e  

s l o t s ;  however, i t  i s  b e l i e v e d  t h a t  i n  f u t u r e  d e s i g n s  t h e y  may w e l l  be 

n e g l e c t e d  i n  t h e  d e s i g n  c a l c u l a t i o n s . '  The r a t i o  o f  gu ide  wave leng ths  

a t  t h e  lower and upper edge of  t h e  o p e r a t i n g  band of  t h e  t r a n s f o r m e r s  was 

chosen t o  be  2 . 5 0 ,  which al lowed ample margin t o  c o v e r  t h e  2 .17  r a t i o  of  

t h e  g u i d e  wave leng ths  a t  t h e  lower and upper  e d g e s  of t h e  o p e r a t i n g  band 

of t h e  f i l t e r .  The maximum t h e o r e t i c a l  pass-band VSWR is 1 . 0 2 3 ,  and f i v e  

h 8 / 4  s t e p s  were used.  

The p rocedure  used t o  a c c o u n t  f o r  t h e  p r e s e n c e  of  t h e  l o n g i t u d i n a l  

s l o t s  i n  t h e  s t e p  t r a n s f o r m e r s  i s  a s  f o l l o w s :  

One a-ssumes t h a t  t h e  impedance Z 0 8  of t h e  l o n g i t u d i n a l l y  s l o t t e d  

gu ide  is 

Calculst ioas hare shorn that  a t  l e a s t  i n  some cases  the correct ions for  th* presence of the  s l o t s  i s  
quite  smsll. 



where  Zo(m)  i s  t h e  impedance  o f  t h e  s l o t t e d  w a v e g u i d e  a t  i n f i n i t e  

f r e q u e n c y  and  kc i s  t h e  c u t o f f  w a v e l e n g t h  o f  t h e  s l o t t e d  wavegu ide .  

Bo th  Zo(m) a n d  A h c  a r e  f u n c t i o n s  o f  t h e  g u i d e  h e i g h t  h i ,  which  i s  t a k e n  

a s  t h e  i n d e p e n d e n t  v a r i a b l e  f o r  t h e  p u r p o s e  o f  p l o t t i n g  c u r v e s  o f  t h e s e  

q u a n t i t i e s .  [ I f  F i g .  7 . 0 5 - 2 ( b )  i s  i n t e r p r e t e d  a s  a  c r o s s  s e c t i o n  o f  
t h e  l o n g i t u d i n a l l y  s l o t t e d  t r a n s f o r m e r s ,  h i  c o r r e s p o n d s  t o  b " . ]  

F i r s t  Z o ( m )  i s  c a l c u l a t e d  f o r  s e v e r a l  v a l u e s  o f  h  < b [where  b is 

a g a i n  a s  i n d i c a t e d  i n  F i g .  7 . 0 5 - 2  ( b ) ]  b y  c o n s i d e r i n g  TEM p r o p a g a t i o n  i n  

t h e  l o n g i t u d i n a l  d i r e c t i o n .  S i n c e  t h e  l i n e  i s  u n i f o r m  i n  t h e  d i r e c t i o n  

o f  p r o p a g a t i o n  

8 4 . 7 3  10-l2 
z o ( m )  = ohms 

0 
( 7 . 0 5 - 9 )  

where  Co i s  t h e  c a p a c i t a n c e  i n  f a r a d s  p e r  i n c h  o f  l e n g t h  f o r  wavegu ide  a 

i n c h e s  w ide .  The c a p a c i t a n c e  Co c a n  b e  e x p r e s s e d  a s  

Here  t h e  t o t a l  p a r a l l e l - p l a t e  c a p a c i t a n c e  Cpp  o f  t h e  l o n g i t u d i n a l  r i d g e s  

o f  t h e  wavegu ide  o f  w i d t h  a i s  g i v e n  a p p r o x i m a t e l y  by  

The t o t a l  d i s c o n t i n u i t y  c a p a c i t a n c e  Cd o f  t h e  2m s t e p  d i s c o n t i n u i t i e s  

a c r o s s  t h e  w i d t h  o f  t h e  g u i d e  i s  g i v e n  a p p r o x i m a t e l y  b y  

The  c u t o f f  w a v e l e n g t h ,  h e ,  o f  a  r e c t a n g u l a r  w a v e g u i d e  w i t h  l o n g i t u d i n a l  

s l o t s  i s  t h e n  c a l c u l a t e d  f rom t h e  c o n d i t i o n  o f  t r a n s v e r s e  r e s o n a n c e  f o r  

t h e  v a l u e s  o f  h i  u s e d  a b o v e .  F o r  t h i s  c a l c u l a t i o n  i t  is n e c e s s a r y  t o  
c o n s i d e r  t h e  c h a n g e  i n  i n d u c t a n c e  a s  w e l l  a s  t h e  c h a n g e  i n  c a p a c i t a n c e  

f o r  waves p r o p a g a t i n g  i n  a  d i r e c t i o n  p e r p e n d i c u l a r  t o  t h e  l o n g i t u d i n a l  

s l o t s ,  b a c k  and f o r t h  a c r o s s  t h e  g u i d e  o f  w i d t h  a. 

I We w i l l  u s e  s t a t i c  v a l u e s  o f  c a p a c i t a n c e  a n d  i n d u c t a n c e ,  and t o  be 

s p e c i f i c ,  c o n s i d e r  t h a t  t h e  waves  p r o p a g a t i n g  b a c k  a n d  f o r t h  a c r o s s  t h e  

w i d t h  o f  t h e  g u i d e  a r e  bounded by  m a g n e t i c  w a l l s  t r a n s v e r s e  t o  t h e  

i l o n g i t u d i n a l  a x i s  o f  t h e  g u i d e  and s p a c e d  a  d i s t a n c e  w i n c h e s  a p a r t .  

The  c a p a c i t a n c e  p e r  s l i c e  w w i d e ,  p e r  i n c h  of  g u i d e  w i d t h  ( t r a n s v e r s e  

t o  t h e  l o n g i t u d i n a l  a x i s  o f  t h e  g u i d e ) ,  is 

The i n d u c t a n c e  p e r  i n c h  of t h e  same s l i c e  i s  a p p r o x i m a t e l y  

where  a l l  d i m e n s i o n s  a r e  i n  i n c h e s .  A new p h a s e  v e l o c i t y  i n  t h e  t r a n s -  

v e r s e  d i r e c t i o n  i s  t h e n  c a l c u l a t e d  t o  b e  

The new c u t o f f  w a v e l e n g t h  i s  now 

h e  = 2a (<) i n c h e s  

where  v i s  t h e  p l ane -wave  v e l o c i t y  o f  l i g h t  i n  a i r - i . e . ,  

1 . 1 8 0 3  X 1 0 '  i n c h e s / s e c o n d .  

A g r a p h  o f  Z o l  u s .  h is t h e n  made u s i n g  Eq. ( 7 . 0 5 - 8 1 ,  and f rom t h i s  

g r a p h  t h e  g u i d e  h e i g h t ,  h i ,  i s  o b t a i n e d  f o r  e a c h  Z i  o f  t h e  s t e p p e d  t r a n s -  

f o r m e r ,  and a l s o  f o r  t h e  optimum f i l t e r  t e r m i n a t i n g  impedance ,  a l l  a s  

p r e v i o u s l y  c a l c u l a t e d .  F i n a l l y ,  new v a l u e s  o f  s t e p  l e n g t h  a r e  c a l c u l a t e d  

a t  t h e  m i d d l e  o f  t h e  p a s s  band f o r  e a c h  s l o t t e d  s t e p  u s i n g  t h e  v a l u e s  o f  

k g  computed f rom t h e  new v a l u e s  o f  k c  by means o f  t h e  r e l a t i o n  



F i g u r e  7 . 0 5 - 8  shows a  d i m e n s i o n e d  d r a w i n g  o f  t h e  f i l t e r .  The length ,  

o f  t h e  t e r m i n a t i n g  g u i d e s  a t  e a c h  end o f  t h e  f i l t e r  were  e x p e r i m e n t a l l y  

a d j u s t e d  on a  l o w e r - f r e q u e n c y  s c a l e  model o f  t h i s  f i l t e r  f o r  b e s t  p a s s -  

band ma tch .  By t h i s  p r o c e d u r e  a  maximum pass -band  VSWR o f  1 . 4 ,  and  a  
\ 

maxipum p a s s - b a n d  a t t e n u a t i o n  o f  0 . 7  d b  was a c h i e v e d .  The s t o p - b a n d  
\ 

a t t en l i a t - i on  o f  t h i s  f i l t e r  as  d e t e r m i n e d  on t h e  s c a l e  model i s  shown i n  

F i g .  7 . 0 5 - 9 .  The c i r c l e d  p o i n t s  w i t h i n  t h e  s t o p  band r e p r e s e n t  s p u r i o u s  

t r a n s m i s s i o n  t h r o u g h  t h e  f i l t e r  when a r t i f i c i a l l y  g e n e r a t e d  h i g h e r - o r d e r  

modes a r e  i n c i d e n t  upon i t .  T h e s e  h i g h e r - o r d e r  modes were  g e n e r a t e d  by 

t w i s t i n g  and  d i s p l a c i n g  t h e  t e r m i n a t i n g  w a v e g u i d e s .  The f r eedom from 

s p u r i o u s  r e s p o n s e s  o v e r  mos t  o f  t h e  s t o p  band i n  F i g .  7 . 0 5 - 9 ,  e v e n  when 

h i g h e r - o r d e r  modes were  d e l i b e r a t e l y  e x c i t e d ,  shows t h a t  t h i s  w a f f l e - i r o n  

f i l t e r  d o e s  e f f e c t i v e l y  r e f l e c t  a l l  modes i n c i d e n t  upon i t  i n  i t s  s t o p  

band .  

A S i m p l e  T e c h n i q u e  f o r  F u r t h e r  I m p r o v i n g  t h e  P a s s - B a n d  Impedance  

~ a t c h % ' - ~ n  t h e  p r e c e d i n g  examples  s t e p  t r a n s f o r m e r s  were  u s e d  t o  match 
s t a n d a r d  w a v e g u i d e  i n t o  wavegu ide  o f  t h e  p r o p e r  h e i g h t  needed  t o  g i v e  a 

r e a s o n a b l y  good ma tch  i n t o  t h e  w a f f l e - i r o n  f i l t e r  s t r u c t u r e .  I n  W a f f l e -  

I r o n  F i l t e r  1 1 1 ,  b e s i d e s  a  s t e p  t r a n s f o r m e r ,  a d d i t i o n a l  end s e c t i o n s  de -  

s i g n e d  by  t h e  me thods  o f  S e c .  3 . 0 8  were  u s e d  t o  f u r t h e r  improve  t h e  

impedance  ma tch .  As t h i s  m a t e r i a l  i s  b e i n g  p r e p a r e d  f o r  p r e s s  a n  a d -  

d i t i o n a l  d e s i g n  i n s i g h t  h a s  b e e n  o b t a i n e d ,  and  i s  d e s c r i b e d  i n  t h e  

f o l l o w i n g  p a r a g r a p h s .  T h i s  i n s i g h t  c a n  improve  p a s s - b a n d  p e r f o r m a n c e  

e v e n  more ,  when u s e d  i n  c o n j u n c t i o n  w i t h  t h e  p r e v i o u s l y  m e n t i o n e d  

t e c h n i q u e s .  

W a f f l e - i r o n  f i l t e r s  s t a r t i n g  w i t h  h a l f - c a p a c i t a n c e s  ( h a l f - t e e t h )  a t  

e i t h e r  e n d ,  a s  u s e d  i n  t h e  examples  s o  f a r ,  a r e  l i m i t e d  i n  t h e  bandwidth  

o f  t h e i r  p a s s  band .  The r e a s o n  f o r  t h i s  i s  t h e  change  o f  image impedance 

w i t h  f r e q u e n c y .  T h i s  v a r i a t i o n  is shown i n  F i g .  3 . 0 6 - 1  f o r  ZIT and ZI,. 
The w a f f l e - i r o n  w i t h  h a l f - t e e t h  p r e s e n t s  a n  image impedance  ZI,, whose 

v a l u e  i n c r e a s e s  w i t h  f r e q u e n c y .  (The image a d m i t t a n c e  t h e n  d e c r e a s e s  

w i t h  f r e q u e n c y ,  a s  i n d i c a t e d  i n  F i g .  7 . 0 5 - 7 .  ) However,  t h e  c h a r a c t e r i s t i c  

impedance  Zo o f  r e c t a n g u l a r  wavegu ide  d e c r e a s e s  w i t h  f r e q u e n c y  a s  
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FIG. 7.05-9 MEASURED PERFORMANCE OF SCALE MODEL OF 
WAFFLE-IRON FILTER 111 SHOWING EFFECT OF 
ARTIFICIALLY GENERATED HIGHER MODES 
The scale factor was 3.66 

i n d i c a t e d  b y  Z o  = d l  - (f , /f)"here f, i s  t h e  c u t o f f  f r e q u e n c y  o f  t h e  

wavegu ide .  T h u s ,  w h i l e  i t  i s  p o s s i b l e  t o  m a t c h  t h e  image impedance  Z I T  

o f  t h e  f i l t e r  t o  t h e  c h a r a c t e r i s t i c  impedance  Z O  o f  t h e  wavegu ide  a t  one 

f r e q u e n c y ,  Z I T  and  Z o  d i v e r g e  r a p i d l y  w i t h  f r e q u e n c y ,  r e s u l t i n g  i n  a  

r e l a t i v e l y  n a r r o w  p a s s  band.  

By t e r m i n a t i n g  t h e  f i l t e r  w i t h  a h a l f  T - s e c t i o n ,  t h e  image impedance  

Z I T  ( F i g .  3 . 0 6 - 1 )  r u n s  p a r a l l e l  t o  t h e  wave g u i d e  impedance  Z o  o v e r  a  s u b -  

s t a n t i a l  f r e q u e n c y  band ;  t h e n  by m a t c h i n g  Z I T  t o  Z O  a t  one  f r e q u e n c y ,  

t h e y  s t a y  c l o s e  t o g e t h e r  o v e r  a  r e l a t i v e l y  w ide  f r e q u e n c y  band.  Such  a  

f i l t e r S M  h a s  b e e n  b u i l t  and i s  shown i n  F i g .  7 . 0 5 - 1 0 .  T h i s  L -band ,  f i v e -  

s e c t i o n  f i l t e r  h a s  c i r c u l a r  ( i n s t e a d  o f  s q u a r e )  t e e t h  t o  improve t h e  

p o w e r - h a n d l i n g  c a p a c i t y  by an  e s t i m a t e d  f a c t o r  o f  1 . 4 .  The d i m e n s i o n s  

o f  t h i s  f i l t e r ,  u s i n g  t h e  n o t a t i o n  o f  F i g .  7 . 0 5 - 2 ,  were :  6 = 1 . 6 1 0  i n c h e s ,  



SOURCE: Quarterly Progresa Report 1, Contract AF 30(602)-2734 
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FIG. 7.05-10 EXPLODED VIEW OF WAFFLE-IRON FILTER WITH ROUND TEETH 
AND HALF-INDUCTANCES AT THE ENDS 

b"  = 0 . 2 1 0  i n c h ,  a = 6 .500  i n c h e s ,  c e n t e r - t o - c e n t e r  s p a c i n g  = 1 . 3 0 0  i n c h e s ,  

t o o t h  d i a m e t e r  = 0 .893  i n c h ,  e d g e  r a d i u s  of  t h e  r o u n d e d  t e e t h  is 

R = 0 . 0 6 3  i n c h .  T h i s  f i l t e r  i s  i n  f a c t  b a s e d  on  t h e  W a f f l e - I r o n  F i l t e r  I 
d e s i g n ,  whose s t o p - b a n d  p e r f o r m a n c e  is shown i n  F i g .  7 . 0 5 - 3 .  

The new f i l t e r  ( F i g .  7 . 0 5 - 1 0 )  had a  s t o p - b a n d  p e r f o r m a n c e  wh ich  a lmos t  

d u p l i c a t e s  F i g .  7 . 0 5 - 3  ( a f t e r  a l l o w a n c e  i s  made f o r  t h e  f a c t  t h a t  i t  has  

f i v e  r a t h e r  t h a n  t e n  s e c t i o n s ) ,  showing  t h a t  n e i t h e r  t h e  t o o t h  s h a p e  

( r o u n d ,  n o t  s q u a r e ) ,  n o r  t h e  e n d  h a l f - s e c t i o n s  ( h a l f - T ,  n o t  h a l f - T )  a f f e c t  

t h e  s t o p - b a n d  p e r f o r m a n c e .  

I n  t h e  p a s s  band,  t h e  f i l t e r  ( F i g .  7 . 0 5 - 1 0 )  was measu red  f i r s t  w i t h  

6 . 5 0 0 - i n c h - b y - 0 . 3 7 5 - i n c h  wavegu ide  c o n n e c t e d  on  b o t h  s i d e s .  The VSWR was 
l e s s  t h a n  1 . 1 5  f rom 1200  t o  1 6 4 0  m e g a c y c l e s .  ( I t  was below 1 . 0 8  f rom 
1250 t o  1460  m e g a c y c l e s ) .  The same f i l t e r  was t h e n  measu red  c o n n e c t e d  t o  

6 . 5 0 0 - i n c h - b y - 0 . 3 5 0 - i n c h  w a v e g u i d e ,  and i t s  VSWR rema ined  below 1 . 2 0  from 
1100 t o  1670  megacyc le s  ( a s  compared t o  1225 t o  1 4 5 0  m e g a c y c l e s  f o r  1 . 2  

VSWR o r  l e s s  w i t h  W a f f l e - I r o n  F i l t e r  I ) .  T h u s  t h e  VSWR r e m a i n s  low o v e r  
a l m o s t  t h e  who le  o f  L -band .  

The e s t i m a t e d  p o w e r - h a n d l i n g  c a p a c i t y  o f t h e  f i l t e r  i n  F i g .  7 . 0 5 - 1 0  

i s  o v e r  twomegawa t t  s i n  a i r  a t  a t m o s p h e r i c  p r e s s u r e .  T h i s  p o w e r - h a n d l i n g  

c a p a c i t y w a s  l a t e r  q ~ a d r u p l e d b ~ p a r a l l e l i n g  f o u r  s u c h  f i l t e r s  ( S e c .  1 5 . 0 5 ) .  

SEC. 7 . 0 6 ,  LOW -PASS FILTERS FROM QUARTER -WAVE 
TRANSFORMER PROTOTYPES 

I 

T h i s  s e c t i o n  i s  c o n c e r n e d  w i t h  t h e  h i g h - i m p e d a n c e ,  low-impedance  

s h o r t - l i n e  f i l t e r ,  wh ich  i s  t h e  mos t  common t y p e  o f  microwave low-pass  

f i l t e r ,  and  wh ich  h a s  been  t r e a t e d  i n  S e c .  7 . 0 3  i n  t e r m s  o f  an  a p p r o x i -  

m a t e l y  l u m p e d - c o n s t a n t  s t r u c t u r e  ( F i g .  7 . 0 3 - 1 ) .  S u c h  a n  a p p r o x i m a t i o n  

depends  on: 

( 1 )  The l i n e  l e n g t h s  b e i n g  s h o r t  compared t o  t h e  s h o r t e s t  
p a s s - b a n d  wave l e n g t h  

( 2 )  The h i g h  impedances  b e i n g  v e r y  h i g h  and t h e  low ones  
v e r y  low- - i . e .  , t h e  impedance  s t e p s  s h o u l d  be  l a r g e .  

T h e r e  i s  t h e n  a  c l o s e  c o r r e s p o n d e n c e  be tween  t h e  h igh - impedance  l i n e s  

of  t h e  a c t u a l  f i l t e r  and s e r i e s  i n d u c t a n c e s  o f  t h e  l u m p e d - c o n s t a n t  p r o t o -  

t y p e ,  on t h e  one  h a n d ,  and t h e  low-impedance  l i n e s  a n d  s h u n t  c a p a c i t a n c e s ,  

on t h e  o t h e r .  

T h e r e  i s  a n o t h e r  way o f  d e r i v i n g  s u c h  a t r a n s m i s s i o n - l i n e  l o w - p a s s  

f i l t e r ,  wh ich  i s  e x a c t  when: 

( 1 )  A l l  l i n e  l e n g t h s  a r e  e q u a l  (and n o t  n e c e s s a r i l y  
v a n i s h i n g l y  s h o r t )  

( 2 )  When t h e  s t e p  d i s c o n t i n u i t y  c a p a c i t i e s  a r e  n e g l i g i b l e .  

When e i t h e r  of  t h e s e ,  o r  b o t h ,  a r e  n o t  s a t i s f i e d ,  a p p r o x i m a t i o n s  have  t o  
be made, a s  i n  t h e  d e s i g n  f rom t h e  l u m p e d - c o n s t a n t  p r o t o t y p e .  Which one  

o f  t h e  two p r o t o t y p e s  is more a p p r o p r i a t e  depends  on wh ich  o f  t h e  two 

s e t s  of  c o n d i t i o n s  ( 1 )  and ( 2 )  a b o v e  a r e  more n e a r l y  s a t i s f i e d .  Whereas  

t h e  l u m p e d - c o n s t a n t  p r o t o t y p e  (Sec .  7 . 0 3 )  i s  u s u a l l y  t h e  more a p p r o p r i a t e  

d e s i g n  p r o c e d u r e ,  t h e  method o u t l i n e d  i n  t h i s  s e c t i o n  g i v e s  a d d i t i o n a l  

i n s i g h t ,  e s p e c i a l l y  i n t o  t h e  s t o p - b a n d  b e h a v i o r ,  and  i n t o  t h e  s p u r i o u s  

p a s s  bands  beyond . 
T h i s  s e c o n d  way o f  d e r i v i n g  t h e  s h o r t - l i n e  l o w - p a s s  f i l t e r  c a n  b e s t  

be u n d e r s t o o d  w i t h  r e f e r e n c e  t o  F i g .  7 . 0 6 - 1 .  I n  F i g .  7 . 0 6 - l ( a )  i s  shown 

a  q u a r t e r - w a v e  t r a n s f o r m e r  (Sec .  6 . 0 2 )  w i t h  i t s  r e s p o n s e  c u r v e .  Each 

s e c t i o n  i s  a  q u a r t e r - w a v e  l o n g  a t  a  f r e q u e n c y  i n s i d e  t h e  f i r s t  p a s s  b a n d ,  



f a r e  t h e  same f o r  b o t h  s t r u c t u r e s ,  t h e  VSWRs h e r e  b e i n g  d e f i n e d  a s  e q u a l  A o  ( A T  (01 
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c a l l e d  t h e  band c e n t e r ,  f,,. The  " l o w - p a s s  f i l t e r "  i s  s k e t c h e d  i n  
F i g .  7 . 0 6 - l ( b ) .  I ts  p h y s i c a l  c h a r a c t e r i s t i c s  d i f f e r  f rom t h e  q u a r t e r -  
wave t r a n s f o r m e r  i n  t h a t  t h e  impedance  s t e p s  a r e  a l t e r n a t e l y  u p  and down, 

i n s t e a d  o f  f o r m i n g  a  monotone s e q u e n c e ;  i t  i s  e s s e n t i a l l y  t h e  same 

s t r u c t u r e  a s  t h e  " h a l f - w a v e  f i l t e r "  o f  Sec .  6 .03 .  Each s e c t i o n  i s  a  

h a l f - w a v e  l o n g  a t  a  f r e q u e n c y  f o  a t  t h e  c e n t e r  o f  t h e  f i r s t  b a n d - p a s s  

p a s s  band .  However ,  n o t e  t h a t  t h e r e  i s  a l s o  a  l o w - p a s s  p a s s  band from 

f = 0  t o  fl, and  t h a t  t h e  s t o p  band above  f l  i s  a  number o f  t i m e s  a s  wide 

a s  t h e  l o w - p a s s  p a s s  band .  T h e  f r a c t i o n a l  b a n d w i d t h  o f  t h e  s p u r i o u s  pass  
band a t  f o  f o r  t h e  l o w - p a s s  f i l t e r  h a s  h a l f  t h e  f r a c t i o n a l  p a s s - b a n d  

b a n d w i d t h ,  u s ,  o f  t h e  q u a r t e r - w a v e  t . r a n s f o r m e r .  The VSWRs V i  o f  t h e  
c o r r e s p o n d i n g  s t e p s  i n  t h e  s t e p - t r a n s f o r m e r  a n d  i n  t h e  l o w - p a s s  f i l t e r  

t o  t h e  r a t i o  ( t a k e n  s o  a s  t o  be  g r e a t e r  t h a n  o n e )  o f  t h e  impedances  o f  

a d j a c e n t  l i n e s .  
I 
I 

Low-pass f i l t e r s  a r e  g e n e r a l l y  made o f  n o n - d i s p e r s i v e  l i n e s  ( s u c h  

1 a s  s t r i p  l i n e s  o r  c o a x i a l  l i n e s ) ,  and  s u c h  l i n e s  w i l l  b e  assumed h e r e .  

I f  w a v e - g u i d e s  o r  o t h e r  d i s p e r s i v e  l i n e s  a r e  u s e d ,  i t  i s  o n l y  n e c e s s a r y  t o  r e -  

p l a c e  n o r m a l i z e d  f r e q u e n c y  f / f o  by n o r m a l i z e d  r e c i p r o c a l  g u i d e  w a v e l e n g t h  

h b O / h d .  S i n c e  t h e  l ow-pass  f i l t e r  s e c t i o n s  a r e  a h a l f - w a v e l e n g t h  l o n g  a t  

f = f o ,  t h e  o v e r - a l l  l e n g t h  o f  a  l o w - p a s s  f i l t e r  o f  n s e c t i o n s  i s  a t  most 

nw / 8 w a v e l e n g t h s  a t  any  f r e q u e n c y  i n  t h e  ( l o w - p a s s )  p a s s  band ,  t h i s  b e i n g  

i t s  l e n g t h  a t  t h e  l o w - p a s s  b a n d - e d g e ,  f l  = wqfo/4. Note  t h a t  t h e  s m a l l e r  w q  

f o r  t h e  s t e p - t r a n s f o r m e r  i s  c h o s e n  t o  b e ,  t h e  l a r g e r  t h e  s i z e  o f  t h e  s t o p  

band above f l  w i l l  be f o r  t h e  l o w - p a s s  f i l t e r ,  r e l a t i v e  t o  t h e  s i z e  o f  t h e  

l o w - p a s s  p a s s  band .  

E x a c t  s o l u t i o n s  f o r  T c h e b ~ s c h e f f  q u a r t e r - w a v e  t r a n s f o r m e r s  and h a l f -  

wave f i l t e r s  have  been  t a b u l a t e d  up  t o  n = 4  ( S e c .  6 . 0 4 ) ;  and f o r  max i -  

m a l l y  f l a t  f i l t e r s  up  t o  n = 8  ( S e c .  6 . 0 5 ) ;  a l l  o t h e r  c a s e s  have  a s  y e t  

t o  be s o l v e d  by a p p r o x i m a t e  m e t h o d s ,  s u c h  a s  a r e  g i v e n  i n  S e c s .  6 . 0 6  t o  

6 . 0 9 .  

The l o w - p a s s  f i l t e r  ( a s  d e s i g n e d  by t h i s  me thod)  y i e l d s  e q u a l  l i n e  

l e n g t h s  f o r  t h e  h i g h -  and low- impedance  l i n e s .  When t h e  impedance s t e p s ,  

v i ,  a r e  n o t  t o o  l a r g e  ( a s  in thewide-band e x a m p l e s  o f  S e c .  6 . 0 9 ) ,  t h e n  

t h e  a p p r o a c h  d e s c r i b e d  i n  t h i s  s e c t i o n  c a n  be  q u i t e  u s e f u l . *  C o r r e c t i o n s  

f o r  t h e  d i s c o n t i n u i t y  c a p a c i t a n c e s  c a n  be made a s  i n  S e c .  6 . 0 8 .  I f  l a r g e  

impedance s t e p s  a r e  u s e d ,  a s  i s  u s u a l l y  d e s i r a b l e ,  t h e  d i s c o n t i n u i t y  

e f f e c t s  become dominan t  o v e r  t h e  t r a n s m i s s i o n - l i n e  e f f e c t s ,  and i t  i s  

u s u a l l y  more s t r a i g h t f o r w a r d  t o  u s e  l umped-e l emen t  p r o t o t y p e s  a s  was done 

f o r  t h e  f i r s t  example  i n  S e c .  7 . 0 3 .  

SEC.  7 . 0 7 ,  HIGH-PASS FILTERS USING SEMI-LUMPED ELEMENTS 

High- -pas s  f i l t e r s ,  h a v i n g  c u t o f f  f r e q u e n c i e s  up  t o  a round  1 . 5  o r  

p o s s i b l y  2 . 0  Gc c a n  be e a s i l y  c o n s t r u c t e d  f rom semi- lumped e l e m e n t s .  At 

f r e q u e n c i e s  above 1 . 5  o r  2 . 0  Gc t h e  d i m e n s i o n s  o f  semi- lumped h i g h - p a s s  

I t  should be noted that  amdl  impedance stopa imply a re la t ive ly  l imi ted  amount o f  attenuation. mum, 
nmmll atepa r i l l  be denired only i n  cer ta in  apacial  s i tuat ions .  



f i l t e r s  become s o  s m a l l  t h a t  i t  i s  u s u a l l y  e a s i e r  t o  u se  o t h e r  t y p e s  o f  

s t r u c t u r e s .  The wide -band  b a n d - p a s s  f i l t e r s  d i s c u s s e d  i n  C h a p t e r s  9 and 

1 0  a r e  good c a n d i d a t e s  f o r  many s u c h  a p p l i c a t i o n s .  

I n  o r d e r  t o  i l l u s t r a t e  t h e  d e s i g n  o f  a  s e m i - l u m p e d - e l e m e n t  h i g h - p a s s  

f i l t e r  w e  w i l l  f i r s t  d e s c r i b e  t h e  g e n e r a l  t e c h n i q u e  f o r  d e s i g n i n g  a  

l umped-e l emen t  h i g h - p a s s  f i l t e r  f r o m  a  lumped-e l emen t  l o w - p a s s  p r o t o t y p e  

c i r c u i t .  Nex t  we w i l l  u s e  t h i s  t e c h n i q u e  t o  d e t e r m i n e  t h e  d i m e n s i o n s  of  

a  s p l i t - b l o c k ,  c o a x i a l - l i n e  h i g h - p a s s  microwave f i l t e r  u s i n g  semi- lumped 

e l e m e n t s .  

Lumped-Element H i g h - P a s s  F i l t e r s  f rom Low-Pass  P r o t o t y p e  F i l t e r s - T h e  

f r e q u e n c y  r e s p o n s e  o f  a  l u m p e d - e l e m e n t  h i g h - p a s s  f i l t e r  c a n  b e  r e l a t e d  t o  

t h a t  o f  a  c o r r e s p o n d i n g  l o w - p a s s  p r o t o t y p e  f i l t e r  s u c h  a s  t h a t  shown i n  

F i g .  4 . 0 4 - l ( b )  by means o f  t h e  f r e q u e n c y  t r a n s f o r m a t i o n  

FIG. 7.07-1 FREQUENCY RESPONSE OF A LOW-PASS 
PROTOTYPE AND OF A CORRESPONDING 
HIGH-PASS FILTER 

I n  t h i s  e q u a t i o n  w' and w  a r e  t h e  a n g u l a r  f r e q u e n c y  v a r i a b l e s  o f  t h e  low- 

and h i g h - p a s s  f i l t e r s  r e s p e c t i v e l y  w h i l e  w; and  ol a r e  t h e  c o r r e s p o n d i n g  

\ b a n d - e d g e  f r e q u e n c i e s  o f  t h e s e  f i l t e r s .  I t  i s  s e e n  t h a t  t h i s  t r a n s f o r -  
&%ion h a s  t h e  e f f e c t  o f  i n t e r c h a n g i n g  t h e  o r i g i n  o f  t h e  f r e q u e n c y  a x i s  

w i t h  t h e  p o i n t  a t  i n f i n i t y  and  t h e  p o s i t i v e  

t i v e  f r e q u e n c y  a x i s .  F i g u r e  7 . 0 7 - 1  shows a  

p o s i t i v e  f r e q u e n c i e s ,  o f  a  n i n e - e l e m e p t  low 

w i t h  t h e  r e s p o n s e  o f  t h e  a n a l o g o u s  lumped-e  

by  means o f  t h e  t r a n s f o r m a t i o n  i n  Eq. ( 7 . 0 7  

E q u a t i o n  ( 7 . 0 7 - 1 )  a l s o  shows  t h a t  a n y  

l o w - p a s s  p r o t o t y p e  f i l t e r  i s  t r a n s f o r m e d  t o  

f r e q u e n c y  a x i s  w i t h  t h e  nega -  

s k e t c h  of  t h e  r e s p o n s e ,  f o r  

p a s s  p r o t o t y p e  f i l t e r  t o g e t h e r  

ement  h i g h - p a s s  f i l t e r  o b t a i n e d  

1 ) .  

n d u c t i v e  r e a c t a n c e  w'L1 i n  t h e  

a  c a p a c i t i v e  r e a c t a n c e  
-wlw;L1/w -1/(CiC) i n  t h e  h i g h - p a s s  f i l t e r ,  a n d  a n y  c a p a c i t i v e  s u s c e p t a n c e  
wlC' i n  t h e  l o w - p a s s  p r o t o t y p e  f i l t e r  i s  t r a n s f o r m e d  i n t o  a n  i n d u c t i v e  

s u s c e p t a n c e  - U ~ U ~ C ' / ~  = - l / ( w L )  i n  t h e  h i g h - p a s s  f i l t e r .  

T h u s ,  a n y  i n d u c t a n c e  L '  i n  t h e  l o w - p a s s  p r o t o t y p e  f i l t e r  i s  r e p l a c e d  

i n  t h e  h i g h - p a s s  f i l t e r  by  a  c a p a c i t a n c e  

L i k e w i s e  any  c a p a c i t a n c e  C1 i n  t h e  l o w - p a s s  p r o t o t y p e  i s  r e p l a c e d  i n  t h e  

h i g h - p a s s  f i l t e r  by  a n  i n d u c t a n c e  

F i g u r e  7 . 0 7 - 2  i l l u s t r a t e s  t h e  g e n e r a l i z e d  e q u i v a l e n t  c i r c u i t  o f  a  

h i g h - p a s s  f i l t e r  o b t a i n e d  f rom t h e  l o w - p a s s  p r o t o t y p e  i n  F i g .  4 . 0 4 - l ( b )  

by t h e s e  methods .  A d u a l  f i l t e r  w i t h  a n  i d e n t i c a l  r e s p o n s e  c a n  be  o b -  

t a i n e d  by a p p l y i n g  Eqs .  ( 7 . 0 7 - 2 )  a n d  ( 7 . 0 7 - 3 )  t o  t h e  d u a l  l o w - p a s s  p r o t o -  

t y p e  i n  F i g .  4 . 0 4 - l ( a ) .  The impedance  l e v e l  o f  t h o  h i g h - p a s s  f i l t e r  may 

be s c a l e d  a s  d i s c u s s e d  i n  S e c .  4 . 0 4  

D e s i g n  of a  Semi-Lumped-Element  H i g h - P a s s  F i l t e r - I n  o r d e r  t o  i l l u s -  

t r a t e  t h e  t e c h n i q u e  f o r  d e s i g n i n g  a  s e m i - l u m p e d - e l e m e n t  h i g h - p a s s  f i l t e r  

we w i l l  c o n s i d e r  t h e  d e s i g n  o f  a  n i n e - e l e m e n t  h i g h - p a s s  f i l t e r  w i t h  a  

p a s s - b a n d  r i p p l e  L A r  o f  0 . 1  d b ,  a  c u t o f f  f r e q u e n c y  o f  1 Gc ( a l  = 277 x l o g  ) ,  

t h a t  w i l l  o p e r a t e  be tween  50-ohm t e r m i n a t i o n s .  The f i r s t  s t e p  i n  t h e  

d e s i g n  i s  t o  d e t e r m i n e  t h e  a p p r o p r i a t e  v a l u e s  o f  t h e  l o w - p a s s  p r o t o t y p e  

e l e m e n t s  f rom T a b l e  4 . 0 5 - 2 ( a ) .  It s h o u l d  be  n o t e d  t h a t  e l e m e n t s  i n  t h i s  

t a b l e  a r e  n o r m a l i z e d  s o  t h a t  t h e  band-edge  f r e q u e n c y  U; = 1 and  t h e  t e r m i -  
n a t i o n  e l e m e n t  g o  = 1. The v a l u e s  o f  t h e  i n d u c t a n c e s  and c a p a c i t a n c e s  f o r  

t h e  h i g h - p a s s  f i l t e r  o p e r a t i n g  b e t w e e n  1-ohm t e r m i n a t i o n s  a r e  t h e n  



FIG. 7.07-2 HIGH-PASS FILTER CORRESPONDING TO THE LOW-PASS 
PROTOTYPE IN FIG. 4.04-lfb) - ,-, 
Frequencies a,' and o, are defined in Fig. 7.07-1. A dual 
form of this filter corresponding to the low-pass filter in 
Fig. 4.04-l(a) i s  also possible 
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FILTER SYMMETRICAL ABOUT MIDDLE 

SECTION A-A 
SECTION 6 - 8  

FIG. 7.07-3 DRAWING OF COAXIAL LINE HIGH-PASS FILTER CONSTRUCTED 
FROM SEMI-LUMPED ELEMENTS USING SPLIT-BLOCK 
CONSTRUCTION 

determined u s i n g  t h e  fo rmulas  i n  F i g .  7 . 0 7 - 2 ,  upon s e t t i n g  o; = 1,  

wl = 2v X l o 9 ,  and u s i n g  t h e  g i  v a l u e s  s e l e c t e d  from T a b l e  4 . 0 5 - 2 ( a ) .  

In  o r d e r  t o  c o n v e r t  t h e  above d e s i g n  t o  one t h a t  w i l l  o p e r a t e  a t  a  

50-ohm impedance l e v e l  i t  i s  n e c e s s a r y  t o  d i v i d e  a l l  t h e  c a p a c i t a n c e  

and conduc tance  v a l u e s  o b t a i n e d  by  50 and t o  m u l t i p l y  a l l  t h e  i n d u c t a n c e  

v a l u e s  o b t a i n e d  by 50. When t h i s  p rocedure  i s  c a r r i e d  t h r o u g h  we f i n d  

t h a t  C1 = C 9  = 2 . 6 6 p p f ,  L 2  = L ,  = 5 . 5 1  mph, C j  = C, = 1 . 4 9 p + f ,  

L ,  = L ,  = 4 . 9 2  nph,  and C5 = 1 . 4 4  p+f. 

A s k e t c h  showing a  p o s s i b l e  r e a l i z a t i o n  of  s u c h  a  f i l t e r  i n  c o a x i a l  

l i n e ,  u s i n g  s p l i t - b l o c k  c o n s t r u c t i o n ,  i s  shown i n  F i g .  7 . 0 7 - 3 .  Here it 

is  s e e n  t h a t  t h e  s e r i e s  c a p a c i t o r s  a r e  r e a l i z e d  by means of s m a l l  meta l  

d i s k s  u t i l i z i n g  T e f l o n  (6, = 2 . 1 )  a s  d i e l e c t r i c  s p a c e r s .  The s h u n t  i n -  

d u c t a n c e s  a r e  r e a l i z e d  by s h o r t  l e n g t h s  o f  Z o  = 100-ohm l i n e  s h o r t -  

c i r c u i t e d  a t  t h e  f a r  end.  I n  d e t e r m i n i n g  t h e  r a d i u s  r of  t h e  m e t a l  

d i s k s ,  and t h e  s e p a r a t i o n  s between them, i t  i s  assumed t h a t  t h e  p a r a l l e l -  

p l a t e  c a p a c i t a n c e  i s  much g r e a t e r  t h a n  t h e  f r i n g i n g  c a p a c i t a n c e ,  s o  t h a t  

t h e  c a p a c i t a n c e  C  of any c a p a c i t o r  i s  a p p r o x i m a t e l y  

where a l l  d imens ions  a r e  measured i n  i n c h e s .  The l e n g t h s  1 of  t h e  s h o r t -  

c i r c u i t e d  l i n e s  were d e t e r m i n e d  by means o f . t h e  formula 

where Zo i s  measured i n  ohms and 1 i s  measured i n  i n c h e s .  E q u a t i o n  (7.07-4)  

i s  adap ted  from one i n  F i g .  7 . 0 2 - 2 ( b ) ,  w h i l e  Eq. ( 7 . 0 7 - 5 )  i s  a d a p t e d  from 

one i n  F ig .  7 . 0 2 - l ( a ) .  

The d imens ions  p r e s e n t e d  i n  F i g .  7 . 0 7 - 3  must be r e g a r d e d  a s  t e n t a t i v e ,  

because a  f i l t e r  hav ing  t h e s e  p a r t i c u l a r  d i m e n s i o n s  has  n o t  been  b u i l t  and 

t e s t e d .  However, t h e  e l e c t r i c a l  l e n g t h  of e a c h  of t h e  l i n e s  i n  t h e  f i l t e r  

i s  v e r y  s h o r t - e v e n  t h e  l o n g e s t  s h o r t - c i r c u i t e d  l i n e s  forming t h e  s h u n t  

i n d u c t o r s  have an e l e c t r i c a l  l e n g t h  of o n l y  1 9 . 2  d e g r e e s  a t  1 Gc. T h e r e -  

f o r e ,  i t  i s  e x p e c t e d  t h a t  t h i s  s e m i - l u m p e d - c o n s t a n t  f i l t e r  w i l l  have v e r y  

c l o s e  t o  t h e  p r e d i c t e d  per formance  from low f r e q u e n c i e s  up t o  a t  l e a s t  

2 . 3 5  Gc, where two of t h e  s h o r t - c i r c u i t e d  l i n e s  a r e  an e i g h t h - w a v e l e n g t h  



l o n g  and have  a b o u t  11 p e r c e n t  

l u m p e d - c o n s t a n t  d e s i g n .  Above 

band a t t e n u a t i o n  w i l l  p r o b a b l y  

h i g h e r  r e a c t a n c e  t h a n  t h e  i d e a l i z e d  

t h i s  f r e q u e n c y  some i n c r e a s e  i n  p a s s -  

b e  n o t i c e d  ( p e r h a p s  one  o r  two  d b )  b u t  
n o t  a  r e a l l y  l a r g e  i n c r e a s e .  A t  a b o u t  5 Gc when t h e  s h o r t - c i r c u i t e d  
l i n e s  behave  a s  open c i r c u i t s ,  t h e  r e m a i n i n g  f i l t e r  s t r u c t u r e  formed 

f rom t h e  s e r i e s  c a p a c i t o r s  and  t h e  s h o r t  l e n g t h s  o f  s e r i e s  l i n e s  h a s  a  

p a s s  band ,  s o  t h a t  t h e  a t t e n u a t i o n  s h o u l d  be  low e v e n  a t  t h i s  f r e q u e n c y .  

However,  somewhere be tween  5 Gc and 9  Gc ( w h e r e  t h e  s h o r t - c i r c u i t e d  

l i n e s  a r e  a b o u t  1 8 0  d e g r e e s  l o n g )  t h e  a t t e n u a t i o n  w i l l  b e g i n  t o  r i s e  

v e r y  r a p i d l y .  

S E C .  7 . 0 8 ,  LOW-PASS AND HIGH-PASS 
IMPEDANCE-MATCHING NETWORKS 

Some microwave l o a d s  w h i c h  c a n  b e  a p p r o x i m a t e d  b y  an  i n d u c t a n c e  and 

a  r e s i s t a n c e  i n  s e r i e s ,  o r  by  a  c a p a c i t a n c e  and  a  c o n d u c t a n c e  i n  p a r a l l e l ,  

c a n  be g i v e n  a  s a t i s f a c t o r y  b r o a d b a n d  i m p e d a n c e  ma tch  by  u s e  o f  l o w - p a s s  

m a t c h i n g  n e t w o r k s .  Hav ing  L and R ,  o r  C and  G t o  r e p r e s e n t  t h e  l o a d ,  t h e  
dec remen t  

is compu ted ,  where  wl i s  t h e  p a s s - b a n d  c u t o f f  f r e q u e n c y  above  wh ich  a  

good impedance  match i s  n o  l o n g e r  r e q u i r e d .  Though t h e  p r o t o t y p e  f i l t e r  
t o  be u s e d  i n  d e s i g n i n g  t h e  m a t c h i n g  n e t w o r k  may have  a  c o n s i d e r a b l y  

d i f f e r e n t  impedance  l e v e l  and c u t o f f  f r e q u e n c y  w;,  i t  must have  t h e  same 

dec remen t  6 .  T h u s ,  h a v i n g  compu ted  6 f r o m  t h e  g i v e n  microwave l o a d  e l e -  
ments  and r e q u i r e d  c u t o f f  f r e q u e n c y  w l ,  a n  a p p r o p r i a t e  impedance -  
m a t c h i n g - n e t w o r k  p r o t o t y p e  f i l t e r  c a n  be  s e l e c t e d  f rom t h e  compu ted  v a l u e  

o f  S and t h e  c h a r t s  o f  p r o t o t y p e  e l e m e n t  v a l u e s  i n  S e e .  4 . 0 9 .  
H a v i n g  

s e l e c t e d  a  s a t i s f a c t o r y  p r o t o t y p e  f i l t e r ,  t h e  i m p e d a n c e - m a t c h i n g  n e t w o r k  

c a n  be d e s i g n e d  by  s c a l i n g  t h e  p r o t o t y p e  i n  f r e q u e n c y  and impedance  l e v e l  

and by u s i n g  t h e  s e m i - l u m p e d - e l e m e n t  r e a l i z a t i o n  t e c h n i q u e s  d i s c u s s e d  i n  

Set. 7 . 0 3 .  As was i l l u s t r a t e d  i n  F i g .  4 . 0 9 - 1 ,  t h e  microwave l o a d  t o  be  
matched p r o v i d e s  t h e  microwave c i r c u i t  e l e m e n t s  c o r r e s p o n d i n g  t o  t h e  

p r o t o t y p e  e l e m e n t s  g o  and g l ,  t h e  microwave i m p e d a n c e - m a t c h i n g  n e t w o r k  
- 

c o r r e s p o n d s  t o  t h e  p r o t o t y p e  e l e m e n t s  g 2  t h r o u g h  gn,  and t h e  microwave 

d r i v i n g - s o u r c e  r e s i s t a n c e  o r  c o n d u c t a n c e  c o r r e s p o n d s  t o  g n + l .  

Though l o w - p a s s  microwave impedance -ma tch ing  s t r u c t u r e s  a r e  q u i t e  

p r a c t i c a l  f o r  some a p p l i c a t i o n s ,  t h e y  d o ,  n e v e r t h e l e s s ,  have  some i n h e r e n t  

d i s a d v a n t a g e s  compared t o  t h e  b a n d - p a s s  impedance -ma tch ing  n e t w o r k s  d i s -  

c u s s e d  i n  S e c s .  1 1 . 0 8  t o  1 1 . 1 0 .  One o f  t h e s e  d i s a d v a n t a g e s  is t h a t  a  good 

impedance match a l l  t h e  way f rom d c  up t o  microwave f r e q u e n c i e s  i s  r a r e l y  

r e a l l y  n e c e s s a r y .  As was d i s c u s s e d  i n  S e c .  1 . 0 3 ,  a l l o w i n g  e n e r g y  t o  be  

t r a n s m i t t e d  i n  f r e q u e n c y  bands  where  e n e r g y  t r a n s m i s s i o n  i s  n o t  n e e d e d  

w i l l  d e t r a c t  f rom t h e  e f f i c i e n c y  o f  t r a n s m i s s i o n  i n  t h e  band w h e r e  good 

t r a n s m i s s i o n  is r e a l l y  n e e d e d .  Thus  i f  t h e  d e c r e m e n t  computed u s i n g  

Eq.  ( 7 . 0 8 - 1 )  i s  found t o  be  s o  s m a l l  t h a t  F i g .  4 . 0 9 - 3  i n d i c a t e s  a n  u n -  

a c c e p t a b l e  amount o f  p a s s - b a n d  a t t e n u a t i o n ,  t h e  p o s s i b i l i t y  o f  u s i n g  a  

band-pas s  m a t c h i n g  ne twork  i n s t e a d  s h o u l d  be  c o n s i d e r e d .  I f  a  b a n d - p a s s  

t r a n s m i s s i o n  c h a r a c t e r i s t i c  i s  u s a b l e ,  b e t t e r  p e r f o r m a n c e  c a n  b e  o b t a i n e d .  

Ano the r  d i s a d v a n t a g e  o f  l o w - p a s s  impedance -ma tch ing  n e t w o r k s  i s  t h a t  

t h e  d e s i g n e r  i s  n o t  f r e e  t o  c h o o s e  t h e  d r i v i n g  s o u r c e  r e s i s t a n c e .  F o r  a  

g i v e n  R-L o r  G-C l o a d  c i r c u i t  and a  g i v e n  c u t o f f  f r e q u e n c y  w l ,  t h e  c h a r t s  

i n  S e c .  4 . 0 9  w i l l  l e a d  t o  m a t c h i n g  ne tworks  w h i c h  must u s e  t h e  d r i v i n g  

s o u r c e  r e s i s t a n c e s  ( o r  c o n d u c t a n c e s )  s p e c i f i e d  by t h e  c h a r t s ,  i f  t h e  p r e -  

d i c t e d  p e r f o r m a n c e  i s  t o  be  o b t a i n e d .  I n  many microwave a p p l i c a t i o n s ,  

a d j u s t m e n t s  o f  t h e  d r i v i n g - s o u r c e  impedance l e v e l  w i l l  n o t  be  c o n v e n i e n t .  

I n  s u c h  c a s e s  t h e  u s e  o f  b a n d - p a s s  impedance -ma tch ing  n e t w o r k s  i s  a g a i n  

recommended s i n c e  i n  t h e  c a s e  o f  b a n d - p a s s  f i l t e r s ,  i m p e d a n c e - l e v e l  t r a n s -  

f o r m a t i o n s  a r e  e a s i l y  a c h i e v e d  i n  t h e  d e s i g n  o f  t h e  f i l t e r ,  w i t h o u t  

a f f e c t i n g  t h e  t r a n s m i s s i o n  c h a r a c t e r i s t i c .  

H i g h - p a s s  impedance -ma tch ing  n e t w o r k s  have  b a s i c a l l y  t h e  same d i s -  

a d v a n t a g e s  a s  l o w - p a s s  impedance -ma tch ing  n e t w o r k s .  N e v e r t h e l e s s  t h e y  

a r e  o f  p r a c t i c a l  i m p o r t a n c e  f o r  some a p p l i c a t i o n s .  Loads w h i c h  c a n  be  

a p p r o x i m a t e d  by a  c a p a c i t a n c e  and  r e s i s t a n c e  i n  s e r i e s ,  o r  by a n  i n d u c t a n c e  

and c o n d u c t a n c e  i n  p a r a l l e l  c a n  be  g i v e n  a  h i g h - p a s s  impedance  m a t c h  by 

u s i n g  t h e  methods  o f  t h i s  book. I n  t h i s  c a s e  t h e  d e c r e m e n t  i s  compu ted  by 

u s e  o f  t h e  f o r m u l a  

where  i n  t h i s  c a s e  wl i s  t h e  c u t o f f  f r e q u e n c y  f o r  t h e  d e s i r e d  h i g h - p a s s  

m a t c h i n g  c h a r a c t e r i s t i c .  Knowing 8 ,  t h e  ( L A ) m a x  v a l u e s  f o r  v a r i o u s  numbers 

o f  m a t c h i n g  e l e m e n t s  a r e  checked  and a  p r o t o t y p e  is t h e n  s e l e c t e d ,  a s  d i s -  

c u s s e d  i n  S e c .  4 . 0 9 .  [ ~ ~ a i n ,  i f  t h e  v a l u e s  of (LA).,= f o r  t h e  computed 



v a l u e  of  6 a r e  t o o  l a r g e ,  t h e  p o s s i b i l i t y  o f  b a n d - p a s s  m a t c h i n g  s h o u l d  

be c o n s i d e r e d . ]  The l o w - p a s s  p r o t o t y p e  is t h e n  t r a n s f o r m e d  t o  a  h i g h -  

p a s s  f i l t e r  a s  d i s c u s s e d  i n  S e c .  7 . 0 7 ,  and i t s  f r e q u e n c y  s c a l e  and 

impedance l e v e l  a r e  a d j u s t e d  s o  as t o  con fo rm t o  t h e  r e q u i r e d  w l  v a l u e  

and t h e  s p e c i f i e d  microwave l o a d .  I f  t h e  c u t o f f  f r e q u e n c y  wl i s  n o t  

t o o  h i g h ,  it s h o u l d  be  p r a c t i c a l  t o  r e a l i z e  t h e  mic rowave  i m p e d a n c e -  

ma tch ing  s t r u c t u r e  by u s e  o f  t h e  s e m i - l u m p e d - e l e m e n t  h i g h - p a s s  f i l t e r  

t e c h n i q u e s  d i s c u s s e d  i n  S e c .  7 . 0 7 .  

SEC.  7 . 0 9 ,  LOW-PASS TIME-DELAY NETWORKS 

Most o f  t h e  p r i m a r y  c o n s i d e r a t i o n s  i n  t h e  d e s i g n  o f  l o w - p a s s  t i m e -  

d e l a y  n e t w o r k s  have  been p r e v i o u s l y  d i s c u s s e d  i n  S e c s .  1 . 0 5 ,  4 . 0 7 ,  and 

4 . 0 8 .  The max ima l ly  f l a t  t i m e - d e l a y  n e t w o r k s  t a b u l a t e d  i n  S e c .  4 . 0 7  

were s e e n  t o  g i v e  e x t r e m e l y  f l a t  t i m e - d e l a y *  c h a r a c t e r i s t i c s ,  b u t  a t  t h e  
e x p e n s e  of  h a v i n g  an  a t t e n u a t i o n  c h a r a c t e r i s t i c  w h i c h  v a r i e s  c o n s i d e r a b l y  

i n  t h e  o p e r a t i n g  band .  M a x i m a l l y  f l a t  t i m e - d e l a y  n e t w o r k s  a l s o  a r e  un-  

s y m m e t r i c a l ,  w h i c h  makes t h e i r  f a b r i c a t i o n  more d i f f i c u l t .  I n  S e c .  4 . 0 8  
i t  was n o t e d  t h a t  T c h e b y s c h e f f  f i l t e r s  w i t h  s m a l l  p a s s - b a n d  r i p p l e  s h o u l d  

make e x c e l l e n t  t i m e - d e l a y  n e t w o r k s  f o r  many p r a c t i c a l  a p p l i c a t i o n s .  As 
was d i s c u s s e d  i n  S e c .  1 . 0 5 ,  t h e  amount o f  t i m e  d e l a y  c a n  be  i n c r e a s e d  

c o n s i d e r a b l y  f o r  a  g i v e n  c i r c u i t  c o m p l e x i t y  by  u s i n g ,  where  p o s s i b l e ,  a  

band-pas s  r a t h e r  t h a n  a  l o w - p a s s  s t r u c t . u r e  f o r  t h e  d e l a y  n e t w o r k  ( s e e  

S e c s .  1 . 0 5  a n d  1 1 . 1 1 ) .  H i g h - p a s s  d e l a y  n e t w o r k s  a r e  a l s o  c o n c e i v a b l e ,  
b u t  t h e y  would n o t  g i v e  much d e l a y ,  e x c e p t ,  p o s s i b l y ,  n e a r  c u t o f f .  

Example-As an  example  o f  t h e  i n i t i a l  s t e p s  i n  t h e  d e s i g n  o f  a  low- 

p a s s  t i m e - d e l a y  n e t w o r k ,  l e t  u s  s u p p o s e  t h a t  a t i m e  d e l a y  of a b o u t  

7 . 2  n a n o s e c o n d s  i s  r e q u i r e d  f r o m  f r e q u e n c i e s  o f  a  few m e g a c y c l e s  u p  t o  

200 Mc. From c o n s i d e r a t i o n s  s u c h  a s  t h o s e  d i s c u s s e d  i n  S e c .  4 . 0 8 ,  l e t  u s  

f u r t h e r  s u p p o s e  t h a t  i t  h a s  b e e n  d e c i d e d  t o  u s e  a  0 . 1 - d b  r i p p l e  T c h e b y s c h e f f  

f i l t e r  w i t h  a  c u t o f f  o f  f l  = 2 5 0  Mc, a s  t h e  d e l a y  n e t w o r k .  From 
Eq. ( 4 . 0 8 - 3 ) ,  t h e  l o w - f r e q u e n c y  t i m e  d e l a y  o f  a  c o r r e s p o n d i n g  n o r m a l i z e d  

p r o t o t y p e  f i l t e r  w i t h  a  c u t o f f  o f  w ;  = 1 r a d i a n / s e c  i s  

1 7 . 2 ( 1 0 - 9 ) 2 n ( 0 . 2 5 ) 1 ~ 9  

1 
1 1 . 3  s e c o n d s  

By Eq. ( 4 . 0 8 - 2 )  and F i g .  4 . 1 3 - 2 ,  t h i s  nomina l  t i m e  d e l a y  w i l l  b e  a c h i e v e d  

by a  0 . 1 0 - d b  r i p p l e  f i l t e r  h a v i n g  n = 1 3  r e a c t i v e  e l e m e n t s .  
Hence ,  a n  

n = 1 3 ,  La, = 0 . 1 0  d b  p r o t o t y p e  s h o u l d  be s e l e c t e d  f rom T a b l e  4 . 0 5 - 2 ( b ) .  

The a c t u a l  microwave f i l t e r  is t h e n  d e s i g n e d  f rom t h e  p r o t o t y p e  a s  d i s -  
c u s s e d  i n  S e c .  7 . 0 3 .  I f  d e s i r e d ,  t h i s  f i l t e r  c o u l d  be d e s i g n e d  t o  b e  a  

few i n c h e s  l o n g ,  w h i l e  i t  would t a k e  a p p r o x i m a t e l y  7  f e e t  of  a i r - f i l l e d  

c o a x i a l  l i n e  t o  g i v e  t h e  same t i m e  d e l a y .  
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CHAPTER 8 

BAND-PASS FILTERS 
(A GENERAL SUMMARY OF BAM)-PASS FILTERS, AND A VERSATILE 

DESIGN TECBNIQUE FOR FILTERS WITB NARROW OR MODERATE BAM)WIDTBS) 

SEC. 8.01, A SUMMARY OF THE PROPERTIES OF THE BAND-PASS O R  PSEUDO 
HIGH-PASS FILTERS TREATED IN CHAPTERS 8, 9, AND 1 0  

This chapter is the first of a sequence of four chapters concerning 

,band-pass filter design. Chapters 8, 9, and 10 deal with the design theory 

and specific types of microwave filters, while Chapter 11 discusses various 

experimental and theoretical techniques which are generally helpful in the 

practical development of many kinds of band-pass filters and impedance- 

matching networks. This present chapter (Chapter 8) utilizes a design poin 

of view which is very versatile but involves narrow-band approximations whj 

limit its usefulness to designs having fractional bandwidths typically aroi 

0.20 or less. The design procedure utilized in Chapter 9 makes use of ster 

transformers as prototypes for filters, and the procedures given there are 

useful for either narrow or wide bandwidths. Chapter 10 uses yet another 

viewpoint for design, and the method described there is also useful for 

either narrow or wide bandwidths. The procedures in Chapter 9 are most ad. 

vantageous for filters consisting of transmission lines with lumped discon. 

tinuities placed at intervals, while the methods in Chapter 10 are most 

advantageous when used for filters consisting of lines and stubs or of 

parallel-coupled resonators. 

In this chapter the general design point of view is first described il 

a qualitative way, then design equations and other data for specific types 

of filters are presented, and finally the background details of how the 

design equations for specific filters were derived are presented. 

Chapters 9 and 10 also follow this pattern as far as is possible. 

It is recognized that some designers may have little interest in filt 

design theory, and that they may only wish to pick out one design for one 

given job. To help meet this need, Table 8.01-1 has been prepared. It sul 

marizes the more significant properties of the various types of filters 

discussed in Chapters 8, 9, and 10, and tells the reader in which sections 

design data for a given type of filter can be found. 
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Table 8 .01-1  

SUMMARY OF BAND-PASS AND PSEUDO HIGH-PASS FILTERS I N  CHAPTERS 8 ,  9 ,  AND 10  

Symbols 

o0 = pass-band c e n t e r  frequency \ = wavelength a t  oo 

,oSpB = c e n t e r  frequency of second pas s  band he = guide wavelength 

(LA)USB = peak a t t enua t ion  ( i n  db)  i n  up e r  P Aso,hsl,hs2 = guide wavelengths a t  w s t o p  band (between o 
0 and o ~ P ~  and a t  lower and u~DerO 

pass-band-edge freq;encies 
LAr = peak a t t enua t ion  ( i n  db)  i n  pa s s  band 

m = f r a c t i o n a l  bandwidth 
guide- - = wavelength 

7i = =SO f r ac t i ona l  
bandwidth' 

STRIP-LINE (OR COAXIAL) AND SEMI-LUMPED-ELEMENT FILTERS 

Typical Resonator or Sect ion 

' R  

i---'--(I=i 
0- 

STRlP LlNE 

2 

0 

STRlP LlNE 

T a b l e  8 . 0 1 - 1  Con t inued  

F i l t e r  P rope r t i e s  

ospa " zoo. (LAIUSB dec rease s  w i th  i nc rea s ing  IV. (LA)USB i s  usual ly  
s i z e a b l e  f o r  u = 0.20 o r  l e s s ,  but  i t  i s  usua l ly  only  5 o r  10 db fo r  

m = 0.70. Has f i r s t - o r d e r  po l e  of a t t enua t ion  a t  o = 0. D ie l ec t r i c  
suppor t  r equ i r ed  f o r  r e sona to r s .  Coupling gaps may become q u i t e  
small  f o r  m much l a r g e r  than 0.10, which p re sen t s  t o l e r m c e  consider- 
a t i ons .  See  Sec. 8 .05 f o r  des igns  with w about 0.20 o r  l e s s .  See 
Chapter 9  f o r  des igns  having l a r g e r  m, o r  f o r  de s igns  with very small 

LAr (0 .01 db, f o r  example), o r  f o r  des igns  f o r  h igh-pass  appl ica t ions .  
Coaxial f i l t e r s  o f  t h i s  type  a r e  widely used a s  pseudo high-pass 
f i l t e r s .  

oSPB 3o0. (LA)USB dec rease s  with i nc rea s ing  m ,  but  f o r  given m and 
o O ,  (LA)USB w i l l  be l a r g e r  than f o r  F i l t e r  1 above. Has mul t ip le-  
o rde r  po l e  o f  a t t enua t ion  a t  o = 0. Induct ive  s t u b s  can provide me- 
chan ica l  suppor t  f o r  r e sona to r  s t r u c t u r e  so  t h a t  d i e l e c t r i c  is not re- 
qui red .  For g iven m and oo c a p a c i t i v e  coupl ing gaps a r e  l a r g e r  than 
f o r  F i l t e r  1 above. See Sec. 8.08 f o r  des igns  with m 0.30. See 
Chapter 9 f o r  des igns  having l a r g e r  w ,  o r  f o r  des igns  with very small 

LAr (0.01 db, f o r  example), o r  f o r  des igns  f o r  high-pass appl ica t ions .  

n - 
STRIP LlNE 

STRIP-LINE (OR COAXIAL) AND SEMI-LUMPED ELEMENT FILTERS 

1 

1 I 

uSPB = 3o0. Has f i r s t - o r d e r  po l e  o f  a t t enua t ion  a t  o = 0 and a t  w = 
Zoo .  However, i s  prone t o  have narrow spur ious  pass  bands near 2w0 

due t o  s l i g h t e s t  mis tuning. D i e l e c t r i c  support ma te r i a l  required. 
Very a t t r a c t i v e  s t r u c t u r e  f o r  p r i n t e d  c i r c u i t  f a b r i c a t i o n ,  when 

2 0.15. See  Sec. 8 .09-1  f o r  m 2 0.15. See Sec. 10.02 f o r  designs 

having l a r g e r  to, o r  f o r  des igns  f o r  h igh-pass  app l i ca t i ons .  

Typical Resonntor or Seccior 

SHORT-CIRCUIT BLOCKS 

STRIP LlNE 

,I/ \\I 
METAL 

COAXIAL 

F i l t e r  P rope r t i e s  

%pB = 300. Has f i r s t - o r d e r  po l e  of a t t enua t ion  a t  o = 0 and a t  
i l =  2w0. However, i s  prone t o  narrow spur ious  pass  bands nea r  Z o o  
due t o  s l i g h t e s t  mistuning. S h o r t - c i r c u i t  blocks provide  mechanical 

support f o r  resonators .  S u i t a b l e  f o r  values  of w from around 0.01 

t o  0.70 o r  more. See Sec. 10.02. 

oSpB = 3w0. Has f i r s t - o r d e r  po l e  of a t t enua t ion  a t  o = 0 and a t  o = 
Zoo. However, i s  prone t o  narrow spur ious  pass  bands n e a r  2u0 due 
t o  s l i g h t e s t  mistuning. S h o r t - c i r c u i t s  a t  ends of s t u b s  provide  me- 

chanical  suppor t  f o r  s t r u c t u r e .  S u i t a b l e  fo r  values  of m from around 

0.40 t o  0.70 o r  more. See Sec. 10.03. Also s ee  Sec. 10.05 fo r  case  

where s e r i e s  s t u b s  a r e  added a t  ends t o  g ive  po l e s  of a t t e n u a t i o n  a t  
add i t i ona l  f requencies .  

S t ruc tu re  i n  coax ia l  form with s e r i e s  s t ubs  f a b r i c a t e d  w i th in  cen t e r  
conductor of main l i n e .  %PB = 300. 

Has f i r s t - o r d e r    ole o f  a t tenu-  

a t i o n  a t  o = 0 and a t  w = 2 0 ~ .  However, i s  prone t o  narrow spur ious  

pass  bands nea r  2w0 due t o  s l i g h t e s t  mistuning. S t r u c t u r e  r e w i r e s  

d i e l e c t r i c  suppor t  ma te r i a l .  S u i t a b l e  f o r  values  of m around 0.60 

o r  more. See Sec. 10.03. 

oSpB = 2 0 ~ .  and a l s o  has  a  pass  band around o = 0. Has po l e s  of a t -  
tenuat ion above and below oo a t  f requencies  om and (Zoo - om),  where 

om may be s p e c i f i e d .  Requires d i e l e c t r i c  ma te r i a l  f o r  suppor t .  Can 
conveniently be f a b r i c a t e d  by p r i n t e d  c i r c u i t  means. 

~ i t t l e  r e s t r i c -  

t i on  on m i f  om can be chosen appropr ia te ly .  See Sec. 10.04. 

L (continued on p. 424)  STRlP LlNE 



T a b l e  8 . 0 1  C o n t i n u e d  

STRIP-LINE ( O R  COAXIAL) A N D  SEMI-LUMPED-ELEMENT FILTERS 

n F i l t e r  Propertie.  Typical R e s o n ~ t o r o r S e c t i o  

8 

STRIP LINE 

STRIP LINE 

lo * CAPACITIVE 

STRIP LINE 

RESONATORS 

LUMPED ELEMENTS 

wSpB can be made t o  be a s  high a s  Lo o r  more. Has mul t ip le-order  
poles  o f  a t t enua t ion  a t  o = 0. Sho r t - c i r cu i t ed  ends o f  resonators  
provide  mechanical suppor t  so  t h a t  d i e l e c t r i c  m a t e r i a l  i s  no t  r e -  
qui red .  S t r u c t u r e  i s  q u i t e  compact. See Sec. 8.12 f o r  des ign 
d a t a  s u i t a b l e  f o r  des igns  with w = <  0.10. 

[ n t e r d i g i t a l  F i l t e r .  og = 3u0. Has mul t ip le-order  p o l e s  o f  a t -  
PB 

tenust ion a t  o = 0 and o = 2a+,. Can be f ab r i ca t ed  wi thout  u s ing  
l i e l e c t r i c  suppor t  ma te r i a l .  Spacings between r e sona to r  elements 
I r e  r e l a t i v e l y  l a r g e  which r e l a x e s  mechanical t o l e r ances .  S t r u c t u r e  
i s  very compact. See Secs. 10.06 and 10.07 f o r  equat ions  f o r  de- 
signs with w ranging from smal l  values up t o  l a r g e  values  around 
1.70 o r  more. 

h b - l i n e  f i l t e r .  Resonator l eng th  I depends on amount of capaci -  
. ive  l oad ing  used. %ps J> o0 A0/(21) so  f i l t e r  can be  designed fo r  
,cry broad upper s t o p  band. Po l e s  o f  a t t enua t ion  a t  o = 0 and o = 

J~ 
A0/(41). Extremely compact s t r u c t u r e  which can be  f a b r i c a t e d  

rithout d i e l e c t r i c  suppor t  ma te r i a l .  Unloaded Q ' s  o f  r e sona to r s  
,ornewhat l e s s  than those  f o r  F i l t e r  9 fo r  some s t r i p - l i n e  c ros s -  
ec t ion.  See Sec. 8.13 f o r  des igns  having w up t o  about 0.15. 

i l t e r  with quarter-wave-coupled resonators .  Resonators may be 
a v i t i e s ,  resonant  i r i s e s ,  o r  lumped-element r e sona to r s .  See 

ec. 8 .08 f o r  design d a t a  u se fu l  when w i s  around 0.05 o r  l e s s .  

T a b l e  8 .01 -1  Concluded 

STRIP-LINE (OR COAXIAL) AND SEMI-LUMPED-ELEMENT FILTERS 

1 T v ~ i c a l  Resonator or Section F i l t e r  Proper t ie*  

-- --4zsz LUMPED ELEMENTS 

LUMPED ELEMENTS 

~umped-element c i r c u i t  f o r  u se  a s  a guide for  des ign of semi-lumped- 
element microwave f i l t e r s .  See Sec. 8.11 fo r  des igns  with w 5 0.20, 

Lumped-element c i r c u i t  f o r  u se  a s  a guide f o r  des ign o f  semi-lumped- 
element microwave f i l t e r s .  See Sec. 8.11 fo r  des igns  wi th  w =< 0.20. 

14 * 
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oSpB occurs  when A i s  about A /2; however, when higher-order  modes go 
can propagate,  t h e  :pper s t o p  band and second pas s  bend may be d i s -  
rupted. (LA)USB decreases  with i nc rea s ing  9. Waveguide resonators  

g ive  r e l a t i v e l y  low d i s s i p a t i o n  l o s s  fo r  given w*. See Secs. 8.06 and8.07 
f o r  des igns  with % about 0.20 o r  l e s s .  See Chapter 9 f o r  designs 

having l a r g e r  w ~ ,  o r  fo r  des igns  with very small LA, (0 .01 db, f o r  
example), o r  fo r  designs f o r  high-psas appl ica t ions .  

15 
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WAVEGUIDE 

Use of Ag0/4 couplings g ives  i r i ~ e s  which a r e  a l l  nea r ly  t h e  same. 
I f  a disassembly j o i n t  is ~ l s c e d  i n  t h e  middle o f  each Ag0/4 coupling 

region,  resonators  may be e a s i l y  t e s t ed  i nd iv idua l ly .  %pB occurs 
when A i s  about A /2; however, when higher-order modes can propa- 

go 
ga t e  t!e upper s top band and second pass  band may be d isrupted.  
(LA)USB decreases  with i nc rea s ing  w ~ .  Waveguide r e sona to r s  g ive  

r e l a t i v e l y  low d i s s ipa t i on  l o s s  f o r  given 9. S a t i s f a c t o r y  for  de- 

s i g n s  having w~ about 0.05 o r  l e s s .  See Sec. 8.08. 



The f i l t e r s  whose p r o p e r t i e s  a r e  summar ized  i n  T a b l e  8 . 0 1 - 1  a r e  

s u i t a b l e  f o r  a  wide  r a n g e  o f  a p p l i c a t i o n s .  Some a r e  s u i t a b l e  f o r  e i t h e r  

na r row-  o r  wide-band b a n d - p a s s  f i l t e r  a p p l i c a t i o n s .  A l s o ,  s i n c e  i t  i s  

d i f f i c u l t ,  i f  n o t  i m p o s s i b l e ,  t o  b u i l d  a  mic rowave  h i g h - p a s s  f i l t e r  w i t h  

good p a s s - b a n d  p e r f o r m a n c e  up t o  many t i m e s  t h e  c u t o f f  f r e q u e n c y ,  p s e u d o  

h i g h - p a s s  f i l t e r s ,  which a r e  s i m p l y  wideband  b a n d - p a s s  f i l t e r s ,  p r o v i d e  

some of  t h e  most p r a c t i c a l  means f o r  f a b r i c a t i n g  f i l t e r s  f o r  mic rowave  

h i g h - p a s s  a p p l i c a t i o n s .  Thus ,  many o f  t h e  f i l t e r s  i n  T a b l e  8 . 0 1 - 1  s h o u l d  

a l s o  be c o n s i d e r e d  a s  p o t e n t i a l  microwave h i g h - p a s s  f i l t e r s .  

A l t h o u g h m o s t o f  t h e  f i l t e r s i n T a b l e  8 . 0 1 - l a r e p i c t u r e d i n  s t r i p - l i n e  

fo rm,  many o f  them c o u l d b e  f a b r i c a t e d  e q u a l l y  w e l l  i n  c o a x i a l  f o r m  o r  i n  

s p l i t - b l o c k  c o a x i a l  form ( F i g .  1 0 . 0 5 - 3 ) .  O n e o f  t h e  f i l t e r  p r o p e r t i e s  which 

i s  o f  i n t e r e s t  i n  s e l e c t i n g  a  p a r t i c u l a r  typeof band-pass f i l t e r  s t r u c t u r e  

i s  t h e  f r e q u e n c y  a t  which t h e  s e c o n d  p a s s  b a n d  w i l l b e c e n t e r e d .  I n T a b l e 8 . 0 1 - 1 ,  

t h i s  f r e q u e n c y  i s  d e s i g n a t e d  a s  wSpB,  and i t  i s  t y p i c a l l y  two o r  t h r e e  t i m e s  

u O ,  t h e  c e n t e r  f r e q u e n c y  o f  t h e  f i r s t  p a s s  b a n d .  However,  i n  t h e  c a s e  o f  

F i l t e r  8  i n  T a b l e  8 . 0 1 - 1 ,  uspB c a n  b e  made t o  b e  a s  much a s  f i v e  o r  more 

t i m e s  w,,. F i l t e r  10  i s  a l s o  c a p a b l e  o f  v e r y  b r o a d  s t o p  b a n d s .  

A l l  o f  t h e  f i l t e r s i n T a b l e  8 . 0 1 - 1  h a v e  a t  l e a s t o n e f r e q u e n c y ,  U, where  

t h e y  h a v e  i n f i n i t e  a t t e n u a t i o n  ( o r  where  t h e y  w o u l d h a v e  i n f i n i t e  a t t e n u a t i o n  

i f  i t  were  n o t  f o r t h e  e f f e c t s  o f  d i s s i p a t i o n  l o s s ) .  T h e s e  i n f i n i t e  a t t e n u a t i o n  
p o i n t s ,  known a s  p o l e s  o f  a t t e n u a t i o n  ( s e e  S e c .  2 . 0 4 ) ,  may b e  o f  f i r s t  o r d e r  o r  o f  

m u l t i p l e o r d e r ;  t h e  h i g h e r  t h e o r d e r  o f t h e  p o l e o f  a t t e n u a t i o n ,  t h e m o r e  r a p i d l y  

t h e  a t t e n u a t i o n w i l l  r i s e  a s w  a p p r o a c h e s t h e  f r e q u e n c y o f t h e p o l e .  T h u s ,  t h e  

o f  a t t e n u a t i o n  a t  f r e q u e n c i e s  u 

a r e  n o t e d i n T a b l e  8 . 0 1 - 1  a s  a  g u i d e  t o w a r d s  i n d i c a t i n g  what t h e  r e l a t i v e  s t r e n g t h  

o f t h e s t o p  b a n d w i l l  b e  i n  v a r i o u s  f r e q u e n c y  r a n g e s .  Four  o f t h e  f i l t e r s  i n  
T a b l e  8 . 0 1 - 1  ( F i l t e r s  1 ,  2 ,  1 4 ,  a n d 1 5 1  h a v e n o p o l e s  o f a t t e n u a t i o n  i n  t h e  s t o p -  

band r e g i o n  above  t h e  p a s s - b a n d  c e n t e r w o ,  and  t h e  a t t e n u a t i o n  b e t w e e n  t h e  f i r s t  

and second  p a s s - b a n d s  l e v e l s o f f a t  a v a l u e o f  ( L A ) O S B  d e c i b e l s .  As i s  ment ioned 
i n  T a b l e  8 . 0 1 - 1 ,  t h e v a l u e s  o f  (LA),,sB w i l l  i n s u c h  c a s e s b e i n f l u e n c e d b y t h e  

f r a c t i o n a l  bandwid th  t o o f t h e  f i l t e r .  A l s o ,  i t  s h o u l d b e n o t e d  t h a t  t h e  f i l t e r s  
which have  a  first-order pole o f  a t t e n u a t i o n  i n  t h e  s t o p  band a b o v e w o  may be  

l i a b l e t o  s p u r i o u s  r e s p o n s e s  c l o s e  t o t h i s  p o l e  i f  t h e r e  i s  any  m i s t u n i n g .  

A n o t h e r  c o n s i d e r a t i o n i n  c h o o s i n g  a t y p e o f  f i l t e r  f o r  a  g i v e n  j o b  i s  t h e  

u n l o a d e d  Q ' s  o b t a i n a b l e  w i t h  t h e  r e s o n a t o r  s t r u c t u r e s  u n d e r  c o n s i d e r a t i o n .  

W a v e g u i d e o r  c a v i t y  r e s o n a t o r s  w i l l ,  of  c o u r s e ,  g i v e  t h e  b e s t  u n l o a d e d Q ' s ,  and 

h e n c e  w i l l  r e s u l t  i n  f i l t e r s w i t h m i n i m u m  i n s e r t i o n  l o s s  f o r a g i v e n  f r a c t i o n a l  
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bandwid th .  However,  wavegu ide  r e s o n a t o r s  have  t h e  d i s a d ~ a n t a g e s o f b e i n ~  

r e l a t i v e l y  b u l k y  a n d o f  b e i n g  u s e f u l  o v e r  o n l y  a  l i m i t e d  f r e q u e n c y r a n g e b e c a u s c  

ofthepo~sibilit~ofhigher-order modes. Thus ,  w h e r e w i d e  p a s s  b a n d s o r w i d e  

s t o p  bands  a r e  r e q u i r e d ,  s t r i p - l i n e ,  c o a x i a l ,  o r  s emi - lumped-e l emen t  f i l t e r s  

a r e  u s u a l l y  p r e f e r a b l e .  if strip-line o r  c o a x i a l  c o n s t r u c t u i o n s  a r e u s e d ,  t h e  

p r e s e n c e  o f  d i e l e c t r i c  m a t e r i a l ,  whichmay b e  r e q u i r e d  f o r m e c h a n i c a l  s u p p o r t  0 1  

t h e  s t r u c t u r e ,  w i l l  t e n d  t o  f u r t h e r  d e c r e a s e  t h e  r e s o n a t o r  Q ' s o b t a i n a b l e .  Fo r  

t h i s  r e a s o n ,  i t  i s  i n m a n y  c a s e s  n o t e d i n T a b l e  8 . 0 1 - 1  w h e t h e r  o r  n o t  t h e  s p e c i f i  

s t r u c t u r e  c a n b e  f a b r i c a t e d  w i t h o u t  t h e u s e  o f  d i e l e c t r i c  s u p p o r t  m a t e r i e l .  

The f i l t e r  s t r u c t u r e s  m a r k e d w i t h  s t a r s i n T a b l e  8 . 0 1 - 1  a r e  f i l t e r  t y p e s  

which r e p r e s e n t  a t t r a c t i v e  compromise  c h o i c e s  f o r m a n y  a p p l i c a t i o n s .  However 

t h e y  a r e b y  n o m e a n s  n e c e s s a r i l y t h e b e s t  c h o i c e s  i n  a l l  r e s p e c t s ,  a n d s p e c i a l  coi 

s idera t ions  may d i c t a t e  t he  use  of some of  the  unstarred types of f i l t e r s  l i s t e d  i n  the tab 

F i l t e r  1 i n  T a b l e  8 . 0 1 - l w a s  s t a r r e d  b e c a u s e ,  i n  c o a x i a l  fo rm,  i t  p r o v i d e s  ; 

v e r y  rugged  and  c o n v e n i e n t  way f o r  m a n u f a c t u r i n g  pseudo  h i g h - p a s s  f i l t e r s .  

Commercia l  c o a x i a l  h i g h - p a s s  f i l t e r s  a r e m o s t  commonly o f  t h i s  fo rm.  

F i l t e r  3 i n  T a b l e  8 . 0 1 - 1  h a s  been  s t a r r e d  b e c a u s e  i t  i s  e x t r e m e l y  easy  

t o  d e s i g n  a n d  f a b r i c a t e  i n  p r i n t e d - c i r c u i t  c o n s t r u c t i o n  when t h e  f r a c t i o n a l  

bandwid th  i s  a r o u n d  0 . 1 5  o r  l e s s .  However,  i t s  s t o p - b a n d  c h a r a c t e r i s t i c s  

and i t s  r e s o n a t o r  Q ' s  a r e  i n f e r i o r  t o  t h o s e  t h a t  c a n  be o b t a i n e d  w i t h  some 

o f  t h e  o t h e r  t y p e s  o f  s t r i p - l i n e  o r  c o a x i a l  f i l t e r s  i n  t h e  t a b l e .  

F i l t e r  9 was s t a r r e d  b e c a u s e  i t  i s  e a s y  t o  d e s i g n  f o r  anywhere  f rom s m a l l  t o  

la rge  f r ac t iona l  bandwidths, it is compact, and it has s t rong s top  bands on both s ides  of 6 

F i l t e r  1 0  was s t a r r e d  b e c a u s e  o f  i t s  c o m p a c t n e s s  and e a s e  o f  d e s i g n ,  

and b e c a u s e  i t  i s  c a p a b l e  o f  a  v e r y  b r o a d  u p p e r  s t o p  band.  

F i l t e r  1 4  w a s  s t a r r e d  b e c a u s e  i t  i s  t h e  s i m p l e s t  and most  commonly used 

t y p e  o f  wavegu ide  f i l t e r .  W i t h i n  t h e  s i n g l e - m o d e  f r e q u e n c y  r a n g e  o f  t h e  

wavegu ide ,  s u c h  f i l t e r s  g e n e r a l l y  g i v e  e x c e l l e n t  p e r f o r m a n c e .  

SEC. 8 . 0 2 ,  GENERAL PHINCIPLES OF COUPLED-RESONATOR FILTEHS* 

I n  t h i s  s e c t i o n  we w i l l  d i s c u s s  t h e  o p e r a t i o n  of  c o u p l e d - r e s o n a t o r  f i l -  

t e r s  i n  q u a l i t a t i v e  t e r m s .  F o r  t h e  b e n e f i t  o f  t h o s e  r e a d e r s  who a r e  conce rn  

* The point  of view used herein i s  that  due t o  S. B. Cohn.' However, herein hia point o f  vie .  has been restated 
in  more general t e r m ,  and i t  haa bean applied t o  addit ional  types of f i l t e r  atructuros not treated by Cohn. 
SO- other points  of via. and e a r l i e r  contributions are l i s t e d  in   reference^ 2 t o  8. 



p r i m a r i l y  w i t h  p r a c t i c a l  d e s i g n ,  r a t h e r  t h a n  w i t h  t h e o r y ,  t h i s  q u a l i t a -  

t i v e  d i s c u s s i o n  w i l l  b e  f o l l o w e d  by d e s i g n  d a t a  f o r  s p e c i f i c  t y p e s  o f  

f i l t e r s .  D e t a i l s  o f  t h e  d e r i v a t i o n  o f  t h e  d e s i g n  e q u a t i o n s  w i l l  b e  found 

i n  S e c .  8 . 1 4 .  

I n  t h e  d e s i g n  p r o c e d u r e s  o f  t h i s  c h a p t e r ,  t h e  l umped-e l emen t  p r o t o -  

t y p e  f i l t e r d e s i g n s  d i s c u s s e d  and  t a b u l a t e d  i n  C h a p t e r  4  w i l l  b e  u s e d  t o  

a c h i e v e  b a n d - p a s s  f i l t e r  d e s i g n s  h a v i n g  a p p r o x i m a t e l y  t h e  same T c h e b y s c h e f f  

o r  max ima l ly  f l a t  r e s p o n s e  p r o p e r t i e s .  T h u s ,  u s i n g  a  l umped-e l emen t  p r o t o -  

t y p e h a v i n g a  r e s p o n s e  s u c h  a s t h e T c h e b y s c h e f f  r e s p o n s e  s h o w n i n  F i g .  8 . 0 2 - l ( a ) ,  

t h e  c o r r e s p o n d i n g  b a n d - p a s s  f i l t e r  r e s p o n s e  w i l l  a l s o  b e  T c h e b y s c h e f f  a s  

shown i n  F i g .  8 . 0 2 - l ( b ) .  As s u g g e s t e d  i n  F i g .  8 . 0 2 - l ( b ) ,  t h e  m u l t i p l e  

r e s o n a n c e s  i n h e r e n t  i n  t r a n s m i s s i o n - l i n e  o r  c a v i t y  r e s o n a t o r s  g e n e r a l l y  

g i v e  b a n d - p a s s  microwave f i l t e r s  a d d i t i o n a l  p a s s  b a n d s  a t  h i g h e r  f r e q u e n c i e s .  

F i g u r e  8 . 0 2 - 2 ( a )  shows a  t y p i c a l  l o w - p a s s  p r o t o t y p e  d e s i g n ,  and  

F i g .  8 . 0 2 - 2 ( b )  shows a  c o r r e s p o n d i n g  b a n d - p a s s  f i l t e r  d e s i g n ,  w h i c h  c a n  

b e  o b t a i n e d  d i r e c t l y  from t h e  p r o t o t y p e  by a l o w - p a s s  t o  b a n d - p a s s  t r a n s -  

f o r m a t i o n  t o  be d i s c u s s e d  i n  S e c .  8 . 0 4 .  I n  t h e  e q u a t i o n s  f o r  t h e  band-  
p a s s  f i l t e r  e l e m e n t  v a l u e s ,  t h e  g j  a r e  t h e  p r o t o t y p e  f i l t e r  e l e m e n t  v a l u e s ,  

w' and a r e  f o r t h e p r o t o t y p e  f i l t e r  r e s p o n s e  a s  i n d i c a t e  d i n  F i g .  8 . 0 2 - l ( a )  
f o r  a  t y p i c a l  T c h e b y s c h e f f  c a s e ,  and w ,  o o ,  o l ,  and wt a p p l y  t o  t h e  c o r r e -  

s p o n d i n g  b a n d - p a s s  f i l t e r  r e s p o n s e  a s  i n d i c a t e d  i n  F i g .  8 . 0 2 - l ( b ) .  Of 
c o u r s e ,  t h e  f i l t e r  i n  F i g .  8 . 0 2 - 2 ( b )  would  n o t  have  t h e  h i g h e r  f r e q u e n c y  

p a s s  b a n d s  s u g g e s t e d  i n  F i g .  8 . 0 2 - l ( b )  b e c a u s e  i t  i s  composed o f  lumped 

e l e m e n t s .  

FIG. 8.02-1 LOW-PASS PROTOTYPE RESPONSE AND CORRESPONDING 
BAND-PASS FILTER RESPONSE 

FIG. 8.02-2(a) A LOW-PASS PROTOTYPE FILTER 
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FOR SHUNT RESONATORS: 

FOR SERIES RESONATORS: 

+,, . w O ~ k  = 1 = - = r e a c t a n c e  s l o p e  
w ~ C k  p a r a m e t e r  

FIG. 8.02-2(b) BAND-PASS FILTERS AND THEIR RELATION TO LOW-PASS PROTOTYPES 
Frequencies w,', w l ,  and w2 are defined in Fig. 8.02-1, ang go, g l ,  ..., g n + l  
are defined in Fig. 8.02-2(a) 

NOTE: Adapted from F i n d  Report. Contract DA-36039 SC-64625. SRI; 
reprintad in Proc. IRE (see Ref. 1 by S.  B. Cohn). 

FIG. 8.02-2(c) THE BAND-PASS FILTER IN FIG. 8.02-2(b) CONVERTED TO USE 
ONLY SERIES RESONATORS AND IMPEDANCE INVERTERS 



The filter structure in Fig. 8.02-2(b) consists of series resonators 

alternating with shunt resonators, an arrangement which is difficult to 

achieve in a practical microwave structure. In a microwave filter, it is 

much more practical to use a structure which approximates the circuit in 

Fig. 8.02-2(c), or its dual. In this structure all of the resonators are 

of the same type, and an effect like alternating series and shunt resona- 

tors is achieved by the introduction of "impedance inverters," which were 

defined in Sec. 4.12, and are indicated by the boxes in Fig. 8.02-2(c). 

The band-pass filter in Fig. 8.02-2(c) can be designed from a low-pass 

prototype as in Fig. 8.02-2(a) by first converting the prototype to the 

equivalent low-pass prototype form in Fig. 4.12-2(a) which uses only 

series inductances and impedance inverters in the filter structure. Then 

a low-pass to band-pass transformation can be applied to the circuit in 

Fig. 4.12-2(a) to yield the band-pass circuit in Fig. 8.02-2(c). Practical 

means for approximate realization of impedance inverters will be discussed 

in Sec. 8.03 following. 

Since lumped-circuit elements are difficult to construct at microwave 

frequencies, it is usually desirable to realize the resonators in 

distributed-element forms rather than the lumped-element forms in 

Figs. 8.02-2(b), (c). As a basis for establishing the resonance proper- 

ties of resonators regardless of their form it is convenient to specify 

their resonant frequency wo and their slope parameter. For any resonator 

exhibiting a series-type resonance (case of zero reactance at wo) the 

reactance s lope parameter 

ohms 

applies, where X is the reactance of the resonator. For a simple series 

L-C resonator. Eq. (8.02-1) reduces to CL = woL = l/(ooC). For any reso- 
nator exhibiting a shunt-type resonator (case of zero susceptance at mo) 

the susceptance slope parameter 

mhos 

applies where B is the susceptance of the resonator. For a shunt L-C 

resonator, Eq. (8.02-2) reduces to = woC = l/(ooL). Note that in 

Fig. 8.02-2(b) the properties of the lumped resonators have been defined 

in terms of susceptance and reactance slope parameters. The slope param- 

eters of certain transmission-line resonators were discussed inSec. 5.08 

and are summarized in Fig. 5.08-1. Any resonator having a series-type 

resonance with a reactance slope parameter c and series resistance R has 

Likewise, any resonator 

slope parameter & and a 
having a shunt-type 

shunt conductance G 

resonance with a susceptance 

has a Q of 

Figure 8.02-3(a) shows a generalized circuit for a band-pass filter 

having impedance inverters and series-type resonator characteristics as 

indicated by the resonator-reactance curve in Fig. 8.02-3(b) Let US 

suppose that a band-pass filter characteristic is desired like that in 

Fig. 8.02-l(b), and the filter is to be designed from a low-pass proto- 

type having a response like that in Fig. 8.02-l(a) and having prototype 

parameters go, gl, . . . , g,+l, and w ; .  The resonator slope parameters 

el, a2,  . . . , an for the band-pass filter may be selected arbitrarily to 
be of any size corresponding to convenient resonator designs. Likewise, 

the terminations R A ,  R B ,  and the fractional bandwidth w may be specified 

as desired. The desired shape of response is then insured by specifying 

the impedance-inverter parameters Kol, K12, . . . ,  Kn,n+l as required by 
Eqs. (2) to (4) in Fig. 8.02-3. If the resonators of the filter in 

Fig. 8.02-3(a) were each comprised of a lumped L and C, and if the im- 
pedance inverters were not frequency sensitive, the equations in 

Fig. 8.02-3 would be exact regardless of the fractional bandwidth w of 

the filter. However, since the inverters used in practical cases are 

frequency sensitive (see Sec. 8.03), and since the resonators used will 

generally not be lumped, in practical cases the equations in Fig. 8.02-3 

represent approximations which are best for narrow bandwidths. However, 

in some cases good results can be obtained for bandwidths as great as 
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( 0 )  A GENERALIZED. BAND-PASS FILTER CIRCUIT USING ADMITTANCE INVERTERS 

(b) REACTANCE OF j t h  RESONATOR (b) SUSCEPTANCE OF j th RESONATOR 

ohms 
-0 

= Susceptance Slope Parameter = Reactance Slope Parameter 

Kn,ntl = {F ID = f r a c t i o n a l  = 9 - 9 
bandwidth o r  = - 

"0 
(5) 

Y gngn t 1  

( I )  1 ,, = f r a c t i o n a l  = "2 - 9 
bandwidth o r  = 7 (5) 

where 4, a?, 9 and 9 a r e  def ined i n  Fig. 8.02-1, and go, gl, . . . , gnt l  are 
a s  de f ined  I n  Sec. 4.04 and Fig. 8.02-2(a).  

where o;, oo, ol, and o:, a r e  def ined i n  Fig. 8.02-1, and go, gl, .. . , gn+1 are 
as def ined i n  Sec. 4.04 and Fig. 8.02-2(a).  

For Experimental Determination of Coup1 ings (As Discussed i n  Chaptcr 1 1 )  

External  Q ' s  are :  

For Experimental Determination of Couplings (As Discussed i n  Chapter 11 )  

External  Q ' s  a r e :  

Coupling c o e f f i c i e n t  are :  
Coupling c o e f f i c i e n t s  are :  

FIG. 8.02-4 GENERALIZED EQUATIONS FOR DESIGN OF BAND-PASS FILTERS 
FROM LOW-PASS PROTOTYPES 
Cose of filters having resonators with only shunt-type resonances. The 
J-inverters represent the couplings 

FIG. 8.02-3 GENERALIZED EQUATIONS FOR DESIGN OF BAND-PASS FILTERS 
FROM LOW-PASS PROTOTYPES 
Cose of filters with resonators having series-type resonances. The 
K-inverters represent the couplings 



20 percent when half-wavelength resonators are used, and when quarter- 

wavelength resonators are used, good results can be obtained in some 

cases for bandwidths approaching 40 percent. 

Equations (6) to (8) in Fig. 8.02-3 are forms which are particularly 

convenient when the resonator couplings are to be adjusted by experimental 

procedures discussed in Chapter 11. The external Q, (Qe),, is the Q of 

Resonator 1 coupled by the Inverter Kol to the termination RA. The ex- 

ternal Q, ( Q e ) B  is the corresponding Q of resonator n coupled by Knantl 
to R B .  The expression for the coupling coefficients k,,,+l is a general- 

\ 

ization of the usual definition of coupling coefficiknt. For lumped- 

element resonators with inductive couplings kJ,j+l = M ~ , , + ~ / J L , L ~ + ~  where 

L, and Ljtl are self inductances and M i ,  j+l is the mutual inductance. By 

specifying the coupling coefficients between resonators a h d  the external 

Q's of the end resonators as indicated in Eqs. (6) to ( 8 )  in Fig. 8.02-3, 

the response of the filter is fixed. Equations (2) to ( 4 )  and Eqs. (6) 

to (8) are equivalent. 

The band-pass filter in Fig. 8.02-4(a) uses admittance inverters and 

shunt-type resonator characteristics as indicated by the resonator- 

susceptance curve in Fig. 8.02-4(b). Admittance inverters are in principle 

the same as impedance inverters, but for convenience they are here character 

ized by an admittance parameter, J,,J+l, instead of an impedance parameter, 

K,, j+l (see Sec. 4.12). The equations in Fig. 8.02-4 are duals of those in 

Fig. 8.02-3, and the same general principles discussed in the preceding 

paragraphs apply. 

In the discussions to follow K-inverter impedance parameters will be 

used whenever the resonators have a series-type resonance, and J-inverter 

admittance parameters will be used whenever the resonators have a shunt- 

type resonance. 

SEC. 8.03, PRACTICAL REALIZATION OF K- AND J-INVERTERS 

One of the simplest forms of inverters is a quarter-wavelength of 

transmission line. Observe that such a line obeys the basic impedance- 

inverter definition in Fig. 4.12-l(a), and that it will have an inverter 

parameter of K = Z,, ohms where Zo is the characteristic impedance of the 
line. Of course, a quarter-wavelength of line will also serve as an 

admittance inverter as can be seen from Fig. 4.12-l(b), and the admittance 

inverter parameter will b e J  = Y o  where Yo is the characteristic admittance 

of the line. 
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Although its inverter properties are relatively narrow-band in 

nature, a quarter-wavelength line can be used satisfactorily as an im- 

pedance or admittance inverter in narrow-band filters. Thus, if we have 

six identical cavity resonators, and if we connect them by lines which 

are a quarter-wavelength long at frequency w o ,  then by properly adjusting 

the coupling at each cavity it is possible to achieve a six resonator 

Tchebyscheff response such as that in Fig. 8.02-l(b). Note that if the 

resonators all exhibit, say, series-type resonances, and if they were 

connected together directly without the impedance inverters, they would 

simply operate like a single series resonator with a slope parameter equal 

to the sum 3f the slope parameters of the individual resonators. Some 

sort of inverters between the resonators are essential in order to obtain 

a multiple-resonator response if all of the resonators are of the same 

type, i.e., if all exhibit a series-type resonance or all exhibit a shunt- 

type resonance. 

Besides a quarter-wavelength line, there are numerous other circuits 

which operate as inverters. All necessarily give an image phase (see 

Sec. 3.02) of some odd multiple of +90 degrees, and many have good invert- 

ing properties over a much wider bandwidth than does a quarter-wavelength 

line. Figure 8.03-1 shows four inverting circuits which are of special 

interest for use as K-inverters (i.e., inverters to be used with series- 

type resonators). Those shown in Figs. 8.03-(a),(b) are particularly 

useful in circuits where the negative L or C can be absorbed into adjacent 

positive series elements of the same type so as to give a resulting cir- 

cuit having all positive elements. The inverters shown in Figs. 8.03-l(c), 

are particularly useful in circuits where the line of positive or negative 

electrical length @ shown in the figures can be added to or subtracted fron 

adjacent lines of the same impedance. The circuits shown at (a) and (c) 

have an over-all image phase shift of -90 degrees, while those at (b) and 

(d) have an over-all image phase shift of +90 degrees. The impedance- 

inverter parameter K indicated in the figure is equal to the image imped- 
ance (see Sec. 3.02) of the inverter netw'ork and is analogous to the 

characteristic impedance of a transmission line. The networks in 

Fig. 8.03-1 are much more broadband inverters than is a quarter-wavelength 

line. * 

* In the c a s e s  o f  F i g s .  8 . 0 3 - l ( c ) ,  ( d ) ,  t h i s  s ta tement  aasunea t h a t  Ix/z~~ << 1 which i s  U S U ~ ~ I Y  

the  c a s e  i n  the  p r a c t i c a l  a p p l i c a t i o n  o f  theae  c i r c u i t s .  



X * POSITIVE I.( 
NEGATIVE +=POSITIVE 

( c )  ( d )  

For both c a s e s  ( c )  and ( d )  

K = Po tan 1+1 ohna 

4 = - t a n - l X  radians  
2 0  

FIG. 8.03-1 SOME CIRCUITS WHICH ARE PARTICULARLY 
USEFUL AS K-INVERTERS (Inverters To Be 
Used with Series-T,ype Resonators) 

Figure 8.03-2 shows four inverting circuits which are of special 

interest for use as J-inverters ( i . e . ,  inverters to be used with shunt- 
type resonators). These circuits will be seen to be the duals of those 

in Fig. 8.03-1, and the inverter parameters J are the image admittances 
of the inverter networks. 

Figure 8.03-3 shows two more circuits which operate as inverters. 

These circuits are useful for computing the impedance-inverting proper- 

ties of certain types of discontinuities in transmission lines. Examples 

will be cited in Secs. 8.05 and 8.06. Figure 8.03-4 shows yet another 
form of inverter composed of transmission lines of positive and negative 

0- 0 += POSITIVE 

++/2 4 t c + / 2 4  
4- 

8. POSITIVE 

yo 

- 
9. NEGATIVE 

For both c a s e s  ( c )  and ( d ) :  

4 = -tan-la *0 radians  

FIG. 8.03-2 SOME CIRCUITS WHICH ARE PARTICULARLY 
USEFUL AS J-INVERTERS (Inverters to be Used 
with Shunt-Type Resonators) 

characteristic admittance. The negative admittances are in practice 

absorbed into adjacent lines of positive admittance. 

Numerous other circuits will operate as impedance or admittance in- 

verters, the requirements being that their image impedance be real in 

the frequency band of operation, and that their image phase be some odd 

multiple of tn/2. For any symmetrical inverter, these conditions will 

be satisfied if 



X 4 = -tan-' (2 + 2)- zO radians 

FIG. 8.03-3 TWO CIRCUITS WHICH ARE 
USEFUL FOR REPRESENTING 
THE INVERTER PROPERTIES 
OF CERTAIN DISCONTINUITIES 
IN TRANSMISSION LINES 

FIG. 8.03-4 AN ADMITTANCE INVERTER 
FORMED FROM STUBS OF 
ELECTRICAL LENGTH 0 

where (X1h)oc is the input reactance of the circuit when cut in half and 
the cut wires are left open-circuited, while ( X l n )  

is the corresponding 
I C reactance when the cut wires are shorted together. 

SEC. 8.04, USE OF LOW-PASS TO BAND-PASS MAPPINGS 

The response of a low-pass prototype circuit such as either of those 

in Fig. 4.04-1 can be related exactly to the response of a corresponding 

band-pass filter as shown in Fig. 8.02-2(b) by a well known low-pass to 

band-pass mapping 

where w is the fractional bandwidth 

and w' and w; refer to the low-pass filter response as indicated in 

Fig. 8.02-l(a) while w, wo, wl, and w2 refer to the corresponding band- 
pass filter response as shown in Fig. 8.02-l(b) Mappings of this sort 

are particularly useful in determining the number of resonators needed 

to meet given attenuation requirements. For example, suppose that an 

audio-frequency filter of the form in Fig. 8.02-2(b) was desired with a 

1.0-db Tchebyscheff ripple from fl = 2 kc to f2 = 4 kc and with at least 

50-db attenuation at 1.5 kc. It is then desired to know how many reso- 

nators will be required to do the job. Using the mapping Eq. (8.04-1) 

Now 

W '  1 0 'fo 
- 4 = ( )  = +(+) , 

- 
fo = Jf2fl = 2.825 kc, and we wish, 50-db attenuation or more at f = 

1.5 kc. Then the l ~ w - ~ a s s  prototype must have at least 50-db attenua- 

tion for 

The minus sign in the above result occurs because, mathematically, 

the portion of the band-pass filter response below w,, in Fig. 8.02-l(b) 

maps to negative values of the low-pass filter frequency variable w', 

while, mathematically, the low-pass filter response in Fig. 8.02-l(a) fol 



n e g a t i v e  v a l u e s  o f  w' i s  a  m i r r o r  image o f  i t s  r e s p o n s e  f o r  p o s i t i v e  

v a l u e s  o f  w. For  o u r  p r e s e n t  p u r p o s e s  we may i g n o r e  t h e  minus  s i g n .  

The c h a r t  shown i n  F i g .  4 . 0 3 - 8  shows t h e  c u t o f f  c h a r a c t e r i s t i c s  o f  

f i l t e r s  w i t h  1 . 0 - d b  T c h e b y s c h e f f  r i p p l e .  U s i n g  t h i s  c h a r t  we s e e  t h a t  

an  n = 6 r e a c t i v e  e l e m e n t  p r o t o t y p e  w i l l  g i v e  5 4 . 5  db a t t e n u a t i o n  f o r  

Iwl/w; 1 = 1 . 9 1 4  ( i . e . ,  lwl /o;  1 - 1 = 0 . 9 1 4 )  a s  r e q u i r e d ,  and n = 5  I 
e l e m e n t s  w i l l  g i v e  o n l y  4 3  d b  a t t e n u a t i o n .  T h u s ,  t h e  c o r r e s p o n d i n g  band-  

p a s s  f i l t e r  w i t h  f l  = 2  kc  and  f q  = 4  kc  w i l l  r e q u i r e  n = 6 r e s o n a t o r s  i n  

o r d e r  t o  meet  t h e  a t t e n u a t i o n  r e q u i r e m e n t  a t  f = 1 . 5  k c .  

The v a r i o u s  microwave f i l t e r  s t r u c t u r e s  a b o u t  t o  b e  d i s c u s s e d  a p p r o x i -  

ma te  t h e  p e r f o r m a n c e  o f  t h e  f i l t e r  i n  F i g .  8 . 0 2 - 2 ( b )  v e r y  w e l l  f o r  n a r r o w  

b a n d w i d t h s ,  b u t  t h e i r  r a t e s  o f  c u t o f f  w i l l  d i f f e r  n o t i c e a b l y  f rom t h a t  

f o r  t h e  f i l t e r  i n  F i g .  8 . 0 2 - 2 ( b )  when t h e  b a n d w i d t h  becomes a p p r e c i a b l e  

(more  t h a n  f i v e  p e r c e n t  o r  s o ) .  However,  i n  mos t  c a s e s  i n  t h i s  c h a p t e r ,  

a p p r o x i m a t e  mapp ings  w i l l  b e  s u g g e s t e d  which a r e  more a c c u r a t e  t h a n  

Eq. ( 8 . 0 4 - 1 )  f o r  t h e  g i v e n  s t r u c t u r e .  I n  many c a s e s  t h e  s u g g e s t e d  mapp ings  

g i v e  v e r y  a c c u r a t e  r e s u l t s  f o r  f i l t e r s  w i t h  b a n d w i d t h s  a s  g r e a t  a s  

20  p e r c e n t  o r  somewhat more .  Though t h e  mapping f u n c t i o n s  w i l l  b e  some- 

what d i f f e r e n t  from Eq.  ( 8 . 0 4 - I ) ,  t h e y  a r e  u s e d  i n  e x a c t l y  t h e  same way 

f o r  d e t e r m i n i n g  t h e  r e q u i r e d  number o f  r e s o n a t o r s  f o r  a  g i v e n  a p p l i c a t i o n .  

SEC.  8 . 0 5 ,  CAPACITIVE-GAP-COUPLED TRANSMISSION 
LINE FILTERS 

F i g u r e  8 . 0 5 - 1  p r e s e n t s  d e s i g n  r e l a t i o n s  f o r  c o u p l e d - r e s o n a t o r  f i l t e r s  

c o n s i s t i n g  o f  t r a n s m i s s i o n - l i n e  r e s o n a t o r s  w h i c h  a r e  a p p r o x i m a t e l y  a  h a l f -  

w a v e l e n g t h  l o n g  a t  t h e  midband f r e q u e n c y  o o ,  and which have  s e r i e s -  

c a p a c i t a n c e  c o u p l i n g  be tween  r e s o n a t o r s .  I n  t h i s  c a s e  t h e  i n v e r t e r s  a r e  

o f  t h e  form i n  F i g .  8 . 0 3 - 2 ( d ) .  T h e s e  i n v e r t e r s  t e n d  t o  r e f l e c t  h i g h  
impedance  l e v e l s  t o  t h e  e n d s  o f  e a c h  o f  t h e  h a l f - w a v e l e n g t h  r e s o n a t o r s ,  

and i t  can  b e  shown t h a t  t h i s  c a u s e s  t h e  r e s o n a t o r s  t o  e x h i b i t  a  s h u n t -  

t y p e  r e s o n a n c e  ( s e e  S e c .  8 . 1 4 ) .  T h u s ,  t h e  f i l t e r s  u n d e r  c o n s i d e r a t i o n  

o p e r a t e  l i k e  t h e  s h u n t - r e s o n a t o r  t y p e  o f  f i l t e r  whose g e n e r a l  d e s i g n  

e q u a t i o n s  were  shown i n  F i g .  8 . 0 2 - 4 .  

I f  t h e  c a p a c i t i v e  g a p s  o p e r a t e  l i k e  p u r e l y  s e r i e s  c a p a c i t a n c e s ,  t h e n  
t h e  s u s c e p t a n c e  o f  t h e  c a p a c i t i v e  c o u p l i n g s  c a n  b e  computed by u s e  o f  

Eqs .  ( 1 )  t o  ( 4 )  i n  F i g .  8 . 0 5 - 1 ,  and  t h e  e l e c t r i c a l  d i s t a n c e  b e t w e e n  t h e  

s e r i e s  c a p a c i t a n c e  d i s c o n t i n u i t i e s  i s  o b t a i n e d  by Eq. ( 5 ) .  However ,  i n  

where go, . . ., a r e  a s  def ined i n  Fig.  4 .04-1 .  m1 i s  def ined i n  

~ i ~ .  8 . 0 2 - l ( ~ ) ,  and w is t h e  f r a c t i o n a l  bandwidth def ined below. m e  
J ,  ,,, are admittance i n v e r t e r  parameters and Yo i s  t h e  c h a r a c t e r i s t i c  

J r J "  
admittance o f  t h e  l i n e .  

Assuming t h e  c a p a c i t i v e  gaps a c t  a s  p e r f e c t ,  s e r i e s - c a p a c i t a n c e  d iscon-  
t i n u i t i e s  o f  susceptance B j ,  j + l  a s  i n  Fig.  8 . 0 3 - 2 ( d )  

where t h e  B .  . and 0 .  a r e  evaluated a t  mO. J . J + ~  

For t h e  conatruct ion  i n  F i g s .  8 . 0 5 - 3 ( a ) ,  ( b ) ;  determine the  gap spacings  A 

from t h e  J .  . /Yo values  and F i g s .  8 . 0 5 - 3 ( a ) . ( b ) ;  determine the  d .  
J . J + ~  J . J + ~  

v a l u e s  from t h e  A'S and Fig .  8 . 0 5 - 3 ( c ) ;  then 

where t h e  4,. j+l w i l l  u s u a l l y  be negat ive .  

To map low-pass prototype f i l t e r  response t o  corresponding band- ass 
f i l t e r  response u s e  t h e  approximation 

where 

where w' and 4 are a s  d e f i n e d  i n  Fig.  8 . 0 2 - l ( a ) ;  and a, oo, *I, and 3 
a r e  d e f i n e d  i n  Fig.  8 . 0 2 - l ( b ) .  

FIG. 8.05-1 DESIGN EQUATIONS FOR CAPACITIVE-GAP-COUPLED 
TRANSMISSION-LINE FILTERS 
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FIG. 8.05-2 

FA many p r a c t i c a l  s i t u a t i o n s  t h e  

c a p a c i t i v e  gaps  between r e s o -  I 
1 

n a t o r s  w i l l  be s o  l a r g e  t h a t  

t h e y  cannot  be t r e a t e d  a s  

s i m p l e  s e r i e s  c a p a c i t a n c e s .  

GAP EQUIVALENT CIRCUIT, AND 
OLINER'S EQUATIONS 9 1 ' 0  FOR 
CAPACITIVE-GAP SUSCEPTANCES 
FOR THIN STRIP LINE 
Parameter b  is the ground-plane 
spacing, and his the wavelength in 
media of propagation, in same units. 
Equations are most accurate for 
w/b = 1.2 or more and t/b - 0, 
where t  is the strip thickness. 

Cons ider ,  f o r  example ,  t h e  I 
c a p a c i t i v e  gap i n  a  s t r i p  

t r a n s m i s s i o n  l i n e  shown i n  

F i g .  8 . 0 5 - 2 ( a ) .  I f  t h e  l e n g t h  

o f  each r e s o n a t o r  i s  d e f i n e d  

a s  e x t e n d i n g  from t h e  c e n t e r -  

l i n e  of  one c a p a c i t i v e  gap t o  

t h e  c e n t e r l i n e  o f  t h e  n e x t  gap 

( a s  i s  done i n  F i g .  8 . 0 5 - I ) ,  

t h e n  an e q u i v a l e n t  c i r c u i t  f o r  

t h e  gap, a s  r e f e r r e d  t o  t h e  

c e n t e r l i n e  of t h e  gap ,  w i l l  

i n c l u d e  s e r i e s  c a p a c i t a n c e  and 

some n e g a t i v e  s h u n t  c a p a c i -  

t a n c e  t o  account  f o r  t h e  f a c t  

t h a t  t h e  gap r e d u c e s  t h e  s h u n t  

c a p a c i t a n c e  i n  t h e  v i c i n i t y  of  

t h e  c e n t e r l i n e .  Figure 8.05-2(b) 

shows such  an e q u i v a l e n t  c i r -  

c u i t  f o r  t h e  gap,  and a l s o  

shows some e q u a t i o n s  due t o  

0 1 i n e r 9  which g i v e  approx imate  

v a l u e s  f o r  t h e  s u s c e p t a n c e s ,  

f o r  t h e  c a s e  of  s t r i p  l i n e  of  
n e a r l y  z e r o  t h i c k n e s s .  ( A l t s c h u l e r  and Oliner1•‹  p o i n t  o u t  t h a t  t h e s e  equa-  
t i o n s  a r e  r e a s o n a b l y  a c c u r a t e  i f  w/b  i s  f a i r l y  l a r g e  a s  i s  t h e  c a s e  f o r  a  

50-ohm s t r i p  l i n e h a v i n g  n e a r l y  z e r o  t h i c k n e s s  and a i r  d i e l e c t r i c .  However, 
i f  w/b  i s  s m a l l  t h e  e r r o r  i s  c o n s i d e r a b l e . )  Having r e a s o n a b l y  a c c u r a t e  
v a l u e s  f o r  t h e  s u s c e p t a n c e s  i n  F i g .  8 . 0 5 - 2 ( b ) ,  t h e  c o r r e s p o n d i n g  admi t -  

t a n c e  i n v e r t e r  p a r a m e t e r s  f o r  a  g i v e n  gap s i z e  c a n  be computed by u s e  o f  

F ig .  8 . 0 3 - 3 ( b ) .  The gap s i z e s  must be chosen t o  g i v e  t h e  J  .+l/Y,, v a l u e s  
1 . 1  c a l l e d  f o r  by Eqs. ( 1 )  t o  ( 3 )  i n  F i g .  8 . 0 5 - 1 ,  and t h e  c o r r e s p o n d i n g  v a l u e s  

of 6 o b t a i n e d  from F i g .  8 . 0 3 - 3 ( b )  a r e  t h e n  used  w i t h  Eq. ( 6 )  i n  F i g .  8 . 0 5 - 1  

i n  o r d e r  t o  o b t a i n  t h e  p r o p e r  e l e c t r i c a l  d i s t a n c e  between t h e  c e n t e r l i n e s  

of  t h e  c o u p l i n g  gaps .  I t  s h o u l d  be n o t e d  t h a t  a l l  s u s c e p t a n c e s  and 

e l e c t r i c a l  d i s t a n c e s  a r e  t o  be  e v a l u a t e d  a t  t h e  midband f requency  oo. 

F i g u r e s  8 . 0 5 - 3 ( a )  t o  ( c )  p r e s e n t  d a t a  f o r  c a p a c i t i v e - g a p  f i l t e r s  

which were o b t a i n e d  by e x p e r i m e n t a l  procedures11 ( s e e  Chapte r  1 1 ) .  
These 

d a t a  a r e  f o r  t h e  p a r t i c u l a r  r e c t a n g u l a r - b a r  s t r i p  l i n e  c o n s t r u c t i o n  shown 

i n  F ig .  8 . 0 5 - 3 ( a )  F i g u r e s  8 . 0 5 - 3 ( a ) ,  ( b )  g i v e  d a t a  t o  be used  f o r  d e t e r -  

mining t h e  p r o p e r  gap s p a c i n g  A i n  i n c h e s  t o  g i v e  a  s p e c i f i e d  J / Y o  v a l u e ,  

whi le  F i g .  8 . 0 5 - 3 ( c )  i s  f o r  u s e  i n  d e t e r m i n i n g  t h e  p roper  n e g a t i v e  l i n e  
l e n g t h  t o  be a s s o c i a t e d  w i t h  t h e  i n v e r t e r .  A s i m p l e  numer ica l  example 

w i l l  c l a r i f y  t h e  u s e  of  t h e s e  c h a r t s .  

Suppose t h a t  a  f i l t e r  i s  d e s i r e d  w i t h  a  0 . 5 - d b  r i p p l e  Tchebyscheff  

p a s s  band from f l  = 3 . 0  Gc t o  f 2  = 3 .20  Gc and t h a t  30-db a t t e n u a t i o n  

-3 + 0.312 in. GROUND PLANE 
SPACING 

AIR OlELECTRlC 
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0.3 
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I I 
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I I i I I I 

As0.150 in. I I I 

O 0  ,.L !, do !o Lo !0 1.0 
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SOURCE: Reference 11, by G. L. Matthasi. (BY courtesy of the 
Ramo-Wooldridpe Div. of the Thompaon-Ramo-Wooldrid~ Corp.) 

J / [ Y ~ ( ~ I J ) ~ ~ ]  VS. (foIGc FOR CAPACITIVE-GAP J-INVERTERS IN BAR 
TRANSMISSION-LINE CONSTRUCTION 
The characteristic impedance of the transmission lines is ZO = l/Yo = 50 ohms 
and (fO)Gc is the band center frequency of the filter in Gc 



l.0 2.0 3.0 4.0 5.0 6.0 7.0 
(f,),c. FREOUENCY - Gc 
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SOURCE: Reference 11, by G. L. Matthaei. (By courtemy of the 
Ramo-Wooldridge Div. of the Thompson-Ramo-Wooldridge Corp.) 

FIG. 8.05-3(b) CONTINUATION OF FIG. 8.05-3(a) 

0.040 

+.-2 lac1 
0.020 
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SOURCE: Reference 11, by G. L. Matthaei. (By courteey of the 
Ramo-Wooldridge Div. of the Thompson-Ramo-Wooldridge Corp.) 
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FIG. 8.05-3(c) PARAMETER +FOR THE J-INVERTER DISCONTINUITY IN FIG. 8.05-3(a) 
IN TERMS OF AN AUXILIARY PARAMETER T 

i s  r e q u i r e d  a t  f a  = 2 . 5 0  Gc and a t  f b  = 3 . 5 0  Gc. By Eqs. ( 7 )  t o  ( 9 )  

i n  F i g .  8 . 0 5 - 1  

which f o r  f a  = 2 . 5  Gc g i v e s  o ' /w;  = -7 .45,  w h i l e  f o r  f b  = 3 . 5  Gc i t  g i v e s  

wl/w; = 3 . 5 5 .  S i n c e  o l / w ;  h a s  t h e  s m a l l e r  magni tude  f o r  f = 3 . 5  Gc, t h e  

r e s t r i c t i o n  a t  t h a t  f r e q u e n c y  c o n t r o l s  t h e  d e s i g n .  Using F i g .  4 .03-7  anc 

y e  p r o c e d u r e  d i s c u s s e d  i n  S e c .  8 . 0 4 ,  f o r  LA,  = 0 . 5  db we f i n d  t h a t  f o r  

a  t h r e e - r e s o n a t o r  d e s i g n , L A  s h o u l d  be abou t  35 db a t  3 .5  Gc, and i t  shoul  

be  a b o u t  55 db a t  2 . 5  Gc. Thus,  t h r e e  r e s o n a t o r s  w i l l  be s u f f i c i e n t .  

By T a b l e  4 . 0 5 - 2 ( a ) ,  t h e  e lement  v a l u e s  f o r  an n = 3  r e a c t i v e  element 

0 . 5  d b - r i p p l e  T c h e b ~ s c h e f f  p r o t o t y p e  a r e  g o  = 1 ,  gl = 1 .5963 ,  g 2  = 1.096: 

g3 = 1 . 5 9 6 3 ,  and g 4  = 1 . 0 0 0 .  By Eqs.  ( 1 )  t o  ( 3 )  i n  F i g .  8 . 0 5 - 1 ,  

J o l / Y o  = J 3 4 / Y o  = 0 .252 ,  J 1 2 / Y o  = J z 3 / Y 0  = 0 .0769 .  * S i n c e  f o  = 3 . 1  Gc. 

J o l / Y o ( f o ) G c  = 0 . 2 5 2 / 3 . 1  = 0.0813 and J 1 2 / Y o ( f o ) G c  = 0 . 0 7 6 9 / 3 . 1  = 0 .0248 ,  

Using F i g .  8 . 0 5 - 3 ( a )  a   lot of  A  v s .  J / Y o ( f o ) G c  f o r  f ,  = 3 . 1  Gc i s  made 

f o r  p u r p o s e s  o f  i n t e r p o l a t i o n ,  and from t h i s  p l o t  t h e  r e q u i r e d  gaps a r e  

found t o  b e  A,, = A,, = 0 . 0 2 7  i n c h ,  and A12 = AZ3 = 0.090 i n c h .  

Us ing  F i g .  8 . 0 5 - 3 ( c )  f o r  d e t e r m i n i n e  t h e  +,, + 1 ,  s i n c e  A,, < 0.040" 

we u s e  

= @,, = -2 t an - '  (2) = -2 t a n - '  (0 .252)  = -0 .494 r a d  

For t h e  A12 = 0 . 0 9 0 - i n c h  gap  we u s e  t h e  c h a r t  t o  g e t  r = 0 . 0 9 0  radian/Gc 

f o r  f o  = 3 . 1  Gc. Then 

* F i l t e r a  d e s i g n e d  u s i n g  F ig .  8.05-1 a n d  a n y  s y m m e t r i c a l  o r  a n t i m e t r i c a l  p r o t o t y p e  s u c h  *a  t h o #  
i n  T a b l e a  4.05-l(.),(b), o r  4.05-2(a),(b) w i l l  a l w a y a  be a y m m e t r i c a l .  



1 
= 6, = .rr + - [-0.494 - 0 .1301  = 2 . 8 3 0  

2  r a d i a n s  

and 

1 
8, = n + - [ -0 .130 - 0.1301 = 3 . 0 1 2  

2  r a d i a n s  

Fo r  p r o p a g a t i o n  i n  a i r ,  h = 3 . 8 1 0  i n c h e s  a t  3 . 1 0  Gc, and  t h e  d i s -  

t a n c e s  be tween  t h e  centerlines o f  t h e  c a p a c i t i v e  g a p s  i s  I, = I ,  = 

BlA/2n = 1 . 7 1 5  i n c h e s  f o r  R e s o n a t o r s  1 and 3 ,  and  l 2  = B2A/2n = 1 . 8 2 5  

i n c h e s  f o r  R e s o n a t o r  2 .  The r e s o n a t o r  b a r s  may b e  s u p p o r t e d  by Po ly foam 
o r  by t h i n  h o r i z o n t a l  s l a b s  o f  d i e l e c t r i c  p a s s i n g  t h r o u g h  t h e  s i d e s  o f  

t h e  b a r s .  Of c o u r s e ,  some c o r r e c t i o n  i n  r e s o n a t o r  b a r  d i m e n s i o n s  w i l l  

b e  r e q u i r e d  t o  compensa t e  f o r  t h e  e f f e c t  o f  t h e  d i e l e c t r i c  s u p p o r t i n g  . 

m a t e r i a l  on  t h e  v e l o c i t y  o f  p r o p a g a t i o n  and  l i n e  impedance .  I n  o r d e r  t o  
t u n e  t h e  f i l t e r  p r e c i s e l y  t u n i n g  s c r e w s  may b e  u s e d  a s  d e s c r i b e d  i n  

S e c .  1 1 . 0 5 ,  o r  a l t e r n a t e l y  t h e  r e s o n a n t  f r e q u e n c y  o f  t h e  v a r i o u s  r e s o -  

n a t o r s  may b e  c h e c k e d  by t e s t i n g  them i n d i v i d u a l l y  o r  i n  p a i r s  a s  i s  

a l s o  d e s c r i b e d  i n  S e c s .  1 1 . 0 3  t o  1 1 . 0 5 .  

F i g u r e  8 . 0 5 - 4 ( a )  shows a  f i l t e r  c o n s t r u c t e d  u s i n g  t h e  d e s i g n  c h a r t s  

i n  F i g .  8 . 0 5 - 3 ( a )  t o  ( c ) .  T h i s  i s  a  f o u r - r e s o n a t o r  f i l t e r  d e s i g n e d  f o r  
a  1 . 0 - p e r c e n t  b a n d w i d t h  m a x i m a l l y  f l a t  r e s p o n s e  c e n t e r e d  a t  f o  = 6 . 1 2 0  kMc. 

I n  t h i s  f i l t e r  t h e  r e s o n a t o r s  a r e  s u p p o r t e d  by 0 . 0 6 2 - i n c h - t h i c k  R e x o l i t e  

2200 d i e l e c t r i c  s l a b s  which p a s s  t h r o u g h  t h e  s i d e s  o f  t h e  r e s o n a t o r  b a r s .  

t h e  s l a b s  b e i n g  h e l d  by c l amp  s t r i p s  a t  t h e  s i d e s  o f  t h e  f i l t e r .  
The f o u r  

b a r s  i n  t h e  i n t e r i o r  o f  t h e  f i l t e r  a r e  r e s o n a t o r s  w h i l e  t h e  b a r  a t  e a c h  

end  i s  a  SO-ohm i n p u t  o r  o u t p u t  l i n e .  The r e s o n a n t  f r e q u e n c i e s  o f  t h e  
r e s o n a t o r s  were  c h e c k e d  by t e s t i n g  them i n  p a i r s  a s  d i s c u s s e d  i n S e c .  1 1 . 0 4 .  

These  t e s t s i n d i c a t e d  s m a l l  e r r o r s  i n  t h e  l e n g t h s  o f  t h e  r e s o n a t o r  b a r s ,  

and  t h e  r e q u i r e d  c o r r e c t i o n s  w e r e  made. F i g u r e  8 . 0 5 - 4 ( b )  shows t h e  r e -  
s u l t i n g  measu red  r e s p o n s e  o b t a i n e d  a f t e r  t h e  f i l t e r  was a s s e m b l e d  w i t h o u t  

t u n i n g  sc rews . l l  

SOURCE: Reference 11, by G .  L. Matthaei. (By comemy of the 
Ramo-Wooldridge Div. of the Thompson-Ramo-Wooldridge Gorp.) 

FIG. 8.05-4(a) A F I L T E R  WITH 0.9% BANDWIDTH C E N T E R E D  A T  6.120 Gc AS SHOWN 
I N  F IG.  8.05-4(b) 
As is seen from the photograph, this filter uses four, b/2 resonators 
in bar construction 

F i g u r e  8 . 0 5 - 5  shows t h e  measu red  r e s p o n s e  o f  a  s i x - r e s o n a t o r  f i l t e r  

i n  s i m i l a r  c o n ~ t r u c t i o n . ~  T h i s  f i l t e r  was d e s i g n e d  f o r  1 - d b  ~ c h e b y s c h e f f  

r i p p l e  a n d  20 p e r c e n t  b a n d w i d t h .  The x ' s  show t h e  measu red  d a t a  w h i l e  

t h e  c i r c l e s  show p o i n t s  mapped from t h e  l o w - p a s s  p r o t o t y p e  u s i n g  t h e  

mapping i n  Eqs .  ( 7 )  t o  ( 9 )  o f  F i g .  8 . 0 5 - 1 .  As c a n  be  s e e n ,  e v e n  f o r  

b a n d w i d t h s  a s  l a r g e  a s  2.0 p e r c e n t  t h e  d e s i g n  p r o c e d u r e  and  t h e  mapping 

g i v e  good  a c c u r a c y .  However ,  t h e  bandwid th  f o r  which t h i s  p r o c e d u r e  i s  

a c c u r a t e  d e p e n d s  somewhat on  t h e  p a s s - b a n d  r i p p l e  t o l e r a n c e .  
Fo r  r i p p l e s  

a s  s m a l l  a s  0 . 0 1  d b ,  t h i s  d e s i g n  p r o c e d u r e  w i l l  n o t  meet t h e  d e s i g n  ob- 

j e c t i v e s  f o r  a s  l a r g e  b a n d w i d t h s  a s  i t  w i l l  when t h e  r i p p l e s  a r e ,  s a y ,  

0 . 5  o r  1 . 0  d b .  Fo r  b a n d w i d t h s  o f  a round  1 5  p e r c e n t  o r  more and  ve ry  



small pass-band ripples, the procedures in Chapter 9 are recommended for 

this type of filter. 

Observe that, the wider bandwidth filter response in Fig. 8.05-5 

shows less dissipation loss than does the narrow-band response in 
1 

Fig. 8.05-4(b). The unloaded Q for resonators in this construction has 
been found to be typically about 1000 to 1300 at S band. 

Other considerations in the practical design and application of 

filters of this type are that the second pass band of the filter will be I 

centered at roughly twice the center frequency of the first pass band, 

and that the attenuation in the stop band between the first and second ! 

FREQUENCY -Gc 
A-3521-171 

SOURCE: Reference 11, by G .  L. Matthaei. (By courtesy of the 
Ramo-Wooldridge Div. of the Thompaon-Ramo-Wooldridge Corp.) 

FIG. 8.05-4(b) T H E  ATTENUATION CHARACTERISTIC 
O F  T H E  F ILTER IN FIG. 8.05-4(a) 

FREQUENCY - GC 
A-3527-172 

SOURCE: Reference 12. hy G .  L. Matthaei. (By courtesy of the 
Ramo-Wooldridge Div. of tha Thompson-Ramo-Wooldridec Gorp.) 

FIG. 8.05-5 T H E  ATTENUATION CHARACTERISTIC 
O F  A 6-RESONATOR F I L T E R  
The x's indicated measured attenuation 
while the circles are theoretical points 
calculated using the mapping in Eqs. (7) 
to (9)  of Fig. 8.05-1 

pass band will level off to some peak finite value of (LA)llse decibels, 
which occurs at about o = 300/2. The size of this maximum attenuation 

in the upper stop band can be estimated by use of the formula 



where  t h e  B , ,  , +l /Yo  a r e  compu ted  f rom t h e  J , ,  , + l / Y o  by u s e  o f  Eq. ( 4 )  i n  

F i g .  8 . 0 5 - 1 .  The s t o p  b a n d  be low t h e  p a s s  b a n d  h a s  a  f i r s t - o r d e r  p o l e  of  

a t t e n u a t i o n  ( S e c .  2 . 0 4 )  a t  w = 0 .  T h u s ,  i n  t h e  c a s e  o f  t h e  l o w e r  s t o p  

band t h e  a t t e n u a t i o n  c o n t i n u e s  t o  grow a s  t h e  f r e q u e n c y  g o e s  l o w e r ,  and  

t h e  a t t e n u a t i o n  a p p r o a c h e s  a n  i n f i n i t e  v a l u e  a s  w a p p r o a c h e s  z e r o .  

I f  s i z e a b l e  a t t e n u a t i o n  i n  t h e  u p p e r  s t o p  band i s  r e q u i r e d  f o r  a  

g i v e n  a p p l i c a t i o n ,  ( L A ) U S B  s h o u l d  b e  compu ted .  The a t t e n u a t i o n  p r e d i c t e d  

by Eqs .  ( 7 )  t o  ( 9 )  i n  F i g .  8 . 0 5 - 1  f o r  u p p e r - s t o p - b a n d  f r e q u e n c i e s  n e a r  

t h e  p a s s  b a n d ,  w i l l  b e  r e a s o n a b l y  a c c u r a t e  o n l y  s o  l o n g  a s  t h e  computed 

a t t e n u a t i o n  v a l u e s  a r e  a r o u n d  20 db o r  more  b e l o w  ( L A ) U S B .  

I n  t h e  c a s e  o f  t h e  t h r e e - r e s o n a t o r  n u m e r i c a l  example  d i s c u s s e d  a b o v e ,  

J o l / Y o  = J 3 , / Y o  = 0 . 2 5 2 ,  a n d  J12/Y0 = J23/Y0 = 0 . 0 7 6 9 .  By Eq. ( 4 )  i n  

F i g .  8 . 0 5 - 1 ,  Bol/Yo = BS4/Yo  = 0 . 2 6 9 ,  and  B12/Yo  = B Z 3 / Y o  = 0 . 0 7 7 .  Then 

by Eq. ( 8 . 0 5 - 1 1 ,  ( L A I U S B  = 5 4  db .  Thus ,  t h e  35 -db  v a l u e  compu ted  f o r  

3 . 5  Gc by u s e  o f  t h e  mapp ing  s h o u l d  b e  r e a s o n a b l y  a c c u r a t e  s i n c e  t h e  35-db 

v a l u e  i s  a b o u t  1 9  db  be low ( L A ) U S B .  

I t  w i l l  b e  found  t h a t  ( L A ) u s B  d e c r e a s e s  r a p i d l y  a s  t h e  f r a c t i o n a l  

bandwid th  i n c r e a s e s ,  b u t  a t  t h e  same t i m e  ( L A ) U S B  i n c r e a s e s  r a p i d l y  a s  

t h e  number o f  r e s o n a t o r s  i s  i n c r e a s e d .  T h u s ,  i f  ( L A ) U S B  i s  f o u n d  t o  b e  

t o o  s m a l l ,  i t  c a n  b e  i n c r e a s e d  by a d d i n g  more  r e s o n a t o r s .  

SEC.  8 . 0 6 ,  SHUNT-INDUCTANCE-COUPLED, WAVEGUIDE FILTERS 

The wavegu ide  f i l t e r  i n  F i g .  8 . 0 6 - 1  i s  i n  mos t  r e s p e c t s  t h e  d u a l  o f  

t h e  c a p a c i t i v e - g a p  c o u p l e d  f i l t e r  i n  F i g .  8 . 0 5 - 1 .  I n  t h i s  c a s e ,  t h e  i n -  

v e r t e r s  a r e  o f  t h e  t y p e  i n  F i g .  8 . 0 3 - l ( c )  a n d  t h e  s t r u c t u r e  o p e r a t e s  l i k e  

t h e  f i l t e r  w i t h  s e r i e s  r e s o n a t o r s  shown i n  F i g .  8 . 0 2 - 3 .  The l o w - p a s s  t o  

b a n d - p a s s  t r a n s f o r m a t i o n  i n  Eqs .  ( 6 )  t o  ( 8 )  i n  F i g .  8 . 0 6 - 1  f o r  t h e  wave- 

g u i d e  f i l t e r  i s  t h e  same a s  t h a t  i n  Eqs.  ( 7 )  t o  ( 9 )  f o r  t h e  c a p a c i t i v e -  

gap  c o u p l e d  f i l t e r  i f  b o t h  t r a n s f o r m a t i o n s  a r e  e x p r e s s e d  i n  t e r m s  o f  g u i d e  

w a v e l e n g t h .  However,  s i n c e  t h e  g u i d e  w a v e l e n g t h  f o r  wavegu ide  v a r i e s  

w i t h  f r e q u e n c y  i n  a  d i f f e r e n t  way f rom t h e  g u i d e  w a v e l e n g t h  i n  a  TEM-mode 

s t r u c t u r e ,  t h e  f r e q u e n c y  r e s p o n s e s  w i l l  b e  somewhat d i f f e r e n t  f o r  t h e  two 

t y p e s  o f  f i l t e r s .  I n  p a r t i c u l a r ,  f o r  a  g i v e n  r a n g e  o f  g u i d e  w a v e l e n g t h ,  

t h e  w a v e g u i d e - t y p e  o f  f i l t e r  w i l l  h ave  n a r r o w e r  f r e q u e n c y  b a n d w i d t h  be -  

c a u s e  o f  t h e  more  r a p i d  c h a n g e  i n  g u i d e  w a v e l e n g t h  f o r  non-TEM modes o f  

p r o p a g a t i o n .  

where go,  g l ,  . . . , gntl a r e  a s  def ined i n  Fig.  4 . 0 4 - 1 ,  u; is d e f i n e d  i n  
Fig .  8 . 0 2 - l ( a ) ,  and w~ i s  t h e  guide-wavelength f r a c t i o n a l  bandwidth de- 
f i n e d  below. Ihe  K .  a r e  impedance i n v e r t e r  parameters and ZO i s  

1 . 1  
t h e  guide  impedance. 

For purely lumped-inductance d i s c o n t i n u i t i e s  having  shunt reactance 

and 

8, = n-*[ tan- l ( - )  +tan-'(?)] r a d i a n s .  ( 5 a )  

For d i s c o n t i n u i t i e s  wi th  more complicated equivalent  c i r c u i t s  u s e  

Fig .  8 . 0 3 - 3  and 

8. = n + 3 [+j-l,j + +j , j+ l ]  radians , (5b)  

where t h e  @ s  w i l l  u s u a l l y  be  negat ive .  

(continued on p .  452) 

FIG. 8.06-1 DESIGN EQUATIONS FOR SHUNT-INDUCTANCE-COUPLED 
WAVEGUIDE FILTERS 



To map low-pass f i l t e r  response  t o  c o r r e s p o n d i n g  band-pass f i l t e r  

response  u s e  

where 

kgO' hgl, hg2, and h a r e  t h e  g u i d e  wavelengths  a t  f r e q u e n c i e s  o 
0: 9, 3, and o a s  d e f i n e d g i n  Fig. 8 . 0 2 - l ( b ) ;  o' and 4 a r e  a s  d e f i n e d  I n  

Fig.  8 . 0 2 - l ( a ) ;  and ho is t h e  wavelength of a  p l a n e  wave a t  f requency 
a,, i n  t h e  medium o f  t h e  guide.  

FIG. 8.06-1 Concluded 

Assuming that the waveguide propagates the TElo mode of propagation 
and that all higher-order modes are cut off, the procedure for using the 

equations in Fig. 8.06-1 is very similar to that for the equations in 

Fig. 8.05-1. Figures 8.06-2 and 8.06-3(a),(b) present inductive iris and 

inductive post coupling discontinuity data from ~arcuvitz.'~ The reac- 

tances plotted relate to the equivalent circuit in Fig. 8.06-4. Since 

for a very thin iris, X a  E 0, Eqs. (4) and (5) in Fig. 8.06-1 which assume 
a simple, shunt, lumped-inductance discontinuity may be used. For the 

SOURCE: Waveguide Handbook edited by N. ~arcuwitz.l3 

FIG. 8.06-2 SHUNT REACTANCE OF SYMMETRICAL INDUCTIVE 
WINDOW IN RECTANGULAR GUIDE 
Fig. 8.06-4 shows the equivalent circuit for this 
discontinuity 



a 

SOURCE: Waveguide Handbook edited by N. ~arcuvitz.13 

FIG. 8.06-3(a) CIRCUIT PARAMETERS OF CENTERED INDUCTIVE POST 
IN RECTANGULAR GUIDE 
The guide wavelength at midband is Ago while A,, is the 
corresponding free-space wavelength 

FIG. 8.06-3(b) DEFINITION OF T H E  
DIMENSIONS IN 
FIG. 8.06-3(a) 

FIG. 8.06-4 EQUIVALENT CIRCUIT 
FOR THE SHUNT- 
INDUCTIVE DISCONTIN- 
UITIES IN FIG. 8.06-2 
AND 8.06-3(a), (b) 
Note that X, 0 for case 
of Fig. 8.06-2 

case of the inductive post (or a thick iris), X O  is not negligible and 
it should be accounted for in the design process. This can be done for 

the case of inductive posts by first computing the required normalized 

inverter parameter values Kj,j+l/Zo by use of Eqs. (1) to (3) in 

Fig. 8.06-1. Then, using the data in Fig. 8.06-3(a) along with 

Fig. 8.03-3(a), a plot is made of K/Zo and 4 u s .  d/a, for the desired 

midband guide wavelength Ago, corresponding plane-wave wavelength Lo, 
and waveguide width a. From this chart the post diameters d which will 

give the normalized impedance inverting parameters Kj,j+l/Zo can be de- 
termined, and also the corresponding values of 4j,j+l. Then, paralleling 

the analogous case for Fig. 8.05-1, the electrical distance between the 

centers of the posts at each end of Resonator j is 

1 
61, = + +- [+j-l,j + +j,j+$ radians . (8.06-1) 

2 

Except possibly for the case of large posts, the +j,j+l should be negative. 

The distance between post centers for Hesonator j is then 

This design 

guide-wavelength 

of 20 percent,1 w 

Analogously 

procedure should give good accuracy for designs having 

fractional bandwidths w i  [see Eq. (7) in Fig. 8.06-11 

ith diminishing accuracy for larger bandwidths. 

to the strip-line filter in Sec. 8.05, this waveguide 

filter will have for TElo-mode propagation a second pass band centered 

approximately at the frequency for which Ag = hgo/2. This frequency 

would be somewhat less than 2a0 because of the manner in which Ag and 
the vary with frequency. Also, the attenuation between the first 

and second pass bands for TElo-mode propagation will level off with a 

peak value of (LA),,se, which can be estimated by use of the equation 



where the Xj,j+l/Zo are computed from the Kj,j+l/Zo by use of Eq. (4) in 
Fig. 8.06-1. Equation (8.06-1) is the dual of Eq. (8.05-l), and some 

further ramifications concerning its use are discussed at the end of 

Sec. 8.05. 

As for the type of filter in Sec. 8.05, the waveguide filter in 

Fig. 8.06-1 will have monotonically increasing attenuation for fre- 

quencies varying from the pass-band frequency downward.. Thus, the at- 

tenuation in the lower stop band rises to an infinite value at w = 0, 

due to the attenuating effects of the irises, and due to the cutoff of 

the waveguide. 

It should be noted that the discussion above assumes that only the 

TElo mode is present. If other modes are also present (as is likely to 

happen for frequencies which are around 1.5 or more times a,,), the per- 

formance can be greatly disrupted. This disruption arises because 

higher-order modes have different guide wavelengths than that for the 

TElo mode. As a result the pass and stop bands for energy in the higher 

modes will occur at quite different frequencies than for the TElo mode. 
Thus, the possible effects of higher-order modes should be kept in mind 

when this or any other type of waveguide filter is to be used. 

In order to clarify the differences between strip-line and waveguide 

filter design, a waveguide filter design example will now be considered 

which is closely related t o  the strip-line filter example in Sec. 8.05. 

Let us suppose that a pass band with 0.5-db Tchebyscheff ripple is de- 

sired from f l  = 3.047 to f 2  = 3.157 Gc, and that at least 30-db attenua- 

tion is required at the frequencies f a  = 2.786 Gc and fb = 3.326 Gc. Let 

us suppose that WR-284 waveguide is to be used. The design calculations 

are those outlined in Table 8.06-1. 

In Part (a) of Table 8.06-1, guide wavelengths are computed that 

correspond to the various frequencies of importance. In Part (b), w ~  

and w = ( f Z  - f l  )/fO are computed, and it should be noted that w i ,  the 

guide-wavelength fractional bandwidth, is nearly twice as large as the 

frequency fractional bandwidth w .  Also, normalized prototype frequencies 

m'/m; are computed corresponding to fa and fb for the waveguide filter, 

and the attenuation is predicted by use of the chart in Fig. 4.03-7. It 

will be noted that w A  = 0.0645 for this example, which corresponds exactly 

to w  = 0.0645 for the example in Sec. 8.05. Also, the ratios Ago/Aga = 

5.130/6.361 = 0.806 and XgO/Xgb = 5.130/4.544 = 1.129 correspond exactly 

T a b l e  8 . 0 6 - 1  

OUTLINE OF A WAVEGUIDE FILTER 
DESIGN CALCULATION 

Part  ( a )  

Assume WR-284 guide .  Width 5 a = 2.840  inches  

Height = b = 1.340  inches  

1 
h = inches (1) 

2 
L o .  08472f )2 - (&) 

where a is i n  inches  and f i s  i n  Gc. 

f l  = 3.047 Gc , kgl = 5.296  inches 

f 2  = 3.157 Gc , kg2 = 4.965 inches  

+ A  
Ago = h = 5.530 inches (fo = 3.100  GE) 

2 

= (Plane w a v e l e n g t h  a t  f,,) = 3.807 inches 0 

f a  = 2.786  Gc , Ago = 6 . 3 6 1  inches 

fb = 3 . 3 2 6 G c  kgb = 4 . 5 4 4 i n c h e s  

Part  ( b )  

f2 - f1 - 0.0355 
r n = f O -  

A l t e r n a t e l y :  

W' 
F o r f  = f a  = 2 . 7 8 6 G c  , Ag = k g , a n d y =  - 7 . 4 5  

W1 

w ' 
For f = fb = 3.326 Gc , kg Agb and--; = 3.55  

By Fig. 4.03-7 ,  for  a 0 .5-db r i p p l e  n 3 des ign:  

For f = f, ( l ~ ; / ~ ; l  7 . 5 )  , LA = 55 db. 

For f = f ,  (IW1/GJ;l a 3.55)  , LA 35 db. 

(continued on p .  4 5 8 )  
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Table 8 .06-1  Continued 

Part  ( c )  

For n = 3 ,  0 .5-db r i p p l e  Tchebyscheff prototype ,  
by Table  4 . 0 5 - 2 ( a ) :  go = 1 ,  gl = 1.5963, 
g2 = 1 . 0 9 6 7 ,  g3 1.5963,  g4 = 1.0000,  and = 1. 

By Fig. 8 . 0 6 - 2 ,  wi th  a/kO = 2.840/3 .807  = 0.746: 

For XO1 and Xg4, d/a = 0 . 3 7  and d - 1 . 0 5 0  inches 

For X12 and XZ3, d/m = 0 . 2 2  and d = 0 . 6 2 5  inch 

Part ( d l  

the  spac ing  between i r i s e s  i s :  

Il = l3 = - 'lAgO = 2 . 3 0 2  inches  
2rr 

to the fo/fo = 2.5/3.10 = 0.806 and fb/fo = 3.5/3.10 = 1.129 ratios for 

the example of Sec. 8.05. The attenuations are seen to be the same for 

these corresponding ratios. In fact, using Ago/h, as a normalized fre- 

quency variable, the response of the waveguide filter would be identical 

to that of the strip-line filter example in Sec. 8.05, plotted u s .  f/fo. 

But note that the waveguide filter response plotted as a function of fre- 

quency will be quite different. As is seen from the calculations, an 

n = 3 design gives an adequate rate of cutoff, and over 30-db attenuation 

at both fa and fb. 

In Part (c) of the table the dimensions of the coupling irises are 

determined with the aid of the chart in Fig. 8.06-2, and in Part (d) the 

spacings between irises are determined. The iris data in Fig. 8.06-2 

are for thin irises, and if the iris is, say, 0.020-inch thick, the error 

due to thickness should not be serious for most purposes, since the main 

effect will be on the resonant frequency of the cavities. There are 

presently no data available which give an accurate thickness correction 

for irises of the form in Fig. 8.06-2 with holes as large as are to be 

used in this filter. A suggested procedure is to measure the resonator 

lengths 11, 12, and l3 from the centerline of one iris to the centerline 
of the next. This should make the resonant frequencies of the resonators 

a trifle high, so that they can be tuned down to the correct frequency 

using tuning screws and the alternating short- and open-circuit method 

discussed in Sec. 11.05. If a precision design without tuning screws is 

desired, the single- or double-resonator test procedures described in 

Secs 

iris 

will 

shou 

11.03 to 11.05 are recommended for precision determination of the 

sizes and resonator tunings. 

The peak attenuation ( L A ) , , s s  between the first and second pass bands 
be about 54 db just as for the example in Sec. 8.05. However, it 

d be recalled that this holds only if the TElo mode alone is present. 

SEC. 8.07, NARROW-BAND CAVITY RESONATOR FILTERS 
COUPLED BY SMALL IHI SES 

The design of cavity resonator filters coupled by small irises can 

be carried out in a general fashion by means of Bethe's small-aperture 

theory (see Sec. 5.10). For most of the filters discussed in this chapter, 

it will be convenient to carry out the design in terms of the resonator 

slope parameters a. or & .  and the inverter parameters K j ,  ,+ ]  0' J j ,  + l .  



However, in this section it will be more convenient to use the entirely 

equivalent approach which deals in terms of the external Q's, (QeIA and 
(Qc)B of each end resonator loaded by its adjacent termination, and the 

coupling coefficients k j , j + l  for the coupling between adjacent resonators. 

These matters were introduced in Sec. 8.02, and equations for the external 

Q's and coupling coefficients are given in Eqs. (6) to (8) of Figs. 8.02-3 

and 8.02-4. 

Figure 8.07-1 presents formulas for the external Q's of a rectangular 

cavity coupled to a terminated waveguide in any of various ways. In the 

equations and in the discussion below A is the free-space wavelength, 

and A g l  are the guide wavelengths 
A# 

A* = 
A A 

and A " ,  = , (8.07-1) 

s is the number of half guide-wavelengths in the l 1  dimension of the 

cavity, M 1  is the magnetic polarizability of the iris, and the quantities 

a ,  b ,  a l ,  b l ,  and l 1  are dimensions defined in the figures. Having com- 

puted the required values of (Qe)* and (Qe)B from Eqs. (6) and (7) of 
Figs. 8.02-3 or 8.02-4, the appropriate equation in Fig. 8.07-1 can be 

used to solve for the required magnetic polarizability M 1 .  Then, by use 

of Figs. 5.10-4(a),(b), the dimensions of the coupling iris can be ob- 

tained. It should be noted that M 1  has dimensions of (length)! which 

is consistent with the equations in Fig. 8.07-1, and with the normali- 

zation of the ordinates in Figs. 5.10-4(a),(b). 

Figure 8.07-2 shows formulas for the coupling coefficient k for two 
redtangular resonators coupled by a small iris in either the end or side 

wall. The significance of the other parameters in the equations is the 

same as for Fig. 8.07-1. The required coupling coefficient values for 

the couplings between the various adjacent resonators of a filter can be 

computed by use of Eq. (8) of Fig. 8.02-3 or Fig. 8.02-4. Then, by use 

of the appropriate formula in Fig. 8.07-2, the magnetic polarizabilit~ M 1  1 
of the various coupling irises can be solved for. As for the end irises, 

the dimensions of the internal irises can be determined with the aid of I 

Fig. 5.10-4(a), (b). 

FIG. 8.07-1 EXTERNAL Q, Q,, OF A RECTANGULAR CAVITY COUPLED TO A 
TERMINATED WAVEGUIDE BY A SMALL IRIS IN VARIOUS WAYS 



For narrow-band f i l t e r s  such  a s  t h o s e  d i s c u s s e d  i n  t h i s  s e c t i o n ,  

t h e  low-pass  t o  band-pass  mapping 

where 

and 

should  g i v e  s a t i s f a c t o r y  a c c u r a c y  

A s  an example of  t h e  u s e  o f  t h i s  method we c o n s i d e r  t h e  d e s i g n  of  a  

t h r e e - c a v i t y  d i r e c t - c o u p l e d  f i l t e r  hav ing  a  0 . 0 1 - d b  pass -band  r i p p l e  t o  

o p e r a t e  a t  a  c e n t e r  f requency  o f  1 0  Gc i n  WR-90 waveguide ( a  = 0 .900  i n c h ,  

b = 0.400 i n c h ) .  We choose t h e  bandwidth t o  be 50 Mc ( w  = 0 . 0 0 5 )  and 
choose l l  = h g l / 2  = 0.7815 (s = 1 ) .  The e lements  o f  t h e  low-pass  p r o t o t y p e  

FIG. 8.07-2 COUPLING COEFFICIENT k FOR RECTANGULAR CAVITIES COUPLED 
BY A SMALL IRIS IN THE END WALL OR SIDE WALL 

FIG. 8.07-3 REALIZATION OF NARROW-BAND DIRECT-COUPLED 
FILTER USING SMALL IRISES 

f i l t e r  a r e  d e t e r m i n e d  from T a b l e  4 . 0 5 - 2 ( a )  t o  be g o  = g, = 1 . 0 0 0 ,  

g l  = g 3  = 0 .6291 ,  and g2 = 0 .9702 .  F i g u r e  8 . 0 7 - 3  i l l u s t r a t e s  t h e  r e a l i -  

z a t i o n  of t h i s  f i l t e r .  We d e t e r m i n e  from F i g .  8 . 0 2 - 3  t h a t  ( Q e ) A  = ( Q c I B =  

gogl  W;/W = 1 2 5 . 8  and t h a t  k12 = k 2 3  = w / ( a ; \ / g l g Z )  = 0.0064.  Using 

Figs. 8.07-l(a) and 8.07-2(a) we f ind the  po la r izab i l i t i e s  M1 for  the external and in- 

ternal  apertures t o  be 6.62 x and 0.79 x r e s p e c t i v e l y .  For t h e  

r e c t a n g u l a r  end i r i s e s  we choose  d 2 / d l  = 0 . 5  ( s e e  F i g .  8 . 0 7 - 3 ) .  R e f e r r i n g  

t o  F i g .  5 . 1 0 - 4 ( a ) ,  we f i n d  from t h e  c u r v e  f o r  r e c t a n g u l a r  i r i s e s ,  an 

i n i t i a l  value of d2 = 0.344 inch. However, d 2  i s  an a p p r e c i a b l e  f r a c t i o n  of 

h  = 1 .18  inches, so t h a t  we u s e  Eq. ( 5 . 1 0 - 3 )  t o  d e t e r m i n e  an approx imate  

c o r r e c t i o n  and f i n d  a s  f i n a l  v a l u e s  d 2  = 0 . 3 1  i n c h  and d l  = 0 .155  i n c h .  

For  t h e  c i r c u l a r  midd le  i r i s e s  we f i n d  d  = ( 6 ~ ~ ) ' ~  = 0 .168  i n c h  ( s e e  

Sec .  5 . 1 0 ) .  I f  t h e  t h i c k n e s s  o f  t h e  i r i s e s  i s  0 .005  i n c h  o r  l e s s ,  t h e  

t h i c k n e s s  c o r r e c t i o n  of  Eq. ( 5 . 1 0 - 5 )  i s  n e g l i g i b l e .  However, f o r  g r e a t e r  

t h i c k n e s s  t h i s  c o r r e c t i o n  s h o u l d  b e  a p p l i e d . .  

The p r e s e n c e  of t h e  a p e r t u r e s  w i l l  have t h e  e f f e c t  of  l o w e r i n g  t h e  

r e s o n a n t  f r e q u e n c i e s  o f  t h e  r e s o n a t o r s  s l i g h t l y  from what they  were b e f o r e  

t h e  a p e r t u r e s  were added. If d e s i r e d ,  a  s m a l l  c o r r e c t i o n  i n  t h e  l e n g t h s  

of  t h e  r e s o n a t o r s  i n  F i g .  8 . 0 7 - 3  c o u l d  be made by a p p l y i n g  Eq. ( 5 )  o f  

F i g .  8 .06-1 .  For  t h i s  example t h e  normal ized  r e a c t a n c e s  X , , j + l / Z o  can  be 

o b t a i n e d  from F i g .  5 .10-5 ,  which f o r  t h e  c e n t e r e d  i r i s e s  i n  F i g .  8 . 0 7 - 3  

g i v e s  

where Xol /ZO and XS4/ZO a r e  f o r  t h e  i r i s e s  a t  t h e  ends .  



The design method of this section is based on Bethe's small-aperture 

1 theory and is very versatile. However, it does rely on the assumption 

that the coupling irises are relatively small, which also imp1 

the fractional bandwidth w of the filter is small (say, of the 

0.01 or less). Some discussion of the derivation of the equat 

Figs. 8.07-1 and 8.07-2 will be found in Sec. 8.14. 

ies that 

order of 

ions in 

SEC. 8.08, FILTERS USING TWO-PORT, QUARTER- 
WAVELENGTH RESONATORS 

The filters discussed in Sec. 8.05 use J-inverters of the type in 

Fig. 8.03-2(d) along with half-wavelength resonators, and their design 

equations can be derived from Fig. 8.02-4 as will be outlined in 

Sec. 8.14. The filters discussed in Sec. 8.06 use K-inverters of the 

type in Fig. 8.03-l(c) along with half-wavelength resonators, and their 

design equations can be derived from Fig. 3.02-3. If quarter-wavelength 

resonators are used in an analogous way, they themselves have an inverting 

effect so that if at one end of each resonator they behave like the series 

resonators in Fig. 8.02-3, at their other ends they will operate like the 

shunt resonators in Fig. 8.02-4. In this manner it can be shown that 

filters can be constructed using two-port, quarter-wavelength resonators 

if they are coupled alternately by K- and J-inverters.14 

Though other types of construction and other types of K- and J- 
inverters may also be used, Fig. 8.08-1 gives design data for a TEM-mode 

type of filter using quarter-wavelength resonators with capacitive-gap 

J-inverters, and shunt inductance K-inverters. Except for the use of 

two different kinds of inverters and other minor differences which result 

from the fact that the resonators are a quarter-wavelength rather than a 

half-wavelength long, the design procedure is much the same as for the 
preceding cases. Using the strip-line construction shown in Fig. 8.05-3(a), 

the J-inverter capacitive-gap spacing and the electrical length d, can be 

determined by use of the data in Figs. 8.05-3(a),(b), and ( c ) .  

Figures 8.08-2(a) to 8.08-4(b) show data for inductive-stub K-inverters. 

Note that the ordinates on these graphs are normalized with respect to 

frequency in Gc, and that due to the jdnction effect the q5 values are not 

always negative in this case. 

I Figure 8.08-5(a) shows a filter with six quarter-wavelength reso- 

nators designed using the charts just discussed.ll The construction is 

h e r e  ,  , . . . , gn a r e  a s  def ined i n  Fig.  4 . 0 4 - 1 ,  u; i s  def ined i n  

~ i ~ .  8 . 0 2 - 1 ( ~ ) ,  and i s  t h e  f r a c t i o n a l  bandwidth def inedbelow.  
In 

t h i s  s t r u c t u r e ,  impedance i n v e r t e r s  (with parameters K j ,  ,+I) a l t e r n a t e  
w i t h  admittance i n v e r t e r s  (with parameters Jj,j+l)s and ZO = l/Yo i s  
the c h a r a c t e r i s t i c  impedance o f  t h e  l i n e  between i n v e r t e r s .  

using K .  . i n v e r t e r s  o f  t h e  form i n  Fig .  8 . 0 3 - l ( c )  and Jjejtl i n -  
1.1+1 

v e r t e r s  o f  t h e  form i n  Fig .  8 . 0 3 - 2 ( d ) ,  the  Xj,,+l, Biz,+! 8 and 

+j, j+l 
can be computed from the  equations i n  those  f l ~ r e s  m e n  

where t h e  4k.k+1 are  n e g a t i v e .  

using t h e  construct ion  shown i n  Figs .  8 . 0 8 - 5 b ) ,  t h e  gap spacings A 

and t h e  + values  for  t h e  Ji,j+l i n v e r t e r s  may be determined by 
~ i ~ ~ .  8 . 0 5 - 3 ( ~ ) ,  ( b ) ,  ( c ) .  m e  stub lengths  and 4 values  for  t h e  

K , ,  j+l i n v e r t e r s  may be determined by Figs.  8 . 0 8 - 2 ( . )  t o  8 . 0 8 - 4 ( b ) .  
. . 

To map low-pass prototype f i l t e r  response t o  corresponding band- 
pass  f i l t e r  response u s e  t h e  approximation 

where 

and 

FIG. 8.08-1 DESIGN EQUATIONS FOR FILTERS WITH TWO-PORT, 
QUARTER-WAVELENGTH RESONATORS 



DIMENSIONS OF DISCONTINUITY 

HOLES IN ONE HALF OF 0 312 in. GROUND PLANE 
BLOCK ARE THREADED SPACING. CENTER CON- 

TO AID IN ASSEMBLY DUCTOR BAR IS 0.125in 

0.50in.d 

0.125 in 

AIR DIELECTRIC 

SHORTING BLOCKS HAVE RECESSED 
SECTION TOP AND BOTTOM TO INSURE 

CONTACT POINT EXISTS ON INNER 
FACES OF BLOCKS. 

SOURCE: Reference 11, by G. L. Matthaei. (By courtesy of the 
Ramo-Wooldridge Div. of the Thompson-Ramo Wooldridge Corp.) 

FIG. 8.08-2(.) K/ [Zo( fo)GcI  vs. ( fo)Gc FOR DOUBLE-STUB, SHUNT INDUCTANCE 
K-INVERTERS IN BAR TRANSMISSION-LINE CONSTRUCTION 
The characteristic impedance of the resonator transmission line i s  
Zo = INo ' 50 ohms, and (foIGc is  the resonant frequency in Gc 

5 6 7 8 
(fo)oc, FREQUENCY - Gc 

A-3527-161.I 

SOURCE: Reference 11, by G. L. Matthaei. (By courtesy of the 
Ramo-Wooldridge Div. of the Thompson-RameWooldridge Corp.) 

FIG. 8.08-2b) +/(fO)Gc VS. ( fO)Gc VS. (fO)Gc FOR THE 
DOUBLE-STUB K-INVERTER IN FIG. 8.08-2(a) 

0.05 
I I I I I 

1 2 3 4 5 6 7 8  
(fO)Gc. FREQUENCY - Gc 

OlMENSlONS OF DISCONTINUITY 

0 312-in. GROUND PLANE 
SPACING CENTER CON- 
DUCTOR BAR IS 0.125 in. 

+ + 0.125 r. THICK. 

0.125 in.R. & AIR DIELECTRIC 
0.184 in. SHORTING BLOCKS 

SAME AS IN 
FIG. 8.08-2 ( 0 ) .  

SOURCE: Reference 11, by G. L. Matthaei. (By courtesy of the 
Ramo-Wooldridge Div. of the Thompson-Ramo-Wooldridw C o r ~ . )  

FIG. 8.08-3(a) K/[Zo(fo)Gc] vs. (fo)G, FOR A SINGLE-STUB, SHUNT INDUCTANCE 
K-INVERTER IN BAR TRANSMISSION-LINE CONSTRUCTION 
The characteristic impedance of the resonator transmission line i s  
Zo = INO = 50 ohms, and (fo)G, i s  the resonant frequency in Gc 

I 1 
X ~ 0 . 2 5 0  in. 

-0.12 I 

FREQUENCY - Gc 
.-,117-1.. 

SOURCE: Reference 11. by G. L. Matthaei. (By courtesy of the 
Ramo-Wooldridge Div. of the Thompaon-Ramo-Wooldridge Gorp.) 

FIG. 8.08-3(b) +(fO)Gc VS. (fO)Gc FOR THE SINGLE-STUB 
K-INVERTER IN FIG. 8.08-3(a) 



0.02, DIMENSIONS OF DISCONTINUITY 
I I I I I I 1 

I .0.400 in. 
I I I 

2 3 4 5 6 7 8  

f io )& ,  FREQUENCY -Gc 

AIR olELEcTRlc~ 118 in.R. Q& 
4 ~ 0 . l Z S i n .  1 0.184in. ' q5' 

DETAIL OF ONE HALF OF M 0.3IZin. GROUND PUNE 
A SHORT mKES CIRCUIT IN ONE BLOCK wV 0 , ~ ~ ) i n .  SPACING. CENTER CON- 

WCTOR 8AR IS 0.12sin. 
OF BLOCKS THREADED TO THICK 
A10 IN ASSEMBLY. 

SOURCE: Reference 11, by G. L. Matthaei. (By courteay of the 
Ramo-Wooldridge Div. of the Thompson-Ramo Wooldridge Corp.) 

FIG. 8.08-40) K/[Zo(fo)GcI VS. (fo)Gc FOR A SHUNT INDUCTANCE K-INVERTER 
DESIGNED TO PERMIT RELATIVELY LOOSE COUPLINGS IN BAR 
TRANSMISSION L INE 
The characteristic impedance of the resonator transmission l ine i s  
ZO = l/Yo = 50 ohms, and is the resonant frequency in Gc 

. FREQUENCY - Gc 
a-,,*,-87, 

SOURCE: Reference 11, by G .  L. Matthaei. (By courtesy of the 
Ramo-Wooldridgs Div. of the Thompson-Ramo-Wooldridge Corp.) 

FIG. 8-08-4b) @/(fo)G, vs. ( fOlGc FOR THE K-INVERTER IN FIG. 8.08-4(a) 

SOURCE: Reference 11. by G .  L. Matthaei. (By courtesy of the 
Ramo-Wooldridge Div. of the Thompson-Ramo-Vooldridge Gorp.) 

FIG. 8.08-5(a) A FILTER WITH S IX, h0/4 RESONATORS IN BAR CONSTRUCTION 
The response i s  shown in Fig. 8.08-5(b) 

q u i t e  r u g g e d ,  and  no d i e l e c t r i c  s u p p o r t  m a t e r i a l  i s  r e q u i r e d .  
T h e  r e s o -  

n a t o r s  i n  t h i s  f i l t e r  were  t e s t e d  i n  p a i r s  by t h e  methods  d e s c r i b e d  i n  
S e c s .  1 1 . 0 4  and 11 .05  t o  i n s u r e  t h a t  t h e i r  t u n i n g  was c o r r e c t .  

T h e  d e -  

s i g n  p a s s  band  was from 2 . 6  t o  3 . 4  Gc, and a s  c a n  b e  s e e n  f rom 

F i g .  8 0 8 - 5 ( b ) ,  t h i s  was a c h i e v e d  w i t h  good a c c u r a c y .  The mapp ing  d e -  

f i n e d  i n  Eqs .  ( 5 )  t o  ( 7 )  i n  F i g  8 . 0 8 - 1  i s  n o t  q u i t e  a s  a c c u r a t e ,  however ,  
f o r  t h i s  t y p e  o f  f i l t e r  a s  f o r  t h e  t y p e  i n  F i g .  8.05-1.  I n  t h i s  c a s e .  

t h e  p r e d i c t e d  a t t e n u a t i o n  a t  2 . 4  Gc i s  a b o u t  40 db ,  which i s  o n l y  a b o u t  

2 d b m o r e t h a n  was measu red ;  however ,  t h e  p r e d i c t e d  a t t e n u a t i o n  a t  3 .7  GC 

i s  a b o u t  37 db  a s  a g a i n s t  a  measu red  a t t e n u a t i o n  o f  32 db .  
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This type of filter has several advantages over analogous filters 

using half-wavelength  resonator^.'^ The quarter-wavelength resonators 

are, of course. shorter which gives a smaller filter for a given number 

of resonators. A filter with half-wavelength resonators equivalent to 
the filter in Fig. 8.08-S(a) would have a second pass band centered at 

about twice the center frequency of the first pass band, or at about 

6 kMc. However, in this quarter-wavelength-resonator type of filter, 

the second pass band is centered roughly three times the band center of 

the first pass band. or at about 9 kMc in this case. 
This particular 

filter has about 61.5 db attenuation at 6 kMc. 

Quarter-wavelength resonators of the type described have an addi- 

tional advantage in that their reactance or susceptance slope parameters 

are half as large as for corresponding half-wavelength resonators 

SOURCE: Reference 11 ,  by G.  L. Matthaei. (By coultcsy of the 
Ramo-Wooldridge Div. of the Thompson-Ramo-Wooldridge Corp.) 

Because of this, for a given bandwidth and pass-band shape the couplings 

are considerably looser for the quarter-wavelength than for the half- 

wavelength resonator types of filters. 
This calls for larger capacitive 

gaps so that tolerances are less of a problem, and it also results in 

considerably higher maximum attenuation 
in the stop band above 

the pass band. Also, because of the shorter resonators and looser 

couplings the circuit is more nearly lumped, and as a result, the design 

equations in Fig. 8.08-1 will be found to give filters with specified 

pass-band characteristics accurately for greater bandwidths. 
They should 

give good results for many filters having bandwidths as large as 30percent. 

As in the preceding cases, the equations are more accurate for larger 

bandwidths if the pass-band ripple tolerance is 0.5 to 1.0 db than if a 

very small tolerance such as 0.01 db is called for. 

For this type of filter, the maximum attenuation between the first 

and second pass band is always finite (just as for the filters in 

S e c s  8.05, 8.06, and 8.07). but in this case, the attenuation levels 

off to a maximum value near w = 2wo. This maximum upper-stop-band attenu- 

ation can be estimated by use of the formula 

" 20 log,, 

where 

FIG. 8.08-5(b) THE ATTENUATION CHARACTERISTIC 
OF THE FILTER IN FIG. 8.08-5(a) 



and the K I  ,, t l / Z o  and J j ,  j + l / Y o  are computed by use of Eq. (1) to (3) in 
Fig. 8.08-1. An n-resonator filter of this type will have an (n + 1)- 
order pole of attenuation (Sec. 2.04) at w = 0. For that reason, this 

type of filter will have a very fast rate of cutoff below the pass band, 

as can be seen in the case of the response in Fig. 8.08-5(b). 

SEC. 8.09, FILTERS WITH PARALLEL-COUPLED 
STRIP-LINE RESONATORS 

Figure 8.09-1 presents design equations (which are a modified form 

of equations due to cohnls) for filters using half-wavelength strip-line 

resonators, positioned so that adjacent resonators parallel each other 

along half of their length. This parallel arrangement gives relatively 

large coupling for a given spacing between resonator strips, and thus, 

this construction is particularly convenient for printed-circuit filters 

up to about 10 or 15 percent bandwidth1' For larger bandwidths the 

resonators can be constructed from bars having a rectangular cross section 

(which permits tighter coupling), and for that case the wide-band filter 

equations in Chapter 10 are recommended. 

The use of the equations in Fig. 8.09-1 is best illustrated by use 

of an example. Let us suppose that a low VSWR in the pass band is de- 
sired so that a 0.01-db ripple, Tchebyscheff prototype is to be used in 

the design. The desired fractional bandwidth is assumed to be w = 0.10, 

and the design center frequency is to be f o  = 1207 Mc. We shall assume 

that 25-db attenuation is required at f = 1100 Mc. Then, by mapping 

Eqs. (6) to (8) in Fig. 8.09-1 for f = 1100 Mc, 

By Fig. 4.03-4 it is found that an n = 6 design has 29 db attenuation for 
1w1/w; 1 - 1 = 0.77 while an n = 5 design has LA = 18.5 db. Thus, n = 6 
is required. By Table 4.05-2(a), the desired n = 6 prototype parameters 

are g o  = 1, gl = 0.7813, g2 = 1.3600, g, = 1.6896, g, = 1.5350, 

g5 = 1.4970, g6 = 0.7098, g7 = 1.1007, and w; = 1. 

where go, g l ,  . . . , gntl a r e  a s  def ined i n  Fig .  4 .04-1 ,  o' i s  a s  def ined i n  1 

Fig .  8 . 0 2 - l ( a ) ,  and to i s  t h e  f r a c t i o n a l  bandwidth def ined below. The J j  ,, tl are  
admittance i n v e r t e r  parameters and Yo i s  t h e  c h a r a c t e r i s t i c  admittance of t h e  
terminating l i n e s .  Theeven- and odd-mode impedances o f  t h e  s t r i p s  are 

and t h e  s t r i p  dimensions can b e  determined by use of  Sec .  5.05.  

To map t h e  low-pass prototype response t o  t h e  band-pass f i l t e r  response u s e  
the  approximation 

where 

and ol and w2 are  a s  def ined i n  Fig .  8 . 0 2 - l ( b ) .  

FIG. 8.09-1 DESIGN EQUATIONS FOR FILTERS WITH PARALLEL-COUPLED RESONATORS 



Table 8.09-1 
DESIGN PAHAMETERS FOR EXPERIMENTAL PARALLEL-COUPLED STRIP-LINE-RESONATOR FILTER 

Table 8.09-1 shows the J. +l/Y,,, (ZOe),, , and (Zoo)j, j+l values 
JsI 

as computed from the equations in Fig. 
8.09-1. This filter was con- . - 

~ t r u c t e d ~ ~ u s i n g  polystyrene dielectric with a relative dielectric constant 

E ,  of 2.55. Using a 0.5-inch ground plane spacing and copper-foil reso- 

nators of negligible thickness, by use of Figs. 5.05-3(a),(b) the dimen- 

sions of the strip widths W,, , and the gaps s . +1, were obtained and 
they are as is also shown in Table 8.09-1. 

The significance of these 
dimensions is further illustrated in Fig. 8.09-2. 

The dimensions d , ,  
indicated in Table 8.09-1 and Fig. 8.09-2 are 

resonator length corrections to account for the fringing capacitance from 

the end of each strip. The basic length I indicated in the Fig. 8.09-2 

is a quarter-wavelength at frequency w o  in the medium of propagation, 

while the actual strip lengths are shortened by the amount d J a J t l .  Al- 

though Table 8.09-1 indicates some variation in the d J  values, cohnl5 

has found that a constant correction of d l ,  = 0.165b (where b is the 

ground-plane spacing) is apparently satisfactory. 

As a result of the filter 

being designed from an antimetric 

prototype filter (see Sec. 4.05), 

the resulting parallel-coupled 

microwave filter has symmetry 

about its center. For that reason 

only the dimensions of half the 

t = 0.0017 in. 

1 
0.290 ,372 

t 

filter are shown in Table 8.09-1. 
1-3521-182 

The input and output lines are of 

50 ohms impedance which requires FIG. 8.09-3 COAXIAL-LINE TO STRIP-LINE 

that they be W T  = 0.372 inch wide 
JUNCTION 

as determined from Fig. 5.04-1 

with b = 0.50, t = 0, and E r  = 

2.55. Figure 8.09-3 shows the manner in which the input and output 

strips were beveled to give a low-reflection transition from the printed 

circuit strip line to coaxial line. 

Figure 8.09-4 shows a photograph of the completed printed-circuit 

filter with its upper half removed. The circles in Fig. 8.09-5 show 

measured attenuation values while the solid curve shows the theoretical 

attenuation as computed from the low-pass prototype attenuation with the 

aid of the mappings in Eqs. (6) to (8) of Fig. 8.09-1. As can be seen 

from the figure, the agreement is very good. Of course, as a result of 

dissipation loss, the pass-band attenuation is considerably above the 

0.01 db theoretical value for a lossless filter. Working back from 

the measured attenuation using Eqs. (4.13-2), (4.13-a), and Fig. 4.13-2, 

the Q of the resonators in this filter is estimated to be roughly 600. 
SOURCE: Final report, Contract DA 36-039 SC-64625. SRI; reprinted 

in IRE Tmns.. PGMTT (see Ref. 15 by S.  B. Cohn). 

FIG. 8.09-2 LAYOUT OF PARALLEL-COUPLED-RESONATOR FILTER 



SOURCE: Final Report. Contract DA 3 6 0 3 9  SC-64625, SRI; reprinted 
in IRE Trans., PGMTT (see Ref. I 5  by S. B. Cohn). 

FIG. 8.09-4 PHOTOGRAPH OF THE EXPERIMENTAL PARALLEL-COUPLED FILTER 
WITH ITS COVER PLATE REMOVED 

SOURCE: Final  report. Conhact DA 3 6 0 3 9  SC-64625, SRI; reprinted 
in IRE Trans., PGMTT (see Ref. 15 by S. B. Cohn). 

FIG. 8.09-5 THEORETICAL AND MEASURED 
ATTENUATION FOR THE FILTER 
IN FIG. 8.09-4 

SEC. 8.10, FILTERS WITH QUAHTEH-WAVELENGTH COUPLINGS 

As has been previously mentioned, quarter-wavelength lines can be 

used satisfactorily as K- or J-inverters in narrow-band filters ( i . e . ,  

filters with bandwidths of the order of a few percent or less). 

Figure 8.10-1 shows a filter with quarter-wavelength lines for inverters 
and presents the appropriate design equations. The n/4 and ~ / 2  terms in 

the equations for the normalized resonator susceptance slope parameters 

h j / y 0  represent correction terms for the added selectivity introduced 
by the quarter-wavelength linesa4 The particular structure shown gives 

perfect transmission at the midband frequency w o ,  hence, it is only 

applicable for achieving responses that have this property ( i . e . ,  no 

reflection loss at o o ) .  Therefore, the data given is valid for use with 

the maximally flat low-pass prototypes in Tables 4.05-l(a),(b), having 

any value of n, but only for Tchebyscheff prototypes in Tables 4.05-2(a), 

(b), having an odd number of reactive elements n.* 

Tchebyachaff reaponass corrasponding t o  n even can mlao be achieved with t h i s  type of f i l t e r  i f  the 
coupling l ines  a re  allowed t o  have Y values d i f f e r e n t  from t h a t  of the terminat ions.  In Fig. 8.10-1, 
the l i n e s  a r e  a l l  the amme, f o r  s imppic i ty .  
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For maximally f l a t  f i l t e r s  with n even o r  odd, o r  Tchebyscheff f i l t e r s  with n odd: 

where the  go,  g l ,  . . . , gn+l a r e  a s  d e f i n e d  i n  Fig .  4 . 0 4 - 1 ,  4 i s  def ined i n  
Fig .  8 . 0 2 - l ( a ) ,  the  b. are  susceptance  s l o p e  parameters d e f i n e d  i n  Fig.  8 . 0 2 - 4 ,  
m i s  a s  def ined be low,'^^ i s  the  propagation wavelength a t  themidband frequency 
uO, and Y O  i s  the  admit tanceof  t h e  transmiss ion  l i n e  connect ing  t h e  resonators .  

To map low-pass f i l t e r  response t o  corresponding band-pass f i l t e r  response 
use  ( f o r  narrow-bnnd d e s i g n s ) :  

where 

and w o ,  q, and w2 are a s  def ined i n  F i g .  8 . 0 2 - l ( b ) .  

'IG. 8.10-1 DESIGN EQUATIONS FOR FILTERS WlTH QUARTER-WAVELENGTH COUPLINGS 

The resonators for Iilters of 

this type can be formed from semi- 

lumped elements, cavities with loop 

couplings, resonant i r i ~ e s , ~  and 

other means. One common way of 

realizing the desired resonators 

is illustrated in Fig. 8.10-2.4 In 

this case, the resonator used is a 

half-wavelength resonator with a 

K-inverter at each end, as indicated 

at (b) in the figure. The K-inverters 

tend to reflect low-impedance levels 

to the ends of the half-wavelength 

line section which, it can be shown, 

will make it operate like a series 

resonator (see Sec. 8.14). However, 

this series resonance operation 

when viewed from the outside through 

the K-inverters looks like a shunt 

resonance equivalent to that of the 

shunt-tuned circuit shown in 

Fig. 8.10-2(a) Using waveguide 

and inductive irises of shunt re- 

actance X. to realize the K, in- 
verters, the resulting quarter- 

ELECTRICAL LENGTHS ARE DEFINED AT 
FREQUENCY wo.  

A-3527- 198 

FIG. 8.10-2 REPLACEMENT OF A SHUNT 
RESONATOR BY A HALF- 
WAVELENGTH RESONATOR 
WlTH TWO K-INVERTERS 
The K-Inverters shown are of 
the type defined in Fig. 8.03-l(c) 

wavelength-coupled waveguide filter takes the form shown inFig. 8.10-3. 

Note that the half-wavelength resonators are corrected for the electrical 

length 4, associated with the K-inverters, and that the quarter-wavelength 

coupling lengths should be corrected in a similar way. 

The main advantage of this type of filter appears to be that the 

resonators are easily tested individually. If a waveguide joint is placed 

in the center of each quarter-wavelength coupling, the filter can easkly 

be disassembled and each resonator checked by itself. Each resonator 

should, of course, resonate at w o ,  and if Fig. 8.10-1 calls for a sus- 

ceptance slope parameter of 4 .  for the jth resonator, then if the reso- 
nator is connected to matched source and load waveguides of the same 

dimensions (and characteristic admittance Y o ) ,  the resonator should 

exhibit a doubly loaded Q of 



where f b  and fa are the 3-db points of the transmission through the 

resonator. 

To summarize the procedure for the design of a quarter-wavelength 

coupled waveguide filter of the type in Fig. 8.10-3, the number of reso- 
nators and the value for w~ and the required number n of resonators 

should be determined by use of Eqs. (6) to (8) in Fig. 8.06-1, as dis- 
cussed in Sec. 8.04. + Then w~ should be used to replace w in Eqs. (1) 
to (4) in Fig. 8.10-1 (since guide-wavelength variation controls the 
bandwidth in this case) and the normalized susceptance slope parameters 

&,/yo should be determined using the desired lumped-element prototype 

parameters. By Fig. 8.10-2 

since Z,, = l/Yo. Having values for the Kj/Zo, the dimensions of the dis- 
continuities and their corresponding q5, values can be determined as 

previously discussed in Sec. 8.06. The radian electrical spacings 0 .  and 

FIG. 8.10-3 WAVEGUIDE FILTER USING SHUNT-INDUCTIVE IRISES 
AND QUARTER-WAVELENGTH COUPLINGS 
The 4, are as indicated in Figs. 8.10-2 and 8.03-l(c) 

* 
See Sec. 8.14 for discussion of the use of hgO/Ag 8 8  n frequency parameter in design of w a v e -  
guide filters. 

8,,j+1 (with respect to guide Wavelength) of the discontinuities are 
then determined as indicated in Fig. 8.10-3. 

SEC. 8.11, LUMPED-ELEMENT, COUPLED-RESONATOR FILTERS 

At the lower microwave frequencies it may be possible to use semi- 

lumped elements, and analysis in terms of the lumped-element structures 

in Fig. 8.11-1 or 8.11-2 may be helpful. The structure in Fig. 8.11-1 

approximates that in Fig. 8.02-4 using lumped, shunt resonators B.(w) 
and lumped J-inverters of the form in Fig. 8.03-2(b) In Fig. 8.11-1 

the capacitances C,, are the effective capacitances for determining the 

resonant frequency and susceptance slope parameters of the resonators. 

But; the actual shunt-capacitor elements used are smaller than the C , j ,  

as indicated in Eqs. (8) to (10). This is because the negative shunt 

capacitance of the J-inverters must be subtracted from the positive 

resonator capacitance to give the net shunt capacitance actually inserted 

in the circuit. The end coupling capacitances C,, and Cn,n+l are treated 

ih a somewhat different manner, as discussed in Sec. 8.14, in order to 

prevent having to deal with a negative shunt capacitance next to the 

terminations CA and CB. Note that GA,  C,, and the C,, may be given any 

values desired. 

The circuit in Fig. 8.11-2(b) is the exact dual of that inFig. 8.11-1 

if Lro and Lrn+l are chosen to equal Mol and Mn,n+l, respectively, which 
will make Lo and Ln+l zero. The equations are slightly modified from 

those in Fig. 8.11-1, however, in order to also accommodate the circuit 

form in Fig. 8.11-2(a). 

The low-pass to band-pass mappings shown in Figs. 8.11-1 and 8.11-2 

are accurate for narrow bandwidths only; however, cohnl has shown that 

the approximate mapping 

where 



I h e  ne t  shunt capac i t ances  are :  

C1 = Crl -c;, - C12 

For d e f i n i t i o n s  of t h e  g l ,  o;, oo, q ,  w2, and t h e  J j ,  j+l; see  Figs .  4.04-1. 
8 .02 - l ( a ) .  ( b ) ,  8.02-4, and 8 .03-2(b) .  

Choose values  fo r  G A ,  Crl, Cr2, . . . , Crn, and GB. Then: 

where t h e  C,, +l a r e  given by Eqs. ( 5 )  t o  (7 )  and 

L .  - 1 - -  
1 I ,  t o n  C r j  

I 

For mapping l ~ w - ~ a s s  prototype response  approximately t o  band-pass response use ,  

i f  o z / q  5 1 .05 ,  

where w is def ined below. 

The coupl ing capaci tances  are :  

where 

For ?/u, > 1 . 0 5  s ee  t e x t  f o r  a  s u i t a b l e  mapping and d e f i n i t i o n  of w and 

FIG. 8.11-1 Concluded 

FIG. 8.11-1 DESIGN FORMULAS FOR CAPACITIVELY COUPLED LUMPED-ELEMENT FILTERS 



For d e f i n i t i o n s  o f  t h e  g . ,  4, o o ,  q,  3 ,  and t h e  K j ,  j + l ;  s e e  Figs.  4.04-1, 8 . 0 2 - l ( a ) ,  ( b ) ,  

and 8 .03 - l ( a ) .  

Choose values  f o r  R A ,  Rg, LrO,  L r l ,  ..., L r n ,  Lrnt l  where t h e  L  a r e  r e l a t e d  t o  t h e  L  . a s  
i nd i ca t ed  i n  Eqs. (15) t o  (19) below. ' J  PI 

where w i s  a s  def ined below. 

I h e  mutual coupl ings  are :  

s e r i e s  inductances  d r a m  a t  ( b )  above a r e  

where 

For form shorn a t  ( a )  above, t h e  L p j  a r e  t h e  t o t a l  loop inductances  and 

L p ~  = ' r ~  (15)  

L p l  = L r l  + '01 - (16)  

L P l l l = 2  = L r l  
(17) 

L p n  = L r n  + ' n , n + l  - MC,,n+l 
(18) 

Lpn+l  = ' r n + ~  (19) 

For mapping low-pass response a p p r o x i u c e l y  t o  band- ass response. i f  Y/? 5 1.05 use  

where 

For ?/? > 1.05, s e e  t e x t  f o r  a  s u i t a b l e  u p p i n g  and d e f i n i t i o n  of IV and a. 

FIG. 8.11-2 Concluded 

FIG. 8.11-2 DESIGN FORMULAS FOR INDUCTIVELY COUPLED, LUMPED-ELEMENT FILTERS 



gives good results to bandwidths around 20 percent. A definition* of 

w for use in such cases is1 

SEC. 8.12, BAND-PASS FILTERS WITH WIDE STOP  BANDS'^ 

All of the filter structures discussed so far that involve trans- 

mission lines tend to have additional pass bands at frequencies which 

are multiples of their first pass-band frequencies, or at least at fre- 

quencies which are odd multiples of their pass-band frequency. 

Figure 8.12-1 shows a filter structure which when properly designed can 

be made to be free of higher-order pass bands up to quite high frequencies 

The shunt capacitances ~f in Fig. 8.12-1 are not necessary to the opera- 

tion of the device, but are stray capacitances that will usually be 

associated with the coupling capacitances Cj,j+l At the pass-band center 

frequency of the filter, each resonator line is somewhat less than a 

quarter-wavelength long, as measured from its short-circuited end to its 

open-circuited end. (They would all be exactly a quarter-wavelength long, 

if it were not for the capacitive loading due to the Cf and the Cj, ) 

As seen from the connection points at which the resonator lines are 

attached, at midband the short-circuited portion of each line looks like 

a shunt inductance, while the open-circuited portion looks like a shunt 

capacitance, so the circuit is very similar to that in Fig. 8.11-1. 

The circuit in Fig. 8.12-1 will tend to have additional pass bands 

when the length of the transmissions line resonators is roughly an odd 

multiple of a quarter-wavelength long. However, it can be seen that such 

pass bands can be suppressed if, when a line is resonant, the length from 

the short-circuited end of the line to the connection point is exactly 

one-half wavelength or a multiple thereof, while the electrical distance 

from the open-circuited end to the connection point is exactly an odd 

multiple of one-quarter wavelength. Under these conditions the connection 

point of such a resonator is at a voltage null, and the resonance looks 

like a series resonance which short-circuits the signal to ground, instead 

' The d e f i n i t i o n  of w used here  d i f f e r s  from t h e  .) t h a t  cohnl uses f o r  t h i s  c a s e ,  by a factor of a,,/+ 

This  f a c t  i s  c o n s i s t e n c  w i t h  the e q u a t i o n s  u s e d  h e r e i n  and g i v e s  t h e  same end r e s u l t .  The t. d e f i n e d  here  
i s  f r a c t i o n a l  bandwidth,  w h i l e  Cohn's W '  is  n o t .  

For d e f i n i t i o n s  of the  g . ,  4, aO, Y, 4, and the J,, j+l; see  Figs.  4 .04-1 ,  
8 . 0 2 - l ( a ) ,  ( b ) ,  8 .02-4 ,  aAd 8.03-2(b) .  

o loose  values  for  GA, GB, and YO and estimate: 

Obtain s lope parameters &. from the B 3 ,  Yo,and Fig. 8 .12-2  or Fig. 8.12-3  or 
Eq. ( 8 .12 -4 ) .  

FIG. 8.12-1 DATA FOR 

(continued on p. 488) 

BAND-PASS FILTERS WITH WIDE STOP BANDS 



where w is given by (11) below. 

For mapping low-pass prototype response approximately to band-pass response 

use 

where 

and 

FIG. 8.12-1 Concluded 

of a shunt resonance which passes the signal. Since for this higher reso- 

nance the connection point has zero voltage, the C: and the C j , j + l  have 

no effect on the higher resonant frequency. By designing the various 

resonators t~ suppress different pass bands, it should be possible to 

make the stop band extend very far without any spurious pass bands. 

The B: in Eqs. (1) to (3) in Fig. 8.12-1 are susceptances which 

account for effects of the Cf and on the tuning of the resonators 

and on their susceptance slope parameters at the rnidband frequency wo. 

The total susceptance of the jth resonator is then 

B , ( w )  = Y o  tan ('a'u) - W o  - y o  cot (5) + W~ w BJ I (8.12-1) 

where Yo is the characteristic admittance of the resonator line, B a I  is 

the electrical length of the open-circuited portion of the resonator line 

at frequency w o ,  and B b I  is the electrical length of the short-circuited 

portion at the same frequency. At frequency wo we require that B  (wo)=O 

which calls for 

B: - = cot Bb, - tan B a I  (8.12-2) 
yo 

In order to short-circuit pass bands at 3w0 or 5w0,  etc., it is only 

necessary that B a j  = B b j / 2 ,  or 8 = I  . = B b j / 4 ,  etc., respectively, as 

previously discussed. Having related B a j  and B b j ,  one may solve 

Eq. (8.12-2) for the total electrical length required at frequency wo 

in order to give resonance in the presence of the susceptance B!. If 

I .  is the resonator length, then 

where ho is the wavelength in the medium of propagation at the frequency 

w0. Applying Eq. (1) of Fig. 8.02-4 to Eq. (8.12-1) gives, for the 

susceptance slope parameter bj normalized with respect to Y o ,  



e*, 
( a .  1 2 - 4 )  

c o s 2  B a j  s i n 2  B b j  YO 

F i g u r e  8 . 1 2 - 2  shows a  p l o t  o f  / A o / )  and h j / y O  v r .  B:/Y~ f o r  r e s o -  

n a t o r s  wh ich  a r e  t o  s u p p r e s s  t r a n s m i s s i o n  a t  t h e  3w0 p a s s  b a n d .  

F i g u r e  8 . 1 2 - 3  shows c o r r e s p o n d i n g  d a t a  f o r  r e s o n a t o r s  d e s i g n e d  t o  s u p -  

p r e s s  t h e  p a s s  band i n  t h e  v i c i n i t y  o f  5 0 , .  

When u s i n g  t h e  d e s i g n  d a t a  i n  F i g s .  8 . 1 2 - 1  t o  8 . 1 2 - 3 .  some i t e r a t i o n  

i n  t h e  d e s i g n  c a l c u l a t i o n s  w i l l  b e  n e c e s s a r y  i f  h i g h  a c c u r a c y  i s  d e s i r e d .  

-. NORMALIZED CAPACITIVE SUSCEPTANCE 
yo ~ . - z 3 z e - ~ o R  

FIG. 8.12-2 CHART FOR DESIGN OF RESONATORS TO SUPPRESS THE SPURIOUS PASS 
BAND IN THE VICINITY OF Lo 

FIG. 8.12-3 CHART FOR DESIGN OF RESONATORS TO SUPPRESS THE SPURIOUS 
PASS BAND IN THE VICINITY OF 5wo 

T h i s  i s  b e c a u s e  t h e  B: must  b e  known i n  o r d e r  t o  compute  t h e  c o u p l i n g  

c a p a c i t a n c e s  C j , j + l  ( and  u s u a l l y  t h e  c;) a c c u r a t e l y ,  w h i l e  i n  t u r n  t h e  

C j ,  j + l  and Ci mus t  b e  known i n  o r d e r  t o  d e t e r m i n e  t h e  B: a c c u r a t e l y .  

However, s i n c e  t h e  B! g e n e r a l l y  h a v e  a  r e l a t i v e l y  minor  i n f l u e n c e  on  

t h e  c o u p l i n g  c a p a c i t a n c e  v a l u e s  C j ,  , + 1  r e q u i r e d ,  t h e  c a l c u l a t i o n s  c o n -  

v e r g e  q u i c k l y  and  a r e  n o t  d i f f i c u l t .  F i r s t  t h e  B: a r e  e s t i m a t e d  a n d  

c o r r e s p o n d i n g  v a l u e s  of  t h e  C J , ,  and C: a r e  o b t a i n e d .  Then improved  

v a l u e s  f o r  t h e  B: a r e  compu ted ,  and  f rom them improved  v a l u e s  f o r  t h e  

, , , + and ( A o )  a r e  o b t a i n e d .  T h e s e  l a t t e r  v a l u e s  s h o u l d  b e  

s u f f i c i e n t l y  a c c u r a t e  

F i g u r e  8 . 1 2 - 4  shows a  p o s s i b l e  form o f  c o n s t r u c t i o n  f o r  t h e  f i l t e r s  

unde r  c o n s i d e r a t i o n .  The r e s o n a t o r s  a r e  i n  50-ohm ( Y o  = 0 . 0 2 0  mhos)  



rectangular-bar strip-transmission-line form, with small coupling tabs 

between the resonator bars. The spacing between resonators has been 

shown to give adequate isolation between resonators as evidenced bv te sts 
on trial, two-resonator and four-resonator designs.16 Figure 8.12-Sfa) - - .  , 
shows a plot of estimated coupling capacitance C. u s .  gap spacing y 

J , J + I  
for various amounts of coupling tab overlap x .  The similar data in 

Fig. 8.12-5(b) are for the shunt capacitance to ground Cf . of an indi- 
J , J + ~  

vidual tab in the j, j + lth coupling. Using the data in kig. 8.12-5(b). 
the junction capacitance Cf for the jth junction is 

where C+ introduces an additional junction shunt susceptance like that 

for the T-junctions in Sec. 5.07. Calculations from measurements on the 
two-resonator filter mentioned above suggest that C* should be taken as 

0.30 
I I I 

I I 

0.010 0.020 0.030 0,040 0.050 0.060 4070 0.080 
G A P ,  y -inches 

n n - z a z a - ~ s - ~ ~ n  

FIG. 8.12-5 CHARTS OF ESTIMATED VALUES OF THE CAPACITANCES 
ASSOCIATED WITH THE COUPLINGS FOR THE 
CONSTRUCTION IN FIG. 8.12-4 

"0-211.-7.-1.1 

FIG. 8.12-4 A BAR TRANSMISSION LINE CONSTRUCTION FOR THE FILTER IN 
FIG. 8.12-1 



RESONATOR B A R  

FIG. 8.12-6 DEFINITION OF THE JUNCTION REFERENCES 
PLANES FOR THE CONSTRUCTION IN 
FIG. 8.12-4 

a b o u t  -0 .10 w f . *  Approx ima te  r e f e r e n c e  p l a n e s  f o r  f i x i n g  t h e  l e n g t h s  
o f  t h e  open-  a n d  s h o r t - c i r c u i t e d  s i d e s  o f  t h e  r e s o n a t o r  a r e  shown i n  

F i g .  8 . 1 2 - 6 .  I n  f i x i n g  t h e  l e n g t h  o f  t h e  o p e n - c i r c u i t e d  e n d ,  a l l o w a n c e  

n u s t  b e  made f o r  t h e  f r i n g i n g  c a p a c i t a n c e  f rom t h e  end  o f  t h e  b a r .  I t  
i s  e s t i m a t e d  t h a t ,  i n  o r d e r  t o  c o r r e c t  f o r  t h i s  c a p a c i t a n c e ,  t h e  l e n g t h  

l a j  ( s e e  F i g s .  8 . 1 2 - 2 ,  - 3 ,  - 6 )  s h o u l d  b e  r e d u c e d  by a b o u t  0 . 0 5 5  i n c h .  

( The t w o - r e s o n a t o r  f i l t e r  b u i l t  i n  t h e  c o n s t r u c t i o n  i n  F i g .  8 . 1 2 - 1  

was i n t e n d e d  t o  s u p p r e s s  t h e  3u0  p a s s  band ,  b u t  a t  f i r s t  d i d  n o t  do  s o .  

The r e a s o n  was t h a t  t h e  open-  and  s h o r t - c i r c u i t e d  s i d e s  o f  t h e  r e s o n a t o r s  

d i d  n o t  r e f l e c t  s h o r t - c i r c u i t s  t o  t h e  c o n n e c t i o n  p o i n t s  a t  e x a c t l y  t h e  

same f r e q u e n c i e s ,  a s  t h e y  must f o r  h i g h  a t t e n u a t i o n .  To c o r r e c t  t h i s ,  
' b a 1 a n c e " t u n i n g  s c r e w s  were a d d e d  a t  two p o i n t s  on  e a c h  r e s o n a t o r  i n d i -  

a t e d  by t h e  a r r o w s  i n  F i g .  8 . 1 2 - 4 .  I n  a d d i t i o n ,  p a s s - l a n d  t u n i n g  s c r e w s  
. r e  p l a c e d  d i r e c t l y  o v e r  t h e  c o u p l i n g - t a b  j u n c t i o n  o f  e a c h  r e s o n a t o r .  

I The n q e a t i v e  s i g n  m e r e l y  i n d i c a t e s  t h a t  w i t h  t h e  j u n c t i o n  r e f e r e n c e  p l a n e s  b e i n g  u s e d ,  soma 
capacitance muat b e  s u b t r a c t e d  i n  o r d e r  t o  r e p r e s e n t  t h e  j u n c t i o n .  

The b a l a n c e  s c r e w s  were  a d j u s t e d  f i r s t  t o  g i v e  h i g h  a t t e n u a t i o n  i n  t h e  

v i c i n i t y  of  3 0 ,  and t h e n  t h e  p a s s - b a n d  t u n i n g  s c r e w s  were  a d j u s t e d  u s i n g  

t h e  p r o c e d u r e  d i s c u s s e d  i n  S e c .  11.05.  
S i n c e  t h e  p a s s - b a n d  t u n i n g  s c r e w s  

a r e  a t  a  v o l t a g e  n u l l  p o i n t  f o r  t h e  r e s o n a n c e  i n  t h e  v i c i n i t y  o f  3w0 ,  t h e  

a d j u s t m e n t  o f  t h e  p a s s - b a n d  t u n i n g  s c r e w s  w i l l  n o t  a f f e c t  t h e  b a l a n c e  

t u n i n g  a d j u s t m e n t  o f  t h e  r e s o n a t o r s .  
However,  i t  s h o u l d  be  n o t e d  t h a t  

t h e  b a l a n c e  a d j u s t m e n t  mus t  b e  made b e f o r e  t h e  p a s s - b a n d  t u n i n g  a d j u s t m e n t  

s i n c e  t h e  s e t t i n g  o f  t h e  b a l a n c e  t u n i n g  s c r e w s  w i l l  a f f e c t  t h e  p a s s - b a n d  

1 t u n i n g .  

FIG. 8.12-7 THE MEASURED RESPONSE OF A FOUR- 
RESONATOR FILTER OF THE FORM IN 
FIG. 8.12-4 
The solid line is  the measured response 
while the x's represent attenuation values 
mapped from the low-pass prototype using 
Eq. (10) in Fig. 8.12-1 



FIG. 8.12-8 THE STOP-BAND RESPONSE OF A FOUR-RESONATOR 
FILTER OF THE FORM IN FIG. 8.12-4 

Figures 8.12-7 and 8.12-8 show the measured response of a four- 

resonator filter constructed in the form in Fig. 8.12-4 using the design 

data discussed above. As can be seen from Fig. 8.12-7, the bandwidth is 

about 10 percent narrower than called for by the points mapped from the 

low-pass prototype (which are indicated by x's). This is probably due 
largely to error in the estimated coupling capacitances in Fig. 8.12-5. 

If desired, this possible source of error can be compensated for by 

using values of w which are 10 percent larger than actually required. 

The approximate mapping used is seen to be less accurate on the high side 

of the response in Fig. 8.12-7 than on the low side for this type of filter. 

The four-resonator filter discussed above was designed using one pair 

of resonators to suppress the 3a0 resonance and a second pair to suppress 

the 5w0 resonance. Since the two sets of resonators had their higher 

resonances at somewhat different frequencies it was hoped that balance 

tuning would be unnecessary. This was practically true for the 3m0 reso- 
nance since high attenuation was attained without balance tuning of the 

resonators intended to suppress that resonance. However, there was a 

small dip in attenuation at about 3.8 kMc (see Fig. 8.12-8) which 

probably could easily have been removed by balance tuning. 

The pass band near 5wo would not disappear in this case no matter 

how the balance screws were adjusted on the resonators meant to suppress 

that pass band. Some experimentation with the device suggested that this 

was due to a resonance effect in the coupling tabs, which was greatly 

aggravated by the fact that the resonators involved were the end reso- 

nators (which have relatively large coupling capacitances). This dif- 

ficulty can probably be avoided by putting the resonators to suppress 

pass bands near 5wo or higher in the interior of the filter and putting 

the resonators to suppress the pass band near 3wo at the ends of the 

filter. Also, keeping the coupling tabs as short as possible should help. 

SEC. 8.13, COMB-LINE, BAND-PASS FILTERS 

Figure 8.13-l(a) shows a comb-line band-pass filter in strip-line 

form and Fig. 8.13-l(b) presents design equations for this type of filter. 

The resonators consist of line elements which are short-circuited at one 

end, with a lumped capacitance Cf between the other end of each resonator 

line element and ground. In Fig. 8.13-l(a) Lines 1 to n, along with their 

associated lumped capacitances C; to C i  comprise resonators, while Lines 0 

and n + 1 are not resonators but simply part of impedance-transforming 

SOURCE: Qvarterly Progress Report 5 ,  Contract DA 36-039 SC-87398, SRI; 
reprinted in The Microwave Journal ( s e e  Ref.  1 8  by G.  L. Matthaei) 

FIG. 8.13-l(a) A COMB-LINE, BAND-PASS FILTER 
The nodal points are defined for use in the 
design equation derivations discussed in Sec. 8.14 



where E i s  t h e  abso lu t e  d i e l e c t r i c  constant  of t he  medium o f  propagation, 
and E~ i s  t h e  r e l a t i v e  d i e l e c t r i c  constant .  

Choose t h e  normalized c h a r a c t e r i s t i c  admit tances  Y ./Y s o  a s  t o  g ive  
aJ A good resonator  unloaded V's. (See t e x t . )  Ihen compute: 

%e normalized mutual capaci tances  pe r  u n i t  length  between ad j acen t  
l i n e s  a r e :  

4.  

j=l t o n  

where e0 is t h e  e l e c t r i c a l  l eng th  o f  t h e  r e sona to r  elements a t  t he  mid- 
baad frequency o 

0' 

Compute: 

I h e  lumped capaci tances  Cf are :  

A suggested low-pass t o  band-pass t ransformat ion i s  

where w i s  the  f r a c t i o n a l  bandwidth def ined below. 

' h e  normalized capac i t ances  p e r  u n i t  length  between each l i n e  and ground 

a r e  where 

and 

C )++ 
376.7 YA Y . J . -  . J .  . 

= - ( f -  % - tan  eo - t an  eo ) (5) 

SOURCE: Quarterly Progrcsa Report 5 .  Contract DA 36-039 SC-87398, SR1: 
reprinted in The Microwave locrrrurl (see  Ref. 1 8  by G. L. Matthaei) 

FIG. 8.13-l(b) Concluded 

FIG. 8.13-l(b) DESIGN EQUATIONS FOR COMB-LINE FILTERS 



s e c t i o n s  a t  t h e  e n d s .  C o u p l i n g  be tween  r e s o n a t o r s  i s  a c h i e v e d  i n  t h i s  

t y p e  o f  f i l t e r  by way o f  t h e  f r i n g i n g  f i e l d s  be tween r e s o n a t o r  l i n e s .  

With t h e  lumped c a p a c i t o r s  C: p r e s e n t ,  t h e  r e s o n a t o r  l i n e s  w i l l  b e  l e s s  

t h a n  Ao/4 l o n g  a t  r e s o n a n c e  ( w h e r e  A. i s  t h e  w a v e l e n g t h  i n  t h e  medium o f  

p r o p a g a t i o n  a t  m i d b a n d ) ,  a n d  t h e  c o u p l i n g  b e t w e e n  r e s o n a t o r s  i s  predomi-  

n a n t l y  m a g n e t i c  i n  n a t u r e .  I n t e r e s t i n g l y  e n o u g h ,  i f  t h e  c a p a c i t o r s  C' 

were  n o t  p r e s e n t ,  t h e  r e s o n a t o r  l i n e s  would  b e  a  f u l l  Ao /4  l o n g  a t  

r e s o n a n c e ,  a n d  t h e  s t r u c t u r e  would  have  no p a s s  band'17 T h i s  i s  s o  

b e c a u s e ,  w i t h o u t  some k i n d  o f  r e a c t i v e  l o a d i n g  a t  t h e  e n d s  o f  t h e  r e s o -  

n a t o r  l i n e  e l e m e n t s ,  t h e  m a g n e t i c  and  e l e c t r i c  c o u p l i n g  e f f e c t s  c a n c e l  

e a c h  o t h e r  o u t ,  and  t h e  c o m b - l i n e  s t r u c t u r e  becomes an  a l l - s t o p  s t r u c t u r e . .  

For  t h e  r e a s o n s  d e s c r i b e d  a b o v e ,  i t  i s  u s u a l l y  d e s i r a b l e  t o  make t h e  
c a p a c i t a n c e s  Cs i n  t h i s  t y p e  o f  f i l t e r  s u f f i c i e n t l y  l a r g e  t h a t  t h e  r e s o -  

n a t o r  l i n e s  w i l l  b e  Ao/8 o r  l e s s ,  l o n g  a t  r e s o n a n c e .  B e s i d e s  h a v i n g  
e f f i c i e n t  c o u p l i n g  b e t w e e n  r e s o n a t o r s  ( w i t h  s i z e a b l e  s p a c i n g s  b e t w e e n  

a d j a c e n t  r e s o n a t o r  l i n e s ) ,  t h e  r e s u l t i n g  f i l t e r  w i l l  b e  q u i t e  s m a l l .  I n  
t h i s  t y p e  o f  f i l t e r ,  t h e  s e c o n d  p a s s  band o c c u r s  when t h e  r e s o n a t o r  l i n e  

e l e m e n t s  a r e  somewhat o v e r  a  h a l f - w a v e l e n g t h  l o n g ,  s o  i f  t h e  r e s o n a t o r  

l i n e s  a r e  A0/8 l o n g  a t  t h e  p r i m a r y  p a s s  b a n d ,  t h e  s e c o n d  p a s s  band  w i l l  

b e  c e n t e r e d  a t  somewhat o v e r  f o u r  t i m e s  t h e  f r e q u e n c y  o f  t h e  c e n t e r  o f  

t h e  f i r s t  p a s s  band.  I f  t h e  r e s o n a t o r  l i n e  e l e m e n t s  a r e  made t o  b e  l e s s  

t h a n  Ao/8 l o n g  a t  t h e  p r i m a r y  p a s s  b a n d ,  t h e  s e c o n d  p a s s  band w i l l  be 
even  f u r t h e r  removed. Thus ,  l i k e  t h e  f i l t e r  i n  S e c .  8 . 1 2 ,  c o m b - l i n e  

f i l t e r s  a l s o  l e n d  t h e m s e l v e s  t o  a c h i e v i n g  v e r y  b r o a d  s t o p  b a n d s  above  

t h e i r  p r i m a r y  p a s s  b a n d s .  

S i n c e  t h e  c o u p l i n g  b e t w e e n  t h e  r e s o n a t o r s  i s  d i s t r i b u t e d  i n  n a t u r e ,  

i t  i s  c o n v e n i e n t  t o  work o u t  t h e  d e s i g n  o f  t h e  r e s o n a t o r  l i n e s  i n  t e r m s  

o f  t h e i r  c a p a c i t a n c e  t o  g r o u n d  C .  p e r  u n i t  l e n g t h ,  and t h e  m u t u a l  

c a p a c i t a n c e s  C j , j t l  p e r  u n i t  l e n g t h  be tween  n e i g h b o r i n g  l i n e s  j and j + 1. 

T h e s e  c a p a c i t a n c e s  a r e  i l l u s t r s t e d  i n  t h e  c r o s s - s e c t i o n a l  v i ew  o f  t h e  

l i n e  e l e m e n t s  shown i n  F i g .  8 . 1 3 - 2 .  F r i n g i n g  c a p a c i t a n c e  e f f e c t s  beyond 
n e a r e s t  n e i g h b o r s  w i l l  b e  n e g l e c t e d .  F i g u r e  8 . 1 3 - 2  a l s o  d e f i n e s  v a r i o u s  
d i m e n s i o n s  f o r  t h e  c a s e  where  t h e  r e s o n a t o r  l i n e s  a r e  t o  be  c o n s t r u c t e d  

i n  r e c t a n g u l a r - b a r  s t r i p  l i n e .  U s i n g  t h e  d e s i g n  f o r m u l a s  i n  F i g .  8 . 1 3 - l ( b ) l  
t h e  d i s t r i b u t e d  l i n e  c a p a c i t a n c e s  w i l l  b e  computed i n  n o r m a l i z e d  form t o  

Howerer, i f  e v e r y  o t h e r  u n l o a d e d ,  A O / 4  r e s o n a t o r  were turned  end f o r  end s o  t h a t  t h e  s t r u c t u r e  
had open-  and s h o r t - c i r c u i t e d  e n d s  a l t e r n a t i n g ,  t h e  b a n d - s t o p  s t r u c t u r e  would become a  band- 
P.8. a t r u c t u r e .  The resulting c o n f i g u r a t i o n  i a  t h a t  o f  t h e  i n t e r d i g i t a l  f i l t e r a  d i s c u s s e d  i n  
S e c a .  10 .06  and 10 .07 . .  

SOURCE: Quarterly Progress Report 5 ,  Contract DA 36-039 SC-87398. SRI: 
reprinted in The Microwave lournal (see  Ref. 18 by G .  L. Matthaei) 

FIG. 8.13-2 DEFINITIONS OF THE LINE CAPACITANCES AND SOME OF 
THE DIMENSIONS INVOLVED IN COMB-LINE FILTER DESIGN 

, i r e  C, /E and C j , j t l / e  v a l u e s ,  whe re  6 i s  t h e  a b s o l u t e  d i e l e c t r i c  c o n s t a n t  

o f  t h e  medium o f  p r o p a g a t i o n .  Then by u s e  o f  t h e  c h a r t s  and f o r m u l a s  i n  

S e c  5 . 0 5  t h e  c o r r e s p o n d i n g  r e c t a n g u l a r - b a r  l i n e  d i m e n s i o n s  w. and  s .  I . i t 1  

i n  F i g .  8 . 1 3 - 2  c a n  be  d e t e r m i n e d  f o r  s p e c i f i e d  t a n d  b .  

To c a r r y  o u t  t h e  d e s i g n  o f  a  c o m b - l i n e  f i l t e r  by u s e  o f  F i g .  8 . 1 3 - l ( b ) ,  

t h e  l o w - p a s s  p r o t o t y p e  f i l t e r  p a r a m e t e r s  g o ,  g l ,  . . . ,  g n + l  a n d  a r e  

s e l e c t e d  i n  t h e  u s u a l  manner  ( S e c s .  8 . 0 2  and  8 . 0 4 ) .  The  l o w - p a s s  t o  band-  

p a s s  mapping i n d i c a t e d  i n  Eqs .  ( 8 )  t o  ( 1 0 )  i s  a  commonly u s e d ,  s i m p l i f i e d ,  

n a r r o w - b a n d  mapp ing ,  b u t  u n f o r t u n a t e l y  i t  i s  n o t  o u t s t a n d i n g l y  a c c u r a t e  

f o r  t h i s  t y p e  o f  f i l t e r  when t h e  bandwid th  i s  a s  l a r g e  a s  1 0  p e r c e n t  o r  S O .  

From t h e  t r i a l  d e s i g n  d e s c r i b e d  b e l o w ,  t h e  l a r g e s t  e r r o r  i s  s e e n  t o  o c c u r  

on  t h e  h i g h  s i d e  o f  t h e  p a s s  b a n d  where  t h e  n a r r o w - b a n d  mapping d o e s  n o t  

p r e d i c t  a s  l a r g e  a  r a t e  o f  c u t o f f  a s  a c t u a l l y  o c c u r s .  The r e a s o n  t h a t  t h e  

a c t u a l  r a t e  o f  c u t o f f  t e n d s  t o  b e  u n u s u a l l y  l a r g e  on  t h e  h i g h - f r e q u e n c y  s i d e  

o f  t h e  p a s s  b a n d  i s  t h a t  t h e  s t r u c t u r e  h a s  i n f i n i t e  a t t e n u a t i o n  ( t h e o r e t i c a l l y  

a t  t h e  f r e q u e n c y  f o r  which t h e  r e s o n a t o r  l i n e s  a r e  a  q u a r t e r - w a v e l e n g t h  l o n g .  

T h u s ,  t h e  s t e e p n e s s  o f  t h e  a t t e n u a t i o n  c h a r a c t e r i s t i c  on t h e  h i g h  s i d e  w i l l  

d e p e n d  t o  some e x t e n t  upon t h e  c h o i c e  o f  B o ,  t h e  e l e c t r i c a l  l e n g t h  o f  t h e  

r e s o n a t o r  l i n e s  a t  t h e  p a s s - b a n d  c e n t e r  f r e q u e n c y .  A l t h o u g h  t h e  s i m p l i f i e d  

mapp ing  i n  Eqs .  ( 8 )  t o  ( 1 0 )  o f  F i g .  8 . 1 3 - l ( b )  c a n n o t  a c c o u n t  f o r  t h e s e  more 

s u b t l e  e f f e c t s  i n  t h e  r e s p o n s e  o f  t h i s  t y p e  o f  f i l t e r ,  i t  i s  s u f f i c i e n t l y  

a c c u r a t e  t o  s e r v e  a s  a  u s e f u l  g u i d e  i n  e s t i m a t i n g  t h e  number o f  r e s o n a t o r s  

r e q u i r e d  f o r  a  g i v e n  a p p l i c a t i o n .  

Nex t  t h e  t e r m i n a t i n g  l i n e  a d m i t t a n c e  Y A P  t h e  midband e l e c t r i c a l  l e n g t h  

O0 o f  t h e  r e s o n a t o r  l i n e s ,  t h e  f r a c t i o n a l  b a n d w i d t h  IU, and t h e  n o r m a l i z e d  

l i n e  a d m i t t a n c e s  Y a I . / Y A  mus t  a l l  b e  s p e c i f i e d .  As i n d i c a t e d  a b o v e ,  i t .  i s  



u s u a l l y  d e s i r a b l e  t o  make Bo = 7714 r a d i a n s  o r  l e s s .  The c h o i c e  o f  t h e  
r e s o n a t o r  l i n e  a d m i t t a n c e s  Y . f i x e s  t h e  a d m i t t a n c e  l e v e l  w i t h i n  t h e  

a 1  
f i l t e r ,  and t h i s  i s  i m p o r t a n t  i n  t h a t  i t  i n f l u e n c e s  t h e  u n l o a d e d  Q ' s  

t h a t  t h e  r e s o n a t o r s  w i l l  h a v e .  At t h e  t i m e  o f  t h i s  w r i t i n g  t h e  l i n e  

c h a r a c t e r i s t i c  a d m i t t a n c e s  t o  g i v e  optimum u n l o a d e d  Q ' s  f o r  s t r u c t u r e s  

o f  t h i s  t y p e  h a v e  n o t  b e e n  d e t e r m i n e d .  However,  c h o o s i n g  t h e  Yaj i n  

Eq. ( 1 )  o f  F i g .  8 . 1 3 - l ( b )  t o  c o r r e s p o n d  t o  a b o u t  0 .0143  mho ( i . e . ,  a b o u t  

70  ohms) ,  a p p e a r s  t o  b e  a r e a s o n a b l e  c h o i c e .   he a d m i t t a n c e  Yml i n  
F i g .  8 . 1 3 - l ( b )  i s  i n t e r p r e t e d  p h y s i c a l l y  a s  t h e  a d m i t t a n c e  o f  L i n e  j 

w i t h  t h e  a d j a c e n t  L i n e s  j - 1 and  j + 1 g r o u n d e d . ]  The r e m a i n d e r  o f  t h e  
c a l c u l a t i o n s  p r o c e e d  i n  a  s t r a i g h t f o r w a r d  manner  a s  p r e s e n t e d  i n  t h e  

f i g u r e .  As m e n t i o n e d  a b o v e .  h a v i n g  t h e  C,/r and Cj,] t l / r ,  t h e  r e q u i r e d  

l i n e  d i m e n s i o n s  a r e  o b t a i n e d  f r o m  t h e  d a t a  i n  S e c .  5 . 0 5 .  

T a b l e  8 . 1 3 - 1  summar izes  v a r i o u s  p a r a m e t e r s  u s e d  and computed i n  t h e  

d e s i g n  o f  a  t r i a l  f o u r - r e s o n a t o r ,  c o m b - l i n e  f i l t e r  d e s i g n e d  f o r  a  f r a c -  

t i o n a l  b a n d w i d t h  o f  w = 0 . 1 0 ,  a n d  0 . 1 - d b  T c h e b y s c h e f f  r i p p l e .  Due t o  a  
m i s p r i n t  i n  t h e  t a b l e  o f  p r o t o t y p e - f i l t e r  e l e m e n t  v a l u e s  which w e r e  u s e d  

f o r  t h e  d e s i g n  o f  t h i s  f i l t e r ,  t h e  g, e l e m e n t  v a l u e  i s ,  u n f o r t u n a t e l y ,  

o f f  by a b o u t  1 0  p e r c e n t .  However ,  a  computed r e s p o n s e  f o r  t h i s  f i l t e r  
r e v e a l e d  t h a t  t h i s  e r r o r  s h o u l d  n o t  h a v e  any  s i z e a b l e  e f f e c t  on t h e  s h a p e  

o f  t h e  r e s p o n s e .  I n  t h i s  d e s i g n  Bo = n/4 r a d i a n s  s o  t h a t  t h e  r e s o n a t o r  
l i n e s  a r e  A0/8 l o n g  a t  t h e  midband  f r e q u e n c y ,  wh ich  was t o  be  1 . 5  Gc. 

Table 8.13-1 

VARIOUS PARAMETERS WHICH WERE S P E C I F I E D  OR COMPUTED I N  THE 
DESIGN OF THE T R I A L ,  FOUR-RESONATOR, COMB-LINE FILTER 

j 

0 and 4 
. . -  

80 ' 1 g3 = 1.7703 w = 0.10 BO = n/4 radian 

81 = 1.0880' g4 = 0.8180 YA = 0.020 mho b=0.625 inch 

gz = 1.3061 g5 = 1.3554 &./yA = 0.870 1 t =0.188 inch 

4 ' 1  Y ./YA = 0.677 j=l t o  
a1 

0.337 
0.381 

T h i s  v a l u e  s h o u l d  h a v e  b e e n  g = 1 . 1 0 8 8  f o r  a  t r u e  0 . 1 - d b  r i p p l e  
p r o t o t y p e .  1  

1  

- 

SOURCE: Q u a r t e r l y  P r o g r e s s  R e p o r t  5. C o n t r a c t  DA 3 6 - 0 3 9  S C - 8 7 3 9 8 ,  
SRI; r e p r i n t e d  i n  The Microwave J o u r n a l  ( s e e  R e f .  1 8  b y  G. L. M a t t h s e i )  

502 

1 and 4 
2 and 3 

ADJUSTABLE BLOCKS 
TO CONTROL RESONATOR 

CAPACITOR PLATES 

cApAclTANcs 
/ 0 . 0 2 5  IN.  X 0 .200  1' X 0 . 5 0 0  '" 

t-i 0 . 6 2 5  

1 

2.130 

TUNING 
SCREWS 

0.334 DIA. 

0.156 DIA. 

3.022 
4.119 

SOURCE: Quarterly Progress  Report 5. Contract DA 36-039 SC-87398. SRI: 
reprinted in  The Microwave Journal (see  Ref. 1 8  by G .  L. Matthaei) 

( 

0.116 

0.152 
0.190 

FIG. 8.13-3 DRAWING O F  THE TRIAL, FOUR-RESONATOR, COMB-LINE F I L T E R  
Additional dimensions of electrical importance are given in Table 8.13-1 

Note  t h a t  Y a j / Y A  = 0 . 6 7 7  wh ich  w i t h  Y A  = 0 . 0 2 0  mho makes Y a j  = 0 . 0 1 3 5  mho. 

o r  Y = 4 h s .  The e l e c t r i c a l l y  i m p o r t a n t  d i m e n s i o n s  o f  t h i s  f i l t e r  

a r e  summarized i n  T a b l e  8 . 1 3 - 1  a l o n g  w i t h  F i g s .  8 . 1 3 - 2  and  3. F i g u r e  8.13-4 

, 
0 and 5 

shows t h e  c o m p l e t e d  f i l t e r  w i t h  i t s  c o v e r  p l a t e  removed.  

The f i l t e r  was t u n e d  u s i n g  a  s l o t t e d  l i n e  and  t h e  a l t e r n a t i n g  s h o r t -  

c i r c u i t  and  o p e n - c i r c u i t  p r o c e d u r e  d e s c r i b e d  i n  S e c .  1 1 . 0 5 .  
To a d j u s t  t h e  

c a p a c i t a n c e  o f  a n  i n d i v i d u a l  r e s o n a t o r ,  f i r s t  i t s  s l i d i n g  b l o c k  (shown i n  

F i g .  8 . 1 3 - 3 )  was a d j u s t e d  t o  g i v e  s l i g h t l y  l e s s  t h a n  t h e  r e q u i r e d  r e s o n a t o r  

c a p a c i t a n c e ,  a n d  t h e n  t h e  t u n i n g  s c r e w s  on  t h e  r e s o n a t o r  w e r e  u s e d  t o  b r i o g  

t h e  r e s o n a t o r  t o  t h e  e x a c t  d e s i r e d  f r e q u e n c y .  
I n  t h i s  c a s e  t h e  b a n d w i d t h  

was s u f f i c i e n t l y  l a r g e  s o  t h a t  t h e  a l t e r n a t i n g  s h o r t - c i r c u i t  and o p e n -  

c i r c u i t  p r o c e d u r e  d i d  n o t  g i v e  e n t i r e l y  s a t i s f a c t o r y  r e s u l t s  a s  e v i d e n c e d  

by some l a c k  o f  symmetry  i n  t h e  p a s s - b a n d  r e s p o n s e .  
However ,  i t  was found 

t h a t  t h i s  c o u l d  b e  e a s i l y  c o r r e c t e d  by r e a d j u s t i n g  t h e  t u n i n g  s c r e w s  on  t h e  

end r e s o n a t o r s *  w h i l e  u s i n g  a s w e e p - g e n e r a t o r  and  r e c o r d i n g - r e f l e c t o m e t e r  

C .  

- 6 

5.404 

* 
S i n c e  t h e  end r e a o n a t o r a  h a r e  a d j a c e n t  c o u p l i n g s  w h i c h  a r e  q u i t e  d i f f e r e n t  from t h o s e  o f  t h e  
i n t e r i o r  r s s o n a t o r a .  i t  i s  u s u a l l y  r h e  e n d  r e s o n a t o r s  t h a t  c a u s e  t u n i n g  d i f f i c u l t i e s  when u s i n g  
t h e  a l t e r n a t i n g  s h o r t - c i r c u i t  and o p e n - c i r c u i t  p r o c e d u r a  

. . 
( i n c h a s )  

0.362 



s e t - u p .  A f t e r  t h e  t u n i n g  was c o m p l e t e d ,  t h e  m e a s u r e d  i n p u t  VSWR was a s  
shown i n  F i g  8 . 1 3 - 5  and t h e  m e a s u r e d  a t t e n u a t i o n  a s  shown i n  F i g .  8 . 1 3 - 6 ,  

The VSWH c h a r a c t e r i s t i c  i n  F i g .  8 . 1 3 - 5  c o r r e s p o n d s  t o  r o u g h l y  a  

0 . 2 - d b  T c h e b y s c h e f f  r i p p l e  r a t h e r  t h a n  a  0 . 1 - d b  r i p p l e .  The d i s c r e p a n c y  

i s  b e l i e v e d  t o  be  due  t o  t h e  f a c t  t h a t  c o u p l i n g  e f f e c t s  b e y o n d  n e a r e s t -  

n e i g h b o r  l i n e s  h a v e  been  n e g l e c t e d  i n  t h e  d e s i g n  p r o c e d u r e  i n  F i g .  8 . 1 3 - 1 .  

I f  a  s m a l l e r  r i p p l e  were n e c e s s a r y .  t h i s  c o u l d  b e  a c h i e v e d  by  s m a l l  a d -  

j u s t m e n t  o f  t h e  s p a c i n g s  s o l  a n d  s d 5  be tween  t h e  i n p u t  l i n e  a n d  t h e  f 4 m - 6  

SOURCE: Quarterly Progress  Report 5 ,  Contract DA 36-039 SC-87398,  SRI; 
reprinted in The Microwave Journal ( s e e  R e f .  1 8  by G .  L .  Matthaei) 

F I G  8.13-4 A FOUR-RESONATOR COMB-LINE F I L T E R  WITH ITS COVER 
P L A T E  REMOVED 

SOURCE: Quarterly Progress Report 5, Contract DA 36-039 SC-87398, SRI; 
reprinted in The Microwave Journal ( s ee  Ref. 18 by G. L. Matthaei) 

FIG. 8.13-5 MEASURED VSWR OF THE FILTER IN FIG. 8.13-4 

SOURCE: Quarterly Progress Report 5 ,  Contract DA 36-039 SC-87398, SRI: 
reprinted in The Microwave Journal ( s e e  R e f .  1 8  by G. L. Matthaei) 

FIG. 8.13-6 MEASURED ATTENUATION OF THE FILTER IN FIG. 8.13-4 
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resonator, and between Resonator 4 and the output line. A similar 

phenomenon occurred in the interdigital line filter example discussed 

in Sec. 10.06. In that case the size of the ripples was easily reduced 

by decreasing the sizes of end-gap spacings sol and Sn,n+l. In the 
case of Fig. 8.13-5, the ripples were not considered to be sufficiently 

oversized towarrant expenditure of time on additional adjustments 

From the VSWR character- 

istic in Fig. 8.13-5 the meas- 

ured fractional bandwidth at 

the equal-VSWR-ripple level 

is found to be w = 0.116 in- 

stead of the specified w = 

0.100. ?'his somewhat over- 

size bandwidth may also be 

due to coupling effects 

beyond nearest neighbor line 

elements, which were neglec- 

ted in the derivation of the 

T a b l e  8 . 1 3 - 2  

COMPARISON OF ATTENUATION VALUES OBTAINED BY 
MAPPING AND BY MEASUREMENT 

MAPPING 
CONDITIONS 

A Orig inal  S p e c i f i c a t i o n s ,  
w = 0 . 1 0 ,  0 . 1 0 - d b  1 . 2 5  4 1 . 5  3 9 
Tcheb s c h e f f  R i p p l e ,  
fo I 1 . 4 9 1  Gc / I . 7 0 1  3 6 . 5  I 39 

design equations in Fig. 8.13-l(b). Table 8.13-2 compares attenuation 

Measured S p e c i f i c a t i o n s ,  
w = 0 . 1 1 6 ,  0 .20-db 
Tcheb s c h e f f  R i p p l e ,  
fo = x . 4 9 1  GC 

values computed by use of the mapping Eqs. (8) to (10) of Fig. 8.13-l(b) 

as compared to the actual measured values. Conditions A are for the 

original specifications while Conditions B are for the w = 0.116 frac- 

tional bandwidth and approximately 0.2-db ripple indicated by the VSWH 

characteristic in Fig. 8.13-5. Note that in either case the attenuation 

predicted by the mapping for f = 1.25 Gc ( f  below fo) has come out close 

to being correct, while the attenuation predicted by the mapping for 

f = 1.70 Gc (f above fo) is somewhat low, for reasons previously discussed 

SEC. 8.14, CONCERNING THE DEHIVATION OF SOME 
OF THE PRECEDING EQUATIONS 

1 . 2 5  

1 . 7 0  

For convenience in using the preceding sections for practical filter 

design, some background theoretical matters have been delayed until this 

section. Let us first note how the design e~uations for the general, 

coupled-series-resonator case in Fig. 8.02-3 are derived. 

In Sec. 4.12 it was shown that the lumped-prototype circuit in 

Fig. 8.02-2(a) can be converted to the form in Fig. 4.12-2(a) (where R A ,  

R g ,  and the L O j  may be chosen arbitrarily), and the same transmission 

3 9 . 5  

3 4 . 0  

response will result. This low-pass circuit may be transformed to a 

corresponding lumped-element band-pass circuit by use of the transformation 

39 

39 

where 

and w ' ,  w ; ,  w ,  wo, ol, and w2 are as indicated in Figs. 

for the case of Tchebyscheff filters. Then the series reactances w ' L  .J 

in Fig. 4.12-2(a) transform as follows: 

where 

This reasoning may then be used to convert the low-pass circuit in 

Fig. 4.12-2(a) directly into the band-pass circuit in Fig. 8.02-2(c). 

TO derive the corresponding general equations in Fig. 8.02-3 we can 
first use the function 

for the resonator reactances in Fig. 8.02-2(c) in order to compute the 

resonator slope parameters 



Then by Eqs. (8.14-6) and (8.14-8) 

Substitution of this result in the equations in Fig. 4.12-2(a) yields 

Eqs. (2) to (4) in Fig. 8.02-3. 

Equations (6) and (7) in Fig. 8.02-3 can be derived by use of 

Eq. (8.14-8), Fig. 4.12-1, and the fact that the external Q of each end 
resonator is simply uoLPl or woL,,, divided by the resistive loading re- 

flected through the adjacent impedance inverter. The basis for Eq. (8) 
in Fig. 8.02-3 can be seen by replacing the idealized impedance inverters 

in Fig. 8.02-2(c) by inverters of the form in Fig. 8.03-l(a), yielding a 

circuit similar to that in Fig. 8.11-2(b) with the equivalent transformer- 

coupled form shown in Fig. 8.11-2(a). Then the coupling coefficients of 
the interior resonators of the filter are 

Equation (8) in Fig. 8.02-3 will be seen to be a generalized expression 

for this same quantity. For example, for Fig. 8.11-2, K,, 
= w ~ M ~ , , + ~ ,  

and the = uoLpj. If these quantities are substitutes in Eq. (8.14-lo), 

Eq. (8) of Fig. 8.02-3 will result. 

The derivations of the equations in Fig. 8.02-4 follow from 
Fig. 4.12-2(b) in exactly the same manner, but on the dual basis. The 

equations for the K- or J-inverter parameters for the various filter 
structures discussed in this chapter are obtained largely by evaluation 

of the reactance or susceptance slope parameters x or 4 for the particular 
resonator structure under consideration, and then inserting these quantities 

in the equations in Fig. 8.02-3 or 8.02-4. Thus the derivations of the 
design equations for the various types of filters discussed in this chapter 

rest largely on the general design equations in Figs. 8.02-3 and 8.02-4. 

1 
The Capacitive ly-Coup led F i  lters of Sec. 8.05-Let us now derive 

the resonator, susceptance slope parameters for the capacitive-gap- 
coupled transmission-line filter in Fig. 8.05-1. In this case. the 

1 resonator lines are roughly a half-wavelength long in the pass band of 

1 the filter, and if ZL is the impedance connected to one end of a reso- 
nator line the impedance looking in at the other end will be 

12, t jz0 tan ~1 o 

Filters of the form in Fig. 8.05-1 which have narrow or moderate bandwidth 

will have relatively small coupling capacitances. It can be shown that 

because of this each resonator will see relatively large impedances at 

each end. Applying this condition to Eq. (8.14-12), /zL 1 >> Z,, and at 

least for frequencies near oo EJ. (8.14-12) reduces to 

where 

YL = 1/Z, and Yo = l/Zo . 

Thus, Z looking into the line looks like the load admittance YL in 
parallel with a resonator susceptance function B(w). Applying Eq. (1) 

of Fig. 8.02-4, to Eq. (8.14-14) for the jth transmission line resonator 

gives, for the susceptance slope parameter 



S i n c e  a l l  o f  t h e  l i n e s  i n  F i g .  8 . 0 5 - 1  have  t h e  same c h a r a c t e r i s t i c  a d m i t -  

t a n c e  Yo, a l l  o f  t h e  &.  a r e  t h e  same i n  t h i s  c a s e .  I n s e r t i n g E q .  ( 8 . 1 4 - 1 6 )  

i n  Eqs .  ( 2 )  t o  ( 4 )  i n  F i g .  8 . 0 2 - 3  y i e l d s  Eqs .  ( 1 )  t o  ( 3 )  o f  F i g .  8 . 0 5 - 1 .  

I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  f i l t e r s  o f  t h e  t y p e  i n  F i g .  8 . 0 5 - 1  c a n  a l s o  

b e  c o n s t r u c t e d  u s i n g  r e s o n a t o r s  which a r e  n o m i n a l l y  n h a l f - w a v e l e n g t h s  

l o n g  a t  t h e  d e s i r e d  p a s s - b a n d  c e n t e r  f r e q u e n c y  w o .  I n  t h a t  c a s e  t h e  
s u s c e p t a n c e  s l o p e  p a r a m e t e r s  become 

The Waveguide F i l t e r s  i n  S e c .  8 .06-The wavegu ide  f i l t e r  i n  F i g .  8 .06-1  
w i t h  s h u n t - i n d u c t a n c e  c o u p l i n g s  i s  t h e  d u a l  o f  t h e  c a p a c i t i v e l y - c o u p l e d  

f i l t e r  i n  F i g .  8 . 0 5 - 1  e x c e p t  f o r  o n e  i m p o r t a n t  f a c t o r .  T h i s  f a c t o r  i s  t h a t  
t h e  a d d i t i o n a l  f r e q u e n c y  e f f e c t  due  t o  t h e  d i s p e r s i v e  v a r i a t i o n  o f  t h e  guide - 
w a v e l e n g t h  Ag i n  t h e  wavegu ide  must  a l s o  b e  a c c o u n t e d  f o r .  I t  c a n  b e  shown 
t h a t  t h e  r e s p o n s e  o f  t h e  w a v e g u i d e  f i l t e r  i n  F i g .  8 . 0 6 - 1  w i l l  h a v e  t h e  same 

form a s  t h a t  o f  an  e q u i v a l e n t  s t r i p  l i n e  f i l t e r  a s  i n  F i g .  8 . 0 5 - 1  i f  t h e  

waveguide  f i l t e r  r e s p o n s e  i s  p l o t t e d  w i t h  l / A g  a s  a  f r e q u e n c y  v a r i a b l e  

i n s t e a d  o f  w. T h u s ,  t h e  ' e q u a t i o n s  i n  F i g .  8 . 0 6 - 1  a r e  s i m p l y  t h e  d u a l s  o f  
t h o s e  i n  F i g .  8 . 0 5 - 1  w i t h  f r e q u e n c y  r a t i o s  w/wo, wl/wo and 4 / w 0  r e p l a c e d  

by c o r r e s p o n d i n g  g u i d e - w a v e l e n g t h  r a t i o s  A g o / h g ,  h g o / h g l ,  and  h g o / A g 2 ,  

where  Ago i s  t h e  g u i d e  w a v e l e n g t h  a t  midband.  The h a l f - w a v e l e n g t h  r e s o -  
n a t o r s  i n  t h i s  c a s e  h a v e  a  s e r i e s - t y p e  r e s o n a n c e  w i t h  s l o p e  p a r a m e t e r  

E q u a t i o n  ( 8 . 1 4 - l 8 a )  a p p l i e s  t o  wavegu ide  r e s o n a t o r s  o n l y  if t h e  f r e q u e n c y  

v a r i a b l e  is i n  t e r m s  of r e c i p r o c a l  g u i d e - w a v e l e n g t h  ( o r  A /A ) ;  however ,  
g o  (r . i t  a p p l i e s  t o  TEM-mode r e s o n a t o r s  on  e i t h e r  a  f r e q u e n c y  o r  r e c i p r o c a l -  

g u i d e - w a v e l e l ~ g t h  b a s i s .  I f  r a d i a n  f r e q u e n c y  w  i s  t o  b e  u s e d  a s  t h e  f r e -  
quency  v a r i a b l e  o f  a  wavegu ide  f i l t e r ,  t h e  s l o p e  p a r a m e t e r  mus t  b e  

computed i n c l u d i n g  t h e  a d d i t i o n a l  e f f e c t s  o f  Ag a s  a  f u n c t i o n  o f  f r e q u e n c y .  

Us ing  w a s  t h e  f r e q u e n c y  v a r i a b l e ,  t h e  s l o p e  p a r a m e t e r  

d i s c u s s e d  i n  S e c .  5 . 0 8  must b e  u s e d .  I n  an  a c t u a l  f i l t e r  d e s i g n  t h e  

d i f f e r e n c e  b e t w e e n  t h e  s l o p e  p a r a m e t e r s  g i v e n  by Eqs .  ( 8 . 1 4 - 1 8 a )  a n d  

( 8 . 1 4 - 1 8 b )  i s  compensa t ed  f o r  by t h e  f a c t  t h a t  t h e  f r a c t i o n a l  b a n d w i d t h w  

i n  t e r m s  o f  f r e q u e n c y  w i l l  b e  d i f f e r e n t  from t h e  f r a c t i o n a l  b a n d w i d t h  wh 

i n  t e r m s  of  g u i d e  w a v e l e n g t h  by t h e  f a c t o r  ( h g o / h o ) 2 ,  a t  l e a s t  f o r  na r row-  

band c a s e s .  [ s e e  Eq. ( 7 )  o f  F i g .  8 . 0 6 - 1 . 1  The r e c i p r o c a l  g u i d e  w a v e l e n g t t  

a p p r o a c h  a p p e a r s  t o  be  t h e  most  n a t u r a l  f o r  mos t  wavegu ide  c a s e s ,  t hough  

e i t h e r  may b e  u s e d .  

I n s e r t i o n  o f  Eq. ( 8 . 1 3 - 1 8 a ) ,  R A  = R B  = ZO,  and  wh ( i n  p l a c e  o f  w )  i n  

Eqs .  ( 2 )  t o  ( 4 )  o f  F i g .  8 . 0 2 - 3  g i v e s  Eqs .  ( 1 )  t o  ( 3 )  o f  F i g .  8 . 0 6 - 1 .  

The Narrow-Band,  C a v i t y  F i l t e r s  of S e c .  8 .07-As an  example  o f  t h e  

d e r i v a t i o n  o f  t h e  e q u a t i o n s  i n  S e c .  8 . 0 7 ,  c o n s i d e r  t h e  c a s e  o f F i g .  8 . 0 7 - l ( a )  

which shows a  c a v i t y  c o n n e c t e d  t o  a  r e c t a n g u l a r  wavegu ide  p r o p a g a t i n g  t h e  

TElo  mode by a  s m a l l  i r i s  w i t h  m a g n e t i c  p o l a r i z a b i l i t y  M1 ( s e e  S e c .  5 . 1 0 ) .  

The f i e l d s  w i t h i n  t h e  c a v i t y  i n  MKS u n i t s  a r e  

77% S77Z 

EYl 
c o s  - s i n  - 

a l  211 

I n  t h e s e  e q u a t i o n s  v'pO/~o = 3 7 6 . 6  ohms ( t h e  i n t r i n s i c  impedance  o f  f r e e  

s p a c e ) ,  A i s  f r e e  s p a c e  w a v e l e n g t h  and  s  i s  t h e  number o f  f i e l d  v a r i a t i o n  

a l o n g  t h e  l e n g t h ,  11 ,  o f  t h e  c a v i t y .  'The no rma l  mode f i e l d s  i n  t h e  wave- 

g u i d e  a r e  



A 8 n x  j [ ~ : + ( ~ = / A ~ ) Z ]  
Hz = - j H  - s i n  - e 

2a  a ( 8 . 1 4 - 2 0 )  
C o n  t .  

where  i s  g i v e n  by Eq. ( 8 . 0 7 - 1 ) .  We d e f i n e  Q e  a s  

where  w = 2nf i s  t h e  a n g u l a r  r e s o n a n c e  f r e q u e n c y ,  W i s  s t o r e d  e n e r g y  

w i t h i n  t h e  c a v i t y  a n d  PL i s  t h e  a v e r a g e  power l o s t  t h r o u g h  t h e  i r i s  t o  

t h e  t e r m i n a t i n g  g u i d e .  

The s t o r e d  e n e r g y  w i t h i n  t h e  c a v i t y  i s  

whe re  we h a v e  u s e d  Eq. ( 8 . 1 3 - 1 9 ) .  

The power  l o s t  t h r o u g h  t h e  i r i s  i s  

/. 
where  A a ,  t h e  a m p l i t u d e  o f  t h e  no rma l  mode f i e l d s  e x c i t e d  i n  t h e  t e r m i -  

n a t i n g  g u i d e ,  i s  g i v e n  by I / 

The a m p l i t u d e  o f  t h e  t a n g e n t i a l  normal-mode m a g n e t i c  f i e l d  i n  t h e  t e r m i -  

n a t i n g  w a v e g u i d e  a t  t h e  c e n t e r  o f  g r a v i t y  o f  t h e  window is H .  a n d  H l  i s  

t h e  a m p l i t u d e  o f  t h e  t a n g e n t i a l  m a g n e t i c  f i e l d  i n  t h e  c a v i t y  a t  t h e  c e n t e r  

o f  g r a v i t y  o f  t h e  window. The  q u a n t i t y  Sa i s  t h e  p e a k  power o f  t h e  n o r m a l  
mode i n  t h e  r e c t a n g u l a r  w a v e g u i d e  o r  

S u b s t i t u t i n g  E q s .  ( 8 . 1 4 - 2 4 )  and  ( 8 . 1 4 - 2 5 )  i n t o  Eq.  ( 8 . 1 4 - 2 3 )  w e  f i n d  

a s  g i v e n  i n  F i g .  8 . 0 7 - l ( a ) .  

When two r e s o n a n t  c a v i t i e s  a r e  c o n n e c t e d  t o g e t h e r  by a  s m a l l  i r i s  a s  

shown i n  F i g .  8 . 0 7 - 2 ( a )  t h e y  w i l l  h a v e  two n a t u r a l  r e s o n a n t  f r e q u e n c i e s  

wr and  ur - 5. When t h e  t a n g e n t i a l  m a g n e t i c  f i e l d s  a r e  p o i n t i n g  i n  t h e  

same d i r e c t i o n  o n  e i t h e r  s i d e  o f  t h e  i r i s  t h e  c a v i t i e s  w i l l  o s c i l l a t e  a t  

f r e q u e n c y  w,, w h i c h  i s  t h e  n a t u r a l  r e s o n a n t  f r e q u e n c y  o f  a  c a v i t y  w i t h  no 

i r i s .  When t h e  t a n g e n t i a l  m a g n e t i c  f i e l d s  a r e  p o i n t i n g  i n  o p p o s i t e  d i r e c -  

t i o n s  on e i t h e r  s i d e  o f  t h e  window, t h e  n a t u r a l  r e s o n a n t  f r e q u e n c y  i s  

wr - 5. When Aw i s  s m a l l  t h e  c o u p l i n g  c o e f f i c i e n t  k c a n  be  d e f i n e d  a s  

S u b s t i t u t i n g  E q .  ( 8 . 1 3 - 1 9 )  i n t o  Eq.  ( 8 . 1 3 - 2 8 )  we f i n d  

a s  f o r  F i g .  8 . 0 7 - 2 ( a ) .  

The Q u a r t e r - W a v e l e n g t h - R e s o n a t o r  F i l t e r  of S e c .  8.08-As d i s c u s s e d  

i n  S e c .  8 . 0 8 ,  t h e  f i l t e r  s t r u c t u r e  i n  F i g .  8 . 0 8 - 1  l o o k s  l i k e  t h e  f i l t e r  

t y p e  i n  F i g .  8 . 0 2 - 3  when o b s e r v e d  f rom i t s  K - i n v e r t e r s ,  b u t  l o o k s  l i k e  

t h e  f i l t e r  t y p e  i n  F i g .  8 . 0 2 - 4  when o b s e r v e d  f rom i t s  J - i n v e r t e r s .  T h u s ,  

a t  one  end  o f  e a c h  q u a r t e r - w a v e l e n g t h  r e s o n a t o r  a  r e a c t a n c e  s l o p e  pa ram-  

e t e r  a p p l i e s ,  w h i l e  a t  t h e  o t h e r  end  a  s u s c e p t a n c e  s l o p e  p a r a m e t e r  a p p l i e s .  



By analysis similar to that 

shown that for quarter-wave 

in Eqs. (8.14-11) to (8.14-16) it can be 

length resonators exhibiting series resonance 

and when exhibiting shunt resonance 

Insertion of these equations in the appropriate equations in Figs. 8.02-3 

and 8.02-4 gives Eqs. (1) to (3) of Fig. 8.08-1. 

The Para1 le 1-Coupled Fi lters of Sec. 8.09-The equations presented 

in Fig. 8.09-1 can be derived by showing that for narrow or moderate band- 

widths each of the parallel-coupled sections j,j + 1 of length I in 

Fig. 8.09-1 is equivalent to a J-inverter with a length of line on each 

side, the lines being a quarter-wavelength long at frequency oo. 
A com- 

plete derivation of the equations in Fig. 8.09-1 (in somewhat different 

form) can be found in Ref. 15. 

The Quarter-Wave length-Coupled Filters of Sec. 8.10-The design 

equations (1) to (4) in Fig. 8.10-1 can be derived from those in 

Fig. 8.02-4 by setting G A ,  G B ,  and the inverter parameters J. 
I. I +l all equal to Yo, and then solving for the &l/~o. As previously discussed in 

Sec. 8.10, the n/4 and ~ / 2  terms were introduced in these equations to 

account for the added selectivity introduced by the quarter-wavelength 

lines.' The correction is 4 for the end resonators which have only one, 

quarter-wavelength line adjacent to them, and is twice as large for the 

interior resonators which have a quarter-wavelength line on each side. 

Note that this 77/4 correction per quarter-wavelength line corresponds to 
the &,/yo values for the quarter-wavelength resonators discussed in con- 

nection with Eq. (8.14-31). 

The Lumped-Element Filters of See. 8.11--1he resonator susceptance 

slope parameters for the capacitively-coupled. lumped-element filter in 

Fig. 8.11-1 are simply 

and these values inserted in Eqs. (2) to (4) of Fig. 8.02-4 ~ i e l d  Eqs. (2) 

to (4) in Fig. 8.11-1. The J-inverters in this case are of the form in 

Fig. 8.03-2(b) The negative shunt capacitances required for these in- 

verters are lumped with the resonator capacitances Crj to yield the some- 

what smaller net shunt capacitance actually used in constructing the filter. 

However, in the case of the inverters between the end resonators and the 

terminations, this procedure does not work since there is no way of absorb- 

ing the negative capacitance that would appear across the resistor te.rmi- 

nation. This difficulty in analysis can be avoided by analyzing the end 

couplings in a somewhat different way. 

Looking from Resonator 1 in Fig. 8.11-1 out toward Col and GA in 

series, the admittance is 

where Bol = woCol. Meanwhile, looking left from Hesonator 1 inFig. 8.02-4 

into the Jol inverter the conductance 

is seen. Equating G in Eq. (8.14-34) to the real part of Y in Eq. (8.14-33) 

and solving for Col gives Eq. (5) in Fig. 8.11-1, and ensures that the con- 
ductance loading on Hesonator 1 will be the same as that called for by the 

general equations in Fig. 8.02-4. The imaginary part of Y in Eq. (8.14-33) 

can be dealt with satisfactorily by replacing it by a shunt capacitive 

susceptance w0Ci1 of the same size which then leads to Eq. (11) in 

Fig. 8.11-1. Since C:l effectively increases the shunt capacitance of 

Resonator 1, this amount should be subtracted from Crl as indicated in 

Eq. (8) in Fig. 8.11-1 when computing the net shunt capacitance to be used 

in constructing Hesonator 1. Of course, the same reasoning applies for 

design of the C,,,+l coupling at the other end of the filter. 

It should be noted why the procedure discussed above is necessary for 

the lumped-element circuit in Fig. 8.11-1 when it was not necessary for the 



circuits with transmission-line resonators in Figs. 8.05-1, 8.06-1, and 

8.08-1. In these latter cases, the inverters used involved a negative 

length of line (rather than a negative capacitance or inductance). Since 

this negative length of line had a characteristic impedance equal to the 

impedance of the terminations, the negative line lengths can be regarded 

as simply reducing the length of the matched lines connected to the 

generator and load impedances. These terminating lines are matched, so 

that their length has no effect on the attenuation characteristics of the 

filter. Thus, in this manner, the inverter negative lines adjacent to 

the terminations can, effectively, be absorbed into the generator and 

load terminations. 

The derivation of the design equations for the filter structure in 

Fig. 8.11-2 follows reasoning essentially the dual of that forFig. 8.11-1. 

The end couplings in this case are slightly more complex, but the same 

general approach applies. 

The Wide-Stop-Band Filters of S e c .  8.12-The derivation of the design 

equations for the filter in Fig. 8.12-1 is very similar to that for the 

filter in Fig. 8.11-1, except for certain aspects previously discussed in 

Sec. 8.12. Note that in this case it is not feasible to reduce the net 

resonator shunt capacitance as was done in Eqs. (8) to (10) of Fig. 8.11-1. 

Therefore, for purposes of computing resonant frequencies and susceptance 

slope parameters, the negative shunt capacitances associated with the 

J-inverters in the interior of the filter must be compensated for by a 

corresponding increase in positive shunt capacitance to be attributed to 

the resonators. This is why it was necessary to introduce the positive 

shunt susceptances equal to w , , C , , ~ + ~  in Eqs. (1) to (3) of Fig. 8.12-1. 

The Comb-Line Filters of Sec. 8.23-The comb-line filter design 

equations in Fig. 8.13-l(b) were derived by use of the approximate, open- 

wire-line representation in Fig. 8.14-1. In Fig. 8.14-1 nodal points are 
indicated which correspond to nodal points also indicated in Fig. 8.13-l(a). 

The circuitry in Fig. 8.14-1 between Nodal Points 0 and 1 was specified 

with the aid of the equivalences in Figs. 5.09-2(a) so as to correspond 

to the parallel-coupled strip lines in Fig. 8.13-l(a) between Nodal 

Points 0 and 1. The circuitry between Nodal Points 1 and 2, 2 and 3, 
. . . ,  n - 1 and n, was specified with the aid of the equivalences in 
Figs. 5.09-4(a) and (b) so as to correspond to the pairs of parallel- 

coupled sections formed by the strip lines connected to Nodal Points 1 

NODAL 

SOURCE: Quarterly Progress Report 5. Contract DA 36-039 SC-87398. SRI; 
reprinted in The Microwave Jownal (see  Ref. 18 by G .  L. Matthaei) 

FIG. 8.14-1 AN APPROXIMATE EQUIVALENT CIRCUIT O F  
THE COMB-LINE F ILTER IN F IG.  8.13-l(a) 
The ca~ocitances Ci and Ci.i+, are the self and S f ,  

mutual capacitances per unit length of the lines 
in Fig, 8.13-2, while v is the velocity of propogation 

FIG. 8.14-2 T H E  CIRCUIT I N  FIG. 8.14-1 REORGANIZED T O  
INCLUDE ADMITTANCE INVERTERS 
The constraint KO = Y A  -vCO1 has also been 
applied 



and 2, 2  and 3,  e t c .  Note t h a t  t h e  l i n e  a d m i t t a n c e s  i n  F i g .  8 . 1 4 - 1  a r e  
d e f i n e d  i n  t e rms  o f  t h e  l i n e  c a p a c i t a n c e s  p e r  u n i t  l e n g t h  Cj and C .  . 

J , J + l  
a s  d e f i n e d  i n  F i g .  8 . 1 3 - 2 ,  t i m e s  t h e  v e l o c i t y  o f  p r o p a g a t i o n  (which g i v e s  

t h e  dimensions of a d m i t t a n c e ) .  T h i s  r e p r e s e n t a t i o n  of  a  comb- l ine  f i l t e r  

i s  approx imate ,  and n e g l e c t s  t h e  e f f e c t s  o f  f r i n g i n g  c a p a c i t a n c e s  beyond 

n e a r e s t  neighbors.17 

The d e s i g n  e q u a t i o n s  i n  F i g .  8 . 1 3 - l ( b )  a r e  based  on t h e  g e n e r a l  

e q u a t i o n s  i n  F i g .  8 .02-4 .  I n  o r d e r  t o  modify t h e  c i r c u i t  i n  F i g .  8 . 1 4 - 1  
t o a f o r m s u c h t h a t  t h e  d a t a  i n  F i g .  8 . 0 2 - 4  c a n  b e  e a s i l y  a p p l i e d ,  t h e  

s e r i e s  s t u b s  between Nodal P o i n t s  1 and 2, 2  and 3 ,  e t c . ,  i n  F i g .  8 . 1 4 - 1  

were i n c o r p o r a t e d  i n t o  J - i n v e r t e r s  o f  t h e  form i n  F i g .  8 . 0 3 - 4 ,  which gave .. 
t h e  r e s u l t  shown i n  F i g .  8 . 1 4 - 2 .  S i n c e  each  o f  t h e  i n v e r t e r s  J .  . con-  

J . J + ~  s i s t s  of  a  p i  c o n f i g u r a t i o n  o f  a  s e r i e s  s t u b  o f  c h a r a c t e r i s t i c  a d m i t t a n c e  

Y ,  and two s h u n t  s t u b s  of  c h a r a c t e r i s t i c  a d m i t t a n c e  -Y, i t  was n e c e s s a r y  

t o  i n c r e a s e  t h e  c h a r a c t e r i s t i c  a d m i t t a n c e s  of  t h e  a c t u a l  s h u n t  s t u b s  on 

each s i d e  i n  o r d e r  t o  compensate  f o r  t h e  n e g a t i v e  a d m i t t a n c e s  a s c r i b e d  t n  
- - -  

t h e  i n v e r t e r s .  T h i s  i s  why t h e  s h u n t  s t u b s  2  t o  n - 1 i n  F i g .  8 . 1 4 - 2  now 
have t h e  a d m i t t a n c e s  Y . = u (C, + C .  

a J  i n s t e a d  o f  j u s t  v C . .  1 - I , ,  + Ci,] 
The p o r t i o n  of t h e  c i r c u i t  i n  F i g .  8 . 1 4 - 1  between Nodai P o i n t s  0  and 1 h a s  

.- 

been c o n v e r t e d  t o  t h e  form shown i n  F i g .  8 . 1 4 - 2  by use  o f  a  s i m p l i f y i n g  

c o n s t r a i n t  which b r i n g s  about  t h e  p r o p e r t i e s  summarized i n  F i g .  5 . 0 9 - 3 ( a ) .  

When a p p l y i n g  t h e  g e n e r a l  r e l a t i o n s  i n  F i g .  8 . 0 2 - 4  t o  t h e  c i r c u i t  i n  

F i g .  8 . 1 4 - 2  t o  d e r i v e  d e s i g n  e q u a t i o n s  f o r  comb- l ine  f i l t e r s ,  t h e  a d m i t t a n c e -  

i n v e r t e r  p a r a m e t e r s  J .  . a r e ,  o f  c o u r s e ,  e v a l u a t e d  a t  midband, and t h e  J . J + ~  
r e s o n a t o r  s l o p e  p a r a m e t e r s  a r e  computed from t h e  r e s o n a t o r  c i r c u i t s  con-  

s i s t i n g  of  t h e  l i n e s  o f  a d m i t t a n c e  Y . s h u n t e d  by t h e  lumped c a p a c i t a n c e s  
4 1  

C;. The t e r m i n a t i n g  a d m i t t a n c e  GT1 i n  F i g .  8 . 1 4 - 2  i s  s p e c i f i e d  s o  t h a t  
G = J : ~ / Y ~ ,  where t h e  v a l v e  of  Jo l  i s  a s  g i v e n  i n  F i g .  8 .02-4 .  
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CHAPTER 9 

BAND-PASS FILTERS, CONTINUED 
(WIDE-BAND AND NARROW-BAND BAND-PASS FILTERS CONSISTING OF 

TRANSMISSION LINES WITH REACTIVE DISCONTINUITIES) 

SEC. 9 . 0 1 ,  INTRODUCTION 

The b a n d - p a s s  f i l t e r  d e s i g n  t e c h n i q u e s  d i s c u s s e d  i n  t h i e  c h a p t e r  

a r e  based on  t h e  q u a r t e r - w a v e  t r a n s f o r m e r  p r o t o t y p e  c i r c u i t  ( C h a p t e r  6 ) .  

They app ly  t o  b a n d - p a s s  f i l t e r s  w i t h  t r a n s m i s s i o n  l i n e  r e s o n a t o r s  

a l t e r n a t i n g  between c o u p l i n g  e l e m e n t s  which a r e  s e r i e s  c a p a c i t a n c e s  o r  

shun t  i n d u c t a n c e s .  The d e s i g n  bandwidths  may r a n g e  from narrow-band on 

up t o  such wide bandwidths  t h a t  t h e  f i l t e r s  c a n  b e  used f o r  microwave 

h i g h - p a s s  a p p l i c a t i o n s .  F i l t e r s  o f  t h e s e  g e n e r a l  t y p e s  were a l s o  

d i s c u s s e d  i n  S e c s .  8 .05  t o  8 . 0 8 ,  u s i n g  t h e  d e s i g n  view p o i n t  of  Chapte r  8 ,  

which i s  a p p l i c a b l e  t o  narrow and moderate  bandwidths .  The d e s i g n  view 

p o i n t  of  t h i s  c h a p t e r  was deve loped  t o  o b t a i n  a  d e s i g n  method which would 

ho ld  f o r  w i d e r  bandwid ths ,  and f o r  s m a l l e r  pass -band  Tchebyscheff  r i p p l e s ,  

a s  w e l l .  

S e c t i o n  9 . 0 2  i n t r o d u c e s  t h e  quar te r -wave  t r a n s f o r m e r  p r o t o t y p e  

c i r c u i t ,  and Sec .  9 . 0 3  g i v e s  b a s i c  d e s i g n  f o r m u l a s  f o r  synchronous ly  

tuned f i l t e r s .  

S e c t i o n  9 . 0 4  t r e a t s  narrow-band f i l t e r s  from t h e  view p o i n t  of  t h i s  

c h a p t e r ,  showing t h e  c o n n e c t i o n  w i t h  t h e  lumped-cons tan t  low-pass  

p r o t o t y p e  u s e d  i n  Chapte r  8. I t  h a s  been found t h a t  t h e  d e s i g n  t e c h n i q u e  

o f  Sec. 9 . 0 4  and Chapte r  8  f o r  narrow-band f i l t e r s  g e n e r a l l y  works wel l  

up t o  f r a c t i o n a l  bandwidths  o f  about  20 p e r c e n t  o r  more (compare Sec .  8 . 0 1 ) ,  

p rov ided  t h a t  t h e  pass -band  r i p p l e  i s  n o t  t o o  s m a l l :  t h e  r i p p l e  VSWR 

should  exceed  about  1 + ( 2 ~ ) ~ ,  where w i s  t h e  f r a c t i o n a l  bandwidth o f  

t h e  narrow-band f i l t e r ,  i f  i t  i s  t o  be d e r i v a b l e  from a  lumped-cons tan t  

low-pass  p r o t o t y p e .  

The r e m a i n d e r  o f  t h i s  c h a p t e r ,  from Sec. 9 . 0 5  on,  i s  concerned  

mainly w i t h  t h e  d e s i g n  o f  wide-band and p s e u d o - h i g h - p a s s  f i l t e r s ,  f o r  

which t h e  method o f  t h e  quar te r -wave  t r a n s f o r m e r  p r o t o t y p e  i s  p r i n c i p a l l y  

i n t e n d e d .  



S e c t i o n  9 . 0 5  d e a l s  w i t h  t h e  r e a l i z a t i o n  o f  t h e  r e a c t i v e  d i s c o n t i n -  

u i t i e s  ( f o r  f i l t e r s  o f  any b a n d w i d t h ) .  I n  S e c .  9 . 0 6  some s t a n d a r d i z e d  

d e s i g n s  a r e  g i v e n  which c a n  b e  a d a p t e d  f o r  many h i g h - p a s s  a p p l i c a t i o n s ,  

and e x p e r i m e n t a l  r e s u l t s  a r e  g i v e n  i n  Sec .  9 . 0 7 .  

The b a s i c  t h e o r y ,  d e s i g n  d a t a ,  and e x a m p l e s  w i l l  b e  found  i n  

S e c s .  9 . 0 8  t h r o u g h  9 . 1 1 .  F i n a l l y ,  S e c t i o n  9 . 1 2  d e a l s  b r i e f l y  w i t h  

r e a c t a n c e - c o u p l e d  q u a r t e r - w a v e  f i l t e r s .  

I n  t h i s  c h a p t e r  t h e  f r e q u e n c y  i s  i n t r o d u c e d  e v e r y w h e r e  a s  t h e  

n o r m a l i z e d  f r e q u e n c y ,  u s u a l l y  d e n o t e d  by f / f o ,  t h e  r a t i o  o f  t h e  f r e q u e n c y  

f  t o  t h e  s y n c h r o n o u s  f r e q u e n c y  f o .  F o r  wavegu ide  f i l t e r s  t h e  " n o r m a l i z e d  

f r e q u e n c y "  i s  t o  be  u n d e r s t o o d  t o  r e f e r  t o  t h e  q u a n t i t y  A g o / A g ,  t h e  r a t i o  

o f  t h e  g u i d e  w a v e l e n g t h  A g o  a t  t h e  f r e q u e n c y  o f  s y n c h r o n o u s  t u n i n g ,  t o  

t h e  g u i d e  w a v e l e n g t h  A  . ( F o r  example ,  an  e x p e r i m e n t a l  waveguide  f i l t e r  

i s  d e s c r i b e d  i n  S e c .  9 . 0 7 . )  

SEC. 9 . 0 2 ,  F ILTERS WITH IMPEDANCE STEPS AND 
IMPEDANCE INVERTERS 

S tepped- impedance  f i l t e r s  ( q u a r t e r - w a v e  t r a n s f o r m e r s  and h a l f -  wave 

f i l t e r s )  h a v e  been  t r e a t e d  i n  C h a p t e r  6.  T h i s  s e c t i o n  p o i n t s  o u t  t h e i r  

e q u i v a l e n c e  t o  f i l t e r s  w i t h  impedance  i n v e r t e r s ,  a n d ,  s e r v e s  a s  a n  

i n t r o d u c t i o n  t o  t h e  d e s i g n  o f  w ide -band  r e a c t a n c e - c o u p l e d  h a l f - w a v e  

f i l t e r s .  

An impedance  ( o r  a d m i t t a n c e )  s t e p  [F ig .  9 . 0 2 - l ( a ) l  can  a l w a y s  be  r e -  

p l a c e d  by an  impedance  ( o r  a d m i t t a n c e )  i n v e r t e r  [ F i g .  9 . 0 2 - l ( b )  a n d  ( c ) ]  

w i t h o u t  a f f e c t i n g  t h e  f i l t e r  r e s p o n s e  c u r v e ,  p r o v i d e d  t h a t  t h e  i n p u t  and 

o u t p u t  p o r t s  a r e  p r o p e r l y  t e r m i n a t e d .  Thus  t h e  two t y p e s  of  c i r c u i t  i n  

F i g .  9 . 0 2 - 1  a r e  e n t i r e l y  e q u i v a l e n t  a s  a  s t a r t i n g  p o i n t  f o r  t h e  d e s i g n  

o f  f i l t e r s .  The i m p e d a n c e - i n v e r t e r  ( o r  a d m i t t a n c e - i n v e r t e r )  p o i n t  o f  

v iew [ F i g .  9 . 0 2 - l ( b )  and ( c ) ]  was t h e  more n a t u r a l  one  t o  a d o p t  i n  

C h a p t e r  8 t o  c o n v e r t  t h e  l u m p e d - c o n s t a n t  l o w - p a s s  p r o t o t y p e  o f  C h a p t e r  4 

i n t o  a  t r a n s m i s s i o n - l i n e  f i l t e r ;  w h e r e a s  i n  t h i s  c h a p t e r  a  s t e p p e d -  

i m p e d a n c e - f i l t e r  p o i n t  o f  v iew i s  more c o n v e n i e n t  t o  u t i l i z e  d i r e c t l y  t h e  

d e s i g n  d a t a  o f  C h a p t e r  6 .  

( a )  HALF-WAVE FILTER WlTH STEPPED IMPEDANCES 

K i  . IMPEDANCE INVERTER PARAMETER = r% 
( b )  HALF-WAVE FILTER WlTH IDEAL IMPEDANCE INVERTERS 

Ji . ADMITTANCE INVERTER PARAMETER = &T 
( c )  HALF-WAVE FILTER WlTH IDEAL ADMITTANCE INVERTERS 

n.3U1-SlS 

SOURCE: Quarterly Progress Report 5 .  Contract DA 36-039 SC-87398, SRI; 
reprinted in the IEEE Trans. PTGMTT (see Ref. 18 by Leo Young) 

FIG. 9.02-1 A STEPPED-IMPEDANCE HALF-WAVE FILTER, AND 
EQUIVALENT FILTERS USING IMPEDANCE OR 
ADMITTANCE INVERTERS 

The s t e p p e d - i m p e d a n c e  f i l t e r  i s  t u r n e d  i n t o  a  r e a c t a n c e - c o u p l e d  f i l t e r  

by r e p l a c i n g  e a c h  impedance  s t e p  w i t h  a  r e a c t a n c e  h a v i n g  t h e  same 

d i scon t inu i ty -VSWR and s p a c i n g  t h e  r e a c t a n c e s  t o  o b t a i n  s y n c h r o n o u s  t u n i n g  



( S e c .  9 . 0 3 ) .  The step-VSWRs w i l l  g e n e r a l l y  b e  o b t a i n e d  f rom C h a p t e r  6 .  

For  na r row-band  f i l t e r s  E q .  ( 6 . 0 9 - 2 )  may b e  u s e d .  T h i s  i s  e q u i v a l e n t  

( t h r o u g h  F i g .  9 . 0 7 - 1 )  t o  t h e  f o r m u l a s  i n  F i g .  8 . 0 5 - 1  f o r  t h e  n o r m a l i z e d  

i n v e r t e r  p a r a m e t e r s  Kj,j+l/Zo. O t h e r  e q u i v a l e n t  c i r c u i t s  f o r  impedance  

i n v e r t e r s  s u i t a b l e  f o r  na r row-band  f i l t e r  d e s i g n  a r e  g i v e n  i n  S e c .  8 . 0 3 ,  

b u t  we s h a l l  be c o n c e r n e d  i n  t h i s  c h a p t e r  o n l y  w i t h  t h e  s h u n t - i n d u c t a n c e  

o f  F i g .  8 . 0 3 - l ( c )  and t h e  s e r i e s - c a p a c i t a n c e  o f  F i g .  8 . 0 3 - 2 ( d ) .  

One i m p o r t a n t  d i f f e r e n c e  i n  a p p r o a c h  be tween  t h i s  c h a p t e r  and 

C h a p t e r  8  i s  t h a t  i n  t h i s  c h a p t e r  t h e  s t a r t i n g  p o i n t  o r  p r o t o t y p e  c i r c u i t  

i s  one  o f  t h e  c i r c u i t s  i n  F i g .  9 . 0 2 - 1  (whose  s y n t h e s i s  i s  p r e c i s e l y  con -  

t r o l l e d ) ,  whe reas  i n  C h a p t e r  8  t h e  e x a c t  s y n t h e s i s  i s  pushed  b a c k  one  

s t a g e  t o  t h e  l u m p e d - c o n s t a n t  p r o t o t y p e  c i r c u i t  o f  C h a p t e r  4 .  F o r  example ,  

t h e  ~ e r f o r m a n c e  o f  t h e  c i r c u i t s  shown i n  F i g .  9 . 0 2 - l ( b ) ,  ( c ) ,  h a v i n g i d e a l  

i n v e r t e r s ,  would n o t  g i v e  e x a c t l y  t h e  p r e s c r i b e d  r e s p o n s e  i f  d e s i g n e d  by 

t h e  me thods  of  C h a p t e r  8  ( a l t h o u g h  t h e  a p p r o x i m a t i o n s  would  b e  v e r y  c l o s e  

f o r  n a r r o w  o r  modera t e  b a n d w i d t h s ) .  However,  t h e  c i r c u i t s  i n  F i g .  9 . 0 2 - l ( b ) ,  

( c )  have  t r a n s m i s s i o n  c h a r a c t e r i s t i c s  i d e n t i c a l  t o  t h o s e  o f  t h e  h a l f - w a v e  

f i l t e r  i n  F i g .  9 . 0 2 - l ( a ) .  

The o t h e r  i m p o r t a n t  d i f f e r e n c e  o v e r  t h e  p r e v i o u s  c h a p t e r  i s  t h a t  t h e  
f r e q u e n c y - b e h a v i o r  o f  t h e  r e a c t i v e  d i s c o n t i n u i t i e s  ( s h u n t - i n d u c t a n c e s  o r  

s e r i e s - c a p a c i t a n c e s )  i s  examined  i n  d e t a i l .  The  b e h a v i o r  o f  t h e  d i s c o n -  

t i n u i t i e s  l e a d s  t o  i n c r e a s i n g  d i s t o r t i o n  o f  t h e  f i l t e r  r e s p o n s e  ( e . g . ,  

p a s s - b a n d  bandwid th  and s t o p - b a n d  a t t e n u a t i o n ) ,  a s  t h e  f r e q u e n c y  s p r e a d  

i s  i n c r e a s e d .  T h i s  t y p e  o f  c o n s i d e r a t i o n  c a n  b e  l e f t  o u t  i n  t h e  d e s i g n  

o f  na r row-band  f i l t e r s  t h e r e b y  s i m p l i f y i n g  t h e  d e s i g n  p r o c e s s  c o n s i d e r a b l y .  

However, i t  i s  i m p o r t a n t  t o  p r e d i c t  t h e  d i s t o r t i o n  f o r  f i l t e r s  h a v i n g  

l a r g e  b a n d w i d t h s .  

A q u a r t e r - w a v e  t r a n s f o r m e r  and t h e  n o t a t i o n  a s s o c i a t e d  w i t h  i t  i s  

shown i n  F i g .  9 . 0 2 - 2 .  The c h a r a c t e r i s t i c s  o f  max ima l ly  f l a t  and  

T c h e b y s c h e f f  q u a r t e r - w a v e  t r a n s f o r m e r s  a r e  s k e t c h e d  i n  F i g .  9 .02 -3 .  

C l o s e l y  r e l a t e d  t o  t h e  q u a r t e r - w a v e  t r a n s f o r m e r  i s  t h e  s t e p p e d - i m p e d a n c e  

h a l f - w a v e  f i l t e r  ( S e c .  6 . 0 3 )  s k e t c h e d  i n  F i g .  9 .02 -4 .  I t s  c h a r a c t e r i s t i c s ,  

shown i n  F i g .  9 .02 -5  a r e  s i m i l a r  t o  t h o s e  o f  t h e  q u a r t e r - w a v e  t r a n s f o r m e r ,  

shown i n  F i g .  9 .02 -3 .  I f  t h e  impedance  s t e p s  o r  j u n c t i o n  VSWRs 

V i ( i  = 1 , 2 ,  . . . ,  n + 1) o f  a  q u a r t e r - w a v e  t r a n s f o r m e r  and a  s t e p p e d -  

impedance  h a l f - w a v e  f i l t e r  a r e  t h e  same,  t h e n  t h e  c h a r a c t e r i s t i c s  o f  t h e  

l a t t e r  c a n  be o b t a i n e d  f rom t h o s e  o f  t h e  f o r m e r  by a  l i n e a r  c h a n g e  o f  

ELECTRICAL 
L E N G T H S  : 

JUNCTION VSWR 8: V, V2 V, . . .  'n V n +  I 

P R O D U C T ,  V, V2 . . .Vn+,  = R = O U T P U T  / I N P U T  I M P E D A N C E  R A T I O .  

A L L  E L E C T R I C A L  L E N G T H S  8 A R E  9 0  DEGREES AT T H E  

S Y N C H R O N O U S  F R E Q U E N C Y ,  W H I C H  I S  ALSO T H E  C E N T E R  FREQUENCY.  ~-352?-364 

SOURCE: Quarterly Progress Report 5 .  Contract DA 36-039 SC-87398. SRk 
reprinted in the IEEE Trans. PTGMTT (see  Ref .  1 8  by Leo Young) 

FIG. 9.02-2 QUARTER-WAVE TRANSFORMER USED AS 
PROTOTYPE CIRCUIT 

(a) MAXIMALLY FLAT 

V 

NORMALIZED FREOUENCY t/fo,OR, NORMALIZED RECIPROCAL GUIDE WAVELENGTH Ago /A9 -- 
(b) TCHEBYSCHEFF I 

NORMALIZED FREQUENCY f/b,OR, NORMALIZED RECIPROCAL GUIDE WAVELENGTH Ago /Ag 
A-,527-293R 

SOURCE: Quarterly Progress Report 5, Contract D A  36-039 SC-87398, SRIi 
reprinted in the IEEE Trans. PTGMTT ( s e e  Ref .  18 by Leo Young) 

FIG. 9.02-3 QUARTER-WAVE TRANSFORMER CHARACTERISTICS 



E L E C T R I C A L  

L E N G T H S  re 7-7 

JUNCTION 

V S W R  a :  VI V2 v3 . . .  
Vn V ~ + I  

PRODUCT V, V2.. .Vn+,  = R D E T E R M I N E S  P E A K  A T T E N U A T I O N .  

A L L  ELECTRICAL LENGTHS 8 A R E  180 DEGREES AT T H E  

S Y N C H R O N O U S  FREQUENCY. W H I C H  IS A L S O  THE C E N T E R  F R E Q U E N C Y .  
A - 3 5 2 7 - 3 6 5  

SOURCE: Quarterly Progress Report 5, Contract DA 36-039  SC-87398, SRI: 
reprinted in the I E E E  Trans. PTGMTT ( s e e  Ref .  18 by L e o  Young) 

FIG. 9.02-4 STEPPED HALF-WAVE FILTER USED AS PROTOTYPE 
CIRCUIT 

(a) M A X I M A L L Y  FLAT 

VSWR I 1 

NORMALIZED FREQUENCY flfo.OR, NORMALIZED RECIPROCAL GUIDE WAVELENGTH Ago / A g  

(b)  TCHEBYSCHEFF 

NORMALIZED FREQUENCY f l f O , O R ,  NORMALIZED RECIPROCAL G U I D E  WAVELENGTH A g o  / A g  

A-3127-1911 

SOURCE: Quarterly Progress  Report 5 ,  Contract DA 36-039 SC-87398. SRI: 
reprinted in the IEEE Trans. PTGMTT ( see  Ref .  18 by Leo Young) 

FIG. 9.02-5 STEPPED HALF-WAVE FILTER CHARACTERISTICS 

s c a l e  on t h e  f r e q u e n c y  a x i s ;  t h e  s t e p p e d - i m p e d a n c e  h a l f - w a v e  f i l t e r  

bandwid th  becomes  o n e - h a l f  t h e  q u a r t e r - w a v e  t r a n s f o r m e r  b a n d w i d t h .  

The  p a r a m e t e r  R i s  a g a i n  d e f i n e d  a s  t h e  p r o d u c t  o f  t h e  d i s c o n t i n u i t y  

VSWRs [ compare  Eq.  ( 6 . 0 3 - 4 ) 1  : 

I f  t h e  f r a c t i o n a l  bandwid th  w i s  l e s s  t h a n  a b o u t  2 0 - p e r c e n t ,  a n d  i f ,  by 

Eq.  ( 6 . 0 9 - 1 1 ,  

t h e n  t h e  f i l t e r  may be  c o n s i d e r e d  n a r r o w - b a n d ;  t h i s  c a s e  w i l l  be  t r e a t e d  

i n  S e c .  9 . 0 4 .  

The  q u a r t e r - w a v e  t r a n s f o r m e r  p r o t o t y p e  c i r c u i t  i s  s u i t a b l e  f o r  d e -  

s i g n i n g  r e a c t a n c e - c o u p l e d  f i l t e r s  up t o  v e r y  l a r g e  b a n d w i d t h s .  As a  r e -  

s u l t ,  i t  i s  s u b j e c t  t o  c e r t a i n  l i m i t a t i o n s  t h a t  do  n o t  c o m p l i c a t e  na r row-  

band d e s i g n - p r o c e d u r e s .  I t  i s  w e l l  t o  u n d e r s t a n d  t h e s e  d i f f e r e n c e s  a t  t h e  

o u t s e t .  B a s i c a l l y  t h e y  a r i s e  f rom t h e  f a c t  t h a t  i t  i s  n o t  p o s s i b l e  t o  

c o n v e r t  t h e  s p e c i f i e d  p e r f o r m a n c e  o f  t h e  f i l t e r  i n t o  t h e  p e r f o r m a n c e  o f  

t h e  a p p r o p r i a t e  p r o t o t y p e  t r a n s f o r m e r  o v e r  l a r g e  f r e q u e n c y  bands  by means 

o f  s i m p l e  e q u a t i o n s  o r  t a b u l a t e d  f u n c t i o n s .  I n s t e a d ,  t h e  f r e q u e n c y  v a r i -  

a t i o n s  o f  t h e  r eac t i ve  couplings have been used t o  modify t he  known r e s p o n s e  f u n c -  

t i o n s  o f  q u a r t e r - w a v e  t r a n s f o r m e r s  t o  p r e d i c t  t h e  p e r f o r m a n c e  o f  t h e  

d e r i v e d  f i l t e r s  ( F i g .  9 . 0 2 - 1 )  o v e r  l a r g e  f r e q u e n c y  r a n g e s .  Thus  i t  i s  

p o s s i b l e  f rom t h e  g r a p h s  t o  q u i c k l y  c a l c u l a t e  t h e  p r i n c i p a l  f i l t e r  c h a r -  

a c t e r i s t i c s  f rom t h e  t r a n s f o r m e r  c h a r a c t e r i s t i c s ,  b u t  n o t  t h e  o t h e r  way 

a r o u n d ,  a s  would  be  more d e s i r a b l e .  I n  t h e  c a s e  o f  w ide -band  d e s i g n s  

where t h e  v a r i a t i o n  o f  r e a c t i v e  c o u p l i n g  a c r o s s  t h e  p a s s  band i s  a p p r e -  

c i a b l e ,  i t  i s  n e c e s s a r y  f i r s t  t o  g u e s s  what  p r o t o t y p e  s h o u l d  b e  u s e d ,  and 

t h e n  t o  m a t c h  t h e  p r e d i c t e d  f i l t e r  p e r f o r m a n c e  a g a i n s t  t h e  s p e c i f i e d  

f i l t e r  p e r f o r m a n c e ;  i f  t h e y  a r e  n o t  c l o s e  e n o u g h ,  t h e  p r o c e s s  mus t  be  r e -  

p e a t e d  w i t h  a n o t h e r  p r o t o t y p e .  What makes t h i s  method f e a s i b l e  a n d  p r a c -  

t i c a l  i s  t h e  s p e e d  w i t h  w h i c h ,  by means o f  t h e  d e s i g n  g r a p h s ,  t h i s  

p r e d i c t i o n  c a n  be  made. Most o f  t h e s e  d e s i g n  g r a p h s  w i l l  be p r e s e n t e d  

i n  S e c .  9 . 0 8 .  



SEC.  9 . 0 3 ,  SYNCHRONOUSLY TUNED REACTANCE-COUPLED HALF-WAVE 
FILTERS 

B a n d - p a s s  f i l - t e r s  o f  t h e  two c o n f i g u r a t i o n s  shown i n  F i g .  9 . 0 3 - 1  

a r e  o f  c o n s i d e r a b l e  p r a c t i c a l  i m p o r t a n c e  s i n c e  t h e y  a r e  e a s i l y  r e a l i z e d  

i n  p r a c t i c e .  T h e s e  two c i r c u i t s  a r e  d u a l s  o f  each  o t h e r :  t h e  f i r s t ,  
shown i n  F i g .  9 . 0 3 - l ( a ) ,  c o n s i s t s  o f  a  number o f  s e r i e s  c a p a c i t a n c e s  

a l t e r n a t i n g  w i t h  a  number o f  t r a n s m i s s i o n - l i n e  s e c t i o n s ;  t h e  s e c o n d ,  

shown i n  F i g .  9 . 0 3 - l ( b ) ,  c o n s i s t s  o f  a  number o f  s h u n t  i n d u c t a n c e s  a l t e r -  

n a t i n g  w i t h  a  number o f  t r a n s m i s s i o n - l i n e  s e c t i o n s .  Both  f i l t e r s  shown 
i n  F i g .  9 . 0 3 - 1  w i l l  b e  c a l l e d  r e a c t a n c e - c o u p l e d  half -wave f i l t e r s ,  i n  
t h e  s e n s e  t h a t  a l l  l i n e  l e n g t h s  between r e a c t a n c e s  a p p r o a c h  o n e - h a l f  

w a v e l e n g t h  ( o r  a  m u l t i p l e  t h e r e o f )  a s  t h e  c o u p l i n g s  become weak. Each 
l i n e  l e n g t h  be tween  d i s c o n t i n u i t i e s  c o n s t i t u t e s  a  r e s o n a t o r ,  s o  t h a t  t h e  

f i l t e r s  i n  F i g .  9 . 0 3 - 1  h a v e  n r e s o n a t o r s .  N o t i c e  t h a t  t h e  s e r i e s  e l emen t s  
i n  F i g .  9 . 0 3 - l ( a )  a r e  s t i p u l a t e d  t o  be  c a p a c i t a n c e s ,  t h a t  i s ,  t h e i r  s u s -  

I S i m i l a r l y ,  t h e  s h u n t  e l e m e n t s  i n  F i g .  9 . 0 3 - l ( b )  a r e  s t i p u l a t e d  t o  be i n -  

1 d u c t a n c e s ,  t h a t  i s ,  t h e i r  r e a c t a n c e s  a r e  s u p p o s e d  t o  be p o s i t i v e  and 

1 p r o p o r t i o n a l  t o  f r e q u e n c y .  ( I f  t h e  t r a n s m i s s i o n  l i n e  i s  d i s p e r s i v e ,  t h e s e  
' s t a t e m e n t s  a r e  t o  be m o d i f i e d  by r e p l a c i n g  f r e q u e n c y  by r e c i p r o c a l  g u i d e  

I w a v e l e n g t h .  

I c e p t a n c e s  a r e  supposed  t o  b e  p o s i t i v e  and  p r o p o r t i o n a l  t o  f r e q u e n c y .  
SERIES 
REACTANCES: X~ X~ ' ( 3  X "  X"+, . . 

- - - l I - F - - - - - - - - - - 4 H '  
CHARACTERISTIC 
IMPEDANCES: Zo z I 2 2  z n  G+I Z, . . . and 

A l l  t h e  f i l t e r s  d e s c r i b e d  i n  t h i s  c h a p t e r  a r e  s y n c h r o n o u s l y  tuned  a s  

d e f i n e d  i n  S e c .  6 . 0 1 ;  t h a t  i s ,  a l l  d i s c o n t i n u i t i e s  a r e  s o  s p a c e d  t h a t  t h e  

r e f l e c t i o n s  f rom any two a d j a c e n t  d i s c o n t i n u i t i e s  a r e  phased  t o  g i v e  maxi- 

mum c a n c e l l a t i o n  a t  a  f i x e d  f r e q u e n c y  ( t h e  s y n c h r o n o u s  f r e q u e n c y )  i n  t h e  

p a s s  band .  At t h e  s y n c h r o n o u s  f r e q u e n c y  t h e  f i l t e r  i s  i n t e r c h a n g e a b l e  

w i t h  a  s t e p p e d - i m p e d a n c e  h a l f - w a v e  f i l t e r  ( S e c .  6 . 0 3 ) ,  and t h e  i t h  r e a c t i v e  

d i s c o n t i n u i t y  h a s  t h e  same d i s c o n t i n u i t y  VSWR, V i ,  a s  t h e  i t h  impedance  

s t e p . ' J  I m p e d a n c e s  a r e  shown f o r  t h e  s e r i e s - r e a c t a n c e  c o u p l e d  f i l t e r  i n  

F i g .  9 . 0 3 - l ( a ) ,  and  a d m i t t a n c e s  f o r  t h e  s h u n t - s u s c e p t a n c e  c o u p l e d  f i l t e r  

i n  F i g .  9 . 0 3 - l ( b ) ;  t h e n ,  l e t  

--- 
ELECTRICAL 
LENGTHS: L - @ l - l - 8 2 - /  --- 

(a) With Series Capacitances 

SHUNT 
SUSCEPTANCES: 

CHARACTERISTIC 
ADMITTANCES: 

L 1 ---I. 
ELECTRICAL 
LENGTHS: L e n  -I 

~i = = 2 ( i = l , ~ , .  . . , " + I )  
w L i  Xi-i, i  

(b) With Shunt Inductances 

SOURCE: Quarterly Progress Report 5. Contract DA 36-039 SC-87398. SRI; 
reprinted in the l E E E  Trans. PTGMTT ( s e e  Raf. 18 by Leo Young) 

Most f r e q u e n t l y  h ,  = 1 ,  s i n c e  u s u a l l y  t h i s  i s  m e c h a n i c a l l y  t h e  mos t  con- 

v e n i e n t .  Somet imes  i t  may be a d v a n t a g e o u s  f o r  e l e c t r i c a l  o r  m e c h n i c a l  

r e a s o n s  t o  make some o f  t h e  c h a r a c t e r i s t i c  impedance  r a t i o s  h ,  d i f f e r e n t  

from u n i t y .  F o r  i n s t a n c e ,  i t  may be d e s i r a b l e  t o  combine t h e  f i l t e r  w i t h  

an impedance  t r a n s f o r m e r  i n s t e a d  o f  c a s c a d i n g  a  f i l t e r  w i t h  a  s e p a r a t e  

t r a n s f o r m e r ;  a l s o ,  i n  some c a s e s  t h e  f i l t e r  p e r f o r m a n c e  c a n  be  improved 

a p p r e c i a b l y  when t h e  v a l u e s  o f  h l  a r e  s e l e c t e d  c a r e f u l l y ,  a s  i n  S e c .  9 .11 .  

The u, o f  t h e  r e a c t a n c e - c o u p l e d  f i l t e r  a r e  o b t a i n e d  from t h e  V I  of 

t h e  s t e p p e d - i m p e d a n c e  f i l t e r  ( C h a p t e r  6 ) ,  and t h e  h , ,  f rom 

FIG. 9.03-1 REACTANCE-COUPLED HALF-WAVE FILTERS 



OBSTACLE VSWR - V 
A-3527-368 

SOURCE: Quarterly Progress  Report 5, Contract DA 36-039 SC-87398, SRI; 
reprinted in the IEEE Trans. PTGMTT ( s e e  Ref .  18 by Leo Young) 

FIG. 9.03-2 SHUNT SUSCEPTANCE (or Series Reactance) AS A 
FUNCTION OF DISCONTINUITY VSWR FOR SEVERAL 
CHARACTERISTIC ADMITTANCE (or Impedance) 
RATIOS, h 

The g r a p h  o f  F i g .  9 . 0 3 - 2  g i v e s  some s o l u t i o n s  o f  t h i s  e q u a t i o n .  G e n e r a l l y  
i t  w i l l  b e  mos t  c o n v e n i e n t  t o  s e l e c t  h i  = 1 ( t h a t  i s ,  a l l  Z i  o r  Y i  e q u a l ) ,  

and t h e n  Eq.  ( 9 . 0 3 - 3 )  s i m p l i f i e s  t o  

The s p a c i n g s  e i  i n  F i g .  9 . 0 3 - 1  a r e  d e t e r m i n e d  a s  f o l l o w s :  l o 2  A s i n g l e  
d i s c o n t i n u i t y  o f  a  s e r i e s - r e a c t a n c e  c o u p l e d  f i l t e r  i s  shown i n  F i g .  9 .03 -3 ,  

( A  s i m i l a r  n o t a t i o n ,  b u t  w i t h  Y f o r  Z and B f o r  X, a p p l i e s  t o  a  s h u n t  s u s -  
- - 

c e p t a n c e  c o u p l e d  f i l t e r . )  I t  r e p r e s e n t s  t h e  i t h  d i s c o n t i n u i t y  o f  t h e  
f i l t e r  ( F i g .  9 . 0 3 - 1 ) .  I f  t h e  r e f l e c t i o n  c o e f f i c i e n t s  o f t h i s  d i s c o n t i n u i t y  

530 

i n  t h e  two r e f e r e n c e  p l a n e s  

shown a r e  t o  b e  p u r e  i m a g i n a r y  

q u a n t i t i e s , 1 n 2  t h e n  one  h a s  t o  s e t  
I I 

I 

u f  + h f  - 1 x i S u i z i - ,  
I 

1 'i-I I I Zi a"iZ+I +: = - a r c  t a n (  2 u i  I )  
2 

I I 
I I 

REFERENCE PLANES ON EITHER 
SIDE. WHERE THE DISCONTINUITY 
REFLECTION COEFFICIENTS ARE 
PURE IMAGINARY. 

CISI7.Y. 

1 u: + 1 - h f  SOURCE: + = - a r c  t a n  ( ) . Quanerly Progress Report 5 ,  Contract DA 36-019 SC-8715%. IRI; 
I 2  2 h i u i  reprinted in the IEEE Trans. PTCMTT (see  Ref. 18 by Leo Young) 

FIG. 9.03-3 SERIES-REACTANCE COUPLING 

( 9 . 0 3 - 6 )  OF TWO LINES WITH DIFFERENT 
CHARACTERISTIC IMPEDANCES 

The s p a c i n g s  B i  i n  F i g .  9 . 0 3 - 1  a r e  now g i v e n  ( i n  r a d i a n s )  by 

When h i  = 1 ,  t h e s e  e q u a t i o n s  r e d u c e  t o  

and t h e n *  

* These equations a r e  equivalent t o  Eq.. ( 5 )  o f  Figs. 8 . 0 5 - 1  and 8.06-1.  
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SEC.  9 . 0 4 ,  NARROW-BAND HALF-WAVE FILTERS 

The ma in  a p p l i c a t i o n  o f  t h i s  c h a p t e r  i s  t o  w ide -band  f i l t e r s .  How- 
e v e r ,  s i n c e  t h e  d e s i g n  o f  n a r r o w - b a n d  f i l t e r s  i s  s i m p l e r ,  i t  w i l l  b e  
c o n v e n i e n t  t o  u s e  t h e  n a r r o w - b a n d  c a s e  t o  i l l u s t r a t e  t h e  me thod  i n  i t s  

s i m p l e s t  form.  

When t h e  i m p e d a n c e - s t e p s  o f  a  n a r r o w - b a n d  ( S e c .  9 . 0 1 )  s t e p p e d -  

impedance  h a l f - w a v e  f i l t e r  ( S e c .  6 . 0 3 )  a r e  r e p l a c e d  by r e a c t a n c e s  h a v i n g  

t h e  same d i s c o n t i n u i t y - V S W R s ,  a n d  t h e  f i l t e r  i s  a g a i n  s y n c h r o n o u s l y  

t u n e d  ( S e c .  9 . 0 3 1 ,  t h e n  t h e r e  i s  l i t t l e  c h a n g e  i n  t h e  c h a r a c t e r i s t i c s  o f  

t h e  f i l t e r  i n  and n e a r  t h e  p a s s - b a n d  r e g i o n .  A l l  t h e  f o r m u l a s  n e c e s s a r y  
t o  c a r r y  o u t  t h i s  c o n v e r s i o n  h a v e  b e e n  g i v e n  i n  S e c .  9 . 0 3 .  I t  i s  n o t  

n e c e s s a r y  t o  m a i n t a i n  u n i f o r m  l i n e  impedance  ( a l l  ZI o r  YI t h e  s a m e ) ,  

b u t  i t  i s  u s u a l l y  c o n v e n i e n t  t o  d o  s o .  

F o r  n a r r o w - b a n d  f i l t e r s ,  b o t h  q u a r t e r - w a v e  t r a n s f o r m e r s  a n d  lumped- 

c o n s t a n t  l o w - p a s s  f i l t e r s  w i l l  s e r v e  a s  a  p r o t o t y p e ,  and t h e  c o n v e r s i o n  
f rom e i t h e r  p r o t o t y p e  i n t o  t h e  a c t u a l  f i l t e r  i s  e q u a l l y  c o n v e n i e n t .  The 
c h o i c e  o f  p r o t o t y p e  d e p e n d s  on  two f a c t o r s :  

( 1 )  Which p r o t o t y p e  r e s u l t s  i n  a  f i l t e r  t h a t  m e e t s  t h e  d e s i g n  
s p e c i f i c a t i o n s  more c l o s e l y ,  and  

( 2 )  Which p r o t o t y p e  d e s i g n  i s  more r e a d i l y  a v a i l a b l e .  

The q u a r t e r - w a v e  t r a n s f o r m e r  i s  b e t t e r  a s  r e g a r d s  P o i n t  ( I ) ,  b u t  t h e  

d i f f e r e n c e  i n  a c c u r a c y  is u s u a l l y  n e g l i g i b l e  f o r  na r row-band  f i l t e r s ;  

t h e  l u m p e d - c o n s t a n t  l o w - p a s s  f i l t e r ,  .on t h e  o t h e r  h a n d ,  i s  g e n e r a l l y  

more c o n v e n i e n t  a s  r e g a r d s  ( 2 ) .  The r e a s o n  f o r  t h i s  i s  t h a t  e x p l i c i t  
f o r m u l a s  e x i s t  f o r  t h e  l u m p e d - c o n s t a n t  l o w - p a s s  f i l t e r  o f  n e l e m e n t s  

( C h a p t e r  4 ) .  w h e r e a s  t h e  n u m e r i c a l  d e s i g n  o f  t r a n s f o r m e r s  demands  g r e a t  

a r i t h m e t i c a l  a c c u r a c y ,  and  becomes  c o n v e n i e n t  o n l y  f o r  t h o s e  c a s e s  where  

t h e  s o l u t i o n s  h a v e  b e e n  t a b u l a t e d  ( C h a p t e r  6 ) .  

A l u m p e d - c o n s t a n t  l o w - p a s s  f i l t e r  ( C h a p t e r  4 )  c a n  s e r v e  a s  a  p r o t o -  

t y p e  c i r c u i t  f o r  a  na r row-band  s t e p p e d - i m p e d a n c e  h a l f - w a v e  f i l t e r .  

E q u a t i o n s  ( 6 . 0 9 - 2 )  w i t h  t h e  s u b s t i t u t i o n  w q  = 2w, r e d u c e  t o  

4  wi2 
V i  = - -  

g i - l g , ,  when 2  5 i 5 n 
7~~ w 2  J 

w h e r e  w i s  t h e  f r a c t i o n a l  b a n d w i d t h  o f  t h e  n a r r o w - b a n d  h a l f - w a v e  f i l t e r .  

The r e a c t a n c e s  a r e  t h e n  o b t a i n e d  f rom Eq. ( 9 . 0 3 - 3 )  o r  ( 9 . 0 3 - 4 )  and t h e  

, p a c i n g s  f rom Eq.  ( 9 . 0 3 - 5 )  t h r o u g h  ( 9 . 0 3 - 9 ) .  The  l o w - p a s s  p r o t o t y p e  

f i l t e r  i s  h e r e  a s sumed  t o  be  e i t h e r  s y m m e t r i c  o r  a n t i m e t r i c  ( S e c .  4 . 0 5 ) ,  

and e l e m e n t  v a l u e s  f o r  m a x i m a l l y  f l a t  and  T c h e b y s c h e f f  p r o t o t y p e s  o f  t h i s  

t y p e  c a n  be  f o u n d  i n  S e c .  4 . 0 5 .  T h e  p a r a m e t e r  w ;  i s  t h e  c u t o f f  f r e q u e n c y  

r I 
o f  t h e  l o w - p a s s  p r o t o t y p e  f i l t e r .  

I 

E x a m p l e - I t  i s  d e s i r e d  t o  d e s i g n  a  r e a c t a n c e - c o u p l e d  h a l f - w a v e  f i l t e r  

t o  have  a  p a s s - b a n d  VSWR o f  b e t t e r  t h a n  1 . 1 0  o v e r  a  1 0 - p e r c e n t  b a n d w i d t h ,  

and t o  h a v e  a t  l e a s t  25 d b  o f  a t t e n u a t i o n  a t  a  f r e q u e n c y  1 0  p e r c e n t  above  

band c e n t e r  ( i . e . ,  t w i c e  a s  f a r  o u t  a s  t h e  d e s i r e d  b a n d - e d g e ) .  

T h i s  f i l t e r  c a n  be  c o n s i d e r e d  n a r r o w - b a n d ,  a n d  may be  b a s e d  on a low- 

p a s s  p r o t o t y p e  c i r c u i t  ( S e c .  4 . 0 5 ) ,  s i n c e  t h e  r i p p l e  VSWR o f  1 . 1 0  e x c e e d s  

t h e  q u a n t i t y  1 + ( 2 ~ ) '  = 1 . 0 4 ,  a s  m e n t i o n e d  i n  S e c .  9 . 0 1 .  

We mus t  n e x t  d e t e r m i n e  t h e  minimum number o f  r e s o n a t o r s  w i t h  w h i c h  

t h e s e  s p e c i f i c a t i o n s  c a n  be  m e t .  S e l e c t i n g  a  q u a r t e r - w a v e  t r a n s f o r m e r  of 

f r a c t i o n a l  b a n d w i d t h  w q  = 0 . 2 0 ,  s i n c e  w = 0 . 1 0 ,  and  w i t h  V ,  = 1 . 1 0 ,  t h e  

a t t e n u a t i o n  a t  t w i c e  t h e  band -edge  f r e q u e n c y - i n c r e m e n t  ( s e e  t h e  f i r s t  

example  i n  S e c .  6 . 0 9 )  i s  24 .5  d b  f o r  n  = 5  s e c t i o n s  and  3 5 . 5  d b  f o r  

n = 6  s e c t i o n s .  S i n c e  t h e  f i l t e r  a t t e n u a t i o n  a t  t h e  c o r r e s p o n d i n g  f r e -  

quency above  t h e  p a s s - b a n d  w i l l  b e  somewhat l e s s  t h a n  i t  was ,  n = 5  i s  

c e r t a i n l y  n o t  enough  r e s o n a t o r s .  We t h e n  t e n t a t i v e l y  s e l e c t  n  = 6.  I t  

w i l l  b e  shown i n  S e c .  9 . 0 8  t h a t  t h e  a t t e n u a t i o n  i n  t h e  s t o p  band o f  t h e  

na r row-band  r e a c t a n c e - c o u p l e d  h a l f - w a v e  f i l t e r  o f  F i g .  9 . 0 3 - 1  d i f f e r s  

from t h e  a t t e n u a t i o n  o f  t h e  n a r r o w - b a n d  s t e p p e d - i m p e d a n c e  h a l f - w a v e  f i l t e r  

o f  S e c .  6 . 0 9  by a p p r o x i m a t e l y  

where  f / f o  i s  t h e  n o r m a l i z e d  f r e q u e n c y  ( t h e  r a t i o  o f  t h e  f r e q u e n c y  f t o  

t h e  c e n t e r  f r e q u e n c y  f o ) .  T h i s  ALA h a s  t o  be  a d d e d  t o  t h e  a t t e n u a t i o n  

o f  t h e  s t e p p e d - i m p e d a n c e  f i l t e r  t o  g i v e  t h e  a t t e n u a t i o n  o f  t h e  r e a c t a n c e -  

c o u p l e d  f i l t e r .  

L e t  u s ,  f o r  i n s t a n c e ,  c a l c u l a t e  t h e  a t t e n u a t i o n  o f  t h e  f i l t e r  a t  

f / f o  ' 1 .10 .  U s i n g  Eq. ( 9 . 0 4 - 2 ) ,  w i t h  n = 6 ,  



which shows t h a t  t h e  f i l t e r  a t t e n u a t i o n  i s  5 . 8  db  l e s s  t h a n  t h e  a t t e n -  

u a t i o n  o f  t h e  h a l f - w a v e  s t e p p e d  f i l t e r  a t  f = 1.1 f o ,  t h a t  i s ,  

35 .5  - 5 .8  = 2 9 . 7  d b .  T h i s  e x c e e d s  t h e  25 -db  a t t e n u a t i o n  s p e c i f i e d ,  
which c o n f i r m s  o u r  c h o i c e  o f  n = 6 .  The  d i s c o n t i n u i t y  VSWRs a r e  t h e n  
g i v e n  by Eq. ( 6 . 0 9 - 4 ) .  T a k i n g  t h e  s h u n t - i n d u c t a n c e - c o u p l e d  f i l t e r  of 

F i g .  9 . 0 3 - 1 ,  w i t h  a l l  Y ,  e q u a l  t o  Y o ,  y i e l d s  

and from Eq. ( 9 . 0 3 - 9 ) ,  

8, = 8, = 

0, = e ,  = 

e3 = e4  = 

1 4 7 . 1 6  d e g r e e s  

1 6 5 . 4 1  d e g r e e s  ( 9 . 0 4 - 5 )  

1 6 8 . 5 1  d e g r e e s  . 1 
T h i s  f i l t e r  was a n a l y z e d  a n d  i t s  computed r e s p o n s e  i s  shown i n  

F i g .  9 . 0 4 - 1  ( s o l i d  l i n e )  t o g e t h e r  w i t h  t h e  compu ted  r e s p o n s e  o f  t h e  

s t e p p e d - i m p e d a n c e  h a l f - w a v e  f i l t e r  ( b r o k e n  l i n e ) .  (The  s t e p p e d - i m p e d a n c e  
h a l f - w a v e  f i l t e r  h a s  t h e  same c h a r a c t e r i s t i c s  a s  t h e  q u a r t e r - w a v e  t r a n s -  

f o r m e r ,  e x c e p t  f o r  a  l i n e a r  c h a n g e o f s c a l e ,  by a  f a c t o r  o f  2 a l o n g  t h e  

f r e q u e n c y  a x i s . )  I t  i s  s e e n  t h a t  t h e  band e d g e s  o f  t h e  f i l t e r  and  i t s  

s t e p p e d - i m p e d a n c e  h a l f - w a v e  f i l t e r  p r o t o t y p e  v e r y  n e a r l y  c o i n c i d e ,  and 

t h a t  t h e  peak  r i p p l e s  i n  t h e  two p a s s  bands  a r e  n e a r l y  t h e  same h e i g h t .  

The  VSWR r i p p l e  i n  t h e  p a s s  band i s  v e r y  c l o s e  t o  1 . 1 0 .  The  q u a r t e r -  

wave t r a n s f o r m e r  d e s i g n  i s  i t s e l f  o n l y  a p p r o x i m a t e ,  a n d  t h e  r i p p l e  h e i g h t s  

( b r o k e n  l i n e ,  t o p  of F i g .  9 . 0 4 - 1 )  a r e  n o t  e x a c t l y  t h e  same,  s i n c e  t h e  t r a n s  

f o r m e r  was d e s i g n e d  f rom a  l u m p e d - c o n s t a n t  l o w - p a s s  p r o t o t y p e  ( f i r s t  e x -  

amp le  i n  S e c .  6 . 0 9 ) .  The  c a u s e s  

o f  i m p e r f e c t i o n  i n  t h e  f i l t e r  

r e s p o n s e  i n  F i g .  9 . 0 4 - 1  may i n  

t h i s  c a s e  be  a s c r i b e d  p a r t l y  t o  

( 1 )  t h e  i m p e r f e c t  q u a r t e r - w a v e  

t r a n s f o r m e r  r e s p o n s e ,  s i n c e  t h e  

t r a n s f o r m e r  was  d e r i v e d  by a n  

a p p r o x i m a t i o n  f rom a  lumped-  

c o n s t a n t  c i r c u i t ,  and  p a r t l y  t o  

( 2 )  t h e  f u r t h e r  a p p r o x i m a t i o n  

i n v o l v e d  i n  d e r i v i n g  t h e  f i l t e r  

w i t h  i t s  u n e q u a l  s p a c i n g s  and 

f r e q u e n c y - s e n s i t i v e  c o u p l i n g s  

f rom t h e  t r a n s f o r m e r .  

With  r e g a r d  t o  t h e  i m p e r -  

f e c t  q u a r t e r - w a v e  t r a n s f o r m e r  

r e s p o n s e ,  t h e r e  i s  c l e a r l y  

l i t t l e  room f o r  improvemen t ,  a s  

c a n  b e  s e e n  f r o m  F i g .  9 . 0 4 - 1 .  

As f o r  t h e  f u r t h e r  a p p r o x i m a -  

t i o n s  i n v o l v e d ,  o n e  c o u l d  ad -  

j u s t  t h e  l i n e  c h a r a c t e r i s t i c  

i m p e d a n c e s  t o  improve  t h e  p e r -  

f o r m a n c e  ( a s  i s  e x p l a i n e d  i n  
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S e c .  9 . 1 1 ) ,  b u t  t h i s  would a l s o  r e s u l t  i n  o n l y  a  v e r y  s m a l l  improvemen t .  

T h e s e  a d j u s t m e n t s  w e r e  n o t  c o n s i d e r e d  f u r t h e r  i n  t h e  p r e s e n t  e x a m p l e .  

The  a t t e n u a t i o n  o f  t h e  f i l t e r  a t  f / f o  = 1.1 h a d  been  ~ r e d i c t e d  from 

Eq. ( 9 . 0 4 - 2 )  t o  b e  2 9 . 7  db .  T h i s  g i v e s  one  o f  t h e  c i r c l e  p o i n t s  i n  

F i g .  9 . 0 4 - 1 ,  a n d  f a l l s  v e r y  c l o s e  t o  t h e  c u r v e  computed  by  a n a l y s i s  of  

t h e  f i l t e r  ( s o l i d  l i n e ) ;  o t h e r  p o i n t s  ~ r e d i c t e d  u s i n g  Eq. ( 9 . 0 4 - 2 )  a l s o  

f a l l  v e r y  c l o s e  t o  t h i s  computed  c u r v e .  



SEC.  9 . 0 5 ,  PRACTICAL REALITATION OF REACTIVE COUPLINGS 

S e r i e s  Capacitnnces4--Series-capacitive c o u p l i n g  can  b e  r e a l i z e d  

e a s i l y  i n  c o a x i a l  l i n e  o r  s t r i p  t r a n s m i s s i o n  l i n e  by b r e a k i n g  t h e  i n n e r  

c o n d u c t o r  a s  shown i n  F i g .  9 . 0 5 - 1 .  The g a p - s p a c i n g  i s  c o n t r o l l e d  t o  p r o -  
d u c e  t h e  d e s i r e d  c a p a c i t a n c e .  When a i r  d i e l e c t r i c  i s  u s e d ,  f i l t e r s  - - 

c o u p l e d  by s e r i e s  c a p a c i t a n c e s  s h o u l d  have  l o w e r  d i s s i p a t i o n  l o s s e s  t h a n  

DIELECTRIC NO. 1,DIELECTRIC No, 2 
1 

DIELECTRIC 
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SOURCE: Quarterly Progresa Report 5. Contract DA 36039 ,SC 87398. SRI: 
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f i l t e r s  u s i n g  s h u n t  i n d u c t i v e  p o s t s  o r  i r i s e s  ( c o n s i d e r e d  b e l o w ) ,  b e -  

c a u s e  o f  t h e i r  ohmic  l o s s e s .  

The g a p  s p a c i n g  t h a t  w i l l  p r o d u c e  t h e  d e s i r e d  c o u p l i n g  c a n  be  d e t e r -  

mined e i t h e r  e x p e r i m e n t a l l y  o r  t h e o r e t i c a l l y .  E x p e r i m e n t a l l y  o n e  c a n  

p r o c e e d  a s  f o l l o w s :  The d e s i r e d  VSWR of  e a c h  d i s c o n t i n u i t y  i s ,  by d e f -  

i n i t i o n ,  e q u a l  t o  t h e  j u n c t i o n  VSWR o f  t h e  c o r r e s p o n d i n g  s t e p  o f  t h e  

p r o t o t y p e  t r a n s f o r m e r .  The  VSWR-ve r sus -gap - spac ing  c u r v e  c a n  be  d e t e r -  

mined e x p e r i m e n t a l l y  by d i r e c t  measu remen t ,  o r  by m e a s u r i n g  a t t e n u a t i o n ,  

o r  by u s i n g  two i d e n t i c a l  g a p s  t o  o b t a i n  r e s o n a n c e  and  m e a s u r i n g  t h e  3 d b  

bandwid th .  The  c u r v e  c a n  t h e n  be  p l o t t e d  f o r  t h e  p a r t i c u l a r  t r a n s m i s s i o n  

l i n e  a t  t h e  s y n c h r o n o u s  f r e q u e n c y  o f  t h e  p a s s  band .  The  d e s i r e d  g a p  

s p a c i n g s  a r e  r e a d  o f f  f rom t h i s  c u r v e .  

I n  g e n e r a l  i t  would be  d i f f i c u l t  t o  c a l c u l a t e  t h e  c a p a c i t a n c e  o f  a  

gap  f o r  a r b i t r a r y  c r o s s - s e c t i o n a l  s h a p e .  However good a p p r o x i m a t i o n s  

f o r  t h e  c i r c u l a r  i n n e r  c o n d u c t o r  i n s i d e  a  c i r c u l a r  o u t e r  c o n d u c t o r  

( F i g .  9 . 0 5 - 1 )  c a n  be  o b t a i n e d  i n  t h e  f o l l o w i n g  two w a y s .  

The  f i r s t  a p p r o x i m a t i o n  i s  a s  f o l l o w s :  The  i n s i d e  d i a m e t e r  o f  t h e  

o u t e r  t u b e  i s  b i n c h e s ;  t h e  d i a m e t e r  o f  t h e  c o n c e n t r i c  i n n e r  c o n d u c t o r  

i s  a i n c h e s ;  and  t h e  gap  s p a c i n g  i s  s i n c h e s ,  a s  shown i n  F i g .  9 . 0 5 - 2 .  

a = INNER CONDUCTOR DIAMETER 

b - OUTER CONDUCTOR DIAMETER 

a - GAP SPACING 

c, - DIELECTRIC CONSTANT IN GAP 

c2 - DIELECTRIC CONSTANT IN COAXIAL LlNE 
A-3527-359 

SOURCE: Quarterly Progress Report 5. Contract DA 36-039. SC 87398. SRI; 
reprinted in the Microwave Journal (See Ref. 4 by Leo Young). 
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The f o l l o w i n g  f o r m u l a  i s  a d a p t e d  from a n  a p p r o x i m a t e  f o r m u l a  g i v e n  by 

~ a r c u v i t z '  which  i s  v a l i d  when ( b  - a )  < A ,  s << A ,  and s << ( b  - a ) ,  

where  A i s  t h e  f r e e - s p a c e  w a v e l e n g t h .  Then 

where  

0 . 1 7 6 4  e r l a 2  
Cp = p i c o f a r a d s  

S 

i s  t h e  p a r a l l e l - p l a t e  c a p a c i t a n c e ,  

Cf = 0 . 2 2 4 5  e r 2 a  In ( b  - 9 p i c o f a r a d s  

and f rom Eq.  ( 9 . 0 5 - 3 )  

is t h e  f r i n g i n g  c a p a c i t a n c e ,  and  c r l  a n d  e r z  a r e  t h e  r e l a t i v e  d i e  

c o n s t a n t s  o f  t h e  m a t e r i a l s  ( F i g .  9 . 0 5 - 2 ) .  E q u a t i o n s  ( 9 . 0 5 - 2 )  a n d  

a r e  g i v e n  a l s o  i n  mks u n i t s  i n  R e f .  4 .  

l e c t r i c  

( 9 . 0 5 - 3 )  

S e c o n d ,  a  more a c c u r a t e ,  b u t  s t i l l  a p p r o x i m a t e ,  e s t i m a t e  o f  t h e  I 

c a p a c i t a n c e  i n  F i g .  9 . 0 5 - 2  c a n  be  o b t a i n e d 6  by F i g .  5 . 0 5 - 9 :  u s e  t h e  

c u r v e  f o r  t / b  = 0  and  d e t e r m i n e  t h e  q u a n t i t y  AC/E u s i n g  t h e  same s / b  

( F i g .  9 . 0 5 - 2 )  on  t h e  a b s c i s s a .  I n  F i g .  5 . 0 5 - 9  e  i s  o u r  p r e s e n t  e 2 ,  
wh ich  i s  t h e  a b s o l u t e  d i e l e c t r i c  c o n s t a n t  f o r  D i e l e c t r i c  2  i n  F i g .  9 .05 -2 .  

Then t h e  c a p a c i t a n c e  i s  g i v e n  by E q s .  ( 9 . 0 5 - 1 )  and  ( 9 . 0 5 - 2 )  b u t  w i t h  
Eq. ( 9 . 0 5 - 3 )  r e p l a c e d  by 

C, = 0 . 3 5 3  r r 2 a  (F) p i c o f a r a d s  
G 

where  ( A C / E ) ~  is  t h e  q u a n t i t y  AC/E i n  F i g .  5 . 0 5 - 9 .  Bo th  E q s .  ( 9 . 0 5 - 3 )  

and ( 9 . 0 5 - 4 )  t e n d  t o  u n d e r e s t i m a t e  t h e  t r u e  c a p a c i t a n c e .  F o r  d / b  < O . l ,  
t h e  two a p p r o x i m a t e  f o r m u l a s  f o r  t h e  t o t a l  c a p a c i t a n c e  C  a g r e e  t o  w i t h i n  

5  p e r c e n t .  

N u m e r i c a l  d a t a  f o r  a  r e c t a n g u l a r  s t r i p  t r a n s m i s s i o n  l i n e  w i t h  a  

s t r i p  c r o s s  s e c t i o n  0 . 1 8 4  i n c h  by 0 . 1 2 5  i n c h  i s  g i v e n  i n  F i g .  8 . 0 5 - 3 .  

Example -F ind  t h e  c a p a c i t a n c e  o f  a  g a p  i n  a  c o a x i a l  l i n e  whose 

d i m e n s i o n s  ( F i g .  9 . 0 5 - 2 )  a r e  b  = 0 . 5 7 5  i n c h ,  a  = 0 .250  i n c h ,  s = 0 . 0 2 5  inch .  

The r e l a t i v e  d i e l e c t r i c  c o n s t a n t  i n  t h e  g a p  i s  = 2 . 0  and t h e  r e l a t i v e  

d i e l e c t r i c  c o n s t a n t  be tween  t h e  c o n d u c t o r s  i s  E r 2  = 2 . 5 .  Then f i n d  t h e  

n o r m a l i z e d  r e a c t a n c e  a t  a  f r e q u e n c y  o f  1 . 3  Gc. From Eq. ( 9 . 0 5 - 2 1 ,  

Cp = 0 . 8 8 2  p i c o f a r a d  ( 9 . 0 5 - 5 )  

Thus t h e  t o t a l  c a p a c i t a n c e  i s  

C  = Cp + C f  = 1 . 2 5 3  p i c o f a r a d s  . 

The l i n e  impedance  i s  

6 0  b  
Z, = - Zn - = 3 1 . 6  ohms 

6 - 2  a  

and t h e r e f o r e  t h e  n o r m a l i z e d  r e a c t a n c e  a t  1 . 3  Gc i s  

I n  t h i s  c a s e ,  by E q s .  ( 9 . 0 5 - 5 )  and ( 9 . 0 5 - 6 ) ,  a b o u t  t h r e e - t e n t h s  of 

t h e  t o t a l  c a p a c i t a n c e  i s  d u e  t o  t h e  f r i n g i n g  f i e l d s ;  a s  t h e  g a p  i s  r e d u c e d ,  

b o t h  Cp and  Cf i n c r e a s e ,  b u t  a n  i n c r e a s i n g l y  h i g h e r  p r o p o r t i o n  o f  t h e  t o t a l  

c a p a c i t a n c e  i s  d u e  t o  C  . 
F i l t e r s  w i t h  s e r i e s - c a p a c i t a n c e  c o u p l i n g s  were  a l s o  t r e a t e d  i n  

S e c .  8 . 0 5 ,  and  h a v e  b e e n  d i s c u s s e d  by ~ o h n , ~  Ragan , '  and  Torgow. The 

s l e e v e - l i k e  c o u p l i n g  shown i n  F i g .  9 . 0 5 - l ( d )  i s  a  s h o r t ,  o p e n - c i r c u i t e d  
s t u b  r a t h e r  t h a n  a  lumped c a p a c i t a n c e .  When i t s  l e n g t h  i s  i n c r e a s e d  t o  

o n e - q u a r t e r  w a v e l e n g t h  a t  c e n t e r  f r e q u e n c y ,  and  t h e  c o n n e c t i n g  l i n e s  a r e  

a l s o  made o n e - q u a r t e r  w a v e l e n g t h  l o n g  a t  c e n t e r  f r e q u e n c y ,  t h e n  a  d i f f e r -  

e n t  t y p e  o f  f i l t e r ,  a l t h o u g h  s t i l l  w i t h  somewhat  s i m i l a r  e l e c t r i c a l  c h a r -  

a c t e r i s t i c s ,  r e s u l t s  f rom t h i s  change .  T h i s  t y p e  o f  f i l t e r  h a s  b e e n  

t r e a t e d  by M a t t h a e i , l O a n d  c o n s t r u c t i o n a l  d e t a i l s  h a v e  a l s o  b e e n  g i v e n  by 

B o s t i c k .  l1 
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S h u n t  I n d u c t a n c e s - - S h u n t - i n d u c t i v e  c o u p l i n g s  c a n  e a s i l y  be  r e a l i z e d '  1 
i n  c o a x i a l  l i n e ,  s t r i p  t r a n s m i s s i o n  l l n e ,  and  wavegu ide .  

Some o f  t h e  
common s t r u c t u r e s  a r e  shown i n  F i g .  

9 . 0 5 - 3 .  N u m e r i c a l  d a t a  on  some of 
them h a v e  b e e n  g i v e n  i n  S e c .  8 .  06 ,  a n d  a  few f u r t h e r  r e f e r e n c e s  w i l l  be  

m e n t i o n e d  h e r e .  

FIG. 9.05-3 REALIZATION OF SHUNT-INDUCTANCE 
REACTANCE-COUPLED HALF-WAVE FILTER 
(a) In Coaxial Line; (b) and ( c )  In Waveguide 

As l o n g  a s  t h e  o b s t a c l e s  a r e  t h i n  i n  an  a x i a l  d i r e c t i o n ,  t h e i r  r e -  

a c t a n c e s  a r e  n e a r l y  p r o p o r t i o n a l  t o  f r e q u e n c y ,  o r  r e c i p r o c a l  g u i d e  wave- 

l e n g t h  i n  d i s p e r s i v e  wavegu ide .  I n  a d d i t i o n ,  s h o r t - c i r c u i t  s t u b s  a l s o  
behave  a p p r o x i m a t e l y  a s  i n d u c t a n c e s  when t h e i r  l e n g t h s  a r e  w e l l  be low 

o n e - q u a r t e r  w a v e l e n g t h .  I n  t h i s  c a s e ,  h o w e v e r ,  t h e  s t u b  e q u i v a l e n t  c i r -  
c u i t  i s  more  c o m p l i c a t e d  t h a n  a  s i m p l e  s h u n t  i n d u c t a n c e ,  s i n c e  t h e  T- 

j u n c t i o n  r e f e r e n c e  p l a n e  p o s i t i o n s  and t h e  c o u p l i n g  r a t i o  a l l  c h a n g e  

w i t h  f r e q u e n c y ,  and  t h e  s t u b  c a n  t h e n  be a p p r o x i m a t e d  by a s i n g l e  i n -  

d u c t a n c e  o n l y  o v e r  a  l i m i t e d  f r e q u e n c y  band.  

N u m e r i c a l  d a t a  a r e  a v a i l a b l e  f o r  a  s i n g l e  p o s t ,  f o r  d o u b l e  p o s t s ,  

and f o r  f o u r  p o s t s  i n  c o a x i a l  a s  shown i n  F i g s .  9 . 0 5 - 3 ( a )  a n d  

9 . 0 5 - 4 .  D a t a  o n  s h u n t - i n d u c t i v e  i r i s e s  [ F i g .  9 . 0 5 - 3 ( b ) 1  and a  s i n g l e  

c e n t e r  p o s t  i n  wavegu ide  a r e  g r a p h e d  i n  F i g s .  8 . 0 6 - 2  and 8 . 0 6 - 3 .  
A s  

shown i n  F i g .  9 . 0 5 - 3 ( c ) ,  o n e  c a n  a l s o  u s e  d o u b l e  s y m m e t r i c a l  p o s t s , "  

e q u a l l y  s p a c e d  t r i p l e  p o s t s , n  a n d  e v e n  more t h a n  t h r e e  e q u a l l y  s p a c e d  

p o s t s m  i n  w a v e g u i d e .  D a t a  on s t r i p - l i n e  s h u n t - i n d u c t i v e  s t u b s  a r e  

g i v e n  i n  F i g s .  8 . 0 8 - 2 ( a ) ,  ( b )  t o  8 . 0 8 - 4 ( a ) ,  ( b ) .  

FIG. 9.05-4 CROSS-SECTIONAL VIEW OF ROUND SHUNT- 
INDUCTIVE POSTS IN COAXIAL LINE 
(a) Single Past, (b) Two Posts, ( c )  Four Posts 

As l o n g  a s  a l l  o f  t h e s e  d i s c o n t i n u i t i e s  c a n  be  r e p r e s e n t e d  by s h u n t  

i n d u c t a n c e s - t h a t  i s  t o  s a y  by  p o s i t i v e  r e a c t a n c e s  whose r e a c t a n c e  v a l u e s  

a r e  p r o p o r t i o n a l  t o  f r e q u e n c y  o r  t o  r e c i p r o c a l  g u i d e  w a v e l e n g t h - t h e  de -  

s i g n  d a t a  r e p o r t e d  h e r e  a p p l y  u p  t o  v e r y  l a r g e  b a n d w i d t h s .  

SEC.  9 . 0 6 ,  SOME STANDARDIZED PSEUDO-HIGH-PASS FILTER DESIGNS 

A  p r o b l e m  f r e q u e n t l y  e n c o u n t e r e d  i s  t h e  d e s i g n  o f  a  h i g h - p a s s  f i l t e r  

w i t h  c a p a c i t i v e  c o u p l i n g s  o f  t h e  t y p e  shown i n  F i g .  9 . 0 3 - 1 .  A c t u a l l y ,  

t h i s  f i l t e r  i s  n o t  h i g h - p a s s  b u t  b a n d - p a s s ;  h o w e v e r ,  f o r  l a r g e  b a n d w i d t h s  

t h e  u p p e r  s t o p  band becomes  v e s t i g i a l ,  b e c a u s e  t h e  s e r i e s  r e a c t a n c e s  d i -  

m i n i s h  r a p i d l y  w i t h  i n c r e a s i n g  f r e q u e n c y .  S u c h  a  f i l t e r  may t h e r e f o r e  be 

c a l l e d  p s e u d o - h i g h - p a s s .  I n  t h e  p a s t  i t  h a s  u s u a l l y  b e e n  d e s i g n e d  on an  

i m a g e - i m p e d a n c e  b a s i s  ( S e e  C h a p t e r  3 ) ,  o f t e n  l e a d i n g  t o  i n c r e a s i n g  r i p p l e  

a m p l i t u d e  i n  t h e  p a s s  band n e a r  t h e  c u t o f f  f r e q u e n c y  ( l o w e r  band e d g e ) .  

An e q u a l - r i p p l e  c h a r a c t e r i s t i c  would g e n e r a l l y  be  p r e f e r a b l e ;  a  s y s t e m a t i c  

d e s i g n  p r o c e d u r e  f o r  e q u a l - r i p p l e  w ide -band  f i l t e r s  i s  g i v e n  i n t h i s c h a p t e ~  



The f r a c t i o n a l  b a n d w i d t h ,  w ,  o f  n o n d i s p e r s i v e  f i l t e r s  i s  d e f i n e d  

a s  i n  C h a p t e r  6 ,  by 

where  f l  and f2 a r e  t h e  l o w e r  and u p p e r  p a s s - b a n d  edge  f r e q u e n c i e s ,  and 

X I ,  and h p  a r e  t h e  c o r r e s p o n d i n g  w a v e l e n g t h s .  F o r  d i s p e r s i v e  f i l t e r s ,  

g u i d e  w a v e l e n g t h  h a s  t o  be  s u b s t i t u t e d  i n  Eq. ( 9 . 0 6 - 2 ) ,  and t h e n  

The d e s i g n  o f  an  e i g h t - r e s o n a t o r  ( i . e ,  n = 8 )  f i l t e r  w i t h  0 . 1 - d b  

p a s s - b a n d  r i p p l e  and  f r a c t i o n a l  bandwid th  0 . 8 5  i s  t r e a t e d  i n  t h e  l a s t  e x -  

ample  o f  Sec. 9.09. (A f r ac t iona l  bandwidth of 0.85 corresponds t o  f2/fl = 2 . 5 .  ) 

I t s  n o r m a l i z e d  s e r i e s  r e a c t a n c e s  X a / Z o  ( o r  s h u n t  s u s c e p t a n c e s  B i / Y o )  were  

found  t o  be  -0 .2998 ,  -0 .4495 ,  - 0 . 6 1 3 ,  -0 .700 ,  - 0 . 7 2 5 ,  -0 .700 ,  0 . 6 1 3 ,  
-0 .4495 and -0 .2998 .  S i n c e  t h e  t h r e e  c e n t r a l  e l e m e n t s  were  s o  n e a r l y  

a l i k e ,  t h e y  w e r e  e a c h  s e t  e q u a l  t o  0 .710  f o r  t h e  p r e s e n t  p u r p o s e .  The 

r e s p o n s e s  o f  s e v e r a l  f i l t e r s  w i t h  n o r m a l i z e d  s e r i e s  r e a c t a n c e s  ( o r  s h u n t  

s u s c e p t a n c e s )  -0 .2998 ,  - 0 . 4 4 9 5 ,  -0 .613 ,  -0 .710 ,  -0 .710 ,  ..., -0 .710 ,  

-0 .613,  -0 .4495 ,  -0 .2998  were  t h e n  a n a l y z e d  n u m e r i c a l l y  on a  d i g i t a l  

compu te r .  S i n c e  a l l  Z a  a r e  t h e  same,  t h e n  by Eq.  ( 9 . 0 3 - 9 )  t h e  l i n e  

l e n g t h s  a r e  1 0 0 . 6 0 ,  1 0 4 . 8 5 ,  1 0 8 . 2 9 ,  109 .54 ,  . . . , 1 0 9 . 5 4 ,  1 0 8 . 2 9 ,  1 0 4 . 8 5 ,  

and 1 0 0 . 6 0  e l e c t r i c a l  d e g r e e s .  When e i g h t  o r  more r e s o n a t o r  l i n e s  a r e  

u s e d ,  i n v o l v i n g  t h r e e  o r  more i d e n t i c a l  c e n t r a l  e l e m e n t s ,  t h e  f i l t e r  may 

b e  t h o u g h t  o f  a s  a  p e r i o d i c  s t r u c t u r e  w i t h  t h r e e  ( i n s t e a d  o f  t h e  u s u a l  

o n e )  i m p e d a n c e - m a t c h i n g  r e s o n a t o r s  a t  each  e t d .  The p e r f o r m a n c e  o f  f i v e  

s u c h  f i l t e r s  w i t h  e i g h t ,  n i n e ,  t e n ,  t w e l v e ,  and  f i f t e e n  r e s o n a t o r s  i s  

shown i n  F i g s .  9 . 0 6 - 1  and 9 . 0 6 - 2 .  I t  i s  s e e n  t h a t  t h e  computed p e r f o r m -  

a n c e  c l o s e l y  m e e t s  t h e  p r e d i c t e d  o n e :  o n l y  i n  t h e  f i f t e e n - r e s o n a t o r  f i l t e r  

(wh ich  c o n t a i n s  t e n  i d e n t i c a l  c o u p l i n g  r e a c t a n c e s )  a r e  t h e r e  a n y  r i p p l e s  

a p p r e c i a b l y  g r e a t e r  t h a n  0 . 1  d b ,  and even  t h e n  t h e r e  a r e  o n l y  two l a r g e  

r i p p l e s ,  one j u s t  i n s i d e  e a c h  band e d g e  ( F i g .  9 . 0 6 - 1 ) .  

V:a V." r . 
NORMALIZED FREQUENCY - f / f o  5z,- 356 

SOURCE: Quarterly Progress Report 5 ,  Contract DA 36-039, SC 8739R. 
SRI; reprinted in the Microwave Journal (See R e i  1 7  by 
Leo Young and R. M. Schiffman). 

FIG. 9.06-1 PASS-BAND RESPONSE OF FIVE PSEUDO- 
HIGH-PASS FILTERS 



NORMALIZED FREQUENCY - f/fo 

8-3527-357 

SOURCE: Quarterly Progress Report 5, Contract DA 36-039, SC 87398, SRI; 
reprinted in the Microwave Journal (See Ref. 17  by Leo Young 
and R. M. Schiffman). 

FIG. 9.06-2 STOP-BAND RESPONSE OF FIVE PSEUDO-HIGH-PASS FILTERS 

The r a t e  o f  c u t o f f  ( s k i r t  s e l e c t i v i t y )  i m p r o v e s  a s  t h e  number o f  

r e s o n a t o r s  i s  i n c r e a s e d ,  a s  c a n  be  s e e n  f rom F i g .  9 . 0 6 - 2 ,  i n c r e a s i n g  Ly 

a p p r o x i m a t e l y  t h e  same number o f  d e c i b e l s  p e r  r e s o n a t o r  a d d e d .  S i n c e  t h e  

u p p e r  s t o p  band i s  n o t  p a r t i c u l a r l y  u s e f u l ,  t h e s e  f i l t e r s  w i l l  f i n d  a p p l i -  

c a t i o n  a s  h i g h - p a s s  r a t h e r  t h a n  a s  b a n d - p a s s  f i l t e r s .  

SEC. P . 0 7 ,  AN EXPERIMENTAL WIDE-BAND WAVEGUIDE FILTER 

I n  o r d e r  t o  t e s t  t h e  p e r f o r m a n c e  o f  t h e  p s e u d o - h i g h - p a s s  f i l t e r  

d e s c r i b e d  i n  S e c .  9 . 0 6 ,  a  s i x - c a v i t y  f i l t e r  d e r i v e d  from t h e  e i g h t -  

c a v i t y  d e s i g n  o f  S e c .  9 . 0 9  was c o n s t r u c t e d  i n  w a v e g u i d e .  B e c a u s e  a l l  

o f  t h e  c e n t r a l  c a v i t i e s  h a v e  b e e n  removed,  t h e  s i x - c a v i t y  d e s i g n  i s  t h e  

s m a l l e s t . p o s s i b l e  f i l t e r  o f  t h e  g r o u p  o f  p e r i o d i c  s t r u c t u r e s  w i t h  t h r e e  

m a t c h i n g  r e s o n a t o r s  on e a c h  e n d .  The end t h r e e  s h u n t  s u s c e p t a n c e s ,  t h e  

s i n g l e  s h u n t  s u s c e p t a n c e  i n  t h e  c e n t e r ,  and  t h e  l i n e  l e n g t h s  a r e u n c h a n g e d  

A p h o t o g r a p h  o f  t h e  wavegu ide  f i l t e r  i s  shown i n  F i g .  9 . 0 7 - 1 .  F o r  

t h i s  d e s i g n ,  WR-137 wavegu ide  ( 1 . 3 7 2  i n c h e s  X 0 . 6 2 2  i n c h  I . D . )  was u s e d  

and t h e  l o w e r  c u t o f f  f r e q u e n c y  was c h o s e n  t o  be  5 . 4  Gc, wh ich  i s  w e l l  

above  t h e  w a v e g u i d e  c u t o f f  f r e q u e n c y  o f  4 . 3  Gc. The  u p p e r  band e d g e  i s  

9 . 0  Gc and t h e  d e s i g n  c e n t e r  f r e q u e n c y  i s  6 . 8  Gc. The s h u n t  s u s c e p t a n c e s  

a r e  s y m m e t r i c a l  i r i s e s  0 . 0 2 0  i n c h  t h i c k  d e s i g n e d  w i t h  t h e  a i d  o f  g r a p h s  

i n  F i g .  8 . 0 6 - 2 ( b ) .  

An e m p i r i c a l  a d j u s t m e n t  was made t o  a l l o w  f o r  t h e  i r i s  t h i c k n e s s ,  

name ly ,  t h e  a p e r t u r e  d ( F i g .  8 . 0 6 - 2 )  was i n c r e a s e d  by 0 . 0 2 0  i n c h  ( a n  

amount e q u a l  t o  t h e  i r i s  t h i c k n e s s ) .  I t  i s  known t h a t  t h e  s h u n t  s u s c e p -  

t a n c e  o f  a  wavegu ide  i r i s  i s  n o t  a n  e x a c t  l i n e a r  f u n c t i o n  o f  g u i d e  wave- 

l e n g t h ;  t h e  i r i s  i n d u c t a n c e s  c a n n o t  t h e r e f o r e  be  t r e a t e d  a s  c o n s t a n t s  

i n d e p e n d e n t  o f  f r e q u e n c y .  S i n c e  t h e  mos t  i m p o r t a n t  s i n g l e  f r e q u e n c y  o f  

a  h i g h - p a s s  f i l t e r  i s  t h e  l o w e r  c u t o f f  f r e q u e n c y ,  t h e  i r i s  s u s c e p t a n c e s  

were made t o  c o i n c i d e  w i t h  t h e  v a l u e s  o f  t h e  d e s i g n  s u s c e p t a n c e s  a t  5 . 4 G c  

( t h e  l ower  band -edge  o r  c u t o f f  f r e q u e n c y )  r a t h e r  t h a n  a t  6 . 8  Gc ( t h e  band 

c e n t e r ) .  The  r e s p o n s e  o f  t h e  f i l t e r  was t h e n  compu ted  u s i n g  t h e  c u r v e s  

i n  F i g .  8 . 0 6 - 2 ( b )  t o  o b t a i n  t h e  n u m e r i c a l  v a l u e s  o f  t h e  s h u n t  s u s c e p t a n c e s  

a t  e ach  f r e q u e n c y .  I t  was found  t h a t  t h e  compu ted  d i f f e r e n c e  i n  p e r f o r m -  

a n c e  be tween  t h e  p h y s i c a l l y  more r e a l i s t i c  f i l t e r  [ b a s e d  on F i g .  8 . 0 6 - 2 ( b ) ]  

and t h e  one  a s s u m i n g  c o n s t a n t  i r i s  i n d u c t a n c e  ( i . e . ,  s u s c e p t a n c e  p r o p o r -  

t i o n a l  t o  g u i d e  w a v e l e n g t h )  c o u l d  h a r d l y  h a v e  b e e n  d e t e c t e d  e x p e r i m e n t a l l y .  

We t h e r e f o r e  c o n c l u d e  t h a t  t h e  i r i s e s  m i g h t  e q u a l l y  w e l l  h a v e  b e e n  d e s i g n e d  
t o  have  t h e  c o r r e c t  v a l u e s  a t  t h e  band c e n t e r .  



FIG. 9.07-1 EXPERIMENTAL WAVEGUIDE F ILTER FOR C-BAND 

The  w i d t h s  o f  t h e  i r i s - o p e n i n g s  f o r  t h e  e x p e r i m e n t a l  s i x - c a v i t y  

f i l t e r  ( s t a r t i n g  a t  one  e n d  and  g o i n g  t o w a r d s  t h e  c e n t e r )  a r e  1 . 0 2 6 ,  

0 . 9 5 8 ,  0 . 8 9 8 ,  and 0 .870  i n c h ,  r e s p e c t i v e l y .  The  c a v i t y  l e n g t h s  ( a g a i n  
s t a r t i n g  f rom o n e  e n d )  a r e  0 . 6 2 6 ,  0 . 6 5 3 ,  a n d  0 . 6 7 4  i n ~ h ~ r e s p e c t i v e l y .  

I n s e r t i o n  l o s s  and VSWR m e a s u r e m e n t s  we re  made ,  and  t h e  r e s u l t s  we re  a s  

shown i n  F i g .  9 . 0 7 - 2 .  W h i l e  t h e  g e n e r a l  s h a p e  o f  t h e  compu ted  r e s p o n s e  

c u r v e *  was f o l l o w e d  r e m a r k a b l y  w e l l  by t h e  m e a s u r e d  p o i n t s ,  a  s l i g h t  s h i f t  

t oward  t h e  h i g h e r - f r e q u e n c y  r e g i o n  i s  e v i d e n t .  T h i s  may b e  d u e  i n  p a r t  
t o  t h e  f a c t  t h a t  c a v i t y  l e n g t h s  were m e a s u r e d  b e t w e e n  c e n t e r  l i n e s  o f  t h e  

0 . 0 2 0 - i n c h  i r i ses  w i t h  no  a l l o w a n c e  f o r  i r i s  t h i c k n e s s .  

* The computed c u r v e  shown wa. programmed f o r  c o n s t a n t  i n d u c t a n c e ,  r . e . ,  s u a c e p t a n c s  d i r e c t l y  
p r o p o r t i o n a l  t o  g u i d e  wave length .  
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COMPUTED AND MEASURED PASS-BAND RESPONSE OF 
6-RESONATOR EXPERIMENTAL FILTER FOR C-BAND 

SOURCE: The Microwave Journal (see Ref. 17 by L. Young and B. M. Schiffman) 

FIG. 9.07-2 COMPUTED AND MEASURED PASS-BAND RESPONSE OF 
SIX-RESONATOR EXPERIMENTAL FILTER FOR C-BAND 

SEC. 9 . 0 8 ,  DESIGN FOR S P E C I F I E D  BAND EDGES A N D  STOP-BAND 
ATTENUATION 

T y p i c a l  c h a r a c t e r i s t i c s  o f  a  q u a r t e r - w a v e  t r a n s f o r m e r  and t h e  r e a c -  

t i v e l y  c o u p l e d  f i l t e r  d e r i v e d  f rom i t  a r e  shown i n  F i g .  9 . 0 8 - 1 .  The  

t r a n s f o r m e r  p r o t o t y p e  h a s  a  s y m m e t r i c a l  r e s p o n s e  ( b r o k e n  l i n e )  o n  a  f r e -  

quency s c a l e .  D e n o t i n g  i t s  band e d g e s  by f; and  f; ( F i g .  9 . 0 8 - I ) ,  t h e  

f r e q u e n c y  o f  s y n c h r o n o u s  o p e r a t i o n  ( S e c .  9 . 0 3 )  i s  a l s o  t h e  mean o r  c e n t e r  

f r e q u e n c y ,  

The r e s p o n s e  i s  s y m m e t r i c a l  a b o u t  f,,. When t h e  impedance  s t e p s  o f  t h e  

t r a n s f o r m e r  ( C h a p t e r  6 )  a r e  r e p l a c e d  by s e r i e s  c a p a c i t a n c e s  o r  s h u n t  i n -  

d u c t a n c e s ,  t h e n  t h e  new r e s p o n s e  i s  a s  i n d i c a t e d  by t h e  s o l i d  l i n e  i n  

F i g .  9 . 0 8 - 1 .  The f o l l o w i n g  g e n e r a l  c h a n g e s  s h o u l d  be  n o t e d :  
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SOURCE: Quarterly Progress Report 5 ,  Contract DA 36-039 SC-87398. SRI: 
reprinted in the IEEE Trans. PTGMTT (see Ref. 1 8  by Leo Young) 

FIG. 9.08-1 GENERAL CHARACTERISTICS OF REACTANCE-COUPLED 
HALF-WAVE FILTER AND QUARTER-WAVE TRANSFORMER 
WITH SAME DISCONTINUITY VSWRs AND SAME 
SYNCHRONOUS FREQUENCY 

( 1 )  The b a n d w i d t h  h a s  c o n t r a c t e d .  ( F o r  s m a l l  b a n d w i d t h s  t h i s  
i s  t h e  o n l y  c h a n g e  o f  m a j o r  c o n c e r n . )  

( 2 )  The l o w e r  band e d g e  h a s  c o n t r a c t e d  ( f ;  t o  f l )  more  t h a n  t h e  
u p p e r  band e d g e  ( f ;  t o  f 2 ) .  I f  b o t h  t h e  t r a n s f o r m e r  and 
t h e  f i l t e r  h a v e  t h e  same s y n c h r o n o u s  f r e q u e n c y  f o ,  t h e n  
t h e  new mean f r e q u e n c y  ( d e f i n e d  a s  t h e  a r i t h m e t i c  mean o f  
f ,  and f 2 )  

i s  g r e a t e r  t h a n  f o ,  t h e  f r e q u e n c y  o f  s y n c h r o n o u s  t u n i n g .  
A l s o ,  t h e  two c u r v e s  i n  t h e  u p p e r  s t o p  band c r o s s  e a c h  
o t h e r ,  and  t h e  r e s p o n s e  i s  n o t  s y m m e t r i c a l  a b o u t  f m .  

( 3 )  The r i p p l e  a m p l i t u d e  i n s i d e  t h e  p a s s  band ,  f o r  a  
T c h e b ~ s c h e f f  f i l t e r ,  h a s  n o t  c h a n g e d  a p p r e c i a b l y .  ( T h i s  
i s  n o t  i n d i c a t e d  i n  F i g .  9 . 0 8 - 1 . )  

B a n d w i d t h  Con t r ac t i on - -We  s h a l l  d e f i n e  t h e  f r a c t i o n a l  b a n d w i d t h  w 

o f  t h e  f i l t e r  i n  t h e  u s u a l  way by 

The f r a c t i o n a l  bandwid th  w q  o f  t h e  t r a n s f o r m e r  i s  

f ;  - f ;  
w =  

f 0 

The bandwid th  c o n t r a c t i o n  f a c t o r  ,L? i s  t h e n  d e f i n e d  by 

and c a n  be  o b t a i n e d  from t h e  g r a p h s  g i v e n  i n  F i g .  9 . 0 8 - 2  a s  a  f u n c t i o n  

o f  R ,  t h e  r a t i o  ( g r e a t e r  t h a n  o n e )  o f  t h e  o u t p u t  impedance  t o  t h e  i n p u t  

impedance  o f  t h e  t r a n s f o r m e r  p r o t o t y p e .  F o r  n a r r o w  b a n d w i d t h s ,  t h e  p a s s  

band i s  n e a r l y  s y m m e t r i c a l  on a  f r e q u e n c y  s c a l e ,  and  s o  t h e  b a n d w i d t h  

a l s o  d e t e r m i n e s  t h e  band e d g e s .  ( F o r  n a r r o w - b a n d  f i l t e r s ,  ,B w i l l  b e  c l o s e  

t o  0 . 5 ,  a s  i n  t h e  example  i n  S e c .  9 . 0 4 . )  F o r  w ide -band  f i l t e r s ,  t h e b a n d -  

w i d t h  c o n t r a c t i o n  d o e s  n o t  g i v e  t h e  who le  s t o r y ,  and  one  h a s  t o  c o n s i d e r  

t h e  movement o f  t h e  two band e d g e s  s e p a r a t e l y ,  a s  w i l l  now b e  shown.  

P a s s - B a n d  D i s t o r t i o n - - I t  w i l l  b e  shown i n  S e c .  9 . 1 0  t h a t  o n e  would 

e x p e c t  t h e  r e s p o n s e  t o  be  a p p r o x i m a t e l y  s y m m e t r i c a l  when p l o t t e d  n o t  

a g a i n s t  f r e q u e n c y ,  b u t  a g a i n s t  t h e  q u a n t i t y  

a s  shown i n  F i g .  9 . 0 8 - 3 ,  and  t h a t  f o r  h i g h l y  s e l e c t i v e  f i l t e r s  ( f i l t e r s  

c o r r e s p o n d i n g  t o  l a r g e  t r a n s f o r m e r  o u t p u t - t o - i n p u t  impedance  r a t i o ,  R ) ,  

t h e  e x p o n e n t  a is g i v e n  a p p r o x i m a t e l y  by 

1 
a = 1 + -  ( l a r g e  R )  

n  
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SOURCE: Quarterly Progress  Report 5, Contract DA 36-039 SC-87398, SRI: 
~ep r in t ed  in the I E E E  Trans. PTCMTT (see Ref. 1 8  by Leo Young) 

FIG. 9.08-2 BANDWIDTH CONTRACTION FACTOR PAS A 
FUNCTION OF n (Number of Resonators) AND R 
(Discontinuity-VSWR Product) 

SOURCE: Quarterly Progreas Report 5, Contract DA 36-039 SC-87398, SRl: 
reprinted in the I E E E  Trans. PTCMTT ( see  Ref. 18  by Leo Young) 

FIG. 9.08-3 A METHOD OF TRANSFORMING THE 
FREQUENCY VARIABLE TO OBTAIN AN 
APPROXIMATELY SYMMETRICAL FILTER 
CHARACTERISTIC 

I w h e r e  n i s  t h e  number o f  t r a n s f o r m e r  s e c t i o n s  o r  f i l t e r  r e s o n a t o r s .  (The  

c i  = 1 ,  c o r r e s p o n d i n g  t o  l a r g e  n ,  l e a d s  t o  a  s y m m e t r i c a l  r e s p o n s e  on 

a w a v e l e n g t h  s c a l e ,  a s  p r e v i o u s l y  n o t e d  by C ~ h n , ~  u s i n g  d i f f e r e n t  

a r g u m e n t s . )  

When R a p p r o a c h e s  u n i t y ,  a w i l l  a p p r o a c h  z e r o  f o r  s y n c h r o n o u s  f i l t e r s  

f o r  a l l  n, r e g a r d l e s s  o f  t h e  f r e q u e n c y  d e p e n d e n c e  o f  t h e  c o u p l i n g s .  Thus  

any c u r v e  i n  F i g .  9 . 0 8 - 4  must  p a s s  t h r o u g h  t h e  o r i g i n .  S i m i l a r l y ,  

Eq. ( 9 . 0 8 - 7 )  s u p p l i e s  t h e  a s y m p t o t e s  f o r  t h e  g r a p h  o f  F i g .  9 . 0 8 - 4 .  

E q u a t i o n  ( 9 . 0 8 - 6 )  c a n  be  made e x a c t  f o r  t h e  two b a n d - e d g e  f r e q u e n c i e s ,  

f l  and  f 2 ,  by d e f i n i n g  

I 2 5 10 2 0  5 0  100 

AVERAGE DISCONTINUITY -VSWR-V,,=R"'"" 
0-3527-372 

SOURCE: Quarterly P rogres s  Report 5, Contract DA 36-039 SC-87398. SRI: 
reprinted in the I E E E  Trans.  PTGMTT ( see  Ref. 1 8  by Leo Young) 

FIG. 9.08-4 PASS-BAND DISTORTION FACTOR, a, VERSUS AVERAGE DISCONTINUITY VSWR, 
VaV, SHOWING THE SOLUTIONS FOR FOURTEEN PARTICULAR CASES JOINED 
BY A SMOOTH CURVE 



where  

E q u a t i o n  ( 9 . 0 8 - 8 )  w i l l  h e n c e f o r t h  be  u s e d  a s  t h e  d e f i n i t i o n  o f  a .  The 

p a r a m e t e r  a was t h u s  c a l c u l a t e d  f o r  f o u r t e e n  w i d e l y  d i f f e r e n t  f i l t e r s  

whose r e s p o n s e  c u r v e s  had been  compu ted ,  h a v i n g  f rom n = 3  t o  8  r e s -  

o n a t o r s  p l u s  one  w i t h  n = 1 r e s o n a t o r ,  and f o r  b a n d w i d t h s  v a r y i n g  f rom 

narrow ( 1 0  p e r c e n t )  t h r o u g h  medium t o  wide  ( 8 5  p e r c e n t ) .  T h e s e  f o u r t e e n  

p o i n t s  a r e  p l o t t e d  i n  F i g .  9 . 0 8 - 4  a g a i n s t  t h e  a v e r a g e  d i s c o n t i n u i t y  VSWR, 

I t  i s  s e e n  t h a t  e l e v e n  p o i n t s  c a n  be j o i n e d  by a  smooth  c u r v e  r u n n i n g  

t h r o u g h  o r  v e r y  c l o s e  t o  them. The t h r e e  e x c e p t i o n s  a r e  e x p l a i n e d  a s  

f o l l o w s :  One i s  f o r  n = 1 ( s e e  S e c .  9 . 1 0 1 ,  and  t h e n  by Eq. ( 9 . 0 8 - 7 )  one 

would e x p e c t  a = 2 ,  which  i s  i n d e e d  t h e  c a s e .  The o t h e r  two p o i n t s ,  

shown by t r i a n g l e s ,  c o r r e s p o n d  t o  n o n - u n i f o r m - i m p e d a n c e  f i l t e r s ,  t o  be 

d e a l t  w i t h  i n  Sec .  9 . 1 1 .  I t  may be  c o n c l u d e d  t h a t  t h e  c u r v e  i n  F i g .  9 . 0 8 - 4  

can  g e n e r a l l y  be u s e d  t o  o b t a i n  t h e  p a s s - b a n d  d i s t o r t i o n  f a c t o r  LZ f o r  

f i l t e r s  w i t h  u n i f o r m  l i n e  impedances  ( a l l  Zi e q u a l  t o  Z, i n  F i g .  9 . 0 3 - l ) ,  

and h a v i n g  more t h a n  a b o u t  n = 3 r e s o n a t o r s .  

I t  c a n  b e  shown f rom Eqs .  ( 9 . 0 8 - 8 )  a n d  ( 9 . 0 8 - 9 )  t h a t  t h e  f r e q u e n c y  

d i s p l a c e m e n t  f a  - f o  i s  g i v e n  by 

where  

Th i s  e q u a t i o n  i s  e x a c t  when Eq. ( 9 . 0 8 - 8 )  i s  r e g a r d e d  a s  a  d e f i n i t i o n  a s  

i t  i s  h e r e .  E q u a t i o n  ( 9 . 0 8 - 1 1 )  i s  p l o t t e d  i n  F i g .  9 . 0 8 - 5 ,  showing  t h e  

r e l a t i v e  m e a n - t o - s y n c h r o n o u s  f r e q u e n c y  d i s p l a c e m e n t ,  ( f l  - f o ) / f m  a s  a  

f u n c t i o n  of  t h e  f r a c t i o n a l  b a n d w i d t h ,  w ,  f o r  s e v e r a l  v a l u e s  o f  t h e  

r a t e r  . [When n = 0 ,  t h e  d i s p l a c e m e n t  ( f a  - f o )  i s  z e r o . ]  

T h i s  c o m p l e t e s  t h e  d i s c u s s i o n  o f  t h e  e f f e c t  on  t h e  p a s s - b a n d  e d g e s  

of c h a n g i n g  t h e  d i s c o n t i n u i t i e s  f rom impedance  s t e p s  t o  r e a c t i v e  e l e m e n t s .  

We s h a l l  now show how t h e  s t o p - b a n d  a t t e n u a t i o n  i s  a f f e c t e d  by t h i s  change,  

0 0 . 2  0 . 4  0 . 6  0 . 8  I .O I .2 1.4 
FRACTIONAL BANDWIDTH - w z B w q  

A-3527-373 

SOURCE: Quarterly Progress Report 5, Contract DA 36-039 SC-87398. SRI: 
reprinted in the IEEE Trans. PTCMTT b e e  Ref. 18 by Leo Young) 

FIG. 9.08-5 RELATIVE DISPLACEMENT OF MEAN FREQUENCY 
FROM SYNCHRONOUS FREQUENCY, 8, AS A FUNCTION 
OF FRACTIONAL BANDWIDTH FOR SEVERAL VALUES 
OF cl 



S t o p - B a n d  A t t e n u a t i o n - - A  s i m p l e  p r o c e d u r e  w i l l  b e  d e v e l o p e d  f o r  pre- 

d i c t i n g  t h e  s k i r t  o f  t h e  f i l t e r  r e s p o n s e .  T h e  a p p r o x i m a t i o n s  made a r e  
s u c h  t h a t  t h i s  p r e d i c t i o n  h o l d s  c l o s e l y  o v e r  mos t  o f  t h e  r i s i n g  p o r t i o n  

o f  t h e  s k i r t ,  b u t  w i l l  b e  r e l a t i v e l y  l e s s  a c c u r a t e  v e r y  c l o s e  t o  t h e  band 

e d g e ,  a s  w e l l  a s  p a s t  t h e  f i r s t  a t t e n u a t i o n  maximum a b o v e  t h e  p a s s  band;  

t h e s e  a r e  n o t  s e r i o u s  l i m i t a t i o n s  i n  p r a c t i c e .  (The  a c c u r a c y  o b t a i n a b l e  
w i l l  b e  i l l u s t r a t e d  by  s e v e r a l  e x a m p l e s  i n  S e c s .  9 . 0 9  and 9 . 1 1 . )  

The e x c e s s  l o s s ,  &, o f  a  s t e p p e d - i m p e d a n c e  h a l f - w a v e  f i l t e r  i s  ( s e e  

S e c .  6 . 0 3 )  

where  R i s  t h e  p r o d u c t  o f  t h e  d i s c o n t i n u i t y  VSWRs 

H e r e ,  T,, i s  a  T c h e b ~ s c h e f f  p o l y n o m i a l  o f  o r d e r  n and po i s  a  c o n s t a n t  

( S e c .  6 . 0 2 1 ,  

The r e s p o n s e  o f  t h e  r e a c t i v e - e l e m e n t  f i l t e r  i s  a l s o  g i v e n  by 

Eq. ( 9 . 0 8 - 1 2 )  e x c e p t  t h a t  R i s  no l o n g e r  c o n s t a n t ,  s i n c e  t h e  V i  become 

f u n c t i o n s  o f  f r e q u e n c y ,  a s  a  r e s u l t  o f  t h e  c h a n g i n g  s u s c e p t a n c e s  o r  r e -  

a c t a n c e s .  T h e r e f o r e  a t  any  f r e q u e n c y  f [ a n d  f o r  t h e  s h u n t - s u s c e p t a n c e  

f i l t e r  o f  F i g .  9 . 0 3 - l ( b ) ]  

when a l l  t h e  l i n e  i m p e d a n c e s  a r e  e q u a l .  [ F o r  t h e  s e r i e s - r e a c t a n c e  f i l t e r  
o f  F i g . g . o Z - l ( a ) ,  s u b s t i t u t e  ( X , / Z o )  f o r  ( B ~ / Y ~ ) . ]  F o r  l a r g e  enough  Vi  and 

B , ,  Eq. ( 9 . 0 8 - 1 5 )  r e d u c e s  a p p r o x i m a t e l y  t o  

T h i s  e q u a t i o n  i s  a c c u r a t e  t o  w i t h i n  20  p e r c e n t  f o r  I B I  > 3;  8  p e r c e n t  

f o r  I B I  > 5 ;  2  p e r c e n t  f o r  I B I  > 7 ;  and 1 p e r c e n t  f o r  I B I  > 8 .  F o r  

s m a l l e r  1 ~ 1 ,  Eq.  ( 9 . 0 8 - 1 5 )  s h o u l d  be  u s e d .  The n u m e r i c a l  s o l u t i o n  o f  

Eq. ( 9 . 0 8 - 1 5 )  f o r  f = f o  i s  t h e  c u r v e  marked h = 1 i n  F i g .  9 . 0 3 - 2 .  

The a t t e n u a t i o n  o f  t h e  f i l t e r  on b o t h  s k i r t s  o f  t h e  r e s p o n s e  c u r v e  

may be e s t i m a t e d  s i m p l y  and f a i r l y  a c c u r a t e l y  f rom t h e  known a t t e n u a t i o n  

o f  t h e  t r a n s f o r m e r  p r o t o t y p e .  U s i n g  Eq. ( 9 . 0 8 - 1 6 ) ,  R becomes a  f u n c t i o n  

o f  f r e q u e n c y  s u c h  t h a t  a p p r o x i m a t e l y  

and by Eq. ( 9 . 0 8 - 1 2 )  t h e  a t t e n u a t i o n  w i l l  b e  m u l t i p l i e d  by t h e  same f a c t o r  

when R i s  l a r g e .  [More a c c u r a t e l y  Eq. ( 9 . 0 8 - 1 5 )  r a t h e r  t h a n  Eq. ( 9 . 0 8 - 1 6 )  

s h o u l d  be  u s e d  when some o f  t h e  V i  a r e  s m a l l . ]  Thus  t o  e s t i m a t e  t h e  f i l t e r  

a t t e n u a t i o n  a t  a  s p e c i f i e d  f r e q u e n c y  n o t  t o o  c l o s e  t o  t h e  band e d g e ,  we may 

f i r s t  f i n d  t h e  t r a n s f o r m e r  a t t e n u a t i o n  i n  d e c i b e l s  a t  t h e  c o r r e s p o n d i n g  

f r e q u e n c y  and t h e n  add 2 0 ( n  + 1) l o g l o  ( f o / f )  d e c i b e l s ,  a s  a l r e a d y  s t a t e d  

i n  Eq. ( 9 . 0 4 - 2 ) .  

By t h e  c o r r e s p o n d i n g  f r e q u e n c y ,  we h e r e  mean t h a t  f r e q u e n c y  

q u a r t e r - w a v e  t r a n s f o r m e r  c h a r a c t e r i s t i c ,  f!, ( F i g .  9 . 0 8 - 1 )  wh ich  

t a i n e d  from a  l i n e a r  s c a l i n g  

d e p e n d i n g  on  w h e t h e r  t h e  f r e q u e n c y  f i s  b  t h e  l ower  ba  

on t h e  

i s  ob-  

nd e d g e ,  f l ,  

o r  above  t h e  u p p e r  band e d g e ,  f 2  ( F i g .  9 . 0 8 - 1 ) .  

The  s t o p - b a n d  a t t e n u a t i o n  o f  t h e  f i l t e r  c a n  t h u s  be  p r e d i c t e d  f a i r l y  

a c c u r a t e l y  f rom t h e  p r o t o t y p e  t r a n s f o r m e r  c h a r a c t e r i s t i c .  More o f t e n  t h e  

r e v e r s e  p r o b l e m  h a s  t o  be  s o l v e d .  Thus  t h e  q u a n t i t i e s  s p e c i f i e d  may i n -  

c l u d e  t h e  s t o p - b a n d  a t t e n u a t i o n  o f  t h e  f i l t e r  a t  some f r e q u e n c y ,  b e s i d e s  

( f o r  i n s t a n c e )  t h e  p a s s - b a n d  r i p p l e  and  b a n d w i d t h ;  i t  i s  t h e n  r e q u i r e d  

t o  f i n d  t h e  minimum number o f  r e s o n a t o r s ,  n ,  t o  meet t h e s e  s p e c i f i c a t i o n s .  



T h i s  ~ r o b l e m  can be  s o l v e d  e x p l i c i t l y  o n l y  f o r  t h e  p r o t o t y p e  c i r c u i t  

( C h a p t e r  6 ) .  To f i n d  t h e  number o f  r e s o n a t o r s ,  n ,  f o r  t h e  r e a c t i v e l y  

c o u p l e d  h a l f - w a v e  f i l t e r  t o  meet a  s p e c i f i e d  p a s s - b a n d  r i p p l e ,  band-  

w i d t h ,  and s k i r t  s e l e c t i v i t y  ( s t o p - b a n d  a t t e n u a t i o n )  r e q u i r e s  t r i a l  

s o l u t i o n s  i n  which numbers a r e  assumed f o r  n  u n t i l  t h e  f i l t e r  mee t s  t h e  

s p e c i f i c a t i o n s .  Where E q s .  ( 9 . 0 8 - 1 7 )  and ( 9 . 0 4 - 2 )  a r e  v a l i d ,  t h i s  c a n  

be worked o u t  q u i c k l y ,  a s  i l l u s t r a t e d  i n  t h e  example  o f  S e c .  9 .04 .  

O t h e r w i s e  Eqs .  ( 9 . 0 8 - 1 3 )  and  ( 9 . 0 8 - 1 5 )  s h o u l d  be  u s e d ;  t h e  n u m e r i c a l  

s o l u t i o n  i s  f a c i l i t a t e d  by t h e  g r a p h  i n  F i g .  9 .03 -2 .  U s u a l l y  i t  i s  n o t  

n e c e s s a r y  t o  s o l v e  f o r  a l l  t h e  V i ,  b u t  t o  s o l v e  o n l y  f o r  o n e  a v e r a g e  

d i s c o n t i n u i t y  VSWR, Va,, g i v e n  by Eq. ( 9 . 0 8 - l o ) ,  which s a v e s  t i m e  i n  

making t h e  c a l c u l a t i o n s ;  t h i s  method i s  u s e d  i n  t h e  l a s t  example  o f  

S e c .  9 . 0 9 .  

T h i s  c o m p l e t e s  t h e  n e c e s s a r y  b a c k g r o u n d  m a t e r i a l  r e q u i r e d  f o r  t h e  

s e l e c t i o n  o f  t r a n s f o r m e r  p r o t o t y p e s  which w i l l  l e a d  t o  f i l t e r s  o f  s p e c i -  

f i e d  c h a r a c t e r i s t i c s .  The  d e s i g n  p r o c e d u r e  w i l l  now be  summarized.  

Summary of D e s i g n  P r o c e d u r e - - T h e  d e s i g n  p r o c e d u r e  t o  b e  f o l l o w e d  

t h e n  c o n s i s t s  o f  t h e  f o l l o w i n g  s t e p s :  

From t h e  f i l t e r  s p e c i f i c a t i o n s  s e l e c t  a  q u a r t e r - w a v e  
t r a n s f o r m e r  p r o t o t y p e  t h a t  may be  e x p e c t e d  t o  y i e l d  
a  f i l t e r  w i t h  n e a r l y  t h e  d e s i r e d  p e r f o r m a n c e .  (The 
s e l e c t e d  t r a n s f o r m e r  w i l l  h ave  t h e  same p a s s - b a n d  
r i p p l e  a s  s p e c i f i e d  f o r  t h e  f i l t e r . )  

D e t e r m i n e  p f rom F i g .  9 . 0 8 - 2 , , a n d  s o  e s t i m a t e  
w = pwq. I f  w i s  n o t  a s  s p e c i f i e d ,  r e p e a t  w i t h  
a n o t h e r  t r a n s f o r m e r  w i t h  d i f f e r e n t  bandwid th  w q  
u n t i l  t h i s  s p e c i f i c a t i o n  i s  me t .  

D e t e r m i n e  a f rom F i g .  9 . 0 8 - 4 ,  and  t h e n  6 = ( f a  - f o ) / f ,  
f rom F i g .  9 . 0 8 - 5 .  I f  ( f m  - f o )  i s  s m a l l  enough t o  be  
n e g l e c t e d  ( a s  w i l l  g e n e r a l l y  b e  t h e  c a s e  f o r  f i l t e r s  
be low a b o u t  1 0 - p e r c e n t  b a n d w i d t h ) ,  o m i t  S t e p s  4 and  5 .  

I f  ( f .  - f o )  i s  s i g n i f i c a n t ,  f i n d  f o  f rom 

T h i s  i s  t h e  s y n c h r o n o u s  f r e q u e n c y ,  wh ich  i s  a l s o  t h e  
c e n t e r  f r e q u e n c y  o f  t h e  t r a n s f o r m e r .  

( 5 )  The u p p e r  and l o w e r  b a n d - e d g e s ,  f 2  a n d  f l ,  a r e  n e x t  
f o u n d  from 

and 

( 6 )  The  v a l u e s  of t h e  r e a c t a n c e s  o r  s u s c e p t a n c e s  and t h e i r  
s p a c i n g s  a r e  g i v e n  i n  Eqs.  ( 9 . 0 3 - 1 )  t h r o u g h  ( 9 . 0 3 - 9 1 ,  
and  must  be  d e t e r m i n e d  a t  t h e  s y n c h r o n o u s  f r e q u e n c y  f o .  
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i s  s e c t i o n ,  two f u r t h e r  examples  w i l l  be g i v e n ,  i l l u s t r a t i n g  

t h e  d e s i g n  o f  a  medium-bandwidth  ( 2 0  p e r c e n t ) ,  and  a  l a r g e - b a n d w i d t h  

( 8 5  p e r c e n t )  f i l t e r  ( a l l  of  t h e  t y p e  shown i n  F i g .  9 . 0 3 - 1 ) .  T h e i r  p r e -  

d i c t e d  and a n a l y z e d  p e r f o r m a n c e s  w i l l  b e  compared  t o  show how a c c u r a t e  t h e  

method may b e  e x p e c t e d  t o  b e .  

A 2 0 - P e r c e n t - B a n d w i d t h  F i l t e r - - I t  i s  r e q u i r e d  t o  d e s i g n  a  f i l t e r  w i t h  

f o u r  r e s o n a t o r s  t o  have  a  p a s s - b a n d  VSWR of  b e t t e r  t h a n  1 . 1 0  o v e r  a  20- 

p e r c e n t  bandwid th .  

H e r e  V r  = 1 . 1 0  i s  l e s s  t h a n  1 + ( 2 ~ ) '  = 1 . 1 6 ,  b u t  n o t  v e r y  much l e s s ;  

r e f e r e n c e  t o  S e c .  9 . 0 1  s u g g e s t s  t h a t  t h i s  i s  a  b o r d e r l i n e  c a s e ,  f o r  which 

t h e  l ~ w - ~ a s s  p r o t o t y p e  w i l l  n o t  work t o o  w e l l ,  b u t  i s  w o r t h  t r y i n g .  
Us ing  

Eqs.  ( 9 . 0 4 - 1 )  and ( 9 . 0 3 - 4 ) ,  one  o b t a i n s *  

-- 

* Them r e a u l t a  c o u l d  a l s o  be obtained using Eqs. (1) t o  ( 5 )  of  Fig. 8.06-1 w i t h  x = r end 
Xj, j+l /zo  = Yo/Bj+l . 



w i t h  

= e4 = 1 2 7 . 6 7  d e g r e e s  1 

0, = e3 = 1 4 7 . 2 4  d e g r e e s  1 
which a l s o  c o r r e s p o n d s  t o  a  q u a r t e r - w a v e  t r a n s f o r m e r  o r  h a l f - w a v e  f i l t e r  

t h a t  would  h a v e  

The p r o d u c t  R = V I V  2 . . . V 5  i s  e q u a l  t o  6215  w h i c h  i s  o n l y  a b o u t  t e n  times 

( l / w ) "  = ( l / O . 2 I 4  = 625 ,  wh ich  c o n f i r m s  t h a t  t h i s  i s  a  b o r d e r l i n e  c a s e .  

b e e  Eq. ( 9 . 0 2 - 2 )  a n d  S e c .  6 . 0 9 . 1  

The a n a l y z e d  p e r f o r m a n c e  c u r v e s  o f  t h e  f i l t e r  d e f i n e d  by E q s .  ( 9 .09 -1 )  
and ( 9 . 0 9 - 2 ) ,  a n d  t h e  s t e p p e d - i m p e d a n c e  h a l f - w a v e  f i l t e r  d e f i n e d  by 

Eq. ( 9 . 0 9 - 3 ) ,  a r e  p l o t t e d  i n  F i g .  9 . 0 9 - 1 .   either c h a r a c t e r i s t i c  m e e t s  

t h e  s p e c i f i c a t i o n s  v e r y  c l o s e l y ,  b e c a u s e  t h e  n a r r o w - b a n d  c o n d i t i o n ,  

Eq. ( 9 . 0 9 - 2 ) ,  i s  n o t  s a t i s f i e d  w e l l  enough .  

L e t  u s  r e - d e s i g n  t h e  p r o t o t y p e  q u a r t e r - w a v e  t r a n s f o r m e r ,  o r  s t e p p e d -  
impedance  h a l f - w a v e  f i l t e r ,  a n d  d e r i v e  t h e  r e a c t a n c e - c o u p l e d  f i l t e r  from 

t h e  q u a r t e r - w a v e  t r a n s f o r m e r  p r o t o t y p e .  S e l e c t i n g  n = 4, w q  = 0 . 4 0 ,  
v, = 1 . 1 0 ,  w h i c h  by T a b l e  6 . 0 2 - 1  g i v e s  R = 5 6 2 5 ,  y i e l d s  
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FIG. 9.09-1 CHARACTERISTICS OF A FOUR-RESONATOR 
FILTER AND ITS STEPPED HALF-WAVE 
FILTER PROTOTYPE, BOTH BASED ON AN 
EQUAL-RIPPLE LOW-PASS LUMPED- 
CONSTANT PROTOTYPE 

T h e s e  VSWRs do n o t  seem t o  d i f f e r  g r e a t l y  f r o m  t h o s e  i n  Eq.  ( 9 . 0 9 - 3 ) ,  

y e t  t h e y  w i l l  b e  enough t o  t u r n  t h e  b r o k e n - l i n e  c h a r a c t e r i s t i c  i n  

F i g .  9 . 0 9 - 1  i n t o  an  e q u i - r i p p l e  p r o t o t y p e  r e s p o n s e  and  g r e a t l y  i m p r o v e d  

f i l t e r  r e s p o n s e .  

From F i g .  9 . 0 8 - 2  f o r  n = 4  and  R = 5 6 2 5 ,  'one o b t a i n s  P = 0 . 5 2 ,  S O  

t h a t  we would  e x p e c t  t h e  r e a c t a n c e - c o u p l e d  f i l t e r  b a n d w i d t h  t o  b e  

w = Pwq = 0 .52  X 0 . 4 0  = 0 . 2 0 8 .  From F i g .  9 . 0 8 - 4 ,  f o r  

we r e a d  o f f  a = 0 . 6 5 .  H e n c e ,  f rom F i g .  9 . 0 8 - 5 ,  6 = 0 . 0 0 6 4 .  T h e n ,  f rom 

Eq. ( 9 . 0 8 - 2 1 )  

where  f o  i s  t h e  s y n c h r o n o u s  f r e q u e n c y .  



F o r  t h e  r e a c t a n c e - c o u p l e d  f i l t e r  d e r i v e d  f r o m  E q s .  ( 9 . 0 9 - 4 )  u s i n g  

Eqs.  ( 9 . 0 3 - 4 )  and ( 9 . 0 3 - 9 )  ( w h i c h  assume t h a t  h i  = 1 )  

and t h e r e f o r e  

6, = 6, = 1 2 8 .  

6, = 8, = 1 4 5  

The a n a l y z e d  r e s p o n s e  o f  t h e  s t e p p e d -  

1 5  d e g r e e s  

( 9 . 0 9 - 8 )  

. 9 2  d e g r e e s  . 

i m p e d a n c e  h a l f - w a v e  f i l t e r  p r o -  
t o t y p e  c o r r e s p o n d i n g  t o  t h e  e x a c t  T c h e b y s c h e f f  t r a n s f o r m e r  d e s i g n  

Eq. ( 9 . 0 9 - 4 )  i s  shown by t h e  b r o k e n  l i n e  i n  F i g .  9 . 0 9 - 2 ,  and t h e  

r e a c t a n c e - c o u p l e d  f i l t e r  r e s p o n s e  i s  shown by t h e  s o l i d  l i n e  i n  t h a t  

f i g u r e .  T h i s  i s  a n  a p p r e c i a b l e  improvement  on t h e  p e r f o r m a n c e  o f  t h e  

p r e c e d i n g  f i l t e r  and  t r a n s f o r m e r  d e s i g n  b a s e d  on  t h e  f i r s t  p r o c e d u r e  u s i n g  

t h e  l u m p e d - c o n s t a n t  l o w - p a s s  p r o t o t y p e .  The  a n a l y z e d  p e r f o r m a n c e  o f  t h e  
f i l t e r  shows t h a t  f l  = 0 .909  f o  ( compare  0 .902  f o  p r e d i c t e d )  and  

f 2  = 1 . 1 0 3  f o  ( compare  1 . 1 1 0  f o  p r e d i c t e d ) .  T h e  f r a c t i o n a l  b a n d w i d t h  w 
i s  0 . 1 9 3  ( c o m p a r e  0 .208  p r e d i c t e d ) ,  and  t h e  r e l a t i v e  m e a n - t o - s y n c h r o n o u s  

f r e q u e n c y  d i s p l a c e m e n t  6 = (fn - fo)/fn i s  0 .006  ( j u s t  a s  p r e d i c t e d ) .  

I t  i s  c l e a r ,  compar ing  t h e  s o l i d  and  b r o k e n  l i n e s  o f  F i g .  9 . 0 9 - 2 ,  

t h a t  t h e r e  i s  s t i l l  room f o r  improvemen t .  The  main  d i s c r e p a n c y  b e t w e e n  
p r e d i c t e d  and a n a l y z e d  p e r f o r m a n c e  i s  i n  t h e  b a n d w i d t h ,  wh ich  i s  1 . 5  p e r -  

c e n t  l e s s  t h a n  p r e d i c t e d .  T h e  r e a s o n  f o r  t h i s  i s  t h e  d i f f e r e n c e  i n  t h e  
f r e q u e n c y  s e n s i t i v i t i e s  o f  t h e  r e s o n a t o r  l e n g t h s ;  t h i s  d i f f e r e n c e  i s  
t y p i c a l  o f  f i l t e r s  i n  which  some o f  t h e  d i s c o n t i n u i t y  VSWRs a r e  i n  t h e  

n e i g h b o r h o o d  o f  2 . 0  and o t h e r s  d i f f e r  a p p r e c i a b l y  from t h e  v a l u e  2 . 0  [ s e e  

Eq. ( 9 . 0 9 - 4 ) l .  The r e a s o n  f o r  t h i s  w i l l  be e x p l a i n e d  i n  S e c .  4 . 1 0 .  

SOURCE: Quarterly Progress  Report 5, Contract DA 36-039 SC-87398, SRI: 
reprinted in the IEEE Trans. PTCMTT ( s e e  Ref.  18 by Leo Young) 

FIG. 9.09-2 CHARACTERISTICS OF A FOUR-RESONATOR 
FILTER AND ITS EQUAL-RIPPLE STEPPED 
HALF-WAVE FILTER PROTOTYPE 

T h i s  example  w i l l  t h e n  be  c o n t i n u e d  i n  t h e  f i r s t  example  o f  S e c .  9 . 1 1 ,  

where i t  w i l l  b e  shown t h a t  t h e  l i n e - l e n g t h  f r e q u e n c y - s e n s i t i v i t i e s  c a n  

be  e q u a l i z e d  by  o p t i m i z i n g  t h e  l i n e  impedances  ( i n s t e a d  o f  s e t t i n g  them 
a l l  e q u a l  t o  e a c h  o t h e r ) .  T h i s  g e n e r a l l y  l e a d s  t o  a  v e r y  n e a r l y  e q u a l -  

r i p p l e  c h a r a c t e r i s t i c  w i t h  s l i g h t l y  more t h a n  t h e  p r e d i c t e d  b a n d w i d t h .  

An 8 5 - P e r c e n t - B a n d w i d t h  F i l t e r - - A  p s e u d o - h i g h - p a s s  f i l t e r  o f  e i g h t  

s e c t i o n s  i s  t o  b e  d e s i g n e d  t o  h a v e  a  p a s s - b a n d  f r e q u e n c y  r a t i o ,  f 2 / f l j  

of a p p r o x i m a t e l y  2 . 5 : 1 ,  a n d  a  p a s s - b a n d  a t t e n u a t i o n  ( r e f l e c t i o n - l o s s )  o f  

l e s s  t h a n  0 . 1  d b .  

S i n c e  fz/fl = 2 . 5 ,  

We d e s i g n  a  q u a r t e r - w a v e  t r a n s f o r m e r  p r o t o t y p e  by  t h e  m o d i f i e d  f i r s t -  

o r d e r  t h e o r y  o f  S e c .  6 . 0 7 ,  s p e c i f y i n g  r q  = 1 .40 ,  a n d  a  0.2 d b  p a s s - b a n d  

a t t e n u a t i o n  r i p p l e .  ( T h i s  a p p r o x i m a t e  method a l w a y s  g i v e s  s l i g h t l y  l e s s  

b a n d w i d t h ,  a n d  s l i g h t l y  l e s s  r i p p l e ,  t h a n  s p e c i f i e d . )  
The m o d i f i e d  f i r s t -  

o r d e r  t h e o r y  g i v e s  



From F i g .  9 . 0 8 - 2 ,  t h e  bandwid th  c o n t r a c t i o n  f a c t o r  i s  P = 0 . 6 3 ,  and t h e  

e x p e c t e d  f r a c t i o n a l  bandwid th  o f  t h e  f i l t e r  i s  t h e r e f o r e  w = pwq = 0 . 8 5 ,  

w h i c h  i s  t h e  s p e c i f i e d  b a n d w i d t h .  

We a l s o  f i n d  f rom F i g .  9 . 0 8 - 4  t h a t  f o r  V a v  = ( 1 1 8 . 4 ) ~ ' ~  = 1 . 7 0 ,  

= 0 . 3 6 .  T h e n ,  f rom F i g .  9 . 0 8 - 5 ,  one o b t a i n s  6 = 0 .06 .  T h e r e f o r e ,  by 

Eq. ( 9 . 0 8 - 2 1 1 ,  w e  s h a l l  e x p e c t  

Fo r  t h e  r e a c t a n c e - c o u p l e d  f i l t e r  d e r i v e d  f rom Eq. ( 9 . 0 9 - 1 0 )  by u s e  

of  t h e  e q u a t i o n s  i n  S e c .  9 . 0 3  w i t h  h i  = 1, 

The computed r e s p o n s e  i s  shown by t h e  b r o k e n  l i n e  i n  F i g .  9 . 0 9 - 3 ,  

and i t  i s  s e e n  t h a t  i t  h a s  a  p a s s - b a n d  a t t e n u a t i o n  of  l e s s  t h a n  0 .12  db  

o v e r  a  1 3 5 - p e r c e n t  b a n d w i d t h  (wq = 1 . 3 5 ) .  T h e  q u a r t e r - w a v e  t r a n s f o r m e r  
o u t p u t - t o - i n p u t  impedance  r a t i o ,  R, is 

- ... ,." ,.- -.- 
NORMALIZED FREQUENCY - f/f, 

9URCE: Quarterly Progress Report 5, Contract DA 36-039 SC-87398, SRI: 
reprinted in the IEEE Trans. PTCMTT (see Ref. 18 by Leo Young) 
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and 

9,  = 100 .60  d e g r e e s  1 
Q 2  = Q7 = 104 .85  d e g r e e s  

e 3  = e 6  = 108.17 d e g r e e s  

e 4  = e 5  = 1 0 9 . 6 1  d e g r e e s  



The r e s p o n s e  o f  t h i s  f i l t e r  was a n a l y z e d  and  i s  shown by t h e  s o l i d  l i n e  

i n  F i g .  9 . 0 9 - 3 .  I t  i s  s e e n  t h a t  t h e  a t t e n u a t i o n  i n  t h e  p a s s  band  i s  

eve rywhere  l e s s  t h a n  0 . 1  d b ,  t h e  f r a c t i o n a l  b a n d w i d t h  w i s  0 . 8 5 ,  t h e  

band e d g e s  a r e  f z  = 1 . 5 3  and f l  = 0 . 6 2 ,  and  t h e  r e l a t i v e  m e a n - t o -  

s y n c h r o n o u s  f r e q u e n c y  d i s p l a c e m e n t  i s  0 . 0 7 5 ;  a l l  o f  t h e s e  a r e  v e r y  c l o s e  

t o  t h e  p r e d i c t e d  v a l u e s .  

The s t o p - b a n d  a t t e n u a t i o n  was worked o u t  a t  two f r e q u e n c i e s ,  a s  e x -  
p l a i n e d  i n  S e c .  9 . 0 8 ;  F i g .  9 . 0 3 - 2 ,  b a s e d  on Eq. ( 9 . 0 8 - 1 5 1 ,  was u t i l i z e d  

i n  t h i s  c a l c u l a t i o n .  T h e s e  two  p o i n t s  a r e  shown by t h e  s m a l l  r i n g s  i n  

F i g .  9 . 0 9 - 3 ,  and f a l l  v e r y  c l o s e  t o  t h e  c u r v e  o b t a i n e d  by a n a l y s i s  on a  

d i g i t a l  compu te r .  

T h i s  f i l t e r  was u s e d  t o  o b t a i n  t h e  " s t a n d a r d i z e d "  p s e u d o - h i g h - p a s s  

f i l t e r s  o f  S e c .  9 . 0 6 .  The t h r e e  c e n t r a l  e l e m e n t s ,  which a r e  n e a r l y  e q u a l  

( 0 . 7 0 0 ,  0 . 7 2 5 ,  0 . 7 0 0 ) ,  we re  a v e r a g e d  a n d  e a c h  s e t  e q u a l  t o  0 . 7 1 0 .  T h i s  

e l e m e n t  was t h e n  r e p e a t e d  p e r i o d i c a l l y  a s  e x p l a i n e d  i n  S e c .  9 . 0 6 ,  w i t h  t h e  
r e s u l t s  shown i n  F i g s .  9 . 0 6 - 1  and  9 . 0 6 - 2 .  

SEC.  9 . 1 0 ,  DERIVATION OF THE DATA FOR BANDWIDTH CONTRACTION 
AND PASS- BAND DISTORTION 

The b a s i c  i d e a s  on t h e  c o n v e r s i o n  o f  t h e  q u a r t e r - w a v e  t r a n s f o r m e r  

p r o t o t y p e  i n t o  a  f i l t e r  w i t h  r e a c t i v e  e l e m e n t s  have  a l r e a d y  been  e x -  

p l a i n e d .  The d e s i g n  p r o c e d u r e  and n u m e r i c a l  d a t a  were  p r e s e n t e d - m o s t l y  

w i t h o u t  p r o o f .  We now p r o c e e d  t o  f i l l  i n  t h e  d e t a i l s  of  t h e  o v e r - a l l  

p i c t u r e  p r e s e n t e d  t h u s  f a r .  

Bandwid th  C o n t r a c t  ion--The f r e q u e n c y - s e n s i t i v i t y 1 * 2  ( a n d  h e n c e  band-  

w i d t h )  o f  t h e  r e a c t a n c e - c o u p l e d  f i l t e r s  o f  F i g .  9 . 0 3 - 1  i s  s t r o n g l y  i n -  

f l u e n c e d  by t h e  a n g l e s  # '  and  #" ,  i n  F i g .  9 . 0 3 - 3 ,  which c o r r e s p o n d  t o  t h e  
e l e c t r i c a l  d i s t a n c e s  be tween  t h e  c o u p l i n g  r e a c t a n c e  and t h e  two r e f e r e n c e  

p l a n e s  w i t h  p u r e  i m a g i n a r y  r e f l e c t i o n  c o e f f i c i e n t  on e i t h e r  s i d e  o f  i t .  

Both  r e f e r e n c e  p l a n e s  move c l o s e r  t o  t h e  r e a c t a n c e  a s  t h e  f r e q u e n c y  i n -  

c r e a s e s ,  p a r t l y  ( 1 1 ,  b e c a u s e  a  g i v e n  e l e c t r i c a l  s e p a r a t i o n  s h r i n k s  i n  

p h y s i c a l  l e n g t h  a s  t h e  f r e q u e n c y  i n c r e a s e s ;  and  p a r t l y  ( 2 )  b e c a u s e  t h e  
e l e c t r i c a l  l e n g t h s  $' and #" d o  n o t  r e m a i n  c o n s t a n t ,  b u t  d e c r e a s e  w i t h  
i n c r e a s i n g  f r e q u e n c y  f o r  s h u n t  i n d u c t a n c e s  ( o r  s e r i e s  c a p a c i t a n c e s ) ,  

s i n c e  t h e i r  s u s c e p t a n c e  ( o r  r e a c t a n c e )  v a l u e s  d e c r e a s e  w i t h  f r e q u e n c y .  

The movement o f  t h e  r e f e r e n c e  p l a n e s  i s  m e a s u r e d  q u a n t i t a t i v e l y  by two 

p a r a m e t e r s  d '  and d"  d e f i n e d  by 

where  t h e  f i r s t  t e r m  i n  t h e  s q u a r e  b r a c k e t s  c o r r e s p o n d s  t o  Cause  ( 1 1 ,  

and t h e  s e c o n d  t e r m  t o  C a u s e  ( 2 ) .  The p a r a m e t e r s  d '  and d "  m e a s u r e  t h e  

r a t e  of  c h a n g e  w i t h  f r e q u e n c y  o f  t h e  r e f e r e n c e  p l a n e s  i n  F i g .  9 . 0 3 - 3  a s  

compared t o  t h e  r a t e  of  c h a n g e  o f  a  4 5 - d e g r e e  l i n e  l e n g t h .  The s p a c i n g s  

0 ,  ( F i g .  9 . 0 3 - 1 )  be tween r e a c t a n c e s  a r e  g i v e n  a t  band c e n t e r  by 

Eq. ( 9 . 0 3 - 7 ) .  The s p a c i n g s  a r e  t h u s  a l w a y s  l o n g e r  e l e c t r i c a l l y  t h a n  90-  

d e g r e e s ,  and a c c o r d i n g l y  i n c r e a s e  w i t h  f r e q u e n c y  f a s t e r  t h a n  d o e s  a  

q u a r t e r - w a v e  l i n e  l e n g t h .  The  bandwid th  o f  t h e  f i l t e r  i s  t h e r e f o r e  a lways  

l e s s  t h a n  t h e  bandwid th  o f  i t s  q u a r t e r - w a v e  t r a n s f o r m e r  p r o t o t y p e  by a  

f a c t o r  p. The  bandwid th  c o n t r a c t i o n  f a c t o r  a s s o c i a t e d  w i t h  t h e  i t h  r e s -  

o n a t o r  o r  l i n e - s e c t i o n ,  p i ,  is g i v e n  by 

I f  a l l  t h e  p i ,  d e f i n e d  i n  Eq. ( 9 . 1 0 - 3 )  were  t h e  same f o r  a  p a r t i c u l a r  

f i l t e r ,  t h e n  i t s  bandwid th  would  be  

where  w q  i s  t h e  q u a r t e r - w a v e  t r a n s f o r m e r  bandwid th .  U s u a l l y  t h e  P i  a r e  

n o t  a l l  e q u a l ;  t h e  s m a l l e s t  o f  t h e  pi s h o u l d  t h e n  be u s e d  f o r  P  i n  t h e  

above e q u a t i o n  s i n c e  t h e  most  f r e q u e n c y - s e n s i t i v e  r e s o n a t o r  t e n d s  t o  

d e t e r m i n e  t h e  f i l t e r  b a n d w i d t h .  

To c o v e r  b o t h  t h e  s e r i e s - r e a c t a n c e - c o u p l e d  and t h e  s h u n t - s u s c e p t a n c e -  

c o u p l e d  f i l t e r  i n  F i g .  9 . 0 3 - 1 ,  we s h a l l  u s e  t h e  word i m m i t t a n c e  when we 

mean impedance  f o r  t h e  f o r m e r  [ ~ i ~ .  9 . 0 3 - l ( a ) l  o r  a d m i t t a n c e  f o r  t h e  

l a t t e r  [ ~ i ~ .  9 . 0 3 - l ( b ) ] .  When t h e  l i n e  i m m i t t a n c e s  a r e  a l l  e q u a l ,  t h e n  

d :  = d  b u t  when t h e  l i n e  i m m i t t a n c e s  a r e  n o t  a l l  e q u a l ,  t h e  d :  and d r  



a r e  n o t  e q u a l :  The l a r g e r  d i  i s  a s s o c i a t e d  w i t h  t h e  $J, i n  t h e  l i n e  w i t h  

l ower  i m m i t t a n c e ,  and i s  g i v e n  by t h e  s o l i d  l i n e s  i n  F i g .  9 . 1 0 - 1 ;  con -  

v e r s e l y ,  t he  smaller d i  i s  a s s o c i a t e d  w i t h  t h e  $, i n  t h e  l i n e  w i t h  h i g h e r  

i m m i t t a n c e ,  and i s  g i v e n  by t h e  b r o k e n  l i n e s  i n  F i g .  9 . 1 0 - 1 .  The c u r v e s  

i n  F i g .  9 . 1 0 - 1  were  worked o u t  f o r  i n f i n i t e s i m a l  b a n d w i d t h s ,  f o l l o w i n g  

E q s .  ( 9 . 1 0 - 1 )  and ( 9 . 1 0 - 2 ) .  The c u r v e s  i n  F i g .  9 . 1 0 - 2  were worked o u t  

f o r  s e v e r a l  f i n i t e  b a n d w i d t h s ,  r e p l a c i n g  t h e  d i f f e r e n t i a l  t e r m s  i n  

Eqs .  ( 9 . 1 0 - 1 )  and ( 9 . 1 0 - 2 )  by f i n i t e  i n c r e m e n t  r a t i o s ;  o n l y  f i l t e r s  w i t h  

u n i f o r m  l i n e  i m m i t t a a c e s  ( h i  = 1 )  a r e  shown i n  F i g .  9 . 1 0 - 2 .  F i g u r e  9 . 0 8 - 2  

was t h e n  worked o u t 1  w i t h  t h e  a i d  o f  t h e  c u r v e  h  = 1 i n  F i g .  9 . 1 0 - 1 ,  which 

i s  t h e  same a s  t h e  c u r v e  w = 0 i n  F i g .  9 . 1 0 - 2 .  

I t  h a s  been  found  t h a t  F i g .  9 . 0 8 - 2  h a s  p r e d i c t e d  b a n d w i d t h s  c l o s e l y  

f o r  a l l  t h e  f i l t e r s  a n a l y z e d .  The a c c u r a c y  i s  l e a s t  f o r  f i l t e r s  t h a t  

h a v e  a  c o n s i d e r a b l e  s p r e a d  among t h e i r  Pi. A c c o r d i n g  t o  Eq. ( 9 . 1 0 - 3 )  

and F i g .  9 . 1 0 - 1  o r  9 . 1 0 - 2 ,  t h i s  o c c u r s  when t h e  d i s c o n t i n u i t y  VSWRs i n  

one  f i l t e r  r a n g e  i n t o  and o u t  o f  t h e  n e i g h b o r h o o d  o f  2 . 0 ,  whe re  d c a n  

change  a p p r e c i a b l y  i n  e i t h e r  d i r e c t i o n  ( s e e  F i g s .  9 . 1 0 - 1  o r  9 . 1 0 - 2 ) .  I n  
t h a t  c a s e  i t  may b e  w o r t h w h i l e  t o  o p t i m i z e  t h e  l i n e  i m p e d a n c e s ,  a s  i n  
S e c .  9 .11 .  

P a s s - B a n d  D i s t o r t i o n - T h e  d i s t i n c t i o n  h a s  a l r e a d y  been  made b e t w e e n  

t h e  s y n c h r o n o u s  f r e q u e n c y ,  f o ,  and t h e  a r i t h m e t i c  mean f r e q u e n c y ,  fa, 

which i s  a l w a y s  g r e a t e r  t h a n  f o ,  s i n c e  t h e  p o r t i o n  o f  t h e  p a s s  band  above  

t h e  s y n c h r o n o u s  f r e q u e n c y  i s  g r e a t e r  t h a n  t h e  p o r t i o n  below.  T h i s  
phenomenon i s  due  t o  t h e  d e c l i n i n g  d i s c o n t i n u i t y  VSWRs w i t h  i n c r e a s i n g  

f r e q u e n c y  when s e r i e s  c a p a c i t a n c e s  o r  s h u n t  i n d u c t a n c e s  a r e  u s e d ,  and 
may be  p u t  on  a  q u a n t i t a t i v e  f o o t i n g  a s  f o l l o w s .  

The e x c e s s  l o s s  h a s  a l r e a d y  been  c i t e d  i n  Eq. ( 9 . 0 8 - 1 2 ) .  C o n s i d e r  

now t h e  c a s e  o f  l a r g e  R ,  s o  t h a t  t h e  a p p r o x i m a t i o n  Eq. ( 9 . 0 9 - 1 6 )  h o l d s .  
The l a r g e s t  t e r m  o f  t h e  T c h e b y s c h e f f  p o l y n o m i a l  w e l l  i n s i d e  t h e  s t o p - b a n d  

i s  t h e  h i g h e s t  power o f  ( s i n  @/,uo), and t h e n  Eq. ( 9 . 0 8 - 1 2 )  r e d u c e s  t o  

1.u 
DISCONTINUITY VSWR - V  8-3527-380R 

FIG. 9.10-1 CHART DETERMINING FREQUENCY SENSITIVITIES OF INDIVIDUAL 
RESONATORS OVER SMALL FREQUENCY BANDS 

I 
D I S C O N T I N U I T Y  V S W R  - V  8-5527-381 

FIG. 9.10-2 CHART DETERMINING FREQUENCY SENSITIVITIES OF INDIVIDUAL 
RESONATORS OVER VARIOUS FRACTIONAL BANDWIDTHS, w ,  WHEN 
THE LINE IMPEDANCES ARE CONSTANT 
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SOURCE: Quarterly Progress Report 5, Contract DA 36-039 SC-87398. SRI; 
reprinted in the IEEE Trans. PTCMTT (see Ref. 18 by Leo Young) 

FIG. 9.10-3 CHARACTERISTICS OF A SINGLE-SECTION FILTER AND ITS 
QUARTER-WAVE TRANSFORMER PROTOTYPE 

where Af = f - fo. This proves the result stated in Eqs. (9.08-6) and 
(9.08-7); for large n and large R, the exponent of (f/fo) reduces to 
unity, leading to a more symmetrical response on a wavelength (rather 

than frequency) scale. As a counter-example, a single-resonator filter 
(n = 1) was analyzed and a calculated from Eq. (9.08-8). The response 
of this filter (n = 1, R = 1000) is plotted in Fig. 9.10-3, and it was 

found that (using the 14-db band edges for convenience) a = 1.97, which 

is close to 1 + l/n = 2.0 as required for n = 1. This point is the square 
one in Fig. 9.08-4. 

The circle points in Fig. 9.10-3 were calculated using the approximate 

Eq. (9.04-2) in conjunction with the prototype characteristic. 
This method 

is seen once again to give excellent results. 

The choice of mapping or frequency distortion by a function of the 

form Af/(f/fOla, was based on the above considerations, and is further 
developed in Sec. 9.08. 

SEC. 9 

It 

single 

.11, OPTIMIZING THE LINE IMPEDANCES 

was pointed out in Sec. 9.10 that different line sections of a 

filter yield different bandwidth contraction factors p i ,  because 
the quantities d:, dy vary from resonator to resonator. So far we have 

only considered examples of filters with uniform line impedances, where 

a11 Z ,  are equal to Z,,. In deriving the discontinuity parameters, the 

discontinuity VSWR is always set equal to the corresponding step-VSWR of 

the prototype transformer; this VSWH can be obtained in the filter by an 
infinity of combinations of reactances with impedance ratios, since the 

two parameters h and u (Fig. 9.03-3) produce the desired discontinuity 

VSWR. Thus, if V, is given and h l  is selected, X, or B, is determined 
from Eqs. (9.03-2) and (9.03-3). The problem is now to select h i ,  V i  

being given, so that all the Pi are the same. This'can easily be done 

with the aid of Fig. 9.10-1, and is best illustrated by an example. 

A 20 Percent-Bandwidth Filter with Optimized Line Impedances-It is 

required to improve the performance of the filter defined by Eqs. (9.09-7) 

and (9.09-8) and shown by the solid line in Fig. 9.09-2. 

We see from Eq. (9.09-4) that the V, range in numerical value from 

about 2 to nearly 14. Thus the different resonators have appreciably 

different P , ,  and we might expect a noticeable deviation from an equal- 
ripple response, as already pointed out for this situation. 

Here we have a four-resonator filter. The two central resonators, 

Nos. 2 and 3, are each flanked by discontinuity VSWRs of 8.45 and 13.71, 

according toEq. (9.09-4). Keeping the characteristic admittances of the 

lines forming the four resonators the same, we find from Fig. 9.10-1 

that di = 0.88 (corresponding to h = 1, V = 8.45) and dj = 0.93 (corre- 

sponding to h = 1, V = 13.71), so that for the two central resonators, 

d;' + d; dl + d; 
- = -  = 0.905 

2 2 

If we kept the input and output admittances the same also, so that 

h = 1 at both the first and last discontinuities, then for V = 2.398 

[E~. (9.09-4)] we would have d; = 0.50, which is considerably different 

from the other d. Since d; = d;' = 0.88, this would yield (dy + d;)/2 = 

0.69 for the outside resonators, which differs appreciably from 0.905 for 

the central resonators. Hence the relatively poor response shape in 



F i g .  9 . 0 9 - 2 .  To o b t a i n  a  v a l u e  o f  (d ;  + d ; ) / 2  e q u a l  t o  0 . 9 0 5 ,  a s  f o r  t h e  
c e n t r a l  r e s o n a t o r s ,  r e q u i r e s  d i  = d i  = 0 .93 .  We t h e n  f i n d  t h e  v a l u e  o f  h 

from F i g .  9 . 1 0 - 1 .  F i n d i n g  t h e  i n t e r s e c t i o n  o f  t h e  h o r i z o n t a l  l i n e  f o r  

d  = 0 . 9 3  w i t h  t h e  v e r t i c a l  l i n e  f o r  V = 2 . 3 9 8  g i v e s  h = 2 . 3 8 .  One t h e n  

o b t a i n s  t h e  f o l l o w i n g  f i l t e r  p a r a m e t e r s :  

B3 - = -3 .433  
1 

8, = 8, = 1 5 8 . 7 4  

8, = 8 ,  = 1 4 5 . 9 2  

The p r e d i c t e d  bandwid th  i s  

deg""es i 
d e g r e e s  

The a p p e a r a n c e  o f  s u c h  a  f i l t e r  w i t h  s h u n t - i n d u c t i v e  i r i s e s  i n  wave- 

g u i d e ,  o r  w i t h  s e r i e s - c a p a c i t i v e  g a p s  i n  s t r i p  l i n e ,  i s  shown i n  
F i g .  9 . 1 1 - 1 .  

The a n a l y z e d  p e r f o r m a n c e  o f  t h i s  f i l t e r  i s  shown by t h e  s o l i d  l i n e  

(marked C )  i n  F i g .  9 . 1 1 - 2 .  The o r i g i n a l  d e s i g n  o b t a i n e d  f rom a  lumped-  
c o n s t a n t  l o w - p a s s  p r o t o t y p e  t h r o u g h  Eqs .  ( 9 . 0 4 - 1 )  and ( 9 . 0 3 - 4 )  i s  shown 

f o r  c o m p a r i s o n  (Curve  A ) ;  t h e  p e r f o r m a n c e  o f  t h e  f i l t e r  b a s e d  on  t h e  same 

t r a n s f o r m e r  p r o t o t y p e  a s  Curve  C, b u t  w i t h  u n i f o r m  l i n e  i m p e d a n c e s  ( a l l  
h i  = 1: s e e  S e c .  9 . 0 9 )  i s  a l s o  shown ( C u r v e  B). I t  i s  s e e n  t h a t  t h e  new 

d e s i g n ,  a f t e r  o p t i m i z i n g  t h e  l i n e  i m p e d a n c e s ,  g i v e s  an  a l m o s t  e q u a l - r i p p l e  

r e s p o n s e .  I t s  b a n d w i d t h  i s  2 1 . 8  p e r c e n t ,  s l i g h t l y  more t h a n  t h e  2 1 . 0  p e r -  

c e n t  p r e d i c t e d  

The d i s t o r t i o n  f a c t o r ,  a ,  worked o u t  from Eq. ( 9 . 0 8 - 8 )  amounts  t o  

1 . 3 3 ,  and i s  shown by t h e  u p p e r  t r i a n g l e - p o i n t  i n  F i g .  9 . 0 8 - 4 .  I t  d o e s  

no t  f a l l  i n  i i n e  w i t h  t h e  p o i n t s  c a l c u l a t e d  f o r  t h e  c o n s t a n t - l i n e -  

impedance  f i l t e r s .  Most o f  t h e  improvement  i n  bandwid th  i s  due  t o  an  

i n c r e a s e  i n  t h e  u p p e r  b a n d - e d g e  f r e q u e n c y  ( F i g .  9 . 1 1 - 2 )  which h a s  t h e  

e f f e c t  of  i n c r e a s i n g  a .  A p o s s i b l e  e x p l a n a t i o n  i s  t h a t  V1 and V5 a r e  

l a r g e l y  d e t e r m i n e d  by t h e  impedance  s t e p ,  which i s  i n d e p e n d e n t  o f  f r e -  

quency ,  w h e r e a s  t h e  o t h e r  VSWHs (V2,  V1, and V4) a r e  d e t e r m i n e d  by r e a c t -  

a n c e s  which d e c r e a s e  a s  t h e  f r e q u e n c y  r i s e s .  T h i s  c o r r e s p o n d s ,  on  t h e  

h i g h - f r e q u e n c y  s i d e ,  t o  h a v i n g  t h e  f i l t e r  t u r n  i n t o  a  w ide r -band  d e s i g n ,  

t h u s  p u s h i  .ng  t h e  u p p e r  band e d g e  even  f u r t h e r  up .  The _ r e  h o l d s  

SOURCE: Quarterly Progress Report 5, Contract DA 36-039 SC-87398. SRI; 
reprinted in the I E E E  Trans. PTGMTT (see  Ref. 18 by Leo Young) 

FIG. 9.11-1 FILTERS IN WHICH THE LINE IMPEDANCES CHANGE 
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NORMALIZED FREQUENCY - t/fo 
B-3527-3m4 

SOURCE: Quarterly Progress Report 5, Contract DA 36-039 SC-87398, SRI; 
reprinted in the IEEE Trans. PTCMTT (see Ref. 18 by 'Leo Young) 

FIG. 9.11-2 CHARACTERISTICS IN  THE PASS BAND OF 
THREE FILTERS DESIGNED TO THE SAME 
SPEC1 FlCATlONS 

( t h e  V i  i n c r e a s e )  be low band c e n t e r ,  which h e r e  p a r t l y  c a n c e l s  t h e  i m -  

p rovemen t  i n  bandwid th  d u e  t o  making a l l  P i  e q u a l  t o  one  a n o t h e r ,  and  s o  

t h e  l o w e r  band  e d g e  moves l e s s .  Thus  a i n c r e a s e s  by Eq. ( 9 . 0 8 - 8 ) .  

The p a s s -  and s t o p - b a n d  r e s p o n s e s  o f  t h e  two f i l t e r s  b a s e d  on t h e  

same q u a r t e r - w a v e  t r a n s f o r m e r  p r o t o t y p e  a r e  shown i n  F i g .  9 . 1 1 - 3 ,  a l o n g  

w i t h  t h e  r e s p o n s e  o f  t h e  t r a n s f o r m e r .  The c i r c l e - p o i n t s  were  c a l c u l a t e d  

f o r  t h e  u n i f o r m - l i n e  impedance  f i l t e r  c u r v e  (B i n  F i g s .  9 . 1 1 - 2  and - 3 )  

by t h e  method d e s c r i b e d  i n  S e c .  9 . 0 8 .  

A 30 Percent-Bandwidth F i l t e r - T h e  f o l l o w i n g  example  i s  worked t h e  

same way a s  t h e  p r e v i o u s  o n e ,  and o n l y  t h e  r e s u l t s  a r e  g i v e n .  I t  is  
b a s e d  on t h e  f o l l o w i n g  p r o t o t y p e  T c h e b y s c h e f f  t r a n s f o r m e r :  

R = 1 0 0  

w q  = 0 . 6  
R i p p l e  VSWR = 1 . 0 7  i 

Trans fo rmed  i n t o  a  f i l t e r  w i t h  u n i f o r m  l i n e  impedances ,  t h e  r e a c t a n c e -  

p a r a m e t e r s  and  l i n e - l e n g t h s  a r e  

= O q  = 1 1 1 . 5 7  d e g r e e s  I 
8* = 8,  = 1 2 4 . 8 8  d e g r e e s  . ) ( 9 . 1 1 - 9 )  

- FILTER WITH CONSTANT IMPEDANCES, 
60 AND PREDICTED POINTS (') 

--- FILTER WITH OPTIMUM IMPEDANCES 

50 --- QUARTER-WAVE TRANSFORMER 
PROTOTYPE 

\ \ 

NORMALIZED FREQUENCY - f/b 
m-3521-YO 

SOURCE: Quarterly Progress Report 5, Contract DA 36-039 SC-87398, SRI; 
reprinted in the l E E E  Trans. PTCMTT ( s ee  Ref. 18 by Leo Young) 

FIG. 9.11.3 CHARACTERISTICS IN THE STOP BAND OF A QUARTER-WAVE TRANSFORMER 
PROTOTYPE AND OF THE TWO FILTERS (B and C in Fig. 9.11-2) DERIVED 
FROM THE TRANSFORMER 



FILTER WITH: 
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MMALIZEO FREQUENCY - f/to 
8-3527-3S6 

SOURCE: Quarterly Progress Report 5 .  Contract DA 36-039 SC-87398, SRI; 
reprinted in the IEEE Trans. PTGMTT (see  Ref. 18 by Leo Young) 

FIG. 9.1 1-4 PASS-BAND CHARACTERISTICS OF THREE 
FILTERS DESIGNED FOR 30-PERCENT 
BANDWIDTH 

T h i s  example  h a s  b e e n  s e l e c t e d  b e c a u s e  o f  t h e  a p p r e c i a b l e  s p r e a d  of  

V i  a b o u t  t h e  n u m e r i c a l  v a l u e  2 .  

B1 = = 1 4 2 . 6 2  d e g r e e s  

( 9 . 1 1 - 1 2 )  

O2 = 8, = 1 2 4 . 8 8  d e g r e e s  . 

The p h y s i c a l  a p p e a r a n c e  o f  t h i s  f i l t e r  would a g a i n  b e  a s  i n d i c a t e d  
I 

, i n  F i g .  9 . 1 1 - 1 .  The r e s p o n s e  o f  t h e  f i l t e r  was a n a l y z e d  and i s  p l o t t e d  

a s  Curve  B i n  F i g .  9 . 1 1 - 4 .  Aga in  t h e r e  i s  v e r y  n e a r l y  an  e q u a l - r i p p l e  

r e s p o n s e ,  and  t h e  bandwid th  i s  3 6 . 2  p e r c e n t ,  wh ich  i s  s l i g h t l y  more  t h a n  

t h e  35 .8  p e r c e n t  p r e d i c t e d .  Most o f  t h e  improvement  i n  b a n d w i d t h  o c c u r s  
I 

above t h e  b a n d - c e n t e r .  A  p o s s i b l e  e x p l a n a t i o n  f o r  t h i s  e f f e c t  was o f f e r e d  

i n  t h e  p r e v i o u s  example .  The d i s t o r t i o n  f a c t o r  a h e r e  e q u a l s  1 . 0 7  and i s  

shown by t h e  l o w e r  t r i a n g l e - p o i n t  i n  F i g .  9 . 0 8 - 4 .  

With  t h e s e  v a l u e s  o f  V i  and a l l  Z i  = Z o ,  F i g .  9 . 1 0 - 1  shows a  c o n -  

s i d e r a b l e  v a r i a t i o n  i n  d ,  f rom a b o u t  0 . 2 5  t o  0 . 7 5 ,  and we would e x p e c t  
t h e s e  d i f f e r e n t  f r e q u e n c y  s e n s i t i v i t i e s  t o  r e s u l t  i n  a  p o o r  r e s p o n s e  

s h a p e .  T h i s  i s  b o r n e  o u t  i n  F i g .  9 . 1 1 - 4 ,  i n  wh ich  Curve  A  i s  t h e  f i l t e r  

r e s p o n s e  a n a l y z e d  on a  d i g i t a l  c o m p u t e r .  I t  h a s  a  bandwid th  o f  3 0 . 7  p e r -  
c e n t ,  compared t o  3 4 . 7  p e r c e n t  p r e d i c t e d .  

To o p t i m i z e  t h e  l i n e  i m p e d a n c e s ,  F i g .  9 . 1 0 - 1  d e t e r m i n e s  h = 1 . 5  f o r  

t h e  e n d - c o u p l i n g s ,  and o n e  o b t a i n s  

Most o f  t h e  e n d - c o u p l i n g  VSWR o f  1 . 5 3 8  i s  due  t o  t h e  impedance  r a t i o  

of 1 . 5 0 ,  and o n l y  a  s m a l l  p a r t  i s  due  t o  t h e  n o r m a l i z e d  s u s c e p t a n c e  o f  

0 .1198.  S i n c e  most  o f  Vl = V 5  = 1 . 5 3 8  i s  due  t o  t h e  1 . 5 : l  impedance  s t e p ,  

i t  i s  o f  p r a c t i c a l  i n t e r e s t  t o  i n v e s t i g a t e  what h a p p e n s  t o  t h e  p e r f o r m a n c e  

when t h e  r e a c t a n c e s  B1 and B S  a r e  l e f t  o u t ,  and t h e  impedance  r a t i o  i s  

i n c r e a s e d  t o  1 . 5 3 8 : l  t o  a c h i e v e  t h e  d e s i r e d  V1 and Vs. The r e s u l t  i s  

B1 = Bh = 150 .45  d e g r e e s  

= 8, = 1 2 4 . 8 8  d e g r e e s  . 



NORMALIZED FREQUENCY - f/fo 
B-3W7-3W 

50 -  

SOURCE: Quarterly Progress Report 5. Contract DA 36-039 SC-87398. SRI; 
re~rinted in the IEEE Trans. PTGMTT (see Ref. 18 by Leo Young) 
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FIG. 9.1 1-5 STOP-BAND CHARACTERISTICS OF THREE FILTERS 
DESIGNED FOR 30-PERCENT BANDWIDTH 

The a n a l y z e d  p e r f o r m a n c e  o f  t h i s  f i l t e r  i s  shown i n  F i g .  9 . 1 1 - 4  b y C u r v e C .  

B- OPTIMUM IMPEDANCES 
C- STEPPED-IMPEDANCE 

END -COUPLINGS 
- 

- 

a 
J 

2 0  - - 

T h i s  f i l t e r  h a s  p a s s e d  beyond  t h e  optimum p e r f o r m a n c e ;  t h e  p e a k  r e f l e c t i o n  

h a s  a l m o s t  d o u b l e d  i n  t h e  p a s s  band ,  and  t h e  r i p p l e s  a r e  no  l o n g e r  e q u a l .  

Even s o ,  t h i s  p e r f o r m a n c e  i s  b e t t e r  t h a n  t h e  f i r s t  d e s i g n  w i t h  u n i f o r m  

l i n e  i m p e d a n c e s  (Curve  A) .  

The p a s s -  and s t o p - b a n d  c h a r a c t e r i s t i c s  o f  a l l  t h r e e  f i l t e r s  a r e  

shown i n  F i g .  9 . 1 1 - 5 ,  and a r e  i n  t h e  e x p e c t e d  r e l a t i o n s h i p s  t o  e a c h  o t h e r ,  

s i n c e  t h e  end  c o u p l i n g s  o f  D e s i g n  A  have  t h e  mos t  c a p a c i t a n c e ,  and  t h o s e  
o f  D e s i g n  C  h a v e  n o n e .  

SEC.  9 . 1 2 ,  REACTANCE- COUPLED QUARTER- WAVE FILTERS 

The c i r c u i t  o f  a  r e a c t a n c e - c o u p l e d  q u a r t e r - w a v e  f i l t e r  i s  shown i n  

F i g .  9 . 1 2 - 1 .  T h i s  c i r c u i t  was d e s c r i b e d  i n  S e c .  8 . 0 8 ,  where  i t  was 

d e s i g n e d  f rom a  l u m p e d - c o n s t a n t  l o w - p a s s  p r o t o t y p e .  The method o f  
C h a p t e r  8  h o l d s  up t o  a b o u t  20  p e r c e n t  b a n d w i d t h s  f o r  r e a c t a n c e - c o u p l e d  

h a l f - w a v e  f i l t e r s ,  and up t o  a b o u t  40 p e r c e n t  b a n d w i d t h s  f o r  

r e a c t a n c e - c o u p l e d  q u a r t e r - w a v e  f i l t e r s ,  which g e n e r a l l y  have  a b o u t  t w i c e  

the f r a c t i o n a l  b a n d w i d t h  when t h e  d i s c o n t i n u i t y  VSWRs a r e  t h e  same. 

The s p a c i n g s  be tween  e l e m e n t s  a t  t h e  s y n c h r o n o u s  f r e q u e n c y  a r e  

o n e - q u a r t e r  w a v e l e n g t h  l e s s  t h a n  f o r  a  r e a c t a n c e - c o u p l e d  h a l f -  

wave f i l t e r  ( F i g .  9 . 0 3 - 1 )  h a v i n g  t h e  same d i s c o n t i n u i t y  VSWRs, and c a n  

thus  be d e t e r m i n e d  w i t h  t h e  a i d  o f  Eq. ( 9 . 0 3 - 7 )  o r  Eq. ( 9 . 0 3 - 9 ) .  [The 

s e r i e s  r e a c t a n c e s  and s h u n t  s u s c e p t a n c e s  a r e  s t i l l  d e t e r m i n e d  from t h e  

q u a r t e r - w a v e  t r a n s f o r m e r  p r o t o t y p e  step-VSWRs u s i n g  Eqs .  ( 9 . 0 3 - 3 )  o r  

( 9 . 0 3 - 4 1 . 1  The q u a n t i t i e s  d '  and  d"  can  be  d e t e r m i n e d  from F i g .  9 . 1 0 - 1 ,  

but t h e  new b a n d w i d t h  c o n t r a c t i o n  o r  e x p a n s i o n  f a c t o r  P' i s  g i v e n  by 

i n s t e a d  o f  Eq. ( 9 . 1 0 - 3 ) .  The b a n d w i d t h  c o n t r a c t i o n  f a c t o r  P' f o r  t h e  

qua r t e r -wave  r e a c t a n c e - c o u p l e d  f i l t e r  c a n  a l s o  be d e t e r m i n e d  f rom 

Fig.  9 . 0 8 - 2  by s u b s t i t u t i n g  

and may t h u s  b e  e x p e c t e d  t o  b e  g r e a t e r  t h a n  u n i t y .  T h i s  i s  i n  k e e p i n g  

with t h e  f a c t  t h a t  a l l  d i s c o n t i n u i t i e s  a r e  s e p a r a t e d  by d i s t a n c e s  l e s s  

than o n e - q u a r t e r  w a v e l e n g t h  a t  t h e  s y n c h r o n o u s  f r e q u e n c y ,  and t h e  band-  

width o f  t h e  f i l t e r  may t h e r e f o r e  b e  e x p e c t e d  t o  b e  g r e a t e r  t h a n  t h e  

bandwidth o f  i t s  p r o t o t y p e  q u a r t e r - w a v e  t r a n s f o r m e r .  

SHUNT SUSCEPTANCES 
OR SERIES REACTANCES: X 2  

ELECTRICAL LENGTHS: L-8+4+-9+k- 9 i 4  

LAST ELEMENT : B,,, OR X,,, 
a - 3 5 2 7 - 3 5 5  

FIG. 9.12-1 REACTANCE-COUPLED QUARTER-WAVE FILTER 



However,  s i n c e  a  common 9 0 - d e g r e e  l i n e - l e n g t h  ( a t  t h e  s y n c h r o n o u s  

f r e q u e n c y )  h a s  been  removed f rom e a c h  c a v i t y ,  t h e  r e m a i n i n g  l i n e  l eng ths  

d i f f e r  r e l a t i v e l y  more among t h e m s e l v e s  t h a n  b e f o r e ,  s o  t h a t  o n e  shou ld  

e x p e c t  l e s s  t h a n  t h e  b a n d w i d t h s  p r e d i c t e d  by Eq. ( 9 . 1 2 - 2 )  and F i g .  9.08-2, 

T h i s  w i l l  b e  s o  e s p e c i a l l y  f o r  s t r o n g  c o u p l i n g s ,  when t h e  s m a l l  s e r i e s  
r e a c t a n c e s  o r  s h u n t  s u s c e p t a n c e s  l e a d  t o  c l o s e  s p a c i n g s  (much l e s s  t h a n  

90 e l e c t r i c a l  d e g r e e s )  b e t w e e n  d i s c o n t i n u i t i e s .  Then a  s m a l l  a b s o l u t e  
d i f f e r e n c e  i n  r e s o n a t o r  l e n g t h s  may amount t o  a  l a r g e  r e l a t i v e  d i f f e r e n c e ,  

P r e d i c t i o n  by t h e  p r e v i o u s  method t h e n  becomes l e s s  and l e s s  a c c u r a t e  as 

t h e  c o u p l i n g s  become s t r o n g e r  (wh ich  u s u a l l y  means ,  a s  t h e  b a n d w i d t h  
i n c r e a s e s ) .  

We s h a l l  now c o n v e r t  two h a l f - w a v e  r e a c t a n c e - c o u p l e d  f i l t e r s  (one 

na r row-band  and one  w i d e - b a n d )  i n t o  q u a r t e r - w a v e  r e a c t a n c e - c o u p l e d  f i l t e r s .  

The p a r a m e t e r s  o f  t h e  f i l t e r s  a r e  o b t a i n e d  on making t h e  s u b s t i t u t i o n s  

and 

( t h a t  i s ,  a l l  s e p a r a t i o n s  a r e  r e d u c e d  by 9 0  d e g r e e s ) .  The n u m e r i c a l  
v a l u e s  w i l l  t h e r e f o r e  n o t  b e  r e p e a t e d .  

A 20 P e r c e n t  Bandwid th  F i l t e r - I t  i s  d e s i r e d  t o  d e s i g n  a  qua r t e r -wave  

r e a c t a n c e - c o u p l e d  f i l t e r  t o  h a v e  a  p a s s - b a n d  VSWR o f  b e t t e r  t h a n  1 . 1 0  over 

a  2 0 - p e r c e n t  b a n d w i d t h ,  and  t o  h a v e  a t  l e a s t  22 db o f  a t t e n u a t i o n  a t  a  fie* 8 

i quency Z o p e r c e n t a b o v e b a n d  c e n t e r  ( i . e . , t w i c e  a s  f a r  o u t  a s  t h e  d e s i r e d  band i 
e d g e ) .  ! 
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A q u a r t e r - w a v e  f i l t e r  o f  s u f f i c i e n t l y  s m a l l  b a n d w i d t h  s h o u l d  h a v e  

t w i c e  t h e  f r a c t i o n a l  b a n d w i d t h  o f  a  h a l f - w a v e  f i l t e r  w i t h  t h e  same d i s -  

c o n t i n u i t y  VSWRs. T h e r e f o r e  t h e  r e a c t a n c e - c o u p l e d  q u a r t e r - w a v e  f i l t e r  

above  and t h e  r e a c t a n c e - c o u p l e d  h a l f - w a v e  f i l t e r  o f  S e c .  9 . 0 4  

be  d e r i v a b l e  f rom t h e  same p r o t o t y p e  t r a n s f o r m e r ,  p r o v i d e d  t h a t  t h e  

s k i r t  s e l e c t i v i t y  r e q u i r e s  t h e  same number o f  r e s o n a t o r s .  The a t t e n u a -  

t i o n  t w i c e  a s  f a r  above  band c e n t e r  a s  t h e  band e d g e  was s p e c i f i e d  a s  

25 db i n  t h e  example  o f  S e c .  9 . 0 4 ,  b u t  i s  o n l y  22 db  i n  t h e  p r e s e n t  

example.  We mus t  e x p e c t  a  l o w e r  a t t e n u a t i o n  i n  t h e  p r e s e n t  example  s i n c e  

by Eq. ( 9 . 0 8 - 1 7 )  R i s  r e d u c e d  by a  f a c t o r  ( 1 . 2 ) ' ~  i n s t e a d  of  ( l . l ) 1 4  a s  

b e f o r e .  T h e r e f o r e  we may a g a i n  t r y  n  = 6 r e s o n a t o r s .  

The p a s s - b a n d  r e s p o n s e  o f  t h i s  f i l t e r  i s  shown i n  F i g .  9 . 1 2 - 2 .  I t s  

bandwidth i s  a l m o s t  t w i c e  ( 1 9 . 1  p e r c e n t  a s  compared w i t h  9 . 7  p e r c e n t )  t h e  

bandwidth o f  t h e  h a l f - w a v e  r e a c t a n c e - c o u p l e d  r e s o n a t o r  f i l t e r ,  wh ich  i s  

a l s o  shown f o r  c o m p a r i s o n .  T h i s  was e x p e c t e d .  The d e t e r i o r a t i o n  i n  t h e  

r e s p o n s e  s h a p e  can  b e  a t t r i b u t e d  t o  t h e  r e l a t i v e l y  g r e a t e r  d i f f e r e n c e s  i n  

t he  f r e q u e n c y  s e n s i t i v i t i e s  o f  t h e  s p a c i n g s .  

The a t t e n u a t i o n  a t  f / f o  = 1 . 2  may be  c a l c u l a t e d  u s i n g  Eq. ( 9 . 0 4 - 5 ) ,  

which shows t h a t  t h e  a t t e n u a t i o n  i s  11.1 db l e s s  t h a n  t h e  a t t e n u a t i o n  o f  

t h e  q u a r t e r - w a v e  t r a n s f o r m e r  a t  ( f / f O )  = 1 . 2 ,  o r  t h e  a t t e n u a t i o n  o f  t h e  

s t epped- impedance  h a l f - w a v e  f i l t e r  a t  f / f O  = 1 . 1 ,  which a r e  b o t h  3 5 . 5  db 

a s  i n  Sec .  9 . 0 4 .  T h e r e f o r e  t h e  a t t e n u a t i o n  i s  p r e d i c t e d  t o  be  3 5 . 5  - 
11.1 = 2 4 . 4  db  a t  ( f / f o )  = 1 . 2 ,  a s  shown by t h e  c i r c l e  i n  F i g .  9 . 1 2 - 3 .  

I t  l i e s  a l m o s t  r i g h t  on  t h e  compu ted  c u r v e .  

The s t o p - b a n d  r e s p o n s e  up  t o  t h e  f i f t h  ha rmon ic  i s  a l s o  shown i n  

F ig .  9 . 1 2 - 3 .  N o t i c e  t h a t  t h e  f i r s t  s p u r i o u s  r e s p o n s e  o c c u r s  a t  t h e  t h i r d  

( r a t h e r  t h a n  a t  t h e  s e c o n d )  h a r m o n i c ;  t h e  n e x t  o c c u r s  a t  t h e  f i f t h ;  and 

S O  on.  

A H i g h - P a s s  F i l t e r - T h i s  f i l t e r  i s  b a s e d  on t h e  l a s t  example  i n  

Set. 9 . 0 9 ,  wh ich  h a d  a n  8 5 - p e r c e n t  bandwid th .  I t  i s  beyond t h e  p o i n t  

where any r e l i a b l e  p r e d i c t i o n s  c a n b e  made. The r e s p o n s e  o f  t h i s  f i l t e r  

i s  shown i n  F i g .  9 . 1 2 - 4 .  Compare t h i s  f i g u r e  w i t h  F i g .  9 . 0 9 - 3 ,  f o r  t h e  

r e a c t a n c e - c o u p l e d  h a l f  -wave f i l t e r .  The e l e m e n t  s p a c i n g s  a r e  now a l l  

between 1 0  and 20 d e g r e e s ,  mak ing  t h i s  a l m o s t  a  l u m p e d - c o n s t a n t  h i g h - p a s s  



FIG. 9.12-2 PASS-BAND CHARACTERISTICS OF 
REACTANCE-COUPLED QUARTER- 
WAVE AND HALF-WAVE FILTERS 

NORMALIZED FREQUENCY - f / to  

A-3327-3.9 

FIG. 9.12-3 STOP-BAND CHARACTERISTICS OF REACTANCE-COUPLED 
QUARTER-WAVE FILTER 

f i l t e r .  I n  f a c t ,  t h e  g e n e r a l  b e h a v i o r  o f  t h i s  f i l t e r  a t  t h e  l o w - f r e q u e n c y  

end can  b e  p r e d i c t e d  mos t  s i m p l y  by t r e a t i n g  i t  a s  a  l u m p e d - c o n s t a n t  f i l t e r  

~ t s  l ower  c u t o f f  f r e q u e n c y ,  b a s e d  on t h e  f o r m u l a  1 / a ,  i s  some s o r t  o f  a  

g e o m e t r i c  mean o f  t h e  numbers  i n  Eq. ( 9 . 0 9 - 1 3 1 ,  a s  a f r a c t i o n  o f  t h e  s y n -  

ch ronous  f r e q u e n c y .  The a c t u a l  c u t o f f  f r e q u e n c y  f rom F i g .  9 . 1 2 - 4  a s  a  

f r a c t i o n  o f  t h e  s y n c h r o n o u s  f r e q u e n c y  l i e s  be tween  0 . 4  and 0 . 5 ,  w h e r e a s  t h e  

unweighted  g e o m e t r i c  mean o f  t h e  numbers  i n  Eq. ( 9 . 0 9 - 1 3 )  i s  0 . 5 1 .  

As t h e  f r e q u e n c y  i n c r e a s e s ,  t h e  f i r s t  s t o p  band s h o u l d  o c c u r  when t h e  

e lement  s p a c i n g s  a r e  a b o u t 9 0  d e g r e e s .  With s p a c i n g s o f  f r o m 1 0 t o  20  d e g r e e s  

a t  t h e  s y n c h r o n o u s  f r e q u e n c y ,  t h i s  s t o p  band i s  e x p e c t e d t o  b e  c e n t e r e d  a t  

a b o u t 6 t i m e s t h e  s y n c h r o n o u s  f r e q u e n c y .  T h e p e a k  a t t e n u a t i o n w i l l  t h e n  b e  

d e t e r m i n e d b y  m u l t i p l y i n g  a l l  t h e  d i s c o n t i n u i t y  VSWRs a t  t h i s  f r e q u e n c y ,  which 

y i e l d s  an  i n p u t  VSWRof 2 . 6 .  The p e a k  a t t e n u a t i o n  s h o u l d  t h e r e f o r e  f a l l  j u s t  

s h o r t  o f  1 db .  A l l  t h i s  a p p e a r s  t o  b e  b o r n e  o u t  by F i g .  9 . 1 2 - 4 ,  a s  f a r  a s  

i t  i s  p l o t t e d .  

NORMALIZED FREQUENCY - f/fp 
LI-3527-390 

FIG. 9.12-4 CHARACTERISTICS OF A QUARTER-WAVE REACTANCE-COUPLED 
PSEUDO-HIGH-PASS FILTER 
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CHAPTER 2 0 

BAND-PASS FILTERS, CONTINUED 
(BAND-PASS AND PSEUDO HIGH-PASS FILTERS CONSISTING OF LINES 

AND STUBS, OR PARALLEL-COUPLED ARRAYS OF LINES) 

SEC. 1 0 . 0 1 ,  CONCERNING THE FILTERS A N D  
DESIGN PROCEDUHES I N  THIS  CHAPTEN 

A sunlmary o f  t h e  v a r i o u s  f i l t e r  s t r u c t u r e s  d e s c r i b e d  i n  t h i s  c h a p t e r ,  

a l o n g  w i t h  t h e i r  v a r i o u s  a d v a n t a g e s  and d i s a d v a n t a g e s  a s  compared w i t h  t h e  

o t h e r  t y p e s  o f  L a n d - p a s s  f i l t e r s  i n  C h a p t e r s  0 ,  9 ,  and 1 0  w i l l  b e  f o u n d  i n  

S e c .  8 . 0 1 .  Wide-band f i l t e r s  o f  some o f  t h e  f o r m s  d i s c u s s e d  i n  t h i s  

c h a p t e r  a r e  a l s o  u s e f u l  f o r  microwave h i g h - p a s s  a p p l i c a t i o n s .  

The d e s i g n  p r o c e d u r e s  i n  t h i s  c h a p t e r  make u s e  o f  t h e  l umped-e l emen t  

l o w - p a s s  p r o t o t y p e  f i l t e r s  i n  C h a p t e r  4 ,  a s  d i d  t h e  p r o c e d u r e s  i n C h a p t e r 8 .  

Though t h e  p r o c e d u r e s  i n  C h a p t e r  8  a r e  r e l a t i v e l y  s i m p l e  and  q u i t e  v e r s a -  

t i l e ,  t h e y  i n v o l v e  f i x i n g  t!le v a r i o u s  f i l t e r  p a r a m e t e r s  a t  t h e  midband 

f r e q u e n c y ,  a n d  a s  a  r e s u l t  t h e  d e s i g n  e q u a t i o n s  o b t a i n e d  a r e  a c c u r a t e  

o n l y  f o r  f i l t e r s  o f  na r row o r  m o d e r a t e  b a n d w i d t h .  The d e s i g n  p r o c e d u r e s  

i n  t h i s  c h a p t e r  f i x  v a r i o u s  f i l t e r  p a r a m e t e r s  a t  b a n d - e d g e  f r e q u e n c i e s  

a s  w e l l  a s  a t  midband .  Fo r  t h i s  r e a s o n ,  good r e s u l t s  a r e  i n s u r e d  when 

t h e s e  p r o c e d u r e s  a r e  u s e d  f o r  e i t h e r  n a r r o w -  o r  w i d e - b a n d w i d t h  d e s i g n s .  

T1:ough t h e  me thod  u s e d  f o r  d e r i v i n g  t h e  e q u a t i o n s  i n  t h i s  c h a p t e r  i s  

v e r y  g e n e r a l  i n  i t s  p o t e n t i a l  a p p l i c a t i o n ,  i n  mos t  c a s e s  o f  w i d e - b a n d  

f i l t e r s  c o n s i s t i n g  o f  l i n e s  w i t h  l u m p e d - r e a c t a n c e  c o u p l i n g s  ( s u c h  a s  t h e  

f i l t e r s  i n  C l ~ a p t e r  g ) ,  t h e  d e s i g n  v i e w p o i n t  o f  t h i s  c h a p t e r  l e a d s  t o  

s i m u l t a n e o u s  e q u a t i o n s  t h a t  a r e  a  c o m b i n a t i o n  o f  t r a n s c e n d e n t a l  a n d  

a l g e b r a i c  f u n c t i o n s ,  which a r e  v e r y  t e d i o u s  t o  s o l v e .  I n  s u c h  c a s e s  

d e s i g n  f rom s t e p - t r a n s f o r m e r  p r o t o t y p e s ,  a s  d e s c r i b e d  i n  C h a p t e r  9 ,  i s  

e a s i e r .  Ifowever,  i n  many c a s e s  o f  f i l t e r s  c o n s i s t i n g  o f  l i n e s  and  s t u b s  

o r  p a r a l l e l  a r r a y s  o f  l i n e s ,  t h e  methods  o f  t h i s  c h a p t e r  g i v e  e q u a t i o n s  

t h a t  a r e  v e r y  e a s y  t o  u s e  

U s i n g  a  l o w - p a s s  p r o t o t y p e  f i l t e r  h a v i n g  a  r e s p o n s e  a s  shown i n  

F i g .  1 0 . 0 1 ( a ) ,  a l o n g  w i t h  t h e  me thods  o f  t h i s  c h a p t e r ,  a  b a n d - p a s s  f i l t e r  

r e s p o n s e  a p p r o x i m a t e l y  l i k e  t h a t  i n  F i g .  1 0 . 0 1 ( b )  w i l l  b e  o b t a i n e d .  



SOURCE: Final Report, Contract DA 36-039 SC-74862, SRI; reprinted 
in IRE Trans. PCMTT (see Ref. 1 by G. L. Matthaei) 

FIG. 10.01-1 LOW-PASS PROTOTYPE RESPONSE AND CORRESPONDING 
BAND-PASS FILTER RESPONSE 

Most of the filters in this chapter have additional pass bands centered 

at 3wo, So0, etc., though some (which will be noted) tend to have spurious 

pass bands also at 2wo, hO, etc., if they are not perfectly tuned. 
The 

fractional bandwidth 
(9 - wl) 

w =  
o (10.01-1) 
0 

of the band-pass filter pass band may be fixed by the designer as desired. 

As was done in Chapter 8, in order to estimate the rate of cutoff to be 

expected from the band-pass filter, approximate low-pass-to-band-pass 

transformations of the form 

will be utilized, where the primed frequencies refer to Fig. 10.01-1(a) 

and the unprimed frequencies to Fig. 10.01-l(b). The specific function 
F(w,w/wo) to be used will vary with the different filter structures con- 

sidered. For two frequencies, o' and o. which satisfy such a mapping, 

the attenuation is the same for both the prototype and the band-pass 

filter. Hence, the low-pass prototype attenuation characteristics in 

Fig. 4.03-2 and Figs. 4.03-4 through 4.03-10 can be mapped into cor- 

responding band-pass attenuation characteristics by use of such mappings. 

Readers who are unfamiliar with these procedures should find the example 

1 in Sec. 8.04 helpful. 

SEC. 10.02, PARALLEL-COUPLED FILTERS WITH 
A, / 2 RESONATORS 

Figure 10.02-l(a) shows a strip-line filter having n parallel- 

coupled resonators which are short-circuited at both ends and which are 

a half-wavelength long at midband. The filter may be viewed as being 

pieced together from n + 1 parallel-coupled sections S L , L + l  which are a 
quarter-wavelength long in the medium of propagation at the midband 

frequency wo. The filter in Fig. 10.02-l(b), which uses open-circuits at 

the ends of its resonators, is the dual of the filter in Fig. 10.02-l(a). 

Both types of filter can have identical transmission characteristics, the 

main bases for choice between them being related to their method of 

fabrication. 

Figure 10.02-2 shows a possible way of fabricating the filter in 

Fig. 10.01-l(a) In this structure the resonators consist of rectangular 

bars which are supported by the short-circuit blocks at their ends. 
This 

construction requires no dielectric material (hence it eliminates dielectric 

loss), and can easily achieve the tight coupling between resonator elements 

that is required for wide-band filters. The required bar dimensions can be 

obtained from the odd- and even-mode admittances calculated in this section 

with the aid of Figs. 5.05-9 through 5.05-13 and their accompanying dis- 

cussion. 

The filter in Fig. 10.02-l(b) is of the form discussed in Sec. 8.09. 

However, the design equations  resented in Sec. 8.09 are not accurate for 
large bandwidths, while the equations discussed in this section give good 

accuracy for either narrow or wide bandwidths. 

If the printed-circuit form discussed in Sec. 8.09 is used for design 

of wide-band filters, it will be found that unreasonably small gaps will 

be required between resonator elements. One way of avoiding this problem 

while still using printed-circuit construction is to cse the interleaved 

construction shown in Fig. 10.02-3. In this construction alternate reso- 

nator strips are printed on two parallel strips of dielectric so that the 

resonators can be interleaved to achieve tight coupling. Since the 

structure is symmetrical about a centerline midway between the ground 

planes, no ground-plane modes will be excited. Interleaved resonators of 

this type can be designed from the odd- and even-mode impedances computed 

in this section with the aid of the information in Figs. 5.05-4 through 

5.05-8 and their accompanying discussion. Since the propagation is in 



FIG. 10.02-1 TWO FORMS OF PARALLEL-COUPLED FILTERS 
WITH k0/2 RESONATORS 
Each section Sktk+, i s  A d 4  long where 

i s  the wavelength at f 
requency w o  

CONDUCTOR SHORT-CIRCUITING AANO SUPPORTING BLOCKS 

METAL GROUND PLANES 

SHORT-CIRCUIT/ "!BAR CONDUCTORS 
AND SUPPORT BLOCK 

SECTION A-A'  "1-,1,.-"-ln 

SOURCE: Final Report, Contract DA 36-039 SC-74862. SRI; reprinted 
in IRE Tmns. PGMTT b a a  Ref. 1 by G .  L. Matthaei) 

FIG. 10.02-2 POSSIBLE MEANS FOR FABRICATING WIDE-BAND FILTERS OF 
THE TYPE IN FIG. 10.02-l(a) IN BAR TRANSMISSION-LINE 
CONSTRUCTION 
The short-circuiting blocks support the bar conductors so that no 
dielectric material i s  required 



UPPER GROUND P L A N E  A N D  

UPPER DIELECTRIC SLAB R E M O V E D  
M A  

0  
S COPPER FOIL G R O U N D  PLANES 

-FOIL CONDUCTORS 

SECTION A - A '  

SOURCE: Final Report. Contract DA 36-039 SC-74862, SRI; reprinted 
i n  IRE Tmm. P G M V  (see Ref. 1 by G. L. Matthaei) 

FIG. 10.02-3 POSSIBLE MEANS FOR FABRICATING WIDE-BAND FILTERS OF THE 
TYPE IN FIG. 10.02-l(b) USING PRINTED CIRCUIT TECHNIQUES 
In order to achieve tight coupling with reasonably large conductor spacings, 
alternate conductor strips are made to be double so  that conductor strips 
can be interleaved 

, d i e l e c t r i c ,  t h e  r e l a t i v e  d i e l e c t r i c  c o n s t a n t ,  E ~ ,  must  b e  t a k e n  i n t o  

a c c o u n t ,  o f  c o u r s e ,  i n  c o m p u t i n g  t h e  l e n g t h s  a n d  w i d t h s  o f  t h e  r e s o n a t o r  
- - - - - - - - 

e l e m e n t s .  Each s e c t i o n  h a v i n g  a d m i t t a n c e s  ( Y o o ) k , k t l  and ( Y , e ) , , h + l  i s  

a  q u a r t e r  w a v e l e n g t h  l o n g  i n  t h e  medium o f  p r o p a g a t i o n  a t  f r e a u e n c v  o-. 
' U '  and t h e  n + 1 s e c t i o n s  j o i n e d  t o g e t h e r  o p e r a t e  a s  n half-wavelength 

r e s o n a t o r s  (when d e s i g n e d  by t h e  me thods  d e s c r i b e d  i n  t h i s  s e c t i o n ) .  

A  c o n v e n i e n t  and m o d e r a t e l y  a c c u r a t e  l o w - p a s s - t o - b a n d - p a s s  mapping 

( S e c .  1 0 . 0 1 )  wh ich  c a n  b e  u s e d  t o  e s t i m a t e  t h e  a t t e n u a t i o n  o f  t h e  f i l t e r s  

i n  F i g .  1 0 . 0 2 - 1  from t h e i r  l o w - p a s s  p r o t o t y p e s  i s  

where  

and  w ' ,  a;, o, ol, a n d  o2 a r e  a s  i n d i c a t e d  i n  F i g s .  1 0 . 0 1 - l ( a ) ( b ) .  
A 

more a c c u r a t e  mapping i s  

W '  
- c o s  (; t) ;Jm 

- 4 = 

c o s  (f 2 )  $pJ 
where  

and n i s  t h e  number o f  r e a c t i v e  e l e m e n t s  i n  t h e  l o w - p a s s  p r o t o t y p e .  

Examples  i n d i c a t i n g  t h e  r e l a t i v e  a c c u r a c y  o f  t h e s e  two mapp ings  w i l l  b e  

shown l a t e r  i n  t h i s  s e c t i o n .  

A f t e r  t h e  l o w - p a s s  t o  b a n d - p a s s  t r a n s f o r m a t i o n  h a s  been  u s e d  t o  

e s t i m a t e  t h e  number n of  r e s o n a t o r s  r e q u i r e d  t o  a c h i e v e  a  d e s i r e d  r a t e  

o f  c u t o f f  f o r  t h e  f i l t e r ,  l o w - p a s s  p r o t o t y p e  e l e m e n t  v a l u e s  g o ,  g,, g 2 ,  

. . ,  g  a r e  o b t a i n e d  ( s e e  C h a p t e r  J ) ,  a l o n g  w i t h  t h e  p r o t o t y p e  c u t o f f  

f r e q u e n c y ,  o;. The f r a c t i o n a l  bandwid th  w and  t h e  t e r m i n a t i n g  conduc -  

t a n c e s ,  Y A  = Y B ,  h a v i n g  been  s p e c i f i e d ,  t h e  odd-  and  even-mode a d m i t -  

t a n c e s  f o r  t h e  v a r i o u s  s e c t i o n s  o f  t h e  f i l t e r  c a n  b e  computed i n  a 

s t r a i g h t f o r w a r d  f a s h i o n  by u s e  o f  t h e  e q u a t i o n s  i n  T a b l e  1 0 . 0 2 - 1 .  
I n  t h e  

p a r a m e t e r  h i s  a  d i m e n s i o n l e s s  a d m i t t a n c e  s c a l e  f a c t o r  which can  

a r b i t r a r i l y  t o  a d j u s t  t h e  a d m i t t a n c e  l e v e l  w i t h i n  t h e  i n t e r i o r  

l t e r  a s  may be d e s i r e d ,  w i t h o u t  a f f e c t i n g  t h e  f i l t e r  r e s p o n s e .  

t a b l e  t h e  

b e  chosen  

o f  t h e  f i  



T a b l e  1 0 . 0 2 - 1  

DESIGN EQUATIONS FOR PAHALLEL-COUPLED FILTER 

IN FIG. 1 0 . 0 2 - l ( a )  

Use mapping Eq. (10 .02-1)  o r  (10 .02-4)  t o  s e l e c t  low-pass  
p r o t o t y  e  with r e q u i r e d  v a l u e  o f  n .  ' Ihefe w i l l  be  n  + 1 
p a r a l l e l - c o u p l e d  s e c t i o n s  f o r  a n n - r e a c t i v e - e l e m e n t  p r o ~ o t y p e .  

END SECTIONS 0 , l  AND n ,  n + 1  

For k = 0  and k = n  compute: 

?he parameter  h i s  a  d i m e n s i o n l e s s  s c a l e  f a c t o r  which may be 
chosen a r b i t r a r i l y  s o  a s  t o  g i v e  a  convenient  a d m i t t a n c e  
l e v e l  i n  t h e  f i l t e r  ( s e e  t e x t ) .  

INTERIOR SECTIONS 1 , 2  TO n - 

For k = 1 t o  k = n  - 1 compute: 

A value for h which is usually satisfactory (and which makes at least the 

parallel-coupled section, S o l ,  of the filter have strips of equal width) is 

tan B1 2  

- + (2) 
2 

where B1 and J O 1 / Y A  are given in Table 10.02-1. When the symmetric or 

antimetric prototypes such as those in Tables 4.05-l(a), (b) and 4.05-2(a), 

(b) are used, the strip widths in both the end sections, Sol and S n , n + l ,  

will all be the same, if Eq. (10.02-6) is used. Other values of h may be 

chosen to obtain other more convenient admittance levels (and dimensions) 

for the resonators or to optimize the unloaded Q of the resonator elements. 

(At present the choice of resonator dimensions to obtain optimum unloaded 

Q for parallel-coupled resonators of this sort has not been determined.) 

As previously mentioned, after the odd- and even-mode admittances for the 

n + 1 sections of the filter are obtained, the dimensions of the various 

lines are obtained by use of the data in Sec. 5.05. 

Table 10.02-2 summarizes the odd- and even-mode admittances for 

three designs obtained by use of Table 10.02-1 along with Eq. (10.02-6). 

All three were designed from a Tchebyscheff low-pass prototype filter 

T a b l e  1 0 . 0 2 - 2  

SUMMARY OF THE ODD-MODE AND EVEN-MODE ADMITTANCE VALUES FOR THE 

FILTERS OF FIGS. 10 .02-4  TO 1 0 . 0 2 - 6  

l l e y  were des igned  by u s e  o f  Table  10.02-1 and r e a l i z e d  i n  t h e  form 

i n  Fig. 1 0 . 0 2 - l ( a ) .  Equation (10.02-6) was a p p l i e d  s o  t h a t  

= ( ~ ~ ~ ) i ~  and (Yoe)& = ( Y ~ ~ ) & .  

--- 

A l l  r a l u a s  normalized s o  t h a t  Y ,  = 1  

Y - z q  
(2  t o  1  Bandwidth) 

SOURCE: F i n a l  Repor t ,  Cont rac t  DA 36-039 SC-74862, SRI; r e p r i n t e d  in  
IRE Trans.  PGMTT (see  Raf. 1  b y  G. L. M a t t h a e i ) .  
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SOURCE: Final Report, Contract DA 36-039 SC-74862. SRI: reprinted 
i n  IRE Tram. PGMTT ( s ee  Ref. 1 by G. L. Matthaei) 

FIG. 10.02-4 COMPUTED RESPONSE OF FILTERS DESIGNED A S  IN 
T A B L E  10.02-1 TO HAVE 5 P E R C E N T  BANDWIDTH 
Design volue for w , / o ~  wos 0.975. Prototype had 
0.10-db Tchebyscheff pass-bond r i ~ ~ l e  with n = fr . . .. - 
reactive elements 

having 0.1-db ripple and n = 6 reactive elements [the element values being 

obtained from Table 4.05-2(a)1. As is seen from Table 10.02-2, the designs 
are for 5-percent. 30-percent, and an octave bandwidth; and the admittances 

have been normalized so that YA = 1. Figures 10.02-4, 10.02-5, and 10.02-6 
show the computed responses of these designs. Note that even the octave- 
bandwidth design comes close to having the specified 0.1-db ripple in the 

pa" band, the main error being a slight shrinkage in bandwidth. Points 
mapped from the low-pass prototype by use of the mapping of Eqs.(10.02-1) 

and (10.02-4) are also shown. Note that for the 5- and 30-percent- 
bandwidth designs the simple mapping in Eq. (10.02-1) gives quite good 

msults even up to quite high attenuations. However, in the case of the 

octave-bandwidth design (Fig. 10.02-6), the more complicated Eq. (10.02-4) 

gives markedly better accuracy up around 60 db or above. 

Design equations for the form of filter in Fig. 10.02-l(b) are ob- 

tained by applying duality to the equations in Table 10.02-1. 
Thus, the 

admittance quantities are replaced by impedance quantities as indicated 

below. 
Y A  = YB - ZA = Z B  

J k , k t l  - K k . k t 1  (10.02-7) 

( Y o o ) k , k t l  - ( z o c ) k , k t l  

SOURCE: Final  Repart, Contract DA 36-039 SC-74862. SRI; reprinted 
in I R E  Trans.  PGMTT ( see  Ref. 1 by G. L. Matthaei) 

FIG. 10.02-5 COMPUTED RESPONSE O F  FILTERS DESIGNED AS IN 
TABLE 10.02-1 TO HAVE 30 PERCENT BANDWIDTH 
Design value of w , / w ~  wos 0.850. Prototype same as 
for Fig. 10.02-4 



SOURCE: Final  Report. Contract DA 36039 SC-74862. SRI; reprinted 
in IRE Trans. PCMTT (ace Ref. 1 by G. L. Matthaei) 

FIG. 10.02-6 COMPUTED RESPONSE OF FILTERS DESIGNED AS IN TABLE 10.02-1 
TO HAVE APPROXIMATELY 2 TO 1 BANDWIDTH 
Design value for wl/wo was 0 . 6 9 ,  which cal I s  for w2/wl = 2.077. 
Prototype same as for Fig. 10.02-4 

Note that the admittance inverter parameters Jk, k t l  are replaced by in? 

~edance inverter parameters, A', + ; that odd-mode admittances (Yao 
are replaced by even-mode impedances Z k  , and that even-mode 

admittances (yoe)kaktl, are replaced by odd-mode impedances (Zoo)k,k+l. 

The dimensionless scale factor, h ,  is used as before, except that in 

this case it scales the impedance level instead of the admittance level. 

The filters in Figs. 10.02-l(a), ( b )  have their second pass band 

centered at 3w0. and in theory they have infinite attenuation at 2w0. 

O W  the resonators are actually resonant at 2w0 (since the resonator 

strips are a wavelength long at that frequency), and the theoretical pole 

~f attenuation arises only because the coupling regions between adjacent 

.esonators are a half-wavelength long. (The coupling is maximum when the 

gaps are h/4 long and zero when they are h/2 long.) However, 

for this to work out in fact, for the attenuation to remain high at and 

, ,  all of the coupling regions throughout the filter must be exactly 
~ / 2  long at exactly the same frequency. which must also be exactly the 

frequency for which all the resonators are resonant. Since this is 

almost impossible to achieve in practice, there are almost always narrow 

spurious responses in the vicinity of 2wo for these types of filters. 

SEC.  10.03, FILTERS WITH SHUNT O R  SERIES h0/4 STUBS 

By use of equivalences which were summarized in Figs. 5.09-2(a), ( b ) ,  

it can be shown that parallel-coupled strip-line filters of the form in 

Fig. 10.02-l(a) are electrically exactly equivalent to stub filters of 

the form in Fig. 10.03-1. Likewise, parallel-coupled strip-line filters 

of the form in Fig. 10.02-l(b) are exactly equivalent to stub filters of 

the form in Fig. 10.03-2. It would be possible to work out a parallel- 

coupled filter design by the procedures in Sec. 10.02 and then convert 

it to either the form in Fig. 10.03-1 or that in Fig. 10.03-2; however, 

parallel-coupled filter designs that have reasonable impedance levels 

and dimensions generally have quite unreasonable impedance levels when 

converted to a stub-filter form. Similarly, practical stub filter de- 

signs generally do not convert to practical parallel-coupled designs. 

For this reason the design equations in this section are based on a some- 

what different design procedure than are those in Sec. 10.02. This pro- 

cedure gives reasonable impedance levels in typical stub filters, and 

also makes complete use of all of the natural modes of vibration of the 

S O U R C ~ :  Final Report, Contract DA 36-039 SC-74862, SRI; reprinted 
in IRE Tmns. PGMTT (see  Ref. 1 by G. L. Matthaei) 

FIG. 10.03-1 A BAND-PASS FILTER USING 4,/4 CONNECTING LINES 



T a b l e  1 0 . 0 3 - 1  

SOURCE: Final Report. Contract DA 36-039 SC-74862, SRI; reprinted 
in IRE Tram. PGMTT (see Ref. 1 by G. L. Matthaei) 

FIG. 10.03-2 A  BAND-PASS FILTER USING A0/4 SERIES STUBS AND Ao/4 
CONNECTING LINES 
This filter is the dual of that in Fig. 10.03-1 and can have 
identical response characteristics 

c i r c u i t  (wh ich  t h e  p r o c e d u r e  i n  S e c .  1 0 . 0 2  d o e s  n o t ,  a s  a  r e s u l t  o f  t h e  

manner  i n  which t h e  end  s e c t i o n s  a r e  d e s i g n e d ) .  

Both  t h e  f i l t e r  i n  F i g .  1 0 . 0 3 - 1  and t h a t  i n  F i g .  1 0 . 0 3 - 2  a r e  com- 

p o s e d  o f  s t u b s  t h a t  a r e  Ao /4  l o n g  w i t h  c o n n e c t i n g  l i n e s  t h a t  a r e  a l s o  

Ao/4  l o n g ,  where  A. i s  t h e  w a v e l e n g t h  i n  t h e  medium o f  p r o p a g a t i o n  a t  

t h e  midband f r e q u e n c y  wo .  T h e s e  two t y p e s  o f  f i l t e r s  c a n  b e  made t o  

h a v e  i d e n t i c a l  t r a n s m i s s i o n  p r o p e r t i e s .  However ,  t h e  form i n  F i g .  10 .03 -1  

i s  t h e  o n e  t h a t  i s  most  commonly u s e d  s i n c e  t h e  s e r i e s  s t u b s  o f  t h e  f i l t e r  

i n  F i g .  1 0 . 0 3 - 2  a r e  d i f f i c u l t  t o  r e a l i z e  i n  a  s h i e l d e d  s t r u c t u r e .  S i n c e  

t h e  f i l t e r  i n  F i g .  1 0 . 0 3 - 1  i s  t h e  most  i m p o r t a n t  f o r  p r a c t i c a l  a p p l i c a -  

t i o n s ,  i t  w i l l  b e  d i s c u s s e d  f i r s t .  

I n  o r d e r  t o  d e t e r m i n e  how many r e a c t i v e  e l e m e n t s  a r e  r e q u i r e d  i n  t h e  

l o w - p a s s  p r o t o t y p e  i n  o r d e r  t o  g i v e  a  d e s i r e d  r a t e  o f  c u t o f f ,  t h e  low-pass  

t o  b a n d - p a s s  mapping i n  Eq. ( 1 0 . 0 2 - 1 )  o r  Eq. ( 1 0 . 0 2 - 4 )  s h o u l d  b e  u s e d .  

Hav ing  t h e  l o w - p a s s  p r o t o t y p e  p a r a m e t e r s  go, g l ,  g 2 ,  . . . ,  g n t l  and  4 1  

and h a v i n g  s p e c i f i e d  t h e  f r a c t i o n a l  b a n d w i d t h ,  w ,  and  t h e  t e r m i n a t i n g  

c o n d u c t a n c e s  Y A  = YB, t h e  d e s i g n e r  can  compu te  t h e  c h a r a c t e r i s t i c  a d m i t -  

t a n c e s  o f  t h e  s t u b s  and c o n n e c t i n g  l i n e s  i n  a  s t r a i g h t f o r w a r d  f a s h i o n  

from t h e  e q u a t i o n s  i n  T a b l e  1 0 . 0 3 - 1 .  I n  t h e  e q u a t i o n s  t h e r e  i s  a  dimen- 

s i o n l e s s  c o n s t a n t  d which may b e  c h o s e n  f o r  some a d j u s t m e n t  o f  t h e  

a d m i t t a n c e  l e v e l  i n  t h e  i n t e r i o r  of  t h e  f i l t e r .  I n  t h e  c a s e  o f  t h e  

e q u a t i o n s  i n  T a b l e  1 0 . 0 2 - 1  t h e  c h o i c e  o f  t h e  admi - t t ance  s c a l e  f a c t o r ,  h ,  

s h o u l d  h a v e  no e f f e c t  on t h e  t r a n s m i s s i o n  c h a r a c t e r i s t i c s  o f  t h e  f i l t e r ;  

however ,  i n  t h e  c a s e  o f  t h e  e q u a t i o n s  i n  T a b l e  1 0 . 0 3 - 1 ,  t h e  c h o i c e  o f  d 
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DESIGN EQUATIONS FOR FILTERS WITH SHUNT ho/4  STUBS 
AND A0/4 CONNECTING LINES AS SHOWN I N  FIG. 1 0 . 0 3 - 1  

Use mapping Eq. (10.02-1) o r  (10.02-4) t o  s e l e c t  a low- a s s  
r o t o t y p e  with t h e  r e q u i r e d  v a l u e  o f  n. I h e  f i l t e r  wi ly  

gave n shunt  s t u b s  f o r  an n- reac t ive-e lement  p r o t o t y p e .  
Compute: 

and d i s  a d imens ionless  c o n s t a n t  ( t y p i c a l l y  chosen t o  be 
1 . 0 )  which can be chosen s o  a s  t o  i v e  a convenient  
admi t tance  l e v e l  i n  t h e  i n t e r i o r  o f  t h e  f i l t e r .  (See t e x t )  

J12 = goE J k k t l  

T --P;- 

?he c h a r a c t e r i s t i c  a d m i t t a n c e s  of t h e  shunt s t u b s  a r e :  

= -  g0Ca 

L=?. t o  "-2 G Z  . 

The c h a r a c t e r i s t i c  a d m i t t a n c e s  o f  t h e  c o n n e c t i n g  l i n e s  a r e :  

(Jk k"+l) = Y A - y  . 
Yk.k+lI k=l to  

A l l  s t u b s  and connect ing  l i n e s  a r e  AO/4 long,  where i s  

t h e  wavelength i n  t h e  medium o f  propagat ion  a t  t h e  mid-band 
frequency wo. 



T a b l e  1 0 . 0 3 - 2  

NORMALIZED LINE ADMITTANCES FOR THE TRIAL FILTER 
DESIGN WHOSE RESPONSE I S  SHOWN I N  F I G .  1 0 . 0 3 - 3  
F i l t e r  designed u s i n g  Table 1 0 . 0 3 - 1  from a 0 . 1 0  db 

r i p p l e ,  n = 8,  Tchebyscheff prototype  us ing  
ol/uO = 0 . 6 5 0  and d = 1 . 0  

Y34 = YS6 = 1 . 2 9 2  

Y4 = = 2.087 
Y23 = Y6, = 1.364  Y4, = 1 . 2 7 7  

A l l  v a l u e s  normalized 8 0  Y = Y = 1 
A B 

SOURCE: F i n a l  Report ,  Contrac t  DA 3 6 - 0 3 9  SC-74862,  
SRI; r e p r i n t e d  i n  IRE T r o n s .  PCUTT (nee  
Ref .  1 b y  G. L.  M a t t h a e i ) .  

may h a v e  some s m a l l  e f f e c t  

t h e  a p p r o x i m a t i o n s  upon wh 

t h e  e q u a t i o n s  a r e  b a s e d .  

d a t e ,  o n l y  v a l u e s  o f  d o f  0 . 5  

and  1 . 0  h a v e  b e e n  t e s t e d  i n  

t h i s  d e s i g n  p r o c e d u r e ,  b u t  i t  

i s  p r o b a b l e  t h a t  c o n s i d e r a b l y  

d i f f e r e n t  v a l u e s  i n  t h e  r ange  

0  < d 1 would g i v e  s a t i s f a c -  

t o r y  r e s u l t s .  

T a b l e  1 0 . 0 3 - 2  summarizes  

t h e  l i n e  a d m i t t a n c e s  f o r  a  de- 

s i g n  o b t a i n e d  u s i n g  an  n = 8 - r e a c t i v e  e l e m e n t  T c h e b y s c h e f f  p r o t o t y p e  wi th  

0 .10 -db  r i p p l e  [ T a b l e  4 . 0 5 - 2 ( a ) 1 .  The a d m i t t a n c e  l e v e l  i s  n o r m a l i z e d  s o  

t h a t  Y A  = Y B  = 1 ,  and  wl/wo = 0 . 6 5 0  which c a l l s  f o r  s l i g h t l y  o v e r  an  

o c t a v e  b a n d w i d t h .  F i g u r e  1 0 . 0 3 - 3  shows t h e  compu ted  r e s p o n s e  o f  t h i s  de -  

s i g n .  Note  t h a t  though t h e  r i p p l e s  a t  t h e  e d g e s  o f  t h e  p a s s  band  a r e  

u n d e r s i z e d ,  t h e  p a s s - b a n d  p e r f o r m a n c e  i s  q u i t e  c l o s e  t o  wha t  was s p e c i f i e d .  

The x ' s  and c i r c l e s  on t h e  g r a p h  show p o i n t s  mapped from t h e  l o w - p a s s  p r o -  

t o t y p e  r e s p o n s e  by u s e  o f  E q s .  ( 1 0 . 0 2 - 1 )  and ( 1 0 . 0 2 - 4 ) .  N o t e  t h a t  i n  t h i s  

c a s e  t h e  more c o m p l i c a t e d  Eq. ( 1 0 . 0 2 - 4 )  g i v e s  much b e t t e r  a c c u r a c y  t h a n  
d o e s  Eq. ( 1 0 . 0 2 - I ) ,  f o r  a t t e n u a t i o n  above 30 d b .  

No te  i n  T a b l e  1 0 . 0 3 - 2  t h a t  t h e  a d m i t t a n c e s  o f  t h e  end s t u b s  a r e  about  

h a l f  o f  t h a t  f o r  t h e  s t u b s  i n  t h e  i n t e r i o r  o f  t h e  f i l t e r .  F o r  t h i s  r e a s o n  

i t  i s  some t imes  c o n v e n i e n t  t o  b u i l d  t h i s  t y p e  o f  f i l t e r  w i t h  d o u b l e  s t u b s  

i n  t h e  i n t e r i o r  o f  t h e  f i l t e r  a n d  w i t h  s i n g l e  s t u b s  a t  t h e  e n d s ,  a s  i s  

i l l u s t r a t e d  i n  F i g .  1 0 . 0 3 - 4 .  T a b l e  1 0 . 0 3 - 3  summar izes  t h e  l i n e  impedances  

f o r  an  n = 1 3  d e s i g n  which h a s  t h e  form i n  F i g .  1 0 . 0 3 - 4 .  T h i s  f i l t e r  was 

c o n s t r u c t e d  and t e s t e d  i n  r e c t a n g u l a r - b a r  s t r i p - l i n e  form a n d  i t s  i m p o r t a n t  

d i m e n s i o n s  a r e  summarized i n  F i g s .  1 0 . 0 3 - 5 ( a ) ,  ( b ) ,  and ( c ) .  The f i l t e r  
was d e s i g n e d  f o r  a  b a n d - c e n t e r  f r e q u e n c y  o f  wo/2rr  = 3 . 6  Gc, a n d  i t  was 

n e c e s s a r y  t o  t a k e  a c c o u n t  o f  t h e  j u n c t i o n  e f f e c t  where  t h e  s t u b s  and  main- 

l i n e  m e e t ,  i n  o r d e r  t o  p r o p e r l y  d e t e r m i n e  t h e  l e n g t h s  o f  t h e  s t u b s  and t h e  

c o n n e c t i n g  l i n e s .  I t  was assumed t h a t  t h e  j u n c t i o n  e f f e c t  f o r  a  p l u s -  
j u n c t i o n  must  b e  s i m i l a r  t o  t h a t  o f  t h e  ? ' - j u n c t i o n s  i n  F i g s .  5 . 0 7 - 6  t o  

5 . 0 7 - 9 .  From t e s t s  on t h e  f i l t e r ,  t h e  j u n c t i o n  e q u i v a l e n t  c i r c u i t  and 
r e f e r e n c e  p l a n e s  were e s t i m a t e d  t o  be a b o u t  a s  i n d i c a t e d  i n  F i g .  1 0 . 0 3 - 6 .  

SOURCE: Final  Report, Contract DA 36-039 SC-74862, SRI; reprinted 
in  IRE Trans. PGMTT (see  Ref. 1 by G. L. Matthaei) 

FIG. 10.03-3 COMPUTED RESPONSE OF A FILTER DESIGNED AS IN TABLE 10.03-1 
TO HAVE APPROXIMATELY 2 TO 1 BANDWIDTH 
Desian value for w,/w, was 0.650. Prototype had 0.10-db Tchebyscheff ., I u 
pass-band ripple with n  = 8 reactive elements 

FIG. 10.03-4 OPEN-WIRE-LINE REPRESENTATION OF THE FILTER IN FIG. 10.03-5 
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Table 10.03-3 

L I N E  IMPEDANCES FOR A BAND-PASS F ILTER O F  'IHE FORM I N  F IG .  10.03-4 
HAVING n = 13, A BAND-EDGE RATIO O F  f 2 / f l  = 2.175, AND 

APPROXIMATELY 0.1-db TCHEBYSCHEFF PASS-BAND R I P P L E  

These l i n e  impedances were computed from an n = 1 0 .  0 .10-db  r i p p l e  p r a -  
t o t y p e  a i n c e  a t  t h e  t ime  o f  t h i s  f i l t e r ' a  d e s i g n ,  t a b l e a  o f  a l emcnt  
r a l u e s  f o r  n l a r g e r  t h a n  1 0  were n o t  a v a i l a b l e .  The d e s i g n  was 
augmented t o  n = 1 3  by a d d i n g  a d d i t i o n a l  l i n e s  and a t u b a  a t  t h e  c e n t e r  
o f  t h e  f i l t e r ,  t h e  added l i n e s  and  a t u b a  h a v i n g  impedances  t h e  same a s  
t h o a e  a t  t h e  c e n t e r  of  t h e  n = 1 0  d e a i g n .  

zo = 50 ohms 

Z1 = Z13 = 52.8 

z1,2 = Z12,13 = 38.8 

z2 = z12 = 53.7 

z2 ,3  = z11,12 ' 36.7 
Z3 = zll = 53.7 

z3 ,4  = Z1o,ll = 38.9 

- .  
- N d d 6 d b - m m g -  - S F  

ROUND ROO SHORT-CIRCUIT BLOCKS 
FOR TERMINATING 
LINE - - - - -  

z4 = zl0 = 52.4 ohms 

z 4 , 5  = Z g , l o  = 39.6 

Z5 ' Z9 = 52.1 

z5 ,6  = z 8 , 9  = 39.8 

z6 = z8 = 52.0 

z6 ,7  = z 7 , B  = 39.8 

Z7 = 52.0 

FIG. 10.03-5(a) LAYOUT OF STRIP TRANSMISSION LlNE BAND-PASS FILTER WlTH 
UPPERGROUNDPLANEREMOVFO 

- -- -- 
See Fig. 10.035(b) for definitions of t and w as used here 

SHORT- CIRCUIT 

PARTIAL TOP V lEW 
WlTH UPPER GROUND PLANE REMOVED 

GROUND P 

t SCREWS TO 
CLAMP SHORTING 

0.410" 
BLOCKS TO STUB 

4 = I Q 0 5 "  FOR A L L  DOUBLE STUBS 
1 = 0.970" FOR THE SINGLE STUBS 

PARTIAL CROSS-SECTIONAL VlEW R,.*,m.m.z.n 

FIG. 10.03-5(b) SOME CONSTRUCTION DETAILS OF THE BAND-PASS FILTER IN FIG. 10.03-5(a) 

TRANSITION BLOCK A 0.27<dm HOLE 
IN TRANSITION BLOCK 

0.120"dia ROUND I / 
CEN~ERCONDUCTOR GROUND 

PLANES 

STUB SHORT-CIRCUIT 
BLOCK 

/ 
UG 5 8 A / U  0 . 2 2 5 " d i a  ROUND. 5O-ohrn 
CONNECTOR WITH PROTRUDING CENTER CONDUCTOR 
RETAINER BUTTON MACHINED OFF 
OF BACK SIDE. RA - Z ~ Z S - T O -  203 

FIG. 10.03-5(c) DETAILS OF TRANSITION FROM FILTER TO TYPE-N CONNECTOR 



Zo2 j 5 2 . 0  ohms 

wZ = 0 . 1 5 6 " ( 0  1 5 6 " ~  0  2 0 5 " B A R )  

I 4 
Zo1=39.8 p2 I l l  v I ld2=0  064"  zo,= 39.8 ohms 

I I l l  A 

p~ 

FIG. 10.03-6 

AI" A z = I  

( b )  
n&-2s2*-Ta-*O." 

ESTIMATED EQUIVALENT CIRCUIT FOR TYPICAL 
PLUS-JUNCTION IN THE FILTER OF 
FIGS. 10.03-5(a), (b), (c) 

The 

the 

cep 

Ao/4 length for the stubs and the connecting lines was figured from 

reference planes PI  and P2 indicated. The capacitive junction sus- 

tance B d  is compensated for by reducing the lengths of each of the two 

side stubs by the amount 

where Y S  is the c haracteristic admittance of e 

equation effectively removes an amount of stub 

ach of the two stubs. (This 

on each side so that each 

stub plus half of the small junction susceptance B d  will still be resonant 

at uo.) In the case of the T-junctions for the single stubs at the ends 

of the filter, the reference plane for determining the stub length was 

closer to the centerline of the main line so that the single, end stubs 

were made to be about 0.035 inch shorter than the double stubs in the 

interior of the filter. 

Figure 10.03-7 shows the measured performance of this filter. The 

band-edge ratio, u2/u1 = 2.21, compared favorably with the 2.17 design 

value. In general, the performance is seen to be in excellent agreement 

with the design objective. 

Design formulas for the filter in Fig. 10.03-2 can be obtained 

directly from the formulas in Table 10.03-1 by application of duality. 

Thus, admittance quantities in Table 10.03-1 are simply replaced by cor- 

responding impedance quantities as listed below: 

Y ,  = YE+ Z ,  = z,  

J k ,  k tl + ' k , k t l  

k - Z k  

It would be possible to build a filter of the type in Fig. 10.03-2 shielded 

coaxial form by constructing the series stubs as stubs within the center 

conductor of the line, as shown in Fig. 10.03-8. 



J u s t  a s  w i t h  t h e  p a r a l l e l - c o u p l e d  f i l t e r s  d i s c u s s e d  i n  S e c .  1 0 . 0 2 ,  

t h e  f i l t e r s  i n  F i g s .  1 0 . 0 3 - 1  and 1 0 . 0 3 - 2  h a v e  t h e i r  s e c o n d  p a s s  band 

c e n t e r e d  by 3wo, b u t  t h e y  a r e  v e r y  p r o n e  t o  have  n a r r o w  s p u r i o u s  r e s p o n s e s  

i n  t h e  v i c i n i t y  o f  2wo i f  t h e r e  i s  t h e  s l i g h t e s t  m i s t u n i n g .  F i l t e r s  o f  

t h e  fo rms  i n  F i g s .  1 0 . 0 3 - 1  and 1 0 . 0 3 - 2  a r e  c a n d i d a t e s  f o r  u s e  p r i m a r i l y  

a s  w ide -band  f i l t e r s ,  b e c a u s e  i f  n a r r o w - b a n d  f i l t e r s  a r e  d e s i g n e d  i n  t h i s  

form,  t h e i r  s t u b s  w i l l  h a v e  u n r e a s o n a b l y  low impedance  l e v e l s  i n  t h e  c a s e  

of  F i g .  1 0 . 0 3 - 1 ,  and  u n r e a s o n a b l y  h i g h  impedance  l e v e l s  f o r  t h e  c a s e  o f  I I I F i g .  1 0 . 0 3 - 2 .  

I 
I SEC. 1 0 . 0 4 ,  F ILTERS WITH A 0 / 2  STUBS AND A 0 / 4  

PASS BAND REFLECTION LOSS 
CONNECTING LINES 

I -CC 
COMPUTED FROM MEASURED V S W R  

The f i l t e r  i n  F i g .  1 0 . 0 4 - 1 ,  wh ich  u s e s  o p e n - c i r c u i t e d  Ao/2 s t u b s  
PASS BAND ATTENUATION 

I SPOT CHECK POINTS s p a c e d  Ao/4  a p a r t ,  c a n  be  made t o  h a v e  p a s s - b a n d  c h a r a c t e r i s t i c s  s i m i l a r  
I 
I 
I I t o  t h o s e  o f  t h e  f i l t e r  i n  F i g .  1 0 . 0 3 - 1 ,  wh ich  u s e s  s h o r t - c i r c u i t e d  Ao/4  
I 
I s t u b s  s p a c e d  Ao/4 a p a r t  (where  A. i s  t h e  w a v e l e n g t h  a t  t h e  p a s s - b a n d  I 
I 

I I 
S E E  PLOT ABOVE -4 c e n t e r  f r e q u e n c y  w o ) .  However,  t h e  f i l t e r  i n  F i g .  1 0 . 0 4 - 1  h a s  q u i t e  d i f -  

~ ~ ~ ~ l ! l l ~ l l l l l l l l l l l l ~ l l , l ~ l l  I 
1.5 2 .O 2.5 3.0 3.5 4.0 4.5 

FREQUENCY - kMc 
5.0 5.5 

SOURCE: Final  Report, Contract DA 36-039 SC-74862, SRI; reprinted 
in IRE Trans. PGMTT (see  Ref. 1 by G. L. Matthaei) 

FIG. 10.03-7 MEASURED RESPONSE OF THE F ILTER SHOWN IN FIGS. 10.03-5(a), (b), (c) 

LONG *o/~-I I N  A I R  

LONG IN DIELECTRIC r * 0 ~ 4 1  

FIG. 10.03-8 POSSIBLE MEANS FOR REALIZING THE FILTER I N  
FIG. 10.052 IN COAXIAL FORM 

f e r e n t  s t o p - b a n d  c h a r a c t e r i s t i c s .  I f  e a c h  Ao/2 s t u b  i s  o f  t h e  same 

c h a r a c t e r i s t i c  a d m i t t a n c e  t h r o u g h o u t  i t s  l e n g t h ,  t h e n  t h e  s t o p - b a n d  w i l l  

h ave  i n f i n i t e  a t t e n u a t i o n  a t  t h e  f r e q u e n c i e s  wo/2  and 3wo/2.  I f  t h e  

SOURCE: Final  Report. Contract DA 36-039 SC-74862. SRI; reprinted 
in IRE Trans. PGMTT (ace Ref. 1 by G. L. Matthaei) 

FIG. 10.04-1 BAND-PASS FILTER WITH HALF-WAVELENGTH 
SHUNT STUBS AND QUARTER-WAVELENGTH 
CONNECTING LINES 
The reference wavelength i s  the propagation 
wavelength a t  the midband frequency, wO 



outer half of each stub is made to have an admittance that is a constant 

times the admittance of the inner half of the stub, as indicated in 

Fig. 10.04-1, then the frequencies of infinite attenuation can be made 

to occur at frequencies other than wo/2 and 3wo/2 This type of filter 

will have additional pass bands in the vicinity of w = 0 and w = 2wo, 

and at other corresponding periodic frequencies. 

Filters in the form shown in Fig. 10.04-1 can be readily designed 

by a modified use of Table 10.03-1. The design is carried out first to 

give a filter in the form in Fig. 10.03-1 with the desired pass-band 

characteristic and bandwidth. Then each shunt, quarter-wavelength, short- 

circuited stub of characteristic admittance Y k  is replaced as shown in 
Fig. 10.04-1 by a shunt, half-wavelength, open-circuited stub having an 

inner quarter-wavelength portion with a characteristic admittance 

and an outer quarter-wavelength portion with a characteristic admittance 

Y; = aY; . 

The parameter a is fixed by 

where el = 7m1/200, and o, is a frequency at which the shunt lines present 

short circuits to the main line and cause infinite attenuation.. The 
principle upon which the above substitution is made is that Eqs. (10.04-1) 
through (10.04-3) are constrained to yield half-wavelength open-circuited 

stubs which have exactly the same susceptances at the band-edge frequency 

o1 as did the quarter-wavelength short-circuited stubs that they replace, 

while both kinds of stubs have zero admittance at wo. 

To test out this procedure, a filter was designed as in Table 10.03-1 

to give 30-percent bandwidth (wl/wO = 0.850) using a 0.10-db ~ c h e b ~ s c h e f f  

prototype with n = 8. 

the quarter-waveleng 

described above, and 

Then, choosing wm/wo = 0.500, which gives a = 1, 

th stubs were replaced by half-wavelength stubs as 

the resulting computed response is shown in 

Fig. 10.04-2. Note that the pass band is almost exactly as prescribed. 

and that there are low-attenuation regions in the vicinity of w = 0 and 

u = 2w0, which are to be expected. The element values for this filter 

are shown in Table 10.04-1. 

The 2-to-1-bandwidth filter design (Fig. 10.03-1 and Table 10.03-2) 

was also converted to this form using wm/wo = 0.500, and its response was 

computed. The features of the pass band looked much the same as those 

in the expanded plot in Fig. 10.03-3, while the stop bands consisted of 

SOURCE: Final Report, Contract DA 36-039 SC-74862, SRI; reprinted 
in IRE Trans. PGMTT (see  Ref.  1 by G .  L. Matthaei) 

FIG. 10.04-2 COMPUTED RESPONSE OF A 30-PERCENT-BANDWIDTH BAND-PASS FILTER 
DESIGNED IN THE FORM IN FIG. 10.04-1 
Design value for o,/o~ = 0.850. Prototype had 0.10-db Tchebyscheff ripple 
with n = 8 reactive elements 

Of c o u r s e ,  i n  an a c t u a l  f i l t e r  t h e  a t t e n u a t i o n  w i l l  be f i n i t e  due t o  the l o s s e s  i n  t h e  atuba 
p r e v e n t i n g  t h e  s t u b  impedances  from g o i n g  t o  e x a c t l y  z e r o .  



T a b l e  1 0 . 0 4 - 1  

ELEMENT VALUES FOR THE FILTEROFFIG. 1 0 . 0 4 - 2  
REALIZED AS SHOWN IN FIG. 1 0 . 0 4 - 1  

F i l t e r  designed from a 0 . 1 0  db r i p p l e ,  n = 8 ,  
Tchebyscheff prototype u s i n g  q/oO = 0.850  

and = 0.500 .  This, then, c a l l s  for  
a = 1 s o  that Y; = Y;' throughouo. 

Y Z 3  = Y6, = 1 . 3 6 4  Y45 = 1 . 2 7 7  

A l l  n l u e a  norm.;izsd a o  t h a t  Y, = 1 .  - 
SOURCE: F i n a l  Report ,  Contrac t  DA 36-039  SC-74862,  

SRI; r e p r i n t e d  in  IRE Trans.  PCMTT ( a e a  
Ref.  1 b y  G. L .  M a t t h r e i )  

v e r y  s h a r p  a t t e n u a t i o n  s p i k e s  

s u r r o u n d i n g  w/wo = 0 . 5 0 0 ,  i n  

a  manner  s i m i l a r  t o  t h a t  i n  

F i g .  1 0 . 0 4 - 2 ,  e x c e p t  t h a t  t h e  

a t t e n u a t i o n  b a n d s  were  much 

n a r r o w e r .  

F i l t e r s  o f  t h e  form i n  

F i g .  1 0 . 0 4 - 1  s h o u l d  b e  p a r -  

t i c u l a r l y  u s e f u l  where  t h e  

p a s s  b a n d s  a r o u n d  w = 0  and 

w = 2 w o  a r e  n o t  o b j e c t i o n a b l e ,  

a n d  where  t h e r e  i s  a  r e l a -  

t i v e l y  n a r r o w  band  o f  s i g n a l s  

t o  be  r e j e c t e d .  By t h e  p r o p e r  

c h o i c e  o f  om, t h e  i n f i n i t e  a t t e n u a t i o n  p o i n t  c a n  b e s o  p l a c e d  a s  t o  g i v e  

maximum e f f e c t i v e n e s s  a g a i n s t  t h e  unwanted s i g n a l s .  A l though  u s i n g t h e  same 
urn f o r  a l l  o f t h e  s t u b s  s h o u l d  g i v e  t h e  b e s t  p a s s - b a n d  r e s p o n s e ,  i t  may be  

p e r m i s s i b l e  t o  s t a g g e r  t h e w ,  p o i n t s  o f t h e  s t u b s  s l i g h t l y t o  a c h i e v e  b r o a d e r  

r e g i o n s  o f  h i g h  a t t e n u a t i o n .  F i l t e r s  o f t h e  f o r m i n F i g .  1 0 . 0 4 - 1  a r e  p r a c -  

t i c a l  f o r b a n d w i d t h s  n a r r o w e r t h a n t h o s e  o f  f i l t e r s  o f t h e  form i n  F i g .  1 0 . 0 3 - 1  
b e c a u s e  o f t h e l a r g e r  s u s c e p t a n c e  s l o p e  o f  h a l f - w a v e l e n g t h  s t u b s  f o r  a  g i v e n  

c h a r a c t e r i s t i c  a d m i t t a n c e .  Fo r  example ,  i n  t h e  c a s e  o f  F i g .  1 0 . 0 4 - 1 ,  t h e  shun t  

s t u b s  f o r  t h i s  f i l t e r  a s  shown i n  F i g .  1 0 . 0 4 - 1  h a v e  c h a r a c t e r i s t i c  a d m i t t a n c e  

Y ;  = Y;' which a r e  0 . 4 7 1  t i m e s  t h e  c h a r a c t e r i s t i c  a d m i t t a n c e s  o f t h e  s h u n t  

s t u b s  o f  t h e  a n a l o g o u s  f i l t e r  i n  t h e  f o r m i n F i g .  1 0 . 0 3 - 1  f r o m w h i c h  i t  was de-  
s i g n e d .  Thus  n a r r o w e r  b a n d w i d t h s  can  be a c h i e v e d  w i t h o u t  h a v i n g t h e c h a r a c -  

t e r i s t i c  a d m i t t a n c e s  of  t h e  s h u n t  s t u b s  become e x c e s s i v e .  

No a c c u r a t e  l o w - p a s s - t o - b a n d - p a s s  t r a n s f o r m a t i o n  h a s  b e e n  d e v e l o p e d  

f o r  f i l t e r s  o f  t h e  form i n  F i g .  1 0 . 0 4 - 1 .  

S i n c e  f i l t e r s  o f  t h e  form i n  F i g .  1 0 . 0 4 - 1  d o  n o t  i n v o l v e  any  s h o r t -  

c i r c u i t  c o n n e c t i o n s ,  t h e y  a r e  v e r y  e a s y  t o  f a b r i c a t e  i n  p r i n t e d - c i r c u i t  

s t r i p - l i n e  form a s  s u g g e s t e d  i n  F i g .  1 0 . 0 4 - 3 .  

SEC.  1 0 . 0 5 ,  FILTEHS USING BOTH SERIES A N D  SHUNT STUBS 

The f i l t e r  i n  F i g .  1 0 . 0 5 - 1  makes u s e  o f  s h o r t - c i r c u i t e d  Ao/4 s t u b s  

s p a c e d  Ao/4 a p a r t ,  which makes i t  s i m i l a r  t o  t h e  f i l t e r  i n  F i g .  1 0 . 0 3 - 1 .  
However,  t h e  f i l t e r  i n  F i g .  1 0 . 0 5 - 1  h a s ,  i n  a d d i t i o n ,  a  Ao/2 s e r i e s  

FIG. 10.04-3 A POSSIBLE PRACTICAL STRIP-LINE PRINTED- 
CIRCUIT VERSION OF THE FILTER IN FIG. 10.04-1 

FIG. 10.05-1 BAND-PASS FILTER WITH QUARTER-WAVELENGTH SHUNT STUBS, 
QUARTER-WAVELENGTH CONNECTING LINES, AND HALF- 
WAVELENGTH SERIES STUBS AT THE ENDS 
The reference wavelength i s  that a t  the midband frequency, w o  



s h o r t - c i r c u i t e d  s t u b  a t  e a c h  e n d .  T h e s e  Ao/2  s t u b s  y i e l d  f r e q u e n c i e s  w 

where  " i n f i n i t e "  a t t e n u a t i o n *  o c c u r s  c l o s e  t o  t h e  p a s s  b a n d ,  s i m i l a r  t o  

t h o s e  o f  t h e  f i l t e r  i n  F i g .  1 0 . 0 4 - 2 ,  b u t  i n  t h i s  c a s e  t h e  a t t e n u a t i o n  re .  

m a i n s  h i g h  a t  w  = 0  and  w  = 2wo ( e x c e p t  f o r  p o s s i b l e  n a r r o w  s p u r i o u s  

r e s p o n s e s  a t  2wo which c a n  r e s u l t  f rom a n y  m i s t u n i n g ) .  

I n  t h i s  c a s e  a  r e a s o n a b l y  a c c u r a t e  l o w - p a s s - t o - b a n d - p a s s  t r a n s f o r m a -  

t i o n  ( S e c .  1 0 . 0 1 )  i s  

whe re  

,,,. (w - urn) (w - 2w0 + w,) 

n d s i n  (') 1 [sin ; -I2 w  Ein 2 00 I 2  
( 1 0 . 0 5 - 2 )  

w l / a o  = 1 - w/2, and  urn i s  a  s t o p - b a n d  f r e q u e n c y  whe re  i n f i n i t e  a t t e n u a -  
t i o n  i s  d e s i r e d .  

A f t e r  s e l e c t i o n  o f  a  l o w - p a s s  p r o t o t y p e  w i t h  e l e m e n t  v a l u e s  g o ,  g l ,  

g 2 ,  . . . ,  g n t l  and  c u t o f f  f r e q u e n c y  w ; ,  a n d  a f t e r  s p e c i f i c a t i o n  o f  Y A ,  w 

( o r  w l / w o ) ,  and  W ~ / W ~ ,  t h e  d e s i g n  c a n  b e  c a r r i e d  o u t  by making t h e  c a l c u -  

l a t i o n s  i n d i c a t e d  i n  T a b l e  1 0 . 0 5 - 1 .  As i n  T a b l e  1 0 . 0 3 - 1 ,  t h e  d i m e n s i o n l e s s  
p a r a m e t e r  d c a n  be  u s e d  t o  g i v e  some d e g r e e  o f  f r e e d o m  i n  e s t a b l i s h i n g  t h e  

impedance  l e v e l  i n  t h e  i n t e r i o r  o f  t h e  f i l t e r .  The c h o i c e  o f  d  w i l l  have  
some m i n o r  i n f l u e n c e  on t h e  a p p r o x i m a t i o n s  i n v o l v e d  i n  t h e  d e s i g n  p r o c e s s ,  

b u t  v a l u e s  o f  d  i n  t h e  r a n g e  0  < d 5 1 s h o u l d  b e  u s a b l e  ( t o  d a t e  o n l y  t h e  

v a l u e , d  = 0 . 5  h a s  been  u s e d  i n  t r i a l  d e s i g n s ) .  

T a b l e  1 0 . 0 5 - 2  shows t h e  r e s u l t s  o f  a  t r i a l  d e s i g n  compu ted  u s i n g  an  

n = 8 r e a c t i v e  e l e m e n t  a n d  a  0 . 1 0 - d b  r i p p l e  T c h e b y s c h e f f  p r o t o t y p e ,  and 

u s i n g  wl/wo = 0 . 6 5 0 ,  w,/wo = 0 . 5 0 0 ,  Y A  = 1 ,  a n d  d = 0 . 5 0 .  F i g u r e  1 0 . 0 5 - 2  

* 
Of c o u r a e ,  s s  a r e s u l t  o f  d i a a i p a t i o n  i n  t h e  c i r c u i t  t h e  a t t e n u a t i o n  w i l l  a l w a y s  b e  f i n i t e  f o r  
f r e q u e n c i e s  a, b u t  L A  will t y p i c a l l y  g o  v e r y  h i g h  s t  f r e q u e n c i e s  where  t h e  h /2 = t u b s  a r e  a n t i -  
r e s o n e n t .  0 

T a b l e  1 0 . 0 5 - 1  

DESIGN EQUATIONS FOR FILTERS OF THE FORM IN FIG. 1 0 . 0 5 - 1  

Use mapping Eqs. (10 .05: l )  and (10 .05-2)  t o  s e l e c t  low-pass 
prototype  with t h e  requlred value  o f  n. 

Compute: 

where d 6 1 i s  a d imensionless  constant  ( t y p i c a l l y  one-half  
o r  somewhat l a r g e r )  which may be chosen t o  g i v e  a d e s i r e d  
impedance l e v e l  i n  the  i n t e r i o r  o f  t h e  f i l t e r .  

where om i s  a frequency o f  i n f i n i t e  at tenuat ion  a s  indicated  
i n  t h e  example i n  Fig. 1 0 . 0 5 - 2 .  
Referr ing  t o  Fig.  1 0 . 0 5 - 1 ,  f o r  the  s tubs:  

For t h e  connecting l i n e s :  



shows t h e  compu ted  r e s p o n s e  o f  

t h i s  f i l t e r  ( i n d i c a t e d  by t h e  

s o l i d  l i n e s ) ,  w h i l e  t h e  c i r c l e s  

i n d i c a t e  p o i n t s  mapped f rom 

t h e  l o w - p a s s  p r o t o t y p e  r e s p o n s e  

u s i n g  t h e  mapp ing  i n  

Eqs .  ( 1 0 . 0 5 - 1 )  and ( 1 0 . 0 5 - 2 ) .  
No te  t h a t  t h e  0 . 1 - d b  p o i n t  on 

t h e  l e f t  s i d e  o f  t h e  p a s s  band  

T a b l e  1 0 . 0 5 - 2  
ELEMENT VALUES FOR THE FILTER OF FIG. 1 0 . 0 5 - 2  

REALIZED AS SHOWN IN FIG. 1 0 . 0 5 - 1  
F i l t e r  designed u s l n g  Table 10.05-1  from a 0 .10-db 
ripple, n = 8 ,  Tchebyscheff prototype  u s i n g o  /o = 

1 0  0 . 6 5 0 ,  oaJo, = 0 . 5 0 0 ,  and d = 0 . 5 .  

- 0 . 6 0 6  y34 = = 0 . 7 7 9  
= Y, = 1 . 7 7 9  Y4 = = 1 . 2 5 8  

y2, = = 0 . 8 2 3  Y45 = 0 . 7 7 0  

i s  v e r y  n e a r l y  a t  w/wo = 0 . 6 5 0  values normalized s o  that Y = 1. 

a s  s p e c i f i e d ,  and  t h a t  t h e  r e -  SOURCE: Final Report. Contract DA 36-039  SC-74862, 
SRI; reprlnred I n  IRE Trans. PCMTT ( s e e  

s p o n s e  i n  g e n e r a l  i s ,  f o r  mos t  Ref.  1 b y  G. L.  Matthael ) .  

'@o 

SOURCE: Final Report, Contract DA 36-039 SC-74862, SRI; reprinted 
in IRE Trans. PCMTT (see  Ref .  1 by G .  L. Matthaei) 

FIG. 10.05-2 COMPUTED RESPONSE OF A FILTER AS IN FIG. 10.05-1 WITH 
APPROXIMATELY 2 TO 1 BANDWIDTH - 
Design value for w,/wo was 0.650. Prototype had 0.10-db Tchebyscheff 
r i pp l e  with n = 8 reactive elements. Parameters d and w,/wo were 

both chosen a s  0.500 

e n g i n e e r i n g  p u r p o s e s ,  

p e r f o r m a n c e .  

a s a t i s f a c t o r y  r e a l i z a t i o n  o f  t h e  s p e c i f i e d  

F i g u r e  1 0 . 0 5 - 3  shows a p o s s i b l e  way f o r  c o n s t r u c t i n g  f i l t e r s  o f  

t h e  fo rm i n  F i g .  1 0 . 0 5 - 1 .  The  f i l t e r  shown i s  i n  s o - c a l l e d  s p l i t - b l o c k  

c o a x i a l  c o n s t r u c t i o n .  The r o u n d  c e n t e r  c o n d u c t o r s  a r e  w i t h i n  c y l i n d r i c a l  

c a v i t i e s  mach ined  f rom a s o l i d  s p l i t  b l o c k .  N o t e  t h a t  t h e  Ao/2 s e r i e s  

CYLINDRICAL, SHORT-CIRCUITING PLUGS 

FIG. 10.05-3 POSSIBLE WAY FOR FABRICATING WIDE-BAND FILTERS 
OF THE TYPE IN FIG. 10.05-1 IN SPLIT-BLOCK 
CONSTRUCTION 
The shunt, quarter-wavelength, short-circuited stubs are realized 
in parallel pairs so that the characteristic admittance of each stub 
will be cut in half, and so that the structure will be self-supporting. 
The series, half-wavelength, short-circuited stubs are inside the 
center conductor 



stub at the input of the filter is realized as a coaxial stub within the 

main line of the filter. 

SEC. 10.06, INTERDIGITAL-LINE FILTERS OF NARROW 
OR MODEHATE BANDWIDTH 

Figure 10.06-1 shows one type of interdigital filter to be discussed 

The structure, as shown, consists of TEM-mode strip-line resonators be- 

tween parallel ground planes. Each resonator element is a quarter- 
wavelength long at the midband frequency and is short-circuited at one 

end and open-circuited at the other end. 
Coupling is achieved by way 

of the fields fringing between adjacent resonator elements. 
Using the 

design procedure described in this section. Lines 1 to n in Fig. 10.06-1 

serve as resonators. Lines 0 and n + 1. however, operate as impedance- 
transforming sections and not as resonators. 

Thus, using the procedures 
of this section. an n-reactive-element low-pass prototype will lead to 

an interdigital filter with n + 2 line elements. 

If a11 of the coupling effects are accounted for, the mathematics 

that describe the performance of such interdigital filters as those dis- 

cussed in this and the next section become quite unwieldy.' Since synthe- 

sizing a structure to have a prescribed response is a much more difficult 

problem than analyzing a given 

LlNE NUMBERS 0 

TERMINATING 
LlNE 

ADMITTANCE 
y4 

structure, and since an exact analysis of 

i TERMINATING 
LlNE / ADMITTANCE 

Y ~ ' y ~  

SOURCE: Quarterly Prograas Report 4 ,  Contract DA 36-039 SC-87398 SRI; 
reprinted in IRE Trans. PGMTT (see Ref. 3 by G. L. ~ a t t h k i )  

FIG. 10.06-1 INTERDIGITAL FILTER WITH SHORT-CIRCUITED LINES AT THE ENDS 

SOURCE: Quarterly Progress Report 4, Contract DA 36-039 SC-87398, SRI; 
reprinted in IRE Tmns. PGMTT (see  Ref. 3 by G. L. Matthaei) 

FIG. 10.06-2 CROSS SECTION OF AN ARRAY OF PARALLEL-COUPLED LINES 
BETWEENGROUND PLANES 

such a structure is itself very tedious, the prospects of obtaining a 

usable exact synthesis procedure appear to be dim. 
Thus, the synthesis 

--.- 

procedure given here involves several additional simplifying approxima- 

tions (beyond those used for the procedures in Secs. 10.02 through 10.05) . - . , 

that permit straightforward, easy-to-use design calculations. 
Although 

the design formulas are approximate, the results of trial designs indi- 

cate that they are sufficiently accurate for most ~ractical applications. 

Figure 10.06-2 shows an array of parallel-coupled lines such as is 

used in an interdigital filter. The electrical properties of the structure 

are characterized in terms of the self-capacitances, C k ,  per unit length 

of each bar with respect to ground, and the mutual capacitances, C k , k + l ,  
per unit length between adjacent bars k and k + 1. This representation 

is not always highly accurate; it is conceivable that a significant amount 

of fringing capacitance could exist between a given line element and, say, 

the line element beyond the nearest neighbor. 
However, at least for 

geometries such as that shown, experience has shown this representation to 

have satisfactory accuracy. 

For designs of the interdigital-filter structures discussed herein, 

equations will be given for the normalized self and mutual capacitances, 

/ and , for all the lines in the structure; where E is the 

dielectric constant of the medium of propagation. 
Having these normalized 

capacitances the designer can obtain the dimensions of the bars, using the 

data in Sec. 5.05. 



A  c o n v e n i e n t  and  r e a s o n a b l y  a c c u r a t e  l o w - p a s s - t o - b a n d - p a s s  t r a n s f o r .  

m a t i o n  ( S e c .  1 0 . 0 1 )  t o  u s e  f o r  e s t i m a t i n g  t h e  a t t e n u a t i o n  c h a r a c t e r i s t i c s  

o f  i n t e r d i g i t a l  f i l t e r s  i s  

where  

and w ' ,  a ; ,  w ; ,  w ,  w l ,  and  w 2  a r e  a s  i n d i c a t e d  i n  F i g s .  1 0 . 0 1 - l ( a ) ,  ( b )  

T a b l e  1 0 . 0 6 - 1  shows a p p r o x i m a t e  d e s i g n  e q u a t i o n s  f o r  i n t e r d i g i t a l  

f i l t e r s  o f  t h e  form shown i n  F i g .  1 0 . 0 6 - 1 .  T h i s  t y p e  o f  d e s i g n  i s  most 

p r a c t i c a l  f o r  f i l t e r s  h a v i n g  n a r r o w  o r  m o d e r a t e  bandwid th .  A l t h o u g h  no 

s p e c i a l  i n v e s t i g a t i o n  o f  t h i s  p o i n t  h a s  b e e n  made, i t  a p p e a r s  p r o b a b l e  

t h a t  one  s h o u l d  c o n s i d e r  t h e  p o s s i b i l i t y  o f  u s i n g  t h e  d e s i g n  e q u a t i o n s  

i n  S e c .  1 0 . 0 7  when t h e  b a n d w i d t h  i s  o f  t h e  o r d e r  o f  30 p e r c e n t  o r  more ,  

i n s t e a d  o f  t h o s e  i n  T a b l e  1 0 . 0 6 - 1 .  Both  s e t s  o f  d e s i g n  e q u a t i o n s  a r e  

v a l i d ,  however ,  f o r  e i t h e r  n a r r o w  o r  w ide  b a n d w i d t h s .  The main  drawback 

i n  a p p l y i n g  t h e  d e s i g n  p r o c e d u r e  i n , t h i s  s e c t i o n  t o  f i l t e r s  o f  w ide  band- 

w i d t h  i s  t h a t  t h e  g a p s  b e t w e e n  L i n e s  0  and 1 and be tween  L i n e s  n  and n + l  

( s e e  F i g .  1 0 . 0 6 - 1 )  t e n d  t o  become i n c o n v e n i e n t l y  s m a l l  when t h e  bandwidth  

i s  l a r g e ,  a n d  t h e  w i d t h s  o f  B a r s  1 and n  t e n d  t o  become v e r y  s m a l l .  

To u s e  T a b l e  1 0 . 0 6 - 1  f o r  t h e  d e s i g n  o f  a n  i n t e r d i g i t a l  f i l t e r ,  f i r s t  

u s e  Eqs .  ( 1 0 . 0 6 - 1 )  t h r o u g h  ( 1 0 . 0 6 - 3 )  and t h e  c h a r t s  i n  S e c .  4 . 0 3  t o  e s t i -  

ma te  t h e  number ,  n ,  o f  r e a c t i v e  e l e m e n t s  r e q u i r e d  i n  t h e  l o w - p a s s  p ro to type  

i n  o r d e r  t o  g i v e  t h e  d e s i r e d  r a t e  o f  c u t o f f  w i t h  t h e  d e s i r e d  p a s s - b a n d  

c h a r a c t e r i s t i c s .  When t h e  p r o t o t y p e  c u t o f f  f r e q u e n c y  w; and e l e m e n t  va lues  

g o ,  g l ,  . . . ,  gntl h a v e  been  o b t a i n e d  f rom t h e  t a b l e s  i n  C h a p t e r  4 ,  t h e  de- 

s i g n  c o m p u t a t i o n s  c a n  b e g i n .  I t  i s  s u g g e s t e d  t h a t  t h e  f i l t e r  f r a c t i o n a l  

b a n d w i d t h ,  w ,  be  s p e c i f i e d  t o  b e  6  o r  7 p e r c e n t  l a r g e r  t h a n  i s  a c t u a l l y  

d e s i r e d ,  s i n c e  f rom t h e  t r i a l  d e s i g n  d e s c r i b e d  l a t e r  i t  a p p e a r s  t h a t  t h e r e  

w i l l  b e  some s h r i n k a g e  i n  b a n d w i d t h  due  t o  t h e  a p p r o x i m a t e  n a t u r e  o f  t h e  

Table 10.06-1 

DESIGN EQUATIONS FOR INTERDIGITAL FILTERS OF THE FORM 
IN FIG. 10.06-1 

Use mapping in Eqs. (10.06-1) to (10.06-3) to select a low-  ass 
prototype with the required value of n. ?he in ut and output lines 

In this filter do not count as resonators, so tRat there are n t 2 
lines for an n-reactive-element prototype. 

Compute: 

where h is a dimensionless admittance scale factor to be specified 
arbitraril so as to give a convenient admittance level in the 
filter. (%ee text. ) 

Ihe normalized self capacitances C k / c  per unit length for the line 
elements are: 

( c o n t i n u e d  o n  p .  618) 



T a b l e  1 0 . 0 6 - 1  c o n c l u d e d  

C tan 0 2 - - -M"  + hY* [+ +py)  + N n i , n  - 

where e i s  t h e  d i e l e c t r i c  constant  and cr i s  the  r e l a t i v e  d i e l e c t r i c  
constant  i n  t h e  medium of propagation. 
f i e  normalized mutual capaci tances  C k a k t l / ~  per u n i t  l ength  between 
adjacent  l i n e  elements a r e :  

- 
SOURCE: Q u a r t e r l y  P r o g r e s a  R e p o r t  4 ,  C o n t r a c t  DA 3 6 - 0 3 9  S C - 8 7 3 9 8 .  

S R I ;  r e p r i n t e d  i n  I R E  T r a n s .  PGMTT ( s e e  R e f .  3 b y  
G. L .  M a t t h s e i ) .  

design equat 

mapping Eqs. 

yA = Y, is t 

ions. However, the desired value of w should be used in the 

(10.06-1) through (10.06-3) for determining n. Note that 

.he characteristic admittance of the terminating lines. 

After all of the J / Y A  and N parameters in Table 10.06-1 have been 
computed, the admittance scale factor, h, must be fixed. One of the prime 

considerations in the choice of h is that the line dimensions must be such 
that the resonators will have a high unloaded Q. The dimensions that give 

optimum resonator Q's in such structures as interdigital filters are not 

known. However, it is known that for air-filled, coaxial-line resonators 

the optimum Q will result when the line impedance is about 76 ohms, and 

various approximate studies suggest that the optimum impedance for thick, 

rectangular-bar, strip-line resonators such as those in Fig. 10.06-2 is 

not greatly different. Thus, it is suggested that in this case h be 

chosen to make the quantity 

= (around 5.4) 
k=n/2 f o r  n e v e n  

=(n+1) /2  f o r  n o d d  

if air dielectric is used. If the quantity in Eq. (10.06-4) is set equal 

to 5.4 for the case of e r  = 1, this corresponds to making the line imped- 

ance 70 ohms for the resonator lines in the center of the filter, under 

the conditions that the adjacent lines are beifig excited with the same 

amplitude of voltage but with opposite ~ h a s e  (this is a generalized odd- 

mode admittance condition). A value for h, having been established, the 
remainder of the calculations follow in a straightforward manner. After 

the normalized capacitances, C k / e  and C k ,  k + I / ~ ,  have been computed, the 

line dimensions are determined as discussed in Sec. 5.05 [by use of 

Eqs. (5.05-33) through (5.05-35) and the accompanying charts]. 

A trial design was worked out using an n = 6 reactive-element 

T~heb~scheff prototype with L A r  = 0.10 db. The prototype parameters were 

go = 1, g1 = 1.1681, g 2  = 1.4039, g 3  = 2.0562, g4 = 1.5170, g g  = 1.9029, 

g6 = 0.8618, g7 = 1.3554, and w; = 1. The design was worked out for a 

fractional bandwidth of w = 0.10 centered at f o  = 1.5 Gc. Table 10.06-2 

summarizes the various parameters used or computed in the calculations. 

The parameter h was chosen so that Eq.  (10.06-4) would yield 5.4. The 

resulting circuit has symmetry in its dimensions because the ~chebyscheff 

Prototype is antimetric ( i . e . ,  one half of the network is reciprocal to 

the other half as discussed in Sec. 4.05). 

61 9 



Table 10.06-2 

TABULATION OF QUANTITIES IN TABLE 10.06-1 AND IN FIG. 10.06-2 FOR A 
10-PERCENT BANDWIDTH TRIAL DESIGN WITH n = 6 

and 6 0.9253 1.582 0.159* 0 and 7 1 a n  5 1 0.7809 1 6.401 ;I" 1 0.419 1 1 and 6 
and4 0.5886 6.381 0.512 2 and 5 
3 0.5662 6.379 0.218 0.520 3 and 4 

w = 0.10 Y A  = 0.020mho 
B1 = 1.492 = M6 = 0.02420 

h = 0.05143 b = 0.625 inch 

c r  = 1 t = 0.187 inch 

* 
C h a n g e d  t o  0.127 i n c h  a f t e r  l a b o r a t o r y  t e s t s .  ' C h a n g e d  t o  0.437 i n c h  a f t e r  l a b o r a t o r y  t e s t s .  

SOURCE: Q u a r t e r l y  P r o g r e s s  R e p o r t  4 ,  C o n t r a c t  DA 36-039 SC-87398, SRI; 
r e p r i n t e d  i n  IRE T r a n s .  PCMTT ( s e e  R e f .  3 b y  G. L. M e t t h a a i ) .  

Figure 10.06-3 shows a photograph of the completed filter, while 

Fig. 10.06-4 shows those dimensions of the filter not summarized in 

Table 10.06-2. The short-circuiting side walls of the structure are 

spaced exactly a quarter-wavelength apart at the midband frequency 

f o  = 1.5 Gc (ho/3 = 1.968 inches). Because of the capacitance between 

the open-circuited ends of the resonator elements and the side walls, 

it was necessary to foreshorten the resonators so as to maintain their 

resonant frequency at 1.5 Gc. No very satisfactory means for accounting 

for all of the fringing capacitances at the open-circuit ends of the 

resonators has been devised, but some rough estimates were made using 

fringing capacitance data in Sec. 5.05 and various approximations. The 
estimated foreshortening for the resonators was 0.216 inch, but laboratory 

tests showed this to be excessive since the pass-band center was 1.56 

instead of 1.50 Gc. Although the filter pass band can always be lowered 

in frequency by use of tuning screws, if the resonators had been fore- 

shortened about 0.160 inch instead of 0.216 inch, the pass-band center 

frequency would probably have been about right. 

Although the structure included tuning screws, no effort was made 

to lower the band-center frequency to 1.50 Gc. However, it was found 
that since Resonators 1 and 6 have different fringing-capacitance 

FIG. 10.06-3 A 10-PERCENT BANDWDTH INTERDIGITAL FILTER WITH ITS COVER 
PLATE REMOVED 

conditions at their open-circuit ends than do the other resonators, it 

was necessary to increase the capacitance at their open-circuit ends by 

inserting the tuning screws. Before this was done, the  ass-band re- 
sponse was not symmetrical (this is indicative of mistuning of some of 

the resonators with respect to the others). 

When the filter was first tested, the pass-band VSWR reached peaks 

of 2.2, which is somewhat high since 0.1-db rchebyscheff ripples call 

for VSWR peaks of only 1.36. Such conditions can usually be corrected 

by altering the couplings between the terminations and the first reso- 

nator on each end. Thus, a 0.032-inch-thick brass shim was added to the 



0.187 ALUMINUM JIG-PLATE 
UPPER GROUND WITH SECTIONS REMOVED TO METAL SPACER 
PLANE, FORM TRANSMISSION LINES. /BLOCKS 

k * 6.044 
0.187 

LOWER GROUND 
PLANE ,SHIM 

SECTION 

MODIFIED UG-1187/ U 

TOP VIEW, UPPER GROUND PLANE REMOVED 
A-3527-277 

SOURCE: Quarterly Progress Report 4. Contract DA 36-039 SC-87398, SRI; 
reprinted in IRE Trans. PCMTT (see Ref. 3 by G. L. Matthasi) 

FIG. 10.06-4 DRAWING OF THE 10-PERCENT BANDWIDTH 
INTERDIGITAL FILTER 
Part of the dimensions are as specified by Table 10.06-2 
along with Fig. 10.06-2 

input and output lines (Lines 0 and 7) to reduce the adjacent gaps from 

s o l  = s 6 ,  = 0.159 inch to 0.127 inch. This reduced the input VSWR to 

1.30 or less across the band. It appears desirable that, in working out 
the design of trial models of interdigital filters as described herein, 

some provision should be made for experimental adjustment of the size 

of coupling gaps at the ends, if the pass-band VSWR is to be closely 
controlled. 

Figure 10.06-5 shows the measured attenuation characteristic of 

this filter, while Fig. 10.06-6 shows the measured VSWR. The measured 
fractional bandwidth is slightly less than the design value ( w  = 0.0935 

instead of 0.100). Using w = 0.0935 and f o  = wo/(2n) = 1.563 Gc, the 

measured attenuation was compared with that estimated by use of the 

mapping Eqs. (10.06-1) through (10.06-3) along with Fig. 4.03-5. The 

measured attenuation in the stop bands was found to be somewhat less 

than that predicted for a Tchebyscheff filter with L A r  = 0.1-db ripple. 

However, the pass-band VSWR in Fig. 10.06-6 is, for the most part, much 

less than the 1.36 peak value corresponding to a 0.1-db Tchebyscheff 

ripple, and some of the VSWR amplitude shown may be due to the connectors 

and slight mistuning.* The attenuation for a L A r  = 0.01-db ripple filter 

SOURCE: Quarterly Progreaa Report 4, Conwact DA 36-039 SC-87398. SRI; 
reprinted in IRE Tmns. PCMTT (see Ref. 3 by G. L. Matthsei) 

FIG. 10.06-5 MEASURED ATTENUATION CHARACTERISTIC OF 
THE FILTER IN FIG. 10.06-3 

* 
The pass-band VSWR i s  t h e  most s e n s i t i v e  i n d e x  of  the  c o r r e l n t i o n  o f  the  a c t u a l  d e s i g n  a8 com- 
pared t o  the  pa.6-band c h a r a c t e r i s t i c  o f  t h e  p r o t o t y p e .  The pas.-band a t t e n u a t i o n  a s  de termined  
from through  t r n n s m i a s i o n  measurements  i n c l u d e s  t h e  a d d i t i o n a l  a t t e n u a t i o n  due t o  d i s s i p a t i o n  
l o a s ,  which m y  be  markedly g r e a t e r  t h a n  0.1 db depend ing  on t h e  Q'a o f  the  ranonator . .  



FREOUENCY- Gc 

SOURCE: Quarterly Progress Report 4. Contract DA 36-039 SC-87398, SRI; 
reprinted in IRE Trans. PGMTT (see  Ref. 3 by G. L. Matthaei) 

FIG. 10.06-6 MEASURED VSWR OF THE FILTER IN 
FIG. 10.06-3 

f i l t e r  (VSWR = 1.1 p e a k )  was a l s o  e s t i m a t e d ,  and  t h e  r e s u l t s  a r e  summarized 

i n  T a b l e  1 0 . 0 6 - 3 .  N o t e  t h a t  i n  a l l  c a s e s  t h e  m e a s u r e d  s t o p - b a n d  a t t e n u a t i o n  
i s  l e s s  t h a n  t h a t  computed f o r  a  0 . 1 0 - d b  r i p p l e  f i l t e r ,  b u t  more t h a n  t h a t  

f o r  a  0 . 0 1 - d b  r i p p l e  f i l t e r .  T h u s ,  t h e  g i v e n  a p p r o x i m a t e  mapping p r o c e d u r e  
a p p e a r s  t o  b e  r e a s o n a b l y  c o n s i s t e n t  w i t h  t h e  m e a s u r e d  r e s u l t s .  

Table 10. 06-3 
COMPARISON OF MEASURED ATTENUATION IN 
FIG. 10.06-5 WITH ATTENUATION PREDICTED 

USING MAPPING EQS. (10.06-1) TO (10.06-3) 
Gmputeci values are for 0.01 and 0.10 db ripple, 

SOURCE: Q u a r t e r l y  Pro(yress  Report  4 ,  C o n t r a c t  
DA 36-039 SC-87398,  SRI; r e p r i n t e d  i n  
IRE T r a n s .  PCMTT ( s e e  R e f .  3 by 
G .  L. M a t t h a e i .  

n = 6  3 = 0.0935, and f O  a m0/(2n) = 1.563 GC 

The s e c o n d  p a s s  band f o r  i n t e r -  

d i g i t a l  f i l t e r s  i s  c e n t e r e d  a t  3w0 

( w h e r e  w o  i s  t h e  c e n t e r  o f  t h e  f i r s t  

p a s s  b a n d ) .  T h e r e  a r e  m u l t i p l e -  

o r d e r  p o l e s  o f  a t t e n u a t i o n  

( S e c .  2 . 0 4 )  a t  w  = 0 ,  2wo, 4wo, 

e t c  . s o  t h e  s t o p  b a n d s  a r e  v e r y  

s t r o n g .  U n l i k e  a l l  t h e  f i l t e r s  d i s -  

c u s s e d  e a r l i e r  i t  t h i s  c h a p t e r ,  

i n t e r d i g i t a l  f i l t e r s  c a n n o t  p o s s i b l y  

h a v e  any  s p u r i o u s  r e s p o n s e s  n e a r  2u0,  

4wo, e t c . ,  no  m a t t e r  how p o o r l y  they 

may b e  t u n e d .  

cr 

1.440 
I .686 
1.380 
1.746 

C a l c u l a t i n g  f rom t h e  measu red  p a s s - b a n d  a t t e n u a t i o n  o f  t h e  t r i a l  

d e s i g n ,  i t  i s  e s t i m a t e d  t h a t  t h e  u n l o a d e d  Q ' s  o f  t h e  r e s o n a t o r s  i n  t h i s  

f i l t e r  a r e  a b o u t  1100 .  Us ing  c o p p e r  f o r  t h e  s t r u c t u r e  i n s t e a d  o f  aluminum 

would t h e o r e t i c a l l y  g i v e  a  v a l u e  a b o u t  25 p e r c e n t  h i g h e r  f o r  t h e  u n l o a d e d  

Q ' s .  I t  i s  p o s s i b l e  t h a t  a  d i f f e r e n t  impedance  l e v e l  w i t h i n  t h e  f i l t e r  

might  a l s o  g i v e  h i g h e r  Q ' s  f o r  a  g i v e n  g r o u n d  p l a n e  s p a c i n g .  P o l i s h i n g  

t h e  r e s o n a t o r  b a r s  and  t h e  g r o u n d  p l a n e s  would  a l s o  h e l p  t o  r a i s e  t h e  

r e s o n a t o r  Q ' s .  

LA' db 

O R  L A  = 0. o 

2 5 
25 
49.5 
49.5 

The l i n e s  i n  t h e  t r i a l  i n t e r d i g i t a l  f i l t e r  ( F i g s .  1 0 . 0 6 - 3  and 1 0 . 0 6 - 4 )  

were f a b r i c a t e d  by m a c h i n i n g  L i n e s  0 ,  2 ,  4 ,  and  6 i n  comb form f rom a  s i n g l e  

p i e c e  o f  j i g  p l a t e .  L i n e s  1 ,  3 ,  5 ,  and  7 were  c u t  o u t  s i m i l a r l y  f r o m  a  

second  p i e c e  o f  j i g  p l a t e .  ( A c t u a l l y ,  b o t h  comb s t r u c t u r e s  were  mach ined  

a t  o n c e ,  b a c k - t o - b a c k . )  Then,  i n t e r l e a v i n g  t h e  two comb s t r u c t u r e s  be tween  

ground p l a n e s  g a v e  t h e  d e s i r e d  i n t e r d i g i t a l  s t r u c t u r e .  

F i g u r e  1 0 . 0 6 - 7  shows an  a l t e r n a t i v e  form o f  i n t e r d i g i t a l  f i l t e r  s t r u c -  

t u r e  t h a t  s h o u l d  b e  even  l e s s  e x p e n s i v e  t o  f a b r i c a t e .  I n  t h i s  c a s e ,  t h e  

i n t e r d i g i t a l  l i n e  s t r u c t u r e  i s  p h o t o - e t c h e d  on a c o p p e r - c l a d  d i e l e c t r i c  

c a r d ,  and t h e  d i e l e c t r i c  m a t e r i a l  removed f rom t h e  r e g i o n  be tween  t h e  

c o p p e r - f o i l  l i n e s .  I n  o r d e r  t o  p r o v i d e  good s u p p o r t  f o r  t h e  l i n e s ,  t h e  

LA' db 

MEA~LIRED 

29 
28 
52 
52 

COPPER FOIL CIRCUIT Az!b&bG 

L A ,  db 

son rAr = 0.1 r 

35.5 
35.5 
59.5 
59.5 

TOP AND BOTTOM O F  
DIELECTRIC CARD SUPPORT METAL GROUND 

PLANES 

ETAL SHORT- 
IRCUlTlNG BARS 

CTRlC CARD CUT 
BETWEEN LINES 

SOURCE: Quarterly Progress Report 4, Contract DA 36-039 SC-87398. SRI; 
reprinted in IRE Tmns. PGMTT ( s ee  Ref. 3 by G. L. Mattbaei) 

FIG. 10.06-7 A PROPOSED LOW-COST CONSTRUCTION FOR INTERDIGITAL-LINE 
FILTERS 



dielectric is not removed at the open-circuit ends of the lines, however, 

With the use of this structure, the propagation is largely in air, which 

should permit good performance; also, the dielectric-card line structures 

should be quite inexpensive to mass produce. 

Round rods between ground planes also provide an attractive form for 

fabricating interdigital  filter^.^ However, no data are yet available for 

accurate determination of the rod diameters and spacings from specified 

line capacitances: 

SEC. 10.07, INTERDIGITAL-LINE FILTERS HAVING WIDE BANDWIDTHS 

In this section the interdigital band-pass filter discussion in 

Sec. 10.06 is extended to cover the filter structure shown in Fig. 10.07-1. 

Note that the structure in Fig. 10.07-1 differs from that in Fig. 10.06-1 

in that the terminating 

LlNE NUMBERS I 

TERMINATING 
LlNE 

ADMITTANCE 

YA 

lines are connected to 01 :n-circuited rather than 

TERMINATING 
LlNE 

ADMITTANCE 

"0 = YA 
A-3527-271 

SOURCE: Quarterly Prograsa Report 4, Contract DA 36-039 SC-87398. SRI; 
reptinted in IRE Tmns. PCMTT (see Ref. 3 by G: L. Matthaei) 

FIG. 10.07-1 INTERDIGITAL FILTER WITH OPEN-CIRCUITED 
LINES AT THE ENDS 

short-circuited line elements. In the case of the structure in Fig. 10.O1-l 
when it is designed by the methods of this section, all of the line elements 

(including Lines 1 and n) serve as resonators. Thus, when the procedure of 
this section is used, an n-reactive-element, low-pass prototype will lead t o  

an interdigital filter with n interdigital line elements. 

- BolljahnandMatthaei  (Ref. 2 )  g i v e  an approximate method f o r  deaign o f  atructurea consisting of  rods that "' 
a l l  the amme a i m  and hava the same spacings. A procedurs f o r  accurate  danign where varying diameters and 
apacings are required ha* not  a. y e t  been obtained.  

Table 10.07-1 presents approximate design equations for filters of 

the form in Fig. 10.07-1. This type of filter is most practical for 

designs having moderate or wide bandwidths ( i . e . ,  perhaps bandwidths of 

around 30 percent or more), although the design procedure given is valid 

for either narrow- or wide-band filters. The main drawback in applying 

the procedure in Table 10.07-1 to narrow-band filters is that Lines 1 and 

n will tend to attain extremely high impedance in such designs. 

Except for the somewhat different design equations, the procedure for 

the design of filters of the form shown in Fig. 10.07-1 is much the same as 

that described for filters in Sec. 10.06. It is suggested that for use in 

Table 10.07-1, w be made about 8 percent larger than the actual desired 

fractional bandwidth, in order to allow for some bandwidth shrinkage. 

Equation (10.06-4) is applicable when selecting a value for the admittance 

scale factor, h. 

A trial design was worked out using an n = 8 reactive-element 

Tchebyscheff prototype with LA? = 0.10 db. The prototype parameters were 

- 1.1897, g, = 1.4346, g,  = 2.1199, g, = 1.6010, g ,  = 2.1699, go = 1, g, - 
g, = 1.5640, g, = 1.9444, g 8  = 0.8778, g9 = 1.3554, and o; = 1.   he design 

was carried out for a fractional bandwidth of w = 0.70 centered at 1.50 Gc, 
and the parameter h was chosen to make Eq. (10.06-4) equal to 5.86. (This 

gives a generalized odd-mode impedance of 64.5 ohms for the middle lines.) 

Table 10.07-2 summarizes some of the quantities computed in the course of 

the design of this filter. 

Figure 10.07-2 shows the completed filter, while the drawing in 

Fig. 10.07-3 shows additional construction details and additional dimen- 

sions not summarized in Table 10.07-2. The filter was fabricated in much 

the same manner as the filter described in Sec. 10.06, except that the 

resonator lines were foreshortened by 0.150 inch. The relatively small 

cross-sectional dimensions of the resonator elements, unfortunately, made 

0.150 inch excessive, so that the measured band-center frequency was 

1.55 Gc instead of 1.50 G c .  It is probable that foreshortening the line 

elements about 0.125 inch would have been about right. 

When this filter was first tested, the VSWR was quite low across the 
band (about 1.2 or less) except at band center where the VSWR peaked to 

1.8. This situation was altered by increasing the sip and s T 8  gaps from 

0.087 inch to 0.092 inch, which caused the VSWR peaks across the band to 

be more nearly even and to be 1.55 or less. 



T a b l e  1 0 . 0 7 - 1  

DESIGN EQUATIONS FOR INTERDIGITAL FILTERSOFTHE FORM 

IN FIG. 1 0 . 0 7 - 1  

Use mapping i n  Eqs. (10:06-1) t o  (10.06-3) t o  s e l e c t  low-pass 
prototype with t h e  r equ l r ed  value of n. ' h e  i npu t  and output  

i n e s  i n  t h i s  f i l t e r  count a s  r e sona to r s ,  s o  t h a t  t he re  a r e  n  
l i n e  elements f o r  an n-react ive-e lement  prototype.  

Compute : 

- - - o;gOgI tan  
A 

?he normalized s e l f - capac i t ances ,  C k / c ,  pe r  u n i t  length  f o r  
t h e  l i n e  elements a r e :  

T a b l e  1 0 . 0 7 - 1  conc luded  

where  c i s  t h e  d i e l e c t r i c  c o n s t a n t ,  6 
i s  t h e  r e l a t i v e  

d i e l e c t r i c  c o n s t a n t  i n  t h e  medium of b r o p a g a t i o n ,  and  h i s  
a  d i m e n s i o n l e s s  a d m i t t a n c e  s c a l e  f a c t o r  whose v a l u e  shou ld  
b e  c h o s e n  t o  g i v e  a  c o n v e n i e n t  a d m i t t a n c e  l e v e l  i n  t h e  
f i l t e r .  ( S e e  Tex t .  ) - - -  

The n o r m a l i z e d  mu tua l  c a p a c i t a n c e s  C k , k + l / c  p e r  u n i t  l e n g t h  
between a d j a c e n t  l i n e  e l e m e n t s  a r e :  

SOURCE: Q u a r t e r l y  P r o g r e s s  Report  4. Contrac t  DA 36 -039  
SC-87398. SRI;  r e p r i n t e d  i n  IM T r o n s .  PCMTT 



SOURCE: Quarterly Progress Report 4, Contract DA 36-039 SC-87398, SRI; 
reprinted in IRE Tmns. PGMTT b e e  Ref. 3 by G. I;. Matthaei) 

FIG. 10.07-2 OCTAVE BANDWIDTH INTERDIGITAL FILTER WITH 
COVER PLATE REMOVED 
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SOURCE: Quarterly Progress Report 4. Contract DA 36-039 SC-87398, SRI: 
reprinted in IRE Tmns. PGMTT (nee Ref. 3 by G. L. Matthaei) 

FIG. 10.07-3 DRAWING OF THE INTERDIGITAL FILTER 
IN FIG. 10.07-2 
Other dimensions not shown are as defined by 
Fig. 10.06-2 and Table 10.07-2 



T a b l e  1 0 . 0 7 - 2  

TABULATION OF SOME OF THE PAMETERS COMPUTED IN THE DESIGN OF 
THE TRIAL OCTAVE-BANDWIDTH INTERDIGITAL FILTER 

The d i m e n s i o n s  a r e  a s d e f i n e d  i n  F i g .  1 0 . 0 6 - 2  

J k , k + l / Y ~  

v = 0.70 YA = 0.020 mho 

0, = 1.021 b = 0.625 inch  
h = 0.18 t = 0.063 inch  

e r  = 1 

Changed t o  0.092 inch a f t e r  l a b o r a t o r y  t e s t s .  
Computed us ing  Eq. (5 .05-26)  f o r  width c o r r e c t i o n .  
SOURCE: Q u a r t e r l y  Progreas  Report  4. Cont rac t  M 36-039 SC-87398, SRI; 

r e p r i n t e d  i n  I R E  T r a n r .  PCUTT ( s e e  Ref.  3 by G. L. Mntthaei.  

1 and 7 
2 and 6 
3 and 5 

4 

F i g u r e  1 0 . 0 7 - 4  shows t h e  measured a t t e n u a t i o n  of  t h i s  f i l t e r ,  w h i l e  

F ig .  10 .07-5  shows i t s  measured VSWR. The f r a c t i o n a l  bandwidth i s  0 .645  
i n s t e a d  o f  t h e  s p e c i f i e d  0 .700  v a l u e ,  which i n d i c a t e s  a  s h r i n k a g e  of  band- 

'k,k+l/' 

w id th  of  about  8  p e r c e n t ,  a s  a  r e s u l t  o f  t h e  

0 .823 
0.779 
0.770 

T a b l e  1 0 . 0 7 - 3  v a r i o u s  a p p r o x i m a t i o n s  i n v o l v e d  i n  t h e  des ign  

COMPARISON OF THE MEASURED e q u a t i o n s .  The a t t e n u a t i o n  c h a r a c t e r i s t i c s  

'k.kt1 
( i n c h e s )  

IN 'ITH i n  F ig .  1 0 . 0 7 - 4  was checked a g a i n s t  t h e  a t -  
ATTENUATIONPREDICTEDUSINGMAPPING 

1.647 
1 .115 
1.056 
1 .044 

EQS. ( 1 0 . 0 6 - 1 )  M ( 1 0 . 0 6 - 3 )  t e n u a t i o n  computed u s i n g  t h e  mapping 

' 

Computed v a l u e s  a r e  f o r  0.10-db 
r i p p l e ,  n 8 ,  w = 0.645, and 

f 0 = ~ 0 / ( 2 n )  = 1.55  Gc 

0.087. 
0.136 
0.143 
0.146 

Gc 1 R L A  = 0.10 MEASURED d b  I d b  I 

2 Y 
ZA O r  A YA 

SOURCE: Q u a r t e r l y  Progreas  Report 4 ,  
Cont rac t  DA 36-039SC-87398, 
SRI; r e p r i n t e d  i n  I R E  T r a n r .  
PCUTT ( sea  Ref. 3 b y  
G. L. Matthmai).  

l a n d 8  
2 and 7 
3 and 6 
4 and 5 

Eqs. ( 1 0 . 0 6 - 1 )  t h r o u g h  (10 .06-3)  w i t h  

w = 0 .645 ,  and f,, = 0 0 / ( 2 n )  = 1 . 5 5  Gc, a long  

w i t h  t h e  n = 8  c u r v e  i n  F i g .  4 .03-5 .  The 

r e s u l t i n g  computed v a l u e s  a r e  l i s t e d  i n  

T a b l e  1 0 . 0 7 - 3 ,  a l o n g  w i t h  t h e  c o r r e s p o n d i n g  

measured v a l u e s  o f  a t t e n u a t i o n .  The a g r e e -  

ment can be s e e n  t o  be q u i t e  good. 

' k / '  

SEC. 1 0 . 0 8 ,  DERIVATION OF THE DESIGN 
EQUATIONS FOR PARALLEL- 
COUPLED AND STUB FILTERS 

k 
( i n c h e s )  

1.941 
1 .779 
1.235 
1 .258 

The f i r s t  s t e p  i n d e r i v i n g t h e  d e s i g n  

e q u a t i o n s  i n  T a b l e s  1 0 . 0 2 - 1  th rough  

632 

SOURCE: 

2.235 
1.463 
1.675 
1.706 

Qunrtsrlr 
reprinted 

0 . 1 2 6 ~  
0 .121t  
0 . 1 ~ 6 ~  
0 . 1 2 7 ~  

Progress Report 4. Contract DA 
in IRE Tmns. PCMTT (sea Ref. 

FIG. 10.07-4 MEASURED ATTENUATION CHARACTERISTIC OF THE 
FILTER IN FIG. 10.07-2 

FREQUENCY - GC 
a-3527-312 

FIG. 10.07-5 MEASURED VSWR OF THE FILTER 
IN FIG. 10.07-2 



Table 10.05-1 is to convert the low-pass prototype (Sec. 4.04) into the 

modified form discussed in Sec. 4.12, which uses only one kind of reactive 
element along with impedance or admittance inverters as shown in 

Fig. 10.08-1, where the impedance and admittance inverters are assumed 

to be frequency-independent and to have the properties summarized in 

Fig. 10.08-2. It will be recalled that the low-pass prototype element 

values g o ,  gl, gp, . . . ,  gn+l having been specified for the circuit in 
Fig. 10.08-l(a), the elements R A ,  L a l ,  Lo2, . . . , La,, RB may be chosen 

111: 110 " - 1  

( b )  MODIFIED PROTOTYPE USING ADMITTANCE INVERTERS m r s ~ . . ~ ~ ~ n  

SOURCE: Final  Report, Contract DA 36-039 SC-74862, SRI: reprinted 
in  IRE Trans. PCMTT (see Ref. 1 by G. L. Matthaei) 

FIG. 10.08-1 LOW-PASS PROTOTYPES MODIFIED TO INCLUDE IMPEDANCE 
INVERTERS OR ADMITTANCE INVERTERS 
The go, g,, ..., gn, gn+, are obtained from the original prototype 
as in Fig. 4.04-1, whi le the RA, La,, ..., La,, and RB or the GA, 
CaI, ..., Can, and GB may be chosen as desired 

IMPEDANCE INVERTER 

PHASE SHIFT 

w ADMITTANCE 

INVERTER 

SOURCE: Final  Report, Contract DA 36-039 SC-74862. 
SRI; reprinted in  IRE Tranr. PCMTT (see 
Ref. 1 by G. L. Metthasi) 

FIG. 10.08-2 DEFINITION OF IMPEDANCE 
INVERTERS AND ADMITTANCE 
INVERTERS 

as desired. Then the circuit with impedance inverters and series induc- 

tances will have exactly the same response as the original L-C ladder 
prototype if the impedance inverter parameters are specified as indicated 

by the equations in Fig. 10.08-l(a). An analogous situation also applies 

for the dual circuit in Fig. 10.08-l(b). 

The derivations of the design equations in this chapter are based on 

the use of the converted prototypes in Fig. 10.08-1 using idealized, 

frequency-independent impedance or admittance inverters. The procedure 

will be to break up the modified prototype into symmetrical sections, and 

then to relate the image properties (Chapter 3) of the modified prototype 

sections to the image properties of corresponding sections of the actual 

band-pass microwave filter structure. 



Procedure for Deriving the Equations in Table 10.02-I-The design 

equations in Table 10.02-1 are based on the modified prototype shown at 

(b) in Fig. 10.08-1, while Fig. 10.08-3 shows the manner in which the 

element values are specified, and the manner in which the prototype is 

broken into sections. The image admittance, Y , ~ + ~ ( ' ) ,  and phase, 
Pk,,,, (in the pass band) for each of the prototype interior sections 
(Si2 to Sl-l,n) are readily shown to be 

and 

4 ,  k t ,  

where, in this case, C, = GA/w; and w; is the cutoff frequency for the 
low-pass prototype. The choice of 7n/2 in Eq. (10.08-2) depends on 
whether the inverter is taken to have C90-degree phase shift. 

The 
equations in Fig. 5.09-l(b) can be adapted to show that the image admit- 

tance and pass-band image phase for a parallel-coupled section. Sk,k+l 
such as those in the filter in Fig. 10.02-l(a) is 

SOURCE: Final Report. Contract DA 36-039 SC-74862. SRI; reprinted 
in IRE Trans. PGMTT (see Ref. 1 by G. L. Matthaei) 

Y - Y O 2  - (yo,, + YJ2 cos2 8 
Y, = 2 sin 6 (10.08-3) 

and 

where 0 = nw/2w0 and Yo,, and Yoe are the odd- and even-mode line admit- 
tances, respectively. The parameters of the parallel-coupled sections 

'12 to Sn-1.n in Fig. 10.02-l(a) are related to sections Si2 to S:-l,n 

of the prototype by forcing the following correspondences between the 

two structures: 

The image phase of the parallel-coupled sections when 

w = w,, must be the same as the image phase of the pro- 

totype sections when w' = 0. 

The image admittances of the parallel-coupled sections 

when w = oo must be the same (within a scale factor h)* 

as the image admittances of the corresponding prototype 

sections when of = 0. 

The image admittance of the parallel-coupled sections 

when w = wl must be the same (within a scale factor h)* 

as the image admittance of the corresponding prototype 

sections when w' = w;. (10.08-5) 

Correspondence (1) is fulfilled in this case by choosing the + sign 

in Eq. (10.08-2). Equating Eqs. (10.08-1) and (10.08-3) and evaluating 

each side at the appropriate frequencies indicated above, two equations 

are obtained from which the equations for interior sections in 

Table 10.02-1 may be derived (with the help of the information in 

Figs. 10.08-1 and 10.08-3) by solving for Y o O  and Yoe. 

The end sections, S o  and Sn,ntl, must be treated as a special case. 

If Yin(jo) is defined as the admittance seen looking in the right end of 

the parallel-coupled section Sol in Fig. 10.02-I(.), with the left end 

FIG. 10.08-3 MODIFIED PROTOTYPE FOR DERIVING THE DESIGN 
EQUATIONS I N  TABLE 10.02-1 



connected to the input line of 

are forced with respect to Yln 

(1) Re Yin(jwo) = Re Yin 

nating circuit, just 

admittance Y A ,  the fo llowing correspondences 

(jw') indicated in Fig. 10.08-3: 

(jwl) for the parallel-coupled termi- 

as Re Yin(jO) = Re Y:,(-jw;) for the 

terminating circuit of the prototype. 
(10.08-6) 

(2) I m  Yin(jwl)/Re Y,,(jw,) must equal B'/G1 = In YIn(-jw;)/ 
Re Yi,(-jw;) computed from the prototype. 

In order to obtain additional degrees of freedom for adjusting the admit- 

tance level within the interior of the filter, the two parallel-coupled 

strips for the end sections Sol and Snantl were allowed to be of unequal 

width and the special constraint conditions summarized in Fig. 5.09-3(a) 

were used in computing Yin(jw) for the actual filter. [The constraint 

(Y:e)ol + (Y:O)ol = 2YA insures that Correspondence 1 in Eq. (10.08-6) 

will be satisfied.] From Fig. 10.08-3 it is easily seen that 

The equations in Table 10.02-1 for design of the end sections Sol and 
Sn,ntl of the parallel-coupled filter were then obtained by using Yin(jw) 

computed using Fig. 5.09-3(a), and Yin (jw') from Eq. (10.08-7) in the 
correspondences (10.08-6) above. It should be noted that the admittance 

scale factor h = l/dr, where N is the turns ratio in Fig. 5.09-3(a). 

Procedure for Deriving the Equations in Table 10.03-1-The -equations 

in Table 10.03-1 were derived using much the same point of view as dis- 

cussed above for Table 10.02-1, except that the somewhat different modi- 

fied prototype in Fig. 10.08-4 was used. Note that in this case the JOl 
and Jn,n+l admittance inverters are eliminated, and that the circuit has 

been split into a cascade of symrnetrical sections. Note that the sym- 
metrical sections in Fig. 10.08-4 are the same as those in Fig. 10.08-3, 

and that their image admittance and phase are given by Eqs. (10.08-1) and 

(10.08-2). Now the stub filter in Fig. 10.03-1 can be pieced together as 

a cascade of symmetrical stub sections as shown in Fig. 10.08-5. Also, 
note from Fig. 5.09-l(b) that these stub sections are exactly equivalent 

to the parallel-coupled sections in the filter in Fig. 10.02-l(a). Due 

FIG. 10.08-4 MODIFIED PROTOTYPE FOR USE I N  DERIVING THE 
DESIGN EQUATIONS I N  T A B L E  10.03-1 
The oaromere! d may be chosen arbitrarily within the . , 
range O < d 2 1 

FIG. 10.08-5 T H E  F I L T E R  I N  FIG. 10.03-1 BROKEN 
INTO SYMMETRICAL SECTIONS 
The sections of this filter are designed . 

using the prototype sections in 
Fig. 10.08-4 as a guide 



t o  t h i s  e q u i v a l e n c e ,  Eqs.  ( 1 0 . 0 8 - 3 )  and ( 1 0 . 0 8 - 4 )  a l s o  a p p l y  f o r  s t u b  
s e c t i o n s  by s u b s t i t u t i n g  

and 

where Y k , k + l  i s  t h e  c h a r a c t e r i s t i c  a d m i t t a n c e  of t h e  Ao/4 c o n n e c t i n g  l i n e  

and Y ; , k t l  i s  t h e  c h a r a c t e r i s t i c  a d m i t t a n c e  o f  t h e  s h o r t - c i r c u i t e d  A0/4 

s t u b s  i n  s e c t i o n  S k ,  k t l  of  t h e  f i l t e r  ( F i g .  1 0 . 0 8 - 5 ) .  

The s e c t i o n s  S i C k t l  o f  t h e  m o d i f i e d  p r o t o t y p e  i n  F i g .  1 0 . 0 8 - 4  were 

r e l a t e d  t o  t h e  c o r r e s p o n d i n g  s e c t i o n s  S k S k t 1  ( F i g .  1 0 . 0 8 - 5 )  o f  t h e  band- 

p a s s  f i l t e r  by f i r s t  s e t t i n g  R,+l = g o  ( f o r  F i g .  1 0 . 0 8 - 4 )  and t h e n  apply-  

i n g  t h e  cor respondences  ( 1 0 . 0 8 - 5 )  above.  (Of c o u r s e ,  i n  t h e  s t a t e m e n t s  of 
t h e  cor respondences  " s t u b  f i l t e r  s e c t i o n s "  s h o u l d b e  used  t o  r e p l a c e  " p a r a l l e l -  

coup led  s e c t i o n s . " )  T h e c o r r e s p o n d e n c e s  were f i r s t  worked o u t  u s i n g  t h e  admlt. 
t a n c e  l e v e l  of  t h e  p r o t o t y p e  i n  F i g .  1 0 . 0 8 - 4 ;  l a t e r  t h e  a d m i t t a n c e  l e v e l  was ' 
a l t e r e d  by m u l t i p l y i n g  a l l  a d m i t t a n c e s  by YAgO. R e l a t i n g  t h e  p r o t o t y p e  and 
band-pass  f i l t e r  s e c t i o n s  made i t  p o s s i b l e  t o  o b t a i n  e q u a t i o n s  f o r  t h e  l i n e  

a d m i t t a n c e s  i n  t h e  band-pass  f i l t e r  s e c t i o n s ,  and t h e n  t h e  f i n a l  s t u b  admit- 
t a n c e s  f o r  t h e  f i l t e r  i n  F i g .  1 0 . 0 3 - 1  were computed a s  t h e  sums of  t h e  
a d m i t t a n c e s  o f  a d j a c e n t  s t u b s ,  i . e . ,  f o r  t h e  k t h  s t u b  

The s t u b  Y;  i n  F i g .  1 0 . 0 8 - 5  i s  r e l a t e d  t o  C; i n  F i g .  1 0 . 0 8 - 4  by t h e  I 
r e l a t i o n  

Y; c t n  til 
w;C;Ro = 

A 

which f o r c e s  t h e  s u s c e p t a n c e  o f  t h e  Y; s t u b  a t  t h e  band-edge f r e q u e n c y ,  

ml ,  t o  be  t h e  same a s  t h e  s u s c e p t a n c e  of  C; o f  t h e  modi f ied  p r o t o t y p e  a t  

t h e  p r o t o t y p e  band-edge f r e q u e n c y ,  w ; ,  ( e x c e p t  f o r  a  p o s s i b l e  a d m i t t a n c e  

s c a l e  change i n  t h e  microwave f i l t e r ) .  Then t h e  end s t u b  Y1 h a s  t h e  
t o t a l  a d m i t t a n c e  

The o t h e r  end s t u b ,  Y,, i s  t r e a t e d  i n  s i m i l a r  f a s h i o n  

Procedure  f o r  D e r i v i n g  t h e  Equa t ions  i n  Table  10.05-I-The s t u b  

f i l t e r  i n  F i g .  1 0 . 0 5 - 1  i s  much t h e  same a s  t h a t  i n  F ig .  10 .03-1 ,  e x c e p t  

t h a t  s e r i e s  A0/2 s h o r t - c i r c u i t e d  s t u b s  have been added a t  t h e  e n d s  o f  

t h e  f i l t e r .  I n  o r d e r  t o  accommodate t h e  s e r i e s  s t u b s ,  t h e  m o d i f i e d  

p r o t o t y p e  i n  F i g .  10 .08-6  i s  u s e d ,  where i t  s h o u l d  be n o t e d  t h a t  t h e r e  

a r e  now s e r i e s  i n d u c t a n c e s  a t  b o t h  ends of  t h e  f i l t e r .  The s e r i e s  s t u b  

Zl of  t h e  f i l t e r  i n  F i g .  1 0 . 0 5 - 1  i s  r e l a t e d  t o  t h e  s e r i e s  e lement  Ll  of  

t h e  f i l t e r  i n  F i g .  10 .08-6 .  T h i s  r e l a t i o n  f o r c e s  t h e  r e a c t a n c e  o f  t h e  

s e r i e s  s t u b  a t  t h e  band-edge f requency  wl f o r  t h e  band-pass  f i l t e r  t o  be 

t h e  same a s  t h e  r e a c t a n c e  w;L1 of  t h e  p r o t o t y p e  a t  t h e  p r o t o t y p e  band- 

edge f r e q u e n c y ,  w; ( w i t h i n  a  p o s s i b l e  impedance s c a l e  change f o r  t h e  

microwave f i l t e r ) .  The same was done f o r  t h e  s e r i e s  s t u b  Z, a t  t h e  o t h e r  

end of  t h e  f i l t e r .  I n  a l l  o t h e r  r e s p e c t s  t h e  d e r i v a t i o n  of  t h e  e q u a t i o n s  

i n  Tab le  1 0 . 0 5 - 1  i s  much t h e  same a s  t h e  d e r i v a t i o n  f o r  t h e  e q u a t i o n s  f o r  

t h e  s t u b  f i l t e r  i n  F i g .  1 0 . 0 3 - 1 ,  a s  d i s c u s s e d  above.  

FIG. 10.08-6 MODIFIED PROTOTYPE FOR USE IN DERIVING THE EQUATIONS 
IN TABLE 10.05-1 
The parameter d may be chosen arbitrarily within the range 0  < d 5 I 



SEC. 1 0 . 0 9 ,  DERIVATION OF THE DESIGN EQUATIONS FOR 
INTERDIGITAL-LINE FILTERS 

The d e r i v a t i o n  o f  d e s i g n  e q u a t i o n s  f o r  f i l t e r s  o f  t h e  fo rm i n  

F i g .  1 0 . 0 9 - 1  was e x p l a i n e d  i n  S e c .  1 0 . 0 8 .  F i l t e r s  o f  t h i s  t y p e  c o n s i s t  o f  

p a r a l l e l - c o u p l e d  r e s o n a t o r s  wh ich  a r e  Ao/2  l o n g  a t  t h e  midband f r e q u e n c y .  

T h e r e  i s  a  Ao/4 ,  s h o r t - c i r c u i t e d  i n p u t  a n d  o u t p u t  c o u p l i n g  l i n e  a t  e a c h  

end o f  t h i s  f i l t e r ;  t h e s e  a r e  d e s i g n e d  t o  s e r v e  o n l y  a s  p a r t  o f  a n  a d m i t -  

t a n c e  t r a n s f o r m i n g  s e c t i o n .  An i n t e r d i g i t a l  f i l t e r  o f  t h e  form i n  

F i g .  1 0 . 0 6 - 1  i s  o b t a i n e d  f r o m  t h e  f i l t e r  i n  F i g .  1 0 . 0 9 - 1  i f  e a c h  Ao/2 

l i n e  i s  c u t  i n  t h e  m i d d l e  and  f o l d e d  d o u b l e  t o  g i v e  t h e  s t r u c t u r e  i n  

F i g .  1 0 . 0 9 - 2 .  I t  can  b e  s e e n  f rom F i g .  1 0 . 0 9 - 3  t h a t  t h i s  o p e r a t i o n  h a s  

l i t t l e  e f f e c t  on  t h e  c u r r e n t s  a n d  v o l t a g e s  on t h e  l i n e s ,  a t  l e a s t  a t  

midband. F i g u r e  1 0 . 0 9 - 3 ( a )  shows t h e  v o l t a g e s  and  c u r r e n t s  on  a  s h o r t -  

c i r c u i t e d  Ao/2 r e s o n a t o r ,  w h i l e  F i g .  1 0 . 0 9 - 3 ( b )  shows t h e  v o l t a g e s  a n d  

c u r r e n t s  a f t e r  t h e  r e s o n a t o r  h a s  b e e n  c u t  a n d  f o l d e d .  N o t e  t h a t  t h e  

v o l t a g e s  and c u r r e n t s  on t h e  a and  b p o r t i o n s  o f  t h e  r e s o n a t o r  a r e  t h e  

same i n  e i t h e r  c a s e .  

The c i r c u i t s  i n  F i g s .  1 0 . 0 9 - 1  and 1 0 . 0 9 - 2  a r e  c l e a r l y  n o t  e l e c t r i -  

c a l l y  t h e  same.  F i r s t ,  i f  t h e  s t r u c t u r e  i n  F i g .  1 0 . 0 9 - 2  h a s  s i g n i f i c a n t  

f r i n g i n g  c a p a c i t a n c e s  e x t e n d i n g  beyond n e a r e s t - n e i g h b o r  l i n e  e l e m e n t s ,  

t h e  c o u p l i n g  mechanism becomes much more c o m p l i c a t e d  t h a n  i s  i m p l i e d  by 

t h e  s i m p l e  f o l d i n g  p r o c e s s .  S e c o n d ,  t h e  c i r c u i t  i n  F i g .  1 0 . 0 9 - 1  c a n  b e  

shown t o  h a v e  o n l y  a  f i r s t - o r d e r  p o l e  o f  a t t e n u a t i o n  ( S e c .  2 . 0 4 )  a t  

a = 0 ,  2 a o ,  4wo, e t c . ,  w h i l e  t h e  c i r c u i t  i n  F i g .  1 0 . 0 9 - 2  h a s  h i g h - o r d e r  

p o l e s  o f  a t t e n u a t i o n  a t  t h e s e  f r e q u e n c i e s .  F o r  t h i s  r e a s o n  i t  was a t  

f i r s t  b e l i e v e d  t h a t  f o l d i n g  a  f i l t e r  a s  i n  F i g .  1 0 . 0 9 - 2  would  h a v e  v e r y  

l i t t l e  e f f e c t  on i t s  r e s p o n s e  f o r  f r e q u e n c i e s  n e a r  wo ( p r o v i d e d  t h a t  

f r i n g i n g  beyond  n e a r e s t  n e i g h b o r s  i s  n e g l i g i b l e ) ,  b u t  t h a t  t h e  e r r o r  

migh t  be  c o n s i d e r a b l e  a t  f r e q u e n c i e s  w e l l  removed f rom w o  ( w h i c h  would 

imply  t h a t  t h e  f o l d i n g  shown i n  F i g .  1 0 . 0 9 - 2  m i g h t  c o n s i d e r a b l y  d i s t u r b  

t h e  r e s p o n s e  o f  a  w ide -band  f i l t e r ) .  To c h e c k  t h i s  p o i n t ,  t h e  image  

c u t o f f  f r e q u e n c y  p r e d i c t e d  by t h e  a p p r o x i m a t i o n  i n  F i g s .  1 0 . 0 9 - 1  and  
1 0 . 0 9 - 2  was compared w i t h  a  p r e v i o u s  i n t e r d i g i t a l - l i n e  e x a c t  a n a l y s i s 2  

f o r  t h e  c a s e  where  t h e r e  i s  no f r i n g i n g  beyond  n e a r e s t  n e i g h b o r s .  

S u r p r i s i n g l y  enough ,  t h e  image  b a n d w i d t h s  w e r e  p r a c t i c a l l y  t h e  same ( t o  

s l i d e  r u l e  a c c u r a c y )  by e i t h e r  t h e o r y ,  even  f o r  b a n d w i d t h s  a s  g r e a t  a s  

an  o c t a v e .  T h i s  u n e x p e c t e d  r e s u l t  i n d i c a t e s  t h a t  t h e  f o l d i n g  p r o c e s s  

FIG. 10.09-1 A PARALLEL-COUPLED STRIP-LINE F I L T E R  WlTH 
%/2 RESONATORS 

FIG. 10.09-2 AN INTERDIGITAL F I L T E R  FORMED FROM THE 
F ILTER I N  FIG.  10.09-1 
Each XJ2 resonator has been cut in two in the p - ~  

middle i n d  then folded double 



SOURCE: Quarterly Progress Report 4, Contract 
DA 36-039 SC-87398. SRI; reprinted 
i n  IRE Trans. PGMTT ( s ee  Ref. 3 by 
G. L. Matthaei) 

FIG. 10.09-3 EFFECT OF FOLDING A 
k0/2 RESONATOR TO 
MAKE A A0/4 
RESONATOR 

i n  F i g .  1 0 . 0 9 - 2  s h o u l d  n o t  g r e a t l y  d i s t u r b  t h e  r e s p o n s e  o f  f i l t e r s  o f  

t h e  form i n  F i g .  1 0 . 0 9 - 1 ,  e v e n  i f  t h e  b a n d w i d t h  i s  q u i t e  w i d e  ( p r o v i d e d  

t h a t  f r i n g i n g  c a p a c i t a n c e s  beyond  n e a r e s t - n e i g h b o r  l i n e  e l e m e n t s  a r e  

n e g l i g i b l e ) .  E x p e r i m e n t a l  r e s u l t s  show t h a t  i n  t y p i c a l  c a s e s  t h e  f r i n g -  
i n g  c a p a c i t a n c e  beyond n e a r e s t  n e i g h b o r  h a s  n o  s e r i o u s  e f f e c t .  

The d e s i g n  e q u a t i o n s  i n  T a b l e  1 0 . 0 6 - 1  w e r e  o b t a i n e d  d i r e c t l y  f rom 

t h o s e  i n  T a b l e  1 0 . 0 2 - 1  ( w h i c h  a r e  f o r  a  f i l t e r  o f  t h e  fo rm i n  F i g .  10 .09-1) '  

a l o n g  w i t h  t h e  " f o l d i n g u  a p p r o x i m a t i o n  i n  

f o r  t h e  f i l t e r  i n  F i g .  1 0 . 0 9 - 1  were  shown 

t o  a t  l e a s t  b a n d w i d t h s  o f  t h e  o r d e r  o f  a n  

p r o x i m a t i o n  a p p e a r s  t o  be  r e a s o n a b l y  good 

F i g .  1 0 .  09 -2 .  S i n c e  t h e  equat ion5 

t o  b e  v a l i d  f rom n a r r o w  bandwidthS 

o c t a v e ,  and s i n c e  t h e  f o l d i n g  ap- 

t o  s u c h  b a n d w i d t h s ,  t h e  d e s i g n  

e q u a t i o n s  i n  T a b l e  1 0 . 0 6 - 1  s h o u l d ,  i n  p r i n c i p l e ,  b e  good f o r  l a r g e  a s  

w e l l  a s  f o r  n a r r o w  b a n d w i d t h s .  However,  t h e  p h y s i c a l  d i m e n s i o n s  o f  w i d e -  

band f i l t e r s  o f  t h i s  t y p e  a r e  n o t  a s  d e s i r a b l e  a s  t h o s e  o f  t h e  t y p e  shown 

i n  F i g .  1 0 . 0 7 - 1 .  

I n  o r d e r  t o  d e r i v e  d e s i g n  e q u a t i o n s  f o r  i n t e r d i g i t a l  f i l t e r s  w i t h  

o p e n - c i r c u i t e d  t e r m i n a t i n g  l i n e s  ( F i g .  1 0 . 0 7 - l ) ,  d e s i g n  e q u a t i o n s  w e r e  

f i r s t  d e r i v e d  f o r  t h e  t y p e  o f  f i l t e r  shown i n  F i g .  1 0 . 0 9 - 4 .  T h i s  f i l t e r  

i s  n e a r l y  t h e  same a s  t h e  p a r a l l e l - c o u p l e d  f i l t e r  i n  F i g .  1 0 . 0 9 - 1 ,  e x c e p t  

f o r  t h e  manner i n  which t h e  t e r m i n a t i n g  l i n e s  a r e  c o u p l e d  i n .  I t  i s  

r e a d i l y  s e e n  t h a t  i f  t h e  f o l d i n g  p r o c e s s  i n  F i g .  1 0 . 0 9 - 2  i s  a p p l i e d  t o  

t o  t h e  f i l t e r  i n  F i g .  1 0 . 0 9 - 4 ,  a n  i n t e r d i g i t a l  f i l t e r  w i t h  o p e n - c i r c u i t e d  

i n p u t  l i n e s  w i l l  r e s u l t .  I t  m i g h t  seem a t  f i r s t  t h a t  d e s i g n  e q u a t i o n s  f o r  

i n t e r d i g i t a l  f i l t e r s  w i t h  o p e n - c i r c u i t e d  t e r m i n a t i n g  l i n e s  c o u l d  h a v e  been  

o b t a i n e d  by f o l d i n g  a  p a r a l l e l - c o u p l e d  f i l t e r  t h a t  h a d  r e s o n a t o r s  o p e n -  

c i r c u i t e d  a t  t h e  e n d s  [ F i g .  1 0 . 0 2 - l ( b ) ] .  However,  i t  w i l l  b e  s e e n  t h a t  

t h i s  c a n n o t  work,  s i n c e  t h e  v o l t a g e s  a t  o p p o s i t e  e n d s  o f  a A/2 o p e n -  

c i r c u i t e d  r e s o n a t o r  have  o p p o s i t e  p o l a r i t y .  

SOURCE: Qumrtorly Progress Report 4, Contract DA 36-039 SC-87398. SRI; 
reprinted in IRE Trans. PGMTT (ace Ref. 3 by G. L. Matthaei) 

FIG. 10.09-4 A PARALLEL-COUPLED FILTER WITH A0/2 
SHORT-CIRCUITED RESONATORS AND OPEN- 
ClRCUlTED TERMINATING LINES 



Design e q u a t i o n s  f o r  t h e  f i l t e r  i n  F i g .  1 0 . 0 9 - 4  were d e r i v e d  i n  a  

manner much l i k e  t h a t  used  f o r  d e r i v i n g  t h e  e q u a t i o n s  f o r  t h e  f i l t e r  i n  

F ig .  1 0 . 0 9 - 1 ,  e x c e p t  t h a t  t h e  p a r a l l e l - c o u p l e d  l i n e  i n f o r m a t i o n  summarired 

i n  F ig .  5 . 0 9 - 2 ( c )  was u s e d  i n  d e s i g n i n g  t h e  end s e c t i o n s .  
Note t h a t  t h i s  

s e c t i o n  a l s o  h a s  i m p e d a n c e - t r a n s f o r m i n g  p r o p e r t i e s  s o  t h a t  t h e  admi t tance  

s c a l e  f a c t o r  h = 1 where N i s  t h e  t u r n s  r a t i o  o f  t h e  i d e a l  transform., 

i n  F i g .  5 . 0 9 - 2 ( c ) .  Note t h a t ,  i n  t h e  d e r i v a t i o n  o f  t h e  e q u a t i o n s  f o r  
f i l t e r s  of  t h e  form i n  F i g .  1 0 . 0 9 - 1 ,  t h e  mathemat ica l  c o n s t r a i n t  and 

e q u i v a l e n t  c i r c u i t  i n  F i g .  5 . 0 9 - 3 ( a )  were used .  The c o n s t r a i n t  g i v e n  there  
c a u s e s  one n a t u r a l  mode ( S e c .  2 . 0 3 )  o f  each end s e c t i o n  t o  be  s t i f l e d .  
When end s e c t i o n s  a s  i n  F i g .  5 . 0 9 - 2 ( c )  a r e  u s e d ,  a l l  n a t u r a l . m o d e s  a r e  

f u l l y  u t i l i z e d .  

When t h e  s t r i p - l i n e  and o p e n - w i r e  l i n e  e q u i v a l e n c e s  i n  F i g s .  5 .09-2(a )  

and 5 . 0 9 - 2 ( c )  a r e  used ,  i t  w i l l  be  seen  t h a t  t h e  s t r i p - l i n e  c i r c u i t  i n  

F i g .  1 0 . 0 9 - 4  i s  e l e c t r i c a l l y  i d e n t i c a l  t o  t h e  open-wi re  l i n e  c i r c u i t  i n  

F i g .  1 0 . 0 9 - 5 .  The f i l t e r  c i r c u i t  i n  F i g .  1 0 . 0 9 - 5  i s  very  s i m i l a r  t o  t h e  
f i l t e r  i n  F i g .  10 .05-1 ,  f o r  which d e s i g n  e q u a t i o n s  were p r e s e n t e d  i n  

Tab le  1 0 . 0 5 - 1 .  The f i l t e r s  i n  F i g .  1 0 . 0 9 - 5  and i n  F i g .  1 0 . 0 5 - 1  become 
i d e n t i c a l  i f  we s e t  a = * i n  F i g .  1 0 . 0 5 - 1  and T a b l e  10 .05-1 ,  and i f  we 

i n t r o d u c e  an i d e a l  t r a n s f o r m e r  a t  each  end o f  t h e  f i l t e r  w h i l e  a l t e r i n g  

t h e  impedance l e v e l  w i t h i n  t h e  f i l t e r  t o  make t h e  impedances l o o k i n g  i n t o  

t h e  ends  of  t h e  f i l t e r  t h e  same a s  b e f o r e  t h e  t r a n s f o r m e r s  were i n t r o d u c e d .  

Design e q u a t i o n s  f o r  t h e  f i l t e r  i n  F i g .  1 0 . 0 9 - 5  were o b t a i n e d  i n  th i smanner ,  

SOURCE: Quarterly Prosress Report 4. Contract DA 36-039 SC-87398, SRI; 
reprinted in IRE Trnns. PGMTT b e e  Ref. 3  by G. L. Matthaei) 

FIG. 10.09-5 AN OPEN-WIRE-LINE EQUIVALENT CIRCUIT OF THE FILTER IN FIG. 10.09-4 
All stubs and connecting lines are A0/4 long at midband 

and from t h e s e  r e s u l t s  e q u a t i o n s  f o r  t h e  e q u i v a l e n t  f i l t e r  i n F i g .  1 0 . 0 9 - 4  

were o b t a i n e d .  Then t h e  e q u a t i o n s  f o r  t h e  c o r r e s p o n d i n g  i n t e r d i g i t a l  

f i l t e r  r e s u l t e d  from a p p l y i n g  t o  t h e  f i l t e r  i n  F i g .  1 0 . 0 9 - 4  t h e  f o l d i n g  

approximation i l l u s t r a t e d  i n  F i g .  1 0 . 0 9 - 2 .  The r e a d e r  w i l l  be  i n t e r e s t e d  

t o  n o t e  t h a t  t h e  J k , k + l  i n  T a b l e  1 0 . 0 7 - 1  c o r r e s p o n d  t o  c h a r a c t e r i s t i c  
admi t tances  Y k  , of  t h e  c o n n e c t i n g  l i n e s  i n  F i g .  1 0 . 0 9 - 5 ,  w h i l e  Z1, Y2, 

Y ,  . Y ,  Z n  i n  T a b l e  1 0 . 0 7 - 1  cor respond  t o  t h e  c h a r a c t e r i s t i c  imped- 

ances  o r  a d m i t t a n c e s  o f  t h e  s t u b s  i n  F i g .  1 0 . 0 9 - 5 ,  f o r  t h e  l i m i t i n g  c a s e  

where t h e  t r a n s f o r m e r  t u r n s  r a t i o  i s  N = 1. For  N > 1 t h e  a d m i t t a n c e s  

a r e  s c a l e d  by t h e  f a c t o r  h. 

SEC. 1 0 . 1 0 ,  SELECTION OF MAPPING FUNCTIONS 

The p l o t s  p r e s e n t e d  h e r i n  show t h a t  when t h e  f u n c t i o n  i n  Eq. ( 1 0 . 0 2 - 1 )  

i s  used a s  i n d i c a t e d  i n  F i g .  1 0 . 0 2 - 4  o r  10 .02-5  t o  map t h e  r e s p o n s e  of a  

low-pass  p r o t o t y p e ,  i t  w i l l  p r e d i c t  q u i t e  a c c u r a t e l y  t h e  r e s p o n s e  o f  band-  

p a s s  f i l t e r s  of  t h e  forms i n  F i g s .  1 0 . 0 2 - 1  o r  1 0 . 0 3 - 1  hav ing  nar row o r  

moderate bandwidth.  Although t h e  f u n c t i o n  i n  Eq. ( 1 0 . 0 2 - 1 )  i s  v e r y  u s e f u l ,  

i t  should no t  be  e x p e c t e d  t o  g i v e  h i g h  a c c u r a c y  f o r  wide-band c a s e s  because  

i t  i s  n o t  p e r i o d i c  (which t h e  f i l t e r  r e s p o n s e s  i n  S e c .  1 0 . 0 2  and 1 0 . 0 3  a r e ) ,  

nor does i t  go t o  in f in i ty  for w = 0 ,  2 ~ ) ~ ~  bo, e t c . ,  which i s  n e c e s s a r y  i n  

o r d e r  t o  p r e d i c t  t h e  i n f i n i t e  a t t e n u a t i o n  f r e q u e n c i e s  (Sec .  2 . 0 4 )  i n  t h e  
response  of t h e  band-pass  f i l t e r  s t r u c t u r e .  I t  might  a t  f i r s t  seem t h a t  

t h e  f u n c t i o n  

would s o l v e  t h i s  problem n i c e l y ,  s i n c e  ( 1 )  i t  i s  p e r i o d i c  a s  d e s i r e d ,  

(2 )  i t  v a r i e s  s i m i l a r l y  t o  Eq. ( 1 0 . 0 2 - 1 )  i n  t h e  v i c i n i t y  of  wo, and ( 3 )  
i t  h a s  p o l e s  a t  t h e  d e s i r e d  f r e q u e n c i e s ,  w  = 0 ,  2 u 0 ,  b , ,  e t c .  

However, 

i f  t h e  s t r u c t u r e s  i n  F i g s .  1 0 . 0 2 - 1  and 1 0 . 0 3 - 1  a r e  a n a l y z e d ,  i t  w i l l  b e  

seen t h a t  no m a t t e r  what v a l u e  o f  n  i s  used ,  t h e  p o l e s  o f  a t t e n u a t i o n  a t  

w - 0  , 2wo, b o ,  e t c . ,  a r e  a lways  f i r s t - o r d e r  ~ o l e s . *  Meanwhile, a n  

n - r e a c t i v e - e l e m e n t  p r o t o t y p e  a s  i n  F i g .  4 .04-1  (which w i l l  have  a n  n t h -  

o r d e r  p o l e  a t  w' = m) w i l l  map s o  a s  t o  g i v e  n t h  o r d e r  p o l e s  a t  u = 0 ,  

* 
For example.  f o r  t h e  f i l t e r  form i n  F i g .  10 .03-1 .  a a  o - 0 t h e  e f f e c t  o f  a l l  o f  t h e  ahunt  s tub .  
can be reduced t o  t h a t  o f  a  s i n g l e ,  s h u n t ,  zero- impedance branch  which would produce a f i r s t -  
order  p o l e  o f  a t t e n u a t i o n  a t  o = 0. (One way i n  which h i g h e r - o r d e r  p o l e s  can he g e n e r a t e d  i s  

t o  ~ r o d u c e  s h u n t .  zero- impedance hr .nches  a l t e r n a t i n g  w i t h  s e r i e s  branches  h a v i n g  i n f i n i t e  
imp;dance. S e e  S a c .  2.041) 



2wo, e t c . ,  i f  t h e  f u n c t i o n  i n  E q .  ( 1 0 . 1 0 - 1 )  i s  u s e d .  T h i s  i m p o r t a n t  

s o u r c e  o f  e r r o r  i s  c o r r e c t e d  i n  t h e  c a s e  o f  E q .  ( 1 0 . 0 2 - 4 )  by r e p l a c i n g  
c o t  (7rw/2wO) by cos (7 rw/2wo) / ( s in  (7r0/2wO) 1, a n d  t h e n  t a k i n g  t h e  n t h  

r o o t  o f  t h e  d e n o m i n a t o r .  I n  t h i s  manner  t h e  p o l e s  g e n e r a t e d  by t h e  z e r o s  

o f  I s i n  ( ~ T w / ~ w ~ ) I  become o f  l / n  o r d e r ,  wh ich  c a u s e s  t h e  n t h - o r d e r  p o l e  

a t  w' = f o r  t h e  p r o t o t y p e  r e s p o n s e  t o  map i n t o  f i r s t - o r d e r  p o l e s  o f  

t h e  b a n d - p a s s  f i l t e r  r e s p o n s e  a t  t h e  d e s i r e d  f r e q u e n c i e s .  

I n  t h e  c a s e  o f  t h e  c i r c u i t  i n  F i g .  1 0 . 0 5 - 1 ,  t h e  p o l e s  o f  a t t e n u a t i o n  
a t  w = 0 ,  2 u 0 ,  b,,, e t c . ,  w i l l  a g a i n  a l w a y s  b e  o f  f i r s t  o r d e r  r e g a r d l e s s  

o f  t h e  v a l u e  o f  n u s e d .  However ,  t h e  s e r i e s  s t u b s  a t  e a c h  e n d  p r o d u c e  

s e c o n d - o r d e r  p o l e s  a t  t h e  f r e q u e n c y  w, and  a t  o t h e r  c o r r e s p o n d i n g  p o i n t s  

i n  t h e  p e r i o d i c  response: T h u s ,  t h e  

f a c t o r  i n  t h e  d e n o m i n a t o r  o f  E q .  ( 1 0 . 0 5 - 2 )  a s s u r e s  t h a t  t h e  n t h - o r d e r  
p o l e s  a t  w' = cD i n  t h e  p r o t o t y p e  r e s p o n s e  w i l l  a l w a y s  map t o  f i r s t - o r d e r  

p o l e s  a t  w  = 0 ,  2w0, e t c . ,  f o r  t h e  b a n d - p a s s  f i l t e r  r e s p o n s e .  I n  a d d i t i o n ,  
t h e  f a c t o r  

i s  i n t r o d u c e d  t o  c a u s e  t h e  n t h - o r d e r  p o l e  a t  i n f i n i t y  i n  t h e  p r o t o t y p e  

r e s p o n s e  t o  map t o  s e c o n d - o r d e r  p o l e s  a t  w, ( a n d  o t h e r  p e r i o d i c  p o i n t s )  

f o r  t h e  b a n d - p a s s  f i l t e r  r e s p o n s e .  I n  t h i s  manne r ,  a l l  o f  t h e  p r o p e r  
p o l e s  o f  a t t e n u a t i o n  a r e  i n t r o d u c e d  w i t h  t h e i r  p r o p e r  o r d e r .  

These  p r i n c i p l e s  c a n  a l s o  b e  a p p l i e d  t o  t h e  s t r u c t u r e  i n  F i g .  1 0 . 0 4 - 1 ,  

b u t  t h i s  s t r u c t u r e  p r e s e n t s  some new d i f f i c u l t i e s .  I t  can  b e  s e e n  t h a t  
t h i s  s t r u c t u r e  w i l l  d e v e l o p  n t h - o r d e r  p o l e s  o f  a t t e n u a t i o n  a t  w, and  c o r -  

r e s p o n d i n g  p e r i o d i c  p o i n t s .  However,  t h e  h a l f - w a v e l e n g t h  s t u b s  a l s o  

i n t r o d u c e  a d d i t i o n a l  n a t u r a l  modes o f  o s c i l l a t i o n  which c r e a t e ,  i n  a d d i t i o n  

* 
This  can be a s e n  a s  f o l l o w s :  For OJ = OJ each  o f  t h e  s e r i e a  at\lba rLpreaenta an i n f i n i t s -  
impedance s e r i e s  branch.  For t h i s  sing(f;, f requency ,  the  i n t e r i o r  p a r t  o f  the  f i l t e r  can  be 
rep laced  by an equ ivmlent  T - s e c t i o n  w i t h  a  f i n i t e  s h u n t  impedance.  Thua, the  s t r u c t u r e  can 
be reduced ( f o r  tho f requency  q ~ )  t o  two,  a e r i e a ,  i n f i n i t e - i m p e d a n c e  branches s e p a r a t e d  by a  
f i n i t e ,  shunt- impedance branch.  Thia c a n  be a s e n  t o  r e s u l t  i n  a  aecond-order p o l e  o f  a t t o n u  
a t i o n .  ( I f  the  impedance o f  the e q u i v a l e n t  shunt  branch had been z e r o ,  the p o l e  o f  
mt tenuat ion  would hare been ra ined  t o  t h i r d  o r d e r . )  

t o  t h e  d e s i r e d  p a s s  band ,  a  l o w - p a s s  p a s s  band ( a n d  c o r r e s p o n d i n g  p e r i o d i c  

p a s s  b a n d s )  a s  shown i n  t h e  r e s p o n s e  i n  F i g .  1 0 . 0 4 - 2 .  T h i s  a d d i t i o n a l  low- 

p a s s  p a s s  band  a p p r o a c h e s  om q u i t e  c l o s e l y ,  w i t h  t h e  r e s u l t  t h a t ,  a l t h o u g h  

t h e  p o l e  a t  w, i s  o f  r e l a t i v e l y  h i g h  o r d e r ,  i t s  e f f e c t i v e n e s s  i s  weakened 

by t h e  c l o s e  p r o x i m i t y  o f  t h i s  l o w - p a s s  p a s s  band .  The f u n c t i o n  

f o r  t h e  c a s e  o f  o,/wo = 0 . 5 0  would map t h e  p r o t o t y p e  r e s p o n s e  t o  g i v e  a  

l ow-pass  p a s s  b a n d ,  an  n t h - o r d e r  p o l e  a t  w,, and t h e  d e s i r e d  p a s s  band  

c e n t e r e d  a t  w o .  However,  i t  would n o t  ~ r o ~ e r l y  ~ r e d i c t  how c l o s e  t h e  low- 

p a s s  p a s s  band  comes t o  w,, n o r  c o u l d  i t  a c c o u n t  f o r  t h e  o v e r s i z e  a t t e n u a -  

t i o n  r i p p l e s  wh ich  o c c u r  i n  t h i s  band ( s e e  F i g .  1 0 . 0 4 - 2 ) .  As a  r e s u l t ,  

t h e  f u n c t i o n  i n  E q .  ( 1 0 . 1 0 - 2 )  p r e d i c t s  an  o v e r l y  o p t i m i s t i c  r a t e  o f  c u t o f f  

a t  t h e  e d g e s  o f  t h e  p a s s  band c e n t e r e d  a t  wo .  I t  i s  p r o b a b l e  t h a t  a  u s e f u l  

a p p r o x i m a t i o n  c o u l d  b e  o b t a i n e d  by u s i n g  a  mapping f u n c t i o n  s u c h  a s  t h a t  

i n  Eq. ( 1 0 . 1 0 - 2 )  w i t h  a d d i t i o n a l  f a c t o r s  added which c r e a t e  z e r o s  i n  

F n ( w / o o ) ,  c l o s e  t o ,  b u t  somewhat o f f  o f ,  t h e  jw a x i s  ( r e g a r d e d  f rom t h e  

complex - f r equency  p o i n t  o f  v iew a s  d i s c u s s e d  i n  S e c s .  2 . 0 3  and  2 . 0 4 ) .  

These  z e r o s  c o u l d  t h e n  b e  l o c a t e d  t o  e x t e n d  t h e  l o w - p a s s  p a s s  band upwards  

toward w,, which s h o u l d  g i v e  t h e  p r o p e r  e f f e c t .  

The mapping i n  Eqs .  ( 1 0 . 0 6 - 1 )  t h r o u g h  ( 1 0 . 0 6 - 3 )  was found  t o  p r e d i c t  

t h e  r e s p o n s e s  o f  t h e  t r i a l ,  i n t e r d i g i t a l  f i l t e r s  r e a s o n a b l y  w e l l ,  s o  no 

f u r t h e r  s t u d y  was made o f  mapping f o r  u s e  i n  t h e  d e s i g n  o f  i n t e r d i g i t a l  

f i l t e r s .  
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SPECIAL PROCEDURES TO AID IN THE PRACTICAL DEVELOPMENT 
OFCOUPLED-RESONATOR BAND-PASS FILTERS, 

IMPEDANCE-MATCHING NETWORKS, AND TIME-DELAY NETWORKS 

SEC. 1 1 . 0 1 ,  INTRODUCTION 

The p r e c e d i n g  t h r e e  c h a p t e r s  h a v e  d e a l t  w i t h  d e s i g n  i n f o r m a t i o n  o f  

d i f f e r e n t  s o r t s  f o r  v a r i o u s  s p e c i f i c  t y p e s  o f  b a n d - p a s s  f i l t e r s ,  and  a l s o  

w i t h  g e n e r a l  t h e o r y  by wh ich  s i m i l a r  d e s i g n  i n f o r m a t i o n  c a n  be  p r e p a r e d  

f o r  a d d i t i o n a l  t y p e s  o f  b a n d - p a s s  f i l t e r s .  T h i s  c h a p t e r  c o n t i n u e s  t h e  

d i s c u s s i o n  o f  b a n d - p a s s  f i l t e r s  by t r e a t i n g  v a r i o u s  g e n e r a l  t e c h n i q u e s  

which a r e  o f  c o n s i d e r a b l e  h e l p  i n  t h e  p r a c t i c a l  d e v e l o p m e n t  o f  f i l t e r s .  

T h a t  i s  t o  s a y ,  t h i s  c h a p t e r  i n t r o d u c e s  a d d i t i o n a l  i n f o r m a t i o n  o f  h e l p  i n  

r e d u c i n g  t h e o r y  t o  p r a c t i c e .  

S e c t i o n s  1 1 . 0 2  t o  1 1 . 0 5  d e a l  w i t h  l a b o r a t o r y  p r o c e d u r e s  f o r  d e t e r -  

m in ing  t h e  Q ' s  o f  r e s o n a t o r s ,  f o r  a d j u s t i n g  t h e i r  c o u p l i n g s  t o  c o r r e s p o n d  

t o  t h e  c o u p l i n g s  c a l l e d  f o r  by t h e  t h e o r y ,  and f o r  t h e  t u n i n g  a d j u s t m e n t  

of c o m p l e t e d  f i l t e r s .  S e c t i o n s  11 .06  and 1 1 . 0 7  d i s c u s s  t h e  e f f e c t s  o f  

r e s o n a t o r  l o s s e s  a n d  p r e s e n t  s p e c i a l  d e s i g n  i n f o r m a t i o n  f o r  a p p l i c a t i o n s  

where  m i n i m i z i n g  t h e  midband l o s s  o f  a  b a n d - p a s s  f i l t e r  i s  i m p o r t a n t .  

S e c t i o n s  1 1 . 0 8  a n d  1 1 . 0 9  p r e s e n t  s u p p l e m e n t a r y  i n f o r m a t i o n  t o  a i d  i n  u s i n g  

t h e  f i l t e r  d e s i g n  m e t h o d s  o f  C h a p t e r s  8  and 1 0  f o r  d e s i g n  o f  impedance -  

m a t c h i n g  n e t w o r k s ,  and S e c .  1 1 . 1 0  e x p l a i n s  how t h e s e  same p r o c e d u r e s  c a n  be  

u s e d  f o r  d e s i g n  o f  c o u p l i n g  n e t w o r k s  f o r  n e g a t i v e - r e s i s t a n c e  d e v i c e s .  

S e c t i o n  11.11 i s  i n c l u d e d  t o  f u r t h e r  c l a r i f y  how t h e  me thods  o f  C h a p t e r s  8  

t o  10 c a n  be  u s e d  f o r  t h e  d e s i g n  o f  b a n d - p a s s  f i l t e r  n e t w o r k s  w i t h  s p e c i -  

f i e d  nomina l  t i m e  d e l a y .  

SEC. 1 1 . 0 2 ,  MEASUREMENT OF Q y ,  Q e ,  AND QL OF A  SINGLY 

LOADED RESONATOR 

F i g u r e  1 1 . 0 2 ( a )  shows a  r e s o n a t o r  w i t h  i m p e d a n c e - i n v e r t e r  c o u p l i n g s  

K 1  and K 2 .  T h e  i n v e r t e r  K 2  i s  o p e n - c i r c u i t e d  o n  i t s  r i g h t ,  s o  t h a t  i t  r e -  

f l e c t s  a  s h o r t - c i r c u i t  a t  i t s  l e f t  s i d e .  As a  r e s u l t ,  t h e  c i r c u i t  i n  



I 
j The e r t e r n a l  Q o f  t h e  r e s o n a t o r  i s  d e f i n e d  a s  t h e  Q w i t h  R s  = 0  ( ~ . r . ,  

w i t h  Q u  = a), s o  t h a t  t h e  r e s i s t i v e  l o a d i n g  o f  t h e  r e s o n a t o r  i s  due o n l y  

t o  R y .  T h u s ,  t h e  e x t e r n a l  Q i s  

L e t  u s  s u p p o s e  t h a t  t h e  r e s o n a t o r  shown i n  F i g .  1 1 . 0 2 - l ( a ) ,  a n d  i t s  

e q u i v a l e n t  fo rm i n  F i g .  1 1 . 0 2 - l ( b ) ,  s y m b o l i z e  a  r e s o n a t o r  which w i t h  i t s  

a d j a c e n t  c o u p l i n g  d i s c o n t i n u i t i e s  forms a  r e s o n a t o r  o f  a  wavegu ide  f  i L  t e r  

s u c h  a s  t h a t  i n  F i g .  8 . 0 6 - 1 ,  o r  fo rms  a  r e s o n a t o r  o f  a  s m a l l - a p e r t u r e -  

c o u p l e d  c a v i t y  f i l t e r  s u c h  a s  i s  d i s c u s s e d  i n  S e c .  8 . 0 7 .  L e t  u s  f u r t h e r  

suppose  t h a t  t h e  r e s o n a t o r  u n d e r  c o n s i d e r a t i o n  i s  t h e  f i r s t  r e s o n a t o r  o f  

t h e  f i l t e r  and  i t s  d e s i r e d  e x t e r n a l  Q h a s  been computed by Eq. ( 6 )  o f  
FIG. 11.02-1 TWO EQUIVALENT SINGLY 

LOADED RESONATORS F i g .  8 . 0 2 - 3 .  The  p rob lem a t  hand t h e n  is  t o  make measu remen t s  on  t h e  

, r e s o n a t o r  t o  s e e  i f  i t s  e x t e r n a l  Q i s  a s  r e q u i r e d  by t h e  c a l c u l a t i o n s  
4 
1 from t h e  l o w - p a s s  p r o t o t y p e  e l e m e n t  v a l u e s .  

Measurement  o f  t h e  v a l u e s  o f  

F i g .  1 1 . 0 2 - l ( a )  may b e  r e p l a c e d  w i t h  t h e  c i r c u i t  i n  F i g .  1 1 . 0 2 - l ( b ) .  

The r e s o n a t o r  a s  shown h a s  a  r e a c t a n c e  s l o p e  p a r a m e t e r  ( S e c .  8 . 0 2 )  o f  
Q., QL, and Q c  o f  a  s i n g l y  l o a d e d  

r e s o n a t o r  c a n  b e  made by u s e  o f  a  

s l o t t e d  l i n e  o f  c h a r a c t e r i s t i c  

impedance  Zo = R, ,  a l o n g  w i t h  p r o -  % = woL ( 1 1 . 0 2 - 1 )  
c e d u r e s  a b o u t  t o  b e  e x p l a i n e d .  

and a n  u n l o a d e d  Q o f  S i n c e  t h e  r e s o n a t o r  h a s  some i n -  

t e r n a l  l o s s  r e p r e s e n t e d  by t h e  

r e s i s t o r  R s  i n  F i g .  1 1 . 0 2 - 1 .  

t h e  VSWR a t  t h e  r e s o n a n t  f r e q u e n c y  

f o  w i l l  b e  f i n i t e .  A p l o t  o f  t h e  

VSWR i n  t h e  v i c i n i t v  o f  r e s o n a n c e  The i n v e r t e r  K1 r e f l e c t s  a n  impedance  o f  R y  = K : / R ~  t o  t h e  r e s o n a t o r  

which g i v e s  i t  a  l o a d e d  Q o f  w i l l  h a v e  a  s h a p e  s i m i l a r  t o  t h a t  

i n  F i g .  1 1 . 0 2 - 2 .  
FIG. 11.02-2 DEFINITION OF 

PARAMETERS OF THE 
VSWR CHARACTERIST fC 

I f  i n  F i g .  1 1 . 0 2 - l ( b )  

FOR A SINGLY LOADED 
RESONATOR 



t h e  r e s o n a t o r  i s  s a i d  t o  b e  o v e r c o u p l e d .  T h i s  c o n d i t i o n  w i l l  b e  ev idenced  

by t h e  f a c t  t h a t  t h e  l o c a t i o n s  o f  t h e  v o l t a g e  minima on t h e  s l o t t e d  l i n e  at  

t h e  r e s o n a n t  f r e q u e n c y  f o  (minimum VSWR f r e q u e n c y )  w i l l  b e  a b o u t  a q u a r t e r .  

w a v e l e n g t h  away f rom t h e i r  l o c a t i o n s  when t h e  f r e q u e n c y  i s  a p p r e c i a b l y  o f f  

r e s o n a n c e . *  When t h i s  c o n d i t i o n  h o l d s ,  t h e  VSWll a t  r e s o n a n c e  i s  

F o r  t h e  s o - c a l l e d  u n d e r c o u p l e d  c a s e ,  t h e  VSWR a t  r e s o n a n c e  i s  

T h i s  s i t u a t i o n  w i l l  b e  e v i d e n c e d  by t h e  f a c t  t h a t  t h e  v o l t a g e  min ima  on 

t h e  s l o t t e d  l i n e  w i l l  b e  i n  a p p r o x i m a t e l y  t h e  same p o s i t i o n s  a t  a  f r equency  

a p p r e c i a b l y  o f f  o f  r e s o n a n c e  a s  t h e y  a r e  a t  t h e  r e s o n a n t  f r e q u e n c y .  f I f  a t  

r e s o n a n c e  t h e  VSWR i s  V o  = 1 ,  t h e  r e s o n a t o r  i s  s a i d  t o  b e  c r i t i c a l l y  

coup 1  ed.  

The p r o c e d u r e  f o r  m e a s u r i n g  t h e  v a r i o u s  Q ' s  of  a  r e s o n a t o r  i s  t h e n  t o  

f i r s t  m e a s u r e  t h e  c a v i t y ' s  VSWR i n  t h e  v i c i n i t y  o f  r e s o n a n c e ,  a n d  t h e n  make 

a  p l o t  s u c h  a s  t h a t  i n  F i g .  1 1 . 0 2 - 2 .  At t h e  s ame  t i m e ,  by n o t i n g  how t h e  

v o l t a g e  minima on t h e  s l o t t e d  l i n e  s h i f t  a s  t h e  f r e q u e n c y  d e v i a t e s  f rom t h e  

r e s o n a n t  f r e q u e n c y  i t  s h o u l d  b e  d e t e r m i n e d  w h e t h e r  t h e  r e s o n a t o r  i s  o v e r -  

c o u p l e d ,  o r  u n d e r c o u p l e d  ( o r  i f  V o  = 1 i t  i s  c r i t i c a l l y  c o u p l e d ) .  Then by 

u s e  o f  F i g .  1 1 . 0 2 - 3 ( a )  f o r  t h e  o v e r c o u p l e d  c a s e ,  o r  F i g .  1 1 . 0 2 - 3 ( b )  f o r  

t h e  u n d e r c o u p l e d  c a s e ,  a  p a r a m e t e r  A V  i s  p i c k e d  from t h e  c h a r t  f o r  t h e  

T h i s  a s sumes  t h a t  t h e  r i d t h  o f  t h e  r e s o n a n c e  i s  q u i t e  n a r r o w ,  s o  t h a t  t h e r e  i s  l i t t l e  c h a n g e  
i n  t h e  e l e c t r i c a l  l e n ~ t h  o f  t h e  s l o t t e d  l i n e  o v e r  t h e  f r e q u e n c y  r a n g e  o f  i n t e r e a t .  The s h i f t  
i n  t h e  v o l t a g e  minima r e s u l t a  f rom t h e  r e f l e c t i o n  c o e f f i c i e n t  a t  t h e  i n p u t  c o u p l i n g  o f  t h e  
c a v i t y  b e i n g  1 8 0  d i f f e r e n t  i n  a t  r e s o n a n c e  from i t s  p h a s e  r e l l  o f f  r e s o n a n c e .  ' The a a s u m p t i o n a  men t ioned  i n  t h e  i m m e d i a t e l y  p r e c e d i n g  f o o t n o t e  a l s o  a p p l y  h e r e .  I n  t h i s  
u n d e r c o u p l e d  c a s e  t h e  r e f l e c t i o n  c o e f f i c i e n t  be tween  t h e  s l o t t e d  l i n e  and t h e  r e s o n a t o r  i n p u t  
c o u p l i n g  h a s  t h e  aame p h a s e  a t  r e s o n a n c e .  a s  i t  d o e s  w e l l  o f f  o f  r e s o n a n c e .  As a  r e s u l t ,  t h e  
v o l t a g e  minima w i l l  assume a p p r o x i m a t e l y  t h e  same p o n i t i o n a  o n  t h e  a l o t t e d  l i n e  a t  t h e  
r e a o n a n t  f r e q u e n c y  a s  t h e y  w i l l  a t  f r e q u e n c i e s  r e l l  o f f  r e s o n a n c e ,  p r o v i d e d  t h e  f r e q u e n c y  has  
n o t  been  s h i f t e d  s o  much a s  t o  g r e a t l y  c h a n g e  t h e  e l e c t r i c a l  l e n g t h  o f  t h e  s l o t t e d  l i n e .  I f  a t  
the  resonant  and off-resonance f r equenc ie s  the e l e c t r i c a l  d i a t a n c e  between the r e sona to r  and the  region of 
i n t e r e s t  on the s l o t t e d  l i n e  chsngea apprec i ab ly  compared t o  a q u a r t e r  wavelength, t h i s  f a c t  ahould be 
taken i n t o  account  when determining whether  a reaonacor  i s  overcoupled o r  undercoupled. 

I 2 v0 - midbond V S W R  8-3527-409 

FIG. 11.02-3(a) CHART FOR USE IN DETERMINING Q, OF AN 
OVER-COUPLED RESONATOR 



FIG. 11.02-3(b) CHART FOR USE IN DETERMINING Q, 
OF AN UNDER-COUPLED RESONATOR 

g i v e n  midband VSWR v a l u e  V o  and f o r  t h e  v a l u e  o f  N f o r  t h e  p a r t i c u l a r  

c u r v e  c h o s e n .  The c h o i c e  o f  N i s  a r b i t r a r y ,  b u t  i t  s h o u l d  be c h o s e n  

l a r g e  enough s o  t h a t  VC = V o  + AV w i l l  b e  a p p r e c i a b l y  d i f f e r e n t  from V o .  

I n  t h e  u n d e r c o u p l e d  c a s e  Vo a n d  VC a r e  s u f f i c i e n t l y  d i f f e r e n t  when N = 1 ,  

s o  t h a t  o n l y  t h e  N = 1 c a s e  i s  shown i n  F i g .  1 1 . 0 2 - 3 ( b ) . *  

When AV h a s  been  c h o s e n ,  

i s  computed.  N e x t ,  a s  i n d i c a t e d  i n  F i g .  11. 0 2 - 2 ,  t h e  bandwid th  Af a t  t h e  

p o i n t s  where  t h e  VSWR e q u a l s  VC i s  d e t e r m i n e d .  Then t h e  u n l o a d e d  Q o f t h e  

r e s o n a t o r  i s  computed by t h e  f o r m u l a  

I f  t h e  r e s o n a t o r  i s  o v e r c o u p l e d ,  t h e n  t h e  e x t e r n a l  Q i s  

and t h e  l o a d e d  Q i s  

I f  t h e  r e s o n a t o r  i s  u n d e r c o u p l e d ,  t h e n  t h e  e x t e r n a l  Q i s  

Qe = VOQu t ( 1 1 . 0 2 - 1 2 )  

and t h e  l o a d e d  Q i s  

The s i g n i f i c a n c e  o f  t h e  v a l u e  o f  N i s  a s  f o l l o w s .  The h a l f - p o w e r  ~ o i n t  f o r  t h e  u n l o a d e d  Q of  

a  r e 8 o n a t o r  o c c u r s  when t h e  r s a o n m t o r  r e a c t a n c e  X equa l .  t h e  r e s o n a t o r  r e s i s t a n c e  Rs. The 

c u r v e s  i n  F i g .  1 1 . 0 2 - 3 ( a )  c o r r e s p o n d  t o  t h e  r e s o n a t o r  r e a c t a n c e  b e i n g  e q u a l  t o  X = NR,. For 

N = 1 ,  Af i a  t h e  h a l f - p o w e r  bandwid th .  F o r  N  o t h e r  t h a n  one .  ~f = N t ime.  ( h a l f - p o w e r  

bandwid th ) .  
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If the resonator is critically coupled, the equations for both the over- 

coupled and the undercoupled cases will work. 

To further clarify the use of these equations and charts, suppose 
that Vo = 7 and it is found that the resonator is overcoupled. In order 
to make Vc significantly different from Vo, it is desirable to use the 

N = 4 curve in Fig. 11.02-3(a), and this value of N should be used in 
Eq. (11.02-8). If Vo were even larger, it might be desirable to doubly 

load the resonator as described in the next section. Alternatively, 
measurements can be made on the singly loaded resonator by using the 

phase method described by Ginzton. ' 
The discussion so far has been phrased in terms of series-type 

resonators with couplings which simulate K-inverters. The same analysis 
on a dual basis applies to shunt-type resonators (which will have cou- 

plings that operate like J-inverters). As far as the laboratory procedures 
and the calculation of Q U ,  Q,, and QL from the laboratory data are con- 
cerned, there is no difference whatsoever. 

The methods described above are very useful in determining if the 

couplings from the end resonators of a filter to their terminations are 

correct. After the external Q values are measured, they can be compared 
with the values computed from the lumped-element prototype elements by 

use of Eqs. ( 6 )  and (7) of Fig. 8.02-3 or 8.02-4. Equations (6) and (7) 
of Fig. 8.02-3 or 8.02-4, along with the laboratory procedures described 

in this section, are applicable to all of the filter types discussed in 

Chapter 8, as well as to numerous other possible forms of coupled-resonator 

filters. By these procedures the end couplings can be checked and adjusted 

to be correct to give a filter response corresponding to that of the low- 

pass prototype. The procedures of this section are also useful for checking 

the unloaded Q of resonators so that the over-all filter pass-band loss 
can be predicted. 

If the reactance or susceptance slope parameter EC or 4 of the reso- 
nators is known, this same procedure can be used for checking the couplings 

of all of the resonators of a filter. If a resonator with its adjacent 
couplings is removed from a filter and tested under singly loaded condi- 

tions as in Fig. 11.02-l(a), then it is easily shown that 

In the case of a filter with shunt-type resonance the dual equation 

applies where G A  is the generator conductance, Jl is the admittance- 
inverter parameter, and & is the susceptance slope parameter. 

As an example, consider the case of filters of the form in Fig. 8.05-1 

By Eq. (8.13-16) the susceptance slope parameter of these resonators is 

& = (n/2)Yo. laking G A  = YO, Eq. (11.02-15) becomes 

Thus, by measuring the Qe of such a strip-line resonator connected as in 

Fig. 11.02-4, it is possible to determine the J/Y0 value associated with 

a given size of capacitive 

coupling gap. Using a test 

unit such as that shown in 

Fig. 11.02-4, the proper cou- 

pling gaps to give the J/Yo 
values called for by Eqs. (1) 

to (3) of Fig. 8.05-1 can be 

determined. Analogous pro- 

cedures will, of course, also 

work for other types of 

filters. 

The procedures described 

above concern themselves pri- 

marily with experimentally 

TO SLOTTED RESONATOR BAR 
LINE 

FIG. 11.02-4 A POSSIBLEARRANGEMENT FOR 
EXPERIMENTALLY DETERMINING 
THE RESONATOR COUPLING GAPS 
FOR A STRIP-LINE FILTER OF THE 
FORM IN FIG. 8.05-1 

adjusting the resonator couplings to the proper values. 
The matter of 

obtaining the exactly correct resonant frequency will be treated in 

Sec. 11.05. 

- 
Fortunately, tuning adjustments on resonators in typical 

cases has little effect on their couplings. 
The procedures of this 

section are most accurate when the Q's involved are relatively large. 

However, in some cases they can be helpful even when quite low Q's are 

involved (such as, say, 20 or so). 



SEC. 1 1 . 0 3 ,  TESTS ON SINGLE RESONATOHS WITH LOADING 
AT BOTH ENDS 

I n  some 

u n d e r  d o u b l y  I 

s i n g l y  l o a d e d  

FIG. 11.03-1 A DOUBLY LOADED SINGLE 
RESONATOR 

c a s e s  t h e r e  i s  c o n s i d e r a b l e  a d v a n t a g e  i n  t e s t i n g  a  r e s o n a t o r  

.oaded c o n d i t i o n s  a s  shown i n  F i g .  1 1 . 0 3 - 1 ,  r a t h e r  t h a n  under 
c o n d i t i o n s  a s  shown i n  F i g .  1 1 . 0 2 - l ( a ) .  The  VSWRs t o  be  

m e a s u r e d  w i l l  u s u a l l y  n o t  be  

a s  h i g h ,  and  i n  some c a s e s  

t h e  r e s o n a n t  f r e q u e n c y  o f  a  

s i n g l e  r e s o n a t o r  w i l l  b e  ex -  

a c t l y  t h e  same u n d e r  d o u b l y  

l o a d e d  c o n d i t i o n s  a s  i t  w i l l  

b e  i n  a  m u l t i p l e - r e s o n a t o r  

f i l t e r .  T h u s ,  i n  s u c h  c a s e s ,  

b o t h  t h e  c o u p l i n g s  and  t h e  

r e s o n a n t  f r e q u e n c y  o f  r e s o -  

n a t o r s  f o r  a  m u l t i p l e - r e s o n a t o r  

f i l t e r  c a n  b e  c h e c k e d  by t h i s  

i l l  b e  d i s c u s s e d  i n  S e c .  11 .05 .  

end  c o u p l i n g s  o f  a  f i l t e r ,  i t  
is n e c e s s a r y  w i t h  t h i s  p r o c e d u r e  t o  know t h e  r e s o n a t o r  s l o p e  p a r a m e t e r s .  

p r o c e d u r e .  The d e t a i l s  c o n c e r n i n g  t u n  

I n  o r d e r  t o  check  c o u p l i n g s  o t h e r  t h a n  
i n g  w 

t h e  

With r e s p e c t  t o  F i g .  1 1 . 0 3 - 1 ,  t h e  e x t e r n a l  Q, (Qe ) w i l l  b e  d e f i n e d  
a s  t h e  Q when t h e  c i r c u i t  i s  l o a d e d  o n l y  by RA on  t h e  l e f t  ( i . e . ,  RA on 

t h e  r i g h t  i s  removed s o  a s  t o  l e a v e  an  open c i r c u i t ,  and R s  = 0 ) .  S imi  - 
l a r l y ,  ( Q e I 2  i s  t h e  e x t e r n a l  Q  when t h e  c i r c u i t  i s  l o a d e d  o n l y  b y  RA on 

t h e  r i g h t .  No te  t h a t  i f  K l  a n d  K 2  a r e  d i f f e r e n t ,  ( P e l l  and ( P e l 2  w i l l  
b e  d i f f e r e n t .  The u n l o a d e d  Q ,  Q U ,  of  t h e  r e s o n a t o r  i s  i t s  Q  when h o t h  

o f  t h e  R A  t e r m i n a t i o n s  on t h e  l e f t  and r i g h t  a r e  removed,  a n d  t h e  r e s o -  

n a t o r ' s  o n l y  r e s i s t i v e  l o a d i n g  i s  t h a t  due  t o  i t s  i n t e r n a l  l o s s  ( r e p r e -  

s e n t e d  by Rs i n  F i g .  1 1 . 0 3 - 1 ) .  

The l o a d e d  Q, Q L ,  of t h e  d o u b l y  l o a d e d  r e s o n a t o r  i s  

whe re  f o  i s  t h e  r e s o n a n t  f r e q u e n c y  o f  t h e  r e s o n a t o r  and ( A f o ) 3 b  i s  h e r e  

t h e  bandwid th  f o r  wh ich  t h e  a t t e n u a t i o n  f o r  t r a n s m i s s i o n  t h r o u g h  t h e  

r e s o n a t o r  i s  up  3  d b  from t h a t  a t  r e s o n a n c e .  

The a t t e n u a t i o n  t h r o u g h  t h e  r e s o n a t o r  a t  r e s o n a n c e  i s  

The d e f i n i t i o n s  o f  ( Q e )  1 , ( Q e ) 2 ,  e u ,  and QL men t ioned  above a p p l y  

a n a l o g o u s l y  t o  any  r e s o n a t o r  r e g a r d l e s s  of  w h e t h e r  i t  i s  o f  t h e  s e r i e s -  

o r  s h u n t - r e s o n a n c e  t y p e .  E q u a t i o n s  (11 .03 -1 )  t o  ( 1 1 . 0 3 - 3 )  a l s o  a p p l y  

r e g a r d l e s s  o f  t h e  form of t h e  r e s o n a t o r .  

I t  i s  p o s s i b l e  t o  c h e c k  t h e  c o u p l i n g s  o f  a  r e s o n a t o r  by compu t ing  

t h e o r e t i c a l  v a l u e s  f o r  QL a n d  ( L A )  o and t h e n  by a t t e n u a t i o n  measu remen t s  

compare  t h e  m e a s u r e d  and  computed ( A f ) , r b  [which by Eq. ( 1 1 . 0 3 - 2 )  g i v e s  

Q,! , and ( L A )  o . However,  u s u a l l y  VSWR measu remen t s  a r e  e a s i e r .  

I f  t h e  measu remen t  p r o c e d u r e s  o f  Sec .  1 1 . 0 2  a r e  a p p l i e d  by making 

VSWR m e a s u r e m e n t s  a t  t h e  l e f t  s i d e  i n  F i g .  1 1 . 0 3 - 1 ,  (Q , l1  can  b e  d e t e r -  

mined a l o n g  w i t h  an  a p p a r e n t  u n l o a d e d  Q  which i s  e q u a l  t o  

Sim 

(Q e 

i l a r l y ,  i f  VSWR t e s t s  a r e  made from t h e  r i g h t  s i d e  i n  F i g .  1 1 . 0 3 - 1 ,  

) and a n  a p p a r e n t  u n l o a d e d  Q  
2 

a r e  o b t a i n e d .  The VSWR s e e n  f rom t h e  l e f t  a t  r e s o n a n c e  w i l l  b e  



1 

o v e r c o u p l e d  
c a s e  u n d e r c o u p l e d  

c a s e  

The VSWR s e e n  f rom t h e  r i g h t  a t  r e s o n a n c e  w i l l  b e  

1 

o r e r c o u p l e d  
.] . ( 1 1 . 0 3 - 7 )  

c a s e  u n d e r c o u p l e d  
c a s e  

S i n c e  ( Q e )  and ( Q c )  a r e  o b t a i n e d  d i r e c t l y  f rom t h e  m e a s u r e m e n t s  a s  d e -  1  2 
s c r i b e d  a b o v e , i t  i s  p o s s i b l e  t o  compute  Qu by  u s e  o f  E q .  ( 1 1 . 0 3 - 6 )  o r  

( 1 1 . 0 3 - 7 ) .  However,  u s i n g  s i n g l e  l o a d i n g  a s  d e s c r i b e d  i n  S e e .  1 1 . 0 2  w i l l  
u s u a l l y  g i v e  b e t t e r  a c c u r a c y  f o r  t h a t  p u r p o s e .  

I f  Qu i s  known t o  b e  l a r g e  
compared t o  (Qc ) and  ( Q e l 2 ,  i t  w i l l '  b e  c o n v e n i e n t  t o  m e a s u r e ,  s a y ,  

1  
and t h e n  compute  ( Q c )  f rom E q .  ( 1 1 . 0 3 - 6 )  u s i n g  Qu = m. 

2 

- I 
TO SLOTTED RESONATOR 4 I- 
LINE TO LOAD 

OF ADMITTANCE 

FIG. 11.03-2 AN ARRANGEMENT FOR TESTS ON 
A STRIP-LINE RESONATOR USING 
LOADING AT BOTH ENDS 

F i g u r e  11 .03 -2  shows how a r e s o n a t o r  f r o m  a  f i l t e r  s u c h  a s  t h a t  i n  

F i g .  8 . 0 5 - 1  c a n  be t e s t e d  u s i n g  t h e  p r o c e d u r e  d e s c r i b e d  above .  
The -~-. 

r e s o n a t o r  shown i s  assumed t o  b e  R e s o n a t o r  4 ,  o f  a ,  s a y ,  s i x - r e s o n a t o r  
- - 

f i l t e r ,  and i t  i s  d e s i r e d  t o  s e e  i f  t h e  c a p a c i t i v e  g a p s  A34  and A d s  a r e  

c o r r e c t  t o  c o r r e s p o n d  t o  t h e  J3 ( /Yo  and J 4 5 / Y 0  v a l u e s  computed by Eq. ( 2 )  

o f  F i g .  8 . 0 5 - 1 .  By measu remen t s  a s  d e s c r i b e d  a b o v e ,  e x t e r n a l  0 's  ( I ) e ) 3 4  

and ( Q , I d 5  f o r  l o a d i n g  a t  t h e  l e f t  and r i g h t  e n d s ,  r e s p e c t i v e l y ,  o f  t h e  

r e s o n a t o r  a s  s e t  up i n  F i g .  1 1 . 0 3 - 2  a r e  o b t a i n e d ,  and  t h e n  t h e  

c o r r e s p o n d i n g  v a l u e s  o f  J ! / Y o  and J d S / Y O  c a n  be  computed by u s e  o f  

Eq. ( 1 1 . 0 2 - 1 6 )  i n  t h e  form 

I f  t h e  J j , j + l / Y o  v a l u e s  a r e  i n c o r r e c t ,  t h e  gap s p a c i n g s  c a n  b e  a l t e r e d  

t o  p r o d u c e  t h e  c o r r e c t  v a l u e s .  The r e s o n a t o r  i n  F i g .  11 .03 -2  would  

have  e x a c t l y  t h e  same r e s o n a n t  f r e q u e n c y  w h e n o p e r a t e d  a s  shown a s  i t  would 

when o p e r a t e d i n  a  m u l t i p l e - r e s o n a t o r  f i l t e r  a s  shown i n  F i g .  8 . 0 5 - 1 .  
Fo r  

t h a t  r e a s o n ,  a f t e r  t h e  r e s o n a n t  f r e q u e n c y  o f  t h e  r e s o n a t o r  h a s  b e e n  

checked  w i t h  t h e  p r o p e r  c o u p l i n g  g a p s ,  t h e  l e n g t h  o f  t h e  r e s o n a t o r  b a r  

can  be  c o r r e c t e d  i f  n e c e s s a r y  t o  g i v e  t h e  d e s i r e d  r e s o n a n t  f r e q u e n c y .  

(See  S e c .  1 1 . 0 5  f o r  d i s c u s s i o n  o f  t u n i n g  c o r r e c t i o n s  f o r  o t h e r  t y p e s  o f  

f i l t e r s . )  

T h i s  p r o c e d u r e  i s  p a r t i c u l a r l y  handy f o r  t h e  b a r - s t r i p - l i n e  r e s o n a t o r s  

d i s c u s s e d  i n  S e c .  8 . 0 5 ,  b e c a u s e  t h e  i n d i v i d u a l  r e s o n a t o r s  c a n  b e  e a s i l y  

t e s t e d  s e p a r a t e l y  and t h e n  l a t e r  i n s e r t e d  t o g e t h e r  i n  t h e  c o m p l e t e  

m u l t i p l e - r e s o n a t o r  f i l t e r .  I n  c a s e s  s u c h  a s  t h e  a n a l o g o u s  wavegu ide  

f i l t e r s  i n  S e c .  8 . 0 6 ,  i t  may b e  d e s i r a b l e  t o  b u i l d  a  t e s t  r e s o n a t o r  w i t h  

t h e  c o u p l i n g  i r i s e s  mounted i n  waveguide  c o u p l i n g  f l a n g e s .  I n  t h i s  

way t h e  i r i s e s  b e i n g  checked  c a n  e a s i l y  be removed and t h e i r  d i m e n s i o n s  

a l t e r e d  a s  i n d i c a t e d  by t h e  t e s t s .  

SEC. 1 1 . 0 4 ,  TESTS ON SYWETRICAL PA1 RS OF RESONATORS t 

Most mic rowave  f i l t e r s  a r e  s y m m e t r i c a l .  T h e n ,  f o r  e a c h  r e s o n a t o r  

w i t h  g i v e n  c o u p l i n g s  a t  o n e  end o f  t h e  f i l t e r  t h e r e  i s  a n o t h e r  i d e n t i c a l  

r e s o n a t o r  w i t h  i d e n t i c a l  c o u p l i n g s  a t  t h e  o t h e r  e n d  o f  t h e  f i l t e r .  I t  

i s  o f t e n  f e a s i b l e  t o  c h e c k  t h e  c o u p l i n g s  w i t h i n  a  f i l t e r  ( a n d  some t imes  

a l s o  t o  c h e c k  t h e  t u n i n g  o f  t h e  r e s o n a t o r s  p r e c i s e l y )  by d i s a s s e m b l i n g  

t h e  f i l t e r  , c o n n e c t i n g  t h e  p a i r s  o f  i d e n t i c a l  r e s o n a t o r s  t o g e t h e r ,  and 

t e s t i n g  them a  p a i r  a t  a  t i m e .  A  s p e c i a l  a d v a n t a g e  o f  t h i s  p r o c e d u r e  

8 

As i n d i c a t e d  i n  S e c .  11.02, t h i s  e q u a t i o n  i s  baaed on t h e  r e s o n a t o r  s l o p e  parameters  b e i n g  
'b = (n/2) Y 0 a s  i s  t h e  c a s e  f a r  f i l t e r s  o f  the  form d i s c u s s e d  i n  S e c .  8.05. 

t D i s h a l  has d i s c u s s e d  a  s i m i l a r  two-resonator  t echn ique  i n  somewhat d i f f e r e n t  t erms .  
S e e  Ref .  2 .  



o v e r t h e  ~ r o c e d u r e s  d e s c r i b e d i n  S e c s .  1 1 . 0 2  and 1 1 . 0 3 i s t h a t  t h e  c o e f f i c i e n t  

o f  c o u p l i n g  k E e e E q s .  ( 8 )  of Fig. 8.02-3 and 8.02-41 f o r  t h e  c o u p l i n g  between 

I 
I 

r e s o n a t o r s  c a n  be  d e t e r m i n e d  w i t h o u t  s p e c i f i c  knowledge o f  t h e  s l o p e  

p a r a m e t e r s  o f  t h e  r e s o n a t o r s .  ( S e e  d i s c u s s i o n  i n  S e c .  1 1 . 0 2 . )  A l s o ,  I I 

i n  most c a s e s ,  two s h a r p  p o i n t s  o f  good t r a n s m i s s i o n  w i l l  b e  o b t a i n e d ,  

s o  t h a t  f e w e r  measu remen t s  a r e  r e q u i r e d  i n  o r d e r  t o  g e t  t h e  d e s i r e d  
I 
I 

i n f o r m a t i o n .  I 
I 

As an  example ,  c o n s i d e r  t h e  s y m m e t r i c a l  p a i r  o f  c a v i t y  r e s o n a t o r s  I 

shown i n  F i g .  11 .04 -1 .  I n  t h e  d i s c u s s i o n  t o  f o l l o w ,  Qy i s  t h e  u n l o a d e d  
i Q  o f  e i t h e r  o f  t h e  r e s o n a t o r s  by i t s e l f ,  Qe i s  t h e  e x t e r n a l  Q o f  e i t h e r  

one o f  t h e  r e s o n a t o r s  l o a d e d  by i t s  a d j a c e n t  t e r m i n a t i o n  ( w i t h  QU e q u a l  1 
t o  i n f i n i t y ) ,  and  k i s  t h e  c o e f f i c i e n t  o f  c o u p l i n g  between t h e  two 

r e s o n a t o r s .  

Cohn and  S h i m i z u 3  h a v e  shown t h a t  t h e  a t t e n u a t i o n  o f  a  s y m m e t r i c a l  

p a i r  o f  r e s o n a t o r s  i s *  

ADJUSTABLE 
LOOP COUPLINGS 

-C- - 
TO SLOTTED TO 

LINE OF RMINATION 
IMPEDANCE Zo z~ 

FIG. 11.04-1 SYMMETRICAL PAIR OF CAVITY RESONATORS 
WITH LOOP COUPLINGS 

'As i s  i m p l i e d  by t h e  u s e  o f  u = ( f  - fO)/f a s  a  f requency  v a r i a b l e ,  t h i n  equac ion  i n v o l v e s  
~ p p r o x i m a t i o n s  which a r e  moat a c c u r a t e  foronarrow-band c a s e s .  

664 

where  

f - f o  
u = -  

f 0 

f = f r e q u e n c y  

f o  = midband f r e q u e n c y  

At midband t h e  a t t e n u a t i o n  i s  s e e n  t o  be  

I f  t h e  c o n d i t i o n  

i s  s a t i s f i e d  t h e  r e s p o n s e  w i l l  h ave  a  hump i n  t h e  m i d d l e  a s  shown i n  

F i g .  1 1 . 0 4 - 2 ,  and t h e  r e s o n a t o r s  a r e  s a i d  t o  b e  o v e r c o u p l e d . ,  I f  

t h e  r e s o n a t o r s  a r e  s a i d  t o  b e  c r i t i c a l l y  c o u p l e d ,  w h i l e  i f  



FIG. 11.04-2 TYPICAL RESPONSE OF AN 
"OVERCOUPLED" SYMMETRICAL 
PAIR OF RESONATORS 

t h e  r e s o n a t o r s  a r e  s a i d  t o  be  

u n d e r c o u p l e d . .  I n  t h e  c r i t i c a l l y  

c o u p l e d  and u n d e r c o u p l e d  c a s e s  

t h e  r e s p o n s e  h a s  no hump i n  t h e  

m i d d l e ,  and  t h e  midband l o s s  

i n c r e a s e s  a s  t h e  r e s o n a t o r s  

become more u n d e r c o u p l e d .  It 

s h o u l d  be  n o t e d  t h a t  t h i s  u s e  

o f  t h e  t e r m s  o v e r c o u p l e d ,  

c r i t i c a l l y  c o u p l e d ,  and u n d e r -  

c o u p l e d  i s  e n t i r e l y  d i f f e r e n t  

f rom t h e  u s e  o f  t h e s e  t e r m s  i n  

d i s c u s s i n g  s i n g l e  r e s o n a t o r s  

( s e e  S e c .  1 1 . 0 2 ) .  

A ~ o s s i b l e  way o f  making t e s t s  on  a  p a i r  o f  r e s o n a t o r s  s u c h  a s  t h o s e  

i n  F i g .  1 1 . 0 4 - 1  i s  t o  f i r s t  make s i n g l e - r e s o n a t o r  t e s t s  o n ,  s a y ,  t h e  

r e s o n a t o r  on  t h e  l e f t  u s i n g  t h e  me thods  o f  S e c .  1 1 . 0 2 ,  w i t h  t h e  r e s o n a t o r  

on  t h e  r i g h t  g r o s s l y  m i s t u n e d  by r u n n i n g  i t s  t u n i n g  s c r e w  w e l l  i n .  T h i s  
would make t h e  s e c o n d  r e s o n a t o r  h a v e  n e g l i g i b l e  e f f e c t  on  t h e  r e s o n a n c e  

o f  t h e  f i r s t  r e s o n a t o r .  From t h e s e  t e s t s ,  v a l u e s  f o r  Qe and Qy c a n  
be o b t a i n e d .  Then ,  i f  t h e  r e s o n a t o r s  a r e  t u n e d  t o  t h e  same f r e q u e n c y  

( s e e  S e c .  1 1 . 0 5 )  and t h e  midband  a t t e n u a t i o n  ( L A ) , ,  i s  m e a s u r e d ,  t h e  

c o u p l i n g  c o e f f i c i e n t  k c a n  be  o b t a i n e d  by s o l v i n g  Eq. ( 1 1 . 0 4 - 2 )  f o r  k.. 

I n  most  c a s e s  when t e s t i n g  p a i r s  o f  r e s o n a t o r s  f rom a  m u l t i p l e -  

r e s o n a t o r  f i l t e r ,  t h e  r e s p o n s e  w i l l  b e  g r e a t l y  o v e r c o u p l e d .  I n  s u c h  

c a s e s ,  r a t h e r  t h a n  m e a s u r e  ( L A ) O ,  i t  may b e  more c o n v e n i e n t  t o  m e a s u r e  

t h e  f r e q u e n c i e s  f a  and  f b  i n  F i g .  11 .04 -2  by f i n d i n g  t h e  p o i n t s  o f  
minimum VSWR. Then i t  c a n  b e  shown t h a t  

where  

Note  t h a t  i f  Qe and  QU a r e  b o t h  s i z e a b l e  compared t o  l / w , ,  r a t h e r  

l a r g e  p e r c e n t a g e  e r r o r s  i n  Qe o r  i n  Qu w i l l  c a u s e  l i t t l e  e r r o r  i n  k. 

The s t r i p - l i n e  impedance -  and a d m i t t a n c e - i n v e r t e r  d a t a  i n  

F i g s .  8 . 0 5 - 3 ( a ) ,  ( b ) ,  ( c ) ,  and 8 . 0 8 - 2 ( a )  t o  8 . 0 8 - 4 ( b )  were  o b t a i n e d  by 

l a b o r a t o r y  t e s t s  u s i n g  s y m m e t r i c a l ,  t w o - r e s o n a t o r  t e s t  s e c t i o n s  w i t h  

a d j u s t a b l e  c o u p l i n g  d i s c o n t i n u i t i e s  be tween r e s o n a t o r s .  The c o u p l i n g s  

a t  t h e  e n d s  were  h e l d  f i x e d  and w e r e  made t o  b e  q u i t e  l o o s e  s o  t h a t  

Q e  would b e  q u i t e  l a r g e  and s o  t h a t  t h e  r e s p o n s e  would  be  g r e a t l y  

o v e r c o u p l e d  ( w h i c h  made t h e  low-VSWR p o i n t s  a t  f a  a n d  f b  i n  F i g .  

v e r y  s h a r p  and  d i s t i n c t ) .  A f t e r  t h e  c o u p l i n g  c o e f f i c i e n t  be tween 

r e s o n a t o r s  h a d  b e e n  d e t e r m i n e d  u s i n g  t h e  p r o c e d u r e s  d e s c r i b e d  abo  

was p o s s i b l e  t o  d e t e r m i n e  t h e  i n v e r t e r  p a r a m e t e r s  s i n c e  

k . .  = - o r  - 
1.1+1 pxl  VGFl 

1 1 . 0 4 - 2  

v e ,  i t  

a s  was d i s c u s s e d  i n  S e c .  8 . 0 2 ,  and  s i n c e  t h e  r e s o n a t o r  s l o p e  p a r a m e t e r s  

i n  t h i s  c a s e  a r e  bi = d(m/4)Yo o r  scj = d(m/4)Zo,  where  d i s  an i n t e g e r  

e q u a l  t o  t h e  n o m i n a l  number o f  q u a r t e r - w a v e l e n g t h s  i n  t h e  r e s o n a t o r s  

( s e e  S e c .  8 . 1 4 ) .  

No te  t h a t  d e t e r m i n i n g  t h e  i n v e r t e r  p a r a m e t e r s  f rom t h e  c o u p l i n g  

c o e f f i c i e n t s  r e q u i r e s  knowledge o f  t h e  r e s o n a t o r  s l o p e  p a r a m e t e r s .  The 

i n v e r t e r  d e s c r i p t i o n  o f  a  c o u p l i n g  i s  u s u a l l y  more  u s e f u l  f o r  p u r p o s e s  

of  a n a l y s i s  b e c a u s e  s p e c i f i c a t i o n  o f  t h e  i n v e r t e r  p a r a m e t e r  g i v e s  more 

i n f o r m a t i o n  t h a n  d o e s  s p e c i f i c a t i o n  o f  a  c o u p l i n g  c o e f f i c i e n t .  However,  

f i x i n g  t h e  c o u p l i n g  c o e f f i c i e n t s  k j , j + l  be tween  r e s o n a t o r s  and t h e  

e x t e r n a l  Q ' s  o f  t h e  r e s o n a t o r s  a t  t h e  ends  of  a  f i l t e r  a s  c a l l e d  f o r  

by Eqs .  ( 6 )  and  ( 8 )  o f  F i g .  8 . 0 2 - 3  o r  8 . 0 2 - 4  i s  a d e q u a t e  t o  f i x  t h e  

r e s p o n s e  o f  t h e  f i l t e r  a s  p r e s c r i b e d  ( i . e . ,  a t  l e a s t  i f  t h e  f i l t e r  i s  

o f  na r row o r  m o d e r a t e  b a n d w i d t h ,  and  i f  t h e  r e s o n a t o r s  a r e  a l l  p r o p e r l y  

t u n e d  t o  t h e  same f r e q u e n c y ) .  T h u s ,  t h e  p r o c e d u r e s  o f  t h i s  s e c t i o n  

a l o n g  w i t h  t h o s e  o f  Sec .  1 1 . 0 2  a r e  s u f f i c i e n t  t o  p r o p e r l y  a d j u s t  t h e  

t h e  c o u p l i n g s  o f  a  f i l t e r  o f  n a r r o w  o r  m o d e r a t e  b a n d w i d t h ,  even though  

t h e  r e s o n a t o r s  may be  o f  some a r b i t r a r y  form f o r  wh ich  t h e  r e s o n a t o r  

s l o p e  p a r a m e t e r s  a r e  unknown. I f  t h e  f i l t e r  i s  o f  s u c h  a  form t h a t  

t h e  r e s o n a t o r s  c a n  e a s i l y  b e  r emoved ,  i t  may b e  c o n v e n i e n t  t o  remove 

t h e  r e s o n a t o r s  two a t  a  t i m e  and t e s t  p a i r s  o f  i d e n t i c a l  r e s o n a t o r s  
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( a s s u m i n g  t h a t  t h e  f i l t e r  i s  s y m m e t r i c a l ) .  I f  t h e  r e s o n a t o r s  a r e  n o t  

e a s i l y  removed,  i t  may be d e s i r a b l e  t o  c o n s t r u c t  a  s e p a r a t e ,  s y m m e t r i c a l ,  

t w o - r e s o n a t o r  t e s t  f i l t e r  d e s i g n e d  s o  t h a t  t h e  c o u p l i n g s  c a n  e a s i l y  b e  

a l t e r e d .  T h i s  t e s t  f i l t e r  c a n  t h e n  be  u s e d  t o  check  o u t  t h e  d e s i g n s  

o f  a l l  o f  t h e  c o u p l i n g s .  

SEC. 1 1 . 0 5 ,  TUNING OF MULTIPLE-RESONATOR BAND-PASS FILTERS 

The word t u n i n g  a s  u s e d  h e r e i n  r e f e r s  t o  t h e  p r o c e s s  o f  a d j u s t i n g  

a l l  o f  t h e  r e s o n a t o r s  t o  r e s o n a t e  a t  t h e  same midband f r e q u e n c y  w o .  

I n  g e n e r a l ,  s y n c h r o n o u s l y  t u n e d  b a n d - p a s s  f i l t e r s  ( o f  t h e  s o r t s  

d i s c u s s e d  i n  C h a p t e r s  8 ,  9 ,  and 1 0 )  wh ich  a r e  p r o p e r l y  t u n e d  w i l l  have  

a  r e s p o n s e  t h a t  i s  s y m m e t r i c a l  a b o u t  t h e  midband f r e q u e n c y  w,,, e x c e p t  

f o r  some p o s s i b l e  skew a s  a  r e s u l t  o f  t h e  v a r i a t i o n  o f  t h e  c o u p l i n g s  

w i t h  f r e q u e n c y  [ s e e ,  f o r  e x a m p l e ,  t h e  r e s p o n s e  i n  F i g .  8 . 0 8 - 5 ( b ) ]  

I n  c o n t r a s t ,  i f  a  b a n d - p a s s  f i l t e r  o f  t h i s  t y p e  h a s  t h e  r e s o n a t o r s  a l l  

p r o p e r l y  t u n e d ,  b u t  t h e  c o u p l i n g s  a r e  n o t  c o r r e c t ,  t h e  r e s p o n s e  w i l l  
b e  n e a r l y  s y m m e t r i c a l ,  b u t  i t  w i l l  o t h e r w i s e  have  an  i m p r o p e r  s h a p e  

( f o r  example ,  p a s s - h a n d  r i p p l e s  o f  t h e  wrong s i z e ,  o r  i m p r o p e r  

b a n d w i d t h ) .  

A l t e r n a t i n g  S h o r t - c i r c u i t  a n d  O p e n - C i r c u i t  P r o c e d u r e t ~  p r o c e d u r e  

which i s  f r e q u e n t l y  v e r y  u s e f u l  f o r  t u n i n g  s y n c h r o n o u s l y  t u n e d  f i l t e r s  

c a n  b e  u n d e r s t o o d  w i t h  t h e  a i d  o f  F i g .  1 1 . 0 5 - 1 .  T h i s  f i g u r e  shows a  

FIG. 11.05-1 A  THREE-RESONATOR BAND-PASS FILTER 
The switches are used to open-circuit the series resonators 
and to short-circuit the shunt resonator during the tuning 
process 

b a n d - p a s s  f i l t e r  h a v i n g  two s e r i e s  and one  s h u n t  r e s o n a t o r ,  and s w i t c h e s  

a r e  p r o v i d e d  t o  o p e n - c i r c u i t  t h e  s e r i e s  r e s o n a t o r s  and t o  s h o r t - c i r c u i t  

t h e  s h u n t  r e s o n a t o r .  To s t a r t  w i t h ,  t h e  s e r i e s  r e s o n a t o r s  a r e  open-  

c i r c u i t e d  by o p e n i n g  s w i t c h e s  S1 and Sg w h i l e  t h e  s h u n t  r e s o n a t o r  i s  

s h o r t - c i r c u i t e d  by c l o s i n g  S2. Then t h e  a d m i t t a n c e  Yin w i l l  be z e r o .  

N e x t ,  a  s i g n a l  a t  t h e  d e s i r e d  midband f r e q u e n c y  w,, i s  a p p l i e d ,  

s w i t c h  S1 i s  c l o s e d ,  and R e s o n a t o r  1 i s  t u n e d .  S i n c e  R e s o n a t o r  2 i s  

s t i l l  s h o r t - c i r c u i t e d ,  R e s o n a t o r  1 w i l l  b e  t u n e d  when Yin = a. A f t e r  

R e s o n a t o r  1 h a s  b e e n  t u n e d  i t  w i l l  p r e s e n t  z e r o  r e a c t a n c e  and R e s o n a t o r  2  

can  be  t u n e d  b y  o p e n i n g  S 2  and t u n i n g  R e s o n a t o r  2 u n t i l  Y i ,  = 0  ( w h i c h  

o c c u r s  s i n c e  S2 i s  s t i l l  o p e n ) .  N e x t ,  R e s o n a t o r  3 i s  t u n e d  ( w i t h  SB 

s t i l l  c l o s e d  t o  s h o r t - c i r c u i t  t h e  l o a d )  u n t i l  Yin = a. Then S B  i s  

opened and t h e  t u n i n g  p r o c e s s  i s  comple t e .  

No te  t h a t  i n  t h e  above p r o c e s s  t h e  s e r i e s  r e s o n a t o r s  were  t u n e d  t o  

y i e l d  a  s h o r t - c i r c u i t  a t  t h e  i n p u t  w h i l e  t h e  s h u n t  r e s o n a t o r s  were  t u n e d  

t o  y i e l d  an  o p e n - c i r c u i t  a t  t h e  i n p u t .  

Now l e t  u s  c o n s i d e r  t h e  e n t i r e l y  e q u i v a l e n t  f i l t e r  i n  F i g .  1 1 . 0 5 - 2  

which u s e s  o n l y  s h u n t  r e s o n a t o r s  s e p a r a t e d  by J - i n v e r t e r s .  I f  t h e  

J - i n v e r t e r s  a r e  f r e q u e n c y  i n v a r i a n t ,  t h i s  f i l t e r  c a n  have  e x a c t l y  t h e  

same Yin and t r a n s m i s s i o n  c h a r a c t e r i s t i c  a s  t h e  f i l t e r  i n  F i g .  1 1 . 0 5 - 1 .  

However, s i n c e  t h e  r e s o n a t o r s  a r e  i n  t h i s  c a s e  a l l  i n  s h u n t ,  t h e  t u n i n g  

p r o c e s s  is  s t a r t e d  w i t h  a l l  o f  t h e  r e s o n a t o r s  and t h e  l o a d  on t h e  r i g h t  

s h o r t - c i r c u i t e d .  The t u n i n g  p r o c e s s  t h e n  g o e s  much t h e  same a s  b e f o r e  

and c a n  b e  s t a t e d  i n  g e n e r a l  a s  f o l l o w s :  

FIG. 11.05-2 DIRECT-COUPLED BAND-PASS FILTER WITH SHUNT 
RESONATORS 
The J-inverters represent the couplings 

8 

T h i s  procedure  is t h e  same a s  t h a t  d e s c r i b e d  by D i s h a l  in Ref. 2. 
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( 1 )  A l l  o f  t h e  s h u n t - r e s o n a t o r s  a r e  s h o r t - c i r c u i t e d  and  a n  open-  
c z r c u i t  i s  o b s e r v e d  a t  t h e  i n p u t  ( i . e . ,  Yi, = 0 ) .  

( 2 )  The s h o r t - c i r c u i t  i s  removed f rom R e s o n a t o r  1, which i s  then  
t u n e d  u n t i l  a  s h o r t - c i r c u i t  i s  o b s e r v e d  a t  t h e  i n p u t  a t  
f r e q u e n c y  wo. 

( 3 )  The s h o r t - c i r c u i t  i s  removed f rom R e s o n a t o r  2 ,  which i s  t h e n  I 

a d j u s t e d  u n t i l  an  o p e n - c i r c u i t  i s  o b s e r v e d  a t  t h e  i n p u t  a t  

f r e q u e n c y  oo. I ! 
I ( 4 )  T h i s  p r o c e s s  i s  r e p e a t e d ,  t u n i n g  a l t e r n a t e l y  f o r  a  s h o r t - c i r c u i t  

a t  t h e  i n p u t  when t u n i n g  one r e s o n a t o r ,  and f o r  an  o p e n - c i r c u i t  
a t  t h e  i n p u t  when t u n i n g  t h e  n e x t .  A f t e r  t h e  l a s t  r e s o n a t o r  
i s  t u n e d ,  t h e  s h o r t - c i r c u i t  i s  removed from t h e  o u t p u t .  

I f  t h e  f i l t e r  u s e s  s e r i e s  r e s o n a t o r s  and K - i n v e r t e r s ,  t h e  p r o c e d u r e  i s  
e s s e n t i a l l y  t h e  same, e x c e p t  t h a t  a l l  o f  t h e  r e s o n a t o r s  must b e  open-  

c i r c u i t e d  t o  s t a r t  w i t h ,  and f o r  t h i s  c o n d i t i o n  t h e  i n p u t  w i l l  a p p e a r  a s  1 
a  s h o r t - c i r c u i t .  

As an example  o f  how t h i s  p r o c e d u r e  a p p l i e s  t o  mic rowave  f i l t e r s ,  l e t  

u s  c o n s i d e r  c a p a c i t i v e l y  c o u p l e d  s t r i p - l i n e  f i l t e r s  o f  t h e  fo rm d i s c u s s e d  

i n  Sec .  8 .05 .  Tun ing  s c r e w s  a r e  added a s  shown i n  F i g .  1 1 . 0 5 - 3 .  To 
s t a r t  t h e  t u n i n g  p r o c e s s ,  t h e  s c r e w s  a r e  s c r e w e d  i n  a l l  t h e  way t o  

s h o r t - o u t  t h e  r e s o n a t o r s  and  t h e  o u t p u t  l i n e .  The f i l t e r  i s  c o n n e c t e d  
t o  a  s l o t t e d  l i n e  and t h e  p o s i t i o n  o f  a  v o l t a g e  minimum f o r  f r e q u e n c y  mo 

i s  o b s e r v e d .  Then t h e  s c r e w s  on t h e  f i r s t  r e s o n a t o r  a r e  b a c k e d - o u t  and 
a d j u s t e d  u n t i l  t h e  v o l t a g e  minimum on t h e  s l o t t e d  l i n e  moves e x a c t l y  a  

q u a r t e r  w a v e l e n g t h .  Next  t h e  s e c o n d  r e s o n a t o r  i s  t u n e d  t o  b r i n g  t h e  
minimum back t o  i t s  o r i g i n a l  p o s i t i o n .  As c o n s e c u t i v e  r e s o n a t o r s  a r e  
t u n e d ,  t h e  v o l t a g e  minimum c o n t i n u e s  t o  move b a c k  and f o r t h  b e t w e e n  t h e  

two p o i n t s  s e p a r a t e d  by Ao/4 .  

TO 3 nrn 

FIG. 11.05-3 A CAPACITIVELY COUPLED STRIP-LINE FILTER 
WITH TUNING SCREWS 

I n  t h e  c a s e  o f  t h e  waveguide  f i l t e r s  i n  Sec .  8 . 0 6 ,  which have  

r e s o n a t o r s  w i t h  s e r i e s - t y p e  r e s o n a n c e s  and K - i n v e r t e r s ,  t h e  p r o c e d u r e  

i s  e s s e n t i a l l y  t h e  same e x c e p t  f o r  t h a t  t h e  t u n i n g  s c r e w s  a r e  l o c a t e d  

i n  t h e  m i d d l e  o f  t h e  A/2 r e s o n a t o r s  i n s t e a d  of  a t  t h e  e n d s .  ( T h i s  

r e f l e c t s  an  o p e n - c i r c u i t  t o  t h e  K - i n v e r t e r s  when t h e  s c r e w s  a r e  a l l  t h e  

way i n . )  A l s o ,  t h e  s c r e w  on t h e  o u t p u t  s h o u l d  b e  p l a c e d  a  q u a r t e r -  

wave leng th  away f rom t h e  o u t p u t  i r i s .  

I n  p r a c t i c a l  s i t u a t i o n s ,  t h e  a c c u r a c y  o f  t h e  p r o c e d u r e  d e s c r i b e d  

above depends  v e r y  much on how c l o s e  t h e  i d e a l i z e d  c i r c u i t  i n  

F i g .  11 .05 -2  ( o r  i t s  d u a l )  i s  a p p r o x i m a t e d .  T h a t  i s ,  i n  F i g .  1 1 . 0 5 - 2  

s h o r t - c i r c u i t i n g  a  r e s o n a t o r  w i l l  a l s o  a p p l y  a  s h o r t - c i r c u i t  d i r e c t l y  

a c r o s s  t h e  t e r m i n a l s  o f  t h e  a d j a c e n t  J - i n v e r t e r s .  However,  i n  t h e  

c i r c u i t  i n  F i g .  1 1 . 0 5 - 3 ,  t h e  i n v e r t e r s  a r e  o f  t h e  form i n  F i g .  8 . 0 3 - 2 ( d ) .  

These  i n v e r t e r s  i n c l u d e  a  n e g a t i v e  l e n g t h  of  l i n e  wh ich  i n  t h e  a c t u a l  

f i l t e r  s t r u c t u r e  i s  a b s o r b e d  i n t o  a d j a c e n t  p o s i t i v e  l i n e  l e n g t h  o f  

t h e  same impedance .  F o r  t h i s  r e a s o n ,  t h e  a c t u a l  t e r m i n a l s  of  t h e  

i n v e r t e r  a r e  n o t  p h y s i c a l l y  a c c e s s i b l e ,  and t h e  t u n i n g  s c r e w s  c a n n o t  

s h o r t - o u t  t h e  r e s o n a t o r s  a t  t h e  e x a c t l y  c o r r e c t  s p o t  f o r  p e r f e c t  t u n i n g .  

For na r row-band  f i l t e r s ,  however ,  t h e  c o u p l i n g  s u s c e p t a n c e s  w i l l  b e  

v e r y  s m a l l ,  t h e  n e g a t i v e  l e n g t h  o f  l i n e  i n  t h e  i n v e r t e r  w i l l  b e  v e r y  

s h o r t ,  and t h e  e x a c t  l o c a t i o n s  o f  t h e  s h o r t - c i r c u i t s  on t h e  r e s o n a t o r  

b a r s  w i l l  n o t  b e  c r i t i c a l .  I n  s u c h  c a s e s ,  t h e  above  t u n i n g  p r o c e d u r e  

works w e l l .  S i m i l a r  c o n s i d e r a t i o n s  a r i s e  i n  t u n i n g  o t h e r  t y p e s  o f  

d i r e c t - c o u p l e d  f i l t e r s .  

I n  d i r e c t - c o u p l e d  f i l t e r s ,  t h e  r e s o n a t o r s  t h a t  a r e  most  l i k e l y  t o  

g i v e  t r o u b l e  when u s i n g  t h i s  p r o c e d u r e  a r e  t h e  f i r s t  and l a s t  r e s o n a t o r ,  

s i n c e  t h e i r  c o u p l i n g s  g e n e r a l l y  d i f f e r  more r a d i c a l l y  f rom t h o s e  of  t h e  

o t h e r  r e s o n a t o r s .  T h u s ,  i f  t h e  bandwid th  o f  t h e  f i l t e r  i s ,  s a y ,  a round  

10 p e r c e n t  and t h i s  t u n i n g  p r o c e d u r e  d o e s  n o t  y i e l d  a  s u i t a b l y  s y m m e t r i c a l  

r e s p o n s e ,  i t  may b e  p o s s i b l e  t o  c o r r e c t  t h i s  by e x p e r i m e n t a l  a d j u s t m e n t  

o f  t h e  t u n i n g  o f  t h e  end r e s o n a t o r s  a l o n e .  T h i s  i s  o f t e n  q u i t e  e a s y  

t o  do  i f  a  s w e e p i n g  s i g n a l  g e n e r a t o r  i s  a v a i l a b l e .  

Tun ing  of R e s o n a t o r s  S i n g l y  o r  i n  P a i r s - F o r  p r e c i s i o n  t u n i n g  o f  

f i l t e r s  h a v i n g  more  t h a n  a r o u n d  1 0 - p e r c e n t  b a n d w i d t h ,  t h e  b e s t  method 

a p p e a r s  t o  b e  t o  t e s t  and a d j u s t  t h e  r e s o n a t o r s  i n d i v i d u a l l y  o r  i n  

i d e n t i c a l  p a i r s  a s  was d i s c u s s e d  i n  S e c s .  1 1 . 0 3  and 1 1 . 0 4 .  Even w i t h  

such  p r o c e d u r e s ,  however ,  d i f f i c u l t i e s  can  o c c u r  i f  t h e  r e s o n a t o r  



c o u p l i n g s  a r e  a t  a l l  t i g h t .  F i l t e r s  s u c h  a s  t h o s e  i n  S e c s .  8 . 1 1 ,  and 

8 . 1 2  which u s e  lumped-*element c o u p l i n g s  r e p r e s e n t a b l e  by t h e  i n v e r t e r s  

i n  F i g .  8 . 0 3 - l ( a )  and 8 . 0 3 - 2 ( b ) ,  w i l l  t u n e  somewhat d i f f e r e n t l y  when 

I connected t o  another resonator than they w i l l  when connected t o  r e s i s t o r  terminations. , 
I n  t h e  c a s e  o f  l umped-e l emen t  s h u n t  r e s o n a t o r s  w i t h  s e r i e s - c a p a c i t a n c e  I 

c o u p l i n g s ,  t h e  c o u p l i n g  c a p a c i t o r s  may b e  r e g a r d e d  a s  b e i n g  p a r t  o f  

i n v e r t e r s  o f  t h e  form i n  F i g -  8 . 0 3 - 2 ( b ) .  I n  s u c h  c a s e s  t h e  n e g a t i v e  
c a p a c i t a n c e  o f  t h e  i n v e r t e r  c a n  b e  a b s o r b e d  i n t o  t h e  s h u n t  c a p a c i t a n c e s  

o f  t h e  a d j a c e n t  r e s o n a t o r s ;  b u t  when c o u p l i n g  a  r e s o n a t o r  t o  a  r e s i s t o r  

t e r m i n a t i o n ,  t h e  n e g a t i v e  s h u n t  c a p a c i t a n c e  n e x t  t o  t h e  r e s i s t o r  c a n n o t  

b e  a b s o r b e d .  For t h i s  reason the  tuning e f f e c t  due t o  capaci tor  coupling between 

two lumped-e l emen t  s h u n t  r e s o n a t o r s  i s  d i f f e r e n t  f rom t h a t  be tween  a  

r e s o n a t o r  and  a  r e s i s t o r .  T h e s e  m a t t e r s  w e r e  p r e v i o u s l y  d i s c u s s e d  w i t h  

r e g a r d  t o  Eqs .  ( 8 . 1 4 - 3 2 )  t o  ( 8 . 1 4 - 3 4 ) .  I f  t h e  c o u p l i n g s  a r e  r e l a t i v e l y  
! 

t i g h t ,  a  correc t ion  can be appl ied  by tuning the  individual resonators (when t e s t e d  

i n d i v i d u a l l y  w h i l e  c o n n e c t e d  t o  r e s i s t o r  t e r m i n a t i o n s )  t o  a  s l i g h t l y  

d i f f e r e n t  f r e q u e n c y  c a l c u l a t e d  by u s e  o f  t h e  p r i n c i p l e s  d i s c u s s e d  i n  

c o n n e c t i o n  w i t h  E q s .  ( 8 . 1 4 - 3 2 )  and ( 8 . 1 4 - 3 4 ) .  I f  t h e  c o u p l i n g s  a r e  r e l -  

a t i v e l y  l o o s e  ( c a s e  o f  n a r r o w  b a n d w i d t h )  t h e  c o r r e c t i o n  r e q u i r e d  w i l l  

b e  s m a l l  a n d  p o s s i b l y  n e g l i g i b l e .  I 
I n  t h e  c a s e s  o f  t h e  f i l t e r  t y p e s  i n  F i g s .  8 . 0 5 - 1 ,  8 . 0 6 - 1 ,  8 . 0 7 - 3 ,  

8 . 0 8 - 1 ,  and 8 . 1 0 - 3 ,  t h e  d i f f i c u l t y  d e s c r i b e d  i n  t h e  i m m e d i a t e l y  

p r e c e d i n g  p a r a g r a p h  d o e s  n o t  o c c u r .  T h e s e  f i l t e r s  a l l  c o n s i s t  o f  

u n i f o r m  t r a n s m i s s i o n  l i n e s  w i t h  a p p r o p r i a t e l y  s p a c e d  d i s c o n t i n u i t i e s .  

The i n v e r t e r s  i n  t h e s e  c a s e s  a r e  o f  t h e  f o r m s  i n  F i g s .  8 . 0 3 - l ( c ) ,  

8 . 0 3 - 2 ( d ) ,  o r  8 . 0 3 - 3 .  The n e g a t i v e  l i n e  l e n g t h s  4 i n v o l v e d  i n  t h e s e  I 
i n v e r t e r s  a r e  o f  t h e  same c h a r a c t e r i s t i c  impedance  a s  t h e  r e s o n a t o r  

l i n e s  and t h e  t e r m i n a t i o n  t r a n s m i s s i o n  l i n e s .  Thus ,  t h e s e  l i n e s  c a n  

b e  a b s o r b e d  e q u a l l y  w e l l  i n t o  t h e  r e s o n a t o r s  o r  i n t o  t h e  ma tched  

t e r m i n a t i n g  l i n e s ,  and  i f  a  r e s o n a t o r  o f  c h a r a c t e r i s t i c  impedance  Zo 

i s  removed f rom t h e  i n t e r i o r  o f  a  m u l t i p l e - r e s o n a t o r  f i l t e r  and  t e s t e d  

be tween  ma tched  t e r m i n a t i n g  l i n e s  o f  t h e  same c h a r a c t e r i s t i c  impedance  

Z o ,  t h e r e  w i l l  be n o  t u n i n g  e r r o r  r e g a r d l e s s  of w h e t h e r  t h e  c o u p l i n g s  

a r e  l o o s e  o r  t i g h t .  F o r  e x a m p l e ,  t h e  t u n i n g  o f  t h e  r e s o n a t o r s  o f  

f i l t e r s  o f  t h e  form i n  F i g .  8 . 0 5 - 4 ( a )  c a n  b e  c h e c k e d  by t e s t i n g  e a c h  

r e s o n a t o r  i n d i v i d u a l l y  a s  shown i n  F i g .  1 1 . 0 3 - 2 ,  u s i n g  e x a c t l y  t h e  same 

c o u p l i n g  g a p s  a t  e a c h  end  a s  w i l l  b e  u s e d  when e a c h  r e s o n a t o r  i s  

i n s t a l l e d  i n  t h e  m u l t i p l e - r e s o n a t o r  f i l t e r .  The r e s o n a t o r s  i n  t h e  f i l t e r  

in F i g .  8 . 0 5 - 4 ( a )  were  a c t u a l l y  t e s t e d  i n  s y m m e t r i c a l  p a i r s  a s  d i s c u s s e d  

i n  S e c .  11 .04 .  E i t h e r  t h e  s i n g l e -  o r  d o u b l e - r e s o n a t o r  p r o c e d u r e  g i v e s  

h i g h  a c c u r a c y .  A f t e r  t h e  r e s o n a t o r s  w e r e  t e s t e d ,  t h e  l e n g t h s  o f  t h e  

b a r s  were  c o r r e c t e d  t o  g i v e  p r e c i s e l y  t h e  d e s i r e d  t u n i n g  f r e q u e n c y .  

Using t h i s  p r o c e d u r e ,  no t u n i n g  s c r e w s  a r e  r e q u i r e d ,  and i n  many c a s e s  

t h e  t o l e r a n c e s  r e q u i r e d  a r e  r e a s o n a b l e  enough t h a t  i t  s h o u l d  be  

p r a c t i c a l  t o  m a s s - p r o d u c e  a d d i t i o n a l  f i l t e r s  o f  t h e  same d e s i g n  w i t h o u t  

any t u n i n g  s c r e w s  o r  a d j u s t m e n t s .  

Narrow-band p a r a l l e l - c o u p l e d  f i l t e r s  o f  t h e  form i n  F i g .  8 . 0 9 - 1  can 

be t u n e d  u s i n g  t h e  s l o t t e d - l i n e  p r o c e d u r e  d e s c r i b e d  w i t h  r e f e r e n c e  t o  

F ig .  11 .05 -2 .  F i g u r e  1 1 . 0 5 - 4  shows s u g g e s t e d  l o c a t i o n s  f o r  t h e  t u n i n g  

s c r e w s  f o r  p a r a l l e l - c o u p l e d  f i l t e r s .  The s c r e w s  on t h e  o u t p u t  l i n e  

s e c t i o n  n , n + l  s h o u l d  b e  b a c k e d - o u t  f l u s h  w i t h  t h e  g round  p l a n e s  a f t e r  

R e s o n a t o r  n  h a s  heen  t u n e d .  I t  s h o u l d  u s u a l l y  n o t  be  n e c e s s a r y  t o  t u n e  

r e l a t i v e l y  w ide -band  f i l t e r s  o f  t h i s  s o r t ,  s i n c e  t h e  a c c u r a c y  o f  t h e  

synchronous  t u n i n g  becomes l e s s  c r i t i c a l  a s  t h e  bandwid th  becomes 

g r e a t e r , a n d  t h i s  t y p e  o f  f i l t e r  t e n d s  t o  be  r e l a t i v e l y  f r e e  of e r r o r s  

i n  t u n i n g  o f  any o n e  r e s o n a t o r  w i t h  r e s p e c t  t o  t h e  o t h e r s .  I f  t h e  p a s s  

band i s  n o t  c e n t e r e d  a t  t h e  c o r r e c t  f r e q u e n c y ,  t h e  l e n g t h s  o f  a l l  t h e  

r e s o n a t o r s  s h o u l d  be  a l t e r e d  by a  f i x e d  amount computed t o  g i v e  t h e  

d e s i r e d  s h i f t  i n  p a s s - b a n d  c e n t e r  f r e q u e n c y .  
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The i n f o r m a t i o n  n e c e s s a r y  f o r  c o m p u t i n g  t h e  midband l o s s  o f  band-pas s  

f i l t e r s  was p r e v i o u s l y  p r e s e n t e d  i n  S e c .  4 . 1 3 ,  b u t  an  example  i n  t h i s  

c h a p t e r  may b e  d e s i r a b l e .  L e t  u s  s u p p o s e  t h a t  a  1 0 - p e r c e n t - b a n d w i d t h ,  

s i x - r e s o n a t o r ,  b a n d - p a s s  f i l t e r  w i t h  a  0 . 1 0 - d b - r i p p l e  T c h e b y s c h e f f  

r e s p o n s e  i s  d e s i r e d ,  and i t  i s  e s t i m a t e d  t h a t  t h e  r e s o n a t o r  Q ' s  w i l l  be 

a b o u t  1000  f o r  t h e  t y p e  o f  c o n s t r u c t i o n  wh ich  i s  p r o p o s e d .  An e s t i m a t e  

o f  t h e  midband a t t e n u a t i o n  d u e  t o  d i s s i p a t i o n  l o s s  i n  t h e  f i l t e r  i s  

d e s i r e d .  F o r  t h i s  c a s e ,  F i g .  4 . 1 3 - 2  i s  c o n v e n i e n t ,  and f rom i t  f o r  

n = 6  and 0 . 1 0 - d b  T c h e b y s c h e f f  r i p p l e  we o b t a i n  C6 = 4 . 3 .  By Eq. (4 .13-2)  
t h e  c o r r e s p o n d i n g  Q o f  t h e  e l e m e n t s - i n  t h e  a n a l o g o u s  l o w - p a s s  p r o t o t y p e  

f i l t e r  a t  t h e  l o w - p a s s  c u t o f f  f r e q u e n c y  m i  i s  

where  w i s  t h e  b a n d - p a s s  f i l t e r  f r a c t i o n a l  b a n d w i d t h ;  h e r e  QBP = Qu 

i n d i c a t e s  t h e  u n l o a d e d  Q  o f  t h e  r e s o n a t o r s  o f  t h e  b a n d - p a s s  f i l t e r .  

Then by Eq. ( ( 4 . 1 3 - 3 )  t h e  d i s s i p a t i o n  f a c t o r  i s  

where ,  f o r  t h e  d a t a  i n  F i g .  4 . 1 3 - 2 ,  t h e  p r o t o t y p e s  have  b e e n  n o r m a l i z e d  

s o  t h a t  = 1. Then by Eq. ( 4 . 1 3 - 9 )  t h e  i n c r e a s e  i n  a t t e n u a t i o n  a t  

midband a s  a  r e s u l t  o f  d i s s i p a t i o n  l o s s  w i l l  b e  a p p r o x i m a t e l y  

( )  = 8 .686Cnd  = 8 . 6 8 6 ( 4 . 3 ) ( 0 . 0 1 )  = 0 . 3 7  db .  

As was d i s c u s s e d  i n  S e c .  4 . 1 3 ,  t h e  a t t e n u a t i o n  due  t o  d i s s i p a t i o n  a t  t he  

p a s s - b a n d  e d g e  f r e q u e n c i e s  c a n  b e  e x p e c t e d  t o  be  a round  two t o  t h r e e  , 
t i m e s  t h i s  amount ,  o r  f rom a r o u n d  0 . 7 4  t o  1.1 d b .  

I t  s h o u l d  b e  n o t e d  t h a t  i t  i s  some t imes  u s e f u l  t o  make t h e  above  

c a l c u l a t i o n s  i n  t h e  r e v e r s e  s e q u e n c e  i n  o r d e r  t o  e s t i m a t e  t h e  u n l o a d e d  

Q ' s  o f  t h e  r e s o n a t o r s  o f  a  b a n d - p a s s  f i l t e r  f rom t h e  measu red  i n c r e a s e  

i n  f i l t e r  midband a t t e n u a t i o n  r e s u l t i n g  f rom d i s s i p a t i o n  l o s s .  

From S e c .  4 . 1 3  w e  o b t a i n  

E s t i m a t e s  o f  t h e  u n l o a d e d  Q  v a l u e s  t o  u s e  i n  compu t ing  band-pass  

f i l t e r  a t t e n u a t i o n  c a n b e  o b t a i n e d i n  a n u m b e r  o f  ways. One i s  t o  u s e  d a t a  

o t t a i n e d  by c o m p u t i n g  from t h e  measu red  midband l o s s  o f  e x i s t i n g  f i l t e r s  

a s  s u g g e s t e d  i n  t h e  p r e c e d i n g  p a r a g r a p h .  Ano the r  i s  t o  make l a b o r a t o r y  

t e s t s  on a  r e s o n a t o r  o f  t h e  t y p e  t o  he  u s e d - u t i l i z i n g  t h e  t e c h n i q u e s  

d e s c r i b e d  i n  S e c  1 1 . 0 2  t o  d e t e r m i n e  t h e  u n l o a d e d  Q. Ano the r  i s  t o  

compute t h e  u n l o a d e d  Q  by u s e  o f  t h e  i n f o r m a t i o n  g i v e n  i n  C h a p t e r  5 f o r  

c o a x i a l - l i n e ,  s t r i p - l i n e ,  and  wavegu ide  s t r u c t u r e s .  I t  s h o u l d  be  

remembered, however ,  t h a t  t h e  v a l u e s  o f  Q which a r e  t h e o r e t i c a l l y  

p o s s i b l e  a r e  r a r e l y  a c h i e v e d  i n  p r a c t i c e .  T h i s  i s  d u e  t o  s u r f a c e  

roughness  o f  t h e  m e t a l ,  c o r r o s i o n ,  and due  t o  a d d i t i o n a l  l o s s e s  i n  t h e  

c o u p l i n g  e l e m e n t s  wh ich  a r e  d i f f i c u l t  t o  a c c u r a t e l y  p r e d i c t .  I n  some 

s t r i p - l i n e  f i l t e r  s t r u c t u r e s ,  t h e  Q ' s  r e a l i z e d  a r e  t y p i c a l l y  a b o u t  

h a l f  o f  t h e  t h e o r e t i c a l  v a l u e .  I n  t h e  c a s e  o f  wavegu ide  f i l t e r s ,  t h e  

agreement  b e t w e e n  t h e o r y  and p r a c t i c e  a p p e a r s  t o  b e  somewhat b e t t e r ,  

b u t  i n  g e n e r a l  some a l l o w a n c e  s h o u l d  b e  made f o r  t h e  f a c t  t h a t  t h e  

0's i n  t y p i c a l  o p e r a t i n g  f i l t e r s  w i l l  b e  l e s s  t h a n  t h e  t h e o r e t i c a l  optimum. 

Some f u r t h e r  m a t t e r s  i n v o l v i n g  f i l t e r  d i s s i p a t i o n  l o s s  w i l l  b e  

t r e a t e d  i n  t h e  n e x t  s e c t i o n .  

SEC. 1 1 . 0 7 ,  DESIGN OF NARROW-BAND FILTERS FOR MINIMUM 
MIDBAND LOSS AND S P E C I F I E D  HIGH ATTENUATION 
AT SOME NEARBY FREQUENCY 

I n  v a r i o u s  p r a c t i c a l  s i t u a t i o n s  s u c h  a s  t h e  d e s i g n  o f   res selectors 
f o r  s u p e r h e t e r o d y n e  r e c e i v e r s ,  na r row-band  f i l t e r s  a r e  d e s i r e d  wh ich  

have a s  l i t t l e  l o s s  a s  p o s s i b l e  a t  band c e n t e r ,  w i t h  some s p e c i f i e d  

h igh  a t t e n u a t i o n  a t  some n e a r b y  f r e q u e n c y .  F o r  example ,  i n  a  s u p e r -  

h e t e r o d y n e  r e c e i v e r  u s i n g  a  30-Mc I F  f r e q u e n c y ,  a  p r e s e l e c t o r  f i l t e r  

w i t h  h i g h  a t t e n u a t i o n  60 Mc away from t h e  p a s s - b a n d  c e n t e r  may b e  

d e s i r e d  i n  o r d e r  t o  s u p p r e s s  t h e  image r e s p o n s e .  F o r  microwave 

r e c e i v e r s  o f  t h i s  s o r t  t h e  s i g n a l  bandwid th  i s  u s u a l l y  v e r y  s m a l l  com- 

p a r e d  t o  t h e  c a r r i e r  f r e q u e n c i e s  i n v o l v e d .  T h u s ,  t h e  d e s i g n  o b j e c t i v e s  

\ f o r  t h e  p r e s e l e c t o r  f i l t e r  f o c u s  on o b t a i n i n g  minimum midband l o s s .  



f1-f, 
W, = - and  s p e c i f i e d  h i g h  a t t e n u a t i o n  a t  

f 0 
some n e a r b y  f r e q u e n c y .  Adequa te  

p a s s - b a n d  w i d t h  f o r  t h e  n a r r o w  h------n s i g n a l  s p e c t r u m  t o  b e  r e c e i v e d  i s  

v i r t u a l l y  a s s u r e d .  

I F i g u r e  1 1 . 0 7 - 1  d e f i n e s  mos t  

( L ~ ) ,  o f  t h e  symbo l s  t o  b e  u s e d  i n  t h e  

1 
f o l l o w i n g  d i s c u s s i o n .  F o r  t h e  

p u r p o s e s  o f  t h i s  a n a l y s i s  i t  w i l l  

b e  assumed t h a t  t h e  f i l t e r s  u n d e r  

d i s c u s s i o n  a r e  o f  s u f f i c i e n t l y  

n a r r o w  b a n d w i d t h  s o  t h a t  t h e  

s i m p l i f i e d  l o w - p a s s  t o  b a n d - p a s s  
4-3511-420 mapping 

FIG. 11.07-1 DEFINITION OF TERMS USED 
IN SEC. 11.07 

where  

and 

w i l l  b e  v a l i d  r e g a r d l e s s  o f  t h e  p h y s i c a l  form o f  t h e  r e s o n a t o r s  a n d  
c o u p l i n g s  t o  be  used .  I n  Eq. ( 1 1 . 0 7 - I ) ,  w i s  t h e  f r a c t i o n a l  p a s s - b a n d  
w i d t h  a t  t h e  p a s s - b a n d  e d g e s  c o r r e s p o n d i n g  t o  o f  t h e  p r o t o t y p e .  
Of more  i m p o r t a n c e  f o r  t h i s  a p p l i c a t i o n  i s  t h e  f r a c t i o n a l  b a n d w i d t h  

w ,  f o r  wh ich  t h e  a t t e n u a t i o n  i s  s p e c i f i e d  t o  h a v e  r e a c h e d  a  s p e c i f i e d  

h i g h  l e v e l  ( L A ) , ,  a s  i n d i c a t e d  i n  F i g .  1 1 . 0 7 - 1 .  The a t t e n u a t i o n  

( L A ) o  a t  midband i s ,  o f  c o u r s e ,  t o  be  m i n i m i z e d .  

Many l o w - p a s s  p r o t o t y p e  d e s i g n s  w i l l  l e a d  t o  b a n d - p a s s  f i l t e r  

d e s i g n s  which w i l l  h ave  ( L A ) 0  = 0  if t h e  r e s o n a t o r s  of t h e  

b a n d - p a s s  f i l t e r  a r e  l o s s l e s s .  However,  when t h e  i n e v i t a b l e  r e s o n a t o r  

l o s s e s  a r e  i n c l u d e d  ( L A ) o  w i l l  n e c e s s a r i l y  b e  n o n - z e r o .  Under t h e s e  

c o n d i t i o n s  f i l t e r s  which a l l  h a v e  t h e  same w ,  f o r  a  s p e c i f i e d  ( L A ) , ,  

and wh ich  would  a l l  have  ( L A ) o  = 0  f o r  t h e  c a s e  o f  no  l o s s e s ,  may h a v e  

c o n s i d e r a b l y  d i f f e r e n t  ( L A ) O  v a l u e s  when l o s s e s  a r e  i n c l u d e d .  

S c h i f f m a n 4  h a s  d e v e l o p e d  d e s i g n  d a t a  f o r  f i l t e r s  h a v i n g  two o r  

t h r e e  r e s o n a t o r s  wh ich  w i l l  y i e l d  minimum midband l o s s  f o r  s p e c i f i e d  

w ,  and ( L A ) *  a s  m e n t i o n e d  above.* c o h n s  h a s  s t u d i e d  t h e  g e n e r a l  c a s e  

f o r  an  a r b i t r a r y  number o f  r e s o n a t o r s  and h a s  f o u n d  t h a t  d e s i g n s  w i t h  

ve ry  n e a r l y  minimum ( L A ) O  w i l l  b e  o b t a i n e d  i f  t h e  f i l t e r  i s  d e s i g n e d  

from a  l o w - p a s s  p r o t o t y p e  h a v i n g  t h e  p a r a m e t e r s  

and 

The s i g n i f i c a n c e  o f  t h e s e  p a r a m e t e r s  i s  t h e  same a s  i n  Sec .  4 .04 .  

By u s e  o f  Eqs .  ( 1 1 . 0 7 - 2 ) ,  ( 4 . 1 3 - 3 ) ,  and  ( 4 . 1 3 - l l ) ,  t h e  midband l o s s  

f o r  f i l t e r s  d e s i g n e d  

i s  a p p r o x i m a t e l y  

from t h e  p r o t o t y p e  e l e m e n t  v a l u e s  i n  Eq. ( 1 1 . 0 7 - 2 )  

4 .343n  
( L ~ ) ~  = - db  ( 1 1 . 0 7 - 3 )  

wQ. 

where Qy i s  t h e  u n l o a d e d  Q o f  t h e  r e s o n a t o r s .  H e r e  ( L A & i s  p r a c t i c a l l y  

t h e  same a s  (ALA) , , i nEq .  ( 4 . 1 3 1 1 1 ) ,  s i n c e  t h i s  t y p e  o f  f i l t e r  i s p e r f e c t l y  

matched a t  midband whenno l o s s e s  a r e p r e s e n t ,  a n d v e r y  n e a r l y m a t c h e d  a t  mid- 

band when l o s s e s  a r e i n c l u d e d .  The f r a c t i o n a l  b a n d w i d t h  w i n  Eq. ( 1 1 . 0 7 - 3 )  i s  

t h e  p a s s - b a n d  f r a c t i o n a l  b a n d w i d t h  c o r r e s p o n d i n g  t o o ;  f o r t h e  p r o t o t y p e ,  and 

i s  t h e o n e  t o  b e u s e d i n t h e d e s i g n  e q u a t i o n s  o f  C h a p t e r s  a t o l l .  However,  t h e  

f r a c t i o n a l b a n d w i d t h w ,  i s  t h e  o n e  which i s m o s t  u s e f u l  f o r  s p e c i f y i n g t h e  p e r -  

fo rmance  r e q u i r e m e n t s  f o r  t h i s  a p p l i c a t i o n .  By u s e  o f  Eqs .  ( 4 . 1 4 - 1 1 ,  ( 1 1 . 0 7 - 1 )  

and ( 1 1 . 0 7 - 2 1 ,  w and  w ,  a r e  found  t o  be r e l a t e d  by  the a p p r o x i m a t e  fo rmula  

* Taub and B~gner,~O.ndhrbiniand ~ u i l l e m i n ~ ~  hare s tud ied  t r u e  m a x i m a l l y  f l a t  a n d  T c h e b y a ~ h ~ f f  
f i l t e r s  w h i c h  h a r e  d i s s i p a t i o n .  I t  r i l l  be  seen that ,  a t r u e  m a x i m a l l y  f l a t  o r  ~ c h e b y a c h ~ f f  
r e s p o n s e  i n  a f i l t e r  h a v i n g  d i n n i p a t i o n  r e q u i r e s  i n c  e a s e d  midbmnd a t t e n u a t i o n  o v e r  t h a t  o f  
t h e  e q u a l - e l e m e n t  f i l t e r s  d i a c u a s e d  i n  t h i n  s e c t i o n  1 r . e . .  t o r  t h e  asme (LA) . .  rs and  r e s o -  
n a t o r  Q..]. 



where  ( L A ) =  i s  i n  d e c i b e l s .  Thus ,  by Eqs .  ( 1 1 . 0 7 - 3 )  and ( 1 1 . 0 7 - 4 )  

F i g u r e  1 1 . 0 7 - 2  shows p l o t s  o f  d a t a  o b t a i n e d  f rom Eq. ( 1 1 . 0 7 - 5 )  f o r  

v a r i o u s  v a l u e s  o f  ( L A ) = . *  N o t e  t h a t  W ~ Q , ( L ~ ) ~  i s  p l o t t e d  u s .  t h e  number,  

n, o f  r e s o n a t o r s .  T h u s ,  f o r  g i v e n  w S  and Q y  t h e  h e i g h t  o f  t h e  c u r v e s  

i s  p r o p o r t i o n a l  t o  t h e  midband l o s s  t h a t  w i l l  o c c u r .  O b s e r v e  t h a t  t h e  

optimum number o f  r e s o n a t o r s  n e e d e d  t o  a c h i e v e  minimum ( L A ) O  d e p e n d s  

on t h e  v a l u e  o f  ( L A ) r  which h a s  been  s p e c i f i e d .  Fo r  ( L A ) s  = 3 0  db t h e  

optimum number o f  r e s o n a t o r s  i s  f o u r ,  w h i l e  f o r  ( L A ) s  = 7 0  d b ,  t h e  

optimum number of r e s o n a t o r s  i s  e i g h t .  

E q u a t i o n  ( 1 1 . 0 7 - 5 )  upon wh ich  F i g .  1 1 . 0 7 - 2  i s  b a s e d ,  i n v o l v e s  a  

number o f  a p p r o x i m a t i o n s  s u c h  t h a t  t h e  a n s w e r s  g i v e n  w i l l  i m p r o v e  i n  

a c c u r a c y  a s  ( L A ) r  i n c r e a s e s  i n  s i z e  and a s  t h e  p r o d u c t  QuwS i n c r e a s e s  

i n  s i z e . *  As a  check  on t h e  a c c u r a c y  o f  t h i s  e q u a t i o n ,  a  t y p i c a l  t r i a l  

d e s i g n  w i t h  m o d e r a t e  v a l u e s  o f  ( L A I S  and QuwS w i l l  b e  c o n s i d e r e d .  L e t  

u s  s u p p o s e  t h a t  w l  = 0 . 0 3  i s  r e q u i r e d  f o r  ( L A ) s  = 40 d b ,  and t h a t  

Q u  = 1000.  F i g u r e  11 .07 -2  shows t h a t  an  n = 4 r e s o n a t o r  d e s i g n  w i l l  be 

q u i t e  c l o s e  t o  optimum. From t h e  c h a r t ,  f o r  n = 4 ,  wSQu(LA) ,  = 65.  

T h u s ,  t h e  e s t i m a t e d  midband l o s s  i s  

6 5  
( L A ) ,  = - = 

6 5 
= 2 .16  db .  

.QU 0 . 0 3 ( 1 0 0 0 )  

To c h e c k  t h i s  r e s u l t  a  l u m p e d - e l e m e n t ,  n = 4 ,  t r i a l  d e s i g n  o f  t h e  form 
i n  F i g .  8 . 0 2 - 2 ( a )  was worked o u t  u s i n g  g o  = g l  = g, = g, = g, = g, = 1 ,  

W ;  - 1 ,  and w = 0 .007978  [wh ich  was o b t a i n e d  f rom Eq. ( 1 1 . 0 7 - 4 ) l .  The 

computed r e s p o n s e  o f  t h i s  d e s i g n  i s  shown i n  F i g .  1 1 . 0 7 - 3  f o r  t h e  c a s e s  
o f  Qu = OD ( i .  e . ,  n o t  l o s s e s ) ,  and Qu = 1000.  

* 
Examples due t o  Mr. L. A .  Robinson i n d i c a t e  t h a t  t h e s e  c u r v e s  a r e  r e a s o n a b l y  a c c u r a t e  from n = 1 t o  
where t h e y  f l a t t e n  o u t ,  b u t ,  because  of  t h e  approximat ions  i n v o l v e d ,  t h e y  d o  n o t  r i s e  a s  f a a t  as  
t h e y  ahould towards t h e  r i g h t .  

n - number of resonators 
A-3527-421 

FIG. 11.07-2 DATA FOR DETERMINING THE PERFORMANCE OF 
BAND-PASS FILTERS DESIGNED FROM EQUAL- 
ELEMENT PROTOTYPES 



F i g u r e  1 1 . 0 7 - 3  shows t h e  d a t a  i n  F i g .  1 1 . 0 7 - 2  t o  b e  s a t i s f a c t o r y  

f o r  t h i s  c a s e .  N o t e  t h a t  t h e  midband l o s s  when Q., = 1000 i s  f o r p r a c t i c a l  

p u r p o s e s  e x a c t l y  a s  p r e d i c t e d .  The o n l y  n o t i c e a b l e  e r r o r  i s  t h a t  t h e  
a t t e n u a t i o n  a t  t h e  w ,  = 0 . 0 3  f r a c t i o n a l  b a n d w i d t h  p o i n t s  ( i . e . ,  t h e  

p o i n t s  were  w/wo = 0 . 8 5  and  1 . 1 5 )  i s  1 db  low on one  s i d e  and  1 . 5  db  

low on t h e  o t h e r  a s  compared  t o  t h e  s p e c i f i e d  ( L A ) ,  = 40-db v a l u e .  

Thus ,  F i g .  1 1 . 0 7 - 2  s h o u l d  b e  s u f f i c i e n t l y  a c c u r a t e  f o r  most  p r a c t i c a l  

a p p l i c a t i o n s  o f  t h e  s o r t  u n d e r  c o n s i d e r a t i o n .  

FIG. 11.07-3 RESPONSES WITH AND WITHOUT DISSIPATION 
LOSS OF A &RESONATOR FILTER DESIGNED 
FROM AN EQUAL-ELEMENT PROTOTYPE 

The d a s h e d  l i n e  i n  F i g .  1 1 . 0 7 - 3  shows t h e  a t t e n u a t i o n  o f  t h e  f i l t e r  

when t h e  r e s o n a t o r s  a r e  l o s s l e s s .  The p a s s - b a n d  i s  s e e n  t o  h a v e  r i p p l e s  

n e a r l y  1 db  i n  a m p l i t u d e .  O b s e r v e  t h a t  when l o s s e s  a r e  i n c l u d e d ,  t h e  

a t t e n u a t i o n  due  t o  d i s s i p a t i o n  i n c r e a s e s  t h e  l o s s  a t  t h e  band e d g e s  

s o  much a s  t o  n e a r l y  o b s c u r e  t h e  r i p p l e s  c o m p l e t e l y .  T h i s  i s  t y p i c a l  

o f  t h e  e f f e c t s  o f  s i z e a b l e  d i s s i p a t i o n  l o s s ,  r e g a r d l e s s  o f  t h e  c h o i c e  

of l ow-pass  p r o t o t y p e  f i l t e r .  

SEC. 1 1 . 0 8 ,  DESIGN OF BAND-PASS IMPEDANCE-MATCHING NETWORKS 
USING THE METHODS OF CHAPTER 8  

Very e f f i c i e n t  impedance -ma tch ing  n e t w o r k s  c a n  be  d e s i g n e d  f o r  many 

a p p l i c a t i o n s  by u s e  of  t h e  f i l t e r - d e s i g n  t e c h n i q u e s  d i s c u s s e d  i n  

C h a p t e r  8 ,  a l o n g  w i t h  t h e  i m p e d a n c e - m a t c h i n g  n e t w o r k  l o w - p a s s  p r o t o t y p e s  

d i s c u s s e d  i n  S e c s .  4 .09  and 4 .10 .  T h e s e  p r o c e d u r e s  assume t h a t  t h e  

l o a d  t o  b e  ma tched  can  b e  a p p r o x i m a t e d  o v e r  t h e  f r e q u e n c y  band  o f  

i n t e r e s t  by a  s i m p l e  R-L-C r e s o n a n t  c i r c u i t .  T h i s  may seem l i k e  a 

s e r i o u s  r e s t r i c t i o n ,  b u t  a c t u a l l y  a  v e r y  l a r g e  number o f  microwave 

impedance -ma tch ing  p r o b l e m s  i n v o l v e  l o a d s  wh ich  a p p r o x i m a t e  t h i s  

s i t u a t i o n  s a t i s f a c t o r i l y  o v e r  t h e  f r e q u e n c y  r a n g e  f o r  which a  good 

impedance  ma tch  i s  r e q u i r e d .  

The b a n d w i d t h s  f o r  wh ich  t h e  p r o c e d u r e s  d e s c r i b e d  i n  t h i s  s e c t i o n  

w i l l  y i e l d  good impedance -ma tch ing  n e t w o r k  d e s i g n s  w i l l  d epend  p a r t l y  

on how c l o s e l y  t h e  l o a d  t o  b e  matched r e s e m b l e s  a  s i m p l e  R-L-C c i r c u i t  

w i t h i n  t h e  f r e q u e n c y  r a n g e  o f  i n t e r e s t .  However ,  s i n c e  t h e  p r o c e d u r e s  

a b o u t  t o  b e  d e s c r i b e d  a r e  b a s e d  on t h e  m e t h o d s  o f  C h a p t e r  8 ,  w h i c h  

i n v o l v e  a p p r o x i m a t i o n s  o f  a  na r row-band  s o r t ,  a c c u r a t e  r e s u l t s  f o r  

b a n d w i d t h s  much o v e r  20 p e r c e n t  can  r a r e l y  b e  e x p e c t e d .  D e s i g n s  o f  

5 o r  10  p e r c e n t  bandwid th  wh ich  g i v e  n e a r l y  t h e  t h e o r e t i c a l l y  optimum 

match f o r  t h e  g i v e n  l o a d  and  number o f  r e s o d a t o r s  s h o u l d  b e  r e l a t i v e l y  

ea sy .  The p r o c e d u r e s  d e s c r i b e d  i n  Sec .  1 1 . 0 9 ,  f o l l o w i n g ,  a r e  

recommended f o r  t h e  more wide-band c a s e s  s i n c e  S e c .  1 1 , 0 9  i s  b a s e d  on 

t h e  me thods  o f  C h a p t e r  10  wh ich  a p p l y  f o r  v e r y  wide  b a n d w i d t h s  a s  w e l l  

a s  f o r  n a r r o w  bandwid ths .  

D e t e r m i n a t i o n  of t h e  Load P a r a m e t e r s  a n d  t h e  Low-Pass P r o t o t y p e -  

B e f o r e  a  s a t i s f a c t o r y  n e t w o r k  t o  g i v e  a  good impedance  match o v e r  a  

p r e s c r i b e d  f r e q u e n c y  r a n g e  c a n  be d e s i g n e d ,  i t  i s  n e c e s s a r y  t o  e s t a b l i s h  

p a r a m e t e r s  t h a t  d e f i n e  t h e  l o a d ,  The f o l l o w i n g  ~ r o c e d u r e  is  recommended: 



Make impedance  m e a s u r e m e n t s  o f  t h e  l o a d  a c r o s s  t h e  d e s i r e d  
f r e q u e n c y  r a n g e  f o r  w h i c h  a  good impedance  match i s  d e s i r e d .  
P l o t  t h e  r e s u l t i n g  impedance  d a t a  on  a  Smi th  c h a r t ,  o r  i n  
some o t h e r  c o n v e n i e n t  form.  A l s o  p l o t  t h e  c o r r e s p o n d i n g  
a d m i t t a n c e  v s .  f r e q u e n c y  c h a r a c t e r i s t i c .  I f  t h e  r e a l  p a r t  
o f  t h e  impedance  i s  more  n e a r l y  c o n s t a n t  t h a n  t h e  r e a l  p a r t  
o f  t h e  a d m i t t a n c e ,  t h e  l o a d  i s  b e s t  s u i t e d  f o r  a p p r o x i m a t e  
r e p r e s e n t a t i o n  a s  a  s e r i e s  R-L-C c i r c u i t .  I f  t h e  r e a l  p a r t  
o f  t h e  a d m i t t a n c e  i s  t h e  mos t  n e a r l y  c o n s t a n t  o v e r  t h e  
f r e q u e n c y  r a n g e  o f  i n t e r e s t ,  t h e  l o a d  i s  b e s t  s u i t e d  t o  
a p p r o x i m a t e  r e p r e s e n t a t i o n  a s  a  p a r a l l e l  R-L-C c i r c u i t .  

I f  t h e  r e a l  p a r t  o f  t h e  impedance  i s  t h e  most c o n s t a n t ,  add  a  
r e a c t a n c e  e l e m e n t  i n  s e r i e s  s o  a s  t o  b r i n g  t h e  l o a d  t o  s e r i e s  
r e s o n a n c e  a t  fo, t h e  midband f r e q u e n c y  o f  t h e  f r e q u e n c y  r a n g e  
o v e r  which a  good impedance  m a t c h  i s  d e s i r e d .  I f  t h e  r e a l  
p a r t  o f  t h e  a d m i t t a n c e  i s  t h e  mos t  n e a r l y  c o n s t a n t ,  add  a  
r e a c t a n c e  e l e m e n t  i n  shunt  w i t h  t h e  l o a d  s o  a s  t o  b r i n g  t h e  
l o a d  t o  p a r a l l e l  r e s o n a n c e  a t  f,,. 

U s i n g  t h e  p r o c e d u r e s  i n  Sec .  1 1 . 0 2 ,  d e t e r m i n e  QA, t h e  Q  o f  
t h e  r e s o n a t e d  l o a d .  I f  t h e  l o a d  i s  s e r i e s - r e s o n a n t ,  a l s o  
d e t e r m i n e  H A ,  t h e  r e s i s t a n c e  o f  t h e  l o a d  a t  r e s o n a n c e .  I f  
t h e  l o a d  i s  p a r a l l e l - r e s o n a n t ,  d e t e r m i n e  G A S  t h e  c o n d u c t a n c e  
o f  t h e  l o a d  a t  r e s o n a n c e .  

I n  o r d e r  t o  s e l e c t  an  a p p r o p r i a t e  l o w - p a s s  p r o t o t y p e  f o r  t h e  b a n d -  

p a s s  m a t c h i n g  n e t w o r k ,  t h e  d e c r e m e n t  

must be  computed where  

A f t e r  t h e  l o a d  c i r c u i t  h a s  b e e n  b r o u g h t  t o  r e s o n a n c e  a t  fo, and a  

measu red  v a l u e  h a s  been  f o u n d  f o r  i t s  (2, Q A ,  a n d  f o r  i t s  midband 

r e s i s t a n c e  H A ,  o r  c o n d u c t a n c e  G A ,  t h e  l o a d  i s  d e f i n e d  f o r  t h e  p u r p o s e s  

o f  t h i s  d e s i g n  p r o c e d u r e .  

With r e g a r d  t o  t h e  s t e p s  o u t l i n e d  a b o v e ,  s e v e r a l  a d d i t i o n a l  p o i n t s  
s h o u l d  b e  n o t e d .  I n  many c a s e s  t h e  n a t u r e  o f  t h e  l o a d  c i r c u i t  w i l l  

b e  w e l l  enough u n d e r s t o o d  s o  t h a t  t h e  impedance  and a d m i t t a n c e  p l o t s  

i n  S t e p  1 above  w i l l  n o t  b e  n e c e s s a r y .  When a d d i n g  a  r e a c t a n c e  e l e m e n t  
t o  b r i n g  t h e  l o a d  t o  s e r i e s  o r  p a r a l l e l  r e s o n a n c e  a t  f,,, t h e  a d d i t i o n a l  

e l e m e n t  s h o u l d  be  a s  n e a r l y  lumped a s  p o s s i b l e ,  and i t  s h o u l d  be  a s  
c l o s e  t o  t h e  l o a d  a s  p o s s i b l e ,  i f  b e s t  p e r f o r m a n c e  i s  d e s i r e d .  U s i n g  
a  r e s o n a t i n g  e l e m e n t  o f  a  s i z e  t h a t  . ~ p p r o a c h e s  a  q u a r t e r - w a v e l e n g t h  o r  

more w i l l  i n c r e a s e  t h e  Q o f  t h e  r e s o n ~ 1 u ~  l o a d  and d e c r e a s e  t h e  q u a l i t y  

o f  t h e  impedance  ma tch  t h a t  w i l l  hc p o s s l b l e  o v e r  t h e  s p e c i f i e d  band .  

U s i n g  a  lumped r e s o n a t i n g  d i s c o n t i n ~ ~ i t y  , t t  a n  a p p r e c i a b l e  e l e c t r i c a l  

d i s t a n c e  from t h e  l o a d  h a s  a  sin1i1.11. d c l r t e r i o u s  e f f e c t .  However,  i n  
some p r a c t i c a l  s i t u a t i o n s  where  t h e  resulting d e g r a d a t i o n  i n  p e r f o r m a n c e  

c a n  be  t o l e r a t e d ,  s i z e a b l e  m a t c h i n g  e l e m e n t s  o r  t h e  l o c a t i n g  o f  a  

r e s o n a t i n g  d i s c o n t i n u i t y  a t  some d i s t a n c e  from t h e  l o a d  may be  d e s i r a b l e  

a s  a  m a t t e r  o f  p r a c t i c a l  c o n v e n i e n c e .  
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and where  f l  and  f 2  a r e ,  r e s p e c t i v e l y ,  t h e  l o w e r  and uppe r  e d g e s  o f  t h e  

f r e q u e n c y  band  o v e r  which a  good match i s  d e s i r e d .  Knowing 6,  t h e  

p e r f o r m a n c e  which i s  p o s s i b l e  c a n  b e  p r e d i c t e d  a s  d e s c r i b e d  i n  

S e c s .  4 . 0 9  and  4 . 1 0 ,  and a  s u i t a b l e  low-  ass p r o t o t y p e  c a n  b e  d e t e r m i n e d  

a s  d e s c r i b e d  i n  t h o s e  s e c t i o n s .  

I t  s h o u l d  be  r e c a l l e d  t h a t ,  f o r  any l o a d  w h i c h  h a s  r e a c t i v e  e l e m e n t s  

a s  w e l l  a s  r e s i s t i v e  e l e m e n t s  i n  i t ,  i t  i s  n o t  p o s s i b l e  t o  o b t a i n  a  

p e r f e c t  ma tch  a c r o s s  a  f i n i t e  f r e q u e n c y  b a n d  n o  m a t t e r  how c o m p l i c a t e d  

an impedance -ma tch ing  ne twork  i s  u s e d  ( s e e  S e c .  1 . 0 3 ) .  
Thus ,  f o r  any 

g i v e n  l o a d  t h e r e  a r e  a b s o l u t e  r e s t r i c t i o n s  on how good a  match c a n  be  

o b t a i n e d  a c r o s s  a  g i v e n  band o f  i n t e r e s t .  G e n e r a l l y ,  a d d i n g  o n e  r e s o n a t o r  

( i n  a d d i t i o n  t o  t h e  r e s o n a t o r  formed by t h e  l o a d )  which c a l l s  f o r  an  

n  = 2 r e a c t i v e  e l e m e n t  l o w - p a s s  p r o t o t y p e  c i r c u i t  w i l l  g i v e  a  v e r y  l a r g e  

improvement  i n  p e r f o r m a n c e .  Go ing  t o  a  d e s i g n  worked o u t  u s i n g  an  

optimum n  = 3 o r  n  = 4 p r o t o t y p e  w i l l  g i v e  s t i l l  f u r t h e r  i m p r o v e m e n t s ,  
b u t  w i t h  r a p i d l y  d i m i n i s h i n g  r e t u r n s  f o r  e a c h  i n c r e a s e  i n  n .  I t  would  

r a r e l y  b e  w o r t h w h i l e  t o  go  t o  d e s i g n s  w i t h  n g r e a t e r  t h a n  3  o r  4 ;  i . e . ,  

t o  u s e  more  t h a n  two o r  t h r e e  r e s o n a t o r s  i n  a d d i t i o n  t o  t h e  r e s o n a t o r  

formed by t h e  r e s o n a t e d  l o a d .  

When d e s i g n i n g  wavegu ide  i m p e d a n c e - m a t c h i n g  n e t w o r k s ,  i t  w i l l  

f r e q u e n t l y  be  c o n v e n i e n t  t o  u s e  r e c i p r o c a l  g u i d e  wave leng th  a s  a  f r e q u e n c y  

v a r i a b l e ,  a s  was done  i n  t h e  d e s i g n  d a t a  d i s c u s s e d  i n  S e c .  8 . 0 6 .  
o n  t h a t  

b a s i s ,  t h e  d e c r e m e n t  becomes 



where I APPROXIMATION i 
I OF LOAD ] M A T C H I N G  NETWORK 

L- - - - -  

WHERE R e  AND THE RESONATOR SLOPE PARAMETERS x n ,  7.3. . . . . Xn MAY BE 
CHOSEN ARBITRARILY. &-3521-423 

FIG. 11.08-1 COUPLED-RESONATOR MATCHING NETWORK FOR SERIES-RESONANT LOADS 
This data supplements that in Fig. 8.02-3 

where A g l  and A g 2  a r e  t h e  g u i d e  wavelengths  a t  t h e  edges o f  t h e  frequency 

band o v e r  which a  good match i s  d e s i r e d ,  A g o  i s  t h e  g u i d e  wave leng th  a t  

midband, A g o  and A g b  a r e  t h e  g u i d e  wave leng ths  a t  t h e  f r e q u e n c i e s  o f  

t h e  ha l f -power  p o i n t s  of  t h e  r e s o n a t e d  l o a d ,  A. i s  t h e  plane-wave wave- 

l e n g t h  a t  t h e  midband f requency  i n  t h e  same medium of  p r o p a g a t i o n  a s  

e x i s t s  w i t h i n  t h e  g u i d e ,  and QA i s  t h e  Q o f  t h e  r e s o n a t e d  l o a d  a s  

d e t e r m i n e d  by t h e  methods i n  Sec. 11 .02 ,  o r  by o t h e r  e q u i v a l e n t  methods. 
Having a  v a l u e  f o r  t h e  decrement  6*, t h e  low-pass  p r o t o t y p e  t o  be used 

i s  de te rmined  by u s e  of t h e  d a t a  i n  Secs .  4 .09  and 4.10,  u s i n g  SA i n  

p l a c e  o f  6. 

A d a p t a t i o n  of the  D a t a  i n  Chapter  8 f o r  Impedance-Matching Network 

Design--The methods f o r  band-pass  f i l t e r  d e s i g n  d i s c u s s e d  i n  Chapte r  8  

a r e  r e a d i l y  a d a p t e d  f o r  t h e  d e s i g n  of  impedance-matching ne tworks .  A f t e r  

t h e  l o a d  h a s  been r e s o n a t e d  a s  d e s c r i b e d  above ,  t h e  load  p r o v i d e s  t h e  

f i r s t  r e s o n a t o r  o f  t h e  f i l t e r .  From t h a t  p o i n t  on,  t h e  remainder  of  t h e  

f i l t e r  (which compr i ses  t h e  a c t u a l  impedance-matching network)  can  be 

of  any of  t h e  forms d i s c u s s e d  i n  Chapte r  8. F i g u r e  11 .08-1  p r e s e n t s  
g e n e r a l i z e d  i n f o r m a t i o n  f o r  t h e  d e s i g n  of impedance-matching ne tworks  

f o r  s e r i e s - r e s o n a t e d  l o a d s  w i t h  t h e  match ing  network c o n s i s t i n g  o f  

s e r i e s  r e s o n a t o r s  coupled  by K - i n v e r t e r s .  T h i s  g e n e r a l i z e d  i n f o r m a t i o n  
supp lements  t h a t  i n  F i g .  8 . 0 2 - 3 ,  and i t  can  be a p p l i e d  t o  t h e  d e s i g n  

of  impedance-matching ne tworks  u s i n g  a  wide v a r i e t y  of  r e s o n a t o r  

s t r u c t u r e s  a s  d i s c u s s e d  i n  Chapte r  8. F i g u r e  11.08-2 shows ana logous  
d a t a  f o r  t h e  c a s e  o f  a  p a r a l l e l - r e s o n a n t  l o a d  w i t h  t h e  match ing  network 

c o n s i s t i n g  of  shun t  r e s o n a t o r s  and J - i n v e r t e r s .  These d a t a  supplement  
t h e  d a t a  i n  F i g .  8 .02-4 .  
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I APPROXIMATION I 
I OF LOAD M A T C H I N G  NETWORK 
,----7 

W H E R E  Ge A N D  THE RESONATOR SLOPE PARAMETERS k2,L3; . . ,11,  MAY BE 

CHOSEN ARBITRARILY A-3027-424 

FIG. 11.08-2 COUPLED-RESONATOR MATCHING NETWORK FOR 
SHUNT-RESONANT LOADS 
This data supplarnents that in Fig. 8.02-4 



To f u r t h e r  make c l e a r  how t h e  g e n e r a l i z e d  i n f o r m a t i o n  i n  F i g s .  11 .08-1  

and 11.08-2 i s  used f o r  t h e  p r a c t i c a l  d e s i g n  of impedance-matching n e t -  

works, t h e  d a t a  g iven  w i l l  be  r e s t a t e d  a s  t h e y  app ly  t o  s e v e r a l  of  t h e  

s p e c i f i c  f i l t e r  s t r u c t u r e s  d i s c u s s e d  i n  C h a p t e r  8. F i g u r e  1 1 . 0 8 - 3  shows 
how t h e  d a t a  app ly  t o  t h e  d e s i g n  of  s t r i p - l i n e  impedance-matching f i l t e r s  

1 
w i t h  k o / 2  r e s o n a t o r s  of t h e  form i n  Sec. 8 .05 .  Note t h a t  i n  t h i s  c a s e  
t h e  l o a d  must e x h i b i t  s h u n t  resonance ,  and Resona tor  2 i s  c a p a c i t i v e l y  

coupled t o  t h e  load .  When t h e  load  h a s  been r e s o n a t e d  and an a p p r o p r i a t e  
low-pass  p r o t o t y p e  has  been e s t a b l i s h e d  a s  d i s c u s s e d  above, and u s i n g  

t h e  e q u a t i o n s  f o r  t h e  J k ,  k + l / Y o  a s  g iven  i n  F i g .  1 1 . 0 8 - 3 ,  t h e  remainder  

of  t h e  d e s i g n  o f  t h e  c i r c u i t  i s  a s  d i s c u s s e d  i n  Sec. 8 .05.  The c a p a c i t i v e  
c o u p l i n g  B 1 2  between R e s o n a t o r  2  and t h e  l o a d  w i l l  have a  s m a l l  d e t u n i n g  

e f f e c t  on t h e  r e s o n a t e d  l o a d .  A s  a  r e s u l t ,  i t  w i l l  t e n d  t o  s h i f t  t h e  
r e s o n a n t  f requency  o f  t h e  l o a d  by about  

To compensate  f o r  t h i s ,  t h e  l o a d  should  be r e t u n e d  a f t e r  t h e  match ing  

network i s  i n s t a l l e d ,  o r  i t  shou ld  be p r e t u n e d  t o  f o  + l A f (  b e f o r e  t h e  

matching network i s  i n s t a l l e d .  

FIG. 11.08-3 SUPPLEMENTARY DATA FOR USE WlTH THE MATERIAL IN SEC. 8.05 
FOR DESIGN OF IMPEDANCE-MATCHING NETWORKS 

NOTE: Zo= l/Yo 

FOR LHVERTERS OTHER 
THAN THOSE AT THE ENDS; 

~ S Z  ?on-I 
&-3%7-42@ 

FIG. 11.08-4 SUPPLEMENTARY DESIGN DATA FOR USE WlTH THE MATERIAL 
IN SEC. 8.08 FOR THE DESIGN OF IMPEDANCE-MATCHING 
NETWORKS 

F i g u r e  11 .08-4  shows ana logous  d a t a  f o r  d e s i g n  o f  impedance-matching 

networks whose r e s o n a t o r s  a r e  i n  t h e  q u a r t e r - w a v e l e n g t h ,  s t r i p - l i n e  form 

d i s c u s s e d  i n  Set. 8.08.  I n  t h i s  c a s e  t h e  l o a d  may be e i t h e r  s e r i e s -  o r  

s h u n t - r e s o n a t e d .  I f  t h e  l o a d  i s  s e r i e s  r e s o n a t e d ,  then  i t  s h o u l d  be 

fol lowed by  a  K - i n v e r t e r  c o n s i s t i n g  of a  s m a l l  shun t  s t u b  such  a s  t h o s e  
d i s c u s s e d  i n  Sec.  8.08. The s h u n t  r e a c t a n c e  X 1 2  of  t h i s  s t u b  w i l l  have 

a  smal l  d e t u n i n g  e f f e c t  on t h e  load  and w i l l  t e n d  t o  s h i f t  i t s  r e s o n a n t  

f requency  by about  

T h i s  e f f e c t  s h o u l d  be compensated f o r  by r e t u n i n g  t h e  load ,  o r  by precompe 

s a t i n g  t h e  t u n i n g  of  t h e  l o a d .  I f  t h e  l o a d  i s  p a r a l l e l - r e s o n a t e d .  then 

t h e  l o a d  s h o u l d  be fol lowed by a  c a p a c i t i v e - g a p  J - i n v e r t e r  a s  i s  a l s o  

shown i n  F i g .  11 .08-4 ,  and t h e  d e t u n i n g  e f f e c t  of t h e  c o u p l i n g  s u s c e p t a n c e  



B 1 2  i s  a s  g iven  i n  Eq. ( 1 1 . 0 8 - 7 ) .  F i g u r e  1 1 . 0 8 - 4  g i v e s  e q u a t i o n s  f o r  the  
J- and K - i n v e r t e r s  f o r  d e s i g n  of t h e  match ing  network,  and t h e  remainder 
of t h e  d e s i g n  p r o c e s s  i s  a s  d e s c r i b e d  i n  S e c .  8 . 0 8 .  

F i g u r e  11.08-5 p r e s e n t s  d a t a  f o r  t h e  c a s e  where t h e  match ing  network 

i s  t o  be  a  waveguide f i l t e r  a s  d i s c u s s e d  i n  Sec.  8 .06 .  I n  t h i s  c a s e  the  
r e f e r e n c e  p l a n e  f o r  t h e  l o a d  must be r e f e r r e d  t o  a  p o i n t  i n  t h e  waveguide 

where t h e  l o a d  w i l l  appear  t o  be s e r i e s - r e s o n a n t .  The l o a d  i s  coupled 
t o  t h e  n e x t  r e s o n a t o r  by a  K - i n v e r t e r  c o n s i s t i n g  p r i m a r i l y  o f  a  shun t -  

i n d u c t i v e  i r i s  w i t h  s h u n t  r e a c t a n c e  XI2. T h i s  c o u p l i n g  r e a c t a n c e  w i l l  
t e n d  t o  d e t u n e  t h e  l o a d  by an amount 

which can  be compensated f o r  e i t h e r  by r e t u n i n g  t h e  l o a d ,  o r  by moving 

t h e  i r i s  X 1 2  s l i g h t l y  toward t h e  l o a d .  Note t h a t  i n  Eq. (11.08-9)  and 
i n  t h e  e q u a t i o n s  i n  F i g .  11.08-5,  t h e  impedances a r e  a l l  normal ized  t o  

t h e  waveguide impedance, s o  t h a t  no d i f f i c u l t y  a r i s e s  from t h e  ambigui ty  

i n h e r e n t  i n  t r y i n g  t o  d e f i n e  a b s o l u t e  v a l u e s  o f  waveguide impedance. 

Having computed t h e  i n v e r t e r  pa ramete rs  a s  g i v e n  i n  F ig .  11 .08-5 ,  t h e  

SERIES - RESONANT LOAD 

FIG. 11.08-5 SUPPLEMENTARY DATA FOR USE WITH THE MATERIAL IN 
SEC. 8.06 FOR THE DESIGN OF WAVEGUIDE 
IMPEDANCE-MATCHING NETWORKS 

remainder  of  t h e  d e s i g n  p r o c e s s  i s  a s  d e s c r i b e d  i n  Sec. 8.06. Of course .  

i n  t h i s  c a s e ,  t h e  decrement SA f o r  u s e  i n  d e t e r m i n i n g  t h e  low-pass  

p r o t o t y p e  and f o r  use  i n  t h e  e q u a t i o n  f o r  K 1 2 / Z o ,  i s  d e f i n e d  a s  i n  

Eq. ( 1 1 . 0 8 - 4 ) .  

The e q u a t i o n s  i n  F i g s .  11.08-3 t o  11.08-5 were o b t a i n e d  by s imply 

i n s e r t i n g  t h e  a p p r o p r i a t e  s l o p e  paramete r  v a l u e s  i n  t h e  g e n e r a l i z e d  

e q u a t i o n s  i n  F i g s .  11.08-1 and 11.08-2. I n  a  s i m i l a r  f a s h i o n  d e s i g n  

e q u a t i o n s  can  be o b t a i n e d  f o r  a  wide v a r i e t y  o f  impedance-matching 

s t r u c t u r e s .  The b e s t  s t r u c t u r e  t o  u s e  i n  a  g i v e n  s i t u a t i o n  may vary 

widely,  depending on such  c o n s i d e r a t i o n s  a s  t h e  impedance l e v e l  of  t h e  

load  a s  compared t o  t h a t  o f  t h e  s o u r c e ,  t h e  a l l o w a b l e  s i z e ,  t h e  f r a c t i o n a l  
I 

bandwidth r e q u i r e d ,  e t c .  A s  ment ioned above, t h e  r e s o n a t e d  l o a d  should  

be k e p t  i n  a s  compact a  form a s  p o s s i b l e  i f  b e s t  r e s u l t s  a r e  d e s i r e d .  

Also, f o r  b e s t  r e s u l t s  t h e  i n v e r t e r  c o u p l i n g  t o  t h e  l o a d  should  be of 

n e a r l y  lumped-element form. A  q u a r t e r - w a v e l e n g t h  of  l i n e  cou ld  be used 

i n  r e l a t i v e l y  narrow-band c a s e s  a s  a n  i n v e r t e r  f o r  c o u p l i n g  t o  t h e  l o a d ,  

, but  t h e  performance ach ieved  would n o t  be a s  good a s  when a  lumped- o r  

n e a r l y  lumped-element c o u p l i n g  i s  used .  T h i s  i s  because t h e  q u a r t e r -  

wavelength l i n e  i t s e l f  h a s  s e l e c t i v i t y  e f f e c t s  which would add t o  t h o s e  

of t h e  r e s o n a t e d  load  and t h u s  make impedance matching over  a  s p e c i f i e d  

band more d i f f i c u l t .  However, i n  some r e l a t i v e l y  n o n - c r i t i c a l  s i t u a t i o n s  

where t h e  r e s u l t i n g  d e p r e c i a t i o n  i n  per fo rmance  can  be  t o l e r a t e d ,  a  

q u a r t e r - w a v e l e n g t h  c o u p l i n g  t o  t h e  l o a d  may be a  d e s i r a b l e  p r a c t i c a l  

compromi s e .  
1 

Exper imenta l  Adjustment  of Coupled-Resona tor  Impedance-Matching 
Networks-In c a s e s  where one r e s o n a t o r  can  be  added t o  t h e  c i r c u i t  a t  a  

t ime,  and where t h e  c o u p l i n g s  between r e s o n a t o r s  and t h e i r  t u n i n g s  a r e  

r e a d i l y  a d j u s t a b l e ,  whi le  t h e  r e s o n a t o r  s l o p e  p a r a m e t e r s  a 2 ,  as ,  . . - s  

a n o r  h2! .,hn a r e  known, i t  may be c o n v e n i e n t  t o  d e t e r m i n e  t h e  

impedance-matching network d e s i g n  by a  combina t ion  of  t h e o r e t i c a l  and 

e x p e r i m e n t a l  p rocedures .  Le t  us  suppose  t h a t  a  l o a d  has  been r e s o n a t e d  

i n  s e r i e s  a s  d e s c r i b e d  above, and t h a t  i t s  Q A ,  i t s  R A ,  i t s  decrement  

8, and a  d e s i r e d  n  = 2  low- ass p r o t o t y p e  have  been de te rmined .  Assuming 

t h a t  t h e  s l o p e  parameter  tz2 f o r  R e s o n a t o r  2 i s  known, t h e  i n v e r t e r  

Paramete rs  K I 2  and K Z 3  a r e  t h e n  computed by u s e  of  F i g .  11.08-1,  and 

i t  i s  d e s i r e d  t o  a d j u s t  t h e  r e s o n a t o r  c o u p l i n g s  t o  a c h i e v e  t h e  c o u p l i n g s  

i n d i c a t e d  by t h e s e  i n v e r t e r  p a r a m e t e r s .  



F i g u r e  1 1 . 0 8 - 6  i l l u s t r a t e s  a  p r o c e d u r e  f o r  e x p e r i m e n t a l  a d j u s t m e n t  

o f  s u c h  a  f i l t e r .  At ( a )  i s  shown t h e  r e s o n a t e d  l o a d  c o n n e c t e d  d i r e c t l y  

t o  t h e  d e s i r e d  d r i v i n g  g e n e r a t o r .  The VSWR be tween  t h e  g e n e r a t o r  and 
l o a d  i s  t h e n  V 1  a t  r e s o n a n c e  a s  g i v e n  i n  t h e  f i g u r e .  N e x t ,  t h e  c o u p l i n g  
r e a c t a n c e  a s s o c i a t e d  w i t h  t h e  i n v e r t e r  K12 i s  a d d e d ,  and i t  i s  a d j u s t e d  

RESONATED LOAD 

FIG. 11.08-6 PROCEDURE FOR EXPERIMENTAL 
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unt i l  t h e  VSWR a t  r e s o n a n c e  i s  VS, a s  i n d i c a t e d  a t  ( b )  i n  t h e  f i g u r e .  

Assuming t h a t  a  s l o t t e d  l i n e  i s  b e i n g  u s e d  f o r  t h e  t e s t s ,  t h e  p o s i t i o n s  

of  t h e  v o l t a g e  minima must be  c h e c k e d  t o  b e  s u r e  t h a t  t h i s  V 2  c o r r e s p o n d s  

t o  t h e  d e s i r e d  Z 2 ( u O )  and n o t  i t s  r e c i p r o c a l  ( w i t h  r e s p e c t  t o  t h e  s l o t t e d  

l i n e  i m p e d a n c e ) .  Adding t h e  c o u p l i n g  r e a c t a n c e  a s s o c i a t e d  w i t h  K12 

w i l l  p r o b a b l y  t h r o w  t h e  l o a d  s l i g h t l y  o f f  o f  t h e  d e s i r e d  r e s o n a n t  f r e -  

quency,  s o  a f t e r  t h e  d e s i r e d  impedance  i s  o b t a i n e d  a t  r e s o n a n c e ,  t h e  

l o a d  s h o u l d  b e  r e t u n e d .  As l o n g  a s  V2 i s  a l w a y s  m e a s u r e d  a t  t h e  f r e q u e n c y  

of  r e s o n a n c e  ( n o  m a t t e r  w h e t h e r  i t  i s  e x a c t l y  t h e  d e s i r e d  f o  o r  n o t ) ,  

t h e  s m a l l  c o r r e c t i o n  r e q u i r e d  l a t e r  i n  t h e  l o a d  t u n i n g  s h o u l d  h a v e  

n e g l i g i b l e  e f f e c t  on  t h e  r e q u i r e d  c o u p l i n g  r e a c t a n c e .  

Nex t ,  R e s o n a t o r  2 a l o n g  w i t h  t h e  c o u p l i n g  r e a c t a n c e  a s s o c i a t e d  w i t h  

t h e  i n v e r t e r  K Z 3  i s  added t o  t h e  c i r c u i t  a s  shown i n  F i g .  1 1 . 0 8 - 6 ( c ) .  

I n  t h i s  c a s e ,  i t  i s  n e c e s s a r y  b o t h  t o  b r i n g  R e s o n a t o r  2 t o  t h e  p r o p e r  

r e s o n a n t  f r e q u e n c y  and t o  a d j u s t  t h e  c o u p l i n g  r e a c t a n c e  a s s o c i a t e d  w i t h  

K Z 3  i n  o r d e r  t o  a c h i e v e  t h e  d e s i r e d  impedance -ma tch ing  e f f e c t .  The 

t u n i n g  o f  R e s o n a t o r  1 ( i . e . ,  t h e  r e s o n a t e d  l o a d )  c a n  b e  assumed t o  be  

very  n e a r l y  c o r r e c t  s o  t h a t  any m i s t u n i n g  e v i d e n t  i n  t h e  VSWR 

c h a r a c t e r i s t i c  o f  t h e  c i r c u i t  mus t  b e  d u e  m a i n l y  t o  m i s t u n i n g  o f  

Resona to r  2.  I f  R e s o n a t o r  2 i s  c o r r e c t l y  t u n e d  t o  f o ,  t h e  VSWR 

c h a r a c t e r i s t i c  w i l l  have  e i t h e r  a  maximum o r  a  minimum v a l u e  a t  f o ,  and 

t h e  c h a r a c t e r i s t i c  w i l l  be s y m m e t r i c a l  a b o u t  f o  ( e x c e p t  p o s s i b l y  f o r  

some d i s t o r t i o n  o f  t h e  f r e q u e n c y  s c a l e  a s  a  r e s u l t  o f  t h e  f a c t  t h a t  

t h e  c o u p l i n g  be tween  r e s o n a t o r s  v a r i e s  w i t h  f r e q u e n c y ) .  T h u s ,  t h e  

t u n i n g  o f  R e s o n a t o r  2 ,  and t h e  c o u p l i n g  a s s o c i a t e d  w i t h  t h e  i n v e r t e r  

K 2 3  s h o u l d  b e  a d j u s t e d  u n t i l  a  VSWR c h a r a c t e r i s t i c  s y m m e t r i c a l  a b o u t  

f o  i s  o b t a i n e d  w i t h  a  VSWR a t  f o  e q u a l  t o  t h e  v a l u e  V3 c o r r e s p o n d i n g  

t o  t h e  impedance  Z  1 computed f rom t h e  d a t a  a t  ( c )  i n  F i g .  11 .08 -6 .  
fo' 

Once a g a i n ,  t h e  l o c a t ~ o n s  o f  t h e  v o l t a g e  minima on  t h e  s l o t t e d  l i n e  

shou ld  b e  c h e c k e d  t o  be  s u r e  t h a t  t h i s  V3 c o r r e s p o n d s  t o  Z  I and 
f o  

not  i t s  r e c i p r o c a l  w i t h  r e s p e c t  t o  t h e  s l o t t e d  l i n e  impedance .  

T h i s  would c o m p l e t e  t h e  a d j u s t m e n t  o f  an  n = 2 m a t c h i n g  n e t w o r k .  

The same p r o c e d u r e  c a n  be a p p l i e d  t o  t h e  a d j u s t m e n t  o f  impedance -ma tch ing  

ne tworks  o f  a n y  c o m p l e x i t y  by r e p e t i t i o n  o f  p a r t  o f  t h e  same s t e p s .  Of 

c o u r s e ,  i f  t h e  r e s o n a t o r s  a r e  i n  s h u n t ,  t h e  same p r o c e d u r e  a p p l i e s ,  b u t  

the  a n a l y s i s  i s  o n  t h e  d u a l  b a s i s .  



A P r a c t i c a l  Example  and  Some A d d i t i o n a l  E x p e r i m e n t a l  Techniques-A 

p r a c t i c a l  example  w i l l  now be  c o n s i d e r e d .  The c i r c u i t  t o  b e  d i s c u s s e d  
was a d j u s t e d  by e x p e r i m e n t a l  p r o c e d u r e s  a s  d e s c r i b e d  a b o v e ,  b u t  some 

a d d i t i o n a l  t e c h n i q u e s  were  i n v o l v e d  t h a t  w i l l  a l s o  be  e x p l a i n e d . .  
The 

main  d i f f e r e n c e  was t h a t  o n l y  t h e  Q o f  t h e  l o a d  was known, and i t s  

midband impedance  was n o t  known s i n c e  a l l  o f  t h e  measu remen t s  on t h e  

l o a d  were  made t h r o u g h  a  c o u p l i n g  r e a c t a n c e  o f  unknown v a l u e .  As w i l l  
b e  s e e n ,  i t  was ,  n e v e r t h e l e s s ,  s t i l l  p o s s i b l e  t o  c a r r y  o u t  t h e  r e q u i r e d  

a d j u s t m e n t s .  

F i g u r e  1 1 . 0 8 - 7  shows t h e  c i r c u i t  u n d e r  c o n s i d e r a t i o n .  I t  i s  a  
t u n a b l e  u p - c o n v e r t e r  i n  s t r i p - l i n e  fo rm.  6" A pumped, v a r i a b l e - c a p a c i t a n c e  
d i o d e  p r o v i d e s  b o t h  g a i n  and f r e q u e n c y  c o n v e r s i o n .  T h i s  d e v i c e  h a s  a  
n a r r o w - b a n d ,  l o w e r - s i d e b a n d  o u t p u t  c i r c u i t  c e n t e r e d  a t  4037 Mc; h e n c e ,  

t h e  r e s p o n s e  o f  t h e  o v e r - a l l  c i r c u i t  i s  n a r r o w  band.  However, by v a r y i n g  
t h e  pump f r e q u e n c y  f rom 4 8 0 1  Mc t o  5165 Mc t h e  i n p u t  f r e q u e n c y  which 
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DIODE CIRCUIT SERIES- RESONANT / AT 946 Mc A N D  4983 Mc 
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would b e  a c c e p t e d  and a m p l i f i e d  v a r i e s  f rom 764  t o  1128  Mc. I n  o r d e r  t o  

a c h i e v e  t h e  d e s i r e d  p e r f o r m a n c e ,  impedance -ma tch ing  f i l t e r s  a r e  r e q u i r e d  

a t  b o t h  t h e  s i g n a l  i n p u t  a n d  pump i n p u t  p o r t s .  H e r e i n ,  w e  w i l l  r e v i e w  

t h e  s t e p s  t h a t  were  t a k e n  t o  b r o a d b a n d  t h e  pump i n p u t  c h a n n e l .  

When t h e  pump c i r c u i t  o f  t h i s  d e v i c e  was  a d j u s t e d ,  t h e  p o r t i o n s  of 

t h e  c i r c u i t  t h a t  were  e l e c t r i c a l l y  o f m o s t  i m p o r t a n c e  were  t h e  d i o d e  p l u s  

i t s  0 . 0 2 0 - i n c h  d i a m e t e r ,  207-ohm w i r e  l e a d  ( w h i c h  t o g e t h e r  c o n s t i -  

t u t e d  t h e  r e s o n a n t  l o a d  i n  t h i s  c a s e ) ,  and t h e  s e c o n d  pump r e s o n a t o r  

( s e e  F i g .  1 1 . 0 8 - 7 ) .  The o t h e r  p o r t i o n s  o f  t h e  c i r c u i t  we re  g r e a t l y  

d e c o u p l e d  a t  t h e  f r e q u e n c y  r a n g e  o f  i n t e r e s t .  The s e c o n d  pump r e s o n a t o r  

was o f  t h e  q u a r t e r - w a v e l e n g t h  t y p e  i n  F i g .  1 1 . 0 8 - 4  h a v i n g  s h u n t - i n d u c t i v e  

c o u p l i n g  t o  t h e  s e r i e s - r e s o n a n t  d i o d e  c i r c u i t  (which s e r v e d  a s  t h e  f i r s t  

pump r e s o n a t o r ) ,  and h a v i n g  s e r i e s - c a p a c i t a n c e  c o u p l i n g  t o  t h e  pump 

i n p u t  l i n e .  The second  pump r e s o n a t o r  shown i n  F i g .  11 .08 -7  h a d  

d i f f e r e n t  c r o s s - s e c t i o n a l  p r o p o r t i o n s  t h a n  t h e  pump i n p u t  l i n e ,  b u t  

bo th  were  o f  5 0  ohms impedance .  

F i g u r e  1 1 . 0 8 - 8  shows a n  a p p r o x i m a t e  e q u i v a l e n t  c i r c u i t  f o r  t h e  pump 

c h a n n e l  o f  t h i s  d e v i c e  a t  f r e q u e n c i e s  a r o u n d  5000 Mc. Though t h e  l o a d  

c i r c u i t  ( i . e . ,  t h e  d i o d e  c i r c u i t )  i s  a c t u a l l y  q u i t e  complex ,  i t  b e h a v e s  

l i k e  a  s i m p l e  s e r i e s - r e s o n a n t  l o a d  i n  t h e  f r e q u e n c y  r a n g e  o f  i n t e r e s t .  

The impedance  i n v e r t e r  K 1 2  and  t h e  a d m i t t a n c e  i n v e r t e r  J Z 3  r e l a t e  t o  

c o u p l i n g  d i s c o n t i n u i t i e s  as i n d i c a t e d  i n  F i g .  1 1 . 0 8 - 7 . *  N o t e  t h a t  i n  

t h i s  c i r c u i t  t h e  pump power i s  a l l  u l t i m a t e l y  d e l i v e r e d  t o  t h e  d i o d e  

p a r a s i t i c  l o s s  r e s i s t o r  R I .  S i n c e  R s  i s  q u i t e  s m a l l  compared t o  t h e  

r e a c t a n c e s  i n v o l v e d ,  t h e  i m p e d a n c e - m a t c h i n g  p rob lem i s  r e l a t i v e l y  

s e v e r e .  

F o r  t h e  c i r c u i t  i n  F i g .  1 1 . 0 8 - 7 ,  t h e  s h u n t  s t u b  a s s o c i a t e d  w i t h  

K 1 2  was s e t  t o  a  l e n g t h  e s t i m a t e d  t o  be  a b o u t  r i g h t  when t h e  d e v i c e  

was f i r s t  a s s e m b l e d .  To a d j u s t  t h e  c i r c u i t ,  t h e  c a p a c i t i v e  g a p  

a s s o c i a t e d  w i t h  . JZ3  was c l o s e d  s o  t h a t  t h e r e  was ,  i n  e f f e c t ,  a  50-ohm 

l i n e  r i g h t  u p  t o  t h e  K 1 2  d i s c o n t i n u i t y .  ( T h i s  was e q u i v a l e n t  t o  

r emov ing  t h e  J Z 3  box i n  F i g .  1 1 . 0 8 - 8  t o  l e a v e  a  50-ohm l i n e  r i g h t  up 

t o  K l z . )  Then w i t h  a  s l o t t e d  l i n e  c o n n e c t e d  t o  t h e  pump i n p u t  p o r t  

o f  t h e  d e v i c e ,  VSWH t e s t s  were  made t o  d e t e r m i n e  t h e  Q, Q A ,  o f  t h e  

* 
I n v e r t e r a  K and J a r e  a p p r o x i m a t e l y  o f  t h e  forms i n  F i g s .  8 . 0 3 - l ( c )  and 8 . 0 3 - 2 ( d ) r  
r e s p e c t i v e l $ ?  ~ o t e ~ g h a t  though t h e  s e c o n d  pump r e s o n a t o r  i s  o f  t h e  q u a r t e r - w a v e l e n g t h  
t y p e ,  i t a  p h y s i c a l  l e n g t h  w i l l  h e  c o n s i d e r a b l y  l e s s  than a  q u a r t e r  w a v e l e n g t h  due t o  
t h e  n e g a t i v e  l e n g t h s  o f  l i n e  a s s o c i a t e d  w i t h  t h e  I n v e r t e r s .  S e e ,  f o r  example Eq. (4) 
Of F i g .  8 . 0 8 - 1 .  
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d i o d e - c i r c u i t  a t  i t s  pump-frequency resonance .  Using t h e  methods 
d e s c r i b e d  i n  Sec. 11.02 t h e  QA of  t h e  pump c i r c u i t  was found t o  be 77.  
(Note t h a t  OA f o r  t h e  d i o d e  c i r c u i t  c o r r e s p o n d s  t o  t h e  unloaded Q a s  

measured by t e c h n i q u e s  of S e c .  11 .02 ,  and t h a t  t h i s  Q  i s  independen t  

of  t h e  ad jus tment  o f  t h e  K12 s h u n t  s t u b . )  

The d e s i r e d  f r a c t i o n a l  bandwidth was s p e c i f i e d  t o  be w = 0.082,  
s o  t h a t  t h e  decrement o f  t h e  l o a d  was 

According t o  F i g s .  4 .09-3  and 4.09-4,  an n = 2 r e s o n a t o r  d e s i g n  w i t h  
6 = 0.16 c a l l s  f o r  a  maximum t r a n s d u c e r  l o s s  o f  3 . 3  db w i t h  0 .84-db  

r i p p l e  i n  t h e  o p e r a t i n g  band. S i n c e  t h i s  was s a t i s f a c t o r y  f o r  t h e  
a p p l i c a t i o n  under c o n s i d e r a t i o n , a  l a r g e r  v a l u e  of  n was no t  c o n s i d e r e d .  

The c o r r e s p o n d i n g  optimum low-pass  p r o t o t y p e  e lement  pa ramete rs  were 

t h e n  from F i g .  4 .09-6 found t o  be g o  = 1 ,  g l  = 6 .30 ,  g 2  = 0 .157 ,  

g 3  = 6 .30 ,  and a; = 1. 

By F ig .  11 .08-4 ,  

and 

where Yo = l / Z o .  A l l  of  t h e  p a r a m e t e r s  needed t o  e v a l u a t e  J z 3  were 

known, b u t  K12 cou ld  n o t  be e v a l u a t e d  because  R A  was n o t  known. (As 

p r e v i o u s l y  mentioned,  when QA was measured t h e  K12 s t u b  was s e t  a t  some 

l e n g t h  e s t i m a t e d  t o  be  about  r i g h t ,  b u t  t h e  l e n g t h  of  t h e  s t u b  was n o t  

n e c e s s a r i l y  c o r r e c t .  I t  was n o t  n e c e s s a r y  t o  know K12 i n  o r d e r  t o  

de te rmine  QA by t h e  methods o f  Sec .  11.02.  However, t h e  K12 p a r a m e t e r  

of t h e  c o u p l i n g  s t u b  would have  t o  be  known a c c u r a t e l y  i n  o r d e r  t o  

de te rmine  R A . )  T h i s  d i f f i c u l t y  was bypassed  by e l i m i n a t i n g  bo th  K12 

and RA from t h e  c a l c u l a t i o n s  i n  t h e  f o l l o w i n g  manner. 

I n  F ig .  11 .08-8 ,  t h e  impedance Z b  i s  a t  midband 

Then from Eqs .  (11.08-10)  and (11 .08-12)  

SOn(O. 082) 
= = 20 .4  ohms. 

( 1 )  2 4 ( 6 .  30) (0 .157)  ( 0 . 1 6 )  

Thus, w i t h  t h e  J Z 3  gap c l o s e d  s o  a s  t o  g i v e  a  50-ohm l i n e  up t o  t h e  K 1 2  

s t u b ,  t h e  l e n g t h  of t h e  K12 s t u b  was a d j u s t e d  s o  t h a t  t h e  VSWR s e e n  

look ing  i n  t h e  pump i n p u t  p o r t  a t  r esonance  was 



w h i l e  t h e  v i c i n i t y  o f  t h e  K I 2  s t u b  was a  v o l t a g e  minimum o f  t h e  s t a n d i n g -  

wave p a t t e r n  u s .  l e n g t h .  

Nex t  t h e  J Z 3  gap  i n  F i g .  1 1 . 0 8 - 7  w a s  opened  and a d j u s t e d  s o  a s  t o  

g i v e  a  VSWR o f  V d =  6 . 3 0  a t  midband.  F o r  e a c h  t r i a l  a d j u s t m e n t  o f  t h e  

gap  s p a c i n g ,  t u n i n g  s c r e w s  n e a r  t h e  c a p a c i t i v e - g a p  end o f  t h e  s e c o n d  

pump r e s o n a t o r  were  a d j u s t e d  t o  g i v e  a  VSWR r e s p o n s e  u s .  f r e q u e n c y  

which was a p p r o x i m a t e l y  s y m m e t r i c a l  a b o u t  f o .  The V d  = 6 . 3 0  v a l u e  
can  be  computed a s  f o l l o w s .  

I n  F i g .  11 .08 -8  a t  midband 

S i n c e  J 2 3  i s  an a d m i t t a n c e  i n v e r t e r  ( S e c .  8 .03 )  

Then by Eqs .  (11 .08 -111 ,  (11 .08 -131 ,  and ( 1 1 . 0 8 - 1 6 1 ,  

where t h e  v i c i n i t y  o f  t h e  J 2 3  gap s h o u l d  b e  a  v o l t a g e  maximum o f  t h e  

s t and ing -wave  p a t t e r n  u s ,  l e n g t h .  

T h i s  c o m p l e t e d  t h e  a d j u s t m e n t  o f  t h e  pump impedance -ma tch ing  c i r c u i t ,  

and t h e  r e s u l t i n g  t r a n s d u c e r  a t t e n u a t i o n *  c h a r a c t e r i s t i c  a s  computed 

from measu red  VSWR i s  shown i n  F i g .  11 .08 -9 .  The measu red  f r a c t i o n a l  

bandwidth  i s  0 .0875 a s  compared t o  t h e  0 .082  d e s i g n  o b j e c t i v e ,  t h e  

3 .2-db peak  p a s s - b a n d  l o s s  compares  f a v o r a b l y  w i t h  t h e  3 . 3  db p r e d i c t e d  

va lue ,  w h i l e  t h e  p a s s - b a n d  r i p p l e  i s  a round  0 . 4  db a s  compared w i t h  t h e  

0 .84 -db  p r e d i c t e d  v a l u e .  The measu red  p e r f o r m a n c e  i s  somewhat s u p e r i o r  

t o  t h e  p r e d i c t e d  p e r f o r m a n c e  b e c a u s e  when t h e  d a t a  i n  F i g .  11 .08 -9  was 

t aken  t h e  l o w e r - s i d e b a n d  o u t p u t  r e s o n a t o r  had been  added  t o  t h e  c i r c u i t  

FREQUENCY - Mc 
A-3827426-R 

FIG. 11.08-9 TRANSDUCER ATTENUATION AT PUMP INPUT 
PORT AS COMPUTED FROM MEASURED VSWR 

= 5 0 ( 1 ) ( 6 . 3 0 )  = 3 1 5 o h m s .  

Thus ,  t h e  VSWR s e e n  on t h e  50-ohm pump i n p u t  l i n e  a t  midband s h o u l d  be 

* 
See Sec. 2.11 for a discuaaion of this term. 



which c a u s e d  t h e  e f f e c t i v e  QA o f  t h e  d i o d e  c i r c u i t  t o  d r o p  a  l i t t l e  f rorn  

t h e  QA = 77 v a l u e  w h i c h  was o r i g i n a l l y  o b t a i n e d  w i t h o u t  t h e  o u t p u t  
* 

r e s o n a t o r .  

I t  i s  i n t e r e s t i n g  t o  c o n s i d e r  j u s t  how much h a s  b e e n  a c c o m p l i s h e d  

by t h e  a d d i t i o n  o f  t h e  s e c o n d  pump r e s o n a t o r  a s  a  m a t c h i n g  n e t w o r k .  

L e t  u s  a g a i n  a s sume  t h a t  QA = 77 and t h a t  t h e  d e s i r e d  f r a c t i o n a l  band-  

w i d t h  i s  w = 0 . 0 8 2  s o  t h a t  6 = 0 . 1 6 .  I f  o n l y  t h e  f i r s t  pump r e s o n a t o r  

i s  u s e d  ( i . e . ,  j u s t  t h e  r e s o n a n t  d i o d e  c i r c u i t  a l o n g  w i t h  t h e  K 1 2  ad jus t , -  

a b l e  c o u p l i n g  s t u b )  and  i f  t h e  K 1 2  c o u p l i n g  s t u b  were  a d j u s t e d  s o  a s  t o  

g i v e  a  p e r f e c t  m a t c h  t o  t h e  50-ohm pump i n p u t  l i n e  a t  midband ,  t h e n  

t h e  r e f l e c t i o n  l o s s  a t  t h e  band e d g e s  wou ld  be a b o u t  10.9  db. I f  t h e  

K 1 2  c o u p l i n g  s t u b  were  a d j u s t e d  i n  a c c o r d a n c e  w i t h  a n  optimum n  = 1 

d e s i g n ,  a s  d e t e r m i n e d  u s i n g  t h e  p r o t o t y p e  d a t a  i n  Sec .  4 . 0 9 ,  t h e  l o s s  

a t  t h e  band e d g e s  would  b e  (LA)msx = 5 . 6  d b  w h i l e  t h e  l o s s  a t  midband 

would b e  (LA)min = 3 . 3  db .  Adding an  a d d i t i o n a l  r e s o n a t o r  t o  g i v e  an  

n  = 2 d e s i g n  r e d u c e s  t h e  p a s s - b a n d  l o s s  l i m i t s  t o  (LA)max = 3 . 3  db  and 

(LA)min = 2 . 5  db.  An n  = 4 d e s i g n  wou ld  g i v e  (LA)max = 2 . 5  db and  

( L A ) m i D =  2 . 3  db,  w h i l e  a n  n  = d e s i g n  wou ld  g i v e  (LA)max = ( L A I m i n =  

2 . 0  db .  I t  i s  s e e n  t h a t  g o i n g  f rom a n  n  = 1 t o  an  n = 2  d e s i g n  g i v e s  

a  v e r y  l a r g e  improvemen t ,  and  t h a t  t h e  i n c r e m e n t a l  improvemen t  f o r  i n -  

c r e a s i n g  v a l u e s  o f  n  d e c r e a s e s  v e r y  r a p i d l y .  

O t h e r  Forms of C o u p l e d - R e s o n a t o r  M a t c h i n g  Ne tworks - I t  would a l s o  

be p o s s i b l e  t o  c o n s t r u c t  a  m a t c h i n g  n e t w o r k  i n  t h e  fo rm shown i n  

F i g .  1 1 . 0 8 - 1 0 ,  w h i c h  h a s  no i n v e r t e r  b e t w e e n  t h e  l o a d  a n d  t h e  a d j a c e n t  

m a t c h i n g - n e t w o r k  r e s o n a t o r .  T h i s ,  h o w e v e r ,  i s  u s u a l l y  n o t  v e r y  p r a c t i c a l  

e x c e p t  i n  t h e  c a s e s  o f  r e l a t i v e l y  w i d e - b a n d  m a t c h i n g  n e t w o r k s .  T h e s l o p e  

p a r a m e t e r  o f  R e s o n a t o r  2 c a n n o t  b e  c h o s e n  a r b i t r a r i l y  i n  t h i s  c a s e ,  and 

f o r  n a r r o w  b a n d w i d t h s  h2 w i l l  o f t e n  become s o  l a r g e  a s  t o  b e  d i f f i c u l t  

t o  r e a l i z e  w i t h  p r a c t i c a l  c i r c u i t r y .  The  d u a l  c a s e  w h e r e  t h e  f i r s t  

r e s o n a t o r  o f  t h e  m a t c h i n g  n e t w o r k  i s  i n  s e r i e s  would  b e  e s p e c i a l l y  

d i f f i c u l t .  

The  d e s i g n  p r o c e d u r e s  i n  S e c .  1 1 . 0 9  c a n  g i v e  d e s i g n s  wh ich  a r e  more 

o r  l e s s  e q u i v a l e n t  t o  t h a t  i n  F i g .  1 1 . 0 8 - 1 0 ,  b u t  a  d i f f e r e n t  p o i n t  o f  

v iew i s  u s e d .  As i n d i c a t e d  a b o v e ,  s u c h  d e s i g n s  become mos t  p r a c t i c a l  

f o r  r e l a t i v e l y  l a r g e  b a n d w i d t h s ,  s a y ,  a r o u n d  30 p e r c e n t  o r  more .  

8 
Thia drop in diode circuit Q waa due to the shunt capacitance introduced by the output 
reaonator causing the diode internal resiatance to b e  somewhat more tightly coupled. 

I APPROXIMATION I I 
I 1 OF WAD y- I MATCHING NETWORK --4 

WHERE .C3.1,: ...Jn, AND G, MAY BE CHOSEN ARBITRARILY 
A - 3 J t l - 4 %  

FIG. 11.08-10 AN ADDITIONAL GENERAL FORM OF COUPLED-RESONATOR- 
FILTER IMPEDANCE-MATCHING NETWORK 
The dual of this circuit applies when the load is shunt resonant 

SEC. 1 1 . 0 9 ,  DESIGN OF BAND-PASS IMPEDANCE-MATCHING 
NETWORKS BY THE METHODS OF CHAPTER 1 0  

I n  t h i s  s e c t i o n ,  d i s c u s s i o n  o f  t h e  d e s i g n  o f  impedance -ma tch ing  

ne tworks  w i l l  b e  c o n t i n u e d  s o  a s  t o  c o v e r  t h e  d e s i g n  o f  m a t c h i n g  n e t -  

works o f  r e l a t i v e l y  l a r g e  b a n d w i d t h s .  The u n d e r l y i n g  f u n d a m e n t a l s  a r e  

much t h e  same a s  t h o s e  d i s c u s s e d  i n  S e c .  11 .08 ,  b u t  t h e  p r o c e d u r e s  a r e  

m o d i f i e d  t o  u s e  t h e  d e s i g n  p o i n t  o f  v iew o f  C h a p t e r  10 .  

I n  t h e  me thods  o f  t h i s  s e c t i o n  t h e  l o a d  i s  f i r s t  b r o u g h t  t o  s e r i e s -  

o r  s h u n t - r e s o n a n c e  a t  midband f o ,  j u s t  a s  was d i s c u s s e d  i n  S e c .  11 .08 .  

However, s i n c e  r e l a t i v e l y  l a r g e  bandwid ths  a r e  i n v o l v e d  i n  t h i s  c a s e  

i t  may b e  d e s i r a b l e  t o  u s e  s o m e t h i n g  o t h e r  t h a n  t h e  Q o f  t h e  l o a d  a s  

I a  b a s i s  f o r  comput ing t h e  l o a d  dec remen t  6. T h i s  i s  b e c a u s e  t h e  Q 
I 
1 

of  t h e  l o a d  w i l l  t y p i c a l l y  b e  r e l a t i v e l y  low f o r  c a s e s  where  a  w ide -band  

match i s  r e q u i r e d ,  and a l s o  b e c a u s e  i t  may b e  d e s i r a b l e  t o  examine  t h e  

impedance  o r  a d m i t t a n c e  c h a r a c t e r i s t i c s  of  t h e  l o a d  more t h o r o u g h l y  
I t h a n  i s  i m p l i e d  by a  Q measurement  a l o n e .  

F i g u r e  1 1 . 0 9 - 1  shows a  s u g g e s t e d  p r o c e d u r e  f o r  compu t ing  t h e  r e q u i r e d  

l o a d  p a r a m e t e r s  6 and R A  o r  G A .  The impedance  o r  a d m i t t a n c e  c h a r a c t e r i s t  

of t h e  r e s o n a t e d  l o a d  a r e  measu red  a c r o s s  t h e  f r e q u e n c y  band  o f  i n t e r e s t ,  
I and t h e n  t h e  r e q u i r e d  p a r a m e t e r s  a r e  r e a d i l y  d e t e r m i n e d  f rom t h e  measured 

1 d a t a  a s  i n d i c a t e d  i n  t h e  f i g u r e s .  Note  t h a t  t h e  f r e q u e n c i e s  fl and f 2  



i n d i c a t e d  i n  t h e  f i g u r e s  a r e  

t h e  e d g e s  o f  t h e  f r e q u e n c y  

band o v e r  which a  good impedance 

ma tch  i s  r e q u i r e d .  I n  t h e  

f i g u r e  t h e  c h a r a c t e r i s t i c s  a r e  

i d e a l i z e d  i n  t h a t  t h e  r e a l  

I '  p a r t s  a r e  c o n s t a n t  w i t h  f r e -  

quency and t h e  i m a g i n a r y  p a r t s  R A r R s z ~ l f . f o  . 8$&fsf,oRf2 have  odd symmetry a b o u t  f o  s o  
( a )  CASE OF I D E A L I Z E D  SERIES-RESONATED LOAD zL t h a t  t h e  m a g n i t u d e  o f  t h e  

imaginary pa r t  of t h e  impedance or 

admittance is the  same a t  f l  as  i t  is 

I / a t  f2. Note t h a t  on t h i s  bas i s  

t h e  dec remen t  8 i s  s i m p l y  t h e  

r a t i o  o f  t h e  r e a l  p a r t  a t  f o  

t o  t h e  magni tude o f  t h e  imagin- 

a r y  p a r t  a t  e i t h e r  f l  o r  fS. 

I n  p r a c t i c a l  c a s e s  where  t h e  
I l o a d  impedance  o r  a d m i t t a n c e  

G~ = R. yL , 8 . 2  c h a r a c t e r i s t i c  may d e v i a t e  
/Im Y I f . f o  ' 1 f = f l   OR^^ a p p r e c i a b l y  f rom t h e s e  i d e a l -  

( b )  CASE OF I D E A L I Z E D  SHUNT-RESONATED LOAD yL i z e d  s y m m e t r i c a l  c h a r a c t e r i s t i c s ,  
, , , ,  a v e r a g e  v a l u e s  s h o u l d  b e  taken 

u s i n g  t h e  d e f i n i t i o n s  i n  te rms 
FIG. 11.09-1 DEFINITIONS O F  LOAD 

PARAMETERS IN A FORM o f  t h e  i d e a l i z e d  c a s e s  a s  a 

CONVENIENT FOR WIDE- g u i d e .  An example  o f  a  non- 
BAND MATCHING i d e a l i z e d  c a s e  w i l l  b e  
Frequencies f ,  and f2  are the 

d i s c u s s e d  l a t e r  i n  t h i s  s e c t i o n .  edges of the band for which an 
impedance match i s  desired 

A f t e r  t h e  p a r a m e t e r s  R A  

o r  G A ,  and  t l i e  d e c r e m e n t  6 have 
b e e n  d e t e r m i n e d  f o r  t h e  l o a d ,  

an  a p p r o p r i a t e  l o w - p a s s  p r o t o t y p e  f i l t e r  s h o u l d  b e  s e l e c t e d  t o  h a v e  t h e  

r e q u i r e d  6 v a l u e ,  a s  d i s c u s s e d  i n  S e e .  4 .09  and 4 .10 .  
The s p e c i f i e d  

v a l u e  o f  R A  o r  G A ,  t h e  p r o t o t y p e  f i l t e r  p a r a m e t e r s ,  t h e  s p e c i f i e d  i n t e r n a l  

r e s i s t a n c e  o f  t h e  g e n e r a t o r  which i s  t o  d r i v e  t h e  l o a d ,  t h e  s p e c i f i e d  

f r a c t i o n a l  bandwid th  w ,  a n d  t h e  s p e c i f i e d  c e n t e r  f r e q u e n c y  f ,  t h e n  

c o n t r o l  t h e  d e s i g n  o f  t h e  m a t c h i n g  n e t w o r k .  

F i g u r e  11 .09 -2  shows a form o f  i m p e d a n c e - m a t c h i n g  n e t w o r k  w h i c h  can  

be d e s i g n e d  by t h e  me thods  o f  C h a p t e r  10.  The  l o a d  a s  shown i s  o f  a  

form which would have  an  i d e a l i z e d  s y m m e t r i c a l  impedance  c h a r a c t e r i s t i c  

o f  t h e  form i n  F i g .  1 1 . 0 9 - l ( a ) ;  however ,  a s  an  example  w i l l  s o o n  show, 

m a t c h i n g  n e t w o r k s  o f  t h e  s o r t  i n  t h e  f i g u r e  c a n  b e  u s e f u l  f o r  c o n s i d e r -  

a b l y  more complex l o a d s  w i t h  impedance  c h a r a c t e r i s t i c s  wh ich  d e v i a t e  

c o n s i d e r a b l y  f rom t h e  i d e a l i z e d  s y m m e t r i c a l  form.  The m a t c h i n g  n e t w o r k  

in F i g .  1 1 . 0 9 - 2  c o u l d  b e  c o n s t r u c t e d  i n  s t r i p - l i n e  form s u c h  a s  t h a t  i n  

t he  f i l t e r  i n  F i g s .  1 0 . 0 3 - 5 ( a ) ,  ( b ) ,  and ( c ) .  A l s o ,  i f  d e s i r e d ,  t h e  

m a t c h i n g  ne twork  c o u l d  b e  c o n v e r t e d  i n t o  p a r a l l e l - c o u p l e d  s t r i p - l i n e  

form. T h i s  c o u l d  b e  a c c o m p l i s h e d  by s p l i t t i n g  e a c h  s h u n t  s t u b  Y k  
( e x c e p t  f o r  Y2 and Yn) i n t o  two p a r a l l e l  s t u b s  Y ;  and Y; s u c h  t h a t  

Yl + Y i  = Y k .  Then t h e  f i l t e r  c a n  be  b r o k e n  i n t o  o p e n - w i r e - l i n e  s e c t i o n s  

such a s  t h a t  on t h e  r i g h t  s i d e  o f  F i g .  5 . 0 9 - 2 ( a ) ,  wh ich  a r e  e x a c t l y  

e q u i v a l e n t  t o  s t r i p - l i n e  p a r a l l e l - c o u p l e d  s e c t i o n s  s u c h  a s  t h a t  on  t h e  

l e f t  s i d e  o f  Fig. 5.09-2(a). The p a r a l l e l - c o u p l e d  l i n e  s e c t i o n  a d m i t t a n c e s  

a r e  o b t a i n e d  hy u s e  o f  t h e  r e l a t i o n s  i n  F i g .  5 . 0 9 - 2 ( a ) ,  and t h e  l i n e  

d imens ions  can  b e  o b t a i n e d  f r o m  t h e  l i n e  a d m i t t a n c e s  by u s e  o f  t h e  d a t a  

i n  Sec .  5 .05 .  Whether t h e  s t u b  o r  p a r a l l e l - c o u p l e d  form i s  p r e f e r a b l e  

would depend m a i n l y  on what  d i m e n s i o n s  were  p r a c t i c a l .  The s t u b  form 

would p r o b a b l y  be  c o n v e n i e n t  i n  mos t  c a s e s ,  t h o u g h  t h e  p a r a l l e l - c o u p l e d  

form h a s  a d d i t i o n a l  a d j u s t a b i l i t y  s i n c e  i t  would  n o t  be  d i f f i c u l t  t o  

I 

I -- 
I APPROXIMATION I 
L O F ~ O A ~ _ -  A 

FIG. 11 .O%2 IMPEDANCE-MATCHING NETWORK FORMED 
FROM STUBS AND CONNECTING LINES 
The series stub Z,, the shunt stubs Yk, and the 
connecting lines Y k ,  +, are a11 a quarter- 
wavelength long at mldband 



p r o v i d e  f o r  exper imenta l  a d j u s t m e n t  o f  t h e  s p a c i n g  between t h e  p a r a l l e l -  

coupled e l e m e n t s .  T h i s  would be e q u i v a l e n t  t o  a d j u s t i n g  t h e  l i n e  

admi t tances  Y k ,  k + l  i n  F i g .  11.09-2.  Exper imenta l  a d j u s t m e n t  o f  t h e s e  

l i n e  a d m i t t a n c e s  might be d e s i r a b l e  i n  c a s e s  where t h e  l o a d  impedance 

i s  q u i t e  compl ica ted  and d e v i a t e s  g r e a t l y  from t h e  i d e a l i z e d  s y m m e t r i c a l  

c a s e  i n  F i g .  1 1 . 0 9 - l ( a ) ,  s o  t h a t  some c u t - a n d - t r y  p r o c e d u r e s  a r e  

d e s i r a b l e .  

Tab le  11 .09-1  p r e s e n t s  d e s i g n  e q u a t i o n s  f o r  impedance-matching n e t -  

works of  t h e  form i n  F i g .  11 .09-2 .  These d e s i g n  e q u a t i o n s  were d e r i v e d  

i n  e s s e n t i a l l y  t h e  same way a s  were t h e  d e s i g n  e q u a t i o n s  f o r  t h e  f i l t e r s  

i n  Secs .  10.03 and 10.05. (The d e r i v a t i o n s  o f  t h e  d e s i g n  e q u a t i o n s  i n  

Secs .  10.03 and 10.05 were d i s c u s s e d  i n  Sec .  1 0 . 0 8 . )  The main d i f f e r e n c e  

i s  t h a t  t h e  more g e n e r a l  m o d i f i e d  low-pass  p r o t o t y p e  i n  F i g .  1 1 . 0 9 - 3  

was used f o r  t h e  e q u a t i o n s  i n  Tab le  11.09-1.  Comparing t h i s  p r o t o t y p e  

wi th  t h e  one i n  F i g .  10.08-6,  n o t e  t h a t  t h e  p r o t o t y p e  i n  F i g .  11 .09-3  

does n o t  u s e  a  s e r i e s  c o i l  on t h e  r i g h t ,  and p r o v i s i o n  h a s  been  made s o  

t h a t  t h e  t e r m i n a t i o n  R , + l  on t h e  r i g h t  can be  s p e c i f i e d  a r b i t r a r i l y .  

A m u l t i p l y i n g  f a c t o r  s h a s  been i n c l u d e d  which i s  i n t r o d u c e d  s o  a s  t o  

a l t e r  t h e  impedance l e v e l  a s  g r a d u a l l y  a s  p o s s i b l e  from one s i d e  o f  

t h e  p r o t o t y p e  t o  t h e  o t h e r ,  by making C k t l  = s C k  f o r  k = 2 t o  n - 2. 

The r e l a t i o n s  between t h e  p r o t o t y p e  and t h e  s t u b  f i l t e r  i n  F i g .  11.09-2 

a r e  much t h e  same a s  f o r  t h e  c a s e s  d i s c u s s e d  i n  Sec. 10.08. The 

paramete r  d i n  Tab le  11 .09-1  can  be chosen 0  < d s o  a s  t o  a d j u s t  t h e  

a d m i t t a n c e  l e v e l  w i t h i n  t h e  f i l t e r .  T y p i c a l  c o n v e n i e n t  v a l u e s  a r e  

d =  0 . 5  t o  1. 

F i g u r e  11.09-4 shows an impedance-matching network f o r  u s e  w i t h  a 

s h u n t - r e s o n a t e d  l o a d .  T h i s  c i r c u i t  i s  t h e  d u a l  o f  t h a t  i n  F i g .  11 .09-2 ,  

e x c e p t  t h a t  t h e  f i l t e r  h a s  been  c o n v e r t e d  t o  p a r a l l e l - c o u p l e d  form by 

use  o f  t h e  r e l a t i o n s  i n  F i g .  5 . 0 9 - 2 ( b ) .  S i n c e  s e r i e s  s t u b s  a r e  

d i f f i c u l t  t o  r e a l i z e  i n  a  s h i e l d e d  c o n s t r u c t i o n ,  t h e  p a r a l l e l - c o u p l e d  

form o f  t h i s  f i l t e r  w i l l  u s u a l l y  be t h e  p r a c t i c a l  one t o  u s e .  

Tab le  11.09-2 p r e s e n t s  d e s i g n  e q u a t i o n s  f o r  t h i s  t y p e  o f  m a t c h i n g  

network.  * 

* 
These d e s i g n  e q u a t i o n s  were o b t a i n e d  from t h o s e  i n  Table  11.09-1  by d u a l i t y .  b i n g  d u a l i t y  
gave  a matching network c o n s i s t i n g  o f  s e r i e s  s t u b s  and c o n n e c t i n g  l i n e s .  Then t h i s  
c i r c u i t  waa c o n v e r t e d  t o  p a r a l l e l - c o u p l e d  form ua ing  t h e  r e l m t i o n s  i n  F i g .  5 . 0 9 - 2 1 b ) .  

Table  1 1 . 0 9 - 1  

DESIGN EQUATIONS FOR IMPEDANCE-MATCHING NETWORKS OF THE FORM IN 
FIG. 1 1 . 0 9 - 2  FOR SERIES-RESONATED LOADS 

Determine the low-pass prototype parameters from the  load decre- 
ment S and the data i n  S e c s .  4 . 0 9  and 4 . 1 0 .  The generator r e s i s t a n c e  
RB may be chosen a r b i t r a r i l y ,  but RA i s  a  parameter o f  the load ( s e e  
t e x t ) .  The fo l lowing equations apply f o r  n 2 3.  

Compute : 

c2 = g2 * cklk=3 t o  n-1, i f  n>3 = 2 d g 2 ~ k - 2  

( I f  n = 3  omit t h i s  e q u a t i o n . )  

where d may be chosen a r b i t r a r i l y  wi th in  l i m i t  0 < d ( s e e  t e x t ) .  

L e t t i n g  

where 

el = q(1-8) 

and w = ( f 2  - f l ) / f O  i s  the des ired  f r a c t i o n a l  bandwidth. 

(continued on p .  704) 
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T a b l e  1 1 . 0 9 - 1  concluded 

?he c h a r a c t e r i s t i c  admittances o f  the  shunt s t u b s  are:  

- ' A  
Y 2  - 4~; t a n  ol + c A t z 3  - +) 

'Ihe c h a r a c t e r i s t i c  admit tances  of the  connect ing  l i n e s  are:  

Qn On+,  
c 2 a g 2  ' c k I  2 d g p  s k + ,  Cn = - e 

k: 3 TO n-l 
Rn+1 

WHERE d MAY BE CHOSEN ARBITRARILY WITHIN L I M I T  O<d.  
Qk Q k + l  

k  = Z  Ton-1 
A-3527-434  

FIG. 11.09-3 MODIFIED LOW-PASS PROTOTYPE USED IN DERIVING 
THE EQUATIONS IN TABLE 11.09-1 

I APPROXIMATION I 
OF LOAD 

FIG. 11.09-4 IMPEDANCE-MATCHING NETWORK IN PARALLEL-COUPLED 
FORM FOR MATCHING SHUNT-RESONATED LOAD 
The stub Y ,  and the parollel-~oupled sections Sk ,k+ ,  are all a 

quarter-wovelength long at midband 

L e t  u s  now c o n s i d e r  some e x a m p l e s  o f  i m p e d a n c e - m a t c h i n g  ne twork  

d e s i g n .  F i g u r e  1 1 . 0 9 - 5  shows a  l umped-e l emen t  l o a d  n e t w o r k  wh ich  h a s  been  

b r o u g h t  t o  r e s o n a n c e  a t  f o ,  and  t h e  f i g u r e  a l s o  shows  t h e  r e s u l t i n g  com- 

p u t e d  impedance  c h a r a c t e r i s t i c .  L e t  u s  assume t h a t  a g o o d  match  i s  d e s i r e d  

from f l / f o  = 0 . 8 5  t o  f 2 / f 0  = 1 . 1 5 ,  which  c a l l s  f o r  f r a c t i o n a l  b a n d w i d t h  

o f  w = 0 . 3 0 .  From F i g s .  1 1 . 0 9 - l ( a )  and 1 1 . 0 9 - 5 ,  R A  = R e Z L  I , 0  = 3 3 . 3 3  ohms. 

However,  1 l m z L  1 = 110 ohms, w h i l e  J I ~ z ~  1 = 95  ohms, s o  t h e r e  i s  some 
2 

c o n f u s i o n  a b o u t  :he c a l c u l a t i o n s  o f  6 .  As a  g u e s s ,  an  i n - b e t w e e n  v a l u e  

o f  100 ohms was u s e d  f o r  some t r i a l  c a l c u l a t i o n s  s o  t h a t *  

T a b l e  1 1 . 0 9 - 3  summar i ze s  t h e  p a r a m e t e r s  and r e s u l t i n g  l i n e  a d m i t t a n c e s  

f o r  s e v e r a l  n = 3  d e s i g n s  h a v i n g  d i f f e r e n t  v a l u e s  o f  RE o r  d i f f e r e n t  

c h o i c e s  f o r  t h e  p a r a m e t e r  d .  No te  t h a t  D e s i g n s  l a n d  2 b o t h  u s e  R E =  100  ohms, 

b u t  Des ign  1 u s e s  d = 1 w h i l e  D e s i g n  2 u s e s  d = 0 . 5 .  

8 
A useful s ~ g n l f i c a n t  f i g u r e  was i n a d v e r t e n t l y  dropped i n  these d e s i g n  c a l c u l a t i o n s .  



T a b l e  1 1 . 0 9 - 2  

DESIGN EQUATIONS FOR IMPEDANCE-MATCHING NETWORKS OF THE FORM IN 
FIG. 1 1 . 0 9 -  4  FOR SHUNT- RESONATED LOADS 

Determine t he  low-pass p ro to type  parameters  from t h e  load  decrement 
S and t h e  d a t a  i n  Secs.  4.09 and 4.10. The gene ra to r  conductance G may B 
be chosen a r b i t r a r i l y ,  bu t  GA i s  a  parameter of  t h e  l oad  ( s e e  t e x t ) .  The 
fo l lowing equat ions  cover  c a s e s  where n  2 3. 

Compute: 

A 1 = gogngnt1 5 n t 3  

where d  may be chosen a r b i t r a r i l y  w i th in  l i m i t  0  < d ( s e e  t e x t ) .  

L; = g 2 ( 1 - d )  , L; = dg2 

Li/k=3 to  
= L;-l , L'; = Lk - L; . 

L e t t i n g  

R A = l ,  
G~ 

L2 = , L k  

T a b l e  11 .09 -2  conc luded  

= 2dg2sk-2 
k=3 t o  n-1, i f  n>3  
( I f  n=3 omit t h i s  equa t i on . )  

The even- and odd-mode impedances of  t he  pa r a l l e l - coup l ed  l i n e s  are :  

I f n = 3  

O'L" 

z = L 3  t an  el + RA (n,, + $) 
go 

where 

el = f (1 - +) 

and w = ( f 2  - f l ) / f O  i s  t he  d e s i r e d  f r a c t i o n a l  bandwidth. 

= 2 U;L; t a n  el t RA NZ3 t - 
go ( 13) 
R A 

= - t a n  e l  + RA (Nz3 - 2) 
go 

k=3 t o  n-2 
(Omit i f  n < 5 )  

k=3 t o  n-2 
(Omit i f  n < 5 )  

R~ 
= - O;L: t a n  e l  t RA (IV,,.~, + k, 

go R A 

R A 
= t an  e l  t RA (Nn-l,n - ") 

go R~ 



FIG. 11.09-5 A HYPOTHETICAL LOAD AND ITS COMPUTED IMPEDANCE 

T a b l e  11 .09-3  

IMPEDANCE-MATCHING NETWORK DESIGNS 1 t o  4 FOR THE LOAD IN FIG. 11 .09-5  
The impedance-matching  network i s  o f  t h e  form i n  F i g .  11 .09-2  

W i t h i n  two s i g n i f i c a n t  f i g u r e s  t h e  l i n e  a d m i t t a n c e s  Y 2 ,  Y Z 3 ,  and Y 3  o f  

D e s i g n s  1 and 2 a r e v e r y  n e a r l y  t h e  same. T h i s i s  t o  b e  e x p e c t e d  s i n c e  

t h e  c h o i c e  o f  d s h o u l d ,  i n t h e o r y ,  n o t  a f f e c t  t h e  d e s i g n  u n l e s s  t h e r e  a r e  

more t h a n  two r e s o n a t o r s  i n  t h e  m a t c h i n g - n e t w o r k  p o r t i o n  o f  t h e  c i r c u i t .  

( I n  t h i s  c a s e ,  t h e m a t c h i n g - n e t w o r k  p o r t i o n  h a s  o n l y  two r e s o n a t o r s . )  

I 
F i g u r e  1 1 . 0 9 - 6  shows t h e  computed r e s p o n s e  o f  t h e  l o a d  i n  Fig. 11.09-5 

c o n n e c t e d  t o  m a t c h i n g - n e t w o r k  D e s i g n  1 o f  T a b l e  1 1 . 0 9 - 3 .  The d a s h e d  

c u r v e  i s  f o r  t h e  l o a d  a s  shown i n  F i g .  1 1 . 0 9 - 5  w i t h o u t  any  r e t u n i n g .  

Note  t h a t  t h e  a t t e n u a t i o n  ( i . e . ,  t r a n s d u c e r  a t t e n u a t i o n * )  c u r v e  t i l t s  a  

l i t t l e  t o  t h e  r i g h t  b e c a u s e  o f  t h e  d i s symmet ry  o f  t h e  r e a c t a n c e  c u r v e  

o f  t h e  l o a d .  The s o l i d  c u r v e  i n  F i g .  1 1 . 0 9 - 6  shows t h e  r e s u l t  o f  r e -  

t u n i n g  t h e  l o a d  by  i n c r e a s i n g  t h e  midband i n d u c t i v e  r e a c t a n c e  XL f rom 

3 4 0 . 3  ohms t o  3 4 8 . 3  ohms. No te  t h a t  t h e  e f f e c t  i s  t o  c o r r e c t  ( a c t u a l l y  

o v e r c o r r e c t )  t h e  t i l t  i n  t h e  r e s p o n s e .  By F i g s .  4 . 0 9 - 3  and 4 . 0 9 - 4  t h e  

For a l l  des igns  below: w = 0.30,  R A  = 33.33 ohms, 6 = 0.30; and f o r  
n =  3 S e c .  4 . 0 9 g i v e s  g o = l ,  g l l  3.30, g 2 = 0 . 5 2 ,  g 3 = 2 . 1 0 ,  g 4 = 0 . 4 0  
o; = 1, ( L A ) m a x  = 1.2 db, and (LA),i, = 0 .9  db. 

DESIRED BAND 
OF IMPEDANCE MATCH 

IN FIG. 11.09-5 
DESIGN X L  IN FIG.Il.09-5 I W I T H  

Des ign  

1 

2 

3 

4 FIG. 11.09-6 TRANSDUCER ATTENUATION INTO THE LOAD IN 
FIG, 11.09-5 USING MATCHING-NETWORK DESIGN 1 

* 
See Sec. 2.11 tor a d i scuss ion  of t h i s  term. 

d 

1 .0  

0 . 5  

1.0 

1 .0  

R~ 
(ohms)  

100 

?OO 

20 

500 

Y 2  
(mhos)  

0.05494 

0.05582 

0.04495 

0.06026 

Y2 3 
(rnhos) 

0.01095 

0.01095 

0.02449 

0.004899 

3 
(mhos)  

0.02495 

0.02583 

0.1549 

0.002283 



2eak p a s s - b a n d  a t t e n u a t i o n  i n t o  t h e  l o a d  s h o u l d  b e  1 . 2  db f o r  t h i s  c a s e ,  

~ h i l e  t h e  minimum p a s s - b a n d  a t t e n u a t i o n  s h o u l d  b e  a b o u t  0 . 9  db .  As can  

a e  s e e n  from F i g .  11 .09 -6 ,  t h e  p a s s - b a n d  r i p p l e  c h a r a c t e r i s t i c  comes 

q u i t e  c l o s e  t o  m e e t i n g  t h e s e  v a l u e s .  

F i g u r e  1 1 . 0 9 - 7  shows t h e  computed a t t e n u a t i o n  c h a r a c t e r i s t i c s  f o r  

t h e  same r e t u n e d  l o a d  a s  d e s c r i b e d  above ( i . e . ,  w i t h  XL = 3 4 8 . 3  o h m s ) ,  

b u t  u s i n g  m a t c h i n g - n e t w o r k  D e s i g n s  3  and 4.  N o t e  t h a t  f o r  D e s i g n  3  

t h e  g e n e r a t o r  r e s i s t a n c e  i s  RE = 20 ohms, w h i l e  f o r  D e s i g n  4 ,RB = 500 ohms 

Thus ,  t h e s e  two d e s i g n s  c o v e r  a  r a n g e  o f  c h o i c e  o f  g e n e r a t o r  impedance  

o f  25 t o  1. As c a n  b e  s e e n  f rom t h e  f i g u r e ,  t h e  c h o i c e  o f  RE had  n o  

s e r i o u s  e f f e c t  on  t h e  p e r f o r m a n c e .  

F i g u r e  1 1 . 0 9 - 7  a l s o  shows t h e  p e r f o r m a n c e  when no m a t c h i n g  n e t w o r k  

i s  u s e d  b u t  RE i s  c h o s e n  t o  m a t c h  t h e  l o a d  impedance  a t  r e s o n a n c e .  No te  

IMPEDANCE M A T C H  

NO MATCHING 
NETWORK ( R e =  33.33 ohms) 

FIG. 11.09-7 TRANSDUCER ATTENUATION INTO THE LOAD IN 
FIG. 11.09-5 USING MATCHING-NETWORK DESIGNS 3 
AND 4, AND ALSO FOR CASE OF NO MATCHING- 
NETWORK 
In all cases shown the load is as in Fig. 11.09-5 except 
that X L  has been increased to X L  = 348.3 ohms at f o  

t h a t  t h e  a t t e n u a t i o n  a t  t h e  band  e d g e s  i n  t h i s  c a s e  i s  5 . 4  db a s  compared 

w i t h  a round  1 . 2 - d b  maximum a t t e n u a t i o n  a c r o s s  t h e  30 p e r c e n t  band when 

an  n = 3  m a t c h i n g  ne twork  i s  u s e d .  By F i g .  4 . 0 9 - 3 ,  f o r  a  l o a d  w i t h  

6 = 0 . 3 0 ,  t h e  b e s t  p o s s i b l e  p a s s - b a n d  p e r f o r m a n c e  e v e n  w i t h  an i n f i n i t e  

number o f  i m p e d a n c e - m a t c h i n g  r e s o n a t o r s  would h a v e  a  p a s s - b a n d  a t t e n u a t i o n  

o f  0 . 7 2  db.  

F i g u r e  1 1 . 0 9 - 8  shows a n o t h e r  s e r i e s - r e s o n a t e d  l o a d  whose impedance  

c h a r a c t e r i s t i c  d e v i a t e s  q u i t e  m a r k e d l y  from t h e  i d e a l i z e d  s y m m e t r i c a l  

c h a r a c t e r i s t i c  i n  F i g .  1 1 . 0 9 - l ( a ) .  Suppose  t h a t  we wi sh  t o  match o v e r  

a  4 0 - p e r c e n t  b a n d ,  ReZL v a r i e s  o v e r  a  2  t o  1 r a n g e  i n  t h e  band o f  

i n t e r e s t ,  w h i l e  t h e  r e a c t a n c e  c h a r a c t e r i s t i c  i s  a l s o  u n s y m m e t r i c a l .  I n  

t h i s  c a s e  R A  = ReZ 1 = 20  ohms, w h i l e  I I ~ Z  I = 80  ohms and 
fo ' 4 

111~~ 1 = 67  ohms. A v e r a g i n g  t h e s e  l a t t e r  two v a l u e s  g i v e s  7 3 . 5  ohms. 

R. 100 ohms, XCl= SO ohms , 
XCZ.150 ohms. X L =  190 ohms AT fo  I \+ DESIRED BAND 

OF IMPEDANCE MATCH 

1 8 0  -7 / 

FIG. 11.09-8 A SERIES-RESONATED LOAD WHICH 
DEVIATES MARKEDLY FROM THE 
IDEALIZED CASE IN FIG. 11.09-l(a) 



Thus ,  an e s t i m a t e d  d e c r e m e n t  v a l u e  i s  

T a b l e  1 1 . 0 9 - 4  summarizes  t h e  p a r a m e t e r s  o f  an  n = 3  m a t c h i n g - n e t w o r k  

d e s i g n  f o r  t h i s  l o a d .  

Table 1 1 . 0 9 - 4  

IMPEDANCE-MATCHING NETWORK DESIGN 5 FOR THE LOAD IN FIG. 1 1 . 0 9 - 8  
The impedance-matching network is of the form in Fig. 1 1 . 0 9 - 2  

Design parameters: w = 0.40 ,  RA = 20 ohms, 8 = 0.272;  and for 

n = 3 Sec. 4.09 gives go = 1 . 0 0 ,  gl = 3.70,  g2 = 0 . 4 8 ,  g3 = 2.35 ,  
g , = 0 . 3 6 ,  o;= 1 ,  (LA)max= 1 . 4 d b ,  and ( L A I m i n =  1.07 db. 

F i g u r e  11 .09 -9  shows t h e  computed t r a n s d u c e r  a t t e n u a t i o n  f o r  t h e  

m a t c h i n g - n e t w o r k  D e s i g n  5  i n  T a b l e  11 .09 -4 ,  u s e d  w i t h  t h e  l o a d  i n  

F i g .  11 .09 -8 .  The s o l i d  c u r v e  i s  f o r  t h e  o r i g i n a l  m a t c h i n g  n e t w o r k  

w i t h  t h e  s t u b s  a  q u a r t e r - w a v e - l e n g t h  l o n g  a t  f r e q u e n c y  fo. The  
d a s h e d  c u r v e  f o r  Des ign  5  was computed w i t h  t h e  Y 2  and Y3 s t u b s  

l e n g t h e n e d  by 2 . 5  p e r c e n t  i n  a n  e f f o r t  t o  c o r r e c t  t h e  s k e w e d n e s s  o f  

t h e  r e s p o n s e  c u r v e .  As can  b e  s e e n ,  c h i s  a c h i e v e d  t h e  d e s i r e d  r e s u l t  

b u t  w i t h  a  s m a l l  l o s s  i n  b a n d w i d t h .  Note  t h a t  t h e  p a s s - b a n d  r i p p l e  

maxima and minima a r e  r e a s o n a b l y  c o n s i s t e n t  w i t h  t h e  = 1 . 4  db  
and (LAImin = 1.07 db v a l u e s  p r e d i c t e d  f o r  6 = 0 .272  u s i n g  F i g s .  4 .09 -2  

and 4 .09 -3 .  F i g u r e  11 .09 -  9  a l s o  shows t h e  a t t e n u a t i o n  c h a r a c t e r i s t i c  

when no m a t c h i n g  ne twork  i s  u s e d  b u t  t h e  g e n e r a t o r  r e s i s t a n c e  i s  

c h o s e n  s o  a s  t o  g i v e  a  match a t  r e s o n a n c e .  N o t e  t h a t  on  t h i s  b a s i s  
t h e  a t t e n u a t i o n  i s  5 . 9  db a t  t h e  l o w e r  band e d g e  and  a b o u t  6 . 8 5  d b  a t  

t h e  u p p e r  band edge .  

Deaign 

5 

The above examples  show t h a t  t hough  t h e  p r o c e d u r e s  f o r  m a t c h i n g -  

ne twork  d e s i g n  b a s e d  on  t h e  m e t h o d s  o f  C h a p t e r  1 0  a r e  a p p r o x i m a t e ,  t h e y  

can g i v e  good r e s u l t s  i n  c l o s e  a g r e e m e n t  w i t h  t h e  t h e o r y .  A l s o ,  t h e  
t e c h n i q u e s  d e s c r i b e d  i n  t h i s  s e c t i o n  a r e  s e e n  t o  b e  u s e f u l  e v e n  i f  t h e  

l o a d  c h a r a c t e r i s t i c s  d e v i a t e  a p p r e c i a b l y  f rom t h e  i d e a l i z e d ,  s y m m e t r i c a l  

c h a r a c t e r i s t i c s  i n  F i g .  1 1 . 0 9 - 1 .  I f  t h e  l o a d  impedance  c h a r a c t e r i s t i c s  

DESIRED RANGE OF 
IMPEDANCE MATCH 

2-- 

d 

1 

FIG. 11.09-9 TRANSDUCER ATTENUATION INTO THE LOAD IN FIG. 11.09.8 
WITH AND WITHOUT MATCHING-NETWORK DESIGN 3 
The parameters e2, 823, and O3 given are the electrical lengths of 
the lines Y 2 ,  Y 2 3 ,  and Y 3  of the matching network at frequency fo  

a r e  skewed,  t h i s  can  o f t e n  b e  compensa t ed  f o r  by minor  t u n i n g  a d j u s t m e n t s  

on  t h e  l o a d  o r  on  t h e  r e s o n a n t  e l e m e n t s  o f  t h e  m a t c h i n g  ne twork .  

R~ 
(ohms ) 

100 

I n  t h i s  s e c t i o n  d e s i g n  d a t a  f o r  o n l y  two s p e c i f i c  t y p e s  o f  wideband 

m a t c h i n g  n e t w o r k s  have  been  g i v e n .  Though most  o f  t h e  o t h e r  s t r u c t u r e s  

i n  C h a p t e r  10 c o u l d  a l s o  b e  u s e d ,  t h e  o n e s  g i v e n  i n  t h i s  s e c t i o n  w e r e  

c h o s e n  a s  p a r t i c u l a r l y  u s e f u l  examples .  I f  d e s i r e d ,  d a t a  f o r  o t h e r  

fo rms  o f  m a t c h i n g  n e t w o r k s  c a n  b e  o b t a i n e d  by t h e  me thods  o f  C h a p t e r  10 

a l o n g  w i t h  a  m o d i f i e d  l o w - p a s s  p r o t o t y p e  s u c h  a s  t h a t  i n  F i g .  11 .09 -3 .  

O t h e r  fo rms  o f  n e t w o r k s  may be  d e s i r a b l e  i n  s p e c i a l  s i t u a t i o n s  where  

t h e y  m i g h t  g i v e  more p r a c t i c a l  d i m e n s i o n s  f o r  t h e  impedance  l e v e l s  and  

s p a c e  l i m i t a t i o n s  i n v o l v e d .  

Y 2  
(mhoa) 

0.06281 

y2 3 
(mhos) 

0.01342 

Y3 
(mhos) 

0.01498 



SEC. 1 1 - 1 0 ,  DESIGN OF WIDE-RAND COUPLING STRUCTURES 
FOR NEGATIVE-RESISTANCE AMPLIFIERS 

The same p r o c e d u r e s  a s  d i s c u s s e d  i n  t h e  p r e c e d i n g  two s e c t i o n s  can  

a l s o  be  u s e d  f o r  t h e  d e s i g n  o f  c o u p l i n g  n e t w o r k s  f o r  n e g a t i v e - r e s i s t a n c e  

d e v i c e s .  C o n s i d e r ,  f o r  example ,  t h e  n e g a t i v e - r e s i s t a n c e  a m p l i f i e r  shown 

i n  F i g .  1 1 . 1 0 - 1 .  The r e q u i r e d  n e g a t i v e  r e s i s t a n c e  i s  assumed t o  h a v e  been 

FIG. 11.10-1 EXAMPLE O F  THE USE OF A FILTER STRUCTURE 
FOR BROAD-BANDING A NEGATIVE-RESISTANCE 
AMPLIFIER 
The negative-resistance i s  assumed to have been 
achieved using a device such as a tunnel diode which 
has parasitic equivalent reactances as well as negative 
resistance 

a c h i e v e d  by u s e  o f  a  d e v i c e  ( s u c h  a s  a  t u n n e l  d i o d e )  wh ich  h a s  p a r a s i t i c  

r e a c t i v e  e l e m e n t s  i n  i t s  e q u i v a l e n t  c i r c u i t  a s  w e l l  a s  a  n e g a t i v e  r e s i s -  

t a n c e .  A  b r o a d - b a n d i n g  n e t w o r k  i s  t h e n  d e s i r a b l e  i n  o r d e r  t o  c o m p e n s a t e  

f o r  t h e  e f f e c t s  o f  t h e s e  r e a c t i v e  e l e m e n t s  s o  a s  t o  g i v e  a s  good  p e r -  

fo rmance  a s  p o s s i b l e  o v e r  t h e  r e q u i r e d  o p e r a t i n g  band.  

I n  Sec .  1 . 0 4  i t  was e x p l a i n e d  t h a t  a  n e g a t i v e  r e s i s t a n c e  a m p l i f i e r  

w i t h  a  p r e s c r i b e d  r e s p o n s e  c h a r a c t e r i s t i c  c a n  b e  o b t a i n e d  by f i r s t  

d e s i g n i n g  a  c o r r e s p o n d i n g  f i l t e r  h a v i n g  p o s i t i v e  r e s i s t a n c e s  a t  b o t h  

ends .  Then when one  o f  t h e  t e r m i n a t i n g  r e s i s t o r s  i s  r e p l a c e d  by a  

c i r c u l a t o r  h a v i n g  t h e  same i n p u t  r e s i s t a n c e ,  w h i l e  t h e  o t h e r  t e r m i n a t i n g  

r e s i s t o r  i s  r e p l a c e d  by i t s  n e g a t i v e ,  a  p r e s c r i b e d  g a i n  c h a r a c t e r i s t i c  

can  be  o b t a i n e d  a t  t h e  c i r c u l a t o r .  U s i n g  t h i s  a p p r o a c h ,  ~ e t s i n ~ e r '  h a s  
p r e p a r e d  e x t e n s i v e  t a b l e s  o f  l o w - p a s s - p r o t o t y p e  n e g a t i v e - r e s i s t a n c e  

a m p l i f i e r  d e s i g n s ,  and h i s  t a b l e s  a r e  r e p r o d u c e d  i n  S e c .  4 . 1 1 .  

works  f o r  

( 1 )  

b a n d - p a s s  n e g a t i v e - r e s i s t a n c e  a m p l i f i e r s  o f  t h i s  s o r t :  

The n e g a t i v e - r e s i s t a n c e  d e v i c e  s h o u l d  be  mounted a s  i t  w i l l  
b e  i n  t h e  f i n i s h e d  a m p l i f i e r ,  i n c l u d i n g  any v o l t a g e - b i a s  
l e a d s ,  e t c .  Next d e t e r m i n e  w h e t h e r  i t  i s  most  a p p r o p r i a t e  
t o  r e s o n a t e  t h e  d e v i c e  i n  s e r i e s  o r  i n  s h u n t . *  ( I f  n e c e s s a r y ,  

b o t h  t h e  impedance  and  a d m i t t a n c e  c h a r a c t e r i s t i c s  o f  t h e  
d e v i c e  s h o u l d  be  p l o t t e d  v e r s u s  f r e q u e n c y ,  t o  a i d  i n  t h i s  

d e c i s i o n ) .  Then b r i n g  t h e  d e v i c e  t o  r e s o n a n c e  a t  t h e  
d e s i r e d  midband f r e q u e n c y  f o  by a d d i n g  an  i n d u c t a n c e  o r  a  
c a p a c i t a n c e  i n  s e r i e s  o r  i n  s h u n t ,  w h i c h e v e r  i s  mos t  
a p p r o p r i a t e .  

I f  t h e  d e v i c e  i s  r e s o n a t e d  i n  s e r i e s ,  t h e  impedance  c h a r a c -  
t e r i s t i c  o f  t h e  d e v i c e  s h o u l t  b e  p l o t t e d .  I f  t h e  d e v i c e  

was r e s o n a t e d  i n  s h u n t ,  i t s  a d m i t t a n c e  c h a r a c t e r i s t i c  s h o u l d  
b e  o b t a i n e d  by impedance  o r  a d m i t t a n c e  measu remen t s  on t h e  
d e v i c e ,  by c a l c u l a t i o n  i f  t h e  e q u i v a l e n t  c i r c u i t  o f  t h e  
d e v i c e  i s  known, o r  by o p e r a t i n g  t h e  d e v i c e  a s  a  s i n g l e -  
r e s o n a t o r  a m p l i f i e r  a s  s u g g e s t e d  Ly G e t ~ i n g e r . ~  

I f  i t  i s  d e s i r e d  t o  h a v e  a  d e s i g n  w i t h  a  g i v e n  f r a c t i o n a l  
b a n d w i d t h  w ,  t h e  d e s i g n e r  w i l l  h a v e  t o  a c c e p t  t h e  g a i n  l i m i t a -  
t i o n s  t h a t  go w i t h  t h i s  g i v e n  bandwid th  when u s i n g  t h e  g i v e n  
n e g a t i v e - r e s i s t a n c e  d e v i c e .  I n  t h i s  c a s e  t h e  d e c r e m e n t  o f  
t h e  n e g a t i v e - r e s i s t a n c e  l o a d  ( i . e . ,  o f  t h e  r e s o n a t e d  n e g a t i v e -  
r e s i s t a n c e  d e v i c e )  c a n  b e  d e t e r m i n e d  a s  i n  F i g .  1 1 . 0 9 - 1  a n d  
t h e  accompanying d i s c u s s i o n .  Hav ing  8 ( a  n e g a t i v e  number i n  
t h i s  c a s e ) ,  

i s  computed,  and a  s u i t a b l e  n o r m a l i z e d  l o w - p a s s  p r o t o t y p e ,  
h a v i n g  t h i s  v a l u e  o f  g l  ( o r  l a r g e r ) ,  i s  s e l e c t e d  from t h e  

T a b l e s  i n  Sec .  4 .11 .  

I f  i t  i s  d e s i r e d  t o  h a v e  a  g i v e n  maximum and  minimum g a i n  i n  
t h e  o p e r a t i n g  band ,  t h e  d e s i g n e r  w i l l  h a v e  t o  a c c e p t  t h e  
b a n d w i d t h  l i m i t a t i o n s  t h a  go w i t h  t h e s e  g a i n  p a r a m e t e r s  when 
u s i n g  t h e  g i v e n  n e g a t i v e - r e s i s t a n c e  d e v i c e .  I n  t h i s  c a s e  i t  
i s  c o n v e n i e n t  t o  d e t e r m i n e  a  n e g a t i v e  Q f o r  t h e  n e g a t i v e -  
r e s i s t a n c e  l o a d  u s i n g  t h e  f o r m u l a  

The f o l l o w i n g  p r o c e d u r e  i s  s u g g e s t e d  f o r  t h e  d e s i g n  o f  c o u p l i n g  n e t -  

J b  J D  

* 
See  the  d i a c u a a i o n  i n  S e c .  11.,08 on t h e  d e t s r m i n s t i o n  o f  t h e  l o a d  p a r m e t e r a .  'l%e p r i n c i p l e s  are  the 

sane  i n  t h i s  c a s e  e x c e p t  t h a t  t h e  rea l  p a r t  o f  the  l o a d  impedance (and admittance)  is n e g a t i v e .  
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where  f o  i s  t h e  f r e q u e n c y  o f  r e s o n a n c e ,  and  f b  and f a  a r e ,  
r e s p e c t i v e l y ,  t h e  f r e q u e n c i e s  above  and  below r e s o n a n c e  
where  [ReZL] = [ImZ1] f o r  t h e  c a s e  o f  s e r i e s  r e s o n a n c e  
a s  i n  F i g .  1 1 . 1 0 - 1 ,  o r  where  [ReYL] = [ImYL] f o r  t h e  c a s e  
o f  s h u n t  r e s o n a n c e .  Then from S e c .  4 . 1 1 ,  a  n o r m a l i z e d  p r o t o -  
t y p e  d e s i g n  i s  s e l e c t e d  t h a t  h a s  t h e  d e s i r e d  minimum g a i n  
( G t I m i n  and p a s s - b a n d  r i p p l e  G t r .  From t h e  g l  v a l u e  o f  t h e  
n o r m a l i z e d  p r o t o t y p e  compute  

1 8 = - -  ( 1 1 . 1 0 - 3 )  
g  1 

and  by Eqs .  ( 1 1 . 0 8 - 1 )  and ( 1 1 . 1 0 - 2 ) ,  t h e  f r a c t i o n a l  bandwid th  
i s  

( 4 )  I f  t h e  r e s o n a t o r  i s  r e s o n a t e d  i n  s e r i e s ,  d e t e r m i n e  t h e  nomina l  
( i . e . ,  a v e r a g e )  r e a l  p a r t  o f  t h e  i n p u t  impedance ,  ReZL= R  

a '  I f  t h e  r e s o n a t o r  i s  r e s o n a t e d  i n  s h u n t ,  d e t e r m i n e  t h e  nomlna l  
v a l u e  o f  t h e  r e a l  p a r t  o f  t h e  i n p u t  a d m i t t a n c e ,  ReYL = . Ga A l s o  d e t e r m i n e  t h e  c o r r e s p o n d i n g  v a l u e  RB o r  G B  f o r  t h e  i n p u t  
r e s i s t a n c e  o r  c o n d u c t a n c e  o f  t h e  c i r c u l a t o r  t o  be  u s e d  f o r  
t h e  c i r c u i t .  

( 5 )  U s i n g  t h e  l o w - p a s s  p r o t o t y p e  p a r a m e t e r s  g o ,  g l ,  ..., 
g " t 1 '  a n d  = 1 ,  a l o n g  w i t h  w ,  8 ,  RA o r  GA, and  RB o r  G B ,  

t e m p o r a r i l y  d r o p  t h e  minus  s i g n s  on 6 ,  g o ,  and  t h e  R A  o r  GA 
v a l u e ,  and  c a r r y  o u t  t h e  d e s i g n  o f  t h e  n e t w o r k  u s i n g  t h e  
m a t c h i n g - n e t w o r k  d e s i g n  t e c h n i q u e s  and  e q u a t i o n s  i n  S e c s .  11 .08 
a n d  1 1 . 0 9 ,  e x a c t l y  a s  f o r  a  p a s s i v e  m a t c h i n g  n e t w o r k .  

( 6 )  R e p l a c e  t h e  p o s i t i v e - r e s i s t a n c e  l o a d  RA o r  G A  and i t s  a d j a c e n t  
r e s o n a t o r  i n  t h e  c i r c u i t  o b t a i n e d  from Sec .  11 .08  o r  1 1 . 0 9  
by t h e  r e s o n a t e d  n e g a t i v e - r e s i s t a n c e  d e v i c e .  R e p l a c e  t h e  
RB o r  GB t e r m i n a t i o n  a t  t h e  o t h e r  e n d  by a  c i r c u l a t o r  h a v i n g  
t h e  same i n p u t  r e s i s t a n c e  o r  c o n d u c t a n c e .  

As an  example  o f  t h i s  p r o c e d u r e ,  l e t  u s  i m a g i n e  t h a t  t h e  R  = 100-ohm 

r e s i s t o r  i n  t h e  c i r c u i t  i n  F i g .  1 1 . 0 9 - 8  i s  r e p l a c e d  by a  n e g a t i v e  r e s i s t -  

a n c e  o f  -100 ohms, and t h e  r e s u l t i n g  c i r c u i t  i s  t h e n  t h e  e q u i v a l e n t  

c i r c u i t  o f  some form o f  r e s o n a t e d  n e g a t i v e - r e s i s t a n c e  d e v i c e .  ( I f  X c 2  

i s  removed,  t h e  c i r c u i t  i s  s i m i l a r  t o  t h e  e q u i v a l e n t  c i r c u i t  o f  a  t u n n e l  

d i o d e .  Q u t  f o r  a  t u n n e l  d i o d e  t h e  s h u n t  c a p a c i t o r  h a s  a  r e l a t i v e l y  l a r g e  

v a l u e  s o  t h a t  r e s o n a t i n g  t h e  d i o d e  i n  s h u n t  would  b e  p r e f e r a b l e ,  w h i l e  

i n  t h i s  c a s e  r e s o n a t i n g  t h e  c i r c u i t  i n  s e r i e s  i s  b e s t . )  The c u r v e s  i n  
F ig .  1 1 . 0 9 - 8  t h e n  g i v e  t h e  impedance  c h a r a c t e r i s t i c  o f  t h e  s e r i e s -  

r e s o n a t e d  d e v i c e  a s  r e q u i r e d  S y  S t e p  2  a b o v e ,  e x c e p t  t h a t  w i t h  R  n e g a t i v e  

i n s t e a d  o f  p o s i t i v e ,  t h e  ReZL c u r v e  w i l l  b e  n e g a t i v e  i n s t e a d  o f  p o s i t i v e .  

L e t  u s  s u p p o s e  t h a t  i t  i s  d e s i r e d  t o  o b t a i n  a  minimum g a i n  ( G t ) , i ,  

o f  1 0  d b ,  a n d  t o  h a v e  a  1 - d b  T c h e b ~ s c h e f f  r i p p l e  G t r .  Then S t e p  ( 3 b )  

above  s h o u l d  be  u s e d .  From F i g .  1 1 . 0 9 - 8 ,  [ReZL] = [ I ~ z ~ ]  i s  s a t i s f i e d  

a t  f a / f o  = 0 . 9 4 1  and a t  f b / b O  = 1 . 0 5 0 .  Then by Eq. ( 1 1 . 1 0 - 2 1 ,  

Nex t  we mus t  s e l e c t  an  a p p r o p r i a t e  l o w - p a s s  p r o t o t y p e  from T a b l e s  4 . 1 1 - 1  

t h r o u g h  4 . 1 1 - 3 .  From T a b l e  4 . 1 1 - 1 ,  f o r  an  n  = 2  d e s i g n  h a v i n g  ( G t ) n l n  = 

10  db and  G t r  = 1 d b ,  g l  = 1 . 5 0 4 7 ,  and  by Eqs.  ( 1 1 . 1 0 - 3 )  and ( 1 1 . 1 0 - 4 )  

t h e  f r a c t i o n a l  bandwid th  o b t a i n a b l e  i s  w = 0 . 1 6 3 .  S i m i l a r l y  by 

T a b l e  4 . 1 1 - 2  ( w h i c h  i s  f o r  n  = 3 ) ,  g l  = 2.0122 and  w i s  0 . 2 1 9 ;  w h i l e  

by T a b l e  4 . 1 1 - 3  (wh ich  i s  f o r  n  = 4 ) ,  g l  = 2 .2452  and  w i s  0 .244 .  N o t e  

t h a t  t h e  improvement  when g o i n g  from n = 2  t o  n  = 3  i s  more s u b s t a n t i a l  
t h a n  when g o i n g  f rom n = 3  t o  n = 4. L e t  u s  s u p p o s e  t h a t  t h e  w = 0 . 2 1 9  

bandwid th  f o r  n = 3  i s  a d e q u a t e .  Then from T a b l e  4 . 1 1 - 2 ,  g o  = -1 ,  

g l  = 2 . 0 1 2 2 ,  g 3  = 0 . 6 8 0 2 ,  g 3  = 1 . 2 3 0 3 ,  g 4  = 0 . 5 6 0 3 ,  and o; = 1. 

F o l l o w i n g  S t e p  4  above  w e  f i n d  from F i g .  1 1 . 0 9 - 8  t h a t  t h e  n o m i n a l  

v a l u e  o f  ReZL i n  t h e  band o f  i n t e r e s t  i s  ReZL = RA = -20 ohms. F u r t h e r ,  

l e t  u s  s u p p o s e  t h a t  t h e  c i r c u l a t o r  t o  b e  u s e d  h a s  an  i n p u t  impedance  o f  

RB = 50 ohms. 

F i n a l l y ,  l e t  u s  s u p p o s e  t h a t  t h e  s t u b  form o f  f i l t e r  i n  F i g .  1 1 . 0 9 - 2  

i s  c h o s e n ,  s o  t h e n  t h e  d e s i g n  e q u a t i o n s  i n  T a b l e  1 1 . 0 9 - 1  w i l l  b e  u s e d .  

C a r r y i n g  o u t  S t e p s  5  and  6  a b o v e ,  t h e  r e s u l t i n g  d e s i g n  i s  a s  shown i n  

F i g .  1 1 . 1 0 - 1 ,  and  t h e  l i n e  a d m i t t a n c e s  a r e  Y 2  = 0 .1735  mho, YZ3 = 0 .0237  mho, 

and  Y3  = 0 . 0 5 7 1  mho. The v a l u e  o f  d f o r  u s e  i n  T a b l e  1 1 . 0 9 - 1  was 

a r b i t r a r i l y  s e l e c t e d  a s  one  ( s e e  d i s c u s s i o n  i n  S e c .  1 1 . 0 9 ) .  

The d a s h e d  c u r v e  marked G, i n  F i g .  1 1 . 1 0 - 2  shows t h e  computed g a i n  

f o r  t h e  a m p l i f i e r  d e s i g n  d i s c u s s e d  above .  N o t e  t h a t  though t h e  midband 

g a i n  i s  e x a c t l y  11 db a s  i t  s h o u l d  b e ,  and though  t h e  T c h e b y s c h e f f  

r i p p l e  i s  a b o u t  G t r  = 1 db a s  i t  s h o u l d  b e ,  t h e  r e s p o n s e  i s  t i l t e d  t o  

one  s i d e .  T h i s  i s  due t o  t h e  u n s y m m e t r i c a l  impedance  c h a r a c t e r i s t i c  

ZL o f  t h e  r e s o n a t e d  n e g a t i v e - r e s i s t a n c e  d e v i c e .  Such t i l t i n g  o f  t h e  

r e s p o n s e  c u r v e  was a l s o  n o t e d  i n  t h e  i m p e d a n c e - m a t c h i n g  ne twork  r e s p o n s e  
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e2, eZ3, and e3 are the electrical lengths of 
lines Y 2 ,  Y Z 3 ,  and Y 3 ,  respectively, at  midband f o  

i n  F i g .  1 1 . 0 9 - 9 ,  b u t  was c o r r e c t e d  by s l i g h t l y  a l t e r i n g  t h e  l e n g t h s  o f  

t h e  s h u n t  s t u b s .  The same t e c h n i q u e  s h o u l d  be  u s e f u l  f o r  l e v e l i n g  up 

t h e  g a i n  c u r v e  o f  t h e  n e g a t i v e - r e s i s t a n c e  a m p l i f i e r  u n d e r  d i s c u s s i o n .  

The d a s h e d  G t  c u r v e  i n  F i g .  1 1 . 1 0 - 2  was computed w i t h  t h e  s t u b s  
Y 2  and Y 3 ,  and t h e  c o n n e c t i n g  l i n e  Y Z 3  i n  F i g .  1 1 . 1 0 - 1  a l l  a  q u a r t e r -  

w a v e l e n g t h  l o n g  a t  t h e  midband f r e q u e n c y  f o .  The s o l i d - l i n e  G t  c u r v e  
shows t h e  r e s u l t  o f  " t u n i n g "  t h e  s t u b s  s l i g h t l y  by i n c r e a s i n g  t h e i r  

l e n g t h s  by o n e  p e r c e n t ,  w h i l e  l e a v i n g  t h e  l e n g t h  o f  t h e  c o n n e c t i n g  l i n e  

Y Z 3  unchanged.  I t  i s  s e e n  t h a t  t h i s  a d j u s t m e n t  y i e l d s  a  r e s p o n s e  t h a t  
t h a t  h a s  v e r y  n e a r l y  t h e  (Gt),i, = 10  db and Gt, = 1 db v a l u e s  s p e c i f i e d ,  

. . 

and t h e  f r a c t i o n a l  bandwid th  i s  i n  e x c e l l e n t  a g r e e m e n t  w i t h  t h e  w = 

t h e o r e t i c a l  v a l u e .  T u n i n g  a d j u s t m e n t s  a f  t h i s  t y p e  a r e  p a r t i c u l a r l y  

t o  do  i n  an  a c t u a l  a m p l i f i e r  i f  a  swep t  s i g n a l  g e n e r a t o r  and an  o s c i  

t o  d i s p l a y  t h e  r e s p o n s e  a r e  a v a i l a b l e .  

e a s y  

The l o w e r  d a s h e d  c u r v e  marked LA i n  F i g .  1 1 . 1 0 - 2  shows t h e  t r a n s d u c e r  

l o s s  o f  t h e  c i r c u i t  f o r  t r a n s m i s s i o n  f rom t h e  g e n e r a t o r  i n  F i g .  1 1 . 1 0 - 1  

t o  t h e  r e s i s t o r  a t  t h e  l e f t  s i d e  o f  t h e  c i r c u i t ,  f o r  t h e  c a s e  where  t h e  

n e g a t i v e  r e s i s t a n c e  -R h a s  b e e n  r e p l a c e d  by a  p o s i t i v e  r e s i s t a n c e  R of  

t h e  same m a p i t u d e .  The d a s h e d  G, and  L A  c u r v e s  a r e  r e l a t e d  a s  i n d i c a t e d  

i n  F i g .  4 . 1 1 - 1 ,  and by Eqs .  ( 4 . 1 1 - 3 )  and ( 4 .  1 1 - 4 ) .  

A d d i t i o n a l  d i s c u s s i o n  o f  t h e  d e s i g n  o f  n e g a t i v e - r e s i s t a n c e  w i l l  be 

found  i n  Re f .  8.  I n  t h e  c a s e  o f  p a r a m e t r i c  a m p l i f i e r s  t h e  d e s i g n  p r o c e s s  

i s  somewhat c o m p l i c a t e d  by t h e  f a c t  t h a t  t h e  impedance  s e e n  a t  t h e  i d l e r  

f r e q u e n c y  i s  r e f l e c t e d  t h r o u g h  t h e  t i m e - v a r y i n g  c a p a c i t a n c e  s o  a s  t o  g i v e  

an  impedance  component  a t  t h e  i n p u t  f r e q ~ e n c y . ~ ' ~ ~ ' ~ " ~  N e v e r t h e l e s s ,  t h e  

t e c h n i q u e s  d e s c r i b e d  h e r e i n  c a n  s t i l l  s e r v e  a s  a  u s e f u l  d e s i g n  g u i d e  f o r  

t h e  d e s i g n  o f  s u c h  

SEC. 11.11, BAND-PASS TIME-DELAY FILTERS 

Al though  a l l  o f  t h e  i n f o r m a t i o n  r e q u i r e d  f o r  t h e  d e s i g n  o f  b a n d - p a s s  

t i m e - d e l a y  f i l t e r s  h a s  been  p r e s e n t e d  p r e v i o u s l y ,  i t  a p p e a r s  d e s i r a b l e  

t o  r e v i e w  some o f  t h e  b a n d - p a s s  d e l a y - f i l t e r  d e s i g n  p r o c e d u r e s .  Some 

g e n e r a l  c o n c e p t s  r e l a t e d  t o  t i m e - d e l a y  f i l t e r s  w e r e  d i s c u s s e d  i n  

Sec .  1 . 0 5 ;  e l e m e n t  v a l u e s  and  r e l a t e d  d a t a  w e r e  g i v e n  i n  S e c .  4 . 0 7  f o r  

l o w - p a s s  p r o t o t y p e  f i l t e r s  h a v i n g  m a x i m a l l y  f l a t  t i m e  d e l a y ,  and i n  

Sec .  4 .08  t h e  t i m e - d e l a y  c h a r a c t e r i s t i c s  o f  f i l t e r s  w i t h  T c h e b y s c h e f f  

and m a x i m a l l y  f l a t  a t t e n u a t i o n  c h a r a c t e r i s t i c s  were  compared w i t h  t h o s e  

o f  m a x i m a l l y  f l a t  t i m e - d e l a y  n e t w o r k s .  I t  was n o t e d  i n  Sec .  4 . 0 8  t h a t  

f o r  many c a s e s  a  T c h e b y s c h e f f  f i l t e r  h a v i n g  s m a l l  p a s s - b a n d  r i p p l e  

( s a y  0 . 1  d b  o r  l e s s )  may make a  more  d e s i r a b l e  t y p e  o f  t i m e - d e l a y  

n e t w o r k  t h a n  w i l l  a  m a x i m a l l y  f l a t  t i m e - d e l a y  n e t w o r k .  T h i s  i s  b e c a u s e  

a l t h o u g h  t h e  m a x i m a l l y  f l a t  t i m e - d e l a y  n e t w o r k  h a s  a  more n e a r l y  

c o n s t a n t  t i m e - d e l a y  c h a r a c t e r i s t i c ,  i t s  a t t e n u a t i o n  may v a r y  c o n s i d e r a b l y  

o v e r  t h e  r a n g e  o f  i n t e r e s t .  T h u s ,  i n  c a s e s  where  b o t h  t h e  a t t e n u a t i o n  

and d e l a y  c h a r a c t e r i s t i c s  a r e  i m p o r t a n t ,  T c h e b y s c h e f  f  f i l t e r s  

w i t h  s m a l l  p a s s - b a n d  r i p p l e  may make a n  e x c e l l e n t  compromise.  

L e t  u s  s u p p o s e  t h a t  a  b a n d - p a s s  t i m e - d e l a y  f i l t e r  i s  d e s i r e d  t o  g i v e  

0 . 0 1 6  m i c r o s e c o n d  d e l a y  i n  an  o p e r a t i n g  band  f rom 1000 t o  1100 Mc, and 



t h a t  f rom t h e  d i s c u s s i o n  i n  S e c .  4 .08  i t  i s  d e c i d e d  t o  u s e  a  T c h e b y s c h e f f  

l o w - p a s s  p r o t o t y p e  f o r  t h e  d e l a y  f i l t e r  h a v i n g  0 .01 -db  p a s s - b a n d  r i p p l e .  

By Eq. ( 4 . 0 8 - 4 )  t h e  midband t i m e  d e l a y  t f o r  t h e  b a n d - p a s s  f i l t e r  i s  d  0  

2  0' 

t d ~  = ( - )  t o  s e c o n d s  ( 1 1 . 1 1 - 1 )  

where  w ,  and W ,  a r e  t h e  r a d i a n  band-edge  f r e q u e n c i e s  o f  t h e  b a n d - p a s s  

f i l t e r  c o r r e s p o n d i n g  t o  t h e  b a n d - e d g e  f r e q u e n c y  w ;  o f  t h e  l o w - p a s s  

p r o t o t y p e ,  and t i , ,  i s  t h e  t i m e  d e l a y  i n  s e c o n d s  o f  t h e  l o w - p a s s  p r o t o t y p e  

a s  w ' -  0. Fo r  t h e  p rob lem a t  hand ,  

s e c o n d s  

* 5 . 0 2  s e c o n d s ,  

where  = 1 i s  assumed f o r  t h e  l o w - p a s s  p r o t o t y p e .  By Eq. ( 4 . 0 8 - 2 ) ,  

tio = Cn ( 1 1 . 1 1 - 3 )  

where  by F i g .  4 .13 -2 ,  f o r  a  T c h e b y s c h e f f  f i l t e r  w i t h  0 .01 -db  r i p p l e ,  

and a  band-edge  f r e q u e n c y  o f  a; = 1 r a d i a n / s e c ,  f o r  n = 7 ,  C, = 4 . 7  s e c o n d s ,  

w h i l e  f o r  n = 8 .  C8 = 5 .7  s e c o n d s .  L e t t i n g  n = 8  s o  t i o  = C8 = 5 . 7  s e c o n d s ,  
t h e  d e s i r e d  d e l a y  c a n  b e  o b t a i n e d  by e n l a r g i n g  t h e  bandwidth  s l i g h t l y  

s o  t h a t  

T h u s ,  a b a n d - p a s s  f i l t e r  d e s i g n e d  f rom a  0 . 0 1 - d b - r i p p l e ,  n = 8  

T c h e b y s c h e f f  p r o t o t y p e  [whose e l e m e n t  v a l u e s  a r e  t a b u l a t e d  i n  

T a b l e  4 . 0 5 - 2 ( a ) ]  s o  a s  t o  g i v e  a  113-Mc p a s s - b a n d  c e n t e r e d  a t  1050  Mc 

s h o u l d  h a v e  t h e  d e s i r e d  midband t i m e  d e l a y . *  

When u s i n g  Eq. ( 1 1 . 1 1 - l ) ,  i t  s h o u l d  be  r e a l i z e d  t h a t  i t  i s  b a s e d  on 

t h e  a s s u m p t i o n  t h a t  t h e  l o w - p a s s  p r o t o t y p e  p h a s e  c h a r a c t e r i s t i c  maps 

l i n e a r l y  i n t o  t h e  b a n d - p a s s  f i l t e r  p h a s e  c h a r a c t e r i s t i c ,  s o  t h a t  t h e  

f r e q u e n c y  mapp ing  

where  

and 

i s  va l id . .  The  mapping Eq. ( 1 1 . 1 1 - 5 )  i s  g e n e r a l l y  a c c u r a t e  f o r  n a r r o w -  

band d e s i g n s  ( i . . e . ,  f o r  d e s i g n s  w i t h  f r a c t i o n a l  bandwid ths  o f ,  s a y ,  

a r o u n d  w = 0 . 0 5  o r  l e s s ) ,  a n d  d e p e n d i n g  on t h e  t y p e  o f  f i l t e r  i t  may 

h a v e  s a t i s f a c t o r y  a c c u r a c y  t o  q u i t e  l a r g e  b a n d w i d t h s .  However,  i t  

s h o u l d  b e  r e a l i z e d  t h a t  t o  t h e  d e g r e e  that theband-pass f i l t e r  p a s s - b a n d  

c h a r a c t e r i s t i c s  u s .  f r e q u e n c y  a r e  n o t  a  l i n e a r  mapping o f  t h e  l ow-pass  

f i l t e r  p a s s - b a n d  c h a r a c t e r i s t i c s ,  t h e  s h a p e s  o f  t h e  l ow-pass  and band-  

p a s s  t i m e - d e l a y  c h a r a c t e r i s t i c s  w i l l  d i f f e r  s i n c e  t i m e  d e l a y  i s  t h e  

d e r i v a t i v e  o f  t h e  p h a s e  w i t h  r e s p e c t  t o  f r e q u e n c y -  

A n o t h e r  f a c t o r  t h a t  c a n  a l t e r  t h e  t i m e - d e l a y  c h a r a c t e r i s t i c  o f  t h e  

b a n d - p a s s  f i l t e r  from t h a t  o f  i t s  p r o t o t y p e  i s  t h e  d i s s i p a t i o n  l o s s .  

I n  g e n e r a l ,  t h e  d i s s i p a t i o n  l o s s  i n  a  f i l t e r  t e n d s  t o  c a u s e  t h e  n a t u r a l  

f r e q u e n c i e s  o f  v i b r a t i o n  o f  a  c i r c u i t  t o  move t o w a r d  t h e  l e f t  s i d e  o f  

t h e  complex  f r e q u e n c y  p l a n e  away from t h e  jw  a x i s  ( s e e  S e c s .  2 . 0 2  t o  

2 . 0 4 ) .  T h i s  w i l l  c a u s e  t h e  p h a s e  and t i m e - d e l a y  c h a r a c t e r i s t i c s  t o  be  

somewhat d i f f e r e n t  t h a n  t h e y  would  b e  i f  t h e  f i l t e r  c i r c u i t  had no 

d i s s i p a t i o n  l o s s i  For  c a s e s  where  t h e  a t t e n u a t i o n  due  t o  d i s s i p a t i o n  

i s  n o t  l a r g e  ( s a y  a  few t e n t h s  o f  a  db  o r  l e s s ) ,  t h e  a l t e r a t i o n  o f  t h e  

* 
T h i s  assumes t h a t  the  tine d e l a y  due t o  t h e  p h y s i c a l  l ength  o f  t h e  microwave f i l t e r  can  b e  
n e g l e c t e d ,  a s  is u s u a l l y  t r u e .  



t i m e - d e l a y  c h a r a c t e r i s t i c  due  t o  t h i s  c a u s e  i s  probab ly  s m a l l .  The 

p a r t  o f  t h e  r e s p o n s e  where a t t e n u a t i o n  w i l l  b e  mos t  e v i d e n t  w i l l  be  

n e a r  t h e  band e d g e s ,  and t h e r e  i t  s h o u l d  t e n d  t o  smooth t h e  t i m e - d e l a y  

c h a r a c t e r i s t i c ,  which s h o u l d  n o t  b e  h a r m f u l .  
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1 CHAPTER 1 2  

BANI)-STOP FILTERS 

SEC. 1 2 . 0 1 ,  INTRODUCTION 

I n  most  microwave s y s t e m s  t h e  s i g n a l  f r e q u e n c y  h a s  t o  b e  t r a n s m i t t e d  

and g u i d e d  f r o m  one p l a c e  t o  a n o t h e r  w i t h  a  minimum of  a t t e n u a t i o n ,  w h i l e  

unwanted f r e q u e n c i e s  a r e  s t r o n g l y  a t t e n u a t e d  b y  b a n d - p a s s  f i l t e r s  which 

p a s s  t h e  s i g n a l  f r e q u e n c y  w i t h  low a t t e n u a t i o n .  The common t y p e s  o f  band-  

p a s s  f i l t e r  p r o v i d e  a d e q u a t e  p r o t e c t i o n  f o r  most a p p l i c a t i o n s .  However,  

s h o u l d  some i n t e r f e r i n g  f r e q u e n c y  b e  p a r t i c u l a r l y  s t r o n g ,  s p e c i a l  measu res  

may h a v e  t o  b e  t a k e n  t o  s u p p r e s s  i t ;  o r  when a  l i m i t e d  number o f  f r e -  

q u e n c i e s  a r e  g e n e r a t e d  i n  a  f r e q u e n c y  g e n e r a t o r  s y s t e m ,  h i g h  a t t e n u a t i o n  

may b e  n e e d e d  o n l y  a t  c e r t a i n  f r e q u e n c i e s .  I n  s u c h  c a s e s ,  a  b a n d - p a s s  

f i l t e r ,  w h i c h  d i s c r i m i n a t e s  a g a i n s t  w ide  r a n g e s  o f  f r e q u e n c i e s  o u t s i d e  

t h e  p a s s  b a n d ,  w i l l  n o t  b e  a s  e f f i c i e n t  a s  one  o r  more b a n d - s t o p  f i l t e r s  

which d i s c r i m i n a t e  a g a i n s t  s p e c i f i c  unwan ted  f r e q u e n c i e s .  

F i g u r e  1 2 . 0 1 - 1  shows two t y p e s  o f  b a n d - s t o p  f i l t e r s  t o  b e  d i s c u s s e d  

i n  t h i s  c h a p t e r .  Both  o f  t h e s e  f i l t e r s  a r e  u s e f u l  f o r  s i t u a t i o n s  where  

r e l a t i v e l y  n a r r o w  s t o p  bands  are  d e s i r e d .  The s t r u c t u r e i n F i g .  1 2 . 0 1 - l ( a )  

i s  most s u i t a b l e  f o r  d e s i g n s  h a v i n g  s t o p - b a n d  w i d t h s  o f ,  s a y ,  a r o u n d  

20 p e r c e n t  o r  l e s s ,  w h i l e  t h e  same s t a t e m e n t  would  a l s o  a p p l y  f o r  t h e  

s t r u c t u r e  i n  F i g .  1 2 . 0 1 - l ( b )  i f  r e c i p r o c a l  g u i d e  w a v e l e n g t h  ( i . e . ,  l / A g )  

i s  u s e d  a s  t h e  f r e q u e n c y  v a r i a b l e .  The s t r u c t u r e  i n  F i g .  1 2 . 0 1 - l ( a )  can  

be  f a b r i c a t e d  i n  e i t h e r  s t r i p  l i n e  o r  c o a x i a l  l i n e ,  and i t  u s e s  c a p a c i -  

t i v e l y  c o u p l e d ,  b a n d - s t o p  r e s o n a t o r  s t u b s  wh ich  a r e  s p a c e d  a  q u a r t e r  

w a v e l e n g t h  a p a r t  a t  t h e  s t o p - b a n d  c e n t e r  f r e q u e n c y .  The w a v e g u i d e  f i l t e r  

s t r u c t u r e  i n  F i g .  1 2 . 0 1 - l ( b )  i s  s i m i l a r  i n  p r i n c i p l e ,  b u t  u s e s  b a n d - s t o p  

r e s o n a t o r  c a v i t i e s  which a r e  c o u p l e d  t o  t h e  main waveguide  by i n d u c t i v e  

i r i s e s .  I n  o r d e r  t o  a v o i d  i n t e r a c t i o n  b e t w e e n  t h e  f r i n g i n g  f i e l d s  a t  t h e  

v a r i o u s  r e s o n a t o r  i r i s e s ,  t h e  r e s o n a t o r s  a r e  s p a c e d  t h r e e  q u a r t e r  g u i d e  

w a v e l e n g t h s  a p a r t .  

F i g u r e  1 2 . 0 1 - 2  shows a n o t h e r  t y p e  o f  b a n d - s t o p  f i l t e r  d i s c u s s e d  i n  

t h i s  c h a p t e r .  The s t r u c t u r e  shown i s  o f  s t r i p - l i n e  fo rm,  t h o u g h  t h e  

s t u b s  a r e  o f t e n  most c o n v e n i e n t l y  made f rom w i r e  r o d s .  T h i s  t y p e  o f  



SOURCE: Quarterly Report 3. Contract DA 36-039 SC-87398. SRI; 
reprinted in IRE Tmns. PCMTT (nee Ref. 1 by Young, 
Matthaei, and Jones) 

FIG. 12-01-1 STRIP-LINE AND WAVEGUIDE STRUCTURES FOR BAND-STOP 
FILTERS WITH NARROW STOP BANDS 

FIG. 12.01-2 A BAND-STOP, STRIP-LINE FILTER STRUCTURE 
HAVING A BROAD STOP BAND 

filter can be designed to give quite wide stop bands, with well controlle 

Tchebyscheff or maximally flat pass bands, or pass bands of other shapes 

hetween the stop bands. The stop bands are centered at frequencies where 

the open-circuited stubs are a quarter-wavelength long or an odd multiple 

of a quarter-wavelength long. The structure in Fig. 12.01-2 could in 

principle also be used for filters having narrow stop bands; however, as 

the stop-band width becomes narrower, the stub impedance required may 

become very high. In order to avoid unreasonable impedances, the struc- 

tures in Fig. 12.01-1 become preferable for narrow-stop-band or relative1 

narrow-stop-band cases 

SEC. 12.02, LUMPED-ELEMENT BAND-STOP FILTERS FROM 
LOW-PASS PROTOTYPES 

A low-pass filter prototype such as those discussed in Sec. 4.05 can 

be transformed by suitable frequency transformations into either a band- 

pass, a high-pass, or a band-stop filter. The transition from low-pass 

to band-stop characteristic can be effected by the transformation 



where  w'  s t a n d s  f o r  t h e  r a d i a n  f r e q u e n c y  o f  t h e  l o w - p a s s  p r o t o t y p e  f i l t e r  

and  w f o r  t h a t  o f  t h e  b a n d - s t o p  f i l t e r .  The  r e m a i n i n g  q u a n t i t i e s  i n  

Eq. ( 1 2 . 0 2 - 1 )  a r e  d e f i n e d  i n  F i g s .  1 2 . 0 2 - 1  and  1 2 . 0 2 - 2 .  

I t  c a n  be  s e e n  f rom Eq. ( 1 2 . 0 2 - 1 )  a n d  F i g s .  1 2 . 0 2 -  
t h e  p r o t o t y p e -  and  b a n d - s t o p - f i l t e r  f r e q u e n c i e s  i n T a b l e  

1 a n d  1 2 . 0 2 - 2  t h a t  

1 2 . 0 2 - 1  c o r r e s p o n d .  

n . odd 

SOURCE: Quarterly Repon 3. Contract DA 3 6 0 3 9  SC-87398. SRI: 
reprinted in IRE Trans. PGMTT (see Ref. 1 by Young, 
Matthaei, and Jones) 

n= even 
(a\ 

n = even 
(b) 

FIG. 12.02-1 LOW-PASS PROTOTYPE FILTER: (a) AND (b), FOUR BASIC CIRCUIT TYPES, 
DEFINING THE PARAMETERS go, gl ,  ..., g,+l; (c )  AND (d), MAXIMALLY FLAT 
AND EQUI-RIPPLE CHARACTERISTICS, DEFINING THE BAND-EDGE u,' 

W 2  - WI  
WHERE wo = (w Iw2?  and w = - wo 

FOR SHUNT BRANCHES, si = WoL,= woCi = w x  I 

I 
FOR SERIES BRANCHES. Cj=woC, = 

SOURCE: Quarterly Report 3 ,  Contract DA 36-039 SC-87398, SRI; 
reprinted in IRE Trans. PGMTT (see  Ref. 1 bi. Young. 
Matthaei. and Jones)  

FIG. 12.02-2 BAND-STOP FILTER: (a) AND (b), FOUR BASIC CIRCUIT TYPES DERIVABLE 
FROM THE1 R FOUR LOW-PASS COUNTERPARTS IN FIG. 12.02-1; (c)  AND (d), 
MAXIMALLY F L A T  AND EQUI-RIPPLE CHARACTERISTICS DEFINING CENTER 
FREQUENCY w o ,  AND FRACTIONAL BANDWIDTH w 



T a b l e  12.02- 1 

RELATION BETWEEN VARIOUS FREQUENCIES 
IN THE PROTOTYPE- AND BAND- STOP 

FILTER RESPONSES 

To o b t a i n  t h e  L i  a n d  C i  i n  

F i g .  1 2 . 0 2 - 2  i n  t e r m s  o f  t h e  g i  i n  

F i g .  1 2 . 0 2 - 1 ,  i t  i s  s i m p l e r  ( b u t  n o t  e s -  

s e n t i a l )  t o  d e r i v e  F i g .  1 2 . 0 2 - 2 ( a )  f rom 
F i g .  1 2 . 0 2 - l ( a )  a n d F i g .  1 2 . 0 2 - 2 ( b ) ,  

f r o m F i g .  1 2 . 0 2 - l ( b )  s o t h a t  s e r i e s  i m -  

p e d a n c e s ,  go  o v e r  t o  o t h e r  s e r i e s i m p e d -  

a n c e s ,  and  s h u n t  a d m i t t a n c e s  t o  o t h e r  

s h u n t  a d m i t t a n c e s .  M u l t i p l y i n g  b o t h  

s i d e s  o f  Eq. ( 1 2 . 0 2 - 1 )  by l / g i ,  o n e  ob-  

t a i n s  t h e  d e s i r e d  r e l a t i o n .  Fo r  

s h u n t  b r a n c h e s ,  e q u a t i n g  r e a c t a n c e s ,  

0' 

0 

which r e d u c e s  t o  

0 

O o r w  

For  s e r i e s  b r a n c h e s ,  e q u a t i n g  s u s c e p t a n c e s ,  

which r e d u c e s  t o  

The r e a c t a n c e  s l o p e  p a r a m e t e r  s of  a  r e s o n a t o r  r e a c t a n c e  X = oL - 
l/wC is 

and s i m i l a r l y  t h e  s u s c e p t a n c e  s  lope  p a r a m e t e r  & o f  a  r e s o n a t o r  s u s c e p t a n c e  

B = - l/wL i s  

Now Eq. ( 1 2 . 0 2 - 3 )  f o r  a  s h u n t  b r a n c h  becomes 

and Eq. ( 1 2 . 0 2 - 5 )  f o r  a  s e r i e s  b r a n c h  becomes 

The c i r c u i t s  shown i n  F i g .  1 2 . 0 2 - 2  h a v e  t h e  same impedance  l e v e l s  a s  t h e  

p r o t o t y p e s  i n  F i g .  1 2 . 0 2 - 1 .  To change  t o  a n o t h e r  impedance  l e v e l ,  e v e r y  

R and e v e r y  L  s h o u l d  be  m u l t i p l i e d  by t h e  impedance  s c a l e  f a c t o r  w h i l e  

e v e r y  G and  e v e r y  C s h o u l d  b e  d i v i d e d  by i t .  

SEC. 1 2 . 0 3 ,  THE EFFECTS OF DISSIPATION LOSS ON BAND-STOP 
FILTER PERFORMANCE 

The d i s c u s s i o n  i n  t h i s  s e c t i o n  w i l l  be  p h r a s e d  i n  t e r m s  o f  t h e  

l umped-e l emen t  b a n d - s t o p  f i l t e r s  i n  S e c .  1 2 . 0 2 ;  however ,  t h i s  d i s c u s s i o n  

a l s o  a p p l i e s  t o  t h e  mic rowave-  

f i l t e r  s t r u c t u r e s  s u c h  a s  t h o s e  

i n  F i g s .  1 2 . 0 1 - 1  and 1 2 . 0 2 - 2 .  *I w l r n o u r  DISSIPATION 

0 

The s o l i d  l i n e s  i n  
I 
z 
0- 

F i g .  1 2 . 0 3 - 1  show t h e  a t t e n u a -  4 
t i o n  c h a r a c t e r i s t i c  o f  a  t y p i c a l  Y 

/\ylm DISSIPATION 

b a n d - s t o p  f i l t e r  o f  t h e  f o r m s  i n  5 I 
F i g .  1 2 . 0 2 - 2  f o r  t h e  s i t u a t i o n  

0 I 

where  t h e  r e s o n a t o r s  have  n o  WI W o  W z  
w 4  

d i s s i p a t i o n  l o s s .  However,  i n  
A-3327-901) 

p r a c t i c a l  f i l t e r s  t h e r e  w i l l  i n -  

e v i t a b l y  b e  d i s s i p a t i o n  l o s s ,  and  FIG. 12.03-1 THE EFFECTSOF DISSIPATION 

t h e  d a s h e d  l i n e s  i n  F i g .  1 2 . 0 3 - 1  LOSS IN A BAND-STOP FILTER 



I illustrate its effects on filter performance. 
Note that the attenuation 

no longer goes to infinity at w o ,  but instead levels off at some finite 

value. Also note that near the edges of the pass bands of the filter 

there is an appreciable increase in the pass-band attenuation as a result ' 
of the dissipation. However, this increase in pass-band attenuation due 
to dissipation decreases rapidly as the frequency moves away from the 

stop band. 

Figure 12.03-2 shows a filter of the type in Fig. 12.02-2 with re- 

sistors added to account for the dissipation loss of the resonators. 
If 

I - I '  - 
( 1 )  ATTENUATION AT wo: 

where D ,  = w u ; Q U L  

( 2 )  RETURN LOSS AT wo: 

( 3 )  DISSIPATION LOSS AT q 

SOURCE: 

AND w2 : 

Quarterly Report 3. Contract DA 36039 SC-87398, SRI; 
reprinted in IRE Tmns. PGMTT (see  Ref. 1 by  YOU^, 
Matthaei. end Jones) 

FIG. 12.03-2 A BAND-STOP FILTER WITH DISSIPATION, AND 
FORMULAS FOR COMPUTING THE EFFECTS OF 
THE DISSIPATION 

the unloaded Q's of the resonators are QU1,Qu2, . . . ,  etc., then for the 

shunt branches of the circuit 

where ah is the reactance slope parameter of the resonator, while for the 

series branches of the circuit 

where.&, is the susceptance slope parameter of the resonator. 

Figure 12.03-2 also presents a formula for computing the 

of the filter at the peak attenuation point oo. This formula 

from the low-pass prototype circuit as discussed in Sec. 4.15 

attenuation 

was derived 

A formula 

is also given in Fig. 12.03-2 for the return loss at frequency wo. This 

is of interest if a band-stop filter is required to provide a short-circui 

(or open-circuit) to an adjacent circuit at frequency w o .  A formula is 

also given for estimating the increase in attenuation due to dissipation 

at the pass-band edge frequencies wl and w2. This latter formula is based 

on several rather rough approximations which were discussed in Sec. 4.15. 

Though it is not highly accurate, this formula should be helpful in esti- 

mating the order of the dissipation loss at the pass-band edges. (It 

should give the ALA in db at wl and w2 within a factor of 2 or less.) 

SEC. 12.04, AN APPROXIMATE DESIGN PROCEDURE FOR 
MICROWAVE FILTERS WITH VERY NARROW STOP BANDS 

In this section a design approach for microwave filters with very 

narrow stop bands will be outlined. This approach is very simple and 

general in its application. However, in Sec. 12.09 will be found another 

approach which will give superior accuracy, especially if the stop-band 

width is appreciable. However, the design data there leads to designs 

which are somewhat more difficult to build because of transmission-line 

steps (which are not required when using the procedure of this section). 

Both design approaches are included for completeness. 

TO realize a band-stop filter in transmission line, it is more con- 

venient to use only shunt branches, or only series branches. 
The circuit 



of Fig. 12.02-2(a) can be converted into a circuit with only series- 

resonant shunt branches by means of impedance inverters (Sec. 4.12) 

which here are approximated by 90-degree line lengths, as shown in 

Fig. 12.04-1. The reactance slope parameters of this circuit in terms 

of the low-pass prototype parameters go,gl ,  . . .  , gn+ and w ;  are also 

given in Fig. 12.04-1. These formulas can be deduced with the help of 

Figs. 12.02-1 and 12.02-2, and the impedance-inverting property of 

quarter-wave lines. 

In the circuit of Fig. 12.04-l(a), the output impedance and the 

input impedance have both been set equal to Z o .  In the case of maxi- 

mally flat filters, or Tchebyscheff filters with n odd, the whole 

sequence of impedance inverters can be uniform, with the 90-degree lines 

all having impedances Z 1  = Z O .  However, for Tcheb~scheff filters with 

n even, the low-pass prototype is not symmetrical, and the simplest way 

to obtain a symmetrical band-stop filter of the type shown in 

Fig. 12.04-l(a) is to set the impedances of all the 90-degree lines 

equal to Z 1 ,  which ceases to be equal to Z O ,  and is given by 

as stated in Fig. 12.04-l(a) 

If the slope parameters determined by Fig. 12.04-l(a) are either 

too small or too large to realize conveniently, they may be adjusted up 

or down by controlling the impedances of the 90-degree lines. The for- 

mulas for the general case are given in Fig. 12.04-l(b). They reduce to 

the case of Fig. 12.04-l(a) when Z1 = Z2  = . . .  = Zn-l It should be 

noted that if the Zi are chosen to he very unequal, then greater reflec- 

tions will usually result somewhere in the pass band than would occur 

with a uniform impedance level Z ,  = Z o .  This is because the 90-degree 

line sections between resonators are frequency-sensitive and approximate 

idealized inverters only over a limited frequency range. If the line 

sections in Fig. 12.04-1 were replaced by ideal inverters (Sec. 4.12) 

then the responses of the circuits in Fig. 12.04-1 would be identical 

to those of corresponding circuits of the form in Fig. 12.02-2 at all 

frequencies. 

SOURCE: Quarterly Report 3. Contract DA 36-039 SC-87398, SRI; 
reprinted in IRE Trans. PCMTT (see Ref. 1 by Young. 
Matthaei, and Jones) 

FIG. 12.04-1 BAND-STOP FILTER WITH SHUNT BRANCHES 
AND QUARTER-WAVE COUPLINGS: 
(a) EQUAL INVERTER IMPEDANCES, Z,; 
(b) GENERAL CASE OF UNEQUAL INVERTER 

IMPEDANCES 



I f  " = even, ($ = 1 
40gn+1 

If n = odd, yI = yo 

SOURCE: Quarterly Report 3,  Contract DA 36-039 SC-87398, SRI; 
reprinted in IRE Trans. PGMTT (see Ref. 1 by Young. 
Matthaei, and Jones) 

FIG. 12.04-2 BAND-STOP FILTER WITH SERIES BRANCHES AND 
QUARTER-WAVE COUPLINGS: (a) EQUAL INVERTER 
ADMITTANCES, Y,; (b) GENERAL CASE OF UNEQUAL 
INVERTER ADMITTANCES 
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Figure 12.04-2 shows dual circuits to those in Fig. 12.04-1. The 

circuits in Fig. 12.04-2 use series-connected resonators which exhibit 

high reactance at resonance. The transmission properties of the filters 

in Fig. 12.04-2 are identical to 'hose of Fig. 12.04-1. 

We shall now consider the practical realization of resonators for 

microwave filters of the forms in Figs. 12.04-1 and 12.04-2. 

SEC. 12.05, PRACTICAL REALIZATION OF BAND-STOP RESONATORS 
FOR NARROW-STOP-BAND FILTERS 

The design procedures in Secs. 12.04 and 12.09 give the reactance- 

slope parameters ei or susceptance-slope parameters hi  of the resonators 
of a narrow-stop-band filter and the impedances or admittances of the 

connecting lines. The practical design of microwave band-stop resonators 

so as to have prescribed slope parameters will now be considered. 

In strip transmission line or coaxial line, the circuit of 

Fig. 12.04-1 may be realized by using non-contacting stubs, as shownin 

Fig. 12.01-l(a), with the gaps between the stubs and the main line 

forming the capacitances required in Fig. 12.04-1, and the stubs ap- 

proximating the inductances. The stubs may be short-circuited and just 

under 90 degrees long, as shown in Fig. 12.01-l(a) and indicated in 

Fig. 12.05-l(a); or they may be open-circuited and just under180degrees 

long, as indicated in Fig. 12.05-l(b). Figures 12.05-l(c) and ( d )  show 

the corresponding dual cases. The inductively coupled resonator in 

Fig. 12.05-l(d) which is slightly less than a half wavelength long at 

resonance, is the type of resonator used in the waveguide band-stop 

filter in Fig. 12.01-l(b). The case of Fig. 12.05-l(a) will now be 

treated specifically, and then the cases of Figs. 12.05-l(b), (c), and 

(d) can be treated 

The transmissi 

waveguide or other 

w / w o  by normalized 

are the guide wave1 

by extension of this first case. 

on lines will be supposed to be non-dispersive. (If 

dispersive line is used, replace normalized frequency 

reciprocal guide wavelength A g o / A g ,  where Ag and A g o  
engths at frequencies w and w o ,  respectively.) 

Forcing the resonator reactance to be zero when w = wO and Q, = + o  re- 

quires that 

1 
Zb tan + O  = - 

~ 0 C b  

737 



CIRCUIT 

,;el 
APPROXIMATE DESIGN 
EQUIVALENT FORMULAS 

CIRCUIT Since 4 is proportional to w, 

and the reactance slope parameter is 

("0 d 1 
= -- (zb tan + -  -)/ 

2 dw wC w=wo ,4p90 

Zb Zb 
= - (+o sec2 4o + tan 40) = TF(+,,) (12.05-4) 

2 

where the function F(4) is defined by 

F(4) = 4 sec2 4 + tan 4 . (12.05-5) 

This function can be determined numerically from Table 12.05-1. 

To determine the three parameters C b ,  Z b ,  and + o ,  one of them may 

be selected arbitrarily, for instance Z b .  The slope parameter % or & 
is determined from Fig. 12.04-1 or 12.04-2, or from Sec. 12.09. For 

the circuit of Fig. 12.05-l(a), qo is determined from the assumed value 
for Z b  by use of Eq. (12.05-4) and Table 12.05-1, and finally 

Eq. (12.05-1) yields C b .  These formulas and the ones corresponding to 

all four cases are summarized in Fig. 12.05-1. 

For a given q30 and Z b  or Y b ,  the slope parameter of the near-180- 

degree line is almost twice as great as the slope parameter of the 

near-90-degree line. More precisely, for the near-180-degree lines 

[Cases (b) and (d) in Fig. 12.05-11 one has to substitute 

WHERE ~(9) = 6rec2++ tan 4, (TABLE 2) 

(4 in radians) for F(q5), which was used with the near-90-degree lines 

[Cases (a) and (c) in Fig. 12.05-11. This can be written more con- 

veniently as 

SOURCE: Quarterly Report 3. Contract DA 36-039 SC-87398, SRI; 
reprinted in IRE Trans. PCMTT (see Ref. 1 by Young. 
Matthaei, and Jones) 

FIG. 12.05-1 REALIZATION OF RESONANT CIRCUITS IN TRANSMISSION LINE: (a) AND 
(b), SERIES RESONANT CIRCUIT, SUITABLE FOR STRIP OR COAXIAL 
LINE; ( c )  AND (d), SHUNT RESONANT CIRCUIT, SUITABLE FOR WAVEGUIDE 

738 

28 - sin 28 
G(4) = 2F(4) + 7~ 



where  

Table 12.05-1 

TABLE OF F ( 9 )  = 9 s e c 2  9 + t an  9 

SOURCE: C u a r t e r l y  R e p o r t  3 .  C o n t r a c t  DA 3 6 - 0 3 9  S C - 8 7 3 9 8 .  SRI; r e p r i n t e d  i n  IRE T r a n s .  
P G M T T  ( s e e  R e f .  1  b y  Young.  M a t t h a e i ,  a n d  J o n e s )  

i s  t h e  amount by which t h e  l i n e  l e n g t h  f a l l s  s h o r t  o f  n / 2  o r  n r a d i a n s ,  

r e s p e c t i v e l y .  The l a s t  t e r m  i n  Eq. ( 1 2 . 0 5 - 7 ) ,  namely  (26 - s i n  2 6 ) / ~ r ,  

i s  u s u a l l y  v e r y  s m a l l ,  s o  t h a t  G ( 4 )  i s  v e r y  n e a r l y  t w i c e  F ( 4 ) .  F o r  

i n s t a n c e ,  when 4 = n / 3  = 60 d e g r e e s ,  t h e  e r r o r  i n  G ( 4 )  due  t o  n e g l e c t i n g  

t h i s  t e r m  i n  Eq. ( 1 2 . 0 5 - 7 )  i s  l e s s  t h a n  ?4 p e r c e n t ,  w h i l e  f o r  4 = 7r/4 = 

45 d e g r e e s ,  t h e  e r r o r  i s  3 . 4  p e r c e n t .  One may t h e r e f o r e  s t i l l  u s e  

T a b l e  1 2 . 0 5 - 1  t o  s o l v e  f o r  + o ,  l o o k i n g  up F ( + )  = ( 1 / 2 ) G ( 4 ) ,  and  s u b s e -  

q u e n t l y  making a  s m a l l  c o r r e c t i o n  i f  G o  i s  s m a l l e r  t h a n  a b o u t 6 0 d e g r e e s .  

SEC. 1 2 . 0 6 ,  EXPERIMENTAL ADJUSTMENT OF THE COUPLINGS 
AND TUNING OF BAND-STOP RESONATORS 

I n  c o n s t r u c t i n g  r e s o n a t o r s  o f  t h e  fo rms  i n  F i g .  1 2 . 0 5 ,  u s u a l l y  t h e  

c o u p l i n g  c a p a c i t a n c e s  C b  a r e  r e a l i z e d  by c a p a c i t i v e  g a p s ,  w h i l e  t h e  

c o u p l i n g  i n d u c t a n c e s  L b  u s u a l l y  a p p l y  t o  wavegu ide  f i l t e r s  where  t h e  

c o u p l i n g  i n d u c t a n c e  is a c h i e v e d  by  a n  i n d u c t i v e  i r i s .  S i n c e  i t  i s  o f t e n  

d i f f i c u l t  t o  compute  t h e  a p p r o p r i a t e  g a p  o r  i r i s  s i z e  w i t h  a s  much a c -  

c u r a c y  a s  i s  d e s i r e d ,  i t  i s  f r e q u e n t l y  c o n v e n i e n t  t o  e x p e r i m e n t a l l y  

a d j u s t  t h e s e  c o u p l i n g s  t o  t h e i r  p r o p e r  v a l u e .  T h i s  i s  done  most  e a s i l y  

by t e s t i n g  one  r e s o n a t o r  a t  a  t i m e  w i t h  t h e  o t h e r  r e s o n a t o r s  removed 

( i n  t h e  c a s e  of  a  s t r i p - l i n e  f i l t e r  w i t h  c a p a c i t i v e  g a p s ) ,  o r  w i t h  t h e  

c o u p l i n g  i r i s e s  o f  t h e  o t h e r  r e s o n a t o r s  c o v e r e d  w i t h  aluminum t a p e  ( i n  

t h e  c a s e  o f  a  wavegu ide  f i l t e r ) .  U s i n g  t h i s  p r o c e d u r e  t h e  m e a s u r e d  

3 -db  b a n d w i d t h  f o r  e a c h  r e s o n a t o r  c a n  b e  compared w i t h  a  computed v a l u e ,  

and t h e  c o u p l i n g  a l t e r e d  u n t i l  t h e  computed v a l u e  o f  3 - d b  b a n d w i d t h  i s  

o b t a i n e d .  S i n c e  i n  many c a s e s  t h e  f i l t e r  w i l l  b e  s y m m e t r i c a l ,  i t  w i l l  

u s u a l l y  be  o n l y  n e c e s s a r y  t o  make t h i s  t e s t  on  h a l f  o f  t h e  r e s o n a t o r s .  

Once t h e  p r o p e r  c o u p l i n g  g a p s  o r  i r i s  s i z e s  h a v e  been  d e t e r m i n e d ,  t h e y  

a r e  s i m p l y  d u p l i c a t e d  f o r  t h e  o t h e r  h a l f  of  t h e  f i l t e r .  

The 3 - d b  f r a c t i o n a l  b a n d w i d t h s  o f  t h e  f o u r  t y p e s  of  r e s o n a t o r s  i n  

F i g .  1 2 . 0 5 - 1  a r e  g i v e n  i n  F i g .  1 2 . 0 6 - 1 .  C a s e  ( a )  i n  F i g .  1 2 . 0 6 - 1  may, 

f o r  i n s t a n c e ,  b e  d e r i v e d  hy n o t i n g  t h a t  t h e  i n s e r t i o n  l o s s  o f  a  r e a c t -  

ance  X i n  s h u n t  w i t h  two r e s i s t a n c e s  R o  = R 1  i s  3 db when t h e  r e a c t a n c e  

h a s  t h e  v a l u e  X = ( 1 / 2 ) R 1 .  By Eq.  ( 1 2 . 0 5 - 4 )  



CIRCUIT: 

I = T i 

3-db 
FRACTIONAL 

BANDWIDTH, u : 

FIG. 12.05-lld) 
,,=G~ h ( r )  

Yb G(Col 

WHERE h(r) = I 

[r-(L$)2]l'2 

r = RI/Ro IN CASES ( 0 )  AND ( b l .  

r = Gl/Go IN CASES (C) AND ( d ) .  

NOTE: IF RI. RO OR GI =Go. THEN h ( r l =  l 
8-3527-Z32R 

SOURCE: Quarterly Report 3, Contract DA 36-039 SC-87398. SRI: 
reprinted in IRE Trans. PGMTT (see  Ref .  1 by Young. 
Matthaei, and Jonea) 

FIG. 12.06-1 THREE-db FRACTIONAL BANDWIDTHS 
OF THE RESONATORS IN FIG. 12.05-1 
PLACED ACROSS THE JUNCTION OF 
TWO TRANSMlSSlON LINES 

Since we are only cons 

the 3-db bandwidth, u, 

idering small bandwidths, we may replace 2dw/wo by 

and dX by (1/2)R1. Then 

This equation would apply to the case of a resonator of the form in 

Fig. 12.05-l(a) connected across a uniform transmission line of charac- 

teristic impedance equal to Zo = Ro = R, which is terminated at both ends 
in its characteristic impedance. 

The equations in Fig. 12.06-l(a) and 12.06-l(b) were derived in a 

similar but more general fashion. Note that these equations provide for 

unequal loading at the left and right sides of the resonators. This is 

of interest for cases where the main transmission line may have impedance 

steps in it. In narrow-stop-band filters the loading resistances R o  and 

R 1  can be estimated by computing the impedances seen looking left and 
right from the resonator in question with all other resonators removed. 

These impedances will be purely real at wo, but, of course, they will 

vary with frequency if impedance steps are present. However, in the case 

of narrow-stop-band filters, it should in most cases be permissible to 

regard these impedances as constant resistances across the range of in- 

terest. This is because the frequency band involved is small, and in 

practical situations any impedance steps involved will usually also be 

small. In many practical cases the main-line impedances will all be 

equal so that the factor h ( r )  in Fig. 12.06-1 is equal to one. 

The discussion above also applies to the dual cases inFig. 12.06-l(c) 

and 12.06-l(d), where the equations are in terms of admittances instead 

of impedances. We may note in passing that if r = R1/Ro or G1/Go is 
greater than 3 + 2 4  = 5.8284 or less than 3 - 2fi = 0.1716, then the 

3-db bandwidth does not exist, since the intrinsic mismatch of the junc- 

tion causes a 3-db reflection loss and any reactance at the junction can 

only serve to increase it. A 10-db or similar bandwidth would then have 

to be used for the experimental adjustment. However, such cases are not 

likely to arise in practice and will not be considered further. 



I n  t h e  c a s e  o f  f i l t e r s  w i t h  na r row s t o p  b a n d s ,  t h e  t u n i n g  of  t h e  
r e s o n a t o r s  must b e  q u i t e  p r e c i s e  i f  t h e  r e s p o n s e  i s  t o  be  a s  s p e c i f i e d .  

Tun ing  i s  e a s i l y  a c c o m p l i s h e d  u s i n g  t u n i n g  s c r e w s  l o c a t e d  i n  a  h i g h -  

v o l t a g e  r e g i o n  of  e a c h  r e s o n a t o r .  One r e s o n a t o r  s h o u l d  b e  t u n e d  a t  a  
t i m e  w h i l e  t h e  o t h e r  r e s o n a t o r s  a r e  d e t u n e d  o r  d e c o u p l e d  by a d d i n g  

f o r e i g n  b o d i e s  n e a r  t h e  o t h e r  r e s o n a t o r s  ( i n  t h e  c a s e  o f  a  s t r i p - l i n e  

f i l t e r )  o r  by c o v e r i n g  t h e  c o u p l i n g  i r i s e s  o f  t h e  o t h e r  r e s o n a t o r s  w i t h  

aluminum t a p e  ( i n  t h e  c a s e  o f  wavegu ide  f i l t e r s ) .  With t h e  o t h e r  r e s o -  
n a t o r s  d e t u n e d  o r  d e c o u p l e d ,  a  s i g n a l  a t  t h e  m i d - s t o p - b a n d  f r e q u e n c y  i s  

f e d  t h r o u g h  t h e  main l i n e  o f  t h e  f i l t e r ,  and  t h e n  t h e  r e s o n a t o r  i n  q u e s -  
t i o n  i s  t u n e d  t o  g i v e  maximum a t t e n u a t i o n  o f  t h e  s i g n a l  ( a r o u n d  30 o r  

40 db i n  many p r a c t i c a l  c a s e s ) .  The main  a d v a n t a g e  i n  i n c a p a c i t a t i n g  t h e  
o t h e r  r e s o n a t o r s  w h i l e  any  g i v e n  r e s o n a t o r  is b e i n g  t u n e d  i s  t h a t  t h i s  

t e c h n i q u e  h e l p s  t o  k e e p  t h e  s i g n a l  l e v e l  s u f f i c i e n t l y  h i g h  s o  t h a t  a  

d i s t i n c t  minimum c a n  be  o b s e r v e d  when e a c h  r e s o n a t o r  i s  t u n e d .  I f  more 
t h a n  one  r e s o n a t o r  i s  r e s o n a n t  a t  a  t i m e  t h e  s i g n a l  l e v e l  may become s o  

low a s  t o  b e  u n d e t e c t a b l e .  

SEC. 1 2 . 0 7 ,  EXAMPLE OF A  S T R I P - L I N E ,  NARROW-STOP-BAND 
FILTER DESIGN 

L e t  u s  s u p p o s e  t h a t  a  f i l t e r  i s  d e s i r e d  w i t h  t h e  f o l l o w i n g  s p e c i f i -  

c a t i o n s :  

F r e q u e n c y  o f  i n f i n i t e  a t t e n u a t i o n ,  fo: 4 . 0  Gc 

P a s s - b a n d  r i p p l e :  0 . 5  db  

F r a c t i o n a l  s t o p - b a n d  b a n d w i d t h  t o  e q u a l - r i p p l e  
( 0 . 5 - d b )  p o i n t s :  w = 0 . 0 5  

Minimum a t t e n u a t i o n  o v e r  2 - p e r c e n t  s t o p  band :  20 db 

I n  o r d e r  t o  e s t i m a t e  t h e  number  of  r e s o n a t o r s  r e q u i r e d ,  Eq. ( 1 2 . 0 2 - 1 )  i s  
u s e d  i n  t h e  fo rm 

which w i t h  w = 0 . 0 5  and w/wo = 1 . 0 1  ( c o r r e s p o n d i n g  t o  t h e  p r e s c r i b e d  

u p p e r  20 -db  p o i n t )  y i e l d s  lol/w;l = 2 .5 .  From F i g .  4 . 0 3 - 7 ,  wh ich  a p p l i e s  
t o  T c h e b y s c h e f f  p r o t o t y p e s  w i t h  0 . 5 - d b  r i p p l e ,  we f ind  tha t  f o r  Iw1/w;l = 2 . 5  

t h e  a t t e n u a t i o n  i s  1 2 . 5  db f o r  n = 2  and 26 db f o r  n = 3 .  Thus a  d e s i g n  

w i t h  n = 3 r e s o n a t o r s  w i l l  b e  r e q u i r e d .  S i n c e  t h e  peak  a t t e n u a t i o n  o f  

t h i s  f i l t e r  w i l l  s u r e l y  b e  much g r e a t e r  t h a n  20 d b ,  t h e  c a l c u l a t i o n  o f  

peak a t t e n u a t i o n  a t  wo ( d i s c u s s e d  i n  S e c .  1 2 . 0 3 )  n e e d  n o t  b e  made i n  

o r d e r  t o  f i x  t h e  d e s i g n .  The d e s i g n  e q u a t i o n s  i n  S e c .  1 2 . 0 4  w i l l  b e  

u sed  i n  w o r k i n g  o u t  t h i s  example ;  however ,  t h e  somewhat more a c c u r a t e  

e q u a t i o n s  i n  S e c .  1 2 . 0 9  c o u l d  a l s o  b e  u s e d .  

From T a b l e  4 . 0 5 - 2 ( a ) ,  t h e  l o w - p a s s  p r o t o t y p e  p a r a m e t e r s  f o r  0 . 5 - d b  

r i p p l e  and n = 3 a r e  

and a; = 1. The f i l t e r  t a k e s  t h e  form shown i n  F i g .  1 2 . 0 1 - l ( a )  From 

F i g .  1 2 . 0 4 - l ( a )  w i t h  Z O  = Z1, 

The p h y s i c a l  embodiment o f  t h e  f i l t e r  i s  shown i n  F i g .  1 2 . 0 7 - 1 .  

The c h a r a c t e r i s t i c  impedance  o f  t h e  main l i n e ,  Zo, was m a d e 5 0 o h m s ,  

and t h e  l i n e  c o n s i s t e d  of  a  s o l i d  s t r i p  c o n d u c t o r  0 . 1 8 4  i n c h  wide  and  

0 .125  i n c h  h i g h ,  w i t h  a  g r o u n d - p l a n e  s p a c i n g  o f  0 . 3 1 2  i n c h .  The b r a n c h  

s t u b s  were  e a c h  made o f  s q u a r e  c r o s s  s e c t i o n ,  0 . 1 2 5  i n c h  by 0 . 1 2 5  i n c h ,  

which gave  t h e  impedances  Z b  = Z b 2  = Z b 3  = 5 9 . 4  ohms ( b y  F i g .  5 . 0 4 - 2 ) .  

T h e r e f o r e  f rom F i g .  l 2 . 0 5 - l ( a ) ,  

and 
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SOURCE: Quarterly Report 3. Contract DA 3 6 0 3 9  SC-87398. SRI; 
reprinted in IRE Trans. PGMTT (see Ref. 1 by Young. 
Matthaei, and Jonea) 

FIG. 12.07-1 A STRIP-LINE BAND-STOP FILTER 
WITH THREE RESONATORS 

which c a n  b e  s o l v e d  by T a b l e  1 2 . 0 5 - 1  t o  g i v e  

4 = 4 = 7 4 . 2 "  = 1 . 2 9 5  r a d i a n s  I ( 1 2 . 0 7 - 5 )  1 
4 = 77 .0"  = 1 . 3 4 4  r a d i a n s  . I 

Again  f rom F i g .  1 2 . 0 5 - l ( a )  we o b t a i n  1 
w C  = w C  = 0 . 0 0 4 7 6 4  mho 

O b l  O b 3  1 
I 

( 1 2 . 0 7 - 6 )  
w  C  = 0 .003888  mho 

O b 2  

which a t  4 . 0  Gc y i e l d s  

C b l  = C L 3  = 0 . 1 8 9 3  P f 

C b 2  = 0.1546 
p f  . 

With 0 . 1 2 5 - b y - 0 . 1 2 5 - i n c h  s t u b s ,  s u c h  c a p a c i t a n c e s  a r e  o b t a i n e d  w i t h  a  gap 

of  t h e  o r d e r  o f  0 . 0 3 1  i n c h ,  w h i c h  i s  a  q u i t e  s u i t a b l e  v a l u e ,  b e i n g  s m a l l  

compared t o  a  w a v e l e n g t h  b u t  s t i l l  l a r g e  enough t o  b e  a c h i e v e d  a c c u r a t e l y  

w i t h o u t  s p e c i a l  m e a s u r e s  s u c h  a s  u s i n g  d i e l e c t r i c  i n  t h e  g a p ,  which would 

i n c r e a s e  t h e  d i s s i p a t i o n  l o s s .  

The l e n g t h  o f  t h e  s t u b s  i s  d e t e r m i n e d  by Eq. ( 1 2 . 0 7 - 5 )  and t h e  wave- 

l e n g t h ,  wh ich  i s  2 . 9 5 0  i n c h e s  a t  4 . 0  Gc. I t  was a t  f i r s t  assumed t h a t  

t h e  r e f e r e n c e  p l a n e  was i n  t h e  g a p  f a c e  o p p o s i t e  t h e  main l i n e .  The 

c a p a c i t i v e  g a p  o f  e a c h  s t u b  was a d j u s t e d  t o  g i v e  peak a t t e n u a t i o n  a t  

4 . 0  Gc and t h e  3-db b a n d w i d t h  of  t h e  s t o p  band  o f  s t u b s  1 and 2  were  

t h e n  measu red  i n d i v i d u a l l y .  The 3 -db  f r a c t i o n a l  b a n d w i d t h s  u ,  a r e  g i v e n  

by F i g .  1 2 . 0 6 - l ( a ) :  

At f i r s t ,  t h e  measu red  b a n d w i d t h s  were  s l i g h t l y  t o o  n a r r o w ,  showing  t h e  

c o u p l i n g  t o  b e  t o o  l o o s e .  The  c o u p l i n g  g a p s  of  t h e  s t u b s  were  r e d u c e d  

u n t i l  t h e  r e q u i r e d  3 -db  b a n d w i d t h s  were  o h t a i n e d .  Then t h e  l e n g t h s  of  

t h e  s t u b s  were  c o r r e c t e d  t o  g i v e  t h e  d e s i r e d  4-Gc r e s o n a n t  f r e q u e n c y .  

The f i n a l  d i m e n s i o n s  w e r e :  o u t e r  s t u b  l e n g t h s  0 . 6 0 5  i n c h ,  g a p s  0 . 0 3 0 5  i n c h ;  

m i d d l e  s t u b  l e n g t h  0 . 6 2 9  i n c h ,  g a p  0 . 0 4 5  i n c h .  The t h r e e  s t u b s  were  t h e n  

p l a c e d  a l o n g  t h e  l i n e  a s  shown i n  F i g .  1 2 . 0 7 - 1 .  They a r e  n o m i n a l l y  90 

d e g r e e s  a p a r t  be tween  r e f e r e n c e  p l a n e s  a t  4 . 0  Gc ,  b u t  t h e  s p a c i n g  i s  n o t  

c r i t i c a l ,  and t h e y  were  s i m p l y  p l a c e d  a  q u a r t e r - w a v e l e n g t h  a p a r t  be tween 

c e n t e r s  ( 0 . 7 3 8  i n c h ) ,  a n d  n o t  f u r t h e r  a d j u s t e d .  

I t  i s  i m p o r t a n t  t h a t  t h e r e  s h o u l d  be  n o  i n t e r a c t i o n ,  o r  m u t u a l  C O U -  

p l i n g ,  be tween  s t u b s :  w i t h  a  g r o u n d - p l a n e  s p a c i n g  of  0 . 3 1 2  i n c h ,  t h e  

a t t e n u a t i o n  o f  t h e  T E l o  mode ( e l e c t r i c  v e c t o r  p a r a l l e l  t o  t h e  g r o u n d  

p l a n e s )  f rom s t u b  t o  s t u b  i s  more t h a n  50 db  a t  4 . 0  Gc,  which s h o u l d b e  

a d e q u a t e ;  i t  i s  a l s o  n e c e s s a r y  t o  m a i n t a i n  p r o p e r  c e n t e r i n g  s o  a s  n o t  

t o  e x c i t e  t h e  p a r a l l e l - p l a t e  mode. 



The response of this filter was computed on a digital computer and 

is plotted in Fig. 12.07-2. The points shown are the measured results 

on the experimental filter. The circles represent the measured reflec- 

tion loss of the filter, which may be compared with the computed curve, 

while the solid dots represent the total measured attenuation, including 

the effect of dissipation. The computed reflection loss reaches a ripple 

height of 0.7 db below, and 0.8 db above 4.0 Gc (instead of 0.5 db, which 

was called for by the low-pass prototype). The measured reflection loss 

reaches a peak of 1.2 db below, and 0.7 db above 4.0 Gc. 

The somewhat oversize pass-band ripples in this filter are due mainly 

to the frequency sensitivity of the A o / 4  coupling lines between resonators 

- COMPUTED ATTENUATION 

MEASURED ATTENUATION 
0 REFLECTION LOSS COMPUTED FROM 

NORMALIZED FREQUENCY 

I 
32 

I 
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I 
3.6 

I 
3.8 4:0 

1 I 
4.2 4!4 4.6 4.8 

FREQUENCY - Gc ..- '1,. 1.1-*1" 

SOURCE: Quarterly Report 3. Contract DA 36-039 SC-87398. SRI; 
reprinted in IRE Trans. PCMTT b e e  Ref. 1 by Young, 
Matthaei, and Jonca) 

FIG. 12.07-2 COMPUTED AND MEASURED RESPONSE OF A STRIP-LINE BAND-STOP 
FILTER WITH A0/4 SPACINGS BETWEEN RESONATORS 

If the design method described in Sec. 12.09 is used, selectivity of 

the coupling lines can be taken into account in the design process so 

that the pass-band ripples should be very nearly as prescribed. A pos- 

sible drawback of the procedure in Sec. 12.09 is that it necessarily 

calls for steps in the impedance level of the main transmission line. 

However, in the case of a strip-line filter, this should cause little 

difficulty. If this same filter design were to be obtained by the 

methods of Sec. 12.09, the main-line impedances and the resonator slope 

parameters would be obtained by the equations of that section. Fromthat 

point on, the design procedure would be the same as described above. 

The peak attenuation of the three-resonator filter was too great to 

measure, but the peak attenuation of each branch separately was measured. 

This gave 32 db for each of the two outer branches, and 28 db for the 

middle branch alone. Working back from the data in Fig. 12.03-2, this 

leads to unloaded Q values of 1000. The theoretical unloaded Q of such 
a pure all-copper line at this frequency is 2600. In this case thestrip 

conductors of the resonators were made of polished copper and the ground 

planes were aluminum. Other losses were presumably introduced by the 

current concentrations caused by fringing fields at the gap, and by the 

short-circuit clamps. The value of Q,, = 1000 is consistent with experi- 

mental results generally obtained. The peak attenuation of all three 

branches together should by the first formula of Fig. 12.03-2 reach a 

value of 104 db, which, however, was beyond the measurement range of the 

available test equipment. There are, of course, additional stop bands 

at frequencies where the stubs are roughly an odd multiple of A o / 4  long. 

According to the formula for the dissipation loss ALA inFig. 12.03-2, 
the dissipation loss should be about 0.74 db at the equal-ripple band 

edges w l  and w 2 .  The measurements indicated dissipation loss of roughly 

that size at the pass-band edges. 

The bandwidth of the stop band to the 0.5-db points, both measured 

and computed, is very nearly 5.0 percent, the design goal. The attenua- 

tion over a 2-percent band exceeds 25.4 db by computation. (Compare the 

20-db design specification, and the 25.8 db predicted for a three-branch 

filter.) The measured points in the stop band fall close to the computed 

curve, as can be seen from Fig. 12.07-2. For frequencies moving away 

from the stop-band edges into the pass bands, the dissipation loss will 

drop quite rapidly. 



SEC. 12.08, NARROW-STOP-BAND WAVEGUIDE FILTER DESIGN 
CONSIDERATIONS, AND AN EXAMPLE 

A waveguide band-stop filter is most conveniently realized using 

resonators connected in series and spaced an odd multiple of a quarter 

wavelength apart along the waveguide. The equivalent circuit of such 
a filter is as shown in Fig. 12.04-2, while Fig. 12.01-l(b) shows a 

sketch of a waveguide realization of such a filter. It is seen that 
the resonators in Fig. 12.01-l(b) are spaced at intervals of three- 

quarters of a guide wavelength. It is believed that placing the reso- 
nators at one-quarter guide-wavelength intervals is not practical, 

because strong interaction results between the resonators by way ofthe 

fields about the coupling apertures. This interaction in an experimental 
band-stop filter, with quarter-guide-wavelength-spaced resonators, caused 

the stop-band response to have three peaks of high attenuation, with 

relatively low attenuation valleys in between, instead of the single 

high attenuation peak that is desired. 

The appropriate normalized frequency variable to use with dispersive 

lines, as in a waveguide filter, is the normalized reciprocal guidewave- 

length, AgO/A8. Thus, a waveguide filter and a strip-line filter, each 

designed from the same low-pass prototype, can have identical responses 

if the waveguide filter response is plotted on a Ago/Agscale and the ' 

strip-line filter response on a w/wo scale. On this basis, the formula, 
which for the strip-line filter was 

w2 - w1 w2 W1 ,,, = .----- = (TEM mode) 
0 wo 

where wo, wl, and uz are as defined in Fig. 12.02-2, is now replaced for 

a waveguide filter by 

'80 
"h = - -  - (waveguide) 

2 A g l  

where A hgl, and hg2 are analogously defined as the guide wavelengths 
at mid-stop-band, and at the lower and upper edges of the stop band, on 

a reciprocal guide-wavelength scale. If both responses are plotted on a 
frequency scale, however, the response of the waveguide filter derived 

from the same prototype will be considerably narrower. For small stop- 

band bandwidths, the fractional width of the waveguide filter stop band 

1 on a frequency scale will be approximately (Ao/A )2 times w ~ ,  which is 
8 0 

the fractional bandwidth on a reciprocal guide-wavelength scale given by 

I I Eq. (12.08-2). (Ao is the free-space wavelength at the center of the 

stop band.) Thus in designing for a frequency fractional bandwidth w ,  
I 

the bandwidth in the formulas is set to be equal to for 

the narrow bandwidths considered here. 

In the waveguide filter each resonator formed from a waveguide of 

I characteristic admittance Y b , which has a length slightly less than 
one-half guide wavelength, is connected to the main waveguide of char- 1 , 

I acteristic admittance Yo by means of a small elongated coupling iris. 
I Each coupling irls has a length, 1 ,  which is less than one-half free- 

space wavelength, and can be represented to a good approximation as an 

1 
inductance in series with the main waveguide. The equivalent circuit 

1 of the resonator and coupling iris combination is shown inFig. 12.05-l(d). I 

The susceptance, B, of each coupling iris can be determined approxi- 
mately in terms of the magnetic polarizability, M I ,  of the iris. From 

I 
! Fig. 5.10-11 the expression is found to be 

where a and b' are as defined in Fig. 12.'01-l(b). For irises cut in 

walls of infinitesimal thickness, t ,  having a length 1 which is much 

less than one-half free-space wavelength, the magnetic polarizability 

= . is given in F i g  5.10-4(a). In the usual situation when t is 

not infinitesimal and 1 is not much less than one-half free-space wave- 

length, one must use the magnetic polarizability M i ,  which is related 

to M I  by the approximate empirical relation 

1 
where A. is again the free-space wavelength at center frequency 



c o r r e s p o n d i n g  t o  w = w o ,  4 = q50, and Ag = A g o .  

f o r  e a c h  r e s o n a t o r  becomes 

Ybab ' 
Yo t a n  qjo = - 

where  

The r e s o n a n t  c o n d i t i o n  

( 1 2 . 0 8 - 5 )  

and L  i s  t h e  l e n g t h  o f  t h e  r e s o n a t o r .  

The s u s c e p t a n c e  s l o p e  p a r a m e t e r ,  &, f o r  e a c h  r e s o n a t o r  a s  v i ewed  

from t h e  main  t r a n s m i s s i o n  l i n e  becomes - 

where  F ( 4 )  i s  d e f i n e d  i n  Eq. ( 1 2 . 0 5 - 5 )  a n d  G ( 4 )  i s  d e f i n e d  i n  Eq. ( 1 2 . 0 5 - 7 1 ,  

and Mi h a s  b e e n  assumed t o  b e  f r e q u e n c y  i n v a r i a n t .  

Example of a  Waveguide F i l t e r  Design-As a n  example  o f  t h e  u s e  o f  

t h e  above  t e c h n i q u e ,  w e  c o n s i d e r  h e r e  t h e  d e s i g n  o f  a 3 - r e s o n a t o r  wave-  

g u i d e  b a n d - s t o p  f i l t e r  u s i n g  t h e  same l o w - p a s s  p r o t o t y p e  c i r c u i t  u s e d f o r  

t h e  s t r i p - l i n e  f i l t e r  d e s c r i b e d  i n  S e c .  1 2 . 0 7 .  The f i l t e r  h a s  a  d e s i g n  
c e n t e r  f r e q u e n c y  f O a l O  Gc a n d  t h e  r e s o n a t o r s  and main  t r a n s m i s s i o n  l i n e  

a r e  f a b r i c a t e d  f rom WR-90 wavegu ide .  The f r a c t i o n a l  bandwid th  o f  t h e  
s t r i p - l i n e  f i l t e r  was w = 0 . 0 5  on a  f r e q u e n c y  b a s i s  [Eq. ( 1 2 . 0 8 - I ) ] .  

H e r e ,  we u s e  w~ = 0 . 0 5  on a  r e c i p r o c a l  g u i d e - w a v e l e n g t h  b a s i s  

[Eq. ( 1 2 . 0 8 - 2 1 1 .  The s u s c e p t a n c e  s l o p e  p a r a m e t e r s  f o r  t h e  two end r e s o -  
n a t o r s  and  t h e  m i d d l e  r e s o n a t o r  c a n  b e  d e t e r m i n e d  from F i g .  1 2 . 0 4 - 2 ( a )  

w i t h  Y1 = Yo. They a r e ,  r e s p e c t i v e l y ,  

which c o r r e s p o n d  e x a c t l y  t o  t h o s e  p r e v i o u s l y  computed f o r  t h e  s t r i p - l i n e  

f i l t e r .  The s t u b  c h a r a c t e r i s t i c  a d m i t t a n c e s  Yb were  chosen  t o  b e  e q u a l  

t o  Y o .  T h e r e f o r e ,  

R e f e r r i n g  t o  T a b l e  1 2 . 0 5 - 1 ,  we f i n d  

At a  f r e q u e n c y  o f  10  Gc, A g o  i n  W - 9 0  wavegu ide  i s  1 . 5 6 3 1  i n c h e s .  

T h e r e f o r e  t h e  l e n g t h s  L1 = L 3  o f  t h e  two end r e s o n a t o r s  and l e n g t h  L 2  

of  t h e  m i d d l e  r e s o n a t o r  a r e  

L l  = L ,  = 0 . 6 9 3  i n c h  

( 1 2 . 0 8 - 1 1 )  

L 2  = 0 . 7 0 9  i n c h  . 

The m a g n e t i c  p o l a r i z a b i l i t y ,  = o f  t h e  i r i s e s  i n  t h e  e n d  

c a v i t i e s ,  and  t h e  m a g n e t i c  p o l a r i z a b i l i t y ,  ( M  o f  t h e  i r i s  i n  t h e  

m i d d l e  c a v i t y  c a n  b e  d e t e r m i n e d  f rom Eq.  ( 1 2 . 0 8 - 5 )  t o  b e  

I t  was d e c i d e d  t o  u s e  e l o n g a t e d  i r i s e s  w i t h  r o u n d  e n d s ,  a s  f o r  t h e  s e c o n d  

c u r v e  f rom t h e  t o p  i n  F i g .  5 . 1 0 - 4 ( a )  The i r i s  s i z e s  were  d e t e r m i n e d b y  



f i r s t  f i x i n g  t h e  i r i s  w i d t h s *  a s  w l  = w 2  = w 3  = 0 . 1 2 5  i n c h ,  and  t h e n  com- 

p u t i n g  s u c c e s s i v e  a p p r o x i m a t i o n s  u s i n g  F i g .  5 . 1 0 - 4 ( a )  and E q .  ( 1 2 . 0 8 - 4 ) .  

S i n c e  i t  was p l a n n e d  t h a t  t h e  i r i s  s i z e s  would  b e  c h e c k e d  e x p e r i m e n t a l l y  

a s  d i s c u s s e d  i n  S e c .  1 2 . 0 6 ,  t h e  i r i s  t h i c k n e s s  t i n  E q .  ( 1 2 . 0 8 - 4 )  was 

assumed t o  b e  z e r o  (wh ich  s h o u l d  c a u s e  t h e  i r i s e s  t o  come o u t  s l i g h t l y  

u n d e r s i z e ) .  A  s u g g e s t e d  way f o r  making t h e s e  c a l c u l a t i o n s  i s  t o  c o n v e r t  , 
Eq.  ( 1 2 . 0 8 - 4 )  t o  t h e  form 

Then u s i n g  F i g .  5 . 1 0 - 4 ( a )  and t h e  d e s i r e d  p o l a r i z a b i l i t i e s  (Mi) , p r e -  I 

k 
l i m i n a r y  v a l u e s  of  t h e  i r i s  l e n g t h s  l k  a r e  o b t a i n e d .  I n s e r t i n g  t h e s e  
p r e l i m i n a r y  v a l u e s  of  Z k  i n  E q .  ( 1 2 . 0 8 - 1 3 1 ,  c o m p e n s a t e d  v a l u e s  (MI )  f o r  

k 
t h e  p o l a r i z a b i l i t i e s  a r e  o h t a i n e d  wh ich  a r e  t h e n  u s e d  w i t h  F i g .  5 . 1 0 - 4 ( a )  , 
t o  o b t a i n  compensa t ed  v a l u e s  f o r  t h e  i r i s  l e n g t h s  l k .  I f  d e s i r e d ,  t h i s  
p r o c e d u r e  c a n  be  r e p e a t e d  i n  o r d e r  t o  c o n v e r g e  t o  g r e a t e r  m a t h e m a t i c a l  

a c c u r a c y ;  however ,  s i n c e  E q .  ( 1 2 . 0 8 - 1 3 )  i s  i n  i t s e l f  a  r a t h e r  r o u g h  a p -  
p r o x i m a t i o n ,  t h e  v a l u e  o f  v e r y  h i g h  m a t h e m a t i c a l  a c c u r a c y  i s  r a t h e r  1 

d o u b t f u l .  

By t h e  above p r o c e d u r e ,  i n i t i a l  i r i s  d i m e n s i o n s  of  1 1 =  1 3 =  0 . 4 3 0 i n c h  

and l 2  = 0 . 4 1 5  i n c h  f o r  t h e  i r i s  l e n g t h s  w i t h  w l  = w 2  = w 3  = 0 . 1 2 5  i n c h  

were  o b t a i n e d .  A f t e r  t e s t s  made by m e a s u r i n g  t h e  3-db b a n d w i d t h  o f  

R e s o n a t o r s  1 and 2  s e p a r a t e l y  ( b y  t h e  me thods  d i s c u s s e d  i n  S e c .  1 2 . 0 6 1 ,  
f i n a l  v a l u e s  of  L l  = l 3  = 0 . 4 8 1  i n c h  and l 2  = 0 . 4 5 8  i n c h  f o r  t h e  i r i s  

l e n g t h s  were  o b t a i n e d .  The f i r s t  v e r s i o n  o f  t h i s  f i l t e r  had A o / 4  
s p a c i n g s  be tween  r e s o n a t o r s ,  b u t  t h i s  was f o u n d  t o  b e  u n s a t i s f a c t o r y  

due  t o  i n t e r a c t i o n  be tween  t h e  f r i n g i n g  f i e l d s  a r o u n d  t h e  i r i s e s  o f t h e  

v a r i o u s  r e s o n a t o r s  (wh ich  r e s u l t e d  i n  c o n s i d e r a b l e  d i s r u p t i o n  o f  t h e  

s t o p - b a n d  p e r f o r m a n c e ) .  Thus  a s e c o n d  v e r s i o n  was c o n s t r u c t e d  w i t h  

3Ao/4 s p a c i n g s  be tween  r e s o n a t o r s ,  and F i g .  1 2 . 0 8 - 1  shows t h e  d i m e n s i o n s  

o f  t h i s  f i l t e r .  

The s l o t  w idth  u [ ~ i g .  ~ . 1 0 - 4 ( a ) ]  i s  r e p r e s e n t e d  by t h e  same symbol aa  the  f r a c t i o n a l  band- 
width .  T h i s  i s  t h e  u s u a l  n o t a t i o n  f o r  both  q u a n t i t i e s .  S i n c e  the  s l o t  c a l c u l a t i o n  i s  o n l y  
i n c i d e n t a l  i n  t h i s  c o n t e x t ,  i t  was f e l t  t o  be l e s s  c o n f u s i n g  t o  r e t a i n  the  v f o r  s l o t  w i d t h ,  
than t o  change i t .  

X- BAND WAVE GUIDE FLANGE,  T Y P E  U G - 3 9 / U  

-I 
SECTON A-A' 

SECTION 8 - 0 '  

PRECISION X-BAND WAVEGUIDE 1 
A-3SZ7-316 

SOURCE: Quarterly Report 3, Contract DA 36-039 SC-87398. SRI; 
reprinted in IRE Trans. PGMTT ( see  Ref. 1  by Young. 
Matthsei, and Jones)  

FIG. 12.08-1 DIMENSIONS OF A WAVEGUIDE BAND-STOP FILTER 

The f i l t e r  was t u n e d  u s i n g  t h e  t e c h n i q u e  d i s c u s s e d  i n  S e c .  
1 2 . 0 6 .  

F i g u r e  12 .08 -2  shows p o i n t s  f rom t h e  r e s u l t i n g  measu red  r e s p o n s e  of t h e  

f i l t e r  a s  compared w i t h  t h e  t h e o r e t i c a l  r e s p o n s e  o f  t h i s  f i l t e r  d e s i g n  
a s  d e t e r m i n e d  u s i n g  a  d i g i t a l  c o m p u t e r .  A s  c a n  b e  s e e n  f rom t h e  f i g u r e ,  

t h e  ag reemen t  i s  e x c e l l e n t .  

Though t h e  measured p e r f o r m a n c e  o f  t h i s  f i l t e r  i s  i n  v e r y  good  

ag reemen t  w i t h  i t s  computed p e r f o r m a n c e ,  i t  w i l l  b e  n o t e d  f r o m F i g .  1 2 . 0 8 - 2  

t h a t  t h e  computed ~ e r f o r m a n c e  i n d i c a t e s  p a s s - b a n d  r i p p l e s  o f  a b o u t 1 . 2  db 

i n s t e a d  of  0 . 5  db a s  was c a l l e d  f o r  by t h e  l umped-e l emen t  p r o t o t y p e .  

T h e s e  o v e r s i z e  r i p p l e s  h a v e  b e e n  f o u n d  t o  b e  d u e  t o  t h e  f r e q u e n c y  s e n s i -  

t i v i t y  of  t h e  l i n e s  be tween  r e s o n a t o r s .  I f  t h e  3Ao/4 c o u p l i n g  l i n e s  

be tween r e s o n a t o r s  were  r e p l a c e d  b y  i d e a l  impedance  i n v e r t e r s  t h e  



T c h e b y s c h e f f  r i p p l e s  would b e  e x a c t l y  0 . 5  d b .  Computer  c a l c u l a t i o n s  
show t h a t  i f  Ao/4  c o u p l i n g  l i n e s  a r e  u s e d ,  t h e  r i p p l e s  s h o u l d  p e a k  a t  

a p p r o x i m a t e l y  0 . 7  db.  I n  F i g .  1 2 . 0 8 - 2  t h e  1 . 2 - d b  r i p p l e  p e a k s  a r e  due  
t o  t h e  s t i l l  g r e a t e r  s e l e c t i v i t y  o f  t h e  3Ao/4 c o u p l i n g  l i n e s  u s e d  

i n  t h i s  d e s i g n .  Use o f  t h e  d e s i g n  p r o c e d u r e  d i s c u s s e d  i n  S e c .  1 2 . 0 9  
would make i t  p o s s i b l e  t o  t a k e  i n t o  a c c o u n t  t h e  s e l e c t i v i t y  o f  t h e  cou 

p l i n g  l i n e s  s o  t h a t  t h e  r i p p l e s  s h o u l d  come o u t  v e r y  c l o s e l y  a s  p r e -  

s c r i b e d . *  However,  t h e  p r i c e  t h a t  must b e  p a i d  f o r  t h i s  i s  t h a t  t h e  

C O M P U T E D  ATTENUATION 
MEASURED ATTENUATION 

* PASS-BAND REFLECTION LOSS 
COMPUTED FROM MEASURED VSWR 

NORMALIZED RECiPROCAL GUIDE-WAVELENGTH 

- . - . . . - . - 
FREQUENCY - Gc 

SOURCE: Quarterly Repo- 3, Contract DA 36-039 SC-87398. SRI; 
reprinted in IRE Tmns. PGMTT (nee Ref. 1 by Young, 
Matthaei. and Jones) 

FIG. 12.08-2 COMPUTED AND MEASURED RESPONSE OF THE WAVEGUIDE 
BAND-STOP FILTER IN FIG. 12.08-1 

The d e s i g n  procedure  d e s c r i b e d  i n  S e c .  1 2 . 0 9  i s  e x a c t  i f  t h e  f i l t e r  i a  r e a l i z e d  u s i n g  o n l y  
t ranarn i s s ion  l i n e a  and s t u b s .  However, i n  t h e  c a s e  o f  narrow-s top-band  f i l t e r s  t h e  a t u b  impedances become unreasonab le  s o  t h a t  i t  i s  n e c e a s a r y  t o  r e p l a c e  them w i t h  r e a c t i v e l y  c o u p l e d  
r e a o n a t o r a .  T h i s  s u b s t i t u t i o n ,  of c o u r s e ,  i n t r o d u c e s  an a p p r o x i m a t i o n .  

p r o c e d u r e  i n  S e c .  1 2 . 0 9  n e c e s s a r i l y  r e q u i r e s  t h a t  t h e r e  b e  s t e p s  i n  

impedance  a l o n g  t h e  main l i n e  of  t h e  f i l t e r .  T h i s  i n t r o d u c e s  some 

added c o m p l i c a t i o n  f o r  m a n u f a c t u r i n g ,  b u t  t h e  d i f f i c u l t i e s  i n t r o d u c e d  

s h o u l d  n o t  b e  g r e a t .  Once t h e  main l i n e  impedances  and t h e  r e s o n a t o r  

s l o p e  p a r a m e t e r s  a r e  d e t e r m i n e d  f rom t h e  d a t a  i n  S e c .  1 2 . 0 9 ,  t h e  d e s i g n  

p r o c e s s  is  t h e  same a s  t h a t  d e s c r i b e d  above .  

SEC. 1 2 . 0 9 ,  A  DESIGN PROCEDURE WHICH I S  ACCURATE FOR 
FILTERS WITH WIDE (AND NARROW) STOP-BAND WIDTHS* 

I n  t h i s  s e c t i o n  an  e x a c t  d e s i g n  p r o c e d u r e  w i l l  b e  d i s c u s s e d  wh ich  

i s  u s e f u l  f o r  t h e  d e s i g n  o f  b a n d - s t o p  f i l t e r s  w i t h  e i t h e r  w ide  o r  na r row 

s t o p  b a n d s .  The d e s i g n  e q u a t i o n s  g i v e n  a p p l y  t o  f i l t e r s  w i t h  A0/4  s t u b s  

s e p a r a t e d  b y  c o n n e c t i n g  l i n e s  which a r e  e i t h e r  Ao/4 o r  3Ao/4 l o n g ,  where  

A. i s  t h e  w a v e l e n g t h  a t  t h e  m i d - s t o p - b a n d  f r e q u e n c y .  An example  o f  t h i s  

t y p e  o f  f i l t e r  i s  shown i n  F i g .  1 2 . 0 1 - 2 .  I n  t h e o r y  t h i s  t y p e  o f  f i l t e r  

c a n  have  any  s t o p - b a n d  w i d t h ;  however ,  i n  p r a c t i c e  t h e  impedance  o f  t h e  

s t u b s  becomes u n r e a s o n a b l e  i f  t h e  s t o p - b a n d  w i d t h  i s  v e r y  n a r r o w .  I n  

t h a t  c a s e  i t  would be  d e s i r a b l e  t o  r e p l a c e  t h e  o p e n - c i r c u i t e d  s t u b  r e s o -  

n a t o r s  i n  t h e  f i l t e r  i n  F i g .  1 2 . 0 1 - 2  w i t h  c a p a c i t i v e l y  c o u p l e d  s h o r t -  

c i r c u i t e d  s t u b  r e s o n a t o r s  [ a s  shown i n  F i g .  1 2 . 0 1 - l ( a ) ]  h a v i n g  t h e  same 

r e s o n a t o r  s l o p e  p a r a m e t e r s .  T h i s  i n t r o d u c e s  some a p p r o x i m a t i o n  i n t o  

t h e  d e s i g n ,  b u t  p e r m i t s  p r a c t i c a l  impedances .  As h a s  been m e n t i o n e d  

p r e v i o u s l y ,  t h e  main  d i f f e r e n c e  between a  p r a c t i c a l  n a r r o w - s t o p - b a n d  

f i l t e r  d e s i g n  o b t a i n e d  by t h e  methods  of  t h i s  s e c t i o n  and one  o b t a i n e d  

by t h e  m e t h o d s  o f  S e c .  1 2 . 0 4  i s  t h a t  t h e  method o f  t h i s  s e c t i o n  c a l l s  

f o r  s t e p s  i n  t r a n s m i s s i o n  l i n e ,  w h i l e  u s u a l l y  none  a r e  n e c e s s a r y  by  t h e  

method o f  S e c .  1 2 . 0 4 .  However,  t h e  method o f  t h i s  s e c t i o n  w i l l  g i v e  

h i g h e r  d e s i g n  a c c u r a c y  e v e n  f o r  n a r r o w - s t o p - b a n d  c a s e s  where  t h e  ap -  

p r o x i m a t i o n  m e n t i o n e d  above h a s  been i n t r o d u c e d .  

The me thods  o f  t h i s  s e c t i o n  p e r m i t  e x a c t  d e s i g n  o f  f i l t e r s  o f  t h e  

form i n  F i g .  1 2 . 0 9 - l ( a )  o r  t h e i r  d u a l s  (wh ich  c o n s i s t  o f  Ao /4  s h o r t -  

c i r c u i t e d  s t u b s  i n  s e r i e s  w i t h  A0/4  c o n n e c t i n g  l i n e s ) .  F i l t e r s  o f  t h e s e  

t y p e s  w h i c h h a v e b e e n  d e s i g n e d b y  t h e  methods  o f t h i s  s e c t i o n h a v e  a t t e n u a t i o r  

c h a r a c t e r i s t i c s  which a r e  r e l a t e d  t o  t h e  a t t e n u a t i o n  c h a r a c t e r i s t i c s  o f  

l o w - p a s s  p r o t o t y p e  f i l t e r s  o f  t h e  form i n  F i g s .  1 2 . 0 2 - 1  by t h e  mapp ing t  

Reference  6 c o n t a i n s  t h e  m a t e r i a l  i n  t h i s  s e c t i o n  p lua  a d d i t i o n a l  d e s i g n  d a t a  f o r  some s t r u c t l  
s t u d i e d  a f t e r  t h i s  w a s  w r i t t e n .  

I t  can be shown t h a t  o t h e r  methoda o f  d e s i g n 2 1 3  can l e a d  t o  c i r c u i t a  o f  t h e  form i n  F ig .  12.O' 
which have a t t e n u a t i o n  c h a r a c t e r i s t i c s  t h a t  are  n o t  mappings o f  t h e  a t t e n u a t i o n  c h a r s c t e r i s t l l  
l ow-pass  p r o t o t y p e s  o f  t h e  form i n  F i g s .  1 2 . 0 2 - I ( . ) .  ( b ) .  



where 

ALL STUBS AND CONNECTING LINES ARE Ad4 LONG 

wo = 1/2 (W, + W*) 
0 .  cot ( a w ,  /2wo) 

Lo . 2adw 
V VELOCITY OF LIGHT IN MEDIUM '@o 

SOURCE: Quarterly Progress Report 7 Contract DA 36-039 SC-87398, SRI; 
reprinted in the  I E E E  ~ r a n s :  PTCMTT (see Ref .  6 by 
B. M. Schiffman and G. L, Matthaei) 

FIG. 12.09-1 BANDSTOP FILTER: (a) n-STUB TRANSMISSION-LINE FILT.ER 
DERIVED FROM n-ELEMENT LOW-PASS PROTOTYPE; (b) EQUI- 
RIPPLE CHARACTERISTIC DEFINING CENTER FREQUENCY oo, 
PARAMETER a, AND STOP BAND FRACTIONAL BANDWIDTH w 

V W  
= -;a tan (2  <) 

0' and W ;  are frequency points in the low-pass filter response [such as 

that in Fig. 12.02-l(d)1, and GJ, , , and w2 are frequency points in 

the corresponding band-stop response in Fig. 12.09-l(b) Note that the 

band-stop filter response in Fig. 12.09-l(b) has arithmetic symmetry, 

and that the infinite attenuation point at w O  is repeated at frequencies 

which are odd multiples of w o .  At these frequencies the stubs in the 

filter in Fig. 12.09-l(a) are an odd multiple of k0/4 long, so that they 

short out the main line and cause infinite attenuation (theoretically). 

In the dual case which uses series-connected stubs, the stubs present 

open-circuits to the main line at these frequencies. Using the methods 

of this section, if the low-pass prototype has, say, a Tcheb~scheff re- 

sponse with 0.1-db ripple, then the band-stop filter response should have 

exactly 0.1-db Tchebyscheff ripple, with the entire response exactly as 

predicted by the mapping Eqs. (12.09-1) to (12.09-3). (This statement, 

of course, ignores problems such as junction effects which occur in the 

practical construction of the filter. ) 

Table 12.09-1 presents design equations for filters of the form in 

Fig. 12.09-l(a). After the designer has selected a low-pass prototype 

filter (which gives him the parameters so ,  gl, . . . ,  gntl' and w ; ) ;  and 

has specified wl, w 2 ,  and the source impedance Z A ;  he can then compute 

all of the line impedances. Table 12.09-1 treats filters of the form in 

Fig. 12.09-l(a) having n = 1 up to n = 5 stubs. The same equations also 

apply to the dual cases having short-circuited series stubs if all of the 

impedances in the equations are replaced by corresponding admittances. 

However, the case for which series stubs are of the most practical interest 

is the case of waveguide band-stop filters, and as was noted inSec. 12.08, 

it will usually be desirable to use 3Ao/4  spacings between stubs for wave- 

guide band-stop filters. Figure 12.09-2(a) shows a band-stop filter 

with 3Ao/4 spacings between ho/4, short-circuited, series stubs, while 
Fig. 12.09-2(b) shows the dual case having h o / 4 ,  open-circuited, shunt 

stubs. Table 12.09-2 presents design equations for filters of the form 

in Fig. 12.09-2(a) having n = 2 or n = 3 stubs. 

As has previously been mentioned, the equations in Tables 12.09-1 

and 12.09-2 are exact regardless of the stop-band width. However, in the 

case of Table 12.09-1 and filter structures of the form in Fig. 12.'09-l(a), 

the impedances Z ,  of the shunt stubs become so high as to be impractical, 

in the case of narrow-stop-band designs. This difficulty can be gotten 

around by replacing each open-circuited shunt stub, which has a resonator 

reactance slope parameter of 



T a b l e  1 2 . 0 9 - 1  

EXACT EQUATIONS FOR BAND-STOP FILTERS 
WITH X 0 / 4  SPACING BEWEEN STUBS 

The f i l t e r  s t r u c t u r e  is -as sholvn i n  Fig. 12 .09 - l ( a ) .  For the  dua l  ca se  
having s h o r t - c i r c u i t e d  s e r i e s  s t u b s ,  r ep l ace  a l l  impedancesin t h e  equa- 
t i o n s  below by corresponding admittances.  

n = number of s t ubs  

ZA and ZB = t e rmina t ing  impedances 

Z j  ( j  t o  n) = impedances of open -c i r cu i t ed  shun t  s t u b s  

Zj- l , j  ( j  = 2  t o  n )  = connect ing l i n e  impedances 

g, = values  of t he  elements of t he  low-pass prototype 
network a s  def ined i n  Fig .  12.02-1. 

A = ,;, 
where 

o; = low-pass prototype c u t o f f  frequency 

and 

a = bandwidth parameter de f ined  i n  Eq. (12.09-2) 

( I n  a l l  cases  t h e  l e f t  t e rmina t ing  impedance ZA is a r b i t r a r y ) .  

Case of n = 1: 

Case of n = 2: 

Case of n = 3: 

Z1, Z12 and ZZ-same formulas a s  case  n = 2 

T a b l e  12.09-1  conc luded  

Case of n = 4: 

Case of n = 5: 

zl, z12, z2, Zz3, Z3-same formulas a s  case  n = 4 

?4 g6 
ZB = - 

go 

SOURCE: Quarterly ProKresa Report 7 ,  Contract DA 36-039 SC-87398. SRIi 
reprmted in tha IEEE Trans. PTGMTT (aes Ref. 6 by 
El. M. Sthiffman end G .  L. Matthael) 



SOURCE: Quarterly Progress Report 7. Contract DA 36-039 SC-87398,  SRI: 
reprinted in the I E E E  Trans. PTGMTT ( s e e  Ref .  6 by 
B. M. Schiffman and G. L. Matthaei) 

FIG. 12.09-2 BAND-STOP FiLTERS WITH 3 A0/4 SPACING BETWEEN ho/4 STUBS 

[see Fig. 5.08-l(d)l, by a capacitively coupled short-circuited stub 

resonator as shown in Fig. 12.05-l(a), having the same resonator slope 

parameter. Then the design process becomes tlte same as that in the ex- 

ample of Sec. 12.07. The filter might take the strip-line form in 

Fig. 12.07-1, except that in this case the main line of the filter would 

have some steps in its dimensions since the connecting line impedances 

Zj,j+l are generally somewhat different from the terminating impedances. 

The computed performance of a filter design of this type obtained using 

the equations of this section is discussed in Sec. 12.10. 

As previously mentioned, the case in Fig. 12.09-2(a) is of interest 

primarily for waveguide band-stop filters. Since the useful bandwidth of 

waveguides is itself rather limited, it is probable that band-stop filters 

with narrow stop-bands will be of most interest for the waveguide case. 

For narrow-stop-band designs the series-stub admittances Y. will become so 
large as to make them difficult to construct (and especially difficult to 

EXACT EQUATIONS FOR BAND-STOP FILTERS WITH a0/4 SPACING 
BETWEEN STUBS OR RESONATOR IRISES 

'Ihe filter structure is of the form in Fig. 12.09-2(a). For 

the dual case in Fig. 12.09-2(b), replace all admittances in 
the equations below with corresponding impedances. 

n = number of stubs 

Y A ,  Y B  = terminating admittances 
Y -  ( j  = 1 to n) = admittances of short-circuited 

series stubs 

(Y,-l,j)k = admittance of kth (k = 1, 2 or 3 )  con- 
necting line from the left, between stubs 
j - 1 and j 

g. = values of the elements of the low-pass prototype ' network as defined in Fig. 12.02-1 

i\ = w ; a  where w; = low-pass cutoff frequency and 
a = bandwidth parameter defined in Eq. (12.09-2) 

(In all cases the left terminating impedance is arbitrary) 

Case of .n = 2: 

Case of n = 3: 

SOURCE: Q u a r t e r l y  P r o g r e s s  R e p o r t  7 ,  C o n t r a c t  DA 3 6 - 0 3 9  
S C - 8 7 3 9 8 ,  SRI; reprinted i n  t h e  IEEE T r a n s .  PTCMTT 
( s e e  Ref. 6 b y  8. M .  Schiffman a n d  C .  L.  M a t t h a e l )  



construct with good unloaded 0's). Now the series stubs have a resonator 

susceptance slope parameter of 

and for narrow-stop band cases it is convenient to realize these resonator 

slope parameters using inductively coupled Ao/2 short-circuited stub 

resonators of the form in Fig. 12.05-l(d). From this point on, the design 

process is the same as that in the example in Sec. 12.08. The completed 

filter might look like that in Fig. 12.08-1 except that the design 

equations of this section call for steps in the impedance along the main 

waveguide of the filter. 

I Derivation of the Design Equations in this Section-Exact methods for 1 

i 
transmission-line filter design such as the methods of Ozaki and 1shiiZs3 I 

and of  ones^ have existed for some time. However, though these methods 

are mathematically elegant, they are computationally so tedious that they ~ 
have found little application in actual practice. The case described 

herein is an exception in that it is an exact method of design, yet is 

also very simple to use for the design of practical filters. The funda- 

mental principle of this design method was first suggested by Ozaki and 

I ~ h i i , ~ w h i l e  the design equations in this section were worked out by 

B. M. S~hiffrnan.~ 

The design procedure of this section hinges on Kuroda's 

This identity in transmission-line form is as shown in Fig. 12.09-3. 

Note that this identity says that a circuit consisting of an open-circuited 

shunt stub and a connecting line, which are both of the same length, has 

an exact equivalent circuit consisting of a short-circuited series stub 

with a connecting line at the opposite side. 

Figure 12.09-4 traces out the way in which Kuroda's identity is used 

to relate a band-stop filter of the type in Fig. 12.09-l(a) to a low-pass 

prototype filter. Figure 12.09-4(a) shows a low- ass prototype filter for 
the case of n = 3 reactive elements. Applying the mapping Eq. (12.09-1) 

to the shunt susceptances and series reactances of this filter gives 

o'C'. = C1.w;a tan - - (T w".) 

SOURCE: Quarterly Progress Report 7 ,  Contract DA 36-039 SC-87398, SRI; 
reprinted in  the IEEE Trans. PTCMTT (see Ref. 6 by 
B. M. Schiffman and G .  L. Matthsei) 

FIG. 12.09-3 KURODA'S IDENTITY IN TRANSMISSION LINE FORM 



MAPPING: 
w1*w;o t a n 8  

WHERE 8 = ' W 
2 WO 

A N O  a = c o t ( l I W I )  
2 WO 

( b )  MAPPED PROTOTYPE 

( C )  AFTER APPLYING KURODA'S IDENTITY TO Y3 A N D  ZI2 IN PART ( b l  

R d  

SOURCE: Quarterly Progress Report 7. Contract DA 36-039 SC-87398. SRI; 
reprinted in the I E E E  Trans. PTGMTT (see Ref. 6 by 
B. M. Schiffman and G .  L. Matthaei) 

FIG. 12.09-4 STAGES IN THE TRANSFORMATION OF A LOW-PASS PROTOTYPE 
FILTER INTO A BAND-STOP TRANSMISSION-LINE FILTER 

7r w  
U I L ;  = L ~ . U ;  o t a n  (l q) 

Note  t h a t  t h e  r i g h t  s i d e  o f  Eq. ( 1 2 . 0 9 - 6 )  c o r r e s p o n d s  t o  t h e  s u s c e p t a n c e  

o f  a n  o p e n - c i r c u i t e d  s t u b  h a v i n g  a  c h a r a c t e r i s t i c  a d m i t t a n c e  

t h e  s t u b  b e i n g  k 0 / 4  l o n g  a t  wo .  S i m i l a r l y ,  t h e  r i g h t  s i d e  o f  Eq.  ( 1 2 . 0 9 - 7 )  

c o r r e s p o n d s  t o  t h e  r e a c t a n c e  of a  s h o r t - c i r c u i t e d  s t u b  o f  c h a r a c t e r i s t i c  

impedance  

t h e  s t u b  b e i n g  Ao/4  l o n g  a t  f r e q u e n c y  w o .  T h u s ,  t h e  s h u n t  c a p a c i t o r s  i n  

t h e  l o w - p a s s  p r o t o t y p e  become o p e n - c i r c u i t e d  s h u n t  s t u b s  i n  t h e  mapped 

f i l t e r ,  w h i l e  t h e  s e r i e s  i n d u c t a n c e  i n  t h e  p r o t o t y p e  becomes a  s h o r t -  

c i r c u i t e d  s e r i e s  s t u b  i n  t h e  mapped f i l t e r .  

Note  t h a t  i n  t h e  mapped f i l t e r  i n  F i g .  1 2 . 0 9 - 4 ( b ) ,  t h e  t e r m i n a t i o n s  

s e e n  by  t h e  r e a c t i v e  p a r t  o f  t h e  f i l t e r  a r e  s t i l l  R A o n t h e  l e f t  a n d R B o n t h e  

r i g h t .  However ,  on t h e  r i g h t ,  two a d d i t i o n a l  l i n e  s e c t i o n s  o f  impedance  

ZI2 = Z23 = RB h a v e  b e e n  a d d e d .  S i n c e  t h e i r  c h a r a c t e r i s t i c  impedance  

m a t c h e s  t h a t  o f  t h e  t e r m i n a t i o n ,  t h e y  h a v e  no  e f f e c t  on t h e  a t t e n u a t i o n  

c h a r a c t e r i s t i c  o f  t h e  c i r e u i t ,  t h e i r  o n l y  e f f e c t  on t h e  r e s p o n s e  b e i n g  

t o  g i v e  some a d d e d  p h a s e  s h i f t .  The c i r c u i t  i n  F i g .  1 2 . 0 9 - 4 ( b )  t h e n  h a s  

a  r e s p o n s e  wh ich  i s  t h e  d e s i r e d  e x a c t  mapping o f  t h e  l o w - p a s s  p r o t o t y p e  

r e s p o n s e .  The  o n l y  t r o u b l e  w i t h  t h e  f i l t e r  i n  F i g .  1 2 . 0 9 - 4 ( b )  i s  t h a t  i t  

c o n t a i n s  a  s e r i e s  s t u b  which  i s  d i f f i c u l t  t o  c o n s t r u c t  i n  a  s h i e l d e d  

TEM-mode mic rowave  s t r u c t u r e .  

The s e r i e s  s t u b  i n  F i g .  1 2 . 0 9 - 4 ( b )  c a n  b e  e l i m i n a t e d  by a p p l i c a t i o n  

o f  K u r o d a ' s  i d e n t i t y  ( F i g .  1 2 . 0 9 - 3 ) .  A p p l y i n g  K u r o d a ' s  i d e n t i t y  t o  s t u b  

Y 3  and l i n e  ZI2 i n  F i g .  1 2 . 0 9 - 4 ( b )  g i v e s  t h e  c i r c u i t  i n  F i g .  1 2 . 0 9 - 4 ( c ) .  

Then a p p l y i n g  K u r o d a ' s  i d e n t i t y  s i m u l t a n e o u s l y  t o  s t u b  Z2 and l i n e  Zi2, 
and t o  s t u b Z j  and  l i n e  Z23 i n  F i g .  1 2 . 0 9 - 4 ( c )  g i v e s  t h e  c i r c u i t  i n  

F i g .  1 2 . 0 9 - 4 ( d ) .  N o t e  t h a t  t h e  c i r c u i t  i n  F i g .  1 2 . 0 9 - 4 ( d )  h a s  exacta ly  

t h e  same i n p u t  i m p e d a n c e  and  o v e r - a l l  t r a n s m i s s i o n  p r o p e r t i e s  a s  t h e  

c i r c u i t  i n  F i g .  1 2 . 0 9 - 4 ( b ) ,  w h i l e  t h e  c i r c u i t  i n  F i g .  1 2 . 0 9 - 4 ( d )  h a s  no  

s e r i e s  s t u b s .  



The e q u a t i o n s  i n  T a b l e s  1 2 . 0 9 - 1  and  1 2 . 0 9 - 2  were  d e r i v e d  by  u s e  o f  

r e p e a t e d  a p p l i c a t i o n s  o f  t h e  p r o c e d u r e s  d e s c r i b e d  above .  F o r  r e a s o n s  of  

c o n v e n i e n c e ,  t h e  e q u a t i o n s  i n  t h e  t a b l e s  u s e  a  somewhat d i f f e r e n t  n o t a t i o n  

t h a n  d o e s  t h e  example  i n  F i g .  1 2 . 0 9 - 4 ;  h o w e v e r ,  t h e  p r i n c i p l e s  u s e d  a r e  

t h e  same. The e q u a t i o n s  i n  t h e  t a b l e s  i n  t h i s  s e c t i o n  a l s o  p r o v i d e  f o r  a  

s h i f t  i n  impedance  l e v e l  f rom t h a t  o f  t h e  l o w - p a s s  p r o t o t y p e .  

SEC. 1 2 . 1 0 ,  SOME EXAMPLES ILLUSTRATING THE PERFORMANCE 
OBTAINARLE USING THE EQUATIONS I N  SEC. 1 2 . 0 9  

I n  t h i s  s e c t i o n  b o t h  a  w i d e - s t o p - b a n d  f i l t e r  example  a n d  a  n a r r o w -  

s t o p - b a n d  f i l t e r  example  w i l l  b e  d i s c u s s e d ,  b o t h  b e i n g  d e s i g n e d  by t h e  

methods  o f  S e c .  1 2 . 0 9 .  I n  t h e  c a s e  o f  t h e  n a r r o w - s t o p - b a n d  d e s i g n ,  t h e  

h igh - impedance  s h u n t  s t u b s  w i l l  b e  r e p l a c e d  by  c a p a c i t i v e l y  c o u p l e d  s t u b s  

o f  modera t e  impedance ,  a s  was d i s c u s s e d  i n  t h e  p r e c e d i n g  s e c t i o n .  

A Wide-Stop-Band Example-Let  u s  a s sume  t h a t  a d e s i g n  i s  d e s i r e d  

h a v i n g  0 . 1 - d b  p a s s - b a n d  T c h e b y s c h e f f  r i p p l e  w i t h  t h e  band e d g e s  a t  

f l  = 1 . 1 2  Gc and f 2  = 2 . 0 8  Gc. T h i s  p u t s  t h e  s t o p - b a n d  c e n t e r  a t  

f o  = ( f l  + f 2 ) / 2  = 1 . 6 0  Gc. L e t  u s  f u r t h e r  s u p p o s e  t h a t  a t  l e a s t  30-db 

a t t e n u a t i o n  i s  r e q u i r e d  a t  t h e  f r e q u e n c i e s  f = 1 . 6 0 0  + 0 . 1 1 5  Gc. Now 

wl/wo = f l / f o  = 1 . 1 2 / 1 . 6 0  = 0 . 7 0 ;  w h i l e  a t  t h e  l ower  30 -db  p o i n t ,  

W/W, = f / f O  = ( 1 . 6 0 0 - 0 . 1 1 5 1 / 1 . 5 0 0  = 0 . 9 2 8 3 .  By Eq. ( 1 2 . 0 9 - 2 ) ,  a = 0 .5095 ;  

and by Eq. ( 1 2 . 0 9 - 1 1 ,  t h e  l o w - p a s s  p r o t o t y p e  s h o u l d  have  a t  l e a s t  30 -db  

a t t e n u a t i o n  f o r  w'/w; = 4 . 5 .  By F i g .  4 . 0 3 - 5  we f i n d  t h a t  an  n  = 3  p r o t o -  

t y p e  w i l l  h ave  34 .5 -db  a t t e n u a t i o n  f o r  wl/w{ = 4 . 5 ,  w h i l e  an  n  = 2  d e s i g n  

w i l l  h ave  o n l y  1 5 . 5 - d b  a t t e n u a t i o n .  Hence ,  a n  n  = 3  d e s i g n  mus t  be  u s e d .  

From T a b l e  4 . 0 5 - 2 ( a )  t h e  l o w - p a s s  p r o t o t y p e  p a r a m e t e r s  go = 1 ,  

g ,  1 . 0 3 1 5 ,  g 2  = 1 . 1 4 7 4 ,  g 3  = 1 . 0 3 1 5 ,  g 4  = 1 . 0 0 0 0 ,  and w; = 1 were  ob -  

t a i n e d .  U s i n g  T a b l e  1 2 . 0 9 - 1  w i t h  Z A =  50  ohms, t h e  l i n e  i m p e d a n c e s  w e r e  
t h e n  computed t o  b e  Z1 = Z3  = 1 4 5 . 1  ohms, Z12  = Z Z 3  = 7 6 . 3  ohms, Z2 = 85 .5  

ohms, and ZB = 50 ohms. The f i l t e r  was c o n s t r u c t e d  i n  s t r i p - l i n e  f o r m ,  

and i t s  d i m e n s i o n s  a r e  shown i n  F i g .  1 2 . 1 0 - 1 .  Note  t h a t  t h e  Z2 = 85.5-ohm 

s t u b  h a s  been  r e a l i z e d  a s  two 176-ohm s t u b s  i n  p a r a l l e l .  T h i s  was d o n e  so  
t h a t  n a r r o w e r  s t u b s  c o u l d  b e  u s e d  which s h o u l d  have  l e s s  j u n c t i o n  e f f e c t . '  

* 
A. t h i a  mmterial i s  going t o  press  some evidence has been obtained on another f i l t e r  s t ruc ture ,  which indi-  
ca te s  that a t  l e a s t  under some circumetancea i t  may be unwise t o  replace a s i n g l e  stub b y d o u b l e  s t u b s  i n  
para l l e l .  Some experimental reau l ta  suggeat that  there may be in terac t ion  betrean the two s tubs  i n  
para l l e l  s o  tha t  r e ~ a r d l e s s  of  t h e i r  tuning they w i l l  always g i v e  two separate  resonances where they  are 
both expected t o  resonate a t  the same frequency. Also,  between the  two resonances t h e  a t t enuat ion  of  the 
pair of  stub8 may drop very lor .  l%is poas ib l e  behavior of  double stubs needs further study,  and i s  
mantioned here t o  a l a r t  the reader o f  what could be a p i t f a l l .  
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FIG. 12.10-1 A STRIP-LINE, WIDE-STOP-BAND FILTER 

The s t u b s  i n  t h i s  c a s e  a r e  r e a l i z e d  u s i n g  round  w i r e  s u p p o r t e d  by Polyfoam 

The d i m e n s i o n s  o f  t h e  round  w i r e s  were  d e t e r m i n e d  by u s e  of t h e  appro xi mat^ 

fo rmula  

where d i s  t h e  r o d  d i a m e t e r ,  b i s  t h e  g round  p l a n e  s p a c i n g ,  E ,  i s  t h e  

r e l a t i v e  d i e l e c t r i c  c o n s t a n t ,  and  Z i s  t h e  d e s i r e d  l i n e  impedance .  

F i g u r e  1 2 . 1 0 - 2  shows t h e  measu red  and computed p e r f o r m a n c e  o f  t h e  

f i l t e r  i n  F i g .  1 2 . 1 0 - 1 .  No te  t h a t  t h e  computed p e r f o r m a n c e  i s  i n  p e r f e c t  

agreement  w i t h  t h e  s p e c i f i c a t i o n s ,  a s  i t  s h o u l d  b e .  The measured p e r -  

formance of  t h e  f i l t e r  i s  a l s o  i n  e x c e l l e n t  ag reemen t  w i t h  t h e  s p e c i f i c a -  

t i o n s ,  e x c e p t  t h a t  t h e  f i l t e r  i s  t u n e d  s l i g h t l y  h i g h .  T h i s  c o u l d  have  

been c o r r e c t e d  by t h e  a d d i t i o n  o f  t u n i n g  s c r e w s .  

A Narrow-Stop-Band F i l t e r  E rample -F igu re  1 2 . 1 0 - 3 ( a )  shows a n o t h e r  

3 - s t u b  b a n d - s t o p  f i l t e r  d e s i g n  worked o u t  u s i n g  T a b l e  1 2 . 0 9 - 1  and t h e  same 

l o w - p a s s  p r o t o t y p e  a s  was u s e d  f o r  t h e  d e s i g n  d e s c r i b e d  above .  However,  

I i n  t h i s  c a s e  t h e  p a s s - b a n d  e d g e s  were d e f i n e d  s o  a s  t o  g i v e  a  s t o p - b a n d  
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FIG. 12.10-2 COMPUTED AND MEASURED PERFORMANCE OF THE 
WIDEdTOP-BAND FILTER IN FIG. 12.10-1 

2, = 1283 22 * 1109 Z, = 1283 

f r a c t i o n a l  b a n d w i d t h  o f  w = 0 . 0 5  a s  measu red  t o  t h e  e q u a l - r i p p l e  p a s s -  

band e d g e s .  As c a n  be  s e e n  f rom t h e  f i g u r e ,  i n  t h i s  c a s e  t h e  l i n e  

impedances  Z1, = Z,, a r e  v e r y  n e a r l y  t h e  same a s  t h e  t e r m i n a t i n g  irnped- 

a n c e s ;  h o w e v e r ,  t h e  s t u b  i m p e d a n c e s  a r e  i n  e x c e s s  o f  1 , 0 0 0  ohms. To 

e l i m i n a t e  t h e s e  i m p r a c t i c a l  s t u b  i m p e d a n c e s ,  t h e  o p e n - c i r c u i t e d  s t u b  

r e s o n a t o r s  w e r e  r e p l a c e d  by c a p a c i t i v e l y  c o u p l e d  s h o r t - c i r c u i t e d  s t u b  

r e s o n a t o r s  a s  d e s c r i b e d  i n  S e c .  1 2 . 0 9 .  The s t u b  impedances  we re  a r b i -  

t r a r i l y  s e t  a t  1 5 1 . 5  ohms, b u t  p r o b a b l y  a  l ower  impedance  would  h a v e  

been a  b e t t e r  c h o i c e  f rom t h e  s t a n d p o i n t  o f  o b t a i n i n g  maximum r e s o n a t o r  

u n l o a d e d  Q ' s .  F i g u r e  1 2 . 1 0 - 3 ( b )  shows t h e  d e s i g n  u s i n g  c a p a c i t i v e l y  

c o u p l e d  r e s o n a t o r s .  

F i g u r e  1 2 . 1 0 - 4  shows t h e  computed  r e s p o n s e s  o f  t h e s e  two d e s i g n s .  

Note  t h a t  t h e  e x a c t  d e s i g n  [ i n  F i g .  1 2 . 1 0 - 3 ( a ) ]  h a s  t h e  d e s i r e d  0 . 1 - d b  

p a s s - b a n d  r i p p l e  a s  s p e c i f i e d .  Though t h e  a p p r o x i m a t e  d e s i g n  w i t h  

c a p a c i t i v e l y  c o u p l e d  s t u b s  d e v i a t e s  a  l i t t l e  f rom t h e  s p e c i f i c a t i o n s ,  

i t  comes v e r y  c l o s e  t o  t h e  r e s p o n s e  o v e r  t h e  f r e q u e n c y  r a n g e  shown. 

However,  a s  c a n  b e  s e e n  f rom F i g .  1 2 . 1 0 - 5 ,  which  shows t h e  same r e s p o n s e s  

w i t h  e n l a r g e d  s c a l e  o v e r  a  l a r g e r  f r e q u e n c y  r a n g e ,  a t  h i g h e r  f r e q u e n c i e s  

t h e  r e s p o n s e  o f  t h e  a p p r o x i m a t e  d e s i g n  d e v i a t e s  a  good  d e a l  f rom t h a t  o f  

t h e  e x a c t  d e s i g n .  T h i s  i s  d u e  t o  t h e  v a r i a t i o n  o f  t h e  c o u p l i n g  s u s c e p -  

t a n c e s  w i t h  f r e q u e n c y .  Though e i t h e r  t h e  method o f  S e c .  1 2 . 0 4  o r  t h e  

method o f  S e c .  1 2 . 0 9  w i l l  i n v o l v e  some e r r o r ,  n a r r o w - b a n d  d e s i g n s  worked 

o u t  by s t a r t i n g  w i t h  t h e  e q u a t i o n s  i n  S e c .  1 2 . 0 9  c a n  be  e x p e c t e d  t o  g i v e  

more a c c u r a t e  r e s u l t s .  

FIG. 12.10-3 NARROW-STOP-BAND FILTERS 
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FIG. 12.10-4 COMPUTED RESPONSE OF THE FILTERS IN FIG. 12.10-3 
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FIG. 12.10-5 THE RESPONSES IN FIG. 12.10-4 WITH AN ENLARGED SCALE 



C H A P T E R  1 3  

TEM- MODE, COUPLED- TRANSMISSION-LINE DIRECfIONAL COUPLERS, 
AND BRANCH-LINE DIRECTIONAL OOUPLERS 

SEC. 1 3 . 0  1 ,  INTRODUCTION 

Though t h e r e  a r e  many p o s s i b l e  k i n d s  o f  d i r e c t i o n a l  c o u p l e r s ,  t h e  

d i s c u s s i o n  i n  t h i s  book w i l l  be  c o n f i n e d  t o  o n l y  two t y p e s .  They a r e  

TEM-mode c o u p l e r s  c o n s i s t i n g  o f  p a r a l l e l ,  c o u p l e d  t r a n s m i s s i o n  

( S e c s .  1 3 . 0 1  t o  1 3 . 0 8 ) ,  and b r a n c h - l i n e  c o u p l e r s  wh ich  may be o f  e i t h e r  

TEM-mode o r  wavegu ide  forma-" ( S e c s .  1 3 . 0 9  t o  1 3 . 1 4 ) .  TEM-mode, 

c o u p l e d -  t r a n s m i s s i o n -  l i n e  c o u p l e r s  a r e  i n c l u d e d  b e c a u s e  t h e y  r e 1  a t e  

v e r y  c l o s e l y  t o  some o f  t h e  d i r e c t i o n a l  f i l t e r s  d i s c u s s e d  i n  C h a p t e r  14 ,  

t h e y  a r e  a  v e r y  w i d e l y  u s e d  form o f  c o u p l e r ,  and t h e y  a r e  a  t y p e  o f  

c o u p l e r  o f  wh ich  t h e  a u t h o r s  h a v e  s p e c i a l  knowledge.  The b r a n c h - l i n e  

c o u p l e r s  a r e  i n c l u d e d  b e c a u s e ,  a s  i s  d i s c u s s e d  i n  C h a p t e r  15 ,  t h e y  a r e  

u s e f u l  a s  p a r t  o f  h i g h - ~ o w e r  f i l t e r  s y s t e m s ,  and b e c a u s e  t h e y  a l s o  a r e  

a  form o f  c o u p l e r  o f  which t h e  a u t h o r s  happen  t o  h a v e  s p e c i a l  knowledge 

i n  c o n n e c t i o n  w i t h  h i g h - p o w e r  f i l t e r  work. No e f f o r t  w i l l  b e  made t o  

t r e a t  t h e  numerous  o t h e r  u s e f u l  fo rms  o f  c o u p l e r s  which a p p e a r  a t  t h i s  

t i m e  t o  be  l e s s  c l o s e l y  r e l a t e d  t o  t h e  t o p i c s  i n  t h i s  book. 

F i g u r e  1 3 . 0 1 - 1  i l l u s t r a t e s  s c h e m a t i c a l l y  a  q u a r t e r - w a v e l e n g t h  

c o u p l e r  and  a  t h r e e - q u a r t e r - w a v e l e n g t h  c o u p l e r ,  t o g e t h e r  w i t h  t h e i r  f r e -  

quency  r e s p o n s e s .  T h e s e  c o u p l e r s ,  l i k e  a l l  c o u p l e r s  a n a l y z e d  i n  t h i s  

c h a p t e r ,  h a v e  e n d - t o - e n d  symmetry .  The c o u p l e d  s i g n a l  t r a v e l s  i n  t h e  

d i r e c t i o n  o p p o s i t e  t o  t h a t  o f  t h e  i n p u t  s i g n a l  a n d  t h e r e f o r e  t h e s e  couple1  

a r e  o f t e n  r e f e r r e d  t o  a s  " b a c k w a r d  c o u p l e r s .  " The e l e c t r i c a l  l e n g t h ,  0 ,  

o f  e a c h  c o u p l e d  s e c t i o n  i n  t h e  two c o u p l e r s  i s  90 d e g r e e s  a t  midband.  

The v a r i a t i o n  o f  c o u p l i n g  w i t h  f r e q u e n c y  i n  t h e  s i n g l e - s e c t i o n ,  q u a r t e r -  

w a v e l e n g t h  c o u p l e r  i s  a p p r o x i m a t e l y  s i n u s o i d a l .  T h e  c o u p l i n g  v a r i a t i o n  

w i t h  f r e q u e n c y  i s  much less  i n  t h e  3 - s e c t i o n  c o u p l e r ,  which i s  formed by 

c a s c a d i n g  t h r e e ,  q u a r t e r - w a v e l e n g t h  c o u p l e r s .  I t  c a n  b e  made t o  b e  

m a x i m a l l y - f l a t  o r  e q u a l - r i p p l e  by a d j u s t i n g  t h e  c o u p l i n g s  o f  t h e  t h r e e  

i n d i v i d u a l  c o u p l e r s .  Even g r e a t e r  b a n d w i d t h s  c a n  be  o b t a i n e d  by c a s -  

c a d i n g  more t h a n  t h r e e  c o u p l e r s .  



( P I  (b )  
Q U A R T E R - W A V E L E N G T H  COUPLER THREE -QUARTER-WAVELENGTH COUPLER 

SOURCE: Final Report. Contract DA-36-039 SC-63232, SRI; 
reprinted in IRE Tmns. PGMTT (see Ref. 5 by 
J.  K. Shimizu and E .  M. T. Jones)  

FIG. 13.01-1 SKETCH SHOWING TYPICAL CONFIGURATIONS AND FREQUENCY 
RESPONSES FOR TEM-MODE, COUPLED-TRANSMISSION-LINE 
DIRECTIONAL COUPLERS OF ONE AND THREE SECTIONS 

A v a r i e t y  o f  p h y s i c a l  c o n f i g u r a t i o n s  f o r  t h e  c o u p l e d  TEM l i n e s  c a n  

be u s e d  i n  t h e s e  c o u p l e r s ,  a s  i s  i l l u s t r a t e d  i n  F i g .  13 .01 -2 .  T h e  con-  
f i g u r a t i o n s  ( a ) ,  ( b )  and ( c )  a r e  most  s u i t a b l e  f o r  c o u p l e r s  h a v i n g  weak 
c o u p l i n g  such  as  20 db ,  30  d b ,  e t c .  The c o n f i g u r a t i o n s  ( d ) ,  ( e ) ,  ( f ) ,  

( g )  and ( h )  a r e  mos t  s u i t a b l e  f o r  c o u p l e r s  h a v i n g  t i g h t  c o u p l i n g  s u c h  a s  

3 db. I n t e r m e d i a t e  v a l u e s  o f  c o u p l i n g  c a n  u s u a l l y  most  e a s i l y  b e  o b t a i n e d  

w i t h  c o n f i g u r a t i o n s  ( d l ,  ( e ) ,  ( f ) ,  and  ( g ) ,  a l t h o u g h  c o n f i g u r a t i o n  ( a )  is  
o f t e n  u s e f u l .  C o n f i g u r a t i o n  ( e )  h a s  a  d i s a d v a n t a g e  i n  t h a t  t h e  i n d i v i d u a l  

l i n e s  a r e  u n s y m m e t r i c a l l y  l o c a t e d  w i t h  r e s p e c t  t o  t h e  g round  p l a n e s ;  hence  

t h e  c o n n e c t i o n s  a t  t h e  ends  t e n d  t o  e x c i t e  g r o u n d - p l a n e  modes. T h i s  c a n  
be  p r e v e n t e d ,  however ,  i f  t h e  s t r u c t u r e  i s  c l o s e d  i n  a t  t h e  s i d e s  s o  t h a t  

o n l y  t h e  d e s i r e d  TEM modes c a n  p r o p a g a t e .  C o n f i g u r a t i o n  ( f )  a v o i d s  t h i s  

d i f f i c u l t y  by making o n e  o f  t h e  l i n e s  d o u b l e ,  w h i l e  t h e  o t h e r  l i n e  i n t e r -  
l e a v e s  t h e  d o u b l e  l i n e  i n  o r d e r  t o  g i v e  t i g h t  c o u p l i n g .  I n  t h i s  manner  
t h e  s t r u c t u r e  i s  made t o  be e l e c t r i c a l l y  b a l a n c e d  w i t h  r e s p e c t  t o  t h e  

ground p l a n e s ,  and  g r o u n d - p l a n e  modes w i l l  n o t  b e  e x c i t e d .  C o n f i g u r a t i o n  

( h )  u s e s  c o n d u c t o r s  A and  B o f  c i r c u l a r  c r o s s  s e c t i o n ,  s u r r o u n d e d  by a  

C. The  e l e c t r i c a l  p o t e n t i a l  o f  C i s  f l o a t i n g  w i t h  r e s p e c t  t o  

t h e  p o t e n t i a l s  o f  t h e  g round  p l a n e s  D a n d  o f  c o n d u c t o r s  A and  5. The ad-  

d i t i o n  o f  t h e  f l o a t i n g  s h i e l d  C h a s  t h e  e f f e c t  o f  g r e a t l y  i n c r e a s i n g  t h e  

c o u p l i n g  b e t w e e n  l i n e s  A and  B. 

The a c t u a l  c o n f i g u r a t i o n  t o  u s e  i n  a  p a r t i c u l a r  a p p l i c a t i o n  d e p e n d s  

on a  number o f  f a c t o r s .  However ,  c o n f i g u r a t i o n  ( a )  i s  most f r e q u e n t l y  

used f o r  weak c o u p l i n g  w h i l e  c o n f i g u r a t i o n  ( e )  i s  o f t e n  u s e d  f o r  t i g h t  

c o u p l i n g .  B o t h  o f  t h e s e  c o n f i g u r a t i o n s  can be f a b r i c a t e d  by p r i n t e d -  

c i r c u i t  t e c h n i q u e s .  C o n f i g u r a t i o n  ( c ) ,  u t i l i z i n g  round c o n d u c t o r s ,  i s  

p a r t i c u l a r l y  good f o r  w e a k - c o u p l i n g ,  h igh -power  a p p l i c a t i o n s .  When con-  

f i g u r a t i o n  ( e )  i s  f a b r i c a t e d  u s i n g  t h i c k  s t r i p s  w i t h  rounded e d g e s ,  i t  i s  

WEAK COUPLING CONFIGURATIONS 

(h )  

TIGHT COUPLING CONFIGURATIONS 

a DIELECTRIC 

CONDUCTOR 

FIG. 13.01-2 CROSS SECTIONS OF TYPICAL TEM-MODE, 
COUPLED-TRANSMISSION-LINES 
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s u i t a b l e  f o r  s t r o n g - c o u p l i n g ,  h i g h - p o w e r  a p p l i c a t i o n s .  R e f e r e n c e  t o  t h e  

d e t a i l e d  d e s i g n s  p r e s e n t e d  i n  S e c s .  1 3 . 0 5  a n d  1 3 . 0 6  may a l s o  h e l p  t h e  

r e a d e r  d e c i d e  on t h e  mos t  a p p r o p r i a t e  c o n f i g u r a t i o n  f o r  h i s  p a r t i c u l a r  

a p p l i c a t i o n .  

I t  i s  e s s e n t i a l  f o r  t h e  o p e r a t i o n  o f  t h e s e  c o u p l e r s  t h a t  t h e  c r o s s  

s e c t i o n  b e  u n i f o r m l y  f i l l e d  w i t h  a i r  o r  some o t h e r  l o w - l o s s  d i e l e c t r i c  

m a t e r i a l .  C o n f i g u r a t i o n s  ( c )  and ( g )  h a v e  enough r i g i d i t y  s o  t h a t  t h e y  

can  b e  a i r - f i l l e d .  With t h e  o t h e r  c o n f i g u r a t i o n s  i t  i s  u s u a l l y  n e c e s s a r y  

t o  u s e  a  r i g i d ,  l o w - l o s s  d i e l e c t r i c  m a t e r i a l  f o r  m e c h a n i c a l  s u p p o r t .  

SEC. 1 3 . 0 2 ,  DESIGN RELATIONS FOR TEM-MODE, COUPLED-TRANSMISSION- 

LINE DIRECTIONAL COUPLERS OF ONE SECTION 

TEM-mode c o u p l e d - t r a n s m i s s i o n - l i n e  d i r e c t i o n a l  c o u p l e r s  t h e o r e t i c a l l y  

a r e  p e r f e c t l y  ma tched  and h a v e  i n f i n i t e  d i r e c t i v i t y  a t  a l l  f r e q u e n c i e s .  

When a  wave o f  v o l t a g e  a m p l i t u d e  E  i s  i n c i d e n t  upon P o r t  1 o f  a  q u a r t e r -  

w a v e l e n g t h  c o u p l e r  ( F i g .  1 3 . 0 1 - 1 1 ,  t h e  v o l t a g e  a t  P o r t  2  i s  g i v e n  by 

E2 - = 
j c  s i n  8 

E  d x  c o s  8 + j s i n  8 

w h i l e  t h e  v o l t a g e  a t  P o r t  4 i s  g i v e n  by 

where  c i s  t h e  c o u p l i n g  f a c t o r ,  w h i c h  i s  t h e  midband v a l u e  o f  I E , / E ~  
S i n c e  t h e  p h a s e s  o f  E 2  and E 4  a r e  u s u a l l y  o f  l i t t l e  i n t e r e s t ,  

Eqs .  ( 1 3 . 0 2 - 1 )  and ( 1 3 . 0 2 - 2 )  c a n  be  r e d u c e d  t o  

and 

For  s m a l l  v a l u e s  o f  c ,  Eq. ( 1 3 . 0 2 - 1 )  p r e d i c t s  t h a t  E 2 / E  v a r i e s  a s  s i n  8. 

F o r  l a r g e  v a l u e s  of  c  t h e  c o u p l i n g  v a r i a t i o n  w i t h  f r e q u e n c y  i s  a s  shown 

i n  F i g .  1 3 . 0 2 - 1 .  The  v o l t a g e  a t  P o r t  3  i s  z e r o .  (These  r e s u l t s  a r e  

p roved  i n  S e c .  1 3 . 0 7 .  ) 

The e l e c t r i c a l  l e n g t h ,  8, o f  t h e  c o u p l e d  l i n e s  i s  r e l a t e d  t o  t h e  , 

p h y s i c a l  l e n g t h  1  by means o f  t h e  r e l a t i o n  8 = 2n l /A ,  where  A i s  t h e  wave- 

l e n g t h  i n  t h e  medium s u r r o u n d i n g  t h e  c o u p l e d  l i n e s .  The midband v o l t a g e  

c o u p l i n g , f a c t o r  c i s  

where  Z o e  a n d  Zoo a r e  t h e  e v e n -  and odd-mode impedances  d i s c u s s e d  below. 

I n  o r d e r  t h a t  t h e  c o u p l e r  b e  p e r f e c t l y  ma tched  t o  i t s  t e r m i n a t i n g  t r a n s -  

m i s s i o n  l i n e  o f  c h a r a c t e r i s t i c  impedance  Z o ,  i t  i s  n e c e s s a r y  t h a t  

The even-mode impedance  Z o e  i s  t h e  c h a r a c t e r i s t i c  impedance  o f  a  s i n g l e  

c o u p l e d  l i n e  t o  g r o u n d  when e q u a l  c u r r e n t s  a r e  f l o w i n g  i n  t h e  two l i n e s ,  

w h i l e  t h e  odd-mode impedance  Z o o  i s  t h e  c h a r a c t e r i s t i c  impedance  o f  a  

s i n g l e  l i n e  t o  g r o u n d  when e q u a l  and o p p o s i t e  c u r r e n t s  a r e  f l o w i n g  i n  t h e  

two l i n e s .  V a l u e s  o f  Z o e  and  Z O O  f o r  a  number o f  c r o s s  s e c t i o n s  a r e  

p r e s e n t e d  i n  S e c .  5 .05 .  

E q u a t i o n s  ( 1 3 . 0 2 - 3 )  a n d  ( 1 3 . 0 2 - 4 )  can  b e  r e a r r a n g e d  t o  g i v e  t h e  con-  

v e n i e n t  d e s i g n  r e l a t i o n s  

and 

The p h y s i c a l  d i m e n s i o n s  n e c e s s a r y  t o  g i v e  t h e  r e q u i r e d  even -  a n d  odd-mode 

impedances  Z o e  and Z o o  c a n  t h e n  be o b t a i n e d  f rom S e c .  5 .05 .  
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FIG. 13.02-1 COUPLING AS A FUNCTION OF FREQUENCY FOR 
TEM-MODE, COUPLED-TRANSMISSION-LINE 
DIRECTIONAL COUPLERS OF ONE SECTION, 
HAVING TIGHT COUPLING 

SEC. 1 3 . 0 3 ,  DESIGN RELATIONS FOR TEM-MODE, COUPLED-TRANSMISSION- 
LINE DIRECTIONAL COUPLERS OF THREE SECTIONS 

The a n a l y s i s  o f  TEM-mode c o u p l e r s  o f  more t h a n  o n e  s e c t i o n  s o o n  l e a d s  

t o  l o n g  and c o m p l i c a t e d  e x p r e s s i o n s .  The p r o b l e m  s i m p l i f i e s  somewhat when 

one  r e c o g n i z e s  t h a t  t h e  TEM-mode c o u p l e r  i s  a n a l y t i c a l l y  s i m i l a r  t o  t h e  

q u a r t e r - w a v e  t r a n s f o r m e r .  T h a t  i s  t o  s a y ,  t h e  e v e n  and  odd modes o f  

o p e r a t i o n  a r e  d u a l s  o f  e a c h  o t h e r  ( impedance  i n  o n e  c o r r e s p o n d s  t o  a d m i t -  

t a n c e  i n  t h e  o t h e r ,  a n d  v i c e  v e r s a ) ,  and  t h e  m a t h e m a t i c s  o f  e a c h  mode t h e n  

r e d u c e s  t o  t h e  a n a l y s i s  o f  c a s c a d e d  t r a n s m i s s i o n - l i n e  s e c t i o n s ,  e a c h  o f  

which i s  o n e - q u a r t e r  w a v e l e n g t h  l o n g  a t  c e n t e r  f r e q u e n c y .  T h e r e  i s ,  how- 

e v e r ,  o n e  m a j o r  d i f f e r e n c e  b e t w e e n  t h e  d e s i r e d  p e r f o r m a n c e  o f  t h e  TEM- 

mode c o u p l e r  a n d  t h a t  o f  t h e  q u a r t e r - w a v e  t r a n s f o r m e r  o f  C h a p t e r  6: Wherer 

t h e  q u a r t e r - w a v e  t r a n s f o r m e r  i s  r e q u i r e d  t o  h a v e  low r e f l e c t i o n  i n  t h e  

o p e r a t i n g  b a n d ,  t h e  " q u a r t e r - w a v e  f i l t e r u *  on wh ich  t h e  TEM c o u p l e r  i s  

based  i s  r e q u i r e d  t o  h a v e  a  s i z e a b l e  s p e c i f i e d  and  n e a r l y  c o n s t a n t  r e f l e c -  

t i o n  c o e f f i c i e n t  a c r o s s  t h e  b a n d  o f  o p e r a t i o n .  T h u s  t h e  t r a n s d u c e r  l o s s  

f u n c t i o n s  a r e  n o t  t h e  s ame ,  a n d  t h e  n u m e r i c a l  d a t a  i n  C h a p t e r  6 t h e n  do 

n o t  a p p l y  t o  TEM-mode d i r e c t i o n a l  c o u p l e r s .  4 new a n a l y s i s  h a s  t o  be 

u n d e r t a k e n  f o r  t h e  q u a r t e r - w a v e  f i l t e r  p r o t o t y p e .  F i g u r e  1 3 . 0 3 - l ( a )  shows 

a  t h r e e - s e c t i o n  c o u p l e r  and F i g .  1 3 . 0 3 - l ( b )  shows a  q u a r t e r - w a v e - f i l t e r  

p r o t o t y p e  f rom which i t  c a n  b e  d e s i g n e d .  

The r e s u l t s  o f  a n  a n a l y s i s  o f  a  s y m m e t r i c a l  t h r e e - s e c t i o n  c o u p l e r  

( F i g .  1 3 . 0 3 - 1 )  w i l l  be g i v e n  w i t h o u t  p r o o f  i n  t h i s  s e c t i o n .  I t  w i l l  be  

f o l l o w e d  i n  S e c .  1 3 . 0 4  w i t h  a  f i r s t - o r d e r  f o r m u l a  f o r  a  s y m m e t r i c a l  c o u p l e  

o f  any ( o d d )  number  o f  s e c t i o n s ,  and some p a r t i c u l a r  s o l u t i o n s  f o r  f i v e -  

s e c t i o n  c o u p l e r s .  

S i n c e  t h i s  t y p e  o f  c o u p l e r  h a s  ma tched  r e s i s t i v e  impedances  a t  a l l  o f  

i t s  p o r t s ,  I E / E ~ ~ '  c o r r e s p o n d s  t o  t h e  t r a n s d u c e r  l o s s  r a t i o .  F o r  t h r e e -  

s e c t i o n  c o u p l e r s  i t  i s  g i v e n  by a  po lynomia l  i n  c o s 2  0 (compare  w i t h  

S e c .  6 . 0 2 1 ,  

* 
The t e r m W q u a r t e r - w a v e  f i l t e r "  L S  introduced t o  d i s t i n g u i s h  the  r e s u l t i n g  p h y s i c a l l y  symmetrical  
s t r u c t u r e s  from quarter-wave impedance transformers  w i t h  a monotone sequence  o f  s t e p s ,  as i n  Chapter 6 .  
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COUPLING 
FACTORS: cz c, 

( 0 1  TEM - MODE COUPLER 

JUNCTION 
VSWR'S: 

Vl "2 vz "I 

LINE 
IMPEDANCES: I 

2 1  22 2 1  I 

(b1 PROTOTYPE QUARTER -WAVE FILTER 
S-3$27-50.  

SOURCE: Proc. IEE (see Ref. 24 by  L. Young) 

FIG. 13.03-1 THREE-SECTION TEM-COUPLER AND 
QUARTER-WAVE FILTER PROTOTYPE 

where  A o ,  A , ,  A 2 ,  and A4 a r e  f u n c t i o n s  o f  t h e  end -  and  m i d d l e - s e c t i o n  

c o u p l i n g  f a c t o r s  c l  and  c 2 .  The A ' s  a r e  g i v e n  by  

The c o u p l i n g  v o l t a g e  E 2  i s  t h e n  found ( f r o m  c o n s e r v a t i o n  o f  e n e r g y )  

t o  be  r e l a t e d  t o  E and  E 4  by 

D e s i g n  F o r m u l a s - - S i n c e  t h e  t h r e e - s e c t i o n  c o u p l e r  shown i n  F i g .  1 3 . 0 3 - 1  

i s  s y m m e t r i c a l ,  o n e  h a s  t o  d e t e r m i n e  two even-mode a n d  two odd-mode i m -  

p e d a n c e s ,  s o  t h a t  i t s  p h y s i c a l  d i m e n s i o n s  c a n  b e  d e t e r m i n e d  f rom S e c .  5 . 0 5 .  

The even -  and  odd-mode i m p e d a n c e s  ( Z o e )  1 , ( Z o o )  ( Z o , )  2 ,  and ( Z o o )  2 a r e  

r e l a t e d  t o  t h e  c o u p l i n g  f a c t o r s  c l  and  c 2  by 

and 

Des ign  f o r m u l a s  f o r  c l  a n d  c ,  w i l l  now b e  s t a t e d ,  a n d  t h e i r  d e r i v a -  

t i o n  w i l l  b e  i n d i c a t e d  a f t e r w a r d s .  The midband o v e r - a l l  c o u p l i n g  i s  d e -  

n o t e d  by c o ,  w h i c h  i s  t h e  v a l u e  o f  I E ~ / E I  a t  midband.  The c o u p l e r  

p e r f o r m a n c e  i s  u s u a l l y  s p e c i f i e d  by t h e  midband c o u p l i n g  c o  and  o n e  o t h e r  

p a r a m e t e r  w h i c h  d e t e r m i n e s  t h e  s h a p e  o f  t h e  c o u p l i n g  r e s p o n s e  a g a i n s t  f r e -  

quency ,  f o r  i n s t a n c e  w h e t h e r  i t  i s  t o  be  max ima l ly  f l a t  o r  t o  h a v e  a  



s p e c i f i e d  r i p p l e .  T h i s  p a r a m e t e r  i s  h e r e  d e n o t e d  by V1 and i s  d e t e r m i n e d  

from F i g s .  1 3 . 0 3 - 2  and 1 3 . 0 3 - 3  a s  w i l l  b e  e x p l a i n e d  below.  The d e s i g n  
p r o c e d u r e  f o r  a t h r e e - s e c t i o n  c o u p l e r  ( F i g .  1 3 . 0 3 - 1 )  i s  t h e n  a s  f o l l o w s :  

1. D e t e r m i n e  t h e  midband c o u p l i n g ,  c o :  F o r  i n s t a n c e ,  f o r  a  t h r e e -  
s e c t i o n  3 -db  c o u p l e r  w i t h  0 . 3 - d b  ripple, 1 0  l o g l o  ( c i )  = 3 . 3  db 

2. Then d e t e r m i n e  V l , M F  f rom F i g .  1 3 . 0 3 - 2 .  F o r  a  max ima l ly  f l a t  
c o u p l e r ,  V1 = V 1 , M F .  F o r  a n  e q u a l - r i p p l e  c o u p l e r ,  d e t e r m i n e  
V ,  from F i g .  1 3 . 0 3 - 3 .  Use t h e  1 0 - d b  c u r v e  f o r  a l l  c o u p l e r s  
w i t h  c o u p l i n g  weake r  t h a n  10 db .  

I f  t h e  r i p p l e  i s  s p e c i f i e d  ( f o r  i n s t a n c e ,  i f  t h e  c o u p l i n g  i s  t o  
l i e  be tween  2 . 7  a n d  3 . 3  db ,  t h e  r i p p l e  i s  0 . 3  d b ) ,  t h e n  t h e  lower  
c u r v e s  i n  F i g .  1 3 . 0 3 - 3  a r e  u sed .  I f  t h e  f r a c t i o n a l  bandwid th  w 
i s  s p e c i f i e d ,  t h e  u p p e r  c u r v e s  i n  F i g .  1 3 . 0 3 - 3  a r e  u s e d .  (The 
f r a c t i o n a l  b a n d w i d t h  w i s  h e r e  d e f i n e d ,  a s  u s u a l ,  by 

where  f l  and f 2  a r e  t h e  band-edge  f r e q u e n c i e s  o f  t h e  e q u a l - r i p p l e  
p a s s  band.  E i t h e r  t h e  r i p p l e  o r  t h e  bandwid th  may b e  s p e c i f i e d ,  
and  t h e y  a r e  r e l a t e d  a s  shown i n  F i g .  1 3 . 0 3 - 4 . '  

3. D e t e r m i n e  R from 

where  c o  i s  t h e  c o u p l i n g  f a c t o r .  [The midband c o u p l i n g  i n  d e c i b e l s  
i s  1 0  l o g l o ( c i )  d b . ]  

4. D e t e r m i n e  V2 f rom 

5. De te rmine  Z1 and Z2  f rom 

6 .  F i n a l l y ,  d e t e r m i n e  c l  and c 2  f rom 

z; - 1 z; - 1 
C 1  = - and c 2  = - . ( 1 3 . 0 3 - 1 4 )  

Z: + 1 z; + 1 

* There i s  a a l i g h t  i n c o n s i s t e n c y  i n  t h e s e  c u r r e s  owing t o  a lack o f  more conplecc  numerical d a t a .  The 
10-db curve r e f e r s  t o  10 db at  c e n t e r  frequency;  the  3-db curve r e f e r s  t o  3-db average over  t h e  band. 

MID-BAND COUPLING - db 

SOURCE: Roc.  IEE (see Ref. 24 by L. Young) 

FIG. 13.03-2 V1 = V1 ,, OF MAXIMALLY FLAT, THREE-SECTION, 
TEM-MO~E COUPLER AS A FUNCTION OF MIDBAND COUPLING 

SOURCE: Proc.  B E  (see Ref. 24 by L. Young) 

FIG. 13.03-3 FRACTIONAL BANDWIDTH AND RIPPLE AS V1 IS INCREASED, 
FOR 3-db AND 10-db, THRE E-SECTION TEM-MODE COUPLERS 



The ( Z o , ) ,  and ( Z o o i t  a r e  t h e n  g i v e n  by E q s .  ( 1 3 . 0 3 - 8 )  and  ( 1 3 . 0 9 - 9 )  
and t h e  p h y s i c a l  d i m e n s i o n s  c a n  be o b t a i n e d  f rom S e c .  5 . 0 5 ,  a s  a l r e a d y  
p o i n t e d  o u t .  
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RIPPLE - db ..,,#,.%.a 

SOURCE: Roc. E E  (ace Ref. 24 by L. Young) 

FIG. 13.03-4 FRACTIONAL BANDWIDTH AS A 
FUNCTION OF RIPPLE FOR 
THREE-SECTION TEM-MODE 
COUPLERS WITH 3-db, 10-db, 
AND WEAK COUPLING FACTORS 

Q u a r t e r - W a v e  F t l t e r  Parameters-The p a r a m e t e r s ,  V1, V 2 ,  Z , ,  Z 2 ,  and 

R j u s t  I n t r o d u c e d  have  mean ing  i n  t e r m s  o f  t h e  q u a r t e r - w a v e  f i l t e r  p r o -  

t o t y p e  c i r c u i t ,  wh ich  w i l l  b e  e x p l a i n e d  more f u l l y  i n  S e c .  1 3 . 0 8 .  The 

e s s e n c e  o f  t h i s  d e s i g n  c o n c e p t  i s  t h a t  t h e  b a c k w a r d - c o u p l e d  wave o f  t h e  

EM-mode c o u p l e r  ( E 2  i n  F i g .  1 3 . 0 3 - 2 )  c o r r e s p o n d s  a n a l y t i c a l l y  t o  t h e  

r e f l e c t e d  wave of  t h e  q u a r t e r - w a v e  f i l t e r ,  a s  i n d i c a t e d  i n  F i g .  1 3 . 0 3 - l ( a )  
and ( b ) .  One t h e r e f o r e  h a s  t o  s y n t h e s i z e  o n l y a t w o - p o r t  ( i n s t e a d  o f  a  

f o u r - p o r t ) ,  making i t s  r e f l e c t e d  wave behave  a s  one  would want  t h e c o u p l i n g  

t o  b e .  The V , a r e  t h e  s tep-VSWR's ,  a n d t h e  Z, a r e  t h e  n o r m a l i z e d  impedances  

[ F i g .  1 3 . 0 3 - l ( b ) l  wh ich  a r e  t u r n e d  i n t o  t h e  ( Z a e ) ,  and ( Z o o ) ,  by means of 

Eqs .  ( 1 3 . 0 3 - 8 )  t h r o u g h  ( 1 3 . 0 3 -  1 4 ) .  E q u a t i o n  ( 1 3 . 0 3 - 6 )  a l s o  s i m p l i f i e s  t o  

The p a r a m e t e r  R c o r r e s p o n d s  t o  t h e  midband VSWR o f  t h e  q u a r t e r - w a v e  f i l t e r ,  

and c o  i s  i t s  midband  r e f l e c t i o n  c o e f f i c i e n t .  F u r t h e r m o r e ,  a t  midband i t s  

s e c t i o n  l e n g t h s  a r e  0 = ~ / 2 ,  and t h e  r e f l e c t e d  a n d  t r a n s m i t t e d  powers  a r e  

t h e n  g i v e n  by 

and 

Max ima l ly  F l a t  Coupl ing--To o b t a i n  a  max ima l ly  f l a t  r e s p o n s e  a t  

6 = ~ / 2 ,  we may s p e c i f y  

i n  Eq. ( 1 3 . 0 3 - 1 ) .  E l i m i n a t i n g  V 2  l e a v e s  a  q u a r t i c  e q u a t i o n  i n  V1: 

The s o l u t i o n  of  t h i s  e q u a t i o n  i s  g r a p h e d  i n  F i g .  1 3 . 0 3 - 2  where  V1 V I , U F  
i s  p l o t t e d  a g a i n s t  t h e  midband c o u p l i n g  i n  d e c i b e l s .  S e l e c t i n g  V 1  = V I s M F  

f rom F i g .  1 3 . 0 3 - 2  o r  Eq. ( 1 3 . 0 3 - 1 9 )  w i l l  g i v e  a  max ima l ly  f l a t  r e s p o n s e .  

( I t  t u r n s  o u t  t h a t  when A l  i s  t h u s  made t o  v a n i s h ,  A,, i s  n o t  e q u a l  t o  z e r o .  

TO o b t a i n  a  f l a t t e r  r e s p o n s e  w i t h  b o t h  A l  and A 2  e q u a l  t o  z e r o ,  t h e  c o u p l e r  

o r  f i l t e r  c a n n o t  b e  s y m m e t r i c a l  be tween  e n d s . )  
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When t h e  midband c o u p l i n g  i s  m a i n t a i n e d  c o n s t a n t  w h i l e  V1 i s  i n -  

c r e a s e d  above  t h e  c u r v e  i n  F i g .  1 3 . 0 3 - 2 ,  t h e  c o u p l i n g - v e r s u s -  f  r equency  

c h a r a c t e r i s t i c  t u r n s  from m a x i m a l l y  f l a t  t o  e q u a l - r i p p l e .  The r i p p l e  
r e g i o n  f o r  V1 i s  i n d i c a t e d  i n  F i g .  1 3 . 0 3 - 2 .  

10 -db  Coup le r s - -A  m a x i m a l l y  f l a t ,  1 0 - d b  c o u p l e r  h a s  t h e  q u a r t e r - w a v e  

f i l t e r  p a r a m e t e r s  V1 = Z l  = 1 . 0 4 1 ,  V2 = z,/z, = 1 . 4 4 6  ( s o  Z 2  = 1 . 5 0 5 ) ,  

and hence  c l  = 0 . 0 4 0 3 ,  c 2  = 0 . 3 8 8 .  As V1 i s  i n c r e a s e d ,  t h e  c o u p l i n g  r e -  
s p o n s e  d e v e l o p s  r i p p l e s ,  a s  c a n  b e  s e e n  from F i g .  1 3 . 0 3 - 5  wh ich  shows s i x  

c u r v e s  o f  c o u p l i n g  a g a i n s t  f r e q u e n c y  f o r  Y1 = 1 . 0 4 ,  1 . 0 6 ,  1 . 0 8 ,  1 . 1 0 ,  
1 . 1 2 ,  and 1 . 1 4 .  The c o u p l i n g  i s  s y m m e t r i c a l  a b o u t  t h e  c e n t e r  f r e q u e n c y  

i n  F i g .  1 3 . 0 3 - 5 ,  a n d  i s  t h e r e f o r e  p l o t t e d  o n l y  f o r  f r e q u e n c i e s  above  mid- 

band.  The midband c o u p l i n g  h a s  b e e n  m a i n t a i n e d  a t  1 0  db by s a t i s f y i n g  

Eq. ( 1 3 . 0 3 - 1 2 )  w i t h  R = 1 . 9 2 6 .  [ T h i s  P i s  o b t a i n e d  from Eq. ( 1 3 . 0 3 - 1 1 )  

w i t h  c o  = 0 . 3 1 6 2 ,  c o r r e s p o n d i n g  t o  1 0 - d b  c o u p l i n g . ]  F o r  any  g i v e n  V1, 
t h e  p a r a m e t e r s  c l  a n d  c 2 ,  and  t h e  even -  and  odd-mode i m p e d a n c e s ,  ( Z o , )  

and ( Z o o )  , c a n  b e  d e r i v e d  from Eqs .  ( 1 3 . 0 3 - 8 )  t h r o u g h  ( 1 3 . 0 3 - 1 4 ) .  L 

SOURCE: Proc. IEE (see  Ref. 2 4  by L. Young) 

FIG. 13.03-5 COUPLING AS A FUNCTION OF 
FREQUENCY FOR SIX THREE- 
SECTION TEM-MODE COUPLERS 
HAVING 10-db MIDBAND COUPLING 

3 - d b  ~ o u p l e r s ~ . ~ - - s i m i l a r  c u r v e s  f o r  3 - d b  c o u p l e r s  a r e  r e p r o d u c e d  i n  

F i g .  1 3 . 0 3 - 6 ,  e x c e p t  t h a t  h e r e  t h e  a v e r a g e  c o u p l i n g  i s  m a i n t a i n e d  c o n s t a n t  
a t  3  db .  ( I n  F i g .  1 3 . 0 3 - 5  t h e  rnrdband c o u p l i n g  was m a i n t a i n e d  c o n s t a n t  

a t  10  d b . )  The f i v e  c u r v e s  shown i n  F i g .  1 3 . 0 3 - 6  have  c o u p l i n g  r i p p l e s  o f  

0 . 1 ,  0 . 2 ,  0 . 3 ,  0 . 4 ,  and 0 . 5  d b ,  r e s p e c t i v e l y ,  and  t h e i r  c o u p l i n g  f a c t o r s  
a r e  g i v e n  i n  T a b l e  1 3 . 0 3 - 1 .  
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SOURCE: Final Report, Contract DA-36-039 SC-63232. SRI; 
reprinted in IRE Trans. PGMTT (see  Ref. 5 by 
J. K. Shimizu and E.  M. T.  Jones) 

FIG. 13.03-6 COUPLING AS A FUNCTION OF FREQUENCY FOR 
FIVE THREE-SECTION TEM-MODE COUPLERS 
HAVING 3-db AVERAGE COUPLING 

0-db C o u p l i n g - - I t  c a n  b e  shown f o r  Table 1 3 . 0 3 - 1  

t h e  max ima l ly  f l a t ,  t h r e e - s e c t i o n  c o u p l e r  DESIGN P A R A M E ~ R S  FOR 

t h a t  i n  t h e  l i m i t  a s  R t e n d s  t o  i n f i n i t y ,  ~ E E  - s E ~ I O Y .  3  - db, 

and  a s  t h e  c o u p l i n g  r a t i o  t h e r e f o r e  t e n d s  
T E M - M ~ E  COUPLERS I I I 

t o  u n i t y  ( 0 - d b ) ,  V1 t e n d s  u l t i m a t e l y  t o  

. (V2 t e n d s  t o  i n f i n i t y . )  Thus  V1 

f o r  t h e  m a x i m a l l y  f l a t  t h r e e - s e c t i o n  

c o u p l e r  n e v e r  e x c e e d s  = 1 . 2 2 4 7 4 5 ,  

o r  e q u i v a l e n t l y ,  c l  n e v e r  e x c e e d s  0 . 2 .  SOURCE: p i n a l  R e p o r t ,  Contract  D A - 3 6 -  

(Of c o u r s e  i t  i s  n o t  p o s s i b l e  t o  e v e r  
039 SC-63232.  S R I ;  r e p r i n t e d  
in  IAE T r a n s .  PCMTT ( s e e  

a t t a i n  0 -db  c o u p l i n g ,  j u s t  a s  i t  i s  
~ ~ f .  5 by J .  K .  S h i m i z u  and 
E .  M. T.  J o n e s )  

i m p o s s i b l e  t o  e v e r  a t t a i n  c o m p l e t e  r e f l e c -  

t i o n  i n  a  s t e p p e d - i m p e d a n c e  f i l t e r . )  

SEC.  1 3 . 0 4 ,  RELATIONS FOH TEM-MODE COUPLED-TRANSMISSION-LINE 
DIRECTIONAL COUPLERS OF FIVE AND MORE SECTIONS 

F i r s t - O r d e r  D e s i g n  T h e o r y - I t  i s  n o t  d i f f i c u l t  t o  show t h a t  f o r  weak 

c o u p l i n g s  t h e  a m p l i t u d e  c o u p l i n g  r a t i o ,  c ( B ) ,  o f  a n  n - s e c t i ~ n  c o u p l e r  as 



a  f u n c t i o n  o f  8 ,  i s  
and f o r  n = 5 ,  

+ ( c i  - c ~ - ~ )  s i n  ( n  - 2 i  + 2 )  8 + . . .  

i n  t h e  n o t a t i o n  o f  F i g .  1 3 . 0 4 - 1 .  I f ,  f o r  e x a m p l e ,  i t  i s  r e q u i r e d  t o  ob- 

t a i n  m a x i m a l l y  f l a t  c o u p l i n g ,  t h e n  t h e  c i  mus t  s a t i s f y  a  s e t  o f  ( n  - 1 ) / 2  

l i n e a r  e q u a t i o n s  

i n  a d d i t i o n  t o  one  e q u a t i o n ,  d e t e r m i n i n g  t h e  c e n t e r - f r e q u e n c y  c o u p l i n g .  

The s o l u t i o n s  o f  t h e  s y s t e m  o f  e q u a t i o n s  ( 1 3 . 0 4 - 2 )  f o r  n  = 3  a n d  n  = 5 

c a n  be  shown t o  b e ,  

f o r  n =  3 ,  c 2  = 1 0  c l  ; c,, = c 2  - 2 c l  = 8 c 1  ( 1 3 . 0 4 - 3 )  

A-3027-601 

SOURCE: Proc. IEE b e e  Ref .  24 by L. Young) 

FIG. 13.04-1 TEM-MODE COUPLER OF n SECTIONS 

I t  c a n  a l s o  be  shown t h a t  Eq. ( 1 3 . 0 3 -  19 )  f o r  t h e  max ima l ly  f l a t ,  

t h r e e - s e c t i o n  c o u p l e r  r e d u c e s  i n  t h e  f i r s t - o r d e r  a p p r o x i m a t i o n  t o  

S o l u t i o n s  f o r  F i v e - S e c t i o n  Coup le r s -As  was t h e  c a s e  w i t h  t h e  

t h r e e - s e c t i o n  c o u p l e r  i n  S e c .  1 3 . 0 3 ,  t h e  s o l u t i o n  o f  t h e  f i v e - s e c t i o n  

c o u p l e r  i s  mos t  e a s i l y  e x p r e s s e d  i n  t e r m s  o f  t h e  n o r m a l i z e d  q u a r t e r - w a v e  

f i l t e r  i m p e d a n c e s  Z1, Z 2 ,  and  Z 3 ,  which a r e  a g a i n  r e l a t e d  t o  t h e  c o u p l i n g  

f a c t o r s  c i  ( F i g .  1 3 . 0 4 - 1 )  by 

c o r r e s p o n d i n g  t o  Eq. ( 1 3 . 0 3 -  1 4 )  f o r  t h e  t h r e e -  s e c t i o n  c o u p l e r .  Aga in  

t h e  ( Z o e ) ,  and  ( Z o o )  a r e  o b t a i n e d  a s  i n  Eqs .  ( 1 3 . 0 3 - 8 )  and  ( 1 3 . 0 3 - 9 1 ,  

b u t  w i t h  i = 1 ,  2 ,  3. 

The f i r s t - o r d e r  s o l u t i o n  i n  Eq. ( 1 3 . 0 4 - 4 )  f o r  max ima l ly  f l a t  

c o u p l i n g  must  become l e s s  a c c u r a t e  a s  t h e  c i  a p p r o a c h  u n i t y ,  s i n c e  

t h e y  c a n  n e v e r  e x c e e d  u n i t y .  E q u a t i o n  ( 1 3 . 0 4 - 4 )  becomes more a c c u r a t e  

f o r  a p p r e c i a b l e  c o u p l i n g s  i f  we s u b s t i t u t e  l o g  Z i  f o r  c i .  [Compare 

t h e  s i m i l a r l y  e x p e d i e n t  s u b s t i t u t i o n  u s e d  i n  Eq. ( 6 . 0 6 - 1 1 )  i n  t h e  f i r s t -  

o r d e r  t h e o r y  o f  q u a r t e r - w a v e  t r a n s f o r m e r s . ]  Then f o r  m a x i m a l l y  f l a t  

c o u p l e r s ,  t o  a  good a p p r o x i m a t i o n ,  



l o g  z3 l o g  z2 l o g  z1 
- -  - - 

536 8  4  9  
( 1 3 . 0 4 - 7 )  

The Z 1 .  Z 2 ,  and Z 3  a r e  c o m p l e t e l y  d e t e r m i n e d  when t h e  midband c o u p l i n g  

f a c t o r  c o  i s  a l s o  s p e c i f i e d ,  from t h e  f o r m u l a  

1 1 + C o  
l o g  z3 - 2  l o g  z2 + 2  l o g  Z l  = - 2  l o g  (--) ( 1 3 . 0 4 - 8 )  

(which i s  a  s p e c i a l  c a s e  o f  t h e  more g e n e r a l  f o r m u l a s  f o r  n - s e c t i o n  couplers  

g i v e n  l a t e r  i n  S e c .  1 3 . 0 8 ) .  The f i r s t - o r d e r  e q u a t i o n s ,  Eqs .  ( 1 3 . 0 4 - 7 )  and 
( 1 3 . 0 4 - 6 1 ,  f o r  max ima l ly  f l a t  c o u p l i n g  have  been  found t o  h o l d  v e r y  w e l l  

f o r  c o u p l i n g  a s  t i g h t  a s  10.-db ( c i  = 0 . 1 ) .  The c o u p l i n g  becomes weaker  a s  

t h e  f r e q u e n c y  d e v i a t e s  f rom midband.  The f o l l o w i n g  f r a c t i o n a l  bandwid ths  

a r e  o b t a i n e d  f o r  v a r i o u s  c o u p l i n g  d e v i a t i o n s  from t h e  midband c o  (when c o  

c o r r e s p o n d s  t o  10 -db  c o u p l i n g  o r  l e s s ) :  w = 0 . 8 2  f o r  0 . 1  db  d e v i a t i o n ;  
w = 1 . 0 1  f o r  0 . 2 5  db d e v i a t i o n ;  w = 1 . 1 3  f o r  0 . 5  db d e v i a t i o n ;  w = 1 . 3 2  

f o r  1 . 0  db d e v i a t i o n ;  and  w = 1 . 5 1  f o r  2 . 0  db  d e v i a t i o n .  

The f i r s t - o r d e r  r e l a t i o n s  i n  Eqs.. ( 1 3 . 0 4 - 7 )  and ( 1 3 . 0 4 - 8 )  f o r  

maximal ly ,  f l a t  c o u p l i n g  were  even s o l v e d  f o r  a  3 -db  c o u p l e r  ( c i  = 0 . 5 )  

w i t h  t h e  f o l l o w i n g  r e s u l t s .  The s o l u t i o n  i s  e a s i l y  found  t o  b e  

As t h e  f r e q u e n c y  d e p a r t s  f rom midband,  t h e  c o u p l i n g  a t  f i r s t  becomes 

s t r o n g e r ,  g o i n g  from 3 . 0 1  db  t o  2 . 9 7  db ,  and t h e n  becomes weake r .  I t  

i s  3 . 1 1  db a t  t h e  e d g e s  o f  a  1 0 3 - p e r c e n t  band ( w  = 1 . 0 3 ) ,  and 3 . 5 1  db 
a t  t h e  e d g e s  o f  a  1 2 4 - p e r c e n t  band ( w  = 1 . 2 4 ) .  

An e x a c t  s o l u t i o n  f o r  a  p a r t i c u l a r  3 - d b  c o u p l e r  h a s  been  g i v e n  by 

Cohn and Koon tz .  l 2  They f o u n d  by t r i a l - a n d - e r r o r  t h a t  w i t h  

an e q u a l - r i p p l e  c h a r a c t e r i s t i c  ( w i t h  t h r e e  r i p p l e s )  was o b t a i n e d ,  t h e  

c o u p l i n g  b e i n g  3 . 0 1  * 0 . 1 6 3  db o v e r  a  f r a c t i o n a l  b a n d w i d t h  o f  w = 1 . 4 1  

(The midband c o u p l i n g  i s  2 . 8 4 7  d b . )  

I n  a l l  c a s e s  t h e  c o u p l e r  i s  d e t e r m i n e d  by t h e  Z i ,  which g i v e  t h e  

I 
from Eq. ( 1 3 . 0 4 - 6 ) ,  and  t h e  ( Z o , ) ,  and ( Z o o ) i  f rom Eqs .  ( 1 3 . 0 3 - 8 )  

and ( 1 3 . 0 3 - 9 ) ,  t h e  p h y s i c a l  d i m e n s i o n s  t h e n  b e i n g  o b t a i n e d  from 

Sec. 5 .05 .  

SEC. 1 3 . 0 5 ,  TYPICAL DESIGNS FOR TEM- MODE, COUPLED-TRANSMISSION- 
LINE DIRECTIONAL COUPLERS OF ONE SECTION WITH 
APPROXIMATELY 3  d b  AVERAGE COUPLING 

F i g u r e  1 3 . 0 5 - 1  shows what  h a s    roved t o  b e  a v e r y  p o p u l a r  method 

o f  c o n s t r u c t i o n  f o r  a  c o m p l e t e l y  s h i e l d e d  q u a r t e r - w a v e l e n g t h  c o u p l e r  

hav ing  t i g h t  ~ o u p l i n g . ~  I n  t h i s  s t r u c t u r e  t h e  i n d i v i d u a l  l i n e s  a r e  n o t  

s y m m e t r i c a l l y  l o c a t e d  w i t h  r e s p e c t  t o  t h e  u p p e r  and l o w e r  g r o u n d  p l a n e s ;  

hence  t h e r e  i s  a  t e n d e n c y  f o r  t h e  c o n n e c t i o n s  a t  t h e  e n d s  t o  e x c i t e  

g round-p l  a n e  modes.  However ,  i f  t h e  s t r u c t u r e  i s  c o m p l e t e l y  c l o s e d  i n  

a t  t h e  s i d e s  a s  shown i n  F i g .  1 3 . 0 5 - 1 ,  s u c h  modes  a r e  c u t  o f f ,  and no 

d i f f i c u l t y  s h o u l d  b e  e n c o u n t e r e d .  The c o u p l e r  i l l u s t r a t e d  was d e s i g n e d  

t o  have  2 . 9  db midband c o u p l i n g  a t  P o r t  2 .  The a c t u a l  measu red  c o u p l i n g ,  

d i r e c t i v i t y  and VSWR o f  t h e  c o u p l e r  i s  a l s o  shown i n  t h e  f i g u r e .  The 

e x c e l l e n t  v a l u e s  shown were  o b t a i n e d  w i t h o u t  r e c o u r s e  t o  any s p e c i a l  

ma tch ing  t e c h n i q u e s  s i n c e  t h e  c e n t e r  f r e q u e n c y  was o n l y  225 Mc. F o r  

o p e r a t i o n  a t  f r e q u e n c i e s  on  t h e  o r d e r  o f  1000 Mc and  h i g h e r  i t  i s  u s u a l l y  

n e c e s s a r y  t o  p l a c e  c a p a c i t i v e  t u n i n g  s c r e w s  a t  e i t h e r  end  o f  t h e  c o u p l e d  

l i n e s .  T h e s e  c o m p e n s a t e  t h e  d i s c o n t i n u i t i e s  t h e r e ,  and a l l o w  s a t i s f a c t o r y  

v a l u e s  o f  d i r e c t i v i t y  and  VSWR t o  be  a c h i e v e d .  The  c o u p l i n g  r e s p o n s e  i s  

u s u a l l y  1  i t t l e  a f f e c t e d  by  t h e s e  m a t c h i n g  d e v i c e s .  

The p r o c e d u r e  u s e d  t o  d e s i g n  t h i s  c o u p l e r  wh ich  u s e s  0 . 0 0 2 - i n c h -  

t h i c k  c o p p e r  s t r i p s  s u p p o r t e d  by  p o l y s t y r e n e  d i e l e c t r i c  h a v i n g  a  r e l a t i v e  

d i e l e c t r i c  c o n s t a n t  c r  = 2 . 5 6  i s  a s  f o l l o w s .  The midband c o u p l i n g  i s  

2.9 db,  s o  c  = 0 . 7 1 6 .  The  t e r m i n a t i n g  impedance  Zo  i s  e q u a l  t o  50 ohms, 

and t h e r e f o r e  Eqs .  ( 1 3 . 0 2 - 5 )  and  ( 1 3 . 0 2 - 6 )  y i e l d  5 Z o e  = 197 ohms and 

< Z,, = 32. 5  ohms. The  s p a c i n g  between t h e  s t r i p s  was c h o s e n  t o  be 
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FIG. 13.05-1 CONSTRUCTION DETAILS AND MEASURED PERFORMANCE 
OF A PRINTED-CIRCUIT, 3-db COUPLER 

0 . 0 3 2  i n c h  s o  t h a t  w i t h  b  = 0 . 4 0 0  i n c h  i n  F i g .  1 3 . 0 5 - 1 ,  s / b  = 0 . 0 8 ,  

and t / b  = 0 . 0 0 5 .  The v a l u e  o f  w / b  i s  t h e n  d e t e r m i n e d  from e i t h e r  

~ q .  ( 5 . 0 5 - 1 6 )  o r  Eq. ( 5 . 0 5 - 1 7 ) ,  u s i n g  t h e  v a l u e s  o f  C ; , / E  = 0 . 5 4 5  o r  

C i o / e  = 1 . 2 1  d e t e r m i n e d  from F i g .  5 . 0 5 - 4 .  I n  u s i n g  Eq. ( 5 . 0 5 -  1 6 )  one  

shou ld  u s e  t h e  v a l u e  ( s  + 2 t ) l b  = 0 . 0 9  f o r  s / b  i n  t h a t  f o r m u l a ,  which 

assumes t / b  = 0 ,  s i n c e  i t  i s  t h e  f i e l d s  e x t e r n a l  t o  t h e  s t r i p s  t h a t  

a r e  s i g n i f i c a n t  i n  d e t e r m i n i n g  Z o e .  One f i n d s  t h a t  w / b  = 0 . 3 7 3 .  U s i n g  

Eq. ( 5 . 0 5 - 1 7 )  w i t h  s / b  = 0 . 0 8 ,  s i n c e  t h e  f i e l d s  be tween  t h e  s t r i p s  a r e  

o f  most s i g n i f i c a n c e  i n  d e t e r m i n i n g  Z o o ,  o n e  f i n d s  w / b  = 0 .337 .  The 

f a c t  t h a t  d i f f e r e n t  v a l u e s  o f  w / b  a r e  o b t a i n e d  u s i n g  t h e s e  two f o r m u l a s  

i s  a  r e f l e c t i o n  o f  t h e  f a c t  t h a t  t h e y  a r e  o n l y  a p p r o x i m a t e l y  c o r r e c t .  

The a c t u a l  v a l u e  o f  w / b  u s e d  i n  t h i s  c o u p l e r  was 0 . 3 5 2 ,  which l i e s  

between t h e s e  two t h e o r e t i c a l  v a l u e s .  I t  was computed by an  a p p r o x i m a t e  

t e c h n i q u e  b e f o r e  Eqs .  ( 5 . 0 5 -  1 6 )  and ( 5 . 0 5 -  17 )  were  a v a i l a b l e .  The 

s p a c i n g  ( w '  - w) /2  be tween  t h e  e d g e s  o f  t h e  s t r i p s  and t h e  s i d e  w a l l s  

o f  t h e  m e t a l  c a s e  i s  g r e a t  enough s o  t h a t  i t  d o e s  n o t  have  any a p p r e c i a b l e  

e f f e c t  on  t h e  e v e n -  and odd-mode impedances  o f  t h e  s t r i p s .  

Ano the r  u s e f u l  t y p e  o f  p r i n t e d - c i r c u i t  c o n f i g u r a t i o n 1 3  f o r  t i g h t  

c o u p l i n g  i s  i l l u s t r a t e d  i n  F i g .  1 3 . 0 5 - 2 .  The m e a s u r e d  r e s p o n s e  o f  a  

c o u p l e r  c o n s t r u c t e d  w i t h  t h e s e  d i m e n s i o n s  i s  shown i n  F i g .  1 3 . 0 5 - 3 .  

T h i s  c o u p l e r  was  d e s i g n e d  t o  o p e r a t e  a t  a  50-ohm impedance  l e v e l  and 

t o  have  2 . 8 - d b  c o u p l i n g  a t  midband.  However,  t h e  a b s o r p t i o n  i n  t h e  

d i e l e c t r i c  m a t e r i a l  h a v i n g  r e l a t i v e  d i e l e c t r i c  c o n s t a n t  E r  = 2 . 7 7  was 

s u f f i c i e n t  t o  r e d u c e  t h e  t r a n s m i s s i o n  by 0 . 2  d b .  

The d i m e n s i o n s  o f  t h e  s t r i p s  a r e  d e t e r m i n e d  a s  f o l l o w s .  E q u a t i o n s  

0 2 - 5 )  and ( 1 3 . 0 2 - 6 )  m u l t i p l i e d  by 6 y i e l d  5 Z o e  = 205 ohms and 

Z o o  = 3 2 . 8  ohms. A v a l u e  o f  L C / €  = 4 . 8 2  i s  t h e n  d e t e r m i n e d  f rom 

( 5 . 0 5 - 2 0 ) .  N e x t ,  a  v a l u e  o f  g / b  = 0 . 0 9 6  was c h o s e n  and d / g  = 0 . 4 4 5  

r e a d  from F i g .  5 . 0 5 - 5 .  F i g u r e  5 . 0 5 - 6  and F i g .  5 . 0 5 - 7  t h e n  y i e l d  C:,/E = 

0 . 5 5  and C ; , / E  = 0 .  115 ,  r e s p e c t i v e l y .  U s i n g  t h e s e  v a l u e s  and t h e  v a l u e  

o f  C o , / e  = 1 . 8 1  d e t e r m i n e d  f rom Eq. ( 5 . 0 5 - 2 1 )  one  f i n d s  an  i n i t i a l  v a l u e  

o f  c / b  = 0 . 1 0 8 .  F i g u r e  5 . 0 5 - 8  y i e l d s  C : , / E  '-0. 105 ,  and Eq. ( 5 . 0 5 - 2 2 a )  

y i e l d s  a / b  = 0 . 2 8 4 .  S i n c e  t h e  s t r i p  w i d t h  c i s  n a r r o w  enough compared 

t o  b  so  t h a t  t h e  f r i n g i n g  f i e l d s  a t  e i t h e r  edge  i n t e r a c t  and d e c r e a s e  

i t s  t o t a l  s t r i p  c a p a c i t a n c e ,  i t  i s  n e c e s s a r y  t o  i n c r e a s e  t h e  v a l u e  o f  

c  a s  g i v e n  i n  Eq. ( 5 . 0 5 - 2 2 c ) ,  y i e l d i n g  t h e  f i n a l  v a l u e s  o f  c / b  = 1 . 4 2 .  
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FIG. 13.05-3 MEASURED PERFORMANCE OF 1000-Mc, 3-db BACKWARD 
COUPLER USING INTERLEAVED STRIPS 

The method o f  c o n s t r u c t i o n  u s e d  f o r  t h i s  c o u p l e r  i s  c l e a r l y  i n d i c a -  

t e d  i n  F i g .  1 3 . 0 5 - 2 .  The s e r i e s  i n d u c t i v e  d i s c o n t i n u i t i e s  i n t r o d u c e d  

by t h e  m i t e r e d  c o r n e r s  a t  e a c h  p o r t  o f  t h e  c o u p l e r  were  c o m p e n s a t e d  by 

means o f  t h e  c a p a c i t i v e  s c r e w s  shown i n  t h e  f i g u r e .  T h e s e  s c r e w s  were 

i n t r o d u c e d  i n  a  symmet r i c  f a s h i o n  abou t  t h e  m i d p l a n e  o f  t h e  c o u p l e r  t o  

p r e v e n t  unwan ted  e x c i t a t i o n  o f  t h e  p a r a l l e l - p l a t e  TEM mode. T h i s  method 

o f  c o m p e n s a t i n g  t h e  c o u p l e r  was found  t o  be  much more  e f f e c t i v e  t h a n  

a d d i n g  c a p a c i t i v e  t a b s  d i r e c t l y  t o  t h e  s t r i p s  t h e m s e l v e s .  



A  d i r e c t i o n a l  c o u p l e r  h a v i n g  t i g h t  c o u p l i n g  c a n  a l s o  b e  c o n s t r u c t e d  

u s i n g  t h i c k  s t r i p s 1 4  o f  t h e  t y p e  i l l u s t r a t e d  i n  F i g .  1 3 . 0 5 - 4 .  The s t r i p s  

i n  t h i s  me thod  o f  c o n s t r u c t i o n  a r e  t h i c k  

enough s o  t h a t  t h e y  h a v e  a  s u b s t a n t i a l  

amount o f  m e c h a n i c a l  r i g i d i t y .  Hence ,  

t h e y  may b e  s u p p o r t e d  a t  d i s c r e t e  p o i n t s  

by means o f  l o w - r e f l e c t i o n  d i e l e c t r i c  

s p a c e r s ,  s i m i l a r  t o  t h o s e  u s e d  t o  s u p p o r t  
A-3527-310 

t h e  c e n t e r  c o n d u c t o r s  o f  c o a x i a l  l i n e s .  

FIG. 13.05-4 NOTATION FOR 3-db I n  some c a s e s  t h e y  may b e  s i m p l y  h e l d  i n  
COUPLER USING p l a c e  by means o f  t h e  c o n n e c t o r s  a t  each  

'OUPLED o f  t h e  f o u r  p o r t s .  C a p a c i t i v e  t u n i n g  
STRIPS 

s c r e w s  a r e  u s u a l l y  n e c e s s a r y  a t  e a c h  p o r t  

o f  t h i s  t y p e  o f  c o u p l e r  t o  c o m p e n s a t e  

t h e  i n e v i t a b l e  d i s c o n t i n u i t i e s .  

As an  example  o f  t h e  me thod  o f  c h o o s i n g  t h e  d i m e n s i o n s  o f  t h e  

c o u p l e d  s t r i p s  f o r  s u c h  a  c o u p l e r  t h e  t h e o r e t i c a l  d e s i g n  o f  a  q u a r t e r -  

wave leng th  c o u p l e r  h a v i n g  2 . 7  db  midband c o u p l i n g  and  o p e r a t i n g  a t  a  

50-ohm impedance  l e v e l  w i l l  now b e  c o n s i d e r e d .  ( T h e  c o u p l i n g  o v e r  an  
o c t a v e  bandwid th  w i l l  t h e n  b e  3 . 0  * 0 . 3  d b . )  R e f e r e n c e  t o  Eqs .  ( 1 3 . 0 2 - 5 )  
and ( 1 3 . 0 2 - 6 )  shows t h a t  Zo,= 127 .8  ohms and  Z o o  = 1 9 . 6  ohms, a n d  

Eq.  ( 5 . 0 5 - 2 0 )  y i e l d s  t h e  v a l u e  o f  AC/E = 8 . 1 3 .  The t h i c k n e s s  o f  t h e  
s t r i p s  i s  t h e n  a r b i t r a r i l y  s e t  s o  t h a t  t / b  = 0 . 1 .  F i g u r e  5 . 0 5 - 9  t h e n  
y i e l d s  t h e  v a l u e s  o f  s / b  = 0 . 0 1 5  and C ' , / E  = 0 . 5 7 8 .  From F i g .  5 . 0 5 - 1 0 ( b )  f 
one  f i n d s  C ; / E  = 1 . 2 ,  and f r o m  Eq. ( 5 . 0 5 - l a ) ,  C,, /E = 2 . 9 5 .  Then, u s i n g  
Eq. ( 5 . 0 5 - 2 3 1 ,  o n e  f i n d s  w / b  = 0 . 3 9 6 .  

I n  o r d e r  t o  m i n i m i z e  d i s c o n t i n u i t y  e f f e c t s  i t  i s  u s u a l l y  b e s t  t o  

c h o o s e  b  5 O.lA, where  A  i s  t h e  w a v e l e n g t h  i n  t h e  d i e l e c t r i c  m a t e r i a l  

f i l l i n g  t h e  c r o s s  s e c t i o n .  T h e  l e n g t h  o f  t h e  c o u p l e d  s t r i p s  i s  o f  
c o u r s e  0.25A a t  midband.  

An i n t e r e s t i n g  s t r u c t u r e  due t o  &hn7*which is s u i t a b l e  f o r  s t rong  coupling 

was i n d i c a t e d  i n  F i g .  1 3 . 0 1 - 2 ( h ) ;  a  c o m p l e t e l y  s h i e l d e d  v e r s i o n  i s  

shown i n  F i g s .  1 3 . 0 5 - 5  and 1 3 . 0 5 - 6 .  Two c o a x i a l  t r a n s m i s s i o n  l i n e s  

a r e  p l a c e d  s i d e - b y - s i d e .  T h e i r  i n n e r  c o n d u c t o r s  A and B a r e  e n t i r e l y  
s e p a r a t e ,  b u t  t h e i r  o u t e r  c o n d u c t o r s  t o u c h  and  become t h e  c o n d u c t o r  C  

i n  F i g .  1 3 . 0 5 - 5 .  The d o u b l e - b a r r e l e d  c o n d u c t o r  C  i s  made o n e - q u a r t e r  

wave leng th  l o n g  and i t s  p o t e n t i a l  " f l o a t s "  b e t w e e n  t h a t  o f  t h e  two 

c o n d u c t o r s  A and E ,  and t h a t  o f  t h e  

m e t a l  c a s e  D .  The  c o n d u c t o r  C  i s  

h e l d  i n  p o s i t i o n  by d i e l e c t r i c  sup -  

p o r t s  ( n o t  shown i n  t h e  f i g u r e s ) .  

The c o n d u c t o r  A i n  F i g .  1 3 . 0 5 - 5  

c o n n e c t s  P o r t s  3  and  4  i n  F i g .  13 .05 -6 ,  

w h i l e  c o n d u c t o r  B c o n n e c t s  P o r t s  1 

and 2. The c h a r a c t e r i s t i c  impedance  

SOURCE: Rantec Report, Contract DA-36239 SC-8735 O f  c wi t h i n  D i denoted  by zo 
(ate  Ref. 7 by S. B. Cahn and S .  L. Wehn) 

( F i g .  1 3 . 0 5 - S ) ,  and  t h e  two c o n c e n -  

FIG. 13.05-5 RE-ENTRANT COIJPLFD t r i c  l i n e s  w i t h i n  C  e a c h  have  c h a r a c -  

CROSS SECTION t e r i s t i c  i m p e d a n c e  Z O 2 .  The  a n a l y s i s  

i s  a g a i n  c a r r i e d  o u t  i n  t e r m s  o f  an 

even  and an  odd  mode. F o r  t h e  odd  

mode, A and B a r e  a t  e q u a l  and o p p o s i t e  p o t e n t i a l s ,  a n d  C  i s  a t  g round  

p o t e n t i a l .  T h e r e f o r e  

For t h e  even  mode, e a c h  i n n e r  
50Q TERMINATING LINE 

c o a x i a l  l i n e  ( A  o r  B t o  C) i s  i n  
s e r i e s  w i t h  h a l f  t h e  o u t e r  l i n e  

(C  t o  D ) ,  b e c a u s e  t h e  f l o a t i n g  

c o n d u c t o r  C  p a s s e s  t h e  c u r r e n t s  

f l o w i n g  f rom i t s  i n n e r  s u r f a c e  o n t o  

i t s  o u t e r  s u r f a c e  which i s  t h e r e f o r e  

i n  s e r i e s  w i t h  i t .  T h i s  l e a d s  t o 7  
(a) TOP VIEW. COVER REMOVED 

z o e  = 2 0 2  + 2201 
. ( 1 3 . 0 5 - 2 )  

The c o u p l l n g  i s  t h e n  d e t e r m i n e d  a s  VIEW A-A 

b e f o r e  f rom Eqs .  ( 1 3 . 0 2 - 4 )  t h r o u g h  (b) LONGITUDINAL SECTION &-.3321-603 

( 1 3 . 0 2 - 6 ) .  
SOURCE: Rantec Report, Contract DA-36239 SC-8735 

For  e x a m p l e ,  i t  was shown above  (see Ref. 7 by S. B. Cohn and S. L. Wehn) 

t h a t  f o r  a  2 . 7  db c o u p l e r  w i t h  

Zo = 50 ohms, o n e  r e q u i r e s  Z o ,  = 
FIG. 13.05-6 VIEWS OF THE RE-ENTRANT 

DIRECTIONAL COUPLER 
127.8  ohms and Z o o  = 1 9 . 6  ohms. . 

Patent  a p p l i e d  f o r .  



S o l v i n g  f o r  Zol and Z O 2  f rom Eqs .  ( 1 3 . 0 5 - 1 )  and  ( 1 3 . 0 5 - 2 ) ,  

I n  an e x p e r i m e n t a l  m o d e l 7 ,  two t u b e s  o f  0 . 2 5 0 - i n c h  o u t s i d e  d i a m e t e r  

were s o l d e r e d  t o g e t h e r  t o  fo rm C, and t h e  s p a c e  be tween  t h e  t u b e s  was 

f i l l e d  w i t h  s o l d e r .  The t u b e  w a l l  t h i c k n e s s  was 0 . 0 2 2  i n c h ,  l e a v i n g  

an i n n e r  d i a m e t e r  o f  0 . 2 0 6  i n c h .  The i n n e r  c o n d u c t o r s  A and B were  o f  

d i a m e t e r  0 .  149 i n c h  t o  y i e l d  an  impedance  o f  ZO2 = 1 9 . 6  ohms. The 
impedance  Z o l  o f  t h e  o u t e r  l i n e  was o b t a i n e d  f rom d a t a  s u c h  a s  t h a t  i n  

F i g .  5 . 0 4 - 2  f o r  a  r e c t a n g u l a r  i n n e r  c o n d u c t o r ,  by t a k i n g  t = 0 . 2 5 0  i n c h ;  

t h e  e f f e c t i v e  w i d t h  w was d e t e r m i n e d  by e q u a t i n g  c r o s s - s e c t i o n a l  a r e a s .  

Then w = ( 1  + 77/4)t = 1 . 7 8 6 t .  From F i g .  5 . 0 4 - 2  t h e  p l a t e - t o - p l a t e  

s p a c i n g  i s  t h e n  b = 0 . 7 4 6  i n c h .  

The impedance  o f  t h e  f o u r  l i n e s  e m e r g i n g  f rom t h e  c o u p l e r  i s  t o  b e  

50 ohms. ( T h i s  a p p l i e d  t o  t h e  r e g i o n  i n  w h i c h  t h e  i n n e r  c o n d u c t o r s  a r e  

c u r v e d  9 0 - d e g r e e s  t o w a r d  t h e  f o u r  p o r t s  i n  F i g .  1 3 . 0 5 - 6 . )  The d i m e n s i o n s  

f o r  t h i s  " s l a b - l i n e "  r e g i o n  ( c i r c u l a r  i n n e r  c o n d u c t o r  be tween  g r o u n d  

p l a n e s )  were  c h o s e n  t o  be :  d i a m e t e r  o f  i n n e r  c o n d u c t o r  = 0 . 1 2 5  i n c h ,  
p l a t e - t o - p l a t e  s p a c i n g  b  = 0 .  228 i n c h .  ( T h i s  g i v e s  a  50-ohm l i n e .  7 ,  

S i n c e  t h i s  p l a t e - t o - p l a t e  s p a c i n g  ( 0 . 2 2 8  i n c h ) , i s  l e s s  t h a n  t h e  h e i g h t  

o f  t h e  d o u b l e - b a r r e l e d  c o n d u c t o r  C ( 0 . 2 5 0  i n c h ) ,  a  s m a l l  gap  h a s  t o  b e  

a l l o w e d  b e t w e e n  t h e  s t e p  i n  b  f rom 0 . 7 4 6  i n c h  t o  0 . 2 2 8  i n c h  and t h e  

r e - e n t r a n t  s e c t i o n .  T h i s  i s  c l e a r l y  shown i n  F i g .  1 3 . 0 5 - 6 .  A  gap  o f  

0 . 0 5 0  i n c h  was a l l o w e d .  

D i r e c t i v i t i e s  b e t t e r  t h a n  29 db o v e r  an  o c t a v e  b a n d w i d t h  were  

r e p o r t e d  f o r  two e x p e r i m e n t a l  c o u p l e r s ,  o n e  c e n t e r e d  a t  500 m e g a c y c l e s  

and o n e  a t  1500 m e g a c y c l e s .  A  t h r e e - s e c t i o n  c o u p l e r  was a l s o  b u i l t ,  
w i t h  o n l y  t h e  m i d d l e  s e c t i o n  r e - e n t r a n t ,  t h e  two o u t e r  s e c t i o n s  b e i n g  

o f  t h e  t y p e  shown i n  F i g .  1 3 . 0 1 - 2 ( a ) .  

SEC. 1 3 . 0 6 ,  TYPICAL DESIGNS FOR TEM-MODE, COUPLED- 
TRANSMISSION-LINE DIRECTIONAL COUPLERS 
OF ONE SECTION AND WITH WEAK COUPLING 

T h i s  s e c t i o n  d e s c r i b e s  t h e  t h e o r e t i c a l  d e s i g n  o f  TEM-mode c o u p l e r s  

o p e r a t i n g  a t  a  50-ohm impedance  l e v e l  and h a v i n g  20 -db  c o u p l i n g  a t  

midband. Each c o u p l e r  h a s  a  l e n g t h  4 = 0.25A a t  midband ,  where  A i s  

t h e  w a v e l e n g t h  i n  t h e  d i e l e c t r i c  

s u r r o u n d i n g  t h e  c o u p l e d  l i n e s .  I n  

, r d e r  t o  m i n i m i z e  d i s c o n t i n u i t y  

e f f e c t s ,  t h e  s p a c i n g  b  be tween  

p o u n d  p l a n e s  i n  t h e s e  c o u p l e r s  

shou ld  b e  no more t h a n  a  t e n t h  o f  

a  w a v e l e n g t h  a t  t h e  h i g h e s t  o p e r a t -  

i n g  f r e q u e n c y .  

F i g u r e  13 .06 -  1 i l l u s t r a t e s  t h e  

c r o s s  s e c t i o n  o f  t h e  f i r s t  c o u p l e r  

FIG. 13.06-1 NOTATION FOR 20-db 
COUPLER USING EDGE- 
COUPLED FLAT STRIPS 

t o  b e  c o n s i d e r e d .  The c o u p l e d  s t r i p s  

u s u a l l y  h a v e  a  n e g l i g i b l e  t h i c k n e s s ,  

t ,  and a r e  assumed t o  b e  s u p p o r t e d  by  means o f  a  d i e l e c t r i c  o f  r e l a t i v e  

d i e l e c t r i c  c o n s t a n t  E , ,  = 2 . 5 6  c o m p l e t e l y  f i l l i n g  t h e  c r o s s  s e c t i o n .  

Va lues  o f  < Z o e  = 8 8 . 5  ohms and 6 Z o o  = 7 2 . 3  ohms a r e  o b t a i n e d  

u s i n g  Eqs.  ( 1 3 . 0 2 - 5 )  and ( 1 3 . 0 2 - 6 ) .  Then u s i n g  F i g .  5 . 0 5 - 3 ( a )  one  f i n d s  

s / b  = 0 . 3 2  and u s i n g  F i g .  5 . 0 5 - 3 ( b )  one  f i n d s  w / b  = 0 . 7 1 5 .  

The c r o s s  s e c t i o n  o f  t h e  s e c o n d  t y p e  o f  c o u p l e r  t o  b e  c o n s i d e r e d  

i s  i l l u s t r a t e d  i n  F i g .  1 3 . 0 6 - 2 .  The t h i c k n e s s ,  t ,  o f  t h e s e  c o u p l e d  

s t r i p s  w i l l  b e  assumed t o  b e  n e g l i g i b l e  a s  w e l l  a s  t h e  t h i c k n e s s  o f  t h e  

s l o t  o f  w i d t h  d .  The l e n g t h  o f  t h i s  s l o t  i s  o f  c o u r s e  a  q u a r t e r  wave- 

l e n g t h  a t  midband.  The d i e l e c t r i c  m a t e r i a l  s u p p o r t i n g  t h e s e  s t r i p s  h a s  

E r  = 2 .56 .  E q u a t i o n s  ( 1 3 . 0 2 - 5 )  and ( 1 3 . 0 2 - 6 )  y i e l d  5 ZDe = 8 8 . 5  ohms 

and < Z o o  = 72. 3  ohms. The v a l u e  o f  < Z o o  i s  e q u a l  t o  < Zo, t h e  

c h a r a c t e r i s t i c  impedance  o f  an u n c o u p l e d  l i n e ,  and t h e r e f o r e  t h e  v a l u e  

o f  w / b  = 0 . 8 6  c a n  be  o b t a i n e d  f rom F i g .  5 . 0 4 - 1 .  Then by t h e  u s e  o f  

Eqs.  ( 5 . 0 5 - 7 )  t h r o u g h  ( 5 . 0 5 - 1 0 )  o n e  f i n d s  d / b  = 1 . 0 5 .  

The t h i r d  t y p e  o f  c o u p l e r  t o  b e  c o n s i d e r e d  i s  shown i n  c r o s s  s e c t i o n  

i n  F ig .  1 3 . 0 6 - 3 .  I n  t h i s  t y p e  o f  c o u p l e r  t h e  c o n d u c t o r s  do n o t  n e e d  

t o  be  s u r r o u n d e d  w i t h  d i e l e c t r i c  f o r  s u p p o r t .  I n  a d d i t i o n ,  t h e  round  

c o n d u c t o r s  make t h i s  t y p e  o f  c o u p l e r  i d e a l  f o r  h i g h - p o w e r  a p p l i c a t i o n s .  

Us ing  Eqs .  ( 1 3 . 0 2 - 5 )  and ( 1 3 . 0 2 - 6 )  w e  f i n d  Z o e  = 55.  3  ohms and Z o o  = 

45.  2  ohms. Then f rom Eq. ( 5 . 0 5 -  1 1 )  o n e  f i n d s  s / b  = 1 . 0 1  and from 

Eq. ( 5 . 0 5 - 1 2 )  o n e  f i n d s  d / b  = 0 . 5 9 .  
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SEC. 1 3 . 0 7 ,  DERIVATION O F  DESIGN FORMULAS FOR TEM- MODE, 
COUPLED-TRANSMI SSION- LINE COUPLERS O F  ONE 
SECTION 

The b a s i c  c o u p l e d - t r a n s m i s s i o n - l i n e  d i r e c t i o n a l  c o u p l e r  i s  shown 

s c h e m a t i c a l l y  a t  t h e  t o p  o f  F i g .  13 .07-  1 w i t h  r e s i s t a n c e  t e r m i n a t i o n s  

Zo a t  e a c h  p o r t .  I t  i s  e x c i t e d  w i t h  a  v o l t a g e  2E i n  s e r i e s  w i t h  P o r t  1. 

At t h e  bo t tom o f  F i g .  13 .07 -  1 t h e  same d i r e c t i o n a l  c o u p l e r  i s  shown i n  

two d i f f e r e n t  s t a t e s  o f  e x c i t a t i o n .  I n  t h e  o d d  e x c i t a t i o n ,  o u t - o f - p h a s e  

v o l t a g e s  a r e  a p p l i e d  i n  s e r i e s  w i t h  P o r t s  1 and  2 ,  w h i l e  t h e  e v e n  

e x c i t a t i o n  a p p l i e s  i n - p h a s e  v o l t a g e s  i n  s e r i e s  w i t h  t h e s e  p o r t s .  Through 

t h e  p r i n c i p l e  o f  s u p e r p o s i t i o n  i t  may b e  s e e n  t h a t  t h e  b e h a v i o r  o f  t h e  

d i r e c t i o n a l  c o u p l e r  w i t h  v o l t a g e  2E a p p l i e d  i n  s e r i e s  w i t h  P o r t  1 c a n  

b e  o b t a i n e d  from i t s  b e h a v i o r  w i t h  even -  and o d d - v o l t a g e  e x c i t a t i o n s .  

Symmetry c o n s i d e r a t i o n s  show t h a t  a  v e r t i c a l  e l e c t r i c  w a l l  may b e  

p l a c e d  be tween  t h e  s t r i p s  o f  t h e  c o u p l e r  when i t  i s  e x c i t e d  w i t h  v o l t a g e s  

h a v i n g  odd  symmetry ,  and a  v e r t i c a l  m a g n e t i c  w a l l  may b e  i n s e r t e d  between 

t h e  s t r i p s  w h e n . i t  i s  e x c i t e d  w i t h  v o l t a g e s  h a v i n g  even  symmetry .  The 

c h a r a c t e r i s t i c  impedance  o f  o n e  o f  t h e s e  s t r i p s  i n  t h e  p r e s e n c e  o f  an 

e l e c t r i c  w a l l  i s  Z o o ,  w h i l e  t h e  c h a r a c t e r i s t i c  impedance  o f  a  s t r i p  i n  

p r e s e n c e  o f  a  m a g n e t i c  w a l l  i s  Z o e .  

I n  o r d e r  f o r  t h e  d i r e c t i o n a l  c o u p l e r  t o  b e  p e r f e c t l y  m a t c h e d  a t  

a l l  f r e q u e n c i e s  i t  i s  n e c e s s a r y  t h a t  t h e  i n p u t  impedance  Zln  b e  e q u a l  

t o  Z,,. A p p l y i n g  t h e  p r i n c i p l e  o f  s u p e r p o s i t i o n ,  one  s e e s  t h a t  t h e  i n p u t  

impedance  o f  t h e  d i r e c t i o n a l  c o u p l e r  t e r m i n a t e d  i n  Zo can  b e  w r i t t e n  a s  

ELECTRIC WALL m 

MAGNETIC WALL 7 

(C1 EVEN EXCITATION 
A-3627-333 

FIG. 13.07-1 COUPLED-STRIP DIRECTIONAL COUPLER 
WITH EVEN AND ODD EXCITATION 



where 

2, + j Z o o  t a n  B  

z l o  = z o o  Z o o +  j Z o  t a n  @ 

and 

When Eq. ( 1 3 . 0 7 - 2 )  and Eq. ( 1 3 . 0 7 - 3 )  a r e  s u b s t i t u t e d  i n t o  Eq. ( 1 3 . 0 7 - 1 )  

i t  i s  f o u n d  t h a t  2 , "  = Zo  when 

f o r  a l l  v a l u e s  o f  6'. 

Under t h e  c o n d i t i o n  t h a t  Zo  = / Z o e Z o o ,  t h e  v o l t a g e  a p p e a r i n g  a t  

P o r t  1 o f  t h e  c o u p l e r  i s  E l  = E. The v o l t a g e s  E z e  = E l =  and  E g e  = E l e  
may b e  d e t e r m i n e d  from t h e  s t r a i g h t f o r w a r d  a n a l y s i s  o f  a  t r a n s m i s s i o n  

l i n e  o f  l e n g t h  8 ,  and c h a r a c t e r i s t i c  impedance  Z o e  t e r m i n a t e d  a t  e i t h e r  

end by an  impedance  JZo ,Zoo  and f e d  by a  v o l t a g e  E. L i k e w i s e  t h e  normal 
mode v o l t a g e s  E Z o  = 

-El 0 
and E 3 0  = -E4' may b e  d e t e r m i n e d  f rom a  s i m i -  

l a r  a n a l y s i s  o f  a  t r a n s m i s s i o n  l i n e  o f  l e n g t h  B  and c h a r a c t e r i s t i c  

impedance  Z o o  t e r m i n a t e d  by J z o e Z o 0 .  The r e s u l t s  o f  t h i s  a n a l y s i s  show 
t h a t  

j c  s i n  @ - - 
J1 - c 2  cos B  + j s i n  B 

E4 E q e  - E4o 
- = - -  

2  
( 1 3 . 0 7 - 8 )  

E E  
2  c o s  B  + j s i n  8 

I) o o e 

The maximum c o u p l e d  v o l t a g e  E 2  o c c u r s  when t h e  c o u p l e r  i s  a  q u a r t e r -  

w a v e l e n g t h  l o n g  ( i .  e . ,  B = 9 0 ' ) .  T h e r e f o r e ,  from Eq. ( 1 3 . 0 7 - 5 )  a  

maximum c o u p l i n g  f a c t o r  c  may b e  d e f i n e d  as  i n  Eq. ( 1 3 . 0 2 - 3 ) .  With  

t h i s  s u b s t i t u t i o n ,  t h e  v o l t a g e  a t  P o r t  2 c a n  b e  w r i t t e n  a s  Eq. ( 1 3 . 0 2 - 1 )  

w h i l e  t h e  v o l t a g e  a t  P o r t  4 c a n  b e  w r i t t e n  a s  Eq. ( 1 3 . 0 2 - 2 ) .  The  

maximum c o u p l i n g  o c c u r s  a t  c e n t e r  f r e q u e n c y  ( 8  = n / 2 )  and i s  g i v e n  by 

(Eq. ( 1 3 . 0 2 - 3 ) .  

SEC.  1 3 . 0 8 ,  QUARTEH- WAVE FILTER PROTOTYPE CIRCUITS 
FOR TEM-MODE, COUPLEU-TRANSMISSION-LINE 
DIREClIONAL COUPLERS 

A  s i n g l e -  s e c t i o n ,  q u a r t e r - w a v e  f i l t e r  p r o t o t y p e  c i r c u i t  i s  shown 

i n  F i g .  1 3 . 0 8 - 1 .  I t  c o n s i s t s  o f  two impedance  s t e p s  ( o n e  up and o n e  down) 

s e p a r a t e d  by an  e l e c t r i c a l  d i s t a n c e  8 .  A l l  c h a r a c t e r i s t i c  impedances  

a r e  n o r m a l i z e d  w i t h  r e s p e c t  t o  t h e  c h a r a c t e r i s t i c  impedances  o f  t h e  two 

t e r m i n a t i n g  l i n e s ,  which a r e  t a k e n  a s  u n i t y .  The wave a m p l i t u d e s  a l ,  

b l ,  and o 2  ( F i g .  1 3 . 0 8 - 1 )  a r e  d e f i n e d  i n  terms o f  t h e  power f l ow,16  2 . e .  

1 a l l  and 1 a l l  r e p r e s e n t  power  c a r r i e d  f o r w a r d ,  w h i l e  1 b l /  r e p r e s e n t s  

r e f l e c t e d  power .  With t h e  n o t a t i o n  o f  F i g .  1 3 . 0 8 - 1  i t  c a n  b e  shown16 

t h a t  

o r  e q u i v a l e n t l y ,  
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FIG. 13.08-1 QUARTER-WAVE FILTER PROTOTYPE 
FOR SINGLE-SECTION TEM-MODE 
COUPLER 

1 (5) j s i n  0 

and 

\ I  + 1 - 2 1  - - ( 1 3 . 0 8 -  4 )  

( )  0 s  + j s i n  0 

E q u a t i o n s  ( 1 3 . 0 7 - 6 )  and ( 1 3 . 0 7 - 9 )  w i t h  Eqs .  ( 1 3 . 0 8 - 2 )  and ( 1 3 . 0 8 - 4 )  now 
show t h a t  b l / a l  c o r r e s p o n d s  t o  E 2 / E ,  and  a 2 / a l  c o r r e s p o n d s  t o  E , / E ,  

I and t h a t  t h e s e  e q u a t i o n s  a r e  m a t h e m a t i c a l l y  e q u i v a l e n t  when we s e t  

when Z 1  i s  c h o s e n  g r e a t e r  t h a n  u n i t y .  C o n v e r s e l y  

1 C 

I 

! ~t f o l l o w s  t h a t  q u a r t e r - w a v e ,  c o u p l e d  TEM-mode d i r e c t i o n a l  c o u p l e r s  c a n  

I be s o l v e d  a s  q u a r t e r - w a v e  f i l t e r s  a s  d i s c u s s e d  a t  t h e  b e g i n n i n g  o f  

Sec.  1 3 . 0 3 .  I t  c a n  be  shown t h a t  f o r  t h e  s i n g l e - s e c t i o n  c o u p l e r  o f  

F ig .  1 3 . 0 1 - l ( a ) ,  [compare Eqs .  ( 6 . 0 2 - 5 )  and ( 6 . 0 2 - 6 1 1  

where 

i s  t h e  VSWR o f  t h e  p r o t o t y p e  f i l t e r  ( F i g .  1 3 . 0 8 - 1 )  a t  c e n t e r  f r e q u e n c y  

( 8  = n / 2 ) .  The  o v e r - a l l  power c o u p l i n g  r a t i o  i s  t h e n  

T a b l e  1 3 . 0 8 - 1  summar izes  t h e  p r i n c i p a l  f o r m u l a s  f o r  TEM-mode c o u p l e r s  

( w i t h  and w i t h o u t  e n d - t o - e n d  symmetry)  i n  t e r m s  o f  t h e  p a r a m e t e r s  o f  

t h e  p r o t o t y p e  q u a r t e r - w a v e  f i l t e r .  



T a b l e  1 3 . 0 8 - 1  

GENERAL FORMULAS FOR THE DESIGN OF TEM-MODE COUPLED-TRANSMISSION- 
LINE DIRECTIONAL COUPLERS FROM THE QUARTER-WAVE FILTER PROTOTYPE 

The midband VSWR R o f  t h e  q u a r t e r - w a v e  f i l t e r  i s  r e l a t e d  t o  t h e  o v e r - a l l  
c o u p l i n g  f a c t o r  c o  o f  t h e  c o u p l e r  by 

The midband VSWR R o f  t h e  q u a r t e r - w a v e  f i l t e r  i s  

where t h e  Z i  a r e  t h e  n o r m a l i z e d  impedances  o f  t h e  q u a r t e r - w a v e  f i l t e r  p r o t o t y p e  
s e c t i o n s .  

The c o u p l i n g  f a c t o r s  c .  o f  t h e  s e v e r a l  c o u  l e r  s e c t i o n s  a r e  r e l a t e d  t o  t h e  
n o r m a l i z e d  impedances  Z i  o f ' t h e  q u a r t e r - w a v e  f i f t e r  p r o t o t y p e  s e c t i o n s  by 

The even-mode and odd-mode i m p e d a n c e s ,  ( Z o e I i  and ( Z o o ) i ,  o f  t h e  c o u p l e r  
s e c t i o n s  a r e  g i v e n  by 

Certain s i m p l i f i c a t i o n s  r e s u l t  f o r  couplers  with end-to-end symmetry. In t h a t  c a s e  n is odd, and 

C .  = 
' n + l - i  

z i  = z"+l-i  

V t  = V n + q - i  = VSWR o f  i t h  s t e p  i n  prototype 

m d  

R = ( v 1 v 3 v 5 . .  . V n ) '  

= ( v 2 v ~ v 6 ' . ' v n + l ) 2  

F i g u r e  1 3 . 0 3 -  1 showed a  s y m m e t r i c a l  TEM-mode c o u p l e r  o f  t h r e e  s e c -  

t i o n s  t o g e t h e r  w i t h  i t s  q u a r t e r - w a v e  f i l t e r  p r o t o t y p e ,  and t h e  a s s o c i a t e d  

n o t a t i o n .  N o t i c e  t h a t  t h e  f i l t e r  h a s  e n d - t o - e n d  symmetry ,  u n l i k e  t h e  

t r a n s f o r m e r s  i n  C h a p t e r  6.  T h i s  p r o t o t y p e  f i l t e r  i s  n o t  ma tched  a t  

c e n t e r  f r e q u e n c y ,  a s  z e r o  r e f l e c t i o n  i n  t h e  p r o t o t y p e  c o r r e s p o n d s  t o  

ze ro  c o u p l i n g  i n  t h e  c o r r e s p o n d i n g  d i r e c t i o n a l  c o u p l e r .  The TEM-mode 

c o u p l e d - t r a n s m i s s i o n - l i n e  d i r e c t i o n a l  c o u p l e r  p e r f o r m s  e x a c t l y  a s  a  

q u a r t e r - w a v e  f i l t e r  i n  which t h e  f o r w a r d  and backward  waves h a v e  b e e n  

s e p a r a t e d  and  h a v e  become two t r a v e l i n g  waves ( i n  o p p o s i t e  d i r e c t i o n s )  

on two p a r a l l e l  t r a n s m i s s i o n  l i n e s ,  t h e  o v e r - a l l  r e f l e c t i o n  c o e f f i c i e n t  

of t h e  p r o t o t y p e  becoming t h e  o v e r - a l l  c o u p l i n g  f a c t o r  o f  t h e  c o u p l e r .  

T h i s  i s  i n d i c a t e d  i n  F i g .  13 .03 -1 .  

No g e n e r a l  s o l u t i o n s  have  been  o b t a i n e d  t o  d a t e  f o r  t h e  s y m m e t r i c a l  

n - s e c t i o n  TEM-mode c o u p l e r ,  h a v i n g  e q u a l - r i p p l e  c h a r a c t e r i s t i c s  a s  shown 

i n  F i g .  1 3 . 0 8 - 2 .  ( S o l u t i o n s  f o r  t h r e e - s e c t i o n  and f i v e - s e c t i o n  c o u p l e r s  

were p r e s e n t e d  i n  S e c s .  1 3 . 0 3  and 1 3 . 0 4 .  ) However ,  ~ e v ~ ~  h a s  p r e s e n t e d  

t h e  g e n e r a l  s o l u t i o n  f o r  optimum u n s y m m e t r i c a l  c o u p l e r s  h a v i n g  e q u a l -  

r i p p l e  c h a r a c t e r i s t i c s .  

P h a s e  R e l a t i o n  Between Ou tpu t s - -For  a  s y m m e t r i c a l  c o u p l e r  t h e  two 

o u t p u t s  E 2  and E l  (shown f o r  a  t h r e e - s e c t i o n  c o u p l e r  i n  F i g .  1 3 . 0 3 - 1 )  

a r e  i n  q u a d r a t u r e  a t  a l l  f r e q u e n c i e s  ( i . e . ,  d i f f e r  by 90 d e g r e e s  when 

measured a t  t h e  e x t r e m i t i e s  o f  t h e  c o u p l e r ) .  T h i s  r e s u l t  f o l l o w s  a t  

once  from t h e  q u a r t e r - w a v e  f i l t e r  a n a l o g y ,  s i n c e  f o r  any s y m m e t r i c a l  

d i s s i p a t i o n - f r e e  2 - p o r t ,  t h e  r e f l e c t e d  and t r a n s m i t t e d  wave a m p l i t u d e s  

a r e  orthogonal. ' '  

SEC. 1 3 . 0 9 ,  CONSIDERATIONS AND GENERAL FORMULAS FOR 
BRANCH-L INE COUPLERS 

B r a n c h - l i n e  c o u p l e r s  a r e  d i r e c t i o n a l  c o u p l e r s  c o n s i s t i n g  o f  t w o  

p a r a l l e l  t r a n s m i s s i o n  l i n e s  c o u p l e d  t h r o u g h  a  number o f  b r a n c h  l i n e s  

( F i g .  1 3 . 0 9 - 1 ) .  The l e n g t h s  o f  t h e  b r a n c h  l i n e s  and t h e i r  s p a c i n g s  

a r e  a l l  o n e - q u a r t e r  g u i d e  w a v e l e n g t h  a t  c e n t e r  f r e q u e n c y ,  a s  shown i n  

F i g .  13 .09 -1 .  The c h a r a c t e r i s t i c  impedances  o f  t h e  two ~ a r a l l e l  main 

l i n e s  may b e  changed  from s e c t i o n  t o  s e c t i o n ,  and t h e  b r a n c h  impedances  

may b e  a d j u s t e d  a l s o  t o  improve  t h e  e l e c t r i c a l  p e r f o r m a n c e .  

F i g u r e  1 3 . 0 9 - 1  c o u l d  r e p r e s e n t  t h e  c r o s s  s e c t i o n  o f  t h e  i n n e r  

c o n d u c t o r  o f  a  c o a x i a l  l i n e ,  o r  t h e  p r i n t e d  c e n t e r  c o n d u c t o r  o f  a  s t r i p  
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SOURCE: Proc. IEE (see Ref. 24 by L. Young) 

FIG. 13.08-2 DESIRED COUPLING CHARACTERISTICS OF 
THREE-, FIVE-, AND SEVEN-SECTION 
TEM-MODE SYMMETRICAL COUPLERS 
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SOURCE: Tech. Note 3. Contract AF 30(602)-2392, SRI; 
(See Ref .  22 by Leo Young) 

FIG. 13.09-1 BRANCH-LINE COUPLER SCHEMATIC 

t r a n s m i s s i o n  l i n e ,  o r  t h e  E - p l a n e  c r o s s  s e c t i o n  o f  a  wavegu ide  

(Sec .  1 3 . 1 4 ) .  The o u t p u t  a t  t h e  i n - l i n e  t e r m i n a t i o n  i s  d e n o t e d  by P 1  db 

(below t h e  i n p u t ) ,  t h e  c o u p l i n g  i s  P 2  d b ,  and  t h e  d i r e c t i v i t y  i s  

D db ( s e e  F i g .  1 3 . 0 9 -  1). 

The b r a n c h e s  may b e  i n  s h u n t  w i t h  t h e  main  l i n e  ( a s  i n  c o a x i a l  and  

s t r i p  t r a n s m i s s i o n  l i n e )  o r  i n  s e r i e s  w i t h  i t  ( a s  i n  w a v e g u i d e ) .  Fo r  

s h u n t  j u n c t i o n s  i t  i s  more c o n v e n i e n t  t o  u s e  a d m i t t a n c e s ,  and f o r  s e r i e s  

j u n c t i o n s  i t  i s  more  c o n v e n i e n t  t o  u s e  impedances .  The t e r m  " i m m i t t a n c e "  

w i l l  b e  u s e d  t o  d e n o t e  e i t h e r  ( s h u n t )  a d m i t t a n c e s  o r  ( s e r i e s )  impedances .  

The n o t a t i o n  g i v i n g  t h e  c h a r a c t e r i s t i c  ? m m i t t a n c e s  i s  d e p i c t e d  i n  

F ig .  1 3 . 0 9 - 2 .  The  c o u p l e r  i s  s u p p o s e d  t o  have  e n d - t o - e n d  symmetry ,  s o  

SOURCE: IRE Trans. PGMTT (nee Ref.  11 by Leo Young) 

FIG. 13.09-2 BRANCH-LINE COUPLER 
NOTATION 

t h a t  H , + l  = H 1 ,  e t c . ,  and K 1  = 

K n ,  e t c .  I t  w i l l  b e  c o n v e n i e n t  

t o  n o r m a l i z e  w i t h  r e s p e c t  t o  t h e  

t e r m i n a t i n g  i m m i t t a n c e s  K O  = 

K , + l  = 1 t h r o u g h o u t  t h i s  c h a p t e r .  

A l l  t h e  j u n c t i o n s  w i l l  b e  

assumed t o  b e  ' i d e a l  s h u n t  o r  

s e r i e s  j u n c t i o n s  i n  t h e  d e s i g n  

p r o c e d u r e ,  and e a c h  l i n e  l e n g t h  

be tween  j u n c t i o n s  w i l l  b e  assumed 

t o  v a r y  a s  a  l i n e  o n e - q u a r t e r  

gu ide  w a v e l e n g t h  a l o n g  a t  t h e  c e n t e r  f r e q u e n c y .  The e f f e c t  o f  t h e  

j u n c t i o n  r e f e r e n c e  p l a n e s  ( S e c .  13 .  1 4 )  i s  i n c l u d e d  o n l y  i n  c a l c u l a t i n g  

t h e  f i n a l  p h y s i c a l  d i m e n s i o n s ;  t h e  e f f e c t  o f  j u n c t i o n  d i s c o n t i n u i t y  



r e a c t a n c e s  i s  o f t e n  n o t  l a r g e ,  and  i n  many c a s e s  c a n  b e  c o m p e n s a t e d  

u s i n g  t h e  d a t a  i n  S e c .  5 . 0 7  and i n  R e f s .  1 8 ,  1 9 ,  and 20,  a s  w i l l  b e  

d i s c u s s e d  i n  an example  i n  S e c .  13 .  14 .  The a p p e a r a n c e  o f  b r a n c h - l i n e  

c o u p l e r s  ( S e c .  13 .  1 1 )  i n  r e c t a n g u l a r  w a v e - g u i d e  f r e q u e n t 1  y  w o r k s  o u t  

a s  i n d i c a t e d  i n  F i g .  1 3 . 0 9 -  1 ( s e e  S e c .  13 .  1 4 ) ,  where  t h e  two o u t e r  w a l l s  

( t o p  and bo t tom o f  F i g .  1 3 . 0 9 -  1) h a v e  been  shown a s  s t r a i g h t  l i n e s .  

However, t h i s  r e s u l t  s h o u l d  n o t  n e c e s s a r i l y  b e  assumed t o  h o l d  i n  a l l  

c a s e s .  

Even-  and Odd-Mode A n a l y s i s - E r a n c h - l i n e  c o u p l e r s  may b e  a n a l y z e d  

i n  t e r m s  o f  an even  mode ( t w o  i n - p h a s e  i n p u t s )  and an odd mode ( t w o  o u t -  

o f - p h a s e  i n p u t s )  wh ich  a r e  t h e n  s u p e r p o s e d ,  a d d i n g  a t  o n e  p o r t  and  

c a n c e l l i n g  a t  t h e  o t h e r ,  t h u s  y i e l d i n g  o n l y  o n e  a c t u a l  i n p u t .  . T h i s  i s  

summarized i n  F i g .  1 3 . 0 9 -  3. F o r  s h u n t - c o n n e c t e d  b r a n c h e s  t h e  two i n p u t s  

o f  t h e  odd mode ~ r o d u c e  z e r o  v o l t a g e  a c r o s s  t h e  c e n t e r  o f  a l l  t h e  

b r a n c h e s ,  and t h u s  a  s h o r t - c i r c u i t  may b e  p l a c e d  t h e r e ;  t h e  two h a l v e s  

may t h e r e f o r e  be  " s e p a r a t e d " ,  e a c h  h a l f  c o n s i s t i n g  o f  a  t r a n s m i s s i o n  

l i n e  w i t h  4 5 - d e g r e e  s h o r t e d  s t u b s  a t  9 0 - d e g r e e  s p a c i n g s .  Meanwhi l e  

t h e  even  mode s i m i l a r l y  y i e l d s  4 5 - d e g r e e  o p e n - c i r c u i t e d  s t u b s  

( F i g .  1 3 . 0 9 - 3 ) .  The 4 5 - d e g r e e  s h o r t - c i r c u i t e d  s t u b s ,  and t h e  4 5 - d e g r e e  

o p e n - c i r c u i t e d  s t u b s  p r o d u c e  e q u a l  and  o p p o s i t e  p h a s e  s h i f t s  k 0  a t  

c e n t e r  f r e q u e n c y  i n  t h e  even -  and odd-mode i n p u t s .  F o r  a  m a t c h e d  

c o u p l e r  w i t h  p e r i e c t  d i r e c t i v i t y  t h e  two o u t p u t s  a r e  t h e n  c o s 2 0  and 

s i n 2 e  i n  power ,  when t h e  i n p u t  power (sum o f  even  and odd modes)  i s  

u n i t y .  For  t h e  c a s e  o f  s e r i e s - c o n n e c t e d  s t u b s ,  t h e  same r e a s o n i n g  

a p p l i e s ,  o n l y  t h e  r o l e s  o f  t h e  even  and odd  modes a r e  r e v e r s e d .  F o r  

a  f u l l e r  e x p l a n a t i o n ,  t h e  r e f e r e n c e s  s h o u l d  b e  c o n s u l t e d .  8'u 

C a s c a d e d  Matched  E i r e c t i o n a l  Couplers- -When ma tched  c o u p l e r s  a r e  

c a s c a d e d ,  a s  shown i n  F i g .  1 3 . 0 9 - 4 ,  t h e y  a c t  a s  a  s i n g l e  d i r e c t i o n a l  

c o u p l e r ,  and t h e  o v e r -  a l l  c o u p l i n g s  o f  t h e  c o m b i n a t i o n ,  PlPcom and  P 2 ,  

a r e  r e a d i l y  c a l c u l a t e d  f rom t h e  i n d i v i d u a l  c o u p l i n g s  P1 db  and  

P 2 ,  db by t h e  f o l l o w i n g  f o r m u l a :  

EVEN 900 900 
rno nnn, 

AMPUTWE. 

POWER: 

EVEN 
MODE: 

SOURCE: Tech. Note 3. Contract AF 30(602)-2392, SRI; 
(see Ref. 22 by Leo Young) 

FIG. 13.09-3 SUMMARY OF EVEN- AND ODD-MODE 
ANALYSIS 

' 

P,,(db) BELOW INPUT . . - .  P, ,corn - I N  - d 

COUPLER N I (pwspzr) I 

' 

SOURCE: Tech. Note 3. Contract AF 30(602)-2392. SRI; 
(see Ref. 22 by Leo Young) 

FIG. 13.09-4 SEVERAL MATCHED DIRECTIONAL 
COUPLERS IN CASCADE 

,& I 



2,com = 20 l o g , ,  db  

8 ,  = cos - '  a n t i l o g  - [ 
= s i n - '  [ a n t i l o g  (%)I . 

For i n s t a n c e ,  a  p h a s e  s h i f t  o f  6 = 30 d e g r e e s  y i e l d s  a  6 -db  c o u p l e r ,  

and a  p h a s e  s h i f t  o f  8 = 90 d e g r e e s  y i e l d s  a  0 - d b  c o u p l e r ;  t h e r e f o r e ,  

a  c a s c a d e  o f  t h r e e  matched 6 - d b  c o u p l e r s  r e s u l t s  i n  a  0 - d b  c o u p l e r .  

Midband Formulas - -The re  a r e  c e r t a i n  r e l a t i o n s  wh ich  e n s u r e  p e r f e c t  

match and p e r f e c t  d i r e c t i v i t y  a t  c e n t e r  f r e q u e n c y .  F u r t h e r m o r e ,  a t  

c e n t e r  f r e q u e n c y  t h e  r a t i o  o f  t h e  two o u t p u t  v o l t a g e s  E l  o c a n t i l o g  

( -P1 /20 )  and E 2  cc a n t i l o g  ( - P 2 / 2 0 )  can  b e  w r i t t e n  down f a i r l y  s i m p l y  

i n  t e r m s  o f  t h e  H i  and K i  i n  F i g .  1 3 . 0 9 - 2 .  'Table  1 3 . 0 9 - 1  g i v e s  t h e s e  

fo rmulas  f o r  up t o  s i x  b r a n c h e s .  A l so  g i v e n  a r e  s i m p l e r  f o r m u l a s  wh ich  

d e t e r m i n e  t h e  c o n d i t i o n s  f o r  3 -db  and 0 - d b  c o u p l i n g ,  t o g e t h e r  w i t h  

p e r f e c t  ma tch  and p e r f e c t  d i r e c t i v i t y ,  a t  c e n t e r  f r e q u e n c y .  

SEC. 1 3 .  1 0 ,  PERIODIC BRANCH-LINE COUPLERS 

A d d i t i o n a l  r e s t r i c t i o n s  may b e  p l a c e d  on t h e  i m m i t t a n c e s o f  

symmet r i ca l  c o u p l e r s  ( F i g .  1 3 . 0 9 -  2 ) .  I n  p a r t i c u l a r  when 

and f u r t h e r ,  when H 1  = H,+l i s  chosen  t o  g i v e  a  ~ e r f e c t  i n p u t  ma tch  

a t  c e n t e r  f r e q u e n c y ,  t h e n  s u c h  c o u p l e r s  w i l l  h e r e i n  b e  c a l l e d  p e r i o d i c .  

Thus t h e  t h r o u g h - l i n e s  a r e  u n i f o r m ,  and a l l  t h e  i n t e r i o r  b r a n c h e s  a r e  

t h e  same. Such  c o u p l e r s  have  been  a n a l y z e d  by 1:eed and  Whee le r .  L e t  
t h e  power c o u p l i n g  r a t i o  a t  c e n t e r  f r e q u e n c y  be  d e n o t e d  by 





i s  shown i n  T a b l e  1 3 .  1 0 - 2 .  where  h g l  i s  t h e  l o n g e s t  g u i d e  w a v e l e n g t h ,  

and A g 2  i s  t h e  s h o r t e s t  g u i d e  w a v e l e n g t h  o v e r  t h e  band  u n d e r  consider. .  

t i o n .  The g u i d e  w a v e l e n g t h  a t  b a n d - c e n t e r  i s  g i v e n  by 

The c o u p l i n g  P2 becomes s t r o n g e r .  and t h e  c o u p l i n g  Pi becomes weake r ,  

t h a n  3  db  a t  a b o u t  t h e  same r a t e ,  a s  t h e  f r e q u e n c y  c h a n g e s  from band-  

c e n t e r .  The t o t a l  v a r i a t i o n  I @ l  1 + \ % \ ,  r e f e r r e d  t o  a s  t h e  " c o u p l i n g  
u n b a l a n c e , "  i s  shown i n  T a b l e  1 3 . 1 0 - 3  f o r  t h e  same 3 - d l  c o u p l e r s .  

The p e r f o r m a n c e s  o f  f i v e  d i f f e r e n t  0 - d l  p e r i o d i c  c o u p l e r s  g i v e n  by 

T a b l e  1 3 . 1 0 - 1  a r e  summar ized  i n  T a b l e s  13 .  1 0 - 4  and 13 .  1 0 - 5  o v e r  t h e  same 

Table 13.10-4 

MAXIMUM VSWR O F  SEVERAL 0-db P E R I O D I C  COUPLERS 
OVER STATED BANDWIDmS 

I I 
FRACTIONAL COUPLERS 

1.21 1.10 1.05 

SRI ( s e e  R e f .  22  b y  Leo Young) 

Table 13.10-5 
MAXIMUM INSERTION L O S S  (db) O F  SEVERAL 0-db PERIODIC COUPLERS 

OVER STATED BANDWIDWS 

t h r e e  s p e c i f i e d  f r a c t i o n a l  b a n d w i d t h s .  
More d e t a i l e d  c h a r a c t e r i s t i c s  

o f  some o f  t h e s e  and o t h e r  c o u p l e r s  a r e  g i v e n  i n  I l e f s .  9  and 22 .  

On ly  c o u p l e r s  w i t h  an e v e n  number  o f  b r a n c h e s  ( n  o d d )  a r e  g i v e n  i n  

FRACTIONAL 

w b  

0.16 
0.28 
0.48 

T a b l e s  13.  1 0 - 4  and 13.  1 0 - 5 ;  t h e  ~ e r f o r m a n c e  o f  c o u p l e r s  w i t h  an odd 
o f  b r a n c h e s  ( n  e v e n )  i s  n o t  a s  good.  T h i s  i s  p r o b a b l y  due  t o  

t h e  f a c t  t h a t  a l l  t h e  b r a n c h e s  h a v e  t h e  same i m m i t t a n c e s ,  i n c l u d i n g  t h e  

two end  o n e s ,  when t h e  number o f  b r a n c h e s  i s  o d d ,  and t h u s  t h e r e  i s  no 

end-ma tch ing  e f f e c t .  For  i n s t a n c e ,  a  t w e l v e - b r a n c h ,  0 - d b  p e r i o d i c  

g i v e s  b e t t e r  e l e c t r i c a l  p e r f o r m a n c e  t h a n  a  t h i r t e e n - b r a n c h  0 - d b  

p e r i o d i c  c o u p l e r .  

SEC. 1 3 .  1 1 ,  THE CHARACTERISTICS AND PERFORMANCE OF SYNCHRONOUS 
ERANCH-LINE COUPLERS 

SOURCE: Tech .  Note  3 .  Contrac t  AFIO(602) -2392 .  SRI ( s e e  R e f .  22 b y  Leo Younl)  

COUPLERS 

The s y n c h r o n o u s  t u n i n g  c o n d i t i o n  a s  i t  a p p l i e s  t o  t r a n s m i s s i o n - l i n e  

f i l t e r s  was f o r m a l l y  d e f i n e d  t o w a r d  t h e  end o f  S e c .  6 . 0 1 .  Now r e c a l l  

t h a t  t h e  even -  and odd-mode a n a l y s i s  r e d u c e s  a  b r a n c h - g u i d e  c o u p l e r  t o  

two t r a n s m i s s i o n - l i n e  f i l t e r s ,  a s  i n d i c a t e d  i n  F i g .  1 3 . 0 9 - 3 .  When t h e  

t h r o u g h - l i n e  impedance  i s  u n i f o r m ,  n e i t h e r  o f  t h e s e  two f i l t e r s  i s  

s y n c h r o n o u s l y  t u n e d ,  s i n c e  t h e  r e f l e c t i o n s  from any two f i n i t e  r e a c t a n c e s  

spaced  o n e - q u a r t e r  wave leng th  a p a r t  a r e  n o t  ~ h a s e d  f o r  maximum c a n c e l l a -  

t i o n .  They c a n  be  s o  p h a s e d ,  however ,  by a d j u s t i n g  t h e  t h r o u g h - l i n e  

impedances ,  and i t  t u r n s  o u t  t h a t  b o t h  t h e  even -  and t h e  odd-mode " f i l t e r s '  

( F i g .  1 3 . 0 9 -  3 )  t h e n  become s y n c h r o n o u s l y -  t u n e d  w i t h  t h e  same c h o i c e  o f  

through-  l i n e  impedances . '  A  q u a r t e r -  wave t r a n s f o r m e r  ( C h a p t e r  6 )  can  

then be  u s e d  a s  a  p r o t o t y p e  c i r c u i t ,  r e s u l t i n g  i n  a  c l e a r l y  marked p a s s  

band, i n  wh ich  t h e  VSWR and d i r e c t i v i t y  a r e  n e a r l y  o p t i m i z e d .  To meet  

a  s p e c i f i e d  e l e c t r i c a l  p e r f o r m a n c e  o v e r  a  g i v e n  bandwid th ,  f e w e r  b r a n c h e s  

w i l l  t h e n  b e  r e q u i r e d  w i t h  s u c h  o p t i m i z e d  c o u p l e r s  t h a n  w i t h  p e r i o d i c  

c o u p l e r s  ( S e c .  1 3 .  1 0 ) ;  from n u m e r i c a l  e x a m p l e s ,  i t  a p p e a r s  t h a t  g e n e r a l l y  

about  h a l f  a s  many b r a n c h e s z 2  w i l l  do. On t h e  o t h e r  h a n d ,  some o f  t h e s e  

b r a n c h e s  w i l l  b e  w i d e r  t h a n  any i n  t h e  c o r r e s p o n d i n g  p e r i o d i c  d e s i g n ,  

and s o  may d e p a r t  more from i d e a l  j u n c t i o n  b e h a v i o r .  Such f a c t o r s  s h o u l d  

be t a k e n  i n t o  a c c o u n t  b e f o r e  d e c i d i n g  on t h e  t y p e  o f  c o u p l e r .  
The c h i e f  

a d v a n t a g e s  o f  s y n c h r o n o u s  c o u p l e r s  o v e r  p e r i o d i c  c o u p l e r s  a r e  t h a t  t h e y  

a r e  more compac t  ( f o r  a  s p e c i f i e d  p e r f o r m a n c e ) ,  s i n c e  t h e r e  a r e  f e w e r  

b r a n c h e s ,  and  t h a t  t h e  p e r f o r m a n c e  can  b e  p r e d i c t e d  f a i r l y  a c c u r a t e l y .  

Three-  
branch 

0.7 
2.0 
3.1 

The f i r s t  s t e p  i n  d e s i g n i n g  a  s y n c h r o n o u s  c o u p l e r  w i t h  a  s p e c i f i e d  

c e n t e r  f r e q u e n c y  c o u p l i n g  d e c i b e l s  and  a  s p e c i f i e d  f r a c t i o n a l  band-  

w id th  w b  o v e r  wh ich  t h e  p e r f o r m a n c e  i s  t o  b e  opt imum,  i s  t o  d e t e r m i n e  

t h e  o u t p u t -  t o -  i n p u t  impedance  r a t i o  R and  t h e  f r a c t i o n a l  b a n d w i d t h  w q  

of  t h e  q u a r t e r - w a v e  t r a n s f o r m e r  p r o t o t y p e .  They a r e  g e n e r a l l y  o b t a i n e d  

c l o s e l y  enough by t h e  a p p r o x i m a t e  r e l a t i o n s  
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Four-  
branch 

0.1 
0.7 
1.9 

S i r -  
branch 

0.02 
0.11 
0.33 

E i g h t -  
branch 

0.01 
0.04 
0.22 

Ten- 
branch 

0.006 
0.02 
0.19 

Twelve -  
branch 

0.004 
0.013 
0.15 

F o u r r r m -  - 
branch 

0.003 
0.011 
0.113 



and 

E q u a t i o n  ( 1 3 . 1 1 - 1 )  i s  p l o t t e d  i n  F i g .  13 .  11-1. I t  i s  e x a c t  f o r  

c o u p l e r s  wh ich  a r e  p e r f e c t l y  ma tched  a t  c e n t e r  f r e q u e n c y  ( s u c h  a s  a l l  

c o u p l e r s  w i t h  e v e n  n ,  and a n y  m a x i m a l l y  f l a t  c o u p l e r s ) .  I t  i s  a c c u r a t e  

R 

k 2 4 6 8 10 12 14 
COUPLING - P,,,,(db) 

~.,.~..,O. 

SOURCE: IRE Trans. PCMTT (see Ref. 11 by Leo Young) 

FIG. 13.11-1 PLOT OF CENTER-FREQUENCY 
COUPLING P,,, vs. IMPEDANCE- 
RATIO PARAMETER R FOR A 
MATCH ED BRANCH-LINE 
COUPLER 

enough  f o r  n e a r l y  a l l  p r a c t i c a l  

c a s e s ,  b u t  o v e r e s t i m a t e s  t h e  

n u m e r i c a l  v a l u e  o f  P2,0 i n  p r o -  

p o r t i o n  t o  t h e  r e f l e c t i o n  l o s s .  

(An e x a c t  f o r m u l a ,  n e c e s s a r y  

o n l y  when t h e  c e n t e r -  f r e q u e n c y  

VSWR i s  h i g h ,  i s  g i v e n  i n  

R e f .  1 1 ) .  N o t i c e  t h a t  0 - d b  

c o u p l i n g  would r e q u i r e  h - a, 
and  c a n ,  t h e r e f o r e ,  n o t  b e  

r e a l i z e d  i n  a  s i n g l e  s y n c h r o -  

n o u s  d e s i g n .  However ,  two 

s y n c h r o n o u s  3 - d b  c o u p l e r s ,  o r  

t h r e e  s y n c h r o n o u s  6 - d b  c o u p l e r s ,  

e t c . ,  c a n  b e  c a s c a d e d  t o  g i v e  

a  0 - d b  c o u p l e r .  

E q u a t i o n  ( 1 3 . 1 1 - 2 )  i s  l e s s  

a c c u r a t e ,  t h e  n u m e r i c a l  f a c t o r  

g e n e r a l l y  l y i n g  b e t w e e n  0 .  5 and 

0 . 7 .  A  more a c c u r a t e  d e t e r m i -  

n a t i o n  can  b e  made f rom 

F i g .  13 .  1 1 - 2  a f t e r  t h e  number 

o f  b r a n c h e s  h a s  b e e n  s e l e c t e d .  

I n  t h i s  f i g u r e  a r e  p l o t t e d  t h e  

b e s t  e s t i m a t e s  o f  t h e  bandwid th  

c o n t r a c t i o n  f a c t o r  

SOURCE: IRE Trans. PCMTT (see Ref. 11 by Leo Young) 

FIG. 13.11-2 BEST ESTIMATES FOR BANDWIDTH CONTRACTION FACTOR a 
BASED ON 27 INDIVIDUAL SOLUTIONS 

a g a i n s t  R ,  o r  P 2 , 0  and w i t h  n a s  a  p a r a m e t e r ,  b a s e d  on a  l a r g e  number 

o f  n u m e r i c a l  s o l u t i o n s . "  

Hav ing  d e t e r m i n e d  R and w q  f rom t h e  s p e c i f i e d  c o u p l i n g  P2,0 and t h e  

c o u p l e r  f r a c t i o n a l  bandwid th  w b ,  t h e  o n l y  r e m a i n i n g  i n d e p e n d e n t  p a r a m e t e r  

i s  t h e  number o f  s e c t i o n s ,  n ,  o r  number o f  b r a n c h e s ,  n t 1 

For a  g i v e n  R and w q ,  t h e  r i p p l e  VSWR V ,  o f  t h e  t r a n s f o r m e r  

w i th  i n c r e a s i n g  n ,  and i s  r e a d i l y  d e t e r m i n e d  f rom Sec .  0 . 0 2  

p a s s - b a n d  VSWR o f  t h e  c o u p l e r ,  V m a x ,  and i t s  minimum d i r e c t  

may t h e n  b e  o b t a i n e d  t o  a  good a p p r o x i m a t i o n  by  

v r  - 1 

+ a n t i l o g  ( P 2 / 2 0 )  

F i g .  1 3 . 0 9 -  2 ) .  

d e c r e a s e s  

The maximum 

v i t y  D m i n t  



(The  d i r e c t i v i t y  D i s  d e f i n e d  a s  t h e  r a t i o  o f  power o u t  o f  t h e  " d e c o u -  

p l e d "  arm t o  power o u t  o f  t h e  c o u p l e d  arm. S e e  F i g .  1 3 . 0 9 -  1. ) E x a c t  
f o r m u l a s  ( n e c e s s a r y  o n l y  f o r  l a r g e  V r )  a r e  g i v e n  i n  R e f .  11. The 
number o f  s e c t i o n s  n must  b e  made l a r g e  enough  t o  meet  t h e  d e s i r e d  

p e r f o r m a n c e .  

The f r e q u e n c y  v a r i a t i o n  o f  t h e  i n p u t  VSWR V ,  t h e  d i r e c t i v i t y  D ( d b )  

and t h e  two c o u p l i n g s  ( t h e  i n - l i n e  c o u p l i n g  P l  and t h e  c r o s s - o v e r  

c o u p l i n g  P 2 ,  b o t h  i n  d l ) ,  a r e  p l o t t e d  i n  F i g s .  1 3 . 1 1 - 3 ,  4 and 5 f o r  

c o u p l e r s  b a s e d  on m a x ~ m a l l y  f l a t  q u a r t e r - w a v e  t r a n s f o r m e r  p r o t o t y p e s  

f o r  n = 1 ,  2, 4 ,  and 8. a n d  f o r  R = 1. 5 ,  3  and  6 ,  c o r r e s p o n d i n g  t o  

FIG.  13.11-3 VSWR CHARACTERISTICS O F  SOME 
MAXIMALLY F L A T ,  BRANCH-LINE COUPLERS 
lmmittances of these couplers are given in 
Tables 13.12-1 and 13.12-2 

SOURCE: IRE Trans. PGMTT (see Ref. 11 by Leo Young) 

FIG.  13.11-4 D IRECTIV ITY CHARACTERISTICS O F  SOME 
MAXIMALLY F L A T ,  BRANCH-LINE COUPLERS 
lmmittances of these couplers are given in 
Tables 13.12-1 and 13.12-2 



A-,.n-,o, 

SOURCE: IRE Trans. PGMTT (see Ref. 11 by Leo Young) 

FIG. 13.11-5 COUPLING CHARACTERISTICS OF 
SOME MAXIMALLY FLAT, BRANCH- 
L I N E  COUPLERS 
lmmittances of these couplers are 
given in Tables 13.12-1 and 13.12-2 

c o u p l i n g s  P 2 , 0  o f  a p p r o x i m a t e l y  

a g a i n s t  t h e  q u a n t i t y  (Ag,/Ag), 

A g o  i s  i t s  v a l u e  a t  b a n d - c e n t e r  

( h g o / A g )  = 1 ,  s o  t h a t  F i g s . .  1 3 .  

from 0 . 4  t o  1 . 6 ,  a l t h o u g h  o n l y  

For  n o n - d i s p e r s i v e  (TEM mode) 1 

t o  t h e  f r e e - s p a c e  w a v e l e n g t h  A, 

f/fo, where  f i s  t h e  f r e q u e n c y ,  

1 4 ,  6 ,  and  3 db .  The g r a p h s  a r e  p l o t t e d  

where  A g  i s  t h e  g u i d e  w a v e l e n g t h ,  and 

. The r e s p o n s e  i s  s y m m e t r i c a l  a b o u t  

1 1 - 3 ,  4 ,  and  5 a c t u a l l y c o v e r t h e  r a n g e  

t h e  p o r t i o n  from 1 . 0  t o  1 . 6  i s  shown. 

i n e s ,  t h e  g u i d e  w a v e l e n g t h  A r e d u c e s  

and t h e n  A g O / A g  r e d u c e s  t o  A O / h  = 

and  fo i s  i t s  v a l u e  a t  b a n d - c e n t e r  

( a l s o  c a l l e d  t h e  c e n t e r  f r e q u e n c y )  

I t  can  b e  s e e n  from F i g .  1 3 . 1 1 - 5  t h a t  t h e  c o u p l i n g  P 2  g e n e r a l l y  

becomes s t r o n g e r  ( P q  measu red  i n  d e c i b e l s  d e c r e a s e s )  on  e i t h e r  s i d e  o f  

c e n t e r  f r e q u e n c y  ( t h e  c u r v e s  a r e  s y m m e t r i c a l  a b o u t  g 0 / A g  = I ) ,  and 

c o r r e s p o n d i n g l y  P 1  becomes weaker  ( P 1  measu red  i n  d e c i b e l s  i n c r e a s e s ) .  

The f r e q u e n c y  v a r i a t i o n s  o f  P I  and P 2  f o r  c o u p l e r s  b a s e d  on 

T c h e b y s c h e f f  t r a n s f o r m e r  p r o t o t y p e s  h a v e  been  found  t o  be v e r y  s i m i l a r  

t o  t h e  c u r v e s  shown i n  F i g .  1 3 . 1 1 - 5  f o r  c o u p l e r s  b a s e d  on max ima l ly  

f l a t  t r a n s f o r m e r  p r o t o t y p e s .  

SEC. 1 3 .  1 2 ,  TABLES OF IMMITTANCES OF SYNCHRONOUS 
ERANCH- LINE COUPLERS 

I t  was shown i n  Sec .  1 3 . 1 1  how t o  d e t e r m i n e  t h e  q u a r t e r - w a v e  

t r a n s f o r m e r  p r o t o t y p e  p a r a m e t e r s  R ,  w q ,  and t h e  number o f  s e c t i o n s  n 

( c o r r e s p o n d i n g  t o  n + 1 b r a n c h e s ) .  The  c o m p u t a t i o n  o f  t h e  c o u p l e r  

i m m i t t a n c e s  H I  and K c  ( F i g .  1 3 . 0 9 - 2 )  i s  

q u i t e  t e d i o u s ,  and  w i l l  n o t  b e  t r e a t e d  

h e r e .  The d e s i g n  p r o c e s s  i s  s i m p l i f i e d  

by t h e  u s e  o f  a  s p e c i a l  c h a r t , u  wh ich  

c a n  h a n d l e  any t r a n s f o r m e r  i m p e d a n c e s .  

I n  p r a c t i c e ,  i t  i s  l i k e l y  t h a t  max ima l ly  

f l a t  and T c h e b y s c h e f f  t r a n s f o r m e r s  

( C h a p t e r  6 )  w i l l  u s u a l l y  be  t a k e n  f o r  

p r o t o t y p e s ;  t h e  i m m i t t a n c e s  H z  and K ,  

d e r i v e d  from s u c h  t r a n s f o r m e r s  were  

computed on a  d i g i t a l  c o m p u t e r 2  and  a r e  

t a b u l a t e d  i n  T a b l e s  1 3 . 1 2 - 1  t o  1 3 . 1 2 - 8 .  

Most c a s e s  o f  p r a c t i c a l  i n t e r e s t  c a n  be  

o b t a i n e d  f rom t h e s e  t a b l e s  by i n t e r -  

p o l  a t i o n .  
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Table 13.12-1 

BRANCH-LINE COUPLER IMMITTANCES 
FOR n = 1 SECTION (TWO SRANCHES) 

SOURCE: IRE Trans. PCMTT ( s e e  
R e f .  11 by Leo Young) 





Table 13.12-4 

IMMITTANCES OF BRANCH-LINE COUPLERS FOR n = 2, 3, AND 4 SECTIONS 

(THREE, FOUR, AND FIVE BRANCHES) WHEN w T  = 0.40 

SOURCE: Tech. Note 3, Contract AF30(602)-2392, 
S R I  ( s e e  Ref.  22 b y  Leo Young) 

Table 13.12-5 

IMMITTANCES OF BRANCH-LINE COUPLERS FOR n = 2, 3 ,  AND 4 SECTIONS 
(THREE, FOUR, AND FIVE BRANCHES) WHEN w q =  0.60 



Table 13.12-6 

IMMITTANCES OF BRANCH-LINE COUPLERS FOR n = 2, 3, AND 4 SECTIONS 
(THREE, FOUR, AND FIVE BRANCHES) WHEN w p  = 0.80 

I I I I I I 
SOURCE: Tech. Note 3 .  Contract AF30(602)-2392. 

SRI ( s e e  Ref. 22 b y  L e o  Young) 

Table 13.12-7 

IMMITTANCES OF BRANCH-LINE COUPLERS FOR n = 2, 3 ,  AND 4 SECTIONS 
(THREE, FOUR, AND FIVE BRANCHES) WHEN w q =  1.00 



T a b l e  13 .12-8  

IMMITTAVCES OF BRANCH-LINE COUPLEHS FOR n = 2 ,  3 ,  AND 4 SECTIONS 
(THREE, FOUR, AND FIVE BRANCHES) WHEN w q  = 1 .20  

The n o t a t i o n  f o r  t h e  i m m i t t a n c e s  H i  and K i  i s  shown i n  F i g .  1 3 . 0 9 - 2 .  

For a  c o u p l e r  w i t h  s e r i e s  T - j u n c t i o n s ,  H i  and K i  a r e  b o t h  c h a r a c t e r i s t i c  

impedances  ( e . g .  f o r  E - p l a n e  j u n c t i o n s  i n  w a v e g u i d e ) ;  f o r  a  c o u p l e r  w i t h  

s h u n t  T- j u n c t i o n s ,  H ,  and K i  a r e  b o t h  c h a r a c t e r i s t i c  a d m i t t a n c e s  ( e .  g . ,  

f o r  c o a x i a l  o r  s t r i p  t r a n s m i s s i o n  l i n e s ) .  

1 .50 
2.00 
2.50 
3.00 
4.00 
5.00 
6.00 
8 .00 

10.00 

SEC. 1 3 .  1 3 ,  EXAMPLES ILLUSTRATING THE DESIGN AND 
PERFORMANCE OF SYNCHRONOUS BRANCH- 
L I N E  COUPLERS 

Example-A 3 - d b  c o u p l e r  i s  t o  h a v e  an  i n p u t  VSWR o f  l e s s  t h a n  1 . 1 0  

and a  d i r e c t i v i t y  i n  e x c e s s  o f  20 db o v e r  a  2 4 - p e r c e n t  f r a c t i o n a l  b a n d -  

w id th .  

SOLMCE: Tech. N o t e  3, Contract A F 3 0 ( 6 0 2 ) - 2 3 9 2 .  
SRI ( a c e  R e f .  2 2  b y  Leo Young)  

1.0108 
1.0315 
1.0548 
1.0785 
1.1243 
1.1667 
1.2059 
1.2761 
1.3381 

From F i g .  13 .  1 1 - 1 ,  when Pz,o = 3  db ,  t h e n  by Eq. ( 1 3 . 1 1 - 1 1 ,  R = 5 . 8 4 .  

T r y  a  t w o - b r a n c h  c o u p l e r  f i r s t ,  c o r r e s p o n d i n g  t o  a  s i n g l e - s e c t i o n ,  q u a r t e r -  

wave t r a n s f o r m e r  p r o t o t y p e  ( n  = 1 ) .  From F i g .  1 3 . 1 1 - 2 ,  = 0 . 6 4  f o r  

n = 1 ,  s o  t h a t  t h e  p r o t o t y p e  f r a c t i o n a l  b a n d w i d t h  mus t  b e  w b / P  = 

2 4 / 0 . 6 4  p e r c e n t ,  o r  n e a r l y  40 p e r c e n t  by Eq. ( 1 3 . 1 1 - 3 ) .  The maximum 

VSWR o f  a  s i n g l e - s e c t i o n  q u a r t e r - w a v e  t r a n s f o r m e r  o f  R = 6 ,  and  w  = 

0 . 4 0 ,  i s  1 . 8 6 ,  f rom T a b l e  6 . 0 2 - 2 .  I t  f o l l o w s  f rom Eq. ( 1 3 .  1 1 - 4 )  t h a t  

V m a x  o f  t h e  c o u p l e r  would t h e n  b e  c o n s i d e r a b l y  g r e a t e r  t h a n  t h e  1 . 1 0  

s p e c i f i e d .  

T r y  a  t h r e e - b r a n c h  c o u p l e r  n e x t ,  c o r r e s p o n d i n g  t o  a  t w o - s e c t i o n ,  

q u a r t e r - w a v e  t r a n s f o r m e r  ( n  = 2 ) .  From F i g .  13 .  11- 2 ,  P = 0 . 6 2  f o r  

n  = 2 ,  s o  t h a t  t h e  p r o t o t y p e  f r a c t i o n a l  b a n d w i d t h  mus t  b e  24 /0 .62  p e r c e n t ,  

o r  a l m o s t  40 p e r c e n t .  Now t h e  maximum VSWR o f  a  t w o - s e c t i o n  q u a r t e r -  

wave t r a n s f o r m e r  o f  R = 6 ,  w q  = 0 .  40,  i s  1.11 from T a b l e  6 . 0 2 - 2 .  F o r  a  

3 -db  c o u p l e r ,  Eq. ( 1 3 . 1 1 - 4 )  y i e l d s  V m a x  = 1 + 0 . 1 1 / 1 . 4 , 1 4  = 1 . 0 8 ,  wh ich  

i s  be low t h e  1 . 1 0  s p e c i f i e d .  T h e  d i r e c t i v i t y  f rom Eq.  ( 1 3 . 1 1 - 5 )  w i l l  b e  

b e t t e r  t h a n  -20 l o g l o  ( 0 . 0 4 )  - P ,  = 25 d b ,  wh ich  e x c e e d s  t h e  20 db 

s p e c i f i e d .  

1.0192 
1.0566 
1.0994 
1.1438 
1.2316 
1.3156 
1.3951 
1.5419 
1.6753 

Thus  t h e  p r o t o t y p e  q u a r t e r - w a v e  t r a n s f o r m e r  w i l l  i n  t h i s  c a s e  h a v e  

two s e c t i o n s  ( n  = 2 ) ,  R = 5 . 8 4 ,  and bandwid th  w q  = 0 . 4 0 .  The c o r r e s -  

p o n d i n g  b r a n c h - g u i d e  c o u p l e r  d e s i g n  c a n  b e  o b t a i n e d  by i n t e r p o l a t i o n  f rom 

T a b l e  1 3 . 1 2 -  4. 

I f  we may u s e  F i g .  1 3 . 1 1 - 5  a s  a  g u i d e , .  t h e n  o v e r  t h e  2 4 - p e r c e n t  band 

s p e c i f i e d ,  t h i s  t h r e e -  b r a n c h ,  3- db  c o u p l e r  would b e  e x p e c t e d  t o  c h a n g e  

e a c h  o f  i t s  c o u p l i n g s ,  PI and P 2 ,  by a  l i t t l e  u n d e r  0 . 3  db.  T h u s  i f  

0.0631 
0.1066 
0.1393 
0.1650 
0.2037 
0.2320 
0.2541 
0.2873 
0.3119 

0.0886 
0.1542 
0.2080 
0.2544 
0.3331 
0.3995 
0.4578 
0.5581 
0.6437 

0.1047 
0.1851 
0.2539 
0.3157 
0.4263 
0.5256 
0.6171 
0.7837 
0.9345 



t h e  c o u p l e r  w e r e d e s i g n e d  t o h a v e  3 - d b c o u p l i n g a t c e n t e r  f r e q u e n c y  ( c o r r e -  

s p o n d i n g  t o  R = 5 . 8 4  ~ i c k e d  b e f o r e ) ,  t h e n  P2 wou ld  go  t o  2 . 7  db  a n d  P1 t o  

3 . 3  db  a t  t h e  2 4 - p e r c e n t  band e d g e s .  I f  t h e  s p e c i f i c a t i o n  r e q u i r e d  b o t h  P1 
and P 2  t o  be  m a i n t a i n e d t o  w i t h i n  k 0 . 1 5  d b o f  3  d b o v e r t h e  2 4 - p e r c e n t  band ,  

o r  g e n e r a l i y t o  o p t i m i z e  t h e  b a l a n c e  o v e r t h e  b a n d a s  a  w h o l e ,  t h e n  t h e  c o u p l e r  

w o u l d b e  d e s i g n e d  w i t h  P p B O  = 3 . 1 5  d b ,  c o r r e s p o n d i n g t o R  = 5 . 7 ,  
by 

F i g .  1 3 . 1 1 - 1  o r  Eq. ( 1 3 . 1 1 - 1 ) .  With  t h i s  c h o i c e ,  and  f r o m  T a b l e  1 3 . 1 2 - 4 ,  

The p e r f o r m a n c e  o f t h i s  c o u p l e r  was a n a l y z e d b y  c o m p u t e r  a n d ~ s  r e p r o d u c e d  

i n F i g .  1 3 . 1 3 - 1 .  I t  i s  f o u n d  t o  c o n f o r m  v e r y  c l o s e l y t o t h e  s p e c i f i c a t i o n s .  

( A g a i n ,  t h i s  i s  p l o t t e d o n l y  f o r  o n e  sideof band-center, s i n c e  t h e  r e s p o n s e  

i s  s y m m e t r i c a l  a s  p l o t t e d . )  From F i g .  1 3 . 1 3 - 1 ,  t h e  a n a l y z e d  p e r f o r m a n c e  
o v e r  t h e  2 4 - p e r c e n t  b a n d w i d t h  i s :  maxlmum VSWR, 1 . 0 7  ( 1 . 0 8 w a s p r e d i c t e d ) ;  
minimum d i r e c t i v i t y ,  26 d b  ( 2 5  db  was p r e d i c t e d ) ;  c o u p l i n g s  P1 and  P2 

b o t h  w i t h i n  + 0 . 2  d b  o f  3  d b  ( f 0 . 1 5  db  was p r e d i c t e d ) .  

Compar r son  of S y n c h r o n o u s  a n d  P e r z o d i c  C o u p l e r s - T h e  maximum VSWR 

and t h e  c o u p l i n g  u n b a l a n c e  o f  s e v e r a l 3 - d b  p e r i o d i c  c o u p l e r s w a s  g i v e n  i n  

Ago/Xg 
A-3.78409 

SOURCE: IRE Trans.  PGMTT (see Ref. 11 by Leo Young) 

FIG. 13.13-1 COMPUTED PERFORMANCE OF A THREE-BRANCH (n = 2) COUPLER 

T a b l e s  1 3 . 1 0 - 2  a n d  1 3 . 1 0 - 3  f o r  t h r e e p a r t i c u l a r  T a b l e  1 3 . 1 3 - 1  

b a n d w i d t h s  w b .  None o f  t h e  p e r i o d i c  c o u p l e r s  c o u l d  PERFOmANCESOFmREE 

be d e s i g n e d  f o r  any p a r t i c u l a r  b a n d w i d t h ,  and t h e  SYNCHRONOUS 3 - d b  COUPLERS 

p e r f o r m a n c e o f  any o n e  c o u p l e r  s i m p l y  d e g e n e r a t e s  
OF FOUR BRANCHES 

s l o w l y  a s i t s o p e r a t i n g b a n d w i d t h i s i n c r e a s e d .  

( F o r  i n s t a n c e ,  t h e  VSWH r i p p l e s  k e e p  g e t t i n g  

b i g g e r . )  To i m p r o v e  t h e p e r f o r m a n c e  o v e r  any p a r -  

t i c u l a r  bandwidth o n e  c a n  i n c r e a s e  t h e  number o f  

b r a n c h e s  ( b u t  a v o i d  an  i n c r e a s e  f rom an  even  t o  an SOURCE: Tech. 3 ,  
Contract AF 30(602)-2392, SRI 

odd number o f  b r a n c h e s ) .  (aee Ref. 22 by Leo Young) 

By c o n t r a s t ,  s y n c h r o n o u s  c o u p l e r s h a v e  a c l e a r l y d e f i n e d p a s s b a n d o v e r  

which  a t l e a s t t h e i r V S W R a n d d i r e c t i v i t y i s  o p t i m i z e d .  T h r e e d i f f e r e n t f o u r -  

b r a n c h  s y n c h r o n o u s  c o u p l e r s w e r e o b t a i n e d  f r o m t h e t a b l e s i n s e c .  1 3 . 1 2 .  E a c h  

h a s  n  = 3  a n d R =  5 . 5 ,  and  t h e i r  s e v e r a l  t r a n s f o r m e r  p r o t o t y p e  b a n d w i d t h s  a r e  

w  = 0 . 4 0  ( C a s e  I ) ,  w q  = 0 . 6 0  ( C a s e  2 ) ,  and  w q  = 0 . 8 0  (Case  3 ) .  T h e s e  

t h r e e  c o u p l e r s  g i v e  a b o u t  optimum p e r f o r m a n c e  o v e r  b a n d w i d t h s  o f  

w b  = 0 . 1 6 ,  w b  = 0 . 2 8  and w b  = 0 . 4 8 ,  r e s p e c t i v e l y ,  c o r r e s p o n d i n g  t o  t h e  b a n d -  

w i d t h s i n T a b l e s  1 3 . 1 0 - 2  a n d 1 3 . 1 0 - 3 .  T h e m a x i m u m V S W R a n d c o u p l i n g u n b a l a n c e  

o v e r t h e i r  r e s p e c t i v e p a s s  bands  i s  s h o w n i n l ' a b l e  1 3 . 1 3 - 1 .  A c o m p a r i s o n  w i t h  

T a b l e s  1 3 . 1 0 - 2  a n d 1 3 . 1 0 - 3  s h o w s t h a t t h e V S W R o f t h e  f o u r - b r a n c h s y n c h r o n o u s  

c o u p l e r s i s  a s  good  a s  ( o r  b e t t e r  t h a n )  t h a t  o f t h e  e i g h t - b r a n c h  p e r i o d i c  c o u p l e r .  

T h e r e  i s  a l s o  a  s l i g h t  improvement  i n  t h e  c o u p l i n g u n b a l a n c e o v e r t h e  f o u r - b r a n c h  

, p e r i o d i c  c o u p l e r .  

SEC.  1 3 . 1 4 ,  DESIGN OF A N  EXPERIMENTAL BHANCH-LINE 
COUPLER IN  WAVEGUIDE 

The d e s i g n  o f  a  6 - d b  c o u p l e r  i n  wavegu ide  w i l l  now b e  d i s c u s s e d .  A p r o t o -  

t y p e  t r a n s f o r m e r  h a v i n g n  = 4  ( f i v e  b r a n c h e s ) ,  R = 3  and  w  = 0 . 4 0 w a s  s e l e c t e d .  

A t  t h a t  time1' t h e  t a b l e s  i n  S e c .  1 3 . 1 2  were  n o t  a v a i l a b l e  and t h e  f o l l o w i n g  

i m m i t t a n c e s  were  c a l c u l a t e d  by cha r t s ; ' '  t h e  more e x a c t  v a l u e s  f rom 

T a b l e  1 3 . 1 2 - 4  ( n o t  u s e  d i n t  h e  c o n s t r u c t i o n )  a r e  shown* i n  p a r e n t h e s e s :  

I t  was v e r i f i e d b y  a n a l y s i s  on a  d i g i t a l  compu te r  t h a t  t h e  i m m i t t a n c e s  

f r o m t h e t a b l e s  ( i n p a r e n t h e s e s )  would  g i v e  a  s l i g h t l y i m p r o v e d  c o u p l e r ;  t h e  

improvement  was ,  h o w e v e r ,  n o t  l a r g e  e n o u g h t o  w a r r a n t  t h e  e x p e n s e o f  b u i l d i n g  

a  new model .  I t  was a l s o  demonstrated1"* t h a t  t h e  p e r f o r m a n c e  o f  t h i s  
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SOURCE: IRE Truns. PGMTT (see Ref. 11 by Leo Young) 

FIG. 13.14-1 PERFORMANCE OF FIVE-BRANCH (n = 4) COUPLER 
Lines are computed; points are measured on experimental 
models shown in Figs. 13.14-3, 13.14-4, and 13.14-5 

c o u p l e r  c o u l d  be p r e d i c t e d  a c c u r a t e l y .  The d e t a i l s  o f  t h e  c a l c u l a t i o n a r e  
s i m i l a r  t o  t h e  example  i n  S e c .  1 3 . 1 3 ,  and a r e  n o t  r e p r o d u c e d  h e r e .  

The computed performance o f  t h i s  c o u p l e r  i s  shown i n  F i g .  1 3 . 1 4 - 1 .  The ex- 
p e r i m e n t a l  p o i n t s  a r e p l o t t e d i n t h e  same f i g u r e ,  a n d w i l l  be  e x p l a i n e d  below. 

C o n s t r u c t i o n  a n d E x p e r i m e n t a 1 P e r f o r m a n c e - T h e  c o u p l e r  was t o  b e  con-  

s t r u c t e d i n s - b a n d ,  w i t h  r e c t a n g u l a r  wavegu ide  o u t p u t s  o f  2 . 8 4 0 i n c h e s  by 

1.420 inches. n i e  center  frequency was t o  be 2975 b. (mere fo re ,  Ago = 5.54 inches.)  

S i n c e  waveguide  T - j u n c t i o n s  a r e  s e r i e s  j u n c t i o n s ,  t h e  i m m i t t a n c e s  

Ki and H i  a r e  impedances ;  however ,  s i n c e  wavegu ide  T - j u n c t i o n s  a r e  n o t  

p e r f e c t  s e r i e s  j u n c t i o n s ,  t h e y  c a n  b e  r e p r e s e n t e d  by an  e q u i v a l e n t  c i r -  

c u i t  s u c h  a s  i s  shown i n  F i g .  1 3 . 1 4 - 2 .  ( T h i s  i s  t h e  same c i r c u i t  a s  

F i g .  6 . 1 - 2  on p .  338 o f  Re f .  2 0 . )  At any T - j u n c t i o n  o f  t h e  c o u p l e r ,  

and Ki a r e  g e n e r a l l y  n o t  e q u a l ,  a l t h o u g h  t h e y  d i f f e r  o n l y  s l i g h t l y ,  

s o  t h a t  K O , ,  i n  F i g .  1 3 . 1 4 - 2 ( a )  was s e t  e q u a l  t o  t h e i r  a r i t h m e t i c  mean 

( K i - l  + K i ) / 2 .  S i m i l a r l y  t h e  w a v e - g u i d e  h e i g h t  s u b s t i t u t e d  i n t o  t h e  

g r a p h s  of  R e f .  2 0  t o  o b t a i n  t h e  T - j u n c t i o n  p r o p e r t i e s  was b a ,  = ( b i - l  + 
b i ) / 2 ,  a n d  t h e  j u n c t i o n  was t r e a t e d  a s  i f  i t  were  s y m m e t r i c a l  [ s e e  

F i g .  l 3 . 1 4 - 2 ( a ) ] .  

The wavegu ide  h e i g h t s  ( t h e i r  b - d i m e n s i o n s )  were  f i r s t  t a k e n  a s  p r o -  

p o r t i o n a l  t o  t h e  r e s p e c t i v e  K o r  H v a l u e s  (Eq.  1 3 . 1 4 - 1 ) ;  t h e y  were  f i x e d  

by t h e  b - d i m e n s i o n s  of  t h e  f o u r  p o r t s ,  which were  e a c h  e q u a l  t o  bo  = 

1 .420  i n c h e s .  T h i s  d e t e r m i n e d  t h e  b - d i m e n s i o n s  i n  t h e  t h r o u g h - g u i d e s  

w i t h o u t  f u r t h e r  a d j u s t m e n t s ,  b u t  t h e  b - d i m e n s i o n s  o f  t h e  b r a n c h  g u i d e s  

had  t o  b e  f u r t h e r  i n c r e a s e d  t o  a l l o w  f o r  t h e  t r a n s f o r m e r  f a c t o r  d e n o t e d  

by n2  i n  R e f .  20  ( n o  connec -  

t i o n  w i t h  t h e  number o f  s e c -  

t i o n s ,  n ) .  T h i s  f a c t o r  was 

found  f rom T a b l e  6 . 1 - 1 0  on 

p .  346 i n  Re f .  2 0 ,  and t h e  - ---- + -i- ---- TI KOV Kav 
--I e 

b r a n c h  b - d i m e n s i o n s ,  were i n -  I I 

5 TI R E E c E  TI 

c r e a s e d  by a  f a c t o r  l / n 2 .  (NEGLECTED) 

S i n c e  t h i s  c h a n g e d  t h e  j u n c -  ( 0 )  SYMMETRICAL JUNCTION 

t i o n  d i m e n s i o n s ,  t h e  q u a n t i t y  

n2  had  t o  b e  worked o u t  a g a i n ,  

and more  t i m e s  i f  n e c e s s a r y  

( u s u a l l y  t h i s  i s  n o t  n e c e s -  

s a r y )  u n t i l  e a c h  p r o d u c t  o f  

n2  and t h e  b r a n c h  g u i d e  

b - d i m e n s i o n  was p r o p o r t i o n a l  

t o  t h e  a p p r o p r i a t e  impedance  H. 

F i n a l l y ,  t h e  r e f e r e n c e  p l a n e  

p o s i t i o n s ,  d and d ' ,  o f  e a c h  

j u n c t i o n  were  d e t e r m i n e d z 0  

( F i g .  1 3 . 1 4 - 2 ) .  

u 
REACTANCE 
(NEGLECTED1 

(b) UNSYMMETRICAL JUNCTION 

SOURCE: Tech. Note 3. Contract AF 30(602)-2392. SRI; 
(see Ref. 22 by Leo Young) 

FIG. 13.14-2 EQUIVALENT CIRCUITS OF 
T-JUNCTIONS 



The d i m e n s i o n s  o f  t h i s  c o u p l e r  were c a l c u l a t e d ,  u s i n g  t h e  impedances 

o f  Eq. ( 1 3 .  1 4 - 1 )  and t h e  T - j u n c t i o n  e q u i v a l e n t  c i r c u i t s  i n  R e f .  20. 

(The  s e r i e s  r e a c t a n c e s  weze i n c l u d e d  i n  s e v e r a l  o f  t h e  e a r l i e r  computa-  

t i o n s  a n a l y z i n g  t h e  c o u p l e r  p e r f o r m a n c e .  T h e i r  p r e s e n c e  was f o u n d  t o  

a f f e c t  t h e  p e r f o r m a n c e  o n l y  s l i g h t l y ,  and h a s  b e e n  i g n o r e d  i n  a l l  l a t e r  

c o m p u t a t i o n s .  ) 

The c o u p l e r  E - p l a n e  c r o s s  s e c t i o n  migh t  b e  e x p e c t e d  t o  r e q u i r e  

s t e p p e d  t o p  and bo t tom w a l l s  ( F i g .  1 3 . 0 9 - 1 )  t o  o b t a i n  t h e  c h a n g e s  i n  

impedance  K i  c a l l e d  f o r  i n  Eq. ( 1 3 . 1 4 - 1 ) .  However ,  t h e  r e f e r e n c e  p l a n e s  

( T i  i n  F i g .  1 3 . 1 4 - 2 )  move i n  s u c h  a  manner  t h a t  t h e  b r a n c h e s  h a v e  t o  be 

s h o r t e n e d  more where t h e  i m p e d a n c e s  K a r e  l a r g e r ,  w i t h  t h e  r e s u l t  t h a t  

t h e  t o p  and bo t tom w a l l s  ( F i g .  1 3 . 0 9 - 1 )  come o u t  a l m o s t  s t r a i g h t .  I n  

o r d e r  t o  o b t a i n  s t r a i g h t  t o p  and b o t t o m  w a l l s  a s  shown i n  F i g .  1 3 . 0 9 - 1 ,  

and y e t  m a i n t a i n  t h e  c o r r e c t  impedances  K i  , b r a n c h  l e n g t h s  some o f  

which d i f f e r  s l i g h t l y  f rom t h e  l e n g t h s  c a l c u l a t e d Z O h a v e  t o  b e  a c c e p t e d .  

The d i m e n s i o n s  s o  c a l c u l a t e d  a r e  shown i n  F i g .  1 3 .  1 4 - 3 .  T h e  c o u p l e r  

was c o n s t r u c t e d  i n  two h a l v e s  a s  shown i n  F i g .  13 .  1 4 - 4 .  T h r e e  j i g - p l a t e s  

o f  aluminum were u s e d  t o  make a U-shaped c h a n n e l ,  i n  wh ich  s i x  aluminum 

b l o c k s  were  p l a c e d  and  b o l t e d  down t o  form t h e  wavegu ide  c h a n n e l s .  The 

end  b l o c k s  c o n t a i n  t r a n s f o r m e r s  from t h e  wavegu ide  h e i g h t  o f  1 . 4 2 0  i n c h e s  

I 
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CHANNEL DEPTH = 1.420 
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SOURCE: IRE Trans. PGMTT b e e  Ref. 11 by Leo Young) 

FIG. 13.14-3 DIMENSIONS OF FIRST S-BAND, FIVE- 
BRANCH, 6-db COUPLER SOURCE: I R E  Trans. PGMTT (see Ref .  I1 byLeo Young) 

13.14-4 EXPLODED VIEW OF S-BAND, EXPERIMENTAL FIVE-BRANCH, 6-db COUPLER 



t o  1. 340 i n c h e s ,  s o  t h a t  s t a n d a r d  WR-284 wavegu ide  t e s t  e q u i p m e n t  c o u l d  

b e  c o n n e c t e d .  The d e p t h  o f  a l l  t h e  c h a n n e l s  i s  h a l f  o f  2 . 8 4 0  i n c h e s ,  

o r  1 .420  i n c h e s .  The two p i e c e s  shown i n  F i g .  1 3 . 1 4 - 4  were  f i n a l l y  

supe r imposed  and b o l t e d  t o g e t h e r  t o  form t h e  6 - d b  c o u p l e r .  

The measu red  p e r f o r m a n c e  o f  t h e  c o m p l e t e d  c o u p l e r  i s  shown by t h e  

l i g h t  ~ o i n t s  i n  F i g .  1 3 . 1 4 - 1 ,  which go  w i t h  t h e  f r e q u e n c y  s c a l e  ( A )  n e a r  

t h e  bo t tom o f  F i g .  1 3 . 1 4 - 1 .  P l o t t e d  on a  h g o / h g s c a l e ,  t h e  p o i n t s  

f i t  t h e  computed c u r v e s  v e r y  c l o s e l y ;  however ,  t h e  c e n t e r  f r e q u e n c y  i s  

3125 Mc i n s t e a d  o f  t h e  d e s i g n  v a l u e  o f  2975 Mc. T h i s  d i s c r e p a n c y  i s  

t h o u g h t  t o  r e s u l t  f rom t h e  r e l a t i v e l y  l a r g e  b - d i m e n s i o n s  w h i c h ,  f o r  

i n s t a n c e ,  make t h e  l e n g t h  o f  an  o u t l i n e  e d g e  on  t h e  two c e n t e r  s q u a r e s  

i n  F i g .  1 3 . 1 4 - 3  o n l y  a b o u t  o n e - s e v e n t h  w a v e l e n g t h .  T h u s ,  n o n - p r o p a g a t i n g  

h i g h e r - o r d e r  modes c o u l d  b e  s e t  up ,  g i v i n g  r i s e  t o  i n t e r a c t i o n  e f f e c t s  

a t  s u c h  c l o s e  s p a c i n g s .  

A l l  b r a n c h  l e n g t h s  and s p a c i n g s ,  n o m i n a l l y  o n e - q u a r t e r  w a v e l e n g t h ,  

were t h e n  s c a l e d  i n  t h e  r a t i o  o f  t h e  g u i d e  w a v e l e n g t h s  t o  r e d u c e  t h e  

c e n t e r  f r e q u e n c y  f rom 3125 t o  2975 Mc, and  t h e  c o u p l e r  was t e s t e d  a g a i n .  

I t s  c e n t e r  f r e q u e n c y  moved down a s  e x p e c t e d ,  b u t  t h e  c o u p l i n g  t h e r e  

became s t r o n g e r ,  g o i n g  f rom 6 . 1  t o  5 . 8  db. S i n c e  t h e  c o u p l i n g  becomes 

s t r o n g e r  s t i l l  a t  o f f - c e n t e r  f r e q u e n c i e s ,  i t  was d e c i d e d  t o  r e d u c e  t h e  

b r a n c h  h e i g h t s  t o  weaken t h e  c o u p l i n g  by 0 . 5  db a t  c e n t e r  f r e q u e n c y ,  

c h a n g i n g  t h e  5 . 8  db t o  6 . 3  db  c o u p l i n g .  The new d i m e n s i o n s  c a l c u l a t e d  

a r e  shown i n  F i g .  1 3 . 1 4 - 5 .  The  measu red  r e s u l t s  a r e  shown by  t h e  b l a c k  

p o i n t s  i n  F i g .  13 .  1 4 - 1  which go  w i t h  t h e  f r e q u e n c y  s c a l e  18) a t  t h e  

bo t tom o f  F i g .  1 3 . 1 4 -  1. I t  i s  s e e n  t h a t  t h i s  c o u p l e r  g i v e s  t h e  d e s i r e d  

c e n t e r  f r e q u e n c y ,  and i t s  p e r f o r m a n c e  c l o s e l y  f o l l o w s  t h e  compu ted  c u r v e s .  

Power -Hand l ing  C a p a c i t y - - A l l  e d g e s  o r t h o g o n a l  t o  t h e  e l e c t r i c  f i e l d  

o f  t h e  TElo  mode were t h e n  r o u n d e d  o f f  t o  i n c r e a s e  t h e  p o w e r - h a n d l i n g  

c a p a c i t y .  The e d g e s  o f  t h e  e i g h t  r e c t a n g u l a r  b l o c k s  were  r o u n d e d  t o  a  

r a d i u s  o f  o n e - e i g h t h  i n c h ;  t h e  e d g e s  o f  t h e  f o u r  o u t s i d e  b l o c k s ,  on  t h e  

f a c e s  d e f i n i n g  t h e  o u t s i d e  e d g e s  o f  t h e  n a r r o w e s t  b r a n c h e s ,  were  rounded 

t o  a  r a d i u s  o f  o n e - s i x t e e n t h  i n c h .  T h e s e  r a d i i  w e r e  e s t i m a t e d  f rom 

F i g .  1 5 . 0 2 - 5  t o  r e d u c e  t h e  f i e l d  s t r e n g t h  a t  t h e  e d g e s  t o  l e s s  t h a n  

d o u b l e  t h e  f i e l d  s t r e n g t h  i n  t h e  

would have  h e l p e d  v e r y  l i t t l e .  

rounded e d g e s  was m e a s u r e d ,  and  

i n  Fig . .  1 3 . 1 4 - 1  t o  w i t h i n  e x p e r i  

w a v e g u i d e s .  23  Any f u r t h e r  r o u n d i n g  

The p e r f o r m a n c e  o f  t h e  c o u p l e r  w i t h  @ 

found t o r e p r o d u c e  t h e  p e r f o r m a n c e  shown 

m e n t a l  a c c u r a c y .  

840 

I --- 
(ROUNDED CORNERS NOT SHOWN: CHANNEL DEPTH =1.420 

SEE T E X T )  111-3418-57 

SOURCE: IRE Trans. PGMTT (see Ref. 11 by Leo Young) 

FIG. 13.14-5 DIMENSIONS OF S-BAND, FIVE-BRANCH, 
6-db COUPLER AFTER MODIFICATIONS 

I t  was e s t i m a t e d Z 2 t h a t  t h i s  c o u p l e r  s h o u l d  h a n d l e  a b o u t  3 9 - p e r c e n t  

of  t h e  peak  power h a n d l e d  by t h e  waveguide .  T h i s  i s  c h i e f l y  d e t e r m i n e d  

by t h e  r a d i i  o f  t h e  T - j u n c t i o n  c o r n e r s .  I n  WR-284 waveguide ,  t h i s  

c o r r e s p o n d s  r o u g h l y  t o  1 . 0  megawa t t .  The c o u p l e r  was t e s t e d l 1 a t  h i g h  

power u s i n g  a  3 . 8 - m i c r o s e c o n d  p u l s e  a t  60 p p s ,  a t  a  f r e q u e n c y  o f  2857 Mc 

With a i r  a t  a t m o s p h e r i c  p r e s s u r e ,  no a r c i n g  was o b s e r v e d  w i t h  1 megawa t t  

peak power .  
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C H A P T E R  1 4  

DIRECTIONAL, CIIAPlNEL - SEPARATION FILTERS 
AND TRAVELING-WAVE RING-RESONATORS* 

S E C .  1 4 . 0 1 ,  INTRODUCTION 

T h i s  c h a p t e r  d i s c u s s e s  a  p a r t i c u l a r l y  u s e f u l  t y p e  o f  m u l t i p l e x i n g  f i l t e r ,  

c a l l e d  a  d i r e c t i o n a l  c h a n n e l - s e p a r a t i o n  f i l t e r ,  lA3  which  i s  u s e d  t o  combine  
I n  a d d i t i o n ,  i n f o r m a t i o n  i s  

PORT 4 PORT 3 
DIRECTIONAL 

FILTER 
PORT I PORT 2 

o r  s e p a r a t e  s i g n a l s  o f  d i f f e r e n t  f r e q u e n c i e s  

p r e s e n t e d  on a  c l o s e l y  r e l a t e d  s t r u c t u r e ,  

t h e  t r a v e l i n g - w a v e  r i n g - r e s o n a t o r .  T h i s  i s  

a p a s s i v e  p o w e r - m u l t i p l y i n g  d e v i c e  w h i c h  

h a s  found  wide  a c c e p t a n c e  f o r  t h e  h i g h - p o w e r  

t e s t i n g  o f  c o m p o n e n t s .  4*5di7 

The d i r e c t i o n a l  f i l t e r  i s  a  f o u r - p o r t  

d e v i c e  h a v i n g  t h e  t h e o r e t i c a l  i n s e r t i o n  

l o s s  c h a r a c t e r i s t i c s  d e f i n e d  i n  F i g .  1 4 . 0 1 - 1  

when e a c h  p o r t  i s  t e r m i n a t e d i n  i t s  c h a r a c -  

t e r i s t i c  impedance .  Power i n c i d e n t  a t  

P o r t  1 emerges  f r o m  P o r t  4 w i t h  t h e  f r e -  

quency r e s p o n s e  o f  a  b a n d - p a s s  f i l t e r ,  

w h i l e  t h e  r e m a i n i n g  power emerges  f r o m  

P o r t  2 w i t h  t h e  complemen ta ry  f r e q u e n c y  

r e s p o n s e  o f  a  b a n d - r e j e c t  f i l t e r .  N o  power 

emerges  f rom P o r t  3 and none i s  r e f l e c t e d  

f rom P o r t  1. T h i s  t y p e  of p e r f o r m a n c e  i s  

o b t a i n e d  i n  a n  a n a l o g o u s  way no  m a t t e r  

which  o f  t h e  f o u r  p o r t s  i s  u s e d  a s  t h e  i n -  

p u t  p o r t  [ i . e . ,  t h e  p o r t s  c a n  be  r e n u m b e r e d  

a n a l o g o u s l y  w i t h  t h e  new P o r t  1 a s  t h e  new 

i n p u t  p o r t ,  a n d  F i g s .  1 4 . 0 1 - l ( b ) ,  ( c )  would  

s t i l l  a p p l y ] .  The  f r e q u e n c y  r e s p o n s e  shown 

i n  F i g .  1 4 . 0 1 - l ( b )  i s  t y p i c a l  o f  a  s i n g l e -  

r e s o n a t o r  d i r e c t i o n a l  f i l t e r ,  w h i l e  t h a t  

SOURCE: Final Report, Contract 
DA 36-039 SC-64625, SRI; 
reprinted (see Ref. in 1 by Proc. S. 8 .  IRE Cohn 

and F S. Coale) 

FIG. 14.01-1 ATTENUATION 
PROPERTIES OF 
DIRECTIONAL 
FILTERS 

' Some further discussion of directional f i l t e r s  will be f o u n d  in Sec. 16.02. 
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of  F i g .  1 4 . 0 1 - l l c )  i s  t y p i c a l  of  a  m u l t i - r e s o n a t o r  d i r e c t  

f i l t e r .  
i o n a l  

The midband i n s e r t i o n  l o s s ,  be tween t h e  p o r t s  h a v i n g  t h e  band-  
p a s s  f r e q u e n c y  r e s p o n s e ,  o f  a n  a c t u a l  d i r e c t i o n a l  f i l t e r  e m p l o y i n g  

r e s o n a t o r s  w i t h  a f i n i t e  u n l o a d e d  Q i s  t h e  same a s  t h a t  o f  a  t w o - p o r t  

b a n d - p a s s  f i l t e r  h a v i n g  t h e  same f r e q u e n c y  r e s p o n s e  and u t i l i z i n g  

r e s o n a t o r s  w i t h  t h e  same u n l o a d e d  Q. The midband i n s e r t i o n  l o s s  can  

be  computed by t h e  me thods  g i v e n  i n  S e c s .  4 . 1 3  and 1 1 . 0 6 .  

F i g u r e  1 4 . 0 1 - 2  g i v e s  a n  example  o f  t h e  u s e  o f  d i r e c t i o n a l  

f i l t e r s .  I n  t h e  c a s e  o f  F i l t e r s  a ,  b ,  and d, t h e  i s o l a t e d  p o r t  i s  

n o t  u s e d .  However,  i n  t h e  c a s e  o f  F i l t e r  C ,  i t  is  u s e d  t o  p e r m i t  
f, and f d  t o  a p p e a r  a t  a  common p o r t .  B e c a u s e  t h e  d i r e c t i o n a l  f i l t e r  
i s  a  r e c i p r o c a l  d e v i c e ,  F i g .  1 4 . 0 1 - 2  c a n  a l s o  be used  a s  a n  example  of  

a  f r e q u e n c y  c o m b i n i n g  d e v i c e  i f  a l l  t h e  a r r o w s  a r e  r e v e r s e d .  C o u n t -  
l e s s  o t h e r  i n t e r c o n n e c t i o n s  o f  d i r e c t i o n a l  f i l t e r s  a r e  f e a s i b l e  t o  

meet s p e c i f i c  r e q u i r e m e n t s .  

4 + fd  

INPUT 
SIGNALS f e 

SOURCE: Final Report, Contract DA 36-039 SC-64625. SRI; 
reprinted in Proc. IRE (see  Ref. 1 by S.  B. Cahn 
and F. S.  Coale) 

FIG. 14.01-2 EXAMPLE OF DIRECTIONAL-FILTER 
APPLICATION TO CHANNEL 
SEPARATION 

A v a r i e t y  o f  d i r e c t i o n a l  f i l t e r s  have  b e e n  d e v i s e d ,  a l t h o u g h  o n l y  

a  l i m i t e d  number have  found wide  a p p l i c a t i o n .  The most u s e f u l  t y p e s  
a r e  d i s c u s s e d  i n  d e t a i l  i n  t h i s  c h a p t e r  and a r e  i l l u s t r a t e d  i n  

F i g .  1 4 . 0 1 - 3 .  

The d i r e c t i o n a l  f i l t e r  shown i n  F i g .  1 4 . 0 1 - 3 ( a )  u t i l i z e s  two 
r e c t a n g u l a r  w a v e g u i d e s  o p e r a t i n g  i n  t h e  d o m i n a n t  TElo  mode c o n n e c t e d  

by means o f  c y l i n d r i c a l  d i r e c t - c o u p l e d  c a v i t y  r e s o n a t o r s  o p e r a t i n g  i n  ' 
t h e  c i r c u l a r l y  p o l a r i z e d  T E l l  mode. Any number o f  c i r c u l a r l y  p o l a r i z e d  

\ 4 

4( I J 3 4 \ I 1 13  

WAVELENGTH 

STRIPS STRIP 

I \ 2 1\12 I ( I 

SOURCE: Final Repon, Contract DA 36-039 
SC-64625. SRI; reprinted in Proc. IRE 
( s ee  Ref. 1 by S.  8 .  Cohn and F. S .  Coale) 

FIG. 14.01-3 TYPES OF DIRECTIONAL FILTERS DISCUSSED 
IN THIS CHAPTER 

T E l l  r e s o n a t o r s  c a n  be  used i n  t h i s  d i r e c t i o n a l  f i l t e r  t o  o b t a i n  i n c r e a s e d  

o f f - c h a n n e l  r e j e c t i o n .  The p a s s  band of t h i s  t y p e  of  f i l t e r  i s  t y p i c a l l y  

o n l y  a  f r a c t i o n  o f  one p e r c e n t  w i d e .  However,  bv u s i n g  s p e c i a l  c o u p l i n g  

a p e r t u r e s  b e t w e e n  t h e  r e c t a n g u l a r  w a v e g u i d e s ,  b a n d w i d t h s  on t h e  o r d e r  of  

3  p e r c e n t  c a n  be  o b t a i n e d  f o r  s i n g l e  c a v i t v  f i l t e r s  and b a n d w i d t h s  o f  
a b o u t  2 p e r c e n t  c a n  be o b t a i n e d  f o r  m u l t i - c a v i t y  f i l t e r s .  The h i g h - Q  



c a v i t i e s  u s e d  i n  t h i s  t y p e  o f  f i l t e r  p e r m i t  r e l a t i v e l y  l o w - l o s s  pe r fo rmance  

f o r  a  g i v e n  p a s s - b a n d  w i d t h .  

The two fo rms  o f  s t r i p - l i n e  d i r e c t i o n a l  f i l t e r s  shown i n  F i g .  1 4 . 0 1 - 3 ( b )  

and - 3 ( c )  have  e s s e n t i a l l y  t h e  same f r e q u e n c y  r e s p o n s e .  The  r e s o n a t o r s  in 

t h e s e  d i r e c t i o n a l  f i l t e r s  c a n n o t  be c a s c a d e d  t o  o b t a i n  i n c r e a s e d  o f f - c h a n n e l  

r e j e c t i o n  a s  c o u l d  t h o s e  i n  t h e  p r e v i o u s l y  d e s c r i b e d  w a v e g u i d e  d i r e c t i o n a l  

f i l t e r . 3  T h e r e f o r e ,  t h i s  t y p e  o f  d i r e c t i o n a l  f i l t e r  i s  s u i t a b l e  f o r  u s e  

when o n l y  a  s i n g l e - r e s o n a t o r  b a n d - p a s s  f r e q u e n c y  r e s p o n s e  i s  r e q u i r e d  b e -  

tween P o r t s  1 and 4 .  P a s s - b a n d  w i d t h s  o f  s e v e r a l  p e r c e n t  a r e  e a s i l y  ob -  

t a i n e d  w i t h  t h i s  t y p e  o f  d i r e c t i o n a l  f i l t e r .  

The s t r i p - l i n e  d i r e c t i o n a l  f i l t e r  shown i n  F i g .  1 4 . 0 1 - 3 ( d )  u t i l i z e s  

t r a v e l i n g - w a v e  r i n g  r e s o n a t o r s  w h i c h  a r e  t y p i c a l l y  one w a v e l e n g t h  i n  mean 

c i r c u m f e r e n c e  a t  midband.  T h e y  a r e  c o u p l e d  t o  o n e  a n o t h e r ,  and  t o  t h e  

t e r m i n a t i n g  s t r i p  l i n e s ,  by means o f  q u a r t e r - w a v e l e n g t h  d i r e c t i o n a l  

c o u p l e r s  o f  t h e  t y p e  d i s c u s s e d  i n  C h a p t e r  1 3 .  As i n  t h e  c a s e  o f  t h e  wave- 

g u i d e  d i r e c t i o n a l  f i l t e r ,  a n y  number o f  t r a v e l i n p - w a v e  r i n g  r e s o n a t o r s  

c a n  be  u t i l i z e d  t o  o b t a i n  i n c r e a s e d  o f f - c h a n n e l  r e j e c t i o n  b e t w e e n  P o r t s  1 

and 4 .  P a s s - b a n d  w i d t h s  on t h e  o r d e r  o f  1 0  p e r c e n t  o r  more  c a n  i n  p r i n c i p l e  

be  o b t a i n e d  w i t h  t h i s  t y p e  o f  d i r e c t i o n a l  f i l t e r  b e c a u s e  it i s  p o s s i b l e  t o  

t i g h t l y  c o u p l e  t h e  t r a v e l i n g - w a v e  r i n g s  t o  t h e  t e r m i n a t i n g  l i n e s  and t o  each 

o t h e r .  However ,  i n  p r a c t i c e ,  t h e s e  d e v i c e s  a r e  u s u a l l y  d e s i g n e d  f o r  more 

modes t  b a n d w i d t h s  up t o  o n l y  a  few p e r c e n t .  S t r i p - l i n e  c o n s t r u c t i o n  f o r  

d i r e c t i o n a l  f i l t e r s ,  o f  c o u r s e ,  h a s  an  a d v a n t a q e  o f  e a s e  o f  m a n u f a c t u r e .  

However,  t h e  r e s o n a t o r  Q ' s  a r e  l o w e r  s o  t h a t  t h e  l o s s e s  w i l l  b e  g r e a t e r  f o r  

a  g i v e n  p a s s - b a n d  w i d t h  t h a n  i f  c a v i t i e s  a r e  u s e d .  

T h i s  l a t t e r  t y p e  o f  d i r e c t i o n a l  f i l t e r  c o u l d  a l s o  be  r e a l i z e d  i n  wave- 

g u i d e s  u s i n g  a n y  o f  a  v a r i e t y  o f  wavegu ide  c o u p l e r s  t o  c o n n e c t  a  wavegu ide  

r i n g  t o  t h e  e x t e r n a l  w a v e g u i d e ,  b u t  i t  a p p e a r s  t h a t  t h i s  f o r m  o f  f i l t e r  

h a s  n o t  b e e n  u s e d  i n  p r a c t i c e .  A  c l o s e l y  r e l a t e d  fo rm o f  w a v e g u i d e  

t r a v e l i n g - w a v e  r i n g  s t r u c t u r e  w h i c h  h a s  been  u s e d  e x t e n s i v e l y  a s  a  power 

m u l t i p l i e r  is shown i n  F i g .  1 4 . 0 1 - 4 .  T h i s  s t r u c t u r e  i s  formed f r o m  a  
s i n g l e - r e s o n a t o r  t r a v e l i n g - w a v e  r i n g  d i r e c t i o n a l  f i l t e r  i n  w h i c h  t h e  ou tpu t  

wavegu ide  h a s  been  removed.  When t h e  r i n g ,  w h i c h  t y p i c a l l y  h a s  a  l e n g t h  of  

s e v e r a l  g u i d e  w a v e l e n g t h s ,  is r e s o n a n t ,  most  o f  t h e  power e n t e r i n g  P o r t  1 

i s  d e l i v e r e d  t o  t h e  l a r g e  a m p l i t u d e  t r a v e l i n g  wave w i t h i n  t h e  r i n g ,  w h i l e  

t h e  r e m a i n d e r  i s  d e l i v e r e d  t o  t h e  l o a d .  The a v e r a g e  power l e v e l  o f  t h e  
' 

wave c i r c u l a t i n g  w i t h i n  t h e  r i n g  c a n  be  made q u i t e  h i g h .  As a n  example  of  

PORT l 

FIG. 14.01-4 WAVEGUIDE TRAVELING-WAVE-RING 
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t h e  power m u l t i p l i c a t i o n  t h a t  c a n  b e  o b t a i n e d  i t  i s  f ound  t h a t  i f  t h e  a t -  

t e n u a t i o n  o f  a  wave t r a ~ e l i n ~ o n c e  a r o u n d  t h e  r i n g  i s  0 . 2  db and t h e d i r e c t i o n a l  

c o u p l e r  h a s  a  c o u p l i n g o f - 1 6  d b ,  t h e  a v e r a g e  power l e v e l  o f t h e  w a v e c i r c u l a t i n g  

w i t h i n  t h e  r i n g i s 2 0 t i m e s  t h e  i n p u t  power .  T h u s ,  m ic rowave  d e v i c e s  s u c h  a s  

wavegu ide  windows which  a b s o r b  l i t t l e  power  b u t  mus t  be  a b l e  t o  o p e r a t e  w i t h h i g h  

power p a s s i n g  t h r o u g h  them,  c a n  be  t e s t e d  b y i n s e r t i n g t h e m i n t h e  r i n g  c i r c u i t -  

w h i l e  t h e  r i n g  c i r c u i t  i t s e l f  i s  e x c i t e d  by a  r e l a t i v e l y  low-power  s o u r c e .  

A n o t h e r  c i r c u i t  which  o p e r a t e s  a s  a  d i r e c t i o n a l  f i l t e r  i s  d i s c u s s e d i n  

S e c .  1 6 . 0 2 .  T h i s  c i r c u i t  u s e s  two h y b r i d  j u n c t i o n s  and  two c o n v e n t i o n a l  

f i l t e r s  t o  o b t a i n  a  d i r e c t i o n a l  f i l t e r  t y p e  o f  o p e r a t i o n .  

SEC. 1 4 . 0 2 ,  WAVEGUIDE DIRECTIONAL, 
F I L T E R S  

T h i s  s e c t i o n  p r e s e n t s  d e s i g n  i n f o r m a -  

t i o n  and  m e a s u r e d  p e r f o r m a n c e  f o r  t h e  t y p e  

o f  w a v e g u i d e  d i r e c t i o n a l  f i l t e r  i l l u s t r a t e d  

i n  F i g .  1 4 . 0 2 - 1 .  T h i s  f i l t e r  u t i l i z e s  two 

r e c t a n g u l a r  w a v e g u i d e s  o p e r a t i n g  i n  t h e  

TE lo  mode c o n n e c t e d  by means o f  c y l i n d r i c a l ,  

d i r e c t - c o u p l e d  c a v i t y  r e s o n a t o r s  o p e r a t i n g  

i n  t h e  c i r c u l a r l y  p o l a r i z e d  T E l l  mode.  

C o u p l i n g  b e t w e e n  t h e  c a v i t i e s  i s  o b t a i n e d  

by means  o f  c i r c u l a r  a p e r t u r e s ,  w h i l e  

c o u p l i n g  b e t w e e n  t h e  c a v i t i e s  a n d  t h e  e x -  

t e r n a l  w a v e g u i d e  i s  o b t a i n e d  e i t h e r  by 

means o f  t h e  c i r c u l a r  a p e r t u r e s  shown o r  by 

o t h e r  t y p e s  o f  a p e r t u r e s  d e s c r i b e d  l a t e r .  
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A t  t h e  midband f r e q u e n c y  a  s i g n a l  i n c i d e n t  on  P o r t  1 e x c i t e s  c i r c u l a r l y  

p o l a r i z e d  T E l l  m o d e s i n  t h e  v a r i o u s  c a v i t i e s .  T h e  c i r c u l a r l y  p o l a r i z e d  

wave i n  t h e  n t h  c a v i t y  t h e n  e x c i t e s  a T E l o  m o d e i n  t h e  e x t e r n a l  wavegu ide  

t r a v e l i n g  t o w a r d P o r t 4 .  No p o w e r i s t r a n s m i t t e d t o P o r t  3 .  The f r e q u e n c y  

r e s p o n s e  a t  P o r t  4  i s  e q u i v a l e n t  t o t h a t  o f  a b a n d - p a s s  f i l t e r ,  w h i l e  t h e  

r e s p o n s e  a t  P o r t  2 i s  complemen ta ry  and e q u i v a l e n t t o  t h a t  of a  band-re jec t  f i l t e r .  

The s h a p e  of t h e  a t t e n u a t i o n  r e s p o n s e  f o r  t r a n s m i s s i o n  b e t w e e n  P o r t  1  

and P o r t  4  i s  g o v e r n e d b y t h e  number o f  r e s o n a n t  c a v i t i e s i n t h e  d i r e c t i o n a l  

f i l t e r .  I n  f a c t ,  any s h a p e  o f  b a n d - p a s s  f r e q u e n c y  r e s p o n s e ,  s u c h  a s  t h o s e  

shown a t  t h e  r i g h t  i n  F i g .  1 4 . 0 2 - 2 ,  t h a t  c a n  b e  o b t a i n e d  w i t h  a n  n - c a v i t y  

b a n d - p a s s  wavegu ide  f i l t e r  ( S e c .  8 . 0 6 )  can  a l s o  b e  o b t a i n e d  w i t h  t h i s  t ype  

o f  n - c a v i t y  directional f i l t e r .  The  w i d t h  o f  t h e  p a s s - b a n d  r e s p o n s e  a t  

P o r t 4 i s  t y p i c a l l y  o n l y  a  f r a c t i o n  o f  a  p e r c e n t .  However ,  a s  e x p l a i n e d  l a t e r  

t h e w i d t h  o f t h e p a s s b a n d c a n b e i n c r e a s e d t o  s e v e r a l  p e r c e n t  by u s i n g  s p e c i a l l y  

shaped coupling aper tures  between the  rectangular waveguides and t h e  c y l i n d r i c a l  cavit ies.  

T a b l e  1 4 . 0 2 - 1  i s  a  d e s i g n  c h a r t  f o r  t h e  w a v e g u i d e  d i r e c t i o n a l  f i l t e r  

shown i n  F i g .  1 4 . 0 2 - 1 .  I n  t h i s  c h a r t  t h e  ckesign p a r a m e t e r s  f o r  waveguide  

PROTOTYPE RESPONSE BAND-PASS FILTER RESPONSE 

(a1 MAXIMALLY FLAT RESPONSES 

PROTOTYPE RESPONSE BAND-PASS FILTER RESPONSE 

(b) TCHEBYCHEFF RESPONSES 
1-3527-410 

FIG. 14.02-2 SOME LOW-PASS PROTOTYPE RESPONSES AND CORRE- 
SPONDIKG BAND-PASS FILTER RESPONSES 

T a b l e  1 4 . 0 2 - 1  

DESIGN EQUATIONS FOR CIRCULAR-WAVEGUIDE DIRECTIONAL FILTERS 

The parameters go, g l ,  . . . , gn+l are  a s  def ined i n  Sec .  4 . 0 4 ,  while 
mO, a l ,  and u2 are a s  d e f i n e d  i n  F i g .  1 4 . 0 2 - 2 .  

I 

(Q,), = = external  (2 ( 1 )  

- coupl ing  
k .  . = - -  u),k coefficient 

I S 1  

, 
( Q , ) ~  = %!%! = external  Q ( 3 )  

where 

0 -01 *l + *2 
= -!--- and wO = 7 

* o  

where ( c i , i + l ) 2  is the power coupl ing  f a c t o r ,  and where p is the 
number of  half-wavelengths i n  the  resonators .  

To determine aperture s i z e s  f i r s t  compute the p o l a r i z a b i l i t i e s  ( the  
equat ions  g iven are most accurate  f o r  very smal l  apertures) :  

( c o n t i n u e d  OD p.  8 5 0 )  



Table  1 4 . 0 2 - 1  c o n c l u d e d  

where a,  b ,  and D are def ined i n  F i g .  1 4 . 0 2 - 1 ,  and 

= + cot - l& = d i s t a n c e  o f  a s m a l l  aperture 
from s i d e  o f  waveguide ( 1 0 )  

60 

guide wavelength i n  c y -  
= l i n d r i c a l  waveguide of  ( 1 1 )  

diameter D a t  frequency oo 

guide  wavelen t h  i n  rectan-  
~ 1 . r  waregui8e o f  width n a t  ( 1 2 )  

requency o 

XO = wavelength of  a plane wave a t  frequency o,, 

For smal l  c i r c u l a r  apertures ,  the required h o l e  diameters are 

approximately 

Approximate c o r r e c t i o n s  f o r  aperture th ickness  t and s i z e  can be 
obtained by computing compensated p o l a r i z a b i l i t i e s  

L - -I 

and then recomputing the d i ,  i+l u s i n g  Eq. ( 1 3 )  and t h e  (Mi, i+ l )c .  

L - J ( 1 5 )  
= e l e c t r i c a l  d i s t a n c e  between i r i s e s  

where 

X i ,  i t 1  16Mi,  i+l  

Z; = 0 . 9 5 5 ~ ~ ~ ~ ~  

= normalized shunt reactance  o f  i r i s  

A suggested  low-pass t o  band-pass mapping ( S e c .  8 . 0 4 )  is 

d i r e c t i o n a l  f i l t e r s  a r e  s p e c i f i e d  i n t e r m s  o f t h e  b a n d - p a s s  f r e q u e n c y  r e -  

s p o n s e  a t  P o r t  4 .  T h i s  b a n d - p a s s  r e s p o n s e  i s  r e l a t e d  i n  t u r n  t o  t h e  c o u p l i n g  

c o e f f i c i e n t s  k i ,  and  e x t e r n a l  Q's, (Q,), and  ( Q e ) B ,  o f  a t w o - p o r t  b a n d - p a s s  

f i l t e r  h a v i n g  a n i d e n t i c a l  f r e q u e n c y  r e s p o n s e .  I t  i s a l s o  r e l a t e d  t o t h e  r e -  

s p o n s e  o f a  l o w - p a s s  p r o t o t y p e  f i l t e r  h a v i n g e l e m e n t  v a l u e s g , ,  g l , g 2 .  . . .  , 
g,, l .  As d i s c u s s e d  i n  S e c s .  4 . 1 3  a n d  1 1 . 0 6 ,  t h e  i n c r e a s e  i n  midband a t t e n u a -  

t i o n  ( A L , ) ,  a t  P o r t  4 due  t o  d i s s i p a t i o n  i n  t h e  c i r c u i t  c a n  be  computed  

f rom t h e  p r o t o t y p e  e l e m e n t  v a l u e s  and  t h e  Q ' s  o f  t h e  r e s o n a t o r s .  

The q u a n t i t y  c  i n  t h i s  c h a r t  i s  t h e  s q u a r e  r o o t  o f  a  power c o u p l i n g  

f a c t o r .  I t  i s  r e l a t e d  t o  t h e  s q u a r e  o f  t h e  m a g n i t u d e  o f  a  s c a t t e r i n g  

c o e f f i c i e n t  ( S e c .  2 . 1 2 )  a s  d e f i n e d  i n  F i g s .  5 . 1 0 - 7  and  5 .10-10.  F o r  

e x a m p l e ,  t h e  power c o u p l i n g  f a c t o r  ( c ~ , , + ~ ) '  be tween  t h e  c a v i t i e s  i and 

i + 1 i s  d e f i n e d  a s  f o l l o w s .  L e t  c a v i t y  i + 1 be e x t e n d e d  i n  l e n g t h  and 

a  ma tched  l o a d *  i n s e r t e d  i n s i d e .  L e t  c a v i t y  i be  c u t  i n  two and power f e d  

t o  i r i s  i ,  i + 1  f r o m  a  l i n e a r l y  o r c i r c u l a r l y  p o l a r i z e d  m a t c h e d g e n e r a t o r . *  

Then t h e  r a t i o  o f  t h e  power d e l i v e r e d  t o  t h e  l o a d  t o  t h a t  a v a i l a b l e  f r o m  

t h e  g e n e r a t o r  i s  ( c , ,  i , 1 ) 2 ,  wh ich  i s  t h e  same a s  i n  F i g .  5 . 1 0 - 7 .  

The  power c o u p l i n g  f a c t o r s  ( c , ~ ) ~  and  ( c ~ , , , ~ ) ~  a r e  d e f i n e d  i n  a  

s i m i l a r  way. A g a i n  we assume t h a t  c a v i t y  number 1 i s  e x t e n d e d  and a  

ma tched  l o a d *  i n s e r t e d  i n s i d e .  L i k e w i s e ,  a m a t c h e d  l o a d *  i s p l a c e d  a t p o r t  2  

and a  ma tched  g e n e r a t o r *  i s p l a c e d  a t p o r t  1. The r a t i o  o f  t h e  t o t a l  power 

i n  t h e  c i r c u l a r l y  p o l a r i z e d  wave d e l i v e r e d  t o  t h e  l o a d  i n  t h e  c y l i n d r i c a l  

g u i d e  t o  t h a t  a v a i l a b l e  f rom t h e  g e n e r a t o r  i s  ( c o l  ) ' ,  which  i n  F i g .  5 .10 -10  

i s  + where  f o r  t h e  c a s e  o f  c i r c u l a r  p o l a r i z a t i o n  

I = 1sI3l. 

I n  p r a c t i c a l l y  a l l  c a s e s ,  t h e  l e n g t h  of t h e  c a v i t i e s  i s  a p p r o x i m a t e l y  

o n e - h a l f  g u i d e  w a v e l e n g t h ,  hi0/2, a t  midband.  However,  t h e  c a v i t i e s  c a n  i n  

p r i n c i p l e  be  d e s i g n e d  t o  be  a p p r o x i m a t e l y  an  i n t e g r a l  number p o f  h a l f  

g u i d e - w a v e l e n g t h s  l o n g .  The  e x a c t  e l e c t r i c a l  l e n g t h  q5i o f  t h e  c a v i t i e s ,  

which  i s  g i v e n  i n  t h e  c h a r t ,  i s  r e d u c e d  somewhat f rom t h e  v a l u e  o f  180  p 

d e g r e e s  b e c a u s e  o f  t h e  s t o r e d  m a g n e t i c  e n e r g y  i n  t h e  c o u p l i n g  a p e r t u r e s .  

I n  o r d e r  t h a t  a  p u r e  c i r c u l a r l y  p o l a r i z e d  wave be  i n d u c e d  i n  t h e  

c y l i n d r i c a l  c a v i t i e s ,  i t  i s  n e c e s s a r y ,  when u s i n g  c i r c u l a r  c o u p l i n g  a p e r -  

t u r e s  be tween  t h e  e n d  c a v i t i e s  and t h e  r e c t a n g u l a r  w a v e g u i d e s ,  t o  o f f s e t  

t h e  a x i s  o f  t h e  c a v i t i e s  a  d i s t ~ n c e  x f rom t h e  s i d e  o f  t h e  r e c t a n g u l a r  

g u i d e  a s  g i v e n  i n  T a b l e  1 4 . 0 2 - 1 .  I n  t h i s  c a s e  a p e r f e c t l y  c i r c u l a r l y  

8 1. Matched" a s  u s e d  here  r e f e r s  to  matching t h e  g u i d e  impedance. 



p o l a r i z e d  wave is i n d u c e d  o n l y  a t  t h e  d e s i g n  c e q t e r  f r e q u e n c y ,  a l t h o u g h  
t h e  wave i s  n e a r l y  c i r c u l a r l y  p o l a r i z e d  o v e r  t h e  r a n g e  o f  p a s s - b a n d  f r e -  

q u e n c i e s .  A t y p e  of  c o u p l i n g  a r r a n g e m e n t  u s i n g  t h r e e  s l o t s  t h a t  produce,  

an  e s s e n t i a l l y  c i r c u l a r l y  p o l a r i z e d  wave i n  t h e  c a v i t i e s s  o v e r  a  much 
w i d e r  f r e q u e n c y  i n t e r v a l  i s  shown i n  F i g .  1 4 . 0 2 - 3 .  I n  t h i s  a r r a n g e m e n t  
t h e  a x i s  o f  t h e  c y l i n d r i c a l  c a v i t i e s  c o i n c i d e s  w i t h  t h e  a x i s  o f  t h e  

r e c t a n g u l a r  g u i d e s .  

Waveguide  d i r e c t i o n a l  f i l t e r s  h a v i n g  l a r g e r  b a n d w i d t h s  c a n  be ob-  

t a i n e d  by u s i n g  l a r g e  c o u p l i n p  a p e r t u r e s  o f  t h e  t y p e s s h o w n  i n  F i g .  14.02-4.  

The d i m e n s i o n s  o f  t h e s e  a p e r t u r e s  a r e  t o o  l a r g e  t o  be computed v e r y  a c -  

c u r a t e l y  u s i n g  t h e  s m a l l - a p e r t u r e  c o u p l i n g  d a t a  p r e s e n t e d  i n  C h a p t e r  5 .  

However ,  i n  t h e  c a s e  o f  t h e  t w o - s l o t  c o n f i g u r a t i o n  i n  F i g .  1 4 . 0 2 - 4 ( b )  

B e t h e ' s  t h e o r y  c a n  be used t o  o b t a i n  a  f i r s t  a p p r o x i m a t i o n  f o r  t h e  coup l ing  

s l o t s ,  and t h e n  c o r r e c t i o n s  c a n  be  made a f t e r  e x p e r i m e n t a l  t e s t s .  I f  M 1  
i s  t h e  m a g n e t i c  p o l a r i z a b i l i t y  o f  t h e  t r a n s v e r s e  s l o t  i n  t h e  t r a n s v e r s e  

d i r e c t i o n  w h i l e  M 2  i s  t h e  m a g n e t i c  p o l a r i z a b i l i t y  o f  t h e  l o n g i t u d i n a l  s l o t  

i n  t h e  l o n g i t u d i n a l  d i r e c t i o n ,  t h e n  a c c o r d i n p  t o  B e t h e ' s  s m a l l  a p e r t u r e  

t h e o r y  

R c k c r p  

a ( 1 4 . 0 2 - 1 )  

4nJ2 ( s i n  - nr2) J ~ ( L ~ ~ ~ )  

and 

where  

he = g u i d e  w a v e l e n g t h  i n  r e c t a n g u l a r  g u i d e  

= g u i d e  w a v e l e n g t h  i n  c i r c u l a r  g u i d e  

a = w i d t h  o f  r e c t a n g u l a r  g u i d e  

b = h e i g h t  o f  r e c t a n g u l a r  g u i d e  

R, r l ,  r 2 ,  x l ,  and x 2  

Assuming small apertures ,  t h e  condi t ion  for  c i r c u l a r  p o l a r i z a t i o n  i s  

ML = magnetic p o l a r i z a b i l i t y  o f  each transverse  s l o t  
k i g .  5 . 1 0 - 4 ( a ) l  

M 2  = magnetic p o l a r i i a b i l i t y  o f  the  l o n g i t u d i n a l  s l o t  
k i g .  5 . 1 0 - 4 ( a ) l  

Ago = p i d e  wavelength i n  rectangular guide a t  midband 
frequency 

= tb lerance  f a c t o r :  when 5 = 1 . 0 2  the  a x i a l  r a t i o  
i n  the  c i r c u l a r  guide i s  l e s s  than 1 . 0 2  from 

k = 8 . 8 2 ~ ~  to 6 . 2 8 5 .  The d e s i g n  c e n t e r  value 

o f  Ago i n  t h i s  c a s e  i s  7 . 3 0 ~ ~ .  

Under t h i s  condi t ion  

hio = guide wavelength i n  c i r c u l a r l y  ~ o l a r i z e d  c a v i t y  
a t  midband 

SOURCE: Pmc. IRE (see Ref. 8 by S. B. Cohn) 

FIG. 14.02-3 APPROXIMATE DESIGN EQUATIONS FOR A BROADBAND, 
CIRCULAR-POLARIZATION COUPLER 
The axial ratio i s  the ratio of the field strengths E X  and EZ 
at right angles to each other 



Table  1 4 . 0 2 - 2  

SLOT 2 TYPICAL COUPLING PROPERTIES OF LARGE APERTURES FOR 
WAVEGUIDE DIRECTIONAL FILTERS AT f = 9780 Mc 

LENGTH t2 

- e - e. 
SLOT I 

LENGTH = XI 
WIDTH . w, 

WO-SLOT COUPLER 

' i g .  1 4 . 0 2 - 4 ( b ) I  

- - 

RECTANQULAR 
APERTURE 

[ F i g .  1 4 . 0 2 - 4 ( . ) 1  

l 1  = 0.442 

l 2  = 0.450 

x  = x  = 0 . 2 2 9  
f r h  ceater  l ine  

r 1  = r2 = 0 

R = 0.554 

WO-SLOT COUPLER 
F i g .  1 4 . 0 2 - 4 ( b ) I  

l l  = 0.510 

w 1  = 0.136 

l 2  = 0.565 

w2 = 0.142 

X 1  = 0 

x 2  = 0.320 

r 1  = 0.243 

r 2  = 0.077 

R = 0 .554  

I CIRCULAR HOLE 
[ F i g .  1 4 . 0 2 - 4 ( e ) ]  

I + = 0.207 
from s ide  wall 

( a  RECTANGULAR -APERTURE COUPLER (b) TWO - SLOT COUPLER 
Dimens ions 

(inches) 

Axial Ratio 1 .03  
I 

r 1  = r 2  = 0 

D = 1.114 

( C )  LARGE CIRCULAR HOLE COUPLER 
8 - 3 5 2 7 - a 5 2  

I 

Total Cou l ing  1 -17.3 Factor ( d  ) 
10 l0g1,,c FIG. 14.02-4 APERTURE CONFIGURATIONS HAVING LARGE COUPLING 

FACTORS 

a r e  d i s t a n c e s  a s  i n d i c a t e d  i n  F i g .  1 4 . 0 2 - 4 ( b ) ,  k c  = 1 .84 /R ,  and  c i s  t h e  

s q u a r e  r o o t  o f  t h e  power c o u p l i n g  f a c t o r  and  i s  e q u a l  t o  c O 1  o r  

o b t a i n e d  f rom Eq.  ( 5 )  o r  E q .  ( 7 )  o f  T a b l e  1 4 . 0 2 - 1 .  The  t r i a l  d i m e n s i o n s  

o f  t h e  s l o t s  c a n  b e  o b t a i n e d  f rom F i g .  5 . 1 0 - 4 ( a )  a l o n g  w i t h  t h e  t h i c k n e s s  

and s i z e  c o r r e c t i o n  g i v e n  by E q .  ( 5 . 1 0 - 6 ) .  C u t  a n d  t r y  r e f i n e m e n t  o f  t h e  
s l o t  d i m e n s i o n s  c a n  t h e n  b e  a c h i e v e d  u s i n g  e x p e r i m e n t a l  t e c h n i q u e s  

d e s c r i b e d  l a t e r  i n  t h i s  s e c t i o n .  

VSWR in  Rectan- 
gular Waveguide 

T a b l e  1 4 . 0 2 - 2  shows t h e  f i n a l  d i m e n s i o n s  a n d  measu red  p e r f o r m a n c e  

f o r  s e v e r a l  a p e r t u r e  d e s i g n s  o f  t h e  t y p e s  i n  F i g .  1 4 . 0 2 - 4 .  T h e s e  d e s i g n s  
a l l  h a v e  r e l a t i v e l y t i g h t c o u p l i n g ,  b u t t h a t  o f t h e  t w o - s l o t  c o n f i g u r a t i o n s  

i s  d e c i d e d l y  t h e  t i g h t e s t .  The  a x i a l  r a t i o  r e f e r r e d  t o  i n  t h e s e  d a t a  i s  

t h e  r a t i o  o f  f i e l d  s t r e n g t h s  a t  r i g h t  a n g l e s  t o  e a c h  o t h e r  i n  a  p l a n e  

p e r p e n d i c u l a r  t o  t h e  a x i s  o f  t h e  c i r c u l a r  g u i d e .  Fo r  p e r f e c t  c i r c u l a r  
p o l a r i z a t i o n  t h e  a x i a l  r a t i o  i s  o n e .  F i g u r e  1 4 . 0 2 - 5  shows t h e  measu red  
power c o u p l i n g  and  a x i a l  r a t i o  a s  a  f u n c t i o n  o f  f r e q u e n c y  f o r  t h e  t w o - s l o t -  

c o n f i g u r a t i o n  whose d i n i e n s i o n s  a r e  g i v e n  i n  t h e  column on t h e  f a r  r i g h t  

i n  T a b l e  1 4 . 0 2 - 2 .  

F R E Q U E N C Y  - MC 1-3ltF153 

1 .05  

FIG. 14.02-5 POWER COUPLING AND AXIAL RATIO OF A PAIR 
OF SLOTS HAVING LARGE COUPLING FACTORS 
The slot dimensions are shown in the column a t  the 
far right in Table 14.02-2 

1 .08  
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FIG. 14.02-6 SINGLE-CAVITY WAVEGUIDE 
DIRECTIONAL FILTER 

A s i n g l e - c a v i t y  X-band wave- 

g u i d e  d i r e c t i o n a l  f i l t e r  o f  t h e  

t y p e  i n  F i g .  1 4 . 0 2 - 6  i s  pho tog raphed  

i n  a s s e m b l e d  and  d i s a s s e m b l e d  f o r m  

i n  F i g .  1 4 . 0 2 - 7 .  I n  t h i s  f i l t e r  t h e  

c y l i n d r i c a l  c a v i t y  ( w h i c h  was made 

o f  b r a s s )  was s p l i t  a l o n g  i t s  mid- 

p l a n e - a  p o s i t i o n  o f  minimum l o n g i .  

t u d i n a l  w a l l  c u r r e n t - s o  t h a t  t h e  

u n l o a d e d  Q o f  t h e  c a v i t y  was  n o t  

a p p r e c i a b l y  d e g r a d e d  b y  t h e  j o i n t .  

The two h a l v e s  o f  t h e  e x p e r i m e n t a l  

f i l t e r  w e r e  h e l d  t o g e t h e r  by  a  

C-c l amp;  howeve r ,  t h e y  c o u l d  a l s o  

be  e a s i l y  s o l d e r e d  t o g e t h e r .  The c a p a c i t i v e  t u n i n g  s c r e w s  shown i n  t h e  

p i c t u r e  we re  a d j u s t e d  s o  t h a t  t h e  two s p a c i a l l y  o r t h o g o n a l  T E l l  modes 

t h a t  c a n  e x i s t  i n  t h e  c a v i t y  r e s o n a t e d  a t  t h e  same f r e q u e n c y .  The  n e c e s -  
s i t y  f o r  t h i s  t u n i n g  p r o c e d u r e  c a n  be  made p l a u s i b l e  i f  one  remembers  

t h a t  t h e  c i r c u l a r l y  p o l a r i z e d  mode i n d u c e d  i n  t h e  c a v i t y  c a n  be  r e s o l v e d  

i n t o  s p a c i a l l y  o r t h o g o n a l  T E l l  modes e x c i t e d  i n  t ime  q u a d r a t u r e .  

I n  t h i s  f i l t e r  t h e  t e r m i n a t i n g  g u i d e s  h a v e  i n s i d e  d i m e n s i o n s  

a = 0 . 9 0 0  i n c h  and b = 0 .400  i n c h  w h i l e  t h e  c o u p l i n g  a p e r t u r e s  have  a  

t h i c k n e s s  t = 0 . 0 2 0  i n c h .  The  c a v i t y  d i a m e t e r  D = 1 . 1 1 4  i n c h ,  t h e  coup l ing  

h o l e  d i a m e t e r s  d 0 . 4 1 4  i n c h  and t h e  c a v i t y  h e i g h t  h = 0 . 7 1 6  i n c h .  The 
a x i s  of t h e  c y l i n d r i c a l  c a v i t i e s  was o f f s e t  a  d i s t a n c e  x = 0 . 2 0 7  i n c h  from 

t h e  s i d e w a l l  o f  t h e  r e c t a n g u l a r  wavegu ides .  The  measu red  p e r f o r m a n c e  o f  

t h i s  s i n g l e  c a v i t y  wavegu ide  d i r e c t i o n a l  f i l t e r  i$ shown i n  F i g .  1 4 . 0 2 - 8 .  

The m e a s u r e d  l o a d e d  Q,  QL,  of  t h i s  c a v i t y  loaded at both ends was 249 

and  t h e  midband a t t e n u a t i o n  ( L A ) O  = 0 . 7 2  d b  o r  ( P  / P o u t )  = 1 1 . 1 9 .  

U s i n g  t h e  r e l a t i o n  

which  a p p l i e s  f o r  s i n g l e - c a v i t y  d i r e c t i o n a l  f i l t e r s  a s  w e l l  a s  s i n g l e -  

c a v i t y  t w o - u o r t  f i l t e r s .  w e  f i n d  t h a t  t h e  e x t e r n a l  0. 0 ' .  o f  t h e  c a v i t y  

FIG. 14.02-7 VIEWS CF THE SINGLE-CAVITY WAVEGUIDE DIRECTIONAL F ILTER 
ASSEMBLED AND DISASSEMBLED 



FREQUENCY - Mc 

FIG. 14.02-8 EXPERIMENTAL RESULTS FOR THE 
SINGLE-CAVITY WAVEGUIDE 
DIRECTIONAL FILTER 

l o a d e d  a t  b o t h  e n d s  i s  271.  T h e r e f o r e ,  t h e  e x t e r n a l  Q, Q e ,  o f  t h e  c a v i t y  
l o a d e d  a t  one  end a s  g i v e n  i n  T a b l e  1 4 . 0 2 - 1  i s  542 .  

A g a i n  u s i n g  t h e  
r e l a t i o n  t h a t  

t h e  u n l o a d e d  Q, Q U ,  o f  t h e  c a v i t y  i s  3030 .  T h i s  v a l u e  would be a p p r o x i -  
m a t e l y  d o u b l e d  i f  t h e  c a v i t y  had been  made o f  c o p p e r  o r  i f  i t  were  s i l v e r -  

p l a t e d .  

The v a l u e  o f  t h e  c o u p l i n g  f a c t o r  ( c o l  )' computed from t h e  measu red  

v a l u e  Q, = ( Q e  ) A  = 5 4 2 ,  u s i n g  Eq. ( 5 )  i n  T a b l e  1 4 . 0 2 - 1 ,  i s  ( c o ,  l 2  = 0 . 0 1 9 5 ,  

o r  - 1 7 . 1  d b .  U s i n g  d o l  = 0 . 4 1 4  i n c h  and s o l v i n g  f o r  ( c o l ) '  u s i n g  Eqs .  ( 1 3 )  

and ( 8 )  o f  T a b l e  1 4 . 0 2 - 1  g i v e s  ( c o l ) '  = -16.6  d b ,  wh ich  i s  i n  u n e x p e c t e d l y  

good a g r e e m e n t  w i t h  t h e  v a l u e  o b t a i n e d  f rom ( Q e ) ,  c o n s i d e r i n g  t h a t  t h e  h o l e  

is  q u i t e  l a r g e  a n d  i s  c l o s e  t o  t h e  s i d e  w a l l .  T e c h n i c a l l y ,  b o t h  a  l a r g e -  

a p e r t u r e  c o r r e c t i o n  a n d  a  t h i c k n e s s  c o r r e c t i o n  a s  i n  Eq .  ( 1 4 )  o f  

T a b l e  1 4 . 0 2 - 1  s h o u l d  a l s o  b e  a p p l i e d ,  b u t  t h e s e  c o r r e c t i o n s  a r e  v e r y  rough 

a p p r o x i m a t i o n s  a n d  a r e  i n  t h i s  c a s e  made t o  b e  q u i t e  u n c e r t a i n  due  t o  t h e  

c l o s e  p r o x i m i t y  o f  t h e  s i d e  w a l l .  I n  s u c h  c a s e s ,  e x p e r i m e n t a l  c h e c k i n g  

of t h e  a p e r t u r e s  i s  d e s i r a b l e .  ( T h i s  was done  i n  t h e  c a s e  o f  t h i s  d e s i g n  

by e x p e r i m e n t a l l y  d e t e r m i n i n g  Q. . )  

A t w o - c a v i t y  wavegu ide  d i r e c t i o n a l  f i l t e r  o f  t h e  t y p e  i l l u s t r a t e d  i n  

F ig .  1 4 . 0 2 - 9  was a l s o  c o n s t r u c t e d  by m o d i f y i n g  t h e  s i n g l e - c a v i t y  f i l t e r  

d e s c r i b e d  a b o v e .  The m o d i f i c a t i o n  was a c c o m p l i s h e d  by i n s e r t i n g  a  l e n g t h  

o f  c y l i n d r i c a l  g u i d e  c o n t a i n -  

i n g  a  c o u p l i n g  i r i s  a t  i t s  

m i d p l a n e ,  b e t w e e n  t h e  two 
PORT 3 PORT 4 

h a l v e s  o f  t h e  o r i g i n a l  f i l t e r .  ,L - - - - - - - - - - - - - --- -  , 
The d i a m e t e r  d12  o f  t h e  c e n -  1'23 CF ' 7 - 

1 - 1  r t r a l  i r i s  i n  t h i s  f i l t e r  was I /---.I 
p r o g r e s s i v e l y  e n l a r g e d  t o  ob -  1 3 2  o '1 
t a i n  f i r s t  a n  u n d e r c o u p l e d  

r e s p o n s e ,  t h e n  a  c r i t i c a l l y  

c o u p l e d  r e s p o n s e  a n d  f i n a l l y  

an  o v e r c o u p l e d  r e s p o n s e .  The PORT 1 PORT 2 
A-3527-411 

measured  r e s p o n s e  o f  t h e s e  

f i l t e r s  when c r i t i c a l l y  FIG. 14.02-9 A TWO-CAVITY WAVEGUIDE 

c o u p l e d ,  and  o v e r c o u p l e d  i s  DIRECTIONAL FILTER 

shown i n  F i g s .  1 4 . 0 2 - 1 0 ( a )  and  

l 4 . 0 2 - l O ( b ) ,  r e s p e c t i v e l y .  A 

t a b u l a r  summary o f  t h e  f i l t e r  d i m e n s i o n s  and  ~ e r f o r m a n c e  i s   resented i n  

T a b l e  1 4 . 0 2 - 3 .  

The e x p e r i m e n t a l l y  d e t e r m i n e d  c e n t r a l - i r i s  d i a m e t e r ,  d 1 2  = 0 . 1 9 0  i n c h ,  

f o r  c r i t i c a l  c o u p l i n g  a g r e e d  r e a s o n a b l y  w e l l  w i t h  t h e  d 1 2  = 0 . 1 7 8  i n c h  

v a l u e  computed u s i n g  t h e  f o r m u l a s  i n  T a b l e  1 4 . 0 2 - 1  and t h e  c o r r e c t i o n  i n  

Eq.  ( 5 . 1 0 - 6 ) .  The measu red  midband a t t e n u a t i o n  ( a L A ) O  due  t o  d i s s i p a t i o n  

i n  t h e  t w o - c a v i t y  d i r e c t i o n a l  f i l t e r  a l s o  a g r e e d  w e l l  w i t h  t h a t  c a l c u l a t e d  
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FIG. 14.02-10(a) MEASURED PERFORMANCE OF A 
CRITICALLY COUPLED TWO- 
CAVITY WAVEGUIDE DIRECTIONAL 
FILTER 

FIG. 14.02-10(b) MEASURED PERFORMANCE OF A 
SLIGHTLY OVER-COUPLED TWO- 
CAVITY WAVEGUIDE Dl RECTIONAL 
FILTER 

f rom Eq.  ( 4 . 1 3 - 1 1 ) .  F o r  examp 

max ima l ly  f l a t  c a s e  h a v i n g  t h e  

g l  = gz = 1 . 4 1 4 ,  g 3  = 1, and  3 

measured  u n l o a d e d  Q, Qy = 3030 

s i n g l e - c a v i t y  f i l t e r ,  t h e n  t h e  

d = w;/wQ,, = 0 . 0 1 0 4 .  E q u a t i o n  

e ,  c o n s i d e r  t h e  c r i t i c a l l y  c o u p l e d  o r  

l o w - p a s s  p r o t o t y p e  e l e m e n t s  g o  = 1 ,  

d l  p o i n t  w; = 1, w = 0 . 0 0 3 1 7 ,  and  t h e  

a s  d e t e r m i n e d  f rom measu remen t s  on  t h e  

d i s s i p a t i o n  f a c t o r  ( S e c .  4 . 1 3 )  i s  

( 4 . 1 3 - 1 1 )  y i e l d s  a  v a l u e  o f  (ALA)O = 

below.  Tun ing  o f  waveguide  s i n g l e - c a v i t y  d i r e c t i o n a l  f i l t e r s  c a n  b e  

a c c o m p l i s h e d  i n  a  s t r a i g h t f o r w a r d  manne r .  'I'he p r o p e r  p r o c e d u r e  i s  t o  

p l a c e  matched d e t e c t o r s  a t  P o r t  4  and P o r t  2 ,  a  ma tched  l o a d  a t  P o r t  3 

and a  g e n e r a t o r  a t  P o r t  1. Then one  a d j u s t s  t h e  f o u r  e q u a l l y  s p a c e d  

t u n i n g  s c r e w s  f o r  maximum s i g n a l  a t  P o r t  4  and minimum s i g n a l  a t  P o r t  2 .  

I n  m u l t i p l e - c a v i t y  f i l t e r s  t h i s  s i m p l e  t e c h n i q u e  i s  d i f f i c u l t  t o  

a p p l y  and i t  i s  b e t t e r  t o  u s e  a n o t h e r  t e c h n i q u e .  One such  t e c h n i q u e  con -  

s i s t s  o f  t u n i n g  e a c h  c a v i t y  s e p a r a t e l y  u s i n g  t h e  a p p a r a t u s  i l l u s t r a t e d  i n  

F i g .  1 4 . 0 2 - 1 1 .  I n  t h i s  a p p a r a t u s  a  l i n e a r l y  p o l a r i z e d  s i g n a l  i s  f e d  i n t o  

t h e  c y l i n d r i c a l  c a v i t y  t h r o u g h  a  r e c t a n g u l a r -  t o  c y l i n d r i c a l - w a v e g u i d e  

1 . 2 8  db a s  compared w i t h  t h e  m e a s u r e d  midband l o s s  o f  1 . 2 5  db .  N e a r l y  

a l l  o f  t h i s  l o s s  was d u e  t o  d i s s i p a t i o n  s i n c e  t h e  midband VSWH was 

v e r y  low.  

Four  t u n i n g  s c r e w s  were  u s e d  i n  e a c h  o f  t h e  c a v i t i e s  f o r  t u n i n g  

p u r p o s e s .  The t e c h n i q u e  u s e d  t o  a d j u s t  t h e s e  t u n i n g  s c r e w s  i s  d e s c r i b e d  



T a b l e  1 4 . 0 2 - 3  

DIMENSIONS AND SUMMARY OF THE MEASURED PERFORMANCE 
OF A TWO-CAVITY WAVEGUIDE DIRECTIONAL FILTER 

Resonant frequency, f o  
Fract ional  3 db bandwidth 
I n s e r t i o n  l o s s  ( a t  f ) $  

0  
VSWR a t  f o  
Maximum VSWR ( o f f  resonance)  
Diameter d12 o f  c e n t r a l  i r i s  
Thickness t 1 2  o f  c e n t r a l  i r i s  
Diameter dO1 = dp3 o f  end i r i s e s  
Thickness tO1 = t Z 3  o f  end i r i s e s  
I n s i d e  diameter o f  each c a v i t y ,  D 
Height o f  each c a v i t y ,  h 
Displacement o f  c y l i n d r i c a l  guide  

a x i s  from s i d e  wal l  o f  t h e  
rectangular  guide  

Height o f  rectangular guide  
Width o f  rectangular guide  

* 
Shorn i n  F i g .  1 4 . 0 2 - l o ( . )  

Shown i n  F i g .  1 4 . 0 2 - 1 0 ( h )  

UNDER- 
COUPLED 

9775 Mc 
0 .00256 
0 . 9 0  db 

- - 
- -  

0 . 1 7 9  i n .  
0 . 0 2 5  i n .  
0 . 4 1 4  i n .  
0 . 0 2 3  i n .  
1 . 1 1 4  i n .  
0 . 7 7 0  i n .  

0 . 2 0 7  i n .  
0 . 4 0 0  i n .  
0 . 9 0 0  i n .  

CRITICALLY 
COUPLED* 

9774 Mc 
0 .00317 
1 . 2 5  db 
1 . 1 0  
1 . 1 4  
0 . 1 9 0  i n .  
0 . 0 2 5  i n .  
0 . 4 1 4  i n .  
0 . 0 2 3  i n .  
1 . 1 1 4  i n .  
0 . 7 7 0  i n .  

0 . 2 0 7  i n .  
0 . 4 0 0  i n .  
0 . 9 0 0  i n .  

OVER- COUP LED^ 
9774 Mc 

0.00338 
0 . 9 5  db 
1 . 0 4  
1 . 1 7  
0 .196  i n .  
0 . 0 2 5  i n .  
0 . 4 1 4  i n .  
0 . 0 2 3  i n .  
1 . 1 1 4  i n .  
0 .770  i n .  

0.207 i n .  
0 .400  i n .  
0 .900  i n .  

The i n s i d e  s u r f a c e s  of  t h e  c a v i t i e s  were machined braaa .  By 
p o l i s h i n g  and p l a t i n g  t h e  i n s i d e  s u r f a c e a  i t  i s  b e l i e r e d  t h a t  
midband i n s e r t i o n  l o a s e s  o f  0 . 5  db c o u l d  e a a i l y  be o b t a i n e d .  

FROM SIGNAL 
GENERATOR 

RECTANGULAR 
O GUIDE 
E 'C 

RESISTANCE 

ROTATING 
JOINT FOUR T U N I N G  SCREWS 

./ SYMMETRICALLY LOCATED 
CIRCULAR GUIDE 

FIG. 14.02-1 1 SCHEMATIC DIAGRAM OF SETUP 
FOR PRETUNING CAVITIES OF 
THE TWO-CAVITY DIRECTIONAL 
FILTER 

t r a n s i t i o n ,  p a s t a  r o t a t i n g  j o i n t .  A  r e s i s t a n c e  c a r d  w i t h i n  t h e  t r a n s i -  

t i o n  s e r v e s  t h e  p u r p o s e  o f  damping o u t  any c r o s s - p o l a r i z e d  wave t h a t  

migh t  b e  r e f l e c t e d  f rom t h e  c a v i t y .  When t h e  e l e c t r i c  f i e l d  i n  t h e  

e x c i t i n g  g u i d e  i s  o r i e n t e d  a s  shown, t h e  two t u n i n g  s c r e w s  p a r a l l e l  t o  

t h e  e l e c t r i c  f i e l d  a r e  a d j u s t e d  f o r  maximum s i g n a l  i n  t h e  d e t e c t o r .  

Next t h e  e x c i t i n g  g u i d e  i s  r o t a t e d  by 90 d e g r e e s  a n d  t h e  o t h e r  p a i r  o f  

s c r e w s  i s  a d j u s t e d  f o r  maximum s i g n a l  i n  t h e  d e t e c t o r .  S i n c e  t h e  p a i r s  

of  t u n i n g  s c r e w s  do n o t  f u r n i s h  c o m p l e t e l y  i n d e p e n d e n t  a d j u s t m e n t ,  t h i s  

p r o c e s s  i s  r e p e a t e d  u n t i l  t h e  s i g n a l  a t  t h e  d e t e c t o r  i s  i n d e p e n d e n t  o f  

t h e  p o l a r i z a t i o n  o r i e n t a t i o n  o f  t h e  e x c i t i n g  wave. The measu red  p e r f o r m -  

a n c e  shown i n  F i g .  1 4 . 0 2 - 1 0  was o b t a i n e d  by p r e t u n i n g  t h e  c a v i t i e s  i n  

t h i s  f a s h i o n ,  a n d  w i t h o u t  f u r t h e r  a d j u s t m e n t  o f  t h e  a s s e m b l e d  f i l t e r .  

Ano the r  t e c h n i q u e  f o r  t u n i n g  a  m u l t i c a v i t y  f i l t e r  o f  t h i s  s o r t  i s  

t o  u s e  t h e  s e t u p  i n  F i g .  1 4 . 0 2 - 1 1  t o  f e e d  a l i n e a r l y  p o l a r i z e d  s i g n a l  , 

t h r o u g h  a l l  t h e  c a v i t i e s  s i m u l t a n e o u s l y .  I n  t h i s  c a s e  a  s l o t t e d  l i n e  i s  

i n s e r t e d  i n  t h e  r e c t a n g u l a r  g u i d e  a t  t h e  t o p  a n d  t h e  c a v i t i e s  may b e  

t u n e d  f o r  e a c h  o f  t h e  two o r t h o g o n a l  l i n e a r  p o l a r i z a t i o n s  by o b s e r v i n g  

t h e  q u a r t e r - w a v e l e n g t h  s h i f t  o f  t h e  v o l t a g e  minimum i n  t h e  i n p u t  wave- 

g u i d e  a s  s u c c e s s i v e  c a v i -  

t i e s  a r e  b r o u g h t  t o  r e s o -  

n a n c e .  T h i s  p r o c e d u r e  i s  

t h e  same a s  t h a t  d e s c r i b e d  

i n  S e c .  1 1 . 0 5  f o r  t u n i n g  

d i r e c t - c o u p l e d  c a v i t y  f i l -  

t e v s .  A l t e r n a t i v e l y ,  i f  

one  h a s  a sweep s i g n a l  

s o u r c e  a v a i l a b l e ,  i t  may 

b e  p o s s i b l e  t o  t u n e  t h e  

c a v i t i e s  by s i m p l y  max i -  

m i z i n g  t h e  s i g n a l  a t  t h e  

d e t e c t o r  i n  t h e  r e c t a n g u -  

l a r  waveguide  f o r  t h e  two 

o r t h o g o n a l  l i n e a r  p o l a r i -  

z a t i o n s .  

RECTANGULAR 
WAVEGUIDE 

C I R C U L A R  
WAVEGUIDE ROTATING JOINT 

A 
& - 3 5 2 ? - 4 0 l  

FIG. 14.02-12 SCHEMATIC DIAGRAM OF SETUP FOR 
MEASURING THE PERFORMANCE OF 
APERTURES HAVING LARGE 
COUPLING FACTORS 

The t e c h n i q u e  f o r  

m e a s u r i n g  t h e  c o u p l i n g  and a x i a l  r a t i o  o f  t h e  wave e x c i t e d  by t h e  l a r g e  

a p e r t u r e s  o f  F i g .  1 4 . 0 2 - 4  i s  i l l u s t r a t e d  i n  F i g .  1 4 . 0 2 - 1 2 .  The power 

c o u p l i n g  f a c t o r  c 2  i s  e q u a l  t o  t h e  sum of  t h e  power r e c e i v e d  by t h e  



d e t e c t o r  i n  t h e  p o s i t i o n  shown and  t h a t  r e c e i v e d  when i t  i s  r o t a t e d  

90 d e g r e e s ,  d i v i d e d  by t h e  a v a i l a b l e  power  f r o m  t h e  g e n e r a t o r .  The 
a x i a l  r a t i o  i s  t h e  s q u a r e  r o o t  o f  t h e  r a t i o  o f  t h e  maximum t o  t h e  minimum 

power r e c e i v e d  by t h e  d e t e c t o r  a s  i t  i s  r o t a t e d .  

SEC.  1 4 . 0 3 ,  S T R I P  TRANSMISSION LINE DIRECTIONAL FILTERS 
USING HALF- OR FULL-WAVELENGTH STRIPS  

A  fo rm o f  s t r i p - t r a n s m i s s i o n - l i n e  d i r e c t i o n a l  f i l t e r  t h a t  h a s  proved 

t o  b e  v e r y  u s e f u l  i s  i l l u s t r a t e d  i n  F i g .  1 4 . 0 3 - 1  t o g e t h e r  w i t h  p e r t i n e n t  

d e s i g n  i n f o r m a t i o n .  I t  m i g h t  seem t h a t  t h e  r e s o n a t o r s  i n  t h i s  t y p e  o f  

f i l t e r  c o u l d  b e  c a s c a d e d  a s  shown i n  F i g .  1 4 . 0 3 - 2  t o  o b t a i n  a d i r e c t i o n a l  
f i l t e r  h a v i n g  a  m u l t i p l e  r e s o n a t o r  r e s p o n s e ,  b u t  t h i s  i s  n o t  t h e  c a s e . 3  

WAVELENGTH 
STRIPS 

BAND PASS RESPONSE 
PORT 1-4 

4 \ 
f l  C GAP CAPACITANCE 

WAVELENGTH WAVELENGTH 
STRIP STRIP 

, . E c  
I \ I 1 2  

( w2-w,  2 w ~ c 2 z z 0 -  I 
- . - a - _  

O wo n 0 OF OISSIPATIONLESS CIRCUIT 

( LOADED AT PORTS I AND 4 ) 
2+ ' 7 - 2WOCZ0 RADIANS 

FIG. 14.03-1 DESIGN INFORMATION FOR HALF-WAVELENGTH-STRIP 
AND ONE-WAVELENGTH-STRIP DIRECTIONAL FILTERS 

T h e r e f o r e ,  t h i s  t y p e  o f  d i r e c t i o n a l  f i l t e r  i s  s u i t a b l e  t o  u s e  o n l y  when 

a  s i n g l e  r e s o n a t o r  b a n d - p a s s  f r e q u e n c y  r e s p o n s e  i s  d e s i r e d  be tween  P o r t  1 

and P o r t  4.  

The a c t i o n  o f  t h e  f i l t e r s  i n  F i g .  1 4 . 0 3 - 1  c a n  b e  u n d e r s t o o d  by 

i n v o k i n g  t h e  p r i n c i p l e  o f  s u p e r p o s i t i o n .  E x c i t a t i o n  o f  P o r t  1 w i t h  a  

wave o f  a m p l i t u d e  V i s  e q u i v a l e n t  t o  e x c i t a t i o n  o f  P o r t  1 and  P o r t  4  a t  

t h e  r e f e r e n c e  p l a n e s  T I  and T4 w i t h  waves b o t h  o f  a m p l i t u d e  +V/2 ( e v e n -  

mode c a s e ) ,  and  e x c i t a t i o n  o f  P o r t s  1 

and 4  a t  t h e  same r e f e r e n c e  p l a n e s  

w i t h  waves o f  a m p l i t u d e  +V/2 and  -V/2, 

r e s p e c t i v e l y  (odd-mode c a s e ) .  Even-  

mode e x c i t a t i o n  o f  P o r t s  1 and 4 a t  

t h e  c e n t e r  f r e q u e n c y  c a u s e s  o n l y  t h e  

r i g h t - h a n d  s t r i p  t o  r e s o n a t e ,  wh ich  

r e f l e c t s  waves h a v i n g  a m p l i t u d e  +V/2 

a t  P o r t  1 and P o r t  4 .  On t h e  o t h e r  

hand ,  odd-mode e x c i t a t i o n  c a u s e s  o n l y  

t h e  l e f t - h a n d  s t r i p  t o  r e s o n a t e ,  r e -  

f l e c t i n g  waves h a v i n g  a m p l i t u d e  -V/2 

a t  P o r t  1 a ~ d  +V/2 a t  P o r t  4 .  T h e r e -  

f o r e ,  a t  t h e  r e s o n a n t  f r e q u e n c y  o f  t h e  

s t r i p s  t h e  a m p l i t u d e  o f  t h e  r e f l e c t e d  

wave a t  P o r t  4  i s  V  w h i l e  t h a t  a t  

P o r t 2  i s  z e r o .  O r ,  i n  o t h e r  w o r d s ,  

a t  t h e  c e n t e r  f r e q u e n c y  a  s i g n a l  i n c i -  

FIG. 14.03-2 EXAMPLE OF A 
MULTCRESONATOR 
STRUCTURE THAT 
DOES NOT HAVE 
DIRECTIONAL FILTER 
PROPERTIES 

d e n t  on P o r t  1 i s  i d e a l l y  c o m p l e t e l y  t r a n s f e r r e d  t o  P o r t  4. At f r e q u e n -  

c i e s  o f f  r e s o n a n c e  a  s i g n a l  i n c i d e n t  a t  P o r t  1 p a s s e s  t h r o u g h  u n a t t e n u -  

a t e d  t o  P o r t  2 .  

The r e a s o n  m u l t i p l e - s t r i p - r e s o n a t o r  s t r u c t u r e s  o f  t h e  t y p e  shown i n  

F i g .  1 4 . 0 3 - 2  c a n n o t  be  u s e d  a s  d i r e c t i o n a l  f i l t e r s  c a n  a l s o  be  q u a l i t a -  

t i v e l y  u n d e r s t o o d  by a p p l y i n g  t h e  p r i n c i p l e  of  s u p e r p o s i t i o n .  I t  c a n  b e  

s e e n  t h a t  when e i t h e r  odd-mode waves  o r  even-mode waves  a r e  i n c i d e n t  on  

P o r t s  1 and  4 ,  some o f  t h e  r e s o n a t o r s  i n  b o t h  t h e  l e f t -  and r i g h t - h a n d  

s t r i n g  o f  r e s o n a t o r s  w i l l  b e  e x c i t e d .  T h e r e f o r e ,  t h e  n e c e s s a r y  d e s t r u c -  

t i v e  i n t e r f e r e n c e  be tween  t h e  e v e n -  and odd-mode r e f l e c t e d  waves a t  
P o r t  1 and  t h e  n e c e s s a r y  c o n s t r u c t i v e  i n t e r f e r e n c e  be tween  e v e n -  and  odd 

mode r e f l e c t e d  waves  a t  P o r t  4  i s  n o t  o b t a i n e d  and  d i r e c t i o n a l  f i l t e r  

a c t i o n  d o e s  n o t  r e s u l t .  On t h e  o t h e r  h a n d ,  Wanselow and ~ u t t l e ~  have  



reported that marginal directional-filter performance is obtained using 

multiple-resonator structures of the type shown in Fig. 14.03-2. The 

explanation of this apparent paradox appears to be that Wanselow and 

Tuttle placed a short-circuit at Port 3, presumably at reference plane 

T3, thus reducing it to a three-port device. Under these conditions 

when a signal is incident at Port 1 the right-hand chain of resonators 

would reflect a relatively high shunt impedance at Port 1 while the short- 

circuit at reference plane T3 would reflect a shunt open-circuit at 
reference plane T 4 .  Therefore, the transmission characteristic between 

Port 1 and Port 4 r~ughly~approximates that of the multi-resonator chain 

at the left of the structure in Fig. 14.03-2. 

The dimensions of the TEM lines having the characteristic impedances 

Z and Zo shown in Fig. 14.03-1 can be determined from Figs. 5.04-1 or 

5.04-2. The gap spacing at the ends of the resonators necessary to 

realize the coupling capacitances C can be determined approximately from 
Fig. 5.05-9 by making use of the relation that C is approximately equal 

COPPER TUNING 
SCREW 

END-ON VIEW-.-I? GROUND 
OF STRIP PLANES 

COPPER TUNING 
SCREW 

IC 
LUG 

FIG. 14.03-3 METHODS OF TUNING A 
STRIP-LINE DIRECTIONAL 
FILTER 

to AC times the width of the reso- 

nator strip. 

In order to tune the two 

resonators in the directional 

filter to the same frequency, 

copper tuning screws or dielectric 

tuning slugs of the types shownin 

cross section in Fig. 14.03-3 may 

be employed. For maximum effective- 

ness these tuners should be used 

near either end of a resonator 

where the electric field is high. 

In addition, if copper tuning 

screws are used they should be 

inserted symmetrically from either 

ground plane so that the parallel 

plate 'YEN mode is not excited. 

The measured response of a 

typical strip-line directional 

filter of this type is shown in 

Fig. 14.03-4. 

A RESONANT 
2 STRIPS \ 1- 

VSWR = 1.24 AT to = 884 Mc 

SOURCE: Final Report, Contract DA 36-039 SC-64625, SRI; 
reprinted in IRE Trans. PGMTT (see Ref. 1 by 
S.  B. Cohn and F. S.  C o d e )  

FIG. 14.03-4 RESPONSE OF STRIP-LINE HALF- 
WAVELENGTH-RESONATOR 
DIRECTIONAL FILTER 

SEC. 14.04, 'TRAVELING-WAVE-LOOP DIHEC'SIONAL FILTEH 

A type of strip-transmission-line directional filter that can be 
made with multiple resonators to obtain increased off-channel rejection 

is illustrated in Fig. 14.04-1. The resonators in this directional 

filter are traveling-wave loops whose mean circumference is a multiple 

of 360 degrees at the midband frequency. Coupling between the loops is 

obtained by the use of quarter-wavelength directional couplers of the 

type described in Chapter 13. At the midband frequency a signal incident 

on Port 1 excites clockwise traveling waves in each of the loops. The 

traveling wave in the nth loop excites a signal at Port 4. At frequencies 

well removed from the resonant frequency of the loopsa signal incident on 

Port 1 is transferred to Port 2. 

The design chart in Table 14.04-1 summarizes the design of traveling- 

wave-loop filters from low-pass prototypes so as to give a desired band- 

Pass response between Ports 1 and 4. The voltage coupling factors c ~ , ~ + ~  

are the midband voltage couplings of the strip-line directional couplers 



A L L  NON-PARALLEL-COUPLED LINE SECTIONS 
ARE OF CHARACTERISTIC IMPEDANCE 2,  

PARALLEL-COUPLED REGIONS A R E  
C H A R A C T E R I Z E D  BY ODD- A N D  EVEN-MODE 
IMPEDANCES (Zoo),,i +, A N D  (Zoe),,,+, 

FIG. 14.04-1 A TRAVELING-WAVE-LOOP Dl RECTlONAL 
FILTER HAVING n RESONATORS 

a s  d e f i n e d  i n  Eq .  ( 1 3 . 0 2 - 2 ) ,  w h i l e  t h e  c o u p l i n g  c o e f f i c i e n t s  k i a i t l  a r e  

t h e  r e s o n a t o r  c o u p l i n g  c o e f f i c i e n t s  i n  F i g .  8 . 0 2 - 3 .  I t  would  a l s o  b e  

p o s s i b l e  t o  b u i l d  t h i s  t y p e  o f  t r a v e l i n g - w a v e - l o o p  d i r e c t i o n a l  f i l t e r  i n  

waveguide  form.  I n  t h i s  c a s e  t h e  d e s i g n  p a r a m e t e r s  i n  T a b l e  1 4 . 0 4 - 1  must 

be  m o d i f i e d  by i n c l u s i o n  o f  t h e  f a c t o r  ( A L ~ / A ~ ) ~  i n  e x a c t l y  t h e  same 

f a s h i o n  a s  i s  done i n  T a b l e  1 4 . 0 2 - 1 .  

The l a y o u t  o f  two ,  s i n g l e - l o o p ,  d i r e c t i o n a l  f i l t e r s ,  o n e  o f  which i s  

t u n e d  t o  1024  Mc and t h e  o t h e r  o f  wh ich  i s  t u n e d  t o  1 0 8 3  hlc, i s  shown i n  

F i g .  1 4 . 0 4 - 2 .  The measu red  p e r f o r m a n c e  o f  t h e  d e v i c e  i s  shown i n  

F i g .  1 4 . 0 4 - 3 .  The f i l t e r  h a v i n g  a  c e n t e r  f r e q u e n c y  o f  1 0 2 4  Mc was d e -  

s i g n e d  t o  h a v e  a  3  db b a n d w i d t h  o f  8 . 2  Mc C Q ~  = 250 and  ( c , , , ) ~  = ( c 1 2 ) '  ' 

0.02511 w h i l e  t h e  o t h e r  f i l t e r  was d e s i g n e d  t o  h a v e  a  3  db b a n d w i d t h  o f  

6 . 9  Mc [Q, = 314 and ( c O 1  l 2  = ( c ~ ~ ) ~  = 0 . 0 2 0 1 .  

The l e n g t h  of  t h e  r i n g  r e s o n a t o r s  a l o n g  t h e  c o u p l e d  t r a n s m i s s i o n  

l i n e s  was made t o  b e  a  q u a r t e r  w a v e l e n g t h  m e a s u r e d  i n  t h e  d i e l e c t r i c  a t  

t h e  midband f r e q u e n c y  i n  e a c h  c a s e .  The l e n g t h  o f  e a c h  o f  t h e  o t h e r  two 

s i d e s  o f  t h e  r e s o n a t o r  p l u s  t h e  e q u i v a l e n t  l e n g t h  o f  t h e  two m a t c h e d ,  

m i t e r e d  c o r n e r s ,  was a l s o  made a p p r o x i m a t e l y  a  q u a r t e r  w a v e l e n g t h ,  

measu red  i n  t h e  d i e l e c t r i c  a t  midband.  D a t a  on  t h e  e q u i v a l e n t  l e n g t h  o f  

ma tched  m i t e r e d  c o r n e r s  i s  p r e s e n t e d  i n  F i g .  5 . 0 7 - 4 ,  a l t h o u g h  t h e  d e s i g n  
u n d e r  d i s c u s s i o n  was made b e f o r e  t h e s e  d a t a  w e r e  a v a i l a b l e .  

T a b l e  14 .04 -1  

DESIGN EQUATIONS FOR TRAVELING WAVE-LOOP DIRECTIONAL 
FILTERS AS SHOWN IN FIG. 1 4 . 0 4 -  1 

'Ihe parame.ters go, g l ,  . . ., gntl a r e  a s  de f ined  i n  Sec. 4.04, 
and w;, oo ,  wl, and w2 a r e  a s  defined i n  Fig. 14.02-2. 

(QI)* = = ex te rna l  Q 

( )  = *;a"'"" = ex te rna l  v 

where 

where t h e  c iS i t l  a r e  vo l t age  coupling f a c t o r s ,  and m i s  the  

number of f u l l  wavelengths i n  the  resonator  loops a t  resonance. 

'Ihe odd- and even-mode impedances of t h e  d i r ec t i ona l - coup le r  

s e c t i o n s  a r e  

'Ihe d i r ec t i ona l - coup le r  s e c t i o n s  a r e  a  quarter-wavelength 
long a t  wo. 

A suggested low-  ass t o  band-pass mapping (Sec. 8.04) i s  
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FIG. 14.04-2 LAYOUT OF A DUAL-LOOP DIRECTIONAL FILTER CIRCUIT 
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FIG. 14.04-3 MEASURED RESPONSE OF DUAL-LOOP 
DIRECTIONAL FILTER CIRCUIT 

The r e g i o n  o f  e a c h  l o o p  t h a t  i s  c o u p l e d  t o t h e  t e r m i n a t i n g l i n e s  i s  

d e s i g n e d  a c c o r d i n g  t o  t h e  f o r m u l a s  i n  C h a p t e r  1 3  a s  a  m a t c h e d ,  50-ohm 

d i r e c t i o n a l  c o u p l e r  h a v i n g  t h e  c o u p l i n g  s p e c i f i e d  a b o v e .  The  n e c e s s a r y  

e v e n -  and odd-mode i m p e d a n c e s  Z o e  and  Z o o  a r e  d e t e r m i n e d  f rom 

E q s .  ( 1 3 . 0 2 - 5 )  and  ( 1 3 . 0 2 - 6 )  o r  E q s .  ( 8 )  and  ( 9 )  o f  T a b l e  1 4 . 0 4 - 1 .  The  

w i d t h s  o f  t h e  s t r i p s  n e c e s s a r y  t o  r e a l i z e  t h e s e  i m p e d a n c e s  a r e  d e t e r m i n e d  

f rom F i g .  5 . 0 5 - 3  i n  t h e  c a s e  o f  t y p i c a l  p r i n t e d - c i r c u i t  c o n s t r u c t i o n .  

The w i d t h  o f  t h e  s t r i p s  f o r m i n g  t h e  r e m a i n d e r  o f  t h e  l o o p s  i s  a  v a l u e  

a p p r o p r i a t e  f o r  a  50-ohm t r a n s m i s s i o n  l i n e  a s  d e t e r m i n e d . f r o m F i g .  5 . 0 4 - 1  

o r  5 . 0 4 - 2 .  Thus  t h e o r e t i c a l l y ,  a  50-ohm impedance  l e v e l  i s  p r e s e r v e d  

t h r o u g h o u t  t h e  c o m p l e t e  c i r c u m f e r e n c e  o f  t h e  l o o p  

I n  ~ r a c t i c e ,  i t  i s  f ound  t o  b e  d i f f i c u l t  t o  d e s i g n  t h e  l o o p s  a c c u -  

r a t e l y  enough s o  t h a t  t h e r e  a r e  n o  r e f l e c t i o n s  o n  t h e  l o o p s  and  some s o r t  

o f  t u n i n g  i s  r e q u i r e d  i f  a  s i n g l e  t r a v e l i n g - w a v e  i s  t o  be  e s t a b l i s h e d  on 

e a c h  l o o p .  Even a  q u i t e  s m a l l  d i s c o n t i n u i t y  i n  any l o o p  w i l l  g e n e r a t e  

a  wave o f  s u b s t a n t i a l  m a g n i t u d e  t r a v e l i n g  i n  a  d i r e c t i o n  o p p o s i t e  t o  t h a t  

o f  t h e  d e s i r e d  wave s i n c e  i t  i s  r e p e a t e d l y  e x c i t e d  by t h e  wave t r a v e l i n g  

i n  t h e  d e s i r e d  d i r e c t i o n .  One method o f  t u n i n g  t h e  l o o p s  t h a t  h a s  b e e n  

f o u n d  t o  be  a p p r o p r i a t e  when l a r g e  q u a n t i t i e s  o f  d i r e c t i o n a l  f i l t e r s  a r e  

r e q u i r e d  c o n s i s t s  o f  e m p i r i c a l l y  a d j u s t i n g  t h e  w i d t h  o f  t h e  l o o p s  a n d  t h e  

w i d t h  o f  t h e  c o r n e r s  on a  p r o t o t y p e  mode l ,  a n d  t h e n  m a s s - p r o d u c i n g  t h i s  

d e s i g n .  A n o t h e r  e f f e c t i v e  t e c h n i q u e  f o r  t u n i n g  e a c h  l o o p  1s t o  u s e  f o u r  

p a i r s  o f  t u n i n g  s c r e w s ,  o f  t h e  t y p e  shown i n  F i g .  1 4 . 0 3 - 3 ( a ) ,  p l a c e d  a t  

q u a r t e r - w a v e l e n g t h  i n t e r v a l s  a r o u n d  t b e  p e r i m e t e r  a s  shown i n  F i g .  1 4 . 0 4 - 4 .  

T U N I N G  SCREWS 

1 t 2  
A-3117-41) 

FIG. 14.04-4 SKETCH ILLUSTRATING THE 
PLACEMENT OF TUNING SCREWS 
IN A TRAVELING-WAVE-LOOP 
DIRECTIONAL FILTER 



I n  ~ r a c t i c e  i t  h a s  been  found  t h a t ,  f o r  t h e  f i l t e r s  shown i n  F i g .  1 4 . 0 4 - 2 ,  

s i z e  4-40 s c r e w s c a n b e u s e d t o t u n e t h e  l o o p s  o v e r a  6 - p e r c e n t  f r e q u e n c y  band. 

P r o p e r  a d j u s t m e n t  o f t h e  t u n i n g  s c r e w s  f o r  a  s i n g l e - r e s o n a t o r  t r a v e l i n g -  

wave - loop  d i r e c t i o n a l  f i l t e r  c a n  b e  a c c o m p l i s h e d  by o b s e r v i n g  t h e  r e s p o n s e  

o f  ma tched  d e t e c t o r s  a t  P o r t  2 a n d P o r t  4 when a  m a t c h e d  l o a d i s  p l a c e d  a t  

P o r t  3 a n d a  s i g n a l  s o u r c e  i s  p l a c e d  a t  P o r t  1. I f  a  s w e e p i n g  s i g n a l  sou rce  

i s  a v a i l a b l e  t o  f e e d  P o r t  1 t h i s  same p r o c e d u r e c a n b e  u s e d t o t u n e  two- and 

t h r e e - r e s o n a t o r  t r a v e l i n g - w a v e - l o o p  d i r e c t i o n a l  f i l t e r s .  

SEC.  1 4 . 0  5 ,  TRAVELING- WAVE RING RESONATOR 

The t r a v e l i n g - w a v e  r i n g  r e s o n a t o r  o f  t h e  t y p e  i l l u s t r a t e d i n F i 6 .  14 .05-1  

which i s  c l o s e l y  r e l a t e d  t o  t h e  t r a v e l i n g - w a v e  l o o p  d i r e c t i o n a l  f i l t e r s  has  

found wide  a c c e p t a n c e  a s  a  p a s s i v e  power m u l t i p l y i n g  d e v i c e ,  f o r  u s e  i n  

t e s t i n g  componen t s  t h a t  must  c a r r y  h i g h  power .  T h i s  d e v i c e  wh ich  i s  u s u a l l y  

c o n s t r u c t e d  i n  wavegu ide  c a n  b e  t h o u g h t  o f  a s  b e i n g  formed by r emov ing  t h e  

o u t p u t  c o u p l e r  from a  s i n g l e - l o o p  wavegu ide  d i r e c t i o n a l  f i l t e r .  The 

t r a v e l i n g - w a v e  r i n g  i s  u s u a l l y  s e v e r a l  w a v e l e n g t h s  l o n g  t o  a l l o w  t h e  i n s e r -  

t i o n  o f  t e s t  p i e c e s  w i t h i n  t h e  r i n g .  By a d j u s t i n g  t h e  v a r i a b l e  p h a s e  s h i f t e r  

and v a r i a b l e  impedance  m a t c h i n g  t r a n s f o r m e r  shown i n  F i g .  1 4 . 0 5 - 1  a  p u r e  

t r a v e l i n g  wave c a n  b e  e x c i t e d  i n  t h e  r i n g  e v e n  t h o u g h  t h e  component  unde r  

t e s t  i s  s l i g h t l y  mi sma tched .  

COMPONENT 
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VARIABLE IMPEDANCE 
{MATCHING TRANSFORMER 

PHASE 
SHlFTER 

HIGH POWER LOAD 

-. DIRECTIONAL 

POWER, 
COUPLER 

FREOUENCY 

SOURCE: IRE Tmns. PGMTT (see Ref. 4 by K. Tomiyasu) 

FIG. 14.05-1 A RESONANT RlNG CIRCUIT 

Most of t h e  power d e l i ~ e r e d b ~ t h e  g e n e r a t o r  i s u s e d  t o  s e t  up a  h i g h -  

a m p l i t u d e  t r a v e l i n g  wave w i t h i n  t h e  r i n g  and o n l y  a  s m a l l  amount o f  i t  i s  

d e l i v e r e d  t o  t h e  l o a d .  The e x p r e s s i o n  f o r  t h e  m u l t i p l i c a t i o n  o r  power  

g a i n ,  o f  t h e  wave w i t h i n  t h e  l o o p  i s  g i v e n  by 

2  

Power Ga in  = 
1 - 10-a /20  ,/I -1 - c2 

where 

c  = v o l t a g e  c o u p l i n g  f a c t o r  o f  t h e  d i r e c t i o n a l  c o u p l e r  

a = one-way a t t e n u a t i o n  a r o u n d  t h e  r i n g  measu red  i n  db  

E q u a t i o n  ( 1 4 . 0 5 - 1 )  h a s  heen h lotted i n  two d i f f e r e n t  ways i n  F i g s .  1 4 . 0 5 - 2 ( a ) ,  

( b )  t o  f a c i l i t a t e  t h e  d e t e r m i n a t i o n  o f t h e  power g a i n  i n  t h e  t r a v e l i n g - w a v e  

SOURCE: IRE Trans. PGMTT (see Ref. 4 by K. Torniyasu) 

FIG. 14.05-2(a) RESONANT RlNG CHARACTERISTICS WITH POWER GAIN AS A PARAMETER 
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a -ONE-WAY ATTENUATION -db 

A-3527 -472  

SOURCE: IRE Tmns. PGMTT (see Ref. 4 by K. Tomiyasu) 

FIG. 14.05-2(b) RESONANT RING POWER GAIN WITH COUPLING 
FACTOR IN db AS A PARAMETER 

r i n g .  I t  i s  s e e n  t h a t  s u b s t a n t i a l  power g a i n s  c a n  b e  o b t a i n e d  even  f o r  

r e l a t i v e l y  l a r g e r  v a l u e s  o f  t h e  one-way r i n g  a t t e n u a t i o n ,  a .  

SEC.  1 4 . 0 6 ,  DERIVATION OF FORMULAS FOR WAVEGUIDE 
DIRECTIONAL FILTERS 

The d e t a i l e d  p e r f o r m a n c e  o f  t h e  wavegu ide  d i r e c t i o n a l  f i l t e r s  de -  

s c r i b e d  i n  S e c .  1 4 . 0 2 ,  t h e  t r a v e l i n g - w a v e  l o o p  d i r e c t i o n a l  f i l t e r s  

d e s c r i b e d  i n  S e c .  1 4 . 0 4 ,  and t h e  t r a v e l i n g - w a v e  r i n g  r e s o n a t o r  can  be 

most  e a s i l y  u n d e r s t o o d  by c o n s i d e r i n g  t h e  b e h a v i o r  o f  t h e  m u l t i p l y -  

r e f l e c t e d  waves  w i t h i n  t h e  r e s o n a t o r s .  T h i s  s e c t i o n  p r e s e n t s  s u c h  an 

a n a l y s i s  f o r  t h e  wavegu ide  d i r e c t i o n a l  f i l t e r .  C o n s i d e r  f i r s t  t h e  s i n g l e -  
c a v i t y  wavegu ide  d i r e c t i o n a l  f i l t e r  o f  t h e  t y p e  shown i n  F i g .  1 4 . 0 2 - 6  and 

assume t h a t  t h e  f o l l o w i n g  c o n d i t i o n s  a r e  s a t i s f i e d :  

( 1 )  The c o u p l i n g  a p e r t u r e s  e x c i t e  a  p u r e  c i r c u l a r l y  p o l a r i z e d  
TEl l  wave i n  t h e  c i r c u l a r  wavegu ide  a n d  i n t r o d u c e  no r e -  
f l e c t i o n  i n  t h e  r e c t a n g u l a r  w a v e g u i d e .  

( 2 )  The c a v i t y  i s  p e r f e c t l y  s y m m e t r i c a l  a b o u t  i t s  a x i s ,  s o  
t h a t  t h e  two o r t h o g o n a l  l i n e a r l y  p o l a r i z e d  modes i n  t h e  
c a v i t y  r e s o n a t e  a t  t h e  same f r e q u e n c y .  

( 3 )  Each p o r t  o f  t h e  f i l t e r  i s  t e r m i n a t e d  i n  i t s  c h a r a c t e r -  
i s t i c  impedance .  

The r e f e r e n c e  p l a n e ,  P,  i s  c h o s e n  t o  b e  p e r p e n d i c u l a r  t o  t h e  a x e s  

o f  t h e  r e c t a n g u l a r  wavegu ides  a t  t h e  c e n t e r  p o i n t s  o f  t h e  c o u p l i n g  a p e r -  

t u r e s .  With a wave o f  u n i t  a m p l i t u d e  i n c i d e n t  on  P o r t  1, t h e  a m p l i t u d e s  

i n  t h e  f o u r  p o r t s  o f  t h e  f i l t e r  a t  t h e  i n s t a n t  j u s t  a f t e r  t h e  wave c o u p l e d  

i n t o  t h e  c a v i t y  h a s  been  r e f l e c t e d  f o r  t h e  f i r s t  t i m e  by t h e  u p p e r  e n d  

w a l l  a r e  a s  f o l l o w s :  

P o r t  1 El = 1 P o r t  3  E, = 0 
( 1 4 . 0 6 - 1 )  

- a h - , @  
P o r t  2 E2 = J1 - C:  P o r t  4  E4  = c l c 2 e  

where  ( c ~ ~ ) ~ ,  wh ich  w i l l  b e  r e p l a c e d  h e r e  by c:, i s  t h e  power c o u p l i n g  

f a c t o r  ( a s  d e f i n e d  i n  T a b l e  1 4 . 0 2 - 1 )  o f  t h e  l o w e r  a p e r t u r e ,  and  c :  = ( c 1 2 1 2  

i s  t h a t  o f  t h e  u p p e r  a p e r t u r e ,  h i s  t h e  a x i a l  h e i g h t  o f  t h e  c a v i t y ,  a i s  

t h e  a t t e n u a t i o n  c o n s t a n t  i n  n e p e r s  p e r  u n i t  l e n g t h  i n  t h e  c i r c u l a r  wave- 

g u i d e ,  and B i s  t h e  e l e c t r i c a l  l e n g t h  i n  r a d i a n s  o f  t h e  c a v i t y  p l u s  t h e  

p h a s e  s h i f t s  i n t r o d u c e d  by t h e  a p e r t u r e s .  

I n  t h e  n e i g h b o r h o o d  o f  r e s o n a n c e ,  and  i n  t h e  c a s e  o f  n a r r o w  b a n d w i d t h ,  

where  

h i o  i s  t h e  v a l u e  o f  A; a t  r e s o n a n c e ,  and  

p i s  t h e  number o f  h a l f - w a v e  f i e l d  v a r i a t i o n s  a l o n g  
t h e  a x i s  o f  t h e  c a v i t y .  

Because  o f  m u l t i p l e  r e f l e c t i o n s  be tween  t h e  e n d  w a l l s  o f  t h e  c a v i t y ,  t h e  

s t e a d y - s t a t e  wave a m p l i t u d e  i n  P o r t  4  i s  composed o f  a n  i n f i n i t e  summat ion 

o f  componen t s ,  a s  f o l l o w s :  



where p o  i s  t h e  f a c t o r  by which t h e  r e f l e c t e d  wave a m p l i t u d e  a t  a n  end 

w a l l  i s  r e d u c e d  b e c a u s e  o f  d i s s i p a t i o n  l o s s  on  t h a t  w a l l .  
po i s  approx i .  

m a t e l y  e q u a l  t o  t h e  magn i tude  o f  t h e  v o l t a g e  r e f l e c t i o n  c o e f f i c i e n t  of  

t h e  end w a l l  i n  t h e  a b s e n c e  o f  t h e  a p e r t u r e .  T h e r e f o r e ,  

where  

Z S  i s  t h e  s u r f a c e  impedance  o f  t h e  end  w a l l  i n  ohms 
p e r  s q u a r e ,  

R, i s  t h e  s u r f a c e  r e s i s t i v i t y  o f  t h e  e n d  w a l l  i n  ohms 
p e r  s q u a r e ,  and  

Z, = 377Ai/A i s  t h e  wave impedance  o f  t h e  c i r c u l a r  
w a v e y u i J e  i n  ohms p e r  s q u a r e .  

S i n c e  Rs << Z o ,  Po  may b e  a p p r o x i m a t e d  by 

The a m p l i t u d e  E4 may b e  e x p r e s s e d  i n  c l o s e d  fo rm,  a s  f o l l o w s :  

I n  a  s i m i l a r  manne r ,  a  f o r m u l a  f o r  E z  may b e  o b t a i n e d :  

c o s  2e1 = 1 - 
2 ( 1  - c 2 ) p i e - 2 a h  

A t  r e s o n a n c e  6 = ( P  - 1 ) n ,  s o  t h a t  

A l s o ,  i n  t h e  u s u a l  c a s e  o f  l i g h t  c o u p l i n g ,  c :po (po  - 1) <<< PL T h e r e f o r e ,  

t h e  c o n d i t i o n  f o r  a  p e r f e c t  n u l l  on  P o r t  2  a t  r e s o n a n c e  i s  

I n  t h e  u s u a l  d e s i g n  p rob lem c a v i t y  l o s s e s  a r e  s u f f i c i e n t l y  low t h a t  

c :  and  ci d e t e r m i n e d  f rom Eq. ( 1 4 . 0 6 - 9 )  w i l l  b e  a l m o s t  e q u a l .  I n  t h a t  

c a s e  i f  one  makes t h e  c o u p l i n g s  e q u a l ,  a  d e e p ,  a l t h o u g h  i m p e r f e c t ,  r e -  

j e c t i o n  on P o r t  2 w i l l  g e n e r a l l y  be  o b t a i n e d .  A f o r m u l a  f o r  t h e  l o a d e d  

Q, Q I ,  o f  t h e  c a v i t y  l o a d e d  a t  b o t h  e n d s ,  w i l l  now be  d e r i v e d  f o r  

c; = c; = c Z .  

QI i s  d e f i n e d  a s  f o / 2 ( f o  - f l )  where  f l  i s  t h e  f r e q u e n c y  a t  wh ich  

the  transmitted power has f a l l en  t o  one half  of the value i t  has S t  the center  f r e -  

q u e n c y ,  f o .  I t  i s  n e c e s s a r y ,  t h e r e f o r e ,  t o  f i n d  t h e  a n g l e  el c o r r e s p o n d -  

i n g  t o  t h e  f r e q u e n c y  f l .  The f i r s t  s t e p  i s  t o  form 

1 
, 4 , - 2 a h e j  '1 ,-J '1 

I E , E ; ~  = - = 
11 - (1 - c 2 ) p i e - 2 a h ( c o s  2e1 - j s i n  2e1)  l 2  

( 1 4 . 0 6 - 1 1 )  

T h i s  y i e l d s  



I 
At r e s o n a n c e ,  8 = Bo = ( p  - 1 ) ~  and  t h e r e f o r e ,  i n  t h e  c a s e  o f  n a r r o w  

b a n d w i d t h ,  c o s  2e1 may b e  r e p l a c e d  by c o s  2 ( 6 8 ) 1 ,  whe re  = e0 - 01, 
and hence  

I 
r z ( s e ) , i 2  

c o s  2e1 = 1 - + . . . .  
2  

( 1 4 . 0 6 - 1 3 )  

Thus  

S i n c e  El = 1 ,  t h e  r e l a t i v e  power t r a n s m i t t e d  o u t  o f  P o r t  4  a t  r e s o -  

n a n c e  i s  s i m p l y  l t I 2  = E: w i t h  8 = 0 .  T h e r e f o r e  

I o r ,  i f  c l  = c 2  = C ,  i 

Next  a  r e l a t i o n s h i p  be tween  (SO),  and  = f o  - f l  i s  n e e d e d .  With  The a t t e n u a t i o n  i n  db  i s  1 0  l o g l o  ( 1 / i t ) 2 ) ,  o r  
t h e  a i d  o f  t h e  wel l -known f o r m u l a  f o r  g u i d e  w a v e l e n g t h  i n  t e r m s  o f  f r e -  

q u e n c y ,  we o b t a i n  
I 

1 - ( 1  - c 2 ) p i e - 2 a h  
L A  = 20 log,,, 1 db . ( 1 4 . 0 6 - 2 0 )  

\ I  2 

. . 
LI J ' -  I f  Eq. ( 1 4 . 0 6 - 1 7 )  i s  combined w i t h  Eys .  ( 1 4 . 0 6 - 1 4 )  and ( 1 4 . 0 6 - 1 5 )  w e  

Now w e  make u s e  o f  t h e  d e f i n i t i o n  o f  QL g i v e n  a b o v e  t o  o b t a i n  
o b t a i n  Q: = Q ~ / ( , L J ~  1 t 1 ) .  However,  p,, i s  o f  t h e  o r d e r  o f  0 . 9 9 9 9 ,  and  hence  

we may r e l a t e  t h e  e x t e r n a l  Q and  c o m p l e t e  l o a d e d  Q  by t h e  f o l l o w i n g  

s i m p l e  e x p r e s s i o n :  

T h i s  i s  t h e  c o m p l e t e  d o u b l y  l o a d e d  Q o f  t h e  c a v i t y  i n c l u d i n g  t h e  e f f e c t s  I t  may a l s o  b e  shown t h a t ,  i n  t h e  c a s e  o f  h i g h  Q  and na r row b a n d w i d t h ,  
o f  i n t e r n a l  l o s s e s  and e x t e r n a l  l o a d i n g .  I f  i n t e r n a l  l o s s e s  a r e  n e g l i g i b l e  t h e  above  e q u a t i o n s  r e d u c e  t o  t h e  following r e l a t i o n s h i p  be tween  QL, Q:, 
compared t o  e x t e r n a l  l o a d i n g ,  QL becomes e q u a l  t o  t h e  d o u b l y  l o a d e d  e x t e r n a l  and t h e  u n l o a d e d  Q, Q u ,  of t h e  c a v i t y :  
Q, Q: a s  f o l l o w s  

I This i s  t h e  same wel l -known e x p r e s s i o n  t h a t  a p p l i e s  t o  a  s i m p l e  t w o - p o r t  

However,  i n  mos t  c a s e s  o n e  c a n  r e p l a c e  t h e  n u m e r a t o r  f a c t o r  ( 1  - c2) '  by f i l t e r  c o n s i s t i n g  o f  a  s i n g l e  r e s o n a t o r .  I h e  f o r m u l a  f o r  u n l o a d e d  Q  i n  

1 u n i t y .  I f  c l  a n d  c,  a r e  s l i g h t l y  u n e q u a l ,  t h e  f o r m u l a s  f o r  Q w i l l  h o l d  t e r m s  o f  t h e  waveguide-cavlty p a r a m e t e r s  1s 

s u f f i c i e n t l y  c l o s e l y  w i t h  c Z  = c l c 2 .  The e x t e r n a l  Q, Q e ,  o f  t h e  end 

r e s o n a t o r  o f  a  m u l t i p l e  c a v i t y  d i r e c t i o n a l  f i l t e r  wh ich  i s  e x t e r n a l l y  

l o a d e d  a t  o n l y  one  end a s  d e f i n e d  i n  T a b l e  1 4 . 0 2 - 1  i s  24:. 

I I 

878 



The v a l u e  of  t h e  power  c o u p l i n g  f a c t o r s  ( c o l  l 2  and ( e n ,  l 2  f o r  t h e  
end a p e r t u r e s  i n  F i g .  1 4 . 0 2 - 1  i n  t e r m s  o f  t h e  l o w - p a s s  p r o t o t y p e  e l e m e n t s  

a r e  o b t a i n e d  by combin ing  Eq. ( 1 4 . 0 6 - 1 7 )  w i t h  e i t h e r  Eq. ( 6 )  o r  Eq. ( 7 )  

i n  F i g .  8 . 0 2 - 3 ,  u s i n g  t h e  a p p r o x i m a t i o n  dl - ( C ~ , ) ~ / C ~  = ( 1 / c 2 )  - 1 / 2 .  

Fo r  m u l t i p l e - r e s o n a t o r  d i r e c t i o n a l  f i l t e r s  t h e  v a l u e s  c i , i + l  f o r  t h e  

i n t e r n a l  a p e r t u r e s  i n  F i g .  1 4 . 0 2 - 1  i n  terms o f  t h e  l o w - p a s s  p r o t o t y p e  

e l e m e n t s  a r e  o b t a i n e d  by u s i n g  t h e  r e l a t i o n  

i n  c o n j u n c t  

c o u p l i n g  k i  

i o n  w i t h  Eqs .  ( 2 )  a n d  ( 4 )  i n  F i g .  8 . 0 6 - 1 .  The c o e f f i c i e n t  o f  

, + l  i s  t h e n  o b t a i n e d  by t h e  u s e  o f  Eq. ( 8 )  i n  F i g .  8 . 0 2 - 3 .  

SEC. 1 4 . 0 7 ,  DERIVATION OF FORMULAS FOR TRAVELING-WAVE LOOP 
DIRECTIONAL FILTERS AND THE TRAVELING-WAVE 
RING RESONATOR 

An a n a l y s i s  s i m i l a r  t o  t h a t  p r e s e n t e d  i n  S e c .  1 4 . 0 6  can  b e  c a r r i e d  

t h r o u g h  f o r  t r a v e l i n g - w a v e  l o o p  d i r e c t i o n a l  f i l t e r s .  By p a r t i c u l a r i z i n g  

t h e  a n a l y s i s  t h e  power g a i n  f o r  t h e  t r a v e l i n g - w a v e  r i n g  r e s o n a t o r  c a n  

a l s o  b e  o b t a i n e d .  T h i s  a n a l y s i s  i s  r e s t r i c t e d  t o  t h e  c a s e  o f  'TEM-mode 

p r o p a g a t i o n  on t h e  l o o p ,  a l t h o u g h  t h e  r e s u l t s  c a n  b e  m o d i f i e d  t o  a p p l y  

t o  t h e  c a s e  where  t h e  l o o p  i s  a  d i s p e r s i v e  t r a n s m i s s i o n  l i n e  a s  e x p l a i n e d  

below and i n  S e c .  1 4 . 0 4 .  

I t  i s  f u r t h e r  assumed i n  t h i s  a n a l y s i s  t h a t :  ( 1 )  a l l  t r a n s m i s s i o n  

l i n e s  have  t h e  same c h a r a c t e r i s t i c  impedance ,  Z A ,  ( 2 )  a l l  d i r e c t i o n a l  
c o u p l e r s  a r e  d e s i g n e d  t o  b e  p e r f e c t l y  m a t c h e d  i f  t e r m i n a t e d  i n  Z A ,  and 

t h e y  h a v e  i n f i n i t e  d i r e c t i v i t y ,  and  ( 3 )  n o  p o i n t s  o f  r e f l e c t i o n  e x i s t  i n  

t h e  l o o p  and t h e r e f o r e  a  p u r e  t r a v e l i n g  wave e x i s t s .  A s c h e m a t i c  d i ag ram 
o f  t h e  f i l t e r  i s  g i v e n  i n  F i g .  1 4 . 0 7 - 1 .  The p h a s e s  of  t h e  v o l t a g e s  shown 

a t  t h e  t e r m i n a l s  o f  t h e  d i r e c t i o n a l  c o u p l e r s  a r e ,  f o r  c o n v e n i e n c e ,  r e -  

f e r r e d  t o  t h e  m i d p l a n e s  o f  t h e  d i r e c t i o n a l  c o u p l e r s .  The a m p l i t u d e s  

shown, however ,  a p p l y  a t  t h e  t e r m i n a l s  

o f  t h e  c o u p l e r s .  The t o t a l  l e n g t h  o f  

t h e  l o o p  a t  r e s o n a n c e ,  i n c l u d i n g  t h e  

l e n g t h s  o f  t h e  c o u p l i n g  r e g i o n s ,  i s  

1 = d o ,  where  in i s  an  i n t e g e r  and  A. 

i s  t h e  p l ane -wave  w a v e l e n g t h  a t  t h e  

r e s o n a n t  f r e q u e n c y .  I n  F i g .  1 4 . 0 7 - 1  

i t  i s  s e e n  t h a t  t h e  f o l l o w i n g  v o l t a g e s  

a r e  e x c i t e d  d u r i n g  t h e  f i r s t  t r a v e r s a l  

o f  t h e  l o o p  by t h e  t r a v e l i n g  wave. 

For  s i m p l i c i t y ,  w e  w i l l  a g a i n  r e p l a c e  

c o l  by c l  and c 1 2  by c 2 :  
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where  c l  and c z  a r e  t h e  v o l t a g e  c o u p l i n g  f a c t o r s  o f  t h e  d i r e c t i o n a l  

c o u p l e r s ,  and a i s  t h e  a t t e n u a t i o n  i n  n e p e r s  p e r  u n i t  l e n g t h  o f  t h e  l o o p  

t r a n s m i s s i o n  l i n e .  

Eor  t h e  n t h  t r a v e r s a l  o f  t h e  l o o p ,  t h e  v o l t a g e s  may be  w r i t t e n  i n  

t e r m s  o f  E R 2  a s  f o l l o w s :  



D e f i n i n g  QI = f L / 2 ( f o  - f l )  = mn/B1 

h a l f - p o w e r  p o i n t ,  w e  have  from Eqs .  

where  f l  and B1 q r e  v a l u e s  a t  t h e  

( 1 4 . 0 7 - 1 4 )  and ( l 4 . 0 7 - 1 5 ) ,  

where 

1 L+90 . 

( 1 4 . 0 7 - 1 1 )  

we o b t a i n  

Taking a b s o l u t e  m a g n i t u d e s  o f  e a c h  s i d e  and s i m p l i f y i n g ,  w e  may s o l v e  

f o r  el i n  t e r m s  o f  c  and a l :  
L e t t i n g  m - a  a n d  summing t h i s  e x p r e s s i o n  i n  c l o s e d  form 

[ I  - ( 1  - c 2 ) e - a ' 1 2  
c o s  el = 1 - ( 1 4 . 0 7 - 1 7 )  

2  ( 1  - c 2 )  e - a '  

I f  el i s  s m a l l ,  we may r e p l a c e  c o s  by 1 - 6:/2 wh ich  y i e l d s  

The c o n d i t i o n  f o r  p e r f e c t  r e j e c t i o n  b e t w e e n  P o r t s  1 a n d  2 may be  

o b t a i n e d  by s e t t i n g  E2 = 0 ,  wh ich  y i e l d s  

The doub ly  l o a d e d  Q o f  t h i s  f i l t e r *  i s  

Fo r  p e r f e c t  r e j e c t i o n ,  Eq. ( 1 4 . 0 7 - 1 3 )  r e q u i r e s  c2  < c l  i f  a > 0 .  

The d o u b l y  l o a d e d  Q o f  t h e  f i l t e r  may b e  c a l c u l a t e d  a s s u m i n g  c l  = 

c 2  = C .  At r e s o n a n c e  t h e  o u t p u t  v o l t a g e  i s  

I t  s h o u l d  be n o t e d  t h a t  t h i s  e x p r e s s i o n  g i v e s  t h e  t r u e  l o a d e d  Q o f  t h e  

r e s o n a t o r  a s  i t  would be m e a s u r e d ,  a n d  t a k e s  a c c o u n t  o f  t h e  e x t e r n a l  

l o a d i n g  due  t o  b o t h  c o u p l e r s  combined w i t h  t h e  l o s s e s  i n  t h e  t r a n s m i s s i o n  

l i n e  o f  t h e  l o o p .  

At a  d i f f e r e n t  f r e q u e n c y  w h i c h  c o r r e s p o n d s  t o  an  e l e c t r i c a l  l e n g t h  The a t t e n u a t i o n  a t  r e s o o a n c e  i s  g i v e n  by 20 l o g l o  E 1 / E 4 ,  and s i n c e  

E l  = 1 we have  a round  t h e  l o o p  e q u a l  t o  2nm + 0 ,  t h e  o u t p u t  v o l t a g e  i s  

I 

* 
When s w a v e g u i d e  l o o p  i s  u s e d  i n  t h e  f i l t e r ,  Q; a s  g i v e n  i n  E q .  ( 1 4 . 0 7 - 1 9 )  muat be  m u l t i p l i e d  

b y  ( A ~ / A ) '  where  h i a  t h e  g u i d e  w a v e l e n g t h  a n d  i s  t h e  f r e e - s p a c e  w a v e l e n g t h .  

E q u a t i o n  (14.07-20: f o r  a t t e n u a t i o n  a p p l i e s  w i t h o u t  c h a n g e  t o  t h e  r a v e g u i d e  c a a e .  
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E q u a t i o n s  ( 1 4 . 0 7 - 1 9 )  a n d  ( 1 4 . 0 7 - 2 0 )  w e r e  d e r i v e d  a s s u m i n g  e q u a l  

c h a r a c t e r i s t i c  impedances  of  t h e  t r a n s m i s s i o n  l i n e s  and a s s u m i n g  c  t o  

b e t h e v o l t a g e  c o u p l i n g ,  b u t  t h e y  a p p l y  c o r r e c t l y  t o  u n e q u a l  impedances  

o f  t h e  r i n g  and  i n p u t  a n d  o u t p u t  P o r t s  i f  c 2  i s  d e f i n e d  a s  t h e  power 

c o u p l i n g  f a c t o r  o f  t h e  d i r e c t i o n a l  c o u p l e r s .  

The d e s i g n  e q u a t i o n s  i n  T a b l e  1 4 . 0 4 - 1  a r e  d e r i v e d  f rom t h e  above 

a n a l y s i s  i n  e x a c t l y  t h e  same manner  a s  t h e  d e s i g n  e q u a t i o n s  i n  

T a b l e  1 4 . 0 2 - 1  f o r  t h e  wavegu ide  d i r e c t i o n a l  f i l t e r  were d e r i v e d  from the  

a n a l y s i s  i n  S e c .  1 4 . 0 6 .  

The t r a v e l i n g - w a v e  r i n g  r e s o n a t o r  power  g a i n  i s  n u m e r i c a l l y  e q u a l  t o  

I E ~ ~  1' when c, = 0 .  ' Ihe  v a l u e  o f  power ( a i n  g i v e n  i n  Eq. ( 1 4 . 0 5 - 1 )  i s  

o b t a i n e d  when Eq. ( 1 4 . 0 7 - 1 0 )  i s  e v a l u a t e d  f o r  t h i s  c o n d i t i o n .  

SEC.  1 4 . 0 8 ,  DERIVATION OF FORMULAS FOH STRIP-TRANSMISSION- 
LINE DIRECTIONAL FILTERS USING HALF-WAVELENGTH 
AND ONE-WAVELENGTH S T R I P S  

The s t r i p  t r a n s m i s s i o n  l i n e  d i r e c t i o n a l  f i l t e r s  u s i n g  h a l f - w a v e l e n g t h  

and o n e - w a v e l e n g t h  s t r i p s  a r e  mos t  e a s i l y  a n a l y z e d  by c o n s i d e r i n g  t h e  even- 

and odd-mode e x c i t a t i o n  o f  P o r t s  1 and  4  a s  d e s c r i b e d  i n  S e c .  1 4 . 0 3 .  The 
p r e s e n t  a n a l y s i s  w i l l  a s sume  t h a t  t h e  e l e c t r i c a l  s p a c i n g  b e t w e e n  r e s o n a t o r s  

i s  c o n s t a n t  o v e r  t h e  p a s s  band o f  t h e  f i l t e r ,  which i s  e s s e n t i a l l y  c o r r e c t  

f o r  t h e  u s u a l  n a r r o w - b a n d  d i r e c t i o n a l  f i l t e r s .  

R e f e r r i n g  t o  F i g .  1 4 . 0 3 - 1 ,  when an  e v e n  mode wave i s  i n c i d e n t  on 

P o r t s  1 and 4  a t  t h e  r e f e r e n c e  p l a n e s  T1 and  T4 shown i n  t h e  f i g u r e ,  t h e  

wave w i l l  p a s s  by t h e  l e f t - h a n d  r e s o n a t o r  b u t  w i l l  b e  r e f l e c t e d  a t  r e f e r -  
e n c e  p l a n e s  Tg and T2, s i n c e  i t  e x c i t e s  o n l y  t h e  r i g h t - h a n d  s t r i p  i n  a  

r e s o n a n t  mode. S i m i l a r l y ,  when an  odd mode wave i s  i n c i d e n t  on  P o r t s  1 

and 4 ,  i t  w i l l  b e  r e f l e c t e d  a t  r e f e r e n c e  p l a n e s  T1 and T4, s i n c e  i t  e x c i t e S  

o n l y  t h e  l e f t - h a n d  s t r i p  i n  a  r e s o n a n t  mode. 'The v o l t a g e  r e f l e c t i o n  c o e f -  
f i c i e n t  r i n  e a c h  c a s e  a t  t h e  a p p r o p r i a t e  r e f e r e n c e  p l a n e s  w i l l  b e  t h e  

same and can  be  w r i t t e n  a s  

In t h i s  e q u a t i o n  Z i s  t h e  c h a r a c t e r i s t i c  impedance  o f  t h e  main t r a n s m i s s i o n  

l i n e s  and  X i s  t h e  s h u n t  r e a c t a n c e  i n t r o d u c e d  by a  h a l f - w a v e l e n g t h  s t r i p  

r e s o n a t o r  w i t h  i t s  m i d p o i n t  g r o u n d e d , o r  a  f u l l - w a v e l e n g t h  r e s o n a t o r  w i t h  

i t s  m i d p o i n t  o p e n - c i r c u i t e d .  The s h u n t  r e a c t a n c e  p r e s e n t e d  by t h e  h a l f -  

wave leng th  s t r i p  i s  

where C  i s  t h e  c a p a c i t a n c e  o f  t h e  gap  a t  e i t h e r  end  o f  t h e  h a l f - w a v e l e n g t h  

s t r i p  and 2@ i s  i t s  e l e c t r i c a l  l e n g t h .  The s h u n t  r e a c t a n c e  p r e s e n t e d  by 

t h e  o n e - w a v e l e n g t h  s t r i p  i s  

where Cf i s  t h e  c a p a c i t a n c e  a t  e i t h e r  end o f  t h e  o n e - w a v e l e n g t h  s t r i p  and  

2@f i s  i t s  e l e c t r i c a l  l e n g t h .  I n  o r d e r  t h a t  t h e  h a l f - w a v e l e n g t h  and  t h e  

o n e - w a v e l e n g t h  r e s o n a t o r s  have  t h e  same f r e q u e n c y  r e s p o n s e  i t  i s  n e c e s s a r y  

t h a t  Xf = X o v e r  t h e  p a s s  Land:  o r  s t a t e d  a n o t h e r  way, t h e  r e a c t a n c e  s l o p e  

p a r a m e t e r  z must  b e  t h e  same f o r  t h e  two r e s o n a t o r s .  - S i n c e  +f = 2@ i t  c a n  

be shown t h a t  t h i s  c o n d i t i o n  o L t a i n s  when Cf = v'2 C. 

Because  t h e  e v e n -  and odd-mode r e f l e c t e d  waves  add a t  P o r t  4 ,  and  

c a n c e l  a t  P o r t  1, t h e  a t t e n u a t i o n  L A ,  between P o r t  1 and P o r t  4 ,  c a n  h e  

w r i t t e n  e i t h e r  a s  

u s i n g  t h e  p a r a m e t e r s  f o r  t h e  h a l f - w a v e l e n g t h  s t r i p  o r  a s  

u s i n g  t h e  p a r a m e t e r s  f o r  t h e  o n e - w a v e l e n g t h  s t r i p .  E q u a t i o n  ( 1 4 . 0 8 - 4 )  

shows t h a t  t h e  e l e c t r i c a l  l e n g t h  Q0 o f  t h e  h a l f - w a v e l e n g t h  s t r i p  a t  midband 

i s  g i v e n  by 



I 
Similarly, the electrical length $of of the one-wavelength strip at mid- i 
Land is given by 

1 
cot @ O f  = - - 

fiGCzo 

3. 

The bandwidth of either directional filter will now be computed using the 

parameters of the half-wavelength strip. Inspection of Eq. (14.08-4) 4. 

shows that the attenuation increases to 3 db when 5. 

For narrow bandwidth and infinite unloaded Q, the doubly loaded external 8. 

Q, Q: is determined from Eq.  (14.08-5), using Taylor series expansion 9. 

techniques similar to those used in deriving Eqs. (14.06-17) and (14.07-19), 

to be 
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C H A P T E R  1 5  

HIGH- POWER FILTERS 

SEC.  1 5 . 0 1 ,  INTRODUCTION AND GENERAL CONSIDERATIONS 

High -power  mic rowave  r a d a r  t r a n s m i t t e r s  r a d i a t e  an  a p p r e c i a b l e  amount 

of s p u r i o u s  o u t p u t  p o w e r - t h a t  i s ,  f r e q u e n c y  componen t s  o t h e r  t h a n  t h e  

c a r r i e r  f r e q u e n c y  a n d  t h e  no rma l  s i d e b a n d  m o d u l a t i o n  At t h e  

o u t p u t s  o f  t h e s e  t r a n s m i t t e r s  i t  i s  n e c e s s a r y  t o  u s e  h igh -power  f i l t e r s ,  

t h a t ' w i l l  p a s s  t h e  c a r r i e r  f r e q u e n c y  and no rma l  m o d u l a t i o n  componen t s  b u t  

w i l l  s u p p r e s s  t h e  s p u r i o u s  e m i s s i o n s ,  and t h u s  k e e p  them f rom c a u s i n g  

i n t e r f e r e n c e  i n  n e i g h b o r i n g  e q u i p m e n t s .  

Ano the r  a p p l i c a t i o n  o f  h igh -power  f i l t e r s  i s  t o  s y s t e m s  i n  w h i c h  two 

( o r  more )  t r a n s m i t t e r s  o p e r a t i n g  a t  d i f f e r e n t  f r e q u e n c i e s  a r e  r e q u i r e d  t o  

be c o n n e c t e d  t o  a  s i n g l e  a n t e n n a .  T h i s  i s  a n a l o g o u s  t o  t h e  more common 

d i p l e x i n g  ( o r  m u l t i p l e x i n g )  w i t h  s e v e r a l  r e c e i v e r s  c o n n e c t e d  t o  a  s i n g l e  

a n t e n n a ,  w i t h  t h e  a d d i t i o n a l  r e q u i r e m e n t  o f  h i g h  p o w e r - h a n d l i n g  c a p 3 c i t y  

( e i t h e r  h i g h  p u l s e  power ,  o r  h i g h  a v e r a g e  power ,  o r  b o t h ) .  

T h i s  s e c t i o n  p r e s e n t s  t h e  d e s i g n  c o n s i d e r a t i o n s  f o r  h igh -power  f i l t e r s  

and i l l u s t r a t e s  t h e  manner i n  w h i c h  v a r i o u s  t y p e s  o f  f i l t e r s  c a n  be  u t i -  

l i z e d  t o  a c h i e v e  s p e c i f i e d  o b j e c t i v e s .  L a t e r  s e c t i o n s  i n  t h e  c h a p t e r  

p r e s e n t  more d e t a i l e d  i n f o r m a t i o n  o n  t h e  most common t y p e s  o f  h i g h - p o w e r  

f i l t e r s .  

T r a n s m i t t e r  S p u r i o u s  Emissions-Common t y p e s  o f  h i g h - p o w e r  mic rowave  

t r a n s m i t t e r s  i n  u s e  a t  t h e  p r e s e n t  t i m e  a r e  t h e  m a g n e t r o n  o s c i l l a t o r ,  t h e  

k l y s t r o n  a m p l i f i e r  and t h e  t r a v e l i n g - w a v e - t u b e  a m p l i f i e r .  Each o f  t h e s e  

t u b e s  p r o d u c e s  a n  a p p r e c i a b l e  amount o f  power a t  f r e q u e n c i e s  which  a r e  

h a r m o n i c s  o f  t h e  f u n d a m e n t a l  f r e q u e n c y .  I n  a d d i t i o n ,  t h e  magne t ron  o f t e n  

e m i t s  s o - c a l l e d  moding f r e q u e n c i e s  n e a r  t h e  c a r r i e r  f r e q u e n c y  a s  i s  i l l u s -  

t r a t e d  i n  F i g .  1 5 . 0 1 - 1 ,  wh ich  a r e  p r o d u c e d  when t h e  m a g n e t r o n  o s c i l l a t e s  

w e a k l y  i n  modes o t h e r  t h a n  t h e  d e s i r e d  mode. F i g u r e  1 5 . 0 1 - 1  shows t h a t  

t h e  s p u r i o u s  h a r m o n i c  power f rom t h e  magne t ron  d e c r e a s e s  a s  t h e  h a r m o n i c  

f r e q u e n c y  i n c r e a s e s  b u t  t h a t  t h e  power a t  even  h a r m o n i c s  t e n d s  t o  be  l o w e r  

t h a n  t h a t  f rom a d j a c e n t  odd h a r m o n i c s .  The s p u r i o u s  ha rmon ic  power f rom 



ONLY DESIRE0 SIGNAL 

SPURIOUS OUTPUTS DUE 
BOTH "MOOING" A N 0  
SPURIOUS OSCILLATION 

HARMONICS OF 
SPURIOUS OUTPUTS 

/ \  

HARMONIC O F  FUNDAMENTAL 
'FREQUENCY 

FUNDAMENTAL 2 n d  HARMONIC 3 r d  HARMONIC 4th HARMONIC 

1&-3527-540 

SOURCE: Final Report. Contract AF 30(602)-1670, General Electric Company 
(See Ref. 11 by G. Novick and V. G.  Price) 

FIG. 15.01-1 TYPICAL FREQUENCY SPECTRUM OF SIGNALS GENERATED 
BY A MAGNETRON OSCILLATOR 
Note: Fine structure representing the cross rnodulotion product for 
each of the above lines is not shown. 

k l y s t r o n  and t r a v e l i n g - w a v e  t u b e  a m p l i f i e r s  u s u a l l y  d e c r e a s e s  mono ton ica l ly  

a s  t h e  o r d e r  of  t h e  h a r m o n i c  i n c r e a s e s .  The ha rmon ic  power o u t p u t  from a 

k l y s t r o n  t r a n s m i t t e r  i s  shown i n  F i g .  1 5 . 0 1 - 2 .  T h e s e  p a r t i c u l a r  d a t a *  were 

t a k e n  on a  CW k l y s t r o n  a m p l i f i e r ,  b u t  a p p e a r  t o  be  r e p r e s e n t a t i v e  o f  pulsed 

t u b e s  a l s o .  Here  t h e  k l y s t r o n  was f i r s t  s e t  up w i t h o u t  r e g a r d  t o  harmonic 

o u t p u t  ( a s  i t  would be  n o r m a l l y )  a n d  t h e  h a r m o n i c  o u t p u t  was  measu red  

( L i n e s  A ,  F i g .  1 5 . 0 1 - 2 ) .  Then v a r i o u s  e l e c t r o d e  v o l t a g e s  w e r e  a d j u s t e d  and 

t h e  d r i v e  power r e d u c e d  by 3 db  t o  m i n i m i z e  t h e  s e c o n d  h a r m o n i c ,  w i t h o u t  

c h a n g i n g  t h e  f u n d a m e n t a l  power o u t p u t ,  and t h e  ha rmon ic  o u t p u t  was measured 

a g a i n  ( L i n e s  B, F i g .  1 5 . 0 1 - 2 ) .  T h e r e  i s  a  c o n s i d e r a b l e  improvement  ( a t  

l e a s t  1 3  d b ,  and up t o  24 d b ) ,  showing  t h a t  much " f i l t e r i n g "  c a n  be  p e r -  

formed by  a p p r o p r i a t e  a d j u s t m e n t s  on  t h e  t r a n s m i t t e r  a l o n e .  

(1800 M c )  
HARMONlC 

IU-YT.-~S 

SOURCE: Final Report. Contract AF 30(602)-2392 SRI 
(See Ref. 2 0  by L. Young, E. G. ~ r i s t a l :  E. Sharp 
end J. F Cline) 

FIG. 15.01-2 FREQUENCY SPECTRUM OF A KLYSTRON AMPLIFIER 
OUTPUT; (A) AND (B) BEFORE AND AFTER TUBE 
ADJUSTMENT TO MINIMIZE HARMONIC OUTPUT 
WITH CONSTANT FUNDAMENTAL OUTPUT 

The r e l a t i v e  ha rmon ic  power l e v e l s  f r o m  a  h i g h - p o w e r  t r a v e l i n g - w a v e  

t u b e  may b e  a s  much a s  20 db  g r e a t e r  t h a n  t h o s e  f rom a  k l y s t r o n .  s e v e r a 1  



o t h e r  t y p e s  o f  s p u r i o u s  e m i s s i o n s  f rom h i g h - p o w e r  t u b e s  can  o c c u r  and I 3-db 3-db MATCHED 
HYBRID HYBRID / LOAD 

t h e y  have  b e e n  summarized by  T ~ m i ~ a s u . ~  

F r l t e r s  f o r  S u p p r e s s r n g  t h e  S p u r l o u s  E m i s s i ~ n s - F i l t e r s  f o r  t h i s  

p u r p o s e  s h o u l d  i d e a l l y  have  a  l o w - a t t e n u a t i o n  p a s s  band j u s t  w i d e  enough 

t o  p a s s  t h e  c a r r i e r  f r e q u e n c y  and i t s  m o d u l a t i o n  componen t s ,  and t h e v  

REFLECTIVE 
BAND- PASS 

INPUT- FILTER 

/ 

LOAD 
s h o u l d  have  a  s t o p  band t h a t  e x t e n d s  upward o v e r  many o c t a v e s  t o  suppres s  ( a  

REFLECTIVE 
BAND-PASS 

FILTER 
MATCHED 

OUTPUT --+ 
. 

s i m u l t a n e o u s l y  w i t h  a  s i n g l e  f i l t e r ,  and  t h e r e f o r e  v a r i o u s  c o m b i n a t i o n s  of  

f i l t e r s  and a u x i l i a r y  s t r u c t u r e s  of  t h e  t y p e  d e s c r i b e d  below a r e  r e q u i r e d .  

t h e  ha rmon ic  f r e q u e n c i e s .  F u r t h e r m o r e ,  i t  i s  a l w a y s  a e s i r a b l e  and  o f t e n  
TAPERED WAVEGUIDE 

manda to ry  t o  p r e c l u d e  t h e  p o s s i b i l i t y  of  h a v i n g  r e s o n a n c e s  a t  t h e  s p u r i o u s  3-db HIGH-PASS FILTERS 

F i g u r e  1 5 . 0 1 - 3  i s  a s c h e m a t i c  d i a g r a m  of  t h e  most common f i l t e r  com- 

b i n a t i o n s  f o r  h igh -power  a p p l i c a t i o n s .  F i l t e r  c o m b i n a t i o n  ( a )  u t i l i z e s  

two r e f l e c t i v e  b a n d - p a s s  f i l t e r s  and two 3 -db  h y b r i d s .  I n  t h e  p a s s  band, 

power i s  t r a n s f e r r e d  u n a t t e n u a t e d  f rom i n p u t  t o  o u t p u t .  However i n  t h e  

s t o p  b a n d ,  power i s  r e f l e c t e d  f rom t h e  f i l t e r s .  Over t h e  o p e r a t i n g  f r e -  

quency  band o f  t h e  h y b r i d s ,  most  o f  t h i s  r e f l e c t e d  power i s  d i s s i p a t e d  i n  

t h e  l o a d  on t h e  l e f t  and a  good  match i s  p r e s e n t e d  t o  t h e  t r a n s m i t t e r .  

(The t e r m i n a t i o n  a t  t h e  u p p e r  r i g h t  would i d e a l l y  r e c e i v e  no power ;  i t  i s  

i n c l u d e d  t o  a b s o r b  any  s t r a y  power due  t o  mi sma tch  o f  t h e  o u t p u t  l o a d ,  

e t c . )  A t  f r e q u e n c i e s  o u t s i d e  t h e  o p e r a t i n g  band o f  t h e  h y b r i d s ,  an  app re -  

c i a b l e  m i s m a t c h  may e x i s t  a t  t h e  t r a n s m i t t e r .  

- 

F i l t e r  c o m b i n a t i o n  ( b )  u s e s  a  r e f l e c t i v e  l o w - p a s s  f i l t e r ,  a  3 -db  

h y b r i d  and r e s i s t i v e l y  t e r m i n a t e d  t a p e r e d  w a v e g u i d e s  which f u n c t i o n  a s  

h i g h - p a s s   filter^.^ The p a s s  band  o f  t h i s  c o m b i n a t i o n  o c c u r s  when t h e  

l o w - p a s s  f i l t e r  i s  o p e r a t i n g  i n  i t s  p a s s  band and t h e  h i g h - p a s s  f i l t e r s  

a r e  o p e r a t i n g  i n  t h e i r  s t o p  b a n d  and r e f l e c t  a l l  t h e  power i n c i d e n t  on 

them. As f r e q u e n c y  i s  i n c r e a s e d ,  t h e  a t t e n u a t i o n  o f  t h e  c o m b i n a t i o n  i n -  

c r e a s e s  b e c a u s e  t h e  h i g h - p a s s  f i l t e r s  b e g i n  t o  p r o p a g a t e  and most o f  t h e  

power i n c i d e n t  on them i s  d i s s i p a t e d  i n  t h e  ma tched  l o a d s .  However ,  n o t  

a l l  of t h e  unwanted power i s  s o  a b s o r b e d ,  s i n c e  some modes which p r o p a g a t (  

i n  t h e  r e g u l a r  wavegu ide  w i l l  be c u t o f f  i n  t h e  t a p e r e d  g u i d e s .  Any r e -  

f l e c t e d  power i n  t h e  s t o p  band  i s  a l s o  a t t e n u a t e d  by t h e  l o w - p a s s  f i l t e r .  

A r e l a t i v e l y  good match i s  o b t a i n e d  o v e r  t h e  o p e r a t i n g  band of  t h e  3 - d b  
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FILTER FILTER 
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0-db DIRECTIONAL COUPLER 

f r e q u e n c i e s  o c c u r  i n  t h e  t r a n s m i s s i o n  l i n e  b e t w e e n  t h e  h igh -power  s o u r c e  
I 

and t h e  f i l t e r .  The p r e v e n t i o n  o f  s u c h  r e s o n a n c e s  i s  i m p o r t a n t  i f  b r e a k -  *OUTPUT 

OUTPUT + 

INPUT- + 

LOW - PASS 
REFLECTIVE OUTPUT- 

F l LTER 

INPUT + 

FIG. 15.01-3 COMMON FILTER AND COUPLER COMBINATIONS USEFUL IN SUPPRESSING 
SPURIOUS EMISSIONS FROM HIGH-POWER TRANSMITTERS 

down p r o b l e m s  a r e  t o  b e  m i n i m i z e d  and optimum o p e r a t i o n  o f  t h e  t u b e  i s  t o  
INPUT + 

be  a s s u r e d .  I t  i s  u s u a l l y  i m p o s s i b l e  t o  o b t a i n  a l l  t h e s e  c h a r a c t e r i s t i c s  

REFLECTIVE 
LOW - PASS 

FILTER 

- 
NON-RECIPROCAL 

BROAD-BAND 
ISOLATOR 

- 
- 

. 

- 
REFLECTIVE 
BAND- PASS 

FILTER 



h y b r i d s ,  e v e n  t h o u g h  o u t s i d e  t h e i r  o p e r a t i n g  b a n d  an  a p p r e c i a b l e  mismatch 

may e x i s t .  B r a n c h - g u i d e  d i r e c t i o n a l  c o u p l e r s  o f  t h e  t y p e  d e s c r i b e d  in  

C h a p t e r  1 3  a r e  q u i t e  s u i t a b l e  f o r  u s e  i n  t h e  c i r c u i t s  shown i n  

F i g .  l 5 . O l . 3 ( a )  and 1 5 . 0 1 - 3 ( b ) ,  a s  a r e  s h o r t - s l o t  h y b r i d s a  i n  w h i c h  t h e  

c o u p l i n g  a p e r t u r e  i s  i n  t h e  s i d e  w a l l .  

The  f i l t e r  c o m b i n a t i o n  i n  F i g .  1 5 . 0 1 - 3 ( c )  emp loys  a  n o n - r e c i p r o c a l  

b r o a d b a n d  h igh -power  i s o l a t o r a  i n  c o n j u n c t i o n  w i t h  a  r e f l e c t i v e  band -pas s  

f i l t e r .  The  b a n d w i d t h  o f  t h e  i s o l a t o r  wou ld  be  i d e a l l y  much g r e a t e r  t h a n  

t h e  p a s s - b a n d  w i d t h  o f  t h e  r e f l e c t i v e  f i l t e r .  T h u s ,  a  good m a t c h  would 
be  p r e s e n t e d  t o  t h e  t r a n s m i t t e r  o v e r  t h e  o p e r a t i n g  b a n d w i d t h  o f  t h e  

i s o l a t o r .  T.he o p e r a t i n g  b a n d w i d t h  o f  p r e s e n t l y  a v a i l a b l e  i s o l a t o r s  i s  

n o t  g r e a t  enough  f o r  a p p l i c a t i o n s  whe re  h i g h e r  h a r m o n i c s  must  be  a b s o r b e d ,  

a l t h o u g h  i s o l a t o r s  c a n  b e  u s e d  t o  a b s o r b  t h e  s p u r i o u s  e m i s s i o n s  n e a r  t h e  

f u n d a m e n t a l  f r e q u e n c y .  

The f i l t e r  c o m b i n a t i o n  i n  F i g .  1 5 . 0 1 - 3 ( d )  c a s c a d e s  a  l o w - p a s s  r e -  

f l e c t i v e  f i l t e r  and a  l o w - p a s s  d i s s i p a t i v e  f i l t e r  ( i . e . ,  a  f i l t e r  t h a t  

a t t e n u a t e s  by  a b s o r b i n g  power i n c i d e n t  upon i t  a n d  wh ich  i s  t y p i c a l l y  

q u i t e  w e l l  m a t c h e d  b o t h  i n  i t s  p a s s  band  and  i n  i t s  s t o p  b a n d ) .  I n  t h e  
p a s s  b a n d ,  b o t h  o f  t h e s e  f i l t e r s  h a v e  low a t t e n u a t i o n .  The  d i s s i p a t i v e  
f i l t e r  w i l l  t y p i c a l l y  h a v e  r e l a t i v e l y  h i g h  a t t e n u a t i o n  a t  t h e  s e c o n d  and 

t h i r d  h a r m o n i c  f r e q u e n c i e s  and  less a t t e n u a t i o n  a t  t h e  l ower  f r e q u e n c i e s .  

I f  t h e  r e f l e c t i v e  f i l t e r  i s  o f  t h e  w a f f l e - i r o n  t y p e  d e s c r i b e d  i n  S e c .  15 .05 ,  

i t s  h i g h - a t t e n u a t i o n  s t o p  band  may e x t e n d  f r o m  t h e  s e c o n d  h a r m o n i c  up 

t h r o u g h  t h e  t e n t h  h a r m o n i c  o f  t h e  f u n d a m e n t a l  f r e q u e n c y .  I n  t h i s  c a s e ,  
t h e  c o m b i n a t i o n  shown would  b e  d e s i g n e d  s o  t h a t  t h e  w a f f l e - i r o n  f i l t e r  

p r o v i d e s  mos t  o f  t h e  a t t e n u a t i o n  a n d  t h e  d i s s i p a t i v e  f i l t e r  a c t s  p r i m a r i l y  

a s  a  p a d ,  t h u s  p r e s e n t i n g  a  good  ma tch  t o  t h e  t r a n s m i t t e r  a t  t h e  ha rmon ic  

f r e q u e n c i e s .  F o r  a p p l i c a t i o n s  w h e r e  l a r g e  a t t e n u a t i o n  a t  h a r m o n i c s  above  

t h e  t h i r d  i s  n o t  r e q u i r e d ,  t h e  r e f l e c t i v e  f i l t e r  shown i n  F i g .  1 5 . 0 1 - 3 ( d )  

may b e  o m i t t e d  and t h e  l e n g t h  o f  t h e  d i s s i p a t i v e  f i l t e r  may b e  i n c r e a s e d  

t o  p r o v i d e  t h e  n e c e s s a r y  a t t e n u a t i o n  a t  t h e  s e c o n d  and  t h i r d  h a r m o n i c  

f r e q u e n c i e s .  

The  f i l t e r  c o m b i n a t i o n  i n  F i g .  1 5 . 0 1 - 3 ( e )  r e p l a c e s  t h e  l o w - p a s s  d i s s i -  

p a t i v e  f i l t e r  i n  F i g .  1 5 . 0 1 - 3 ( d )  by a  c o u p l e r  w h i c h ,  i n  t h e  f u n d a m e n t a l  

b a n d ,  i s  d i r e c t i o n a l  w i t h  0 -db  c o u p l i n g ,  and whose  g e o m e t r y  is s u c h  t h a t  

power a t  t h e  s e c o n d  h a r m o n i c  a n d  h i g h e r  f r e q u e n c i e s  g o e s  m o s t l y  s t r a i g h t  

t h r o u g h  i n t o  t h e  dummy l o a d ,  i n s t e a d  o f  t o  t h e  r e f l e c t i v e  f i l t e r  a t  t h e  

o u t p u t .  T r a n s v a r  c o u p l e r s ,  b r a n c h - p i d e  c o u p l e r s B z 5  ( C h a p t e r  1 3 ) ,  a n d  

s i d e - w a l l  a n d  t o p - w a l l  s h o r t - s l o t  h y b r i d s  have  b e e n  t r i e d  i n  t h e  c i r c u i t  

o f  F i g .  1 5 . 0 1 - 3 ( e ) .  B r a n c h - g u i d e  c o u p l e r s  h a v e  t h e  a d v a n t a g e  t h a t  

f i l t e r s  c a n  be  b u i l t  i n t o  t h e  b r a n c h e s  t o  improve  t h e  s e p a r a t i o n  b e t w e e n  

t h e  f u n d a m e n t a l  a n d  t h e  h a r m o n i c  f r e q u e n c i e s .  E x p e r i m e n t s  i n d i c a t e  t h a t  

two 3 - d b  s i d e - w a l l  s h o r t - s l o t  c o u p l e r s  c a s c a d e d  t o  f o r m  a 0 - d b  c o u p l e r  

g i v e  r e l a t i v e l y  good p e r f o r m a n c e  i n  t h e  c i r c u i t  i n  F i g .  1 5 . 0 1 - 3 ( e ) ,  b e -  

s i d e s  b e i n g  c o m p a c t  a n d  r e l a t i v e l y  i n e ~ p e n s i v e . ~ ~  

A  d i s s i p a t i v e  f i l t e r  may a l s o  b e  p l a c e d  b e t w e e n  t h e  t r a n s m i t t e r  and 

t h e  f i l t e r  c o m b i n a t i o n s  i n  F i g s .  1 5 . 0 1 - 3 ( a )  and  1 5 . 0 1 - 3 ( b )  t o  improve  t h e  

match  p r e s e n t e d  t o  t h e  t r a n s m i t t e r  a t  f r e q u e n c i e s  o u t s i d e  t h e  o p e r a t i n g  

band o f  t h e  h y b r i d s .  

P l a c e m e n t  of F i l t e r - A  f i l t e r  t o  s u p p r e s s  h a r m o n i c  f r e q u e n c i e s  

s h o u l d  be  p l a c e d  n e a r  t h e  o u t p u t  o f  t h e  s y s t e m  p a s t  t h e  l a s t  n o n l i n e a r  

c i r c u i t  e l e m e n t .  F o r  i n s t a n c e  t h e r e  i s  some e v i d e n c e  t h a t  T R - s w i t c h e s  

g e n e r a t e  s u b s t a n t i a l  amoun t s  o f  h a r m o n i c s ,  s o  t h a t  i t  i s  p r e f e r a b l e  t o  

p u t  t h e  s p u r i o u s - f r e q u e n c y - s u p p r e s s i o n  f i l t e r  b e t w e e n  t h e  d u p l e x e r  and 

t h e  a n t e n n a ,  r a t h e r  t h a n  i m m e d i a t e l y  a f t e r  t h e  t r a n s m i t t e r  a n d  b e f o r e  t h e  

d u p l e x e r .  

SEC.  1 5 .  02 ,  POWER-HANDLING CAPACITY OF VARIOUS 
TRANSMISSION-LINES 

The p o w e r - h a n d l i n g  c a p a c i t y  o f  t r a n s m i s s i o n  l i n e s  ~ r o p a ~ a t i n g  p u l s e d  

s i g n a l s  h a v i n g  s h o r t  d u r a t i o n  ( l e s s  t h a ?  a b o u t  5  m i c r o s e c o n d s )  and  h a v i n g  

a  low a v e r a g e  power l e v e l ,  b u t  a  h i g h  p u l s e - p o w e r  l e v e l ,  i s  u s u a l l y  

l i m i t e d  by b reakdown  d u e  t o  i o n i z a t i o n  o f  t h e  g a s  t h a t  f i l l s  t h e  g u i d e .  

Under  t h e s e  c o n d i t i o n s  t h e r e  i s  n o  a p p r e c i a b l e  h e a t i n g  o f  t h e  w a v e g u i d e .  

The v o l t a g e  g r a d i e n t  a t  wh ich  s u c h  a  b r eakdown  o c c u r s  i n  a i r  i s  a p p r o x i -  

m a t e l y  2 9  kv/cm p e r  a t m o s p h e r e  when t h e  d i s t a n c e  b e t w e e n  e l e c t r o d e s  

i s  much g r e a t e r  t h a n  t h e  o s c i l l a t i o n  d i s t a n c e  o f  f r e e  e l e c t r o n s ,  w h i c h  i n  

t u r n  i s  much g r e a t e r  t h a n  t h e  mean f r e e  p a t h  o f  t h e  e l e c t r o n s .  T h e s e  con -  

d i t i o n s  a r e  s a t i s f i e d  f o r  t h e  common a i r - f i l l e d  w a v e g u i d e s  and c o a x i a l  

l i n e s  o p e r a t i n g  o v e r  t h e  f r e q u e n c y  r a n g e  f rom 1 t o  1 0 0  Gc and  a t  p r e s s u r e s  

f rom 0 . 1  t o  1 0  a t m o s p h e r e s .  The  b reakdown  wh ich  o c c u r s  u n d e r  t h e s e  c i r -  

c u m s t a n c e s  i s  a n  e l e c t r o d e - l e s s  d i s c h a r g e ,  s i n c e  mos t  o f  t h e  f r e e  e l e c t r o n s  

e x e c u t e  many c y c l e s  o f  o s c i l l a t i o n  b e f o r e  r e a c h i n g  a n  e l e c t r o d e .  ~ o u l d ~ ~  

and o t h e r s n  h a v e  made e x t e n s i v e  s t u d i e s  o f  g a s e o u s  b reakdown  phenomena and 



t h e  i n t e r e s t e d  r e a d e r  s h o u l d  c o n s u l t  t h e i r  p u b l i c a t i o n s  f o r  mo,re d e t a i l e d  

i n f o r m a t i o n .  H a r t ,  e t  a l . ,  h a v e  a l s o  m e a s u r e d  t h e  p u l s e - p o w e r  c a p a c i t y  

o f  a  v a r i e t y  o f  wavegu ide  c o m p o n e n t s .  

The o t h e r  c o n d i t i o n  t h a t  i s  n e c e s s a r y  f o r  t h e  i n i t i a t i o n  o f  d i s c h a r g e  

i s  t h e  p r e s e n c e  o f  a  f r e e  e l e c t r o n .  Such a n  e l e c t r o n  w i l l  a l w a y s  b e  sup -  

p l i e d  e v e n t u a l l y  by c o s m i c  r a y  bombardment o r  n a t u r a l  r a d i o a c t i v i t y .  

However,  i t  i s  u s u a l l y  f o u n d  e x p e d i e n t  when mak ing  v o l t a g e  b reakdown  

measu remen t s  t o  s u p p l y  e l e c t r o n s  f rom a  r a d i o a c t i v e  s o u r c e  s u c h  a s  

c o b a l t - 6 0 .  Such  a  s o u r c e  m i g h t  t y p i c a l l y  h a v e  a s t r e n g t h  o f  1 0 0  m i l l i -  

c u r i e s  ( i . e . ,  e m i t  3 . 7  X l o 9  e l e c t r o n s  p e r  s e c o n d ) .  

A  minimum v a l u e  o f  t h e  b r eakdown  f i e l d  s t r e n g t h  o c c u r s  a t  a  p r e s s u r e  

where  t h e  r a d i o  f r e q u e n c y  i s  e q u a l  t o  t h e  g a s  c o l l i s i o n  f r e q u e n c y .  F o r  

a i r  a t  microwave f r e q u e n c i e s ,  t h i s  p r e s s u r e  v a r i e s  l i n e a r l y  f r o m  a  p r e s s u r e  

o f  a p p r o x i m a t e l y  1 mm o f  m e r c u r y  a t  1 Gc t o  a p p r o x i m a t e l y  1 0  mm o f  mercu ry  

a t  1 0  Gc.  At l ower  p r e s s u r e s ,  t h e  breakdown f i e l d  s t r e n g t h  i n c r e a s e s  

r a p i d l y .  A t  p r e s s u r e s  on  t h e  o r d e r  o f  mm o f  m e r c u r y ,  c o r r e s p o n d i n g  

t o  a  good vacuum,  breakdown i s  n o  l o n g e r  due  t o  i o n i z a t i o n  o f  t h e  r e m a i n i n g  

g a s  m o l e c u l e s ,  b u t  t o  o t h e r  mechan i sms .  The e x a c t  mechanism o f  breakdown 

a t  h i g h  vacuum is  n o t  c o m p l e t e l y  u n d e r s t o o d ;  h o w e v e r ,  i t  seems  l i k e l y  t h a t  

t h e  most i m p o r t a n t  p r o c e s s  t h a t  o c c u r s  i s  f i e l d  e m i s s i o n  w h e r e b y  e l e c t r o n s  

a r e  p u l l e d  l o o s e  f rom m e t a l  s u r f a c e s  b y  e l e c t r i c  f i e l d s  h a v i n g  s t r e n g t h s  

of m e g a v o l t s  p e r  cm.% S u c h  f i e l d  s t r e n g t h s  c a n  a r i s e  f r o m  m i n u t e  i r r e g u -  

l a r i t i e s  on t h e  s u r f a c e  e v e n  when t h e  a v e r a g e  f i e l d  s t r e n g t h  o v e r  t h e  

s u r f a c e  i s  much l o w e r .  T h u s ,  i t  i s  v e r y  i m p o r t a n t  i n  e v a c u a t e d 3 '  h igh -power  

f i l t e r s  and t r a n s m i s s i o n  l i n e s  t h a t  t h e  i n s i d e  s u r f a c e s  be  q u i t e  smoo th .  

F o r  smooth  s u r f a c e s  a  breakdown d c - f i e l d  s t r e n g t h  o f  350 kv/cm is o f t e n  

u s e d  a s  a  d e s i g n  v a l u e  i n  h i g h - p o w e r  t u b e s  and i t  seems t h a t  t h i s  i s  a  

r e a s o n a b l e  v a l u e  t o  u s e  f o r  mic rowave  b reakdown  f i e l d  s t r e n g t h s  i n  a  h i g h  

vacuum u n t i l  more d a t a  on t h i s  s u b j e c t  become a v a i l a b l e .  

Ano the r  phenomenon, wh ich  u n d e r  o r d i n a r y  c i r c u m s t a n c e s  w i l l  n o t  ap -  

p r e c i a b l y  r e d u c e  t h e  power t r a n s m i t t e d  t h r o u g h  a n  e v a c u a t e d  h i g h - p o w e r  

t r a n s m i s s i o n  l i n e  o r  f i l t e r ,  is c a l l e d  multipactor. T h i s  i s  a  r e s o n a n t  

s e c o n d a r y - e m i s s i o n  phenomenon w h i c h  o c c u r s  when a n  e l e c t r o n  u n d e r  t h e  a c t i o n  

o f  a n  e l e c t r i c  f i e l d  h a s  a  t r a n s i t  t i m e  b e t w e e n  o p p o s i t e  e l e c t r o d e s  e q u a l  

t o  o n e - h a l f  t h e  p e r i o d  o f  a n  RF c y c l e .  I t  t y p i c a l l y  o c c u r s  a t  RF v o l t a g e s  

o f  t h e  o r d e r  o f  1000  v o l t s .  T h i s  phenomenon h a s  r e c e n t l y  b e e n  u t i l i z e d  t o  

make T R - s w i t c h e ~ . ~  

F i g u r e  1 5 . 0 2 - 1  g i v e s  t h e  p u l s e - p o w e r  c a p a c i t y 3  o f  a  v a r i e t y  o f  

s t a n d a r d  r e c t a n g u l a r  w a v e g u i d e s  o v e r  t h e i r  normal  f r e q u e n c y  b a n d s  when 

f i l l e d  w i t h  a i r  a t  a t m o s p h e r i c  p r e s s u r e ,  wh ich  c a n  be  computed  f rom 

Eq. ( 5 . 0 6 - 1 4 )  on  t h e  a s s u m p t i o n  t h a t  t h e  peak  e l e c t r i c  f i e l d  f o r  b r e a k -  

down i s  29 kv/cm.  The  v a r i o u s  w a v e g u i d e s  a r e  g i v e n  t h e i r  RETMA o r  EIA 

d e s i g n a t i o n  ( w h i c h  i s  t h e  w i d t h  o f  t h e  w a v e g u i d e ,  t o  t h r e e  s i g n i f i c a n t  
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d i g i t s ,  m e a s u r e d  i n  i n c h e s  and  m u l t i p l i e d  b y  1 0 0 ) .  A l s o  shown i s  t h e  
p u l s e - p o w e r  c a p a c i t y  o f  a  44-ohm c o a x i a l  l i n e  [which  c a n  be  compu ted  

f rom Eq. ( 5 . 0 3 - 7 1 1 ,  f o r  t h e  c a s e  o f  a  l i n e  h a v i n g  a  mean c i r c u m f e r e n c e  

o f  o n e  w a v e l e n g t h  ( o u t e r  d i a m e t e r  o f  0 . 4 3 0  w a v e l e n g t h  a n d  i n n e r  d i a m e t e r  

o f  0 . 2 0 6  w a v e l e n g t h ) .  T h i s  i s  t h e  c o a x i a l  l i n e  w i t h  maximum p u l s e - p o w e r  

c a p a c i t y 3 4  when o n l y  t h e  d o m i n a n t  TEM mode i s  t o  b e  a l l o w e d  t o  p r o p a g a t e .  

The h i g h e s t  l i n e  on t h e  c h a r t  i s  computed  f o r  a  h y p o t h e t i c a l  p a r a l l e l -  

s t r i p  wavegu ide  p r o p a g a t i n g  a  TEM mode h a v i n g  a  w i d t h  and h e i g h t  e q u a l  

t o  o n e - h a l f  w a v e l e n g t h .  T h i s  i s  t h e  l a r g e s t  s i z e  g u i d e  t h a t  w i l l  s u p p o r t  
t h e  TEM mode t o  t h e  e x c l u s i o n  o f  h i g h e r  modes.  

The c h a r t  

g i v e s  a  s e r i e s  

0 

(FREON ) 

0 2 

A I R  

g 0.5 

i n  F i g .  1 5 . 0 2 - 2  ( w h i c h  l o o k s  l i k e  a  nomogram b u t  i s  n o t )  

o f  p o w e r - a d j u s t i n g  f a c t o r s 3  f o r  w a v e g u i d e s  and  c o a x i a l  

PLANE 

a W 

a- 

3 

A 

4 

V) 

1 SOURCE: Wheeler Monographs (See Ref. 33 by H. A. Wheeler) 

I 
FIG. 15.02-2 CHART OF FACTORS FOR ADJUSTING POWER CAPACITY ESTIMATES 

The scale of the ordinates is the same as  that in Fig. 15.02-1 

l i n e s  i n  t h e  f r e q u e n c y  r a n g e  o f  1 - 1 0 0  Gc. T h e s e  f a c t o r s  a r e  p l o t t e d  on 

t h e  same l o g a r i t h m i c  s c a l e  a s  t h a t  u s e d  i n  F i g .  1 5 . 0 2 - 1 .  T h e r e f o r e ,  t h e  

s c a l e  r e a d i n g  on t h e  c h a r t  o f  F i g .  1 5 . 0 2 - 1  c a n  be  a d j u s t e d  by t h e  d i s -  

t a n c e  f rom t h e  c e n t e r  on one  o r  more of t h e  s c a l e s  i n  F i g .  1 5 . 0 2 - 2 ,  i n  a  

manner s i m i l a r  t o  m u l t i p l i c a t i o n  on a  s l i d e  r u l e .  The  r e f e r e n c e  c o n d i -  

t i o n  f o r  e a c h  s c a l e  i s  n o t e d  a t  t h e  c e n t e r .  The s t a n d a r d  c o n d i t i o n s  a r e  

a i r ,  20•‹C, one  a t m o s p h e r e  ( z e r o  a l t i t u d e ) ,  p u r e  t r a v e l i n g  wave ( u n i t y  

VSWR o r  0 - d b  VSWR), s t r a i g h t ,  smooth  wavegu ide  ( n o  b e n d ,  no  bump) .  

A s  a n  example  o f  t h e  u s e  o f  t h e s e  c h a r t s ,  we w i l l  d e t e r m i n e  t h e  

amount o f  power t h a t  c a n  be  d e l i v e r e d  t o  a  l o a d  t h r o u g h  a  WR90 wavegu ide  

a t  1 0  Gc f o r  a  s p e c i f i e d  s e t  o f  c o n d i t i o n s .  We assume t h a t  t h e  wavegu ide  

i s  f i l l e d  w i t h  a i r  a t  20•‹C, and  i s  o p e r a t i n g  a t  5 , 0 0 0  f e e t  a l t i t u d e .  A 

VSWR o f  3  d b  e x i s t s  on t h e  l i n e ,  t h e  f a c t o r  o f  s a f e t y  i s  two ,  and a l l  

o t h e r  c o n d i t i o n s  a r e  n o r m a l .  From F i g .  1 5 . 0 2 - 1 ,  we f i n d  t h a t  t h e  p u l s e  

power c a p a c i t y  o f  t h e  g u i d e  i s  1 Mw, t h e  power r a t i o  f o r  o p e r a t i o n  a t  

5 , 0 0 0  f e e t  i s  0 . 7 ,  t h e  power r a t i o  f o r  t h e  3  d b  VSW i s  0 . 7  and t h e  power 

r a t i o  f o r  t h e  s p e c i f i e d  f a c t o r  o f  s a f e t y  i s  0 . 5 .  T h e r e f o r e ,  t h e  p u l s e -  

power c a p a c i t y  becomes  1 Mw X 0 . 7  X 0 . 7  X 0 . 5  = 0 . 2 5  Mw. 

~ o h n '  h a s  compu ted  t h e  s t a t i c  e l e c t r i c  f i e l d  f o r  t w o - d i m e n s i o n a l  

r o u n d e d - c o r n e r  g e o m e t r i e s .  T h e s e  r e s u l t s  may be  a p p l i e d  t o  a c t u a l  f i l t e r  

s t r u c t u r e s  w i t h  s u f f i c i e n t  a c c u r a c y  f o r  p r a c t i c a l  p u r p o s e s  i f  t h e  f o l l o w -  

i n g  two c o n d i t i o n s  a r e  s a t i s f i e d :  ( 1 )  t h e  r o u n d e d - c o r n e r  g e o m e t r y  o f  t h e  

h i g h - p o w e r  f i l t e r  may be  c o n s i d e r e d  t o  be  composed o f  i n f i n i t e  c y l i n -  

d r i c a l  s u r f a c e s ,  and  ( 2 )  t h e  e s s e n t i a l  p o r t i o n s  o f  t h e  r o u n d e d  c o r n e r s  

a r e  s m a l l  i n  t e r m s  o f  w a v e l e n g t h  s o  t h a t  t h e  f i e l d  d i s t r i b u t i o n s  i n  t h e s e  

r e g i o n s  a p p r o x i m a t e  t h e  s t a t i c  f i e l d  d i s t r i b u t i o n s .  

C o h n ' s  r e s u l t s '  a r e  p r e s e n t e d  i n  t e r m s  o f  E , , x /EO,  where  E m a x  i s  t h e  

maximum e l e c t r i c  f i e l d  a t  a  r o u n d e d  c o r n e r  and E o  i s  t h e  r e f e r e n c e  e l e c -  

t r i c  f i e l d  a t  some p o s i t i o n  w e l l  removed f rom t h e  r o u n d e d  c o r n e r .  S i n c e  

t h e  p u l s e - p o w e r  c a p a c i t y  o f  t h e  f i l t e r  i s  p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  

t h e  e l e c t r i c  f i e l d ,  t h e  a d j u s t i n g  f a c t o r  f o r  f i l t e r s  w i t h  r o u n d e d  c o r n e r s  

i s  ( E o / E , , x ) 2 .  Two t y p e s  o f  t w o - d i m e n s i o n a l  c u r v e d  b o u n d a r i e s  a r e  c o n -  

s i d e r e d :  ( 1 )  t h e  optimum b o u n d a r y  s h a p e  which  y i e l d s  c o n s t a n t  e l e c t r i c  

f i e l d  o v e r  t h e  c u r v e d  s u r f a c e ,  and  ( 2 )  an  a p p r o x i m a t e l y  c i r c u l a r  c r o s s -  

s e c t i o n  s h a p e  wh ich  would  be  u s e d  i n  most p r a c t i c a l  f i l t e r  s t r u c t u r e s .  A 

c u r v e  f o r  a  t h r e e - d i m e n s i o n a l  s p h e r i c a l - c o r n e r  g e o m e t r y  w i l l  be  g i v e n  i n  

S e c .  1 5 . 0 5 .  



One t y p e  o f  c u r v e d  b o u n d a r y  t h a t  a r i s e s  i n  h igh -power  f i l t e r s  i s  

i l l u s t r a t e d  i n  F i g .  1 5 . 0 2 - 3 ;  i t  c o n s i s t s  o f  an  a r r a y  o f  1 8 0 - d e g r e e  c o r n e r s .  

The s h a p e s  of  t h e s e  c o r n e r s  a r e  a d j u s t e d  f o r  c o n s t a n t  e l e c t r i c  f i e l d  

s t r e n g t h  a l o n g  t h e i r  c u r v e d  p o r t i o n s .  C u r v e s  g i v i n g  t h e  s h a p e s  o f  t h e s e  

c o r n e r s  i n  more d e t a i l  a r e  p r e s e n t e d  i n  F i g .  1 5 . 0 2 - 4 .  The c o n s t a n t  

e l e c t r i c - f i e l d  s t r e n g t h  E l n x  a l o n g  t h e  c u r v e d  b o u n d a r i e s  t u r n s  o u t  t o  be  

v e r y  s i m p l y  r e l a t e d  t o  t h e  u n i f o r m  f i e l d  E o  w e l l  be low t h e  a r r a y  a s  f o l l o w s :  

On t h e  s t r a i g h t  v e r t  

r a p i d l y .  

Ano the r  t y p e  o f  

i c a l  b o u n d a r i e s  t h e  e l e c t r i c  f i e l d  d r o p s  o f f  v e r y  

rounded  c o r n e r  c o n f i g u r a t i o n  o f t e n  e n c o u n t e r e d  i s  t h e  

rounded  c o r n e r  n e a r  a n  e l e c t r i c  w a l l .  The  r a t i o  E,,,/EO f o r  t h i s  t y p e  of 

c o r n e r  i s  shown i n  F i g .  1 5 . 0 2 - 5  b o t h  f o r  t h e  optimum- o r  u n i f o r m - f i e l d -  

s t r e n g t h  c o r n e r  and t h e  a p p r o x i m a t e l y  c i r c u l a r  c o r n e r .  A l s o  shown i s  t h e  

d e f i n i n g  r a d i u s  f o r  t h e  u n i f o r m - f i e l d - s t r e n g t h  c o r n e r .  I t  i s  s e e n  t h a t  

t h e  E m a x / E o  f o r  t h e  a p p r o x i m a t e l y  c i r c u l a r  b o u n d a r y  i s  n o t  v e r y  much 

g r e a t e r  t h a n  f o r  t h e  u n i f o r m - f i e l d - s t r e n g t h  b o u n d a r y .  S i n c e  t h e  u n i f o r m -  

f i e l d - s t r e n g t h  b o u n d a r y  i s  much h a r d e r  t o  m a c h i n e ,  t h e  c i r c u l a r  bounda ry  

would p r o b a b l y  be  u s e d  i n  most a p p l i c a t i o n s .  

An a b r u p t  c h a n g e  i n  h e i g h t  o f  a  wavegu ide  ( c a s e  o f  r a d i u s  r = O ) ,  o r  

i n  d i a m e t e r  o f  a  c o a x i a l  l i n e  ( c a s e s  o f  r = O ) ,  h a s  an  e q u i v a l e n t  c i r c u i t  

c o n s i s t i n g  s i m p l y  o f  a  s h u n t  c a p a c i t i v e  s u s c e p t a n c e  B  

p l a n e s  c o r r e s p o n d i n g  w i t h  t h e  s t e p  i t s e l f .  G r a p h i c a l  

wavegu ide  d i s c o n t i n u i t y  a r e  g i v e n  i n  F i g .  5 . 0 7 - 1 1 ,  wh 

d i s c o n t i n u i t y  c a p a c i t a n c e  i n  a  c o a x i a l  l i n e  i s  g i v e n  

rounded  c o r n e r  of  t h e  t y p e  shown i n  F i g .  1 5 . 0 2 - 5  w i l l  

c e p t a n c e  o f  a  s h a r p  c o r n e r  r e d u c e d  by t h e  a m o u n t A B .  

r = O  a t  r e f e r e n c e  

d a t a  f o r  s u c h  a  

l e  t h e  e q u i v a l e n t  

n  F i g .  5 . 0 7 - 2 .  A 

have  t h e  s h u n t  s u s -  

o f  AB f o r  The v a l u e  

a  rounded  c o r n e r  i n  wavegu ide  i s  p l o t t e d  i n  F i g .  1 5 . 0 2 - 6 .  Thus  

s u s c e p t a n c e  B  o f  t h e  rounded  c o r n e r  i s  

, t h e  t o t a l  

( 1 5 . 0 2 - 2 )  

SOURCE: IRE Trans. PCMTT (See Ref. 35 by S. B. Cohn) 

FIG. 15.02-3 ARRAYS OF ROUNDED 180-DEGREE CORNERS SHAPED FOR CONSTANT 
ELECTRIC FIELD 
The shapes of the curved surfaces are given in Fig. 15.02-4 

Note  t h a t A B  is  a  n e g a t i v e  number .  Rounding t h e  c o r n e r  a l s o  r e s u l t s  i n  

an  i n c r e a s e  i n  s t o r e d  m a g n e t i c  e n e r g y .  T h i s  may be  t a k e n  i n t o  a c c o u n t  by 



SOURCE: IRE Trans. PGMTT (See Ref. 35 by S. B. Cohn) 

FIG. 15.02-5 PLOT OF E,,,/Eo FOR ROUNDED 90-DEGREE CORNER NEAR AN 
ELECTRIC WALL; ALSO, r,/r, FOR A UNIFORM-FIELD-STRENGTH 
BOUNDARY 
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SOURCE: IRE Trans. PGMTT (Sac Ref. 35 by S.  B.  Cohn) 

FIG. 15.02-6 CAPACITIVE SUSCEPTANCE CORRECTION AND EQUIVALENT 
CIRCUITS FOR ROUNDED STEP IN WAVEGUIDE 

adding a series-inductive element in the equivalent circuit at the 

reference plane of the step, or by a shift of one of the reference 

planes and modification of B. These alternative equivalent circuits 

are shown in Fig. 15 .02 -6 .  Values of ABshown are accurate for 

r 5 ( b l  - b2)/4, and for X/Zo2 < 0 . 3 ,  where Z O 2  = 1/YO2. The final type 
of rounded-corner geometry considered is the rounded corner near a 

magnetic wall. A graph giving the field strengths and defining radii 

for the uniform field strength boundary is given in Fig. 15 .02 -7 .  Com- 

paring this figure with Fig. 1 5 . 0 2 - 5 ,  it is seen that the field 

strengths near the magnetic wall are slightly higher than those near 

the electric w a l l .  

The average power rating of transmission lines is determined by 
I 

the permissible temperature rise in their walls. 36, 37 Curves giving the 
I 

average power rating for copper waveguide for various conductor temper- 

ature rises are given in Fig. 15 .02 -8 .  In deriving these curves, it was 

assumed that the heat is transferred from the waveguide only by thermal 

convection and thermal radiation, and that the emissivity of the wave- 

guide walls is 0 . 3 .  An additional assumption is that the dissipation of 

power per unit area in the walls is uniform for all walls. When the 

ambient temperature is different from the assumed reference of 40•‹C the 

curves of Fig. 1 5 . 0 2 - 9  can be used to determine the correction factor F 
for the average power rating. 

1.2 - (UNIFORM - FIELD- STRENGTH 
BOUNDARY I 

1 .o I I I 1 I 0 
9 0.2 0.4 0.6 0.8 1.0 1.2 

SOURCE: IRE Trans.  PGM'I'T (See Ref. 35 b y  S .  B. Cohn) 

FIG. 15.02-7 PLOT OF E,,,/Eo FOR ROUNDED 90-DEGREE CORNER NEAR 
A MAGNETIC WALL; ALSO, r,/r, FOR A UNIFORM-FIELD- 
STRENGTH BOUNDARY 



SOURCE: IRE Trans. PGMTT (See Ref. 36 by H. E. King) 
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FIG. 15.02-8 THEORETICAL CURVES OF THE AVERAGE POWER RATING FOR COPPER 
RECTANGULAR WAVEGUIDE OPERATING IN THE TE lo  MODE WITH UNITY 
VSWR AT AN AMBIENT TEMPERATURE OF 40•‹C, FOR VARIOUS TEMPERATURE 
RISES (THE WAVEGUIDES ARE LISTED BY THEIR RETMA DESIGNATION) 
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3 5 

FIG. 15.02-9 CORRECTION FACTOR CURVE FOR 
AVERAGE POWER RATING OF 
RECTANGULAR WAVEGUIDE FOR 
VARIOUS AMBIENT TEMPERATURES 
ANDCONDUCTOR WALL TEMPERATURES 

S t a n d i n g  waves  i n  t h e  wavegu ide  r e d u c e  t h e  a v e r a g e  power r a t i n g  of 

w a v e g u i d e s  f o r  a  g i v e n  p e r m i s s i b l e  t e m p e r a t u r e  r i s e  b e c a u s e  t h e y  p r o d u c e  

l o c a l  h o t  s p o t s  a l o n g  t h e  w a l l .  

t-i- -7 - 

The h e a t  c o n d u c t i v i t y  o f  t h e  c o p p e r  w a v e g u i d e s  i s  s u f f i c i e n t l y  

g r e a t  t h a t  a n  a p p r e c i a b l e  amount o f  h e a t  f l o w s  a x i a l l y  f rom t h e s e  h o t  

s p o t s ,  t h u s  r e d u c i n g  t h e i r  t e m p e r a t u r e .  The d e r a t i n g  f a c t o r  t h a t  must 

be  a p p l i e d  t o  wavegu ide  f o r  v a r i o u s  v a l u e s  o f  VS\"R i s  shown i n  

F i g .  1 5 . 0 2 - 1 0  and  F i g .  1 5 . 0 2 - 1 1  f o r  b o t h  a  c o p p e r  wavegu ide  a n d  a  hypo- 

t h e t i c a l  w a v e g u i d e  i n  wh ich  t h e r e  i s  no  a x i a l  h e a t  t r a n s f e r .  The c u r v e s  

i n  F i g .  1 5 . 0 2 - 1 0  a p p l y  t o  t h e  c a s e  whe re  t h e  amount  o f  power d e l i v e r e d  

t o  t h e  l o a d  i s  a  c o n s t a n t  w h i l e  t h o s e  i n  F i g .  1 5 . 0 2 - 1 1  a p p l y  when t h e  

amount o f  power i n c i d e n t  on t h e  wavegu ide  i s  c o n s t a n t .  

To, AMBIENT TEMPERATURE 
T,, CONDUCTOR WALL TEMPERATURE - 

0 
1.0 1.5 2 .0  2.5 3.0 3.5 4.0 4.5 

VSWR 
R4-3527-541 

SOURCE: IRE Trans. PGYTT (See R e f .  36 by H. E. King) 

FIG. 15.02-10 POWER DERATING FACTOR DUE TO VSWR FOR THE 
CONDITION THAT A CONSTANT POWER IS TO BE 
DELIVERED TO THE LOAD 

VSWR 
RA-3521-548 

SOURCE: IRE Trans. PGMTT (See R e f .  36 by H. E. King) 

FIG. 15.02-11 POWER DERATING FACTOR DUE TO VSWR FOR THE 
CONDITION THAT A CONSTANT POWER IS INCIDENT 
ON THE WAVEGUIDE 



D i r e c t i o n a l  C o u p l e r s - D i r e c t i o n a l  c o u p l e r s  a r e  shown i n  s e v e r a l  of  

t h e  c i r c u i t s  i n  F i g .  1 5 . 0 1 - 3 .  Not much i s  known a b o u t  t h e  p o w e r - h a n d l i n g  

c a p a c i t y  of  s h o r t - s l o t  c o u p l e r s .  E s t i m a t e s *  f o r  t h e  3 - d b  s i d e - w a l l  

c o u p l e r  r a n g e  f rom f u l l  l i n e  power down t o  o n e - t h i r d  l i n e  power .  The 

3 -db  t o p - w a l l  c o u p l e r  i s  less  w e l l - s u i t e d  f o r  h a n d l i n g  h i g h  power and 

w i l l  b r e a k  down a t  a b o u t  o n e - q u a r t e r  f u l l  l i n e  power .  

The p o w e r - h a n d l i n g  c a p a c i t y  o f  b r a n c h - l i n e  c o u p l e r s  i s  a p p r o x i m a t e l y  

i n d e p e n d e n t  of  t h e  c o u p l i n g  r a t i o  and t h e  b r a n c h - t o - t h r o u g h - g u i d e  impedance 

r a t i o s .  I n  wavegu ide  i t  i s  d e t e r m i n e d  l a r g e l y  by t h e  r a d i i  o f  t h e  c o r n e r s  

a t  t h e  T - j u n c t i o n s ,  and c a n  b e  e s t i m a t e d  f rom F i g .  1 5 . 0 2 - 5 .  T h e  power-  

h a n d l i n g  c a p a c i t y  c a n  r e a d i l y  b e  made e q u a l  t o  40  p e r c e n t  of  l i n e  power 

a s  i n  t h e  example  i n  S e c .  1 3 . 1 4 ,  and c o u l d  p r o b a b l y  be  i n c r e a s e d  t o  60 o r  

7 0  p e r c e n t  by  d o u b l i n g  t h e  c o r n e r  r a d i u s  u s e d  i n  t h a t  example .  

SEC. 1 5 . 0 3 ,  THEORETICAL PULSE-POWER CAPACITY OF DIRECT- 
COUPLED- RESONATOR FILTERS 

T h i s  s e c t i o n  w i l l  d i s c u s s  t h e  p u l s e - p o w e r  c a p a c i t y  of b a n d - p a s s  

f i l t e r s  o f  t h e  t y p e  shown i n  F i g .  1 5 . 0 3 - l ( a )  h a v i n g  a  f r e q u e n c y  r e s p o n s e  

such  a s  t h e  b a n d - p a s s  r e s p o n s e  i n  F i g .  1 5 . 0 3 - l ( b ) .  The d e s i g n  i n f o r m a t i o n  

w i l l  b e  p r e s e n t e d  p r i m a r i l y  f o r  na r row-band  f i l t e r s  i n  t e r m s  o f  t h e  e l e -  

ment v a l u e s  g k  o f  t h e  l o w - p a s s  p r o t o t y p e  f i l t e r  shown i n  F i g .  1 5 . 0 3 - l ( c ) .  

The c a v i t i e s  c o n s t i t u t i n g  t h e  f i l t e r  c a n  b e  f a b r i c a t e d  f rom t r a n s m i s s i o n  

l i n e s  h a v i n g  any  c r o s s - s e c t i o n a l  s h a p e ,  and t h e  t e r m i n a t i n g  t r a n s m i s s i o n  

l i n e s  c a n  h a v e  t h e  same,  o r  a  d i f f e r e n t  c r o s s  s e c t i o n .  

The p u l s e - p o w e r  c a p a c i t y  i s  l i m i t e d  by  v o l t a g e  breakdown a t  t h e  po- 

s i t i o n s  of  h i g h  e l e c t r i c  f i e l d  w i t h i n  t h e  f i l t e r .  When t h e  u s u a l  i n d u c t i v e  

c o u p l i n g  a p e r t u r e s  a r e  u s e d  b e t w e e n  t h e  c a v i t i e s ,  t h e  peak e l e c t r i c  f i e l d s  

do  n o t  o c c u r  i n  t h e  a p e r t u r e s  b u t  r a t h e r  w i t h i n  t h e  c a v i t i e s  t h e m s e l v e s  a s  

i n d i c a t e d  s c h e m a t i c a l l y  i n  F i g .  1 5 . 0 3 - l ( a ) .  

Pu l se -Power  C a p a c i t y  a t  Midband of Narrow-Band F i l t e r s - P o w e r  han -  

d l i n g  may become a  s e v e r e  p r o b l e m  i n  n a r r o w - b a n d  f i l t e r s .  Most n a r r o w -  

band f i l t e r  d e s i g n s  a r e  b a s e d  on a  l o w - p a s s  p r o t o t y p e  c i r c u i t  ( C h a p t e r  41 ,  

and t h e y  a r e  u s u a l l y  w e l l - m a t c h e d  a t  midband.  We s h a l l  t h e r e f o r e  f i r s t  

r e s t r i c t  o u r s e l v e s  t o  n a r r o w - b a n d  f i l t e r s  wh ich  a r e  r e f l e c t i o n l e s s  a t  

midband. An e x a c t  g e n e r a l  f o r m u l a  w i l l  b e  g i v e n  l a t e r  [Eq. ( 1 5 . 0 3 - 4 ) l .  

* 
P r i v a t e  c o m u n i e a t i o n  from H.  J .  R i b l e t  t o  L. Young ( J u l y  9 ,  1962).  (Note  added i n  proof:  A r e c e n t  
measurement b y  SRI, i n  a d i r e c t  comparison w i t h  uniform waveguide, g i v e s  about  70-percent  o f  l i n e  
power f o r  the  s i d e - w a l l  c o u p l e r ,  and about  4 0 - p e r c e n t  f o r  the  t o p - w a l l  c o u p l e r . )  

91.0 

TERMINATING LINES 

--- 
I 

(a) WAVEGUIDE BAND-PASS FILTER 

( b) LOW-PASS PROTOTYPE RESPONSE AND CORRESPONDING 
BAND-PASS FILTER RESPONSE 

( c )  LOW-PASS PROTOTYPE FILTER km-mu-50s 

FIG. 15.03-1 WAVEGUIDE BAND-PASS FILTER AND EQUIVAL~NT LOW-PASS PROTOTYPE 



We w i l l  d e f i n e  P q k  a s  t h e  p u l s e  power ( i . e . ,  t h e  power l e v e l  d u r i n g  

a  s h o r t  p u l s e )  t h a t  c o u l d  b e  t r a n s m i t t e d  t h r o u g h  an  n - c a v i t y  f i l t e r  a t  

t h e  o n s e t  o f  v o l t a g e  breakdown i n  C a v i t y  k .  Then i t  w i l l  b e  shown a t  

t h e  end o f  t h i s  s e c t i o n  ( a n  i n d e p e n d e n t  p r o o f  i s  a l s o  g i v e n  i n  R e f .  3 8 )  

t h a t  a t  t h e  midband f r e q u e n c y  f o ,  

where  P i k  i s  t h e  p u l s e - p o w e r  c a p a c i t y  o f  a  ma tched  waveguide  h a v i n g  t h e  

same c r o s s  s e c t i o n  a s  t h e  c a v i t y ,  ( P q k ) O  i s  P q k  f o r  f f O ,  A g o  i s  t h e  

g u i d e  w a v e l e n g t h  i n  t h e  c a v i t y  a t  f,,, A, i s  t h e  f r e e - s p a c e  w a v e l e n g t h  a t  

f o ,  m is t h e  l e n g t h  o f  t h e  c a v i t y  measured i n  h a l f  g u i d e  w a v e l e n g t h s ,  

t h e  f r a c t i o n a l  b a n d w i d t h  i s  w = ( 0 2  - ~ , ~ ) / w ~ ,  and g k  i s  t h e  c o r r e s p o n d i n g  

e l e m e n t  i n  t h e  e q u i v a l e n t  l o w - p a s s  p r o t o t y p e  c i r c u i t ,  h a v i n g  e l e m e n t  

v a l u e s  n o r m a l i z e d  s o  t h a t  g o  = 1.  Because  t h e  v a l u e s  of  g k  a r e  n o t  

n e c e s s a r i l y  t h e  same f o r  e a c h  e l e m e n t  i n  t h e  l o w - p a s s  p r o t o t y p e ,  t h e  

p u l s e - p o w e r  c a p a c i t y  o f  t h e  o v e r - a l l  f i l t e r  is  l i m i t e d  by v o l t a g e  b r e a k -  

down i n  t h e  c a v i t y  a s s o c i a t e d  w i t h  t h e  l a r g e s t  v a l u e  o f  g k .  When a l l  t h e  

e l e m e n t s  i n  t h e  l o w - p a s s  p r o t o t y p e  a r e  e q u a l ,  t h e  midband p u l s e - p o w e r  

c a p a c i t y  o f  t h e  f i l t e r  i s  max imized  f o r  a  g i v e n  o f f - c h a n n e l  s e l e c t i v i t y .  

Use o f  t h e  e q u a l - e l e m e n t  l o w - p a s s  p r o t o t y p e  a l s o  r e s u l t s  i n  a p p r o x i m a t e l y  

t h e  minimum midband d i s s i p a t i o n  l o s s  (AL*) , , ,  f o r  g i v e n  r e s o n a t o r  Q ' s  and 

o f f - c h a n n e l  r e j e c t i o n ,  a s  d i s c u s s e d  i n  S e c .  1 1 . 0 7  and S e c .  6 . 1 4 .  

T a b l e  1 5 . 0 3 - 1  g i v e s  f o r m u l a s  f o r  t h e  p u l s e - p o w e r  r a t i n g s  P '  o f  some 

common t r a n s m i s s i o n  l i n e s .  The  midband p u l s e - p o w e r  r a t i n g s  ( P  ) o f  t h e  
q k  0 

c a v i t y  r e s o n a t o r s  c o n s t r u c t e d  f r o m  them a s  computed f rom Eq .  ( 1 5 . 0 3 - 1 )  

a r e  a l s o  p r e s e n t e d .  As i s  p o i n t e d  o u t  l a t e r  i n  t h i s  s e c t i o n ,  t h e  power 

c a p a c i t y  n e a r  band e d g e  i s  l e s s  t h a n  t h a t  a t  midband.  T a b l e  1 5 . 0 3 - 1  

g i v e s  a l l  d i m e n s i o n s  i n  c e n t i m e t e r s ,  f r e q u e n c i e s  i n  g i g a c y c l e s  and powers 

i n  megawa t t s .  The componen t s  a r e  assumed t o  b e  f i l l e d  w i t h  a i r  a t  a tmos-  

p h e r i c  p r e s s u r e  s o  t h a t  t h e  p e a k  v o l t a g e  g r a d i e n t  i s  t a k e n  a s  29 kv/cm. 

The f a c t o r  A g / { A [ l  - ( A / A 6 ) 2 3 )  which  o c c u r s  i n  t h e  r i g h t - h a n d  column o f  

T a b l e  1 5 . 0 3 - 1  i s  a  d i m e n s i o n l e s s  f u n c t i o n  o f  t h e  w a v e l e n g t h - t o - c u t o f f  

w a v e l e n g t h  r a t i o ,  and w i l l  g e n e r a l l y  l i e  be tween  3 and 4 .  

The midband p u l s e - p o w e r  c a p a c i t y  ( P q L ) O  o f  t h e  a i r - f i l l e d  c a v i t i e s  

o p e r a t i n g  a t  a t m o s p h e r i c  p r e s s u r e  i s  a l s o  p l o t t e d  f o r  c o n v e n i e n c e  i n  

T a b l e  1 5 . 0 3 - 1  

PULSE-POWER RATING OF SOME COMMON TRANSMISSION LINES ANI) 

CAVITY RESONATORS CONSTRUCTED FROM THEM 
( B a s e d  on a Peak V o l t a g e  Gradient  o f  2 9  kv/cm)  

N o t e :  D i m e n s i o n s  and w a v c l e n g t h s  a r e  i n  cm.  r = f r a c t i o n a l  bandwidth E ( w  - W1)/wo 
F r e q a ~ . n c i e s  f, and f  a r e  i n  g i g a c y c l e s .  = ( f 2  - f l ) / f 0 .  
P: a n d  (Pqk),, are i n c m e g a w a t t s .  n = number o f  h a l f - w a v e l e n g t h s  ~n r e s o n a t o r s ,  
f c  = c u t o f f  f r e q u e n c y  o f  g u i d e .  g b ,  and o' are d e f i n e d  i n  F i g .  15.03-1,  

w h e r e l t h c  gk are  assumed t o  b e  n o r m a l i z e d  
s o  t h a t  go = 1. 
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F i g .  1 5 . 0 3 - 2 .  I n  t h i s  f i g u r e  f r e q u e n c i e s  a r e  i n  g i g a c y c l e s  and powers  

i n  megawa t t s .  I f  t h e  c a v i t i e s  a r e  f i l l e d  w i t h  some o t h e r  g a s ,  o r  a r e  

o p e r a t e d  a t  a  d i f f e r e n . t  p r e s s u r e  t h e  power a d j u s t i n g  f a c t o r s  i n  

F i g .  1 5 . 0 2 - 2  may be  employed i n  c o n j u n c t i o n  w i t h  F i g .  1 5 . 0 3 - 2  t o  d e t e r m i n e  

t h e  midband power c a p a c i t y  o f  t h e  f i l t e r .  

Pu l se -Power  C a p a c i t y  of Narrow-Band F i l t e r s  a s  a F u n c t i o n  of  

Frequency-The peak e l e c t r i c  f i e l d s  i n  t h e  v a r i o u s  c a v i t i e s  o f  a  band-  

p a s s  f i l t e r  v a r y  w i t h  f r e q u e n c y .  A p a r t i c u l a r l y  s i m p l e  way t o  c a l c u l a t e  

t h i s  v a r i a t i o n  i n  na r row-band  f i l t e r s  i s  t o  make u s e  o f  t h e  f a c t  t h a t  t h e  

peak  e l e c t r i c  f i e l d s  i n  t h e  c a v i t i e s  a r e  p r o p o r t i o n a l  t o  t h e  v o l t a g e s  

a c r o s s  t h e  c a p a c i t a n c e s  and t h e  c u r r e n t s  t h r o u g h  t h e  i n d u c t a n c e s  i n  t h e  

l o w - p a s s  p r o t o t y p e .  39 

F i g u r e  1 5 . 0 3 - 3  i s  a  p l o t  o f  \ t he  s q u a r e  o f  t h e  n o r m a l i z e d  p e a k  e l e c t r i c  

f i e l d s  i n  t h e  c a v i t i e s  o f  a  t h r e e - c a v i t y  f i l t e r ,  whose l o w - p a s s  p r o t o t y p e  

h a s  e l e m e n t  v a l u e s  g o ,  g , ,  g , ,  g , ,  and g4 dl e q u a l  t o  u n i t y .  The c u r v e s  

a r e  p l o t t e d  a g a i n s t  t h e  a n g u l a r  f r e q u e n c y  v a r i a b l e  w' of  t h e  l o w - p a s s  

p r o t o t y p e .  A l s o  i n c l u d e d  f o r  r e f e r e n c e  i s  t h e  i n s e r t i o n - l o s s  c h a r a c t e r -  

i s t i c  o f  t h e  l o w - p a s s  p r o t o t y p e .  The a n a l y t i c  e x p r e s s i o n s  f o r  t h e  s q u a r e  

of  t h e  n o r m a l i z e d  peak e l e c t r i c  f i e l d s  i n  t h e  t h r e e  c a v i t i e s  a r e  

The t r a n s d u c e r  l o s s  r a t i o  P a v a i l / P O U t  i s  g i v e n  by 

' a v a i l  w 1 2 ( 1  - u ' 2 ) 2  
- -  - 1 +  

p o u t  4  

R e f e r e n c e  t o  F i g .  1 5 . 0 3 - 3  shows t h a t  t h e  s q u a r e  o f  t h e  n o r m a l i z e d  peak 

e l e c t r i c  f i e l d  i n  C a v i t y  2  f o r  w' = 1 . 2 4  r i s e s  t o  2 .25  t i m e s  t h e  midband 

v a l u e .  T h e r e f o r e ,  t h e  p u l s e - p o w e r  c a p a c i t y  o f  t h i s  f i l t e r  i s  o n l y  

0 . 4 4 5  t i m e s  t h e  midband v a l u e  of  P g 2  d e t e r m i n e d  f rom F i g .  1 5 . 0 3 - 2 .  

SOURCE: Technical Note 2, Contract AF 30(602)-1998. SRI 
(See Ref .  38 by E.  M. T. Jones) 

FIG. 15.03-2 MIDBAND PULSE-POWER CAPACITY (Psk)O O F  AN n-CAVITY F l  LTER 
A T  THE ONSET OF  BREAKDOWN IN CAVITY k (BASED ON PEAK 
VOLTAGE GRADIENT OF  29 kv/cm) 
See Table 15.03-1 for definit ions of parameters 



SOURCE: Technical Note 2 ,  
(See Ref. 38 by E. 

Contract AF 30(602)-1998 SRI 
M. T. Jones) 

FIG. 15.03-3 THE SQUARE OF THE PEAK ELECTRIC FIELD AS A FUNCTION OF 
FREQUENCY IN A THREE-CAVITY FILTER HAVING AN EQUAL- 
ELEMENT LOW-PASS PROTOTYPE 

F z l t e r s  of A r b i t r a r y  B a n d w i d t h - I t  is p o s s i b l e  t o  d e t e r m i n e  e x a c t l y  

t h e  p e a k  e l e c t r i c  f i e l d s  i n  t r a n s m i s s i o n - l i n e  r e s o n a t o r s  o f  b a n d - p a s s  

f i l t e r s  h a v i n g  a r b i t r a r y  b a n d w i d t h ,  b o t h  a t  m i d b a n d  a n d  a t  a n y  o t h e r  

f r e q ~ e n c y . ~  One c o m p u t e s  t h e  i n t e r n a l  v o l t a g e  s t a n d i n g - w a v e  r a t i o s  S k  

( S e c .  6 . 1 4 )  s e e n  l o o k i n g  t o w a r d  t h e  l o a d  i n  e a c h  c a v i t y .  T h e n  o n e  com- 

p u t e s  t h e  r a t i o  P b k / P q k  i n  e a c h  c a v i t y  f r o m  t h e  r e l a t i o n  

w h e r e  P i k  i s  a g a i n  t h e  power  r a t i n g  o f  a  m a t c h e d  w a v e g u i d e  w i t h  t h e  s a m e  

c r o s s  s e c t i o n  a s  c a v i t y  r e s o n a t o r  k .  T h e  e q u i v a l e n t  power  r a t i o  ( E . P . R . )  

i s  d e f i n e d  a s  t h e  r a t i o  o f  P i k  t o  t h e  maximum i n c i d e n t  ( o r  a v a i l a b l e )  

power w h i c h  c a n  b e  h a n d l e d  w i t h o u t  b r e a k d o w n ,  

s i n c e  t h e  p o w e r ,  P q k ,  t r a n s m i t t e d  t o  t h e  l o a d ,  i s  t h e  i n c i d e n t  power  t i m e s  

( 1  - I P o  1 2 ) ,  p o  b e i n g  t h e  i n p u t  r e f l e c t i o n  c o e f f i c i e n t .  

The  m i d b a n d  v a l u e s  o f  t h e  i n t e r n a l  VSWR's S k  a r e  e a s i l y  d e t e r m i n e d  

f o r  s y n c h r o n o u s  f i l t e r s  a s  i n  S e c .  6 . 1 4 ,  a n d  t h e  s a m e  S k  t h e n  g i v e  t h e  

p u l s e - p o w e r  h a n d l i n g  c a p a c i t y  d i r e c t l y  f r o m  E q .  ( 1 5 . 0 3 - 4 )  o r  ( 1 5 . 0 3 - 5 ) .  

F i g u r e  1 5 . 0 3 - 4  s h o w s  t h e  e q u i v a l e n t  power r a t i o  ( E . P . R . )  c a l c u l a t e d  

f r o m  E q .  ( 1 5 . 0 3 - 5 )  f o r  a  s i x - c a v i t y  s h u n t - i n d u c t i v e l y - c o u p l e d  ( o r  s e r i e s -  

c a p a c i t i v e l y - c o u p l e d )  f i l t e r  ( s u c h  a s  t h a t  i n  F i g .  8 . 0 6 - 1 )  i n  w h i c h  t h e  

t r a n s m i s s i o n  l i n e s  t e r m i n a t i n g  t h e  f i l t e r  h a v e  t h e  s a m e  c r o s s  s e c t i o n  a s  

t h e  c a v i t i e s .  T h i s  f i l t e r  was d e s i g n e d  i n  S e c .  9 . 0 4  t o  h a v e  a  1 0 - p e r c e n t  

f r a c t i o n a l  b a n d w i d t h ,  m e a s u r e d  on  a  r e c i p r o c a l  g u i d e  w a v e l e n g t h  b a s i s ,  

w i t h  a  0 . 0 1 - d b  a t t e n u a t i o n  r i p p l e  i n  t h e  p a s s  b a n d .  I n  t h i s  f i l t e r ,  

C a v i t y  1 i s  n e a r e s t  t h e  g e n e r a t o r  w h i l e  C a v i t y  6 i s  n e a r e s t  t h e  l o a d .  
I 

C o n n e c t i o n  w i t h  G r o u p  D e l a y  a n d  D i s s i p a t i o n  L o s s - - T h e  u n i v e r s a l  d e l a y  

c u r v e s ,  F i g s .  6 . 1 5 - 1  t h r o u g h  6 . 1 5 - 1 0  may b e  u s e d  t o  o b t a i n  a n  e s t i m a t e  o f  

t h e  f r e q u e n c y  v a r i a t i o n  o f  t h e  p o w e r - h a n d l i n g  c a p a c i t y  o f  f i l t e r s  s a t i s -  

f y i n g  Eq .  ( 6 . 0 9 - 1 1 ,  w h i c h  i n c l u d e s  m o s t  f i l t e r s  u p  t o  a b o u t  2 0 - p e r c e n t  

b a n d w i d t h .  I t  i s  s u p p o s e d  t h a t  t h e  m i d b a n d  p o w e r - h a n d l i n g  c a p a c i t y  h a s  
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SOURCE: IRE Trans. PGMTT (See Ref. 4 0  by L. Young) 

FIG. 15.03-4 EQUIVALENT POWER RATIO IN THE SIX CAVITIES OF THE FILTER 
DESIGNED IN SECTION 9.04 TO HAVE A 10 PERCENT BANDWIDTH 
WITH 0.01-db PASS-BAND RIPPLE 
The cavities and terminating waveguides al l  have the same cross section 
ond Cavity 1  is  neorest the generator 

f i r s t  been  c a l c u l a t e d ,  a s  f rom Eq.  ( 1 5 . 0 3 - 1 )  o r  ( 1 5 . 0 3 - 4 ) .  The  e q u i v a l e n t  
power r a t i o  i s  p r o p o r t i o n a l  t o  t h e  s t o r e d  e n e r g y ,  and s o  i s  p r o p o r t i o n a l  
t o  t h e  g r o u p  d e l a y ,  o v e r  t h e  p a s s - b a n d  r e g i o n  ( S e c .  6 . 1 5 ) .  

The d i s s i p a t i o n  l o s s  a n d  t h e  g r o u p  d e l a y  b o t h  i n c r e a s e  w i t h  t h e  

a v e r a g e  i n c r e a s e  i n  s t o r e d  e n e r g y ,  s o  t h a t  t h e y  a r e  c l o s e l y  p r o p o r t i o n a l  

t h r o u g h o u t  t h e  p a s s  band .  T h u s ,  o n l y  t h e  a v e r a g e  i n c r e a s e  i n  s t o r e d  

e n e r g y  o v e r  t h e  p a s s - b a n d  r e g i o n  may b e  d e d u c e d  f r o m  t h e  u n i v e r s a l  c u r v e s ,  

F i g s .  6 . 1 5 - 1  t h r o u g h  6 . 1 5 - 1 0 .  On t h e  o t h e r  h a n d ,  t h e  p o w e r - h a n d l i n g  
c a p a c i t y  i s  l i n k e d  w i t h  t h e  g r e a t e s t  i n c r e a s e  i n  s t o r e d  e n e r g y  i n  a n y  

s e c t i o n  o r  r e s o n a t o r .  The u n i v e r s a l  c u r v e s  i n d i c a t e  i n  a  g e n e r a l  way how 

t h e  e q u i v a l e n t  power r i s e s  t o w a r d  t h e  band e d g e s ,  and  t h e  f r e q u e n c y  a t  

which  t h e  maximum o c c u r s  ( w h i c h  i s  a l m o s t  t h e  s ame  f r e q u e n c y  f o r  e a c h  

c a v i t y ) .  The c a v i t y  n e a r e s t  t h e  l o a d  d o e s  n o t  h a v e  a  maximum n e a r  t h e  

band edge  ( F i g s .  1 5 . 0 3 - 3  a n d  1 5 . 0 3 - 4 1 ,  w h i l e  t h e  g r e a t e s t  i n c r e a s e  i n  

e q u i v a l e n t  power r e l a t i v e  t o  midband  o c c u r s  g e n e r a l l y  i n  t h e  c a v i t y  

n e a r e s t  t h e  g e n e r a t o r .  I t  i s  p r o b a b l y  s a f e  t o  a s sume  t h a t  t h e  r a t i o  o f  

t h e  m a x i m u m - t o - t h e - m i d b a n d - e q u i v a l e n t - p o w e r - a t  i s  n e v e r  more  t h a n  t w i c e  

t h e  r a t i o  o f  t h e  m a x i m u m - t o - t h e - m i d b a n d - g r o u p - d e l a y .  F o r  e x a m p l e  i n  
F i g .  1 5 . 0 3 - 3  t h e  e q u i v a l e n t  power  p e a k s  a t  2 . 2 5  t i m e s  i t s  v a l u e  a t  midband 

i n  t h e  s e c o n d  c a v i t y ,  w h e r e a s  t h e  g r o u p  d e l a y  r i s e s  by a  f a c t o r  o f  

0 . 6 / 0 . 3 8  = 1 . 6  ( F i g .  6 . 1 5 - 2 )  f r o m  i t s  midband v a l u e  t o  i t s  maximum v a l u e .  

A s i m i l a r  c o m p a r i s o n  f o r  t h e  f i l t e r  i n  F i g .  1 5 . 0 3 - 4  w i t h  t h e  c o r r e s p o n d i n g  
g r o u p  d e l a y  c u r v e s  ( F i g .  1 1 1 - 1 9 ,  R e f .  4 3 )  g i v e s  f a c t o r s  o f  4 . 1  a n d  2 .25 .  

I 

/ I t  seems r e a s o n a b l e  t o  assume t h e n  t h a t  t h e  g r o u p  d e l a y  c u r v e s  F i g s  6 . 1 5 - 1  

I t o  6 . 1 5 - 1 0  c a n  b e  u s e d  t o  p r e d i c t  t h e  e q u i v a l e n t  power r i s e  t o w a r d  t h e  

b a n d - e d g e s ,  p r o v i d e d  t h a t  a  s a f e t y  f a c t o r  is u s e d  t o  a l l o w  f o r  t h e  g r e a t e r  

r i s e  i n  t h e  c a v i t i e s  n e a r e r  t h e  g e n e r a t o r ;  t h i s  s a f e t y  f a c t o r  i s  p r o b a b l y  

a lways  l e s s  t h a n  2 .  (Compare 2 . 2 5 / 1 . 6  = 1 . 4  a n d  4 . 1 / 2 . 2 5  = 1 . 8  i n  t h e  

above  two e x a m p l e s .  ) 

i 
C o n n e c t i o n  w i t h  E x t e r n a l  Q of a S i n g l e  C a v i t y ,  Q e - A  s y m m e t r i c a l  

s i n g l e - c a v i t y  r e s o n a t o r  i s  shown i n  F i g .  1 5 . 0 3 - 5 .  The q u a n t i t y  c 2  i s  t h e  

i power c o u p l i n g  c o e f f i c i e n t  d e f i n e d  by 

SOURCE: Technical Note 2, Contract A F  30(602)-1998, SRI 
(See Ref. 38 by E. M. T. Jones) 

FIG. 15.03-5 SINGLE-CAVITY FILTER 

where  S i s  t h e  i n t e r n a l  VSWR, e q u a l  t o  t h e  d iscont inui ty-VS\ ' !R v 1  = V 2  i n  

t h i s  c a s e  ( C h a p t e r  6 ) .  D e f i n i n g  Q a s  t h e  r a t i o  o f  2 n - t i m e s - t h e - e n e r g y -  

s t o r e d  t o  t h e  e n e r g y - d i s s i p a t e d - p e r - c y c l e , 4 1 v 4  t h e  e x t e r n a l  V d u e  t o  

l o a d i n g  by o n l y  one  c o u p l i n g  a p e r t u r e  c a n  be  shown t o  be  



where  Ago i s  t h e  midband g u i d e  w a v e l e n g t h  of  t h e  c a v i t y  mode and A. i s  

t h e  f r e e - s p a c e  w a v e l e n g t h .  The number rn i s  a g a i n  t h e  l e n g t h  of  t h e  
c a v i t y  measu red  i n  h a l f  g u i d e  w a v e l e n g t h s ;  m i s  an  i n t e g e r  f o r  s t e p p e d -  

impedance f i l t e r s  ( C h a p t e r  6 ) ,  and  Eq. ( 1 5 . 0 3 - 8 )  i s  t h e n  e x a c t ;  rn i s  
c l o s e  t o  an  i n t e g e r  f o r  n a r r o w - b a n d ,  r e a c t a n c e - c o u p l e d  f i l t e r s ,  and  

Eq. ( 1 5 . 0 3 - 8 )  i s  t h e n  a  c l o s e  a p p r o x i m a t i o n .  

Note  t h a t  Q e  i s  d e f i n e d  f o r  a  s i n g l y  l o a d e d  c a v i t y .  The d o u b l y  
l o a d e d  e x t e r n a l  Q ,  Q:,of t h e  c a v i t y  shown i n  F i g .  1 5 . 0 3 - 5  i s  j u s t  h a l f  

a s  much: 

E q u a t i o n  ( 1 5 . 0 3 - 8 )  c a n  be  s o l v e d  f o r  S i n  t e r m s  o f  Q e ,  and t h e  r e -  

s u l t i n g  e x p r e s s i o n  s u b s t i t u t e d  i n t o  E q  ( 1 5 . 0 3 - 4 )  t h e n  y i e l d s  P;/P A 
9 '  p a r t i c u l a r l y  s i m p l e  f o r m u l a  r e s u l t s  f o r  na r row-band  f i l t e r s  ( S  >> 1 ,  

c << 1 1 ,  and t h e n  

Proof  of E q .  ( 1 5 . 0 3 - 1 ) - I t  c a n  b e  s e e n  f rom Eqs .  ( 6 . 0 9 - 2 )  and 
( 6 . 1 4 - 1 0 1 ,  wh ich  h o l d  f o r  n a r r o w - b a n d  f i l t e r s  t h a t  when go = 1 

For  na r row-band  f i l t e r s  of  f r a c t i o n a l  bandwid th  w ,  whose l i n e - r e s o n a t o r s  

a r e  m h a l f - w a v e l e n g t h s  l o n g ,  

S u b s t i t u t i n g  Eqs .  ( 1 5 . 0 3 - 1 1 )  and ( 1 5 . 0 3 - 1 2 )  i n t o  Eq. ( 1 5 . 0 3 - 4 )  y i e l d s  

Eq. ( 1 5 . 0 3 - 1 ) .  

SEC. 1 5 .  0 4 ,  A  HIGH-POWER TUNABLE NARROW-BAND TE, 

T h i s  s e c t i o n  d i s c u s s e s  t h e  d e s i g n  and p e r f o r m a n c e  

-MODE FILTER 

o f  a  n a r r o w - b a n d ,  

h igh-power  f i l t e r  t h a t  u s e s  c y l i n d r i c a l  T E o l l  mode r e s o n a t o r s . '  T h i s  

t y p e  of f i l t e r  c a n  be  d e s i g n e d  t o  have  a  na r row p a s s  band t o g e t h e r  w i t h  

a  v e r y  low midband i n s e r t i o n  l o s s .  F u r t h e r m o r e ,  a s  c a n  be s e e n  by 

r e f e r e n c e  t o  F i g .  1 5 . 0 3 - 2 ,  i t  h a s  a  c o n s i d e r a b l y  h i g h e r  midband p u l s e -  

power c a p a c i t y  t h a n  f i l t e r s  c o n s t r u c t e d  from o t h e r  t y p e s  of  r e s o n a t o r s .  

Hence,  i t  i s  i d e a l  f o r  u s e  w i t h  h igh -power  t r a n s m i t t e r s  i n  s u p p r e s s i n g  

s p u r i o u s  e m i s s i o n s  t h a t  have  f r e q u e n c i e s  c l o s e  t o  t h e  c e n t e r  f r e q u e n c y .  

I t s  main d i s a d v a n t a g e  i s  t h a t  i t  h a s  s p u r i o u s  p a s s  b a n d s  a t  f r e q u e n c i e s  

r e l a t i v e l y  c l o s e  t o  t h e  ma in  p a s s  band;  t h e s e  s p u r i o u s  p a s s  b a n d s  o c c u r  

when t h e  c a v i t i e s  r e s o n a t e  i n  o t h e r  modes. However ,  by u s i n g  t h e  t e c h -  

n i q u e s  d e s c r i b e d  be low,  t h e  i n s e r t i o n  l o s s  o f  t h e s e  s p u r i o u s  p a s s  b a n d s  

can  be k e p t  q u i t e  h i g h  o v e r  an  a p p r e c i a b l e  f r e q u e n c y  band .  

F i g u r e  1 5 . 0 4 - 1  shows t h e  measu red  i n s e r t i o n  l o s s  o f  t h e  e x p e r i m e n t a l  

t h r e e - c a v i t y  T E o l l  mode f i l t e r  wh ich  was c o n s t r u c t e d  f rom aluminum a n d  i s  

t u n a b l e  f rom 1250  t o  1350 Mc. The c o u p l i n g  a p e r t u r e s  i n  t h e  f i l t e r  were  

a d j u s t e d  s o  t h a t  t h e  p r o d u c t  of  t h e  e x t e r n a l  Q o f  t h e  end c a v i t i e s  a n d  

t h e  c o u p l i n g  c o e f f i c i e n t  be tween  c a v i t i e s  was a p p r o x i m a t e l y  e  % u a l  t o  

u n i t y .  Thus t h e  f r e q u e n c y  r e s p o n s e  o f  t h e  f i l t e r  i s  a p p r o x i m a t e l y  e q u a l  

t o  t h a t  of a  f i l t e r  d e s i g n e d  f rom an e q u a l - e l e m e n t  l o w - p a s s  p r o t o t y p e .  

I n  a i r  a t  a t m o s p h e r i c  p r e s s u r e ,  t h e  t h e o r e t i c a l  midband p u l s e - p o w e r  

c a p a c i t y  of  t h e  f i l t e r  i s  l i m i t e d  by v o l t a g e  breakdown w i t h i n  t h e  c a v i -  

t i e s  and can b e  d e t e r m i n e d  f rom F i g .  15.03-2 t o  be about 2.25 Mw. The  p u l s e -  

power c a p a c i t y  a t  t h e  e d g e s  o f  t h e  p a s s  band i s  r e d u c e d  t o  a b o u t  1 Mw f o r  

t h e  r e a s o n s  d i s c u s s e d  i n  S e c .  1 5 . 0 3 .  A  d i m e n s i o n e d  d r a w i n g  o f  t h e  f i l t e r  

i s  shown i n  F i g .  1 5 . 0 4 - 2 .  

The measu red  midband a t t e n u a t i o n  of t h e  f i l t e r  a s  a  f u n c t i o n  o f  t u n i n g  

f r e q u e n c y  i s  shown i n  F i g .  1 5 . 0 4 - 3 .  These  v a l u e s  o f  a t t e n u a t i o n  were  

measured by t h e  s u b s t i t u t i o n  method w i t h  t h e  f i l t e r  t e r m i n a t e d  a t  e i t h e r  

end w i t h  p a d s  whose  VSWR was a b o u t  1 . 1 0 .  Hence i t  i s  b e l i e v e d  t h a t  t h e  

mismatch l o s s  would  i n t r o d u c e  a  maximum e r r o r  of  0 . 0 4  d b  i n  t h e  m e a s u r e -  

ments .  The t h e o r e t i c a l  u n l o a d e d  Q f o r  t h e  c a v i t i e s ,  a s suming  a  c o n d u c -  

t i v i t y  f o r  t h e  aluminum o f  40  p e r c e n t  of  t h a t  o f  a n n e a l e d  c o p p e r ,  r a n g e s  

from 5 3 , 0 0 0  a t  1250  Mc t o  4 7 , 0 0 0  a t  1350 Mc. The measu red  v a l u e s  o f  Q U  

a s  d e t e r m i n e d  f r o m  t h e  midband a t t e n u a t i o n  and t h e  3 -db  bandwid th  o f  t h e  

f i l t e r  u s i n g  E q s .  ( 4 . 1 3 - 1 1 )  and ( 4 . 1 3 - 3 )  a r e  2 7 , 3 0 0 ,  5 5 , 7 0 0  and 2 8 , 4 0 0  a t  
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FIG. 15.04-1 MEASURED ATTENUATION OF THE EXPERIMENTAL THREE-CAVITY TEo 1 MODE FILTER 
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FIG. 15.04-2 DIMENSIONED DRAWINGS OF THE EXPERIMENTAL THREE-CAVITY TEOI 1 MODE FILTER 



SOURCE: Technical Note 2, Contract AF 30(602)-1998. SRI 
(See Ref. 38 by E. M. T. Jones) 

FIG. 15.04-3 MEASURED MIDBAND ATTENUATION VERSUS 
TUNING FREQUENCY 

1250, 1300, and 1350 Mc, respectively. The variation in the measured 
value of QU may be due to measurement inaccuracies or to unsuspected 
losses in the absorbing material mounted behind the tuning plungers as 

described later on in this section. 

Design Technique for TEoll Mode Filters-The method used in designing 

this type of filter involves a combination of theoretical and experimental 

techniques. The low-pass prototype of the filter is shown in Fig. 15.03-l(c); 

a schematic diagram of the filter is shown in Fig. 15.04-4; and finally, 

the narrow-band design equations are presented in Table 15.04-1. These 
design relations were derived using Bethe's small-aperture coupling theory 

by a procedure similar to that outlined in Secs. 8.07 and 8.14 for the 
design of narrow-band rectangular-cavity filters. In the present filter, 
the apertures used are rectangular in shape and have a length lk,ktl 

measured in a direction parallel to the unperturbed magnetic field at the 

aperture, a height hk,k+l, measured in a direction perpendicular to the 

unperturbed magnetic field at the aperture, and a thickness t k S k t l .  

The theoretical static magnetic polarizabilities (Ml)k,k+l of the 
various apertures, assuming zero thickness and no large-aperture effects, 

were determined by extrapolating the values for the rectangular aperture 

given in Fig. 5.10-4(a). The extrapolated value was taken as 

The estimated actual magnetic polarizability taking into account 

both the thickness and frequency corrections were then determined from 

Eq. (5.10-6), which in the present instance takes the form 

Because the apertures are cut in cylindrical walls, they are thicker at 

the edges than in the center. A thickness t k a k t 1 ,  which is an average of 

these two values, is used in Eq. (15.04-2). 

The accuracy of the values of magnetic polarizability computed from 

Eq. (15.04-2) were found to be quite high. 
This can be seen from an in- 

spection of Fig. 15.04-5 which shows the measured external Q of the cavi- 
ties compared with the theoretical values computed by solving Eq. (5) 

in Table 15.04-1 for (Qe)A. It is also seen from an inspection of 

Fig. 15.04-6 which shows the measured coupling coefficient k between the 

FIG. 15.04-4 A DIRECT-COUPLED TEol 1 MODE FILTER HAVING n RESONATORS 



T a b l e  1 5 . 0 4 - 1  concluded 

T a b l e  1 5 . 0 4 - 1  

TEOll-MODE DIRECT-COUPLED CAVITY FILTERS 

AND THEIR RELATION TO LOW-PASS PROTOTYPES 

The pro to type  parameters  go,  g l ,  . . . , g7+1 a r e  a s  d e f i n e d  i n  
F ig .  15 .03  - l ( c )  ( o r  Sec.  4 . 0 4 ) ,  w h i l e  ol, wo, wl, and w2 a r e  a s  
d e f i n e d  i n  F i g .  1 5 . 0 3 - l ( b ) .  F i g u r e  15 .04-4  d e f i n e s  t h e  f i l t e r  

d imens ions .  

g o g 1 4  
Q = = e x t e r n a l  Q 

where 

where 

where a, b ,  D and L a r e  d e f i n e d  i n  Fig. 15.04-4,  and 

guide  wavelength i n  a 

mode a t  f requency oo 
0.8210 

A, gu ide  wavelength i n  a r e c -  
hLo = - t a n g u l a r  t e r m i n a t i n g  wave u ide  (16) 

o f  width a o p e r a t i n g  i n  t f e  
mode a t  f requency oo I 

o r  a l t e r n a t i v e l y ,  i n  terms of normalized impedance i n v e r t e r  
p a r a m t e r s  ho = f r e e  space wavelength a t  

frequency wo 

( 8 )  

cont inued  



2 4 6 8 10 

4 INCHES R A - Z T W - ~ W  

SOURCE: Technical Note 2. Contract A F  30(602)-1998 SRI 
(See Ref. 38 by E. M. T .  Jones) 

FIG. 15.04-5 THEORETICAL AND EXPERIMENTAL VALUES OF 
EXTERNAL Q, Qe 

SOURCE: Technical Note 2. Contract AF 30(602)-1998 SRI 
(See Ref. 38 by E. M. T. Jones) 

FIG. 15.04-6 THEORETICAL AND EXPE~IMENTAL VALUES 
OF THE COUPLING COEFFICIENT k 



Table 15.04-2 c a v i t i e s  compared  w i t h  t h e  t h e o r e t i c a l  v a l u e  

MEASURED VALUES OF compu ted  by s o l v i n g  Eq. ( 6 )  i n  T a b l e  15 .04 -1  
k Am O e  

f o r  k L ,  k + l .  The  v a l u e s  o f  e x t e r n a l  Q were 

d e t e r m i n e d  f r o m  impedance  m e a s u r e m e n t s  made 

1250 on one  o f  t h e  e n d  c a v i t i e s  o p e r a t i n g  a s  a  

s i n g l y - l o a d e d  r e s o n a t o r  u s i n g  t h e  p r e s c r i p -  
O.OOl8O 

t i o n s  i n  S e c .  1 1 . 0 2 .  A f t e r  t h e  a p e r t u r e s  in 

t h e  end  c a v i t i e s  w e r e  a d j u s t e d  t o  g i v e  t h e  d e s i r e d  v a l u e  o f  e x t e r n a l  Q 

t h e  two e n d  c a v i t i e s  w e r e  c o u p l e d  t o g e t h e r  by  means o f  a  s m a l l  i r i s .  

Measu remen t s  made on t h e  f r e q u e n c y  r e s p o n s e  o f  t h i s  p a i r  o f  r e s o n a t o r s  

t h e n  y i e l d e d  t h e  v a l u e s  o f  t h e  c o u p l i n g  c o e f f i c i e n t  k u s i n g  t h e  p r e -  

s c r i p t i o n s  i n  S e c .  1 1 . 0 4 .  The  f i n a l  m e a s u r e d  v a l u e s  o f  Q e  and  k f o r  t he  

a p e r t u r e s  whose  d i m e n s i o n s  a r e  shown i n  F i g .  1 5 . 0 4 - 2  a r e  l i s t e d  i n  

T a b l e  1 5 . 0 4 - 2 .  

c  av 

t 0 

c  av  

The 

unp 

and  

T e c h n i q u e s  f o r  S u p p r e s s i n g  S p u r r o u s  Modes-The d i a m e t e r  o f  t h e  

t i e s  was c h o s e n  s o  t h a t ,  a s  t h e  l e n g t h s  o f  t h e  c a v i t i e s  w e r e  v a r i e d  

une them f r o m  1 2 5 0  t o  1 3 5 0  Mc, t h e  r e s o n a n t  f r e q u e n c i e s  o f  t h e  o t h e r  

t y  modes w e r e  a s  f a r  removed f rom t h a t  o f  t h e  T E o l l  mode a s  p o s s i b l e .  

i n s i d e  d i a m e t e r  s e l e c t e d  was  1 3  i n c h e s ,  w h i c h  f i x e s  t h e  l e n g t h  of the 

r t u r b e d  c a v i t i e s  a t  1 0 . 2 3  i n c h e s  when t h e y  a r e  r e s o n a n t  a t  1 2 5 0  Mc, 

7 . 6 4  i n c h e s  when t h e y  a r e  r e s o n a n t  a t  1 3 5 0  Mc. The  a c t u a l  measured  

l e n g t h s  o f  t h e  c a v i t i e s  w e r e  f o u n d  t o  d i f f e r  s i g n i f i c a n t l y  f r o m  t h e s e  

v a l u e s ,  i n d i c a t i n g  t h a t  t h e  c o u p l i n g  a p e r t u r e s  had  a n  a p p r e c i a b l e  p e r -  

t u r b i n g  e f f e c t  on  t h e  r e s o n a n t  f r e q u e n c y .  F i g u r e  1 5 . 0 4 - 7  shows  a  mode 

c h a r t  f o r  a n  u n p e r t u r b e d  c y l i n d r i c a l  r e s o n a t o r  s h o w i n g  a l l  t h e  p o s s i b l e  

modes t h a t  c a n  e x i s t  f rom 1 0 5 0  Mc t o  1725 Mc. 

The t e r m i n a t i n g  w a v e g u i d e s  a r e  o r i e n t e d  t o  c o u p l e  s t r o n g l y  t o  t hose  

TE modes w i t h i n  t h e  c a v i t y  t h a t  h a v e  componen t s  o f  m a g n e t i c  f i e l d  p a r a l l e l  

t o  t h e  c a v i t y  a x e s .  TM modes ,  wh ich  h a v e  no  c o m p o n e n t s  o f  m a g n e t i c  f i e l d  

p a r a l l e l  t o  t h e  c a v i t y  a x e s  a r e  o n l y  weak ly  e x c i t e d  f rom t h e  t e r m i n a t i n g  

wavegu ides .  I t  i s  n o t e d ,  h o w e v e r ,  i n  F i g .  1 5 . 0 4 - 2  t h a t  t h e  l e n g t h  1 o f  

t h e  i n t e r n a l  c o u p l i n g  a p e r t u r e s  a l o n g  t h e  c i r c u m f e r e n c e  o f  t h e  c a v i t y  i s  

g r e a t e r  t h a n  t h e  a p e r t u r e  h e i g h t  p a r a l l e l  t o  t h e  c a v i t y  a x e s .  T h e r e f o r e ,  

TM modes i n a d v e r t e n t l y  e x c i t e d  i n  t h e  end c a v i t i e s  a r e  v e r y  s t r o n g l y  

c o u p l e d  t o g e t h e r  t h r o u g h  t h e  i n t e r n a l  c o u p l i n g  a p e r t u r e s .  To r e d u c e  t he  

i n t e r n a l  c o u p l i n g  o f  t h e  TM modes ,  a n d  t h e r e b y  r e d u c e  t h e  s p u r i o u s  t r a n s -  

m i s s i o n s  t h r o u g h  t h e  f i l t e r  v i a  t h e s e  modes ,  a  m e t a l  b a r  0 . 2 5  i n c h  wide 

1 0 . 0 2 0  i n c h  t h i c k  w i t h  rounded  e d g e s  i s  p l a c e d  a c r o s s  e a c h  i n t e r n a l  

l p l i n g  a p e r t u r e  p a r a l l e l  t o  t h e  c a v i t y  a x e s  a s  shown. T h i s  b a r  h a s  

g l i g i b l e  e f f e c t  on t h e  c o u p l i n g  of t h e  a p e r t u r e s  t o  TE modes.  

S e v e r a l  t e c h n i q u e s  a r e  u s e d  t o  m i n i m i z e  c o u p l i n g  t h r o u g h  t h e  f i l t e r  

f r e q u e n c i e s  o t h e r  t h a n  t h e  d e s i g n  f r e q u e n c y  v i a  t h e  many TE modes 

i c h  may be  c o u p l e d  by t h e  a p e r t u r e s .  One t e c h n i q u e  c o n s i s t s  o f  p o s i -  

o n i n g  t h e  c o u p l i n g  a p e r t u r e s  s o  t h a t  t h e y  l i e  midway be tween  t h e  t o p  

CAVITY LENGTH - L - I n c h e s  
1- 2797- 60 

SOURCE: Technical Note 2, Contract AF 30(602)-1998 SRI 
(See Ref .  38  by E. M. T. Jones) 

FIG. 15.04-7 MODE CHART FOR UNPERTURBED CYLINDRICAL 
RESONATOR 



and b o t t o m  o f  t h e  c a v i t i e s  when t h e y  a r e  t u n e d  t o  1250  Mc. T h i s  procedure  
m i n i m i z e s  t h e  c o u p l i n g  t o  t h e  T E z l l  mode f r o m  t h e  e x t e r n a l  w a v e g u i d e s ,  and 

a l s o  m i n i m i z e s  t h e  c o u p l i n g  o f  t h i s  mode b e t w e e n  c a v i t i e s .  I n  o r d e r  t o  

r e d u c e  t h e  c o u p l i n g  o f  t h e  TE311 mode b e t w e e n  c a v i t i e s ,  t h e  c o u p l i n g  s lots  

i n  e a c h  c a v i t y  a r e  o r i e n t e d  a t  r i g h t  a n g l e s  t o  one  a n o t h e r ,  r e s u l t i n g  i n  

t h e  p o s i t i o n i n g  o f  t h e  c a v i t i e s  shown i n  F i g .  1 5 . 0 4 - 2 .  

I n  a d d i t i o n ,  r a d i a l  t r a n s m i s s i o n  l i n e s  o f  d i f f e r e n t  l e n g t h s  a r e  

fo rmed  on t h e  t u n i n g  p l u n g e r s  of e a c h  of t h e  c a v i t i e s  a s  shown i n  

F i g .  1 5 . 0 4 - 2 .  The r a d i a l  t r a n s m i s s i o n  l i n e s  a r e  formed by a t t a c h i n g  

u n d e r c u t  a luminum d i s k s  t o  t h e  b r a s s , c o n t a c t i n g  t u n i n g  p l u n g e r s .  I n  the 

two t u n i n g  p l u n g e r s  h a v i n g  t h e  d e e p e s t  c h o k e s ,  two d i s k s  o f  r e s i s t i v e  

p a p e r  0 .0035  i n c h  t h i c k  a n d  h a v i n g  a  r e s i s t a n c e  o f  2000 ohms p e r  square  

a r e  p l a c e d  b e t w e e n  t h e  b r a s ~ ~ c o n t a c t i n g  t u n i n g  p l u n g e r s  a n d  t h e  undercut 

aluminum d i s k s .  I n  t h e s e  c a v i t i e s  n y l o n  s c r e w s  a r e  u s e d  t o  h o l d  t h e  t w o  

p a r t s  o f  t h e  t u n i n g  p l u n g e r s  t o g e t h e r .  The  r e s i s t i v e  s h e e t s  l owered  the 

u n l o a d e d  Q o f  t h e  u n d e s i r e d  modes i n  t h e s e  two c a v i t i e s ,  w i t h o u t  appre-  

c i a b l y  a f f e c t i n g  t h e  u n l o a d e d  Q o f  t h e  d e s i r e d  T E o l l  mode. The  r e s i s t i v e  

p a p e r  was n o t  p l a c e d  i n  t h e  t u n i n g  p l u n g e r  h a v i n g  t h e  s h a l l o w e s t  r a d i a l  

l i n e  b e c a u s e  i n  t h a t  c a s e  t h e  p a p e r  l o w e r e d  t h e  u n l o a d e d  Q o f  t h e  TEo l l  

mode a l s o .  

T h e s e  r a d i a l  t r a n s m i s s i o n  l i n e s  s h i f t  by  d i f f e r e n t  amoun t s  t h e  reso- 

n a n t  f r e q u e n c i e s  o f  t h e  u n d e s i r e d  modes i n  e a c h  c a v i t y ,  a n d ,  a s  explained 

a b o v e ,  l ower  t h e  u n l o a d e d  Q of  unwan ted  modes i n  two o f  t h e  c a v i t i e s .  

H e n c e ,  t h e  t r a n s m i s s i o n  v i a  t h e s e  h i g h e r - o r d e r  modes i s  g r e a t l y  reduced.  

The  s h i f t  i n  r e s o n a n t  f r e q u e n c y  i n  an  e n d  c a v i t y ,  p r o d u c e d  by t h e  two 

d e e p e s t  r a d i a l  l i n e  c h o k e s  on some o f  t h e  modes t h a t  a r e  n e a r  i n  frequency 

t o  t h e  TEo l l  mode i s  i l l u s t r a t e d  i n  F i g .  1 5 . 0 4 - 8 .  I t  i s  s e e n  t h a t  these 

c h o k e s  do n o t  c a u s e  t h e  t u n i n g  c u r v e s  o f  a n y  o f  t h e  unwan ted  modes t o  

c r o s s  t h a t  o f  t h e  T E o l l  mode. The c h o k e s  i n  t h e  t u n i n g  p l u n g e r s  a l s o  have 

t h e  a d v a n t a g e  t h a t  t h e y  s l i g h t l y  s h i f t  t h e  r e s o n a n t  f r e q u e n c y  o f  t h e  TMlll 

mode w h i c h ,  i n  a n  u n p e r t u r b e d  c y l i n d r i c a l  r e s o n a t o r ,  i s  a l w a y s  degene ra t e  

w i t h  t h e  T E o l l  mode. The  g r o o v e s  a t  t h e  o u t e r  e d g e  o f  t h e  b o t t o m  p l a t e s  

o f  t h e  c a v i t i e s  h a v e  a  d e p t h  o f  0 . 1 2 5  i n c h  and  a  w i d t h  o f  0 . 5 0 0  i n c h  and 

a r e  a l s o  f o r  t h e  p u r p o s e  o f  s h i f t i n g  t h e  f r e q u e n c y  o f  t h e  T M l l l  mode. 

The u s u a l  t e c h n i q u e  f o r  s u p p r e s s i n g  t h e  e f f e c t s  o f  s p u r i o u s  modes On 

e c h o  b o x e s  o r  f r e q u e n c y  m e t e r s  o p e r a t i n g  i n  t h e  TEol , ,  mode .is t o  p l a c e  

a b s o r b i n g  m a t e r i a l  i n  t h e  c a v i t i e s  i n  s u c h  a  p o s i t i o n  t h a t  i t  c o u p l e s  

, t r o n g l y  t o  a l l  modes e x c e p t  t h e  T E o l l  modesU and  t h e r e f o r e  g r e a t l y  

r e d u c e s  t h e i r  u n l o a d e d  Q, QU. H e n c e ,  s u c h  a  d i s s i p a t i v e l y  l o a d e d  c a v i t y  

,,,hen u s e d  a s  a  t r a n s m i s s i o n  d e v i c e  h a s  a  v e r y  low t r a n s m i s s i o n  f o r  a l l  

modes e x c e p t  t h e  T E o l m  modes ,  o r  when u s e d  a s  a  r e a c t i o n  d e v i c e  p r o d u c e s  

a  n e g l i g i b l e  r e a c t i o n  i n  t h e  f e e d i n g  l i n e  e x c e p t  a t  t h e  r e s o n a n t  

f r e q u e n c y  o f  t h e  T E O l m  mode. One p l a c e  where  t h e  l o s s y  m a t e r i a l  i s  o f t e n  

put i s  b e h i n d  t h e  t u n i n g  p l u n g e r  w h i c h  i s  made n o n - c o n t a c t i n g .  The w a l l s  

of t h e  c a v i t y  c a n  a l s o  b e  made i n  t h e  fo rm o f  a  h e l i x  w i t h  l o s s y  m a t e r i a l  

between t h e  t u r n s .  T h i s  l o s s y  m a t e r i a l ,  p a r t i c u l a r l y  when p l a c e d  b e h i n d  

I I I I I 
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FIG. 15.04-9 RECTANGULAR 
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APERTURE 

o f  h i g h e r - o r d e r  c r o s s i n g  modes 

t h e  t u n i n g  p l u n g e r ,  d r a s t i c a l l y  s h i f t s  

t h e  r e s o n a n t  f r e q u e n c i e s  o f  a l l  modes 

e x c e p t  t h e  TEo lm modes s o  t h a t  t h e i r  

t u n i n g  c u r v e s  a r e  v a s t l y  d i f f e r e n t  than 

t h e y  would be  i n  an  u n p e r t u r b e d  c y l i n -  

d r i c a l  c a v i t y  a s  shown i n  F i g .  15.04.7,  

and p r o b a b l y  c r o s s  t h e  t u n i n g  c u r v e  of  

t h e  TEo l m  mode. The amount  o f  power ab- 

s o r b e d  by t h e s e  h i g h e r - o r d e r  c r o s s i n g  

modes d e p e n d s  on t h e  r a t i o  o f  Q e  t o  Q 
Y 

f o r  t h e  p a r t i c u l a r  c r o s s i n g  mode. I t  is 
maximum when Q e  i s  e q u a l  t o  Q U  and m i n i -  

mum when Q e  i s  v a s t l y  d i f f e r e n t  from Qy. 

I n  t h e  c a s e  o f  weak ly  c o u p l e d  TEol, 

c a v i t i e s ,  s u c h  a s  e c h o  b o x e s  and f r e -  

quency m e t e r s ,  t h e  r a t i o  o f  Q e  and Q D  i s  

a l w a y s  v e r y  l a r g e  f o r  t h e  h i g h e r  o rde r  

c r o s s i n g  modes,  and t h e r e f o r e  t h e y  do 

n o t  a b s o r b  an a p p r e c i a b l e  amount o f  

power .  The s i t u a t i o n  i s  e n t i r e l y  d i f -  

f e r e n t  i n  l o w - i n s e r t i o n - l o s s  f i l t e r s  

o p e r a t i n g  i n  t h e  T E o l l  mode b e c a u s e  the 

r a t i o  o f  Q e  t o  Q y  f o r  t h i s  mode i s  quite 

s m a l l ,  and hence  t h e  r a t i o  o f  Q e  t o  QU 
i s  l o w e r  and may be  q u i t e  c l o s e  t o  u n i t y .  

I n  t h i s  l a t t e r  u n f o r t u n a t e  c a s e  a  g r e a t  d e a l  o f  power i s  a b s o r b e d  by the 

c r o s s i n g  modes and  t h e  e f f e c t i v e  u n l o a d e d  Q  o f  t h e  d e s i r e d  T E o l ,  mode i s  

l o w e r e d ,  r e s u l t i n g  i n  a  l a r g e  i n s e r t i o n  l o s s  f o r  t h e  f i l t e r .  T h i s  e f f e c t  

was o b s e r v e d  e x p e r i m e n t a l l y  i n  t h e  p r e s e n t  f i l t e r  and i s  t h e  r e a s o n  t h a t  

a  minimum o f  d i s s i p a t i v e  e l e m e n t s  were  u s e d  t o  s u p p r e s s  s p u r i o u s  modes. 

Approx ima te  Peak  E l e c t r i c  F i e l d  i n  t h e  C o u p l i n g  A p e r t u r e s - T h e  peak 

e l e c t r i c  f i e l d  i n  t h e  a p e r t u r e s  c o u p l i n g  t h e  c a v i t i e s  t o  e a c h  o t h e r  and t o  

t h e  e x t e r n a l  w a v e g u i d e s  c a n  be  c a l c u l a t e d  a p p r o x i m a t e l y  i n  t e r m s  o f  an as- 

sumed s i n u s o i d a l  d i s t r i b u t i o n  o f  e l e c t r i c  f i e l d  i n  t h e  a p e r t u r e s .  I n  the 

d i s c u s s i o n  p r e s e n t e d  h e r e ,  i n f i n i t e s i m a l l y  t h i n  r e c t a n g u l a r  a p e r t u r e s  w i l l  

be  c o n s i d e r e d  f i r s t .  F i g u r e  1 5 . 0 4 - 9  i l l u s t r a t e s  a  r e c t a n g u l a r  waveguide 
o p e r a t i n g  i n  t h e  TElo  mode e x c i t e d  by a  r e c t a n g u l a r  a p e r t u r e  h a v i n g  an 

,ssumed s i n u s o i d a l  e l e c t r i c  f i e l d  d i s t r i b u t i o n  ( i n  t h e  p l a n e  of t h e  

, p e r t w e )  a l o n g  i t s  l e n g t h ,  g i v e n  by  

nu  
E l  c o s  - 

1  

where E l  i s  t h e  p e a k  e l e c t r i c  f i e l d  i n  t h e  p l a n e  o f  t h e  a p e r t u r e .  The 

e x a c t  e x p r e s s i o n  f o r  t h e  a m p l i t u d e  E ,  t h e  peak  e l e c t r i c  f i e l d  e x c i t e d  i n  

t he  r e c t a n g u l a r  g u i d e ,  i s  

n 1  
41h c o s  - 

2 a 

n a b  (l - 5) 
The peak  e l e c t r i c  f i e l d  i n  t h e  p l a n e  o f  s u c h  a n  a p e r t u r e  c a n  a l s o  

be c a l c u l a t e d  a p p r o x i m a t e l y  f rom a n o t h e r  f o r m u l a  w h i c h  h a s  more u t i l i t y  

i n  t h e  c a l c u l a t i o n  o f  e l e c t r i c  f i e l d s  i n  t h e  i n t e r n a l  a p e r t u r e s .  The  

e x p r e s s i o n  i n  mks u n i t s  i s  

where,  oo i s  t h e  a n g u l a r  f r e q u e n c y ,  pO = 1 . 2 5 7  X h e n r i e s / m e t e r ,  Mi 

i s  t h e  m a g n e t i c  p o l a r i z a b i l i t y  o f  t h e  a p e r t u r e  and  AH i s  t h e  d i f f e r e n c e  b e -  

tween t h e  m a g n e t i c  f i e l d s  on e i t h e r  s i d e  o f  t h e  a p e r t u r e .  The m a g n e t i c  

f i e l d  Ho on t h e  c a v i t y  s i d e  o f  an  e x t e r n a l  a p e r t u r e  i s  much g r e a t e r  t h a n  

t h e  magn i tude  o f  t h e  H - f i e l d  o f  t h e  e x t e r n a l  w a v e g u i d e .  T h e r e f o r e ,  f o r  

t he  e x t e r n a l  a p e r t u r e s ,  Ho = AH. 

The peak  e l e c t r i c  f i e l d  E k e k t l  i n  t h e  p l a n e  o f  an  i n t e r n a l  window 

of p o l a r i z a b i l i t y  M k ,  k + l  c o n n e c t i n g  C a v i t i e s  k  and  k  + 1, i s  g i v e n  by 

/ 

where l L , k + l  and  h k , k + l  a r e  t h e  l e n g t h  and h e i g h t  o f  t h e  r e c t a n g u l a r  

c o u p l i n g  a p e r t u r e  be tween  C a v i t y  k and C a v i t y  k + 1. I t  i s  t e d i o u s  and 



d i f f i c u l t  t o  e v a l ~ a t e A H , , ~ + ~  e x a c t l y ,  s i n c e  i t s  v a l u e  d e p e n d s  on  b o t h  

t h e  m a g n i t u d e  and p h a s e  o f  t h e  m a g n e t i c  f i e l d  on e i t h e r  s i d e  o f  t h e  

a p e r t u r e .  A c o n s e r v a t i v e  d e s i g n  e s t i m a t e  is t o  assume t h a t  A H  
k ,  k + l  i s  

e q u a l  t o  t h e  d i f f e r e n c e  b e t w e e n  t h e  m a g n e t i c  f i e l d  i n  t h e  two c a v i t i e s  

when t h e y  a r e  i n  p h a s e  o p p o s i t i o n .  

I n  o r d e r  t h a t  t h e  f r i n g i n g  f i e l d s  p e r p e n d i c u l a r  t o  t h e  p l a n e  o f  the 

a p e r t u r e  and  a t  i t s  e d g e s  d o  n o t  become e x c e s s i v e ,  i t  i s  n e c e s s a r y  t o  use 

t h i c k  c o u p l i n g  a p e r t u r e s ,  a n d  t o  round  t h e  e d g e s  o f  t h e  a p e r t u r e s .  As 

shown i n  F i g .  1 5 . 0 4 - 2 ,  i t  i s  t h e  a p e r t u r e  e d g e s  p a r a l l e l  t o  t h e  u a x i s  

( i n  F i g .  1 5 . 0 4 - 9 )  t h a t  must  b e  r o u n d e d .  The  a p e r t u r e  e d g e s  p a r a l l e l  t o  

t h e  v a x i s  n e e d  n o t  be  r o u n d e d .  The m a g n e t i c  p o l a r i z a b i l i t y  o f  t h e  

a p e r t u r e s  i s  q u i t e  i n s e n s i t i v e  t o  t h e  r o u n d i n g  o f  t h e  c o r n e r s .  

F o r  a n  i n f i n i t e s i m a l l y  t h i n  a p e r t u r e  w i t h  d i m e n s i o n s  o f  I = 2 . 7 5  

i n c h e s  and  h = 3 . 2 5  i n c h e s ,  e x c i t i n g  a  r e c t a n g u l a r  w a v e g u i d e  w i t h  dimen- 

s i o n s  o f  a  = 6 . 5  i n c h e s  and b = 3 . 2 5  i n c h e s ,  Eq.  ( 1 5 . 0 4 - 4 )  p r e d i c t s  a  

peak  e l e c t r i c  f i e l d  E l  i n  t h e  p l a n e  o f  t h e  a p e r t u r e  e q u a l  t o  1 . 9 4  E. The 
a c t u a l  t h i c k  a p e r t u r e  i n  t h e  e x p e r i m e n t a l  f i l t e r  h a d  t h e  same 1 and h 

d i m e n s i o n s  a n d ,  i n  a d d i t i o n ,  t h e  i n n e r  e d g e  o f  e a c h  a p e r t u r e  was rounded 

w i t h  a  0 . 3 2 5 - i n c h  r a d i u s  a l o n g  t h e  1 d i m e n s i o n s .  R e f e r e n c e  t o  F i g .  15.02-5 

shows t h a t  t h e  maximum e l e c t r i c  f i e l d  E; n e a r  t h e  r o u n d e d  c o r n e r s  i s  

1 . 8 5  E l .  ( N o t e  t h a t  E l  i s  t h e  peak  f i e l d  i n  t h e  p l a n e  o f  t h e  a p e r t u r e ,  

w h i l e  E;  i s  t h e  peak  f i e l d  r e g a r d l e s s  o f  d i r e c t i o n . )  T h e r e f o r e ,  t h e  maxi- 

mum e l e c t r i c  f i e l d  E ;  n e a r  t h e  e x t e r n a l  c o u p l i n g  a p e r t u r e s  when e x c i t i n g  

a  wave o f  a m p l i t u d e  E i n  t h e  e x t e r n a l  g u i d e  i s  E;  = 3 . 5 9  E .  The  p u l s e -  

power c a p a c i t y  o f  t h e  e x t e r n a l  c o u p l i n g  a p e r t u r e  i s  t h u s  o n l y  0 . 0 7 7 6  times 

t h a t  o f  t h e  e x t e r n a l  g u i d e .  U s i n g  a  r e l a t i o n  t a k e n  f rom T a b l e  1 5 . 0 3 - 1  

( t h a t  t h e  p u l s e - p o w e r  c a p a c i t y  P: of  t h e  e x t e r n a l  g u i d e  i s  7 6 . 4  A / A g  mega- 

w a t t s  f o r  a i r  a t  s t a n d a r d  t e m p e r a t u r e  and p r e s s u r e )  i t  i s  f o u n d  t h a t  the  

peak p u l s e - p o w e r  c a p a c i t y  o f  t h e  e x t e r n a l  c o u p l i n g  a p e r t u r e s  a t  midband, 

where  t h e  f i l t e r  i s  m a t c h e d ,  i s  4 . 0 6 ,  4 . 2 4 ,  a n d  4 . 3 7  m e g a w a t t s  a t  f r e -  

q u e n c i e s  o f  1 2 5 0 ,  1 3 0 0 ,  and  1350  Mc, r e s p e c t i v e l y ,  wh ich  i s  g r e a t e r  than  

t h a t  o f  t h e  r e s o n a t o r s .  

The r a t i o  o f  t h e  peak  e l e c t r i c  f i e l d  i n  i n f i n i t e s i m a l l y  t h i n  i n t e r n a l  

c o u p l i n g  a p e r t u r e s  ( 2 .  e . ,  a p e r t u r e s  b e t w e e n  r e s o n a t o r s )  t o  t h a t  i n  i n f i n i -  

t e s i m a l l y  t h i n  e x t e r n a l  c o u p l i n g  a p e r t u r e s  ( i . e . ,  a p e r t u r e s  be tween  end 
r e s o n a t o r s  and  t h e  t e r m i n a t i n g  g u i d e s )  c a n  b e  c a l c u l a t e d  f r o m E q .  ( 1 5 . 0 4 - ~ ) '  

S i n c e  t h e  e d g e s  o f  t h e  a c t u a l  a p e r t u r e s  i n  t h e  f i l t e r  we re  a l l  r ounded  b y  

the same amoun t ,  t h i s  r a t i o  s h o u l d  a l s o  a p p l y  a p p r o x i m a t e l y  f o r  t h e  

a c t u a l  a p e r t u r e s .  The r e s u l t  i s ,  u s i n g  t h e  f i n a l  v a l u e s  o f  1 = 2 . 7 5  

and h = 3 . 2 5  f o r  t h e  e x t e r n a l  a p e r t u r e s  and 1 = 2 . 0 0  and  h = 3 . 2 5  f o r  

the i n t e r n a l  a p e r t u r e s ,  

E I n t  M i n t  ( A H ) l n t  - - - -  - 1 . 3 7 5  
E L x t  Mext c A H ) e x t  

l n  t h i s  e x p r e s s i o n  E l n t  and E l x t  a r e  t h e  peak e l e c t r i c  f i e l d s  a t  t h e  

i n t e r n a l  and e x t e r n a l  a p e r t u r e s ,  ~ h i l e ( A H ) ; , ~  and ( A H ) e x t  a r e  t h e  

d i f f e r e n c e s  b e t w e e n  t h e  H - f i e l d s  on o p p o s i t e  s i d e s  o f  t h e  i n t e r n a l  

a p e r t u r e s  and o n  o p p o s i t e  s i d e s  o f  t h e  e x t e r n a l  a p e r t u r e s .  To an  e x c e l -  

lent a p p r o x i m a t i o n ,  ( A H ) e x t  = H c x t  whe re  H e x t  i s  t h e  peak  H - f i e l d  i n  t h e  

center of t h e  ex t e rna l  aper tures .  In Eq. (15.04-7) M e x t  is  t he  p o l a r i z a b i l i t y  of t he  

e x t e r n a l  a p e r t u r e  wh ich  h a s  c a l c u l a t e d  v a l u e s  o f  4 . 6 0 ,  4 . 6 7 ,  and 5 . 1 7  a t  

f r e q u e n c i e s  o f  1 2 5 0 ,  1 3 0 0 ,  and 1350  Mc, r e s p e c t i v e l y .  The p o l a r i z a b i l i t y  

M i n t  o f  t h e  i n t e r n a l  a p e r t u r e s  h a s  c a l c u l a t e d  v a l u e s  o f  1 . 2 7 5 ,  1 . 2 8 8 ,  and 

1.347 a t  f r e q u e n c i e s  o f  1 2 5 0 ,  1 3 0 0 ,  and  1350 Mc, r e s p e c t i v e l y .  Making 

the c o n s e r v a t i v e  a s s u m p t i o n  t h a t ( A H ) i , t  i s  e q u a l  t o  2 H e x t ,  one  f i n d s  

tha t  t h e  p u l s e - p o w e r  c a p a c i t y  o f  t h e  i n t e r n a l  a p e r t u r e s  i s  7 . 0 ,  7 . 3 5 ,  and 

8.53 m e g a w a t t s  a t  1 2 5 0 ,  1 3 0 0 ,  and 1350  Mc, r e s p e c t i v e l y .  R e f e r e n c e  t o  

Fig. 1 5 . 0 3 - 3  shows t h a t  t h e  f i e l d s  i n  t h e  s e c o n d  and t h i r d  c a v i t y  r i s e  t o  

about 1 . 4  t i m e s  t h e i r  midband v a l u e s ,  f o r  w '  o f  1 . 4 .  T h e r e f o r e  a t  t h i s  

f r equency  ( A H ) i n t  i n c r e a s e s  t o  a b o u t  1 . 4  t i m e s  i t s  assumed midband v a l u e .  

Consequent ly  t h e  p u l s e - p o w e r  c a p a c i t i e s  o f  t h e  i n t e r n a l  a p e r t u r e s  would  

be r e d u c e d  t o  a b o u t  one  h a l f  t h e i r  midband v a l u e ,  wh ich  s t i l l  i s  h i g h e r  

than t h e  p u l s e - p o w e r  c a p a c i t y  o f  t h e  f i l t e r  c a v i t i e s  t h e m s e l v e s .  

43,45.58,59 
SEC. 1 5 . 0 5 ,  HIGH-POWER WAFFLE-IRON FILTERS 

T h i s  s e c t i o n  d e s c r i b e s  t h e  d e s i g n  and measu red  p e r f o r m a n c e  o f  two 

I -band model w a f f l e - i r o n  f i l t e r s  ( S e c .  7 . 0 5 ) .  I n  t h e  one  d e v e l o p e d  

f i r s t , &  t h e  p r i n c i p a l  r e q u i r e m 4 n t  was f o r  a  v e r y  wide  s t o p  b a n d ,  t o  s t o p  

a l l  h a r m o n i c s  f r o m  t h e  s e c o n d  t o  t h e  t e n t h ,  i n c l u s i v e .  T h i s  s t r u c t u r e  

Cons i s t ed  o f  t h r e e  w a f f l e - i r o n  f i l t e r s  i n  c a s c a d e  w i t h  o v e r l a p p i n g  s t o p  

bands. I n  t h e  s e c o n d  mode lQ  t h e  e m p h a s i s  was on power h a n d l i n g  and p a s s -  

band w i d t h .  T h i s  was a c h i e v e d  by  c h a n g i n g  f rom s q u a r e  t o  c i r c u l a r  t e e t h ,  

changing t h e  end  s e c t i o n s ,  and p a r a l l e l i n g  f o u r  i d e n t i c a l  f i l t e r s .  T h i s  

' " c r ea sed  t h e  power  h a n d l i n g  c a p a c i t y  more t h a n  f i v e  t i m e s .  T h e r e  is no 



reason why the best features of both models could not be combined to 

~roduce a filter with a wide stop band (second to tenth harmonic), wide 

pass band (VSRR < 1.2 over almost all of L-band), and a pulse-power 

capacity of approximately 8 megawatts in air at atmospheric pressure, 

but such a model has not yet been built. The two separate models will 

now be described. 

Waff le-Iron Fi 1 ter with Stop Band up to Tenth ~ a r r n o n i . c ~ ~ ~ ~ ~ - ~ n  this 

structure three different waffle-iron filters with overlapping stop bands 

are connected in series to give a combined stop band which extends from 

2.2 Gc to 13.7 Gc where the attenuation is 60 db or greater for all 

possible propagating modes. This stop band includes the second through 

tenth harmonic of frequencies in the pass band of 1.25-1.35 Gc. In the 

pass band, the waffle-iron filter is matched to a VR650 waveguide 

using quarter-wavelength stepped transformers (Chapter 6). The pulse- 

power capacity without breakdown was measured in the presence of a 

cobalt-60 radioactive source to be 1.4 megawatts in air at atmospheric 

pressure using..pulses 2 microseconds long and a repetition rate of 

60 pulses per second. 

Figure 15.05-1 is a photograph of the filter in the disassembled 

condition showing the quarter-wavelength transformers used to connect the 

various waffle-iron sections together. The transformers used to connect 

the waffle-iron filter to the WR650 guide are not shown. 

The theoretical staggered image stop bands of the filters are shown 

in Fig. 15.05-2. The design of \'!affle-Iron A has been previously de- 

scribed as the first example in Sec. 7.05 under the heading: "Design 

Using Cohn's Corrugated Filter Data." It was made ten sections long in 

order to achieve a theoretical stop-band attenuation of about 80 db. 

Waffle-Iron B a.nd Waffle-Iron C were designed using the technique 
described in Sec. 7.05 under the heading: "Desrgn Usrng the T-Junctron 

Equtvalent Circuit of Marcuvitz." Waffle-Iron B was made seven sections 
long in order to achieve a theoretical stop-band attenuation of more t h a n  

60 db above 5.75 Gc while Waffle-Iron C was made nine sections long in 
order to achieve a theoretical stop-band attenuation of more than 60 db  

above 9.25 Gc. Figure 15.05-3 shows a typical high-power waffle-iron 

filter section illustrating the notation used to specify the dimensions> 

while Table 15.05-1 shows the dimensions of each of the three waffle-iron 

filters. 

SOURCE: Technical  Note  2 ,  C o n t r a c t  A F  301602)-2392. SR1 
(See Ref. 45 by E. D. Sharp) 

FIG. 15.05-1 DISASSEMBLED WAFFLE-IRON F ILTER AND CONNECTING 
QUARTER-WAVE TRANSFORMER SECTIONS 

FREQUENCY -Gc RA- 3470-39 

S O I m C E :  Technical Note  2 .  C o n t r a c t  4 F  70(602)-2392. SRI 
(See R e f .  45 by E. 0 .  Sharp) 

FIG. 15.05-2 ATTENTUATION CONSTANTS OF WAF F L  E-IRON FILTERS 
939 



Table 15.05-1 

DIMENSIONS OF WAFFLE-IRON FILTERS 

I 

DIMENSIONS NUMBER OF 
WAFFLE ( I n c h e s )  

IRON 
FILTER 

b i  b" b I I n  I I' Width 1 L e n ~ t h  ( I n c h e a )  

SOURCE: Technical  Note 2 ,  C o n t r a c t  AF 3 0 ( 6 0 2 ) - 2 3 9 2 ,  SRI (See Ref. 45 by  E. D. Sharp)  

SECTION A A  

-A 

SWRCE: T e c h n i c a l  Note 2 .  Contract  AF 3 0 ( 6 0 2 ) - 2 3 9 2 ,  SRI (See  Ref. 4 5  by E. D. Sharp)  

FIG. 15.05-3 TYPICAL L-BAND WAFFLE-IRON F ILTER CROSS-SECTIONS 

The c o r n e r s  o f  t h e  b o s s e s  i n  e a c h  of t h e  f i l t e r s  we re  r o u n d e d  t o  

reduce t h e  e l e c t r i c  f i e l d  a t  t h e s e  p o s i t i o n s .  ' T h e  r a d i u s  o f  c u r v a t u r e  

used i n  e a c h  c a s e  i s  shown i n  t h e  t a b l e .  F o r  W a f f l e - I r o n  A a n d  Waf f l e -  

Iron B wh ich  h a v e  b "  < 1, i t  i s  a p p r o p r i a t e  t o  u s e  F i g .  1 5 . 0 2 - 5  t o  de-  

te rmine  t h e  f i e l d  s t r e n g t h  a t  t h e  r o u n d e d  c o r n e r s .  R e f e r e n c e  t o  t h i s  

f i g u r e  shows t h a t  t h e  maximum e l e c t r i c  f i e l d  a t  t h e  r o u n d e d  c o r n e r s  i s  

o n l y  1 . 4  t i m e s  i t s  v a l u e  a t  t h e  c e n t e r  o f  t h e  t o o t h .  Fo r  b ' a f f l e - I r o n  C ,  

1 b "  and  i t  i s  more a p p r o p r i a t e  t o  u s e  F i g .  1 5 . 0 2 - 7  t o  d e t e r m i n e  t h e  

f i e l d  s t r e n g t h .  R e f e r e n c e  t o  t h i s  f i g u r e  shows t h a t  t h e  maximum e l e c t r i c  

f i e l d  a t  t h e  c o r n e r s  i s  1 . 5 8  t i m e s  i t s  v a l u e  a t  t h e  c e n t e r  o f  t h e  boss .  

The  h e i g h t  o f  t h e  w a v e g u i d e s  n e c e s s a r y  t o  p r e s e n t  a n  i m a g e  match t o  

each w a f f l e - i r o n  s e c t i o n  was compu ted  u s i n g  t h e  p r o c e d u r e s  o u t l i n e d  i n  

Sec. 7 . 0 5 .  I n  a d d i t i o n ,  m e a s u r e m e n t s  o f  t h e  image impedance  o f  each 

f i l t e r  we re  made u s i n g  D a w i r ' s  m e t h o d ,  which  i s  d e s c r i b e d  i n  S e c .  3 .09 .  

The r e s u l t s  o f  t h e s e  m e a s u r e m e n t s  a r e  p r e s e n t e d  i n  F i g .  1 5 . 0 5 - 4  i n  te rms 

of t h e  h e i g h t  o f  t h e  t e r m i n a t i n g  g u i d e  n e c e s s a r y  t o  a c h i e v e  a n  image m a t c h .  

The h e i g h t  o f  t h e  q u a r t e r - w a v e  t r a n s f o r m e r s  n e c e s s a r y  t o  m a t c h  t h e  w a f f l e -  

i r on  s e c t i o n s  t o  e a c h  o t h e r  and t o  t h e  t e r m i n a t i n g  w a v e g u i d e s  o v e r  a  1250-  

to  1350-Mc band w e r e  d e t e r m i n e d  f r o m  t h e s e  d a t a  and t h e  q u a r t e r - w a v e -  

t r a n s f o r m e r  t a b l e s  o f  S e c .  6 . 0 4 .  The  h e i g h t  o f  t h e  s i n g l e - s e c t i o n  

q u a r t e r - w a v e  t r a n s f o r m e r  be tween  W a f f l e - I r o n  B and \ t r a f f l e - I r o n  C i s  

0 .341  i n c h .  The  d i m e n s i o n s  o f  t h e  t w o - s e c t i o n  q u a r t e r - w a v e  t r a n s f o r m e r  

between { " a f f l e - I r o n  A and  \ v a f f l e - I r o n  B a r e  shown i n  F i g .  1 5 . 0 5 - 5 ,  w h i l e  

the d i m e n s i o n s  o f  t h e  t r a n s f o r m e r s  a t  e i t h e r  end  of t h e  f i l t e r  a r e  shown 

in F i g .  1 5 . 0 5 - 6 .  

The  m e a s u r e d  VS\VR o f  t h e  a s s e m b l y  i s  shown i n  F i g .  1 5 . 0 5 - 7 ,  while t h e  

s t op -band  i n s e r t i o n  l o s s  i s  shown i n  F i g .  1 5 . 0 5 - 8 .  

The  p e r f o r m a n c e  o f  a  s i n g l e  s e c t i o n  S - b a n d  w a f f l e - i r o n  o p e r a t i n g  i n  

both t h e  e v a c u a t e d  and  p r e s s u r i z e d  c o n d i t i o n  h a s  a l s o  b e e n  d e s c r i b e d  by 

G u t h a r t  and  J o n e s  .46 

W a f f l e - I r o n  F i l t e r  w i t h  I n c r e a s e d  Pas s -Band  Width a n d  I n c r e a s e d  

Power -Hand l ing  c a p a c z t y K ~ h e  p r i n c i p l e  of t h e  w a f f l e - i r o n  f i l t e r  wi th  

wide p a s s - l a n d  w i d t h  ( a n d  w ide  s t o p - b a n d  w i d t h )  was e x p l a i n e d  a t  t h e  end 

of S e c .  7 . 0 5 .  A p h o t o g r a p h  o f  t h i s  f i l t e r  was shown i n  F i g .  7 . 0 5 - 1 0 ,  and 

i t s  d i m e n s i o n s  w e r e  g i v e n  i n  S e c .  7 . 0 5 .  The p r i n c i p l e  b e h i n d  t h e  i n c r e a s e d  

P o w e r - h a n d l i n g  c a p a c i t y  o f  t h e  round  ( a s  o p p o s e d  t o  s q u a r e )  t e e t h  w i l l  now 

be e x p l a i n e d .  



SOURCE8 Technical Note 2 ,  Contract AF 30(602)-2392, SRI 
(See Ref. 45 by E. D. Sharp) 

FIG. 15.05-4 MEASURED WAFFLE-IRON IMAGE IMPEDANCE 

SOURCE: Technical Note 2. Contract AF 30(602)-2392, SRI 
(See Ref. 45 by E.  T). Sharp) 

FIG. 15.05-5 CROSS-SECTION OF TRANSFORMER BETWEEN 
WAFFLE IRON FILTERS A AND B 

SOURCE: Technical Note 2. Contract AF 30(602)-2392. SRI 
(See Ref. 45 by E. D. Sharp) 

FIG. 15.05-6 CROSS-SECTIONS OF INPUT AND OUTPUT TRANSFORMERS (DIMENSIONS 
WITH AND WITHOUT PARENTHESES ARE FOR TRANSFORMERS THAT 
MATCH WAFFLE IRONS A AND c RESPECTIVELY, TO L-BAND WAVEGUIDE) 



SOURCE: Technical Note 2 ,  Contract AF 30(602)-2392. SRl 
(See Ref. 45 by E. D. Sharp) 

FIG. 15.05-7 VSWR OF WAFFLE-IRON FILTER ASSEMBLY 

FREQUENCY - GC 
"A-8.78- 43n 

SOURCE: Technical Note 2, Contract AF 30(602)-2392. SRI 
(See Ref. 45 by E.  D. Sharp) 

FIG. 15.05-8 ATTENUATION OF WAFFLE-IRON FILTER ASSEMBLY 

The f i l t e r  shown i n  F i g .  1 5 . 0 5 - 1  was t e s t e d  a t  h i g h  power u n t i l  

a r c i n g  o c c u r r e d .  I t  was t h e n  opened  and examined :  s t r o n g  b u r n  marks  

we re  found  on t h e  f o u r  c o r n e r s  o f  t h e  t e e t h  i n  t h e  c e n t e r  t h r e e  l o n g i -  

t u d i n a l  r o w s .  ( T h e r e  were  no b u r n  marks  on t h e  two rows o f  t e e t h  a l o n g  

t h e  s i d e  w a l l . )  Round ing  t h e  e d g e s  a l o n e  would l e a v e  a  r i d g e  a t  t h e  

f o u r  c o r n e r s ,  wh ich  had  t h e r e f o r e  been  rounded  o f f  i n t o  a p p r o x i m a t e l y  

s p h e r i c a l  c o r n e r s ;  b u t  t h i s  s t i l l  r e m a i n e d  t h e  w e a k e s t  p a r t  o f  t h e  f i l t e r  

f rom t h e  s t a n d p o i n t  o f  p o w e r - h a n d l i n g  c a p a c i t y .  To s p r e a d  t h e  f i e l d  more 

e v e n l y ,  i t  was a r g u e d  t h a t  a  c i r c u l a r  t o o t h  s h o u l d  be  b e t t e r  t h a n  a  



s q u a r e  t o o t h ,  s i n c e  i t  h a s  o n l y  one  e d g e  and  n o  c o r n e r s .  
To a r r i v e  a t  

a  q u a n t i t a t i v e  c o m p a r i s o n ,  t h e  f o l l o w i n g  r e a s o n i n g  was u s e d .  

cohn3'  h a s  a n a l y z e d  t h e  f i e l d s  n e a r  t w o - d i m e n s i o n a l  r o u n d e d  c o r n e r s .  

With t h e  d i m e n s i o n s  o f  b o t h  t h e  round  and  s q u a r e  t e e t h ,  h i s  r e s u l t s  

s h o u l d  s t i l l  h o l d  c l o s e l y  f o r  t h e  f i e l d s  n e a r  t h e  l i n e - e d g e s  o f  t h e  

t e e t h .  One c u r v e  i n  F i g .  1 5 . 0 5 - 9  i s  t a k e n  f rom F i g .  1 5 . 0 2 - 5 ,  and  shows 

t h e  maximum f i e l d  n e a r  a  r o u n d e d  e d g e  w i t h  c i r c u l a r  b o u n d a r y .  
I t  i s  

shown a s  a  f u n c t i o n  o f  t h e  r a t i o  2R/b1', whe re  R  i s  t h e  r a d i u s  o f  t h e  

r o u n d e d  e d g e  and b"  i s  t h e  s p a c i n g  b e t w e e n  t e e t h  ( F i g .  1 5 . 0 5 - 3 ) .  To 
c a l c u l a t e  t h e  maximum f i e l d  n e a r  t h e  s p h e r i c a l l y  r o u n d e d  c o r n e r s  o f  t h e  

s q u a r e  t e e t h ,  we p r o c e e d  a s   follow^.^ 

SOURCE: Quarterly Progress Report 1. Contract AF 30(602)-2734, SRI 
(See Ref. 43 by L. Young) 

FIG. 15.05-9 MAXIMUM FIELD INTENSITIES NEAR CIRCULAR EDGE 
OF ROUND TEETH AND NEAR SPHERICAL CORNERS OF 
SQUARE TEETH 

The p l a n e  o f  symmetry b e t w e e n  t e e t h  may be  r e g a r d e d  a s  b e i n g  a t  

ground p o t e n t i a l .  The f i e l d  i n t e n s i t y  w e l l  i n s i d e  t h e  r e g i o n  be tween  

t e e t h  i s  d e n o t e d  by E , .  Then  t h e  p o t e n t i a l  V o f  a  t o o t h  i s  

The f i e l d  E m a x  on t h e  s u r f a c e  o f  an  i s o l a t e d  s p h e r e  o f  r a d i u s R  a n d a t  a  po-  

t e n t i a l  V a b o v e  g r o u n d  i s  

T h e r e f o r e ,  

a p p r o x i m a t e l y ,  f o r  t h e  t h r e e - d i m e n s i o n a l  c o r n e r s  on  t h e  s q u a r e  t e e t h ,  
when t h e  c o r n e r s  have  s p h e r i c a l  c o n t o u r s .  E q u a t i o n  ( 1 5 . 0 5 - 3 )  i s  a l s o  

p l o t t e d  a g a i n s t  2R/b1' i n  F i g .  1 5 . 0 5 - 9  and  i s  a  r e c t a n g u l a r  h y p e r b o l a .  

Fo r  t h e  f i l t e r s  u n d e r  c o n s i d e r a t i o n  

and F i g .  1 5 . 0 5 - 9  shows t h a t  E m a x / E 0  i s  1 . 4 1 5  f o r  t h e  c i r c u l a r  e d g e ,  and 
1 . 6 6 7  f o r  t h e  s p h e r i c a l  c o r n e r .  T h e r e f o r e ,  t h e  w a f f l e - i r o n  f i l t e r  w i t h  

c i r c u l a r  t e e t h  s h o u l d  h a n d l e  a b o u t  

t i m e s  a s  much power a s  t h e  w a f f l e - i r o n  f i l t e r  w i t h  s q u a r e  t e e t h .  
With 

f o u r  w a f f l e - i r o n  f i l t e r s  i n  p a r a l l e l  and  c i r c u l a r  t e e t h ,  a s  i n  

F i g .  1 5 . 0 5 - 1 0 ,  t h e  f i l t e r  s h o u l d  h a n d l e  a b o u t  4 * 1 . 3 9  = 5 . 5 6  t i m e s  t h e  

power o f  t h e  s i n g l e  f i l t e r  i n  F i g .  7 . 0 5 - 1 0 ,  c o r r e s p o n d i n g  t o  a b o u t  1 5  p e r -  

c e n t  o f  t h e  power h a n d l e d  by  11R650 L-band  r e c t a n g u l a r  w a v e g u i d e .  



FIG. 15.05-10 HIGH-POWER WAFFLE-IRON FILTER USING ROUND TEETH AND FOUR 
FILTERS IN PARALLEL 

WAVEGUIDE, WIDTH , a = 6.500" 
NO SCALE 

".-.o..., 

FIG. 15.05-1 1 DIMENSIONS OF POWER-DIVIDERS SHOWN 
IN FIG. 15.05-10 

T h i s  f o u r - w a f f l e - i r o n  f i l t e r  was t e s t e d  i n  t h e  p r e s e n c e  o f  a  c o b a l t - 6 0  

r a d i o a c t i v e  s o u r c e  i n  a i r  a t  a t m o s p h e r i c  p r e s s u r e ,  u s i n g  p u l s e s  2 . 5  m i c r o -  

s e c o n d s  l o n g  w i t h  a  r e p e t i t i o n  r a t e  o f  200 p u l s e s  p e r  s e c o n d .  At 6 . 3  mega- 

w a t t s  p u l s e  power ( t h e  maximum power a v a i l a b l e )  t h e r e  was s t i l l  no  s i g n  o f  

a r c i n g .  B a s e d  on t h e  above  c a l c u l a t i o n  a n d  1 . 4  m e g a w a t t s  f o r  t h e  s i n g l e -  

w a f f l e - i r o n  s q u a r e - t o o t h e d  f i l t e r  o f  F i g .  1 5 . 0 5 - 1 ,  t h e  f i l t e r  i n  

F i g .  1 5 . 0 5 - 1 0  s h o u l d  h a n d l e  5 . 5 6  X 1 . 4  = 7 . 8  m e g a w a t t s  u n d e r  t h e  same 

c o n d i t i o n s .  

I t  was p o i n t e d  o u t  a t  t h e  b e g i n n i n g  o f  S e c .  1 5 . 0 2  t h a t  t h e  p u l s e -  

power c a p a c i t y  r e f e r r e d  t o  s h o r t  p u l s e s .  The  r e a d e r  s h o u l d  u s e  c a u t i o n  

when a p p l y i n g  t h e s e  r e s u l t s  t o  l o n g e r  p u l s e s .  8 0 t h  t h e  s q u a r e - t o o t h e d  

and  t h e  r o u n d - t o o t h e d  w a f f l e - i r o n  f i l t e r s  w e r e  s u b j e c t e d  t o  p u l s e s  

1 1 0  m i c r o s e c o n d s  l o n g ,  a t  a  r a t e  o f  30  p u l s e s  p e r  s e c o n d .  The  p u l s e -  

power c a p a c i t y  w i t h  t h e  1 1 0 - m i c r o s e c o n d  p u l s e s  was o n l y  a b o u t  o n e - t h i r d  

o f  t h a t  w i t h  t h e  2 - m i c r o s e c o n d  ~ u l s e s .  F u r t h e r m o r e ,  i t  a p p e a r e d  t h a t  

a r c i n g  s t a r t e d  a b o u t  5 0  m i c r o s e c o n d s  a f t e r  t h e  b e g i n n i n g  o f  t h e  p u l s e .  

The d i m e n s i o n s  of t h e  power d i v i d e r s  f o r  t h e  h i g h - p o w e r  w a f f l e - i r o n  

f i l t e r  i n  F i g .  1 5 . 0 5 - 1 0  a r e  g i v e n  i n  F i g .  1 5 . 0 5 - 1 1 .  Each o f  t h e  f o u r  

p a r a l l e l  f i l t e r s  h a s  t h e  same d i m e n s i o n s  a s  w e r e  g i v e n  i n  S e c .  7 . 0 5  f o r  

t h e  s i n g l e  f i l t e r  shown i n  F i g .  7 . 0 5 - 1 0 .  

The  VSM'R o f  t h e  f i l t e r  shown i n  F i g .  15.05-lo is shown i n  F i g .  1 5 . 0 5 - 1 2  

i n c l u d i n g  b o t h  power d i v i d e r s  i n  t h e  m e a s u r e m e n t s .  The  s o l i d  l i n e  i s  

f o r  t h e  o r i g i n a l  f i l t e r  i n  w h i c h  t h e  t h r e e  o n e - e i g h t h - i n c h  p l a t e s  s u p -  

p o r t i n g  t h e  round  t e e t h  ( F i g .  1 5 . 0 5 - 1 0 )  we re  s o l i d  p l a t e s  f rom end  t o  end  

L a t e r  t h e s e  p l a t e s  we re  m o d i f i e d  by  c u t t i n g  l a r g e  c i r c u l a r  h o l e s  be tween 

t e e t h ,  a s  shown i n  F i g .  1 5 . 0 5 - 1 3 ,  wh ich  a l s o  shows t h e  s h e l f - l i k e  con-  

s t r u c t i o n  o f  t h e  f i l t e r  i n  more d e t a i l .  The  r e a s o n  f o r  t h e  h o l e s  was t o  

a l l o w  c o u p l i n g  be tween  t h e  f o u r  p a r a l l e l  f i l t e r  u n i t s ,  s o  t h a t  p r o p a g a t i c  

t h r o u g h  t h e  v a r i o u s  w a f f l e  i r o n  f i l t e r s  c o u l d  n o t  g e t  o u t  o f  p h a s e ,  and  

t h u s  t o  f o r e s t a l l  any p o s s i b l e  t r a p p e d  r e s o n a n c e  a r o u n d  a  p l a t e  due  t o  

p o o r  t o l e r a n c e s  o r  o t h e r  i m p e r f e c t i o n s .  (No s u c h  r e s o n a n c e  was  e v e r  

a c t u a l l y  o b s e r v e d  w i t h  o r  w i t h o u t  c o u p l i n g  h o l e s . )  The  VSWR o f  t h e  f i l t c  

w i t h  c o u p l i n g  h o l e s  i s  shown by t h e  d o t t e d  l i n e  i n  F i g .  5 . 0 5 - 1 2 .  The VS' 

i s  b e t t e r  t h a n  1 . 2  o v e r  a l m o s t  t h e  whole  o f  L - b a n d ,  w i t h  o r  w i t h o u t  

c o u p l i n g  h o l e s ,  and b e t t e r  t h a n  1.1 o v e r  two c o n s i d e r a b l e  p o r t i o n s  of i t  

The s t o p - b a n d  p e r f o r m a n c e  i s  shown i n  F i g .  1 5 . 0 5 - 1 4  t o g e t h e r  w i t h  

t h a t  o f  W a f f l e - I r o n  F i l t e r  A  ( w h i c h  h a s  s q u a r e  t e e t h ,  h a s  t e n  s e c t i o n s ,  

949 



SOURCE: Quarterly Progress Report 2 ,  Contract A F  30(602)-2734, SRI 
(See Ref .  43 by L. Young) 

FIG. 15.05-12 VSWR OF FILTERS IN FIGS. 15.05-10 AND 15.05-13 

FIG. 75.05-13 SHELF-LIKE CONSTRUCTION OF FILTER IN FIG. 15.05-10 
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FIVE SECTIONS, ROUND TEETH. 
USING HALF - INDUCTANCES 

SOURCE: Quarterly Progress  Report 2, Contract A F  30(602)-2734. SRI 
(See Ref .  43 by L. Young) 

FIG. 15.05-14 ATTENUATION OF TWO WAFFL E-IRON FILTERS 

and b e g i n s  w i t h  h a l f - t e e t h ) .  A f t e r  a l l o w a n c e  i s m a d e  f o r t h e  f a c t  t h a t  one i s  

a  f i v e - s e c t i o n  a n d o n e i s  a  t e n - s e c t i o n  f i l t e r ,  t h e r e  i s n o  n o t i c e a b l e  d i f f e r -  

e n c e i n t h e  s t o p - b a n d  p e r f o r m a n c e .  However,  some d i f f i c u l t y  was e x p e r i e n c e d  

a s  a r e s u l t o f  i m p e r f e c t  c o n t a c t  a t  t h e  c o u p l i n g  f l a n g e .  S i n c e T E O l  and o t h e r  

TEon modes c a n  p r o p a g a t e  t h r o u g h  t h e  w a f f l e - i r o n  f i l t e r  i n  t h e h i g h e r  p a r t  o f  

t h e  s t o p  b a n d ,  o n e m u s t  make s u r e t h a t T E o l  and o t h e r  TEonmodes  a r e n o t  e x c i t e d  

where thewaffle-iron s e c t i o n ~ b e ~ i n .  Normal ly  t h e s e m o d e s  a r e n o t  e x c i t e d  b e -  

c a u s e o f t h e  symmetry of  t h e  s t r u c t u r e ,  a n d t h e y  a r e  c u t o f f  i n  t h e  l o w - h e i g h t  

w a v e g u i d e m a t c h i n g  s e c t i o n s  s o t h a t  none can  r e a c h  t h e  f i l t e r  p r o p e r .  However 

if thewaffle-iron f i l t e r  and  t h e  low-height waveguidematching s e c t i o n s  a r e  

made i n  s e p a r a t e p i e c e s  and  t h e n c o n n e c t e d ,  i m p e r f e c t  c o n t a c t  a t  t h e  f l a n g e s m a  

s e t u p t h e u n w a n t e d m o d e s .  Then any c o n v e r s i o n  from p r o p a g a t i n g T E a o m o d e s  i n  

t h e e x t e r i o r w a v e g u i d e t o p r o p a g a t i n g T E o , m o d e s i n t h e  f i l t e r   roper, and sub-  

s e q u e n t  r e - c o n v e r s i o n  a t  t h e o u t p u t ,  w i l l  c a u s e  s p u r i o u s  p a s s b a n d s .  A f e w v e :  

s h a r p  and n a r r o w  s p u r i o u s  r e s p o n s e s  w e r e o b s e r v e d ,  a n d w e r e  found  t o  improve 

w i t h  b e t t e r  f l a n g e  f i t t i n g .  To a v o i d  t h e n e e d  f o r  e x c e s s i v e  c a r e  i n  m a t i n g  

f l a n g e s ,  s i x o n e - e i g h t h - i n c h - d i a m e t e r  r o d s w e r e p a s s e d a c r o s s t h e  f i l t e r ,  a s  

s h o w n i n  F i g .  1 5 . 0 5 - 1 5 ,  which c o m p l e t e l y  e l i m i n a t e d  a l l  s p u r i o u s  r e s p o n s e s  i n  

t h e  s t o p  band .  
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SOURCE: Quarterly Progress Report 2. Contract A F  30(602)-2734, SRI 
(See Ref. 43 by L. Young) 

FIG. 15.05-15 WAFFLE-IRON FILTER WITH THIN RODS TO SUPPRESS TEo, MODE EXCITED 
BY IMPERFECT CONTACT OR MISALIGNMENT OF FLANGES 

SEC.  1 5 . 0 6 ,  DISSIPATIVE WAVEGUIDE FIL'l 'EHS 

D i s s i p a t i v e  l o w - p a s s  wavegu ide  f i l t e r s  a r e  e x t e n s i v e l y  u s e d  t o  

s u p p r e s s  t h e  s p u r i o u s  ha rmon ic  r a d i a t i o n  f rom h igh -power  t r a n s m i t t e r s  

b e c a u s e  t h e y  a r e  w e l l  ma tched  i n  b o t h  t h e  p a s s  and s t o p  b a n d s  and hence  

p r e c l u d e  r e s o n a n c e s  be tween  t h e  t r a n s m i t t e r  a n d  t h e  f i l t e r  t h a t  m i g h t  be  

damaging t o  t h e  t r a n s m i t t i n g  'They u s u a l l y  have  maximum a t t e n u -  

a t i o n  a t  t h e  s e c o n d  and t h i r d  ha rmon ic  f r e q u e n c i e s w i t h  l e s s e r  a t t e n u a t i o n s  

a t  h i g h e r  f r e q u e n c i e s .  Most d e s i g n s  c a n  h a n d l e  e s s e n t i a l l y  t h e  f u l l  
wavegu ide  p u l s e - p o w e r  w i t h o u t  r e c o u r s e  t o  p r e s s u r i z a t i o n .  I t  i s  a l s o  
r e l a t i v e l y  e a s y  t o  p r e s s u r i z e  them i f  n e c e s s a r y  i n  o r d e r  t o  make them 

c o m p a t i b l e  w i t h  o t h e r  components  i n  a  s y s t e m .  

F i g u r e  1 5 . 0 6 - 1  i s  a  s k e t c h  o f  a  p o r t i o n  o f  a  t y p i c a l  d i s s i p a t i v e  

waveguide  f i l t e r .  I t  i s  s e e n  t o  c o n s i s t  o f  a  c e n t r a l  wavegu ide  t h a t  i s  
a p e r t u r e  c o u p l e d  t o  an  a r r a y  o f  s e c o n d a r y  w a v e g u i d e s ,  which s t a n d  on a l l  
f o u r  s i d e s  o f  t h e  c e n t r a l  w a v e g u i d e ,  and e a c h  o f  which i s  t e r m i n a t e d  i n  
a  matched l o a d .  The w i d t h  a2 of  t h e  s e c o n d a r y  wavegu ides  i s  s m a l l  enough 

s o  t h a t  t h e y  a r e  below c u t o f f  i n  t h e  p a s s  band o f  t h e  f i l t e r  and h e n c e  

a t  t h e s e  f r e q u e n c i e s  power c a n  p r o p a g a t e  down t h e  c e n t r a l  wavegu ide  w i t h  
an a t t e n u a t i o n  t h a t  i s  o r d i n a r i l y  l e s s  t h a n  0 . 1  d b .  I n  o r d e r  t o  a c h i e v e  

t h i s  low,  p a s s - b a n d  a t t e n u a t i o n  t h e  t i p s  of  t h e  s p e a r - s h a p e d  l o a d s  i n  t h e  

s e c o n d a r y  w a v e g u i d e s  a r e  p l a c e d  a p p r o x i m a t e l y  a  d i s t a n c e  at ( e q u a l  t o  

o n e - h a l f  of t h e  TElo-mode c u t o f f  w a v e l e n g t h  i n  t h e  s e c o n d a r y  wavegu ide )  

f rom t h e  a p e r t u r e s  s o  t h a t  t h e  f r i n g i n g  f i e l d s  a t  t h e  a p e r t u r e s  do  n o t  

i n t e r a c t  w i t h  t h e  l o a d s .  I n  t h e  s t o p  b a n d ,  wh ich  e x i s t s  a t  f r e q u e n c i e s  

above t h e  p a s s  b a n d ,  t h e  s i d e  wavegu ides  can  p r o p a g a t e  and  ha rmon ic  power 

TYPICAL LOAD -t-- 
WAVEGUIDES TERMINATED 
WITH MATCHED LOADS r7 

FIG. 15.06-1 TYPICAL CONSTRUCTION OF A DISSIPATIVE WAVEGUIDE FILTER 



p r o p a g a t i n g  down t h e  c e n t r a l  waveguide  i s  c o u p l e d  i n t o  t h e  s i d e  waveguides  

where i t  i s  d i s s i p a t e d  i n  t h e  matched t e r m i n a t i o n s .  

The c o u p l i n g  a p e r t u r e s  f o r  t h e  s e c o n d a r y  wavegu ides  a r e  u s u a l l y  l ong  

and n a r r o w  s l o t s  a s  shown, and maximum a t t e n u a t i o n  i n  t h e  c e n t r a l  wave- 
g u i d e  o c c u r s  a t  t h e  f r e q u e n c y  a t  which t h e  a p e r t u r e  l e n g t h s  1 a r e  a b o u t  

o n e - h a l f  a  f r e e - s p a c e  w a v e l e n g t h .  The c e n t e r - t o - c e n t e r  s p a c i n g  o f  t h e  
a p e r t u r e s ,  a l o n g  t h e  l e n g t h  o f  t h e  wavegu ide ,  i s  u s u a l l y  made l e s s  t h a n  
h a l f  a  f r e e - s p a c e  w a v e l e n g t h  a t  t h e  h i g h e s t  f r e q u e n c y  o f  o p e r a t i o n  o f  t h e  

f i l t e r  i n  o r d e r  t o  a v o i d  m u l t i p l e  r e f l e c t i o n s  f rom t h e  a p e r t u r e s  which 

would r a i s e  t h e  s t o p - b a n d  VSWR. The c o u p l i n g  a p e r t u r e s  c a n n o t  c o u p l e  
e q u a l l y  w e l l  t o  a l l  p o s s i b l e  modes i n  t h e  c e n t r a l  wavegu ide ,  wh ich  c a n  

p r o p a g a t e  a  r a p i d l y  i n c r e a s i n g  number o f  modes a s  t h e  f r e q u e n c y  i s  i n -  

c r e a s e d .  When s l o t s  a r e  u s e d ,  a s  shown i n  F i g .  1 5 . 0 6 - 1 ,  t h e  s l o t s  a t t enua te  

most s t r o n g l y  t h o s e  modes w i t h  c u r r e n t s  t r y i n g  t o  c r o s s  t h e  s l o t s  ( i . e . ,  

h a v i n g  t r a n s v e r s e  m a g n e t i c  f i e l d s  i n  t h e  c a s e  o f  F i g .  1 5 . 0 6 - 1 ) ;  t h e  

s e c o n d a r y  w a v e g u i d e s  a r e  t h e n  e f f e c t i v e l y  i n  s e r i e s  w i t h  t h e  c e n t r a l  wave- 

g u i d e .  F u r t h e r m o r e ,  t h e  a t t e n u a t i o n  i s  g r e a t e s t  when t h e  c e n t e r s  o f  t h e  

c o u p l i n g  a p e r t u r e s  a r e  l o c a t e d  a t  t h e  p o s i t i o n s  o f  maximum t r a n s v e r s e  

magne t i c  f i e l d  (maximum l o n g i t u d i n a l  w a l l  c u r r e n t ) .  The a t t e n u a t i o n  of a  
mode measu red  i n  d b  a t  a  p a r t i c u l a r  f r e q u e n c y  i s  a l s o  a p p r o x i m a t e l y  i n -  

v e r s e l y  p r o p o r t i o n a l  t o  i t s  impedance  i n  t h e  c e n t r a l  wavegu ide  (wh ich  f o r  

TE modes and a  g i v e n  a / b  r a t i o  i s  p r o p o r t i o n a l  t o  t h e  r a t i o  o f  g u i d e  

w a v e l e n g t h  t o  f r e e - s p a c e  w a v e l e n g t h ) .  T h e r e f o r e ,  a  h i g h e r - o r d e r  mode 
h a v i n g  t h e  c o u p l i n g  a p e r t u r e s  o f  t h e  s e c o n d a r y  wavegu ides  a r r a n g e d  s o  t h a t  

t h e  mode w i l l  s u f f e r  maximum a t t e n u a t i o n  may s t i l l  b e  l e s s  s t r o n g l y  a t -  

t e n u a t e d  t h a n  a  l o w e r - o r d e r  mode h a v i n g  a  l o w e r  g u i d e  impedance .  G r e a t e r  
a t t e n u a t i o n  by t h e  s e c o n d a r y  wavegu ides  a l o n g  t h e  b r o a d  w a l l  o f  t h e  c e n t r a l  

g u i d e  i s  o b t a i n e d  when t h e  impedance  of  t h e  g u i d e  i s  r e d u c e d  by r e d u c i n g  

i t s  h e i g h t ,  b.#  However,  t h i s  p r o c e d u r e  a l s o  r e d u c e s  t h e  p u l s e - p o w e r  

c a p a c i t y  o f  t h e  f i l t e r  s i n c e  t h e  p u l s e - p o w e r  c a p a c i t y  i s  d i r e c t l y  p r o -  

p o r t i o n a l  t o  b .  

I n  t h e  f i l t e r  shown i n  F i g .  1 5 . 0 6 - 1  t h e  s e c o n d a r y  w a v e g u i d e s  a l o n g  

t h e  b r o a d  w a l l  o f  t h e  c e n t r a l  waveguide  would c o u p l e  s t r o n g l y  t o  t h e  

s e c o n d - h a r m o n i c  power p r o p a g a t i n g  i n  t h e  TEzo  mode. They a l s o  c o u p l e  j u s t  
a b o u t  a s  s t r o n g l y  t o  t h e  s e c o n d - h a r m o n i c  power p r o p a g a t i n g  i n  t h e  TElo 

mode. The w a v e g u i d e s  a l o n g  t h e  na r row w a l l  o f  t h e  c e n t r a l  waveguide  coup le  

most s t r o n g l y  t o  s e c o n d - h a r m o n i c  power p r o p a g a t i n g  i n  t h e  TEo l  mode. 

I f  t h e  d o u b l e  a r r a y  of  s i d e  wavegu ides  a l o n g  e a c h  b r o a d  w a l l  o f  

t h e  c e n t r a l  wavegu ide  i n  F i g .  1 5 . 0 6 - 1  a r e  r e p l a c e d  by t r i p l e  a r r a y s ,  t h e  

f i l t e r  would b e  most e f f e c t i v e  i n  s u p p r e s s i n g  power p r o p a g a t i n g  a t  t h e  

t h i r d  ha rmon ic  f r e q u e n c y .  For  t h i s  r e a s o n  some d i s s i p a t i v e  f i l t e r s  have  

a  d o u b l e  a r r a y  o f  wavegu ides  a l o n g  a  p o r t i o n  of  t h e  b r o a d  w a l l  and  a  

t r i p l e  a r r a y  a l o n g  t h e  r e s t  of  t h e  w a l l .  

I n  o r d e r  t o  p r o v i d e  a  good ma tch  be tween  t h e  d i s s i p a t i v e  f i l t e r  and 

t h e  t e r m i n a t i n g  wavegu ides  i t  i s  c u s t o m a r y  t o  l i n e a r l y  t a p e r  t h e  l e n g t h s  
of t h e  c o u p l i n g  a p e r t u r e s  a t  e a c h  end  of  t h e  f i l t e r .  When a b o u t  a  d o z e n  

a p e r t u r e s  a r e  t a p e r e d  a t  e a c h  e n d  o f  t h e  f i l t e r  t h e  r e s u l t i n g  p a s s - b a n d  

VSWR i s  u s u a l l y  l e s s  t h a n  1 . 2 0 .  

An S-Band D i s s i p a t i v e  F i l t e r - A  f i l t e r  w h i c h  i s  t y p i c a l  of d i s s i p a t i v e  

f i l t e r s  i n  g e n e r a l ,  h a s  been  d e v e l o p e d  by V. P r i c e ,  
e t  a l . @  The c o n f i g u -  

r a t i o n  o f  t h e  s i d e  wavegu ides  i n  t h i s  f i l t e r  i s  a s  shown i n  F i g .  1 5 . 0 6 - 1 ;  

however ,  a  c y l i n d r i c a l  p r e s s u r e  v e s s e l  s u r r o u n d s  t h e  f i l t e r  s o  t h a t  i t  

can b e  o p e r a t e d  a t  a  p r e s s u r e  o f  30  p s i g  (pounds  p e r  s q u a r e  i n c h ,  g a u g e ) .  

The f i l t e r ,  w h i c h  i s  made o f  a luminum,  i s  f a b r i c a t e d  i n  t h e  f o l l o w i n g  

f a s h i o n .  F i r s t ,  t h e  c o u p l i n g  a p e r t u r e s  a r e  m i l l e d  i n  t h e  c e n t r a l  wave- 

g u i d e .  Then a  number o f  aluminum s t a m p i n g s  a r e  made w h i c h ,  when a s s e m b l e d  

i n  t h e  f a s h i o n  o f  an  e g g - c r a t e ,  fo rm t h e  s i d e  w a v e g u i d e s .  The s i d e  wave- 

g u i d e s  and t h e  c e n t r a l  w a v e g u i d e s  a r e  t h e n  c l amped  t o g e t h e r  and p e r m a n e n t l y  

j o i n e d  t o  e a c h  o t h e r  by immers ion  i n  a  d i p  b r a z i n g  t a n k .  
The s p e c i f i c a -  

t i o n s  f o r  s u c h  a  f i l t e r  a r e  g i v e n  i n  T a b l e  1 5 . 0 6 - 1 ,  and i t s  a t t e n u a t i o n  

c h a r a c t e r i s t i c s  a r e  shown i n  F i g s .  1 5 . 0 6 - 2 ,  3 a n d  4 .  

Table 15 .06 -  1 

SPECIFICATIONS OF AN S-BAND DISSIPATIVE-fILTER EXAMPLE 

Rows of  s l o t s  on each broad ws l l  
Rovs of s l o t s  on each narrow wsl l  
Number of  fu l l - l ength  s l o t s  on hoth broad wal ls  
Number of fu l l - l ength  s l o t s  on both narrow wal ls  
Number of linear1 tapered matching s l o t s  at  

each end of eac l  row of s l o t s  
b2, height of s ide  waveguides 
a2, width of s ide  waveguides 
1 2 ,  length of narrow wall s ide  waveguides 
12, length of broad wall s ide  waveguides 
1 ,  length of coupling apertures 
u, width of coupling apertures 
Over-all f i l t e r  length including flanges 
Outside diameter of pressure ves se l  surrounding f i l t e r  

16 
0 .26 inch 
1.39 inches 
2 . 6  inches 
2 . 4  inches 
1.30 inches 
0.19 inch 

36 inches 
9.25 inches 



FREOUENCY - Gc 
RA-3527-553 

SOURCE: Final Report. Change A, Contract A F  30(602)-1670, General Electric Company 
(See Ref. 49 by V. G. Price, J. P .  Raoney and R .  H. Stone) 

FIG. 15.06-2 TE,,-MODE ATTENUATION AND VSWR OF S-BAND DISSIPATIVE 
FILTER WHOSE DIMENSIONS ARE GIVEN IN TABLE 15.06-1 
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FREOUENCY - Gc 
RA-3527-554 

SOURCE: Final Report, Change A, Contract A F  30(602)-1670 General Electric Company 
(See Ref. 49 by V.  G. Price. J. P. Rooney and R.  H. Stone) 

FIG. 15.06-3 TE20-MODE ATTENUATION AND VSWR OF DISSIPATIVE FILTER 
WHOSE DIMENSIONS ARE GIVEN IN TABLE 15.06-1 

FREQUENCY - GC RA-3527-555 

SOURCE: Final Report, Change A, Contract AF 30(602)-1670 General Electric Company 
(See Ref. 49 by V .  G .  Price. J .  P .  Rooney and R. H .  Stone) 

FIG. 15.06-4 TEol-MODE ATTENUATION AND VSWR OF 
DISSIPATIVE FILTER WHOSE DIMENSIONS 
ARE GIVEN IN TABLE 15.06-1 

Other types of harmonic-absorbing waveguide filters with secondary 

waveguides have also been built. One of the more promising variations 

on this theme has been the use of circular instead of rectangular 

secondary wavegaides, open-ended into the rectangular central waveguide. 

The secondary guides may or may not be loaded with dielectric material, 

but in any case must be cutoff in the pass band, and have to start propa- 

gating at some frequency below the second harmonic. 

SEC. 15.07, DISSIPATIVE COAXIAL-LINE FILTERS 

Dissipative low-pass filters can also be constructed in coaxial line 

to suppress the spurious power from high-power transmitters. Their 

principle of operation is essentially the same as that of the waveguide 

dissipative filters discussed in Sec. 15.06. The stop-band attenuation 

per unit of length of the TEM mode in a typical coaxial dissipative 

filter is greater than that of the lowest mode in a typical waveguide 

dissipative filter because the characteristic impedance of the central 



t r a n s m i s s i o n  l i n e  i s  l o w e r .  However,  t h e  p u l s e - p o w e r  c a p a c i t y  i s  less  

f o r  a  c o a x i a l  f i l t e r  b e c a u s e  t h e  p u l s e - p o w e r  c a p a c i t y  o f  t h e  b e s t  c o a x i a l  

l i n e  i s  l e s s  t h a n  t h a t  o f  s t a n d a r d  wavegu ide  i n  t h e  same f r e q u e n c y  r a n g e .  

E x p e r i m e n t a l  mode l s  o f  c o a x i a l  d i s s i p a t i v e  f i l t e r s  h a v e  been  b u i l t  

by E. G. ~ r i s t a l . ~  One model h a s  a  p a s s - b a n d  c u t o f f  f r e q u e n c y  o f  1 . 7  Gc 

and a  c h a r a c t e r i s t i c  impedance  o f  50 ohms. The i n s i d e  d i a m e t e r  o f  t h e  
o u t e r  c o n d u c t o r  i s  1 . 5 2 7  i n c h e s  w h i l e  t h e  d i a m e t e r  o f  t h e  i n n e r  c o n d u c t o r  

i s  0 . 6 6 4  i n c h .  Twen ty -one  r e c t a n g u l a r - s l o t  p a i r s  were  c u t  i n  t h e  

0 . 0 4 9 - i n c h - t h i c k  c o a x i a l  l i n e  w a l l  and were  s p a c e d  0 . 4 0 0  i n c h  a p a r t  

c e n t e r  t o  c e n t e r .  The w i d t h  o f  e a c h  s l o t  was 0 . 2 5  i n c h ,  and  e a c h  s l o t  
s u b t e n d e d  an  a n g l e  o f  1 5 0  d e g r e e s  a t  t h e  a x i s .  I n  a d d i t i o n ,  t e n  s m a l l e r  
s l o t s  were  c u t  i n  t h e  c o a x i a l  l i n e  i n  t h e  r e g i o n s  a h e a d  o f  and  b e h i n d  

t h e  t w e n t y - o n e  main s l o t s ;  t h e  added  s l o t s  w e r e  a r r a n g e d  t o  fo rm a  t ape rec  

s e q u e n c e  s o  a s  t o  improve  t h e  impedance  ma tch  i n  t h e  p a s s  band .  

The s e c o n d a r y  w a v e g u i d e s  were  0 . 3 7 5  i n c h  h i g h  a n d  3 . 5  i n c h e s  w i d e ,  

c o r r e s p o n d i n g  t o  a  c u t o f f  f r e q u e n c y  o f  1 . 7  Gc. The l e n g t h  o f  t h e  s e c o n d a ~  
wavegu ides  is a b o u t  1 2  i n c h e s ,  b u t  t h i s  l e n g t h  c o u l d  b e  r e d u c e d .  Each of 
t h e  s e c o n d a r y  w a v e g u i d e s  was t e r m i n a t e d  w i t h  r e s i s t i v e  T e l e d e l t o s *  p a p e r .  

(Each l o a d  was found  t o  be  a b l e  t o  d i s s i p a t e  a t  l e a s t  t h r e e  w a t t s  a v e r a g e  

power w i t h o u t  c o o l i n g . )  F i g u r e  1 5 . 0 7 - 1  shows a  s k e t c h  o f  t h e  f i l t e r  
( w i t h o u t  t h e  t a p e r e d  s l o t s ) .  I ts  measu red  a t t e n u a t i o n  t o  t h e  dominan t  
TEM mode i s  shown i n  F i g .  1 5 . 0 7 - 2 ,  f o r  s e v e r a l  v a l u e s  o f  t h e  c o a x i a l  l i n e  

SOURCE: Tachnical Note 4. Wntract  AF 30(602)-2392. SRI 
(See Ref. 5 0  by E .  G. Cristal) 

FIG. 15.07-1 COAXIAL LEAKY-WAVE FILTER 

O b t a i n a b l e  f r o m  Micro C i r c u i t *  C o . ,  New B u f f a l o .  M i c h i s a n .  
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FIG. 15.07-2 ATTENUATION OF EXPERIMENTAL COAXIAL LEAKY-WAVE 
FILTER TO A TEM WAVE FOR VARIOUS LINE IMPEDANCES 

impedance ,  f rom 50  ohms t o  20 ohms. The impedance  was a d j u s t e d  by 

c h a n g i n g  t h e  d i a m e t e r  of  t h e  i n n e r  c o n d u c t o r  f rom 0 .664  i n c h  ( f o r  50 ohms) 

on up.  I t  c a n  be  s e e n  from F i g  1 5 . 0 7 - 2  t h a t  t h e  a t t e n u a t i o n  t o  t h e  TEM 

mode i s  s u b s t a n t i a l  o v e r  a  v e r y  wide  f r e q u e n c y  b a n d ,  f o r  a 1 1  l i n e  imped-  

a n c e s ,  and t h a t  t h e  a t t e n u a t i o n  i n c r e a s e s  a s  t h e  impedance  d e c r e a s e s .  

The T E l l  mode p r o p a g a t e s  above  3 . 5  Gc. A T E l l  mode l a u n c h e r  was 

c o n s t r u c t e d  and t h e  a t t e n u a t i o n  o f  t h e  c o a x i a l  l eaky-wave  f i l t e r  was 



measured to two polarizations of the TEll mode: in one polarization the 
currents try to cross the slots and are attenuated strongly, the over-all 

attenuation being about equal to that for the TEM mode. In the other 
polarization, the slots do not perturb the current flow so much, and the 

coupling through the slots is much weaker; the measured attenuation in db 

was about one-fifth of that for the orthogonal TEll polarization and the 
TEM mode. One way to ensure high attenuation for the TEll mode in all 
polarizations is to use two filters in cascade, but arranged with their 

transverse geometry orthogonal. At the time of this writing, other possi- 

bilities are still under consideration. 

The shape and size of single slots were varied experimentally in 

order to determine the configuration for maximum coupling in the stop 

band. For example, dumbbell slots can be made to resonate at lower fre- 

quencies than plain rectangular slots, and thus give slightly stronger 

coupling near the cutoff frequency, but it is doubtful whether the small 

improvement is worth the mechanical complication for most applications. 

A numerical analysis for some idealized cases was also undertaken to dis- 

cover the dependence of the stop-band attenuation on the various parameters 

involved. The slots were closely spaced in every case. Doubling the 
number of slots and secondary waveguides per unit length did not appreci- 

ably increase the attenuation, when the slot widths and waveguide heights 

had to be halved to allow for twice as many slots. The greatest attenu- 
ation and the flattest frequency response resulted from the widest slots 

(slot width equal to waveguide height). 

The VSWR of the 50-ohm filter in the nominal pass band of 1.2 to 

1.4 Gc was found to be less than 1.09. In the stop band, the VSWR for 
the TEM mode was less than 1.5 from the second to the fifth harmonic. 
inclusive 
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C H A P T E R  1 6  

MULTIPLEXER DESIGN 

SEC. 1 6 . 0  1 ,  INTRODUCTION 

As was d i s c u s s e d  i n  Sec .  1 . 0 2 ,  f i l t e r s  c o n n e c t e d  i n  p a r a l l e l  o r  

i n  s e r i e s  a r e  o f t e n  n e e d e d  i n  o r d e r  t o  s p l i t  a  s i n g l e  c h a n n e l  c a r r y i n g  

many f r e q u e n c i e s  i n t o  a  number o f  s e p a r a t e  c h a n n e l s  c a r r y i n g  n a r r o w e r  

bands  o f  f r e q u e n c i e s .  S i m i l a r  f i l t e r  g r o u p s  a r e  o f t e n  r e q u i r e d  a l s o  

f o r  t h e  i n v e r s e  p r o c e s s  o f  summing a  number o f  c h a n n e l s  c a r r y i n g  

d i f f e r e n t  b a n d s  o f  f r e q u e n c i e s  

s o  t h a t  a l l  o f  t h e  f r e q u e n c i e s  

can  be  p u t  i n  a  s i n g l e  b r o a d -  

band c h a n n e l  w i t h o u t  l o s s  o f  

e n e r g y  ( w h i c h  would  o t h e r w i s e  

o c c u r  d u e  t o  l e a k a g e  o f  e n e r g y  

from any one  o f  t h e  i n p u t  

c h a n n e l s  i n t o  t h e  o t h e r  i n p u t  

c h a n n e l  s ) .  

F i g u r e  1 6 . 0 1 - 1  shows a  

t h r e e - c h a n n e l  mu1 t i p l e x e r  wh ich  

would  u s e  t h r e e  s e p a r a t e  band-  

p a s s  f i l t e r s ,  o n e  t o  p r o v i d e t h e  

2 . 0 -  t o  2 .6-Gc c h a n n e l ,  a  s e c -  

ond t o  p r o v i d e  t h e  2 . 6 -  t o  

3 .3-Gc c h a n n e l ,  and  a  t h i r d  t o  

p r o v i d e  t h e  3 . 3 -  t o  4 .0-Gc 

c h a n n e l .  I t  m i g h t  a t  f i r s t  

a p p e a r  t h a t  

by d e s i g n i n g  

c e d u r e s  p r e v  

f i l t e r s  i n  p  

-L 

vCHANNEL I 

CHANNEL 2 

2.0-4.0 GC 2.6-3.3 Gc 

rCHANNEL 3 

3.3-4.0 GC &-3527-9. 

FIG. 16.01-1 A THREE-CHANNEL 
MULTIPLEXING 
FILTER GROUP 

t h e  d e s i g n  o f  t h i s  m u l t i p l e x e r  c o u l d  e a s i l y  be  a c c o m p l i s h e d  

t h e  f i l t e r s  u s i n g  any o f  t h e  b a n d - p a s s  f i l t e r  d e s i g n  p r o -  

i o u s l y  d i s c u s s e d  i n  t h i s  book,  and t h e n  c o n n e c t i n g  t h e  

a r a l l e l .  However,  t h o u g h  t h e  p r o c e d u r e s  p r e v i o u s l y  d i s -  

c u s s e d  a r e  u s e f u l  f o r  mu1 t i p l e x e r  d e s i g n ,  t h e y  s h o u l d  be  u s e d  a l o n g  

w i t h  s p e c i a l  t e c h n i q u e s  i n  o r d e r  t o  a v o i d  u n d e s i r a b l e  i n t e r a c t i o n  

be tween  t h e  f i l t e r s ,  which  c o u l d  r e s u l t  i n  v e r y  p o o r  p e r f o r m a n c e .  



Most o f  t h e  d i s c u s s i o n s  i n  t h i s  c h a p t e r  r e l a t e  t o  t h e  p r o b l e m  o f  d e s i g n  

s o  a s  t o  e l i m i n a t e  s u c h  u n d e s i r a b l e  i n t e r a c t i o n  e f f e c t s .  
However,  t h e  

c o n s t a n t -  r e s i s t a n c e -  f i l  t e r  a p p r o a c h  d i s c u s s e d  i n  t h e  n e x t  s e c t i o n  a v o i d s  

t h i s  p rob lem e n t i r e l y  by u s i n g  d i r e c t i o n a l - f i l t e r  u n i t s  wh ich  h a v e  

ma tched ,  c o n s t a n t - r e s i s t a n c e  i n p u t  i m p e d a n c e s  a t  a l l  f r e q u e n c i e s  s o  t h a t  

i n  t h e o r y  no i n t e r a c t i o n  e f f e c t s  s h o u l d  o c c u r .  

SEC. 1 6 . 0  2 ,  MULTIPLEXERS USING DIRECTIONAL FILTEHS 

The d i r e c t i o n a l  f i l t e r s  d i s c u s s e d  i n  C h a p t e r  14  h a v e  a  c o n s t a n t -  

r e s i s t a n c e  i n p u t  impedance  p r o v i d e d  t h a t  t h e i r  o u t p u t  p o r t s  a r e  t e r m i -  

n a t e d  i n  t h e i r  p r o p e r  r e s i s t a n c e  t e r m i n a t i o n s .  
F i l t e r s  o f  t h i s  s o r t ,  

when a l l  d e s i g n e d  f o r  t h e  same t e r m i n a t i n g  r e s i s t a n c e ,  c a n  be  c a s c a d e d  

a s  shown i n  F ig .  1 6 . 0 2 - 1  t o  form s m u l t i p l e x e r  which i n  t h e o r y  com- 

p l e t e l y  a v o i d s  t h e  f i l t e r  i n t e r a c t i o n  p rob lem m e n t i o n e d  i n  Sec .  16 .01.  

INPUT 
SlGNbLS fa 

FIG. 16.02-1 EXAMPLE OF DIRECTIONAL FILTERS USED 
FOR MULTIPLEXING 

Each f i l t e r  p r o v i d e s  t h e  p r o p e r  t e r m i n a t i o n  f o r  i t s  n e i g h b o r ,  s o  t h a t  

t o  t h e  e x t e n t  t h a t  t h e r e  a r e  no r e s i d u a l  VSWH1s due  t o  d e s i a n  and - 
m a n u f a c t u r i n g  i m p e r f e c t i o n s ,  t h e  s y s t e m  i s  r e f  1  e c t i o n l  e s s .  

I n  F i g .  16 .02-1 ,  
F i l t e r  a r emoves  a l l  o f  t h e  e n e r g y  a t  f r e q u e n c y  f a ,  b u t  p a s s e s  on  t h e  

e n e r g y  a t  a l l  o t h e r  f r e q u e n c i e s .  F i l t e r  b r emoves  t h e  e n e r a v  a t  -. 
f r e q u e n c y  f and s o  o n .  

The u s e  o f  d i r e c t i o n a l  f i l t e r s  f o r  m u l t i p l e x i n g  i s  a  c o n c e ~ t u a l l ~  
- 

s i m p l e  and e l e g a n t  way o f  s o l v i n g  t h e  m u l t i p l e x e r  problem.  
I n  many 

c a s e s  i t  i s  a l s o  a  v e r y  p r a c t i c a l  way o f  d e a l i n g  w i t h  m u l t i p l e x i n g  

p r o b l e m s ,  t hough  by n o  means a l w a y s  t h e  mos t  p r a c t i c a l  way. 
Each  f i l t e r  

w i l l  g e n e r a l l y  have  some p a r a s i t i c  VSWR, wh ich  w i l l  a f f e c t  t h e  s y s t e m  

s i g n i f i c a n t l y  i f  many f i l t e r s  a r e  t o  be  c a s c a d e d .  
However,  p r o b a b l y  

t h e  g r e a t e s t  p r a c t i c a l  d rawback  o f  d i r e c t i o n a l  f i l t e r s  i s  t h a t  e a c h  

r e s o n a t o r  o f  e a c h  f i l t e r  h a s  two d i f f e r e n t  o r t h o g o n a l  modes,  and i f  

more t h a n  o n e  o r  two r e s o n a t o r s  a r e  r e q u i r e d  p e r  f i l t e r ,  t h e  t u n i n g  o f  

t h e  f i l t e r s  may be  d i f f i c u l t .  
A l though  an e f f o r t  i s  made t o  t u n e  t h e  

two modes o f  e a c h  r e s o n a t o r  i n d e p e n d e n t l y  w i t h  s e p a r a t e  s e t s  o f  t u n i n g  

s c r e w s ,  t h e  t u n i n g  s c r e w s  f o r  o n e  mode g e n e r a l 1  y  have  some e f f e c t  o n  

t h e  o t h e r  mode, s o  t h a t  some i t e r a t i o n  i n  t h e  t u n i n g  p r o c e s s  i s  g e n e r a l  

r e q u i r e d .  T h u s ,  i f  t h e r e  a r e  more t h a n ,  s a y ,  two r e s o n a t o r s  p e r  f i l t e r ,  

t h e  f a c t  t h a t  t h e  two modes i n  each  r e s o n a t o r  must  be t u n e d  s e p a r a t e l y ,  

a l o n g  w i t h  u n a v o i d a b l e  i n t e r a c t i o n  e f f e c t s  i n  t h e  t u n i n g  mechanism,  c a n  - 
make t h e  t u n i n g  p r o c e s s  q u i t e  t i m e  consuming.  

F i g u r e  1 6 . 0 2 - 2  shows a n o t h e r  form o f  d i r e c t i o n a l  f i l t e r  which a l s o  

h a s  t h e  c o n s t a n t - r e s i s t a n c e  i n p u t  p r o p e r t i e s  e x h i b i t e d  by t h e  f i l t e r s  

i n  C h a p t e r  14 .  21"n t h i s  c i r c u i t  two h y b r i d  j u n c t i o n s  a r e  u s e d ,  such  

a s  t h e  3-db c o u p l e r s  i n  Sec .  1 3 . 0 3 ,  t h e  3-db b r a n c h - ~ u i d e  c o u p l e r s  

t r e a t e d  i n  S e c s .  13 .12  and 1 3 . 1 3 ,  s h o r t - s l o t  h y b r i d s ,  o r  M a g i c - T ' s .  
I n  

t h e  c a s e  o f  t h e  Magic-T,  a n  e x t r a  q u a r t e r - w a v e l e n g t h  o f  l i n e  i s  r e q u i r e d  

o n  one  o f  t h e  s i d e  p o r t s  o f  t h e  h y b r i d  i n  o r d e r  t o  g i v e  t h e  d e s i r e d  

9 0 - d e g r e e  p h a s e  d i f f e r e n c e  be tween  t h e  o u t p u t s  o f  t h e  s i d e  p o r t s  o f  t h e  

h y b r i d .  I n  F i g .  1 6 . 0 2 - 2 ,  t h e  r e q u i r e d  p h a s e  r e l a t i o n s  f o r  t r a n s m i s s i o n  

between t h e  v a r i o u s  p o r t s  i s  i n d i c a t e d  by a r r o w s  and numbers.  

BAND -PASS 
FILTER 

0- 

HYBRID 

BAND- PASS '-1 FILTER I-' 

FIG. 16.02-2 A TYPE OF DIRECTIONAL FILTER FORMED FROM TWO BAND-PASS 
FILTERS AND TWO HYBRIDS 



B e s i d e s  t h e  h y b r i d  j u n c t i o n s ,  t h e  c i r c u i t  i n  F i g .  16 .02 -2  a l s o  

u s e s  two i d e n t i c a l  band- ass f i l t e r s  which a r e  d e s i g n e d  t o  p a s s  some 

f r e q u e n c y  f a ,  which t h e  c i r c u i t  i s  t o  s e p a r a t e  f rom o t h e r  f r e q u e n c i e s .  

Thus ,  i f  f o u r  f r e q u e n c i e s  f a ,  f , , ,  f c ,  and f d  a r e  i n t r o d u c e d  a t  P o r t  1 ,  

t h e  e n e r g y  a t  f r e q u e n c y  f a  i s  divided equally between the  two s ide  arms of  the  

h y b r i d  on t h e  l e f t ,  i t  p a s s e s  t h r o u g h  t h e  two b a n d - p a s s  f i l t e r s ,  and  on 

i n t o  t h e  s i d e  arms o f  t h e  h y b r i d  o n  t h e  r i g h t .  B e c a u s e  o f  t h e  p h a s e  
r e l a t i o n s  o f  t h e  two componen t s ,  t h e  s i g n a l  c a n c e l s  t o  z e r o  a t  P o r t  3 ,  

and a l l  o f  t h e  e n e r g y  a t  f r e q u e n c y  f a  emerges  f rom P o r t  4. Meanwhi le  
t h e  o t h e r  f r e q u e n c i e s  f b ,  f c ,  and f d  a r e  r e f l e c t e d  by t h e  b a n d - p a s s  

f i l t e r s  and t h e y  r e - e n t e r  t h e  s i d e  arms o f  t h e  h y b r i d  on t h e  l e f t .  

Because  o f  t h e  p h a s e  r e l a t i o n ,  t h e  componen t s  c a n c e l  a t  P o r t  1 and a l l  

o f  t h e  e n e r g y  a t  t h e s e  f r e q u e n c i e s  emerges  f rom P o r t  2. The o v e r - a l l  
p e r f o r m a n c e  o f  t h i s  c i r c u i t  i s  j u s t  l i k e  t h a t  o f  t h e  d i r e c t i o n a l  f i l t e r s  

i n  C h a p t e r  14 ,  and  f i l t e r  c i r c u i t s  o f  t h i s  t y p e  may a l s o  be  c a s c a d e d  a s  

i n d i c a t e d  i n  F i g .  1 6 . 0 2 - 1 .  

The c i r c u i t  i n  F i g .  1 6 . 0 2 - 2  w i l l  u s u a l l y  b e  much e a s i e r  t o  a d j u s t  

t h a n  t h e  d i r e c t i o n a l  f i l t e r s  i n  C h a p t e r  14 ,  i f  t h e r e  a r e  v e r y  many 

r e s o n a t o r s  p e r  f i l t e r .  The two i d e n t i c a l  b a n d - p a s s  f i l t e r s  c a n  be  t u n e d  
s e p a r a t e l y ,  and t h e  p e r f o r m a n c e  o f  t h e  h y b r i d  j u n c t i o n s  i s  n o t  p a r t i c u l a r l y  

c r i t i c a l .  F o r  example ,  i f  t h e  power  s p l i t  o f  t h e  h y b r i d  j u n c t i o n  i s  n o t  

e q u a l ,  and,  s a y ,  i s  s o  bad t h a t  t w i c e  a s  much power comes o u t  o n e  s i d e  

arm a s  comes o u t  t h e  o t h e r ,  t h e  n e t  r e s u l t  i f  b o t h  h y b r i d s  a r e  i d e n t i c a l  
w i l l  b e  t o  i n t r o d u c e  o n l y  0 .  5 db  o f  a t t e n u a t i o n  i n  t h e  t r a n s m i s s i o n  from 

P o r t  1 t o  P o r t  4 1  The  c i r c u i t  i n  F i g .  16 .02 -2  h a s  t h e  d rawback ,  however ,  

o f  b e i n g  p h y s i c a l l y  q u i t e  c o m p l i c a t e d  and i n  many c a s e s  q u i t e  b u l k y .  

I n  summary, d i r e c t i o n a l  f i l t e r s  w i t h  t h e i r  c o n s t a n t - r e s i s t a n c e  

i n p u t  p r o p e r t i e s  p r o v i d e  a t t r a c t i v e  p o s s i b i l i t i e s  f o r  u s e  i n  m u l t i p l e x e r s .  

However,  t h e y  a1 s o  h a v e  a p p r e c i a b l e  p r a c t i c a l  d rawbacks .  I n  any g i v e n  
d e s i g n  s i t u a t i o n  t h e i r  m e r i t s  and d rawbacks  s h o u l d  b e  weighed a g a i n s t  

t h o s e  o f  o t h e r  p o s s i b l e  m u l t i p l e x e r  t e c h n i q u e s .  

SEC. 1 6 . 0 3 ,  MULTIPLEXERS USING HEFLECTING NARROW-BAND 
FILTERS,  WITH GUARD BANDS BETWEEN CHANNELS 

I f  t h e  c h a n n e l s  o f  a  m u l t i p l e x e r  a r e  q u i t e  n a r r o w  ( s a y ,  o f  t h e  

o r d e r  o f  1 p e r c e n t  bandwid th  o r  l e s s )  and i f  t h e  c h a n n e l s  a r e  s e p a r a t e d  

by g u a r d  b a n d s  which a r e  s e v e r a l  t i m e s  t h e  p a s s -  band wid th  o f  t h e  

i n d i v i d u a l  f i l t e r s  ( o r  m o r e ) ,  t h e n  v a r i o u s  r e l a t i v e l y  s i m p l e  d e c o u p l  i n g  

t e c h n i q u e s  s h o u l d  work q u i t e  we l l  f o r  p r e v e n t i n g  h a r m f u l  i n t e r a c t i o n  

between f i l t e r s .  

One method i s  shown i n  F ig .  16 .03 -1 .  
I n  t h i s  f i g u r e  a  t h r e e -  

channe l  waveguide  m u l t i p l e x e r  i s  shown; t h e  i n d i v i d u a l  f i l t e r s  a r e  o f  

t h e  i r i s - c o u p l e d  t y p e  d i s c u s s e d  i n  Secs . .  8 .06  and 8 . 0 7 .  At f r e q u e n c y  

f a 1  t h e  f i l t e r  on  t h e  r i g h t  h a s  a  p a s s  band w h i l e  t h e  o t h e r  two f i l t e r s  
a r e  i n  t h e i r  s t o p  bands .  S i n c e  t h e  f i l t e r s  a r e  o f  r e l a t i v e l y  n a r r o w  

bandwid th ,  t h e  f i r s t  r e s o n a t o r  o f  b o t h  t h e  u p p e r  and t h e  lower  f i l t e r  

i s  r e l a t i v e l y  l o o s e l y  c o u p l e d  t o  t h e  main wavegu ide ,  h e n c e  t h e  i n p u t  

c o u p l i n g  i r i s e s  o f  t h e s e  two f i l t e r s  i n t r o d u c e  o n l y  s m a l l  r e a c t i v e  
d i s c o n t i n u i t i e s  i n  t h e  main waveguide .  These  d i s c o n t i n u i t i e s  w i l l  

d i s t u r b  t h e  r e s p o n s e  o f  t h e  f i l t e r  on  t h e  r i g h t  a  l i t t l e ,  and i f  t h i s  

i s  o b j e c t i o n a b l e ,  i t  can  be compensa t ed  f o r  by s m a l l  c o r r e c t i o n s  i n  

t h e  t u n i n g  and  i n p u t  c o u p l i n g  o f  t h e  f i r s t  r e s o n a t o r  o f  t h e  f i l t e r  on  

t h e  r i g h t .  

WIDE DIMENSION 
OF RECTANGULAR 
WAVEGUIDE 

FIG. 16.03-1 A MULTIPLEXER WITH NARROW-BAND WAVEGUIDE 
FILTERS MOUNTED SO AS TO ELIMINATE FILTER 
INTERACTION 



At f r e q u e n c y  f b  t h e  u p p e r  f i l t e r  i n  F i g .  1 6 . 0 3 - 1  h a s  a  p a s s  band 

h i l e  t h e  o t h e r  f i l t e r s  h a v e  s t o p  b a n d s  and r e f l e c t  s m a l l  r e a c t a n c e s  t o  

t h e  main  q u i d e .  I f  t h e  u p p e r  f i l t e r  i s  p l a c e d  a p p r o x i m a t e l y  o n e - q u a r t e r  

g u i d e - w a v e l e n g t h  ( a t  f r e q u e n c y  f b )  f rom t h e  i n p u t  i r i s  o f  t h e  f i l t e r  on 

t h e  r i g h t ,  t h e  f i l t e r  on t h e  r i g h t  w i l l  r e f l e c t  an  open  c i r c u i t  t o  t h e  

p l a n e  o f  t h e  c o u p l i n g  i r i s .  ( A c t u a l l y ,  b e c a u s e  o f  t h e  r e s i d u a l  r e a c t a n c e s ,  

somewhat l e s s  t h a n  a  q u a r t e r  w a v e l e n g t h  s h o u l d  be  b e s t . )  T h u s ,  t h e  

f i l t e r  on  t h e  r i g h t  w i l l  b e  c o m p l e t e l y  d e c o u p l e d ,  and t h e  e n e r g y  a t  

f r e q u e n c y  f b  w i l l  f l o w  r e l a t i v e l y  u n d i s t u r b e d  o u t  t h r o u g h  t h e  u p p e r  

f i l t e r .  T h e r e  w i l l  u s u a l l y  be  some r e s i d u a l  j u n c t i o n  e f f e c t s  t o  d i s t u r b  

t h e  p e r f o r m a n c e  o f  t h e  u p p e r  f i l t e r  a  l i t t l e .  Aga in ,  t h e s e  e f f e c t s  can  

b e  compensa t ed  f o r  by s m a l l  c o r r e c t i o n s  i n  t h e  i n p u t  c o u p l i n g  i r i s  s i z e  

and i n  t h e  t u n i n g  o f  t h e  f i r s t  r e s o n a t o r  o f  t h e  u p p e r  f i l t e r .  

The l o w e r  f i l t e r  i s  c o u p l e d  t o  t h e  ma in  wavegu ide  i n  a  s i m i l a r  

manner.  I f  i t  i s  d e s i r e d  t o  add more c h a n n e l s ,  t h e y  c a n  be  mounted on 

t h e  main wavegu ide  a t  a d d i t i o n a l  p o i n t s  c o r r e s p o n d i n g  t o  v a r i o u s  odd 

m u l t i p l e s  o f  k g / 4  f rom t h e  f i l t e r  on  t h e  r i g h t  i n  F i g .  1 6 . 0 3 - 1  (where  
k l  i s  i n  e a c h  c a s e  t h e  g u i d e  w a v e l e n g t h  a t  t h e  midband f r e q u e n c y  o f  t h e  

f i l t e r  i n  q u e s t i o n ) .  

F i g u r e  1 6 . 0 3 - 2  shows a n o t h e r  d e c o u p l i n g  t e c h n i q u e ,  which h a s  been 

p r o p o s e d  by J .  F. C l i n e . 6  A l t h o u g h  t h e  c i r c u i t s  have  been drawn i n  

l umped-e l emen t  form, t h e y  c a n  b e  r e a l i z e d  i n  a  v a r i e t y  o f  more o r  l e s s  

e q u i v a l e n t  microwave f o r m s .  I n  t h i s  c a s e  t h e  f i l t e r s  a r e  a g a i n  assumed 

t o  b e  na r row band ,  w i t h  g u a r d  b a n d s  be tween  c h a n n e l s .  However, i n  t h i s  

c a s e  d e c o u p l i n g  be tween  f i l t e r s  is a c h i e v e d  by a  d e c o u p l i n g  r e s o n a t o r  

a d j a c e n t  t o  e a c h  f i l t e r .  S i n c e  t h e  f i l t e r s  a r e  n a r r o w  band,  t h e i r  

c o u p l i n g  t o  t h e  main  t r a n s m i s s i o n  l i n e  i s  q u i t e  l o o s e ,  and  t h e  c o u p l i n g  

between t h e  d e c o u p l i n g  r e s o n a t o r  and t h e  main  l i n e  i s  a l s o  q u i t e  l o o s e .  

Each d e c o u p l i n g  r e s o n a t o r  i s  t u n e d  t o  t h e  p a s s - b a n d  c e n t e r  f r e q u e n c y  o f  

i t s  a d j a c e n t  f i l t e r .  B e c a u s e  o f  t h e i r  l o o s e  c o u p l i n g s  t h e  f i l t e r s  and 

t h k  d e c o u p l i n g  r e s o n a t o r s  h a v e  v e r y  l i t t l e  e f f e c t  on  t r a n s m i s s i o n  when 

t h e y  a r e  o f f  r e s o n a n c e .  S u p p o s e  t h a t  a  s i g n a l  o f  f r e q u e n c y  f 2  e n t e r s  
t h e  c i r c u i t .  I t  w i l l  p a s s  t h e  f l  f i l t e r  and  t h e  f l  d e c o u p l i n g  r e s o n a t o r  

w i t h  v e r y  l i t t l e  r e f l e c t i o n  a n d  go  on t o  t h e  f 2  f i l t e r  and d e c o u p l i n g  r e s -  

o n a t o r .  The  d e c o u p l i n g  r e s o n a t o r  i s  a  b a n d - s t o p  r e s o n a t o r  and  i n  t h e  
upper c i r c u i t  of Fig. 16.03-2 the  f2 decoupling resonator  c i r c u i t  w i  1 1  s h o r t  - c i r c u i t  

t h e  e n t i r e  c i r c u i t  t o  t h e  r i g h t ,  w h i l e  i n  t h e  c a s e  o f  t h e  l ower  c i r c u i t  

o f  F i g .  1 6 . 0 3 - 2  t h e  d e c o u p l i n g  r e s o n a t o r  o p e n - c i r c u i t s  t h e  e n t i r e  c i r c u i t  

SERIES CONNECTION 

FIG. 16.03-2 MULTIPLEXERS USING DECOUPLING RESONATORS 
In the upper structure filters with inductively coupled resonators are 
used, while the decoupling resonators are capacitively coupled. In 
the lower circuit the reverse is true. 



t o  t h e  r i g h t .  I n  t h i s  manner  t h e  e n e r g y  i s  c h a n n e l  

f i l t e r  w i t h  a  minimum o f  i n t e r a c t i o n  e f f e c t s .  No te  

t h e  s p a c i n g  between f i l t e r s  i s  n o t  c r i t i c a l ,  s o  t h a  

l e d  t o  t h e  d e s i r e d  

t h a t  i n  t h i s  c a s e  

t t h i s  m u l t i p l e x i n g  

t e c h n i q u e  i s  p a r t i c u l a r 1  u s e f u l  where  i t  mus t  b e  p o s s i b l e  t o  t u n e  t h e  

v a r i o u s  f i l t e r s  o v e r  a  r a n g e  o f  f r e q u e n c i e s .  I n  t h e  f i g u r e  t h e  s p a c i n g  

Mk between each  f i l t e r  and i t s  d e c o u ~ l i n g  r e s o n a t o r  i s  assumed t o  be 

made a s  s m a l l  a s  p o s s i b l e  i n  o r d e r  t o  a v o i d  u n d e s i r a b l e  t r a n s m i s s i o n -  

l i n e  e f f e c t s .  R e s i d u a l  r e f l e c t i o n s  i n  t h e  s y s t e m  can  be l a r g e l y  compen- 

s a t e d  f o r  by s m a l l  a d j u s t m e n t s  o f  t h e  t u n i n g  o f  t h e  f i r s t  r e s o n a t o r  o f  

each f i l t e r ,  and o f  t h e  c o u p l i n g  be tween  t h e  t r a n s m i s s i o r r  l i n e  and t h e  

i n p u t  o f  e a c h  f i l t e r .  

A p o s s i b l e  way f o r  u t i l i z i n g  t h e  p r i n c i p l e  i n  F i g .  1 6 . 0 3 - 2  . fo r  
waveguide  f i l t e r s  i s  s u g g e s t e d  i n  F i g .  16 .03 -3 .  The b a n d - p a s s  f i l t e r  

shown i s  o f  t h e  i r i s - c o u p l e d  t y p e  d i s c u s s e d  i n  S e c s .  8 .06  and 8 . 0 7 .  The 
d e c o u p l i n g  r e s o n a t o r  i s  o f  t h e  waveguide  b a n d  s t o p  t y p e  d i s c u s s e d  i n  

C h a p t e r  12.  The b a n d - s t o p  r e s o n a t o r  p r e s e n t s  a v e r y  l a r g e  s e r i e s  

r e a c t a n c e  when i t  i s  r e s o n a n t ,  b u t  t h i s  r e s o n a t o r  i s  l o c a t e d  a  q u a r t e r -  

g u i d e - w a v e l e n g t h  from t h e  b a n d - p a s s  f i l t e r  s o  t h a t  when l o o k i n g  r i g h t  

from t h e  b a n d - p a s s  f i l t e r  a  v e r y  l a r g e  s h u n t  s u s c e p t a n c e  w i l l  b e  s e e n  

when t h e  f i l t e r  and b a n d - s t o p  r e s o n a t o r  a r e  r e s o n a n t .  The f i l t e r ,  b e i n g  
s e r i e s - c o n n e c t e d  w i l l  t h e n  r e c e i v e  a l l  o f  t h e  e n e r g y  a t  f r e q u e n c y  f a ,  

and any c i r c u i t s  t o  t h e  r i g h t  w i l l  be  c o m p l e t e l y  d e c o u p l e d .  J u s t  o u t s i d e  
o f  t h e  p a s s  band o f  t h e  b a n d - p a s s  f i l t e r ,  t h e  f i r s t  r e s o n a t o r  o f  t h e  
b a n d - p a s s  f i l t e r  w i l l  p r e s e n t  r e a c t a n c e s  t o  t h e  main  wavegu ide  wh ich  

a r e  s i m i l a r  i n  n a t u r e  t o  t h o s e  p r e s e n t e d  by t h e  b a n d - s t o p  r e s o n a t o r .  

Thus  a t  f r e q u e n c i e s  o f f  f a ,  t h e  s t r u c t u r e  f u n c t i o n s  a l m o s t  e x a c t l y  l i k e  

a  t w o - r e s o n a t o r  b a n d - s t o p  f i l t e r  o f  t h e  form i n  F ig .  1 2 . 0 8 - 1 ,  o p e r a t i n g  
i n  i t s  p a s s  band.  I t  s h o u l d  b e  p o s s i b l e  t o  d e s i g n  t h e  b a n d - s t o p  r e s -  
o n a t o r  u s i n g  t h e  b a n d - s t o p  f i l t e r  t e c h n i q u e s  d i s c u s s e d  i n  C h a p t e r  12. 

(The b a n d - p a s s  f i l t e r  i s  r e p 1  a c e d  m a t h e m a t i c a l  I  y  by  a  b a n d - s t o p  r e s o n a t o r  

h a v i n g  a  s i m i l a r  o f f - r e s o n a n c e  r e a c t a n c e  c h a r a c t e r i s t i c ,  and t h e  decoup l ing  

r e s o n a t o r  r e p r e s e n t s  t h e  s e c o n d  b a n d - s t o p  r e s o n a t o r . )  U s i n g  t h i s  approach 
t h e  b a n d - p a s s  f i l t e r  and b a n d - s t o p  r e s o n a t o r  c o m b i n a t i o n  c o u l d  p r e s e n t  a 

w e l l - c o n t r o l l e d  low VSWR a t  f r e q u e n c i e s  o f f  f a ,  j u s t  a s  o c c u r s  i n  p r o p -  

e r l y  d e s i g n e d  t w o - r e s o n a t o r  b a n d - s t o p  f i l t e r s .  

FILTER TO PASS fa 

DECOUPLING RESONATOR 

NARROW DIMENSION 
OF RECTANGULAR 

FIG. 16.03-3 A POSSIBLE METHOD FOR REALIZING DECOUPLING 
RESONATORS IN A WAVEGUIDE MULTlPLEXER 

The a p p r o a c h  s u g g e s t e d  i n  F i g .  1 6 . 0 3 - 2  and 1 6 . 0 3 - 3  l o o k s  e s p e c i a l l y  
a t t r a c t i v e  i f  v e r y  many c h a n n e l s  a r e  t o  be m u l t i p l e x e d ,  b e c a u s e  u s i n g  

t h i s  app roach  t h e  i n d i v i d u a l  b a n d - p a s s  f i l t e r  and d e c o u p l i n g  r e s o n a t o r  

u n i t s  c a n  be d e v e l o p e d  and t e s t e d  s e p a r a t e l y ,  and t h e n  c o n n e c t e d  

t o g e t h e r  more o r  l e s s  a s  i s  c o n v e n i e n t .  S t r i p - l i n e ,  c o a x i a l - l i n e ,  and 

s e m i - l u m p e d - e l e m e n t  fo rms  o f  t h e s e  s t r u c t u r e s  a r e  a l s o  ~ o s s i b l e .  

I The  m u l t i p l e x e r s  d i s c u s s e d  i n  t h e  p r e c e d i n g  s e c t i o n  were  assumed 

t o  have  Kuard  b a n d s  s e p a r a t i n g  t h e  v a r i o u s  o p e r a t i n g  channe l  b a n d s .  



The m u l t i p l e x e r s  t o  be  d i s c u s s e d  i n  t h i s  s e c t i o n ,  howeve r ,  a r e  a s sumed  

t o  have  c o n t i g u o u s  c h a n n e l s  s o  t h a t  c h a n n e l s  wh ich  a r e  a d j a c e n t  h a v e  

a t t e n u a t i o n  c h a r a c t e r i s t i c s  wh ich  t y p i c a l l y  c r o s s  o v e r  a t  t h e i r  3 db 

p o i n t s .  Most d i p l e x e r s  a r e  s i m p l y  t w o - c h a n n e l  v e r s i o n s  o f  m u l t i p l e k e r s ,  

s o  t h e  same p r i n c i p l e s  a p p l y  t o  them. However ,  some a d d i t i o n a l  comments 

w i t h  r e s p e c t  t o  d i p l e x e r  d e s i g n  w i l l  be  found  i n  S e c .  16 .05 .  

F i g u r e  1 6 . 0 4 - 1  shows a  s c h e m a t i c  d r a w i n g  wh ich  c o n s i s t s  o f  N 
c h a n n e l s  composed o f  s p e c i a l l y  d e s i g n e d  band- ass f i l t e r s .  The c h a n n e l s  

a r e  c o n n e c t e d  i n  p a r a l l e l ,  and a  s u s c e p t a n c e - a n n u l l i n g  n e t w o r k  i s  a d d e d  

i n  s h u n t  t o  h e l p  p r o v i d e  a  n e a r l y  c o n s t a n t  t o t a l  i n p u t  a d m i t t a n c e  YTN 
which a p p r o x i m a t e s  t h e  g e n e r a t o r  c o n d u c t a n c e  G B ,  a c r o s s  t h e  o p e r a t i n g  

band o f  t h e  m u l t i p l e x e r .  F i g u r e  16 .04 -2  shows t h e  a n a l o g o u s  c a s e  o f  a  

s e r i e s - c o n n e c t e d  m u l t i p l e x e r .  S i n c e  t h e  s e r i e s  c a s e  i s  t h e  e x a c t  d u a l  

o f  t h e  s h u n t  c a s e ,  s o  t h a t  t h e  same p r i n c i p l e s  a p p l y  t o  b o t h ,  o u r  a t t e n t i o n  

w i l l  b e  c o n f i n e d  l a r g e l y  t o  t h e  s h u n t  c a s e .  However ,  i t  s h o u l d  b e  u n d e r -  

s t o o d  t h a t  t h e  same r e m a r k s  a p p l y  t o  s e r i e s - c o n n e c t e d  m u l t i p l e x e r s  s i m p l y  

by r e p l a c i n g  a d m i t t a n c e s  by i m p e d a n c e s ,  p a r a l l e l  c o n n e c t i o n s  by s e r i e s  

c o n n e c t i o n s ,  and  t h e  f i l t e r s  and annul  l i n g  n e t w o r k s  u s e d  f o r  p a r a 1  l e l  

c o n n e c t i o n s  by t h e i r  d u a l s .  

The  s i n g l y  t e r m i n a t e d  l o w - p a s s  f i l t e r  T c h e b y s c h e f f  p r o t o t y p e s  

d i s c u s s e d  and t a b u l a t e d  i n  S e c .  4 . 0 6  a r e  v e r y  u s e f u l  f o r  u s e  i n  t h e  d e s i g n  

o f  b a n d - p a s s  f i l t e r s  f o r  mu1 t i p l e x e r s  o f  t h i s  t y p e .  C o n s i d e r  t h e  s i n g l y  

t e r m i n a t e d  l o w - p a s s  f i l t e r  c i r c u i t  i n  F i g .  1 6 . 0 4 - 3 ,  which  i s  d r i v e n  by 

a  z e r o - i m p e d a n c e  g e n e r a t o r  a t  t h e  r i g h t  end  and  w h i c h  h a s  a  r e s i s t o r  

t e r m i n a t i o n  o n l y  d t  t h e  l e f t  e n d .  As was d i s c u s s e d  i n  S e c .  4 .06 ,  t h e  

power d e l i v e r e d  t o  t h e  l o a d  on  t h e  l e f t  i n  t h i s  c i r c u i t  i s  g i v e n  by 

where  Y; i s  t h e  a d m i t t a n c e  s e e n  f rom t h e  g e n e r a t o r .  Thus  i f  t h e  f i l t e r  

h a s  a  T c h e b y s c h e f f  t r a n s m i s s i o n  c h a r a c t e r i s t i c ,  Re Y; must a l s o  h a v e  a  

T c h e b y s c h e f f  c h a r a c t e r i s t i c .  F i g u r e  1 6 . 0 4 - 4  shows t y p i c a l  Re YL charac ter -  

i s t i c s  f o r  T c h e b y s c h e f f  f i l t e r s  d e s i g n e d  t o  b e  d r i v e n  by z e r o - i m p e d a n c e  

g e n e r a t o r s .  N o t i c e  t h a t  i n  t h e  f i g u r e  a  l o w - p a s s  p r o t o t y p e  f i l t e r  

p a r a m e t e r  gt''l i s  d e f i n e d .  T h i s  p a r a m e t e r  w i l l  b e  r e f e r r e d  t o  I ' a t e r  

w i t h  r e g a r d  t o  t h e  d e t a i l s  o f  m u l t i p l e x e r  d e s i g n .  However,  i t  s h o u l d  

be n o t e d  a t  t h i s  p o i n t  t h a t  e i t h e r  g'''l o r  i t s  r e c i p r o c a l  c o r r e s p o n d s  

t o  t h e  g e o m e t r i c  mean be tween  t h e  v a l u e  o f  Re Y ;  a t  t h e  t o p  o f  t h e  

Y,+ CHANNEL u GA 

FIG. 16.04-1 A PARALLEL-CONNECTED MULTIPLEXER 
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FIG. 16.04-2 A SERIES-CONNECTED MULTIPLEXER 



U ;  PASS-BAND EDGE FREQUENCY 

SOURCE: Quarterly Progress Report 6, Contract DA 36-039 SC-87398, SRI; 
reprinted in the IEEE Trans. PTCMTT (see  Ref. 10 by 
E. G .  Cristal and G .  L. Matthaei) 

FIG. 16.04-3 A LOW-PASS PROTOTYPE FILTER DRIVEN BY A ZERO-IMPEDANCE 
GENERATOR 

LAr=  TCHEBYSCHEFF ATTENUATION WPPLE OF SINGLY 
LOADED PROTOTYPE IN db 

( b )  CASE OF n ODD 
A-3527-5211) 

SOURCE: Quarterly Progress Report 6. Contract DA 36-039 SC-87398. SRI: 
reprinted in the IEEE Trans. PTCMTT (see  Ref. 10 by 
E. G .  Cristal and G .  L. Matthaei) 

FIG. 16.04-4 REAL PART OF THE INPUT ADMITTANCE 
FOR TCHEBYSCHEFF FILTERS OF THE 
TYPE IN FIG. 16.04-3 

r i p p l e s  and Re Y L  a t  t h e  bo t tom of t h e  r i p p l e s .  T h i s  a d m i t t a n c e  l e v e l  

f o r  t h e  l o w - p a s s  p r o t o t y p e  i s  a n a l o g o u s  t o  t h e  t e r m i n a t i n g  a d m i t t a n c e  

G B  i n  F ig .  1 6 . 0 4 - 1 ,  f o r  t h e  a c t u a l  m u l t i p l e x e r  w i t h  b a n d - p a s s  f i l t e r s .  

T h a t  i s ,  by t h e  methods  o f  t h i s  s e c t i o n  t h e  m u l t i p l e x e r  i s  t o  b e  

d e s i g n e d  t o  have  a  T c h e b y s c h e f f  Re Y T N  c h a r a c t e r i s t i c  w i t h  GB e q u a l  t o  

t h e  mean v a l u e  o f  t h e  r i p p l e s .  

The p r i n c i p l e s  o f  t h i s  d e s i g n  p r o c e d u r e  a r e  mos t  e a s i l y  u n d e r s t o o d  

i n  t e r m s  of  an example .  C o n s i d e r  t h e  comb- l ine  f i l t e r  i n  Fig .  16 .04 -5  

(wh ich  can be  d e s i g n e d  by a  m o d i f i e d  v e r s i o n  o f  t h e  c o m b - l i n e  f i l t e r  
d e s i g n  t e c h n i q u e s  d i s c u s s e d  i n  S e c s .  8 . 1 3  and 8 . 1 4 ) .  I n  t h i s  f i g u r e  

t h e  f i l t e r  h a s  been  d e s i g n e d  t o  i n c l u d e  a  f i n e - w i r e  h i g h - i m p e d a n c e  l i n e  

a t  t h e  r i g h t  end ,  f o r  c o u p l i n g  t o  t h e  common j u n c t i o n  o f  t h e  m u l t i p l e x e r .  

T h i s  t y p e  o f  c o u p l i n g  t o  t h e  main  j u n c t i o n  h a s  t h e  a d v a n t a g e  o f  r e l i e v i n g  

p o s s i b l e  c r o w d i n g  o f  t h e  f i l t e r s  a t  t h e  common j u n c t i o n .  O t h e r  c o u p l i n g  

methods ,  such  a s  s e r i e s ,  c a p a c i t i v e - g a p  c o u p l i n g ,  c o u l d  a l s o  be  used .  

However, i t  s h o u l d  be n o t e d  t h a t  a l t h o u g h  numerous  t y p e s  o f  f i l t e r  

s t r u c t u r e s  and s t r u c t u r e s  f o r  c o u p l i n g  t o  t h e  common j u n c t i o n  a r e  p o s s i b l e ,  

t h e s e  s t r u c t u r e s  must be o f  t h e  s o r t  which t e n d s  t o  g i v e  a  sma l l  s u s c e p -  

t a n c e  i n  t h e  s t o p  bands ,  i f  t h e  f i l t e r s  a r e  t o  be  c o n n e c t e d  i n  p a r a l l e l .  

I f  t h e  f i l t e r s  were  o f  t h e  t y p e  t o  p r e s e n t  l a r g e  s u s c e p t a n c e s  i n  t h e i r  

s t o p  bands ,  t h e y  would t e n d  t o  s h o r t - c i r c u i t  t h e  o t h e r  f i l t e r s .  

A f o u r - r e s o n a t o r ,  1 0 - p e r c e n t - b a n d w i d t h  f i l t e r  d e s i g n  was worked o u t  

f o r  a  c o m b - l i n e  f i 1 t e . r  a s  shown i n  F i g .  16 .04 -5  u s i n g  an  n = 4 s i n g l y  

SOURCE: Quarterly Progress Report 6, Contract DA 36-039 SC-87398. SRk 
reprinted in the lEEE Trans. PTCMTT (see Ref. 10 by 
E .  G .  Cristal and G .  L. Matthsai) 

FIG. 16.04-5 A POSSIBLE COMB-LINE FILTER CONFIGURATION 
FOR USE IN MULTIPLEXERS 



SOURCE: Quarterly Progress Report 6, Contract DA 36-039 SC-87398, SRI: 
reprinted in the IEEE Trans. PTGMTT ( s ee  Ref. 10 by 
E. G. Criatal and G .  L. Matthaei) 

FIG. 16.04-6 COMPUTED INPUT ADMITTANCE CHARACTERISTIC OF A 
COMB-LINE MULTIPLEXER FILTER AS SHOWN IN FIG. 16.04-5 
This filter has four resonators 

t e r m i n a t e d  p r o t o t y p e  h a v i n g  1 - d b  r i p p l e .  ( T h e  p r o t o t y p e  e l e m e n t  v a l u e s  
were o b t a i n e d  f rom T a b l e  4 . 0 6 - 2 ) .  T h i s  f i l t e r  d e s i g n  was e x p r e s s e d  i n  
an  a p p r o x i m a t e  form s i m i l a r  t o  t h a t  i n  F i g .  8 . 1 4 - 1 ,  and i t s  i n p u t  

a d m i t t a n c e  Y k  was compu ted  u s i n g  a  d i g i t a l  c o m p u t e r .  
The r e s u l t s  a r e  

shown i n  F i g .  1 6 . 0 4 - 6 ,  n o r m a l i z e d  w i t h  r e s p e c t  t o  G,. 
No te  t h a t  

Re Y k  / G A  i s  v e r y  n e a r l y  p e r f e c t l y  T c h e b y s c h e f f ,  w h i l e  i n  t h e  p a s s  band 

t h e  s l o p e  o f  I m  Y k / G A  i s  n e g a t i v e  on  t h e  a v e r a g e .  ( N o t e  t h a t  t h e  r i g h t  
h a l f  o f  t h e  d a s h e d  c u r v e  i s  f o r  n e g a t i v e  v a l u e s . )  

I f  b a n d - p a s s  f i l t e r s  w i t h  i n p u t  a d m i t t a n c e  c h a r a c t e r i s t i c s  s u c h  

a s  t h a t  i n  F i g .  1 6 . 0 4 - 6  a r e  d e s i g n e d  t o  c o v e r  c o n t i g u o u s  b a n d s ,  and i f  

t h e y  a r e  d e s i g n e d  s o  t h a t  t h e  Re Y k / G A  c h a r a c t e r i s t i c s  o f  a d j a c e n t  

I 
3 f i l t e r s  o v e r l a p  a t  a p p r o x i m a t e l y  t h e i r  Re Y k / G A  = 0 . 5  p o i n t s  o r  s l i g h t l y  
I 

below, t h e n  t h e i r  t o t a l  i n p u t  a d m i t t a n c e  Y T  = Y 1  f Y 2  f Y 3  . . .  f Y N ,  when 

1 t hey  a r e  p a r a l l e l e d ,  w i l l  a l s o  h a v e  a n  a p p r o x i m a t e l y  T c h e b y s c h e f f  r e a l -  

i p a r t  c h a r a c t e r i s t i c .  T h i s  was done  i n  t h e  example  i n  F i g .  1 6 . 0 4 - 7 ( a ) .  
I 

T h i s  f i g u r e  shows t h e  computed  r e a l - p a r t  c h a r a c t e r i s t i c  f o r  t h r e e  p a r a l -  

I l e l e d ,  c o m b - l i n e  f i l t e r s  w i t h  c o n t i g u o u s  p a s s  b a n d s ,  w h e r e  t h e  i n d i v i d u a l  ' 
f i l t e r s  have  i n p u t  a d m i t t a n c e  c h a r a c t e r i s t i c s  a s  shown i n  F i g .  1 6 . 0 4 - 6  

e x c e p t  f o r  a  s h i f t  i n  f r e q u e n c y .  F i g u r e  1 6 . 0 4 - 7 ( b )  shows t h e  c o r r e s p o n d -  

i n g  I m  Y T / G A  c h a r a c t e r i s t i c  f o r  t h i s  t h r e e - c h a n n e l  d e s i g n .  

Note  t h a t  t h e  I m  Y T / G A  c h a r a c t e r i s t i c  i n  F i g .  1 6 . 0 4 - 7 ( b )  i s  n e g a t i v e  

on t h e  r i g h t  s i d e  o f  t h e  f i g u r e ,  and  t h a t  on t h e  a v e r a g e  t h e  s l o p e  o f  t h e  

c u r v e  i s  n e g a t i v e  t h r o u g h o u t  t h e  o p e r a t i n g  band o f  t h e  m u l t i p l e x e r .  S i n c e ,  

I by F o s t e r ' s  r e a c t a n c e  t h e o r e m ,  t h e  s u s c e p t a n c e  s l o p e  o f  a  l o s s l e s s  n e t w o r k  

i s  a l w a y s  p o s i t i v e ,  t h e  o p e r a t i n g - b a n d  s u s c e p t a n c e  i n  F i g .  1 6 . 0 4 - 7 ( b ) w i t h  

i t s  a v e r a g e  n e g a t i v e  s l o p e  c a n  b e  l a r g e l y  c a n c e l l e d  by a d d i n g  a n  a p p r o -  

p r i a t e  l o s s l e s s  s h u n t  b r a n c h  ( w h i c h  w i l l  h ave  a  p o s i t i v e  s u s c e p t a n c e  

s l o p e ) .  I n  t h i s  c a s e  a  s u s c e p t a n c e - a n n u l l i n g  b r a n c h  c o u l d  c o n s i s t  o f  a  

s h o r t - c i r c u i t e d  s t u b  o f  s u c h  a  l e n g t h  a s  t o  g i v e  r e s o n a n c e  a t  t h e  n o r m a l -  

i z e d  f r e q u e n c y  w / w 0  = 1 . 0 2 ,  whe re  t h e  In YT / G A  c u r v e  i n  F i g .  1 6 . 0 4 - 7 ( b )  i s  

a p p r o x i m a t e l y  z e r o .  E s t i m a t e s  i n d i c a t e  t h a t  i f  t h e  s t u b  had a  n o r m a l i z e d  

c h a r a c t e r i s t i c  a d m i t t a n c e  o f  Y , / G ,  = 3 . 8 5 0 2 ,  t h e  s u s c e p t a n c e  s l o p e  o f  t h e  

a n n u l l i n g  ne twork  s h o u l d  be  a b o u t  r i g h t .  F i g u r e  1 6 . 0 4 - 8  shows t h e  n o r m a l -  

i z e d  s u s c e p t a n c e  Y T N / G A  ( F i g .  1 6 . 0 4 - 1 )  a f t e r  t h e  s u s c e p t a n c e - a n n u l l i n g  

ne twork  h a s  b e e n  a d d e d .  N o t e  t h a t  a l t h o u g h  I n  Y T N  h a s  n o t  been  c o m p l e t e l y  

e l i m i n a t e d ,  i t  h a s  b e e n  g r e a t l y  reduced ' .  

S i n c e  Re Y T N / G ,  = Re Y T / G A ,  t h e  t o t a l  i n p u t  a d m i t t a n c e  Y T N  w i t h  t h e  

a n n u l l i n g  ne twork  i n  p l a c e  i s  g i v e n  b y  F i g s .  1 6 . 0 4 1 7 ( a )  and 1 6 . 0 4 - 8 .  TO 

t h e  e x t e n t  t h a t  Y T N  a p p r o x i m a t e s  a  c o n s t a n t ,  p u r e  c o n d u c t a n c e  a c r o s s  t h e  

o p e r a t i n g  band ,  G B  and  Y T N  i n  F i g ,  1 6 . 0 4 - 1  w i l l  a c t  a s  a  r e s i s t i v e  v o l t a g e  

d i v i d e r ,  and t h e  v o l t a g e  d e v e l o p e d  a c r o s s  t e r m i n a l s  A - 'A' w i l l  b e  c o n -  

s t a n t  w i t h  f r e q u e n c y .  Under  t h e s e  c o n d i t i o n s  t h e  r e s p o n s e  o f  t h e  i n d i -  

v i d u a l  f i l t e r s  would  be  e x a c t l y  t h e  same a s  i f  t h e y  w e r e  d r i v e n  by  z e r o -  

impedance  g e n e r a t o r s  ( a s  t h e y  were  d e s i g n e d  t o  be  d r i v e n ) .  However ,  s i n c e  

Y T N  o n l y  a p p r o x i m a t e s  a  p u r e  c o n s t a n t  c o n d u c t a n c e ,  t h e  p e r f o r m a n c e  w i l l  b e  

a l t e r e d  somewhat f rom t h i s  i d e a l i z e d  p e r f o r m a n c e .  

The d r i v i n g  g e n e r a t o r  c o n d u c t a n c e  G B  f o r  t h e  t r i a l  m u l t i p l e x e r  

d e s i g n  was g i v e n  a  n o r m a l i z e d  v a l u e  o f  G B / G A  = 1 . 1 5 ,  wh ich  makes t h e  
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FIG. 16.04-7(a) Re YT/GA VS. FREQUENCY FOR THREE, PARALLELED, 
COMB-LINE MULTIPLEXER FILTERS 
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FIG. 16.04-7(b) Im YT/GA vs. FREQUENCY FOR THREE, PARALLELED, 
COMB-LINE FILTERS 

----- NEGATIVE - POSITIVE 

SOURCE: Quarterly Progress Repart 6. Contract DA 36-039 SC-87398, SRI; 
reprmted In the IEEE Trans. PTGMTT ( s e e  Ref. 10 by 
E. G.  Crlstal and G .  L. Matthael) 

FIG. 16.04-8 Im YTN/GA VS, FREQUENCY FOR MULTIPLEXER WITH COMB-LINE FILTERS 

g e n e r a t o r  c o n d u c t a n c e  e q u a l  t o  t h e  mean v a l u e  o f  t h e  r i p p l e s  i n  

F i g .  1 6 . 0 4 - 7 ( a ) .  F i g u r e  1 6 . 0 4 - 9 ( a )  shows t h e  computed  r e s p o n s e  o f  t h e  

m u l t i p l e x e r ,  w h i l e  F i g .  1 6 . 0 4 - 9 ( b )  shows t h e  d e t a i l s  o f  t h e   ass-band 
r e s p o n s e  i n  e n l a r g e d  s c a l e .  Note  t h a t  t h e  a t t e n u a t i o n  c h a r a c t e r i s t i c s  

c r o s s  o v e r  a t  a b o u t  t h e  3 -db  p o i n t s ,  and t h a t  t hough  t h e  f i l t e r s  were  

d e s i g n e d  t o  h a v e  1 - d b  T c h e b y s c h e f f  r i p p l e  when d r i v e n  by a  z e r o - i m p e d a n c e  

g e n e r a t o r ,  t h e  p a s s - b a n d  a t t e n u a t i o n  i s  much l e s s  t h a n  t h a t  i n  t h e  

c o m p l e t e d  m u l t i p l e x e r .  T h i s  i s  d u e  l a r g e l y  t o  t h e  f a c t  t h a t  a d d i n g  t h e  

g e n e r a t o r  i n t e r n a l  c o n d u c t a n c e  G B  t e n d s  t o  mask o u t  t h e  v a r i a t i o n s  i n  

He Y T N .  A l s o ,  c h o o s i n g  G B  t o  be  e q u a l  t o  t h e  mean v a l u e  o f  Re Y T N  i n  

t h e  o p e r a t i n g  band  t e n d s  t o  r e d u c e  t h e  amount o f  mismatch  t h a t  w i l l  o c c u r .  

Some P r a c t i c a l  D e t a i l s - T h e  d i s c u s s i o n  o f  t h e  example  above  h a s  

1 a i d  o u t  t h e  p r i n c i p l e s  o f  t h e  mu1 t i p 1  e x e r  d e s i g n  t e c h n i q u e  u n d e r  

c o n s i d e r a t i o n .  Some s t e p s  w i l l  now be  r e t r a c e d  i n  o r d e r  t o  t r e a t  d e s i g n  

d e t a i l s .  

When d e s i g n i n g  t h e  b a n d - p a s s  c h a n n e l  f i l t e r s  u s i n g  s i n g l y  t e r m i -  

n a t e d  p r o t o t y p e  f i l t e r s  s u c h  a s  t h a t  i n  F i g .  1 6 . 0 4 - 3 ,  t h e  p r o t o t y p e  

e l e m e n t  v a l u e s  g o ,  g l ,  ..., g n ,  g n + l  c a n  be  o b t a i n e d  f rom t h e  t a b l e s  
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i n  S e c .  4 .06 .  N o t e  t h e n  i n  t h i s  c a s e  g , + l  = cu which c o r r e s p o n d s  t o  t h e  

i n f i n i t e - i n t e r n a l - c o n d u c t a n c e  o f  a  z e r o - i m p e d a n c e  v o l t a g e  g e n e r a t o r  ( o r  

f o r  t h e  d u a l  c a s e , t h e  impedance  o f  an i n f i n i t e - i n t e r n a l - i m p e d a n c e  c u r r e n t  

g e n e r a t o r ) .  I n  t h e  a c t u a l  m u l t i p l e x e r  t h e  f i l t e r s  w i l l  b e  d r i v e n  by a  

f i n i t e - i n t e r n a l - i m p e d a n c e  g e n e r a t o r ,  s o  i t  i s  c o n v e n i e n t  t o  r e p l a c e  

g , + l  = 
by g:+l d e f i n e d  i n  F i g .  1 6 . 0 4 - 4 .  As h a s  b e e n  p r e v i o u s l y  d i s -  

c u s s e d ,  g:+l ( o r  i t s  r e c i p r o c a l )  i s  a  p r o t o t y p e  p a r a m e t e r  c o r r e s p o n d i n g  

t o  t h e  c o n d u c t a n c e  G B  ( o r  t h e  r e s i s t a n c e  RB f o r  t h e  d u a l  s e r i e s - c o n n e c t e d  

c a s e )  o f  t h e  t e r m i n a t i o n  t o  be  u s e d  a t  t h e  common j u n c t i o n  o f  t h e  

mu1 t i p l e x e r .  

The band-  ass f i l t e r s  f o r  a  m u l t i p l e x e r  c a n  be  d e s i g n e d  by t h e  

me thods  o f  C h a p t e r  8  o r  C h a p t e r  1 0 ,  u s i n g  any o f  a  v a r i e t y  o f  s t r u c t u r e s .  

Fo r  example ,  i f  a  l u m p e d - e l e m e n t  s t r u c t u r e  we re  d e s i r e d  i t  c o u l d  b e  

d e s i g n e d  d i r e c t l y  f rom t h e  p r o t o t y p e  i n  F i g .  1 6 . 0 4 - 3  u s i n g  t h e  mapp ing  

p r o c e d u r e  summar i zed  i n  F i g .  8 . 0 2 - 2 ( b ) .  The r e s u l t i n g  f i l t e r  would  b e  

a s  shown i n  F i g .  1 6 . 0 4 - 1 0 .  N o t e  t h a t  t h i s  f i l t e r  s t a r t s  o u t  w i t h  a  

s e r i e s  r e s o n a t o r ,  w h i c h  w i l l  c a u s e  t h e  i n p u t  a d m i t t a n c e  Y k  t o  be  s m a l l  

i n  t h e  s t o p  band.  T h i s  i s  n e c e s s a r y  f o r  a  f i l t e r  t o  b e  u s e d  i n  a  

p a r a l l e l - c o n n e c t e d  mu1 t i p l e x e r .  The  d u a l  form o f  f i l t e r  which  h a s  a  

shun t  r e s o n a t o r  a t  i t s  i n p u t  i s  a p p r o p r i a t e  f o r  a  s e r i e s - c o n n e c t e d  

m u l t i p l e x e r .  I n  t h e  c a s e s  o f  f i l t e r s  s u c h  a s  t h o s e  i n  F i g .  8 . 0 2 - 3  o r  

8 . 0 2 - 4  i n  wh ich  t h e  r e s o n a t o r s  a r e  c o u p l e d  by J- o r  K - i n v e r t e r s  ( S e c s .  4 . 1 2 ,  

8 . 0 2  and 8 . 0 3 ) ,  i t  i s  n e c e s s a r y  t h a t  t h e  i n v e r t e r s  n e x t  t o  t h e  common 

j u n c t i o n  o f  t h e  m u l t i p l e x e r  b e  o f  t h e  J - i n v e r t e r  t y p e  ( F i g .  8 . 0 3 - 2 )  i f  

t h e  f i l t e r s  a r e  t o  b e  c o n n e c t e d  i n  p a r a l l e l ,  and  t h a t  t h e y  be  o f  t h e  

K - i n v e r t e r  t y p e  ( F i g .  8 . 0 3 - 1 )  i f  t h e  f i l t e r s  a r e  t o  be  c o n n e c t e d  i n  s e r i e s .  

n ODD n EVEN 

FIG. 16.04-10 A LUMPED-ELEMENT BAND-PASS CHANNEL FILTER 

FIG. 16.04-9(b) DETAILS OF PASS-BAND COMPUTED PERFORMANCE OF 
COMB-LINE MULTIPLEXER 



Most o f  t h e  d e s i g n  d a t a  i n  C h a p t e r s  8  and 1 0  a p p l i e s  d i r e c t l y  t o  

t h e  d e s i g n  o f  m u l t i p l e x e r s  w i t h o u t  any c h a n g e s ,  a t  l e a s t  f o r  t h e  c a s e  
where t h e  d e s i r e d  t e r m i n a t i o n s  o f  t h e  m u l t i p l e x e r  a r e  a l l  e q u a l .  Some 
e x c e p t i o n s  a r e  t h e  d e s i g n  d a t a  i n  F i g s .  8 . 0 9 - 1  and  8 . 1 3 - l ( b ) ,  and  i n  

T a b l e s  1 0 . 0 2 - 1  and 10 .06 -1 .  T h e s e  d e s i g n  p r o c e d u r e s  i n c o r p o r a t e  s p e c i a l  

m a t c h i n g  end s e c t i o n s  which  h a v e  an e f f e c t  l i k e  r e f e r r i n g  t h e  d e s i r e d  

Y ,  ( o r  Zk) i n p u t  c h a r a c t e r i s t i c  t h r o u g h  a  l e n g t h  o f  t r a n s m i s s i o n  l i n e ,  

which w i l l  c a u s e  t h e  r e a l  p a r t  o f  t h e  i n p u t  a d m i t t a n c e  ( o r  i m p e d a n c e )  

t o  n o t  have  t h e  d e s i r e d  s h a p e .  T h i s  p r o b l e m  c a n  be  overcome by r e p l a c i n g  
t h e  m a t c h i n g  s e c t i o n  a t  t h e  e n d  o f  t h e  f i l t e r  which  i s  t o  be  c o n n e c t e d  

t o  t h e  mu1 t i p l e x e r  j u n c t i o n  by a  s e m i - l u m p e d - e l  ement  i n v e r t e r .  T h i s  
i s  what was done  i n  t h e  c a s e  o f  t h e  c o m b - l i n e  f i l t e r  i n  F i g .  1 6 . 0 4 - 5 ,  
where a  f i n e - w i r e  c o u p l i n g  is shown a t  t h e  r i g h t  end.  T h i s  po 
be  d i s c u s s e d  f u r t h e r ,  l a t e r  i n  t h i s  s e c t i o n .  

A f t e r  t h e  l o w - p a s s  p r o t o t y p e  f i l t e r  p a r a m e t e r s  have  been  

t h e r e  i s  no c h o i c e  i n  t h e  r a t i o  GA/GB o f  t h e  t e r m i n a t i o n s  i f  1  

e l e m e n t  f i l t e r  d e s i g n s  o f  t h e  form i n  F i g .  1 6 . 0 4 - 1 0  a r e  t o  b e  
A l s o ,  t h e  r a t i o  GA/GB i s  n o t  u n i t y  f o r  t h a t  c a s e - a  s i t u a t i o n  

i n t  w i l l  

s p e c i f i e d  

umped- 

u s e d .  

t h a t  c o u l d  
be  i n c o n v e n i e n t .  However,  i n  t h e  c a s e  o f  d e s i g n s  u s i n g  impedance  i n v e r t e r s  
( a s  i n  t h e  g e n e r a l i z e d  c a s e s  i n  F i g s .  8 . 0 2 - 3  a n d  8 . 0 2 - 4 )  t h e  t e r m i n a t i o n s  

can  be  s p e c i f i e d  a s  d e s i r e d ,  and t h e  J- o r  K - i n v e r t e r s  w i l l  p r o v i d e  t h e  
n e c e s s a r y  impedance  t r a n s f o r m a t i o n s .  F o r  e x a m p l e ,  u s i n g  t h e  d a t a  i n  

F i g .  8 . 0 2 - 4 ,  GA, GB and t h e  r e s o n a t o r  s l o p e  p a r a m e t e r s  b .  c a n  b e  c h o s e n  

a r b i t r a r i l y ,  and  t h e  i m p e d a n c e - m a t c h i n g  c o n d i t i o n s  w i l l  a u t o m a t i c a l l y  

come o u t  a s  i s  c a l l e d  f o r  by t h e  p r o t o t y p e  p a r a m e t e r s ,  g o ,  g l ,  g Z ,  ... g,,, 

and g:+l. 

D e t e r m i n a t i o n  of F r a c t i o n a l  B a n d w i d t h s  S o  As To Give  D e s i r e d  

Cros s -Ove r  F r e q u e n c i e s - S i n c e  i t  i s  u s u a l l y  d e s i r a b l e  i n  t h e  t y p e  o f  

m u l t i p l e x e r  unde r  d i s c u s s i o n  f o r  a d j a c e n t  f i l t e r s  t o  c r o s s  o v e r  a t  

t h e i r  3-db  p o i n t s ,  c a r e  mus t  be  t a k e n  i n  c h o o s i n g  t h e  f i l t e r  b a n d w i d t h s  

t o  p r o v i d e  f o r  t h i s  c o n d i t i o n .  By a d a p t i n g  Eqs .  ( 4 . 0 3 - 4 )  and  ( 4 . 0 3 - 5 )  
an e x p l i c i t  e x p r e s s i o n  f o r  Re YI f o r  t h e  s i n g l y  l o a d e d  l o w - p a s s  p r o t o t y p e  

f i l t e r  can  be  o b t a i n e d  a s  a  f u n c t i o n  o f  o ' .  T h e n  f o r  n  even  

L A .  i s  t h e  db  T c h e b y s c h e f f  r i p p l e  o f  t h e  p r o t o t y p e  f i l t e r ,  A ;  i s  t h e  

m i n a t i o n  i n  F i g .  1 6 . 0 4 - 3 ,  and  Re Y ;  and w; a r e  a s  i n d i c a t e d  i n  

Fig.  1 6 . 0 4 - 4 .  H a v i n g  s p e c i f i e d  R ;  Re Y ;  = 0 . 5 ,  c o r r e s p o n d i n g  approximately 

t o  t h e  3-dL p o i n t ,  t h e n  t h e  d e s i g n e r  c a n  s o l v e  f o r  t h e  c o r r e s p o n d i n g  

. o r m a l i z e d  f r e q u e n c y  w 1 / w ; .  
From t h i s  t h e  r e q u i r e d  f r a c t i o n a l  b a n d w i d t h  

can be  o b t a i n e d  by u s i n g  t h e  l o w - p a s s  t o  b a n d - p a s s  t r a n s f o r m a t i o n  a p p r o -  

p r i a t e  f o r  t h e  f i l t e r  s t r u c t u r e  t o  b e  u s e d .  For  example ,  s u p p o s e  t h a t  

t h e  d e s i r e d  c r o s s - o v e r  p o i n t s  a r e  f a  and  f b  > f a ,  and an a p p r o p r i a t e  

mapping f u n c t i o n  i s  

where 

Then t h e  r e q u i r e d  f r a c t i o n a l  b a n d w i d t h  

I 

where o l / o ;  i s  s p e c i f i e d  f o r  t h e  d e s i r e d  3 - d b  p o i n t  by u s e  o f  E q . ( 1 6 . 0 4 - 2 ) ,  

p r o v i d e d  t h a t  n  i s  e v e n .  I f  n  i s  o d d ,  Eq. ( 1 6 . 0 4 - 2 )  becomes 

Coup 1 i n g  t o  t h e  Common J u n c t i o n -  A1 t h o u g h  o t h e r  means o f  c o u p l i n g  

would have  a l s o  b e e n  p o s s i b l e  i n  t h e  c o m b - l i n e  m u l t i p l e x e r  example  o f  

t h i s  s e c t i o n  i t  was assumed t h a t  t h e  f i l t e r s  were  c o u p l e d  t o  t h e  c e n t e r  

j u n c t i o n  by s e r i e s  i n d u c t a n c e s  formed from h i g h - i m p e d a n c e  w i r e .  



T a b l e  1 6 . 0 4 - 1  

DESIGN EWATIONS FOR COMB-LINE FILTERS WITH HIGH-ZO WIRE COUPLING 
AT ONE END AS SHOWN I N  FIG. 16 .04-  5 

F i g u r e  1 6 . 0 4 - 1 1  shows a  t - - e l  
Choose a l o w - p a s s  p r o t o t y p e  f i l t e r  and v a l u e s  f o r  G A  = Y A ,  GB = Y E ,  

h l / y A ,  ... , b n / y A ,  BO, and B r a  

I 
h i g h - i m p e d a n c e  w i r e  and i t s  I 

e q u i v a l e n t  c i r c u i t  when u s e d  v 

a s  a  J - i n v e r t e r .  The comb- 

l i n e  f i l t e r  d e s i g n  e q u a t i o n s  
NORMALIZED MUTUAL CAPACITANCES PER UNIT LENGTH 

d i s c u s s e d  i n  S e c s .  8 . 1 3  and  ( a )  

8 . 1 4  were m o d i f i e d  t o  u s e  

t h i s  t y p e  o f  i n v e r t e r  a t  

one  end o f  t h e  f i l t e r .  The  

s u s c e p t a n c e  B a t  o n e  s i d e  

o f  t h e  i n v e r t e r  i n  

F i g .  1 6 . 0 4 -  l l ( b )  was compen- 

s a t e d  f o r  by a b s o r b i n g  i t  

i n t o  R e s o n a t o r  n ,  w h i l e  t h e  

NORMALIZED ADMITTANCE OF HIGH-ZO COUPLING WIRE 

s u s c e p t a n c e  B on  t h e  o t h e r  

s i d e  o f  t h e  i n v e r t e r  was 
SOURCE: Quarterly Progress  Report 6, Contract DA 36-039 SC-87398. SRI; e f f e c t i v e ]  y  a b s o r b e d  i n t o  

reprinted in the I E E E  Trans. PTGMTT (see Ref .  10 by 

t h e  s u s c e p t a n c e - a n n u l  l i n g  E. C. Cristal end G. L. Matthaei) 
NORMALIZED SELF-CAPACITANCES PER UNIT LENGTH 

ne twork .  I n  t h i s  c a s e  t h e  FIG. 16.04-1 1 USE OF A HIGH-IMPEDANCE WIRE 

h i g h - i m p e d a n c e - w i r e  t y p e  o f  AS A J-INVERTER 

c o u p l i n g  was s u g g e s t e d  

b e c a u s e  i t  would  h e l p  p r e v e n t  t h e  common j u n c t i o n  f rom b e i n g  crowded.  

However,  i t  i s  d e s i r a b l e  t o  k e e p  t h e  h i g h - i m p e d a n c e  w i r e  q u i t e  s h o r t  i n  

o r d e r  t o  a v o i d  u n w a n t e d  r e s o n a n c e s ,  w h i l e  n o t  h a v i n g  i t  s o  s m a l l  i n  

d i a m e t e r  t h a t  i t  would  i n c r e a s e  t h e  l o s s e s .  T h u s ,  i n  some na r row-band  
c a s e s ,  c a p a c i t i v e - g a p  c o u p l i n g s  t o  a p p r o x i m a t e  i n v e r t e r s  a s  i n  

F i g .  8 . 0 3 - 2 ( b )  w i l l  be  p r e f e r a b l e .  T a b l e  1 6 . 0 4 - 1  summar i ze s  t h e  equa-  
t i o n s  u s e d  i n  t h e  d e s i g n  o f  t h e  f i l t e r s  f o r  t h e  example  o f  F i g s .  16 .04 -5  

t o  l 6 . 0 4 - 9 ( b ) .  

F i g u r e  1 6 . 0 4 - 1 2  shows t h e  g e n e r a l  form o f  a n o t h e r  t y p e  o f  m u l t i -  

p l e x e r  s t r u c t u r e  o n c e  b u i l t  by one  o f  t h e  a u t h o r s .  T h i s  mu1 t i p l e x e r  
s p l i t  a n  o c t a v e  b a n d  i n t o  t h r e e  p a r t s ,  and  u s e d  c a p a c i t i v e l y  c o u p l e d ,  

s t r i p - l i n e  f i l t e r s  o f  t h e  fo rm i n  F i g .  8 . 0 5 - 4 ( a ) .  A] t h o u g h  t h e  f i l t e r s  
u s e d  s e r i e s - c a p a c i t a n c e  c o u p l i n g s  e v e r y w h e r e  e x c e p t  a t  t h e  common j u n c t i o n  

o f  t h e  mu1 t i p l e x e r ,  h i g h - i m p e d a n c e  w i r e  coup1  i n g  ( i .  e . ,  s e r i e s - i n d u c t a n c e  

c o u p l i n g )  was u s e d  a t  t h e  common j u n c t i o n ,  a s  i n d i c a t e d  i n  F i g .  16 .04-12.  

( I n  t h i s  c a s e  t h e  w i r e  was b e n t  i n t o  a  r e c t a n g l e  a s  shown.)  The  w i r e  
p l u s  a  s m a l l  s e c t i o n  o f  t h e  a d j a c e n t  50-ohm l i n e  w e r e  r e g a r d e d  a s  

NORMALIZED LUMPED LOADING SUSCEPTANCES 
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FIG. 16.04-12 

c o m p r i s i n g  an i n v e r t e r  

A SCHEMATIC DRAWING OF A THREE-CHANNEL 
MULTIPLEXER USING FILTERS OF THE TYPE 
IN SEC. 8.05 
Capacitive coupling is used except at the common 
junction 

o f  t h e  form i n  F i g .  8 . 0 3 - 2 ( c ) .  T h i s  t y p e  o f  

c o u p l i n g  and p o i n t  o f  v iew was u s e d  b e c a u s e  i t  e l i m i n a t e d  t h e  u n d e s i r a b l y  

s m a l l  c a p a c i t i v e  c o u p l i n g  g a p s  t h a t  would  o t h e r w i s e  have  b e e n  n e e d e d ,  

and b e c a u s e  i n  t h i s  p a r t i c u l a r  t y p e  o f  f i l t e r  i t  p r o v i d e d  a  c o n v e n i e n t  

r e f e r e n c e  p l a n e  f o r  p a r a l l e l i n g  t h e  f i l t e r s .  I n  t h i s  c a s e  o n l y  a  sma l l  

c a p a c i t i v e  s t u b  was f o u n d  t o  b e  r e q u i r e d  f o r  s u s c e p t a n c e  a n n u l l i n g .  

T h i s  r e s u l t  was p a r t l y  d u e  t o  t h e  l a r g e  band c o v e r e d  by t h e  m u l t i p l e x e r  

and p r o b a b l y  p a r t l y  d u e  t o  t h e  r a t h e r  s i z e a b l e  j u n c t i o n  e f f e c t s  p r e s e n t  

i n  t h i s  p a r t i c u l a r  d e s i g n  a t  t h e  common j u n c t i o n .  The m u l t i p l e x e r  was 

d e s i g n e d  f o r  1 d b  o r  l e s s  t r a n s d u c e r  l o s s  i n  t h e  p a s s  b a n d s ,  and  a c h i e v e d  

t h i s  p e r f o r m a n c e  q u i t e  w e l l .  The  i n p u t  VSWII a t  t h e  common j u n c t i o n  was 

2 :  1 o r  l e s s  a c r o s s  t h e  e n t i r e  o c t a v e  o p e r a t i n g  band o f  t h e  m u l t i p l e x e r ,  

which  i n d i c a t e d  t h a t  t h e  d e s i r e d  c o n t i g u o u s  p a s s - b a n d s  h a d .  been  a c h i e v e d .  

! D e s i g n  of A n n u l l i n g  N e t w o r k s - S o l u t i o n  o f  i n t e g r a l  e q u a t i o n s  g i v e n  
I 

I by 130de8 shows t h a t  i f  t h e  r e a l  p a r t  o f  an a d m i t t a n c e  h a s  t h e  r e c t a n g u l a r  

form d e f i n e d  by t h e  e q u a t i o n s  
I 

i He Y T  = 0  f o r  0  < = w < w e  

t h e n  t h e  minimum i m a g i n a r y  p a r t  i s  g i v e n  Ly 

where 

and 

The i m a g i n a r y  p a r t  above  i s  minimum i n  t h e  s e n s e  t h a t  no  s h u n t  s u s c e p t a n c e  

c o u l d  b e  removed f rom t h e  n e t w o r k  w i t h o u t  making t h e  n e t w o r k  n ~ n - ~ h ~ s i c a l  

When t h e  f i l t e r s  f o r  a p a r a l l e l - c o n n e c t e d  m u l t i p l e x e r  a r e  d e s i g n e d  by t h e  

me thods  o f  t h i s  s e c t i o n ,  a f t e r  t h e  f i l t e r s  a r e  c o n n e c t e d ,  t h e  r e a l  p a r t  o f  

t h e  t o t a l  i n p u t  a d m i t t a n c e  c a n  be  a p p r o x i m a t e d  by Eq. ( 1 6 . 0 4 - 7 ) ,  and  t o  

t h e  e x t e n t  t h a t  t h e r e  i s  no s h u n t  s u s c e p t a n c e  i n  t h e  c o u p l i n g s  t o  t h e  

common j u n c t i o n ,  t h e  i m a g i n a r y  p a r t  c a n  be  a p p r o x i m a t e d  by  Eq. ( 1 6 . 0 4 - 8 ) .  

F o r  example ,  F i g .  1 6 . 0 4 - 1 3  shows compu ted  c u r v e s  o f  He Y T  and I m  Y T  
f o r  a  f o u r - c h a n n e l  , l umped-e l  emen t  f i l t e r  mu1 t i p l e x e r  d e s i g n  ( t h e  s o l i d  

l i n e s ) ,  a l o n g  w i t h  c o r r e s p o n d i n g  a p p r o x i m a t i o n s  o b t a i n e d  u s i n g  E q s .  ( 1 6 . 0 4 - 7 )  

and ( 1 6 . 0 4 - 8 ) .  N o t e  t h a t  t h e  d e g r e e  o f  a g r e e m e n t  i s  q u i t e  good. I n  t h e  

c a s e  o f  F i g s .  1 6 . 0 4 - 7 ( a ) ,  ( b )  t h e  r i p p l e s  i n  He Y T  a r e  l a r g e r  s o  t h a t  t h e  

a c c u r a c y  wculd  b e  l e s s  good  on t h a t  s c o r e .  A l s o  n o t e  f rom F i g .  1 6 . 0 4 - 7 ( b )  

t h a t  I m  Y T  d o e s  n o t  p a s s  t h r o u g h  z e r o  n e a r  t h e  m i d d l e  o f  t h e  o p e r a t i n g  



FIG. 16.04-13 Y T  FOR A LUMPED-ELEMENT MULTIPLEXER COMPARED WITH Y T  

FROM EQS. (16.04-7) AND (16.04-8) 

r a n g e ,  a s  Eq. ( 1 6 . 0 4 - 8 )  i n d i c a t e s  i t  s h o u l d .  
T h i s ,  howeve r ,  i s  accoun ted  

f o r  by t h e  r e s i d u a l  s h u n t  s u s c e p t a n c e  B i n d i c a t e d  i n  F i g .  1 6 . 0 4 - l l ( b ) ,  

f o r  t h e  h i g h - i m p e d a n c e  w i r e  c o u p l i n g  t o  t h e  common j u n c t i o n .  

I n  many p r a c t i c a l  c a s e s  i t  may be  d e s i r a b l e  t o  d e s i g n  t h e  s u s c e p t a n c e -  

a n n u l l i n g  n e t w o r k  a f t e r  a s s e m b l i n g  t h e  m u l t i p l e x e r  and  m e a s u r i n g  t h e  

admittance c h a r a c t e r i s t i c  a t  t h e  common j u n c t i o n  ( o r  t h e  impedance  

c h a r a c t e r i s t i c  i f  t h e  m u l t i p l e x e r  i s  s e r i e s - c o n n e c t e d ) .  
I n  t h i s  manner 

a l l  s i g n i f i c a n t  e f f e c t s  d u e  t o  t h e  p h y s i c a l  s i z e  o f  t h e  common j u n c t i o n  

c a n  b e  a c c o u n t e d  f o r .  However ,  when s u c h  j u n c t i o n  e f f e c t s  a r e  r e l a t i v e l y  
~ " 1 1 ,  Eq. ( 1 6 . 0 4 - 8 )  ( p l u s  a  p o s s i b l e  c o r r e c t i o n  f o r  any s h u n t  s u s c e p t a n C e  

known t o  b e  p r e s e n t  a c r o s s  t h e  i n p u t s  o f  t h e  f i l t e r s )  s h o u l d  g i v e  a  v e r y  

u s e f u l  e s t i m a t e  o f  what  t h e  i m a g i n a r y  p e r t  o f  YT w i l l  be.  
H a v i n g  t h i s  

990 

e s t i m a t e ,  t h e  s u s c e p t a n c e - a n n u l l i n g  n e t w o r k  can  t h e n  be d e s i g n e d .  The  

r e q u i  r e d  annul 1  i n g  n e t w o r k  f o r  a  p a r a 1  l e l  - c o n n e c t e d  mu1 t i p l e x e r  i s  

g e n e r a l l y  a  p a r a l l e l - r e s o n a n t  c i r c u i t  h a v i n g  z e r o  s u s c e p t a n c e  a t  t h e  

f r e q u e n c y  where  I m  YT i s  z e r o .  

I n  much o f  t h e  a b o v e  d i s c u s s i o n  t h e  comments h a v e  b e e n  i n  t e r m s  o f  

a d m i t t a n c e s  and  p a r a l l e l - c o n n e c t e d  m u l t i p l e x e r s .  I t  s h o u l d  b e  r e c a l l e d  

t h a t  t h e  same r e m a r k s  a p p l y  i n  an  a n a l o g o u s  way t o  i m p e d a n c e s  i n  a  d u a l  

s e r  i e s - c o n n e c t e d  mu1 t i p l e x e r .  

SEC.  1 6 . 0 5 ,  DIPLEXERS WITH CONTIGUOUS PASS BANDS 

D i p ]  e x e r s  a r e  b a s i c a l  l y  two-channe l  mul t i p 1  e x e r s ,  h e n c e  t h e y  c a n  be  

d e s i g n e d  by t h e  same t e c h n i q u e s  d i s c u s s e d  i n  S e c .  1 6 . 0 4 .  However ,  s i n c e  

d i p l e x e r s  a r e  f r e q u e n t l y  composed o f  l o w - p a s s  and h i g h - p a s s  f i l t e r s  

r a t h e r  t h a n  two b a n d - p a s s  f i l t e r s ,  t h i s  c a s e  w i l l  be  g i v e n  some s p e c i a l  

a t t e n t i o n .  A l s o ,  an  a l t e r n a t e  p r o c e d u r e  f o r  t h e  d e s i g n  o f  d i p l e x e r s  

w i l l  be  s u g g e s t e d .  

F i g u r e  1 6 . 0 5 - 1  shows a  d i ~ l e x e r  c o n s i s t i n g  o f  a  l o w - p a s s  f i l t e r  and 

a  h i g h - p a s s  f i l t e r .  U s i n g  t h e  d e s i g n  v i e w p o i n t  o f  S e c .  1 6 . 0 4 ,  a  s i n g l y  

l o a d e d  p r o t o t y p e  f rom S e c .  4 . 0 6  i s  used  f o r  d e s i g n i n g  t h e  l o w - p a s s  f i l t e r ,  

w h i l e  t h e  same p r o t o t y p e  u s e d  w i t h  t h e  mapping p r o c e d u r e  i n  F i g .  7 . 0 7 - 2  

c a n  be  u sed  f o r  d e s i g n  o f  t h e  h i g h - p a s s  f i l t e r .  The  p r o p e r  e q u a l - r i p p l e  

b a n d - e d g e  f r e q u e n c i e s  n e e d e d  t o  c a u s e  t h e  f i l t e r s  t o  c r o s s  o v e r  a t  t h e i r  

3 - d b  p o i n t s  c a n  b e  d e t e r m i n e d  w i t h  t h e  a i d  o f  Eqs .  ( 1 6 . 0 4 - 2 1 ,  ( 1 6 . 0 4 - 3 ) ,  

FIG. 16.05-1 A PARALLEL-CONNECTED DIPLEXER COMPOSED OF A 
LOW-PASS AND A HIGH-PASS FILTER 



and ( 1 6 . 0 4 - 6 ) ,  a l o n g  w i t h  t h e  l o w - p a s s  t o  h i g h - p a s s  mapping i n  S e c .  7 .07 .  
I t  c a n  be  shown t h a t  i n  t h i s  c a s e  t h e  two f i l t e r s  w i l l  a n n u l  e a c h  o t h e r s  
s u s c e p t a n c e s  a b o u t  a s  w e l l  a s  c a n  be  d o n e ,  w i t h o u t  any a d d i t i o n a l  s u s c e p -  

t a n c e - a n n u l l i n g  n e t w o r k .  I n  f a c t ,  i f  t h e  f i l t e r s  were d e s i g n e d  f rom 

m a x i m a l l y  f l a t ,  s i n g l y  l o a d e d  p r o t o t y p e s ,  t h e  i m a g i n a r y  p a r t  o f  t h e  

i n p u t  a d m i t t a n c e  Y T  i n  F i g .  1 6 . 0 5 - 1  c o u l d  b e  made t o  be  e x a c t l y  z e r o  a t  

a l l  f r e q u e n c i e s  ( a t  l e a s t  f o r  t h e  i d e a l i z e d  l umped-e l emen t  c a s e ) .  The 

a c t u a l  f i l t e r s  f o r  a  mic rowave  d i p l e x e r  s u c h  a s  t h i s  c o u l d  i n  many c a s e s  

Le d e s i g n e d  u s i n g  t h e  me thods  o f  S e c s .  7 . 0 3  t o  7 . 0 7 .  

I n  some c a s e s  i t  w i l l  be  c o n v e n i e n t  t o  u s e  a  w ide -band  b a n d - p a s s  

f i l t e r  f o r  t h e  h i g h - f r e q u e n c y  c h a n n e l ,  r a t h e r  t h a n  a  h i g h - p a s s  s t r u c t u r e  
o f  t h e  form i n  F i g .  1 6 . 0 5 - 1 .  I n  t h i s  c a s e  t h e  s u s c e p t a n c e s  o f  t h e  two 

f i l t e r s  w i l l  n o t  annul  e a c h  o t h e r  a s  w e l l .  U s i n g  Bode ' s  i n t e g r a l  
e q u a t i o n s ,  a i f  t h e  two f i l t e r s  a r e  d e s i g n e d  s o  t h a t  t h e  r e a l  p a r t  o f  

t h e i r  i n p u t  a d m i t t a n c e  a f t e r  p a r a l  1  e l  c o n n e c t i o n  i s  a p p r o x i m a t e 1  y  

< < Re Y T  = GB f o r  0  = w  = w b  

= 0  f o r  ob< w < a 

t h e n  t h e  minimum i m a g i n a r y  p a r t  i s  g i v e n  by  

where  t h e  s i g n i f i c a n c e  o f  t h e  t e r m  "minimum" i s  a s  d i s c u s s e d  w i t h  

r e f e r e n c e  t o  Eq. ( 1 6 . 0 4 - 8 ) .  I n  t h i s  c a s e  t h e  s u s c e p t a n c e  c a n  b e  l a r g e l y  
a n n u l l e d  by a  s e r i e s - r e s o n a n t  s h u n t  b r a n c h  h a v i n g  a  s u s c e p t a n c e  o f  t h e  

form 

where  i s  s l i g h t l y  l a r g e r  t h a n  w b  and L i s  a  c o n s t a n t  ( i . e . ,  an 
i n d u c t a n c e  f o r  a  lumped c i r c u i t ) .  

An A l t e r n a t i v e  P o i n t  o f  View f o r  D i p l e x e r  Design-we will now c o n s i d e r  

an a l t e r n a t i v e  a p p r o a c h  t o  d e s i g n  o f  d i p l e x e r s .  T h i s  a p p r o a c h  r e q u i r e s  
more g u e s s  work t h a n  i s  r e q u i r e d  f o r  t h e  a p p r o a c h  s u g g e s t e d  a b o v e ,  however,  

i t  h a s  

t o  mod 

a  p o s s i b l e  a d v a n t a g e  f o r  some s i t u a t i o n s  i n  t h a t  i t  c a n  b e  u s e d  

i f y  c o n v e n t i o n a l  d o u b l y  t e r m i n a t e d  f i l t e r s  f o r  u s e  i n  d i p l e x e r s .  

The a p p r o a c h  a b o u t  t o  be  d e s c r i b e d  i s  i n  many r e s p e c t s  e q u i v a l e n t  t o  

t h e  " f r a c t i o n a l  t e r m i n a t i o n "  method used  f o r  p a r a l  1  cling f i l t e r s  

d e s i g n e d  on  t h e  image b a s i s . 9  I n  t h e  d i s c u s s i o n  t o  f o l l o w  s e r i e s  con -  

n e c t i o n  o f  t h e  f i l t e r s  w i l l  be  assumed,  t hough  t h e  same t e c h n i q u e  a p p l i e s  

a n a l o g o u s l y  t o  t h e  d u a l  c a s e  o f  pa r a l  1  e l  - c o n n e c t e d  d i p 1  e x e r s .  

F i g u r e  1 6 . 0 5 - 2 ( a )  shows a  l o w - p a s s  f i l t e r  and a  b a n d - p a s s  f i l t e r  

w i t h  d o t t e d  l i n e s  i n d i c a t i n g  w i r e s  f o r  c o n n e c t i n g  t h e s e  f i l t e r s  i n  s e r i e s .  

BAND-PASS 
Fl LTER 

FIG. 16.05-2 FILTERS CONNECTED IN SERIES 

I f  e ach  o f  t h e s e  f i l t e r s  we re  d e s i g n e d  t o  o p e r a t e  n o r m a l l y  w i t h  p u r e  

r e s i s t a n c e  t e r m i n a t i o n s  a t  b o t h  e n d s ,  t h e  two f i l t e r ' s  ~ e r f o r m a n c e  would 

be  g r e a t l y  d i s r u p t e d  by t h i s  c o n n e c t i o n .  T h i s  d i s r u p t i o n  would  b e  due  

t o  t h e  f a c t  t h a t  a l t h o u g h  e a c h  f i l t e r  e x h i b i t s  a  n o m i n a l l y  r e s i s t i v e  

i n p u t  impedance  i n  i t s  i n d i v i d u a l  p a s s  band ,  e ach  f i l t e r  a l s o  e x h i b i t s  

l a r g e  r e a c t i v e  i m p e d a n c e s  i n  i t s  s t o p  band.  Thus  i f  t h e  f i l t e r s  shown 

i n  F i g .  1 6 . 0 5 ( a )  have  c o n t i g u o u s  p a s s  b a n d s ,  t h e  b a n d - p a s s  f i l t e r  w i l l  



i n t r o d u c e  a  l a r g e  r e a c t i v e  component  i n  t h e  t e r m i n a t i n g  impedance  s e e n  

by t h e  l o w - p a s s  f i l t e r  i n  t h e  p a s s  band o f  t h e  l o w - p a s s  f i l t e r ,  w h i l e  
t h e  l o w - p a s s  f i l t e r  w i l l  i n t r o d u c e  a  l a r g e  r e a c t i v e  component  t o  t h e  

t e r m i n a t i n g  impedance  s e e n  by t h e  b a n d - p a s s  f i l t e r  i n  t h e  p a s s  band o f  

t h e  band- ass f i l t e r .  

The  l a r g e  s t o p - b a n d  r e a c t i v e  componen t s  o f  t h e  i n p u t  i m p e d a n c e s  

Za and Z: o f  t h e  f i l t e r s  i n  F i g .  1 6 . 0 5 - 2 ( a )  a r e  d u e  1  a r g e l  y  t o  t h e  

s e r i e s  r e a c t a n c e s  XI and X i  shown. I f  t h e s e  a r e  removed, t h e  r e m a i n i n g  
i n p u t  i m p e d a n c e s  Z b  and Z i  h a v e  t h e  same r e a l  p a r t  c h a r a c t e r i s t i c s  b u t  

much s m a l l e r  s t o p - b a n d  r e a c t a n c e s .  Thus ,  t o  form a  d i p l e x e r ,  j X 1  and 

j X ;  a r e  removed and t h e  r e m a i n i n g  c i r c u i t s  a r e  c o n n e c t e d  a s  shown i n  

F i g .  1 6 . 0 5 - 2 ( b ) .  Nex t ,  an a d d i t i o n a l  r e a c t a n c e  j X "  i s  i n t r o d u c e d  t o  

f u r t h e r  a d j u s t  t h e  i m a g i n a r y  p a r t  o f  Zc i n  o r d e r  t o  c a u s e  

t o  a p p r o x i m a t e  a  p u r e  r e s i s t a n c e  e q u a l  t o  R a s  n e a r l y  a s  p o s s i b l e . *  
I n  t h e  p a s s  band  o f  t h e  l o w - p a s s  f i l t e r  ZL + j X "  r e p r e s e n t s ,  u n d e r  t h e  

c o n d i t i o n s  d e s c r i b e d  above ,  a  r e a c t a n c e  a b o u t  e q u i v a l e n t  t o  j X 1  i n  t h a t  

band ,  s o  t h a t  t h e  l o w - p a s s  f i l t e r  w i l l  o p e r a t e  v e r y  n e a r l y  i n  i t s  normal 

f a s h i o n  t h r o u g h o u t  i t s  p a s s  band .  L i k e w i s e ,  i n  t h e  p a s s  band o f  t h e  
b a n d - p a s s  f i l t e r ,  Z b  + j X W  r e p r e s e n t s  a  r e a c t a n c e  a b o u t  e q u i v a l e n t  t o  

j X ;  i n  t h a t  b a n d ,  s o  t h a t  t h e  b a n d - p a s s  f i l t e r  w i l l  o p e r a t e  v e r y  n e a r l y  

i n  i t s  normal  f a s h i o n  t h r o u g h o u t  i t s  p a s s  band .  However,  t h e  removal  
o f  t h e  s e r i e s  b r a n c h e s  j X 1  and  j X ;  may r e s u l t  i n  some r e d u c t i o n  i n  

s t o p - b a n d  a t t e n u a t i o n  o f  o n e  o r  b o t h  f i l t e r s .  t 

F i g u r e  1 6 . 0 5 - 3  shows a  d i ~ l e x e r  t h a t  was d e s i g n e d  by u s e  o f  t h i s  

a p p r o a c h .  The  l o w - p a s s  c h a n n e l  was composed o f  t h e  f i l t e r  i n  F i g .  7 . 0 3 - 3 ( ~ )  
c u t  o f f  j u s t  t o  t h e  r i g h t  o f  t h e  l a s t  c a p a c i t i v e  d i s k  on t h e  r i g h t  o f  t h e  

f i l t e r .  T h i s  c o r r e s p o n d e d  t o  r e m o v i n g  j X 1  i n  F i g .  1 6 . 0 5 - 2 ( a ) .  The upper- 

c h a n n e l  u s e d  a  band-p/ass  f i l t e r  o f  t h e  t y p e  d i s c u s s e d  i n  S e c s .  1 0 . 0 3  
and 10 .05 .  T h i s  f i l t e r  was d e s i g n e d  a s  t h o u g h  i t  were  t o  have  a  s e r i e s  

s t u b  a t  o n e  e n d  (mak ing  a  s e r i e s  r e s o n a t o r ) .  T h i s  was a c c o m p l i s h e d  by 
d e s i g n i n g  t h a t  e n d  o f  t h e  f i l t e r  u s i n g  t h e  e q u a t i o n s  i n  T a b l e  1 0 . 0 3 - 1 ,  

w h i l e  t h e  o t h e r  h a l f  o f  t h e  f i l t e r  was d e s i g n e d  u s i n g  t h e  e q u a t i o n s  i n  

* ~ h l a  assumes t h a t  t h e  normal terminating impedance n e x t  t o  Z and 2' f o r  t h e  ~ n d i v i d u a i  
f l l t e r a  1 s  R . I t  a l s o  assumea t h a t  t h e  f requency  r e s p o n s e a a o f  t h e a f i l t e r s  a r e  s c a l e d  t o  

I 

l n t s r a e c t  ~1:s. t o  t h e  3-db p o i n t s .  I 

''The decrease i n  stop-bmnd a t t e n u a t i o n  r e s u l t i n g  from t h e  removal o f  )I and ,x;  i s  l a r g e l r  
companamted f o r  a s  a  r e s u l t  o f  t h e  i n p u t  v o l t a g e  r e d u c t i o n  i n  t h e  s t o p l b a n d  o f  each  f i l t e r  
due t o  the  s e r i e a  l o a d i n g  o f  t h e  o t h e r  f i l t e r .  

FIG. 16.05-3 PHOTOGRAPH OF A SERIES-CONNECTED DIPLEXER WITH THE 
COVER PLATES REMOVED 
This diplexer uses a low-pass and a band-pass filter 

T a b l e  1 0 . 0 5 - 1 .  I n  t h e  a c t u a l  d i p l e x e r  t h e  s e r i e s  s t u b  was n o t  i n c l u d e d ,  

which was a n a l o g o u s  t o  removing t h e  s e r i e s  r e s o n a t o r  j X ;  i n  F i g .  1 6 . 0 5 - 2 ( a ) *  

Then t h e  i m p e d a n c e s  o f  t h e  two f i l t e r s  c o n n e c t e d  i n  s e r i e s  ( w i t h  r e a c t -  

a n c e s  j and j X ;  r emoved)  was compu ted ,  and t h e  d e s i r e d  form o f  

r e a c t a n c e - a n n u l  l i n g  n e t w o r k  j X R  was d e t e r m i n e d .  I t  was found t h a t  a 

d e s i r a b l e  a n n u l l i n g  n e t w o r k  s h o u l d  have  a  r e a c t a n c e  o f  t h e  form 

Note  t h a t  Eq. ( 1 6 . 0 5 - 5 )  i s  t h e  d u a l  o f  t h a t  i n  Eq .  ( 1 6 . 0 5 - 3 ) ,  wh ich  i s  

t o  be e x p e c t e d  s i n c e  t h e  fo rmer  c a s e  i s  f o r  a  p a r a l l e l  c o n n e c t i o n  w h i l e  

t h e  l a t e r  i s  f o r  a  s e r i e s  c o n n e c t i o n .  



F i g u r e  1 6 . 0 5 - 4  shows how t h e  s e r i e s  c o n n e c t i o n  was a c h i e v e d  i n  t h e  

d i ~ l e x e r  i n  F i g .  1 6 . 0 5 - 3 .  The i n p u t  l i n e  t o  t h e  common j u n c t i o n  p a s s e s  

w i t h i n  t h e  e n d  s h u n t  s t u b  o f  t h e  b a n d - p a s s  f i l t e r .  The c e n t e r  c o n d u c t o r  

o f  t h e  i n p u t  l i n e  c o n n e c t s  t o  t h e  c e n t e r  c o n d u c t o r  o f  t h e  c o a x i a l  low- 

p a s s  f i l t e r ,  w h i l e  t h e  o u t e r  c o n d u c t o r  o f  t h e  i n p u t  1  i n e  c o n n e c t s  t o  

t h e  b a n d - p a s s  f i l t e r .  I n  t h i s  way a  s e r i e s  c o n n e c t i o n  i s  o b t a i n e d . *  

The a n n u l l i n g  r e a c t a n c e  jX" i s  o b t a i n e d  by u s i n g  a  d i s k  t o  form a  r a d i a l  

l i n e  i n  s e r i e s  w i t h  t h e  l o w - p a s s  f i l t e r .  The common-junct ion  f o r  t h e  

s e r i e s  c o n n e c t i o n  o f  t h e  d i p l e x e r  i s  t h e  r e g i o n  marked A i n  t h e  f i g u r e .  

F i g u r e  1 6 . 0 5 - 5  shows t h e  measu red  p e r f o r m a n c e  o f  t h e  l o w - p a s s  

c h a n n e l  o f  t h i s  d i p l e x e r ,  w h i l e  F ig .  1 6 . 0 5 - 6  shows t h e  p e r f o r m a n c e  o f  

t h e  h i g h - p a s s  c h a n n e l .  As c a n  be  s e e n  f rom t h e  f i g u r e s ,  low p a s s -  band 

a t t e n u a t i o n  w i t h  a  s h a r p  c r o s s - o v e r  was o b t a i n e d .  

E i t h e r  o f  t h e  two d i p l e x e r  d e s i g n  m e t h o d s  d e s c r i b e d  above c a n  b e  

used  w i t h  good r e s u l t s .  The method where  t h e  f i l t e r s  a r e  d e s i g n e d  

from s i n g l y  l o a d e d  l o w - p a s s  p r o t o t y p e  f i l t e r s  h a s  an a d v a n t a g e  o f  

i n v o l v i n g  l e s s  g u e s s  work f o r  p r e c i s e  d e s i g n s ,  and i t  s h o u l d  be  c a p a b l e  

o f  s u p e r i o r  p e r f o r m a n c e  when v e r y  low p a s s - b a n d  a t t e n u a t i o n  and v e r y  

p r e c i s e  c r o s s - o v e r  c h a r a c t e r i s t i c s  a r e  r e q u i r e d .  The a l t e r n a t i v e  p o i n t  

o f  v iew f o r  d i p l e x e r  d e s i g n  d e s c r i b e d  above may n o t  be  c a p a b l e  o f  q u i t e  

a s  good r e s u l t s  b e c a u s e  t h e  i n d i v i d u a l  f i l t e r s  were  o r i g i n a l  l y  d e s i g n e d  

t o  be  d o u b l y  t e r m i n a t e d  and were  l a t e r  m o d i f i e d .  As s u c h ,  t h e  f i l t e r s  

do  n o t  have  q u i t e  a s  f a v o r a b l e  impedance  p r o p e r t i e s  f o r  i n t e r c o n n e c t i o n  

a s  do s i n g l y  t e r m i n a t e d  f i l t e r s .  However, t h e  a l t e r n a t i v e  me thod  does  

have  t h e  p o s s i b l e  a d v a n t a g e  t h a t  t h e  i n d i v i d u a l  f i l t e r s  c a n  be c o n s t r u c t e d  

and t e s t e d  f i r s t  a s  c o n v e n t i o n a l  d o u b l y  t e r m i n a t e d  f i l t e r s .  

SHORT 
CIRCUIT BLOCK 

0 , : ,  : ,  

GROUND PLANE SPACING 
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INPUT w 
FIG. 16.05-4 A PARTIAL VIEW OF A SERIES-CONNECTED DIPLEXER CONSTRUCTION 

* 
Thin t e c h n i q u e  o f  f e e d i n g  t h e  m u l t i p l e x e r  b y  a c o a x i a l  l i n e  w i t h i n  t h e  shunt  s t u b  o f  t h e  
band-pano f i l t e r  wan s u g g e s t e d  b y  S. B. Cohn. 
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CHAPTER 1 7 

MECIIANICALLY AND MAGNETICALLY TUNABLE MICROWAVE FILTERS 

SEC. 1 7 . 0 1 ,  INTRODUCTION 

T h i s  c h a p t e r  w i l l  d e a l  m a i n l y  w i t h  b a n d - p a s s  f i l t e r s  s u c h  a s  m i g h t  

be d e s i r e d  f o r  u s e  a s  r e c e i v e r  ~ r e s e l e c t o r s ;  however ,  some d i s c u s s i o n  o f  

b a n d - s t o p  m a g n e t i c a l l y  t u n a b l e  f i l t e r s  w i l l  b e  i n c l u d e d .  A l though  t h e r e  

a r e  a  v a r i e t y  o f  s i m p l e  means f o r  s h i f t i n g  t h e  r e s o n a n t  f r e q u e n c y  o f  t h e  

r e s o n a t o r s  of  a  f i l t e r ,  i f  i t  i s  d e s i r e d  t o  m a i n t a i n  c o n s t a n t  b a n d w i d t h  

and r e s p o n s e  s h a p e  a s  t h e  f i l t e r  i s  t u n e d ,  t h e  p r o b l e m  becomes f a i r l y  

complex ( S e c .  1 7 . 0 2 ) .  The d e s i g n  d a t a  g i v e n  i n  t h i s  c h a p t e r  a r e  s l a n t e d  

p r i m a r i l y  t o w a r d  d e s i g n i n g  f i l t e r s  w i t h  r e l a t i v e l y  c o n s t a n t  r e s p o n s e  

s h a p e  and b a n d w i d t h  a s  t h e  f i l t e r  i s  t u n e d .  F o r t u n a t e l y ,  i n  t h e  c a s e  o f  

m a g n e t i c a l l y  t u n a b l e  f i l t e r s ,  t h e  r e s o n a t o r s  i n h e r e n t l y  t e n d  t o  g i v e  con 

s t a n t  b a n d w i d t h ,  a l t h o u g h  t h e r e  w i l l  b e  some change  i n  r e s p o n s e  s h a p e  a s  

t h e  f i l t e r  i s  t u n e d .  

F i g u r e  1 7 . 0 1 - 1  shows t h e  two t y p e s  o f  m e c h a n i c a l l y  t u n a b l e  f i l t e r s  

t h a t  a r e  s p e c i f i c a l l y  d i s c u s s e d  i n  t h i s  c h a p t e r .  The f i l t e r  shown a t  ( a )  

u s e s  c o a x i a l  r e s o n a t o r s  t h a t  a r e  t u n e d  by s l i d i n g  t h e i r  i n n e r  c o n d u c t o r s  

o u t  o r  i n ,  w h i l e  t h e  f i l t e r  shown a t  ( b )  i s  t u n e d  by a  s l i d i n g  w a l l  on  

o n e  s i d e  o f  e a c h  r e s o n a t o r  c a v i t y .  The c o n s t a n c y  o f  t h e  b a n d w i d t h  and  

r e s p o n s e  s h a p e  f o r  f i l t e r s  o f  t h e s e  t y p e s  i s  improved  by p r o p e r  c h o i c e  

o f  t h e  l o c a t i o n s  o f  t h e  c o u p l i n g  a p e r t u r e s  and l o o p s ,  a s  i s  d i s c u s s e d  i n  

S e c s .  1 7 . 0 3  and 1 7 . 0 4 .  

C e r t a i n  m a t e r i a l s  t h a t  e x h i b i t  f e r r i m a g n e t i c  r e s o n a n c e  have  a  h i g h - Q  

r e s o n a n c e  and c a n  b e  e a s i l y  c o u p l e d  i n  t o  and o u t  o f  u s i n g  s t r i p - l i n e ,  

c o a x i a l - l i n e ,  o r  wavegu ide  c i r c u i t r y .  The r e s o n a n t  f r e q u e n c y  o f  s u c h  

f e r r i m a g n e t i c  r e s o n a t o r s  i s  c o n t r o l l e d  by a  DC b i a s i n g  m a g n e t i c  f i e l d .  

Thus ,  i t  becomes p o s s i b l e  t o  t u n e  s u c h  r e s o n a t o r s  e l e c t r o n i c a l l y  by p l a c -  

i n g  t h e  f i l t e r  i n  t h e  f i e l d  o f  an  e l e c t r o m a g n e t ,  and t h e n  c o n t r o l l i n g  t h e  

c u r r e n t  i n  t h e  e l e c t r o m a g n e t  by e l e c t r o n i c  means.  S e c t i o n  1 7 . 0 5  o u t l i n e s  

t h e  g e n e r a l  p r o p e r t i e s  of  f e r r i m a g n e t i c  r e s o n a t o r s  t h a t  a r e  i m p o r t a n t  t o  

t h e i r  u s e  i n  microwave f i l t e r s .  S e c t i o n  1 7 . 0 6  d i s c u s s e s  means f o r  d e t e r -  

m i n i n g  t h e  c r y s t a l  a x e s  o f  f e r r i m a g n e t i c  r e s o n a t o r s - - a  p rob lem o f  
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c o n s i d e r a b l e  p r a c t i c a l  i m p o r t a n c e  s i n c e  t h e  r e s o n a n t  f r e q u e n c y  o f  f e r r i -  

m a g n e t i c  r e s o n a t o r s  i s  i n f l u e n c e d  by  t h e  o r i e n t a t i o n  o f  t h e  c r y s t a l  a x e s  

of t h e  m a t e r i a l ,  w i t h  r e s p e c t  t o  t h e  b i a s i n g  DC m a g n e t i c  f i e l d .  

F i g u r e  1 7 . 0 1 - 2  shows s e v e r a l  o f  t h e  m a g n e t i c a l l y  t u n a b l e  f i l t e r  

s t r u c t u r e s  d i s c u s s e d  i n  S e c s .  1 7 . 0 7  t o  1 7 . 0 9 .  The s t r u c t u r e  shown a t  ( a )  

u t i l i z e s  i n p u t  a n d  o u t p u t  s t r i p  l i n e s  t h a t  a r e  c o m p l e t e l y  s e p a r a t e d  by a  

d i v i d i n g  w a l l  e x c e p t  f o r  a  s m a l l  c o u p l i n g  s l o t  n e x t  t o  t h e  s h o r t - c i r c u i t e  

e n d s  o f  t h e  s t r i p  l i n e s .  T h e r e  i s  n e g l i g i b l e  c o u p l i n g  be tween  t h e  two 

s t r i p  l i n e s  when t h e y  a r e  w i t h o u t  t h e  f e r r i m a g n e t i c  r e s o n a t o r s ;  howeve r ,  

when f e r r i m a g n e t i c  r e s o n a t o r s  s u c h  a s  s p h e r e s  o f  s i n g l e - c r y s t a l  y t t r i u m -  

i r o n - g a r n e t  (YIG) a r e  added  a s  shown i n  t h e  f i g u r e ,  good  t r a n s m i s s i o n  f rom 

one  s t r i p  l i n e  t o  t h e  o t h e r  o c c u r s ,  p r o v i d e d  t h a t  t h e  p r o p e r  b i a s i n g  mag- 

n e t i c  f i e l d  H,, i s  a p p l i e d .  The f i l t e r  shown a t  ( a )  w i l l  g i v e  a  two-  

r e s o n a t o r  r e s p o n s e ,  w h i l e  t h a t  shown a t  ( b )  w i l l  g i v e  a  t h r e e - r e s o n a t o r  

r e s p o n s e .  A  w a v e g u i d e  t w o - r e s o n a t o r  f i l t e r  i s  shown a t  ( c ) .  

A  m a g n e t i c a l l y  t u n a b l e  d i r e c t i o n a l  f i l t e r  i s  shown i n  F i g .  1 7 . 0 1 - 3 .  

T h i s  f i l t e r  i s  v e r y  s i m i l a r  i n  p r i n c i p l e  t o  t h e  wavegu ide  d i r e c t i o n a l  

f i l t e r s  d i s c u s s e d  i n  S e c .  1 4 . 0 2 ,  e x c e p t  t h a t  t h e  f i x e d - t u n e d  e l e c t r o -  

m a g n e t i c  r e s o n a t o r s  u s e d  i n  t h e  f i l t e r s  i n  S e c .  1 4 . 0 2  a r e  h e r e  r e p l a c e d  

by m a g n e t i c a l l y  t u n a b l e  f e r r i m a g n e t i c  r e s o n a t o r s  c o n s i s t i n g  o f  s p h e r e s  o f  

YIG ( o r  o f  some o t h e r  s u i t a b l e  m a t e r i a l ) .  B e s i d e s  b e i n g  m a g n e t i c a l l y  

t u n a b l e ,  t h e  f i l t e r  i n  F i g .  1 7 . 0 1 - 3  d i f f e r s  f rom t h o s e  i n  S e c .  1 4 . 0 2  i n  

one  o t h e r  i m p o r t a n t  way. As a  r e s u l t  o f  t h e  n o n - r e c i p r o c a l  p r o p e r t i e s  o f  

f e r r i m a g n e t i c  r e s o n a t o r s ,  t h e  f i l t e r  i n  F i g .  1 7 . 0 1 - 3  h a s  c i r c u l a t o r  a c t i o n  

a t  r e s o n a n c e  a s  w e l l  a s  d i r e c t i o n a l  f i l t e r  a c t i o n .  F o r  example ,  a t  r e s o -  

n a n c e , e n e r g y  e n t e r i n g  P o r t  1 w i l l  g o  t o  P o r t  4 ,  b u t  e n e r g y  e n t e r i n g  a t  

P o r t  4 w i l l  go  t o  P o r t  3 .  (The  f i l t e r s  i n  F i g .  1 7 . 0 1 - 2  do  n o t  h a v e  t h i s  

p r o p e r t y . )  D i r e c t i o n a l  f i l t e r s  o f  t h i s  t y p e  a r e  d i s c u s s e d  i n  S e c .  1 7 . 1 0 .  

M a g n e t i c a l l y  t u n a b l e  b a n d - s t o p  f i l t e r s  a r e  a l s o  o f  p r a c t i c a l  i n t e r e s t .  

One p o s s i b l e  form f o r  s u c h  f i l t e r s  i s  t h e  s t r i p - l i n e  f i l t e r  s t r u c t u r e  shown 

i n  F i g .  1 7 . 0 1 - 4 .  T h i s  f i l t e r  u s e s  t h r e e  YIG r e s o n a t o r s  p l a c e d  b e t w e e n  t h e  

s t r i p  l i n e  and o n e  o f  t h e  g r o u n d  p l a n e s .  T h i s  f i l t e r  c o u l d  be  d e s i g n e d  t o  

p r o d u c e  a  n a r r o w  s t o p  band t h a t  c a n  b e  moved i n  f r e q u e n c y  by c o n t r o l l i n g  

t h e  b i a s i n g  m a g n e t i c  f i e l d .  B a n d - s t o p  m a g n e t i c a l l y  t u n a b l e  f i l t e r s  a r e  

d i s c u s s e d  i n  S e c .  1 7 . 1 1 .  
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FIG. 17.01-4 A MAGNETICALLY TUNABLE STRIP-LINE BAND-STOP FILTER 

The t u n i n g  o f  mic rowave  r e s o n a t o r s  by u s e  o f  v a r i a b l e - c a p a c i t a n c e  

d i o d e s  o r  by u s e  o f  f e r r o e l e c t r i c  m a t e r i a l s  m i g h t  a t  f i r s t  seem t o  be  

a t t r a b t i v e .  However,  t h e s e  p o s s i b i l i t i e s  a r e  n o t  c o n s i d e r e d  i n  t h i s  

c h a p t e r  b e c a u s e  

d i o d e s  and o f  f e  

wave f r e q u e n c i e s  

o f  m i c r o w a v e - f i l  

a t  t h e  t i m e  o f  t h i s  w r i t i n g  t h e  Q ' s  o f  a v a i l a b l e  v a r a c t o r  

r r o e l e c t r i c  m a t e r i a l s  a r e  n o t  s u f f i c i e n t l y  h i g h  a t  micro-  

t o  p r o v i d e  v e r y  s a t i s f a c t o r y  means f o r  e l e c t r o n i c  t un ing  

t e r  r e s o n a t o r s .  

SEC 1 7 . 0 2 ,  THEORY OF IDEAL, TTJNABLE BAND- PASS FILTERS 

A l t h o u g h  a l m o s t  any k i n d  o f  f i l t e r  c a n  b e  t u n e d  by v a r y i n g  t h e  l e n g t h s  

o f  t h e  r e s o n a t o r s ,  o r  by i n t r o d u c i n g  v a r i a b l e  c a p a c i t i v e  o r  i n d u c t i v e  

l o a d i n g  o f  some fo rm i n  t h e  r e s o n a t o r s ,  t h e r e  a r e  c o n s i d e r a t i o n s  b e s i d e s  

r e s o n a t o r  t u n i n g  t h a t  l i m i t  t h e  t y p e s  o f  s t r u c t u r e s  d e s i r a b l e  f o r  u s e  a s  

t u n a b l e  f i l t e r s .  G e n e r a l l y ,  i t  w i l l  b e  d e s i r e d  t h a t  t h e  f i l t e r  r e s p o n s e  

s h a p e  w i l l  r e m a i n  more o r  l e s s  c o n s t a n t  a s  t h e  f i l t e r  i s  t u n e d .  I f  s t e p s  
a r e  n o t  t a k e n  t o  a s s u r e  c o n s t a n t  r e s p o n s e  s h a p e ,  i t  is p o s s i b l e  t h a t  a  
f i l t e r  m igh t  h a v e  a  good T c h e b y s c h e f f  r e s p o n s e  a t  one  end of t h e  t u n i n g  

r a n g e ,  b u t  a t  t h e  o t h e r  e n d  h a v e  a  r e s p o n s e  o f  c o n s i d e r a b l y  d i f f e r e n t  shape 

and b a n d w i d t h  ( a n d  p o s s i b l y  w i t h  a  s i z e a b l e  r e f l e c t i o n  l o s s  i n  t h e  p a s s  

b a n d ) .  T h u s ,  we s h a l l  now w a n t  t o  e x p l o r e  t h e  f a c t o r s  t h a t  mus t  be  con-  

s i d e r e d  i f  c o n s t a n t  r e s p o n s e  s h a p e  ( a n d  a l s o  c o n s t a n t  b a n d w i d t h )  a r e  t o  

be m a i n t a i n e d  a s  a  f i l t e r  i s  t u n e d .  S i n c e  t u n a b l e  f i l t e r s  a r e  
o f  n a r r o w  b a n d w i d t h ,  i t  w i l l  b e  c o n v e n i e n t  t o  u s e  t h e  e x t e r n a l  Q ' s  o f  t h e  

end  r e s o n a t o r s  and  t h e  c o u p l i n g  c o e f f i c i e n t s  b e t w e e n  a d j a c e n t  r e s o n a t o r s  

a s  t h e  b a s i c  d e s i g n  p a r a m e t e r s  ( S e c ,  8 . 0 2 ) .  

FIG. 17.02-1 A GENERALIZED FILTER CIRCUIT USING SERIES RESONATORS 
AND IMPEDANCE INVERTERS 

F i g u r e  1 7 . 0 2 - 1  shows a  g e n e r a l i z e d  f i l t e r  c i r c u i t  w i t h  s e r i e s  

r e s o n a t o r s  c o u p l e d  by impedance  i n v e r t e r s  ( S e c .  8 . 0 2 ) .  
By F i g .  8 . 0 2 - 3 ,  

t h e  e x t e r n a l  Q ' s  o f  t h e  e n d  r e s o n a t o r s  o f  t h i s  c i r c u i t  a r e  

and t h e  c o u p l i n g  c o e f f i c i e n t s  b e t w e e n  r e s o n a t o r s  a r e  

I n  Eqs .  ( 1 7 . 0 2 - 1 )  t o  ( 1 7 . 0 2 - 3 ) ,  t h e  K j ,  j + l  a r e  impedance  i n v e r t e r  

p a r a m e t e r s ,  t h e  cc, a r e  r e s o n a t o r  s l o p e  p a r a m e t e r s  d e f i n e d  by  

where  X ,  i s  t h e  r e a c t a n c e  o f  r e s o n a t o r  j ,  and wo i s  t h e  r e s o n a n t  f r e q u e n c y .  .. - 
I 

The p a r a m e t e r s  go, gl, . . . , g , + l ,  0;  a r e  p a r a m e t e r s  o f  t h e  l o w - p a s s  p r o t o -  

t v ~ e  f i l t e r  f rom wh ich  t h e  b a n d - p a s s  f i l t e r  i s  d e s i g n e d ,  and  w i s  t h e  - , x  

f r a c t i o n a l  b a n d w i d t h  o f  t h e  b a n d - p a s s  f i l t e r  a s  m e a s u r e d  t o  t h e  p o i n t s  wl 

and  w 2  on i t s  r e s p o n s e ,  c o r r e s p o n d i n g  t o  w ;  on t h e  l o w - p a s s  p r o t o t y p e  

r e s p o n s e  ( S e c .  8 . 0 2 ) .  
1007 



Examin ing  Eqs .  ( 1 7 . 0 2 - 1 )  t o  ( 1 7 . 0 2 - 3 )  we s e e  t h a t  f o r  t h e  t y p e  o f  

r e s p o n s e  t o  b e  p r e s e r v e d  ( i . e . ,  f o r  max ima l ly  f l a t ,  T c h e b y s c h e f f ,  o r  

some o t h e r  r e s p o n s e  p r o p e r t i e s  t o  be  p r e s e r v e d )  t h e  e x t e r n a l  Q ' s  must  

v a r y  i n v e r s e l y  w i t h  t h e  f r a c t i o n a l  bandwid th  w ,  w h i l e  t h e  c o u p l i n g  c o -  
e f f i c i e n t s  mus t  be  d i r e c t l y  p r o p o r t i o n a l  t o  w .  U s u a l l y  i t  i s  d e s i r e d  
t h a t  t h e  a b s o l u t e  b a n d w i d t h  b e  k e p t  c o n s t a n t .  T h u s ,  i f  Af i s  t h e  d e s i r e d  
f i x e d  b a n d w i d t h  i n  c y c l e s  p e r  s e c o n d ,  f o  i s  any g i v e n  t u n i n g  f r e q u e n c y  of 

t h e  f i l t e r ,  and  ( f o I r  i s  t h e  mean t u n i n g  f r e q u e n c y  ( i . e . ,  t h e  c e n t e r  f r e -  
quency o f  t h e  t u n i n g  r a n g e  

where  

) ,  t h e n  i t  i s  u s u a l  l y  d e s i r e d  t h a t  

i s  t h e  mean f r a c t i o n a l  b a n d w i d t h .  I n s e r t i n g  Eq 
Eqs .  ( 1 7 . 0 2 - 1 )  t o  ( 1 7 . 0 2 - 3 )  g i v e s  

and 

where  a l l  q u a n t i t i e s  on t h e  r i g h t  a r e  c o n s t a n t s  e x c e p t  f o r  f o .  From t h e s e  
e q u a t i o n s  we s e e  t h a t  i n  o r d e r  t o  g i v e  a  c o n s t a n t  r e s p o n s e  s h a p e  and band- 

w i d t h  a s  t h e  f i l t e r  i s  t u n e d ,  t h e  e x t e r n a l  Q ' s  must v a r y  d i r e c t l y  w i t h  t h e  

t u n i n g  f r e q u e n c y  f o ,  w h i l e  t h e  c o u p l i n g  c o e f f i c i e n t s  must v a r y  i n v e r s e l y  

w i t h  t h e ' t u n i n g  f r e q u e n c y .  

The most commonly u s e d  t u n a b l e  -X 
f i l t e r s  u s e  i n d u c t i v e  c o u p l i n g s ,  and  

t h e  impedance  i n v e r t e r s  may be r e -  

g a r d e d  a s  b e i n g  o f  t h e  form i n  
K = x  

F i g .  1 7 . 0 2 - 2 .  I n  t h e  c a s e  o f  a  . - B ~ , . . ~  

n a r r o w - b a n d  f i l t e r  ( t u n a b l e  f i l t e r s  

a r e  u s u a l l y  n a r r o w  b a n d ) ,  a l l  o f  t h e  
FIG. 17.02-2 A CORRESPONDING FORM OF K-INVERTER Tn 

. - 
r e a c t a n c e s  i n  t h e  i n v e r t e r  c i r c u i t  SHUNT-INDUCTIVE 

of F i g .  1 7 . 0 2 - 2  wou ld  b e  v e r y  s m a l l .  COUPLINGS 

The n e g a t i v e ,  s e r i e s  r e a c t a n c e s  a r e  

t h e r e f o r e  s m a l l  compared  w i t h  t h e  

r e a c t a n c e s  t h a t  t h e y  a r e  c o n n e c t e d  t o ,  and h e n c e  h a v e  l i t t l e  e f f e c t  i n  

t h e  f ' i l t e r  e x c e p t  t o  c a u s e  a  s l i g h t  s h i f t  i n  t h e  r e s o n a n t  f r e q u e n c y  o f  

t h e  r e s o n a t o r s .  T h u s ,  t o  a  good a p p r o x i m a t i o n ,  we may r e p r e s e n t  t h e  

c i r c u i t  i n  F i g .  1 7 . 0 2 - 1  by t h e  c i r c u i t  i n  F i g .  1 7 . 0 2 - 3  i f  t h e  K - i n v e r t e r s  

a r e  o f  t h e  fo rm i n  F i g .  1 7 . 0 2 - 2  and i f  t h e  b a n d w i d t h  i s  r e a s o n a b l y  n a r r o w  

( s a y ,  o f  t h e  o r d e r  o f  a  few p e r c e n t  o r  l e s s ) .  Then by F i g .  1 7 . 0 2 - 2 ,  

FIG. 17.02-3 A FILTER CIRCUIT WITH SHUNT-INDUCTIVE COUPLINGS 

where  ( X j , j + l ) r  i s  t h e  r e a c t a n c e  o f  t h e  j , j  + 1 c o u p l i n g  i n d u c t a n c e  a t  

t h e  mean t u n i n g  f r e q u e n c y  (f O ) n .  I n s e r t i n g  Eq. ( 1 7 . 0 2 - 1 0 )  i n t o  

E q s .  ( 1 7 . 0 2 - 1 )  t o  ( 1 7 . 0 2 - 3 )  g i v e s  



s t r u c t u r e s  d i f f e r e n t  f rom t h o s e  o f  c o u p l i n g s  X12 and X n - l , n .  I n  t h i s  

manner t h e  s l o p e  p a r a m e t e r s  s e e n  by t h e  end c o u p l i n g s  w i l l  be d i f f e r e n t  

f rom t h o s e  s e e n  by t h e  c o u p l i n g s  b e t w e e n  r e s o n a t o r s .  

P e r h a p s  t h e  mos t  f a m i l i a r  t y p e  o f  s e r i e s  r e s o n a t o r  i s  t h a t  c o n s i s t i n g  

o f  a n  i n d u c t a n c e  and c a p a c i t a n c e  i n  s e r i e s ,  wh ich  g i v e s  

Compar ing  E q s .  ( 1 7 . 0 2 - 1 1 )  and  ( 1 7 . 0 2 - 1 2 )  w i t h  E q s .  ( 1 7 . 0 2 - 7 )  a n d  ( 1 7 . 0 2 - 8 )  

we s e e  t h a t ,  t o  m a i n t a i n  c o n s t a n t  r e s p o n s e  s h a p e  and b a n d w i d t h ,  t h e  r e s o -  

n a t o r  s l o p e  p a r a m e t e r s  x l  and  xn must v a r y  a s  

where  (xl),, and  ( x n ) , a r e  t h e  s l o p e  p a r a m e t e r  v a l u e s  a t  t h e  mean t u n i n g  

f r e q u e n c y  ( f  o ) a .  Now, c o m p a r i n g  E q s .  ( 1 7 . 0 2 - 9 )  and ( l 7 . 0 2 - 1 3 ) ,  we s e e  

t h a t  t o  m a i n t a i n  c o n s t a n t  r e s p o n s e  s h a p e  and b a n d w i d t h  

where  t h e  ( X  ) a r e  a g a i n  t h e  s l o p e  p a r a m e t e r  v a l u e s  a t  ( f o ) , .  N o t e  t h a t  I "  

E q s .  ( 1 7 . 0 2 - 1 4 )  and ( 1 7 . 0 2 - 1 5 )  a p p e a r  t o  be  c o n t r a d i c t o r y  s i n c e  

Eq. ( 1 7 . 0 2 - 1 4 )  s a y s  t h a t  xl and  x, must v a r y  a s  ( f o ) 3  w h i l e  Eq .  ( 1 7 . 0 2 - 1 5 )  

s a y s  t h e y  must  v a r y  a s  ( f o ) 2 .  T h e s e  two r e q u i r e m e n t s  a r e  n o t ,  howeve r ,  

i r r e c o n c i l a b l e ,  s i n c e  Eq. ( 1 7 . 0 2 - 1 4 )  r e f e r s  t o  t h e  s l o p e  p a r a m e t e r s  of  

R e s o n a t o r s  1 a n d  n a s  s e e n  f r o m  t h e  c o u p l i n g  r e a c t a n c e s  XO1 and  X n , n + l ,  

w h i l e  Eq.  ( 1 7 . 0 2 - 1 5 )  r e l a t e s  t o  t h e  s l o p e  p a r a m e t e r s  o f  R e s o n a t o r s  1  and 

a s  s e e n  f r o m  t h e  b e t w e e n - r e s o n a t o r  r e a c t a n c e s  X I 2  and X n - l ,  n.  T h u s ,  a s  

w i l l  b e  e v i d e n t  f rom t h e  d i s c u s s i o n s  i n  S e c .  1 7 . 0 3  and 1 7 . 0 4 ,  i t  may be 

p o s s i b l e  t o  a p p r o x i m a t e l y  s a t i s f y  b o t h  Eqs .  ( 1 7 . 0 2 - 1 4 )  and  ( 1 7 . 0 2 - 1 5 )  a t  

t h e  same t i m e  by making t h e  X o l  and X n , n + t  c o u p l i n g  r e a c t a n c e s  a t  t h e  ends 

o f  t h e  f i l t e r  c o u p l e  i n t o  R e s o n a t o r s  1 and n a t  p o i n t s  on t h e  r e s o n a t o r  

I f  t h e  r e s o n a t o r s  a r e  t u n e d  by v a r y i n g  t h e  C w h i l e  t h e  L I  r e m a i n s  f i x e d ,  

t h e n  

wh ich  d o e s  n o t  h a v e  t h e  f r e q u e n c y  v a r i a t i o n  o f  e i t h e r  Eq.  ( 1 7 . 0 2 - 1 4 )  o r  

Eq.  ( 1 7 . 0 2 - 1 5 ) .  I t  i s  e a s i l y  shown t h a t  i f  C i  i s  h e l d  f i x e d  and t h e  

f i l t e r  i s  t u n e d  by v a r y i n g  t h e  L j ,  t h e n  

wh ich  d e v i a t e s  e v e n  

From t h e  above  

c a n n o t  g i v e  t h e  d e s  

more  f rom t h e  

d i s c u s s i o n  we 

i r e d  ( f o ) '  o r  

d e s i r e d  t y p e  o f  f r e q u e n c y  v a r i a t i o n .  

s e e  t h a t  a  s i m p l e  s e r i e s  L - C  r e s o n a t o r  

( f o ) 3  v a r i a t i o n  o f  t h e  r e s o n a t o r  s l o p e  

p a r a m e t e r s  u n l e s s  t h e  r e s o n a t o r s  a r e  t u n e d  by v a r y i n g  b o t h  t h e  L ,  and 

t h e  C ,  a t  t h e  same t i m e .  However ,  F i g .  1 7 . 0 2 - 4  shows  a  r e s o n a t o r  c i r c u i t  

t h a t  c o u l d  a p p r o x i m a t e  t h e  d e s i . r e d  f r e q u e n c y  v a r i a t i o n s  w h i l e  b e i n g  t u n e d  

by v a r y i n g  o n l y  a  s e r i e s  c a p a c i t a n c e .  I n  t h i s  c a s e  a  p a r a l l e l  r e s o n a n t  

c i r c u i t  h a s  b e e n  a d d e d ,  which  a d d s  a  p o l e  o f  r e a c t a n c e  a t  f r e q u e n c y  w,. 

T h u s ,  a s  t h e  r e s o n a t o r  i s  t u n e d  t o  h i g h e r  f r e q u e n c i e s ,  t h e  r e s o n a t o r  s l o p e  

p a r a m e t e r  i n c r e a s e s  more  r a p i d l y  t h a n  i t  would  i f  t h e  p o l e  o f  r e a c t a n c e  

were  n o t  t h e r e .  



i 1 , e s o n a t o r  u n l o a d e d  Q ' s ,  and  f o r  a  g i v e n  amount o f  a t t e n u a t i o n  r e q u i r e d  

,t some f r e q u e n c y  a  s p e c i f i e d  f r e q u e n c y  i n t e r v a l  f r o m  t h e  m i d - p a s s - b a n d  

f r e q u e n c y .  

F o r  many n a r r o w - b a n d  i n d u c t i v e l y  c o u p l e d  f i l t e r s  s u c h  a s  t h a t  i n  

F ig .  1 7 . 0 2 - 3 ,  a  u s e f u l  l o w - p a s s  t o  b a n d - p a s s  mapping ( S e c .  8 . 0 4 )  t o  u s e  i s  

where 

( b )  2%* 1 
1 - 3 5 1 7 - 6 0 9  wo = -  , ( 1 7 . 0 2 - 2 2 )  

+ W 1  

FIG. 17.02-4 A TUNABLE RESONATOR 
AND ITS REACTANCE 
CHARACTERISTIC o' a n d  w  a r e  t h e  f r e q u e n c y  v a r i a b l e s  o f  t h e  l o w - p a s s  p r o t o t y p e  and b a n d -  

p a s s  f i l t e r s ,  r e s p e c t i v e l y ,  and wl and w2 a r e  t h e  b a n d - p a s s  f i l t e r  b a n d -  

A l t h o u g h  t h e  f o r m  o f  t h e  r e s o n a t o r  c i r c u i t  i n  F i g .  1 7 . 0 2 - 4  i s  n o t  

o f  much i n t e r e s t  f o r  mic rowave  f i l t e r s ,  t h e  d i s c u s s i o n  i l l u s t r a t e s  t h e  

t y p e s  o f  c o n s i d e r a t i o n s  a n d  p o s s i b l e  s o l u t i o n s  i n v o l v e d  i n  t h e  d e s i g n  

o f  t u n a b l e  f i l t e r s  w i t h  c o n s t a n t  r e s p o n s e  s h a p e  and b a n d w i d t h .  
The  d i s -  

c u s s i o n  a b o v e  h a s  b e e n  i n  terms o f  f i l t e r s  w i t h  s e r i e s  r e s o n a t o r s  and 

s h u n t  i n d u c t i v e  c o u p l i n g s ;  h o w e v e r ,  by  u s e  o f  t h e  d a t a  i n  F i g s .  8 . 0 2 - 3 ,  

8 . 0 2 - 4 ,  8 . 0 3 - 1 ,  8 . 0 3 - 2  and  8 . 0 3 - 3 ,  t h e  same t y p e  o f  r e a s o n i n g  c a n  be  

a p p l i e d  f o r  t h e  d e r i v a t i o n  o f  t h e  r e q u i r e d  p a r a m e t e r  p r o p e r t i e s  f o r  

numerous  o t h e r  t y p e s  o f  f i l t e r s .  Of c o u r s e ,  E q s .  ( 1 7 . 0 2 ~ 7 )  t o  ( 1 7 . 0 2 - 9 )  
a p p l y  t o  a l l  f i l t e r s  a s  l o n g  a s  c o n s t a n t  r e s p o n s e  s h a p e  and b a n d w i d t h  

a r e  r e q u i r e d .  

e d g e  f r e q u e n c i e s  c o r r e s p o n d i n g  t o  o; f o r  t h e  l o w - p a s s  p r o t o t y p e  

SEC. 1 7 . 0 3 ,  hlECHANICALLY TUNABLE COAXIAL BAND-PASS FILTERS 

F i g u r e  1 7 . 0 3 - 1  shows a  form o f  c o a x i a l ,  m e c h a n i c a l l y  t u n a b l e  f i l t e r ,  

which  h a s  been u s e d  a  good d e a l ?  The  r e s o n a t o r s  o p e r a t e  i n  t h e  TEM mode 

and a r e  a  q u a r t e r - w a v e l e n g t h  l o n g  a t  r e s o n a n c e .  One e n d  o f  e a c h  r e s o -  

n a t o r  i s  o p e n - c i r c u i t e d  w h i l e  t h e  o t h e r  i s  s h o r t - c i r c u i t e d ,  and t u n i n g  i s  

a c c o m p l i s h e d  by s l i d i n g  t h e  round  c e n t e r  c o n d u c t o r  b a c k  and f o r t h  t h r o u g h  

t h e  s h o r t - c i r c u i t i n g  r e g i o n  a t  t h e  l ower  e n d  o f  e a c h  r e s o n a t o r .  The  c o -  

a x i a l  i n p u t  and o u t p u t  l i n e s  a r e  c o u p l e d  t o  t h e  f i r s t  and l a s t  r e s o n a t o r s ,  

r e s p e c t i v e l y ,  by  m a g n e t i c  c o u p l i n g  l o o p s ,  w h i l e  t h e  r e s o n a t o r s  a r e  c o u p l e d  

t o  t h e i r  n e i g h b o r s  by i n d u c t i v e  i r i s e s .  The  c r o s s - s e c t i o n a l  s h a p e  o f  t h e  

f a c t o r  t o  be  c o n s i d e r e d  i n  t h e  d e s i g n  o f  t u n a b l e  f i l t e r s  i s  resonators  is a p p r o x i m a t e l y  c o a x i a l ;  howeve r ,  t h e  r e g i o n  be tween  reso-  

t h e  cho ice  l o w - p a S s  P r o t o t y p e  f i l t e r s  t o  b e  u s e d ,  S i n c e  f i l t e r s  na tors  is f l a t t e n e d  s o  t h a t  t h e  c o u p l i n g  i r i s e s  w i l l  n o t  be so  t h i c k .  

used a r e  U s u a l l y  o f  n a r r o w  b a n d w i d t h ,  t h e  e q u a l - e l e m e n t  low-pass p r o t o -  
~ h ~  f i l t e r  in  ~ i ~ .  1 7 . 0 3 - 1  i s  o f  t h e  i n d u c t i v e l y  c o u p l e d  t y p e  

types  d i s c u s s e d  i n  Set. 1 1 . 0 7  a r e  o f t e n  a  d e s i r a b l e  c h o i c e .  As is d i s -  in g e n e r a l i z e d  fo rm i n  F i g .  1 7 . 0 2 - 3  and a n a l y z e d  i n  Set. 1 7 . 0 2 .  As was  

cussed  i n  Set. 1 1 . 0 7 ,  f i l t e r s  d e s i g n e d  f rom e q u a l - e l e m e n t  p r o t o t y p e s  can d i s c u s s e d  i n  c o n n e c t i o n  w i t h  Eqs .  ( 1 7 . 0 2 - 1 4 )  and ( 1 7 . 0 2 - 1 5 ) j  a 
g i v e  n e a r l y  t h e  a b s o l u t e  minimum midband d i s s i p a t i o n  loss f o r  g iven  d i f f e r e n t  f r e q u e n c y  v a r i a t i o n  o f  t h e  r e s o n a t o r  s l o p e  P a r a m e t e r s  is  
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FIG. 17.03-1 A FOUR-RESONATOR MECHANICALLY TUNABLE TEM-MODE FILTER 

d e s i r e d  i n  d e t e r m i n i n g  ( Q e ) A  and  (C?c)B a s  compared  w i t h  t h e  f r e q u e n c y  

v a r i a t i o n  o f  t h e  r e s o n a t o r  s l o p e  p a r a m e t e r s  d e s i r e d  f o r  d e t e r m i n i n g  t h e  

c o u p l i n g  c o e f f i c i e n t s  k .  , 
1 ,  J + l '  I n  t h e  f i l t e r  s t r u c t u r e  i n  F i g .  1 7 . 0 3 - 1  

t h e  d e s i r e d  d i f f e r e n c e  i s  a c h i e v e d  i n  an  a p p r o x i m a t e  f a s h i o n  by l o c a t i n g  

t h e  i n p u t  and o u t p u t  c o u p l i n g  l o o p s  an  e l e c t r i c a l  d i s t a n c e  O A  f rom t h e  

s h o r t - c i r c u i t e d  e n d s  o f  t h e  r e s o n a t o r s  wh ich  i s  d i f f e r e n t  f rom t h e  

e l e c t r i c a l  d i s t a n c e  8 which  t h e  i n d u c t i v e  c o u p l i n g  i r i s e s  a r e  l o c a t e d  

from t h e  s h o r t - c i r c u i t e d  e n d s  o f  t h e  r e s o n a t o r s .  

F i g u r e  1 7 . 0 3 - 2 ( a )  shows an  e q u i v a l e n t  c i r c u i t  u s e d  f o r  c a l c u l a t i n g  

( Q e I A .  I n  t h e  f i g u r e  

where  Zo i s  t h e  c h a r a c t e r i s t i c  impedance  o f  t h e  r e s o n a t o r  l i n e .  
The  

I r e s o n a t o r  r e a c t a n c e  s l o p e  p a r a m e t e r  i s  t h e n  

1 

where  t h e  s u b s c r i p t  m i n d i c a t e s  a  q u a n t i t y  e v a l u a t e d a t t h e  m i d - t u n i n g - r a n g e  

f r e q u e n c y  ( f0 ) .  . Of c o u r s e ,  an  a n a l o g o u s  e q u a t i o n  a p p l i e s  f o r  (Qe)B  . 

FIG. 17.03-2 RESONATOR EQUIVALENT CIRCUITS USED IN 
COMPUTING AND k i g i + ,  



F i g u r e  1 7 . 0 3 - 2 ( b )  shows t h e  r e s o n a t o r  e q u i v a l e n t  c i r c u i t  u s e d  i n  

compu t ing  t h e  c o u p l i n g  c o e f f i c i e h t s  be tween  r e s o n a t o r s .  Us ing  

Eq. ( 1 7 . 0 2 - 1 3 ) ,  a n a l o g o u s l y  t o  t h e  d e r i v a t i o n  above  we o b t a i n  

Now a s  i n d i c a t e d  by E q s .  ( 1 7 . 0 2 - 7 )  t o  ( 1 7 . 0 2 - 9 ) , f o r  c o n s t a n t  r e s p o n s e  

s h a p e  and bandwid th  we d e s i r e  t h a t  

and 

I f  we e q u a t e  Eqs .  ( 1 7 . 0 3 - 5 )  and ( 1 7 . 0 3 - 3 )  f o r  f o / ( f o I n  = 0 . 7  and f o r  

f o / ( f o ) .  = 1 . 3 ,  and s o l v e  f o r  (BA),,we f i n d  t h a t  (BA). = 0 . 9 6 7 5  r a d i a n .  I f  
we e q u a t e  E q s .  ( 1 7 . 0 3 - 4 )  and ( 1 7 . 0 3 - 7 )  a t  t h e  same f r e q u e n c i e s  and s o l v e  

f o r  (@).we t h e n  f i n d  t h a t  (8). = 0 . 8 5 3 4  r a d i a n .  

From Eqs .  ( 1 7 . 0 3 - 5 )  and ( 1 7 . 0 3 - 7 )  we s e e  t h a t  b o t h  ( Q e ) A  and l / k j , j + l  
s h o u l d  i d e a l l y  be  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  f r e q u e n c y ,  i f  c o n s t a n t  

r e s p o n s e  s h a p e  and b a n d w i d t h  a r e  d e s i r e d .  F i g u r e  1 7 . 0 3 - 3  p r e s e n t s  

n o r m a l i z e d  c u r v e s  f o r  t h e s e  q u a n t i t i e s  u s .  fo / ( fo) .  f o r  t h e  v a l u e s  o f  and 
(@) .g iven  a b o v e .  We s e e  t h a t  t h e  e x t e r n a l  Q c u r v e  d e v i a t e s  most  f rom t h e  

d e s i r e d  l i n e a r  v a r i a t i o n ,  wh ich  means t h a t  t h e  r e s p o n s e  s h a p e  w i l l  change  

somewhat a s  t h e  f i l t e r  i s  t u n e d .  The q u a n t i t y  N/kjSJtl f o l l o w s  t h e  d e s i r e d  

l i n e a r  v a r i a t i o n  more c l o s e l y ,  b u t  i t  a l s o  d e v i a t e s  some f rom t h e  d e s i r e d  

l i n e .  S i n c e  t h e  c o u p l i n g  c o e f f i c i e n t s  be tween  r e s o n a t o r s  have  t h e  domi-  

n a n t  e f f e c t  on b a n d w i d t h ,  t h e  d e v i a t i o n  i n  t h e  N/kj,j+l c u r v e  f rom t h e  

d e s i r e d  l i n e  w i l l  c a u s e  some v a r i a t i o n  o f  t h e  bandwid th .  A l t h o u g h  t h e  

d e v i a t i o n s  f rom i d e a l  p e r f o r m a n c e  i n d i c a t e d  i n  F i g .  1 7 . 0 3 - 3  a r e  s i z e a b l e ,  

t h e y  a r e  p r o b a b l y  a c c e p t a b l e  f o r  most a p p l i c a t i o n s .  A l s o ,  t h e  c u r v e s  i n  

I (8&); 0.9615 radians 

FIG. 17.03-3 NORMALIZED CURVES INDICATING THE FREQUENCY 
VARIATION OF NORMALIZED (Q,) ,, AND 
1/kiti+, FOR A FILTER OF THE FORM SHOWN IN 
FIG. 17.03-1 

F i g .  1 7 . 0 3 - 3  a p p l y  t o  a  d e s i g n  w i t h  a  t u n i n g  r a n g e  o f  o v e r  an  o c t a v e .  

The d e v i a t i o n s  f r o m  i d e a l  p e r f o r m a n c e  c a n ,  of c o u r s e ,  be  k e p t  much 

s m a l l e r  i f  s m a l l e r  t u n i n g  r a n g e s  a r e  s u f f i c i e n t .  

Sumnary of D e s i g n  P r o c e d u r e - L e t  us now summar ize  how f i l t e r s  o f  t h e  

s o r t  i n  F i g .  1 7 . 0 3 - 1  can  be  d e s i g n e d .  

The d e s i g n  p r o c e s s  i s  c a r r i e d  o u t  a t  t h e  m i d - t u n i n g - r a n g e  f r e q u e n c y  

f 0  I n  o r d e r  t o  o b t a i n  n e a r l y  optimum r e s o n a t o r  q ' s ,  t h e  r e s o n a t o r s  

s h o u l d  have  a  l i n e  impedance  of  a p p r o x i m a t e l y  Zo = 76 ohms ( s e e  F i g .  5 . 0 3 - 2 )  

Use t h e  v a l u e s  o f  and (B), i n  F i g .  1 7 . 0 3 - 3 ,  o r  i f  t i g h t e r  c o n t r o l  on 

1 t h e  r e s p o n s e  i s  r e q u i r e d  and t h e  r e q u i r e d  t u n i n g  r a n g e  i s  s m a l l e r  t h a n  an  
, 



octave, solve for values of (@A)a and ( @ ) "  as described above, in order / ~ i ~ ,  17.03-1; under such conditions Eq. (17.03-11) maY be a Poor 

to give a closer approximation over a smaller tuning range. 1 approximation. 

: 
The coupling reactances can be computed by combining Eqs. (17.03-3) Using Bethe's small-aperture theory the apertures between the 

and (17.03-4) with Eqs. (17.02-1) to (17.02-3) to obtain resonators should have magnetic polarizabilities of approximately 

where w m  is the fractional bandwidth A f / ( f  ,), to the pass-band edge points 

corresponding to w; for the low-pass prototype. 

As a rough guide in the design of the loop couplings at each end of 

the filter, the following reasoning can be used. If I is the current in 
Resonator 1 or n at an electrical distance (BA). from the short-circuit 

end of the resonator, then the magnetic field at a radial distance r from 

the center axis of the coaxial resonator is H = 1/(2nr). This field will 
excite a voltage of jApowH = jAp0wI/27rr in- a loop of area A located at a 

mean radius r from the axis of the coaxial line. Thus, the mutual 
reactance of such a loop in a coaxial line is 

where, if r is in inches and A is in square inches, po = (0.0254) 47710-' 

henries/inch. This formula can serve as a guide for the initial design 
of the coupling loop but in practice experimental adjustments as described 

in Sec. 11.02 will probably be desirable. Reference 1 points out that in 
order to reduce the self reactance of the coupling loops (excess reactance 

can cause the tuning of the end resonators to track differently than that 

of the interior resonators), it is desirable for the coupling loop to be 

faired into the side wall as much as possible, as is suggested in 

where a is the nominal radius of the inside of the outer conductor of 

the resonators and X I  is the wavelength at the mean tuning frequency 

(f0).. The sizes of the apertures can then be determined from the M I  

polarizability data in Fig. 5.10-4(a), (the M 1  rather than the M 2  data 

is used since the lengths of the coupling irises are to be in the cir- 

cumferential direction). Approximate corrections for the size and 

thickness t of the apertures can be made by obtaining trial aperture 

lengths using Eq. (1703-12) and Fig. 5.10-4(a), and then computing 

compensated polarizabilities 

from which improved aperture lengths are obtained using Fig. 5.10-4(a). 

For greatest accuracy the experimental procedures described in Sec. 11.02 

to 11.04 should be used to check the aperture sizes. 

One possible source of trouble in the practical operation of filters 

of the type under discussion lies in the fact that the resonator rods 

must slide freely while still maintaining a good short-circuit at one end. 

Sliding contact fingers can be used to help ensure a good short-circuit 

connection, but the non-contacting short-circuit connections in 

Fig. 17.03-4 are found to be preferable.1 The design in Fig. 17.03-4(a) 

uses a very low impedance section, which is a quarter-wavelength long at 

frequency (f,,).. In this design the resonator rod is supported by a di- 

electric bearing surface at the left. The low-impedance line section is 

effectively open-circuited at its left end and, as a result, tends to 

reflect a very large susceptance at its right end. The design in 

Fig. 17.03-4(b) is similar, but it uses an additional high-impedance line 



DIELECTRIC 
/BEARING 

VERY LOW CHARACTERISTIC 
IMPEDANCE 

! 
when the analysis is carried out on a frequency basis. (See Sec. 8.14 

for a discussion of the differences between waveguide filter design on 

a frequency basis u s .  design on a reciprocal-guide-wavelength basis.) 

In Eq. (17.04-1) Zo is the guide impedance and A g  and A  are the guide 
and free-space wavelengths at resonance. The coupling reactances and 

the effects of different guide dimensions for the terminating guides as 

- - compared to the dimensions of the cavity resonators can all be obtained 
4 4 from Fig. 5.10-6. Thus, using Eqs. (17.04-1) and (17.02-10) to (17.02-13), 

( b )  along with the data in Fig. 5.10-6 gives 

SOURCE: Very  High Frequency Techniques, Vol. I1 ( s e e  Ref .  1 by 
Harvard Radio Research Laboratory Staf f )  

FIG. 17.03-4 TWO POSSIBLE DESIGNS FOR THE SHORT-CIRCUIT AND BEARING PORTION 
OF MECHANICALLY TUNABLE COAXIAL RESONATORS 

section to reflect a very high impedance to the open-circuited end of 

the low-impedance line section. In this type of design the resonator 

rod can be supported by a metal bearing. Although this type of choke 

joint design is frequency sensitive to some extent, it can be made to 

work very well over as much as a five-to-one tuning range.' 

SEC. 17.04, WAVEGUIDE MECHANICALLY TUNABLE BAND-PASS FILTERS 

Figure 17.04-1 shows a waveguide mechanically tunable filter which 

is in many respects analogous to the coaxial type of filter discussed in 

Sec. 17.03. This filter consists of rectangular cavity resonators that 

are tuned by moving one of the side walls. The resonators are coupled 

by apertures which are located so as to come as close as possible to 

giving the desired frequency variations of the external Q's and the 

coupling coefficients. As in the filter of Sec. 17.03, the coupling 

apertures between resonators are positioned differently from the apertures 

coupling to the input and output guides. 

The analysis of the filter in Fig. 17.04-1 proceeds similarly to that 

discussed in Sec. 17.03. In this case the resonator slope parameters are 

given by 

RESONATOR DIMENSIONS - a WIDE, u LONG. b HIGH 
TERMINATING GUIDES - ap, WIDE, bp, HIGH 

I 
I ,SLIDING WALLS, 

FIG. 17.04-1 A FOUR-RESONATOR MECHANICALLY TUNABLE WAVEGUIDE FILTER 



where  t h e  a r e  t h e  ' ~ o r i z o n t a l l y  d i r e c t e d  m a g n e t i c  p o l a r i z a b i l i t i e s  , 

o f  t h e  c o u p l i n g  a p e r t u r e s ,  h  i s  t h e  f r e e - s p a c e  w a v e l e n g t h  a t  t h e  r e s o n a n t  

f r e q u e n c y  f o ,  

i s  t h e  w a v e l e n g t h  i n  t h e  t e r m i n a t i n g  g u i d e s ,  a A ,  b A ,  a ,  b ,  u,  x , ,  and x  

a r e  d i m e n s i o n s  d e f i n e d  i n  F i g .  1 7 . 0 4 - 1 ,  and  w h e r e  

i s  r e q u i r e d  i n  o r d e r  t o  g i v e  r e s o n a n c e  a t  t h e  t u n i n g  f r e q u e n c y  f o  

c o r r e s p o n d i n g  t o  t h e  f r e e - s p a c e  w a v e l e n g t h  A. 

As f o r  t h e  f i l t e r  i n  S e c .  1 7 . 0 3 ,  f o r  c o n s t a n t  r e s p o n s e  s h a p e  and  

bandwid th  we d e s i r e  t h e  e x t e r n a l  Q ' s  and c o u p l i n g  c o e f f i c i e n t s  t o  v a r y  

w i t h  f r e q u e n c y  a s  i n  E q s .  ( 1 7 . 0 3 - 5 )  t o  ( 1 7 . 0 3 - 7 ) .  F o r c i n g  E q s .  ( 1 7 . 0 3 - 5 )  

t o  ( 1 7 . 0 3 - 7 )  t o  a g r e e  w i t h  E q s .  ( 1 7 . 0 4 - 2 )  t o  ( 1 7 . 0 4 - 4 )  a t  two f r e q u e n c i e s  

( f o ) l  and ( f 0 ) 2  l e a d s  t o  e q u a t i o n s  o f  t h e  f o r m  

f o r  t h e  e x t e r n a l  Q ' s ,  a n d  o f  t h e  f o r m  

/ t h e  c a v i t i e s  and  o f  t h e  t e r m i n a t i n g  g u i d e s . 2  Table  17.04- 1 

i I f ,  howeve r ,  we s p e c i f y  ( f o ) l / ( f o ) , , ,  PARAMETERS WHICH CAUSE 

( f o ) . ,  a A ,  u and  t h e  w a v e l e n g t h  A,, a t  t h e  EQS. (17.04-2) TO (17.04-4) 
TOSATISFYEQS. (17.04-7) AND 

mean t u n i n g  f r e q u e n c y  ( f O ) n ,  t h e n  t h e  r e q u i r e d  (17 .04-8)  FOR ( f o ) l / ( f o ) m  = 
x A  and x  v a l u e s  c a n  be  compu ted .  0.90, ( f o ) 2 / ( f a ) ~ i l . 1 ~  AND 

a, = 0.76 Am 
T a b l e  1 7 . 0 4 - 1  shows n o r m a l i z e d  v a l u e s  

f o r  x A  and x  which  w i l l  c a u s e  Eqs .  ( 1 7 . 0 4 - 7 )  

and ( 1 7 . 0 4 - 8 )  t o  be  s a t i s f i e d  f o r  ( f o ) l /  

( f a ) .  = 0 . 9 0  and ( f o ) z / ( f o ) , ,  = 1 . 1 0 .  The 

c h o i c e  o f  c a v i t y  l e n g t h  u  i s  c o n t r o l l e d  by 

t h e  A,,/u p a r a m e t e r  a t  t h e  l e f t .  At t h e  r i g h t  

i s  shown t h e  c o r r e s p o n d i n g  r a t i o  a / u  f o r  t h e  f i l t e r  when 

mean t u n i n g  r a n g e  f r e q u e n c y  ( f 0 ) " .  

a/u FOR 
f,, = (fO).  

t u n e d  t o  t h e  

F i g u r e  1 7 . 0 4 - 2  shows p l o t s  o f  n o r m a l i z e d  e x t e r n a l  Q u s .  f o / ( f o ) .  f o r  

t h e  v a r i o u s  c a s e s  l i s t e d  i n  T a b l e  1 7 . 0 4 - 1 .  N o t i c e  t h a t  t h e  c u r v e s  a p p r o a c h  

t h e  d e s i r e d  l i n e a r  v a r i a t i o n  mos t  c l o s e l y  when Am/u i s  made s m a l l .  

f o r  t h e  c o u p l i n g  c o e f f i c i e n t s .  T h e s e  c a n  be  s o l v e d  t o  o b t a i n  x, and x 

j u s t  a s  6, and 6 were  s o l v e d  f o r  i n  t h e  c a s e  o f  t h e  f i l t e r  i n  S e c .  1 7 . 0 3 .  

However,  i n  t h e  p r e s e n t  c a s e  t h e r e  a r e  o t h e r  d e g r e e s  o f  f r e e d o m  a v a i l a b l e ,  

which  r e s u l t  f r o m  t h e  f a c t  t h a t  t h e r e  i s  a  c h o i c e  i n  t h e  p r o p o r t i o n s  of  
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FIG. 17.04-2 CURVES OF NORMALIZED EXTERNAL Q vs.  fo/(fo), 
FOR PARAMETER VALUES IN TABLE 17.04-1 



FIG. 17.04-3 CURVES OF NORMALIZED RECIPROCAL COUPLING 
COEFFICIENT vs. fo/(fo), FOR RESONATOR 
PARAMETER VALUES IN TABLE 17.04-1 

F i g u r e  1 7 . 0 4 - 3  shows a  c o r r e s p o n d i n g  p l o t  o f  n o r m a l i z e d  r e c i p r o c a l  coupl ing 

c o e f f i c i e n t  u s .  f o / ( f o ) . .  H e r e  a g a i n  t h e  d e s i r e d  l i n e a r  v a r i a t i o n  i s  ap- 
p r o x i m a t e d  most  c l o s e l y  i f  h n / u  i s  s m a l l .  However,  F i g .  1 7 . 0 4 - 4  shows a  
p l o t  o f  t h e  c o r r e s p o n d i n g  v a l u e s  o f  a / u  u s .  f o / ( f o ) .  where  i t  s h o u l d  be 

r e c a l l e d  t h a t  u  i s  c o n s t a n t  w h i l e  t h e  c a v i t y  w i d t h  a  i s  v a r i e d  t o  ach ieve  

t h e  d e s i r e d  t u n i n g  f r e q u e n c y .  Note  t h a t  t h e  s m a l l  v a l u e s  o f  A,/u, which 

g a v e  t h e  mos t  d e s i r a b l e  r e s u l t s  i n  F i g s .  1 7 . 0 4 - 2  and 1 7 . 0 4 - 3 ,  c o r r e s p o n d  
t o  t u n i n g  c h a r a c t e r i s t i c s  t h a t  have  v e r y  l a r g e  c h a n g e s  i n  r e s o n a n t  f r e -  

quency f o  f o r  v e r y  s m a l l  c h a n g e s  i n  c a v i t y  w i d t h  a .  T h u s ,  a s  h a s  been 
d i s c u s s e d  by   lev en,^ i n  d e s i g n i n g  a  t u n a b l e  f i l t e r  o f  t h i s  t y p e  one  should  
n o t  i n s i s t  on any g r e a t e r  u n i f o r m i t y  o f  b a n d w i d t h  and r e s p o n s e  s h a p e  than  

i s  r e a l l y  n e c e s s a r y ,  s i n c e  t h i s  u n i f o r m i t y  i s  bough t  a t  t h e  p r i c e  of  

c r i t i c a l n e s s  i n  t h e  t u n i n g  a d j u s t m e n t  o f  t h e  r e s o n a t o r s .  

Summary of D e s i g n  P r o c e d u r e - T h e  f i r s t  s t e p  i n  t h e  d e s i g n  o f  a  f i l t e r  

o f  t h e  t y p e  i n  F i g .  1 7 . 0 4 - 1  i s  t o  s e l e c t  a  v a l u e  f o r  Am/u u s i n g  F i g s .  17.04-2 

t o  1 7 . 0 4 - 4  w h i l e  k e e p i n g  t h e  above  p o i n t s  i n  mind.  Some i d e a  o f  t h e  

v a r i a t i o n s  i n  b a n d w i d t h  t h a t  w i l l  r e s u l t  f rom t h e  d e v i a t i o n s  o f  t h e  r e s o -  

a n a t o r  c o u p l i n g  c o e f f i c i e n t s  c a n  b e  g a i n e d  f rom t h e  f a c t  t h a t  t h e  k j , j + l  

a r e  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  f r a c t i o n a l  b a n d w i d t h  o f  t h e  f i l t e r .  The 

c h o i c e  o f  t h e  e x t e r n a l  Q ' s  o f  a  m u l t i - r e s o n a t o r  f i l t e r  a f f e c t s  t h e  s h a p e  

o f  t h e  p a s s  band o f  a  f i l t e r  much more  t h a n  i t  a f f e c t s  t h e  b a n d w i d t h .  

With a  t w o - r e s o n a t o r  f i l t e r ,  s t e a d i l y  i n c r e a s i n g  t h e  s i z e  of  t h e  e x t e r n a l  

Q ' s  t e n d s  t o  r e s u l t  i n  a  T c h e b y s c h e f f  r e s p o n s e  w i t h  an  i n c r e a s i n g l y  l a r g e  

hump i n  t h e  m i d d l e .  S t e a d i l y  d e c r e a s i n g  t h e  e x t e r n a l  Q ' s  o f  s u c h  a  f i l t e r  

d e c r e a s e s  and f i n a l l y  e l i m i n a t e s  t h e  hump i n  t h e  m i d d l e  o f  t h e  r e s p o n s e  

and e v e n t u a l l y  l e a d s  t o  an  " u n d e r c o u p l e d "  r e s p o n s e  ( c a l l e d  u n d e r c o u p l e d  

b e c a u s e  t h e  c o u p l i n g  between r e s o n a t o r s  i s  q u i t e  l o o s e  a s  compared t o  t h e  
c o u p l i n g  be tween  t h e  t e r m i n a t i o n s  and t h e  r e s o n a t o r s ) .  Ana logous  e f f e c t s  

o c c u r  i n  f i l t e r s  w l t h  more r e s o n a t o r s .  The a b o v e  p o i n t s  s h o u l d  be  o f  some 

h e l p  i n  a s s e s s i n g  t h e  e f f e c t s  o f  deviations from t h e  i d e a l  e x t e r n a l  Q  and 

c o u p l i n g  c h a r a c t e r i s t i c s  u s .  f r e q u e n c y .  More e x a c t  p i c t u r e s  o f  t h e s e  

e f f e c t s  c a n  b e  o b t a i n e d  by work ing  b a c k  from t h e  e x t e r n a l  Q  and c o u p l i n g  

c o e f f i c i e n t  v a l u e s  a t  v a r i o u s  f r e q u e n c i e s  by s o l v i n g  f o r  t h e  c o r r e s p o n d i n g  

s e t s  o f  l o w - p a s s  p r o t o t y p e  e l e m e n t  v a l u e s  g o ,  g l ,  . . . ,  g ,+ l  u s i n g  

FIG. 17.04-4 a/u vs. fo/(fo), FOR RESONATOR PARAMETER VALUES 
IN TABLE 17.04-1 



( 4 )  Barium f e r r i t e .  
i t i e s  

The YIG m a t e r i a l  l i s t e d  above  h a s  p r o v e d  t h e  most  u s e f u l  t o  d a t e  and h a s  

been s u c c e s s f u l l y  u s e d  i n  c o n s t r u c t i n g  a  v a r i e t y  o f  m a g n e t i c a l l y  t u n a b l e  

microwave f i l t e r s  s u c h  a s  t h o s e  d e s c r i b e d  by ~ a r t e r . ~ * ~ * ~ ' ~  

p a s s  p r o t o t y p e  p a r a m e t e r s  by u s e  of  Eqs .  ( 1 7 . 0 2 - 7 )  t o  ( 1 7 . 0 2 - 9 ) .  
Then 

u s i n g  Eqs .  ( 1 7 . 0 4 - 2 )  t o  ( 1 7 . 0 4 - 6 )  w i t h  A = A,, t h e  m a g n e t i c  p o l a r i z a b i l  

M o l ,  M l z ,  . . . , M , ,  a r e  o b t a i n e d .  

A f t e r  t h e  d e s i g n e r  h a s  o b t a i n e d  t h e  r e q u i r e d  p o l a r i z a b i l i t i e s ,  t h e  

d i m e n s i o n s  o f  t h e  a p e r t u r e s  c a n  be  o b t a i n e d  f rom t h e  d a t a  i n  S e c .  5 .10 .  

I f  r e c t a n g u l a r  o r  e l o n g a t e d  a p e r t u r e s  a r e  u s e d ,  t h e i r  l e n g t h  s h o u l d  be i n  

a  d i r e c t i o n  p a r a l l e l  t o  t h e  a d i m e n s i o n  o f  t h e  c a v i t i e s  i n  F i g .  17 .04 -1 .  

C o r r e c t i o n s  f o r  a p e r t u r e  l e n g t h  4 , , ,+1  and t h i c k n e s s  t can  b e  made a s  d i s -  

c u s s e d  a t  t h e  end  o f  S e c .  1 7 . 0 3  by u s e  o f  Eq. ( 1 7 . 0 3 - 1 3 ) .  I f  round  a p e r -  
t u r e s  a r e  u s e d ,  t h e  same p r o c e d u r e  a p p l i e s ,  e x c e p t  t h a t  t h e  p o l a r i z a b i l i t y  

i s  g i v e n  by t h e  a p p r o x i m a t e  f o r m u l a  

(where  d , ,  ,+1 i s  t h e  d i a m e t e r  o f  t h e  a p e r t u r e )  and E q .  ( 1 7 . 0 3 - 1 3 )  becomes 

( 1 7 . 0 4 - 1 0 )  
I f  h i g h  a c c u r a c y  i n  t h e  d e s i g n  i s  d e s i r e d ,  t h e  a p e r t u r e  s i z e s  c a n  be  

checked  u s i n g  t h e  e x p e r i m e n t a l  p r o c e d u r e s  d e s c r i b e d  i n  S e c s .  1 1 . 0 2  t o  

1 1 . 0 4 .  

I n  t h i s  book t h e  d e t a i l e d  t h e o r y  o f  f e r r i m a p e t i c  r e s o n a n c e  w i l l  n o t  

be t r e a t e d .  Such t h e o r y  c a n  b e  f o u n d  i n  v a r i o u s  r e f e rences .7 s8v29  However,  

in  t h i s  s e c t i o n  a  q u a l i t a t i v e  d e s c r i p t i o n  o f  f e r r i m a g n e t i c  r e s o n a n c e  w i l l  

be p r e s e n t e d  a l o n g  w i t h  some b a s i c  f o r m u l a s  and  c o n c e p t s  u s e f u l  i n  t h e  

des ign of  m a g n e t i c a l l y  t u n a b l e  f i l t e r s .  

D e s c r i p t i o n  of t h e  Resonance  Phenomenon-Let u s  s u p p o s e  t h a t  a  d c  

H - f i e l d  o f  s t r e n g t h  Ho i s  a p p l i e d  t o  a  s i n g l e - c r y s t a l  YIG s p h e r e  i n  a  

h o r i z o n t a l  d i r e c t i o n ,  and t h e n  t h e  d i r e c t i o n  o f  t h e  Ho f i e l d  i s  r a p i d l y  

swi tched t o  t h e  v e r t i c a l  d i r e c t i o n  a s  shown i n  F i g .  1 7 . 0 5 - l ( a ) .  The YIG 

m a t e r i a l  c o n t a i n s  u n p a i r e d  e l e c t r o n s  which y i e l d  m a g n e t i c  moments a s  a  

r e s u l t  of  t h e i r  s p i n s .  When t h e  dc  11 - f i e ld  i s  r a p i d l y  s w i t c h e d  t o  t h e  

v e r t i c a l  p o s i t i o n ,  t h e s e  s p i n  m a g n e t i c  moments w i l l  p r e c e s s  a b o u t  t h e  

v e r t i c a l  H - f i e l d  Ho a t  a  r a t e  o f  r o u g h l y  ( i f  Ho i s  i n  o e r s t e d s )  

As t i m e  e l a p s e s  t h e  t r a j e c t o r y  o f  t h e  e l e c t r o n - s p i n  m a g n e t i c  moments w i l l  

S p i r a l  i n  t oward  t h e  d i r e c t i o n  o f  t h e  Ifo f i e l d  u n t i l  t h e  s p i n s  w i l l  u l t i -  

n a t e l y  end up p a r a l l e l  t o  t h e  H o  f i e l d .  I f  t h e  f i e l d s  a r o u n d  t h e  s p h e r e  

are s ampled  w h i l e  t h i s  p r o c e s s  i s  g o i n g  o n ,  a  c i r c u l a r l y  p o l a r i z e d  RF f i e l d  

will b e  o b s e r v e d  a b o u t  t h e  s p h e r e  l i k e  t h a t  wh ich  would  be  c r e a t e d  i f  t h e  

1 
To t h ~ m  w r ~ t a r ' a  knowledge the  f i r s :  microwave f i l t e r  s t r u c t u r a  u s ~ n g  a f e r r ~ m a g n o t ~ c  ramonator 
was duo t o  R. W .  DaGramse (mee R e f .  2 0 ) .  Hi. d e v ~ c e  ram p r i m a r ~ l y  a f i x e d - f r e q u e n c y  n a r r o r -  
bmnd I ~ m i t e r .  

i 
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s p h e r e  c o n t a i n e d  a  m a g n e t i c  d i p o l e  
I 

r o t a t i n g  a t  t h e  r e s o n a n c e  r a t e  g iven 

a p p r o x i m a t e l y  by Eq. ( 1 7 . 0 5 - 1 ) .  This 

r o t a t i n g  d i p o l e  moment i s  p i c t u r e d  

by F i g .  1 7 . 0 5 - l ( a ) .  The c i r c u l a r l y  

p o l a r i z e d  m a g n e t i c  f i e l d  s e e n  t o  be 
I e m a n a t i n g  f rom t h e  s p h e r e  would d i e  

(a) o u t  e x p o n e n t i a l l y  w i t h  t i m e  i n  t h e  

same way t h a t  t r a n s i e n t  v o l t a g e s  and 

I c u r r e n t s  d i e  o u t  i n  a  r e s o n a n t  c i r -  

c u i t  h a v i n g  d i s s i p a t i o n  l o s s .  

L e t  u s  now c o n s i d e r  a n o t h e r  ex- 

p e r i m e n t .  I f  t h e  H o - f i e l d  i s  on and 

a  c i r c u l a r l y  p o l a r i z e d  RF H - f i e l d  i s  

a p p l i e d  a s  i n d i c a t e d  by t h e  r o t a t i n g  

h+ v e c t o r  i n  F i g .  1 7 . 0 5 - l ( b ) ,  t h e  

RF f i e l d  w i l l  h a v e  n o  e f f e c t  on the  

s p h e r e  u n l e s s  t h e  f r e q u e n c y  i s  a t  or  

v e r y  n e a r  t h e  f e r r i m a g n e t i c  resonance 

f r e q u e n c y ,  wh ich  was g i v e n  approx i -  

m a t e l y  by Eq. ( 1 7 . 0 5 - 1 ) .  When the  

c i r c u l a r l y  p o l a r i z e d  a p p l i e d  f i e l d  i s  a t  

( C )  
o r  v e r y  n e a r  t h e  f e r r i m a g n e t i c  reso-  

1.3027.617 n a n c e  f r e q u e n c y ,  c i r c u l a r l y  p o l a r i z e d  

FIG. 17.05-1 A YIG SPHERE WITH A HF H - f i e l d s  w i l l  b u i l d  up abou t  t he  

CIRCULARLY POLARIZED s p h e r e  i n  much t h e  same way a s  t he  
RFMAGNETICMOMENTIS [ I - f i e l d w i l l b u i l d u p i n t h e i n d u c t -  
SHOWN. AT (a). EXTERIOR 
CIRCULARLY p0LARlZED a n c e  o f  an  L-C t u n e d  c i r c u i t  exc i t ed  

RFMAGNETIC FIELDS ARE a t  i t s  r e s o n a n t  f r e q u e n c y .  
SHOWN AT (b) AND (c) 

I f  a  c i r c u l a r l y  p o l a r i z e d  f i e l d  

w i t h  t h e  c i r c u l a r  p o l a r i z a t i o n  i n  t h e  

o p p o s i t e  d i r e c t i o n ,  a s  i n d i c a t e d  by t h e  r o t a t i n g  v e c t o r  i n  F i g .  1 7 . 0 5 - ~ ( ~ ) ~  

i s  a p p l i e d ,  t h e  s p h e r e  w i l l  n o t  r e s p o n d  e v e n  i f  t h e  s i g n a l  i s  a t  t h e  f e r r i -  

m a g n e t i c  r e s o n a n c e  f r e q u e n c y .  Thus  i t  i s  s e e n  t h a t  t h e  r e s o n a n c e  phenomena 
i s  n o n r e c i p r o c a l .  

I f  a  l i n e a r l y  p o l a r i z e d  RE H - f i e l d  i s  a p p l i e d  t o  t h e  s p h e r e  i n  a 

d i r e c t i o n  p e r p e n d i c u l a r  t o  t h e  b i a s i n g  f i e l d  H o ,  i t  will  be found  t h a t  t h e  

3phe re  w i l l  r e s p o n d  by e m a n a t i n g  a  c i r c u l a r l y  p o l a r i z e d  RF H - f i e l d ,  p r o -  

v i d e d  t h a t  t h e  l i n e a r l y  p o l a r i z e d  f i e l d  i s  a t  o r  v e r y  n e a r  t h e  f e r r i -  

m a g n e t i c  r e s o n a n c e  f r e q u e n c y .  The r e a s o n  f o r  t h i s  i s  t h a t  any l i n e a r l y  

p o l a r i z e d  f i e l d  may be  r e g a r d e d  a s  b e i n g  t h e  sum o f  two c i r c u l a r l y  

p o l a r i z e d  f i e l d s  o f  e q u a l  s t r e n g t h  r o t a t i n g  i n  o p p o s i t e  d i r e c t i o n s .  Thus  

o n e  o f  t h e  c i r c u l a r l y  p o l a r i z e d  componen t s  o f  t h e  l i n e a r  f i e l d  w i l l  e x c i t e  

t h e  s p h e r e .  B e c a u s e  o f  t h i s ,  d e p e n d i n g  on t h e  manner  i n  which f e r r i m a g n e t i c  

r e s o n a t o r s  a r e  u s e d ,  t h e  t r a n s m i s s i o n  c h a r a c t e r i s t i c s  o f  t h e  f i l t e r  may be 

e i t h e r  r e c i p r o c a l  o r  n o n r e c i p r o c a l .  

P a r a m e t e r s  of F e r r i m a g n e t i c  R e s o n a t o r  M a t e r i a l s - - S e v e r a l  p a r a m e t e r s  

c h a r a c t e r i z e  t h e  v a r i o u s  t y p e s  o f  m a t e r i a l s  t h a t  c a n  be  u s e d  t o  c o n s t r u c t  

f e r r i m a g n e t i c  r e s o n a t o r s :  

( 1 )  S a t u r a t i o n  m a g n e t i z a t i o n ,  M P  

( 2 )  L i n e  w i d t h  a[{, o r  u n l o a d e d  Q,  Q,, 

( 3 )  A n i s o t r o p y  f i e l d  c o n s t a n t ,  K 1 / M S  

(4) C u r i e  t e m p e r a t u r e ,  T c .  

The s a t u r a t i o n  m a g n e t i z a t i o n  M I  i s  a  f u n c t i o n  o f  t h e  number o f  e l e c -  

t r o n  s p i n s  i n  t h e  m a t e r i a l  p e r  u n i t  volume.  The l a r g e r  t h e  MI, t h e  e a s i e r  

i t  i s  t o  c o u p l e  f rom an e x t e r i o r  s t r i p - l i n e  o r  wavegu ide  c i r c u i t  t o  a  

f e r r i m a g n e t i c  r e s o n a t o r .  

The l i n e  w i d t h  AH i s  d e f i n e d  i n  v a r i o u s  ways,  b u t  i t  i s  b a s i c a l l y  t h e  

w i d t h  o f  t h e  r e s o n a n c e  i n  o e r s t e d s  a s  t h e  s i g n a l  f r e q u e n c y  i s  h e l d  c o n s t a n t  

and t h e  a p p l i e d  d c  f i e l d  i s  v a r i e d .  For  f i l t e r  a p p l i c a t i o n s  t h e  l i n e  w i d t h  

AH is u s u a l l y  d e f i n e d  a s  t h e  d i f f e r e n c e  between t h e  two v a l u e s  o f  b i a s i n g  

f i e l d  ( a t  e a c h  s i d e  o f  r e s o n a n c e )  f o r  which the .  i m a g i n a r y  p a r t  o f  t h e  i n -  

t r i n s i c  s u s c e p t i b i l i t y  o f  t h e  m a t e r i a l  e q u a l s  t h e  r e a l  p a r t ,  w h i l e  f r e -  

quency i s  h e l d  c o n s t a n t .  Look ing  a t  t h e  same r e s o n a n c e  phenomenon f rom 

t h e  v i e w p o i n t  o f  h o l d i n g  t h e  b i a s i n g  f i e l d  c o n s t a n t  and v a r y i n g  t h e  f r e -  

quency ,  we m e a s u r e  t h e  u n l o a d e d  Q o f  t h e  r e s o n a t o r .  With AH d e f i n e d  a s  

a b o v e ,  f o r  a  s p h e r i c a l  r e s o n a t o r  

f o ( l O - - 9  
Q. = 2 . 8  Ah' 

where  f o  i s  t h e  r e s o n a n t  f r e q u e n c y  i n  c y c l e s  p e r  s e c o n d  and AH i s  t h e  l i n e  

w i d t h  i n  o e r s t e d s .  The u n l o a d e d  Q o f  Y I G  w i l l  i n c r e a s e  w i t h  f r e q u e n c y  up 



t o  a round  5  o r  1 0  Gc, b u t  t h e  c u r v e  o f  Q,, U S .  f r e q u e n c y  t h e n  l e v e l s  0ut.9 

However,  u s e f u l  Q ' s  a p p e a r  t o  b e  p o s s i b l e  up t o  a t  l e a s t  60  GC." 

The l i n e  w id th  ( o r  u n l o a d e d  Q) t h a t  w i l l  b e  measu red  f o r  a  f e r r i -  

m a g n e t i c  r e s o n a t o r  w i l l  d epend  upon b o t h  t h e  m a t e r i a l  i t s e l f  and t h e  shape  

and s u r f a c e  f i n i s h  o f  t h e  m a t e r i a l .  I n  o r d e r  f o r  t h e  l i n e  w i d t h  t o  be 

na r row ( a n d  f o r  t h e  u n l o a d e d  Q t o  b e  h i g h )  t h e  i n t e r n a l  f i e l d  w i t h i n  t h e  

m a t e r i a l  must  be  u n i f o r m .  Assuming t h a t  t h e  a p p l i e d  H o - f i e l d  i s  u n i f o r m  

b e f o r e  t h e  m a t e r i a l  i s  i n s e r t e d ,  i n  o r d e r  f o r  t h e  r e s o n a t o r  m a t e r i a l  t o  

h a v e  a  u n i f o r m  I I - f i e l d  w i t h i n  i t s e l f  a f t e r  b e i n g  i n s e r t e d  w i t h i n  t h e  b i a s -  

i n g  f i e l d ,  t h e  r e s o n a t o r  mus t  b e  s p h e r o i d a l  o r  e l l i p s ~ i d a l . ' ~ ~ . ~ ~  F u r t h e r ,  i n  
o r d e r  t o  a c h i e v e  t h e  n a r r o w e s t  p o s s i b l e  l i n e  w i d t h  ( a n d  h i g h e s t  p o s s i b l e  

u n l o a d e d  Q), i t  i s  n e c e s s a r y  t h a t  t h e  s u r f a c e  o f  t h e  r e s o n a t o r  b e  ve ry  

h i g h l y  p o l i s h e d .  Even when a  f e r r i m a g n e t i c  r e s o n a t o r  i s  s p h e r o i d a l  o r  

e l l i p s o i d a l  and i s  h i g h l y  p o l i s h e d ,  i t s  l i n e  w i d t h  may s t i l l  b e  d e g r a d e d  

by t h e  p r e s e n c e  of  m e t a l l i c  w a l l s  n e a r  t h e  r e s o n a t o r .  Some o f  t h i s  

d e g r a d a t i o n ,  however ,  i s  u n a v o i d a b l e  i n  mos t  f i l t e r  s t r u c t u r e s .  

The f i r s t - o r d e r  a n i s o t r o p y  f i e l d  c o n s t a n t  K1/M, i s  i m p o r t a n t  because  

o f  t h e  l a t t i c e  s t r u c t u r e  o f  s i n g l e - c r y s t a l  m a t e r i a l .  The l a t t i c e  s t r u c t u r e  

makes t h e  m a t e r i a l  e a s i e r  t o  m a g n e t i z e  a l o n g  some c r y s t a l  a x e s  t h a n  a long  

o t h e r s .  B e c a u s e  of  t h i s ,  t h e  f e r r i m a g n e t i c  r e s o n a n c e  f r e q u e n c y  o f  a  f e r r i -  

m a g n e t i c  r e s o n a t o r  w i l l  b e  i n f l u e n c e d  t o  some e x t e n t  by t h e  o r i e n t a t i o n  of  

t h e  c r y s t a l  a x e s  w i t h  r e s p e c t  t o  t h e  b i a s i n g  f i e l d  H o .  As w i l l  b e  d i s c u s s e d  

be low,  t h e  f i r s t - o r d e r  a n i s o t r o p y  f i e l d  c o n s t a n t  K1/Ms i s  u s e d  i n  computing 

t h e  r e s o n a n t  f r e q u e n c y  f o r  v a r i o u s  o r i e n t a t i o n s  o f  t h e  c r y s t a l  l a t t i c e  with 

r e s p e c t  t o  t h e  b i a s i n g  f i e l d .  T h e r e  i s  a l s o  a  s e c o n d - o r d e r  c o n s t a n t ,  but  

i t  i s  s o  s m a l l  a s  t o  be u n i m p o r t a n t  f o r  t h e  a p p l i c a t i o n s  h e r e i n .  

The C u r i e  t e m p e r a t u r e  T c  i s  t h e  t e m p e r a t u r e  a t  wh ich  t h e  s a t u r a t i o n  

m a g n e t i z a t i o n  d r o p s  t o  z e r o . *  R e s o n a t o r  o p e r a t i o n  a t  t e m p e r a t u r e s  c l o s e  

t o  o r  above T c  i s  n o t  p o s s i b l e .  

T a b l e  1 7 . 0 5 - 1  p r e s e n t s  v a l u e s  f a r  t h e  p a r a m e t e r s  d i s c u s s e d  above f o r  

v a r i o u s  m a t e r i a l s .  Note  t h a t  t h e  s a t u r a t i o n  m a g n e t i z a t i o n  i s  g i v e n  i n  

g a u s s i a n  u n i t s  and i s  l i s t e d  a s  4nMS g a u s s .  T h i s  i s  t h e  mos t  commonly used 

u n i t  f o r  s a t u r a t i o n  m a g n e t i z a t i o n .  T h e s e  v a l u e s  c o u l d  be  c o n v e r t e d  t o  mks 
u n i t s  by u s e  o f  t h e  c o n v e r s i o n  

(pOMS i n  w e b e r s / m e t e r 2 )  = (47rMI i n  g a u s s ) 1 0 - ~  ( 1 7 . 0 5 - 3 a )  

For f e r r i m a g n e t i c  m a t e r i a l a  t h i n  t emperature  in a l s o  known s a  the   el temperature .  2 9  

1030 

( M ,  i n  a m p e r e - t u r n s / m e t e r )  = 79 .5 (4nMs  i n  g a u s s )  . ( 1 7 . 0 5 - 3 b )  

A l so  r e c a l l  t h a t  

(Ho i n  a m p e r e - t u r n s / m e t e r )  = 7 9 . 5 ( R 0  i n  o e r s t e d s ) .  ( 1 7 . 0 5 - 4 )  

Note  t h a t  i n  T a b l e  1 7 . 0 5 - 1  t h e  AH = 0 . 2 2  o e r s t e d  l i n e  w i d t h  l i s t e d  

(wh ich  i s  f o r  a  v e r y  h i g h - q u a l i t y  Y I G  r e s o n a t o r )  c o r r e s p o n d s  t o  an  u n l o a d e d  

Q o f  6500 a t  4  Gc. T h i s  l i n e  w i d t h  was measured i n  a  waveguide  w i t h  t h e  

s p h e r i c a l  r e s o n a t o r  some d i s t a n c e  f rom any m e t a l l i c  w a l l s .  I n  p r a c t i c a l  

f i l t e r s  t h e  Y I G  r e s o n a t o r s  must b e  c l o s e r  t o  m e t a l  w a l l s ,  and t h e  d i s t u r b -  

i n g  e f f e c t s  o f  t h e  c u r r e n t s  i n  t h e  w a l l s  may r e d u c e  t h e  u n l o a d e d  Q  t o  

2000 o r  l e s s .  

I :;:$urn-1'0"-Garnett I 1750 I -43 I 0 .22 ( 4  Gc), 
(Ref. 3) 

T a b l e  17 .05 -1  

PROPERTIES OF SINGLE-CRYSTAL FERRIMAGNETIC MATERIALS 
FOR MAGNETICALLY TUNABLE FILTERS~ 

Tc 

(Oc) 

Gal l ium-Subst i tu tedt  
Yt t r ium-Iron-Garnet  
(GaYIG) 

L 

These v a l u e s  o f  bli ware menaured i n  c a v i t i e s .  The l i n e  width  may vary 
c o n s i d e r a b l y  from sample t o  sample and w i l l  be l a r g e r  when measured i n  
a  c l o a a d - i n  f i l t e r  s t r u c t u r e .  ' These m a t e r i a l a  were s u p p l i e d  by Microwave Chemical Labore tory ,  New York, N.Y. ' P r i v a t e  communication t o  P. S .  C a r t e r ,  J r . ,  from J .  W .  N i e l a e n ,  A ir tron  
D i v i s i o n  o f  L i t t o n  I n d u a t r i e a ,  Morria P l a i n s ,  New J e r e e y .  

arr* (AT ROOM 

TEMPERAmRE ) 

( o e r s t e d . )  

Lithium F e r r i t e  

"Planar"  F e r r i t e  
"Zn2Y" (Ba12Zn2Fe12022) 

The v a l u e  o f  AH may va ry  c o n s i d e r a b l y  from s a m p l e  t o  s ample  o f  

a  g i v e n  t y p e  o f  m a t e r i a l ,  d e p e n d i n g  on how p e r f e c t  t h e  c r y s t a l  s t r u c t u r e  

i s .  However,  MI, K 1 / M s ,  and T c  a r e  p h y s i c a l  c o n s t a n t s  f o r  a  g i v e n  t y p e  

o f  m a t e r i a l ,  and  s h o u l d  va ry  o n l y  s l i g h t l y  from s a m p l e  t o  s ample .  As 

w i l l  b e  d i s c u s s e d  l a t e r ,  Ms  and K1/Ms do va ry  w i t h  t e m p e r a t u r e .  

K ~ I M ,  ( A T  ROOM 

TEMPERATURE) 

( o e r s t e d s )  
MATERIAL 

50 - 1750 
600 

950 i 50 

4=mS (AT ROOM 

TEMPERATURE ) 

( g n u a s )  

3550 i 40 
(Ref. 11)  

2850 
(Ref. 12 )  

- - 
-55.8 
-41.7 

- -  

4950 
(Ref. 12)  

- - 
- - 

0.7  - 2.0  ( a t  
4.4 Gc) 

- - 
16 0 
206 

3 % ~  Gc) 

16 (X-band), 
(Ref. 12)  

- -  

- -  



D e t e r m i n a t i o n  of t h e  R e s o n a n t  F r e q u e n c y - T h r e e  f a c t o r s  may c a u s e  t h e  t h e  d i s k  l i e s  i n  t h e  p l a n e  o f  t h e  I and  y  a x i s ,  t h e n  
r e s o n a n t  f r e q u e n c y  o f  a  f e r r i m a g n e t i c  r e s o n a t o r  t o  d i f f e r  f rom t h e  fie- 

quency  i n d i c a t e d  by Eq. ( 1 7 .  05-  1 )  : Nx = Ny = 0  and Nz = 1 . ( 1 7 . 0 5 - 1 0 )  

( 1 )  The s h a p e  o f  t h e  r e s o n a t o r  

~ h u s ,  i t  c a n  b e  s e e n  t h a t  t h e  s h a p e  o f  t h e  r e s o n a t o r  c a n  h a v e  c o n s i d e r a b l e  
( 2 )  C r y s t a l l i n e  a n i s o t r o p y  

, f f e c t  on t h e  r e s o n a n t  f r e q u e n c y .  However ,  o f  t h e  p o s s i b l e  e l l i p s o i d a l  
( 3 )  I n t e r a c t i o n  w i t h  c u r r e n t s  i n  m e t a l l i c  w a l l s  c l o s e  t o  

&,apes t h a t  c a n  be  u s e d ,  t h e  s p h e r e  i s  g e n e r a l l y  t h e  mos t  ~ r a c t i c a l  s i n c e  
t h e  f e r r i m a g n e t i c  r e s o n a t o r .  

i t  i s  t h e  e a s i e s t  t o  p r e p a r e  w i t h  p r e c i s i o n .  

The s h a p e  o f  t h e  r e s o n a t o r  c a n  a f f e c t  t h e  r e s o n a n t  f r e q u e n c y  because 
M a t e r i a l s  s u c h  a s  YIG and GaYIG, which  have  c u b i c  c r y s t a l  s t r u c t u r e ,  

t h e  s h a p e  a f f e c t s  t h e  i n t e n s i t y  o f  t h e  d e m a g n e t i z i n g  f i e l d  w i t h i n  t h e  
have t h r e e  t y p e s  o f  p r i n c i p a l  c r y s t a l  a x e s :  t h e  [ l o o ] ,  t h e  [ 1 1 0 ] ,  and  t h e  

r e s o n a t ~ r . ~ , ~ . ~ ~  Assuming t h a t  t h e  b i a s i n g  f i e l d  Ho i s  i n  t h e  z d i r e c t i o n ,  and 
[ i l l ]  axes.13 Even t h o u g h  t h e r e  a r e  o n l y  t h r e e  k i n d s  o f  p r i n c i p a l  a x e s ,  

x and y  a r e  r e c t a n g u l a r  c o o r d i n a t e s  p e r p e n d i c u l a r  t o  H o ,  t h e n  f o r  any 
t he re  a r e  t h r e e  [ l o 0 1  a x e s ,  s i x  [110]  a x e s ,  and  f o u r  [ill] a x e s  i n  e a c h  

e l l i p s o i d a l  r e s o n a t o r  t h e  r e s o n a n t  f r e q u e n c y  ( n e g l e c t i n g  a n i s o t r o p y  e f f e c t s )  
s i n g l e - c r y s t a l .  Fo r  a  g i v e n  a p p l i e d  b i a s i n g  f i e l d  H o ,  t h e  r e s o n a n t  f r e -  

i s  g i v e n  by 
quency o f  a  f e r r i m a g n e t i c  r e s o n a t o r  w i l l  b e  i n f l u e n c e d  by t h e  d i r e c t i o n  

o f  t h e s e  a x e s  r e l a t i v e  t o  t h e  d i r e c t i o n  o f  t h e  a p p l i e d  f i e l d .  The  o p p o s i t e  
f = 2 . 8 f i H 0  - (NZ - Nx)  (4nMs)1 [Ho - (NZ - Ny) ( 4 n ~ ~ ) l  Mc 

ext remes  o f  t h i s  e f f e c t  o c c u r  when t h e  [111 ]  o r  t h e  [ l o 0 1  a x i s  i s  ~ a r a l l e l  
( 1 7 . 0 5 - 5 )  to t h e  Ho f i e l d ,  when t h e  [110]  a x i s  i s  ~ a r a l l e l  t o  Ho an  i n t e r m e d i a t e  

where  N x ~  Ny1 and  Nz a r e  d e m a g n e t i z i n g  f a c t o r s 7 s 8  i n  t h e  x ,  y ,  and  z d i r e c -  e f f e c t  r e s u l t s .   or a  s p h e r e  o f  c u b i c  c r y s t a l  m a t e r i a l  w i t h  a  [1111 a x i s  
t i o n s ,  Ho i s  i n  o e r s t e d s  a n d  471MS i s  i n  g a u s s .  

F o r  a  s p h e r e  

1 
N* = Ny = Nz = - 

3  

and Eq. ( 1 7 , 0 5 - 5 )  becomes 

( f O ) M c  = 2 . 8 H o  Mc 

which  i s  i d e n t i c a l  t o  Eq. ( 1 7 . 0 5 - 1 ) .  

p a r a l l e l  t o  t h e  Ho f i e l d ,  E q .  ( 1 7 . 0 5 - 7 )  becomes 

whi le  i f  a  [ l o o ]  a x i s  i s  p a r a l l e l  t o  Ho 

where Ho and K1/Ms a r e  i n  o e r s t e d s .  F o r  YIG o r  GaYIG, K1/Ms i s  n e g a t i v e  

We may c o n s i d e r  a  l o n g  t h i n  r o d  and  a  v e r y  t h i n  d i s k  a s  l i m i t i n g  ca se s  and Eq. ( 1 7 . 0 5 - 1 1 )  g i v e s  r e s o n a n c e  f o r  a  l o w e r  f i e l d  s t r e n g t h  t h a n  d o e s  

o f  e l l i p s o i d s .  F o r  a n  i n f i n i t e l y  t h i n  r o d  p a r a l l e l  t o  H o ,  
Eq. ( 1 7 . 0 5 - 1 2 ) .  As a  r e s u l t ,  f o r  m a t e r i a l s  s u c h  a s  YIG and  GaYIG which  

have n e g a t i v e  K1/Ms, t h e  [111] a x e s  a r e  known a s  e a s y  a x e s  w h i l e  t h e  

1 h 0 0 ]  a x e s  a r e  known a s  h a r d  a x e s .  I f  K1/Ms i s  p o s i t i v e ,  t h e  r o l e s  o f  
Nz = Ny = - and Nz = 0  . 

2  (17 .05 -8 )  t h e s e  a x e s  a r e  r e v e r s e d .  Fo r  YIG, t h e  d i f f e r e n c e  i n  r e s o n a n t  f r e q u e n c i e s  

g iven  by Eqs .  ( 1 7 . 0 5 - 1 1 )  and ( 1 7 . 0 5 - 1 2 )  i s  a b o u t  401  Mc, which  i s ,  o f  

Fo r  a n  i n f i n i t e l y  t h i n  d i s k  i n  t h e  p l a n e  o f  Ho and t h e  y  a x i s ,  c o u r s e ,  a  s i g n i f i c a n t  d i f f e r e n c e .  F i g u r e  1 7 . 0 5 - 2  shows c u r v e s  o f  t h e  

r e s o n a n t  f r e q u e n c y  v s .  b i a s i n g  f i e l d  s t r e n g t h  f o r  t h e  [ l o o ] ,  [ 1101 ,  and 

Nx = 1 ,  and Ny = Nz = 0  ( 1 7 . 0 5 - 9 )  [1111 a x e s  p a r a l l e l  t o  t h e  b i a s i n g  f i e l d .  



i s  

where  

t o  Ho 
r o t a t  

1 
1 [1111 a x i s  p a r a l l e l  t o  H o ,  and t h e  f i e l d  s t r e n g t h  f o r  r e s o n a n c e  w i l l  

i c o v e r  t h e  l a r g e s t  p o s s i b l e  r a n g e  a s  t h e  r e s o n a t o r  i s  r o t a t e d .  

11 F i g u r e  1 7 . 0 5 - 3  p r e s e n t s  measu red  d a t a ,  

which  show how t h e  m e a s u r e d  f i e l d  s t r e  

a s  a  YIG s p h e r e  i s  r o t a t e d  a b o u t  a n  [ l  

As was m e n t i o n e d  a b o v e ,  t h e  m e t a l  

m a g n e t i c  r e s o n a t o r s  c a n  a l s o  a l t e r  t h e  

d u e  t o  Y .  S a t o  a n d P .  S .  C a r t e r ,  J r .  , 6  

g t h  f o r  r e s o n a n c e  a t  3000 Mc v a r i e s  

01 a x i s  t h a t  i s  p e r p e n d i c u l a r  t o  H,. 

i c  bounda ry  c o n d i t i o n s  s e e n  by f e r r i -  

r  r e s o n a n t  f r e q u e n c i e s .  I f  a l l  o f  

FIG. 17.05-2 RESONANT FREQUENCY OF YIG SPHERE vs. APPLIED dc FIELD 
WITH FIELD ALONG THE [ l o o ] ,  [ 110 ] ,  OR [I111 
PRINCIPAL AXES 

I f  a  s p h e r e  o f  f e r r i m a g n e t i c  m a t e r i a l  w i t h  c u b i c  c r y s t a l  s t r u c t u r e  

i s  r o t a t e d  a b o u t  a  [1101 c r y s t a l  a x i s  t h a t  i s  p e r p e n d i c u l a r  t o  15'0, t h e  

v a l u e  o f  b i a s i n g  f i e l d  H o  r e q u i r e d  t o  g i v e  r e s o n a n c e  a t  ( f O I M c  megacycles  

t h e  r e s o n a t o r s  s e e  t h e  same bounda ry  c o n d i t i o n s ,  t h i s  e f f e c t  s h o u l d  c a u s e  

no t r o u b l e .  However ,  i f  one  o r  more  o f  t h e  r e s o n a t o r s  s e e  d i f f e r e n t  bound-  

a r y  c o n d i t i o n s  ( s u c h  a s  g e n e r a l l y  o c c u r s  i n  a  f i l t e r  w i t h  t h r e e  o r  more  YIG 

r e s o n a t o r s )  t h e n  some means f o r  c o m p e n s a t i n g  f o r  t h e  d e t u n i n g  e f f e c t s  o f  

t h e  m e t a l l i c  b o u n d a r i e s  i s  d e s i r a b l e .  A  s u c c e s s f u l  way o f  d o i n g  t h i s  h a s  

b e e n  found :  s p h e r i c a l  r e s o n a t o r s  a r e  mounted i n  s u c h  a  way t h a t  t h e y  c a n  

be  r o t a t e d  a b o u t  [1101 a x e s  t h a t  a r e  p e r p e n d i c u l a r  t o  H o ,  a s  was done  i n  

making t h e  m e a s u r e m e n t s  i n  F i g .  1 7 . 0 5 - 3 .  U s i n g  t h i s  t e c h n i q u e ,  t h e  r e s o -  

n a t o r s  c a n  be  t u n e d  by r o t a t i n g  t h e i r  m o u n t i n g  s h a f t s  u n t i l  a n g u l a r  p o s i -  

t i o n s  r e l a t i v e  t o  e a c h  o t h e r  a r e  o b t a i n e d  t h a t  w i l l  g i v e  s y n c h r o n o u s  t u n i n g .  

Minimum Tun ing  Frequency-As a  f e r r i m a g n e t i c  r e s o n a t o r  i s  t u n e d  t o  

l o w e r  and l o w e r  f r e q u e n c i e s ,  t h e  a p p l i e d  f i e l d  No t o  g i v e  r e s o n a n c e  g e t s  

0 i s  t h e  a n g l e  b e t w e e n  H o  and t h a t  [ l o o ]  a x i s  wh ich  becomes  p a r a l l e l  

a s  t h e  s p h e r e  i s  r o t a t e d  a b o u t  t h e  g i v e n  [110 ]  a x i s .  ? .h is  manner 

i o n  w i l l  c a u s e  t h e  s p h e r e  a t  d i f f e r e n t  t i m e s  t o  h a v e  a  [ l o o ]  o r  a 

FIG. '17.05-3 FIELD STRENGTH TO GIVE RESONANCE AT 3000 MC AS A YIG SPHERE 
IS ROTATED ABOUT A [I101 AXIS WHICH IS PERPENDICULAR TO Ho 



6 0 0 0  h a v i n g  a  l o w e r  v a l u e  o f  CrrMS. At t h i s  t i m e  t h e  g a l l i u m - s u b s t i t u t e d  YIG / m a t e r i a l s  a p p e a r  t o  b e  t h e  most  p r o m i s i n g  i n  t h i s  r e s p e c t .  F o r  e x a m p l e ,  
i 
; t h e  GaYIG m a t e r i a l  w i t h  4nMS = 600 g a u s s  l i s t e d  i n  T a b l e  1 7 . 0 5 - 1  s h o u l d  

5 0 0 0  g i v e  a  minimum r e s o n a n t  f r e q u e n c y  o f  a r o u n d  700 Mc f o r  a  s p h e r i c a l  s a m p l e .  

AXIS OF ROTATIONAL The p o s s i b l e  d i s a d v a n t a g e s  o f  s u c h  m a t e r i a l s  a r e  t h a t  t h e  l ower  v a l u e s  o f  

4 0 0 0  M ,  w i l l  make c o u p l i n g  f rom t h e  e x t e r n a l  c i r c u i t  t o  t h e  s p h e r e s  more d i f -  

f i c u l t ,  a n d  t h e  l i n e  w i d t h s  o f  t h e  m a t e r i a l  may n o t  be  a s  n a r r o w  a s  t h o s e  
S o b t a i n a b l e  w i t h  o r d i n a r y  YIG. 
1 3000  

5? T e m p e r a t u r e  E f f e c t s - T e m p e r a t u r e  w i l l  a f f e c t  t h e  v a l u e s  o f  K1/Ms, 

M,, a n d  AH. Of t h e s e  e f f e c t s  p r o b a b l y  t h e  c h a n g e s  i n  K1/MI a r e  p o t e n t i a l l y  
2000 

t h e  mos t  t r o u b l e s o m e .  F i g u r e  1 7 . 0 5 - 5  shows some m e a s u r e d  d a t a  d u e  t o  

  ill on'^ f o r  -K1/Ms u s .  t e m p e r a t u r e  i n  d e g r e e s  K e l v i n  f o r  YIG. No te  t h a t  

1000 t h e  a n i s o t r o p y  c o n s t a n t  v a r i e s  c o n s i d e r a b l y  w i t h  t e m p e r a t u r e .  By 

Eq. ( 1 7 . 0 5 - l l ) ,  i f  t h e  [ill] a x i s  i s  p a r a l l e l  t o  IfO t h e  c h a n g e  i n  r e s o -  

n a n t  f r e q u e n c y  Afo d u e  t o  a c h a n g e  
0 

A I K ~ / M , I  i n  t h e  a n i s o t r o p y  f i e l d  

B-3527-5W c o n s t a n t  i s  

FIG. 17.05-4 APPROXIMATE MINIMUM RESONANT FREQUENCIES OF 
FERRIMAGNETIC ELLIPSOIDS HAVING VARIOUS AXIS (Af,),, = 3.73 A  11 - Mc ( 1 7 . 0 5 - 1 4 )  
RATIOS 

w h i l e  i f  t h e  [ l o 0 1  a x i s  i s  p a r -  s m a l l e r  and s m a l l e r .  When t h e  a p p l i e d  f i e l d  becomes  s o  low a s  t o  be  
a l l e l  t o  Ho a p p r o x i m a t e l y  e q u a l  t o  o r  l e s s  t h a n  t h e  d e m a g n e t i z i n g  f i e l d ,  t h e  r e s o -  

n a t o r  w i l l  c e a s e  t o  f u n c t i o n .  S i n c e  t h e  d e m a g n e t i z i n g  f i e l d  i s  d e t e r -  

mined by M, and  t h e  d e m a g n e t i z i n g  f a c t o r s  ( w h i c h  a r e  a  f u n c t i o n  o f  t h e  
' f = A  Mc ( 1 7 . 0 5 - 1 5 )  

s h a p e  o f  t h e  r e s o n a t o r ) ,  t h e  minimum r e s o n a n t  f r e q u e n c y  i s  d e t e r m i n e d  by 

M S  and  t h e  r e s o n a t o r  s h a p e .  F i g u r e  1 7 . 0 5 - 4  shows p l o t s  o f  t h e  minimum 

r e s o n a n t  f r e q u e n c y  f:'" i n  g i g a c y c l e s  v s .  4mUs i n - g a u s s  f o r  v a r i o u s  whe re  A I K ~ / M ~  I i s  i n  o e r s t e d s .  

From F i g .  1 7 . 0 5 - 5 ,  f o r  a  c h a n g e  e l l i p s o i d a l  s h a p e s .  No te  t h a t  f o r  YIG, w h i c h  h a s  477MM3 = 1750  g a u s s ,  t h e  

minimum r e s o n a n t  f r e q u e n c y  f o r  a  s p h e f i c a l  s a m p l e  is a p p ~ o x i ~ a t e l y  1630 Mc i n  t e m p e r a t u r e  f rom 10O0F' t o  

( I n  p r a c t i c e ,  t h e  minimum f r e q u e n c y  i s  found  t o  be  a  l i t t l e  h i g h e r  t h a n  200• ‹F  ( i . e . ,  311•‹K t o  466OK1, 

t h i s . )  I n  t h e o r y ,  by u s i n g  f l a t ,  d i s k - l i k e  e l l i p s o i d a l  s h a p e s  t h e  minimum A I K , / M , I  = 3 1  o e r s t e d s .  Then t h e  

c h a n g e s  i n  r e s o n a n t  f r e q u e n c y  r e s o n a n t  f r e q u e n c y  c o u l d  be  r e d u c e d  g r e a t l y .  However ,  i n  p r a c t i c e ,  d i s k -  l o  100 200 3 0 0  400  500 600 
TEMPERATURE -OK 

s h a p e d  r e s o n a t o r s  do  n o t  a p p e a r  t o  work v e r y  w e l l ,  p o s s i b l y  b e c a u s e  o f  the g i v e n  by Eqs .  ( 1 7 . 0 5 - 1 4 )  and  
A - ~ O ~ T . S S Z  

d i f f i c u l t y  i n  o b t a i n i n g  d i s k - l i k e  r e s o n a t o r s  t h a t  a r e  s u f f i c i e n t l y  ( 1 7 . 0 5 - 1 5 1 ,  a r e  1 1 5  and 1 7 3  Mc, 
SOURCE: Physical Review (see Ref. 14 by J. F. Dillon. Jr.) 

e l l i p s o i d s .  r e s p e c t i v e l y .  T h u s ,  we s e e  t h a t  
t h e  s h i f t  i n  r e s o n a n t  f r e q u e n c y  FIG. 17.05-5 MEASURED VARIATION OF 

A more  p r a c t i c a l  way o f  o b t a i n i n g  l o w e r  minimum r e s o n a n t  f r e q u e n c i e s  c a n  b e  q u i t e  s i g n i f i c a n t  i f  t h e  -K,/M, vs. TEMPERATURE 

a p p e a r s  t o  be  t o  u s e  s p h e r o i d a l  r e s o n a t o r s  o f  s i n g l e - c r y s t a l  m a t e r i a l  FOR YIG 
c h a n g e  i n  t e m p e r a t u r e  i s  l a r g e .  

1036 1037 



I t  s h o u l d  be  p o s s i b l e  t o  e l i m i n a t e  t h e  e f f e c t  o f  t e m p e r a t u r e  on t h e  

r e s o n a n t  f r e q u e n c y  by o r i e n t i n g  t h e  c r y s t a l  a x e s  i n  c e r t a i n  d i r e c t i o n s .  

Note  t h a t  i n  F i g .  1 7 . 0 5 - 3  t h e  r e s o n a n t  f r e q u e n c y  i n  m e g a c y c l e s  i s  g i v e n  

by 2 . 8  Ho  when t h e  s p h e r e  i s  o r i e n t e d  a t  t h e  p l u s  o r  minus  27 d e g r e e  

p o i n t s .  With t h e s e  o r i e n t a t i o n s ,  t h e  a n i s o t r o p y  e f f e c t s  a r e  c a n c e l l e d  
o u t ,  and  t h e  r e s o n a n t  f r e q u e n c y  s h o u l d  be  i n d e p e n d e n t  o f  t e m p e r a t u r e .  

F i g u r e  1 7 . 0 5 - 6  shows some measu red  d a t a  o f  4nM5 u s .  t e m p e r a t u r e ,  

which  was o b t a i n e d  from work o f  K o o i ,  S t i n s o n ,  Moss,  B r a d l e y ,  a n d  

~ r e i b e r g . ' ~  

No te  t h a t  t h e  s a t u r a t i o n  m a g n e t i z a t i o n  d e c r e a s e s  a s  t h e  t e m p e r a t u r e  

i n c r e a s e s .  As w i l l  b e  s e e n  f rom t h e  d i s c u s s i o n  i n  S e c .  1 7 . 0 7 ,  t h e  e x -  
t e r n a l  Q ' s  o f  a  f i l t e r  w i l l  be  p r o p o r t i o n a l  t o  1/M,, w h i l e  t h e  c o u p l i n g  

c o e f f i c i e n t s  be tween  r e s o n a t o r s  a r e  p r o p o r t i o n a l  t o  M S .  
As a  r e s u l t ,  

t h e  bandwid th  o f  t h e  f i l t e r  w i l l  b e  p r o p o r t i o n a l  t o  MI w h i l e  t h e  r e s p o n s e  

s h a p e  ( i .  e . ,  i t s  T c h e b y s c h e f f  c h a r a c t e r ,  f o r  e x a m p l e )  s h o u l d  r e m a i n  un- 

changed  a s  MI  i s  v a r i e d .  Of c o u r s e ,  i f  Ms i s  d e c r e a s e d  ( a n d  t h e  bandwidth  

SOURCE: Lockheed LMSD Semi-Annual Report No. 8712 ( s e e  Ref .  1 5  by 
C. Kooi. D. Stinson, R. Moas. F. Bradley, and L .  Freiberg) 

FIG. 17.05-6 MEASURED VARIATION OF SATURATION MAGNETIZATION WITH 
TEMPERATURE FOR YIG 

i s  d e c r e a s e d ) ,  t h e  p a s s - b a n d  d i s s i p a t i o n  l o s s  w i l l  i n c r e a s e ,  a s  i s  a l w a y s  

t h e  c a s e  when a  f i l t e r ' s  bandwid th  i s  n a r r o w e d ;  i f  t h e  r e s o n a t o r  u n l o a d e d  

Q ' s  a r e  h e l d  c o n s t a n t  

D a t a  f rom S p e n c e r ,  LeCraw, and  ~ i n a r e s ' ~  i n d i c a t e s  t h a t  f o r  v e r y  p u r e ,  

w e l l - p o l i s h e d  YIG, t h e  l i n e  w i d t h  s h o u l d  v a r y  a p p r o x i m a t e l y  p r o p o r t i o n a l l y  

t o  t h e  a b s o l u t e  t e m p e r a t u r e ,  a t  l e a s t  i n  t h e  room t e m p e r a t u r e  r a n g e .  S i n c e  

t h e  l i n e  w i d t h  c o n t r o l s  t h e  u n l o a d e d  Q  o f  t h e  r e s o n a t o r s ,  t h i s  w i l l  h a v e  

some i n f l u e n c e  on  t h e  d i s s i p a t i o n  l o s s  o f  t h e  f i l t e r .  However ,  u n l e s s  t h e  

t e m p e r a t u r e  r a n g e s  c o v e r e d  a r e  v e r y  l a r g e ,  t h i s  e f f e c t  s h o u l d  n o t  b e  o f  

g r e a t  i m p o r t a n c e  i n  most  p r a c t i c a l  s i t u a t i o n s .  

H i g h e r - O r d e r  M a g n e t o s t a t i c  Modes- In  t h e  d e s i r e d l ' f r e e - p r e c e s s i o n a l "  

r e s o n a n t  mode o f  f e r r i m a g n e t i c  r e s o n a t o r s ,  a l l  o f  t h e  e l e c t r o n  s p i n s  p r e -  

c e s s  w i t h  t h e  same p h a s e .  However ,  i f  e i t h e r  t h e  a p p l i e d  b i a s i n g  ! I - f i e l d  

o r  t h e  RF H - f i e l d  i s  n o t  u n i f o r m ,  h i g h e r - o r d e r  modes c a n  o c c u r  i n  wh ich  

t h e  p h a s e s  o f  t h e  p r e c e s s i o n s  i n  p a r t s  o f  t h e  s p h e r e  w i l l  b e  d i f f e r e n t  

f r o m  t h e  p h a s e s  i n  o t h e r  p a r t s .  T h i s  c a u s e s  t h e  f e r r i m a g n e t i c  r e s o n a t o r  

t o  h a v e  more  t h a n  o n e  r e s o n a n t  f r e q u e n c y  f o r  a  g i v e n  v a l u e  o f  b i a s i n g  

H - f i e l d . 1 7  B e c a u s e  o f  t h e  m e t a l l i c  m a t e r l a l  r e q u i r e d  n e a r  f e r r i m a g n e t i c  

r e s o n a t o r s  i n  o r d e r  t o  c o u p l e  t o  t h e m ,  t h e r e  a r e  a l m o s t  a l w a y s  some d i s -  

t u r b i n g  e f f e c t s  wh ich  w i l l  t e n d  t o  e x c i t e  h i g h e r - o r d e r  r n a g n e t o s t a t i c  modes .  

Howeve r ,  i f  c a r e  i s  t a k e n  t o  keep  t h e  m a g n e t i c  f i e l d s  a s  u n i f o r m  a s  p o s -  

s i b l e ,  i t  s h o u l d  i n  most  c a s e s  be  p o s s i b l e  t o  keep  s p u r i o u s  r e s p o n s e s  due  

t o  h i g h e r - o r d e r  modes a t  a  l e v e l  o f  30 o r  more db  be low t h e  l e v e l  o f  t h e  

m a i n  r e s p o n s e .  

B e s i d e s  d e s i g n i n g  t h e  s t r u c t u r e  s o  a s  t o  k e e p  t h e  f i e l d s  a s  u n i f o r m  

a s  p o s s i b l e ,  a n o t h e r  i m p o r t a n t  m e a s u r e  i s  t o  k e e p  t h e  f e r r i m a g n e t i c  r e s o -  

n a t o r  a s  s m a l l  a s  p o s s i b l e .  F l e t c h e r  and  s o l t 1 8  h a v e  found  t h a t  i f  o t h e r  

f a c t o r s  a r e  h e l d  e q u a l ,  t h e  c o u p l i n g  t o  h i g h e r - o r d e r  m a g n e t o s t a t i c  modes 

d e p e n d s  on  t h e  r a t i o  D,/A where  D m  i s  t h e  d i a m e t e r  o f  t h e  s p h e r e  and  h 

i s  t h e  w a v e l e n g t h  a t  t h e  f r e q u e n c y  i n  q u e s t i o n .  The s m a l l e r  D, /A,  t h e  

l e s s  c o u p l i n g  t h e r e  w i l l  b e  t o  h i g h e r - o r d e r  modes.  T h u s ,  i t  i s  d e s i r a b l e  

t o  make f e r r i m a g n e t i c  r e s o n a t o r s  a s  s m a l l  a s  p o s s i b l e - c o n s i s t e n t  w i t h  

c o n s i d e r a t i o n s  o f  o b t a i n i n g  a d e q u a t e  c o u p l i n g  from t h e  e x t e r n a l  c i r c u i t  

t o  t h e  d e s i r e d  r e s o n a n c e  o f  t h e  r e s o n a t o r s .  

Power  L i m i t i n g  Effec ts -When t h e  power p a s s i n g  t h r o u g h  a  f e r r i m a g n e t i c  

r e s o n a t o r  becomes  s u f f i c i e n t l y  l a r g e ,  t h e  i n s e r t i o n  l o s s  o f  t h e  r e s o n a t o r  

w i l l  b e g i n  t o  i n c r e a s e  g r e a t l y  a s  a  r e s u l t  o f  n o n l i n e a r  e f f e c t s . l g  Because  



o f  t h i s  p r o p e r t y  o f  f e r r i m a g n e t i c  r e s o n a t o r s ,  f e r r i m a g n e t i c  r e s o n a n c e  

f i l t e r s  a l s o  f i n d  a p p l i c a t i o n  a s  l i m i t e r s .  Depend ing  on t h e  c i r c u i t  

d e s i g n ,  t y p e  o f  r e s o n a t o r  m a t e r i a l ,  and  f r e q u e n c y  r a n g e ,  t h e  l i m i t i n g  l eve l  

may be  much l e s s  t h a n  a  m i l l i w a t t  o r  up t o  a r o u n d  1 0  wa t t s . 20~21~*~23~3~4  A  t r e a t .  
ment o f  t h e  t h e o r y  o f  f e r r i m a g n e t i c  l i m i t i n g  i s ,  howeve r ,  beyond t h e  s c o p e  
o f  t h i s  d i s c u s s i o n .  

SEC.  1 7 . 0 6 ,  DETERMINATION OF 'THE CRYSTAL AXES OF SPHERICAL 
FERHIMAGNETIC RESONATORS 

The c r y s t a l  a x e s  o f  f e r r i m a g n e t i c  r e s o n a t o r s  c a n  be  d e t e r m i n e d  by 

X-ray  t e c h n i q u e s ,  b u t  f o r t u n a t e l y  t h e r e  a r e  s i m p l e r  and e a s i e r  me thods .  

When a  s p h e r i c a l  f e r r i m a g n e t i c  r e s o n a t o r  i s  p l a c e d  w i t h i n  a  s t r o n g  mag- 

n e t i c  f i e l d ,  i t  w i l l  a u t o m a t i c a l l y  t r y  t o  a l i g n  i t s e l f  s o  t h a t  o n e  o f  i t s  

" e a s y "  a x e s  w i l l  b e  p a r a l l e l  t o  t h e  a p p l i e d  f i e l d .  I f  a l l  o f  t h e  r e s o -  

n a t o r s  o f  a  f e r r i m a g n e t i c - r e s o n a t o r  f i l t e r  s e e  t h e  same b o u n d a r y  c o n d i t i o n s  

( s u c h  a s  i s  u s u a l l y  t h e  c a s e  i n  t w o - r e s o n a t o r  f e r r i m a g n e t i c  f i l t e r s )  t h e n  

a l i g n i n g  t h e  r e s o n a t o r s  on t h e i r  e a s y  a x e s  by t h i s  me thod  i s  u s u a l l y  s u f -  

f i c i e n t .  A f t e r  t h e  e a s y  a x i s  o f  a  r e s o n a t o r  i s  d e t e r m i n e d  by u s e  o f  a 

s t r o n g  m a g n e t i c  f i e l d ,  t h e  r e s o n a t o r  i s  c e m e n t e d  t o  a  sma 

mount i n  t h e  d e s i r e d  p o s i t i o n .  

As was d i s c u s s e d  i n  S e c .  1 7 . 0 5 ,  t h e  e a s y  a x i s  i s  t h e  

y t t r i u m - i r o n - g a r n e t  (YIG) o r  g a l l i u m - s u b s t i t u t e d  y t t r i u m -  

(GaYIG), b o t h  o f  which  h a v e  n e g a t i v e  a n i s o t r o p y  c o n s t a n t s  

1 d i e l e c t r i c  

[ l l l l  a x i s  f o r  

r o n - g a r n e t  

I n  some c a s e s ,  

i t  may be  d e s i r a b l e  t o  r o t a t e  a  r e s o n a t o r  s p h e r e  a b o u t  a  [1101 a x i s  i n  
o r d e r  t o  o b t a i n  a  t u n i n g  e f f e c t  o f  maximum s i z e ,  o r  i n  o r d e r  t o  o r i e n t  t h e  
r e s o n a t o r  t o  a  d i r e c t i o n  whe re  a n i s o t r o p y  e f f e c t s  w i l l  b e  c a n c e l l e d  o u t ,  

t o  make t h e  t u n i n g  o f  t h e  r e s o n a t o r  i n d e p e n d e n t  o f  t e m p e r a t u r e .  I n  o r d e r  

t o  l o c a t e  a  [1101 a x i s ,  s p e c i a l  p r o c e d u r e s  a r e  r e q u i r e d .  

A  t e c h n i q u e  f o r  d e t e r m i n i n g  c r y s t a l  a x e s  o t h e r  t h a n  t h e  e a s y  a x e s  

h a s  been d e s c r i b e d  by M .  ~ u e r . ~ ~  H i s  p r o c e d u r e  i n v o l v e s  g e o m e t r i c  con -  

s t r u c t i o n  t o  d e t e r m i n e  t h e  l o c a t i o n  o f  o t h e r  a x e s  a f t e r  two e a s y  a x e s  have  

been  d e t e r m i n e d .  P .  S .  C a r t e r ,  J r .  and  Y. ~ a t o ~ * ~ ~  h a v e  e x t e n d e d  A u e r ' s  

method by d e v i s i n g  an  a l i g n i n g  j i g  wh ich  a c c o m p l i s h e s  t h e  d e s i r e d  r e s u l t s  

v e r y  q u i c k l y  and  s i m p l y .  

B r i e f l y ,  t h e  d e v i c e  o f  C a r t e r  and works  a s  f o l l o w s .  The magnet 

i s  p l a c e d  on  a  r o t a t i n g  mount a s  shown i n  F i g .  1 7 . 0 6 - 1  s o  t h a t  t h e  f i e l d  
c a n  be  o r i e n t e d  i n  any d e s i r e d  d i r e c t i o n  w i t h  r e s p e c t  t o  t h e  j i g  t h a t  h o l d s  

SOURCL.: Q mrterly Progress  Report 5 .  Contract D A  36-039 SC-87398. SRl i  
rcvrinted in IRE Trans.  PGMTT ( s e e  Ref. 28 by Y.  S s t o  and 

FIG. 17.06-1 DEVICE FOR ORIENTING FERRIMAGNETIC CRYSTALS USING A 
ROTATABLE ELECTROMAGNET AND ALIGNING JIG . - 

t h e  s p h e r i c a l  c r y s t a l  The c r y s t a l  i s  f i r s t  mounted  s o  t h a t  i t  i s  f r e e  

t o  t u r n  u n t i l  an  e a s y  a x i s  ( o f  wh ich  t h e r e  a r e  f o u r  i n  a  c u b i c  c r y s t a l  

w i t h  n e g a t i v e  a n i s o t r o p y )  comes i n t o  c o i n c i d e n c e  w i t h  t h e  d i r e c t i o n  o f  

t h e  m a g n e t i c  f i e l d .  A f t e r  t h i s  f i r s t  o r i e n t a t i o n  i s  c o m p l e t e d ,  t h e  s p h e r e  

i s  a t t a c h e d ( u s i n g  some e a s i l y  s o l u b l e  
wax, e t c . )  t o  a  w i r e  wh ich  i s  

i n  l i n e  w i t h  t h e  d e t e r m i n e d  e a s y  a x i s  and whlch  i s  p l a c e d  i n  a  r a d i a l  h o l e  



SOURCE: Quarterly Progress  Report 5. Contract DA 36-039 SC-87398, SRI; 
reprinted in IRE Trans .  PGMTT ( s e e  Ref .  2 8  b y  Y.Sato and 
P .  S .  Carter, Jr.) 

FIG. 17.06-2 ALIGNING JIG SHOWING YIG SPHERE ATTACHED TO WIRE A-ONG 
ONE EASY AXlS AND QUARTZ ROD ALONG [110] AXlS 

i n  t h e  s i d e  o f  t h e  a l i g n i n g  j i g  a s  shown i n  F i g .  1 7 . 0 6 - 2 .  
' l ' h i s  w i r e  i s  

f r e e  t o  t u r n  i n  t h e  r a d i a l  h o l e  u n d e r  t h e  i n f l u e n c e  o f  t h e  s m a l l  t o r q u e s  

e x e r t e d  on t h e  f e r r i m a g n e t i c  s a m p l e  by an a p p l i e d  d c  f i e l d .  
'This  s t e p  

l o c a t e s  and r e t a i n s  o n e  o f  t h e  e a s y  a x e s ,  a n d  p e r m i t s  t h e  s p h e r e  t o  

r o t a t e  a b o u t  t h i s  a x i s .  

The n e x t  s t e p  i s  t o  r o t a t e  t h e  magnet  by a n  amount t h a t  d e p e n d s  on 

t h e  c r y s t a l  a x i s  which  o n e  i s  t r y i n g  t o  l o c a t e .  
To d e t e r m i n e  t h e  [1101 

e x i s  ( t h e  f a c e  d i a g o n a l )  r e q u i r e s  ( a s  shown i n  F ' ig .  2  o f  He f .  2 0 )  t h a t  

we l o c a t e  a  s e c o n d  e a s y  a x i s  d i s p l a c e d  f rom t h e  f i r s t  by 70% d e g r e e s .  

T h i s  s econd  a n g l e  i s  a c c u r a t e l y  l o c a t e d  by means  o f  t h e  m i l l i n g  head  

p r o t r a c t o r .  The f e r r i m a g n e t i c  s p h e r e  r o t a t e s  on t h e  w i r e  t o  which  i t  was 

a t t a c h e d  i n  t h e  p r e v i o u s  s t e p ,  s o  t h a t  t h e  s e c o n d  e a s y  a x i s  i s  now p l a c e d  

a l o n g  t h e  dc  f i e l d .  The f i n a l  s t e p  i s  t o  a t t a c h  t h e  s p h e r e  t o  a  d i e l e c t r i c  

r o d  a l o n g  t h e  [110]  a x i s .  A  r a d i a l  h o l e  i s  l o c a t e d  i n  t h e  s i d e  o f  t h e  

a l i g n m e n t  j i g  a l o n g  t h e  b i s e c t o r  o f  t h e  a n g l e  b e t w e e n  t h e  two e a s y  a x e s .  

The  r a d i a l  h o l e ,  and  t h e  d i e l e c t r i c  r o d  t h a t  i t  h o l d s  i n  p o s i t i o n ,  a r e  

shown i n  F i g .  1 7 . 0 6 - 2 .  The s ample  i s  a t t a c h e d  t o  t h e  d i e l e c t r i c  r o d  ( o r  

o t h e r  h o l d e r )  w i t h  a  d r o p  o f  cement  and  t h e  w i r e  i s  t a k e n  o f f .  

S E C .  1 7 . 0 7 ,  DESIGN OF MAGNETICALLY TUNABLE BAND-PASS FILTERS 
WITH TEM-MOUE INPUTS AND OUTPUTS, AND A  DISCUSSION 

OF GENERAL DESIGN P l l INCIPLES 

F i g u r e  1 7 . 0 7 - 1  shows a p o s s i b l e  form o f  s i n g l e - r e s o n a t o r  m a g n e t i c a l l y  

t u n a b l e  f i l t e r .  T h i s  f i l t e r  u s e s  two c o u p l i n g  l o o p s ,  o r i e n t e d  p e r p e n d i c u -  

l a r l y  t o  each  o t h e r  t o  m i n i m i z e  t h e  c o u p l i n g  be tween  them.  One l o o p  i s  

w i t h i n  t h e  o t h e r ,  and  a  s p h e r i c a l  f e r r i m a g n e t i c  r e s o n a t o r  i s  s o  p l a c e d  a s  

t o  be  a t  t h e  c e n t e r  o f  b o t h  l o o p s .  ( I n  t h e  p i c t u r e  shown, t h e  l o o p s  wou ld  

h a v e  t o  be  somewhat e g g - s h a p e d ,  w i t h  t h e  l o n g  d i m e n s i o n  o f  t h e  y l o o p  i n  

t h e  x d i r e c t i o n  and  t h e  l o n g  d i m e n s i o n  o f  t h e  r l o o p  i n  t h e  z d i r e c t i o n ,  

i n  o r d e r  t h a t  b o t h  l o o p s  w i l l  h ave  e q u a l  c o u p l i n g  t o  t h e  s p h e r e  and  s t i l l  

SOURCE: F i n a l  Report. Contract DA 36-039 SC-74862. SRI; reprinted 
in  IRE Trans. PGMTT ( s e e  Ref.  3 by P .  S .  Carter. Jr.) 

FIG. 17.07-1 A SINGLE-RESONATOR MAGNETICALLY TUNABLE FILTER 
USING LOOP COUPLING 



n o t  t o u c h  e a c h  o t h e r . )  The b i a s i n g  H o - f i e l d  i s  ~ a r a l l e l  t o  t h e  p l a n e  

b o t h  l o o p s .  When a  s i g n a l  a t  t h e  f e r r i m a g n e t i c  r e s o n a n t  f r e q u e n c y  i s  
aP - 

p l i e d  t o  t h e  x l o o p ,  r e s o n a n c e  w i l l  b e  e x c i t e d  i n  t h e  s p h e r e  c a u s i n g  

r e s u l t i n g  RF m a g n e t i c  d i p o l e  moments i n  b o t h  t h e  x a n d  y d i r e c t i o n s .  
~ h ~  

d i p o l e  moment i n  t h e  y d i r e c t i o n  w i l l  c r e a t e  a  m a g n e t i c  f i e l d ,  which  w i l l  

c o u p l e  t o  t h e  y l o o p  and r e s u l t  i n  t r a n s m i s s i o n  t o  t h e  R" t e r m i n a t i o n .  
I 

When t h e  s i g n a l  a p p l i e d  t o  t h e  x l o o p  i s  n o t  a t  t h e  f e r r i m a g n e t i c  r e s o -  

n a n c e  f r e q u e n c y ,  t h e r e  w i l l  b e  no 

CENTER 
CONDUCTORS 

c o u p l i n g  b e t w e e n  t h e  x a n d  y l o o p s  ex- 

c e p t  f o r  a  s m a l l  u n a v o i d a b l e  amount of  

s t r a y  c o u p l i n g .  

S u c c e s s f u l  s i n g l e - r e s o n a t o r  f i l t e r s  

h a v e  b e e n  b u i l t  i n  t h e  form shown i n  

F i g .  1 7 . 0 7 - 1 ,  b u t  t h i s  t y p e  o f  s t r u c t u r e  

h a s  c e r t a i n  d i s a d v a n t a g e s .  One i s  t h a t  

t h e  s t r a y  c o u p l i n g  i s  l a r g e r  t h a n  i n  

some o t h e r  p o s s i b l e  s t r u c t u r e s ,  and t he  

o t h e r  i s  t h a t  t h e  HF m a g n e t i c  f i e l d s  

a r e  n o t  v e r y  u n i f o r m ,  which  w i l l  t end  

t o  e x c i t e  h i g h e r - o r d e r  m a g n e t o s t a t i c  

modes.  B o t h  o f  t h e s e  d i s a d v a n t a g e s  can 

b e  comba ted  by making t h e  l o o p s  and t h e  

s p h e r e  a s  s m a l l  a s  i s  p r a c t i c a l l y  
A-1521-634 

f e a s i b l e .  

FIG. 17.07-2 A SINGLE-RESONATOR F i g u r e  1 7 . 0 7 - 2  shows a  s t r i p - l i n e  

STRIP-L1NE MAGNET'- s i n g l e - r e s o n a t o r  m a g n e t i c a l l y  t u n a b l e  
CALLY TUNABLE 
FILTER f i l t e r  s t r u c t u r e .  I n  t h i s  s t r u c t u r e  a 

d i v i d i n g  w a l l  s e p a r a t e s  t h e  two s t r i p -  

l i n e s  and  d e c r e a s e s  t h e  c o u p l i n g  between 
them.  N o t e  t h a t  t h e  l i n e s  a r e  a t  r i g h t  a n g l e s  t o  e a c h  o t h e r ,  wh ich  w i l l  

f u r t h e r  t e n d  t o  r e d u c e  any s t r a y  c o u p l i n g .  I n  t h i s  c a s e  t h e  s p h e r e  i s  
p l a c e d  i n  a  h o l e  i n  t h e  w a l l  s e p a r a t i n g  t h e  two s t r i p - l i n e s ,  a n d  a t  r e s o -  

n a n c e  t h e  c i r c u l a r l y  p o l a r i z e d  m a g n e t i c  moment e x c i t e d  i n  t h e  s p h e r e  w i l l  

c a u s e  c o u p l i n g  f rom one  s t r i p - l i n e  t o  t h e  o t h e r .  T h i s  s t r u c t u r e  s t i l l  
h a s  a  n o n - u n i f o r m  RF f i e l d  i n  t h e  s p h e r e  a s  a  r e s u l t  o f  b e i n g  h a l f  on one 

s i d e  o f  t h e  d i v i d i n g  w a l l  and  h a l f  on  t h e  o t h e r .  Fo r  t h i s  r e a s o n ,  i n  
o r d e r  t o  m i n i m i z e  d i f f i c u l t i e s  w i t h  h i g h e r - o r d e r  modes,  t h e  s p h e r e  s h o u l d  

be  q u i t e  s m a l l  ( i . e . ,  o f  t h e  o r d e r  o f  a  f i f t i e t h  t o  a  h u n d r e d t h  o f  a  

w a v e l e n g t h  i n  d i a m e t e r ) .  ~ o t z e b u e ~ ~ h a s  c o n s t r u c t e d  c o a x i a l  f i l t e r s  wh ich  

a r e  v e r y  s i m i l a r  t o  t h e  s t r i p - l i n e  f i l t e r  shown i n  F i g .  1 7 . 0 7 - 2 .  

F i g u r e  1 7 . 0 7 - 3  shows a  t y p e  o f  t w o - r e s o n a t o r  s t r i p - l i n e  s t r u c t u r e  

w i t h  wh ich  C a r t e r  h a s  o b t a i n e d  v e r y  good  result^.^ I n  t h i s  s t r u c t u r e ,  

e a c h  s p h e r e  i s  mounted  c l o s e  t o  t h e  s h o r t - c i r c u i t e d  end  o f  t h e  i n p u t  o r  

o u t p u t  s t r i p - l i n e  s t r u c t u r e .  T h u s ,  t h e  l a r g e  HF H - f i e l d  i n  t h e  v i c i n i t y  

o f  t h e  s h o r t - c i r c u i t s  g i v e s  r e l a t i v e l y  good c o u p l i n g  be tween  t h e  s t r i p  

l i n e s  and  t h e  s p h e r e s .  C o u p l i n g  b e t w e e n  s p h e r e s  i s  o b t a i n e d  by u s e  o f  a  

l o n g  s l o t  h a v i n g  i t s  l o n g  d i m e n s i o n  p a r a l l e l  t o  t h e  a x i s  o f  t h e  s t r i p  

l i n e s .  T h i s  o r i e n t a t i o n  o f  t h e  s l o t  c a u s e s  minimum d i s t u r b a n c e  o f  t h e  

c u r r e n t s  and f i e l d s  a b o u t  t h e  s t r i p  l i n e s ,  w h i l e  f u r n i s h i n g  maximum i s o -  

l a t i o n  b e t w e e n  t h e  s t r i p  l i n e s .  T h u s ,  t h e  c o u p l i n g  be tween  s t r i p  l i n e s  

i s  e x t r e m e l y  s m a l l  when t h e  s p h e r e s  a r e  n o t  r e s o n a n t .  However,  when t h e  

s p h e r e s  become r e s o n a n t ,  t h e  c i r c u l a r l y  p o l a r i z e d  RF d i p o l e  moment i n  

STRIP LINES 

Y I G  RESONATORS 

FIG. 17.07-3 A TWO-RESONATOR MAGNETICALLY 
TUNABLE FILTER WITH COUPLING 
THROUGH TOP AND BOTTOM WALLS 



t h e  s p h e r e s  p r o v i d e s  a  component  o f  RF H - f i e l d  wh ich  w i l l  c o u p l e  t h r o u g h  

t h e  e l o n g a t e d  s l o t  v e r y  e a s i l y ,  and good c o u p l i n g  i s  o b t a i n e d  be tween 
s p h e r e s .  T h i s  s t r u c t u r e  h a s  t h e  a d v a n t a g e  o f  p r o v i d i n g  r e l a t i v e l y  u n i f o r m  

RF H - f i e l d s  s o  t h a t  h i g h e r - o r d e r  m a g n e t o s t a t i c  modes a r e  n o t  s o  e a s i l y  ex-  

c i t e d ,  and h i g h  o f f - r e s o n a n c e  i s o l a t i o n  i s  n o t  d i f f i c u l t  t o  o b t a i n .  

compared  w i t h  t h e  s t r u c t u r e s  i n  F i g .  1 7 . 0 7 - 4 ,  wh ich  a r e  a b o u t  t o  be  d l s -  
c u s s e d ,  t h e  s t r u c t u r e  i n  F i g .  1 7 . 0 7 - 3  h a s  t h e  d i s a d v a n t a g e s  o f  r e q u i r i n g  

a  l a r g e r  magne t  a i r  g a p  and o f  n o t  b e i n g  q u i t e  a s  s u i t a b l e  f o r  t h e  d e s i g n  

o f  f i l t e r s  w i t h  more  t h a n  two r e s o n a t o r s .  

F i g u r e  1 7 . 0 7 - 4  shows two s i d e - w a l l  c o u p l e d  f i l t e r  c o n f i g u r a t i o n s  which 

a r e  s i m i l a r  t o  t h a t  i n  F i g .  1 7 . 0 7 - 3  e x c e p t  t h a t  t h e  s p h e r e s  a r e  coup led  

t h r o u g h  t h e  s i d e  w a l l  o f  t h e  s t r u c t u r e  i n s t e a d  o f  t h r o u g h  t h e  t o p  and 

b o t t o m  w a l l .  One a d v a n t a g e  o f  t h i s  s t r u c t u r e  i s  t h a t  t h e  i n p u t  and o u t p u t  

s t r i p - l i n e s  c a n  l i e  i n  t h e  same p l a n e ,  and  a s  a  r e s u l t  t h e  magne t  a i r  gap 

r e q u i r e d  c a n  b e  m i n i m i z e d .  A n o t h e r  a d v a n t a g e  o f  t h i s  s t r u c t u r e  i s  t h a t  
a d d i t i o n a l  s p h e r e s  c a n  be  added  a s  shown i n  F i g .  1 7 . 0 7 - 4 ( b )  t o  g i v e  a  

f i l t e r  w i t h  more  t h a n  two r e s o n a t o r s ,  w h i l e  a l l  o f  t h e  r e s o n a t o r s  s e e  very 

n e a r l y  t h e  same bounda ry  c o n d i t i o n s .  As c a n  b e  s e e n  f rom t h e  d i s c u s s i o n  

i n  S e c .  1 7 . 0 5 ,  i t  i s  n e c e s s a r y  f o r  a l l  s p h e r e s  t o  s e e  t h e  same b o u n d a r y  

c o n d i t i o n s ,  a n d  f o r  a l l  s p h e r e s  t o  h a v e  t h e  same o r i e n t a t i o n  o f  t h e i r  

c r y s t a l  a x e s  w i t h  r e s p e c t  t o  Ho i f  t h e  s p h e r e s  a r e  a l l  t o  have  t h e  same 

r e s o n a n t  f r e q u e n c i e s  f o r  any g i v e n  Ho and  g i v e n  t e m p e r a t u r e .  A l t h o u g h  

t h e  s t r u c t u r e  i n  F i g .  1 7 . 0 7 - 4 ( b )  g i v e s  r e l a t i v e l y  u n i f o r m  b o u n d a r y  c o n -  

d i t i o n s  f o r  a l l  s p h e r e s ,  some means  f o r  t u n i n g  t h e  s p h e r e s  i s  d e s i r a b l e  

i n  o r d e r  t o  c o r r e c t  t h e  s m a l l  t u n i n g  e r r o r s  t h a t  may be  p r e s e n t .  I n  

F i g .  1 7 . 0 7 - 4 ( b )  p r o v i s i o n  f o r  r o t a t i n g  t h e  s p h e r e s  a b o u t  a  [1101 a x i s  

( a s  d i s c u s s e d  i n  S e c .  1 7 . 0 5 )  i s  s u g g e s t e d .  A d i s a d v a n t a g e  o f  t h e  s t r u c -  

t u r e  i n  F i g .  1 7 . 0 7 - 4 ( a )  a s  compared  t o  t h a t  i n  F i g .  1 7 . 0 7 - 3  i s  t h a t  i n  

t h e  s t r u c t u r e  ~ n  F i g .  1 7 . 0 7 - 4 ( a )  i t  may b e  n e c e s s a r y  t o  p l a c e  t h e  s p h e r e s  

t o w a r d  t h e  i n n e r  e d g e s  o f  t h e  s t r i p - l i n e s  i n  o r d e r  t o  o b t a i n  a d e q u a t e  

c o u p l i n g  b e t w e e n  s p h e r e s .  T h i s  p u t s  t h e  s p h e r e s  i n  a  r e g i o n  o f  l e s s  

u n i f o r m  RF H - f i e l d ,  which  makes them more  v u l n e r a b l e  t o  h i g h e r - o r d e r  modes.  

A l l  o f  t h e  f i l t e r s  i n  F i g s .  1 7 . 0 7 - 1  t o  1 7 . 0 7 - 4  a r e  r e c i p r o c a l ,  e x c e p t  

f o r  a  g y r a t o r  a c t i o n *  which  i s  p r e s e n t  i n  t h e  c i r c u i t s  i n  F i g .  1 7 . 0 7 - 1  and  

17 .07-2 .3 '6  F o r  p u r p o s e s  o f  a n a l y s i s  t h e  c i r c u i t s  i n  F i g s .  1 7 . 0 7 - 1  t o  

1 7 . 0 7 - 4  may be  t h o u g h t  o f  a s  o p e r a t i n g  l i k e  t h e  f i l t e r  w i t h  m a g n e t i c a l l y  

c o u p l e d  r e s o n a t o r s  shown i n  F i g .  1 7 . 0 7 - 5 .  When t h e  c o u p l e d  c o i l s  a r e  r e -  

COUPLING SLOT ,DIVIDING WALL p l a c e d  by  t h e i r  T - e q u i v a l e n t s ,  t h e  c l r c u i t  l n  F i g .  1 7 . 0 7 - 5  becomes o f  t h e  

form i n  F i g .  1 7 . 0 2 - 3 ,  e x c e p t  f o r  a  s m a l l  amount o f  r e s i d u a l  s e l f - i n d u c t a n c e  

O U T L I N E  OF COUPLING SLOT i n  s e r i e s  w i t h  t h e  terminations R A  and  R B .  F o r t u n a t e l y ,  t h e  p r o p e r t i e s  o f  

f e r r i m a g n e t l c  r e s o n a t o r s  a r e  s u c h  t h a t  t h e y  g i v e  n e a r l y  c o n s t a n t  b a n d w i d t h  

a s  t h e  f i l t e r  i s  t u n e d ,  w i t h o u t  r e s o r t i n g  t o  s p e c i a l  m e a s u r e s  s u c h  a s  we re  

r e q u i r e d  i n  t h e  d e s i g n  o f  t h e  f i l t e r s  i n  S e c s .  1 7 . 0 3  and  1 7 . 0 4 .  T h e r e  w i l l  

be  some c h a n g e  i n  r e s p o n s e  s h a p e ,  howeve r .  
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( 0 )  TWO-RESONATOR CONFIGURATION As w i t h  mos t  any k i n d  o f  n a r r o w - b a n d ,  b a n d - p a s s  f i l t e r ,  t h e  d e s i r e d  

1 r e s p o n s e  s h a p e  and  b a n d w i d t h  c a n  b e  o b t a i n e d  by s t a r t i n g  w i t h  a  l o w - p a s s  

1 p r o t o t y p e  f i l t e r  a n d  a  s p e c i f i e d  d e s i r e d  f r a c t i o n a l  b a n d w i d t h  w ,  and  t h e n  

, c o m p u t i n g  t h e  e x t e r n a l  Q ' s  and  c o u p l i n g  c o e f f i c i e n t s  r e q u i r e d  f o r  t h e  band-  

p a s s  f i l t e r ,  by u s e  o f  Eqs .  ( 1 7 . 0 2 - 1 )  t o  ( 1 7 . 0 2 - 3 ) .  The  t a b u l a t e d  max ima l ly  

f l a t  o r  T c h e b y s c h e f f  l o w - p a s s  p r o t o t y p e s  i n  S e c .  4 . 0 5  c a n  be  u s e d ,  b u t  t h e  

e q u a l - e l e m e n t  p r o t o t y p e s  d i s c u s s e d  i n  S e c .  1 1 . 0 7  s h o u l d  be  o f  s p e c i a l  i n -  
SlDE VlEW 

( b )  THREE RESONATOR CONFIGURATION t e r e s t  f o r  t h i s  a p p l i c a t i o n .  The  r a t e  o f  c u t o f f  o f  t h e  f i l t e r  c a n  b e  
1-1527-636 

Fl G. 17.07-4 TWO- AND THREE-RESONATOR MAGNETICALLY TUNABLE FILTERS T h i s  c a u s e s  180  d e g r e e s  more p h a s e  s h x f t  i n  o n e  d i r e c t i o n  o f  t r a n s m i a s i o n  t h a n  i n  o t h e r  d l r e c -  
t i o n s  o f  t r a n s m i s s i o n .  T h i s  g y r a t o r  a c t i o n  r e s u l t s  from t h e  f a c t  t h a t  i n  t h e  c i r c u l t r  i n  

WITH COUPLING THROUGH THE SIDE WALLS F i g s .  1 7 . 0 1 - 1  and 1 7 . 0 1 - 2  t h e  i n p u t  a n d  o u t p u t  l i n e .  c o u p l e  t o  o r t h o g o n a l  c o m p o n e n t s  o f  t h e  
c i r c u l a r l y  p o l a r i z e d  m a g n a t x c  moment w l t h l n  t h e  s p h e r e .  



FIG. 17.07-5 EQUIVALENT CIRCUIT OF A FILTER HAVING n 
FERRIMAGN ETlC RESONATORS 

e s t i m a t e d  by u s e  o f  t h e  mapping d e f i n e d  by E q s .  ( 1 7 . 0 2 - 2 0 )  t o  ( 1 7 . 0 2 - 2 2 )  
a l o n g  w i t h  t h e  c h a r t s  i n  S e c .  4 . 0 3 ,  o r  by u s e  o f  t h e  d a t a  i n  S e c .  1 1 . 0 7 .  
The midband d i s s i p a t i o n  l o s s  t o  be  e x p e c t e d  c a n  be  e s t i m a t e d  by u s e  o f  

t h e  me thods  o f  S e c s .  1 1 . 0 6  o r  1 1 . 0 7 .  

Once t h e  f i l t e r  d e s i g n  h a s  been  f i x e d  i n  t e r m s  o f  d e t e r m i n i n g  t h e  

r e q u i r e d  number o f  r e s o n a t o r s ,  d e t e r m i n i n g  t h e  r e q u i r e d  e x t e r n a l  Q ' s  of 

t h e  end r e s o n a t o r s ,  and  d e t e r m i n i n g  t h e  c o u p l i n g  c o e f f i c i e n t s  o f  t h e  
c o u p l i n g s  be tween  r e s o n a t o r s ,  t h e  d e s i g n e r  c a n  f o c u s  h i s  a t t e n t i o n  on t h e  
p h y s i c a l  p a r a m e t e r s  o f  t h e  c i r c u i t  r e q u i r e d  t o  r e a l i z e  t h e s e  c o u p l i n g  

p r o p e r t i e s .  L e t  u s  now c o n s i d e r  t h e . d e s i g n  o f  t h e  s t r u c t u r e  a f t e r  t h e  

d e s i r e d  v a l u e s  f o r  t h e  e x t e r n a l  Q ' s  and c o u p l i n g  c o e f f i c i e n t s  h a v e  been 

d e t e r m i n e d .  

D e s i g n  f o r  P r e s c r i b e d  E x t e r n a l  Q ' s - C a r t e r 3  h a s  d e r i v e d  a p p r o x i m a t e  

e x p r e s s i o n s  f o r  t h e  e x t e r n a l  Q  o f  f e r r i m a g n e t i c  r e s o n a t o r s  i n  v a r i o u s  

c o u p l i n g  s t r u c t u r e s .  F o r  a  l o o p  o f  r a d i u s  r m e t e r s  h a v i n g  a  s p h e r e  of 
volume V. c u b i c  m e t e r s  a t  i t s  c e n t e r ,  t h e  e x t e r n a l  Q  i s  

where  R A  i s  t h e  t e r m i n a t i n g  r e s i s t a n c e  c o n n e c t e d  t o  t h e  l o o p ,  L S  i s  t h e  

s e l f - i n d u c t a n c e  o f  t h e  l o o p  i n  h e n r i e s ,  po = 1 . 2 5 6  x l o m 6  h e n r i e s / r n e t e r  

i s  t h e  p e r m e a b i l i t y  o f  a i r ,  and  
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w h e r e  y = 1 . 7 5 9  x (mks u n i t s )  i s  t h e  g y r o m a g n e t i c  r a t i o .  The 

q u a n t i t y  pOM, i n  w e b e r s / m e t e r 2  c a n  be  o b t a i n e d  from ~ T M ~  i n  g a u s s  by 

u s e  o f  Eq. ( 1 7 . 0 5 - 3 a ) .  For  YIG, w,, i s  a b o u t  3 . 0 8  ( l o 1 ' ) .  

A c o r r e s p o n d i n g  e q u a t i o n  f o r  a  YIG s p h e r e  mounted  n e a r  a  s h o r t -  

c i r c u i t i n g  w a l l  i n  a  s t r i p - l i n e  s t r u c t u r e  o f  impedance  ZA i s  g i v e n  i n  

F i g .  1 7 . 0 7 - 6  a l o n g  w i t h  c u r v e s  t h a t  a p p l y  when ZA = 50 ohms and  when t h e  

r e s o n a t o r  i s  made f rom YIG. No te  t h a t  t h e  c u r v e s  g i v e  Q, f o r  a  g i v e n  

c e n t e r  c o n d u c t o r  t o  g r o u n d - p l a n e  s p a c i n g  d and s p h e r e  d i a m e t e r  Dm,  b o t h  

g i v e n  i n  i n c h e s .  I f  t h e s e  c u r v e s  a r e  t o  be  u s e d  f o r  a  r e s o n a t o r  o f  some 

m a t e r i a l  o t h e r  t h a n  YIG, o r  w i t h  a  u n i f o r m  s t r i p - l i n e  o f  some impedance  

o t h e r  t h a n  50  ohms, t h e  v a l u e s  o b t a i n e d  from t h e  c h a r t  s h o u l d  be  s c a l e d  

a s  i n d i c a t e d  by t h e  e q u a t i o n  

w h e r e  

t h e  r 

( Z ; ) ) u s e d  i s  

a t i o  o f  t h e  

t h e  a c t u a l  l i n e  impedance  u s e d  and  ( M s ) Y I C / ( M s ) u a e d  i s  

s a t u r a t i o n  m a g n e t i z a t i o n  o f  YIG t o  t h a t  o f  t h e  m a t e r i a l  

a c t u a l l y  u s e d .  'The e q u a t i o n  i n  F i g .  1 7 . 0 7 - 6  (upon  wh ich  t h e  c u r v e s  a r e  

b a s e d )  was computed  a s s u m i n g  t h a t  t h e  s t r i p - l i n e  was bounded on e a c h  s i d e  
by a  m a g n e t i c  w a l l  (wh ich  i m p l i e s  t h a t  t h e r e  a r e  no  f r i n g i n g  f i e l d s ) ,  and  

t h a t  t h e  f i e l d s  a b o u t  t h e  s t r i p - l i n e  a r e  p e r f e c t l y  u n i f o r m .  Of c o u r s e ,  

i f  t h e  s t r i p - l i n e  i s  s o  na r row t h a t  t h e  s p h e t e  p r o j e c t s  i n t o  f r i n g i n g  

f i e l d s ,  t h i s  a p p r o x i m a t i o n  w i l l  n o t  be  good.  

F i g u r e  1 7 . 0 7 - 7  shows computed  a n d  e x p e r i m e n t a l  d a t a  o b t a i n e d  by 

c a r t e r 3  i n  o r d e r  t o  c h e c k  o u t  t h e  e q u a t i o n  i n  F i g .  1 7 . 0 7 - 6 .  These  d a t a  

w e r e  t a k e n  a t  3000 Mc u s i n g  t h e  s t r u c t u r e  shown. N o t e  t h a t  t h e  s p h e r e  

f o r  e a c h  t e s t  was mounted  a b o u t  0 . 1 2 5  i n c h  from t h e  s h o r t - c i r c u i t .  I t  
was found  t h a t  moving t h e  s p h e r e  t o o  c l o s e  t o  t h e  s h o r t - c i r c u i t i n g  w a l l  

wou ld  d i s r u p t  t h e  s p h e r e ' s  p e r f o r m a n c e ,  w h i l e  p u t t i n g  t h e  s p h e r e  t o o  f a r  

f rom t h e  w a l l  would  i n t r o d u c e  e x c e s s  r e a c t a n c e  t h a t  would  d e c o u p l e  t h e  

s p h e r e .  Note  i n  F i g .  1 7 . 0 7 - 7  t h a t  t h e  ag reemen t  be tween  t h e o r y  and  

measu remen t  i s  r e a s o n a b l y  good.  

O t h e r  e x p e r i m e n t a l  work due  t o  c a r t e r 4  showed t h a t  t h e  p r e s e n c e  o f  

a n  a d j a c e n t  c o u p l i n g  s l o t  s u c h  a s  t h a t  i n  t h e  f i l t e r  i n  F i g .  1 7 . 0 7 - 3  h a s  



a  d e c o u p l i n g  e f f e c t  on t h e  i n p u t  c i r c u i t  wh ich  t e n d s  t o  r a i s e  t h e  e x t e r n a l  

Q a b o u t  20 p e r c e n t  o r  somewhat more  f rom i t s  v a l u e  when t h e  s l o t  i s  n o t  

t h e r e .  T h e r e f o r e ,  some a l l o w a n c e  s h o u l d  be  made f o r  t h i s  e f f e c t  when de-  

s i g n i n g  f o r  t h e  s t r i p - l i n e  and s p h e r e  d i m e n s i o n s  t c  r e a l i z e  a  r e q u i r e d  
e x t e r n a l  Q. 

D m  - inches 
8-3527-587 

FIG. 17.07-6 Q e  vs. SPHERE DIAMETER FOR SPHERICAL YIG RESONATOR IN 
SYMMETRICAL STRIP TRANSMISSION L I N E  
In the equation shown /lo is the permeability of the region about the 
sphere, urn = y p O  MS, Y = 1.759 x 101 1 in mks units, Vm is the 
volume of the sphere, and Zi is the impedance of the strip line 

(Zi = 50 ohms for the graph). 
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SPHERE DIAMETER, 2r,- inches A-23ZS-3-R 

SOURCE: Final  Report, Contract DA 36-039 SC-74862. SRI; reprinted 
in IRE Trans. PGMTT (see Ref. 3 by P .  S .  Carter, Jr.) 

FIG. 17.07-7 THEORETICAL AND EXPERIMENTAL VALUES OF Q, OF YIG RESONATOR 
USING STRIP-TRANSMISSION-LINE 

N o t e  i n  t h e  e q u a t i o n  i n  F i g .  1 7 . 0 7 - 6  t h a t  t h e  e x t e r n a l  Q i s  i n v e r s e l y  

p r o p o r t i o n a l  t o  t h e  l i n e  impedance  2 ; .  ' I h i s  i s  b e c a u s e  f o r  a  g i v e n  s p h e r e  

s i z e  and  g r o u n d - p l a n e - t o - c e n t e r - c o n d u c t o r  s p a c i n g  d ,  t h e  n a r r o w e r  t h e  s t r i p -  

l i n e ,  t h e  more c o n c e n t r a t e d  t h e  HF H - f i e l d  i s  assumed t o  b e  i n  t h e  v i c i n i t y  

o f  t h e  s p h e r e .  (The  p r e s e n c e  o f  f r i n g i n g  f i e l d s  d i s r u p t s  t h i s  p i c t u r e  when 

t h e  s t r i p  becomes n a r r o w ,  h o w e v e r . )  The  e q u a t i o n  a n d  c u r v e s  i n  F i g .  1 7 . 0 7 - 6  

as sume  t h a t  t h e  s t r i p  l i n e  i s  u n i f o r m  and  t h a t  i t  i s  t e r m i n a t e d  i n  i t s  

c h a r a c t e r i s t i c  i m p e d a n c e .  However,  i f  a  s h o r t  l e n g t h  o f  l i n e  o f  i m p e d a n c e  

2 ;  i s  u s e d  i n  t h e  v i c i n i t y  o f  t h e  s p h e r e ,  and t h i s  l i n e  i s  t e r m i n a t e d  i n  a  

much l o w e r  r e s i s t a n c e  R A ,  i t  s h o u l d  be  p o s s i b l e  t o  o b t a i n  l o w e r  v a l u e s  o f  

e x t e r n a l  Q t h a n  would  be  p o s s i b l e  o t h e r w i s e .  T h u s ,  i f  Q e  i s  t h e  e x t e r n a l  

Q when t h e  l i n e  i s  t e r m i n a t e d  i n  a r e s i s t a n c e  R  = Zh, t h e n  t h e  e x t e r n a l  Q 

when t e r m i n a t i o n  i s  changed  t o  R A  i s  a p p r o x i m a t e l y  



T h i s ,  o f  c o u r s e ,  a s sumes  t h a t  t h e  l i n e  s e c t i o n  o f  impedance  Z i  ( t o  

which t h e  s p h e r e  i s  c o u p l e d )  i s  s h o r t  compared  t o  a  q u a r t e r  w a v e l e n g t h ,  

s o  t h a t  t h e r e  w i l l  n o t  be  excessive r e a c t a n c e  e f f e c t s  d u e  t o  t h e  2; line 
s e c t i o n  n o t  b e i n g  m a t c h e d .  As s e e n  by Eq.  ( 1 7 . 0 7 - 4 1 ,  t h e  c o u p l i n g  can  

be  made tighter ( t . e . ,  t h e  c o r r e c t e d  v a l u e  o f  Q, c a n  be  made l o w e r )  i f  R~ 

i s  made s m a l l .  T h i s  r e s u l t  w i l l  b e  s e e n  t o  b e  i n  a g r e e m e n t  w i t h E q .  (17 .07 -1 )  

Thus ,  i n  c a s e s  whe re  d l f f l c u l t y  i s  b e i n g  e x p e r i e n c e d  i n  o b t a i n i n g  a  s u f f l -  

c l e n t l y  low v a l u e  o f  Q e ,  d e c r e a s i n g  t h e  s l z e  o f  R A  may be  a  s a t i s f a c t o r y  

way o f  obtaining t h e  d e s i r e d  r e s u l t .  If t h e  e x t e r n a l  l o a d  impedance  i s  not  

s u i t a b l e  f o r  t h i s ,  a  s t e p  t r a n s f o r m e r  c a n  be  u s e d  t o  p r e s e n t  t h e  d e s i r e d  

R A  v a l u e  t o  t h e  r e s o n a t o r .  

The p r o c e d u r e s  d e s c r i b e d  i n  S e c .  1 1 . 0 2  w i l l  b e  found  t o  b e  c o n v e n i e n t  

f o r  e x p e r l m e n t a l l ~  c h e c k i n g  e x t e r n a l  Q v a l u e s ,  a s  w e l l  a s  u n l o a d e d  Q v a l u e s .  

D e s i g n  f o r  P r e s c r i b e d  C o u p l i n g  C o e f f i c i e n t s  Between R e s o n a t o r s - T h e  

c a l c u l a t i o n  o f  t h e  s p a c i n g  o f  f e r r i m a g n e t i c  r e s o n a t o r s  and t h e  d i m e n s i o n s  

o f  i n t e r v e n i n g  a p e r t u r e s  i n  o r d e r  t o  o b t a i n  s p e c i f i e d  c o u p l i n g  c o e f f i c i e n t s  

i s  a  r e l a t i v e l y  d i f f i c u l t  p r o b l e m  and no  s u c h  p r o c e d u r e s  a r e  p r e s e n t l y  

a v a i l a b l e .  However ,  i t  i s  q u i t e  p r a c t i c a l  t o  e x p e r i m e n t a l l y  d e t e r m i n e  t h e  

p r o p e r  s p h e r e  s p a c i n g s  and a p e r t u r e  s i z e s  by u s e  o f  t h e  t w o - r e s o n a t o r  t e s t  

p r o c e d u r e s  d e s c r i b e d  i n  S e c .  1 1 . 0 4 .  Some o f  t h e  r e s u l t s  shown i n  S e c .  17 .08  

s h o u l d  s e r v e  a s  a  u s e f u l  g u i d e  i n  e s t i m a t i n g  t h e  a p p r o x i m a t e  s p h e r e  s p a c i n g s  

and a p e r t u r e  s i z e s  t o  be  e x p e c t e d .  

B e s i d e s  t h e  c o n s i d e r a t i o n  o f  o b t a i n i n g  a d e q u a t e  c o u p l i n g  be tween  s p h e r e s  

o t h e r  c o n s i d e r a t i o n s  a r e  t h e  o b t a i n i n g  o f  s u f f i c i e n t l y  h i g h  i s o l a t i o n  o f f  

r e s o n a n c e ,  a n d  t h e  m a i n t e n a n c e  o f  s u f f i c i e n t  s e p a r a t i o n  be tween  t h e  s p h e r e s  

s o  t h a t  t h e  s p h e r e s  w i l l  n o t  c a u s e  e a c h  o t h e r  t o  s e e  n o n - u n i f o r m  b i a s i n g  

H - f i e l d s  ( w h i c h  c o u l d  h e l p  e x c i t e  unwan ted  m o d e s ) .  The e x p e r i m e n t a l  r e s u l t s  

o b t a i n e d  f rom t h e  e x a m p l e s  i n  S e c .  1 7 . 0 8  s h o u l d  be  h e l p f u l  g u i d e s  w i t h  r e -  

g a r d  t o  b o t r ' ~  o f  t h e s e  p o i n t s .  With  r e g a r d  t o  t h e  s p a c i n g  o f  t h e  s p h e r e s ,  

s p a c i n g  t h e i r  c e n t e r s  by a b o u t  t h r e e  t i m e s  t h e i r  d i a m e t e r s  a p p e a r s  t o  be 

s a t i s f a c t o r y .  

E f f e c t s  of S c a l i n g  t h e  F i l t e r  P a r a m e t e r s - I t  s h o u l d  be  u s e f u l  t o  know 

t h e  e f f e c t  on t h e  e x t e r n a l  Q ' s  o f  t h e  end  r e s o n a t o r s  and on t h e  c o u p l i n g  

c o e f f i c i e n t  b e t w e e n  r e s o n a t o r s  o f  c h a n g i n g  t h e  d i m e n s i o n a l  s c a l e  o f  t h e  

c i r c u i t ,  t h e  s a t u r a t i o n  m a g n e t i z a t i o n  M S ,  and  t h e  o p e r a t i n g  f r e q u e n c y  r ange .  

Such i n f o r m a t i o n  s h o u l d  h e l p  t h e  d e s i g n e r  i n  r e l a t i n g  i n f o r m a t i o n  o b t a i n e d  

from a g i v e n  f i l t e r  d e s i g n  t o o t h e r  f i l t e r  d e s i g n s  h a v i n g  somewhat d i f f e r e n t  

p a r a m e t e r s .  
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As p r e v  

F i g .  1 7 . 0 2 - 3  

H e n c e ,  E q s .  

i o u s l y  d i s c u s s e d  i n  t h i s  s e c t i o n ,  t h e  e q u i v a l e n t  c i r c u i t s  i n  

c a n  be  u s e d  i n  a n a l y z i n g  f i l t e r s  w i t h  f e r r i m a g n e t i c  r e s o n a t o r s  

( 1 7 . 0 2 - 1 1 )  t o  ( 1 7 . 0 2 - 1 3 )  a l s o  a p p l y  and  we may r e s t a t e  them 

h e r e  i n  t h e  form 

where  t h e  X j , , + ,  a r e  m u t u a l  r e a c t a n c e s  and t h e  %.  a r e  r e s o n a t o r  s l o p e  

p a r a m e t e r s .  The m u t u a l  r e a c t a n c e s  c a n  b e  assumed t o  be  o f  t h e  form 

where  w o  i s  t h e  r a d i a n  f r e q u e n c y  a t  r e s o n a n c e ,  p0 i s  t h e  p e r m e a b i l i t y  o f  

a i r  i n  h e n r i e s / u n i t  l e n g t h ,  and  W J , J + l  i s  a  s c a l e  f a c t o r  d e p e n d i n g  on t h e  

d i m e n s i o n s  o f  t h e  c i r c u i t .  The p a r a m e t e r  W I , , + l  h a s  t h e  d i m e n s i o n  o f  

l e n g t h .  Then by Eq.  ( 1 7 . 0 7 - 5 )  and  ( 1 7 . 0 7 - 8 )  

Now c a r t e r z 6  h a s  shown t h a t  i n  g e n e r a l ,  i f  a  f . e r r i m a g n e t i c  r e s o n a t o r  i s  

c o u p l e d  by way o f  a  l i n e a r l y  p o l a r i z e d  RF m a g n e t i c  f i e l d  h ,  t h e n  

where  ( i s  t h e  volume o f  t h e  s p h e r e ,  



y i s  t h e  g y r o m a g n e t i c  r a t i o ,  a n d  

where  h i s  t h e  RF f i e l d  s e e n  by t h e  r e s o n a t o r  d u e  t o  c u r r e n t  I A  f l o w i n g  

i n  t h e  l o a d  R d .  The p a r a m e t e r  UOl i s s e e n t o  h a v e  d i m e n s i o n s  o f  l / ( l e n g t h ) ,  

E q u a t i n g  E q s .  ( 1 7 . 0 7 - 1 0 )  and ( 1 7 . 0 7 - 9 ) ,  and  s o l v i n g  f o r  t h e  r e s o n a t o r  

s l o p e  p a r a m e t e r  al g i v e s  

Assuming t h a t  a, = a l ,  by E q s .  ( 1 7 . 0 7 - 6 1 ,  ( 1 7 . 0 7 - 8 1 ,  and ( 1 7 . 0 7 - 1 3 )  we 

o b t a i n  

C h e c k i n g  t h e  d i m e n s i o n a l i t y  o f  Eq.  ( 1 7 . 0 7 - 1 4 )  we f i n d  t h a t  

where  A i s  a  d i m e n s i o n l e s s  f a c t o r  which  i s  d e t e r m i n e d  o n l y  by t h e  r e l a t i v e  

p r o p o r t i o n s  o f  t h e  v a r i o u s  p a r t s  o f  t h e  c i r c u i t ,  b u t  which i s  i n d e p e n d e n t  

o f  t h e  d i m e n s i o n a l  s c a l e  o f  t h e  c i r c u i t .  

From a  somewhat d i f f e r e n t  p o i n t  o f  v i e w ,  i t  would a p p e a r  t h a t  chang ing  

t h e  MI o f  t h e  r e s o n a t o r s  o u g h t  t o  b e  l i k e  c h a n g i n g  t h e  number o f  t u r n s  i n  

t h e  c o i l s  i n  t h e  c i r c u i t  i n  F i g .  1 7 . 0 7 - 5 .  I n  t h a t  c a s e  t h e  m u t u a l  r e a c t a n c e  

X O 1  f o r  c o u p l i n g  t o  t h e  l o a d  o u g h t  to.  be  p r o p o r t i o n a l  t o  M s ,  w h i l e  t h e  

m u t u a l  r e a c t a n c e s  X j e j t l  f o r  c o u p l i n g  be tween  r e s o n a t o r s  o u g h t  t o  be  p ro -  

p o r t i o n a l  t o  An a n a l y s i s  f rom t h i s  p o i n t  o f  v i ew  was worked o u t  i n  

a  manner s i m i l a r  t o  t h a t  d e s c r i b e d  above .  T h i s  a n a l y s i s  a l s o  l e d  t o  

Eq. ( 1 7 . 0 7 - 1 5 1 ,  wh ich  h e l p s  t o  v e r i f y  i t s  c o r r e c t n e s s .  

A  number o f  u s e f u l  c o n c l u s i o n s  c a n  be  drawn f rom t h e  above  a n a l y s i s :  

( 1 )  S c a l i n g  t h e  c i r c u i t  up  o r  down i n  s i z e  w i l l  h a v e  no  e f f e c t  
on t h e  c o u p l i n g  c o e f f i c i e n t s  be tween  r e s o n a t o r s ,  a l t h o u g h  
by Eqs .  ( 1 7 . 0 7 - 1 0 )  t o  ( 1 7 . 0 7 - 1 2 )  i t  c a n  be  s e e n  t h a t  t h e  
e x t e r n a l  Q ' s  o f  t h e  e n d  r e s o n a t o r s  w i l l  b e  a f f e c t e d .  The 
Qe w i l l  v a r y  a s  l / ( s i z e ) .  

( 2 )  The c o u p l i n g  c o e f f i c i e n t s  b e t w e e n  r e s o n a t o r s  w i l l  v a r y  a s  
l / w o  b u t  t h e  e x t e r n a l  Q ' s  a r e  i n d e p e n d e n t  o f  f r e q u e n c y .  
S i n c e  t h e  c o u p l i n g  c o e f f i c i e n t s  p r e d o m i n a t e  i n  d e t e r m i n i n g  
b a n d w i d t h ,  t h e  b a n d w i d t h  o f  a  f i l t e r  w i t h  f e r r i m a g n e t i c  
r e s o n a t o r s  w i l l  t e n d  t o  r e m a i n  c o n s t a n t  a s  i t  i s  t u n e d  ( s e e  
S e c .  1 7 . 0 2 ) ,  b u t  t h e  r e s p o n s e  s h a p e  w i l l  c h a n g e .  A  f i l t e r  
w i t h  m o d e r a t e - s i z e d  ' T c h e b y s c h e f f  r i p p l e s  a t  t h e  c e n t e r  o f  
t h e  t u n i n g  r a n g e  w i l l  t e n d  t o  h a v e  l a r g e r  r i p p l e s  when 
t u n e d  a t  t h e  l o w e r  e d g e  o f  t h e  t u n i n g  r a n g e ,  a n d  may t e n d  
t o w a r d  a  n e a r l y  m a x i m a l l y  f l a t  r e s p o n s e  when t u n e d  a t  t h e  
u p p e r  e d g e  o f  t h e  t u n i n g  r a n g e .  

( 3 )  The c o u p l i n g  c o e f f i c i e n t s  a r e  d i r e c t l y  p r o p o r t i o n a l  t o  M s  
w h i l e  t h e  e x t e r n a l  Q ' s  a r e  i n v e r s e l y  p r o p o r t i o n a l  t o  M I .  
Thus  a s  c a n  be  s e e n  w i t h  t h e  a i d  o f  S e c .  1 7 . 0 2 ,  any c h a n g e  
i n  M I  w i l l  a l t e r  t h e  f i l t e r  bandwid th  i n  p r o p o r t i o n  t o  t h e  
c h a n g e  i n  M ,  w h i l e  t h e  r e s p o n s e  s h a p e  s h o u l d  r e m a i n  un- 
a f f e c t e d .  One q u a l i f i c a t i o n  t o  t h i s  s t a t e m e n t  n e e d s  t o  
b e  made w i t h  r e g a r d  t o  d i s s i p a t i o n  l o s s .  S i n c e  t h e  d i s -  
s i p a t i o n  l o s s  e f f e c t s  a r e  i n f l u e n c e d  by b a n d w i d t h  ( s e e  
S e c s .  1 1 . 0 6  and  1 1 . 0 7 ) ,  t h e r e  may be  some c h a n g e  i n  r e -  
s p o n s e  s h a p e  f o r  t h i s  r e a s o n .  

( 4 )  B e c a u s e  t h e  e x t e r n a l  Q  v a r i e s  a s  l / ( s i z e ) ,  a s  t h e  c i r c u i t  
i s  s c a l e d  i n  s i z e ,  and  b e c a u s e  t h e  c o u p l i n g  c o e f f i c i e n t s  
v a r y  a s  l / w o ,  t h e  o b t a i n i n g  o f  a d e 4 u a t e  c o u p l i n g  be tween  
t h e  end r e s o n a t o r s  and  t h e  e x t e r n a l  c i r c u i t s ,  and  t h e  
o b t a i n i n g  o f  a d e q u a t e  c o u p l i n g  be tween  a d j a c e n t  r e s o n a t o r s ,  
w i l l  become i n c r e a s i n g l y  d i f f i c u l t  a s  t h e  o p e r a t i n g  f r e -  
quency  i s  i n c r e a s e d .  F e r r i m a g n e t i c  m a t e r i a l s  w i t h  
e s p e c i a l l y  l a r g e  v a l u e s  o f  M I  s h o u l d  b e  h e l p f u l  f o r  u s e  
i n  t h e  h i g h e r  microwave r a n g e s .  

A t  t h e  t i m e  o f  t h i s  w r i t i n g ,  t h e  above  c o n c l u s i o n s  have  n o t  b e e n  

s y s t e m a t i c a l l y  c h e c k e d  by e x p e r i m e n t a l  means ;  howeve r ,  t h e y  d o  a p p e a r  t o  

b e  c o n s i s t e n t  w i t h  a v a i l a b l e  e x p e r i m e n t a l  e v i d e n c e .  I n  p a r t i c u l a r ,  t h e  

m e a s u r e d  r e s p o n s e s  o f  t h e  f i l t e r s  worked on  by ~ a r t e r ~ ~ ~ ' ~ . ~  b e a r  o u t  t h e  

s e c o n d  o f  t h e  above  c o n c l u s i o n s  v e r y  w e l l .  



SEC.  1 7 . 0 8 ,  RESULTS OF SOME TRIAL MAGNETICALLY TUNABLE 
BAND-PASS FILTER DESIGNS HAVING S T R I P - L I N E  
INPUTS AND OUTPUTS* 

S e v e r a l  t r i a l  m a g n e t i c a l l y  t u n a b l e  f i l t e r  d e s i g n s  w i l l  now b e  d e -  

s c r i b e d .  S i n c e  p a r t  o f  t h e  d e s i g n  p r o c e s s  i n v o l v e s  c u t  and t r y  (name ly  

t h e  d e t e r m i n a t i o n  o f  t h e  s p a c i n g s  o f  t h e  r e s o n a t o r s  and t h e  s i z e s  o f  t h e  

c o u p l i n g  a p e r t u r e s ) ,  t h e s e  d e s i g n s  s h o u l d  p r o v i d e  h e l p f u l  g u i d e  l i n e s  

f o r  a d d i t i o n a l  d e s i g n s .  

A T r i a l  Two-Resonator  Y I G  F i l t e r  D e s i g n  U s i n g  Top a n d  Bo t tom Wall 

C o u p l i n g - F i g u r e  1 7 . 0 8 - 1  shows t h e  c r o s s  s e c t i o n  o f  t h e  s t r i p - l i n e s  which 

were  u s e d  i n  t h e  d e s i g n  o f  a  magnet -  - l.0"-----4- i c a l l y  t u n a b l e  f i l t e r  o f  t h e  form i n  

F i g .  1 7 . 0 7 - 3 .  I n  t h i s  c a s e ,  t h e  

s t r i p  l i n e  was made u n s y m m e t r i c a l  

i n  a n  e f f o r t  t o  o b t a i n  t i g h t e r  cou-  

p l i n g  t o  t h e  s p h e r e s  f o r  g i v e n  l i n e  

i m p e d a n c e .  The  s m a l l e r  s p a c i n g  d l  

b e t w e e n  t h e  s t r i p  l i n e  and  t h e  bot tom 
dl=0.090" w a l l  s h o u l d  g i v e  a  g r e a t e r  f l u x  den-  

A-3527-201) 
s i t y  a n d  t i g h t e r  c o u p l i n g  t o  t h e  

s p h e r e  f o r  a  g i v e n  l i n e  impedance  
FIG. 17.08-1 STRIP-LINE DIMENSIONS However ,  u s i n g  a  l a r g e r  u p p e r  wal 

AN EXPERIMENTAL s p a c i n g  d 2  i n c r e a s e s  t h e  magnet  a  FILTER OF THE FORM 
SHOWN IN FIG. 17.07-3 g a p  r e q u i r e d ,  and o t h e r  means f o r  

o b t a i n i n g  a  t i g h t  c o u p l i n g  t o  t h e  

s p h e r e  a p p e a r  a t  t h i s  t i m e  t o  be  

p r e f e r a b l e .  (The  u s e  o f  a  s t e p  t r a n s f o r m e r  t o  l o w e r  t h e  t e r m i n a t i n g  i m -  

p e d a n c e  s e e n  by t h e  r e s o n a t o r  i s  recommended, a s  d i s c u s s e d  i n  S e c .  1 7 . 0 7 . )  

I n  t h i s  c a s e  t h e  e x t e r n a l  Q ' s  we re  compu ted  u s i n g  t h e  f o r m u l a  

where  

i s  t h e  e f f e c t i v e  w i d t h  o f  t h e  l i n e  i f  i t  had  no f r i n g i n g  c a p a c i t a n c e  

and  ZA i s  t h e  impedance  o f  t h e  l i n e .  A l l  o t h e r  q u a n t i t i e s  a r e  a s  d e -  

f i n e d  i n  F i g .  1 7 . 0 8 - 1 ,  o r  a s  we re  d e f i n e d  i n  c o n n e c t i o n  w i t h E q .  ( 1 7 . 0 7 - 1 1 ,  

( 1 7 . 0 7 - 2 ) ,  and F i g .  1 7 . 0 7 - 6 .  The  a c t u a l  s t r i p  w i d t h  W t o  g i v e  a  ZA = 

50-ohm l i n e  w i t h  f r i n g i n g  c a p a c i t a n c e  was e s t i m a t e d  u s i n g  t h e  f r i n g i n g  

c a p a c i t a n c e  d a t a  i n  S e c .  5 . 0 5 .  

T h i s  t r i a l  f i l t e r  d e s i g n  u s e d  0 . 0 7 4 - i n c h - d i a m e t e r  YIG s p h e r e s  mounted  

on  0 . 0 1 0 - i n c h - t h i c k  d i e l e c t r i c  p l a t e s ,  a s  i n d i c a t e d  i n  F i g .  1 7 . 0 8 - 2 .  The  

c o u p l i n g  s l o t  b e t w e e n  t h e  s p h e r e s  ( s e e  F i g .  1 7 . 0 7 - 3 )  was 0 . 1 0 5  i n c h  w ide  

and  0 . 3 2 0  i n c h  l o n g ,  w h i l e  t h e  m e t a l  w a l l  s e p a r a t i n g  t h e  i n p u t  and o u t p u t  

s t r i p  l i n e  s t r u c t u r e s  was 0 . 1 2 5  i n c h  t h i c k ,  a s  i n d i c a t e d  i n  F i g .  1 7 . 0 8 - 2 .  

1 t . w a s  found  d e s i r a b l e  t o  u s e  a  r e l a t i v e l y  t h i c k  d i v i d i n g  w a l l  i n  o r d e r  

t o  s e p a r a t e  t h e  s p h e r e s  enough t h a t  t h e y  would n o t  d i s t u r b  t h e  b i a s i n g  H o  

f i e l d  s e e n  by e a c h  o t h e r .  Each s p h e r e  was mounted w i t h  i t s  c e n t e r  0 . 1 6 0 i n c h  

FIG. 17.08-2 MEASURED RESPONSE FOR A TRIAL TWO-RESONATOR FILTER 
OF THE FORM SHOWN I N  FIG. 17.07-3 
The responses for four different values of biasing Ho field are superimposed. 



from t h e  v e r t i c a l  s h o r t - c i r c u i t  w a l l  t e r m i n a t i n g  i t s  s t r i p  l i n e .  The 

e s t i m a t e d  e x t e r n a l  Q computed  u s i n g  Eqs .  ( 1 7 . 0 8 - 1 )  and  ( 1 7 . 0 8 - 2 )  was 

105 ,  w h i l e  measu red  v a l u e s  o b t a i n e d  w i t h o u t  t h e  c o u p l i n g  s l o t  a v e r a g e d  

a b o u t  125 .  As m i g h t  be e x p e c t e d ,  c u t t i n g  t h e  c o u p l i n g  s l o t  i n  t h e  w a l l  

be tween t h e  two s p h e r e s  t e n d e d  t o  i n c r e a s e  t h e  e x t e r n a l  Q 's ,  s o  t h a t  t h e  

measu red  v a l u e s  a v e r a g e d  a r o u n d  1 7 0 .  The s i z e  o f  t h e  c o u p l i n g  s l o t  was 

d e t e r m i n e d  by c u t  and t r y  i n c r e a s e s  i n  t h e  c o u p l i n g - s l o t  w i d t h  u n t i l  a  

T c h e b y s c h e f f  r e s p o n s e  w i t h  s m a l l  r i p p l e  was o b t a i n e d  

T e s t s  on  one  o f  t h e  r e s o n a t o r s  g a v e  a  m e a s u r e d  u n l o a d e d  Q v a l u e  which 

r anged  from a b o u t  550 a t  2 Gc t o  1 2 5 5  a t  3 . 9 0  Gc ,  when t e s t e d  i n  t l re  s t r i p -  

l i n e  s t r u c t u r e  b e f o r e  t h e  c o u p l i n g  s l o t  was c u t .  A f t e r  t h e  0 . 1 0 5 - i n c h  by 

0 . 3 0 2 - i n c h  s l o t  was p r e s e n t ,  t h e s e  v a l u e s  w e r e ,  i n t e r e s t i n g l y  enough ,  

r a i s e d  t o  710  and 1810 ,  r e s p e c t i v e l y .  T h i s  same r e s o n a t o r  when t e s t e d  i n  

waveguide  h a d  an  u n l o a d e d  Q o f  3800 a t  2 . 6  Gc,  and  6 , 6 0 0  a t  4 . 0  G C . ~  

The c o n s i d e r a b l y  l o w e r  Q ' s  i n  t h e  s t r i p - l l n e  s t r u c t u r e  a r e  d u e  t o  t h e  

d e l e t e r i o u s  e f f e c t s  o f  t h e  r e l a t i v e l y  c o n f i n i n g  m e t a l l i c  b o u n d a r i e s  s e e n  

by t h e  s p h e r e .  

The s p h e r e s  we re  mounted  s o  t h a t  t h e y  h a d  a  [1111 a x i s  ( r . e . ,  an e a s y  

a x i s )  p a r a l l e l  t o  H o .  F i g u r e  1 7 . 0 8 - 2  shows t h e  m e a s u r e d  a t t e n u a t i o n  

c h a r a c t e r i s t i c s  o f  t h e  f i l t e r  o b t a i n e d  f o r  f o u r  v a l u e s  o f  b i a s i n g  f i e l d  

H o .  Note  t h a t  t h e  o f f - r e s o n a n c e  a t t e n u a t i o n  i s  q u i t e  h i g h ,  a l t h o u g h  t h e r e  

i s  a  s p u r i o u s  r e s p o i s e  be low t h e  p a s s  band i n  e a c h  c a s e .  The  h i g h e r  t h e  

p a s s - b a n d  f r e q u e n c y ,  t h e  l o w e r  t h e  a t t e n u a t i o n  a t  t h e  s p u r i o u s  r e s p o n s e ,  

u n t i l  when t h e  f i l t e r  i s  t u n e d  a l o u n d  4 . 5  Gc, t h e  s p u r i o u s  r e s p o n s e  merges  

w i t h  t h e  p a s s - b a n d  r e s p o n s e .  The mlnimum a t t e n u a t i o n  o f  t h i s  f i l t e r  was 

2 . 8  db when t u n e d  a t  2 . 0  Gc, 1 . 8  db  a t  2 . 6  Gc ,  1 . 3  d b  a t  3 . 4  Gc, and 

0 . 8  db a t  3 . 9  Gc. 

A S i d e - W a l l  Coup led  Two-Resona to r  Y I G  F i l t e r  D e s i g n - F i g u r e  1 7 . 0 8 - 3  

shows t h e  d i m e n s i o n s  o f  an e x p e r i m e n t a l  f i l t e r  o f  t h e  s i d e w a l l - c o u p l e d  

t y p e  i n  F i g .  1 7 . 0 7 - 4 ( a ) .  N o t e  t h a t  t h e  d i v i d i n g  w a l l  w i t h  i t s  a p e r t u r e  

was made e a s i l y  r e m o v a b l e ,  s o  t h a t  v a r i o u s  w a l l  t h i c k n e s s e s  a n d  a p e r t u r e  

s i z e s  c o u l d  be  t r i e d .  The Y I G  s p h e r e s  we re  moun ted  on  d i e l e c t r i c  r o d s  

s o  t h a t  t h e y  c o u l d  be  r o t a t e d  a b o u t  a  [110 ]  a x i s  i n  o r d e r  t o  a c h i e v e  

s y n c h r o n o u s  t u n i n g .  T h i s  t y p e  o f  t u n i n g  was p r o v i d e d  m a i n l y  b e c a u s e  i t  

was p l a n n e d  t h a t  t h i s  f i l t e r  would l a t e r  b e  c o n v e r t e d  t o  a  t h r e e - r e s o n a t o r  

f i l t e r ,  end  i t  a p p e a r e d  d e s i r a b l e  t o  i n c l u d e  means  f o r  t u n i n g  t h e  r e s o -  

n a t o r s  w i t h  r e s p e c t  t o  e a c h  o t h e r .  
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FIG. 17.08-3 DETAILS OF A TWO-RESONATOR YIG FILTER 
OF THE FORM SHOWN IN FIG. 17.07-4(a) 

N o t e  t h a t  t h e  s t r i p  l i n e s  i n  F i g .  1 7 . 0 8 - 3  a r e  c l o s e r  t o  t h e  d i v i d i n g  

w a l l  t h a n  t o  t h e  o u t e r  w a l l s .  T h i s  was done  s o  t h a t  a d e q u a t e  c o u p l i n g  

c o u l d  be  m a i n t a i n e d  b e t w e e n  s p h e r e s  w h i l e  s t i l l  k e e p i n g  t h e  s p h e r e s  u n d e r  

t h e  s t r i p  l i n e s .  'The s t r i p  l i n e s  w e r e  d e s i g n e d  t o  g i v e  a  d e s i r e d  imped-  

a n c e  o f  Z; = 50 ohms by f i r s t  c o m p u t i n g  G O / € ,  t h e  r e q u i r e d  n o r m a l i z e d  

c a p a c i t a n c e  p e r  u n i t  l e n g t h ,  by u s e  o f  



where  e r  i s  t h e  r e l a t i v e  d i e l e c t r i c  c o n s t a n t  o f  t h e  medium o f  p r o p a g a t i o n .  

Then ,  r e f e r r i n g  t o  F i g .  1 7 . 0 8 - 4 ,  d e s i r e d  v a l u e s  f o r  t ,  b ,  s 1 / 2  and S2/2 

were  s e l e c t e d ,  and  t h e  c o r r e s p o n d i n g  l i n e  w i d t h  W r e q u i r e d  t o  g i v e  t h e  

d e s i r e d  l i n e  impedance  2; was computed  u s i n g  t h e  f o r m u l a  

where  ( C f O / ~ ) l  and  ( C f o / ~ ) 2  a r e  n o r m a l i z e d  f r i n g i n g  c a p a c i t a n c e s  o b t a i n e d  

f rom F i g .  5 . 0 5 - 1 0 ( a )  u s i n g  s / b  = Sl/b and  s / b  = S 2 / b ,  r e s p e c t i v e l y .  

T h i s  t r i a l  f i l t e r  u s e d  0 . 0 7 4 - i n c h -  

DIVIDING WALL d i a m e t e r  Y I G  s p h e r e s ,  w h i l e  t h e  s p a c i n g  
\\\\\\\\ d b e t w e e n  t h e  s t r i p - l i n e  and t h e  ad-  

d 
j a c e n t  g r o u n d  p l a n e s  was 0 . 1 1 0  i n c h .  ~~~ d t "g Hy s e e n  F i g .  t o  y i e l d  1 7 . 0 7 - 6 ,  a  t h e o r e t i c a l  t h e s e  d i m e n s i o n s  v a l u e  o f  a r e  

A-3527-037 e x t e r n a l  Q o f  a b o u t  1 5 0 ,  which  i s  

s a t i s f a c t o r i l y  low.  Measu red  v a l u e s  
FIG. 17.08-4 DEFINITION OF THE 

STRIP-LIN~ P A R A M E T ~ ~ S  o f  Q e  i n  t h i s  s t r u c t u r e  r a n g e d  from 

FOR THE FILTER SHOWN 212 t o  2 3 6 .  These  r e l a t i v e l y  h i g h  
IN FIG. 17.08-3 m e a s u r e d  v a l u e s  a r e  no d o u b t  due  

l a r g e l y  t o  t h e  s p h e r e s  b e i n g  l o c a t e d  

n e a r  t h e  e d ~ e s  o f  t h e  s t r i p  l i n e s  i n -  
s t e a d  o f  a t  t h e i r  c e n t e r s .  The  s i z e  o f  t h e  c o u p l i n g  a p e r t u r e  was h e l d  

c o n s t a n t  w h i l e  v a r i o u s  t h i c k n e s s e s  o f  . t h e  d i v i d i n g  w a l l  i n  F i g .  1 7 . 0 8 - 3  
were  t r i e d  u n t i l  a  r e s p o n s e  w i t h  a  s m a l l  'Tchebysche f f  r i p p l e  was o b t a i n e d .  

T a b l e  1 7 . 0 8 - 1  a l o n g  w i t h  Table 1 7 . 0 8 - 1  
F i g s  . 1 7 . 0 8  - 5  and  1 7 . 0 8  - 6  show MEASURED CHARACTERISTICS OF TWO- RESONATOR 
t h e  measu red  o e r f o r m a n c e  o f  SIDE-WALL-COUPLED FILTERIN FIG. 1 7 . 0 8 - 3  

t h i s  f i l t e r .  The  d a t a  i n  1 1  1 1 QU 1 I _ I  . I  
F i g .  1 7 . 0 8 - 6  were  t a k e n  by 1 (2) 1 ( L ~ ) m i n  (db)  l ( i n ~ ! ~ ~ r n ) l  (CALCULATED ~ ( o o r a t e d a ) ~  no ~f~ (Mc)- l  db Af30 (Mc) db 1 
h o l d i n g  t h e  f r e q u e n c y  c o n s t a n t  DATA ) 
a n d v a r y i n g t h e b i a s i n g m a g -  12.000) 4.0 1 1.9 1 - -  1 714.7 1 26 1 117 1 

main s p u r i o u s  r e s p o n s e  i n  t h e  c a s e  o f  t h e  t o p -  a n d  b o t t o m - w a l l  c o u p l e d  

f i l t e r  whose r e s p o n s e  i s  shown i n  F i g .  1 7 . 0 8 - 2 .  The  l a r g e r  s p u r i o u s  

r e s p o n s e  i n  F i g .  1 7 . 0 8 - 6  i s  b e l i e v e d  t o  b e  d u e  t o  h a v i n g  t h e  s p h e r e s  s o  

c l o s e  t o  t h e  e d g e  o f  t h e  s t r i p - l i n e s .  By u s i n g  a  t h i n n e r  d i v i d i n g  w a l l  

be tween  s t r i p  l i n e s ,  i t  i s  p o s s i b l e  t o  move t h e  s p h e r e s  f u r t h e r  b a c k  

u n d e r  t h e  s t r i p  l i n e s ,  b u t  a  t h i n n e r  d i v i d i n g  w a l l  was f o u n d  t o  r e d u c e  

t h e  o f f - r e s o n a n c e  i s o l a t i o n  o f  t h e  f i l t e r .  N o t e  f r o m  F i g .  1 7 . 0 8 - 5  a n d  

T a b l e  1 7 . 0 8 - 1  t h a t  t h e  3 - d b  and 3 0 - d b  b a n d w i d t h s  o f  t h e  f i l t e r  a r e  n e a r l y  

c o n s t a n t  a s  t h e  f i l t e r  i s  t u n e d ,  w h i l e  t h e  r e s p o n s e  c h a n g e s  f rom a n  o v e r -  

c o u p l e d  r e s p o n s e  a t  t h e  l o w e r  e n d  o f  t h e  t u n i n g  r a n g e  t o  an  u n d e r - c o u p l e d  

r e s p o n s e  a t  t h e  u p p e r  end  o f  t h e  t u n i n g  r a n g e .  T h e s e  r e s u l t s  a r e i n  a g r e e -  

ment w i t h  t h e  c o n c l u s i o n s  l i s t e d  a t  t h e  end  o f  S e c .  1 7 . 0 7 .  

n e t i c  f i e l d .  As c a n  be  s e e n  

f rom F i g .  1 7 . 0 8 - 6 ,  t h e  s p u r i o u s  

8-3527-509 

FIG. 17.08-5 PASS-BAND CHARACTERISTICS OF THE TWO-RESONATOR 
FILTER SHOWN IN FIG. 17.08-3 

1061 

r e s p o n s e  be low t h e  p a s s  band 
The bandwidths g i v e n  are  measured t o  tho  3-db or 30-db 

i s  more  s e v e r e  t h a n  i s  t h e  p o i n t s  below ( L ~ ) ~ ~ ~ .  
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FIG. 17.08-6 STOP-BAND CHARACTERISTICS OF THE TWO-RESONATOR FILTER 
SHOWN IN FIG. 17.08-3 

One d e c i d e d  a d v a n t a g e  o f  s i d e - w a l l  c o u p l e d  f i l t e r s  o f  t h i s  t y p e  i s  

t h a t  t h e y  make p o s s i b l e  t h e  u s e  o f  a  magne t  a i r  g a p  o f  minimum s i z e .  A 

more r e f i n e d  v e r s i o n  o f  t h e  f i l t e r  i n  F i g .  1 7 . 0 8 - 3  h a s  been  b u i l t  which 

r e q u i r e s  a  magne t  a i r  g a p  o f  o n l y  0 . 2 6 0  i n c h .  T h i s  f i l t e r  was c o n s t r u c t e d  

t o  s p l i t  i n  h a l f  h o r i z o n t a l l y  i n  t h e  p l a n e  o f  t h e  s t r i p - l i n e s .  The uppe r  

and l o w e r  h a l f  we re  mach ined  f rom s e p a r a t e  b l o c k s  o f  b r a s s ,  and  t h e  d i v i d -  

i n g  w a l l  was mach ined  i n t e g r a l  w i t h  t h e  r e s t  o f  t h e  s t r u c t u r e .  

F i g u r e  1 7 . 0 8 - 7  shows t h i s  f i l t e r  w i t h  h a l f  p a r t i a l l y  removed. The r e c -  

F i g .  1 7 . 0 7 - 4 ( b ) .  T h i s  was d o n e  by r emov ing  t h e  o r i g i n a l  d i v i d i n g  w a l l  

and  i n s e r t i n g  t h e  t h i c k e r  w a l l  shown i n  F i g .  1 7 . 0 8 - 8 .  No te  t h a t  t h i s  

w a l l  c o n t a i n s  an  a d d i t i o n a l  0 . 0 7 4 - i n c h - d i a m e t e r  Y I G  s p h e r e ,  and t h e r e  

i s  a l s o  p r o v i s i o n  f o r  r o t a t i n g  t h e  a d d e d  s p h e r e  a b o u t  a  [110]  a x i s .  

The h e i g h t  o f  t h e  a p e r t u r e  i n  t h i s  d i v i d i n g  w a l l  i s  0 . 1 1 0  i n c h ,  t h e  

same a s  t h e  s p a c i n g  d between t h e  s t r i p  l i n e s  and  t h e  a d j a c e n t  g r o u n d  

p l a n e s .  Thus ,  t h i s  t h i r d  s p h e r e  w i l l  s e e  b o u n d a r y  c o n d i t i o n s  v e r y  

s i m i l a r  t o  t h o s e  s e e n  by t h e  s p h e r e s  u n d e r  t h e  s t r i p  l i n e s .  The  t h i c k -  

n e s s  o f  t h e  d i v i d i n g  w a l l  was c h o s e n  s o  t h a t  t h e  c e n t e r - t o - c e n t e r  s p a c -  

i n g s  o f  t h e  t h r e e  s p h e r e s  would  b e  t h e  same a s  t h e  c e n t e r - t o - c e n t e r  

s p a c i n g s  o f  t h e  s p h e r e s  i n  t h e  t w o - r e s o n a t o r  v e r s i o n .  I n  o r d e r  t o  

o p t i m i z e  t h e  r e s p o n s e  s h a p e ,  some a d j u s t m e n t  o f  t h i s  s p a c i n g  o f  t h e  

s p h e r e s  would be  d e s i r a b l e ,  b u t  t h e  s p a c i n g  u s e d  was found  t o  g ive .  

r e a s o n a b l y  good r e s u l t s .  F i g u r e  1 7 . 0 8 - 9  shows t h e  a s s e m b l e d  t r i a l  

t h r e e - r e s o n a t o r  f i l t e r  w i t h o u t  a  m a g n e t .  

t a n g u l a r  t a b s  p r o t r u d i n g  f rom b o t h  s i d e s  o f  t h e  m i d d l e  o f  t h e  f i l t e r  P 

FIG. 17.08-7 A MORE REFINED VERSION OF THE FILTER SHOWN IN FIG. 17.08-3 
were  i n c l u d e d  f o r  p o s s i b l e  u s e  i n  m o u n t i n g  t h e  f i l t e r  i n  a  magne t .  

WITH ITS UPPER HALF PARTIALLY REMOVED 

A T r t a l  T h r e e - R e s o n a t o r  Y I G  F ~ l t e r - T h e  f i l t e r  i n  F i g .  1 7 . 0 8 - 3  was  

m o d i f i e d  t o  make l t  i n t o  a  t h r e e - r e s o n a t o r  f i l t e r  o f  t h e  form i n  

This fi lter requires a magnet air gap of only 0.260 inch 
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FIG. 17.08-8 DIVIDING WALL FOR THE THREE-RESONATOR 
VERSION OF THE FILTER SHOWN IN FIG. 17.08-3 

FIG. 17.08-9 PHOTOGRAPH OF THE ASSEMBLED 
THREE-YIG-RESONATOR FILTER 
SHOWN WITHOUT A MAGNET 
The required orientation of  the biasing 
field Ho is indicated by an arrow. 

The two e n d  r e s o n a t o r s  we re  f i r s t  t u n e d  t o  be  i n  a b o u t  t h e  m i d d l e  o f  

t h e i r  t u n i n g  r a n g e ,  when t h e  f i l t e r  was o p e r a t e d  a s  a  t w o - r e s o n a t o r  f i l t e r .  

The t u n i n g  r o d s  w e r e  t h e n  c e m e n t e d ,  and  a  t h i r d  r e s o n a t o r  was added  and  

t u n e d  by r o t a t i n g  i t  s o  a s  t o  g i v e  a  s y m m e t r l c a l  r e s p o n s e .  I n  t h i s  t y p e  

o f  f i l t e r  i t  would  b e  d e s i r a b l e  t o  a d j u s t  t h e  r e s o n a t o r s  i n  s u c h  a  way a s  

t o  be  c l o s e  t o  t h e  o r i e n t a t i o n  w h i c h  would  c a n c e l  o u t  t h e  t e m p e r a t u r e  

e f f e c t s  o f  a n i s o t r o p y .  O t h e r w i s e ,  i f  a l l  o f  t h e  s p h e r e s  do n o t  h a v e  t h e  

same o r i e n t a t i o n s  o f  t h e  c r y s t a l  a x e s ,  and  ~ f  t h e r e  a r e  s i z e a b l e  c h a n g e s  

i n  t e m p e r a t u r e ,  t h e  r e s o n a t o r s  may s u f f e r  a p p r e c l a b l e  m i s t u n i n g  w i t h  r e -  

s p e c t  t o  e a c h  o t h e r .  

T a b l e  1 7 . 0 8 - 2  a l o n g  w i t h  F i g s .  1 7 . 0 8 - 1 0  and 1 7 . 0 8 - 1 1  show t h e  measu red  

p e r f o r m a n c e  o f  t h e  f i l t e r .  The  d a t a  i n  t h e s e  f i g u r e s  we re  a g a i n  t a k e n  by 

h o l d i n g  t h e  f r e q u e n c y  c o n s t a n t  

and v a r y i n g  t h e  m a g n e t i c  f i e l d  

T h i s  p r o c e d u r e  i s  i n  most  r e -  

s p e c t s  e q u i v a l e n t  t o  h o l d i n g  

t h e  f i e l d  c o n s t a n t  and v a r y -  

i n g  t h e  f r e q u e n c y ,  a n d  t h e  

u s e  o f  t h i s  p r o c e d u r e  p e r -  

m i t t e d  much more r a p i d  t e s t -  

i n g  o f  t h e  f i l t e r .  N o t e  

t h a t  t h e  s t o p - b a n d  a t t e n u a -  

t i o n  l e v e l  h a s  b e e n  g r e a t l y  

improved  i n  t h i s  f i l t e r  w h i l e  

t h e  p a s s - b a n d  a t t e n u a t i o n  h a s  

been  i n c r e a s e d  o n l y  a  l i t t l e .  

T a b l e  1 7 . 0 8 - 2  

MEASURED CHARACTERISTICS OF THE THREE-RESONATOR 
YIG FILTER SHOWN IN FIG. 1 7 . 0 8 - 9  

f c  ( = ~ ) r n i n  A f 3  d d  A f 3 ~  d d  YSWR "0 
( G C )  I ( d b l  I ( M C I  I (MI) / ( m i n i m u m )  I ( o e r s t e d s j  

The b a n d w i d t h s  g i v e n  a r e  maaaured t o  t h e  3 - d b  o r  
3 0 - d b  p o i n t  b e l o w  ( L A ) m i n .  

One o f  t h e  i m p o r t a n t  t h i n g s  d e m o n s t r a t e d  by t h i s  t r i a l  t h r e e - r e s o n a t o r  

f i l t e r  i s  t h a t  t h e  r e s o n a t o r s  c a n  b e  k e p t  i n  t u n e  w i t h  e a c h  o t h e r  a s  t h e  

H o - f i e l d  i s  v a r i e d .  An e a r l i e r  t r i a l  t h r e e - r e s o n a t o r  f i l t e r 4  was n o t  s o  

s u c c e s s f u l  i n  t h i s  r e g a r d .  I t  i s  b e l i e v e d  t h a t  t h e  s i m i l a r  bounda ry  c o n -  

d i t i o n s  s e e n  by a l l  t h r e e  s p h e r e s  i n  f i l t e r s  o f  t h e  t y p e  i n  F i g .  1 7 . 0 7 - 4 ( b )  

a r e  i m p o r t a n t  f o r  m a i n t a i n i n g  s y n c h r o n o u s  t u n i n g .  

The 30 -db  b a n d w i d t h  o f  t h e  f i l t e r  s t a y s  q u i t e  c o n s t a n t  o v e r  t h e  t u n i n g  

r a n g e ,  j u s t  a s  f o r  t h e  t w o - r e s o n a t o r  v e r s i o n .  The r a t i o  o f  t h e  3 0 - d b  band -  

w i d t h  t o  t h e  3 - d b  b a n d w i d t h  r u n s  a r o u n d  2 . 8  f o r  t h e  t h r e e - r e s o n a t o r  f i l t e r  

d e s i g n  a s  compared  t o  a r o u n d  5 f o r  t h e  t w o - r e s o n a t o r  f i l t e r  d e s i g n .  A l -  

t h o u g h  t h e  c u t o f f  r a t e  was c o n s i d e r a b l y  s h a r p e r  f o r  t h e  t h r e e - r e s o n a t o r  
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d e s i g n ,  t h e  p e r f o r m a n c e  o f  t h i s  p a r t i c u l a r  f i l t e r  was p r o b a b l y  n o t  op t imum 

i n  t h i s  r e s p e c t  b e c a u s e  o f  a  s m a l l  amount  o f  m i s t u n i n g  and  b e c a u s e  no 

e f f o r t  was made t o  o p t i m i z e  t h e  s h a p e  o f  t h e  p a s s - b a n d  r e s p o n s e  f o r  t h i s  

c o n d i t i o n .  F i l t e r s  d e s i g n e d  t o  c o r r e s p o n d  t o  e q u a l - e l e m e n t  p r o t o t y p e s  

( S e c .  1 1 . 0 7 )  would  p r o b a b l y  b e  d e s i r a b l e  f o r  mos t  t u n a b l e  f i l t e r  a p p l i c a -  

t i o n s .  S u c h  f i l t e r s  would  r e s u l t  i n  v e r y  n e a r l y  minimum midband  d i s -  

s i p a t i o n  l o s s  f o r  a  g i v e n  s p e c i f i e d  30 -db  ( o r  o t h e r  s p e c i f i e d  l e v e l )  

s t o p - b a n d w i d t h .  I n  t h e  c a s e  o f  t h e  two-  and  t h r e e - r e s o n a t o r  f i l t e r s  

d i s c u s s e d  h e r e i n ,  t h e  t h r e e - r e s o n a t o r  d e s i g n  h a s  a  30 -db  b a n d w i d t h  which  

i s  a b o u t  23  p e r c e n t  l e s s  t h a n  t h a t  f o r  t h e  t w o - r e s o n a t o r  d e s i g n ,  b u t  w i t h  

somewhat l a r g e r  midband a t t e n u a t i o n .  F u r t h e r  o p t i m i z a t i o n  o f  t h e  d e s i g n  

t o  c o r r e s p o n d  t o  a n  e q u a l - e l e m e n t  p r o t o t y p e  a t  a  g i v e n  t u n i n g  f r e q u e n c y ,  

s h o u l d  make i t  p o s s i b l e  t o  r e d u c e  t h e  midband l o s s  somewhat a t  l e a s t  a t  

t h a t  t u n i n g  f r e q u e n c y .  

SEC.  1 7 . 0 9 ,  MAGNETICALLY TUNABLE BANI.)-PASS FILTERS WITH 
W A V E G U I D E  INPUTS A N D  o u r r P u r r s  

F i g u r e  1 7 . 0 9 - 1  shows a  t w o - r e s o n a t o r  w a v e g u i d e  f i l t e r  wh ich  i s  

a n a l o g o u s  t o  t h e  s t r i p - l i n e  f i l t e r  i n  F i g .  1 7 . 0 7 - 3 .  F e r r i m a g n e t i c  r e s o -  

n a t o r  s p h e r e s  a r e  p l a c e d  n e a r  s h o r t - c i r c u i t  w a l l s  i n  t h e  w a v e g u i d e s  s o  

t h a t  t h e  s p h e r e s  s e e  s t r o n g  m a g n e t i c  f i e l d s .  The s p h e r e s  a r e  c o u p l e d  

t h r o u g h  a n  e l o n g a t e d  c o u p l i n g  s l o t  w i t h  i t s  l e n g t h  p a r a l l e l  t o  t h e  wave- 

g u i d e  a x e s .  With t h i s  o r i e n t a t i o n  o f  t h e  s l o t ,  t h e r e  i s  v e r y  l i t t l e  

c o u p l i n g  b e t w e e n  g u i d e s  e x c e p t  when r e s o n a n c e  i n  t h e  s p h e r e s  i s  e x c i t e d .  

STEPPED WAVEGUIDE TRANS- 
FORMERS BETWEEN STANDARD- 
A N D  REDUCED-HEIGHT GUIDE. 

Ho 

AXIAL COUPLING SLOT I N  / f 
COMMON WALL BETWEEN GUIDES 

RESONATORS 

FIG. 17.09-1 TWO-RESONATOR FILTER USING OVERLAPPING WAVEGUIDES 
AND ELONGATED AXIAL COUPLING SLOT 

FERRIMAGNETIC RESONATORS 1 no 
I 

\CIRCULAR COUPLING IRIS I N  
COMMON WALL BETWEEN TWO GUIDES 

MATCHING SECTION TO FULL-HEIGHT G U I D E  

FIG. 17.09-2 TWO-RESONATOR FILTER USING WAVEGUIDES AT RIGHT ANGLES 
AND A CIRCULAR COUPLING IRIS 

The s p h e r e s  a r e  p l a c e d  i n  r e d u c e d - h e i g h t  wavegu ide  i n  o r d e r  t o  o b t a i n  

a d e q u a t e  c o u p l i n g  b e t w e e n  t h e  s p h e r e s  and t h e  w a v e g u i d e s ,  and  a l s o  t o  

r e d u c e  t h e  s i z e  o f  t h e  magnet  a i r  gap  r e q u i r e d .  S t e p  t r a n s f o r m e r s  a r e  

u s e d  t o  t r a n s f o r m  t h e  impedance  o f  t h e  s t a n d a r d  t e r m i n a t i n g  g u i d e s  t o  

t h a t  o f  t h e  r e d u c e d - h e i g h t  g u i d e  s e c t i o n s .  

F i g u r e  1 7 . 0 9 - 2  shows a n o t h e r  p o s s i b l e  wavegu ide  c o n f i g u r a t i o n ,  a  

s i n g l e - r e s o n a t o r  v e r s i o n  o f  wh ich  h a s  been  d i s c u s s e d  by ~ o t z e b u e . ~ '  T h i s  

c o n f i g u r a t i o n  d i f f e r s  f rom t h a t  i n  F i g .  1 7 . 0 9 - 1  m a i n l y  i n  t h a t  o f f -  

r e s o n a n c e  i s o l a t i o n  i s  o b t a i n e d  i n  t h i s  c a s e  by u s i n g  a round  c o u p l i n g  

h o l e  which w i l l  p e r m i t  b o t h  l i n e a r  componen t s  o f  t h e  c i r c u l a r l y  p o l a r i z e d  

f i e l d s  g e n e r a t e d  by t h e  s p h e r e s  a t  r e s o n a n c e  ( s e e  S e c .  1 7 . 0 5 )  t o  b e  

c o u p l e d  from o n e  s p h e r e  t o  t h e  o t h e r .  I n  t h i s  c a s e  t h e  g u i d e s  a r e  p l a c e d  

a t  r i g h t  a n g l e s  t o  e a c h  o t h e r  i n  o r d e r  t o  i n c r e a s e  t h e  o f f - r e s o n a n c e  i s o -  

l a t i o n .  With t h e  g u i d e s  s o  o r i e n t e d ,  t h e  f i l t e r  w i l l  h a v e  t h e  same a t t e n u -  

a t i o n  c h a r a c t e r i s t i c  f o r  b o t h  d i r e c t i o n s  o f  t r a n s m i s s i o n ,  b u t  i t  w i l l  h a v e  

1 8 0  d e g r e e s  more p h a s e  s h i f t  f o r  o n e  d i r e c t i o n  o f  t r a n s m i s s i o n  t h a n  f o r  t h e  

o therPv3 I n  t h e  c a s e  o f  t h e  f i l t e r  i n  F i g .  1 7 . 0 9 - 1 ,  b o t h  t h e  a t t e n u a t i o n  

and p h a s e  c h a r a c t e r i s t i c s  a r e  i n d e p e n d e n t  o f  t h e  d i r e c t i o n  o f  t r a n s m i s s i o n .  

The d e s i g n  p r o c e s s  f o r  a  wavegu ide  f i l t e r  w i t h  f e r r i m a g n e t i c  r e s o -  

n a t o r s  c l o s e l y  p a r a l l e l s  t h a t  f o r  t h e  s t r i p - l i n e  c a s e s  d i s c u s s e d  i n  

S e c .  1 7 . 0 7 .  c a r t e r 3  h a s  d e r i v e d  a n  e q u a t i o n  f o r  t h e  e x t e r n a l  Q o f  a  f e r r i -  

m a g n e t i c  r e s o n a t o r  mounted  i n  w a v e g u i d e ,  and  t h i s  e q u a t i o n  i s  g i v e n  i n  

F i g .  1 7 . 0 9 - 3 .  I n  t h i s  e q u a t i o n  A i s  t h e  g u i d e  w a v e l e n g t h ,  A i s  t h e  f r e e -  

s p a c e  w a v e l e n g t h ,  a and b a r e  g u i d e  d i m e n s i o n s  i n d i c a t e d  i n  t h e  f i g u r e ,  
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FIG. 17.09-3 Q, vs. SPHERE DIAMETER OF SPHERICAL YIG RESONATOR LOCATED AT A  
H I G H - C U R R E N T  POSITION I N  S H O R T - C I R C U I T E D  T E ,  RECTANGULAR W A V E G U I D E  
In the equation shown, p0 is the permeability of the region about the sphere, 
urn = ypoMS,  ). = 1.759 X 10' in rnks units, and Vm is the volume of the sphere. 

and t h e  o t h e r  p a r a m e t e r s  a r e  t h e  same a s  was  d i s c u s s e d  i n  c o n n e c t i o n  w i t h  

Eqs .  ( 1 7 . 0 7 - 1 )  and ( 1 7 . 0 7 - 2 ) .  F i g u r e  1 7 . 0 9 - 3  a l s o  shows c u r v e s  o f  Qe 

u s .  s p h e r e  d i a m e t e r  f o r  YIG s p h e r e s  (4nMS = 1750  g a u s s )  i n  v a r i o u s  s t a n d a r d  

h e i g h t  w a v e g u i d e s .  To s c a l e  t h e  v a l u e s  o f  q e  i n  F i g .  1 7 . 0 9 - 3  t o  c o r r e s p o n d  

t o  o t h e r  t h a n  s t a n d a r d  h e i g h t  w a v e g u i d e s  u s e  t h e  r e l a t i o n  

where  b i s  t h e  h e i g h t  o f  t h e  s t a n d a r d  g u i d e ,  b '  i s  t h e  a c t u a l  h e i g h t  t o  

be  u s e d ,  and Q C  1 and Qe  / b ,  a r e  t h e  e x t e r n a l  Q ' s  f o r  t h e  g u i d e s  o f  h e i g h t  

b and  b ' ,  r e s p e c t i v e l y .  To s c a l e  d a t a  i n  F i g .  1 7 .  0 9 - 3  t o  c o r r e s p o n d  t o  

m a t e r i a l s  o t h e r  t h a n  YIG u s e  

where  M s / M :  i s  t h e  r a t i o  o f  t h e  s a t u r a t i o n  m a g n e t i z a t i o n  o f  YIG t o  t h a t  

o f  t h e  m a t e r i a l  t o  be  u s e d ,  Q e  i s  t h e  e x t e r n a l  Q f o r  YIG a s  o b t a i n e d  

F i g .  1 7 . 0 9 - 3 ,  a n d  Q: i s  t h e  e x t e r n a l  Q f o r  t h e  f e r r i m a g n e t i c  m a t e r i a  

a c t u a l l y  u s e d .  

F i g u r e  1 7 . 0 9 - 4  shows compu ted  and  measu red  d a t a  f o r  t h e  e x t e r n a  

o f  Y I G  s p h e r e s  i n  o n e - q u a r t e r  h e i g h t  X-band w a v e g u i d e .  N o t i c e  t h a t  

f rom 

Q 
h e  

ag reemen t  b e t w e e n  t h e o r y  a n d  e x p e r i m e n t  i s  q u i t e  good.  However ,  a s  f o r  

t h e  s t r i p - l i n e  c a s e s  d i s c u s s e d  i n  S e c s .  1 7 . 0 7  and  1 7 . 0 8 ,  t h e  p r e s e n c e  o f  

an  a d j a c e n t  c o u p l i n g  h o l e  o r  s l o t  c a n  b e  e x p e c t e d  t o  i n c r e a s e  t h e  e x t e r n a l  

Q  o f  a  r e s o n a t o r ,  t y p i c a l l y  by a  f a c t o r  o f  20 p e r c e n t  o r  somewhat more .  

The d e t e r m i n a t i o n  o f  t h e  p r o p e r  s p a c i n g  b e t w e e n  s p h e r e s  a n d  t h e  s i z e  

o f  t h e  i n t e r v e n i n g  c o u p l i n g  a p e r t u r e  c a n  be  d e t e r m i n e d  a s  d i s c u s s e d  i n  

S e c s .  1 7 . 0 7  and  1 7 . 0 8 .  A p p r o x i m a t e  d e s i g n s  c a n  b e  o b t a i n e d  by s c a l i n g  

t h e  s p h e r e  s p a c i n g s  and a p e r t u r e  s i z e s  i n  t h e  e x a m p l e s  i n  S e c .  1 7 . 0 8 ,  

u s i n g  t h e  p r i n c i p l e s  d i s c u s s e d  i n  S e c .  1 7 . 0 7 .  I t  i s  g e n e r a l l y  d e s i r a b l e  

t o  make t h e  a p e r t u r e  somewhat u n d e r s i z e d  t o  s t a r t  o u t  w i t h  ( i . e . ,  somewhat 

n a r r o w  i f  i t  i s  an  e l o n g a t e d  s l o t ) ,  and  t h e n  i t s  s i z e  c a n  b e  i n c r e a s e d  

u n t i l  t h e  d e s i r e d  p a s s - b a n d  s h a p e  ( o r  c o u p l i n g  c o e f f i c i e n t )  i s  o b t a i n e d .  

As was d i s c u s s e d  i n  S e c .  1 7 . 0 5 ,  t h e  c o u p l i n g  t o  m a g n e t o s t a t i c  modes 

i n  a  f e r r i m a g n e t i c  r e s o n a t o r  t e n d s  t o  i n c r e a s e  a s  t h e  f r e q u e n c y  i n c r e a s e s .  

The work o f  F l e t c h e r  and s o l t 1 8  i n d i c a t e s  t h a t  t h i s  c o u p l i n g  d e p e n d s  

s t r o n g l y  on t h e  s p h e r e  d i a m e t e r  a s  compared  t o  a  w a v e l e n g t h .  T h u s ,  f o r  

t h e  same l e v e l  o f  s p u r i o u s - r e s p o n s e  a c t i v i t y ,  f i l t e r s  d e s i g n e d  t o  o p e r a t e  

a t  X-band o r  h i g h e r  s h o u l d  u s e  s m a l l e r  r e s o n a t o r  s p h e r e s  t h a n  f i l t e r s  

d e s i g n e d  f o r  S - b a n d ,  i f  o t h e r  f a c t o r s  a r e  e q u a l .  
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SEC.  1 7 . 1 0 ,  MAGNETICALLY TUNABLE DIRECTIONAL FILTERS HAVING 
CIRCULATOH ACTION 

F i g u r e  1 7 . 1 0 - 1  shows a  w a v e g u i d e  d i r e c t i o n a l  f i l ' t e r  of a  t y p e  d i s -  

c u s s e d  i n  C h a p t e r  1 4 .  T h i s  f i l t e r  u s e s  c y l i n d r i c a l  r e s o n a t o r s  w i t h  

c i r c u l a r  a p e r t u r e s ,  which  a l l  t o g e t h e r  c a n  p r o p a g a t e  c i r c u l a r l y  p o l a r i z e d  

TEl l  modes a t  r e s o n a n c e .  The f i r s t  and  l a s t  a p e r t u r e s  a r e  c u t  i n  t h e  

a d j a c e n t  TElo-mode r e c t a n g u l a r  wavegu ide  a t  p o i n t s  where  t h e  H - f i e l d  i s  

c i r c u l a r l y  p o l a r i z e d  a t  t h e  r e s o n a n t  f r e q u e n c y  o f  t h e  c a v i t i e s .  As a  

r e s u l t  o f  t h e  c i r c u l a r  p o l a r i z a t i o n  i n  t h e  r e s o n a t o r s  and  c o u p l i n g  a p e r -  

t u r e s ,  when t h e  c a v i t i e s  become r e s o n a n t ,  power f l o w s  f rom P o r t  1 t h r o u g h  

t h e  r e s o n a t o r s  and o u t  P o r t  4 ,  w h i l e  i n  t h e o r y  no  power  e m e r g e s  f rom 

P o r t  2  o r  3 .  O f f  o f  r e s o n a n c e  a l l  o f  t h e  power f l o w s  s t r a i g h t  t h r o u g h  

f rom P o r t  1 t o  P o r t  2 .  F i g u r e  1 7 . 1 0 - 2  shows t h e  measu red  a t t e n u a t i o n  

c h a r a c t e r i s t i c s  f o r  t r a n s m i s s i o n  f rom P o r t  1 t o  P o r t s  2 ,  3 ,  and  4 f o r  a  

t w o - r e s o n a t o r  f i l t e r  o f  t h e  t y p e  i n  F i g .  1 7 . 1 0 - 1 .  The  i n p u t  VSWR a t  

P o r t  1 i s  a l s o  shown.  I n  t h e o r y  

t h i s  t y p e  o f  f i l t e r  w i l l  a l w a y s  

p r e s e n t  a  m a t c h e d  impedance  

l o o k i n g  i n t o  any o n e  o f  i t s  

p o r t s  i f  t h e  o t h e r  t h r e e  p o r t s  

a r e  t e r m i n a t e d  i n  wavegu ide  

l o a d s  o f  u n i t y  VSWR. 

F i g u r e  1 7 . 1 0 -  3 shows a  mag- 

n e t i c a l l y  t u n a b l e  t w o - r e s o n a t o r  

d i r e c t i o n a l  f i l t e r  wh ich  i s  po-  

t e n t i a l l y  c a p a b l e  o f  p r o d u c i n g  

t h e  same a t t e n u a t i o n  c h a r a c t e r -  

i s t i c s  shown i n  F i g .  1 7 . 1 0 - 2  

when t h e  i n p u t  i s  a t  P o r t  1. As 

was  i n d i c a t e d  i n  t h e  c a s e  o f  

t h e  f i l t e r s  i n  F i g s .  1 7 . 0 9 - 1  

a n d  1 7 . 0 9 - 2 ,  t h e  s p h e r i c a l  YIG 

f e r r i m a g n e t i c  r e s o n a t o r s  a r e  
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FIG. 17.10-1 A TWO-RESONATOR, FIXED- 
TUNED WAVEGUIDE 
DIRECTIONAL FILTER 

p l a c e d  i n  r e d u c e d - h e i g h t  wavegu ide  i n  o r d e r  t o  i n c r e a s e  t h e  c o u p l i n g  b e -  

tween  t h e  w a v e g u i d e s  a n d  t h e  s p h e r e s ,  and  s t e p  t r a n s f o r m e r s  a r e  u s e d  t o  

ma tch  be tween  t h e  r e d u c e d - h e i g h t  g u i d e  and  t h e  s t a n d a r d  h e i g h t  t e r m i n a -  

t i n g  g u i d e s .  The  YIG s p h e r e s  a r e  p l a c e d  i n  t h e  wavegu ide  a t  p o i n t s  i n  

t h e  g u i d e s  whe re  t h e  HF H - f i e l d  w i l l  b e  c i r c u l a r l y  p o l a r i z e d .  Now a t  

f e r r i m a g n e t i c  r e s o n a n c e  t h e  c i r c u l a r l y  p o l a r i z e d  RF H - f i e l d  i n  t h e  f i r s t  

g u i d e  w i l l  e x c i t e  a  s t r o n g  c i r c u l a r l y  p o l a r i z e d  m a g n e t i c  moment i n  t h e  

f i r s t  s p h e r e  ( s e e  S e c .  1 7 . 0 5 ) .  T h i s  m a g n e t i c  moment w i l l  i n  t u r n  p r o -  

d u c e  an  i n t e n s e  c i r c u l a r l y  p o l a r i z e d  H - f i e l d  which  w i l l  c o u p l e  t h r o u g h  

t h e  c i r c u l a r  a p e r t u r e  t o  t h e  s e c o n d  s p h e r e .  An i n t e n s e  c i r c u l a r  p o l a r i z e d  

m a g n e t i c  moment w i l l  t h e n  be  e x c i t e d  i n  t h e  s e c o n d  s p h e r e  wh ich  w i l l  

c a u s e  e n e r g y  t o  b e  r a d i a t e d  o u t  P o r t  4 .  Thus  we s e e  t h a t  t h e  f i l t e r  i n  
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F i g .  1 7 . 1 0 - 3  w i l l  o p e r a t e  e s s e n t i a l l y  t h e  same a s  t h e  f i l t e r  i n  

F i g .  1 7 . 1 0 - 1  when power i s  f e d  i n  P o r t  1 .  The  ma in  d i f f e r e n c e  i s  t h a t  

t h e  f i l t e r  i n  F i g .  1 7 . 1 0 - 1  u s e s  c i r c u l a r l y  p o l a r i z e d  r e s o n a n c e s  i n  

e l e c t r o m a g n e t i c  r e s o n a t o r s  w h i l e  t h e  f i l t e r  i n  F i g .  1 7 . 1 0 - 3  u s e s  c i r c u -  

l a r l y  p o l a r i z e d  r e s o n a n c e s  i n  f e r r i m a g n e t i c  r e s o n a t o r s .  

I f  power i s  f e d  i n t o  P o r t  4 o f  t h e  f i l t e r  i n  F i g .  1 7 . 1 0 - 1  i t  w i l l  

e x h i b i t  t h e  same g e n e r a l  t r a n s m i s s i o n  p r o p e r t i e s  i n d i c a t e d  i n  F i g .  17 .10-21 

e x c e p t  f o r  t h e  c u r v e  marked f o r  P o r t  4 now a p p l i e s  t o  P o r t  1,  e t c .  T h i s  

i s  n e c e s s a r y  s i n c e  t h e  f i l t e r  i n  F i g .  1 7 . 1 0 - 1  i s  a  r e c i p r o c a l  d e v i c e .  

However ,  a s  was n o t e d  i n  S e c .  1 7 . 0 5 ,  f e r r i m a g n e t i c  r e s o n a t o r s  a r e  n o t  

r e c i p r o c a l  c i r c u i t  e l e m e n t s .  As a  r e s u l t ,  i f  power  i s  f e d  i n t o  P o r t  4 

I I 

+ A 

PORT 3 

I I I I 

PORT 2 

STEP TRANSFORMER \ 1 H0 ,!G SPHERES 

PORT 3 PORT 4 

SECTION A- A' 
1.3627-SPI 

FIG. 17.10-3 A MAGNETICALLY TUNABLE DIRECTIONAL FILTER 
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o f  t h e  f i l t e r  i n  F i g .  1 7 . 1 0 - 3 ,  t h e  c i r c u l a r l y  p o l a r i z e d  H - f i e l d s  w i l l  

h ave  t h e  wrong d i r e c t i o n  o f  p o l a r i z a t i o n  t o  e x c i t e  r e s o n a n c e ,  a n d  t h e  

power w i l l  emerge  f rom P o r t  3  i n s t e a d  o f  g o i n g  t o  P o r t  1 a s  i t  d o e s  i n  

t h e  c a s e  o f  t h e  f i l t e r  i n  F i g .  1 7 . 1 0 - 1 .  T h u s ,  a t  r e s o n a n c e  we c a n  g e t  

t r a n s m i s s i o n  from P o r t  1 t o  P o r t  4 , f r o m  P o r t  4  t o  P o r t  3 ,  f rom P o r t  3  t o  

P o r t  2 ,  and  f rom P o r t  2 t o  P o r t  1 .  T h e r e f o r e  a t  r e s o n a n c e  t h i s  d e v i c e  

can  be  u s e d  a s  a  c i r c u l a t o r .  I f  t h e  d i r e c t i o n  o f  t h e  b i a s i n g  Ho f i e l d  

i s  r e v e r s e d ,  t h e n  t h e  d i r e c t i o n s  f o r  t r a n s m i s s i o n  a t  r e s o n a n c e  would  a l l  

be  r e v e r s e d ,  z . e . ,  power  c o u l d  f l o w  f rom P o r t  4  t o  P o r t  1 a t  r e s o n a n c e ,  

e t c .  T h u s ,  t h i s  d e v i c e  c a n  a l s o  b e  u s e d  a s  a  m a g n e t i c a l l y  c o n t r o l l e d  

s w i t c h .  

The amount o f  r e v e r s e  i s o l a t i o n  b e t w e e n ,  s a y ,  P o r t s  4 and  1 a t  r e s o -  

n a n c e  d e p e n d s  on how n e a r l y  p e r f e c t l y  p o l a r i z e d  t h e  H - f i e l d s  s e e n  by t h e  

r e s o n a t o r s  a r e .  F o r  e x a m p l e ,  i f  t h e  r e s o n a t o r s  a r e  l o c a t e d  a t  p o i n t s  i n  

t h e  w a v e g u i d e s  s o  t h a t  t h e y  s e e  e l l i p t i c a l l y  p o l a r i z e d  f i e l d s ,  i f  t h e  

main transmission i s  f rom P o r t  4 t o  P o r t  3  t h e r e  w i l l  a l s o  b e  some t r a n s -  

m i s s i o n  t h r o u g h  t h e  r e s o n a t o r s  t o  P o r t  1. T h i s  i s  b e c a u s e  a n y  e l l i p t i c a l l y  ' 

p o l a r i z e d  f i e l d  can  be  r e g a r d e d  a s  b e i n g  composed o f  two c i r c u l a r l y  p o l a r -  

i z e d  f i e l d s  w i t h  o p p o s i t e  d i r e c t i o n s  o f  r o t a t i o n ,  and  t h e  componen t  w i t h  

t h e  p r o p e r  d i r e c t i o n  o f  c l r c u l a r  p o l a r i z a t i o n  t o  e x c i t e  t h e  s p h e r e s  w i l l  

p a s s  t h r o u g h  t o  t h e  o t h e r  g u i d e .  

p a t e l n  h a s  made an  e x t e n s i v e  a n a l y s i s  o f  s i n g l e - r e s o n a t o r  f i l t e r s  o f  

t h e  t y p e  i n  F i g .  1 7 . 1 0 - 3 .  I n  h i s  f i l t e r s  a  s i n g l e  Y I G  s p h e r e  was  s o  

p l a c e d  i n  t h e  c e n t e r  o f  t h e  c o u p l i n g  a p e r t u r e  b e t w e e n  g u i d e s  a s  t o  be  

h a l f  i n  t h e  u p p e r  g u i d e  a n d  h a l f  i n  t h e  l o w e r  g u i d e .  Among o t h e r  t h i n g s ,  

h e  made a  s t u d y  t o  d e t e r m i n e  t h e  optimum l o c a t i o n  o f  t h e  s p h e r e  i n  t h e  

wavegu ide  t o  o b t a i n  t h e  b e s t  p o s s i b l e  c i r c u l a r  p o l a r i z a t i o n  o f  t h e  RF 

W - f i e l d s  o v e r  a  wavegu ide  b a n d .  T h i s  i s  an i m p o r t a n t  c o n s i d e r a t i o n  s i n c e  

f o r  any g i v e n  p o s i t i o n  o f  t h e  s p h e r e ,  p e r f e c t  c i r c u l a r  p o l a r i z a t i o n  c a n  

o n l y  be  o b t a i n e d  a t  one  f r e q u e n c y ,  a n d  i t  i s  d e s i r a b l e  t h a t  t h e e l l i p t i c i t y  

o f  t h e  H - f i e l d s  a t  t h e  u p p e r  and  l o w e r  e d g e s  o f  t h e  d e s i r e d  f r e q u e n c y  

t u n i n g  r a n g e  be  m i n i m i z e d .  P a t e l ' s  s t u d y  shows  t h a t  t h e  opt imum compro-  

m i s e  l o c a t i o n  f o r  t h e  f e r r i m a g n e t i c  r e s o n a t o r  i s  a p p r o x i m a t e l y  a / 4  f rom 

t h e  s i d e  w a l l  o f  t h e  w a v e g u i d e ,  whe re  a i s  t h e  w i d t h  o f  t h e  w a v e g u i d e .  

F i g u r e  1 7 . 1 0 - 4  shows e x p e r i m e n t a l  p o i n t s  and  t h e o r e t i c a l  c u r v e s  o b t a i n e d  

by P a t e 1  f o r  a  s i n g l e - r e s o n a t o r  f i l t e r  o f  t h e  t y p e  i n  F i g .  1 7 . 1 0 - 3 ,  which  

i l l u s t r a t e s  how t h e  f o r w a r d  a n d  r e v e r s e  i n s e r t i o n  l o s s  a t  r e s o n a n c e  v a r y .  

The u p p e r  d a s h e d  c u r v e  shows how t h e  t h e o r e t i c a l  r e v e r s e  i s o l a t i o n  a t  

SOURCE: IRE Trans. PGMTT (see Ref. 27 by C. N. Patel) 

FIG. 17.10-4 THEORETICAL AND EXPERIMENTAL INSERTION LOSS IN 
FORWARD D'IRECTION (Port 1 to Port 4) AND REVERSE 
DIRECTION (Port 4 to Port 1) FOR A SINGLE-RESONATOR 
FILTER OF THE FORM SHOWN IN FIG. 17.10-3 
The magnetic f ield was adiusted to give resonance at each 
test frequency. 

r e s o n a n c e  v a r i e s  a s  a  f u n c t i o n  o f  t h e  t u n i n g  f r e q u e n c y ,  a s  a  r e s u l t  o f  

t h e  e l l i p t i c i t y  o f  t h e  H - f i e l d  p o l a r i z a t i o n .  N o t e  t h a t  t h e  t h e o r e t i c a l  

i s o l a t i o n  g o e s  t o  i n f i n i t y  a t  a r o u n d  9 . 3  Gc w h e r e  t h e  p o l a r i z a t i o n  i s  

c i r c u l a r .  The l o w e r  d a s h e d  c u r v e  shows t h e  f o r w a r d  i n s e r t i o n  l o s s  a t  

r e s o n a n c e  a s  t h e  f i l t e r  i s  t u n e d  a c r o s s  t h e  b a n d .  Even t h o u g h ,  when t h e  

H - f i e l d  d o e s  n o t  h a v e  p e r f e c t  c i r c u l a r  p o l a r i z a t i o n ,  t h e r e  w i l l  be  some 

l e a k a g e  o f  power o u t  P o r t  2 a t  r e s o n a n c e  (when power  i s  f e d  i n  P o r t  1 1 ,  

t h i s  s o u r c e  o f  power  l o s s  i s  s m a l l ,  and t h e  i n s e r t i o n  l o s s  i n d i c a t e d  i n  

t h i s  f i g u r e  i s  m o s t l y  d u e  t o  d i s s i p a t i o n  l o s s  i n  t h e  r e s o n a t o r .  

The d e s i g n  o f  m a g n e t i c a l l y  t u n a b l e  d i r e c t i o n a l  f i l t e r s  c a n  b e  c a r r i e d  

o u t  i n  much t h e  same f a s h i o n  a s  was d e s c r i b e d  f o r  t h e  c a s e s  t r e a t e d  i n  

S e c s .  1 7 . 0 7  t o  1 7 . 0 9 .  p a t e l n  g i v e s ,  f o r  t h e  e x t e r n a l  Q o f  a  f e r r i m a g n e t i c  

r e s o n a t o r  i n  a  d i r e c t i o n a l  f i l t e r ,  t h e  f o r m u l a  



where 

and t h e  o t h e r  q u a n t i t i e s  a r e  a s  d e f i n e d  f o r  F i g .  1 7 . 0 9 - 3 .  The p a r a m e t e r s  

k z  and k y  i n d i c a t e  t h e  r e l a t i v e  RF H - f i e l d  s t r e n g t h  s e e n  by t h e  r e s o n a -  

t o r  i n  t h e  t r a n s v e r s e  and  l o n g i t u d i n a l  d i r e c t i o n s ,  r e s p e c t i v e l y ,  when 

t h e  r e s o n a t o r  i s  l o c a t e d  a  d i s t a n c e  x f rom t h e  s i d e  w a l l  o f  t h e  waveguide  

For c i r c u l a r  p o l a r i z a t i o n  l k x l  = l k , l .  

P a t e 1  d o e s  n o t  g i v e  an  e x p l i c i t  d e f i n i t i o n  o f  t h e  g u i d e  impedance  

Z, i n  Eq. ( 1 7 . 1 0 - 1 ) .  However ,  i t  c a n  be  shown t h a t  f o r  x = a / 2  (wh ich  

g i v e s  k x  = ~ / 2 a  and k y  = O ) ,  Eq .  ( 1 7 . 1 0 - 1 )  s h o u l d  r e d u c e  t o  two t i m e s  

C a r t e r ' s  e q u a t i o n  shown i n  F i g .  1 7 . 0 9 - 3 . '  Making u s e  o f  t h i s  f a c t ,  we 

c o n c l u d e  t h a t  Eq.  ( 1 7 . 1 0 - 1 )  c a n  be  r e s t a t e d  a s  

Us ing  x = a / 4 ,  a s  a p p e a r s  t o  b e  d e s i r a b l e  f rom P a t e l ' s  work ,  a n d  l e t t i n g  

A g / ( 2 a )  = 0 . 8 7 0  a s  i s  t y p i c a l  f o r  t h e  c e n t e r  f r e q u e n c y  o f  a  w a v e g u i d e  

o p e r a t i n g  b a n d ,  t h e n  

Q e  = 2 . 2 8  ( Q e  o b t a i n e d  f rom S e c .  1 7 . 0 9 )  ( 1 7 . 1 0 - 4 )  

Thus ,  u s i n g  Eq. ( 1 7 . 1 0 - 4 ) ,  a l o n g  w i t h  F i g .  1 7 . 0 9 -  3  u s e d  i n  t h e  manner  d e -  

s c r i b e d i n s e c .  1 7 . 0 9 ,  t h e  p r o p e r  wavegu ide  d i m e n s i o n s  and s p h e r e  s i z e s  

r e q u i r e d  t o  g i v e  d e s i r e d  e x t e r n a l  Q  v a l u e s  c a n  b e  e s t i m a t e d .  A s  was 

* 
When r = a / 2  and t h e  g u l d e  I S  s h o r t  c i r c u l t e d  a s  ~n Fig .  1 7 . 0 9 - 3 ,  t h e  e q u ~ v a l e n t  c ~ r c u i t  i s  I z k e  

t h a t  In Fig .  17.11-2(b) w i t h  t h e  line t o  t h e  r i g h t  s h o r t e d  o u t .  ?hen Qe =&/yo.  When t h e  s h o r t  

c i r c u l t  rs removed,  a s  f o r  t h e  c a s e  u n d e r  c o n s i d e r a t l o n ,  then  Qe = &/yo since t h e  p a r a l l e l -  

r e s o n a n t  c x r c u i t  1s In  series w ~ t h  t h e  two l i n e s .  

d i s c u s s e d  i n  S e c .  1 7 . 0 7 ,  t h e  p r e s e n c e  o f  t h e  c o u p l i n g  a p e r t u r e  be tween  

r e s o n a t o r s  w i l l  t e n d  t o  r a i s e  t h e  e x t e r n a l  Q  somewhat ( p e r h a p s  a b o u t  

20 p e r c e n t ) ,  s o  some a l l o w a n c e  s h o u l d  b e  made f o r  t h i s  f a c t  when d e t e r -  

m i n i n g  t h e  s p h e r e  d i m e n s i o n s .  

When t h e  d e s i g n e r  h a s  d e t e r m i n e d  t h e  d i a m e t e r  o f  t h e  f e r r i m a g n e t i c  

r e s o n a t o r s  a n d  t h e  d e s i r e d  wavegu ide  d i m e n s i o n s ,  i f  s t e p  t r a n s f o r m e r s  

s u c h  a s  t h o s e  shown i n  F i g .  1 7 . 1 0 - 3  a r e  r e ~ u i r e d ,  t h e  d e s i r e d  d e s i g n  can  

b e  o b t a i n e d  u s i n g  t h e  d a t a  i n  T a b l e s  6 . 0 2 - 2  t h r o u g h  6 . 0 2 - 5 ,  and  

T a b l e s  6 . 0 4 - 1  t h r o u g h  6 . 0 4 - 4 .  C o r r e c t i o n  f o r  t h e  f r i n g i n g  c a p a c i t a n c e s  

a t  t h e  s t e p  d i s c o n t i n u i t i e s  s h o u l d  be  made u s i n g  t h e  p r o c e d u r e  d e s c r i b e d  

i n  S e c .  6 . 0 8 .  

The r e q u i r e d  d i a m e t e r  o f  c o u p l i n g  a p e r t u r e  b e t w e e n  r e s o n a t o r s  f o r  a  

f i l t e r  s u c h  a s  t h a t  i n  F i g .  1 7 . 1 0 - 3  c a n  be  d e t e r m i n e d  e x p e r i m e n t a l l y  by 

making t h e  h o l e  r e l a t i v e l y  s m a l l  t o  s t a r t  o u t  w i t h ,  and  t h e n  i n c r e a s i n g  

i t s  s i z e  u n t i l  d e s i r e d  s h a p e  o f  r e s p o n s e  i s  o b t a i n e d .  If t h e  v a l u e  o f  

e x t e r n a l  Q  f o r  t h e  r e s o n a t o r s  was c h o s e n  s o  a s  t o  c o r r e s p o n d  t o  a  g i v e n  

l o w - p a s s  p r o t o t y p e  f i l t e r  and  a s p e c i f i e d  f r a c t i o n a l  b a n d w i d t h ,  t h e n  i t  

s h o u l d  be  p o s s i b l e  t o  o b t a i n  t h e  d e s i r e d  r e s p o n s e  s h a p e  and  b a n d w i d t h  by 

i n c r e a s i n g  t h e  s i z e  o f  t h e  c o u p l i n g  a p e r t u r e  b e t w e e n  t h e  r e s o n a t o r s  u n t i l  

t h e  p r o p e r  c o u p l i n g  c o e f f i c i e n t  i s  o b t a i n e d  b e t w e e n  t h e  r e s o n a t o r s .  

SEC.  1 7 . 1 1 ,  MAGNETICALLY TUNABLE BAND-STOP FILTERS 

F i g u r e  1 7 . 1 1 - 1  shows a  p o s s i b l e  form o f  s t r i p - l i n e ,  m a g n e t i c a l l y  

t u n a b l e ,  b a n d - s t o p  f i l t e r  h a v i n g  a  n a r r o w  s t o p  b a n d  w i t h  h i g h  a t t e n u a t i o n  

GROUND PLANES CENTER CONDUCTOR 

FIG. 17.11-1 A MAGNETICALLY TUNABLE STRIP-LINE 
BAND-STOP FILTER 



I n  t h i s  f i l t e r  s p h e r e s  o f  f e r r i -  

m a g n e t i c  m a t e r i a l  s u c h  a s  YIG 

a r e  p l a c e d  be tween  t h e  s t r i p -  

yo yo --- ---  l i n e  c e n t e r  c o n d u c t o r  a n d  a n  

a d j a c e n t  g round  p l a n e ,  s o  t h a t  

t h e  m a g n e t i c  f i e l d  a b o u t  t h e  

s t r i p  l i n e  w i l l  c o u p l e  t o  t h e  

s p h e r e s .  Each s p h e r e  t h e n  h a s  

m u t u a l  i n d u c t a n c e  c o u p l i n g  t o  

t h e  t r a n s m i s s i o n  l i n e  a s  s u g -  

g e s t e d  by t h e  e q u i v a l e n t  c i r c u i t  
Ib) 

A-3521-641 
i n  F i g .  1 7 . 1 1 - 2 ( a ) .  ( N o t e  t h a t  

t h i s  e q u i v a l e n t  c i r c u i t  n e g l e c t s  
FIG. 17.11-2 EQUIVALENT CIRCUITS OF A r e s o n a t o r  d i s s i p a t i o n  l o s s . )  

YIG SPHERE COUPLED TO A 
STRIP LINE AS SHOWN IN When t h e  s i g n a l  f r e q u e n c y  a n d  

FIG. 17.11-1 t h e  b i a s i n g  m a g n e t i c  f i e l d  
In this figure resonator losses s t r e n g t h  H o  a r e  p r o p e r  t o  e x c i t e  
are neglected 

r e s o n a n c e  i n  t h e  s p h e r e s  t h e  

e q u i v a l e n t  c i r c u i t  o f  t h e  c o u p l e d  r e s o n a t o r  i s  a s  shown i n  F i g .  1 7 . 1 1 - 2 ( b ) ,  

where  w i t h i n  p r a c t i c a l  l i m i t s  t h e  s l o p e  p a r a m e t e r  & i  o f  t h e  r e s o n a t o r  can  

be  c o n t r o l l e d  by t h e  c h o i c e  o f  s p h e r e  d i a m e t e r  a n d  by t h e  m a g n i t u d e  o f  t h e  

s a t u r a t i o n  m a g n e t i z a t i o n  o f  t h e  f e r r i m a g n e t i c  m a t e r i a l .  The  f e r r i m a g n e t i c  

r e s o n a t o r s  o f  t h e  f i l t e r  i n  F i g .  1 7 . 1 1 - 1  c a n  b e  t u n e d  by v a r y i n g  t h e  b i a s i n g  

m a g n e t i c  f i e l d  s t r e n g t h  H o .  T h e  s e c o n d  r e s o n a t o r  i s  shown above  t h e  s t r i p -  

l i n e  w h i l e  i t s  n e i g h b o r s  a r e  shown be low t h e  s t r i p - l i n e  i n  o r d e r  t o  min imize  

p o s s i b l e  u n d e s i r a b l e  i n t e r a c t i o n  be tween  r e s o n a t o r s .  Whether  t h i s  i s  n e c e s -  

s a r y  o r  n o t  w i l l  depend  on t h e  r e l a t i v e  s i z e  o f  t h e  s p h e r e s  and  o f  t h e g r o u n d -  

p l a n e  s p a c i n g  a s  compared  t o  t h e  w a v e l e n g t h s  i n  t h e  o p e r a t i n g  f r e q u e n c y  r a n g e .  

From t h e  e q u i v a l e n t  c i r c u i t  i n  F i g .  1 7 . 1 1 - 2 ( b )  i t  i s  s e e n  t h a t  t h e  mag- 

n e t i c a l l y  t u n a b l e  f i l t e r  u n d e r  c o n s i d e r a t i o n  i s  o f  t h e  t y p e  d i s c u s s e d  i n  

S e c .  1 2 . 0 4  and  shown i n  F i g .  1 2 . 0 4 - 2 ,  which  i s  r e p e a t e d  i n  F i g .  1 7 . 1 1 - 3 .  

F i l t e r s  d e s i g n e d  f rom t h e  d a t a  i n  F i g .  1 7 . 1 1 - 3  w i l l  u s u a l l y  b e  m o s t  p r a c t i c a l  

i f  t h e y  a r e  d e s i g n e d  t o  h a v e  a  c o n s t a n t  m a i n - l i n e  c h a r a c t e r i s t i c  a d m i t t a n c e  

which e q u a l s  t h e  t e r m i n a t i o n  a d m i t t a n c e  Y o .  Under  t h i s  c o n d i t i o n ,  i n  

F i g .  l 7 . l l - 3 ( a )  

I f  n = wen. ($ = * 
I f  n odd. YI = Yo 

SOURCE: Quarterly Report 3. Contract DA 36-039 SC-87398, SRk 
reprinted in  IRE Trans. PGMTT ( s e e  Ref. 1 of Chapter 12. 
by Young, Matthaei, and Jones) 

FIG. 17.11-3 BAND-STOP FILTER WITH SERIES BRANCHES AND QUARTER- 
WAVE COUPLINGS: (a) EQUAL LINE ADMITTANCES, Y ,; 
(b) GENERAL CASE OF UNE3UAL CONNECTING-LINE 
ADMITTANCES 



a  c o n d i t i o n  wh ich  i s  o b t a i n e d  f o r  any o f  t h e  m a x i m a l l y  f l a t  l o w - p a s s  p r o -  

t o t y p e s  i n  S e c .  4 . 0 5 ,  o r  f o r  any  o f  t h e  T c h e b y s c h e f f  p r o t o t y p e s  h a v i n g  

n odd i n  t h a t  s e c t i o n .  U s i n g  t h e  d a t a  i n  F i g .  1 7 . 1 1 - 3 ( a )  t h e  n o r m a l i z e d  

r e s o n a t o r  s l o p e  p a r a m e t e r s  h i / y o  c a n  be  c a l c u l a t e d ,  where i n  t h e  f i g u r e  

w i s  t h e  f r a c t i o n a l  b a n d w i d t h  o f  t h e  s t o p  band t o  t h e  b a n d - e d g e  p o i n t s  

c o r r e s p o n d i n g  t o  w;  f o r  t h e  l o w - p a s s  p r o t o t y p e  ( s e e  S e c .  1 2 . 0 2 ) .  

A f t e r  t h e  n o r m a l i z e d  r e s o n a t o r  s l o p e  p a r a m e t e r s  & , / Y o  h a v e  b e e n  com- 

p u t e d ,  t h e  r e q u i r e d  f e r r i m a g n e t i c  r e s o n a t o r  p a r a m e t e r s  c a n  b e  compu ted  by 

u s e  o f  d a t a  g i v e n  e a r l i e r  i n  t h i s  c h a p t e r .  N o t e  i n  F i g .  1 7 . 1 1 - 2  t h a t  i f  

a  s h o r t - c i r c u i t  we re  p l a c e d  a c r o s s  t h e  t r a n s m i s s i o n  l i n e  j u s t  t o  t h e  r i g h t  

s i d e  o f  t h e  r e s o n a t o r ,  a s s u m i n g  t h a t  t h e  l i n e  t o  t h e  l e f t  o f  t h e  r e s o n a t o r  

i s  t e r m i n a t e d  i n  i t s  c h a r a c t e r i s t i c  a d m i t t a n c e  Yo, t h e  Q  o f  t h e  c i r c u i t  
would b e  

Note  t h a t  o p e r a t i n g  t h e  r e s o n a t o r s  i n  t h e  c i r c u i t  i n  F i g .  1 7 . 1 1 - 1  i n d i v i d u -  
a l l y  w i t h  a  s h o r t - c i r c u i t  a t  o n e  s i d e  o f  t h e  s p h e r e  u n d e r  t e s t ,  and  w i t h  

a  ma tched  t r a n s m i s s i o n  l i n e  a t  t h e  o t h e r  s i d e ,  i s  e x a c t l y  t h e  c o n d i t i o n  

u n d e r  which  t h e  e x t e r n a l  Q  d a t a  i n  F i g .  1 7 . 0 7 - 6  and  Eqs .  ( 1 7 . 0 7 - 3 )  and  
( 1 7 . 0 7 - 4 )  a p p l y .  T h u s ,  u s i n g  t h e  r e f e r e n c e  e x t e r n a l  Q  v a l u e s  g i v e n  by 

Eq. ( 1 7 . 1 1 - 2 )  a l o n g  w i t h  t h e  d a t a  i n  S e c .  1 7 . 0 7 ,  t h e  r e q u i r e d  r e s o n a t o r  

d i a m e t e r s  f o r  g i v e n  M E  v a l u e s  c a n  be  d e t e r m i n e d .  I f  t h e  u n l o a d e d  Q ' s  o f  

t h e  r e s o n a t o r s  a r e  known, t h e  p e a k  s t o p - b a n d  a t t e n u a t i o n  o f  t h e  f i l t e r  can  

b e  computed  by u s e  o f  t h e  d a t a  i n  S e c .  1 2 . 0 3 .  I f  t h e  u n l o a d e d  Q ' s  a r e  n o t  

known, t h e y  c a n  b e  measu red  by p l a c i n g  t h e  r e s o n a t o r  s p h e r e s  o n e  a t  a  t ime  

i n  a  s h o r t - c i r c u i t e d  s t r i p - l i n e  s t r u c t u r e  c l o s e  t o  o r  A/2 f rom a  s h o r t -  

c i r c u i t  and  mak ing  m e a s u r e m e n t s  a s  d e s c r i b e d  i n  S e c .  1 1 . 0 2 .  T h i s  p r o c e d u r e  

c a n ,  o f  c o u r s e ,  a l s o  p r o v i d e  an  e x p e r i m e n t a l  v e r i f i c a t i o n  o f  ( Q , I L .  

One o b v i o u s  d i s a d v a n t a g e  o f  t h e  t y p e  o f  f i l t e r  i n  F i g .  1 7 . 1 1 - 1  i s  
t h a t  i t s  d e s i g n  i s  b a s e d  on  t h e  a s s u m p t i o n  t h a t  i t s  r e s o n a t o r s  a r e  s p a c e d  

, a  q u a r t e r - w a v e l e n g t h  a t  r e s o n a n c e .  I f  t h e  f i l t e r  i s  t u n e d  o v e r  a  v e r y  

1 l a r g e  r a n g e  i t s  r e s p o n s e  may d e v i a t e  a p p r e c i a b l y  f rom t h e  i d e a l  s i n c e  t h e  

r e s o n a t o r  s p a c i n g s  a r e  h o / 4  a t  o n l y  one  f r e q u e n c y .  The most  s e f i o u s  e f f e c t  
may be  t h a t  t h e  peak  a t t e n u a t i o n  m i g h t  f a l l  b e l o w  a c c e p t a b l e  l e v e l s  i n  some 

p a r t s  o f  t h e  t u n i n g  r a n g e .  However ,  i f  t h e  p e r f o r m a n c e  r e q u i r e m e n t s  a r e  
n o t  v e r y  s e v e r e ,  o r  i f  t h e  t u n l n g  r a n g e  i s  r e l a t i v e l y  s m a l l ,  f i l t e r s  o f  
t h e  t y p e  i n  F i g .  1 7 . 1 1 - 1  may b e  q u i t e  s a t i s f a c t o r y .  

F i g u r e  1 7 . 1 1 - 4  shows a  s u g g e s t e d  m a g n e t i c a l l y  t u n a b l e  f i l t e r  s t r u c -  

t u r e  which  may ove rcome  t h e  d r awbacks  o f  t h e  s t r u c t u r e  i n  F i g .  1 7 . 1 1 - 1  

by g i v i n g  i n c r e a s e d  c o u p l i n g  t o  t h e  s p h e r e s .  W i t h o u t  t h e  f e r r i m a g n e t i c  

r e s o n a t o r s  t h e  s t r u c t u r e  shown i s  b a s i c a l l y  a  s e m i - l u m p e d - e l e m e n t  low- 

p a s s  f i l t e r  s t r u c t u r e  s u c h  a s  c a n  be  d e s i g n e d  b y  t h e  methods  d i s c u s s e d i n  

S e c .  7 . 0 3 .  T h e  s t r u c t u r e  c o n s i s t s  o f  l ow- impedance  l i n e  s e c t i o n s  wh ich  

o p e r a t e  p r e d o m i n a n t l y  l i k e  s h u n t  c a p a c i t o r s ,  a l t e r n a t i n g  w i t h  r e l a t i v e l y  

h i g h - i m p e d a n c e  l i n e  s e c t i o n s  wh ich  f u n c t i o n  p r e d o m i n a n t l y  l i k e  s e r i e s  

i n d u c t a n c e s .  T h i s  s t r u c t u r e  mus t  b e  d e s i g n e d  s o  t h a t  i t s  c u t o f f  f r e -  

quency w i l l  b e  above  t h e  h i g h e s t  t r a n s m i s s i o n  f r e q u e n c y  o f  i n t e r e s t .  

When f e r r i m a g n e t i c  r e s o n a t o r s  ( s u c h  a s  Y I G  s p h e r e s )  a r e  i n t r o d u c e d  i n  

t h e  c i r c u i t ,  t h e y  s h o u l d  t y p i c a l l y  h a v e  l i t t l e  e f f e c t  e x c e p t  a t  o r  n e a r  

f e r r i m a g n e t i c  r e s o n a n c e .  At r e s o n a n c e  t h e y  i n t r o d u c e  v e r y  h i g h  s e r i e s  

impedances  i n  t h e  c i r c u i t  ( a s  c a n  be  s e e n  f rom F i g .  1 7 . 1 1 - 2 ) .  S i n c e  

t h e s e  v e r y  h i g h  s e r i e s  i m p e d a n c e s  w i l l  a l t e r n a t e  w i t h  v e r y  low s h u n t  

i m p e d a n c e s ,  v e r y  n e a r l y  t h e  maximum p o s s i b l e  a t t e n u a t i o n  w i l l  b e  a c h i e v e d  

from t h e  r e s o n a t o r s .  A n o t h e r  a d v a n t a g e  o f  t h i s  t y p e  o f  s t r u c t u r e  i s  

t h a t  t h e  s t r u c t u r e  wou ld  be  c o n s i d e r a b l y  s h o r t e r  t h a n  t h a t  i n  Fig. 17.11-1. 

T h i s  c o u l d  be  p a r t i c u l a r l y  i m p o r t a n t  a t  t h e  l o w e r  microwave f r e q u e n c i e s  

whe re ,  i f  t h e  s p h e r e s  were  s p a c e d  a  q u a r t e r - w a v e l e n g t h  a p a r t ,  a  v e r y  

l a r g e  magne t  f a c e  would  be  r e q u i r e d .  I n  F i g .  1 7 . 1 1 - 4  t h e  d i e l e c t r i c  

p i e c e s  h a v e  b e e n  p l a c e d  i n  t h e  i n t e r i o r  o f  t h e  m e t a l  c a p a c i t o r  b l o c k s  

s o  t h a t  t h e  a RF H - f i e l d s  s e e n  b y  t h e  s p h e r e s  w i l l  be  a s  u n i f o r m  a s  

p o s s i b l e .  

GROUND PLANES IH0 

" 
Y I G  SPHERES 

1-3527-642 

FIG. 17.1 1-4 A SUGGESTED MAGNETICALLY TUNABLE BAND-STOP 
FILTER CONFIGURATION FOR LARGE TUNING RANGES 

* 
However, i t  may be p r e f e r a b l e  t o  put  t h e  d i e l e t t r l c  ~ i e c e s  n e x t  t o  t h e  ground p l s n c a  i n  o r d e r  to 
m i n i m ~ z e  p o s s ~ b l e  d i r e c t  magnet ic  c o u p l i n g  between s p h e r e s .  
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FIG. 17.11-5 A FOUR-RESONATOR MAGNETICALLY 
TUNABLE WAVEGUIDE BAND-STOP 
FILTER 

Though a  d e t a i l e d  d e s i g n  p r o c e d u r e  f o r  f i l t e r s  o f  t h e  t y p e  i n  

F i g .  1 7 . 1 1 - 4  h a s  n o t  b e e n  worked o u t  a t  t h e  t i m e  o f  t h i s  w r i t i n g ,  t h e  
d e s i g n  e q u a t i o n s  i n  F i g .  1 7 . 1 1 - 3 ( b )  s h o u l d  p r o v e  h e l p f u l .  The  q u a r t e r -  

w a v e l e n g t h  c o n n e c t i n g  l i n e s  o f  a d m i t t a n c e  Y ,  o p e r a t e  a s  i m p e d a n c e  i n -  

v e r t e r s  ( S e c .  8 . 0 3 )  h a v i n g  i n v e r t e r  p a r a m e t e r  K i  = l / Y i .  The  e q u a t i o n s  
i n  F i g .  1 7 . 1 1 - 3 ( b )  a l l o w  f o r  a  r a n g e  o f  c h o i c e  f o r  t h e s e  i n v e r t e r  param-  

e t e r s .  Now by F i g .  8 . 0 3 - l ( d )  we s e e  t h a t  a  l e n g t h  o f  l i n e  w i t h  a  s h u n t  

c a p a c i t o r  i n  t h e  m i d d l e  c a n  o p e r a t e  a s  a n  i m p e d a n c e  i n v e r t e r .  T h u s ,  f o r  

p u r p o s e s  o f  d e t e r m i n i n g  t h e  p r o p e r  s p h e r e  s i z e s ,  e t c . ,  t h e  c i r c u i t s  b e -  

tween s p h e r e s  i n  F i g .  1 7 . 1 1 - 4  c a n  be  c h a r a c t e r i z e d  i n  t e r m s  o f  impedance  

i n v e r t e r s  o f  t h e  form i n  F i g .  8 . 0 3 - l ( d ) .  A f t e r  t h e  d e s i g n e r  h a s  worked 
o u t  t h e  b a s i c  l o w - p a s s  f i l t e r  s t r u c t u r e  d e s i g n  h e  c a n  compu te  v a l u e s  f o r  

t h e  K ,  and Y i =  1 /K , .  Then t h e  e q u a t i o n s  i n  F i g .  1 7 . 1 1 - 3 ( b )  c a n  b e  u s e d  

t o  compute  t h e  r e q u i r e d  n o r m a l i z e d  r e s o n a t o r  s l o p e  p a r a m e t e r s .  F i n a l l y ,  

t h e  r e q u i r e d  s p h e r e  s i z e s  c a n  b e  compu ted  f rom t h e  by p r o c e d u r e s  
s u c h  a s  we re  d i s c u s s e d  a b o v e .  

The d i s c u s s i o n  i n  t h i s  s e c t i o n  h a s  s o  f a r  b e e n  p h r a s e d  i n  t < r m s  o f  

s t r i p - l i n e  s t r u c t u r e s .  However ,  t h e  s ame  p r i n c i p l e s  a l s o  w i l l  a p p l y  t o  

t h e  d e s i g n  o f  wavegu ide  b a n d - s t o p  f i l t e r s .  F i g u r e  1 7 . 1 1 - 5  shows  a  m u l t i -  
r e s o n a t o r  wavegu ide  b a n d - s t o p  f i l t e r .  J u d g i n g  f rom e x p e r i e n c e  w i t h  

c a v i t y - t y p e  wavegu ide  b a n d - s t o p  f i l t e r s  ( S e c .  1 2 . 0 8 ) ,  some d i f f i c u l t y  

m i g h t  b e  e x p e c t e d  due  t o  c o u p l i n g  d i r e c t l y  f rom one  r e s o n a t o r  t o  t h e  

n e x t .  I n  o r d e r  t o  a v o i d  t h i s  p r o b l e m ,  t h e  wavegu ide  h e i g h t  and  s p h e r e  

s i z e  s h o u l d  b o t h  be  k e p t  v e r y  s m a l l  compared  t o  o n e - q u a r t e r  w a v e l e n g t h .  

I t  s h o u l d  b e  p o s s i b l e  t o  d e s i g n  wavegu ide  f i l t e r s  o f  t h e  form i n  

F i g .  1 7 . 1 1 - 5  u s i n g  t h e  same p r o c e d u r e  d e s c r i b e d  f o r  t h e  f i l t e r  i n  

F i g .  1 7 . 1 1 - 1  e x c e p t  t h a t  F i g .  1 7 . 0 9 - 3  and  E q s .  ( 1 7 . 0 9 - 1 )  and ( 1 7 . 0 9 - 2 )  

s h o u l d  be  u s e d  i n  p l a c e  o f  F i g .  1 7 . 0 7 - 6  and  E q s .  ( 1 7 . 0 7 - 3 )  and ( 1 7 . 0 7 - 4 ) .  

Waveguide  f i l t e r s  a n a l o g o u s  t o  t h e  s t r i p - l i n e  f i l t e r  i n  F i g .  1 7 . 1 1 - 4  

a r e  a l s o  p o s s i b l e .  T h e s e  f i l t e r s  c o u l d  t a k e  t h e  g e n e r a l  form o f  t h e  c o r -  

r u g a t e d  wavegu ide  f i l t e r s  d i s c u s s e d  i n  S e c .  7 . 0 4 ,  w i t h  Y I G  s p h e r e s  

i n s e r t e d  i n  t h e  h i g h - i m p e d a n c e  s e c t i o n s  o f  t h e  c o r r u g a t i o n s .  
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t r a n s f o r m e r s ,  300-304 

f r i n g i n g  c a p a c i t a n c e s  from s t e p s  and 
s t r i p s ,  212- 214 181-192, 203-205, 207, 

s e r i e s - c a p a c i t i v e  gaps,  442-444, 493, 
536- 539 

C a p a c i t i v e  i r i s e s  ( see  Capaci t ive  d iscon-  
t i n u i t i e s  and coupl ing  e l e m e n t s )  

Cavity r e s o n a t o r s  ( see  Waveguide 
r e s o n a t o r s )  

C h a r a c t e r i s t i c  impedance, c o a x i a l  l i n e ,  
165-167 

even- and odd-mode. 174-195, 802-808 
opt imized  f o r  reac tance-coupled  h a l f  - 

wave f i l t e r .  569-576 
r e l a t i o n  t o  image impedance. 49 
s t r i p  t ransmiss ion  l i n e ,  r e c t a n g u l a r ,  

168-170 
t r a n s m i s s i o n  l i n e ,  TEM, 163-165 
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Chebishev, Chebyshev ( s e e  Tchebyscheff )  cascaded matched, 812 
maximally f l a t ,  performance o f ,  

822-824 

E l e c t r i c  f i e l d ,  i n  c o u p l i n g  a p e r t u r e s ,  
934-937 

a t  rounded c o r n e r s ,  899-905 
v a r i a t i o n  i n  c a v i t i e s  with f requency,  

914-919 
Equal-element low-pass  p r o t o t y p e s ,  band- 

p a s s  f i l t e r s  d e s i  ed from, 675-681 
(See a l s o  P e r i o d i c  f i K e r s )  

Group v e l o c i t y  , 12, 344 

Guide wavelength ,  197-201 
t a b l e  r e l a t i n g  f r e e - s p a c e  wavelength,  

c u t o f f  wavelength,  and guide  
wavelength ,  324 

Half-wave f i l t e r s  designed from s t e p -  
t r a n s f o r m e r  p r o t o t y p e s ,  r e a c t a n c e -  
c o u p l e d ,  521-576 

d e f i n i t i o n  o f ,  528 
d e s i g n  p r o c e d u r e ,  summary o f ,  556-557 
narrow-band. 532-535 
synchronous ly  tuned, d e f i n i t i o n  o f ,  

529 
s tepped- impedance ,  d e f i n i t i o n  o f ,  258 

exam l e  o f  d i s s i p a t i o n  l o s s  i n ,  342, 
355 

C i r c u l a r  p o l a r i z a t i o n  c o u p l e r ,  s t r o n g  
coupl ing ,  852-855, 863-864 

broadband, 852-854 
C i r c u l a r  TE011-mode f i l t e r s ,  921-937 

midband formulas  f o r ,  814 
p e r i o d i c .  815-819 
synchronous ,  819-841 
z e r o - d b ,  789 ,  817-819 

c o u p l e d - t r a n s m i s s i o n - l i n e  775-810 
f a b r i c a t i o n  o f ,  776-778: 793-802 

Coaxial  l i n e ,  a t t e n u a t i o n  i n ,  165-167 
c h a r a c t e r i s t i c  impedance o f ,  165-166 
c u t o f f  frequency f o r  TEll mode, 168 

ower c a p a c i t y ,  168 8 ,  166-168 
Comb-line f i l t e r s ,  497-506, 516-518, 

977-988 

g e n e r a l  des ign  formulas f o r ,  808 
maximally f l a t ,  790, 791 
o n e - s e c t i o n .  778-7RO 793.807 

Even-mode and odd-mode impedance ( o r  
admi t tance)  o f  p a r a l l e l - c o u p l e d  
l i n e s ,  d e f i n i t i o n  o f ,  174, 192-195 

Excess l o s s ,  d e f i n i t i o n  o f ,  261 
(See a l s o  A t t e n u a t i o n )  

Experimental  d e t e r m i n a t i o n  o f  r e s o n a t o r  
p a r a m e t e r s ,  f o r .  band-pass f i l t e r s ,  
651-675 

f o r  band-s top  f i l t e r s ,  741-744 

, ~ 
. . .-- 

phase r e l a t i o n s  a t  o u t p u t s ,  809 
p r i n c i p a l  des ign  graphs f o r ,  780, 

786 789  Complex f requency,  15-18 - - , 
r e - e n t r a n t  c o n f i g u r a t i o n ,  799 
summary o f  des lgn  procedure  f o r  t h r e e -  

s e c t i o n  c o u p l e r ,  784 
D i r e c t i o n a l  f i l t e r s ,  843-886, 966-968, 1072- 

l O 7 Q  

Constant-k and m-der ived  f i l t e r s ,  60-68 - - -  
h a v i n g  l a r  e  R 304-320 
maximally f l a t :  264, 270, 283-289, 

327, 332, 347- 349 
maximally f l a t  t ime d e l a y ,  347-350 
performance o f .  268-272 

Corrugated waveguide f i l t e r .  380-390 
Coupled t r a n s m i s s i o n  l i n e s  ( see  P a r a l l e l -  

coupled l i n e s )  Externa l  Q , , d e f i n i t i o n  o f ,  and impor tan t  
e q u a t i o n s ,  432-434, 461, 512, 849, 
919-920, 926, 928, 1048-1052, 1070- 
1 n79 

-- . ,  
g e n e r a l  p r o p e r t i e s  o f ,  843-847 
m a g n e t i c a l l y  t u n a b l e ,  1072- 1079 
s t r i p - l i n e ,  t rave l ing-wave  loop,  867-872, 

880-884 
u s i n g  r e s o n a n t  s t r i p s ,  864-867, 884-886 

tuning  o f ,  r e s o n a n t  s t r i p ,  886 
t r a v e l i n g - w a v e  loop,  871 
wave u i d e ,  860-863 

u s i n g  Rybr ids  and band-pass f i l t e r s ,  
66-968 

waveguide, 847-864, 874-880 

D i s c o n t i n u i t i e s .  203-214 
r e a c t a n c e  o r  s u s c e p t a n c e  of a s  a  funct ion  

of d i s c o n t i n u i t y  VSWR, i29  530 
i n  TEM-mode t r a n s m i s s i o n  l i n e s :  c o a x i a l -  

l i n e ,  d iameter  change, 203-205 
r i  h t  a n g l e  s t r i p - l i n e  c o r n e r ,  

~ i m k i o n s  f o r  match 203, 206, 
s e m i - i n f i n i t e  t h i c k  s t r i p ,  f r i n g i n g  

capac i  t a n c e ,  203, 207 

C o u p l e d - t r a n s m i s s i o n - l i n e  d i r e c t i o n a l  
c o u p l e r s  ( s e e  D i r e c t i o n a l  c o u p l e r s )  

Coupler,  d i r e c t i o n a l  ( see  D i r e c t i o n a l  
c o u p l e r s )  

Coupling c o e f f i c i e n t  (between r e s o n a t o r s )  
d e f i n i t i o n  o f ,  and i m p o r t a n t  equa- 
t i o n s ,  432-434, 462, 508, 513, 849, 
926, 929-930, 1054 

measurement o f ,  663-668 
Coupling f a c t o r  ( s e e  Voltage c o u p l i n g  

f a c t o r ,  and power c o u p l i n g  f a c t o r )  
Coupling networks ( see  Impedance- 

matching ne tworks .  Negat ive-  
r e s i s t a n c e  a m p l i f i e r s  Im edance 
I n v e r t e r s ,  and ~i rec  t i o n a e  
c o u p l e r s )  

p e r i o d i c ,  340, 346, 350 
r e l a t i o n  t o  low-pass p r o t o t y p e  

f i l t e r s ,  305 
Tchebyscheff ,  271, 273-300, 315-320, 

347 - 349 

A",- 

measurement o f ,  651-663 

High-pass  f i l t e r s ,  r e a c t a n c e - c o u p l e d ,  
h a l f  -wave, pseudo, 541- 547 

r e a c t a n c e - c o u p l e d ,  quar te r -wave ,  pseudo, 
579-581 

Fer r imagnet ic  r e s o n a t o r s ,  i n  band-pass 
f i l t e r s ,  1043-1079 

i n  band-s top  f i l t e r s ,  1079-1085 
semi-lumped-element,  411-416 
s t u b - t y p e ,  and p a r a l l e l - c o u p l e d ,  pseudo, 

583-605, 626-649 

High-power f i l t e r s ,  889-964 
c a v i t y - r e s o n a t o r - t y p e ,  910-937 
leaky wave, 952-960 
power h a n d l i n g  a b i l i t y  o f ,  895-920 
u s e  o f  d i r e c t i o n a l  couplers  t o  reduce  

s top-band VSWR, 840-841, 892-895 
w a f f l e - i r o n ,  937-951 

de terminat ion  of  c r y s t a l  axes .  
1040- 1043 ~ ~- 

p r o p e r t i e s  o f ,  1027-1040 
Ferromagnetic resonance  (see  Fer r imagnet ic  

r e s o n a t o r s )  
F i e l d  emission, 896 
F r a c t i o n a l  bandwidth,  d e f i n i t i o n  o f ,  

259-260, 438-440 
Frequencies  of i n f i n i t e  a t t e n u a t i o n ,  

20-25, 31-33 
Frequency and impedance s c a l e  changes,  

96-97 

C r y s t a l  axes ,  o f  f e r r i m a g n e t i c  r e s -  
o n a t o r s ,  1033-1035, 1040- 1043 

Cutoff f requency,  c o a x i a l  l i n e  f i r s t  
h i g h e r - o r d e r  mode, 168 

waveguide, 198 
Cutoff wavelength,  c o a x i a l  l i n e  f i r s t  

h i g h e r - o r d e r  mode, 913 
s t r , i p  t r a n s m i s s i o n  l i n e  f i r s t  h i g h e r -  

o r d e r  mode, 172 174 
waveguide, 1 9 7 - 1 9 8 , ' 3 2 4 ,  913 

s t r i p - l i n e  c e n t e r  conductor width 
chan e  203, 206 

s t r i p - ? i n e  T -  and p l u s  j u n c t i o n s ,  
208-211, 602 

Homogeneous t r a n s f o r m e r s ,  255-320. 
334- 352 

d e f i n i t i o n  o f ,  257 
(See a l s o  @ a r t e r - w a v e  t r a n s f o r m e r s )  i n  waveguide t ransmiss ion  l i n e s  change 

~ n  rec tangular -waveguide  h e i g h t ,  
208, 212-214 Frequency s e n s i t i v i t y  of r e s o n a t o r s  f o r  

reac tance-coupled  f i l t e r s .  567 
Hybrids ( s e e  D i r e c t i o n a l  c o u p l e r s )  

T-junctions, 837 
(See a l s o  C a p a c i t i v e  d i s c o n t i n u i t i e s  and 

c o u p l i n g  e lements ,  and I n d u c t i v e  
d i s c o n t i n u i t i e s  and coupl ing  e lements ,  
and VSWR) 

Fr inging  c a p a c i t a n c e ,  from l i n e s  and 
s t e p s ,  c h a r t s  o f ,  181, 187-192, 
204-205, 207, 212- 213 

I d e a l  j u n c t i o n ,  d e f i n i t i o n  of between two 
t r a n s m i s s i o n  l i n e s ,  258 D i s s i p a t i o n  l o s s ,  in  band-pass f i l t e r s ,  

149-155, 336-343 674-675 
i n  band-s top  f i l t e r s :  156-161. 731-733 

Image impedance ( o r  Admittance),  49-72, 
219-225, 382-389, 395, 435-439, 
635-638 

Decibe ls ,  convers ion  t o  n e p e r s ,  52 ,  337 

Decrement, 122-130, 683-719 
d e f i n i t i o n s  o f ,  122, 683, 700 

Delay (see  Group d e l a y ,  Phase d e l a y ,  and 
Time-delay ne tworks)  

Delay networks ( s e e  Time-delay ne tworks)  

D i p l e x e r s ,  991-999 
Dipole moments, 230-232 
D i r e c t - c o u p l e d - r e s o n a t o r  f i l t e r s ,  theory  

o f .  427-440, 506-518, 532-535 
D i r e c t i o n a l  c o u p l e r s ,  775-841 

b r a n c h - l i n e  775 809-841 
b a n d w i d t h ' c o n t r a c t i o n  f a c t o r  o f ,  821  

G a l l i u m - s u b s t i t u t e d  y t t r i u m  i r o n - g a r n e t ,  
GaYIG (see  Fer r imagnet ic  r e s o n a t o r s )  

computed from low-pass p r o t o t y p e s ,  
149-161 

i n  s t e p - t r a n s f o r m e r  p r o t o t y p e s ,  336-343, 
3 5 2  

measurement o f ,  78-80 
Image method f o r  f i l t e r  des ign ,  49-81 

compared w i t h  s y n t h e s i s  methods, 83-84  
GaYIG, g a l l i u m - s u b s t i t u t e d  y t t r i u m - i r o n -  

g a r n e t  ( s e e  Fer r imagnet ic  r e s o n a t o r s )  ~ .- 
i n  t r a n s m i s s i o n  l i n e s  ( see  A t t e n u a t i o n )  

D i s s i p a t i v e  f i l t e r s ,  c o a x i a l ,  957-960 
waveguide. 952-957 

D i s t o r t i o n  o f  p a s s  band o f  widsband 
I reac tance-coupled  band-pass f i l t e r s ,  

549, 551 

General c j r c u i t  p a r a m e t e r s ,  d e f i n i t i o n  and 
b a s i c  e q u a t i o n s ,  26-27, 31-33, 
36-37, 40,  51-53  

Image t r a n s f e r  f u n c t i o n ,  49-72, 219- 225, 
384-385, 396, 636-637 

Immit tance ,  8 1 1  
Gross power f low,  337 

Group d e l a y ,  9,  343-348 
c h a r a c t e r i s t i c s  o f  low-pass p r o t o t y p e  

f i l t e r s ,  108-120, 152-153 
c h a r a c t e r i s t i c s  o f  stepped-impedance 

f i l t e r s ,  346- 352 
(See a l s o  Time-delay networks) 

Impedance (see  O l a r a c t e r i s t i c  impedance, 
Image impedance, Input  impedance) 

Impedance i n v e r t e r  ( a l s o  Admittance 
i n v e r t e r ) ,  approximate c i r c u i t s  
f o r ,  434-440, 986 

Dolph-Tchebyscheff ( see  Arrays)  
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Impedance inver te r -Cont rnued Loss ( s e e  A t t e n u a t i o n ,  D i s s i p a t i o n  l o s s ,  and 
i n  band-pass f i l t e r s ,  431-434, 522-524, I n s e r t i o n  l o s s ) ,  e x c e s s ,  d e f i n i t i o n  

632-641 o f .  261 

Minimum-loss f i l t e r s ,  675-681 
(See a l s o  P e r i o d i c  f i l t e r s )  

even- and odd-mode impedances and 
admi t tances ,  computation from s e l f  and 
mutual c a p a c i t a n c e s ,  182, 192-195 

d e f i n i t i o n s  o f ,  174, 192-195 
a s  f i l t e r  s e c t i o n s ,  a l l  p a s s ,  223 

a l l - s t o p ,  224, 225, 228 
band-pass ,  220-222, 226, 227 
low- a s s ,  219 

(See aPso P a r a l l e l - c o u p l e d  f i l t e r s ,  
Comb-line f i l t e r s ,  and D i r e c t i o n a l  
f i l t e r s  o f  the  t rave l ing-wave- loop 
t y p e )  

Pass-band d i s t o r t i o n  i n  r e a c t i v e -  coupled 
f i l t e r s  designed from t r a n s f o r m e r  
p r o t o t y p e s ,  549, 551 

Modes, c h a r t s  o f  f o r  c y l i n d r i c a l  
c a v i t i e s ,  349-252, 931, 933 

f o r  r e c t a n  u l a r  c a v i t i e s ,  244 
even- and o d t -  i n  b r a n c h - l i n e  

d i r e c t i o n a l  couplers .  812-813 
even- and odd- i n  p a r a l l e l - c o u p l e d  

l i n e s ,  d e f i n i t i o n  o f ,  174, 192-194, 

. -- - .- 

i n  hand-stop f i l t e r s ,  733-736 Low-pass t o  band-pass  mappings, 438-440, 441, i n  low-pass p r o t o t y p e s ,  144-149, 632-641 
r e l a t i o n  t o  impedance s t e p s  i n  s t e p  

452, 583-584, 647-649 

t r a n s f o r m e r s ,  259 Low-pass t o  b a n d - s t o p  mappings, 727-729,  758 

Impedance-matching networks,  3- 5  
band-pass,  681-713 
image b a s i s ,  f o r  f i l t e r s  des igned  on ,  

72-77 ,  397-400 
low-pass and h i g h - p a s s ,  416-418 
f o r  n e g a t i v e - r e s i s t a n c e  a m p l i f i e r s ,  

6 -9 .  135-144, 714-719 
Induct ive  d i s c o n t i n u i t i e s  and c o u p l i n g  

e lements ,  i r i s - c o u p l e d  waveguide 
j u n c t i o n s ,  229-243, 453-454, 
461-462,.  541, .852-855 

p o s t s i n  c o a x i a l  l i n e  and waveguide, 
540-541 

Low-pass f i l t e r s ,  c o r r u g a t e d  waveguide, 
380-390 

with d i s s i p a t i v e  s t o p  bands ,  952-960 
with i n f i n i t e  a t t e n u a t i o n  a t  f i n i t e  

f  r e  u e n i c e s ,  374- 380 
of L-C ?adder  form, 365-374 
from q u a r t e r - w a v e - t r a n s f o r m e r  p r o t o t y p e s ,  

409-411 

usin! 
semi-lumped e lements ,  365-380, 

95-998 
w a f f l e  i r o n ,  390-409, 937-952 
(See a l s o  Low-pass p r o t o t y p e  f i l t e r s )  

802-803 
(See a l s o  Waveguide, Coaxial  l i n e ,  

and S t r i p  t ransmiss ion  l i n e )  

Mul t ipac tor ,  896 
M u l t i p l e x e r s ,  965-999 

wi th  cont iguous  p a s s  bands, 973-999 
d i p l e x e r s ,  991-999 
wi th  guard bands,  966-973 

P e r i o d i c  b r a n c h - l i n e  d i r e c t i o n a l  c o u p l e r ,  
815-819 

P e r i o d i c  stepped-impedance f i l t e r ,  
c h a r a c t e r i s t i c s  o f ,  346-352 

d e f i n i t i o n  o f ,  340 
r e l a t e d  equal -e lement ,  low-pass 

p r o t o t y p e s ,  340, 341, 675-681 

Low-pass t o  h i g h - p a s s  mapping, 412-413 
s t r i p - l i n e  s t e p  at1d c o r n e r ,  206 
s t r i p - l i n e  s t u b s ,  466-468 

Low-pass p r o t o t y p e  f i l t e r s ,  83-162 
d e f i n i t i o n  o f  e lement  v a l u e s ,  95-97 

Induct ive  i r i s e s  and p o s t s  ( see  I n d u c t i v e  doubly t e r m i n a t e d  maximally f l a t  and 
d i s c o n t i n u i t i e s  and c o u p l i n g  Tchebyscheff ,  97-104 
elements ) impedance-matching networks,  120-135 

Inhomogeneous t r a n s f o r m e r ,  320-334 
maximally f l a t  and Tchebyscheff 

d e f i n i t i o n  o f ,  257 a t t e n u a t i o n  c h a r a c t e r i s t i c s ,  85-95  
maximally f l a t  t i m e - d e l a y ,  108- 113 

Narrow-band band-pass f i l t e r s ,  307, 339, 
421-518, 521, 532-535, 675-681, 
843-886, 910-937, 1001-1079 

Phase c o n s t a n t  ( see  Propagation c o n s t a n t )  

Phase d e l a y ,  9  
Narrow-stop-band band-s top  f i l t e r s ,  

725-757, 1079-1085 
(See a l s o  I h r e c t i o n a l  f i l t e r s )  

Phase s h i f t ,  9-11, 116 
i n  d i r e c t i o n a l  couplers ,  809, 812 
(See a l s o  Time-delay,  and Time-delay Input-impedance ( o r  a d m i t t a n c e ) ,  c a l c u l a -  f o r  ne a t i v e - r e s i s t a n c e  a m p l i f i e r s ,  

t i o n  o f ,  35-36. 68-70 135- 144 
p r o p e r t i e s  o f ,  18-20 r e l a t i o n  t o  quar te r -wave  t r a n s f o r m e r  

I n s e r t i o n  l o s s .  38-39 p r o t o t y p e ,  305, 532 

(See a l s o  A t t e n u a t i o n )  
s i n g l y  t e r m i n a t e d  maximally f l a t  and 

Tchebvscheff .  104- 109 

Natura l  modes o f  v i b r a t i o n ,  18-25 ne tworks)  

Phase v e l o c i t y ,  12 

P i - s e c t i o n s ,  28, 30, 54-55 
P l u s - j u n c t i o n s  ( see  T - j u n c t i o n s )  
P o l a r i z a b i l i t i e s ,  e l e c t r i c ,  231-233 

magnetic,  231-232, 234, 235 
Poles and z e r o s ,  15-25 
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