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\&  seam  forming  network  for  a  butler  matrix  fed  circular  array. 
@  A  beam  forming  network  is  described  for  generating  a 
difference  beam  in  a  first  direction  with  an  omnidirectional 
sidelobe  in  other  directions  incorporating  a  plurality  of  hy- 
brid  circuits  and  a  plurality  of  directional  couplers  coupled 
together.  The  invention  overcomes  the  problem  of  requiring 
a  more  complex  circuit  for  generating  a  difference  beam 
with  an  omnidirectional  sidelobe. 
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BEAM  FORMING  NETWORK  FOR  A 
BUTLER  MATRIX  FED  CIRCULAR  ARRAY 

Background   of  the  I n v e n t i o n  
5 

F i e l d   of  the  I n v e n t i o n :  

This   i n v e n t i o n   r e l a t e s   to  a n t e n n a s   and  more  p a r t i c u l a r l y  
to  a  beam  forming  network  for  an  a n t e n n a .  

10 

D e s c r i p t i o n   of  the  P r i o r   A r t s  

In  an  a i r b o r n e   c o l l i s i o n   a v o i d a n c e   system  a  sum  and  
d i f f e r e n c e   p a t t e r n   is  r e q u i r e d   for  m e a s u r i n g   the  p o s i t i o n   o f  

15  an  a i r c r a f t   w i t h i n   a  22.5°   s e c t o r .   A i r c r a f t   w i t h i n   a  s e c t o r  
to  be  i n t e r r o g a t e d   r e c e i v e s   a  Pi  and  P3  p u l s e   of  a  g r e a t e r  
a m p l i t u d e   than  a  P2  p u l s e   which  o c c u r s   in  between  the  PI  a n d  
P3  p u l s e s .   The  a m p l i t u d e   of  the  P2  p u l s e   is  a t t e n u a t e d   i n  
the  d e s i r e d   s e c t o r   by  u t i l i z i n g   a  d i f f e r e n c e   p a t t e r n   h a v i n g  

20  i t s   n u l l   p o i n t e d   in  the  d e s i r e d   s e c t o r   with  the  a m p l i t u d e   o f  
the  P2  p u l s e   in  a l l   o t h e r   d i r e c t i o n s   e x c e e d i n g   the  a m p l i t u d e  
of  the  PI  and  P3  p u l s e s   o u t s i d e   the  d e s i r e d   i n t e r r o g a t e d  
s e c t o r .  

In  U.S.  P a t e n t   4 , 4 2 5 , 5 6 7 ,   which  i s s u e d   on  J a n u a r y   1 0 ,  
25  1984,  to  C.  P.  T r e s s e l t ,   a  beam  forming  network  is  d e s c r i b e d  

in  F igs .   4,  9  and  10  for  forming  sum  and  d i f f e r e n c e   p a t t e r n s  
with  o m n i d i r e c t i o n a l   s i d e l o b e s .  

In  U.S.  P a t e n t   4 , 3 1 6 , 1 9 2 ,   which  i s s u e d   on  F e b r u a r y   1 6 ,  
1982,  to  J.  H.  A c o r a c i ,   a  beam  forming  network  is  d e s c r i b e d  

30  in  Fig.   7  for  g e n e r a t i n g   a  sum  and  d i f f e r e n c e   p a t t e r n .   The 
beam  forming  network  is  shown  coup l ed   to  a  c i r c u l a r   a r r a y  
a n t e n n a   t h r o u g h   a  B u t l e r   m a t r i x .   Fig.   2  *192  shows  t h a t   a 
d i f f e r e n c e   p a t t e r n   formed  by  the  beam  forming  network  o f  
Fig.   7  is  formed  by  s u b t r a c t i n g   a  sum  p a t t e r n   from  an 

35  o m n i d i r e c t i o n a l   p a t t e r n   to  form  a  c a r d i o i d   which  in  tu rn   was 
added  to  a  d i f f e r e n c e   p a t t e r n   to  form  a  d i f f e r e n c e   p a t t e r n  
with  o m n i d i r e c t i o n a l   s i d e l o b e s .  
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A  p u b l i c a t i o n   by  Sheleg   e n t i t l e d   "A  Ma t r ix   Fed  C i r c u l a r  
Array  for  Con t inuous   S c a n n i n g " ,   Proc.   IEEE,  November  1 9 6 8 ,  
pp.  2016-2027  d e s c r i b e s   and  shows  in  Fig.   2  a  B u t l e r   m a t r i x  
fed  e l e c t r o n i c a l l y   scanned   c i r c u l a r   a r r a y .  

5  I t   is  t h e r e f o r e   d e s i r a b l e   to  p r o v i d e   a  s imp le r   beam 
forming  network  for  p r o v i d i n g   a  d i f f e r e n c e   p a t t e r n   in  one  
d i r e c t i o n   and  an  o m n i d i r e c t i o n a l   p a t t e r n   in  o the r   d i r e c t i o n s .  

I t   is  f u r t h e r   d e s i r a b l e   to  form  a  d i f f e r e n c e   p a t t e r n   i n  
one  d i r e c t i o n   and  an  o m n i d i r e c t i o n a l   p a t t e r n   in  o t h e r  

L0  d i r e c t i o n s   by  summing  a  d i f f e r e n c e   p a t t e r n   and  a  180°  
s t e e r e d   sum  p a t t e r n .  

Summary  of  the  I n v e n t i o n  

L5  An  a p p a r a t u s   and  method  is  d e s c r i b e d   for  g e n e r a t i n g   a 
d i f f e r e n c e   beam  in  a  f i r s t   d i r e c t i o n   with  an  o m n i d i r e c t i o n a l  
s i d e l o b e   in  o t h e r   d i r e c t i o n s   c o m p r i s i n g   the  s t e p s   o f  
g e n e r a t i n g   a  d i f f e r e n c e   beam  hav ing   a  maximum  a t t e n u a t i o n   i n  
a  f i r s t   and  second  d i r e c t i o n   s u b s t a n t i a l l y   at  180°  a p a r t   i n  

20  a  p r e d e t e r m i n e d   p lane   of  r a d i a t i o n   and  g e n e r a t i n g   a  sum  beam 
in  sa id   second  d i r e c t i o n   having   a  p r e d e t e r m i n e d   a m p l i t u d e  
whereby  the  maximum  a t t e n u a t i o n   in  the  second  d i r e c t i o n   i s  
r e d u c e d .  

25  B r i e f   D e s c r i p t i o n   of  the  D r a w i n g  

Fig .   1  is  a  s c h e m a t i c   d iagram  of  one  embodiment  of  t h e  
i n v e n t i o n .  

Fig.   2  is  a  block  d i ag ram  of  an  a n t e n n a   and  feed  n e t w o r k  
50  u t i l i z i n g   the  embodiment  of  Fig.   1 .  

Fig.   3  is  a  graph  of  the  sum  p a t t e r n ,   minus  t h e  
d i f f e r e n c e   p a t t e r n ,   g e n e r a t e d   by  the  embodiment   of  Fig.   2 .  

Fig .   4  is  a  graph  of  the  sum  p a t t e r n ,   minus  the  sum 
p a t t e r n ,   which  is  s t e e r e d   180°  g e n e r a t e d   by  the  e m b o d i m e n t  

*5  of  Fig .   2 .  
Fig.   5  is  a  graph  of  the  d i f f e r e n c e   p a t t e r n   g e n e r a t e d   by  

the  embodiment   of  Fig.   2 .  
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Fig .   6  is  a  graph  of  the  combined  d i f f e r e n c e   and  sum 
p a t t e r n s   g e n e r a t e d   by  the  embodiment   of  Fig.   2 .  

Fig .   7  is  a  p lan   view  of  one  embodiment   of  hyb r id   18 
shown  in  Fig .   1 .  

5 

•  D e s c r i p t i o n   of  the  P r e f e r r e d   Embod imen t  

R e f e r r i n g   to  Fig.   1,  beam  forming  network  10  is  shown 
for  g e n e r a t i n g   s i g n a l s   which  may  s u b s e q u e n t l y   be  coup led   t o  

10  a n t e n n a   e l e m e n t s   r e s u l t i n g   in  g e n e r a t i n g   a  d i f f e r e n c e   beam 
in  a  f i r s t   d i r e c t i o n   with  an  o m n i d i r e c t i o n a l   s i d e l o b e   i n  
o t h e r   d i r e c t i o n s .   Beam  forming  network  10  may  a l so   g e n e r a t e  
a  sum  beam.  Beam  forming  network  10  may  r e c e i v e   m i c r o w a v e  

ene rgy   over  l i n e   14  for  g e n e r a t i n g   a  sum  beam  p a t t e r n   and  
15  may  r e c e i v e   microwave  ene rgy   over  l i n e   16  for  g e n e r a t i n g   a 

d i f f e r e n c e   beam  p a t t e r n   with  o m n i d i r e c t i o n a l   s i d e l o b e s .  
Line  14  is  coup led   to  a  f i r s t   i npu t   of  h y b r i d   18.  When 
microwave  ene rgy   is  p r e s e n t   on  l i n e   14,  h y b r i d   18  f u n c t i o n s  
to  p r o v i d e   an  in  phase   o u t p u t   on  l i n e s   19  and  20  with  an  

20  a m p l i t u d e   a t t e n u a t i o n   of  -3  dB  on  each  l i n e .   Line  19  i s  

c o u p l e d   though  d i r e c t i o n a l   c o u p l e r   22  to  o u t p u t   t e r m i n a l  
23.  Line  20  is  coup l ed   to  the  f i r s t   i npu t   of  h y b r i d   24 .  
Hybrid   24  f u n c t i o n s   to  r e c e i v e   microwave  ene rgy   on  l i n e   20 
and  to  p r o v i d e   an  o u t p u t   on  l i n e s   25  and  26  which  are  i n  

25  phase  and  a t t e n u a t e d   by  -3  dB.  Lines  25  and  26  are  c o u p l e d  
to  o u t p u t   t e r m i n a l s   37  and  38,  r e s p e c t i v e l y .   Line  20  i s  
a l so   coup l ed   t h rough   d i r e c t i o n a l   c o u p l e r   28  which  f u n c t i o n s  
to  coup le   a  p o r t i o n   of  the  s i g n a l   on  l i n e   20  with  a 
p r e d e t e r m i n e d   a m p l i t u d e   such  as  -10 .5   dB  onto  l i n e   29 .  

30  D i r e c t i o n a l   c o u p l e r   28  may  have  l i n e   29  t e r m i n a t e d   by 
r e s i s t o r   30.  Line  29  is  coup l ed   to  a  f i r s t   i npu t   of  h y b r i d  
32.  Hybrid   32  f u n c t i o n s   to  r e c e i v e   microwave  ene rgy   on  l i n e  
29  and  to  p r o v i d e   an  o u t p u t   on  l i n e s   33  and  34,  which  are  i n  

phase   and  a t t e n u a t e d   by  -3  dB.  Lines   33  and  34  are  c o u p l e d  
35  to  o u t p u t   t e r m i n a l s   35  and  36 .  

D i r e c t i o n a l   c o u p l e r   22  f u n c t i o n s   to  coup le   a 
p r e d e t e r m i n e d   p o r t i o n   of  microwave  energy   on  l i n e   19,  s u c h  
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as  for  example ,   -6 .9   dB,  to  l i n e   40.  D i r e c t i o n a l   c o u p l e r   22 

may  have  one  end  of  l i n e   40  t e r m i n a t e d   by  r e s i s t o r   41.  L i n e  
40  is  coup led   to  a  f i r s t   i npu t   '  of  h y b r i d   42.  Hybrid  42 
f u n c t i o n s   to  r e c e i v e   microwave  energy   on  l i n e   40  and  t o  

5  p r o v i d e   an  o u t p u t   on  l i n e s   43  and  44,  which  are  in  phase  a n d  
a t t e n u a t e d   by  -3  dB.  Lines   43  and  44  are  coup l ed   to  o u t p u t  
t e r m i n a l s   45  and  46,  r e s p e c t i v e l y .  

Line  16  is  c o u p l e d   to  d i r e c t i o n a l   c o u p l e r   48,  w h i c h  
f u n c t i o n s   to  coup le   a  p o r t i o n   of  the  microwave  energy   on 

10  l i n e   16,  such  as  an  a m p l i t u d e   of  -15 .7   dB  to  l i n e   49 .  
D i r e c t i o n a l   c o u p l e r   48  has  one  end  of  l i n e   49  t e r m i n a t e d   by  
r e s i s t o r   50.  Line  49  is  coup l ed   to  a  second  i npu t   of  h y b r i d  
18.  Hybrid  18  f u n c t i o n s   to  d i v i d e   the  microwave  energy   on 
l i n e   49  to  l i n e   19,  which  is  in  phase  and  a t t e n u a t e d   by  - 3  

15  dB  and  to  l i n e   20,  which  is  180°  out  of  phase   and  a t t e n u a t e d  
by  -3  dB.  Line  16  f u r t h e r   p a s s e s   t h r o u g h   d i r e c t i o n a l  

c o u p l e r s   52  and  54  to  a  second  i n p u t   of  h y b r i d   24 .  
D i r e c t i o n a l   c o u p l e r   52  f u n c t i o n s   to  c o u p l e   a  p o r t i o n   of  t h e  
microwave  energy   on  l i n e   16,  such  as  -11 .3   dB,  onto  l i n e  

20  53.  Line  53  is  coup l ed   to  a  second  i n p u t   of  h y b r i d   32 .  

Hybrid   32  f u n c t i o n s   to  d i v i d e   the  microwave  ene rgy   on  l i n e  
53  to  l i n e   33,  which  is  in  phase   and  a t t e n u a t e d   by  -3  dB  and  
to  l i n e   34,  which  is  180°  out  of  phase   and  a t t e n u a t e d   by 
-3dB.  D i r e c t i o n a l   c o u p l e r   52  has  r e s i s t o r   55  coup led   to  o n e  

25  end  of  l i n e   53  for  t e r m i n a t i n g   i t .   D i r e c t i o n a l   c o u p l e r   54 
has  r e s i s t o r   56  coup l ed   to  one  end  of  l i n e   57  f o r  
t e r m i n a t i n g   i t .   D i r e c t i o n a l   c o u p l e r   54  f u n c t i o n s   to  c o u p l e  
a  p o r t i o n   of  the  microwave  energy   on  l i n e   16  such  as  -7 .4   dB 
to  a  second  i npu t   of  h y b r i d   42.  Hybrid  42  f u n c t i o n s   t o  

30  p r o v i d e   an  o u t p u t   on  l i n e   43,  which  is  in  phase  and  
a t t e n u a t e d   by  -3  dB  and  an  o u t p u t   on  l i n e   44,  which  is  180°  
out  of  phase   and  a t t e n u a t e d   by  -3  dB. 

Hybrid   c o u p l e r s   18,  24,  42,  and  32  may  be,  for  e x a m p l e ,  
implemented   wi th   f o l d e d   magic  t e e s .   F ig .   7  shows  one  

35  embodiment   of  h y b r i d   18  with  f o l d e d   magic  t e e s ,   whe re in   t h e  
f i r s t   i n p u t ,   such  as  l i n e   14  of  h y b r i d   18,  c o r r e s p o n d s   t o  
the  2  i n p u t .   The  second  i n p u t ,   such  as  l i n e   49,  c o r r e s p o n d s  
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to  the  A  i npu t   of  a  f o l d e d   magic  t e e .   The  f i r s t   o u t p u t   on 
l i n e   19  c o r r e s p o n d s   to  the  2  '  o u t p u t   of  a  f o l d e d   magic  t e e  
and  the  second  o u t p u t   on  l i n e   20  c o r r e s p o n d s   to  the  A  ' 

o u t p u t   of  a  f o l d e d   magic  t e e .   An  i npu t   s i g n a l   to  the  2  p o r t  
5  of  a  f o l d e d   magic  tee  p r o v i d e s   a  -90°  phase   d e l a y   with  a  - 3  

dB  o u t p u t   at  the  2  '  p o r t   and  at  the  A  •  p o r t j   and  an  i n p u t  
s i g n a l   to  the  a  po r t   p r o v i d e s   a  -90°  phase   d e l a y   with  a  - 3  
dB  o u t p u t   at  the  2  «  p o r t   and  a  -270°  phase   d e l a y   with  a  - 3  
dB  o u t p u t   at  the  A  '  p o r t .   The  -270°  phase   de l ay   i s  

10  p r o v i d e d   by  a  f o l d e d   l i n e   l e n g t h   in  the  f o l d e d   magic  t e e .  
The  f o l d e d   magic  t e e s   are  s m a l l e r   in  s i z e   than  the  c i r c u l a r  
1.5  w a v e l e n g t h   d i a m e t e r   r a t   race   of  the  p r i o r   a r t   from  w h i c h  
the  f o l d e d   magic  t e e s   were  d e r i v e d .   The  f o l d e d   magic  t e e  

may  be  c o n s t r u c t e d   by  p r o v i d i n g   a  c o n d u c t o r   or  l i n e   l e n g t h  
15  135  of  90°  of  the  d e s i g n   w a v e l e n g t h   on  p r i n t e d   c i r c u i t   b o a r d  

136  from  the  2  p o r t   to  the  2  '  p o r t ,   a  90°  l i n e   l e n g t h   137 
from  the  2  '  p o r t   to  the  A  p o r t ,   a  270°  l i n e   l e n g t h   138 
from  the  A  p o r t   to  the  a  1  p o r t ,   and  a  90°  l i n e   l e n g t h   139 
from  the  A  '  p o r t   to  the  2  p o r t .  

20  R e f e r r i n g   to  Fig .   2,  a  b lock  d i ag ram  is  shown  of  beam 

forming   network  10  coup l ed   to  a  c i r c u l a r   a n t e n n a   a r r a y   60 

t h r o u g h   phase  s h i f t e r s   63-69  and  B u t l e r   m a t r i x   62.  O u t p u t  
t e r m i n a l s   23,  37,  45,  35,  36,  46,  and  38  of  beam  f o r m i n g  
ne twork   10  are  c o u p l e d   over  l i n e s   70  t h rough   7 6 ,  

25  r e s p e c t i v e l y ,   to  an  i npu t   of  phase   s h i f t e r s   63  t h rough   6 9 .  
An  o u t p u t   of  phase   s h i f t e r s   63  t h rough   69  is  coup l ed   o v e r  
l i n e s   77  t h rough   83,  r e s p e c t i v e l y ,   to  r e s p e c t i v e   i n p u t s   o f  
B u t l e r   m a t r i x   62.  An  e i g h t h   i npu t   to  B u t l e r   m a t r i x   62  i s  
t e r m i n a t e d   by  r e s i s t o r   85  c o u p l e d   to  l i n e   84.  B u t l e r   m a t r i x  

30  62  has  e i g h t   o u t p u t s   on  l i n e s   91  t h r o u g h   98,  which  a r e  
coup l ed   to  a n t e n n a   e l e m e n t s   101  t h rough   108,  r e s p e c t i v e l y ,  
of  c i r c u l a r   a n t e n n a   a r r a y   60.  Antenna  e l e m e n t s   101  t h r o u g h  
108  may  be  e v e n l y   p o s i t i o n e d   about   a  c i r c l e   hav ing   a  c e n t e r  
130  and  a  d i a m e t e r   of  26.67  cm  (10 .5")   shown  by  arrow  99  i n  

35  Fig .   2.  B u t l e r   m a t r i x   62  f u n c t i o n s   to  c o n v e r t   or  t r a n s f o r m  
the  i npu t   s i g n a l s   on  l i n e s   77  t h rough   84  which  are  s u i t a b l e  
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ror  a  x m e a r   a n t e n n a   to  a  c i r c u l a r   a n t e n n a   a r r a y   60  t o  
p r o v i d e   the  same  r e s u l t a n t   an t enna   p a t t e r n .  

The  sum  and  d i f f e r e n c e   p a t t e r n s   from  beam  f o r m i n g  
network  10  may  be  s t e e r e d   by  s t e e r i n g   e l e c t r o n i c s   110,  w h i c h  

5  has  d i g i t a l   s t e e r i n g   command  i npu t   on  l i n e   111  and  an  o u t p u t  
on  l i n e   112,  which  f u n c t i o n s   to  c o n t r o l   phase   s h i f t e r s   63 
t h r o u g h   69.  The  terms  sum  p a t t e r n ,   d i f f e r e n c e   p a t t e r n ,   sum 
beam  and  d i f f e r e n c e   beam  as  used  h e r e i n   r e l a t e   to  a n t e n n a  
p a t t e r n s   s u i t a b l e   for  use  in  monopulse   r ada r   d i r e c t i o n  

10  f i n d i n g .  
The  a n t e n n a   p a t t e r n s   are  r a d i a t e d   ou tward   from  c i r c u l a r  

an tenna ,   a r r a y   60.  R e f e r e n c e   l i n e   131  is  in  the  p l ane   o f  
c i r c u l a r   an t enna   a r r a y   60  and  p a s s e s   t h r o u g h   c e n t e r   1 3 0 .  
R e f e r e n c e   l i n e   132  is  a l s o   in  the  p l ane   of  c i r c u l a r   a n t e n n a  

1-5  a r r a y   60  and  at  an  ang le   $  shown  by  arrow  133  in  Fig.   2  w i t h  
r e s p e c t   to  r e f e r e n c e   l i n e   131.  The  p o s i t i o n   of  r e f e r e n c e  
l i n e   131  may  be  c o n s i d e r e d   at  0°.  Thus,  the  ang le   0  may 
r e p r e s e n t   an  angle   of  r a d i a t i o n   from  c i r c u l a r   a n t e n n a   a r r a y  
60 .  

20  In  o p e r a t i o n   of  beam  forming  network  10,  shown  in  F i g s .  
1  and  2,  when  microwave  energy   is  coup l ed   to  the  sum 
t e r m i n a l   on  l i n e   14,  the  microwave  ene rgy   is  d i s t r i b u t e d   t o  
the  o u t p u t   t e r m i n a l s   23,  37,  45,  35,  36,  46,  and  38  h a v i n g  
an  a m p l i t u d e   and  phase  as  shown  in  Table  1 .  

25 

TABLE  I  
SUM  PATTERN  ILLUMINATION 

INTO  PHASE  SHIFTERS 

Ampl i tude   P h a s e  
10  T e r m i n a l   Mode  (dB)  (Deg) 

23  0  -4 .002   0 . 0  
37  -1  -6 .426   0 . 0  
45  -2  -12 .921   0 . 0  
35  -3  -16 .521   0 . 0  

15  36  +3  -16 .521   0 . 0  
46  +2  - 12 .921   0 . 0  
38  +1  - 6 .426   0 . 0  
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The  r e s u l t i n g   a n t e n n a   p a t t e r n   r a d i a t e d   from  c i r c u l a r  
a n t e n n a   a r r a y   60,  us ing   the  v a l u e s   shown  in  Table   I,  a f t e r  
a p p r o p r i a t e   phase   s h i f t e r s   by  phase   s h i f t e r s   63-69  is  shown 
in  Fig.   3.  Phase  s h i f t s   p r o v i d e d   by  phase   s h i f t e r s   6 3 - 6 9  

5  f u n c t i o n   to  p r o v i d e   f o c u s i n g   to  the  a n t e n n a   p a t t e r n   r a d i a t e d  
from  c i r c u l a r   a n t e n n a   a r r a y   60  and  s t e e r i n g   of  the  a n t e n n a  
p a t t e r n .   The  phases   p r o v i d e d   in  Table  II  are  s u i t a b l e   f o r  
c o u p l i n g   to  a  l i n e a r   a r r a y   of  even ly   spaced  e l e m e n t s  
p o s i t i o n e d   t r a n s v e r s e   to  the  d i r e c t i o n   of  r a d i a t i o n .   I n  

10  Fig.   3  the  o r d i n a t e   r e p r e s e n t s   power  in  d e c i b e l s   and  t h e  
a b s c i s s a   r e p r e s e n t s   p o l a r   ang le   in  d e g r e e s -   Curve  114  shows 
the  sum  beam  and  cu rves .   115  t h r o u g h   118  show  the  s i d e l o b e  
p a t t e r n s .  

When  microwave  ene rgy   is  coup led   to  l i n e   49,  t h e  
15  microwave  energy   is  d i s t r i b u t e d   to  microwave  o u t p u t  

t e r m i n a l s   23,  37,  45,  35,  36,  46  and  38  hav ing   an  a m p l i t u d e  
and  phase   as  shown  in  Table   I I .   The  a n t e n n a   p a t t e r n   f r o m  
c i r c u l a r   a n t e n n a   a r r a y   60,  us ing   the  v a l u e s   shown  in  T a b l e  
I I ,   a f t e r   a p p r o p r i a t e   phase   s h i f t s   by  phase   s h i f t e r s   6 3 - 6 9  

2u  is  shown  in  Fig .   4 .  

TABLE  I I  
SUM  BEAM  FILL  IN  ILLUMINATION 

Ampl i tude   P h a s e  
25  T e r m i n a l   Mode  (dB)  (Deg) 

30 

23  0  - 4 .002   0 
37  -1  -6 .426   180 
45  -2  -12 .921   0 
35  -3  -16 .521   180 
36  +3  -16 .521   180 
16  +2  -12 .921   0 
38  +1  -6 .426   180 

35 In  Fig.   4  the  o r d i n a t e   r e p r e s e n t s   power  in  d e c i b e l s   and  
:he  a b s c i s s a   r e p r e s e n t s   p o l a r   ang le   in  d e g r e e s .   The  sum 
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beam  s t e e r e d   180°  is  the  r e s u l t   of  c o u p l i n g   microwave  e n e r g y  
from  l i n e   16  over  l i n e   49  to  the  second  i npu t   of  h y b r i d   18 
as  shown  in  Fig.   1.  As  shown  in  Fig.   4,  curve   114  has  b e e n  
s h i f t e d   180°  c a u s i n g   one  h a l f   of  curve   114  to  appear   on  t h e  
l e f t   s ide   of  Fig.   4  and  the  o t h e r   h a l f   of  curve   114  t o  

appear   on  the  r i g h t   s ide   of  Fig.   4  and  c u r v e s   115  and  118 
are  j o i n e d   t o g e t h e r   at  0°.  Because  of  a  r e d u c t i o n   of  power  
at  the  i npu t   of  h y b r i d   18  due  to  c o u p l e r   48,  c u r v e s   1 1 4 ,  
115,  and  118  are  a t t e n u a t e d .   Curves  116  and  117,  shown  i n  
Fig.   3,  are  a t t e n u a t e d   below  -48  dB  and  t h e r e f o r e ,   are  n o t  
shown  in  Fig.   4 .  

Fig.   5  is  a  graph  of  the  d i f f e r e n c e   p a t t e r n   f r o m  
c i r c u l a r   a n t e n n a   a r r a y   60  g e n e r a t e d   by  beam  forming  n e t w o r k  
10  shown  in  F igs .   1  and  2.  Microwave  energy   coup led   o v e r  
l i n e   16  and  t h rough   c o u p l e r s   52  and  54  to  l i n e s   53  and  57 
and  with  no  power  coup l ed   t h r o u g h   c o u p l e r   48,  is  d i s t r i b u t e d  
to  o u t p u t   t e r m i n a l s   23,  37,  45,  35,  36,  46  and  38  having  an  
a m p l i t u d e   and  phase  as  shown  in  Table   I I I   and  p r o v i d e s   a 
p a t t e r n   a f t e r   a p p r o p r i a t e   phase   s h i f t s   by  phase   s h i f t e r s  
63-69  as  shown  in  Fig.   5.  

TABLE  I I I  
DIFFERENCE  BEAM  ILLUMINATION 

WITH  LINE  49  SEVERED 

Ampl i tude   P h a s e  
Te rmina l   Mode  (dB)  (Deg) 

23  0  - 1 9 . 7 0 2   0 . 0  
37  -1  -3 .282   1 8 0 . 0  
45  -2  - 12 .067   1 8 0 . 0  
35  -3  -13 .376   1 8 0 . 0  
36  +3  - 15 .628   0 . 0  
46  +2  -9 .806   0 . 0  
38  +1  -5 .535   0 . 0  
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i 
In  F ig .   5  the  o r d i n a t e   r e p r e s e n t s   power  in  d e c i b e l s   a n d  

the  a b s c i s s a   r e p r e s e n t s   p o l a r   a n g l e   in  d e g r e e s .   Curve  120 
shows  the  d i f f e r e n c e   p a t t e r n   wi th   c u r v e   p o r t i o n   121  s h o w i n g  
the  d e s i r e d   deep  a t t e n u a t i o n   no tch   of  the  d i f f e r e n c e  

5  p a t t e r n ,   w h i l e   c u r v e   p o r t i o n s   122  and  123  show  u n d e s i r e d  
deep  a t t e n u a t i o n   180°  removed  from  c u r v e d   p o r t i o n   1 2 1 .  

F ig .   6  is  a  g raph   of  the  p a t t e r n   from  c i r c u l a r   a n t e n n a  
a r r a y   60  g e n e r a t e d   by  beam  f o r m i n g   ne twork   10  shown  in  F i g s .  
1  and  2  when  m ic rowave   e n e r g y   is  c o u p l e d   over   l i n e s   16,  4 9 ,  

10  53  and  57.  In  F ig .   6  the  o r d i n a t e   r e p r e s e n t s   power  i n  
d e c i b e l s   and  the  a b s c i s s a   r e p r e s e n t s   p o l a r   a n g l e   i n  
d e g r e e s .   Curve  125  shows  an  o m n i d i r e c t i o n a l   p a t t e r n   wi th   a  
d i f f e r e n c e   p a t t e r n   shown  by  c u r v e   p o r t i o n   126.  F ig .   6  is  a  
c o m p o s i t e   or  the   a d d i t i o n   of  the  c u r v e s   shown  in  F i g s .   4  a n d  

15  5  r e s u l t i n g   from  m i c r o w a v e   e n e r g y   on  l i n e s   16,  49,  53  and  57 
of  beam  f o r m i n g   n e t w o r k   10.  As  can  be.  seen  in  F ig .   6,  a n  
o m n i d i r e c t i o n a l   p a t t e r n   is  g e n e r a t e d   in  the   r e g i o n   f r o m  
-120°  to  -180°  and  from  +120°  to  +180°  having"  an  a m p l i t u d e  
and  a  r ange   of  -11  dB  to  -14  dB.  

20 

TABLE  IV 
Mode  Phase   Phase  S h i f t   Phase  S h i f t  

S h i f t   At  0°  (Deg)  At  5°  (Deg) 

3V 

U 
- 1  

- 2  

- 3  

f 3  

f 2  

f l  

bJ  
64 

65 

66 

67 

68 

69 

0 
2 6 . 4 1 8  

- 3 0 . 9 4 1  

1 0 9 . 1 6 5  

1 0 9 . 1 6 5  

- 3 0 . 9 4 1  

2 6 . 4 1 8  

0 

3 1 . 4 1 8  

- 2 0 . 9 4 1  

- 9 4 . 1 6 5  

- 1 2 4 . 1 6 5  

- 4 0 . 9 4 1  

2 1 . 4 1 8  

me   p a t t e r n   may  be  s t e e r e d   to  a  p r e d e t e r m i n e d   a n g l e   0  by  
a d j u s t i n g   phase   s h i f t e r s   63-69 .   For  e x a m p l e ,   to  s t e e r   t h e  

5  p a t t e r n   in  F i g s .   3-6  by  5°  the  f o l l o w i n g   phase   a d j u s t m e n t s  
are  made  to  phase   s h i f t e r s   63 -69 .   Phase  s h i f t e r s   63-69  h a v e  
the  f o l l o w i n g   phase   s h i f t s   added  to  the  phase   s h i f t s   shown 
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in  Table   IV  for  $   equa l   to  0°:  0,  5,  10,  15,  -15,  -10,  and  
-5  d e g r e e s ,   r e s p e c t i v e l y .   Table  IV  shows  the  phase   s h i f t s  
for  0  equa l   to  5 ° .  

The  a m p l i t u d e   and  phase   of  the  s i g n a l s   on  l i n e s   7 7 - 8 3  
5  going  i n to   the  B u t l e r   m a t r i x   62  to  p r o v i d e   the  f i l l e d   i n  

d i f f e r e n c e   p a t t e r n   shown  in  Fig .   6  is  shown  in  Table  V. 

TABLE  V 
FILLED  IN  DIFFERENCE  PATTERN 

10  ILLUMINATION  INTO  BUTLER  MATRIX 

b i n e  n o d e  
A m p l i t u d e  

(dB) 
P h a s e  

(Deg) 

L3 

4U 

/  / 
78 
79 
80 
81 
82 
83 

u 
- 1  
- 2  
- 3  
+3 
+2 
+1 

- 1 9 . 7 0 2  
- 3 . 2 8 2  

- 1 2 . 0 6 7  
- 1 3 . 3 7 6  
- 1 5 . 6 2 8  

- 9 . 8 0 6  
- 5 . 5 3 5  

0 . 0 0 0  
1 5 3 . 5 8 2  
1 4 9 . 0 5 9  

7 0 . 8 3 5  
1 0 9 . 1 6 5  
- 3 0 . 9 4 1  

2 6 . 4 1 8  

ine  i n v e n t i o n   d e s c r i b e s   an  a p p a r a t u s   and  method  f o r  
g e n e r a t i n g   a  d i f f e r e n c e   beam  in  a  f i r s t   d i r e c t i o n   with  a n  

!5  o m n i d i r e c t i o n a l   s i d e l o b e   in  o t h e r   d i r e c t i o n s   c o m p r i s i n g   t h e  
s t e p s   of  g e n e r a t i n g   a  d i f f e r e n c e   beam  having   maximum 
a t t e n u a t i o n   in  the  f i r s t   and  second  d i r e c t i o n s   s u b s t a n t i a l l y  
180°  a p a r t   in  a  p r e d e t e r m i n e d   p lane   of  r a d i a t i o n   and  
g e n e r a t i n g   a  sum  beam  in  the  second  d i r e c t i o n   having  a 

10  p r e d e t e r m i n e d   a m p l i t u d e ,   whereby  the  maximum  a t t e n u a t i o n   i n  
the  second  d i r e c t i o n   is  r educed   to  p r o v i d e   an  
o m n i d i r e c t i o n a l   p a t t e r n   in  d i r e c t i o n s   away  from  the  d e s i r e d  
d i f f e r e n c e   beam  from  120°  to  2 4 0 ° .  

The  i n v e n t i o n   c l a imed   i s s  
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CLAIMS.* 

1.  A p p a r a t u s   for   g e n e r a t i n g   a  d i f f e r e n c e   beam  in  a  
f i r s t   d i r e c t i o n   wi th   an  o m n i d i r e c t i o n a l   s i d e l o b e   in  o t h e r  
d i r e c t i o n s   c o m p r i s i n g :  

means  for   g e n e r a t i n g   a  d i f f e r e n c e   beam  (52,  54,  24,  4 2 ,  
32)  h a v i n g   a  maximum  a t t e n u a t i o n   in  a  f i r s t   and  s e c o n d  
d i r e c t i o n   s u b s t a n t i a l l y   180°  a p a r t   in  a  p r e d e t e r m i n e d   p l a n e  
of  r a d i a t i o n ,   and  c h a r a c t e r i z e d   b y  

means  for   g e n e r a t i n g   a  sum  beam  (48,  18,  22,  28,  24,  4 2 ,  
32)  in  s a i d   s econd   d i r e c t i o n   h a v i n g   a  p r e d e t e r m i n e d  
a m p l i t u d e   whereby   s a i d   maximum  a t t e n u a t i o n   in  s a i d   s e c o n d  
d i r e c t i o n   is  r e d u c e d .  

2.  The  a p p a r a t u s   of  c l a i m   1  f u r t h e r   c h a r a c t e r i z e d   by 
s a id   means  for   g e n e r a t i n g   a  d i f f e r e n c e   beam  (52,  54,  24,  4 2 ,  
32)  i n c l u d i n g   a  c i r c u l a r   a n t e n n a   a r r a y   (60)  ,  a  B u t l e r   m a t r i x  
(62)  c o u p l e d   to  s a i d   a n t e n n a   a r r a y   (60)  for   t r a n s f o r m i n g  
i n p u t   s i g n a l s   (23,  37,  45,  35,  36,  46,  38)  for  a  l i n e a r  
a n t e n n a   a r r a y   to  i n p u t   s i g n a l s   for   a  c i r c u l a r   a n t e n n a   a r r a y ,  
a  p l u r a l i t y   of  phase   s h i f t e r s   (63-69)   c o u p l e d   to  s a i d   i n p u t  
s i g n a l s   (23,  37,  45,  35,  36,  46,  38)  for  phase   s h i f t i n g   s a i d  
i n p u t   s i g n a l s   (23,  37,  45,  35,  36,  46,  38)  p r i o r   to  s a i d  
3 u t l e r   m a t r i x   (62)  ,  a  beam  fo rming   ne twork   (10)  c o u p l e d  
t h r o u g h   s a i d   p l u r a l i t y   of  phase   s h i f t e r s   (63-69)  to  s a i d  
3 u t l e r   m a t r i x   (62)  fo r   g e n e r a t i n g   s a i d   i n p u t   s i g n a l s   ( 2 3 ,  
37,  45,  35,  36,  46,  3 8 ) .  

3.  The  a p p a r a t u s   of  c l a i m   2  f u r t h e r   c h a r a c t e r i z e d   by  
said  beam  f o r m i n g   n e t w o r k   (10)  i n c l u d i n g   an  i n p u t   t e r m i n a l  
(16 ) ,   a  p l u r a l i t y   of  c o u p l e r s   (52,  54)  for  c o u p l i n g   p r e -  
3 e t e r m i n e d   power  l e v e l s   of  m ic rowave   e n e r g y   wi th   r e s p e c t   t o  
said  i n p u t   t e r m i n a l   (16)  at  t i m e s   s a i d   mic rowave   e n e r g y   i s  
: o u p l e d   to  s a i d   i n p u t   t e r m i n a l   (16) ,   a  p l u r a l i t y   of  h y b r i d  
: i r c u i t s   (32,  42,  24)  c o u p l e d   to  the  o u t p u t   of  each  s a i d  
: o u p l e r   (52,  54)  for   g e n e r a t i n g   in  phase   and  180°  out  o f  
shase  f i r s t   s i g n a l s   at  p r e d e t e r m i n e d   power  l e v e l s   w i t h  
r e s p e c t   to  i t s   i n p u t .  
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4.  The  a p p a r a t u s   of  c l a i m   3  f u r t h e r   c h a r a c t e r i z e d   by  
s a i d   means  for  g e n e r a t i n g   a  sum  beam  i n c l u d i n g   a  f i r s t  

c o u p l e r   (48)  c o u p l e d   to  s a i d   i n p u t   t e r m i n a l   (16)  f o r  

c o u p l i n g   a  p r e d e t e r m i n e d   power  l e v e l   wi th   r e s p e c t   to  s a i d  

5  i n p u t   t e r m i n a l   (16)  and  h a v i n g   an  o u p t u t   (49)  c o u p l e d   to  a n  

i n p u t   of  a  f i r s t   h y b r i d   c i r c u i t   (18)  for  g e n e r a t i n g   in  p h a s e  
and  out  of  phase   s i g n a l s   at  p r e d e t e r m i n e d   power  l e v e l s   w i t h  

r e s p e c t   to  i t s   i n p u t   (49)  ,  each  s a i d   in  phase   and  out  o f  

phase   s i g n a l s   c o u p l e d   to  at  l e a s t   one  c o u p l e r   (22,  28)  t o  
10  g e n e r a t e   a  p l u r a l i t y   of  in  phase   and  out  of  phase   s e c o n d  

s i g n a l s   at   p r e d e t e r m i n e d   power  l e v e l s   wi th   r e s p e c t   to  s a i d  

i n p u t   t e r m i n a l   (16)  and  means  for   c o u p l i n g   at  l e a s t   one  o f  
s a i d   second   s i g n a l s   to  one  of  s a i d   p l u r a l i t y   of  h y b r i d  
c i r c u i t s   (32,  42,  2 4 ) .  

15 

5.  A  method  for   g e n e r a t i n g   a  d i f f e r e n c e   beam  in  a  f i r s t  
d i r e c t i o n   wi th   an  o m n i d i r e c t i o n a l   s i d e l o b e   in  o t h e r  

d i r e c t i o n s   c o m p r i s i n g   the  s t e p   o f :  

g e n e r a t i n g   a  d i f f e r e n c e   beam  h a v i n g   maximum  a t t e n u a t i o n  
20  in  a  f i r s t   and  second   d i r e c t i o n   s u b s t a n t i a l l y   180°  a p a r t   i n  

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

s t e p   of  g e n e r a t i n g   a  sum  beam  in  s a i d   second   d i r e c t i o n  

h a v i n g   a  p r e d e t e r m i n e d   a m p l i t u d e   whereby  s a id   maximum 
a t t e n u a t i o n   in  s a i d   second   d i r e c t i o n   is  r e d u c e d .  

25 

6.  A  beam  f o r m i n g   ne twork   for  g e n e r a t i n g   a  d i f f e r e n c e  

p a t t e r n   wi th   o m n i d i r e c t i o n a l   s i d e l o b e s   c h a r a c t e r i z e d   b y :  
an  i n p u t   t e r m i n a l   (16)  c o u p l e d   in  s e r i e s   t h r o u g h   f i r s t  

t h r o u g h   t h i r d   c o u p l e r s   (48,  52,  54)  for   c o u p l i n g   a  
30  p r e d e t e r m i n e d   amount  of  power  wi th   r e s p e c t   to  the  power  a t  

•  s a i d   i n p u t   t e r m i n a l   (16)  onto   f i r s t   t h r o u g h   t h i r d   l i n e s   ( 4 9 ,  

53,  5 7 ) ,  
s a i d   f i r s t   t h r o u g h   t h i r d   l i n e s   (49,  53,  57)  c o u p l e d   to  a 

f i r s t   p o r t   of  f i r s t   t h r o u g h   t h i r d   h y b r i d   c i r c u i t s   (18,  3 2 ,  
35  42)  r e s p e c t i v e l y ,  

s a id   i n p u t   t e r m i n a l   (16)  a f t e r   c o u p l i n g   to  s a i d   f i r s t  

t h r o u g h   t h i r d   c o u p l e r s   (48,  52,  54)  c o u p l e d   to  a  f i r s t   p o r t  
of  a  f o u r t h   h y b r i d   c i r c u i t   (24)  , 
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s a i d   f i r s t   t h r o u g h   f o u r t h   h y b r i d   c i r c u i t s   (18,  32,  4 2 ,  
24)  each  h a v i n g   f i r s t   t h r o u g h   f o u r t h   p o r t s   w h e r e i n   an  i n p u t  
s i g n a l   at  s a i d   f i r s t   p o r t   (49,  53,  57,  16)  p r o v i d e s   an  1 8 0 °  
out  of  phase   s i g n a l   at  s a i d   s econd   p o r t   (20,  34,  44,  26),   no 

5  s i g n a l   at  s a i d   t h i r d   p o r t   (14,  29,  40,  20)  and  an  i n p h a s e  
s i g n a l   at  s a i d   f o u r t h   p o r t   (19,  33,  43,  25)  and  w h e r e i n   a n  
in  phase   s i g n a l   at  s a i d   t h i r d   p o r t   (14,  29,  40,  20)  p r o v i d e s  
no  s i g n a l   at  s a i d   f i r s t   p o r t   (49,  53,  57,  16)  and  an  i n  
phase   s i g n a l   at  s a i d   second   (20,  34,  44,  26)  and  f o u r t h  

10  p o r t s ,  
s a i d   f o u r t h   p o r t   (19)  of  s a i d   f i r s t   h y b r i d   c i r c u i t   (18)  

c o u p l e d   t h r o u g h   a  f o u r t h   c o u p l e r   (22)  to  a  f i r s t   o u t p u t  
t e r m i n a l   (23)  , 

an  o u t p u t   from  s a i d   f o u r t h   c o u p l e r   (22)  c o u p l e d   to  s a i d  
15  t h i r d   p o r t   (40)  of  s a i d   t h i r d   h y b r i d   c i r c u i t   (42)  , 

s a i d   s econd   p o r t   (20)  of  s a i d   f i r s t   h y b r i d   c i r c u i t   (18)  
c o u p l e d   t h r o u g h   a  f i f t h   c o u p l e r   (28)  to  s a i d   t h i r d   p o r t   (20) 
of  s a i d   f o u r t h   h y b r i d   c i r c u i t   (24)  , 

an  o u t p u t   from  s a i d   f i f t h   c o u p l e r   (28)  c o u p l e d   to  s a i d  
20  t h i r d   p o r t   (29)  of  s a i d   s econd   h y b r i d   c i r c u i t   ( 3 2 ) ,  

s a i d   f o u r t h   p o r t   (25,  43,  33)  of  s a i d   f o u r t h ,   t h i r d   a n d  
second   h y b r i d   c i r c u i t   (24,  42,  32)  c o u p l e d   to  a  second  ( 3 7 ) ,  
t h i r d   (45)  and  f o u r t h   (35)  o u t p u t   t e r m i n a l   r e s p e c t i v e l y ,   a n d  

s a i d   s econd   p o r t   (34,  44,  26)  of  s a i d   second   (32) ,   t h i r d  
25  (42)  and  f o u r t h   (24)  h y b r i d   c i r c u i t   c o u p l e d   to  a  f i f t h   ( 3 6 ) ,  

s i x t h   (46)  and  s e v e n t h   (38)  o u t p u t   t e r m i n a l ,   r e s p e c t i v e l y .  
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FIG.   3  
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