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ABS TRACT 

The r e s u l t s  of a s tudy  of t h e  c u r r e n t  l i t e r a t u r e  concerned w i t h  
/ 

n 

E l e c t r o n i c  scanning of antenna a r r a y s  ,‘are p re sen ted .  

The p resen t  s t a t e  of t h e  v a r i o u s  methods of beam scanning  is  d i s -  

cussed ,  and t h e  advantages and l i m i t a t i o n s  of each  method f o r  p a r t i c u l a r  

appl  icat i ons  are o u t 1  ined . 

Areas are poin ted  ou t  i n  which a d d i t i o n a l  s t u d i e s  are needed. 

iii 



I .  INTRODUCTION 

Throughout most of t h e  h i s t o r y  of r a d i o  communications, a r a d i a t i n g  

antenna has been t r e a t e d  a s  a pas s ive  dev ice  which d i r e c t s  t he  r a d i a t e d  

energy i n t o  d e s i r e d  but  f i xed  d i r e c t i o n s .  S i m i l a r l y ,  a rece iv ing  antenna 

has been t r e a t e d  as a pass ive  device  which r ece ives  the  energy from f i x e d  

d e s i r e d  d i r e c t i o n s .  These pass ive  an tennas ,  and p a r t i c u l a r l y  a r r a y s  of 

pass ive  an tennas ,  have some inhe ren t  performance 1 i m i t a t i o n s  i n s o f a r  as 

t h e i r  d i r e c t i v i t y  p r o p e r t i e s ,  g a i n s ,  and usab le  bandwidths a r e  concerned,  

depending on the  o r i e n t a t i o n ,  s i z e ,  and shape of the antenna s t r u c t u r e .  

For  example, it i s  d i f f i c u l t  t o  maintain t h e  high g a i n  of a pas s ive  

r e c e i v i n g  antenna i n  an a r b i t r a r i l y  unpred ic t ab le  d i r e c t i o n  of a moving 

source  s i n c e  no preprogrammed scanning technique  can be used t o  s teer  

the  p r i n c i p a l  beam. S i m i l a r l y ,  it i s  d i f f i c u l t  t o  i nc rease  t h e  g a i n  of 

a pas s ive  r ece iv ing  antenna a r b i t r a r i l y  and y e t  main ta in  a g iven  usab le  

bandwidth.  Furthermore,  when a passive an tenna  is  used i n  a s a t e l l i t e  

o r  a s p a c e c r a f t  which i s  not  a t t i t u d e  s t a b i l i z e d  o r  which tumbles i n  

space ,  t h e  s i g n a l  rece ived  by the  antenna undergoes a wide v a r i a t i o n  i n  

ampl i tude ,  and i n  some cases  the  received s i g n a l  may become van i sh ing ly  

smal l ,  j eopa rd iz ing  t h e  communications between the  ground s t a t i o n  and the 

s p a c e c r a f t  ~ 

1 

A t  p r e s e n t ,  t h e  maximum g a i n  which can be c o n s i s t e n t l y  obtained w i t h  

f u l l y  s t e e r a b l e  high-gain antennas appears t o  be on the  o r d e r  of 70  db. 

This  l i m i t a t i o n  has been p r imar i ly  due t o  the  i n a b i l i t y  t o  c o n s t r u c t  and 

main ta in  extremely a c c u r a t e  l a rge  parabol i c  r e f l e c t i n g  s u r f  aces .  It a l s o  

appears  t h a t  i f  t h i s  l i m i t a t i o n  were overcome, t h e r e  may be another  

1 i m i t a t i o n  on performance due t o  atmospheric d i s t o r t i o n  of t he  wavefront 

1 



2 

over  the  r e l a t i v e l y  l a r g e  a p e r t u r e .  The requirements  f o r  high g a i n  

r ece iv ing  systems f o r  use i n  r ece iv ing  communications from deep space 

probes ,  however, cont inue  t o  inc rease  as t h e  complexity and range of 

t h e s e  probes i n c r e a s e .  Some of t h e s e  antenna-performance 1 i m i t a t i o n s  

can be avoided by t h e  use of e l e c t r o n i c a l l y  scanned a r r a y  an tennas .  

2 

The f i e l d  of e l e c t r o n i c a l l y  scanned a r r a y  antennas can be d iv ided  

i n t o  t h e  a r e a s  of s e l f - scann ing  a r r a y s  and programmed scanning a r r a y s .  

This  c l a s s i f i c a t i o n  is based on t h e  method u t i l i z e d  i n  c o n t r o l l i n g  t h e  

beam p o i n t i n g  parameters  of t h e  a r r a y .  

m a t i c a l l y  a d j u s t s  t h e s e  parameters  t o  achieve maximum d i r e c t i v i t y  i n  the  

d i r e c t i o n  of a t r a n s m i t t i n g  source .  No information i s  provided by t h e  

se l f - scann ing  a r r a y  t o  i n d i c a t e  the  d i r e c t i o n  t o  the  t r a n s m i t t i n g  source ;  

however, t h i s  produces no l i m i t a t i o n  as f a r  a s  communications a r e  con- 

ce rned .  The se l f - scann ing  a r r a y  is  capable  of provid ing  two way communi- 

c a t i o n s  wi th  maximum d i r e c t i v i t y  ( l imi t ed  by t h e  a r r a y  c o n f i g u r a t i o n )  f o r  

bo th  r e c e i v i n g  and t r a n s m i t t i n g  t o  t h e  o t h e r  s t a t i o n .  The programmed- 

scanning a r r a y  can be d i r e c t e d  t o  search a predetermined s e c t o r  of space 

o r  main ta in  a s imultaneous sea rch  of the s e c t o r  and provide maximum a r r a y  

d i r e c t i v i t y  t o  any d iscovered  t r a n s m i t t i n g  source w i t h i n  the  s e c t o r .  Two 

way communication i s  p o s s i b l e  w i t h  t h e  programmed-scanning a r r a y  main ta in ing  

maximum t r ansmi t - r ece ive  d i r e c t i v i t y .  Informat ion  can be made a v a i l a b l e  

concern ing  t h e  bear ing  t o  t h e  t r a n s m i t t i n g  source  r e l a t i v e  t o  t h e  scanned 

a r r a y .  F i g .  1 i s  a block diagram showing t h e  l o c a t i o n  of the  ind iv idua l  

a r r a y  methods i n  t h e  o v e r a l l  scheme of e l e c t r o n i c a l l y  scanned a r r a y s .  

The i n d i v i d u a l  techniques ,  t h e i r  advantages and l i m i t a t i o n s ,  w i l l  be d i s -  

cussed i n  t h e  succeeding s e c t i o n s  of t h i s  r e p o r t .  

The se l f - scann ing  a r r a y  auto-  
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2 .  SELF SCANNING ARRAY 

The advantages of high-gain o r  highly d i r e c t i v e  antenna systems a r e  

w e l l  known, There a r e  t h r e e  ways t h a t  such an tenna  systems have been 

implemented: 1) r e f l e c t o r - t y p e  an tennas ,  2 )  l ens- type  an tennas ,  and 

3 )  a r r a y  an tennas .  

2 . 1  Basic  Concepts 

The convent iona l  a r r a y  antenna c o n s i s t s  of a number of i n d i v i d u a l  

r a d i a t i n g  e lements  s u i t a b l y  spaced w i t h  r e spec t  t o  one a n o t h e r .  The 

r e l a t i v e  ampli tude and phase of t he  s i g n a l s  appl ied  t o  each of t h e  

e lements  a r e  c o n t r o l l e d  t o  o b t a i n  t h e  des i r ed  r a d i a t i o n  p a t t e r n  from 

t h e  combined a c t i o n  of a l l  t h e  e lements .  The r a d i a t i n g  elements  might 

be d i p o l e s ,  waveguide horns ,  p o l y m d s ,  s l o t s ,  o r  any o t h e r  type  of 

an tenna .  An a r r a y  c o n s i s t s  of more than one element w i th  t h e  maximum 

number l i m i t e d  by p r a c t i c a l  c o n s i d e r a t i o n s .  The a r r a y  an tenna  d i f f e r s  

i n  concept  from both  the  l e n s  and the r e f l e c t o r .  The l e n s  and the  

r e f l e c t o r  apply t h e  proper  phase r e l a t i o n s  t o  the  wavefront a f t e r  it 

has  been r a d i a t e d  by the  sou rce .  In  t h e  a r r a y  an tenna ,  t h e  proper  phase 

r e l a t i o n s h i p s  a r e  appl ied  t o  the  s i g n a l  be fo re  it i s  r a d i a t e d ,  t h a t  i s ,  

i n  t h e  t r ansmiss ion  l i n e s  feeding  the  ind iv idua l  e lements .  It  is t h i s  

p r o p e r t y  of  t h e  a r r a y  antenna t h a t  enables  e l e c t r o n i c  c o n t r o l  of t h e  

f a r - f  i e l d  r a d i a t i o n  p a t t e r n .  

The se l f - scann ing  a r r a y ,  through var ious  e l e c t r o n i c  means, performs 

one of two b a s i c  o p e r a t i o n s .  The system may sense the phase informat ion  

a v a i l a b l e  from t h e  i n c i d e n t  wavefront  and apply t h i s  i n fo rma t ion  so  a s  t o  

r e t r a n s m i t  a wavefront  i n  such a manner t h a t  a l l  t h e  ind iv idua l  c o n t r i b u t i o n s  

4 
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are i n  phase on a r r i v a l  back a t  t h e  source ,  o r  it may employ an au tomat ic  

phase-adjus t ing  mechanism in  each antenna element such t h a t  the  s i g n a l s  

received by a l l  t h e  elements  a r e  added cohe ren t ly .  The f i r s t  ope ra t ion  

d e f i n e s  an approach c h a r a c t e r i s t i c  of r e t r o d i r e c t i v e  a r r a y s .  The second 

ope ra t ion  i n d i c a t e s  t he  process  required f o r  an adapt ive  r e c e i v i n g  a r r a y .  

2 . 2  The Re t rod i r ec t ive  Array 

2 . 2 1  P r i n c i p l e  of Operat ion - 
A r e t r o d i r e c t i v e  a r r a y  senses  t h e  phase informat ion  inc iden t  a c r o s s  

i t s  a p e r t u r e  and u s e s  t h i s  in format ion  t o  t r a n s m i t  a s i g n a l  t h a t  w i l l  be 

coherent  on a r r i v a l  a t  t he  sou rce .  F ig .  2 i l l u s t r a t e s  t h e  b a s i c  o p e r a t i o n  

of t he  r e t r o d i r e c t i v e  a r r a y .  A source  S ,  which might be a communications 

t r a n s m i t t e r ,  r a d i a t e s  a s i g n a l  t h a t  i s  rece ived  a t  the  a r r a y .  The a p e r t u r e  

of t h e  a r r a y  is d iv ided  i n t o  s m a l l e r  subaper tures  which process  the  i n c i -  

den t  s i g n a l  by performing the  phase conjugate  ope ra t ion .  If t h e  phase 

and ampli tude of the s i g n a l  rece ived  a t  t h e  ith subaper ture  a r e  repre-  

sen ted  as I A l  e 

phase angle  w i t h  r e spec t  t o  some re fe rence ,  t h e  s i g n a l  r e t r a n s m i t t e d  

from each subape r tu re  is  t h e  conjugate  1.1 - 'i). It can be shown 

, where 1 A I  is t h e  amplitude and $i is  t h e  j ( w t  + +i) 

t h a t  when t h e  r e t r a n s m i t t e d  s i g n a l  i s  the  conjugate  of t h e  rece ived  s i g n a l  

t h e  c o n t r i b u t i o n s  r e t r a n s m i t t e d  from each subaper ture  add c o h e r e n t l y  a t  

t h e  source  t o  g i v e  maximum i n t e n s i t y .  3 

The b a s i c  p r i n c i p l e  of t h e  r e t r o d i r e c t i v e  a r r a y  an tenna  can be 

exp la ined  by cons ide r ing  t h e  ope ra t ion  of one of t h e  subape r tu re s .  F i g .  3 

shows a s i n g l e  subape r tu re  w i t h  a n  idea l i zed  phase conjugate  network. The 

source a t  the top  of t he  f i g u r e  is assumed t o  be s t a t i o n a r y  and r a d i a t i n g  
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I .  

a s i g n a l  of t h e  form 

A cos(wot + b, 1 (11 t 

where A is  t h e  ampl i tude ,  w is  t h e  frequency,  and Ot  i s  t h e  phase.  A t  0 

one of t h e  subape r tu re s  ( the  ith one),  the rece ived  s i g n a l  is the  same as 

is t h e  Ri t h a t  r a d i a t e d  from t h e  source T seconds e a r l i e r ,  where T = - i i C i  

t r a n s i t  t ime from t h e  source t o  t h e  i t h  subape r tu re ,  R .  i s  t he  d i s t a n c e  
1 

and C i  t h e  v e l o c i t y  of propagat ion along t h e  pa th .  The t r a n s i t  t imes  

from t h e  source  t o  the  ind iv idua l  subaper tures  w i l l  be d i f f e r e n t  when 

t h e  pa th  l e n g t h s  and v e l o c i t y  of propagat ion d i f f e r  f o r  t he  va r ious  p a t h s .  

The s i g n a l  received a t  t h e  ith subaper ture  can be w r i t t e n  a s  

I A .  1 cos [ w o ( t  - T i )  + Ot  

where A .  w i l l  be considered u n i t y  f o r  a l l  exp res s ions  t h a t  fo l low.  A 

c i r c u l a t o r  is  used t o  d i r e c t  t he  received s i g n a l  t o  t h e  phase conjugate  

network and then  back t o  the  subaper ture  f o r  r e t r ansmiss ion .  The con- 

j u g a t e  s i g n a l  r a d i a t e d  by t h e  i t h  subaper ture  is 

1 

On a r r i v i n g  back a t  t h e  sou rce ,  the  received s i g n a l  is t h e  same as t h e  

s i g n a l  r a d i a t e d  ( 3 )  from the  subaperture  except  f o r  an a d d i t i o n a l  t ime 

de lay  T i .  The s i g n a l  t h a t  a r r i v e s  back a t  the source i s  of the form 

cos [ o o ( t  + T i )  - oOTi - 6,] = c o s b  0 t - $ t> .  (4) 

The argument of t h e  cos ine  func t ion  of t h e  re turned  s i g n a l  is  t h e  same a s  

t h a t  o r i g i n a l l y  r a d i a t e d  by the  source ( 1 )  except t h a t  t h e  s i g n  of $t 

i s  r e v e r s e d .  
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Equat ion (4) p o i n t s  o u t  t h a t  t h e  s i g n a l  r a d i a t e d  by t h e  subape r tu re  

i s  independent of t h e  t r a n s i t  time T i  when it a r r i v e s  back a t  t h e  sou rce .  

Thus t h e  s i g n a l s  from t h e  ind iv idua l  subape r tu re s  have t h e  same phase 

and frequency no matter  what t h e  ind iv idua l  t r a n s i t  times might be .  The 

r e s u l t a n t  s i g n a l  t h e r e f o r e  is t h e  coherent  a d d i t i o n  of t h e  s i g n a l  com- 

ponents  from each  subape r tu re .  The previous  d i s c u s s i o n  i s  based on t h e  

assumption t h a t  t h e  t r a n s i t  t i m e  from the  sou rce  t o  the  subape r tu re  is  

t h e  same as  the t r a n s i t  t ime from t h e  subape r tu re  back t o  t h e  sou rce .  

Th i s  assumption r e q u i r e s  t h a t  t he  propagat ion  medium be r e c i p r o c a l  and 

t h a t  t h e  medium does n o t  change i t s  c h a r a c t e r  du r ing  t h e  t i m e  r equ i r ed  

f o r  round t r i p  t r a n s i t  of t h e  c r i t i c a l  p a r t  of t h e  propagat ion pa th .  

The s u b a p e r t u r e s  t h a t  make-up the  r e t r o d i r e c t i v e  a r r a y  need n o t  be 

of t h e  same s i z e  and t h e i r  spac ing  need n o t  be e q u a l .  They can be 

a r ranged  i n  a lmost  any c o n f i g u r a t i o n  and can  be loca ted  on a curved o r  

i r r e g u l a r  (excluding t h e  Van A t t a  a r r a y )  s u r f a c e  as w e l l  as a p l ane  

s u r f a c e .  Subape r tu re s  may c o n s i s t  of the  ind iv idua l  e lements  of an 

a r r a y ,  g roups  of a r r a y  e lements  a c t i n g  in  unison ,  o r  l a r g e  a p e r t u r e  

an tennas  such as p a r a b o l i c  r e f l e c t o r s  or l e n s e s .  The propagat ion  medium 

a c r o s s  t h e  e n t i r e  r e t r o d i r e c t i v e  a r r a y  a p e r t u r e  need n o t  be homogeneous, 

b u t  t h e  medium a c r o s s  any one subaperture  must be r e l a t i v e l y  uniform.  

Another f a c t o r  t h a t  might e n t e r  i n t o  the s e l e c t i o n  of t h e  subape r tu re  

s i z e  and t h e i r  spac ing  is  the  appearance of large spur ious  s i d e  lobes  

of g r a t i n g  l o b e s ,  e s p e c i a l l y  i f  t h e  antenna must ope ra t e  over  a wide 

a n g l e .  3 

The p r i n c i p l e  of phase conjugat ion  and i t s  r o l e  i n  t h e  r e t r o d i r e c t i v e  

a r r a y  has  been d i s c u s s e d .  I n  p r a c t i c e  the phase conjugate  ope ra t ion  can 
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be accomplished i n  two ways: by us ing  the he te rodyning  technique ,  and by 

us ing  t h e  Van A t t a  a r r a y .  

2.22 Phase Conjugat ion by Heterodyning - ------- 
The he terodyning  technique  e x p l o i t s  t h e  phenomenon t h a t  when two 

f r e q u e n c i e s  a r e  mixed t o g e t h e r ,  t he  lower s ideband c o n t a i n s  a phase 

te rm which is t h e  conjugate  of t h e  phase term i n  t h e  lower f requency 

s i g n a l .  An example of a network t h a t  performs t h e  phase conjugate  

o p e r a t i o n  i s  shown i n  F i g .  4 .  It i s  a heterodyning system t h a t  c o n s i s t s  

of two mixers ,  an I F  a m p l i f i e r  and the  necessary  r e f e r e n c e  s i g n a l s .  The 

c i r c u l a t o r  s e p a r a t e s  the  incoming from the  outgoing  s i g n a l s .  Mixer No. 1 

he terodynes  t h e  input  

A .  cos  [ w o ( t  - Ti) + @ 
1 

w i t h  a r e f e r e n c e  s i g n a l  of t h e  form 

(5 )  

This  r e fe rence  s i g n a l  i s  gene ra t ed  by t ak ing  t h e  sum s i g n a l  formed from 

he terodyning  t h e  f requency  w 

w a t  a phase m a s  shown i n  the  box a t  the bottom of F ig .  4 .  The 

r e f e r e n c e  frequency t o  Mixer No. 1 must be h ighe r  t han  t h e  rece ived  

s i g n a l  f requency  i n  o r d e r  t h a t  t h e  s ign  of t h e  rece ived  s i g n a l  phase be 

reversed  as  r equ i r ed  f o r  t h e  conjugate  o p e r a t  ion .  Each subape r tu re  i s  

supp l i ed  t h e  same p a i r  of r e fe rence  s i g n a l s .  The d i f f e r e n c e  f requency  

o r  I F  s i g n a l  from t h e  mixer i s  

a t  a phase angle  @o w i t h  the  frequency 0 

I F  ' IF '  
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The phase term wOTi i s  reversed  i n  s i g n  by t h i s  p r o c e s s .  

t h e  I F  t o  an RE' s i g n a l ,  t h e  second mixer is  provided w i t h  t h e  r e f e r e n c e  

s i g n a l  

To conver t  

which i s  a l s o  genera ted  as shown w i t h i n  t h e  box a t  t h e  bottom of F ig .  4 

The s u m  f requency  s i g n a l  is s e l e c t e d  from Mixer No. 2 and is 

cos pot + w T - 9, + 2$0 ]  . O i  (9) 

Except f o r  t h e  phase t e r m  2 $ 0 ,  (9 )  is i d e n t i c a l  w i t h  the  conjugate  

s i g n a l  a s  g iven  by (3  J . 

The dashed boxes i n  F i g .  4 i l l u s t r a t e  some of t h e  components t h a t  

may be included i n  a se l f -phas ing  a r r a y  subape r tu re  bu t  which a r e  n o t  

an e s s e n t i a l  p a r t  of t h e  phase conjugate  o p e r a t i o n .  It should be noted 

t h a t  t h e  r e fe rence  s i g n a l s  a r e  der ived  from an o s c i l l a t o r  a t  f requency  

w equa l  t o  t h a t  of the d i s t a n t  so'ilrce. It i s  necessa ry  i n  performing 

t h e  phase conjugate  ope ra t ion  t h a t  the sou rce  frequency w be known o r  

e l s e  measured. Some d i f f e r e n c e  between t h e  r e fe rence  o s c i l l a t o r  f re- 

quency w and t h e  source s i g n a l  can be t o l e r a t e d ,  bu t  t o o  l a r g e  a 

d i f f e r e n c e  w i l l  degrade t h e  system performance. 

0' 

0 

a 
3 

The heterodyne technique  a s  i l l u s t r a t e d  by Fig .  4 is  b u t  one 

method f o r  performing t h e  phase conjugate  o p e r a t i o n .  I n  p r i n c i p l e ,  it is  

p o s s i b l e  t o  ase a s i n g l e  mixer t o  perform t h e  conjugate  ope ra t ion  i f  t h e  

r e fe rence  s i g n a l  is twice  t h e  frequency of t h e  inpu t  s i g n a l .  This  method 

r e q u i r e s  a microwave mixer which i s  d i f f e r e n t  from the  convent iona l  mixers 

as d i s c u s s e d  i n  F ig .  4 .  
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9 
C .  C .  C u t l e r  has proposed a r e t r o d i r e c t i v e  a r r a y  using t h e  

heterodyning technique t h a t  makes poss ib l e  l a r g e  an tenna  g a i n  even f o r  

nonor ien ted  s p a c e c r a f t .  A l a r g e  number of low-power elemental  r e p e a t e r  

a m p l i f i e r s  w i th  i n p u t s  and ou tpu t s  connected t o  l i k e  elements  i n  similar 

a r r a y s ,  o r  d ip lexed  on t o  common elements i n  a s i n g l e  a r r a y  a r e  used.  

The scheme is p a r t i c u l a r l y  s u i t e d  f o r  use w i t h  s o l i d - s t a t e  dev ices  

s i n c e  the  low power output  of many u n i t s  is e f f e c t i v e l y  added in phase.  

R e l i a b i l i t y  i s  provided by 

f a i l u r e  of i n d i v i d u a l  u n i t s  

A r e t  rod i r e c t  ive  a r r a y  

he many p a r a l l e l  pa ths  through t h e  r e p e a t e r ;  

w i l l  only s l i g h t l y  degrade performance. 

technique f o r  curved a r r a y s  i s  desc r ibed  i n  

an a r t i c l e  by E .  M .  Rutz.” 

can f u n c t i o n  a s  an a c t i v e  r e p e a t e r  in  a space  t e l eme t ry  o r  communication 

system. I n  the  a r r a y  t h e  inc iden t  wave w i l l  be a m p l i f i e d ,  t r a n s l a t e d  i n  

f requency ,  and modulated. The phase r e l a t i o n  requi red  f o r  r e r a d i a t i o n  

i n  the  d i r e c t i o n  of t he  inc iden t  wave i s  ob ta ined  i n  a f requency-conversion 

p rocess .  A microwave tunnel -d iode  conve r t e r  has  been developed t o  produce 

t h e  frequency-conversion o p e r a t i o n . ”  

s i n g l e  microwave mixer t o  accomplish conjugate  phase s h i f t  i n  each  

element is  desc r ibed  by C .  Y .  Pon . l2  

f o r  a f our-element a r r a y  using t h e  mixer. The p a t t e r n s  compare f avorab ly  

A sphe r i ca l  a r r a y  employing t h i s  t echnique  

A r e t r o d i r e c t i v e  a r r a y  using a 

Reradia t ion  p a t t e r n s  were measured 

w i t h  those  p r e d i c t e d  by convent ional  a r r a y  theo ry .  

2 . 2 3  The Van A t t a  Array -- 
The Van A t t a  (VA) a r r a y  performs the conjugate  ope ra t ion  r equ i r ed  f o r  

r e t r o d i r e c t i v i t y  by simple in t e rconnec t ions  of t h e  a r r a y  elements .  I t  

can  o p e r a t e  a s  a pas s ive  r e t r o d i r e c t i v e  an tenna  o r  as an a c t i v e  dev ice  by 

i n s e r t i n g  a m p l i f i e r s  i n  t h e  t ransmiss ion  l i n e s ,  provided they can amplify 

i n  e i t h e r  d i r e c t i o n .  
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The p r i n c i p l e  of o p e r a t i o n  of t h e  a r r ay  can be  b e t t e r  understood 

by r e f e r r i n g  t o  F ig .  5 where t h e  l a y o u t  of a four-element  one-dimensional 

pas s ive  a r r a y  i s  d e p i c t e d .  The elements  l o c a t e d  e q u i d i s t a n t  from t h e  

c e n t e r  of t h e  a r r a y  a r e  connected w i t h  a low-loss  t r ansmiss ion  l i n e .  The 

l i n e s  connec t ing  such p a i r s  of e lements  are t h e  same e l e c t r i c a l  l e n g t h .  

For  a p lane  wave i n c i d e n t  a t  an  a r b i t r a r y  angle  8 ,  t h e  s i g n a l s  c o l l e c t e d  

by t h e  e lements  w i l l  have an in te re lement  phase d e l a y  ( l e f t  t o  r i g h t )  

s i n  8 such t h a t  t h e  s i g n a l s  c o l l e c t e d  w i l l  2nD of B r a d i a n s ,  where B = - A 
have r e l a t i v e  phases  of 0, -B ,  -2B and - 3 B .  The c o l l e c t e d  s i g n a l s  w i l l  

t hen  t r a v e l  through t h e  t r ansmiss ion  l i n e  and be ready f o r  r a d i a t i o n  

a f t e r  undergoing an a d d i t i o n a l  bu t  i d e n t i c a l  phase d e l a y  determined by 

t h e  e l e c t r i c a l  l e n g t h  of t he  t ransmiss ion  l i n e .  Therefore  t h e  re la t ive  

phases  of t h e  r a d i a t e d  s i g n a l s  w i l l  be  0,  B,  2 B  and 3 B ,  o r  p r e c i s e l y  t h e  

phasing r equ i r ed  t o  form a p lane  wavefront and hence t o  t r a n s m i t  i n  

t h e  d i r e c t i o n  8 . 5 

The r e f l e c t i n g  p r i n c i p l e  of the  pass ive  VA a r r a y  i s  r e a d i l y  extend- 

ab le  t o  a two-demensional p l a n a r  a r r a y  i f  one connec ts  conjugate  p a i r s  

of e l emen t s  w i t h  an equa l - l eng th  t ransmiss ion  l i n e .  A two dimensional  

s ix teen-e lement  a r r a y  would be represented  as i n  F i g .  6 .  Element p a i r s  

are  s p e c i f i e d  i n  F i g .  6 by t h e  same number. The a r r a y  can be mechanized 

i n  a number of geometr ies ,  among which a r e  ( i n  a d d i t i o n  t o  l i n e a r  and 

p l a n a r )  c i r c u l a r ,  c y l i n d r i c a l  , and s p h e r i c a l .  6 9 7  

The development has  shown t h a t  r e t r ansmiss ion  w i l l  t a k e  p l ace  i n  t h e  

d i r e c t i o n  of r ecep t ion ,  however, it does no t  show what happens i n  o t h e r  

d i r e c t i o n s .  This  can  e a s i l y  be  ca l cu la t ed  from convent iona l  a r r a y  t h e o r y ,  

s i n c e ,  f o r  t r ansmiss ion ,  t he  a p e r t u r e  can be seen  t o  c o n s i s t  of an a r r a y  
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w i th  a l i n e a r  phase s h i f t  ac ross  t h e  ape r tu re  r e l a t e d  only  t o  the  d i r e c t i o n  

of r e c e p t i o n .  I f  t h e  d i s t a n c e  between ad jacent  e lements  of t he  a r r a y  is  

l e s s  t han  o r  equal  t o  A/2  t he  m a j o r i t y  of t h e  received energy w i l l  be 

re turned  i n  t h e  d i r e c t i o n  of one main lobe of t h e  p a t t e r n .  

The a c t i v e  VA a r r a y  r e q u i r e s  t h e  use of a m p l i f i e r s  i n  each  t r a n s -  

mission l i n e  connect ing two e lements .  The a m p l i f i e r s  m u s t  e x h i b i t  

b i l a t e r a l  g a i n  o r  two back-to-back u n i l a t e r a l  a m p l i f i e r s  could be used. 

C i r c u l a t o r s  t o  s e p a r a t e  s i g n a l s  i n  t h e  two d i r e c t i o n s  could be used a s  

shown i n  F ig .  7 .  

The fundamental reason f o r  us ing  an a c t i v e  VA a r r a y  r a t h e r  than  a 

pas s ive  one is t o  reduce the  requi red  ape r tu re  of the  a r r a y  f o r  a pre- 

s c r ibed  i n c i d e n t  power dens i ty  and e f f e c t i v e  r ad ia t ed  power. The upper 

l i m i t  of a m p l i f i e r  g a i n  is  s e t  by the f a c t  t h a t  mutual coupl ing  e x i s t s  

between element p a i r s ,  producing feedback and the  p o s s i b i l i t y  of o s c i l -  

l a t i o n .  The amount of i s o l a t i o n  provided by the c i r c u l a t o r s  (F ig .  7 )  

a l s o  l i m i t s  t h e  loop g a i n  between c i r c u l a t o r s .  C i r c u l a t o r s  of modest 

(20-db) i s o l a t i o n  which would al low 15 db of g a i n  a re  r e a d i l y  made i n  

compact p r i n t e d  s t r i p  l i n e  form. I n  f a c t  a s l o t  o r  d i p o l e  a r r a y  could 

be p r i n t e d  w i t h  t h e  c i r c u l a t o r s  b u i l t  i n .  7 

Various techniques  can be used t o  provide i s o l a t i o n  between element 

p a i r s  and t h u s  enable  the  use of h ighe r  g a i n  a m p l i f i e r s .  When two 

"subarrays"  , one f o r  r ece iv ing  and one f o r  t r a n s m i t t i n g  , a r e  used,  the  

r e t r o d i r e c t i v e  p r o p e r t i e s  of t he  s ingle  VA a r r a y  a r e  i d e n t i c a l l y  r e a l  i z -  

a b l e .  The two suba r rays  a r e  in te rconnec ted  a s  shown i n  F i g .  8 f o r  a 

l i n e a r  a r r a y .  Extensions a r e  e a s i l y  made t o  p l a n a r  a r r a y s .  I n  t h e  i n t e r -  

connec t ing  t r ansmiss ion  l i n e s ,  only u n i l a t e r a l  a m p l i f i c a t i o n  is  r equ i r ed .  
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The s e p a r a t i o n  of t h e  r ece ive  and t r a n s m i t  f u n c t i o n s  a l lows  a f l e x i b i l i t y  

i n  t h e  choice  of p o l a r i z a t i o n  and spac ing  of t h e  two suba r rays  which can 

be used t o  provide  i s o l a t i o n .  For  example, if t h e  two suba r rays  a re  physi-  

c a l l y  s e p a r a t e d ,  any degree  of i s o l a t i o n  can be ob ta ined .  Th i s ,  however, 

r e q u i r e s  twice  t h e  ape r tu re  of a s i n g l e  a r r a y .  On t h e  o t h e r  hand, i f  t h e  

d i r e c t i o n s  o r  s e n s e s  of p o l a r i z a t i o n  of the r e c e i v i n g  and t r a n s m i t t i n g  

suba r rays  a r e  or thogonal ,  i t  has been found t h a t  t h e  coupl ing  between t h e  

two suba r rays  can be reduced. Using t h i s  approach,  it is p o s s i b l e  t o  

intermesh t h e  two suba r rays  on a common a p e r t u r e  and ob ta in  a r e l a t i v e l y  

h igh  degree of decoupl ing .  Another method f o r  p rov id ing  i s o l a t i o n  is  

t h a t  of f requency  conversion t o  provide  a s h i f t  between t h e  t r ansmi t t ed  

and rece ived  f r equenc ie s  i n  t h e  a r r a y .  With t h e  a i d  of f i l t e r s ,  t h e  

a m p l i f i e r  i s o l a t i o n  can be f u r t h e r  increased over  t h a t  provided by t h e  

or thogonal  p o l a r i z a t i o n .  The l o c a l  o s c i l l a t o r  a l s o  s e r v e s  a s  a convenient  

means of modulat ing t h e  a r r a y .  The block diagram of F i g .  9 i n d i c a t e s  a 

t y p i c a l  c o n f i g u r a t i o n  f o r  phase modulating the  received c a r r i e r .  8 

Another  f a c t o r  which m u s t  be considered i n  an active VA a r r a y  is the  

e f f e c t  of phase e r r o r s  introduced by the  a m p l i f i e r s  on t h e  a r r a y  g a i n .  

A wors t  case a n a l y s i s  of the  e f f e c t s  of phase e r r o r  i n  a phased a r r a y  

shows t h a t  + 30" phase t o l e r a n c e  r e s u l t s  i n  a worst  ca se  a r r a y  g a i n  only  

1 . 2  db below t h a t  achieved wi th  no phase e r r o r .  This  degree of accuracy  

can be obta ined  wi th  l i t t l e  d i f f i c u l t y .  Phase t o l e r a n c e s  can a l s o  be 

p re sc r ibed  t o  ma in ta in  the s i d e l o b e  s t r u c t u r e  below g iven  levels and t h i s  

r e s u l t s  i n  a t i g h t e r  phase t o l e r a n c e .  8,13 

A number of a p p l i c a t i o n s  of t he  VA a r r a y  have been proposed i n  t h e  

l i t e r a t u r e .  A d i s c u s s i o n  of the  poss ib l e  a p p l i c a t i o n  of a VA a r r a y  t o  

7 a s t a t i o n a r y - s a t e l l i t e  communications sys t em has  been g iven  by Hansen , 
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who a l s o  d i s c u s s e s  the  high degree of r e l i a b i l i t y  f o r  such systems.  

Davies proposes  t h a t  t h e  VA a r r a y  can be used i n  s e v e r a l  d i f f e r e n t  ways. 

For one,  a t e l eme t ry  system t o  provide d a t a  from s a t e l l i t e s  could be 

r e a l i z e d  by r a d i a t i n g  unmodulated s i g n a l s  from the ground s t a t i o n ,  d i r e c t e d  

a t  the s a t e l l i t e ,  and by ar ranging  f o r  t h i s  s i g n a l  t o  be modulated by t h e  

d a t a  f o r  r e t r ansmiss ion  t o  t h e  ground s t a t i o n  along t h e  same pa th .  This  

technique  has a l s o  been considered by Gruenberg5 along w i t h  a d i s c u s s i o n  

of v a r i o u s  modulation schemes. By t h e  proper l o c a t i o n  of t h e  a r r a y  

elements  o r  a number of independent a r r ays  on the  s a t e l l i t e ,  it would 

be p o s s i b l e  t o  provide d i r e c t i v e  communications wi thout  s a t e l l i t e  

s t a b i l i z a t i o n .  The use of tunne l  diodes and s t r i p  l i n e  c i r c u i t  e lements  

i n  con junc t ion  with the  VA a r r a y  i s  d iscussed  by Andre. 

6 

8 

2 . 2 4  Other  C h a r a c t e r i s t i c s  - -- 
R e t r o d i r e c t i v e  a r r a y s  can be of value when app l i ed  i n  s i t u a t i o n s  

where l i t t l e  in format ion  is  a v a i l a b l e  concerning t h e  inc iden t  wavef ront  

produced by some source .  I t  i s  required t h a t  t he  system ope ra t e  wi th  a 

two-way t r ansmiss ion  pa th ,  a s  f o r  ins tance  in  po in t - to -po in t  communication 

sys tems.  The subaper ture  conf igu ra t ion  is  r e s t r i c t e d  t o  symmetrical  

s u r f a c e s  i f  the  VA technique i s  used t o  provide phase con juga t ion .  The 

energy  from each subaper ture  ( i f  the heterodyning technique is used) 

when t r a n s m i t t e d  back t o  t h e  source w i l l  be coherent  and t h e r e f o r e  w i l l  

be a maximum no ma t t e r  what t h e  r e l a t i v e  c o n f i g u r a t i o n  of a r r a y  elements  

might be.  The r e l a t i v e  c o n f i g u r a t i o n  of e lements ,  however, w i l l  d e t e r -  

mine t h e  form of the  s ide lobe  r a d i a t i o n .  The e l e c t r o n i c  c i r c u i t r y  

r equ i r ed  f o r  t h e  phase conjugate  ope ra t ion  can be f a b r i c a t e d  us ing  s t r i p  

t r a n s m i s s i o n  1 i n e s  and semiconductor dev ices .  This  provides  compact low 
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power c i r c u i t r y  a t  a minimum of weight and c o s t .  The primary problem 

a s s o c i a t e d  w i t h  r e t r o d i r e c t i v e  a r r a y s  i s  t h e  r equ i r ed  i s o l a t i o n  between 

incoming and outgoing p o r t i o n s  of t h e  subaper ture  c i r c u i t .  The i s o l a t i o n  

can be improved by provid ing  space s e p a r a t i o n  (two antennas)  o r  by 

f requency  s e p a r a t i o n  and f i l t e r i n g  (outgoing f requency  d i f f e r e n t  from 

incoming f requency)  . 

2.3 Adaptive Receiving Array 

The pr imary f u n c t i o n  of an adap t ive  r e c e i v i n g  a r r a y  is  t h a t  of 

d e t e c t i n g  t h e  modulation o r  in format ion  conta ined  i n  t h e  s i g n a l s  

rece ived  by t h e  a r r a y  subape r tu re s  w i t h  a maximum s igna l - to -no i se  r a t i o .  

Assuming t h a t  t h e  n o i s e  i n  t h e  v a r i o u s  subaper tures  i s  not  coherent  and 

t h a t  t h e  s i g n a l s  i n  the  subape r tu re s  can be added cohe ren t ly ,  a SNR 

equa l  t o  t h e  summation of t h e  subaper ture  SNR's may be obta ined .  l6 

cohe ren t  a d d i t i o n  process  can be accomplished by us ing  a phase-lock 

c o n t r o l  system a t  each  subape r tu re  locked t o  a common re fe rence  s i g n a l .  

This  i n  e f f e c t  s teers  t h e  main beam of the a r r a y  au tomat i ca l ly  t o  t h e  

d i r e c t i o n  of t h e  s i g n a l  sou rce .  F ig .  1 0  shows t h r e e  b a s i c  phase-lock 

c o n t r o l  systems f o r  accomplishing coherent  s i g n a l  a d d i t i o n .  It can be 

seen  t h a t  t h e  t h r e e  methods d i f f e r  on ly  i n  what i s  used as t h e  phase 

d e t e c t o r  r e f e r e n c e .  

The 

2.31 The0 ry of Operat ion ----- 
The p r i n c i p l e  of ope ra t ion  of the  adapt ive  r ece iv ing  a r r a y  can be 

b e t t e r  exp la ined  by cons ide r ing  t h e  performance of any subape r tu re ,  s ay  

t h e  N t h  one ,  and i t s  a s s o c i a t e d  phase-lock c o n t r o l  system, F i g .  11. 

t h e  r ece ived  v o l t a g e  a t  t he  Nth  subaper ture  be expressed as 

Le t  
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e = En s i n  ( u t  + 6 1 n r  n 

whe re  E = amplitude of received s i g n a l  n 

w = angu la r  frequency of t h e  rece ived  s i g n a l  

9, = r e l a t i v e  phase angle of t he  rece ived  s i g n a l .  

To cons ide r  t h e  b a s i c  ope ra t ing  p r i n c i p l e  we w i l l  assume a n o i s e l e s s  

system. With r e fe rence  t o  F ig .  11, l e t  the s i g n a l  ou tput  of t h e  vo l t age -  

c o n t r o l l e d  o s c i l l a t o r  (vco) be 

L 

1 E = A COS l u n t  + e n ( t >  rn  n 

A = amplitude of VCQ ou tpu t  vo l t age  n 

w = a cons t an t  angular  f requency n 

8 ( t )  = phase of t h e  vco which i s  a func t ion  of the  n 
c o n t r o l  vo l t age .  

When the  rece ived  s i g n a l  and the, s i g n a l  f r o m  t h e  vco a r e  mixed and 

p rope r ly  f i l t e r e d ,  t he  output  can be expressed a s  

where k i s  a cons t an t  depending on the  mixer c h a r a c t e r i s t i c s .  I f  now t h e  

r e fe rence  s i g n a l  t o  t h e  phase d e t e c t o r  i s  of t h e  form 

E = B cos ( [w - wn] t + q )  
r 

t h e  e r r o r  s i g n a l  can be expressed as 

where $ is a phase angle a s soc ia t ed  w i t h  t h e  r e fe rence  s i g n a l  and which 
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m u s t  be t h e  same f o r  a l l  subape r tu re s .  The vco i s  so  designed t h a t  

0 ( t )  w i l l  be changed u n t i l  t h e  e r r o r  s igna l  (1) is z e r o .  This  w i l l  

occur  when 

n 

The subape r tu re  ou tpu t  s i g n a l  under  t h e  c o n d i t i o n s  of (2)  can  be 

expressed  as 

r 1 

= c s i n  - on) t + q J 

which is independe'nt of t h e  r e l a t i v e  phase angle  ((?,I of t h e  rece ived  

s i g n a l .  Under t h e  i d e a l  c o n d i t i o n s  assumed here  it is obvious t h a t  t h e  

summat ion c i r c u i t  of t h e  adap t ive  r ece iv ing  a r r a y  w i l l  produce coherent  

a d d i t i o n  of t h e  s i g n a l s  rece ived  by t h e  a r r a y  subape r tu re s .  

2 . 3 2  Acqu i s i t i on  Time 

S ince  i n  t h e  adap t ive  r ece iv ing  a r r ay  t h e  phase ang le s  of t he  s i g n a l s  

a r r i v i n g  a t  t h e  summation c i r c u i t  a r e  ad jus t ed  by t h e  phase- lock c o n t r o l  

system of the subape r tu re ,  t h e r e  w i l l ,  i n  g e n e r a l ,  be a d e f i n i t e  t ime l a g  

between t h e  t i m e  t h e  a r r a y  s ta r t s  ope ra t ing  and t h e  t ime when t h e  phase 

ang le s  a r e  p rope r ly  a d j u s t e d .  This  time l ag  w i l l  be due p r i m a r i l y  t o  

t h e  time requ i r ed  f o r  v a r i o u s  phase-lock loops  t o  lock .  The "lock-in" 

t i m e  f o r  each  phase-lock loop assembly depends on t h e  loop bandwidth and 

i t s  inpu t  SNR. It w i l l  a l s o  be a func t ion  of t h e  damping cons t an t  of t h e  

phase- lock loop  f i l t e r .  Thus,  t h e  h igher  t h e  subape r tu re  SNR, t h e  s h o r t e r  

t h e  a r r a y  a c q u i s i t i o n  t ime.  From the  previaos  d i s c u s s i o n  i t  is  seen  

t h a t  t h e  i n i t i a l  d e t e c t i o n  of t h e  adept ive  a r r a y  is  incohe ren t ,  and 

fu r the rmore ,  t h e  i n c i d e n t  wavefront must be s t a t i o n a r y  ( t h a t  i s ,  i t s  
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c h a r a c t e r i s t i c s  do no t  change) during the t i m e  r equ i r ed  t o  adap t .  

Therefore  adap t ive  r ece iv ing  a r r a y s  have a th re sho ld  l e v e l  t h a t  i s  

determined by t h e  th re sho ld  of t h e  subaper ture  phase- lock c o n t r o l  

system. 

t y p i c a l  phase-lock c o n t r o l  systems. 

C .  S .  Weaver14 has analyzed th re sho lds  end t r a c k i n g  ranges  of 

I Various  exper imenta l  models of adapt ive  r ece iv ing  a r r a y s  have been 

t e s t e d  and t h e  r e s u l t s  publ i shed .  An adapt ive  a r r a y  c o n s i s t i n g  of f o u r  

subape r tu re s ,  u t i l i z i n g  t h e  phase- lock loop c o n t r o l  system of F i g .  lO(c) ,  

has  been cons t ruc t ed  and eva lua ted  by Schrader .  H i s  r e s u l t s  a r e  i n  

agreement w i t h  the  S N R  improvement pred ic ted  by t h e  t h e o r y .  Svoboda 

d e s c r i b e s  a s ix-element  exper imenta l  a r ray  t h a t  u ses  t h e  c o n t r o l  system 

of F i g .  10(a> ope ra t ing  on the  I F  r a t h e r  t han  t h e  RF subape r tu re  s i g n a l .  

He i n c l u d e s  a d i s c u s s i o n  of t he  e f f e c t s  of i n t e r f e r e n c e  on a r r a y  p e r f o r -  

mance and methods f o r  minimizing t h e s e  e f f e c t s .  Other  phase-lock 

c o n t r o l  systems have been i n v e s t i g a t e d  by Schrader16 ,  Breese, e t . a l .  

and Breese and S f e r r a z z a  . 

I 
I 2 

1 5  

1 7  , 
18 

2.33 Advantages and L i m i t a t i o n s  
-I_- 

The adap t ive  r e c e i v i n g  a r r a y  al lows a la rge  r ece iv ing  a p e r t u r e  t o  be 

comprised of smaller subape r tu re s ,  each  of which has  only  t o  be poin ted  

w i t h  i t s  usua l  accuracy .  I n  t h i s  way, a p e r t u r e s  g r e a t e r  t h a n  t h e  c u r r e n t  

s i n g l e  s t e e r a b l e  a p e r t u r e  l i m i t  of around 300 f t .  d iameter  can be r e a l i z e d .  

Furthermore,  d i r e c t i v i t y  l i m i t a t i o n s  due t o  manufactur ing t o l e r a n c e  o r  due 

t o  t r o p o s p h e r i c  s c i n t i l l a t i o n s  can be overcome a t  l e a s t  i n  p r i n c i p l e .  The 

a r r a y  is  n o t  r e s t r i c t e d  t o  a p p l i c a t i o n s  t h a t  r e q u i r e  large a p e r t u r e s ,  it 

can be used t o  advantage where r e s t r i c t i o n s  a r e  imposed on t h e  l o c a t i o n  

of t h e  a r r a y  subape r tu re s  such a s  a i r p l a n e s  o r  space v e h i c l e s .  Along 
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w i t h  t h e  s e v e r a l  advantages of t h e  adapt ive  r e c e i v i n g  a r r a y  are l i m i t a t i o n s  

produced by t h e  f i n i t e  a c q u i s i t i o n  t i m e  of t h e  c o n t r o l  systems and t h e  

problem of reduced e f f e c t i v e n e s s  i n  t h e  presence of m u l t i p l e  sou rces .  



3 .  PROGRAMMED SCANNING ARRAYS 

i 
I 

P rog 

3 . 1  Array C l a s s i f i c a t i o n  

ammed scanning a r r a y s  can be c l a s s i f i e d  ord ing  t o  t h e  

technique  used f o r  combining t h e  s i g n a l s  from t h e  s e p a r a t e  antenna 

e lements  i n t o  a s i n g l e  coherent  a r r a y  output .  I f  d e l a y  l i n e s  a r e  used, 

a delayed a r r a y  r e s u l t s .  I f  phase s h i f t e r s  a r e  employed, t he  system 

is c a l l e d  a phased a r r a y .  The p r i n c i p a l  d i f f e r e n c e  between these  

methods i s  t h e  v a r i a t i o n  of c a r r i e r  phase s h i f t  w i th  f requency.  A delayed 

a r r a y  ope ra t e s  u s ing  phase s h i f t  t h a t  is l i n e a r  w i t h  f requency;  i n  a 

phased a r r a y  phase sh i f  t i s  in sens  it ive t o  f requency change s . A1 thoug h 

t h e  f i r s t  system is more d e s i r a b l e  f o r  wide-band s i g n a l s ,  it is  u s u a l l y  

d i f f i c u l t  t o  ins t rument ,  and phased a r r a y s  are  o f t e n  s e l e c t e d  i n s t e a d .  

The n a t u r e  of t he  device  used t o  produce phase s h i f t  o r  time d e l a y  is  

such t h a t  d i s c r e t e  s teps  can be c o n t r o l l e d  wi th  g r e a t e r  accuracy than 

cont inuous  changes.  Thus the delayed a r r a y  and the  phased a r r a y  a r e  

u s u a l l y  instrumented t o  produce d i s c r e t e  beams i n  space w i t h  a swi tch ing  

arrangement s e l e c t i n g  the d e s i r e d  beam. The a r r a y s  d i scussed  above a r e  

c l a s s i f i e d  i n  g e n e r a l  terms a s  beam switched a r r a y s .  Also included i n  

t h e  f i e l d  of programmed scanning a r r ays  i s  t h e  t ime modulated a r r a y  u t i -  

l i z i n g  p e r i o d i c  modulation of the  ape r tu re  e x c i t a t i o n  t o  produce s i m u l -  

t aneous  beams p o i n t i n g  i n  d i f f e r e n t  d i r e c t i o n s .  

3 .2  Beam Switched Arrays 

3 .21  Array Design 

The u s u a l  method of des igning  an a r r a y  is based upon t h e  p r i n c i p l e  

of p a t t e r n  m u l t i p l i c a t i o n :  The a r r a y  p a t t e r n  i s  the product  of t h e  

30 
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19 r. I n  i t s  s imples t  form, t h e  use  of e 1 emen t p a t  t rn  and an a r  ay f a c t  

t h i s  procedure assumes t h a t  t h e  p a t t e r n  of any element r a d i a t i n g  i n  t h e  

presence of t he  remaining elements  in  the  a r r a y  and t h e i r  suppor t ing  

s t r u c t u r e s  is  the  same as the p a t t e r n  of an i s o l a t e d  e lement .  Th i s  i s  

never  t r u e  i n  p r a c t i c e  because of p a r a s i t i c  e x c i t a t i o n  of ad jacen t  e l e -  

ments and s c a t t e r i n g  from the  suppor t ing  s t r u c t u r e s .  However, i n  a 20 

l a r g e  a r r a y  almost a l l  r a d i a t i n g  elements  a r e  i n  an e s s e n t i a l l y  uniform 

environment.  Hence, a r e p r e s e n t a t i v e  element p a t t e r n ,  which i s  u s u a l l y  

q u i t e  d i f f e r e n t  from the  i s o l a t e d  element p a t t e r n ,  can be determined.  

Although no t  v a l i d  f o r  those  a r r a y  elements l oca t ed  very  c l o s e  t o  t h e  

edge of t h e  a r r a y ,  t h i s  r e p r e s e n t a t i v e  p a t t e r n ,  when m u l t i p l i e d  by t h e  

a r r a y  f a c t o r ,  s t i l l  permi ts  accep tab ly  accu ra t e  p r e d i c t i o n  of t he  a r r a y  

p a t t e r n s .  This is e s p e c i a l l y  t r u e  for a t ape red  i l l u m i n a t i o n .  2 1  

The d e s i g n  requirements  u s u a l l y  s p e c i f i e d  f o r  a phase-scanned a r r a y  

a r e  t h e  wid th  of t h e  scan s e c t o r ,  t h e  half-power beam width ,  and the  s i d e -  

lobe  l e v e l .  From t h e s e  requirements ,  it is  p o s s i b l e  t o  de te rmine  t h e  

fo l lowing  parameters :  element p a t t e r n  shape, element spac ing ,  and number 

of r a d i a t i n g  elements  r equ i r ed .  The half-power beam width of t h e  element 

p a t t e r n  mus t  be equal  t o  o r  s l i g h t l y  g r e a t e r  than t h e  scan s e c t o r  i n  
. 

o r d e r  t o  p reven t  t h e  power g a i n  of t h e  a r r ay  from dec reas ing  more than 

3 db as t h e  beam is  scanned away from broads ide .  2 1  

The p r o p e r t i e s  of p l a n a r  and l i n e a r  phase-scanned a r r a y s  c o n s i s t i n g  

of a l a r g e  number of equispaced r a d i a t o r s  have been s tud ied  i n  d e t a i l .  

I n  summarizing some p e r t i n e n t  r e s u l t s  of a s tudy  by Von Aulock22, it may 

be s a i d  t h a t  t h e  i n t r o d u c t i o n  of a phase d e l a y  a c r o s s  t h e  wavefront 
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r a d i a t i n g  from an a r r a y  has many consequences i n  a d d i t i o n  t o  t h e  obvious 

s h i f t  of t he  beam maximum: 

1. The beam width i n c r e a s e s  when the beam is scanned away 

from broads ide .  

2 .  The beam shape changes s l i g h t l y  when t h e  beam is scanned 

from broads ide  t o  moderate scan ang le s  and changes 

d r a s t i c a l l y  a t  extreme scan a n g l e s .  

3 .  New s i d e  lobes  may appear  a t  moderate t o  l a r g e  scan ang le s .  

4 .  The beam d i r e c t i o n  is  s l i g h t l y  d i f f e r e n t  from t h a t  computed 

by s tandard  formulas .  

5 .  The beam-pointing e r r o r  i n  a phased a r r a y  is  e s e n t i a l l y  

caused by sys t ema t i c  e r r o r s  i n  phase d e l a y ,  whereas 

moderate random e r r o r s  i n  phase d e l a y  have r e l a t i v e l y  

l i t t l e  e f f e c t  on t h e  c h a r a c t e r i s t i c s  of such an a r r a y .  

3 . 2 2  Feed S t r u c t u r e  - 
Once the c o n f i g u r a t i o n  and t h e  i l l umina t ing  func t ion  of t h e  a r r a y  

have been e s t a b l i s h e d ,  an appropr i a t e  feed which w i l l  produce t h e  d e s i r e d  

i l l u m i n a t i o n  f u n c t i o n  m u s t  be des igned .  This  feed  system must  be s u i t -  

a b l e  f o r  t h e  inco rpora t ion  of the t ime-delay or phase - sh i f t i ng  element 

i n  o rde r  t o  produce t h e  d e s i r e d  scanning.  

S ince  a p l a n a r  a r r a y  of uniformly spaced elements  can be cons idered  

t o  c o n s i s t  of a number of l i n e a r  a r r ays  it w i l l  s u f f i c e  t o  d e f i n e  p o s s i b l e  

feed s t ructures  f o r  1 i n e a r  a r r a y s .  These feed s t r u c t u r e s  u t i l i z e  t r a v e l i n g  

wave power d i s t r i b u t i o n  or corpora t e  power d i s t r i b u t i o n  o r  a combinat ion 

of bo th .  I f  one c l a s s i f i e s  l i n e a r  a r r ays  according t o  t h e i r  feed  

s t ruc tu re ,  one may speak of end-fed a r r ays  u t i l i z i n g  t r a v e l i n g  wave d i s -  

t r i b u t i o n ,  p a r a l l e l - f e d  a r r a y s  us ing  corpora te  d i s t r i b u t i o n ,  and sec t ioned  
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a r r a y s  using bo th .  The feed  s t r u c t u r e s  with t h e i r  a s s o c i a t e d  scanning 

c o n t r o l  element l o c a t i o n  a r e  shown i n  F i g .  12 .  

The choice  of a s u i t a b l e  f eed  s t r u c t u r e  f o r  any p a r t i c u l a r  a p p l i c a t i o n  

depends on s e v e r a l  f a c t o r s .  Some of the  more important t o  be cons idered  

a r e  t h e  maximum power t o  be r a d i a t e d ,  t he  ope ra t ing  f requency ,  t h e  re- 

I qui red  band width,  and the  complexity of the c o n t r o l  c i r c u i t s .  

The maximum power handl ing c a p a b i l i t y  of t he  a r r a y  is u s u a l l y  

l i m i t e d  by t h e  phase s h i f t  or time d e l a y  device .  C l e a r l y ,  w i t h  t h i s  

l i m i t a t i o n  i n  mind, t h e  p a r a l l e l - f e d  a r r a y  can be operated a t  t h e  h ighes t  

peak-power, and t h e  t o t a l  power-handling c a p a b i l i t y  of t he  a r r a y  i s  

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

S t r i p  t r ansmiss ion  l i n e  techniques  can be used t o  b u i l d  compact 

co rpora t e  feed  d e v i c e s  t h a t  w i l l  ope ra t e  e f f e c t i v e l y  a t  f r equenc ie s  below 

3 G c .  A t  f r e q u e n c i e s  much above 3 Gc t h e  s t r i p l i n e  dimensions become 

small  t h u s  i n c r e a s i n g  the  phase and amplitude e r r o r  introduced by t h e  

feed s t r u c t u r e .  The s i z e  of a co rpora t e  feed cons t ruc t ed  from waveguide 

components becomes l a r g e  f o r  an a r r a y  of many e lements .  Thus the  

a p p l i c a t i o n  of compact p a r a l l e l - f e d  a r r ays  i s  s u b s t a n t i a l l y  1 imited t o  

f r equenc ie s  below 3 Gc us ing  s t r i p l i n e  techniques .  Above 3 Gc the  use 

of s e r i e s - f e d  and sec t ioned  a r r a y s  become a t t r a c t i v e .  The sec t ioned  

a r r a y  is a combination of end-fed and p a r a l l e l - f e d  a r r a y s  and is  u s e f u l  

when an an tenna  of very  l a r g e  ape r tu re  i s  r equ i r ed .  

The c o n t r o l  c i r c u i t r y  requi red  t o  scan t h e  a r r a y  is r e l a t i v e l y  

s imple f o r  end-fed a r r a y s  and sec t ioned  a r r a y s ,  whereas it may be q u i t e  

complicated f o r  p a r a l l e l - f e d  a r r a y s  with l a r g e  a p e r t u r e s  because each 

i n d i v i d u a l  c o n t r o l l e d  element r e q u i r e s  s epa ra t e  programming. By incor-  

p o r a t i n g  symmetrical  p r o p e r t i e s  of t h e  bas i c  feed s t r u c t u r e s  i n  t h e  
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a r r a y  des ign  it is  p o s s i b l e  t o  reduce the number of components i n  the  

e l e c t r o n i c  c o n t r o l  c i r c u i t .  I f  t h e  c o n t r o l l e d  element s e t t i n g s  i n  a 

symmetr ica l ly  fed  a r r a y  are interchanged w i t h  t h e i r  c o u n t e r p a r t s  i n  t h e  

oppos i t e  h a l f  of t he  a r r a y ,  t h e  beam w i l l  scan through a s e c t o r  which is 

t h e  m i r r o r  image of t h e  o r i g i n a l  s e c t o r .  Two feed  s t r u c t u r e s  a r e  a p p l i -  

cab le  t o  t h i s  scanning method: t h e  p a r a l l e l - f e d  s t r u c t u r e ,  and a cen te r -  

f e d  t r a v e l i n g  wave feed (F ig .  13) .  

The o p e r a t i n g  bandwidth of t h e  a r ray  a l s o  imposes c e r t a i n  r e s t r i c -  

t i o n s  on t h e  choice of a s u i t a b l e  feed s t r u c t u r e .  I t  is obvious t h a t  

co rpora t e  power d i s t r i b u t i o n  enab le s  broadband o p e r a t i o n ,  however as 

poin ted  ou t  above it can be r e l a t i v e l y  bulky. On t h e  o t h e r  hand, t h e  

t r a v e l i n g  wave d i s t r i b u t i o n  is compact, bu t  i s  very  s e n s i t i v e  t o  

f requency  change. 

Another feed  s t r u c t u r e ,  t he  beam forming ma t r ix ,  u t i l i z e s  co rpora t e  

power d i s t r i b u t i o n  and f i x e d  phase s h i f t e r s .  Beam scanning is accom- 

p l i shed  by s e l e c t i n g  t h e  des i r ed  input  po r t  corresponding t o  a f i x e d  

beam d i r e c t i o n .  This  technique w i l l  be d i scussed  i n  a l a t e r  s e c t i o n  of 

t h e  r e p o r t .  

3 .23  The Con t ro l l ed  Element 

The o p e r a t i o n  of a beam-switched a r r a y  depends upon the  a b i l i t y  t o  

c o n t r o l  e l e c t r o n i c a l l y  t h e  phase or time d e l a y  introduced i n  t h e  feed  

system. I f  one a t t empt s  t o  c o n t r o l  e l e c t r o n i c a l l y  one or more of t h e  

t r a n s m i s s i o n  l i n e  parameters  t o  change the  phase cons t an t  (8 )  of a 

s e c t i o n  of l i n e  t o  e f f e c t  a change i n  e l e c t r i c a l  l i n e  l e n g t h  (F ig .  14a) 

t h e  c h a r a c t e r i s t i c  impedance is  a l s o  g e n e r a l l y  changed. This  c r e a t e s  

an undes i r ab le  mismatch. However, if s e c t i o n s  of such  l i n e s  a r e  
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a p p r o p r i a t e l y  used (F ig .  14b) as arms on a balanced s t r u c t u r e  such a s  

a hybr id ,  a n e t  change i n  e l e c t r i c a l  l i n e  l e n g t h  resu l t s  wi thout  input  

and output  mismatches. The des ign  problem now becomes t h a t  of des igning  

low l o s s  e l e c t r o n i c a l l y  v a r i a b l e  s e c t i o n s  of t r ansmiss ion  l i n e .  There 

are many types  and v a r i a n t s .  Some nonl inear  m a t e r i a l  p r o p e r t i e s  may no t  

r e a d i l y  be u t i l i z e d  t o  provide the 360 degrees  of phase s h i f t  o r  t i m e  

de l ay  t h a t  i s  d e s i r e d  i n  one 8 c o n t r o l  s e c t i o n .  Thus, cascading  hybr ids  

r a t h e r  t han  c o n t r o l  s e c t i o n s  i n  one arm may be d e s i r a b l e .  23 

s e c t i o n s  have been cons t ruc t ed  us ing  f e r r i t e s ,  t r a v e l i n g  wave tubes ,  g a s  

d e v i c e s ,  and d iodes .  

c o n t r o l l e d  

The d i scove ry  of fe r romagnet ic  semiconducting m a t e r i a l s ,  such a s  

f e r r i t e s ,  which are t r a n s p a r e n t  t o  and i n t e r a c t  w i t h  microwaves, made 

it p o s s i b l e  t o  deve lop  a whole family of novel microwave dev ices .  I n  

p a r t i c u l a r ,  it was shown a s  e a r l y  a s  1952 t h a t  f e r r i t e - l o a d e d  waveguides 

i n s e r t e d  i n t o  an e x t e r n a l  b i a s i n g  magnetic f i e l d  could be used a s  

e l e c t r i c a l  ly -cont  r o l l e d  phase s h i f  t e r s  . E a r l y  experiments  i nd ica t ed  t h a t  

t h e r e  e x i s t s  a t h re sho ld  peak-power l eve l  a t  which f e r r i t e  l o s s  i n c r e a s e s  

s h a r p l y  w i t h  peak-power. It  was a l s o  discovered t h a t  a pulse  propagated 

through a f e r r i t e - l o a d e d  waveguide may undergo a d i s t i n c t  change i n  

shape.  This  pu l se  d e t e r i o r a t i o n  depends on pulse  l e n g t h ,  appl ied  peak- 

power, and d-c magnet iza t ion .  I n  achieving a p r a c t i c a l  f e r r i t e  phase- 

s h i f t e r  a compromise i s  needed between phase - sh i f t i ng  a b i l i t y  and high- 

power-hand1 ing c a p a b i l i t y .  A s i m i l a r  compromise is needed wi th  r e s p e c t  

t o  the  i n s e r t i o n  l o s s  of the  phase s h i f t e r .  Whereas low-loss f e r r i t e s  

a r e  most d e s i r a b l e  f o r  t he  development of a low-loss phase s h i f t e r ,  t h e s e  

m a t e r i a l s  become n o n l i n e a r  above a c e r t a i n  r e l a t i v e l y  low th re sho ld  
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power and e x h i b i t  an i n s e r t i o n  l o s s  of many d e c i b e l s .  Lossy f e r r i t e s  

have a much h ighe r  t h r e s h o l d  power a t  which t h e y  become n o n l i n e a r  bu t  

may produce an undes i r ab le  high power d i s s i p a t i o n  i n  t h e  phase s h i f t e r  

a t  a l l  l e v e l s  of o p e r a t i n g  power.21 

F ig .  14a)  f o r  an X band phase scanned a r r ay  was developed by Bel l  Labs. 

t h a t  could handle 15  kw of peak-power without  d e t e r i o r a t i o n  of pe r fo r -  

mance and could produce a maximum use fu l  phase s h i f t  of 90" p e r  inch .  

A phase s h i f t e r  (of t h e  form of 

21 

I n  mechanically-scanned antennas the i n e r t i a  of t he  moving p a r t  

p l a c e s  an upper l i m i t  on t h e  scan r a t e s  and rates-of-change of t h e  

scan  r a t e s  which can be achieved .  I n  a d d i t i o n ,  t he  power requirements  

f o r  o p e r a t i n g  the  mechanical scanners  a re  r e l a t i v e l y  l a r g e .  S i m i l a r  

l i m i t a t i o n s  a l s o  apply t o  antennas employing f e r r i t e  scanning .  The 

inductance i n  the  b i a s i n g  magnetic f i e l d s  l i m i t s  t h e  scan  ra tes  and 

rate-of-change of scan r a t e s  a t t a i n a b l e .  A t  h igh scan  rates the  power 

requirements  become l a r g e  and t h e  p h a s e - s h i f t e r s  heavy. Another 

important  l i m i t a t i o n  of f e r r i t e  phase - sh i f t e r s  is t h a t  h y s t e r e s i s  e f f e c t s  

i n  t h e  magnetic m a t e r i a l  cause d i f f i c u l t i e s  i n  a c c u r a t e  r e s e t t i n g  of t h e  

d e s i r e d  phase s h i f t .  

The t ravel ing-wave tube has  long been known as an e x c e l l e n t  phase 

s h i f t e r ,  and t u b e s  have been cons t ruc ted  f o r  use a t  f r e q u e n c i e s  ranging 

from as low as 100mc t o  as h igh  as 100,000mc. The phase - sh i f t  i n t r o -  

duced by a t ravel ing-wave tube  i s  a s e n s i t i v e  f u n c t i o n  of i t s  h e l i x  

v o l t a g e  and can be va r i ed  over  s e v e r a l  wavelengths w i t h  n e g l i g i b l e  

c o n t r o l  power. The t ravel ing-wave tube is a very  broadband and f a s t  

a c t i n g  dev ice  which shows no apprec iab le  h y s t e r e s i s  o r  tempera ture  

s e n s i t i v i t y  and possesses  a 1 i n e a r  con t ro l  f u n c t i o n .  24 I t  should be 
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recognized t h a t  t h e  'IWT has one important d i sadvantage  when used  as a 

phase s h i f t e r ,  t h e  f a c t  t h a t  it is a non-rec iproca l  d e v i c e .  This  

d i sadvantage  is  somewhat o f f s e t  by t h e  f a c t  t h a t  a g a i n  i n  power is 

r e a l i z e d  by the  phase s h i f t e r  whi le  a l l  o t h e r  dev ices  accomplish 

phase s h i f t  with some assoc ia t ed  i n s e r t i o n  l o s s .  

Another type of e l e c t r o n i c  phase s h i f t e r  involves  t h e  u s e  of gas  

d e v i c e s .  It i s  well-known t h a t  a v a r i a t i o n  i n  the  degree  of i o n i z a t i o n  

i n  a plasma medium w i l l  produce an e f f e c t i v e  v a r i a t i o n  i n  d i e l e c t r i c  

c o n s t a n t .  An e f f e c t i v e  plasma region is  i n s e r t e d  withi-n the  t r ansmiss ion  

l i n e  t o  produce a phase s h i f t i n g  dev ice  (ope ra t ing  p r i n c i p l e  of F ig .  14a) .  

A v a r i a t i o n  i n  the  vo l t age  c o n t r o l l i n g  the degree of i o n i z a t i o n  provides  

v a r i a t i o n  i n  phase v e l o c i t y  a long the  l i n e .  Some s t u d i e s  of t h i s  problem 

have i n d i c a t e d  t h a t  t h e  gas  tube phase s h i f t e r  has  seve re  l i m i t a t i o n s .  

From a power-handling s t andpo in t ,  i t  i s  d i f f i c u l t  t o  o b t a i n  a wide 

dynamic range s i n c e  s u f f i c i e n t l y  high powers can cause v a r i a t i o n  i n  

i o n i z a t i o n  i n  a d d i t i o n  t o  t h a t  produced by the  c o n t r o l  v o l t a g e .  The 

gas  device  has  a h igher  no i se  f i g u r e  than o t h e r  phase s h i f t i n g  d e v i c e s ,  

and a s h o r t e r  ope ra t ing  l i f e  due t o  cathode o p e r a t i o n  a t  r e l a t i v e l y  high 

p r e s s u r e s .  25 

The c o n t r o l l e d  e lements  d i scussed  so f a r  have been phase s h i f t e r s  

o p e r a t i n g  i n  the conf igu ra t ion  of F ig .  14a. The use of d iodes  a s  a 

c o n t r o l l e d  element r e q u i r e s  t h e  c i r c u i t  arrangement of F ig .  14b. The 

h c o n t r o l l e d  s e c t  ions c o n s i s t  of l e n g t h s  of t ransmiss ion  1 ine (L and L + ) . 

If t h e  t r ansmiss ion  l i n e  is te rmina ted  wi th  a p e r f e c t  v a r a c t o r  d iode  

b i a sed  i n  t h e  r eve r se  d i r e c t i o n  t o t a l  r e f l e c t i o n  w i l l  occur .  The angle  of 

t h e  r e f l e c t i o n  c o e f f i c i e n t  is a f u n c t i o n  of t he  t e rmina t ing  capac i t ance  
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which i n  t u r n  i s  a f u n c t i o n  of the  reverse  b i a s  v o l t a g e .  A change i n  

the  r eve r se  b i a s  vo l t age  of t he  diode thus produces t h e  d e s i r e d  phase 

s h i f t i n g  o p e r a t i o n .  The f b i t e  r e s i s t a n c e  of the  reverse-b iased  v a r a c t o r  

diode w i l l  r e s u l t  in  incomplete r e f l e c t i o n  and the  phase s h i f t e r  w i l l  

have an i n s e r t i o n  l o s s .  A second diode device r e s u l t s  i n  a t ime de lay .  

1 The c o n t r o l l e d  s e c t i o n s  c o n s i s t  of s h o r t - c i r c u i t e d  lengths  of t r a n s -  

h 
miss ion  l i n e  of l e n g t h  L and L + 7 .  

a d i s t a n c e  AL (F ig .  15) from t h e  shor ted  end of t he  l i n e .  I n  the  forward- 

A diode shunt ing  the  l i ne  i s  placed 

b iased  s t a t e  t he  diode p r e s e n t s  e f f e c t i v e l y  a s h o r t  c i r c u i t  and t h e  l e n g t h  

of l i n e  AL is removed from t h e  c i r c u i t .  For a l i n e  propagat ing t h e  TEM 

mode t h i s  cor responds  t o  the  removal of a f i x e d  time de lay  which is  
' P  

independent of f requency .  I n  t h e  reverse  - biased  s t a t e  t he  d iode  is  an 

open c i r c u i t ,  t hus  adding t h e  incremental  l i n e  l e n g t h  AL. It is  obvious 

t h a t  t h i s  is a b i n a r y  device  and could be used only  as a b u i l d i n g  b lock  

i n  t h e  c o n s t r u c t i o n  of a t ime de lay  device possess ing  the  d e s i r e d  range 

of time de lay  s t e p s .  The v a r a c t o r  diode has a l i m i t e d  use due t o  i t s  

low power handl ing  a b i l i t y .  The t ime de lay  device  us ing  e x i s t i n g  PIN 

d iodes  can a t  t h e  p re sen t  s t a t e  of t he  a r t  handle peak-power i n  excess  

of 2 kw and average power g r e a t e r  than  60 w a t t s .  

System s t u d i e s  i n d i c a t e  t h a t  s i g n a l  bandwidths as g r e a t  as 10 pe rcen t  

a t  L-band might be r equ i r ed  of high-power a r r a y  r ada r s .  This bandwidth 

is too l a r g e  for a s imple  phased a r r a y ,  one where a l l  s t e e r i n g  de lays  

a r e  modulo 2rr r a d i a n s ,  i f  t h e  beam width is t o  be much sma l l e r  than  5" .  

The c l a s s i c a l  s o l u t i o n  t o  t h i s  problem is t o  repl.ace the  phase s h i f t e r s  

w i t h  t r u e  t ime de lay  s h i f t e r s .  Time de lay  s h i f t e r s  have a t  least  two 

s i g n i f i c a n t  d i sadvantages .  F i r s t ,  t h e  p r e c i s i o n  r equ i r ed  corresponds 
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t o  t h e  number of beam p o s i t i o n s  t o  be used, and second, t h e  in t roduc t ion  

and removal of many wavelengths of de lay  cause undes i r ab ly  l a r g e  changes 

i n  the  loss through the  s h i f t e r .  The hybrid a r r a y  sugges t s  i t s e l f  a s  a 

reasonable  compromise s o l u t i o n .  It can be developed by d i v i d i n g  a l a r g e  

p a r a l l e l - f e d  phased a r r a y  i n t o  subar rays  small  enough s o  t h a t  bu i ldup  

t ime (time i n t e r v a l  requi red  f o r  t he  leading edge of a wavefront  t o  

i l l u m i n a t e  a l l  a r r a y  elements)  is  not a problem. The i n d i v i d u a l  sub- 

a r r a y s  may then  be d r i v e n  by t r u e  time de lay  s h i f t e r s .  This arrangement 

(depic ted  f o r  a l i n e a r  a r r a y  i n  F i g .  1 6 )  would reduce the  number of 

complicated time d e l a y  s h i f  t e r s  required and,  hence,  would reduce the  

pena l ty  i n  e f f i c i e n c y  and complexity paid f o r  added bandwidth. 26 

3.24 Beam Formine: Mat r ix  
~ ~~~ 

The beam-forming m a t r i x  feed s t r u c t u r e  can be cons t ruc t ed  u t i l i z i n g  

co rpora t e  power d i s t r i b u t i o n  o r  traveling-wave power d i s t r i b u t i o n .  The 

co rpora t e  power d i s t r i b u t i o n  mat r ix  w i l l  be d i scussed  f i r s t .  

Recent t es t s  and experiments  a t  Lincoln Laboratory on a 900 mcps 

RF beam forming m a t r i x  have demonstrated t h e  e f f e c t i v e n e s s  of  t h i s  t ech -  

nique f o r  use i n  phased a r r a y  rece iv ing  systems.  The ma t r ix  forms "n" 

over lapping  f i x e d  beams i n  space from an "nfr element l i n e a r  a r r a y  antenna 

i n  an i d e a l l y  l o s s l e s s  and completely pas s ive  manner us ing  an i n t r i c a t e  

in t e r - connec t ion  of d i r e c t i o n a l  couplers  and f i x e d  phase s h i f t e r s .  The 

major advantages of t h i s  beam forming technique a r e :  (1) it forms s i m u l -  

t aneous  mul t ip l e  beams each of which have t h e  f u l l  g a i n  of t h e  a r r a y  

a p e r t u r e ,  and (2) it is  a pass ive  device which can be made ve ry  r e l i a b l e  

and rugged. 27 
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The b a s i c  components of the beam forming m a t r i x  are 3 db d i r e c t i o n a l  

coup le r s  o r  hybrid r i n g s  and f i x e d  phase s h i f t e r s .  Before exp la in ing  

t h e  o p e r a t i o n  of t h e  m a t r i x  it is necessary  t o  adopt  some convent ions  

concerning t h e  phase s h i f t  through hybr ids  and d i r e c t i o n a l  coup le r s .  The 

convent ions  used are shown i n  F i g .  1 7 .  When the  input  v o l t a g e s  have t h e  

ampl i tudes  and r e l a t i v e  phase ang le s  shown i n  F i g .  1 7  a l l  t h e  input  

s i g n a l  power w i l l  come ou t  t h e  ind ica t ed  t e r m i n a l .  Now it i s  p o s s i b l e  

t o  form the  s imples t  multi-beam a r r a y  by us ing  two antenna e lements  and 

one hybrid r i n g  o r  one 3 db d i r e c t i o n a l  coupler .  F igu re  18 shows a 

2-beam, 2-element a r r a y  us ing  a 3 db d i r e c t i o n a l  coup le r .  A p a r t i c u l a r  

i nc iden t  wavef ront  e x c i t e s  an tenna  element c u r r e n t s  t h a t  are  90" o u t  of 

phase ,  and t h e r e f o r e  a l l  t h e  rece ived  s i g n a l  energy  comes out  one t e rmina l  

on the  d i r e c t i o n a l  coup le r .  Thus a "beam r igh t "  and a "beam l e f t "  are 

formed . 27 

A four-beam matri.x can be b u i l t  by i n t e r l a c i n g  two two-beam matrices 

and t h e n  p rov id ing  a second l e v e l  of d i r e c t i o n a l  c o u p l e r s  o r  hybrid r i n g s  

t o  combine the  ou tpu t  beams. It is  necessary  t o  i n s e r t  f i x e d  phase 

s h i f t e r s  between the  upper and lower l e v e l  of coup le r s  t o  form t h e  output  

beam. F igu re  19 shows a four-element ,  four-beam a r r a y  us ing  d i r e c t i o n a l  

c o u p l e r s .  The ampli tudes and phases  of an i n c i d e n t  "beam 1 l e f t "  s i g n a l  

are shown a t  v a r i o u s  p o i n t s  i n  t h e  mat r ix .  Thus, it can be seen  t h a t  

t h e  beam forming matrix behaves l i k e  a m u l t i p l e  p a r a l l e l  feed  s t r u c t u r e  

which r o u t e s  a s i g n a l  o r i g i n a t i n g  a t  a p a r t i c u l a r  p o i n t  i n  space t o  a 

p a r t i c u l a r  ou tpu t  p o r t  of t h e  ma t r ix .  An e ight -e lement  beam forming 

matr ix  can  be thought  of as two in t e r l aced  four-element matrices wi th  an 

e x t r a  level  of phase s h i f t e r s  and d i r e c t i o n a l  coup le r s  t o  form the  beam. 27 
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Fig. 18. Simplest beam forming matrix 
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BEAM I-R BEAM 2-L BEAM 2-R BEAM I-L 

Fig. 19. Amplitudes and phases of a 0 beam I -  left" signal. 



The des ign  procedure f o r  an  N-element a r r ay  spec i fy ing  the  va l  
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ies of a l l  

t he  f i x e d  phase s h i f t e r s  and beam i n p u t s  h a s  been publ ished by H .  J .  

Moody. 28 

The beam forming technique can be used i n  p l a n a r  a r r a y s  by f i r s t  

combining the  columns of antenna elements  in ma t r i ces  and then  combining 

the  o u t p u t s  of t h e  column ma t r i ces  i n  a group of row m a t r i c e s .  Some of 

the  fundamental  c h a r a c t e r i s t i c s  of t h e  beam forming ma t r ix  a re  d i scussed  

be l  ow. 

The number of beams formed is equal  t o  the  number of antenna e lements  

used.  The number of  antenna elements  i n  t h e  a r r a y  must  be equal  t o  a 

power of 2 .  The o p e r a t i n g  frequency i s  l i m i t e d  on ly  by t h e  p r a c t i c a l i t y  

of b u i l d i n g  and in t e rconnec t ing  f ixed  phase s h i f  t e r s  and d i r e c t i o n a l  

coup le r s .  The ma t r ix  provides  a uniform i l l umina t ion  of t h e  a p e r t u r e .  

However, simple beam combining techniques can y i e l d  ( cos ine )  i l l u m i -  

n a t i o n s .  

n 

2 7  

Considered from an antenna s t andpo in t ,  the  major advantage of t h i s  

technique is the  r e a l i z a t i o n  of simultaneous mul t ip l e  beams, a l l  of which 

have the  f u l l  ga in  of t h e  a p e r t u r e .  Rather than  having t o  s t e e r  a s i n g l e  

beam us ing ,  f o r  example, RF phase s h i f t e r s ,  one has only  t o  observe the 

ou tpu t s  of t he  ma t r ix  i n  a s e l e c t i v e  o r  s imultaneous manner. 

S ince  t h e  ma t r ix  is t h e o r e t i c a l l y  l o s s l e s s  (and i n  p r a c t i c e  has a 

low i n s e r t i o n  l o s s )  it can be loca ted  d i r e c t l y  behind the  antenna elements  

wi th  a r e s u l t a n t  sav ing  i n  phase and ga in - s t ab le  h igh  frequency c i r c u i t s .  

The microwave elements  used i n  t h e  mat r ix  a r e  pass ive  and non-var iab le ,  

t h u s  t h e  m a t r i x  can be made rugged and r e l i a b l e  us ing  s t r i p  t r ansmiss ion  

l i n e  t echn iques .  The ma t r ix  i t s e l f  can  be made broadband, bu t  t he  
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f requency l i m i t a t i o n s  of phased a r r a y s  ( a s  opposed t o  a t ime-delayed 

a r r a y )  a r e  s t i l l  p r e s e n t .  

A p o s s i b l e  drawback of t h i s  beam forming technique  from an antenna 

s t andpo in t  is t h a t  t h e  s imultaneous beams are f i x e d  i n  space.  I n  r a d a r  

a p p l i c a t i o n s  however, Ross and SchwartzmanP9 have descr ibed  how cont inuous 

n u l l  t r a c k i n g  of a t a r g e t  may be achieved wi th  a f i x e d  p a t t e r n  mul t ip l e -  

beam forming m a t r i x  with a r e s u l t i n g  improvement i n  t r a c k i n g  accuracy 

when compared t o  beam i n t e r p o l a t i o n  techniques .  

I 

For l a r g e  element a r r a y s  the complexity of t h e  ma t r ix  arrangement 

( t r ansmiss ion  l i n e  c ros sove r s )  complicates  t h e  f a b r i c a t i o n ,  and w i l l  

a l s o  make it more d i f f i c u l t  t o  achieve very low mat r ix  i n s e r t i o n  l o s s  

f o r  use i n  low no i se  antenna systems.  The system is l i m i t e d  i n  power 

handl ing c a p a b i l i t y  by t h e  high power c h a r a c t e r i s t i c s  of t h e  t r ansmiss ion  

l i n e s  and connec tors  used.  Also,  s i n c e  t h e  ma t r ix  behaves l i k e  a power 

d i v i d e r ,  t h e  bottom d i r e c t i o n a l  couplers  and phase s h i f t e r s  w i l l  have 

t o  handle much h ighe r  powers than  t h e  upper ones .  

A beam-f orming ma t r ix  can be cons t ruc ted  u t i 1  i z i n g  t r a v e l  ing-wave 

power d i s t r i b u t i o n .  The technique  i s  shown i n  F i g .  20. The angle  of 

i n t e r s e c t i o n  of the feed l i n e  wi th  t h e  r a d i a t i n g  l i n e  de te rmines  t h e  

r e l a t i v e  phase s h i f t  between adjacent  r a d i a t o r s  and hence the beam 

d i r e c t i o n .  The amount of coupl ing  from the  feed l i n e  t o  the  r a d i a t i n g  

l i n e  de te rmines  t h e  type  of ape r tu re  i l l umina t ion  ( cons t an t ,  t a p e r e d ) .  

The ma t r ix  can be cons t ruc t ed  i n  a compact form wi th  r e c t a n g u l a r  wave- 

g u i d e .  
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3 . 2 5  Appl i c a t  ions  - 
A t  lower f r e q u e n c i e s  (where s t r i p  t ransmiss ion  l i n e  i s  e f f e c t i v e )  t h e  

p a r a l l e l - f e d  multibeam-forming matrix promises t o  be a b e t t e r  s o l u t i o n  

f o r  t h e  r e c e i v i n g  feed  s t r u c t u r e  f o r  reasons of r e l i a b i l i t y  and i n s e r t i o n  

l o s s .  However, h igh  power phase s h i f t e r s  appear  t o  be a b e t t e r  s o l u t i o n  

I f o r  t h e  t r a n s m i t t e r  f o r  reasons  d iscussed  below. 

Two t r a n s m i t t e r  approaches are depic ted  i n  b lock  diagram form i n  

F ig .  21. Obviously,  i n  both  approaches,  it is d e s i r a b l e  t o  keep t h e  

number of N system e lements  t o  a minimum and the  element i t s e l f  as 

s imple and r e l i a b l e  as p o s s i b l e .  Consider, f o r  example, t h e  consequences 

of a s imple  s i n g l e  stage t e rmina l  a m p l i f i e r .  Th i s  means t h e  input  

a m p l i f i e r  power should be h igh .  I n  f a c t ,  t h e  row a m p l i f i e r  (N i n  number) 

should be a t  l ea s t  as large as t h e  te rmina l  a m p l i f i e r .  The consequence 

2 

of t h e s e  arguments l e a d s  one t o  s e a r c h  f o r  methods of high-power phas ing .  

F u r t h e r  examinat ion of  F ig .  21 shows t h a t  t h e  high-power phasing r equ i r e -  

ment is more severe i n  the  multibeam-forming appraoch than  in  the  p a r a l l e l -  

f ed  approach.  The multibeam-forming approach r e q u i r e s  a s e l e c t o r  swi t ch  

and a multibeam-forming matrix which has a power handl ing c a p a b i l i t y  P .  

The p a r a l l e l - f e d  approach r e q u i r e s  a con t ro l l ed  element w i t h  power hand1 ing 

c a p a b i l i t y  of on ly  %. 
d e s i r a b l e  one f o r  t r a n s m i t t e r s .  

Thus, t he  p a r a l l e l - f e d  approach is cons idered  t h e  

23 

W .  P .  Delaneya7 d e s c r i b e s  a 16-element beam-forming matrix which has  

been t e s t e d  e x t e n s i v e l y  i n  t h e  l abora to ry  and in  a l i n e a r  a r r a y  antenna 

system. The matr ix  was cons t ruc t ed  wi th  s t r i p  l i n e  components t o  o p e r a t e  

a t  900mc. Antenna p a t t e r n s  were recorded f o r  uniform i l l u m i n a t i o n  and 

f o r  (cos ine)"  i l l u m i n a t i o n .  



LL a m o  

i 
I- 
O 
1 c 



54 

A r e t r o d i r e c t i v e  s a t e l l i t e  antenna f o r  a broad bandwidth s a t e l l i t e -  

to-ground d a t a  t r ansmiss ion  l i n k  is proposed i n  a paper  by C .  A .  B e l f i ,  

e t  al .33 The s a t e l l i t e  antenna descr ibed  f o r  t h i s  system is an a c t i v e  -- 
r e t r o d i r e c t i v e  antenna which u t i l i z e s  the beam-forming c h a r a c t e r i s t i c s  

of a p a r a l l e l - f e d  ma t r ix .  

cons t ruc ted  a t ravel ing-wave beam- 30 ,31 ,32  The W .  L .  Maxson Corp. 

forming ma t r ix  t o  ope ra t e  a t  9 KMC. The t e s t  a r r a y  c o n s i s t s  of f i v e  

f eed  l i n e s  (each corresponding t o  one beam) and 120 r a d i a t i n g  e lements .  

The des ign  of the  a r r a y  and t h e  r e s u l t s  of var ious  t e s t s  performed on 

t h e  a r r a y  a r e  d i s c u s s e d .  

The technique  of phase scanning w i t h  t ravel ing-wave tubes  a s  t h e  

c o n t r o l l e d  element has been s tud ied  i n  a r e p o r t  by G .  I .  Cohn. 39 

g i v e s  t h e  r e s u l t s  of measurements on a s e r i e s - f e d  nine-element r ece iv ing  

a r r a y .  I n  t h i s  model antenna s i g n a l s  received by each  of t h e  l i n e a l  

a r r a y  e lements  a re  impressed and s t o r e d  on t h e  e l e c t r o n  beam a s  it passes  

each of t h e  antenna-to-electron-beam coup le r s .  Thus t h e  e l e c t r o n  beam 

a c t s  a s  t h e  t r a v e l i n g  wave medium i n  which the s i g n a l s  from the  success ive  

antenna e lements  a r e  superimposed. A t  the  output  end of t h e  e l e c t r o n  

beam a s i g n a l  which is  the  supe rpos i t i on  of a l l  t he  impressed s i g n a l s  is 

He 

removed. 

A t h i r t y - t w o  element ,  cen te r - f ed ,  t ravel ing-wave-feed,  l i n e a r  a r r a y  

was cons t ruc t ed  a t  Be l l  Telephone Labora to r i e s .  21 

are X-band f e r r i t e  phase s h i f t e r s .  The r e s u l t s  of s eve ra l  t e s t s  on the  

a r r a y  and a r r a y  p a t t e r n s  a r e  included i n  the  re ferenced  r e p o r t .  

The c o n t r o l l e d  elements  
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3 . 3  Time Modulated Array 

3 .31  P r i n c i p l e  of Operat ion - 
I n  a recent  paper34, t he  a p p l i c a t i o n  of t ime domain techniques  t o  

antenna systems was d e s c r i b e d ,  and in a pre l iminary  way shown t o  provide 

a means f o r  q u a s i - e l e c t r o n i c  scanning .  The b a s i c  philosophy of time 

domain antennas i s  centered  around the  r ecogn i t ion  t h a t  i f  some parameter  i 
of an antenna ( l eng th ,  shape ,  a p e r t u r e  e x c i t a t i o n ,  e t c . )  is modulated i n  

a p e r i o d i c  manner, the t ime-varying r a d i a t i o n  p a t t e r n  can be w r i t t e n  i n  

one form a s  

where t h e  b (0) a r e  i n  gene ra l  d i f f e r e n t  s p a t i a l l y  dependent p a t t e r n s ,  

w 

of t h e  independent na ture  of t h e  w harmonics, each  term i n  t h e  series 
0 

can  be independent ly  de t ec t ed  t o  provide a s e r i e s  of s i g n a l s ,  each 

having d i f f e r e n t  s p a t i a l  p a t t e r n  c h a r a c t e r i s t i c s .  For the  s p e c i a l  case 

i n  which t h e  s p a t i a l  p a t t e r n s  a r e  penc i l  beams p o i n t 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 e  s t r e n g t h  of a g i v e n  harmonic nw w i l l  g ive  a d i r e c t  

i n d i c a t i o n  of the presence and s t r e n g t h  of a t a r g e t  i n  the corresponding 

d i r e c t  i on .  

n 

i s  the  modulation frequency and it i s  assumed t h a t  wo << w. Because 0 

0 

35 

The b a s i c  f e a t u r e s  of u t i l i z i n g  the t ime domain phi losophy t o  achieve  

e l e c t r o n i c  scanning can be seen by cons ide ra t ion  of a cont inuous ly  e x c i t e d  

l i n e a r  a r r a y .  Suppose t h a t  2N + 1 penci l  beams a r e  d e s i r e d  from an a r r a y  

o f  l e n g t h  210,  wi th  t h e  spacing between beams of t h e  o r d e r  of 8 I n  

a d d i t i o n ,  each of t h e s e  p a t t e r n s  i s  assoc ia ted  ( i . e .  "tagged") wi th  a 

0'  
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d i f f e r e n t  f requency component. I n  mathematical language,  t hese  con- 

d i t i o n s  a r e  expressed by 

N 
s i n  p l o ( v  - n v O )  1 

v - n v ,  
e j < w  + n u 0 ) t  

g ( e , t )  = t 
U n = -N 

where g ( e , t )  is the d e s i r e d  t ime varying p a t t e r n  complex, o i s  t h e  

fundamental modulation frequency and v and v a r e ,  r e s p e c t i v e l y ,  s i n  

and s i n  e I n  a p r a c t i c a l  system, t h e  va lue  of v and the  number of 

beams, 2N + 1,would be chosen t o  g ive  the d e s i r e d  angu la r  coverage and 

0 
* 

0 

0' 0 

d e t e c t i o n  accuracy.  Examination of (1) d i s c l o s e s  an e x c e l l e n t  p i c t u r e  of 

t h e  scanning mechanism; a t a r g e t  i n  t h e  v i c i n i t y  of the  angular  d i r e c t i o n  

n e o  w i l l  be d i r e c t l y  a s soc ia t ed  wi th  the frequency no 

viewpoin t ,  (1) r e p r e s e n t s  a f requency spectrum i n  which the  upper and 

From ano the r  0' 

lower sideband magnitudes i n d i c a t e  the  s t r e n g t h  of t a r g e t s  i n  the  

a s s o c i a t e d  d i r e c t i o n s .  35 

The a p e r t u r e  d i s t r i b u t i o n  to  g i v e  the p a t t e r n  c h a r a c t e r i s t i c s  of 

(1) may be found by the a p p l i c a t i o n  of Four i e r  i n t e g r a l  t heo ry .  T h i s  

d i s t r i b u t i o n  i s  

N 
- j (kvonx - no@) t. f ( x , t )  = 

n = -N 

( 2 )  

This  e x p r e s s i o n  can be considered a s  a s e r i e s  of  t r a v e l i n g  amplitude waves 

moving from l e f t  t o  r i g h t  along the  a r r a y .  Because of the  e q u a l i t y  of 

t h e s e  wave ampl i tudes ,  the  complete sum w i l l  resemble an e x c i t i n g  pulse  

t r a v e l i n g  a c r o s s  t h e  a r r a y .  Thus it i s  seen  t h a t  i n  o rde r  t o  r e a l i z e  

the  p a t t e r n  complex of ( l ) ,  the  l i n e a r  a r r a y  m u s t  be e x c i t e d  p r o g r e s s i v e l y ,  
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a smal l  p o r t i o n  a t  a t ime.  Because of t he  choice  of a f i n i t e  number of 

terms of (11, the  pu l se  shape as  determined by (2) is  not of s imple  

form. However, it can be shown t h a t  r e c t a n g u l a r  pu lse  e x c i t a t i o n ,  accom- 

p l i s h e d  by on-off swi tch ing  of t he  elements  of  a l i n e a r  a r r a y ,  w i l l  

produce the  d e s i r e d  scanning.  

3 . 3 2  Appl i ca t ions  ---- 
The b a s i c  theo ry  of ope ra t ion  of a time modulated r ece iv ing  a r r a y  

is o u t l i n e d  and t h e  swi t ch ing  requirements  a re  d i scussed  i n  a r e p o r t  by 

W .  H. Kummer, et ,1.36 

presented  and t h e  a u x i l i a r y  equipment necessary  f o r  implementing the  

technique  i s  cons idered .  

P a t t e r n s  of a five-element l i n e a r  a r r a y  are 

Work a t  Hughes A i r c r a f t  Company 3 7 ' 3 8  has demonstrated the  t echn ique  

of t ime modulated a r r a y s  w i t h  a 20-element s l o t  a r r a y  which inco rpora t e s  

s e q u e n t i a l  on-off swi tch ing  of t h e  a r r a y  e lements .  P a t t e r n s  showing t h e  

scanned beams bo th  i n d i v i d u a l l y  and superimposed are  included i n  t h e  

r e p o r t s .  The beam po in t ing  d i r e c t i o n s  correspond t o  the  t h e o r e t i c a l  

p r e d i c t i o n s .  



CONCLUSIONS 

E l e c t r o n i c  s t e e r i n g  of an tennas  o f f e r s  s i g n i f i c a n t  advantages 

over  mechanical s t e e r i n g .  It  i s  i n e r t i a l e s s  and t h e r e f o r e  r e l a t i v e l y  
I \ very  f a s t .  The ‘ e l e c t r o n i c a l l y  scanned a r r a $ l g i v e s  a f i x e d  s u r f a c e  which 

__- _ _ _ _  , 

i s  of importance on an  a i r f r ame .  

are r e l i a b l e  i n  t h a t  f a i l u r e  of one a r r a y  element  does not  degrade system 

Transmission and r e c e p t i o n  by a r r a y s  
I 

performance g r e a t l y ;  i n  f ac t  t h e  pass ive  Van Atta r e t r o d i r e c t i v e  a r r a y  

o f f e r s  t h e  u l t i m a t e  i n  r e l i a b i l i t y .  E l e c t r o n i c  scanning a l s o  a l lows  a 

v a r i a b l e  beamwidth, and g a i n ,  n o t  poss ib l e  wi th  mechanical scanning.  

F i n a l l y ,  e l e c t r o n i c a l l y  s t e e r e d  a r r a y s  of fer t h e  p o s s i b i l i t y ,  f o r  ground 

s t a t i o n s ,  of a g r e a t e r  ga in  t h a n  i s  poss ib l e  wi th  l a r g e  s i n g l e - a p e r t u r e  

an tennas  which are l i m i t e d  by manufacturing t o l e r a n c e s  and phase p e r t u r -  

b a t i o n s  i n  t h e  propagat ing medium. This  l a s t  advantage h a s  n o t  y e t  been 

r e a l i z e d  i n  p r a c t i c e .  

A disadvantage  of scanning by a r r a y s  i s  inc reased  system complexity,  

a s  i n d i c a t e d  i n  t h i s  r e p o r t  by t h e  drawings which show t h e  phase s h i f t e r s ,  

coup le r s ,  a m p l i f i e r s ,  e t c .  which may be a s s o c i a t e d  wi th  each array 

element.  I t  i s  q u i t e  f o r t u n a t e ,  however, t h a t  system r e l i a b i l i t y  i s  no t  

n e c e s s a r i l y  decreased and, i n  f a c t ,  may be inc reased  s i n c e ,  a s  was pointed 

ou t  above, f a i l u r e  of one a r r a y  element does not  cause o v e r a l l  pe r fo r -  

mance t o  d e t e r i o r a t e  g r e a t l y .  

Other  d i sadvantages  a s s o c i a t e d  w i t h  t h i s  increased  complexity a r e  

inc reased  c o s t s  and decreased bandwidths. 

It  seems probable  t h a t  many a p p l i c a t i o n s  f o r  t h e s e  e l e c t r o n i c a l l y  

scanned a r r a y s  w i l l  be found. 

and d isadvantages  of t h e  va r ious  scanning methods which have been con- 

This  r e p o r t  has  d i scussed  t h e  advantages 
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s t r u c t e d  o r  proposed t h u s  f a r ,  and i n  many c a s e s  r e f e r e n c e  t o  t h e s e  

system c h a r a c t e r i s t i c s  w i l l  sugges t  t h e  most s u i t a b l e  method f o r  a par -  

t i c u l a r  a p p l i c a t i o n .  

The f i e l d  of e l e c t r o n i c a l l y  scanned a r r a y s  i s  r e l a t i v e l y  new. 

March, 1964, when a special i s s u e  of t h e  IEEE T r a n s a c t i o n s  on Antennas 

and Propagat ion concerned wi th  t h i s  a r e a  was publ i shed ,  some of t h e  

methods d i s c u s s e d  i n  t h e  l i t e r a t u r e  w e r e  s p e c u l a t i v e  only  and had n o t  been 

developed exper imenta l ly .  S ince  t h a t  time a d d i t i o n a l  development has  of 

course  taken  p l a c e ,  bu t  no s i g n i f i c a n t  new scanning technique h a s ,  t o  

t h e  knowledge of t h e  a u t h o r s ,  been proposed. Many of t h e  papers  i n  t h i s  

area have appeared i n  t h e  open l i t e r a t u r e ,  and t h i s  f a c t  i s  i n d i c a t e d  by 

t h e  number of open r e f e r e n c e s  c i t e d .  Many of t h e  r e f e r e n c e s  are Defense 

Documentation Center  (DDC, ASTIA) p u b l i c a t i o n s ,  and t h e s e  were found t o  

be h i g h l y  u s e f u l .  L i t t l e  w a s  found of a u s e f u l  n a t u r e  i n  t h e  c l a s s i f i e d  

l i t e r a t u r e  t h a t  does n o t  a l s o  appear  i n  t h e  u n c l a s s i f i e d ,  and o n l y  one 

such r e f e r e n c e  was c i t e d .  

T h i s  s tudy  h a s  i n d i c a t e d  t h a t  while  much work has  been done i n  elec- 

A s  of 

t r o n i c  a r r a y  scanning i n  t h e  r e l a t i v e l y  s h o r t  time s i n c e  t h e  concepts  were 

f i r s t  in t roduced ,  much remains t o  be done. 

i s  t h a t  of t h e  product ion of harmonics by t h e  c o n t r o l l e d  elements  of t h e  

a r r a y ,  such as  d iodes .  This  can r e s u l t  i n  r a d i a t i o n  of  undes i red  s i g n a l s  

i n  t h e  pass band of  some nearby receiver. 

are needed i s  t h a t  of mutual impedance e f f e c t s  between t h e  elements  of a n  

a r r a y .  One r e s u l t  of such e f f e c t s  is  t h a t  t h e  inpu t  impedance of  each ele- 

ment var ies  wi th  scan a n g l e ,  causing mismatch l o s s e s  w i t h  consequent lower 

r a d i a t e d  power. 

One problem of  e v i d e n t  importance 

Another a r e a  i n  which s t u d i e s  
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Other important problems needing f u r t h e r  s tudy  are: a c q u i s i t i o n  a t  

low s i g n a l  - to -noise  r a t i o ,  des ign  of  wide bandwidth systems, scanning 

over l a r g e  a n g l e s ,  and system o p e r a t i o n  with more t h a n  one s i g n a l .  
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