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I. INTRODUCTION 

The b a s i c  requi rement  o f  t h e  SPS beam p o i n t i n g  system i s  t h a t  i t  d e l i v e r  a  
c e r t a i n  amount o f  S-band ( A  = 12.5 cm) power t o  a  9.6 km d iameter  r e c e i v i n g  
antenna ( " rec tenna" )  on t h e  ground. The power i s  t r a n s m i t t e d  f rom a  1.0 km 
d iameter  antenna a r ray60n  t h e  SPS, which i s ,  f o r  a  rectenna a t  about +-40 deg. 
l a t i t u d e ,  some 37 .5~10  km d i s t an t .  F i g u r e  1 shows t h e  " p o i n t i n g  loss" ,  i.e. 
t h e  r e l a t i v e  l o s s  o f  i n t e r c e p t e d  power, as a  f u n c t i o n  o f  p o i n t i n g  e r r o r .  With 
p e r f e c t  p o i n t i n g  t h e  rectenna i n t e r c e p t s  93.5% o f  t h e  SPS beam, b u t  F i g u r e  1 
shows t h a t  t h i s  f a l l s  t o  92.6% (1.0% p o i n t i n g  l o s s )  when t h e  p o i n t i n g  e r r o r  
(d isp lacement  o f  peak o f  beam f r o m  rectenna cen te r )  i s  0.66 km, and 91.6% 
(2.0% l o s s )  when i t  i s  0.90 km; i.e., p o i n t i n g  l o s s  increases rough ly  as t h e  
square o f  t h $  p o i n t i n g  e r r o r  f o r  smal l  e r r o r s -  0.66 km i s  equ i va l en t  t o  
0.66/37.5~10 = 17.6 m ic ro rad ians  angu la r  e r r o r .  At t h e  p resen t  t ime  ARA1s 
appear t o  be t h e  bes t  b e t  t o  r e a l i z e  t h i s  very  s t r i n g e n t  beam p o i n t i n g  
requirement.  

An a c t i v e  r e t r o d i r e c t i v e  a r r a y  (ARA) t r a n s m i t s  a  beam towards t h e  apparent 
source o f  an i l l u m i n a t i n g  s i g n a l  c a l l e d  t h e  p i l o t  (F i gu re  3). "Ac t i ve "  
imp1 i e s  t h a t  t h e  a r r a y  produces, n o t  mere ly  r e f l e c t s ,  RF power. Retro-  
d i r e c t i v i t y  i s  achieved by r e t r a n s m i t t i n g  f rom each element o f  t h e  a r r a y  a  
s i g n a l  whose phase i s  t h e  "conjugate"  o f  t h a t  r ece i ved  by t h e  element. 
Assuming t h a t  t h e  phase o f  t h e  p i l o t  s i g n a l  r ece i ved  by t h e  k t h  element o f  
t h e  a r r ay  a t  t ime  t i s  

where r k  i s  t h e  d i s t ance  f rom t h e  ~ t h  element t o  t h e  source o f  t h e  p i l o t  
s igna l ,  we d e f i n e  t h e  con juga te  o f  #k t o  be 

where +0 i s  an a r b i t r a r y  phase o f f s e t  which must, however, be cons tan t  over  

F i g u r e  1 i s  c a l c u l a t e d  f rom two computer programs r e c e n t l y  developed a t  
JPL. The f i r s t  computes t h e  t h e  exact  f a r  f i e l d  power d e n s i t y  f rom a  s e r i e s  
expansion o f  t h e  r a d i a t i o n  i n t e g r a l  f o r  a  c i r c u l a r  ape r t u re  w i t h  Gaussian 
i 1  lumi na t ion ,  and t h e  second numer i ca l l y  i n t e g r a t e s  t h a t  power dens i t y  over  
t h e  rectenna f o r  va r ious  va lues o f  t h e  p o i n t i n g  e r r o r .  The f a r  f i e l d  program 
assumes an exact,  cont inuous,  Gaussian il lumi  n a t i o n  w i t h o u t  phase o r  amp1 i t u d e  
e r r o r s .  It should no t  be confused w i t h  t h e  program p r e v i o u s l y  developed by 
W.F. W i l l i ams  o f  JPL f o r  t h e  express purpose o f  s i m u l a t i n g  t h e  e f f e c t s  o f  such 
e r r o r s ,  and which ( f o r  t h a t  very reason) consumes f a r  more computer t ime  than  
t h e  p resen t  prograai. 
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the  en t i re  array. In order t o  do t h i s ,  each element of the  array must be 
equipped with a phase conjugation c i r cu i t  ( P C C ) .  The phase of the  signal 
received frorn the ~ t h  element by a receiver located a t  the  pi lot  source 
( r  = o)  a t  time t i s  

Thus the contributions t o  the  f i e l d  a t  r = o from the various elements of the 
array are a l l  in phase a t  tha t  point, which means tha t  the  beam points toward 
t he  pi lot  source. Note tha t  t h i s  def ini t ion does not require t ha t  the 
transmitted frequency, w i  , be the  same as the p i lo t  frequency. We wil l ,  in 
f a c t ,  assume tha t  u '#u,  as i t  normally must be in order t o  provide input- 
output isola t ion,  but retrodi rect i  vi t y  wi 11 s t i  11 resul t  i f  the  propagation 
medium i s  reciprocal and non-dispersive. Note a lso  tha t  the  elements of the 
ARA need be neither equally spaced nor coplanar. The array pattern wi l l ,  of 
course, suffer  i f  the  array geometry i s  too i r regular ,  b u t  i t  will  s t i l l  be 
retrodirective.  Note f i na l l y ,  t ha t  the  p i lo t  signal wavefront need not be 
spherical ; the A R A  wi 11 s t  i  11 be re t rodirect ive  even i f  the pi 1 ot wavef ront 
i s  d is tor ted by an inhomogeneous medium provided tha t  the  medium i s  slowly 
varying (changes negligibly within a round t r i p  l igh t  time). In sum, the  only 
necessary conditions fo r  the  proper operation of an ARA are  tha t  the  
propagation medium by reciprocal, non-dispersive and slowly varying. The 
ARAis re1 a t i  ve insens i t iv i ty  t o  dimensional and propagation medi um 
perturbations makes i t  highly sui table  t o  the  SPS (as well as t o  a number of 
other space appl icat ions) .  

An A R A  i s ,  t o  a high degree, inherently f a i l s a f e  in tha t  f a i l u r e  of the  
p i lo t  signal resu l t s  in the  immediate collapse of the downlink beam due t o  the  
dis t ruct ion of the  phase coherence of the elements of the  array. The residual 
ground level in tensi ty  due t o  the  n incoherent signals radiated by an A R A  in 
t he  absence of a p i lo t  i s  of order p/2n (depending somewhat on the  illumi- 
nation taper)  where n i s  the number of ARA elements and p i s  the peak 
intensi ty  of the  beam during normal A R A  operation, i.e. in  the presence of a 
p i l o t  signal. For the SPS reference system, p = 23 mWjcn2 and n = 7200, so 
p/2n i s  about 0.002 mW/cn3, which i s  we1 1 below 1 evels presently considered 
hazardous. 

\ 

11. ARA DESIGN PROBLEMS AND SOLUTIONS -- - 
A. Phase Reference Di s t r i  bution 

From (1) and ( 2 )  we see tha t  phase conjugation amounts t o  advancing the  
phase of an input signal by an amount equal t o  i t s  delay. The phase 
conjugation c i r cu i t  (PCC) must, therefore,  be provided with a phase reference 
against which t o  measure tha t  delay. If we locate each PCC a t  i t s  associated 
ARA element as in Figure 1, then i t  i s  c lea r  tha t  we must transmit the phase 
reference t o  each PCC from some central  source via transmission l ines  of equal 
phase delay modulo 2n. B u t  i t  may be d i f f i c u l t  t o  do t h i s  i f  the  transmission 
1 ines are very long. For example, consider the  1.0 kin diameter SPS ARA 
described above operating a t  S-band ( A  = 12.5 cm), If the  master phase 
reference i s  located a t  the  center of the disk, the  transmission l ines  t o  
elements a t  the periphery will be 500 m long. ' I f  we wish t o  keep the phase 



delay i n  t h i s  l i n e  cons tan t  t o  w i t h i n  1/10 rad ians ,  i t s  l e n g t h  must no t  vary 
by more t han  +1/20 cm, o r  a  r e l a t i v e  change no g rea te r  t han  c1.2 x  

Fo r t una te l y ,  we can avo id  t h e  whole problem by 1  o c a t i n g  a1 1  PCC's a t  t h e  
r e f e rence  source r a t h e r  than  a t  t h e i r  r e s p e c t i v e  elements. Th i s  method o f  
p r o v i d i n g  t h e  phase reference,  c a l l e d  " c e n t r a l  phasing", i s  i l l u s t r a t e d  i n  
F i g u r e  3, which, f o r  t h e  sake o f  c l a r i t y ,  shows on ly  two elements o f  t h e  ARA. 
The phase re fe rence  f o r  t h i s  ARA i s  t h e  p i l o t  s i g n a l  r ece i ved  by t h e  0-th,  o r  
re fe rence ,  element. The p i l o t  s i g n a l  r ece i ved  by t h e  ~ t h  element i s  
t r a n s m i t t e d  t o  i t s  assoc ia ted  PCC l o c a t e d  a t  t h e  r e f e rence  element v i a  t h e  
t r ansm iss i on  l i n e  and d i p l exe r ,  2PLX. The PCC conjugates t h e  e n t i r e  phase 
delay, i.e. t h e  sum of t h e  space delay, wrk/c, and t h e  t r ansm iss i on  l i n e  
delay, w % ~ ~ / c L ,  where CL i s  t h e  phase v e l o c i t y  o f  t h e  l i n e ,  and t r a n s m i t s  t h a t  
con juga te  s i g n a l  back down t h e  same t r ansm iss i on  1  i ne t o  t h e  ~ t h  element, 
which r e t r a n s m i t s  it. I t s  phase a t  t h a t  p o i n t  i s  U' ( t  + r k / c )  + +o which i s  
e x a c t l y  what i t would be were t h e  PCC l o c a t e d  a t  t h e  ~ t h  element r a t h e r  t han  
a t  t h e  re fe rence  element. Thus t h e  l e n g t h  o f  t h e  t r ansm iss i on  l i n e  i s  
immater ia l  p rov ided  o n l y  t h a t :  1) t h e  l i n e  i s  d i spe rs i on l ess ,  and 2) i t s  
l e n g t h  i s  constant  w i t h  time. C l e a r l y ,  c e n t r a l  phas ing i s  j u s t  a  s imp le  
ex tens i on  o f  t h e  phase con juga t i on  p r i n c i p l e .  

L o c a t i n g  a l a l  t h e  PCC's i n  one smal l  volume very near t h e  r e f e rence  
element may be d i f f i c u l t  i f  t h e  a r r ay  con ta i ns  thousands o f  elements. A  
m o d i f i c a t i o n  o f  t h e  c e n t r a l  phas ing i dea  u s i n g  a  t r e e  topology i n  which t h e  
phase re fe rence  i s  regenerated a t  each node w i l l  be r e q u i r e d  i n  such l a r g e  
ar rays.  Th is  i s  i l l u s t r a t e d  i n  F i g u r e  4. Each branch o f  t h e  t r e e  c o n s i s t s  
o f  a  PCC, l o c a t e d  near  t h e  node, and an element o f  t h e  ARA a t  t h e  end o f  a  
t r ansm iss i on  1  ine. A  phase re fe rence  supp l i es  a1 1  t h e  PCC's connected t o  a  
node. A t  t h e  i n i t i a l  node, t h i s  i s  t h e  re fe rence  element o f  t h e  a r ray .  At 
subsequent nodes, i t  i s  a  phase re fe rence  regenera to r  (PRR). The PRR combines 
samples o f  t h e  p i l o t  and con juga te  s i g n a l s  a t  an element t o  reproduce t h e  
o r i g i n a l  re ference.  S p e c i f i c  ways o f  do ing  t h i s  w i l l  be descr ibed  i n  t h e  
d i s cuss i on  o f  PCC's i n  Subsect ion B below. 

The dashed boxes i n  F i g u r e  4 c o n t a i n  a l l  t h e  c i r c u i t  elements l o c a t e d  a t  a  
node. Since t h e  s i g n a l  paths w i t h i n  these  node assembl i e s  a r e  u n i l a t e r a l ,  
t h e i r  phase de lays must be c a r e f u l l y  ba lanced i n  o rde r  t o  a v o i d  phase e r r o r  
b u i l d u p  a t  success ive nodes. I n  o rde r  t o  assure t h e  s t a b i l i t y  o f  t h e  phase 
delay balance, these  assemblies must be un i f o rm  and compact. C r i t i c a l  
appl i c a t i o n s  may r e q u i r e  temperature s t a b i  1  i z a t i o n  o f  some a c t i v e  elements. 

The number o f  nodes i n  a  t r e e  i s  r e l a t i v e l y  smal l  even f o r  an ARA o f  
severa l  thousand elements. For  example, i f  we have s i x  branches a t  each node, 
t hen  a  t r e e  o f  on ly  f i v e  nodes s u f f i c e s  f o r  an a r r a y  o f  9331 elements. PRR's 
a re  r e q u i r e d  on l y  a t  t h e  f i r s t  through f o u r t h  o rde r  nodes o f  t h i s  t ree.  A  PRR 
a t  a  f o u r t h  o r d p n o d e  i s  t h e  l a s t  i n  a  cha in  o f  f o u r  PRR's connec t ing  t h e  

, PCC's a t  t h a t  f o u r t h  o rde r  node t o  t h e  r e f e rence  element o f  t h e  ARA. The 
e r r o r  i n  t h e  va lue o f  t h e  phase re fe rence  produced by t h i s  l a s t  PRR i s  t h e  sum 
o f  t h e  e r r o r s  a r i s i n g  i n  a l l  t h e  PRR's i n  t h e  chain. I f  these  e r r o r s  a r i s e  
f rom independent and i d e n t i c a l  random processe3 i n  each PRR, t hen  t h e  p robab le  
e r r o r  o f  t h e  ou tpu t  o f  t h e  l a s t  PRR i s  J 4  TPE) = 2  (PE) i s  t h e  probable e r r o r  
o f  each PRR. Thus t h e  e r r o r  bu i l dup  due t o  repeated regenera t ion  o f  t h e  phase 
re fe rence  i s  moderate even f o r  l a r g e  arrays. 



B. Phase Con juga t ion  C i r c u i t s  

A  very  s imple phase con juga t i on  c i r c u i t  (PCC) i s  shown i n  F i g u r e  5, S ince  
i t s  i n p u t  and ou tpu t  f requenc ies  a r e  t h e  same (w'=w), t h i s  c i r c u i t  i s  
i m p r a c t i c a l  because o f  i s o l a t i o n  problems. S h i f t i n g  t h e  ou tpu t  f requency may 
so l ve  t h e  i s o l a t i o n  problem, b u t  we may, depending on how t h e  s h i f t i n g  i s  
done, f i n d  t h a t  t h e  t r a n s m i t t e d  beam i s  no l onge r  r e t r o d i r e c t e d .  For  example, 
t h e  ou tpu t  f requency o f  t h i s  PCC can be s h i f t e d  s imply  by s l i g h t l y  o f f s e t t i n g  
t h e  frequency o f  t h e  phase re fe rence  by AW. The r e s u l t  i s  a  s o r t  o f  
approximate phase con juga t i on  which, i n  a  p l ana r  ARA, causes a  p o i n t i n g  e r r o r  
( c a l l e d  " s q u i n t " )  g i ven  by 

where e i s  t h e  scan ang le  ( ang le  between d i r e c t i o n  o f  a r r i v a l  o f  t h e  p i l o t  
s i g n a l  and t h e  normal t o  t h e  a r ray ) .  AU has a  p r a c t i c a l  l ower  bound due t o  
t h e  impe r f ec t  i s o l a t i o n  o f  r e a l  d i p l e x e r  f i l t e r s .  Therefore,  he may be t o o  
l a r g e  f o r  appl  i c a t i o n s  r e q u i r i n g  bo th  very  p r e c i s e  p o i n t i n g  and a  w ide  scan 
range. 

I n  o rde r  t o  avo i d  these  d i f f i c u l t i e s  we would 1 i ke  t o  have exact,  
f requency s h i f t i n g  PCC's, i.e. PCC's t h a t  s a t i s f y  ou r  d e f i n i t i o n ,  Eq. (2) ,  o f  
phase con juga t ion  where w '  * 0. One such exact  PCC i s  shown i n  F i g u r e  6. Th i s  
one uses a  phase l ocked  l oop  which b o t h  conjugates t h e  phase and t r a n s l a t e s  t h e  
f requency o f  t h e  i n p u t  s igna l .  M ixer  M2 i s  an upcover te r  w h i l e  M1 i s  a  
downconvertere The con juga te  r e l a t i o n ,  

where R = 1 / - (1  t 2/n) ,  f o l l o w s  inn ied ia te ly  f rom t h e  phase l ock  cond i t i on .  The 
c i r c u i t  i s  p r a c t i c a l  f o r  n  2 4. The 2 s i g n  i n  t h e  express ion f o r  R r e f l e c t s  
t h e  f a c t  t h a t  two s tab1 e  ope ra t i ng  s t a t e s  a re  t h e o r e t i c a l  l y  poss ib le .  Which 
s t a t e  a c t u a l l y  occurs depends upon t h e  l o c k i n g  range o f  t h e  VCO, Also, an 
n - f o l d  phase amb igu i t y  may occur  due t o  t h e  p r a c t i c a l  d i f f i c u l t y  o f  
synchron iz ing  t h e  " d i v i d e  by n" dev ices i n  t h e  va r ious  PCC's, b u t  it can be 
e a s i l y  shown t h a t  t h i s  amb igu i t y  i s  removed (modulo 2x) i f  t h e  PCC ou tpu t  
f requency i s  n ~ u l t i p l  i e d  by a  m u l t i p l e  o f  n-2. S ince t h e  PCC would norma l l y  be 
designed t o  opera te  a t  f requenc ies  much lower  t han  t h e  2.45 GHz SPS downl ink 
frequency, t h e  a d d i t i o n a l  requi rement  t h a t  i t s  ou tpu t  f requency be 2450/m(n-2), 
where m  and n-2 are a r b i t r a r y  p o s i t i v e  i n t ege rs ,  i s  no t  unduly  r e s t r i c t i v e .  

The phase re fe rence  regenera to r  (PRR) f o r  t h e  c i r c u i t  o f  F i g u r e  6 may t a k e  
va r i ous  forms. One o f  these i s  i l l u s t r a t e d  by t h e  c i r c u i t  shown i n  F i g u r e  7 
which recovers t h e  phase re fe rence  40 by t h e  proper  combinat ion o f  t h e  
conjugate,  +T = R (2 40 - +I), and t h e  p i l o t  s i gna l ,  41. Note t h a t  t h r e e  
mixers  are r e q u i r e d  here, n o t  j u s t  two; we cannot add two s i g n a l s  o f  t h e  same 
f requency i n  a  s i n g l e  m ixer  because t h e  upper sideband would t hen  have t h e  
same frequency as t h e  second harmonic o f  t h e  s t r o n g  s igna l ,  We must add t h e  
p i l o t  s i gna l  t o  t h e  ou tpu t  o f  H1 i n  two stages, M2 and M3, i n  o rde r  t o  remove 
t h i s  "degeneracy". 



PCC1s and PRR's are, as noted above, usually IF c i rcu i t s ,  while the pilot 
i s  a microwave signal. We must somehow accurately transfer the phase 
information in the pilot signal t o  the IF input signal t o  the PCC. A receiver 
which does th i s  i s  called a coherent receiver. The best known coherent 
receiver i s  the phase-locked receiver shown in Figure 8a. The average, or 
slowly varying, part of the pilot signal phase i s  divided by n + 1, the ra t io  
of the microwave t o  IF frequency. A simpler, and cheaper, kind of 
coherent receiver i s  shown in Figure 8b. The pilot signal for  t h i s  receiver 
must consist of two car r ie r  signals or "tones" transmitted from the same pilot 
antenna. These G e s  can be the upper and lower sidebands produced by balanced 
modulation. The IF output of the "two-tone receiver" in Figure 8b i s  simply a 
doubled version of the modulation, which contains the phase information in each 
of the pilot tones divided, again, by the pilot/IF frequency ratio. In 
Figure 8b, we assume that the LO frequency, f ~ ,  1 ies between those of the two 
pilot tones, f l  and f2, so that mixer M 1  produces the two lower sidebands 
f l  - f ~ ,  f~ - f ?  These are separated by bandpass f i l t e r s ,  and one of them i s  
amp1 i f ied  t o  a eve1 sufficient t o  serve as the LO for  M2. M2 i s  an 
upconverter. Hence, i t s  output phase i s  

Since 

and 

Eq. (4)  gives 

in fulfillment of our requirement that  the IF phase be an accurate represen- 
ta t ion of the pi lot  signal phase (or  phases) uncontaminated by the phase of 
extraneous signals ( the LO phase in t h i s  case). 

Note that f~ in Figure 8b must not be exactly half way between f l  and f2, 
because then f l  - f~ would be equal- f~ - f2 which would produce degeneracy 
in mixer M2, fL need not be between f l  and  f2 ,  b u t  i f  i t  i s n ' t ,  mixer P12 must 
be a downconverter. The 1 imi t e r  in Figure 8b i s  required t o  avoid phase offset 
changes in the mixer M2 produced by changes in i t s  input level 

C. Pointing Errors in ARA's 

1) Doppler Errors: Doppler errors a r i se  in two ways: f i r s t ,  from the 
radial velocity v, of the reference element with respect t o  the pi lot  source, 
and second, from the difference v, - V, between the radial velocities of the 
r t h  and reference elements. In [ I ,  appendix A ]  we derive an expression for  
S$ . k ,  the difference in phase between the contributions t o  the f i e ld  a t  the 
pijot source, as a function v,, v j  and vk for  j, k = 1, ... , n e  Perfect 
retrodirection i s ,  of course, equivalent t o  d $ j k  = 0 for  a l l  pairs of elements 
j and k. 



Cons ider ing  f i r s t  t h e  e r r o r  due on l y  t o  t h e  r a d i a l  mot ion o f  t h e  r e f e rence  
element, we ge t  

where 

i s  t h e  phase-delay t ime  f o r  t h e  s i g n a l  f rom t h e  i t h  element a r r i v i n g  a t  t h e  
p i l o t  source ( r  = 0). a t  t ime  t. Fo r  a  p l a n a r  a r r a y  

~k  - T j  - - a j k  s i n  a, 
- (3  

where a j k  i s  t h e  d i s t ance  between t h e  j t h  and k t h  elements, and a i s  t h e  scan 
angle, 1.e. t h e  ang le  o f  i nc idence  o f  t h e  p i l o t  s i g n a l  (F ig .  9) .  I n  
[I, appendix A] we show t h a t  t h e  t r a n s m i t t e d  beam p o i n t s  i n  t h e  d i r e c t i o n  6 '  
g i ven  by 

wh ich  g ives  

na = e l  - e =(?) t a n  e. (7 

Equa t ion  ( 7 )  i s  j u s t  t h e  s q u i n t  e r r o r  due t o  t h e  two-way Dopp le r  s h i f t  

BW = -(%)we 

To get  some i dea  o f  t h e  magnitude o f  t h i s  e r r o r ,  apply  ( 7 )  t o  t b e  SPS ARA 
desc r i bed  i n  Sec t i on  I .  I t s  a l l owab le  p o i n t i n g  e r r o r  i s  17.6 x  10- rad. 
Therefore,  assuming 1 e l  < 45" (much l a r g e r  t han  t h e  scan angles s p e c i f i e d  i n  
ARA p r e l i m i n a r y  des igns) ,  ( 7 )  g i ves  

max I v o l  = 2640 m/s. 

The ac tua l  r a d i a l  v e l o c i t i e s  o f  geosynchronous s a t e l l i t e s  a re  much sma l l e r  t han  
t h i s  ( l e s s  t han  1.0 m/s i n  most cases), so we need n o t  worry about "Doppler  
s q u i n t "  f o r  SPS. 

The express ion f o r  t h e  d i f f e r e n t i a l  Doppler  e r r o r  i s  

where T,, i s  t h e  t r ansm iss i on  l i n e  de lay between t h e  k t h  and r e fe rence  
elements. S ince i t  depends on t h e  va lue of each v, r a t h e r  t han  j u s t  v  , t h e  
e f f e c t s  o f  d i f f e r e n t i a l  Doppler  a r e  f a r  more var ious  t han  t h a t  o f  simpye 
t r a n s 1  a t i o n a l  Doppler. I n  t h e  absence o f  i n f o rma t  i o n  on t h e  var ious  phys i ca l  
p r o p e r t i e s  o f  t h e  ARA s t r u c t u r e  and on i t s  a t t i t u d e  c o n t r o l  system, we have no 
way o f  knowing what s teady-s ta te  o r  t r a n s i e n t  mot ions o f  t h e  ARA a r e  poss ib le ,  
and t h e r e f o r e ,  no way o f  app l y i ng  (8 ) .  The bes t  we can do i s  t o  c a l c u l a t e  
bounds on I v0 - v,l based on a  reasonable bound f o r  r,, and an a r b i t r a r y  16$,,1 
bound. A  bound f o r  r,, = I k0 / cL  i s  T,, < 3D/2cY which r e s u l t s  i f  we assume 
t h a t  I,, 4 D, t h e  dimension o f  t h e  ARA, and CL a (2 /3)c .  L e t  66 be t h e  



a1 lowable phase error. Then from (8) 

which says that  the upper bound for the differential  Doppler i s  proportional t o  
the approximate beamwidth AID as well as to  64. Using the SPS antenna as an 
extreme example again, assume D = 1000 m ,  x = 0.125 m ,  and 64 = 0 .1~ .  Then 
] v, - v, 1 < 625 m/s. Since such large relative velocities would be most 
unusual for any spacecraft, a differential  Doppler will rarely,  i f  ever, be 
significant. 

2 )  Aberration Error: I t  can be shown e l ,  appendix B] tha t  the transverse 
component VT of the A R A  re lat ive to  the pilot source produces a pointing error  

A,$ = - a. 
C 

(9 

We shall call  t h i s  error  an "aberration" because i t  i s  essentially the same 
phenomenon as an astronomical aberration: the small annual osci l la t ion in the 
apparent position of s ta rs  due t o  the ear th ' s  orbital  motion. Equation ( 9 )  i s  
just twice the astronomical value, as one might expect from the fact  that 
retrodi rectivi ty  i s  a two-way 1 i  g h t  path process, whi 1 e the 1 i  g h t  from a s t a r  
reaches the earth by a direct one-way path. 

In F i g .  10 we assume that  the spacecraft carrying the ARA moves with 
uniform velocity v with respect t o  the pilot source. Equation ( 9 )  i s  obtained 
by applying the coordinate transformations of speci a1 re la t iv i ty  twice: f i r s t  
t o  obtain the angle of incidence of the pilot signal with respect t o  the ARA, 
and the second to obtain the angle of incidence of the retrodirected signal 
with respect to  the pi lot  source. 

The aberration error  i s  negligible for  yeosynchronous sa te l l i t es .  tor  the 
1.0-km diameter ARA of the SPS, the maximum allowable error, 17.6 x 10- rad, 
would be exceeded only by 

whereas VT< 10 m/s for  the typical geosynchronous sate1 1 i te.  

3) Effect of Transmission Line Mismatches: Our  previous analysis of 
central phasing7~ect ion 11-A) assumed that  the phase sh i f t  produced by a 
transmission l ine of length 1 i s  simply -61 for  a signal of frequency u = vp6 ,  
where the phase velocity v p  i s  assumed to  be independent of U. B u t  t h i s  result  
does not take into account the effect of multiple internal reflections in the 
l ine  due to  mismatches a t  i t s  junctions with the diplexers a t  e i ther  end. When 
we do so (1, pp. 18-20), we find that the resulting error in the phase of the 
conjugate signal i s  approximately 

)=arg(TlbT2b)-3 arg(TlaTza) (10) 

where T I a ,  T i b  are the voltage transmission coefficients a t  one end of the l ine  
a t  the pilot U, and conjugate wb frequencies, respectively, and Tza ,  T2b are - 
the corresponding coefficients a t  the other end. 



4 )  Multipath Effects: Mu1 t i  path causes pointing errors in much the same 
way transmission l ine  misinatches do. The received signal, e i ther  pilot or 
retrodirected, i s  the vector sum of a direct signal plus one or more signals 
each of which reach the receiving antenna a f t e r  one or more reflections from 
the surroundings. The effect  i s  t o  perturb the phase of the received signal. 
This would be harmless i f  U J ~  = was for  then reciprocity would assure exactly 
the same phase perturbation of the retrodirected signal received back a t  the 
pi lot  source no matter how complicated the multipath situation. B u t  since 
wb + "a, reciprocity does not hold and phase errors result. Except in the very 
sirnpl est  cases, multipath effects  are too d i f f icu l t  t o  calculate. Their 
presence can be inferred, however, by an irregular variation of the pointing 
error  with a scan angle. We wi 11 see such evidence of mu1 t i  path below in data 
obtained for  a breadboard ARA. 

Ionospheric Effects 

Since they violate two necessary conditions for  the operation of ARA1s, 
ionospheric dispersion and tirne fluctuations are potential sources of pointing 
error. Ionospheric dispersion per se produces negl igi ble pointing errors even 
a t  very high electron densities,  b u r t h e  variation of density across the region 
of the ionosphere traversed by the pi lot  signal may cause differential  phase 
errors across the A R A  aperture. These inhomogeneities of the ionosphere cause 
the scint i  1 lations occasionally observed in communication sate1 l i  t e  signals. 
Their effect  on ARA performance i s  now being investigated by Dr. A.K. Mandi 
of Rockwell and others. The possibili ty that  absorption of SPS downlink power 
by the ionosphere may promote inhomogeneities i s  a further compl ication. Some 
ionospheric heating experiments have been made in t h i s  connection, b u t  
r ea l i s t i c  simulation of t h i s  effect i s  impractical due t o  the huge volume and 
power of the SPS beam, The effect of a disturbed ionosphere on ARA perforrnance 
i s  the chief unresolved problem in pointing the SPS beam. However, we can 
certainly say that no beam pointing system i s  immune t o  ionospheric effects ,  
and no system so f a r  proposed offers any bet ter  hope for dealing with i t  than 
does the ARA. 

111. EXPERIMENTAL RESULTS 

A. X-Band ARA -- 
A two-element X-band ARA breadboard was built  and tested by the author a t  

the J e t  Propulsion Laboratory. The purpose of the breadboard was t o  
demonstrate exact phase conjugation and central phasing, both of which, as we 
saw above, would be necessary features of very 1 arge ul trapreci se  ARA1 s. 

The PCC used in t h i s  breadboard i s  just  that of Fig. 6 for n = 4, so that  
the frequency translation ra t io  i s  R = 2. Since t h i s  array has only two 
elements, both of which must transmit a conjugate signal, one of the elements 
must serve as reference element both for  the other element and fo r  i t s e l f .  

The antenna range setup i s  shown in Fig. 11. The ARA i s  mounted on the 
antenna positioner on the right which rotates only in azimuth. The two ARA 
elements are identical rectangular horns mounted a t  the sane height 
23.2 AT = 82.4 cm apart, where AT = 3.55 cm i s  the transmitted wavelength. The 
3-dB beamwidth of the horns i s  about 30". The rack on the l e f t  i s  the pi lot  
source. A t e s t  receiver diplexed t o  the pilot horn provides the signal for  the 
pattern recorder. The distance between the ARA and the pilot source i s  about 
10 m e  A considerable amnount of absorbing material i s  required t o  rrrinirnize 
ref1 ections in t h i s  very compact range. 



The A R A  pattern i s  shown as the  dashed curve in Fig, 12; i.e., t h i s  curve 
i s  the output of the t e s t  receiver diplexed t o  the p i lo t  horn as a function of 
ARA rota t ion in azimuth. An interferometer pattern (sol  id curve), produced by 
driving both elements from the  same source a t  f~ = 8434.04 MHz, i s  superimposed 
on the  ARA pattern by way of comparison. If the  ARA were perfectly retro- 
di rect ive ,  the dashed curve would be the  envelope of the interferometer pattern 
over the  en t i re  scan, b u t ,  as we can see, t h i s  i s  t rue  only within about 25' of 
broadside. The main reason fo r  the  increasing departure from perfect retro- 
d i rec t iv i ty  fo r  scan angles greater than 5" i s  the  increase in the  mu1 t i  path 
contribution t o  the signals received by both the  ARA horns and the diplexed 
p i lo t  horn a t  large scan angles. The e f fec t  of multipath i s  probably 
aggravated by amp1 itude-to-phase conversion in the  ARA electronics.  This 
conclusion i s  qua1 i ta t ively  supported by the f ac t  tha t  retrodi rect i  v i ty  
dramatically improved when 1)  t h e  setup was reoriented t o  mi ninlize ref lect ions  
from nearby buildings, and 2) absorbing panels and material were placed in 
f ront  of and on the  ref lect ing surfaces as shown in Fig. 11. 

The central phasing concept i s  incorporated into  the  A R A  breadboard by 
connecting the second element t o  i t s  PCC a t  the reference element by a coaxial 
line. A 1 ine s t re tcher  included in t h i s  coaxial l i ne  enabled us t o  make an 
experimental check of tha t  concept* The resu l t s  of changing the  l i ne  length 
are shown in Fig. 13. The A R A  patterns fo r  the indicated 1 ine-length changes 
were recorded in top-to-bottom time sequence s ta r t ing  with the zero line-length 
change ( ~ 1  = 0 in) pattern as a datum. The other two hl = 0 patterns (between 
2 in and 3 in and between 3 in and 4 in) were r u n  as checks on thermal d r i f t .  

We see  from Fig. 13 that  ~1 < 2 in does not appreciably a f fec t  the  retro- 
i r e c t i v i t y  of the ARA,  while extending ~1 t o  3 in almost completely destroys 
t. The s imilar i ty  of the  three  ~1 = 0 patterns shows tha t  thermal d r i f t  i s  

not a factor  in these measurements. The fac t  that  ~1 = 2 in = 1.43 wavelengths 
a t  f~ = 8.434 GHz shows tha t  central phasing i s  highly effect ive  in sp i t e  of 
the  poorly matched rudimentary diplexers used in  t h i s  breadboard. 

B, - 8 Element S-Band ARA -- 
Figure 14 i s  a block diagram of the  8 element A R A  now being bu i l t  a t  JPL. 

I t s  transmitted frequency will be the  same as tha t  of the  SPS, 2.45 GHz* I t  
will employ the  phase locked PCC of Figure 6 with n = 8 ( R  = 4/3) ,  and the  
two-tone receiver of Figure 8b. A phase reference regenerator ( P R R )  s imilar  t o  
tha t  of Figure 7 will be incorporated in the rudimentary, 2-node, central  
phasing tree.  Prel iminary bench t e s t s  have verified sat isfactory performance 
of the  PRR.  Tests of t h i s  breadboard ARA a re  scheduled fo r  t h i s  sunimer. 
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