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O P T I M I Z I N G  THE ANTENNA SYSTEM OF A MICROWAVE SPACE POWER STATION:  

IMPLICATIONS FOR THE SELECTION OF OPERATING POWER, FREQUENCY, 

AND ANTENNA S I Z E  

Robert M.  Manning 

Lewis Research Center 
Cleveland, Ohio 44135 

N a t i o n a l  Aeronaut ics  and Space Admini s t r a t i o n  

SUMMARY 

A des ign  for a space power s t a t i o n  t h a t  i s  t o  t r a n s m i t  power t o  t h e  sur-  
face o f  a p l a n e t  v i a  h i g h  powered microwaves should commence w i t h  the  optimum 
des ign  o f  t h e  t r a n s m i t t i n g  and r e c e i v i n g  antenna combinat ion t h a t  i s  t o  be 
employed. 
t r a n s f e r r e d  (which,  a f t e r  a l l ,  i s  the purpose o f  any power t r a n s m i s s i o n  sys- 
t e m ) ,  one can, from t h e  c o n s t r a i n t s  imposed by such a des ign,  t a y l o r  o t h e r  
parameters of t h e  system such as antenna s i z e s  and weights ,  power d e n s i t y  i n  

and f requency  of o p e r a t i o n .  
v i d e  t h e  work ing  equa t ions  o f  such an o p t i m i z e d  antenna system, and t o  g i v e  
examples of t h e i r  use. Re la ted  problems t h a t  should be analyzed i n  t h e  f u t u r e  
w i l l  t hen  be d iscussed and a flow c h a r t  o f  t h e  i n d i c a t e d  o r d e r  o f  p r i o r i t y  w i l l  
be p resen ted .  The a n a l y s i s  g i v e n  here d i f f e r s  from prev ious  work on t h i s  sub- 
j e c t  ( r e f .  1 )  i n  t h a t  t h e  development g i v e n  below w i l l  a l l o w  a n a l y t i c a l  expres- 
s ions  t o  be o b t a i n e d  for t h e  r e l e v a n t  parameters.  T h i s  i s  made p o s s i b l e  by 
employing an approx ima t ion  procedure t h a t  w i l l  be g i v e n  d u r i n g  t h e  e x p o s i t i o n .  

Once one has assured t h a t  t h e  d e s i r e d  amount o f  power has been 
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w 
I t h e  p l a n e t s  atmosphere (e.g. ,  to avoid e l e c t r i c a l  breakdown o f  t h e  atmosphere), c3 

I t  i s  the  purpose o f  t h i s  b r i e f  a n a l y s i s  t o  pro-  

L e t  P(L) be t h e  t o t a l  power i n t e r c e p t e d  by  t h e  r e c e i v i n g  antenna on t h e  

The antennas a re  taken  t o  be c i r c u l a r  and separated by a 
p l a n e t  due t o  a wave f i e l d  o f  power Po t r a n s m i t t e d  by an o r b i t i n g  microwave 
space power s t a t i o n .  
d i s t a n c e  g i v e n  by L. D e f i n i n g  the e f f i c i e n c y  q o f  t h e  t r a n s m i t t i n g /  
r e c e i v i n g  antenna combinat ion as 

n 

where E(p,L) i s  t he  e l e c t r i c  f i e l d  a t  a p o i n t  p on t h e  su r face  o f  t h e  
r e c e i v i n g  antenna a p e r t u r e  due t o  the e l e c t r i c  f i e l d  E o ( r >  a t  a p o i n t  r on 
t h e  t r a n s m i t t i n g  antenna a p e r t u r e ,  one wishes t o  maximize the  r a t i o  g i v e n  by 
e q u a t i o n  ( 1 )  by s p e c i f y i n g  an opt imal  f i e l d  E o ( r )  t o  accompl ish such a maxi- 
m i z a t i o n .  (The q u a n t i t i e s  So and S t h a t  appear under the  i n t e g r a l s  denote 
i n t e g r a t i o n  o v e r  the  surfaces of ,  r e s p e c t i v e l y ,  t he  t r a n s m i t t e r  a p e r t u r e  and 
r e c e i v i n g  a p e r t u r e . )  
f i e l d  E(p,L> i s  g i v e n  i n  terms of t h e  t r a n s m i t t e d  f i e l d  E o ( r ) .  So l o n g  as 

JUpCI y u l l l  U I I L C I I I I U ; )  (r2.f. I!, =ne ca:: use t h e  F r e s n e l -  
K i  r c h h o f f  app rox ima t ion  t o  o b t a i n  

Th is  problem i s  comp le te l y  d e f i n e d  when t h e  r e c e i v e d  

 fie i j  fiat conj idsy- ing ~ i i n n r n 5 i n  x n t n n n l r r  



where t h e  wavenumber k i s  g i v e n  by  k = 2w/X w i t h  X b e i n g  t h e  wavelength.  
S u b s t i t u t i n g  equat ion ( 2 )  i n t o  e q u a t i o n  (l), c o n v e r t i n g  t h e  i n t e g r a l s  t o  ones 
i n  p lane  p o l a r  coord inates and e v a l u a t i n g  t h e  angu la r  p a r t s  (upon t a k i n g  t h e  
E - f i e l d s  to  be a z i m u t h a l l y  symmetr ic)  one o b t a i n s  

2 12 
Eo( r ' )e i k /2L  RTr J o ( F p ' r ' ) r '  d r '  2p'  dp'  ( 3 )  

L n = F  1 

where 

i s  t h e  F resne l  number o f  t h e  a p e r t u r e  system w i t h  RT b e i n g  t h e  r a d i u s  o f  t h e  
t r a n s m i t t i n g  antenna and RR t h a t  o f  t h e  r e c e i v i n g  antenna. Due t o  t h e  sym- 
metry assumed for t h e  E - f i e l d ,  E o ( r >  = Eo(') i s  now a s c a l a r  f u n c t i o n  o f  
d i s t a n c e  from the  o r i g i n  o f  coo rd ina tes  ( t a k e n  to  be a t  t h e  c e n t e r  o f  t h e  
a p e r t u r e ) .  

The e f f i c i e n c y  q i s  now a f u n c t i o n a l  o n l y  o f  t h e  f i e l d  d i s t r i b u t i o n  i n  
t h e  t r a n s m i t t e r  ape r tu re .  I t  i s  d e s i r e d  t o  maximize q w i t h  r e s p e c t  t o  E o ( r ) .  
Employing t h e  we l l  known v a r i a t i o n a l  t h e o r y  ( r e f .  2)  t o  e q u a t i o n  (3), one f i n d s  
t h a t  q i s  maximal when t h e  f u n c t i o n a l  combinat ion E o ( r l )  e x p ( i k R ~ ~ r ' ~ / 2 L )  
i s  such t h a t  

where t h e  f u n c t i o n  g ( F , r ' >  i s  an e i g e n f u n c t i o n  of t h e  e q u a t i o n  

The d e s i r e d  e i g e n f u n c t i o n  must correspond t o  t h e  l a r g e s t  e igenva lue ,  i n  t h i s  
p a r t i c u l a r  case, g i ven  by  q. The f u n c t i o n s  t h a t  s a t i s f y  these c o n s t r a i n t s  
a re  hypersphero ida l  f u n c t i o n s  ( r e f .  3). Working w i t h  such f u n c t i o n s  can be 
q u i t e  cumbersome. One can, however, o b t a i n  a u s e f u l  anal  t i c a l  s o l u t i o n  as 
w i l l  now be shown. Making the  change o f  v a r i a b l e s  s = Jr' and y = T x ,  
one has from equat ion ( 6 )  
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I n  t h e  case of " l a r g e  va lues "  of F ,  one has seen t h a t  (eq.  ( 4 ) )  t h e  produce 
RTRR i s  l a r g e ,  t hus  making rl approach i t s  maximum va lue  o f  one. By t h e  te rm 
" l a r g e  va lue "  i s  meant a Value * =  U l a r g e  enough such t h a t  t h e  c o n t r i b u -  
t i o n s  to  t h e  i n t e g r a n d  by  t h e  ke rne l  Jo (ys )  for va lues o f  y g r e a t e r  t han  u 
a r e  n e g l i g i b l e .  rl + 1 and ,/F + a. 
I n  t h i s  case, equa t ion  (7) can be approx ima te l y  w r i t t e n  

If t h i s  i s  t h e  case, one can f o r m a l l y  l e t  

The f u n c t i o n  g(F,y) t h a t  can s a t i s f y  t h i s  r e l a t i o n s h i p  i s  t h a t  ( r e f .  4 )  where 

g(F,s) = exp (- {) 
or, i n  terms o f  t h e  o r i g i n a l  v a r i a b l e s  
i d e n t i t y  stems from a change of v a r i a b l e s  made i n  eq. ( 3 ) ) .  

r '  = s / m a n d  r = R T r '  ( t h e  l a t t e r  

S u b s t i t u t i n g  t h i s  i n t o  equa t ion  (51, one o b t a i n s  i n  t h i s  app rox ima t ion  ( a g a i n  
r e i n s t a t i n g  t h e  v a r i a b l e  r = R T r ' )  

where t h e  c o e f f i c i e n t  A ( F )  has been a d m i t t e d  t o  f i x  t h i s  approx imate s o l u t i o n  
t o  o t h e r  known q u a n t i t i e s  o f  t h e  problem. Be fo re  t h i s  i s  done, however, i t  i s  
i n t e r e s t i n g  t o  no te  t h e  form o f  the s o l u t i o n  g i v e n  by  e q u a t i o n  (10)  t o  t h e  
v a r i a t i o n a l  problem; i t  s p e c i f i e s  t h a t  i n  o r d e r  t o  o b t a i n  an o p t i m a l l y  e f f i -  
c i e n t  t r a n s m i t t e r / r e c e i v e r  system, one must e s t a b l i s h  i n  t h e  t r a n s m i t t e r  aper-  
t u r e  a q u a d r a t i c  phase d i s t r i b u t i o n  w i t h  f o c u s i n g  on t h e  r e c e i v e r  and a 
Gaussian amp l i t ude  d i s t r i b u t i o n .  A s i m i l a r  a n a l y i s  c u l m i n a t i n g  i n  t h e  same 
r e s u l t s  has been p r e v i o u s l y  ob ta ined  ( r e f .  5 ) .  

I n  o r d e r  to  f i x  t h e  c o e f f i c i e n t  A ( F > ,  one can make use o f  t h e  c o n s t r a i n t  
t h a t  t h e  t o t a l  power Po r a d i a t e d  by t h e  t r a n s m i t t e r  i s  g i v e n  by 

RT 

= f so 
where c i s  t h e  speed o f  l i g h t .  Subst 
and s o l v i n g  f o r  A ( F )  g i v e s  

(11) 

t u t i n g  e q u a t i o n  (10) i n t o  e q u a t i o n  (11) 

E o ( r ) l  2 r d r  

3 
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A(F)  = I( RT c ( l  - e-FJ 
(12) 

Equat ions (10) and (12) r e p r e s e n t  t h e  s o l u t i o n  ( a l b e i t ,  an approx imate one) t o  
t h e  above v a r i a t i o n a l  problem. 

Us ing  equat ions (10) and (12) 
r e c e i v e r ,  one f i n d s  t h a t  

ikR: A ( F )  ikL+( 
e L E(p,L> = - 

@ 

n e q u a t i o n  ( 2 )  for t h e  f i e l d  a t  t h e  

The r a t i o  o f  the r e c e i v e d  f i e l d  a t  any r a d i a l  p o i n t  p t o  t h a t  a t  t h e  c e n t e r  
o f  t h e  r e c e i v e r  a p e r t u r e  ( i . e . ,  a t  p = 0) i s  t han  s i m p l y  g i v e n  by  

(14) 

F i n a l l y ,  u s i n g  equat ions (10) and ( 1 2 )  i n  e q u a t i o n  ( 3 )  g i v e s  for  t h e  o p t i m i z e d  
e f f i c i e n c y  

-F r l =  
1 - e  

(15) 

To f a c i l i t a t e  the  f o l l o w i n g  c a l c u l a t i o n s ,  a graph o f  e q u a t i o n  (15)  i s  
g i v e n  i n  f i g u r e  1 as rl versus F. I t  i s  seen t h a t  rl r a p i d l y  approaches 
one as F increases.  S i m i l a r l y ,  a graph o f  e q u a t i o n  (141, for  v a r i o u s  va lues  
o f  F, appears i n  f i g u r e  2; here,  t h e  d a t a  i s  g i v e n  i n  t h e  form o f  t h e  r a t i o n  
E(p,L>/E(O,L) versus t h e  r a t i o  ~ / R R .  F i g u r e  2 c l e a r l y  shows t h e  s t r u c t u r e  o f  
t h e  main l o b e  and s ide- lobes o f  t h e  e l e c t r i c  f i e l d  d i s t r i b u t i o n  for  d i s t a n c e s  
L and f o r  values of RT,  RR, and k such t h a t  F = kRTRR/L i s  equal  to  1, 3, 
or 5. One sees t h a t ,  i n  each ins tance ,  by  r e q u i r i n g  RR t o  be such t h a t  
~ / R R  = 7, t h e  r e c e i v e r  r a d i u s  w i l l  subtend t h e  f i r s t  s ide- lobe;  t h i s  i s  t aken  
t o  be t h e  case i n  t h e  remainder o f  what fol lows. Hence, l e t t i n g  RR + p = ~ R R  
i n  e q u a t i o n  (4 )  w i l l  secure t h i s  requ i remen t :  

7kRTRR 

L 
F = -  (Assures t h a t  f i r s t  s ide- lobe i s  subtended a t  r e c e i v e r )  (16) 

Consider as examples e f f i c i e n c i e s  rl = 0.6,  0.85, and 0.99. From 
f i g u r e  1 ,  corresponding t o  these va lues ,  one f i n d s  t h a t ,  r e s p e c t i v e l y ,  F = 2, 
3, and 5. I n  t h e  case t h a t  L = 16 500 kM ( t h e  synchronous o r b i t  f o r  an o r b i t -  

respond ing  r e l a t i o n s h i p s  between k (and thus  A)  and t h e  r e q u i r e d  p r o d u c t  
r e v a i l i n g  t r a n s m i t t e r / r e c e i v e r  a p e r t u r e  s i z e s .  F i g u r e  3 shows 

p l o t s  RTRR o f  for P (RRRT) versus f requency for  an o p t i m i z e d  antenna system o p e r a t i n g  
a t  t h e  e f f i c i e n c i e s  cons ide red  above. 
= R, one can immediately r e a d - o f f  t h e  v a l u e  fo r  R.  

i n g  microwave power s t a t i o n  about  Mars), one can use e q u a t i o n  (16) to f i n d  co r -  8 

I n  t h e  even t  t h a t  one can have RR = RT 
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I t  must be noted, however, t h a t  a r b i t r a r i l y  s p e c i f y i n g  R T  = RR = R i s  
n o t  w i t h o u t  i t s  p o t e n t i a l  drawbacks. I n  p a r t i c u l a r ,  among o t h e r  p r e v a i l i n g  
c o n s t r a i n t s ,  i s  t h a t  of t h e  p o s s i b i l i t y  o f  e l e c t r i c a l  breakdown.due to  i o n i -  
z a t i o n  i n  t h e  atmosphere o f  t h e  p l a n e t  ( r e f .  6). For t h i s  c o n s i d e r a t i o n ,  one 
needs t o  know t h e  maximum power d e n s i t y  o f  t h e  r e c e i v e d  wave f i e l d .  T h i s  can 
be e a s i l y  found v i a  e q u a t i o n  (13 ) ;  one has f o r  t h e  power d e n s i t y  on t h e  c e n t e r  
of t h e  beam, 

( 1 7 )  

Taking d m  = RR, e q u a t i o n  ( 1 7 )  i s  used to  p l o t  t he  q u a n t i t y  S ( O ) / P o  ve r -  
sus f requency  for  t h e  same s e t  o f  parameters as b e f o r e  and a l s o  appears i n  
f i g u r e  3. Po, one can determine t h e  maximum power 
d e n s i t y  for  t h e  p a r t i c u l a r  s i t u a t i o n  and check t o  see i f  i t  approaches t h e  
breakdown d e n s i t y  for t h e  p l a n e t a r y  atmosphere. T h i s ,  as w e l l  as o t h e r  prob- 
lems remain t o  be cons ide red  for  microwave power t r a n s m i s s i o n  o n t o  t h e  M a r t i a n  
s u r f a c e .  

Hence, f o r  a d e s i r e d  power 

A s i m p l i f i e d  breakdown of  the i n t e r c o n n e c t i o n s  o f  t h e  e n t i r e  problem o f  
microwave power t r a n s m i s s i o n  from antenna s y s t e m  des ign  c o n s i d e r a t i o n s  i s  g i v e n  
i n  f i g u r e  4. I t  i s  shown t h a t  the i m p l i c a t i o n s  o f  antenna s i z e  n o t  o n l y  have 
a d i r e c t  b e a r i n g  on t h e  maximum power d e n s i t y  b u t  a l s o  has obv ious  mechanical  
i m p l i c a t i o n s ,  b o t h  o f  which can d i c t a t e  a redes ign  i n  terms o f  antenna s i z e  or ,  
if n o t  s o l e l y  s a t i s f a c t o r y ,  a s e l e c t i o n  o f  a d i f f e r e n t  o p e r a t i n g  f requency and 
v i a ,  e.g. ( f i g .  3 ) ,  a new antenna s i z e  s e l e c t i o n s .  

F i n a l l y ,  one should cons ide r  t h e  a c t u a l  imp lemen ta t i on  of t h e  o p t i m a l  
f i e l d ,  as s p e c i f i e d  by e q u a t i o n  ( l o ) ,  across t h e  t r a n s m i t t e r  antenna a p e r t u r e .  
For example, such a f i e l d  d i s t r i b u t i o n  w i l l  n o t  be con t inuous  b u t  d i s c r e t e  (due 
t o  f i n i t e  s i z e d  r a d i a t o r s ,  e t c . ) .  A s tudy should be conducted where t h e  d i s -  
c r e t e  r e a l i z a t i o n  o f  such a f i e l d  be i t s e l f  o p t i m i z e d  w i t h  r e s p e c t  t o  e.g., 
s ide- lobe suppress ion and system maximum e f f i c i e n c y .  
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FIGURE 1 .  - PLOT OF ANTENNA SYSTEM EFFICIENCY 
FRESNEL NUMBER F AS OBTAINED FROM tQ. ( 1 5 ) .  
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FIGURE 2.  - PLOT OF RELATIVE ELECTRIC F IELD AMPLI- 

TUDE AT RECEIVER E (  P ,L ) /E (O.L )  VERSUS NORMALIZED 
RADIAL DISPLACEMENT FROM BEAM CENTER. P/R,, OB- 
TAINED FROM EQ. ( 1 4 )  FOR VARIOUS VALUES OF F .  
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