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INTRODUCTION 

The func t ion  of t he  rectenna i n  t he  s o l a r  power s a t e l l i t e  system is t o  con- 
v e r t  t he  downcoming microwave power beam t o  e l e c t r i c a l  g r i d  power. Due t o  i t s  l a r g e  
phys ica l  s i z e  (a  t y p i c a l  rectenna s i t e  is  a 10  KM x 14 KM e l l i p s e )  and element composi- 
t i o n  (many r e p e t i t i v e  components), t h e  pro jec ted  c o s t  savings of automatic mass production 
a r e  of prime importance. Control  of t he  s a t e l l i t e  power beam and i ts  d i s t r i b u t i o n  a l s o  
t akes  p lace  a t  f a c i l i t i e s  on t he  rectenna s i t e .  These c r i t i c a l  func t ions  have minor cos t  
impacts and a r e  no t  t r e a t e d  i n  t h i s  document. 

The fundamental processes  a t  t h e  rec tenna  c o n s i s t  of r e c t i f y i n g  t he  i nc iden t  
r . f .  f i e l d  i n t o  d.c. cu r r en t  using Schottky b a r r i e r  diodes,  f i l t e r i n g  t he  r e c t i f i e d  out- 
pu t ,  combining it and processing i t  t o  h igher  vo l t ages  f o r  d i s t r i b u t i o n .  H ie r a r ch i a l  com- 
b ina t i on  and processing of c u r r e n t s  is  done s e v e r a l  t imes t o  i n t e g r a t e  t h e  r e l a t i v e l y  low 
power per  d iode  t o  e l e c t r i c a l  g r i d  power magnitudes. Provis ions  f o r  power con t ro l  f o r  
equipment p ro t ec t i on  and load  management e x i s t  a t  each s t e p  i n  t he  hierarchy.  

2,O RECEIVING ANTENNA OPTIONS 

Figure 1 i l l u s t r a t e s  t h e  b a s i c  design choices  based on t he  des i red  microwave 
f i e l d  concent ra t ion  p r i s r  t o  r e c t i f i c a t i o n  and on t h e  ground c learance  requirement f o r  the  
rectenna s t r u c t u r e .  For an  optimized system, t he se  parameters depend on pos i t i ons  wi th in  
t h e  s i t e ,  l o c a l  t e r r a i n  and i nc iden t  r . f .  f i e l d .  For purposes of t h e  presen t  s tudy,  a  non- 
concent ra t ing  i nc l i ned  p l ana r  panel  with a  2 meter minimum c learance  conf igura t ion  was 
s e l ec t ed  a s  r ep re sen t a t i ve  of t he  t y p i c a l  rectenna.  

3 -0  RECEIVING ELEMENT OPTIONS 

Figure 2 i l l u s t r a t e s  some of t h e  op t ions  t h a t  have been considered f o r  rece iv-  
i ng  antenna elements. Dipoles i n  var ious  implementations represen t  t he  most s t r a igh t fo rwar  
way of r ece iv ing  a  l i n e a r l y  po la r ized  i nc iden t  f i e l d  compatible wi th  t he  s l o t t e d  waveguide 
t r ansmi t t i ng  a r r ay ,  and a r e  r e l a t i v e l y  easy t o  analyze. However, o t h e r  op t ions ,  inc lud ing  
elements t h a t  r ece ive  c i r c u l a r l y  po la r ized  f i e l d s ,  have been considered. 

Figure 3 shows capture  a r e a  a s  a  func t ion  of element width and length  f o r  a  
number of d i f f e r e n t  types of elements. A t r a d e  s tudy of diode power f o r  maximum r e c t i f i -  
c a t i on  e f f i c i e n c y  (5-10 w a t t s  per  diode) a s  opposed t o  long l i f e  wi th  pass ive  cool ing 
(<5 wa t t s  pe r  diode) sugges ts  a  power l e v e l  per  diode of somewhere between 1 and 5 wat t s .  
(See Table I ) .  

TABLE 1: SINGLE DIODE RECTENNA (DIPOLE) ELEMENT 

Element Equivalent  Power* Achieved Element Pro) ec ted  Element 
Power Level Density Ef f ic iency  Eff ic iency  
(Watts) ,my / CMZ % % 

8 160 9 1 9 1 
1 20 88 90 
0.5 10  86 88 
0.2 4 84 86 
0.1 2 82 85 

*Proposed Power Density a t  SPS Rectenna Center - 23 ~ W / C M '  

Proposed Power Density a t  SpS Rectenna Edge - 1 rnw/CN2 
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2 
The basel ined modified half-wave d ipole ,  wi th  a  capture a rea  of 70 CM ( typica l )  

w i l l  provide between 1-2 w a t t s  of power per  diode a t  t he  center  of t h e  rectenna (23 ~ W I C M ~ )  
ind ica t ing  good e f f i c i ency .  More d i r e c t i o n a l  elements o r  d ipole  a r r ays  must be used a s  w e  
go out  t o  t h e  rectenna edge (21 ~ w / c w ~ ) ;  f o r  ins tance ,  a 4 x 4 d ipole  a r r ay  would again  
provide 1 watt per  diode. Care must be exerc ised  not  t o  s e l e c t  too l a rge  an ar ray  which 
would pose problems of d i r e c t i o n a l  recept ion  and increased lo s ses  i n  t he  r . f .  c o l l e c t i o n  
l i n e s .  The design chosen i n t e g r a t e s  the d ipo le s  and t h e i r  assoc ia ted  power and microwave 
c i r c u i t r y  i n s i d e  an aluminum environmental s h i e l d  and support s t r u c t u r e  which r e a d i l y  lend 
themselves t o  mass production methods. 

4.0 BASELINE RECTENNA DESCRIPTION 

A r ep resen ta t ive  rectenna design a t  a  35O l a t i t u d e  is  described,  charac ter ized  
by 3 5 GW Gaussian tapered beam with a  peak inc iden t  microwave power of 23 mw/CM2. Power 
is co l l ec t ed  out  t o  t h e  po in t  where the  in t e rcep t ion  e f f i c i ency  is 95%. The b a s i c  receiv- 
ing element of the  base l ine  rectenna is  a d ipo le  above a ground plane. The d ipole  assembly 
a l s o  conta ins  a  f i l t e r i n g  and matching c i r c u i t  t p  match the  d ipoles  t o  t h e  incoming wave 
with a  r e f l e c t i o n  c o e f f i c i e n t  of b e t t e r  than  -20 db. It is assumed t h a t  a l l  d ipoles  a r e  
i d e n t i c a l  throughout t h e  rectenna. The number of d ipoles  i n  t he  rectenna is approximately 
1.3 x 10l0  i n  a  7.9 CM = .64 A t r i a n g u l a r  a r r ay  format. 

Componevt designs f o r  t h e  rectenna a r e  va r i ed  t o  most e f f e c t i v e l y  match the  
inc ident  power f l u x  i n  t en  r ings .  Bas ica l ly ,  a l l  microwave system components of a  given 
type a r e  s i m i l a r  wi th in  a  r ing .  However, power bussing and con t ro l  segmentation a t  t h e  
5-10 mW power l e v e l  and above extends across  r i n g  boundaries. Local d.c. vol tages  on the  
panels a r e  designed not  t o  exceed 23.25 KV. 

Due t o  t h e  power dens i ty  v a r i a t i o n  over t h z  rectenna ape r tu re ,  a  s i n g l e  type 
of r a d i a t i n g  element o r  a s i n g l e  type of r e c t i f i e r  cannot provide optimum conversion e f f i c i -  
ency. E i the r  a  number of r a d i a t i n g  elemen; types o r  a  number of diode types must be pro- 
vided. Present ly ,  one s i n g l e  type of diode is  assumed which is  operated wi th  four d i f f e r e n t  
types of antenna elements. It is  assumed t h a t  bes ides  t h e  d ipole  element already described,  
these antenna elements a r e  formed by using t h e  b a s i c  d ipoles  i n  a r r ays  containing 2,  4 ,  o r  
8 dipoles.  The corresponding assemblies a r e  c a l l e d  Type 1,2,3,  and 4 rece iv ing  ar rays .  
There a r e  approximately 7.654 x 109 a r r ays  (diode assemblies) i n  t h e  o v e r a l l  antenna. 

The a r r ay  assemblies a r e  combined i n t o  panels  which a r e  t he  smal les t  assembly 
u n i t s  from the  f ab r i ca t ion  point  of view. 10  m2 was se l ec t ed  f o r  t h e  panel  a r ea ,  wi th  a  
R-S plane dimension of 3 m and E-W plane dimension of 3.33 m. Figure 4 shows a t y p i c a l  
panel assembly i n  t he  center  of t he  rectenna. It is  assumed t h a t  a l l  panel  s i z e s  a r e  ident i -  
ca l .  This requi res  7,060,224 panels i n  t h e  rectenna. There a r e  four d i f f e r e n t  types of 
panels ,  corresponding t o  t h e  four d i f f e r e n t  types of rece iv ing  ar rays .  Although t h e  d ipoles  
and diodes a r e  i d e n t i c a l  f o r  a l l  panels ,  t h e  combining-matching-filtering c i r c u i t s  and t h e  
diode wiring represent  fou r  types. Table 2 summarizes t h e  c h a r a c t e r i s t i c s  of t h e  panels. 
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Units  a r e  combined from panels i n  such a manner t h a t  nominally 1,000 panels 
a r e  i n  one u n i t  and the  N-S dimension of a u n i t  is always 32 x 3.662 = 117.18 m,-which 
means t h a t  t he  number of panel  rows i n  the  N-S plane is always 32. This allows a s tandardi-  
za t ion  of t h e  u n i t  layouts  t o  a minimum of seven types. Figure 5 shows the  o v e r a l l  layout 
of t he  rectenna with the  r ing  boundaries and the  number of u n i t s  wi th in  each r ing .  Note 
t h a t  t he  N-S dimension of t h e  u n i t s  a r e  s tandardized t o  117.18 m everywhere wi th in  t h e  
rectenna and only the  E-W dimension of t he  u n i t s  v a r i e s  from r i n g  t o  r ing .  

The l a s t  assembly which is formed a t  DC is ca l l ed  "group". This brings the  
power output  i n t o  the  5-10MW range. I n  order  t o  keep the  vol tage  l e v e l s  r e l a t i v e l y  low, 
groups a r e  formed from the  u n i t s  by p a r a l l e l  connections only. The power from the u n i t  
output i s  brought t o  group centers ,  o r  blocks,  where the  DC t o  AC i n v e r t e r s  a r e  loca ted ,  
by r e l a t i v e l y  long transmission l i n e s  t h a t  a r e  parallel-connected a t  t he  group centers  only. 
Blocks handle approximately 70 MW of power each. 

Se lec t ion  of t he  layout  f o r  t h e  rectenna AC system between the  indiv idual  
Dc/Ac converters  and the  bulk power t ransmission system Pepends on t h e  loca t ion  and t h e  
power l e v e l s  of t he  DC/AC converters  a s  wel l  a s  on t h e  needs of the  bulk power transmission 
system. A one-line diagram f o r  t he  rectenna AC system i n  which the  DC output from the  d i -  
poles is  co l l ec t ed  i n t o  40 MW DC/AC converter  s t a t i o n s  is  shown i n  Figure 6. The 40 MW 
converter  s t a t i o n  output  is transmit ted by underground cable  t o  200 MW transformer s t a t i o n s  
where the  vol tage  is stepped up t o  230 kV, then co l l ec t ed  i n  1,000 MW groups and transformec 
t o  500 kV f o r  in terphase  wi th  t h e  bulk  transmission system. The switchyards a r e  shown 
arranged a s  r e l i a b l e  "breaker and a ha l f "  schemes where s i n g l e  contingency outages may be 
sus ta ined  without l o s s  of power output capab i l i t y .  The s e l e c t i o n  of t he  vol tage  l e v e l  f o r  
t h e  u l t imate  bulk power transmission i n t e r f a c e  wi th  t h e  u t i l i t y  g r id ,  a s  wel l  a s  t h e  
p o s s i b i l i t y  of interconnecting two o r  more of t h e  1,000 MW switching s t a t i o n s  together  
should be optimized based on d e t a i l e d  information about t he  connecting u t i l i t y  system. The 
so lu t ion ,  shown i n  Figure 6 ,  in tegra ted  i n  a u t i l i t y  system with a con t ro l  s t r u c t u r e ,  a s  
indica ted  i n  Figure 7, is one of s eve ra l  poss ib l e  choices. 

Ava i l ab i l i t y  ca l cu la t ions  f o r  t h e  base l ine  rectenna design (Figure 8) were 
performed, t h e  r e s u l t s  of which a r e  t h a t  80% of t he  r a t ed  s a t e l l i t e  power is ava i l ab le  
96.8% of t h e  time, and t h a t  scheduled no-power periods t o t a l  only 208 hours per  year. 

To de f ine  the  requirements f o r  a given s p e c i f i c  s i t u a t i o n ,  load flow and 
system s t a b i l i t y  s tud ie s  a r e  required.  It is  l i k e l y ,  however, t h a t  t he  SPS power system 
would be f a r  more s t a b l e  than a conventional power p l an t  of t h e  same r a t ing .  This would 
mean t h a t  t h e  t ransmission d is tances  could be increased f o r  a given l i n e  loading without 
need f o r  a s  much s e r i e s  compensation a s  i n  conventional power p lants .  

When s u b s t a n t i a l  amounts of power a r e  t o  be t ransported f o r  d is tances  of 400 
miles o r  more, t h e  cons idera t ion  of a high-voltage DC (HVDC) a s  t he  transmission load is 
o f t en  indica ted .  The HVDC system is i d e a l l y  su i t ed  f o r  long d is tance  bulk power t ranspor t  
s i n c e  it does not  s u f f e r  from s t a b i l i t y  e f f e c t s  and can even be used t o  improve the  s t a b i l -  
i t y  of t he  AC system t o  which i t  is connected. The DC system is  asynchronous and can eas i ly  
t ransmit  power between independent power systems such a s  those of t he  Eastern and the  
Western United S ta t e s .  HVDC technology is advanced and the  systems have been wel l  received. 
A 6,300MW system i n  Braz i l  is cu r ren t ly  i n  t h e  proposal s t ages  with f u l l  s c a l e  operat ion 
scheduled f o r  1985. It appears t h a t  a DC system o r  a combination of DC and AC systems 
could be appl ied  t o  t he  Solar  Power S a t e l l i t e  system with few d i f f i c u l t i e s .  

5.0 SCATTERING AND RADIO FREQUENCY INTERFERENCE 

The microwave transmission l i n k  must meet a s t r i n g e n t  s tandard of e lec t ro-  
magnetic c l ean l ines s  which s t a t e s  t h a t  out-of-band power must be more than 150 db down 
from the  l i n k  power. Even though s t r a y  power r e f l ec t ed  from and/or rad ia ted  by the  



rectenna genera l ly  t r a v e l s  i n  an upward d i r e c t i o n ,  t h e r e  a r e  enough s c a t t e r i n g  mechanisms 
f o r  harmonics from the  diode r e c t i f i e r  and assoc ia ted  no i se  t o  warrant t h e  s e r ious  q u e s t i o ~  
of meeting t h i s  requirement. Some of t h e  approaches and t h e i r  impl ica t ions  a r e  summarized 
i n  Raytheon da t a  of Table 3 below. 

TABLE 3 : APPROACfIES TO DZCXEASE HARMONIC RECTENNA MDIATIOM 

Approach 

Expected Improve- 
ment i n  2nd, 3rd 
and 4 th  Harmonics Impl ica t ions  

More f i l t e r  s ec t ions  Approx. 14 db pe r  o No phys ica l  room, 1% l o s s  f o r  each sec t ion ,  
of cu r r en t  design s e c t i o n  o Mechanical to le rance  problem. 
Stub l i n e s  t o  s h o r t  s 3 0  db o 2nd harmonic reduct ion e a s i l y  added. 
h igher  harmonics a t  o 3rd and h igher  harmonics r e q u i r e  added width 
d ipo le  te rmina ls  t o  core s ec t ion .  

o Less than 1% decrease i n  c i r c u i t  e f f i c i ency .  
o Could degrade t h e  e l e c t r o n i c  e f f i c i e n c y  

o Incorpora te  s tub  
l i n e s  a s  p a r t  of 
f F l t e r  s e c t i o n s  

o F u l l  wave 
r e c t i f i c a t i o n  

o Mechanical t o l e r ance  problem. 
o Requires a d d i t i o n a l  width of core sec t ion .  
o Some c i r c u i t  e f f i c i ency  degradation. 
o Could degrade the  e l e c t r o n i c  e f f ic iency .  

o Doubles o r  quadruples number of diodes. 
o Great ly complicates e l e c t r i c a l  c i r c u i t  and 

mechanical cons t ruc t ion .  

I n  t he  base l ine  design,  two low pass  f i l t e r  s e c t i o n s  which a t t e n u a t e  t h e  second 
and higher  order  harmonics by over 25 db s e p a r a t e  t h e  r e c t i f i e r  from t h e  ou t s ide  world. 
More f i l t e r  s ec t ions  add approximately 1 7  db more suppression,  each a t  a cos t  o f  approxi- 
mately 1% ef f i c i ency  l o s s .  Other a l t e r n a t i v e s ,  a l s o  wi th  an e f f i c i ency  penal ty ,  a r e  t o  u se  
s tub  l i n e  f i l t e r s  o r  f u l l  wave r e c t i f i c a t i o n .  A l l  of t he se  approaches have mechanical con- 
f i g u r a t i o n  problems t h a t ,  while so lvable ,  w i l l  i nc rease  rectenna diode a r r ay  assembly c o s t s -  
Given. t he se  d i f f i c u l t i e s ,  i t  nay become necessary t o  seek SPS-assigned bands a t  t h e  f i r s t  
few harmonic frequencies .  

Another type of s c a t t e r i n g  which a f f e c t s  system design is  Fresne l  edge d i f f r a c t i o n  
from the  rectenna panel  edges. A s l i g h t  overlapping of panels  can reduce these  l o s s e s  bu t  
does increase  t o t a l  panel a rea  and cos t .  The expected capture  l o s s  and r e s u l t a n t  e f f i c i e n c y  
l o s s  i s  est imated a t  between 1 t o  2%. 

6.0 RFCTENNA SYSTEM OPTIMIZATION 

Optimization of a rectenna system design t o  minimize c o s t s  i s  c a r r i e d  out  a t  
s eve ra l  l e v e l s .  It is always d e s i r a b l e  from t h e  cos t  pe r  u n i t  power s tandpoin t  t o  t ransmi t  
as-much power throngh t h e  t ransmission l i n k  a s  t h e  ionospheric  medium and beam p a t t e r n  con- 
s t r a i n t s  w i l l  allow. The rectenna should b e  increased i n  s i z e  u n t i l  t h e  incremental  r a t e  
of r e t u r n  from s a l e s  of t h e  in te rcepted  power a r e  marginal.  Such a procedure is i l l u s t r a t e d  
i n  Figure 8 where t h e  incremental  revenue pe r  square  meter is balanced by t h e  incremental  
cos t  per  u n i t  rectenna a r ea  a t  t h e  optimum. 

Much of t h e  cos t  of t h e  rectenna is i n  t he  s t ~ l l c t u r a l  support  m a t e r i a l  requi red  
t o  support  i t  aga ins t  wind drag and snow- loads.  D i f f e r en t  types of rec tenna  panels  were 
considered. The base l ine  design chosen is an in te rmedia te  between t h e  inexpensive bu t  
draggy f l a t  panels  and t h e  more expensive, low drag panels  which have c i r c u i t  topology 
p r o b l e ~ s .  The present  rec t rnna  panel  support  s t r u c t u r e  evolved from s t i f f  edge-supported 
panels  t o  a h i e r a r c h i a l  more c e n t r a l l y  supported frame which uses  much l e s s  ma te r i a l .  



7 0 RECTENNA CONSTRUCTION 

Construction of t he  rectenna i s ,  by neces s i t y ,  highly automated. S t a r t i n g  wi th  
p r e f ab r i ca t ed  d ipo l e  assembly components, a  d i p o l e  machine (Figure 9) manufactures 
completed dfpole ld iode  a s senb l i e s  a t  a  high r a t e .  These a r e  then combinedwith o t h e r  
p r e f ab r i ca t ed  p a r t s  t o  manufacture rece iv ing  element s t i c k s .  The s t i c k s , m e t a l  frame and 
ground p lane  a r e  then tack-welded toge ther  t o  form pane ls  (Figure l o ) ,  

The completed panels  a r e  then taken t o  t he  rectenna s i t e  where spec i a l i z ed  
equipment, shown onFigure  11, prepares  t he  s i t e  through t h e  emplacement of pane l  support  
arches.  The panels a r e  then lowered on t h e  support  a rches ,  fas tened  and connected 
e l e c t r i c a l l y .  

There must, of neces s i t y ,  be some r a t h e r  convent ional  cons t ruc t ion  a t  t he  
rectenna f o r  t he  g r i d  power system and t he  p i l o t  beam t r a n s m i t t e r ( s ) ,  but  t he se  cons t i -  
tude only a  small  f r a c t i o n  of t he  cons t ruc t ion  cos t .  

8.0 RECTENNA COST 

The rectenna investment and maintenance c o s t  breakdown f o r  t h e  ba se l i ne  design 
is ind i ca t ed  i n  Table 4. 

TABLE 4: SPS RECTENNA COST BREAKDOWN PER MAJOR TASK 

Task - Labor Eqmt . Mater ia l  Fre igh t  To t a l  

I n i t i a t e  S i t e  Prepara t ion  503 301 4,479 255 3,402 

Complete S i t e  Prepara t ion  1,400 1,047 18,780 884 -15,446 

Foundation and Supporting S t ruc tu re  24,550 64,093 182,842 32,181 303,666 

Manufacture and I n s t a l l  Panels  24,296 145,134 928,664 3,455 1,101,549 

TOTAL ( $ ' s  i n  Thousands) 50,752 210,575 1,088,247 36,775 1,386,349 

Land c o s t s  a r e  excluded, bu t  a r e  t y p i c a l l y  l e s s  than 5% of t he  an t i c ipa t ed  cos t  
f o r  t y p i c a l  s i t e s . c o n s i d e r e d .  I f  de s i r ed ,  t h e  land underneath t he  rectenna may be used f o r  
f a c t o r i e s  o r  i n t ens ive  ag r i cu l t u r e .  
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Figure 1: Potential Rectenna Configurations 
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Figure 2: Rectenna Receiving Element Options 
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Figure 3: Rectenna Element Capture Areas 
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'SIDE VIEW OF TYPICAL RECTENNA PANEL 
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Figure 4: Typical Panel Configuration a t  Rectenna Center 
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Figure 5: Rectenna Ring and U n i t  Boundary Map 
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Figure 8: SPS Power Availability 
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Figure 9: Rectenna Size Optimization 
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Figure 10: Dipole Machine 
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Figure 11: Rectenna Panel Fabr icat ion Sequence 
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