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FOREWORD 

Volume I,  Executive Summary, of t h e  SPS Concept D e f i n i t i o n  Study 
f i n a l  r e p o r t  i s  submi t ted  by Rockwell I n t e r n a t i o n a l  through t h e  S a t e l l i t e  
Systems Div i s ion .  A l l  work w a s  completed i n  response  t o  NASA/MSFC 
Con t rac t  NAS8-32475, Exh ib i t  C ,  da ted  March 28, 1978. 

The SPS f i n a l  r e p o r t  w i l l  p rovide  t h e  NASA wi th  a d d i t i o n a l  i n fo rma t ion  
on t h e  s e l e c t i o n  of a v i a b l e  SPS concept ,  and w i l l  f u r n i s h  a b a s i s  f o r  sub- 
sequent  technology advancement and v e r i f i c a t i o n  a c t i v i t i e s .  Ocher volumes 
of t h e  f i n a l  r e p o r t  are  l i s t e d  below. 

" Volume T i t l e  __- 

I1 -- System Eng inee r ing ,  

I11 Experimentation/Verification Element D e f i n i t i o n  ' 

I V  T r a n s p o r t a t i o n  Analyses 

V Special-Emphasis S tud ie s  

The SPS Program Manager, G .  M.  Hanley, may be  con tac t ed  on any of t h e  
t e c h n i c a l  o r  management a s p e c t s  of t h i s  r e p o r t .  
2131594-3911, S e a l  Beach, C a l i f o r n i a .  

H e  can be reached a t  

I 
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I 

INTRODUCTION 

The Department of Energy (DOE) i s  c u r r e n t l y  conduct ing  a n  e v a l u a t i o n  of  
approaches t o  provide  energy t h a t  w i l l  meet demands i n  t h e  post-2000 t i m e  
p e r i o d .  
n i f i c a n t  q u a n t i t i e s  of  base-load power u s i n g  s o l a r  energy as t h e  s o u r c e .  

The S a t e l l i t e  Power System (SPS) i s  a c a n d i d a t e  f o r  producing s i g -  

The SPS concept  i s  i l l u s t r a t e d  i n  F i g u r e  1 f o r  a s o l a r  p h o t o v o l t a i c  con- 
c e p t .  A s a t e l l i t e ,  l o c a t e d  a t  geosynchronous o r b i t ,  c o n v e r t s  s o l a r  energy t o  
d c  e l e c t r i c a l  energy u s i n g  l a r g e  s o l a r  a r r a y s .  
conducted from t h e  s o l a r  a r r a y s  t o  a microwave an tenna .  A t  t h e  microwave 
a n t e n n a ,  t h e  dc  energy i s  transformed t o  microwave RF energy.  A l a r g e ,  1 km 
d i a m e t e r ,  antenna beams t h e  energy t o  a r e c e i v i n g  an tenna  ( r e c t e n n a )  on t h e  
ground. The r e c t e n n a  c o n v e r t s  t h e  RF energy,  a t  v e r y  h i g h  e f f i c i e n c y ,  t o  dc  
e l ec t r i ca l  energy which i s  i n p u t  t o  t h e  u t i l i t y  network f o r  d i s t r i b u t i o n .  

The d c  e lec t r ica l  energy i s  

T y p i c a l l y ,  a s i n g l e  SPS p r o v i d e s  5 GW of power t o  t h e  u t i l i t y  i n t e r f a c e  
Two s a t e l l i t e  power systems could provide  more power t h e n  is  on t h e  ground. 

needed by l a r g e  m e t r o p o l i t a n  areas such as Los  Angeles ,  New York, o r  Chicago. 
Because of t h e  l a r g e  dimensions o f  t h e  sa te l l i t e  ( t h e  s o l a r  a r r a y  area i s  
approximate ly  75 km2) and t h e  l a r g e  mass (approximately 35 m i l l i o n  k g ) ,  i t  
i s  n e c e s s a r y  t o  c o n s t r u c t  t h e  s a t e l l i t e  on o r b i t  where z e r o - g r a v i t y  a l l o w s  

Figure  1. Satellite Power S y s t e m  Concept 
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v e r y  low s t r u c t u r a l  mass. 
t i c a l  array 1 0  km by 13 km. 
maximum i n t e n s i t y  i n  t h e  c e n t e r  of 23 mW/cm2 (less t h a n  1 / 4  t h e  s o l a r  c o n s t a n t )  
and an  i n t e n s i t y  of less than 1 mW/cm2 o u t s i d e  of t h e  r e c t e n n a  f e n c e l i n e  
(10 mW/cm2 i s  t h e  c u r r e n t  United S ta tes  microwave exposure s t a n d a r d ) .  

The ground-located r e c t e n n a  i s  nominal ly  an e l l i p -  
A t  t h e  e a r t h ' s  s u r f a c e ,  t h e  microwave beam h a s  a 

T h i s  s tudy  i s  a cont inuing  e f f o r t  t o  provide  system d e f i n i t i o n  d a t a  t o  
a i d  i n  t h e  e v a l u a t i o n  of t h e  SPS concept by DOE. The t o t a l  DOE program inc lud-  
es system d e f i n i t i o n  (of which t h i s  s tudy  i s  a p a r t ) ;  socioeconomic s t u d i e s ;  
environmental ,  h e a l t h ,  and s a f e t y  s t u d i e s ;  and a comparative assessment  of SPS 
w i t h  o t h e r  c a n d i d a t e  energy concepts .  This  i s  t h e  second y e a r  of  c o n t r a c t  
e f f o r t  which i s  b e i n g  conducted f o r  NASA Marsha l l  Space F l i g h t  Center .  
f i r s t  y e a r ' s  e f f o r t ,  completed i n  A p r i l  1978, i s  r e p o r t e d  i n  Reference 1. One 
of t h e  major r e s u l t s  of t h e  f i r s t  year of e f f o r t  w a s  d a t a  used by NASA t o  de- 
f i n e  two r e f e r e n c e  concepts  which are b e i n g  used by DOE f o r  t h e i r  e v a l u a t i o n .  
This  y e a r ' s  e f f o r t  concent ra ted  on a more d e t a i l e d  d e f i n i t i o n  of t h e  r e f e r e n c e  
concept ,  t r a d e s  r e l a t i v e  t o  t h e  r e f e r e n c e  concept ,  conceptua l  approaches t o  a 
s o l i d - s t a t e  microwave t r a n s m i s s i o n  a l t e r n a t i v e  t o  t h e  r e f e r e n c e  concept ,  and 
f u r t h e r  d e f i n i t i o n  of  t h e  program. T h i s  volume summarizes t h a t  e f f o r t .  

The 

STUDY OBJECTIVES 

The o b j e c t i v e  o f  t h i s  e f f o r t  i s  t o  provide  system d e f i n i t i o n  d a t a  t o  
NASA/MSFC t o  suppor t  DOE e v a l u a t i o n  of SPS. 
supported:  Reference Concept D e f i n i t i o n  (Reference 2 )  and Program P l a n  
R e  commenda t i ons . 

Two major NASA m i l e s t o n e s  were 

RELATIONSHIP TO OTHER NASA EFFORT 

T h i s  s tudy s u p p o r t s  t h e  in-house SPS s y s t e m  d e f i n i t i o n  e f f o r t  b e i n g  
conducted by NASA/MSFC. 
d e f i n i t i o n  e f f o r t  and i s  being suppor ted  under c o n t r a c t  by t h e  Boeing Company. 
Together ,  t h e s e  s t u d i e s  form t h e  b a s i s  f o r  t h e  NASA O f f i c e  o f  Energy Programs 
i n p u t s  t o  t h e  Department of Energy. T h i s  s t u d y  a l s o  w i l l  p rovide  requi rements  
f o r  technology development i n  t h e  l a r g e  s t r u c t u r e ,  s o l a r  a r r a y ,  power d i s t r i b u -  
t i o n ,  microwave t r a n s m i s s i o n ,  space  o p e r a t i o n s ,  and space  t r a n s p o r t a t i o n  
systems a r e a s .  

NASA/JSC a l s o  is conduct ing a p a r a l l e l  system 
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METHOD OF APPROACH AND PRINCIPAL ASSUMPTIONS 

A t ime-re la ted  s t u d y  f low diagram t h a t  summarizes t h e  s t u d y  approach is  
shown i n  F i g u r e  2. 
Rockwell SPS Concept D e f i n i t i o n  Study ( E x h i b i t s  A and B ) .  
inc luded  documentation of t h e  Boeing Company SPS Concept D e f i n i t i o n  Study and 
r e s u l t s  of NASA (MSFC and JSC) in-house SPS s t u d i e s .  

The major d a t a  base w a s  documentation from t h e  previous  
A d d i t i o n a l  d a t a  

DATA BASE 
FROM SPS 
CONCEPT 
D E F I N I T I O N  
STUDY 

RECOMMENDATIONS 

P R E L I M I N A R Y  
D E S C R I P T I O N  

REFERENCE SYSTEM D E F I N I T I O N  

ORECTENNA CONSTRIICTION 

REF SYSTEM ALTERNATIVE ANALYSES 

CONSTRUCTION ANALYSIS 

TRANSPORTATI’JN SYSTEM D E F I N I T I O N  

*KEY TECHNOLOGY PLAN 

COST ANALYSIS 

Figure 2 .  S tudy  F l o w  

During t h e  f i r s t  3 months of t h e  s t u d y ,  major emphasis w a s  p laced  on a n  
The update  update  of  t h e  p o i n t  d e s i g n  def ined  i n  Cont rac t  E x h i b i t s  A and B. 

r e s u l t e d  from a d d i t i o n a l  t r a d e  s t u d i e s  conducted d u r i n g  t h e  f i r s t  3 months. 
The updated p o i n t  d e s i g n  and similar data from t h e  Boeing Company s t u d i e s  and 
NASA in-house s t u d i e s  r e s u l t e d  i n  a pre l iminary  d e s c r i p t i o n  by NASA and DOE 
of a r e f e r e n c e  system. The purpose of t h e  r e f e r e n c e  system i s  t o  provide  a 
s p e c i f i c  s i n g l e  d a t a  b a s e  f o r  t h e  SPS concept  e v a l u a t i o n  be ing  conducted by 
DOE. 
DOE t h a t  d e s c r i b e s  t h i s  system and c o n t a i n s  key t r a d e  s t u d i e s  l e a d i n g  t o  
d e f i n i t i o n  of  t h i s  system. 
series of  s t u d i e s  ( c o n s t r u c t i o n ,  t r a n s p o r t a t i o n ,  e x p e r i m e n t / v e r i f i c a t i o n  
program, and c o s t )  t h a t  f u r t h e r  def ined t h e  concept  and program. I n  a d d i t i o n ,  
a series of  t r a d e  s t u d i e s  a t  t h e  t o t a l  system l e v e l  and a t  t h e  subsystem leve l  
were conducted t o  i d e n t i f y  modi f ica t ions  t o  t h e  c u r r e n t l y - d e f i n e d  r e f e r e n c e  
sys tem and t o  d e f i n e  a l t e r n a t i v e  system concepts  which have t h e  p o t e n t i a l  f o r  
s i g n i f i c a n t  improvements. 

The r e f e r e n c e  system w a s  then  def ined and a r e p o r t  was i s s u e d  by NASA/ 

This  system d e s c r i p t i o n  formed t h e  b a s i s  f o r  a 
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The major outputs of the study are shown in Figure 2 .  The constructabil- 
ity studies resulted in the definition of the concepts for satellite, rectenna, 
and satellite construction base construction. Transportation analyses resulted 
in definition of heavy-lift launch vehicle (HLLV), electric orbit transfer 
vehicle (EOTV), personnel orbit transfer vehicle (POTV), and intra-orbit trans- 
fer vehicle (IOTV) as well as overall operations related to transportation 
systems. 
nition of elements for the Ground-Based Experimental Research (GBER) and Key 
Technology plans. These studies also resulted in conceptual approaches for 
early space technology verification. The cost analysis defined the overall 
program and cost data for all program elements and phases. 

The experiment/verification program definition resulted in the defi- 

This data will form the basis for further program definition and is the 
basis for recommended future effort. 

4 
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I 

BASIC DATA GENERATED AND SlGNlFlCANT RESULTS 

This  s e c t i o n  summarizes t h e  s i g n i f i c a n t  s t u d y  r e s u l t s .  F i r s t ,  a n  over- 
view of  t h e  system d e f i n i t i o n  e f f o r t  i s  presented .  T h i s  i s  fol lowed by a 
d e s c r i p t i o n  of t h e  s p e c i a l  emphasis s t u d i e s ,  which c o n c e n t r a t e d  on system 
c o n s t r u c t i o n ;  a summary of t h e  space  t r a n s p o r t a t i o n  system; and a t o t a l  
program and program c o s t  summary. 

SYSTEM DEFINITION 

The major o u t p u t  of t h e  prev ious  Rockwell SPS Concept D e f i n i t i o n  Study 
( E x h i b i t  B)  was a p o i n t  d e s i g n  d e f i n i t i o n .  The r e s u l t i n g  s a t e l l i t e  concept  is 
shown i n  F i g u r e  3.  The major c h a r a c t e r i s t i c s  of t h e  concept are summarized i n  
Table  1. 
r e f l e c t o r s  ( c o n c e n t r a t i o n  r a t i o  of 2)  f o r  energy convers ion  and u s e s  k l y s t r o n s  
f o r  dc  t o  RF convers ion .  The microwave an tenna  i s  c e n t r a l l y  l o c a t e d  t o  reduce 
power d i s t r i b u t i o n  mass. Three t roughs ,  c o n t a i n i n g  t h e  s o l a r  a r r a y ,  are ar rang-  
ed i n  a t r i a n g u l a r  manner t o  reduce g r a v i t y  g r a d i e n t  t o r q u e s .  The r e c t e n n a  u s e s  
a s t r i p l i n c  phased a r r a y  t o  reduce s i g n i f i c a n t l y  t h e  number of diodes compared 
t o  i n d i v i d u a l  d i p o l e s .  F ive  g i g a w a t t s  (GW) of power are d e l i v e r e d  a t  t h e  u t i l -  
i t y  i n t e r f a c e .  

The s a t e l l i t e  concept  h a s  ga l l ium a r s e n i d e  (GaAs) s o l a r  ce l l s  w i t h  

F i g u r e  3. Rockwell S a t e l l i t e  Point D e s i g n  

The t r a n s p o r t a t i o n  system c o n s i s t s  o f  a heavy l i f t  launch v e h i c l e  (HLLV) 
f o r  e a r t h  to low e a r t h  o r b i t  (LEO) t r a n s p o r t a t i o n ,  a n  e lec t r ic  o r b i t  t r a n s f e r  
v e h i c l e  (EOTV) f o r  LEO t o  geosynchronous e q u a t o r i a l  o r b i t  (GEO) cargo  t r a n s f e r ,  
and a p e r s o n n e l  o r b i t  t r a n s f e r  v e h i c l e  (POTV) f o r  LEO t o  GEO t r a n s p o r t a t i o n  of 
t h e  c o n s t r u c t i o n  b a s e  crew. 
comple te ly  a t  GEO. 

Construct ion of t h e  s a t e l l i t e s  i s  accomplished 
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Table 1 .  Rockwell Point Des ign  Description 

1 OVERALL DESCRl PT IO11 1 
5-Gl: POWER TO U T I L I T Y  INTERFACE 

a GEOSYIICHRONOUS CONSTRUCT ION LOCAT 1014 

* S INGLE MICROWAVE ANTENNA 

* GEOSYNCHRONOUS EQUATORIAL OPERATIONAL ORBIT 

1-1 
POWER CONVERSION 

G a A l A s  SOLAR CELLS * CONCENTRATION R A T I O  = 2 

* ATTITUDE CONTROL/STATIONKEEPING 

Y-POP * ARGON ION THRUSTEkS 

- POWER D I S T R I B U T I O N  

45.5 KV DC * STRUCTURE/WIRING NOT INTEGRATED 

MICROWAVE ANTENNA 

* GAUSS I AN BEAM - RCR WAVEGUIDE PANELS 

2 .45-GHz FREQUENCY TENS I ON-WEB, COMPRESS I O N  FRAME STRUCTURE 

ECLECTIC PHASE CONTROL - STRUCTURE 

ALUMINUM (GRAPHITE/THERHAL P L A S T I C  ALTERNATE AS NEEDED) 

BEAM MACH I N E  CONSTRUCT I ON 

INFORMAT ION MANAGEMENT 

D I S T R I B U T E D  

T h i s  approach a long  w i t h  d a t a  from t h e  Boeing Company SPS s t u d y  and t h e  
NASA/MSFC and JSC in-house s t u d i e s  were used t o  arrive a t  a r e f e r e n c e  system. 

Reference Sys tem 

The r e f e r e n c e  system d e f i n e d  by NASA and DOE c o n t a i n s  t h e  two s a t e l l i t e s  
shown i n  Figure 4 .  The r e f e r e n c e  system h a s  t h e  c h a r a c t e r i s t i c s  shown i n  
Table  2 .  The major d i f f e r e n c e  between t h e  two s a t e l l i t e s  i s  t h e  energy conver- 
s i o n  approach; one uses  s i l i c o n  s o l a r  ce l l s  i n  a p l a n a r ,  non-concentrated a r r a y  
and t h e  o ther  uses G a A s  s o l a r  ce l l s  i n  a p l a n a r  a r r a y  w i t h  CR=2. The microwave 
an tenna  on both  satel l i tes  i s  l o c a t e d  a t  one end of t h e  sa te l l i t e .  Power a t  
t h e  u t i l i t y  i n t e r f a c e  on t h e  ground i s  5 GW. A phased a r r a y  i s  used f o r  t h e  
rec t enna . 

The c o n s t r u c t i o n  l o c a t i o n ,  GEO,  i s  t h e  same as p r e v i o u s l y  d e s c r i b e d  f o r  
t h e  Rockwell s y s t e m .  
s imi l a r  t o  t h o s e  d e s c r i b e d  f o r  t h e  Rockwell p o i n t  d e s i g n .  

The t r a n s p o r t a t i o n  system i s  comprised of  e lements  

The purpose of t h e  r e f e r e n c e  system i s  t o  p r o v i d e  DOE w i t h  a s p e c i f i c  and 
c o n s i s t e n t  s e t  of d a t a  on t h e  SPS f o r  purposes  of e v a l u a t i o n .  
l i m i n a r y  d e f i n i t i o n  of  t h i s  concept ,  t r a d e  s t u d i e s  were conducted on t h i s  
c o n t r a c t  t o  f u r t h e r  d e f i n e  t h e  c h a r a c t e r i s t i c s  of t h e  system. 
were concentrated on t h e  GaAs system concept .  
t r a d e  s t u d i e s  r e l d t i v e  t o  t h e  s a t e l l i t e  and r e c t e n n a .  Trade s t u d i e s  on t h e  

Following pre- 

These s t u d i e s  
The f o l l o w i n g  s e c t i o n  d e s c r i b e s  
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Figure 4 .  SPS Reference System Satellites 

SPS Reference System Description Table  2 .  

I SPS GENERATIOH CAPABILITY (UTILITY INTERFACE) 5 GW 

OVERALL D I MEItS IONS (KM)  

S A T E L L I T E  MASS (KG) 

POWER CONVERSION-PHOTOVOLTAIC 

STRUCTURE MATERIAL 

CONSTRUCTION LOCAT 1014 

TRANSPORTAT I ON 

* EARTH-TO-LEO -CARGO 
(PAYLOAD) 

(NUMBER) 

( N UMB ER) 

-PERSONNEL 

LEO-TO-GEO -CARGO 
-PERSONNEL 

MICROWAVE PCWER TRANSMISSION 

5 . 3 ~ 1 0 . 4  

3 4 x  IO‘ 5 1 ~ 1 0 ~  

G a A l A s  (CR=2) S I L I C O N  (CR=I  

GRAPHITE COMPOSITE 

GEO 

VERTICAL TAKE-OFF, WINGED 2-STAGE 
( 4 2 4 , 0 0 0  KC) 
M O D I F I E D  SHUTTLE 
( 7 5 )  
DEDICATED ELECT. OTV 
2-STAGE LOX/LHz 
(75) 

NO. OF ANTENNAS 1 

ANTENNA PO I NT ING/CONTROL CONTROL MOMENT GYROS (CMGs) 

DC-RF CONVERTER KLYSTRON 

FREQUENCY (GHZ) 2 .45 

RECTENNA DIMENSIONS (KM) 10x13 

RECTENNA POWER DENSITY ( M W / C M ~ )  
-CENTER 23 
-EDGE 1 
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t r a n s p o r t a t i o n  system are d e s c r i b e d  i n  t h e  T r a n s p o r t a t i o n  Analys is  s e c t i o n  and 
t r a d e  s t u d i e s  r e l a t e d  t o  c o n s t r u c t i o n  are conta ined  i n  t h e  S p e c i a l  Emphasis 
S t u d i e s  s e c t i o n .  Two areas where major d e p a r t u r e s  from t h e  r e f e r e n c e  system 
were s t u d i e d  are laser energy t r a n s m i s s i o n  environmental  impacts  and s o l i d -  
s t a t e  microwave t r a n s m i s s i o n .  These r e s u l t s  a r e  contained i n  two s e p a r a t e  
s e c t i o n s  fo l lowing  t h e  next  s e c t i o n .  

Major A l t e r n a t i v e  Study R e s u l t s  

Major a l t e r n a t i v e s  t o  t h e  r e f e r e n c e  system t h a t  were s t u d i e d  fo l lowing  
i t s  pre l iminary  d e f i n i t i o n  i n c l u d e  t h e  fo l lowing:  

Coplanar v e r s u s  t r i a n g u l a r  s o l a r  a r r a y  t rough arrangement 

Number of s o l a r  a r r a y  t roughs  

C e n t r a l  v e r s u s  end-mounted an tenna  

Aluminum versus  composite s t r u c t u r e  

Antenna s t r u c t u r a l  concept 

A l t e r n a t i v e  r e c t e n n a  phased a r r a y s  

The r e s u l t s  of t h e s e  s t u d i e s  are d e s c r i b e d  below. 

Coplanar Versus T r i a n p u l a r  S o l a r  Array Trough Arrangement. The main pur- 
pose of  the t r i a n g u l a r  t rough arrangement i n  t h e  Rockwell p o i n t  d e s i g n  w a s  t o  
reduce t h e  a t t i t u d e  c o n t r o l  requirements  due t o  g r a v i t y  g r a d i e n t  t o r q u e s .  
Continued s t u d i e s  of the  a t t i t u d e  c o n t r o l  requi rements  and i n t e g r a t i o n  of 
t h e s e  requirements  w i t h  s t a t i o n k e e p i n g  requi rements  r e v e a l e d  t h a t  s t a t i o n k e e p -  
i n g  f o r  s o l a r  p r e s s u r e  p e r t u r b a t i o n s  w a s  t h e  dominant requirement .  
was determined t h a t  t h e  a t t i t u d e  c o n t r o l  requi rements  could be m e t  even f o r  a 
coplanar  trough w i t h  no f u r t h e r  p r o p e l l a n t  impact than  t h a t  r e q u i r e d  f o r  s o l a r  
p r e s s u r e  s t a t i o n k e e p i n g .  Therefore ,  t h e  c o p l a n a r  t rough arrangement of t h e  
b a s e l i n e  concept i s  t h e  recommended concept .  

It a l s o  

Number o f  S o l a r  Array Troughs. Trade s t u d i e s  r e l a t e d  t o  t h e  number of 
t roughs considered t h e  impact on t h e  c o n s t r u c t i o n  f a c i l i t y  and on t h e  SPS 
system weight and c o s t .  
end-mounted) a l s o  i s  a c o n s i d e r a t i o n  i n  t h i s  t r a d e  s tudy .  The impact of 
number of  t roughs and antenna l o c a t i o n  on m a s s  a r e  shown i n  Table  3 f o r  G a s ,  
CR-2 concepts .  For t h e  c e n t r a l l y - l o c a t e d  a n t e n n a ,  t h e  mass i s  s l i g h t l y  less 
f o r  a 3 trough concept  when compared t o  4 t rough concept .  The 3 t rough con- 
c e p t  h a s  a s l i g h t l y  g r e a t e r  mass t h a n  t h e  4 t rough concept  f o r  an end-mounted 
antenna . 

Locat ion  of t h e  microwave an tenna  ( c e n t r a l  v e r s u s  

1 

The smal le r  number of t roughs  is d e s i r e d  from t h e  c o n s t r u c t i o n  b a s e  p o i n t  
of view r e g a r d l e s s  of t h e  method of c o n s t r u c t i o n .  (Two methods of c o n s t r u c t i o n ,  
s ingle-pass  and s e r p e n t i n e ,  were c o n s i d e r e d  and w i l l  b e  d e s c r i b e d  l a t e r  i n  t h i s  
Summary Report .)  
p l e t e d  b e f o r e  t h e  next  i s  s t a r t e d .  The g r e a t e r  t h e  number of t r o u g h s ,  t h e  
g r e a t e r  the complexity because of t h e  complexi ty  of  o p e r a t i o n s  f o r  t r a n s f e r  of 
t h e  f a c i l i t y  t o  i n i t i a t e  c o n s t r u c t i o n  of a n o t h e r  t rough.  I n  t h e  s i n g l e  p a s s  

I n  t h e  s e r p e n t i n e  c o n s t r u c t i o n  approach,  one t rough i s  com- 
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ANT EN NA 
SECT I ON 

COLLECTOP. 
ARRAY 

25% GROWTH 

TOTAL 

Table 3. Effect of Antenna Location and Number 
of Troughs on Satellite Mass (Million kg) 

16.3 16.3 16.3 16.3 

12 .3  12.5 14.0 13.7 
7.1 7.2 7 . 6  7.5 

35 .7  36.0 37 .9  37.5 

I CENTRAL ANTENtJA I END ANTENNA. 
3 TROUGHS I 4 TROUGHS I 3 TROUGHS I 4 TROUGHS 

Because of the small difference in mass related to the number of troughs, 
the construction facility considerations were paramount. 
3 troughs are preferred for both the end-mounted and center-mounted antenna 
concepts. 

For this reason, 

Central Versus End-Mounted Antenna. The location of the antenna may have 
an influence on several system characteristics including: (1) satellite mass, 
(2) attitude control and stationkeeping, (3) microwave transmission, ( 4 )  thermal 
control, and (5) satellite construction, 

The impact on mass was already shown in Table 2. As shown, a three trough 
end-mounted concept has a mass 2.2X1O6 kg greater than the center-mounted 
antenna concept. The mass difference is attributable to increased power dis- 
tribution mass caused by longer distribution distances for the end-mounted 
antenna concept. 

Stationkeeping requirements are virtually identical for end- or center- 
mounted antenna concepts. The major stationkeeping requirement is due to solar 
pressure perturbation. Although the solar pressure perturbation is cyclical 
over a year, the orbital excursions are unacceptable because of the increased 
amount of geosynchronous space occupied by the satellite without corrections. 
Because of the assymetry of the end-mounted antenna concept, the attitude 
control requirements due to solar pressure are large. If these torques were 
controlled separately from stationkeeping, 4.0% of the spacecraft mass would 
be required in propellants over 30 years (as compared to a total of 5.6% for 
all attitude control requirements). 
stationkeeping corrections with attitude control corrections, the center-mounted 
and end-mounted concepts have virtually the same propellant mass requirements 
because of the dominance of solar pressure stationkeeping, which is the same 
for both concepts. 
correction required, the SPS troughs can be partially pointed toward the sun 
to reduce losses due to excursions of the sun north and south of the equator 
without an attitude control propellant penalty. 

By combining the solar pressure and other 

Because of the amount of solar pressure stationkeeping 

Microwave transmission interference with the inboard collector array 
structure also was considered as a potential penalty for the center-mounted 
antenna concept. However, because of the large antenna aperature, spreading 
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of t h e  beam and s i d e  l o b e  format ion  i s  n e g l i g i b l e  i n  t h e  neighborhood o f  t h e  
sa te l l i t e .  A s  l o n g  as no s t r u c t u r e  is l o c a t e d  such  that  a normal from t h e  
antenna i n t e r s e c t s  i t ,  no i n t e r f e r e n c e  should  occur .  The center-mounted con- 
c e p t  is designed t o  s a t i s f y  t h i s  c o n s t r a i n t ,  

Because car ry- through and r o t a r y  j o i n t  s t r u c t u r e  i s  l o c a t e d  d i r e c t l y  be- 
h ind  t h e  microwave an tenna  where waste h e a t  from t h e  k l y s t r o n s  i s  be ing  reject- 
e d ,  t h e r e  is some concern of t h e  thermal  impacts .  Thermal c o n t r o l  can be  
achieved t o  an a c c e p t a b l e  l e v e l  f o r  e i t h e r  aluminum o r  g r a p h i t e  composi tes  by 
s u r f a c e  coa t ing  o r  s u r f a c e  cover ing  a t  a n e g l i g i b l e  weight  p e n a l t y ,  

S a t e l l i t e  c o n s t r u c t i o n  s t u d i e s  i n d i c a t e  s3me a d d i t i o n a l  c o n s t r u c t i o n  com- 
p l e x i t y  due t o  t h e  c e n t e r  l o c a t e d  an tenna .  A t  t h i s  t i m e ,  t h e  complexi ty  i s  
d i f f i c u l t  to  t r a d e  o f f  a g a i n s t  t h e  a d d i t i o n a l  mass r e q u i r e d  f o r  t h e  end-mounted 
concept .  

A s  a result  of t h e s e  t r a d e  s t u d i e s ,  i t  was concluded t h a t  e i t h e r  an tenna  
The only  s i g n i f i c a n t  p e n a l t y  i d e n t i -  l o c a t i o n  r e s u l t s  i n  a f e a s i b l e  concept .  

f i e d  w a s  the  mass i n c r e a s e  f o r  t h e  end-mounted an tenna  of 2.2X106 kg. For 
t h i s  reason,  t h e  center-mounted concept  i s  p r e f e r r e d ,  b u t  e i t h e r  s a t e l l i t e  
concept  i s  accep tab le .  

Aluminum Versus Composite S t r u c t u r e .  The t r i a n g u l a r  t rough arrangement  
concept  (Rockwell p o i n t  des ign )  p rev ious ly  shown i n  F igu re  3 w a s  used t o  con- 
duc t  a d e t a i l e d  s t r u c t u r a l  a n a l y s i s  u s ing  t h e  NASTRAN computer model. I t  w a s  
assumed t h a t  c o n s t r u c t i o n  occurred  a t  a uniform tempera ture  of O O C ,  t h a t  cal-  
c u l a t e d  equ i l ib r ium tempera tures  occurred  d u r i n g  normal o p e r a t i o n  i n  t h e  sun ,  
and t h a t  a minimum tempera ture  of -15OoC occur s  d u r i n g  an  e c l i p s e  of t h e  sun  
by t h e  e a r t h .  R e s u l t s  of t h i s  a n a l y s i s  showed maximum s t r u c t u r a l  d e f l e c t i o n s  
a t  t h e  s o l a r  a r r a y  t i p s  o f  100 m f o r  aluminum s t r u c t u r e  and 1.1 m f o r  compos- 
i t e  s t r u c t u r e .  De ta i l ed  a n a l y s i s  o f  t r i beam l o a d i n g  r evea led  t h a t  l o c a l  load-  
i n g  f o r  aluminum s t r u c t u r e  caused by d e f l e c t i o n s  exceeded c r i p p l i n g  a l l o w a b l e s  
o f  the e lementa l  caps  f o r  a 10  m i l  t h i c k n e s s  aluminum s t r u c t u r e .  For some 
reg ions ,  m a t e r i a l  t h i c k n e s s e s  up t o  30 m i l s  would be  r equ i r ed .  I f  a l l  members 
were cons t r a ined  t o  a 30 m i l  aluminum material  t h i c k n e s s ,  a s t r u c t u r a l  weight  
of  up t o  10X106 kg would r e s u l t  f o r  aluminum s t r u c t u r e  compared t o  1.2X106 kg 
f o r  composite s t r u c t u r e .  This  maximum v a l u e  f o r  aluminum could  be  reduced by 
about  one-half by s e l e c t i v e l y  us ing  30 m i l  s t r u c t u r e  on ly  i n  t h e  l a t e r a l  
s t r u c t u r e  where c r i p p l i n g  a l lowab les  are exceeded and 1 0  m i l  s t r u c t u r e  i n  t h e  
l o n g i t u d i n a l  s t r u c t u r e .  

The major problem w i t h  t h e  composite s t r u c t u r e  i s  t h e  c u r r e n t  l a c k  o f  
knowledge on l i f e t i m e  i n  o r b i t .  
s e v e r e  than f o r  o Lher s p a c e c r a f t .  

The 30-year SPS requi rement  i s  much more 

A s  a r e s u l t  of t h e s e  t r a d e  s t u d i e s ,  i t  w a s  concluded t h a t  e i t h e r  aluminum 
o r  composite s t r u c t u r e  can be  used f o r  SPS. Because o f  t h e  lower  d e f l e c t i o n s ,  
induced stresses, and lower weight of composi te  s t r u c t u r e ,  i t  is  recommended 
f o r  t h e  s a t e l l i t e  s t r u c t u r e .  
c u r r e n t  composite s t r u c t u r e  a p p l i c a b l e  t o  sps w i l l  s u r v i v e  t h e  space  envi ron-  
ment f o r  30 y e a r s  o r  t h a t  composite s t r u c t u r e  materials can  be  formula ted  t h a t  
w i l l  surv ive  the  space environment f o r  30 y e a r s .  
c a r r i e d  as a v i a b l e  a l t e r n a t i v e .  

Research is  r e q u i r e d  t o  a s s u r e  e i t h e r  t h a t  

Aluminum s t r u c t u r e  can be  
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Antenna Structural Concept. Two concepts, shown in Figure 5, have been 
proposed for the antenna basic structure: a tension web, compression frame 
structure proposed by Rockwell and a spaceframe structure proposed by JSC. 

SPACE FRAMt CONCtPT -' 

Figure 5 .  A l t e r n a t i v e  Antenna S t r u c t u r a l  Concepts  

The tension web, compression frame structure is essentially like a tennis 
The microwave antenna elements are attached to a square matrix formed racket. 

by the composite tension web. 
turbations by applying proper tension to the web .  T.nad3 frgm thP = r e  
carried in compression in the frame surrounding the web by catenary cables. 

Sufficient flatness is maintained against per- 

The spaceframe structure is a box-grid truss network. The microwave 
antenna elements are attached to the structure by a secondary supporting 
structure. Because of the large amount of study conducted under contract to 
JSC and internally at JSC, the characteristics of the spaceframe are well de- 
fined. The tension-web structure has not been sufficiently analyzed to assess 
the dynamic characteristics of the structure under annual cyclic loads. Such 
an analysis is needed to assure feasibility of the design. Estimates indicate 
that the tension web, compression frame structure has lower mass than the 
spaceframe structure. (0.O67x1O6 kg for the tension web compression frame com- 
pared to 0.25Ox1O6 kg for the spaceframe.) 
not been accomplished, it is expected that construction may be faster and 
simpler for the tension web, compression frame structure. 

Although a detailed analysis has 

One major area of difference for the two approaches is heating of the 
structures due to thermal radiation from the microwave antenna. The tension 
web does not see the thermal radiating elements of the antenna and can re- 
radiate solar heating from both sides; whereas, the spaceframe structure is 
directly below the antenna and is blocked by the antenna on one side for re- 
radiation. A thermal analysis revealed that the spaceframe structure would 
require high t xperature composite structure (e.g., polyimide) to withstand 
the resulting temperatures. 
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36044 

9011 

2254 

2205 

540 

Although t h e  t e n s i o n  web, compression frame antenna  s t r u c t u r e  h a s  many 
p o t e n t i a l  advantages,  s u f f i c i e n t  a n a l y s i s  h a s  n o t  been accomplished t o  v a l i d a t e  
i t s  f e a s i b i l i t y  f o r  SPS. When a p p r o p r i a t e ,  f u t u r e  s t u d i e s  of i t s  dynamic 
c h a r a c t e r i s t i c s  should  be accomplished t o  assess f e a s i b i l i t y .  
should  b e  cont inued as a b a s e l i n e  u n t i l  t h e s e  f e a s i b i l i t y  s t u d i e s  have been 
completed.  

The spaceframe 

DIPOLES. A I2 SPACING 
SOUARE CLUSTERS O F  
49 ELEMENTS 

ASPACING. RECTANGULAR 
CLUSTERSOF l r  -LEMENTS 

ZASPACING. SOUARE 
C I U S T E R S O F 4  E I E M E N T S  

I 8  PARABOLIC TROUGHS 
YAGI FEEDS SPACCO k 

540 PARABOLAS 
Y A 6 l  FED 

A l t e r n a t e  Rectenna Phased Arrays.  
have been considered f o r  a p p l i c a t i o n  t o  SPS. 
istics of  t h e s e  concepts .  The number of e lements  i n  t h e  a r r a y  d e c r e a s e  from 
t o p  t o  bottom i n  t h i s  f i g u r e .  However, as t h e  number of  e lements  d e c r e a s e ,  
t h e  a p e r a t u r e  e f f i c i e n c y  decreases .  Of t h e  concepts  i l l u s t r a t e d ,  t h e  dense 
a r r a y ,  us ing  s t r i p l i n e  i n t e r c o n n e c t i o n s ,  i s  easiest  t o  mass produce and i n s t a l l  
i n  a d d i t i o n  t o  having a h igh  e f f i c i e n c y .  The dense a r r a y  of s t r i p l i n e  i n t e r -  
connected d i p o l e s  is t h e  recommended concept .  

S e v e r a l  r e c t e n n a  phased a r r a y  d e s i g n s  
F igure  6 compares t h e  c h a r a c t e r -  

BILLBOARD -__- 
DIPOLE 

, .- - 

CONCEPT 

SHORT BACKFIRE 

I 

PARABOLIC 
TROUGH 

DENSE ARRAY 
IBILLBOARDI 

YAGI ARRAY 

SHORT BACKrlRE 
ARRAY 

TROUGH 

SOUARE 
PARABOLAS 

I UESCRlPTlOk 

NUMBER OF 
ELEMENTS 

(9 X 15 M AREA1 

- 

COMMENTS 

STRIPLINE INTFRCONNECT 0 5% 
MATCHING LOSS 
EDGE EFFECTS I NEEDSSTUo' 
12R LOSS - 0.5XTO 5.5 K M  

MUTUAL COUPLING 
EFFECT NEEOS STUDY 

BEAMWIDTH SLIGHTLY 
TOO NARROW NEEDS STUDY 

A P E H l U R E  EFFICIENCY 
<nors8 

APEHTURE EFFICIENCY 
< 10% 

- 
PARABOLIC HORN 

Figure 6. A1 ternative Rectenna Concepts 

Recommended SPS S a t e l l i t e  Concept. A s  a r e s u l t  o f  t h e  t r a d e  s t u d i e s ,  
s e v e r a l  changes t o  t h e  GaAs s o l a r  a r r a y  s a t e l l i t e  r e f e r e n c e  concept  are recom- 
mended. Figure 7 i l l u s t r a t e s  t h e  recommended s a t e l l i t e  concept  and Table  4 
d e s c r i b e s  i ts  c h a r a c t e r i s t i c s .  
a r r a y s  and f l a t  r e f l e c t o r s  g i v i n g  CR-2. 
t h e  c e n t e r  of t h e  s o l a r  a r r a y .  
i n  F i g u r e  8.  Because of p a r t i a l  p o i n t i n g  toward t h e  sun as t h e  seasons  v a r y ,  
t h e  e f f i c i e n c y  due t o  s e a s o n a l  v a r i a t i o n s  i s  g r e a t e r  t h a n  t h e  r e f e r e n c e  con- 
c e p t  which is assumed t o  remain p e r p e n d i c u l a r  t o  t h e  o r b i t  p l a n e  a t  a l l  t i m e s .  
A d d i t i o n a l l y ,  t h e  output  on t h e  ground is 4 . 6 1  GW r a t h e r  t h a n  t h e  r e f e r e n c e  
con,.ept 5 GW because of r e d u c t i o n s  i n  e f f i c i e n c y  i n  t h e  microwave t r a n s m i s s i o n  
cha in .  S i z i n g  of t h e  s o l a r  b l a n k e t  h a s  been a l t e r e d  t o  r e f l e c t  t h e s e  changes.  
Table  5 summarizes t h e  mass p r o p e r t i e s  f o r  t h i s  concept .  When compared t o  t h e  

The concept  h a s  3 bays c o n t a i n i n g  GaAs s o l a r  
The microwave an tenna  i s  l o c a t e d  i n  

The e f f i c i e n c y  c h a i n  f o r  t h i s  concept  is  shown 
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71.3 Gw SEASONAL ' CONCENTRATOR 
VARIATION + RUL€CT I V ITY + 

~ 

96.8% 91.5% 

Figure 7 Recommended S a t e l l i t e  Concep t  

T a b l e  4 .  Recommended S a t e l l i t e  Concep t  D e s c r i p t i o n  
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R C R  WAVEGUIDE PANELS 
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I OVERALL EFFICIENCY - 6.47% I 
F i g u r e  8 .  EOL E f f i c i e n c y  Chain  f o r  Recommended Concep t  
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SUBSYSTEP 

COLLECTOR ARRAY 

MASS !lo6 KG) 

r e f e r e n c e  concept mass, a 3.5X1O6 kg r e d u c t i o n  i n  mass h a s  occurred .  
t h i s  reduct ion  i n  mass is  due t o  a r e d u c t i o n  i n  s o l a r  a r r a y  mass r e l a t e d  t o  
t h e  reduct ion  i n  power l e v e l .  

Much of 

S o l i d  S t a t e  Microwave Transmission Concepts 

The c u r r e n t  r e f e r e n c e  concept  u s e s  k l y s t r o n s  f o r  convers ion  of  energy from 
d c  e l e c t r i c a l  power t o  microwave r a d i o  frequency energy a t  2.45 GHz. 
t h e  major concerns of t h i s  approach is  t h e  r e l i a b i l i t y  of t h e  k l y s t r o n  d e v i c e s .  
S o l i d  s ta te  a m p l i f i e r  c i r c u i t s  u s i n g  h i g h  e f f i c i e n c y ,  advanced technology 
ga l l ium a r s e n i d e  t r a n s i s t o r s  f o r  dc/RF convers ion  have been cons idered  as an  
a l t e r n a t i v e  because of t h e i r  p o t e n t i a l  f o r  h igh  r e l i a b i l i t y .  I n  o r d e r  t o  b e  
competat ive w i t h  k l y s t r o n s ,  t h e  s o l i d  s t a t e  a m p l i f i e r  c i r c u i t s  and an tenna  
combined e f f i c i e n c i e s  need t o  approach t h e  same e f f i c i e n c y  as t h e  k l y s t r o n  and 
antenna combined e f f i c i e n c i e s .  Two major problems e x i s t  f o r  t h e  s o l i d  s t a t e  
des igns :  (1) t h e  temperature  of t h e  a m p l i f i e r  b a s e  needs t o  b e  c o n t r o l l e d  t o  
about  15OoC f o r  e f f i c i e n t  and r e l i a b l e  o p e r a t i o n  and (2)  t h e  s o l i d  s t a t e  
d e v i c e s  i n h e r e n t l y  must b e  opera ted  a t  low v o l t a g e s  ( e . g . ,  40 v o l t s ) .  

One o f  

Because of t h e s e  d i f f e r e n c e s  between t h e  k l y s t r o n  and s o l i d  s t a t e  systems,  
t h e  o v e r a l l  microwave system des ign  may be s i g n i f i c a n t l y  d i f f e r e n t .  
t o  meet t h e  thermal  c o n s t r a i n t s ,  i t  i s  n e c e s s a r y  t o  reduce t h e  maximum power 
d e n s i t y .  
r a d i a t i n g  h e a t  from both s i d e s  of t h e  an tenna .  However, as t h e  an tenna  area 
i n c r e a s e s ,  t h e  power output  must b e  decreased  t o  s a t i s f y  t h e  23 mW/cm2 RF 
energy c o n s t r a i n t  i n  t h e  atmosphere t o  avoid  p o t e n t i a l  microwave i n t e r f e r e n c e  
w i t h  t h e  D and F l a y e r s  of t h e  atmosphere.  
F igure  9. 
k l y s t r o n  antenna and each an tenna  h a s  about  h a l f  t h e  power o u t p u t  of t h e  k ly-  
s t r o n  antenna.  
about  5 GW a t  t h e  u t i l i t y  i n t e r f a c e  on t h e  ground, two r e c t e n n a s  of about  h a l f  
t h e  area each of t h e  k l y s t r o n  concept  r e c t e n n a s  are needed t o  c o l l e c t  t h e  
energy. 

I n  o r d e r  

This  can b e  accomplished by i n c r e a s i n g  t h e  an tenna  area w h i l e  re- 

Such a concept  i s  i l l u s t r a t e d  i n  
The a r e a  o f  each of 2 an tennas  i s  about  t w i c e  t h e  area of t h e  

Although t h e  t o t a l  power o u t p u t  of  each s a t e l l i t e  system is  

1 4  
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F i g u r e  9 .  Dual Microwave An tenna  Concept  

Other  approaches s t i l l  need t o  be eva lua ted  t h a t  s o l v e  t h e  thermal  problem. 
They i n c l u d e  (1) an antenna which is uniformly i l l u m i n a t e d  (cons tan t  power 
d e n s i t y  p e r  u n i t  a r e a )  and (2) a n  antenna t h a t  h a s  evenly d i s t r i b u t e d  s o l i d  
s ta te  power a m p l i f i e r s  b u t  which r e d i s t r i b u t e s  t h e  RF energy i n  t h e  antenna 
u s i n g  waveguides t o  a c h i e v e  t h e  current ly-used Gaussian d i s t r i b u t i o n .  Both of  
t h e s e  approaches are a t t e m p t s  t o  achieve a smaller antenna t h a t  has  h i g h e r  
power t h a n  t h e  concept  i l l u s t r a t e d  i n  Figure 9 .  

Although t h e  above concepts  s o l v e  t h e  thermal  problem, t h e  problem of 
power d i s t r i b u t i o n  and c o n t r o l ,  (because o f  t h e  l o w  v o l t a g e  requirement)  s t i l l  
remains t o  b e  so lved .  Because o f  t h e  long d i s t a n c e s  from t h e  s o l a r  a r r a y  t o  
t h e  a n t e n n a s ,  conduct ion a t  the low v o l t a g e s  r e q u i r e d  by t h e  a m p l i f i e r s  i s  n o t  
p o s s i b l e .  
s o l u t i o n .  They inc lude :  (1) power d i s t r i b u t i o n  a t  d i f f e r e n t  v o l t a g e s  t o  t h e  
an tenna  s e c t i o n  from t h e  a r r a y ,  i n c r e a s i n g  i n  v o l t a g e  w i t h  d i s t a n c e  from t h e  
an tenna  s e c t i o n ;  (2) m u l t i p l e  l e v e l s  of v o l t a g e  r e d u c t i o n  (e .g . ,  from 20,000 V 
t o  2,000 V and from 2,000 V t o  200 V ) ;  (3) high  power v o l t a g e  r e d u c t i o n  d e v i c e s  
on t h e  a n t e n n a  v e r s u s  low v o l t a g e  d i s t a n c e  from t h e  d e v i c e s  t o  t h e  RF power 
a m p l i f i e r s ;  and ( 4 )  s e r i e s / p a r a l l e l  s t r i n g s  of power a m p l i f i e r s  t o  i n c r e a s e  
v o l t a g e  r e q u i r e d  a t  t h e  antenna.  

S e v e r a l  compromises need t o  be s t u d i e d  t o  arrive a t  an optimum 

A l l  of t h e  s o l i d  s ta te  microwave concepts  d e s c r i b e d  above are similar t o  
t h e  r e f e r e n c e  concept  i n  o v e r a l l  c o n f i g u r a t i o n ;  i . e . ,  a l l  of t h e  concepts  have 
a n  a n t e n n a  c o n t a i n i n g  t h e  dc/RF c o n v e r t e r s  which i s  s e p a r a t e  from t h e  s o l a r  
a r r a y .  
t i o n  problems is  t o  combine t h e  s o l a r  a r r a y  and t h e  antenna.  One concept t h a t  
u s e s  t h i s  approach is  shown i n  F igure  10. The s o l i d  s ta te  power a m p l i f i e r s  i n  
t h i s  concept  are uniformly d i s t r i b u t e d  on t h e  back of t h e  s o l a r  a r r a y .  The 
thermal  problem i s  so lved  because of the low d e n s i t y  of t h e  power a m p l i f i e r s ,  
and t h e  power d i s t r i b u t i o n  problem i s  solved by t h e  back t o  back l o c a t i o n  of 
t h e  power s o u r c e  and t h e  s o l i d  state power a m p l i f i e r .  However, s i n c e  t h e  
a n t e n n a  must be e a r t h  o r i e n t e d  i t  is necessary t o  d i r e c t  t h e  s u n l i g h t  on t h e  
s o l a r  a r r a y  u s i n g  l a r g e  r e f l e c t o r s .  
c o n c e n t r a t i o n  r a t i o  of 2 .  The l a r g e  r e f l e c t o r  r o t a t e s  t o  f a c e  t h e  sun and 
r e f l e c t s  t h e  s u n l i g h t  on to  m u l t i p l e  r e f l e c t o r s  t h a t  c o n c e n t r a t e  t h e  s o l a r  
energy  on t h e  s o i a r  a r r a y .  Because t h e  maximum microwave energy must b e  

Another approach t o  t h e  s o l u t i o n  of bo th  t h e  thermal  and power d i s t r i b u -  

The concept  i n  F i g u r e  10 has  a nominal 
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I t  

SANDWICH PANELS 
SOLAR ARRAY/MICROWAVE ANTENNA 
/ TRANSMITTING 1 1 '1 1 ANTENNA PANEL 

RF ENERGY TO EARTH 

Figure 1 0 .  Sandwich Panel  Solid S t a t e  Concept 

limited to 23 mW/cm2 near the earth, this particular concept is limited to 
0.816 GW of power at the utility interface due to the large microwave antenna 
aperture. Despite the relatively low power output, preliminary cost estimates 
indicate that this concept is competitive with the reference concept. This 
approach allows use of "sandwich panels", shown in Figure 10 that contain the 
solar cell blanket, the solid-state amplifier, and the transmitting antenna. 
This concept requires considerable additional study to conduct an evaluation 
and comparison with the reference concept and the other solid-state microwave 
systems previously described. This approach could also be used with klystrons. 

In addition to the overall system effort described above, a detailed 
analysis was conducted to determine optimum power amplifier circuit designs. 
This study indicated that efficiencies of  82% might be  expected for GaAs 
transistor circuits. 
microwave system competitive with the reference klystron microwave concept. 

This efficiency appears adequate to make the solid-state 

Laser Transmission Environmental Studv 

A study was conducted to assess the impact on the environment of laser 
energy transmission from the satellite to the ground. The laser transmission 
system is assumed to replace the microwave transmission system. 
lection and conversion to electrical power can be accomplished by a number of 
approaches, includinp photovoltaic cells, tuned optical diodes, heat engines, 
or thermoelectronic. A current state-of-the-art supersonic flow CO electric 
discharge laser was used to characterize the laser transmission system, although 
it was recognized that a viable laser transmission system would require signi- 
ficant technology improvement to satisfy SPS goals. 

Ground col- 

The followino summarizes the results of the environmental impact investi- 
gat ions : 
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sa t e l l i t e  c o n s t r u c t i o n  base ,  and r e c t e n n a  c o n s t r u c t i o n ,  I n  a d d i t i o n ,  p rev ious  
a n a l y s e s  of l o g i s t i c s  were updated based on t h e  system s t u d y  r e s u l t s  and 
f u r t h e r  d e f i n i t i o n  of t h e  sa te l l i t e  c o n s t r u c t i o n  base  and t h e  t r a n s p o r t a t i o n  
system. The r e s u l t s  of t h e s e  a n a l y s e s  are summarized i n  t h e  fo l lowing  s e c t i o n s .  

S a t e l l i t e  C o n s t r u c t i o n  

Global  cl imatic change r e s u l t i n g  from t h e  p r o l i f e r a t i o n  of laser-SPS 
systems i s  h i g h l y  improbable 

1 7  t 

I 
I 
I 

Mesoscale weather  m o d i f i c a t i o n s  a t  r e c e p t o r  l o c a t i o n s  w i l l  be  less 
s i g n i f i c a n t  than  such phenomena a s s o c i a t e d  w i t h  convent iona l  o r  
n u c l e a r  e l e c t r i c  power p l a n t s  of  comparable power r a t i n g  

Thermal h e a t i n g  of the lower t roposphere by t h e  l a s e r  beam w i l l  pro- 
mote waste-heat d i s p e r s a l  by v e r t i c a l  mixing,  bu t  w i l l  a l s o  induce 
severe t u r b u l e n c e  which could b e  hazardous t o  a i r c r a f t  i n t r u d i n g  
i n t o  t h e  r e s t r i c t e d  a i r  zone 

The environmental  impact on c e r t a i n  w i l d l i f e ,  e s p e c i a l l y  b i r d s  and 
i n s e c t s ,  i s  u n c e r t a i n  

I Laser-plasma i n t e r a c t i o n s  i n  t h e  ionosphere a r e  i n s i g n i f i c a n t  

Laser-beam p e r t u r b a t i o n  of t h e  plasma chemistry i n  t h e  mesophere 
and thermosphere is b e l i e v e d  t o  be of n e g l i p i b l e  magnitude and con- 
sequence;  however, confirming r e s e a r c h  i s  needed t o  s u b s t a n t i a t e  
t h i s  claim 

E v a l u a t i o n  of S a t e l l i t e  Cons t ruc t ion  Approaches. Two b a s i c  approaches,  
i l l u s t r a t e d  i n  F igure  11 were cons idered  f o r  t h e  SCB: a s i n g l e - p a s s  f a c i l i t y  
t h a t  c o n s t r u c t s  a l l  bays s imul taneous ly  and a m u l t i p a s s  s e r p e n t i n e  f a c i l i t y  
t h a t  c o n s t r u c t s  one bay a t  a t i m e .  
d e s i g n  d a t a ,  c o n s t r u c t i o n  f u n c t i o n s  and t i m e l i n e s ,  crew f u n c t i o n s ,  and crew 
s i z e .  

These approaches were compared t o  develop 

The d e s i g n  of t h e  m u l t i p a s s  s e r p e n t i n e  f a c i l i t y  i s  shown i n  F igure  12. 
The c o n s t r u c t i o n  f a c i l i t y  i s  a t t a c h e d  t o  t r a c k s  on a t r a n s l a t i o n  p la t form.  
The p l a t f o r m  c o n s i s t s  of  t h r e e  s e c t i o n s  a t t a c h e d  t o  one another  by s l i d i n g  
guideways which permit  l a t e ra l  movement dur ing  r e p o s i t i o n i n g  o p e r a t i o n s .  
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Figure 11. Satellite Construction Approaches 

E l e v a t i n g  frame a t t a c h  f i t t i n g s  are used t o  s e c u r e  t h e  p l a t f o r m  t o  t h e  p a r t i a l -  
l y  completed sa te l l i t e  t o  permit  movement of t h e  f a c i l i t y  r e l a t i v e  t o  t h e  
sa te l l i t e .  
Details of the  l o c a t i o n  of  t h e  elements  of t h e  f a b r i c a t i o n  f a c i l i t y  a l s o  a r e  
shown i n  Figure 12.  The key t o  t h e  numbers i n d i c a t e  t h e  e lements  compris ing 
t h e  f a c i l i t y .  
i n c l u d i n g  t h e  s o l a r  a r r a y  and t h e  microwave an tenna .  
ed of 50 m t r ibeams t h a t  are i n  t u r n  b u i l t  up from 2 m b a s i c  beam e lements  as 
shown i n  F igure  13. 
s e n t e d  i n  a subsequent s e c t i o n .  

Such a movement is  r e q u i r e d  a s  each l o n g i t u d i n a l  bay i s  completed. 

A l l  e lements  of t h e  s a t e l l i t e  are c o n s t r u c t e d  i n  t h i s  f a c i l i t y ,  
The s t r u c t u r e  i s  compris- 

More d e t a i l  on f a c i l i t y  f u n c t i o n s  and d e s i g n  w i l l  b e  pre-  

The s ingle-pass  c o n s t r u c t i o n  f a c i l i t y  i s  shown i n  F igure  1 4 .  T h i s  f a c i l -  
i t y  does not r e q u i r e  a t r a n s l a t i n g  p l a t f o r m  because i t  n e v e r  has  t o  t r a n s l a t e  
l a t e r a l l y  r e l a t i v e  t o  t h e  s a t e l l i t e .  A l l  of t h e  c o n s t r u c t i o n  f u n c t i o n s  occur  
s imul taneous ly  i n  t h e  l o n g i t u d i n a l  d i r e c t i o n  f o r  a l l  t h r e e  t roughs .  The 
s o l a r  b l a n k e t s  a r e  i n s t a l l e d  by means of d i s p e n s e r s  which are  l o c a t e d  a long  
t h e  bottoms of  t h e  t roughs .  The r e f l e c t o r  d i s p e n s e r s  are l o c a t e d  on t h e  
d i a g o n a l s  of each t rough.  The l o n g i t u d i n a l  t r ibeams are cont inuous ly  manu- 
f a c t u r e d  i n  t h e  t r i b e a m  f a c i l i t i e s .  Lateral t r ibeams are s imul taneous ly  
manufactured t o  t h e  proper  l e n g t h  and are a t t a c h e d  t o  t h e  l o n g i t u d i n a l s .  

The d i f f e r e n c e s  i n  f a c i l i t y  mass, crew s i z e s ,  c o n s t r u c t i o n  equipment,  
and c o n s t r u c t i o n  complexity f o r  t h e  s e r p e n t i n e  and s i n g l e  p a s s  c o n s t r u c t i o n  
concepts  a r e  shown i n  Table  6 .  
f o u r  t rough c o n f i g u r a t i o n s  w i t h  e i t h e r  an end-mounted o r  center-mounted 
an tenna .  (The e f f e c t  of t h i s  v a r i a t i o n  on t h e  c o n s t r u c t i o n  t i m e ,  crew s i z e  
and suppor t ing  equipment i s  n e g l i g i b l e . )  The r e l a t i v e  complexi ty  c o n s i d e r s  
t h e  o p e r a t i o n s  a t t e n d a n t  t o  f i x t u r e  and p l a t f o r m  t r a n s l a t i o n  r e q u i r e d  f o r  
s e r p e n t i n e  c o n s t r u c t i o n  as opposed t o  t h e  s i n g l e  p a s s  concept .  The crew s i z e s  
r e f l e c t  average manloading, s i n c e  t h e  sequence of  c o n s t r u c t i o n  o p e r a t i o n s  
( p a r t i c u l a r l y  f o r  t h e  s i n g l e  pass  concept)  
t o  e a r t h  p r i o r  t o  s a t e l l i t e  complet ion.  Support  equipment requi rements  
(e .g . ,  t r ibeam f a b r i c a t o r s )  vary  w i t h  t h e  c o n s t r u c t i o n  concept .  For s i n g l e  
p a s s  c o n s t r u c t i o n ,  a l l  t roughs  a r e  completed s imul taneous ly  i n s t e a d  of  i n  
series. However, t h e  s e r p e n t i n e  f i x t u r e  i s  r e q u i r e d  t o  o p e r a t e  from b o t h  
s i d e s ,  which r e q u i r e s  two sets of d i s p e n s i n g  equipment.  
method r e s u l t s  i n  a smaller crew s i z e ,  and i n  g e n e r a l ,  less s u p p o r t i n g  
equipment. The SCB mass f o r  t h e  two c o n c e p t s  i s  e s s e n t i a l l y  t h e  same. 

The s a t e l l i t e s  e v a l u a t e d  c o n s i s t  of t h r e e  and 

p e r m i t s  r e t u r n  of some personnel  

The s e r p e n t i n e  

The 
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TRIBEAM GIRDER SECTION 

i 

F i g u r e  13. O v e r a l l  S t r u c t u r e  Concep t  

0 -  
F i g u r e  1 4 .  S i n g l e - P a s s  S a t e l l i t e  C o n s t r u c t i o n  Base  (SCB) 
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Table 6. Constructability Comparison 
(180 Day Construction Schea'ule) 

FOURTROUGHS 4 6 266 5.2 22 4 4 6 16 5 

THREETROUGHS 3 4.5 266 5.2 22 4 4 6 16 5 

FOURTROUGHS 1 1.33 392 6.5 32 4 8 6 64 20 

THREETROUGHS 1 1 332 5.3 24 4 6 6 48 15 

MULTI-PASS 

SiIJGLE PASS 

*INCUDES 25% GROWTH 

p l a t f o r m  accounts  f o r  a l a r g e  percentage  of t h e  s e r p e n t i n e  SCB m a s s .  P r e c u r s o r  
o p e r a t i o n s  a t t e n d a n t  t o  c o n s t r u c t i n g  a pla t form almost 3 km long i n  t h r e e  sec- 
tinns which translate relative t o  one another  are formidable .  The sequence of 
t r a n s l a t i n g  t h e s e  s e c t i o n s  and t h e  c o n s t r u c t i o n  f i x t u r e  many t i m e s  d u r i n g  t h e  
c o n s t r u c t i o n  of  one s a t e l l i t e  i n v o l v e s  cons iderable  o p e r a t i o n a l  complexi ty  and 
r i s k .  
r e l e a s i n g  t h e  p l a t f o r m  t o  and from t h e  p a r t i a l l y  completed s a t e l l i t e  s t r u c t u r e  
(2 meter t r i b e a m  s e c t i o n s )  by means o f  e l e v a t i n g  a t t a c h  mechanisms. D e t a i l e d  
s t u d y  w i l l  be  r e q u i r e d  t o  e v a l u a t e  t h e  f e a s i b i l i t y  of t h i s  o p e r a t i o n  re la t ive 
to t h e  stress c o n c e n t r a t i o n s  involved.  For t h e s e  r e a s o n s ,  t h e  s i n g l e  pass  con- 
c e p t  is  p r e f e r r e d .  

In  a d d i t i o n ,  t h e  concept  i n v o l v e s  s e v e r a l  sequences of s e c u r i n g  and 

S a t e l l i t e  Cons t ruc t ion  Concept Descr ip t ion .  The fo l lowing  p r o v i d e s  a 
more d e t a i l e d  d e s c r i p t i o n  of t h e  c o n s t r u c t i o n  concept f o r  an  end-mounted space- 
frame antenna  concept  us ing  t h e  p r e f e r r e d  s ingle-pass  c o n s t r u c t i o n  b a s e  concept .  
F i r s t ,  t h e  o v e r a l l  concept i s  d e s c r i b e d  followed by a d e s c r i p t i o n  of t h e  an tenna  
and s o l a r  a r r a y  c o n s t r u c t i o n  processes .  A d d i t i o n a l  d e t a i l s  € o r  center-mounted 
an tenna  concepts  and f o r  s e r p e n t i n e  c o n s t r u c t i o n  are contained i n  Volume 5 of 
t h i s  r e p o r t .  

Overall Concept. F igure  15 p r e s e n t s  t h e  t i m e l i n e  and sequence of cons t ruc-  
t i o n  f u n c t i o n s .  F i g u r e  16 i l l u s t r a t e s  the sequence of e v e n t s .  The c o n s t r u c t i o n  
f a c i l i t y ,  p r e v i o u s l y  shown i n  F igure  14 i n i t i a l l y  c o n s t r u c t s  t h e  r o t a r y  j o i n t .  
A small, s e p a r a t e  f a c i l i t y  completes c o n s t r u c t i o n  o f  t h e  antenna s e c t i o n .  The 
main c o n s t r u c t i o n  f a c i l i t y  then  c o n s t r u c t s  t h e  s o l a r  a r r a y  s e c t i o n .  The t i m e -  
l i n e  used f o r  t h i s  sequence assumes t h a t  t o t a l  c o n s t r u c t i o n  i s  accomplished i n  
180 days.  
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CONSTRUCTION TIME (DAYS) 
50 100 150 180 

I. 
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I 
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F i g u r e  1 5 .  C o n s t r u c t i o n  T i m e l i n e  

F i g u r e  1 6 .  Sequence  of C o n s t r u c t i o n  Events 
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Antenna Cons t ruc t ion .  The sequence of  an tenna  s u p p o r t i n g  s t r u c t u r e  con- 
s t r u c t i o n  o p e r a t i o n s  i s  shown i n  F igure  1 7 .  I n i t i a l l y ,  t h e  yoke b a s e  i s  con- 
s t r u c t e d  i n  p l a c e  a c r o s s  t h e  f a c e  of t h e  r o t a r y  j o i n t  u t i l i z i n g  a beam 
f a b r i c a t o r  
f r e e  flown from i t s  s t o r a g e  l o c a t i o n  on t h e  SCB i n t o  i t s  i n i t i a l  p o s i t i o n  and 
a t t a c h e d  t o  t h e  s l i p  r i n g  s t r u c t u r e .  Upon complet ion of t h e  yoke b a s e ,  t h e  
beam f a b r i c a t o r  is r e p o s i t i o n e d  t o  c o n s t r u c t  each yoke arm a s  shown. The 
s t r e n g t h e n i n g  t i es  a t  t h e  c o r n e r s  are f a b r i c a t e d  elsewhere i n  t h e  f a c i l i t y  and 
moved i n t o  p l a c e .  Following complet ion of t h e  yoke arms, a beam f a b r i c a t o r  is  
used t o  c o n s t r u c t  t h e  g a n t r y  u t i l i z i n g  the yoke b a s e  as a p la t form.  The g a n t r y  
i s  then  a t t a c h e d  t o  t r a c k s  on t h e  yoke arms. E l e v a t i n g  mechanisms a t  each end 
of  t h e  g a n t r y  provide  f o r  moving i t  wi th in  t h e  yoke as r e q u i r e d  i n  antenna con- 
s t r u c t i o n  and RF mechanical  module i n s t a l l a t i o n  o p e r a t i o n s .  
mechanisms a l s o  provide  f o r  moving t h e  gant ry  clear of t h e  antenna f o r  stowage 
a long  t h e  yoke b a s e  when n o t  i n  use.  During o p e r a t i o n s ,  t h e  g a n t r y  i s  used 
f o r  an tenna  maintenance. 

1 ( o r  two beam f a b r i c a t o r s  working i n  o p p o s i t e  d i r e c t i o n s )  which i s  

I 

The e l e v a t i n g  

YOKE ARM CONSTRUCTION YOKE AND GANTRY INSTALLATION 

ANTENNA TRUNION 

SOLAR CONVERTER 
END FRAME 

. -  . -  

GUIDEWAYS ~~ 

(BOTH ARMS) 

-YOKE BASE FABRICATOR 

YOKE BASE CONSTRUCTION 

Figure 17. Antenna Supporting Structure Fabrication 

The an tenna  primary s t r u c t u r e  is c o n s t r u c t e d  by beam f a b r i c a t o r s  mounted 
t o  t h e  lower s i d e  of t h e  gant ry  as shown i n  F i g u r e  18. 
c e n t e r  beam S t r u c t u r e ,  which a t t a c h e s  t o  t h e  t r u n n i o n s ,  i s  f a b r i c a t e d  and 
i n s t a l l e d  i n  t h e  t r u n n i o n s  which a r e  then locked i n t o  p o s i t i o n .  Following 
t h i s  o p e r a t i o n ,  t h e  gantry-mounted f a b r i c a t o r  p r o g r e s s e s  outward from t h e  
c e n t e r  beam, complet ing one-half of t h e  s t r u c t u r e ,  i n  s u c c e s s i v e  passes .  The 

I n i t i a l l y ,  t h e  an tenna  
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SPACE-FRAME ANTENNA CONSTRUCTION CONCEPT 
END MOUNTED 

F i g u r e  1 8 .  Antenna  Pr imary  S t r u c t u r e  F a b r i c a t i o n  

g a n t r y  i s  then r e l o c a t e d  and t h e  f a b r i c a t o r  c o n s t r u c t s  t h e  remaining h a l f  of 
t h e  antenna.  A f t e r  removal of  t h e  f a b r i c a t o r ,  t h e  g a n t r y  is used f o r  i n s t a l l a -  
t i o n  of secondary s t r u c t u r e  and RF elements .  

S o l a r  A r r a y  Cons t ruc t ion .  F igure  1 9  i l l u s t r a t e s  t h e  near-completion of  
one of  t h e  t h r e e  bays of t h e  s a t e l l i t e  w i t h  a s e c t i o n  o f  t h e  o u t s i d e  r e f l e c t o r  
p a n e l s  c u t  away. It can b e  s e e n  t h a t  t h e  s o l a r  b l a n k e t s  are l a i d  o u t  i n  
h o r i z o n t a l  s t r i p s  but  t h a t  t h e  r e f l e c t o r  p a n e l s  are  v e r t i c a l l y  o r i e n t e d .  The 
s t r u c t u r e  of  an  800-meter bay i s  e s t i m a t e d  t o  t a k e  one 8-hour s h i f t  t o  f a b r i -  
c a t e .  During t h i s  time, t h e  s o l a r  b l a n k e t s  are "played out"  - from 25-meter 
r o l l s  - and edge-attached t o  l o n g i t u d i n a l  l i n e s  of  composite materials; t h e  
r e f l e c t o r s  a r e  unfur led  and a l s o  l o o s e l y  c o n s t r a i n e d  by v e r t i c a l  l i n e s .  Upon 
reaching  the end of  a bay, t h e  c o n s t r u c t i o n  f a c i l i t y  is  stopped and,  d u r i n g  
t h e  next  f i v e  8-hour s h i f t s ,  t h e  c r o s s  frame members are a t t a c h e d ,  t h e  s o l a r  
b l a n k e t s  a r e  secured and t h e  r e f l e c t o r  p a n e l s  are t e n s i o n e d .  

The r e f l e c t o r  p a n e l s ,  measuring 600x800-m, are p l e a t e d  a t  25-m in te rva ls  
t o  produce an accord ian  t y p e  f o l d  a s  shown i n  F i g u r e  20. 
a l o n g  t h e  plane of t h e  end p l e a t  i n t o  a r o l l  25-m long  and 1.2-m diameter  
which i s  the c o n f i g u r a t i o n  f o r  t r a n s p o r t i n g  i n t o  o r b i t .  

They are then r o l l e d  

'nlien i i . ; ta l led,  each r e f l e c t o r  p a n e l  is suspended w i t h i n  t h e  800-m bay 
by l o n g i t u d i n a l  c a t e n a r i e s  a t t a c h e d  t o  t h e  upper and lower longerons  and by 
l e a d i n g  and t r a i l i n g  edge c a t e n a r i e s  a t t a c h e d  t o  t h e  forward and a f t  d i a g o n a l  
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CONSTRUCTION 
F AC I LI N 
STRUCTURE 

REF LECTOR 
INS TALLAT ION 

F i g u r e  1 9 .  T y p i c a l  Solar Array  Bay C o n s t r u c t i o n  
(j BEAM NO. 

0 BAY NO. 
FABRICATE (25M X 6OOM STRIPS) 

E CATENARIES 

INTERWOVEN BUNGEE 
REINFORCED EDGES 

REFLECTOR MATERIAL 

ROLL MASS = 12,780 KG (INCLUDES 30% WEIGHT GROWTH 

NO. ROLLS = 144 

d 15% PAYLOAD INTEGRATION CONTINGENCIES) BOTTOM LONGERON 

F i g u r e  2 0 .  Reflector Packaging  and I n s t a l l a t i o n  

members of  t h e  t r a n s v e r s e  frames. The c a t e n a r i e s  a r e  a t t a c h e d  t o  t h e  t r a i l i n g  
and l e a d i n g  d i a g o n a l  t r a n s v e r s e  beams and t o  t h e  longerons.  
r e q u i r e d  f o r  each 800-m bay of each trough. 

Two p a n e l s  are 
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F i g u r e  2 1  shows t h e  i n s t a l l a t i o n  concept  f o r  t h e  s o l a r  c e l l  b l a n k e t .  
s o l a r  b lanket  i n  each 800 m long  bay i s  a s t r u c t u r a l l y  independent i n s t a l l a t i o n  
suspended by s i d e  and end c a t e n a r i e s  a t t a c h e d  t o  t h e  longerons and c r o s s  beams, 
r e s p e c t i v e l y ,  and by l o n g i t u d i n a l  c a b l e s  s t r e t c h e d  between t h e  b l a n k e t  s t r i p s .  
Each b lanket  s t r i p  i s  approximately 25 m wide and 750 m long ,  and i s  packaged 
i n  a 25 m wide r o l l  by 0.6 m i n  d iameter .  Each two bays of s o l a r  b l a n k e t s  are 
e l e c t r i c a l l y  connected i n  series, c o n s t i t u t i n g  a f u n c t i o n a l  module which pro- 
duces t h e  requi red  v o l t a g e .  

The 

I n i t i a l l y  t h e  b l a n k e t  r o l l s  are t r a n s p o r t e d  from t h e  SCB warehouse area 
by a t r a n s p o r t e r / l o a d e r  (1) which i n s e r t s  t h e  r o l l s  i n t o  t h e  d i s p e n s e r s  ( 6 ) .  
The l e a d i n g  edge of t h e  b l a n k e t  s t r i p s ,  w i t h  end c a t e n a r i e s  a t t a c h e d ,  are t h e n  
threaded  through t h e  r o l l e r  arrangement and a t t a c h e d  t o  t h e  t r a i l i n g  edge of 
t h e  completed crossbeam. The l o n g i t u d i n a l  c a b l e s  t o  which t h e  s i d e  edges of 
t h e  b l a n k e t  w i l l  be  f a s t e n e d  are threaded  from t h e  c a b l e  d i s p e n s e r  (13)  and 
a t t a c h e d  i n  a s imilar  manner. The l o n g i t u d i n a l  c a t e n a r i e s  a r e  f a b r i c a t e d  on 
t h e  middle deck, fed  i n t o  t h e  d i s p e n s i n g  s p i n d l e  (15) and t h e n  a t t a c h e d  t o  t h e  
crossbeam t r a i l i n g  edge. 

S o l a r  b l a n k e t s  and c a t e n a r i e s  are a t t a c h e d  t o  t h e  l o n g i t u d i n a l  c a b l e s  by 
f o l d o v e r  t a b s  which are a p p l i e d  by au tomat ic  f a s t e n i n g  equipment. A s  t h e  c r o s s -  
beam advances t h e  b l a n k e t  s t r i p s ,  l o n g i t u d i n a l  c a t e n a r i e s  and c a b l e s  are  payed 
o u t .  The two o u t s i d e  c a b l e s  a r e  a t t a c h e d  t o  t h e  l o n g i t u d i n a l  c a t e n a r i e s ,  t h e  
two l o n g i t u d i n a l  c a t e n a r i e s  t o  t h e i r  r e s p e c t i v e  longerons ,  and t h e  i n s i d e  edges 
of a d j a c e n t  b l a n k e t  s t r i p s  t o  t h e i r  s t a b i l i z i n g  c a b l e s .  Upon complet ion of t h e  
bay and t h e  next  fo l lowing  crossbeam, t h e  t r a i l i n g  edges of t h e  b l a n k e t s  ( i . e . ,  
t h e  t r a i l i n g  t r a n s v e r s e  c a t e n a r i e s )  and t h e  t r a i l i n g  end of t h e  l o n g i t u d i n a l  
c a t e n a r i e s  a r e  a t t a c h e d  t o  t h e  l e a d i n g  edge of t h a t  crossbeam. The i n s t a l l a -  
t i o n  i s  then tens ioned  and e l ec t r i ca l  connec t ions  completed.  

The primary o p e r a t i o n s  o c c u r r i n g  a t  t h e  upper ,  middle ,  and lower deck 
s t a t i o n s  dur ing  beam f a b r i c a t i o n  and s o l a r  a r r a y  i n s t a l l a t i o n  a r e  i d e n t i f i e d  
i n  F igure  22. The l o c a t i o n s  of t h e  manned manipula tor  modules (lQf?4) r e q u i r e d  
t o  suppor t  t h e  i n s t a l l a t i o n s  a l s o  are shown. 
t r a n s v e r s e  t r a c k s  and a r e  spaced so t h a t  each module s e r v i c e s  approximately 
one-fourth of t h e  27 i n s t a l l a t i o n  s t a t i o n s  a c r o s s  t h e  span of t h e  crossbeam. 
Approximately 600 men are r e q u i r e d ,  on t h e  average ,  t o  o p e r a t e  t h e  SCB. 

These modules a r e  mounted on 

Sa te l l i t e  Cons t ruc t ion  Base C o n s t r u c t i o n  

Because of t h e  l a r g e  s i z e  of t h e  SCB, i t  i s  n e c e s s a r y  t o  d e f i n e  t h e  approach 
t o  i t s  c o n s t r u c t i o n  s t a r t i n g  w i t h  t h e  b a s i c  space  s h u t t l e  r e s o u r c e s  and e lements  
t h a t  can be brought  up from e a r t h  i n  t h e  s h u t t l e .  A d e t a i l e d  s t u d y  of t h i s  pro- 
cess w a s  conducted, i n c l u d i n g  a n  overview o f  t h e  t o t a l  build-up t o  s tar t  t h e  
satel!.ite c o n s t r u c t i o n  p r o c e s s  a t  geosynchronous o r b i t .  

The o v e r a l l  sequence of e v e n t s  i s  i l l u s t r a t e d  i n  F i g u r e  2 3 .  The i n i t i a l  
s t e p  i n  s a t e l l i t e  p r e c u r s o r  o p e r a t i o n s  is e s t a b l i s h m e n t  of a LEO b a s e  as shown 
i n  t h e  lower l e f t  of t h e  f i g u r e .  
by S h u t t l e  d e r i v a t i v e s  and assembled. 
S h u t t l e  e x t e r n a l  tanks are  d e l i v e r e d  and mated t o  form c o n s t r u c t i o n  f i x t u r e s  
f o r  SCB c o n s t r u c t i o n .  

C r e w  and power modules are t r a n s p o r t e d  t o  LEO 
When t h e  base  i s  f u l l y  o p e r a t i o n a l ,  

F i g u r e  23 shows a completed SCB. S i n c e  t h e  more 
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ATTACH P O S I T I O N  
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* igure  21. S o l a r  A r r a y  Installation Concept 
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OELIVER SA ROLLS TO LOAOER 
LOAOER INSERTS ROLLS I N  OISPENSERS 
ROLLS THREAOEO THRU ROLLER SYSTEM 
OISPENSER MONl!ORlNG 

MlOOLE I DECK I 
1 

' MUM 
I4 EACH) 

FABRICATE h THREAO LONG CATENARY 
CATENARYICABLE A l l A C H  MONITORING 

LOWER I DECK 1 

--. MHH (4 EACH1 

INSTALL SAOOLE CLAMPS 
INSTALL SWITCH GEARS, SY 6 RAC 
INSTALL INSULATION MOUNTS 
ATTACH 6 TENSION SA'S 
INSTALL FEEOLR h OM6C BUS 
MAKE ELECTRICAL CONNECTIONS 

F i g u r e  22 .  Manned O p e r a t i o n s  a t  S o l a r  A r r a y  I n s t a l l a t i o n  S t a t i o n s  

SATELLITE 

scn 
TRANSIT 
TO G 

IOTV OPERATIONS 

- 
FIXTURE 
I== SCB 

ORBITER 

ET 
& 4 DELIVERED 

F i g u r e  23. O v e r a l l  S a t e l l i t e  C o n s t r u c t i o n  S c e n a r i o  

economical HLLV w i l l  n o t  be a v a i l a b l e  and s i n c e  o v e r a l l  p l a n s  s p e c i f y  an  EOTV 
tes t  v e h i c l e ,  i t  is probable  t h a t  on ly  t h e  c e n t e r  t rough of t h e  SCB would b e  
c o n s t r u c t e d  i n i t i a l l y .  
EOTV w i t h  antenna. 
t h e  SCB would b e  completed, t h e  f l e e t  of EOTV'S c o n s t r u c t e d ,  and t h e  SCB t r a n s -  
f e r r e d  t o  GEO, us ing  one o r  more EOTV's f o r  p r o p u l s i o n  and a l t i t u d e  c o n t r o l .  
Upon reaching GEO, s a t e l l i t e  c o n s t r u c t i o n  would commence, w i t h  t h e  l o g i s t i c s  
suppor t  a s  shown a t  t h e  r i g h t  of t h e  f i g u r e .  

This  t rcugh would b e  used t o  f a b r i c a t e  t h e  p i l o t  p l a n t  
A f t e r  proof o f  concept  and SPS go-ahead, t h e  remainder of 
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Two b a s i c  f a b r i c a t i o n  f a c i l i t i e s  are n e c e s s a r y  t o  c o n s t r u c t  t h e  SCB: a 
t r i a n g u l a r  element f a b r i c a t i o n  f a c i l i t y  and a mobile  79 m g i r d e r  f a b r i c a t i o n  
f a c i l i t y .  These f a c i l i t i e s  are  i l l u s t r a t e d  i n  F i g u r e s  24  and 2 5 .  

2M BEAM MACHINES 

FABRICATED TRIANGULAR ELEMENT 

VIEW A-A 

F i g u r e  24.  T r i a n g u l a r  E l e m e n t  F a b r i c a t i o n  F a c i l i t y  
BEAM MACHINES 

C? ? ?L!.rEc! 

79.17M / 

.. ._ 
F i g u r e  25. Mobile 79m G i r d e r  F a b r i c a t i o n  F a c i l i t y  

The t r i a n g u l a r  element f a b r i c a t i o n  f a c i l i t y  produces t h e  l o n g i t u d i n a l  and 
crossbeam pods which w i l l  be  i n s t a l l e d  i n  t h e  SCB f o r  subsequent c o n s t r u c t i o n  
of EOTV and s a t e l l i t e  t r ibeams.  It i s  comprised of s i x  s h u t t l e  e x t e r n a l  t a n k s  
(ET'S) j o i n e d  t o g e t h e r  a s  shown. The s t r u c t u r e  which a t t a c h e s  t h e  o r b i t e r  t o  
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t h e  a f t  s e c t i o n  of t h e  ET i s  u t i l i z e d  f o r  j o i n i n g  t h e  ET'S and is augmented by 
p r e f a b r i c a t e d  b r a c i n g  d e l i v e r e d  by t h e  o r b i t e r .  
of 2 meter t r ibeams is  mounted w i t h i n  t h e  t r i a n g l e  formed by t h e  ET 'S  and pro- 
v i d e s  t h e  s t r u c t u r e  r e q u i r e d  f o r  mounting t h e  2 meter beam machines which are 
used f o r  c o n s t r u c t i n g  t h e  o u t e r  t r i a n g l e  of  t h e  t r ibeam pod, o r  f a b r i c a t o r .  A 
t o t a l  o f  s i x  beam machines are r e q u i r e d ;  t h r e e  f o r  l o n g i t u d i n a l  beams and t h r e e  
f o r  crossbeams. C r e w  f a c i l i t i e s  and power module, shown a t  t h e  l e f t  of t h e  
f i g u r e ,  p rovides  crew h a b i t a t  and t h e  e l e c t r i c a l  power r e q u i r e d  t o  o p e r a t e  l i f e  
suppor t  and t h e  beam machines. React ion c o n t r o l  pods a t t a c h e d  t o  t h e  ET'S  pro- 
v i d e  t h e  r e q u i r e d  a l t i t u d e  c o n t r o l .  

A t r i a n g u l a r  e lement  comprised 

The primary s t r u c t u r e  of t h e  SCB c o n s i s t s  of a diamond c r o s s  s e c t i o n  formed 
by two t r i a n g l e s .  A mobile diamond-shaped f i x t u r e  formed by j o i n i n g  8 o r b i t e r  
e x t e r n a l  tanks i s  u t i l i z e d  f o r  SCB primary s t r u c t u r e  f a b r i c a t i o n .  The beam 
machines are l o c a t e d  a t  t h e  t i p s  of t h e  s t r u c t u r e  enclosed by t h e  e x t e r n a l  
tanks .  Nine machines a r e  r e q u i r e d  t o  c o n s t r u c t  t h e  f o u r  longerons ,  t h e  f o u r  
crossbeams and t h e  d iagonal  beam. A combination crew and power module provides  
crew f a c i l i t i e s  and e l ec t r i ca l  power. 

These two b a s i c  f a c i l i t i e s  a r e  used t o  c o n s t r u c t  t h e  SCB, which i s  compris- 
ed of primary and secondary s t r u c t u r e .  F igure  26 shows t h e  SCB primary s t r u c t u r e  
i n  t h e  f i n a l  phases  of c o n s t r u c t i o n .  The t r i b e a m  f a c i l i t i e s  have been c o n s t r u c t -  
ed u s i n g  t h e  t r i a n g u l a r  element f a b r i c a t i o n  f a c i l i t y  and t h e  main s t r u c t u r e  h a s  
been f a b r i c a t e d  us ing  mobile 79 m g i r d e r  f a b r i c a t i o n  f a c i l i t i e s .  T h i s  f i g u r e  
shows t h e  two remaining d i a g o n a l s  be ing  f a b r i c a t e d  by mobile  g i r d e r  f a b r i c a t o r s .  
F igure  27 shows c o n s t r u c t i o n  of t h e  secondary s t r u c t u r e  which i s  c a n t i l e v e r e d  
o f f  of t h e  primary s t r u c t u r e .  I n  t h i s  f i g u r e ,  t h e  c e n t r a l  and l e f t  p o r t i o n s  of 
t h e  s t r u c t u r e  are  almost  complete.  The beams compris ing t h e  r i g h t  p o r t i o n  are 
shown i n  a p a r t i a l l y  completed s t a t e .  When t h e  secondary s t r u c t u r e  i s  completed,  
a u x i l i a r y  bases  a r e  e s t a b l i s h e d  a t  t h e  bottom of each t rough and t h e  s o l a r  a r r a y  
i n s t a l l a t i o n  equipment i s  i n s t a l l e d .  
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F i g u r e  27. SCB Secondary S t r u c t u r e  

Upon completion of the SCB in LEO, construction of the EOTV fleet can 
commence. Since the EOTV cross section is the same as one trough of the 
satellite, the SCB is utilized for the EGTV construction as shown in Figure 28 .  
However, it is probable that the SCB would be used initially to construct an 
-fi-T' 9 - 3 -  - .3 - - - - L - J  -I&---- -- - +=e* ..-+4,-.1- F n r  nrc.nF ,-.nnpont br ??.'BC 

previously mentioned, it is likely that the SCB will-not be completely con- 
structed until after the proof of concept demonstration. 
portion would be built f o r  this purpose. When it is fully constructed, the 
SCB could produce two EOTV'S simultaneously as shown in Figure 28 .  

- ' . ' . \ I  - - Y . l l .  . . - - - - - s n a . - r n I # t . n n c y u  - _ _  - _ _ _  - - -. - I L . L C L . * . C I  _ Y  a L L U L  U L C I I * . .  --- - _ _ _  - - --- 

Only the center 

F i g u r e  2 8 .  Paral le l  Fabr ica t ion of EOTV's 
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Following complet ion of  t h e  i n i t i a l  set  of EOTV's r e q u i r e d  t o  b r i n g  cargo  
t o  i n i t i a t e  geosynchronous o p e r a t i o n s ,  an EOTV would be used t o  t r a n s f e r  t h e  
SCB from LEO t o  GEO as i l l u s t r a t e d  i n  F igure  29.  Once i n  GEO, t h e  SCB would 
b e  used t o  c o n s t r u c t  t h e  sa te l l i t es .  When replacement EOTV u n i t s  are needed, 
t h e  replacement u n i t s  can b e  c o n s t r u c t e d  a t  geosynchronous o r b i t .  

. 
-- 
\ ', . 

'\ 

<:- 
Figure 29. SCB Orbit Transfer Configuration 

Rec t enna Construct  i o n  

The rec tenna ,  which is l o c a t e d  on t h e  ground, i n t e r c e p t s  ' the incoming 
microwave energy and t ransforms t h e  RF energy t o  dc  energy a t  v e r y  h i g h  e f f i -  
c iency  ( 8 3 . 3 % ) .  Figure  30 shows t h e  l a y o u t  of a t y p i c a l  r e c t e n n a  s i te .  The 
p o r t i o n  conta in ing  t h e  r e c t e n n a  p a n e l s ,  shown as t h e  d a r k  e l i p s e ,  i s  10 km by 
13  km. 
o u t s i d e  t h e  e l i p s e .  
d i s t a n c e .  
t o  500 kV ac a r e  l o c a t e d  between t h e  two a r r a y s  of power t r a n s m i s s i o n  l i n e s .  
The e n t i r e  s i t e  i s  fenced i n  f o r  s e c u r i t y .  

A series of power p o l e s  c a r r y i n g  40 kV d c  buses  are l o c a t e d  immediately 

Power conversion s t a t i o n s ,  which are used t o  conver t  from 40 kV d c  
Towers c a r r y i n g  500 kV a c  a l s o  r i n g  t h e  e l i p s e  a t  a g r e a t e r  

The e l ip t i ca l  r e c t e n n a  area c o n t a i n s  1088 rows of r e c t e n n a  p a n e l s  which 
are t y p i c a l l y  t i l t e d  40 d e g r e e s  from t h e  h o r i z o n t a l  when t h e  r e c t e n n a  i s  l o c a t -  
ed a t  34" N l a t i t u d e .  A t y p i c a l  r e c t e n n a  panel  system and i t s  s u p p o r t s  are 
shown i n  Figure 31.  The p a n e l ,  measuring 14 .69  m wide by 9.33  m h i g h  i s  com- 
p r i s e d  of  a number of  b a s i c  r e c t e n n a  modules, measuring 9 . 3 3  m i n  l e n g t h  by 
0.74 m i n  width,  which are a t t a c h e d  t o  a s teel  s u p p o r t i n g  s t r u c t u r e  comprised 
of h o r i z o n t a l  h a t  s e c t i o n s  a t t a c h e d  t o  4 ver t i ca l  I-beams. The r e c t e n n a  module, 
shown i n  Figure 32 i s  a phased a r r a y  of bow-tie d i p o l e s  connected by a s t r i p l i n e .  
The rec tenna  rcodules are d e l i v e r e d  t o  t h e  r e c t e n n a  s i t e  a l o n g  w i t h  t h e  f a b r i c a t e d  
s u p p o r t i n g  s t r u c t u r e  e lements .  
manufactured a t  t h e  r e c t e n n a  s i te .  

Because of i t s  l a r g e  s i z e ,  t h e  r e c t e n n a  p a n e l  i s  
The p a n e l s  are d e l i v e r e d  t o  a panel  i n s t a l l e r ,  
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Figure 3 0 .  Operational Ground Receiving Facility (Rectenna] 
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Figure 32. T y p i c a l  Rectenna Module 

shown i n  Figure 3 3 ,  by a spec ia l -purpose  d e l i v e r y  t r u c k .  The sequence of  p a n e l  
l o a d i n g  e n t a i l s  (1) e l e v a t i n g  t h e  i n s t a l l a t i o n  machine t o  permi t  access by t h e  
d e l i v e r y  t r u c k ,  (2)  placement of t h e  d e l i v e r y  t r u c k ,  (3)  s e c u r i n g  t h e  i n s t a l l a -  
t i o n  machine magazine r e t e n t i o n  mechanism t o  t h e  pane l  magazine, ( 4 )  e l e v a t i n g  
t h e  p a n e l  magazine t o  permit  t h e  d e l i v e r y  t r u c k  t o  d e p a r t ,  and (5) lowering t h e  
bot tom p a n e l  i n t o  p o s i t i o n  f o r  a t tachment  t o  t h e  f o o t i n g s .  
secured  t o  two cont inuous  c o n c r e t e  f o o t i n g s  which a r e  des igned  f o r  a maximum 
wind v e l o c i t y  of 90 milh.  
l o c a t i o n s  by f i x t u r e s  which are imbedded i n  t h e  c o n c r e t e  d u r i n g  t h e  pour ing  
o p e r a t i o n .  Mounting a t tachments  which provide  f o r  l o n g i t u d i n a l  and la te ra l  
ad jus tment  a r e  secured  t o  t h e  f i t t i n g s .  
p o i n t s  provide f o r  pane l  adjustment  and al ignment .  The panel  swi tchgears  and 
f e e d e r  l i n e s  a r e  mounted above ground behind each panel  as shown, a l though i t  
is recognized t h a t  e i t h e r  above o r  below ground r u n s  f o r  t h e  f e e d e r s  is f e a s i b l e .  

The p a n e l s  are 

Each panel  i s  secured  t o  t h e  f o o t i n g s  a t  e i g h t  

Screwjacks on each of  t h e  rear a t t a c h  
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Nine major a c t i v i t i e s  involved i n  rec tenna  s i t e  c o n s t r u c t i o n  are i l l u s -  
t r a t e d  i n  F igure  3 4 .  
u t i l i t i e s  and o t h e r  s u p p o r t i n g  f a c i l i t i e s  i n s t a l l e d ,  r e f e r e n c e  c o o r d i n a t e s  l a i d  
o u t ,  and t h e  s i t e  c l e a r e d  and l e v e l e d .  Following t h i s ,  more p r e c i s e  grad ing  of 
t h e  a c t u a l  pane l  rows is conducted, f o o t i n g  t r e n c h e s  excavated ,  c o n c r e t e  poured, 
and t h e  p a n e l s  i n s t a l l e d .  The 40 kV dc  and 500 kV ac p e r i p h e r y  buses  must t h e n  

S t a r t i n g  from l e f t  t o  r i g h t ,  t h e  s i t e  must b e  surveyed,  

be i n s t a l l e d ,  s e p a r a t e d  by 

SITE SURVPV ENGINEERING 

-._ - -- 
SITE CLEARING 

r 1 

8 KVDC BUS INSTALLATION h-1 

t h e  connect ing c o n v e r t e r  s t a t i o n s .  

_-- 

REFERENCE COORDINATES 
- -c- 

PANEL PAD 6RADlNG PANEL INSTALLATION OPERATIONS 

CONVERTER STATION INSTALLATION 500 KVAC BUS INSTALLATION 

Figure 34.  Rectenna Construction Sequence 

Approximately 330,000 s w i t c h g e a r s ,  l o 7  meters of f e e d e r  c a b l e s ,  miscella- 
neous j u n c t i o n  boxes,  and o t h e r  equipment must b e  d e l i v e r e d  and i n s t a l l e d  a t  
t h e  p a n e l  s i tes.  T r a c t o r / t r a i l o r  t r u c k s ,  shown i n  F i g u r e  35, are used f o r  
t h i s  purpose and proceed through t h e  panel  rows, d e l i v e r i n g  material a t  each 
p a n e l .  A d d i t i o n a l  t r u c k s  w i t h  reels payout t h e  f e e d e r s ,  which t h e n  are i n s t a l -  
l e d  i n  c o n d u i t s  and s p l i c e d  t o  pane l  connect ions by t h e  e lec t r ica l  i n s t a l l a t i o n  
crews. 
one p a n e l  and form t h e  b a s i s  f o r  i n s t a l l a t i o n  crew s i z i n g .  

Cal i forn ia-Edison  d a t a  i n d i c a t e  a requirement  of 8 man-hours t o  hookup 

C o n s t r u c t i o n  i s  p r e d i c t e d  t o  occur over  a t i m e  span of approximately 
15 months. The c o n s t r u c t i o n  schedule ,  shown i n  F igure  3 6 ,  assumes t h a t  s i t e  
s e l e c t i o n  a l r e a d y  has  been made and t h a t  l a n d  a c q u i s i t i o n  h a s  been completed. 
The o v e r a l l  approach, a f t e r  i n s t a l l a t i o n  of u t i l i t i e s  and suppor t  f a c i l i t i e s ,  
e n t a i l s  c l e a r i n g  and g r a d i n g  i n  s e c t i o n s ,  followed by f o o t i n g  excavat ion ,  con- 
crete pour ing ,  and panel  i n s t a l l a t i o n .  

Rectenna mass, crew requi rements ,  and equipment needs are summarized i n  
Approxi:nately 85% of t h e  t o t a l  12O7x1O6 kg a t t r i b u t e d  t o  p a n e l s  i s  T a b l e  7 .  

s teel .  The c o n c r e t e  requi rements ,  approximating t h e  volume of Hoover Dam,  are 
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/ ‘SWITCH 
GEARS FEEDER 

CONDUITS 

Figure 35. 

SITE PREPARATION 

SITE SURVEY, A 6 E  PLANNING 
UTILITIES 6 FACILITIES 
REFERENCE GRID 
CLEARING 6 GRUBBING 
GRADING 
RAIL 6 ROAD INSTALLATION 

RECTENNA CONSTRUCTION 

CONCRETE FOOTINGS 
PANEL ASSEMBLY 
PANEL INSTALLATION 

- -  
__-’ 

E l e c t r i c a l  I n s t a l  1 a t i o n  and Hookup 

CONTROL CENTER CONSTRUCliON 
ELECTRICAL HOOKUP & CHECKOUT 
40 KVAC BUS INSTALLATION 
CONVERTER STATIONS 
ux) KVAC BUS INSTALL 

L 1 - 
t 3 

I 

Figure 3 6 .  Rectenna Site C o n s t r u c t i o n  Schedule 

p r e d i c a t e d  on a 90 mi/h wind d i r e c t l y  on a l l  of t h e  p a n e l s .  
become s e l f - s h i e l d i n g ,  more d e t a i l e d  a n a l y s i s  may r e s u l t  i n  a lower ing  of 
t h i s  requirement ,  

S i n c e  t h e  p a n e l s  

Of t h e  equipment, e lec t r ica l  i n s t a l l a t i o n  t r u c k s  (panel  t r u c k s )  and con- 
c r e t e  t r u c k s  comprise t h e  g r e a t e s t  numerical  requi rement .  
t h e  except ion  of  i n s t a l l e r s  and t r u c k s  used t o  d e l i v e r  and i n s t a l l  P a n e l s ,  is 
of c u r r e n t  design and i n  service. 

A l l  equipment,  w i t h  
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Table 7. Construction Summary 

* SCHEDULE: 15 MONTHS 

RECTENNA f lASS - PANELS 
CONCRETE 
FEEDERS 
RE INFORCE STEEL 

CREW 

S H I F T  S I Z E  
TOTAL CREW FOR 24 HR/7 DAY OPERATION 

* EQUIPMENT 

SCRAP E RS/G RADE RS 
DUMP TRUCKS 
BULLDOZERS 
CRANES 
BACK HOES 
TRACTOR/TRAI LER TRUCKS 
CONCRETE TRUCKS 
CONCRETE POURING R I G S  
PANEL INSTALLERS 
PANEL MAGAZINE TRUCKS 
ELECTRICAL INSTALLATION TRUCKS 
MISC.  JEEPS, PICKUPS, ETC. 

1 2 0 7 ~ 1 0 ~  kg 
7176 

1 
~ 

8 4 3 5 ~ 1 0 ~  kg 

2474 
9272 

67 
50 
50 
34 
17 
48 
190 
IO 
40 
14 

22 9 - 

A s  a r e s u l t  of t h e  r e c t e n n a  c o n s t r u c t i o n  s t u d i e s ,  f i v e  g e n e r a l  c a t e g o r i e s  
of problem areas were i d e n t i f i e d  which a f f e c t  r e c t e n n a  c o n s t r u c t i o n .  
c h a r a c t e r i s t i c s  could impact b o t h  crew/equipment requirements  and t h e  s p e c i f i e d  
complet ion schedule .  
h z ~ r ~  rcqi i ired  up t o  f i v e  years l e a d  t ime f o r  some p r o j e c t s .  S i t e  o p e r a t i o n a l  
c o n t r o l  is a necessary  element of any undertaking of r i i i s  size Siiili iizs i i ~ t  ye= 
been addressed .  Lightn ing  p r o t e c t i o n  has been t h e  s u b j e c t  of some s t u d y  by 
Rice U n i v e r s i t y ,  b u t  no d e f i n i t e  conclus ions  have been reached t o  d a t e  on t h e  
need f o r  i t  o r  t h e  impact on c o n s t r u c t i o n  i f  i t  is needed. F i n a l l y ,  r e s o u r c e s  
(men, equipment,  m a t e r i a l )  f o r  one s i t e  a r e  s i g n i f i c a n t  and w i l l  r e q u i r e  con- 
s i d e r a b l e  advance p lanning  f o r  manpower a v a i l a b i l i t y ,  equipment bi.ild-up, and 
a v a i l a b i l i t y  of t h e  materials. 

S i t e  

Approval of t h e  environmental  i m p a c t  and o t h e r  p e r m i t s  

Space L o g i s t i c s  

An a n a l y s i s  was conducted t o  determine approaches t o  packaging t h e  con- 
s t r u c t i o n  mass f o r  d e l i v e r y  from e a r t h  t o  low e a r t h  o r b i t  (LEO) i n  a heavy l i f t  
l aunch  vehicle (HLLV) and from LEO t o  geosynchronous e q u a t o r i a l  o r b i t  (GEO) i n  
a n  e l ec t r i c  o r b i t  t r a n s f e r  v e h i c l e  (EOTV). A d d i t i o n a l l y ,  a crew module w a s  
d e f i n e d  t o  c a r r y  t h e  crew frcjm e a r t h  t o  LEO and from LEO t o  GEO. 
o f  t h i s  a n a l y s i s  i n d i c a t e d  t h a t  t h e  HLLV, which carries 227,000 kg of payload,  
from ground t o  a 31.6" i n c l i n e d  LEO, can be f u l l y  loaded w i t h i n  t h e  volume con- 
s t r a i n t s  f o r  a l l  f l i g h t s .  
of t h e  s h u t t l e .  

The r e s u l t s  

Personnel  a r e  c a r r i e d  t o  o r b i t  i n  a growth v e r s i o n  

A d e t a i l e d  a n a l y s i s  of t h e  m a s s  flow w a s  conducted and t h e  r e s u l t s  of t h i s  
a n a l y s i s  are summarized i n  F i g u r e  37 ,  which shows t h e  mass c a r r i e d  t o  LEO by 
t h e  HLLV. 
p e l l a n t s .  It is assumed t h a t  2 SPS's a r e  c o n s t r u c t e d  each year .  A s  shown, t h e  
c o n s t r u c t i o n  mass i s  t h e  primary mass. Because of t h e  h i g h  s p e c i f i c  impulse of 
t h e  EOTV, p r o p e l l a n t  masses are only  20% of t h e  t o t a l  mass. 

This  mass i n c l u d e s  c o n s t r u c t i o n ,  maintenance and POTV and EOTV pro- 
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Figure  3 7 .  Mass C a r r i e d  to LEO in HLLV 

C r e w  mass is  n o t  inc luded  i n  t h i s  mass because t h e  crew i s  c a r r i e d  t o  LEO 
i n  t h e  s h u t t l e .  The c o n s t r u c t i o n  crew, l o c a t e d  a t  GEO, i s  composed of  600 men. 
A d d i t i o n a l l y ,  each o p e r a t i o n a l  SPS h a s  a 30 man crew a t  GEO f o r  maintenance.  
F i n a l l y ,  t h e  LEO b a s e  h a s  a 24 man crew. 
90-day i n t e r v a l s .  The POTV, a LOz/LHz p r o p e l l e d  s t a g e ,  is  used t o  d e l i v e r  t h e  
crew from LEO t o  GEO. 

A l l  crew members are r o t a t e d  a t  

The c o n s t r u c t i o n ,  maintenance,  and p r o p e l l a n t  masses shown i n  F i g u r e  37 
were used t o  de te rmine  y e a r l y  f l i g h t s  f o r  t h e  EOTV and HLLV. 
f e r  rates were used t o  d e t e r m i n e  y e a r l y  POTV and growth s h u t t l e  f l i g h t s .  
ra tes  are  summarized i n  Table  8 .  

P e r s o n n e l  t r a n s -  
These 

The o v e r a l l  s c e n a r i o  f o r  SPS space  t r a n s p o r t a t i o n  i s  shown i n  F i g u r e  38 .  
E i g h t  major e lements  comprise t h e  t r a n s p o r t a t i o n  system: S h u t t l e ,  SPS heavy 
l i f t  launch v e h i c l e  (HLLV), e l e c t r i c  o r b i t  t r a n s f e r  v e h i c l e  (EOTV) , i n t r a - o r b i t  
t r a n s f e r  v e h i c l e  (IOTV), p e r s o n n e l  o r b i t  t r a n s f e r  v e h i c l e  (POTV) , crew module 
(CM), LEO p r o p e l l a n t  d e p o t ,  and GEO p r o p e l l a n t  d e p o t .  The SPS HLLV i s  used t o  
b r i n g  c o n s t r u c t i o n  payload ,  crew expendables ,  and p r o p e l l a n t s  f o r  t h e  EOTV and 
POTV. The I O T V  is  used t o  c a r r y  payloads  o v e r  s h o r t  d i s t a n c e s ;  e . g . ,  between 
t h e  SPS HLLV and t h e  LEO s t a t i o n  o r  EOTV, between t h e  EOTV and t h e  SCB, and 
between t h e  s h u t t l e  o r b i t e r  and t h e  POTV. The EOTV carries payload  brought  up 
i n  t h e  HLLV between LEO and GEO. 
EOTV, another  v e h i c l e ,  t h e  POTV, is  used t o  r a p i d l y  c a r r y  crew members between 
LEO and GEO. A crew module, c a p a b l e  of c a r r y i n g  50 crew members, i s  needed t o  
p r o v i d e  l i f e  bupport  d u r i n g  crew t r a n s f e r ,  
p o r t a t i o n  of crew, i n  t h e i r  crew module, between e a r t h  and LEO. A l l  LEO opera-  
t i o n s  occur  i n  a 31.6 degree  i n c l i n e d  o r b i t  a t  a n  a l t i t u d e  o f  487 km. 

Because of  t h e  l o n g  f l i g h t  d u r a t i o n  of t h e  

The s p a c e  s h u t t l e  p r o v i d e s  t r a n s -  
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Table 8 .  Yearly Space Transportation Rates 

2000 
200 1 
2002 
2003 
2004 
2005 
2006 
2007 
2008 
2009 
2010 
201 1 
2012 
2013 
2014 
201 5 
2016 
201 7 
2018 
2019 
2020 
202 1 
2022 
2023 
2024 
2025 
2026 
2027 
2028 
2029 
_=*_  i n i n  

41 
43 
47 
51 
55 
59 
63 
67 
71 
75 
79 
83 
87 
91 
95 
99 

103 
107 
1 1 1  
115 
119 
123 
127 
131 
135 
139 
143 
147 
151 
155 
139 

45 
47 
51 
55 
59 
63 
67 
71 
75 
79 
83 
87 
91 
95 
99 

103 
107 
1 1 1  
115 
119 
123 
127 
131 
135 
139 
143 
147 
1 5 1  
155 
159 
141 

TOTAL I 3051 I 3173 

iTS PER Y E A  

EOTV 

7.5 
15.5 
15.5 
15.6 
16.7 
16.7 
16.7 
17.7 
17.8 
18.9 
18.9 
18.9 
20.0 
20.0 
20.1 
21.1 
21.2 
22.2 
22.2 
22.3 
23.4 
23.4 
24.4 
24.5 
24.5 
25.6 
25.6 
25.7 
2 6 . 7  
26.7 
19.6 

635.6 

HLLV 

200.8 
410.7 
413.1 
415.5 
442.1 
443.6 
446.0 
474.4 
475.8 
503.2 
505.6 
508.2 
535.7 
537.1 
540.5 
567.9 
569.3 
595.8 
598.2 
599.6 
628.2 
629.6 
635.1 
659.5 
660.9 

69) .9 
694.2 
720.3 
722.0 
535.0 

7049.2 

689.4 

EOTV 

SPS CONSTRUCTION FACILITY 
* PROPELLANT . TRANSFER 

S lNbLt  STAGE 
POTV T O  GfO 

LEO STATION 
*PROPELLANT 

T R A N S I ~ R  
IOTV c6 MODULE 

CREW 
OELIVERV 

CONSTRUCTION PAVLOAO 
CREYEXPEYOAILES 
POlVPROPELL&Nl 

F i g u r e  3 8 .  SPS Space Transportation Scenario 
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The fo l lowing  s e c t i o n s  d e s c r i b e  t h e  c h a r a c t e r i s t i c s  of  t h e  HLLV, EOTV, and 
POTV ( i n c l u d i n g  t h e  crew module). 

Heavy L i f t  Launch Vehic le  

The r e f e r e n c e  concept  i n c l u d e s  a two-stage, series burn  concept  t h a t  is  
launched v e r t i c a l l y  and l a n d s  h o r i z o n t a l l y .  I n  t h i s  s t u d y ,  a two-stage concept  
a l s o  w a s  def ined ,  b u t  t h e  s t a g e s  burn i n  p a r a l l e l  from take-off t o  s t a g i n g .  
This  concept carries 227,000 kg each t r i p  compared t o  454,000 kg c a r r i e d  by t h e  
r e f e r e n c e  concept .  
t o  d e r i v e  t h e  HLLV des ign .  

Table  9 l i s t s  t h e  b a s i c  ground r u l e s  and assumptions used 

Table 9 .  HLLV Ground R u l e s  and A s s u m p t i o n s  

TWO-STAGE V E R T I C A L  TAKEOFF/HORIZONTAL LANDING ( V T O / n L ,  

FLY BACK C A P A B l L i T Y  B07H STAGES - ABES F I R S T  STAGE : t + - *  

PARALLEL BURN W I T H  PROPELLANT LROSSFEED 

LOX/RP F I R S T  STAGE - LOX/LH, 5 E C O f I D  STAGE 

H I  P, GAS GENERATOR CYCLE E N G I N E  - F I R S T  STAGE [ I s  

H I  P, STAGED COMBUSTION ENGINE - SECSND STAGE 

STAGING V E L O C I T Y  - HEAT S I N K  BOOSTER ZOMPATIBLE 

C I R C A  1990 TECHNOLOGY BASE - BAC/HMC WEIGHT REDUCTICIL ; ITA 

ORBITAL PARAMETERS - 487 Kn 4 31.6"  

d;:, 352 SEC.] 

[ I s  d b 2 ,  = 466 S E E 3  

PAYLOAD C A P A B I L I T Y  - 2 2 7 x 1 0 '  KG U P / 4 5  KG DOWN 

THRUSTiWElGHT - 1.30 L I F T O F F / 3 . 0  MAX 

15% WEIGHT GROWTH ALLOWANCE/0.75% hV MARGIN 

The r e s u l t i n g  d e s i g n  and i t s  f e a t u r e s  are shown i n  F igure  39. The f i r s t  
The second s t a g e  c o n t a i n s  LOz/LHz propel -  s t a g e  c o n t a i n s  LO2/RP p r o p e l l a n t s .  

l a n t s .  Both s t a g e s  burn ,  similar t o  t h e  s h u t t l e ,  from launch through s t a g i n g .  
LO2 and LHz p r o p e l l a n t s  are cross-fed from t h e  f i r s t  s t a g e  t o  t h e  second s t a g e .  

A h o r i z o n t a l  take-off and l a n d i n g  s i n g l e  s t a g e  t o  o r b i t  concept  a l s o  i s  
be ing  considered as a n  a l t e r n a t i v e  t o  t h e  v e r t i c a l  take-off  HLLV'S. T h i s  con- 
c e p t ,  shown i n  F igure  4 0 ,  uses  a i r - b r e a t h i n g  engines  f o r  take-of f ,  c r u i s e ,  and 
a c c e l e r a t i o n  up t o  6,200 f t / s  and r o c k e t  e n g i n e s  f o r  p a r a l l e l  burn  w i t h  t h e  
a i r - b r e a t h e r  between 6,200 f t / s  and 7,200 f t / s  and f o r  f i n a l  i n j e c t i o n  t o  o r b i t .  
This  concept carries 91,000 kg of payload t o  o r b i t .  
be  accomplished w i t h  s t a n d a r d  a i r p o r t  runway l e n g t h s .  

Take-off and l a n d i n g  can 

E lec t r i c  O r b i t  T r a n s f e r  Vehicle  - 

Further  d e f i n i t i o n  o f  t h e  EOTV w a s  accomplished. T h i s  approach w a s  select- 
ed o v e r  use of LOz/LH~-propelled s t a g e s  because of  t h e  low p r o p e l l a n t  masses 
r e s u l t i n g  from t h e  h igh  s p e c i f i c  impulse p o s s i b l e  w i t h  e l e c t r i c  p r o p u l s i o n .  
The concept i s  shown i n  F igure  4 1 .  
a s  f o r  a bay s e c t i o n  of t h e  s a t e l l i t e .  
s a t e l l i t e  and t h e  EOTV. 
s a t e l l i t e  with GaAs s o l a r  c e l l s  and CR=2. Because of t h e  s e l f - a n n e a l i n g  
c h L r a c t e r i s t i c s  of  t h e  G a A s  s o l a r  c e l l s ,  i t  i s  expec ted  t h a t  t h e  EOTV can p a s s  
through t h e  e a r t h  r a d i a t i o n  b e l t  wi thout  s i g n i f i c a n t  s o l a r  c e l l  r a d i a t i o n  

The s t r u c t u r e  and dimensions are t h e  same 
The Same SCB can be used f o r  b o t h  t h e  

The s o l a r  a r r a y  a l s o  i s  b a s i c a l l y  t h e  same as t h e  
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F i g u r e  39. 

GLOW 
BLOW 

u LOW 

PAY LOAD 

W P l  

w p 2  

7.135 IS. 73 
4.831 10.65 
4.359 
2.177 
1.579 3.48 
0.231 0.510 

CONCEPT FEATURES 

0 LOX/ RP C. G. CYCLE 1ST STAGE 

LOXILH2 (STAGED COMBUSTION) 
2ND STAGE 

PROPELLANT CROSSFEED- PARALLEL BURN 

STAGING VELOCITY, 2127 M I S  (6978 F I S l  

STAGING ALTITUDE, 55 KM (181,OOO FT) 

Two-Stage, P a r a l l  el Burn 
HLLV Concept  

:uew 

COMP ARTME M CARGO BAY 

MULTICELL WET W I N G  
WHITCOMB AiRFOlL W I NG-TIP 

M A I N  L A N D I N G  G E A  
(JETTISONABLE L A U N  
GEAR N O T  S H O W N )  

(IO ENGINES) 

ROCKET PROPULSION 
(3 H I G H  PRESSURE TYPE) 

VARIABLE INLET 
5 SEGMENT RAMP 
CLOSES FOR: 

ROCKET BOOST 
RE ENTRY 

F i g u r e  40.  S i n g l e - S t a g e  t o  O r b i t  
HLLV Concept  ( S t a r - R a k e r )  
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E O T V  DRY WT. - 106 KG 

PAYLOAD WT. - 5.26 X 106 KG 
E O T V  WET WT. - 1.67 X 106 KG 

F i g u r e  41. EOTV C o n f i g u r a t i o n  

damage. 
The r e t u r n  t r i p  i s  accomplished i n  22 days w i t h  0 . 5 2 6 ~ 1 0 ~  kg of  payload (pay- 
load  c o n t a i n e r s ) .  
The e lec t r ic  t h r u s t e r s  a r e  l o c a t e d  on each c o r n e r .  These t h r u s t e r s  provide  
b o t h  o r b i t - r a i s i n g  and a t t i t u d e  c o n t r o l  c a p a b i l i t y .  
s t o r e  energy f o r  a t t i t u d e  c o n t r o l  d u r i n g  p e r i o d s  of  e a r t h  e c l i p s e  of  t h e  sun ,  
which i s  f requent  w h i l e  a t  low e a r t h  o r b i t .  

With an  outbound payload of 5 . 2 6 ~ 1 0 ~  kg, t h e  t r i p  t i m e  is  100 days.  

Only 0 . 6 7 ~ 1 0 ~  kg o f  argon p r o p e l l a n t  a r e  r e q u i r e d  each t r i p .  

Batteries are used t o  

Personnel  Orbi t  T r a n s f e r  Vehic le  

The c u r r e n t  r e f e r e n c e  concept  u s e s  a two-stage L02/LHz-propelled concept  
t o  c a r r y  crew from LEO t o  GEO. A 
d i f f e r e n t  approach w a s  s t u d i e d  i n  t h i s  c o n t r a c t  and is  recommended. 
approach, shown i n  F igure  42, u s e s  a s i n g l e  L02/LH2 s t a g e  which is  f u e l e d  from 
a p r o p e l l a n t  f a c i l i t y  i n  LEO. All of  t h e  p r o p e l l a n t  i n  t h e  s t a g e  is  used dur- 
i n g  t r a n s i t  from LEO t o  GEO. 
t r i p  t o  LEO. A crew module, c a r r y i n g  60 p a s s e n g e r s ,  is  c a r r i e d  as payload from 
LEO t o  GEO and from GEO t o  LEO. Because of  t h e  s m a l l  s i z e  of  t h e  s t a g e ,  i t  
could be c a r r i e d  i n  a growth v e r s i o n  of t h e  s h u t t l e .  
t o  o r b i t  i n  the s h u t t l e .  

Both s t a g e s  are recovered  i n  LEO f o r  r e u s e .  
T h i s  

The s t a g e  is  a g a i n  f u e l e d  a t  GEO f o r  t h e  r e t u r n  

The crew module is c a r r i e d  

PROGRAM DEFINITION 

SPS c o s t  and programmatic a n a l y s e s  were completed on t h e  Rockwell r e f e r e n c e  
R e s u l t s  from c o n t r a c t  Exhib;.ts A/B were c o n f i g u r a t i o n  d iscussed  i n  t h i s  r e p o r t .  

updated and expanded t o  d e f i n e  an  i n t e g r a t e d  program f o r  an  o p t i o n  of 60 SPS's 
w i t h  an i n i t i a l  I O C  i n  t h e  y e a r  2000. Program d e f i n i t i o n s  were developed f o r  
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ground-based exploratory research (1980-1985), program development and initial 
operations through year 2000, and the commercialization phase ending in year 
2030. 

A summary schedule that describes these phases is presented in Figure 42. 
It identifies the ground-based exploratory development activities and key tech- 
nology programs preceding the 1990 Phase C/D commercialization decision, 
335-MW EOTV precursor pilot plant is shown as an extension of the systems test 
activity. 
leading to the SCB fabrication, EOTV test article assembly, transfer to GEO, 
and precursor testing/beam mapping. 
cargo carrier will have an earlier start to transfer the necessary mass to 
orbit. Subsequent SPS HLLV operations will combine with the Shuttle for full- 
scale build-uD of the first satellite. 

The 

The 1990 Phase C / D  activity will initiate work on all major elements 

The growth Shuttle and Shuttle-derived 

Total program costs were developed for DDT&E, production, launch, orbital 
assembly/construction, ground operations, replacement capital, and operations/ 
maintenance in accordance with the SPS work breakdown structure. These elements 
are described in Figure 43 for main phases of the SPS program. 

The DDT&E phase consists of the one-time effort associated with the design, 
development, and evaluation of components, subsystems, and systems required for 
the SPP. DDT&E estimates cover SPS support systems such as space transportation, 
facilities, and the ground station. Total propram development cost through the 
first SPS is $84.5 billion (DDT&E, $33.4 billlon; TFU, $51.1 billion). Satellite 
DDT&E is $7.9 billion and SPS space transportation DDT&E (including ground sup- 
port facilities) are estimated at $12.5 billion. 

. .  An analysis of iFi costs shows that  r,ne Ir=:g-.:i rG*7;;<Y;:Czt :a f..r s y p p  

transportation and ground support facilities. This cost, $22.9 billion (44%), 
includes an estimate of the initial transportation fleet (HLLV's and OTV's), 
facilities, and support systems that will have a lifetime capability of build- 
ing more than one SPS satellite. 
fall in this category and represent $ 8 . 6  billion of the TFU cost. 

Space construction and support equipment also 

Investments per satellite are the cost estimates of an average unit of 
the total 60-unit program. 
$5.3 billion for the satellite, $3.6 billion for the ground receiving station, 
and $1.9 billion for space transportation/ground support facilities. 
age investment cost per SPS is $3010/kW. 

This average cost of $13.9 billion includes 

The aver- 

SPS replacement cost and operations/maintenance estimates have been com- 
bined into a single figure with an annual cost of $0.2 billion per satellite. 

As a secondary objective, planning areas reauirinp substantial effort 
durinp the Phase C / D  activity were identified for the various SPS elements. 
This work concluded in a series of  main SPS program plans listed in Table 10. 
Program schedules and networks, technology/system requirements, and resource 
considerations are principal items addressed in these program plans. 
tion, an analysis of natural resources identified material requirements for 
the first satellite and ground receivinp station requirements needed for  the 
transportation system. 

In addi- 
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Figure 43 .  SPS C o s t  B r e a k d o w n  

T a b l e  10.  SPS P r o g r a m  P l a n s  

Program Management Product Assurance 
Systems Engineering and Facilities 

Integration Ground Operations 
Design and Development Space Operations 
Systems Testing Launch Operations 
Ground Support Equipment-D&D Specification Tree 
Manufacturing National Resource 

Analysis 
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STUDY LIMlTAT IO NS. 

This study is only a portion of the total effort being conducted by DOE 
In addition to this and other NASA SPS to totally evaluate the SPS concept. 

system definition effort, DOE is conducting studies of environment, health, 
safety, and socioeconomic issues as well as a comparative assessment of SPS 
and other energy options. 

In addition to the system options that have been studied and defined in 
this effort, other potential approaches have been proposed. 
tions in program funding, an adequate evaluation of all credible concepts can 
not be conducted. 
definition of the reference concept. 
the solid state microwave concepts has been accomplished. Future effort 
should concentrate on a thorough definition of the solid state microwave 
concept . 

Because of limita- 

Major emphasis in this study was placed on analysis and 
Only a very preliminary definition of 

IMPLICATIONS FOR RESEARCH 

A major portion of this contract was devoted to development of a technology 
plan. 
Piz- re  - 

The principal elements of the SPS development plan are summarized in 
Four major elements comprise this plan: 

Microwave Ground-Based Exploratory Research Program 

Key Technology Program (other than microwave) 
SPS Orbital Test Platform Demonstration Program 

Pilot Plant Demonstration Phase 

The microwave ground-based exploratory research program provides the seed- 
bed for prototype development of microwave transmission systems. This program 
will result in key microwave environmental data for evaluation of the microwave 
transmission system. The key technology program will develop the needed tech- 
nology in all other SPS technology areas. The orbital test program will result 
in an end-to-end technology verification of the SPS under operational environ- 
mental conditions at geosynchronous orbit. 
in an end-to-end system demonstration of SPS. 

The pilot-plant phase will result 

The following sections summarize these major activities. 

MICROWAVE GROUND-BASED EXPLORATORY RESEARCH PROGRAM 

Tke objective of the program is to conduct technology research in critical 
areas associated with the SPS microwave system, develop near-prototype hardware, 
integrate th.s hardware in an optimum subarray design, conduct integrated tests, 
and produce performance data for use in the environmental analysis program. 
secondary objective is a continuing technology program in the critical areas 

A 
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SPY TRANSPORTATION 8YSTEY 

F i g u r e  4 4 .  SPS Evolutionary Development P l a n  E l e m e n t s  

( k l y s t r o n ,  phase c o n t r o l ,  s o l i d  s t a t e )  t h a t  w i l l  p rovide  p r o g r e s s i v e  develop- 
ment t o  support  t h e  technology advancement program. 
t e s t i n g  of near-prototype hardware w i l l  p rovide  a much s t r o n g e r  d a t a  b a s e  f o r  
economic assessments  of  t h e  SPS program. 

Development and i n t e g r a t e d  

The major e lements  of  t h e  microwave technology (GBER) p l a n  and t h e i r  i n t e r -  
r e l a t i o n s h i p  are shown i n  F i g u r e  46. The f i r s t  e a r l y  microwave power t r a n s f e r  
work w a s  accomplished a t  MSFC i n  1969.  
and demonstrated concept on ly .  The f i r s t  s i g n i f i c a n t  l a r g e  RF power t r a n s f e r  
w a s  accomplished by J P L  i n  1975. This  test used a l a r g e  d i s h  an tenna  and a 
s i n g l e  power tube.  
d i d  n o t  s i m u l a t e  t h e  performance of t h e  microwave system as proposed by c u r r e n t  
SPS system s t u d i e s .  
perfo-mance d a t a  through a s i g n i f i c a n t  microwave component technology develop- 
ment program. 
me.ital assessment of t h e  microwave s y s t e m .  
p r e d i c t i o n s  of microwave system performance w i l l  t h e n  b e  g r e a t l y  reduced. 

T h i s  w a s  a low power l a b o r a t o r y  tes t  

It w a s  a s i g n i f i c a n t  demonst ra t ion  of power t r a n s f e r  b u t  

This  p l a n  w i l l  p rovide  a v e h i c l e  f o r  producing p r o t o t y p e  

These d a t a  can t h e n  be used as t h e  d a t a  b a s e  f o r  t h e  environ-  
U n c e r t a i n t i e s  a s s o c i a t e d  w i t h  t h e  

The genera l  f low of t h e  GBER program i s  i l l u s t r a t e d  i n  F i g u r e  47. 
c h a r t  d e s c r i b e s  a p r o g r e s s i v e  product -or ien ted  development and t e s t  program 
w i t h  key mi les tones .  

T h i s  
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EXPLORATORY RESEARCH PLAN 4 
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Figure 45. Major Elements of Ground Based 
Exploratory  Research (GBER) Program 

Figure 

~~ 

46. GBER Program F l o w  Diagram Technical  Approach 
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The GBER p l a n  is  d i v i d e d  i n t o  t h r e e  major p a r t s :  tes t  suppor t  and f a c i l i t y  
o p e r a t i o n s ,  i n t e g r a t e d  tests, and component development. Component development 
i s  f u r t h e r  subdiv ided  i n t o  k l y s t r o n  a m p l i f i e r ,  s o l i d  s t a t e  a m p l i f i e r ,  phase 
c o n t r o l ,  RF r a d i a t o r ,  s u b a r r a y ,  and rec tenna .  Each p a r t  c o n t r i b u t e s  t o  t h e  
u l t i m a t e  o b j e c t i v e  of de te rmining  t h e  performance c h a r a c t e r i s t i c s  of a n e a r  
p r o t o t y p e  SPS subar ray .  

The i n t e g r a t e d  t es t  element w i l l  p rovide  des ign  requi rements  f o r  t h e  f a c i l -  
i t y  and i n s t r u m e n t a t i o n .  
tes ts ,  test a r t i c l e  tests, and subar ray  tes ts .  T h i s  method p r o v i d e s  a step-by- 
s t e p  bui ldup €or  a n  u l t i m a t e  SPS subar ray  tes t  and a l lows  key d e c i s i o n  p o i n t s  
a long  t h e  way. 

I n t e g r a t e d  t e s t i n g  i s  subdivided i n t o  power module 

The t h i r d  p a r t  of t h e  GBER is  component development. This  p a r t  i s  import- 
a n t  because most of t h e  technology development occurs  h e r e .  
l o g i c a l  p rogress  w i t h  key component developments t h a t  w i l l  u l t i m a t e l y  de te rmine  
t h e  performance c h a r a c t e r i s t i c s  of t h e  n e a r  p r o t o t y p i c a l  SPS s u b a r r a y .  S e v e r a l  
key elements o f  t h e  microwave system have been s e l e c t e d  f o r  technology i n v e s t i g a -  
t i o n s .  

It i s  t h e  techno- 

The GBER program i s  e s t i m a t e d  t o  r e q u i r e  funding  of approximately 
32 m i l l i o n  d o l l a r s  i n  t h e  1980-1985 timeframe. F i g u r e  48 shows t h e  c o s t s  by 
major  p r o j e c t  e lement ,  t h e  a n t i c i p a t e d  s c h e d u l i n g ,  and major hardware d e l i v e r y  
requirements .  Funding b e g i n s  i n  1980 w i t h  one m i l l i o n  f o r  ear ly  development 
of t h e  v a r i o u s  microwave system elements  and g r a d u a l l y  b u i l d s  t o  a peak y e a r  
(1984) c o s t  of s l i g h t l y  over  e i g h t  m i l l i o n  d o l l a r s  as t h e  program r e a c h e s  t h e  
system i n t e g r a t i o n  and test phase.  
r e q u i r e d  f o r  an o p e r a t i o n s  and test phase w i t h  no more l a r g e  component buys 
a n t i c i p a t e d .  

T h e r e a f t e r  funding  l e v e l s  d e c r e a s e  t o  t h a t  

GROUND TEST F A C I L I T Y  
& INSTRUMENTATION 

INTEGRATED TESTS 

0 1  0 4  0 4  0 6  0 6  2 9  

0 2  0 9  1 0  1 3  1 5  0.5 6.4 

SUBARRAV DEVELOPMENT 1 

PHASE CONTROL LPCl 

1 2  1 s  1 4 5  0 5  o s  6 b  0 25 

185' 1 %  
0 2  1 2  1 s  1 4 5  0 , 5  0.5 sa 

SOLID STATE POWER AMPLIFIER (PA) 

KLYSTRON POWER AMPLIFIER (PA1 

2.0 
MICROWAVE RADIATOR 

0.1 P . S * O  1.0 0 4  3.c 
I RECTENNA 1' 

TOTAL 1 .o 4.1 7.4 7.8 8.16 4 0  , 32 .45  
=LITHEF~ s nn KLYSTRON 

119t . tLtSION) 

F i g u r e  4 7 .  GaER Program cost Estim&tes 
(Millions of D o l l a r s  - 1 9 7 8 )  
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KEY TECHNOLOGY PROGRAM 

The Ground-Based Explora tory  Research Program d e s c r i b e d  i n  t h e  prev ious  
s e c t i o n  w a s  p repared  t o  e v a l u a t e  t h e  microwave power t r a n s m i s s i o n  system. 
While t h e  microwave system is  considered t o  be a v e r y  c r i t i c a l  l i n k  i n  t h e  
SPS program, technology areas o u t s i d e  of t h i s  l i n k  r e q u i r e  a t t e n t i o n  i n  t h e  
1981-85 t i m e  p e r i o d  t o  answer c r i t i c a l  ques t ions  and e s t a b l i s h  c r e d i b i l i t y  
of t h e  complete system concept .  
o f  t h e s e  a d d i t i o n a l  technology s t u d i e s .  
o f  extended a n a l y s i s ,  l a b o r a t o r y  development, and ground tests i n  d i s c i p l i n e s  
o t h e r  than  microwave. I n  a d d i t i o n ,  f l i g h t  experiments  and f l i g h t  p r o j e c t  de- 
f i n i t i o n s  are inc luded .  
i n g  of components o r  elements of a system which can be completed i n  t h e  1981-85 
p e r i o d .  
are more c o s t l y ,  and are not  planned f o r  complet ion u n t i l  t h e  1986-90 p e r i o d ,  
s i n c e  they  r e q u i r e  longer  l e a d  times f o r  d e f i n i t i o n  and p lanning .  The f l i g h t  
p r o j e c t s  and f l i g h t  experiments  are  a p a r t  of t h e  SPS O r b i t a l  Test P l a t f o r m  
Demonstration Program. 

The Key Technology Program provides  a summary 
The Key Technology Program c o n s i s t s  

The term " f l i g h t  experiments" r e f e r s  t o  o r b i t a l  test- 

F l i g h t  p r o j e c t s  are broader  i n  scope ( u s u a l l y  system l e v e l  a c t i v i t i e s ) ,  

During t h e  p a s t  and c u r r e n t  a c t i v i t i e s ,  e lements  of t h e  SPS program have 
evolved based on t r a d e  r e s u l t s  and more d e t a i l e d  re f inement  of concepts .  It 
i s  t h e r e f o r e  expected t h a t  t h i s  p l a n  w i l l  be  c o n t i n u a l l y  r e f i n e d  as r e s e a r c h  
proceeds.  A t  p r e s e n t ,  however, i t  is  be l ieved  t h a t  t h i s  p l a n  encompasses 
t h o s e  technology advancements which a r e  needed t o  b u i l d  upon p a s t  and c u r r e n t  
a c t i v i t i e s  and provide  new t e c h n i c a l  information on which t o  e s t a b l i s h  SPS 
program c r e d i b i l i t y  and provide  information on which t o  a s s e s s  SPS program 
c o n t i n u a t i o n .  

The Key Technology Program w i l l  be d i r e c t e d  toward l a b o r a t o r y  deveiopmeni 
and t e s t i n g  of v a r i o u s  elements  t o  determine i f  t h e  t e c h n i c a l  and performance 
assumptions of t h e  ear l ier  s t u d i e s  were v a l i d ;  t o  o b t a i n  d a t a  f o r  needed 
t e c h n i c a l ,  economic, environmental ,  and s o c i e t a l  assessments;  t o  sssess o t h e r  
SPS system/subsystem a l t e r n a t i v e s ;  and t o  conduct l i m i t e d  f l i g h t  experiments  
and d e f i n e  f l i g h t  p r o j e c t s .  Key elements r e q u i r i n g  such e f f o r t  Lnclude exten-  
s i o n  of p r e s e n t  terrestrial s o l a r  c e l l  programs t o  space  a p p l i c a t i o n s  inc lud-  
i n g  p r o c e s s i n g  techniques ,  annea l ing ,  and bonding; e x t e n s i v e  computer a n a l y s i s  
of l a r g e  space  s t r u c t u r e s ;  development and t e s t i n g  of g r a p h i t e  composites and 
thin-gage aluminum i n  t h e  v a r i o u s  requi red  c o n f i g u r a t i o n s ;  s i m u l a t i o n  and 
development of concepts  and equipment of power d i s t r i b u t i o n  f o r  s t e a d y  s ta te  
and t r a n s i e n t  performance; development and t e s t i n g  o f  space c o n s t r u c t i o n  
t e c h n i q u e s  f o r  b u i l d i n g  of s t r u c t u r a l  beams, f a s t e n i n g  of  s t r u c t u r a l  members, 
i n s t a l l a t i o n  of s o l a r  a r r a y s  and equipment; and development and demonst ra t ion  
of l a r g e  e l ec t r i c  t h r u s t e r s  u t i l i z i n p  argon and a s s o c i a t e d  power p r o c e s s i n g  
equipment.  
h o r i z o n t a l  t a k e o f f ,  h i g h  chamber p r e s s u r e  r o c k e t  e n g i n e s ,  h igh  tempera ture  
i n s u l a t i o n  m a t e r i a l s ,  a i r b r e a t h e r  i n l e t  materials, and v a r i a b l e  geometry 
a i r b r e a t h e r  i n l e t  t echniques .  

Technology t o  support  t h e  HLLV i n c l u d e s  a i r b r e a t h i n g  engines  f o r  

A t o p - l e v e l  summary of t h e  development a c t i v i t i e s  and funding requirements  
c.- ,vered i n  t h e  p l a n  are presented  i n  F ipure  48. 
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Key Techno logy  Program Summary 

SPS ORBITAL TEST PLATFORM DEMONSTRATION PROGRAM 

An e s s e n t i a l  requirement  e x i s t s  f o r  major SPS subsystem t e s t  and evalua-  
Current  t i o n  a t  low e a r t h  o r b i t  and geosynchronous o r b i t  l a t e  i n  t h e  1980's .  

NASA planning p r o j e c t s  a major  SPS s u b s c a l e  tes t  a r t i c l e  f o r  LEO-to-LEO micro- 
wave t e s t i n g .  This  same tes t  p l a t f o r m  can be boos ted  u s i n g  e l ec t r i c  propul-  
s i o n  t o  GEO t o  s e r v e  as a n  SPS m u l t i - t e s t  p l a t f o r m  i n  b o t h  a GEO-to-ground and 
ground-to-GE0 mode ( f u n c t i o n i n g  a s  an  i n v e r t e d  t e s t  range  w i t h  t h e  a d d i t i o n  
of p i l o t  beam e l e c t r o n i c s ) .  

The GEO m u l t i - t e s t  p l a t f o r m  would f u n c t i o n  as t h e  geosynchronous element 
of a ground-to-GE0 i n v e r t e d  microwave test range ,  as shown i n  F i g u r e  50. 
ground-based, one-kilometer l i n e a r  t r a n s m i t t i n g  an tenna ,  one power module i n  
wid th ,  i s  proposed f o r  f u l l - s c a l e  phase c o n t r o l  t e s t i n g .  F u l l - s c a l e  a p e r t u r e  
t e s t i n g  i s  requi red  t o  v e r i f y  phase c o n t r o l  l i n e a r i t y  and a r r a y  performance 
p r i o r  tc cumiitment of major space  an tenna  c o n s t r u c t i o n  e f f o r t .  The p i l o t -  
b t a m  element o f  the  o r b i t a l  system i l l u m i n a t e s  t h e  ground an tenna  l i n e a r  a r r a y  
where t-he beam i s  rece ived  by t h e  l i n e  Source r e t r o e l e c t r o n i c s  which, i n  t u r n ,  
phase t h e  l i n e  source  t o  r e t u r n  i t s  beam t o  t h e  s a t e l l i t e .  A beam-mapping 
piggyback s u b s a t e l l i t e  o p e r a t e s  i n  a f r e e - f l y i n g  mode and probes t h e  beam 
n a t t e r n  by c o n t r o l l e d  d r i f t i n g  i n  a n  east-west p a t t e r n .  

A 

A G a A s  solar a r r a y  v e r s i o n  of t h e  GEo m u l t i - t e s t  p l a t f o r m  i s  shown i n  
Because of  t h e  G a A s  a r r a y  r e s i s t a n c e  t o  n a t u r a l  r a d i a t i o n  and i t s  Figure  51. 

a b i l i t y  t o  se l f -annea l  r a d i a t i o n  damage, t r a n s i t  from LEO t o  GEO u s i n g  
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self-power i n  an e l e c t r i c  propuls ion  mode appea r s  f e a s i b l e ,  Th i s  c a p a b i l i t y  
a l s o  sugges t s  that  such a system could b e  used as a s o l a r - e l e c t r i c  p ropu l s ion  
s t a g e  (SEPS) f o r  p ropu l s ion  of l a r g e  payloads  between e a r t h  o r b i t s  as w e l l  as 
f o r  p rov id ing  power du r ing  payload o p e r a t i o n s .  For t h e  SPS a p p l i c a t i o n ,  i t  
can be  a d e r i v a t i v e  of a SEPS e i t h e r  as a ded ica t ed  modif ied system o r  as a 
hybr id  system us ing  a SEPS bus having  t h e  SPS m u l t i - t e s t  exper iments  as a pay- 
load .  Approximately 100 kW of  power would be  r e q u i r e d  f o r  t h e  GEO m u l t i - t e s t  
p l a t f o r m  func t ions  . 

Other  p o t e n t i a l  r o u t e s  f o r  development of t h e  SPS m u l t i - t e s t  p l a t f o r m  
i n c l u d e  : 

A d e r i v a t i v e  of  t he  l a r g e  space  s t r u c t u r e s / l a r g e  power 
modules program (LSS/LPM) 

A d e r i v a t i v e  of power modules u s i n g  c u r r e n t  SEP s i l i c o n  
a r r a y  technology 

The degree  t o  which SPS t e c h n i c a l  i s s u e s  are  r e so lved  as d e f i n i t i o n  of t h e s e  
systems occurs  w i l l  have an impor tan t  i n f l u e n c e  on t h e i r  s u i t a b i l i t y  as de r iv -  
a t i v e s .  

PILOT PLANT DEMONSTRATION PHASE 

Completion of  t h e  SPS Technology Advancement phase by 1990 w i l l  p rov ide  
t h e  t e c h n i c a l  confidence t o  proceed w i t h  t h e  f u l l - s c a l e  p i l o t - p l a n t  demonstra- 
t i o n  phase.  The primary o b j e c t i v e  of t h i s  development phase i s  t o  demonst ra te  
commercial v i a b i l i t y  of  t h e  SPS system t o  t h o s e  u t i l i t y  f i rms  and consor t iums 
t h a t  would u l t i m a t e l y  c a p i t a l i z e  and o p e r a t e  the p roduc t ion  system. 

The p i l o t - p l a n t  s a t e l l i t e  would be  c o n s t r u c t e d  i n  LEO u s i n g  a S h u t t l e -  
de r ived  HLLV f o r  mass t r a n s f e r  and c o n s t r u c t i o n  suppor t  systems.  
i s  t r a n s f e r r e d  t o  geosynchronous o r b i t  by an  e l e c t r i c - p r o p u l s i o n  system. The 
system o p e r a t e s  i n  t h e  same mode as t h e  f u l l - s c a l e  s a t e l l i t e  by d i r e c t i n g  a 
microwave power beam a t  a t o t a l  power l e v e l  of s e v e r a l  hundred megawatts t o  
a s t a n d a r d  modular segment of t h e  proposed o p e r a t i o n a l  ground r ec t enna .  The 
demonstration/operational per iod  would range from s i x  months t o  a few y e a r s ,  
du r ing  which t i m e  t h e  SPS elements of  t h e  f u l l - s c a l e  s o l a r  power s a t e l l i t e  
would be opera ted  i n  t h e  o p e r a t i o n a l  environment .  
p rovide  t h e  q u a n t i t a t i v e  b a s i s  f o r  a n a l y s e s  which would suppor t  f u l l  SPS com- 
merc i a l  c a p a b i l i t y .  

The s a t e l l i t e  

Opera t iona l  d a t a  would 

The i n i t i a l  s t e p  i s  e s t ab l i shmen t  of  a LEO b a s e ,  p r e v i o u s l y  d e s c r i b e d ,  
t h a t  i s  capable  of  c o n s t r u c t i n g  a s i n g l e  t rough  of t h e  s a t e l l i t e .  
p l a n t  demonst ra tor ,  shown n e a r  complet ion i n  F i g u r e  52,  i s  s i z e d  t o  t h e  pro- 
j e c t e d  EOTV power l e v e l  of 335 MW a t  t h e  a r r a y .  
deg rada t ion  and power d i s t r i b u t i o n  l o s s e s ,  power t o  the microwave an tenna  
would be approximately 285 MW. 
t h i s  v a l u e  t o  about  230 MW a t  t h e  r ec t enna .  T h i s  would r e s u l t  i n  recovery  of  
8 MW o f  p - * ~ ~ r  f o r  a 7-km-diameter r e c t e n n a  01: 2 
rec tenna.  

The p i l o t -  

Allowing f o r  r a d i a t i o n  

Microwave t r a n s m i s s i o n  l o s s e s  would reduce 

of power f o r  a 1.75-km- 
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Figure 5 1 .  SPS P i l o t  P lant  i n  Final 
Phases of Construct ion 
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SUGGESTED ADDITIONAL EFFORT 

As a r e s u l t  of t h i s  s t u d y ,  major a r e a s  of  f u t u r e  emphasis have been 
i d e n t i f i e d  f o r  system s t u d i e s  and f o r  near-term technology development. 

SYSTEM STUDIES 

i 
I 
I 
1 

This  s t u d y  h a s  r e s u l t e d  i n  an i d e n t i f i c a t i o n  of p o t e n t i a l l y  a t t r a c t i v e  
s o l i d - s t a t e  microwave t r a n s m i s s i o n  concepts.  E f f o r t  i n  t h i s  c o n t r a c t  has  n o t  
y e t  been s u f f i c i e n t  t o  d e f i n e  t h e s e  concepts  adequate ly  t o  de te rmine  t h e  b e s t  
approaches and t o  e v a l u a t e  them re la t ive  t o  t h e  c u r r e n t  r e f e r e n c e  concept .  
I t  is  recommended t h a t  t h i s  e f f o r t  be continued and h e a v i l y  emphasized i n  
follow-on system s t u d i e s .  

I T h i s  c o n t r a c t  h a s  r e s u l t e d  i n  an adequate d e f i n i t i o n  of t h e  e l e c t r i c  o r b i t  
t r a n s f e r  v e h i c l e  and t h e  personnel  o r b i t  t r a n s f e r  v e h i c l e .  However, t ranspor-  
t a t i o n  c o s t s  are most s e n s i t i v e  t o  t h e  heavy l i f t  launch v e h i c l e  o p e r a t i o n a l  
and f l e e t  c o s t s .  Two approaches have been i d e n t i f i e d  f o r  t h e  HLLV; a p a r a l l e l -  
burn ,  two-stage, v e r t i c a l  take-off and h o r i z o n t a l  l a n d i n g  concept and a h o r i -  
z o n t a l  take-off and l a n d i n g  s i n g l e - s t a g e  t o  o r b i t  concept .  F u r t h e r  d e f i n i t i o n  
of  t h e s e  concepts  is needed t o  suppor t  launch c o s t  estimates. 

I 
I 

-1- - 
L L L c  ?zctezz= system i n s t a l l a t i o n  approach h a s  been d e f i n e d  i n  t h i s  s t u d y ,  

b u t  two i s s u e s  s t i l l  need t o  b e  resoived: l i g i i ~ i ~ i i ~ g  p::>t;..-:lcr: reqnFrPments 
and t h e i r  r e s u l t i n g  d e s i g n  i m p l i c a t i o n s  and des ign  a n a l y s i s  and impacts f o r  
h i g h  wind c o n d i t i o n s .  These i s s u e s  can have a s i g n i f i c a n t  impact on r e c t e n n a  
i n s t a l l a t i o n  c o s t s .  

TECHNOLOGY DEVELOPMENT 

Three primary areas, i n  a d d i t i o n  t o  t h e  on-going NASA l a r g e  s t r u c t u r e s  
technology development, have been i d e n t i f i e d  f o r  immediate technology develop- 
men t : 

Advanced GaAs s o l a r  c e l l  development 

S o l i d - s t a t e  d e v i c e  and microwave system development 

Dc-dc c o n v e r t e r  and switchgear  technology 

A d e t a i l e d  p l a n  f o r  advanced G a A s  s o l a r  c e l l  development h a s  been prepared  
and is conta ined  i n  Reference 3.  This  proposed e f f o r t  i n c l u d e s  development and 
t e s t i n g  of  p r o t o t y p e  G a A s  s o l a r  c e l l s  with a s a p p h i r e  s u b s t r a t e ,  p r e l i m i n a r y  
development of peeled-f i lm technology s o l a r  c e l l s ,  d e f i n i t i o n  of manufactur ing 
methods,  and p r e d i c t i o n  of product ion  rate c a p a b i l i t y .  T e s t i n g  i n c l u d e s  r a d i a -  
t i o n  environment e f f ec t s  and s o l a r  c e l l  performance measurements. 
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I n  o r d e r  t o  b r i n g  s o l i d  s t a t e  microwave technology t o  a p o s i t i o n  competi- 
t i v e  w i t h  k l y s t r o n  technology,  e a r l y  d e v i c e  ( t r a n s i s t o r )  and power a m p l i f i e r  
r e s e a r c h  is needed. It i s  recommended t h a t  work be immediately i n i t i a t e d  on 
advanced GaAs t r a n s i s t o r  development and t h a t  a m p l i f i e r  c i r c u i t s  b e  developed 
u s i n g  a v a i l a b l e  GaAs t r a n s i s t o r s .  The c i r c u i t  r e s e a r c h  w i l l  p rovide  a c u r r e n t  
technology b a s e  f o r  a m p l i f i e r  performance and w i l l  demonst ra te  e l e c t r o n i c  com- 
b i n i n g  of microwave c i r c u i t s .  

No NASA o r  DOE p l a n  has  been i d e n t i f i e d  f o r  e a r l y  development of h i g h  
power and v o l t a g e  d c l d c  c o n v e r t e r s  and swi tchgear  t h a t  w i l l  b e  needed about  
1987 f o r  space technology v e r i f i c a t i o n .  Although such equipment i s  i n  use  
f o r  ground systems,  technology development is needed t o  improve e f f i c i e n c y  a t  
much lower mass. 

NASA c u r r e n t l y  h a s  a program f o r  development of l a r g e  s t r u c t u r e s .  Curren t  
e f f o r t  appears  t o  be g e n e r i c  and does n o t  have s u f f i c i e n t  a p p l i c a t i o n  t o  SPS. 
It  i s  recommended t h a t  t h e  program be re focused  t o  p r o v i d e  a t  l eas t  t h e  minimum 
e f f o r t  requi red  t o  suppor t  SPS s t r u c t u r e  d e f i n i t i o n ,  e v a l u a t i o n ,  and ground 
tes t ,  and technology v e r i f i c a t i o n  e f f o r t  i n  t h e  1985-1990 t i m e  p e r i o d .  
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