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SUMMARY 

F u t u r e  communications s a t e l l i t e s  a r e  l i k e l y  t o  use g a l l i u m  a r s e n i d e  
(GaAs) m o n o l i t h i c  microwave i n t e g r a t e d - c i r c u i t  (MMIC)  t echno logy  i n  most, i f  
n o t  a l l ,  communications pay load  subsystems. Mult ip le-scanning-beam antenna 
systems a r e  expected to  use GaAs MMIC's t o  inc rease  f u n c t i o n a l  c a p a b i l i t y ,  t o  
reduce volume, weight ,  and c o s t ,  and to g r e a t l y  improve system r e l i a b i l i t y .  
RF and I F  m a t r i x  s w i t c h  techno logy  based on GaAs M M I C ' s  i s  a l s o  b e i n g  devel -  
oped f o r  these reasons. MMIC technology, i n c l  u d i  ng g i  gabi  t - r a t e  GaAs d i  g i  t a l  
i n t e g r a t e d  c i r c u i t s ,  offers s u b s t a n t i a l  advantages i n  power consumption and 
we igh t  o v e r  s i l i c o n  t e c h n o l o g i e s  for  h igh- throughput ,  on-board baseband proces- 
sor systems. For t h e  more d i s t a n t  f u t u r e  pseudomorphic i nd ium g a l l i u m  
a r s e n i d e  (InGaAs) and o t h e r  advanced 111-V m a t e r i a l s  o f f e r  t h e  p o s s i b i l i t y  o f  
MMIC subsystems w e l l  up i n t o  t h e  m i l l i m e t e r  wavelength r e g i o n .  A l l  o f  these 
techno logy  elements a re  i n  N A S A ' s  MMIC program. T h e i r  s t a t u s  w i l l  be rev iewed 
i n  t h i s  paper.  

I. INTRODUCTION 

S t u d i e s  conducted by NASA i n  the l a t e  1970's  showed t h a t  t he  demand f o r  
o r b i t a l  l o c a t i o n s  and f requency  a l l o c a t i o n s  f o r  f i x e d  s a t e l l i t e  s e r v i c e  w i l l  
exceed t h e  o r b i t  and spectrum capac i t y  ( a t  t he  C and Ku bands) by t h e  e a r l y  
1990's  ( r e f s .  1 and 2). N A S A ' s  approach to address ing these problems was t o  
develop new techno log ies  

( 1  1 To open t h e  Ka band 
( 2 )  To use mul t ip le-beam antennas t o  o b t a i n  the  b e n e f i t s  o f  many-fold 

( 3 )  To use onboard p r o c e s s i n g  and m u l t i p l e  scanning beams t o  address 
frequency reuse 

"customer premises' '  t r a f f i c  so t h a t  l a r g e ,  complex Ka-band s a t e l l i t e s  
would be economica l l y  v i a b l e  i n  t h e  199O's, n o t w i t h s t a n d i n g  advances i n  
o p t i c a l - f i b e r - b a s e d  compet ing systems for t r u n k i n g  t r a f f i c  

The exper imen ta l  Advanced Communications Technology S a t e l l i t e  (ACTS) i s  
expected t o  complete t h e  p lanned development. 

Second-generation o p e r a t i o n a l  s a t e l l i t e s  t h a t  a p p l y  t h e  concepts proven 
by ACTS can e x h i b i t  g r e a t l y  improved performance and economics by c a p i t a l i z i n g  
on t h e  l onger  range m o n o l i t h i c  microwave i n t e g r a t e d  c i r c u i t  (MMIC)  t echno logy  
developments r e c e n t l y  i n i t i a t e d  ( r e f .  3 ) .  These i n c l u d e  

( 1 )  20-GHz t r a n s m i t t e r  modules and 30-GHz r e c e i v e r  modules w i t h  d i g i t a l l y  
addressed amp1 i tude and phase c o n t r o l  

( 2 )  M a t r i x  swi tches a t  b o t h  20 GHz and i n t e r m e d i a t e  f r e q u e n c i e s  
( 3 )  GaAs d i g i t a l  i n t e g r a t e d - c i r c u i t  ( I C )  modules for high-speed, 

low-power baseband processor  components 
( 4 )  O p t i c a l  f iber /MMIC m o n o l i t h i c  i n t e r f a c e s  



A l l  o f  these techno logy  elements a r e  i n  N A S A ' s  M M I C  program. They w i l l  
be addressed r e s p e c t i v e l y  i n  s e c t i o n s  I1 t o  V I ,  f o l l o w e d  by c o n c l u d i n g  remarks 
on t h e i r  s t a t u s  and p o t e n t i a l .  For t h e  more d i s t a n t  f u t u r e  InGaAs and o t h e r  
advanced 111-V m a t e r i a l s  o f f e r  t h e  p o s s i b i l i t y  o f  M M I C  subsystems w e l l  up i n t o  
t h e  m i l l i m e t e r  wavelength r e g i o n .  Pseudormorphic InGaAs grown i n  GaAs sub- 
s t r a t e s  c o u l d  be implemented on e x i s t i n g  GaAs M M I C  l i n e s  w i t h  o n l y  t h e  change 
o f  two or t h r e e  process s teps .  General ideas concern ing  t h e  impact  o f  MMIC's 
a r e  a l s o  discussed. 

11. GaAs MMIC TECHNOLOGY --STATUS 

GaAs M M I C ' s  a r e  i n c r e a s i n g l y  becoming a p r a c t i c a l  r e a l i t ~ . ~ , S  T h e i r  use 
i s  be ing  extended t o  m i l l ime te r -wave  f r e q u e n c i e s  ( r e f .  6). The d r i v i n g  f a c t o r  
behind t h e  development of  t h i s  techno logy  has been b a t c h  p rocess ing ,  l e a d i n g  
t o  low c o s t ,  h igh performance, smal l  s i z e ,  and r e p r o d u c i b i l i t y  s i m i l a r  t o  t h a t  
for s i l i c o n  i n t e g r a t e d  c i r c u i t s .  
s e m i - i n s u l a t i n g  GaAs s u b s t r a t e s ,  GaAs c r y s t a l  and e p i t a x i a l  f i l m  growth tech-  
n iques,  t h e  development o f  t h e  GaAs metal-semiconductor f i e l d - e f f e c t  t r a n s i s -  
tor  (MESFET), and MESFET computer-aided c i r c u i t  des ign  have p r o v i d e d  
a d d i t i o n a l  impetus f o r  t h i s  r a p i d  growth i n  t h e  l a s t  seve ra l  yea rs .  

The e x c e l l e n t  microwave p r o p e r t i e s  o f  

A GaAs MMIC c o n s i s t s  o f  seve ra l  a c t i v e  and p a s s i v e  components. The 
a c t i v e  components a r e  GaAs M E S F E T ' s  and S c h o t t k y  b a r r i e r  d iodes .  
pass i ve  components a re  t h i n - f i l m  r e s i s t o r s ,  m e t a l - i n s u l a t o r - m e t a l  o v e r l a y  
c a p a c i t o r s ,  i n t e r d i g i t a t e d  c a p a c i t o r s ,  and s p i r a l  i n d u c t o r s .  Lumped- or  
d i s t r i b u t e d - e l e m e n t  c i r c u i t r y  i s  used. 
c u i t  element connect ions,  and th rough-subs t ra te  h o l e s  a r e  used f o r  ground 
i n terconnec t i ons . 

The major  

P l a t e d  a i r  b r i d g e s  a r e  used for c i r -  

The a c t i v e  l a y e r s  i n  GaAs M E S F E T ' s  for  M M I C ' s  a r e  commonly formed by i o n  
i m p l a n t a t i o n  and chemical  vapor d e p o s i t i o n  (CVD). M o l e c u l a r  beam e p i t a x y ,  
o r g a n o - m e t a l l i c  chemical vapor d e p o s i t i o n ,  and vapor-phase e p i t a x y  a r e  exam- 
p l e s  o f  CVD techniques. These techniques a re  a l s o  p r o v i d i n g  new microwave 
dev i ce  s t r u c t u r e s  based on t h e  p r o p e r t i e s  o f  h e t e r o j u n c t i o n s .  H igh -e lec t ron -  
m o b i l i t y  t r a n s i s t o r s  a r e  emerging as a p r o m i s i n g  s t r u c t u r e  and w i l l  soon f i n d  
t h e i r  way i n t o  high-performance MMIC's ( r e f s  7 and 8). 

The l e v e l  o f  microwave dev ices and pass i ve  component i n t e g r a t i o n  has been 
s t e a d i l y  i n c r e a s i n g  i n  t h e  l a s t  f e w  years,  as shown i n  f i g u r e  1 for  MMIC's 
developed i n  the  20/30-GHz band. However, seve ra l  aspec ts  o f  t h e  techno logy  
s t i l l  need to  mature to  produce low-cost,  r e l i a b l e  MMIC's for  system a p p l i c a -  
t i o n s .  Improvements i n  m a t e r i a l  q u a l i t y ,  accuracy i n  c i r c u i t  model ing,  f a s t e r  
and e a s i e r  techniques for c i r c u i t  c h a r a c t e r i z a t i o n ,  and advances i n  c i r c u i t  
packaging a r e  requ i red .  To a l a r g e  e x t e n t  these improvements w i l l  be b r o u g h t  
about by e f f o r t s  funded under t h e  DoD M I M I C  program. 
NASA w i l l  be t o  see t h a t  t h e  r e s u l t s  o f  t h i s  program a r e  a p p l i e d  t o  t h e  compo- 
nents  d iscussed below, thus  speeding t h e i r  i n s e r t i o n  i n t o  space communications 
sys t e m s  . 

A s i g n i f i c a n t  t a s k  for 

111. GaAs M M I C  TECHNOLOGY FOR SCANNING-BEAM, PHASED-ARRAY ANTENNAS 

A b l o c k  diagram of communications pay load  f o r  f u t u r e  20/30-GHz advanced 
communications s a t e l l i t e s  i s  shown i n  f i g u r e  2 .  T h i s  pay load c o n t a i n s  
phased-array antennas and baseband p rocess ing  and s w i t c h i n g .  
i s  under development i n  each of these areas.  
f o r  use i n  scanning-beam, phased-array antennas a r e  d i scussed  h e r e .  

M M I C  techno logy  
Severa l  t ypes  o f  M M I C  modules 
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A. 20-GHz M M I C  T r a n s m i t t e r  Module 

Rockwel l  I n t e r n a t i o n a l ,  under NASA c o n t r a c t ,  has developed a f u l l y  mono- 
l i t h i c  20-GHz t r a n s m i t t e r  module on a GaAs s u b s t r a t e .  
for these  dev ices a r e  g i v e n  i n  Table I ,  and t h e  module i s  shown i n  f i g u r e  3.  

The techno logy  g o a l s  

The module c o n s i s t s  of f i v e  cascaded, s i n g l e - b i t ,  s w i t c h e d - l i n e  phase 
s h i f t e r s ,  employing f i e l d - e f f e c t  t r a n s i s t o r  (FET) dev i ces  fo r  sw i t ches .  The 
phase s h i f t e r s ,  w i t h  phase b i t s  of 11.25", 22.5", 45", go", and 180", can be 
e a s i l y  i d e n t i f i e d  i n  f i g u r e  3.  F E T ' s  i n  se r ies -shun t  c o n f i g u r a t i o n s  a r e  
employed t o  e f f e c t  a s i n g l e - p o l e ,  double-throw s w i t c h  (SPDT).  The s e r i e s  and 
shunt FET gate w i d t h s  a r e  290 and 190 mm, r e s p e c t i v e l y .  Two o f  each o f  these 
FET's a r e  employed i n  each SPDT swi tch.  A l l  FET gates a r e  1 mm long .  A 
two-stage b u f f e r  ampl i f i e r  f o l  lows the phase s h i f t e r s  to  compensate for  t h e i r  
i n s e r t i o n  l oss ,  and a f i n a l  three-stage power a m p l i f i e r  p r o v i d e s  t h e  r e q u i r e d  
o u t p u t  power. The module r e p r e s e n t s  t h e  h i g h e s t  l e v e l  of component and func -  
t i o n  i n t e g r a t i o n  f o r  c i r c u i t s  o p e r a t i n g  near 20 GHz. The t o t a l  a c t i v e  d e v i c e  
count  i s  73 (FET's and d iodes ) ;  t h e  pass ive dev i ces  number a p p r o x i m a t e l y  75. 

F i g u r e  3 shows t h e  d i g i t a l - t o - a n a l o g  (D /A)  c o n v e r t e r  employed as t h e  
i n t e r f a c e  between t h e  t r a n s i s t o r - t r a n s i s t o r  l o g i c  i n p u t  s i g n a l s  and t h e  s w i t c h  
c o n t r o l  for  the  20-GHz phase s h i f t e r .  Exper imenta l  d a t a  for  f i v e  phase 
s h i f t e r  s t a t e s  a r e  p resen ted  i n  f i g u r e  4. The c i r c u i t  r e p r e s e n t s  t h e  f i rst 
m o n o l i t h i c  i n t e g r a t i o n  o f  d i g i t a l  f u n c t i o n s  w i t h  microwave c i r c u i t  f u n c t i o n s  
above t h e  X band ( r e f .  9). 

B. 20-GHz Variable-Power A m p l i f i e r  

Texas Ins t rumen ts  i s  deve lop ing ,  on NASA c o n t r a c t ,  a 20-GHz var iab le-power 
a m p l i f i e r  (VPA) f o r  power l e v e l  c o n t r o l  i n  a phased-array antenna feed  
( r e f .  10). The techno logy  goa ls  f o r  t h e  VPA a r e  g i v e n  i n  t a b l e  I, and t h e  
a m p l i f i e r  i s  shown i n  f i g u r e  5. 

The o b j e c t i v e  o f  t h e  VPA development i s  t o  p r o v i d e  an a m p l i f i e r  t h a t  i s  
e l e c t r o n i c a l l y  s w i t c h a b l e  to  any one of f i v e  o u t p u t  power l e v e l s :  500, 125, 
50, 12.5,  and 0 mW. The e f f i c i e n c y  v a r i e s  from 15 p e r c e n t  a t  500 mW t o  
6 p e r c e n t  a t  12.5 mW. The VPA c o n s i s t s  of a fou r -s tage ,  dual -gate FET amp l i -  
f i e r  and a D/A c o n v e r t e r  on a 3.05- by 6.45-mm GaAs c h i p .  The D / A  c o n v e r t e r  
c o n t r o l s  t h e  o u t p u t  power l e v e l  by p r o v i d i n g  t h e  r e q u i r e d  b i a s  v o l t a g e  t o  t h e  
second g a t e  o f  t h e  dual -gate FET i n  each stage. 
FET has severa l  advantages. The FET g a i n  can be changed o v e r  a l a r g e  dynamic 
range (20  to  40 dB). Over most o f  t h i s  range t h e  t r a n s m i s s i o n  phase s h i f t  i s  
l e s s  t h a n  5 percen t  and t h e  FET i n p u t / o u t p u t  impedances a r e  e s s e n t i a l l y  con- 
s t a n t ,  p r o v i d i n g  a gain-versus-frequency-response curve w i t h  a n e a r l y  c o n s t a n t  
shape ( f i g .  6) .  

Power c o n t r o l  w i t h  a dual -gate 

The VPA module employs f o u r  stages o f  a m p l i f i c a t i o n .  The i n i t i a l  
s i n g l e - g a t e  a m p l i f i e r  module has achieved an o u t p u t  power o f  630 mW w i t h  25-dB 
g a i n  and 21 pe rcen t  power-added e f f i c i e n c y .  The four-stage, dual -gate ampl i- 
f i e r  ( i n  f i g .  5) has demonstrated an o u t p u t  power o f  250 mW w i t h  15-dB g a i n .  
The c h i p  s i z e  i s  6.45 by 3.05 mm. The four  s tages of a m p l i f i c a t i o n  employ a 
t o t a l  g a t e  p e r i p h e r y  o f  2.7 mm. The f i n a l - s t a g e  power combines t h e  o u t p u t  o f  
1 1  F E T ' s  (0.5-mm gates)  w i t h  1.5 mm of ga te  p e r i p h e r y .  
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Both t h e  s ing le -  and dua l -ga te  a m p l i f i e r  v e r s i o n s  were  t h e  f i r s t  r e p o r t e d  
20-GHz a m p l i f i e r s  to m o n o l i t h i c a l l y  i n t e g r a t e  l a r g e - p e r i p h e r y  power FET's.  
T o t a l  g a t e  p e r i p h e r i e s  of  2.7 mm of 0.5-mm-gate F E T ' s  w e r e  used. 

Texas Inst ruments has now d e l i v e r e d  173 20 GHz v a r i a b l e  power a m p l i f i -  
e r s .  F i f t y  have been r i g o r o u s l y  t e s t e d .  
dynamic range i n  excess o f  20 dB, has been achieved o v e r  a 1 GHz bandwidth.  
Performance a t  the upper end o f  t h e  17.7 t o  20.0 GHz band i s  somewhat degra- 
ded. Gain c o n t r o l  was achieved p r i m a r i l y  by v a r y i n g  b i a s  on t h e  f i rst ga tes  
o f  t h e  f o u r  stage a m p l i f i e r  i n  l i e u  o f  t h e  second ga te  TTL c o n t r o l  which p ro -  
v i d e d  o n l y  marginal  dynamic c o n t r o l .  The c h a r a c t e r i z a t i o n  has i n d i c a t e d  good 
c h i p  t o  c h i p  r e p e a t a b i l i t y  b u t  a p p r e c i a b l e  wafer  t o  wafer v a r i a t i o n s .  
t e s t s  were performed u s i n g  a waveguide probe t e s t  f i x t u r e  developed by GE 
( f i g .  7)  and an HP-8510 au tomat i c  network a n a l y z e r .  Fu tu re  t e s t s  w i l l  i n c l u d e  
de-embedding procedures u t i l i z i n g  a r i d g e  gu ide  t e s t  f i x t u r e  and c h i p  l e v e l  
c a l i b r a t i o n  standards.  C u r r e n t  measured r e s u l t s  i n c l u d e  f i x t u r e  e f f e c t s  which 
account for  n e a r l y  3 dB o f  i n s e r t i o n  l o s s .  

Gain approaching 20 dB, w i t h  a 

A l l  

I n  a r e l a t e d  e f f o r t  a high-power, h i g h - e f f i c i e n c y  m o n o l i t h i c  power amp l i -  
f i e r  for  t h e  19- t o  21-GHz band i s  b e i n g  developed by Texas I n s t r u m e n t s  f o r  
o t h e r  advanced communications a p p l i c a t i o n s .  The o b j e c t i v e s  a re  20-percent 
e f f i c i e n c y  and 15-dB g a i n  w i t h  a power o u t p u t  o f  2.5 W a t  s a t u r a t i o n .  

Two approaches a re  b e i n g  cons ide red  t o  meet these o b j e c t i v e s ,  a 
The th ree -s tage  a m p l i f i e r  and a power-combined d i s t r i b u t e d  a m p l i f i e r .  

t h ree -s tage  a m p l i f i e r  ( f i g .  8) has achieved 2.5-W o u t p u t  power w i t h  18-dB g a i n  
and 16-percent e f f i c i e n c y  a t  18 GHz. The a m p l i f i e r ' s  t o t a l  ga te  p e r i p h e r y  o f  
9.6 mm o f  0.5-mm-gate FET's produced t h e  h i g h e s t  r e p o r t e d  o u t p u t  power from a 
s i n g l e  c h i p  (2  W ) .  The a m p l i f i e r  g a i n  was 12 dB w i t h  a 20-percent power-added 
e f f i c i e n c y .  

C. 30-GHz M o n o l i t h i c  Receiver  Module 

Several  groups have f a b r i c a t e d  and t e s t e d  GaAs m o n o l i t h i c  r e c e i v e r s  i n  
t h e  X band ( r e f .  11) and t h e  K band ( r e f .  12) .  However, f u l l y  m o n o l i t h i c  
r e c e i v e r s  w i t h  v a r i a b l e  phase s h i f t i n g  and g a i n  f u n c t i o n s  for  a p p l i c a t i o n  i n  
phased-array s a t e l l i t e  r e c e i v e r s  have n o t  been demonstrated. To ach ieve  t h i s  
o b j e c t i v e ,  an e f fo r t  has been under taken t o  i n t e g r a t e  a low-noise a m p l i f i e r ,  a 
v a r i a b l e  phase s h i f t e r ,  a m i x e r ,  and an i n te rmed ia te - f requency  ( I F )  a m p l i f i e r  
on a s i n g l e  GaAs MMIC c h i p  f o r  o p e r a t i o n  i n  t h e  27.5- t o  30-GHz band. 
technology goals for t h i s  30-GHz M M I C  r e c e i v e r  module a r e  shown i n  t a b l e  11. 

The 

Two approaches have been taken t o  ach ieve  t h e  d e s i r e d  performance. The 
f i r s t  approach has a phase s h i f t e r  and a v a r i a b l e - g a i n  c o n t r o l  a t  t h e  r e c e i v e r  
f requency.  The r e c e i v e r  module under t h i s  approach ( f i g .  9 ( a ) >  i s  b e i n g  deve l -  
oped a t  Honeywell Phys i ca l  Sciences Center  under NASA c o n t r a c t .  The second 
approach uses a lange c o u p l e r  and a p a i r  o f  GaAs Scho t t ky  d iodes  t o  form an 
analog phase s h i f t e r  t h a t  ope ra tes  a t  t h e  l o c a l  o s c i l l a t i o n  f requency  (23.5 t o  
26 GHz). The v a r i a b l e - g a i n  c o n t r o l  i s  achieved a t  t h e  i n te rmed ia te - f requency  
s tage.  T h i s  approach ( f i g .  9 ( b ) )  has been taken by  Hughes Torrance Research 
Center under NASA c o n t r a c t .  Wi th  t h e  f irst approach Honeywell has completed 
a l l  f o u r  sub-modules. A 30-GHz v a r i a b l e - p h a s e - s h i f t  MMIC submodule i s  r e p o r -  
t e d  i n  re fe rence  13 and a v a r i a b l e - g a i n - c o n t r o l  a m p l i f i e r  module i n  re fe rence  
14. 
o f  i n te rconnec ted  submodules. An i n t e r c o n n e c t e d  r e c e i v e  module, d e l i v e r e d  by 
Honeywell ,  i s  shown i n  f i g u r e  10. Gain c o n t r o l  d a t a  and phase c o n t r o l  d a t a  

Honeywell has d e l i v e r e d  t h r e e  r e c e i v e r s ,  each comprised o f  a complete s e t  
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a r e  shown i n  f i g u r e s  11 and 12 r e s p e c t i v e l y .  A maximum RF to  I F  g a i n  o f  12 dB 
has been achieved w i t h  a dynamic range o f  13 dB. 
band c e n t e r ,  was o b t a i n e d  o v e r  the  f i v e  g a i n  s e t t i n g s .  

A phase envelope o f  + lo"  a t  

A two-stage low-noise a m p l i f i e r  (LNA) wi th  14-d6 g a i n  and 7-dB n o i s e  f i g -  
u r e  has been demonstrated under t h e  second approach by  Hughes ( r e f .  15).  The 
low-noise a m p l i f i e r  i s  shown i n  f i g u r e  13. An I F  a m p l i f i e r  ( f i g .  141, a m i x e r  
( f i g .  151, and a phase s h i f t e r  module ( F i g .  16) have a l s o  been f a b r i c a t e d .  
The I F  amp1 i f i e r  has 13-dB g a i n  w i  t h  30-dB c o n t r o l  range. The m i x e r  and phase 
s h i f t e r  have convers ion  l o s s  and i n s e r t i o n  l o s s  o f  10.5 and 11.6 d6 
r e s p e c t i v e l y  ( r e f .  16). 

I V .  MONOLITHIC OPTICAL INTEGRATED CONTROL CIRCUITRY FOR GaAs MMIC's 

I t  i s  becoming apparent  t h a t  us ing c o n v e n t i o n a l  microwave t r a n s m i s s i o n  
l i n e  components for  s i g n a l  d i s t r i b u t i o n  i n  a phased a r r a y  r e s u l t s  i n  a complex 
s i g n a l  d i s t r i b u t i o n  system. Furthermore u s i n g  a waveguide for  m i l l ime te r -wave  
f r e q u e n c i e s  adds we igh t  and b u l k .  

F i b e r  o p t i c  technology may p rov ide  an answer t o  t h e  M M I C  phased-array s i g -  
n a l  d i s t r i b u t i o n  problem ( r e f .  17).  O p t i c a l  f i b e r  can be used t o  t r a n s m i t  
b o t h  analog and d i g i t a l  s i g n a l s .  I t  has o t h e r  advantages - smal l  s i z e ,  l i g h t  
we igh t ,  f l e x i b i l i t y ,  and l a r g e  bandwidth. O p t i c a l  wavelength d i v i s i o n  m u l t i -  
p l e x i n g ,  which a l l o w s  d i s t r i b u t i o n  o f  d i v e r s e  s i g n a l s  s imu l taneous ly  on a s i n -  
g l e  f i b e r ,  w i l l  f u r t h e r  reduce s i g n a l  d i s t r i b u t i o n  comp lex i t y .  S ince s h o r t  
l i n k s  a r e  i n v o l v e d  i n  t h e  phased-array s i g n a l  d i s t r i b u t i o n  network,  t h e  shor- 
t e r  850- t o  900-nm wavelength w i l l  s u f f i c e .  A l so ,  GaAs-based o p t o e l e c t r o n i c  
dev ices,  r e q u i r e d  to  p r o v i d e  t h e  i n t e r f a c e  between t h e  o p t i c a l  f i b e r  and t h e  
GaAs MMIC's, ope ra te  i n  t h i s  r e g i o n .  The o p t i c a l  e l e c t r o n i c  i n t e g r a t e d  c i r -  
c u i t s  (OEIC)  r e q u i r e d  t o  i n t e r f a c e  w i t h  GaAs MMIC's have n o t  y e t  been i n t e -  
g r a t e d  on a s i n g l e  c h i p .  
p a t i b l e  f a b r i c a t i o n  techniques.  

T h e i r  f e a s i b i l i t y  depends on t h e  development o f  com- 

I n  an a c t i v e ,  s o l i d - s t a t e  phased a r r a y  based on a f i b e r  o p t i c  network an 
o p t i c a l  f i b e r  from the  c e n t r a l  process ing u n i t  w i l l  be connected t o  t h e  M M I C  
module for  t h e  phase and g a i n  c o n t r o l  f u n c t i o n s .  The RF i n p u t  or I F  o u t p u t  t o  
t h e  M M I C ' s  w i l l  be connected to  t h e  baseband processor  by an o p t i c a l  f i b e r  i f  
f e a s i b l e .  
Implement ing these o p t i c a l  f i b e r  l i n k s  for  an MMIC phased-array s i g n a l  d i s t r i -  
b u t i o n  network w i l l  r e q u i r e  i n t e g r a t e d  o p t i c a l  t r a n s m i t t e r s  and r e c e i v e r s  on 
GaAs s u b s t r a t e s .  As an example an MMIC t r a n s m i t t e r  module w i t h  o p t i c a l  i n t e -  
g r a t e d  f e e d  c i r c u i t r y  i s  shown i n  conceptual  d iagram ( f i g .  17). I n t e r f a c e s  
for phase and amp l i t ude  c o n t r o l  of a t r a n s m i t t e r  module r e q u i r e  t r a n s m i s s i o n  
o f  t h e  d i g i t a l  s i g n a l  by o p t i c a l  f i b e r .  The i n p u t  s i g n a l  to  t h e  t r a n s m i t t e r  
module w i l l  r e q u i r e  RF o p t i c a l  l i n k s .  Design and component c o n s i d e r a t i o n s  f o r  
these connect ions a r e  desc r ibed  here.  

I t  may be p o s s i b l e  t o  combine t h e  two l i n k s  on a s i n g l e  f i b e r .  

O p t i c a l  i n t e n s i t y  modu la t i on  techniques, e i t h e r  d i r e c t  or i n d i r e c t  depend- 
i n g  on t h e  f requency l i m i t a t i o n  of the v a r i o u s  o p t i c a l  components, can be used 
for d i s t r i b u t i n g  t h e  RF s i g n a l  t o  the  MMIC.  The major  c o n s i d e r a t i o n s  i n  u s i n g  
o p t i c a l  f i b e r  for  d i s t r i b u t i n g  t h e  RF s i g n a l  a r e  i n s e r t i o n  l o s s ,  s t a b i l i t y ,  
dynamic range, and s igna l - to -no ise  r a t i o .  The major  advantage i s  t h a t  a s i n -  
g l e  f i b e r  can c a r r y  m u l t i p l e  s i g n a l s .  

D i r e c t  l a s e r  modu la t i on  t o  30 GHz ( u s i n g  a GaAsIAlGaAs semiconductor 
l a s e r )  has been demonstrated ( r e f .  18). 
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A t r a v e l i n g  wave-modulator w i t h  bandwidth i n  excess of 20 GHz on a GaAs 
s u b s t r a t e  o p e r a t i n g  a t  1.3 microns wavelength has been demonstrated by Wang 
e t  a l .  ( r e f .  19). 

Phase and ampl i tude c o n t r o l  o f  GaAs MMIC's can be achieved v i a  a s i n g l e  
f i b e r  from t h e  a r r a y  processor  r a t h e r  than t h e  seve ra l  e l e c t r i c a l  connect ions 
needed c u r r e n t l y .  
s e r i e s  and by u t i l i z i n g  a p h o t o r e c e i v e r  and d e m u l t i p l e x e r  changed t o  t h e  
d e s i r e d  p a r a l l e l  s i g n a l s .  The NASA Lewis Research Center  has taken t h e  i n i t i a -  
t i v e  i n  develop ing an i n t e g r a t e d  p h o t o r e c e i v e r  on a GaAs s u b s t r a t e  t h a t  w i l l  
demonstrate t h e  c o n t r o l  o f  t h e  phase and g a i n  f u n c t i o n s  of a MMIC.  A GaAs pho- 
t o r e c e i v e r  c i r c u i t  o p e r a t i n g  up t o  2 G b i t s / s e c  and a l s o  employ ing a 1:16 demul- 
t i p l e x  c h i p  on a GaAs s u b s t r a t e  t e s t e d  w i t h  a c l o c k  speed up t o  2.7 GHz has 
been demonstrated. F u l l  m o n o l i t h i c  i n t e g r a t i o n  has been i n i t i a t e d .  When t h e  
b a s i c  o p t i c a l  devices and c i r c u i t s  technology r e q u i r e d  t o  c o n t r o l  GaAs MMICs 
up to  20 GHz becomes a v a i l a b l e ,  an o p t i c a l l y  c o n t r o l l e d  GaAs MMIC phased a r r a y  
antenna w i l l  be eva lua ted .  

The c o n t r o l  s i g n a l s  can be b rough t  t o  t h e  M M I C  c h i p  i n  

V.  MONOLITHIC GaAs I F  SWITCH M A T R I X  

An I F  sw i t ch  m a t r i x  for  onboard s a t e l l i t e  s i g n a l  p r o c e s s i n g  i s  b e i n g  
designed, f a b r i c a t e d  on a s i n g l e  GaAs c h i p ,  and eva lua ted  by Microwave 
M o n o l i t h i c s ,  I nc . ,  f o r  NASA. FET swi tches a re  used f o r  s i g n a l  s t e e r i n g .  FET 
b u f f e r  a m p l i f i e r s  p r o v i d e  an o v e r a l l  i n s e r t i o n  loss o f  z e r o  dB, a l l o w i n g  
two-dimensional  cascading t o  form v e r y  l a r g e  a r r a y s  (up t o  100 by  1001, a l s o  
w i t h  0-dB i n s e r t i o n  l o s s .  S w i t c h i n g  i s  o b t a i n e d  by a p r o p r i e t a r y  c r o s s p o i n t  
element des ign  technique.  

A m o n o l i t h i c  GaAs I F  s w i t c h  a r r a y  (100 by 100) w i l l  weigh o n l y  17 l b  i n  

A d d i t i o n a l  b e n e f i t s  o f  60-dB i s o l a -  
200 i n . 3 .  
i n  app rox ima te l y  12 000 i n . 3  o f  volume. 
t i o n  between i n p u t  and o u t p u t  lenses and h i g h e r  r e l i a b i l i t y  a r e  a l s o  
a n t i c i p a t e d .  

For comparison, a h y b r i d  c r o s s p o i n t  s w i t c h  m a t r i x  w i l l  weigh 500 l b  

V I .  GaAs SERIAL-PARALLEL INTERFACE MODULE 

Because o f  an a n t i c i p a t e d  growth i n  t h e  volume o f  communications, onboard 
d a t a  p rocess ing  i s  a key area o f  development for  advanced communications sys- 
t e m s .  High-speed, low-power, p a r a l l e l - t o - s e r i a l  ( P I S )  and s e r i a l - t o - p a r a l l e l  
( S i p )  conve r te rs  a r e  b e i n g  developed on a GaAs s u b s t r a t e  i n  o r d e r  t o  i n t e r f a c e  
onboard high-speed processors t o  l a r g e  volumes o f  onboard s o l i d - s t a t e  memory. 
G a l l i u m  arsenide c o n v e r t e r s  - 1-16, 1-32, and 1-64 S I P  and 16-1, 32-1, and 
64-1 P / S  - a r e  under development. To da te ,  1 6 : l  m u l t i p l e x e r s  and 1:16 d e m u l t i -  
p l e x e r s  w i t h  enhancement/depletion-mode, d i r e c t - c o u p l e d  MESFET l o g i c  have been 
f a b r i c a t e d  by Honeywel l 's  P h y s i c a l  Science Cen te r .  
and 1:16 were designed, each w i t h  TTL-compatible i n p u t  and o u t p u t  p o r t s .  One 
des ign  of t h e  1 6 : l  and 1:16 opera ted  a t  200 MHz w i t h  25 t o  30 mW pe r  c h i p .  A 
f a s t e r  des ign  operated a t  450 MHz w i t h  50 mW pe r  c h i p .  

Two v e r s i o n s  o f  t h e  1 6 : l  

I n  these  modules low power was o b t a i n e d  by  m u l t i p l e x i n g  or d e m u l t i p l e x i n g  
i n  two separate stages. 
low-speed 4 : l  m u l t i p l e x e r s  a re  f e d  i n t o  a s i n g l e  high-speed 4 : l  m u l t i p l e x e r .  
Simply,  t h e  1:16 i s  implemented as a high-speed 1:4 d e m u l t i p l e x  o p e r a t i o n  and 
f o u r  low-speed 1:4 d e m u l t i p l e x  o p e r a t i o n s .  

For t h e  16 : l  m u l t i p l e x e r  t h e  o u t p u t s  of fou r  

Thus o n l y  f o u r  r e g i s t e r s  a r e  



required to clock at the maximum data rate. 
ule characteristics will greatly reduce the power required for this function 
from that required with currently available electronic couple logic technology. 

These S I P  and P/S interface mod- 

VII. CONCLUDING REMARKS 

Developments in gallium arsenide (GaAs) monolithic microwave integrated 
circuit (MMIC) technology presented in this paper have shown that high levels 
of device and component integration are feasible up t o  30 GHz. 
ments have also demonstrated integration of substantial power capability and 
integration of digital and microwave functions. 

These develop- 

It is not overly optimistic t o  extrapolate the ultimate capabilities of 
this technology to higher frequencies, perhaps to 100 GHz. Passive components 
tend t o  become smaller with increasing frequency. At 30 GHz they are not even 
close t o  the limits of available microfabrication techniques. Active compo- 
nents presently limit the frequency range of MMIC's, but GaAs field-effect 
transistor (FET) operation has already been demonstrated at 70 GHz. Recently, 
for 0.25 pm InGaAs pseudomorphic HEMT, power efficiency of 28 percent and gain 
of 5.7 at 60 GHz has been achieved (ref. 20). 
technologies like high-electron-mobility transistors promise to substantially 
extend the frequency range available with MMIC's. NASA Lewis Research Center 
is taking an initiative t o  develop 30 t o  7 0  GHz MMIC transmitter technology 
using InGaAs pseudomorphic HEMT. 
ally enable the manufacture of very low-cost millimeter-wavelength components. 
Potential applications in consumer, industrial, and military products could 
constitute an enormous market for these components. 

MMIC-compatible active device 

It is clear that MMIC technology will eventu- 

An important concept t o  focus longer term technology developments in sat- 
ellite communications is global interconnectivity through hierarchical switch- 
ing satellite networks (ref. 20). Key system technologies will include multi- 
beam antennas, switching and processing, low-cost user terminals, and laser 
intersatellite links. All of these technologies except laser intersatellite 
links may be substantially affected by incorporation of MMIC components. Cur- 
rent developments in the NASA MMIC program are in the feasibility demonstra- 
tion stage, where the circuit yield is expected t o  be small and unpredictable 
and where there are substantial chip-to-chip variations in the device perform- 
ance parameters. Emphasis will shift t o  maturing these devices to the point 
where the technology could support proof-of-concept system or subsystem devel- 
opments (ref. 2 1 ) .  It is hoped that the MMIC program funded by the Department 
of Defense will stimulate development of MMIC fabrication capability in the 
United States and greatly reduce the NASA investment necessary t o  develop 
MMIC-based satellite communications components. 
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TABLE I. - TECHNOLOGY GOALS FOR M M I C  COMPONENTS 

RF band, GHz 
RF power output,  W 
Gain, dB 
Phase b i t s ,  deg 
Phase con t ro l  
Amp1 i tude con t ro l  
E f f i c i ency ,  percent 
Mechanical , design 
Chip s ize ,  mm 

Var iab le  phase s h i f t e r  Constant-gai n 
ampl i f i e r  

17.7 t o  20.2 

16 
200 by 

Var i  ab1 e-power 
ampl i f  i e r  

I 

17.7 t o  20.2 
0 t o  0.5 ( v a r i a b l e )  ' 

20 max. ( v a r i a b l e )  

Four-bi t d i  g i  t a l  i npu t  
15/6* 

Monol i t h i c  
3.05 by 6.45 

a15 percent a t  maximum gain. The a m p l i f i e r  was designed t o  p rov ide  minimal e f f i c i e n c y  
degradation a t  1 ower ga in  1 eve1 s. 
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TABLE 11. - TECHNOLOGY GOALS FOR 30-Ghz RECEIVER 
~ 

RF band, GHz. . . . . . . . . . . . . . .  
Noise f i g u r e  a t  room temperature, dB . . 
RF/IF gain, dB . . . . . . . . . . . . . .  
Gain con t ro l ,  dB . . . . . . . .  A t  l e a s t  
Module power consumpti on, mW 

I n  o f f  s t a t e  . . . . . . . . . . . . . . .  

I F  center frequency, GHz . . . . . . . . .  

I n  a l l  states except o f f  . . . . . . . . .  
Phase and gain con t ro l  . . . . . . . . . .  
Mechanical design . . . . . . . . . . . .  
Chip s ize ,  m . . . . . . . . . . . . . .  

. . . . . . . . . . . . . .  2 7 . 5 t o 3 0  . . . . . . . . . . . . . . . .  4 t o 8  . . . . . . . . . . . . .  5 (7 f o r  LNA) . . 30 a t  h ighes t  l e v e l  o f  ga in  con t ro l  
s i x  l e v e l s  (30, 27, 24, 20, 17, and o f f )  

. . . . . . . . . . . . . . . . . .  250 . . . . . . . . . . . . . . . . . .  25 

. . . . . . . . . . . . . .  Mono1 i t h i  c 

. . .  Five- and f o u r - b i t  d i g i t a l  i n p u t  

. . . . . . . . . . . . . . . .  1 2 b y 7  

TABLE 111. - TECHNOLOGY GOALS FOR GaAs OPTICAL INTEGRATED C I R C U I T  

Opt ica l  inpu t  . . . . . . . . . . . .  1-Gbps o p t i c a l  s igna l  on multimode f i b e r  
(50-pn core diameter) 

E l e c t r i c a l  i npu t  
For op t i ca l  rece iver  . . . . . . . . . . . . . . . . . . . . . . . . .  +5 V dc 
For voltage i n t e r f a c e  c i r c u i t s  . . . . . . . . . . . . . . . . . . .  

Timing input . . . . . . . . . . . . . . . . .  1-V minimum pulse ampli tude a t  

Receiver perfonnance . . . . . . . . .  S e n s i t i v i t y  h ighe r  than -30 dB w i t h  b i t  

For receiver and cont ro l  l o g i c  . . . . . . . . . . . . . . . . . . . .  <50 mW 
For output d r i ve rs  t o  i n t e r f a c e  TTL . . . . . . . . . . . . . . .  30 mW/bit 

Output t o  con t ro l  M M I C  phase s h i f t e r  . . . . . . .  16-bi t  p a r a l l e l  data stream 

+5 V dc 

100-MHz r e p e t i t i o n  r a t e  

e r r o r  r a t e  l e s s  than 
Power consumption 

l o g i c  l e v e l s  f o r  M M I C  modules 

and MMIC gain TTL compatible and 
f o r  c i r c u i t s  clocked a t  50 MHz 
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FIGURE 1. - LEVEL OF MONOLITHIC INTEGRATION OF 
MICROWAVE DEVICES AND PASSIVE COMPONENTS ON 
GaAs SUBSTRATE. 

BASEBAND 
PROCESSOR 

SCANNING 
BEAMS (2) 

ORDERWIRE 

FIGURE 2. - COMUNICATIONS PAYLOAD FOR EXPERIMENTAL FLIGHT SYSTEM BASED ON PHASED-ARRAY ANTENNA AND BASEBAND PROCESSING TECHNOLOGY, 

FIGURE 3.  - 20-GHz WNOLITHIC PHASE SHIFTER MODULE (4.8X6.4X0.127 
rn). 
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B I T ,  

BAND CENTER 

17.5 18.0 18.5 19.0 19.5 20.0 20.5 
FREQUENCY, GHz 

FIGURE 4. - PHASE SHIFT VERSUS FREQUENCY FCR F I V E  PHASE 
SHIFTER STATES FOR 20-GHZ VARIABLE-PHASE-SHIFTER 
MODULE. 

FIGURE 5. - M I C  CHIP FOR 20-GHz VARIABLE-POWER N P L I F I E R .  
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FIGURE 6. - MEASURED GAIN VERSUS FREQUENCY RESPONSE 
OF VARIABLE-POWER W L I F I E R .  RF INPUT: 0 dBn. 
DRAIN VOLTAGE: 5.5 V. DRAIN CURRENT: 300 HA. 
F I R S T  GATE VOLTAGE: 0.73 V. SECOND GAIN VOLTAGE 

FIGURE 7. - 20-GHz TEST FIXTURE FOR CHARACTERIZING PACKAGED 
MMICs. THE TRANSITION TO MICROSTRIP IS ACCOMPLISHED USING 
E-PLANE WAMGUID PROBES. 

FIGURE 7. - 20-GHz TEST FIXTURE FOR CHARACTERIZING PACKAGED 
MMICs. THE TRANSITION TO MICROSTRIP IS ACCOMPLISHED USING 
E-PLANE WAMGUID PROBES. 

(VG2) IS VARIED AS SHOW. 

FIGURE 6. - DUAL-STAGE AMPLIFIER. 

~~ ~ 
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(B)  HUGHES APPROACH. 

FIGURE 9. - BLOCK DIAGRAMS OF FULLY INTEGRATED 30-GHz RECEIVER 
MMlC CONCEPTS. 
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C-87-5086 

FIGURE 10. - 30-GHz INTERCONNECTED RECEIVE MODULE CONSISTING OF THE LOW- 
NOISE AMPLIFIER, GAIN CONTROL AMPLIFIER, AND PHASE SHIFTER SUBMODULE. 
SHOWN ARE THE THREE CHIPS, F I N L I N E  TRANSISIONS, OFF CHIP B I A S  FILTERS, 
AND WR-Z8 WAVEGUIDE HOUSING. 
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GHz 

FIGURE 11. - F I V E  GAIN STATES OF THE INTERCONNECTED 
RECEIVE MODULE AT ZERO PHASE SHIFT.  B I A S  ON THE 
SECOND GATE OF EACH STAGE WAS VARIED DISCREETLY 
FROM 0 TO -0.75 V. 

27.5 28.0 28.5 29.0 29.5 30.0 
GHr 

FIGURE 12. - DIFFERENTIAL INSERTION PHASE FOR 16 PHASE 
STATES OF THE INTERCONNECTED RECEIVE MODULE AT MAXI- 
MUM GAIN. 
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FIGURE 13.  - 27.5- TO 30-GHZ MONOLITHIC LOW-NOISE AMPLIFIER 
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FIGURE 1'4. - 2- 10 6 - 6 H ~  INTERMEDIATE-FREQUCNCY AMPLIFIER. 
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FIGURE 16. - 23.5-GHz PHASE SHIFTER. 
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FIGURE 17. - BLOCK CIRCUIT DIAGRAM OF OPTICAL/MMIC INTtRFACE. 
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