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OPTICALLY CONTROLLED MICROWAVE DEVICES AND CIRCUITS: 

EMERGING APPLICATIONS I N  SPACE COMMUNICATIONS SYSTEMS 

Kul 6 .  Bhasin and Rainee N. Simons" 
Nat ional  Aeronautics and Space Admin is t ra t ion  

Lewis Research Center 
Cleveland, Ohio 44135 

SUMMARY 

O p t i c a l l y  c o n t r o l l e d  microwave devices and c i r c u i t s ,  e i t h e r  d i r e c t l y  i l l u -  
minated o r  i n t e r f a c e d  by an o p t i c a l  f i b e r ,  have the  p o t e n t i a l  t o  s i m p l i f y  
s igna l  d i s t r i b u t i o n  ne.tworks i n  high frequency space communications systems. 
I n  t h i s  paper the  o p t i c a l  response o f  GaAs/GaAlAs HEMT and GaAs MESFET micro- 
wave devices i s  presented when d i r e c t l y  i l l u m i n a t e d  by an o p t i c a l  beam. Mono- 
l i t h i c  i n t e g r a t i o n  o f  o p t i c a l  and microwave func t ions  on a s i n g l e  g a l l i u m  
arsenide subs t ra te  i s  considered t o  p rov ide  low power, low loss  and r e l i a b l e  

w d i g i t a l  and analog o p t i c a l  l i n k s  f o r  c o n t r o l  and s igna l  d i s t r i b u t i o n .  The use 
o f  o p t i c a l l y  c o n t r o l l e d  microwave devices as photodetectors,  t o  p rov ide  ga in  
c o n t r o l  o f  an a m p l i f i e r ,  and t o  i n j e c t i o n  l ock  an o s c i l l a t o r  i n  phased a r r a y  
antenna app l i ca t i ons  i s  shown. 
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INTRODUCTION 

As t h e  operat ing frequency and speed o f  s o l i d  s t a t e  devices and c i r c u i t s  
increase, t h e i r  app l i ca t i ons  i n  advanced space communications systems w i l l  
r e q u i r e  i nnova t i ve  so lu t i ons  t o  con t ro l  and in te rconnect  these devices and 
c i r c u i t s .  A t  microwave and m i l l i m e t e r  wave frequencies,  t h e  c u r r e n t l y  a v a i l -  
ab le  t ransmiss ion media (such as coaxia l  cables and waveguides) f o r  systems 
in te rconnec t ion  i s  bu lky  and i n f l e x i b l e .  Op t i ca l  f i b e r  has been suggested by 
severa l  authors ( r e f s .  1 and 2) as a v i a b l e  a l t e r n a t i v e ,  p r o v i d i n g  l i g h t  
weight,  low loss,  small s i z e ,  broad bandwidth and e x c e l l e n t  i s o l a t i o n  charac- 
t e r i s t i c  t ransmiss ion media. Such f i b e r - o p t i c  l i n k s  r e q u i r e  t h e  use o f  h igh  
frequency lasers  and wide bandwidth photodiodes. Lasers and photodiodes can 
be i n teg ra ted  w i t h  o the r  microwave devices on GaAs subst rates t o  achieve smal l  
s ize .  
v ide  an in te rconnect  v i a  o p t i c a l  waveguide coupl ing as shown i n  f i g u r e  1. 
a d i r e c t  o p t i c a l  c o n t r o l  o f  microwave devices, demonstrated by De Sa l l es  
( r e f .  3 ) ,  has the  p o t e n t i a l  t o  provide ga in  con t ro l ,  photodetect ion and i n j e c -  
t i o n  l ock ing  func t ions .  I n  these experiments, a GaAs MESFET s t r u c t u r e  was 
used and optimum e f f i c i e n c y  f o r  coupl ing o p t i c a l  energy could n o t  be achieved. 
Recent developments i n  he teros t ruc tures  w i l l  a l l o w  researchers t o  change t h e  
composi t ion and th ickness of various a c t i v e  l aye rs  i n  microwave dev ice s t r u c -  
t u r e s  f o r  the  op t im iza t i on  of o p t i c a l  and microwave func t ions  i n  a s i n g l e  
device.  I n  t h i s  paper, t h e  phys ica l  bas is  f o r  t he  opera t ion  o f  an o p t i c a l l y  
c o n t r o l l e d  microwave device ' i s  discussed. The e f f e c t  o f  o p t  c a l  i l l u m i n a t i o n  
on t h e  dc and microwave c h a r a c t e r i s t i c s  o f  a GaAs MESFET and HEMT and t h e  
a p p l i c a t i o n  o f  an o p t i c a l l y  con t ro l l ed  microwave device as a photodetector ,  t o  
c o n t r o l  ga in  o f  an a m p l i f i e r  and i n j e c t i o n  l o c k i n g  o f  an osc l l a t o r  a re  
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Op t i ca l  f i b e r  a l so  can be used t o  d i r e c t l y  i l l u m i n a t e  a dev ice o r  p ro-  
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reviewed. 
subs t ra te  f o r  c i r c u i t  app l i ca t i ons  are  a l s o  discussed. 

The i n t e g r a t i o n  o f  microwave and o p t i c a l  f unc t i ons  on a s i n g l e  GaAs 

PHYSICAL MECHANISM 

Fundamentally, t h e  o p t i c a l  response o f  a microwave dev ice s t r u c t u r e  i s  
based on photoconductive and pho tovo l ta i c  e f f e c t s ;  t h e  r e l a t i v e  c o n t r i b u t i o n  
depends on t h e  device and experimental parameters. 
i l l um ina ted ,  o p t i c a l  absorpt ion takes p lace i n  t h e  dev ice subs t ra te  ma te r ia l ,  
t he  a c t i v e  l aye r ,  and the  Shot tky and ohmic contac t  ma te r ia l s ,  thereby increas-  
i n g  t h e  f r e e  c a r r i e r  dens i ty  o f  t he  device due t o  a photoconduction e f f e c t .  
Th is  i s  shown i n  f i g u r e  2 .  When p o t e n t i a l  b ias  between source and d r a i n  i s  
appl ied,  a photoconductive cu r ren t  f lows.  

When a microwave dev ice i s  

Photovo l ta ic  e f f e c t  con t r i bu t i ons  t o  t h e  o p t i c a l  response come from t h e  
p o t e n t i a l  b a r r i e r s  created due t o  gate and i n t r i n s i c  l a y e r  i n t e r f a c e ,  t h e  
b u f f e r  l a y e r  and subst rate i n te r face ,  and i n t r i n s i c  l a y e r  doping dens i t y  
v a r i a t i o n s .  As the app l i ed  gate b ias  con t ro l s  the  e f f e c t i v e  i n t r i n s i c  l a y e r  
th ickness,  t h e  o p t i c a l  i l l u m i n a t i o n  modulates the  FET i n t r i n s i c  l a y e r  i n  a 
s i m i l a r  manner. The f r e e  c a r r i e r s  generated by i l l u m i n a t i o n  a r e  c o l l e c t e d  i n  
the  h igh  e l e c t r i c  f i e l d  o f  a space - charge reg ion  ( r e f s .  4 and 5 ) .  

DC C H A R A C T E R I S l I C S  

A s  discussed e a r l i e r ,  e lec t rons  and holes are  generated when the  energy 
o f  t he  i n c i d e n t  photons i s  g rea te r  than o r  equal t o  the  forb idden gap band- 
w id th  o f  a semiconductor device.  When d r a i n  vo l tage i s  app l ied ,  t h e  excess 
e lec t rons  and holes a f f e c t s  the  transconductance c h a r a c t e r i s t i c s  o f  t h e  device.  
Photoconductive e f fec ts  and pho tovo l ta i c  e f f e c t s  both have been considered t o  
c o n t r i b u t e  t o  these changes. 
f o r  t he  reverse-biased source gate j u n c t i o n  f o r  a GaAs MESFLT and HEM7 a re  
shown. No b ias  i s  app l ied  t o  the  d ra in .  The measurements were made by i l l u m -  
i n a t i n g  a low noise AlGaAs/GaAs HEMT (0.5 pm gate length)  and a low no ise  GaAs 
MESFET (0.3 pm gate length)  by an AlGaAs/GaAs Laser diode w i t h - a  50 pm m u l t i -  
mode grade index o p t i c a l  f i b e r  p i g t a i l  a t  a wavelength o f  0.83 pm. The photo- 
v o l t a i c  e f f e c t  i s  c l e a r l y  i l l u s t r a t e d  when the  curves (IG VS VGS) obta ined 
under i l l u m i n a t i o n  a r e  ex t rapo la ted  u n t i l  t h e  i n t e r s e c t i o n  o f  t h e  x-axis.  The 
l i g h t  generated vol tage ( V l i t )  obtained a t  the  zero gate cu r ren t  i s  t h e  same 
as i f  a forward bias between source and gate was app l ied .  The generated 
vol tages ( V l i t ) ,  from f i g u r e  2 ,  f o r  a AlGaAs/GaAs HEMT and a GaAs MESFk1 a re  
0.57 and 0 . 2 4  V ,  respec t ive ly .  
t h e  h igher  increase i n  ho le concentrat ion main ly  due the  absorp t ion  t h i c k -  
ness d. ( s e e  eq. (1 )  i n  r e f .  6 ) .  

I n  f i g u r e  3 the  cur ren t -vo l tage c h a r a c t e r i s t i c  

The highe’r V l i t  f o r  t h e  HEM1 i s  a t t r i b u t e d  t o  

The measured d r a i n  t o  source cu r ren t  ( I d s )  as a f u n c t i o n  o f  t h e  d r a i n  
t o  source vo l tage (VDS) w i t h  and w i thou t  o p t i c a l  i l l u m i n a t i o n ,  f o r  an HEMT 
and a GaAs MESFET a re  shown i n  f i g u r e  4 .  The measured ga in  w i t h  and w i t h -  
ou t  o p t i c a l  i l l u m i n a t i o n  as a f u n c t i o n  of Vgs f o r  an AlGaAs/GaAs HEMT and 
a GaAs MESFET are shown i n  f i g u r e  5. The ga in  increased by 2 . 5  dB a t  VgS 
= -0.95 V a t  a frequency equal t o  2 6 . 5  GHz when the  HEM1 was i l l u m i n a t e d  
by 1.7 mW/cm2 o f  o p t i c a l  power. 
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MICROWAVE CHARACTERISTICS 

For GaAs MESFETS ( re f s .  3 ,  8, and 9)  and HEMTS ( r e f .  7 )  i t  has been con- 
s i s t e n t l y  demonstrated t h a t  l i g h t  has an extremely smal l  e f f e c t  o f  S21, S12 
and S22 parameters. It has a s i g n i f i c a n t  e f f e c t  on t h e  Si1 parameter. Th is  
case i s  i l l u s t r a t e d  f o r  t h e  HEMT i n  f i g u r e  6. 
S-parameters, t h e  decrease i n  t h e  gate, as w e l l  as t h e  d r a i n  capacitances, 
along w i t h  t h e  decrease i n  t h e  gate t o  d r a i n  feedback capacitance, under 
o p t i c a l  i l l u m i n a t i o n ,  a re  observed. Gate charg ing res is tance,  R1,  and t h e  
channel res is tance,  Ro, both decreased w i th  o p t i c a l  i l l u m i n a t i o n .  These 
r e s u l t s  w i l l  a l l o w  an est imate o f  t h e  performance o f  o p t i c a l l y  c o n t r o l l e d  
MESFET and HEMT based a m p l i f i e r s  and o s c i l l a t o r s .  

From de-embedded dev ice  

MONOLITHIC INTEGRATION O f  MICROWAVE AND OPTICAL FUNCTIONS 

I n  the  pas t  severa l  years, GaAs subst rates have prov ided t h e  bas is  f o r  t h e  
development o f  mono l i t h i c  microwave in teg ra ted  c i r c u i t  technology. 
m i c r o s t r i p  l i n e s  can be fab r i ca ted  on t h i s  semi - insu la t ing  subst rate.  The h igh  
e l e c t r o n  s a t u r a t i o n  v e l o c i t y  provides t h e  essen t ia l  microwave dev ice tech- 
nology. 
r i c a t e d  on a GaAs subst rates w i th  convenient c o n t r o l  o f  t h e  composi t ion and 
th ickness o f  GaAlAs layers .  
energy band-gap and index o f  re f rac t ions .  The f e a s i b i l i t y  o f  f a b r i c a t i n g  a 
microwave and an o p t i c a l  i n teg ra ted  c i r c u i t  on t h e  same subst rate prov ides an 
oppor tun i t y  f o r  mono l i t h i c  i n t e g r a t i o n  o f  both o p t i c a l  and microwave func t i ons  
f o r  advanced c i r c u i t  a p p l i c a t i o n s  ( r e f .  10). 
o p t i c a l l y  c o n t r o l l e d  phased a r ray  antenna app l i ca t i ons  i n  space comunica-  
t i o n s  t o  p rov ide  low weight and reduced complex i ty  systems. As shown i n  f i g -  
u re  7, t h e  o p t i c a l  f i b e r  can be coupled through an a l i g n e r  t o  an i n t e g r a t e d  
photodetector  on a GaAs mono l i t h i c  microwave in teg ra ted  c i r c u i t  ( M M I C ) .  It i s  
shown here t h a t  o p t i c a l l y  con t ro l l ed  microwave dev ice s t ruc tu res  ( i n t e r d i g i -  
t a t e d  photodetector)  can demodulate an RF s igna l  c a r r i e d  v i a  an o p t i c a l  s i g -  
na l .  It can a l s o  de tec t  and ampl i fy  a g i g a b i t  d i g i t a l  s igna l  t o  c o n t r o l  phase 
s h i f t e r  and a m p l i f i e r  ga in  funct ions i n  an M M I C  t r a n s m i t  module. An o p t i c a l  
i n teg ra ted  c i r c u i t  which w i l l  con t ro l  t h e  phase s h i f t i n g  and a m p l i f i e r  ga in  
f u n c t i o n  of an M M I C  t ransmi t  module i s  being f a b r i c a t e d  by Honeywell I nc .  f o r  
t he  NASA Lewis Research Center ( r e f .  11). 

Low loss  

A t  t h e  same t ime o p t i c a l  waveguides, l ase rs  and de tec tors  can be fab- 

Such v a r i a t i o n  i s  d e s i r a b l e  f o r  a l t e r i n g  t h e  

This  q u a l i t y  i s  a t t r a c t i v e  f o r  

APPLICAlION OF OP’ I ICALLY CON’IROLLED MICROWAVE DEVICES 

As A Photodetector 

The i n i t i a l  observat ions o f  Baack, e t  a l .  ( r e f .  12) t h a t  GaAs MESFET 
devices are  s e n s i t i v e  t o  a 0.82 pm wavelength, was fo l lowed by ser ious i nves t -  
i g a t i o n  o f  o the r  researchers t o  determine t h e  a p p l i c a t i o n  o f  a GaAs MESFET as 
a wide-band photodector.  

Gammel, e t  a l .  ( r e f .  13) fabr ica ted  i n t e r d i g i t a t e d  photoconductors t o  
enhance l i g h t  coup l ing  and a l s o  t o  p rov ide  a s t r u c t u r e  f o r  mono l i t h i c  i n t e -  
g r a t i o n  of such de tec tors  w i t h  other  GaAs MESFET devices. 
t e d  an o p t i c a l  waveguide s t r u c t u r e  t o  o p t i c a l l y  c o n t r o l  t h e  ‘GaAs MESFET. 

They a l s o  i n teg ra -  



S i m i l a r l y ,  t h e  HEMT s t r u c t u r e  has been r e c e n t l y  i nves t i ga ted  as a photo con- 
duc to r  ( r e f .  14).  A h igher  l e v e l  of o p t i c a l  ga in  i s  observed due t o  a l a y e r  
absorp t ion  th ickness grea ter  than GaAs MESFET. 

As A Var iab le  Gain A m p l i f i e r  

The ga in  o f  an a m p l i f i e r  can be o p t i c a l l y  var ied  by changes produced i n  

S i m i l a r  

transconductance o f  t he  dev ice when i l l um ina ted .  De Sa l les  ( r e f .  3 )  has shown 
t h a t  up t o  a 2.5 dB change i n  ga in  can be observed when the  GaAs MESFET i s  
i l l u m i n a t e d  and gate vo l tage (Vg) i s  chosen c lose  t o  the  p inch  o f f .  
r e s u l t s  were found by Simons, e t  a l .  ( r e f .  7 )  f o r  a HEMT s t r u c t u r e .  

I n j e c t i o n  Locking o f  an O s c i l l a t o r  

Phased a r ray  antennas, based on GaAs MMICs as t ransmi t  o r  rece ive  modules, 
r e q u i r e  frequency synchronizat ion o f  l o c a l  o s c i l l a t o r s  by i n j e c t i o n  lock ing .  
The f i b e r - o p t i c  l i n k  has been proposed t o  synchronize these l o c a l  o s c i l l a t o r s ,  
us ing  o p t i c a l  i n j e c t i o n  l ock ing  t.echniques. D i r e c t  i n j e c t i o n  l o c k i n g  o f  I M P A T l  
( r e f s .  15 and 1 6 )  and GaAs MESFET ( r e f .  16) o s c i l l a t o r s  have been shown up t o  
x-band frequencies.  However the  d i r e c t  modulat ion o f  t h e  semiconductor l a s e r  
and t h e  poor coupl ing o f  o p t i c a l  energy t o  the  a c t i v e  reg ions o f  t h e  dev ice 
l i m i t s  the  use a t  h igher  f requencies.  

I n d i r e c t  o p t i c a l  i n j e c t i o n  l ock ing  uses demodulation o f  an RF-modulated 
o p t i c a l  s igna l  by a high-speed photodiode, which i s  a m p l i f i e d  and then e lec-  
t r i c a l l y  i n j e c t e d  t o  the  I M P A T T  o r  FET o s c i l l a t o r .  
l ock ing  o f  a f ree-running 38-GHz IMPATT o s c i l l a t o r  has been demonstrated 
( r e f .  1 7 ) .  Herczfeld and Daryoush descr ibe i n  d e t a i l  var ious i n j e c t i o n  l o c k i n g  
techniques i n  t h i s  symposium proceedings. 

I n d i r e c t  o p t i c a l  i n j e c t i o n  

CONCLUSIONS 

The phys ica l  basis,  as w e l l  as dc and microwave c h a r a c t e r i s t i c s  o f  
o p t i c a l l y  con t ro l l ed  microwave devices have been descr ibed. The changes pro-  
duced i n  t h e  performance o f  microwave devices due t o  o p t i c a l  i l l u m i n a t i o n  can 
be app l i ed  t o  detect  an RF modulated o p t i c a l  s igna l ,  t o  c o n t r o l  ga in  o f  an 
a m p l i f i e r ,  and t o  p rov ide  i n j e c t i o n  l o c k i n g  o f  an o s c i l l a t o r .  

Recent developments i n  mono l i t h i c  GaAs in teg ra ted  c i r c u i t  technology i n  
microwave and o p t i c a l  frequency domains w i l l  enhance t h e  a p p l i c a t i o n  of o p t i -  
c a l l y  c o n t r o l  l e d  c i r c u i t s ,  p a r t i c u l a r l y  f o r  phased a r r a y  antenna a p p l i c a t i o n s  
i n  space communications systems. I n  add i t i on ,  base band s igna l  processing and 
swi tch ing  funct ions f o r  h igh  speed communications systems may u t i l i z e  t h e  o p t i -  
c a l l y  c o n t r o l l e d  c i r c u i t s  t o  s i m p l i f y  system complex i ty  and enhance system 
speed. 
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