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ABSTRACT 

The performance of a f u l l y  i n t e g r a t e d  r f  o p t i c a l  spectrum analyzer  (IOSA) i s  
p r e s e n t e d .  This  d e v i c e  e x h i b i t e d  a 3 dB bandwidth of 380 MHz wi th  a d i f f r a c t i o n  
e f f i c i e n c y  of 5% ( a t  500 MW r f  power). The f u l l y  i n t e g r a t e d  device  o p e r a t i n g  a t  
A = 0.821-1 e x h i b i t e d  t h e  fo l lowing  performance f i g u r e s :  an acousto-opt ic  bandwidth 
op 380 MHz, a 3 dB s p o t  s i z e  of Q8 MHz, a two-tone r e s o l u t i o n  of 8 MHz, and a l i n e a r  
dynamic range  of >25 dB as observed v i s u a l l y  on a n  o s c i l l o s c o p e .  The r e s o l u t i o n  
uni formi ty  a c r o s s  t h e  r f  bandwidth i s  p r e s e n t l y  l i m i t e d  by t h e  mechanical p o s i t i o n  
e r r o r s  of  t h e  semiconductor laser  and t h e  detector/CCD a r r a y  i n  t h e  f o c a l  p l a n e s  of 
t h e  c o l l i m a t i n g  and focus ing  geodesic  l e n s e s .  

A l l  components used i n  t h e  IOSA w e r e  f i r s t  t e s t e d  i n d i v i d u a l l y  and r e p o r t e d  h e r e .  
A f u l l y  f u n c t i o n a l  (wi th  no dead d e t e c t o r  c e l l s )  detector/CCD a r r a y  e x h i b i t e d  a 
l i n e a r  dynamic range of 30 dB, w i t h  a s e n s i t i v i t y  uni formi ty  of fl dB. A measurement 
of t h e  undef lec ted  z e r o t h  o r d e r  beam i n d i c a t e s  geodes ic  l e n s  i n s e r t i o n  l o s s e s  of 
2 2  dB each. The a c o u s t i c  t ransducer  e x h i b i t e d  a 400 MHz 3 dB r f  bandwidth. 

INTRODUCTION 

The u s e  of guided-wave o p t i c s  r e s u l t e d  i n  t h e  development of a new c l a s s  of one- 
dimensional  o p t i c a l  p r o c e s s o r s  t h a t  have a r i g i d ,  compact o p t i c a l  des ign  and a low 
e l ec t r i ca l  d r i v e  power requirement .  This  type  of processor  i s  most e a s i l y  a p p l i e d  t o  
t h e  a n a l y s i s  of r f  s i g n a l  s p e c t r a .  I n  t h i s  paper  w e  d e s c r i b e  an i n t e g r a t e d - o p t i c s .  
c i r c u i t  f o r  rea l - t ime r f  s p e c t r a l  a n a l y s i s  ( r e f .  1,2). 

An i n t e g r a t e d - o p t i c s  o p t i c a l  spectrum analyzer  c o n s i s t s  of an i n j e c t i o n  l a s e r  
d i o d e ,  a th in- f i lm o p t i c a l  waveguide, waveguide l e n s e s ,  a s u r f a c e  a c o u s t i c  wave (SAW) 
t ransducer ,  and a l i n e a r  d e t e c t o r  a r r a y .  This d e v i c e  employs t h e  i n t e r a c t i o n  between 
a coherent  o p t i c a l  wave and a n  a c o u s t i c  wave d r i v e n  by a n  i n p u t  e l ec t r i ca l  s i g n a l  t o  
de te rmine  t h e  power s p e c t r a l  d e n s i t y  of t h e  i n p u t .  The b a s i c  des ign  l a y o u t  of a n  
i n t e g r a t e d - o p t i c  spectrum a n a l y z e r  (IOSA) i s  shown i n  F i g u r e  1. An incoming r a d a r  
s i g n a l  i s  mixed wi th  a l o c a l  o s c i l l a t o r  s o  t h a t  t h e  i n t e r m e d i a t e  frequency ( I F )  i s  
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w i t h i n  t h e  passband of t h e  t r a n s d u c e r .  A f t e r  a m p l i f i c a t i o n ,  t h e  s i g n a l  is  a p p l i e d  
t o  t h e  SAW t ransducer .  The r e s u l t a n t  SAWS t r a v e r s i n g  t h e  o p t i c a l  waveguide g e n e r a t e  
a p e r i o d i c  modulation of t h e  r e f r a c t i v e  index of t h e  waveguide mode. I f  a c o l l i m a t e d ,  
guided o p t i c a l  beam i n t e r s e c t s  t h e  a c o u s t i c  beam a t  t h e  Bragg a n g l e ,  a p o r t i o n  of t h e  
beam w i l l  b e  d i f f r a c t e d  ( d e f l e c t e d )  a t  a n  a n g l e  c l o s e l y  p r o p o r t i o n a l  t o  t h e  a c o u s t i c  
frequency,and w i t h  a n  i n t e n s i t y  p r o p o r t i o n a l  t o  t h e  power leve l  of t h e  i n p u t  s i g n a l .  
The Bragg d e f l e c t e d  l i g h t  i s  t h e n  focused onto  a n  a r r a y  of f o c a l  p l a n e  d e t e c t o r s  
where each d e t e c t o r  ou tput  becomes one frequency channel  of t h e  spectrum a n a l y z e r .  

ACOUSTO-OPTIC INTERACTION 

A diagram of t h e  acousto-opt ic  i n t e r a c t i o n  r e g i o n  i n  a monol i th ic  i n t e g r a t e d  
o p t i c  s t r u c t u r e  i s  shown i n  F igure  2 .  The c r i t e r i o n  f o r  a n  e f f i c i e n t  Bragg d i f f r a c -  
t i o n  i s  t h a t  t h e  i n t e r a c t i o n  l e n g t h  L b e  s u f f i c i e n t l y  l a r g e  s o  t h a t  t h e  parameter Q 
i s  l a r g e r  than  1; i . e . ,  

Q =  > 1 , 
i nil2 cos 8 

where n i s  t h e  waveguide modal i ndex ,  I\ i s  t h e  a c o u s t i c  wavelength,  ho i s  t h e  o p t i c a l  
wavelength, and B i  i s  t h e  i n c i d e n t  a n g l e  of t h e  o p t i c a l  beam d e f i n e d  i n  F igure  2 .  
This  c r i t e r i o n  p h y s i c a l l y  corresponds t o  an i n t e r a c t i o n  l e n g t h  l a r g e r  t h a n  t h e  
a c o u s t i c  wavelength.  The d i f f r a c t e d  energy appears  predominantly i n  one o r d e r .  

When t h e  acousto-opt ic  i n t e r a c t i o n  i s  phase matched i n  f i r s t  o r d e r  Bragg d i f f r a c -  
t i o n , t h e  a n g l e  of inc idence ,  O i ,  and t h e  a n g l e  of d i f f r a c t i o n ,  8d, a re  equa l .  The 
a n g u l a r  d e f l e c t i o n  6 ( t h e  a n g l e  between t h e  i n c i d e n t  and d i f f r a c t e d  beam, o r  twice 
t h e  Bragg a n g l e )  i s  given by 

6 = 8. i d  + 8 = 2 s i n  (9) 
This  a n g l e  is  d i f f e r e n t  f o r  each a c o u s t i c  wavelength o r  f requency.  For a f i x e d  i n c i -  
d e n t  o p t i c a l  beam d i r e c t i o n ,  t h e  d i r e c t i o n  of t h e  a c o u s t i c  wave must change w i t h  
frequency.  Within t h e  smal l  a n g l e  approximation,  t h e  d e f l e c t i o n  a n g l e  i s  l i n e a r l y  
r e l a t e d  t o  t h e  a c o u s t i c  f requency by 
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where f i s  t h e  a c o u s t i c  f requency,  and v i s  t h e  v e l o c i t y  of t h e  s u r f a c e  a c o u s t i c  
wave. When t h e  acous to-opt ic  medium e x h i b i t s  s i g n i f i c a n t  d i s p e r s i o n  i n  v t h e  
d e f l e c t i o n  equat ion  t a k e s  t h e  form 

S s 
S 

174 



This  i n d i c a t e s  t h a t  
used f o r  d i s p e r s i v e  

n o n l i n e a r  spac ing  of d e t e c t o r  e lements  i n  t h e  f o c a l  p l a n e  must be 
a c o u s t i c  materials.  

A complete F o u r i e r  t ransform a n a l y s i s  f o r  t h i s  device  w a s  r e p o r t e d  ear l ie r  
( r e f .  2 ) .  I n  t h i s  device  t h e  d e f l e c t e d  o p t i c a l  beam generated i n  t h e  Bragg c e l l  
modulator i s  p r o p o r t i o n a l  t o  t h e  product  of t h e  i n c i d e n t  o p t i c a l  beam wavefront ,  t h e  
a c c o u s t i c  wavefront ,  and t h e  e f f i c i e n c y  of t h e  i n t e r a c t i o n .  Therefore ,  as a r e s u l t  
of t h e  acous to-opt ic  i n t e r a c t i o n ,  a f r a c t i o n  of t h e  t r a n s m i t t e d  l i g h t  beam a c q u i r e s  
a new d i r e c t i o n  of propagat ion,  corresponding t o  a bandwidth,df , c e n t e r e d  a t  f requency 
f .  S 

S 

The output  i n t e n s i t y  d i s t r i b u t i o n  t h u s  d i s p l a y s ,  a t  a p o s i t i o n  l i n e a r l y  propor- 
i o n a l  t o  t h e  frequency of t h e  modulating s i g n a l ,  a s i g n a l  whose i n t e n s i t y  i s  propor- 
t i o n a l  t o  t h e  i n t e n s i t y  of t h e  d e f l e c t e d  beam ( i . e . ,  p r o p o r t i o n a l  t o  t h e  s p e c t r a l  
component of frequency f m u l t i p l i e d  by t h e  e f f i c i e n c y  of t h e  Bragg modulator) .  For 
a modulator w i t h  a f l a t  response  over t h e  frequency range of i n t e r e s t ,  t h e  o u t p u t  i s  
t h u s  p r o p o r t i o n a l  t o  t h e  i n t e n s i t y  of t h e  s p e c t r a l  component. 

S’ 

DESIGN PARAMETER STUDY 

The o p t i c a l  c i r c u i t  d e s i g n  of a n  IOSA device  i s  c o n s t r a i n e d  by t h e  r e q u i r e d  r f  
f requency r e s o l u t i o n  and t h e  o p t i c a l  r e s o l u t i o n  l i m i t  se t  by t h e  allowed c r o s s t a l k  
between a d j a c e n t  ce l l s .  The rf frequency r e s o l t u i o n  requirement s e t s  t h e  upper l i m i t  
of t h e  d e t e c t o r  c e l l  s i z e  S 

w h i l e  t h e  o p t i c a l  r e s o l u t i o n  l i m i t  r e q u i r e s  a minimmx c e l l  s i z e  determined hy 

where D i s  t h e  o p t i c a l  beam width ,  F i s  t h e  output  l e n s  f o c a l  l e n g t h ,  n i s  the e f f e c -  
t i v e  guide  index,  and X i s  t h e  f ree-space  wavelength. The r e s o l u t i o n  f a c t o r  g i s  
determined by t h e  d e f i n i t i o n  of o p t i c a l  f o c a l  s p o t  r e s o l u t i o n .  
been used t o  d e s i g n  an IOSA s t r u c t u r e  having 4 MHz r f  r e s o l u t i o n  ( r e f .2 )  
f a b r i c a t e d  on an LiNb03 s u b s t r a t e ,  where t h e  a c o u s t i c  phase v e l o c i t y  i s  
vs = 3500 m/sec. 
i n t e n s i t y  p o i n t s ,  t h e  minimum beam width was 2 .18  mm. 

0 These e q u a t i o n s  have 
f o r  an IOSA 

For t h i s  device  w i t h  a Gaussian beam t r u n c a t e d  a t  t h e  l/eZ 
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When t h e  minimum o p t i c a l  beam width,  D ,  i s  s e l e c t e d  i n  t h e  d e s i g n ,  then  t h e  
s p o t  s i z e  of t h e  o p t i c a l  beam a t  t h e  d e t e c t o r  a r r a y  w i l l  j u s t  e q u a l  t h e  d e t e c t o r  c e l l  
s i z e  S.  The a d j a c e n t  channel c r o s s t a l k  i s  d e f i n e d  as  t h e  t o t a l  o p t i c a l  power co l -  
l e c t e d  by t h e  c e l l  a d j a c e n t  t o  a c e l l  corresponding t o  a given r f  f requency d iv ided  
by t h e  t o t a l  o p t i c a l  power c o l l e c t e d  by t h a t  r f  frequency c e l l .  T h i s  a d j a c e n t  chan- 
n e l  c r o s s t a l k  r a t i o  i s  p l o t t e d  i n  F i g u r e  3 .  The a d j a c e n t  c e l l  c r o s s t a l k  i s  p l o t t e d  
as a f u n c t i o n  of DS. Thus, f o r  an o p t i c a l  beam width of 2 . 1 8  mm,and a c e l l  s i z e  of 
8 .0  pm ( e q u a l  t o  t h e  f u l l  l o b e  s p o t  s i z e  a t  t h e  f o c a l  p l a n e ) ,  t h e  c r o s s t a l k  i s  
-22.4 dB. I f  t h e  l e n s  q u a l i t y  i s  such t h a t  a l e n s  diameter  l a r g e r  t h a n  Dmin can b e  
accommodated whi le  d i f f r a c t i o n - l i m i t e d  performance i s  s t i l l  maintained,  t h e n  t h e  s i d e -  
l o b e i n t e n s i t y i m p i n g i n g  on a d j a c e n t  c e l l s  w i l l  be  reduced. This  w i l l  a l l o w  two 
c l o s e l y  spaced s i g n a l s  of s i g n i f i c a n t l y  d i f f e r e n t  energy leve ls  t o  b e  d e t e c t e d  and 
reso lved .  For a 4 MHz r e s o l u t i o n  and a c e l l  s i z e  f i x e d  by t h e  f u l l  main l o b e  width 
of t h e  minimum diameter  beam (Dmin = 2.18 mm), a 5 . 6  dB reduct ion  i n  a d j a c e n t  chan- 
n e l  c r o s s t a l k  r e s u l t s  when t h e  o p t i c a l  beam width i s  enlarged t o  t h r e e  t i m e s  t h i s  
minimum v a l u e ,  o r  D = 6 . 5 4  mm. For t h i s  case, t h e  a d j a c e n t  channel  c r o s s t a l k  i s  
-28 dB. 

W e  have e s t a b l i s h e d  t h a t  t h e  v a l u e  of Sn/X F necessary  t o  a c h i e v e  4 MHz rf 
0 r e s o l u t i o n  i s  

where t h e  r a t i o  S/F f o r  a n  LiNbO system (n 2 . 2 )  o p e r a t i n g  a t  = 0 . 8 2  pm i s  
S / F  = 4 .25  x 10-4 .  
c o n s i d e r a t i o n s ,  t h e  f o c a l  l e n g t h  of t h e  F o u r i e r  t ransform l e n s  i s  r e q u i r e d  t o  be  
F 
diameter  is  chosen t o  be  7 . 4  mm, then  t h e  f / n o .  of t h e  output  t ransform lens i s  
f / 2 . 5 4 .  
t i o n  p a t t e r n  i s  below -28 dB. 

0 S i n c e  t h e  de2ector  c e l l  s i z e ,  S , i s  set  by d e t e c t o r  a r r a y  d e s i g n  

I f  t h e  o p t i c a l  beam ( S / 4 . 2 5 )  x l o 4 ,  which, f o r  a n  8-pm c e l l  s i z e ,  i s  18.8 mm. 

For t h i s  system, t h e  a d j a c e n t  c e l l  c r o s s t a l k  due t o  t h e  o p t i c a l  beam d i f f r a c -  

PROPAGATION MEDIUM 

An important  i s s u e  i n  t h e  development of a n  I O S A  w a s  t h e  s e l e c t i o n  of t h e  
optimum s u b s t r a t e  material  system from t h e  a v a i l a b l e  c a n d i d a t e s .  The mater ia l  
s e l e c t e d  f o r  t h i s  d e v i c e  w a s  a y-cut LiNb03 s u b s t r a t e  w i t h  propagat ion d i r e c t i o n  a long  
e i t h e r  t h e  z a x i s  o r  21.8O from t h e  z a x i s .  
b e s t  acousto-opt ic  mater ia ls  because of i t s  low a c o u s t i c  propagat ion l o s s ,  h i g h  
e lec t romechanica l  coupl ing  c o n s t a n t ,  and t h e  r e l a t ive  absence of v e l o c i t y  d i s p e r s i o n  
due t o  t h e  o p t i c a l  gu id ing  l a y e r .  With t h i s  s u b s t r a t e  mater ia l  t h e  d e t e c t o r s  are 
i n t e r f a c e d  by d i r e c t  b u t t  coupl ing t o  t h e  LiNb03 waveguide. For y-cut c r y s t a l s ,  
LiNb03 s u b s t r a t e s  have d i f f e r e n t  SAW c h a r a c t e r i s t i c s  f o r  propagat ion along t h e  z a x i s ,  
and f o r  propagat ion  2 1 . 8 0  of f  t h e  z a x i s  ( r e f .  3 ) .  An a n a l y s i s  of acous to-opt ic  
modulation e f f i c i e n c y  i n d i c a t e d  t h a t  t h e r e  i s  no s i g n i f i c a n t  d i f f e r e n c e  between t h e s e  
o r i e n t a t i o n s .  From t h e  o p t i c a l  s t a n d p o i n t ,  t h e  z-or iented a c o u s t i c a l  t r a n s d u c e r s  
minimize t h e  s u b s t r a t e  a n i s o t r o p y  and are p r e f e r r e d .  

LiNb03 i s  considered t o  be  one of t h e  
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The waveguide on t h e  pol i shed  y-cut L i N b O  s u b s t r a t e  i s  formed by i n - d i f f u s i o n  
of electron-beam-evaporated T i  ( r e f .  4 ) .  A f a z r i c a t i o n  sequence i s  used i n  which 
t h e  important  parameters  (such as s u r f a c e  q u a l i t y ,  o p t i c a l  f l a t n e s s ,  c l e a n l i n e s s ,  
un i formi ty ,  and adherence of t h e  metal f i l m s  t o  t h e  s u b s t r a t e )  are c o n t r o l l e d o t h r o u g h -  
ou t  t h e  process .  Single-mode o p t i c a l  waveguides a r e  formed by d i f f u s i n g  200-A-thick 
T i  a t  95OoC f o r  4 hours .  The d i f f u s i o n  depth  of t h e  r e s u l t i n g  waveguide i s  about2ym.  

The pzopagat ion l o s s  i n  Ti:LiNb03 waveguides a t  t h e  He-Ne laser wavelength 
( A  = 6328 A) i s  t y p i c a l l y  less t h a n  1 dB/cm. The waveguide loss f o r  a TE p o l a r i z a t i o n  
wave (He-Ne laser wavelength) w a s  exper imenta l ly  determined t o  be 0.85 dB/cm ( r e f .  2). 

In-plane s c a t t e r i n g  of t h e  o p t i c a l  waveguide i s  a n  important parameter i n  
determining t h e  dynamic range of t h e  IOSA.  He-Ne laser l i g h t  w a s  used t o  e x c i t e  t h e  
waveguide mode and t h e  s t r e n g t h  of t h e  in-plane s c a t t e r i n g  w a s  measured by scanning 
t h e  m-line e x t r a c t e d  by a coupl ing  prism. The s c a t t e r i n g  i n t e n s i t y  shown i n  F i g u r e  4 
i s  -40 dB f o r  a s c a t t e r i n g  a n g l e  of 0 . 6 O  i n  t h e  waveguide, corresponding t o  a n  
acous to-opt ic  d e f l e c t i o n  a n g l e  due t o  a n  a c o u s t i c  f requency of 115 MHz. In-plane 
s c a t t e r i n g  levels of -49 dB and 57 dB of t h e  peak i n t e n s i t y  w e r e  measured a t  a n  
in-plane s c a t t e r i n g  a n g l e  of 1 . 3 O  (corresponding t o  d e f l e c t i o n  by a SAW having a 
frequency of 270 MHz) on each s i d e  of t h e  main beam. When t h e  IOSA i s  opera ted  a t  
t h e  G a A l A s  laser wavelength,  t h e  in-plane s c a t t e r i n g  l e v e l  i s  f u r t h e r  reduced,  

LASER CHARACTERIZATION 

To m e e t  t h e  f requency r e s o l u t i o n  s p e s i f i c a t i o n ,  t h e  t o t a l  o u t p u t  s p e c t r a l  width 
of t h e  laser shou ld  be much less than  40 A under o p e r a t i n g  c o n d i t i o n s .  I d e a l l y ,  t h e  
output  shzuld  b e  i n  a s i n g l e  t r a n s v e r s e  and s i n g l e  l o n g i t u d i n a l  mode w i t h  s p e c t r a l  
width <I A. The l a s i n g  a p e r t u r e  should be as  s m a l l  as p o s s i b l e  t o  s i m u l a t e  a p o i n t  
source  s o  t h a t  t h e  problem of c o l l i m a t i n g  t h e  laser  output  i n  t h e  t h i n - f i l m  waveguide 
can be s i m p l i f i e d .  Based on t h e s e  c o n s i d e r a t i o n s ,  w e  s e l e c t e d  t h e  H i t a c h i  GaAlAs 
b u r i e d - h e t e r o s t r u c t u r e  i n j e c t i o n  l a s e r  d i o d e  as o u r  source .  
of t h e  d e v i c e  i s  %l ym i n  diameter  w i t h  n e a r l y  i s o t r o p i c  divergence.  I n  t h i s  pro- 
gram w e  t e s t e d  two spec ia l -order  lasers t h a t  have a n  e m i t t i n g  edge f l u s h  w i t h  t h e  
h e a t  s i n k  edge. 
and 3834. The f a r - f i e l d  i n t e n s i t y  d i s t r i b u t i o n  i n  t h e  two p r i n c i p a l  or thogonal  
d i r e c t i o n s  (perpendicular  and p a r a l l e l  t o  t h e  j u n c t i o n )  w a s  measured u s i n g  a photo- 
m u l t i p l i e r  and a s l i t  w i t h  a n  e f f e c t i v e  angular  r e s o l u t i o n  of 0.115O. F i g u r e s  5 and 
6 show t h e  f a r - f i e l d  i n t e n s i t y  p r o f i l e  measured a t  HRL. The beam d ivergence  i n  t h e  
p l a n e  p a r a l l e l  t o  t h e  j u n c t i o n  i s  less t h a n  20' f o r  bo th  lasers.  
t o  t h e  j u n c t i o n ,  t h e  beam divergence  is  30° ( S e r i a l  No. 3834) and 37O ( S e r i a l  
No. 3831), r e s p e c t i v e l y .  

The l a s i n g  a p e r t u r e  

They a re  double-he tero junc t ion  lasers ,  Model HLP2400, Ser ia l  Nos. 3831 

I n  t h e  p l a n e  normal 

There is  a n  upper l i m i t  i n  t h e  laser power coupled i n t o  t h e  waveguide a t  which 
t h e  d e t e c t o r  c e l l  i s  s a t u r a t e d .  The laser power requirement  can be  e s t i m a t e d  based 
on t h e  fo l lowing  v a l u e s :  a s a t u r a t i o n  charge  d e n s i t y  of t h e  d e t e c t o r  ce l l s  of 
6 . 0  x 106 e l e c t r o n s / c e l l ,  a d e t e c t o r  quantum e f f i c i e n c y  of 0 . 2 5 ,  a maximum acousto- 
o p t i c  d e f l e c t i o n  e f f i c i e n c y  of 0.05, an o p t i c a l  p ropagat ion  loss of 9 dB, and a 
d e t e c t o r  i n t e g r a t i o n  t i m e  of 3.0 y s e c .  The c a l c u l a t i o n  shows t h a t  about  600 UW of 
laser power has  t o  be coupled i n t o  t h e  waveguide. 
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WAVEGUIDE GEODESIC LENSES 

Waveguide geodesic  l e n s e s  are waveguide-covered d e p r e s s i o n s  (o r  p r o t r u s i o n s ) .  
The c u r v a t u r e  of t h e  d e p r e s s i o n  g e n e r a t e s  a d i f f e r e n c e  i n  geometr ic  p a t h  l e n g t h  f o r  
r a y s  t r a v e r s i n g  d i f f e r e n t  p o r t i o n s  of t h e  s t r u c t u r e ;  t h i s  produces a focus ing  e f f e c t .  
The o p t i c a l  pa th  l e n g t h  a t  t h e  c e n t e r  of t h e  depress ion  i s  l o n g e r  than  a t  t h e  s i d e s ;  
and t h e  phase f r o n t s  a re  curved toward t h e  l e n s  a x i s  beyond t h e  depress ion .  I f  t h e  
d e p r e s s i o n  i s  of a p a r t i c u l a r  a s p h e r i c  shape,  o r  i f  t h e  wavefront emerging from t h e  
l i n e  i s  a p p r o p r i a t e l y  compensated by e x t e r n a l  o v e r l a y e r s ,  t h e  f o c u s i n g  w i l l  b e  aber-  
r a t i o n - f r e e  (except  f o r  f i e l d  c u r v a t u r e ) .  

The des ign  of t h e  a s p h e r i c a l  d e p r e s s i o n  p r o f i l e  f o r  a d i f f r a c t i o n - l i m i t e d  
geodes ic  l e n s  i s  based on t h e  equiva len t - lens  p r i n c i p l e  ( r e f .  5 ) .  From a g e n e r a l i z e d  
Luneburg l e n s  p r o f i l e  c a l c u l a t e d  by numerical  computation, one can d e r i v e  t h e  equiva- 
l e n t  a s p h e r i c a l  geodes ic  l e n s  p r o f i l e .  The geodesic  l e n s  has  no chromatic aber ra-  
t i o n s  because of i t s  uniform r e f r a c t i v e  index.  T h i s  i s  independent of d i s p e r s i o n  i n  
t h e  material  r e f r a c t i v e  index.  The f o c a l  l e n g t h  of t h e  geodesic  l e n s  i s  independent 
of t h e  modal index,  and i t  can b e  used i n  both  s i n g l e -  and multi-mode o p t i c a l  
systems.  

D i f f r a c t i o n - l i m i t e d  geodesic  l e n s e s  have been demonstrated i n  two d i f f e r e n t  wave- 
guide  s t r u c t u r e s :  po lyure thane  f i lm-glass  s u b s t r a t e  ( r e f .  6 )  and T i  in -d i f fused  
LiNb03 waveguide ( r e f .  7 ) .  The f o c a l - l e n g t h  measurements ( r e f .  7 )  i n d i c a t e  t h a t  t h e  
l e n s  i s  a b e r r a t i o n  f r e e  up t o  about  90% of t h e  a p e r t u r e .  Two waveguide geodesic  
l e n s e s  are  used i n  t h e  IOSA: one c o l l i m a t i o n  l e n s  and one F o u r i e r  t ransformat ion  
l e n s .  Both l e n s e s  are i d e n t i c a l ,  and t h e i r  parameters  are l i s t e d  i n  Table 1. Since  
t h e  a s p h e r i c a l  l e n s  p r o f i l e  has  a smooth t r a n s i t i o n  r e g i o n  t h a t  t a k e s  up 15% of t h e  
l e n s  a p e r t u r e ,  t h e  u s e f u l  l e n s  a p e r t u r e  i s  7.4 mm. 

FABRICATION OF ASPHERICAL DEPRESSIONS 

The f a b r i c a t i o n  of  geodes ic  l e n s e s  involves  two s t a g e s :  g r i n d i n g  and p o l i s h i n g  
t h e  l e n s  d e p r e s s i o n  w i t h  h igh  p r e c i s i o n .  U l t r a s o n i c  impact g r i n d i n g  has  been 
s e l e c t e d  f o r  bo th  of t h e s e  o p e r a t i o n s .  The key problem appear ing  i n  t h e  o p t i c a l  
p o l i s h i n g  i s  t o  o b t a i n  a n  o p t i c a l  s u r f a c e  wi thout  d e s t r o y i n g  t h e  complex l e n s  p r o f i l e ,  
i n  p a r t i c u l a r ,  t h e  edge rounding r e g i o n .  

U l t r a s o n i c  impact g r i n d i n g  employs a t o o l  bear ing  t h e  shape of t h e  designed 
depress ion .  U l t r a s o n i c  energy t r a n s m i t t e d  through t h e  t o o l  a g i t a t e s  t h e  a b r a s i v e  
s l u r r y ,  and material  i s  removed from t h e  sample s u r f a c e .  The u l t r a s o n i c  i m p a c t  gr ind-  
i n g  technique  i s  capable  of r e p l i c a t i n g  t h e  t o o l  shape w i t h i n  a 1 / 4 - ~ m  t o l e r a n c e  
( r e f .  6 ) .  The o p e r a t i o n  r e q u i r e s  more than  one t o o l  t o  reduce t h e  e f f e c t s  of t o o l  
wear. 

U l t r a s o n i c  impact g r i n d i n g  i s  a complicated process  governed by many parameters .  
W e  have e m p i r i c a l l y  determined t h e  optimum values  of t o o l  shapes,  t o o l  materials, 
g r i n d i n g  p r e s s u r e s ,  s t r o k e  ampl i tudes ,  workpiece materials,  s l u r r y  speeds,  a b r a s i v e  
c o n c e n t r a t i o n s ,  and g r i t  s i z e s  f o r  our s p e c i f i c  l e n s  des igns .  Double l e n s  p a i r s  
have been ground on A f t e r  
p o l i s h i n g  and d i f f u s i o n  of T i  t o  form p l a n a r  waveguides, w e  exper imenta l ly  determine 
t h e  l o c a t i o n  of t h e  f o c a l  p lanes  of t h e  l e n s e s  and p o l i s h  t h e  edges t o  c o i n c i d e  wi th  
t h e  f o c a l  p l a n e s .  

6.35 cm x 3 .81 c m  x 0.318 c m  (x-z-y) LiNb03 s u b s t r a t e s .  
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LENS TOLERANCE ANALYSIS 

Recent ly ,  B e t t s  e t  a1 ( r e f .  8) publ i shed  expres s ions  f o r  t r a c i n g  r a y s  i n  
r o t a t i o n a l l y  symmetric geodes ic  l enses .  
c u l a t e  t h e  e f f e c t s  of t o o l  wear, and l e n s  depth .  

These express ions  have been used t o  ca l -  

The p r o f i l e  used i n  t h e  c a l c u l a t i o n s  i s  f o r  an f / 1 . 5  l e n s .  Some of t h e  r e s u l t s  
of t h e s e  c a l c u l a t i o n s  are g iven  i n  F igu res  7 and 8. F igu re  7 shows t h e  f o c a l  l e n g t h  
i n c r e a s e ,  w i t h  percentage  dep th  f o r  bo th  t h e  t o o l  w e a r  a n a l y s i s  and t h e  dec rease  i n  
depth  w h i l e  main ta in ing  t h e  a c t u a l  p r o f i l e  ( s u r f a c e  removal).  

For an  f / 1 . 5  l e n s ,  t h e  d i f f r a c t i o n - l i m i t e d  s p o t  s i z e  i s  .58 pm a t  a wavelength 
For a 1-cm-diam l e n s ,  t h i s  corresponds t o  3 x of 0.8 pm i n  LiNbO3. u n i t s  i n  

F igu re  8. Hence, t o  main ta in  d i f f r a c t i o n - l i m i t e d  performance, a depth  change of 
%l% can be  t o l e r a t e d  i f  90% of t h e  o r i g i n a l  u s e f u l  a p e r t u r e  i s  used. For g r e a t e r  
t o o l  wear, a smaller a p e r t u r e  i s  r equ i r ed  t o  main ta in  a d i f f r a c t i o n - l i m i t e d  per- 
formance. This  w a s  exper imenta l ly  demonstrated w i t h  a l e n s  f a b r i c a t e d  i n  LiNbO3, 
where an 80 % a p e r t u r e  gave nea r -d i f f r ac t ion - l imi t ed  performance. 

From t h e  exper imenta l  and c a l c u l a t e d  r e s u l t s ,  we concluded t h a t  i n  any system 
f a b r i c a t e d  us ing  geodes ic  l e n s e s  t h e  p r e c i s e  l o c a t i o n  of t h e  f o c a l  p lane  could only 
b e  determined a f t e r  t h e  l e n s  f a b r i c a t i o n .  The f o c a l  p o s i t i o n  i s  ve ry  s e n s i t i v e  t o  
f a b r i c a t i o n  t o l e r a n c e ,  b u t  t h e  f o c a l  s p o t  s i z e  remains d i f f r a c t i o n  l i m i t e d  w i t h i n  
ach ievab le  f a b r i c a t i o n  t o l e r a n c e s .  

SAW TMNSDUCER DEVELOPMENT 

During t h i s  phase of t h e  program w e  developed a 500-MHz bandwidth, 1-GHz opera t -  

Experiments w e r e  c a r r i e d  out  t o  measure propagat ion  

A modif ied c h i r p  t r ansduce r  (MCT) was a b l e  t o  ach ieve  acousto- 

i n g  frequency SAW t r ansduce r  s u i t a b l e  f o r  u s e  i n  t h e  IOSA,  and w e  a c o u s t i c a l l y  charac-  
t e r i z e d  t h e  Ti:LiNb03 s t r u c t u r e .  
l o s s ,  v e l o c i t y  d i s p e r s i o n ,  and acous to-opt ic  d e f l e c t i o n  e f f i c i e n c y  on v a r i o u s  
Ti:LiNb03 s u b s t r a t e s .  
o p t i c  de . f l ec t ion  bandwidths exceeding 400 MHz f o r  b o t h  H e N e  and G a A l A s  laser wave- 
l e n g t h s .  Th i s  i s  t h e  l a r g e s t  acous to-opt ic  d e f l e c t i o n  bandwidth r epor t ed  t o  d a t e  
f o r  a s i n g l e  t r ansduce r  a t  e i t h e r  laser wavelength.  

The MCT i s  s imi l a r  t o  a convent iona l  c h i r p  t r ansduce r  i n  t h a t  i t  has  e l e c t r o d e  
spac ings  t h a t  vary smoothly from one end of t h e  t r ansduce r  t o  t h e  o t h e r .  Th i s  
ensu res  t h a t  a p o r t i o n  of t h e  t r ansduce r  e l e c t r o d e s  i s  synchronous a t  a l l  f r e q u e n c i e s  
w i t h i n  t h e  passband. 
bandwidth 

The c h i r p  t r ansduce r  response  i s  r e l a t i v e l y  smooth over  i t s  

The t o t a l  number of e l e c t r o d e s  i n  t h e  c h i r p  t r ansduce r  can be  changed t o  f a c i l i -  
t a t e  impedance matching w i t h  v i r t u a l l y  no e f f e c t  on t h e  shape of t h e  ou tpu t  spectrum. 
I n  f a c t ,  t h e  number of e l e c t r o d e s  can b e  s e t  so as t o  y i e l d  t h e  i d e a l  t r ansduce r  loss 
w i t h  no e x t e r n a l  matching c i r c u i t  whatsoever.  I n  t h e  case  of t h e  c h i r p  t r a n s d u c e r ,  
each i n t e r e l e c t r o d e  gap has  a c h a r a c t e r i s t i c  (" instantaneous")  synchronous frequency 
and i t  can b e  t i l t e d  t o  s a t i s f y  t h e  Bragg c o n d i t i o n  a t  t h a t  frequency. 
shows khe modif ied c h i r p  t r ansduce r  c o n f i g u r a t i o n  wi th  t i l t  ang le  va ry ing  smoothly 
ove r  t h e  t r ansduce r  band. 
t r o d e s  are i n  quasi-synchronism, wh i l e  c o n t r i b u t i o n s  from t h e  remaining e l e c t r o d e s  add 

F igure  9 

A t  any frequency w i t h i n  t h e  band, a s m a l l  number of e l e c -  
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i n  v i r t u a l l y  random phase.  For t h i s  reason ,  SAW g e n e r a t i o n  i s  confined t o  a s i n g l e  
"ac t ive"  r e g i o n  t h a t  s l i d e s  a long t h e  t ransducer  as t h e  d r i v e  frequency i s  changed. 
The number of e x c i t a t i o n  e l e c t r o d e s  Na comprising a n  "active" s e c t i o n  f o r  a l i n e a r  
FM c h i r p  t r a n s d u c e r  i s  given by 

where NTOT 
and AT i s  t h e  t r a n s d u c e r  l e n g t h  d i v i d e d  by t h e  SAW v e l o c i t y .  
e l e c t r o d e s  can be v a r i e d  t o  s a t i s f y  convenient  impedance-matching c o n d i t i o n s .  
t h e  t r a n s d u c e r  a p e r t u r e  i s  f i x e d  by acousto-opt ic  i n t e r a c t i o n  l e n g t h  c o n s i d e r a t i o n s ,  
NTOT can b e  i n c r e a s e d  u n t i l  t h e  midband c a p a c i t i v e  r e a c t a n c e  reaches  50 R.  
p o i n t ,  t h e  t r a n s d u c e r  can b e  coupled t o  a 50 R g e n e r a t o r  wi thout  any tun ing .  I n  
a d d i t i o n ,  l o s s e s  due t o  p a r a s i t i c  r e s i s t a n c e  i n  t h e  m e t a l  f i l m  can be reduced by 
making Na l a r g e ,  s i n c e  t h e  e l e c t r o d e  r e s i s t a n c e  t e r m  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  the 
number of act ive e l e c t r o d e s .  

2f, AT i s  t h e  t o t a l  number of e l e c t r o d e s ,  f o  i s  t h e  midband frequency,  

When 

A t  t h i s  

The t o t a l  number of 

The t r a n s d u c e r  p a t t e r n  u l t i m a t e l y  used i n  the development of t h e  IOSA w a s  a 
modif ied c h i r p  t r a n s d u c e r  o p e r a t i n g  a t  600 MHz w i t h  a 4OO-MHz bandwidth. T h i s  t r a n s -  
ducer ,  shown s c h e m a t i c a l l y  i n  F igure  9 ,  c o n s i s t s  of 180 e l e c t r o d e s  w i t h  Na = 2 1  
arranged i n  a two-track "dog-leg" s t r u c t u r e  t o  improve t h e  impedance matching charac-  
ter is t ics .  The t o t a l  a p e r t u r e  i s  7 6  wavelengths,  and t h e  t o t a l  t ilt  a n g l e  v a r i a t i o n  
i s  1:7", s i n c e  t h i s  d e s i g n  covers  t h e  frequency range from 350 t o  900 MHz. The t r a n s -  
ducer  photomask p a t t e r n  w i t h  n o n - p a r a l l e l  e l e c t r o d e s  w a s  programmed on a computer- 
c o n t r o l l e d  o p t i c a l  p l o t t e r  and photographica l ly  reduced i n  3 s t a g e s .  
were then  b u i l t  u s i n g o c o n t a c t  o p t i c a l  photol i thography.  
were etched from 500-A-thick aluminum m e t a l i z a t i o n s .  

The d e v i c e s  
In  a l l  cases, t h e  t r a n s d u c e r s  

PERFORMANCE 

Data w a s  ob ta ined  on a c o u s t i c  conversion e f f i c i e n c y ,  propagat ion  l o s s ,  v e l o c i t y  
d i s p e r s i o n ,  and acous to-opt ic  d e f l e c t i o n  e f f i c i e n c y .  

The 600-MHz MCT p a t t e r n  w a s  i n i t i a l l y  f a b r i c a t e d  on u n t r e a t e d  yz LiNbO3. Mea- 

The measured conversion e f f i -  
surements w e r e  made of t h e  i n s e r t i o n  loss of t h i s  t r a n s d u c e r  i n  a non-dispers ive 
d e l a y - l i n e  c o n f i g u r a t i o n  and are shown i n  F igure  10.  
c iency  agreed q u i t e  w e l l  w i t h  t h e  t h e o r e t i c a l  v a l u e  of 13 dB. The i n s e r t i o n  l o s s  
v a r i e s  from 14 dB a t  t h e  lower edge of t h e  band t o  1 2  dB i n  t h e  middle.  
l e n g t h  of t h e  gold w i r e  l e a d s  causes  t h e  passband t o  t i l t  by as much as 5 dB. 
l e n t  agreement between t h e  t h e o r e t i c a l  and t h e  measured response  w a s  achieved.  

Varying t h e  
Excel- 

Using tes t  d e l a y  l i n e s  f a b r i c a t e d  on Ti-diffused LiNb03 samples,  measurements 
were made of a c o u s t i c  propagat ion  l o s s e s .  The r e s u l t i n g  d a t a  i s  shown i n  Table  2. To 
o b t a i n  t h i s  d a t a ,  i t  w a s  assumed t h a t  t h e  measured i n s e r t i o n  l o s s  of t h e  u n t r e a t e d  
samples c o n s i s t e d  of the sum of t h e  conversion e f f i c i e n c y  and the t h e o r e t i c a l  propaga- 
t i o n  l o s s  p r e d i c t e d  by Szabo and Slobodnik ( r e f .  9 ) .  

There i s  g r e a t  d i s p a r i t y  i n  t h e  propagat ton loss d a t a  obta ined .  An a t tempt  w a s  
made t o  c o r r e l a t e  t h e  a t t e n u a t i o n  v a l u e s  w i t h  t h e  tempera ture  p r o f i l e s . u s e d  d u r i n g  
t h e  T i  d i f f u s i o n .  The t i m e s  a t  each temperature  a r e  a l s o  shown i n  t h e  t a b l e .  
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Sample N-92, which e x h i b i t e d  e s s e n t i a l l y  t h e o r e t i c a l  p ropagat ion  loss v a l u e s ,  was 
h e a t  t r e a t e d  a t  650°C f o r  2 hours  and a t  950°C f o r  5 hours .  The h i g h e r  l o s s e s  m e a -  
sured  f o r  sample N-95 i n d i c a t e  t h a t  t h e  t i m e  a t  b o t h  65OoC and a t  950' C a re  c r i t i c a l  
i n  determining t h e  propagat ion  loss of t h e  samples.  

The layered  Ti:LiNb03 s t r u c t u r e  i s  expected t o  e x h i b i t  some a c o u s t i c  v e l o c i t y  
d i s p e r s i o n .  
f requency dependence of  t h e  o p t i c a l  d e f l e c t i o n  a n g l e  8 and hence of t h e  d e t e c t o r  
s p a c i n g  i s  dependent on v e l o c i t y .  

It i s  impor tan t  t o  c h a r a c t e r i z e  t h e  amount of d i s p e r s i o n  because t h e  

The d i s p e r s i o n  of t h e  a c o u s t i c  t i m e  d e l a y  w a s  measured f o r  c r y s t a l s  w i t h  d i f f e r -  
i n g  d i f f u s i o n  temperature  p r o f i l e s .  The r e s u l t s  a re  given i n  Table  3. These r e s u l t s  
w e r e  ob ta ined  from a computer-controlled r f  network a n a l y z e r  t h a t  measured t h e  i n s e r -  
t i o n  phase of a d e l a y  l i n e  c o n s i s t i n g  of two 600-MHz MCTs and performed a second- 
o r d e r  l e a s t - s q u a r e s  f i t .  The v a l u e s  of 1 .6  x lO-5/MHz measured f o r  t h e s e  d e v i c e s  
corresponds t o  a change i n  t i m e  de lay  of 0.64% f o r  a 400-MHz bandwidth. However, of 
more importance i s  t h e  e r r o r  i n  p o s i t i o n  of the d e t e c t o r  ce l l s  because they  are  
uniformly spaced. The f r a c t i o n a l  p o s i t i o n  e r r o r  of t h e  high-frequency end of t h e  
d e t e c t o r  can b e  c a l c u l a t e d  re la t ive  t o  t h e  low-frequency end. The r e s u l t  i s  t h a t  f o r  
a 400-MHz bandwidth c e n t e r e d  a t  600 MHz, t h e  e r r o r  i s  1%, o r  1 d e t e c t o r  c e l l  wid th .  

Acousto-optic d e f l e c t i o n  d a t a  was obta ined  f o r  devices  c o n s i s t i n g  of Ti:LiNb03 
s u b s t r a t e s  w i t h  600-MHz MCT t r a n s d u c e r s .  The s e t u p  shown schemat ica l ly  i n  F i g u r e  11 
w a s  found t o  be  t h e  most convenient  and t h e  most a c c u r a t e  method f o r  o b t a i n i n g  t h i s  
d a t a .  The l i g h t  beam from t h e  laser i s  coupled i n t o  t h e  waveguide u s i n g  a r u t i l e  
pr ism coupler .  The guided o p t i c a l  beam traverses t h e  a c o u s t i c  p a t h ,  and t h e  
undef lec ted  and d e f l e c t e d  beams emerge from t h e  waveguide a t  t h e  edge of the c r y s t a l .  
There they  are  imaged on s o l i d - s t a t e  d e t e c t o r s  u s i n g  a c y l i n d r i c a l  l e n s .  The d e f l e c -  
t i o n  e f f i c i e n c y  i s  t h e n  determined by t a k i n g  t h e  r a t i o  of t h e  two o p t i c a l  i n t e n s i t i e s .  
The SAW t r a n s d u c e r  i s  d r i v e n  by a n  r f  o s c i l l a t o r  and a m p l i f i e r .  
power can be  monitored u s i n g  a power meter. The primary advantage of t h i s  technique  
i s  t h a t  no output  pr ism coupler  i s  r e q u i r e d .  The main d isadvantage  of t h i s  technique  
i s  t h a t  a ch ip- f ree  p o l i s h e d  edge must b e  obta ined  on t h e  output  edge of the LiNbO3 
s u b s t r a t e .  Otherwise,  t h e  l i g h t  i n  t h e  waveguide i s  s c a t t e r e d  and cannot be p r o p e r l y  
imaged on t h e  d e t e c t o r s .  

The i n c i d e n t  r f  

F igures  1 2  and 13 show acousto-opt ic  d e f l e c t i o n  e f f i c i e n c y  v e r s u s  f requency m e a -  
s u r e d  w i t h  100 mW of r f  power i n c i d e n t  on t h e  SAW t r a n s d u c e r .  

F i g u r e  12  shows t h e  response  obta ined  u s i n g  a G a A l A s  double-he tero junc t ion  laser 
w i t h  a TE p o l a r i z a t i o n ,  and w i t h  a wavelength of 0.83 pm. 
t o  a 1.6% d e f l e c t i o n  e f f i c i e n c y ;  t h e  t ransducer  bandwidth i s  420 MHz. 

The 0 dB h e r e  corresponds 

A s  proof of t h e  e f f e c t i v e n e s s  of t h e  t i l t e d  f i n g e r s  t o  steer t h e  a c o u s t i c  beam 
and a f f e c t  t h e  bandwidth, a measurement w a s  made on t h e  d e f l e c t i o n  c o e f f i c i e n t  when 
t h e  laser w a s  i n c i d e n t  from t h e  oppos i te  s i d e .  This  i s  e q u i v a l e n t  t o  changing t h e  
s i g n  of t h e  d i r e c t i o n  i n  which t h e  e l e c t r o d e s  t i l t .  The r e s u l t  i s  a response  t h a t  
i s  s i g n i f i c a n t l y  narrowband compared wi th  t h a t  shown i n  F igure  12 .  Using Equat ion (15) 
(of Ref. lo), t h e  shape of t h i s  response can be  c a l c u l a t e d ;  i t  is  shown i n  F igure  1 3 ,  
a l o n g  w i t h  t h e  curve  measured. 
s i g n i f i c a n t l y  narrowband re la t ive t o  t h e  p a r a l l e l  e l e c t r o d e  case. The s l i g h t  d i s -  
placement i n  frequency between t h e  two curves r e s u l t s  from t h e  experimental  uncer- 
t a i n t y  concerning t h e  frequency a t  which t h e  Bragg c o n d i t i o n  w a s  e x a c t l y  s a t i s f i e d .  

The two curves  a g r e e  q u i t e  w e l l  and t h e  response  i s  
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GETECTOR ARRAY AND CCD READOUT 

The d e t e c t o r  a r r a y  of t h e  IOSA i s  designed t o  d e t e c t  SAW d e f l e c t e d  laser l i g h t ,  
t o  provide  informat ion  on incoming r f  f requency,  and t o  read  o u t  w i t h  a charge- 
coupled-device s h i f t  r e g i s t e r .  

The CKC 139 d e t e c t o r  a r r a y  i s  made of a s i n g l e  row of 100 s i l i c o n  MOS photo- 
d e t e c t o r s  and 4 o u t p u t  CCD s h i f t  r e g i s t e r s  l o c a t e d  on b o t h  s i d e s  of t h e  d e t e c t o r s .  
These s m a l l  photodetec tors  are made of MOS c a p a c i t o r s  w i t h  semi- t ransparent  poly- 
s i l i c o n  g a t e s .  
channel  CCD technology t o  reduce n o i s e  and i n c r e a s e  t h e  ra te  of charge  t r a n s f e r .  
T h e  CCD i s  f a b r i c a t e d  w i t h  n-channel CCD technology t o  take advantage of h i g h e r  elec- 
t r o n  m o b i l i t y .  
compat ible  w i t h  t h e  above n-channel CCD technology i s  shown i n  F i g u r e  14. 

The CCD s h i f t  r e g i s t e r  i s  f a b r i c a t e d  u s i n g  p o l y s i l i c o n  g a t e  buried-  

'The schematic  c r o s s  s e c t i o n  of a bur ied  p-channel MOS p h o t o d e t e c t o r  

When a b i a s  v o l t a g e  i s  a p p l i e d  on t h e  g a t e  of t h e  MOS c a p a c i t o r ,  a d e p l e t i o n  
r e g i o n  is  formed under t h e  p o l y s i l i c o n  g a t e .  
p e n e t r a t i n g  t h e  s i l i c o n  s u b s t r a t e  w i l l  b e  s e p a r a t e d  by t h e  e l ec t r i c  f i e l d  i n  t h e  
d e p l e t i o n  r e g i o n .  
charge .  

Electron-hole  p a i r s  genera ted  by photons 

The e l e c t r o n s  c o l l e c t e d  a t  t h e  Si-Si02 i n t e r f a c e  become t h e  s i g n a l  

The primary performance g o a l s  of the d e t e c t o r  a r r a y  were: 

An r f  f requency r e s o l u t i o n  of 4 MHz 

A dynamic range of 40 dB 

A t o t a l  sampling t i m e  of <3 usec. 

The d e t e c t o r  c e l l  wid th  S i s  c o n s t r a i n e d  by t h e  r e q u i r e d  r f  f requency r e s o l u t i o n  
and by t h e  allowed o p t i c a l  c r o s s t a l k  between a d j a c e n t  ce l l s  d i s c u s s e d  ear l ier .  Using 
t h e  parameters  a s s o c i a t e d  w i t h  F i g u r e  3 ,  t h e  d e t e c t o r  c e l l  wid th  d e f i n e d  by  frequency 
r e s o l u t i o n  requirements  i s  S 5 4.26 x lO-4F, and t h e  c e l l  wid th  d e f i n e d  by o p t i c a l  
r e s o l u t i o n  requirement  i s  S 2 1.32  x lO-4F. 
s m a l l  d e t e c t o r  s i z e .  The d e t e c t o r  w i d t h ,  however, i s  r e s t r i c t e d  i n  the lower l i m i t  
by detector-CCD f a b r i c a t i o n  and coupl ing  c o n s i d e r a t i o n s ,  and by dynamic range requi re -  
ments.  The d e t e c t o r  coupled t o  CCD s h i f t  r e g i s t e r s  i s  shown i n  F i g u r e  15. To f a c i l i -  
t a t e  t h e  charge  t r a n s f e r ,  i t  i s  d e s i r a b l e  t o  have equal  wid th  f o r  b o t h  t h e  d e t e c t o r  
and t h e  CCD c e l l .  It i s  d i f f i c u l t  t o  make t h e  wid th  smaller than  16 v m  p e r  b i t  o r  
8 Urn per d e t e c t o r  f o r  a 2 d e t e c t o r  t o  i b i t  d u a l  m u l t i p l e x e r .  
s t o p s  between t h e  d e t e c t o r  ce l l s  t o  i s o l a t e  t h e  ce l l s  from one o t h e r .  The minimum 
channel  s t o p  wid th  t h a t  can b e  made on a mask i s  1.5 pm and w i l l  b e  3.5 u m  wide 
a f t e r  process ing .  With a s p o t  s i z e  of about  2.5 pm, t h e  d e t e c t o r  s i z e  should b e  a t  
l ea s t  7 pm t o  c o n t a i n  t h e  f u l l  l i g h t  s p o t .  
ment of 40 dB r e q u i r e s  a r a t h e r  l a r g e  d e t e c t o r  s t o r a g e  area. Any f u r t h e r  r e d u c t i o n  
i n  d e t e c t o r  wid th  w i l l  make t h e  d e t e c t o r  l e n g t h  even longer  and slow down charge  
t r a n s f e r .  Based on these c o n s i d e r a t i o n s ,  w e  chose a d e t e c t o r  wid th  of 8 p m  f o r  
t h e  F o u r i e r  t ransform l e n s  w i t h  a f o c a l  l e n g t h  of 1.88 cm. 
f requency r e s o l u t i o n  of  4 MHz. 

A s m a l l  f o c a l  l e n g t h  F corresponds t o  a 

There are channel  

To s a t i s f y  t h e  dynamic range r e q u i r e -  

T h i s  g i v e s  the r e q u i r e d  

A dynamic range of 40 dB i s  r e q u i r e d  f o r  system a p p l i c a t i o n s .  The dynamic range 
i s  def ined  as t h e  range  between d e t e c t o r  s a t u r a t i o n  due t o  s t r o n g  s i g n a l  and t h e  over- 
a l l  n o i s e  l eve l .  The de termina t ion  of expected n o i s e  level  i s ,  t h e r e f o r e ,  v e r y  impor- 
t a n t  f o r  d e s i g n i n g  t h e  f u l l  charge  c a p a c i t y  of bo th  t h e  d e t e c t o r  and CCD u n i t  ce l l s .  

182 



The u s u a l  n o i s e  sources  of a detector/CCD a r r a y  can  b e  sepa ra t ed  i n t o  t h r e e  
c a t e g o r i e s :  
t h e  ou tpu t .  
t o  t h e  comparison of n o i s e  c h a r a c t e r i s t i c s  of sur face-  and buried-channel  CCDs .  

t h o s e  a s s o c i a t e d  w i t h  t h e  i n p u t ,  t h e  i n t e g r a t i o n  and t r a n s f e r ,  and wi th  
These n o i s e  e f f e c t s  are l i s t e d  i n  Table  4 w i t h  s p e c i a l  emphasis g iven  

The conc lus ion  t h a t  t h e  n o i s e  l e v e l  of a surface-channel  CCD i s  about f o u r  t i m e s  
h i g h e r  t h a n  t h a t  of a buried-channel  CCD has  l e d  t o  t h e  s e l e c t i o n  of t h e  b u r i e d  
channel  dev ice  f o r  t h i s  program. 
t h e  charge  c a p a c i t y  of bo th  t h e  d e t e c t o r  and t h e  CCD s t o r a g e  w e l l  must b e  a t  l eas t  
lo4  t i m e s  g r e a t e r  t han  t h e  n o i s e  level. 
i t s  ou tpu t  a m p l i f i e r  i s  about  210 e l e c t r o n s .  
t r o n s  i s  thus  designed f o r  t h i s  a r r a y .  
e l ec t rons / cm2 ,  t h i s  r e s u l t s  i n  a d e t e c t o r  of 

To ach ieve  a dynamic range  of 40 dB, o r  lo4  t o  1, 

The n o i s e  level  of a buried-channel  CCD and 
A f u l l  charge  c a p a c i t y  of 6 x 106 elec- 

Assuming a charge  d e n s i t y  of 1 x 1012 

2 6 
= 6 x cm . 6 x  10 e l e c t r o n s  

1 x e lec t rons / cm 2 

With an e f f e c t i v e  d e t e c t o r  wid th  of 4.5 my t h i s  r e q u i r e s  a d e t e c t o r  l e n g t h  of a t  
l eas t  

( 6  x * 
( 4 . 5  x cm) 

cm ) = 1.33 x lom2 cm = 133 u m  . 

There fo re ,  t h e  d e t e c t o r  s i z e  i s  designed t o  b e  8 urn by 150 urn. 

The 100 d e t e c t o r s  should be  sampled as f a s t  as p o s s i b l e ,  p r e f e r a b l y  w i t h i n  
3 usec. Therefore ,  t h e  d e t e c t o r ,  t h e  CCD s h i f t  r e g i s t e r ,  and t h e  ou tpu t  a m p l i f i e r  
are a l l  r e q u i r e d  t o  have high-speed ope ra t ion .  
f o r  carrier t r a n s f e r  i n  a CCD: thermal  d i f f u s i o n ,  self- induced d r i f t ,  and f r i n g i n g  
f i e l d s .  A summary showing thermal  d i f f u s i o n  t i m e  c o n s t a n t s ,  f r i n g i n g  f i e l d ,  and 
c a r r i e r  m o b i l i t y  i s  shown i n  Table  5. 
and a p o t e n t i a l  d i f f e r e n c e  of 10 V between ad jacen t  e l e c t r o d e s  a r e  assumed. Also 
l i s t e d  i n  Table  5 are  t 4 ,  t h e  t i m e  t o  ach ieve  a t r a n s f e r  e f f i c i e n c y  of fou r  9 ' s  o r  
0 .9999 ,  and f ,  t h e  maximum o p e r a t i n g  frequency assuming a 2-phase c locking .  

Three b a s i c  mechanisms are r e s p o n s i b l e  

An e p i  concen t r a t ion  of 5 x 1014/cm3 (30 S2-cm) 

With a readout  scheme as shown i n  F igu re  15, each of t h e  CCD r e g i s t e r s  w i l l  have 
a maximum of 100 t r a n s f e r s  between d e t e c t o r  and ou tpu t  a m p l i f i e r .  
sampling t i m e  i s  d e s i r e d ,  a t r a n s f e r  t i m e  t 4  of less than  3 x 10-8 sec would b e  
r equ i r ed .  
a v e r y  good chance of meet ing t h i s  goa l .  
des ign  i s  6 urn. 

I f  a 3-ysec 

Table  5 shows t h a t  CCDs  w i t h  an e l e c t r o d e  l e n g t h  of 7.5 ym o r  l e s s  have 
The e l e c t r o d e  l e n g t h  chosen i n  t h e  p r e s e n t  

IOSA DEVICE TESTING AND PERFORMANCE 

The IOSA i s  a complex dev ice  and e x t e n s i v e  t e s t i n g  is  needed f o r  performance 
e v a l u a t i o n .  
c l e a r l y  d i s c e r n  t h e  detector/CCD c h i p  a t  t h e  top  end, t h e  two geodes ic  l e n s e s  i n  t h e  
middle ,  and t h e  semiconductor laser a t  t h e  lower end of t h e  L i m o 3  i n t e g r a t e d  o p t i c  
ch ip .  

Looking a t  t h e  close-up of a f u l l y  assembled IOSA i n  F igu re  1 6  w e  can 

Two sets of  SAW t r ansduce r s  can be  seen  i n  t h e  middle  of t h e  L i m o 3  c h i p  on 
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e i t h e r  s i d e  of t h e  a x i s  of t h e  c r y s t a l .  
performance are: 

The s i g n i f i c a n t  f e a t u r e s  of the,IOSA's  

Acousto-optic bandwidth 

Single- tone r f  r e s o l u t i o n  

8 Single- tone dynamic range  

Two-tone r f  r e s o l u t i o n  

r f  p u l s e  measurements. 

Acousto-Optic Bandwidth 

The I O S A  d e v i c e  depends on acous to-opt ic  Bragg d e f l e c t i o n  f o r  i t s  s u c c e s s f u l  
ope ra t ion .  
t h e  r f  bandwidth of t h e  t r ansduce r  f o r  e f f i c i e n t  SAW gene ra t ion ,  as w e l l  as 
k-vec tor  matching of t h e  o p t i c a l  and s u r f a c e  a c o u s t i c  waves. 
t e r i z a t i o n  of t h e  t r ansduce r  r e v e a l s  on ly  a p a r t  of t h e  p i c t u r e .  
a t e  t h e  acous to-opt ic  response  w e  make u s e  of an exper imenta l  arrangement,  
i l l u s t r a t e d  by t h e  schematic  i n  F igure  1 7 .  To o b t a i n  t h e  optimum acous to-opt ic  
response  w e  need t o  arr ive a t  t h e  c o r r e c t  p o s i t i o n  f o r  t h e  semiconductor l a s e r .  
This  i s  decided by measuring t h e  acous to-opt ic  response  corresponding t o  d i f f e r e n t  
t r a n s v e r s e  p o s i t i o n s  of t h e  semiconductor laser w i t h  r e s p e c t  t o  t h e  a x i s  of t h e  
c o l l i m a t i n g  l e n s .  I n  t h i s  measurement a 1 kHz ampli tude modulated r f  s i g n a l  i s  
ampl i f i ed  and app l i ed  t o  t h e  SAW t r ansduce r  of t h e  IOSA. The d i r e c t i o n a l  coup le r  
between t h e  r f  a m p l i f i e r  and t h e  SAW t r ansduce r  f a c i l i t a t e s  measurement of t h e  
i n c i d e n t  and r e f l e c t e d  r f  power levels.  The d e f l e c t e d  o p t i c a l  s p o t  a t  t h e  ou tpu t  
edge of t h e  c r y s t a l  i s  imaged onto  a pho tomul t ip l i e r .  The beam s p l i t t e r  arrange-  
ment a l lows  moni tor ing  of t h e  output  edge of t h e  c r y s t a l  on a v ideo  monitor .  The 
s i g n a l  from t h e  p h o t o m u l t i p l i e r ,  t o g e t h e r  w i th  t h e  1 kHz modulating s i g n a l  from t h e  
wavetek o s c i l l a t o r ,  is  f e d  t o  t h e  s i g n a l  and r e f e r e n c e  channels  of a PAR 124A lock- 
i n  a m p l i f i e r .  The ana log  output  from t h e  lock- in  i s  used t o  d r i v e  an XY-plotter.  
Because of t h e  lock- in  measurement technique  employed, any s c a t t e r e d  l i g h t  from 
t h e  s u b s t r a t e  does n o t  cause  problems. 
been a b l e  t o  r a p i d l y  measure t h e  acous to-opt ic  bandwidth f o r  each p o s i t i o n  of t h e  
semiconductor laser. 

The bandwidth a s s o c i a t e d  w i t h  t h e  acous to-opt ic  i n t e r a c t i o n  depends on 

But a pu re ly  r f  charac- 
I n  o r d e r  t o  evalu- 

With t h i s  experimental  arrangement w e  have 

The optimum acous to-opt ic  response ,  measured w i t h  an  HLP 1400 laser coupled t o  
t h e  IOSA ch ip ,  i s  shown i n  F igure  18.  The 3 dB bandwidth i s  %380 MHz. The acousto-  
o p t i c  d e f l e c t i o n  e f f i c i e n c y  corresponding t o  t h e  0 dB level a t  a frequency of 
615 MHz and 100 mW, w a s  measured as t h e  r a t i o  of t h e  d e f l e c t e d  s p o t  s i g n a l  t o  t h e  
unde f l ec t ed  s p o t  s i g n a l .  The d e f l e c t e d  spo t  s i g n a l  w a s  a r r i v e d  a t  by s u b s t r a t i n g  
o u t  t h e  s i g n a l  due t o  any s c a t t e r e d  background. 
observed e f f i c i e n c i e s  o f  0.83% (sample 4 wi th  HLP 3400 U l aser ) ,  and 0.97% (sample 
3 w i t h  HLP 1400 CSP l a s e r ) ,  r e s p e c t i v e l y .  The i r r e g u l a r  s t r u c t u r e  observed i n  t h e  
acous to-opt ic  response  of F igu re  18 i s  due t o  rf mismatch which arises from t h e  
c o a x i a l  c a b l e  (RG57, BNC) between t h e  output  of t h e  d i r e c t i o n a l  coup le r  and t h e  SAW 
t ransduce r .  
i n c i d e n t  power a t  a f i x e d  v a l u e  of Pavg '~1.00 mW, and measuring t h e  acous to-opt ic  
response  over  t h e  frequency range  400 MHz t o  900 MHz. 
t h e  acous to-opt ic  response ,  as w e l l  as  t h e  n e t  r f  power f lowing i n t o  t h e  SAW 

For t h e  two samples t e s t e d  w e  have 

This  has been checked by monitor ing t h e  r e f l e c t e d  power, keeping t h e  

I n  F igu re  1 9  w e  have p l o t t e d  
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t r a n s d u c e r / c o a x i a l  c a b l e  p a i r  v e r s u s  f requency.  
and v a l l e y s  of t h e  acous to-opt ic  d e f l e c t i o n  e f f i c i e n c y  w i t h  t h e  peaks and v a l l e y s  
of t h e  n e t  power i n t o  t h e  SAW t r ansduce r  confirms t h i s  conclusion.  

The correspondence between t h e  peaks 

Single-Tone RF Reso lu t ion  

The IOSA dev ice  w a s  designed t o  have an  acous to-opt ic  3 dB bandwidth of 400 MHz, 
wi th  a c e n t e r  f requency of 600 MHz and a s ing le - tone  r e s o l u t i o n  of 4 MHz. 
o p t i c  response  measurements d i scussed  earlier i n d i c a t e  t h a t  t h e  Bragg c e l l  des ign  
does indeed y i e l d  a 3 dB response  of Q380 MHz, ve ry  c l o s e  t o  t h e  2 400 MHz r f  
bandwidth. 
such as t h e  gap between t h e  laser emission f a c e t  and t h e  i n p u t  end of t h e  LiNbO3 
c r y s t a l ,  t h e  p o s i t i o n s  of t h e  f o c a l  p l anes  of t h e  c o l l i m a t i n g  and F o u r i e r  t r a n s -  
forming l e n s e s  w i t h  r e s p e c t  t o  t h e  edges of t h e  LiNb03 c r y s t a l ,  SAW t ransduce r  
a l ignment ,  and t h e  d i s t a n c e  between t h e  ou tpu t  end of t h e  LiNbO3 c r y s t a l  and t h e  
s u r f a c e  of t h e  detector/CCD ch ip .  

Acousto- 

The s ing le - tone  r e s o l u t i o n  of t h e  d e v i c e  depends on a number of f a c t o r s  

Even though t h e  acous to-opt ic  response  was less than  optimum, s ing le - tone  
frequency measurements performed on t h e  dev ice  are n e v e r t h e l e s s  i n t e r e s t i n g .  

A s ing le - tone  measurement c a r r i e d  w i t h  a 725 MHz 100 mW r f  s i g n a l  i s  shown i n  
F igu re  20. 
channels  as s t r i n g s  of 50 p i x e l s  each. I n  o r d e r  t o  determine t h e  frequency reso lu-  
t i o n  we need t o  have d a t a  from bo th  t h e  ou tpu t  channels  p rope r ly  i n t e r l e a v e d  on 
t h e  d i s p l a y ,  The photograph i n  F igu re  20 shows ou tpu t  of a l l  t h e  100 p i x e l s  i n  
proper  t i m e  sequence. The upper photograph i s  an o s c i l l o s c o p e  trace of t h e  100 
detector/CCD a r r a y .  
trace on t h e  le f t -hand  s i d e  d e f i n e s  t h e  zero  s i g n a l  l e v e l .  
of t h e  o t h e r  p i x e l s  i n  F igu re  20 i s  due t o  in-p lane  s c a t t e r e d  l i g h t .  The p i x e l  
cor responding  t o  t h e  r f  s i g n a l  of 725  MHz has  been h i g h l i g h t e d .  
t h a t  are 4 MHz away by des ign  e x h i b i t  a s i g n a l  h a l f  as s t r o n g  as t h e  p i x e l  cor-  
responding t o  t h e  peak. The 3 dB frequency r e s o l u t i o n  i s  t h e r e f o r e  8 MHz. The 
lower h a l f  of F igu re  20 i l l u s t r a t e s  t h e  d i s p l a y  on a r e g u l a r  e l e c t r o n i c  spectrum 
a n a l y z e r  when t h e  same 725 MHz r f  s i g n a l  i s  i n c i d e n t  on i t .  A s  a second example, 
t h e  photograph i n  t h e  upper p a r t  of F igu re  2 1  i l l u s t r a t e s  t h e  ou tpu t  from one h a l f  
of t h e  detector/CCD a r r a y  when a 705 MHz, 100 mW r f  s i g n a l  i s  i n c i d e n t  on t h e  SAW 
t ransduce r  of t h e  IOSA. Once aga in ,  t h e  lower p a r t  is  t h e  d i s p l a y  of a convent iona l  
spectrum ana lyze r  w i th  t h e  same 705 MHz, 100 mW r f  s i g n a l  i n c i d e n t  on i t .  

The detector/CCD c h i p  i s  organized i n  a way t h a t  d a t a  i s  read  o u t  i n  two 

Refe r r ing  t o  F igu re  20, t h e  s t r a i g h t  h o r i z o n t a l  p a r t  of t h e  
The p e d e s t a l  s een  i n  a l l  

The a d j a c e n t  cel ls  

Single-Tone Dynamic Range 

The dynamic range of response  i s  an important  parameter  i n  t h e  e v a l u a t i o n  of 
t h e  IOSA. 
of t h e  LiNbO3 c r y s t a l  r e s u l t s  i n  a f i x e d  p a t t e r n  of n o i s e  impinging on t h e  d e t e c t o r /  
CCD a r r a y .  
F i g u r e  20. 
background p a t t e r n .  
t y p e  of phase s e n s i t i v e  d e t e c t i o n .  
played on an  o s c i l l o s c o p e ,  w e  read  s i g n a l s  o f f  t h e  sc reen  corresponding t o  each 
v a l u e  of t h e  r f  d r i v e  s i g n a l .  
o u r  dev ice ,  w e  measured t h e  s i g n a l  appear ing  i n  a p i x e l  which w a s  nex t  t o  t h e  n e a r e s t  
ne ighbor ,  cor responding  t o  a frequency gap of 8 MHz. 

A s  o u t l i n e d  earlier,  in-plane s c a t t e r e d  l i g h t  appear ing  a t  t h e  ou tpu t  

The r e s u l t i n g  p e d e s t a l  of background l i g h t  i s  c l e a r l y  i l l u s t r a t e d  i n  
Dynamic range  measurements were c a r r i e d  ou t  w i th  r e s p e c t  t o  t h e  f i x e d  

Measurements were c a r r i e d  ou t  wi thout  r e s o r t i n g  t o  a lock- in  
With t h e  output  of t h e  detector/CCD ch ip  d i s -  

Also,  t o  g e t  an  estimate of t h e  c r o s s - t a l k  f i g u r e  f o r  

The r e s u l t  of one such 
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measurement i s  shown i n  F igu re  22.  
333 kHz, w i th  t h e  r f  a t  729 MHz and an Ilaser = 2 1  mA. The s i g n a l  i n  t h e  main 
p i x e l  s a t u r a t e s  f o r  r f  power g r e a t e r  t han  about 200 mW, r e s u l t i n g  in- a dynamic 
range  of 20 t o  23 dB, wi th  the minimum v i s u a l l y  d i s c e r n a b l e  s i g n a l  l e v e l  a t  about  
1 mW ( r f ) .  The receiver s e n s i t i v i t y  f o r  t h e  IOSA as determined by observ ing  the 
detector/CCD ou tpu t  on an o s c i l l o s c o p e  would be  1 mW (of r f  power). 
i n  t h e  nex t  t o  n e a r e s t  neighbor  (8  MHz a r r a y )  appears  t o  b e  a f a c t o r  of 4 smaller 
than  t h e  main p i x e l .  
f i g u r e  of 8 MHz (F igu re  20) .  

The detector/CCD c lock ing  was c a r r i e d  ou t  a t  

The s i g n a l  

Th i s  measurement i s  aga in  i n  agreement w i t h  our  3 dB r e s o l u t i o n  

The dynamic range  i s  c u r r e n t l y  l i m i t e d  by s a t u r a t i o n  of t h e  d e t e c t o r  a t  t h e  
h igh  s i g n a l  end, and by t h e  presence  of t h e  f i x e d  p a t t e r n  background s i g n a l  a t  t h e  
lower end. S teps  such as improved c r y s t a l  handl ing ,  improved waveguide f a b r i c a t i o n ,  
and p o l i s h i n g  of the c r y s t a l  s u r f a c e  a f t e r  waveguide format ion  can b e  pursued t o  
reduce in-plane s c a t t e r i n g  of l i g h t .  

Two-Tone RF Resolu t ion  

Func t iona l ly ,  t h e  IOSA i s  expected t o  r e c e i v e  and ana lyze  m u l t i p l e  r f  s i g n a l s  
f o r  t h e i r  f requency and ampli tude c h a r a c t e r i s t i c s .  An important  parameter  i n  
ana lyz ing  more than  one r f  component a t  a t i m e  i s  t h e  minimum spac ing  between 
a d j a c e n t  s i g n a l s  below which t h e  dev ice  f a i l s  t o  r e so lve .  The two-tone r e s o l u t i o n  
measurement a t t empt s  t o  q u a n t i f y  t h e  dev ice  performance i n  regard  t o  s imul taneous  
m u l t i p l e  s i g n a l  s p e c t r a l  a n a l y s i s .  I n  t h i s  dev ice  des ign ,  t h e  spac ing  between 
ad jacen t  d e t e c t o r  p i x e l s  corresponds t o  a n  r f  increment of 4 MHz. I f  t h e  achieved 
r f  r e s o l u t i o n  were such t h a t  a s i g n i f i c a n t  response  w a s  observed i n  d e t e c t o r  p i x e l s  
a d j a c e n t  t o  t h e  in tended  p i x e l ,  two-tone r e s o l u t i o n  would s u f f e r .  S ingle- tone  
r e s o l u t i o n  measurements d i scussed  ea r l i e r  ( s e e  F igu re  20) have shown t h a t  t h e  
s t r e n g t h  of t h e  s i g n a l  i n  an  a d j a c e n t  d e t e c t o r  p i x e l  4 MHz away i s  on ly  a f a c t o r  of 
2 smaller. Assuming a s imple  Gaussian spo t  shape impinging on a d e t e c t o r  e lement ,  
w e  would n o t  expec t  t h e  dev ice  t o  r e s o l v e  a p a i r  of ad jacen t  r f  s i g n a l s  of equa l  
s t r e n g t h  and 8 MHz s e p a r a t i o n .  Y e t  ou r  measurements w i t h  t h e  dev ice  i n d i c a t e  t h a t  a 
p a i r  of equa l  s t r e n g t h  r f  s i g n a l s  8 MHz a p a r t  a r e  r e so lved .  Osc i l l o scope  d i s p l a y s  
of t h e  ou tpu t  of t h e  detector/CCD ch ip ,  when t h e  SAW t ransduce r  i s  d r i v e n  by two r f  
s i g n a l s  of 100 mW i n t e n s i t y  sepa ra t ed  by 8 MHz, i s  i l l u s t r a t e d  i n  F igu re  23. I n  
F igu re  23(a)  t h e  ou tpu t  of t h e  100 element detector/CCD ch ip  i s  shown i n  proper  t i m e  
sequence. 
s e p a r a t e l y .  The r f  spac ing  between ad jacen t  p o i n t s  i n  F igu re  23(b) i s  8 MHz, w h i l e  
t h e  spac ing  between ad jacen t  p o i n t s  i n  F igu re  23(a)  i s  4 MHz. I n  F igu re  23(c)  and 
(d) we  show t i m e  expanded d e t a i l s  of t h e  d i s p l a y s  i n  p a r t s  ( a )  and (b) .  The r f  
spectrum of t h e  s i g n a l  used t o  g e n e r a t e  t h e  ou tpu t  i n  F igu re  23(a) is  shown i n  Fig- 
u r e  23 (e ) .  The c e n t r a l  s i g n a l  a t  689 MHz is  20 dB smaller t h a n  i t s  two ne ighbors  
a t  685 MHz and 693 MHz, r e s p e c t i v e l y .  Hence, t h e  f u l l  200 mW of r f  power i s  d i s -  
t r i b u t e d  equa l ly  between t h e  two s i g n a l s  a t  685 MHz and 693 MHz. An examinat ion of 
t h e  d i s p l a y  i n  F igu re  23(a)  shows t h a t  t h e  p i x e l  corresponding t o  689 MHz e x h i b i t s  
a response  0.7 dB below t h e  p i x e l s  a t  685 MHz and 693 MHz. 
s i g n a l s  s epa ra t ed  by 8 MHz are c l e a r l y  reso lved .  

I n  F igu re  23(b) t h e  o u t p u t s  from t h e  two s h i f t  r e g i s t e r s  are d i sp layed  

Thus, two equa l  s t r e n g t h  

I n  o r d e r  t o  c h a r a c t e r i z e  t h e  two-tone r e s o l u t i o n  of the dev ice ,  w e  c a r r i e d  out  
a number of o t h e r  measurements. 
between t h e  two 100 mW r f  s i g n a l s  were 1 2  MHz, 16 MHz, 24 MHz, and 40 MHz, 
r e s p e c t i v e l y .  
i n  F igu re  24,with a frequency o f f s e t  of 1 2  MHz. 

S i m i l a r  d i s p l a y s  were obta ined  when t h e  spac ings  

Reso lu t ion  of t h e  two r f  s i g n a l s  i n  each case w a s  very  clear, as shown 
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An i n t e r e s t i n g  f e a t u r e  of t h e  two-tone measurement is concerned w i t h  the 
measurement of t h e  dynamic range  of a s i g n a l  i n  t h e  presence  of a s t r o n g  s i g n a l  
nearby.  
ad jacen t  d e t e c t o r  p i x e l s )  t o  ach ieve  a c r o s s  f i g u r e  of -20 dB. This  means t h a t  i n  
t h e  presence  of a s t r o n g  s i g n a l ,  a weak s i g n a l  would no t  b e  c l e a r l y  r e so lved  (wi th  
a c r o s s - t a l k  f i g u r e  of -20 dB) u n l e s s  i t  were 2 2 0  MHz away. The two-tone dynamic 
range  i s  expected ( i f  Af 2 20 MHz) t o  be  b e t t e r  t h a n  1 0  dB f o r  t h e  weak s i g n a l .  
I n  o rde r  t o  improve t h e  two-tone dynamic range w e  would need t o  improve t h e  f r e -  
quency r e s o l u t i o n .  

Re fe r r ing  t o  F igu re  20, we f i n d  i t  necessary  t o  move 20 MHz (5 o r  6 

rf P u l s e  Measurements 

The IOSA dev ice  i s  expected t o  receive and ana lyze  r f  pu l se s  of s h o r t  t i m e  dura- 
t i o n .  I f  a laser w i t h  a d ivergence  a n g l e  of 11.45" is  used wi th  t h i s  o p t i c a l  sys- 
t e m  (wi th  a f o c a l  l e n g t h  of 20 mm), i t  gene ra t e s  a co l l ima ted  o p t i c a l  beam 4 mm wide. 
Combining t h e  4 mm o p t i c a l  beam width w i t h  a s u r f a c e  wave v e l o c i t y  of 3 .5  x lo5  cm/sec 
y i e l d s  an a c o u s t i c  a p e r t u r e  of 1 .15 psec .  A t  any g iven  i n s t a n t  i n  t i m e  t h e  acousto-  
o p t i c  i n t e r a c t i o n  can on ly  ana lyze  an a c o u s t i c  wave t r a i n  t h a t  is  1.15 psec long.  
Because of t h e  i n t e g r a t i n g  n a t u r e  of t h e  detector/CCD ch ip ,  a l l  l i g h t  impinging on 
a g iven  d e t e c t o r  p i x e l  du r ing  one i n t e g r a t i o n  pe r iod  c o n t r i b u t e s  t o  t h e  s i g n a l  
packet .  An a c o u s t i c  a p e r t u r e  of 1.15 psec  corresponds t o  a frequency r e s o l u t i o n  of 
0.85 MHz, and t h e r e  does no t  appear  t o  b e  an advantage i n  i n t e g r a t i n g  s i g n a l s  f o r  
p e r i o d s  longe r  than  t h e  a c o u s t i c  a p e r t u r e .  For  ana lyz ing  pu l ses ,  i t  would b e  
advantageous t o  c a r r y  ou t  t h e  s i g n a l  i n t e g r a t i o n  p rocess  f o r  t h e  d u r a t i o n  of one 
a c o u s t i c  a p e r t u r e .  A s  t h e  i n t e g r a t i o n  t i m e  i s  reduced, one must i n c r e a s e  t h e  power 
ou tpu t  of t h e  semiconductor laser by a p r o p o r t i o n a t e  amount i n  o rde r  t o  ma in ta in  t h e  
l a r g e  s i g n a l  hand l ing  c a p a c i t y  of t h e  device .  A t  t h e  same t i m e ,  laser power s c a l i n g  
has  a d e f i n i t e  upper l i m i t  due t o  t h e  l i m i t e d  power output  (10 t o  15 mW) of s i n g l e  
mode semiconductor lasers. 

With t h e  p re sen t  dev ice  we have opera ted  t h e  detector/CCD ch ip  a t  a c lock ing  
frequency of 333 kHz, w i t h  an i n t e g r a t i o n  t i m e  of 192 psec.  With a laser power 
ou tpu t  of 1 . 5  mW and a t o t a l  i n s e r t i o n  l o s s  of 1 7  dB from t h e  laser f a c e t  t o  the 
ou tpu t  of t h e  c r y s t a l ,  s i g n a l  s a t u r a t i o n  appeared a t  r f  d r i v e  power l e v e l s  of 200 mW. 
W e  have c a r r i e d  ou t  a set of c a l c u l a t i o n s  t o  arrive a t  d i f f e r e n t  sets of o p e r a t i o n  
a l t e r n a t i v e s  f o r  our  IOSA. The r e s u l t s  are summarized i n  Table  6 .  The l as t  row 
i n  Table  6 i n d i c a t e s  t h a t  w i t h  a 15 mW laser output  and an i n t e g r a t i o n  t i m e  of 
0 .96  psec ,  s i g n a l  s a t u r a t i o n  should occur  a t  an  r f  power level of 1000 mW. These 
are a l l  numbers t h a t  appear  r eachab le  a t  t h i s  t i m e .  

To h i g h l i g h t  some of t h e  above i s s u e s ,  w e  p r e s e n t  r f  p u l s e  measurement d a t a  i n  
F igu re  25 f o r  t h e  case when t h e  i n t e g r a t i o n  t ime w a s  38 psec  (CCD c lock ing  frequency 
of 1 .67 MHz) and p u l s e s  of v a r i o u s  d u r a t i o n  were app l i ed  t o  t h e  SAW t ransduce r  suc- 
c e s s i v e l y .  The p u l s e  wid ths  were 38 psec ,  1 9  psec,  15 .2  psec ,  11.4 psec ,  7 .6  psec ,  
and 3.8 psec .  The r f  (710 MHz) power level w a s  set a t  100 mW under cw c o n d i t i o n s ,  
and t h e  modulat ing s i g n a l ' s  pulsewidth w a s  v a r i e d  t o  ach ieve  t h e  d i f f e r e n t  du ty  
f a c t o r s .  
f a c t o r ,  as shown i n  t h e  d i s p l a y s  i n  F igu re  25(a)  through ( f ) .  For purposes  of 
e s t a b l i s h i n g  t h e  background l e v e l ,  w e  show t h e  detector/CCD output  i n  F igu re  25(g) 
w i t h  no r f  power a p p l i e d  t o  t h e  t r ansduce r .  F i n a l l y ,  i n  F igure  25(h) w e  have 
inc luded  t h e  spectrum of t h e  modulated s i g n a l  (duty f a c t o r  0.2) as seen  on a r e g u l a r  
e l e c t r o n i c  spectrum ana lyze r .  The d i s p l a y s  i n  F igu re  25(a) through (g) h i g h l i g h t  
t h e  problems involved i n  ana lyz ing  r f  p u l s e s  t h a t  a re  small f r a c t i o n s  of t h e  
detector/CCD i n t e g r a t i o n  t i m e s .  

The s i g n a l  level  i s  reduced success ive ly  i n  d i r e c t  p ropor t ion  t o  t h e  duty  
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CONCLUDING REMARKS 

The r e s u l t s  of measurements made on an i n t e g r a t e d  o p t i c  r f  spectrum ana lyze r  
a re  r epor t ed .  The performance of t h e  dev ice  acous to-opt ic  bandwidth, s ing le - tone  
r f  r e s o l u t i o n ,  two-tone r f  r e s o l u t i o n ,  s ing le - tone  dynamic range,  two-tone dynamic 
range ,  and s ing le - tone  r f  response  are presented .  The dev ice  parameters  t h a t  con- 
t r o l  dev ice  performance are  analyzed.  
t h e  IOSA f o r  real t i m e  spectrum a n a l y s i s  of pulsed and c w  r f  s i g n a l s .  

These r e s u l t s  demonst ra te  t h e  v i a b i l i t y  of 

Improvements of r f  bandwidth r e s o l u t i o n  can be  ob ta ined  by t h e  u s e  of l a r g e r  
co l l ima ted  o p t i c a l  beams. Th i s  r e q u i r e s  l a r g e r  o p t i c a l  l e n s  e lements ,and hence, 
l a r g e r  c r y s t a l s .  
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Table 1. Parameters of Collimation and Fourier Transform Lenses. 

5 

8 

Focal length 

Diameter 

Depth at center 

Useful aperture 

f /no. 

1.9 

7 .O 

18.8 mm 

8.7 mm 

1.1 mm 

7.4 mm 

2.54 

5 

6 

0 

Table 2. Measured Attenuation Values for Titanium 

an2 1000 M H ~ .  
Diffusion LiNbO , obtained at 600 MHz 

0.54  

1.9 

0.43 

Sample Number 

N-90 

N-91 

N-92 

N-95 

Untreated 
surface 
(theoretical) 

Oxidat ion 
Time at 
65OoC, hr 

Attenuation, 
dB/usec Diffusion 

Time at 
95OoC, hr 
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Table 3. Measured Velocity Dispersion Coefficients 
for Ti:LiNbO Substrates. Data Was Taken Over 3 the 400 to 800 McIz Range. 

Sample 

,. 
ti 

H 

Oxidation 
Time at 
6OO0C, hr 

Diffusion 
Time at 

1000°C, hr 

1 d-r 
dT = -(-) T df  , MHz 

-1.59 

-1.78 

-1.57 

-1.59 

-1.55 

-1.45 

-1.57 

-1.75 

Table 4 .  Noise Characteristics of Surface-Channel 
and Buried-Channel CCDs. 
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Table 5. Charge Transfer Characteristics. 

Carrier 
Mobility, 
cm /V-sec 2 

600 

600 

600 

1000 

1000 

1000 

Laser 
Power 

mW 
output, 

1- 5 

15 

15 

15 

Electrode 
Length, 

!Jm 

10 

7.5 

6 

10 

7.5 

6 

tth, 
sec 

t 
tr , 
sec 

t 

see 
4, 

6.6~10-~ 

Table 6. Scaling of Laser Power and CCD Clocking 
to Maintain Performance. 

Total 
InjOut 

Insert ion 
Loss, dB 

17 

17 

11 

output 
Zeroth 
Order 
Power, 

I-Iw 

30 

300 

1200 

1200 

RF 
Power 
at 

Saturation, 
mW 

200 

200 

200 

1000 

f, 
MHZ 

7.5 

14.9 

24.5 

12.5 

24.8 

40.6 

Integration 
Time, psec 

19.2 

19.2 

4.8 

0.96 
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DETECTOR ARRAY 

WAVEGUIDE GEODESIC 

3 

Figure  1. - Schematic of an i n t e g r a t e d - o p t i c  spectrum a n a l y z e r .  

Y 

F i g u r e  2 . -  O p t i c a l  wavefront  propagat ion  through t h e  acous to-opt ic  i n t e r a c t i o n  
reg ion  and t h e  t ransform l e n s .  
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-30 - 

OPTICAL BEAM WIDTH x CELLSIZE x 10-2 M M ~  

Figure  3.- O p t i c a l  c r o s s t a l k  i n  t h e  ad jacen t  c e l l  of t h e  d e t e c t o r  a r r a y  as a 
f u n c t i o n  of o p t i c a l  beam width and d e t e c t o r  c e l l  s i z e .  

SCATTERING ANGLE I N  AIR, DEG 

3.0 2.0 1.3 1.0 0 1.0 1.3 2.0 

TE, MODE 

> 100 37.5 dB 
t 
(0 59 dB z 
E 10-1 

F 10-2 
4 

10-3 

f 
w > 

w 
LT 

10-4 L. 200 100 0 100 200 300 

ACOUSTIC FREQUENCY, MHz 

1.3 1.0 0.5 0 0.5 1.0 1.3 
IN-PLANE SCATTERING ANGLE, DEG 

Figure  4.- In-plane s c a t t e r i n g  measurement o f  Ti:LiNbO waveguide. 3 
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HLP-2400; SERIAL NO. 3831 

I I 1 , I I 

-40 -30 -20 -10 0 10 20 30 40 

FAR-FIELD PATTERN, DEGREES 

Figure 5.-  Far f i e l d  i n t e n s i t y  p a t t e r n  f o r  a Hi t ach i  HLP-2400 l a s e r ,  
S e r i a l  No. 3831. 

10 20 30 -50 -40 -30 -20 -10 0 

FAR FIELD PATTERN, DEGREE 

Figure  6.-  F a r  f i e l d  i n t e n s i t y  p a t t e r n  f o r  a Hi t ach i  HLP-2400 l a s e r ,  
S e r i a l  No. 3834. 
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4 SURFACE REMOVAL 

3 
TOOL WEAR 

2 

1 

0.1 0.2 0.3 

FOCAL LENGTH INCREASE (LENS RADIUS = 1 U N I T )  

F i g u r e  7 . -  Foca l  l e n g t h  i n c r e a s e  v e r s u s  p e r c e n t a g e  of d e p t h  d e c r e a s e  f o r  b o t h  
t o o l  wear and s u r f a c e  removal.  
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W rn 
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: 2  
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100 %APERTURE 90 % APERTURE 
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FACE REMOVAL 

I I I I I 1 
2 x 4 x 10-3 6 x 8 x 1 x 1.2 x 1 . 4 ~  

GEOMETRICAL SPOT SIZE (LENS RADIUS = 1 UNIT)  

F i g u r e  8.- Geomet r i ca l  s p o t  s i z e  v e r s u s  p e r c e n t a g e  of  dep th  d e c r e a s e  f o r  b o t h  
t o o l  w e a r  and s u r f a c e  removal.  Two c u r t e s  are p rov ided  f o r  e a c h  one 
co r re spond ing  t o  100% and 90% of  t h e  o r i g i n a l  u s e f u l  a p e r t u r e .  
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Figure 9.- Schematic of a modified ch i rp  t ransducer  wi th  a two-track dog-leg 
e l e c t r o d e  geometry. 

CALCULATED RESPONSE MEASURED RESPONSE 

10 

- rn 
2 20 
3 
3 

30 
F 
K 
W 
v) 

40 

280 440 600 760 920 

FREQUENCY (MHz) 
280 440 600 760 920 

FREQUENCY (MHz) 

Figure  10.- Comparison between t h e  c a l c u l a t e d  and measured responses of the  
600-MIz modified ch i rp  t ransducer .  
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PRISM \ BEAM \ 
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F i g u r e  11.- T e s t  c o n f i g u r a t i o n  used i n  t h e  measurement of the Bragg acous to -  
o p t i c  d e f l e c t i o n  c o e f f i c i e n t .  

F i g u r e  12 . -  Measured a c o u s t o - o p t i c  d e f l e c t i o n  e f f i c i e n c y  f o r  a TE-mode G a A l A s  
laser  . 
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F i g u r e  13.- Comparison of t h e  t h e o r e t i c a l  and measured acous to-opt ic  d e f l e c t i o n  
e f f i c i e n c y  when t h e  s i g n  of t h e  e l e c t r o d e  t i l t  i s  r e v e r s e d .  

pf CHANNEL STOPS DELINEATING 
CELL BOUNDARIES--.- 

I DETECT0 R I //\ICELL 

POLYSILICON 
BIAS GATE 

ION IMPLANTED 
BURIED 
CHANNEL 

I 
ISOLATION 1 LAYER P+ 

Figure  14.-  Cross s e c t i o n  o f  b u r i e d  p-channel MOS p h o t o d e t e c t o r .  
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F i g u r e  15.- Schematic  showing d e t e c t o r  a r r a y ,  CCD o u t p u t  r e g i s t e r ,  and MOS 
o u t p u t  a m p l i f i e r s .  Arrows denote  d i r e c t i o n  of charge t r a n s f e r .  

F i g u r e  16 .- Close-up photoghaph of t h e  assembled IOSA. 
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1 kH AMPLITUDE 
MODULATED 
RF OUTPUT 

NA: 0.3 TRANSDUCER NO. 2 

F i g u r e  17.-  Schematic  of arrangement  used t o  measure t h e  a c o u s t o - o p t i c  r e sponse  
of t h e  IOSA.  
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SAMPLE NO. 3, CSP LASER HLP/400, ILASER 95 mA 
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FREQUENCY, MHz 

F i g u r e  18.- Acousto-opt ic  r e sponse  measured on a d e v i c e  w i t h  a H i t a c h i  HLP 1400 
CSP laser .  
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400 500 600 700 800 900 

FREQUENCY, MHz 

F i g u r e  19.-  Acousto-opt ic  response and n e t  r f  power i n t o  SAW v e r s u s  f requency .  
The c l e a r - c u t  correspondence i n  t h e  p o s i t i o n  of t h e  two p l o t s  l e a d s  t o  t h e  
conclus ion  t h a t  t h e  i r r e g u l a r  s t r u c t u r e  i n  t h e  a c o u s t o - o p t i c  response i s  due 
t o  r f  matching i r r e g u l a r i t i e s .  
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100 m 

VERTICAL: 50 mVlDfV 
3 dB ~ E ~ ~ L U T I O ~ :  8 MHz 

Figure  20.- Single- tone frequency r e s o l u t i o n  on the  I O S A  device.  Sample 4 .  
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t 
705 MHz 

F i g u r e  2 1 . -  Response from one h a l f  of t h e  detector/CCD a r r a y  when d r i v e n  by a 
100 mW, 705 MHz r f  s i g n a l .  ( V e r t :  50 mV/div, Hor i z :  20 p s e c / d i v ) .  
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R F  POWER APPLIED TO TRANSDUCER, m W d  

F i g u r e  22.- Dynamic range and c r o s s  t a l k  measured a t  a CCD c l o c k i n g  frequency of  
333 kHz (Sample 4 ,  HLP 2400 laser ,  p i x e l 1  11 from t h e  l e f t ) .  
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VERTICAL SCALE: 50 mV/div FOR a), b), c) AND d).  a) AND c) COMPOSITE 
100 ELEMENT DISPLAY. HORIZONTAL SCALE: 20 pseddiv AND 10 pseddiv. 
b) AND d) SEPARATE DISPLAY OF THE TWIN DETECTOR ARRAY CHANNELS. 
HORIZONTAL SCALE: 20 pseddiv AND 10 psec/div 

Figure  23.- Two-tone response on Sample 4 ,  AF=8 MHz, F =689 MHz, (Prf) ,0t=200 mw, 
HLP 2400 laser, I =21 mA. 0 laser 
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VERTICAL SCALE: 50 mV/div FOR a), b), c) AND d). a) AND c)  COMPOSITE 
100 ELEMENT DISPLAY. HORIZONTAL SCALE: 20 psec/div AND 10 pec/div. 
b) AND d) SEPARATE DISPLAY OF THE TWIN DETECTOR ARRAY CHANNELS. 
HORIZONTAL SCALE: 20 pseddiv AND 10 psecldiv 

F i g u r e  24.- Two-tone response on Sample 4 ,  AF=12 MHz, Fo=689 MHz, (Prf)  tot=200 mW, 
HLP 2400 laser, Ilaser =21  mA. 
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F i g u r e  25. - RF p u l s e  measurements. CCD c l o c k i n g  f r equency  1.67 MHz. I =27 mA, laser 
V e r t  scale: 50 mV/div, Horz.  5 v s e c l d i v .  a )  cw r f  power 100 mW. P u l s e  d u t y  
f a c t o r s :  b )  0 .5 ,  c )  0 . 4 ,  d) 0 .3 ,  e )  0 .2 ,  f )  0 . 1  and g) 0 .  h )  d i s p l a y  t h e  r f  
spec t rum of  a p u l s e  t r a i n  w i t h  a duty f a c t o r  0 .1 .  

208 


