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SUMMARY 

The e l e c t r o - o p t i c  g r a t i n g  i s  an e a s i l y  f a b r i c a t e d  component which a l lows  a r a p i d  
and e f f i c i e n t  i n t e r a c t i o n  w i t h  a n  o p t i c a l  wave i n  a p l a n a r  e l e c t r o - o p t i c  waveguide.  
The o p e r a t i o n  of such  g r a t i n g s  and t h e i r  u s e  a s  i n t e n s i t y  modula tors ,  s p a t i a l  l i g h t  
modula tors ,  and components i n  c o r r e l a t o r s  and i n  a v a r i e t y  of computa t iona l  u n i t s  i s  
d e s c r i b e d .  

INTRODUCTION 

The e l e c t r o - o p t i c  e f f e c t  h a s  been t h e  most i m p o r t a n t  i n t e r a c t i o n  mechanism used 
i n  t h e  d e s i g n  of t h e  a c t i v e  i n t e g r a t e d  o p t i c a l  d e v i c e s  employing channel  waveguides 
I n  t h e s e  d e v i c e s ,  t h e  d e s i g n e r  i s  a b l e  t o  t a k e  advantage of t h e  l a t e r a l  confinement 
of t h e  l i g h t  which a l l o w s  l o n g  i n t e r a c t i o n  l e n g t h s  and consequent ly  low v o l t a g e s .  I n  
t h e  p r e s e n t  paper  w e  w i l l ,  i n  c o n t r a s t ,  b e  concerned w i t h  t h e  u s e  of t h e  e l e c t r o - o p t i c  
e f f e c t  i n  p l a n a r  i n t e g r a t e d  o p t i c a l  s t r u c t u r e s .  I n  t h i s  p l a n a r  geometry,  t h e  guided 
l i g h t  i s  conf ined  t o  a several micrometer- thick waveguide a t  t h e  s u r f a c e  of a s u i t -  
a b l e  e l e c t r o - o p t i c  s u b s t r a t e .  Lateral  d i f f r a c t i o n  i s  n o t  i n h i b i t e d ,  b u t  t h e  conf ine-  
ment c l o s e  t o  t h e  s u r f a c e  a l l o w s  t h e  u s e  of moderate  v o l t a g e s  t o  o b t a i n  a s t r o n g  
i n t e r a c t i o n  w i t h  t h e  guided l i g h t .  I n  p a r t i c u l a r  w e  w i l l  show how t h e  i n t e r a c t i o n  of 
a r e l a t i v e l y  broad guided beam w i t h  a n  e l e c t r o - o p t i c a l l y  induced t h i c k  phase  (Bragg) 
g r a t i n g 2  can  b e  used t o  advantage i n  a v a r i e t y  of i n t e g r a t e d  o p t i c a l  d e v i c e s .  We 
b e g i n  by d e s c r i b i n g  t h e  p r o p e r t i e s  of t h e  g r a t i n g s  and t h e n  d i s c u s s  a number of modu- 
l a t o r s ,  c o r r e l a t o r s  and computa t iona l  u n i t s  which i n c o r p o r a t e  t h e s e  g r a t i n g s .  

THE ELECTRO-OPTIC GRATING 

The b a s i c  geometry of t h e  1.0. g r a t i n g  e l e c t r o d e s  i s  shown i n  f i g u r e  1. The 
e l e c t r o d e s  a re  d e f i n e d  by s t a n d a r d  p h o t o l i t h o g r a p h i c  techniques  upon t h e  s u r f  ace"* of 
a p l a n a r  e l e c t r o - o p t i c  o p t i c a l  waveguide such as T i - i n d i f f u s e d 4  LiNb03. 
t i o n a l  t o  make t h e  e l e c t r o d e  l ine-wide  e q u a l  t h e  s p a c i n g  between a d j a c e n t  f i n g e r s ,  s o  
t h e  r e q u i r e d  p h o t o l i g h o g r a p h i c  r e s o l u t i o n  i s  A / 4 .  

It is  conven- 

J; Work suppor ted  i n  p a r t  by A i r  Force  O f f i c e  of S c i e n t i f i c  Research.  

;\;\ O f t e n  a s p u t t e r e d  g l a s s  b u f f e r  l a y e r  i s  employed3 t o  i s o l a t e  t h e  guided wave 
from p e r t u r b a t i o n  due t o  t h e  m e t a l l i z a t i o n  p a t t e r n .  
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The a p p l i c a t i o n  of a v o l t a g e  a c r o s s  t h e  e l e c t r o d e s  r e s u l t s  i n  a p e r i o d i c  e l e c -  
t r i c  f i e l d  which, v i a  t h e  e l e c t r o - o p t i c  e f f e c t ,  g i v e s  rise t o  a p e r i o d i c  modulat ion 
of t h e  index  of r e f r a c t i o n  of t h e  waveguide m a t e r i a l  and t h u s  t o  t h e  mode i n d e x  of 
t h e  guided wave. The guided wave sees t h i s  p e r i o d i c  p e r t u r b a t i o n  a s  a t h i c k  phase  
g r a t i n g  and w i l l  b e  d i f f r a c t e d  as i n d i c a t e d  i n  f i g u r e  1 when i n c i d e n t  upon t h e  g r a t -  
i n g  a t  t h e  Bragg a n g l e ,  d e f i n e d  by 

A s i n e  = - 
B 2A 

where X i s  t h e  o p t i c a l  wavelength i n  t h e  medium. 

The d i f f r a c t i o n  e f f i c i e n c y ’  i s  

where An i s  t h e  a m p l i t u d e  of t h e  p e r i o d i c  index modula t ion .  The magnitude of An i s  
determined by t h e  product  of t h e  a p p l i e d  f i e l d  s t r e n g t h  E ,  and t h e  a p p r o p r i a t e  elec- 
t r o - o p t i c  c o e f f i c i e n t  r a c c o r d i n g  t o  6 i j  

(3)  
1 3  A n = - n  r E 2 i j  

where n i s  t h e  average  i n d e x  of r e f r a c t i o n .  
i n  an index modulat ion 

I n c l u s i o n  of geometr ic  e f f e c t s 7  r e s u l t s  

2 v  A n = L n 3 r  -(-) 2 i j  T A/4 

o r  a d i f f r a c t i o n  e f f i c i e n c y  of - 
4n’ r d 

B 
VI 

2 i j  
(X case n ( V )  = s i n  

0 

(4)  

(5) 

I g n o r i n g  b u f f e r  l a y e r  e f f e c t s ,  eq. (5) i n d i c a t e s  t h a t  f o r  A = 8 pm, a He-Ne l a s e r  and 
d = 2 mm, w e  g e t  100% d i f f r a c t i o n  e f f i c i e n c y  f o r  V = 3 . 1  v o l t s .  S i n c e  h i g h  d i f f r a c -  
t i o n  e f f i c i e n c i e s  are r e a d i l y  achieved  and t h e  e l e c t r o d e  c a p a c i t a n c e s  are  q u i t e  low, 
i t  i s  e v i d e n t  t h a t  t h e  e l e c t r o - o p t i c  Bragg e f f e c t  can b e  u t i l i z e d  to make a h i g h  p e r -  
formance modulator .  
and h a s  more r e c e n t l y  been employed by Holman8 t o  make a h i g h  performance p l a n a r  
modulat ion w i t h  a 69% o p t i c a l  throughput .  

T h i s  d e v i c e  was o r i g i n a l l y  sugges ted  by H a m m e r  and P h i l l i p s ,  

THE INTEGRATED OPTICAL SPATIAL LIGHT MODULATOR 

The b a s i c  g r a t i n g  s t r u c t u r e  can b e  extended a s  shown i n  f i g u r e  2 by i n t r o d u c i n g  
e l e c t r o d e s  which a l l o w  segments of t h e  g r a t i n g  t o  b e  i n d i v i d u a l l y  a d d r e s s e d .  I n  t h i s  
manner, one can impose a t r a n s v e r s e  ampl i tude  modulat ion upon t h e  d i f f r a c t e d  beam. 
The u n d i f f r a c t e d  beam w i l l  of c o u r s e  have a complementary modula t ion .  The g r a t i n g  
s t r u c t u r e  i s  now o p e r a t i n g  as an  e l e c t r i c a l l y  a d d r e s s a b l e  i n t e g r a t e d  o p t i c a l  s p a t i a l  
l i g h t  modulator  (IOSLM) and can ,  i n  p r i n c i p l e ,  b e  used t o  modulate  an a r b i t r a r i l y  wide 
guided wave. The modulator  can b e  used i n  an  ana log  o r  a b i n a r y  mode, a l though t h e r e  
w i l l  o b v i o u s l y  be a f i n i t e  number of a d d r e s s a b l e  segments.  The l a r g e s t  such IOSLM w e  
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have f a b r i c a t e d  t h u s  f a r 9  i s  composed of 32 segments 200 Vm wide and spans  a 6 .4  mm- 
wide guided wave. 

I t  should be p o s s i b l e  t o  reduce  t h e  w i d t h  of each g r a t i n g  segment t o  50 pm o r  
less. It would t h e n  b e  p o s s i b l e  t o  u s e  t h e  IOSLM i n  t h e  s i g n a l  and f i l t e r  p l a n e s  of 
a p l a n a r  o p t i c a l  F o u r i e r  t ransform d e v i c e . 1 0  
segment s i z e ,  s e v e r a l  u s e f u l  f u n c t i o n s  can b e  performed by i n c o r p o r a t i n g  a SAW t r a n s -  
ducer  on t h e  same s u b s t r a t e  as t h e  IOSLM. I f  t h e  o r i e n t a t i o n s  of t h e  EO and a c o u s t i c  
g r a t i n g s  are chosen s o  t h a t  o n l y  doubly d i f f r a c t e d  l.ight i s  d e t e c t e d ,  t h e n  by i n t r o -  
duc ing  a s i n g l e  a c o u s t i c  p u l s e  which i s  s h o r t e r  t h a n  a s i n g l e  IOSLM element ,  t h e  
t r a n s v e r s e  modulat ion produced by t h e  IOSUf i s  conver ted  t o  a temporal  modulat ion of 
t h e  o u t p u t  (doubly d i f f r a c t e d )  beam. P a r a l l e l - t o - s e r i a l  convers ion  i s  t h u s  accomp- 
l i s h e d .  Another a p p l i c a t i o n  i n v o l v i n g  t h e  combined IOSLM SAW s t r u c t u r e  i s  t h e  
c o r r e l a t o r ,  which is  shown s c h e m a t i c a l l y  i n  f i g u r e  3 .  Such a d e v i c e  h a s  been con- 
s t r u c t e d 9  and o p e r a t e s  on a 32 b i t  word a t  a d a t a - r a t e  of 1 7 . 5  M b i t / s e c .  

However, even w i t h  t h e  l a r g e r  g r a t i n g  

COMPUTATION WITH GRATINGS 

Consider  once a g a i n  t h e  s i m p l e  g r a t i n g  s t r u c t u r e  shown i n  f i g u r e  1. If v o l t a g e  
VA i s  a p p l i e d  t o  one e l e c t r o d e  and v o l t a g e  VB t o  t h e  o t h e r ,  t h e  d i f f r a c t e d  l i g h t  i n -  
t e n s i t y  i s  g i v e n  by 

2 I = I s i n  [ a ( v A  - 
0 

% 
where a i s  a c o n s t a n t .  For I < 0 . 1  I w e  have 

0 

I = I a 2 (VA - VB) 2 
0 ( 7 )  

Now a r r a n g e  N such e l e c t r o d e  s e t s  i n  a v e r t i c a l  l i n e  s o  t h a t  they  can each b e  address-  
ed by t h e  same broad o p t i c a l  beam. I f  t h e  N components of t h e  v e c t o r  
t o  one e l e c t r o d e  of each se t  and t h e  cor responding  component of t h e  v e c t o r  B i s  
a p p l i e d  t o  t h e  opposed e l e c t r o d e s  t h e n  t h e  t o t a l  d e f l e c t e d  i n t e n s i t y  i s  

are+appl ied  

I = c I = c u 2 (VAi - VSi) 2 
i i=l i=l 

We have t h e r e f o r e  c a l c u l a t e d  t h e  magnitude of t h e  d i f f e r e n c e  of t h e  two v e c t o r s .  

Vector  m u l t i p l i c a t i o n  can a l s o  be performed as i s  sugges ted  i n  f i g u r e  4 .  I n  
t h i s  s t r u c t u r e  t h e  d i f f r a c t e d  i n t e n s i t y  from t h e  ith segment i s  

Of c o u r s e ,  each 0 i s  a c t u a l l y  p r o p o r t i o n a l  t o  t h e  s q u a r e  of t h e  v o l t a g e  d i f f e r e n c e  
b u t  i t  can b e  shown t h a t  by a s imple  s i g n a l  p r o c e s s i n g  technique ,  t h e  d e s i r e d  A i B i  
t e r m  can b e  e x t r a c t e d  from I i .  The s t r u c t u r e  shown i n  f i g u r e  4 i s  t h e r e f o r e  c a p a b l e  
of per forming  the s c a l a r  product  of two v e c t o r s .  
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It  should a l s o  b e  noted t h a t  i f  b i n a r y  s i g n a l s  a re  a p p l i e d  t o  t h e  g r a t i n g  s t r u c -  
t u r e s  t h e n  s t a n d a r d  l o g i c  o p e r a t i o n s  may be performed. The s t r u c t u r e  used f o r  sub- 
t r a c t i o n  can be used t o  g e n e r a t e  t h e  EXCLUSIVE OR o p e r a t i o n ,  o r  t h e  NOT o p e r a t i o n ,  
w h i l e  t h e  s t r u c t u r e  used f o r  m u l t i p l i c a t i o n  can b e  used f o r  t h e  l o g i c a l  AND. These 
o p e r a t i o n s  may a l s o  b e  c a r r i e d  o u t  i n  p a r a l l e l ,  and i n  t h e  case of b i n a r y  s i g n a l s ,  
t h e  c o m p l i c a t i o n s  a r i s i n g  from t h e  t h e  s i n 2  response  are no l o n g e r  p r e s e n t .  

SUMMARY 

W e  have shown a v a r i e t y  of a p p l i c a t i o n s  of e l e c t r o - o p t i c a l l y  induced Bragg g r a t -  
i n g s  i n  i n t e g r a t e d  o p t i c a l  s i g n a l  p r o c e s s i n g  and computat ion d e v i c e s .  The g r a t i n g s  
are e a s y  t o  f a b r i c a t e  and o p e r a t e  e f f i c i e n t l y  on r e l a t i v e l y  l o w  v o l t a g e s .  The d e s i g n  
p r i n c i p l e s  a re  w e l l  known and r e l i a b l e .  It  i s  t h e r e f o r e  q u i t e  l i k e l y  t h a t  a l a r g e  
number of a d d i t i o n a l  d e v i c e s  employing s i m i l a r  g r a t i n g  s t r u c t u r e s  w i l l  be  developed.  
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Figure 1.- Basic e l e c t r o d e  s t r u c t u r e .  The g r a t i n g  wavelength A and depth d are 
ind ica t ed .  
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Figure 2.-  The e l e c t r o d e  s t r u c t u r e  i s  addressable  i n  segments t o  form an  i n t e g r a t e d  
o p t i c a l  s p a t i a l  l i g h t  modulator . '  I f  t h e  common e l e c t r o d e  i s  a t  zero  
p o t e n t i a l  then t h e  vol tage  p a t t e r n  i n d i c a t e d  i n  (a )  produces the  t r ans -  
ve r se  amplitude modulation shown i n  (b ) .  
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F i g u r e  3.- C o r r e l a t o r  i n c o r p o r a t i n g  a programmable IOSLM and a SAW t r a n s d u c e r  w i t h  
d i g i t a l  modu la t ion .  

F i g u r e  4.- E l e c t r o d e  s t r u c t u r e  f o r  v e c t o r  m u l t i p l i c a t i o n .  
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