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SUMMARY 

A proposed o p t i c a l  vector-matrix mul t ip l i ca t ion  scheme encodes t h e  matrix 
elements a s  a holographic mask cons i s t ing  of l i n e a r  d i f f r a c t i o n  g r a t i n g s .  
b inary ,  chrcme-on-glass masks a r e  f a b r i c a t e d  by e-beam l i t h o g r a p h y .  T h i s  
approach  r e su l t s  i n  a f a i r l y  simple o p t i c a l  system t h a t  promises both l a r g e  
n u m e r i c a l  r a n g e  and h i g h  accu racy .  A s i m p l e  h o l o g r a p h i c  mask h a s  b e e n  
fabr ica ted  and t e s t e d .  

The 

INTRODUCTION 

There has  r ecen t ly  been considerable  i n t e r e s t  i n  o p t i c a l  computing s i n c e  
i t  o f f e r s  v e r y  h i g h  computation throughput r a t e s  f o r  mathematical opera t ions  
amenable t o  p a r a l l e l  computation. One c l a s s  of  such opera t ions ,  vector-matrix 
m u l t i p l i c a t i o n ,  can b e  used f o r  per forming  d i s c r e t e  F o u r i e r  t r a n s f o r m s ,  
c o o r d i n a t e  t r a n s f o r m a t i o n s ,  p a t t e r n  c l a s s i f i c a t i o n ,  and  many o t h e r  
computations. The general  vector-matrix mul t ip l i ca t ion  may be wr i t t en  a s :  

N 
Ym = nC=1 "mn X n  (m = 1,2, ... M)  

One o p t i c a l  approach t o  performing t h i s  computation uses N l i g h t  s o u r c e s  
t o  r e p r e s e n t  t h e  components x, of  t h e  input  vec to r ,  M d e t e c t o r s  t o  represent  
t h e  components Ym of t h e  output  vec to r ,  and s u i t a b l e  o p t i c s  to  assure t h a t  a 
f r a c t i o n  Hmn o f  t h e  l i g h t  from s o u r c e  x n  g e t s  t o  e a c h  d e t e c t o r  ym.  The 
problem can be s u i t a b l y  scaled so t h a t  a l l  parameters f a l l  w i t h i n  a c c e p t a b l e  
p o s i t i v e  r a n g e s .  O p t i c s  t o  perform t h e  funct ion of  t h e  matrix H gene ra l ly  
w i l l  be f i x e d ,  while t h e  s o u r c e s  a r e  modulated t o  r e p r e s e n t  v a r i o u s  i n p u t  
vectors x .  

I n  p r i n c i p l e ,  t he  performance o f  t h i s  o p t i c a l  computer i s  dependent on a 
number o f  cons idera t ions  i n v o l v i n g  t h e  o p t i c s ,  d e t e c t o r s  and s o u r c e s .  I n  
p r a c t i c e ,  numer i ca l  r a n g e  and a c c u r a c y  w i l l  u s u a l l y  b e  l i m i t e d  by matr ix  
element imperfect ions,  w h i l e  speed w i l l  b e  l i m i t e d  by t h e  amount o f  l i g h t  
r e a c h i n g  t h e  d e t e c t o r s .  For t h i s  reason,  our work has focused on e f f i c i e n t  
o p t i c s  to  p rec i se ly  d i s t r i b u t e  l i g h t  among t h e  var ious  de t ec to r s .  

In  most  schemes f o r  o p t i c a l  vector-matrix mul t ip l i ca t ion ,  t h e  matrix is 
encoded a s  a rec tangular  a r r a y  o f  a p e r t u r e s  o r  g r a y  t o n e s  i n  a mask. T h i s  
approach ,  represented i n  Figure 1 ,  encounters severa l  l i m i t a t i o n s .  A complex 
o p t i c a l  system i s  r e q u i r e d  i n  o r d e r  t o  i l l u m i n a t e  and r e c e i v e  l i g h t  from 
s p e c - i f i c  columns and rows o f  t h e  m a t r i x  mask. Much l i g h t  i s  discarded i n  
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p r o v i d i n g  uniform i l l umina t ion  t o  the  mask, with t h e  mask passing only about 
h a l f  o f  what r ema ins .  Numerical r a n g e  and a c c u r a c y  a r e  l i m i t e d  b y  t h e  
space-bandwidth product of t h e  mask (genera l ly  less than 106 with conventional 
p l o t t i n g  techniques) .  Small matrix elements r e s u l t  i n  s m a l l  a p e r t u r e s  w i t h  
l o w  r e l a t i v e  a c c u r a c i e s .  If r e s u l t s  d i f f e r  from t h o s e  i n t e n d e d ,  i t  i s  
genera l ly  d i f f i c u l t  t o  modify a mask except by s t a r t i n g  anew. 

PCGH CONFIGURATION 

Our approach to  o p t i c a l  vec tor -mat r ix  m u l t i p l i c a t i o n  i s  based  upon an 
e-beam g e n e r a t e d  d i f f r a c t i v e  mask which we c a l l  a p a r t i t i o n e d  computer 
generated hologram (PCGH) (see Figure 2 ) .  Each of N PCGHs i s  i l l u m i n a t e d  by 
coll imated l i g h t  from a s i n g l e  element o f  t he  source a r r a y  and thus  r ep resen t s  
one  column o f  t h e  N x M  m a t r i x  mask d e p i c t e d  i n  F i g u r e  1 .  Each P C G H  i s  
p a r t i t i o n e d  i n t o  M l i n e a r  g r a t i n g s  which d i f f r a c t  l i g h t  to  the  M de t ec to r s .  
The o p t i c a l  power d i f f r a c t e d  by a p a r t i c u l a r  g ra t ing  i s  made p r o p o r t i o n a l  t o  
the  value o f  t he  required matrix element. 

Figure 3 i l l u s t r a t e s  a PCGH intended t o  produce 10 equal i n t e n s i t y  outputs  
when un i fo rmly  i l l u m i n a t e d .  This PCGH conta ins  10 equal a rea  g r a t i n g s ,  each 
with i ts  own s p a t i a l  frequency. Facets  a r e  arranged symmet r i ca l ly  abou t  t h e  
cen te r  t o  provide immunity t o  beam wander. 

The PCGHs are f ab r i ca t ed  a s  b inary  chrome-on-glass holograms where t h e  
p a t t e r n  i s  de l inea ted  v i a  e-beam l i thography.  A g l a s s  p l a t e  is first coated 
with a l a y e r  o f  chrome and a l a y e r  of e-beam resist. A pa t t e rn  i s  exposed i n  
t h e  r e s i y t  by  e-beam d i r e c t  w r i t i n g  and t h e  res is t  i s  deve loped .  The 
developed  res is t  t h e n  s e r v e s  a s  a mask f o r  e t c h i n g  t h e  p a t t e r n  i n t o  t h e  
chrome. 

Our e-beam PCGH o p t i c a l  vector-matrix m u l t i p l i c t i o n  scheme has several 
advantages over t h e  scheme i n  Figure 1 .  E-beam l i t h o g r a p h y  o f f e r s  a h i g h e r  
space-bandwidth product,  which can t r a n s l a t e  i n t o  g r e a t e r  numerical accuracy. 
Also, t h e  PCGHs a r e  i n  t h e  Fourier plane of t h e  transform l e n s  with r e spec t  t o  
t h e  d e t e c t o r s .  T h i s  means t h a t  t h e  o n l y  r equ i r emen t  f o r  l i g h t  t o  reach a 
p a r t i c u l a r  d e t e c t o r  i s  t h a t  i t  be  t r a v e l i n g  i n  t h e  r i g h t  d i r e c t i o n  upon 
l e a v i n g  t h e  PCGH. T h e r e f o r e ,  t h e  i n p u t  modules ,  c o n s i s t i n g  o f  source,  
co l l imat ing  l e n s  and PCGH, may be located anywhere within t h e  ape r tu re  o f  t h e  
t r a n s f o r m  l ens .  This same immunity t o  s h i f t s  allows a PCGH t o  be pa r t i t i oned  
i n t o  f a c e t s  i n  any manner c o n s i s t e n t  w i t h  d i v i d i n g  up t h e  a v a i l a b l e  l i g h t  
amongst t h e  v a r i o u s  d e t e c t o r s  (providing,  of course, t h a t  t he  f a c e t s  do no t  
become too small) .  Other advantages r e l a t e  t o  o p t i c a l  e f f i c i e n c y .  A l l  l i g h t  
s t r i k i n g  the  PCGH can be used. Light need not be wasted i n  achieving uniform 
i l lumina t ion;  non-uniform i l lumina t ion  is a c c e p t a b l e  so l o n g  a s  i t s  e f fec ts  
a r e  accounted  f o r  i n  t h e  p a r t i t i o n i n g .  Small f a c e t s  associated with lesser 
outputs  can be made phys ica l ly  l a r g e r  by placing them where PCGH i l l u m i n a t i o n  
i s  l o w e s t .  The var ious  cons idera t ions  which go i n t o  the  design of a PCGH a r e  
discussed i n  t he  following sec t ions .  

PCGH DIFFRACTION ANALYSIS 

Each f a c e t  of the  PCGH con ta ins  a l i 4 e a r  g r a t i n g  t o  d i f f r a c t  i n c i d e n t  
l i g h t  t o  t h e  a p p r o p r i a t e  d e t e c t o r .  The s p a t i a l  f requencies  o f  t hese  l i n e a r  
g r a t i n g s  a r e  determined by t h e  system geometry. F i r s t -o rde r  d i f f r a c t e d  l i g h t  
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from a f a c e t  of s p a t i a l  f requency  V w i l l  be focused i n  the  de t ec to r  plane a 
d i s t ance  vhF f r o m t h e  t ransform l ens  axis (Figure 1), where X i s  t h e  
w a v e l e n g t h  and F t h e  t r a n s f o r m  l e n s  f o c a l  l e n g t h .  Our  d e s i g n  i s  f o r  a 
IO-element l i n e a r  de t ec to r  a r ray .  T h i s  r e q u i r e s  10 e q u a l l y  spaced  g r a t i n g  
f r e q u e n c i e s .  The widest poss ib le  de t ec to r  separa t ion  i s  achieved f o r  g r a t i n g  
frequencies  nko, where Av i s  t h e  frequency Feparation and n = I O ,  1 1 ,  1 2 ,  13,  
14, 15, 16, 17, 18, and 19. Then t h e  unwanted harmonic frequencies  from t h e  square 
wave g r a t i n g s  begin a t  2OAv and w i l l  not coincide w i t h - t h e  des i r ed  outputs .  

MODULAR FACETS 

The matrix values  are encoded i n t o  t h e  PCGH v i a  g ra t ing  a rea  modu la t ion .  
The hologram mus t  t h e r e f o r e  be  d i v i d e d  i n t o  f a c e t s  such t h a t  t he  amount of 
l i g h t  d i f f r a c t e d  by a f a c e t  t o  i t s  de tec to r  i s  p r o p o r t i o n a l  t o  t h e  r e q u i r e d  
m a t r i x  e l emen t .  Var ious  c o n s i d e r a t i o n s  lead us  t o  p a r t i t i o n  the  PCGH i n t o  
f a c e t s  along a square g r i d .  

Ma themat i ca l ly ,  t h e  t r a n s m i t t a n c e  o f  a f a c e t  can b e  r ega rded  as t h e  
p r o d u c t  of i t s  a p e r t u r e  and an i n f i n i t e  l i n e a r  g r a t i n g .  By t h e  F o u r i e r  
c o n v o l u t i o n  t h e o r y ,  t h e  d i f f r a c t i o n  pa t t e rn  of t h i s  f a c e t  i s  t h e  d i f f r a c t i o n  
pa t t e rn  o f  i ts  ape r tu re  convolved with t h e  d e l t a  f u n c t i o n  from t h e  i n f i n i t e  
l i n e a r  g r a t i n g .  In o ther  words, t h e  e f f e c t  of  t h e  l i n e a r  g ra t ing  i s  t o  s h i f t  
t h e  l o c a t i o n  o f  t h e  d i f f r a c t i o n  pa t t e rn  of  t he  f a c e t  aper ture .  

F i g u r e  4 i n d i c a t e s  t h e  d i f f r a c t i o n  pa t t e rn  due to  a square ape r tu re  of 
dimension D. The main lobe has  a width 2AF/D and conta ins  81.5% of  t h e  energy 
pass i f lg  t h r o u g h  t h e  a p e r t u r e ,  which we l a b e l  a s  0 dB. The s ide lobes  form a 
rec tangular  a r r ay  with s ide lobe  energy diminishing inverse ly  a s  t h e  s q u a r e  of 
t h e  d i s t a n c e  from e i t h e r  ax i s .  The f i g u r e  ind ica t e s  t h e  energ ies  ( i n  dB) of  
t h e  v a r i o u s  s i d e l o b e s  r e l a t i v e  t o  t h e  main l o b e .  I t  i s  seen  t h a t  t h e i r  
ene rg ie s  diminish most r a p i d l y  along a diagonal .  

Crosstalk between c h a n n e l s  depends  on how t h e s e  d i f f r a c t i o n  p a t t e r n s  
ove r l ap  ad jacent  de t ec to r s .  A s  ind ica ted  e a r l i e r ,  t h e  separat ion of d e t e c t o r s  
is  Avh F. A s  f a c e t s  a r e  made s m a l l e r ,  t h e i r  d i f f r a c t i o n  p a t t e r n s  become 
l a r g e r ,  r e q u i r i n g  h i g h e r  g r a t i n g  f r e q u e n c i e s  t o  s e p a r a t e  them. For t h i s  
reason ,  we impose a m i n i m u m  square f a c e t  s ize ,  based  on d e t e c t o r  s e p a r a t i o n  
and an a c c e p t a b l e  level  o f  c r o s s t a l k .  We s ize  our de t ec to r  ape r tu re  t o  
capture  only  t h e  main l o b e  of t h i s  minimum f a c e t  d i f f r a c t i o n  p a t t e r n .  A 
l a r g e r  a p e r t u r e  would c a p t u r e  lesser  l o b e s  o f  t h e  channel of i n t e r e s t ,  bu t  
a l s o  some g r e a t e r  l o b e s  o f  a d j a c e n t  c h a n n e l s ,  t h e r e b y  d e g r a d i n g  t h e  
s i g n a l - t o - n o i s e  r a t i o .  A l so ,  zero i n t e n s i t y  a t  t h e  edges o f  t h e  d e t e c t o r  
ape r tu re  eases  mechanical to le rances .  

I n  t h e  d i f f r a c t i o n  p a t t e p n  o f  F i g u r e  4 t h e  s q u a r e  box i n  t h e  cen te r  
r ep resen t s  t h e  de t ec to r  aper ture .  Similar  boxes a r e  used t o  ind ica t e  poss ib le  
l o c a t i o n s  of ad jacent  d e t e c t o r s .  These have been separated diagonal ly  to  use 
t h e  more rap id  s ide lobe  decay (implying g r a t i n g  f r inges  which r u n  d i a g o n a l l y  
w i t h i n  t h e  f a c e t s ) .  A separa t ion  o f  a F / D  i n  each dimension results i n  29 dB 
o f  c r o s s t a l k  with some very b r igh t  axial  s ide lobes  j u s t  o u t s i d e  t h e  d e t e c t o r  
a p e r t u r e .  A s e p a r a t i o n  o f  3AF/D y i e l d s  a much more c o m f o r t a b l e  37 &B, 
c r o s s t a l k .  With t h i s  as our  choice,  t h e  minimum f a c e t  s i z e  w i l l  be D = 3 1/2/nv. 
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The above d i s c u s s i o n  o f  c r o s s t a l k  implies  t h a t  each facet i s  a minimum 
square f a c e t .  This would be a severe c o n s t r a i n t  on s y s t e m  n u m e r i c a l  r a n g e .  
In  p r a c t i c e ,  w e  form t h e  f a c e t  f o r  each  c h a n n e l  from many migimum s i z e d  
modular subfacets .  Therefore,  t h e  d i f f r a c t i o n  pa t t e rn  fo r  a s i n g l e  channel i s  
n o t  t h a t  o f  a ? i n g l e  subface t ,  bu t  r a t h e r  t he  pa t t e rn  i s  due t o  t h e  aper ture  
cons i s t ing  o f  a l l  subface ts  for t h a t  channel. Crosstalk c a n  b e  minimized by 
c l u s t e r i n g  a l l  required subface ts  o f  a given s p a t i a l  frequency i n t o  one o r  two 
l a r g e  f a c e t s  with m i r l i m u m  per imeter ,  such a s  was done i n  t h e  PCGH o f  Figure 3. 

To have t h e  g r e a t e s t  f l e x i b i l i t y  i n  p a r t i t i o n i n g  the  PCGH, we would l i k e  
t h e  modular subface ts  t o  be a s  small and numerous as poss ib le .  Since they  can 
b e  no smaller t h a n  D = 3 &Av ( w i t h  our 37 dB c r o s s t a l k  l i m i t )  , we want a 
l a r g e  s p a t i a l  frequency separat ion AV . However, a l a r g e  s p a t i a l  f r equency  
s e p a r a t i o n  implies  l a r g e  s p a t i a l  f requencies  and hence small g r a t i n g  per iods.  
If t h e  g ra t ing  period becomes comparable  i n  s i z e  t o  t h e  e-beam s p o t  s i z e ,  
c o n s i d e r a b l e  g r a t i n g  d u t y  c y c l e  e r r o r s  w i t h  c o r r e s p o n d i n g  d i f f r a c t i o n  
e f f i c i e n c y  errors w i l l  result. For t h e s e  r e a s o n s  we have e l e c t e d  t o  s t a r t  
w i t h  g r a t i n g  f r e q u e n c i e s  o f  60 t o  114 lp/mm (measured along e i t h e r  a x i s )  and 
0.5 mm subfacets .  This g ives  u s  400 s u b f a c e t s  i n  a 1 cm x 1 cm PCGH and a 
maximum numerical accu racy  o f  about 20 dB. With Gaussian i l l umina t ion ,  t h e  
e f f e c t i v e  number of  subface ts  is extended t o  more than 5000 s i n c e  t h e  c o r n e r  
f a c e t s  have about 6% the  i n t e n s i t y  o f  i l lumina t ion  o f  t he  c e n t r a l  facets. 

TRIMMING METHODS 

To ex tend  our numer ica l  accuracy beyond about 20 dB, it is necessary t o  
employ a separa te  l i thography s t e p  t o  ad jus t  t h e  r e l a t i v e  a m p l i t u d e s  of t h e  
o u t p u t s .  The a b i l i t y  t o  do  t h i s  trimming is one of t h e  ch ie f  advantages o f  
e-beam l i t h o g r a p h y  and t h e  PCGH. There a r e  s e v e r a l  p o s s i b l e  methods o f  
trimming a PCGH once it has been made and t e s t ed .  The b e s t  trimming method i s  
to  add a negat ive f a c e t ,  t h a t  is to  say ,  a f a c e t  ex:.Ltly o u t  of  phase with the  
e x i s t i n g  f a c e t .  This is much e a s i e r  than it might sound: t h e  nega t ive  f a c e t  
can be written i n  space  a l r e a d y  occupied  by t h e  e x i s t i n g  p o s i t i v e  f a c e t ,  
l e a v i n g  a c o m p l e t e l y  open a r e a .  Linewidth and phase problems a r e  overcome 
s ince ,  i f  we write over t h e  whole a r e a ,  t h e  phase  and d u t y  cyc le  w i l l  b e  
e x a c t l y  t h e  complement o f  what was already the re .  The e a s i e s t  and probably 
b e s t  way t o  trim, because it minimizes r e g i s t r a t i o n  requirements,  is t o  draw a 
s q u a r e  box o f  t h e  appropr i a t e  s i z e  somewhere near t he  middle o f  t h e  e x i s t i n g  
f a c e t .  

PARTITIONING 

The t a s k  of  p a r t i t i o n i n g  the  PCGH t o  achieve t h e  c o r r e c t  r e l a t i v e  outputs  
i s  g r e a t l y  s impl i f ied  by t h e  dec is ion  t o  adopt module f a c e t s .  The i n t e n s i t i e s  
of r ec t angu la r  f a c e t s  a r e  e a s y  t o  compute for  e i t h e r  un i form o r  Gauss ian  
i l l u m i n a t i o n .  We need o n l y  determine which subface ts  a r e  t o  be assigned t o  
which channels. We do t h i s  by means o f  an algorithm which maximizes a c c u r a c y  
and minimizes  c r o s s t a l k .  Each subfacet  i s  assigned e n t i r e l y  t o  one channel.  
Trimming i s  then used t o  achieve t h e  desired numerical accuracy. With a 1 cm 
x 1 cm P C G H ,  0.5 mm subface ts  and a Gaussian i l lumina t ion  diminishing to  e-2 
a t  t h e  edges, a subfacet  i n  t h e  corner w i l l  r ece ive  only 0.00019 of t h e  t o t a l  
e n e r g y .  T h e r e f o r e ,  i t  i s  p o s s i b l e  t o  o b t a i n  a s  much a s  37 dB of numerical 
range,  with no channel rece iv ing  less than a f u l l  subface t .  
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EXPERIMENTAL RESULTS AND DISCUSSION 

The expe r imen ta l  s e t u p  fo r  demons ta t ion  and e v a l u a t i o n  o f  P C G H s  i s  
i n d i c a t e d  i n  F i g u r e  5. Light from a He-Ne l a s e r  i s  passed through a pinhole 
s p a t i a l  f i l t e r  t o  c r e a t e  a po in t  source which i s  then imaged i n  t h e  d e t e c t o r  
p l a n e  by a l e n s .  The PCGH i s  k i n e m a t i c a l l y  mounted i n  a micropos i t ioner  
placed immediately a f t e r  t h i s  l e n s .  This mount i s  designed t o  a l l o w  removal 
f o r  t r imming and subsequen t  r ep lacemen t  o f  t h e  PCGH without d i s tu rb ing  the  
alignment. The d is tance  from the  PCGH t o  t h e  de t ec to r  plane i s  50 cm. In the  
detector plane ,  we have a s i n g l e  UDT-455 photodetector mounted on a motorized 
t r a n s l a t i o n  s tage .  One o f  s eve ra l  square ape r tu re s ,  s e l e c t a b l e  i n  s ize  from 1 
t o  2 m, is placed i n  f r o n t  o f  t h i s  de t ec to r  t o  de f ine  and l i m i t  i t s  e f f e c t i v e  
a rea .  A second i d e n t i c a l  photodiode d i r e c t l y  m o n i t o r s  t h e  l a s e r  o u t p u t .  By 
r a t i o i n g  t h e  s i g n a l s  o f  t h e s e  two d e t e c t o r s ,  we e l i m i n a t e  a number o f  
p o t e n t i a l  noise  sources ,  including l a s e r  power f luc tua t ions .  The two de tec to r  
s i g n a l s  can  be  f ed  i n t o  a l o g a r i t h m i c  ampl i f i e r  f o r  s t r i p  c h a r t  t r a c e s  and 
rough measurements, o r  e l s e  t h e  s i g n a l s  can  b e  measured d i r e c t l y  when t h e  
g r e a t e s t  accuracy i s  requi red .  

Our expe r imen ta l  work t h u s  f a r  h a s  been aimed c h i e f l y  a t  cons t ruc t ing  
experimental apparatus  capable  of  y ie ld ing  the  p rec i se  measurements needed f o r  
v e r i f y i n g  t h e  40 dB numerical accuracy and/or 40 dB numerical range we seek. 
In  t h i s  regard ,  we consider t h e  se tup  a s  desc r ibed  t o  be  adequa te  w i t h  o n l y  
minor refinements.  

We h a v e  f a b r i c a t e d  t h e  PCGH of F i g u r e  3. T h i s  hologram u t i l i z e s  
d iagonal ly  separated o u t p u t s ,  compact face ts  and symmetry abou t  t h e  a x i s .  
F i g u r e  6 shows t h e  r e s u l t a n t  d i f f r a c t i o n  pa t t e rn  a t  t h e  output  plane.  Since 
t h e  g r a t i n g  f r i n g e s  are wr i t t en  a t  4 5 O  r e l a t i v e  to  the  facet boundaries,  t h e  
many on-axis s idelobes from each output  a r e  seen  t o  b e  d i a g o n a l l y  s e p a r a t e d  
from t h e  a d j a c e n t  ou tpu t  s igna l s .  Figure 7 is an i n t e n s i t y  t r a c e  through t h e  
c e n t e r s  o f  t h e  outputs .  The spacing of t h e  outputs  was selected t o  give 37 dB 
worst  case c r o s s t a l k  between ad jacent  channels.  

In  l i g h t  o f  our p r e l i m i n a r y  measurements ,  t h e  PCGH method o f  o p t i c a l  
comput ing  a p p e a r s  c a p a b l e  of h i g h  numer ica l  accuracy over a wide numerical 
range.  
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Figure 1. - A general  scheme for o p t i c a l  vector-matrix m u l t i p l i a t i o n .  
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Figure 2 .- PCGH vector-matrix m u l t i p l i e r .  
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Figure 3.- PCGH design showing facet  boundaries. (Fringes within facets  not 
shown. ) 
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Figure 4. - Crosstalk from square subfacets. 
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Figure 5 .  - Experimental  s e tup  f o r  demonstration and eva lua t ion  o f  PCGHs . 

Figure 6.- D i f f r a c t i o n  p a t t e r n  from t h e  PCGH. The und i f f r ac t ed  beam, a l l  
1 0  f i r s t - o r d e r  d i f f r a c t e d  beams, and t h e  first f e w  second-order beams 
a r e  visible.  
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