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INTRODUCTION

The goal of this project is the development of optical signal processing architectures
and techniques that are suitable for processing information in two dimensions. We have ap-
plied our methods to synthetic aperture radar (SAR), image recognition, two dimensional
spectrum analysis of one dimensional signals and adaptive phased arrays. In previous years
we have developed several specific acoustooptic architectures for each application area and
we have experimentally demonstrated at least one architecture in each category. In this
report we describe our recent results in the areas of radar imaging, image correlation, and
integrated optical signal processing.

In the field of radar imaging we have begun to investigate methods for performing
inverse synthetic aperture radar (ISAR) imaging. In normal synthetic aperture radar,
radar platform motion is used to create a long synthetic aperture that allows high azimuth
resolution to be achieved. If there is any target motion during the synthesizing of the
aperture the resulting image will be degraded. Consequently SAR imaging is only appli-
cable to stationary targets. ISAR, however, exploits target motion to create a synthetic
aperture without the need for radar platform motion. Unfortunately the data recorded
by the synthetic aperture is determined not only by the nature of the target but also by
the target's motion. The effects of the target's motion on the recorded data must be com-
pensated for if a faithful image of the target is to be produced. Currently ISAR imaging
techniques make restrictive assumptions about the target's motion. We have developed an
iterative approach which is applicable to more general kinds of target motion than current
techniques. We discuss our approach to ISAR imaging in section II.

VanderLugt correlators have been used for a long time for optical pattern recognition.
Recently there has been a great deal of interest in using VanderLugt correlators in pattern
classification systems. These systems determine whether an input image is a member of
one of two classes, with each class being composed of many images. Typically a reference
filter is formed from a linear combination of these images. When an image is input to this
filter the presence or absence of a correlation peak determines which of the two classes the
image belongs to. The capacity of a correlator is the maximum number of images that can
be stored in the reference filter without the system misclassifing an image. In section III
we examine the capacity of VanderLugt correlators using both planar and volume optical
recording media. In addition we examine the capacity when the filter is binarized.

Vector-matrix multipliers are fundamental components of many signal processing sys-
tems such as neural networks and any system which must perform general linear trans-
formations. Implementing vector-matrix multipliers with bulk optics has proven quite
successful, especially where computational speed and low power consumption are of prime
importance. Despite this success integrated optical implementations offer certain advan-

tages over bulk systems such as smaller size, lighter weight, and ease of mass fabrication.



Additionally integrated optical vector-matrix multipliers are planar devices which allow use
of the third dimension for optical programming of the matrix. In section IV we present
an architecture for an integrated optical vector matrix multiplier using a photorefractive
medium for the matrix. We also discuss techniques for writing the matrix using unguided
light from out of the plane of the device.
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II

INVERSE SYNTHETIC APERUTURE RADAR:
IMAGING METHOD AND OPTICAL IMPLEMENTATION

11.1 Introduction

Radar has proven over many years as an effective means of detecting and tracking targets.
A very desirable additional feature is the ability to identify the target being tracked. The
most straight-forward approach to target identification is to produce an image of the target
which can then be presented to a pattern recognition system. Unfortunately radars, due to
practical constraints on their physical apertures, are generally not able to obtain enough
information from a single radar echo to produce an image. Instead they must synthesize an
aperture by recording over time, as either the target or the radar moves, a series of echos
from the target until enough information is obtained to produce an image. The recorded
echos contain information not only about the target's reflectivity, which is what we wish
to compute in the imaging process, but also the about the relative motion between radar
and target. The effects of the latter can interfere with the imaging process and must be
compensated for if a well-focused image of the target is to be produced.

11.2 Fundamentals of Radar Imaging

When viewed from a small range of angles a target can be characterized by a reflectivity

function f(f) such that if a field E(t) is incident from a radar onto a volume d3 r, centered
at a point r on the target, then a field f(,IE(t)d'r is reflected back towards the radar (we
use a coordinate system centered and fixed on the target). Imaging a target is the process
of computing f(r).

If the radar sits at the point ; and transmits a field

ej2rvot

then the reflected field received at the radar is given by

ej 2 vitE(vo) = ej 2"r" t J f(r)e-j 21rvo2 I - r/c dar (31)

which is the sum of the reflected fields from all points on the target, each of which has a
4phase shift due to the 21;- ri/c time it takes the signal to go from the radar to the point

F'and back. If p - 1p1, the gross-range , is large enough to put the radar in the target's
far-field then the far-field approximation

3



is valid, where 4- - the aspect - is the unit vector in the radar's direction. Using (11.2) in
(I1.1) and mixing out the temporal carrier exp(j2rvot), we have

E(vo) = e - j2 2vop/c f f(r)e2 r [12 ,v /cl' Fd3r. (11.3)

Using the definition of the Fourier transform

f(-) =f f( 0 ej 2 'Ild 3r

(11.3) can be written as
E(vo) = e- °O/qc(2vO, /c).

Thus, apart from a gross-range-induced phase distortion, the radar has obtained a sample
of the target's spatial spectrum. The location of the sample in the target's Fourier space
is determined by the radar's frequency and aspect. If instead of a pure sinusoid the radar
transmits a signal of bandwidth fP around a center frequency vo then the target's spectrum
will be sampled along that portion of the ray F. from 2(vo - 0/2)/c to 2(vo + P/2)/c in
magnitude. If additionally some relative motion between the target and radar causes p and
F. to become functions of time - p(t) the gross-range history and e- (t) the aspect history
respectively - then

E(o + =,t) = ei2w2(L/O+v)P(t)/Cf (2(vo + i.')4(t)/c) (11.4)

for -fl/2 < v < #/2. Hence by exploiting wide-band signals and radar/target motion
a region of the target's Fourier space can be recorded. This process is referred to as
synthesizing an aperture. Computing f(r) is then a matter of putting this data in a
suitable form and inverse Fourier transforming.

11.3 Motion Compensation

If we know f(-), the Fourier transform of f(r), in a region of Fourier space we can inverse
transform and obtain f(r) to within the resolution determined by the finite extent of the
region. Unfortunately the data E(vo + v,t) is not recorded as a function of the target's
spatial frequency, 6l, but as a function of radar frequency and time, Vo +v and t respectively.
To figure out the value of f(-) at some position 61i in Fourier space from the recorded data
we need to find v, and tj such that

2(vo + v,),C(t,)/c = C1. (11.5)

so that
E(vo + ,t 1) = r)

In addition we need to know the value of p(tI) so that we can eliminate the phase distortion
and arrive at I(gT) = e '21 2 (vo+vj )(t,)/cE(vo + vi, t I).jl 4



The frequency v, can be solved for easily from (11.5)

I1C,11 = 2(vo + v,)/c 1 >. = V clIl,l - Vo.

To find ti from (11.5) we need to solve

which requires knowledge of the aspect history 4(t) just as removal of the phase distortion
requires knowledge of the gross-range history p(t). Removing gross-range-induced phase
distortion and mapping from radar frequency and time to position in the target's Fourier
space are referred to as motion compensation. We will refer to the former as gross-range
compensation and to the latter as aspect compensation.

The term synthetic aperture radar (SAR) is used to describe situations in which the
target is stationary and relative motion between radar and target is due to radar motion
alone. Since the radar's motion is generally controllable and/or measurable both the gross-
range and aspect histories are known and hence motion compensation can be performed
and an image of the target produced.

Inverse synthetic aperture radar (ISAR) describes situations in which the target is
moving so relative motion is due, at least in part, to target motion. This is the kind
of imaging we will discuss in this paper. Since target motion is generally not controllable
and not measurable we lack the complete knowledge of the gross-range and aspect histories
needed to perform motion compensation. Thus ISAR imaging is not possible unless we can
measure p(t) and 4',(t) or figure out some way to compute them during the imaging process.
Because radars are range measuring devices it is possible to measure p(t) and techniques
have been developed to perform gross-range compensation [1,2]. Therefore in what follows
we will assume this has been done and concentrate on the problem of performing aspect
compensation.

II.4 ISAR Imaging in Two Dimensions

We are going to examine the special case in which target motion is such that e4(t) is
confined to a single plane through the origin. This accurately describes a great many cases
of practical interest - e.g. targets moving in straight lines, targets rotating about some fixed
axis - and is the case commonly treated in the literature [1,2,3]. By the choice of coordinate
axes, we can always take this plane to be the x,y plane so that IF, = [cosO(t),sinO(t),O].
Then equation (II.4) describing the reflected field becomes, after gross-range compensation,

E(vo + v,t) = f

f fJ f(X9 Y, Z ),j2w2(PO+v)Izcos8(t)±vain8 () dx yd

5



f f f(2; Y)ei2r2(zo+I/)[zcoe9(t)+yain8 (t)] dx dy (11.6)

where

f(x,y) J f(x,y,z) dz.

Motion limited to a single plane results in a lack of information about the target in the
direction perpendicular to that plane; the radar "sees" a two-dimensional target f(x, y)
which is the projection of the real three-dimensional target onto the plane of motion. We
will assume that during the time the radar observes the target the following small angle
approximations are valid,

s ino(t) o (t)
2os(t)/ < 1.

Using these in (11.6) results in

+ v, t) = f f (x,y)j 2 r2 [(vo+)xlc+oYe(t)lcl dxdy.

Processing this recorded field into an image proceeds in two steps.

First we resolve in the x or range direction by inverse Fourier transforming over the
band of transmitted frequencies. We obtain

/2 E(vo + vt)e-j2,,2(L°+L)x/c dv

- f J J f( I'y)e 22[(o+ )(C-z)/c+ oY(t)/c1 d dy dv

] f(x, y)e 2 r2 vYo Y(0)l c dy = fy(x, 2voO(t)lc) -lf(x, 0(t))

where for convenience we define 0(t) = 2voO(t)lc. The function fy(x,O(t)) is the Fourier
transform with respect to y of f(x,y), evaluated at 0(t).

The second step is to achieve resolution in the y or cross-range direction. For each
value of x the function we are left with, fy(x, 0(t)), is the Fourier transform of the function
we seek to compute, f(x, y), but which has been distorted by a coordinate transformation,
0(t), due to the target's aspect history. In general, therefore, aspect compensation is
required before imaging (inverse Fourier transforming in y) is possible. If 0(t) was known
then aspect compensation could be performed by the inverse coordinate transformation

(x, 0(t)) (,0(t) - -) dt = J L(x,0) b (0 - v) dS f v(x,v).

6



Following this with an inverse Fourier transform

f f(z, v)e- 2 ivY dv = (x,

would resolve the target in y for this value of x. Repeating this process for each value
of x would produce the full two-dimensional image. The coordinate transformation and
Fourier transform can be combined into a single linear transformation

f (x, Y) (V)ej1y vXOt Ot - v)dt dt i" rvd
f!(v~i~wfd U-Y dt

d4(t) eY2,O() dt. (11.7)
= f(,())ddt

The problem in ISAR imaging is that 0(t) is unknown and therefore this transformation
is unknown a priori.

11.5 Effects of Neglecting Aspect Compensation

The problem of aspect compensation is generally avoided in ISAR imaging by assuming
that the target moved in such a smooth manner that 0(t) = f0t for some unknown constant
fl. In general 0(t) will actually be of the form 0(t) = f0t + c(t) where O1t is the linear part
of 0(t) and E(t) is the nonlinear part (due to, for instance, target acceleration). If we take
re(t) = t as an estimate of the true O(t) and use this to process the data via equation

(11.7) the result is an estimate of f(x, y) given by

he(-, IY) =f f11(X, 0(t)) e 2 r Yt dt f ( f f(z, ?7) e32r "0(0 dv) e~2 TYt dt

ff (X, 17) (J j2rIe(t),ej27rt (""Z) dt) drq

=: f (x, q) h(y, 7) d77

where h y 7 e j27rne(t) e- j 27rt (Y- O'") dt, (I8

represents the cross-range impulse response of the ISAR imaging system. That is h(y, 17)
is the cross-range image of a point scatterer at position 77 on the target. If the target
actually moved so that 0(t) = ft then h(y, Y7) oc sincAt(y- fl?), where At is the length of
time the radar observed the target, and so fe(x,y) ; f(x,y/fl) and this approach works.
Diffraction limited resolution is achieved although there is an unknown scaling in y due to
the unknown constant fl.

7



On the other hand if there is any non-linearity in the aspect history (i.e. c(t) $ 0)
then h(y,v7) will have a width greater than that of the diffraction limit. If 177c(t)I is small
then (11.8) can be approximated by

r~r
h (y, J) f (1 + i21ry7c(t)) e- (Yn0') dt

oc [sinc Atz + 27rqE(z) * sinc Atzjl,=,~-o,

where is the Fourier transform of E. The first term is the diffraction limited impulse re-
sponse. The second term produces blurring beyond the diffraction limit. It grows stronger
with larger Itl and has a width beyond the diffraction limit equal to the spectral width of
E(t). For large lrfl the width of h(y, ?) is approximately 2jj . IdE/dtlma, (twice the maxi-
mum instantaneous frequency of exp[j27rt7(t)]) beyond the diffraction limit. In either case
the impulse response is blurred beyond the diffraction limit when there is any non-linearity
in the aspect history with the blurring being worst at the edges (largest [j71) of the target.

11.6 Learning Aspect Compensation

Computing f(x, y) from fy (x, 0(t)) is an underdetermined problem because we lack nec-
essary information, namely O(t), needed to obtain the correct solution. For any guess we
might make at 0(t), say 0e(t), we can produce an image, call it f,(x, y), through the trans-
formation described in equation (11.7). However fe(x,y) will faithfully represent f(x,y)
only if we somehow get 0e(t) ; (t). What we need is some additional constraint on the
problem which when satisfied forces 0,(t) ; 0(t).

Neglecting aspect compensation as discussed above (which is the common practice in
ISAR imaging) essentially puts a constraint on 0(t); in order to produce a well-focused
image it is required that 0(t) = flt. The problem with this approach is that we don't
have any control over 0(t), since we don't control the target's motion, and hence we can't
enforce this constraint. A better approach, we think, is to put a constraint on something
we do have control over, namely the image. We have some control over the image by
our choice of an aspect history estimate, 0,(t). The obvious constraint is to require that
the image be as well-focused as possible. Therefore we loosen constraints on the target's
motion by adopting a parametric form for qe(t) with degrees of freedom, such as

Ceta,,..., a,.) = alt + a2t + "". + ant n

while at the same time seeking to enforce the constraint that the image obtained by
processing with 0,(t) be focused. Below we describe a simple quantitative measure which
we can use to enforce this constraint.

With it;a,,.. .,an) - 0!(t;a,,.. .,an) - 0(t) denoting the error in the estimate of

the aspect history we get an image of the target through the linear transformation in (11.7)
(we will no longer explicitly show the dependence of k, and c on a,,... ,an)

fJ(x,y;a,,an) fV(x,(t)) d e-(t) dt

8



r (X C~w0, dO(t)j2,y

= I ~~v)17 ?4()~~ dq7 ~9eL)eiw (tdt
J J dt

=f(.,) "0 d~O) d,

f f(X, rn)h(y, ql;al,,..,an) d,7

where f •1
JJ

h(y, rn;a,,..., an) -j27ri'e. - j 2ir( y- n) de

is the impulse response of our imaging system. The impulse response depends on a,,..., an
because 0,(t) and E(t) do. It is easy to show that

so scaling 0e (t) by a constant factor scales the image in the y dimension but has no effect on
how well focused the image is. Assuming we have no a priori information about the target
which would allow us to choose the proper scaling we will always scale the parameters

a,.. .,an so that A0, = 1, where A(, = max[O,(t)] - min[0,(t)I. This insures that the
scale of the image remains constant.

By an analysis of the impulse response similar to that used in section 11.5 above we
can show that image blurring increases as c grows larger and that for a given f(t) the
blurring is most severe at the edges of the image (large ItvI). Since the width of a blurred
image is the width of the well-focused image plus the width of the blurring at the edges
we are led to construct an "energy" function w(x; a,... ,an), defined by

fw(x;a...a.)/2 0foIA x, y; a,•... an1 dy = c If-(x, y;aj, • •. ,an) dy, .
f-w(x;al ... a,)/2 o "

as a measure of the width of our image and hence the amount of blurring. For a given
x, w is the number such that a fraction c,0 < c < 1, of the total energy of this strip of
the image lies in the region x E [-w/2,w/2]; we take c < 1 because due to noise and the
sidelobes of the impulse response all of the energy cannot be confined to a finite region
but only "most" of the energy. Our system can learn the necessary aspect compensation
by searching its state space (the parameters a,...,a,) until it minimizes this energy

*function and hence the image blurring. At this point the output of the system is a well-
focused strip of the image (provided there are enough degrees of freedom in 0,(t) to allow
a good approximation to 0(t)). The constant scale constraint A0 e 1 is essential because
it insures that changes in w are due to changes in the amount of blurring in the image
and not merely to changes in the scale of the image. Since blurring is largest for largest
1771 aspect compensation can be learned most accurately by minimizing w(xo;a,...,an)
where w(xo;a,...,an) > w(x;a 1 ,...a.n) for all x 5 x0 , that is by learning on that strip

-* of the image which is widest. The remainder of the image can then be computed strip

9



by strip through (11.7), the kernel of which our system has just learned by minimizingw (xo; a,...a)

To summarize, the algorithm is as follows. Initialize the parameters (we take a, =

1,aig0 = 0). Find xo such that w(xo;a 1 ,... ,a,) > w(x;a1,...,a,). Then minimize
w(xo; a,,..., an) with respect to al,... an producing the one strip of the image, f(xo, y).
Finally use the aspect history estimate 4, (t; a,,..., an) learned in the last step to compute
the rest of the image, f(x # xo, y), strip by strip.

Figures II.la-II.lc show the results of a simulation of this imaging technique. We
considered a target consisting of a collection of point scatterers arranged in a "V" shape
(figure II.la) and simulated the radar returns corresponding to an aspect history of 0(t) =
t 2, 0 < t < 1. Figure II.lb shows the image produced by the standard processing approach
which takes 0,(t) = t. We allowed our processor 2 degrees of freedom, 0,(t) = at + bt 2 ,
which together with the scaling constraint, A0, = 1 for 0 < t < 1 #. a + b = 1, defined
a one-dimensional state space. By searching over this state space until w(xo; a, b) was
minimized (we took c = 0.95) our processor produced the image shown in figure II.lc.

We also applied this technique in a simple acoustic imaging experiment. Figure II.2a
is a picture of the target, a collection of ping-pong balls arranged in a "V" shape (each
row of balls is about 500mm long). While illuminating the target with acoustic pulses
and recording the reflected field we varied its position so that it had an aspect history
0(t) = 2.5-(t+t 2),0 < t < 1. We then produced images using both the standard processing
approach and our algorithm (with 0,e(t) = at + bt2 and a + b = 1 as above). The resulting
images are displayed in figures 11.2b and I.2c respectively.

11.7 Optical Implementation

The computation required to produce one strip of the image, given in equation (11.7), is
a shift-variant linear transformation which optics is well suited to implement. Figure 11.3
shows an optical implementation of the iterative ISAR algorithm we described above. It
consists of a programmable optical matrix-vector multiplier with an electronic feedback
path from the output to the matrix. Given a matrix

K (t,y;a1 ,... al,...,a,.) 2e1,ry4, (t;a I...a.)
' dt

the optical section computes the linear transformation

fe (Zo, y;a I... Ian) f f f(Xo0bt dO,(t; a,, an .jro .ta .. a. d)

dt

The feedback circuitry varies the matrix at each iteration through the parameters al,... an

and computes the energy w(xo; a,,..., an) from the output fe(xo, y; a,,... I a,). It contin-
ues to iterate until it finds the global energy minimum. At this point the output is a well

10
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focused image of a strip of the target around xo and the processor has learned the neces-
sary aspect compensation. With the matrix fixed the remaining data, fi(X,4(t))z 0 Xo,
is then fed through the processor allowing the full two-dimensional image to be produced
strip by strip.

We set up a preliminary version of this processor using a magneto-optic device (MOD)
for the programmable matrix, a 1D CCD array to detect the output Ifh(x, y; a,,..., aI)I2

and a PC to update the matrix. We did not implement the first half of the optical
matrix-vector multiplier, which spreads f(x, 0(t)) in the y direction to form the product
f(x, (t))K(t,y;ai,...,a,) in the plane of the matrix. Instead we formed this product
digitally and fed the result into the MOD.

Figures II.4a-II.4c show the output of the optical processor in various stages of learning
to image a strip of the "V" shaped simulated target discussed above. The input data was
the same as that used in the simulation above. The initial output (with 0, (t; a,,..., an)=
t) is depicted in figure II.4a. Here the error in the aspect history estimate is large and
the image is quite blurred. From this point the processor starts moving through its state
space, (a,, a 2), minimizing the energy w(xo; a,, a 2). Figure II.4b shows the output at an
intermediate stage. Finally the processor settles at the output shown in figure II.4c which
had the minimum width and in which the two point scatterers in this strip of the image

*' are well-focused.
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IVI

CAPACITY OF OPTICAL CORRELATORS

IH.1 Introduction

Vander Lugt correlators have been used for a long time in optical pattern recogni-
tion[l]. In the typical implementation, shown in figure I11.1, the Fourier transform of an
input image is used to read out a hologram containing the Fourier transform of a reference
image. This diffracted beam is then inverse Fourier transformed to produce the correlation

"* between the input and reference images on the output plane. Vander Lugt correlators are
typically used as pattern recognition systems. Whether or not a peak is present at the
output of the correlator determines whether or not the input image is sufficiently close to
the stored reference . Recently much work has been done on the use of a Vander Lugt
correlator to pattern classification [2][3). In this case, the correlator distinguishes whether
the input is a member of one of two classes with each class being composed of many im-
ages. Typically, a reference filter is formed as a linear combination of the images in both
classes and the presence or absence of a peak at the correlation plane determines which
class the input belongs to. In this paper, we discuss the capacity of the Vander Lugt cor-
relator. This is to say we estimate the maximum number of images that can be stored in
the reference filter before the system begins to misclassify images. This capacity has been
studied in great detail for systems without shift invariance (e.g. perceptrons). The classic
results from pattern recognition about the capacity of a linear discriminant function do
not directly apply in this case because the VanderLugt correlator is shift invariant. In this
paper, we will discuss the capacity of the system incorporating the shift invariance of the
Vander L ,t correlator. We will also discuss the effect on the capacity of binarizing the
reference filter and lastly we will demonstrate that by using a volume hologram to record
the filter, the capacity of the system is greatly increased, as well as be becoming capable
of multi-class classification.

111.2 Capacity of Linear Filters

In the most common pattern classification scheme, the inner product is performed
between the input image O(x,y) composed of N pixels and a reference filter h(x, y).

0 - Z h(x',y')0j(x',y') (I1l.1)
y'=1 z'=1

Comparing the output 0 with a pre-set threshold, determines which of the two classes
the input belonged to. A standard method of forming the reference filter is as a linear
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combination of the images in both classes:

h(x,y) = wij~i(x,y) (111.2)

The weights wi can be chosen through a variety of training algorithms such as the per-
ceptron learning algorithm. It is a well known result that the capacity of such a system is
[41

M=2N (111.3)

where N is the number of pixels in each image. In this paper, we will consider the con-
struction of a simpler filter in which the weights are binary.

i1 if Oi E Class I (111.4)
w =0 if4i E Class III

In other words, the filter is formed by simply summing the images belonging to class
1, while ignoring those in class 2. This is implemented in a Vander Lugt correlator, by
multiply exposing the hologram to the images in class 1 while doing nothing for the images
in class 2. Classification can then be performed by detecting and thresholding the output
at the center of the correlation plane. For the remainder of the paper, we will assume
that the images O(x,y) consist of binary N pixels, each pixel being a bipolar (ie 1 or -1),
independent random variable. Under these assumptions, the capacity of the VanderLugt
correlator using the peak-only detection scheme can by found be solving the following
transcendental equation[5]:

= N
M = 4log(M 3 /N) ( 5

As N --+ oo, the above expression asymptotically approaches

M - N (111.6)81ogN .

Thus the use of the simpler method for constructing the reference filter, results in a rela-
tively modest loss in capacity by a factor of 16logN

11.3 Capacity of Shift Invariant Filters

Because Vander Lugt correlators are inherently shift invariant it is possible to classify
prescribed images and their shifted versions as well. In order to implement a shift invariant
classification scheme, detection at the output is done over the entire correlation plane. As
a result the detection of a peak anywhere in the output plane determines whether the
input is a member of class 1 or a shifted form of a member in class 1. Figure III.2a
shows a cross section through the origin of the digital correlation of an input image with a
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filter containing only one image. The resulting output shows a single correlation peak and
relatively small sidelobes. When the reference is constructed by adding 3 images (figure
III.2b, the sidelobe structures shows a significant rise in amplitude. However, since only
the single correlation peak lies above the threshold, classification of the input image is
still performed correctly. However, when the number of reference images is increase to 6
(Fig III.2c), there are now two peaks which lie above the threshold level. As a result, the
system can no longer decide whether the input image is a member of class 1 or a shifted
version of a member of class 1. Therefore, we expect that the capacity of the shift invariant
system is smaller. For the relatively simple method of filter construction , we can readily
derive an analytic capacity for the shift invariant correlator. In the shift invariant case,
the Vander Lugt system performs a correlation between one of the input image O(z, y') and
the reference filter h(x, y)

= z z h~x',y')41 (x' + XYI + Y). (111.7)
y'=1 z,=1

For the case where the filter is constructed by simply summing the images in class 1 (mul-
tiple exposure) and assuming the same input statistics for each image, the capacity of the
shift invariant Vander Lugt system is given by the solution of the following transcendental
equation 15]

N
M = (111.8)4log(M 3 N)

Asymptotically, the capacity approaches

N

161ogN

Thus, the capacity is decreased by only a factor of two from that of the non shift invariant
system. This result is important since there is to our knowledge no prior estimate for the
loss in capacity due to shift invariance. For the case considered here (the filter derived
as a simple sum), the loss is very small; a factor of 2. To verify the theoretical capacity
of the correlator, 100 computer trials were averaged to determine the capacity for various
N . For each trial, two random vectors were generated to form the initial reference filter.
Each image was correlated to determine whether classification was performed correctly. If
no error occurred, a new random image was added to the reference filter and correlation
with all the image was done. The number of images in the reference was increased until
a misclassification occurred. At this point, the capacity was said to be one less than the
number of images stored in the reference.

Figure 111.3 shows the capacity of both the peak only and shift invariant systems
as a function of the number of pixels, N, in the image. Experimental simulations show
good agreement with theoretical predictions. It is important to note that because the
simulations were performed in the regime of small N, the transcendental equations for the
capacity (eqs (111.5) and (111.8)) were used to plot the theoretical curves.
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M.4 Capacity of Binary Filters

As demonstrated above, the capacity of the VanderLugt system can be very large. One
potential limitation that might prevent us from actually implementing such a large pattern
classification system is the accuracy with which the hologram can record the reference.
To get a feel for the susceptibility of the system to nonlinearities and inaccuracies, we
considered the capacity of the Vander Lugt correlator when the reference filter has been
binarized.

In this case, the reference filter consists of a thresholded version of the filter generated
from the multiple exposure algorithm

M

h(z,y) = sgn[Z wii(x,y)] (111.10)
si

Again, assuming that the input pixels consists of bipolar independent random variables,
we find that the capacity of the binary Vander Lugt correlator is asymptotically

N
M - 8 (1I.11

There is only a further ?r/2 reduction in capacity from that of the non binarized shift
invariant filter. In figure III.4, a comparison is made between the linear and a binary filters.
In both cases, the input images had 256 pixels and the reference filter contained 3 images.
As seen from the figure, the sidelobe level of the binary correlator is significantly larger
than that for the linear filter. As a result, as additional images are added to the reference
filter, the binary correlator will begin to misclassify sooner. This will correspondingly
lead to a lower capacity (theoretical and experimental) for the binary correlator. In figure
111.5, the capacity of both the binarized and nonbinarized filters are plotted as a function
of the number of pixels in the image. Again, computer simulations demonstrate a good
agreement with theoretical predictions.

1.5 Capacity of the Volume VanderLugt Correlator

In this section, we consider the use of a volume hologram to record the reference filters
in a Vander Lugt correlator[6]. We expect that because information is recorded in three
dimensions as opposed to the two dimensions for plane holograms, the storage capacity of
the volume VanderLugt correlator is increased. Let us first consider how a volume Vander
Lugt correlator operates (Fig 111.6). Consider the correlation between two point sources.
In the recording stage (Fig III.6a), the point source generates a plane wave which interferes
with a reference wave to form a grating which is recorded in the volume hologram. When
an input point source at the same position is presented to the correlator (Fig III.6b), a
new plane wave reads out the stored grating. The diffracted plane wave is then focussed
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to form the expected correlation peak at the output. If, however, the input point source
is shifted in the direction parallel to the plane of incidence (Fig III.6c), the plane wave
that is generated will not be Bragg matched with the grating in the volume hologram.
Consequently no diffracted wave will be produced and no correlation spot will be formed.
In the direction perpendicular to the plane of incidence, the volume hologram exhibits
very little Bragg sensitivity and a correlation can still be read out. As a result, shifts of
the input in a direction parallel to plane of incidence will not be recognized, while in the
perpendicular direction the correlator remains shift invariant.

For an arbitrary input,A(x, y) and reference image, R(x, y), it can be shown that the

output of the volume Vander Lugt correlator is 171

O(X,y) = [A(x,y) * R(x,y)]sinc(,ax) (111.12)

where a = TsinO/2AF and * is the correlation operator. T is the thickness of the hologram,
9 is the Bragg angle, and F is the focal length of the inverse Fourier transform lens. In
other words, the output of the correlator consists of the correlation between the input and
reference apodized by a sinc function whose width is determined by the thickness of the
volume hologram.

To experimentally demonstrate this apodizing effect, the auto correlation of an 0
was performed using the volume Vander Lugt correlator. Figure 111.7 shows a digitally
generated autocorrelation of an 0 which simulates a standard Vander Lugt correlator
with a reference 0 recorded on a plane hologram. In the volume Vander Lugt correlator,
the reference 0 was recorded on a lithium niobate crystal measuring 25x25x5mm. The
reference beam was situated such that the plane of incidence was in the horizontal direction.
Figure III.8a shows the output of the volume Vander Lugt correlator when the input 0
is positioned at the same plane as the reference 0. The output consists of the standard
correlation of the two O's multiplied by the horizontal sinc function. When the input 0
is shifted in the direction parallel to plane of incidence (Fig III.8b), the correlation shifts
and only correlation structure to one side of the peak is presented at the output. The
smaller spot lying to the right of the primary horizontal band corresponds to the very
strong correlation peak lying in the first sidelobe of the apodizing sinc function. Further
shifts of the input as shown in figure III.8c, merely reads out the correlation structure
further from the peak.

The Bragg selectivity in the volume VanderLugt correlator allows one to perform
multi-class categorization of the input images[8]. In the recording stage (Fig III.9a), a set
or reference filters is recorded by interfering each with a reference beam separated by the
angular bandwidth of the volume hologram. When an input image is presented to the vol-
ume Vander Lugt correlator (Fig III.9b), a set of correlations is performed simultaneously
and presented spatially distributed at the output. The Bragg selectivity of the hologram
guarantees that the correlation bands will not interfere with each other. As a result, by
detecting which band the correlation peak appear, determines which of many classes the
input image belongs to. "

~We can consider each correlation band as a separate output channel performing a

simple pattern classification task independent of the other channels. By assuming the
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same input statistics for the images in each class, the capacity of each output channel
can be analytically derived. In this case, the maximum number of images that can be
stored was found to be equal to that of the standard VanderLugt correlator (eq 111.5).
Asymptotically, the capacity of each channel approaches

N
- 16ogN N --+ oo (111.13)

The number of output channels, K, that can be stored in the volume hologram is

K= TLsnO (1 _ K _ N) (III.14)
A\F

where L is the actual dimension of the output detector array in the direction parallel to
the plane of incidence. Hence the total capacity of the system is

MTotal = KN (N --+ o;1 < K < N) (111.15)
161 ogN

Thus the effect of the using a volume hologram is that the capacity is increased by the
number of output channels the hologram can support and one to perform multi-class
classification. However, one drawback is the partial loss of shift invariance in one direction
that results from the use of a volume hologram.

111.6 Conclusion

In conclusion, we have demonstrated that the capacity of a Vander Lugt correlator
without shift invariance is N/81ogN for the simple additive filter. By incorporating the
shift invariance inherent in an optical correlator, the capacity is only decreased by a factor
2. Furthermore, by binarizing the reference filter, there is a further loss by a factor of 7r/2.
However, by utilizing a volume hologram to record the reference filter, the capacity of the
correlator is increased by a factor that can be as high as N with a proportional loss in shift
invariance.
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IV

PHOTOREFRACTIVE INTEGRATED OPTICAL
VECTOR MATRIX MULTIPLIER

IV.1 Introduction

Vector matrix multiplication is central to a wide range of signal processing systems,
including neural networks, large scale interconnection networks, and linear transforma-
tions. Bulk optical implementations of vector matrix multiplication are well developed
and quite successful [10]. The classical optical vector matrix multiplier uses a cylindrical
lens to expand a one dimensional array of light sources across a two dimensional spatial
light modulator on which the matrix is recorded. A second, orthogonal, cylindrical lens
focuses light from the SLM onto an array of detectors. Each element of this array receives
light from each element in the input vector, modulated by the appropriate matrix element.
This method of implementing vector matrix multiplication has been applied in a number
of signal processing architectures.

Despite the success of these devices, the implementation of vector matrix multipli-
ers in integrated optics offers certain advantages which are difficult to achieve in bulk.
Integrated devices are typically much smaller and lighter than their bulk counterparts.
Fabrication of a large number of identical integrated devices is relatively easy due to the
advanced state of photolithography. In addition, integration leaves the dimension out of
the integrated plane free for optical control of the matrix interconnecting vectors in the
guided plane. In bulk devices dynamic control of this matrix may be relatively difficult. In
this paper we propose implementing a vector matrix multiplier in integrated optics using
photorefractive holography in the volume of the waveguide. A schematic architecture for
this device is shown in figure IV.1. A vector is input through a channel waveguide array
integrated on a suitable substrate. Light from these channels is collimated by an integrated
lens [7] before reading out a matrix of holographic gratings formed in a slab waveguiding
region. The diffracted vector is refocused into an output channel waveguide array. This
architecture performs vector matrix multiplication with as many degrees of freedom as the
bulk architecture by utilizing the Bragg selectivity of volume holograms to substitute for
one dimension of the bulk spatial light modulator.

IV.2 Matrix Implementation via Integrated Volume Holograms

Vector matrix multiplication using diffraction gratings may be described via coupled
wave equations in Fourier space. The electric field vector E(r) may be described at any
plane along the optical axis of the system in terms of a complete set of guided and unguided
modes of the slab waveguide. Letting A.(k) represent the rnponent of E() in the mode

26



v at spatial frequency k we may express E( as

=f f Z Av(k),(k,dk (IV.1)

* 4(k, ) is the field distribution for the mode v at spatial frequency/i. The effect on E(i) of
the hologram recorded in the volume of the slab may be described by substituting (IV.1)
into the Helmholtz equation and applying the slowly varying envelope approximation.
From this approach we obtain

ffzaAJ(k) .ka,(k , rldk= E~ k jA ()e k j

' az f

(IV.2)
where Ak 2 (ff., r) is proportional to the holographic perturbation to the dielectric constant

at spatial frequency fg. By applying the orthogonality condition

Equation (IV.2) may be reduced to

aA,(k1 ) &k) IA

where

and

/C Jff fk(k ,(kP ff g,&j (p, ld F (]V.6)

In deriving equation (IV.4) we have ignored the finite nature of the hologram. Equation
(IV.4) may be expressed

ax
-z= HA (IV.7)

Each A,(k 1 ) with ki satisfying equation (IV.5) forms a component of A. The components

H are given by
fH(kl,k 2 ) = - (IV.8)

The solution to equation (IV.7) is A exp(fHz)A4. If all of the eigenvalues of H satisfy
JAIL < 1 where L is the length of the holographic interaction region then we find that

A = (I+ HL)Ao (IV.9)
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Thus a Fourier hologram written in the slab waveguide may perform a vector matrix
*" multiplication taking each Fourier component of the incident field to each component of

the output field. Under suitable conditions of mutual incoherence of the stored gratings
and the fields vector matrix multiplication may also be shown to occur between the incident
and output intensities.

In the architecture of figure IV.1 each Fourier component of the field incident on the
the volume hologram corresponds to the field in a single channel of the input waveguide
array. Similarly, each Fourier component of the field diffracted from the hologram corre-
sponds to the field in a single channel of the output waveguide array. Since the hologram
performs vector matrix multiplication between the incident and diffracted fields, the system
as a whole performs vector matrix multiplication between the vector of field amplitudes in
each input channel and the matrix of Fourier grating amplitudes in the volume hologram.
Each component of the output vector is represented by a field amplitude in an output
channel. Crosstalk, i.e. diffraction of one input channel by a grating corresponding to
another input channel, and second order diffraction, are avoided by the Bragg wavevec-
tor matching condition given in equation (IV.5). As mentioned above, Kg is the grating

wavevector. k, and k 2 are constrained to lie on the normal surface. Since in an integrated
geometry k, and k 2 are further constrained to the integrated plane, wavevectors satisfying
the Bragg condition for a given Kg are unique for an integrated hologram. Figure IV.2
shows graphically the relationship between the input vector, the output vector and the
interconnection matrix. Each component of the input vector corresponds to a wavevector
with an end point on the normal surface at the lower right. Each component of the output
wavevector corresponds to a wavevector with and endpoint on the normal surface at the
upper right. Each component of the interconnection matrix corresponds to a vector joining
the endpoints of an input component and an output component on the normal surface. As
long as each input and output wavevector differs by more than a vector of magnitude
from the nearest neighboring wavevector, the input and the output vectors may be fully
interconnected without crosstalk.

The requirement that the components of the input and output vectors be separated
by I arises from ambiguity in the grating wavevectors due to the finite volume of the

L
hologram. This ambiguity limits the number, S, of independent interconnections which
can be stored in a bulk volume hologram is limited to the number of resolvable spots in
the volume, i.e.

V (IV.IO)
S A3

where V is the volume of the recording medium and A is the wavelength of the readout light.
Psaltis et.al." have shown that this limitation on the number of interconnections between
two image planes limits the spots used for complete and independent interconnection of
two planes to fractal grids of dimension 2. In the case of the integrated volume holograms
limitations of this sort on the input and output vectors due not arise. It can be shown
that the number, S', of interconnections which can be stored in an integrated hologram is
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limited by ambiguity in Fourier space to

st A (IV.ii)

where A is the area of the interaction region. There are of course further limits on S'
arising from the finite bandwidth of the photorefractive response and the finite apertures
of the optical system, but these limitations contribute only a scaling factor independent
of A and X. It is interesting to note that the integrated volume holographic vector matrix
multiplier implements linear transformations with the same number of degrees of freedom
as the bulk device using a two dimensional mask.

IV.3 Recording the Matrix

We now turn to the question of how the hologram representing H= may be recorded.
Photorefractive effects offer a particularly simple and flexible approach. The photore-
fractive effect is a mechanism by which volume gratings may be created in waveguiding
crystals such as LiNbO 3 , GaAs and SBN '3 '4 '5 . Photorefractive gratings arise from the
electrooptical modulation of the refractive index by the space charge field arising from
the inhomogeneous charge distribution induced by the intensity distribution of the write
beams. The amplitude of the photorefractive perturbation is proportional to the modula-
tion depth, M, of the optical intensity. The diffraction efficiency of the resulting hologram
is proportional to the square of the perturbation, i.e. to M 2 , and to the length of the
interaction region. While the amplitude of the index perturbation which may be achieved
in this way is small, the diffraction efficiency of photorefractive holograms is often large be-
cause of the volume nature of the perturbation region. The advantages of photorefractive
gratings in the application described here are that they can be written with high resolution
in real time with no substrate preparation or development steps, that they are erasable
and modifiable, that writing photorefractive gratings does not add a bias to the mean
index of refraction, and that the high sensitivity of the photorefractive effect to changes in
wavelength allows the gratings to be written optically with short wavelengths and readout
at longer wavelengths beyond the threshold for writing.

In order to have full independent control of the interconnection matrix it is necessary to
separate the process of writing the hologram from the read-out process. This may be done
by utilizing the rotational degeneracy of volume holograms. Since the right hand side of
equation (IV.5) is unchanged by rotations about Kg, an infinite set of coupled pairs k and

k2 may be generated by rotating the normal surface about the grating wavevector. This
degeneracy in the Bragg condition allows us to write gratings in integrated waveguides
with unguided light (radiation modes) which may be readout by guided beams. If we
include in our analysis a change of the magnitudes of the optical wavevectors due the
transition from guided to unguided beams and a difference in the wavelengths of the
write and read beams, then it may be shown that guided beams at wavelengths beyond
the threshold of the photorefractive response may be diffracted by holograms written by
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unguided light at a shorter wavelength. This arrangement allows us to take advantage of
the long interaction lengths, high beam intensities, and compact construction of integrated
devices while avoiding optical damage and photorefractive scattering due to the readout
beams. Since we have all the degrees of freedom of bulk optics in positioning the write
beams, we will be able to describe below a simple method for writing with a single exposure
a hologram which completely and independently interconnects every resolvable spot at the
input to the waveguide with every resolvable spot at the output.

Vector matrix multiplication is performed in the architecture we are proposing by
using n 1n 2 gratings to map n1 input frequencies to n2 output frequencies. Each grating
may be associated with a pair of radiation modes by rotating the input and output beams
about the grating vector. Figure IV.3(a) is a wave matching diagram which graphically
shows the Bragg matching condition as a requirement that the end points on the normal
surface of coupled optical wavevectors be joined by the grating wavevector. Figure IV.3(b)
shows a pair of unguided optical beams which may be associated with this wavevector.
Figure IV.3(c) shows a second pair of optical beams generated upon rotation about a second
wavevector coupling one of the original guided beams with a third guided beam. As can be
seen in figure IV.3(d) the unguided wavevectors into which the guided beam is rotated are
different for the two different grating wavevectors. This simple graphical demonstration
points out a problem which can be shown to hold in general in the architecture we are
proposing, which is that as many as 2n 1 n 2 distinct radiation modes must be available
to write the n 1n2 gratings coupling n, + n 2 guided modes. One means of presenting all
these radiation modes simultaneously in each write cycle might be to use a second volume
hologram to store the 2n 1n 2 beams.

The amplitude of a photorefractive index perturbation is proportional to the modula-
tion depth of the writing beams. For the case of writing with n1 n 2 beams of approximately
equal intensities, the modulation depth of each grating will be proportional to (nin2 ) - "
The modulation depths of the individual gratings are also proportional to (nin2) - for
sequential writing if the asymmetry between the erase and write times is not large. By
using the architecture of figure IV.4 it is possible to reduce this factor to (/-in) - ' by
writing all the gratings with a single reference beam. In this geometry the modulation
depth of the (ij) t h grating is

M/- V j I R (IV. 12)

M R + N(Ii,)

Where Ii and IR are the intensities of the (ij) t h write beam and of the reference respec-
tively. (lij) is the mean value of the write beam intensities. The expected value of Ali"
has a maxima of (2 (-nn 2 )) - when (I) =

A problem with the architecture shown in figure IV.4 arises from the fact that it is not
possible to write an interconnection matrix in the plane using a single reference while still
satisfying the Bragg condition for each interconnection. This problem may be overcome .
by taking advantage of the fact that the interaction region of the hologram is very thin
out of the plane of the waveguide. If the modes coupled by a given grating are well guided
then the coupling efficiency is insensitive to Bragg mismatch out of the waveguiding plane
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if the phase of the grating remains constant within the coupling region. This fact allows
us to have a Bragg mismatch out of the plane of the waveguide. This concept is illustrated
in figure IV.5. In figure IV.5(a) we show a set of fringes for a grating written with K.
confined to the surface of the waveguide. Note that the phase of the grating is constant
along the vertical direction. In figure IV.5(b) k. is not confined to the waveguiding plane
and the phase of the grating is not constant along the vertical direction. However, since
the interaction region for well confined modes includes only the waveguide itself, high
diffraction efficiencies may be achieved between guided modes if the phase of the grating
is constant in the vertical direction in a region approximately limited to the waveguide
itself. This condition may be expressed in the form

(/kg).d < 1 (IV. 13)

where d is the thickness of the interaction region. Since d may be very small for a optical
waveguide, we find that our architecture will tolerate a fairly large Bragg mismatch out
of the waveguiding plane. This allows us to write the full interconnection matrix with a
single reference as shown in figure IV.4.

It is still necessary to fabricate the mask T in such a way that Bragg matching in the
plane of the waveguide is achieved for each interconnection. The Fourier lens L, is aligned
so that a pixel on its optical axis is collimated such that

Kooz = K; =oo= Ky = 0; coo, = -K, (IV.14)

where goo and K are the wavevectors of the collimated beam and of the reference respec-
tively. The requirement that the grating produced by the reference and the light from
pixel ij be the grating that connects the i th input channel and the jth output may be
expressed gi. = K - kij. Since k1j has no component out of the plane of the waveguide,
the &, component of this equation is satisfied if, as we saw above,

1 (IV.15)

In the paraxial approximation this requirement becomes < i where p is the greatest
distance from the optical axis of a pixel on T. Having satisfied this constraint, the and
e, components of the phase matching equation may be satisfied by properly placing the
pixels on the mask. An example of a suitable mask for a four by four device with a 400

num separation between channels is shown in figure IV.6 We have assumed a lens of focal
length 25cm between the mask and the waveguide and integrated lenses of focal length
1cm. The angle between the writing beams is assumed to be three degrees.

IV.4 Experimental Results and Discussion

We have written photorefractive gratings in single mode titanium indiffused slab
waveguides on nominally pure y cut LiNbO 3 . The gratings were written using unguided
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light at 488 nm from an Ar + laser. The red HeNe line was used for readout. The grating
wave vectors were nearly parallel to the c axis to make use of the r 33 electrooptic coef-
ficient and the photovoltaic field. Optical pro.agation was along 4y for the write beams
and along 4. for the guided read beams. The effective index for the guided HeNe mode
was 2.248, while the extraordinary index of the substrate at 488 nm is about 2.6. Thus,
between the write and read beams there was an expansion of the angle between the beams
Bragg matched to a particular grating by a factor of about 1.5. Small angles were used
because our waveguide was not guiding along 4,. We have obtained coupling efficiencies
of up to 4.5% between guided modes of interaction lengths of about 1 cm. We have also
been successful at coupling a single guided mode into two two diffracted modes, though we
have not yet implemented the mask scheme described above to achieve multibeam coupling
with high efficiency. Photographs of zero and first order spots diffracted from the end of
the waveguide in the one and two grating cases are shown in figure IV.7. In two grating
case both gratings were written with a single reference beam. Both are slightly Bragg
mismatched for readout.

Various problems arise in the implementation of the architecture we have proposed.
Two specific problems concern the depletion of the pump beams and the implementation
of the matrix in grating amplitudes. Since the interaction region for integrated volume
holograms may be very long, the coupling efficiency of these holograms may be quite high.
In the depleted pumps regime the accuracy to which the device represents a true vector
matrix multiplier will be compromised. The extent to which this is a problem depends
upon the application envisioned. Since the amplitude of each grating is linear in modulation
depth, which is a nonlinear function of the total background intensity, it is only possible in
a statistical sense to associate a given grating amplitude with a specific transmittance in
the writing mask. For small scale applications both of these problems may be surmounted
by considering the expected signals from each channel. For larger scale applications, the
application must be tolerant to these nonlinearities. Optical neural computers8 are one

* such application.

A third problem arises from the effect of titanium on the photorefractive properties
of LiNbO 3 . Glass et. al. found that Ti doping increases the dark conductivity of LiNbO 3 ,
thereby reducing the grating storage time5 . In our waveguides we found grating lifetimes
of several days under continuous guided readout with about 50 JAW. One method of
increasing this lifetime might be to use proton exchanged waveguides9 . In applications
where storage time is not a concern, GaAs or SBN might be used as a substrate.

IV.5 conclusion

In conclusion, we have proposed an architecture using coupling from a set of input
channel waveguides to a set of output channels using multiwave photorefractive mixing in
a slab waveguide to implement vector matrix multiplication. We have demonstrated the
feasibility of out of plane photorefractive deflection of guided beams. By using out of plane
beams to address the nonlinearity we are able to combine the holographic capabilities of
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photorefractive crystals with the capabilities of integrated optics.
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Fig. IVA1. Integrated optical matrix vector architecture.

OUTPUT
WAVEVECTORS

INPUT
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Fig. IV.2. Wavematching between the input, the output,
and the interconnection matrix.

(C) (d)

Fig. IV.3. Rotational degeneracies of Bragg matched holograms.
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Fig. IV.4. Recording with unguided light and a single reference.
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Fig. IV.5. Bragg mismatch out of the guiding plane.
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Fig. IV.6. Mask for recording a 4 x 4 matrix.

4''

Fig. IV.7. Diffracted and undiffracted beams in LiNbO3
One grating. Two gratings.
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