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ABSTRACT 

The subject of this dissertation is an electro-optical process

ing (EOP) concept which, in its basic configuration, computes a dis

crete linear transform such as Fourier, Laplace, Hilbert, etc., as 

well as convolutions and correlations. It accepts input signals 

through an incoherent light source, performs high speed analog multi

plications via a two-dimensional array of apertures in a chrome mask 

on the surface of a charge-coupled device (CCD), shifts and integrates 

intermediate results within the CCD, and presents the transformed 

signal as a data stream from ,the output shift register of the CCD. 

The EOP concept is described in detail where both serial ,and parallel 

configurations are developed. It is seen to be an efficient computer 

of matrix-vector products, matrix-matrix products, and multichannel 

correlations. The inclusion of feedback and a changeable CCD mask 

yields an architecture for higher order matrix operations such as 

matrix inversion, solution of simultaneous equations, etc. A function

al model of an EOP matrix-vector multiplier is presented which des

cribes the accumulated effect of errors in system elements from the 

LED through the CCD. Also described is removal of error introduced 

by biasing required of input and mask modulation functions in order 

that they represent bipolar quantities. An EOP spectrum analyzer' 

~ased upon direct implementation of the discrete Fourier transform 

(DFT) is described and use of a Kaiser-Bessel window function applied 

t'o the CCD mask is described as a solution to the "spectral leakage" 

xii 



xiii 

problem caused by sharp discontinuities at each end of a normal window 

of sampled data. Finally, application of a parallel EOP configur

ation to the synthetic aperture radar (SAR) problem is offered. 

An architecture utilizing separate in-phase and quadrature EOP channels 

is described. The system shows potential for providing at least 

modest resolution SAR imagery with an economy of size, weight, and 

power consumption. 



C~P~R1 

A SURVEY OF INCOHERENT OPTICAL SIGNAL PROCESSING 

The use of optical systems in signal processing applications 

is based chiefly upon the high speed analog multiply and parallel 

processing capabilities inherent in optical systems. In prinCiple, 

analog multiplication takes place as fast as light travels through 

an optical transparency (about 10-13 sec). That is, the irradiance 

of the light exiting a transparency is the product of the incident 

irradiance and the intensity transmittance of the transparency. 

Assuming that light can be generated and detected with sufficient 

speed, this then implies a sub-picosecond analog multiplication time. 

The second inherent strength of an electro-optical processing 

system is the availability of three degrees of freedom (two spatial 

coordinates and time) in an optical system as opposed to only one 

(time) in most electronic systems. This allows a parallel processing 

capability for which on the order of 106 analog multiplications can 

be performed simultaneously in a single device. 

These strengths apply to both coherent as well as incoherent 

optical systems. Coherent systems have received widespread attention 

and many sophisticated systems have been operational for a number 

of years. They have received extensive coverage in the open litera-

ture, and several excellent survey papers and books have been written 

(Cutrona et al., 1960; Vander Lught, 1968, 1974; Goodman, 1968, ch. 
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7; Shulman, 1970; Preston, 1972). The basic attraction for coherent 

optical processing systems is that when the light source is coherent 

(e.g., a gas laser) a two-dimensional Fourier transform relation 

exists between the front and rear focal planes of a lens used in 

such a system. Because of this Fourier transform relation, operations 

can readily be performed in the (spatial) frequency domain. Therefore, 

coherent optical systems are analogous to electrical filters and 

find natural application in areas such as spectrum analysis, pattern 

recognition, and image processing. 

On the other hand, an incoherent optical system (i.e., one 

with an incoherent light source) possesses no such Fourier transform 

relation and operations are all done in the spatial (or time) domain 

(Monahan, Bromley, and Bocker, 1977). Nonetheless, incoherent optical 

systems find widespread application in a number of signal processing 

areas as they are in general simpler, smaller, less expensive, and 

considerably less sensitive to thermal and vibrational disturbances 

than their coherent counterparts. 

Morphology of a Linear System 

Coherent and incoherent optical processing systems are almost 

invariably linear systems. This is so because, first of all, passive 

optical systems behave according to the laws of superposition and 

are thus inherently linear. In addition, since general systems are 

virtually impossible to analyze completely, the restricted class 

of linear systems, with its desirable characteristics, has been applied 

to the vast majority of applications. 
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Consider, for a moment, the simple system of Figure 1.1 in 

which a linear system transforms a continuous function fer) into 

a continuous function e(u). The variables r and u are general here 

and take on specific meaning depending upon the nature of the input 

function and the required transformation. In a spectrum analyzer, 

for example, r might be time while u would be frequency. 

The linear system of Figure 1.1 can be characterized by its 

respcnse to an impulsive input. Suppose for example an ideal unit 

impulse, or Dirac delta function, is input to the linear system at 

r=ro (Figure 1.2a). The resulting output is referred to as the impulse 

response h(u;r ) and, as shall be seen, completely characterizes 
o 

the system. In general h is a function of u as well as position 

ro of·the impulse at the input. Therefore, as we do not assume a 

shift-invariant system,·r appears simply as a parameter in the arguo 

ment of h. 

By the nature of a linear system, if the input delta function 

is now multiplied by a number, say fer ), then the output is simply 
. 0 

multiplied by the same factor as well (Figure 1.2b). Also, due to 

the assumed linearity of the system, a sum of inputs results in the 

sum of corresponding outputs. So then if we input a "continuum" 

of delta functions O(r-ro) (Le., for all values of ro) with each 

delta function weighted by the value of the function fer) at r=r , o 

then the input and output take on the integral forms shown in Figure 

1.2c. Theoretically, the limits of integration should be infinite. 



f (r) 

. LI NEAR SYSTEt1 

........................ . 
, . ----,;'. h(LI;r) . ........................ 

----> e(LI) 

Fig. 1.1. Input and output functions of a linear system 
characterized by its impulse response h(u;r) • 

a. 

b. 

c. 

.. .. .. .. .. .. .. .. .. .. .. .. 
---_ ..... .' . LINEAR 

SYSTEM 
. , .----.)0 

........................ 

.. .. .. .. .. .. II .......... 

.. : . LINEAR 
---- .-'. SYSTEM 

........................ 

.. .. .. .. .. .. .. .. .. .. .. .. 

---->: LINEAR 
SYSTEM 

:----> 
....................... 

.. .. .. .. .. .. .. .. .. .. .. .. 

4 

d. f (r) ---->: LINEAR 
SYSTEM 

----> = (f(r)h(LI;r)dr 
J . .. .. .. .. .. .. .. .. .. .. .. .. 

Fig. 1.2. Synthesis of the output e(u) of a linear system in 
terms of the input f(r) and the impulse response 
h(u;r). 
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But due to the wide variety of possible systems, specific limits 

of integration have been omitted in this and subsequent equations. 

Due to the so-called sifting property of the delta function 

the input integral reduces simply to the given input function f(r). 

Tha t is, the inpu t func tion can be "synthesized" by or regard ed as 

a superposition of weighted delta functions. 

Dropping the subscript on the dummy integration variable 

r o ' the resulting input-output representation, as shown in Figure 

1.2d, is 

r 
e(u) = If(r)h(u;r)dr. 

J 

The utility of this approach is that the unknown output function 

( 1.1) 

is simply related to the input function by a linear weighted super-

position integral in which the weighting function is just the impulse 

response of the sytem. 

Survey of Incoherent Optical Processing 

The emphasis in this paper is placed upon incoherent optical 

processing. Invariably, such systems can be described by a general. 

linear transformation in either the one-dimensional form of Equation 

1.1 or a two-dimensional form 

g(u,v) = JIf(r,S)h(U,V;r,S)drdS ( 1 .2) 
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or a discrete version of either of these. The variables r, s, u, 
. , 

and v are intended to be general and will take on specific meaning 

depending upon the particular application. The following survey 

of this field will be described within the context of incoherent 

optical correlators, as this seems to be the most common application 

of such systems. However, we will find that in general an incoherent 

optical system nominally describable as a correlator can indeed perform 

a large variety of other signal processing tasks. These include 

convolutions, spectrum analysis,. filtering, Walsh transforms, and 

a variety of other interesting and useful linear transformations, 

all represented by expressions related to Equations 1.1 or 1.2. 

The use of an optical system for data processing applications 

is motivated chiefly by the fact that such a system performs a linear 

mapping on functions of two independent variables. "This is illustrated 

in Figure 1.3 where the imaging lens .maps the function f(x,y) onto 

the plane of another function h(x)y). In such a system the two-dimen-

sional input signal f(x,y) can be introduced in a number of ways. 

These could include a uniformly illuminated photographic transparency, 

a CRT, or, for example, the surface of the earth as in the case of 

an earth resources image processing application. The second function 

h(x,y) is typically represented by the transmittance function of 

a photographic film or some erasable electro-optic material. In 

some systems the functions may be discrete, in which case each sampled 

value of h(x,y) may be represented either by an elementary cell of 



y 
f(x,y) 

IMAGING 
LENS y 

7 

h (x,y) 

INTEGRATING DETECTOR 
LENS 

Fig. 1.3. Basic geometry for incoherent optical correlation. 

g 
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appropriate transmittance or by varying the area of an otherwise 

clear cell. 

As mentioned above, whatever the coding scheme, an electro

optical processing system possesses at least three degrees of freedom. 

However, the important feature to recognize here is that when such 

an optical system maps one two-dimensional data field into another, 

it is mapping all data pOints simultaneously. Considering that good 

quality lenses have a space-ba~dwidth product of over 107, this repre

sents a powerful parallel processing capability. Combining this 

property with the high speed multiplication capability described 

above implies that a suitably encoded transparency imaged onto a 

second transparency results in the simultaneous computation of well 

over 106 independent analog multiplications. With reference to Figure 

1.3, this means that if f(x,y) is the irradiance distribution of 

the light leaving the first plane and h(x,y) is the transmittance 

function of a transparency. at the second plane, then the light distri

bution transmitted by the second plane is the product of the two 

functions f(x,y)h(x,y). 

The transformations of Equations 1.1 and 1.2 also, require 

an integration of the product function over the variables x and y. 

This operation is also readily aChieved, as shown in Figure 1.3, 

by using a simple lens to collect the light from the two-dimensional 

image of the data field and direct it to a spatially integrating 

detector. Finally, anticipating the use of this system as a correlator, 

we allow for the lateral translation of either the h or the f planes. 
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In the first case, the output of this linear syste~ is then described 

by Equation 1.2 which becomes 

g = g(xo ' Yo) = rf f(x,y)h(X-x ,y-y )dxdy. 
J J 0 0 

(1.3) 

It is entirely equivalent, and perhaps more useful in a practical 

sense, to provide the required relative motion in the input f plane. 

In this case, the expression describing the output becomes 

(1 .4) 

(In some systems to be described, f and h are functions of just one 

independent variable. In that case a version of Equation 1.1 would 

apply.) As will be seen, the ,majority of systems that have been 

developed are variations on the basic system of Figure 1.3. For 

example, some systems require either f(x,y) or h(x,y) to be laterally 

scanned as a part of the computational algorithm. Complex designs 

in which the basic system of Figure 1.3 is replicated into a parallel 

array of systems have also been built. Another useful class of systems 

will be described which combine a scanning element with a temporal 

modulation of the light source.. We will also consider the computation 

of two-dimensional correlation functions with non-scanning shadow-

casting systems which require no physical translation of any elements. 

So in summary, we find that incoherent optical processors gene~ally 

fall into one of three classes: 



* Spatial scanning, 

* Temporal scanning, and 

·Non-scanning. 
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Each of these classes will be briefly examined in the following sec

tions. 

Finally, it is important to note that since irradiance is 

the quantity of interest in an incoherent optical system, the functions 

f and g must be everywhere positive. To handle bipolar functions 

one approach is to add them to a bias term. Thi3 6ethod suffers 

from-the introduction of signal-dependent cross terms and a reduction 

in dynamic range. However, these problems can be largely overcome 

by a number of approaches and will be discussed in a later chapter. 

Therefore; in the present discussion we will treat all Signals or 

functions as though they were simply real and positive. 

Spatial Scanning Correlators 

The expression "scanning correlators" will be used to describe 

systems which compute a correlation function (or convolution) and 

which do so by the lateral translation or scanning of some element 

in the system. With reference to Figure 1.3, for example, this could 

correspond to translating either f, h, or the imaging lens in its 

x,y plane. (In many systems, the imaging may also be accomplished 

by placing -f and h nearly in contact. However, strict mechanical 

tolerances associated w~th rapid relative motion between the two 

planes can be avoided by imaging f onto h with a lens.) The term 
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"spatial" designates those correlators in which the integration is 

performed over spatial variables, as in Equations 1.3 and 1.4. 

One-Dimensional Correlators. We first consider a one-dimen-

sional version of Figure 1.3 in which the functions f and h vary 

in the x-dimension alone. This system becomes a correlator if either 

the input or the mask is allowed to translate. For example, if the 

input in Figure 1.3 is shifted in the x-dimension by an amount x , o 

the detector output yields the familiar one-dimensional cross-cor-

relation function 

g = g(x ) = ( f(x-x )h(x)dx. 
o J 0 

Means to effect the required scanning could include, for example, 

a long moving film strip, an oscillating mirror between f and h, 

or an ultrasonic light modulator(s). 

(1. 5) 

Multichannel One-Dimensional Correlators. A natural extension 

of the above system is to simultaneously compare or correlate the 

input function f(x) with a library of reference functions. As shown 

in Figure 1.4, this is achieved with a multichannel mask hm(X) and 

an astigmatic optical system consisting of a spherical lens in combi-

nation with a cylindrical lens. This collects the light transmitted 

by each channel of the mask and directs it to a separate detector. 

If then the input is allowed to translate in the x-dimension by an 

amount x , then a multichannel one-dimensional correlator results 
o 

with an output given by 
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Fig. 1.4. Multichannel system for computing one-dimensional 
correlations. 
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gm = g (x ) = (f(X-X )h (x)dx, m=1,2, ••• ,M. 
m 0 J 0 m (1. 6) 

This type of system has been used even without scanning (x =0) 
o 

for speech coding (Dillard, 1975). In that case the power spectrum 

of a speech segment was encoded in real time as z-axis modulation 

of a CRT. The filter functions hm(x) correspond to M phonemic spectra. 

A peak at the output of a given detector then identifies that particu-

lar utterance at the input. 

As a full scanning correlator, such a system has also been 

used for seismic reflection analysis (Piety, 1955). In this applica-

tion, f(x) is a record of the time rate of energy injected into the 

ground and the hm(X) are the outputs of a seismometer array. Peaks 

in the detector outputs indicate reflections from subsurface discontinu-

ities. 

Two-Dimensional Correlators. If the input in Figure 1.3 

is translated in two dimensions, the detector output becomes the 

familiar two-dimensional cross correlation 

(1. 7) 

An interesting application of this relation was utilized by Ator 

(1966) for velocity sensing aboard an aircraft. In that system, 

the input f(x,y) is an image of the earth's surface moving at a velo-

city v=x It due to the motion of the aircraft relative to the ground o 

With the filter h(x,y) a square-wave grating, the detector output 
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g(vt) contains a sine wave " whose frequency is proportional to the 

ground speed of the aircraft. 

Shack (1970) and Swindell (1970) built a system with trans la-

tion in both the x and y dimensions by mounting an input transparency 

f(x,y) on a rotating drum threaded onto a stationary screw. The 

resulting helical scan of the drum provides the required two-

dimensional scan. Their system removes degradations such as image-

motion blur or defocus from images by corrective convolution of the 

blurred image f(x,y) with an impulse-response function h(x,y) designed 

to-compensate for the effects of the degradation. In a related system, 

Barrett and Swindell (1977) describe a procedure designed for use 

in transaxial tomography. 

Multichannel Two-Dimensional Correlators. Returning to the 

basic geometry of Figure 1.3, a much more powerful signal processor 

can be created by using replicating optics to effectively produce 

a parallel array of image casting systems. In this case, shown in 

Figure 1.5, the mask consists of a two-dimensional array of sub-masks 

h (x,y) with a separate detector for each. Now the combination m,n 

of a spherical lens with a "fly's eye" lens produces a separate image 

of f(x,y) at each sub-mask. The resulting output of the m,nth detector· 

is therefore 

m=1,2, , M, 

n= 1 ,2, • ,N. ( 1. 8) 
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Fig. 1.5. Multichannel correlator for furictions of two variables. 
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The inclusion of the scanning parameters x and y in the expression o 0 

of Equation 1.8 provides maximum flexibility. Relative shifting 

between the input and filter planes would provide the complete two-

dimensional cross-co~relation function between each sub-mask h m,ll 

and the input function f(x,y). However, to the best of the author's 

knowledge, such a system has not been developed. But even for the 

simple non-scanning case, xo = Yo =.0, this processor geometry is 

broadly applicable in many pattern recognition applications. As 

a very straightforward example, Jackson (1974) built an associative 

memory similar to Figure 1.5 in which the input f(x,y) is formed 

from an array of light-emitting diodes and each sub-mask h (x,y) m,n 

is a binary bit pattern. In his system an input 128 bit word is 

simultaneously compared with 1024 stored words, each 128 bits' in 

length, in 100 ns. 

Temporal Scanning Correlators 

The optical correlators described in the previous section 

are those for which the input functions vary in a strictly spatial 

manner. We now consider a second class of incoherent processors 

in which one of the input functions is a one-dimensional function 

of time alone. This particular class, which we refer to as temporal 

scanning correlators, performs mathematical operations of the form 

described by Equation 1.1. For the most part, however, this approach 

has principally been employed for performing multichannel one-dimen-

sional cross-correlation operations. 
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The diagram in Figure 1.6 depicts the basic features of this 

class of correlators which include a modulatable light source, an 

optical mask. transparency, and a multichannel integrating detector. 

The scanning operation is performed by laterally translating either 

the optical mask, its image, or the multichannel detector. Such 

a system can perform a cross-correlation operation between a one-

dimensional signal f(t) and a l~brary of one-dimensional reference 

signals hm(X). Here m varies between and M, where M defines the 

size of the library. With reference to Figure 1.6, the input signal 

f(t) is a time-varying electrical signal which modulates the output 

of the light source. The light is then collected by the condensing 

lens and passed through the optical mask transparency containing 

the stored library information hm (x}. Finally, a lens forms an image 

of the mask at the face of the multichannel detector. During the 

time interval over which f(t) is to be processed, which also defines 

the integration time of the detector, either the optical mask or 

the detector is t~anslated in the x-dimension. The resulting output 

of the mth channel of the detector is then the cross-correlation 

function 

g (x) = ff(t)h (x-vt)dt, 
. m J m 

m=1 ,2, • • • ,M (1. 9) 

where the constant v defines tr.e velocity of the mask image relative 

to the detector. 
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Fig. 1. 6. Multichannel system for one-dimensional correlation 
using a modulated l~ght source. 
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A number of variations of the system shown in Figure 1.6 

have been proposed or developed. Each of these implementations can 

be put into one of two categories. One deals with correlators in 

which the optical mask is translated, whereas· the other concerns 

those in which the integrating detector is moved. 

Scanning-Mask Systems. At least four basic approaches have 

been employed for realizing systems which utilize the tran~lating 

optical mask concept. These include a continuous strip of film moving 

at constant velocity in the ~-direction (Skenderoff et al., 1969, 

1970), a rotating disk (Talamini and Farnett, 1965; Jackson, 1966, 

and Skenderoff et al., 1969, 1970), a rotating cylindrical drum (Parks, 

1965, 1966; Skenderoff et al., 1969 J 1970), and a scanning mirror 

which linearly translates a mask image across the face of an integrat

ing detector (Bromley, 1974) 

Scanning-Detector Systems.. In terms of the translating detec

tor method, at least two approaches have been used. Faiss (1969) 

employed unexposed photographic film as the translating and temporally 

integrating detector. MOvement of the detector instead of the optical 

transparency offers no significant advantages as long as one is dealing 

with mechanical movement. However, a real advantage in system simpli

city results if one can perform the scanning operation electronically 

within the detector itself. Talamini and Farnett (1965) proposed 

such a system using arrays of microelectronic photosensitive elements 

addressed by thin-film scanners. Another implementation was 
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successfully demonstrated by Monahan et ale (1975) using an area-

array charge-coupled device (CCD). 

Non-Scanning Correlators 

This class of incoherent optical pl~ocessors is capable of 

performing a full two-dimensional correlation without the need for 

relative motion between any two elements. The equivalent of the 

scanning operation required in the systems dlscussed above is performed 

by making use of the redundancy inherent in an incoherent optical 

system. This type of system, shown in Figure 1.7, is also referred 

to as a "shadow-casting" system. 

The essential requirement is that the input function consist 

of a diffusely scattering source with an irradiance distribution 

given by f(x,y). This could be, for example, a self-luminous source 

such as a CRT, or could be a transparency in combination with a uniform

ly illuminated ground-glass screen. From an ideal geometrical point 

of View, light rays from all points of such an input are spread evenly 

about the source normal. Since light rays in homogeneous media are 

straight lines, those rays intersecting at the point (xo'yo) in the 

output plane intersect the middle plane in such a way as to form 

there a reduced and displaced shadow image of f(x,y). If a non-scatter

ing transparency h(x,y) is now placed in this middle plane, and if 

diffraction and oblique distortion effects are ignored, this shadow 

image is multiplied by h(x,y) and the net light distribution at the 

point (xo'Yo) in the output plane becomes 



y f(x,y) y h(x,y) 
y g(x,y) 

Fig. 1. 7. Basic geometry for nons canning or "shadow-casting" 
corre1ators. 
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(1.10) 

This represents the two-dimensional cross-correlation function between 

the input f(x,y) and the mask h(x,y) and is accomplished entirely 

without the need for scanning or special integrating elements. It 

is important to note that Equation 1.10 is evaluated for all pOints 

in the output plane simultaneously. 

Shadow-casting was initially applied to the study of crystal 

lattice structures (Robertson, 1943; Bragg, 1944). But it was Meyer-

Eppler (1946) who first observed that it could be used to perform 

a two-dimensional cross correlation and recognized its general applica-

tion to optical signal processing. It must be pOinted out, however, 

that this and subsequently improved shadow-casting correLators are 

ultimately limited by diffraction effects. That is, diffraction 

by the mask limits the space-bandwidth product of the system. Even 

so, such systems are capable of achieving space-bandwidth products 

of well over 104• 

General Linear Transformations 

Up to this pOint, concern has been strictly with incoherent 

optical processing systems which perform the mathematical operations 

of convolution, autocorrelation, and cross correlation. As was pointed 

out at the beginning of this survey, these particular operations 

are specialized versions of the general linear transformations des-

cribed by Equations 1.1 and 1.2. In fact, incoherent processing 

systems offer a broader capability in terms of their inherent ability 
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to perform a large variety of other linear transformations. Specifical-

ly, we consider the casesof one- and two-dimensional spectrum analysis, 

matrix-vector multiplication, and matrix-matrix multiplication. 

Scanning Systems. Of broad application is Equation 1.1, 

which describes a general linear transformation between functions 

f(r) and g(u) via a transform kernel h(rju). Table 1.1 lists a few 

representative examples of one-dimensional signal processing transforma-

tions together with the appropriate form of h(ujr). One particular 

operation which has received considerable attention is that of Fourier 

spectrum analysis. There are a number of incoherent optical implementa-

tions of this operation which have been reported in the literature. 

Montgomery (1938) and Tea (1939) describe image casting systems which 

are essentially the same as that shown in Figure 1.3 for performing 

Fourier series analysis. 

When dealing with sampled data systems, it is often convenient 

to consider a discrete version of Equation 1.1, namely 

N 
gm = I 

n=l 
h f m,n n, m=1 ,2, • • • , M (1.11) 

which describes the general operation of matrix-vector multiplication. 

This was demonstrated by Bocker (1974) using a temporal scanning 

correlator with an oscillating mirror and a vidicon as the integrating 

detector. A refined version of this system was implemented by Monahan 

et ale (1975), where the need for a scanning mirror was eliminated 

by incorpoorating an area-array CCD in place of the vidicon, and 
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Table 1.1. Some specified signal processing transformations of the 
type described by the general linear transformation of 
Eq. (1.1). 

, , , , , , TRANSFORMATION 

'===================== 

ACttocorrelation 

Cross-Correlation 

Convolution 

Si ne Trans-form 

Cosine Transform 

Fourier Transform 

Laplace Transform 

Mellin Transform 

Hilbert Transform 

Hankel Transform 

Abel Transform 

Hartley Transform 

, , , , , , , , , , , , -, , , , , , , 
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by electronically scanning an image of the mask within the detector 

itself. These systems are programmable in the sense that changing 

the optical transparency in the device, thereby introducing a new 

transform kernel (Table 1.1), gives rise to a different linear trans-

fOl"m capability. 

Non-Scanning Systems. There have been a number of non-scan-

ning systems using incoherent light which have also been used for 

performing various linear operations~ For example, a shadow-casting 

configuration similar to that of Figure 1.7 employing a line array 

of discrete sources and detectors, was used by Mengert and Tanimoto 

(1970) for performing matrix-vector multiplication. Through the 

use of feedback techniques, this system was also used for solving 

simultaneous algebraic equations. 

Of fundamental interest in two-dimensional processing of 

discrete data is the mathematical operation of matrix-matrix multiplica-

tion 

N 

gm,p = L h f , m=1,2, , M, 
n=l m,n n,p 

p=1,2, , P. (1.12) 

This operation was demonstrated by Schneider and Fink (1975) for 

5 by 5 matrices using a shadow-casting geometry except that a segmented 

spherical lens was also employed. 
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Finally we consider a linear transformation of much practical 

interest, especially in image processing applications. This is the 

two-dimensional Fourier transform 

g(u, v) = J ff(X, y)exp [-i21T(XU+YV)] dxdy. (1.13) 

Noti.ng that the non-scanning correlators described earlier perform 

two-dimensional cross correlations in such an elegantly simple and 

high-speed fashion, it seems natural to seek out ways of expressing 

the Fourier transform in the form of a correlation. Such devices 

could then prove invaluable in real-time image processing since most 

images of interest are incoherent by nature. In fact, a number of 

methods for implementing the two-dimensional Fourier transform from 

a correlation point of view have been described in the literature. 

Leifer, Rogers and Stephens (1969) have demonstrated a technique 

for calculating Fourier coefficients in a character recognition experi

ment. They utilize a shadow-casting system to correlate the input 

image with a matrix of masks, each of which contains a square-wave 

pattern of a specific frequency and direction.. The correlation between 

the input and any given member of the matrix of masks yields a fringe 

pattern of contrast and position which are related to the modulus 

and phase of a particular Fourier coefficient. 

Other techniques involve expressing the Fourier kernel in 

Equation 1.13 as the product of quadratic complex exponentials or 

"chirp" functions. In one such approach (Mertz, 1965) three chirp 
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functions are used. One is multiplied by f(x,y) forming a product, 

another is convolved with that product, and a third is multiplied 

by the resulting convolution. The direct implementation of these 

three operations used a system similar to that of Figure 1.7, with 

a Fresnel zone plate representing a chirp function placed in each 

of the three planes in the figure forming a "Fresnel sandwich". 

Summary 

The use of optical systems in signal processing applications 

can offer significant advantages over an equivalent electronic approach. 

These advantages stem chiefly from the high-speed analog multiply 

and parallel processing capabilities inherent in an optical system. 

A great deal of work has been conducted in this area, using coherent 

as well as incoherent optical systems, in an a~tempt to realize the 

full potential of these properties. The type of system used in any 

given application will ultimately be dictated by the nature of the 

Signal processing to be performed. 

This review has dealt with those incoherent optical systems 

nominally designed as correlators. In many cases we have found that 

such systems can also perform a large variety of other signal process

ing tasks including spectrum analysis and matrix operations. In 

general, however, one must somehow contend with the effects of the 

bias terms which are added in some cases involving bipolar signals 

and with the cross-terms introduced by the correlation of these bias 

terms with the reference, signal and noise. The severity of this 

problem depends on the case at hand. 
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Finally, it is clear that applications amenable to this type 

of processing tend to be fixed-parameter operations not requiring 

flexibility of the type available in a digital computer. In addition, 

many involve repetitive or multichannel computations more appropriate 

to an optical approach. Therefore, in such demanding yet special 

purpose applications, incoherent optical systems should be considered 

in view. of their high-speed, low power consumption, and potential 

low cost. 



CHAPTER 2 

THE DISCRETE LINEAR TRANSFORM VIA 
AN INCOHERENT OPTICAL PROCESSOR 

The review of incoherent optical signal processing in Chapter 

1 was preceded by the development of the input-output relationship 

of the general linear system of Figure 1.1. That relationship was 

summarized by the integral linear transform of Equation 1.1: 

00 

e(u) = r f(r)h(u;r)dr 
J 

-CQ 

( 1.1) 

Several places in the review that followed touched on the development 

of discrete optical processors. A system described by Equation 1.11, 

for example, can perform the discrete analog of any continu9us linear 

operation. It is a processor of this type, its use as a signal spectrum 

analyzer, and its proposed use in synthetic aperture radar (SAR) 

processing, that will be the subject of the remainder of this disserta-

tion. 

The Discrete Linear Transform 

We first consider a finite discrete approximation to Equation 

1 • 1 : 

'V 
e = t:.rg m m 

(2.1) 

where the expression 

29 
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< m;'i M, (2.2) 

introduced as Equation 1.11 in the last chapter, has an exact defini-

tion which will be called the discrete linear transform (DLT), and 

where 

em: e(lIIb.u) , 

fn : f(nt.r), 

h : h(mt.u,nt.r), m,n 

are sampled versions of the corresponding continuous functions with 

t.u and t.r the sampling intervals in r and u space respectively. 

A practical implementation of the analog transform of Equation 1.1 

thus requires that n and m vary within finite limits. In other words, 

we have arbitrarily limited the number of rand u values to sampling 

. "windows" of N and M values respectively. In general the result 

predicted by Equation 2.1 is a degraded version of that from Equation 

1.1 because of the finite size of these windows. The severity of 

this degradation depends upon the sampling rate, the window size, 

and the particular transform (h ) to be implemented. m,n 

Although the discrete transform of Equation 2.1 is an approxi-

mation to the continuous transform of Equation 1.1, the properties 

of the DLT itself are exact and hence find a precise implementation 

in a digital processor. As will be seen later in this chapter, the 
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architecture of an incoherent electro~optical processor is paticularly 

well suited to the implementation of a DLT. Anticipating this, it 

is useful to consider Equation 2.2 expressed as a matrix-vector product 

as follows: 

· h 11 h12 . . h1n . · h1N · · f1 · · gl · 
· h21 h...,..., · f..., g..., · · · · · """" "" ..:.. 

= (2.3a) 

· h m1 . h · h mN · · f · Qm · mn n · · . 
· · · · · · · hM1 hMn hMN · · fN gM · . . · · · · · · 

or in abbreviated notation 

(2.3b) 

In this equivalent form the input set of numbers are represented 

as the elements fn of a column vector. The set of impulse response 

samples are the elements h of a two-dimensional matrix that operates m,n 
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on the input column vector. The results of this matrix-vector product 

are the elements gm of another column vector that constitute the 

desired set of output numbers. For future reference, it is useful 

to explicitly write out the form of [gm] for a simple 3x3 matrix 

operator [h ]: 
m,n 

e e 
e. 0 h

11
T

1
+ h12f2+ hl~T~ e Q1 

e 
• ~ ~ 

• e h
21

T 1+ h~~T~+ h~~T~ g~ · = 
~ ~. ~ ~~ ~ 

· h
31

T 1+ h~~T~+ h~~f~ ~ g~ • 
~ • ~~ 4 ~~ ~ . . · . 

(2.4) 

In the technology survey conducted in Chapter 1, we saw that 

the relation described by Equation 1.11, and now by Equations 2.2 

or' 2.3, is one of broad application. Some of the wide variety of 

useful and potentially useful transformations which are describable 

by a DLT were listed in Table 1.1. With this as motivation, we con-

sider in sections to follow an electro-optical implementation of 

the DLT. A signal processing device concept will be described in 

whicn the required impulse response, or matrix operator [h ], can m,n 

be specified a priori and precisely programmed into the system. 

It utilizes an optical transparency, or mask, with a spatial distribution 

of optical transmittance values proportional to the values h • m,n 
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An Electro-optical Processor 

Serial Input/Output 

Presented now is a description of an incoherent electro-optical 

processor (EOP) which"is well suited to rapidly computing the very 

generally applicable DLT (Monahan et al., 1975). A conceptual illustra-

tion of such a processor, shown in Figure 2.1, consists of three 

main components: a light emitting diode (LED) illuminating a photo-

graphic transparency (or matrix mask) which in turn is in contact 

with a two-dimensional charge-coupled device (CCD). Let the input 

signal be an analog sampled-data sequence, or simply a set of numbers 

fn' with a sample rate of SI samples/second. This signal is used 

to temporally modulate in pulse height (or width) the optical output 

of the LED. Thus for the nth light pulse the irradiance level at 

the matrix mask is proportional to the input signal fn and must be 

spatially uniform across the entire surface of the mask. The mask 

contains an MxN array of apertures with optical transmittance values 

proportional to the matrix values h • This can ~e achieved either m,n 

by spatially modulating the grey scale of photographic film (which 

requires precise control of exposure and development processes) or 

by varying the area of transparent apertures in an otherwise opaque 

background (a spatial analog to pulse-width modulation). For experi-

mental ease, the latter approach was selected. The geometrical arrange-

ment of the mask elements is such that there is a one-to-one corre-

spondence between each element of the matrix [h J, each element m,n 

of the mask, and each photosite in the CCD. 
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Fig. 2.1. Conceptual illustration of an electro-optical 
processor (EOP). 
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Since the irradiance passed by a transparency is the product 

of the illuminating irradiance and the transmittance of the mask, 

the light distribution immediately behind the m,nth element of the 

transparency at time n is given by h f. Inspection of Eq~ation m,n n 

2.2 shows that this is the required product term which is to be summed 

over values of n. Assuming that the mask and the optically sensitive 

area of the CCD are in physical contact and registered such that 

the m,nth cell of the transparency is superimposed on the m,nth element 

of the CCD, then this irradiance pattern is detected by the CCD and 

stored as an MxN array of analog charge packets. 

By the nature of charge transfer technology, the application 

of clocking waveforms to the CCD electrode structure causes potential 

wells to move in such a way that these charge packets are shifted 

along the CCD structure (to the right in the orientation of Figure 

2.1). While the exact nature of these waveforms varies from manufac-

turer to manufacturer and from one model to the next, let us assume 

that the appropriate clocking pulses are provided to shift these 

charge packets horizontally at a rate of sH cells/sec. Let us further 

stipulate that the input signal sample rate sI is the same as the 

horizontal shift rate (sr=sH). As these charge packets travel across, 

more and ·more charge is added to them due to a new MxN array of light 

values incident on the CCD with each new light pulse from the LED. 

The net result is that each row of the CCD performs a running sum 

of the products of the time-varying LED irradiance and the space-vary-

ing transmittance values of that row of the mask. 
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The CCD shift register contains a parallel-to-serial converter 

(physically, just a vertical linear CCD shift register with M input 

taps) and an on-chip amplifier so that the M-element output data 

arrays can be read out of the CCD chip as a contiguous sampled analog 

waveform. It is important that the shift rate, sv' of this vertical 

shift register be at least M times the shift rate of the-horizontal 

CCD registers, sH' in order that it be empty by the time the next _ 

column of charge packets is ready to be read out. Thus we require 

that 

(2.5) 

While the diagram of Figure 2.1 shows the output as the desired 

vector [gm]' the actual output is a considerably longer vector which 

we will call [0.]. This is illustrated in Figure 2.2 where the input 
~ 

sequence is shown to be of length L. 

Matrix-Vector Product (for L=N). With the LED/CCD configur-

ation just described, we first consider the case where the input 

sequence length L is the same as the width N of the matrix operator. 

The input and resulting output data streams for this case are shown 

in Figure 2.3 for a simple M=N=3 example. A series of "garbage terms" 

will output from the CCD both before and after the desired vector 

[gm] appears at the output. These are labeled as the start-up and 

decay transients in the figure. A detailed look at the computed 

value of each output vector element for this_ 3x3 case is shown in 

Figure 2.4. Referring back to Equation 2.4, we see that the desired 



Fig. 2.2. 
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Diagrammatic illustration of an electro-optical 
processor for an input data sequence of length L. 
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Fig. 2.3. Input and output data streams for a 3x3 matrix operator 
[h ] when the input vector length L equals the matrix 

mn operator width N. 
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°13 = hl1 f3 

°14 = h"')l f -:r ..c.. ,_I 
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Fig. 2.4. Actual output values computed by the EOP for each 
input pulse in the example of Fig. 2.3. 
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matrix-vector product i~ then extracted from the output vector [Oil 

in the following manner: 

°1 

0.., ... 
• 

• • · • . • .. . . 
hl1 h12 h13 · · fl · • · · · · 

• • °7 · • • • · hZl h hZ3 f.., · 22 • · ... · = • · Os • 
= g.., ... 

(2.6) 

· · 
h""!!'l h_.., h""!!,,,,,!!, · · f_ · • · · .... . .,::." ..Ie_' · • ..:: . · 

• • • °9 • • 
g",,!!, 

'-' • · · . . . . . 

In general, one can then say that for a given set of input 

numbers [f ], the processor output is a set of numbers [0.] of length 
n ~ 

M(2N-1). The desired vector [gm] is embedded in the central portion 

of the actual output vector [0.1 as follows: 
~ 



Ch lCf J = mn n 

· . . . 
: °M(N-l)+l 
• • · . 

° 

. 
• 

M (2N-U 
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= (2.7) 

Inspection of Figure 2.4 shows that the mth term of the output vector 

~m] can be expressed as 

N 

gm = °M(N-1)+m = L hm,nfn' 1~m~M, 
n=1 

which, as described by Equation 2.2, is the desired DLT. 

(2.8) 

The output vector ~m] is available at the output shift regis

ter of the device after the start-up transient consisting of the 
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first M(N-1) values of [oil have been clocked out. After the values 

[gm] have exited the processor, the remaining M(N-1) decay terms 

can be ignored. It is perhaps startling to note that for a practical 

case of M=N=128, for example, [g ] is of course 128 long while the m . 

start-up and decay transients are each 16,256 long! This is not 

really a problem, however, because in some cases to be discussed 

the transients can be elimilmted or are actually part of the desired 

output. In cases where these are unwanted terms, a "gated output" 

register to control the transfer of charge packets between the photo-

site array and the parallel-to-serial converter has been included 

in the CCD design. This feature, discussed in a subsequent section, 

allows the dumping to ground of unwanted partial product terms while 

simultaneously reading out desired results from the vertical register. 

Thus the start-up and decay transients mentioned above are eliminated. 

In addition, as will also be discussed later, the input rate for 

continuous data streams can be increased by up to a factor of N depend-

ing upon the desired sampling window overlap. 

It is important to realize two restrictions which the use 

of incoherent optics places on the implementation of Equation 2.2. 

First, light irradiance is a positive-only (i.e., non-negative) quantity. 

Thus the input signal fn must be positive so that it can be adequately 

represented by the irradiance from the LED. For bipolar input signals, 

either two electro-optical processors can be used, one handling positive 

inputs and the other negative inputs, or a bias can be added to the 
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input to make it always positive. The second factor is that irradiance 

transmittance of the mask is also a positive-only. quantity. Thus 

the elements h of the matrix must also be positive quantities m,n 

in order to be adequately represented as transmittances on the photo-

graphic mask. This problem may be handled by either adding a bias 

to the matrix elements or by splitting the matrix into "positive" 

and "negative" sub-matrices. 

Complex operations can also be implemented by decomposing 

inputs, matrix operators, and outputs into real and imaginary components 

as required. For now, however, the issue of accommodating bipolar 

as well as complex functions will be deferred to the following chapter, 

and we will continue to treat all signals and functions as real and 

positive. 

Matrix-Vector Product (for L>N). When the input data stream 

is long compared to the matrix operator width N, we are confined 

by practical limitations to processing only a portion of the input 

vector. This is illustrated in Figure 2.5, for the case M=N=3, where 

for an extended input sequence of length L we provide for a sampling 

window in n-space of length N;L and variable position p. For simpli~ 

city, we also assume that the input length L consists of an integral 

number K of adjacent windows so that L=NK. 

We now need to keep track of a group of M output values that 

are produced for each position p of the input window of N input samples. 

Therefore, we now use a double subscript notation gm;p which, after 

the start-up transient, is the mth output value in the pth output 
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group. Also note that two types of transform have been called out 

in Figure 2.5. The first is labeled as a "sliding-window" transform 

in which each input value is included in N different sliding input 

window positions (p=1,2,3, ••• ) and all output values g are - m;p 

therefore of interest. The second type is labeled as an "adjacent-

window" transform in which each input value fn is used only once 

per computation, and for which only the output groups corresponding 

to the adjacent input ,windows (p=1,N+1,2N+1, ••• ) are utilized. 

These two types of transform will be considered in the next two sec-

'tions, where each is given a separate interpretation. 

For future reference, a detailed look at the computed values 

of each of the output vector elements is shown in Figure 2.6. Again, 

inspection of the figure reveals that we have, for this M=N=3 case, 

a matrix-vector product of the form 

. · · . (2.9) 
hl1 h12 h13 · f . · 0_ 4. . g'l· P . P . ..::.p+ • 

~ 

h21 h...,..., h"",_ · f · 0_ 5: = = g...,. p ..:...:. .:., . .::. p+l .~p+ • ..:.., 

h~l h_..., 
h __ · f · o~. +6: '-' '::""- .;:. •• :J p+2 · . g~.p . .... p • ...' ~ . · 

where th€ transformation of the N-length input vector at window position 

p has been highlighted. 
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I~EYI gYIEYI 

fl 
h13f 1 °1 = 

0"" = h"",,:!,f'r .... ..... ~ . .l 

O":!' = h __ fl 
--' ':'.J. 

f~ 
..::. 

h 12f 1 + h13f 2 °4 = 

°5 = h22f 1 + h""":!'f",, .... w .... 

°6 = h,,:!,..,f 1 + h~-:rf..., ....... .j.... '" 
f .... . .:.~ 

hl1fl+ h 12f2+ h 1 ,,:!,f,,:!, °7 = = <;1·1 oJ • ..} ~ 

°8 = h21 f 1 + h""..,f",,+ h"",,:!,f,,:!, = Q""·l ..... ..:.. ....... ~ .... ~ 
°9 = h3.1 f ·1+ h":!,...,f,,,,+ h __ f_ = g":!'·1 .... ..:,. .. .:;,...) .J ,_I !If 

..c: 
'4 

h 11 f 2+ h l""f,,:!,+ h 13f 4 °10 = = g 1·"" .. • J !If~ 

°11 = h""l f ",,+ h ""..,f ":!'+ h""..,..f 4 = Q...,."" .... .... .. ""'- .... "...;,. 4,..:.. 

°12 = h":!'l f..,+ h3""f,,:!,+ h33f 4 = g":!'."" 
.J ..... '" ..... '-'!If "'-

f5 
h 11 f 3+ h 12f 4+ h 1 ,,:!,f.: °1 .... = = g 1· ":!' ..::. '_' \J , ,_t 

°14 = h21 f 3+ h22f 4+ h"",,:!,f5 = g,.,.~ ..c;.._, ""!If .... 

°15 = h":!'l f,,:!,+ h":!,,,,,f 4+ h":!,,,:!,f5 = g"":!"."":!" 
..... .J '-''''"' "-'-..' '-'!If '-' 

f6 
h 11 f 4+ h 12f5+ h 13f 6 °16 = = Q 1· 4 

~ 

1j17 = h21 f 4+ h ""..,f.:+ h"",,:!,f 6 = g"'·4 ...... \J ",-,_, -, 
°18 = h31 f 4+ h":!,,,,,f.:+ h,,:!,~f6 = Q":!'·4 ,_'.a:. "\:J '-'--' '-' !If 

f 
p+2 

° = hllfp+ h 1..,f tlh1,,:!,f +"" = c.J 1; P 3p+.4 ..:. p ..... p .. 

° == h"'l f + h~..,f + 1 h..,-:o-f "" = Q"".p 3p+5 .. p ..::.... p+ ",..:" p+ .... ":"!If 

0... = h-lf + h .... ..,f +lh ........ f ~ = c.J":!'. P .~,p+6 .J P ..::. .... p+ ,,::,,~, p+..::. ,_I !If 

Fig. 2.6. Output values computed by the EOP for each i~put pulse 
in the example of Fig. 2.5. 
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In general, the processor output computed from the input 

data set of N samples at window position p is again a set of numbers 

~i] now of length M(N+L-1). The desired set of transformed numbers 

~ ] for the pth input window position is obtained from the output II!!Im·;p -

data stream as follows: 

f.., 

· . 
• f 

eM J. 
mn 

... 

. . 
p • 

: f p +N- 1 · . . . 
= 

• • . . 
• 0 • 1+M(N+p-2) · . · . · . 
• 0 • M+M(N+p-2) · . 

OM (N+L-1) 

= 

· . 
• °1 . '- ; p 

· . · . 

Inspection of Figure 2.6 reveals that the mth term of the output 

vector for the pth input window position, [gm;~],can be expressed 

by 

N 
gm;p = °m+M(N+p-2) = L hm,nf n+p_1' 1 ;m;;M, 

n=l 

(2.10) 

(2.11) 
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This form of the DLT addresses the more practical requirements imposed 

by a finite input window length and an arbitrary window position. 

We shall use it as our fundamental definition of the computation 

performed by t·he EOP on a serial input data stream. 

Matrix-Matrix Product. Both the input and output functions 

f and g in Equation 2.11 appear as functions of window position p 

as a parameter. Being functions of two variables, however, they 

could be defined as elements of two-dimensional matrices. It is 

interesting therefore to interpret Equation 2.11, not as a matrix-

vector product parametrically dependent upon p, but instead as a 

matrix-matrix product. But first consider a general definition of 

such an operation 

h11 h12 h1n h1N- · • 
f11 f12 f1k 

. • . · . · • • . . . f1K · • • • 
h21 h..,.., • • 

f21 f..,.., · • · .. ..:. · · .. • . · • · • · · · · • · · . · • · = h h h · · f f . 
m1 . . . • · . · · . . . . f mn mN n1 nk n~~ · 0 0 · · 0 · • 

0 • 0 0 0 · · 
hMl hMn hMN 

• · fNl fNk o. fNK 
0 

0 • . . . · 0 • 0 0 0 0 0 • · • • 0 

(2.12a) 

o • 

• gl1 g12 . • g1k . . g1K . 
· • g21 g..,.., 

~ 

· • 
0 gm1 . . gmk 9 Ie;" 0 m. 

0 0 

0 gMl 0 0 0 0 gMk 0 0 gMI< . 
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or in abbreviated notation 

Ih ] [r J = r_ ] mn nl\, ~mk • (2.12b) 

The m, kth term of the product matrix is 

N 

gm,k = L h f k' l~m~~i, n=l m,n n, 
l<k<K. = = 

(2.13) 

In the following sections it will prove useful, in identifying terms 

in the processor output, to explicitly write out the form of [g~ 

for a simple 3x3 example: 

.. 
: 911 912 913 : 

: 921 922 923 : = 

: 931 932 933 0: 

.. 
: (hllf U+ h12f21+,hlt31) (h 1i12+ h12f22+ h13f 32) (hUf 13+ h12f23+ h13f33) : 

· 
: (h21fll+ h22f2t h23f 31) (h21f12+ h22f22+ h2t3t (h 21f 13+ h22f23+ h2{sr : 
· 
: (h;Uf ll+ h32f21+ h33f 31) (h 31f 12+ h32f22+ h33f 32) (h 31f 1l+ hl2f 2l+ h33f 33) : 
• • .. . 

(2.14 ) 
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Noting the similarity between Equation 2.13 and Equation 

2.11, consider arranging adjacent windows of input data as columns 

of a two-dimensional matrix. That is,set 

p = N(k-1 )+1. (2.15) 

With this definition, the EOP input and output functions in matrix 

format become 

and 

f = n+p-1 f n+N(k-1) 

°m+M(N+p-2) = °m+M(Nk-1) - gmk 

(2.16) 

(2.17) 

As an illustration, consider an example with 3x3 matrices, 

i.e. set M=N=K=3 • 

. . · . 
hU h12 h1- · · f1 f4 f7 · · • °7 °16 °25 ..::, 

· · (2.18) • 
h21 h..,.., h..,-:r · • f.., f5 · · fS = Os °17 °""'6 ~ ... '" · · ... 4 · • 
h31 h 

h __ · · f_ f6 f9 • · · °9 °lS °27 32 • .J..J · · ..::, .. · . . . . 
( ) ( ) ( ) ------v------ ------v------ -------v------

Ch J Cf J CgmkJ mn nk 
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Examination of this equation, together with Figure 2.6, shows that 

the EOP is more than just a matrix-vector multiplier. Indeed, all 

the information required for full matrix-matrix multiplication is 

available in the EOP output data stream. While it appears that there 

is also unwanted information in the output, e.g. (01, ••• ,06), 

(0
10

, •• • ,0
15

), etc., we will see that this "extra" data can either 

be easily eliminated with a gated-output register, fully utilized 

in a correlation interpretation of the process, or never generated 

in the first place by a modification of the system architecture. 

However, with the straightforward EOP geometry of Figure 2.1, matrix-

matrix products can be computed as adjacent-~indow transforms of 

an extended input sequence. The general term of the resulting product 

matrix is then given by 

N 

I 
n=l 

h f m,n n+N(k-1), 

l<k'<K. 
= = 

Multi-Channel Correlation (Single Input). Another interpreta-

tion of the EOP,output predicted by Equation 2.11 results from arrang-

ing sliding windows of input data as matrix columns. This is accomplished 

by setting 

p = k-N+1 (2.20) 
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so that now 

f = f :: f n+p-1 n+k-N nk (2.21) 

and 

o - 0m+M(k_1) - gmk· m+M(N+p-2} - (2.22) 

To illustrate, we again consider a 3x3 example in which M=N=3 

and now K=5. 

hll h12 hp · · (> (> f1 f.., f"'l' · .... · .... ..' . 
h21 h h..,"'l' · · 0 f1 f,., f"'l' 0 · 22 ........ · · ..::. .. ' 
h"'l'l h"'l'''' h33 · · · · f1 f.., f"'l' (> (> .• ' • J .... · · .... ..' 

( ) ( ) -----y------- ---------y----------
[h ] 

mn 

°1 °4 . °7 °10 °13 

= . 0.., °5 Os °11 °14 .... 
: (2.23) . 0..,,- 06 °9 °12 °15 .... 

( ) ---------y-----------

In this case, all EOP output values appear in the product matrix 

once each, whereas the input matrix [fnk ] makes multiple use of each 

input sample. This redundancy in the input matrix comes at no extra 

expense, however, as it is very natural and efficient for the EOP 

to operate in this sliding-window fashion. So now, the general term 

in the resulting product matrix is given by 
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N 

gm,k = °m+M(k_1) = n~l hm,nfn+k_N' (2.24) 

K=2N-1. 

The question is: Why compute such a transform? It was mentioned 

earlier, that a sliding-window transform is very useful when the 

time history of a transformation is desired, as in a "waterfall" 

display for a spectrum analyzer. However, we consider here a different 

interpretation. Inspection of Equations 2.?3 and 2.24 show that 

a given row of [gmk] is the complete cross-correlation function between 

the input signal [f ] and-the corresponding row of the filter matrix 
n ---

[hmn ]. Th3t is 

N 

g = L h f m,k n=l m,n n+k-N - f k _N * h m,k (2.25) 

In this definition, the star notation and the order of the two functions 

is according to Gaskill, 1978, Ch. 6 (p. 172). This is illustrated 

for the mth row of [h ] in Figure 2.7 where it can be seen that mn 

the presence of the subscript N in Equation 2.25 simply forces the 

cross-correlation function to start at k=1. 

In summary, with [fnk ] defined as in Equation 2.21, we have 

• f k-N ~ h 1 k • 

I:h ][f ] = 
mn nk 

• f * h • ~~-N 2k 

• .J: * h 
• I k-N Mk· 

= [q ],. 
--- m~~ (2.26) 
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Fig. 2.7. Simple example of the cross correlation gmk between the mth 
row of [h ] and the input signal f T mn n 

Offset of the input by -N simply starts the cross-correlation 
function at k=l. 



55 

That is, a sliding-window transformation on the EOP results in the 

simultaneous cross correlation between a library of reference signals, 

consisting of the rows of [hmnJ, and a common input signal [fnJ. 

Serial Input/Gated Output 

In this and the following section we consider changes in 

the EOP architecture for the purpose of increasing processing rate. 

Consider first the standard EOP geometry of Figures 2.1 and 2.2. 

For some arbitrary degree of required input sampling window overlap, 

defined by a set of window positions p., the input and output data 
J 

streams are shown in Figure 2.8a. We have seen from Equation 2.5 

that the input data rate sI and the output data rate Sv are related 

by 

(2.27) 

At this point it is useful to define a sampling window overlap 

factor w as follows: 

= N-~p _ (# samples common to both windows), 
w - N - (It samples per window) 

(2.28) 

where 

(2.29) 

and 
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Fig. 2.8b. Input and output for a gated-output EOP with arbit~ary 
window overlap w. 

Output has no unwanted samples while input has a data 
rate increased b~- a factor N(l-w). 
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Examining Figure 2.8a, where only the desired output samples have 
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(2.30) 

been capped ,with circles, it is seen that for every M useful output 

values there are M(~p-1) unwanted values. Even though these latter 

samples will be ignored or discarded at the output, processing time 

has been consumed in their computation. 

A significant improvement in the CCD deslgn', as shown in 

Figure 2.9, has included a gate-controlled transfer stage between 

the horizontal registers and the vertical output shift register. 

This allows the selective dumping to ground of all undesired output 

columns while useful output data is being concurrently read out of 

the vertical shift register. This, in effect, produces a collap~ed 

version of the ,output data sequence of Figure 2.8a. The new data 

streams, for this gated-output geometry, are shown in Figure 2.8b. 

Examination of the figure shows that while the 'output data rate is 

still the same, limited only by device physics, it now contains only 

desired sample values. In addition, the input data stream has been 

scaled down so that its frequency has been increased. The new input 

data rate can be found by considering the reduction factor of the 

collapsed Qutput sequence which is given by 

M I I 
--~--~~ = -- = ~~~ 
M+M(~p-l) ~p N(l-w) (2.31) 



Fig. 2.9. 

GATE-CONTROLLED 
STAGE 

. -->: 

.. -->: 

.-->: . 
.. ., .. ., '* 

o 
..... 

INPUT 

, 
I 
I 
I 

/I:J 

9 
I 
I 
I 
I 

OUTPUT 
..... 

._._>: 

-.->: 

--:>" 

Electro-optical processor with serial input and a 
gated-output CCD. 

58 



59 

Using the inverse of this expression as a frequency scale factor 

in Equation 2.27 yields the improved input data rate of the gated-

output EOP, 

(2.32) 

Note that the input data rate can even exceed the output data rate. 

For example, with an adjacent-window transform (w=O), the input rate 

is greater than the output rate when N>M. 

Parallel Input/Output 

We have considered thus far an EOP system geometry with both 

a serial input and output. To maximize the efficiency of this system, 

a gated transfer stage, between the 2-D shift register of the CCD 

and its vertical output register, has been included in the design. 

We now consider new possibilities in which the restriction of a serial 

input is eliminated. Multiple input architectures will now be discus-

sed, first in the context of a matrix-matrix multiplication faster 

than that of the standard or the gated-output EOP. Next, we consider 

a parallel EOP geometry with feedback for higher-order matrix opera-

tions implementable through repeated use of the matrix-matrix product. 

Finally, a multi-channel correlation processor will be considered 

with multiple input capability. This latter concept will lay the 

groundwork for the proposed synthetic aperture radar processing system 

to be discussed in Chapter 5. 
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Matrix-Matrix Product. The standard EOP geometry of Figures 

2.1 and 2.2 produces output data within which are the elements of 

the product between an input matrix, serially read in by columns, 

and the matrix operator encoded in the mask. Due to the excess of 

information in the output, the input data rate is only 1/Mth that 

of the output rate. With the incorporation of a gated-output register, 

the efficiency of that device is optimized, and for the same output 

data rate, the input rate is increased by a factor N. 

We now consider a multiple input geometry which would greatly 

increase the throughput rate of the processor. The system is concep

tually illustrated in Figure 2.10. In the figure, the input matrix 

[f
nk

] is read into a linear array of LED's (or other form of parallel 

optical input) by rows, thereby increasing the input data rate by 

another factor of N. In this case a given LED only illuminates a 

single column; i.e. the n~ LED only illuminates the nth column of 

the CCD mask. The optical system required to implement this illumina

tion scheme is not shown. Also note that a transposition and a shearing 

of the input matrix is required to prepare the input data array for 

the processor. The resulting intermediate matrix is produced simply 

by the interconnection arrangement and by including one unit of delay, 

" in the line from the second row, and two units of delay for the 

third row. Also note that the gated-output stage and the vertical 

output shift register have been eliminated, a simple CCD chip modifi

cation. So the output data rate is now increased by a 
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factor M and the desired output matrix [gmk] exits the processor 

in parallel by rows. 

Studying Figure 2.10 and the details of Equation 2.14 will 

show that the desired matrix-matrix product is indeed performed. 

Recall that the gated-output geometry produced this product at the 

same output rate as the standard EOP, but with an input rate increased 

by a factor N. With the parallel IIO geometry of Figure 2.10, we 

gain an additional factor of N in input rate, N2 faster than the 

standard EOP, and a factor M increase in the data rate at the output. 

Other Matrix Operations. Matrix multiplication is not the 

only matrix operation of interest to the modern signal processing 

engineer. Some of the ~ore important matrix operations of interest 

include LU factorization, QR factorization, singular value decomposi

tion, solution of simultaneous linear equations, least squares solu

tions, matrix inversion, and solutions to eigenvalue problems (Strang, 

1980). Although a discussion of these techniques is outside the 

scope of this paper, it seems appropriate to at least point to some 

possibilities for future EOP work in this direction by looking at 

a couple of brief examples. 

We described in the last section an EOP for high-speed matrix

matrix multiplication. Fortunately, many of the higher-order matrix 

operations can be performed· through repeated use of the basic matrix

matrix product. So, given a fast matrix multiplier utilized in a 

feedback geometry, an efficient and high speed implementation should 

be possible. As a first example, consider finding the solution to 
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a system of simultaneous linear algebraic equations. The approach 

we will consider is based upon the use of augmented ma~rices and 

the Gauss elimination algorithm (Lial and Miller, 1981). In particu

lar, consider that we are given the set of" equations 

C11 x1 + C12x2 + C13x
3 

= d1 

C21 x1 + C22x2 + C23x3 = d2 

C31 X1 ~ C32X2 + C33x3 = d3• 

_ (2.33a) 

This can be more compactly represented as a matrix-vector product. 

For ease of notation in this present disc~ssion, we will drop the 

brackets and subscripts previously used to represent matrices and 

rewrite Equation 2.33a as 

Cx = d (2.33b) 

where now upper case letters will represent matrices and lower case 

letters will symbolize vectors. So, given the matrix of coefficients 

C and the vector d, the problem is to determine the unknown vector 

x. Note that in this example we have a square matrix C for which 

M=N=3, but the following method is not limited to matrices of this 

size. If we knew the inverse C-1 of matrix C we could operate on 

Equation 2.33b with C-1 as follows: 

(2.34) 
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That is, the desired vector x would result from operating upon d 

with C-1• However, x can be found indirectly without knowing or 

-1 computing C • The first step is to form an augmented matrix defined 

as 

· Cll C12 Cl-:r d 1 · · '-' 

C/d :' C21 C"".., C..,-:r d.., 
..::. .... ........ .... · (2.35) 

· C-:rl C-:r.., C-:r-:r d-:r · · '-' ..... 1..:.. '-"-' '-' 

-1 Again, hypothesizing that if C were known, operating with it on 

Equation 2.35 would yield 

1 (I (I ~.: 1 • 

= • (l 1 (l ~.~ . 
2 . 

II>: (2.36) 

• (I (I 1 

where 

· 1 0 (I · (2.37) 
I · (I 1 (I · - · · · (I 0 1 · · · 

is the familiar "identity" matrix. The goal of this method is to 

iteratively operate upon the augmented matrix C/d such that after 
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N cycles we have transformed it into the augmented matrix I/x which 

has the desired vector x as its last column. 

Recalling the high-speed matrix-matrix multiplier of Figure 

2.10, consider two basic modifications of that system as shown in 

Figure 2.11. The first is that a feedback path has b~en provided 

so that after the initial input matrix C/d, intermediate"matrix pro

ducts can be fed back into the processor as the inputs for subsequent 

cycles. The second modification, not readily apparent in the ~igure, 

is that the EOP mask must now be changeable for each processing cycle. 

This could be accomplished via some form of spatial light modulator 

(SLM) (Tanguay, 1981) such that the transmittance values of the mask 

elements could be updated as required. The values shown in Figure 

2.11 are those for just the trivial initialization cycle where the 

augmented matr.ix of Equation 2.35 is the input labeled BO
• For this 

first processing cycle, the EOP matrix ope~ator, labeled AO in the 

figure, is just the identity matrix I which, by its nature, simply 

reproduces the input matrix at the output. This then provides the 

input matrix B1 for the first iteration cycle. 

The complete transformation of C/d into I/x, viewed as a 

succession of matrix-matrix products, is outlined in Figure 2.12 

where the superscripts on the matrix factors are not powers but simply 

tags to identify specific cycles. As seen in the figure, the matrix 

product in the last step is in the form I/x and therefore contains 

the vector of interest which is given by 
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(2.38) 

So the solution to the set of linear simultaneous equations 

of Equation 2.33a has been produced as a vector x through a sequence 

of N matrix-matrix multiplications where N is the size of the (assumed 

square) matrix of coefficients C. 

As a second example of a higher-order matrix operation, consider 

the alternative means for solving a system of linear algebraic equa

tions that was described by Equation 2.34. That is, consider solving 

for x by first' finding C-1 explicitly. The procedure is similar 

to that used above except that now we form the augmented matrix C/I 

which when operated on by C-1 would yield 

(2.39) 

So again, the desired result appears in the right~hand portion of 

the transformed output augmented matrix, and the iterative processor 

of Figure 2.11 could be used to compute C-1• 

Multi-Channel Correlation (Multiple Inputs). As another 

example of a parallel EOP architecture, consider again the output 

values for the standard EOP shown in Figures 2.3 and 2.4. Earlier 

we chose to treat the so-called "start-up" and "decay" transients 

as unwanted terms. However, in Equation 2.23 we found that all of 
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the terms exiting the processor are used when interpreting the output 

as the cross-correlation function between the input signal and each 

row of the filter matrix [hmn ]. Anticipating the optical synthetic 

aperture radar processor to be discussed in Chapter 5, we conclude 

this section with a trivial expansion of this cross-correlation geometry. 

Recall the result described by Equation 2.25. That expression 

states that with the EOP fully illuminated by a single LED, and operat-

ing in the sliding-window mode (w=(N-1)/N), each row of the processor 

output is the cross correlation between the input signal and the 

corresponding row of the mask function. This is represented (without 

the subscript offset N) in Figure 2.13a. If we now assume that each 

row of the mask is illuminated by a separate LED, and each LED is --- . 

modulated by a separate input signal, the system could be represented 

by Figure 2.13b. With this geometry, the mth parallel processor 

output is now 

N 
I 

n=l 
h f m,n m,n+k = f * h m,k m,k· (2.40) 

That is, each input is now cross correlated with a separate reference 

function (row) of the processor mask. Note that the principle differ-

ence between this equation and Equation 2.25 is the inclusion here 

of an indexing parameter m in the function f. We shall return to 

use Equation 2.40 in the imaging radar discussion in Chapter 5. 



70 

· · · · · . : h 1 : :--> [glk J 
• n. · · . · · . : h~ : --> [g2k J 
• .Lon III · · · · · 

[f J --> 0 
n 

~ ~ ~ ~ 

Fig. 2.l3a. 

Fig. 2.13b. 

. . · · . 
: hM : 
• n. · · · . · · 

h m,k 

. -_ .... . .' [gl'1k J 

Multi-channel cross correlation against a single input 
with one LED illuminating the entire mask. 

· 
[fin] --> . 

0 

. . . · · [·f J 
2n --> 0 

/ 
'/ , 

[f ] 
Mn --> 0 

· · · · · • h • 
• 1 • • n. · · · · · : h" : 
• ~n. 

~ 
/ 
'/ , 

: hM : 
• n. · · · · · 

· 

· 

--> 

.--> 

/ 
'/ , 

--> 

h m,k 

[glk J 

[g ... ~ .. ] .... '. 

[gMk J 

Multi-channel cross correlation with mUltiple inputs 
using a linear array of LED's, each illuminating a 
separate row of the mask. 



71 

Summary 

This chapter has dealt with one of the many forms of incoherent 

optical processing described in the survey of Chapter 1. It is based 

upon a discrete machine solution to the fundamental general analog 

linear transform described in Equation 1.1. The sampled version 

of this analog transform, described by Equation 2.2, has been called 

the discrete linear transform (OLT) and its computation via an electro

optical processor (EOP) has been the basis of this chapter. 

An EOP has been described for both serial and parallel input 

and output. With serial· input, the form of the OLT lends itself 

to an alternate and useful description as· a matrix-vector product. 

Close inspection of the EOP matrix-vector multiplier shows that the 

processor output also contains terms which provide full matrix-matrix 

multiplication and multichannel correlation capabilities as well. 

With the inclusion of a gated-output stage in the CCO, it 

was shown that, for serial input, the EOP could then perform an optimal

ly efficient OLT with an input data rate up to a factor N faster 

than the standard EOP geometry, where N is the length of the mask 

filter function. This means that for arbitrary overlap of the input 

sampling windows, the input data rate is optimized and the computation 

of unwanted terms is avoided. 

Next, some even more efficient and powerful architectures 

were proposed in which both the input and output are each in a parallel 

format. In one case, the input is by way of a linear array of light 

sources each illuminating a separate column of the mask. This would 
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then allow high-speed matrix-matrix products to be formed with a 

factor N2 increase in input data rate over the single-input EOP geome

try. 

It was then shown that the inclusion of feedback loops in 

the high-speed matrix-matrix multiplier geometry, together with provid

ing a changeable EOP mask, would provide an efficient geometry for 

some higher-order matrix operations such as matrix inversion, the 

solution of simultaneous linear equations, and many more •. 

Finally, as an introduction to the synthetic aperture radar 

(SAR) processing discussion to come in Chapter 5, we considered another 

parallel I/O geometry, this time with the input array of light sources 

arranged to illuminate one-for-one each ~ of the mask. This provided 

a multi-input multichannel cross-correlator architecture in which 

each input is simultaneously cross-correlated with a separate reference 

function stored in each row of the mask. This is precisely the arrange

ment required in the SAR problem and will be discussed again in Chapter 

5 after we first discuss some of the practical EOP design issues 

in the following two chapters. 



CHAPTER 3 

A MODEL OF THE EOP 

For the purpose of modeling the performance of a typical 

e:lectro-optical· processor, we consider ·Equation 2.11 as the representa-

tive relationship to be ~plemented. As a guide to the model develop-

ment, consider also the functional model illustrated in Figure 3.1. 

For ease of notation we spall set the window position parameter p 

equal to unity and ignore start-up or decay transients by evaluating 

only the desired output. The expression then becomes 

The LED 

The nth input number or value, f , is ultimately to be encoded 
n 

in the optical power exiting a light-emitting diode (LED). As fn 

is in general a bipolar quantity (either positive or negative), and 

since the light from the LED is positive-only, we represent fn as 

a biased LED drive current 

I = a + bf [amp], n n 
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(3.2) 
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where a and b are real positive constants. This time-varying current 

then modulates the output light intensity of the LED such that the 

bipolar number fn is represented by the positive current In' The 

electrical-to-optical conversion efficiency as well as the nonlinear-

ity of the conversion will be represented as a power series for P , 
n 

the optical power exiting the LED. 

P = n 
[watt]. 

It can be shown (Appendix A) that to a very good approximation this 

relation can be written as 

P 
n 

tV 
= 

3 
L c r 

k=O k n 
(3.4) 

where again the ck are real positive constants. It will prove useful 

to rewrite this expression in terms of the desired term plus the 

lumped error terms as follows: 

P
n 

= P t + ~P 
n n 

where 

P ' f n = Co + c1 n' <3.6 ) 

with 



and 
p' . 

max 
( f f) , 

max min 
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is the required linear conversion between the input number and the 

LED output power, and 6P accounts for error due to non-linearities. 
n 

The Illumination System 

Ultimately, the LED output power is converted via some illumina-

tion geometry into a nominally uniform irradiance distribution at 

the mask/CCD plane. Defining the irradiance at the"EOP mask due 

to a unit output optical power level at the LED to be e ,the actual m,n 

irradiance at the mask is then 

E = P e [watt/cm2 ], m,n n m,n 1 ~m~N. 

A system requirement is that e be a spatially uniform function. m,n 

This ensures that each pixel of the mask is illuminated (multiplied) 

by the same number Pn proportional to f n• In practice, it is quite 

difficult to achieve a spatial uniform~ty of illumination that is 

less than a few percent. Nonetheless, a number of satisfactory 

illumination schemes have been devised and will be reported in future 

publications. These are not perfect, however,and a compensation 

technique for resid ual error,s is discussed in a subsequent section. 

But for now we account for the presence of this error by letting 

(3.10) 
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where e is simply the average of e , and Ae is the departure m n m,n 

of the m,nth pixel illumination from the average. 

The Matrix Mask 

As with the input signal f n, the mask function h is also m,n 

in general bipolar. The elements of the mask function are proportional-

ly represented as the areas of the mask elements which are of course 

positive quantities. So again, choosing a biased representation 

we define the desired mask element area as 

where 

A' 
m,n = c4 + C5h m,n 

c4 = -c5hmin , 

A' 
max 

Cs = 
(h - h ) .. max min 

(3.11) 

(3.12) 

The fabrication of the mask of matrix elements h involves m,n 

first the evaporation deposit of a layer of chrominum over the finished 

CCD wafer. Next, using standard photolithographic technology, the 

pattern of mask apertures is developed in a photoresist layer covering 

the wafer. Finally, using an etching solution the apertures are 

formed in the chromium layer and the photoresist is removed. Due 

to inadvertent over-etch or under-etch, the apertures can be of the 

wrong size resulting ultimately in errors in the EOP performance. 
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Consider the geometry of the m,nth pixel as shown in Figure 

3.2. The nOminal area of this pixel is given by 

A' = xy. 

But the actual area, including the effects of etching errors, is 

where the error term is 

A = (x+2e)(y+2e) m,n 

!::.A 
m,n 

= A" +!::.A m,n m,n 

, 2 
= 2e(x+y) + 4e • 

Note from this expression that the etch error defined in this way 

(3.14) 

(3.15) 

(3.16) 

is mask-function-dependent, and the error changes non-linearly with 

pixel area. So the effect of this error source would depend upon 

the specific transform being computed. When computing a discrete 

Fourier transform (DFT) for example, etching errors of this sort 

bring up the sidelobe levels in the frequency response of a given 

bin thereby reducing frequency resolution. Including pixel area 

errors then, the light level exiting the m,nth pixel of the mask 

and immediately entering the m,nth photosite of the CCD is 

PeA [ watt] • n m,n m,n (3.17) 
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The CCD 

The photo-charge buildup rate in the m,nth CCD pixel depends 

upon the responsivity R of that photosite. Thus the charge rate m,n 

in the m,nth cell is 

PeA R .[amp] n m,n m,n m,n (3.18) 

where as before we define 

-R =R+LlR m,n m,n [ amp/watt] (3.19) 

with R the average of R over the array and LlR the deviation m,n m,n 

from that mean. 

With sH' as defined in the last chapter, representing the 

horizontal CCD clocking rate, the integrated charge per horizontal 

clock period in the m,nth pixel is simply 

-1 s PeA R H n m,n m,n m,n [coul] • (3.20 ) 

To complete the synthesis of the basic transformation of 

Equation 3.1, we add and shift across the entire array. This process 

introduces another source of error due to incomplete transfer of 

photo-charge between adjacent pixels as the data is clocked across. 

Defining c6 as the charge transfer efficiency between one pixel and 

the next, the total charge deposited in the mth element of the vertical 
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output register after the data has been shifted completely across 

the array is 

N 

sH -1 L c N-n+ 1 PeA R [ coulJ • 
n=l b n m,n m,n m,n (3.21) 

Assuming the same technology for the vertical output register 

as for the masked region of the CCD, the mth element of the output 

register will, in effect, be multiplied by c:as a consequence of . 

being clocked out. Next, the charge exiting the CCD output register 

is sensed by an on-chip FET. We represent the gain of 

transistor as c7 [amp/coull. Then we use the constant 

that output 

-1 c8 [amp ] 

to account for some form of output interpreter which is simply ca1i-

brated to produce the properly scaled output numbers. So finally, 

ignoring start-up and decay transients, the mth element of the raw 

EOP output will be represented by 

N 
I cN- n+m+1p eAR • 

n=l 6 n m,n m,n m,n 
(3.22 ) 

We now examine this relation in order to determine how to 

extract the desired result described by Equation 3.1 and to gain 

some insight into the effect of the various system errors described 

above. To accomplish this, it is useful to redefine Equations 3.5, 

3.10, 3.15, and 3.19 in terms of multiplicative error terms. These 

error factors are defined as follows: 

P 
n 

-"j?I=l+ 
n 

!::.P 
n 

p;-
n 

(3.23 ) 



'Z(E) 
e D.e 
....!!!..t!!. - 1 + m2n -m,n e e 

Z(A) 
A D.A 
....!!!..t!!. = 1 + m2n - A' A' m,n m,n m,n 

Z(R) 
R D.R 
~=l-+ man -m,n 

R R 

We also assume, to simplifY notation, that 

f max = -fmin = hmax = -hmin = 1. 

So now the scaled raw EOP output takes on the form 

(2) 
4s 0(1) N Hm L Z h f 0 = = m c c eRP' A' n=l m,n m,n n 

. 7 8 max max 

N 
+ L Zm,n(l+f +h ) n=l n m,n 

where the total error factor is defined as 

Z m,n 
(N-n+m+l) 

- c6 z(P)z (E) Z (A) Z (R) 
n m,n m,n m,n 
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(3.24) 

(3.25) 

(3.26) 

(3.27) 

(3.28) 

(3.29) 

The first term in Equation 3.28 is the desired approximation to Equation 

3.1, while the second term appears as a result of the biased input 

and mask functions and must be corrected. 
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Fixed-Pattern Correction 

The bias-residual term in Equation 3.28 has a signal-dependent 

portion involving the input fn and a fixed-pattern portion which 

remains constant. This fixed part can be readily eliminated by setting 

the LED modulation to zero during the initial frame transferFed out 

of the CCD. The last column of this first frame can then be stored 

in a buffer memory so that it can be subtracted from all subsequent 

output vectors for which the LED is modulated by f n• So, setting 

f :0, Equation 3.28 becomes 
n 

0(3) = 
m 

N 

L 
n=l 

Z (l+h ) 
m,n m,n 

(3.30) 

Subtracting this stored fixed-pattern vector from Equation 3.28 yields 

the partially corrected output 

(4) (2) (3) 
N 

0 = 0 0 = L Z h f 
m m m n=l 

m,n m,n n 

(3.31 ) 

N 
Z f • + L m,n n 

n=l 

Signal-Dependent Correction 

Correcting for the remaining residual can be accomplished 

readily if the assumption is made that the second term in Equation 

3.31 results in the same value, for a given function f n, regardless 

of the value of m. That is, the assumption is made that not only 
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is Z nearly unity, but that it has the same statistics throughout m,n 

the mask/CCD array as well. So if one special row of the EOP mask 

is programmed to have zero modulation (h =0), then the output from m,n 

this row can serve as the final correction factor. So arbitrarily 

choostng the first row, we set h1 =0 in Equation 3.31 which yields ,n 
for that row the output 

0(5) = (4) 
0 1 = 

N 

L 
n=l 

Z f l,n n 

The final correction to Equation 3.31 is then 

(6) (4) (5) 
N 

0 = o - 0 = r Z h f m m n=l m,n m,n n 

N 
+ l f (Z -Z ) 

n=l n m,n l,n 

(3.32) 

(3.33 ) 

. 

As we are making the tacit assumption that the second term in this 

equation is very nearly zero, regardless of the value of m selected, 

for the correction term, we can finally write the corrected EOP output 

as 

g ~ 0(6) = 
m m 

N 

L Z h f m,n m,n n 
n=l 



While the fixed-pattern correction vector ~ (3) ] is computed and 
m 
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stored only once at the outset of processing, the signal-dependent 

correction number 0(5) is computed and subtracted from every output 

vector in order to track with the time-varying input signal. The 

degree of degradation caused by the error factor Z of course depends m,n 

upon the particular transform being computed and needs to be considered 

in each specific case. 

Summary 

As a foundation for the prediction and evaluation of .device 

performance, an EOP functional model was presented in this chapter. 

It described the manner in which the mask and the LED (or any other 

input light source) must be biased in order to accept bipolar signals. 

Also considered was the linearity of the conversion between LED input 

signal current and output light power. The nonuniformity of LED 

illumination at the mask and the effect of dimensional errors in 

the specification or fabrication of the mask apertures were also 

accounted for. As for the CCD itself, an error term for the accum-

ulated charge due to incomplete transfer of charge between adjacent 

CCD elements was included into the model as well as a term to account 

for the possible variation in responsivity from element to element. 

Finally, the removal of a bias-residual term accompanying 

the EOP output is described. This term, resulting from the inclusion 

of biases into the input signal and the mask modulation function 

has a fixed-pattern portion and a signal-dependent portion. When 

these corrections are both made the final output is approximately 
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in the form of the desired DLT to within a single multiplicative 

composite error term which would have a value near unity in a well-

designed system. 

Preliminary experiments with a 128x128 EOP system have suggest

ed an additional source of error. The assumed opaque regions of 

the chromium CCD mask layer may actually be transmitting sufficient 

light to produce measureable error. It is therefore recommended 

that this effect be also includeQ into the model and that test slides 

be made concurrently with EOP/CCD chip fabrication in order to deter

mine the extent of this potential error source. 



CHAPTER 4 

FOURIER ANALYSIS WITH AN EOP 

In nearly all fields of science and technology, signals must 

be processed to facilitate the inclusion or extraction of information. 

This usually involves the transformation of a signal from one form 

into another that is in some sense more useful than the original. 

Analog linear transfor'ma, especially those named for Fourier and 

Laplace, have been the most widely used, and have been applied to 

linear as well as non-linear systems and processes (Bromley, Monahan, 

and. Saxe, 1981). However, modern signal processing and communication 

systems are dealing more and more with discrete signals, i.e., those 

for which time and/or amplitude are quantized. Therefore, considered 

here as·a common signal processing example is a discrete machine 

computation of the complex Fourier transform 

00 

x(f) = J x(t)e-i2~ftdt . 

The Discrete Fourier Transform 

For Equation 4.1 to be physically realizabl~ in a discrete 

processor, the input signal x(t) must be sampled in the variable 

(4.1) 

t and must be finite in length. In addition, the transformed function 

X(f) can only be computed for a finite number of samples of the 

870 
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frequency f. Hence we adopt the following definition of the discrete 

Fourier transform (DFT) (Oppenheim, 1975): 

where 

x :: 
m 

N-l 
L 

n=O 
x 

n 

w = e-i2rr / N 

wnn O<m<N-l = = (4.2) 

(4.3) 

Note that m and n are each allowed to take on N values which facil-

itates the definition of an inverse transform as well. However, 

this discussion will pertain only to the evaluation of the direct 

DFT defined by Equation 4.2. 

The purpose of this chapter is to demonstrate Fourier spectrum 

analysis based upo~ the computation of the DFT with an EOP system. 

So, as was done in Chapter 2, it is useful to first consider a matrix 

formulation of Equation 4.2. 

. Xo . 1 1 1 1 1 · · N() 

1 ? w3 
Xl 1 W W- · · H1 

X,.., 1 W2 W4 w6 · · " (4.4a) 
..::. 1"2 

= 1 w3 w6 w9 · · · 
· · · 
· · · ... ., . · (N-l)":'" · . 

X1\1'_1 : 1 W· .: :':N-l: · 



89 

or in abbreviated notation, 

O<m<N-l 
= = 

(4.4b) 

O<n<N-l • 
= = 

Although we will deal here only with real input signals xn ' 

the matrix operator is complex. That is, 

(4.5) 

So Equation 4.4 becomes 

[x ] = [Re(~)][x ] + i[Im(~)][x ] m n n 
(4.6) 

and we will apparently need two matrix-vector multipliers to implement 

the DFT. 

AS an illustration of the nature of the DFT, consider the 

example of Figure 4.1, where the functi'on being transformed can be 

regarded as a sampled version of either a square pulse or a single 

cycle of a rectangular waveform (Figure 4.1a). In order for the 

DFT (Figure 4.1b), as defined in Equation 4.2, to be regarded as 

a sampled approximation to the continuous Fourier transform, it is 

necessary to change the order of the output vector elements X • m 

This is done by simply splitting the vector between m=N/2 and m=N/2+1 
IV 

and interchanging the two sections. This forms a new vector ~m] 



(a) 

(b) 

(c) 

(d) 

Re(X ) 
m 

THE DISCRETE FOURIER TRANSFORM (DFT) 

[X ] = [wnn][x ] m n 

x 
n 

INPUT 

.... 11111....................... n ° N-l 

DFT 

Im(X ) 
m 

90 

II .1 •• 1. •. .1... .1 •. 1. I m 

° II "W" II lIN-1 .II .. It • ...... .' .IT m 
o II" •• 'I II' l!N-l 

Re(X ) 
m 

SPECTRUM (REORDERED DFT) 

Im(X ) 
m 

T... .1 •• 1. III .1 •• 1. '0-' m 
N'" 1I011 ,,~ 

......... IT .II .. 11. m 
N '1· 110 'I" Ii "N - -1 2 2 -2· 2-1 

• POWER SPECTRUM 

...........• II!III!II........... m 
NON 
-- --1 2 2 

Fig. 4.1. The (32 point) DFT (b) of an input vector (a) and its 
derived spectrum (c) and power spectrum (d). 
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(Figure 4.1c), normally associated with the Fourier spectrum of a 

signal, which has elements defined by 

ru 
Xm = X(m+N/2+l)Mod N° (4.7) 

Finally, the computed power spectrum (Figure 4.1d) is given by 

(4.8) 

EOP Implementation of the DFT 

The uncorrected output of the EOP operating as a matrix-vector .. 
multiplier is described in the last chapter by Equation 3.28. To 

be more compatible with this DFT discussion, we can redefine the 

terms in that equation such that their subscripts vary from 0 to 

N-1. This then yields for the DFT case the raw EOP output 

N-1 
L 

n=O 

N-1 
+ L 

n=O 

z x W
IDIl 

m,n n 

where we have made the substititions 

h = r , m,n 

f = x 
n n 

(4.9) 

(4.10) 

(4.11) 



92 

and have ignored for the moment the fact that W is complex. 

Examining Figure 4.1 shows that the real input funct~on xn 
IV 

has a Hermitian transform; the real part of its spectrum, Re(Xm), 

'" is even and the imaginary part, Im(Xm), is odd. In a practical sense, 

the basis for this is seen by inspecting the mask modulation function 

wmn as shown in Figure 4.2. From the figure it can be seen that 

the sampled values of Re(Wmn ) are identical for the pairs of rows 

m=5 and 3, 6 and 2, 7 and 1, 8 and O. Also note that for the same 

pairs the sampled values of Im(wmn) are equal but opposite in sign. 

This then means that -in sampled format the magnitude of the mask 

values for m=5 through 8 is indistinguishable from that for m=3 through 

0, an unnecessary redundancy. 

This duplication can be quantified in general by looking 

at the mask modulation function 

and letting 

Then 

= e 
- i 21T .!!!!l 

N 

N 
m = '2 + k, 

(4.12) 

(4.13) 



Re(wmn) = cos2~~ 

m=O 1 1 I 1 I 1 1 I 
o 7 

m=2 f\ Il\ / 
\lI\l7 

m=3 1\ I~ [\ / 

V\V\Y 

m=4 ~ Ii\ Ii\ Ii\ / 
\lI\ll\ll\lI 

n 
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Im(wmn) = sin2~ 

. . . . . . I. n 
o 7 

/1f\ !l\ 
W\Y\) 

f\J\ f\ f\ 
VV\J\J 

Fig. 4.2a. Modulation function ,rnn of an N=8 EOP mask for values 
of m from 0 to 4. 



Re(wmn) = cos2~ 

m=5 LA f\ f1 1\7 I 
0\jV \Jj \J 'V 

m=6 ~ f\ f\ & f\ f\ I 
'VWl} V'rV 

m=7 ~ ~ 1\ A A f\ ~ I 

V vVllJVV 

m=8~~~~~~~~1 
V~~~~ V 
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Im(wmn) = sin2~~ 

W\f\A 
twAJVV\J\ 
¥WWM 
¥JWV\M 

Fig. 4.2.h. Modulation function ~ of an N=8 EOP mask for 
values of m from 5 to 8. 



W 

N 
(ztk)n 

= e 

= e 

N 
(ztk)n 

-i27T'---'-
N 

N 
(N -zrk)n 

-i27T--=--
N 

(N -k)n 
+i27T 2 N 

= e 
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N (4.14) 
( 2 -k)n 

= (W ) * 

where the asterisk denotes complex conjugation. So of the N mask 

rows, N/2+1 are unique. 

Again, in the N=8 case, the unique mask row modulation func-

tiona are 

1 

/. 

= Re(Won ) 

= Re(W5n ) 

and 



o 

-, 
= -Im(W

/n
) 
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(4.15) 

As mentioned earlier, Equation 4.6 implies the need for two 

matrix-vector multipliers, each with matrices of size NxN, for evalu-

ation of the DFT. We have just found above that we can determine 

all N values of either the real or imaginary DFT output vector using 

only N/2+1 rows of an NxN mask. Furthermore, CCD chips are typically 

manufactured with N as an integral power of two. It we therefore 

eliminate the' highest or Nyquist (m=N/2) frequency mask row (making 

23=8 the number of rows in our 8x8 example) we can fit both the result-

ing real and imaginary masks, of N/2 rows each, on the same CCD chip. 

That is, we can compute all but the highest frequency component of 

both the real and imaginary parts of the DFT with a Single EOP matrix-

vector multiplier. 

Recalling the assumed range of h defined in.Equation 3.27, m,n 

which is also valid for the DFT, the two EOP sub-mask area functions 

result from combining Equations 3.11, 3.12, 3.13, 3.27, 4.3, and 

4.10. They are defined as 

A(R) 
m,n 

A' max 
2 

N O<m<- - 1 = =2 

O;;,n~N-1 , 

(4.16) 
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A (I) 
m,n 

A' 
max [l+sin (211"~)] , (4.17) 
2 

O<n<N-l. = = 

This two-part mask is shown in Figure 4.3 for the case N=32 so that 

we can compare the predicted EOP output with the theoretical DFT 

of Figure 4.1. Meanwhile, a simple 8x8 processor is represented 

in Figure 4.4 together with the raw EOP output and the various cor-

rections that must be applied to it. Also shown is the procedure 

for synthesis of the real and imaginary parts of the input spectrum 
'U 

Xm assembled from the N actually computed values. 

The normalized raw EOP output results from combining Equations 

3.28, 4.10, and 4.11 and is given by 

N-l 
L 

n=O 

N-l 

mn Z x cos (211"-N) m,n n 

+ L Z [l+x +cos(211"mn
N 

)], 
n=O m,n n 

(4.18) 
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Fig. 4.3. EOP/DFT mask for the case N=32. 

Apertures in the upper half of mask have areas A(R) 
(Eq.4.l6) while those in the lower half have· m,n 
areas A (I) (Eq. (4.17). 

m,n' 
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'" Im[X ] 
m 
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Fig. 4.4. A simple 
an input 

'V 
8x8 EOP which computes the spectrum [X ] 
[x ] via the discrete Fourier transform. 

n 
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for the real part of the transform, and 

N-l 
L 

n=O 

N-l 
+ L 

n=O 

Z x Sin(21Tmn
N 

) m,n n 

Z [l+x +sin(21Tmn
N )], m,n n 

N 
O;;m;;2" - 1, (4.19) 

for the imaginary part. Using the same function as in the DFT example 

of Figure 4.1 for the input signal to the EOP (Figure 4.5a), and 

assuming an error-free system (Z =1, all m and n), the resulting m,n 

raw output signal is shown in Figure 4.5b. 

Fixed-Pattern Correction 

Setting the input modulation x to zero for the first full 
n 

frame and storing the resulting output vector, the fixed-pattern 

correction vector of Equation 3.30 becomes 

[o(3)](R) 
N-l 
L mn 'V 

(4.20) = Z [l+cos (21TN )] = 2N, m=O, m n=O m,n . 
'V N = N, l<m< - - 1, = = 2 

and 

N-l 
= L Z [l+sin (21T:)] ~ N 

n=om,n ' 
(4.21) 
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m 
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I J 1 1 J J J J J J J J I J JIm J J , I I I J I I J J I I J I I m 
o N/2-1 o N/2-1 

FIXED-PATTERN CORRECTED OUTPUT 

[0 (4)] (R) 
m 

[0 (4)] (I) 
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II .I •• T ••• m II. T! m 
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Re(X ) Im(X ) m m 

'. ,Te.I. III .' .. " . . m 't.,. .' ,I, ,II . ,t!. m 
-N/2';1 " II 0 II "Ni;-l -N/2+1 '1 • l}o '1" ·~/~~l 

(f) POWER SPECTRUM 

Ix 12 
m 

........... ,JIIIIII, ... , ...... m 
-N/2+1 0 N/2-1 

Fig. 4.5. The (32 point) EOP computed spectrum (e) and power 
spectrum (f) of an input vector (a). 

Also shown are the various intermediate stages of 
correction (b) through (d). A perfect EOP (Z =1) 
assumed. m,n 
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Note that in a well - designed system, Z is approximately unity m,n 

for all m and n. In that case, the fixed-pattern correction vector 

is very nearly 2N for the first element of its real part and N for 

all other elements. Subtracting Equations 4.20 and 4.21 from Equations 

4.18 and 4.19, the fixed-pattern corrected output of Equation 3.31 

becomes 

[0 (4)] (R) 
N-l 

= I m n=O 

N-l 
+ L 

n=O 

and 

[0(4)](I) 
N-l 
L = m n=O 

N-l 
+ L 

n=O 

z x cos (2'lT:n) m,n n 

N z x O<m<- - 1, m,n n' = =2 

mn 
Z x sin(2'lTN ) m,n n 

Z x m,n n' 
N 

O;m~ '2 - 1 . 

This partially corrected output is shown in Figure 4.5c. 

(4.22) 

(4.23) 
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Signal-Dependent Correction 

The final correction term was given by Equation 3.32 as the 

output of a row with zero mask area modulation. Coincidentally, 

the DFT mask function already has such a row. It is the first rpw 

(m=O) of the imaginary sub-mask described by Equation 4.17. So the 

signal-dependent correction term for the DFT processor is 

N-l 
= L (4.24) 

n=O 

Subtracting this term from Eqs. 4.22 and 4.23 completes the correction 

process and yields the EOP output 

'" 

and 
[O~6)](I) '" 

N-l 
l Z x cos (2rr

mn
N 

) 
n=O m,n n 

Re[X ], 
m 

N-1 

N 
0~m~2 - 1, 

L Z x sin(2'lT
N
mn

) 
n=O m,n n 

Im[X ], 
m 

N 
O~m;;2 - 1 • 

(4.25) 

(4.26) 
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The form of this output vector is shown in Figure 4.5d. 

As a final step the discrete Fourier spectrum [~m] is assembled 

from [O~6r]a:s shownin Figure 4.4. Note that the real and imaginary 

vector components of the synthesized spectrum have only N-1 elements 

each (instead of N), a consequence of not computing the highest fre-

quency terms (m=N/2) in order to fit both the real and imaginary 

masks on the same CCD chip. This final form of the EOP/DFT output 

is shpwn in Figure 4.5e together with its power spectrum (Figure 

4.5f) Comparison of Figures 4.1 and 4.5 shows that the error-free 

EOP, with a DFT mask, produces the desired Fourier spectrum at its 

output. 

Spectral Leakage 

This chapter r~s been based upon an approximate computation 

of the Fourier spectrum of a signal using the DFT algorithm. The 

Fourier spectrum is of interest because in the general field of signal 

detection and estimation, a common class of signals being sought 

consists of periodic signals. This leads very naturally to the dec om-

position or a given s~gnal onto an orthogonal basis set made up of 

complex exponentials (sines and cosines). When this decomposition 

is limited to a finite number of the basis set members we have the 

best approximation to the signal in the integral-squared-error sense 

(Gaskill, 1978, p. 102). However, in a practical implementation, 

the input signal can be considered only over a finite duration. 

In the EOP then, the input is measured at a limited number of points 

establishing, in effect, a finite rectangular window of sampled data. 
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The combined effects of this limiting window and the orthogonal nature 

of the basis set encoded on the mask can lead to some difficulties 

in a spectrum analysis application. 

Consider, for example, the fully corrected EOP output for 

a sinusoidal input as shown in Figure 4.6. When the frequency para

meter k matches that of one of the rows of the mask (e.g. k=5.0) 

the clean output shown in Figure 4.6a results. However, when the 

input is again a pure sinusoid but with a frequency which does not 

match that of any of the rows of the mask, (e.g., k=5.25), the rather 

strange-looking output of Figure 4.6b is produced. 

Intuitively, this spurious behavior is expected when one 

considers the viewpoint that the DFT comutes the Fourier series coef

ficients in the synthesis of a periodic function. In this case the 

function consists of the input signal and its infinite periodic exten

sion. If the windowed signal is such that in its peiodic extension, 

discontinuities exist in the extended signal or its derivitives at 

the periodic boundaries, then one would expect that many higher order 

coefficients would be required in the attempt to synthesize the discon

tinuities. 

In a somewhat more analytical vein, this behavior can be 

explained by realizing that the Fourier transform of a windowed signal 

is the convolution of the transform of the input signal with the 

transform of the window function. In the example of Figure 4.6, 

the window function is a rectangle of width N. This window is shown 

in Figure 4.7a and its Fourier power spectrum, shown in Figure 4.7b, 
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Fig. 4.6. Spectral leakage is most apparent with sinusoidal inputs. 

(a) When the input frequency matches the frequency of 
a mask row (e.g. k=5.0) the expected clean output results. 
(b) When a mismatch occurs (e.g. k=5.25) a cluttered or 
distributed output is obtained. 



(a) 

(b) 

• 

Fig. 4.7. 

Ii 12 m 

b 
n 

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII n 
o N-1 

(c) 

107 

._.If\. 
• m • • ~ £ m 

2 
N 

1 0 1 2 k 
N N N 

(a) Rectangular input sampling window and (b) its 
sinc2 Fourier power spectrum with zeros at miN. 

The EOP computes DFT samples also spaced liN apart. 
(c) When the window modulates a sinusoid of non
integer frequency k, spurious values appear every-
where (only one of the pair of sinc2 functions is shown). 
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is the well-known sinc2 function with zeros at ±1/N, ±2/N, ±3/N, 

etc. So convolving this sinc2 function with the pair of Dirac delta 

functions that make up the Fourier power spectrum of an infinite 

cosine produces a pair of sinc2 functions at the output centered 

at frequencies ±k. When the frequency of the input cosine matches 

the frequency of a mask row, say k=5.0 as in Figu~e 4.6a, the zeros 

of the sinc2 functions are located at the same points in frequency 

space at which the EOP computes values of the DFT. In this case 

the computed input samples, synchronized as in Figure 4.7b, are zero 

at all but the input frequency k. But when the input cosine has 

an intermediate value, say k=5.25 as in Figure 4.6b, the computed 

output values are synchronized as in Figure 4.7c, and all computed 

output samples have some finite value. 

The Kaiser-Bessel. Window. We now consider application of 

a new weighting function, or window, to the data in order to reduce 

the spectral leakage associated with the finite observation intervals. 

Applied as a multiplicative weighting, the goal is to smoothly bring 

the data to zero at the periodic boundaries so that the periodic 

extension of the data is continuous in as many orders of the derivative 

as possible. An excellent paper by Harris,. 1978, examines a wide 

variety of window functions and compares their performance in terms 

of such measures as sidelobe level, sidelobe falloff rate, and 3-

db bandwidth. From that paper a Kaiser-Bessel (KB) window function 

has been selected for the EOP/DFT application base~ upon its good 

sidelobe level vs. main-lobe width ratio. It is defined by the expression 



109 

b (x) -

where 

I (z) = 
o 

(4.27) 

co 

I (4.28) 
j=O 

In the diagram of Figure 4.8, this window "function and its EOP-samp1ed 

power spectrum is compared to the performance of the rectangular 

window at values of a:1.5, 2.0, and 2.5. Plotted in db, with the 

base line 70 db below the peak, the KB window is clearly superior 

in frequency space than the rectangular window. Note that as a in-

creases the sidelobes drop but at the expense of a wider main lobe. 

As mentioned above, such a window is typically applied to 

the input signal or data. However, with the EOP it is advantageous 

to incorporate it into the mask function itself. Rewriting Equations 

4.18 and 4.19 in a complex format, with Z =1, the normalized raw m,n 

EOP output is 

(2) 
o = 

m 

N-1 
I 

n=O 
(l+x ) (l+vfDU) n • (4.29)" 
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Fig. 4.8. Some window functions and their frequency domain per
formance (power spectra). 

(a) Full-width rectangular window. (b-d) Kaiser
Bessel windows with CL parameters of 1.5, 2.0, and 2.5.· 
Base line of all spectra is 70 db below the peak. 
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There are at least three ways to incorporate the window function 

into this process. It can be applied to the input signal xn producing 

the output 

(2) 
o = 
m 

N-l 
L (l+wmn+b x +b x Wmn) 

n=O n n n n ' 

to the mask modulation function wmn yielding 

(2) 
o 
m 

= 
N-l 
L 

n=O 
(l+b wmn+x +b x wmn) , n n n n 

or' to the biased mask function (1+wnn) giving 

(2) 
o 
m = 

N-l 
L 

n=O 
(b +b wmn+b x +b x wmn) . n n nn nn 

Of the three, the last one produces the smallest bias buildup in 

(4.30) 

(4.31) 

(4.32) 

the CCD and is therefore the approach selected. With reference to 

Figures 4.3 and 4.8 and Equation 4.32, a compromise selection of 

a=2.0 produced the KB-we igh ted EOP IDFT mask shown .in Figure 4.9 where 

again (for illustration) N=32. 

Recalling the spectral leakage problem introduced in Figure 

4.6, we can now compare the predicted performance of a KB-weighted 

EOP with that of a rectangular-weighted processor. In Figure 4.10 

the predicted outputs for a series of sinusoidal inputs are compared. 

As the frequency parameter k is increased from an integer value"through 
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Fig. 4.9. Kaiser-Bessel weighted EOP /DFT mask with CI,=2.0 and N=32. 

Apertures in the upper half of mask have areas b A(R) while n m,n 

those in the lower half have areas b A(I). 
n m,n 
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Fig. 4.10. Comparison of predicted EOP/DFT performance, with sinu
soidal inputs, between rectangular and Kaiser-Bessel 
weighted masks. 

Base line of all spectra is 40 db below the peak of 
the k=5.0case. 
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non-integer values, the power spectra in the rectangular. window case 

exhibit a dramatic increase in sidelobe levels. On the other hand, 

while the same power spectra for the KB window case have a somewhat 

wider main lobe, their sidelobe levels are for the most part consider

ably below the -40 db level of the base line shown in the figure. 

In addition, note that the performance in the KB case is far more 

consistent with changing frequency than in t~e rectangular case. 

The KB windowed EOP performance predicted in Figure 4.10 

should be most apparent in a harmonic signal detection application. 

As a final illustration of the EOP/DFT processor, consider the expected 

output when two sinusoids of different frequencies (say k=5.0 and 

8.5) are present at the input. In the illustration of Figure 4.11a, 

such a signal is shown ~or which one component of the composite signal 

is 1/100 the amplitude of the other. The rectangular-windowed power 

spec trum (Figure 4.11 b) fails to reveal the presence of the smaller 

signal. However, the KB-windowed power spectrum (with a=2.0) shown 

in Figure 4.11c clearly shows the weaker signal rising at least 10 

db above adjacent levels. So for multiple-tone detection via the 

EOP/DFT approach, the KB-windowed mask provides a considerable improve

ment in performance. 

Summary 

The discussion of this chapter concerned the use of a basic 

EOP geometry for performing Fourier analysis. Specifically, we des

cribed the discrete Fourier transform (DFT) and how its symmetry 

properties provide for an efficient EOP design in which both the 

real and imaginary parts of the DFT can be performed on the same 
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n 

Fig. 4.11. EOP/DFT output for an input consisting of the sum of two 
sinl.lsoids of different frequencies and differing.in 
amp1it:ude by •. Ol. 

(a) Composite input signal. (b) Rectangu1a~ windowed power 
spectrum. (c) KB windowed power ·spectrum revealing presence 
of weaker signal. Base line of power spectra is 70 db below 
the peak. 
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EOP chip. The fixed-pattern correction is made as described in Chapter 

3 while for the signal-dependent correction no special mask row need 

be provided. COincidentally, the first row of the imaginary DFT 

sub-mask already has the required transmittance function for this 

correction. 

In a spectrum analysis application, the combined effects 

of a limiting rectangular input sampling widow and the orthogonal 

nature of the sinusoidal basis sets encoded in the mask can lead 

to some difficulties. For example, when the input is a pure sinusoid 

with a frequency which does not match that of any of the mask rows, 

spur.ious output response occurs at frequencies not contained in the 

input signal. This can cause a considerable increase in signal-to-

side lobe level at the output. As a compromise solution to this "spectral 

leakage" pr.oblem, the application of a weighting or window function 

to the input data was considered. This has the effect of smoothing 

the discontinuities which can exist at each end of the window of 

sampled data. Fortunately, the architecture of the EOP is such that 

the window function can be applied as a multiplicative weighting 

on the mask itself rather that on the input signal. A so-called 

Kaiser-Bessel window was selected for use with the EOP based upon 

its good ratio of main lobe width to side lobe level. A considerable 

improvement in performance over the rectangular (unwindowed) case 

was predicted theoretically. It appears that although the main lobe 

width of the frequency response will increase somewhat, the side 
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lobe suppression will be dramatically improved. This is especially 

apparent when there are multiple signals of different frequencies 

at the input. 



CHAPTER 5 

SYNTHETIC APERTURE RADAR 

As a prime example of the application of EOP technology to 

a computationally intensive signal processing problem, consider air

borne synthetic aperture radar (SAR). This consists basically of 

a coherent radar whose small antenna ·becomes a new element of a syn

thetic array with each succeeding transmission as the aircraft flies 

along, and of a data processing system whose function is to store 

and sum coherently the data collected by the antenna. There is no 

fundamental reason why signals incident upon different elements of 

any antenna array must be received simultaneously. If successive 

signals are collected by a small antenna, flying a straight line 

path, and stored with both amplitude and phase preserved, they can 

be summed at the end of the sampling time. The result will be, in 

effect, a narrow antenna beam pattern which is equivalent to that 

achievable with a long linear array. 

In order to achieve an understanding of the required signal 

processing, a number of different conceptual approaches have been 

put forth by a number of authors. These include vector formulations, 

Doppler filtering methods, a holography point of view, and cross

correlation approaches (MCCord, 1962; Leith, 1971; Tomiyasu, 1978). 

Anticipating the use of a modified EOP for the required signal 
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processing, we consider here the cross-correlation method which seems 

more natural for the EOP. 

Considering the geometry of Figure 5.1, we assume a small 

side-looking antenna of width D carried by an aircraft flying a straight-

line path at constant veloc~ty v. We also assume that the aircraft 

altitude is low enough to consider the slant range ro and its ground 

projection to be essentially equal (although a simple trigonometric 

substitution could account for any arbitrary altitude). We also 

use complex notation here for ease of discussion, but a more practical 

implementation utilizing separate in-phase and quadrature channels 

will be described later in this chapter. 

What we would like to recover from the received data, using 

a processing system as represented in·Figure 5.2, is the complex 

reflectivity of the ground throughout the swath area being examined. 

The approach will be to consider the radar return from a single line 

of: scattering material at range ro and to recover the magnitude of 

the complex reflectivity density of that line, a(x,r ), from the o 

received data through processing. With this "azimuth" processing 

demonstrated for a single line, we could then process the lines at 

all other ranges in the swath through du~lication.of the process. 

Complex Processing 

We emphasize in this discussion. only the azimuth "cross-range" 

processing or imaging, assuming that the range compression or imaging 

has already been achieved through standard techniques. 
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Fig. 5.1. Geometry for synthetic aperture radar (SAR) 
implementation. 
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The Transmitted Signal 

As will be seen, it is sufficient to consider for now the 

transmitted signal to be the simple monotone 

iw t 
e(t) = e 0 

The Received Signal 

The signal returned from the line of scattering material 

on the ground at range ro is then 

where 

00 

J 
iw (t-2r/c) 

s(t,ro) = b(e)cr(u,ro)e 0 du 

b(e) IV b(~) 
r 

o 

is the two-way antenna pattern and 

iy(u,r ) 
cr(u,ro) = a(u,ro)e. 0 

(5.1) 

(5.2) 

(5.4) 

is the complex reflectivity of the ground with amplitude a and phase 

y. It is also reasonable to assume that the beam width L is small 

with respect to roo So, keeping only the first two terms in a binomial 

expansion for r, we assume that 
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1" 
'" (x-u) 2 

1" 0 + 2r (5.5) 
o 

Substituting this expression into Equation 5.2, with 00 Ic=21f/"A and o 0 

t=x/v, yields the received signal 

s(t,r ) 
o '" = e 

ioo t -i41fr I"A 
o 0 0 e 

_ 00 

ioo t 
o 

= e . f (x, r ) 
• 0 

(5.6) 

where, after stripping off the carrier and using an asterisk to denote 

the operation of convolution, 

f(x,r ) - cr(x,r ) * k(x,r ) 
000 

is the signal to be processed. Here the function 

2 
-i21f-x-

"A r 
k(x,r ) _ b(~)e 0 0 

o r 
o 

is a degrading term which will be called the Doppler kernel as it 

results from th.e relative velocity between the moving antenna and 

(5.8) 

the ground point (x,ro)' Since we will ultimately compute the power 

in the processed image, the range-dependent phase factor exp(-i41fro/"A o) 
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has been dropped. The Doppler kernel can be regarded as the return 

from a single on-axis (x=O) scattering point at range roo As shown 

in Figure 5.3, k(x,r ) is in the form of a "chirp" (linearly swept o 

frequency) waveform with both scale and lateral extent dependent 

upon range. It is the effect of the ~onvolution of this degrading 

function with the desired ground scattering function C1 (x, r 0) that 

must be undone at each range by signal processing. 

The Filter and Its Output Resolution 

The signal to be processed, f(x,r ), passes through a filter o 

with impulse response h(x,ro). As illustrated in Figure 5.2, the 

filter output is given by 

g(x,ro) = f(x,ro) * h(x,ro) 

= C1(x,ro) * k(x,ro) * h(x,ro) 

= C1 (x,r 0) * i(x,r 0) 

where the impulse response of the overall process, 

(5.10) 

is the final post-processing image of a ground scattering point at 

range ro and can therefore provide a measure of the resolution of 

the SAR imaging process. 

One way to regard the required filtering operation is to 

consider it a signal-recognition problem. That is, we desire to 
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Fig. 5.3. Real part of the Doppler kernel and hnw its scale and 
lateral extent vary with range. 

Sample parameters from Fig. 5.1 of D=l m and A = .25 m 
determine the beam width. 0 

(The wave length was scaled up by a factor 100 for 
clarity in the above plots.) 
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detect the presence of the Doppler kernel k(x,r ) from a given point o 

(xo,ro) in the presence of signals from all other points. The clas-

sical approach for this type of problem is to define a filter "matched" 

to k(x,ro) in the sense 

(5.11) 

where the asterisk here denotes complex conjugation. We have assumed 

that in general, due to practical limitations, the effective filter 
, 

width L may be less than the Doppler kernel width L defined by the 

antenna beam width. With this choice of filter function, Equation 

5.10 becomes 

i(x,r ) o 
x = k(x,r 0) * rect( 1" )k*(-x,r 0) 

= k(x,r ) * rect( o 
L' /2 

x 
r::r)k*(x, r 0) 

= I b (£) b (x' +x) e 
r r 

-L' /2 0 0 

-i27T(~)X, 
Aoro 

(5.12) 

dx' 

where a phase factor eXP[-i27Tx2/(Aoro)] has been dropped and where 

the star notation in the above equation denotes the operation of 

cross correlation. 

As an easy illustration of system performance, consider a 

rather ideal (and impossible) rectangular antenna beam pattern defined 

by 



x' rect(- ). 
L 

With this det.':tnition the processed pOint image becomes 

i(x,ro) = 

= f/{rect(2!.)rect(X'+X)} 
L . L 

= LL' sinc( ~ I sinc\2LX) 
A r: L' AOro 1...r OrO 

= 0 0 sinc [x/(-~] 
2 2L' 

dx' 
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(5.13) 

(5.14) 

where the operator8{ } denotes Fourier transfol'IIlation and where another 

phase factor, exp[i4~x2/(A r )], has been dropped. Finally, the power 
o 0 

distribution in the point image is given by 

I i(x,r )/2 
o 

(5.15) 

A summary of this process for the simple case of a si~gle 

ground scattering point located at (x ,r ) is shown in Figure 5.4. o 0 

In that illustration,. the ground fuuction is represented as a Dirac 

delta function. Thus the input to the filter is simply the Doppler 

kernel centered at x=xo' Inspection of Equations 5.9 or 5.10 shows 

that the filter output in this case is, by definition, the point 

image and is centered also at x=x • o 



GROUND FUNCTION AT RANGE r 
o 

a(x,r ) = o(x-x ,r ) 
o 0 0 

o 

INPUT TO FILTER 

f(x,r ) = a(x,r ) * k(x,r ) = k(x-xo,ro) 
000 

~~----------------o 

x 
o 

I-------L 

FILTER FUNCTION 

PROCESSED U1AGE 

h(x,r ) 
o 
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Fig. 5.4. The filter output defines the processing impulse response 
i(x-x ,r ) and resolution R when input is return from a 
singl~ p8int target at ex ,~). System parameters include 
the radar antenna width D~ 0 beam width L at range r

o
' 

and filter width L';L. 
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The processed image azimuth resolution R can be defined x 

to be the half-power width of the point image described by Equation 

5.15. This is given by 

R x 

This can be simplified by noting that the length of time that the 

scattered signal is received from a gi'ven ground point (x , r ) is o 0 

determined by the antenna beam width L at the range roo This is 

(5.16) 

in turn determined from simple diffracation theory where for a rec-· 

tangular aperture of width D, the half-power beam width of the radar 

antenna is 

L = 

Combining Equations 5.16 and 5.17 then yields 

R x = 
L D 
L f 2 

(5.17) 

(5.18) 

This implies that, consistent with our simplifying assumptions, the 

optimum resolution is D/2, which occurs when we can process with 

a full-width (L=L') filter. This remarkable result says that the 

resolution is independent of range or wavelength and is directly 

proportional to the radar antenna width. So instead of resolution 

(or effective beam lddth) degrading with decreasing antenna size, 

as is classically the case, the SAR resolution improves as the antenna 

gets smaller. 
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Real Processing 

For ease of notation the preceding discussion utilized complex 

notation. Before proceeding to consider a discrete version of the 

above processing, as required by the EOP method, we will first consider 

briefly a realizable architecture in which the problem is split into 

"in-phase" and "quadrature" components. This approach is diagrammed 

in Figure 5.5. 

The transmitted signal is now assumed to be a pure cosine 

so that Equation 5.1 becomes 

(5.19) 

Rewriting Equation 5.2 in terms of this new transmitted signal and 

performing the required trigonometric manipulations, the received 

signal is now given by 

s(t,ro) = coswot[crR(x,ro) * kR(x,rO)-crI(x,rO) * kI(x,rO)] (5.20) 

- sinwot[crR(x,rO) * kI(x,ro) + crI(x,ro) * kR(x,rO)] 

where, for this development, the subscripts R and I designate either 

the real or the imaginary component of the function. In this expression, 

k(x,r ) is the same Doppler kernel defined in Equation 5.8 and the o 

ground scattering function is now defined as 

cr(x,r ) o 
(5.21) 
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the same as in Equation 5.4 except that the range phase delay term 

4 Tr.t' fA has been included for convenience. o 0 

I-Channel Projection 

With reference to Figure 5.5, the in-phase or I-channel com-

ponent is created by multiplying the received signal by 2cos w t and o 

low-pass filtering. This yields the real part of f(x,ro)' defined 

before in Equation 5.7, which is 

(5.22) 

(Note: The arguments of functions such as cr(x,r ) and k(x,r ) above o 0 

will occasionally be omitted to streamline notation.) 

Q-Channel Projection 

Similarly, the quadrature or Q-channel component results 

from multiplying the received signal by -2sinw t and low-pass filtero 

ing. This produces the imaginary part of f(x,ro)' namely 

(5.23) 

I-Channel Filters 

As shown in Figure 5.5, fR(x,ro) and fI(x,ro) are each fed 

into a pair of filters with impulse responses equal to the real and 

imaginary parts of h(x,r ) as defined in Equation 5.11. In the Io 

channel the filter outputs are 
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(5.24) 

and 

(5.25) 

Q-Channe1 Filters 

Similarly the Q-channe1 filter outputs are given by 

C(x,ro) = fI(x,ro) * hR(x,ro) (5.26) 

= crR * kI *hR + crI * kR * hR 

D(x,ro) = fI(x,ro) * hI(x,ro) (5.27) 

= crR * kI * hI + crI * kR * hI· 

Combined I and Q Channels 

The goal of this architecture is to synthesize from a combi-

nation of these filter outputs the real and imaginary parts of g(x,r ) o 

as defined in Equation 5.9. That is, 



whel'e 

and 

g(x,l' ) = cr (x.,l' ) * i(x,l' ) 
000 

= (oR + i OI ) * (iR + iiI) 

= gR(x,l'o) + igI(x,l'o) 

Also, fl'om Equation 5.10 

fol' which 

and 

i(x,l' ) = k(x,l' ) * h(x,l' ) 
000 
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(5.28) 

(5.29) 

(5.31) 



So with these relationships in mind, it can be seen that 

and 

A(x,ro) - D(x,ro) = aR • (kR • hR - kI • hI) 

- a I • (kR • hI + kI • hR) 

- • l." - rt • l."I -aR R vI 

.. = gR(x,r 0) 

With the particular filter choice of Equation 5.11 'we found from 

Equation 5.14 that i(x,ro) is real. So for this architecture we 

have 

and 

= Q..(x,r ) • i(x,r ). 
-.1 0 0 
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(5.34) 

(5.35) 

(5.36) 

(5.37) 
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Finally, after squaring and adding Equations 5.36 and 5.37, the power 

in the processed image is the desired result 

Ig(x,r 0) /,2 = [gR(x,r 0)] 2 + [gI(x,r 0)] 2 

= /a(x,r )1 2 * i 2 (x,r ). o 0 

Discrete Formulation 

(5.38) 

In the preceding sections we have demonstrated, in an analog 

format, .the expected performance of a SAR image processor using a 

cross-correlation approach. We showed that although the initial 

discussion, for ease of presentation, was in a complex notation, 

a two-channel (I and Q) processing method can produce the desired 

SAR image, g(x,r ), using real components. We now transition into o 

a discrete format, suitable for EOP implementation. We again revert 

to complex notation noting that a realizable implementation, such 

as the two-channel approach discussed above, would be required in 

an ac tual system 

Thus far only azimuth or cross-range processing has been 

discussed. It was assumed that the required range imaging could 

be independently performed through standard techniques. The isolation 

of individual range channels can now be easily incorporated into 

the above development by considering a somewhat more realistic transmit-

ted waveform. This step will also provide the desired discrete formula-

tion. Consider then a transmitted waveform, shown in Figure 5.6, 

which is a square-wave-modulated version of Equation 5.1. 



Re[e(t)] 

o T~ 

Fig. 5.6. Simple transmitted waveform which is pulsed 
for isolating discrete range channels. 

137 

t 



e(t) 
iUlot 

= p(t)e 

where we shall see that the modulation envelope 

00 

p(t~ = L rect(t-jT) 
j=- 00 l' 

138 

(5.39) 

(5.40) 

is, in effect, a sampling function. The received signal of Equation 

5.6 then becomes 

iw t 
s( t, r ) = e 0 f (x, r ) 

o s 0 
(5.41) 

where, using the coupling relation x=vt, we define a sampled version 

of f(x,ro) as 

(5.42) 

For the transmitted waveform of Equation 5.39 it is the width 

of the square-wave sampling pulses that defines the range resolution 

of the radar. Therefore, for all practical purposes, the function 

p(x) is equivalent to and indistinguishable from an array of similarly 

spaced Dirac delta functions. That is, 

00 x-j t:;x-2rov/c 
rect ( ) 

V1' = 
j=-'" 



where 

co 
'V V1' L 

j=_co 
(x-j t.x-2 r vi c) , 

o 

t.x = vT 

139 

(5.43) 

(5.44) 

is the distance the aircraft travels during the interpulse period 

T. 

Again, stripping off the carrier, the signal to be processed 

is now discrete in form as described by Equation 5.42. Anticipating 

the use of an EOP to perform the required filtering, recall that 

the EOP filter function is also spatially discrete. So we would 

then expect a discrete output of the form 

where 

and 

f (x, r ) * h (x, r ), s 0 s 0 

co 

L 15 (x-jt.x-2r vIc), 
j=_co 0 

N/2-l 
h (x,r ):: h(x,r) L 15 (x-nt.x), 

s 0 0 n=-N/2 

(5.45) 

(5.46) 
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and where the length of the EOP mask has the finite number of elements 

N = 
L' 
6x· 

Substituting Equations 5.46 and 5.47 into Equation 5.45 produces 

00 N/2-1 
I £(j6x+2rov/c,ro)h(n6x,ro) 

n=-N/2 

• <5 [x-(j+n)6x-2rov/c] • 

With the additional substitutions 

k = j + n, 

and 

(ro) . 
mJ.n 

< m < = = 

where 

we define 

(5.48) 

(5.49) 

(5.50) 

(5.51) 

(5.52) 
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2v 
f = f [(k-n)~x + ~ctlr,IDllr 1, m,k-n - (5.53) 

h - h(~x,~r). m,n (5.54 ) 

We now have the processed discrete output 

00 

(5.55) 

where the infinite set of output samples (delta functions) have amp1i-

tude weights of 

N/2-l 
L h f 

n=-N/2 m,n m,k-n, 
(5.56) 

Noting that this is a discrete form of convolution in which hand 

f commute, and that from Equation 5.11 h =h , we can write this m,n m,-n 

relation as the cross correlation 

= f *h m,k m,k· (5.57) 

Thus the required SAR processing is of the same form as the EOP multi-

channel cross-correlation geometry described in Equation 2.40. 

EOP Architecture 

The discrete input and the processed output functions described 

by Equations 5.46 and 5.55 are each represented as a modulated sampling 
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function (delta function array). For a given range 1"0 the input/output 

sampling function is as shown in Figure 5.7a. The sample spacing 

in this array is tlx=vT as determined by the aircraft velocity and 

the transmitted interpulse period. The phase or displacement of 

the array, 2rov/c, depends upon the range associated t-,rith the return 

signal being sampled. 

Since the EOP (or any discrete processor) has a limited number 

N of separate processing channels, we consider a fini.te number of 

range "bins" so that there is one sampling function for each range. 

So in Figure 5.7b we represent all N sets of delta functions which 

interleave with each other without overlap since each has a different 

phase mVT. 

In addition to the required azimuth processing, the sampled 

returns from each range bin must be extracted from the composite 

signal of Figure 5.7b. This is accomplished, as shown in Figure 

5.8, with corner turning registers at both the input and output of 

the EOP. After turning the first corner, the sequential discrete 

input signal is reformated into a sliding matrix [f k] with each m,n+ 

row of the matrix modulating a separate LED. Although not shown, 

the implication is that an optical system is present to ensure that 

each LED uniformly illuminates only one channel of the EOP mask. 

After leaving the CCD output register and the second corner 

turner, the output is in the form of an arbitrarily long matrix [g k] m, 

with N (range) rows and number of columns that is proportional to 

the distance flown by the aircraft. This output matrix is the processed 
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Fig. 5.8. A conceptual EOP component in the system of Fig. 5.5 for 
the real-time· processing of SAR signals. 
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SAR image and is in the form of a strip map of the ground below and 

to the side of the aircraft with the long dimension of the strip 

parallel to the flight path. 

Input Sampling Rate. At this point it is appropriate to 

consider some specific system parameters to get a feeling for expected 

performance. We first consider, based upon frequency content in 

the Doppler history of the radar return, the required minimum input 

sampling rate. We will refer to this as the pulse repitition frequency 

(PRF) and define it as 

_ 1 
PRF = T. 

With reference to Equation 5.8, the Doppler kernel may be 

written as 

where 

k(x,r ) o 

<P(x,r ) 
o 

2 x 
= 2 7T I""r. o 0 

The associated Doppler frequency is defined by 

(radians) 
meter 

(5.58) 

(5.59) 

(5.60) 

(5.61) 



so that the noppler bandwidth for "side-looking" radar is 

BWn :: (Fn)max - (Fn)min 

= 2(Fn)max 

= 41fL. 
Aoro 

But from Equation 5.17 

so that 

'U 4 
BW =

D D 
(radians) 

. meter 

2v = - (Hz) 
D 

146 

(5.62 ) 

(5.63) 

(5.64) 

In a practical system one would assign a PRF that is somewhat 

larger than BWn in order to safely avoid aliasing problems or to 

perhaps be able to do some pre-averaging of the oversampled input 

signal for noise reduction. However, for clarity· in the discussion 

to follow we will simply assume the Nyquist condition 

PRF 1 
= T = BWn = 

2v 
D • (5.65) 

Azimuth Resolution. Examining Equations 5.16 and 5.17 reveals 

that the parameter L', defined originally as the SAR filter width 
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in Equation 5.11, can also be regarded as the length of an effective 

synthetic aperture. Therefore, from Equation 5.48 with N the number 

of columns in the EOP filter, 

L' :: NAx 

= NvT 

= Nv 
PRF 

= ND. 
2" 

(5.66) 

Note from this that the spacing of the synthetic array elements is 

n Ax =-
2 (5.67) 

Combining Equations 5.18, 5.63, and 5.66, we define an azimuth resolu-

tion Rx which can be expressed as 

(5.68) 

Before proceeding it is interesting to consider the size of an ideal 

processor with a full-width filter. From Equation 5.18, with L=L " 

we get 

() =R.=~ Rx min . 2 N (5.69) 
max 

where for this ideal case the required EOP filter size is 
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L N = ~.;...;.:.:-
max (D/2) 

(5.70) 

Range Resolution and the Radar Bandwidth. Using Equation 

5.52 we define a range resolution R as 
r 

c 
= 2BW

R 

where the bandwidth of the radar has been defined as 

BW :: 
R 

1 
L 

(5.72) 

Assuming that the range and azimuth resolutions are to be the same, 

that is 

then combining Equations 5.68 and 5.71 yields the requirement 

'Nc 
< 2L 

(5.73) 

(5.74) 

Swath Width. Defining M as the number of unique range bins 

that are computed, the swath width is then simply 
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SW = MR r 

= MR x 
M =-L • 
N 

(5.75) 

With reference to Figure 5.5, a properly configured single EOP could 

be used to implement all four of the filters shown. In that case 

we would be limited to M=N/4 range bins. The arrangement could also 

consist of two EOP's, each with an hR and an hI filter encoded in 

its mask. In that case M=N/2. However, we will assume for the remainder 

of this discussion that the processing is effected with four EOP's 

so that the maximum possible swath width is achieved. Therefore, 

the assumption is that M=N so that 

SW = L. (5.76) 

Before considering the example in the section to follow, 

it is interesting to consider the full swath width at our disposal 

had we the processing capacity to generate it. Considering the limits 

imposed by range ambig~ities due to the finite time T between transmit-

ted pulses, the maximum swath width is 

SW = (r ) (r ) max' 0 max - 0 min 

cT 
=T (5.77) 

c 
= 2PRF . 

The total number of range bins in this full swath is then 
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M = max 

SW max 
R 

r 

T = -
T 

(5.18) 

An Example. In concluding this chapter we consider an example 

based upon the geometry of Figure 5.1. The numbers to be used are 

similar to those in the airborne SAR system flown by the Jet Propulsion 

Laboratory (JPL) (Bicknell, 1981). In that system the data has been 

processed using both a coherent optical processing system as well 

as with a digital processor. In their digital system they can process 

a high resolution image frame, 10 km on a side, in about 6 to 8 hours. 

The same data can be processed in the JPL coherent optical processor 

at a somewhat lower resolution in 8 seconds or better. Although 

the data must first be recorded onto photographic film during a flight 

and then the film developed, the actual signal processing is done 

at a real-time rate (or faster) achieved by running the data film 

through the processing system at a sufficient speed. 

While both of the JPL systems perform well and are used routine-

ly they are large, heavy, and consume considerable prime power. 

It is with this in mind that the present chapter has been presented 

An EOP SAR processor shows much potential for providing at least 

modest resolution SAR image processing in true real time (no a priori 

data recording) in a small, lightweight package with low power consumption. 
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Consider then the following example in which the assumed system para-

meters are: 

Radar Antenna Aperture = D = 1 m, 

Radar Wavelength = >.. = .25 m (1215 MHz), o 

Aircraft Velocity = v = 125 m/s (280 mph), 

-Median Range = ro = 10 km~ 

(5.79) 

(5.80) 

(5.81) 

(5.82) 

From Equations 5.63, 5.65, and 5.76 we find that the minimum required 

PRF and the swath width limited by the EOP filter length N are given 

by 

PRF = 2v 
D 

= 250 Hz, 

- -where L is the beam width at the median range r • o 

(5.83) 

(5.84) 

The remaining system parameters, which vary with N, are item-

ized in Table 5.1. The table shows hO\o1 the required radar bandwidth, 

the effective synthetic aperture length, and the range/azimuth output 

image resolution vary with N, the selected processor size. Note 

that an N=128 EOP, the masks for which are shown in Figure 5.9, could 

be implemented with fully mature CCD technology and would have a 

SAR image resolution of about 20 meters. So even this modest system 

could find use in certain strip mapping and earth resources applica-
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Table 5.1. Resolution vs. filter length for a hypothetical 
case: D = 1 m, A = .25 m (1215 MHz), v =_125 m/s 
(280 mph), r = £0 km, PRF = 250 Hz, and L = 2.5 km. 

o 

EOP 
Filter 
Lenqth 

N 128 512 1024 
I 
I 

5000 
I I I I 
I I I I 

:=========================='=========1=========:=========1=========1 

Radar 
Bandwidth BW = Nc 

(MHz) 
2L 

7.68 30.72 

.064 .256 

19.53 4.88 

I . 
I 
I 
I 

61.44 300 

.512 2.5 

2.44 0.5 



(a) 

(b) 

Fig. 5.9. EOP/SAR masks for the case N=128 and range swath of 5 to 
6.25 kni. 

(a) Real mask 

(b) Imaginary mask 
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tions. In addition, technology also exists to fabricate a 1000x1000 

CCD which would bring the resulting output resolution to about 2.5 

meters. With further refinements in CCD fabrication technique, or 

by simply using several EOP systems, an N on the order of 5000 would 

provide an opportunity to reach the limiting resolution of D/2 = 

.5 meters. 

Summary 

We considered in this chapter the prospect of applying'EOP 

technology to the computationally intensive signal processing problem' 

of synthetic aperture radar (SAR). An airborne side-looking SAR 

scenario was selected for examination and a brief theory for the 

problem was outlined with an orientation toward the linear filtering 

and multichannel cross-correlation properties of an EOP. We found 

that, consistent with a set of simplifying assumptions, the expecte~ 

output image resolution (the width of a processed point image) was 

given by (L/L')/(D/2) where L is the antenna beam width at a given 

range, L' is the EOP filter length, and D is the aperture width of 

the airborne radar antenna. This implies that the optimum resolution 

is D/2 which occurs if one processes with a full-width (L=L') filter. 

In this case we have the remarkable and well-known result that the 

resolution is independent of range or wavelength and is directly 

proportional to the width of the antenna. That is, down to a lower 

limit imposed by the overlap of the actual radar beam with the side

lobes of the effective synthetic array, we have a predicted performance 

which improves with decreasing antenna size. This is just the inverse 

of what is classically the case with a traditional antenna. 
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The preliminary SAR theory discussed was in complex notation 

for ease of discussion. However, one physically realizable implementa

tion (using real components) was described which utilized separate 

in-phase and quadrature channels to perform the required computations 

with four EOP sub-processors. Such a system shows potential for 

providing at least modest resolution SAR imagery in true real time, 

in a small lightweight package, and with low power consumption. 

A variety of considerations will directly effect the suita

bility of an LED array as the input transducer in an EOP SAR processor. 

These include questions of linearity, dynamic range, emission uniform

ity, stability array size, drive requirements, power consumption, 

and wavelength match to the CCD spectral response. 
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SUMMARY AND RECOMMENDATIONS 

The use of optical systems in signal processing applications 

-can offer significant advantages over an equivalent electronic approach. 

These advantages stem chiefly from the high-speed analog multiply 

and parallel processing capabilities inherent in an optical system. 

A great deal of work has been conducted in this area, using coherent 

as well as incoherent optical systems, in an attempt to realize the 

full potential of these properties. The type of system used in any 

given application will ultimately be dictated by the nature of the 

signal processing to be performed. 

The review of thapter 1 dealt with those incoherent optical 

systems nominally designed as correlators. In many cases we have 

found that such systems can also perform a large variety of other 

signal processing tasks including spectrum analysis and matrix opera-

tions. In general however, one must somehow contend with the effects 

of the bias terms which are added in some cases involving bipolar 

signals and with the cross-terms introduced by the correlation of 

these bias terms with the reference, signal, and noise. The severity 

of this problem depends on the case at hand. Finally, it is clear 

that applications amenable to this type of processing tend to be 

fixed-parameter operations not requiring flexibility of the type 

available in a digital computer. In addition, many involve repetitive 
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or multichannel computations more appropriate to an optical approach. 

Therefore, in such demanding yet special purpose applications, inco

herent optical systems should be considered in view of their high 

speed, low power consumption, and potential low cost. 

Chapter 2 dealt with one of the many forms of incoherent 

optical processing described in the survey of Chapter 1. It is based 

upon a discrete machine solution to the fundamental general analog 

linear transform described in Equation 1.1. The sampled version 

'of this analog transform, described by Equati'on 2.2, has been called 

the discrete linear transform (DLT) an~ its computation via an e1ectro

optical processor (EOP) was the basis of this chapter. An EOP was 

described for both serial and parallel input and output. With serial 

input, the form of the DLT 1e.nds itself to an alternate and useful 

description as a matrix-vector product. Close inspection of the 

EOP matrix-vector multiplier shows that the processor output also 

contains terms which provide full matrix-matrix multiplication and 

multichannel correlation capabilities as well. 

With the inclusion of a gated-output stage in the CCD, it 

was shown that, for serial input, the EOP could then perform an optimal

ly efficient DLT with an input data rate up to a factor N faster 

than the standard EOP geometry, where N is the length of the mask 

filter function. This means that for arbitrary overlap of the input 

sampling' windows, the input data rate is optimized and the computation 

of unwanted terms is avoided. 
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Next, some even more efficient and powerful architectures 

were proposed in which both the input and output are each in a parallel 

format. In one case, the input is by way of a linear array of light 

sources each illuminating a separate column of the mask. This would 

then allow high-speed matrix-matrix products to be formed with a 

factor N increase in input data rate over the single-input EOP geometry. 

It was then shown that the inclusion of feedback loops in 

the high-speed matrix-matrix multiplier geometry, together with provid

ing a changeable EOP mask, would provide an efficient geometry for 

some higher-order matrix operations such as matrix inversion, the 

solution of simultaneous linear equations, and many more. 

Finally, as an introduction to the synthetic aperture radar 

(SAR) processing discussion to come in Chapter 5, we considered another 

parallel I/O geometry, this time with the input array of light sources 

arranged to illuminate one-for-one each ~ of the mask. This provided 

a multi-input multichannel cross-correlator architecture in which 

each input is simultaneously cross correlated with a separate reference 

function stored in each row of the mask. This is precisely the arrange

ment required in the SAR problem and is discussed again in Chapter 

5 after first covering some of the practical EOP design issues in 

Chapters 3 and 4. 

As a foundation for the prediction and evaluation of device 

performance, an EOP functional model was presented in Chapter 3. 

It described the manner in which the mask and the LED (or any other 

input light source) must be biased in order to accept bipolar signals. 
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Also considered was the linearity of the conversion between LED input 

signal current and output light power. The nonuniformity of LED 

illumination at the mask and the effect of dimensional errors in 

the specification or fabrication of the mask apertures were also 

accounted for. As for the CCD itself, an error term for the accumu

lated charge due to incomplete transfer of charge between adjacent 

CCD elements was included into the model as well as a term to account 

for the possible variation in responsivity from element to element. 

Finally, the removal of a bias-residual term accompanying 

the EOP output is described. This term, resulting from the inclusion 

of biases into the input signal and the mask modulation funation 

has a fixed-pattern portion and a signal-dependent portion. When 

these corrections are both made, the final output is approximately 

in the form of the desired DLT to within a single multiplicative 

composite epror term which would have a value near unity in a"well

designed system. 

Preliminary experiments with a 128x128 EOP system have sug

gested an additional source of error. The assumed opaque regions 

of the chromium CCD mask layer may actually be transmitting sufficient 

light to produce measureable error. It is therefore recommended 

that this effect be also included into the model and that test slides 

be made concurrently with EOP/CCD chip fabrication in order to deter

mine the extent of this potential error source. 

The discussion of Chapter 4 concerned the use of a basic 

EOP geometry for performing Fourier analysis. Specifically, we 
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described the discrete Fourier transform (DFT) and how its symmetry 

properties provide for an efficient EOP design in which both the 

real and imaginary parts of the DFT can be performed on the same 

EOP chip. The fixed-pattern correction is made as described in Chapter 

3 while for the signal-dependent correction no special mask row need 

be provided. Coincidentally, the first row of the imaginary DFT 

sub-mask already has the required transmittance function for this 

correction. 

Some early results from an unwindowed 128x128 EOP spectrum 

analyzer are shown in Figure 6.1. In that figure a 20 kHz analog 

even square wave was applied as the input signal to the LED driver 

and sampled, in effect, by a 640 kHz horizontal CCD clocking frequency. 

Figure 6.1a shows uncorrected data leaving the processor and only 

the first few harmonics of the square wave can be seen over the fixed

pattern background. In Figure 6.1b is shown the fixed-pattern cor

rection function which is obtained by storing the contents of the 

CCD output register after a full frame has been transferred across 

the CCD in· the absence of any LED modulation (bias only). This term 

is then subtracted from the first curve yielding the fixed-pattern

corrected output in Figure 6.1c. This result (uncorrected for the 

signal-dependent term) is nearly flat, and spectral components up 

to the 11th harmonic can be easily seen in the real portion of the 

output. The imaginary output is zero, as it should be for an even 

square wave. Note also the absence of output at the second harmonic, 

an indication of the high degree of inherent LED linearity. 
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Fig. 6.1. Output of a 128x128 EOP spectrum analyzer as a function of 
frequency bin number. 

Input signal is 20 kHz square wave sampled at 640 kl~. Bins 
1 to 64 are real part of spectrum and 65 to 128 are imaginary. 

(a) Uncorrected output, (b) Fixed-pattern correction function, 
(c) corrected spectrum (a minus b). 
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In a spectrum analysis application, the combined effects 

of a limiting rectangular input sampling window and the orthogonal 

nature of the sinusoidal basis sets encoded in the mask can lead 

to some difficulties. For example, when the input is a pure sinusoid 

with a frequency which does not match that of any of the mask rows, 

spurious output response occurs at frequencies not contained in the 

input signal. This can cause a considerable increase in signal-to

sidelobe level at the output. As a compromise solution to this "spectral 

leakage" problem, the application of a weighting or window function 

to the input data was considered. This has the effect of smoothing 

the discontinuities which can exist at each end of the window of 

sampled data. Fortunately, the architecture of the EOP is such that 

the window function can be applied as a multiplicative weighting 

on the mask itself rather than on the input signal. A so-called 

Kaiser-Bessel window was selected for use with the EOP based upon 

its good ratio of main-lobe width to sidelobe level. A considerable 

lmprovement in performance over the rectangular (unwindowed) case 

was predicted theoretically. It appears that although the main-lobe 

width of the frequency response will increase somewhat, the side-

lobe suppression will be dramatically improved.. This is especially 

apparent when there are multiple signals of different frequencies 

at the input. 

We considered in Chapter 5 the prospect of applying EOP tech

nology to the computationally intensive signal processing problem 

of synthetic aperture radar (SAR) An airborne side-looking SAR 
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scenario was selected for examination, and a brief theory for the 

problem was outlined wlth an orientation toward the linear filtering 

and multichannel cross-correlation properties of an EOP. We found 

that, consistent with a set of simplifying assumptions, the expected 

output image resolution (the width of a processed point image) was 

given by (L/L')/(D/2) where L is the antenna beam width at a given 

range, L' is the EOP filter length, and D is the aperture width of 

the airborne radar antenna. This implies that the optimum resolution 

is D/2 which occurs if one processes with a full-width (L=L') filter. 

In this case we have the remarkable and well-known result that the 

resolution is independent of range or wavelength and is directly 

proportional to the width of the antenna. That is, down to a lower 

limit imposed by the overlap of the actual radar beam with the side

lobes of the effective synthetic array, we have a pre~icted performance 

which improves with decreasing antenna size. This is just the inverse 

of what is classically the case with a traditional antenna. 

The preliminary SAR theory discussed was in complex notation 

for ease of discussion. However, one physically realizable implementa

tion (using real components) was described which utilized separate 

in-phase and quadrature channels to perform the required computations 

with four EOP sub-processors. Such a system shows potential for 

providing at least modest resolution SAR imagery in true real time, 

in a small lightweight package, and with low power consumption. 

A variety of considerations will directly effect the suit

ability of an LED array as the input transducer in an EOP SAR 



164 

processor. These include questions of linearity, dynamic range, 

emission uniformity, stability, array size, drive requiements, power 

consumption, and wavelength match to the CCD spectral response. 

Another possible approach is a relatively new total internal reflection 

(TIR) modulator (Turner and Sprague, 198'1). Developed as an alternative 

technique to laser scanning in non-impact printing applications, 

it utilizes a silicon integrated circuit as the drive electronics 

to address a device with over 5000 elements. For the SAR application 

such a TIR device might be coupled to the EOP as shown in Figure 

6.2 so that an array of intensity modulated lines, one for each range,. 

are formed at the mask/CCD plane. The integrated driver includes 

addressing electronics, electrode drive circuitry, and interdigital 

electrodes, and is proximity coupled to an electro-optical crystal 

by pressing it against the crystal surface. Fringing fields from 

the electrodes penetrate the crystal causing a local variation in 

index of refraction which can be read out with a Schlieren system 

as shown in the figure. With appropriate imaging optics a linear 

array of scattering sources is formed, each individually controllable 

in intensity. This is, in effect, equivalent to an LED array but 

without the problems associated with multiple amplifier gain control 

and power consumption. 

Another possible approach to the input transducer problem 

has been demonstrated by Psaltis and Wagner (1982). They input simu

lated SAR data to an acousto-optic device, illuminated it with a 

pulsed laser diode, and used interferometric detection with a masked 
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TO 
DISPLAY 

Fig. 6.2. Electro-optical SAR processor using a TIR device 
as the multi-range parallel input transducer. 
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CCD. Their experimental SAR processor is limited to those radars 

with linear FM pulsed waveforms but is quite unique in that it ef

ficiently performs both the range and azimuth compression in the 

same system. 

In concluding this dissertation, it .is noted that the challeng

ing SAR processing problem considered for solution with EOP technology 

was the first major problem to which optical computers were applied, 

initially in the late 1950's. However, the requirements of modern 

radars such as real-time image formation, better image quality, and 

the low power, weight, and size demands of on-board processing cannot 

be met by film-based optical SAR processors. So an expansion of 

the EOP concept has been proposed as a candidate solution to this 

need. It is also expected that this approach will be advantageous 

over digital processors in many important SAR applications. 

As for other important modern and expected future Signal 

processing requirements, such as adaptive beam steering and direction 

finding, classical approaches based upon the assumption of time and/or 

space invariance are rapidly becoming inadequate. Techniques such 

as convolution, correlation, and Fourier analysis are slowly being 

supplanted by modern methods based upon numerical linear algebra 

and matrix operations. Real-time implementation of these algorithms 

demands parallel processing architectures of the type inherent in 

the EOP concepts developed in this paper. 



APPENDIX A 

LED OPTICAL POWER VS THE INPUT FUNCTION 

Consider an approximation to Equation 3.3 with an arbitrarily 

large polynomial degree K. 

'" p 
n 

K 

L 
k=O 

The results of a degree seven Chebyshev polynomial curve 

fit to measured LED data are shown in Table A.1. This is data for 

the Hitachi High-Power Type HLP LED's c .. rently used in the EOP. 

(A.1) 

Shown in the table are the results of a nine point curve fit, between 

o and 200 milliamps forward LED current. Since all coefficients 

beyondk=3 are less than 10-6 , it is concluded that a degree three 

polynomial gives a very good approximation to Pn• 

So Equation A.1 becomes 

'" p 
n 

3 
\' 'rk 
I... ck n 
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3 k 
= L ck' (a+bf ) 

k=O n 

Expanding and regrouping produces Equation 3.4, 

'" p = n . 
3 k 
L ckfn k=O 
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(A.2) 

(A.3 ) 



Table A.1. Coefficients of a degFee seven Chebyshev 
polynomial evaluation of Eq. (A.U. 
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. where 

c' + c'a + Z c'a 3 
Co = c'a + (A.4) o 1 Z 3 

c'b + c'Zab Z 
c1 1 Z + c33a b (A.5) 

'bZ Z (A.6) Cz = Cz + c33ab 

c3 
= 'b3 c3 (A.7) 
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