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ABSTRACT 

The coherent optical processor is a form of analog system which 

uses the properties of lenses and coherent light to represent an 

optical system. In this thesis, representations of space-variant 

optical systems are discussed. The input sampling approach to the 

representation of a space-variant optical system is implemented by 

recording many transfer function holograms on one medium. The holograms 

are indexed by encoding the phase of each reference beam by using a 

diffuser whose phase transmittance is a unique member of a family of 

pseudo-random binary phase codes known as Gold codes. Computer 

simulations of this process are discussed, and results of these 

simulations are shown and compared with experimental results. Further 

development is encouraged in the area of recording larger numbers of 

holograms on the recording medium, and exploring the process of 

coherent addition of overlapping outputs of the processor. 
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CHAPTER I 

INTRODUCTION 

A. System Theory: Motivation for the Coherent Optical Processor 

In many systems-related problems arising in engineering, analog 

systems have been used to help in understanding the problem at hand. 

Examples of analog systems which are often used are computers, mechanical 

analog systems, and coherent optical processors. This thesis deals with 

the last variety of analog system mentioned, the coherent optical 

processor. 

The coherent optical processor makes use of the ability of a con

verging lens to perform „ a Fourier transform using spatially coherent 

light. The possibility of practical coherent optical processors did 

not arise until the early 1960's with the development of the laser, a 

convenient source of intense coherent light. The coherent optical pro

cessor offers the advantages of true parallel processing and permits 

rather straightforward frequency domain manipulations, and provides 

virtually instantaneous input-to-output processing. With these comments 

as introduction, we will now proceed to briefly summarize the principal 

features of a class of coherent optical processors. 

B. Development of the Coherent Optical Processor 

1. Binary Spatial Filtering 

Perhaps the simplest form of the coherent optical processor is the 

binary spatial filtering arrangement (see Goodman (1)). It makes use of 

two lenses and a light-absorbing mask placed between them as shown in 



Fig. 1-1. The input is usually a transparency placed in the (x,y) plane 

and illuminated with collimated, coherent light as shown. The lens L^ 

causes the light field amplitude incident on the (u,v) plane to be a 

scaled, two-dimensional spatial Fourier transform of the light from the 

(x,y) plane. The binary mask in the (u,v) plane is constructed to block 

the undesired frequency components, and pass the desired frequency 

components. The desired frequency components that remain are then re-

Fourier transformed by lens L«. Now the field amplitude incident on 

(C,v), the output plane, has the same distribution as the light coming 

from (x,y) the input plane, except without the undesired spatial 

frequencies. In this manner, we have constructed a simple coherent 

optical processor. 

2. The Vander Lugt Holographic Optical Processor 

The spatial filtering arrangement just described has the advantage 

of being a very simple way of demonstrating coherent optical processing. 

However, using a binary spatial filter to represent an arbitrary space-

invariant optical system fails, because it conveys only amplitude in

formation (binary at that) about the frequency response of the optical 

system, and not phase information.This limitation can be overcome by 

using a holographic recording of the transfer function of the desired 

space-invariant linear filtering operation. In Fig. 1-2, an offset 

reference beam is used to record a hologram of the Fourier transform of 

the response of an optical system to a point source input (i.e. the 

system's transfer function). This is analogous to recording the transfer 

function of a time-invariant, linear electrical system by observing the 
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Fig. 1-1. Binary spat ial f i l t e r i n g arrangement. 
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Fig. 1-2. Holographic recording of an optical 
system's transfer function. 
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Fourier transform of its time-domain impulse response. 

Note that we specify a space-invariant optical system in this 

section. The system must have the same response to a point source, 

regardless of where the point source is placed in the input plane to 

the system. This condition excludes any system with a magnification 

other than unity, or having any geometric distortion, both of which are 

examples of space-variance. Given this condition (space-invariance) an 

optical system can be represented by the method described below. 

The setup shown in Fig. 1-3 can be used to replace a space-invariant 

optical system with a hologram such as that described above. Note that 

except for the offset geometry, this arrangement is very similar to the 

spatial filtering arrangement. Here the transmittance of the hologram 

represents the Fourier transform of the impulse response of the optical 

system, as recorded in Fig. 1-2. The input light amplitude is Fourier 

transformed by the lens L-. and this Fourier transform is multiplied by 

the transmittance of the hologram, to represent the light coming from the 

(u,v) plane. The product is then Fourier transformed again by lens L« 

to describe the light incident on the (c>v) plane. This setup takes 

advantage of the convolution theorem of Fourier analysis, which states 

that when the Fourier transforms of two functions are multiplied, the 

product is the Fourier transform of the convolution of the two functions. 

Thus, the light in the output is described by the convolution of the 

impulse response h(x,y) and the input f(x,y): 

F{g(x,y)} = {F{h(x,y)}}{F{f(x,y)}} (1-1) 
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Fig. 1-3. Playback of the transfer-function hologram. 



g(C,v) = fC h(C - X, V - y) f(x,y) dxdy (1-2) 

Thus a space-invariant optical system can be represented by this 

holographic optical processor. 

3. Space-Variant Optical Systems 

Above it is shown that a hologram and two lenses can be used to 

represent an optical system. However, only certain optical systems, 

space-invariant ones, can be represented in this manner. A broader class 

of optical systems, space-variant systems, cannot be described by a 

single impulse response, h(x,y). They must be described in independent 

input and output coordinates, as in the expression for a space-variant 

system, h(^,v;x,y). Now the problem is that of describing a function 

of four dimensions using an essentially two-dimensional medium, the 

hologram. Several schemes have been developed which permit the repre

sentation of space-variant optical systems. 

A One-Dimensional Optical Processor 

Marks, et.al. ( 2) have developed a one-dimensional space-variant 

processor which uses a two-dimensional system response mask to take 

into account the space-variance of the optical system. Fig. 1-4 shows a 

representative form of this processor, called an astigmatic processor. 

The input transparency is a function of one dimension, f(c), and the 

system mask (in two dimensions), h(x-^,c) is placed in the same plane as 

the input. 

Lenses L-., L^ and L-. perform a Fourier transform in the E, direction 

and image in the x direction, yielding an outout in the (x,y) plane. 
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V 

Fig. 1-4. Direct output display 1-D space-variant optical 
processor. 



The distribution along the v = 0 axis is then given by the 1-D super

position integral 

4. A Sampling Approach to Implementing the 2-D Space-Variant 
Processor 

Unlike the 1-D processor described above, the 2-D processor does 

not afford as simple a way of representing a general space-variant opti

cal system. Several schemes (Marks, et.al. (3)) have been investigated 

to permit 2-D space-variant optical processing, and of these, the 

sampled input processor is the approach investigated most to date. 

Sampling the input plane of a space-variant optical system is done 

by using point source inputs to the optical system at certain sample 

positions in the input plane of the optical system, and holographically 

recording the system's transfer function for each input point. The 

spatial sampling rate may be determined by a space-variant sampling 

theorem (4). This theorem states that the required minimum sampling 

rate is twice the sum of the bandwidths of the variation spectrum of the 

system and the spectrum of the input function. If this sampling rate is 

achieved, then the behavior of the optical system to the input f. , is 

completely known based on the sampling expansion, 

g ( ? , v ) = E . I {f h } * {sinc(-f)sinc(^)} 
j=-oo l=-co IJ TJ ^ ^ d v 

(1-4) 

where "*" denotes convolution in ? and v and h.. is the response of the 

th 
optical system to a unit point source at the (i,j) position of its 
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input plane. Also, f.. is the sample of the input function at the 

(i,j) positions, and A? and Av are the sample intervals in candv, 

respectively. 

Here a problem arises; the input to a real optical system is 

generally space limited. The space-variant sampling theorem mentioned 

requires that the spatial frequency bandwidth of the system input and 

the variation bandwidth of the optical system be finite. This, though, 

requires that the extent of the input be infinite, because of the 

relationship between Fourier transform pairs. However, one can specify 

a certain amount of error that can be tolerated, and from this, 

calculate an "effective" bandwidth for both input and system variation 

spectra, and ignore spatial frequency components outside this bandwidth. 

This allows the summations in Eq. (1-4) to have finite limits on their 

indices. The resulting expression corresponds to using a finite number 

of sampling points (e.g. 4MN points below) in the input plane to re

present approximately the output of the optical system: 

N M r ,̂ 
g(C,v)E Z Z {f.. h..} * {sinc(^) sinc(^)} 

j=-N i=-M 

(1-5) 

The development of the sampled-input processor arises from the fact 

that the expression representing the output of a space-variant optical 

system can be approximated by the summation of the system's impulse 

responses as in Eq.(1-5)(Marks, et.al. (4)). To make use of this fact, 

we desire to holographically multiplex the optical system responses onto 

a recording medium in such a way as to be able to play them back without 
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significant crosstalk. If a method to do this can be developed, then 

the goal of creating a viable two-dimensional space-variant optical 

processor can be achieved. 

a) An Angle-Multiplexed Space-Variant Optical Processor 

Deen et.al. (5), have demonstrated one method of holographically 

recording the sampled responses and suppressing crosstalk upon playback. 

By using individual reference beams at various angles, holograms of the 

transfer functions were multiplexed in a thick holographic medium. Each 

transfer function was associated with a separate reference beam. The 

extinction angle effect of the thick medium (Bragg effect for a volume 

grating) was then relied upon to suppress the crosstalk which could arise 

if a particular playback beam addressed a transfer function recorded 

using a different reference beam. Fig. 1-5 shows the setup used to 

angle multiplex the transfer function holograms onto a thick recording 

medium, and Fig. 1-6 shows the playback setup. This method suffers from 

the fact that any playback beam with an angle in a certain locus of 

solid angles (a Bragg cone) will address the hologram recorded using 

a particular reference beam, resulting in unwanted crosstalk. 

b) The Phase-Coded Reference Beam Approach 

Another method for suppressing crosstalk between transfer function 

holograms recorded in the same medium is to encode the phase of each 

reference beam using either a random or a pseudo-random spatial code. 

Krile et.al. (6), have developed a processor which employs random 

phase-encoded-reference beams (see Fig. 1-7). In this scheme, each 

reference beam was coded by passing it through a designated portion of 
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Fig. 1-5. An angle-multiplexed space-variant 
processor's recording arrangement. 
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Fig. 1-6. An angle-multiplexed space-variant opt ical 
processor. 
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Fig. 1-7. Randomly coded reference beam-
multiplexed space-variant optical 
processor. 
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a shower glass diffuser, and then taking the Fourier transform of the 

encoding function by using lens L,, as in Fig. 1-7. Thus, the diffuser's 

"sharp" spatial autocorrelation properties were relied upon to encode the 

reference beams. A disadvantage of this method is that even if one can 

specify a desirable autocorrelation function for an encoding diffuser, 

one cannot uniquely specify a diffuser with such an autocorrelation. 

A more complete discussion of this optical processor is presented in 

Chapter 2 of this thesis. 

The topic of this thesis is an extension of the work by Krile, 

et.al. (6). If, instead of a random diffuser, some family of pseudo

random codes is used to encode the phase of the reference beams, then 

one can analyze the potential of this approach by using techniques 

similar to those used in spread-spectrum communications. The setup 

used here is similar to that reported by Krile, et.al. (6) (Fig. 1-7), 

except that the glass diffuser is replaced by blocks of the spread-

spectrum codes (as functions of x and y coordinates) placed in the 

illuminated portions of the diffuser plane. These codes are described 

in Chapter 2 of this thesis under the heading, "Pseudo-Random 

Sequences." 

C. Objectives of this Work 

The first major objective of the work to be discussed in this 

thesis was to specify a set of codes to be implemented in the diffuser 

of the space-variant optical processor. In specifying the codes, we 

also wished to find a practical way to fabricate the coded diffuser 

and use it in the optical processor. The second objective of this 
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work was to assess how well these codes (which are commonly used in 

spread spectrum communication systems) reduced the unwanted crosstalk 

between the multiplexed holograms. 



CHAPTER 2 

PSEUDO-RANDOM CODES 

A. Introduction 

1. Summary of Previous Work 

In the previous section of this thesis, several methods were dis

cussed which permit space-variant operations to be performed by a co

herent optical processor. Marks, et.al.( 2) demonstrated the sampling 

theorem approach to the problem of representing a space-variant transfer 

function with the optical processor. Deen, et.al.(5), demonstrated a 

sampled-input processor which employed extinction-angle multiplexing. 

Krile used a random diffuser to phase encode the reference beams used in 

recording and playing back responses from a sampled-input optical pro-

cessor(6).J.a Macchia and White used a diffuser in the reference beam to 

multiplex many holograms onto one recording medium, and made signal-to-

noise ratio measurements for the playback of the holograms(7). (8-10) 

2. Motivation for Work on Coding 

This chapter of the thesis considers the properties of a random 

diffuser that make possible the multiplexing of a large number of 

holograms onto a single recoding medium. What is desired is a diffuser 

that will allow many holograms to be recorded and played back without 

crosstalk between holograms. 

B. Analysis of a Holographic Setup Uing a Diffuser in the Reference Beam 

1. Mathematical Description of the Operation of a Phase Function 
Diffuser in Recording and Playback of Transfer Functions 

For simplicity, the action of a diffuser in the reference beam of a 

17 
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holographic setup, the system, the processor and the terms of interest 

are described in only one dimension, x. 

The terms of interest in Fig. 2-1 are for the n impulse response 

or point soread function due to the input 6(x - x ). Here h (x) is the 

n impulse response, H (f ) is the Fourier transform of h (x), or 
f* h 

equivalently the n transfer function of the optical system. The 

diffuser is described by the phase shift it imposes on an incoming light 

wave, e^ ' (attenuation of light will be ignored). When a selected 

portion of the diffuser (a "cell") is illuminated with a plane wave of 

amplitude r (the reference beam) the outgoing wave can be denoted as the 

n^ reference beam, r e^ ^^K The n reference beam's Fourier trans

form is in turn, denoted by R (f„). 
•̂  n x' 

The energy incident on the recording medium during exposure is pro

portional to the squared modulus of the light field incident on it. 

Assuming square-law behavior when the medium is developed, its trans

mittance is proportional to: 
M 2 

t a s |H + R I (2-1) 
n=l " " 

An expansion of t for the case of the two system response -

reference beam pairs gives (see Krile et.al. ( 6 ) ) : 

t a |H-|| + IH^I + H^R^ + H2R2* + H^*R^ 

• . , 2 , 2 

+ H2 R2 + |RTI + IR2I (2-2) 

where an asterisk indicates the complex conjugate. 
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Fig. 2-1. A holographic recorder using a 
diffuser in the reference beam. 
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On playback, (Fig. 2-2), t is multiplied by the incident light 

field to yield the outgoing light field transmitted through the medium. 

For instance, if both R, and R„ are present simultaneously on playback, 

0 = (R̂  + R2)t 

0 = (R^ + R2) (|Ĥ |̂  + |H2|^ + |R^|^ + | R 2 n 

+ R-jĤ R̂  + R^H2R2* + R-,Ĥ  R̂  + R2H2^2* 

+ R^H2 R2 + R2HiR-, + R2H-, R̂  + R2H2 R2 

(2-3) 

If complex exponentials are used to show the direction of propa

gation (see Goodman (1)), it is seen that with offset reference beams 

in the recording and playback stages, only four terms propagate through 

the lens L^ to the output plane. 

Thus, only the terms 

0"= R^H-jR^* + R^H2R2* + R2H1R/ + R2H2R2* (2-4) 

propagate through the lens L-. to the output plane, x . When this result 

is Fourier transformed by lens L^, the following result is obtained due 

to Fourier transform theorems (Goodman (1), Krile et.al. (6)). 

o' = (r^i^r^) * ĥ  + (r2A'r2) * h2 

^ {r:^r^) * h^ + {r^^r^) * ĥ  (2-5) 

where '^' denotes correlation and "*" denotes convolution. The first 
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Output plane 

Fig. 2-2. Diffuser used in playback of recorded 
holograms. 
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two terms are desired responses, and the latter two terms are undesired 

crosstalk. Krile, et.al. (6) described the action of a "good" diffuser 

for this particular application as having a Dirac delta function-like 

peak in the autocorrelation of diffuser cell, while the cross corre

lation of diffuser cell with any other cell should be a low-valued 

function. Thus the crosstalk term would be effectively suppressed with 

the result that the output is given by: 

o' = h-, + h^ + a diffuse background (2-6) 

owing to the sifting property of the delta function (Goodman (1), 

Krile (3)). 

The actual properties of a particular diffuser can be evaluated 

either by experiment or by simulation on a computer. Analytically, some 

idea or the result can be obtained by writing out the expressions for 

each of the four terms in Eq.(2-5) and calling the correlations of the 

reference beam fields w-. through w, , respectively, as we now proceed 

to do: 

w^ = r^Ar-j 

W2 = >^2^^2 

W3 = r^i^r^ 

W4 = r-^y^r^ (2-7) 

Now the reference beams may be described as follows 

r, = a rect 
X - X- je(x) 
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r2 = b rect 
X - x^ 

L 
.je(x) (2-8) 

where 
1, Ix 1/2 

rect (x) = 

0 otherwise 

Note that a and b are the amplitudes of r, and r^ respectively, and 

i 9 (X) diffuser function, e^ ^ is assumed to be a pure phase function. The 

autocorrelation of r, would then be given by: 

WT(?) = a r rect 
I -00 

X - x^ - ?1 rx - X, n 
rect 

eje{x - c)g-je(x) ^̂  (2-9) 

i fl f X ) 
To evaluate w,, one must now know something about e^ ^ . Thus an 

assumption will have to be made. 

2. Statistical Model and Motivation for Coding 

i fl f X ̂  
If e(x) is a random process in x then e ^ ^ ' is likewise a random 

process, and assuming an ensemble of diffusers' phase functions 9(x), the 

expectation can be taken of w,, assuming stationarity and ergodicity: 

E(w^) = a'̂  E 
00 

— 00 
/ rect 

X -
— rect 

X - x^ - C Je(x - c) 

e-J'^(^)dx 

a R r -.1 (c)/" rect 
expLje] -~ [̂ ] rect 

X - x^ - C 
dx 

= a %[J6](^'4I] (2-10) 
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where Rpvnriel(^)» ̂ ''̂^ autocorrelation of e^^^^^ , is not to be confused 

with R^, the Fourier transform of the n reference beam, as introduced 

earlier in the chapter. Note that the triangle function A(X) is defined 

by: 

A(X) = 1 1 - |X| |xi 1 1 

otherwise 

Similarly for the crosstalk term, w , in Eq. (2-7), one obtains the 

mean value: 

E(W3 ) = ab R .^U) A 
rc - x̂  + X2 

(2-11) 

where, aside from the multiplicative constants, the only difference 

between Eq.(2-10) and (2-11) is the argument of the triangle function 

that selects which part of the autocorrelation function R r-^T(c) is 

^ expLjej' 

present. Clearly one has to know something about the autocorrelation 

properties of the diffuser. Here, we have assumed that the spatial 

average we desire to find is the same as the expectation we have taken. 

There is no guarantee that this is true. Also we have specified the 

autocorrelation of the diffuser function. However, given a desireable 

autocorrelation, there is no way of uniquely specifying the actual 

diffuser function. This leads us to a consideration of the pseudo

random sequences in the next section. 
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C. Pseudo-Random Sequences 

1. Coding 

What one expects of a code can be known by reviewing what it is 

supposed to do. The correlation functions, w, through w., illustrated 

by Eq's. (2-9) through (2-11), must be convolved with the point spread 

functions obtained from the optical system, to yield the output of the 

optical processor. Getting the result that Krile, et.al. (6) expected 

would require not only that the crosstalk from the (r.i^r2) * h^ and 

{r^r.) * h, terms in Eq.(2-5) be low, but also that the individual 

autocorrelations of r, and r« be as similar to Dirac delta functions as 

possible, so that (r,^r,) * h, and (r^lfrrp) * h^ are as close to h-, and 

h^ respectively, as possible. For this to be the case, the family of 

codes should be a good approximation to a random diffuser, e , and 

each code should have roughly the same expectations as a "cell" of the 

random diffuser (see Kendall and Smith (11)). This prompts one to look 

into other areas where pseudo-random codes with Dirac delta function

like autocorrelations and bounded cross correlations have been used. 

2. Gold Codes 

In the holographic optical processors described above, the charac

teristics that are of particular interest are the spatial correlation 

function characteristics of the diffuser in question. This problem is 

similar to that which confronts those who work with spread-spectrum 

correlations of shift register output seouences (cyclic codes) have been 

the topic of several papers by Gold (12,13) and others. Gold found that 

binary sequences known as "maximal length sequences," and certain other 
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sequences exhibited a bounded crosscorrelation between members of each 

"family" of codes and also had certain autocorrelation properties. 

a) Description of Shift Register Sequences 

Before going further, an explanation of certain terms relating to 

binary shift register output sequences is in order. In the notation 

used in describing shift register output sequences, a polynomial in x 

is used to represent a particular shift register(12-l6). The output 

sequences of the register have properties that are related to the 

algebraic properties of the register's polynomial. One sequence can be 

found by dividing the polynomial into unity, where 

^ = h ^ + h^x + h2x2+ ... (2-12) 

The coefficients, h, are then taken module two to yield the binary 

2 3 
sequence. Thus the polynomial 1 + x + x + x can represent the binary 

2 3 
sequence 11001100 and the polynomial 1 + x + x can represent 

lOniOOlOlllOO... A maximal length sequence of degree n is one whose 

polynomial is "primitive:" where a polynomial of degree n is described as 

being primitive if it divides 1 + x " but no polynomial of the form 

1 + x'̂  for p < 2n - 1 (see Zierler (14)). The actual working of shift 

registers is discussed more thoroughly by Chapter 3, Section B, in the 

first paragraph, which deals with the computer generation of pseudo

random binary sequences. 

Maximal length sequences have the property of having an in-phase 

(origins of both codes are the same) autocorrelation equal to the length 

of the period of the sequence, (e(o)= 2 ) and an out-of-phase (origin 
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of one code shifted with respect to the other) autocorrelation of -1, 

where the correlation is defined as: 

e d ) = # of agreements - # of disagreements (2-13) 

for one cycle of the code and T is the shift between the origins of the 

codes (see Gold(12,13)). Crosscorrelations, however, may be much 

larger for different maximal length sequences of the same orders. 

b) Techniques for Obtaining Gold Codes 

Gold found that a family of encoding sequences having uniformly 

upper-bounded crosscorrelations could be constructed by using two 

primitive polynomials of degree n (n not divisible by four)(12,13). 

The polynomials are multiplied by each other, yielding a polynomial of 

order 2n, which then represents the shift register used to generate 

the family of codes. This shift register, with the proper seeds, will 

generate 2 + 1 sequences of length 2 - 1, whose crosscorrelations 

obey the upper bound given by 

( ^ ) 
2 ^ , n odd 

e(T)| <\ (2-14) 

( ^ ) 
i2 , n even 

between two different codes, with displacement between origins, T. 

Primitive polynomials are tabulated for most useful orders (15,16). 

Thus, families of cyclic codes which have bounded crosscorrelations 

can be obtained. These will be scrutinized for use in an optical 

orocessor in the following section. 
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c) Evaluation of Gold Codes for Use in the Optical Processor 

There are problems with implementing Gold codes as described 

above; (1) The cells illuminated by the reference beams of the 

processor have a finite size. (2) A periodic sequence such as a Gold 

code has a periodic autocorrelation. The first problem is that since 

a Gold code is periodic, it has infinite extent in the domain it 

occupies. To implement a Gold code as a periodic function in a 

reference beam diffuser would require an infinitely large diffuser. The 

second problem would arise even if there were a way of using a cyclic 

Gold code. Here the autocorrelation would be a periodic array of 

functions approaching Dirac delta functions. This, when convolved with 

a point spread function from an optical system would produce multiple 

replicas of the point spread function, and thus, give undesired terms 

in the output plane of the processor. These two problems make it 

necessary to use only one period of the Gold sequence. Even so, the 

Gold sequences so far, have proved to be desirable aperiodic codes. 

The current state-of-the-art for generating aperiodic codes is to 

take one period of a desirable cyclic code and examine that period to 

see if the characteristics that made the code desirable in the periodic 

case are still present in the aperiodic case. If this is the case, 

then the code is implemented and evaluated for its actual performance; 

and this performance is supposedly justified by the same logic as in 

the periodic case (see Boehmer (17)). In this study, a digital computer 
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was employed to evaluate the correlations between every pair of 

sequences under consideration (see Appendix A program 2). In every case 

which was evaluated, Gold's bound (Eq(2-14)) was obeyed. The sequences 

were then employed in generating the reference beam diffuser for the 

sampled input plane coherent optical processor. 

d) Synthesis of Coded Diffuser Masks 

In using Gold codes to generate the family of diffusers for 

implementing a space-variant coherent optical processor, a way must be 

found to utilize the desirable properties of the codes, and in particu

lar to realize the autocorrelation as described earlier in Eq.(2-13). 

In radio frequency communication systems. Gold codes are implemented by 

shifting the carrier by 180 degrees for a zero, relative to its phase 

for a one. In this temporal case, integrating over one period, T, of 

the cyclic Gold sequence yields: 

e^d) = f] g^(t) g2*(t - x) dt (2-15) 

Given a sequence of length 2" - 1, the integral is easily evaluated 

for value of T equal to integer multiples of — . The answer is 
(2"-l) 

merely 

t [(2"-l). 
(# of agreements - # of disagreements) 

(2-16) 

over length T, since the contribution of an area where two tl's or 

where two -I's coincide is — , and where a -1 and a +1 coincide, 
(2"-l) 
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the contribution to the total area is —— . Thus, the 6.(1) in this 

(2"-l) ^ 

case is merely the continuous analog of the discrete case, 6(1), as 

described in Eq. (2-13),but scaled by—— (2"-l) ' 

In an analogous manner, a diffuser might be constructed where a 

sub-area representing a one could shift the phase of incident light by 

180 relative to the phase of the wavefront leaving a sub-area repre

senting a zero. Thus a diffuser function of e"^^^^^ could be specified 

by the phase Gold code, g(x). 

There also is the problem of extending the one-dimensional Gold 

code in order to implement it in a two-dimensional diffuser. In the 

first section of this chapter, the mathematical representation was 

presented in one dimension for the purpose of simplifying the calcu

lations. In a two-dimensional case, both dimensions must be considered, 

One method to extend the Gold code into two-dimensions might be to use 

one code for all rows, and shift the origin one position to the right 

relative to the code in the row above it. This gives a two-dimensional 

code in which all diagonals going from top left to lower right have the 

same number. This results in an undesirable diagonal "ridge" in the 

autocorrelation, and not the Dirac delta function-like distribution 

which was desired. The method which was used uses a code designed to 

be separable in two dimensions, with 

D^y(x,y) = D^(x) . D^(y) (2-17) 
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This allows operations using the code to be done separately in two-

dimensions. Also, its autocorrelation is similar to a Dirac delta 

function. 

Now if a Gold code in x is multiplied by a Gold code in y, the 

resulting function simplifies integration in two-dimensions. Replacing 

the e"^^^^^ in Eq.(2-ll) by gi(x) and ^^(y) and integrating over both 

X and y. 

W2 (C,n) = //^ rect 
x-x^-C 

rect 
x-x. 

rect 
•y-y^-n 

rect 
y-y-

gi(x) g^*(x - K) 

g2(y) 92*iy - ^) Îxdy 

= A (f) ê  U) A(J) 62 (n) 

= 8^(C) e2(n) A (|) A Q) (2-18) 

Where e,(c) is the continuous analog of the discrete auto

correlation 9(T) of code g,, and a similar relationship exists between 

9«(n) and 9(T) of g^. Note that the answer is separable in two-

dimensions, and is equal to the product of the autocorrelation in x and 

the autocorrelation in y. 
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D. Improvement in Coding Performance Using a Spherical Wavefront 
Input to the Diffuser 

Up to this point, we have seen that the group of binary codes with 

bounded crosscorrelations might allow a diffuser to be made with 

desirable hologram multiplexing capabilities. However, the codes, as 

developed above, may not have the performance desired for the operation 

of the optical processor. The phase Gold codes g(x) have only two 

possible values, +1 and -1, for each area of the diffuser, so that only 

a limited number of codes are possible for a finite area array. A 

richer, or better performing set of codes can be made possible by 

allowing values other than +1 or -1. A way of doing this would be to 

use a spherical wavefront to illuminate the diffuser. This method is 

analogous to a radar system in which a chirp, or varying frequency 

carrier, is transmitted. 

An arrangement for using a spherical wavefront input to the 

reference beam diffuser could be similar to that of Fig. 2-3, where 

an array of lenses (a fly's eye array) is used to illuminate the 

different cells of the diffuser. The term propagating from the 

diffuser is now: 

•"x-x 2 
I \ - f \ ja(x-X ) . 

r^(x) = g^(x - x^)e^ n' rect 
n (2-19) 

where g (x) is the phase Gold code as described in the paragraph after 

Eq.(2-13), X is the center coordinate of the diffuser cell, a is the 

phase curvature, and d is the width of the diffuser cell. This term 

is then Fourier transformed by lens L-j and interferes with the transfer 

function of the optical system, H^, to expose the recording medium. 
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Mask g (x) 

g^(,)e-ja(x-x^) 

Recording 
Medium 

Fig. 2-3. Using a spherical wave to illuminate the 
diffuser in the recording of a transfer-
function hologram. 
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Input transparency 

Diffuser g (x) n 

g (^)e-ja{x-x^)' 
Developed Output 
recording medium plane 

Fig. 2-4. Playback of the hologram recorded as in Fig. 2-3, 
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Upon playback, (Fig. 2-4) the terms that appear in the output plane for 

two recordings are 

0' = (r^Ar^) * K + {r±r ) * h. + [rjKr^) * h. 

+ (r^i^r^) * ĥ  

= (ŵ  * h^) + (w2 * h2) + (W3 * h2) + (w^ * h^) 

(2-20) 

where w ^ W2, w^, and w^ are the functions to be convolved with the 

impulse responses as noted after Eq.(2-7). 

Looking at w^ gives the autocorrelation function 

1̂ =C Qî x - x̂ )ê *̂ ^̂ -'l'̂  ^ ^ 4 ^ " ^ . 

g-,(x - x.| - c)e -ja(x-x^-C) rect 
X- x̂  - ? 

dx 

(2-21) 

W3 = /:g^(x-x^)eJ*^(^- ^I'Sect 
x - x . 

g2(x - X2 - c)V^(^-'2-^' rect 
X - X2 - C 

dx 

(2-22) 

This expression is difficult to analyze analytically, but a computer 
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simulation was done to yield graphs of w, and w~ for spherical wave 

illumination (of various curvatures) and plane illumination of a 127 bit 

Gold coded diffuser (see Appendix A, program 5, and Fig. 2-5). 

Figure 2-5(a) shows the autocorrelation of a plane wavefront 

illuminated code and Fig. 2-5(b) shows the crosscorrelation of two 

different plane wavefront illuminated codes. Figure 2-5(c) shows the 

autocorrelation of a spherical wavefront illuminated code, and 

Fig. 2-5(d) shows the crosscorrelation of two different spherical 

wavefront illuminated codes, where the curvature of the wavefronts 

corresponds to a point source illuminating a 0.38 cm wide diffuser from 

a distance of 2.0 cm. Figure 2-5(e) shows the autocorrelation of a 

spherical wavefront illuminated code and Fig. 2-5(f) shows the cross-

correlation of tv/o different spherical wavefront illuminated codes, 

where the curvature here corresponds to a point source illuminating a 

0.38 cm wide diffuser from a distance of 0.4 cm. Figures 2-5(a,c,e) 

represent the function w, which is to be convolved with the desired 

optical point spread function, and Figs. 2-5(b,d,f) represent the 

function w-, which is to be convolved with an undesired optical point 

spread function, yielding a crosstalk term. It is desired that the 

function w, be similar to a Dirac delta function, and the function w-

be a low-valued function. Thus, the spherical wavefront illuminated 

codes are seen to perform much better than the plane wavefront 

illuminated codes, and as the curvature of the wavefront illuminating 

the coded diffuser increases, so does the performance of the codes. 

Notice, though, that as the curvature of the wavefront increases, the 
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Fig. 2-5. Plots of Correlations of Codes with 
Various Curvatures. 
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amplitude of the undesired crosscorrelation term, w^, and the undesired 

sidelobes of the autocorrelation term, w., tend to "bunch up" around 

the middle of the graph. This is due to the fact that where the 

curvatures of the light illuminating the codes being correlated are 

similar (the center ordinate in this case), the spherical wavefront 

does little to augment the properties of the codes. Thus, to obtain 

the best performance, from a coded diffuser, the codes must perform 

reasonably well even without spherical wavefront illumination. 

E. Conclusions 

As just described, techniques used in spread-spectrum communi

cations have been incorporated here for use in multiplexing holograms 

to suppress crosstalk upon playback. It is important to have families 

of codes which guarantee bounded crosscorrelations between family 

members. Also, the performance of the codes, when used in a diffuser, 

can be improved by using a spherical wavefront to illuminate each 

section of the diffuser. 

The next chapter deals with computer simulations of these 

techniques, and in addition simulations will be compared with 

experimental results. 



CHAPTER 3 

COMPUTER SIMULATIONS 

A. Outline and Requirements 

In developing the theory concerning multiplex holography, 

expressions arose that were difficult to solve analytically, such as 

the autocorrelation of the diffuser in Eq.(2-8), and others. These 

expressions, though, were not hard to evaluate using a digital computer, 

so a major part of this work was done using computers. In this chapter, 

we will discuss the following topics: 

1. Models of the shift registers used to generate the pseudo

random coding sequences. 

2. Means of testing the properties of pseudo-random sequences. 

3. A program to draw master copies of diffusers given pseudo

random sequences as inputs. 

4. Modeling the holographic multiplexing process. 

5. A program for drawing pictures of the output of a simulated 

hologram. 

To accomplish the results discussed in this chapter, the following 

items are required: 

1. A computer facility with at least 1 Megabyte of core memory, 

and a FORTRAN IV compiler. 

2. A FORTRAN SSP library of subroutines including subroutine 

HARM (FFT subroutine). 

3. A Calcomp plotter. 

39 
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B. Generating and Evaluating Pseudo-Random Binary Sequences 

1. Generating Codes 

In Chapter 2, pseudo-random binary sequences were used to specify 

which sub-areas of a binary diffuser would shift the wavefront of 

transmitted light by 180 degrees relative to the wavefront of light 

transmitted by other sub-areas of the diffuser. Certain sequences, as 

described by Gold(12,13) had the desired characteristics. 

In generating the pseudo-random sequences that Gold describes(12,13), 

the computer performs the job of acting like the shift registers that 

generate the sequences to be used; for example, the shift register 

7 6 R 11 1? 14 

represented by the polynomial 1 + x + x + x + x + x + x (see 

Chapter 2, "Gold Codes") is connected as shown in Fig. 3-1. This shift 

register may be simulated by the routine shown in Appendix A, Program 1, 

where the maximum length of the period of the sequences is 127. Now 

that the sequences of I's and O's are obtained from the shift register, 

the sequences to be evaluated and employed in making a diffuser mask for 

the optical processor are obtained by substituting +l's for I's and -I's 

for the O's. This is done internally by the programs in Appendix A, 

Program 2, 5, and 6, but has to be done by the programmer for Program 3. 

The routine in Appendix A, Program 6 draws a master copy of the diffuser 

fron any sequence of numbers punched in on the data deck. It assumes a 

127 bit code, and plots a two-dimensional separable mask where a -1 is 

a blank space and a +1 is a shaded region. Chapter 4 of this thesis 

deals with how to make an actual diffuser with the master copy just 
obtained. 
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Modulo 
2 Adder 

Output 

Fig. 3-1. Shift register represented by the 
2 6 ft 11 

polynomial 1 + x + x + x + x + 
12 14 X + X , where x is a unit delay. 



42 

2. Evaluation of Codes 

A shift and add subroutine for evaluating the auto- and cross-

correlations of sequences such as those developed above is presented 

in Appendix A, Program 2. The input sequences V, and Vp are the length 

of the code to be evaluated (here the length is 127). The output 

sequence, C is twice the length of V, and V^ less one, and represents 

the correlation between V, and V«. The subroutine is employed in the 

main routine in Appendix A, Program 2 to evaluate the performance of 

several of the sequences and select the best ones for use in a 

simulation, or for constructing the reference-beam diffuser mask for an 

optical processor. 

Measures of performance that can be used to evaluate the auto- and 

crosscorrelation values now obtained are:* 

1) the sum of squares (SS). 

253 « 
SS = Z (C.)^ (3-1) 

i=l ^ 

2) The peak absolute value (PAV) 

253 
PAV = MAX |C.| (3-2) 

i = l ^ 

3) The sum of absolute values (SAV) 

253 
SAV = Z |C.| (3-3) 

i=l ^ 

J.L. 

*For testing the autocorrelations, the central (or 127 in this 
case) term is excluded. This is because these tests are a measure of 
the values of the undesired correlation terms, and this central term of 
the autocorrelation is a desired term whose value should be large. 
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4) The absolute value of the sum (AVS) 

AVS = 
253 
Z C. 
i=l ^ 

(3-4) 

All of these are for a 127 bit code. 

The "best" code in term of its autocorrelation would be the one 

having the lowest values for each of the four tests. The test for 

performance of the codes in terms of crosscorrelation would be the 

same except that two different codes would be used in V, and V^ in the 

subroutine of Program 2, and the 127 term would be included in the 

tests. Here the performance tests measure how little the two codes 

interfere with each other. 

These four performance tests can be visualized as certain aspects 

of the performance of the codes in an actual optical processor. The 

autocorrelation tests simulate a point source being recorded and played 

back with the same code. The S.S. is a measure of the total intensity 

or energy of the undesired light in the output plane and the P.A.V. is 

a measure of the magnitude of the worst interfering undesired product. 

The S.A.V. is the sum of the magnitudes of the undesired products, and 

the A.V.S. is a measure of the amount of buildup of the amplitude of the 

undesired light. Similarly the crosscorrelation tests simulate the 

recording of a point source input with one code, and the attempt to 

play it back with a different code, simulating a crosstalk term. 

The tests applied above to the codes previously obtained are 

useful in evaluating the performance of the codes by themselves. 
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However, refinements such as the spherical wavefront illumination of the 

diffuser made from these codes, can alter the coding properties 

dramatically. Therefore a slightly more sophisticated routine. 

Appendix A, Program 5, is used to draw a plot of the correlation 

between two input codes, so that the correlation can be evaluated 

visually. This program divides each individual bit of the codes to be 

checked into 16 subdivisions so that the program more closely approxi

mates an actual diffuser with a discrete one-dimensional array. A 

parabolic approximation to a spherical wavefront illumination of a 

diffuser cell is made by multiplying each element of the arrays by a 

complex exponential whose argument is a quadratic function of the 

subscript of the element. The subroutine HARM, a fast Fourier transform 

subroutine (which will be discussed more in the next section), is used 

to Fourier transform the arrays, and the correlation theorem of Fourier 

analysis is used to obtain an array which represents the correlation 

between the two arrays that were considered. The magnitude of the 

elements in the array representing the correlation is then plotted, 

using a CALCOMP plotter. This routine is the one used to solve 

Eq.(2-22), and whose outputs appear in Fig. 2-5. The next step is that 

of simulating the holographic multiplexing and playback process, which 

will be discussed in the next section. 

C. Simulation of Holography 

In simulating the holographic multiplexing and playback process, 

arrays of numbers are used to represent light field amplitudes incident 

on certain planes and the transmittances of a recording medium. Since 
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Fourier transform operations are used extensively in coherent optical 

processing, a computer simulation of the optical processor should use 

a discrete approximation to the Fourier transform. It might be possible 

to obtain the same output results as the following program by using 

two shift and add routines, one similar to CORREL in Appendix A, 

Program 2, and a similar one to perform convolutions. However if this 

were done, the similarity between the simulation and the optical 

processor would be lost, since the frequency domain could not be 

directly manipulated. Also it would be very cumbersome to carry out a 

simulation in two dimensions. Several fast Fourier routines are 

available, and the one that is used in this simulation is the HARM 

subroutine, which is listed in the IBM FORTRAN SSP library. Using HARM, 

a technique such as the one described next can be performed. 

The operation of the computer program here is to simulate each 

significant step done in the optical processor. First, a review of the 

steps done in the actual processor is in order: 

1) The description of the first point-spread function from the 

optical system is h,. (See Chapter 2, Section B, "Analysis of 

a Holographic Setup...") 

2) The description of the first encoded reference beam is g,. 

3) The lenses L, and L2 (see Fig. 2-1) take the Fourier transform 

of the point spread function and the reference beam. 

F{h^} = H^ and F{g^} = G., (3-5) 

4) When the recording medium is exposed and developed, the 

transmittance due to the first exposure is (see Eq.(2-1)) 
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t = |H.| + G^l^ (3-6) 

Note that when t is expanded in terms of G, and H, as in 

Fig. 2-2, only the terms representing the products of H 

and the conjugates of G appear in the output plane. Thus 

only the term 

f = H^G^i* (3-7) 

needs to be considered (see Eq.(2-2) through (2-5) and the 

associated discussion). 

5) Subsequent exposures are represented by the sum: 

M 
t = Z H.G.* (3-8) 

j=l J J 

(see Eq.(2-1)). 

6) The playback beam is described as g . 

7) The lens L, then takes the Fourier transform of the playback 

beam: 

8) The amplitude of the light transmitted by the medium in the 
.I.L. 

playback of the n desired impulse response of the optical 

system is (see Eq.(2-5)): 
M 

0' = G„ Z H.G * (3-9) 
n j^i J J 

9) The amplitude of the light field transmitted by the medium 

is then Fourier transformed by lens L- to yield the light in 
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the output plane: 

M M 
HO'} = ( I g J * ( 2: h.-^g.) = 0 

j=l " j=l ^ ^ 
(3-10) 

where "̂  denotes correlation and * denotes convolution. 

10) The light incident on the output plane is then 0'. 

The steps performed in the computer simulation of the recording 

and playback operations are quite similar to the mathematical expres

sions of the action of the processor. Each plane in the optical 

processor is represented by a complex array in the computer simulation. 

The output plane of the optical system to be recorded is represented by 

the complex array A. The reference array is represented by the complex 

array R, and the recording medium is represented by the complex array T, 

On playback, the array A is used again to represent the output plane of 

the optical processor. A real array, YPLOT, is used to simplify the 

reading in of data and the writing and plotting of the output of the 

program. A flow chart (Fig.3-2) shows the operation of the program, 

and an explanation is outlined below: 

1) The first point spread function from the optical system is 

represented in the program by reading in the array A^j. 

2) The first encoded reference beam is represented by reading 

in the array R,. 

3) The Fourier transforms of the point spread function and the 

reference beam are performed by the subroutine HARM. 

4) The exposure of the recording medium is simulated by letting 

the array 
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12 

( Start ) 

M M 
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[YPLOT]=0.0 
[A]=CMPLX(0.0,0.0) 
[R]=CMPLX(0.0,0.0) 

,̂  1 
\READ [YPLOT] 

[A]=[YPLOT] 
[YPLOT]=0.0 

T 
CALL HAFTIfAl 

N^AD LYPLOTj \ 
E 

[R] = [YPLOT] 
[R]=[R]*exp[ I**2] 
[YPLOT]=0.0 

I 
CALL HARM[R] — 27r rT l = rAl*C0NJGr Rl 

13 
15 
17 

14 
16 
18 

\READ fYPLOTl \ 

[A]=[YPLOT] 
[YPLOT]=0.0 

T 
CALL HAPMFAl 

• > o 
\ R E A D FYPLOTl \ 

[R] = [YPL0T] 
[R] = [R]*exp[ I **2] 
[YPL0T]=0.0 

CALL HAm[R] 
25, 
23i rTi=rA 
21 

Repeat 
three 
times 

*C0NJGrR>[T 

19 

301 
302 
304 
306 
305 

X READ FYPLOTl \ 

[R]=[YPLOT] 
[R]=[R]*exp[ I**2] 
[YPLOT]=0.0 

I 
CALL HARMFR! 26IFA1=FT1*FR 

[ R ] = [ f i l t e r array 6031[A]=[A]*TRr 

I CALL HARf^-lTA ^ 

£ 
29lrYPL0T>CABSrAl*0.02 

£ 
\ WRITE LVPLOTJ (line printer) \ 

£ 
\FIINCH [YPLOT] (card punch) \ 

c £ 
END J 

Fig. 3-2. Flow Chart of Holographic Multiplexing 
and Playback Simulation. 

file:///READ
file:///READ
file:///READ
file:///FIINCH
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T = CONJG(R^) X A^ (3-11) 

(see Eq.(3-6) and (3-7). 

5) Subsequent exposures of the recording medium are simulated by 

letting the array 

T = T + CONJG(R ) X A (3-12) 
^ n' n 

6) The playback beam is then represented by reading the array R . 

7) The Fourier transform of the playback beam is performed by 

the subroutine HARM. 

8) The amplitude of the light transmitted by the medium in the 

playback of the impulse response of the optical system is represented 

by letting A = (R ) (T) (3-13) 

9) Then, the amplitude of the light in the output plane is 

represented by using the HARM inverse subroutine (done by changing a 

subscript in the argument of the HARM statement) to take the Fourier 

transform of A^.. 
pb 

10) Documentation is performed by writing or plotting the magni

tudes of the elements of A . (which represent the light in the output 

plane). This simulation of the coherent optical processor is performed 

by the program listed in Appendix A, Program 3. Other refinements that 

have been added to the simulation are a simulation of spherical-

wavefront illumination of the reference diffuser (similar to Program 5 

in Appendix A) and a simulation of spatial filtering of the output of 

the processor. 
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In simulating the playback of the optical processor, the output 

light field values could be printed out on a line printer (which has 

been done) but one might want a more dramatic display of the output. 

The method used here is a hidden line plot of the output values of 

the program. A deck of cards is punched with the output values of the 

simulation program, and these cards are used as data for the program 

in Appendix A, Program 4. A CALCOMP plotter was then used to plot the 

outputs shown in Fig. 3-3. 

Figure 3-3(a) shows the simulation of the ouput of a processor 

using a 31 x 31 bit Gold-coded reference diffuser. One input, an 

"A," was recorded and played back using the same coded diffuser. Notice 

the "A" is lying down" with its base toward the right. Other shadowy 

"A's" seem to surround it, and these represent smaller peaks in the two-

dimensional autocorrelation of the 31 x 31 bit code, that were convolved 

with the "A." Figure 3-3(a) simulated a plane wavefront illumination 

of the diffuser, and no spatial filtering. Figure 3-3(b) shows the 

same simulation except that a spherical wavefront illumination of the 

diffuser was employed, together with spatial filtering.* Note that 

though the output looks less like an "A," the shadowy, surrounding 

"A's" seem to be reduced in magnitude. Figure 3-3(c) shows what 

*When the spherical wavefront simulations were performed, the out
puts as plotted by the hidden-line plot were completely unrecognizeable, 
due to aliasing effects that occurred because of the discrete nature of 
the simulation. Binary spatial filtering was used to filter out the 
high frequency terms in the output, so that the general shape(low fre
quency terms) would be revealed. In an actual optical processor, binary 
spatial filtering having a cutoff frequency the same as the input sam
pling rate would be used. (Note that this performs the convolution (as 
noted in Eq.(l-5)) with the sine functions.) 
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happened when four inputs, "A," "B," "C" and "D" were recorded, and 

only the "A" was played back. The output contained crosstalk which 

surrounded the "A." Here again the spherical wavefront illumination of 

the diffuser and the spatial filtering were simulated. Figure 3-3(d) 

shows the inputs "A," "B," "C," and "D" used in the simulations. 

Some 1-D simulations of holography were also performed using 

Program 7 in Appendix A, in order to assess more accurately the merits 

of using a spherical wavefront to illuminate the coded diffuser. In a 

similar manner to the code evaluation routine of Appendix A, Program 5, 

each element of the reference array and object array was broken into 

16 subelements. In these 1-D simulations, no multiplexing was done; 

only one "object" was recorded and played back. A desired playback 

term was simulated by using the same code to record and play back the 

"object," and a crosstalk, or undesired term was simulated by recording 

the "object" with one code and attempting to play it back with a 

different code. This program simulated spherical wavefront illumination 

of the diffuser by multiplying each reference subelement by a complex 

exponential whose argument is a quadratic function of the subscript of 

the subelement as in Program 4 and 5 of Appendix A. The results 

obtained from these simulations were plotted, and appear in Fig. 3-4. 

Figure 3-4(a) shows the "object" to be recorded in the simulation. 

Figures 3-4(b,c) show a desired term and a crosstalk term, respectively, 

recorded and played back using codes which represent Gold-coded 

diffusers illuminated by plane wavefronts. Figures 3-4(d,e) show a 

desired term and a crosstalk term, respectively, recorded and played 
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back using codes which represent Gold-coded diffusers illuminated by 

spherical wavefronts. This curvature corresponds to a point source 

placed 1.5 cm away from a 0.38 cm wide diffuser cell, and is simulated 

by multiplying each element of the array by exp [j(0.0001333)(I-2048) ]. 

where I is the subscript of the element. Figures 3-4(f,g) is similar 

to Figs. 3-4(d,e), except that the curvature of the wavefront corre

sponds to a point source 0.75 cm away from the 0.38 cm wide diffuser 

cell, and is simulated by multiplying each element of the array by 

exp [j(0.0002666)(I-2048)^]. From these 1-D simulations, it is seen 

that the more the curvature that appears on the wavefront illumination 

the diffusers, the more faithfully the desired terms of the simulation 

reproduce the object that was recorded. Also, the more curvature that 

appears on the wavefront, the more the crosstalk terms are suppressed. 

D. Conclusions 

These computer simulations are a handy way of checking the 

performance of the Gold codes and refinements in the coding schemes. 

A good way to confirm the accuracy of the computer simulations is to 

compare the results obtained here with those of successful experiments 

performed with analogous conditions. Some results appear in the next 

chapter. 



CHAPTER 4 

IMPLEMENTATION OF PSEUDO-RANDOM CODING FAMILIES 

IN THE COHERENT OPTICAL PROCESSOR 

Now that an approach to the use of spread-spectrum techniques has 

been presented, the actual performance of this approach will be 

evaluated by experimental means. In this chapter, two topics will be 

covered: 

1) Methods used in employing the spread-spectrum codes in the 

optical processor. 

2) Results obtained in the processor using the codes. 

Though some of the details will be covered in Appendix B, a brief 

outline is given in the following section on setting up the processor. 

A. Methods Used in Employing the Spread-Spectrum Codes in the 
Optical Processor 

In describing the use of pseudo-random binary codes in an optical 

processor, a discussion of the processor itself is in order. To record 

holographic representations of space variant optical systems, the setup 

shown in Fig. 4-1 can be used (Krile, et.al. (6); Deen, et.al. (5)). In 

this setup, each of the reference beams and corresponding samples of the 

optical system's point spread function are used (after Fourier trans

forming) to expose the recording medium sequentially. The reference 

beams are each encoded with the spatial Gold codes, so that the output 

of the playback setup (Fig. 4-2) is as close as possible to the sum of 

the desired point spread functions (see Eq.(2-6) and (2-7)). 
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Reference 
beam 

Diffuser encoded 
with spread-
spectrum codes 

Fig. 4-1. Recording optical system responses 
using coded reference beams. 
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Playback 
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Same diffuser as 
in Fig. 4-1 

f ^ / Recording medium 
as recorded in Fig. 4-1) 

Output 
plane 
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Fig. 4-2. Playing back responses using coded playback beams. 
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The coding of each reference beam's phase with the pseudo-random 

codes was accomplished by making an array of the codes into spatially 

disjoint squares on one diffuser plate as shown in Fig. 4-3. To do 

this, the Gold codes, described in Chapter 2 and generated as described 

in Chapter 3, were used as data for the routine in Appendix A, Program 6. 

A Calcomp plotter was used to plot a master copy of the diffuser 

pattern, and a 35 mm camera was used to reduce this master copy to the 

size required for the diffuser. (Details appear in Appendix B.) This 

reduction was then used to contact print the diffuser pattern onto a 

positive-acting photoresist, Shipley AZ-1350, coated on optically flat 

glass. After development in the etching solution, the photoresist 

provided a variable relief medium, where incoming light (the reference 

beam) was shifted 180° by selected areas, relative to the other areas 

of the diffuser. Details of the method used to fabricate the diffusers 

are presented in Appendix B. The next step was to use the resulting 

diffuser in the optical processor. 

The diffuser plate described above was used in the setup shown in 

Fig. 4-4, to record and play back inputs to the optical processor. 

Arrays of fly's eye lenses were used to focus and re-expand the 

reference beams, and also to produce the 6(x - x̂ .) inputs to the 

optical system (Figs. 4-4(a) and (b)). 

For the first recording, the first lenses of each fly's eye 

array were illuminated, resulting in the 5(x - x,) input to the 

optical system and the illumination of the first coded 

diffuser cell. This in turn produced the h,(x) point spread function 
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Fig. 4-3. A Gold Coded Diffuser Plate. 
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Output plane of 
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(b) Sampling an optical system. 

Fig. 4-4. Experimental Setup of Optical 
Recorder and Processor. 
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from the optical system and the gi(x) phase wavefront from the 

diffuser. These two wavefronts were Fourier transformed by the 

lenses L-. and L2, exposing the recording medium with H, ( A ) and 

G-| (•̂ ) where X is the wavelength of the light and f is the focal length 

of the lenses L, and Lp. Subsequent recordings were made in a similar 

manner (see Krile (6)). (See Eqs.(3-5) and following.) 

After exposing and developing the recording medium, the same 

arrangement (Fig. 4-4), was used to play back the system responses. 

First, the light coming from lens Lp in Fig. 4-4 was blocked from the 

holographic medium. The reference fly's eye lenses corresponding to 

the desired responses were then illuminated, yielding the playback 

beams g (x), n = 1,2,...N. These beams' wavefronts were Fourier 

transformed by lens L,, thus illuminating the recording medium with the 

sum of the G (r^) terms. The light transmitted by the medium was then 
n AT 

re-Fourier transformed by lens L^, and the light intensity in the 

output plane could be observed visually, using a ground-glass screen; 

or could also be documented by exposing a photographic emulsion placed 

in the output plane. In the following section is a discussion of the 

results of the experimental setup as shown in Figs. 4-4 and 4-5. 

B. Results Obtained From the Processor Using the Codes 

The results shown in Fig. 4-6 were obtained from the optical 

processor shown in Figs. 4-4 and 4-5. A 2 x 2 array of point sources 

was used to represent the responses to be recorded. Figure 4-6(a) 

shows the output of the processor when no diffuser was used to encode 
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Fig. 4-5. Photograph of Optical Processor Setup. 
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(a) (b) 

(c) (d) 

Fig. 4-6. Some Outputs of the Optical Processor 
in Figs.(4-4) and (4-5). 
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the reference beams. Note several peaks of light around each point; 

this is the crosstalk arising from the playback of responses by 

reference beams that are not associated with the responses. A magnified 

view of one of these points is shown in Fig. 4-6(b). Figure 4-6(c) 

shows the output of the processor obtained using a 2 x 2 array of 

127 X 127 bit Gold codes on a diffuser plate as in Fig. 4-4(a). Notice 

here that the microstructure around each point of the array has been 

scattered, and only one central point remains in each "halo." 

Figure 4-6(d) shows a comparable output from a processor using ground 

glass as a diffuser. Notice the wider scattering of the crosstalk. 

This would correspond to using a nonseparable code with a much greater 

number of bits to encode the diffuser cell. These results show the 

positive effects of the spread-spectrum codes used in the reference-

beam diffuser of an optical processor. 



CHAPTER 5 

CONCLUSION 

This thesis has been a discussion of the research by which the 

objectives listed in the first chapter were accomplished. In brief, the 

main objectives were as follows: 

1. To specify a set of codes to be used in synthesizing a 

reference beam diffuser which will enable one to multiplex 

holograms onto one photographic medium, and play the 

holograms back with only limited crosstalk. 

2. To analyze how well these codes suppress crosstalk in the 

space-variant optical processor. 

The pseudo-random binary codes known as Gold codes have been 

specified as the set of functions with which to encode the reference 

beam diffuser for use in a space-variant optical processor. The Gold 

codes were selected because they possess bounded crosscorrelations 

between the members of a coding family. To allow implementation of 

these codes, they were extended to two dimensions, and only one period 

of each code was used in each diffuser cell. It was then found that the 

performance of the coded diffuser could be improved by illuminating the 

diffuser with light having a spherical wavefront, as opposed to a plane 

wavefront. 

To assess the performance of the Gold codes, several computer 

programs were run to simulate the process of multiplex holography. 

Also, an experimental optical processing arrangement using a coded 

diffuser was used first to holographically record four different point 
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source inputs onto one photographic medium, and then to playback each 

recording independently. The performance of this approach was compared 

with (1) a similar setup not employing a diffuser, and (2) a technique 

using a ground glass diffuser. The results of the computer simulations 

and the experimental arrangement confirmed that using the Gold-coded 

diffuser in the reference beams was an effective means of suppressing 

crosstalk between holograms recorded on a single photographic medium. 

Further research is suggested in the area of designing non-

separable two-dimensional diffusers, and also of using continuous functions 

for diffuser patterns. Computer routines could be written which 

generate, select and rank individual Gold codes in the order of the 

desirability of their correlation properties. Simulations of holography 

using extremely large Gold sequences could be performed if a larger 

computing facility were available. Another area to be considered is 

that of using computer generated holograms both for the diffuser and 

for the multiplexed hologram to be placed in the coherent optical 

processor. Simplified arrangements for multiplexing a large number of 

recordings onto one holographic medium still await development. 

Finally, the problem of achieving coherent addition of overlapping 

processor outputs should be studied. 

The primary contribution of this thesis to the state-of-the-art 

in space-variant optical processing is showing how to suppress cross

talk between different holographic recordings on one medium by encoding 

the phase of the reference and playback beams using a diffuser whose 

transmittance functions are chosen from a family of Gold codes. It is 
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hoped that the material presented in this thesis will help pave the 

way toward the possibility of a workable two-dimensional space-variant 

optical processor. 
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APPENDIX A 

1. Program CHEVY 

This routine generates shift register sequences of lengths up to 

128 bits, from shift registers of up to 14 stages. Inputs to be read 

in consist of the connections of the shift register, the number of 

different sequences desired, and the seeds used for generating the 

different sequences. Outputs consist of the first 128 bits of each 

sequence generated in the program. 

PROGRAM CHEVY 
DIMENSION IR(64) 

C 
C READ IN SHIFT REGISTER CONNECTION 
C 

READ(5,100)IA,IB,IC,ID,IE,IF,IG,IH,II,IJ,IK,IL,IM,IN 
100 F0RMAT(14n) 

C 
C READ IN NUMBER OF SEQUENCES DESIRED 
C 

READ(5,105)N 
105 F0RMAT(I3) 

D020 K=1,N 
C 
C READ IN SEEDS 
C 

READ(5,110)XA,XB,XC,XD,XE,XF,XG,XH,XI,XJ,XK,XL,XM,XN 
110 F0RMAT(14F2.0) 

D019 1=1,2 
D018 J=l,64 

C 
C PERFORM MODULO TWO ADDITION 
C 

R=XA*IA+XB*IB+XC*IC+XD*ID+XE*IE+XF*IF+XG*IG+XH*IH+XI*II+ 
AXJ*IJ+XK*IK+XL*IL+XM*IM+XN+IN 
R2=R/2.0 
IR2=R2 
R2=ABS(IR2-R2) 
IR(J)=R2*2.0 

C 
C SHIFT REGISTERS 
C 
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XN=XM 
XM=XL 
XL=XJ 
XJ=XI 
XI=XH 
XH=XG 
XG=XF 
XF=XE 
XE=XD 
XD=XC 
XC=XB 
XB=XA 

18 XA=IR(J) 
19 WRITE(6,115)(IR(J),J=1,64) 

115 F0RMAT(2X,64I1,/) 
20 WRITE(6,120) 

120 FORMAT(//) 
END 
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2. Program CORAL and Subroutine CORREL 

These routines take a set of sequences of numbers and correlate 

every sequence with itself and every other sequence in the set. 

Subroutine CORREL correlates two sequences using a shift and add 

procedure, and program CORAL reads in the set of sequences, cycles the 

sequences, pair-wise, through CORREL, and then writes the correlation 

values. 

PROGRAM CORAL 
DIMENSION A(127,129),V1(127),V2(127),C(253) 

C 
C READ IN SEQUENCES, CYCLE THRU CORREL 
C 

READ(5,100)((A(I,J),I=1,127),J=1,129) 
100 FORMAT(32F2.0) 

L=2 
IP=127 
D015 M=l,128 
D016 J«L,129 
D017 K=l,127 
V1(K)=A(K,M) 

17 V2(K)=A(K,J) 
CALL C0RREL(V1,V2,C,IP) 
WRITE(6,500)(C(K),K=1,253) 

500 F0RMAT(4X,16F6.1,//) 
WRITE(6,101) 

101 FORMAT(////) 
16 L=L+1 
15 L=M+1 

WRITE(6,101) 
D018 J=l,129 
WRITE(6,102y(A(I ,J) , I=l ,127) 

102 F0RMAT(4X,16F4.1,//) 
18 WRITE(6,101) 

END 

SUBROUTINE CORREL 
DIMENSION V1(1),V2(1),C(1) 
I2PM=2*IP-1 
DOl I=1,I2PM 
IF(I-IP)5,2,2 
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5 C( I )=0 .0 
JMAX=I 
D03 J=l,JMAX 
C( I )=V1(J- I+ IP)*V2(J)+C( I ) 

3 CONTINUE 
GO TO 1 

2 C( I )=0 .0 
JMAX=2*IP-I 
D04 J=l,JMAX 
C( I )=V1(J)*V2(+ I - IP)+C( I ) 

4 CONTINUE 
1 CONTINUE 

RETURN 
END 
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3. Program for Multiplex Holography Simulation 

This program simulates a coherent optical processor where up to 

four "inputs" are recorded and played back. The inputs are represented 

by 32 X 32 element arrays. The reference and playback beams are simu

lated by similar 32 by 32 element arrays, which here are occupied by the 

31 by 31 bit Gold codes. The output of this program is a 128 by 128 bit 

array of numbers representing the light amplitude in the output plane of 

the optical processor. These values are printed out using a line 

printer, and punched out on a deck of computer cards, as data for the 

hidden line plot routine HLPLOT. 

C 
C PROGRAM FOR MULTIPLEX HOLOGRAPHY SIMULATION 
C 

DIMENSION S(32),INV(32),M(3),YPL0T(128,128) 
COMPLEX A(128,128),R(128,128),T(128,128) 
M(l)=7 
M(2)=0 
M(3)=0 
ALPHA=0.3125 
DOlO 1 = 1,128 
DOlO J=l,128 
YPLOT(I,J)=0.0 
A(I,J)=CMPLX(0.0,0.0) 

10 R(I,J)=CMPLX(0.0,0.0) 
C 
C READING IN OBJECT ARRAY 
C 

READ(5,105)((YPL0T(I,J),J=33,64),I=33,64) 
105 F0RMAT(32F2.0) 

DOn 1=1,128 
DOll J=l,128 
A(I,J)=CMPLX(YPLOT(I,J),0.0) 

n YPL0T(I,J)=0.0 
C 
C READING IN REFERENCE ARRAY 
C 

READ(5,105)((YPL0T(I,J),J=33,64),I=33,64) 
D012 1=1,128 
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DOl2 J=l,128 
R(I,J)=CMPLX(YPLOT(I,J),0.0) 
R(I,J)=R(I,J)*CMPLX(C0S(ALPHA*((I-64)**2+(J-64)**2)),SIN(ALPHA* 

A((I-64)**2+(J-64)**2))) 
12 YPLOT(I,J)-0.0 

C 
C PERFORMING FOURIER TRANSFORMS 
C 

CALL HARM(A,M,INV,S,1,IFERR) 
CALL HARM(R,M,INV,S.UFERR) 

C 
C EXPOSURE OF RECORDING MEDIUM 
C 

D027 1=1,128 
D027 J=l,128 

27 T(I,J)=A(I,J)*CONJG(R(I,J)) 
C 
C READING IN SECOND OBJECT ARRAY 
C 

READ(5,105)((YPL0T(I,J),J=65,96),I=33,64) 
D013 1=1,128 
D013 J=l,128 
A(I,J)=CMPLX(YPLOT(I,J),0.0) 

13 YPLOT(I,J)=0.0 
C 
C READING IN SECOND REFERENCE ARRAY 
C 
C 

READ(5,105)((YPL0T(I,J),J=65,96),I=33,64) 
D014 1=1,128 
D014 J=l,128 
R(I,J)=CMPLX(YPLOT(I,J),0.0) 
R(I,J)=R(I,J)*CMPLX(C0S(ALPHA*((I-64)**2+(J-64)**2)),SIN(ALPHA* 

B((I-74)**2+(J-64)**2))) 
14 YPL0T(I,J)=0.0 

C 
C PERFORMING FOURIER TRANSFORMS 
C 

CALL HARM(A,M,INV,S,1,IFERR) 
CALL HARM(R,M,INV,S,1,IFERR) 

C 
C EXPOSURE OF RECORDING MEDIUM 
C 

D025 1=1,128 
D025 J=l,128 

25 T(-I,J)=A(I,J)*CONJG(R(I,J)) + T(I,J) 
C 
C READING IN THIRD OBJECT ARRAY 
C 
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READ(5,105)((YPL0T(I,J),J=33,64),I=65,96) 
D015 1=1,128 
D015 J=l,128 
A(I,J)=CMPLX(YPLOT(I,J),0.0) 

15 YPL0T(I,J)=0.0 
C 
C READING IN THIRD REFERENCE ARRAY 
C 

READ(5,105)((YPL0T(I,J),J=33,64),I=65,96) 
D016 1=1,128 
D016 J=l,128 
R(I,J)=CMPLX(YPLOT(I,J).0.0) 
R(I,J)=R(I,J)*CMPLX(C0S(ALPHA*((I-64)**2+(J-64)**2)),SIN(ALPHA* 

C((I-64)**2+(J-64)**2))) 
16 YPLOT(I,J)=0.0 

C 
C • PERFORMING FOURIER TRANSFORMS 
C 

CALL HARM(A,M,INV,S,1,IFERR) 
CALL HARM(R,M,INV,S,1,IFERR) 

C 
C EXPOSURE OF RECORDING MEDIUM 
C 

D023 1=1,128 
D023 J=l 128 

23 T(I,J)=(i,J)*CONJG(B(I,J))+T(I,J) 
C 
C READING IN FOURTH OBJECT ARRAY 
C 

READ(5,105)((YPL0T(I,J),J=65,96),I=65,96) 
D017 1=1,128 
D017 J=l,128 
A(I,J)=CMPLX(YPLOT(I,J),0.0) 

17 YPLOT(I,J)=0.0 
READ(5,105)((YPL0T(I,J),J=75,96),I=65,96) 

C 
C READING IN FOURTH REFERENCE ARRAY 
C 

READ(5,105)((YPL0T(I,J),J=75,96),I=65,96) 
D018 1=1,128 
D018 J=l,128 
R(I,J)=R(I,J)*CMPLX(C0S(ALPHA*((I-64)**2+(J-64)**2)),SIN(ALPHA* 

D((I-64)**2+(J-64)**2))) 
12 YPL0T(I,J)=0.0 

C 
C PERFORMING FOURIER TRANSFORMS 

CALL HARM(A,M,INV,S,1,IFERR) 
CALL HARM(R,M,INV,S,1,IFERR) 

C 
C EXPOSURE OF RECORDING MEDIUM 
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D021 1=1,128 
D021 J=l,128 

21 T(I,J)=A(I,J)*CONJG(R(I,J))+T(I,J) 
C 
C READING IN PLAYBACK ARRAY 
C 

READ(5,105)((YPL0T(I,J),J=33,96),I=33,96) 
DOl 9 1=1,128 
D019 J=l,128 
R(I,J)=CMPLX(YPLOT(I,J),0.0) 
R(I,J)=R(I,J)*CMPLX(COS(ALPHA*((I-64)**2+(J-64)**2)),SIN(ALPHA* 

E((I-64)**2+(J-64)**2))) 
19 YPLOT(I,J)=0.0 

C 
C PERFORMING FOURIER TRANSFORM 
C 

CALL HARM(R,M,INV,S,1,IFERR) 
C 
C PLAYBACK OF HOLOGRAM 
C 

D026 1=1,128 
D026 J=l,128 

26 A(I,J)=R(I,J)*T(I,J) 
C 
C SPATIAL FILTERING OF OUTPUT 
C 

D0301 1=1,128 
D0301 J=l,128 

301 R(I,J)=CMPLX(0.0,0.0) 
D0302 1=1,32 
D0302 J=l,32 

302 R(I,J)=CMPLX(1.0,0.0) 
D0303 1=97,128 
D0303 J=l,32 

303 R(I,J)=CMPLX(1.0,0.0 
D0304 1=1,32 
D0304 J=97,128 

304 R(I,J)=CMPLX(1.0,0.0) 
D0305 1=97,128 
D0305 J=97,128 

305 R(I,J)=CMPLX(1.0,0.0) 
D0306 1=1,128 
D0306 J=l,128 

306 A(I,J)=A(I,J)*R(I,J) 
C 
C PERFORMING INVERSE FOURIER TRANSFORM 
C 

CALL HARM(A,M,INV,S,-1,IFERR) 
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C 
C DOCUMENTATION OF OUTPUT 
C 

D029 1=1,128 
D029 J=l,128 

29 YPLOT(I,J)=CABS(A(I ,J))*0.02 
WRITE(6,70)((YPL0T(I,J),J=1,32),I=1,128) 

70 F0RMAT(2X32F4.1,/) 
WRITE(6,80 

80 FORMAT(////////) 
WRITE(6,70)((YPL0T(I,J),J=33,64),I=1,128) 
WRITE(5,80) 
WRITE(6,70)((YPL0T(I,J),J=75,96),I=1,128) 
WRITE(6,80) 
WRITE(6,70)((YPL0T(I,J),J=97,128),I=1,128) 
D0500 J=l,128 

500 WRITE(7,90)(YPL0T(I,J),I=1,128) 
90 F0RMAT(16F4.1) 

CALL EXIT 
END 
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4. Program HLPLOT 

This routine takes the deck of cards punched out by the program 

for holography simulations, and makes a hidden-line plot of the values 

on the cards, using a CALCOMP plotter. Values must be assigned for 

SCALY, the number which is multiplied by the values on the data deck 

to yield the apparent height of the plot in inches; DELX, the distance 

(in inches) from left to right in the plot between successive points; 

DELZ, the distance (in inches) between successive lines of the plot; 

and THETA, the angle (in radians) between the vertical axis and the 

axis apparently going "into" the page. 

PROGRAM HLPLOT 
DIMENSION YPL0T(128,128),Y(128) 

C 
C READ IN DATA FILE 
C 

READ(5,100)((YPL0T(I,J),I=1,128),J=1,128) 
100 F0RMAT(17F4.1) 

SCALY=0.02 
DELX=0.05 
DELZ=0.05 
THETA=0.05 
YY=SIN(THETA) 
XX=C0S(THETA) 
CALL PL0TS(0,0,1) 

C 
C SET HEIGHT OF PLOT VALUES 
C 

D018 J=l,128 
D018 J=l,128 ^ ^ 

18 YPLOT(I,J)=J*XX*DELZ+SCALY*YPLOT(I,J) r 
C ZERO OUT COMPARISON VECTOR 
C 

C 
C 
C 

D030 1=1,128 
30 Y(I)=0.0 

INTERPOLATION, COMPARISON AND PLOT ROUTINE 
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D050 J=l,128 
D050 M=l,128 
L=J-1 
XPLOT=M*DELX+J*DELZ*YY 
IF(L)42,42,46 

46 D040 1 = 1 ,L 
INL=((J-I)*DELZ*YY)/DELX+M 
IF(INL-128)35,40,40 

35 IF(INL)40,40,36 
36 AINT=((((J-I)*OELZ*YY)/DELX)+M)-INL 

C 
C INTERPOLATE FOR COMPARISON VECTOR 
C 

Y(I)=YPL0T(INL,I)+(YPL0T(INL+1,I)-YPL0T(INL,I))*AINT 
IF(I-1)40,40,37 

37 IF(Y(I)-Y(I-1))39,39,40 
39 Y(I)=Y(I-1) 
40 CONTINUE 

C 
C COMPARISON 
C 

IF(YPL0T(M,J)-Y(L))43,42,42 
43 K=3 

GO TO 48 
42 IF(M-1),43,43,44 
44 K=2 
48 CALL PLOT(XPLOT,YPLOT(M,J),K) 
50 CONTINUE 

CALL PL0T(128*DELX+2.0,0.0,999) 
END 
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5. Program MASQUE 

This program plots the 127 by 127 element master copy of the 

diffuser pattern using a CALCOMP plotter. The input is a sequence of 

128 elements,vhich are either zero or one (the last element is ignored). 

The output is a square mask of 8.89 by 8.89 inces, which represents the 

product of the input sequence in x and the input sequence in y. 

PROGRAM MASQUE 
DIMENSION N(128),A(128) 
READ(5,100)(N(I),I=1,128) 

100 F0RMAT(64I1) 
C 
C CONVERT O'S TO -I'S 
C 

DOlO 1=1,128 
IF(N(I)-0.5)7,8,8 

7 A(I)=-1.0 
GO TO 10 

8 A(I)=1.0 
10 CONTINUE 

C 
C PLOT DIFFUSER MASTER PATTERN 
C 

CALL PL0TS(0,0,1) 
D041 1=1,127 
D040 J=l,127 
X=A(I)*A(J) 
IF(X)27,28,28 

27 CALL PL0T(0.0,0.07,-3) 
GO TO 40 

28 D030 K=l,6 
CALL PL0T(-0.07,0.01*K,2) 

30 CALL PL0T(0.0,0.01*K,2) 
CALL PL0T(0.0,0.07,-3) 

40 CONTINUE 
41 CALL PL0T(0.07,-8.89,-3) 

CALL PL0T(0.0,0.0,999) 
END 
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6. Program SPHCOR 

This routine is used to compute and plot the correlations between 

binary codes multiplied by a spherical phase factor. The input data 

consists of the two codes whose correlation is desired, and the output 

is a graph of the correlation value versus the shift between the origins 

of the two codes, plotted by a CALCOMP plotter. 

PROGRAM SPHCOR 
DIMENSION IAAA(10),IBAA(10),ICAA(10),A(4096),B(4096),N(128), 

AY(128),M(3),S(1024),INV(1024) 
TYPE COMPLEX A,B,Y,CMPLX,CONJG 
DATA(M=12,0,0),(ALPHA=0.0001),(I0TA=0) 
READ(5,100)IAAA,IBAA,ICAA 

100 FORMAT(10A8) 
C 
C READ IN FIRST CODE 
C 

READ(5,101)(N(I),I=1,128) 
101 F0RMAT(64I1) 

DOlO 1=1,128 
I F ( N ( I ) - 0 . 5 ) 8 , 9 , 9 

8 Y(I)=CMPLX(-1.0,0.0) 
GO TO 10 

9 Y(I)=CMPLX(1.0,0.0) 
10 CONTINUE 

C 
C DIVIDE INTO SUBELEMENTS 
C 

DOll 1-1,4096 
11 A(I)=CMPLX(0.0,0.0) 

D012 1=1,128 
D012 J=l,16 

12 A(1024+(I-1)*16+J)=Y(I) 
C 
C APPROXIMATION TO SPH. WAVEFRONT 
C 

D013 1=1024,3073 
13 A(I)=A(I)*CMPLX(COS(ALPHA*((I-2048)**2)),SIN(ALPHA*((I-2048)**2)) 

C 
C READ IN SECOND CODE 
C 

READ(5,101)(N(I),I=1,128) 
D016 1=1,128 
IF(N(I)-0.5)14,15,15 
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14 Y(I)=CMPLX(-1.0,0.0) 
GO TO 16 

15 Y(I)=CMPLX(1.0,0.0) 
16 CONTINUE 

C 
C DIVIDE INTO SUBELEMENTS 
C 

D017 1=1,4096 
17 B(I)=CMPLX(0.0,0.0) 

D018 1=1,128 
D018 J=l,16 

18 B(1024+(I-1)*16+J)=Y(I) 
C 
C APPROXIMATION TO SPH. WAVEFRONT 
C 

D019 1=1024,3073 
19 B(I)=B(I)*CMPLX(C0S(ALPHA*((I-2048-I0TA)**2)),SIN(ALPHA* 

((I-2048-I0TA)B**2))) 
C 
C PERFORM FOURIER TRANSFORMS 
C 

CALL HARM(A,M,INV,S,1,IFERR) 
CALL HARM(B,M,INV,S,1,IFERR) 

C 
C OBTAIN AUTOCORRELATION 
C 

D020 1=1,4096 
20 A(I)=A(I)*CONJG(B(I)) 

CALL HARM(A,M,INV,S,-1,IFERR) 
C 
C PLOT RESULTS 
C 

CALL PL0TS(0,0,1) 
CALL SYMB0L(0.5,0.5,0.28,IAAA,90.0,23) 
CALL AXIS(6.0,0.0,IBAA,12,5.0,180.0,0.0,20.0) 
CALL AXIS(6.0,0.0,ICAA,-9,8.0,90.0,-128,0,32.0) 
CALL PL0T((6.0-CABS(A(l))/4000.0),4.0,3) 
DO 42 1=2050,4096 

42 CALL PL0T((6,0-CABS(A(I-2048))/4000.0),(I/512.0),2) 
CALL PL0T((6.0-CABS(A(2049))/4000.0),0.0,3) 
D043 1=2,2048 

43 CALL PL0T((6.0-CABS(A(I+2048))/4000.0),(I/512.0),2) 
CALL PL0T(8.0,0.0,999) 
END 
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7. Program WUNDEE 

This program simulates the recording and playback of one one-

dimensional hologram in a coherent optical processor. The curvature of 

the phase in the reference and playback beams is determined by ALPHA. 

Input data starts with the graph titles, then the reference code, the 

object array values, and the playback code. This data must be replicated 

for each repeated simulation performed by this routine. The output is 

a series of graphs plotted by a CALCOMP plotter, representing the light 

amplitude in the output plane of the processor, one for each of the 

simulations performed by this program. 

PROGRAM WUNDEE 
DIMENSION IAAA(10),IBAA(10),ICAA(10),A(4096),B(4096),N(128), 

AY(128),M(3),S(1024),INV(1024),C(128) 
TYPE COMPLEX A,B,Y,CMPLX,CONJG 
DATA(M=12,0,0) 
ALPHA=0.0 
IOTA=0 

C 
C READ IN GRAPH TITLES 
C 

READ(5,100)IAAA,IBAA,ICAA 
100 FORMAT(10A8) 

CALL PL0TS(0,0,1) 
D0500 IA=1,5 
D0498 IB=1,2 

C 
C READ IN FIRST CODE 

READ(5,101)(N(I),I=1,128) 
101 F0RMAT(64I1) 

DOlO 1=1,128 
IF(N(I)=0.5)8,9,9 

8 Y(I)=CMPLX(-1.0,0.0) 
GO TO 10 

9 Y(I)=CMPLX(1.0,0.0) 
10 CONTINUE 

C DIVIDE INTO SUBELEMENTS 

C 
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DOll 1=1,4096 
11 A(I)=CMPLX(0.0,0.0) 

D012 1=1,128 
D012 J=l,16 

12 A(1024+(I-1)*16+J)=Y(I) 
C 
C APPROXIMATION TO SPH, WAVEFRONT 
C 

D013 1=1024,3073 
13 A(I)=A(I)*CMPLX(C0S(ALPHA*((I-2048)**2)),SIN(ALPHA*((I-2048) 

**2))) 
C 
C READ IN OBJECT ARRAY 
C 

READ(5,104)(C(I),I=1,128) 
104 F0RMAT(32F2.1) 

D016 1 = 1,128 
16 Y(I)=CMPLX(C(I),0.0) 

C 
C DIVIDE INTO SUBELEMENTS 
C 

D017 1=1,4096 
17 B(I)=CMPLX(0.0,0.0) 

D018 1=1,128 
D018 J=l,16 

18 B(1024+(I-1)*16+J)=Y(I) 
C 
C PERFORM FOURIER TRANSFORMS 
C 

CALL HARM(A,M,INV,S,1,IFERR) 
CALL HARM(B,M,INV,S,1,IFERR) 

C 
C EXPOSURE OF RECORDING MEDIUM 
C 

D020 1=1,4096 
20 A(I)=A(I)*CONJG(B(I)) 

D060 1=1,4096 
60 B(I)=CMPLX(0.0,0.0) 

C READ IN SECOND CODE(PLAYBACK) 

^ READ(5,101)(N(I),I=1,128) 
D056 1=1,128 
IF(N(I)-0.5)14,15,15 

14 Y(I)=CMPLX(-1.0,0.0) 
GO TO 56 

15 Y(I)=CMPLX(1.0,0.0) 
56 CONTINUE 

C DIVIDE INTO SUBELEMENTS 
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D062 1=1,128 
D062 J=l,16 

62 B(1024+(I-1)*16+J)=Y(I) 
C 
C APPROXIMATION TO SPH. WAVEFRONT 
C 

D019 1=1024,3073 
19 B(I)=B(I)*CMPLX(COS(ALPHA*((I-2048-I0TA)**2)),SIN(ALPHA* 

B((I-2048-I0TA)**2))) 
C 
C PERFORM FOURIER TRANSFORM, ILLUMINATE MEDIUM 
C 

CALL HARM(B,M,INV,S,1,IFERR) 
D058 1-1,4096 

58 A(I)=A(I)*B(I) 
C 
C PERFORM INVERSE FOURIER TRANSFORM 
C 

CALL HARM(A,M,INV,S,-1,IFERR) 
C 
C PLOT OUTPUT OF SIMULATION 
C 

CALL SYMB0L(0.5,0.5,0.28,IAAA,90.0,23) 
CALL AXIS(6.0,0.0,IBAA,12,5.0,180.0,0.0,20.0) 
CALL AXIS(6.0,0.0,ICAA,-9.8.0,90.0,-128.0,32.0) 
CALL PL0T(6.0-CABS(A(l)/40000.0),0.0,3) 
D042 1=2,4096 

42 CALL PL0T(6.0-CABS(A(I)/40000.0),(/512.0),2) 
CALL PLOTdO.0,0.0,-3) 

498 CONTINUE 
500 ALPHA=ALPHA+0.00013333333 

CALL PL0T(7.0,0.0,-999) 
END 



APPENDIX B 

TECHNIQUES FOR MAKING PHASE RELIEF MASKS 

The encoded diffuser masks used in the experiments discussed in 

this thesis were constructed in the manner described in this appendix. 

First of all, the materials needed for preparing the diffusers are 

listed, and then the procedure is outlined. 

Materials Needed for Making Coded Diffuser Masks 

1. Flat glass plates - These glass plates are used for the substrate 

for the encoded diffusers. Both sides of these plates must be flat and 

parallel to within 1/20 of a wavelength of the light used in the optical 

processor. Also the area of the plates should be sufficient to 

accommodate the desired number of diffuser cells, plus a border between 

the cells and the edge, to allow handling and mounting of the diffuser. 

2. Shipley AZ 1350-B resist and AZ 303 developer - Though AZ 1350-B is 

ordinarily used as a photoresist in the fabrication of integrated 

circuits, it is also widely used in holographic applications as a light 

phase shifting medium. A 50 ml beaker, an eyedropper, and a graduated 

400 ml beaker are recommended for handling the resist and the developer. 

3. Spinner - A spinning platform capable of about 1000 rpm is 

recommended to make sure the coating of photoresist on the glass plates 

is uniform. 

4 Infrared heat lamp - A 250 watt lamp such as GE #25CR 40/10 mounted 

in a suitable fixture with a heat-resistant ceramic socket is used to 

bake the resist-coated glass plates. 

89 
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5. Ultraviolet source - A source of ultraviolet light such as a mercury 

arc lamp is used to expose the photoresist-coated glass plates. 

6. Master copies of the diffuser patterns - These master copies are 

the plots (see Fig. B-1) generated by Program 5 in Appendix A. 

7. Camera and emulsion - The camera is used to perform the reduction 

from the master copies of the diffuser patterns onto an emulsion such 

as Eastman 649F or High Contrast Copy film. 

8. White light source - A 500 watt tungsten lamp is used to provide 

uniform illumination of the master copies for reduction of the diffuser 

patterns. 

9. Developer, stop bath and fixer - These are for developing and 

fixing the reduction of the diffuser pattern. 

10. Microscope - This is used to assure the clarity of the reduction of 

the diffuser pattern, and the quality of the diffuser itself. 

11. Mach-Zehnder interferometer - This consists of the following items: 

i) A small laser with the same wavelength as the one used in the 

optical processor, 

ii) Two adjustable, optically flat mirrors, 

iii) Two pellicle or cube-type beam splitters, 

iv) Seismically stable table, 

v) Holders for the items listed above, and two 1 meter optical 

rail benches. 

This interferometer is set up as shown in Fig, B-2, and is used 

to determine the relative phase shift of the exposed and developed areas 

of the diffuser. 
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Fig. B-1. Plot Generated by Program 5, Appendix A. 
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Reducing the Master Copies of the Diffuser Patterns 

The first step in constructing diffusers such as those discussed 

in this thesis is plotting the master copy of the diffuser patterns 

(one is shown in Fig. B-1). This is performed by a CALCOMP plotter, 

using the routine in Appendix A, Program 5. In plotting the masters, 

we used a black ball point pen on white paper, since this combination 

gave the best contrast. The size of the master copy produced was 

22.58 by 22.58 cm, but the size desired for each diffuser cell was 

0.381 by 0.381 cm. The reduction ratio, R, is then given by 

D - Size of master copy (B-l) 
^ Size of diffuser cell ^ 

or here, 

R = l^'l^ cm ^ 59.2666... 
0.381 cm 

A single lens reflex camera can be used to reduce master copies for 

small arrays of diffuser cells. Here a 35 mm single lens reflex 

camera with a lens of 50 mm focal length was used to reduce the master 

copies to the desired size. The distance, d, from the lens of the 

camera to the master copies is then determined by 

d = (1 + R)f (B-2) 

where f is the focal length of the lens. Here the distance was 

d = (1 + 59.2666...) 50 mm.= 3.01333...m. 

For this experiment, Eastman 649F emulsion on glass plates was used 

because of its fine grain and high resolution capability. The plates. 
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which come in either 2 by 2 inch or 4 by 5 inch sizes, were cut into 

rectangles of roughly 2 by 1 1/4 inches, which fit into the film 

carrier of the 35 mm SLR. The camera was mounted securely with its 

lens 3.01 meters away from the array of the master copies of the 

diffuser patterns. The aperture was opened to f/5.6, where most camera 

lenses attain their highest resolution, and the camera was focused on 

the master copy array. The 500 watt tungsten light source was placed 

in a position where it would illuminate the array of master copies 

uniformly and not obstruct the camera's view. A remote shutter release 

was used to open the shutter, and an exposure of 1 minute was made. 

The 649F was then developed for 10 minutes in Eastman D-19 developer, 

washed for 10 seconds, fixed for 15 minutes and washed again for 1 hour. 

When the 649F dried, a microscope was used to determine if the 

resolution obtained was satisfactory. The method discussed here should 

be satisfactory for up to a 3 by 3 array of 127 by 127 bit masks with 

the width of the borders between the cells equal to the width of the 

cells. The reductions thus obtained were then used to contact print 

the diffuser pattern onto the resist-coated glass plates. 

Preparing Resist-Coated Glass Plates 

In preparing the resist-coated glass plates, several methods were 

tried, of which the following proved to be the best. First of all, it 

was necessary to insure that a clean, dust-free area was available in 

which to carry out these procedures, and the glass plates, utensils, 

and the resist solution itself had to be kept free from dust particles. 

A glass plate was fastened to the center of the platform of the spinner 
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with adhesive tape. Resist was poured from the stock bottle to a 50 ml. 

beaker, and an eyedropper was used to transfer the resist from the 

beaker to the glass plate mounted on the platform of the spinner (this 

step was taken to avoid contaminating the stock with dust particles 

from the eyedropper). The plate was allowed to rest for about 1 minute 

so that air bubbles in the resist could be expelled, and the resist 

could spread to cover the entire area of the plate. The spinner was 

then turned on and spun at a rate of 1000 rpm for about 2 minutes, and 

then it was turned off. This procedure results in a coating of resist 

with a thickness of about 9000 A (Note: It is important that the 

spinner have a shroud of some kind; if the glass plate were thrown from 

the spinner, it could be dangerous. Another precaution is to wear 

safety glasses to protect the eyes.) Afterwards, the plate was left on 

the spinner to dry. After drying, the plate coated with photoresist 

was taken off the spinner's platform and baked under a heat lamp for 

15 minutes to drive off any residual solvent still remaining in the 

resist. The plate was then allowed to cool to room temperature. 

Several resist-coated plates were prepared in this manner and all were 

examined for uniformity using the Mach-Zehnder interferometer. The 

plates with less uniform coatings of resist were used for trial 

exposures to make note of the phase shifts obtained from various 

exposure and development combinations, and the best plates were made 

into diffusers once the proper combination of exposure and development 

was found. All this work must be done under incandescent illumination; 

flourescent lights give off ultraviolet light, which will prematurely 
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expose the photoresist. 

Exposure and Development of the Resist-Coated Plates 

Once the resist-coated plates and the reduced copy of the diffuser 

array were prepared, the diffusers were constructed as discussed below. 

Several of the less uniformly coated plates were used in trial exposures 

and developments. For this, the mercury arc lamp was set at about a 

distance of 20 cm from the resist-coated plate, and the entire plate 

was exposed for a certain length of time (the "pre-exposure"). Then 

a 649F plate with half of its area exposed was placed over the entire 

resist-coated plate to block light from half of the resist-coated 

plate's area. This exposure was made for another length of time (the 

"exposure"). This "pre-exposure" made the relief difference between 

partially exposed areas and fully exposed areas much more controllable 

than without the pre-exposure. The plates were then developed in a 

1:4 solution of AZ 303 developer in water, and development times and 

developer temperatures were noted. Immediately after development, the 

plates were rinsed in water to wash off all traces of the developer 

(actually a strongly alkaline etching solution) and left to dry. After 

drying, the trial plates were examined using the Mach-Zehnder inter

ferometer to measure the phase difference occurring across the boundary 

between the partially exposed and fully exposed portions of the resist. 

Here a 180° (or TT radian) phase difference of the wavefront of the 

transmitted light was shown by fringes exactly opposing each other 

across the boundary. Either more or less phase difference across the 

boundary showed fringes which didn't exactly oppose each other; and by 
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rotating the plate slightly in the path of the beam, it could be 

determined whether the shift was more or less than 180°. The following 

times and temperature produced a 180° phase difference across the 

exposure boundary: 

1 1/2 minutes 

3 1/2 minutes 

20 seconds 

75° F 

pre-exposure 

exposure 

development 

developer temperature 

Once exposure and development times and developer temperature were 

established, the diffuser pattern was contact printed onto one of the 

uniformly coated glass plates. This resist-coated glasss plate was 

processed in the same manner as the trial plate which exhibited the 

180° phase shift across the boundary. After drying, the processed 

plate was examined under the microscope to see if the clarity of the 

master diffuser pattern had been retained. The phase difference 

between partially exposed and fully exposed portions was then double-

checked using the Mach-Zehnder interferometer. The plate displayed 

adequate resolution, and a consistent 180° phase difference across all 

boundaries. The plate was then used as the diffuser array in the 

coherent optical processor as discussed in this thesis and as shown 

in Fig. 4-5. 


