Analysis of spatial light modulator
contrast ratios and optical correlation

Peter D. Gianino, Charles L. Woods, and Joseph L. Horner

We have performed a general analysis of optical correlators with spatal light modulators (SLM’s) whose
primary defect is a finite contrast ratio (CR).. Our mathematical analysis identifies three noise terms
that appear in addition to the correlation term. The filter SLM contains either a phase-only filter (POF)
or a binary-phase-only filter (BPOF). Insertion of a dc block at the center of the filter SLM decreases the
noise background in the correlator plane; this dc block is larger than that required for the same level of
performance in a correlator whose SLM’s have transmissive (or reflective) dead zones. With a noise-free
input and the dc block, our computer simulations that show the peak intensity falling off as the CR
decreases are in quantitative agreement with the correlation term of the mathematical model. For a
cluttered, disjoint noise input this agreement is only qualitative, and at low CR’s the dc block is definitely
required for the BPOF correlator if the secondary peaks in the output are to be brought below the

correlation peak.

1. Introduction

In most of the analyses performed on optical correla-
tors two assumptions are usually made about the
spatial light modulators (SLM’s) used in the system:
(1) that the modulator’s pixels have no dead zones that
could impair the transmission of signals, and (2) that
these pixels perfectly modulate the readout light
through their active zones, that is, they have an
infinite contrast ratio (CR). In previous publica-
tions!3 we examined the effects that the different
types of dead zones have on optical-correlator perfor-
mance. In this paper we study the effects of an
SLM’s finite CR on optical correlation.

The CR for an amplitude-modulated SLM is de-
fined as the ratio of the maximum intensity transmit-
ted through (or reflected off) the SLM when turned
on (Ioy) to the maximum intensity transmitted
through (or reflected off) the SLM when turned off
(Iorr).* Mathematically, this contrast ratio R can be
written as

R = ION/IOFF- (1)
For a SLM that perfectly controls the light, Iorr
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vanishes, so R is infinite. For a real SLM with
less-than-perfect control over the light, Iopr is non-
zero, so R becomes finite.

Typical values of CR’s for current SLM’s are in the
range of 10 to 50.5% Reference 6 lists CR values from
10* down to 2 that are associated with different
SLM’s. Davis et al.” reported CR values for Semetex
magneto-optic spatial light modulators that were
between 2300 and 45,000. They found a surprising
variation in the CR when tilt in the magneto-optic
layer and rotation of the sample were present.
Other workers have reported various values of CR’s
for different types of SLM’s under a variety of condi-
tions.” 1% A high CR is obviously desired for display
purposes. But up to now, it has not been clear
whether a high CR, with its attendant high cost, was
necessary for optical processing.

In this study we confined our investigations only to
the standard 4-f correlators with either a phase-only
or a binary-phase-only filter on the transform plane
SLM. In the mathematical model of these SLM’s we
show that three noise terms appear; they represent
noise contributions that interfere with the principal
correlation pattern in a manner similar to that re-
ported in our previous analysis of dead zones.??
Correlators having finite-CR SLM’s experience smaller
losses to the off-axis (that is, higher-order) patterns
relative to those correlators with finite dead-zone
SLM’s.
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2. CR Models for SLM’s

In this section we quantitatively determine the opera-
tion of correlators with finite CR’s. We assume that
all of the pixels of a given SLM are uniform (see
Section 3). This enables one to calculate the poten-
tial improvement in performance that is provided
solely by an improvement in the CR.

Figure 1 shows a standard 4-f correlator. SLM1
and SLM2 represent spatial light modulators compris-
ing the input and filter planes, respectively, and the
FTL’s represent Fourier-transforming lenses. A unit-
amplitude readout plane wave illuminates SLM1.
The normalized input signal (derived from the input
scene) addressing SLM1 is given by s(x;), where x; is
the spatial coordinate in the input plane. (For pur-
poses of simplicity, the functions shown in Fig. 1, as
well as in the following analysis, are expressed in one
dimension, although they can easily be extended to
two dimensions.) The filter function addressing
SLM2 is given by the conjugated reference function
F*(&,), where &, is the spatial-frequency coordinate in
the filter plane and the asterisk denotes complex
conjugation. The complex transfer-characteristic
function for the pixels in the ith SLM is given by
o; expl jB;), where o; and ; are real numbers.

For plane-wave illumination the approximate ex-
pression for the discrete output w(x;) of SLM1 can be
given as

X1
AN (2)

wlxy) = oyl Jexpl jB,(x,)rect

where the function rect(x;/L;) accounts for the spatial
extent L; of SLM1. (The exact expressions for
all the discrete signals dealt with in this paper are
given in Appendix A). Because SLM1 is an ampli-
tude modulator, not a phase modulator, we take
B1 = 0. (For SLM2, 8 = B, will not be zero. Also,
the case when B; # 0 has been treated in Ref. 11,)
When s is unity, that is, when the pixel is turned fully
on, the amplitude of the characteristic function «; is
unity. When s is zero, that is, when the pixel is
supposed to be turned fully off, «; does not vanish.
We designate this minimum-amplitude value as (o1 )in.
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Standard 4-f correlator with SLM’s in both the input and filter planes and a dc block in the filter SLM. All other expressions are

If we assume that o varies linearly wth s, as shown in
Fig. 2(a), then

oy = [1 - (aljmin]s + («al)min' (3)
If the constant 1 — (aq)min is defined as ¢y, then the
o, (Xy)
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Fig. 2. Transfer characteristics for (a) the input SLM and (b) the
filter SLM obtained through the use of the linearized identical-
pixel model. In (a) a; is plotted against the input signal s with
B1=0. In|(b)the transfer characteristics is plotted in the complex
plane as a function of the filter input signal F'*.
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output signal of SLM1 can be written as

X1

L 4)

wlxy) = [eslxy) + (1 — ¢y)rect

where c; is the input-signal amplitude transmittance
and (1 — ¢;) is the background amplitude transmit-

tance. The range of ¢;is from 0to 1. Consequently,
the CR of SLM1 becomes
‘won 1 1
Rl = 9 = 2 = 2 4 (5)
{Worr (0 (1 — ¢y
or, (01)min = 1/ V/ITI. After Fourier transformation,

w(x1) becomes W(&;), which is the function illuminating
the input side of SLM2

SLM2 has a spatial extent represented by rectixs/Lo),
with x, as the spatial coordinate in the filter plane.
But, if this plane also contains a dc block at its center
that consists of py pixels of width A, then its transmis-
sion function is modified to

)

Dahs

Xo

L,

Tylxs) = rect|=—| — rect . (6)

The relation between x. and the spatial-frequency
coordinate &, which is given by xo = L1k, may be
used to express Eq. (6) as

L1hots (L1§2)
Til&) = rect — rect|—| - 7
ad&s) L s (7)
For a phase-only filter (POF) Fpor*(&) =

exp|—jV(&)|, where ¥ is the phase of F*. Again if
one assumes an identical-pixel model for SLM2, the
complex transfer characteristic G*¥y) may also be
written as

Gl&s) = |aglEs)lexp] jBala)| Tadlo) 8)

We analyze the following model for the CR in SLM2,
which is appropriate for some SLM’s. For example,
for certain liquid-crystal modulators the locus of all
G* values in the complex plane has been measured to
be almost a closed circle whose center has been
displaced from the original along the real axis.12.13
We have approximated this operating curve by the

circle that is shown in Fig. 2(b) and that is represented
for the POF by the model

G*&y) = [C2F*(§2) +1 - szTdc(gz)]- 9)

The complex filter function Fpor* has been com-
pressed by a factor of ¢c; and has been translated from
the original by an amount (1 — ¢y). Thus, cs is the
reference-signal amplitude transmittance of SLM2
and (1 — ¢y) is its background amplitude transmit
tance. The range of ¢y is also from 0 to 1. For
convenience, we chose the filter contrast ratio R, to
have the same algebraic form as R; in Eq. (5) on the
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basis of the POF model of approximation (9), namely,

R —; 10
e w0

where R; ranges from o to 1.

Our ad hoc filter model is in good agreement with
one of the optimum-filter models in the literature.
Our POF model [approximation (9)] for the SLM
transfer function is in close agreement with the
transfer function determined by Juday!? for an opti-
mal-filter model. In the limit of large R or for phases
near 0 or m, the agreement is exact. However, for
R = 5 an addressed phase of ¥ = m/2 is too small by
an amount of /6.2 relative to that calculated from
the Juday'? model. Studies of systematic phase er-
rors in POF correlators indicate negligible effects for
maximum phase errors of less than 7/5.14 For CR’s
less than 5, such corrections would be increasingly
significant.

As for the binary-phase-only filter (BPOF), for which
the phase angle of F* [¥(&,) in Fig. 2(b)| takes on values
of ¥y or ¥y + m only, the CR has the same qualitative
meaning as for the POF and still has the physical
significance of the inverse of the background intensity
transmittance in Eq. (10). In addition, any two-state
device with any phase difference or magnitude change
may use this BPOF model.

We choose ¥ = '1T/ 2 for the BPOF that we simulate,
and this binarization axis produces an exact agree-
ment with the optimal-filter model developed by
Juday.’2 As an example of this definition of the CR
for a BPOF, choosingc; = 1 / 2 and ¥, = O results in an
amplitude-encoded POF' with G* = 1 or G* = 0.
Here, the minimum transmittance of zero results
from the destructive interference between the signal
(coF*) and the background (1 — cg).

3. SLM Uniformity and Filter Optimization

A pixel’s transmission in the OFF state is determined
by various factors, such as defects, thickness varia-
tions, scattered light, imperfect polarizers, and stray
reflections.?® Certainly these flaws will vary from
pixel to pixel. However, such pixel nonuniformity in
a SLM may be minimized through the compensation
of the signal that is addressed to each pixel. If the
modulation response of each pixel has been measured
experimentally, appropriate corrections may be deter-
mined for each pixel. Such compensation, for ex-
ample, is used in the Rome Laboratory’s staring
infrared camera.l®-18 Here, we assume that such a
compensating function has been chosen to produce
the best uniformity in accordance with our modeling
equations for the SLM’s. For the filter SLM, these
corrections would be applied to the stored data in the
filter bank, and it is possible to use iterative experi-
mental techniques to optimize filters for a particular
optical-correlator device.l?

The compensating function for SLM2 may also
include the corrections to produce an optimal filter
(such as those corrections proposed by Juday'? for the



POF, BPOF, and other filters) and to reduce additive
noise (such as those corrections proposed by research-
ers working at Rome Laboratory??. Binary and ter-
nary SLM’s are clearly more limited in their abilities
in these pixel-compensation techniques. The effects
of complex noise in SLM’s in optical correlators have
also been studied.?!

4. Total Correlation

When illuminated by W(§;), the output K7 of SLM2 is
given by the product function

Kr&) = W(Ez) : G*(§2>~ (11)

The inverse Fourier transform of Ky results in the
total output function k7{xs) at the detector, where x5 is
the spatial coordinate in the output plane. By means
of Eq. (4) and glxs), the inverse Fourier transform of
Eq. (11), k7, becomes

krlxy) = wixg) * g*(xs) = [cyslxg) + (1 — ¢y)rect

X3
L,
* [cof *oes) + (1 — coldlag)] o £aclacs), (12)
where f* is the filter impulse-response function, 3 is
the delta function, the star and the centered degree
sign (o) represent the correlation and convolution
operations, respectively, and #4Jxs), the inverse Fou-
rier transform of Ty £s), is given by

L,
Lihy

- Pz sincp—zx3 .
L, L,

tadacs) = (13)

Lihy

After expanding the right side of approximation (12),
we can group terms and express them as follows:

kqlxs) = kclas) + kslas) + kplxs) + kpgles), (14)

where
klxs) = cqcofslxzrect ;TS * f*xg)| © tgclcs)
1
= c1CAdlx3), (15)
kglxs) = c1(1 — cy)slxzirect =), taclxs)
L,
= Cl(,]- - Cz)AS(xa), (16)
kglxs) = (1 — ¢1)1 — cyjrect ﬁ) ° t4ccs)
L,
= (1 — ¢)1 — cy)Aglxy), (17)
) X3
kpglxs) = (1 — ¢y Teth * fH{xg)| o Egelxs)
1
=(1- CI)CZAFR(xS)a (18)

The A,xs) represent the x3-dependent terms. They
can refer to either the approximate expressions shown
in relations (15)-(18) or the exact expressions given in

Appendix A. Equation (14) can now be written out as

krlxs) = c1lAs — Ag) + cylApr — Ap)
+ 0102(140 - AS + AR - AFR) + AR‘ (19)

5. Correlation and Noise Terms

Relations (14)<18) show that the final output consists
of a correlation term k¢ and three background terms.
These terms are similar to those in the analysis of
correlators in which the one or both SLM’s contain
transmissive deal zones.?3 The primary difference
for finite-CR SLM’s is that a single-pixel dc block
(which was used successfully in correlators with trans-
missive dead-zone SLM’s) is not sufficient to reduce
the background-noise terms. In addition, the normal-
ized areas of the strongly diffracting transmissive
dead zones, given by Z; in the same references, are
replaced by the background transmittances (1 — ¢;) or
(1 - Cz).

In the absence of a dc block the physical signifi-
cance of the terms in relations (15/-18) is as follows:
The correlation term k¢ is attenuated by the transmit-
tances c¢; of SLM1 and c; of SLM2. The position of
the correlation peak is determined by the relative
locations of the signal and filter reference. The three
remaining £ terms [relations (16)-{18)] contribute to
the background noise and coherently interfere with
the k¢ term. Specifically, ks is an image of the
attenuated input signal that is passed because of the
finite CR of SLM2, and its position, therefore, de-
pends on the location of the input signal. A second
image, kg, is the attenuated image of the finite CR of
SLM1 (in this case, a two-dimensional rectangular
image) that is passed by the finite CR of SLM2. Its
positioning in the correlation plane is completely
independent of the locations of the signal and filter
reference. An additional distorted image, kpg, is a
version of kg that is filtered by SLM2. In the correla-
tion plane it produces a broad pattern from the
blurring caused by the convolution between the rect-
angular image of SLM1 and the filter reference f*.
Note that f* is an edge-enhanced version of the
filter-reference input image because it is the inverse
transform of the filter function. The positioning of
kg will therefore be affected by the location of f* (the
effective input image for the filter reference).

In the filter plane all three noise terms kg, kg, and
krr have strong dc components [see Eqs. (A9-{A11)].
Therefore, the addition of a dec block in the filter plane
reduces these noise terms, as well as noise from
clutter??>-2* and from the convolution term occurring
in K, (Ref. 25) when a BPOF is used. Our 3 X 3 pixel
dc block was chosen because a 1 X 1 pixel dc block lets
too much noise pass for use with a correlator with
low-CR SLM’. A larger block would, of course,
further reduce these terms. For R; > 5,a 3 X 3 pixel
block, however, keeps the ratio of the correlation peak
to the second-highest peak in the correlation plane
greater than 2 for the input of an uncluttered wom-
an’s face, and greater than approximately 1 for the
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Fig. 3. Images that constituted the input for this study: (a) a
woman’s face with no background included, and (b) a tank in a noisy
background.
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input of a cluttered tank (see Fig. 3 below). This de
block does not, however, substantially diminish the
sharp correlation peak in k¢ for either the POF or
BPOF.

6. Computer Simulations and Analysis

We performed computer simulations of this correlator
and incorporated finite CR’s for each SLM. Two
different input images were employed. One con-
sisted of a 64 X 64 pixel array of a woman’s face with
no background included,' as shown in Fig. 3(a).
This is representative of a controlled image input.
Two filters were derived from this image: a phase-
only filter (POF) and a binary-phase-only filter (BPOF).
The other input image consisted of a 128 X 128 pixel
array of a tank in a desert background, as shown in
Fig. 3(b). APOF and a BPOF were also derived from
the tank itself, with the background removed. When
all the filters were calculated, the reference image
was first shifted into the middle of the upper-right
quadrant of the input SLM (as was done in our
previous works!=3). Our binarization axis for the
BPOF was {, = /2, and approximation (9) was used
to construct the filter. The input and the filter SLM’s
were sampled at 2 X 2 points per pixel,?6 and the
input signal was positioned at the center of a 512 X
512 point zero-filled array. The correlation-intensity
array in all instances was selected to be that 128 X
128 point array with the correlation peak in the
center.

A. Case Studies

We analyzed three different cases for SLM’s with
different CR’s in the input and the filter planes.
These cases are listed in Table 1.

In case A the CR is the same in both SLM’s (that is,
R1 = Rs and ¢; = ¢3) and varies from infinity down to
5. In this situation all four terms are present in Eq.
(14), as listed in the last column of Table 1. By
means of the form shown in Eq. (19), 2r can be
written as

kT(xS)(Case A) = C]_Z(AC - AS + AR - AFR)
+ Cl(AS - ZAR + AFR) + AR7 (20)

In case B the CR (Ry) of SLM2 remains fixed at
infinity (c; = 1), whereas the CR’s for SLM1 (R; and ¢4}
vary. As seen in relations (16) and (17), ks and kg
vanish, leaving only k¢ and kpp in Eq. (14). Ex-

Table 1. CR Case Studied

Nonzero
k Terms
Case? SLM1 SLM2 in kp
A R1 (OI' Cﬂ varies R2 = Rl lorecg = 01> kc, ks, kR, kFR
B R, (orcyvaries Ry= (orco=1) kg, krr
C Ry=x (orci=1 Ry (orcy varies ke, ks

If Ry = R, = o for any case, then by = k.

pressed in the form of Eq. (19), 27 can be written as
kj{xS)(case B) = C1<AC - AFR) + AFR‘ (21)

In case C the CR (R;) of SLM1 remains fixed at
infinity (c; = 1), whereas the CR’s for SLM2 (R; and c)
vary. From relations (17) and (18), kz and kpg vanish,
and k7 can be written as

kqlxs)case C) = cyAp — Ag) + Ag. (22)

Also note that, whenever both CR’s are infinite, then
c1 = cg = 1, so Eq. (14) reduces to the single term k.
We see below that a dc block primarily reduces Ag,
Argr, and Ag, and also, for a BPOF, the block reduces
the convolution term present in A¢.

B. Correlation Peak and Detection Metrics

The quantities computed from the resulting correla-
tion simulations were the peak intensity (I,) and the
metrics: peak-to-noise ratio (PNR) and peak-to-
secondary ratio (PSR). These quantities are calcu-

(a)

10

Ip
) .
c,=1.0 09 08 0.7 06 05 0.4
e ot t ¢
R;=10% 102 10 5 (= GONTRAST RATIO)

Fig. 4. Correlation peak intensity Ip versus the amplitude trans-
mittance (c;) and CR (R;) for cases A, B, an C for (a) a POF filter, and
(b) a BPOF filter that uses the woman’s face. The letters without
primes refer to cases in which no dc block was used, whereas the
letters with primes refer to cases in which a 3 X 3 pixel dc block
was used in the filter plane. ¢; stands for ¢ for cases A, A’, B and
B’; ¢; stands for cg for cases C and C'. Selected values of the CR,
R;, are shown below their corresponding ¢;, with R; = R for cases A
and B, and R; = R, for case C.
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lated as follows:

Ip = ‘kT‘IZnax' (23)
Both | k7| max and |k¢|max 0ccur at the same location in
all instances, except for noisy inputs that are com-
bined with low-CR SLM’s. Under these latter condi-
tions a secondary peak may be larger than the
correlation peak. Next,

PNR = ‘k,‘max/‘k,‘SDa (24>

where the subscript SD represents a standard devia-
tion. The zero-mean array |k'| = |ky| — kg, with kg
the mean value of the entire |ky| array and

S kN-1

i#max

k'|sp = (25)

Finally,
PSR = |k'| ./ | k' (highest secondary peak) . (26)

PNR
(b)
501
f 40
NR R
P 30
20
10k ‘\5
\\\ —8
TTe-A
o] ! M 2 s L \
C;=1.0 0.9 0.8 0.7 0.6 0.5 0.4
bt ot t t
R,=0° 10° 102 10 §(= CONTRAST RATIO)

Fig.5. Same as in Figs. 4(a) and (b, except that the ordinate is the
peak-to-noise ratio (PNR).
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C. Correlation-Peak Intensity Simulations for Input of the
Woman'’s Face

In one part of this study a woman’s face, shown in Fig.
3(a), was used for both the input and the filter.
Figure 4 shows how the computer-calculated correla-
tion-peak intensity I, changes with the transmittance
coefficient ¢; for the three cases listed in Table 1. In
Fig. 4(a) a POF is used as the filter and in Fig. 4(b) a
BPOF is used. As discussed in Section 6.B., ¢; = ¢;
for cases A and B; whereas, ¢; = ¢, for case C. Some
values of the contrast ratio R; are shown below their
corresponding ¢;. Note that for a constant ¢; and no
dc block, regardless of the type of filter used, case B
gives a higher I, value than case C because of the
addition of more noise to the correlation background.
Meanwhile, case A gives the lowest I, because it

(a)

20}

15

PSR 10

ot by

5 (£ CONTRAST RATIO)

0
CI=1.0

tt

R;= 0 10% 10 10

0.9 0.8 0.7 0.6 0.5 0.4

5 (= CONTRAST RATIO)

Fig. 6. Same as in Figs. 4(a) and (b), except the ordinate is
peak-to-sidelobe ratio (PSR).



combines the losses of signals associated with cases B
and C.

With the insertion of a 3 X 3 pixel dc block all three
curves (now indicated by primes) are depressed, and
the curves for cases B’ and C’ are close enough to be
superimposed. In this circumstance and at a value
of ¢; = 1 (that is, perfect SLM’s), the magnitude of I,
with either filter drops to approximately 85% of its
unblocked value. With the dc block still included
and at a ¢; of 0.553 (R; = 5), I, for either filter drops to
approximately 31% of its value at ¢; = 1 for cases B’
and C’ and to approximately 9% for case A'.

The falloff of I, with ¢; is quantitatively propor-
tional to c* for case A’ and to ¢;2 for cases B’ and C'.
For a 3 X 3 pixel dc block this reduction in I, as the CR
decreases agrees well with Eqs. (20-22) for both
filters because most of the noise terms are removed.
For example, for R; = 5 the agreement of the simula-
tion results with the theory is within =6%. With no
dc block the peak intensities for cases A, B, and C
have a stronger noise background and do not fall off as
rapidly as the theory for the correlation peak predicts.

When dc blocks are added, the falloff of the intensi-
ties in Fig. 4 is algebraically similar to that reported
in Refs. 1-3. In dead-zone correlators a substantial
amount of energy never reaches the detector. It is
lost through the strong higher-order diffraction from
the dead zones of the two SLM’s and only a 1-pixel dc¢
block is required for I, to agree with the theory. For
the same correlation-peak signal (k¢peax in finite-CR
correlators, much less energy is lost to higher-order
diffraction, as is discussed in Section 6.H. Conse-
quently, a 3 X 3 pixel dc block is now required to
reduce this excess noise in the correlation plane.

Table 2. Operating Values of Various Metrics when a 3

D. PNR and PSR Results for the Input Consisting of a
Woman'’s Face

The PNR and PSR results for the POF and BPOF
were calculated as a function of transmittance coeffi-
cient ¢;. The results for these metrics, in which the
woman’s face was used as input, are shown in Figs.
5(a) and 6(a) for the POF, and in Figs. 5(b) and 6(b) for
the BPOF. The unprimed cases indicate operation
with no dc block; the primed cases indicate operation
with a 3 X 3 pixel dc block.

For both filters, Figs. 5 and 6 show that there is a
falloff in the PNR and the PSR as c; decreases. For
cases A and B the PNR falloff is rapid, indicating
strong noise contributions. The actual values for
case A are the smallest (just as in the transmissive
dead-zone correlator) because this case combines the
noise of cases B and C. For case C the PNR falls off
much more slowly than in the other two cases because
the signal converted to noise that is due to the CR of
the filter SLM is relatively small. In fact, the PNR’s
for this case remain nearly constant until ¢y < 0.85.

With the addition of the 3 X 3 pixel, opaque dc
block, Figs. 5 and 6 show how much the performance
values are improved. Some of the actual values for
these performance metrics and their improvement
factors are listed in the upper half of Table 2. For
example, at ¢; = 1, the PNR and the PSR improve by
factors of from 1.3 to 1.6, respectively. Atc; = 0.553
(R; = 5), the PNR’s for both filters improve by factors
ranging from 1.5 to 4.9; whereas the PSR’s improve
marginally for the POF and only slightly for the
BPOF. An explanation of the columns in Table 2
that are labeled “Gray dcB” (where dcB represents dc
block) are given in Section 6.G.

X 3 Pixel dc Block Is Added to Filter SLM

Improvement Factors

Opaque dcB Operation PNR PSR
Input Filter Case R PNR PSR I, Opaque dcB Gray dcB Opaque dcB Gray dcB
Woman’s face POF All 3 59.2 17.4 16.3 14 1.3 1.6 14
A 5 26.2 3.0 1.6 2.9 1.6 0.91 0.70
B 5 33.0 3.8 5.1 2.1 1.5 1.1 1.0
C 5 45.6 7.9 5.2 1.5 1.3 14 1.2
BPOF  All 0 47.3 9.0 6.5 1.3 1.2 1.3 1.3
A 5 17.0 2.6 0.6 4.9 2.0 1.7 1.5
B 5 23.8 3.6 2.0 3.7 1.9 1.6 1.6
C 5 31.0 4.0 2.1 1.5 1.3 1.2 1.1
Tank POF All e 15.6 3.4 1.7 1.8 1.1 1.2 0.9
A 5 6.5 14 0.16 1.9 0.8 1.0 0.8
B 5 5.8 1.2 0.41 1.3 0.8 0.7 0.6
C 5 15.0 3.4 0.55 2.4 1.0 1.6 0.9
BPOF All 0 9.9 2.3 0.71 2.4 1.6 2.3 1.5
A 5 4.8 1.2 0.83 [1.7] [1.2]
B 5 0.8 0.17 [1.4] (1.2]
C 5 10.3 1.2 0.83 [2.4] [1.4]

aSquare brackets indicate values for which the correlation peak was not at the maximum. Blank entries indicate that measurements are

not possible under those circumstances.
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E. Performance Simulation with the Tank Input

The tank input, shown in Fig. 3(b), introduces substan-
tially more noise to the correlation signal than does
the clutter-free face input. Clutter makes both dc
and spatial frequency-dependent contributions to the
noise at the filter, but the high-frequency portion
cannot be removed with a dc block. Moreover, a
large clutter value combined with a low CR can have
the effect of elevating a secondary peak higher than
the correlation peak, thus causing the PSR to be less
than unity. In addition, the noise level is hgh enough
so that the theoretically predicted falloffs of Ip are not
achieved.

With the insertion of the 3 X 3 pixel, opaque dc
block and for an infinite CR, the correlation intensi-
ties at the usual peak position are reduced by 40% and
35% for the POF and BPOF, respectively. These
values are listed in the lower half of the Table
2. They are lower than the corresponding values for
the face input by factors of 9.8 and 9.2, respectively.
Some of the reasons why this occurs is that a portion
of the clutter is brighter than the tank, and the
maximum value of the tank input is normalized to
unity for SLM1. Also, as indicated in Fig. 3, the tank
is smaller in size than the woman’s face.

The actual values of the PNR, the PSR, and the Ip
for the POF and BPOF with this dc block when the
input signal is the cluttered tank are shown in Table
2. No PNR value is shown for the BPOF for case B
because the PSR is still less than unity.

The lower half of Table 2 also shows that, for the
POF, the PNR’s improve by factors of 1.3 to 2.4,
whereas the PSR’s improve only marginally. For
R; — @ these PNR’s are factors of 3.8 and 4.8 less
than the corresponding POF and BPOF values,
respectively, for the input of the woman’s face. For
the BPOF, when R; < % the correlation peak is not
the maximum peak in the correlation pattern, so the
PNR’s are not evaluated, as is indicated by the
brackets in Table 2, and the PSR’s are all less than
unity. It is only with the insertion of the dc block
that the PSR’s rise above unity, rendering the BPOF
correlator useable again. The improvement factors
in the PSR’s are indicated within such brackets.

F. Opaque dc Block

A 3 X 3 pixel, opaque dc block has been shown to
improve the PNR and the PSR and to produce a closer
agreement with both the ¢; falloff value predicted for
Ip from Eq. (20) and the flat ¢; dependence for ¢; > 0.85
observed for the PNR and the PSR.

One example that vividly demonstrates the effect of
the 3 X 3 pixel dc block is shown in Fig. 7. In Fig.
7(a) we see the three-dimensional correlation pattern
for a correlator employing the woman’s face. Both
of the correlator’s SLM’s have a CR of 5 (case A), and
its filter is a BPOF with no dc block. The PNR and
the PSR are 3.7 and 1.5, respectively. The detector
has been positioned so that the correlation peak k¢ is
located at its center. The bumpy portion in the
far-right quadrant is the woman’s image kg. k¢ and
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ks sit on top of the rectangular platform kz. The
attenuated skirt around this platform is made up of
the kpr and the convolution portion of the k¢ that was
introduced by the BPOF. When a 3 X 3 pixel, opaque
dc block is inserted at the center of SLMZ2, there is
noise reduction in kg, kg, and krg, and the extent of
this reduction is clearly demonstrated in Fig. 7(b).
For the situation shown here, the PNR increases to
17.0 and the PSR to 2.6.

G. Gray dc Block

Because a perfectly opaque dc block may be difficult to
realize in fabrication, we simulated the performance
of a partially attenuating (that is, gray) 3 X 3 pixel de
block in SLM2. This is what would be obtained from

(a)

Fig. 7. Three-dimensional correlation patterns for a correlator
whose SLM’s each have CR = 5 (case A) and in which the filter SLM
contains a binary-phase-only filter (a) with no dc block and (b) with a
3 X 3 pixel dc block in the filter plane. The woman’s face was used
for both the input and the filter.



Table 3. Energy Partitioning in Percent throughout the Correlator with and without the Use of a dc Block for the Input of the Woman’s Face

Light Elimin- Light Loss Light
Filter Type dc Block Contrast Light Missing ated by the from the Light Missing Recorded by
and Case Used Ratio R; the Filter dc Block Phase-Only Filter® the Detector the Detector®
POF
All Yes o 2.3 48.0 0 13.8 35.9
No © 2.3 0 0 26.3 714
A Yes 5 0.2 87.7 55 3.8 2.8
No 5 0.2 0 24.4 24.3 51.1
B Yes 5 0.2 87.7 0 6.9 5.2
No 5 0.2 0 0 34.6 65.2
C Yes 5 2.3 48.0 41.5 5.1 20.4
No 5 2.3 0 415 8.0 48.2
BPOF
All Yes o 2.3 48.0 0 20.2 29.5
No © 2.3 0 0 38.0 59.7
A Yes 5 0.2 87.7 5.3 4.2 2.6
No 5 0.2 0 8.1 31.9 59.8
B Yes 5 0.2 87.7 0 7.7 44
No 5 0.2 0 0 36.9 62.9
C Yes 5 2.3 48.0 24.3 5.0 20.4
No 5 2.3 0 33.8 11.6 52.3

@This light loss occurs for all phases of F* that are different from zero.
bThis light loss occurs because SLM2 diffracts the incident light at too large an angle to permit it to be captured at the detector.

an amplitude-modulated SLM if we electrically turned
off the center 3 X 3 pixels. For an SLM with our
minimum CR of 5, the corresponding intensity trans-
mittance would be 20%. In columns 9 (gray dcB
values of the PNR) and 11 (gray dcB values of the
PSR)in Table 2 we list the improvement factors in the
two metrics caused by this gray dc block. Note that
for the case of the input of the woman’s face the
improvement factors for the PNR now extend only
from 1.2 to 2.0, whereas before they went from 1.3 to
4.9. The PSR factors did not change much. For

the tank input, the insertion of the gray dc block
actually worsened the two performance metrics.

H. Energy Budget

The energy partitioning for correlators that have
SLM’s with CR’s of © and 5 are listed in Table 3 for
the input of the woman’s face and in Table 4 for the
input of the tank. Entries are stated in a percentage of
the total light exiting from SLM1. When these
numbers are compared with those in a similar table
(Table 4) in Ref. 2, they indicate the differences

Table 4. Energy Partitioning in Percent throughout the Correlator with and without the Use of a dc Block for the Input of the Tank

Light Elimin- Light Loss Light
Filter Type dc Block Contrast Light Missing ated by the from the Light Missing Recorded by
and Case Used Ratio R; the Filter dc Block Phase-Only Filter® the Detector the Detector®
POF
All Yes o 0.5 83.3 0 8.4 7.8
No o 0.5 0 0 36.1 63.4
A Yes 5 0.1 87.0 8.1 2.7 2.1
No 5 0.1 0 32.5 23.4 44.0
B Yes 5 0.1 87.0 0 7.0 5.9
No 5 0.1 0 0 35.9 64.0
C Yes 5 0.5 83.3 9.9 3.3 3.0
No 5 0.5 0 33.3 23.6 42.6
BPOF
All Yes 0 0.5 83.3 0 8.4 7.8
No o 0.5 0 0 41.8 57.7
A Yes 5 0.1 87.0 8.2 2.9 1.8
No 5 0.1 0 16.8 30.6 52.5
B Yes 5 0.1 87.0 0 7.7 5.2
No 5 0.1 0 0 41.1 58.8
C Yes 5 0.5 83.3 10.0 3.8 2.4
No 5 0.5 0 18.7 30.8 50.0

@This light loss occurs for all phases of F* that are different from zero.
bThis light loss occurs because SLM2 diffracts the incident light at too large an angle to permit it to be captured at the detector.
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between correlators fabricated with SLM’s that have
finite CR’s and those with transparent dead zones.
The values in Tables 3 and 4 pertain to the situation
when a 3 X 3 pixel, opaque dc block is or is not
applied to SLM2. Columns 4 through 8 refer to the
following, respectively: light that misses the filter
because it was diffracted at too large an angle by
SLM1, additional light eliminated by the dc block
itself, light loss associated with the phase-only filter
(occurring for all phases of F* different from zero),
light that misses the detector because SLM2 dif-
fracts it at too large an angle, and light recorded by
the detector. The values across any row always add
to 100%.

Our simulations show that much more energy exits
SLM1 when its CR is finite than when it is infinite.
This is due to the additional energy that is allowed to
pass through the pixels from the signal illuminating
SLM1. For example, when the image of the woman’s
face is used as input, the energy exiting SLM1 when it
has a CR of 5is 11 times greater than when SLM1 has
an infinite CR, and the percentage of this energy that
is a true signal would be only 2.8%. On the other
hand, when the image of the tank is used as input, the
energy exiting SML1 when it has a CR of 5 is only 1.7
times greater than when SLM1 has an infinite CR,
but only 18% of that represents the true signal. (We
note that there is 13.6 times more energy in the
tank-scene input than in the facial-scene input.

7. Conclusions and Recommendations

We have presented an analytical model and computer
simulations for the performance of optical correlators
with SLM’s that have varying CR’s by using two
gray-scale real-world images: a tank in nonoverlap-
ping clutter and a woman’s face. Furthermore, we
have shown that this analytical model and the com-
puter simulations are in agreement. Our analytical
results revealed that when SLM’s in correlators have
finite CR’s the total correlation pattern consists of
four parts: one gives the true correlation and the
other three form background noise.

As a result of our study we arrive at the following
conclusions for SLM’s that have CR’s as low as 5:

(1) Correlation performance in the form of the
PNR, the PSR, and the peak intensity Ip is always
better when a POF, rather than a BPOF, is used in the
system.

(2) Insertion of a dec block at the center of the filter
SLM decreases the background noise in the correla-
tion plane; this dc block is larger than that required
for the same level of performance in a correlator
whose SLM’s have transmissive (or reflective) dead
zones.

(8) For both cluttered and uncluttered input, re-
gardless of the type of phase filter used and with an
opaque dc block inserted, this study indicates that the
three metrics of Ip, PNR, and PSR are usually highest
for case C (the input SLM is perfect) and lowest for
case A (both SLM’s have a finite CR).
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These computer simulations and the analytical
model demonstrate that as the CR’s of the SLM’s are
lowered the following occurs: the correlation peaks
decrease, the background noise increases, and conse-
quently the performance measures diminish. None-
theless, for our two substantially different input
types, we have shown that, even with CR’s as low as 5,
correlators employing either a POF or a BPOF can
still perform quite satisfactorily (1) with or without a
dc block for either type of filter if the input scene is
noise and clutter free, and (2) only with a dc block
when a BPOF is used if the input scene is significantly
cluttered. Finally, we recommend that the user place
the SLM with the highest CR in the input plane and
use a dc block in the filter plane.

Appendix A.

The analysis presented here is similar to that pre-
sented in Ref. 3 for the case of pixellated SLM’s that
have transmissive (or reflective) dead zones. We
have kept the same symbols for similar terms. In
the notation of this paper all terms that have a
subscript 1 refer to the input plane, those that have a
subscript 2 to the filter plane, and those that have a
subscript 3 to the output plane. For notational sim-
plicity we present a one-dimensional signal analysis
that may be directly extended to two dimensions.

Because the continuous (and normalized) incident
signal s(x;) in Fig. 1 is detected, sampled, and ad-
dressed to discrete pixels in SLM1, Eq. (4) from the
text must be modified accordingly. The complete
expression for w(x{) becomes

wley) = |es| 3 [dber — b sty o rect|;
n=—c 1
) X1
+ (1 — ¢4)[rect] I: . (A1)

Here, s addresses pixels of width b, and the convolu-
tion operation with rect(x;/b;) maintains that sampled
value across the pixel face. The rectlx;/L;) term
accounts for the length L; of SLM1. The effects of
the transfer characteristic and the finiteness of the
CR are reflected in term c¢;. A Fourier transforma-
tion yields

Wig,) = (clu > a(ez - bil) > Sley

n=—o

sinc(bléz)]

o Ly sinc(L&,), (A2)

+ (1 = c1BlE)

where S(&;) is the Fourier transform of s(x;). Only the
n = 0 term need be kept because the higher-order
terms are centered at positions beyond the edges of
the filter and make negligible contributions within
the confines of the filter.

In a similar manner the basic portion of G*(&;) [see
Eq. (9)] has to be modified to include the discreteness
of the pixels in SLM2. For illumination by a unit-



amplitude plane wave, the output from SLM2 is given
by

G*&) = [Cz(k ; dl&, — m(Aﬁsz*(gz)]’
X
o rect(L&)| + (1 — ¢y)|rect|— ]’ (A3)

where A§; gives the width of SLM2’s pixels in spatial-
frequency coordinates and rect(xg/ L,) accounts for the
length L, of SLM2. Also, if a dc block consisting of py
pixels along each dimension, each pixel having a
width hs, is placed at the center of SLM2, then the
term rect(xy/Lo) in Eq. (A3) would be replaced by

X2
L,

rect|—| — rect| Tydlxs). (A4)

Pk

2h2
The relation between spatial coordinates (xo) and
spatial-frequency coordinates (&) in the filter plane,
which maintains the minimum resolving power in
that plane, is given by xy = Lihg&. Consequently,
A&, in Eq. (A3) can be replaced by 1/L1; xg/Lz can be
replaced by L1h2§2/L2, and xg/ pohs can be replaced by
L1£5/ps.  Thus, the spatial-frequency form of Eq. (A3)
can be written as

=l 3 e

+ (1 - C2):|[Tdc(§2)]a (A5)

)F *(gzﬂ} ° rect(L1§2))

where

L1hoks

2

T4l&s) = rect

(A6)

— rect

1&2)
D2

The output from SLM2 is given by the function
Kr&), which consists of the product [W(&)[G*(&y).
From Egs. (A2) and (A5), Kri&,) can be written as the
sum of the four terms:

Kii&y) = Kdl&s) + Kgl&s) + Kglés) + Kpplés), (A7)
in which the meaning behind the subscripts is given
in the text. Specifically,

KlEs) = (c1¢q]S(Ey)lsine(b,&y)| o Ly sinc(L,&y))

> a(gg ——) @J]

m=—w

° rect(Llég))Tdc(éz), A8)

Kgl&y) = {01(1 02)[S(§2)sinc(b1§2)]
oLy SinC(L1§2>H Tdc(%Z)L (A9)

Kgl&y) = (1 — ¢4 1 — cy)[8(&y) © Ly sinc(L&y)[Tycl&y)ls

(A10)
and
Kpplte) = (1 — 01)02[5(5 Jo Ly SinC(L1§2ﬂ
Z_ 8( )F*@zﬂ] ° rect<L1§2>)
X [Tdc(;EQ)L (All)

When the above K terms are inverse transformed
they result in the following four correlation terms,
where x3 is the spatial coordinate in the output
plane:

X3

kc<x3) = L

c1Cy|Slxs) © Tect|—||rect| —

b

0

E dlacg —

m=—o

* mLy) * f*x;)

X

= ] ° tacxs),

I A12)

X sinc

in which f*(x3) is the impulse response of F*(&,), the
star represents correlation, the detector length is L,
and #4Jxs) is given by Eq. (13) in Section 4. In the
term involving f*(x3) we select the m = 0 term only,
assuming other values of m will cause f*(x3 — mL;)to
fall outside of the detector. Apart from the #g/xs)
and the cic, terms, the rest of the expression in Eq.
(A12) represents the usual correlation term that

occurs whenc; = c; = 1. Continuing,
X3 X3
kglxs) = icq(1 — cy)|slxs) o rect|—|[rect|—|i ° £4lxs),
b, L,
(A13)
, X3
bk = (1~ ey[1 = egrect |ty AL
1
X3 X3
kFR(xg) = (1 - Cl)CQ I‘ectl: * f*(x3) sinc|— Ll
° t4cxs), (A15)

In Eqgs. (A12)-{A15) the dc-blocking term ¢4, which
also plays the role of a blurring function, can be
rewritten to take into consideration the transmit-
tance (or grayness) of the block. If this grayness is
included, Eq. (A6) can be recast as

Lhsg,
L,

L&\
1— (1 — erect—1||> (A16)

D2

Tydl&s) = rect]

where e is the amplitude transmittance of the dc
block, that is, when e is zero the block is opaque,
whereas when e is unity the block is compltely
transmissive. Note that factoring out the term
representing the wider rectangular function does not
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affect the narrow rectangular function inside the

bracket. The Fourier transform of Eq. (A16)is
tadxs) = i sinc] Lot
aes Lh, Lh,
P2 . (P2
o [8lag) — (1 — e)Ll sinc L x5/, (A17)

With this expression the final 27 can be expressed as

kﬂxs) = [kﬁxsﬂpzzo —(1- G){kﬁxaﬂpzzo

P2 . (P2
O_Slnc_X3 .

L, sincl (A18)

The second term subtracts a low-pass amplitude term
from k7. For example, the correlation peak k¢ is
large for POF correlators, and our simulations with
perfect SLM’s yield a 6% reduction in the peak
amplitude for a 3 X 3 pixel dc block. The broad noise
components in kg, ks, and kpg are, however, strongly
reduced, as indicated by the increase in the PNR
shown in Figs. 5(a) and 5(b). In Fig. 5(b) the BPOF
convolution term has also been reduced.?®

The authors would like to acknowledge David Flan-
nery for informative discussions.
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