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Digital polarization-encoding technique for
optical logic operations
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We implement optical logic operations, using a polarization-encoding architecture based on digital speckle

pattern interferometry (DSPI).

the polarization direction in the paths of the interferometer between acquisition of frames.
logic operations can be achieved and stored in a host computer.
© 1996 Optical Society of America

creating dynamic logic gates.

In recent years, interest in the design of optical
processors has constantly grown. Various methods
have been proposed for implementing logic operations.
Early versions were based on spatial filtering,'?
where the logic gates were characterized by either
grating structures or scattering structures. Modern
approaches also exploited the use of laser-excited
gratings in dye-doped solids.> Successful implemen-
tations were based on the photorefractive effect, which
was extensively studied in connection with optical
computing.* Photorefractive media were used to
‘encode, fransmit, and process information concerning
logic operations under different architectures. Some
of these techniques used, for example, phase-matched
diffraction and holographic interference® and multi-
wavelength encoding and processing.® Polarization-
encoded optical logic by use of photoinduced gratings
in photorefractive crystals’ is particularly interesting,
as such a scheme offers the possibility of creating dy-
namic logic gates. Including multiwavelength opera-
tions in this scheme offers the advantage of spectral
parallelism in information processing.?

In the last context, the authors’ preferences are
oriented to make use of the representation of the
logic states produced by two orthogonal states of
linearly polarized light. Advantages of this ap-
proach are that no energy is lost, it is better suited
for cascading operations, it requires no filtering or
transformations, and it provides not only the re-
sult but also the negation of the result. Also, the
requirements of intensity equalization and critical
alignment are eliminated. Our objective is to use a
digital approach based on the polarization-encoding
concept as a means to simplify the truth table
architectures. In this Letter we propose and demon-
strate the implementation of polarization-encoded
optical logic in a digital speckle pattern interferometer
(DSPI) scheme. The DSPI scheme is a technique
widely used in connection with metrological applica-
tions that is based on the digital correlation of speckle
patterns.®=!! The basic configuration that we use is
shown in Fig. 1.12 The laser beam is divided in two
by a beam splitter, and then each beam is expanded.
The input objects, A and B, are made such that they
introduce a local change in the polarization direction
in each beam. The polarization-modulated beams are
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The method is based on the intensity dependence of DSPI on the rotation of

The 16 two-input
This scheme also offers the possibility of

brought together to illuminate the surface. This is
equivalent to obtaining two different speckle patterns
from the same surface, one that serves as a reference
wave and the other as an object wave. The resulting
speckle pattern is recorded by a CCD camera and
then processed with a host computer. The method
relies on the speckle correlation concept, in which the
correlation operation is performed by subtraction.

The technique combines holographic and speckle
interferometry with an in-line reference beam and
an image-plane hologram setup, following the meth-
ods of double-exposure holography. For comparison,
a stored reference frame is continually subtracted
from the incoming data. In the standard DSPI pro-
cedure, any optical path difference produced by a
screen deformation introduces a phase change in the
resulting speckle pattern of the actual frame. As a
result, speckle correlation fringes are displayed on a
TV monitor almost in real time, with the same inter-
pretation as for those fringes obtained by holographic
interferometry.

The visibility of such fringes depends on several pa-
rameters. Assuming linearly polarized laser light, we
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Fig. 1. DSPI setup: BS, beam splitter; M;, M,, mirrors;
HWP, polarization rotator; SF’s, beam expanders; A, B,
input objects; S, reference diffusing surface; CCD, charge-
coupled device camera.
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Fig. 2. Half-wave plate cell arrays in the input objects.
(a), (b) Two-input objects. (c) Cell placed in one path of the
interferometer. The curved arrows represent the sense of
rotation induced by the half-wave plate.

note that, if a rotation is induced in the polarization di-
rection in one path of the interferometer, a decrease in
the fringe visibility can be observed.’®* This indicates
that the DSPI is polarization sensitive. The mecha-
nism by which the polarization changes are stored in
the DSPI has already been studied.!*

If we denote the intensity distribution in the TV
monitor that arises from the operation of a pixel-to-
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pixel subtraction by I(x, y) and assume that there are
no phase disturbances between the reference frame and
the actual one, then

I(x, y) = 4|AI* sin? A8 cos ¢(x, ¥), 1)

where A is the complex amplitude, which is assumed to
be constant and equal in both paths, ¢(x, y) represents
the phase of the resulting speckle pattern, and A6
is the variation of the angle formed by the polar-
ization direction in the stored reference frame with
respect to the actual frames. When the direc-
tions coincide in both the reference and the ac-
tual frames, that is, A9 = 0° or A9 = 180°, the
TV screen is black; otherwise, if A6 = 90° or
A6 = 270°, the screen is white with a speckled
background. Thus, after using a digital decoding
procedure, we turn the polarization encoding into an
intensity display on the TV monitor, which assigns a
different intensity level to each recorded polarization
rotation according to Eq.(1). The DSPI offers a
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Scheme showing how to perform all 16 logical operations and the corresponding experimental results.
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means of easily implementing dynamic logic gates.
The encoding concept is explained as follows: The
two-input objects are array cells made of half-wave
plates, as shown in Figs. 2(a) and 2(b). The arrows
indicate the direction in which the half-wave plate
switches the input direction of the linearly polarized
light that is used as illumination source. The shaded
areas indicate that no half-wave plate is present. A
third array cell, displayed in Fig. 2(c), is placed in
one path of the interferometer. This array is used to
break the parity generated by rotation combinations
that repeat some output results. In all cases, the ref-
erence frame is first stored without the object. We
obtain the logical level 0 simply by not altering the
setup. The TV monitor is black in this case. In the
following, all rotations are clockwise. Level 1 is rep-
resented by a 90° rotation of the polarization direc-
tion in one path of the setup, which is accomplished
by the polarization rotator. In this case the moni-
tor screen is white. We display both input A and in-
put B by inserting each separately into any of the
interferometer paths. We obtain the negations of in-
put A (A) and input B (B) by a 180° rotation of
their original positions. The remaining operations
are presented by examples. We accomplish operation
A XOR B by simultaneously inserting the two input ob-
jects, A and B, in their original positions into sepa-
rate paths of the interferometer. AEQV B is performed
with the above configuration but with B rotated by
180°. We obtain the gate A NAND B by maintain-
ing both inputs in their original positions on separate
paths of the interferometer but inserting the third ar-
ray behind B, with the half-wave plate in the upper-
right position. By successively rotating this last array
by 90°, we get A AND B, AOR B, and A AND B. Rotating
B by 180° and rotating C by 0°, 90°, 180°, 270°, we get
A AND B, A orR B, A NOR B, and A ORrR B, respectively.
Details of the operations can be found in Fig. 3.

We have proposed and implemented a way to
achieve all 16 two-input binary logic gates by a
digital polarization-encoding scheme. The method
relies on the intensity variations induced in a DSPI
arrangement in which the polarization direction is
altered with respect to the first reference frame
acquired. The entire logic operation can be per-
formed without alterations of the optical setup or
auxiliary devices. The technique is independent of
diffraction efficiencies and requires no transforma-
tions or filtering. The accuracy of the operations
does not depend on critical alignment conditions.
The intensity throughput is maximum throughout
the whole process, as the half-wave plate rotator
causes no loss of energy. In our case the signal-to-
noise ratio is given in terms of the visibility of the
resulting logic gate, which in all cases is approxi-
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mately 0.6. The principal advantage over a standard
electronic gate is the parallelism in processing that can
be achieved by use of a more complex matrix as the
input object, without the need for multiple operation
units. Although we performed our experiments in
a non-real-time realization, dynamic logic gates can
be easily implemented. By use of a polarization-
switchable device as an input object, such as a Pockels
cell, near-real-time application can be achieved. The
main limitation in the time between operations is set
by the frame-acquisition rate of the video equipment.
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