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Abstract

We report the use of an electrically addressed liquid crystal spatial light modulator (EALCSLM) operating in the
phase mode as a phase-contrast filter (PCF). As an application, an optical phase encryption system has been imple-
mented. We encrypt and decrypt a two-dimensional phase image obtained from an amplitude image. Encrypted image
is holographically recorded in a Barium titanate crystal and is then decrypted by generating through phase conjugation,
a conjugate of the encrypted image. The decrypted phase image is converted into an amplitude image using an EASLM
as a PCF. The idea has been supported by the experimental results.
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1. Introduction

Imaging of phase objects has been a subject of
considerable interest in the field of optics. For a
number of applications, the spatial distribution of
the phase is the only available and/or the only
desirable information. In the ideal case, the phase
object is absolutely invisible. The transparent de-
tails of a phase object leave the intensity of the
passing light unchanged. Various techniques [1-6]
have been applied for imaging and visualization of
phase objects. The Zernike phase-contrast method

is a well-established technique for the visualization
of phase perturbations [1] and researchers have
been using a fabricated phase-contrast filter (PCF)
for imaging of phase objects.

Based on Zernike's phase-contrast configura-
tion and breaking the usual small-phase limitation,
a generalized phase-contrast technique [2,3] for
generating intensity patterns has also been re-
ported. Phase contrast using optically addressed
LCSLM [4,5] and bacteriorhodopsin (BR) film [6]
has also been reported in the literature. One dis-
advantage of OASLM and BR film-based phase-
contrast techniques is that these techniques are
intensity dependent. Therefore, higher intensity
orders also introduce phase-shifts, which are un-
desirable. Also phase-shift introduced is object
dependent.
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In recent years, there has been an increasing
interest in the use of optical methods for data se-
curity applications. Refregier and Javidi [7] pro-
posed an image encryption algorithm referred to in
the literature as ‘‘double random phase encoding’’
to encode an image using two random phase codes
in the input and Fourier planes. The random phase
code, used in the Fourier plane, constitutes the key
to the encrypted image.

Recently, the double random phase encoding
architecture was modified by the replacement of
the amplitude information with phase-encoded
information at the input [8]. Towghi et al. [8] have
shown that a fully phase-based encryption per-
forms better than amplitude-based encryption in
the presence of additive noise with respect to the
mean square error. The problem with the fully
phase encryption method arises only after de-
cryption. Since the decrypted image is a phase
image, a technique is required for converting the
phase image into an amplitude image. Gluckstad
[9] has discussed a scheme based on a common
path interferometer configuration for parallel op-
tical decryption and the display of encrypted im-
age information. Mogensen and Gluckstad [10]
have implemented a phase only optical encryption
and decryption system with a read out based on
the generalized phase-contrast method. Neto [11]
has proposed an image-encoding scheme to
encrypt images in phase masks using the phase-
contrast technique and a random phase distribu-
tion. Tan et al. [12] have reported secure optical
storage that uses a fully phase encryption. The
encrypted information is stored in a photorefrac-
tive crystal and the phase-encoded data are re-
trieved by a phase conjugate read-out scheme and
the same two random-phase masks used during
encryption process. The original data are recov-
ered with an interferometer. They also show that a
fully phase-based encryption system generally
performs better than an amplitude-based encryp-
tion system when the system bandwidth is limited
by a moderate amount.

In the present paper, we report with experi-
mental results that phase contrast can be obtained
by using an EASLM as a PCF, and demonstrate
its application in an optical fully phase encryption
system. We have encrypted a phase image ob-

tained from an amplitude image, by using a single
random phase encoding in the Fourier plane. En-
crypted image is holographically recorded in a
Barium titanate crystal and then decrypted by
generating a conjugate of the encrypted image
through phase conjugation [13]. The decrypted
phase image is converted into an amplitude image
by the phase-contrast technique. The idea is sup-
ported by computer simulation and experimental
results.

2. Phase imaging

Zernike's classical technique of phase contrast
involves changing the phase of the central order by
P=2 in the spatial frequency domain. Mogensen
and Gluckstad [14] have developed a generalized
phase-contrast technique as an extension of Zer-
nike's method. The generalized technique is not
restricted to the small-scale phase regime of Zer-
nike's technique. In the generalized method, the
PCF generates a p difference in phase between the
lower and the higher spatial frequencies. The PCF
is a phase only filter consisting of a transparent
phase-shifting dot. In a general 4-f imaging set-up,
the second lens performs a Fourier transform of
the p phase shifted and the non-phase shifted light.
The interference between these components gen-
erates intensity distribution in the output plane,
which can be visualized, photographed, or grab-
bed by a CCD camera. In short, the system be-
haves as a common path interferometer in which
the low-frequency component of the information,
encoded in the phase of the incident wavefront, is
phase shifted in the Fourier plane.

We utilize the property of an EALCSLM, to
introduce the required phase shift of appropriate
size corresponding to an image displayed on the
SLM. We use this SLM in the Fourier plane to
introduce P=2 phase shift between lower and
higher spatial frequencies. Use of an SLM in the
filter plane does not require manual fabrication of
a PCF and it offers the freedom for the generation
of PCF of different phase-shifts and sizes. In the
classical phase-contrast technique, it is possible to
improve the image contrast by making the phase-
shifting dot partially absorbing [1]. This require-
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ment can also be fulfilled by use of an SLM with
appropriate modulation.

3. Phase encryption

Let ðx;yÞ denote the space coordinates, and
ÐU; VÞ the coordinates in the Fourier domain. The
real-valued function fðx;yÞ denotes the primary
two-dimensional image to be encrypted, and
Wðx;yÞ the encrypted image. The fully phase en-
cryption of the input image fðx;yÞ is done in two
steps. First, the primary image fðx;yÞ is phase
encoded, which can be mathematically expressed
as exp[i/(x,j)]. The second step is the encryption
process that converts exp[i/(x,j)] into an en-
crypted image. The phase image exp[i/(x,j)] is
multiplied by a random phase functionpðx;yÞ. The
Fourier transform of exp[i/(x,j)]^>(x,j) is multi-
plied by a second random phase function qðu;vÞ in
the Fourier plane, which is statistically indepen-
dent of pðx;yÞ. The inverse Fourier transform of
this product gives the encrypted image

{x,y) = {exp[i/(x,y)]p(x,y)} ® q(x,y), (1)

where qðx;yÞ denotes the inverse Fourier transform
of qðu; vÞ. Herepðx;yÞ and qðu; vÞ are chosen to be
phase functions exp[i</>1(x,j)] and exp[i</>2(M, v)] re-
spectively, where /1ðx;yÞ and /2ðu;vÞ are random
functions uniformly distributed in the interval
[0;2p]. Note that qðx;yÞ, which is the impulse re-
sponse of the phase only transfer function qðu; vÞ, is
a stationary white noise. Function pðx; yÞ converts
exp[i/(x,j)] into white but non-stationary noise,
whereas qðu;vÞ encrypts the image into a stationary
white noise.

Decryption can be done as follows. The conju-
gate of the encrypted image is generated and is
Fourier transformed and multiplied by the ran-
dom phase key qðu; vÞ used during encryption. The
result is again Fourier transformed and multiplied
by the random phase keypðx;yÞ used during en-
cryption in the object plane, thus giving the de-
crypted phase image.

exp[-i/(x, y)] =

xq(u,v)}p(x,y). (2)

Fourier transform of this phase image multiplied
by a PCF will give the intensity image. The en-
crypted image has to be recorded in a holographic
recording material such as a photorefractive crys-
tal. Here, the phase conjugation technique as de-
scribed in [13] can be used.

4. Computer simulation

A computer simulation on MATLAB platform
has been done in support of the proposed idea. We
have simulated the conventional double random
phase encoding, with the difference that instead of
using an amplitude image as an input image, we
use a phase-encoded image. In addition, phase-
contrast technique is used for converting the de-
crypted phase image into an amplitude image. The
primary image chosen for the present study is
shown in Fig. 1(a). The primary image (E) of size
128 x 128 is phase encoded. The range of variation
of the phase encoding is [0 ;P]. The random phase
codes pðx;yÞ and qðu;vÞ were generated from a
random generator in MATLAB. The encrypted
image is shown in Fig. 1(b). For decrypting this
image, an inverse of the process of encryption is
followed and for converting the decrypted phase
image into an amplitude image, the PCF is used.
We simulated a PCF of size 128 x 128 that has a
dot at the centre with size 4 x 4 . The decrypted
image is Fourier transformed and multiplied by
this generated PCF and then inverse Fourier
transformed giving the decrypted amplitude im-
age. The decrypted image with the right key is
shown in Fig. 1(c), and that with the wrong key in
Fig. 1(d).

5. Experimental results

The experimental set-up (Fig. 2) is used for
phase encryption, decryption, and phase contrast.
A diode-pumped Nd:YAG laser (Coherent, Model
DPSS Mini-YAG, k = 532 nm) is used as the co-
herent light source. An expanded beam of light is
incident on an SLM (Jenoptik SLM with pixel size
32 x 32 lm2, operating in mostly phase mode),
which encodes the desired amplitude pattern in the
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(c)

Fig. 1. Simulation results of (a) original amplitude image to be encrypted; (b) encrypted image; (c) decrypted image with right key and
using PCF; (d) decrypted image with wrong key and using PCF.

Mini
YAG
Laser

M2 -KK:

Fig. 2. Experimental set-up. BE, beam expander; M, mirrors;
BS, beam splitter; SLM, spatial light modulator; RPM, random
phase mask; PRC, photorefractive crystal; CCD, charge cou-
pled device; PCF, phase-contrast filter.

phase component of the incident wavefront at the
object plane. The SLM in the phase mode intro-
duces approx. 0 : 61P phase-shift at k = 532 nm.
Lenses L1 and L2 are of focal lengths 135 and 75
mm, respectively, and the photorefractive crystal
used is BaTiO3. We prepared the random phase
mask by removing, using fixer, the silver halide
emulsion of a holographic plate. To record the
encrypted image we closed the shutter so that the
read-out beam would not erase the recorded ho-
logram. The angle between the two beams was
kept at 20° for an optimum SNR. The recorded
encrypted image hologram is read out by opening
the shutter to obtain the decrypted image through
phase conjugation.
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Since an intensity detector cannot capture the
decoded phase image, we used the phase-contrast
technique for converting the phase image into an
amplitude image. A lens L3 (focal length 135
mm) focuses the light onto a transmission type
mostly phase mode EASLM (KOPIN SLM) with
pixel size 15x15 lm2 . The SLM was character-
ized before its use as a PCF. The SLM in the
phase mode introduces approx. p=2 phase-shift at
X = 532 nm. We created digitally a white blank
pattern of size 320 x 240 pixels with a black
square of size 4 x 4 pixels in the centre, and
displayed it on the EASLM. The white pattern
gives a p=2 phase-shift with respect to the dark
pattern and corresponds to the phase shifter
mask of a conventional PCF. Thus PCF intro-
duces a p=2 phase-shift between central order and
higher orders. Another lens L4 (focal length
105 mm) does the inverse Fourier transformation
giving the amplitude image. The EASLM is
mounted on an X—Y translation stage for proper
alignment of the PCF. The results obtained are
shown in Fig. 3. Fig. 3 (a) shows the amplitude
image used for encryption. The encrypted image
formed at the photorefractive crystal plane is
imaged onto CCD1 and is shown in Fig. 3(b).

Fig. 3(c) shows the decrypted phase image as
collected by CCD2. Fig. 3(d) shows the decrypted
amplitude image after using correct key and
without phase-contrast filtering. Fig. 3(e) shows
the decrypted amplitude image after using wrong
key and the phase-contrast filtering.

In the conventional amplitude-based encryption
techniques, the two random phase codes used, one
in the spatial and the other in Fourier domain,
constitute the keys. However, in decryption, after
generating conjugate of the encrypted image only
random phase qðu; vÞ used in the Fourier plane is
required. The random phase pðx;yÞ used in the
object plane associated with the amplitude object
gets automatically removed when recorded with
the intensity detector like the CCD camera. On the
contrary, in fully phase encryption since the input
image is a phase image, both the random codes
pðx;yÞ and qðu;vÞ constitute the key and are es-
sentially required for decryption. We need to use
both the random phase masks pðx; yÞ and qðu; vÞ in
the respective positions. In addition, we need a
method for converting phase image into an am-
plitude image. Thus, the security in fully phase
encryption is higher as compared to that in
amplitude-based encryption.

Fig. 3. Experimental results of (a) original amplitude image to be encrypted; (b) encrypted image; (c) decrypted image with right key
and using PCF; (d) decrypted image with right key and without using PCF; (e) ecrypted image with wrong key and using PCF.
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6. Conclusion
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A phase SLM used in the filter plane provides
flexibility to create PCF of different sizes and com-
plex modulation, and is capable of introducing
variable phase-shift. Using an EASLM does not
require manual fabrication of a PCF. We encrypt
and decrypt a two-dimensional phase image ob-
tained from an amplitude image and use an EASLM
as a PCF for converting the decrypted phase image
into an amplitude image. Encrypted image is holo-
graphically recorded in a Barium titanate crystal.
Generating a conjugate of the encrypted image
through phase conjugation decrypts the image. We
have presented the experimental results only for
single random phase encoding in the Fourier do-
main. The technique can be extended to double
random phase encoding. The idea has been sup-
ported by the experimental results. We have used
phase SLMs for input image and for phase-contrast
filter. It is possible to employ a phase SLM for
random mask also. Such an all SLM-based system
can have potential for practical applications.
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