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bstract. We discuss a very simple method to encode bi-
ary data as circular polarization states with opposite helicity
y means of a standard twisted nematic liquid crystal display
TN-LCD�. This idea is applied to produce a steganographic
maging system, where binary data are hidden on a back-
round with the same polarization but opposed helicity. A
ariant is also proposed that maintains some visible informa-
ion. Experimental results obtained with a commercial TN-
CD are presented. © 2008 Society of Photo-Optical Instrumentation
ngineers.
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Introduction

ight polarization has been used recently as an additional
ay to encode and store information.1,2 Usually, data en-

oding has been performed using linear polarization states
ith different azimuths. However, the polarization encod-

ng is notably simplified if binary data are considered, since
hey can be encoded as orthogonal polarizations. For in-
tance, the polarization encryption system in Ref. 3 uses
wo linear orthogonal polarization states to encode bits 0
nd 1 from a two-dimensional �2-D� binary pattern. More-
ver, liquid crystal displays �LCDs� provide a unique way
o produce 2-D dynamically programmable systems ca-
able of spatially modulating the state of polarization.
lthough this is a relatively new technique, a variety of

pplications have been developed, such as polarization
ratings4 and polarization diffractive elements.5 Two-
imensional general polarization encoding has been dem-
nstrated by using two LCDs6 and by using specially de-
igned displays.7,8 In Ref. 9, a standard twisted nematic
CD �TN-LCD� was also used for linear polarization en-
oding by adding four external quarter wave plates �QWPs�
ith appropriate orientations. Here, we discuss a very

imple system that uses a TN-LCD followed by a QWP to
roduce the two circularly polarized orthogonal states. We
how that this system is useful to hide binary data �to make
hem invisible to the human eye�, which may result in
ovel steganographic techniques.10

091-3286/2008/$25.00 © 2008 SPIE
ptical Engineering 030504-
2 Principle of Operation

The proposed LCD operational mode for polarization en-
coding is shown in Fig. 1�a�. Two LCD pixels with differ-
ent addressed voltages are considered. The standard opera-
tional mode of a 90 deg TN-LCD produces two orthogonal
linear states for two voltages. In the first case �bottom of
Fig. 1�a��, the TN-LCD rotates the output polarization by
90 deg. In the second case �top of Fig. 1�a��, the input
polarization remains unaltered since the applied voltage
aligns the liquid crystal �LC� molecules. In our proposal,
these two orthogonal emerging linear states are directed to
a QWP oriented with its principal axis at �45 deg. Then,
the QWP converts these linear states to circular states with
opposite helicity,11 as indicated in Fig. 1�a�. We use these L
and R circular states to encode and hide binary data.

We employ a commercial TN-LCD from CRL-OPTO,
Model XGA3-SLM, with 1024�768 pixels, a pixel size of
13�10 �m2, and a pixel pitch of 18�18 �m2. Figure 1�b�
shows the emerging polarization ellipses for the three gray
levels g=0, 152, and 255 employed in this work. These
results correspond to an incident input linear polarization
oriented at 20 deg with respect to the LC director at the
entrance surface of the display. We selected this angle be-
cause we found that it leads to a minimum ellipticity in the
whole range of addressed gray levels. As expected, the azi-
muth rotates by 90 deg from zero to the maximum ad-
dressed gray level. The ellipticity of the emerging states is

Fig. 1 �a� Scheme of the operating system. �b� Emerging polariza-
tion for gray levels g=0, 152, and 255.
March 2008/Vol. 47�3�1
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ot strictly zero, but it can be approximated that the display
cts as a linear polarization encoder. As we show next, the
wo emerging states for gray levels g=0 and g=255 pro-
ide good enough results in the scheme shown in Fig. 1�a�.
ast, we must mention that there is additional phase term
etween these emerging states, which cannot be neglected
n diffractive applications.5 However, since here we are in-
erested only in intensity detection in an imaging system,
his phase term becomes not relevant.

Experimental Results

he TN-LCD-QWP system can be used to approximately
ncode 2-D binary data as two circular states with opposite
elicity. As a first example, we consider a binary pattern
onsisting of the words “HIDDEN MESSAGE” written
ith gray level g=0 over a background with gray level g
255. This pattern is displayed on the LCD, and it is im-
ged on a CCD camera. We use a low numerical aperture
ens in order to avoid any additional polarization effect.
igure 2 shows the experimental captured images in three
ifferent situations. Results in the first and second row cor-
espond, respectively, to the system without and with the
WP behind the LCD. The images in Figs. 2�a� and 2�e�

first column� show the case without an analyzer behind the
ptical system. In this situation, the information is encoded
n orthogonal polarizations �linear polarizations in Fig.
�a�, and L and R circular polarizations in Fig. 2�e��. How-
ver, the absence of the analyzer produces a uniform image,
nd no indication about the message is detected. The ana-
yzer very easily permits recovery of the hidden message.
his is shown in Figs. 2�b�–2�d�, where the analyzer is
riented with different angle � relative to the azimuth of the
merging state for g=0. These figures show the captured
mages when the analyzer is oriented at �=0 deg �Fig.
�b��, �=45 deg �Fig. 2�c��, and �=90 deg �Fig. 2�d��. In
ig. 2�b�, the image shows bright letters over a dark back-
round, whereas Fig. 2�d� shows an inverted version. When
he analyzer is oriented at �=45 deg, the image is again
niform, since both states project to the analyzer with the
ame intensity. Next, consider the case when the QWP is
nserted behind the LCD. Now the binary data are encoded

ig. 2 Captured images for binary pattern. �a� to �d� System without
WP. �e� to �h� System with QWP. No analyzer is placed behind the
ystem in �a� and �e�. Analyzer is placed behind the system oriented
ith relative angle �=0 deg in �b� and �f�, �=45 deg in �c� and �g�,
nd �=90 deg in �d� and �h�.
ptical Engineering 030504-
on the helicity of the circularly polarized beam. Therefore,
it is not possible to retrieve the message even if the ana-
lyzer is employed. The intensity of the transmitted pattern
is always one half of the incoming intensity, regardless of
the orientation of the analyzer. Figures 2�f�–2�h� show this
situation, where the analyzer is oriented at the same angles
as in the previous row. A uniform pattern is obtained in all
cases, and the message remains hidden. Only a very slight
effect is being produced on the edges of the letters. This
edge effect has also been noticed in previous works.7,9 The
fact that the information remains hidden even in the pres-
ence of the analyzer makes the system more useful for hid-
ing information than other encodings based on linear polar-
ization states �which become visible with a polarizer�.

When using the L and R circular states, the binary data
are not hidden in an actual image, but rather in constant
background. In order to alleviate this limitation, a third
state can be used. Gray level g=152 provides a third linear
state with relative azimuth at 45 deg, which is not modified
by the QWP since it coincides with its principal axis. This
third state can be used to provide additional information
that remains visible when the QWP is included in the sys-
tem. Now the same system creates hidden information �us-
ing the circular states� while simultaneously maintaining
some visible message �through the linear state�. Figure 3
shows the experimental results. In this case, the pattern
consists of the words “HIDDEN,” which is encoded with
gray level g=0, and “VISIBLE,” which is encoded with
gray level g=152, over a background encoded with gray
level g=255. The images in the top row correspond to the
system without the QWP; the QWP has been included for
the images in the bottom row. As in the preceding case, we
also include the experiment without the analyzer �Figs. 3�a�
and 3�e��, which again shows no evidence of any encoded
pattern. The results in the top row show that the three
emerging states are �approximately� linear with relative ori-
entations �=0 deg �“HIDDEN”�, �=45 deg �“VISIBLE”�,
and �=90 deg �background�. This is illustrated in Figs.
3�b�–3�d�, where an analyzer is placed behind the LCD,
oriented at �=−45 deg, 0 deg, and +45 deg, respectively.
In Fig. 3�c�, the analyzer fully transmits light from the word
“HIDDEN,” while it fully blocks the background. The

Fig. 3 Captured images for ternary pattern. �a� to �d� System with-
out QWP. �e� to �h� System with QWP. No analyzer is placed behind
the system in �a� and �e�. Analyzer is placed behind the system
oriented with relative angle �=−45 deg in �b� and �f�, �=0 deg in �c�
and �g�, and �= +45 deg in �d� and �h�.
March 2008/Vol. 47�3�2



w
3
“
s
I
c
Q
a
h
w
i
−
a
d
O
“
i
i
c

4

I
o
e
n
i
c
e
a
L
p
l
a
s

OE LETTERS

O

ord “VISIBLE” appears with half the intensity. In Figs.
�b� and 3�d�, when the analyzer is at �45 deg, the word
HIDDEN” is confused with the background, since both
tates project with the same intensity, while the word “VIS-
BLE” appears either dark or bright. More interesting is the
ase shown in the bottom row in Fig. 3. The addition of the
WP transforms the polarization for the word “HIDDEN”

nd for the background onto circular states with opposite
elicity. No evidence of the word “HIDDEN” is produced
hen rotating the analyzer. However, the word “VISIBLE”

s clearly visible as dark letters when the analyzer is at
45 deg �Fig. 3�f�� or as bright letters when the analyzer is
t +45 deg �Fig. 3�h��. Therefore, the hidden message is not
etected, while simultaneously there is a visible message.
nly when the linear polarization emerging from the word

VISIBLE” is projected onto the analyzer with half the
ntensity �as is the case with the circularly polarized states�
s this word also confused with the background. This is the
ase in Fig. 3�g�, when the analyzer is oriented at 0 deg.

Conclusions

n summary, we explored polarization encoding by means
f a TN-LCD. First, we showed linear polarization–based
ncoding, which can be used to hide information to the
aked human eye �in the absence of a polarizer�. More
nteresting is the polarization encoding that uses L and R
ircular states, since the binary information remains hidden
ven when adding a polarizer. This polarization encoding is
ccomplished with an optical system consisting of a TN-
CD followed by a QWP. Our system is simpler than other
revious systems6–8 designed to generate more general po-
arization encodings. The same optical system can generate

third polarization state that remains linear, thus showing
ome additional information that remains visible. We pro-
ptical Engineering 030504-
vide experimental results that demonstrate all these proper-
ties. This proposed technique could complement optical en-
cryption techniques for the secure transmission of binary
data.
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