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A liquid crystal cell is used to produce correlated light
beams with speckle structures for implementation of pseudo-
thermal ghost imaging. The liquid crystal cell makes it
possible to provide random spatial intensity distributions,
which are characterized by a low coefficient of mutual cross
correlations. Ghost imaging of an object representing an
amplitude mask is demonstrated. The quality of the recon-
structed images was estimated by the method of structural
similarity. © 2021 Optica Publishing Group
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Ghost imaging (GI) is an imaging technique where the image is
obtained from the spatial correlation of two light fields; one of
them (object beam) interacts with an object and is measured by
a single-pixel detector, whereas the other one (reference beam)
is synchronously detected by a high-resolution spatial detector
[1]. The idea of image restoration behind GI dates back to the
seminal work by Klyshko where spatial properties of parametric
downconverted photons were considered [2]. One of the first
experimental confirmations of this idea was implemented on the
basis of this process by Strekalov et al. [3]. Subsequent experi-
ments described the GI technique as non-local quantum effects
[4]. The use of the quantum concept of object image restora-
tion using a classical light source was demonstrated by Bennink
et al. [5]. This work is based on classical intensity correlations
instead of fundamentally non-local quantum correlations, so that
the main requirement for GI is a spatial correlation between the
object and reference light fields. In contrast, a computational
GI does not require a reference beam; however, it is necessary
to know a spatial distribution of the field in the object plane
[6], which requires additional complex computations. To date,
there exist different modifications of GI, among them: spectral-
domain [7], temporal [8], dark-field [9], and computational [6]
GI. This list has recently been supplemented by ghost polarime-
try [10]. The milestones and recent results in GI and single-pixel
imaging are reviewed elsewhere [11].

It is well known that speckle light fields provide fascinat-
ing spatial characteristics, which are suitable for GI [12,13].
These fields are formed by mutual interference of coherent
waves with random phase and/or amplitude [14]. Different
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diffusive elements are very attractive for producing speckle
structures with random statistics and, as a result, for recon-
structing the object image [11]. Among them are rotating ground
glasses [12,15], liquid crystal (LC)-based spatial light modula-
tors (SLMs) [6,16], and digital micromirror devices (DMDs)
[17]. SLMs and DMDs provide a pseudo-random statistics of
computer-generated speckles and they can be used as in classi-
cal and computational GI. However, high complexity, relatively
low frame rate (for SLMs only), necessity for computer con-
trol, and computational effort can restrict their applications in
laboratory settings. At the same time, a rotating ground glass
is not capable of producing a completely random intensity dis-
tribution that does not repeat over time. Recently, continuous
imaging with 1000 fps frame rate has been achieved using a
32 x 32 LED array illuminator [18]. In spite of this, the LED-
based structured illuminators are not widespread at the moment.
In contrast, LC cells have found applications in working with
speckle structures. For example, a new type of speckle shearing
interferometer based on the phase modulation property of a LC
cell was used as a phase shifter [19,20]. The ability to control
the characteristics of the LC cell makes it possible to use it in
phase-only spatial light modulators [6]. On the other hand, it is
possible to obtain a spatially inhomogeneous and random phase
modulation of the light passing through the LC cell which is
used for suppression of the speckle noise of laser radiation [21].
However, to the best of the authors’ knowledge, LC cells have
not been used as diffusive elements for GI.

In this letter, we consider the applicability of a single-pixel
LC-based cell for producing random speckles and its implemen-
tation for restoring the image of an object using the principle
of GL

A MEST-001-13 cell (Mesostate Co., Taiwan) is used in
the experiment. This cell consists of two glass substrates
with transparent indium—tin—oxide (ITO) electrodes coated with
alignment layers. The empty cell gap is equal to 15 ym which is
filled by the LC mixture based on nematic mixture MLC-2048,
4-ethoxy-2,3-difluoro-4'-(4-pentylcyclohexyl)biphenyl and 4-
methoxybenzylidene-4’-n-butylaniline. The LC has a negative
value of dielectric anisotropy A € = g — &,, where g and €,
are dielectric permittivity measured parallel and perpendicular
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Fig. 1. Experimental setup: L1, L2, L3, lenses; LCC, liquid crys-
tal cell; D1, D2, diaphragms; BS, beam splitter; M, object mask; P,
polarizer; IF, interference filter; C, CMOS camera.

to the director (a unit vector characterizing the preferred orien-
tation of the long axes of LC molecules). The generator is used
for the application of electric field to the LC cell. In the absence
of applied electric field, the planar director configuration (the
director is oriented parallel to the cell substrates) is realized in
the LC cell and the optical texture of LC layer is a homogeneous
bright area. Application voltage U = 16.6 V at 386 Hz leads
to electrohydrodynamic instability. A highly non-uniform dis-
tribution of the director is accompanied by a dynamic scattering
of light. This results in random speckles of the scattered light
ensured by the stochastic nature of the process.

The experimental setup is assembled by analogy with Ref.
[13]. The main advantage of such a scheme is that the object
and reference beams are spatially separated by two channels;
after that they fall on different regions of the same camera.
This ensures the synchronous detection of correlated speckles
in both channels. A helium—neon laser beam of full width at
half maximum of 3 mm passes through a LC cell (Fig. 1). Under
certain conditions the LC cell allows scattering of the incident
laser radiation into random speckles. Two diaphragms were used
to control the beam size and generate speckle structures [22].
After the beam splitter, the object beam passes through an ampli-
tude mask with image sizes 3.5 X 2.5 mm?, while another one
bypasses the mask. The focus lens with a focal length of 5 cm
was placed after the mask to project the object and reference
beams into the sensor area of a CMOS camera. The positions
of the lens and camera were chosen to satisfy the criterion of
classical GI restoring. Each recorded profile was divided into
two different regions (frames) corresponding to separate chan-
nels (the object and reference ones, respectively). The resulting
arrays were 680 x 898 pixels® per frame. A part of the sensor
area corresponding to the object beam acts as a single-pixel
detector in the GI restoration procedure, so the intensity is inte-
grated over the cross section. The camera integration time was
400 us at a speckle coherence time of about 1 ms, which ensures
stable speckle structures during the measurements. The LC cell
can produce speckle realizations at a frame rate up to 1 kHz,
which is one order of magnitude higher than the frame rate of
common SLMs. Therefore, the single-pixel LC cell can occupy
an intermediate place between DMDs and SLMs by speckle
pattern frame rate.

To obtain ghost images, it is important that the distribution of
intensity within a cross section of the object and reference beams
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Fig.2. Object beam cross section for various cases: non-polarized
light (a), the polarizer angular position is coincident with the laser
polarization (b), and polarization is orthogonal to the laser polar-
ization (c). The AC function u(¢, ) for parallel (d) and orthogonal
(e) polarizations (sample rate, 1 kHz; resolution, 1360 x 898 pixels;
pixel sizes of CMOS, 9.6 x 9.6 um?). The minimal speckle size was
about 70 um with an average of ~ 105 um.

is random and not repeated from one realization to another.
Degree of randomness of an intensity distribution over a frame
can be estimated by analyzing its autocorrelation (AC) function
u(€,n), where ¢ and n are array elements. The AC function of
speckles is expected to have narrow strong peaks at the center in
the case of absolutely random speckles. Figure 2(a) shows a typ-
ical speckle pattern produced by LC cell in the object beam. The
intensity distribution is mainly uniform with small fluctuations.
We revealed that the scattered light pattern depends on its polar-
ization state. For these purposes, a polarizer was mounted before
the camera. The difference between the speckle patterns for two
orthogonal polarizations is evident as follows from Figs. 2(b)
and 2(c) where the speckle patterns are captured with a polar-
izer turned parallel or perpendicular to the laser polarization.
The intensity distribution corresponding to polarization normal
to the laser polarization demonstrates clearly distinguishable
speckle structure [Fig. 2(c)], in contrast to the case when the
polarization is coincident with the laser polarization [Fig. 2(b)].
In the last case, the intensity profiles have a substrate from the
laser beam incident on LC cell and as a result the respective
AC function p(¢,n) is wide and smooth [Fig. 2(d)]. On the con-
trary, when the polarization is normal to the laser polarization,
the AC function demonstrates a narrow peak corresponding to
“fine structure” of speckles [Fig. 2(e)]; the width of this peak
determines the correlation radius of the speckles. These results
provide evidence that only part of the light is scattered by LC
cell, so the residual unscattered laser radiation is still present.
In the subsequent experiments, the orientation of the polarizer
was set such that the polarization component coincident with
the laser polarization was filtered out, leaving only good-quality
speckles with orthogonal polarization suitable for GI restora-
tion. Unfortunately, this is accompanied by remarkable intensity
reduction. If the power measured before the LC cell was 0.71
mW, then after the cell (no polarizer mounted) it was 15 yW.
When the polarizer was mounted, the measured powers were 8.3
1W and 4.25 uW for polarization coincident with laser polariza-
tion and orthogonal to it, respectively. Additionally to analysis
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Fig. 3. Second-order intensity momentum diagram for recorded
speckle realizations n; and n,. Diagonal elements correspond to the
AC. The contrast of the cross correlation diagram is about 4.

of the AC function of the speckle pattern in the object beam, a
cross correlation function between speckle patterns in the object
and reference beams was calculated. This analysis showed that
these beams are spatially correlated, and, therefore, they can be
used for GI restoring.

To achieve a high-quality ghost image with the minimum
number of speckle realizations, it is necessary to have non-
reproducibility of spatial intensity distributions. To analyze
statistics of the realizations and reproducibility of intensity
distributions in our optical system we recorded 300 speckle
realizations of two-dimensional intensity distributions of the
reference beam. Figure 3 shows the dependence of the maxi-
mum of the cross correlation function (second-order intensity
momentum) in its center for a set of 100 realizations. The values
of the diagonal elements are about 1.8, which is close to the the-
oretical value of 2 corresponding to Gaussian statistics. At the
same time, the maxima of cross correlation functions of differ-
ent realizations (off-diagonal elements) are close to 0.5. These
characteristics are maintained for 300 speckle realizations as
well. This indicates non-reproducibility of intensity distribu-
tions from one realization to another that is essential for GI
restoring. The level of cross correlations suggests that the sys-
tem under consideration has a high value of non-reproducibility
and it is possible to use a LC cell to obtain random speckle pat-
terns with the required spatial characteristics to restore images
of an object. The probability of speckle pattern reproducibility
can be less than 1/300. It is worth noting that random speckle
realizations are due to dynamic scattering of light caused by the
electrohydrodynamic instability of LC under alternating current.
Thus, as compared to SLMs and DMDs, no additional devices
are required to produce random speckle patterns by using a
single-pixel LC cell.

The sample represents a glass substrate, one half of which was
coated by a thin film of metal. The amplitude object mask of a
Siberian gray owl or phantom of the north was imprinted on the
metal film as shown in Fig. 4(a). The mask measured 3.5 mm
and 2.5 mm in horizontal and vertical directions. The minimum
size of individual elements of the mask was about 190um. The
full width at half maximum of the object beam was 3 mm in
the object plane. The object beam spreads out when alternating
current is applied to the LC cell entirely covering the mask. The
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Fig. 4. Amplitude mask of a Siberian gray owl (Strix nebulosa)
(a). The restored GI of the object mask for a number of speckle
realizations of 100 (b), 2500 (c), and 5000 (d). The image of the
object illuminated by speckles (averaged over 5000 realizations) (e)
and the laser beam (f).

size of an individual speckle and the size of the entire speckle
pattern were controlled by diaphragms D1 and D2 as shown in
Fig. 1.

Both the reference and object beams were incident on the
sensor area of the camera. The coefficient corresponding to the
nth realization was determined as follows: B, = f dxdyl,(x,y,L),
where I,(x,y,L) is the intensity distribution in the reference
beam. The following expression was used to restore the image
of the object [16]:

Glu) = 3 (B, ~ (B (x. ), 1)

n=1

where N is the total number of speckle realizations, (B) is the
average value B, over N, and I,(x, y) is the intensity distribution
in the reference beam. A total number of realizations N = 5000,
containing complete information on both beams, was recorded.
For each of the arrays corresponding to the object beam B,,
integration was performed in the image plane. Thus, for each
realization, information was available about the total integrated
intensity of light transmitted through the object and the spatial
distribution of light in the reference beam. While the number
of speckle realizations increases, the ghost image appears on
the background [Figs. 4(b)-4(d)]. It is possible to distinguish a
restored image of the object beginning from the 500th realiza-
tion. Unfortunately, even at 5000 realizations, fine details are still
not resolved [Fig. 4(d)]. Possible reasons are insufficient num-
ber of speckle realizations, mask details compared with speckles,
long-range correlations [23], and the partial diffraction on the
mask, which is not accounted for by the restoring procedure. In
order to clarify the origin of the low degree of details, we calcu-
lated the experimental ensemble-averaged image of the object
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Fig. 5. Dependence of the SSIM on the number of speckle real-
izations N and its approximation by the function aVN, where
a = 0.256.

illuminated by speckles over 5000 realizations and obtained a
sharp image of the object as shown in Fig. 4(e). A similar result
is obtained when the LC cell is switched off and the object is illu-
minated by the laser beam [Fig. 4(f)]. As is clearly seen, small
details are well resolved in these cases. Thus, we assume that
long-range correlations as well as diffraction do not contribute
to the image restoring.

Commonly, the signal-to-noise ratio (SNR) is used to quantify
the quality of ghost images. For the common case of obtaining
ghost images, SNR fits well the curve aVN [13,16], assuming
that the number of speckles is constant. However, the SNR does
not characterize the resulting GI in terms of correspondence
of the restored image to the object. To compare two images,
a structural similarity index (SSIM) is widely used [24]. The
SSIM allows one to estimate the similarity of two images from
the point of view of human eye perception [25]. For this, the
SSIM takes into account such image parameters as correlation,
contrast, and brightness. The factor of correlation makes the
main contribution to the SSIM. We have achieved a value of the
SSIM of ~ 17% between the object mask and restored images for
5000 realizations (Fig. 5). This dependence is well approximated
by the VN curve, where N is the number of speckle realizations,
so one can expect a SSIM value of 30% for 25000 speckle
realizations. Thus, there is a trade-off between the number of
speckle realizations and the quality of the restored image.

In conclusion, we have demonstrated that a single-pixel LC
cell operated in electrohydrodynamic instability mode is capable
of producing non-repeating speckle patterns caused by dynamic
scattering of light. This makes it possible to use the LC cell as
the source of speckle structures for implementation of pseudo-
thermal GI. A well-discerned image of an object was restored
using 5000 speckle realizations. The SSIM of the restored image
of 17% is achieved. Simplicity of design and fabrication, com-
bining with simple control, make the single-pixel LC cell a good
alternative to DMDs and SLMs in terms of producing random
speckles ensured by the stochastic nature of the process.
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