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a b s t r a c t

We present the design and the experimental implementation of a new imaging set-up, based on Liquid
Crystal technology, able to obtain super-resolved polarimetric images of polarimetric samples when the
resolution is detector limited. The proposed set-up is a combination of two modules. One of them is an
imaging Stokes polarimeter, based on Ferroelectric Liquid Crystal cells, which is used to analyze the
polarization spatial distribution of an incident beam. The other module is used to obtain high resolved
intensity images of the sample in an optical system whose resolution is mainly limited by the CCD pixel
geometry. It contains a calibrated Parallel Aligned Liquid Crystal on Silicon display employed to introduce
controlled linear phases. As a result, a set of different low resolved intensity images with sub-pixel
displacements are captured by the CCD. By properly combining these images and after applying a de-
convolution process, a super-resolved intensity image of the object is obtained. Finally, the combination
of the two different optical modules permits to employ super-resolved images during the polarimetric
data reduction calculation, leading to a final polarization image with enhanced spatial resolution. The
proposed optical set-up performance is implemented and experimentally validated by providing super-
resolved images of an amplitude resolution test and a birefringent resolution test. A significant im-
provement in the spatial resolution (by a factor of 1.4) of the obtained polarimetric images, in com-
parison with the images obtained with the regular imaging system, is clearly observed when applying
our proposed technique.

& 2014 Elsevier B.V. All rights reserved.
1. Introduction

Spatial resolution (SR) is a measure for the ability to distinguish
two separated points in an image. SR is limited by diverse factors:
numerical aperture of the imaging system, the wavelength of the
employed light, misalignments and aberrations of the optical
components, geometrical properties of the camera pixel (size,
shape and pitch) among others [1]. High resolution devices are
required for many purposes in imaging based applications, such as
in remote sensing applications [2] or for medical purposes [3].
Different approaches have been reported to attempt to overcome
the resolution of an imaging system. As well known, one of the
main limitations for the SR is the diffraction limit of the optical
system. To overcome this limitation different super-resolution
methods have been presented in the literature, as for instance those
based on the use of diffraction gratings [4], structured illumination
[5,6] and time multiplexing super-resolution techniques [7]. In the
case of modern imaging systems, they usually include Charged-Cou-
pled Device (CCD) cameras as the main devices to capture the images.
.

In such cases, the pixel dimension of the camera may also impose a
geometrical limitation in resolution. In particular, many optical sys-
tems have detector pixels relatively large compared to the point
spread function (PSF) of the optical system, resulting in a system that
is undersampled. In such systems, the optical system passes higher
spatial frequencies than those that the detector can correctly sense.
Undersampled systems are used in some applications because they
may present some interesting advantages, such as improved sensi-
tivity leading to faster integration times and higher signal-to-noise
ratio (SNR), larger fields-of-view, better image quality and less ex-
pensive [8,9]. When the SR is limited by the detector pixels, geometry
multiframe super-resolution algorithms can be employed to improve
the resolution of the imagery, as for instance sight-and-add, interla-
cing, Drizzle algorithm, [10] techniques based on the maximum like-
lihood [11,12], projection onto convex sets [13,14], non uniform in-
terpolations [15,16], stochastic reconstruction method [17,18], code-
division multiplexing [19], among others [9,20,21].

In general, imaging systems only analyze the intensity in-
formation of an object. However, extra image information, as an
accurate knowledge of the light polarization content, may be of
interest in some applications. For instance, in medical applications
[22,23], polarimetric images provide valuable data for diagnosis,
being this information hidden in regular intensity images of the
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Fig. 2. S0 Stokes element of USAF resolution test by applying (a) the regular
technique and (b) the enhanced resolution technique. Cross sections of the red
lines are plotted in Fig. 3. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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sample. Imaging polarimeters are the basic devices to perform
these polarization images, as those described in [24,25].

Moreover, the analysis of the polarimetric information col-
lected in high numerical aperture imaging systems may help to
resolve details of the object beyond the resolution limit. For in-
stance, in [26] the position and orientation of nanostructures are
resolved beyond the diffraction limit using the spatial distribution
of the azimuth angle and the degree of polarization. Another ex-
ample is provided in [27], where an instrument measuring scat-
tering-angle-resolved Mueller matrix is described allowing for a
high sensitivity to sub-resolution displacements of a sub-resolu-
tion scatterer.

In this work, we propose a new imaging system, based on
Liquid Crystal (LC) technology, able to obtain polarization images
with enhanced spatial resolution, when the main limitation in
resolution is imposed by the pixel pitch of the Charged-Coupled
Device (CCD) camera. As following detailed, the experimental set-
up combines a super-resolution module (which reconstructs a
single high resolution image of a scene from a set of regular
images recorded at lower resolution) with an imaging Stokes po-
larimeter (which determines the polarization spatial distribution
of a light beam from a set of super-resolved intensity images ob-
tained with the super-resolution module).
2. Experimental set-up: combination of an imaging stokes
polarimeter and an intensity super-resolution module

The proposed set-up sketched in Fig. 1 is implemented in the
laboratory. A collimated red light emitting diode (LED, λo¼625 nm
and Δλ¼17 nm) is used to illuminate the system. Then, a Polar-
izing State Generator (PSG), consisting of a linear polarizer (LP1)
and a quarter waveplate (QWP), is used to manipulate the polar-
ization of the incident beam illuminating the scene. After the
scene, the Stokes polarimeter is placed, working as a Polarization
State Analyzer (PSA). This system is composed by two monopixel
ferroelectric liquid crystal (FLC) cells and a second linear polarizer
(LP2). A convergent lens (L) images the scene onto the CCD plane,
obtaining low resolved images due to the pixel size limitation of
the CCD. Nevertheless, we include an extra module for enhancing
the spatial resolution of the intensity images taken by the camera.
In this module the light is transmitted by a 50/50 non polarizing
beam splitter (B-S) towards a Parallel Aligned Liquid Crystal on
Silicon (PA-LCoS) display. This device is a pure phase spatial light
modulator (SLM) that allows the introduction of linear phases very
Fig. 1. Experimental set-up used to implement the polarization imaging system with en
(two Ferroelectric Liquid Crystal cells and a polarizer) and an intensity super-resolution
precisely controlled. The reflected light goes back to the B-S and is
redirected to the detector. The linear phases generate sub-pixel
displacements of the low-resolution images at the CCD plane, and
by combining them and applying an anti-aliasing algorithm it is
possible to reconstruct a final super resolved intensity image. Fi-
nally, by combining 4 super-resolved intensity images, and con-
ducting a polarimetric data reduction calculation later explained, a
super-resolved polarimetric image is obtained.

The PA-LCoS display used in this work is a PLUTO SLM dis-
tributed by HoloEye Systems with a diagonal display of 1.8 cm, a
resolution of 1920�1080 pixels, with a pixel pitch of 8 μm and a
fill factor of 87%. To operate with the PA-LCoS in the phase-only
regime, the LP2 is orientated at the same direction than the LC
molecules extraordinary axis.

The ideal experimental set-up should use a transmissive liquid
crystal display (LCD), avoiding the use of the B-S and its corre-
sponding light losses. However, the available LCD in our laboratory
is a PA-LCoS display working in reflection. So, a set-up config-
uration working in reflection is required. Under this scenario, two
possible configurations could be used: a B-S based set-up or an off-
axis illumination based set-up. However, the LCD phase modula-
tion range decreases as the incidence angle increases [28], for this
reason we have selected the layout of Fig. 1.

We are looking for the increase of resolution at the image
plane, where the pixel size and point spread function (PSF) size
are of concern. For the optical imaging system configuration em-
ployed, the PSF is about a quarter of the pixel size. Thus, the spatial
hanced spatial resolution. This consists of two parts: an imaging Stokes polarimeter
module (LCoS spatial light modulator).



Fig. 3. Cross section of the S0 element of the USAF test as function of the y pixel position (red line in Fig. 2). Experimental data when applying: (a) the regular technique and
(b) the enhanced resolution technique.

Fig. 4. Polarization image of a birefringent resolution test obtained by applying the two techniques. Regular resolution Stokes parameters: (a) S0, (c) S1, (e) S2 and (g) S3.
Enhanced resolution Stokes parameters: (b) S0, (d) S1, (f) S2 and (h) S3. Cross sections of the black lines are plotted in Fig. 5.
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resolution of our imaging system is limited by the pixel size of the
camera.

2.1. Intensity super-resolution module

To achieve super-resolved intensity images of a scene by using
the super-resolution module included in Fig. 1, we apply the
imaging super-resolution algorithm described in [29]. This algo-
rithm is suitable to increase the Spatial Resolution (SR) of the final
scene image when the SR is mainly limited by the CCD pixels di-
mension. Basically, a linear phase is introduced by the PA-LCoS to
shift the image over the CCD plane a sub-pixel distance. To this
end, the SLM phase-to-voltage response must be accurately cali-
brated, as well as the relationship between the linear phase dis-
played at the PA-LCoS and the corresponding image displacement
produced at the CCD plane. Once the sub-pixel displacements are
controlled, a set of nx �ny sub-pixel 2-D displacements are gener-
ated with the SLM, where nx and ny are the number of displace-
ments in x and y directions, respectively. In this situation, nx �ny
images are recorded. The dimension of each raw image is (sx,sy).
Afterwards, raw images are interlaced in a larger image of
dimension (nx � sx, ny � sy). Note that all raw images suffer the in-
tensity spatial average due to the pixel size, causing blurring effect
[20,29]. Thus, the final image of larger dimension, created by
properly interlacing those raw images, will be consequently af-
fected by the same blurring effect. From a mathematical point of
view, the intensity detected by the camera can be described as the
convolution of the scene intensity distribution (I(x,y)) with the
shape of the camera pixel (p(x,y)):

= ⊗I x y I x y p x y( , ) ( , ) ( , ). (1)d

In order to remove this blurring effect, an inverse filtering
process is applied in the frequency domain [30,31]. The goal of the
algorithm is to isolate the intensity distribution (I(x,y)), eliminat-
ing as much as possible the effect of the pixel size (p(x,y)). To this
aim, we first multiply the Fourier transform (FT) of the intensity
detected by the camera (Ĩd) with the filter (f), as shown in [29, 31]:
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Fig. 5. Cross section of the birefringent resolution test measurements shown in Fig. 4. Regular resolution Stokes parameters: (a) S0, (c) S1, (e) S2 and (g) S3. Enhanced
resolution Stokes parameters: (b) S0, (d) S1, (f) S2 and (h) S3. All Stokes elements are given as function of the y pixel position.
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where νĨ u( , )filtered is the Fourier transform of the synthesized in-
tensity image of the object, ˜⁎p u v( , ) and p̃ u v( , ) are the complex
conjugate and absolute value of the FT of the pixel shape respec-
tively and, s is a parameter which takes small values and is used to
avoid possible zeros at the denominator of Eq. (2). In fact, f(u,v) is
the so-called Wiener filter [31], where we have considered that
the images are mainly affected by white noise and the constant s
is related with its spectral density. When the spectral density is
not known, it is necessary to select a proper value of this constant.
If it is too small, the noise will be much amplified, on the contrary
when it is too big, the blurring effect is not removed.

Finally, we perform the inverse Fourier transform of νĨ u( , )filtered ,
obtaining the synthesized intensity image of the object. By ap-
plying this technique we are able to obtain super-resolved images
of the object due to the blurring effect has been removed to certain
extent.

2.2. Imaging Stokes polarimeter

The Stokes polarimeter integrated in our set-up is described in
detail in [32] and here summarized. We used a polarimeter based
on liquid crystal panels in order to avoid experimental errors ty-
pically associated to polarimeters based on rotating elements [33],
as beam wander or misalignments. Moreover, FLC cells have a very
fast response, allowing us to implement a polarimeter with high
measurement rate (in our case, in the order of milliseconds). A FLC
can be modeled as a linear retarder of fix retardance and two
stable orientations for its fast axis, switchable when addressing a
square electrical signal [34]. The FLC cells used in our set-up have a
nominal retardance of λ/2 and λ/4 (FLC1 and FLC2 respectively in
Fig. 1). Then, by synchronously addressing two square signals of
period T and T/2 to the FLC panels, four different combinations of
the FLCs orientations are obtained during a period T and so, four
different polarization analyzers are implemented in the PSA. The
measurement principle of a Stokes polarimeter is defined by the
following expression:

=I WS, (3)
where S is the Stokes vector of the incident light (i.e. our un-
known), W is the polarimetric measurement matrix, containing
information of the four polarization analyzers used to characterize
the incident beam, and I is a vector with a set of intensity mea-
surements. Each intensity measurement is the result of projecting
the incident beam over a particular polarization analyzer. Once the
matrix W is calibrated, it can be inverted as it is formed by a set of
four independent polarization analyzers. Hence, the Stokes vector
is completely determined as:

= −S W I, (4)1

where −W 1 is the inverse matrix of W, and it is called the polari-
metric data reduction matrix. Note that noise in the intensity
measurements will be amplified through the matrix −W 1 to the
Stokes vector. In order to minimize the noise propagation during
data reduction, an optimization of the orientations of the FLC cells
is conducted [32]. In particular, the condition number criterion
[35] is followed. This parameter indicates how close the matrix W
is to a unitary matrix, which does not amplify error. The best
optimized polarimeter would have a CN of 1.73, and it leads to a
noise equalization in the Stokes channels [36]. However, the
optimized FLC based polarimeter configuration has a CN of 2.22,
leading to small differences between the Stokes channels noise
response. Particularly, the variances associated to the Stokes
parameters S0, S1, S2 and S3 are, respectively, 1.0, 3.1, 4.9 and 2.1.

The punctual Stokes polarimeter described in [32] is extended
in this work to an image Stokes polarimeter (see Fig. 1). In this
way, it is possible to calculate the Stokes vector distribution by
means of 4 intensity images, where Eq. (4) is applied individually
for each pixel of the CCD camera. Therefore, an image where each
pixel contains information about the azimuth, ellipticity and de-
gree of polarization of the beam at that particular position is
obtained.

Note that one of the main novelties present in our method lies
on not using regular intensity images for the data reduction pro-
cess but using the high resolved intensity images provided by the
super-resolved module present in Fig. 1. In this way, we apply
super-resolved intensity images of the scene for the polarimetric
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data reduction calculation and consequently, we are able to
achieve a final polarimetric image with enhanced resolution. As
above mentioned, to provide super-resolved images of the scene,
we are using the super-resolution method described in Section 2.1.
This method is very useful when the main resolution limitation in
the system is related to the pixel dimensions of the CCD camera.
However, we want to emphasize the potential of including an LCoS
display in the proposed set-up. In particular, different super-re-
solution techniques based on LCoS technology are proposed in the
literature [6,37], which are not addressed to detector-limited re-
solution but to diffraction-limited resolution. Therefore, by con-
ducting some modifications in the super-resolution module in the
experimental set-up, the concept of using super-resolved images
for polarimetry analysis could be adapted and tested for other
origins of the optical system resolution limit.
3. Experimental results

Particularly, in our work the enhanced SR technique is achieved
by producing sub-pixel displacements of 1/12 the pixel size in
both x and y directions. We want to note that the timing imaging
and processing in our experimental set-up depends on different
factors, as the transitory time of the FLC panels, the number of n
subpixels selected, the exposure time of the camera, the number of
images to be averaged and the processing time of the computer,
among others. For the experimental results provided in this work,
none of these parameters have been optimized in terms of time
minimization. On the contrary, we have set some security times to
ensure a proper synchronization between the FLC panels and the
camera, and ultimately a suitable performance for the super-re-
solution imaging polarimeter. Therefore, the complete measuring
and processing time leading to the super-resolved polarimetric
images is roughly about 5 min. However, if this time needs to be
reduced for requirements of a particular application, the number
of subpixel displacements as well as the others parameters stated
above could be optimized.

Some preliminary steps are conducted before testing the SR
enhancement in polarimetric images. First, we have used the ei-
genvalue calibration method (ECM) [38] to calibrate the Stokes
polarimeter. Once the polarimetric measurement matrix W is
known, our polarimeter is validated by studying its capability of
measuring different incident States of Polarization (SoPs). In par-
ticular, different beams with spatially uniform polarization are
generated with the PSG system, and later, measured with the
Stokes polarimeter, obtaining a standard deviation smaller than
10�3. Afterwards, the polarimetric system with the intensity su-
per-resolution module is validated by measuring two different
spatial resolution tests: the first one has non uniform spatial
transmission and uniform polarimetric properties and the second
one has uniform transmission but non uniform spatial polari-
metric properties.

First, in order to test the spatial resolution enhancement
achieved in the intensity content by applying the described tech-
nique, a 1951-USAF resolution target (Newport, model RES-1) was
used as amplitude scene. The object consists on several arrange-
ments of 3 horizontal and 3 verticals lines, labeled with a number
that sorts them by the spatial frequency of each particular ar-
rangement. The Stokes vector element S0 (i.e. the total intensity of
the beam) obtained with regular imaging is represented in
Fig. 2(a)), whereas the counterpart obtained with the enhanced
resolution algorithm is shown in Fig. 2(b). We observe a clear
improvement in the spatial resolution in both directions. Focusing
on the right side of the images, it is noticeable that the different
groups of frequencies not resolved in Fig. 2(a) are better resolved
in Fig. 2(b). In order to quantitatively demonstrate this
improvement, the cross sections of the red lines marked in Fig. 2
are represented in Fig. 3. Comparing both plots present in Fig. 3,
we observe that groups labeled with the number 3, 4 and 5 (cir-
cled with dashed lines) when applying the enhanced SR technique
(Fig. 3(b)) are resolved, whereas when applying the regular ima-
ging (Fig. 3(a)) are not resolved. In particular, the enhanced SR
technique reaches to the element 5 (12.70 cycles/mm), whereas the
regular technique only reaches to the element 2 (8.98 cycles/mm),
leading to an improvement of resolution by a factor of 1.4. Conse-
quently, we assert that the algorithm improves the spatial resolu-
tion in intensity images.

Second, with the aim of testing the resolution enhancement in
polarimetric images, a birefringence resolution target (Thorlabs
model NBS 1963A) is used as a scene. It consists on a birefringent
pattern sandwiched between two glass substrates. The pattern
includes different groups of birefringent material with different
spatial frequencies but with uniform transmission. Each group,
sorted in two sets of five horizontal lines and five vertical lines, is
labeled with a number referring to the cycles per mm.

The Stokes vectors of the input object were measured when the
scene was illuminated with linearly polarized light. Fig. 4 shows
the Stokes vector elements obtained from regular polarization
measurement (Fig. 4(a,c,e,g)) and from the enhanced SR mea-
surement (Fig. 4(b,d,f,h)). As expected, the object has uniform S0,
due to the uniform transmission of the pattern. Moreover, it is
noticeable that the different frequency groups are only distin-
guishable through the S1, S2 and S3 elements, because of the non-
uniform polarimetric spatial distribution.

To differentiate polarimetric data from intensity images, as
those depicted in Fig. 2, and to emphasize that the resolution
improvement is achieved in polarimetric images, we have used a
pseudocolor mapping to show the Stokes elements S0, S1, S2 and
S3. In general, it is observed that the images obtained with the
proposed technique offers much better resolution than the ones
obtained from regular measurements. In order to show in more
detail the resolution enhancement in the polarimetric images, the
vertical cross sections corresponding to the black lines marked in
Fig. 4, are plotted in Fig. 5. Note that cross sections of S1–S3 Stokes
parameters in Fig. 5 are zoomed in the Y axis including a range of
0.5 (the full Stokes scale goes from �1 up to 1). This is done to
better visualize how the different frequency arrangements of in-
terest are resolved by the experimental system.

It is observed that Stokes elements S1, S2 and S3 (Fig. 5(d,f,h),
respectively) are much better resolved when applying the super
resolution technique than the ones using the regular technique
(Fig. 5(c,e,g), respectively). As an example, the dashed circles
plotted in Fig. 5 point out that whereas the 5 consecutive lines per
group are clearly resolved when applying the enhancing SR algo-
rithm (Fig. 5(d)), they cannot be resolved by applying a regular
method (Fig. 5(c)). Note that Figs. 4 and 5 represent a region of
interest of the whole birefringent resolution target. This sample
area is selected to highlight the resolution improvement that we
have observed between both techniques. When the polarimetric
images corresponding to the entire resolution test are analyzed,
we observe that the largest resolved frequency in the best case (S1
channel) reaches 9 cycles/mm for regular imaging, whereas super-
resolving imaging reaches 12.5 cycles/mm, leading to an im-
provement of resolution by a factor of 1.4. Certainly, the polar-
ization measurement with enhanced resolution technique resolves
intermediate states of polarization between two birefringent lines,
whereas in regular images those zones are not resolved.

Note that S1 and S3 channels present better resolution than S2
channel. This fact may be due to the inhomogenous noise response
of the Stokes polarimeter, in agreement with the Stokes variances
values shown above (Stokes variance S2 is larger than S1 and S3).
Moreover, polarimetric data are given in multichannel images,
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thus the contrast of these images depend on the channel analyzed,
as it can be observed in Fig. 5. Particularly, S1 has larger contrast
than S2 and S3 channels. This contrast not only depends on the
original object, but also could depend on the coordinate system
chosen to define the state of polarization. In addition, it will de-
pend on the state of polarization of the beam illuminating the
scene, which could be also optimized as function of the scene to be
measured [39]. This study is an interesting perspective to this
work, although is beyond the scope of this paper.
4. Conclusions

Summarizing, we have presented a new experimental set-up
able to obtain super-resolved polarimetric images, when the spa-
tial resolution of the system is limited by the pixel size of the
imaging device. The proposed and implemented experimental set-
up consists of two parts: an imaging Stokes polarimeter and an
intensity super-resolution module.

On one hand, the intensity super-resolution module is based on
a Parallel Aligned Liquid Crystal on Silicon display where different
linear phases are addressed. After calibrating the response of the
spatial modulator, it is possible to generate sub-pixel displace-
ments of the image at the CCD plane. By combining these low
resolved images and after applying a deconvolution process, a final
super-resolved image of larger dimension than the original ones is
obtained. The technique leads to a significantly improvement in
the spatial resolution of an image when this is limited by the pixel
geometry of the CCD camera. On the other hand, an imaging
Stokes polarimeter based on Ferroelectric Liquid Crystal cells is
used in the experimental set-up to analyze the polarization spatial
distribution of the incident beam.

Our novel approach consists of using the super-resolved in-
tensity images in the polarimetric data reduction calculation, ob-
taining as a result, polarimetric images with enhanced spatial re-
solution. Different spatial resolution test targets (in amplitude and
in birefringence) have been measured. The experimental results
show a significant improvement in spatial resolution by a factor of
1.4 for intensity and polarimetric images, when the proposed
technique is applied.

Finally, we remark that by taking profit of the polyvalence of
the SLM device, the super-resolution module could be modified to
apply other super-resolution imaging techniques [6,37]. In this
way, when the main resolution limitation on the imaging system is
not originated by the CCD pixel size, a more suitable super-re-
solution technique, based on SLM technology, should be selected.
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