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A B S T R A C T

Spatial resolution plays a crucial role in the process of polarization remote sensing method for Earth
observation, and the problem of resolution improvement has always been an important research direction in
the field of remote sensing. To address the spatial resolution loss and information errors in division-of-focal-
plane (DoFP) polarization remote sensing systems, this study proposes a new polarization super-resolution
(PSR) remote sensor and a data recovery method. We calibrate the relative displacement between image plane
and detector in the laboratory, and verify the effectiveness of this method by actual external imaging. The
experimental results demonstrate that the system can eliminate the spatial resolution loss caused by the DoFP
technology, and the real image resolution is doubled in both the horizontal and vertical directions. We also
verify the effectiveness of this new instrument and data recovery method. By comparing the results of this
method with the existing algorithms, it is found that it has a great improvement under the same evaluation
parameters, and the texture features of the target scene were significantly enhanced. Moreover, the system
can simultaneously perceive multidimensional information, such as high-resolution intensity images and pixel-
level polarization information of the target scene, and therefore, can potentially be applied in remote sensing
systems.
1. Introduction

Remote sensing involves the acquisition of data from a target,
without any physical contact with the target, and the subsequent
interpretation of the collected data (Egan, 1992). In polarization remote
sensing, the polarization characteristics of a target-scene image are
examined to assess a long-distance target.

Along with light intensity, frequency, phase, and polarization are
primary physical characteristics of electromagnetic waves. Light pho-
tons, after being reflected from objects, exhibit special polarization
characteristics that aid in the identification of targets. The perception
of polarization characteristics is also the product of natural evolution,
and many animals have evolved with polarization sensitivity (Altaqui
et al., 2021; Sweeney et al., 2003; Labhart, 1988; Lythgoe and Hem-
mings, 1967; Cronin et al., 2003). The polarization parameters of light,
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E-mail address: yaodong@ciomp.ac.cn (D. Yao).

accompanied with intensity and color, are vital for the development of
improved image recognition systems (Wolff, 1997). Polarization images
display the shape, surface roughness (Iannarilli Jr. et al., 2000; Aron
and Gronau, 2005), and texture (Lillie et al., 1977) information of the
objects. Thus, compared with the traditional imaging techniques, polar-
ization imaging technology is more advantageous and can be readily
applied in atmospheric remote sensing (Cairns et al., 2003), military
reconnaissance (Goldstein, 2000), Ad Astra (Graps and Lane, 1986),
and medical diagnosis (Jacques et al., 2002; Liu et al., 2012). Born
(Born and Wolf, 2013) as well as Aron and Gronau (2005) introduced
the definition of polarization imaging in detail.

Polarization imaging sensors can be classified into division-of-time
(Walraven, 1981; Solomon, 1981), division-of-amplitude (Azzam, 1985;
vailable online 22 December 2022
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Farlow et al., 2002; Barter et al., 1997; Kudenov et al., 2009), division-
of-aperture (Roche et al., 2010; Pezzaniti and Chenault, 2005), and
division-of-focal-plane (DoFP) polarimeters (Gruev et al., 2010a;
Perkins and Gruev, 2010; Gruev et al., 2010b; Momeni and Titus,
2006; Tyo, 2006; Sarkar et al., 2010; Nordin et al., 1999; Harnett and
Craighead, 2002). With the development of nanotechnology and nano-
manufacturing, polarization imaging sensors used in visible spectrum
known as
division-of-focal-plane (DoFP) polarimeters are gradually studied and
applied (Gruev et al., 2010a; York and Gruev, 2012). DoFP polarimeters
is widely used as it allows real-time imaging. In 2018, Sony introduced
the focal-plane-polarization sensing complementary metal-oxide semi-
conductor imaging sensor chip IMX250MZR, which became the core
device in the field of polarization sensing. This chip popularized the use
of polarization sensing technology in industry (Atkinson et al., 2021) as
well as in real-time sky polarized light navigation (Zhang et al., 2019a).
DoFP polarimeters are characterized by an efficient polarization infor-
mation extraction, a short imaging time (snapshot polarization image
information acquisition), small sizes, and high efficiencies. However,
the focal-plane-polarization detector collects four linear-polarization-
sensing pixel units with angle of 0◦, 45◦, 90◦, and 135◦ in a group of
our adjacent pixels, which greatly reduces the spatial resolution of the
riginal optical system. Because spatial resolution plays an important
ole in optical remote sensing, the loss of spatial resolution limits the
pplication of polarization imaging.

How can we effectively understand our world with higher resolution
echnology? Super-resolution (SR) technology can improve the spatial
esolution of images, which is of great significance to remote sensing
nd microscopic measurements, and it is mainly used in the field
f microscopic imaging (LotharSchermelleh et al., 2019; Valli et al.,
021). In recent years, some scholars have used SR technology in
nfrared imaging as well (Zhang et al., 2019b; Chen et al., 2021). With
he vigorous development of its learning technology, remote sensing
R technology based on machine learning has also made great progress
Zeng et al., 2019b,a).

In the polarization remote sensing area, researchers have also pro-
osed a series of SR reconstruction methods, which can be roughly
ivided into interpolation-based and machine learning-based methods.
nterpolation-based methods (Ratliff et al., 2009; Tyo et al., 2009; Gao
nd Gruev, 2011, 2012; Zhang et al., 2017) need to design interpolation
ules, and most of them are based on adjacent data of the same
olarization state, which has an insurmountable limitation for the im-
rovement of image quality. In the year 2011, Shengkui Gao and Viktor
ruev proposed Bilinear and bicubic interpolation methods for DoFP
olarimeters. And then in 2013, they proposed the Gradient-based
nterpolation method for DoFP polarimeters (Gao and Gruev, 2013).
n the year 2016, Junchao Zhang et al. proposed image interpolation
or DoFP polarimeters with intensity correlation method (Zhang et al.,
016). In recent years, researchers try to use deep-learning technology
o recover high special resolution (Zeng et al., 2019b). Some scholars
ave proposed a customized polarization demosaicing convolutional
eural network (PDCNN) to address the polarization image demosaic-
ng issue (Zhang et al., 2018), which essentially calculates and fills in
he unmeasured information. Some scholars have proposed an ‘‘end-
o-end’’ all-convolution neural network model-ForkNet. This method
annot give four sub-polarization images of 0◦, 45◦, 90◦, or 135◦,
hich limits its application in scenes such as ‘‘de-shining’’ and ‘‘de-

ogging’’. However, the measurement of polarization characteristics is
quantitative process, and there exists an inevitably error between the
alues obtained by calculation and the actual measurement data, and
t is also inevitable that information will be lost in this process.

Therefore, in this study, a microscanning SR technology is applied
o optical imaging-based remote sensing, and a polarization-based SR
emote sensing imaging system was constructed. Herein, we explain
he data recovery method that is used to verify the spatial-resolution
2

estoration accuracy of the DoFP polarization detector. This improve
maging method addresses the problems associated with existing sys-
ems such as loss of spatial resolution, polarization information inter-
retation error, and effectively limits the volume and weight of the
ystem.

The method proposed by the article has three advantages:
1. The basic image data of 0◦, 45◦, 90◦, and 135◦ are retained. This

s very important in some scenes, such as de-fogging scenes, de-shining
cenes, and others.

2. The spatial resolution of basic image data are doubled. Spa-
ial resolution is very important for human recognition, and higher
esolution means more information.

3. The polarization information error caused by the calculation
f adjacent pixels is eliminated. This is beneficial to use polarization
nformation in the field of artificial intelligence identification.

. Polarization-based SR imaging method

.1. Basic principle of the DoFP polarization detector

The Stokes vector is defined as Eqs. (1).

=
[
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In the above formula, the expression I(a,b) is the irradiance under
ertain parameters, the parameter a represents the angle between the
olarization direction and the specified zero direction (X positive di-
ection) under the detector coordinate system; b indicates the phase
elay of the vibrational component in the Y direction relative to the
component after the incoming polarized light is decomposed into
and Y directions under the detector coordinate system. S is called

tokes Vector, 𝑆0, 𝑆1, 𝑆2, and 𝑆3 are called Stokes parameters, 𝑆0 is
ntire irradiance. 𝑆1 is the difference between irradiance after a 0◦

nd a 90◦ polarizer. 𝑆2 is the difference between irradiance after a 45◦

nd a 135◦ polarizer. 𝑆3 is the difference between irradiance after a 0◦

olarizer and a 90◦ phase delay, and irradiance after a 0◦ polarizer and
−90◦ phase delay, which is equal to the difference of left-handed and

right-handed circularly polarized light irradiance.
The degree of linear polarization (Dolp) can be expressed as follows.

𝐷𝑜𝐿𝑃 =

√

𝑆2
1 + 𝑆2

2

𝑆0
(2)

The focal plane polarization detector is similar to an RGB (i.e., red
(R), blue (B), and green (G)) color detector, except that the band-
pass filter is replaced with micro-polarizers with different polarization
directions, as shown in Fig. 1.

2.2. Loss of spatial resolution in the polarization process

Micro-polarizers with different polarization directions are consid-
ered to be spatially arranged at different intervals, implying that the
micro-polarizers in each direction are discontinuous in space. When
a sub-image with one of the polarization directions (0◦, 45◦, 90◦, or
135◦) is extracted from the original image, the spatial resolution of
the sub-image is half in each direction, relative to the original one, as
shown in Fig. 2. The image obtained by using the DoFP polarization
sensor in one snapshot containing different polarization. Fig. 3 shows
the extracted image with 0◦, 45◦, 90◦, or 135◦ sub-polarization direc-
tions. The number of pixels in each sub-image is reduced to one-fourth
of that in the original, and therefore, the spatial frequency is reduced
to half in each direction.
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Fig. 1. Schematic of the spatial distribution of the polarization detector pixels. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Fig. 2. Original image with four-direction polarization information obtained in one
integration time duration.

2.3. Spatial-separation-induced error in polarization information calcula-
tion

When calculating the distribution of polarization information (such
as Dolp), the light intensity values of the adjacent four pixels are often
used as the basic data, as shown in Fig. 4(a). However, the adjacent
four values correspond to different spatial positions. As the polarization
in the target scene changes spatially, the four pixels correspond to dif-
ferent spatial polarization information, so any polarization information
obtained with this scheme will have errors. On the premise of accurate
measurement, this approximation may result in a significant deviation.
Ideally, the measurements corresponding to the different orientations of
the polarization analyzers should be done at the same spatial location,
as shown in Fig. 4(b), which represents the right data composition of
the four polarization directions in the same space.

2.4. Proposed polarization SR

2.4.1. Definition of polarization SR
We believe that polarization information is actually a quantitative

description of the target scene, and the acquisition of quantitative
information requires actual measurement. Therefore, it is difficult to
3

Fig. 3. Spatial resolution of the decomposed image in the sub-polarization direction is
reduced to half in each direction relative to the original image.

Fig. 4. Two types of target spatial polarization measurement data composition.

restore the real information of the measured physical space either by
rule-based interpolation or by machine learning, and the information
gap caused by the lack of original data cannot be made up artificially.
Based on the aforementioned considerations, we propose high spacial
frequency data recovery method, and in order to better illustrate this
method, we also introduce a polarization SR remote sensing system.

To reach the true polarization SR information, the obtained data
should meet the following principles:

1. All the three-fourth information lost in the four full-resolution
sub-polarization images of 0◦, 45◦, 90◦, or 135◦ should be measured.

2. Each pixel value of the full-resolution polarization information
image should be calculated based on the real measurement data.

The correct restored result should be as shown in Fig. 5.
The SR restoration process of the polarization image that satisfies

the aforementioned requirements eliminate the spatial deviation in-
troduced by adjacent pixels, and therefore, obtains better polarization
resolution accuracy, and SR in spatial resolution. This information
restores the true polarization information of the target space to the
maximum extent, which is called ‘‘Polarization SR’’ (PSR) here.

In the process of obtaining PSR imaging, the total amount of in-
formation is expanded to four times that of the original measurement
process. It should be noted that the expansion of this information
amount is based on actual measurements, and the data are authentic.

2.4.2. Proposed method of PSR
Here, we propose a method for reaching PSR by using microscan-

ning technology. The core idea is to make the detector or the image
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Fig. 5. Schematic of polarization SR data restoration. The left image shows the original
measurement data from a DoFP; the right image shows the data after polarization SR
reconstruction.

Fig. 6. Schematic of the relative displacement period between the image plane and
detector.

plane to follow the same trajectory as the cycle sequence of the four
polarization states, and the exposure data are collected to fill in the
originally lost sub-polarization information.

The specific implementation method is as follows.
A. Perform the pixel scale movement between the target scene im-

age and the detector. A high-speed microscanning device is integrated
in the optical system, which drives the optical elements or detectors to
move in a square track as shown in Fig. 6.

B. For each of the four positions of the scanning device acquire
a polarization image. It is necessary that the relative position of the
image plane and the polarization detector should move by one pixel
after each movement. After moving, it has a stable spatial relationship,
and the retention time of this positional relationship should be longer
than one exposure time, and four exposures constitute a complete data
acquisition cycle.

C. Recombine the four acquired images along one data acquisition
cycle to form four SR images each one containing information about
only one polarization direction. In Fig. 7, the 0◦ polarization direction
image is shown as an example. The filling method of the four pixels
in the top left corner is shown in Fig. 7. The same procedure is
followed for the other three polarization directions. At this time, we
have four full resolution images, each one containing the information of
a polarization detector, and the description of polarization information
is no longer a simple image, but a three-dimensional data cube.

D. It should be noted that the images obtained in step C are spatially
shifted by 1 pixel, as shown in Fig. 8,. Then, before the evaluation
4

Fig. 7. Full-resolution sub-polarization image reconstruction method.

Fig. 8. Data space relative position relation diagram for calculating a polarization
information pixel.

of any polarization parameter, the correct positioning of the images
should be performed.

E. Generate polarization information images corresponding to the
different polarization parameters of interest. For instance, consider-
ing Dolp image as an example, the Stokes vector is first calculated
by Eq. (1). Assuming that the focal plane detector cannot detect the
circular polarization information, S3 is ignored, and the polarization
degree image is calculated according to Eq. (2). The restoration process
is illustrated in Fig. 9.

2.5. Construction of polarization microscanning system

To implement PSR, we integrate the microscanning device with the
optical lens and we select the aperture stop and its nearby lens to inte-
grate with the microscanning device. When the microscanning device
drives the aperture stop group to move step by step, the image plane
also moves with it, and the detector position is relatively fixed, thus
performing the relative shift between the detector and the conjugate
image of the target scene. The optical system diagram is shown in
Fig. 10:

The optical system is designed with a fixed focal length (19.7 mm)
and a field of view angle of 24◦×20◦. The microscanning shifting device
is integrated with the optical lens, and an imaging sensor with Sony
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Fig. 9. Division-of-focal-plane polarization detection information recovery flowchart.

Fig. 10. Schematic of microscanning cooperative imaging system.

IMX250MYR polarization imaging chip is used as the detector. Simul-
taneously, it is equipped with a synchronizer drive controller to ensure
that the detector acquires the image when the microscanning device is
in the correct position. t1 represents the preparation time, during which
the Microscanning device drives the aperture stop group to move to the
right position and remain stable; t2 stands for integration time, during
which the detector turns on exposure mode and acquires a polarized
image of the target scene. Four integration times form an imaging cycle,
acquire the basic image data, and calculate the full-resolution polarized
image data cube of the target scene.

2.6. Calibration of the relative shifts

The focal plane polarization sensing technology needs to be accurate
to the size of 1 pixel. Considering Sony’s IMX250MZR polarization
chip as an example, the center distance between two photosensitive
pixels is 3.45 μm, which introduces very high requirements for the
scanning accuracy of image position. Therefore, it is very important
to calibrate the system to get the right ‘‘voltage-position’’ relationship.
Every displacement between the image plane and the detector should
5

Fig. 11. Spot intensity distribution of parallel light on the detector and the track
change in the calibration process.

Fig. 12. Position vs voltage fitting curve along the 𝑥-axis, [𝑎𝑥, 𝑏𝑥] = [−1.01, 1225.98].

be accurate to one pixel, which determines the relative position accu-
racy of pixels in the polarization reconstructed image. We use the least
square method to accurately calibrate the driving voltage of a single
pixel. The specific calibration process is as follows.

1. Choose a collimated non polarized beam to enter the integrated
optical imaging system, then will form an Airy spot on the target
surface of the detector. As the beam has non-polarization character-
istics all the polarization detectors will respond in the same way, in
consequence, the optical system forms a cross-like pattern on the target
surface, and the light intensity of the central pixel is the highest, as
shown in Fig. 11;

2. Set the actual voltage to 0 V, adjust the incident angle of the
beam so that the spot is near the center of the detector, and record the
pixel position P at this time.

3. When changing the input voltages in the X and Y directions of the
microscanning device, the light spot on the image plane of the detector
starts to move. Every time it moves to the center of the next pixel,
record the applied voltage V and pixel position P.

4. By considering the X direction as an example, and by increasing
the voltage from 0 V to almost maximum input voltage, while the center
position changes by 𝑁 pixels. Observing the center position with naked
eye results in errors. Therefore, we use the least square method to fit
the relationship between ‘‘voltage V and position P’’ to a linear function
P = 𝑎𝑥𝑉𝑥 + 𝑏𝑥 and obtain the slope 𝑎𝑥 of the voltage curve, where 𝑎𝑥
is the inverse of the voltage increment needed to move the spot one
pixel.

5. Similarly, we repeat the above process to fit the Y direction and
obtain 𝑎𝑦 and 𝑏𝑦.

The 𝑋-axis calibration is shown in Fig. 12. The slope 𝑎𝑥 and inter-
cept 𝑏𝑥 equals [−1.01, 1225.98].

The 𝑌 -axis calibration is shown in Fig. 13. The slope 𝑎𝑦 and intercept
𝑏 equals [−1.02, 1037.01].
𝑦
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Fig. 13. Position vs Voltage fitting curve along the 𝑦-axis, [𝑎𝑦, 𝑏𝑦] = [−1.02, 1037.01].

Fig. 14. PSR camera module and imaging orientation.

3. Experimental verification of PSR imaging in external field

3.1. System layout

As shown in Fig. 14, we construct an PSR imaging system and
capture the image to the north through the window. The target scene
mainly include the sky, buildings, trees, and cranes. The distance of a
typical target crane is about 750 m.

3.2. Effect of improving spatial resolution

We use the aforementioned SR restoration system to obtain the
original polarization data image, and reconstruct and restore the orig-
inal data by using the method described in Section 2, to obtain four
full-resolution linear polarization state image data of 0◦, 45◦, 90◦,
and 135◦, which are twice the spatial resolution of the original single
exposure data, and achieve SR on the pixel scale, as shown in Fig. 15.

Details of a crane obtained with the single exposure method is
shown in Fig. 16. We can observe that the original images with low spa-
tial resolution have lost considerable amount of detailed information:
the characters on the crane cannot be recognized.

In Fig. 17 the details of the same crane obtained with the proposed
method is shown. We can observe that the simple Chinese characters
on the crane.

Once we have calculated the four SR images with the proposed
method, we can evaluate any polarization parameter. For instance, in
Fig. 18 we show the Degree of Linear Polarization (DoLP). On the left
a gray level DoLP image is shown. To improve the visualization, on the
right the same image using a ‘‘heat map’’ is shown.

To better visualize the improvement in resolution obtained with
the proposed method, we consider some details of a building. Intensity
images and DoLP images are provided to discuss the improvement of
contrast and resolution. The details are listed in Table 1.
6

Fig. 15. Reconstructed ‘‘0◦, 45◦, 90◦, and 135◦ ’’ full-resolution linear polarization
image data.

Fig. 16. Partial picture of the original image with 0◦ polarization direction.

Fig. 17. Super-resolution image obtained with PSR method with 0◦ polarization
direction.
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Table 1
Comparison of the building details before and after PSR.
Fig. 18. PSR DoLP image. (a) Original PSR DoLP image; (b) heat map of PSR DoLP
image.

3.3. Comparison of different super-resolution methods

Here, in order to objectively evaluate the influence of PSR tech-
nology on the amount of target scene information obtained, we use a
no-reference method to analyze the above results. First of all, at the
pixel scale, the polarization of the super-resolved image is 4 times that
of the previous one, which makes the super-resolution image itself have
a pixel advantage; However, in order to objectively evaluate the super-
resolution results, we use the Nearest-neighbor Interpolation (NNI)
method to expand the pixel scale of the original polarization image to
be the same as that of the super-resolution results, and at the same
time, we use bilinear method, bicubic spline method, gradient based
interpolation method and correlation based method to perform super-
resolution restoration of the original low-resolution image. In order to
fully represent the ability of different methods to restore spatial details,
this paper shows the results of different super-resolution polarization
imaging applied to the same scene, as shown in Fig. 19.

Firstly, we can find from the above six images that the super-
resolution method proposed in this paper has obvious advantages in
expressing the target details, especially for the imaging of vertical
window bars, the method proposed in this paper is clearer than other
methods; Secondly, we evaluate the super-resolution results objectively
based on six indicators such as grayscale mean (Mean), standard de-
viation (Std), information entropy (Entropy), spatial frequency (SF),
image contrast (Contrast) and average gradient (AG). The evaluation
results are shown in Table 2. The evaluation showed that the PSR
method is equivalent to other methods in gray mean, standard devi-
7

ation and information entropy. In the other three indexes of spatial
Fig. 19. Super-resolution effects between Dolp images obtained by different methods,
figure (a) is the original low spatial resolution image; figure (b)–(e) are the four existing
super-resolution method’s results; figure (f) is the PSR method proposed in this paper.

frequency, image contrast and average gradient, the PSR method has
obvious advantages compared with the bicubic spline method, which
is the best method among other methods, increasing by 29%, 66% and
29% respectively. Other established methods are based on calculations
rather than actual accurate measurements, so no matter how good the
methods are, they are difficult to match the information obtained from
actual measurements. It can be seen that the method proposed in this
paper increases the amount of new information, effectively makes up

for the disadvantages of DOFP polarization detector, and provides new
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Table 2
The PSR method improves the amount of information in the image.

Indicator NNI Bilinear method Bicubic spline Gradient based Correlation based PSR Enhancement

Mean 64.44 61.48 61.54 59.70 61.56 64.33 Equivalent
Std 31.07 31.80 31.81 31.04 31.91 31.49 Equivalent
Entropy 6.68 6.73 6.74 6.69 6.74 6.71 Equivalent
SF 8.25 9.25 9.97 8.97 9.58 12.87 +29%
Contrast 34.04 42.78 49.76 40.22 45.91 82.85 +66%
AG 0.0029 0.0032 0.0035 0.0031 0.0033 0.0045 +29%
Fig. 20. Suppression of low-resolution linear discontinuity problems by super-
resolution technology; (a) a color representation of the Dolp image obtained from the
original low-resolution image; (b) the image after resolution restoration is achieved by
applying the method proposed herein. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

technical support for richer and more accurate polarization remote
sensing information acquisition.

3.4. Effect of low-resolution linear discontinuity

Low-resolution images tend to lead to linear discontinuity, a phe-
nomenon that also persists in polarization images. In order to verify the
inhibitory effect of super-resolution technology on this phenomenon,
this paper uses the proposed PSR technology to carry out imaging of
buildings with typical linear characteristics, and the images before and
after super-resolution are shown in Fig. 20. In the acquired images, we
find that the original intermittent straight line structure is well restored.

4. Discussion

In this paper, aiming to overcome the disadvantages of spatial
resolution reduction DoFP detector and introduction of errors in polar-
ization information calculation, a new idea of obtaining polarization
SR remote sensing by combining a microscanning device with the
traditional optical system is proposed. Polarization image restoration
method and polarization information calculation method are also pro-
vided. The core idea of this new method is described as follows. Firstly,
the pixel-level translational microscanning is performed between the
image plane and the detector, and the full resolution image with 0◦,
45◦, 90◦, and 135◦ linear polarization angles are restored by dislocation
extraction. Subsequently, according to the calculated four polarization
state images, the DoLP images are obtained.

4.1. Discussion on polarization super-resolution images

Here, we discuss the effect of this method according to Table 1. For
the convenience of discussion, we use the combination of numbers 1–
4 and letters A–C in the table for comparative analysis. The method
introduced in this paper has the following characteristics:

1. The spatial details of the target are more abundant. By comparing
the images in the 1st and 2nd rows, it can be observed that the pixels
in the first row are larger, while the pixels in the second row are
relatively more delicate. Especially, compared with image 2A, in image
1A, the original circular air-conditioning exhaust fan is represented as a
8

square by low-resolution pixels, while in image 2A, its circular feature
is restored.

2. Polarized images have a significant effect on man-made targets.
The intensity images in the 1st 2nd rows are relatively dim due to the
detector integration time and illumination intensity. However, in the
polarization image, the contrast is visibly enhanced.

3. DoLP image has visible prominent effect on the texture of the
object. In 1B and 2B, the texture of the building is very dim, which
makes it difficult for human eyes to identify, while in 3B and 4B, the
lattice texture of the building can be clearly imaged, and especially
after applying this PSR method, the texture is clearer. The roof tiles
depicted in group C also have similar effects. So, by using the DoLP
more contrasted images are obtained. And in both cases (intensity and
DoLP) we can appreciate the improvement in the resolution when the
proposed method is used.

4. The errors and missing information in the low-resolution DoLP
images are corrected in the PSR image. In Fig. 3A, the edge of the
air conditioner is not displayed, but its outline is better shown in
Fig. 4A. Fig. 4B compensates for the missing texture information in 3B.
In Fig. 3C, the tiles’ stripes have been interrupted, and the roof part is
not shown, which is a typical error in texture interpretation. However,
in Fig. 4C, this error is well compensated. In summary, in Table 1,
we can observe that the picture of 90◦ intensity polarized image
before PSR is dim, the contrast of the image is insufficient, and the
expressive force of details is insufficient. The detail expression of the
90◦ intensity polarized image after PSR is significantly improved, but
the low illumination image is still relatively dim and the image contrast
is insufficient. The contrast of DoLP image before PSR is improved,
but the spatial resolution is insufficient, and DoLP calculation error
exists. After PSR, the contrast of DoLP image is visibly improved, the
expressive force of image details is also improved, and the calculation
error of DoLP is suppressed.

In summary, in Table 1, we can observe that the picture of 90◦

intensity polarized image before PSR is dim, the contrast of the image is
insufficient, and the expressive force of details is insufficient. The detail
expression of the 90◦ intensity polarized image after PSR is significantly
improved, but the low illumination image is still relatively dim and
the image contrast is insufficient. The contrast of DoLP image before
PSR is improved, but the spatial resolution is insufficient, and DoLP
calculation error exists. After PSR, the contrast of DoLP image is visibly
improved, the expressive force of image details is also improved, and
the calculation error of DoLP is suppressed.

4.2. Discussion on the characteristics of the PSR method

1. Super-resolution data has accuracy. From the comparation parts,
we can learn that the method proposed in this paper has obvious
advantages over other existing methods, because the PSR method does
not rely on empirical formulas, does not depend on the amount of
training data, and is completely based on actual measurement, which
is significantly different from the deep learning method relying on the
training sample library, so the PSR method has a wider applicability.
And at the same time, the PSR method has the possibility of becoming
the reference for other polarization super-resolution algorithms. This
property makes it more feasible to use deep learning methods to
improve the spatial resolution of DoFP polarimeters in real time.
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2. The PSR algorithm suppresses linear discontinuities in DOLP
images. In the section ‘‘Effect of low-resolution linear discontinuity’’,
we give the compensation effect of PSR on the linear discontinuity
phenomenon, which is a direct application of proposed method. Image
information closer to the real situation is conducive to the subsequent
development of super-resolution technology based on deep learning.

3. Limitations of the PSR algorithm. It should be acknowledged that
the PSR algorithm still has its limitations, especially in the process
of super-resolution information restoration of dynamic scenes, many
factors need to be reconsidered, such as the observer needs to achieve
stable tracking of the target, or obtaining information such as the
relative motion speed between the object and the observer, the ob-
servation distance, etc., when the observer captures the target, the
PSR method can work at each snapshot image in combination with
its previous three images, and this requires close combination with
high-speed computational imaging technology.

5. Conclusions

In this paper we propose a new method to increase the spatial reso-
lution of a DoFP polarization sensor, while eliminating the calculation
error of polarization information caused by the spatial separation of
the different polarization sensors. The method uses a DoFP polarization
sensor with a microscanning device.

In this study, the basic concept of PSR is put forward, and the
basic principle, system structure, calibration process and application for
external imaging are introduced. We have achieved a 2-fold increase
in each direction in the resolution of the original linear polarization
images and, consequently, of all the parameters extracted from them
like the DoLP. This method eliminates the calculation error caused by
the loss of spatial information in the original calculation method.

Because high resolution and accurate information restoration are
very important to people, especially in areas with strict requirements
on volume and weight, such as Ad Astra, aerial remote sensing, life
science, etc., PSR technology may make irreplaceable contributions.

In short, the polarization super-resolution technology proposed in
this paper makes up for the problems of spatial resolution loss and
information solving errors on the basis of ensuring the advantages of
the DoFP polarization sensor as much as possible, and it is believed
that this technology is expected to have a positive effect in the field of
polarimetric Earth Observation Remote Sensing.

Next, it is necessary to carry out in-depth research on the parts of
ultra-resolution remote sensing of moving targets, and it is also mean-
ingful to achieve 3x or 4x times higher spatial resolution polarization
images.
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