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Abstract

Polarimetric color cameras are a forefront technology that simultaneously captures po-
larimetric and color information by analyzing polarization states across different color
channels, commonly red, green, and blue. In general, each of these color channels can carry
different polarization information. Therefore, measuring the polarization Stokes vector at
several discrete wavelengths simultaneously and with the highest possible resolution is of
interest in multiple research areas. However, when a commercial color polarization sensor
is used under simultaneous narrowband RGB illumination mode, its channels cannot be
assumed to represent independent wavelength channels. Spectral overlap of the color filters
introduces color crosstalk between wavelength-dependent analyzer intensities, which may
bias the reconstructed Stokes parameters if it is not corrected before polarimetric inversion.
Several methods have been proposed in the literature to address the color crosstalk problem
but they typically assume that the polarization state is identical for all wavelengths. This
assumption does not generally hold for real samples, which exhibit wavelength-dependent
depolarization, retardance, and dichroism. To the best of our knowledge, this is the first
work presenting a method that addresses the color crosstalk problem without assuming
that the polarization state is identical across all wavelengths. In addition, Fourier domain
demosaicking techniques are applied to interpolate the data and reconstruct the images.
The present study demonstrates how the proposed method leads to an accurate recovery
of chromatic and polarimetric information on both synthetic and real-world datasets. To
test our approach, narrowband light beams at three wavelengths (470, 554, 630 nm), with
different spatial polarization and degree of linear polarization distributions, have been
simulated and validated with simulated and experimental data. The results demonstrate
the feasibility of the method for accurate three polarization channels measurements.

Keywords: optical polarization; Stokes parameters; polarization cameras

1. Introduction

Some fundamental physical quantities associated with light are intensity, wavelength,
coherence, phase, and polarization. With regard to polarization, polarimetric imaging
techniques have become an excellent tool not only for enhanced vision applications, but
also for revealing information that remains hidden in other non-polarimetric imaging
methods. Applications of polarization imaging include remote sensing [1], astronomy [2],
applications in industry [3], biophotonics [4], machine vision [5] and general contrast
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enhancement [6]. Thus, enhancements to polarimetric systems may significantly contribute
to the advancement of the aforementioned fields. In many optical metrology systems, the
polarization state is described by the full or partial Stokes vector recorded across the image
plane [7]. Accurate Stokes reconstruction is therefore a key step not only in direct polari-
metric imaging, but also in Stokes—Mueller polarimetry, where a calibrated polarization
state analyzer is required to estimate the Mueller matrix of the sample [8,9]. In polarimetric
imaging, the measurement process depends on wavelength, so that polarization informa-
tion is measured at different spectral bands. In many applications, the polarization contrast
may vary from one wavelength to another, so, each wavelength should be treated with its
own calibrated analyzer response. In this scenario, the reconstructed Stokes information
therefore required wavelength-specific polarization state analyzer response.

Division-of-amplitude polarimetry is one of the established approaches for fast polari-
metric metrology, enabling real-time acquisition of the Stokes vector [10,11]. This technique
avoids temporal modulation by splitting the incoming beam into multiple optical paths,
each analyzed independently. However, it typically requires several optical channels and
beam splitters, which increases system complexity, size, and alignment requirements. An
alternative to this approach is microgrid or division-of-focal-plane (DoFP) polarimetric
imaging, which also enables real-time acquisition. In this case, an array of micro-polarizers
is integrated directly onto the sensor plane, allowing different polarization analyzer in-
tensities to be captured in a single snapshot [12-14]. Comparing these two approaches,
while DoFP inherently reduces spatial resolution due to the multiplexing of polarization
information at the pixel level, it enables the implementation of compact, single-path optical
systems, in contrast to division-of-amplitude setups that rely on multiple projection arms.
DoFP polarimeters are specifically designed to analyze the direction of the light’s electric
field oscillation. The emergence of DoFP image sensors represents a significant milestone
in the evolution of polarization imaging, providing a versatile and efficient means of cap-
turing polarization information in real time [12,15], without the complexity associated with
multi-path optical configurations.

A set of independent polarization sensitive measurements (at least four) are required to
obtain a calibrated polarization state analyzer matrix for the full Stokes vector determination
of a light beam. Before the arrival of Microgrid Polarimetric Imaging (MPI), this situation
was typically achieved by complex setups [16], or time-sequential configurations [17],
which made such characterization procedure based on bulky systems or time-consuming,
respectively. These limitations prevented the polarization systems from being implemented
in real-time applications. However, the emergence of MPI devices enabled the acquisition of
spatial information while overcoming these limitations, using sensors consisting of ordered
arrays of four-polarization based macro-pixels. Consequently, this novel technology has
attracted considerable interest in applications requiring rapid measurement of structures
with spatially varying polarization.

Additionally, a valuable approach for imaging applications is to combine spectro-
scopic and polarimetric information [18], which can be beneficial for image enhancing
and automatic classification purposes. Under this scenario, some authors have presented
configurations able to integrate the advantages of DoFP and integral field spectroscopy to
implement a linear Stokes imaging spectropolarimeter [19]. Moreover, recent achievements
in image sensor manufacturing technology have given rise to novel RGB polarimetric
cameras [20-22], built with single-chip polarized color sensors, capable of capturing both
RGB and polarization data in a mosaic form. The typical architecture of these sensors
comprises arrays of super pixels, organized as groups of 4 x 4 pixels, including blocks of
four directional polarizers (typically at angles of 0°, 45°, 90° and 135°), each one associated
with a different color filter (red, green, green and blue, resulting in RGGB-type polarimetric
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cameras). The raw mosaic image obtained by this sensor should be first separated into
the 12 types of color/polarization analyzers, forming the required RGGB—polarization
state analyzers pattern (see an example in the illustration shown Figure 1). This step is
essential in Stokes—Mueller polarimetry because the analyzed intensities are governed by
the wavelength-dependent response of the system. Under these conditions, by properly
processing information provided by polarimetric color cameras, the linear content of the
Stokes image associated with a given scene or sample, at three different wavelengths, can
be retrieved.

Figure 1. (left): The unitary pixel cell (or super pixel). (right): The full polarimetric color sensor
consists of repeated 12 different analyzers (super pixel) following a periodic pattern. The closer
pixel of the same class is found at distances of 4-Ax and 4-Ay. The dots mean that the structure is
repeated periodically.

Despite many benefits, there are some limitations to consider. On the one hand,
the non-ideality of micro-polarizer sensors’ responses, but for that, calibration methods
for DoFP and RGB micro-grid polarimetric cameras have been developed [9,23]. More-
over, polarimetric cameras sacrifice spatial resolution to form the stated super pixels. To
overcome this situation, the use of interpolation algorithms becomes mandatory [8,22],
and many studies have already focused on color polarization demosaicking including
interpolation and edge-aware approaches [12,24], model inversion methods [25], Fourier
domain filtering [26], sparse reconstruction [27], and learning-based or Stokes fusion
methods [28,29]. These approaches are essential for recovering the spatially undersampled
color polarization channels of color polarization filter array sensors; however, their main
objective is usually image reconstruction rather than metrological propagation of spectral
leakage into wavelength-dependent Stokes measurements. Therefore, demosaicking alone
does not solve the problem addressed here, since a reconstructed RGB polarization mosaic
may still contain spectrally mixed analyzer intensities. On the other hand, the inclusion
of RGGB polarimetry snapshot sensors typically involves color crosstalk between filters,
and the RGB color filters responses are spectrally mixed, which can introduce errors in
the measurement process, leading to inaccuracies in determining the polarization state of
light. In parallel, color polarization sensors have been exploited for snapshot multispectral
imaging [30], where the different spectral contributions are mixed in the camera channels
and must be separated using crosstalk correction in order to recover wavelength-dependent
images. In such systems, the polarization dimension is often exploited as an encoding
mechanism to separate spectral information, and crosstalk correction is mainly used to
recover wavelength-dependent intensity images. In contrast, in the present work the po-
larization information is not only an encoding variable, but the physical quantity to be
measured. Consequently, residual color crosstalk directly biases the analyzer intensities
and propagates into the reconstructed Stokes parameters and the derived polarization
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quantities. Together, these works demonstrate the known challenges in the broader field of
color polarization imaging.

However, fewer works have considered the commercial RGB DOFP polarization
camera as a calibrated multi-wavelength polarimetric measurement system. For example,
recent snapshots of RGB birefringence imaging have demonstrated that simultaneous RGB-
LED illumination combined with a color polarized camera can extract multi-wavelength
birefringence information in a single acquisition [31]. Nevertheless, this approach focuses
on estimating the retardance and fast axis and does not explicitly formulate color channel
unmixing as a correction step prior to Stokes inversion. Similarly, full-Stokes RGB camera
architectures have taken into account the color dependence of Bayer filter responses through
dedicated hardware and calibration models [16], but they do not address the specific case
studied here: correcting the raw RGB channels mixing for a commercial single sensor RGB
DoFP polarized camera operating under three simultaneous narrowband illumination
sources. Several authors have proposed interesting approaches to address the problem of
full Stokes polarimetry at different wavelengths in one shot. For instance, Ref. [32] presents
a simple pathway for color polarization vision. However, most of these approaches rely on
the assumption that the polarization states of beams at different wavelengths are identical,
an assumption that does not generally hold in realistic scenarios.

From this perspective, our goal is to measure accurately the polarimetric response of
samples when using three selected nearly monochromatic light sources simultaneously.
This distinction is important because in polarimetric metrology, the RGB channels cannot
be assumed to carry independent and identical polarization information. The wide band
transmission of the Bayer filters produces a crosstalk between the color channels, which
can lead to significant errors in the measured analyzer intensities and, therefore, the
determination of the Stokes vectors distribution carried out by the three wavelengths, if it
is not corrected before the polarimetric inversion.

In this paper, we present a calibrated wavelength-resolved linear polarimetric imaging
pipeline using a color division-of-focal-plane polarization camera. The contribution is
not a new generic demosaicking algorithm, but the integration of Fourier domain color
polarization demosaicking [26,33], experimentally calibrated RGB crosstalk correction,
and wavelength-specific Stokes reconstruction into a single framework for simultaneous
three-wavelength polarimetric measurement. The method is evaluated in simulation and
experiment by comparing reconstructions before and after crosstalk correction for the red,
green, and blue channels. Quantitative metrics are reported for DoLP, normalized linear
Stokes vector error, AoLP, and inferred El, together with robustness analysis under noise
and crosstalk matrix perturbation.

We want to note that other effects may also play a relevant role when calibrating
the behavior of polarimetric cameras. For instance, spatial crosstalk between neighboring
pixels can influence the measured signals and potentially degrade accuracy. However,
the primary focus of this work is on color crosstalk under simultaneous three-wavelength
illumination, which, as demonstrated in this study, constitutes a dominant source of error
affecting the precision of the measurements. Importantly, our approach does not rely on the
assumption of identical polarization states across all wavelengths as other approaches in the
literature, thereby making it applicable to a wide range of realistic measurement scenarios.

The structure of this work is organized as follows: Section 2 presents the camera
model and the color crosstalk correction formalism. Section 3 presents the reconstruction
pipeline, simulations, robustness analysis, and experimental validation. Section 4 discusses
the scope, limitations, and applicability of the method.
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2. Materials and Methods
2.1. Color Polarimetric Camera Model

As previously stated, the polarimetric color camera consists of 12 color polarization
channels, considering the four different linear polarizations and the three-color filters, with
green channel sampled twice within the Bayer pattern. This spatially multiplexed mosaic,
including the unit pixel cell, or super pixel, is shown in Figure 1(left). To complete the
camera sensor, this super pixel is replicated over the full sensor following a periodic pattern.
Under this scheme, if an individual pixel has a size of Ax and Ay in the x and y directions
respectively, when considering a particular pixel class, the closer pixel of the same class is
found at distances of 4-Ax and 4-Ay respectively (see Figure 1(right)). Consequently, for
a camera sensor with (N x N) pixels dimensions, the 12 polarimetric images obtained by
using the polarimetric color camera present an N/4 x N/4 dimensions, and thus, present
a reduced resolution compared to the camera sensor resolution. Under this scenario,
the raw mosaic image must be separated into different color polarization channels and
reconstructed at the full image resolution before being used for Stokes calculation purposes.
After the interpolation step, 12 (N x N) full resolution intensity images are obtained, each
one corresponding to a specific combination of polarizer orientation and a color filter.

2.2. Mathematical Formalism of Color Polarimetric Camera Model

The polarimetric response of a sample, such as biological tissue, depends on the
illuminating wavelength. Thus, using more than one wavelength to inspect a sample is
likely to provide additional information about it. Our aim is to illuminate the samples
with three wavelengths simultaneously and measure the polarization responses for all
three-color filters. To this end, we use three LEDs with interferential filters that have
spectral bandwidths of about 10 nanometers, and central wavelengths of 630 nm, 554 nm,
and 470 nm. However, the spectral color band of the Bayer filters in the camera are very
broad, causing the information carried out by the different wavelengths to overlap. This
leads to color crosstalk effects, where polarization signals from different colors overlap. We
propose a method to mitigate this effect and ensure accurate separation and measurement
of polarimetric and color information. This section is devoted to providing a method able
to reduce the crosstalk effect associated with color polarimetric cameras.

We now introduce a measurement model to address the issue of color crosstalk that

occurs between the different color channels in images obtained through the camera. Let
A
S (x,y),A = A1, Ay, Ag be the three polarization distributions (Stokes vectors) correspond-

ing to the three wavelengths used. In each pixel, there is one of the four polarization
analyzers, corresponding to the orientation of the micro-polarizers. In addition, as men-
tioned above, each pixel is covered by a different color filter that exhibits some transmission

for each of the three wavelengths. Let (t}\) be the intensity transmission of a color filter (f)
—A
for a wavelength (1). Let A, be the analyzer corresponding to one of the four-polarizer

orientation p for a wavelength (A). Then, given a pixel with a polarizer orientation (p) in

front of a color filter (f) illuminated with a wavelength A, the resulting intensity (I;‘f)
will be:

A A

A 4A _ 4ATA
1 =t}(A,)S =1} (1)

If the three wavelengths work at the same time, the resulting intensity will be:

ot A a2t A7A
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Note that I;; are the obtained intensities after performing the interpolation in intensity
measurements. Moreover, the super-index (ct) indicates that these intensities are affected
by crosstalk. Therefore, to obtain the three polarization distributions we should be able to
get the intensity distributions I? by solving Equation (2). This equation can be rewritten in
a matrix form as follows:

1;} = CI}, (3)

where C is the color crosstalk transfer matrix relating I? with I;;, I} being the original

"1

intensity distribution corresponding to the polarizer orientation “p” and wavelength “A”,
and the measured distribution affected by the crosstalk.

To solve (3) the matrix C must be experimentally calibrated. Thus, we have measured
the transmission intensities of the three-color filters for our case. In particular, our exper-
iment deals with a polarimetric RGGB camera by Lucid Vision (Lucid Vision Labs Inc.,
Burnaby, BC, Canada), which is equipped with a Sony IMX250MYR CMOS sensor.

To calculate the transmission intensities of the RGB color filters, we illuminated the
camera with one wavelength at a time, using either left or right circularly polarized light.
In this way, the intensity transmitted by the camera polarizers does not depend on their
orientation. These measurements can also be done with fully unpolarized light. The results

are arranged in Table 1.

Table 1. Relative intensities transmissions of RGB filters.

Wavelength
R (630 nm) G (554 nm) B (470 nm)
R-filter 1 0.04 0.01
Transmission G-filter 0.25 1 0.19
B-filter 0.03 0.10 0.72

Considering the experimental transmission intensities given in Table 1, the relation
given by (3) can be written in a matrix form as:

0 0 0 004 0 0 0 000 0 0 0\ /[Ly
1 0 0 0 004 0 0 0 001 0 0 ||In
0 1 0 0 0 004 0 0 0 001 0 [|Iy
0 0 1 0 0 0 004 0 0 0 001][]Isy
o 0o 0 1 0 0 0 019 0 0 0 [|K,
02 0 0 0 1 0 0 0 019 0 || Ly @
0 025 0 0 0 1 0 0 0 019 0 ||
0 0 025 0 0 0 1 0 0 0 019[]|I,
0o 0 0 01 0 0 0 072 0 0 0 ||Ks
03 0 0 0 01 0 0 0 072 0 0 |]|ILs
0 003 0 0 0 01 0 0 0 072 0 ||
0 0 003 0 0 0 01 0 0 0 072\

By inverting this equation, we can obtain the intensity distributions without crosstalk:

A ~—1qct
Ip =C Ipf‘

(5)
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3. Results and Validation
3.1. Reconstruction Pipeline and Polarimetric Data Reduction

As described in Section 2.1, the raw image acquired by the RGB polarization camera
is a spatially multiplexed mosaic, where each pixel corresponds to a specific combination
of analyzer orientation and color filter. Therefore, before calculating the polarimetric
quantities, the raw mosaic must be separated into full resolution analyzer intensity images
for each color polarization channel.

In this work, Fourier domain demosaicking is used for this reconstruction step. This
method is well suited to the periodic sampling structure of DoFP sensors and provides
nearly exact reconstruction for band-limited image content. To justify this choice, Table S1
in the Supplementary Material compares Fourier interpolation with linear, cubic spline,
and Makima interpolation using simulated RGB mosaic data. The results show that Fourier
interpolation gives the lowest reconstruction error for smooth band-limited functions,
such as Gaussian and sinusoidal patterns, whereas all methods show larger errors near
discontinuities, such as rectangular functions. Therefore, Fourier demosaicking is used
here as a controlled reconstruction step to obtain consistent analyzer intensity images
before applying the color crosstalk correction. The objective is not to introduce a new
demosaicking algorithm, but to evaluate the effect of color crosstalk correction on the
reconstructed polarimetric quantities.

After Fourier domain demosaicking, 12 analyzer-dependent intensity images are ob-
tained, corresponding to the four analyzer orientations and the three RGB camera channels.
These reconstructed intensities are denoted as I ;t , where (p) indicates analyzer orientation
and (f) the camera color channel. The superscript ct indicates that, after demosaicking, the
intensities may still contain spectral crosstalk color.

The calibrated color crosstalk model is described in Section 2.2 is then applied to the
12 reconstructed color polarization channels using the matrix defined in Equation (4). This
step converts the reconstructed RGB camera channel intensities into wavelength-dependent
analyzer intensities associated with red, green, and blue wavelength. After this correction,
the wavelength-specific analyzer intensity vector is used with the corresponding calibrated

analyzer matrix (ZP) to reconstruct the Stokes components at each wavelength.

Thus, the complete processing chain used in both simulations and experiments is: raw
RGB polarization mosaic — Fourier demosaicking — I;’f — color crosstalk correction — I ;}
— wavelength-dependent Stokes inversion — Sg 1, S1,1,, S0, — DOLP,,, AoLP, | El,, | .

The standard relations between Stokes vector (Sg z,, S1,1,, 52,1,) and the derived polari-
metric quantities (DoLP),, AoLP,, | El A |) are as follows: the degree of linear polarization
(DoLPAk) and the angle of linear polarization (AoLP,,) are calculated from the recon-
structed linear Stokes components such as:

/82, + 52
DoLP,, = VoA T2 (6)

So,

1
AOLP/\k = Elltll]’lZ(Sz’)Lk,SL/\k) (7)

The AoLP is an angular quantity determined by the direction of the linear Stokes vector
(S1,S2), while DoLP represents its normalized magnitude. Therefore, AoLP becomes more
sensitive to noise or reconstruction errors when DoLP is low, because the linear Stokes
vector has a small magnitude. For this reason, AoLP errors are interpreted together with
the corresponding DoLP values in the analysis below. Since the color polarization sensor
contains only linear analyzer orientations, the last circular Stokes component S3 », is not
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independently measured. When the output light can be assumed to be fully polarized, an
unsigned ellipticity angle is inferred from Sp ., 51,4,, 52,1, as:

2 2 2
\/ Soa ~ S~ Saa,
2 2
V51, 524,

Therefore, | El | is reported only as an inferred quantity under the fully polar-

(8)

1
| Ely, |= Earctan

ized assumption, not as an independently measured circular polarization component.
In Section 3.3, the method of evaluating the color crosstalk correction method and it is
affecting Stokes vector components and the following derived polarimetric parameters will
be explained.

3.2. Simulation of Color Crosstalk Effects

To evaluate and analyze the effect of the proposed method to mitigate crosstalk, and
to measure the spatial polarization distribution in the three-color channels simultaneously,
we simulate a scenario in which each wavelength transports different spatial polarization
information. To describe the polarization state, we started from the standard Stokes
parametrization using three parameters: degree of polarization (DoLP), angle of linear
polarization (AoLP) and ellipticity (El). The intensity (Sp) is assumed equal to one. In the
present simulation, only linearly polarized states are considered, so the ellipticity (El) is set
equal to 0 and S3 = 0. Then the degree of polarization (DoLP) is equal to degree of linear
polarization (DoLP). Therefore, we refer to this quantity as DoLP throughout this paper.
The corresponding components of the Stokes vector will be given by:

So=1
S1 = DoLP % cos(2El) * cos(2AoLP)
Sy = DoLP x cos(2El) * sin(2AoLP)"
S3 = DoLP xsin(2EI)

©)

Since in the simulation, the DoLP will be varied between 0.5 and 1, the simulated po-
larization distribution is linear partially polarized light. The three linear partially polarized
light spatial distributions corresponding to each wavelength are defined as:

1.  Red wavelength: the DoLP varies with the radial coordinate between 0.5 and 1; the
AoLP varies with the angular coordinate between —180 and 180 degrees.

2. Green wavelength: the DoLP varies with the radial coordinate between 0.5 and 1; the
AoLP varies with the X coordinate.

3. Blue wavelength: the DoLP varies with X coordinate between 0.5 and 1; the AoLP
with Y coordinate.

The green channel is first shown as a representative worst case because the calibrated
color crosstalk matrix presents the largest off-diagonal color leakage in the green channel,
such as Cg, = 0.25 and Cgp, = 0.19. The green channel is therefore used to illustrate the
spatial behavior of the error. The same three simulation cases were also evaluated for red
and blue channels. To avoid repetition, the red and blue error maps are provided in the
Supplementary Material, whereas the numerical results of all channels are reported in
Section 3.3.

In the first simulation, we assume that there is no crosstalk, let us say, the elements
outside the diagonal in Table 1 are equal to 0. Figure 2 summarizes the results obtained for
the green channel. The left column presents the AoLP (first row) and DoLP (second row)
parameters of the original functions. The central column shows the differences between the
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original and the reconstructed parameter after the intensity interpolation and polarimetric
data reduction. Finally, the right column shows the histograms of these differences.

GREEN channel, no crosstalk

Original AoLP AoLP error x10° AoLP error histogram
2
1
¢ £
03 3 4000
Z 8
-
2000
2
0
2 4 0 1 2
AAOLP (°) 103
Original DoLP . |DoLP error| x10* M . 10fDOLP error| histogram
3s
08 3 5
- 25 P
a 5‘
3 8 22
04 1532 o
1
02 !
05
0 0 [}
0 1 2 3
|ADoLP| <103

Figure 2. Green channel, no crosstalk. The first row corresponds to the AoLP and the second to
the DoLP. The left column corresponds to the original function. The central column is the error
(difference between the original function and the interpolated and the reconstructed one). The right
column is a histogram of the corresponding error.

As one can see from Figure 2, the errors are almost negligible and close to the numerical
precision level, with magnitudes on the order of 10~%. The oscillations in the AoLP
errors are due to the discontinuity between the left and right borders when using Fourier
Transform interpolation.

In the next simulation, we assume that there is crosstalk between color channels,
as described in Table 1, which is then corrected using the method described in (4). The
reconstruction results can be seen in Figure 3. The resulting errors are of the same order of
magnitude as those obtained in the absence of crosstalk, indicating an accurate performance
of the method proposed for crosstalk correction.

GREEN channel, with corrected crosstalk
AoLP error histogram

Original AoLP AoLP error 12000
s —4 Moos
10000
% 0.01
0005 ~ 8000
100 & ¢ 8
=] o 3 3 6000
2 2 38
0005 7
50 4000
0.01
2000
0015
° 0
-0.05 0 0.05
AAOLP (%)
Original DoLP " |DoLP error]| 10 . 1DoLP error| histogram
6
08 3
06 Y 2
% 4
3 8
04 a 3
2
02 1
0 0 .
0 1 2 3 4
|ADOLP)| <103

Figure 3. Green channel, with corrected crosstalk. The first row corresponds to the AoLP and the
second to the DoLP. The left column corresponds to the original function. The central column is the
error (difference between the original function and the interpolated and the reconstructed one). The
right column is a histogram of the corresponding error.
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Finally, we have made the simulation with crosstalk, but when it is not corrected in
the reconstruction. The results are shown in Figure 4 for the green channel.

GREEN channel, without crosstalk correction
AoLP error histogram

Original AoLP AoLP error 2000
10
150
1500
H s i ‘|‘
o S TS
el fo % 51000 L
2 s 0 1,
< s 3 -
50 5 l l’_
-10 2 N L
0 N ,
oL |
10 5 0 5 10
AAOLP (%)
Original DoLP . |DoLP error| 1500 |DoLP error| histogram
04
08
03 1000 1 -
8., s 2 |4 i i _1,'
04 & 0249 § 1
500 h
02 0.1 b
r— "
° 0 [

0 01 02 03 04
|ADoLP|

Figure 4. Green channel, with non-corrected crosstalk. The first row corresponds to the AoLP and
the second to the DoLP. The left column corresponds to the original function. The central column is
the error (difference between the original function and the interpolated and the reconstructed one).
The right column is a histogram of the corresponding error.

As we can see in this figure, the errors in the AoLP of the green channel are much
larger than in the previous case with crosstalk correction. Note that some pixels have the
AOLP error tail around 10°. The error in the DoLP could reach up to 50% on the green
channel. This shows the need to correct the crosstalk to accurately measure with three
wavelengths simultaneously.

In the Supplementary Material we show the results for the red and blue channels in
Figures S1-56. As we can see, the tendencies are the same as in the green channel. When the
crosstalk is corrected the results with RGB illumination are almost identical to the results
obtained with a single wavelength illumination. The errors, in general, are smaller for the
red and blue channels because the crosstalk in these channels is smaller.

3.3. Quantitative RGB Comparison in Simulation

Although the green channel was selected in Figures 2—4 as a representative case
because it has the strongest spectral leakage, the correction was quantitatively evaluated for
the three RGB channels. For each polarimetric quantity Q, the absolute error was computed
with respect to the corresponding reference distribution as:

3 (x,y) = Q™ (x,y) — Q" (x,y) | (10)

where case refers to either the reconstruction without crosstalk correction or with crosstalk
correction. The median absolute error, MedAE, was then calculated. MedAE was used
because it is less affected by the outliers.

In addition to the derived quantities, DoLP, AoLP, and El, we also evaluated the
normalized linear Stokes vector error, and it was calculated as:

2
52 1=y 5 — 52+ a5 o) a1
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This metric is important because it evaluates the reconstructed linear polarization
state directly, before reducing it to derived quantities. DoLP measures the magnitude of
the normalized vector (s1, s2), while AOLP measures its direction. Therefore, | A(s1,52) |
gives a direct measure of how close the reconstructed polarization state is to the reference
state. The relation between these quantities can be understood by writing the normalized
linear Stokes vector in polar form:

(s1,82) = DoLP [cos(2A0LP),sin(2A0LP)] (12)
For small errors, the vector error can be approximated as:
| A(s1,52) |?~ (ADoLP)? + (2 DoLP AAoLP)? 13

This relation shows that the normalized Stokes vector error contains both magnitude
error, related to DoLP, and directional error, related to AoLP. Therefore, DoLP, AoLP, and
| A(s1,s2) | are complementary and should be interpreted together.

Figure 5 summarizes the MedAE of DoLP, | A(sy, s2) |, El, and AoLP before and after
color crosstalk correction for the red, green, and blue channels. As shown in Figure 5,
the reconstruction before correction of the color crosstalk produces the largest errors
in all polarimetric quantities within each color channel. The green channel shows the
strongest uncorrected errors, which is consistent with the larger off-diagonal leakage terms
of the calibrated crosstalk matrix. After correction, the errors decrease and close to the
interpolation baseline for all three wavelengths.

Effect of color-crosstalk correction
[uncorrected ICorrected

(a) DoLP (b) . 1A(84,8,)l
w 0.217 = 10 0.281
< 0.0495 0.0509 w:“ 0.0566 0.0606
P 0
10 1 L
= 4
o =
- | 0.000163 5 0165
S 107} P45 3d4e-05 2 0138 B he0s
Red Green Blue Red Green Blue
(c) El (d) AoLP
8.61° e 197°
98 2.15° 2.21° g . 0.922°
e : g 100} 0572
w 10
< ®
® =
£ o odor21 | o 03%° § do1ss°
= $40242° ggo146° 3 0404°
<
Red Green Blue Red Green Blue

Figure 5. Effect of color crosstalk correction in simulation using log scale in y-axis to show the much
smaller corrected errors. Panels show (a) DoLP MedAE, (b) Med | A(s1,s2) |, (¢) El MedAE, and
(d) AoLP MedAE.
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This shows the need to correct the color crosstalk to have accurate measurements
when three wavelengths simultaneously enter the RGB polarized image sensor.

3.4. Robustness to Noise and Color Crosstalk Matrix Perturbations

As shown from Equations (1)—(5), the color crosstalk correction involves the inversion
of the calibrated color crosstalk matrix C, and the corrected analyzed intensities channels are
obtained through an inverse operation of the calibrated crosstalk matrix C in Equation (5).
In this case, the sensor noise and calibration uncertainty may propagate into the corrected
analyzer intensities and the final polarimetric information. To evaluate this effect, the
measured crosstalk model was written as:

By = 15 a2

where 1 represent additive intensity noise and I;}n

camera. The correction was then performed using a perturbed matrix:

is the noisy image captured by the

C=C+AC (15)
so that: .

A/\ ~

Iy=c 1, (16)

To evaluate robustness of this method, we performed a Monte Carlo analysis by
adding controlled perturbations to the calibrated matrix and noise to the raw intensity
values. The resulting errors were evaluated in the final polarimetric quantities. In Figure 6
the errors in the parameters defined above introduced by the noise are drawn. The gray
charts correspond to the introduction of noise in the camera image. The blue charts
correspond to the introduction of perturbation in the C matrix, and the green charts are
obtained when both noise and perturbation are combined. The results in Figure 6 show that
moderate perturbations of the crosstalk matrix produce limited degradation, indicating
that the matrix inversion is numerically stable under the tested conditions. In contrast,
raw intensity noise produces a stronger effect on the reconstructed polarimetric quantities,
especially for angular parameters such as AoLP.

(a) [ 2% noise M 2% C perturbation [ Combined (b) [ 2% noise I 2% C perturbation [ Combined
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Figure 6. Robustness of the correction under noise and calibration perturbation. Panels show
(a) DOLP MedAE, (b) Med | A(s1,s2) |, (c) El MedAE, and (d) AoLP MedAE.
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In the simulations, matrix perturbations of 2% and 5% were tested, together with the
same raw intensity noise levels. The results indicate that the correction methods could be
mainly limited by raw CCD noise, and even though we perturbed the C matric by 5% of
perturbation, the errors remain small.

On the other hand, the robustness errors are not identical for all color channels.
Although the same raw CCD noise level is applied, each channel has a different signal level,
different color leakage coefficients in the C matrix, and a different simulated polarization
distribution. This is particularly important for angular polarimetric parameters such
as AoLP, because it depends on the direction of the normalized vectors (s1,s;), and it
is sensitivity increase when DoLP is low. So that in the analysis of this method in the
experimental section, AoLP will be reported as a diagnostic angular quantity since errors
are more sensitive to local reduction in DoLP.

3.5. Experimental Validation Under Sequential and Simultaneous Illumination

The illumination was provided by the NIJI system (BBO-BN7-MEF-0-5-003_HPUYV,
BlueBox Optics Ltd. SWANSEA, WALES), which includes several LEDs equipped with
spectral filters centered at 554, 633 and 470 nm with a bandwidth of 10 nm. Each LED
can be switched on individually or simultaneously. Using a 5 mm-diameter, 2 m-long
liquid light guide (BBO-BN7-LLG-520-001-IR) and a collimator (BBO-BN7-ZCOL-5-001),
the sample was illuminated with unpolarized light.

The sample consists of a radial polarizer (Codixx, Codixx AG, Barlenben, Germany)
with eight sectors, followed by a non-achromatic waveplate. The radial polarizer generates
different linear polarization angles in each sector, while the waveplate transforms these
states into wavelength-dependent elliptical polarization distributions. Because the wave-
plate is non-achromatic, the resulting DoLP, AoLP, and ellipticity distributions differ for
the red, green, and blue wavelengths.

The images were captured using a LUCID polarimetric color camera (TRI05051-QC)
equipped with a Sony IMX250MYR CMOS (Sony Group Corporation, Tokio, Japan) sensor
and an Edmund Optics 35 mm focal-length lens (Stock No. #67716. Edmund Optics,
Barrington, NJ, USA).

Two illumination modes were compared. First, the sample was illuminated sequen-
tially with red, green, and blue single wavelength, providing the pure reference measure-
ments for red, green, and blue channels. Second, the sample was illuminated simulta-
neously with three wavelengths, and the sensor recorded a single mosaic. The simulta-
neous acquisition was reconstructed both with and without applying the color crosstalk
correction. For each wavelength, three cases were compared: pure reference for single
wavelength, simultaneous RGB reconstruction without correction, and simultaneous RGB
with correction.

We assume that the beams are fully polarized, so, by knowing (Sp, S1, S2) we can

S3= /53— 52— S2. (17)

and then we can evaluate the ellipticity (EL).
Figures 7-9 visualize the reconstructed DoLP, AoLP, and EL for red, green and blue
wavelengths, respectively, for the three cases of the pure single-wavelength reference, the

compute the S3 component as

simultaneous RGB reconstruction before correction, and after color crosstalk correction.
For this comparison, the sector-wise profiles are provided. Because of the polarimetric
parameters being wavelength-dependent, we have three different polarization distributions.
The green channel shows widest DoLP range, approximately from 0.3 to 1, so that it
exhibits a clearer correction by the method. The red channel remains mostly highly linearly
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polarized, with DoLP values around 0.75 to 1, so the correction appears as smaller but still
shows an adjustment. The blue channel has lower DoLP values from 0.15 to 0.5 with higher
El, therefore the visual improvement in blue is less pronounced.

Red channel: DoLP Red channel: AoLP (°) Red channel: EI (°)
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Figure 7. Red channel experimental validation under sequential and simultaneous illumination.
Reconstructed DoLP, AoLP, and El are compared for the pure reference and simultaneous RGB
illumination without and with correction. The bottom row shows the corresponding sector-wise
mean values over the eight sectors.
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Figure 8. Green channel experimental validation under sequential and simultaneous illumination.
Reconstructed DoLP, AoLP, and El are compared for the pure reference and simultaneous RGB
illumination without and with correction. The bottom row shows the corresponding sector-wise

mean values over the eight sectors.
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Figure 9. Blue channel experimental validation under sequential and simultaneous illumination.
Reconstructed DoLP, AoLP, and El are compared for the pure reference and simultaneous RGB
illumination without and with correction. The bottom row shows the corresponding sector-wise
mean values over the eight sectors.

The corrected simultaneous reconstruction agrees more closely with the single-
wavelength reference than the uncorrected reconstruction, especially in the red and green
channels. The blue channel shows a smaller visual improvement because of the lower color
crosstalk contribution from the red and green channels are introduced. However, the mean
metric can hide the error at pixel level. Therefore, in the next section, a more quantitative
analysis will be presented.

For the green and red channels, the DoLP and El polarization parameters are closer
to the pure reference values after correction, while the uncorrected RGB polarimetric
parameters show a larger deviation. This indicates that the correction mainly compensates
errors in the magnitude part of the normalized linear Stokes vector.

Since only linear analyzer states are measured, the camera directly recovers the linear
part of the Stokes vector. For fully polarized elliptical states, part of the polarized energy
may be carried by the circular component S3, which is not directly measured, and the
reported El is therefore calculated by applying Equation (8). Therefore, the measured
DoLP decreases when the EL increases. In this sense, low DoLP does not physically imply
physical depolarization of the beam, it may also indicate that a larger fraction of the fully
polarized states in contained in the unmeasured circular component. As an example in
these figures, The degree of linear polarization (DoLP) is shown in the first column of the
figure to illustrate this effect. When the polarizer of a sector is parallel to the axis of the
waveplate, the produced polarization will be linear, and the DoLP will be almost 1, while
in the other cases the DoLP will decrease, with the limit case of ellipticities close to 45°,
leading to the lowest DoLP values.

Each sector combined with the waveplate produces different ellipse orientations. The
same results are obtained either with one or three wavelengths illuminating, showing that
the proposed method is working well.
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3.6. Quantitative Validation of the Experimental Color Crosstalk Correction

To quantify the experimental performance of the correction method, the simultane-
ous RGB reconstruction was compared with the corresponding pure single-wavelength
reference for each color channel. The comparison was performed before and after applying
the color crosstalk correction. In Figure 10a—c, the bars represent the global error over the
radial polarizer region, while the dots show the sector-wise errors for the eight sectors. This
representation allows us to evaluate both the global correction effect and its dependence on
the local polarization state.
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Figure 10. Experimental quantitative validation of the color crosstalk correction. Panels (a—c) show
the median absolute error of DoLP, | A (s1,52)| and El before and after correction. Bars show the
value of the radial region and dots show the eight sectors of the radial polarizer.

The correction reduces the experimental errors in all three-color channels, with the
strongest improvement observed in the green channel. The DoLP MedAE is reduced by
74.3%, the El MedAE by 70.7%, and the normalized Stokes vector error | A(sy,s2) | by
61.6%. This is consistent with the calibrated crosstalk matrix, where the green channel
receives the largest leakage contribution from the other color channels. In the red and blue
channels, the improvement is more moderate: the DoLP MedAE is reduced by 19.6% and
13.1%, the E1 Med AE by 16.6% and 13.2%, and | A(s1,s2) | by 6.2% and 7.8%, respectively.

The use of | A(sy,s2) | is important because it directly evaluates the error in the
normalized linear Stokes vector. DoLP measures the magnitude of this vector, while AoLP
measures its angular direction. Therefore, a reduction in DoLP error does not always imply
the same reduction in | A(s1,s2) |, because the remaining error can affect either the vector
magnitude or its direction. This explains why the normalized Stokes vector error is a useful
complementary metric for evaluating the correction.

Overall, the experimental results show that the proposed correction improves the
RGB polarimetric reconstruction, especially in the channel most affected by spectral leak-
age. The remaining sector-dependent errors are consistent with the local polarization
state of the radial polarizer sample and with the higher angular sensitivity of AoLP in
lower-DoLP regions.
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4. Final Remarks

The color polarization cameras give an opportunity to measure in a single shot the
polarization distributions carried out by the three wavelengths. This information allows to
inspect different aspects of light-matter interaction and spans the potential of single-channel
illumination in polarimetric metrology. However, to efficiently operate with multichannel
illumination with these devices, there are two issues that must be solved to obtain accurate
measurements: the sampling of the signals and the crosstalk between the color channels.
Some approaches present in the literature assume that the polarization of the different
wavelengths inspected is the same, which is quite limiting in real scenarios as most natural
samples present different polarimetric responses as a function of the wavelength. In this
paper, we present a novel alternative that is able to be applied when measuring different
wavelengths carrying out distinct polarization distribution after interacting with a sample.

Each polarization/color combination is measured in different spatial locations. Then,
to accurately calculate the polarization state, interpolation is needed. We have selected the
interpolation in the Fourier domain because it is the best according to the sampled signal
theory for band-limited functions. Only when there are abrupt changes in intensity that
produce very high frequencies or the effect of spatial crosstalk that may mix the adjacent
color polarization channels before interpolation can contribute to significant errors at edges
or sharp spatial transitions. However, in the study presented in this manuscript these
effects are not visible.

In the color cameras, the color filters have very wide bandwidth producing color
crosstalk between the color channels, i.e., the green filter also has non-zero transmis-
sion for the red and blue wavelengths. We have measured the relative transmission of
each of the color filters, and with this information we have proposed a method for cor-
recting the crosstalk, being able to determine the intensity distribution for each of the
three wavelengths.

The method has been experimentally validated by measuring different samples pre-
senting different polarization spatial distributions and for three RGB narrowband illumina-
tion wavelengths, where a current calibrated color crosstalk matrix was represented by the
spectral mixing. Under broadband or white light illumination case, each RGB channel in
this sensor records an integral over a continuous spectral range rather than a contribution
from only three discrete wavelengths. Therefore, the color correction matrix in this method
cannot directly reconstruct Stokes vector from white light data. In that case, additional
spectral calibration and model would be required. The method remains applicable in prin-
ciple, in case the LED central wavelengths shift, but the color crosstalk matrix should be
recalibrated for actual illumination spectra used in the experiment. We have demonstrated
that it is possible to measure the polarization distributions simultaneously and accurately
at three different wavelengths, thereby reducing the total measurement time by a factor of
three by replacing three sequential single-wavelength exposures with a single simultaneous
multi-wavelength acquisition. Notably obtained results after color crosstalk correction are
far superior than those without correction in terms of polarization retrieval.

Furthermore, although the method in its current form is not directly applicable to
continuous spectrum measurements in the visible range, the ability to simultaneously
investigate a sample across multiple spectral channels is of great interest in a wide range
of applications. For instance, in the study of biological tissues, numerous works have
shown that an RGB multichannel approach in the visible region can provide highly relevant
information, as each wavelength interacts differently with the sample. Short wavelength
illumination (e.g., blue narrowband) is typically more sensitive to superficial features,
whereas longer wavelengths (e.g., red narrowband) can probe deeper structures. This
enables, for example, the investigation of pathologies affecting superficial tissue layers, as
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well as conditions involving deeper structures due to increased penetration depth, such as
certain types of cancer. Similarly, this approach is also of interest for the characterization of
advanced materials, including those exhibiting microstructures, optical activity, or chiral
properties. In many of these applications, it has been observed that the use of a continuous
spectral distribution does not necessarily provide a significant increase in useful informa-
tion, while it often leads to longer acquisition times and increased system complexity.

In all these scenarios, the method proposed in this work can offer a practical and
efficient solution.

Finally, we want to note that although the proposed method is general and, in principle,
applicable to real samples such as biological tissues—which often exhibit depolarization—
its experimental validation in this work is limited to fully polarized systems—such as the
radial polarizer and the non-achromatic waveplate—due to the use of a linear polarimetric
camera. Under this constraint, depolarization and ellipticity become coupled in the mea-
surements, preventing their independent characterization and thus limiting validation to
controlled polarization states.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/s26123838 /51, Table S1. Mean reconstruction errors for the RGB
DoFP mosaic using different interpolation methods. Figure S1. RED Channel, NO crosstalk. The
first row corresponds to the AoLP and the second to the DoLP. The Left column corresponds to
the original function. The central column is the error (difference between the original function and
the interpolated and the reconstructed one). The right column is a histogram of the corresponding
error. Figure S2. Red-channel simulation of color-crosstalk effects. The reconstructed AoLPand
DoLPare shown for three cases: no color crosstalk, color crosstalk followed by correction, and color
crosstalk without correction. For each case, the left column shows the reference distribution, the
middle column shows the reconstruction error, and the right column shows the corresponding error
histogram. The results illustrate that the correction reduces the crosstalk-induced error and brings
the reconstruction close to the no-crosstalk baseline. Figure S3. Blue-channel simulation of color-
crosstalk effects. The reconstructed AoLPand Dol Pare shown for three cases: no color crosstalk,
color crosstalk followed by correction, and color crosstalk without correction. For each case, the left
column shows the reference distribution, the middle column shows the reconstruction error, and the
right column shows the corresponding error histogram. The results confirm that the correction also
improves the blue channel polarimetric reconstruction, while the remaining differences are mainly
associated with interpolation and numerical effects. Figure S4. BLUE Channel, NO crosstalk. The
first row corresponds to the AoLP and the second to the DoLP. The Left column corresponds to the
original function. The central column is the error (difference between the original function and the
interpolated and the reconstructed one). The right column is a histogram of the corresponding error.
Figure S5. RED Channel, WITH corrected crosstalk. The first row corresponds to the AoLP and
the second to the DoLP. The Left column corresponds to the original function. The central column
is the error (difference between the original function and the interpolated and the reconstructed
one). The right column is a histogram of the corresponding error. Figure S6. BLUE Channel, with
NON-corrected crosstalk. The first row corresponds to the AoLP and the second to the DoLP. The Left
column corresponds to the original function. The central column is the error (difference between the
original function and the interpolated and the reconstructed one). The right column is a histogram of
the corresponding error.
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Abbreviations

The following abbreviations are used in this manuscript:

DoFP Division-of-Focal Plane
MPI Microgrid Polarimetric Imaging
DoLP Degree of Linear Polarization

AoLP Angle of Linear Polarization
EL Ellipticity

MedAE Median Absolute Error

Med Median

C Color Crosstalk Correction Matrix

References

1.  Tyo,].S.; Goldstein, D.L.; Chenault, D.B.; Shaw, ].A. Review of passive imaging polarimetry for remote sensing applications. Appl.
Opt. 2006, 45, 5453-5469. [CrossRef]

2. Snik, E; Keller, C.U. Astronomical polarimetry: Polarized views of stars and planets. In Planets, Stars and Stellar Systems; Oswalt,
T.D., Bond, H.E,, Eds.; Springer: Dordrecht, The Netherlands, 2013. [CrossRef]

3.  Mériaudeau, F; Ferraton, M.; Stolz, C.J.; Morel, O.; Bigué, L. Polarization imaging for industrial inspection. Proc. SPIE 2008,
6813, 681308. [CrossRef]

4. Rodriguez, C.; van Eeckhout, A.; Garcia-Caurel, E.; Lizana, A.; Campos, J. Automatic pseudo-coloring approaches to improve
visual perception and contrast in polarimetric images of biological tissues. Sci. Rep. 2022, 12, 18479. [CrossRef]

5. Estévez, I; Oliveira, F; Braga-Fernandes, P; Oliveira, M.; Rebouta, L.; Vasilevskiy, M.I. Urban objects classification using Mueller
matrix polarimetry and machine learning. Opt. Express 2022, 30, 28385-28400. [CrossRef]

6.  Venkatesulu, E.; Buglione, K.L.; Field, N.J.; Doney, K.D.; Shaw, J.A. Polarization enhancement of contrast through a water surface.
Appl. Opt. 2025, 64, 1443-1453. [CrossRef]

7. Goldstein, D.H. Polarized Light, 3rd ed.; CRC Press: Boca Raton, FL, USA, 2017. [CrossRef]

8. Schaefer, B.; Collett, E.; Smyth, R.; Barrett, D.; Fraher, B. Measuring the Stokes polarization parameters. Am. J. Phys. 2007,
75,163-168. [CrossRef]

9. Tomczyk, S.; Casini, R.; de Wijn, A.G.; Nelson, P.G. Wavelength-diverse polarization modulators for Stokes polarimetry. Appl.
Opt. 2010, 49, 3580-3586. [CrossRef]

10. Azzam, RM.A. Division-of-amplitude photopolarimeter (DOAP) for the simultaneous measurement of all four Stokes parameters
of light. Opt. Acta Int. ]. Opt. 1982, 29, 685-689.

11.  Tu, X,; Spires, O.].; Tian, X.; Brock, N.; Liang, R.; Pau, S. Division of amplitude RGB full-Stokes camera using micro-polarizer
arrays. Opt. Express 2017, 25, 33160-33175. [CrossRef]

12.  Ratliff, B.M.; LaCasse, C.F.; Tyo, ].S. Interpolation strategies for reducing IFOV artifacts in microgrid polarimeter imagery. Opt.
Express 2009, 17, 9112-9125. [CrossRef]

13.  Powell, S.B.; Gruev, V. Calibration methods for division-of-focal-plane polarimeters. Opt. Express 2013, 21, 21039-21055. [CrossRef]

14. Gao, S.; Gruev, V. Gradient-based interpolation method for division-of-focal-plane polarimeters. Opt. Express 2013, 21, 1137-1151.
[CrossRef]

15. Serres, J.R.; Lapray, PJ.; Viollet, S.; Kronland-Martinet, T.; Moutenet, A.; Morel, O.; Bigué, L. Passive polarized vision for
autonomous vehicles: A review. Sensors 2024, 24, 3312. [CrossRef]

16. Lv, X.; Zhu, S.; Guo, X.; Zhang, J.; Lin, J.; Jin, P. Full-Stokes polarimetric light-field imaging using only a single detector. Opt.
Lasers Eng. 2020, 129, 106071. [CrossRef]

17.  Gendre, L.; Foulonneau, A.; Bigué, L. High-speed imaging acquisition of Stokes linearly polarized components using a single
ferroelectric liquid crystal modulator. Proc. SPIE 2009, 7461, 74610G. [CrossRef]

18. Pierangelo, A.; Manhas, S.; Benali, A.; Fallet, C.; Totobenazara, ].-L.; Antonelli, M.-R.; Novikova, T.; Gayet, B.; De Martino, A.;
Validire, P. Multispectral Mueller polarimetric imaging detecting residual cancer and cancer regression after neoadjuvant
treatment for colorectal carcinomas. J. Biomed. Opt. 2013, 18, 046014. [CrossRef]

19. Mu, T.; Pacheco, S.; Chen, Z.; Zhang, C.; Liang, R. Snapshot linear-Stokes spectropolarimeter using division-of-focal-plane

polarimetry and integral field spectroscopy. Sci. Rep. 2017, 7, 42115. [CrossRef]

https://doi.org/10.3390/s26123838


https://doi.org/10.1364/ao.45.005453
https://doi.org/10.1007/978-94-007-5618-2_4
https://doi.org/10.1117/12.767915
https://doi.org/10.1038/s41598-022-23330-6
https://doi.org/10.1364/oe.451907
https://doi.org/10.1364/ao.544390
https://doi.org/10.1201/b10869-1
https://doi.org/10.1119/1.2386162
https://doi.org/10.1364/ao.49.003580
https://doi.org/10.1364/OE.25.033160
https://doi.org/10.1364/oe.17.009112
https://doi.org/10.1364/OE.21.021039
https://doi.org/10.1364/OE.21.001137
https://doi.org/10.3390/s24113312
https://doi.org/10.1016/j.optlaseng.2020.106071
https://doi.org/10.1117/12.826403
https://doi.org/10.1117/1.jbo.18.4.046014
https://doi.org/10.1038/srep42115
https://doi.org/10.3390/s26123838

Sensors 2026, 26, 3838 20 of 20

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

Sony Semiconductor Solutions. Polarization Image Sensor: IMX250MZR/MYR Polarsens. Technical Flyer. Available online:
https:/ /www.sony-semicon.com/files /62 /flyer_industry /IMX250_264_253MZR_MYR_Flyer_en.pdf (accessed on 20 April 2026).
LUCID Vision Labs. Polarization Explained: Sony Polarized Sensor. Technical Brief. Available online:
https:/ /thinklucid.com/tech-briefs /polarization-explained-sony-polarized-sensor/ (accessed on 20 April 2026).

Sony Semiconductor Solutions. Polarization Image Sensor. Available online: https://www.sony-semicon.com/en/products/is/
industry/polarization.html (accessed on 20 April 2026).

Rodriguez, J.; Lew-Yan-Voon, L.; Martins, R.; Morel, O. A practical calibration method for RGB micro-grid polarimetric cameras.
IEEE Robot. Autom. Lett. 2022, 7,9921-9928. [CrossRef]

Morimatsu, M.; Monno, Y.; Tanaka, M.; Okutomi, M. Monochrome and color polarization demosaicking using edge-aware
residual interpolation. In Proceedings of the IEEE International Conference on Image Processing (ICIP), Abu Dhabi, United Arab
Emirates, 25-28 October 2020; pp. 2571-2575. [CrossRef]

Qiu, S.; Fu, Q.; Wang, C.; Heidrich, W. Linear polarization demosaicking for monochrome and colour polarization focal plane
arrays. Comput. Graph. Forum 2021, 40, 77-89. [CrossRef]

Hagen, N.; Stockmans, T.; Otani, Y.; Buranasiri, P. Fourier-domain filtering analysis for color-polarization camera demosaicking.
Appl. Opt. 2024, 63, 2314-2323. [CrossRef]

Zhang, J.; Luo, H.; Liang, R.; Ahmed, A.; Zhang, X.; Hui, B.; Chang, Z. Sparse representation-based demosaicing method for
microgrid polarimeter imagery. Opt. Lett. 2018, 43, 3265-3268. [CrossRef]

Zheng, Y.; Zhang, X.; Wu, C.; Ji, P; Ru, J. Color polarization imaging demosaicing based on Stokes vector information comple-
mentation and fusion. Opt. Express 2024, 32, 44049-44066. [CrossRef]

Liu, J.; Duan, J.; Hao, Y.; Chen, G.; Zhang, H.; Zheng, Y. Polarization image demosaicing and RGB image enhancement for a color
polarization sparse focal plane array. Opt. Express 2023, 31, 23475-23490. [CrossRef]

Ono, S. Snapshot multispectral imaging using a pixel-wise polarization color image sensor. Opt. Express 2020, 28, 34536-34573.
[CrossRef]

Wang, S.; Han, X,; Li, K. Snapshot multi-wavelength birefringence imaging. Sensors 2024, 24, 5174. [CrossRef]

Bian, S.; Arteaga, O. A simple pathway for complete polarization vision. Sci. Rep. 2025, 15, 8885. [CrossRef]

Goodman, J.W. Introduction to Fourier Optics, 3rd ed.; Roberts & Company: Englewood, CO, USA, 2005.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/s26123838


https://www.sony-semicon.com/files/62/flyer_industry/IMX250_264_253MZR_MYR_Flyer_en.pdf
https://thinklucid.com/tech-briefs/polarization-explained-sony-polarized-sensor/
https://www.sony-semicon.com/en/products/is/industry/polarization.html
https://www.sony-semicon.com/en/products/is/industry/polarization.html
https://doi.org/10.1109/lra.2022.3192655
https://doi.org/10.1109/icip40778.2020.9191085
https://doi.org/10.1111/cgf.14204
https://doi.org/10.1364/AO.516696
https://doi.org/10.1364/ol.43.003265
https://doi.org/10.1364/oe.542944
https://doi.org/10.1364/oe.494836
https://doi.org/10.1364/oe.402947
https://doi.org/10.3390/s24165174
https://doi.org/10.1038/s41598-025-92653-x
https://doi.org/10.3390/s26123838

	Introduction 
	Materials and Methods 
	Color Polarimetric Camera Model 
	Mathematical Formalism of Color Polarimetric Camera Model 

	Results and Validation 
	Reconstruction Pipeline and Polarimetric Data Reduction 
	Simulation of Color Crosstalk Effects 
	Quantitative RGB Comparison in Simulation 
	Robustness to Noise and Color Crosstalk Matrix Perturbations 
	Experimental Validation Under Sequential and Simultaneous Illumination 
	Quantitative Validation of the Experimental Color Crosstalk Correction 

	Final Remarks 
	References

