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Abstract 

Polarimetric color cameras are a forefront technology that simultaneously capture polarimetric 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. Nonetheless, this 
situation has not yet been investigated in specialized literature, where it is still commonly assumed 
that all color channels transport the same polarization information. In practice, polarimetric color 
cameras often come with the difficulty of color filter overlapping. For instance, the green filter 
partially transmits red and blue wavelengths, causing polarization-color crosstalk. In this work, we 
present a method to solve this problem. In addition, Fourier domain demosaicing techniques are 
applied to interpolate the data and reconstruct the images. The present study demonstrates how the 
proposed method leads to a successful 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 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, phase, 
and polarization. With regards to polarization, polarimetric imaging techniques have become an 
excellent tool not only for enhanced vision applications, but also for revealing information which 
remains hidden in other non-polarimetric imaging methods. Typically, this means recording the full 
or partial Stokes vectors of light across an image plane [1]. Applications of polarization imaging 
include remote sensing [2], astronomy [3], applications in industry [4], biophotonics [5], machine 
vision [6] and general contrast enhancement [7]. Thus, enhancements to polarimetric systems may 
significantly contribute to the advancement of the aforementioned fields. 

The concept of a sensor that images the amount and angle of polarization at each pixel and in 
one image was introduced in 1994 by Chun [8]. This technique is now commonly known as microgrid 
polarimetric imaging (MPI). It is dedicated to division-of-focal plane (DoFP) polarimeters, which 
enables the analysis of 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, offering a 
versatile and efficient means of capturing polarization information in real-time, without the 
complexities associated with traditional polarization imaging techniques [9,10].  

A set of independent polarization sensitive measurements (four as minimum) are required for 
the full Stokes vector determination of a light beam. Before the arrival of MPI, this situation was 
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typically achieved by complex setups [11], or time-sequential configurations [12], 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 spectroscopic and 
polarimetric information, which can be beneficial for image enhancing and automatic classifications 
purposes [13]. 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 [14]. Moreover, recent achievements in image sensor manufacturing technology 
have given rise to novel RGB polarimetric cameras [15], built with single-chip polarized color sensors, 
capable of capturing simultaneously 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 × 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 cameras). Note that featuring RGGB color filters and directional polarizing filters, leads 
to distinctive 12-pixel units, forming the required RGGB-Polarization pattern (see an example in the 
illustration shown Figure 1). Under these conditions, by properly processing information provided 
by polarimetric color cameras, the linear content of the Stokes image associated with a given scene, 
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 4·Δx and 4·Δy. 

Despite its many benefits, there are some limitations to consider. On the one hand, polarimetric 
cameras sacrifice spatial resolution to form the stated super-pixels. To overcome this situation, the 
use of interpolation algorithms becomes mandatory [16]. On the other hand, the inclusion of RGGB 
polarimetry snapshot sensors typically involves color crosstalk between filters, which can introduce 
errors in the measurement process, leading to inaccuracies in determining the polarization state of 
light. Thus, the implementation of a color crosstalking removal method is required. Both problems 
have been addressed separately, and some solutions have been provided for interpolation of 
polarimetric cameras alone [17] as well as for crosstalking of spectroscopic channels alone [18,19]. In 
addition, in [20] the authors face the problem of using wide band spectral illumination and non-
achromatic retarders, and they propose a robust calibration method. However, in this paper we 
address another problem. We want to measure accurately the polarimetric response of samples when 
using three nearly monochromatic light sources simultaneously. The wide band transmission of the 
Bayern filters produces a crosstalk between the color channels which can lead to significant errors in 
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the determination of the Stokes vectors distribution carried out by the three wavelengths. Here, we 
propose a method to solve this problem.  

The structure of this work is organized as follows: Section 2 presents the mathematical formalism 
used to model color-polarimetric cameras. Section 3 discusses the theoretical formulation of the 
measurement model, and the method for removing color crosstalk is described. Section 4 details the 
simulation results, and Section 5 the experimental validation. Finally, the conclusion summarizes the 
key findings and implications of the study. 

2. Materials and Methods 

2.1. Color Polarimetric Camera Model 

As previously stated, the polarimetric color camera consists of 12 different analyzers, 
considering the four different linear polarizations and the three-color filters. The unitary pixel cell (or 
super-pixel) containing the 12 analyzers is represented 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 Δx and Δy in the x and y directions respectively, when 
considering a particular pixel class, the closer pixel of the same class is found at distances 4·Δx and 
4·Δy respectively (see Figure 1(right)). Consequently, for a camera sensor with (NxN) pixels 
dimension, the 12 polarimetric images obtained by using the polarimetric color camera present a N/4 
x N/4 dimension, and thus, presents a reduced resolution compared to the camera sensor resolution. 
Under this scenario, to fill in the information in empty data spaces, we should apply an interpolation 
process to obtain smoother intensity images before being used for Stokes calculation purposes. After 
the interpolation, we will have 12 (NxN) images, each one corresponding to a specific combination 
of polarizer orientation and a color filter. 

2.2. Mathematical Formalism of Color-Polarimetric Cameras Model 

The polarimetric response of a sample, such as biological tissue, depends on the illuminating 
wavelength. Thus, using more than one color 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 for all three colors. To this end, we use three LEDs with interferential 
filters that have spectral bandwidths of about 10 nanometers, and central wavelengths of 630nm, 
554nm, and 470nm. However, the spectral color band of the Bayern 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 by the camera. Let  ( ) 1 2 3, , , ,S x yλ λ λ λ λ=


 be 
the three polarization distributions (Stokes vectors) corresponding 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 mentioned above, each pixel is covered by a different color filter that 

exhibits some transmission for each of the three wavelengths. Let ( ftλ  ) be the intensity transmission 

of a color filter “f” for a wavelength “l”. Let pAλ


 be the analyzer corresponding to one of the four-
polarizer orientation “p” for a wavelength “l”. Then, given a pixel with a polarizer orientation “p” in 

front of a color filter “f” illuminated with a wavelength “l”, the resulting intensity 
( )pfI λ

 will be: 

( )pf f p f pI t A S t Iλ λ λ λ λ λ= =
 

. (1) 
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If the three wavelengths work at the same time, the resulting intensity will be: 

( )ct
pf pf f p f pI I t A S t Iλ λ λ λ λ λ

λ λ λ
= = =∑ ∑ ∑

 

. (2) 

Note that 
ct
pfI   are the intensities we obtain after interpolating the 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 pI λ

 by 
solving (2).  This equation can be rewritten in a matrix form as follows: 

ct
pf pI CI λ= , (3) 

where C is the transfer matrix relating pI λ

 with 
ct
pfI

, pI λ

 being the original intensity distribution 
corresponding to the polarizer orientation “p” and wavelength “λ”, and  the measured distribution 
affected by the cross talk.  

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 experiment deals with 
a polarimetric RGGB camera by Lucid Vision, 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 (630nm) G (554nm) B (470nm) 

 

Transmission 

R-filter 1 0,04 0,01 

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: 

⎝

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎛

𝐼𝐼1,1
𝑐𝑐𝑐𝑐

𝐼𝐼2,1
𝑐𝑐𝑐𝑐

𝐼𝐼3,1
𝑐𝑐𝑐𝑐

𝐼𝐼4,1
𝑐𝑐𝑐𝑐

𝐼𝐼1,2
𝑐𝑐𝑐𝑐

𝐼𝐼2,2
𝑐𝑐𝑐𝑐

𝐼𝐼3,2
𝑐𝑐𝑐𝑐

𝐼𝐼4,2
𝑐𝑐𝑐𝑐

𝐼𝐼1,3
𝑐𝑐𝑐𝑐

𝐼𝐼2,3
𝑐𝑐𝑐𝑐

𝐼𝐼3,3
𝑐𝑐𝑐𝑐

𝐼𝐼4,3
𝑐𝑐𝑐𝑐 ⎠

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎞

=

⎝

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎛

1 0 0 0 0,04 0 0 0 0.01 0 0 0
0 1 0 0 0 0,04 0 0 0 0,01 0 0
0 0 1 0 0 0 0,04 0 0 0 0,01 0
0 0 0 1 0 0 0 0,04 0 0 0 0,01

0.25 0 0 0 1 0 0 0 0.19 0 0 0
0 0.25 0 0 0 1 0 0 0 0.19 0 0
0 0 0.25 0 0 0 1 0 0 0 0.19 0
0 0 0 0.25 0 0 0 1 0 0 0 0.19

0.03 0 0 0 0.1 0 0 0 0.72 0 0 0
0 0.03 0 0 0 0.1 0 0 0 0.72 0 0
0 0 0.03 0 0 0 0.1 0 0 0 0.72 0
0 0 0 0.03 0 0 0 0.1 0 0 0 0.72⎠

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎞

⎝

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎛

𝐼𝐼1,1
𝐼𝐼2,1
𝐼𝐼3,1
𝐼𝐼4,1
𝐼𝐼1,2
𝐼𝐼2,2
𝐼𝐼3,2
𝐼𝐼4,2
𝐼𝐼1,3
𝐼𝐼2,3
𝐼𝐼3,3
𝐼𝐼4,3⎠

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎞

. (4) 

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

p pfI C Iλ −= . (5) 

3. Results 

This section may be divided by subheadings. It should provide a concise and precise description 
of the experimental results, their interpretation, as well as the experimental conclusions that can be 
drawn. 
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3.1. Data interpolation 

As we have mentioned when describing the camera, each intensity measurement corresponding 
to a given combination of polarization orientation and color filter is acquired at different spatial 
locations, resulting in a loss of spatial resolution. To obtain a full-resolution intensity image for a 
particular color-polarization combination, we should perform some kind of interpolation. In this 
work, we have used the Fourier-domain interpolation, which is the best option for band limited 
signals [19]. For the discussion in this paper the type of interpolation is not crucial. This represents 
the first step to acquire the intensities 𝐼𝐼𝑝𝑝𝑝𝑝𝑐𝑐𝑐𝑐 , which still contain crosstalk effects. 

3.2. Polarization and crosstalk analysis. Simulated data 

In this subsection we analyze the proposed method to mitigate crosstalk and to measure the 
spatial polarization distribution in the three-color channels simultaneously. To this end, we simulate 
a scenario in which each wavelength transports different spatial polarization information. To describe 
the polarization state, we use three parameters (the intensity is assumed equal to one): Degree of 
polarization (DoP), Azimuth (Az) and Ellipticity (El). The corresponding components of the Stokes 
vector will be given by 

( ) ( )
( ) ( )

( )

0

1

2

3

2 2
2 2

2

1S

o
DoP cos El cos Az
DoP c s El s

l

S

o
S in Az

D P siS n E

=
 =
 =
 ∗=

∗
∗



∗
∗

. (6) 

Since we are measuring linearly polarized light, the ellipticity (El) is set equal to 0. The three 
linear partially polarized light spatial distributions corresponding to each wavelength are defined as: 

1. RED Wavelength: The DoP varies with the radial coordinate between 0.5 and 1; the azimuth 
varies with the angular coordinate between -180 and 180 degrees. 

2. GREEN Wavelength: The DoP varies with the radial coordinate between 0.5 and 1; the azimuth 
varies with the X coordinate. 

3. BLUE Wavelength: The DoP is a correlated random distribution, and the azimuth varies with 
the Y coordinate. 

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 Azimuth (Az) (first row) and Degree of Linear polarization (DoLP) 
(second row) parameters of the original functions. The central column shows the differences between 
the original and the reconstructed parameter after the intensity interpolation and polarimetric data 
reduction. Finally, the right column shows the histograms of these differences. 
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Figure 2. GREEN Channel, NO crosstalk.  The first row corresponds to the Azimuth 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, with magnitudes on the order of 
10-4. The oscillations in the azimuth 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. 

 

Figure 3. GREEN Channel, WITH corrected crosstalk.  The first row corresponds to the Azimuth 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. 

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. 
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Figure 4. GREEN Channel, with NON-corrected crosstalk.  The first row corresponds to the Azimuth and the 
second to the DoP. 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 azimuth of the green channel are much larger than 
in the previous case with crosstalk correction. 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. 

3.3. Polarization and crosstalk analysis. Experimental results 

To validate the method with experimental results we have performed the following experiment: 
a radial polarizer (from Codixx) with 8 sectors is followed by a non-achromatic wave plate, so, at the 
exit of the system, different elliptical polarizations are obtained for each sector and for each 
wavelength. The setup is illuminated sequentially with red, green, and blue wavelengths and 
measurements are taken. After that, we illuminated simultaneously with the three wavelengths. In 
this case, we assume that the beams are fully polarized, so, by knowing (S0, S1, S2) we can compute 
the S3 component as, 

2 2 2
3 0 1 2S S S S= − − . (7) 

As said above, the combination of a linear polarizer with different orientations and the 
waveplate produces different elliptical polarizations (azimuth and ellipticity) for each sector.  
Furthermore, because the wave-plate is not achromatic, these parameters will be also different for 
each wavelength. To avoid prolonging the discussion, only the green channel results are displayed 
in Figure 5 since in the experiments it is the channel presenting the most significant error regarding 
the crosstalk effects. 
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Figure 5. GREEN channel after interpolation and crosstalk correction. (Top row) system illuminated only with 
the green wavelength. (Bottom row) system illuminated with the tree wavelengths. (Left) Azimuth, (Center) 
DoLP, (Right) calculated Ellipticity. 

Top row of Figure 5 shows the results obtained after interpolation and crosstalk correction for 
the green channel when the system is illuminated only with the green wavelength. Bottom row of the 
figure shows the same results obtained when the system is illuminated with the three wavelengths 
at once.  

The left column shows the azimuth of the obtained elliptical polarizations. Note that 0º and 180º 
correspond to the same azimuth although they are displayed in black or white, as can be seen on the 
bottom right sector (see white arrow). 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. 

As we are measuring only with linear polarizers, only the components (S0, S1, S2) can be 
measured, and then all the elliptical parts of the polarization produce linear depolarization. The 
Degree of Linear Polarization (DoLP) is shown in the central 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 45º, leading to the lowest DoLP values. Again, we can see that 
the top and bottom figures give the same results. 

Finally, the column on the right shows the evaluated ellipticity assuming that light is fully 
polarized by using (7). We can see that when the DoLP is near to 1, the ellipticity is near to 0. We 
want to note that a major contribution of the method is that we can measure simultaneously with 
three different wavelengths that after interacting with the sample produce different polarization 
distributions. As a representative example, we also include the experiment performed with the green 
channel and presented in Figure 5, but now applied to the blue channel. The corresponding results 
are shown in Figure 6. Because the blue illumination has a shorter wavelength, the retrieved ellipticity 
values become more pronounced compared to the green case, which in turn leads to lower DoLP 
values. Note that the results obtained when using a single wavelength illumination, or three 
wavelengths simultaneously are equal. 
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Figure 6. BLUE channel after interpolation and crosstalk correction. (Top row) system illuminated only with the 
blue wavelength. (Bottom row) system illuminated with the tree wavelengths. (Left) Azimuth, (Center) DoLP, 
(Right) calculated Ellipticity. 

4. Discussion 

In this paper, we are assuming that different wavelengths carry out distinct polarization 
distribution after interacting with a sample. The color polarization cameras give an opportunity to 
measure in a single shot the polarization distributions carried out by the three wavelengths. There 
are two issues that must be solved to obtain accurate measurements: the sampling of the signals and 
the crosstalk between the color channels.  

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, will 
the errors be significant at these edges. 

In the color cameras, the color filters have very wide bandwidth producing crosstalk between 
the color channels, i.e. the green filter also has nonzero transmission 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 to correct 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 presenting 
different polarization spatial distributions and for three wavelengths. 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. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

DoFP Division-of-Focal Plane 
MPI Microgrid Polarimetric Imaging 
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