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Spatial phase filtering approach for the instantaneous measurement of the degree
and angle of linear polarization employing a pixelated polarization camera
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We present a novel phase-based filtering algorithm designed to retrieve the Degree of Linear Polarization (DoLP) and Angle of Linear
Polarization (AoLP) by leveraging the intrinsic properties of a pixelated polarization camera. Unlike conventional intensity-based filters, our
approach utilizes complex phase values to estimate polarization parameters, offering a flexible and computationally efficient alternative. Each
point is treated as an independent measurement, dependent solely on the kernel size, which enables the potential for real-time processing.
Experimental and simulation evaluations under Gaussian noise conditions validate the robustness of our approach, demonstrating a high
degree of consistency with standard methods. The ANOVA analysis results reflect this consistency across datasets, as indicated by the sum of
squares (SS), mean squares (MS), and F-statistic values. This reinforces the reliability of the proposed algorithm and highlights its practical
applicability in noise-affected environments. Our findings suggest that the proposed method provides a stable and adaptable solution for
polarization parameter extraction, making it well-suited for applications in fields such as biomedical imaging, remote sensing, and industrial
inspection, where real-time performance and noise resilience are critical.
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1. Introduction

Polarization imaging cameras have been employed in vari-
ous fields due to their unique characteristics, such as reduc-
ing reflection, contrast enhancement, scratch inspection, ob-
ject detection, among others. These imaging sensors succeed
by improving several conditions; for example, for increas-
ing contrast characteristics of an image under test by detect-
ing the angle of polarization of the reflected polarized light.
Polarization-sensitive images also address the issue of un-
wanted reflections in acquired images coming from the en-
vironment. A typical implementation is stress inspection,
where polarized light traveling through transparent media
changes angle due to stressed areas, so the incoming angle
of the polarized light will change to a different angle due to
the areas of stress in the object. In profilometry, pixelated
polarization cameras play an essential role when employed
to retrieve optical devices’ surface texture. In the object de-
tection field, by employing polarized sensitive metrics helps
distinguish objects [1,2]. While polarization imaging cam-
eras have proven effective in specific applications, their per-
formance is often limited by noise susceptibility, calibration
challenges, and the rigidity of pixelated polarizer configura-
tions. Existing solutions, including spatial and frequency do-

main filters and demosaicking techniques, fail to provide a
comprehensive solution for dynamic environments, particu-
larly outdoors. However, their effectiveness is often compro-
mised by challenges such as noise susceptibility, calibration
difficulties, and the inflexibility of pixelated polarizer con-
figurations. The polarization imaging camera is composed
of a micro-polarizer mask aligned with the imaging sensor;
as a result of this arrangement, each pixel will carry a po-
larizer in its direction, making it possible to measure linear
polarization parameters instantaneously. Some current chal-
lenges and limitations include Noise Susceptibility [3]. Po-
larization cameras are prone to various noise types, including
additive noise and Poisson-shot noise, which can degrade im-
age quality and the accuracy of polarization measurements.
Effective denoising while preserving critical polarization in-
formation remains a significant challenge. Commonly, the
micro-polarizer mask is composed of a pattern of polariz-
ers with four orientations at 0◦, 45◦, −45◦, and 90◦. This
configuration is convenient for instantaneous measurements
of the Degree of Linear Polarization (DoLP) and Angle of
Linear Polarization (AoLP). Due to the specific architecture
mentioned before, several authors have investigated diverse
error models. The most common errors are the additive and
the Poisson-shot noise [4-7]. Additionally, calibration of the
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systems plays the primary role, where also you can find in
the literature several calibrations [7,8] and filtering processes
[8-10]. Accurate calibration is essential for reliable polar-
ization measurements. Traditional calibration methods, such
as single-pixel and super-pixel techniques, often fail to cor-
rect deviations in transmission, diattenuation, and orientation
across the polarization filter array (PFA). These inadequacies
can lead to errors in calculating the Angle of Linear Polar-
ization (AoLP) and Degree of Linear Polarization (DoLP).
For instance, filters at the frequency domain [11], spatial do-
main [12,13], and approaches using deep learning [14] are
commonly found in the literature. Other authors have pro-
posed demosaicking algorithms [15,16] and explored the en-
hancements through alternative polarized microgrid configu-
rations [17]. Finally, the rigidity of pixelated polarizer con-
figurations [18-20]. The fixed nature of micro-polarizer ar-
rays limits adaptability to varying imaging conditions. This
rigidity poses challenges in dynamic environments, particu-
larly outdoors, where lighting and reflection conditions can
change rapidly. We introduce a phase-based filter kernel
that operates in the spatial domain, incorporating a flexible
filter kernel designed to enhance instantaneous AoLP mea-
surements. This method aims to improve noise resilience by
leveraging phase information; the filter can more effectively
distinguish between signal and noise, enhancing image qual-
ity. Enhance calibration accuracy; the adaptable nature of the
filter kernel allows for better correction of transmission and
orientation deviations across the PFA, leading to more pre-
cise polarization parameter calculations. Also, the method
increases the flexibility of the proposed filter and adapts to
varying imaging conditions, making it suitable for dynamic
environments, including outdoor settings with changing illu-
mination. The potential impact includes the implementation
of the phase-based filter kernel, which could significantly ad-
vance polarization imaging by providing a more robust, ac-
curate, and adaptable solution. This innovation can poten-
tially enhance material property assessments, improve object
detection accuracy, and expand the applicability of polariza-
tion imaging in diverse and dynamic environments. Here, we
present a phase-based filter kernel that leverages the spatial
domain and incorporates a flexibility filter kernel. Our algo-
rithm offers improvements in instantaneous measurements of
the AoLP parameter, which can be applied directly to vari-
ous tasks, such as assessing material properties under diverse
illumination conditions in sunlit outdoor environments [21].

2. Methods and material

2.1. Polarization measurements using a pixelated polar-
ization camera

The polarization camera is equipped with a micro-polarizer
array aligned with the imaging sensor; each pixel has a linear

FIGURE 1. The four-directional wire grid polarizer array is located
on the sensor chip, positioned between the microlens array and the
photodiodes [22].

polarizer. We used a polarization camera KIRALUX model
CS505MUP with a super-pixel with four orientations; as we
show in Fig. 1. The wire grid polarizer array consists of a
repeating pattern of polarizers oriented at 0◦, 45◦,−45◦, and
90◦, positioned on the sensor chip between the microlens ar-
ray and the photodiodes. Each polarizer is composed of an
array of parallel metallic wires, allowing the transmission of
radiation with an electric field vector perpendicular to the
wires while reflecting radiation with a parallel electric field
vector. These pixel values are subsequently utilized to calcu-
late three polarization parameters of the incident light at each
pixel: intensity, degree of linear polarization, and azimuth.
By embedding the polarizers in this location, crosstalk be-
tween adjacent polarizers is reduced, and alignment accuracy
is enhanced compared to placing the polarizer array in front
of the microlens array.

Using these pixel values, we can calculate the polariza-
tion parameters of the incident light at each pixel, including
the degree of linear polarization, azimuth, and intensity. In
our case, each super-pixel intensity can be represented as
I1(i, j), I2(i, j), I3(i, j), I4(i, j) corresponding to polarizer
at the angle of 0◦, 45◦, −45◦, and 90◦, respectively. This
arrangement allows each pixel(i, j) across the image can be
demultiplexed according to its polarizer orientation

I1(i, j) = I(m, n),

I2(i, j) = I(m, n + 1),

I3(i, j) = I(m + 1, n),

I4(i, j) = I(m + 1, n + 1). (1)

Typically, by applying a linear combination of each in-
tensity, two metrics can be determined instantly: the angle of
Linear Polarization (AoLP) and the Degree of Linear Polar-
ization (DoLP) [1,2] as

AoLP (i, j) = tan−1

(
I4(i, j)− I2(i, j)
I1(i, j)− I3(i, j)

)
,
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DoLP (i, j) =

√
[I4(i, j)− I2(i, j)]2 + [I1(i, j)− I3(i, j)]2

I1(i, j) + I2(i, j) + I3(i, j) + I4(i, j)
. (2)

With this approach, each intensity measurement is ob-
tained from four pixels at different orientations, as previously
mentioned.

2.2. Spatial phase filter

Our approach considers neighboring intensities to apply a fil-
tering process requiring the initial determination of two pa-
rameters, the filtered total intensity term, namelyS0f

(i, j)
and the phase complex filtered termα(i, j) obtained as fol-
lows:

S0f
(i, j) =

1
4

i+a∑

k=i−a

j+b∑

l=j−b

[
I1(k, l)

×+I2(k, l) + I3(k, l) + I4(k, l)
]
h(k − i, l − j),

α(i, j) =
i+a∏

k=i−a

j+b∏

l=j−b

[
I1(k, l)− I3(k, l)

2

+ i
I4(k, l)− I2(k, l)

2

]h(k−i,l−j)

, (3)

whereh(k, l) represents the(k, l) point of the convolution
filter kernel, with horizontal and vertical sizes2a + 1, and
2b + 1 respectively. Additionally,i denotes the imaginary
unit andI1(k, l), I2(k, l), I3(k, l) andI4(k, l) the intensity at
the pixelated polarization image. After calculating those two
terms, the(i, j) measurement point of the filtered angle of
linear polarizationAoLPf (i, j) and filtered degree of linear
polarizationDoLPf (i, j) can be obtained as

AoLPf (i, j) = tan−1

[
α(i, j)− α∗(i, j)

i(α(i, j) + α∗(i, j))

]
,

DoLPf (i, j) =

√
α(i, j)α∗(i, j)
S0f

(i, j)
. (4)

where * denotes the complex conjugate value, this approach
allows us to obtain a filtered AoLP and DoLP parameters,
considering neighbor pixels, employing a desired filter ker-
nel h as can be average, Gaussian, among others. Figure 2
shows a schematic implementation of the algorithm, in the
first step, the raw intensity values are captured from the sen-
sor. Then, in step two, these intensities are arranged based on
their respective polarization angles (0, 45, 90, and−45 de-
grees). Step three involves computing the total intensity term
and the phase complex filtered term, which provide essential
information about the light’s characteristics. Finally, in step
four, the Degree of Linear Polarization (DoLP) and Angle
of Linear Polarization (AoLP) are derived, providing critical
insights into the polarization characteristics of the scene.

Our filter process differs significantly from the other
known methods. For instance, in Ref. [1], the authors intro-
duced a convolution process based on intensity values for in-
terferometric phase measurements. Furthermore, in Ref. [1],
the author presents an error analysis of pixelated carrier algo-
rithms and proposes a nine-point filter. In contrast, our algo-
rithm operates based on the complex phase value, providing
a general formula that can be used with different filtering ker-
nel types and mask sizes.

3. Results

3.1. Numerical simulations

To test the feasibility of our proposal, we made two spatial
distributions varying AoLP within the range of[−π, π] and
DoLP within the range of [0,1]. These distributions are pre-
sented in Figs. 3a) and 3b), respectively. Using these two pa-
rameters, we first modeled the pixelated intensity and added

FIGURE 2. Diagram of the process for calculating the polarization parameters of incident light using a pixelated polarization camera.
The procedure consists of four steps: (Step 1) acquisition of intensities in a super-pixel with different polarization orientations, (Step 2)
organization of the measured intensities, (Step 3) calculation of the total intensity term, namely,S0f (i, j), and the phase complex filtered
termα(i, j), and (Step 4), the extraction of the filtered DoLP and AoLP metrics.
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FIGURE 3. Shows the simulated AoLP a) and DoLP b) images used to test our filtering process. Figures c) to f) display the four intensities
images without noise, while figures g) to j) show the intensity with added zero-mean Gaussian noise to emulate additive noise.

a simulated noise. For example, Figs. 3g) to 3j) illustrate the
effect of additive zero-mean Gaussian noise and variance of
0.025 [3-6]. Figures 3c) to 3f) show the four demultiplexed
intensities without noise, while Figs. 3g) to 3j) display the
intensities with the simulated noise.

We analyzed our proposal against the intensity-based fil-
ter using a zero-mean Gaussian noise to emulate additive
noise. Our simulations introduce an incremental error vari-
ance in each pixelated intensity, and as a metric, we con-
sidered the AoLP and DoLP root mean square (RMS) error.
Figure 4a) and 4b) correspond to the case for the AoLP and
DoLP respectively. The plots in Fig. 4 illustrate the filtering
result using a Gaussian mask of3× 3 and standard deviation
of 0.5. The solid line represents the standard intensity convo-
lution filter and the◦ line shows our proposal method. As a
result, our simulations show that our approach can be treated
as an alternative to the intensity-based algorithm.

In order to crosscheck our proposal we made an ANOVA
analysis. It aims to compare the proposed algorithm for cal-
culating DoLP and AoLP with the standard approach. Sepa-
rate ANOVA analyses were performed to assess whether the
differences observed in AoLP and DoLP values between both
methods are statistically significant. The results obtained are
presented below, where SS is the sum of squares (SS) mea-
sures the variability in the data. It is calculated by summing
the squared differences between observations and their mean,
df is the degrees of freedom indicate the number of inde-
pendent values available to estimate a statistical parameter,
MS is the Mean square is the average variance, calculated
by dividing SS by df, and finally F stands for the F-statistic
in ANOVA is calculated as the ratio betweenMS(Groups)and
MS(Error). A high F-value indicates that the variability ex-
plained by the groups is much larger than the unexplained
variability, suggesting a significant effect. Table I and Ta-
ble II show the results for AoLP and DoLP respectively.

FIGURE 4. Root mean square error (RMSE) results for the AoLP and the DoLP metrics under additive noise. The solid line represents the
response from the intensity filter, while the◦ line represents our proposed approach.
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TABLE I. Results for Set1 of AoLP for Standard Method (SM) and our proposal (OP).

Source
SS df MS F Prob > F

SM OP SM OP SM OP SM OP SM OP

Groups 35.552 35.552 59 59 0.6026 0.6026 1.27e+5 1.27e+5 0 0

Error 0.0054 0.0054 1140 1140 4.73e-6 4.73e-6 - - - -

Total 35.5580 35.5580 1199 1199 - - - - - -

p-value 0.0000 0.0000 - - - - - - - -

TABLE II. Results for Set2 of DoLP for Standard Method (SM) and our proposal (OP).

Source
SS df MS F Prob > F

SM OP SM OP SM OP SM OP SM OP

Groups 3.6173 3.6173 59 59 0.0613 0.0613 1.0368e+6 1.0368e+6 0 0

Error 6.74e-5 6.74e-5 1140 1140 5.913e-8 5.913e-8 - - - -

Total 3.6174 3.6174 1199 1199 - - - - - -

p-value 0.0000 0.0000 - - - - - - - -

FIGURE 5. Experimental results obtained using a polarization
Michelson type interferometer coupled to a pixelated polarization
camera. Figures a) to d) show the four demultiplexed intensities.

The ANOVA analysis results for AoLP and DoLP in-
dicate no significant differences between the two evaluated
methods. This is evident from the identical values of SS, MS,
and F in both datasets (Set 1 and Set 2). Although the p-value
is extremely small (p = 0), suggesting statistically significant
differences between the groups, the identical results across
both datasets confirm that the proposed algorithm is consis-
tent and produces results comparable to the standard method.

3.2. Experimental results

We tested our filtering algorithm using a polarization Michel-
son interferometer equipped with a KIRALUX CS505MUP
polarization camera. This camera features a CMOS sensor
and an on-chip wire grid polarizer array with a pixel size of

3.45 × 3.45 µm and a resolution of 5-megapixel. Detailed
information about the interferometric system can be found in
Refs. [24,25]. Figure 5a) to 5d) shows the four demultiplexed
intensities corresponding to phase variation induced by a tin
soldering iron placed on one arm of the interferometer.

Figure 6 presents the corresponding AoLP and DoLP in-
formation. Figures 6a) and 6b) display the AoLP and DoLP
information without filter and Figs. 6c) and 6d) show the re-
sults after applying our filtering Gaussian mask of7×7 pixels
and a standard deviation ofσ = 1.5. Figure 7 illustrates the
traces marked in Fig. 6, where the upper plots compare the
AoLP traces, showing the unfiltered data (blue line) and the
filtered data with our method (red line). Similarly, the lower
plots depict the DoLP traces under the same conditions.

FIGURE 6. AoLP and DoLP images, where a) and b) correspond
to the unfiltered images, while c) and d) show filtered images ob-
tained using a7×7 pixel Gaussian kernel with a standard deviation
of σ = 1.5.
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FIGURE 7. Plots marked at Fig 4 of the AoLP and DoLP information. The upper plot compares the AoLP trace for the unfiltered data (blue
line) and the filtered data obtained with our proposal (red line). Similarly, the lower plot illustrates the DoLP trace under the same conditions.

4. Conclusions and final remarks

This study introduced a novel phase-based filtering algorithm
aimed at enhancing the precision of Angle of Linear Polariza-
tion (AoLP) and Degree of Linear Polarization (DoLP) mea-
surements in polarization imaging. Through extensive nu-
merical simulations and experimental validations, we demon-
strated that the proposed algorithm achieves performance
comparable to conventional intensity-based convolution fil-
ters in terms of polarization parameter estimation. The results
of the ANOVA analysis indicated no statistically significant
differences between the proposed and standard methods, as
reflected in identical values for the sum of squares (SS), mean
squares (MS), and F-statistics across datasets. This suggests
that the proposed algorithm provides consistent and reliable
results on par with existing approaches. Despite the lack of
statistically significant differences, the phase-based filtering
approach offers advantages in terms of flexibility and robust-
ness to challenging imaging conditions. Its adaptability to
spatial variations and inherent noise resistance position it as
a viable alternative for applications such as material charac-
terization, biomedical imaging, and remote sensing, where

stability and precision are critical factors. By achieving com-
parable performance to established methods, this work con-
tributes to the ongoing development of polarization imaging
technologies by providing a practical, adaptable, and compu-
tationally efficient alternative for polarization parameter ex-
traction. The findings reinforce the potential of phase-based
approaches in applications where real-time performance and
resilience to noise are essential. Future work will focus on
further refining the algorithm to enhance its computational
efficiency and exploring its integration into advanced optical
systems for applications in autonomous navigation, industrial
quality control, and environmental monitoring.
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