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ARTICLE INFO ABSTRACT
Keywords: Polarization is one of the fundamental properties of light, which has a wide range of applications
Polarization and is developing rapidly. To meet the needs of polarization detection, different types of polar-
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ization instruments came into being. The precision of the polarization detection instruments is
vital to the result analysis. In this paper, a full polarization imager is designed, and the radio-
metric calibration and polarization calibration of this instrument are studied. In radiometric
calibration, the different numbers lights are set to verify the light intensity response of the imager.
The mathematical model was constructed for numerical fitting, and the correlation between the
fitted values and the measured values in the 490 nm, 550 nm, and 670 nm bands was above 0.99.
Fixed the radiance of the integrating sphere, and adjusted exposure times. The correlation of the
three bands is above 0.99, which verifies that the radiative stability of the imager is good. The
polarimetric calibration system adopts the adjustable degree of polarization reference light source
(APOL). The theoretical and measured values of the degree of polarization of reference light
sources in three different bands are analyzed. The results show that the measurement accuracy of
the 490 nm band is less than 2%. The precision of polarization measurement in the 550 nm band
is less than 1.5%, and the precision of polarization calibration in the 670 nm band is less than 1%.
The imager is verified to have high polarization calibration accuracy and meets the requirements
of high-precision polarization detection.

1. Introduction

Polarization of light has been widely used in many fields since it was discovered by Rasmus Bartholin in 1669. Polarization, in-
tensity, phase, and spectrum together constitute the fundamental properties of light. Among them, research on polarization charac-
teristics is gradually receiving attention [1-3]. Polarization is widely used in deep space planetary exploration, target detection and
characterization, aerosol microphysical characteristics analysis, atmospheric correction, vegetation ecology, biomedical, bionic
navigation, and other fields [4-9].

To effectively interpret the polarization characteristics of light, different types of instruments are designed to obtain polarized light
information [10-14]. The polarization instruments can be divided into ground polarization instruments, airborne polarimetric in-
struments, and aerospace polarization instruments according to application requirements. According to different working modes, it
can be divided into time division polarization imager and simultaneous polarization imager. Especially in recent years, satellite
polarimetric remote sensing has developed rapidly. Such as POLDER (Polarization and Directionality of the Earth’s Reflectance in-
strument) sensor, GOME (Global Ozone Monitoring Experiment) sensor, SCCAMACHY (SCanning Imaging Absorption spectroMeter for
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Fig. 1. Schematic diagram of the full polarization imager structure.

Atmospheric CHartographY) sensor, MAP (Multi-Angle Polarimeter) sensor, APS (Aerosol Polarimetry Sensor) sensor, HARP
(Hyper-Angular Rainbow Polarimeter) sensor, CALIOP (Cloud-Aerosol LIdar with Orthogonal Polarization) sensor, MAIA (Multi-Angle
Imager for Aerosols) sensor, CAPI (Cloud and Aerosol Polarization Imager) sensor, MAI (Multi-Angle polarization Imager) sensor, DPC
(Directional Polarimetric Camera) sensor, POSP (Particulate Observing Scanning Polarimeter) sensor, PCF (Polarization CrossFire
Suite) sensor, SGLI (Second Generation Global Imager) sensor, and MISR (Multiangle Imaging SpectroRadiometer) sensor, etc [15-22].
The application of commercial polarization CCD (Charge-Coupled Device) has also made significant progress.

To ensure the accuracy of measurement data, the instrument needs a standard source to calibrate [23-25]. In this paper, the
calibration method of a full polarization imager is studied, which mainly includes two aspects: radiation calibration and polarization
calibration. Radiometric calibration of polarization imager determines the quantitative relationship between the input radiation
quantity (quantity with radiance value dimension) and the output radiation quantity of each band of the imager. Polarization cali-
bration of the polarization imager refers to the quantitative relationship between the standard polarization reference source, which can
theoretically trace the polarization characteristics and the output value of the polarization imager [26-28].

In this paper, radiation calibration and polarization calibration of a full polarization imager are studied, and the feasibility of the
calibration process is verified. The results can quantitatively evaluate the performance of the polarization imager and ensure the
accuracy and stability of the polarization imager data. The corresponding calibration process can provide robust technical support for
the performance verification of other polarization imaging instruments.

2. Experimental instrument

To effectively characterize the polarization characteristics of light, a full polarization imager is designed, which can retrieve full
Stokes vectors. By interpreting the full Stokes vector of the detection light wave, the target information detected by the imager can be
characterized more effectively.

As shown in Fig. 1, the full polarization imager adopts the modulation mode of a combination of quarter wave plate and polarizer.
The polarizer is GPM-100-UNC produced by Meadowlark Company, with an effective wavelength range of 300-2700 nm for extinction
coefficient response. It has an extremely broadband polarizer solution with up to 1,000,000:1 contrast ratio. The working way is fixed
polarizer and rotating wave plate, and the light transmission axis of the polarizer coincides with the reference 0° fast axis direction
determined by the wave plate. The Muller matrix of a phase retarder with an azimuth of y and a delay of A is expressed in the following
formula (1).

M1 0 0 0
0 1—(1—cosA)sin®2y (1 —cosA)sin2ycos2y —sinAsin2y
0 (1 —cosA)sin2ycos2y 1 —(1—cosA)cos’2y  sinAcos2y
10 sinAsin 2 y —sinAcos 2 y COSA

M, = (€D

For a phase retarder with azimuth y and delay of a quarter wavelength, the following formula (2) expression can be obtained.

1 0 0 0
10 cos? 2y sin2ycos2y —sin2y
M, = 0 sin2ycos2y sin? 2y cos2y @
10 sin2y —cos 2y 0

The Muller matrix of a polarizer with an azimuth of 6 can be expressed as formula (3).

P+ P; (P} — P3)cos 20 (P} — P3)sin 20 0
M, :l (P} — P})cos 20 (P} + P3)cos® 20 + 2P, P, sin*20 (P} — P3)sin 26 cos 20 0 3
2| (P~ P)sin26 (P — P,)’sin 26 cos 20 (P} + P3)sin® 20 + 2P\ Py cos®20 0
0 0 0 2P\P,

When P; = 1 and P, = 0 in equation (3), it indicates that the polarizer is a fully linear polarizer, and its Muller matrix can be rep-
resented as formula (4).
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Table 1
Uncertainty source of integrating sphere calibration light source calibration.
Wavelength (nm) 450-800 800-1000 1000-2000 2000-2500
Synthetic uncertainty of radiometer calibration 2.60-1.81 1.86-2.91 1.59-4.06 1.63-3.78
Angular uniformity 0.6 (Maximum within +4°)
Surface uniformity 0.48
stability 0.09
The total uncertainty of result synthesis 2.71-1.97 2.01-3.01 1.77-4.13 1.80-3.86

The calibration light source of the integrating sphere measures the standard lamp-reference plate system by the HR1024 spectral radiometer of the
SVC company, and then transmits the monochromatic radiance dimension of the emitted light with different radiation levels to the integrating sphere.

The sources of measurement uncertainty of the spectral radiometer are shown in Table 2

1 cos 20 sin26 0
1| cos 20 cos? 20 sin26 cos 20 0

Mo=5 | sin20  sin20cos20  siP20 0 @
0 0 0 0
The complete optical wave polarization state transfer link of the full polarization imager can be expressed as formula (5).
[ ] M1 cos 260 sin20 0] 1 0 0 I;
Qo 1| cos 20 cos® 26 sin26 cos 20 0 0 cos® 2y sin2y cos 2y —sin2y 0;
=M,M,S;, =5 . . ) * . 6]
Uy 2 | sin20  sin20 cos 20 sin“20 0 0 sin2ycos2y cos2y U;
| Vo | | O 0 0 0of 1O sin2y —cos 2y 0 V;
Formula (6) can be obtained by further arrangement.
[ I ] 1 cos 260 sin26 ol T I
Qo — MM.S. _1]cos20 cos® 26 sin20 cos 20 0 cos? 2y * Q; + sin2y cos 2 y * U; — sin2y * V; ©)
Uy | ~ 777 =5 | sin260  sin26 cos 20 sin*20 0 sin2y cos 2y * Q; + sin*2y * U; +cos 2y * V;
L Vo | L O 0 0 0 L sin2y x« Q; —cos 2y % V;

The relationship between the radiation intensity detected by the full polarization imager and the Stokes vector of the incident light

wave can be expressed as formula (7).

1
Iy =5 {I,- + cos 20 * [cos2 2y *x Q; + sin2y cos 2 y x U; — sin2y x V[] + sin26 x (sin2y cos 2y x Q; +sin®2y x U; +cos 2y * W)} )

The direction of the light transmission axis of the polarizer is fixed, so that 6 = 0. Therefore, the angle variable in Equation (7) is
reduced to one. The choice of quarter wave plate angle y should take into account the sensitivity to different incident luminous fluxes
and the error sensitivity caused by installation angle deviation, setting the y angle of the quarter wave plate at (0°, 30°, 60°, —45°). The

full Stokes vector is resolved as formula (8).

I = 2(2\/2773) {(—100) + 2L + Igp) +2V3 1,450}
Qi =2y + M [(—10(') + 2(L0 + Igo0) + 2\/517450}
Ui = %370300 —Igw)
Vi=24 + w {(*100) +2(l0 + Igow) + 2\/517450]

(8)

The mathematical definitions of the degree of polarization degree, the degree of linear polarization, and the degree of circular

polarization of the full polarization imager are shown in formulas (9) ~ (11), respectively.
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Table 2
Sources of uncertainty in measurement response of the spectral radiometer.
Wavelength (nm) 450-800 800-1000 1000-1800 1800-2500
Combined uncertainty of standard lamp-reference plate system 1.75-1.51 1.57-2.75 1.57-2.75 1.57-2.75
Radiometer wavelength deviation 0.5-0.06 0.06-0.2 0.14-0.32 0.4-0.59
Class A evaluation of measuring 0.49-0.07 0.07-0.52 0.04-0.02 0.04-0.05
Nonlinear 1.7-0.97 0.97-0.39 0.12-2.82 0.18-2.52
Instability 0.55-0.20 0.20-0.67 0.13-0.91 0.1-0.19
Synthetic uncertainty of spectral radiometer response 2.60-1.81 1.86-2.91 1.59-4.06 1.63-3.78
Table 3
Monochromatic radiance of the integrating sphere with different numbers of lights on and various wavebands.
Wavelength (nm) 490 550 670 870
number of lights on 1 0.34887 0.61321 1.14804 1.62246
2 0.69306 1.2159 2.27072 3.21703
4 1.47528 2.56109 4.70755 6.61632
8 3.0389 5.24451 9.5509 13.4462
16 5.70826 9.84118 17.836 25.2867
24 9.08468 15.6545 28.3117 40.3792
32 12.06407 20.8014 37.6794 53.5815

Table 4
So component values of different wavelengths and varying lighting levels.
Wavelength (nm) 490 550 670
number of lights on 1 24006.6864 38440.497 26448.3295
2 50907.2624 65344.9298 42244.1895
4 94840.8334 123742.4403 75736.8931
8 181767.788 239982.903 141462.4842
16 327838.6835 435336.6097 253163.2521
24 509394.6555 674697.1035 393684.2723
32 671412.5623 818999.3693 518036.543

3. Results and discussion
3.1. Full polarization imager radiometric calibration

Radiometric calibration usually requires a stable calibration light source, and a self-developed 2.5 m diameter integrating sphere
calibration light source is used. The origins of uncertainty in integrating sphere calibration light sources mainly include angle in-
homogeneity, surface inhomogeneity, and stability. The specific values are shown in the following Table 1.

Through the above data analysis, it can be seen that the uncertainty of the measurement system is transferred and superimposed.
The combined total uncertainty is the sum of the combined uncertainty of the standard lamp-reference plate system, the measurement
response uncertainty of the spectral radiometer, and the uncertainty of integrating sphere calibration light source. Among them, the
Class A evaluation refers to the assessment of various random factors. The temperature of the radiometric calibration environment is
22 °C and the humidity is 48%. For the use of the polarization imager, combined with the band, the values of different radiance levels
of the integrating sphere of the corresponding band are given, as shown in the following table.

Among them, in Table 3, the unit of turning on the light is the lamp, the unit of wavelength is nm, and the dimension of the
monochromatic radiance value is W/(cm?-sr-nm). Different wavelengths of the polarization imager and different levels of turning on
lights determined by the radiance dimension of the integrating sphere are tested, respectively.

For the experimental results of different bands, the Sy component of the Stokes parameter, that is, the intensity component, and the
corresponding values of varying lighting levels are calculated respectively, as shown in Table 4.

The Stokes Sy component obtained by different wavelengths and various levels of lights on is calculated using the least square
method. The measured data and the fitting results are shown in Fig. 2(a—c). The radiometric calibration scene is shown in Fig. 2(d).

The actual measured data of three different bands are numerically fitted using the following formula (12) mathematical model.

y=Ax+B 12

The mathematical model coefficients of three bands and the adjusted R-Squared, as shown in the following table.

As seen in Fig. 2 and Table 5, the correlation between the fitting value and the measured value of the radiance value of the
integrating sphere at different levels of the 490 nm band is 0.99916. At the 550 nm band, the correlation between the fitting value and
the measured value of the radiance value of the integrating sphere of different levels is 0.99533. The correlation between the fitting
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Fig. 2. (A)-(c) show the fitting results of different light-on levels in 490 nm, 550 nm and 670 nm bands, respectively, and (d) show the radiometric
calibration scene.

Table 5

Model coefficients and Adjusted R-Squared values in different bands.
Wavelength (nm) 490 550 670
A 20700.1129 25781.17 15808.40941
B 8465.52107 21940.25 10777.76353
Adj. R-Square 0.99916 0.99533 0.99918

values of varying levels of the radiance of integrating sphere in the 670 nm band and the measured values is 0.99918. Through the
analysis of the results, the radiation stability of the full polarization imager is good.

To thoroughly verify the stability of the imager, the number of lights on the integrating sphere is fixed, the exposure time of the
camera is adjusted, and the data results are observed. The mathematical model expressed by formula (9) is used for the numerical

fitting. The data results of the three bands are shown in Fig. 3(a—c). The model coefficients and Adjusted R-Squared values are shown in
Table 6.

3.2. Polarization calibration of the polarization imager

The polarization calibration system adopts the adjustable degree of polarization reference light source (APOL), which has the
characteristics of high accuracy and large dynamic range adjustment. The radiant light source is homogenized by integrating sphere
and collimated by a beam expander to form a light source with high uniformity and parallelism. Polarized light with different degrees
of polarization is generated by four flat glasses.

A beam of completely unpolarized light is incident on the flat glass at angle i, and the incident light is divided into reflected light
and transmitted light. If the light beam is projected and output through flat glass after multiple refractions, the outgoing light wave is
the superposition of all projected light beams. When the light source irradiates the polarization generator at incident angle i, the degree
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Fig. 3. (a)-(c) show the fitting results of different exposure times in 490 nm, 550 nm, and 670 nm bands, respectively.

Table 6

Model coefficients and Adjusted R-Squared values in different bands.
Wavelength (nm) 490 550 670
A 749.17658 2496.41292 5079.75129
B 18883.29446 20399.96879 23788.00203
Adj. R-Square 0.99936 0.99946 0.99886

The monochromatic radiance of the fixed integrating sphere in the 490 nm band is 0.69306 W/ (cm?-sr-nm), and the correlation between
the fitting data and the real value is 0.99936 by adjusting different exposure time and using the least square method. The monochromatic
radiance of the fixed integrating sphere in the 550 nm band is 1.2159 W/(cm?-sr-nm), and the correlation between the fitting data and the
real value is 0.99946. The monochromatic radiance of the fixed integrating sphere at the 670 nm band is 2.27072 W/(cmz-sr~nm), and the
correlation between the fitting data and the real value is 0.99886. Through the analysis of the above radiometric calibration data, the
physical quantities of monochromatic radiance dimension corresponding to the CCD response at different exposure time and other
wavelengths can also be deduced, and it can be concluded that the full polarization imager has excellent radiation stability and meets the
measurement requirements.

of polarization of the transmitted light after passing through the first flat glass is expressed as follows formula (13).

Py = [sin*(i+r)-sin’(i —r)] / [sin*(i+7) +sin®(i — r) — sin®(i + r) - sin® (i — 7)]

13

Where r is the refraction angle of transmitted light on the surface of flat glass, when the light from the light source passes through four
pieces of flat glass with the same material and inclination angle, the polarization degree generated by the polarization state generator is
shown in formula (14).

P=[(1+P)' —(1-P)Y]/[Q+P) +(1—-P)]

(14)
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Table 7
Theoretical calculation of the degree of polarization of APOL in different bands.
Wavelength (nm) 490 550 670
Refractive index 1.52210 1.51852 1.51391
Rotation angle 0 0 0 0
10 0.01391 0.01379 0.01364
20 0.05756 0.05707 0.05645
30 0.13661 0.13549 0.13405
40 0.25911 0.25714 0.25457
50 0.42898 0.42613 0.42243
60 0.62861 0.62543 0.62129
70
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Fig. 4. (a)-(c) show the polarization calibration results at 490 nm, 550 nm, and 670 nm, respectively, and (d) shows the experimental scene.

APOL can generate polarization in the range of 0-0.72, and the difference between the theoretical value and the specific polari-
zation light generated by APOL is less than 0.006. The experimentally measured value agrees well with the theoretical value. The
refractive index is different in different wavelengths, so the polarization degree produced by adjustable polarization degree light
source is different. The theoretical values calculated at different wavelengths and different glass rotation angles are shown in the
following table.

According to Table 7, the refractive index of different bands is different, so the degree of polarization of polarized light emitted by
APOL at the same rotation angle is different. Before polarization calibration, data preprocessing is carried out. The effect of the dark
current of the polarizing camera and CCD response inconsistency caused by different installation directions of the polarizer trans-
mission axis is deducted for correction. The polarization calibration results of the full polarization imager are shown in the following
Fig. 4(a—c). The experimental scene is shown in Fig. 4(d).

The measured values for the three bands in Fig. 4(a—c) are derived from the calculation of formula (9). From the analysis of Fig. 4
(a—c), it can be seen that the polarization imager in the 490 nm band, the error has a positive correlation with the increase in the degree
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of polarization light generated by APOL. Usually, in the actual observation and imaging scene of polarization remote sensing, the
degree of polarization calculated by the Stokes vector is low, and the measurement accuracy is guaranteed within 2% in the area where
the degree of polarization is less than 0.2. In the 550 nm band, there is a good correlation between the actual measured value and the
theoretical value, so the influence of measurement deviation can be eliminated in data processing, and the polarization measurement
accuracy is guaranteed within 1.5%. At the 670 nm band, the actual measured values of the polarization imager are in good agreement
with APOL. Only when the rotation angle of the APOL is 20°, the deviation is 3.23%, and the polarization calibration accuracy of other
angles is less than 1%, which meets the requirements of high-precision polarimetric remote sensing detection.

4. Conclusions

Radiation stability and polarization detection accuracy are the core technical indexes of the polarization imaging instruments. To
meet the needs of different application scenarios, different types of polarization detection instruments are constantly presented.
Therefore, it is necessary to formulate the calibration process for polarization imaging instruments. Aiming at the calibration problem
of a full polarization imager, in this paper radiometric calibration and polarization calibration are studied.

In radiometric calibration, an integrating sphere with a diameter of 2.5 m is used as the calibration light source. The response
intensity analysis of the imager with the different numbers of lights on integrating sphere is carried out. Analysis and research on the
radiance of the fixed integrating sphere, different exposure time, and intensity response of the imager. A mathematical model is
constructed to compare and analyze the simulated data with the measured data. The results show that the correlation between
simulated data and measured data in the 490 nm, 550 nm, and 670 nm bands is above 0.99 for two different radiometric calibration
methods. Under the varying numbers of lights on the integrating sphere, the correlation of 490 nm data is 0.99916, 550 nm data is
0.99533, and 670 nm data is 0.99918. Under different exposure time conditions, the correlations at 490 nm, 550 nm, and 670 nm were
0.99936, 0.99946, and 0.99886, respectively. Through the analysis of radiometric calibration data, the full polarization imager has
excellent radiation stability and meets the requirements of radiation measurement.

In polarization calibration, the APOL system is used as the reference polarization source. The theoretical and measured values of the
degree of polarization of the 490 nm, 550 nm, and 670 nm reference light sources are analyzed, respectively. The results show that the
measurement accuracy of the 490 nm band is less than 2% when the theoretical degree of polarization is less than 0.2. There is a good
correlation between the actual measured value and the theoretical value in the 550 nm band, and the polarization measurement
accuracy is less than 1.5%. The real calculated value in the 670 nm band agrees with APOL. Only when the APOL rotates at 20°, the
deviation is 3.23%, and the polarization calibration accuracy of other angles is less than 1%. Through the analysis of polarization
calibration data, the polarization calibration accuracy of the full polarization imager is high, which meets the requirements of high-
precision polarization detection. At the same time, the research in this paper provides an essential technical reference for the cali-
bration of other polarization instruments.
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