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Abstract: The phase retardance of the optical system (PROS) is a crucial factor limiting the accu-
racy of the Stokes vector reconstruction for the channeled spectropolarimeter. The dependence on
reference light with a specific angle of polarization (AOP) and the sensitivity to environmental distur-
bance brings challenges to the in-orbit calibration of PROS. In this work, we propose an instant cali-
bration scheme with a simple program. A function with a monitoring role is constructed to precisely
acquire a reference beam with a specific AOP. Combined with numerical analysis, high-precision
calibration without the onboard calibrator is realized. The simulation and experiments prove the
effectiveness and anti-interference characteristics of the scheme. Our research under the framework
of fieldable channeled spectropolarimeter shows that the reconstruction accuracy of S, and Ss in
the whole wavenumber domain are 7.2 x 1073 and 3.3 x 1073, respectively. The highlight of the
scheme is to simplify the calibration program and ensure that the PROS high-precision calibration is
not disturbed by the orbital environment.
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Yan, C.; Zhang, T. In-Orbit Polarimetric spectral imaging is a powerful tool with various applications [1], such
Calibration of Phase Retardance for as atmospheric aerosol characterization [2,3] and material analysis [4-7]. Channeled spec-
Channeled Spectropolarimeter. tropolarimetry, proposed by Oka et al. [8,9], enables full Stokes vector acquisition with sim-
Sensors 2023, 23, 2642. https:// ple optical structure and fixed polarization components. All these advantages promote the
doi.org/10.3390/523052642 development of channeled spectropolarimeters based on different structures [10,11]. Most
Academic Editor: Piotr Lesiak of the reported schemes follow the assumption that the polarization aberrations of the op-

tical systems have negligible impact on the measurement process and reconstruction by
default. However, this idealized simplification is a concrete source of error in the context
of large fields of view and the complexity of optical film design [12]. The phase retardance
of the optical system (PROS) is a crucial factor. Specifically, the PROS characterizes the
maximum phase difference in the eigenpolarization state. Due to the difference, the ele-

ment produces different phase changes for beams with different polarization states. This
effect is superimposed along the beam propagation path, limiting the accuracy of the re-
Copyright: © 2023 by the authors. constructed Stokes vectors. The PROS is quite sensitive to environmental disturbance [13].
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beams with different angles of polarization (AOP). The corresponding data acquisition
and processing are redundant. Yang, Xing et al. [15,16] simplified the process and consid-
ered the issue of polarization effects with radiation coupling. Linearly polarized beams at
22.5° and 45° were used for the quantitative calibration of PROS in the laboratory. How-
ever, it is challenging to achieve quantitative calibration of PROS in orbit. One factor is the
dependence of the high-precision calibration on the reference beam. In existing in-orbit po-
larization calibration methods, the onboard calibrator with a built-in standard illuminant
is the most effective way to acquire a specific reference beam. The supporting mechanical
structure and control system adds to the bulk of the device and gets in the way of a com-
pact implementation. The complexity of the components is also detrimental to long-term
in-orbit maintenance. Another factor is that the onboard calibrator is independent of the
observing system and can only achieve periodic calibrations. Environmental disturbances
are out-of-synchrony for calibrations of different parameters.

In this work, we propose a novel scheme for the in-orbit calibration of the PROS for the
channeled spectropolarimeter. A dynamic function with a monitoring role is constructed
to precisely acquire a reference beam with a specific AOP at high frequencies to achieve
the high-precision calibration of PROS without additional calibrators.

2. Modeling and Methods
2.1. Polarization Radiometric Calibration Model of Channeled Spectropolarimeter

The optical schematic of the fieldable channeled spectropolarimeter designed for air-
borne remote sensing is depicted in Figure 1 [16]. A polychromatic beam is modulated by
the polarimetric-spectral intensity modulation (P-SIM) [8] after the collection and collima-
tion of the fore-optics. The P-SIM consists of high-order retarders R, R; and a polarizer
A. A dispersive imaging spectrometer receives the modulation spectrum. The phase retar-
dance of the fore-optics ¢, is analyzed as the only PROS source for this structure.
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Figure 1. Optical schematic of the fieldable channeled spectropolarimeter.

The crux of the calibration of d¢,, is the in-orbit acquisition of the reference beam
with a specific AOP. We chose to “capture” the reference beam rather than “create” it. In
the framework of the polarization radiometric transmission model, the corresponding re-
lationship between the grayscale value of the spectrometer and the incident pupil radiance
is expressed as:

DNopit = A* + Borpit + C, M)

where DN, is the original digital number DN; A¥ and C are the radiometric calibration
coefficient and the DN of dark current, both of which can be accurately calibrated prior
to orbit by mature absolute radiometric calibration. Furthermore, B,,;;; is the modulation
spectrum radiance, characterized by [12,13,17]:

Boypit = nA - MSPEC : Mimag - Mpgim - Mfore * Sin—orbits )
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where 1A, linearly related to AF, is the constant of the system effective gain coefficient;
Mores Mpsim, Mimag, and Mspec, correspond to the cascaded Muller matrix of four subsys-
tems: fore-optics, P-SIM, imaging optics, and spectrometer, respectively.
Sin—orbit = [S0, 51, S2, S3]T is the Stokes vector of the incident pupil beam.

2.2. Methods for In-Orbit Calibration of the PROS

Here, we set some new parameters for the intuitive demonstration of derivation [16]:

a1,0rbit = SIN2€1 Xo = S0+ Dfore—orbitsl

a2 orbit = COS 2€1 X1 = Dfore—orbitSO +5

b1,orpit = Sin2¢; Xo = S2+ 6fore—orbitS3 3)
b2 orbit = €OS 282 "1 X3 =S3—Jfore—oritS2

C1orbit = Sin2(ex — €1) X12 = A2,0rbit X1 + A1,0rpit X2

C2,0rbit = €OS2(€2 — €1) X123 = A1,0rit X1 — A2,0pit X2 +1X3

It should be noted that: € and €, characterize the angular difference between the ac-
tual setting position and the preset position of Ry and Rj. In current mainstream cognition,
researchers tend to treat them as error sources. In practice, however, these two parame-
ters are deeply involved in the decoupling process, which will directly impact calibration
accuracy. The following work will prove that they cannot simply be set to small quanti-
ties. D fore—orbit and O fore—orpit cOrrespond to the diattenuation and phase retardance of the
fore-optics set in the orbital environment.

To intuitively display the superposition state of the modulation spectrum in the opti-
cal path difference domain, we express it in the form of phase factor accumulation,
as follows [16]:

Borvit = Xo + b1,0rbit€1,0bit X12
+ %bz,orbitcz,orbitxlz [exp(—i02,orpit) + exP(i0,0rpit)]
b2 orbzt(l + orhzt)Xlzg exp[ ‘(51 orbit — 52,orhit)]
b2 orbit (1 + C1,0rbit ) X123 exp[ ((Sl orbit — 52,orbit)] (4)
+3 bl,orbltCZ,orbltX123 eXP( lél,orbzt)
+ %bLorbitCz,orhitXlzs exp(id1 orbit)
+ %b2,orbit( -0 orbit)XiKZS exp [* '(51 orbit + 52 orbit)]
+ %blorbit( -0 orbzt)X123 eXP[ (51 orbit + 52 orbzt)]

where 61 o3 and d; ;1 are the ideal retardances of Ry and R; and the nine phase factors
correspond to the nine distinct channels of the modulation spectrum. The channels can be
obtained through Fourier transform:

Co = F(Xo + by,orpitc1,0rbit X12)

C=F [%bz,orbitcz,orbitxlz exp(—idy,orpit)

Ca=7F [%bz,orbitcz,orbitxn exp(idy,orbit)

C=F { — 102,00t (141 orit) X5, @XP[—i(810rbit — G2 0rbit)]

Cao=F { 102,0bit (14-C1 orbit X123 expli(61,orpit — 02,0rbit )] (5)

CG=F [ b1,0rbit€2,0rbit X123 €XP (=161 orbit )

Ca=F { b1,0rbit€2,0rbit X123 €XP (101 0rbit )

Cy= ]:{ 1b2,0rwit (1=C1,0rit ) X €XP[—1(81,0rbit + 02,01t )]

Coy= f{ b2,orbit (1=C1,0rbit) X123 €XP[i (01 0rbit + 02,0rbit)]

It should be noted that D ¢y, orpit can be calibrated with the beams without a polarizer,
as in the laboratory method, which is expressed as follows [16]:
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Dforeforbit =

Z = co0s 2¢q cos 20 + sin 2¢e1 sin 20 = 2

Numerical solution

2]:71 (G1 )
a2,orbitb2,orbitc2,orbit]:71 (GO) exp ( _i52,orbit) - 2”2,01'11#bl,orhitCl,orbit]:i1 (G1>

where Gy and Gj are the corresponding channels with the beams without a polarizer. The
water cloud zero degree of linear polarization (DOLP) calibration source [18,19] or the
sun (usually regarded as lambertian) [13,20] are ideal calibration sources for obtaining the
beams without a polarizer. €1, €3, 1 orpit, and Jp o4 can be calibrated accurately by the
method in Refs. [13,21]. The overall calibration scheme consists of multiple parameter cali-
brations, which are usually coupled. Based on the calibration sequence, these parameters,
as the observed specific values, are used for numerical analysis of d¢e—orpit- The Stokes
vector reconstruction model is expressed as [16]:

(6)

Aog—Dygyre A1 A1—Dy¢yeAg
SO — 1_5‘2076 151 — 1_5‘;%
fore fore (7)
S, = Ap—dfore Az Sy — Az+0fore A2
- 2 - 2
1+6 ore ! 1+6 ore
_ 261 orpitCrorbit F L (Ch)
Ag = 2F 1 Cp) — 1,0rbitC1,0rbit :
0 ( 0) b2,arb1itc2,urbit exp(71§2,nrbit)
2F 1 (Cq)
Al = a3 o
! Zorbit b,0rbit©2,0rbit €XP(—i02,0rbit )
4F 1(Cy)
+a1 orpitRe ‘
1,07’blt bZ,orbit (lfcl,urbit) exp [71(5l,orbit+52,urbit)] 8
Ay = a1 o 27 (C)) ®)
Lorbit hZ,arbitCZ,Drbit exp(fi‘SZ,nrbit)
4F 1(Cy)
—ap orpitRe .
2orbit b2 orbit (1_C1/orbit) exp [_l(5l,orbit+52/orbit)]
As= —Im A7 ()
bZ,Drbit (17C1,orbit) exp [7i(‘51,0rbit+52,orbit)]

The overall calibration is based on the numerical operation of channel observations.
Further, the construction sequence is unilinear. The channel observations and the cali-
brated parameters, can be used for subsequent analysis. Fortunately, we find a function to
express the characteristic relationship between the AOP of the beam and the known quan-
tity. For any partially linearly polarized beam S;,, _,,4;t = So[1, P sin26, P cos 26, O]T with a
known degree of polarization (DOP) P, the function is written as:

1| (1= cromi) F 1 (C)F1(C)
ba,orbit €3, S0F 1 (Ca)

- aZ,orbithore—orbit (9)

Analytic solution

We name Z as Target-beam Monitoring Function (TMF). Figure 2 shows the numerical
solution of TMF plotted within the unit value interval of the independent variables e; and 6.
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Figure 2. Numerical solution of TMF.

TMF
o



Sensors 2023, 23, 2642

50f9

5fore—orbit =

4(1 +bl,orbitcl,orbit) (1 +a2,orbit Dfore—orbit)

The only maximum condition of TMF is 6 = &1, excluding the impossibility of 1 = 0°
(perfect installation) and £; = 180° (reverse installation) in practical projects. Furthermore,
the maximum is the specific value 1, which is direct feedback to “capture” the target beam
with the specific AOP. Even though there are reasonable errors in the parameter calibra-
tions, the acquisition of the beam with a specific AOP is not affected, which ensures the
in-orbit calibration accuracy of the PROS.

To increase the calibration frequency, we choose the marine flares, common in orbit,
as the calibration area. The flares, as ideal reflective media, have high radiation utiliza-
tion. Moreover, according to Fresnel reflection, when the beam’s incident angle to the
flares is greater than Brewster’s angle, the reflected beam is fully linearly polarized. Fur-
ther, considering natural factors such as wind speed and foam, a more accurate rough sea
surface model is required in practice. In the relevant research of many scholars, we select
the anisotropic Breon and Henriot model (BHA) [22]. The BHA uses reflectance data over
the global oceans taken by the Polarization and Directionality of the Earth’s Reflectances
(POLDER) and wind data from NASA Scatterometer instruments. It has the highest cor-
relation coefficient with the analytic DOP in the operating band. Assisted by the modified
vector radiative transfer model and uncertainty analysis, the analytic DOP of the received
polarized beam is fed back. The accuracy of the analytic DOP is controlled within 2%,
meeting the calibration requirements. The above conditions endow the analytic solution
of Z with instant parameters.

Using the “captured” reference beam, we obtain the in-orbit calibration value of 67,
as follows:

F1 (C4) }
-Im - 10
al,orbith,orbit(1_Cl,orbit) { F-1 (CO) exp[_l(‘sl,orbit + 52,orhit)] ( )

3. Verification Process
3.1. Numerical Simulation

In the numerical simulation, the subsystem is modularized based on the cascade rule
of the Muller matrix. The Muller matrix of each subsystem can be obtained by polarization
ray tracing. The operating band range, the high-order retarder’s thickness, the fore-optic’s
structure, and the detector selection is referred to in Ref. [16]. The relevant data is used as
the input value of the simulation. To strictly depict the integrity of Z, the tuning range of
the DOP and the AOP of the simulated illuminant covers all possible conditions.

The demonstration of calibration in a continuous band is complex and abstract. There-
fore, the center of the operating band is selected as the observation wavelength if necessary.
In addition, the direct effect of pupil distribution on polarization aberration cannot be ig-
nored. Therefore, according to the pupil distribution of d¢,,, we choose the location with
a high value (normalized field of view [0, 0.5]) as the observation point. ¢ is set to 1°, 3°,
30°, and 45°.

The array of Z analytical values varying with the simulated illuminant is shown in
Figure 3. In different cases, the analytical trend of Z is highly consistent with the calcu-
lation results based on the theoretical model. Furthermore, we reached some interesting
conclusions: (a) The DOP is not coupled with other parameters as shown in Figure 3e.
The error of the analytic DOP is not a factor affecting the analytical characteristics of Z;
(b) Compared with Figure 3c,d, the maximum of Z in Figure 3a,b are too “dense” to be
distinguished, which corresponds to €1 being considered as only caused by the alignment
error. It proves that tiny e will directly impact the sensitivity and effectiveness of the TMF.
It is necessary to consider making the angular difference between the actual setting posi-
tion and the preset position of high-order retarders easier to distinguish. We compare the
simulated in-orbit calibration method of d¢,, with the conventional laboratory calibration
method at ¢1= 30°. Figure 4 compares calibration errors at 10,500~23,450 nm .
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Figure 3. (a—d) Array of Z analytic values varying with the simulated illuminant. (e) Front view of
array of Z analytic values at e;= 45 .
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Figure 4. Calibration errors of 64, in simulated orbit and in laboratory.

Due to the periodicity of the Fourier transform algorithm, the apodization function is
used to suppress the ringing effect that may occur in the reconstruction. This processing
inevitably leads to edge data exceptions. When this interference is eliminated, the calibra-
tion accuracy of fore—orpit and fore—1qp are highly consistent.

3.2. Experimental Verification

The instrument is in the pre-research stage. The approach to in-orbit test data is not
yet available. Therefore, we built the configuration shown in Figure 5 for the calibration
experiments. The functional unit consists of the PSIM and a spectrometer (Field Spec 3,
Analytical Spectral Devices). The input data is consistent with the simulation.

The in-orbit scene is restored as much as possible. A variable polarizer is added to
the illuminant-generating device. The polarization state of the target beam is obtained by
Stokes polarimeter. In addition, possible ambient temperature disturbance in orbit is of
consideration. The configuration is placed in the temperature control system. The regulat-
ing range is 20 °C to 30 °C, which is consistent with the temperature control requirements
of the aircraft.

In the validation experiment of TMF, we set €1 and 0 as adjusting variables. Based
on the conclusion of the numerical simulation, Figure 6 shows the measurement results
with a fully linearly polarized beam (P =1 ). When the polarization state of the target light
changes continuously, the response distribution of TMF is consistent with the simulation
results. In other words, TMF strictly has the only maximum condition “8 = ¢1, Z= 1”. The
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maximum is the specific value 1. The proposed method of “capturing” the target beam
with a specific AOP is further verified.

Integrating sphere lamp Collimator Variable polarizer Spectrometer

Stabilized power supply Fore-optics Imaging optics

Figure 5. Photograph of the experimental configuration.

- 0 20 40 60 &0 wo 120 140 160 1BD

Figure 6. TMF response curve at P=1.

In the multi-parameter coupling calibration scheme, it is not easy to highlight the in-
fluence of a single parameter. Therefore, we take the reconstruction accuracy of the Stokes
vector as the traceability benchmark. The dy,, is coupled to the reconstruction model of
S2 and S3. Figure 7 compares the normalized reconstructed Stokes vector with the input
value corresponding to different temperature settings. The reconstruction accuracy of S2
and S3 in the whole wavenumber domain by RMSE is 7.2 x 1073 and 3.3 x 1073,

The applicability of the scheme is analyzed as necessary. The scheme is not lim-
ited to adapting specific channeled spectropolarimeters or PROS in-orbit calibration. The
grayscale value received by the spectrometer is added to the linear calibration operation
as the only external input. It is ruled out that the polarization information of the polychro-
matic beam may cause crosstalk to channel construction. Therefore, for all the channeled
spectropolarimeters characterized with the Muller matrix, TMF can be constructed simi-
larly to accurately obtain beams with specific AOP. The beams with different AOPs can
be obtained by adjusting the setting angle of high-order retarders as required. It provides
a novel idea for constructing the overall in-orbit calibration scheme. It should be noted
that a single reference beam is only valid in one calibration cycle. The effective way to im-
prove the calibration accuracy is to increase the calibration frequency. The corresponding
verification work will be supported by the in-orbit experimental data.
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Figure 7. Normalized reconstructed S;/Sp,S3/ Sy at different temperatures.

4. Conclusions

In sum, a novel scheme of PROS in-orbit calibration for the channeled spectropo-
larimeter is presented. To avoid the burden of the volume and design difficulty of the on-
board calibrator, we build the Target-beam Monitoring Function to capture the beam with
a specific AOP. In conjunction with the general derivation of the PROS, high-frequency
calibration is realized. The numerical simulation and experiments prove the function’s
validity and the high calibration precision. The highlight of the scheme is to simplify the
calibration program and ensure that the PROS high-precision calibration is not disturbed
by the orbital environment.
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