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Angle errors of high-order retarders will decrease the accuracy of a channeled spectropolarimeter. This paper
presents an easily implemented and widely applicable method for reducing the effects of the angle errors.
First, we theoretically derive a modified reconstruction model to express and analyze the effects of the angle
errors. Based on the modified reconstruction model and current reference beam calibration technique, we
put forward the modified reference beam calibration technique to reduce the effects of the angle errors. This
method can calculate the angle errors by employing the amplitude terms, which have been ignored in the results
of the current reference beam calibration. The effectiveness of the presented method is verified by numerical
simulations, which show that the demodulated deviations of polarization parameters have been reduced by
one order of magnitude. Experiments are further implemented to validate the proposed method. The convenience
and wide applicability of the presented method make it suitable for regular correction of the instrument,
especially for the case on track. © 2017 Optical Society of America
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1. INTRODUCTION

Spectropolarimetry can measure the polarization parameters and
spectral content of a light, which has been widely applied in vari-
ous application fields, such as remote sensing [1—4], material
characterization [5,6], and astrophysical study [7]. Several meth-
ods for polarization and spectrum acquisition have been put for-
ward [8—10]. Polarimetric spectral intensity modulation (PSIM),
which was simultaneously proposed by lannarilli ez 2/ and Oka
and Kato in 1999, is one of the most promising methods among
them [11,12]. Compared to traditional polarization and spec-
trum acquisition methods, it has several important advantages,
such as the simplicity of the optical system, no mechanically
movable components for polarization control or active devices
for polarization modulation, and simultaneous measurement
of the spectrum and all Stokes parameters in snapshot mode
[12]. Since its inception, it has become a popular approach
for polarization and spectrum measurement. In recent publica-
tions, researchers have investigated combining the PSIM module
with other spectrometers [13—17], demodulating spectral con-
tent to reconstruct polarization parameters [1,18] and instru-
ment calibration techniques [2,19-23].

In spite of the advantages, application of the PSIM module
also poses some problems. Specifically, as will be shown in
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Section 4 of this paper, when the orientation errors of the fast
axes of two high-order retarders are merely 0.5 deg, they can
introduce more than 0.008 uncertainty in degree of polariza-
tion (DoP) measurement. It obviously exceeds the tolerance in
high-accuracy applications [24-26], e.g., the aerosol polarim-
eter sensor (APS), in which the specification of uncertainty of
DoP measurement is less than 0.005 [24]. Oka ez al. concisely
mention and explain the effects of alignment angle errors of
retarders [27]. In order to solve the problem, Mu ez 4l use
two linearly polarized reference beams oriented at 22.5° and
45° to calculate the orientation errors of two retarders [22].
While its effectiveness has been verified by simulations (with-
out actual experiments), this means has a critical drawback in
that it works only when the orientation errors of two retarders
are in different signs, which restricts its application. Yang ez /.
propose a calibration method to determine the alignment errors
and develop a correction algorithm to compensate them [23].
While the alignment errors of retarders and polarizer can be
compensated effectively, we must utilize an additional high-
order retarder to determine the errors before the compensation
process. Furthermore, the additional high-order retarder
must be removed before the instrument works. The placement
and removal of the additional high-order retarder increase the
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complexity of the system and make it merely suitable for cal-
ibration in a laboratory (not suitable for in-orbit application).

To overcome the defects in current methods, this paper
presents an easily implemented method to reduce the effects
of the angle errors on the precision of a channeled spectropo-
larimeter. It is applicable for all situations of the angle errors
without any additional elements. First, we deduce a modified
reconstruction model without any additional elements using
Mueller matrices in the presence of the angle errors. The modi-
fied reconstruction model clearly shows the effects of the angle
errors on each desired channel. Then, based on the modified
reconstruction model, we utilize the amplitude terms that have
been ignored in the results of the current reference beam cal-
ibration to calculate the angle errors. Owing to that the angle
errors contained in the amplitude terms are concise to calculate,
this method is effective for all situations of the angle errors.
According to the modified reconstruction model and calculated
results of the angle errors, an easily implemented method for
reducing the effects of the angle errors is further proposed. The
effectiveness of the proposed method is verified by numerical
simulations. The results show that by utilizing the presented
method, the measurement accuracy of polarization parameters
can be improved by one order of magnitude. Finally, the
validity of this method is further verified by experiments.

This paper is structured as follows. Section 2 illustrates the
problem of the current demodulation method in the presence
of the angle errors. Section 3 theoretically derives the modified
reconstruction model and provides a modified demodulation
method for reducing the effects of the angle errors.
Section 4 verifies the proposed method by numerical simula-
tions. Section 5 validates the proposed method by experimental
tests, and conclusions are presented in Section 6.

2. PROBLEM OF THE THEORETICAL
DEMODULATION METHOD IN THE PRESENCE
OF THE ANGLE ERRORS

In this section, we briefly review the theoretical polarization
measurement process of a channeled spectropolarimeter.
Based on the theoretical reconstruction model, we simulate
the measurement process in the presence of different ranges
of the angle errors. Simulation results show that the angle errors
apparently decrease the accuracy of polarization measurement.

A. Theoretical Measurement Process of a Channeled
Spectropolarimeter

Channeled spectropolarimetry is a technique that converses a
spectrometer into a spectropolarimeter through the simple ad-
dition of the PSIM module to the optical system. The optical
schematic of a spectrometer and PSIM module is shown in
Fig. 1. The PSIM module consists of two high-order retarders,
R, and R,, with thicknesses &, and d;, respectively, and the
polarizer, A.

In this paper, all angles mentioned are in reference to the
transmission axis of polarizer A, illustrated in Fig. 1. In theory,
as shown in Fig. 1, the transmission axis of polarizer A is hori-
zontal and the fast axes of R; and R, are 0° and 45°, respec-
tively. In fact, however, due to the alignment errors, the
orientation errors of the fast axes of R; and R, are unavoidable.

B >— | ransmission
| s
|

b |
U Spectrometer

R1 R2

PSIM Module

Fig. 1. Sketch of a channeled spectropolarimeter and the angle
errors of R} and R,.

€, and &, are the angle errors of R; and R,, respectively, as
depicted in Fig. 1.

1. Principle of the Modulation of Spectrally Resolved
Stokes Parameters

The polarization parameters of a light passing through a chan-
neled spectropolarimeter can be most conveniently represented
in terms of the Stokes vector representation S = [5,5,5,55]7.
The Stokes vector of a target light launched into the spectrom-
eter is expressed as

Sour(0) = M 4(0°) - Mg, {45° ¢2(0)}
- MpA0% @1(0)} - Sin(0), 1

where S;,(0) and S,,,(6) donate the Stokes vectors of incident
and transmitted target light, respectively, and o is the wave-
number. My, Mg,, and M, stand for the Mueller matrices
of Ry, Ry, and A, respectively. ¢;(c)(j = 1,2) is the phase
retardation of R; and R,. The spectrum obtained by the spec-
trometer is expressed as follows [12]:

B(0) = 350(0) + 5 51(0) coslpa (o)}
{15250 c0s{92(0) + 1 (0) - arglS (o))

+ % 1525(0)[ cos{g(0) - 91 (0) + arg[Sx;(0)]},  (2)

where Sy3(0) = S,(0) + iS3(6). Sp(6)(£ = 0...3) denotes
the Stokes parameters contained in Sj,(c), and arg means
the operator to take the argument. Computing the autocorre-
lation function of B(c) with the inverse Fourier transforma-
tion, Stokes parameters are modulated to several different
frequency domain regions, which are called “channels”. The
channels distributing in frequency domain are given by
C(h) = Co(h) + Cilh - (Ly - L)] + Ci[-h - (L, - L,)]
+ Co(h - Ly) + C5(-h - Ly) + C3[h - (L) + Ly)]

+ CGil-h - (L + L)), 3

where

coth =5 {35100, @
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Colh) = F! {isl@ exp[z'(pz(a)]}, ©

c) =5 {5 oplio @) + ]|, @

and 4 is the variable in the frequency domain conjugate to o
under the Fourier transformation. Z,(p = 1, 2) stands for the
actual optical path difference (OPD) introduced by R; and R,
in the central wavenumber [16]. The desired channels, C,, C»,
and Cj, centered at /=0, h=1L,, and h=1L, + L,,
respectively, are then filtered out by the frequency filtering
technique independently, and Fourier transformations are then
performed. The results are expressed as

FIC)} = 550) )
FIC() = 51(0) explig (o)), ®
FIC,D) = -5 5u(0) eli@ @) + 920D} ©)

2. Current Reference Beam Calibration Technique

As mentioned before, ¢, (c) and ¢, (o) are the phase retarda-
tions of R; and R,, respectively, which are merely the functions
of parameters of retarders and wavenumber. To calibrate the
phase factors, explig, ()] and exp[i(@,(6) + @,(0))], a refer-
ence beam linearly polarized oriented at 22.5° is employed
[20,21]. Stokes parameters of the reference beam passing
through the PSIM module, are given by

Si(o) = gso(a); (10)
5.0 = 225,(0), (1)
S3(c) = 0. (12)

Combining Eqs. (4)—(6) and Egs. (10)—(12), the phase
factors are given by
F{Coms(h)}

explig,(0)] = Zﬂf{co,zz.i’(}’)})

(13)

FCyms(h)}
-4 — 14
V2 Conety 1

After eliminating the phase factors, the whole Stokes param-
eters of the incident target light have been acquired as

So(0) = 2| F{Co(h)}], (15)

expli(@;(0) + @,(0))] =

FLC ()} - FiCons(h)}
F{Cons(h)}

51(0) = ‘ﬁ . (18)

5,(6) = Re l@ FLC3(h)} - ]‘—{Co,zz.S"(/J)}]’ -

2 FiCsns(h)}
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 [VAFIC0) - FiCons®)
)= Iml 2 FiComsO)

, (1)

where Re is the operator to extract the real part, and Im is the
operator to extract the imaginary part.

B. Influences of the Angle Errors on the Accuracy of
Degree of Polarization Measurement

It is important to note that the above theoretical polarization
measurement process is suitable only for the case in which the
PSIM module elements are fixed in their ideal positions. If the
orientations of the fast axes of R, and R, deviate from the ideal
state, the angle errors will decrease the accuracy of polarization
measurement when this theoretical reconstruction model is
utilized.

We utilize Monte Carlo simulations with the above theoreti-
cal reconstruction model to calculate the uncertainty of DoP
measurement in the presence of various angle errors. During
the simulation process, the amplitude ranges of the angle errors
are 0% 0.1°% ..., 0.8°. For each specific range, 1000 angle errors
are generated randomly, satisfying the uniform distribution
from the negative value to the positive value. The 1000 groups
of synthetic angle errors for simulations are produced by com-
bining 1000 angle errors of R, with 1000 angle errors of R,,
correspondingly. Standard deviations of the simulation results
multiplied by the confidence coefficient, whose value is +/3 for
the uniform distribution, are regarded as the final results. The
target light for simulations consists of a linearly polarized light
oriented at 30° and the natural light (it does not exist when
DoP = 1). Owing to that the S5 parameter stands for the cir-
cular polarization, it does not need to measure in remote sens-
ing. Thus, DoP is actually the degree of linear polarization
(DoLP), which is calculated using the first three parameters
in the Stokes vector [24]. Simulation results obtained from
1000 Monte Carlo trials in the presence of different amplitude
ranges of the angle errors are shown in Fig. 2.

As shown in Fig. 2, the uncertainty of DoP measurement
grows larger as the angle errors of R and R, increase. Besides,
the sensitivity of the measurement results to the angle errors
also increases with the increase of DoP. Those influences of
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Fig. 2. Uncertainty of DoP measurement in the presence of differ-
ent angle errors using the theoretical reconstruction model.
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Table 1. Requirements of the Angle Error Under
Different Situations of Error Assignment

Assigned Uncertainty of Dol Angle Error Requirement

0.001 (20%) <0.07 deg
0.002 (40%) <0.12 deg
0.003 (60%) <0.17 deg
0.004 (80%) <0.22 deg
0.005 (100%) <0.27 deg

the angle errors on the accuracy of polarization measurement
cannot be ignored during the assembly and application of a chan-
neled spectropolarimeter. To satisfy the requirements of actual
applications, the designed goal of uncertainty of DoP measure-
ment is 0.002—0.005, which varies with the DoP of a target light
[24-26]. Besides, the specification is the total uncertainty of
DoP, which means that the acceptable uncertainty of DoP mea-
surement introduced by the angle errors is much smaller. Table 1
has listed the requirements of angle errors under different
assigned uncertainties of DoP measurement. When the degree
of polarization of a target light is DoP = 1, the sensitivity of
the accuracy of measurement to the angle errors is the largest.
Therefore, the requirements of the angle errors are put forward
depending on the ‘DoP = 1.0’ line in Fig. 2.

As shown in Fig. 2 and Table 1, the requirements of the
angle errors are relatively small. In addition, the deviations
between the actual and nominal orientations of the fast axes
of two high-order retarders are inevitable during the fabrica-
tion. Therefore, it is not encouraged to use fine mechanical
adjustments during the assembly and application to keep the
accuracy of the instrument.

To overcome the inherent limitations of the two methods
mentioned in the previous section, we propose a new method
using an arbitrary reference beam whose Stokes vector is known
to calculate the angle errors. Given that the reference beam cal-
ibration technique uses a linearly polarized light oriented at
22.5° to calibrate the phase factors, we modify the reference
beam calibration technique for simultaneous acquirement of
the angle errors and the phase factors. Compared with the
two methods mentioned above, the proposed method is appli-
cative for all situations in the presence of the angle errors.
Furthermore, it is easy to implement without any other addi-
tional elements. Using the presented method to reconstruct
polarization parameters can loosen the demand for the calibra-
tion accuracy of the PSIM module while keeping the precision
of the instrument. Furthermore, considering the advantages of
not needing an additional retarder and being applicable for all
situations of the angle errors, the presented method is effective
for regular correction of the channeled spectropolarimeter and
thus maintains the precision of the instrument in orbit.

3. METHOD FOR REDUCING THE EFFECTS
OF THE ANGLE ERRORS

In this section, we derive the modified reconstruction model of
the channeled spectropolarimeter, which takes the angle errors
of the fast axes of R; and R, into consideration. Based on the
modified reconstruction model, we modify the current refer-
ence beam calibration technique and put forward a method
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to acquire the phase factors and calculate the angle errors
simultaneously.

A. Derivation of Modified Reconstruction Model
We first calculate the Stokes vector of the transmitted light,
which is expressed as

Sour(0) = M 4(0°) - Mp,{45° + €5, 92(0))}
- Mp e, @1(0)] - Sin(0), (19)

where S, () donates the Stokes vector of the transmitted target
light in the presence of the angle errors. To explain the derivation
process clearly and precisely, we let &, substitute for ¢,(0)(g =
1,2) and a; = 0°+ ¢, and a, = 45°+ &, stand for the
actual angles of fast axes of R; and R,, respectively. Therefore,
the spectrum detected by the spectrometer is expressed as

B(0) = 51KySy(0) + K151(0) + K2$,(0) + K3S3(0)}

(20)
where
Ky=1, (21)
K, = b*c* - cos(8,) - ac - sin(6,) - sin(8,)
+ b*d* 4 a*c* - cos(8;)
~+ abed - {1 - cos(6,)} - {1 - cos(6,)}
+ 22d? - cos(6)), (22)

K, = be-sin(6,) - sin(6,)
+ abc® - {1 - cos(5,)} - cos(5,)
+ b?cd - cos(6,) - {1 - cos(5,)}
+ abd? - {1 - cos(8;)} + a*cd - {1 - cos(5,)}, (23)

K3 = —c-cos(d;) - sin(d,)
+ bed - sin(5;) - {1 - cos(5,)}
- ac® -sin(6,) - cos(8,) — ad? - sin(8,).  (24)

In  Egs. (22)-(24), a=sina;), b= cosay),
¢ = sin(2a,), and 4 = cos(2a,). Because the angle errors
of fast axes of retarders are relatively small, small-angle approx-
imations have been applied to simplify the coefficients
K,.(r =1,2,3). 2and 4 are first-order small quantities. 2, 42,
and ad are second-order small quantities. By ignoring the sec-
ond-order and higher-order small quantities and performing
proper trigonometric function transformations, we can deduce
the expression of B'(6), which is given by

B(0) =550(0)+351(0)cos{ia()}+ A,
1 1520) cos{12(0) + 91 (0)-arglS2s ) + Ao

+41525(0)|costa(0) 01 () + gl (]} + Ay A
25)

where
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Ay = £,5,(0) cos{p(0)}, (26)
8y = -3 (61 - £IS25(0)| costin ) + 1 (0) ~ arlS2s ()}

+26151(0) costa(0) + 91 (o)), (27)

A = —%(81 - &,)[S23(0)| cos{g, (o) - @1 (o) + arg[st(G)]}

5 65,(0) costn(®) - pu (o), (28)

Ay = -£1[853(0)| cos{p, (0) - arg[Sp3(0)]}.  (29)
Computing the autocorrelation function of B'(¢) with the
inverse Fourier transformation, the result is expressed as

C'(h) = Co(h) + Cilh - (Ly - L))+ CT[-h - (L, - L,)]
+ Cy(h-Ly) + C(-h - Ly) + Ci[h~ (L, + L,)]
+ C5[-h- (L + L)l + Cy(h- L)) + Ci*(-h - L)),
(30)

where

e =5 {350, (31)

cin =7 { {3510 + 35,0 ovliva(o ), @2

C5(h)
= 5 { (b + 4o - )50 explil (0) + 92(0))] }
+1,51(0) expli(, (0) + 9,(0))] ’

(33)

where S35(0) = S,(0) - iS3(6). Comparing Eqs. (4)—(6) with
Egs. (31)—(33), the reconstruction model has been changed by
the angle errors apparently. The Stokes parameters recon-
structed from the desired channels C}(/4) and C5(5) are not
the true values because of the effects of the angle errors.
Comparing Eq. (3) and with Eq. (30), new channels C} (%)
and C/*(/) have been created when ¢, exists. However, they
could not be utilized for error determination owing to their
practically overlapping with channels Cj(4) and C{*(5), re-
spectively, which is caused by the thickness ratio of R, and
R, being 1:2.

Because the angle errors are relatively small, fine mechanical
adjustments will cost plenty of expense. Furthermore, it is
inconvenient to adjust when the channeled spectropolarimeter
is in orbit. Based on the results of derivation, we modify the
current reference beam calibration technique and propose a

demodulation method to reduce the effects of the angle errors
of the fast axes of R| and R,.

B. Modified Reference Beam Calibration Technique

The current reference beam calibration technique is able to ac-
quire two complex coefficients, which contain two amplitude
terms and two phase terms. Phase terms are generally used to
calibrate the phase factors, while amplitude terms are ignored,
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usually. According to the modified reconstruction model de-
rived in the previous part of this section, we modify the current
reference beam calibration technique in which we calculate the
orientation errors using amplitude terms and calibrate the phase
factors using phase terms simultaneously.

When the reference-beam linearly polarized light oriented
at 22.5° passes through the PSIM module, combining
Egs. (10)—(12) and Egs. (31)—(33), the demodulation results
are given by

F{Chys(h)) V2

m =4 (1 + 2¢) explip,(0)],  (34)

F{Cipns(h)} V2 .
Fie = 12 elin) + ex(o)
(35)

The angle errors €; and €, can be calculated by extracting
the amplitude terms, given by

FICy )
Zﬁ’f{camm -1
& = 2 > (36)

FIC), )
42| Feg| + 1

2

The actual phase retardations ¢;(c) and @,(0) are cali-
brated by extracting the phase terms as usual. Since the actual
phase factors and the angle errors contained in the modified
reconstruction model are settled, combining Egs. (31)—(37),
the Stokes vector of the target light can be figured out to dis-
cover the true polarization contents.

It is shown that the angle errors contained in amplitude
terms expressed in Eqgs. (36) and (37) are really concise to cal-
culate. It makes this method applicable to determining all kinds
of angle errors without any additional devices.

37)

&) =

4. VERIFICATION BY NUMERICAL
SIMULATIONS

The effectiveness of this presented method is first verified by
numerical simulations. In the simulations, two linearly polar-
ized lights, the reference beam oriented at 22.5° and the target
light oriented at 30°, are employed. The wavenumber range is
11,000-15, 467 cm™!, and the thicknesses of R, and R, are
3.5 mm and 7.0 mm, respectively. The high-order retarders
are made of quartz, whose birefringence in the selected wave-
band can be consulted in Ref. [9]. The comparison of recon-
structed polarization parameters using two methods, i.e.,
traditional method [20,21] and presented method here, are
presented in this section.

To describe the typical effects of the angle errors on the
modulated spectrum, we provide the magnitude of the autocor-
relation function of the obtained spectrum under the situation
of &, =¢&, =0.5°. The simulation results are presented
in Fig. 3.

Figure 3 shows that the seven channels included in C(5) are
satisfactorily separated from one another over the 4 axis, owing
to that the thicknesses of the retarders are selected properly.
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Fig. 3. Magnitude of the autocorrelation function of the modulated
spectrum. The enlarged part in the dashed box shows the typical difference.

Comparing two curves in Fig. 3, all channels are almost over-
lapped and centered at the same location in the 4 axis, which
means the angle errors of the fast axes of R} and R, do not affect
their phase retardations, which agrees with the theoretical der-
ivation [28]. C; and Cj are overlapped because the thickness
ratio of R} and R, is selected as 1:2, which is consistent with
the modified reconstructed model in Eq. (30). These results
further suggest that we cannot use channels C'; and Cjy to re-
construct the Stokes parameters or calculate the angle errors.
The typical effects of the angle errors are similar, which just
grow larger with the increase of the angle errors. Based on the
modified reconstruction model, we can utilize the presented
method to reduce the effects of the angle errors and acquire
the true polarization parameters. The comparison of recon-
structed uncertainty of DoP using two methods obtained from
1000 Monte Carlo trials are presented in Fig. 4 (the process of
Monte Carlo simulations is introduced in Subsection 2.B).
Figure 4 clearly shows that the presented method has effec-
tively reduced the effects of the angle errors. The results indi-
cate that we can relax the alignment tolerances of the PSIM

0.018

E —a— Traditional method
0.016 —o— Presented method

0.014
0.012
0.010

0.008

Uncertainty of DoP

0.006
0.004

0.002

0.000 —
0.0 0.1 0.2 0.3 0.4 0.5
Angle error [Degree]

T T
0.6 0.7 0.8

Fig. 4. Uncertinty of DoP in the presence of different angle errors
when the input value is DoP = 1.
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module elements in ground-based assembly while keeping
the accuracy of the instrument.

Then we calculate the polarization parameters utilizing two
demodulation methods when the angle errors are in a specific
situation of £, = &, = 0.5°. The calculated results of the angle
errors are shown in Fig. 5. The maximum deviation and average
deviation of calculated errors are listed in Table 2. Because the
angle errors are independent of wavenumber, we can use the
averages of the calculated values in different wavenumbers as
the final calculation results.

As shown in Table 2, the average errors of the calculated
results of €, and &, are -0.0092° and 0.0064°, respectively.
These results indicate that we can determine the angle errors
accurately using the presented method, which is significant
for reconstructing polarization parameters.

The influences of the angle errors and the effectiveness of
the presented method are shown in Figs. 6 and 7. Table 3 lists
the reconstructed deviations of polarization parameters in the
presence of & = &, = 0.5°. Comparing the reconstructed re-
sults using two different demodulation techniques, the maxi-
mum deviations and the average deviations of S;/Sy, S,/S,
and DoP have deduced by one order of magnitude. That is
to say, the effects of the angle errors have been reduced effec-
tively. Owing to that the angle errors are £; = &, two demodu-
lated curves of §3/8, are overlapping. It is consistent with the
theoretical derivation, which further illustrates the validity of
the modified reconstruction model. Taking into account the
overlap of two curves, the results of S5/S; do not need to
be listed in Tables 3 and 4, which does not affect the compre-
hension of the conclusions.
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Fig. 5. Calculated results of the angle errors.

Table 2. Comparison of Calculated Results of ¢; and ¢,

Maximum Average
Parameter Calculated Error Calculated Error
£ -0.0127° -0.0092°
& 0.0117° 0.0064°
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Fig. 6. Reconstructed results of normalized Stokes parameters. The
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Fig. 7. Reconstructed errors of the DoP.

The above results demonstrate that the influences of the angle
errors have been reduced greatly. This method is effective to
achieve high precision of the instrument while relaxing the tol-
erance of assembly errors of the PSIM module. Furthermore, the
presented method can work effectively without any additional
elements or precise mechanical adjustments. When the instru-
ment works in orbit, using this method for regular correction

Table 3. Comparison of Reconstructed Deviations of
Two Methods

Deviation Demodulation

Type Method 81/So 8,/8, Dol
6.88x 107 7.04x1073 9.33x1073

Maximum  Traditional
deviation method
Presented
method
Traditional
method
Presented
method

7.23x10% -7.08 x10* 7.17 x 10~
Average 6.28x 1073 6.49x103 8.77x1073

deviation
1.20x10% 1.11x 104 1.56x 1074

Research Article

is effective and convenient to maintain the accuracy of polariza-
tion measurement.

5. ANALYSIS OF EXPERIMENTAL RESULTS
The validity of the presented method is further verified by ex-

perimental tests. The two essential components of the experi-
mental setup are a high-stability broadband light source and a
fine-spectral-resolution channeled spectropolarimeter, which
are shown in Fig. 8. The light source consists of a stabilized tung-
sten halogen lamp and a collimator. The channeled spectropo-
larimeter consists of the PSIM module (the retarders R, and R,
and polarizer A in the dashed box) and a spectrometer (FieldSpec
3, Analytical Spectral Devices). The rotatable polarizer P is used
to generate the reference beam oriented at 22.5° and the target
light oriented at 30°.

The thicknesses of R; and R, and the wavenumber range are
consistent with the simulation settings. The retarders R; and &,
and polarizers A and P are placed in precision-adjusting racks
for satisfying various experimental test conditions.

During the experimental test process, we select four angle
error situations, i.e., & = & = 0.1%0.3%0.5° 0.8, to verify
the presented method. The initial state after alignment is re-
garded as the situation £, = &, = 0°. Then, we artificially intro-
duce the angle errors based on the initial state to simulate the
actual situations. Meanwhile, the states of the other experimental
setup remain unchanged. In each situation of the angle errors, we
measure the modulated spectrum illuminating the system with
the target light and the reference beam, respectively.

We provide the magnitude of the autocorrelation function
of the measured spectrum in the presence of angle errors
&, = &, = 0.5°, which is shown in Fig. 9. We find that the
seven channels are separated from one another over the / axis,
which is consistent with the modified reconstruction model
and simulation results. It is noteworthy that the positions of
channels Cy and C; are consistent with the simulation results.
However, the positions of channels C, and Cj are slightly
shifted right over the / axis compared with the simulation
results, which may be caused by the thickness deviation of
the high-order retarder R,.

Stable power
supply :

Fig. 8. Photograph of the experimental setup.
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Fig. 9. Autocorrelation function |C(/)| of measured spectrum in
the presence of angle errors £, = &, = 0.5°.

Based on Egs. (36) and (37), we can calculate the angle
errors of R, and R, and reduce the demodulation deviations
introduced by the angle errors. Figures 10 and 11 show the
comparison of polarization parameters reconstructed from mea-
surements in the presence of different angle errors using the
presented method and the traditional method. As shown in
Figs. 10(a) and 11(a), the results demodulated by the tradi-
tional method clearly show that demodulation deviations grow
larger as the angle errors increase. Therefore, to keep the accu-
racy of the measurement, the effects of the angle errors of the
retarders cannot be ignored. As shown in Figs. 10(b) and 11(b),
using the presented method here, the deviations of demodu-
lated polarization parameters have decreased, which means that
the effects of the angle errors have been reduced largely. It is
worth noting that the presented method is applicable for all
situations of angle errors without any additional elements or
mechanical adjustments.

Comparing the reconstructed results using the two different
methods in Table 4, the reconstructed deviations have de-
creased obviously. By using the presented method for reducing
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Fig. 10. Reconstructed Stokes parameters using two demodulation
methods.
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Fig. 11. Reconstructed errors of DoP under different situations of
the angle errors.

Table 4. Comparison of Reconstructed Results Using
Two Different Demodulation Methods Under
€1 = &3 = 0.5°

Deviation Demodulation

Type Method 81/So S»/So DoP

Maximum Traditional 698 x 103 1.03x 1072 1.16x 1072
deviation method
Presented  2.10x 1072 5.28 x 1073 4.84 x 1073
method
Average Traditional ~ 5.61 x 107 7.57 x 1073 9.36 x 1073
deviation method
Presented  7.22x 10% 2.58 x 10 2.59 x 1073
method

the effects of the angle errors, the residual average deviations of
$1/So> S2/So, and DoP are 7.22 x 1074, 2.58 x 1073, and
2.59 x 107, respectively. The accuracy of experimental tests
may be affected by the vibration of reconstructed results,
although we have alleviated the influences through introducing
apodization using the Hann window [29]. As indicated in
Eq. (33), owing to that the angle errors are €, = &,, the recon-
structed results of S5 are not influenced by the angle errors. This
is the reason for the similarity in the curves of §5 demodulated by
two different methods. Furthermore, because the theoretical
value of Sj is zero, it may be influenced by the noises of the
spectrometer, which causes the curves of reconstructed S; not
to have the regular pattern like other polarization parameters.
On the whole, the results above indicate that the presented
method is effective to reduce the influences of the angle errors.

The experimental results demonstrate that by using the pre-
sented method to reduce the effects of the angle errors, the
accuracy of the reconstructed polarization parameters can be im-
proved under different situations of the angle errors. In consid-
eration of the influences of the vibration, stress, or other factors in
an application [23], the convenience and wide applicability of the
presented method make it suitable to termly calibrate the chan-
neled spectropolarimeter in orbit. It is significant for practical
applications of the channeled spectropolarimeter.
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6. CONCLUSIONS

The angle errors decrease the accuracy of the channeled spec-
tropolarimeter apparently. The current methods are either
effective only in special situations of the angle errors or complex
in calibrating the angle errors. In this paper, we present a widely
applicable and easily implemented method for reducing the
effects of the angle errors for the instrument. A modified
reconstruction model without any additional elements consid-
ering the angle errors is theoretically derived. It clearly demon-
strates the crosstalk between the desired channels caused by the
angle errors. A modified reference beam calibration technique,
utilizing the amplitude terms that have been ignored in the cur-
rent reference beam calibration technique, is proposed to cal-
culate the angle errors. Because the angle errors contained in
the amplitude terms are concise to calculate, this method is
effective for all situations in the presence of the angle errors.
Simulation results show that the maximum deviations and aver-
age deviations of demodulated polarization parameters are
reduced by one order of magnitude. The effectiveness of the
presented method is further verified by experiments.
Compared with current methods, the advantages of being
applicable for all situations of the angle errors and not needing
additional elements make it more applicable and convenient for
use. By employing the presented method, we can relax the align-
ment tolerances of the PSIM module elements in ground-based
assembly of the instrument. Furthermore, we can use the pre-
sented method for regular correction for the channeled spectro-
polarimeter in orbit to reduce the effects of the angle errors. It is
effective and convenient to maintain the accuracy of the mea-
surement of polarization parameters, which has an important sig-
nificance for the application of the channeled spectropolarimeter.

Funding. National Natural Science Foundation of China
(NSFC) (61505199); National Key Research and Development
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