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Alignment errors of birefringent retarders and retardation errors introduced by environmental perturbations can
cause significant influences on reconstructed Stokes parameters for the channeled spectropolarimeter. In this

paper, we propose what we believe is a novel self-correction model that is independent of input polarization
parameters to reduce the effects of alignment errors and environmental perturbations. This self-correction method
can realize calibration and compensation of alignment errors and retardations simultaneously by measuring the

target light in orbit. Simulation results show that alignment errors and retardations can be calibrated accurately,
and the reconstructed Stokes parameters by using the presented method are more precise than by using the
traditional method. The validity and feasibility of the presented method are further confirmed through experi-

ments in the presence of alignment errors and environmental perturbations.
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1. INTRODUCTION

In the past several decades, spectropolarimetry has rapidly de-
veloped due to its ability of acquiring the spectral content and
the polarization state of light. It is of particular importance for
several applications, including atmospheric acrosol characteri-
zation [1,2], remote sensing [3—7], and material characteriza-
tion [8—12]. Two different classical modulation principles are
discerned: spatial and temporal modulation. In the case of
spatial modulation, the division into several beams significantly
increases an instrument’s size and mechanical complexity. With
temporal modulation, moving parts are undesirable from the
standpoint of reliability. It also limits ability to acquire data
on rapidly changing scenes, such as moving targets or targets
viewed from moving platforms [13].

In 1999, Oka and Iannarilli first described the channeled
spectropolarimetry, an attractive approach for polarimetry
[14,15], by which we can eliminate the disadvantages of con-
ventional modulation principles. This technique can offer a di-
rect measurement of spectrum and the polarization state of the
light, as compared with an indirect (multiplexed) measurement
by spatial modulation. Based on a snapshot mode, this tech-
nique can reduce the temporal registration error compared with
the temporal modulation [5]. With a simple optical system and
no movable polarization components, the entire wavelength-
dependent state of polarization (SOP) and spectral information
of a scene can be acquired simultaneously. The channeled spec-
tropolarimetry has been widely used in polarimetry.
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Despite these benefits, there are still many vital problems
with polarimetric spectral intensity modulation (PSIM) when
the channeled spectropolarimeter is applied in orbit.
Specifically, alignment errors of the retarders, which have sig-
nificant influences on the reconstructed Stokes parameters, are
inevitable for the manufacturing and alignment tolerances.
Furthermore, retardations, another key factor for reconstructed
Stokes parameters, are quite susceptible to environmental per-
turbations, such as temperature variation [16] and stress [17].

Mu ez al. [18], Yang ez al. [19] and Ju ez al. [20] have cali-
brated and compensated alignment errors by reference beam or
additional components. However, they have not considered the
effects of environmental conditions. Their methods are more
suitable for calibration in the laboratory. By using their meth-
ods, the stability of the instrument applied in orbit cannot be
guaranteed. Taniguchi and Oka [21] have proposed a self-
calibration method that can reduce the effects of temperature
change. However, they have not considered the alignment
errors of retarders, which are inevitable. On the one hand, with
the inevitable alignment errors, this self-calibration method
would reduce the measurement accuracy. On the other hand,
this method would lose efficacy even after the accurate calibra-
tion of alignment errors in the laboratory.

Locke et al. [22] used a 3:1 ratio of retarder thickness to
check the system alignments. Compared with a 1:2 ratio,
the 3:1 ratio introduces two channels into the Fourier domain,
and the two channels contain the alignment errors information
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in the system, but the principles of operation of the system are
otherwise unchanged [23]. However, this method can only real-
ize qualitative measurement. In this paper, a novel method is
proposed to calibrate and compensate alignment errors and
retardations of the retarders simultaneously. With a 3:1 ratio of
retarder thickness considering alignment errors in the system,
we derive a new model to reconstruct Stokes parameters by
target light. In this model, alignment errors and retardations
are unknown quantities. Then, we eliminate the phase terms
and input polarization parameters by the operations among
channels to self-calibrate the alignment errors. After that, we
can calculate phase terms based on the calibrated alignment
errors and the information of channels. Thus, we realize the
self-correction of alignment errors and retardations to reduce
the effects of alignment errors and environmental perturbations
by target light.

This paper is organized as follows: Section 2 provides an
overview of the principle of the channeled spectropolarimetry.
Section 3 derives a theoretical model of self-correction. In
Sections 4 and 5, we analyze and summarize our simulation
and experimental results, respectively. The conclusion is
presented in Section 0.

2. PRINCIPLE OF CHANNELED
SPECTROPOLARIMETRY

We first briefly review the principle of channeled spectropo-
larimetry. The schematic diagram of a channeled spectropo-
larimeter in ideal condition is illustrated in Fig. 1. A
polychromatic beam S(6) passes through two retarders, R;
and R,, with thicknesses ; and &, respectively, and a linear
analyzer, 4, and then the exiting light is recorded by a spectrom-
eter. The fast axis of R is aligned with the transmission axis of 4,
and R, is oriented with its fast axis at 45° to the transmission axis
of A in an ideal condition.

A. Classical Model of Reconstructed Stokes
Parameters

If the incident Stokes vector is S;, = [So, S, S5, S5]7 (where T
denotes the transpose operation), the Stokes vector of the target
light passing through the system can be given by [14]
Sour(0) = M 4(0°) - Mp,[45°, 92(0)] - Mg, [0° @1 (0)] - iy (0),
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Fig. 1. Schematic of the channeled spectropolarimeter in an ideal
condition.
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where M 4, My, and My denote the Mueller matrices of 4,
R,, and R, respectively, and ¢,(0) and @,(0) are the ideal
phase retardations of R, and Rj, respectively. The spectrum
obtained by the spectrometer can be described as

Bo) = % S,(0) + %51 () {expl-ig> ()] + expligpa (0)]}
4 %523 (o) exp{-ip; (o) - @2 (0)]}
+ éé’% (0) exp{[p,(0) - 92 (0)]}
- %523(0—) expl{-ilp; (6) + @, (0)]}

550 explip () + 92(0)]) @

where  S53(0) = 55(0) +iS3(0), and  ¢@;(0) =2znLc =
2xAn(0)d;c = @y(0) + 2ni(0)x, (j=1,2), L, = An(o)d;
is the optical path difference (OPD) introduced by R,
An(o) is the birefringence of the birefringent crystal, ¢g;(c)
is the zero order retardation and 7,(c) is dependent on the
thickness of the retarder. Based on Eq. (2), the seven phase
terms represent seven distinct channels in the Fourier domain
that contain the data related to the input polarization param-
eters g, 1, S5, and S3. Calculating the autocorrelation of B(o)
using the Fourier transformation, we can distribute the seven
channels with seven phase terms:

Cl) = Co(L) + Ci(L- L) + Cy(-L - Ly)
+ CofL - (Ly - L)1 + Co-L - (L - L,)]
+ ClL- (L + L)+ Cyl-L-(Li + L), @)

where
CO = ]:{%S()(O')}, (4a)
e =r{is@erkin@l}). @
C1 = #{ 510 aplin) | (4c)

C, = J—'{ést (o) exp{~i[p, (o) - (Pz(")]}}) (4d)
¢ = F{si@eptin @ - p@N . e
Cy= ]—'{ -észa (0) exp{~ilg; (0) + §02(0)]}}’ (4f)

Cq= f{—éS;g(a) explil (o) + zpz(a)]}}, (49)

and L denote the frequency variable that is conjugate to wave-
number ¢ under the Fourier transform [24]. The seven chan-
nels center at L =0, +L,, £(L, - L,), and £(L; + L),
respectively. Then by filtering out seven channels and perform-
ing inverse Fourier transformations independently, the whole
Stokes parameters of the target light can be described as
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So(0) = 2F HCy}, (5a)

$1(0) = % (5b)

0 = el L Sy
520 = ol e e g 9

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

B. Current Reference Beam Calibration Technique

In Egs. (52)-(5d), exp[-ig, ()] and expi-ip, (o) + @,(0)]}
are undetermined. In the traditional method, a reference beam
linearly polarized oriented at 22.5° [18,25] is used to determine
the phase terms. The Stokes parameters of the 22.5° linearly
polarized reference beam are given by

S1(0) = v2/284(0), (6a)
S,(0) = ~/2/28,(0), (6b)
S3(0) = 0. (6¢c)

Combining Eqs. (4a)—(4g) and Eqs. (6a)—(6¢), we can obtain

the phase terms, i.e.,

) _ FHCios}
expl-iy (0)] = 2V2 g 22 Conal (7a)

F! {1Cs25:}
F Y Cons}

Lastly, substituting the calibrated phase terms, exp[-ig,(c)]
and exp{-7@,(6) + @,(0)]}, into Egs. (5a)—(5d), the whole
Stokes parameters of the target light can be obtained. However,
this reconstruction procedure is suitable only for the spectro-
polarimeter in an ideal condition. When working with align-
ment errors and environmental perturbations, the accuracy of
the reconstructed Stokes parameters and the stability of the in-
strument will be reduced by using this reconstruction model.

exp{-ilp1(0) + pa2(0)]} = -4v/2 (7b)

3. SELF-CORRECTION MODEL OF
RECONSTRUCTED STOKES PARAMETERS

In this section, a novel method is proposed to calibrate and
compensate alignment errors and retardations of the retarders
simultaneously. A two-setup approach is adopted for the self-
correction method. We first derive a new model of recon-
structed Stokes parameters, and then determine the unknown
quantities, alignment errors, and retardations in the new model

by self-calibration.

A. Derivation of the Self-Correction Model

When the system is working in an actual condition, the angle
errors, €1 and &,, of R; and R,, respectively, are inevitable, as
shown in Fig. 2. The Stokes vector of the target light passing
through the system will be expressed as
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Fig. 2. Schematic of the channeled spectropolarimeter in an actual
condition.

St,)ut(g) = MA(OO) : MRZ [450 + €2 (/’2(0)]
'MRI le1, 91(0)] - Sin(0). (8)

And the spectrum obtained by the spectrometer will be
described as

B'(0) = 5[50(0) + 416,51,
+ 7 herS (@) texpl-ina(0)] + explis (o))
b1+ e)ST(0) expl-Al @) - (o))
b1+ e)S1(0) explilen (0) - (o))
+ 2 hieaST0) exploi ()]
+ i b1¢,8125(0) expliep; (0)]
+ 51 - )Sin(0) expl-ilen @) + (o))

+ 501 - )81 explilpn @) + 92l (9)

where

{ﬂl = sin 2¢; { b, = sin 2¢,

a, = cos 2&;’ b, = cos 2¢&,’

(10)
{ ¢y = sin 2(e; - €7)
c; = cos 2(e;, — &)’
{512(0) = a,5,(0) + 4,5,(0) (11)
S123(6) = 2, 5,(0) - 1,5,(0) + iS5(0)°

Based on Eq. (9), there are nine distinct channels in the Fourier
domain; the Fourier transformation of B'(6) is given by

C'(L) = Co(L) + CH(L - Ly) + CLy (=L - Ly)
+ GL - (L) - L]+ CLH[-L - (L - Ly)]
+ Ci(L-Ly) + C'5(-L- L)
+ CiL - (Li + L]+ C'y[-L - (L, + Ly)],  (12)

where
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Co= '7:{;[50(6) + 17151512(5)]}) (13a)
ci=F{ihesu@ortm@l), (130
¢ = F{ihesu@ olin@l].  130)

63 = F{-gal1 + )S10) ol @) - a0 .
(13d)

Cl, = f{—%bz(l + e1)S123(0) explilr o) - rpz(rf)]}},
(13e)

;= f{éélfzsfzs(ﬂ) exp[-ig; (U)]}’ (13f)
Cl; = {251025123(0) eXP[i%(U)]}) (139)

C,= «7:{%172(1 - ¢1)8723(0) expi-ilp; (o) + (Pz((’)]}})
(13h)

¢ty = F{§h1 - )Sus@) eplin (@) + (@) |

(13i)

The nine channels center at L =0, £1,, +(L; - L,), £L,,
and (L, + L,), respectively. However, when the thickness ra-
tio of two retarders is 1:2, channels C} and C';, C',, and Cj
will be overlapped, respectively. The information in these chan-
nels cannot be employed. In this paper, we use a 3:1 ratio to
separate the nine channels from one another in the Fourier do-
main and utilize the information of nine channels completely to
realize self-correction. Figure 3 shows the magnitude of the
autocorrelation function of the modulated spectrum with
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5 0.5 lc_,l C
%0'5 lc_ &1 \ 1||c2| '
2 Ic_) . |C4|||
- [c.l A
0.0 = | W Y
100 .50 0 50 100

Optical Path Difference L [um]

Fig. 3. Magnitude of the autocorrelation function of the modulated
spectrum. The enlarged part in the dashed box shows |C;| (a) without
alignment errors and (b) with alignment errors.

the 3:1 ratio. /{C3} = I{C_3} # 0 when the retarders have
alignment errors, so that we can find out more information.

By filtering out nine channels and performing inverse
Fourier transformations independently, the whole Stokes
parameters of the target light can be described as

So(0) = 2F1{Cl} - bie By, (14a)
S1(0) = e, E; + a;Rel{E,}, (14b)
52((7) = alEl - ﬂzRC{Ez}) (14c)
S3(0) = -Im{E,}, (14d)
where
4x FHCY
El == .
bycy x expl-ip,(0)] (15)
5 8 x f’I{Cé}
2

" by(1-¢y) x expl-ilp1 (0) + 92 ()]}

B. Self-Calibration of Alignment Errors and
Retardations
The demodulation of the Stokes parameters can be performed
as long as the alignment errors and retardations can be cali-
brated precisely. We assume that €, > 0 and &; < 0, which
are dependent on the manufacturing and alignment tolerances
of the channeled spectropolarimeter. The positive sign of align-
ment errors indicates that the fast axes of the retarder deviate
from their ideal state in a counterclockwise direction, while
the negative sign indicates a clockwise direction. To avoid the
inconvenience that any term of any channels may be zero, the
target beam should meet the condition of §; # 0 or S, # 0 or
S3 # 0, regardless of the SOP of the beam [19].

With Egs. (13a)—(13i), we eliminate the input polarization
parameters in channels to calculate angle errors and phase re-
tardations, i.e.,

FUCHFUC,) _ (14>
FHUCHF(Cy) (l—cl> ’ el
FUCHF ) _ _4<bl>2 17
FHCHFCY) b))’ (7)
Yo bic

T = 2 gl (18)

FHUCY  by(1-cp)

With Egs. (16)—(18) and the following equations:
a% —i—a% =1, b% + b% =1, and c% + c% =1, the alignment
errors and phase factor exp[ig,(0)] are obtained as

FUCHFNC)
FUCHFTC) (9)
FcpFcy L,

\FehFen T

Lot (TOEE)
2%’ (Fciric) o

=




Research Article

Vol. 57, No. 27 / 20 September 2018 / Applied Optics 7861

by (1 -¢y) fﬁl(Cé)
251[2 fﬁl(Cg) ’
where abs stands for the operation of taking the absolute value.

Then, the angle errors, €; and &,, and the target retardation
@,(0) are given by

b
€ = <%> arcsin(cy) + <%) arctan <b—;>, (22)
& = <%) arctan <z—;>, (23)

[(pZ (6)](arge( = P02 (0) + 2;/12 (6)”

— by(1-¢)) F1(CY)
25162 fﬁl(Cé)

To calibrate the phase factors, we just need to measure
exp[-ig,(0)] and exp{-i[p,(c) + @,(0)]} by referring to the
conventional reference beam calibration technique described
in Subsection 2.B. While exp[-ig,(c)] has been given by
Eq. (21) through Egs. (13a)—(13i), exp{-i[p,(c) + @,(0)]}
cannot be acquired directly. Therefore, we use the target retar-
dation ¢, (o) acquired by Eq. (24) to calculate the target retar-
dation ¢, (0) + @,(0), shown as Eq. (25), provided that both

retarders undergo the same environmental perturbations:

2225 (o)
[@1(6) + @2(0)]r2s5

(1)

expligy(0)] =

} + 2m,(0) 7. (24)

[¢2 (O—) ]target >
(25)

where ¢, 5,5(0) and [@,(0) + ¢,(0)]r25 are the retardations
of retarders acquired by a 22.5° linearly polarized reference
beam in the laboratory.

Lastly, substituting the self-calibration alignment errors, €,
and ¢,, and the self-calibration phase terms, exp[-ig,(c)] and
exp{-il@,(c) + @,(0)]}, into Egs. (14a)—(14d), the whole
Stokes parameters Sy, Sy, S;, and S5 of target light could be
determined accurately. So far, the model of self-correction of
alignment errors and retardations in the channeled spectropo-
larimeter has been built. Based on the presented method, the
reconstructed polarization parameters will be more accurate.

[(pl (6) + (] (O-)]rarger =

4. SIMULATION ANALYSIS

Simulations will be performed to verify the feasibility and ad-
vantages of the presented method. In the simulation, we em-
ploy a 30° linearly polarized beam as the target light, and the
wavenumber range is 11,916 cm™'-16,282 cm™'. R, and R,
are made of quartz, whose birefringence in the selected wave
band can be referred to Ref. [26]; their thicknesses are 6
and 2 mm, respectively. The alignment errors of R, and R,
are &1 = -0.5° and &, = 0.5°, respectively. We compare the
phase retardations calibration results and reconstructed polari-
zation parameters with two methods, i.e., a traditional method
referring to Section 2, and the new method presented in this
paper, referring to Section 3.

We first calibrate the alignment errors of the retarders, as
shown in Fig. 4. Table 1 shows the averages and errors of
the calculated results of €, and &,. Because the angle errors
are independent of wavenumber, we can use the averages of

g 10

{2

8 05l

g —s=—Error ofR1
= 0.0 —e—Error of R,
1]

- —— Input Value
g .05

g 0.

)

= 1.0— . . . .
< 1.2 1.3 1.4 1.5 1.6 1.7

Wavenumber a[x104cm’1]

Fig. 4. Calculated results of the alignment errors of R; and R,.

Table 1. Averages and Errors of the Calculated Results
of ¢4 and &,

Parameter Input Value Calculated Value Error
£ -0.5° -0.5175° 0.0175°
& 0.5° 0.5006° 0.0006°

the calculated values in different wavenumbers as the final de-
termination results. These results indicate that the alignment
errors can be determined accurately by using the presented
method, which is the foundation of calculating phase retarda-
tions and reconstructing Stokes parameters.

Figure 5 shows the calibration results of ¢,(6) and
@1(0) + ¢,(0). The calibration results obtained by using the
presented method almost overlap with the traditional method
and the theoretical value of phase retardations. These results
indicate that the retardations can be calibrated through the tar-
get light in the presented method, which can reduce the effects
of environmental perturbations on retardations and improve
the stability of the instrument. Figure 6 gives the reconstructed
Stokes parameters obtained with the two methods. With the
traditional method, which neglects the alignment errors of
retarders, the residual errors of normalized Stokes parameters,
S1/S0> $2/S0, and S3/8;, over the working wave band are
5.95x 107, 4.38x 107, and 5.98 x 104, By using the
presented method, the residual errors of /S, S,/S,, and
S3/Sy are 4.89 x 1074, 9.55 x 107, and 3.23 x 1074, respec-
tively; we have reduced the residual errors by 1 or 2 orders
of magnitude over the traditional method. The above results
indicate that the alignment errors of the retarders have been
compensated effectively.

We have provided a simulation of |g;| = 0.5°. After that,
Monte Carlo simulations will be utilized to prove the
general applicability of the presented method with different
alignment errors. The amplitude ranges of the alignment
errors are 0.3°, 0.4°,...., 1.0° because of the inevitable alignment
errors in practical application. During the simulation process,
1000 groups of angle errors, 1000 angle errors of R, and
1000 angle errors of R, are generated randomly and distrib-
uted uniformly in each specific range. Besides, we use
the errors of degree of polarization (DOP) [27], given by
DOP(o) = \/S%(a) + S%(0) + S5(06)/Sy(0), to analyze the
reconstruction results, which are shown in Fig. 7. The errors
of DOP are reduced effectively by using the presented method.
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Fig. 5. Calculated results of phase retardations (a) @,(c) and (b) ¢, (6) + ¢,(0).
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Fig.6. Reconstructed results of normalized Stokes parameters; theo-

retical values are §,/Sy = 0.5, §,/S; = 0.866, and S3/S, = 0.

And the results tend to definite values with the different angle
errors of R, and R,. The Monte Carlo simulations have verified
the general applicability of the presented method with different
alignment errors.

The simulation results suggest that the angle errors of R,
and R, and the phase terms ¢,(0) and ¢,(0) + ¢,(6) can
be calibrated accurately and compensated effectively by using
the presented method. The reconstruction Stokes parameters
can obtain the same precision with the different angle errors
of R, and R,, which means that we can loosen the manufac-
turing and alignment tolerances of retarders in the channeled
spectropolarimeter. The detection results were acquired in the
process of each measurement so that the effects of environmen-
tal perturbations would be reduced by target light.

0.016 1
0.014
0.012
0.010
0.008 -
0.006 -
0.004 -
0.002
0.000 -

02 03 04 05 06 07 08 09 1.0 1.1
Amplitude of Angle Errors [Degree]

—s— Presented Method
—e— Traditional Method

Error of DOP

—

Fig. 7. Error of DOP measurement in the presence of different
angle errors.

5. EXPERIMENTAL RESULTS

We carried out an experiment, whose configuration is illus-
trated in Fig. 8, to further demonstrate the validity of our
method. A stabilized tungsten halogen lamp, a collimator, and
a rotatable polarizer, P, are used to generate the target beams.
The channeled spectropolarimeter consists of the PSIM
module and a spectrometer (FieldSpec 3, Analytical Spectral
Devices). The thicknesses of R,, R,, and the wavenumber
range are consistent with the simulation settings.

In order to verify the ability of the present method for com-
pensating alignment and retardation errors, we change the
angle error of Ry, &1, from -1.5° to -0.5°, and the angle error
of R, &, from 1.5° to 0.5° with the temperature rising from
24°C to 29°C. The phase retardations may be changed by tem-
perature variation, stress, or other environmental factors in
an application. We introduce the temperature variation in this
experiment.

Figure 9 gives the reconstructed Stokes parameters under
different alignment errors and temperatures with the two meth-
ods. The normalized Stokes parameters show significant devia-
tions with the true value by using the traditional method, as
shown in Fig. 9(a), and the residual errors of S, /Sy, S,/Sy,
and S3/8, are 3.62x 1072, 1.34x 107!, and 3.72x 107},

_ Tungsten

Halogen Lamp

Fig. 8. Experimental setup with a temperature controller to simu-
late temperature variation in application.
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Fig. 9. Reconstructed Stokes parameters from experimental measurements under different alignment errors and temperatures using (a) the tradi-

tional method and (b) the presented method. Theoretical reference values are §1/Sy = 0.5, S,/Sy = 0.866, and S3/S, = 0.

respectively. It is noteworthy that the normalized Stokes param-
eters under different alignment errors and temperatures almost
overlap with each other by using the present method, as shown
in Fig. 9(b). The residual errors of S} /Sy, S5/S¢, and S5 /8, are
less than 8.41 x 1073, 1.33 x 1072, and 8.51 x 1073, respec-
tively. Because of the thickness errors of the retarders, noise,
and stray light, the experimental reconstruction errors are larger
than the simulation results.

The experimental results indicate that by using the self-
correction method, the reconstructed Stokes parameters can
be acquired accurately even in the presence of different align-
ment errors and environmental perturbations. The results show
good agreement with the simulated analysis over the measured
spectral range. This method plays an important role for the
in-orbit application of the instrument.

6. CONCLUSION

In this paper, we propose a new model of self-correction that is
utilized to calibrate and compensate alignment errors and re-
tardations simultaneously by measuring the SOP of target light
in orbit. With a 3:1 ratio in retarder OPDs, we utilize the in-
formation of nine channels completely and discover the poten-
tial of self-correction to reduce the effects of alignment errors
and environmental perturbations by target light. The target
beam just needs to meet the condition of S} # 0 or §, # 0
or S3 # 0, regardless of the SOP of the beam. The validity
and feasibility of the presented method have been confirmed
by simulations and experiments in the presence of alignment
errors and environmental perturbations. The errors of normal-
ized Stokes parameters by using the presented method have
been reduced by 1 or 2 orders of magnitude over the traditional
method. Furthermore, Monte Carlo simulations are used to
confirm the accuracy of the reconstructed Stokes parameters
in general conditions.

The realization of self-correction explains the ability of
reducing the effects of environmental perturbations. While fre-
quent system recalibration in the process of each measurement
is necessary using the traditional method, the new method is
realized only by using an effective software correction without
the reference beam or any other additional components. As a
result, the presented method can be used to improve the

accuracy of the reconstructed Stokes parameters and the stabil-
ity of the instrument effectively, which is significant for the
in-orbit application of the channeled spectropolarimeter.
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