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The Stokes polarimeter based on liquid crystal variable retarders (LCVRs) is envisaged as a promising novel technique
for polarization measurement in space applications due to the inherent advantage of eliminating the need for conventional
rotating polarizing optics and increasing the measuring speed. However, the intrinsic multi-beam interference in LCVRs
limits its polarization accuracy by several percent. How to eliminate the influence of the interference effect becomes an
urgent issue for the liquid-crystal-based Stokes polarimeter. The present study introduces a simplified but effective inter-
ference model based on the thin-film optics and polarized light theory to simulate the relationship between the interference
effect of the LCVRs-based Stokes polarimeter and the polarization accuracy. The simulation results show that the transmit-
tance variation of LCVR with the derived voltage is caused by multi beam interference between the indium tin oxide (ITO)
film and the liquid crystal within LCVR, which produces a few percent of instrumental polarization. The instrumental
polarization is about 0.01 and different for different wavelengths. An optimization method was proposed to reduce the in-
strumental polarization to 0.002, effectively improving the polarization sensitivity of the Stokes polarimeter limited by the
interference. In addition, an experimental setup was built up to measure and analyze the influence of the interference effect
of the LCVRs-based Stokes polarimeter on the polarization accuracy before and after the optimization. The experiment

results are in good agreement with the simulation.

Keywords: polarimetry, liquid crystal variable retarder (LCVR), interference effect

PACS: 42.70.Df, 95.75.Hi, 95.55.Qf, 95.55.Ev

1. Introduction

The primary physical quantities associated with an elec-
tromagnetic wave (optical field) are intensity, wavelength, co-
herence, and polarization. Conventional panchromatic cam-
eras measure the intensity of optical radiation over a particular
waveband of interest. Spectral imagers measure the intensity
in several wavebands, which can range from one or two (three
is common for a color camera), through multispectral to hy-
perspectral systems.!! In the case of remote sensing, spectral
sensors give us information about the distribution of material
components in a sample; >3/ polarimetry provides information
about the surface features, shape, shading, and roughness.[46!
In astronomy, spectroscopic measurements yield details about
the temperature, density, and Doppler velocity, whereas, po-
larimetry gives details on other physical parameters such as
magnetic fields and electric fields.!”"! Polarization provides
more information than spectral and intensity images, and thus
plays an essential role in remote sensing and astronomy.

A standard Stokes polarimeter consists of a modula-
tor and an analyzer for measuring the polarization signals.
Presently, especially in the visible light range, many modu-
lation schemes are employed to built polarimeters and mea-
sure the full Stokes vector, for example, mechanical mod-
ulation, photo-elastic modulation (PEM), potassium dideu-
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terium phosphate (KD*P) modulation, liquid crystal variable
retarders (LCVRs) modulation, and ferro-electric liquid crys-

[10-181 Tn space applications,

tal retarders (FeLLCs) modulation.
photo-elastic modulation is seldom used in imaging polariza-
tion measurement due to its ultra-high modulation frequency
(dozens of kHz); KD*P modulations are complex and difficult
to be used in space because of high AC voltage and material
characteristic. Mechanical modulation is the most classical
modulation method, which realizes polarization measurement
by rotating a polarizer or a retarder. However, the slow modu-
lation speed and risk of rotating mechanism limit its scope of
use in high sensitivity polarimetry in space-based instruments.
In contrast, LCVR modulation is envisaged as a promising
novel technique for a polarization instrument onboard a space-
craft due to its inherent advantage of eliminating the need for
conventional rotary polarizing optics and thus increasing the
measuring speed.

LCVRs were used as polarization modulators for the first
time in an aerospace mission which was attempted by the
Flare Generis mission.!!”! The Flare Genesis Experiment was
a balloon-borne spectro-polarimeter which aimed at obtaining
the vector-magnetograms of the solar photosphere and chro-
mosphere. Many of the technologies derived from the Flare
Genesis Experiment were later used in the successful IMaX
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instrument of the Sunrise mission.?>?!1" Another application
of LCVRs in space is in Solar Orbiter,[??! a mission of the
Cosmic Vision program of the European Space Agency (ESA)
and was launched in 2020. The objective of this space mis-
sion is to observe the sun, using a suite of advanced scientific
instruments and at an approach point to the sun as close as
0.28 AU during part of its orbit. There are two payloads, the
polarimetric and helioseismic imager (SO/PHI) and the multi-
element telescope for imaging and spectroscopy (METIS)[%?]
which use LCVRs as modulators. Also, the full-disk magneto-
graph (FMG),**! one of the payloads onboard the Advanced
Space Solar Observatory (ASO-S),[? uses LCVRs as the po-
larization modulators. ASO-S mission is specifically proposed
to understand the physical processes involved in solar flares,
CMEzs, and the solar magnetic field evolution, scheduled to be
launched in 2021.

However, the interference effect is a severe problem that
one must address in the LCVRs-based Stokes polarimeter. The
effective thickness (optical path) of the liquid crystal layer in
LCVR is of the same order of the observing wavelength, which
makes it easier for the multi-beam interference to occur due to
the refractive index mismatch in LCVR. Consequently, how
to analyze, forecast, optimize, and reduce the influence of the
interference effect on the polarization accuracy becomes an
urgent issue for the use of LCVRs-based Stokes polarimeter
with high accuracy.

This paper introduces a simplified but effective interfer-
ence model based on the thin-film optics and polarized light
theory, and simulates the relationship between the interfer-
ence effect of the LCVRs-based Stokes polarimeter and po-
larization accuracy. An optimization method is proposed to
reduce the instrumental polarization by effectively improving
the polarization sensitivity of the Stokes polarimeter. An ex-
periment was set up to measure and analyze the influence of
the interference effect in the LCVRs-based Stokes polarimeter
on the polarization accuracy. The remainder of this paper is
organized as follows. Section 2 briefly reviews the design of
LCVRs-based Stokes polarimeter. Section 3 builds a polariza-
tion model of LCVRs-based Stokes polarimeter with interfer-
ence. Section 4 presents the simulation results and discusses
the optimization method to reduce the instrumental polariza-
tion. Section 5 gives the experimental datasets and results as
well as the detailed analyses, and discusses some issues. Fi-
nally, Section 6 concludes the paper.

2. LCVRs-based Stokes polarimeter
2.1. LCVR26)

An LCVR consists of a nematic liquid-crystal (LC) mate-
rial layer sandwiched between two fused-silica substrates (il-
lustrated in Fig. 1). The outer surfaces of both substrates are

coated with an antireflective film to reduce reflection. The
inner surfaces of both substrates are coated with a transpar-
ent indium tin oxide (ITO) electrode and a polyimide layer in
turn. Some spacers are used to control the thickness of the
liquid crystal accurately. The polyimide layer forces an initial
orientation of the LC molecules in a direction parallel to that
of the silica plates, which defines the optics axis of LCVR.
The application of a voltage through the ITO films generates
a homogeneous electric field inside the cavity that forces the
LC molecules to tilt to a given angle with respect to the sub-
strate surface. Thus the birefringence index is changed, and
the retardations of LCVR will vary with the voltages (shown
in Fig. 2).) In other words, LCVR is an electro-optic modu-
lator, and it can modulate the linear polarization to circular or
vice versa by changing the voltage.

AR coating —
l<«— substrate

polyimide —p == — =———<1ITO electrode
spacer —p! Ll — == ITO

liquid crystal
material

Fig. 1. The construction of LCVR.
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Fig. 2. The relations of retardation of LCVR with voltages.

2.2. Design of LCVRs-based Stokes polarimeter

Polarized light from an object is conventionally described
through the Stokes vector, S, = [I,Q,U,V]T, where I is the
intensity, Q and U are two independent linear polarizations,
and V is the circular polarization. In general, the Stokes vec-
tors are measured by a Stokes polarimeter with a polarization
modulator and a polarizer. The polarization modulator is used
to realize the modulation among polarization signals (Stokes
0, U, and V), and the polarizer is used to modulate the polar-
ization signals into the intensity (Stokes /). The combination
modulation of polarization modulator and polarizer realizes
the measurement of full Stokes parameters (/,Q,U, and V).
In a LCVRs-based Stokes polarimeter, the polarization modu-
lator consists of two liquid crystal variable retarders, LCVR1
and LCVR?2 (as shown in Fig. 3). The fast axis orientation of
the LCVRI is the same as that of the polarizer (setting at 0°

124211-2



Chin. Phys. B Vol. 29, No. 12 (2020) 124211

in the horizontal direction). The angle between the fast axis
orientations of LCVR2 and LCVRI is 45°. The polarization
modulator is driven by the application of voltages to LCVRs to
convert the desired incoming polarization into the fixed linear
polarization selected by the polarizer.

LCVR1 LCVR2 polarizer

—

Fig. 3. Design of LCVRs-based Stokes polarimeter.

Table 1 gives a full modulation scheme of the LCVRs-
based Stokes polarimeter to realize the measurement of Stokes
vector Sy, = [1,Q,U,V]T from an object. Researchers can
choose any combination of six states to measure the required
parameters. For example, one can select the first four states to
measure the linear polarization (which is common in remote
sensing); also, one can choose the last two states to measure
the circular polarization. All the six states are chosen to mea-
sure the full Stokes parameters, which is essential in the case
of solar magnetic field measurement. Even though three in-
tensity measurements are enough to determine the linear po-
larization and four intensity measurements are enough for the
full Stokes parameters, more modulation stages have been se-
lected for robustness reasons and simplicity in the later scien-
tific data analysis.

Table 1. Modulation scheme of the LCVRs-based Stokes polarimeter.

6, 6, and &, &, are azimuth and retardation of both LCVRs, respec-
tively. 6, is the azimuth of the polarizer.

States 0 0, 0y 8 & Modulated signal
1 0° 45° 0° 0° 0° 0.5+ Q)
2 0° 45 0°  0°  180° 0.5 —0Q)
3 0° 45° 0° 90° 90° 0.5(+U)
4 0° 45° 0° 90° 270° 0.5(1-U)
5 0° 45° 0° 0° 90° 0.5(1+V)
6 0° 45° 0° 0° 270° 0.5(1—-V)

3. Polarization model of LCVRs-based Stokes
polarimeter with interference

3.1. Interference effect

Interference effects can be seen in most of the optical el-
ements. However, it can be reduced or even eliminated by
adding an anti-reflective (AR) coating on their outer surfaces.
Therefore, the interference effect is often ignored while using
some materials, such as glasses, crystal waveplate, MgF, crys-
tal, but cannot be ignored in the case of LCVR. Table 2 lists
the materials, refractive indexes, and thicknesses of a common
LCVR we have used. It is found that the interference effect

from ITO could not be ignored due to its large refractive in-
dex relative that of the liquid crystal, and the reflectivity is
about 0.02 (calculated by Fresnel formula?®!). Furthermore,
the liquid crystal has a larger birefringence index compared to
other uniaxial crystals, which makes it challenging to elimi-
nate the interference effect by using AR coating or refractive
index matching. In addition, the effective extraordinary index
ne varies with the voltages applied to LCVR, which induces an
additional interference effect. Thus, the interference becomes
a significant problem that we have to face and deal with in
LCVRs-based Stokes polarimeter.

Table 2. Materials, refractive index, and thickness in LCVR.

Material Refractive index Thickness
Fused silicon no = 1.46 5 mm
ITO no =2.0 50 nm
Polyimide no =15 300 nm
Liquid crystal no = 1.5, ne =1.76 5 um

3.2. Interference model of LCVR

As the interference mainly comes from the refractive in-
dex difference between ITO and liquid crystal, an LCVR can
be further simplified to three-layer films: ITO, liquid crystal,
and ITO. The simple model is shown in Fig. 4, where n; and d;
represent the refractive index and thickness of the j-th layer.

o
no

j=1 ITO —» ni, di

j=2 liquid crystal —p ng, do

j=3 ITO —> n3, d3
Ty

Fig. 4. The simplified geometric model of LCVR.

For an isotropic film as ITO, based on the theory of thin-
film optics,?8! the interference effect of the j-th film can be
described entirely by a characteristic matrix M ;,

i
cosd; —sind;
M; = Tom @)
in;sind;  cosd;

where §; and 7; are the retardation and effective refractive in-
dex of the j-th layer and can be calculated by

2
@z%njdjcosej, (2)
njcos 8;, s-polarization,
nj=y " &)

m, p-polarization.

Here A is the measured wavelength, and 6; is the refractive
angle and can be derived by Snell’s law. It is noted that 1);
has different response for different (s- or p-) incident polar-
ization when 6;7 0. Thus, M would be different for s- and
p-polarization. But it is not the case for the uniaxial crystal
as liquid crystal. However, the characteristic matrix Eq. (1)
will still be available for liquid crystal if the principal plane of
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the ray and the principal section of the liquid crystal coincide,
when s-polarization and p-polarization coincide with the ordi-
nary light and the extraordinary light, respectively. §; and 7;
in Eq. (1) for liquid crystal are described by

2 o
Tnodj cos 8, s-polarization,

0j = o 4
Tr‘zed jcos 6;, p-polarization,
nocos 8;, s-polarization,

n,= Tle ®))

,  Pp-polarization,
cos 0;

where n, is the refractive index of the ordinary light, and 7.
is the effective refractive index of the extraordinary light. 72,
varies with the incident angle and voltages applied to LCVR
and can be calculated by

NoNe

\/n2cos?(6; +B) +n2sin’(6; + )

Ne =

(6)

where f is the molecule tilt angle of the liquid crystal. To il-
lustrate the characteristics of the tilt angle, we use a general
expression for the molecule tilt angle of a liquid crystal as a

function of the applied voltage,*"!

07 V ng?

_ 0.55
= V-V, (M
p E—Ztan’lexp - = , V>V,
2 o

where V is the applied voltage, V. is a critical voltage at which
the tilting process begins, and V) is the excess voltage.

3.3. Polarization model of LCVR with interference

The characteristic matrix M represents the relationship
between electromagnetic fields on two adjacent interfaces of
the j-th film,

Ei Ejq
=M;| 7 8
[H.il} ! [HJH ] ®

thus, the electromagnetic fields of the incident light and the
outgoing light in LCVR have the following relations:

E E E
[Hﬂ = M, M, M3 [Hi] = Mycvr [Hﬂ : ©)

According to the Maxwell equation and its boundary condi-
tions, equation (9) is transformed into the following form:

(10)

Eoi+ Eor
(Eoi—Eor)No

E4

= M ’
} LCVR {774 E4,t:| )
where Eq;, Eor, and E4 ¢ are respectively the amplitudes of the
incident light, reflected light, and refracted light of the LCVR.

Then the Fresnel coefficients, #; and #,, can be obtained by

(1)

tS,p = EO .
i

Correspondingly, the Mueller matrix of the LCVR for trans-
mission can be calculated by

A B 0 O
1{B A 0 O
Micw=5|09 0o ¢ b | (12)
0 0 -D C
2
A:|lp| +|ls|2a
2 2
B = |tp|” — Its|",
C = 2Re(t,1s),
D = 2Im(z,15). (13)

M g represents the polarization model of the LCVR with
interference. It describes the relations between the incident
and outgoing Stokes vectors of the LCVR.

3.4. Polarization model of LCVRs-based Stokes polarime-
ter with interference

The total Mueller matrix M of LCVRs-based Stokes po-
larimeter is the product of those of the polarizer, LCVR2, and
LCVRI1,

M = 1"]V—’pRﬁfslo M cvraRase M cygy Sins (14)

where 7 is the total transmittance of the system; M -y, and
M g, are the Mueller matrices of LCVR1 and LCVR2, re-
spectively; Ryse is a rotation matrix; and M, is the Mueller
matrix of the polarizer. The polarization properties of a Stokes
polarimeter in any state can be conveniently described by the
4 x 4 Mueller matrix M which describes the relations be-
tween the incident and outgoing Stokes vectors. Because pho-
ton detectors are in practice sensitive only to the intensity, only
the first row of the Mueller matrix is essential. The modula-
tion of intensity by a 6-state Stokes polarimeter is captured in
a 6 x 4 modulation matrix M,,q. For each state in Table 1, the
corresponding row of the modulation matrix M4 is given by
the first row of the Mueller matrix Mj of the Stokes polarime-
ter in that state. Then, we have

I6><1 = TMmodSin- (15)

Here I« is the six light intensities obtained from the modu-
lation states in Table 1. The demodulated Stokes parameters
Sm = [In, Oms Un, Vin]T can be directly calculated with

Iy = T%Zizl Minod(k,:)Sin,

Om = T(Mimod(1,:) — Mimod(2,:)) Sin:

Un = T(M0d(3,:) — Minod(4,:)) Sin,

Vin = T(Mnoa(5,:) — Mo (6,:))Sin- (16)

Equation (16) can be simplified to a simpler form

Sm = TXSim (7

124211-4
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1
gzglemod(kv:)

X = | Muoa(1,:) = Mimoa(2,2) | | (18)
Minod(3,:) — Mimod (4, 2)
Mmod(S,I)*Mmod(@:)

where X is a normalized 4 x 4 matrix and named polarization
response matrix. It will be a 4 X 4 unit matrix Xjgeq if the
Stokes polarimeter is ideal,

1 0 00O
01 00

Xideal = 0 O 1 0 (19)
0 0 0 1

The X fully expresses the relationship between measured
Stokes vector Sy, and the real Stokes vector S;, from an ob-
ject. It also completely represents the polarization proper-
ties of the LCVRs-based Stokes polarimeter. In this situation,
the Mueller matrix of LCVR can be obtained by substituting
Egs. (1)-(11) into Eq. (12); then the modulation matrix is ob-
tained by substituting Eq. (12) into Eq. (14); finally, the po-
larization response matrix is calculated by Eq. (18), which is
the polarization model of the LCVRs-based Stokes polarime-
ter with interference.

4. Simulation and optimization
4.1. Polarization accuracy and polarization response ma-
trix

The difference between X and Xjgea

8/Qin 8/’/lin g/Vin
8/‘1in e/uin S/Vin
E/Qin g/uin S/Vin

AX = X — Xidea = (20)

M M M

describes the polarization accuracy of the instrument, where
€ is the polarization sensitivity for remote sensing (or S/N),
Gin, Uin, and vj, are the linear polarization degree and circular
polarization degree of the object, respectively. The first row
is usually neglected as it only affects the intensity but not the
polarization. The first column is called the instrumental, and
the remaining three columns are called crosstalk among linear
polarization and circular polarization. Equation (20) shows
that the polarization accuracy of the instrument AX depends
on the polarization degree of the object. Most of the observed
objects emit partially polarized light and the polarization de-
gree is generally below 0.1, thus AX can be calculated from
Eq. (20) by setting gin = ujn = vip, = 0.1. Table 3 lists the
requirement of instrumental polarization and crosstalk for dif-
ferent polarization accuracy. It indicates the the instrumental
polarization has a tougher requirement than the crosstalk for
the partially polarized light.

Table 3. The requirement of instrumental polarization and crosstalk for
different polarization accuracy.

Polarization accuracy ~ Instrumental polarization  Crosstalk
0.01 0.01 0.1
0.001 0.001 0.01
0.0001 0.0001 0.001

4.2. Simulation
For a general optical element without scattering, A, B, C,

and D in Eq. (13) can be completely represented by three pa-
rameters fp, #;, and 6 in polarization theory as

2
A - |tp| + |ls|27
2 2

B = |tp|" — |ts|*,

C = 2tyt5c0s 0,

D = 2tptssin§, 21
where § is the phase retardation of LCVR. Therefore, it is bet-
ter to simulate the interference effect as follows.

(i) Calculating the Mueller matrix of LCVR by Eqgs. (12),
(13), and (21).

(ii) Fitting the three parameters t,, t;, and & by Eq. (21) to
analyze their relationship with interference.

(iii) Calculating the polarization response matrix X and
polarization accuracy AX of the LCVRs-based Stokes po-
larimeter.

(iv) Analyzing the instrumental polarization and crosstalk
over wavelengths.

ny=1.5, di =d3;=50nm,

no =1.5, ne =1.76, d, = 5 pm,

Ve=15V, V=20V,

6y =0. (22)

— simulated
. fitted

— simulated
. fitted

0.94 —0.05
= 090 —0.10
0.86 —0.15
0‘823 4 5 6 7 8 9 10 _0'203 4 5 6 7 8 9 10
Voltage/V Voltage/V
1.0 1.0

— simulated
. fitted

@) 0 o) 0 — simulated
. fitted
-0.5 —-0.5
-1.0 -1.0
3 4 5 6 7 8 9 10 3 4 5 6 7 8 9 10
Voltage/V Voltage/V

Fig. 5. Mueller matrix of LCVR at 532 nm with interference effect.

Figure 5 displays the simulated Mueller matrix of LCVR
at 532 nm with interference. The solid line and dotted line
represent the simulated and fitted results, respectively. It can
be seen that A, B, C, and D oscillate obviously with the driving
voltage due to the interference. Figure 6 gives the correspond-
ing three parameters ¢, f;, and S fitted. We can find that the
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oscillation only comes from #,, but z; and J are not affected by
the interference. The variation of #, with voltages produces a
weak polarization like as a polarizer, which induces the instru-
mental polarization.

Based on the curve of phase retardation 6 with voltages
in Fig. 6, we can exactly derive the corresponding voltages for
90°, 180°, 270°, and 360° as shown in Table 1. The polariza-
tion response matrix X can be calculated with Egs. (11)—(18)
and Table 1. Figure 7 illustrates the relationships between AX
and the spectra bandwidth transmitted by the LCVRs-based
Stokes polarimeter. The center wavelength is 532 nm. The
horizontal axis is the spectra bandwidth AA, and the vertical
axis is all the elements of AX. It is obvious that the instru-
mental polarization is less than 0.006, and the crosstalk is less
than 0.02; their variations with the spectra bandwidth are less
than 0.0003 and can be ignored.

1.0 ~0.0365
0.5 ~0.0366
0 ~0.0367
-0.5 ~0.0368
O35 50 75 100 Y% 35 50 75 100
X10-3 X10-5
1.812 -12
1811 -13
~14
1.810 s
025350 75 100 9 25 50 75 100
X10-3 X10-3
-5.3 1.5
-5.4 1.0_/
-5.5 0.5
-5.6 0
0 25 50 75 100 0 25 50 75 100
_3 —4
~5.360 10 PRl
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Fig. 7. Polarization accuracy AX vs. the spectra bandwidth of LCVRs-based Stokes polarimeter.

Finally, we can easily obtain AX at different wavelengths
by the same method used for 532 nm, as illustrated in Fig. 8.
The polarization errors are different in different wavelengths.
The instrumental polarization is about 0.01, and the crosstalk
is less than 0.025 over the spectral range of 500-600 nm.

In reality, polarization calibration is a necessary step be-
fore using any Stokes polarimeter for observations. The polar-
ization calibration accuracy is about 0.01 for the polarization
response matrix X. It means that, if the polarization accu-

racy required is higher than 0.01, the interference effect can

be ignored. However, if the required polarization accuracy is
in the order of 0.01-0.001, we must pay attention to the in-
strumental polarization induced by the interference. When the
required polarization accuracy is better than 0.001, the instru-
mental polarization and crosstalk have to be taken into account
together. Also, the instrumental polarization always has higher
requirements than the crosstalk for the weak polarization ob-
jects. Thus, it limits the polarization sensitivity of the Stokes

polarimeter to 0.01.

124211-6



Chin. Phys. B Vol. 29, No. 12 (2020) 124211

1 0.06 0.06 0.06
0.04 0.04 0.04
0
0.02 0.02 0.02
-1 0 0
500 525 550 575 600 500 525 550 575 600 500 525 550 575 600 500 525 550 575 600
X10—4 X10~3 X10-3
0.010 4 8 1.0,
6
0.005 2 4 0.5
2
[0 0 0 0
500 525 550 575 600 500 525 550 575 600 500 525 550 575 600 500 525 550 575 600
X10-3 X10-3 X10-3
8 1.5 0.03 8
6 1.0 0.02 6
4 4
2 0.5 0.01 )
0 0 0 0
500 525 550 575 600 500 525 550 575 600 500 525 550 575 600 500 525 550 575 600
X10-3 xX10—4 X10-3
8 6 8 0.015
6 4 6 0.010
4 4
5 2 2 0.005
0 0 0 0
500 525 550 575 600 500 525 550 575 600 500 525 550 575 600 500 525 550 575 600
A/nm A/nm A/nm A/nm

Fig. 8. Polarization accuracy AX vs. wavelengths of LCVRs-based Stokes polarimeter.

4.3. Optimization

The previous simulation shows that the interference in
LCVR mainly induces instrumental polarization, which is al-
ways more severe than crosstalk. How to minimize or even
eliminate the instrumental polarization is an important issue
we have to solve for the high accuracy polarization measure-
ments using LCVRs-based Stokes polarimeter. One method
is to match the refractive index of ITO and LC, and another
one is to choose a particular LC with a small birefringence
index. However, both of them are difficult to carry out and
also may produce some other problems such as low modula-
tion speed. Here, we propose an optimization method, trying
to reduce the instrumental polarization by exact alignment in-
stead of exchanging the LCVRs. By expanding Egs. (14) and
(18), the instrumental polarization of X can be transformed
nto

Xo1 :A‘I’u (A;/ﬂ _Agzz) +B‘1/11 (C;/Zl _ ;/22)’ (23)
X3 = A‘1’12 (A‘2/23 _A;/24) +B‘1/12 (CZB _ ;/24)’ (24)
X4 = A‘1/13 (A;/ZS —A;/%) +B‘1/13 (C;/zs _ C;/%), (25)

where Aj, B;, Ci, and D; are the main parameters of the
Mueller matrix of LCVRI1; Aj, By, Cy, and D, are LCVR2’s;
Vi1, Viz, Vis, Vai, Voo, Va3, Vaa, Vas, Vo are the driving voltages
corresponding to LCVRs’ phase retardation, required for po-
larization modulation. We can see from the above set of equa-
tions that LCVR2 always needs two different voltages no mat-
ter it is Xo1, X31, or X471 in Egs. (23)—(25). Also, A; is always
close to 1 and Bj is close to O from Fig. 5. It means that it is
possible to optimize X»; to zero by aligning LCVR1’s voltage
to B‘l/ll = 0 and aligning LCVR2’s voltage to A‘z/21 _Agzz =0,
which is also applicable to X3; and X4;. In detail, the initial
design voltages at 532 nm are shown in Table 4, in which the

2nd and 3rd columns are the initial design results. After con-
sidering the interference, Vi1, Vi2, Vi3, Voo, Vo4, and V,5 can
be used as variables to change around the initial values with
40.2 V. Thus, we will get the optimized voltages to minimize
the instrumental polarization. Table 4 illustrates the optimiza-
tion results, in which X1, or X3;, even Xy; will be minimized.

Table 4. The driving voltages of LCVR1 and LCVR?2 in 6 states. The 2nd
and 3rd columns are the initial design results, and the last two columns are
the optimized results.

States Vicvri/V Vicvra/V VIZCVR vV VICCVRZN
1 Vii=3.236 V5 =3236 V1 =3210 V5 =3.236
2 Vit =3236  V»p=4.833  V;; =3210 Vi =4.812
3 Vi2=6.500 V23 =6.500 Vi3 =6452 V53 =6.500
4 Vi2 =6.500  Vp =3.819 Vi3 =6452  Vpy =3.843
5 Viz=3.236  Vp5=6500 Vi3=3.210 Vp5=16.352
6 Vi3 =3236 Vs =3.819 Vi3=3210 Vo =3.819

Figure 9 gives the relationship between the optimized
AX and the spectra bandwidth transmitted by the LCVRs-
based Stokes polarimeter. Comparing Figs. 9 and 7, we find
that the instrumental polarization after optimization is about
0.00025 and far smaller than that of the initial estimation, but
the crosstalk and variations with the spectra bandwidth remain
the same as before. It implies that the optimization method
works well. The optimization method is applied to the whole
wavelengths 500-600 nm. Figure 10 shows AX over 500—
600 nm, the instrumental polarization is reduced to 0.002, ef-
fectively improving the polarization sensitivity of the Stokes
polarimeter which is initially limited by the instrumental po-
larization from interference. We also note that the reduction of
the instrument polarization is at the expense of the accuracy of
crosstalk in the optimization method. However, the latter can
be easily calibrated with high accuracy.
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Fig. 9. The polarization accuracy AX vs. the spectra bandwidth of LCVRs based Stokes polarimeter at 532 nm after optimization.
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Fig. 10. The polarization accuracy AX of LCVRs-based Stokes polarimeter with wavelengths after optimization.

5. Experiments and analysis

5.1. Measurement and optimization of the LCVRs-based
Stokes polarimeter

A LCVRs-based Stokes polarimeter is measured and op-
timized. The Stokes polarimeter under test is from FMG pay-
load onboard ASO-S satellite.[?+>! A Mueller matrix mea-
surement and calibration system is used to measure both

LCVRs and the polarization response matrix X with an ac-

curacy of 0.01.13031]

Figure 11 shows the relationship between the measured
Mueller matrix of both LCVRs and the derived voltages at
500 nm, where A, B, C, and D are Mueller matrix’s four pa-
rameters as described in Eq. (21). Then the designed and op-
timized voltages for both LCVRs can be derived from Fig. 11
according the simulation and optimization methods in Section

4. Finally, the polarization response matrix X of the Stokes
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polarimeter can be measured, and the results are plotted in
Fig. 12. The blue and red colors indicate the measured results
before and after the optimization, respectively. It is obvious
that the instrumental polarization decreases significantly af-
ter the optimization. In addition, the crosstalk has a variation
of about 0.1 over 500-600 nm, thus the polarization calibra-

need to calculate and optimize the driving voltages of both
LCVRs at each wavelength according to their Mueller ma-
trix in each wavelength. Therefore, this method is very suit-
able for imaging-polarization measurement with single wave-
length channel. For multi-wavelength channels or spectra-

polarization, the calibration and optimization are more com-

tion is very important before use. It is worth noting that we  plicated.
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Fig. 11. The measured Mueller matrix of both LCVRs with voltages at 500 nm.
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Fig. 12. Polarization response matrix X vs. wavelengths of LCVRs-based Stokes polarimeter. The blue and red colors indicate the measured

results before and after the optimization, respectively.

5.2. Accuracy measurement and analysis

An experimental setup is built to verify the effectiveness
of the optimization method given above. The unpolarized light
source and a diffuse reflectance standard white plate from Lab-
sphere are employed to estimate the measuring accuracy of the

LCVRs-based Stokes polarimeter.

The experimental layout is shown in Fig. 13. A combina-
tion of the integrating sphere and collimator is used to produce
a uniform, polarization-free, and collimated light beam, polar-

ization of which is less than 0.001. Then, the light beam passes
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through the LCVRs-based Stokes polarimeter and detected by
a fiber spectrophotometer (Ocean Optics USB2000+). Be-
sides, a diffuse reflectance standard white plate is also mea-
sured to estimate the measuring accuracy.

Fig. 13. Experimental setup.
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Fig. 14. Stokes parameters of unpolarized light source before and after
optimization.
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Fig. 15. Stokes parameters of diffuse reflectance standard white plate
before and after optimization.

Figures 14 and 15 show the measured Stokes parameters
(Q/I, U/I, and V /I) of the unpolarized light source and dif-
fuse reflectance standard white plate vs. wavelengths before
and after the optimization. For the unpolarized light source
measurement (Fig. 14), the largest instrumental polarization
is about 0.04 over 500-600 nm due to the interference before

optimization; but after the optimization, the instrumental po-
larization is less than 0.003. For the diffuse reflectance stan-
dard white plate measurement (Fig. 15), the largest instrumen-
tal polarization is about 0.02 over 500-600 nm due to the in-
terference before optimization; but after the optimization, the
instrumental polarization is less than 0.002. The measurement
and simulation have a good agreement with each other.

6. Conclusions

The LCVRs-based Stokes polarimeter is envisaged as a
promising novel technique for polarization measurement by
space instruments and remote sensing due to the inherent ad-
vantage of eliminating the need for conventional rotary polar-
izing optics and increasing the measuring speed. However, the
intrinsic multi-beam interference in LCVRs limits its polar-
ization accuracy by several percent. How to analyze, forecast,
optimize, and reduce the influence of the interference effect on
the polarization accuracy becomes an urgent issue for the use
of LCVRs-based Stokes polarimeter.

Firstly, we proposed a simplified but effective polar-
ization model with interference to simulate the relationship
between the interference and polarization accuracy of the
LCVRs-based Stokes polarimeter. It is found that the vari-
ation of the transmittance of LCVR with its derived voltage
is caused by the change of the birefringence index and in-
terference between the ITO film and the liquid crystal, which
produces a few percent instrumental polarization. The polar-
ization errors are different in different wavelengths, and also
they have no rules to follow. The instrumental polarization
is about 0.01, and the cross-talk is less than 0.025 over 500—
600 nm. In polarization tolerance analysis, it is known that
the instrumental polarization and crosstalk are required to be
less than 0.001 and 0.01, respectively if the required polariza-
tion accuracy is 0.001. The instrumental polarization always
has higher requirements than the crosstalk for the weak polar-
ization sources, and it limits the polarization sensitivity of the
Stokes polarimeter to 0.01.

Then, an optimization method was proposed to reduce the
instrumental polarization arising due to the interference. The
instrumental polarization can be reduced to zero by aligning
LCVRI1 and LCVR2’s voltages and thus effectively improv-
ing the polarization sensitivity of the Stokes polarimeter.

Finally, an experimental setup was designed to verify the
effectiveness of the optimization. The results show that the
instrumental polarization is reduced to 0.002 after the opti-
mization. The simulation and experiment results are in good
agreement.

This paper provide an analysis and optimization method
of interference effect for LCVRs-based Stokes polarimeter
with high polarization accuracy. The optimization method
is more effective when the required polarization accuracy is
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less than 0.01, especially for LCVRs-based Stokes polarime-

ter with single wavelength.
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