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Abstract: A method for full Stokes polarization imaging based on broadband liquid crystal polariza-
tion grating (LCPG) is presented. Firstly, the properties of the LCPG-based polarization detection
module, which consists of a phase retarder and a broadband polarization grating in series, were
investigated by means of Stokes calculus. The relationship between the polarization state of the
incidence and the efficiencies of the diffractions was derived. Then, the azimuth parameters of
the polarization detection module were optimized by using an equally weighted variance (EWV)
evaluation criterion. Finally, the detection of the linearly and arbitrarily polarized laser beam and a
linearly polarized broadband object were experimentally verified. The proposed method provides the
design of polarization imaging systems based on LCPGs and has the advantages of compact structure,
and broad wavelength coverage, therefore offering potential applications for image polarization

information acquisition.

Keywords: liquid crystal polarization grating; full Stokes polarization imaging; broad wavelength
coverage

1. Introduction

Polarimetric imaging, which can measure the state of polarization (SOP) of two-
dimensional (2D) scenes, yields comparable performance to that of classical intensity
imaging [1-3]. Recently, there is a wide variety of applications for imaging polarimeters, in-
cluding remote sensing [4-6], sky navigation [7-9], and biomedical detection [10,11]. Thus,
the development of polarization imaging technology for the acquisition of the polarization
characteristics of detected targets is currently a hot topic in optical sensing. Generally, a
polarimeter uses a polarizer or wave plate to decode the polarization parameters from the
intensity values of the light field [12,13]. To overcome the bulky volume or mechanical
instability of traditional structures, there are various schematics of imaging polarimeters for
different applications using complex polarization elements such as scattering materials [14],
micro-polarizer array [15], Savart plates [16], liquid crystal modulators [12,17], gradient
refractive index (GRIN) lens [18], etc. Among these, high-quality polarization grating (PG)
with strong polarization sensitivity and low incoherent scattering is a promising candidate.
Techniques using polarized diffraction grating as a method of polarization measurement
have been studied. A modified Sagnac interferometer was developed by using a pair of
identical PGs to replace the Savart plate for a compact design [19]. The detection of the
light’s polarization state by using crossed polarization gratings or merged vector gratings
was reported [20-22]. A reported imaging spectropolarimeter provided the ability to pro-
vide snapshot spectral polarization measurements on a single detector with polarization
grating [23,24]. However, the above methods suffer from either sophisticated calibration or
low spatial definition.

In this paper, we promote an approach that combines a high-quality LCPG and a
phase retarder to construct linear and full Stokes polarization imaging. The broadband
LCPG was prepared using our previously published interference-free and single-exposure
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method. The linear Stokes polarization detection and full Stokes polarization detection are
demonstrated separately. The presented method has the advantages of high robustness,
low cost, and simple optical design.

2. Principle

The basic schematic for polarization detection is depicted in Figure 1. It is a quite
simple principle, and the basic module is compact and consists of a phase retarder and
a broadband polarization grating in series. The phase retarder is placed so that the fast
axis has an angle of 0 relative to the x-axis. The phase delay of the phase retarder is ¢.
In this section, we establish a quantitative link between the transmission matrix of the
polarization detection module and the polarization-dependent intensity distribution to
map the polarization information to an intensity distribution.
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Figure 1. Schematic diagram of LCPG-based polarization detection module.

The PG employed here has a cycloidal distribution of birefringence, which is realized
by photo-aligned liquid crystal (LC) polymers [25-27]. It acts as a thin-film polarization-
dependent beam splitter, which separates the left-/right-handed circular polarization
component of the incident light into 4-1 diffraction orders. The £1 orders exhibit orthogonal
circular polarization states, and the diffraction efficiency can be described as follows [28]:

mn=1-Q (1)

71 = 5(1F55)Q @
where Q is the factor determined by the LCPG structure, and Sj is the normalized Stokes
parameter corresponding to the ellipticity of the incident light. It needs to be emphasized
that factor Q is firstly determined by the azimuthal pattern of the aligned LC directors.
When the surface alignment satisfies the continuous distribution of the cycloidal pattern,
it forms a birefringent grating with LC directors following the surface alignment, which
is called the single-wavelength PG. In this case, factor Q equals 1 at a certain wavelength,
which is called the half-wave condition (And = A/2). In addition, when a multi-layer,
twisted structure (shown in Figure 2a) is introduced by adding chiral doping, the high-
efficient range is broadened from a single wavelength to a wide spectral band. Our results
in Figure 2b show high diffraction efficiency (>93%) in the most visible wavelengths
(e.g., 450-800 nm). As for the polarization of diffractive beams, the ellipticity 1531 of
=+1 diffraction orders shows that the diffractive beams are perfectly circular-polarized even
when the efficiency is away from the peak value.
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Figure 2. Structure and properties of broadband PG: (a) LC director view of broadband PG with
two chiral layers; (b) diffraction efficiency and ellipticity of broadband PG in visible range.

There are several notable aspects of broadband PG to be applied for polarization
detections. Firstly, the +-1-order efficiencies are highly sensitive to incident polarization,
which is the basis of PG to be applied in polarization detections. Secondly, the efficiency of
the polarization-dependent £1 orders exhibits a high and unchanged value over a relatively
wide spectral range. Thus, the intensity fluctuation due to chromatic reason is minimized,
although chromatic aberration still exists. Thirdly, the Oth order maintains the incident
polarization, and the efficiency of the Oth order can be designed as a non-zero value. It
provides the possibility for original image monitoring or other applications.

In a recent work [26], we illustrated a method for generating a cycloidal pattern
of liquid crystal molecules by interference-free and single exposure. Here, the method
and principles of multi-layer twisting were applied to manufacture broadband LCPGs. In
particular, we utilized sulfonic azo-dye SD1 (DIC. Tokyo, Japan) as the photoalignment layer
material. A birefringent prism and a quarter waveplate (QWP) were used to manipulate
the polarization of the exposed beam (shown in Figure 3a), and the surface alignment
pattern was recorded in the SD1 layer. After exposure, the LC films were spun onto
the SD1-coated substrate, the polarization orientation pattern was transferred to the LC
molecules, and the PG was formed through UV curing. The first PG layer was composed
of polymerizable liquid crystal material UCL-P100 (DIC. Tokyo, Japan), doped with a
small amount (0.18 wt.%) of chiral molecule S811 (Merck, left-handed). A thickness of
d =~ 1.7 um was selected to meet the half-wave condition, and the twist & = +70°occurred
simultaneously. The second PG layer consisted of UCL-P100 doped with chiral molecule
R811 (0.18 wt.%, Merck, right-handed), resulting in the same LC layer thickness and an
opposite twist angle of ® = —70°. With two antisymmetric chiral layers, the approximate
polarization separation and phase delay could be achieved in the wide band of visible light
based on the principle of phase compensation [27]. The manufactured broadband LCPG
sample is shown in Figure 3b, with an effective area of about 47tcm?.

Photoalignment
Vi Layer

Birefringent Prism Qwp Substrate
(a) (b)

Figure 3. (a) Schematics of generation of exposure beam with continuously changing polarization

state using birefringent prism and QWP [26]; (b) photograph of manufactured broadband LCPG.
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The Mueller matrix Mpg of the LCPG is the sum of Oth and +1st orders, which are
written with absorption and scattering neglected as follows:

Mpc = Y My 3)
k=—
with
1 0 0 F1 100 0
1+Q|l0 00 0 1-Ql0o 1 0 0
Ma=—=10 00 o|M="7%1001 0 @)
+1 0 0 —1 00 0 1

For the arbitrarily polarized state of the incident light, the Stokes vector can be derived
after passing through the polarization detection module composed of phase retarder and
broadband PG as

— —
Sout = MPGMretarder S incidence (5)

where M,,ar4er is the Muller matrix of phase retarder. Here, let us assume that the incident
wavelength falls in the high-efficiency range of broadband PG (Q = 1). Therefore, by solving
the Stokes vectors, the theoretical efficiencies are given by

1 1, . . 1 . 1

N4 =75~ ESlsm29 sind + 552c0s29 sind — 553 cosé (6)
1 1, . . 1 . 1

N-1=75 + ESlstG sind — ESZCOSZG sind + 553 cosd (7)

The diffractive 1 orders are complementary. The sum equals 1 assuming Q = 1. For
more general cases with Q # 1, the intensity ratio 7y of +1 or —1 order over the sum of
diffractive orders depends only on incident polarization.

Y+1 = ﬁ =35- EslstG sind + 552c0329 sind — 553 cosd 8)
T-1 T+l 2 + zslsm 0 sin é 2Szcos 0sind + 253 cosd 9)

Thus far, the theoretical model has been established in Equations (8) and (9), which
can encode the polarization information of incidence into the intensity distribution of
diffractive 1 orders.

3. Linear Stokes Detection

Given that the incident light is linearly polarized, the linear components S; and S
of the Stokes vector need to be solved. Mathematically, to solve the two parameters 5S4
and S,, two equations are required. Thus, according to Equation (8) or Equation (9), it
is necessary to perform the intensity ratio y measurements twice. corresponding to two
phase-retardance conditions, for instance, (61, J1) and (6, ;). In this case, it is simplified
as a linear equation with two variables:

11[51 — biSZ = Cj i=1,2 (10)

where the coefficients are a; = sin 20; sin d;, b; = cos 20;sinJ;, and ¢; = 2y_1|; — 1.

Thus, the linear Stokes parameters S; and S, can be easily solved. To make the above
linear equation solvable, the coefficients must satisfy a1by — aby # 0, which is further
simplified as sin(26; — 26,) # 0.

From the above mathematical derivation, we can draw the conclusion that it is not
possible to solve the polarization of incidence with a fixed direction of fast axis  and varied
retardance J1 and J;. In other words, to obtain the direction of the incident linear polariza-
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tion, it is necessary to modulate the fast axis of the retarder. As for the implementation of
polarimetry, it can be either a division-of-time or division-of-amplitude type. A cascaded
structure, which is typical for the division-of-amplitude type, using 0 order as the input of
the next stage is reported and verified for fiber communication applications [23]. However,
the intensity distribution among the cascaded stages needs to be delicately designed. As ex-
plained in the following sections, for the purpose of the principal-of-operation verification,
we used a rotatable QWP to achieve the modulation of fast axis 6 for imaging acquisition.

3.1. Optimal Design of Polarization Detection System

For a practical polarization measurement system, the signal-to-noise ratio (SNR) is
one of the most critical parameters. The noise suppression effect is closely related to the
design of the measurement matrix [29,30]. Therefore, to obtain higher-quality polarization
measurement results, it is extremely necessary to optimize the angle parameters of the
measurement matrix.

According to Equation (5), by using a QWP, the middle part of the Muller matrix of
the polarization detection module can be indicated as

a; b sin26; — cos26;

W= = . 11
<a2 b2> (sm 205  — cos 265 (11)
The EWV criterion is adopted to evaluate the noise propagation performance in the
process of the optimization of polarization measurement structures [31,32]. The minimum
sum of the estimated variance of each component of the Stokes vector is taken as the
objective function of the optimization problem. It is supposed that the distribution of noise
2

is in accord with the Gaussian additional noise (GAN) interference with noise variance o=;
thus, the EWV value estimated by the Stokes vector can be calculated from Equation (12):

_ 40
COS(491 - 492) -1’

EWV = 6 € [0°,180°],61 < 6, (12)

When 0, = 07 + 45° or 6, = 61 + 135° is satisfied, the EWV is the minimum, which is
consistent with the result shown in Figure 4. Therefore, the fast axis azimuth angles of 0°
and 45° were selected to perform the linear polarization detection.
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Figure 4. Relationship between 02/EWY and fast axis azimuth angles (61, 6,) of QWP.
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632.8nm Laser

3.2. Linear Stokes Parameter Reconstruction

To verify the proposed method, we built a setup for linear Stokes parameter detection
using a linearly polarized laser as the incidence. As shown in Figure 5a, the measurement
setup was composed of a laser light source, a polarizer, a QWP, an LCPG, and an optical
power meter (PM16-140, Thorlabs Inc. Newton, NJ, USA). Briefly, 532 nm and 632.8 nm
lasers were used as the light source. The rotation of the polarizer was controlled by the
stepping motor (K10CR1/M, Thorlabs Inc. Newton, NJ, USA). The LCPG was fabricated
according to the method previously proposed by our laboratory [26]. Its diffraction pattern
and texture are shown in Figure 5b. Additionally, the diffraction efficiency was more than
93% at 532 nm and 632.8 nm, and the measured period using a microscope image was
158 pm.

(a) (b)

Figure 5. (a) Linear polarized light detection experimental device; (b) diffraction patterns of polariza-
tion grating and textures of LCPG observed under polarized microscope with black arrows showing
polarizer and analyzer direction.

The polarization parameter was acquired by rotating the QWP. Specifically, the inten-
sity of the +1st order diffracted beams was obtained by rotating the waveplate, and then
the Stokes linear polarization parameters, the degree of linear polarization (DoLP), and the
angle of polarization (AoP) were calculated according to Equation (10) [33]:

\/S7+ 53
DoLP = Y———= (13)

So

%arc:tang—2 5.>0
AoP = q _ 7! 5, (14)
7 xsgn(5z) + zarctang S; <0

The linearly polarized light with different polarization directions & was generated as
the detection target by rotating the polarizer, and the beam diffraction intensity could be
collected under the different fast axis angles of the QWP. The root-mean-squared error was
calculated between the actual measured data and the theoretical values as approximately
0.4% for 41, and the specific experimental results are demonstrated in Figure 6 and Table 1.
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Figure 6. Plots of (a) v, and (b) y_; as a function of the direction « of linearly polarized incidence.
the theoretical values are represented by solid curves, while the experimental measurements are
represented by dots mark.

Table 1. Experimental data of linear polarization detection.

Direction of Incident Y1 Polarization Parameters

Linearly Polarized Light 0=0° 0 = 45° S1 S, DoLP AoP/°
0° 0.507 0.997 0.994 —0.014 0.994 —0.404

30° 0.067 0.748 0.496 0.866 0.998 30.099

45° 0.008 0.499 —0.002 0.984 0.984 45.058

60° 0.067 0.250 —0.500 0.866 1.000 60.000

90° 0.499 0.001 —0.998 0.002 0.998 89.943
—30° 0.932 0.748 0.496 —0.864 0.996 —30.071
—45° 0.998 0.510 0.020 —0.996 0.996 —44.425

Furthermore, we also detected the linear polarization of the broadband image scene,
and the experimental device is illustrated in Figure 7. Firstly, the object (Figure 8a) was
placed in front of the detection device, and we adjusted the fast axis of the polarizer to
—45°. Hence, the polarization information of the image was modulated to a uniform —45°
linear polarization state. Then, we changed the QWP to 0° (Figure 8b) and 45° (Figure 8c),
respectively, and took pictures with a camera (acA 1600-60gm, Basler Arensberg, Germany).
After being diffracted by the LCPG, the incidence was divided into +1st- and —1st-order
images (Ignore Oth). Using the principle, the intensity of the diffracted beam was all
concentrated in the —1st order when the QWP was 0°, while the emitted +1st and —1st
order diffraction efficiency was the same for the QWP at 45°. In addition, the number of
pixels occupied by the 0-order image, shown in Figure 8b, was 37 rows x 94 columns,
and the —1-order diffraction image was 43 rows x 94 columns. The inconsistency in the
number of rows is caused by grating dispersion, and the smaller the grating period, the
more pronounced the dispersion, and the more unfavorable it is for polarization solving.
In imaging detection, it is necessary to ensure that the distance between the target and
the QWP (object distance) is large enough to realize the separation of all the levels of
diffraction images, which will not affect the compactness between the QWP and the camera
in the system.
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(a) (c)
Figure 8. (a) Raw image; polarization image of QWP at (b) 0° and (c) 45°.

Figure 9 depicts the two-dimensional polarization information of the selected target
area. The average values of Sq, Sy, AoP and DoLP were 0.004 + 0.026, —0.970 + 0.036,
—44.872° £ 0.761°, and 0.971 + 0.019, respectively. Furthermore, the experimental results
show that the proposed method could effectively measure the polarization characteristics
of the object.

S1 S§2
_q 1
0.5 0.5
0 0
—0.5 —0.5
AoP

4 -1

DoLP
—190 [ 1

45 0.75
0 0.5
—45 I 0.25

-90 . 0

Figure 9. The polarization parameters calculated using the broadband object.

4. Full Stokes Detection

The circular polarization information S; of the object reveals the comprehensive
features of the object in addition to its linear components. The LCPGs divide the left-
handed and right-handed circular polarization components into 41 diffraction orders
(refer to Equation (2) for details). Therefore, S3 measurement can be performed by directly
placing the LCPG in front of the camera and collecting the resulting images. Thus, the full
Stokes polarization detection was performed by adding an additional measurement step
when the QWP was removed.
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Hence, the degree of circular polarization (DoCP) can also be solved by using
Equation (15) [33].

DoCP = =2 (15)

Full Stokes Parameter Reconstruction

To verify the full Stokes polarization detection method, a full Stokes parameter de-
tection setup was built by taking a laser beam as the light source, as shown in Figure 10.
The 632.8 nm laser, polarizer, and QWP1 constituted a polarization generation module.
Specifically, the light transmission axis direction of the polarizer was horizontally fixed (i.e.,
B =0), and the polarized light with different ellipticities was generated by rotating QWP1
as the incidence to be detected. Then, the diffracted beams modulated by QWP2 and the
LCPG were received by the optical power meter, and the polarization state of the incident
light wave was solved according to the light intensity.

Full Stokes

rém\;gze polarimeter
0 \ ?
Optical power :
meter '

Polarizer QWPI . QWP2  LCPG

| C =Left Handed. O:Rjght Handed Circular Polarization

Figure 10. Configuration diagrams of full Stokes polarization detection.

When the fast axis angle of QWP2 was 0°, 45°, and the QWP2 was removed, the light
intensity data of £1 orders were collected, respectively, and then the polarization state
of the incident light was calculated. In addition, the results of the detected polarization
state are shown in Figure 11a,b. The standard deviations in figures are marked by an error
bar. The deviation between the experimental and theoretical values of the polarization
characteristic parameters was small, indicating that the full Stokes polarization detection
method designed in this paper can achieve full polarization detection.

1.2
1.0+
-
2
0.5 4 a
N
\ —
"\ 8
0.0 o SI-Experiment ~- /
. ShEaperimen - : 0.0 © Dol Experiment
Dol.P-Simulation
DoCP-Simulation
—0.5 &
T T T T T T T T _0-4 T T T T T T T T
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
Retarder Angle(°) Retarder Angle(°)
(a) (b)

Figure 11. Plots of (a) the experimental and simulation values of Sq, Sy, S3, and (b) DoLP and DoCP
parameters as a function of the fast axis orientation of QWP1 at 632.8 nm measured by the full Stokes
polarization detection method.
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5. Conclusions

This research put forward two polarization detection methods based on the LCPG:
linear polarization detection and full Stokes polarization detection. When combined with
a quarter waveplate, the visible broadband polarization grating can be used to solve the
full Stokes parameters. The intensity ratio between +1 and —1 orders was adopted instead
of the efficiencies when considering the more general cases, for instance, 0-order leakage
or thickness mismatch. Additionally, the phase modulation of the incidence in front of
the LCPG for measuring polarization parameters was summarized. Using the LCPG
for polarization detection is expected to overcome any limitations in physical size and
complexity. In addition, due to its simple configuration, it can be easily integrated into
existing systems and has the potential to be widely used in optoelectronic systems such as
optical memory devices and optical information processing.
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