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This work evidences the suitability of applying a single twisted nematic liquid-crystal (TN-LC) device to
obtain dynamic polarimeters with high accuracy and repeatability. Different Stokes polarimeter setups
based on a TN-LC device are optimized, leading to the minimization of the noise propagated from
intensity measurements to the Stokes vector calculations. To this aim, we revise the influence of working
out of normal incidence and of performing a double pass of the light beam through the LC device.
In addition, because transmissive TN-LC devices act as elliptical retarders, an extra study is performed.
It analyzes the influence of projecting the light exiting from the TN-LC device over elliptical states of
polarization. Finally, diverse optimized polarimeters are experimentally implemented and validated
by measuring different states of partially and fully polarized light. The analysis is conducted both for
monochromatic (He—Ne laser) and LED light sources, proving the potential of polarimeters based on a
single TN-LC device. © 2011 Optical Society of America

OCIS codes:  120.5410, 120.2130, 230.3720.

1. Introduction

Polarimetric information is useful in a large number
of applications [1-4]. Recently, many works have pro-
posed polarimeters based on liquid-crystal displays
(LCDs) [56-12], which present some operational ben-
efits with respect to mechanical polarimeters. Some
studies have designed complete polarimeters based
on parallel aligned liquid-crystal (LC) devices [5,7],
showing that for the experimental implementa-
tion of such devices, the use of two parallel aligned
LCD elements is required as a minimum [5]. In
addition, polarimeters based on the ferroelectric
liquid crystal (FLC) are present in the literature.
For example, in Refs. [8,9], complete Stokes and
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Mueller polarimeters based on two FLCs are anal-
yzed, respectively, whereas in Ref. [10], an imaging
linear polarimeter based on a single FLC is studied.
Other authors have proposed polarimeters based
on twisted nematic liquid crystals (TN-LCs), as for
instance in Ref. [11] where a polarimeter based on
two TN-LC devices, in which only the purely un-
switched and fully switched states are applied, is
provided.

Taking advantage that TN-LC devices enable both
introducing a retardance and rotating the polariza-
tion ellipse orientation, a complete Stokes polari-
meter based on a single LC device is achieved in
Ref. [12]. Nevertheless, such a polarimeter setup is
strongly affected by experimental noise, becoming
a significant drawback in the application of polari-
meters based on a single TN-LC device. These polari-
meters are restricted to a certain set of projection
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states of polarization (SOPs), i.e., the available
projection SOPs describe a specific curve into the
Poincaré sphere [13]. Because projection SOPs con-
figurations enclosing large volumes into the Poincaré
sphere are related to lower error propagation values
[5], the restriction of a specific projection SOPs curve
limits the efficiency of the polarimeter.

In this paper, we propose to vary different physical
parameters and to apply an optimization process in
order to achieve diverse polarimeter designs based
on a single TN-LC device, leading to projection SOP
curves enclosing higher volumes into the Poincaré
sphere (i.e., lower noise propagation). First, we anal-
yze the influence of working out of normal incidence
on the TN-LC polarimeter performance. Besides, the
effect of performing a double pass of the light beam
through the LC device is revised as well. Finally, by
taking into account the fact that transmissive TN-LC
devices act as elliptical retarders, we analyze the
effect of including in the polarimeter design a quar-
ter-wave plate (QWP). This allows us to project the
light exiting from the TN-LC device over the ellip-
tical SOP.

2. Polarimeter Design

Different complete polarimeter designs are pre-
sented in this work, all of them based on a single
off-the-shelf monopixel TN-LC device and a linear
polarizer (LP). In the first proposed design (now
denoted as A), a polarizer and a TN-LC device are
set perpendicular to the incident beam [it is sketched
in Fig. 1(a)l. In the second design (B), the TN-LC is
tilted at an angle of ay [see Fig. 1(b)] with the purpose
of working out of normal incidence. Next, a third
polarimeter setup (C) is conducted by doubling the
optical path into the LC device. It is achieved by
means of a reflection on a mirror [see Fig. 1(c)].
The Mueller matrices of the TN-LC device for
configurations A, B, and C have been calibrated.
For the particular case of setup C, we have calibrated
the Mueller matrix that takes into account the
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double pass of the light through the TN-LC device
and the reflection on the mirror. These matrices
are calibrated as a function of the addressed voltage
to the TN-LC device by applying the method devel-
oped in Ref. [14]. Afterward, we have simulated
the set of possible projection SOPs that can be imple-
mented in the three different setups (A, B, and C) by
sending a sequence of voltages from 1 to 5.5V (i.e.,
the LC operative range). The projection of the light
exiting from the TN-LC device over a linear SOP
(i.e., over the polarizer), defines a specific projection
SOP curve that is strongly dependent on the polari-
zer orientation 6. For this reason, we have optimized
the angle 6 by minimizing the figure-of-merit so-
called equally weighted variance (EWV) [5,15]. This
quality indicator (QI) expresses the variance propa-
gation from intensity measurements, I, through the
characteristic polarimeter matrix, A, to the Stokes
vector calculation, S, according to Eq. (1) describing
the measurement principle:

S=A"I (1)

The definition of the EWV is given by Eq. (2),
where all the singular values different from zero,
aj, of the characteristic polarimeter matrix A contri-
bute in the summation:

EWV(A) = 26—12. (2)
Jj o

Once the projection SOP curve has been optimized
(i.e., the best LP orientation is found), we have
searched for the optimum set of four projection SOPs
by carrying out a second minimization of the EWV.
Note that this is exactly the minimum number of
intensity measurements required to implement a
complete polarimeter. The results achieved in the
optimization process are shown in Table 1 (columns
A, B, and C correspond to the three analyzed
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Fig. 1. (Color online) Different Stokes polarimeter setups containing a single TN-LC, an LP, and a radiometer: (a) normal incidence,
(b) oblique incidence at ai on the TN-LC, (c) double pass through the TN-LC device by means of a reflection on a mirror, (d) normal incidence
and inserting a QWP [WP(41/4)] between the TN-LC and the polarizer, (e) TN-LC oblique incidence including a QWP, and (f) TN-LC double
pass including a QWP.



Table 1. Optimization Results by Minimizing the EWV Indicator
Corresponding to Polarimeters A-F (Using Four Projection SOPs)?

A B C D E F
LP o 15° 136° 94° 31° 120° 109°
WP 6 — — — 49° 43° 0°
EwWV 6.82 4.88 3.70 3.50 3.88 2.78
CN 4.66 3.61 2.69 2.69 3.06 1.98

“In the first two rows are the optimum LP orientation and QWP
angle. In the last two rows are QI (CN and EWV) values corre-
sponding to the optimized polarimeters.

polarimeters up to now). Although the EWV is the QI
employed in the optimization process, we have also
calculated another widespread used QI, the condi-
tion number [5,7] (CN). The definition of the CN is
not unique: in this work it is calculated as the ratio
of the maximum over the minimum singular value of
the characteristic polarimeter matrix A:

CN(A) = Tmax (3)

Omin

Regarding polarimeters A and B, it is noticeable
that lower CN and EWV values are obtained for ob-
lique incidence. Thus, an enlargement of the optical
path causes a modification of the LC birefringence,
which leads to alternative projection SOPs curves.
The same idea is present in polarimeter C. In fact,
the double pass performed by the light beam into
the TN-LC device leads to a significant enlargement
of the optical path, achieving lower QI values than in
polarimeters A and B.

As stated before, the projection SOPs curve
strongly depends on the linear SOP on which the
light exiting from the TN-LC device is projected
(i.e., the orientation of the LP). As transmissive TN-
LC devices act as elliptical retarders [16] (i.e., their
eigenvectors are elliptical [17]), we have also con-
ducted a study of the influence on the QIs obtained
when light exiting from TN-LC device is projected
over elliptical SOPs. To this aim, we have modified
the three polarimeter setups A, B, and C by introdu-
cing a QWP between the LP and the TN-LC. This
leads to the setups sketched in Figs. 1(d)-1(f),
henceforth denoted as polarimeters D, E, and F, re-
spectively. Afterward, we have carried out a first op-
timization process equivalent to that previously
described, but in this case, the QWP angle is opti-
mized as well.

Subsequently, a second EWV minimization is con-
ducted with the aim of selecting the four optimal pro-
jection SOPs. In the three last columns of Table 1, the
QIs corresponding to polarimeters D, E, and F, re-
spectively, are shown. Whereas a significant decrease
of the QIs is observed at normal incidence (compar-
ing polarimeters A and D), the improvement at
oblique incidence is less relevant (from B to E). This
fact can be understood if it is kept in mind that an
elliptical retarder can be described as the product
of a linear retarder and a rotator of a given angle

[16]. In this situation, when the light impinges out of
normal incidence, the effective rotator angle may be
decreased. In such a case, projecting the SOP exiting
from the TN-LC over an elliptical polarization
state has less influence in the optimization process.
Finally, concerning polarimeter F, a slight improve-
ment of QIs is obtained when comparing with polari-
meter C. In this case, the double pass of the light into
the TN-LC device may drastically decrease or even
cancel the effective rotator [18]. Therefore, the most
beneficial contribution of introducing a QWP in the
setup is achieved for normal incidence. We want to
emphasize that the diverse improvements applied
to the polarimeter setups have led to a progressive
reduction of the EWV indicator, reaching a minimum
value of 2.78 for polarimeter F (and 1.98 of CN). This
is an excellent result if one takes into account the
fact that the minimum theoretical values that can
be achieved for the EWV and CN are 2.5 and /3,
respectively [5,15]. In this ideal case, the optimized
projection SOPs are plotted on the vertices of a reg-
ular tetrahedron inscribed into the Poincaré sphere.

In Fig. 2, we represent the optimized projection
SOP curve upon the Poincaré sphere corresponding
to the different polarimeters (from A to F). In each
graph, the 4 optimal projection SOPs (solution of
the complete optimization process) are placed at the
vertices of an irregular tetrahedron. As said before,
a TN-LC-based polarimeter restricts the available
projection SOPs, leading to a specific curve upon the
Poincaré sphere (see Fig. 2). In general, it is not cer-
tain that the TN-LC specific curve includes four pro-
jection SOPs forming a regular tetrahedron inscribed
into the Poincaré sphere, and so, the polarimetric
setup based on a single TN-LC device most probably
is not able to implement the best optimized polari-
meter [5,15]. However, the applied optimizations
have maximized the projection SOPs curves, leading
to irregular tetrahedrons whose volumes are similar
to that given by the regular tetrahedron [15].

3. Implementation

In this section, we have experimentally implemented
the optimized polarimeters. Two different illumina-
tion sources have been used. First, the polarimeter
was illuminated by using a monochromatic light
source. Second, a red LED was used. In both cases,
we have calibrated the implemented polarimeters by
following the method given in Ref. [5], to reduce the
influence of possible small deviations with respect to
the theoretical configurations. Then, the implemen-
ted polarimeters were tested by measuring three
different incident states fully polarized: a linear
SOP at 30°, an elliptical SOP, and a right-handed
circular SOP.

The measurement process of the six implemented
polarimeters is as following: the voltage signal is sent
to the TN-LC device, we wait 500ms to achieve a
stationary position of the LC molecules, and then
100 measurements of the intensity are acquired in
a rate of 100 Hz. Because each SOP measurement
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(Color online) Optimized projection SOPs curve by addressing a sequence of voltages (1-5.5 V) for polarimeters (a) A, (b) B, (¢) C,

(d) D, (e) E, and (f) F. The vertices of each inscribed irregular tetrahedron are the four optimal projection polarization states achieved as a

solution of the EWV minimization process.

performed by the polarimeter needs four intensity
measurements, the process is repeated for the four
voltages (in other words, using the four projection
SOPs). Afterward, the Stokes vector is calculated
by using the mean value of the 100 intensity mea-
surements in Eq. (1). That SOP measurement takes
around 6 s. Finally, the SOP measurement process is
repeated 100 times (it takes approximately 10 min).
The experimental data provided in this work cor-
respond to the mean and standard deviation of
these 100 measurements of the same SOP. The ob-
tained results are compared with the measurements
provided by a commercial polarimeter (Thorlabs,
Polarization Analyzer System PAN 5710VIS, S/N:
M60217605). Also, 100 measurements for each SOP
are performed with the commercial polarimeter, and
so the mean and the standard deviation are provided.
In addition, we indicate the expected values of the
Stokes coefficients to have a reference, although in
each measurement the polarization is checked with
the commercial polarimeter.

Finally, because the Mueller—Stokes formalism is
used, the polarimeter is able to measure partially
polarized light. For this reason, we have measured
two additional SOPs with a certain degree of polar-
ization (DOP) [13], defined as

\/ST+ S5+ 53
DOP = +—————; 0<DOP<1. (4
0
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A. Monochromatic Illlumination

The six optimized polarimeters previously described
were implemented by using as a light source an He—
Ne laser (633 nm). The EWVs of the matrices experi-
mentally calibrated are very close to the theoretical
EWYV values shown in Table 1. Therefore, in spite of
the presence of experimental inaccuracies, the imple-
mented polarimeters were still well optimized when
they were illuminated with monochromatic light.

The accuracy of the implemented polarimeters is
analyzed in Table 2, where the measures obtained
with the implemented polarimeters can be compared
with the information provided by the commercial
polarimeter. The accuracy is calculated by regard-
ing the difference between the measurements pro-
vided by the implemented polarimeter and the
commercial polarimeter (reference value). Almost all
the measurement differences are in the second dec-
imal, except for a specific case (when polarimeter A
measured the S3 parameter in the elliptical SOP, the
accuracy got 1 order of magnitude less).

The repeatability of the implemented polarim-
eters was studied as well. In Fig. 3, the average of
the Stokes parameters variances for the different
polarimeters is represented. The rhombi in Fig. 3
shows the variance average for polarimeters A, B,
and C. When the exiting SOP from TN-LC is pro-
jected over a linear SOP, the best result is achieved
for the double-pass setup (polarimeter C). The
squares in Fig. 3 show the variance averages for
polarimeters E, F, and G. When the exiting SOP from
the TN-LC is projected over an elliptical SOP, the
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Fig. 3. (Color online) Stokes parameter variance average as a
function of different polarimeters, using a linearly polarized
SOP (rhombi) or an elliptically polarized SOP (squares) to project
over the exiting light from the TN-LC device.

variances are smaller than those obtained for line-
arly polarized light configurations, this improvement
being especially relevant in configuration D. We
remark that the EWV is exactly the average of the
Stokes parameter variances. Therefore, in Fig. 3 we
are representing the experimental EWV obtained
from the measurements and so, evidencing experi-
mentally the improvement achieved during the opti-
mization process using the six setups. Note that the
tendency shown in Fig. 3 is in agreement with the
EWV values of Table 1.

Finally, we have measured two partially polarized
states by using polarimeter D, being the polarimeter
providing the lowest average variance. The measured
SOPs were generated by illuminating a depolarizer
(Thorlabs, DPU-25). The light transmitted through
this element has a polarization that varies spatially,
and because the polarimeter performs an average of a
small area, the resulting SOP mean has a certain
amount of depolarized light. The DOP measurements
obtained are shown in Table 3. Notice that the DOP
values between polarimeter D and the commercial
one are very close. Moreover, we include the Stokes

parameters normalized by ,/S% + S% + S2 providing

the fully polarized contribution. Again, the experi-
mental results are in agreement. However, small dis-
crepancies between results can be attributed to the
difficulty in applying exactly the same measuring
area for the two polarimeters. Nevertheless, experi-
mental results evidence the suitability of the polari-
meter to measure the polarization of light partially
polarized.

B. LED lllumination

Finally, the polarimeter was tested by illuminating
with a nonmonochromatic light source. In particular,
we have used a red LED (Thorlabs, M6251.2), with
nominal wavelength 625nm and a bandwidth of
20 nm. Because birefringence depends on the wave-
length, the QWP and the TN-LC device involved in
setup D [Fig. 1(d)] may introduce a different retar-
dance to the different wavelengths in the LED spec-
trum. For this reason, an achromatic QWP was used
in the setup. However, a study of the TN-LC achro-
maticity is important to ensure the same projection
SOPs for all the LED wavelengths.
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Table 4. Stokes Parameters of Three Different States of Polarization (the Stokes Vectors are Normalized) Measured by Polarimeter D and the Commercial Polarimeter (Thorlabs), when They are llluminated

with an LED Light Source

Circular SOP

Elliptical SOP

Linear SOP

S2 S3 S1 S2 S3 S1 S2 S3

0.866
0.878 +£0.001

S1

0.5
—0.4145 + 0.0004

0.866
0.839 + 0.001

0.5
0.494 £+ 0.001

Expected values

D

—-0.009 £ 0.001 1.002 + 0.001

0.017 £ 0.001

0.025 £+ 0.001

—-0.001 £+ 0.001

0.4977 £ 0.0003 0.8673 +0.0002 -0.0073 + 0.0001 0.0459 + 0.0003 0.89404 + 0.00003 -0.4456 + 0.0001 -0.0188 + 0.0001 -0.0344 + 0.0001 0.99923 + 0.00001

Thorlabs




Table 5. Normalized Stokes Parameters (Fully Polarized Contribution) and DOP Measurements of Two Different SOPs Partially Polarized
by Means of Polarimeter D and the Commercial Polarimeter (Thorlabs), when an LED Light Source Is Employed

S1 S2 S3 DOP
SOP 1 Polarimeter D -0.019 £ 0.002 -0.114 £0.001 0.993 £ 0.002 0.437 £0.001
Thorlabs —0.0418 + 0.0002 —0.0647 + 0.0002 0.99703 £+ 0.00001 0.410 £+ 0.003
SOP 2 Polarimeter D -0.044 £ 0.001 0.686 +0.001 0.727 £ 0.001 0.5514 + 0.0004
Thorlabs —-0.0500 + 0.0002 0.7120 £ 0.0001 0.7004 £+ 0.0001 0.546 + 0.005

Different optical elements were illuminated with
the LED source, and the outcoming SOP was mea-
sured with the commercial polarimeter. First, a chro-
matic waveplate (for 633 nm) was illuminated with
linearly polarized light at 45° with respect to the
QWP axis. The measured DOP was 0.44. Then, the
chromatic retarder was replaced by an achromatic
QWP, obtaining a DOP of 0.99. Finally, we have
analyzed the effect of illuminating the TN-LC device
with linearly polarized light, and the DOP of the
exiting SOP was measured for different voltages
applied to the TN-LC device. The DOP values were
from 0.96 to 1 (i.e., practically fully polarized light).
Comparing these data, we have deduced that the
TN-LC device is acting as an achromatic element for
this bandwidth.

Next, polarimeter D was calibrated, achieving an
experimental EWV equal to 3.59. This result is close
to the theoretical one (3.50), and it is very similar to
that obtained by illumination with monochromatic
light (3.57). So, the current polarimeter was also well
conditioned for the LED illumination.

Then, we tested the performance when measuring
fully polarized states. The SOPs were generated by
modifying the polarization of the light beam with a
polarizer and an achromatic retarder, to ensure the
same incident SOP for all the wavelengths of the
LED spectrum and so, generating a fully polarized
mean SOP.

In Table 4, we present the measurements of three
different fully polarized states. The Stokes param-
eters obtained with the implemented polarimeter
are in accordance to those provided by the commercial
polarimeter. The accuracy of the polarimeter, when il-
luminated with the LED, is of the same order as the
one obtained by applying monochromatic light.
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Fig. 4. (Color online) EWV dependence on the twist angle of the

TN-LC device. (Actual twist angle value used in the implemented
polarimeters in Section 3: 93.2°.)

Finally, we have completed the study by measuring
two partially polarized incoming light beams. The
partially polarized SOPs were generated by illumi-
nating a polarizer with the LED light followed by a
chromatic QWP. Because the chromatic QWP pre-
sents a retardance depending on the wavelength,
each wavelength generates a different SOP. Because
the polarimeter performs an average measurement,
the detected mean SOP had a certain amount of
depolarization (i.e., a DOP lower than 1).

In Table 5, two particular cases are provided: SOP
1 and SOP 2. In the first case (SOP 1), the studied
SOP was generated by illuminating a polarizer with
the LED source followed by a chromatic QWP with
its fast axis at 45° of the polarizer transmission axis.
In such a case, circular light is obtained for 633 nm
(i.e., the QWP operational wavelength), but for the
other wavelengths in the LED spectrum, different
SOPs are achieved. The measurement obtained with
the polarimeter shows a mean SOP almost circularly
polarized, accompanied with a significant unpolar-
ized light value (DOP equal to 0.4). The second case
(SOP 2) was analogous to the first one, but for a
different relative angle between the polarizer trans-
mission axis and the QWP fast axis (i.e., a different
mean SOP is obtained).

We want to emphasize that the results given in
Tables 4 and 5 prove the potential of the implemen-
ted polarimeter, which is able to measure partially or
fully polarized light with a nonmonochromatic light
source with a small bandwidth (around 20 nm).

4. Simulation of Polarimeters by Changing Some of
the TN-LC Cell Features

The monopixel TN-LC cell is extracted from a solar-
powered flashing LCD key ring. We emphasize that
in this work, the TN-LC characterization by means
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Fig. 5. (Color online) EWV dependence on the maximum birefrin-

gence of the TN-LC device. (Actual maximum birefringence value
used in the implemented polarimeters in Section 3: 276.5°.)
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Table 6. Features of the TN-LC Device Employed
in the Polarimeter Setups

Maximum Orientation of the Molecular
Twist Birefringence for Director at the Input
Angle (°) 633 nm (°) Face (°)
93.24 276.51 48.01

of Mueller matrices as a function of the voltage is
enough to optimize and implement the presented
polarimeters. Nevertheless, in order to have extra in-
formation about the physical properties of the LCD
device used, we have conducted an additional experi-
mental characterization by following the method
explained in Ref. [19]. In Table 6, we show the cali-
brated parameters of our particular TN-LC cell: total
twist angle, the maximum birefringence when illu-
minating with 633nm and the orientation of the
molecular director at the input face.

Afterward, we simulated the simplest TN-LC
polarimeter setup, corresponding to Fig. 1(a), by
applying a mathematical model of the TN-LC cell
developed in Ref. [20]. In particular, two studies have
been conducted in order to analyze the influence of
the TN-LC birefringence and the twist angle on the
polarimeter optimization. Several projection SOP
curves are simulated, each one is composed by the
same number of projection SOPs (46) and changing
one of the TN-LC parameters (twist angle or maxi-
mum birefringence). The parameter unchanged
keeps the calibrated value shown in Table 6.

First, the influence of the twist angle is discussed.
Simulations of TN-LC device with a different twist
angle, from 0° to 180°, are analyzed. The EWV of the
simulated projection SOP curves are plotted in the
graph of Fig. 4. Notice that TN-LC devices with a
twist angle from 40° to 140° give low EWYV values of
the same order. In addition, the use of a supertwisted
nematic LC cell with a twist angle higher than 140°
is not an advantage for the optimization of the
instrument.

Second, the maximum birefringence is analyzed.
Note that by changing the maximum birefringence
value, we are simulating different thickness of the
TN-LC cell [20]. The EWV of the projection SOPs
curve, using the specific values of TN-LC birefrin-
gence, are calculated. Figure 5 shows the evolution of
the QI when the maximum birefringence increases.
Note that the EWV is stabilized after 250° of maxi-
mum birefringence, approximately. Therefore, it is
not necessary to work with higher birefringences
(more than 250°). Moreover, working with thicker
TN-LC cell leads to a slower response time.

We remark that the EWV values achieved in Figs. 4
and 5 are not comparable with those shown in
Table 1, because the first ones correspond to charac-
teristic curves (using 46 projection SOPs) and the
others provided in Table 1 are for a set of 4 projection
SOPs.
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5. Conclusions

In summary, we present the optimization of six
different polarimeters composed of a single TN-LC
device. The advantage of using a single LC device
is its simplicity and reduced cost compared with the
standard polarimeters based on two LCDs. By mod-
ifying some parameters such as the optical path, the
incidence angle or the projection polarization states,
a significant improvement in the minimization of
noise propagation is achieved. The optimized polari-
meters were experimentally implemented, achieving
excellent results for accuracy and repeatability.
Experimental tests were developed in order to prove
their correct performance for monochromatic and
LED illumination. In particular, experimental mea-
surements verify that the instrument is suitable to
measure partially and fully polarized light. Finally,
we have simulated polarimeters based on a TN-LC
device with different values of maximum birefrin-
gence and twist angle. We have deduced that the
most suitable TN-LC cell has a twist angle from
40° to 140° and a maximum value of birefringence
around 250°.

Therefore, this work proves that dynamic Stokes
polarimeters with very low error propagation values
can be performed by using a single TN-LC device.
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