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Mueller matrix measurements were used to characterize the polarization properties of liquid crystal-
based reflective type twisted nematic (TN) special light modulator (SLM) at oblique incidence of the laser
beam. The experimentally obtained Mueller matrices were used to obtain the combination of polarization
optics required to optimize it for phase only modulation. The results indicate that minimum intensity
modulation is obtained with the use of a polarizer followed by a quarter wave plate (QWP) in polarization
state generator (PSG) arm and a QWP followed by an analyzer in polarization state analyzer arm (PSA).
Polarization parameters such as retardance, rotation and depolarization were calculated from the exper-
imentally obtained Mueller matrices using polar decomposition method at different angle of incidences
of the laser beam and the results has been discussed. The similarity between retardance and depolariza-
tion curve as a function of address voltage of TNSLM indicated that depolarization is mainly associated
with errors in retardance values. Further, spectral Mueller matrix measurements were used to obtain
intensity modulation response in the range of wavelengths 450–700 nm for broadband applications.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Liquid crystal (LC) spatial light modulators are widely used in
optical processing systems for dynamical control of amplitude
and phase of light wave fronts. A large variety of applications such
as diffractive optical element in holographic optical tweezers [1],
optical storage [2], dynamic lenses [3] and adaptive optics [4] re-
quire it to work in phase modulation regime with a linear phase
modulation of 2p with respect to the addressed gray level of
SLM. This can be conveniently achieved with parallel aligned
(PA) liquid crystal SLM where all the liquid crystal molecules are
aligned parallel to each other. In this case application of electric
field across the liquid cell results in a change of refractive index
in response to the tilt of the LC molecules, which leads to phase
modulation with no intensity modulation. On the other hand in
twisted nematic (TN) type SLM’s, the optic axis (director of the
LC molecule) of LC cell layers is helically aligned across the LC cells.
On application of voltage across the TNSLM, apart from the tilt of
the molecules along the axis there is also a twist of molecules
about the axis of SLM. This leads to coupled amplitude and phase
modulations. Since TNSLM are cheaper and more readily available
(mass production motivated by its display applications) there has
been interest in characterization of the polarization parameters
and finding appropriate configuration of the polarization state gen-
ll rights reserved.
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erator (PSG) and the polarization state analyzer (PSA) to achieve
phase only modulation mode of the TNSLM. This can be done in
two ways; one approach [5] is to measure amplitude and phase
modulation response of the TNSLM for each configuration gener-
ated by the various combinations of the PSG and PSA. But this
method is time consuming and will be more complex if to more
effectively decouple intensity and phase modulation response,
quarter wave-plates (QWP) are also included for generating elliptic
polarization state [6]. The other approach [7–10] is to first model
the optical behavior of the TNSLM and then use this model to find
out the optimum orientation of the PSG and PSA for phase only re-
sponse. For determining the polarization parameters of TNSLM,
2 � 2 Jones matrix has been used, however the applicability of
Jones matrix formalism is questionable since in Twisted Nematic
liquid crystal-based systems, the depolarization has been shown
to be in the range of 2–9% [11]. Mueller matrix description is there-
fore more appropriate for the characterization of polarization
parameters of TNSLMs and has indeed been used to characterize
the transmitive type TNSLM’s [6]. Since the reflective type SLM’s
are receiving more attention due to the fast response as compare
to transmitive type, there have also been some attempts [12,13]
to characterize reflective type TNSLMs at normal/quasi normal
(�2–5�) incidences. However for many beam shaping applications
including that for holographic optical tweezers (HOT), it would be
useful if oblique incidence is used as it provides more space for the
set up and also allows free access to place the polarization optics
for different operating modes of the TNSLM. Further, the use of
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reflective type TNSLM’s in oblique incidence geometry offers two
other important advantages first, polarization sensitive cubic beam
splitter is not required to separate the incident and reflected laser
light that is required for normal incidence geometry and secondly
the retardation optics can be placed independently in the input and
output path for minimizing intensity modulation [14]. Recently
some attempts [15–18] have also been made to characterize and
optimize the TNSLM at large oblique incidences.

In this paper, we discuss the use of the Mueller matrix-based
approach for characterization of polarization properties of reflec-
tive type TNSLM at oblique incidences of the beam and finding
an optimum combination of polarization optics for achieving phase
only modulation. Using the polar decomposition [19] of experi-
mentally measured Mueller matrices for the characterization of
polarization properties of reflective type TNSLM, we studied the
dependence of the diattenuation, depolarization, linear retardance
and rotation on the angle of incidence of the laser beam. The polar
decomposition results enable us to conclude that the depolariza-
tion is mainly caused by the variation in linear birefringence. We
have also studied, in detail, the wavelength response of the TNSLM
for 45� angle of incidence in the wavelength range of 450–700 nm
and discussion of results has been presented. The measured Muel-
ler matrices were used to find out the best combination of polari-
zation optics for minimizing the intensity modulation over a broad
wavelength range.
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2. Set up and method

2.1. Measurement of Mueller matrix

The schematic of the experimental set up used for the measure-
ment of the Mueller matrix parameters of a Twisted Nematic SLM
(LC-R 2500, Holoeye Photonics, Germany) is shown in Fig. 1a. The
TNSLM is a 45� twisted nematic type spatial light modulator based
on LCoS display, with XGA resolution (1024 � 768 pixels), having
squire pixels of 19 lm pixel pitch and fill factor of 93%, with digi-
tally controlled 256 (0–255) gray levels and phase modulation
Fig. 1. Schematics of the setup for (a) Mueller matrix measurement at varying angle of in
type TNSLM for 45� angle of incidence for the laser beam.
capability of �2p up to 700 nm. For measurements at single wave-
length the output from a frequency doubled diode pumped Nd:Y-
VO4 laser (532 nm, cw Verdi, Coherent Inc., USA), was used to
illuminate the TNSLM after passing through a fixed polarizer P1
and a rotatable QWP1 (532 nm) which act as a PSG. The polariza-
tion state analyzer, comprising of a rotating QWP2 (532 nm) fol-
lowed by a fixed polarizer P2, was used to analyze the reflected
light form the TNSLM. A power meter (Coherent Inc., USA) was
used to measure the intensity of the laser light coming from PSA.
For studying the behavior of the TNSLM at oblique incidences the
TNSLM, PSA and power meter were mounted on a rotational stage.
For spectral Mueller matrix measurement, collimated white light
output from a 1 kW Xe lamp (Sciencetech, 201–1K, Canada) was
used to illuminate the TNSLM. For these measurements the QWPs
designed for 632 nm were used in both PSG and PSA. A fiber optic
probe whose distal end was coupled to a spectrometer (Avaspec-
2048TEC-FT, Avantes, Netherland) was used to record the reflected
intensity.

Measurement of Mueller matrix using PSG/PSA approach re-
quires a set of four incident polarization states (generated using
four orientations of QWP1 with respect to P1) in the input and
detection of intensities at four different polarization states (using
four orientations of QWP2 with respect to P1) at the output. The
PSG and PSA can therefore be written as:
PSA ¼
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where subscript ‘hini’ and ‘hoi’ (i = 1, 2, 3, 4) corresponds to the ori-
entation angles of fast axis of QWP1 and QWP2, respectively, and
Ch ¼ cos 2h; Sh ¼ sin 2h; Cd ¼ cos d; Sd ¼ sin d, with d being
the linear retardance of the QWPs. For spectral Mueller matrix mea-
surements, PSG and PSA were adjusted to account the wavelength
cidence of the input beam and (b) phase modulation measurement of the reflective
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dependent retardance (d) of wave plate at each wavelength (450–
700 nm) [20].

In the whole study the angles were measured with respect to
the laboratory vertical looking towards the propagation direction
of the beam. The polarizer (P1) was kept vertical and polarizer–
analyzer (P1 and P2) were kept crossed with respect to each other.
The 16 measured intensities matrix (Mi) is related to the sample
Mueller matrix (Ms) as [21]

Mi ¼ PSA �Ms � PSG ðiiiÞ

The Mueller matrix of the sample (Ms) can also be written in 16 � 1
form

Mivec ¼W �Msvec ðivÞ

where W is 16 � 16 matrix given by Kronecker product [22] of PSA
with transpose of PSG

W ¼ PSA� PSGT ðvÞ

We term the matrix W as the measurements matrix since its oper-
ation on a 16 � 1 column vector Msvec gives a 16 � 1 column vector
(Mivec) with measured intensity as its elements. The measurement
matrix W is completely determined by the retardance and the ori-
entation of the fast axis of the QWPs used.

So the Mueller matrix (Msvec) of the sample is determined by

Msvec ¼W�1Mivec ðviÞ

For inverse computation (in Eq. (vi)), the determinant of the W
must be non-zero. Therefore the orientation angles of QWPs were
optimized such that the determinant of the measurement matrix
is maximum. The determinant of the measurement matrix was
computed for all possible set of four equally spaced orientations
of QWP in PSG and PSA. The QWP orientation angles at which
the determinant of ‘W’ was maximum, were taken for Muller ma-
trix measurements of the TNSLM. In this case the optimum val-
ues for the orientation angles of QWPs with respect to
transmission axis of first polarizer P1 were 35�, 70�, 105� and
140�.

The Mueller matrix measurements were done at 16-evenly
spaced address voltages (0, 16, 33, . . .) spanning the entire range
of TNSLM gray level. For the spectral measurements Mueller ma-
trix at each wavelength was calculated by adjusting the PSG and
PSA to account for the wavelength dependent retardance of wave
plate at each wavelength in the range 450–700 nm.
2.2. Minimum intensity modulation computation

The intensity modulation response of TNSLM with different
possible configurations utilizing polarizer and wave plate on
both sides of the TNSLM were estimated by using Mueller matrix
measured at 16-evenly spaced address voltages. The output
polarization state of the system after the PSA can be written as

SO ¼ MPOMQOMJMQIMPISI ðviiÞ

where SI and SO are the input and output state stokes vector. MPO,
MQO, MJ, MQI and MPI are the Mueller matrix of output polarizer, out-
put QWP, TNSLM, input QWP and input polarizer, respectively. The
input state polarization was taken as un-polarized, i.e.

SI ¼ ½1 0 0 0 � ðviiiÞ

The intensity modulation for a given configurations was charac-
terized by calculating variance of the first element of SO as a func-
tion of grayscale value with different combination of input and
output polarization states spanning whole range of orientations
of polarizer/analyzer and QWPs
r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X16
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hSO ð1Þi � SOi ð1Þð Þ2=16
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In all, for studying the intensity modulation of TNSLM at obli-
que incidence, three orientations 15�, 30� and 45� were studied.
The orientation angles (denoted by ‘a’ in Fig. 1a) are the angle of
incidences of the beam with respect to the normal at the surface
of TNSLM. In each orientation of the TNSLM four configurations
comprising different possible combination of polarizer, analyzer
and QWP’s were studied; (a) polarizer-TNSLM-analyzer (b) pola-
rizer-QWP-TNSLM-analyzer (c) polarizer-TNSLM-QWP-analyzer
and (d) polarizer-QWP-TNSLM-QWP-analyzer.

2.3. Single wavelength phase modulation measurement

The phase modulation was measured for the configuration with
minimum intensity modulation using two-beam interferometry
method. The schematic of the set up is shown in Fig. 1b. The beam
was expanded using suitable lens combination and thereafter split
in two parts by a two pinhole aperture (TPHA). For the phase shift
measurement Phase cam software from Holoeye Photonics, Ger-
many was used. With the help of this software the entire TNSLM
region was vertically divided in two parts; the address voltage of
half plane, considered as reference plane, is fixed and the address
voltage of the other half plane is varied by varying the gray level
from 0 to 255 by the software. Both parts of the incident beam
coming from TPHA were made to incident on TNSLM in such a
way that one part of the beam falls on reference plane and the
other part on rest half of the plane. Both part of the beam after get-
ting reflected from the TNSLM passed through the PSA and was fo-
cused by lens (L3). A 10 microscope objective was used to magnify
the interference image. The images were recorded using a CCD
connected with a computer.

3. Polar decomposition of Mueller matrix

Polar decomposition of Mueller matrix is a robust and efficient
approach for the quantification of the polarization parameters of
the optical media from measured Mueller matrix. The process for
polar decomposition of experimentally measured Mueller matrix
into Mueller matrices of a diattenuator MD (component that causes
different amplitude changes for its orthogonal eigen states), a re-
tarder MR (component that causes dephasing of two eigen states)
and a depolarizer MD (component that causes depolarization) has
been described in details by Lu and Chipman [19] and others
[21,23].

4. Results and discussion

4.1. Intensity modulation at oblique incidences of the beam for single
wavelength

For all possible combinations of QWPs and polarizer orientation
angles (denoted as ‘bi’ and ‘bo’ for polarizer and analyzer; ci and co
for input side QWP1 and output side QWP2, respectively) in all
configurations the intensity modulation minima was calculated
at 15�, 30� and 45� angle of incidence (a) of laser beam using Eq.
(ix) and result is tabulated in Table 1. Among all the configurations
(a–d) studied, the intensity modulation minima for 45� orientation
of TNSLM was obtained when a polarizer followed by a QWP was
placed at the input and a QWP followed by an analyzer was placed
at the output of the TNSLM. Fig. 2 shows intensity modulation
when TNSLM was oriented in 45� with respect to the incident
beam and in the configuration QWP’s were used on both the sides
of TNSLM. In this configuration a total of four intensity modulation



Table 1
Minimum intensity modulation of TNSLM for different angle of incidence (a) of the input laser beam in different configurations (a–d).

Orientation (�)
of TNSLM (a)

Configuration QWP before TNSLM (�)
(ci)

QWP after TNSLM (�)
(co)

Polarizer (�)
(bi)

Analyzer (�)
(bo)

Minimum intensity
modulation (%)

15 Only polarizers 124 88 15
30 -do- 43 104 7
45 -do- 141 110 2
15 QWP before TNSLM 36 56 94 5
30 -do- 47 154 100 4
45 -do- 58 160 107 1.5
15 QWP after TNSLM 18 7 74 4
30 -do- 48 17 14 1.5
45 -do- 78 21 108 2
15 QWP on both side of TNSLM 10 23 103 84 2.5
30 -do- 16 46 107 10 1.5
45 -do- 22 52 18 2 0.5
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minima were observed when the QWP’s orientations were ci = 22�
and co = 52� and the polarizer, analyzer angles were bi = 18� and
bo = 2�.

The Poincare sphere depiction of intensity modulation by
TNSLM allows visualization of the role of QWP’s and polarizers in
achieving optimum configuration for phase only modulation mode.
The intensity transmitted for a state of polarization defined as

St ¼ MQOMJMQIMPISI ðxÞ

through a polarizer at the output (MPO) is given by a point on the
equator is cos2(L/2). L is the shortest length of the curve joining
the two points (St and the second point representing the output
polarizer orientation on the Poincare sphere) along the surface of
Fig. 3. Poincare sphere presentation of the intensity modulation in (a) optimized orien

Fig. 2. Contour plot of intensity modulation from the TNSLM at different polarizer,
analyzer angles when QWP1 was at 22� and QWP2 was at 52�.
Poincare sphere. Keeping the polarizer, QWP1 and QWP2 at the
optimized orientation, output polarization states were generated
for the 16-evenly spaced gray levels spanning the whole range of
TNSLM. In Fig. 3, the output states are shown (circles) for optimized
orientation and for some randomly chosen orientation of P1, QWP1
and QWP2. In case the polarizers QWP1 and QWP2 are not in the
optimized orientation, the distance of the output state (St) from
the analyzer state is varying which means that the intensity of
the light coming out of the analyzer will not be same as the compo-
nent of polarization states along the analyzer axis will not be the
same. Where as in the optimized case all the 16 states have nearly
equal distances from the analyzer, i.e., the component of polariza-
tion states along the analyzer axis has small variation. So effectively
by using polarizer, QWP1 and QWP2 we are trying to generate the
output polarization states which will be symmetric to some point
on the meridian of the Poincare sphere and the analyzer orientation
will be that point on the meridian.

Since the intensity modulation minima occurred when we used
one QWP between polarizer and TNSLM and the other one between
TNSLM and analyzer for 45� angle of incidence (a) of the laser
beam, further studies were concentrated only for this orientation
of the TNSLM.
4.2. Phase modulation measurement

Phase modulation measurement was pursued only at the four
intensity modulation minima observed in configuration (d) at 45�
orientation (a) of the TNSLM and is shown in Table 2. Among the
four optimized polarization state of the PSG and PSA, two cases
when the polarizer angle (bi) was at 18� and analyzer angle (bo)
tation (b) a random orientation of the polarizer, analyzer and quarter wave plate.
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was at 2� and 92�, the linear phase modulation was �2p with ±1%
intensity modulation. Recently Lizana et al. [17] have also reported
a similar approach to optimize the same TNSLM for phase only
mode. However, for 45� orientation of the TNSLM under optimized
condition of PSG and PSA, they could achieve �240� phase modu-
lation with much larger intensity modulation (�20%).

4.3. Diattenuation, linear retardance, circular retardance and
depolarization dependence on angle of incidence

Following the polar decomposition approach developed by Lu
and Chipman [19], we computed the polarization parameters; diat-
tenuation, depolarization, and retardance from experimentally ob-
tained Mueller matrix for TNSLM. The results are shown in Fig. 4
for different angle of incidences (a = 15�, 30�, and 45�) of laser
beam for 16 equally spaced gray levels from 0 to 255. As can be
seen, for the whole range of gray scale of TNSLM, diattenuation
and depolarization values are small (the maximum value of diat-
tenuation is �0.1 for a = 15� and the maximum depolarization is
�7% in gray level range around gray level 200 for a = 45�) and
the dominant contribution to the Muller matrix of TNSLM is from
retardance. The observed variation of depolarization with angle
Table 2
Phase modulation response of TNSLM at various polarizer and analyzer orientation.
For these measurements the QPW’s are at 22� (ci) at 52� (co), respectively.

Polarizer angle (bi) Analyzer angle (bo) Phase modulation

18 2 2.1 p
18 92 2.0 p
108 2 1.0 p
108 92 0.1 p

Fig. 4. Polar decomposition results of the Muller matrix of TNSLM measured at different a
retardance.
of incidence (a) of laser beam is qualitatively similar to that ob-
tained by Lizana et al. [17] and can be attributed to the scattering
from the cell edges which is expected to increase with increasing
angle of incidence. Further, the retardance range is large for small
angle of incidence and decreases with increases in the angle of
incidence which is also in qualitative agreement with previous re-
port [17].

Following the approach described by Manhas et al. [21], we fur-
ther decompose the retardance matrix to linear retarder matrix
and circular retarder (rotator) matrix. The results are shown in
Fig. 5 for different angle of incidences (a = 15�, 30�, and 45�) as a
function of gray levels. The linear retardance is seen to be large
for small angle of incidence and decreases with increases in angle
of incidence (a). The maximum linear retardance is �175� at �185
gray level for a = 15� and for a = 45� it is �150� at �120 gray level
of TNSLM. The maximum value of circular retardance (rotation)
caused by the TNSLM shifts towards higher gray level as the angle
of incidence (a) increases. It is pertinent to emphasize here that
since the diattenuation and depolarization values are small (max-
imum 0.1% and 7%, respectively), the TNSLM can be treated as a
system consisting of the linear retarder followed by rotator at ob-
lique incidence of the laser beam in agreement with previously re-
ported result [24].

4.4. Depolarization behavior of TNSLM

In the liquid crystal-based devices depolarization is assumed to
be mainly arising from the scattering due to the orientation fluctu-
ation of the molecules. The other causes are the spatial averaging
of the retardance within each pixel, electric field variations, edge
effects in pixels and disclination in the liquid crystal [25]. The polar
decomposition of the experimentally measured Mueller matrix
shows that the depolarization of TNSLM follows the variation in
ngle of incidences (a) of the laser beam (a) diattenuation, (b) depolarization, and (c)



Fig. 6. Depolarization and the linear retardance of TNSLM for 45� angle of incidence.
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linear retardance as shown in Fig. 6. This suggests that among the
different depolarizing factors variation in linear birefringence is
the dominant factor for the depolarization effect caused by the
TNSLM. Since the birefringence fluctuation is expected to grow in
amplitude as birefringence increases, the depolarization is ex-
pected to follow the birefringence curve. Other studies [12] have
also pointed out towards fluctuation of polarization state in time
for light scattered from the TNSLM resulting from electric field
fluctuations, which results in birefringence fluctuations.

4.5. Wavelength response of the TNSLM

TNSLM is widely used in adaptive optics systems, which require
it to be characterized for the large wavelength range [26]. Wave-
length dependence of TNSLM makes it difficult to use the same
combination of polarization optics optimized for any particular
wavelength to use for other wavelengths in the spectral range for
which the TNSLM can give �2p phase modulation. We, therefore,
studied the intensity modulation characteristics of TNSLM be-
tween the spectral range 450 and 700 nm to find out the wave-
length regions where the TNSLM can be efficiently used in phase
only modulation mode for 45� angle of incidence (a) of the laser
beam. For this we used the spectral Mueller matrix measurement
method to calculate the Mueller matrix for wavelengths in the
wavelength range 450–700 nm at a step size of �5 nm. For each
wavelength studied, the optimized orientations of the polarizers
and QWP’s for minimum intensity modulation were calculated
and are shown in Fig. 7. When only polarizers were used, the inten-
sity modulation was 4–16% whereas in case a QWP was used at one
side of the TNSLM, the intensity modulation was better (�4%) and
more uniform.

Further, some applications of TNSLM with pulse laser systems
require it to behave uniformly for the spectral bandwidth of the
pulsed lasers systems. So the broad band wavelength response of
the TNSLM was studied from 450 to 700 nm at step size of
�5 nm. To achieve the minimized broadband intensity modulation,
the suitable configuration of polarization optics were calculated for
each wavelength and thereafter for each optimized orientation the
intensity modulation was calculated for the whole wavelength
range (450–700 nm). Fig. 8 shows the broad band response of the
TNSLM for different configurations (a–c) for 45� angle of incidence
of the laser beam. In case we used only polarizers, the intensity
modulation minima (�5%) corresponded to �20 nm bandwidth
as shown in Fig. 8a. Fig. 8b and c shows that the intensity modula-
tion response of the TNSLM is improved when we used QWP on
either side of the TNSLM. In case QWP was used before the TNSLM,
the intensity modulation minima corresponded to �20 nm band-
width where as in case QWP was used after the TNSLM the inten-
sity modulation minima corresponded to �10 nm bandwidth with
Fig. 5. Linear retardance (a) and circular retardance (b) variation with gra
intensity modulation of �2% in both the cases. To have uniform
intensity modulation of the TNSLM for a given wavelength range,
we need to excite it with a polarization close to eigen polarization
state of TNSLM. It is known that the eigen polarization state of the
TNSLM are elliptic [27], so the elliptic polarization state will be
more suitable as compared to the linearly polarized light. When
QWP is used before the TNSLM, the input for the TNSLM is ellipti-
cally polarized light where as in case we used QWP after the
TNSLM; the input for the TNSLM is linearly polarized light. We also
studied the configuration having two QWP one on each side of the
TNSLM. Though in this configuration the intensity modulation
minima were lower than other configurations, the minima had les-
ser wavelength spread. So this configuration is not suitable for
broadband application of the TNSLM with laser systems having
spectral bandwidth of a few nm.

5. Conclusion

We have shown the use of Mueller matrix description of TNSLM
for the optimization and polarization characterization of TNSLM.
The 16 experimentally measured Mueller matrices corresponding
to different address voltages of the TNSLM were used to estimate
the minimum intensity modulation configuration employing quar-
ter wave-plates and polarizers. The 45� orientation (a) of TNSLM
corresponds to intensity modulation minima among the other ob-
lique incidences in configuration having polarizer and QWP on
both sides. Our studies on the depolarization response of the
TNSLM (using polar decomposition of Mueller matrices) suggest
that the pixel to pixel linear retardance fluctuations to be the major
y level of TNSLM for different angle of incidences (a) of laser beam.



Fig. 7. Intensity modulation of TNSLM in different configurations (a) only polarizers (b) QWP before TNSLM (c) QWP after TNSLM; for multiple wavelengths.

Fig. 8. The wavelength response of the TNSLM for the case (a) when only polarizers were used on both side of TNSLM (b) when QWP was used before the TNSLM along with
the polarizers and (c) when QWP was used after the TNSLM along with the polarizers. Here ‘optimized orientations of polarizers and QWP’ represented by numbers. Each
number is representative of one optimized combination of polarizes and QWP’s for minimum intensity modulation for one wavelength.
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contributor to the depolarization. Multi wavelength measurements
were performed to see the suitability of the combination of polar-
ization optics for minimum intensity modulation. We showed that
the configuration with QWP at either side is better among different
configurations for the broadband applications. This method can be
used at any oblique incidence of the laser beam with respect to the
TNSLM front surface.
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