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Abstract: In this paper we characterize the polarimetric properties of a
liquid crystal on silicon display (LCoS), including depolarization and
diattenuation which are usually not considered when applying the LCoS in
diffractive or adaptive optics. On one hand, we have found that the LCoS
generates a certain degree (that can be larger than a 10%) of depolarized
light, which depends on the addressed gray level and on the incident state of
polarization (SOP), and can not be ignored in the above mentioned
applications. The main origin of the depolarized light is related with
temporal fluctuations of the SOP of the light reflected by the LCoS. The
Mueller matrix of the LCoS is measured as a function of the gray level,
which enables for a numerical optimization of the intensity modulation
configurations. In particular we look for maximum intensity contrast
modulation or for constant intensity modulation. By means of a heuristic
approach we show that, using elliptically polarized light, amplitude-mostly
or phase-mostly modulation can be obtained at a wavelength of 633 nm.
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1. Introduction

Liquid crystal displays (LCD) have found widespread use as spatial light modulators (SLM)
in applications such as optical image processing [1], holographic data storage [2],
programmabl e adaptive optics [3], diffractive optics[4,5] and optical metrology [6]. They can

486144 - $1500USD  Received 8 Aug 2007; revised 18 Oct 2007; accepted 18 Oct 2007; published 24 Jan 2008
(C) 2008 OSA 4 February 2008/ Vol. 16, No. 3/ OPTICS EXPRESS 1670



be used as amplitude-only SLMs or as phase-only SLMs when properly selecting the input
and output polarization configurations [7,8]. In recent years a new LCD technology, liquid
crystal on silicon (LCoS) based displays, has attracted considerable interest due to some
important manufacturing improvements leading in many aspects to a superior performance
[9,10]. LCoS displays are based on silicon CMOS technology, which enables for a relatively
inexpensive display showing a very high resolution with pixel sizes less than ten microns and
with afill factor exceeding the 90%. They are reflective displays which, due to the double
pass through the device, enables for an increase in the dynamic modulation range, especially
important in applications requiring phase-shift modulation of the incident wavefront.
Simultaneously they have a small cell thickness (lessthan 1 um isfeasible), which enables for
a rapid response. LCoS have aready shown its ability to work as SLMs in optical image
processing [11], programmable adaptive optics [12], diffractive optics [13], 3-D holographic
display [14] and optical metrology [15,16].

In general, when using commercial LCDs the researcher does not have access to the value
of a set of parameters defining the electrooptic modulation properties of the LC device.
Researchers have proposed a series of reverse engineering models [17-21], usually based on
the Jones matrix polarization formalism [22], to describe the modulation capabilities of LCDs.
In general these models provide an approximate description of the profile of the electrooptic
properties of the LC across the depth of the cell [17-19]. Other approaches concentrate on the
numerical evaluation of the matrix elements of the Jones matrix describing the LCD [20], or
consider the LCD as alossless non-depolarizing polarization device, and regard it as a retarder
— rotator combination [21]. Jones matrix models generally account both for the amplitude and
phase-shift modulation capabilities of LCDs.

The Mueller matrix formalism provides an dternative polarimetric description of
polarization phenomena, and it has been also applied to calibrate the response of LCDs.
Pezzaniti and Chipman [23] measured the Mueller matrix of a LCD to calculate its average
eigenpolarization states in order to obtain phase-only modulation. One of the two orthogonal
average eigenpolarizations provides a high range of phase-shift [24] with a reasonably flat
amplitude modulation. In another work Pezzaniti et al. [25] reported the existence of LCDs
showing a certain degree of depolarized light. More recently Wolfe and Chipman [26] showed
that a full polarimetric characterization of LCoS devices is a more complete and suitable
approach than the standard radiometric characterization typicaly followed by the display
industry in quality control tests [27]. In their study they found a certain degree of depolarized
light and the inhomogeneity in various polarimetric parameters across the LCoS aperture.

The existence of depolarized light [22] may lead to the degradation in the application of
the LCoSasa SLM. This effect can not be calibrated and evaluated with the models described
in Refs. [17-21]. The ability for a device showing depolarization to be used in amplitude-only
or in phase-only modulation regimes is a novel and necessary study. In principle, it can be
expected that depolarized light may be added incoherently as a non-uniform background
across the aperture of the LCoS because the degree of polarization may depend on factors
such as the addressed gray level and the incident SOP.

In this paper we characterize the polarimetric properties of a liquid crystal on silicon
display (LCoS), therefore including depolarization and diattenuation which are usually not
considered when applying the LCoS in non-display applications. In this polarimetric study we
include time measurements that show the phenomenon responsible for the depolarization.
Along with the polarimetric characterization we measure the Mueller matrix of the LCoS as a
function of the gray level. The Mueller matrix characterization enables for a numerical search
of optimum intensity modulation configurations. In particular we look for maximum contrast
modulation or constant intensity modulation. We demonstrate that in general the best results
are obtained when using €lliptically polarized light. By means of a heuristic approach we
show that amplitude-mostly modulation or phase-mostly modulation with a large phase-shift
modulation depth can aso be obtained.

The paper is organized as follows. In Section 2 we measure the Stokes vector for a series
of input SOPs. These measurements serve to analyse the depolarization and the diattenuation
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produced by the device. In Section 2 we also analyse the origin for the depolarized light
produced by the LCoS. In Section 3 we use the Stokes vectors measurements to calculate the
Mueller matrix for the LCoS, and we proof the capability of the Mueller matrix to predict the
SOP of the light reflected by the LCoS. In Section 4, by means of a numerical search and
using the Mueller matrix for the LCoS we optimize the intensity transmission for specific
modulation regimes. The main conclusions of the paper are given in Section 5.

2. Stokes parameters: analysis of the depolarization and the diattenuation in a L CoS
2.1 Experimental setup

In this work we use a Philips LCoS model X97¢c3A0, sold as the kit LC-R2500 by Holoeye.
The LC-R2500 is a 2.46 cm diagonal monochrome reflective LCoS of the 45° twisted nematic
type, with XGA resolution (1024 x 768 pixels), with digital data input and digitally controlled
gray scales with 256 gray levels. The pixels are square with a pixel center to center separation
of 19 um and a fill factor of 93%. Preliminary results obtained with the LCoS show that a
certain degree of depolarized light is produced [28]. To obtain a full polarimetric
characterization of the LCoS we proceed with the measurement of the Stokes parameters for
the SOP of the light reflected by the LCoS for a series of input SOPs. The input SOPs have
been chosen so that the Mueller matrix of the device can also be calculated from these
measurements (see Section 3 for the resulting Mueller matrix).

In the experimental setup we use the unexpanded laser beam from a He-Ne laser (A=633
nm) at non-perpendicular incidence onto the LCoS, to separate the incident and the reflected
beams of light. The angle of incidence with respect to the normal of the LCoSis 2°. We want
almost-perpendicular illumination in order to decouple the polarizing effects of the LCoS
from the polarizing effects introduced by the Fresnel coefficients with the angle of incidence.
The use of a beam-splitter to ensure perpendicular illumination of the LCoS would have
added additional polarizing effects.

A polarization state generator (PSG) and a polarization state detector (PSD), respectively
before and behind the LCoS, composed of a linear polarizer and a quarter wavelength wave
plate are needed for the polarimetric characterization [22]. We use linear polarizers model
DMP-200-VIS1, and wave plates model AQM-100-545, corresponding to achromatic quarter
wave plates in the visible, both by Meadowlark Optics. We verified that the retardance of the
wave plates is 90° at 633 nm. With the PSG and the PSD we can generate and detect any
possible SOP. For the polarimetric characterization we generate and detect 6 different SOPs:
linearly polarized along the vertical, horizontal, at 45° and at -45°, and right-handed and left-
handed circularly polarized light (labelled in the following as X, Y, 45, -45, R and L,
respectively). In these experiments we measure the irradiance for the light after the PSD. For
the measurements we use the radiometer model 1830-C, by Newport.

Next we introduce the sign convention used in this work, which is consistent with the
convention followed for example by Goldstein [22]. To express the light incident and the light
reflected by the LCoS we consider the corresponding right-handed reference systems for the
incident and the reflected paths. In these systems the X axisis along the vertical of the lab, the
Z axis points along the propagation of the light beam, and the Y axis is inverted after
reflection. The origin for the angles for the polarization elements (linear polarizers and wave
plates) is taken with respect to the vertical of the lab, and the sense is taken positive for a
counter-clockwise rotation (the observer looking in the opposite sense of the propagation of
the light beam). In the case of the azimuth y and the éllipticity y angles describing a specific
SOP adiagram is given in Fig. 1, where we show the reference systems for the lab (X and Y
axes) and for the proper axes of the ellipse (X’ and Y’ axes, with X’ the mgjor axis). The
azimuth angle (0 < < m) accounts for the orientation of the major axis of the ellipse with
respect to the X axis. Its sense is positive for a counter-clockwise rotation. The ellipticity
angle y (-m/4 < y < m/4) is taken from the major axis of the polarization ellipse to one of the
diagonals of the rectangle circumscribing the ellipse. It is considered positive for right-handed
SOPs, which corresponds to a rotation of the electric field in the clockwise sense. In Fig. 1
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both the azimuth and the ellipticity angles are positive according to this sign convention. We
note that in the representation in the Poincaré sphere we plot right-handed SOPs on the north
hemisphere asin Ref. [22].

Fig. 1. Polarization ellipse. The azimutﬁ y and the dlipticity y angles indicated in the figure
have a positive value according to the sign convention explained in the text.

Given a specific input SOP generated by the PSG, to obtain the 4 components (S, S, S
and S;) of the Stokes vector for the SOP reflected by the LCoS we follow the standard

procedure [22],
S o
SA — Ix_ly 1
Sz I45_|745
% IR_IL

where |y, 1y, 145, |45, Ir @nd | are respectively the intensities measured &t the exit of the PSD
from the projection of the reflected SOP onto the 6 corresponding SOPs (X, Y, 45, -45, R and
L) for which the PSD is configured. The value for these intensities is corrected from the
attenuation due to the transmission through the PSD. The magnitude |, is the total intensity
reflected by the LCoS. For normalization purposes, an additional measurement is taken, the
intensity of the light incident onto the LCoS. each measurement is then divided by the
incident intensity. Thus, variations in the laser output or in the PSD transmission do not have
any effect in the final results.

The precision in the measurement of the Stokes parameters measured in this work can be
roughly estimated as £0.02. For this estimation we consider both an uncertainty of £1° in the
orientation of the polarizing elements in the setup, and an uncertainty of 1% in the intensity
measured with the radiometer. From these two sources of error, the former, i.e. uncertainty in
the orientation of the polarizing elements, has a negligible contribution.

2.2 Experimental results: Depolarization, diattenuation and retardance performance

From the Stokes measurements we can obtain both the degree of polarization (DoP) of the
reflected light and the diattenuation coefficient of the LCoS. The DoP of the reflected light is

caculated as[22],
2 2 2
pop= 1A FSTS
S

In Fig. 2 we show the DoP as a function of the gray level and for the six different input
SOPs (X, Y, 45, -45, R and L). Note that the vertical scale ranges from 0.80 to 1.05. We see
that the DoP varies both with the gray level and with the incident SOP. In particular the
amount of depolarized light produced by the LCoS can reach values as large as 10%. This
happens in the gray level range about 180-200 and for incident SOPs 45 and -45. In principle,
thisis a high value of depolarized light produced by the LCoS. To characterize a system with

2
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depolarization the Mueller matrix formalism has to be used, as we do in Section 3. We note
that the uncertainty in the calculated DoP, due to the +0.02 uncertainty in the Stokes
parameters, can be estimated as £0.04 in the various DoP results presented along this work.
This uncertainty may lead in some configurations and certain gray levels to values of DoP
dightly over 1, situations where we can consider that the light is fully polarized.

[y
o
a

0.9

Degree of polarization

0.8 T T T T T

0 50 100 150 200 250
Gray level

Fig. 2. Degree of polarization for the 6 input SOPs.

The diatenuation measures the difference in transmission between two incident
orthogonal SOPs[22], thus, combining the 6 SOPs (X, Y, 45, -45, R and L) generated by the
PSG the following three diattenuation components can be defined,

Dy = Sbi_sg ! D4s=S§z_S§Z, DCZSOE_S{
S +S S+ S+

where S, S, S°, §%, S¥ and S§ corresponds to the intensity reflected by the LCoS
for the 6 different input SOPs generated by the PSG. The total diattenuation is given by,

D - Somax _S)min

S)max + min

©)

(4)

It represents the difference in transmission between the two SOPs with the highest S)max and

the lowest S™ intensity transmission respectively. These SOPs are orthogonal to each other.
Thetotal diattenuation can also be calculated from the components defined in Eq. (3) as,

D=./Di +D%+DZ (5)

® DX = D45
A4 DC —D

®
.
—— " * s
.A.AA‘AAAAAAXI
L ]
...lllll.

°
o

o
o
a

Diattenuation
S

o

(5] o

S
2

T T T T T
50 100 150 200 250

o

Gray level
Fig. 3. Values for the three diattenuation components and for the total diattenuation.
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Using Egs. (3) and (5) we can calculate the value for the diattenuation parameters. In Fig.
3 we plot their values as a function of the gray level. We note that the vertical scale is zoomed
between 0.1 and -0.1. We see that the maximum value for the total diattenuation is about 0.05.
Therefore it can be said that the diattenuation is negligible and the LCoS can be basically
considered as the combination of aretarder and a depolarizer as given in Ref. [29].

To analyze the action as a retarder we calculate the normalized Stokes components Sy,

Se, and Sg as,
o _Sua

nin2n3 — | ’ (6)
pol

IpoI:\/S:I.Z-l_SZZ-i_Sii2 (7)

is the intensity due to the polarized component of the reflected SOP [22]. The normalized
Stokes vector (1 Sy Se Sw)™ (L means transpose) represents the component of fully polarized
light, normalized to unit intensity, for the Stokes vector in Eg. (1). In Fig. 4 we plot the vector
(1 Su S Sw)*, asafunction of the addressed gray level. For this purpose, two complementary
representations are given, one using the Poincaré sphere [Figs. 4(a), 4(c), and 4(e)] and one
plotting the azimuth and ellipticity of the SOP as a function of the gray level [Figs. 4(b), 4(d),
and 4(f)]. The trgjectory along the Poincaré sphere provides a fast visualization for the range
of reflected SOPs, and the azimuth and ellipticity plot as function of the gray level provides a
more quantitative visualization of the data. In Figs. 4(a) and 4(b) we plot the results for the
input SOPs X (violet) and Y (green), in Figs. 4(c) and 4(d) for the input SOPs 45 (violet) and -
45 (green), and in Figs. 4(e) and 4(f) for the input SOPs R (violet) and L (green).

In the Poincaré sphere representations [Figs. 4(a), 4(c), and 4(e)] we see that the output
trgjectories for any two orthogonal incident SOPs are orthogonal to each other, thus they
correspond to orthogonal reflected SOPs. This can be more precisely seen in the azimuth and
ellipticity representation, where we see that there is a 90° difference in the azimuth for the two
reflected SOPs and the ellipticities are symmetrical with respect to the X-axis in the plot. The
orthogonality condition is verified by homogeneous polarization systems [29, 30]. Thus, the
LCoS can be considered as a homogeneous system, at least when considering the fully
polarized component of the measured Stokes vector. In a homogenous system the two
eigenstates are orthogonal to each other, and the diattenuation and retardance vectors are
parallel to each other and they are along the direction of the two eigenstates [29]. In the
present work, the homogeneity of the LCoS shows that the diattenuation is negligible,
certifying the results presented in Fig. 3(b).

A qualitative discussion of Fig. 4 at the low and at the high gray level ranges provides
some interesting information about the performance of the LCoS as a retarder. First, if we
look at the low gray level range, corresponding to the low voltage region, we see that the
results approximately verify that incident SOP X (Y) is reflected as SOP X (Y) [Fig. 4(b)],
incident SOP 45 (-45) is reflected as SOP L (R) [Fig. 4(d)], and incident SOP R (L) is
reflected as SOP 45 (-45) [Fig. 4(f)]. To analyse specifically the performance of the LCoS we
must remove the effect introduced in the results by the inversion of the Y-axis between the
forward and backward reference systems. Taking this into account, the results in the forward
reference system are rewritten as: incident SOP X (Y) is reflected as SOP X (), incident SOP
45 (-45) is reflected as SOP R (L), and incident SOP R (L) is reflected as SOP -45 (45).
Therefore, it can be said that for the low gray level range the LCoS behaves as a quarter wave
plate, with its slow axis along the vertical of the lab. Second, if we analyse the high gray level
range, corresponding to the high voltage region, we obtain that incident SOP X (Y) is
reflected as SOP Y (X) [Fig. 4(b)], incident SOP 45 (-45) is reflected as SOP -45 (45) [Fig.
4(d)], and incident SOP R (L) is reflected as SOP R (L) [Fig. 4(f)]. When rewriting these
results in the forward reference system we obtain: incident SOP X (Y) is reflected as SOP Y

where
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(X), incident SOP 45 (-45) is reflected as SOP 45 (-45), and incident SOP R (L) isreflected as
SOP L (R). From these results we conclude that in the high gray level range the LCoS
behaves approximately as a half wave plate, with its neutral lines at 45° from the vertical of
the lab.

S 180 —o— Azimuth X —— Ellipticity X
ﬂ 150 1 —o—AzimuthY  —— Ellipticity Y
120 |
> 90 1
o 60
— o 30
1 > 0
) < 30
y -60
o s? -90
S -120 A ‘ ‘ ‘ ‘ :
0 50 100 150 200 250
@ (b) Gray level
S3 180 ——O—Azimuth 45 —o— Ellipticity 45
b 150 -— -0~ Azimuth -45_—o~ Eliptcity -45—— o
=
(]
Z
:’:\: 2
= [S)
o [
- <
I s2
s1
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(©) (d) Gray level
S 180
‘k 150 M
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§ o J{ / M
) 60
e © 30 %;WO
F ED 0
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i -60 —o—Azimuth R —o— Ellipticity R
? s2 -90 1 —o—Azimuth L —o— Ellipticity L
S1 _120 T T T T T !
0 50 100 150 200 250
(e) () Gray level

Fig. 4. Normalized Stokes parameters for the full polarized component and for the 6 input
SOPs (X, Y, 45, -45, R and L), represented on the Poincaré sphere ((a), (c) and (g)), and
azimuth and ellipticity representation as a function of the gray level ((b), (d) and (f)).

From this discussion in the limits of low and high gray levels we see that the LCoS
behaves as a linear retarder whose retardance and orientation of its neutral lines vary with the
voltage. In the literature [31, 32] it is demonstrated that non-absorbing reciprocal polarization
devices behave as linear retardersin reflection. A discussion of the linear retardance exhibited
by a LCoSis given by Wolfe and Chipman in Ref. [ 26], where the measurements are taken at
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the gray levels providing the dark and white states when using the LCoS in display
applications. Wolfe and Chipman aso measured the diattenuation and the depolarization
exhibited by a LCoS. They obtained that the diattenuation was negligible and that the
depolarization attained values of a 10% when addressing the white state. Our results are very
similar to the ones obtained in Ref. [26].

We note that the retardance performance shown by the device at low and at high gray level
ranges is consistent with the application as a display for which the LCoS are produced. When
used in display systems, the LCoS is typically inserted between a pair of crossed polarizers or
used with a polarizing beam splitter, and their axes are along the vertical and horizonta of the
lab [9,26]. The LCoS presented in this work provides the dark and the white states needed in
display applications respectively at low and at high gray levels when impinging with a linear
SOP parallel to the vertical (or horizontal) of the lab.

2.3 Origin for the depolarization: fluctuations of the reflected SOP during the frame period

To obtain further insight into the origin of the depolarization reported in Fig. 2 we have
measured the instantaneous optical intensity transmitted by the LCoS sandwiched between
two polarizers. For these measurements a digital oscilloscope (Tektronix TDS3012B) has
been used. These results were partly presented in [28]. We seein Fig. 5(a) the optical intensity
as afunction of time with the input and output polarizers at 0° (parallel to the vertical of the
lab), and for various constant addressed gray levels. For zero gray level, the intensity is
constant in time. However, when the addressed gray level isincreased, the optical signal is not
constant but oscillates periodically, with a frequency of about 60 Hz (period= 17 ms) and a
subfrequency of about 120 Hz (period=8 ms). These periodicities are probably related with
the frame rate and the field rate of the incoming video signal to the LCoS panel (technical
specifications do not offer these details). The oscillations in the optical intensity are very big
for gray level 200. The oscillations on the reflected light also depend on the SOP of the
incident light. Figure 5(b) shows the results for an addressed gray level 200, for four different
orientations of the incident polarizer (0°, 45°, 90° and 135°), and with the analyzer oriented at
0°. We can seethat in al cases the optical signal shows great oscillations.
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Fig. 5. (a). Optical detected signal with input and output polarizers oriented at 0°, for addressed
gray levels (GL) 0, 100, 200 and 250. (b). Detected signal for input polarizer oriented at 0°, 45°,
90° and 135°, with the output polarizer at 0° and for the addressed gray level 200.

The oscillations in the intensity are a consequence of the fluctuation as a function of time
of the SOP for the reflected light. Thus, in a frame period the SOP for the reflected light
describes a large fluctuation. Temporal averaging of the SOP results in partially polarized
light. In Section 2.2 to obtain the Stokes parameters we measured the intensity value shown in
the display of the radiometer. This is actualy the average intensity value, thus the Stokes
vectors measured in Section 2.2 for the 6 different input SOPs correspond to the average
reflected SOPs. The SOP time average is usually the interesting magnitude when using the
LCoS panel in applications in diffractive optics or optical image processing, where the
integration time of the detector is typically much larger than the frame period. We attribute
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these oscillations in the reflected SOP to the characteristics of the electrical signal addressing
to the display: the voltage across the display is not stable enough during a frame period.

3. Mudler matrix predictive capability

Using the Stokes vectors measured in Section 2 for the 6 input SOPs generated by the PSG we
can calculate the 16 elements m;, where i and j are respectively the row and column indexes,
for the Mueller matrix of the LCoS. We have done an extra measurement: the incident
intensity onto the LCoS for each of the 6 input SOPs has also been measured to normalize the
corresponding Stokes vectors. Since the reflected Stokes vectors vary with the gray level, a
different Mueller matrix will be obtained accordingly at each gray level. In Fig. 6 we show the
values obtained for the 16 elements of the matrix as a function of the addressed gray level: we
plot the values for the elements of the first, second, third and fourth rows respectively in Figs.
6(a), 6(b), 6(c) and 6(d).

Due to the normalization of the measured Stokes vectors by the intensity incident onto the
LCosS, the value calculated for the element my, [Fig. 6(3)] is actually the intensity reflectance
for the LCoS. This value is less than one due to some light absorption produced in the LCoS
but mainly because the measurements for the reflected light are taken at the zero order caused
by the pixelation. We see that almost an 80% of the intensity is reflected into the zero order,
which is a very high value in accordance with the high fill factor value of 93% reported for
the LCoS we are using. The maximum and minimum values for the elements in the matrix are
bounded between #mg,. In Fig. 6(a) we see that the values for the elements my;, Mg, and my;
are aimost zero. They are in fact equal respectively to the diattenuation coefficients Dy, Dys
and D¢ multiplied by my. The elements in the first column myg, My and mg, the polarizance
coefficients, show the capability of the device to polarize natural light [22]. We see that in all
cases they are practically zero. The submatrix 3x3 obtained taking out the first column and the
first row contains the information about retardance and depolarization of the LCoS. We see
that the elements in this submatrix present large variations with the gray level, in accordance
with the change in the retarder characteristics of the LCoS reported in Section 2.2.
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Fig. 6. Values for the elements of the Mueller matrix for the LCoS as a function of the
addressed gray level.
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We are mainly interested in using the Mueller matrix for the LCoS to calculate the
reflected SOP and the intensity transmission of the device for any incident SOP. If the
Mueller matrix obtained is able to provide accurate quantitative calculations, we can use it to
optimize the orientation of the external polarization elements to produce particular intensity
transmission modulations which may be interesting for certain applications.

Next we want to verify the accuracy of the calculations provided by the Mueller matrix.
To this goal we have measured the Stokes vector for an arbitrary input SOP. In particular, we
have considered linearly polarized light oriented at 30° from the X axis (vertical of the lab). In
Fig. 7 we show both the experimental measurements (symbols) and the theoretical values
(continuous lines) calculated using for each gray level the experimental Mueller matrix whose
coefficients are represented in Fig.6. In Fig. 7(a) we plot DoP and the Stokes parameters (S,
S, S and ) for the reflected light. To obtain the Stokes parameters we normalize the
reflected intensities by the incident intensity onto the LCoS as explained in the first paragraph
in this Section, thus & is actually the intensity reflectance for the LCoS. We see that there is
an excellent agreement between experiment and calculations. In Fig. 7(b) we show the
representation on the Poincaré sphere for the normalized Stokes vector (1 Sy Se So)*
calculated as given in Eq. (6), which represent the fully polarized light component for the
reflected SOP. Once again there is an excellent agreement between the experimental values
and the data calculated from the Mueller matrix for the LCoS. From the resultsin Fig. 7 we
can say that the Mueller matrix evaluated from the measurements provides accurate
calculations for the SOP reflected by the LCoS.

]
&)

51

0 50 100 150 200 250
@ Gray level (b)

Fig. 7. SOP reflected by the LCoS for a linearly polarized incident SOP with 30° azimuth. (&)
Representation of the DoP and the Stokes parameters as a function of the gray level; (b)
Representation on the Poincaré sphere for the normalized Stokes vector (1 Sy Se Sa)*.
Symbols and continuous lines correspond to experimental and theoretical data respectively.

4. Intensity modulation optimization

The accurate predictive capability of the Mueller matrix for arbitrary configurations of the
PSG and the PSD can be used to calculate, by means of some numerical search algorithm, the
optimum configuration for the PSG and the PSD providing a specific intensity modulation
regime. To increase the degrees of freedom in this optimization procedure we should use a
PSG and a PSD capable to cover the whole Poincaré sphere, i.e. they must be composed of a
linear polarizer and a quarter wave plate retarder. There are a series of modulation regimes
which are usually of interest, such as maximum intensity contrast modulation or constant
amplitude modulation, as we shall explain in the following subsections. The modulation
regime obtained depends on the figure of merit defined for the numerical search and on the
starting values given for the parameters.

In this Section we also show measurements for the phase-shift modulation provided by the
LCoS. To this goa we construct a two beams Young's fringes based interferometer in
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reflection. This interferometer in its transmissive version has been used to characterize the
phase-shift modulation of transmissive LCDs [33]. Here we have adapted it for a reflection
geometry. A diffraction grating with alow spatial frequency is introduced before the LCoS so
that the +1 and -1 diffracted orders impinge onto two separate halves of the LCoS. The zero
diffracted order is blocked. The interference between the two reflected beams is magnified by
a microscope objective onto a CCD camera. One half of the LCoS is addressed with a
constant gray level whereas in the other half the gray level is varied. From the displacement in
the interference pattern with the gray level we can extract the phase-shift value. We note that
the visibility of the fringes may reduce drastically if the intensity transmission varies largely
with the gray level, as it happens in Section 4.1. However, since phase modulation is
measured from fringe displacements, this visibility does not lead to a big increase in the error
of the measured phase, except when there is a big difference between the intensity levels. For
that reason we select the constant reference gray level value, with a moderate intensity
transmission, which allows for a reasonable fringes visibility for most of the gray levels. In
our case, we obtained good enough visibility in the complete range owing to the use of a high
dynamic range camera. If this type of camerais not available, the diffractive method proposed
by Engstrom et al. [34] could be used, since it permits the determination of the phase
modulation even if there are nulls in the amplitude transmission.

4.1 Maximum intensity contrast modulation

Maximum intensity contrast modulation is of interest for the LCoS in display applications.
Moreover with alow value for the phase-shift modulation an amplitude-mostly regime can be
obtained, which is interesting for diffractive optics, optical signal processing, digital-
holography, etc. The experience tells us that usually when a maximum intensity contrast
configuration is obtained, either this configuration or its biorthogona will provide a
reasonably low phase-shift modulation depth. By biorthogonal we mean the configuration
obtained by orienting both the PSG and the PSD to generate and detect respectively the SOPs
which are orthogonal to the initial ones, thus the intensity transmission profile is the same as
the initial one (note that just orienting orthogonally the PSG or the PSD would provide the
complementary intensity transmission). Since this is a heuristic approach it does not allow to
assure that the amplitude-mostly configuration obtained may be the optimum one. To this goal
we should be able to calculate the phase-shift modulation values as well. For that purpose the
Jones matrix formalism is appropriate since it deals directly with field amplitude values. Work
in progress in our research team is addressing this issue.

Table 1. Azimuth and ellipticity angles for the SOPs generated and detected by the PSG and the PSD in the optimum
modulation configurations. The orientation of the external polarization elementsis also indicated.

Configuration @ n® a® mE vB©0 r©O @0 720

Fig. 8 102 21 -57 12 163 -11 -28 -17
Fig. 10 102 21 -57 12 73 11 62 -17

The figure of merit to search for optimal configurations is usually a trade-off between
different criteria as described by Nicolas, et al. [8]. In particular, the figure of merit defined to
search for a maximum contrast modulation is a trade-off between the following criteria:
minimum value of transmittance as low as possible, maximum value of transmittance as high
as possible, and monotonous (and if possible linear) variation of the intensity between these
maximum and minimum values. In Fig. 8 we show a maximum intensity contrast
configuration obtained applying the optimization procedure. In Table 1, second row, we show
the azimuth w and the ellipticity y angles for the incident SOP, (y4,71), generated by the PSG
and the reflected SOP, (y4,12), to which the PSD is adapted. There is not a unique
combination of the elements in the PSG and PSD to generate and detect these SOPs. In Table
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1 we give a possible combination for the angles of the polarizer ¢ and quarter wave plate 77in

the PSG, (¢1,771), and in the PSD, (¢, 77,). We note that the polarizers and quarter wave plates
that we use are the same ones introduced in Section 2.1.
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Fig. 8. Maximum intensity contrast. (a). Normalized intensity (theory — line, experiment —
symbols. (b). Phase-shift (experimental). Configuration given in Table 1. The low phase-shift
depth enables to use this configuration for amplitude-mostly modulation.

In Figs. 8(a) and 8(b) we show respectively the intensity and the phase-shift modulations
as afunction of the addressed gray level. In the case of the intensity modulation we show both
the experimental and the theoretically calculated results. The intensity values are normalized
by the total light reflected by the LCoS into the zero order of diffraction produced by the
pixelation of the LCoS device. In the case of the phase-shift modulation we plot the
experimental measurements. In Fig. 8(a) we see that there is a good intensity contrast
achieving both a low intensity value close to zero and a maximum value close to one. The
intensity modulation shows a monotonic increase in the gray level range 0-200, which would
be the useable range for applications. The agreement between calculations and experiment is
very good. From the analysis of the phase-shift modulation [Fig. 8(b)] we see that the phase-
shift modulation depth is about 70° in the gray level range 0-200, which is a very low value.
Therefore this configuration is not only a maximum intensity contrast modulation but also an
amplitude-mostly modulation that is useful for awider range of applications.
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Fig. 9. Theoretical DoP for the SOP reflected by the LCoS. The incident SOP is (y1 = 112°, 11
=21°). Thisistheincident SOP both in Figs. 8 and 10.

The information provided in Fig. 8 is not complete due to the existence of depolarized
light. In this case it becomes important to quantify what is the contribution of the depolarized
light to the total value of the normalized intensity. This contribution can be thought as an
incoherent background noise which may affect the performance of the LCoS in applications.
In the calculations we consider the SOP generated by the PSG for the configuration in Fig. 8,
and we obtain the DOP for the SOP reflected by the LCoS as a function of the gray level by
using the verified experimental matrices. The results are plotted in Fig. 9. Note that the
vertical scale ranges from 0.80 to 1.05. Between gray levels about 120 and 210 there is a 10%
of depolarized light. In display applications this depolarized light may act as an incoherent
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background noise reducing the contrast of the image. Let us now introduce the PSD
corresponding to the configuration in Fig. 8 after the LCoS. Since the PSD contains an
analyzer, the component of depolarized light in the total intensity measured after the PSD at a
certain gray level is equal to half of the value 1-DoP at this gray level. The other half would
be measured with the PSD at the orthogonal orientation. For example, this means that at gray
level 200 the depolarized light contributes with a 0.05 to the total value of normalized
intensity shown in Fig. 8(a) after the PSD.
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Fig. 10. Results for the PSD orthogonally oriented with respect to the PSD in Fig. 8(a)
Normalized intensity (theory — line, experiment — symbols). (b) Phase-shift (experimental). The
non-null at gray level 200 is mainly due to depolarized light.

In Figs. 10(a) and 10(b) we show respectively the results when we consider the orthogonal
orientation for the PSD with respect to the orientation previously given in Fig. 8. Angles are
given in Table 1, third row. In principle, the intensity modulation should be the
complementary of the one given in Fig. 8(a). This is actually the case when comparing Figs.
8(a) and 10(a). The minimum value of intensity, at gray level 200, is about 0.05. From the
discussion done in Fig. 9, this is actually the value of the depolarized intensity component.
Therefore it can be said that depolarization is the responsible for this non-null minimum
which avoids this configuration from being a maximum intensity contrast modulation
configuration. In Fig. 10(b) we see that the phase-shift modulation depth is very low (about
809. This could have aso been an amplitude-mostly modulation configuration if
depolarization was not present.

b)

Fig. 11. Video files recorded for the interference pattern for the configuration presented in Fig.
10. The two halves of the LCoS are addressed respectively with gray levels 0 and 20 in (&)
(Movie 1: 2.3 MB), and with gray levels 40 and 200 in (b) (Movie 2: 2.5 MB).

In Fig. 11 we show two video files which record the interference pattern when measuring
the phase with the Y oung's fringes based interferometer. To record the videos we have used a
CCD camera, model pco.2000 by pco.imaging. This is a high dynamic range camera with 14
bits of digitization. The high dynamic range was necessary to enhance the visibility of the
fringes when the transmission of the two halves of the LCoSis very dissimilar. We note that
the initial duration of the video recorded is only a few periods of the LCoS signal. We have
slowed down the play back of the video to see the evolution of the fringes during the
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addressing of the LCoS. The integration time for each frame composing the video is 1 ms,
which according to the intensity fluctuations shown in Fig. 5 should alow to appreciate the
instantaneous position of the interference pattern in case it fluctuates. Both videos correspond
to the configuration of Fig. 10. Figure 11(a) corresponds to the interference fringes when the
two halves of the LCoS are addressed respectively with gray levels 0 and 20. We see in the
video that the fringes stay very still during the play back. Figure 11(b) corresponds to the
interference fringes when the two halves of the LCoS are addressed respectively with gray
levels 40 and 200. In this case we note that the fringe pattern oscillates, and the visibility of
the fringes goes practically to zero at certain moments during the addressing of the LCoS.

The time evolution of the fringe pattern shown in Fig. 11(b) is actually in accordance with
the temporal averaging origin for the depolarized light commented in Section 2.3. As we said
the SOP reflected by the LCoS fluctuates during the time of a frame. If depolarization were
due to processes as scattering, then simply there would be no observable interference pattern
in Fig. 11(b) when addressing gray level 200 to one of the two halves of the LCoS. In
principle from the results presented in this work we may expect that the temporal fluctuations
will add some unpolarized light to the temporal averaged SOP. The influence of these
fluctuations will depend on the magnitude of the depolarization, which attains the highest
values in range about gray level 200. In most applications as in display technology, in
diffractive optics, etc, the observed magnitudes are time averaged, and this is what we have
considered in all measurements of intensity and phase in this paper.

4.2 Constant intensity modulation

Constant intensity modulation combined with a phase-shift modulation depth about 360° is
known as phase-only modulation [8]. From the research experience accumulated with
transmissive LCDs we know that constant intensity configurations provide a large phase-shift
modulation depth, and if not the biorthogonal configuration does.

Table 2. Azimuth and ellipticity angles for the SOPs generated and detected by the PSG and the PSD in the optimum
modulation configurations. The orientation of the external polarization elementsis also indicated.

Configuration v n® @a® mE v©0 r©O @0 70

Fig. 12 71 0 71 -—- 129 0 129 -—-
Fig. 13 70 -25 45 -20 108 -31 -41 18

In Figs. 12(a) and 12(b) we plot respectively the intensity and the phase-shift modulations
versus the addressed gray level for optimum configuration obtained using only polarizers in
the PSG and PSD. The angles for this configuration are given in Table 2, second row. We see
in Fig. 12(a) that the intensity is actually not very constant (almost a 40% of fluctuation).
Therefore, we can assure that only polarizers are not able to provide constant intensity
modulation, asit is also the case with modern transmissive LCDs which are thin devices[7,8].
We see that once again the agreement between calculations and experiment is very good,
confirming the predictive capability of the Mueller matrix. The phase-shift, Fig. 12(b), has a
modulation depth of about 240° for this configuration.

In Fig. 13 we consider the PSG and PSD composed of a linear polarizer and a quarter
waveplate. In Figs. 13(a) and 13(b) we observe respectively the intensity and the phase-shift
modulations versus the addressed gray level for the optimum configuration. The angles for
this configuration are given in Table 2, third row. We see that the normalized intensity curve
[Fig. 13(a)] is very high and the fluctuations are small (about a 10%), thus it is a good
constant amplitude configuration. The phase-shift [Figs. 13(b)] in this configuration is close to
300°. It can be considered a phase-mostly modulation. Even though the phase depth is less
than 360°, there are some Strategies that allow to obtain very efficient results with a phase
depth of 300° [35, 36]. Agreement between experiment and calculations of the normalized
intensity is very good as in the previous plots.
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Fig. 12. Modulation in a configuration for constant intensity with only polarizers. (a).
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Fig. 13. Modulation in a configuration for constant intensity with eliptically polarized light.
(a). Normalized intensity (theory — line, experiment — symbols). (b). Phase-shift (experimental).
Configuration given in Table 2. The phase-shift depth close to 300° enables for phase-mostly
modulation.

In Fig. 14 we plot the calculated DoP for the SOP reflected by the LCoS as a function of
the gray level. Figs. 14(a) and 14(b) are calculated considering the incident SOPs generated
by the PSG in the configurations for Figs. 12 and 13 respectively. We note that in both Figs.
14(a) and 14(b) the DoP is very high. Especialy in Fig. 14(b) the DoP is almost 100% (values
dlightly over 100%, are due to the experimental origin for the Mueller matrix for the LCoS
used in the calculations).
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Fig. 14. Theoretical DoP for the SOP reflected by the LCoS. In (a) for the incident SOP used in
Fig. 11, and in (b) for the incident SOP used in Fig. 12.
5. Conclusion

In this paper we have characterized the polarimetric properties of a LCoS, including
depolarization and diattenuation which are usually not considered when applying the LCoSin
diffractive optics. On one hand, we have found that the LCoS generates a certain degree (it
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can be larger than a 10%) of depolarized light, which depends on the addressed gray level and
on the incident SOP. We relate the main origin of the depolarized light with temporal
fluctuations during the time of a frame for the SOP reflected by the LCoS. On the other hand,
diattenuation is practically null, thus the LCoS can be basically considered as the combination
of a retarder and a depolarizer. Along with the polarimetric characterization we obtain the
Mueller matrix of the LCoS as a function of the gray level. We have checked that the Mueller
matrix obtained from the measurementsis able to predict the reflected SOP. As a consequence
the Mueller matrix characterization enables for a numerical search of optimum intensity
modulation configurations. In particular we look for maximum contrast modulation or
constant intensity modulation. By means of a heuristic approach we have shown that
amplitude-mostly modulation and phase-mostly modulation with alarge phase-shift depth can
be obtained for awavelength of 633 nm, using elliptically polarized light.
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