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Abstract. Parallel aligned liquid crystal on silicon (PA-LCoS) displays have found wide acceptance in applica-
tions requiring phase-only modulation. Among LCoS devices, and PA-LCoS as a specific case, digital address-
ing has become a very common technology. In principle, modern digital technology provides some benefits with
respect to analog addressing such as reduced interpixel cross-talk, lower power consumption and supply volt-
age, gray level scale repeatability, high programmability, and noise robustness. However, there are also some
degradating issues, such as flicker, which may be enhanced. We analyze the characteristics of the digital pulse
width modulated voltage signals in relation to their effect on the optical modulation capabilities of LCoS displays.
We apply calibration techniques developed in our laboratory, basically the classical linear polarimeter extended
to take into account the existence of flicker. Various digital sequence formats are discussed, focusing the analy-
sis on the variations in the magnitude of the applied voltages across the LC layer. From this analysis, we obtain
how to amplify the retardance dynamic range and how to enhance linearity in the device without enhancing
flicker and without diminishing the number of available quantization levels. Electrical configurations intended
for phase-only and intensity modulation regimes, useful in diffractive optics, are given. © 2014 Society of Photo-
Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.53.6.067104]
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1 Introduction
Liquid crystal (LC) microdisplays have found widespread
use as spatial light modulators (SLM) in applications such
as in diffractive optics,1 optical storage,2 optical metrology,3

reconfigurable interconnects,4,5 or quantum optical compu-
ting.6 Among microdisplays, liquid crystal on silicon (LCoS)
devices have become the most attractive system for these
applications due to their very high spatial resolution and
very high light efficiency.7–9 LCoS displays are technologi-
cally complex devices where the electrical signal applied
controls the optical transmission in each pixel. A proper
characterization and configuration of the main electrical
parameters are crucial to generate the required optical modu-
lation regimes in SLM applications, as exemplified by Lu
and Saleh10 with the previous analog liquid crystal displays
(LCDs) taking into account the applied voltage dynamic
range and bias voltage. Interplay between electrical and opti-
cal performance parameters has also been useful for identi-
fying the origin for degradation effects in LCDs, such as the
anamorphic and frequency dependent modulation,11 also
reported in both digital12 and analog13 LCoS devices. An
additional degradation effect detected in LCoS displays by
several authors14–17 is that they produce phase flicker and/
or depolarization, especially the ones with a digital back-
plane18 due to the pulsed nature of the voltage signal

addressed.8,9,19,20 Among the different LC layer geometries,
parallel aligned LCoS (PA-LCoS) devices are especially
interesting since they allow easy operation as phase-only
devices without coupled amplitude modulation.8,9 No depo-
larization operation is also available; however, they may still
exhibit phase fluctuations.18 Recently, we proposed a method
to characterize not only the linear retardance but also the
amount of phase flicker in the optical signal21 valid for pa-
rallel aligned LC devices. This method, the extended linear
polarimeter, has demonstrated its applicability to PA-LCoS
displays21 exhibiting phase flicker; therefore, it can be
used in the analysis of the influence of the electrical para-
meters on the optical modulation performance properties
of LCoS displays. This method is an elaboration of the
classical linear polarimeter which may be found to measure
the birefringence in LCs22 and in waveplates.23

As described by Lueder,24 pixel circuitry in the LCoS back-
plane8,24–26 can be based on dynamic random-access memory
(DRAM) or on static random-access memory (SRAM), which
is accordingly related to the differentiation between analog
and digital addressing.27,28 If a memory is provided at the
pixel in the form of an analog storage capacitor (DRAM)
or digital memory circuit (SRAM), the array can be frame-
addressed, i.e., all pixels are addressed simultaneously. This
has the advantage of reducing the low frequency flicker
of the line-addressed arrays, which was typical in LCDs.11
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Various reasons have motivated the introduction of digital
backplanes in LCoS technology. The digital scheme is usu-
ally more stable than analog and shows a repeatable perfor-
mance. Field inversion is possible at the kilohertz range (e.g.,
for each modulation pulse) without image retention. The
scheme does not suffer from electrical cross-talk (i.e., no
low pass filtering of the signal).29 A lower power consump-
tion and a lower supply voltage are possible with the digital
backplane.8,20 Digital driving can control the precise gray
level scale. Another advantage of pulse modulation is that
the LC is driven between zero and saturation voltages in a
time multiplexed fashion,26–28 so that the slow response of
switching between adjacent voltage states is avoided. The
nematic LC responds to the root-mean-square (RMS) of the
applied waveform integrated over the switching time of the
LC. However, the time varying AC modulation of the driving
voltage is partially transferred to the LC and produces a tem-
poral fluctuation or flicker of the reflected light as described
in Refs. 18–20, i.e., the electro-optical response of the SLM
is not constant over the frame period. If the digital sequence
format is properly chosen, fluctuations can be significantly
decreased to acceptable levels.21 To this goal, a proper cha-
racterization not only of the phase modulation but also of the
amount of phase flicker in the optical signal needs to be
done. This reasoning is not restricted to PA-LCoS devices,
but it can be applicable in general to electro-optic variable
linear retarders such as the novel device proposed by
Ramirez et al.30 Apart from the sequence format, other
options (applied binary voltage value, selection of pulse
codes, and number of gray scale levels) offered by digital
addressing need to be analyzed to produce proper phase
depth, enhanced linearity, number of quantization levels
available, etc.

In this work, we take advantage of the ease of imple-
mentation and the effectiveness of the calibration method
proposed in Ref. 21 to characterize the basic electrical
parameters controlling the digital signal addressed to a PA-
LCoS display and their effect on the retardance dynamic
range and the magnitude of the flicker. Preliminary results
were presented in Ref. 31. This enables us to produce elec-
trical configurations specifically optimized for phase-only or
for amplitude-mostly modulation regimes.

2 Characterization Using the Extended Linear
Polarimeter

In the following, we introduce the extended linear polari-
meter proposed in Ref. 21, where the linear retarder under
test, in our case the PA-LCoS, is situated between two linear
polarizers illuminated with a monochromatic laser source. In
the analysis shown in Ref. 21, it was demonstrated that the
classical technique based on measuring the intensity with a
radiometer at the exit of the system for the parallel and
crossed configurations of the polarizers, both oriented at
45 or −45 deg with respect to the neutral lines of the
waveplates, is not only a simple method but also the most
robust to misalignments and other types of noise sources
in the system. With respect to the classical technique, the
extended linear polarimeter21 enables us to characterize
the retardance magnitude in the presence of retardance insta-
bilities or flicker. Other techniques may also be applied;32,33

however, the present method is very straightforward to

implement and accurate enough for the study to be done
in this work.

In the case of instabilities or fluctuations in the linear
retardance, we demonstrated21 that as a first approximation
for PA-LCoS displays we may consider a model with a linear
variation of retardance with time ΓðtÞ. In this case, the aver-
aged parallel and crossed polarizers intensities become

hIjjOUTi ¼
I0
2

!
sin a
a

cos Γ̄
"
; (1)

hI⊥OUTi ¼
I0
2

!
sin a
a

cos Γ̄
"
; (2)

where Γ̄ and a are the values for the average retardance and
its flicker fluctuation amplitude, respectively. When combi-
ning the two expressions, we obtain

hIjjOUTi − hI⊥OUTi
hIjjOUTiþ hI⊥OUTi

¼ sin a
a

cos Γ̄; (3)

where we see that the cosine term becomes modulated by the
presence of a sinc function dependent on the magnitude of
the fluctuation a. This sinc function represents the deviation
from the classical expression typically used to obtain the li-
near retardance value.21 Eventually, the average retardance Γ̄
is obtained by inverting Eq. (3)

Γ̄ ¼ cos−1
#
hIjjOUTi − hI⊥OUTi∕hI

jj
OUTiþ hI⊥OUTi

sin a∕a

$
: (4)

In the case when no fluctuations exist (a ¼ 0 deg), then
Eqs. (1)–(4) simplify into the classical results. We note that
Eq. (4) returns the wrapped phase values in the range 0 to
180 deg, which is the definition domain for the cos−1 func-
tion. In general, the average retardance Γ̄ and the fluctuation
amplitude a are coupled in Eqs. (1)–(4), yet at the maxima
and minima (the extremals) the retardance value is known; it
is a multiple of 180 deg (0 or 180 deg in the wrapped
domain). At these points, we may calculate the value for the
fluctuation amplitude a and then it can be introduced in
Eq. (4) to produce a more accurate estimation of the average
retardance Γ̄ out of the extremals (what in Fig. 4 will be
called the “corrected” values). To obtain a, it was demon-
strated that at the extremals, the absolute retardance diffe-
rence Γdiff between the calculated and the true retardance val-
ues is

Γdiff ¼ cos−1
#
sin a
a

$
: (5)

By inverting the set of numerical values (Γdiff ; a) provided
by Eq. (5), we produce a fitting function enabling us to cal-
culate a as a function of the value measured for Γdiff. This
fitting function was calculated in Ref. 21 for a fluctuation
amplitude a interval covering the range (0 deg, 110 deg)
and is given by the linear expression
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a ¼ 1.7795Γdiff : (6)

In Fig. 1, we present the experimental setup that we use in
this work to obtain the parallel and crossed polarizers inten-
sities. The unexpanded beam from a He-Ne laser (633-nm
wavelength) is incident onto a linear polarimeter where the
reflective LCoS is the linear retarder to be measured. A quar-
ter wavelength waveplate is added after the laser so that
enough light passes through the first polarizer irrespective
of the orientation of its transmission axis. We consider qua-
siperpendicular incidence at a 3-deg incidence angle onto the
LCoS. We introduce one nonpolarizing cube beam splitter
(NPBS) (model 10BC16NP.4, from Newport) to enable
amplitude division with a 50/50 ratio of the reflected
beam so that crossed and parallel intensities can be measured
simultaneously (thus, two radiometers are introduced). This
further enables synchronized measurement of the instantane-
ous parallel and crossed polarizers intensity values simply by
connecting the two radiometers to the two channels of an
oscilloscope (shown in this figure). The same setup is, there-
fore, valid for the characterization of the average and the
instantaneous values. We note that in Ref. 21, we showed
that insertion of NPBS did not introduce significant polari-
zation effects in the calibration when perpendicular inci-
dence onto the beam splitter is considered as will be the case
in this paper.

3 Digital Electrical Signal Addressing Parameters
Let us provide the basic driving procedure to understand the
general parameters configuring the pulsed signal addressed
in digital backplane LCoS displays. There are two steps:23,25

data addressing to the pixel SRAMmemory in the backplane
and LC driving. First, the input signal is processed by the
controller and turned into bit-plane format. In this step, a
look-up table (LUT) is used to determine the correct bit
sequence for a target gray level. The first bit plane image is
written to the pixel SRAM of the digital backplane, where
the pixel memory has only “on” or “off” information. There
may be a master and a slave memory enabling data to be
transferred to a pixel at the same time that the previously

loaded data are being displayed. After the data-addressing
step is finished, the next step is to drive the LC where
three voltage signal values, V0 and V1, low and high voltage
signals on the pixel backplane, and VITO, on the ITO trans-
parent electrode on the glass substrate, are used. These volt-
ages are applied to all pixels of the display area at the same
time so that every pixel is driven by the same condition. The
V0 and V1 signals are selected by the SRAM information of
the pixel. Then, the driving voltage across the LC layer VLC

is given by VITO − V1 or VITO–V0, in the following Vbright

and Vdark, respectively. A schematic diagram for the absolute
value of the digital signal VLC is shown in Fig. 2 (upper line),
where the amplitudes for Vbright and Vdark are represented. In
this driving scheme, the LC layer is driven by high frequency
that approximates a square wave running at several kilohertz.
The nematic LC responds to the RMS value of the driving
voltage over the switching time of the LC and the residual
AC modulation is responsible for the flicker described in di-
gital LCoS devices, represented in Fig. 2 (lower line). This is
why it is generally understood that flicker noise can be mini-
mized by high modulation rates.25,34

Fig. 1 Experimental setup used to measure the linear retardance as a function of the applied voltage
(gray level) for a parallel aligned liquid crystal on silicon (LCoS). The setup allows both to measure aver-
age and instantaneous values.

Fig. 2 Schematic diagram for the different voltage magnitudes
involved in the digital addressing of the LCoS. Upper line driving volt-
age V LC applied across the LC layer. Lower line voltage as seen by
the LC molecules.
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The analysis in this paper deals with a digitally addressed
phase-only LCoS, specifically the electrically controlled
birefringence LCoS display distributed by the company
HOLOEYE (Berlin, Germany). It is an active matrix reflec-
tive mode device with 1920 × 1080 pixels and a 0.7 in.
diagonal named the PLUTO SLM, with a pixel pitch of
8.0 μm and a fill factor of 87%. The signal is addressed
via a standard digital visual interface signal. By means of
the RS-232 interface and its corresponding provided soft-
ware, we have access to the basic electrical parameters of
the device19,20 previously described, such as the digital
addressing sequence format (bit planes), the gamma curve,
and the voltage dynamic range of the pulse width modulated
(PWM) signal (through two digital potentiometers), i.e., volt-
ages Vbright and Vdark.

The software for the SLM is provided with a series of
configuration files corresponding to two different digital
addressing sequences: the so-called 18-6 and 5-5 digital
sequences where the first number indicates the quantity of
“equally weighted” bit planes and the second number
indicates the quantity of “binary” bit planes.19 This translates
into a number of distinct voltage levels as follows: ð18þ 1Þ×
26 ¼ 1216 for the sequence “18-6” and ð5þ 1Þ × 25 ¼ 192
for the sequence “5-5.” The larger number of bit planes
makes the sequence 18-6 longer than the one corresponding
for the sequence 5-5. In principle, the shorter the sequence,
the smaller the flicker,19 but on the other side, a larger
sequence provides a larger number of quantization levels.
For each of the sequences, we find a series of configuration
files which have been, in principle, optimized by the vendor
for different wavelengths to enable SLM users a fast access
to a proper operating configuration for the device adapted to
the specific application and illuminating wavelength. In ge-
neral, these configuration files enable phase-only operation
with a 2π linear phase dynamic range for the specified wave-
length. To this goal, the digital potentiometer values and the
gamma curve, which corresponds to the LUT, need to be
properly selected.

In Sec. 2, we have presented an efficient and effective
technique able to discriminate, in terms of the average retar-
dance dynamic range and the magnitude of the flicker,
between the digital addressing sequences given with the soft-
ware and driver electronics. Finer adjustment of the retar-
dance dynamic range and its linearity is then feasible by
modifying the gamma curve and changing the digital poten-
tiometers values. The simplicity of the linear polarimeter
setup on which the method is based allows SLM users to
have access to adapt the calibration to their specific working

geometry and illuminating wavelength, adding novel pos-
sibilities to the configuration files provided by the vendor.

In the rest of this paper, we focus on sequence 5-5 since it
produces less flicker than sequence 18-6, as previously com-
mented on and as already demonstrated in a number of
papers.19,35 By applying different gamma curves and differ-
ent Vbright and Vdark voltages to a specific sequence we may
obtain very different retardance versus gray level curves. In
Figs. 3(a)–3(c), we show three examples of gamma curves
for the 5-5 sequence, corresponding, respectively, to the con-
figuration files named “5-5 default ramp,” “5-5 linear 2pi
633 nm,” and “5-5 linear 2pi 405 nm.” As we will show
in Sec. 4.1, the first configuration provides the largest vol-
tage modulation range available, thus enabling us to estimate
the maximum retardance dynamic range provided by the
LCoS unit. The second and third configurations span a
retardance range of 2π and π radians, respectively, which are
the necessary ranges to produce, respectively, a phase-only
regime and an amplitude-mostly regime when using a va-
riable linear retarder.

Figure 3(a) shows a linear mapping between the input and
output values where all the 192 possible values associated
with the 5-5 sequence are available. In Fig. 3(b), the mapping
is highly nonlinear, especially for lower gray levels, and only
95 out of the 192 possible values are available. In Fig. 3(c),
the mapping is rather linear and a large quantity of gray le-
vels, 175, are available.

With respect to the voltages Vbright and Vdark, we note that
both the configuration file “5-5 default ramp” and “5-5 linear
2pi 633 nm” have the same values, which are Vbright ¼
3.82 V and Vdark ¼ 0.03 V. In the case of the configuration
“5-5 linear 2pi 405 nm,” these values are Vbright ¼ 2.02 V
and Vdark ¼ 1.36 V. A change in these values affects the
voltage amplitude of the PWM pulses, thus affecting the
accumulated voltage experienced by the LC molecules in a
whole frame period. We note that the largest voltage range
possible is 3.82 to 0.03 V.

4 Results and Discussion

4.1 Initial Configurations
Some additional details are necessary to complement the
experiment description given in relation to Fig. 1. The in-
tensities for both the parallel and crossed polarizer measure-
ments have been obtained with the input polarizer transmis-
sion axis at þ45 deg to the vertical of the laboratory, which
is the X-axis of our reference system. We note that the direc-
tor for the LC (i.e., the extraordinary axis) in the LCoS is
oriented along the horizontal, i.e., at þ90 deg with respect

Fig. 3 Gamma curves for the PLUTO LCoS for the configuration files: (a) “5-5 default ramp,” (b) “5-5
linear 2pi 633 nm,” and (c) “5-5 linear 2pi 405 nm.”
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to the X-axis. The director axis in nematic filled devices, as it
is the case for our LCoS, typically corresponds to the slow
axis. Typically, the angular uncertainty on the orientation of
the input and output polarizers with respect to the neutral
lines of the LCoS can be considered to be %1 deg.

In Fig. 4, we plot the retardance (wrapped values) calcu-
lated using the classical approach (uncorrected curves),
which considers no flicker, and the extended calibration
method (corrected curves). The plots in Figs. 4(a)–4(c) cor-
respond, respectively, to the configurations “5-5 default
ramp,” “5-5 linear 2pi 633 nm,” and “5-5 linear 2pi 405 nm.”
From the retardance difference at the extremals in the uncor-
rected curves, and applying the polynomial in Eq. (6), the
fluctuation amplitude a can be calculated and the corrected
curves are obtained. These values are presented in Table 1.
We see that the fluctuation amplitude increases with the
applied gray level: for example, for the configuration “5-5
default ramp,” the successive extremals exhibit fluctuation
amplitudes of 14, 34, and 43 deg.

If the retardance is unwrapped in Fig. 4(a), we obtain a
dynamic range of about 560 deg, exceeding the necessary
360 deg for phase-only modulation. We observe from
Fig. 4(a) that the uncorrected and corrected retardance curves
only deviate at values which are multiples of 180 deg. We
also see that the retardance presents a nonlinear relation with
the gray level. In Fig. 4(b) for the configuration “5-5 linear
2pi 633 nm,” the retardance dynamic range is slightly higher
than 360 deg, and the relation with the gray level is very

linear. Therefore, the gamma curve in Fig. 3 and the Vbright

and Vdark values have been properly tuned and this configu-
ration may be used for phase-only operation: this requires
incident light linearly polarized along the molecular director
of the LCoS (along the horizontal). In Fig. 4(c), the curve
shows a retardance range o about 180 deg. This range is
appropriate to obtain amplitude-mostly operation as we
showed in Fig. 6(b) in Ref. 31.

4.2 Control of the Modulation Range and Flicker
In Sec. 3, we described the various parameters governing the
magnitude and structure of the digital signal addressed. In
this section, we present the effect observed when the values
in the parameters are changed and how this can be used to
control the modulation range to our benefit. We take advan-
tage of the fact that the software interface for the digital
LCoS model we use enables us to change the values in
these parameters, in particular Vbright and Vdark. We will con-
sider the gamma curve and sequence corresponding to con-
figuration “5-5 default ramp” which provides the larger
dynamic modulation range, as shown in Fig. 4(a).

We want to study the effect of the magnitude of Vbright and
Vdark on the retardance value. To start with we want to
remove the pulsed nature of the digital signal addressed.
To this goal, Vbright and Vdark must be equal. In fact, the mini-
mum difference available with our LCoS device turns out to
be 0.06 V, i.e., slightly different from zero.

In Fig. 5, we show the instantaneous retardance values,
measured with the setup in Fig. 1, for a series of configura-
tions with Vbright ≅ Vdark and at gray level 100. The first and

Fig. 4 Retardance (wrapped values) calculated using the classical approach (uncorrected curves) and
the extended calibration method (corrected curves) for the configurations: (a) “5-5 default ramp,” (b) “5-5
linear 2pi 633 nm,” and (c) “5-5 linear 2pi 405 nm.”

Table 1 Fluctuation amplitude a (third column) calculated for three
electrical configuration files (first column), using the values for the
retardance difference (second column) at the extremals for the paral-
lel (or crossed) polarizers intensity curves as given by the calibration
method in Ref. 21.

Configuration Γdiff (deg) a (deg)

5-5 default ramp 7.9 (GL 40) 14

19.2 (GL 80) 34

24.5 (GL 140) 43

5-5 linear 2pi 633 nm 6.6 (GL 26) 12

20.6 (GL 155) 36

5-5 linear 2pi 405 nm 6.6 (GL 210) 12 Fig. 5 Retardance temporal evolution for gray level ¼ 100 for
V dark ≅ V bright.
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second values in each pair in the legend correspond, respec-
tively, to Vdark and Vbright, ranging from (0.03 V, 0.09 V) to
(3.40 V, 3.46 V), thus covering a wide voltage range. We see
that the curves show no flicker, in agreement with the fact
that the pulse character in the digital signal is lost: both
the on and off bits addressed have equal voltage amplitudes.
The fact that there are no temporal instabilities is also indica-
tive that other origins for the flicker, such as thermal noise,
can be disregarded. When applying other gray levels, the
retardance values obtained remain the same and stable with
time. We note that there is a threshold value below which the
molecules do not react. This can be seen because of the over-
lap between the retardance curves for 0.03 and 0.39 V. For
higher voltage values, retardance curves start to evolve and
do not overlap.

Next, let us consider different values for the parameters
Vdark and Vbright, so that retardance evolves as a function of
gray level. The goal is to analyze how the retardance dynamic
range as a function of gray level is affected. It is important to
keep in mind that, according to the explanation in Sec. 3, the
time structure for the pulsed sequence associated with each
gray level is not affected by the changes in Vdark and
Vbright and only the accumulated applied voltage must vary.

In Figs. 6(a) and 6(b), we plot the average retardance as a
function of gray level when Vdark and Vbright are, respectively,
changed. We note that in Figs. 6(a) and 6(b), voltages Vbright

and Vdark are fixed, respectively, at 3.82 and 0.03 V, which
are the values for the results shown in Fig. 4(a). In Fig. 6(a),
as we increase Vdark the resulting effect is the increase of the
accumulated voltage applied associated with each gray level:
maxima in the curves shift to lower gray levels as we increase
Vdark. At high applied voltages (high gray levels), we observe
a saturation process and all the curves tend to a common
average retardance value of about 20 deg. At gray level
zero, the increase of Vdark changes the starting retardance
value which, combined with the saturation process, results
in a reduction of the total retardance range. We note that
the retardance at gray level zero is equal to the value obtained
in the previous Fig. 5 for equal Vdark voltages, thus indicating
that the pulsed sequence associated with gray level zero has
all the bits in the off-state.

In Fig. 6(b), as Vbright increases the maxima in the curves
shift to lower gray levels, i.e., there is an increase in the accu-
mulated voltage applied associated with each gray level. A
combination of the conclusions from Figs. 6(a) and 6(b) pro-
vides a guide to tune the parameters Vdark and Vbright to pro-
duce specific retardance dynamic range spans as a function
of gray level. For example, maximizing the retardance
dynamic range means that the accumulated voltage values
applied at gray level zero and at high gray levels are, respec-
tively, below LC threshold and close to saturation voltage. To
this goal, Vdark must be higher than zero but lower than the
threshold and Vbright must be high enough to saturate the LC
reorientation: we see in Fig. 6(a) that this is what is obtained
with the values (Vdark ¼ 0.51 V, Vbright ¼ 3.82 V) and the
maximum retardance span with our LCoS is about
560 deg (unwrapped) at the 633-nm wavelength.

Let us now analyze the retardance difference at the
extremals in Figs. 6(a) and 6(b) to learn about the effect
of parameters Vdark and Vbright on the flicker magnitude.
Comparison between the two maxima exhibited by each
of the curves shows that are smaller at the first maximum,
occurring at lower gray level values, i.e., lower accumulated
voltages. On the other side, if we look at the second maxi-
mum, we see that may partly depend on the voltage diffe-
rence between Vbright and Vdark: a smaller voltage difference
seems to produce smaller values, i.e., decrease in the flicker.
This can be more clearly analyzed in Figs. 7(a) and 7(b)
where the average retardance as a function of gray level
is plotted for various combinations of Vbright and Vdark

providing different relations of the voltage difference. In
Fig. 7(a), we see that the curve (0.81 V, 3.16 V) provides
a smaller value at the second maximum. In Fig. 7(b), diffe-
rence Vbright− Vdark is kept constant at the maximum value
allowed by the software, which is 3.80 V: Γdiff remains con-
stant independently of the voltage parameters Vbright and
Vdark. What is clear from Figs. 6 and 7 is that the retardance
difference cannot be diminished from about 20 deg by sim-
ply varying Vbright and Vdark, so other strategies should be
considered, such as the one reported by García-Márquez
et al.,17 consisting of reducing the temperature of the
LCoS to increase the viscosity of the LC thus reducing its
time response.

Fig. 6 Average retardancemeasured for a series of configurations withV dark ≠ V bright: (a) changing V dark
(V bright ¼ 3.82 V) and (b) changing V bright (V dark ¼ 0.03 V). Gamma curve and sequence corresponding
to “5-5 default ramp;” λ ¼ 633 nm.
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4.3 Conventional Modulation Regimes and
Specialized for Applications

We can use all the previous analyses to generate the particu-
lar modulation configurations needed for each specific appli-
cation. We will consider two typical cases to exemplify our
approach: phase-only modulation and maximum intensity or
amplitude-mostly modulation. We want to produce these
modulation regimes with a high number of quantization le-
vels, high linearity as a function of gray level, and with mi-
nimal flicker influence.

If we want to use the PA-LCoS as a phase-only modulator,
linearly polarized light along the director axis must illumi-
nate the device and a 360-deg retardance range as a function
of gray level should be produced. This is enabled by configu-
ration “5-5 linear 2pi 633 nm” as shown in Fig. 4(b); how-
ever, it provides only 95 out of the 192 possible values which
are available for the 5-5 sequence format. To this goal, our
starting point is the configuration “5-5 default ramp” which
covers the maximum retardance range of 560 deg. To limit
the total range to 360 deg, the first step is to accordingly
reduce the Vbright voltage. In Fig. 8(a), we show the average
retardance for the original and for the reduced voltage range.

Fig. 7 Average retardance measured for a series of configurations where the voltage difference between
V bright and V dark is the magnitude of interest: (a) Different voltage differences and (b) keeping the maxi-
mum voltage difference. Gamma curve and sequence corresponding to “5-5 default ramp;” λ ¼ 633 nm.

Fig. 8 (a) Retardance range comparison when V bright is changed in the “5-5 default ramp” configuration.
(b) Linearization look-up table (LUT).

Fig. 9 Configuration for phase-only modulation linearized with the
method described, shown against the configuration provided by
vendor.
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Changing Vbright reduces our retardance range to the ne-
cessary value, but the curve is highly nonlinear. To linearize
the curve first we calculate the corrected retardance by apply-
ing the extended calibration method21 as was shown in
Fig. 4. Then the average retardance and gray level axes
are inverted and the corresponding linearization LUT is
obtained, shown in Fig. 8(b), where the whole range of
192 quantization levels is maintained.

In Fig. 9, we show the average retardance as a function of
gray level for the configuration “5-5 linear 2pi 633 nm” pro-
vided by the vendor and the result obtained by applying the
configuration we have generated with the method described,
which we call “5_5 user linearized.” We plot both the uncor-
rected and the corrected measurements for both configura-
tions. Our novel configuration maintains all the 192 levels
available and is highly linear and due to the reduction in
the difference between Vbright and Vdark, it shows less flicker
than the configuration provided by the manufacturer.

Next, we take advantage of the understanding already
gained to produce a totally new configuration, able to pro-
duce intensity modulation with a high contrast. Now, instead
of being linear in average retardance, we need a linear inten-
sity curve as a function of gray level. The starting point is
once again the configuration “5-5 default-ramp” which
has all the 192 levels available. First of all, we have to reduce

the retardance range to 180 deg, enough to produce a full
swing between zero and maximum intensity modulation
for the PA-LCoS inserted between crossed polarizers with
their transmission axes at 45 deg with respect to the director
axis of the LCoS. This is the actual configuration presented
in Sec. 2 for the extended linear polarimeter. We find that
applying Vdark ¼ 1.23 V and Vbright ¼ 1.90 V reduces the
average retardance to a value close to the demanded
180 deg range as we show in Fig. 10(a). Linearization is
now obtained by inverting the intensity transmission versus
gray level, and the resulting linearization LUT to be applied
is shown in Fig. 10(b). The number of quantization levels is
172, very close to the available 192. A retardance range
slightly larger than 180 deg was previously tolerated and
this results in a small cut in the number of quantization le-
vels. Finer adjustment may be possible if necessary.

In Fig. 11, we plot the normalized intensity transmission
as a function of gray level obtained with the LCoS between
crossed (and parallel) polarizers with their transmission axes
at 45 deg with respect to the director axis. We see both the
curve before and after the linearization LUT is applied. A
very linear curve switching from zero to maximum intensity
is obtained showing the feasibility of our proposal.

5 Conclusions
In this work, we have applied the extended linear polarimeter
method to analyze the influence on the optical signal of the
various electrical parameters governing the signal addressed
onto digital LCoS devices. The analysis has been performed
in terms of the average retardance dynamic range and the
magnitude of its flicker. Proper choice of the digital addres-
sing sequence, together with the fine adjustment available via
the software options given by the gamma curve and the vol-
tage parameters Vdark and Vbright, enable the control of the
retardance dynamic range, the linearity in the response of
the device, the number of quantization levels, and to some
extent the magnitude of the flicker amplitude. Applying
the results from this analysis, optimum electrical configura-
tions intended for phase-only and intensity or amplitude-
mostly modulation regimes, useful in diffractive optics, have
been obtained.

Fig. 10 (a) Average retardance for the novel intensity modulation configuration compared with the
default configuration. (b) Linearization LUT.

Fig. 11 Intensity versus gray level before and after linearization.
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