
J O U R N A L  O F

T

O

R

T H E  E U R O P E A N  

O P T I C A L  S O C I E T Y

R A PID  PU B LIC AT IO N S

Journal of the European Optical Society - Rapid Publications 6, 11012s (2011) www.jeos.org

Characterization of the anamorphic and spatial
frequency dependent phenomenon in Liquid Crystal on
Silicon displays

L. Lobato
laura.lobato.87@gmail.com

Departamento de Fı́sica, Universidad Autónoma de Barcelona, 08193 Bellaterra, Spain

A. Lizana Departamento de Fı́sica, Universidad Autónoma de Barcelona, 08193 Bellaterra, Spain

A. Márquez Dept. de Fı́sica, Ingenierı́a de Sistemas y Teorı́a de la Señal, Universidad de Alicante, Ap. 99, 03080
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The diffractive efficiency of Liquid Crystal on Silicon (LCoS) displays can be greatly diminished by the appearance of temporal phase
fluctuations in the reflected beam, depolarization effects and also because of phase modulation depths smaller than 2π. In order to
maximize the efficiency of the Diffractive Optical Elements (DOEs) implemented in the LCoS device, the Minimum Euclidean Distance
principle can be applied. However, not all the diffractive elements can be corrected in the same way due to the anamorphic and spatial
frequency dependent phenomenon, which is related to the LCoS response, largely depending on the period and the spatial orientation of
the generated DOE. Experimental evidence for the anamorphic and spatial frequency dependent phenomenon is provided in this paper, as
well as a comparative study between the LCoS display response for binary gratings of different periods. [DOI: 10.2971/jeos.2011.11012s]
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1 INTRODUCTION

Liquid Crystal on Silicon (LCoS) displays are a subtype of Liq-
uid Crystal Displays (LCDs) working by reflection. Some of
the most noticeable features of these devices are their very
high light efficiency and resolution, and also their great capa-
bility to spatially modulate light beams [1], this last being es-
pecially important in applications requiring phase-shift mod-
ulation of the incident wavefront. Consequently, they have at-
tained widespread use in applications such as diffractive op-
tics [2], adaptive optics [3], optical metrology [4], polarime-
try [5] or medical physics [6]. In this framework, complete
LCoS characterization and optimization becomes essential to
achieve better performance of these devices and thus provid-
ing greater efficiencies in diffractive optics.

While most commercial LCDs do not offer the chance to access
the parameters defining the electro-optic modulation proper-
ties of the LC device, the Parallel Aligned (PA) LCoS used
in this study allows different electrical sequences formats to
be addressed, which may also result in different responses
and efficiencies [7, 8]. Modern LCoS displays are digitally ad-
dressed, and the electrical sequences are based on pulse-width
modulation scheme. The modulated pulses can lead to flicker
in the optical beam because of the limited viscosity of the LC

molecules. This may introduce undesirable temporal phase
fluctuations [9, 10] and/or a certain amount of depolarization
[11, 12] on the light beam reflected by the LCoS display. Be-
cause these phenomena have a marked tendency to deterio-
rate the LCoS performance in diffractive optics, some previ-
ous studies [13] have endeavored to totally report the modu-
lator performance as a function of the electrical pulse scheme
addressed to the device.

Other limitations in the performance of the LCoS device in-
clude phase modulation depths smaller than 2π, phase mod-
ulations not being linear with the applied voltage or available
phases being limited to certain quantized values. The mini-
mum Euclidean principle [14]–[16] is a method in which each
complex value is projected over the closest available complex
point in the modulation domain. This process enables most of
the previously stated LCoS limitations to be solved and pro-
vides the best efficiency for our device. Its usefulness has been
proved both in LCD [17] and in LCoS devices [13]. In the lat-
ter case the minimum Euclidean principle was applied in the
presence of temporal phase fluctuations in the LCoS.

In LCD devices it was found that the phase modulation depth
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exhibited by the LCD strongly depends on the orientation and
spatial frequency components of the displayed image [18].
Specifically the phase modulation depth depended on the
magnitude of the local spatial frequency component along the
horizontal direction. Along the vertical direction, the phase
modulation depth did not depend on the spatial frequency.
The phenomenon is related with the electronics driving the
device and in no way related to liquid crystal physics [19].
It causes a reduction of the optical efficiency of a diffractive
optical element (DOE) displayed onto this type of modulator.
This anamorphic and spatial frequency dependent behavior,
observed with phase DOEs in Ref. [18], had also been reported
by other authors when using the LCD in the amplitude-only
regime [20]–[23]. In general, the goal of these authors was
to calculate the Modulation Transfer Function (MTF) of the
LCD in order to characterize the device for optical process-
ing [21]–[23] and for holographic data storage (see page 247
in Ref. [20]). In Ref. [18] it was developed an encoding algo-
rithm based on the minimum Euclidean projection to display
the diffractive element with an optimal modulation diffrac-
tion efficiency taking into account the anamorphic and spatial
frequency dependent phenomenon. Specifically the algorithm
was used to display Fresnel lenses onto the LCD. In prin-
ciple, the anamorphic and spatial frequency dependent phe-
nomenon has not been studied in LCoS devices. From the ex-
perience gathered with LCDs, it is clear that this phenomenon
may significantly influence the performance of LCoS in a wide
range of applications, thus in this paper we undertake the
analysis of the phenomenon in LCoS devices.

The outline of this paper is as follows. In Section 2, we present
the basic theory and the methodology employed in order to
determine the anamorphic and spatial frequency dependent
phenomenon. Section 3 provides the analysis of the results ob-
tained when generating binary gratings. A comparative study
between diffractive elements containing different frequencies
and orientations has been conducted. Finally, Section 4 deals
with the main conclusions derived from this study.

2 LCoS DISPLAY ANAMORPHIC
PHENOMENOM

The purpose of this section is to briefly show the anamor-
phic and spatial frequency dependent phenomenon observed
when diffractive gratings in different directions are displayed
within the PA LCoS display.

This study has been undertaken for a 633 nm laser light source
and for quasi-normal incidence. The light modulator used
is a PA LCoS display distributed by HoloEye. The modula-
tor works by reflection, therefore enabling a higher dynamic
modulation range when compared to previous transmissive
LCDs because of the double pass of the light through the de-
vice. It also presents a high resolution due to its 1920 × 1080
pixel screen; a high fill factor of 87% and a pixel size smaller
than 8 µm. Voltages can be addressed to the LCoS by means
of different electrical sequences also provided by HoloEye. In
this article, we study the anamorphism for a sequence opti-
mized at 633 nm wavelength light. We use the one provid-
ing the best trade-off between global retardance and tempo-

FIG. 1 Optical setup to capture the zero and first order intensities. HWP0 is a half-wave

plate and LP are linear polarizers.

ral phase-fluctuations and thus resulting in the best available
diffractive efficiencies.

The experimental methodology to determine the significance
of the anamorphic and spatial frequency dependent phe-
nomenon is similar to those proposed in Ref. [24, 25], where
a binary grating is addressed to the display and the ratio be-
tween the first and zero diffraction orders is measured. This
ratio depends on the phase and amplitude difference between
the two levels of the grating. Since this is a parallel aligned
LC device, it acts as a pure phase modulator when the input
polarization is selected linear parallel to the LC director, and
the phase modulation can be directly derived from the ratio of
the intensities in the diffraction orders. In our case several bi-
nary gratings in the modulator are generated, each one having
a different period and for the two Cartesian orientations: the
horizontal or the vertical direction, (the period is respectively
specified in rows/period and columns/period). As sketched
in Figure 1, the LCoS display is impinged with an unexpanded
He-Ne laser beam at quasi-normal incidence (2 ˚ ). Light com-
ing from the laser goes through a half wave-plate (HWP0)

which enables the light intensity to be controlled. A polarizer
is placed at the entrance of the incident beam, while another
polarizer (set in the same position) is set at the exit of the beam
reflected by the LCoS display. When the proper incident state
of polarization is generated, the display works with a phase-
only modulation regime and depolarization effects can be re-
moved provided that the beam is linearly polarized parallel
to the LC director. After the last polarizer, two photodetec-
tors are placed in a far diffraction plane, gathering both the
zero and the first diffraction order intensities in synchroniza-
tion. Finally, an AD converter allows the intensity values to be
visualized on the PC screen. Analytical expressions for the in-
tensity of the zero and first orders can be derived as a function
of the phase difference, Φ:

I0 (t) =
1
2

(1 + cos Φ (t)) ,

I±1 (t) =
2

π2 (1 − cos Φ (t)) . (1)
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We note that we fix one of the levels in the binary grating to
gray level zero, which shows no temporal phase fluctuations,
whereas the other gray level is varied. Thus we measure the
phase difference, Φ, relative to the phase value associated to
gray level zero. Once intensities have been measured, the in-
stantaneous phase modulation can be found as follows:

cos (Φ (t)) =
4I0 (t)− π2 I1 (t)
4I0 (t) + π2 I1 (t)

. (2)

This expression presents an ambiguity for angles close to π.
This can be solved by applying continuity considerations with
the values obtained in the vicinity. With this diffractive-based
method, the phase difference curves, equal to the retardance
value of the LC layer for each binary grating as a function of
the gray level and as a function of time can be obtained. Ex-
perimental curves have been determined for gratings with pe-
riods of 16, 8, 4 and 2 pixels and generated in both the vertical
and the horizontal directions.

3 ANALYSIS OF THE ANAMORPHIC
PHENOMENON

In this section, we present the experimental results obtained
when applying the previous method for a given electrical se-
quence (5 5 linear 2pi) [13]. Figure 2(a) shows the retardance
curves obtained when performing the experiment for binary
horizontal gratings (diffraction orders on the vertical axis)
with consecutive periods of 16, 8, 4 and 2 rows/pixel. Anal-
ogously, Figure 2(b) shows the phase retardances obtained for
the same sequence and also the same periods, but for vertical
gratings (columns/period) instead.

It is easily noticeable that in the first case, for all the four pe-
riods, values maintain themselves relatively close each other
throughout the gray levels. Only the smallest period (P=2)
shows a slight deviation from the gray level 200 onwards. As
the graph shows, differences between retardance values for
different periods become more evident as the gray level in-
creases, in such a way that for the 250 gray level, the period
P=16 reaches a global retardance of 325 ˚ while the period
P=2 reaches 277 ˚ . This means that, even in the worst situ-
ation where the diffractive element generated contains very
different periods and requires very high gray levels being ad-
dressed to the device, provided that the element has the peri-
odic structure in the horizontal direction, the maximum differ-
ence between retardance values will be less than 50 ˚ . Thus, if
addressing DOEs with horizontal periodicities higher than 2,
the measure of a single retardance curve (for a single period)
is enough to describe the LCoS display phase response.

When looking at the retardance values for the vertical gratings
plotted in Figure 2(b), the situation becomes different. For the
period P=16, retardance values are quite similar to those ob-
tained for the horizontal grating. The global retardance in this
case reaches a maximum of 323 ˚ , therefore showing that the
LCoS performance is good enough when generating diffrac-
tive elements containing periodic patterns of low spatial fre-
quency. Nevertheless, for vertical gratings, the global retar-
dances decrease as the spatial frequency of the grating in-
creases. For the period P=8, the global retardance difference
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FIG. 2a Retardance values as a function of the gray level for horizontal gratings.
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FIG. 2b Retardance values as a function of the gray level for vertical gratings.

between the horizontal and the vertical grating at the 250 gray
level is about 34 ˚ . This difference becomes 61 ˚ for the pe-
riod P=4 and approximately 90 ˚ when looking at the period
P=2. When working with vertical gratings (diffraction orders
on the horizontal axis), the LCoS response varies substantially
depending on the period of the grating generated. For the 250
gray level, the difference between the global retardance for the
periods P=16 and P=2 is about 133 ˚ , while for horizontal grat-
ings was of less than 50 ˚ .

After analyzing the results shown in Figure 2, it is clear that
the anamorphic effect must be considered in order to prop-
erly control the LCoS display performance. For an appropri-
ate generation of DOEs, the programmed phase distribution
we desire to implement onto the LCoS display must be almost
equal to the experimentally displayed one, allowing us to ob-
tain the expected diffractive pattern. Thus, a reliable look-up
table (LUT) is required. However, as a consequence of the
anamorphic phenomenon, if we generate DOEs containing
high frequency structures in the vertical direction, the use of
a unique LUT (obtained by applying low frequency DOEs,
for instance, binary gratings with a period higher than 8 pix-
els) is not sufficient. This is because into the high frequency
range, the phase curves strongly vary with frequency (see Fig-
ure 2(b)).

To solve this problem, a calibration for different LUTs related
to each one of the involved periods is required in order to
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FIG. 3a

FIG. 3b

FIG. 3c

FIG. 3d Zero and first order diffraction intensities for a vertical binary grating.

FIG. 3a

FIG. 3b

FIG. 3c

FIG. 3d
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achieve a finest relation between the desired phase distribu-
tion and the LCoS display performance. This correction can
be performed with the corresponding LUT derived from the
Minimum Euclidean Distance principle, assigning the closest
available phase. Note that the correspondence between the
programmed phase distribution and the LCoS display perfor-
mance it is necessary not only when addressing binary DOEs
but also for DOEs containing diverse gray levels or even con-
tinuous DOEs. In such cases, the application of the Minimum
Euclidian Distance will be useful.

In order to provide a higher insight on this topic, we show dif-
ferent experimental results in Figure 3. On the one hand, Fig-
ure 3 (left-hand part) shows the zero and the first diffraction
order intensities for the four different grating periods when
applying a common look-up table and as a function of the
desired phase difference values (i.e. the theoretical phase we
want to implement). Note we use the LUT obtained when us-
ing binary gratings with a very low spatial frequency so that
no anamorphic and frequency dependent behavior is present.
On the other hand, in Figure 3 (right-hand part) we show
the analogous results after applying the corresponding LUT
specific for each spatial frequency. We call them the corrected
gratings. Again, the x-axes represent the phase we want to ad-
dress to the LCoS display.

The graphs on the left-hand, which correspond to the grat-
ings not being corrected, show an agreement with Figure 2(b).
When working with binary grating, first order maximums
point out a phase value of π. Therefore, if the LCoS response
were linear with the addressed voltage, these maximums
should be placed at the π value on the x-axis. However, the
maxima are shifted substantially to the right as consecutive
higher frequencies are considered, going far from the desired
phase value. This is, as the grating period decreases, it is nec-
essary to address higher voltages to the modulator in order to
obtain the same phase values.

At this point, a correction can be performed with the cor-
responding LUT derived from the Minimum Euclidean Dis-
tance principle, assigning the closest available phase. The ef-
fect of the spatial frequency dependent LUT application can
be seen on the right-hand part graphs. Intensity maxima are
shifted closer to the π value, thus making more linear the
LCoS response with the addressed voltage. Therefore, as show
the diffracted order maxima, by applying corrected LUTs we
achieve phase differences closer to the expected ones. Once
higher phase values are not available any more, the Euclidean
method is applied. This can be observed because of the con-
stant values set both at the maximum possible phase value
and at the minimum value (the zero phase value is equivalent
to 2π). We note that since we are working with binary phase
gratings, the maximum diffraction efficiency is limited to 40%.

4 CONCLUSION

In this work, we study the anamorphic and spatial frequency
dependent phenomenon of LCoS devices, which is related to
the great dependence of the modulator response on the pe-
riod and the spatial orientation of the diffractive element gen-

erated. We have provided experimental evidence of this phe-
nomenon, showing that diffractive elements containing pe-
riodic structures of high frequencies lead to a worst perfor-
mance of LCoS displays. Furthermore, this effect is more obvi-
ous for horizontal periodic structures than for vertical ones be-
cause of the way in which the electrical pulses are addressed
to the LCoS devices. This effect only appears for very high fre-
quencies.

In order to solve this problem, spatial frequency dependent
LUTs must be applied. Nevertheless, this model must be used
taking into account the period and direction of the diffractive
element generated. Experimental results show how corrected
gratings provide more accurate response of the LCoS display.
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