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Liquid crystal on silicon (LCoS) devices usually show spatial phase nonuniformity (SPNU) in applications of
phase modulation, which comprises the phase retardance nonuniformity (PRNU) as a function of the applied
voltage and inherent wavefront distortion (WFD) introduced by the device itself. We propose a multipoint
calibration method utilizing a Fizeau interferometer to compensate SPNU of the device. Calibration of
PRNU is realized by defining a grid of 3 × 6 cells onto the aperture and then calculating phase retardance of
each cell versus a gradient gray pattern. With designing an adjusted gray pattern calculated by the calibrated
multipoint phase retardance function, compensation of inherent WFD is achieved. The peak-to-valley (PV) value
of the residual WFD compensated by the multipoint calibration method is significantly reduced from 2.5λ to
0.140λ, while the PV value of the residual WFD after global calibration is reduced to 0.364λ. Experimental results
of the generated finite-energy 2D Airy beams in Fourier space demonstrate the effectiveness of this multipoint
calibration method. © 2016 Optical Society of America

OCIS codes: (230.3720) Liquid-crystal devices; (220.1000) Aberration compensation; (050.1970) Diffractive optics.
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1. INTRODUCTION

Spatial light modulator (SLM) technology based on liquid
crystal (LC) on silicon devices has been an active area of re-
search in recent years [1]. It is now well known that LCoS
devices allow both amplitude modulation and phase modula-
tion [2]. Unlike amplitude modulation, LCoS devices in
phase-only modulation mode have a wide range of applications,
including adaptive optics [3,4], diffractive optical elements
(DOEs) [5], micromanipulations [6], optical tweezers [7],
and holographic displays [8].

Phase-only modulating LCoS devices usually show charac-
teristics of spatial phase nonuniformity in the applications. The
SPNU of LCoS devices consist of phase retardance nonuni-
formity (PRNU) as a function of the applied voltage and in-
herent wavefront distortion (WFD). The reason for PRNU
is the thickness variation of the LC layer [9], which is mainly
caused by the curvature of silicon backplane. Due to manufac-
turing process on the wafer scale, single LCoS device cells show
a residual bending of their silicon backplane as a result of the
dicing process [10]. Meanwhile, the inherent WFD of the
device is caused by the curvature of the silicon backplane
and the thickness variations of the glass substrate and LC layer,
which is introduced to the incident wavefront. In order to

acquire a desired optical performance, compensation of
SPNU is an essential procedure when utilizing phase-only
LCoS devices for phase profile modulation.

Different methods were reported to calibrate PRNU of the
LCoS device, such as the crossed-polarizers (C-P) method
[11,12] and the diffraction-based calibration method [13].
However, these two methods fail to measure and compensate
the inherent WFD by themselves. Another method is needed to
fully compensate SPNU of the LCoS device. To solve this
problem, the Michelson interferometer method was proposed
to measure the WFD of the LCoS device [12,14]. However, the
measured results contain additional wavefront distortions
caused by other optical components, like the beam splitter,
in the test system, which degrades the accuracy of the results.
Recently, a thickness-calibration-based compensation method
was presented, which corrects both the anisotropic and iso-
tropic nonuniformities of the LC layer [15]. However, this
method merely focuses on the compensation of the phase non-
uniformity of LC layer. The inherent WFD caused by the
thickness variation of glass substrate and the curvature of silicon
backplane is not taken into account.

The multipoint phase calibration method has been
proven as an efficient and time-saving method. Unlike the
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pixel-to-pixel compensation method, it defines a grid of cells
onto the LCoS aperture to develop a multipoint calibration,
under the condition that the phase response of each cell is non-
abrupt [16]. However, calibrating each cell of the defined grid is
troublesome work because each cell still needs to be measured
once while varying the addressed gray level from 0 to 255 every
time. Therefore, a simple and time-saving method to fully
calibrate the SPNU of the LCoS device is urgently required.

In this paper, we present a multipoint calibration method
based on a Fizeau interferometer to fully compensate SPNU
of the LCoS device. The calibration method is achieved by
directly measuring the phase retardance with the help of an
absolute phase reference in the optical system, rather than de-
pending on the conventional combination of the C-P method
and the Michelson interferometer method. In phase-only
modulation mode, the phase modulation mechanism can be
interpreted as superimposing the phase retardance versus the
applied voltage and the inherent WFD to the incident wave-
front. Thus, an absolute phase reference in the optical system is
introduced to measure the inherent WFD by a four-step phase-
shift interferometry algorithm. To calibrate PRNU of the de-
vice, we define a grid of cells onto the LCoS aperture and design
a gradient gray pattern with the gray level varying from 0 to 255
along the horizontal axis in each cell area. By loading the special
gray pattern to the device instead of changing the gray level
from 0 to 255 during the calibration procedure, it only needs
to measure a few times. Moreover, the relative phase retardances
corresponding to the addressed gray level from 0 to 255 of each
cell can be directly obtained using the Fizeau interferometer.
Also, compensation of the inherent WFD and the measured
results of the residual WFD after phase compensation will
be demonstrated, which is followed by the generation of
finite-energy 2D Airy beams in Fourier space.

2. COMPENSATION PRINCIPLE AND
PROCEDURE

The LCoS device used in this paper is a reflective device, which
is manufactured by Holoeye, Inc. The device panel has 1920 ×
1080 pixels in a 15.36 mm × 8.64 mm array, with a pixel pitch
of 8 μm × 8 μm, 60% 0th diffraction efficiency, and 87% fill
factor.

In phase-only modulation mode, a single polarizer (S-P) is
used in the setup to ensure the polarized direction of the in-
cident light parallel with the long axis directions of LC mole-
cules. When the linearly polarized light passes through the
LCoS device, modulation of the incident wavefront is accom-
plished by changing the reorientation of LC molecules using
voltage. Normally, the applied voltage V is translated into
8 bit gray level h as

h � hmin �
hmax − hmin

V max − V min

× V ; (1)

where hmax � 255, hmin � 0, V max � 4.19 V, and V min �
0.03 V of this LCoS device.

Figures 1(a) and 1(b) illustrate the total phase retardance of
the LCoS device for V � 0 and V > 0. When the applied volt-
age V � 0, as shown in Fig. 1(a), the total phase retardance
across the aperture is the inherent WFD, ΦWFD, which is

caused by the curvature of the silicon backplane and the thick-
ness variations of the glass substrate and LC layer. When the
applied voltage V > 0, phase retardance is obtained due to the
change of the extraordinary refractive index ne�h�. The phase
retardance as a function of the addressed gray level is called as
the C-P phase retardance [12], ΔΦLC�h�, expressed by

ΔΦLC�h� � 2π
2d LC�ne�h� − n�0��

λ

� 2π
2d LCΔne�h�

λ
; (2)

where dLC is the thickness of the LC layer, λ is the wavelength,
andΔne�h� is the birefringent value. In this case, the total phase
retardance consists of the inherent WFD and the C-P phase
retardance, as shown in Fig. 1(b), which can be expressed as

Φ � ΦWFD � ΔΦLC�h�: (3)

According to Eq. (3), if we measure the inherent WFD of
the LCoS device and calibrate the phase retardance function
separately, the corresponding total phase retardance of a pixel
can be calculated. Thus, the SPNU of the LCoS device is fully
corrected. To solve this problem, an absolute phase reference in
a Fizeau interferometer is introduced. The Fizeau interferom-
eter measures the relative phase to the phase reference only, if
the full aperture is loaded with the same gray level, the mea-
sured phase response is not the C-P phase retardance but the
phase response nonuniformity across the aperture versus the
same addressed gray level and inherent WFD. To calibrate
the phase retardance function, a special gradient gray pattern
with the gray level varying from 0 to 255 along the horizontal
axis is designed. In this way, the C-P phase retardance versus the
gray level from 0 to 255 along the horizontal axis is measured.
Meanwhile, a grid of cells is defined onto the aperture of the
device to develop a multipoint calibration using this method.

An illustration of the procedure to compensate SPNU of the
LCoS device based on a Fizeau interferometer is shown in
Fig. 2. To begin with, the inherent WFD is measured by
the Fizeau interferometer directly when the applied voltage
V � 0. Then, with loading the special gradient gray pattern
we designed onto the device, the corresponding multipoint
phase retardance function is calibrated by using the measured

Fig. 1. Illustration of the total phase retardance of the LCoS device
when the direction of the incident light is parallel to the plane as the
long axis of the LC molecules. (a) V � 0, the total phase retardance is
the inherent WFD. (b) V > 0, the total phase retardance is the sum of
inherent WFD and C-P phase retardance.
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wavefront to subtract the inherent WFD. After that, a compen-
sation gray pattern can be computed using the calibrated multi-
point phase retardance function to modulate the phase values
across the aperture to the same phase value, and it is equal to
the maximum phase value of the inherent WFD. With these
three steps, the SPNU of the LCoS device is compensated.
Finally, an optical function can be superimposed to the com-
pensation phase function like a 2D Airy beam if necessary.

3. OPTICAL SYSTEM

A Fizeau interferometer introducing an absolute phase refer-
ence is one of the most important parts to compensate
SPNU of the LCoS device in this paper. Figure 3 basically
shows a Fizeau interferometer with the LCoS device in front
of the referenced transmission flat. The phase responses are
measured by a four-step phase-shift interferometry algorithm,
in which the transmission flat is shifted in four λ∕4 steps to
produce four interferograms. The advantage of the Fizeau inter-
ferometer is the transmitted beam, and the reflected beam
shares a common optical path, as shown in Fig. 3, so the phase
difference between them is only double the WFD caused by the

LCoS device. In this way, it is capable of removing wavefront
distortions introduced by other optical components in the op-
tical system. This is different from the conventional Michelson
interferometer.

The operation of the optical system in Fig. 3 can be de-
scribed as follows. A collimated He–Ne (632.8 nm) laser beam
is focused on a pinhole by lens 1. Then the beam passes
through a beam splitter (BS), where half of the beam is reflected
to a collimated lens 2. Following lens 2 is a polarizer which
ensures the polarized direction of the incident beam parallel
with the long axis directions of the LC molecules. A referenced
transmission flat is included in this system, which is optimized
for 4:96 beam splitting at vertical incidence. After the transmis-
sion flat, part of the beam is directly reflected back to lens 3, a
collimated lens, whose function is to collimate the focal beam
caused by lens 2. The other part of the beam is further imaged
onto the LCoS device. The wavefront of the transmitted beam
is modulated by the LCoS device and then interferes with the
former reflected beam. Finally, the interferogram is imaged on
the CCD camera. In the experiments, interferograms of
1920 × 1080 LCoS pixels are all imaged on 380 × 214 pixels
of the CCD. The size of a CCD pixel is 14 μm, and the used
area of the CCD is 5.32 mm × 3.00 mm. As the sizes of SLM
and CCD are different, we use lens 2 and lens 3 to constitute a
2.8 times beam expander system to adjust the scale.

4. CALIBRATION OF PRNU

A. Measurement of Inherent WFD
The basic step of the compensation procedure for SPNU of the
LCoS device is the measurement of inherent WFD. When the
applied voltage V � 0, the distorted wavefront introduced by
the device interfering with the referenced wavefront is imaged
on CCD, as shown in Fig. 4(a). It can be seen that the inter-
ferential fringes are bent. This is the evidence of inherent WFD
of the LCoS device. The deformation is mainly spherical and
no more than 3λ at the wavelength of 632.8 nm for this used
phase-only panel.

Phase distribution of inherent WFDmeasured by the Fizeau
interferometer is shown in Fig. 4(b). The peak-to-valley (PV)
value of the inherent WFD is about 2.5λ at the wavelength of
632.8 nm. The measured wavefront includes full WFD intro-
duced by the LCoS device, which is caused by the curvature of

Fig. 3. Schematic of the optical system to measure the SPNU char-
acteristics of the LCoS device, where the He–Ne laser is a collimated
632.8 nm laser, lens 1 to lens 3 are the lenses, BS is the beam splitter,
and Transmission flat is a phase reference (flatter than λ∕20 at the
wavelength of 632.8 nm).

Fig. 4. (a) Interferogram comes from the referenced wavefront and
the inherent WFD caused by the LCoS device, where the dashed rec-
tangle stands for the measurement area of 1920 × 1080 LCoS pixels,
and the square area and circular area are the usually used apertures.
(b) Phase distribution of inherent WFD measured by the Fizeau
interferometer.

Fig. 2. Procedure to compensate SPNU of the LCoS device based
on a Fizeau interferometer.
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the silicon backplane and the thickness variations of the LC
layer and glass substrate.

B. Global Calibration of PRNU
In most applications, we usually assume that the phase retard-
ance as a function of the addressed gray level is nonabrupt
across the aperture. In this case, a global phase retardance func-
tion is achieved by loading the gray pattern shown in Fig. 5(a)
to the device. It is a gradient gray pattern with the gray level
varying from 0 to 255 along the horizontal axis. Figure 5(b)
demonstrates the corresponding phase response, which is the
difference between the measured wavefront and the inherent
WFD in Fig. 4(b). The ellipses in Fig. 5(b) indicate the areas
of different phase values along the vertical axis. It means the
PRNU of the LCoS device.

In Fig. 6, the global phase retardance function is obtained by
averaging the phase values along the vertical axis in Fig. 5(b)
and fitting with the 8 bit gray level. It is noted that the phase
modulation depth of this device is about 3.2λ at the wavelength
of 632.8 nm.

C. Multipoint Calibration of PRNU
From the procedure of the global calibration method, we see
that every point in Fig. 6 is the average of the phase retardances
along the vertical axis in Fig. 5(b). Actually, the global calibra-
tion method only considers the PRNU along the vertical axis of
the device. If addressing a scaled gray pattern of Fig. 5(a) onto a
small area of the aperture, a phase retardance function for the
small target area can be acquired. In this way, the device aper-
ture is divided into some small areas to develop a multipoint
calibration method. What counts is that the PRNU along the
horizontal axis of the device is also taken into account by the
multipoint calibration method.

It is noticed that the way to compute the measurement data
in Fig. 5(b) is the average of the phase response values along the
vertical axis of each cell. This is because the gray pattern that we
designed varies from 0 to 255 (or from 255 to 0) along the
horizontal axis, which we assume that the phase retardance
along the vertical axis of each cell is nonabrupt. It indicates that
the numbers of the rows along the vertical axis can be large
enough without limitation and can even be 214 in theory.
In fact, with the number of the rows increasing, there is a mar-
ginal improvement in the compensation results. The main rea-
son for it is the influence of the environment in the experiment.

In order to collect enough data points along the horizontal axis
to fit the phase retardance curve of each cell, the numbers of the
columns along the horizontal axis cannot be large. The opti-
mum number of columns should be chosen depending on
the expander system, the resolution of the CCD, and the
LCoS conditions. In the experiments, interferograms of
1920 × 1080 LCoS pixels are all imaged on 380 × 214 CCD
pixels, and the number of the beam expander system is 2.8.
Thus, we finally choose a grid of 3 × 6 cells defined onto
the device aperture.

In this paper, the aperture of the LCoS device is divided into
18 small areas. To simplify the multipoint calibration method,
a special gray pattern is designed, as shown in Fig. 7(a). The
distribution of the gray level in each cell is equal along the ver-
tical axis, and grades from 0 to 255 (or from 255 to 0) along the
horizontal axis. Figure 7(b) illustrates the calculated wavefront
result corresponding to the addressed gray pattern in Fig. 7(a).
The arrows in Fig. 7(b) point out the obvious areas of PRNU.

By averaging the phase values along the vertical axis of each
cell in Fig. 7(b) and fitting with the 8 bit gray level, a set of 18
phase retardance curves are obtained. Typical comparison with
the phase retardance curves of the first row obtained by the
multipoint calibration method with the curve obtained by
the global calibration method are shown in Fig. 8.

It is obvious that all the phase retardance curves in Fig. 8 are
almost linear. The difference of the phase retardances versus the
same gray level is no more than 0.2λ (632.8 nm).

Fig. 5. (a) A gradient gray pattern with the gray level ranges from 0
to 255 along the horizontal axis, black is 0, white is 255. (b) 3D phase
distribution of phase responses corresponds to the gray pattern in
Fig. 5(a), which is the difference between the measured wavefront
and the inherent WFD in Fig. 4(b). The ellipses denote the obvious
areas of different phase values along the vertical axis in Fig. 5(b).

Fig. 6. Global phase retardance as a function of the gray level from
0 to 255 obtained by averaging the phase values along the vertical axis
in Fig. 5(b) and fitting with the 8 bit gray level.

Fig. 7. (a) A special gray pattern designed for the multipoint cali-
bration method, where black is 0, white is 255, and the dashed lines
point out the defined grid of 3 × 6 cells on the aperture. (b) 3D phase
distribution of the calculated wavefront result corresponding to the
addressed gray pattern in Fig. 7(a). The arrows in Fig. 7(b) point
out the obvious areas of PRNU.
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5. COMPENSATION OF WFD

With the calibrated multipoint phase retardance function and
the measured inherent WFD of the device, compensation of
the distorted wavefront introduced to the incident light after
passing through the LCoS device can be realized. To compen-
sate it, a gray pattern to modulate the total phase retardance of
every pixel to the same value, Φmax, is computed. Φmax is the
maximum phase value of the WFD in Fig. 4(b). Thus, Eq. (3)
can be described as

Φmax −ΦWFD � ΔΦLC�h�; (4)

where the C-P phase retardance of every pixel is the difference
between the maximum phase value and the corresponding
phase value of the inherent WFD in Fig. 4(b). The gray level
of a pixel can be obtained by the calibrated phase retardance
function. Figures 9(a) and 9(b) show the 2D gray patterns cal-
culated using the global phase retardance function and the mul-
tipoint phase retardance function to compensate inherent
WFD caused by the LCoS device. In Figs. 9(c) and 9(d),
we show the interferograms after phase compensation with
loading the gray patterns in Figs. 9(a) and 9(b).

After compensation, it can be seen that the interferograms
both in Figs. 9(c) and 9(d) are almost the same intensity value
across the aperture, which denotes that the inherent WFD is
compensated. Furthermore, the residual WFD compensated by
the global calibration method and the multipoint calibration
method comparing with the inherent WFD are shown in
Figs. 9(e) and 9(f ). Figure 9(g) illustrates the residual WFD
after global calibration and multipoint calibration. The maxi-
mum phase value of the residual WFD compensated by the
global calibration method is 0.364λ (λ � 632.8 nm), and
the multipoint calibration method reduces it to 0.140λ.

The aperture of the LCoS device is not fully used in most
applications. We usually need a circular aperture or a square
aperture. The PV values of the residual WFD in different
aperture sizes in Figs. 9(e) and 9(f ) are calculated as shown
in Fig. 10. Different aperture sizes are defined as shown in
Fig. 4(a). It is shown in Fig. 10 that the PV values in full
aperture, square aperture, and circular aperture by global

phase retardance calibration are 0.364λ, 0.260λ, and 0.258λ
(λ � 632.8 nm), respectively. The multipoint calibration
method reduces the PV values in full aperture, square
aperture, and circular aperture further to 0.140λ, 0.126λ,
and 0.125λ.

Fig. 8. Plots of the phase retardance versus the 8 bit gray level of the
first row, which are obtained by the multipoint calibration method
compared with the phase retardance curve obtained by the global cal-
ibration method. Global denotes the global phase retardance function
as seen in Fig. 6. Coordinates (1,1) to (1,6) denote the corresponding
measurement cells in the first row of Fig. 7(a).

Fig. 9. 2D gray patterns calculated by Eq. (4) using (a) the global
phase retardance function and (b) the multipoint phase retardance
function to compensate the inherent WFD caused by the LCoS
device. (c), (d) Interferograms after compensation of inherent
WFD corresponding to the 2D gray patterns in (a) and (b). (e),
(f ) Comparison the inherent WFD with the residual WFD compen-
sated by the global calibration method and the multipoint calibration
method, respectively. (g) Comparison with the residual WFD compen-
sated by the global calibration method and the multipoint calibration
method.

Fig. 10. PV values of the residual WFD in different aperture sizes
after phase compensation using the global calibration method and the
multipoint calibration method.
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6. GENERATION OF 2D AIRY BEAMS

A. 2D Airy Beams
To show the improved optical performance of the LCoS device
after compensation of SPNU, the device is utilized to produce a
2D Airy beam in Fourier space. The finite-energy 2D Airy
packets at the origin (z � 0) can be expressed as

ϕ�x; y; z � 0� � Ai

�
x
x0

�
Ai

�
y
y0

�
exp

�
x
w1

�
exp

�
y
w2

�
: (5)

The Fourier transformation of the finite-energy 2D Airy
packets is Gaussian and involves a cubic phase, which can
be expressed as

Φ�kx; ky� ∝ exp�a�k2x � k2y �� exp
�
i�k3x � k3y �

3

�
: (6)

According to Eq. (6), a finite-energy 2D Airy beam can be
generated from a Gaussian beam imposing a cubic phase
through a Fourier transformation.

B. Experiment Results
Figure 11 shows the schematic of the diffraction optical system
used to generate 2D Airy beams. First, a collimated He–Ne
(632.8 nm) laser goes through a spatial filtering system, which
comprises lens 1, 2, and a pinhole. Then, the beam passes
through a beam splitter and a polarizer and gets to the LCoS
device. In phase-only modulation mode, the incident beam is
modulated by the LCoS device, which is loaded a gray mask of
2D Airy beam calculating from Eq. (6) as shown in Fig. 11.
After that, the beam is Fourier-transformed by Fourier lens
3, whose focal length f is 700 mm. Finally, a 2D Airy beam
can be observed by a CCD placed at the focus of lens 3. In
order to separate the zero-order diffraction, we superimpose
a blazed grating, with a phase range of −20π to 20π, onto
the cubic phase mask of a single 2D Airy beam [17].

The generated 2D Airy beams without compensation of
SPNU and with compensation of SPNU are shown in
Figs. 12(a) and 12(b). Detailed views of the corresponding
2D Airy beams are shown as an inset in Figs. 12(a) and 12(b).

Figures 12(a) and 12(b) demonstrate that the qualities of the
generated 2D Airy beams are improved when the SPNU of the
LCoS device is compensated. It is noted that more energies re-
side in the centers of the intensity lobes, and the profiles of
energies are more clear and regular as shown in Fig. 12(b) than
that shown in Fig. 12(a).

7. CONCLUSIONS

An efficient multipoint calibration method to improve the
optical performance of the LCoS device by fully compensating
the SPNU using a Fizeau interferometer is presented. Compen-
sation results show that this method can efficiently correct the
SPNU of the device. The residual WFD across the aperture
after phase compensation by the multipoint calibration method
drops to 0.140λ from 2.5λ at the wavelength of 632.8 nm. In
generation experiments of the 2D Airy beams, it is shown that
the qualities of the generated 2D Airy beams are improved
when the SPNU is compensated. The calibration method that
we proposed is quite simple and time-saving, which can be suc-
cessfully applied in the initial phase retardance calibration of
the LCoS device. Moreover, it compensates the WFD caused
by the thickness variations of the LC layer and glass substrate
and the curvature of the silicon backplane. It is worth mention-
ing that a grid of 3 × 6 cells is defined onto the aperture by the
multipoint calibration example in this paper. By increasing the
number of cells, a further improvement in the optical perfor-
mance of the device would be achieved.
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