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An experimental method to calibrate Liquid Crystal on Silicon (LCoS) displays by self-generating lens configu-
rations on the studied device is proposed in this paper. On the one hand, a split-lens is displayed in the LCoS
to self-generate an interference pattern from which the phase-voltage curve of the modulator is calculated. On
the other hand, a microlens array is displayed on the LCoS, within a same experimental set-up, to implement
a Shack-Hartmann (S-H) wavefront sensor, from which the display surface profile is retrieved. Specifically, by

means of a feasible set-up, the proposed method allows measuring the deviation from flatness of the LCoS displays
as well as to determine the phase-voltage response of phase-only SLMs. Experimental results demonstrate a linear
tendency phase-voltage curve that ranges from Orad up to ~6.28 rad, for the used light wavelength. Moreover,
by extracting the LCoS phase distribution measured with the S-H configuration, the LCoS surface inhomogeneity

is corrected by 95%.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Liquid Crystal Display (LCD) is a mature technology widespread used
in optical based applications. Thanks to their capability to spatially ma-
nipulate the phase properties of light beams, they are commonly used
as Spatial Light Modulators (SLM) to manipulate the complex wavefront
amplitude. For instance, they are applied in adaptive optics, to correct
the wavefront aberration introduced by turbulence [1,2]; in metrology,
to control phase distributions in interferometers [3,4]; in waveguide
technology, to achieve wavelength selective switch systems, or to ma-
nipulate the lightwaves [5-7]. As the phase properties can be modified
by controlling the voltages address to the SLM, LCDs are also commonly
used in dynamic processes. For instance, for the generation of diffractive
optical elements (DOEs) in diffractive optics applications [8,9]. They
as well stand as important components in real-time laser beam shap-
ing [10-12], and in structured illumination systems [13,14]. LCDs are
also used to implement optical tweezers [15,16], digital lenses with im-
proved performance [17,18], or optical encryption [19], etc.
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Liquid Crystal on Silicon (LCoS) displays [20] are a class of LCD that
work in reflective configuration. By selecting the proper input polariza-
tion [21], the LCoS performance can be optimized and we can select a
phase-only or an amplitude-only regime. When using a phase-only con-
figuration, the phase modulation can by digitally controlled by address-
ing a proper Diffractive Optical Element (DOE) to the LCoS. A number
of improvements, such as high resolution, small pixel size, and very ap-
pealing fill factor (usually ~90%), are presented when comparing these
reflective devices with transmissive LCDs. More importantly, LCoS dis-
plays present a larger phase modulation than transmissive devices with
the same thickness, as light performs a double pass into the display.

Although the above-stated applications highlight the important role
that LCoS play in different fields, to work with these devices in opti-
mal conditions, efficient calibration and optimization of the spatial light
modulators are required. As a consequence of the large demand of ap-
plications requiring the use of LCD technology, a widespread number
of optimization methods can be found in literature [16,22-30], most of
them based on interferometry [24-26] or diffraction [27,28]. Some au-
thors have demonstrated that diffractive based methods, which may be
valid for other LCDs, are not suitable to be applied with LCoS displays
[23], mainly due to the time-fluctuations of the phase phenomenon (also
referred as flicker effect). Under this scenario, alternative optimizing
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methods were proposed to take into account this effect [29-33] and dif-
ferent strategies have also been reported to minimize the observed DOEs
efficiency loss associated to large phase-fluctuations [34,35].

Another critical drawback present in LCDs, both working in trans-
missive or reflective configurations, is related to inhomogeneities in
the display flatness. These spatial inhomogeneites (which are related
to different causes, such as screen lateral stresses or glass thickness
variations), introduce an extra spatial phase distribution that degrades
the performance of the modulator. Thus, this extra phase distribution
must be taken into account for a proper calibration. As a consequence,
different experimental strategies have been proposed to measure the
display profile in order to compensate the screen inhomogeneities
[16,36-38].

Recently, the idea of self-calibrating LCDs was proposed by J. L. Mar-
tinez et al. [31] by the means of addressing some DOEs on the LCD.
The self-calibrating approach presents some advantages compared with
standard calibrating methods. For instance, they avoid the necessity of
using additional optical elements (i.e., without requiring external opti-
cal arrangements —as the commonly used interferometry, diffraction or
polarization based set-ups). In fact, the same LCD to be calibrated is em-
ployed to display the optical element that allows the measurement. In
Ref. [31], the overall averaged phase modulation of the device was eval-
uated by simultaneously addressing two diffractive elements displayed
on two different halves of the LCoS. In one half, a uniform image or ‘pis-
ton’ was displayed. Then, different constant gray levels were added to
this image so that this part acted as a phase-shifting mirror. In the other
half of the screen, a symmetric binary phase grating was displayed. By
selecting the proper diffractive order generated by the grating, this sec-
ond half acted as a tilted reference plane-wave that interfered with the
wave coming from the ‘piston’. Note that different gray levels added
to the piston led to different displacements of the interference pattern,
from which the overall phase modulation of the device was determined.
The method was also used to spatially resolve the phase-voltage curve.
Nevertheless, this approach does not provide the deformation of the
screen. As stated above, a complete description of the modulator also
requires taking into account the screen deformation.

In this work we provide an alternative self-calibration method,
based on addressing different diffractive lens configurations, valid to
both characterize the overall phase-gray level performance and the
screen profile of LCDs. In particular, the self-generation of two different
diffractive-lens based DOEs is proposed. The first one consists of ad-
dressing a split-lens configuration [14], which leads to a simple direct
implementation of an interferometric system, from which the overall
phase distribution as a function of the addressed voltage is obtained. It
is worth to mention that this method is valid even in presence of time-
fluctuations of the phase [23], because it is able to give the required
average phase as a function of the applied voltage. Furthermore, by ad-
dressing a second diffractive pattern, it is also possible to self-determine
the screen profile of the display without any modifications of the opti-
cal set-up. This is achieved by properly addressing an arrangement of
dynamic microlenses to the LCoS display (Shack-Hartmann wavefront
sensor configuration [39,40]) and performing an iterative scanning pro-
cess. We want to note that the propose method not only allows providing
a complete calibration of the LCoS, by simply self-addressing different
DOEs, but also determining these important characteristics just by using
the same feasible and compact experimental set-up.

The outline of this work is as follows. In Section 2, we describe the
proof of concept of the method used to self-calibrate the phase-voltage
curve of the LCoS. Next, in Section 3, we describe the technique based on
a Shack-Hatmann configuration, used to perform the self-measurement
of the LCoS screen profile. In addition, the generation of the microlens
array system and the ulterior retrieving of the screen profile, from the lo-
cal light focalizations, are discussed. Afterwards, the methods described
in Sections 2 and 3 are experimentally implemented and the correspond-
ing results are shown and discussed in Section 4. Finally, the main con-
clusions of the work are provided in Section 5.
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Fig. 1. Scheme of the optical set-up used to perform the phase-voltage calibra-
tion of the SLM.

2. LCoS phase-voltage self-calibration based on split lenses

In this section we describe a self-calibration method, based on split-
lens configurations, to determine the phase-voltage curve of SLMs. This
is an interferometic-based method, and thus, it is valid to be used even
in presence of time-fluctuations of the phase [24], a non-desired phe-
nomenon observed in some reflective LCoS displays.

The main idea consists of addressing a DOE to the LCoS in order to
create a controlled interferometric pattern onto a propagated plane. In
this way, the generated digital element replaces interferometric exter-
nal set-ups commonly used to calibrate the phase-modulation of LCoS. In
particular, we use as DOE the two-sectorial split-lens scheme described
in Ref. [14]. This distribution is equivalent to the classical Billet lens
configuration which consists of a lens split in two halves, and where
the centers of those halves are transversally separated to a certain dis-
tance a. Under this scenario, each one of the two split-lens sectors leads
to a focalization spot on the focal plane. These two light spots can be
understood as two new coherent light sources that produce an interfer-
ence fringe pattern onto a propagated plane. Although, in principle, this
would be equivalent to the Young’s experiment, in the Billet lens case
the light passing through the separation between the two lens halves
also adds a non-desired contribution in the interference pattern. This
situation is solved by displaying a two-sectorial split lens onto a SLM, in
a way that the corresponding phase distribution fully covers the mod-
ulator screen. Under this scenario, the composed diffractive lens gives
place to two light spots at the focal plane, generating the interference
fringes pattern at the far field [14]. What is more, some properties of
the pattern can be digitally modified just by tuning few physical param-
eters of the system (e.g., the axial plane where the interference pattern
is produced or the pattern period can be changed by tuning the focal
length of the two split-lenses or the distance a between the halves cen-
ters, respectively).

A sketch of the optical set-up used to self-calibrate an SLM is shown
in Fig. 1. A collimated polarized laser beam illuminates the SLM with
the two-sector lens addressed on it, which give place to the generation
of two focalization spots (F1 and F2 in Fig. 1) in the focal plane (S plane
in Fig. 1). These two new light sources F1 and F2, with the same inten-
sity, produce a fringes-like interference pattern in the far field. As it was
previously pointed out, the properties of the split-lens (lens focal length,
distance to the centers a, lens sectors orientation, etc.) are digitally con-
trolled. An example of a particular phase distribution to be addressed
to the SLM, corresponding to a lens split in two sectors vertically sepa-
rated a distance a, can be seen in Fig. 1(a). As we are illuminating the
SLM with a collimated beam, the two resulting sources F1 and F2 are
separated a distance A equal to the selected distance a and to the same
direction. This situation leads to horizontal fringes in a far field plane
(e.g., I plane in Fig. 1). However, note that the direction of the fringes
pattern could be controlled just by properly modifying the direction of
separation between lens centers.
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For the sake of clarity, the optical architecture in Fig. 1 is shown in
a transmissive configuration. However, as it is explained in a forthcom-
ing section, the real experimental implementation was performed in a
reflective configuration because we analysed an LCoS display (reflective
device). To adapt the scheme represented in Fig. 1 to the reflective con-
figuration, a beam-splitter (B-S) was added in the optical arrangement.

As above-stated, by setting a distance a between the bi-lens centers
(LCoS plane) and a focal length of f;, two focused light spots with a sep-
arated vertical distance A =a are generated at the focal plane (S plane)
—see Fig. 1. Under this scenario, two spherical sources are created after
the S plane, which can be understood as a new source plane. After being
propagated to a certain distance, the two coherent beams are superposed
and the corresponding fringes-shaped interference pattern is observed.
In the scheme given in Fig. 1, the axial plane from which interference
patterns begin to be observed is indicated with a dashed arrow (B Plane).
Afterwards, a given interference pattern placed at a certain axial plane
(I Plane; e.g., image (b) in Fig. 1) is selected. Finally, the interference
pattern (image (c)) is imaged in the CCD camera with a certain magni-
fication by using a convergent lens (Lens2 in Fig. 1). The use of Lens2
is not mandatory, but it is only introduced to obtain a more clear inter-
ference pattern at the CCD. Note that the angle « in Fig. 1 depends on
both parameters a and f;; thus, for a given axial plane, the distance be-
tween interference fringes (period) is tuned by using these two control
parameters.

Once an interference pattern is recorded, the relation between the
phase modulation and the gray level (voltage) addressed to the LCoS can
be calibrated. To this aim, the phase distribution corresponding to one
of the bi-lens sectors is not modified, but we gradually add a constant
gray level to the other bi-lens sector. This scenario is achieved by the
following phase-scheme to be addressed to the LCoS, which is inspired
in the split-lens description given in Ref. [14],

Unoo(r,0) = U, + Uy, (eY)
U, =exp [1% (r* + ag* = 2ray cos(6; — 90))] , 2
U, = exp |i = (r* 12 s(0;; —

) = exp l/lf(r +a; ra; cos(8; — 0)) + $(V))|, 3

where 4 is the wavelength of the light source, f is the focal length and
r is the radial coordinate in the plane of the lens; a, and a; are the
distances of the two lens sector centers to the origin of coordinates, 6,
and 6, are the angular positions of the two sector centers (6, = z/2 and
0, =3x/2 for the particular case shown in Fig. 1) and where 6; and 6;;
are restricted into the ranges [0, ) and [z, 27).

Note that in Eq. (3) there is a uniform (piston) phase value of ¢,
whose magnitude varies with the addressed voltage V. Therefore, each
addressed voltage (gray level) will produce a change on the phase ¢
in the term U,, which will yield a transversal shift in the fringes pat-
tern. From those displacements, obtained for the whole available gray
level range (0-255), the relation between the average phases versus ad-
dressed gray levels can be retrieved by using simple calculations, for
instance, as done in Ref. [23].

3. LCoS flatness characterization based on micro-lens array
(Shack-Hartmann distribution)

The screen of an ideal LCoS is homogeneous. However, mechanical
stress and spatial defects generated during the fabrication of the LCoS
displays always introduce certain amount of inhomogeneities to the
screen. In order to achieve an optimal performance of these devices, the
unwanted spatial phase distribution introduced by the screen should be
compensated. To retrieve this spatial phase, we propose a second lens-
based configuration that consists of a micro-lens array (Shark-Hartmann
like sensor) able to self-calibrate the LCoS screen profile.

149

Optics and Lasers in Engineering 106 (2018) 147-154

SLm

Lens (f,) Polarizer CCD Panel

Fig. 2. Optical scheme used to self-calibrate the screen profile of LCoS. Inset
images: (i) Phase distribution sent to the LCoS to generate a microlens array
(Shack-Hartmann configuration); and (ii) Corresponding intensity distribution
at the focal plane.

Shack-Hartmann (S-H) wavefront sensors have become a prevalent
tool in many fields [39-41] because of their great capability to measure
wavefront aberrations and their ability to provide an accurate wave-
front map. In particular, each microlens focuses a fraction of the input
wavefront onto the focal plane of the microlens array. If the input wave
presents some spatial aberrations, the light spots are displaced from their
expected ideal centers. By measuring such local deviations, and properly
applying some numerical methods, the profile of the input wave can be
retrieved.

The idea behind the proposed approach is to use the same LCD to be
characterized to display the microlenses required in the S-H approach.
The microlens array is perpendicularly illuminated with the collimated
incident beam free of aberrations. Under this situation, in the presence
of aberrations in the LCoS screen, the light spots generated by the mi-
crolenses deviate from their ideal positions, and those deviations are
mainly related to the screen defects. Note that the LCoS screen self-
calibration can be performed just by introducing the phase distribution
corresponding to the S-H microlens array [39], and without modifica-
tions on the experimental set-up proposed in Section 2 (see Fig. 1). In
particular, the optical scheme used for the LCoS screen self-calibration
is sketched in Fig. 2.

In order to obtain the light spots pattern, a 4 x 2 microlenses con-
figuration is generated onto the LCoS (LCoS plane in Fig. 2). The cor-
responding light spots distribution is obtained at the diffractive lenses
focal plane. As an example, we show the phase distribution addressed to
the LCoS to generate a 4 x 2 lens array and its corresponding light spots
distribution at the CCD plane (inset images (i) and (ii), respectively).
In our case, the dimension in pixels of the region selected to generate
a single microlens was of 400 x 400 pixels, and thus, the whole set of
4 x 2 microlenses had a dimension of 1600 x 800 pixels.

It is important to note that the generated 4 x 2 microlens array does
not cover the full pixel distribution of the modulator used in the exper-
imental implementation (a PLUTO LCoS display; 1920 x 1080 pixels).
On one side, we are interested in using microlens apertures as larger
as possible, because this enhances the efficiency of the generated DOEs.
However, a reduced number of microlenses implies that the spatial sam-
pling of the screen is very low (in this case, only 8 sections of the screen
are inspected). To solve this problem, a number of displacements of the
whole 4 x 2 array was performed along the full screen. In particular, we
performed 8 displacements of the array with a shift step of 50 pixels in
both x and y directions. By combining that set of intensity patterns, a
final image containing 512 bright intensity spots was constructed (see
corresponding light spot pattern at Fig. 3(a)). From this final image, the
full screen of the modulator can be studied with larger spatial resolution.
For the sake of clarity, a video file recording the full scanning process is
also provided (Video 1). Note that the microlens array scanning velocity
in Video 1 was arbitrarily selected. If faster measurements are required,
a higher velocity can be obtained by the user — the scanning velocity
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Fig. 3. (a) Light spot pattern at the CCD after scanning the full LCoS screen
by using 8 displacements of the 4x2 lens array in both x and y directions (see
Video 1); and (b) Same light-spot pattern combined with an over-imposed 38x38
square grid.

(b)

Fig. 4. (a) Phase distribution sent to the LCoS display to generate the 4x2 mi-
crolens array; and (b) Corresponding intensity distribution at the focal plane.

is limited by the refresh rate of the LCoS display (60 Hz in our case).
Finally, if a different spatial resolution than that obtained in Fig. 3(a)
and Video 1 is required, a different microlens array shift step could be
easily selected as well.

Once the complete spot-light distribution is obtained, the LCoS shape
can be retrieved from the deviation of each individual spot from its cor-
responding theoretical center. An example is shown in Fig. 4(a) and
(b) for the particular case of 4 x 2 microlenses, where deviations be-
tween the centers of the microlenses generated at the LCoS and the
recorded light spots are highlighted by the red-dashed line. The stated
light-spot displacements were estimated by using centroid calculations,
which were conducted based on a numerical algorithm inspired in that
detailed in Ref. [40]. To accurately apply this algorithm, it is necessary
to estimate the deviations of the measured light dots distribution at the
CCD plane with respect to the theoretical centers (microlens array cen-
ters). To this aim, we used as theoretical-centers reference, a squared
grid (38 x 38 squares in our case; see Fig. 3(b)). The deviations of the
light-dots from the square centers are the values to be obtained.

At this point, it is worthy to discuss how to lay the reference-grid at
the CCD plane to a proper usage. The ideal alignment of the grid is found
when perfectly overlapping the squared grid centers with the projection
of the microlens centers at the CCD plane, for the case of a wavefront
free of distortions. Unfortunately, in the framework of our experimental
set-up, this ideal-wavefront cannot be ever implemented to calibrate the
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grid position, because of the LCoS screen aberrations that always distort
the input wavefront. This means that the light-dots are always deviated
from their theoretical centers and we cannot use a reference light-dots
distribution to center the grid.

Under this scenario, as the grid-coordinate origin is not known, we
first arbitrary placed the grid at the CCD plane in such a way that the
2x 2 central light dots of the full 32x16 pattern are centered as bet-
ter as possible. This arbitrary selection of the grid origin has a poten-
tial problem that has to be discussed: a possible x-y displacement of
the grid from the theoretical position. This situation leads to centroid
calculations with added constant values. It is worthwhile remembering
that light-dots deviations are related to LCoS profile derivatives. Thus,
numerical integration has to be applied to retrieve the LCoS screen pro-
file. In this context, constant values added at the dots-deviations lead
to linear phases added at the final screen profile. This is not a signif-
icant problem because linear phases do not vary the characterization
of the screen shape, but only introduce an artificial tilt which can be
numerically extracted.

Moreover, another problem can arise from the grid selection, in par-
ticular if we select a square size different from the theoretical one. This
situation has a major impact on the final LCoS profile calculation. In
fact, if the grid square size differs from the actual one, linear phases
are introduced in the centroids calculation. Hence, artificial quadratic
errors are added to the screen profile after numerical integration. Un-
der this scenario, to avoid these quadratic errors, which critically affect
the final profile calculation, the grid square size cannot be arbitrarily se-
lected but an accurate estimation is required. In our case, by considering
a microlens-shift step of 50 pixels and the LCoS pixel size of 8 um, the
distance between the centers of two contiguous microlenses generated
at the LCoS was of 50 x 8 =400 (pixels-um). Moreover, the resolution of
the CCD (PCO.2000) was of 2048 x 2048 with a pixel size of 7.4 um.
Under this condition, we calculated the distance between two centers of
the grid in the CCD, this value being the optimal square grid size (400
(pixelsum) / 7.4 (um)) =54.05 pixels. According to this grid size, the
number of the squares that fits in our CCD is of 37.9 x 37.9 (2048 pixels
/ 54.05 pixels). Hence, a 38 x 38 grid was implemented for the analy-
sis of the obtained spot array. At this point, by considering the proper
square size, the non-desired quadratic profile is minimized.

By following this approach, accurate spots displacements from the
actual centers are obtained. Those displacements are related with local
derivatives of the display profile, and thus, integration methods lead to
a discrete function of the screen profile. Once this data is obtained, a
cubic spline interpolation approach provides a continuous estimation of
LCoS screen profile. The obtained experimental results are discussed in
a forthcoming section (Section 4).

Last but not least, we want to emphasize that local variations of the
average phase-voltage look-up table discussed in Section 2, may affect
the efficiency of the generated microlens array, but do not affect the po-
sition of the lens focalizations, as those are only related with the screen
profile. Thus, the method proposed to evaluate the aberrations intro-
duced by LCoS displays is not affected by this spatial dependence of
phase-voltage relation.

4. Experimental implementation of the methods

The phase-voltage calibration (Section 2) and the LCoS flatness
(Section 3) methods rely on the same optical set-up. The SLM role de-
scribed in Section 2 is conducted by an LCoS display in the experimental
implementation. In fact, to change from one method to the other one,
we only need to select the proper phase distribution to be addressed to
the LCoS (split-lens or microlens array (S-H) configurations).

To experimentally test the validity of our proposed methods, the
above-discussed optical layout was experimental implemented. Fig. 5
shows a photograph of the implemented experimental set-up from two
different points of view (Fig. 5(a) and (b), respectively) and a detail of
the used LCoS (Fig. 5(c)). A polarized He-Ne laser (632.8 nm) was cho-
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Spatial filter

He-Ne laser HWP.

(632.8 nm)

Fig. 5. Experimental set-up used for the LCoS characterization: (a) Experimen-
tal set-up from the laser source point of view; (b) Experimental set-up view from
the LCoS; and (c) Detail of the reflective screen of the LCoS under calibration.

sen as a light source. Afterwards, a combination of a Spatial Filter, in-
cluding a microscope objective (x 20), a pinhole, and a convergent lens
with f=200mm, were used to generate a collimated and filtered light
beam. Note that for successfully applying the shape-calibration method
described in Section 3, an input beam as close as possible to a collimated
beam is required to mimic a plane wave free of aberrations. In this way,
all the spatial aberrations of the reflected wave are only associated to
the LCoS. If the input light is not perfectly flat, the spot array locations at
the focal plane are not only influenced by the LCoS display deformation
but also by the effect of the unideal input wavefront profile. Under this
scenario, the final reconstructed surface profile accounts for the overall
wavefront deformation. If the final purpose is to correct the effect of the
LCoS display for any applications (the introduction of the extra phase
distribution related to the display inhomogeneity), the input wavefront
shape is not so crucial, because our self-calibrating method will allow us
to both correct the LCoS display deformation and the optical system mis-
alignments (the overall wavefront deformation). However, if the main
aim is to measure the specific LCoS display surface profile, a precise
alignment is mandatory and the quality of the input collimated beam
needs to be evaluated (we require an input wavefront as flat as pos-
sible). To provide this last situation, we used a shearing interferometer
(SI050 shear-plate, distributed by Thorlabs) to conduct qualitative anal-
ysis of the flatness and the collimation of the input beam. The measure-
ments provided by the shearing interferometer demonstrated an ideal
collimated light (into the device precision), revealing that the setup was
well aligned.

Afterwards, the intensity of light illuminating the LCoS was con-
trolled by properly orienting the relative angle between a half-waveplate
and a linear polarizer (HWP and LP in Fig. 5), both of them are dis-
tributed by Meadowlark Optics. In addition, the LP was oriented in a
way that optimized the pure phase modulation provided by the LCoS
(parallel to the liquid crystal director orientation). We used a PLUTO
parallel aligned LCoS distributed by HOLOEYE. This is an active matrix
reflective device with 1920 x 1080 resolution and with a pixel size of
8 um. The display has a fill factor of 87%, a reflectivity of 65-70%, and
diffraction efficiency of more than 80%.

As LCoS displays are reflective devices, a beam-splitter (B-S in Fig. 5)
was placed before the LCoS in order to set 90° between the incident and
the reflected beam. Afterwards, a mirror steers the reflected beam to
the backward direction. In this work, the DOEs addressed to the LCoS
are those explained in Sections 2 and 3. In the S-H configuration case
(see Section 3), a CCD camera was placed at the micro-lens focal plane,
where the corresponding light-spots array was imaged. In the case of
the split-lens configurations (see Section 2), the axial plane of interest
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Fig. 6. Average phase modulation (in rad) versus addressed gray level measured
using two split lens sectors with center separations of 0.2 mm, 0.4 mm and 0.5
mm.

is that where interferences take place. As the CCD camera, we used a
PCO0.2000 camera with a resolution of 2048 x 2048 pixels.

Once the set-up was implemented, the two self-calibration meth-
ods were experimentally tested, as provided in the following
Sections 4.1 and 4.2, for obtaining the phase-voltage look-up table and
the LCoS aberration evaluation, respectively.

4.1. Average phase versus voltage self-calibration test

A split-lens configuration with two sectors, as that described in
Section 2 (see Fig. 1), was addressed to the LCoS. The sectors were set
with a focal length of 350 mm and a distance separation ay-a; between
the split-lens centers of 0.2mm. This phase pattern was progressively
modified by adding a constant gray level (related to the parameter ¢(V)
in Egs. (1) and (3)) to the second split lens (the one below in Fig. 1) from
0 to 255 in steps of 8. Under this scenario, 33 intensity patterns (interfer-
ence fringes) were captured with the CCD camera (one pattern for each
added constant value ¢(V;)). Note that each new constant phase leads to
a fringe pattern displaced to a certain value in the horizontal direction.
Once this set of 33 interference patterns was grabbed, a post-processing
was conducted. We performed cross-correlations (Cyy,y;) between a ref-
erence pattern (interference pattern for the gray level 0; VO) and the
rest of the interference patterns (related to different gray levels; Vi).
The distance between the maximum of the self-correlation Gy vy, and
the cross-correlations Cyy,y; gave us the shift of each particular fringe
pattern with the applied gray level. These distances are directly related
to the phase modulation, so the experimental phase-voltage character-
istic curve of the LCoS display was obtained. As the integration time
of the CCD (~0.5 s) was set longer than the typical period of the LCoS
flickering (~8 ms [23,32-34]) the proposed calibration method provides
mean phase values resulting from the average of the phase fluctuations.
But this, far from being a problem is an advantage, since these mean
values are the adequate conditions to optimize the efficient generation
of DOEs [23].

In order to study the robustness of the method, the mean-phase value
corresponding to each addressed gray level was measured one hundred
times and the corresponding standard deviations were calculated. The
derived average phase values as a function of the addressed gray level
are represented in Fig. 6 (green squares) and the corresponding standard
deviations are given as error bars in the graphic. The same experiment
was repeated for two extra separations between the split-lens centers. In
particular, blue-circles and red-triangles in Fig. 6 correspond to 0.4 mm
and 0.5 mm split-lens center distances, respectively.

We see how the three curves in Fig. 6 give similar results in terms
of the mean phase values, all of them showing a phase variation from
Orad up to ~6.28rad with a linear tendency, this being in agreement
with the commercial specifications for the used light wavelength. More-



H. Zhang et al.

over, the green curve is the one showing the largest discrepancies with
the other two curves. To determine which curve better describes the real
phase modulation of the LCoS, we take into account the associated stan-
dard deviations. In fact, we observe how the robustness of the method
strongly depends of the split-lens distance selected. In this sense, er-
ror bars associated to the green curve (0.2mm distance between the
split-lens) are very large (a maximum error of 0.98 rad), whereas the
blue and the red curves (0.4 mm and 0.5mm cases, respectively) lead
to much smaller errors, the smallest one corresponds to 0.4 mm case
(maximum error of 0.22rad). This fact can be related with the above-
described correlation process underneath the phase calculations, which
becomes more efficient for a proper number of fringes at the CCD cam-
era. In this sense, different split-lens center distances lead to different
interference fringe periods at the CCD camera. Thus, before using the
self-calibration method to retrieve the phase-voltage curve of LCoS dis-
plays, to set the optimal fringes period (i.e., split-lens distance) at the
CCD camera is recommended. In our case, the best result, in terms of as-
sociated data errors, is obtained for a split-lens distance of 0.4 mm (blue
data in Fig. 6).

4.2. LCoS display spatial shape characterization test

In this final section we focus on the experimental results obtained
when experimentally applying the method described in Section 3 for the
LCoS flatness characterization. To this aim, the same above-described
experimental set-up is used (see Fig. 5). As explained before, a 4 x 2 mi-
crolens array was displayed on a region of the LCoS and then it was
displaced along the LCoS screen both in the x and y directions with
controlled shifts (50 pixels). Each location of the 4 X 2 microlens array
generated a 4 x 2 spot pattern on the CCD camera (see inset images (i)
and (ii) in Fig. 2). The combination of all these images led to a final
pattern consisting of 32 x 16 light-spots, see Fig. 3(a). The spatial res-
olution of the technique depends on the microlens array displacement
step chosen and the LCoS pixel size (8 um in our case). By calculating
the distances of those light spots to their theoretical centers, according
to centroid calculations [28] (see Section 3), the local derivatives were
retrieved. From those derivatives values, the LCoS screen flatness was
calculated by properly applying integration methods. Finally, a contin-
uous function of the LCoS aberrations was obtained by using a cubic
spline interpolation, as explained in Section 3.

The obtained results when scanning the LCoS display in Fig. 5 are
shown in Fig. 7(a), where it is observed a quadratic aberration that is
typically related with lateral mechanical stress applied at the edges of
the screen during fabrication. For the sake of clarity, the retrieved LCoS
screen phase distribution is represented in modulus 2z in Fig. 7(b).

To test the validity of the obtained result, a further experiment was
performed. In particular, we checked the correctness of the phase distri-
bution shown in Fig. 7 by using it to compensate the LCoS screen aber-
ration. In particular, by addressing the inverse of the phase-function in
Fig. 7(a) to the LCoS display, the screen aberration should be compen-
sated and each light spot of the final 32x 16 distribution should fall
into its corresponding theoretical center. This was experimentally per-
formed, and the corresponding compensated LCoS screen profile was
measured by using once again the S-H method. The obtained compen-
sated spatial profile is given in Fig. 8(a). As complementary represen-
tation, the LCoS screen phase distribution is plotted in modulus 2z in
Fig. 8(b).

Note that the compensated LCoS phase distribution (Fig. 8(a))
presents a significantly smoother profile compared to that represented in
Fig. 7(a) since the quadratic aberration was almost removed. Note that
the worst screen profile estimation is found at the image edges (corner
regions in Fig. 8(a)). This is due to the lack of overlapping information in
such regions during the scanning process (see Video 1). Accordingly, the
aberration function at the edges is obtained by using extrapolation meth-
ods while the rest of the aberration function is more accurate because
it is determined through cubic spline interpolation. Note that while sev-
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Fig.7. (a) LCoS screen surface profile retrieved by using the S-H based method;
and (b) LCoS display phase distribution (modulus of 2x).
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Fig. 9. LCoS surface phase values for a horizontal line: (a) The original LCoS
surface profile before modification; and (b) The LCoS surface profile after cor-
rection.

eral 2z phase jumps are presented in Fig. 7(b), phase values in Fig. 8(b)
are restricted in a significantly reduced phase range, this pointing out
the improvement of the LCoS screen flatness.

To better quantify the capability of the method to correct the LCoS
aberration, we compare the phase values along a horizontal line both in
Figs. 7(a) and 8(a) (from the middle pixel of the left edge to the mid-
dle pixel of the right edge). Obtained results are given in Fig. 9 for the
original LCoS flatness (blue curve A) and the compensated LCoS flatness
(red curve B). The successful application of the method is clearly demon-
strated by directly comparing the blue and red curves in Fig. 9. Whereas
the LCoS screen profile in the chosen direction follows a quadratic func-
tion (Curve A in Fig. 9), the corrected profile is almost flat (curve B). In
particular, the obtained maximum phase value and the minimum phase
value in the original retrieved profile are of 15.85 radians and —12.16
radians, presenting a peak-to-valley (PV) surface profile error of 28.01
radians. The maximum and the minimum phase values in the corrected
profile are of 3.02 radians and 1.74 radians, providing a surface profile
PV error of 1.28 radians. The above-mentioned results demonstrate an
efficient correction of the aberration in the LCoS display by providing a
95% surface flatness improvement.

5. Conclusion

In summary, we present an experimental method based on the gen-
eration of diffractive lens configurations for the optical characteriza-
tion of Liquid Crystal on Silicon (LCoS) displays. The novelty of this
method resides on applying different self-calibrating patterns (diffrac-
tive lenses schemes) to determine both the LCoS phase-voltage look-
up table and its surface profile, without the necessity of using exter-
nal optical arrangements (as usually happens by using interference or
diffractive based calibration set-ups). The self-calibration configuration
is set by self-addressing the calibrating DOEs to the LCoS under measure-
ment. More importantly, compared to common LCoS calibration meth-
ods, which measure the surface profile and the phase-voltage curves by
using two distinctive experimental set-ups, our method allows retriev-
ing these two important LCoS characteristics with a single experimental
scheme.

In particular, two optical diffractive lens-based schemes are pro-
posed: a two sectors split-lens configuration and a micro-lens array
(Shack-Hartmann) configuration. The first method (split-lens configu-
ration) allows generating a controlled interference pattern, equivalent
to the Young’s experiment, resulting from the controlled interference
of two self-generated plane-waves propagating with different wave-
vectors. The particular wave-vectors are customized by easily changing
the distance between generated split-lens centers. By adding different
gray-levels to one of the two propagating beams, the corresponding in-
terference fringes pattern is shifted. From those displacements, the av-
erage phase-voltage look-up table of the examined LCD can be easily
calibrated. Note that as the calibrating method is based on an inter-
ference scheme, this method is valid to provide the phase-modulation
curve of LCDs even in presence of significant time-fluctuations of the
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phase [14]. The second method (micro-lens array) allows generating a
light-spot distribution at the focal plane, containing information of the
LCoS flatness. By spatially shifting the lens scheme addressed on the
studied LCoS, the full screen area is scanned.

The method was experimentally validated by studying a particular
LCoS display. The two-above stated schemes were experimentally imple-
mented and the obtained results were discussed. We studied the influ-
ence of some split-lens control parameters in the resulting phase-voltage
curve error, this allowing us to tune those parameters to obtain an opti-
mal configuration. In addition, the experimental LCoS profile was also
determined. From this obtained information, the validity of the method
was tested by experimentally correcting the LCoS aberrations. Experi-
mental results demonstrate a linear phase-voltage response of the cal-
ibrated LCoS, ranging from Orad up to ~6.28 rad. Moreover, the LCoS
screen measurement showed a quadratic profile. By using our method,
this screen aberration was corrected by 95%. The experimental results
obtained, and the feasibility of the proposed technique, guarantee the
potential of the optical method to be applied for LCoS displays calibra-
tion process.
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