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Abstract—We present the results of the characterization of a liquid
crystal spatial modulator LCR2500. The phase modulation ratio versus
applied voltage and six wavelengths was determined. The basic
experimental arrangement is a Mach-Zehnder interferometer, where one
mirror is a LCR2500. We found the modulation exceeding 2n radians.
The method eliminates errors in the phase due to a mechanical noise.

The spatial light modulators are liquid crystal arrays of
opto-electronic cells digitally controlled from a computer.
The birefringence caused for an electro-optical effect in
the device allows its use in spatial manipulation of the
properties of polarization, amplitude and phase of a
wavefront. A particular interest in the use of these devices
is the spatial modulation of phase and/or amplitude of the
wavefront. From the modulation of the wavefront
different possible applications are, among others,
encoding holographic filters and diffractive optical. In
this direction, it is necessary to specify the
characterization of these modulators. Several authors have
presented methods to characterize liquid crystal display of
transmission and reflection [1]-[17].

One way to tune a liquid crystal modulator in a single
phase modulation is to ensure that the incident wave in
the modulator is linearly polarized and that this same state
of polarization is oriented parallelly to the principal axis
of the modulator. Under this condition, the extraordinary
refractive index depends on the applied voltage, and the
plane of polarization of light reflected or transmitted from
one liquid crystal modulator only suffers a rotation, so
that the linear polarization state is preserved. Such
dependence of the extraordinary refractive index implies
that the light reflected or transmitted, also changes the
speed of propagation, and therefore, phase-only
modulation can be possible. The difficulty in achieving
harmony in one phase modulation depends on how
accurately we establish the condition of parallelism
between the state of linear polarization of the incident
wave and the director axis of the modulator.

This paper is a report of the characterization results of
a LCR2500, tuned phase-only modulation for six
wavelengths. To determine the response of the phase-only
modulation, we use a Mach-Zehnder interferometer, in
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which one mirror is a LCR2500, where the interference
pattern generated has two fully defined zones, which
correspond to two phase planes generated in the
modulator. Then the module is divided into two zones,
both of constant gray level, which we call phase planes.
One zone is the reference phase plane (Plane Zone II =
gray level zero) and in the other zone (Zone I) changes
the gray level from zero to 255, for a total of 256 planes
of phase.

This interferometer has been suggested by other
authors for the same purpose to characterize liquid crystal
modulators. However, we propose an alternative mode of
operation and also in the treatment of the information to
determine the phase. So, to tune the modulator in single
phase, we apply to Zone I gray level 255 and to Zone II -
gray level zero, having done that and with the help of a
half-wave retarder, we proceed to rotate the polarization
plane incident light modulator to obtain the maximum
relative lateral shift between the two areas of interference.
The next step is to adjust for Zone I, one by one, the 256
planes of the respective phase and determine the relative
lateral shift between the two areas of interference.

The experimental setup is shown in Fig. 1. In this
Mach-Zehnder interferometer one of the mirrors is the
LCR2500. Holoeye LCR2500 system is a screen
reflective  TN-LCD-Twisted Nematic Liquid Crystal
Display-45°, monochromatic, XGA resolution 1024 (H)
x768 (V) pixels, the modulation function is electrically
controlled via DVI port, cell size is 19um. The light
source arrangement is Argon laser multi-line (457nm:
15mW, 476nm: 19mW, 488nm: 40mW, 496nm: 19mW,
501nm: 40mW, 514nm: 19mW).

The linear polarizer P and the two half-wave retarders
were arranged on rotating mounts precision 1/200
degrees. The Motic352 CCD camera is 800x600 pixels
resolution.

The retarder R1 function is to manipulate the
orientation of the plane of polarization about the director
of the modulator; in our case, the orientation of linear
polarization with respect to the liquid crystal director was
-3°. The retarder R2 is used to control the maximum
visibility of the interference pattern.
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Fig. 1. Experimental setup. L1: +30 cm focal length lens, L2: lens focal
length +20 c¢m, C1,2: Cubic Beam splitters, M: mirror, O: microscope
objective; R1,2: half-wave retarders, P: linear polarizer.

Based on the models presented in references [15]-[16],
the model of experimental arrangement utilized is:

| B} = My cx R E) + R2| E) Q)

The first term represents the beam passing through the
modulator. Being M| cr liquid crystal modulators, R1 and
R2 are half-wave retarders and E is a linearly polarized
radiation field. The Jones’s matrix of the modulator is:
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Where I is the phase introduced by the modulator, ¥
(twist angle) is the angle of rotation of the liquid crystal
director (axis of rotation is the direction of propagation),
and 0 is the tilt angle of the liquid crystal director, caused
by the applied voltage (or gray level). n. and n, are the
extraordinary and ordinary indices of the crystal, d is the
thickness of glass, A is the wavelength of light, and @ is
the total angle that rotates the optical axis.

As for the mode of operation, it is exactly as it is
described in the introduction; where the basic idea is to
divide the line into two modulator voltage zones, so that
half of the modulator is active with zero applied voltage
or gray level zero (Zone II of reference) and the other half
will change the voltage or gray level from zero to 255
(see Fig. 1). In Fig. 2, we show an example of such an
effect, after applying to Zone I a gray level 137, and
generated a phase shift of 3.94 radians between the two
areas of the interference pattern. Thus, after digital image
processing of each interference pattern, we determined
the phase introduced by each gray level applied to the
Zone I and for each of the lengths of multi-line laser used.
The phase shift between the Zone I and II, was
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determined from the data enclosed by the red box (see
Fig. 2), so, we made two cuts of 21x371 pixels, one for
each Zone. Figure 3 shows the cuts made to each Zone of
the digitally processed image (Fig. 2b). To improve the
outcome of this measure, given the high level of noise in
the images recorded by the CCD, we implemented a
method of digital image restoration, based on a Fourier
transform [18]. In Fig. 2b and Fig. 3 they show the result
of digital processing applied to the image in Fig. 2a.

In Fig. 4 it shows the behaviour of the intensity
determined for a lighting of 514nm, the same behaviour
was observed for the other five lengths of the laser used.

Fig. 2. Interference pattern image, after applying the gray level 137 in
Zone I, without filtering. (b). Image (a) after processed digitally.
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Fig. 3. Cuts of the image of figure 2b. (a). Cut of the Zone I;
(b). Cut of the Zone II.

The results shown in Table 1 are the maximum
modulation for each wavelength. It also lists the gray
level values for each wavelength, producing phase shifts
7 and 2n. We found that for the 488nm wavelength it is
not possible to obtain a 2r phase shift.

Table 1. Grey level modulation « and 2%, and maximum modulation.

(Phase ) (Phase 2m) (GL 255)
A (nm) GL GL Phase (rad)
514 184 254 7.127
501 166 254 6.618
493 164 243 6.900
488 150 Off Set 5.884
476 164 255 6.610
457 146 234 7.127
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Fig. 4. Variation in the intensity of the interference pattern for A=514nm.
STD: 0.024 GL; I: Intensity; P: phase.
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Fig. 5. Phase modulation vs. Gray levels. P: Phase; G: Gray Level.
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The results of phase-only modulation vs. gray levels,
and six wavelengths are shown in Fig. 5. In the
adjustment functions P(G), P represents the phase and G
gray level applied to the Zone I.

By implementing a Mach-Zehnder interferometer,
operating under a condition of high mechanical vibration
of the optical bench, we show that the modulation method
in areas of the same interference pattern has a high
confidence factor in determining the characteristics of
phase modulation functions of LCR2500. We determine
the phase modulation functions P(G) for six wavelengths.
On the other hand, we find that the method guarantees a
minimum phase-amplitude coupling; the behaviour can be
inferred from Fig. 4, where the variation of a coupling is
about 1/100. Another advantage of the method employed
is the direct visualization of a phase shift while changing
from the gray level. Similarly, we found that the method
facilitates tune modulation points of maximum phase, by
direct visualization of the interference pattern. We use the
phase function P(G) to determine the values listed in
Table 1.
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