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An adaptive modulation system for a liquid crystal (LC) phase modulator is demonstrated. The phase retar-
dation may be modulated by resetting the driving voltage automatically by matching the measured and ideal
transmittance of an LC cell sandwiched by crossed polarizers. By using this system, an LC phase modulator can
get a low error function of 0.25% in a short modulation time, which is less than the 10% obtained using a conven-
tional modulation method.
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Phase modulators are playing a more and more important
role in modern optics. They can be widely applied in many
fields, such as optical tomography[1], digital holography[2],
spatial filtering[3], optical communications[4–7], optical
manipulation[8,9], optical microfibers[10], and optical fiber
sensing[11]. Due to the electric-control birefringence, liquid
crystal (LC) devices are becoming one of the most com-
petitive candidates for phase modulators. To improve
the performance of the LC phase modulator, multi-
electrode structures were introduced to match the ideal
refractive index profile, as it makes different LC molecular
orientation on different electrode[12–15]. Although the re-
sponse time of LC is usually a few milliseconds, the time
of conventional modulation process is mainly determined
by three steps: (1) estimate the phase retardation profile
to see if it is good or not, (2) decide how to revise a set of
driving voltages on electrodes, and (3) manually reset the
driving voltage on all electrodes. To reach its designed
performance, a multi-electrode LC device needs to repeat
the phase modulation process mentioned above at least
dozens of times. Therefore, the tedious and complex
modulation process takes at least several hours. The
refractive index profile of an LC phase modulator cannot
be illustrated directly in the modulation process, but
only evaluated indirectly in the application by its
performance.
In this Letter, an adaptive modulation system was pro-

posed to yield a refractive index profile that matches the
ideal one automatically. With this system, the refractive
index profile can be real-time evaluated, and the modula-
tion process can be efficiently shortened to 10% of that by
using a conventional modulation method.
Firstly, a typical LC cell sandwiched by a polarizer and

an analyzer is shown in Fig. 1. The relationship between
the incident light intensity (I 0) and the emergent light
intensity (I ) can be expressed as Eq. (1)[16], when the
polarization directions of the polarizer and analyzer are
orthogonal,
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where T is the transmittance, β is the polarization direc-
tions of the polarizer, d is the cell gap of the LC phase
modulator, and no and neff are the ordinary refractive
index and the effective refractive index of the LC, respec-
tively. If β is set to π∕4, which leads to the maximum T ,
Eq. (1) can be given by
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Fig. 1. Typical LC phase modulator sandwiched by polarizer
and analyzer.

COL 14(9), 090604(2016) CHINESE OPTICS LETTERS September 10, 2016

1671-7694/2016/090604(4) 090604-1 © 2016 Chinese Optics Letters

http://dx.doi.org/10.3788/COL201614.090604
http://dx.doi.org/10.3788/COL201614.090604


As the emergent light intensity versus neff corresponds
to a cosine function, the transmittance will change periodi-
cally as neff changes linearly. For a multi-electrode struc-
ture LC phase modulator, a series of variable driving
voltages is applied on the electrodes to induce a refractive
index profile of LC molecules[17], and the distribution
of the light intensity can be received by a CCD camera
behind the analyzer. Therefore, the driving voltage can be
modulated by comparing the measured transmittance dis-
tribution data with the ideal distribution, which can be
calculated by Eq. (2) with the designed refractive index
profile.
The configuration and the operating principle of the

adaptive modulation system are shown in Figs. 2 and 3,
respectively. A collimated light passes through two
crossed polarizers with the sandwiched electrically con-
trolled LC cell and then through a magnifying lens to
the CCD camera, which is used to record the light inten-
sity distribution data. The computer will decide whether
the transmittance distribution is qualified by comparing
the transmittance difference between the measured one
and the ideal one with a threshold value. The transmit-
tance difference can be calculated by

MAPE ¼ 1
n

Xn
1

����Ti − Tio

Tmax

����; (3)

where MAPE is the acronym for mean absolute percent-
age error, n is the number of sample points, Ti is the
measured transmittance, Tio is the ideal transmittance,

and Tmax is the maximum of the ideal transmittance. If
MAPE is smaller than the threshold value, the modulation
process will stop and a set of driving voltages will be
recorded as the result. Otherwise, the computer will con-
tinuously control the driving circuit to apply renewed
driving voltages to the multi-electrode of the LC cell.
Therefore, the driving voltage modulation process can
be simplified with the adaptive system.

The adaptive modulation was used to modulate the
driving voltages of an LC phase modulator. The LC phase
modulator is shown in Fig. 4(a), and its structure is shown
in Fig. 4(b). The cell gap of the LC modulator was
12.9 μm, and pitch of the LC modulator composed of
14 electrodes was 144.8 μm. Different sets of the driving
voltages may be input on the electrodes to change the
phase distribution periodically in the LC modulator.
The extraordinary refractive index and ordinary refractive
index of the LC were 1.805 and 1.524, respectively.

The LC phase modulator was configured into the adap-
tive modulation system. By using the ideal refractive
index distribution of the optical phase modulator, the
ideal transmittance distribution could be figured out
according to Eq. (2), as shown in Fig. 5(a). A series of
threshold values (5%, 10%, and 20%) for MAPE was
set to initialize the adaptive system.

In order to ensure the modulator image through the
magnifying lens to the CCD uniformly, we need to choose
the position for modulator in three steps: (1) put the CCD
and magnifying lens on the primary optical axis. The dis-
tance between the CCD andmagnifying lens is determined
by the designed amplification factor of the magnifying
lens. In the experiment, we set the distance as about 15
times the magnifying lens focal distance. (2) Along the pri-
mary optical axis, move a small object with high bright-
ness until the CCD shows the magnified image clearly.

Fig. 2. Configuration of the adaptive modulation system.

Fig. 3. Operating principle of the adaptive modulation system.
Fig. 4. (a) Picture of the LC phase modulator and driving board.
(b) Structure of the LC phase modulator in one pitch.
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Then, mark the position of the object. (3) Put the modu-
lator on the marked position.

Before the experiment, the transmittance line obtained
by the camera without any voltage on the modulator is
achieved, as shown in Fig. 5(a). According to Fig. 5(a),
we can see the uniformity of the transmittance is quite good.

If the threshold value was set as 20%, the modulation
process would be finished in 5 min, but the modulation
result could not match the ideal refractive index distribu-
tion, and the modulation precision was low. If the thresh-
old value was set as 5% or less, the modulation process
would keep on going, which indicated that the LC phase
modulator could not achieve this precision. In the experi-
ment, we set the threshold value as 10% when the process
time is 10 min. In order to compare the modulation time of
the adaptive modulation system with the traditional
method, the MAPE value of traditional method was
set as 10%. Compared with the traditional modulation
method, which at least need several hours, with the adap-
tive system, the modulation process could be finished in
10 min. The modulation time only needs about 10% of
the conventional modulation process time. A graded re-
fractive index (GRIN) lens is widely applied in LC devices
because its refractive index distribution can be fitted to
the ideal lens[13]. Figure 5(a) shows the simulation result
of the transmittance distribution of an ideal GRIN lens.
The MAPE of the measured transmittance distribution
before modulation was about 20%, as shown in Fig. 5(c).
The MAPE of the measured transmittance distribution
after modulation was about 10%, as shown in Fig. 5(d).
After modulation, the transmittance distribution is much
closer to the ideal distribution. Therefore, with the adap-
tive system, the MAPE of the transmittance distribution
of the LC phase modulator can be much improved.

The refractive index distribution of the LC phase modu-
lator can be obtained by using the measured transmit-
tance distribution, as shown in Fig. 6. Compared with
the refractive index distribution before modulation, the
distribution after modulation is much closer to the ideal
distribution. The result demonstrates the effect of the
adaptive modulation system.

The error function (EF)[18] was introduced to evaluate
the aberration of the ideal refractive index distribution
and the measurement refractive index distribution before
and after modulation. It can be calculated by

Fig. 5. Two-dimensional image and transmittance distribution.
(a) Measurement result of luminance distribution and transmit-
tance distribution without voltage. (b) Simulation result
of luminance distribution and transmittance distribution. Mea-
surement result of luminance distribution and transmittance
distribution with voltage (c) before modulation and (d) after
modulation.

Fig. 6. Ideal refractive index distribution and measurement
refractive index distribution before and after modulation.
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EF ¼
�������������������������������������X

ðSi − PiÞ2∕D
q

× 100%; (4)

where Si is the measured phase profile of the LC phase
modulator, Pi is the ideal phase profile, and D is the aper-
ture size. By our calculation, the EF before and after
modulation was 2.71% and 0.25%, respectively. Compared
with the refractive index distribution before modulation,
the mean square deviation of the refractive index distribu-
tion after modulation is significantly decreased by using
the adaptive modulation system, which means the refrac-
tive index distribution after modulation can match the
ideal distribution well.
In this Letter, an adaptive modulation system is dem-

onstrated to automatically modulate the driving voltage
of an LC phase modulator. By using the system, the refrac-
tive index distribution of the LC phase modulator can be
modulated very close to the ideal profile, and a low EF of
0.25% can be achieved in a short modulation time, less
than 10% of that by using conventional modulation
method. The adaptive modulation system shows potential
applications for three-dimensional displays, free-space
light modulators, and communication devices.
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