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Programmable agile beam steering based on a

liquid crystal prism*
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To meet the application need for agile precision beam steering, a novel liquid crystal prism device with a simple

structure, convenient control, low cost and applicable performance is presented, and analysed theoretically and experi-

mentally. The relationships between the optical path and the thickness of the liquid crystal cell under different voltages

are investigated quantitatively by using a theoretical model. Analysis results show that the optical path profile of the

liquid crystal prism has a quasi-linear slope and the standard deviation of the linear slope is less than 16 nm. The slope

ratio can be changed by a voltage, which achieves the programmable beam steering and control. Practical liquid crystal

prism devices are fabricated. Their deflection angles and wavefront profiles with different voltages are experimentally

tested. The results are in good agreement with the simulated results. The results imply that the agile beam steering

in a scope of 100 urad with a micro-rad resolution is substantiated in the device. The two-dimensional beam steering

is also achieved by cascading two liquid crystal prism devices.
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1. Introduction

Agile beam steering technology is critical for
many applications, such as free space optical com-
munication, optical interconnection and lidar. Com-
pared with traditional mechanical type devices, non-
mechanical beam steering ones are attracting atten-
tion due to their small size, light weight and low
power consumption. Recently, the non-mechanical
beam steering approaches mainly include lenslet
arrays, micro-electro-mechanical systems (MEMs),
electrowetting and liquid crystal optical phased

1-7 However, devices based on those ap-

arrays.!
proaches are expensive and difficult to manufacture,
which restrains their applications to some extent.
The liquid crystal (LC) prism can be used in a
simple and applicable alternative approach. Accord-
ing to the electrode pattern, the LC prisms can be
divided into two types: stair-case and continuous-
ramp phase modulations. The former uses discrete
electrodes, while the latter uses uniform electrodes
The LC

prism with continuous phase modulation can be imple-

and is easier to manufacture and control.

mented with different methods. For example, Gordon
et al.,!8) Andrii et al.,l®) Nabeel and Sajjad,['% and
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Sajjad and Nabeell!!] separately achieved the ramp-
like optical path profile by producing a voltage ramp
across the LC cell using the resistance effect of the
electrode. While Jae and Iam['? achieved the pro-
file by forming a polymer wedge in the LC cell. The
same feature of those devices is that the thicknesses of
the LC cells are all uniform. In the present paper, we
present a novel LC prism with a simple structure, con-
venient control, low cost and applicable performance.
The manufacture technique process of this LC prism
is nearly the same as that of an ordinary LC cell. The
only difference is in the control condition of the cell
thickness. The details are described in the following.

2. Structure and principle of LC
prism

The basic structure of the proposed LC prism is a
wedge-shape LC cell as shown in Fig.1. The cell con-
sists of two indium tin oxide (ITO) glass substrates,
between which is a wedge-like layer of nematic liquid
crystal material. The wedge-like layer is controlled by
two sphere spacers with different diameters, which are
sprinkled individually on two opposite sides of the LC
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cell. The diameters of the two sphere spacers are Dy
and Ds, with Dy # Ds. Due to the difference between
Dy and Do, a wedge-like optical path or phase profile
will occur when a plane optical wave incidences at the
cell.
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Fig. 1. (colour online) Basic structure of the LC prism.

The inner surfaces of the two ITO glass substrates
are coated with polyimide (PI) films. The PI film is
rub treated, thereby producing an anchor effect that
makes the liquid crystal molecules align along the rub-
bing direction. The rubbing directions of the two sub-
strates are identical. So the liquid crystal molecules in
the cell are in parallel alignment, and the alignment
direction is kept parallel or perpendicular to the slope
direction of the wedge. Due to the wedge-like liquid
crystal layer, a slope profile of optical path across the
LC cell is produced, which will induces the beam de-
In addition, the
slope ratio will vary slightly when different voltages
are applied to the two ITO electrodes of the LC cell.
This implies that the deflection angle can be precisely

flection with an initial bias angle.

changed from the initial bias angle. Since the driv-
ing voltage can be conveniently controlled by using
programmable modules, a programmable agile beam
steering can be achieved by using the liquid crystal
prism proposed in this paper.

3. Simulation analysis

The characteristic of the liquid crystal prism is
that the thickness of the liquid crystal layer has a slope
profile. To simplify the problem, firstly we set up a
one-dimensional model of an ordinary liquid crystal
cell to simulate the liquid crystal director profile in
the LC cell under an electric field and analyse the in-
fluence of the variation of the cell thickness. The basic
structure of an ordinary LC cell consists of seven lay-
ers, as shown in Fig. 2. According to the Frank—Oseen
continuum theory, the Gibbs free energy density in the
LC cell can be described as('?

1 1
fa = §K11(V -n) + 51r(22(n .V x n)?

1 1
+§K33(n><V><n)2—§D-E, (1)

where n = (ng,ny,n,) is the LC director; K11, Kog,
and K33 are the splay, the twist, and the bend con-
stants, respectively; D = eFE and E = —Vy are
the electric displacement and the electric field inten-
sity, respectively, with ¢ being the potential and e
being the dielectric tensor of the liquid crystal ma-
terial. Under the one-dimensional condition, n, = 0
and 9/90x = 0, then the whole Gibbs free energy G in
the LC cell is

G:/f(;(nx,nz,anx/az,8nz/8z,3<p/6z)d7'. (2)
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Fig. 2. (colour online) Structure model of ordinary liquid
crystal cell.

The Gibbs free energy G will attain its minimum
when the liquid crystal molecules are in equilibrium.
Calculate the variation of the Gibbs free energy den-
sity and let the variation equal zero, then the Euler—
Lagrange equations with respect to director n; and
potential ¢ will be derived as

Uw¥$1§£%mwgﬂﬂma
[fcln. = gij j%,szj [afe/é)(ddf;z)] =0, (4)
[faln. = gfi _j:%,z di] {8fg/a(dd7; ﬂ =0. (5)

We calculate the Euler-Lagrange equations by us-
ing the hybrid difference iterative algorithm, which
is based on the Double-Sweep Method.['4) The lig-
uid crystal material parameters are assumed to be
Ky = 11.1 x 1072 N, K33 = 17.1 x 107!2 N,
gl = 19.0, eL = 5.2, n, = 1.521, and n, = 1.7461,
where o and e stand for ordinary and extraordinary,
respectively. Other parameters used are dielectric con-
stant ep; = 3.0, pre-tilted angle 2°, PI layer thickness
0.1 um, and wavelength 632.8 nm. The calculated
voltage-director profiles (tilted angle 6,) with differ-
ent cell thicknesses are shown in Fig. 3, where the
upturned arrows represent the cell thickness increas-
ing from down to up, i.e. 5 pm, 8 um, and 11 pm
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in order. It can be seen that the LC director profile
varies with the cell thickness.

100
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Fig. 3. Calculated voltage-director profiles with different

cell thicknesses.

Based on the optical characteristic, the liquid
The
effective refractive index neg of the LC cell can be

crystal is considered as a mono-axial crystal.

attained from the calculated director profile as

L
ner = 7 [ mel2)a (6

where L is the cell thickness, and n.(z) is the distri-
butional refractive index for the extraordinary light in
the liquid crystal cell and is expressed as

Nelle

\/ n2cos? 6, + n2sin’ 0,

ne(0.) = (7)

Then the optical path (OP) through the liquid crystal
layer is

L
Lop = negL = / ne(z)dz. (8)
0

Here, it is noted that the optical path or the phase is
for the extraordinary light unless otherwise indicated
in this paper. In order to analyse the effects of cell
thickness and voltage together on the optical path,
both the cell thickness and the voltage are changed
simultaneously. The characteristic profiles of the op-
tical path with different cell thicknesses and voltages
are shown in Fig. 4.

Specially, we give the relationships between the
cell thickness and the optical path with different volt-
ages, which are shown in Fig. 5. It can be seen that
for a given voltage, the increase of the optical path
is proportional to the increase of the cell thickness.
In order to evaluate the linearity of the relationship,
we fit each of the cell thickness—optical path curves
with different voltages by a linear function. The max-
imum standard deviation is less than 16 nm, which

is about one thousandth of the optical path. There-
fore the relationship between the optical path and the
cell thickness can be accurately described by a linear
function. It is also found that slope ratio k of the op-
tical path fitting line varies with the voltage. These
two characteristics are completely similar to those of
a prism, whose wedge angle is variable by the control
voltage. So the liquid crystal can be used to achieve
the programmable beam steering.
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Fig. 4. (colour online) Optical path versus cell thickness
and voltage.
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Fig. 5. Optical path of the LC cell versus cell thickness.

Based on the two above characteristics of the lig-
uid crystal, we conceive the wedge-shape LC cell de-
vice described in Section 2. Then the two character-
istics, i.e. the increase of the optical path is propor-
tional to the increase of the cell thickness and slope
ratio k of the optical path fitting line varies with the
voltage, can be used in this wedge-shaped LC cell.

We assume that the diameters of the two spacers
are D1 = 6 um and Dy = 11 pum, and that the dis-
tance between the two spacers is d = 11 mm, then the
beam deflection angle 6 can be calculated by

0 = arctan((k — 1) | Dy — Do| /d), (9)

where (k—1)-|D; — D3| denotes the whole optical path
including the additional optical path produced by the
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air wedge outside the LC cell. The calculated relation-
ship curve between deflection angle 6 and the voltage
It can be seen that the deflec-
tion angle has a bias value of approximately 340 urad

is shown in Fig. 6.

corresponding to the voltage of 0 V. When a pro-
grammable voltage is applied, the beam steering and
scanning in a scope from about 240 urad to 340 urad
can be achieved.
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Fig. 6. Beam deflection angle versus driving voltage.

4. Experiments

4.1. One-dimensional beam steering

According to the structure described in Section
2, we fabricate an LC prism device with an aperture
of 15 mmx15 mm. The liquid crystal material is E7
from the Merck Company. The diameters of the two
spacers are D1 = 6 um and Dy = 11 pm. The dis-
tance between the two spacers is 11 mm. When a pro-
grammable altering current (AC) voltage is applied
across the two ITO electrodes, the programmable
beam steering is achieved. We set up an optical plat-
form, which is shown in Fig. 7, to test the beam steer-
ing characteristic and the sketch of the experimental
principle.

A He-Ne laser beam with the wavelength of
632.8 nm passes through the circle aperture, the at-
tenuator, and the polarizer in sequence, and then im-
pinges on the LC prism. Here, the transmission axis
of the polarizer is parallel to the rubbing direction of
the LC cell. The output deflection beam continues to
pass through a lens and impinges as a light spot on a
CCD array, which is located at the focus plane of the
lens. According to the location variation of the spot in
the CCD, deflection angle 6 of the output beam can
be deduced from formula § = arctan(Az/f), where
f = 500 mm is the focus length of the lens, and Az
is the location variation in the z orientation relative

to the initial spot location obtained on the condition
that the LC prism is not inserted into the light path.
Since the actual light spot has a small size, the spot
location is calculated by using the centre-of-gravity
method. We use a signal generator to produce a 1 kHz
sinusoid voltage to drive the LC prism. By chang-
ing the root-mean-square (RMS) value of the sinusoid
voltage, a series of deflection spots are captured by
the CCD. Therewith, the measured deflection angles
with different voltages are obtained and are shown in
Fig. 6. It can be seen that the measured deflection an-
gles are in good agreement with the simulation results,
showing that the theoretical model and the analysis
are considerably accurate. Although the beam deflec-
tion scope is not large, the angle resolution is at least
better than 1 prad. Theoretically, the deflection an-
gle resolution depends on the resolution of the driving
voltage. In our experiment, the voltage resolution of
the signal generator is only 0.1 Vrms. If it is improved
to 10 mVrms, the angle resolution can be improved to
be better than 100 nrad. In addition, an interesting
phenomenon is that the voltage—deflection angle curve
of the LC prism is completely similar to the voltage—
optical path curve of the liquid crystal material, which
may be due to the linear relationship between the op-
tical path and the cell thickness in the LC prism at
any voltage.

polarizer

aperture \_

He—Ne laser A1 LU
attenuator

AC voltage
(1 kHz)

Fig. 7. Measurement set up of beam deflection experi-

ment.

4.2. Two-dimensional beam steering

A single LC prism can achieve the one-
dimensional beam steering and scanning. Now we
cascade two LC prisms together, whose slope gradient
directions are perpendicular to each other and the rub-
bing directions are parallel to each other. Applying
two driving voltages to the two LC prisms separately,
then beam steerings in the x and the y directions are
independent. Employing the measurement set up in
Fig. 7, we acquire the experiment results shown in
Fig. 8. For the convenience of expression, two curves
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of voltage—deflection angles in the x and the y direc-
tions are plotted in the same figure. The results show
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Fig. 8. Measurement results of two-dimensional beam
steering experiment.

that the two-dimensional beam steering is completely
feasible by means of cascading two LC prisms, al-
though the deflection angle biases of the two curves
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are different due to the difference in the distance be-
tween the two spacers in the two LC prisms.

4.3. Wavefront profile measurement of
deflection beam

To test the quality of the deflection beam, we set
up a Mach-Zehnder phase shift interferometer!*®! to
measure the wavefront profile of the output beam de-
flected by the LC prism. Measurement results are
shown in Fig. 9, where figure 9(a) shows the initial
wavefront with the voltage of 0 V and figures 9(b)—
9(f) show wavefronts relative to their initial ones cor-
responding to the voltages of 1-5 V, respectively. It
can be seen that the wavefront from the LC prism is
considerably flat. The standard deviation of the wave-
front distortion is less than 0.4\, which indicates that
the wavefront distortion produced from the LC prism
is very gentle. If we use more flat ITO glasses, the
distortion can be reduced further.

s )2V 'y

file of wave front/)

& Phase prol

Phase profile of wave front/}

Fig. 9. Measurement results of wavefront profiles from LC prism: (a) initial wavefront with voltage of 0 V;

(b)—(f) wavefronts relative to their initial one corresponding to voltages of 1-5 V, respectively.

5. Conclusion

A novel LC prism device with a simple structure,
convenient control, low cost and applicable perfor-
mance is presented and analysed for agile beam steer-
ing applications. A one-dimensional model of the L.C
prism is set up to analyse the effects of cell thickness
and voltage on the optical path. It is shown that the
increase of the optical path is nearly proportional to

the increase of the cell thickness and slope ratio k of
the optical path fitting line varies with the increase
of the voltage. Based on these two characteristics,
the relationship between the beam deflection angle
We fabri-

cate LC prism devices practically and perform a one-

and the voltage is deduced theoretically.

dimensional beam steering experiment. The experi-
mental results are in good agreement with the theo-
retical results. In addition, the two-dimensional beam
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steering is achieved by cascading two LC prism de-

vices. The beam wavefront from the LC prism is also
tested by using a Mach—Zehnder phase shift interfer-

ometer. The results show that the agile beam steering
is completely feasible and applicable.
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