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Sajjad A. Khan and Nabeel A. Riza
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The School of Optics/Center for Research and Education in Optics and Lasers (CREOL)
University of Central Florida, 4000 Central Florida Blvd., Orlando, FL 32816-2700
Tel: 407-823-6829; Fax: 407-823-6880; E-mail: nriza@mail.ucf.edu

ABSTRACT

A versatile high speed 3-D scanner design is proposed and demonstrated for optica beamforming
applications such as free-space laser communications, 3-D displays, scanning 3-D optica microscopy, dataretrieval,
and vision applications. The scanner consists of fast digital-analog control polarization-based optical beamforming
cells resulting in complete three-dimensiona beamforming programmability. Features include low e ectrical power
consumption and large aperture beamforming optics, digital repeatability, and time multiplexed accurate analog
beamforming. Analog frequency and amplitude control of the nematic liquid crystal beamformer cels alows
continuous fine scan programmability over a 0.66 mrad horizontal-deflection, 0.75 mrad vertical deflection, and an
infinity to 1.84 m focal length longitudinal scan, all at 1310nm. For the first time is demonstrated a coarse angular
deflection of an 8-point linear 1-D scan at 1550 nm with a 35 ps random-access time.

K eywords: Optical Scanner, Beam Steering, Polarization Multiplexing, Liquid Crystals, Digital Scanner.

1. INTRODUCTION

Optical scanners have wide ranging applications such as free-space optical wireless, inter-satellites links,
mobile military platforms, and 3-D displays. Each of these applications has a different set of requirements. For
example, inter-satellite links need fine angular scanning tunability of the order of 1urad yet high speed to keep track
of the fast moving destination satellite. Mobile military platforms need the scan dynamic range to be +45° with
minimal and fixed random-access scan time. Previousy one dimensiona (1-D) and two dimensional (2-D) laser
beam steering techniques have been proposed including using nematic liquid crystals (NLCs) *, ferrodectric liquid
crystals (FLCs) 2, optical microelectromechanical systems (MEMS) technology °, ferroelectric el ectrooptic materials
such as lead zirconate titanate “°, and fixed birefringent material prisms °. These scanners have been limited to 1-D
and 2-D scans and were suited for large scan angles. Other limitations included high drive voltages, pixelation, and
non-programmabl e birefringent plate designs. Hence, the need arises for a generic scanner that can provide a large
scan dynamic range as well as fine scan tuning, all at the same high speed.

Recently, we proposed such a three dimensona (3-D) scanner that can solve the dilemma of obtaining
large angular dynamic range with fine tunable programmability, along with the capability to address the third
dimension; i.e., the ability to focus or defocus a beam of light along its direction of propagation ’. We showed how
large aperture, non-pixelated liquid crystal devices can be used to demonstrate a fully programmable high speed
polarization based scanner. In this paper, we elaborate upon the concept of combined coarse-fine 3-D Polarization-
Multiplexed Optical Scanner (P-MOS) for near continuous optical scanning. Basic system architecture is described
and performance results for a coarse P-MOS are shown.
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2. P-MOSDESIGN

The basic Polarization-Multiplexed Optical Scanner (P-MOS) manipulates the polarization of an incoming
laser beam in a digital fashion to achieve 3-D scanning. Key elements of the P-MOS are a polarization control
element and a polarization dependent beam steering element. For polarization control, we use fast response digitally
controlled 90° polarization switches (PSs). For coarse scanning, bulk birefringent material wedges are used whereas
for fine scanning eectrically controlled nematic liquid crystal wedges are realized. Figure 1 shows the block
diagram of the proposed 3-D P-MOS that provides both highly repeatabl e fast random-access digital scansaswell as
finely tunable analog scans. Figure 2 shows the schematic of basic 1-D coarse-fine P-MOS unit. Previoudy, we have
demonstrated nematic liquid crystal (NLC) based fine 3-D scans ’. Hence, the focus of this paper is to describe the
combined coarse-fine P-MOS.

N Analog Signals for
Beamforming Programmability

Fine Deflection Coarse
stage Deflection stage!

—
12 3N Digital-Analog
P-MOS Module
Yvyy v
. o . Output
Input Fine Scan Coarse Scan »  Laser
Laser Module Module Beam with
Beam > » » xyandz
scan
12 3 N N+1 M
— 7
——
M Digital Control Signals
Fig.1: P-MOS Architecture.
e
1 R 1
! |
! )l 1
1 : '=§ 1
Polarized ! '
input laser ! % _____
beam ! \,\ Total
! . % angular
! q ' scan A@
Canbea i—T"e |
+wedge ora” ! S N |
_ Wedge : P81 D1 PSQ W1 :
! |
1 1
1

Fig. 2: 1-D coarse-fine module for optimal P-MOS design. PS: Polarization Switch, D: Deflector, W: Wedge.

In the P-MOS, one PS and one wedge combine to form one deflection stage. Several of these deflection
stages can be cascaded to achieve a desired number of scan points in the far-field pattern. N such deflection stages
result in 2" deflection angles for the linearly polarized input laser beam. Moreover, two such 1-D stages can also be
cascaded in orthogona orientation to achieve a 2-D digital scanner. As opposed to scanners that use pixelated
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elements for beam scanning where some power is coupled into higher diffraction orders resulting in lower
throughput efficiency, this design utilizes large-aperture pixe-free devices resulting in diffraction-free beam
steering. These devices are made of birefringent materials so a laser beam will be steered into two different
destinations depending upon the state of polarization of the incoming laser beam. In order to manipulate the laser
beam position at a desired point in space, the polarization of the incident beam is controlled by using, for example,
Ferro-electric Liquid Crystal (FLC) half-wave retarders. These FLC polarization switches have a fast response time
(e.9. 35 us @ 1310nm) and use simple two-level control voltages resulting in simple digital control electronics®. For
the polarization dependent coarse beam scanning, bulk birefringent prisms are used for polarization dependent
angular deflection. The birefringent material chosen for P-MOS design is Rutile (n=2.454, n,=2.71 @
A=1529.6nm). The orientation of the crystal c-axis is chosen such that at the entrance interface of the prism the
following relation is satisfied:

Ninc SIN Bjne = No SIN B, = N SN O¢

where ni, is the index of the material from which the beam enters the birefringent crystal, 6;. is the angle of
incidence, and 6, and 6. are the refracted angles inside the birefringent material as seen by the ordinary n, and extra-
ordinary ng indices, respectively. Hence the input laser beam is steered into two different destinations depending
upon its state of polarization. Successive application of this boundary condition will alow us to find out the exit
angles from a birefringent prism. Figure 3 shows the design of a 3-stage coarse P-MOS using Rutile prisms. Hence,
by the combined use of the coarse-fine hybrid control scan technique, one can essentially access any point in the
total scan domain.
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Fig. 3: Designed deflection angles for a 3-stage coarse 1-D P-MOS scanner. o= 4.95°, o,= 14.95° and o= —4.95° using Rutile
(Ne=2.454, ny=2.71 @ A=1529.6nm).

Fig. 4: Experimentally measured far-field spot pattern for 3-stage coarse digitd P-MOS demonstration at 1550nm. Note that due
to large angular separation, the picture of the spot pattern was taken in two separate frames.
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3. EXPERIMENT

Figure 4 shows the resulting experimentally measured far-field spot pattern for the designed P-MOS. The
average insertion loss for the FLC PS's was measured to be 1dB at 1550nm while their average optical polarization
extinction ratio was 28dB. There are some issues that need to be thoroughly considered while choosing the
birefringent crystals for use in the coarse digital P-MOS. Large index of refraction is desirable as it will result in thin
angular wedges but then it requires anti-reflection coatings to reduce the Fresnel reflections from the wedge
surfaces. Fresnel reflections are an important aspect to consider in such a cascaded design as they can cause high
insertion losses for the proposed scanner. Moreover, one needs to make sure that the absorption coefficient of the
material is small in the wavelength band of operation of the P-MOS. Also, higher birefringence will result in large
walk-off angle. Walk-off angle is defined as the angular separation between the ordinary and the extra-ordinary ray
at the exit face of the wedge. Note that because of the cascaded nature of the P-MOS, care must be taken to reduce
voxel scan stages (e.g., ten) to keep losses minimal.

4, CONCLUSION
In summary, a coarse scanning module is demonstrated based on our earlier proposed versatile high speed
P-MOS scanner design that is well suited for optical beamforming applications such as laser communications, 3-D
displays, scanning 3-D optical microscopy, data retrieval, and vision applications. For the first time, the coarse
scanning aspect of the P-MOS module is experimentally demonstrated via an eight point 1-D linear scan at 1550 nm

with a 35 pus random-access time. Future work relates to demonstration of large scan dynamic range and finely
tunabl e coarse-fine P-MOS.
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