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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: riza@creol.ucf.edu

ABSTRACT

Wide area (such as 27 steradian) coverage transmit-receive lasercom sub-system is proposed. The lasercom sub-
system design utilizes recently proposed new beam scanning approach called Multiplexed Optical Scanner
Technology (MOST) that promises high-speed reconfiguration, low power consumption, large aperture, and wide
coverage desired for agile, low cost, and easy to install free-space optical link system. The stringent sub-system
goals are met by introducing the concept of “Multiplexing” at both the scanner interconnection level and the light
property level. The scanner interconnections can be parallel or serial or both. The light properties that can be
multiplexed include polarization, time, wavelength, space, and spatial codes. Manipulating the mentioned
parameters of light, various multiplexed optical scanners (MOSs) can be realized. The highly sought after lasercom
sub-system design will consist of two or more MOSs combined together in a smart fashion.

1. INTRODUCTION

An optical beam scanner with no-moving parts, wide angular scan range, large diameter aperture, and microsecond
domain scan setting speeds is desired in many applications such as laser ultrasonics and free-space laser
communications. Previous technologies such as acousto-optics', electro-optics®, microelectromechanical systems®,
and opto-mechanics® have been hard pressed in realizing these scanner goals. Recently, we have proposed a new
approach called Multiplexed Optical Scanner Technology (MOST) to realize the highly sought after lasercom sub-
system design.” MOST features true rapid 3-D beamforming to accurately control the beam position, power and
shape, all at microsecond or less switching time. The stringent sub-system goals are met by introducing the concept
of “Multiplexing” at both the scanner interconnection level and the light property level. The scanner
interconnections can be parallel or serial or both. The light properties that can be multiplexed include polarization,
time, wavelength, space, and spatial codes. Manipulating the mentioned parameters of light, various multiplexed
optical scanners (MOSs); namely, polarization (P)-MOS, time (T)-MOS, wavelength (W)-MOS, space (S)-MOS,
and spatial code (C)-MOS can be realized. In this paper, we will first highlight the individual scanners in the MOST
family (i.e., W-MOS and P-MOS) which will be used to design the lasercom sub-system. We will explain the design
and assembly of our hand-held free-space W-MOS unit and discuss smart scanner modules that will be used to
design an agile lasercom sub-system with an unprecedented 360° azimuthal coverage and fine (e.g., + 5°) elevation
scans. In addition, we will also describe how the proposed smart multiplexing of MOSs can be extended to realize
an eye-safe transmit-receive lasercom sub-system with 27 steradian coverage for military mobile ground, air, and
sea platforms.

The wavelength-multiplexed optical scanner (W-MOS) is a peer member of the MOST family. The scanner gets its
power from high speed wavelength selection coupled with light interaction with a wavelength dispersive element
that in turn leads to spatially dispersed beam scanning. There are two key versions of the W-MOS; namely, the free-
space W-MOS and the fiber-remoted W-MOS. The fiber-remoted version can provide a scanner field of view as
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large as 360° and gives the powerful ability to scan large volumes and complicated three-dimensional (3-D)
geometries.® We have completed the theoretical analysis of free-space W-MOS 7 and have demonstrated high
resolution (<1 mrad for a 1.875 cm diffraction limited aperture diameter) and large angular scans (~13°).* The
potential speed of W-MOS can be in GHz using the present-day state-of-the-art nanosecond tuning speed lasers.’
The polarization-multiplexed optical scanner (P-MOS) uses a binary switched serial beam control architecture with
polarization multiplexing that results in an N-bit cascaded 3-D beamforming control architecture.'” The P-MOS
uses single pixel 90° linear polarization rotators such as ferroelectric liquid crystal (FLC) cells to act as the
electrically-controlled polarization multiplexing components. The 3-D beamforming information such as tilt, focus,
and defocus are stored in large area birefringent phase plates. These phase plates can be electronically
programmable single pixel thin film devices. For 2" independent 3-D beam patterns, N binary FLC cells and N
birefringent phase plates are required.

2. HAND-HELD FREE-SPACE W-MOS DESIGN AND ASSEMBLY

Figure 1 (a) shows the basic structure of the free-space W-MOS design with single beam high-speed one-
dimensional (1-D) scanning capability where the wavelength selection is achieved by tuning a laser or via a tunable
optical filter such as an acousto-optic tunable filter. In both cases, very high-speed beam scanning can be achieved
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Fig. 1 shows (a) the basic design of free-space W-MOS for implementing no moving parts high speed one dimensional (1-D)
scans and (b) the schematic for our hand-held free-space W-MOS.
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Figure 1 (b) shows the schematic for our hand-held frees-space W-MOS. Light from the tunable laser is coupled into
a fiber-coupled PC that is used to adjust the polarization of the incident beam for optimized scanner insertion loss.
After the PC, the light couples into a single mode fiber (SMF) that terminates in a receptacle style fiber collimator.
The collimator consists of an assembly that aligns the SMF with the optical axis of lens L; and keeps the polished
end of the SMF at one focal length distance from an achromatic lens (f; = 45 mm) to get a collimated Gaussian beam
with 8.3 mm 1/e* beam size. The incident collimated beam hits the grating at an angle 0, and the m™ order beam is
deflected in the direction () given by ’

0(m)=sin™ {mTﬂ+sin9im}, (1)

where A is the wavelength of the incident beam and L is the period of the grating. Figure 2 shows the assembly of
the hand-held free-space W-MOS unit. All the opto-mechanical parts of the scanner are mounted on an aluminum
base plate 1. The receptacle style fiber collimator 2 that uses an aspheric lens is fixed on the base plate using an
aluminum holder 3.

Fig. 2 Assembly of the handheld W-MOS unit. 1: Aluminum base plate; 2: Receptacle style fiber collimator; 3: Fiber collimator
holder; 4: Blazed reflection grating; 5: Grating holder; 6: Tip-tilt stage for tilts in xy and yz-plane; 7: Aluminum stage for tilts in
xz-plane.

A blazed reflection grating 4 (grating period L = 1/600 mm) is mounted on the other end of the base plate. The
grating mount consists of a grating holder, a 2-D tip-tilt stage, and a 1-D tilt stage marked as 5, 6, and 7,
respectively. The grating holder is attached to the tip-tilt stage 6 and has two set screws (one at the top and the other
on one side) to hold the grating. The tip-tilt stage 6 adjusts the tilt of the blazed grating in xy and yz-planes.
Furthermore, the non-tilting back plane of the tip-tilt stage 6 is attached to an aluminum 1-D tilt stage 7 designed to
adjust grating vector’s tilt in the xz-plane. The hand-held W-MOS unit was assembled as shown in Fig. 2. The tip-tilt
stage 6 was used to set the angle of incidence 0, ~ 2.2°. By changing the wavelength via electronic control of the
tunable source, the light output from the hand-held W-MOS moves spatially in the yz-plane, creating an array of
optical dots in space.

The hand-held W-MOS assembly is mounted on a test setup (see Fig. 3). The scanning +1 diffraction order is
tracked with the help of beam detection optics (a focusing lens at one focal length distance from a photodetector)
mounted on an aluminum C-channel with one end attached to a rotational stage having the same axis of rotation as
that of the reflection grating. A fiber-coupled mechanically tuned laser with an 80 nm tunable bandwidth centered at
1560 nm is used as the tunable light source. A SMF patch cord (FC/APC - FC/PC) connects the tunable laser with
the W-MOS unit. Note that the FC/PC end of the patch cord goes into the hand-held W-MOS unit.
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Fig. 3 Setup to measure the deflection angle, diffraction efficiency, and the beam profile of the diffracted +1 order beam.

Figure 4 (a) shows both the measured as well as theoretical angular scan plots versus wavelength of the tunable
laser. A total angular scan of 14.99° is achieved which is in complete agreement with the theoretical angular scan of
14.97° (available for 0;,. = 2.207°) as the wavelength of the source is tuned from 1520 nm to 1600 nm. The insertion
loss (IL) of the hand-held W-MOS unit was also studied. The IL of the W-MOS is directly related to the design and
diffraction efficiency (DE) of the grating used in the setup. The DE of a grating is defined as the fraction of incident
monochromatic light diffracted into a specific order. To study the insertion loss of the laboratory W-MOS, the
power in the scanning +1 diffracted beam is measured versus the wavelength of the tunable source. The results
shown in Fig. 4 (b) indicate that the insertion loss of the W-MOS unit increases as the wavelength of tunable source
is increased.
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Fig. 4 shows (a) angular scan range and (b) the Insertion loss, respectively, of the hand-held W-MOS unit versus wavelength of
the tunable laser

Another important parameter studied is the quality of the scanning diffracted beams. To start with, we first measured
the beam quality of the incident beam for both 1520 nm and 1600 nm. Knife-edge method was used to study the
beam profile in both horizontal and vertical directions. Figure 5 shows the incident beam profiles for 1520 nm and
1600 nm. It can be seen that 1/¢* beam size (2w) for all cases is ~ 8.6 mm. Note that for each case, the data was fit
with the following expression to determine the Gaussian beam waist and hence the 1/e* beam diameter

y=yo+12)°erf{x_x°}, @

Wo
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Fig. 5 (a) and (b) show the horizontal beam profiles of incident beam for 1520 nm and 1600 nm, respectively, whereas (c) and (d)
indicate the vertical beam profiles of incident beam for 1520 nm and 1600 nm, respectively.

After the beam profile of the incident beam had been measured, we also studied the quality of the diffracted beams
at 17 cm from the grating center. Figure 6 shows the vertical beam profiles of the diffracted beams for 1520 nm and
1600 nm. As expected, the 1/e* vertical beam diameter remains same as that of the incident beam, i.e., 8.6 mm. On
the other hand, the 1/e* horizontal beam diameter decreases as the wavelength of the tunable laser is increased from
1520 nm to 1600 nm as suggested by ’

2
p
W(ro):Weff I+ =1, 4)
Zy
where r, is the distance between the grating and knife-edge plane and z, is given by ’
2
W,
z, =—L. (3)
A
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Note that weg is the effective beam waist of the diffracted beam and is related to the incident beam waist wy,. through
the following expression ’
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Fig.6 shows the vertical beam profiles of the diffracted beam for (a) 1520 nm and (b) 1600 nm.
yo 0.50908 +£0.00256 yo 0.5072 £0.00224
1.0 p0O 0.99534 +0.00569 pEEEEEE 1.0 p0 0.9893 +0.00466 -
x0 21.7558 £0.0095 x0 27.169 £0.00676 .)
w 1.33221 £0.02568 w 0.7910 £0.01836 //
< 0.8 / ~ 0.8 [
= /'( =z /
£ / 15 /
= " g
o 0.6+ / o 0.6 |
: ,, : '
o /F Q /
B 0.4+ 2 0.4 /
g " 3
= / = o
: : : /
5 0.2+ /'l s 021 #
z }/" z ] J}/
0.0 .T-—rl‘/. 004 wmmmmmm==
T T T T T T 1 T T T T T T T T T T T T T
19 20 21 22 23 24 25 24 25 26 27 28 29 30
Position of Knife Edge (mm) Position of Knife Edge (mm)
(a) (b)

Fig. 7 shows the horizontal beam profiles of the diffracted beam for (a) 1520 nm and (b) 1600 nm.

As shown in Fig. 7, the 1/¢* horizontal beam waists are measured as 1.33 mm and 0.79 mm at 1520 nm and 1600
nm, respectively. Note that the theoretical 1/e* horizontal beam diameters calculated using Egs. (5), (6), and (7) are
1.34 mm and 0.69 mm at 1520 nm and 1600 nm, respectively.

In conclusion, the hand-held W-MOS unit provides an angular scan of 14.99°. The insertion loss of the scanner
increases as the wavelength of tunable source is increased. Note that if the wavelength is not increased beyond 1580
nm, the insertion loss numbers are pretty reasonable [see Fig. 4 (b)]. However by doing so, the total available
angular scan range will reduce to 8.68°. This indicates that there is a trade-off between the insertion loss and angular
scan range of our hand-held W-MOS unit. Also note that the scanner insertion loss profile versus wavelength of
tunable source will be different for different angles of incidence. For example, the blazed grating gives best DE (and
hence lowest scanner insertion loss) when used in Littrow configuration (0;,. = -27.13° at 1520 nm) but this would
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result in an angular scan of just 3.13°. Similarly, the 1/¢* horizontal beam diameter decreases with the increasing
wavelength of the tunable source. For example, at 1600 nm the 1/e* horizontal beam diameter (at 17 cm from the
grating) is measured as 1.58 mm (which indicates an effective horizontal scanner aperture of 0.47 mm at 1600 nm;
compare it with vertical scanner aperture of 8.6 mm that stays constant with wavelength of the tunable source). This
indicates higher beam divergence in the scanning plane at higher wavelengths of the tunable source (e.g., 4.3 mrad
at 1600 nm). The situation can be improved by reducing the wavelength range of the tunable source (e.g., from 1520
nm to 1580). As mentioned before, limiting the tunable bandwidth will decrease the angular scan range (to 8.68°).
However by using smart design approaches (discussed in next section), significant angular scan range can be
reached with minimum scanner insertion loss variation.

3. SMART W-MOS MODULES FOR WIDE ANGULAR SCANS

As mentioned earlier, the free-space W-MOS scan range depends on the angle of incidence [see Eq. (1)]. Fast
switching of optical beam to set the angle of incidence on the diffraction grating can help achieve significant angular
scan range as well as minimum scanner insertion loss variations. Figure 8 shows a combination of P-MOS and W-
MOS to achieve large 1-D scans. A tunable laser is connected to a fiber collimator via a PC. The collimated beam
passes through a M-bit P-MOS and hits a diffraction grating. The grating can be tilted to set the angle of incidence
0;nc = 0.0 when the P-MOS is in OFF state. Now if the tunable laser is tuned from 1520 nm to 1600 nm, the scanner
will provide a scan of 7.95°. As soon as the first scan is completed, the P-MOS can be turned ON to produce for
instance an angular tilt for the angle of incidence to 2.0°. Now tuning the laser from 1520 nm to 1600 nm will
produce a scan of 12.96°. Note that the overlap between the two scanned sectors will be 2.5°. The total angular scan
achievable from the scanner module shown in Fig. 8 will be 18.43°.

AN

M-bit P-MOS
Collimated With 1-D Scan
Beam Capability

Expanding \ ( \
3 A Gaussian Beam '. =1l _
Tunable i B
/L I IN PME e | =——_
i v
Scan Angle M "
Control Signal fe————

Frequency Selective Element
(e.g., holographic grating)

Fig. 8 shows a combination of the P-MOS and the free-space W-MOS to achieve large 1-D angular scans.

Figure 9 shows another scanner module that uses an acousto-optic (AO) deflector to adjust the angle of incidence on
the diffraction grating in a free-space W-MOS. An AO deflector designed for 1550 nm has 1.76° Bragg angle (in air)
when fed with a 100 MHz RF signal. Changing the frequency of the RF signal changes the period of the grating
structurel (inside the AO Bragg cell, which in turn causes the diffracted beam to go under an angular displacement
given by *

A
0,, =sin" {L +sin0, ,} @)

1%

a
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where v, is the speed of acoustic signal and f, is the frequency of the RF signal. An RF bandwidth of 40 MHz
(around 100 MHz center frequency) implies 1.46° angular displacement in the first order diffracted beam. This fast
(microsecond speed) optical beam switching capability of AO deflectors can be utilized to adjust the 6;,. on the
diffraction grating in a free-space W-MOS to achieve wide 1-D angular scans.
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Fig. 9 shows a combination of the acousto-optic (AO) deflector and free-space W-MOS to achieve wide 1-D angular scans. Ci:
ith cylindrical lens.

Another approach to achieve wide 1-D angular scan range is shown in Fig. 10. A fast (us speed) 1x2 fiber-coupled
broadband optical switch is used to realize the scanner module. The two output fibers of the optical switch end up in
an assembly that keeps the polished ends of the SMFs at one focal length distance from an achromatic lens. The two
SMFs are parallel with each other such that one of the fibers is aligned with the principal axis of the lens whereas
the other is shifted by x'.
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Fig. 10 shows a free-space W-MOS that uses a fast (us speed) 1x2 optical switch to achieve wide 1-D angular scans.
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The elevation angles and 1/e* beam diameter (BD) of the collimated beams after the lens are given by

0'=—tan™ (?] (8)

20 f cosO’
m, ’

mc

and

1/e*BD = ©)

respectively, where f'is focal length of the collimating lens and wy, is the beam waist of the Gaussian beam coming

out of the SMFs. For instance, to set the angle of incidence 0, = 2.0° in a smart W-MOS using /= 45 mm focal
length lens, the SMF needs to be shifted by x' = 0.524 mm.

4. W-MOS MODULES WITH TWO-DIMENSIONAL ANGULAR SCAN CAPABILITIES

The design approaches discussed in the previous section can also be used to set skew incidence on the diffraction
grating in a free-space W-MOS to achieve two-dimensional (2-D) angular scans.
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Fig. 11 shows integration of (a) P-MOS and (b) AO deflector in a free-space W-MOS for 2-D angular scans.
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Figures 11 (a) and (b) show two schematics using a P-MOS and an AO deflector, respectively, to adjust the skew
angle on the diffraction grating in a free-space W-MOS for fine elevation scans. Note that an elevation scan of 1°
corresponds to 17.5 m displacement at 1 km distance. Figure 12 shows another schematic to achieve 2-D angular
scans where the skew angle is adjusted using a 1xN optical switch. A P-MOS can also be introduced between the
collimating lens and the diffraction grating to adjust the oblique angles on the grating as well and acquire wider
angular scans along the y-axis along with fine elevation scans along the x-axis.
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Fig. 12 shows a combination of AO deflector and free-space W-MOS for 2-D angular scans.

5. LASERCOM SUB-SYSTEM DESIGNS FOR 27 STERADIAN COVERAGE

Figure 13 shows the design of a transmit-receive lasercom sub-system for 360° azimuthal coverage with fine
elevation scans. A tunable source is connected to a 1xN optical switch via a broadband circulator. Each of the output
SMF from the switch goes to a front-end scanning head with M scan point capability. Each scanning head may
feature 2-D wide angular scans as discussed in the previous section. Another option would be to use a
MUX/DEMUX instead of an optical switch (after the circulator) and use P-MOS and/or S-MOS as the front-end
scanning heads, for example. The same idea can be extended to realize an eye-safe transmit-receive lasercom sub-
system with 27 steradian coverage for military mobile ground, air, and sea platforms (see Fig. 14).

M Scanning .
Scanning Heads Using e.g. Beams per Head o

W-MOS or P-MOS or a ” /'PIM
Combination of Both

1xN
Switch
OR
MUX/
DEMUX
Device

Tunable
Source

Detector

Fiber Optic
Cable

Fig. 13 shows a transmit-receive lasercom sub-system with 27 radians coverage and fine elevation scan capabilities.
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Fig. 14 shows a transmit-receive lasercom sub-system with 27 steradian coverage. OA: Optical Amplifier; SMF Single Mode
Fiber; MUX/DEMUX: Multiplexer/Demultiplexer.

7. CONCLUSION

In conclusion, we have proposed novel architectures for wide area coverage agile optical scanning. The design and
functionality of a hand-held free-space W-MOS unit is discussed. Experimental results attest to the simplicity of the
W-MOS (using wavelength manipulations). In future, more compact free-space W-MOS designs will be realized
using transmission diffraction gratings with high diffraction efficiencies. Using fast tunable lasers or optical filters,
free-space W-MOS features microsecond domain scan setting speeds, single/multiple beam(s) in space, and large
several centimeters or more diameter apertures for sub-degree angular scans. The potential speed of this fiber-optic
scanning probe is in the GigaHertz rates using the present-day state-of-the-art nanosecond tuning speed lasers. In
this paper, we introduced (for the first time) multiplexing at the scanner level to achieve wider scans per scanner
module with fine elevation scan capabilities. The paper also proposes lasercom sub-system designs with 360°
azimuthal coverage with fine elevation scans and 2rn steradian coverage for military mobile ground, air, and sea
platforms.
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