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Abstract. Optical free-space communications involving moving parties
require precise beam pointing and mutual tracking of communicating
transceivers. The existing variety of tracking techniques is still the major
limiting factor in free-space laser communications. Here we propose a
technique for optical beam tracking that utilizes nonlinear optical proper-
ties of materials. In our proof-of-concept experiment, a thin layer of a
nematic liquid crystal �NLC� with high thermal nonlinearity was used to
produce a thermal lens induced by the incoming optical beam. That
beam modulated the NLC refractive index. As the transmitted optical
beam passed through the same layer, the beam intensity was modulated
in the far field. A sharp intensity maximum was formed at the distant
communicating party position. This tracking capability has been demon-
strated for angular disturbances at a subkilohertz frequency. This track-
ing mechanism also offers adaptive capability of compensation of strong
aberrations. Such compensation has been demonstrated experimentally;
numerical modeling performed with the Fresnel integral technique
showed very good agreement with the experiment. © 2008 Goverment of
Canada. �DOI: 10.1117/1.2968236�
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Introduction
ptical free-space communication technology has become

n attractive addition to microwave links, due to numerous
dvantages such as broad bandwidth, link security, instru-
ent mass and power savings, and lower cost. Its applica-

ility spans from the so-called last-mile short-distance con-
ections to very long distances, such as with deep-space
aser communication links.1,2 The last-mile communication
nstruments are available commercially from a number of
uppliers. In optical intersatellite and satellite-to-ground
inks, there have recently been several milestone technol-
gy demonstrations.3–5 Despite the advantages of optical
ommunication technology and the recent progress in this
rea, the atmospheric distortions and attenuation in the
own- and uplinks, as well as very strong requirements for
ositioning and tracking of laser beams, have been major
imiting factors, so far keeping this technology at the level
f demonstrations. Thus, further developments of tracking
echniques and exploratory searches for alternative ways of
eam control and distortion compensation are crucial for
he acceptance of this technology.

Recently, we have reported on our development of a
onlinear optical tracking technique based on the double
hase-conjugation principle.6 This paper presents a differ-

091-3286/2008/$25.00
ptical Engineering 085003-
ent approach. In essence, this approach uses a refractive
index pattern induced in a layer of a nonlinear optical
�NLO� material by the incoming optical beam to refract the
outgoing optical beam. The outgoing-beam refraction is de-
signed to provide for the beam-intensity distribution to
have a sharp maximum at the communication counterpart
location. Such a refractive index pattern, or simply a non-
linear lens, can be generated via any NLO mechanism that
will lead to self-focusing or -defocusing, such as thermal,
orientational, photorefractive, electronic, Kerr, or resonant.
In dynamically changing situations, the lens is rewritten in
different transverse locations on the NLO layer following
the changes in the incoming beam angle. Thus, the outgo-
ing beam intensity peak follows �tracks� the position of the
distant source. In this paper, we describe this technique, the
results of numerical modeling, and a proof-of-concept ex-
periment using a liquid-crystal cell.

2 Nonlinear Lens-Tracking Concept
Communication between two optical terminals incorporat-
ing the NLO tracking system is depicted in Fig. 1. The
optical signal �beam 1� from the fiber source of terminal 1
passes through the NLO system and is sent to a distant
location where the second terminal �terminal 2� is expected
to be. The NLO system is, essentially, a focusing optic
�receiving lens, RL�, and a layer of an NLO material placed
August 2008/Vol. 47�8�1
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lose to the focal plane. The second terminal emits the op-
ical signal �beam 2�; a part of this signal is intercepted by
erminal 1 and is focused onto the NLO layer. Due to the
igh optical nonlinearity of the NLO material, a nonlinear
ens is induced.7 It should be noted here that we consider
his concept to be applied to short-distance communication,
here enough power can be intercepted to initiate the NLO

ffect. Let us consider a NLO material—with positive non-
inear coefficient causing self-focusing—placed behind the
ocal point of the receiving lens �RL, as shown in Fig. 1�.
he NLO material with a negative nonlinear coefficient
ausing self-defocusing should be placed before the focal
oint.

Let us assume that beam 2 comes to terminal 1 at a
ertain angle �2 to the optical axis, which we consider to be
mall. The outgoing beam 1 is coaligned with the optical
xis �the angle �1 between beam 1 and the axis is equal to
� and is collimated, having diameter D on the left of RL
actually, D can be much smaller than the RL aperture�. We
lso assume that a thin NLO layer �of thickness l� is placed
ery close to the focal area of RL, and the nonlinearity is
nough for beam 2 to induce a NLO lens with focal dis-
ance f of the same order of magnitude as d �the distance
etween NLO layer and RL focal point�; thus the following
s satisfied:

� d � F, d � f . �1�

nder these conditions, the NLO lens is shifted perpen-
icularly to the optical axis by

1 � �F + d��2. �2�

his leads to focusing of some part of beam 1 in the focal
rea of the receiving lens �RL� �let us call this part beam 3�
ith about the same perpendicular shift. Consequently, the

ntensity distribution of beam 1 in the RL focal plane has a
aximum at the transverse coordinate �beam 3� corre-

ponding to the angular coordinate of terminal 2. Then this
aximum is projected by RL to the intensity maximum in

he far field. Thus, a concentration of the power of the
utgoing beam on the distant target is produced. Consider-
ng a moving target or moving host �terminal 2 or 1, re-
pectively�, we can track its position by dynamic update of

Fd

x1
x2

θ2Beam 1
Beam 2

Beam 3

Receiving Lens
(RL)

NLO-Layer

NLO-Lens

Intensity Profile

z

x

Terminal 1

Terminal 2

D

θ3

ig. 1 Concept schematic of the tracking device �terminal 1� using a
onlinear focusing lens. Beam 1, the optical beam outgoing from

erminal 1 towards a distant communicating party �terminal 2�; beam
, a portion of the optical beam sent from terminal 2 and intercepted
y the receiving lens �RL�; beam 3, a portion of beam 1 refracted by
he NLO lens; F, the focal distance of the RL; d, the position of the
LO layer relative to the focal point of the RL.
ptical Engineering 085003-
the NLO lens. The tracking speed in this case depends on
the rate of NLO lens writing and decay. The field of view
�FOV� of such a tracking system is limited by the diameter
D of the reading beam �beam 1� in the RL focal plane and
the lens’s focal distance F:

FOV � D/F . �3�

Here we have assumed that terminal 2 is located in the far
field of terminal 1 and vice versa. At smaller distance be-
tween the terminals, the optimal layer position d is depen-
dent on that distance as the focal point of beam 2 becomes
shifted further from RL.

A simple geometric consideration gives an estimate of
the pointing precision of this tracking system. The angular
pointing precision �� can be defined as the difference be-
tween the angle of beam 3 ��3� pointing to terminal 2 and
the actual angular coordinate of this terminal ��2�:

�� = �3 − �2. �4�

The major difference between these angles comes from the
fact that the NLO lens is written by the beam propagating
at the angle �2 to the optical axis, but it is read by the beam
propagating along the optical axis ��1=0�. As a result, the
peak of the intensity distribution of the reading beam is
shifted from the axis by the almost x1 in Eq. �2�, and the
peak of the incoming beam is shifted from the axis by

x2 = F�2. �5�

This leads to the tracking error

�� =
x1 − x2

F
=

�2d

F
, resulting in �� � �2

when d � F . �6�

In the practical example of F=5 cm, D=0.05 cm, and
d=0.01 cm, the relative angular error based on this esti-
mate is 0.5% and the FOV is 10 mrad. Note that x2 is
always less than x1, and �� is always positive. An addi-
tional NLO lens written by beam 1 can in part compensate
this angular error. This NLO lens �larger in aperture� can
additionally refract beam 3 toward the optical axis, reduc-
ing the difference between the coordinates x1 and x2.

3 Theoretical Model of a Liquid-Crystal-Based
System

In order to obtain the qualitative picture of the suggested
tracking effect, its generalized model was studied numeri-
cally using the diffraction-integral approach. The major
goal of this modeling is to understand whether the NLO
lens can be used for adaptive tracking with reasonable sys-
tem parameters �laser power, material nonlinearity, etc.�.
This is judged by the far-field profile of the outgoing laser
beam and the conditions and limitations of the system.

3.1 Main Approximations
The problem has been split into two steps: the first is the
writing up of the NLO refractive index pattern �NLO lens�
by laser beams 1 and 2, and the second is the diffraction of
beam 1 on this pattern. This corresponds to the thin-layer
August 2008/Vol. 47�8�2
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pproximation, where the diffraction on the NLO lens does
ot affect its write-up process. Let us limit ourselves to the
teady-state approximation with respect to the angles of the
eams, where the NLO lens is written much faster than any
hange of angular directions of the beams. In other words,
he angles �1 and �2 are constant during writing up and
eading out.

We consider both beams �1 and 2� as Gaussian beams at
he entrances to the tracking device, and then their propa-
ation up to the NLO layer can be easily calculated. In a
eal situation, in fact, beam 2 would be truncated by the
eceive aperture �either a lens or a telescope�, but we con-
ider a general simplified system to avoid influence of the
articularities of truncated-beam diffraction patterns on the
esult. Thus, the intensities of beams 1 and 2 �I1,2� can be
xpressed the following way at the left and right entrances
f the NLO layer, respectively:

1,2�x,y,t� =
1

2
�0c�E1,2�x,y,t��2,

1,2�x,y,t� = �4P1,2�t�
��0c

�1/2 1

�1,2
exp�− � i�

�R1,2
+

1

�1,2
2 	

	
�x − x01,02�2 + �y − y01,02�2�� , �7�

here E1,2�x ,y , t�, P1,2�t�, �1,2, and R1,2 are the electric
eld magnitudes, the powers, the radii, and the radii of
urvature of beam 1 and beam 2 at the NLO layer en-
rances, respectively; x01,02 and y01,02 are the transverse co-
rdinates of the centers of beams 1 and 2, respectively; �0
s the vacuum permittivity; c is the speed of light in
acuum; and x and y are the transverse coordinates.

.2 Liquid-Crystal Layer Description
he NLO mechanism of the refractive index change can be
f any origin: thermal, orientational, photorefractive, elec-
ronic, Kerr, resonant, etc. In the simplest case of an isotro-
ic material or a crystal with a center of symmetry, the
efractive index variations are mostly limited by the third-
rder nonlinearity. Let us consider the particular example
hat we used in our experiments: a thin layer of nematic
iquid crystal �NLC� with thermal nonlinearity activated
hrough absorption by dye doping �Fig. 2�. The refractive

z
x

y
0

2ω1

2ω2

N

NLCGlass Cell

Beam 1

Beam 2

Fig. 2 Example of an NLO layer �nematic liquid crystal, NLC�.
ptical Engineering 085003-
index variations are described by the classical heat-
diffusion equation �convection and boundary effects are ne-
glected�:

�n�x,y,z,t� =
�n

�T

T�x,y,z,t� ,

� d

dt
− �̂�	
T =

1

�Cp


1I1�x,y,z,t� + 
2I2�x,y,z,t�� , �8�

where �n�x ,y ,z , t� is the refractive-index change; ��n /�T�
is the thermal nonlinearity coefficient, 
T�x ,y ,z , t� is the
temperature variation produced by the absorption of the
laser beams, �̂ is the thermal conductivity tensor, �Cp is the
specific heat, 
1,2 are the absorption coefficients for the
beams �these coefficients may be different for beam 1 and
beam 2 if they have different wavelengths�, and
I1,2�x ,y ,z , t� are the intensities of the laser beams.

Solution of Eq. �8� in general form is very difficult; thus
we limit ourselves to the particular example of transient
formation of refractive index and temperature patterns. In
other words, we deal with laser pulses with duration �P
shorter than the temperature pattern’s relaxation time:

�P � �1,2 =
1

�
l−2 + ����1,2
−2 , �9�

where �1,2 are the refractive index pattern relaxation times
for beams 1 and 2, respectively; l is the NLC layer thick-
ness; and �� and �
 are the thermal conductivities perpen-
dicular and parallel to the NLC director �N in Fig. 2�.8 We
also assume the layer thickness and absorption are very
small, so that both beams’ intensities are constant along the
z direction. Under these approximations we neglect the sec-
ond term in the thermal equation �8� and, assuming a
square pulse shape, obtain the following expression for the
refractive index change at the end of the laser pulse �at
t=�P�:

�n�x,y� = � �n

�T
	 �P

�Cp


1I1�x,y� + 
2I2�x,y�� , �10�

where I1�x ,y� and I2�x ,y� are defined by Eq. �7�. Further,
we assume the absorption coefficients equal for the two
beams �
1=
2=
�. Under these circumstances the refrac-
tive index pattern is given by the sum of the intensity dis-
tributions of the laser beams, and in fact serves as a phase
mask for beam 1 and beam 2. A similar structure of the
refractive index pattern should occur for any local mecha-
nism of nonlinearity where the spatial transfer mechanisms
�diffusion, drift, convection, etc.� are negligible.

3.3 Diffraction-Integral Approach
We focus our analysis on the effect on beam 1. The inten-
sity and electric field magnitude distribution of beam 1 af-
ter the passage through the NLO layer becomes too com-
plicated for analytical treatment; thus we took a numerical
approach. The electric field amplitude of beam 1, E1�r2� at
position r = �x ,y ,z � can be calculated at any distance z
2 2 2 2 2

August 2008/Vol. 47�8�3
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in the plane S2� from the NLO layer �S1� using well-known
resnel-Kirchhoff diffraction integral �Fig. 3�:9

1�r2� =
i

2�1
� �

S1

E1�x1,y1�
1 + cos �

r

	exp�− ik1
r + l · �n�x1,y1���dS1,
�11�

S1

y1

x1
z

S2

y2

x2

θdS1

12
rrr rrr

−=

d

Focal Plane of the Receiving LensPlane of the NLO Layer

(x2, y2, z2=d)

(x1, y1, z1=0)

ig. 3 Calculation geometry for the Fresnel–Kirchhoff diffraction
ntegral.
ptical Engineering 085003-
r = �r2 − r1� ,

where �1 is the wavelength of beam 1 and k1=2� /�1 is its
wave number, dS1 represents the element of surface on
the plane just after the NLO layer with coordinates
r1= �x1 ,y1 ,z1=0�, �n�x1 ,y1� and E1�x1 ,y1� are described
by Eqs. �10� and �7�, respectively, and � is the angle be-
tween the propagation direction r and the normal to the
plane S1.

We calculated numerically the electric field distribution
E1�x2 ,y2� and the intensity I1�x2 ,y2� of beam 1 for the out-
put plane S2 representing the focal plane of the receiving
lens �RL�. From this we are able to evaluate qualitatively
the angular distribution I1FF��1x ,�1y�� I1�x2 /F ,y2 /F� of
beam 1 �containing beam 3� in the far field after RL, as-
suming its property of projecting the image from the focal
plane to the far field.

The quantitative assessment of the tracking capability is
done by calculating the portion of beam 1 reaching the
distant receiver. To do so we calculate the weighted projec-
tion of the output beam electric field �with and without
NLO pattern� on the electric field of the input beam,
E2�x2 ,y2�. This weighted projection reaches its maximum
value of 1 when beam 2 is phase-conjugate to beam 1:
1,0 =
���S2

E2�x2,y2� · E1,01�x2,y2�* dx2 dy2�2

��S2
E2�x2,y2� · E2�x2,y2�* dx2 dy2 · ��S2

E1,01�x2,y2� · E1,01�x2,y2�* dx2 dy2

, �12�
here C1 and C0 are the coupling coefficients with and
ithout the NLO lens induced by input beam 2, E1�x2 ,y2�

nd E01�x2 ,y2� are the outgoing electric field distributions
ith and without input beam 2, and the integration area S2

s the total area of the beams in the RL focal plane. The
ndicator of the tracking system performance is the ratio R
f those coupling coefficients �coupling ratio�:

= C1/C0. �13�

t shows how much increase of the signal at the receiving
nd we may achieve by use of the NLO tracking system.

.4 Results of Numerical Modeling
ome examples of the calculated intensity distributions of
eam 1 and beam 2 in the focal plane of the receiving lens
RL� are shown in the Fig. 4�a�–4�d�. When there is no
nput beam �P2=0�, beam 1’s intensity distribution is a
mooth, close to Gaussian profile 
dotted curves in Fig. 4�a�
nd 4�b��. Its width in the focal plane determines the far-
eld divergence and field of view of the optical system as
efined in Eq. �3�. In this example beam 1 is collimated and
overs a large area in the far field. When beam 2 is present
its focal plane intensity distribution is given by the dashed
urves in Fig. 4�a� and 4�b��, the peak of intensity appears
n beam 1 at the same transverse position as on beam 2
solid curves in Fig. 4�a� and 4�b�, and 3-D distributions in
Fig. 4�c� and 4�d��. This maximum represents the narrow-
divergence portion of beam 1 after RL, which is also called
beam 3 in Fig. 1. The width of this maximum depends on
the material nonlinearity, beam 2 power, and NLO layer
position. The calculation parameters are P1=200 mW; P2
=1 mW; �p=1 ms; F=0.8 cm, d=35 �m; �1=0.017 cm at
the focal point; �2=0.2 cm in front of the lens �input�;
�n /�t=5	10−4; �Cp=1.5 J K−1 cm−3; l=25 �m; 
1=
2
=44 cm−1; �=1.5 �m; ���0.8	10−3 cm2 s−1; and �


�1.25	10−3 cm2 s−1; the figures are given for a
4-n-pentyl-4�-cyanobiphenyl �5CB� NLC.8 In this particu-
lar case, the width of beam 1’s maximum is close to that of
beam 2, signifying that its far-field spot size is close to
diffraction-limited �because the spot size of beam 2 is
diffraction-limited�.

In fact, the NLO lens has concentrated the power of
beam 1 into the less divergent beam 3. The nonzero input
angle of beam 2 leads to a shift of its maximum in the RL
focal plane 
dashed curve in Fig. 4�b��. Approximately the
same shift is observed for the maximum of beam 1 �beam
3�; see the solid curve in Fig. 4�b�. Any possible mismatch
of the beam 2 and beam 3 positions �tracking error� is much
smaller than the diameters of the beams.

The amplitude of the intensity peak �beam 3� exceeds by
several times the initial intensity of beam 1 in that direc-
tion. It depends on the parameters of the material, the laser
August 2008/Vol. 47�8�4
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eams, the RL focal distance, and the NLO cell position.
igure 5 shows some of the key dependences of the cou-
ling ratio 
defined by Eqs. �12� and �13��. In the absence
f input beam 2, the coupling ratio is equal to one �i.e.,
here is no nonlinear effect� 
Fig. 5�a��. At small input
ower of beam 2, the coupling ratio grows linearly in spite
f the fact that it is a NLO effect driven by the power of
eam 2. At some point the coupling ratio reaches a maxi-
um and then decreases as the NLO lens becomes too

trong. The coupling ratio can be optimized by choosing
he position of the NLO cell with respect to the RL focal
lane 
Fig. 5�b��. The smaller the input beam 2 power, the
loser to the focal point the NLO cell should be placed. The
mprovement of the signal at the receiving point �terminal
� is expected to be as much as an order of magnitude.

Proof-of-Concept Experiment
he goal of this experiment is to demonstrate the qualita-

ive correspondence of experiment to the theory and assess
he tracking capabilities of the NLO tracking system.

.1 Experimental Setup
he tracking test bed consists of two communicating coun-

erparts �Fig. 6�; each of them includes a
.5-�m-wavelength laser �coupled to a single-mode fiber�,
etector, and polarization controller. One of them �terminal
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� includes the NLO tracking system �NLC cell and a lens�;
he other �terminal 2� is a passive terminal. The scanning
irror �SM, based on a voice coil� located in front of ter-
inal 1 provides simulation of jitter in horizontal and ver-

ical directions �it is not a part of the tracking system�. The
racking system’s performance is evaluated by its ability to
oint the laser beam to the fiber coupler at the other side.

Beam 2 is emitted from the fiber optic coupler based on
gradient index �GRIN� lens with �0.5-mm aperture. Its

olarization is set to horizontal by the polarization control-
er, to pass through the polarization beamsplitter �PBS�
ith minimal losses. With its diffraction-limited diver-
ence, beam 2 reaches terminal 1, 5.5 m away. About 30%
f beam 2’s power is intercepted by the input aperture of
erminal 1, a receiving lens �RL� with focal distance 4.5 cm
nd clear aperture 2 cm. The input beam 2 is focused on the
LO layer located close to the RL focal plane.
As the NLO material we chose the NLC

-n-pentyl-4�-cyanobiphenyl �5CB� doped with infrared-
bsorbing dye. The NLC layer has slowly varying thickness
long transverse coordinate �accomplished by use of differ-
nt thickness spacers on the two sides�. Homeotropic ori-
ntation of the NLC is achieved by coating the cell walls
ith hexadecyltrimethyl ammonium bromide �HTAB�. The

hermal nonlinearity caused by the change of order param-
ter of homeotropically aligned 5CB is positive, in agree-
ent with our model.
The collimated beam 1 with radius �1=0.017 cm is

mitted by the fiber coupler and intersected with beam 2
nside the NLC cell, as shown in Fig. 2. The vertically
olarized beam 1 is reflected from the polarization beam-
plitter with minimal losses after passage through the 5.5-m
istance. In the absence of beam 2, beam 1 covers an area
f much larger diameter �several centimeters� than the ap-
rture of the receiving fiber coupler �identical in type and
osition to the transmitting coupler�. The received portion
f beam 1 is in the range of 0.1% to 0.2% of its total power
nd is monitored by detector D2. The transverse intensity
rofile of beam 1 in front of the receiving end is monitored
y the IR camera.

.2 Study of the Nonlinear Lens
hen beam 2 is present, it modulates the transverse profile

f beam 1 through the formation of an NLO lens. This
esults in the appearance of a narrow-angle component in
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CAM

NLC-cell

RL

Beam 1

Beam 2

L = 5.5 m
PBS

D2

Beam 2

C

C

P

P

:

Beam 3

Terminal 1

Terminal 2

A A

ig. 6 Schematic of NLO tracking system experiment. Solid lines
nd arrows show the path and direction of beam 1; dashed lines and
rrows show the path and direction of beam 2. Notation L1,2, lasers;
1,2, detectors; �, circulator; P, polarization controllers; C, couplers
ased on GRIN lenses �0.5-mm aperture�; RL, receiving lens �2-cm
perture, 4.5-cm focal distance�; SM, steering mirror; M, mirror; A,
berration plates; BS, beamsplitter; PBS, polarization beamsplitter;
AM, infrared camera.
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beam 1 �beam 3� with position matching the position of the
distant transmitting and receiving aperture 
Fig. 7�a� to
7�c��. With increase in the power of beam 2, one may see
the slight increase in intensity at the center 
Fig. 7�a��, then
the formation of the bright spot 
Fig. 7�b��, and, when the
power exceeds the optimum, significant aberrations 
Fig.
7�c��.

In most of our experiments beam 2 is modulated with
pulse duration 0.1 to 1 ms and repetition rate
10 to 1000 Hz, and beam 1 is continuous wave. This al-
lows monitoring the dynamics of the refractive index lens
induced in the NLO material. The dynamics of the coupling
ratio, which is essentially the received signal normalized to
the signal in the absence of beam 2, is shown in Fig. 8 for
different intercepted powers of beam 2 at terminal 1. At
small input power �when R�1.2� the refractive index lens

Fig. 7 The intensity profiles �gray scale images� of the beam from
the tracking terminal 1 at the plane of the passive terminal fiber
coupler at different power levels of beam 2 �P2� intercepted by ter-
minal 1: �a� 16.6 mW; �b� 24.2 mW; �c� 48 mW. Beam 1 is cw, P1
=8.3 mW, l=18.7 �m. The bright central spot corresponds to the
narrow-angle reverse-directed signal.
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Fig. 8 Dynamics of the reverse-directed signal: oscilloscope traces
�curves 2 to 7� of the signal received from detector D2 calibrated to
provide the coupling ratio �R−1� for different powers of beam 2 in-
tercepted by terminal 1 �7.5, 11.3, 14, 16.6, 20.4, 30.4 mW, respec-
tively�. Curve 1 is a trace for beam 2 ��P=0.2 ms at 20 Hz�; beam 1
is cw, P =8.3 mW, l=18.7 �m.
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as a decay time of about 1 ms, which corresponds to the
ecay of a thermal pattern of the size of beam 2 in the RL
ocal area 
as defined in Eq. �9��. At larger power, the decay
ime increases to several milliseconds. The NLO lens does
ot vanish completely in the period between pulses �50 ms
or 20-Hz rate�, thus producing some pulse-after-pulse
LO lens accumulation �see the growth of the baseline in
ig. 8�. This can be a result of two factors. The first is that
much larger area of the NLO layer is involved in the

ormation of the NLO lens because of diffusive thermal
pread when the laser beam supplies enough power. This is
ery important, since it allows one to concentrate the power
rom the larger area and achieve efficiency R�1, but at the
ame time it limits the tracking response time. The second
actor is the contribution of orientational nonlinearity with
typical response time of 50 to 100 ms.
The slowly varying thickness of the NLC layer allows us

o see the effect of the cell thickness on the transmitted
ignal 
Fig. 9�a��. With the cell thickness change from
to 20 �m the exponential absorption factor �
l� changes

rom 0.11 to 0.5 �curve 2�, leading to an increase in system
fficiency R from 2 to 5 �curve 1�.

The experimental coupling ratio versus the beam 2
ower intercepted by terminal 1 is shown in Fig. 9�b�. It
hows a lot of similarities with the numerical modeling
Fig. 5�a��, such as reaching the maximum of R=4 to 6 at
eam 2 power of 20 mW 
see the maximum of curve 1 in
ig. 9�b��. Note the major difference: The experimental de-
endence is not linear at small powers. This may be ex-
lained by the strong dependence �growth� of the NLO co-
fficient of the NLC on approaching the temperature of the
hase transition from nematic to isotropic liquid �350°C�.
oticeably, curve 4 shows higher efficiency and sensitivity

han curve 3 
Fig. 9�b��, just due to the increase of beam 1
ower leading to slight growth of the working temperature
f NLC.

The modeling was done for the transient scenario of
LO lens formation, where its profile repeats the profile of

he laser beam. Thus, the modeling results may not be com-
arable with traces 2 to 4 
Fig. 9�b�� measured at continu-
us wave. Since in those cases the NLO lens is written
uring a longer time, it provides better sensitivity. As may
e seen, at the 2-mW level the received signal on utilizing
he NLO lens is twice as large as without it �R−1�1, trace
�. It may be further suggested that if the NLO tracking
ystem is used at both ends, then the signal growth due to
ven modest R�1.1 will be enough to trigger side-by-side
oupling efficiency growth to the saturation level �R�4 to
�. The modeling of this process and its experimental study
ie out of the scope of this paper. In the future, we believe
t is realistic to hope for such a system with sensitivity in
he microwatt range.

We see a strong dependence of the coupling ratio on the
position of the NLC cell 
Fig. 9�c��, very similar to the

heoretical one calculated for the same numerical aperture
f the focusing lens �RL� �though scaled down �4 times�
Fig. 5�b��. The differences in position of the maximum
ay be also attributed to the difference of the transverse

rofile of beam 2 in the experiment from the Gaussian
odel. The input aperture �RL� truncates the Gaussian

eam 2 and focuses it on the NLC cell; therefore, the way
ptical Engineering 085003-
the intensity profile of the intercepted part of beam 2
changes along the z axis is different from the Gaussian
model.

4.3 Tracking of Angular Disturbances
The formation of a narrow-angle component in the beam 1
intensity profile, which is reverse-directed to the input
beam, is also observed when angular disturbance is intro-
duced. The steering mirror is used to disturb the angular
position of beam 2 with controlled frequency and ampli-
tude. The nontracking portion of beam 1 follows this angu-
lar modulation at the receiving end, while the tracking por-
tion �beam 3� stays at the position of the receiving aperture
regardless of disturbances. The screenshots of beam 1 in
front of the receiving aperture for angular disturbances of
different frequency and peak-to-peak amplitude in the x and
y directions are shown in Fig. 10�a�–10�c�. The distur-
bances were simultaneously applied along the x and y axes

0

1

2

3

4

5

6

0 5 10 15 20
NLC-layer thickness, μμm

C
ou
pl
in
g
ra
tio

(R
)

0

0.1

0.2

0.3

0.4

0.5

0.6
N
LC
-cellabsorption

1
2

0.01

0.1

1

10

0.1 1 10 100
Input beam power, mW

C
ou
pl
in
g
ra
tio

(R
-1
)

1
234

0

1

2

3

4

5

6

-300 -150 0 150 300
Z -position of NLC-cell, μμm

Co
up
lin
g
ra
tio

(R
)

1 2

3

a)

b)

c)

Fig. 9 The experimental coupling ratio �R and R−1� versus the fol-
lowing parameters: �a� NLC layer thickness l, �b� beam 2 power
intercepted by terminal 1, and �c� z position of NLC cell.
�a� P1=8.3 mW, P2=48 mW, �P=0.1 ms, rate 20 Hz; �b� curve 1:
P1=8.3 mW, �P=0.2 ms, rate 20 Hz, l=18.7 �m; curve 2:
P1=8.3 mW, l=4.5 �m; curve 3: P1=8.3 mW, l=14 �m; curve 4:
P1=15.2 mW, l=14 �m; �c� curve 1: P1=15.2 mW, P2=13.3 mW,
�P=0.1 ms, rate 20 Hz; l=5 �m; curve 2: P1=15.2 mW, P2
=48 mW, �P=0.1 ms, rate 20 Hz, l=5 �m; curve 3: P1=8.3 mW,
P2=48 mW, �P=0.1 ms, rate 20 Hz, l=18.7 �m. Beam 1 is cw;
pulse duration and rate are shown for beam 2 �if not otherwise
specified, beam 2 is cw�.
August 2008/Vol. 47�8�7



a
�
s
t
t
t
f
f
y
b
v
t
b
s
H
w
t
d
t
s
b

t

F
t
t
d
t
=
�
=
B
3
b

Koujelev and Dudelzak: Optical beam tracking and distortion compensation…

O

t similar frequencies and amplitudes. At low frequency
�1 Hz� an image close to the nondisturbed case is ob-
erved. At higher frequency ��10 Hz� a significant tail of
he central beam 3 is observed with direction corresponding
o the direction of the disturbance. This means that while
he NLO lens is moving from spot to spot in the NLC layer
ollowing the disturbance, it does not disappear fast enough
rom the previous spots. Thus, refraction by outdated, not
et vanished patterns forms this tail. For the 2-D distur-
ance in the frequency range of 200 Hz �beyond which
oice-coil steerers usually do not perform well� the central
racking spot still shows up, providing signal improvement
y 2 to 3 times. Similar improvement and a narrow-angle
pot are observed for linear �1-D� disturbances of 500 Hz.
owever, high-frequency observations are successful only
hen both beams are pulsed �no readout is happening be-

ween pulses�. Figure 10�d� and 10�e� show the intensity
istributions in x and y through the center of the screen on
he images in Fig. 10�a� to 10�c�. The central peak shows
everal fold signal improvement for all angular distur-
ances.

When the input beam’s angular position deviates from
he center, the tracking efficiency decreases due to the

Image (a)
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a) b)
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d) e)

ig. 10 Gray-scale screenshots ��a� to �c�� and corresponding in-
ensity profiles ��d� to �e�� of the beam from the tracking terminal 1 at
he plane of the passive terminal fiber coupler while tracking angular
isturbances of different frequency and peak-to-peak amplitude in

he x and y direction �f�x, f�y, �2x, and �2y�: �a� f�x=0.5 Hz, f�y
0.73 Hz, �2x=5.2 mrad, �2y=4.2 mrad; �b� f�x=10.5 Hz, f�y=13 Hz,
2x=4.2 mrad, �2y=5.2 mrad; �c� f�x=154.7 Hz, f�y=220 Hz, �2x
3.1 mrad, �2y=3.1 mrad. Experimental parameters for �a� and �b�:
eam 1: P1=8.3 mW, cw; beam 2: P2=11 mW, �P=0.5 ms, rate
00 Hz, l=18.7 �m. For �c�: P1=8.3 mW, P2=15.3 mW; both
eams are modulated with �P=0.2 ms and rate 180 Hz; l=18.7 �m.
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Gaussian profile of the readout beam �beam 1�. In our ex-
periments the tracking unit produced considerable signal
improvement within the angular span of �4 mrad �falling
to R=1.5 at the edges�, resulting to FOV �8 mrad. This is
in agreement with the projected FOV �7.6 mrad as esti-
mated by Eq. �3�. A larger FOV is possible with a shorter-
focal-distance lens or a wider readout beam.

5 Compensation of Wavefront Distortions
Thus it has been demonstrated that the reverse-directed
beam is formed within the field of regard at any angle of
incidence of the input beam. Let us assume that several
beams are set to input the NLO tracking device at different
angles. Since each of the beams forms a NLO lens in its
own location in the NLC layer, they do not interfere with
each other and can result in simultaneous formation of sev-
eral reverse-directed beams from one readout beam. Such a
situation may be realized when we want to broadcast the
signal to several terminals, or when we deal with distorted
beams. In the latter case, the input beam may be repre-
sented by a speckled angular structure at the receiving
lens.10 Then, each major speckle produces a corresponding
focusing microlens. The multitude of those microlenses
forms a pattern of refractive indices carrying the informa-
tion of the speckle field. Such a refractive index pattern
modulates the readout beam, strengthening components
reverse-directed to the major speckles. After passing back
through the distortions one may expect a stronger signal to
reach the receiver because of partial compensation of the
distortions.

We tested the feasibility of such a scenario in our ex-
periment by inserting two aberration plates �simulta-
neously� in the beam path between the terminals �Fig. 6�.
The use of two aberration plates at different places allows
better representation of aberrations extending along the
transmission path �like those happening in a long atmo-
spheric path� and ensures that the adaptive capability does
not critically depend on the position of the aberration plate.
The speckle structures of the beams entering two terminals
�in the absence of a NLO pattern� are shown in Fig. 11�a�
and 11�b�. One can notice very strong aberrations.

When both beams are enabled, resulting in NLO pattern
formation, the experimental observations show clear and
stable formation of a reverse-directed beam having close to
Gaussian shape after passage back through two aberration
plates 
Fig. 11�c��. If angular disturbance is introduced by
the beamsteerer �sinusoidal scanning along both x and y
axes with SM in Fig. 6� at fixed aberration-plate positions,
the reverse-directed beam stays for jitter frequencies more
than 100 Hz in both x and y directions 
Fig. 11�d��. The
appearance of the reverse-directed beam was accompanied
by a 3- to 5-fold increase of the signal received on the
fiber-coupled detector, corresponding to the factor R=3 to
5. In addition to scanning the beam at fixed aberration-plate
positions, we also tested what happens when the plates are
moved manually. Shifts of aberration plates can change the
R factor within its range, but do not critically affect the
observation: the reverse-directed beam stays.

The interesting result with aberration plates is that the
reverse-directed beam profile is much closer to the original
Gaussian beam than in the experiments without the aberra-
tion plates 
compare transverse profiles in Fig. 11�e� and
August 2008/Vol. 47�8�8
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1�f� with those in Fig. 10�d� and 10�e��. This suggests that
he NLO tracking device modulates the transverse structure
f the readout beam so that a considerable part of it is in
act phase-conjugate to the original input beam. The pres-
nce of two aberration plates allows spatial filtering of the
hase-conjugate component. This results in observation of
cleaner reverse-directed beam than in the case without

berrators. Of course, detailed modeling and a separate
edicated set of experiments will have to be performed to
igorously prove the phase-conjugation function of the sys-
em we study. This topic is out of the scope of this paper
nd will be explored in further work.

Discussion
et us consider application of the described concept to a

ypical short-distance, ground-to-ground communication
ink �last-mile connection�.

In a typical arrangement, two identical optical terminals
re located 1 km apart. The receiver aperture diameter is
etermined by the requirement to collect as much light as
ossible and to reduce atmospheric scintillations by aver-
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ig. 11 Grayscale screenshots ��a� to �c�� and corresponding inten-
ity profiles ��d� to �e�� of the beams from both terminals in the
resence of two aberration plates with and without angular distur-
ances: �a� a screenshot of beam 1 in front of terminal 2 in the
bsence of beam 2 with no angular disturbances; �b� a screenshot
f beam 2 in front of terminal 1 in the absence of beam 1 with no
ngular disturbances; �c� a screenshot of beam 1 in front of terminal
with beam 2 present and no angular disturbances; �d� a screen-

hot of beam 1 in front of terminal 2 with beam 2 present and with
ngular disturbances: f�x=100.7 Hz, f�y=111 Hz, �2x=3.1 mrad,
2y=3.1 mrad; �e�, �f� intensity profiles along the x and y axes cor-
esponding to the preceding images. Experimental parameters: P1
8.3 mW, P2=48 mW; both beams are modulated with �P=0.2 ms
nd rate 180 Hz; l=18.7 �m.
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aging over the aperture. Typically, that diameter can be
about 15 cm. The transmitted beam divergence is about
2 mrad. This kind of system is not expected to have any
tracking capability, for the communicating points are not
moving, and the beam divergence covers small angular dis-
turbances. High output power, which is typically in the
range of 0.5 W �routinely achieved with fiber amplifiers or
by combining a few lasers of the same wavelength�, is ca-
pable of compensating for free-space losses. Using a clas-
sical tracking system could improve the system link budget
even though the wide-angle laser beacon would still be re-
quired. In practice, however, this would double or triple the
system cost. The tracking system described in this paper
has negligible effect on the system cost, providing at the
same time times an increase in the signal by 3 to 5. Indeed,
at the given divergence, receiver aperture, and link distance
we get 2.8 mW of intercepted laser power, which is enough
for the current system. The degradation due to atmospheric
distortions may be reduced by the partial compensation ca-
pability of the NLO system, although an increase of laser
power is still required to overcome the losses due to beam
broadening.

Increase of the communication distance may be
achieved with use of NLO materials with higher nonlinear-
ity. For example, photorefractive NLCs offer nonlinear op-
tical coefficients up to 4 orders of magnitude larger than the
thermal nonlinearity of NLCs.11 Although this increase in
NLO coefficients is usually accompanied by increase in
reaction time, in some cases, when high-speed tracking is
not strongly required, their use may be appropriate. Use of
those materials may allow the NLO lens concept to work
with as little as 0.5 �W of intercepted power, correspond-
ing to an increase of link distance up to 100 km.

7 Conclusion
The concept of using a dynamic nonlinear lens as an optical
tracking mechanism has been suggested. Numerical model-
ing based on the diffraction integral showed that the
narrow-angle portion of the output beam is produced by
this mechanism in the range of laser power currently used
in the last-mile optical links. The signal link budget im-
provement may be up to an order of magnitude and may
allow, in particular, an increase in communication band-
width with the same factor.

Our proof-of-concept experiments show good qualitative
agreement with the concept and numerical modeling. The
experiment proves that a nonlinear lens formation in a layer
of NLO material in the proposed optical scheme produces a
specific dynamic pattern of the optical beam passing
through the material. This pattern creates a strong beam
propagating in direction opposite to that of the input beam.
Thus, the reversed beam tracks changes in the input beam
direction. A more than fivefold signal increase at a distant
receiver at 1500-nm wavelength has been observed with a
nonlinear lens formation in a nematic-liquid-crystal layer
with an infrared dye. A way of improving the link effi-
ciency and sensitivity with NLO tracking units on both
communication ends is suggested. The compensation of
wavefront distortions is demonstrated, showing adaptive
capabilities of the device. The technique is easy to imple-
August 2008/Vol. 47�8�9
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ent and may be a cost-effective way to increase the link
udget in short-distance free-space optical communication
etworks.
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