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Atmospheric  turbulence  seriously  degrades  the  performance  of free  space  optical  (FSO)  communication
systems,  especially  the  coupling  efficiency.  In this  paper,  we  propose  a stochastic  parallel  gradient  descent
ccepted 4 June 2014

eywords:
SO communication
tmospheric compensation
iber coupling
PGD

(SPGD)  algorithm  to compensate  the  atmospheric  turbulence  in FSO  communication  system.  Theoretical
analysis  and  work  flow  of  the  algorithm  are  given.  Both  simulation  and  experimental  results  indicate  that
the  coupling  efficiency  can  be increased  from  12% to more  than  80%  after  270  iterations  or  more  than
threefold,  which  implies  a significant  improvement  of  the performance.

©  2014  Elsevier  GmbH.  All  rights  reserved.
. Introduction

It is quite well known that the study of FSO systems is increas-
ngly important and significant, owing to its advantages over RF
or millimeter-wave) systems such as improved security, no spec-
rum licensing, and faster speed over the short-haul access [1–7].
owever, due to its narrow beam divergence angle, FSO commu-
ication systems are generally extremely sensitive to atmospheric
urbulence and mechanical vibration. And atmospheric turbulence
8–10,6,11] is the major impairment which causes variation of
tmosphere refractive index with time and space, and with both
mplitude and phase of laser signal fluctuating along its propaga-
ion path [12]. This leads to serious degradation for the performance
f free space optical (FSO) communication systems, while the cou-
ling efficiency suffers most [13–16]. Generally, adaptive optics
AO) is acknowledged as an effective method to compensate the
tmospheric turbulence [17–21].

Most current AO systems concerned about wave-front phase
istortion. Shack–Hartmann wave-front sensor (SH-WFS) is a typ-

cal sensor used in AO systems. But it has flaws in FSO systems
pplications in which the intensity cannot be all time detected, due

o the scintillation effect. Especially when it comes to near-ground
emote transmission, the laser scintillation from atmospheric tur-
ulence is tremendous [22,23]. A new wave-front measurement

∗ Corresponding author. Tel.: +86 431 85152181; fax: +86 431 85152181.
E-mail address: xhzhao@jlu.edu.cn (X. Zhao).

ttp://dx.doi.org/10.1016/j.ijleo.2014.06.127
030-4026/© 2014 Elsevier GmbH. All rights reserved.
method based on focal plane which can avoid power loses by less
spectroscopic is proposed [24]. Nevertheless, these methods usu-
ally concentrate on phase distortion.

The conventional adaptive optics systems are based on wave-
front conjugation principle, and phase conjugation is realized in an
optoelectronic feedback-loop system comprising wave-front sen-
sor and reconstructor. The system usually uses a single deformable
mirror or other phase correction device to compensate phase
distortion. The compensation performance of AO system largely
depends on the characteristics of the deformable mirror (DM) and
is limited by the stroke and the spatial frequency of actuators.
Recently, sensor-less measurement technology algorithms used
in AO systems [25,26] have been developed, in which the wave-
front correctors need some information that associated with the
wave-front aberrations as the feedback and control parameter of
the correction element. In this paper, we propose a new atmo-
spheric compensation method based on SPGD algorithm. In order
to testify the feasibility of our method, the numerical simulation of
compensation process of random atmospheric turbulence is given,
and the analysis of the fiber coupling efficiency before and after
compensation is provided. A closed-loop laboratory experimental
system is built up, in which the deformable mirror (DM) is real-time
manipulated by an embedded controller with parallel processing
technology and the atmospheric turbulence is simulated by a tur-

bulence simulation box. The results of the repeated experiments
show that the proposed method can compensate efficiently the
atmospheric turbulence and significantly improve fiber coupling
efficiency.

dx.doi.org/10.1016/j.ijleo.2014.06.127
http://www.sciencedirect.com/science/journal/00304026
http://www.elsevier.de/ijleo
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijleo.2014.06.127&domain=pdf
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Fig. 1. Functional block diagram of FSO systems.

The structure of this paper is as follows. In Section 2, we describe
he model of the system and the principle of the proposed algo-
ithm. In Section 3, the efficiency analysis of the FSO system is
rovided. In Section IV, the wave-front distribution during the iter-
tion through numerical simulation is discussed, with the coupling
fficiency before and after compensation to verify the feasibility of
ur proposed algorithm. Finally, we set up a closed-loop FSO com-
unication experimental system, where the deformable mirrors

DMs) is real-time manipulated by an embedded controller with
arallel processing technology, and the atmospheric turbulence is
imulated by a turbulence simulation box.

. Numeral model of SPGD algorithm

.1. System model

The functional block diagram of FSO communication systems
s shown in Fig. 1, including transmitting terminal, atmospheric
hannel and receiving terminal. As shown in Fig. 1, atmospheric
cintillation occurs due to thermally induced refractive index
hanges of the air along the optical link, causing rapid fluctuation of
ignal irradiance at the receiver, reduction in degree of coherence
f the optical signal [2], and potentially poor bit error rate (BER),
eriously affects the performance of FSO systems in single mode
ber (SMF).

.2. Actuator model

Based on clear aperture and separation distances between the
ctuators in the unit circle, we configure the normalized layout of
2-element deformable mirrors (DMs) actuators, as shown in Fig. 2.

The influence function of the actuators on each point in the unit
ircle can be approximated by Gaussian function{ [ √ ]˛}

j(x, y) = exp ln ω

1
d

(x − xj)
2 + (y − yj)

2 (1)

here Sj(x, y) is the influence function of the jth actuator, (xj, yj)
s the position coordinate of jth actuator (j = 1, 2, · · · ,32). ω is the
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Fig. 2. Layout of 32-element deformable mirrors actuators.
2014) 6142–6147 6143

cross-linked value of the actuators usually set to 0.08. d is the
normalized distance taken as 0.383.  ̨ is the Gaussian index set
to 2.

The phase compensation u(x, y) generated by the deformable
mirrors is

u(x, y) =
32∑
j=1

vjSj(x, y) (2)

where �j is jth voltage of the actuators.

2.3. Model of SPGD algorithm in wave-front distortion correction

The SPGD algorithm [27,28] is an adaptive technique for opti-
cal correction based on the simultaneous perturbation stochastic
approximation (SPSA) method. It is easy to realize and can concur-
rently control the parameters calculation.

Normally, The SPGD algorithm in AO systems can be treated as
an optimal control problem, whose numeral model is given by

min  J[u(r)]

s.t. �k+1(r) = f (�k(r), u(r)), �0(r) = ϕ(r)
(3)

where J[u(r)] is the object function describing the relationship
between performance metric J and control variable u(r). In AO
wave-front distortion correcting systems, we  select Strehl ratio as
the performance metric J, the phase compensation generated by
the wave-front corrector as control variable u(r), and the residual
phase difference after kth iteration as state variable �k(r). Naturally,
the state equation can be expressed as

�k+1(r) = �k(r) + u(r) (4)

The relationship between SR and u(r) is

SR = 1 − 1
S

∫ ∫
S

(
�k+1(r) − ¯�k+1(r)

)2
rd2r (5)

�k+1(r) = �k(r) + u(r) (6)

where �k(r) can be measured by the images after iterations. ¯�k+1(r)
is the average of �k(r) on the unit circle.

The initial state �0(r) is the initial wave-front distortion. In the
following simulations, we  express �0(r) by 3rd to 10th Zernike
polynomials [29]

�0(r) = ϕ(r) =
10∑
i=3

˛iZi(r) (7)

2.4. SPGD algorithm flow

The fundamental principle of SPGD algorithm can be described
as

v(k+1) = v(k) + ��v(k)[J+ − J−] (8)

J+ = J[v(k) + �v(k)] (9)

J− = J[v(k) − �v(k)] (10)

where � is the positive gain coefficient. �v(k) =[
�v(k)

1 , �v(k)
2 , · · ·,  �v(k)

32

]T
is the random disturbance vec-

tor with independent element �v(k)
i

at kth iteration.
v(k) =
[
v(k)

1 , v(k)
2 , · · ·, v(k)

32

]T
is the voltage vector applied to the

actuators at kth iteration. J = J[v] can be obtained by Eqs. (1), (2),
(5), and (6). Hence, the SPGD Algorithm flow is described as follows



6  125 (2014) 6142–6147

a

b
c
d

e
f

3

m
d
t
n
e

J

w
fi
a
t
e

S

w
I
t

4

u
a
s
d
t
s
p

˛
t
[
�∣∣
S
a
b
d

f
n
p

n
r
t

p
d

Fig. 3. Residual phase differences after different iterations.
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. Get fitted value of wave-front distortion from (7);

. Initialize voltage vector v(0) = [v(0)
1 , v(0)

2 , · · ·,  v(0)
32 ]

T
;

. Obtain initial performance metric J taken as SR;

. Generate stochastic disturbance �v(k) =
[�v(k)

1 , �v(k)
2 , · · ·, �v(k)

32 ]
T
;

. Obtain v(k+1) by v(k) according to Eqs. (8)–(10);

. Obtain J at each iteration k and if J satisfies the terminal condition,
end the iteration; if not, return to step d. Note that the terminal
condition is not unique, it depends on the actual systems.

. Analysis of fiber coupling efficiency

Generally, the received laser signals are coupled into a single
ode fiber, so that the coupling efficiency of single mode fiber,

efined as the ratio of the average power coupled into the fiber
o the average power in the receiver aperture plane [30], has sig-
ificant influence on the performance of FSO system. The coupling
fficiency can be expressed as

 ∝
∣∣∫∫

Af (r)M∗
0(r)d2r

∣∣2

∫∫
Af (r)Af

∗(r)d2r ×
∫∫

M0(r)M∗
0(r)d2r

(11)

here Af(r) is Fourier transform of the single-mode fiber optical
eld, M0(r) is the incident optical field in the focal plane, and Af(r)
nd M0(r) are complex quantities. Since Eq. (11) is too complicated
o calculate, we apply Strehl Ratio to simplify the average coupling
fficiency [31] given by

T ∝
∣∣Af (r0)

∣∣2
(12)

here r0 is the desired on-axis location of the center of the fiber.
n this paper, we calculate Strehl Ratio of the laser signal images in
he focal plane to analyze the coupling efficiency.

. Numerical simulation

In order to verify the feasibility of our algorithm, numerical sim-
lation is carried out. First we introduce wave-front with Zernike
berrations with the gain coefficient and the initial voltage for DMs
ettled. Then through several iterations, we observe the wavefront
istribution to obtain the coupling efficiency though calculation of
he SR during the iteration, and to analyze the performance of atmo-
pheric compensation. During the simulation process, we  take the
arameters as follows

The coefficient of Zernike polynomials: ˛3 = 1.3, ˛4 = 0.65,
5 = −0.4, ˛6 = 0.32, ˛7 = −0.45, ˛8 = −0.3, ˛9 = 0.25, ˛10 = −0.15. We

ake the gain coefficient � = 0.8, and initial voltage vector v(0) =
1, 1, · · ·, 1]T. Each element of the random disturbance vector

v is independent and is subject to Bernoulli distribution, and
�vi

∣∣ = ı = 0.25.
According to the principle of the proposed algorithm, we select

R as the performance metric J with initial value 0.12. The results
re as Fig. 3 where Fig. 3(a) is the introduced wavefront distri-
ution before correction. Fig. 3(b)–(h) are the residual wavefront
istribution after 10 to 350 iterations respectively.

Through calculation of SR, the performance metric J increases
rom 0.12 to 0.81, which indicates that SPGD algorithm has a sig-
ificant effect on the atmospheric compensation and improves the
erformance of FSO communication systems.

We summarize the performance metric J(SR) variation with the
umber of iteration in Fig. 4. Fig. 4 shows that the performance met-
ic J(SR) increases with the number of iteration N, and it converges

o 81% when N is about 270.

The influence of gain coefficient on the convergence of the pro-
osed algorithm is shown in Fig. 5, from which it is obvious that
ifferent gain coefficients lead to different rate of convergence.
Fig. 4. Performance metric J(SR) with respect to number of iterations (N).

5. Experiment and analysis

To deeply implement and analyze the proposed algorithm, we

set up a FSO experiment communication system shown in Fig. 6,
with our proposed SPGD algorithm to compensate the atmospheric
turbulence in close-loop perspective. There is no wave-front
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Fig. 5. Influence of gain coefficients on convergence of the algorithm.

Fig. 6. Diagram of experiment system.
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Fig. 9. Image before compensation.
Fig. 7. Structure of FSO experiment communication system.

ensor, and at each iteration, SPGD beam controller is based on
ome information as the feedback of the correction element.

For the simulation of the atmospheric turbulence, we design an
tmospheric turbulence simulation box (ATSB) to simulate atmo-
pheric flow and diffusion shown in Figs. 7 and 8 respectively. Our
xperiment system contains laser, OOK modulator, ATSB, DMs, CCD
amera, photomultiplier, parallel processor, and DMs  controller.

The OOK modulated laser beam is sent though ATSB then passes
hrough the turbulence box which can simulate atmospheric tur-

ulence by introducing cold and hot air. It is divided into two beams
fter passing through DMs, one of them is sent to APD for demodula-
ion so that the communication completes. In order to improve the

Fig. 8. Photo of FSO experiment communication system.
Fig. 10. Image after compensation.

performance of the FSO system, the other beam will be processed
by a DM controller to compensate atmospheric turbulence.

To improve system efficiency, the photomultiplier is used in fast
photoelectric conversion and embedded processor is applied for
signal processing. The specified parameters are given in Table 1.

In contrast to above numerical simulation, the experiment is on
a closed-loop dynamic compensation. The image before compen-
sation is shown in Fig. 9.

And after 1000 iterations, the energy tends to be more concen-
trated, the image on focal plane can be seen in Fig. 10.

The gray value distribution before and after compensation is
shown in Fig. 11. We can see that the capability of energy focus has
been obviously improved.

We can obtain the coupling efficiency variation through calcu-
lation of SR before and after compensation respectively. The results

of SR before and after compensation are 6.05% and 30.59%.

After several experiments under different conditions, the
images on focal plane are shown in Fig. 12, where Fig. 12(a) are

Table 1
Experiment parameters of FSO communication system.

Parameter Value

Diameter of transmitter 20 mm
Diameter of receiver 20 mm
Laser wavelength 532 nm
Modulation frequency 1 kHz
Deformable mirrors unit number 32
Pixel size of CCD camera 5 �m
Resolution of CCD camera 1024 × 1024
Frames per second of CCD camera 30
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Table 2
Experiment results.

Coupling efficiency
before compensation

Coupling efficiency
after compensation

2.06% 20.51%
4.35% 28.32%
Fig. 11. Gray value distribution image (one-dimensional).

he images before compensation and Fig. 12(b) are the images after
ompensation. The experimental results are shown in Table 2.
As shown in Table 2, different turbulence strength causes
ifferent coupling efficiency variation before and after the compen-
ation with the proposed algorithm. Through repeated experiments
ith different turbulence strength, we can see that the coupling

Fig. 12. Images on focal plane of several experiments.

[

[

9.23% 31.20%
13.91% 35.96%

efficiency obviously increases demonstrating the validity of our
method in atmospheric compensation in real time. In addition, first
two groups of data show that the coupling efficiency can increase
nearly from 3% to more than 20% when atmospheric turbulence
is strong. The last two groups of data show that the coupling effi-
ciency can only increase from nearly 10% to more than 30% when
atmospheric turbulence is weak. The comparison indicates that the
atmospheric compensation algorithm proposed here is working
well in both weak and strong turbulence conditions.

6. Conclusion

In this paper, we  compensate atmospheric turbulence with
stochastic parallel gradient descent (SPGD) laser beam control
algorithm in FSO communication systems. The analysis of the rela-
tionship between the coupling efficiency and Strehl rate is given.
Different from the conventional wave-front conjugation principle-
based AO systems, our SPGD algorithm does not need wave-front
sensor as SH-WFS, which increases processing rate of the FSO
system. The simulation and experimental results show that the
coupling efficiency largely increases and the performance of FSO
communication significantly improves.

In addition, further work about the relationship between the
turbulence strength introduced by the turbulence simulation box
and the structure constant of refractive index C2

n will be carried out
in the near future.
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