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In order to increase the coupling efficiency and suppress the random angular jitter induced by atmosphere turbulent, the
fine tracking system with fast steering mirror (FSM) is demonstrated. The field experiment results of free-space optical
communication link across 16 km show that when there is no tracking, the range of the x-axis coordinates’ fluctuation
achieves 46 pixels, corresponding to the incident angle of 73.6 rad, and its mean square deviation is 6.5 pixels, corre-
sponding to the incident angle of 10.4 rad. When there is tracking, the range of fluctuation is suppressed to 10 pixels and
16 rad, and the mean square deviation reduces to 1.5 pixels and 2.6 rad for the spot’s centroid and the incident angle,
respectively. Significantly, the coupling efficiency increases by 6 times, and the fluctuation of received light power de-
creases obviously.
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Free space optical (FSO) technology may become prominent
in the next generation broadband networks[1,2]. The high-speed
free-space optical communication links are recently being fo-
cused on. In the systems using single-mode fibers, the fiber
coupling efficiency is one of the most significant issues to be
solved. When a laser beam propagates through a turbulent me-
dium like the atmosphere, the fluctuations of the angle of ar-
rival (AOA) caused by the random deflection of the cross-
section of beam can lead to the beam deviating from goal,
which transforms to a spot motion or an image dancing at the
focal plane of the receiver. The movement in the end face of
optical fiber induces matching degree between the diffraction
intensity and fiber-optic field intensity to reduce. Moreover it
limits the efficiency that the laser beam is coupled into a single-
mode fiber, making the received power undulate [3-5].

Adaptive optics (AO) systems can be used for correcting
the aberrations induced by turbulence and for improving the
coupling efficiency, but it is not a good solution because of
the increased cost and the decreased receiver mobility due to
using the bulkier large aperture optical elements. Furthermore,
the AO system at the receiver cannot compensate for laser
beam wander. If the laser beam wanders out of the receiver

aperture, there will be a severe signal drop-off which causes
the outage of communication system[6,7]. Another promising
alternative for the fine tracking systems is to use the fast steer-
ing mirror (FSM) for suppressing the fluctuations of angle of
arrival[8-10]. In Ref.[8], the design problem about the control-
ler of  FSM was addressed with the integration of an ex-
tended Kalman filter (EKF) and a linear time-invariant (LTI)
single-input and single-output (SISO) system, which becomes
impractical. In Ref.[9], a closed-loop fine tracking system was
designed and built, but the free-space optical communication
link is only 1.2 km long. Fuzzy reasoning rules were used in
Ref.[10], but the suppression of the system was limited. In
this paper, the efficiency for coupling space light into single-
mode fiber in the presence of atmospheric turbulence is
discussed, and the fine tracking system with three layers of
structure back propagation (BP) neural network (NN) is
demonstrated. Finally, its results of free-space optical com-
munication link across 16 km are presented.

A uniform optical beam is focused by using a lens with
the diameter of D and the focal length of f. The distribution
of the optical beam on the fiber end becomes an Airy pattern,
and the intensity is given by[11-13]
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where k is the wave number,  is the optical wavelength, r is
the radial distance on the focal plane, and J1 is the zero-
order Bessel function of the first kind. The first zero point of
the Bessel function is called the Airy disk radius 1. The phase
term in Eq.(1) can be omitted, and it is then expressed by
only the amplitude,
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where 1=1.22 f/D.
The fundamental mode (LP01) of power distribution in a

single-mode fiber can be approximated by a Gaussian beam
within 1% error[9], and it can be expressed as
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where 0 is the beam spot size when the amplitude is 1/e of
the maximum. An offset bias  is defined as the static radial
offset of the optical beam from the nominal axis of the fiber
core. If there is an offset bias , the distribution with respect
to the r and axes is given by the Nakagami-Rice distribu-
tion as
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The angular error distribution due to the random jitter be-
comes a Gaussian distribution[14] with a zero mean and a vari-
ance of 2. When there is an offset bias error in the incident
optical axis, the radial probability distribution can be given
by the Rayleigh distribution as
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Thus, the expected value of the coupling efficiency with re-
spect to the random jitter is given by
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The schematic diagram of the fine tracking system with
FSM is shown in Fig.1. After receiving the beacon light, the
fine tracking controller determines the angle of FSM deflec-
tion according to the coordinate of spot center in CCD, then
the angle is transformed to a voltage between 0 V and 10.0 V
which can drive the FSM deflection by PZT actuator. This

Fig.1 Schematic diagram of the fine tracking system with
FSM

The artificial intelligent controller algorithm is designed
by using a gain scheduled proportional-integral-differential
(PID) control approach. The discrete PID controller could
be written in a discrete form as

u(k) = u(k 1) + Kp [e(k) e(k 1)] + Ki e(k) +

           Kd[e(k) 2e(k 1)+e(k 2)] ,                                   (7)

where e(k) is the desired coordinate of spot center less than
actual coordinate (or error) in CCD camera, and Kp, Ki, Kd

are the PID gains in Fig.2. The variable u(k) is the controller
output for further use in controlling PZT. It is said that NN is
not only good at nonlinear approximating ability, but also
fast in parallel computation, which can decrease the compu-
ting complexity. In an NN PID system, Kp , Ki and Kd are the
output of NN system with respect to the error and the change
of error. The problems of controlling FSM are dominated by
the uncertainty of the AOA, nonlinear and lagging of FSM.
In order to achieve high-precision and high-speed motion
control system, the BP NN with three layers is presented for
adjusting PID controller gains.

Fig.2 Schematic diagram of neuron PID control system

The BP NN in Fig.3 can be used for adjusting the gains
of PID controller adaptively by using the BP method with
the measurement data of u(k), y(k) and r(k). The BP network
is multilayered network which consists of an input layer, an
output layer and several hidden layers of nonlinear process-
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system is possible to reduce offset bias error in the incident
optical axis.]
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Fig.3 BP neural network with three layers

The inputs of BP neural network are

The inputs and outputs of the hidden layer are

x1=o1
I (k) = e(k), x2= o2

I (k) = e(k) e(k 1)  .                    (8)

where netj
J and oj

J are the input of j-th neuron in hidden layer
and the output, respectively, wji is weighting coefficient of
hidden layer, f1(.) is the transformation function, and f1(x) =
(1 ex)/(1+ex).

The input and output of the output layer can be expressed
as:

where J is to modify the weights by the fastest descend mean,
which is searched and tuned toward the negative gradient
and added on an inertia coefficient to make faster constring-
ency.

This paper presents an experiment to examine the cou-
pling efficiency of a laser beam propagating through atmo-
sphere over a 16 km distance. The experiment was performed,
lasting nearly one year. The laser link established between
two buildings in Beijing urban is about 15 m above ground
level. Landscape along the path is simple, including Guanting

where f2(.) is the activation function and f2(x) =ex/(ex+e-x).
By using the BP algorithm based on gradient method,

minimize the performance index function J which can be ex-
pressed as following:

J=e2(k + 1)/2 ,                                                            (11)

reservoir and several apple orchards. The receiving experi-
mental setup is shown in Fig.4. The transmitter is a frequency-
doubled Nd YAG laser with the wavelength of 1550 nm and
the maximum output power of 100 mW.

The output of the Cassegrain telescope is divided into
two beams by a light splitter. One of the two beams is fo-
cused on the optical fiber end face by a lens to couple space
light, and the other is focused on a CCD camera by its own
lens (f=200 mm) to measure the fluctuation of AOA. These
devices are mounted on the 3-dimensional adjustable optics
table as shown in Fig.4. The optical antenna employs the
Cassegrain telescope with 2500 mm focus, where the inci-
dent angle is magnified by 50 times. The CCD camera with
16 m pixel-pitch has sampling rate of 400 Hz. The angular
resolution for a pixel-pitch is expressed by

FOV = Spixel / f = 16/(0.2 50)=1.6 ( rad).                 (12)

The data set contains 8000 points sampled at 400 Hz.
Fig.5 shows the histogram of spot centroid, whose distribu-
tions are similar to the normal distribution. According to the
central limit theorem, a random variable which is the sum of
a large number of random variables should have a normal
distribution. The AOA has a linear relationship with the phase,
so it should also follow a normal distribution. As the above
examples presented, the horizontal turbulence (x-axis) is stron-
ger than vertical one (y-axis). When there is no tracking, in the
x-axis, the maximum range of centroid coordinates is in the
region of 24 pixels, corresponding to the incident angle
of 38.4 rad, and its mean square deviation is 6.5 pixels,
corresponding to the incident angle of 10.4 rad. In the y-
axis, the maximum range of centroid coordinates is in the
region of 17.5 pixels, corresponding to the incident angle
of 28 rad, and its mean square deviation is 5.1 pixels, cor-
responding to the incident angle of 8.2 rad. When there is
tracking, in the x-axis, the range of fluctuation is suppressed
to 5 pixels and 8 rad, and the mean square deviation
reduces to 1.5 pixels and 2.6 rad for the spot’s centroid and
the incident angle, respectively.

Fig.4 Photograph of the receiving experimental setup

ing elements. In this paper, the BP NN with three layers is
shown as Fig.3, which has the input neurons of I, the hidden
neurons of J and the output neurons of P[14].
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After being coupled into the optical fiber in the focal plane
and amplified by erbium-doped fiber amplifier (EDFA), the
received light is detected by PIN detector in Fig.1. The re-
ceived optical power is measured by means of output vol-
tage of PIN detector, which is sampled at the rate of 10000 Hz.
Fig.6 shows the output voltage of PIN detector without sup-
pressing the AOA fluctuation. The voltage fluctuates between
0.1 mV and 0.7 mV in Fig.6, which doesn’t mainly exceed
0.4 mV. The results for suppressing are shown in Fig.7. The
voltage fluctuates between 1 mV and 4.5 mV, which doesn’t

Fig.5 Statistic of AOA fluctuations
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mainly exceed 4 mV. Significantly, the coupling efficiency
increases by about 6 times, and the fluctuation of received
light power decreases obviously.

In this paper, we examine the single-mode fiber coupling
in FSO systems suffering from turbulence which induces the
AOA fluctuations. The experimental results show that the
AOA probability follows a normal distribution. The fine track-
ing system is demonstrated for suppressing the random an-
gular jitter. The NN-PID controller algorithm can decrease
the variance of the AOA fluctuation. Moreover the control
system improves the coupling efficiency. Nowadays, such a
fiber-based technology has a broad application prospect in
free space optical communication. It is a precision engineer-
ing to couple the space light distorted by turbulence into the
single-mode fiber.

Fig.6 Acquired data of light power without tracking

Fig.7 Acquired data of light power with tracking


