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Reduction of the Beam Pointing Error for
Improved Free-Space Optical

Communication Link Performance ?

Ibrahima N’Doye, Wenqi Cai, Asem Alalwan, Xiaobin Sun,
Wael Ghazy Headary, Mohamed-Slim Alouini, Boon S. Ooi,

Taous-Meriem Laleg-Kirati∗

Computer, Electrical and Mathematical Sciences and Engineering
Division (CEMSE), King Abdullah University of Science and
Technology (KAUST), Thuwal 23955-6900, Saudi Arabia.

Abstract: Free-space optical communication is emerging as a low-power, low-cost, and high
data rate alternative to radio-frequency communication in short- to medium-range applications.
However, it requires a close-to-line-of-sight link between the transmitter and the receiver.
This paper proposes a robust H∞ control law for free-space optical (FSO) beam pointing
error systems under controlled weak turbulence conditions. The objective is to maintain the
transmitter-receiver line, which means the center of the optical beam as close as possible to
the center of the receiving aperture within a prescribed disturbance attenuation level. First, we
derive an augmented nonlinear discrete-time model for pointing error loss due to misalignment
caused by weak atmospheric turbulence. We then investigate the H∞-norm optimization
problem that guarantees the closed-loop pointing error is stable and ensures the prescribed weak
disturbance attenuation. Furthermore, we evaluate the closed-loop outage probability error and
bit error rate (BER) that quantify the free-space optical communication performance in fading
channels. Finally, the paper concludes with a numerical simulation of the proposed approach to
the FSO link’s error performance.

Keywords: Free-space optical (FSO) communications, H∞ pointing error control, weak
turbulence, lognormal distribution, Linear Matrix Inequality (LMI).

1. INTRODUCTION

Free-space optical (FSO) communication systems have
emerged as a viable technology that offers a large capac-
ity usage (data, voice, and video) in short to medium-
range applications. The range of applications include fixed-
location terrestrial communication (Willebrand and Ghu-
man (2001)), communication between mobile robots (Kerr
et al. (1996)), underwater wireless optical communica-
tion (UWOC) (Oubei et al. (2015)), airborne communi-
cation (Maynard (1987)), and inter-satellite communica-
tion (Chan (2003)). FSO is a line of sight communication
network with a free-space or atmosphere as a channel.
This channel may be turbulent, causing absorption and
scattering of the optical signal due to the presence of
many factors, including fog, rain, snow, and temperature
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variations, resulting in its deterioration (Singh and Sappal
(2019)). Due to the temperature variations in the atmo-
sphere, the refractive index changes creating Fresnel zones
of different densities that scatter the laser beam from its
projected path to travel diverse directions.

Atmospheric turbulence is a random phenomenon caused
by the variation of temperature or humidity and the at-
mosphere’s pressure along the propagation path. Specif-
ically, atmospheric turbulence is highly variable and un-
predictable due to weather effects (Henniger and Wilfert
(2010)). It would make the optical beam fluctuated when
propagating through the channel and finally results in
misalignment due to diffraction from particulates present
in the channel, resulting in enlarging the beam’s size to
become more significant than the receiver aperture size.
Misalignment can lead to intolerable signal fades and
can significantly degrade system performance. In other
words, atmospheric turbulence may lead to a significant
degradation in the performance of the FSO communication
systems (Alheadary et al. (2015)).

In addition to this, the signal propagating through the
FSO channel is also perturbed by building vibrations,
sways, and thermal expansions result in degradation of link
performance (Shin and Chan (2002), Farid and Hranilovic
(2007)). This misalignment can lead to pointing errors,
causing the optical beam’s displacement along with hor-



izontal and vertical directions. Hence, FSO links require
accurate pointing (Borah and Voelz (2009)), which means
the pointing error needs to be very small to reduce the
loss due to misalignment between the transmitter-receiver
line.

Since FSO systems require precise pointing as the light
signals are highly directional, the effect of pointing errors
on link performance is a great interest for many potential
applications. Several approaches have been proposed to
address the LOS (Line-of-Sight) requirement in optical
communication systems. In (Pontbriand et al. (2008)),
large-area photomultiplier tubes are used to increase the
receiver’s field of view. Multiple LEDs and multiple pho-
todiodes have also been used to avoid the need for active
pointing during optical-communication (Rust and Asada
(2012), Simpson et al. (2012)). However, these systems
achieved the LOS through redundancy in transmitters and
receivers, which resulted in a larger footprint, higher cost,
and higher complexity.

Furthermore, different pointing strategies for FSO links
have been proposed in (Arnon et al. (2002); Komaee et al.
(2007); Yuksel et al. (2005); Liu (2009); Cai et al. (2019)).
However, these methods focus on combining existing com-
ponents of the pointing assembly and atmospheric tur-
bulence effects using manual and special detection tech-
niques. Additionally, these methods use statistical perfor-
mance analysis tools to mitigate pointing error effects but
did not consider the controller design aspect. Many of
them did not include the influence of vibration levels and
atmospheric turbulence. To alleviate these shortcomings
and arrive with an accurate pointing error solution in FSO
links, we propose a robust control strategy for maintaining
the optical link between free-space communication stations
engaged in a laser communication channel.

To the best of the authors’ knowledge, designing a beam
pointing error control for improved FSO link performance
has not been thoroughly investigated. One of this paper’s
motivations is to study and characterize the lognormal
turbulence fading theoretically and experimentally to con-
struct fully auxiliary control subsystems for robust FSO
links.

The contributions of this paper to the existing body in the
literature in pointing error control for FSO systems are as
follows.

• We propose an experimental setup and analyze the
lognormal fading of the weak turbulence FSO chan-
nel.
• We derive a discrete-time nonlinear model based on a
predefined autocorrelation function using the implicit
Milstein scheme to simulate the lognormal optical
channel state.
• Using the discrete-time model, we propose the H∞-
norm optimization problem that guarantees the
closed-loop pointing error is stable and ensures a
prescribed disturbance attenuation level.
• We evaluate the quality of the closed-loop pointing
error control, which shows that the proposed control
law can maintain the optical beam’s center at the
center of the receiving aperture.
• Finally, we perform numerical simulation tests of the
open-loop and closed-loop outage probability error

and bit error rate (BER) that quantify the free-
space optical communication’s performance in fading
channels.

This paper is an extension of (Cai et al. (2018)), with the
following significant new contributions.

• A discrete-time nonlinear model based on a prede-
fined autocorrelation function is adapted to capture
the lognormal fading process and provide a compre-
hensive treatment of the optical beam model. Indeed,
the lognormal random process is represented as a
solution of a stochastic differential equation (SDE),
which is approximated by a general and effective
discrete-time model.
• A robust H∞ control law is proposed to reduce the

pointing error and maintain the line-of-sight link of
the optical beam under controlled lognormal weak-
turbulence conditions.
• The communication performance metrics using the

outage probability error and the bit error rate (BER)
are evaluated and analyzed.

The outline of the paper is organized as follows: In Sec-
tion 2, we describe the experimental setup of the FSO
channel in which we characterize the lognormal fading and
derive the discrete-time lognormal optical channel state.
In Section 3, we formulate the pointing error problem
to maintain the centroid of the optical beam as close as
possible to the center of the photodetector. In Section
4, the main results of the pointing error problem based
on the H∞-norm optimization method under controlled
weak-turbulence conditions are derived. In Section 5, we
evaluate the quality of the pointing error control and
the communication performance metrics through numer-
ical simulation tests. Finally, concluding remarks of the
proposed robust pointing error control are presented in
Section 6.

Notations.MT is the transpose ofM . In symmetric block
matrices, the symbol (?) in any matrix represents for any
element that is induced by transposition. ‖.‖ is the induced
2-norm. 0 and I stand for the null matrix and the identity
matrix of appropriate dimensions, respectively.

2. EXPERIMENTAL SETUP AND DYNAMIC
MODEL FOR WEAK TURBULENCE FSO CHANNEL

The FSO link consists of a transmitter and receiver sepa-
rated by the atmospheric channel. Here we set up an exper-
imental system, the schematic diagram of the experimental
line-of-sight FSO link is shown in Fig. 1. The optical signal
amplitude through the FSO channel is fluctuated due to
the atmospheric turbulence. Many statistical models of the
intensity fluctuation through FSO channels have been pro-
posed in the literature for distinct turbulence regimes. For
weak turbulence conditions, the most widely used model
is the log-normal distribution, which has been validated
through studies (Farid and Hranilovic (2007), Majumdar
and Ricklin (2008), Zhu and Kahn (2002)). It is a well-
known modeling approach and has been adopted in many
calculations for the turbulence channel. This paper will
focus on the weak turbulence; therefore, the lognormal
model will be used throughout.



Fig. 1. Block diagram of the experiment FSO setup.

Fig. 2. Experimental laboratory turbulence chamber.

Table 1. Parameters of the FSO link.

Description Parameter Value

Data Format OOK NRZ

PRBS length 210 − 1

Signal intensity Vpeak-to-peak 1.78V

Data rate 622.082Mb/s

Laser diode Type LP642-SF20

Peak wavelength 642nm

Optical Output Power 20mW

Operating current/voltage 0.089A/2.371V

Photodetector Type APD210

Spectral range 400− 1000nm

Maximum gain 2.5× 105V/W

Detector diameter 0.5mm

Rise time 0.5ns

Lens Type LA1417-A

Diameter 50.8mm

Focal length 150mm

Transmitter Type N4903B J-BERT

Receiver Type 86100C-DCA-J

Sampling time 0.2ns

Chamber Dimension 100×35× 42cm3

2.1 Lognormal Weak Turbulence Characterization

The laboratory atmospheric channel is a closed glass
chamber with a dimension of 100×35×42cm3 as depicted
in Fig. 2 with the aim of observing the effect of atmospheric
turbulence on the laser beam propagating through the
channel. The main parameters of the FSO link are given
in Table 1. The probability density function (PDF) of the
received irradiance I due to the turbulence is derived by
(Osche (2002), Ghassemlooy et al. (2012a))

p(I) =
1√

2πσ2

1

I
exp

{
− (ln(I/I0) + σ2/2)2

2σ2

}
, (1)

where I0 is the irradiance when there is no turbulence and
σ2 is the log-amplitude variance or scintillation index in
the channel.

The measured eye-diagrams for the received signal are
depicted in Fig. 3 without turbulence and in Figs. 4 and
5 with weak turbulence. We observe that the eye-opening
is smaller in the presence of turbulence, which results in a
considerable level of signal intensity fluctuation and also
reduces the FSO performance link.

Fig. 7 shows the histogram and the curve fitting plots
of the received intensity signal without turbulence. As
we can see, the PDF distribution is nearly Gaussian for
lower values of σ2. The experimental snapshot intensity
sensed by the PD can be fitted with a nearly Gaussian
distribution, as illustrated in Fig. 6.

Figs. 8 and 9 illustrate the histograms and the curve fitting
plots of the received intensity signal with turbulence. It is
clear that the PDF has a good fitting with the lognormal
distribution, and the estimated scintillation index σ2 falls
within the range of [0, 0.1] is characterized by weak tur-
bulence regime (Ghassemlooy et al. (2012a)). The results
also show the theoretical red-dotted-lines fit well with the
simulation solid-blue-lines, which demonstrate the close
resemblance between the PDFs fading statistics based on
lognormal distributions of the theoretical predefined auto-
correlation function (see Primak et al. (2005); Kontorovich
and Lyandres (1995); Bykhovsky et al. (2015); Neuenkirch
and Szpruch (2014)) and the simulation for short-range
turbulent-channel communication experiment. As σ2 in-
creases, the distribution is more skewed with a long tail
toward the infinity and reduced peak of probability density
as a result of signal fading.

2.2 Discrete-Time Lognormal Optical Channel State

The most important property of the optical beam is the
PDF of gain samples, so we use a modeling approach to
get the optical beam position. The modeling approach is
based on 1D lognormal distributed samples with a cor-
responding correlation function, as illustrated in Figs. 7,
8 and 9. The first step is to efficiently approximate the
weak turbulence level of the FSO chamber, which means
to emulate the variance of the atmospheric turbulence.
We verify the theoretical results of the lognormal process
with the predefined autocorrelation function using the
implicit Milstein scheme for the channel states, which
converges to a simple discrete-time differential equation
(Neuenkirch and Szpruch (2014), Bykhovsky (2015)). The
implicit discrete-time Milstein scheme for the lognormal
distribution describing the simulated lognormal optical
beam channel state and its relative position is generated
by the following nonlinear discrete-time state-space equa-
tions (Neuenkirch and Szpruch (2014), Kontorovich and
Lyandres (1995), Bykhovsky (2015)){

xpk+1 = apxpk + ϕ(xpk) + bpupk + rpwpk,

θk = cpxpk,
(2)

where



Fig. 3. Measured screen shot eye-
diagram of received intensity
signal without turbulence

Fig. 4. Measured screen shot eye-
diagram of received intensity
signal under weak turbulence:
σ2 = 0.0380.

Fig. 5. Measured screen shot eye-
diagram of received intensity sig-
nal under weak turbulence: σ2 =
0.0576.
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Fig. 6. Experimental snapshot intensity of the laser beam obeying to Gaussian distribution.
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Fig. 7. Gaussian PDF received dis-
tribution without turbulence (the
curve fitting is shown by solid
lines)
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Fig. 8. Log-normal PDF received
distribution under weak tur-
bulence: σ2 = 0.0380 (the
curve fitting is shown by solid
lines).
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Fig. 9. Log-normal PDF received dis-
tribution under weak turbulence:
σ2 = 0.0576 (the curve fitting is
shown by solid lines).

ϕ(xpk) = − K

2σ2xpk
[ln(xpk/I0)] , rp =

√
K ×∆t, (3)

K is given by

K =
2I2

0 exp(σ2)[exp(σ2)− 1]

τc
, (4)

where k ∈ Z+ is the set of all nonnegative integers,
xpk ∈ IR is the simulated optical channel state which can
be considered as a moving object, θk ∈ IR is the position
of the optical beam transmitter, wpk ∈ IR are samples of
the white Gaussian noise and τc is a predefined correlation
time, upk is the bounded control input through which the
optical channel state and transmission angle are changed.
∆t is the sampling time, ap∈ IR, bp∈ IR, cp∈ IR and rp∈ IR
are constant values. The nonlinearity ϕ(xpk) ∈ P ⊆ IR+

represents here the full signal strength model. It is differ-
entiable with ϕ(0) = 0, locally Lipschitz and also mono-
tonically increasing in P. The time-correlated position of

the transmitted optical beam that was generated by (2)
with σ2 = 0.0380, τc = 0.1, ap = 1, bp = 1 and cp = 1 is
illustrated in Fig. 10.

2.3 Receiving Aperture Model

Although the photodetector’s receiver aperture is fixed, it
still suffers some random physical vibrations due to ther-
mal expansion, voltage jitter, etc (see Cai et al. (2019)).
So, the receiving aperture motion is assumed similar to the
Brownian motion of a particle subjected to excitation, as
showed in Fig. 11. The Brownian motion is given by the
generalized differential equation (Volpe and Volpe (2013);
Amari et al. (2013, 2014))

m
d2x(t)

dt2
= −γ1

dx(t)

dt
− k1

dx(t)

dt
+
√

2kBTγ1W (t), (5)
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Fig. 10. Position of the transmitted optical beam motion
versus time.
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Fig. 11. Position of the 1D receiving aperture motion
versus time.

where x(t) is the trajectory of the particle with respect to
the center,m is the particle mass, γ1 is the friction exerted
by the surrounding medium on the particle, k is the optical
trap stiffness, kBT is the thermal energy unit, kB is the
Boltzmann constant, T is the absolute temperature and
W (t) is white Gaussian noise. The discrete-time state
space of the receiving aperture model is derived from the
discretized particle Brownian motion (5). It is given as
follows (Volpe and Volpe (2013); Amari et al. (2013, 2014)){

xlk+1 = alxlk + rlwlk,

αk = clxlk,
(6)

where xlk is the source position, αk is the measured position
of the receiving aperture motion, wlk is a standard white
Gaussian noise, ∆T is the discretization time step, al =(

1− k1∆T
γ1

)
, rl=

√
2kBTγ1 and cl=1.

3. PROBLEM FORMULATION

We consider a one-way optical link that consists of an op-
tical transmitter and an optical receiver. Both are subject
to relative motions. The emitted optical beam has a non-
uniform intensity profile, which is assumed to be Gaussian
(Gagliardi and Karp (1995)) and can be considered as a
moving object. The goal is to control how the position
of the object change in time. The receiver’s aperture is
assumed to be smaller than the received optical beam so
that the receiver can collect only a fraction of the opti-
cal beam (Komaee et al. (2007)). This captured fraction

can be enlarged by active pointing whose objective is to
maintain the optical beam’s center at the center of the
receiving aperture. A photodetector is used at the receiver
to measure the optical beam’s intensity profile that strikes
its aperture (Komaee et al. (2007)). The output is then
sent as feedback through an optical link or low-bandwidth
RF channel and used to adjust the transmitter’s position.
Fig. 12 illustrates the block diagram of this active pointing
scheme under weak controlled turbulence.

Fig. 12. Active pointing scheme for a short range free-space
optical channel.

The discrete-time model considered in this study has been
derived from the model structure that was introduced for
the stochastic state-space model (Komaee et al. (2007),
Bykhovsky (2015)). Indeed, the lognormal random process
is represented as a solution of a stochastic differential
equation (SDE), which is approximated by a general and
effective discrete-time model. The model mainly describes
the relative position’s effect between the transmitter and
the receiver on the signal strength. We denote the trans-
mitted optical beam position to a fixed coordinate system
by the vector θk and the position of the receiving aperture
of the stations to the same coordinate system by αk. We
assume that the receiving aperture is held perpendicular
to the line-of-sight optical beam. The relative displacement
of the optical beam center to the receiving aperture center
is given by yk = d(θk − αk) where d is the distance
between the transmitter and receiver. Fig. 13 illustrates
the optical beam in the plane of the receiving aperture
and the displacement vector yk.

The pointing error yk = d(θk − αk) is a linear function of
xpk and xlk. It can be written as the following augmented
system form{

xk+1 = Axk + ϕ(xk) + Buk + Rwk,
εk = Cxk,

(7)

where

A=

[
ap 0

0 al

]
, B=

[
bp

0

]
, R=

[
rp

rl

]
, C=

[
cp −cl

]
,

and xk =

[
xpk
xlk

]
∈ IR2 is the augmented state vector,

wk =
[
wpk wlk

]
is the augmented disturbance vector,

yk = dεk is the pointing error and εk = θk − αk.
Since ϕ(xpk) is Lipschitz, then the augmented nonlinearity
ϕ(xk) is assumed to satisfy the following bound

ϕ(xk)Tϕ(xk) 6 xTkHTHxk, (8)
where H is a constant matrix.

The robust control problem studied in this paper consists
in minimizing the closed-loop pointing error while ensuring
the disturbance attenuation level. The objective is to



 

 

yk

Receiving aperture

Optical beam

Fig. 13. Optical beam, receiving aperture and the displace-
ment vector yk.

maintain the centroid of the optical beam as close as
possible to the center of the photodetector. This pointing
problem can be interpreted as finding a set-point uk =
−Kxk depending on xk such that the following H∞ norm
of the pointing error yk with respect to disturbance wk is
satisfied i.e:

‖yk‖ 6 ε ‖wk‖ , (9)
with ε being the smallest positive real to be minimized.

4. ROBUST H∞ POINTING ERROR CONTROL FOR
FSO

In this section, we consider the H∞-norm optimization
problem that guarantees the closed-loop pointing error
yk is stable and ensures the disturbance attenuation level
‖yk‖ 6 ε ‖wk‖ for a prescribed attenuation level ε > 0.

The following theorem provides the stability and the
absolute pointing error of the augmented system (7).
Theorem 1. If there exist matrices Y = YT > 0, S and
scalar ε such that the following LMI condition

min
S,Y>0

ε subject to

−Y 0 0 YAT−STB YCT YHT

(?) −ε2I 0 RT 0 0

(?) (?) −δI Y 0 0

(?) (?) (?) −Y 0 0

(?) (?) (?) (?) −I 0

(?) (?) (?) (?) (?) −δ−1I


<0.

(10)
has a feasible solution with K = SY−1, then

i) the augmented closed-loop error system (7) is stable
for wk = 0.

ii) and the pointing error yk satisfies the disturbance
attenuation condition for wk 6= 0 and a specific
attenuation factor ε > 0,

‖yk‖ 6 ε ‖wk‖ . (11)
Proof 1. Let us define the Lyapunov function Vk = xTk Pxk
with P = PT > 0 and the H∞ cost (Boyd et al. (1994)) in
equation (11) as follows

J ,
N−1∑
k=0

(
yTk yk − ε2wTk wk

)
, (12)

over the time interval [0, N−1], N ∈ IN. If V0 = 0, i.e, all
the initial conditions are null then, inequality (11) holds if
the following satisfies along the trajectories of system (7)

J <

N−1∑
k=0

(
xTkCTCxk − ε2wTk wk + Vk+1 − Vk

)
. (13)

A sufficient condition to fulfill the inequality (13) is to
guarantee for all k ∈ Z>0

xTkCTCxk − ε2wTk wk + Vk+1 − Vk < 0. (14)

Inequality (14) can be written as follows

xTk
[
(A− BK)TP(A− BK)−P

]
xk+xTk (A− BK)

TPRwk
+xTk (A−BK)

TPϕ(xk)+wTk RTP(A−BK)xk+wTk RTPRwk
+ϕT(xk)P(A−BK)xk +ϕT(xk)Pϕ(xk)+ϕT(xk)PRwk

+ wTk RTPϕ(xk) + xTkCTCxk − ε2wTk wk<0. (15)

Inequality (15) can be expressed as xk

wk

ϕ(xk)


T Ξ (A−BK)

TPR (A−BK)
TP

(?) −ε2I+RTPR RTP
(?) (?) P


 xk

wk

ϕ(xk)

<0,

(16)
where Ξ = −P + (A− BK)

TP(A− BK) + CTC.

Using the fact that constraint (8) is equivalent to the
following quadratic inequality for any δ > 0

δ

 xk

wk

ϕ(xk)


THTH 0 0

(?) 0 0

(?) (?) −I


 xk

wk

ϕ(xk)

>0, (17)

Combining together (16) and (17) gives xk

wk

ϕ(xk)


TΞ1 (A−BK)

TPR (A−BK)
TP

(?) −ε2I+RTPR RTP
(?) (?) P− δI


 xk

wk

ϕ(xk)

<0,

(18)
where Ξ1 = −P + (A− BK)

TP(A− BK) + CTC + δHTH.

Using the well-known Schur complement, we obtain in-
equality (19).

Applying again the Schur complement to (19), then we
obtain the following sufficient condition

−P 0 0 (A− BK)
TP CT HT

(?) −ε2I 0 RTP 0 0

(?) (?) −δI P 0 0

(?) (?) (?) −P 0 0

(?) (?) (?) (?) −I 0

(?) (?) (?) (?) (?) −δ−1I


<0.

(20)
Pre- and post-multiplying inequality (20) by
diag[Y, I, I, Y, I, I] and using Y=P−1 and S=KY which
yields to the LMI (10).

The fulfillment of inequality (10) implies the fulfillment of
the optimality condition:

‖yk‖ 6 ε ‖wk‖ , uk 6= 0, wk 6= 0. (21)

This completes the proof.



−P+CTC+νHTH 0 0

(?) −ε2I 0

(?) (?) −νI

+

(A− BK)
TP

RTP
P

P−1
[
P(A− BK) PR P
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Fig. 14. Closed-loop pointing error versus Time.

5. NUMERICAL SIMULATIONS

This section evaluates both the quality of the pointing
error performance and the communication performance
metrics to ensure accurate pointing and improve the opti-
cal communication link performance.

5.1 Pointing Error Performance

To evaluate the quality of the pointing error obtained by
the LMI condition given in (10). The YALMIP interface
(Lofberg (2016)) to MATLAB 8.5 with SDPT3 optimiza-
tion toolbox (Toh et al. (1999)) was used to provide
solutions. The performance of the pointing error control
strategy is visualized through Fig. 14 where ε = 0.32

and K =
[
0.275 −0.019

]
. We observe clearly that the

closed-loop pointing maintains a small alignment error
between the optical beam transmitter and the receiving
aperture system with a relatively error amplitude less than
±0.2 mm from the detector diameter, which is ±0.5 mm.
Therefore the maximum relative error is ±40%.

Statistical simulated values provide more analytical in-
sight. Figs. 15 and 16 depict histogram data of the open-
loop and closed-loop output-error displacements, respec-
tively. The open-loop error displacement varies from +2
mm to +7 mm. The performance of open-loop with an
output-error variance σ2 =0.0380 as expected due to bias
and drift terms is inadequate and do not satisfactorily sta-
bilize the beam at the center. For the closed-loop output-
error feedback, the beam is stabilized at the center of the
sensing device, the closed-loop error displacement varies
from −3 mm to +3 mm and the output-error variance is
σ2 = 0.0231 which is ±39% reduced from the open-loop
output error.

5.2 Communication Performance Metrics

The outage probability error and bit error rate (BER) are
metrics for quantifying communication systems’ perfor-
mance in fading channels. FSO system with a good average
BER can temporarily suffer from increases in pointing er-
ror rate due to fading effects (Farid and Hranilovic (2007);
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Fig. 15. Open-loop output-error displacement.
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Fig. 16. Closed-loop output-error displacement.

Alouini and Simon (2002); Ghassemlooy et al. (2012b);
Yang et al. (2014)). The outage probability is given as
follows (Ghassemlooy et al. (2012b))

Po(I) =

∫ I0/m

0

1√
2πσ2

1

I
exp

{
− (ln(I/I0) + σ2/2)2

2σ2

}
dI,

(22)
where m is the power margin which is introduced to
account for the extra power needed to cater for turbulence-
induced signal fading. Using Chernoff upper bound on
(22), an approximate power margin, m, needed to obtain
Po can be obtained as follows (Ghassemlooy et al. (2012b))

m ≈ exp
(√
−2 ln 2Poσ2 + σ2/2

)
. (23)

The evaluation of this outage probability error for the FSO
link in open-loop and closed-loop conditions is depicted in
Fig. 17. The closed-loop outage probability error which
output-error variance σ2 = 0.0231 is reduced of 1.5dBm
from the open-loop outage probability error which output-
error variance σ2 = 0.0380. For example, to achieve an
outage probability of 10−6 about 34.3 dBm of extra power
is needed in open-loop condition at σ2 = 0.0380. This
is reduced to 33.2 dBm in closed-loop condition as the
scintillation strength decreases to σ2 =0.0231.

The average BER of OOK-based FSO in atmospheric
turbulence is defined as (Yang et al. (2014)),



30 31 32 33 34 35 3610-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

 σ2 = 0.0231

 σ2 = 0.0380

1.5 (dBm)

Closed-loop

Open-loop

O
ut

ag
e

P
ro

ba
bi

lit
y

Power Margin (dBm)
Fig. 17. Open-loop and closed-loop outage probability

errors.

5 10 15 20 2510-3

10-2

10-1

100

 σ2= 0.0231: Closed-loop

 σ2= 0.0380: Open-loop

2 dB

B
E

R

SNR (dB)
Fig. 18. Open-loop and closed-loop BER performances of

OOK-based FSO in atmospheric turbulence.

BER =

∫ ∞
0

p(I)Q

(
ηI√
2N0

)
dI, (24)

where Q(x) =

∫ +∞

x

exp(−t2/2) dt, η is the optical-to-

electrical conversion coefficient, I represents the received
optical intensity signal, N0 is the additive white Gaussian
noise power spectral density. The integration in (24) can
be efficiently computed by Gauss-Hermite quadrature for-
mula (Navidpour et al. (2007); Ghassemlooy et al. (2012b);
Alouini and Goldsmith (1999); Osche (2002); Yang et al.
(2014)). Fig. 18 shows the BER plots of OOK-based FSO
in atmospheric turbulence corresponding to the open-loop
and closed-loop data rate values at various levels of output-
error variance. As we can see, the effect of turbulence
strength on the amount of signal-to-noise ratio (SNR) is
required to maintain a given error performance level. From
Fig. 18, it can be inferred that atmospheric turbulence
can causes SNR penalty, which might affect the pointing
error, for example, around 16 dB of SNR is needed in open-
loop condition to achieve a BER of 10−1 due to the very
weak scintillation of strength σ2 = 0.0380. It decreases by
over 2dB with the closed-loop control as the scintillation
strength decreases to σ2 = 0.0231, which implies that
pointing error control strategy might be required to avoid
a BER floor in the system performance.

6. CONCLUSION

In this paper, the link performance of the presented FSO
link under the influence of the weak atmospheric turbu-
lence has been investigated. The atmospheric turbulence
chamber has been characterized theoretically and experi-
mentally for a valid comparison. We found that the fad-
ing statistics follow the well-known lognormal distribution
that is used for weak turbulence characterization. Based
on that, a deterministic nonlinear discrete-time model for
pointing error loss due to misalignment has been derived.
We then investigate the H∞ norm optimization problem
that guarantees the closed-loop pointing error is stable and
ensures the prescribed disturbance attenuation level. The
closed-loop pointing error from the numerical simulation
shows the center of the optical beam close enough to the
receiving aperture center, verifying the efficiency of our
proposed robust pointing error control for FSO communi-
cation systems.
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