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Time-Efficient Simulation of Free-Space Optical
Communication Systems Under Atmospheric
Turbulence, Pointing Error, and Angle-of-Arrival
Fluctuations

Mat T. Nguyen ", Vuong Mai

Abstract—Computer simulation is a powerful and convenient
tool for the design and performance evaluation of free-space optical
(FSO) communication systems. In this article, we present two sim-
ulation frameworks that incorporate not only the effects of atmo-
spheric turbulence but also the impact of the angular fluctuations of
the transmitter and receiver in FSO systems. In the first framework,
the waveform of the optical signal is calculated sequentially from
the transmitter to the receiver. Thus, it takes very long to run the
simulation numerous times to obtain the statistical performance of
the system. This is because the vast majority of simulation time is
spent on the split-step beam propagation. In the second framework,
we propose to isolate the beam propagation through atmospheric
channel from the other effects. We compare the two frameworks
in terms of accuracy and simulation time. We show that the second
framework reduces the simulation time by more than a factor of
10 without sacrificing the accuracy under various conditions.

Index Terms—Angle of arrival fluctuations, atmospheric
turbulence, free-space optical communications, pointing error,
simulation study.

1. INTRODUCTION

REE-SPACE optical (FSO) communications enable high-
F speed (e.g., >10 Gb/s) wireless transmission without us-
ing scarce radio-frequency resources. Thus, they are gaining
popularity in various applications such as defense, satellite
communications, and wireless fronthaul/backhaul networks.

The performance of FSO communication system is affected
by various factors such as the channel characteristics and the
alignment of the transmitter and receiver. Atmospheric channel
not only attenuates the light intensity through absorption and
scattering, but it also distorts the wavefronts of optical signal
due to the inhomogeneity of the spatial distribution of refractive
index. In particular, the wavefront distortions caused by atmo-
spheric turbulence manifest themselves even on a clear day as
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scintillation, beam wandering, angle-of-arrival (AoA) fluctua-
tions, and beam spreading. The FSO systems are also highly
vulnerable to the alignment of the transmitter and receiver.
Highly precise alignment could be a daunting task when the
transmitter and receivers are on the move. Angular fluctuations
at the transmitter side (caused for example by vibrations) make
the pointing errors. On the other hand, the angular fluctuations
at the receiver side mainly cause AoA fluctuations. Even fixed
point-to-point FSO systems would suffer from the misalignment
between the transmitter and receiver due to building sway,
dynamic wind loads, and other environmental factors. The mis-
alignment, regardless of its sources, gives rise to a reduction in
the received optical power, which in turn, degrades the bit-error
ratio (BER) performance of the system.

It is common to utilize the computer simulation for the design
and performance evaluation of FSO systems. This is because
we can evaluate the system performance under any conditions
of atmospheric channel. For example, exceptionally turbulent
channel conditions can be readily generated by computer simula-
tion. Also, the simulation study facilitates the statistical analysis
of FSO systems in comparison with experimental measure-
ment. The performance of FSO communication system tends to
fluctuate over time even under similar strength of atmospheric
turbulence. Thus, it is absolutely necessary to obtain the prob-
ability density function (PDF) of the received optical power or
BER to fully assess the system performance. Numerous cases
of turbulent channels generated by computer simulation enable
us to obtain those PDFs for comprehensive analysis. Another
advantage of utilizing the computer simulation over experiment
is that we can isolate a certain effect from others. For example,
the impact of misalignment on the system performance could
be studied independently of the channel effects by making
the channel ideal in the simulation. By contrast, theoretical
analysis is a powerful method that offers immediate estimations
of the system performance over a range of channel conditions
[1], [2], [3]. However, there exist some discrepancies between
theoretical and experimental results due to many assumptions
and approximations adopted in the development of theoreti-
cal analysis [4]. Simulation results, on the other hand, exhibit
much better agreement with experiment results than theoretical
analyses [5].
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For the calculation of wave propagation over atmospheric
turbulent channel, it is common to solve the stochastic wave
equation using the split-step method [6]. In this method, thin
phase screens are placed evenly along the transmission path
to represent inhomogeneous spatial distribution of refractive
index. It is free-space propagation between the phase screens.
Commonly, the free-space propagation of optical beam is solved
in the spatial frequency domain, whereas the beam propagation
through the phase screen is calculated in the space domain
[7]. The simulation results obtained by using the phase screens
agree with experimental ones [8]. There were a lot of simulation
studies to analyze the performance of FSO systems under atmo-
spheric turbulence [9], [10], [11]. Also, various atmospheric tur-
bulence mitigation techniques have been proposed and evaluated
through computer simulation [12]. However, these simulation
studies focus mainly on the impact of atmospheric turbulence
on the system performance. They do not include the effects of
misalignment caused by angular fluctuations of the transmitter
and receiver.

In this article, we present two simulation frameworks for FSO
communication systems that incorporate not only the effects
of atmospheric turbulence but also the impact of the angular
fluctuations of the transmitter and receiver. To the best of our
knowledge, this is the first systematic study on the simulation of
FSO communication systems that the effects of pointing errors
and AoA fluctuations are amalgamated with the split-step beam
propagation through atmospheric channel.

In the first simulation framework (hereafter referred to as
Simulation 1), the waveform of the optical signal is calculated
sequentially from the transmitter to the receiver. The optical
signal is first generated at the transmitter and sent to the channel.
The pointing error induced by transmitter vibration is gener-
ated in a random manner. Then, the optical beam propagation
through atmospheric turbulent channel is simulated by solving
the stochastic wave equation. At the receiver, we include the
effects of AoA fluctuations in the simulation by tilting the
propagation direction of optical signal with respect to the optical
axis of the receiver. After detecting the received optical signal,
we demodulate the signal and then finally measure the BER
performance. In Simulation 1, this entire procedure needs to be
repeated a few tens of thousand times to obtain the PDFs of the
received optical power and BER. Due to the large number of
simulation runs, however, it takes very long (e.g., a couple of
weeks) to obtain the PDFs.

In order to reduce the total simulation time dramatically, we
propose a novel simulation framework (hereafter referred to as
Simulation 2) in this article. The key idea is to isolate the beam
propagation through atmospheric channel from the other effects.
We realize that the vast majority of simulation time is spent on
the beam propagation. Thus, by solving the beam propagation
independently of the other effects and then combining the optical
field after propagation with the other effects (uncorrelated with
beam propagation), we can reduce the number of simulations
for beam propagation significantly, and thus the total simulation
time. We show that the results of Simulation 2 agree very well
with those of Simulation 1, but Simulation 2 saves the total
simulation time by more than a factor of 10.
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Fig. 1. Schematic diagram of FSO communication system.

The rest of this article is organized as follows. Presented in
Section II are the simulation methodology and the proposed
simulation frameworks. In Section III, we implement the simu-
lations based on the two frameworks and then compare them in
terms of accuracy and simulation time. Finally, we conclude the
article in Section IV.

II. SIMULATION METHODOLOGY

Fig. 1 illustrates the schematic diagram of an FSO commu-
nication system. At the transmitter, electrical data are fed to
the optical modulator for electrical-to-optical conversion. After
amplification, the optical signal is emitted to free-space channel
via the transmitter optics. At the receiver side, a receiver optics
is used to capture the optical signal and couple it to the detector.
The detected signal is demodulated and then we evaluate the
BER performance.

In the following subsections, we explain the computer simula-
tion of atmospheric channel, pointing errors, AoA fluctuations,
and optical elements. Then, the methodology for the two simu-
lation frameworks is presented.

A. Simulation of Atmospheric Turbulence

Atmospheric turbulence pertains to fluctuations in refractive
index randomly distributed over space and varying over time.
Therefore, atmospheric turbulence can be modeled as a random
process. There are some commonly used power spectrum mod-
els for refractive-index fluctuations including the Kolmogorov
power-law spectrum, Tatarskii spectrum, von Karman spectrum,
modified von Karman spectrum, and Hill spectrum [13]. The
simplest and practical model that includes effects of inner and
outer scales of turbulence is the modified von Karman model.
The three-dimensional spatial power spectrum of refractive in-
dex fluctuations of the modified von Karman model is defined
as follows

0033 C2exp (-2)

i <
D, (k) =P ﬁ%)n/ﬁ 0<kK<o0 (1)
Here, k = /K2 + k7 + k2 is the three-dimensional spatial

wavenumber and C? represents the refractive index structure
constant. Also, k., = 5.92/ly and kg = 27/ Lg are the scalar
spatial frequencies, where [y and L are the inner and outer scales
of turbulence, respectively. For mathematical simplification in
computer simulation, a commonly used technique is to treat
turbulence as a finite number of discrete layers. Each layer can be
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represented by a thin phase screen which represents a turbulent
volume of a much greater thickness. There are a couple of ways
of generating the phase screen [14], [15]. Among them, the fast
Fourier transform (FFT)-based method is widely utilized due to
its simplicity and fast computation time. However, this method
might suffer from the under-sampling of the low and high spatial
frequency components. This problem can be resolved by using
the sub-harmonic method and the covariance-matrix method
[15], [16]. It should be noted that although atmospheric tur-
bulence varies over time, due to slow temporal characteristics of
turbulence (typically >1 ms of time scale) relative to the symbol
duration, the atmospheric turbulent channel can be regarded as
quasi-static. Thus, static phase screens can be used to represent
atmospheric turbulence.

Throughout this article, we assume that the optical signal
propagates along the positive z-axis (k, = 0) and the plane of
phase screen is orthogonal to the direction of propagation. We
also utilize the FFT-based method for the generation of phase
screens. Then, the phase of the screen is given by [14]

y) = Zzh<“wa Ky)

Ko Ky
Fy (Ky, fﬂy)ei(“wﬂ’“yy)A@A/@y, 2)

where Fy(ka, ky) is the two-dimensional power spectrum of
refractive index fluctuations and h(k, K, ) is a zero-mean unit-
variance Hermitian complex Gaussian white noise process.

Wave propagation through the atmospheric turbulence chan-
nel can be described by the stochastic wave equation. The scalar
form of the wave equation under the paraxial approximation is
expressed as

2 2
(88332 + 52) E+2¢k88—f +2k*n(R)E = 0, (3)
where E indicates the electric field, & is the wave number,
and n(R) represents the refractive index fluctuations in the
medium at the point in space R. This equation can be solved
numerically by using the split-step method [6]. In this method,
the propagation link is divided into multiple segments, where
each segment is composed of free-space beam propagation and
a thin phase screen. The wave equation is solved numerically in
the simulation sequentially. In the free-space beam propagation,
n(R) = 0 in (3). Then, the paraxial wave equation can be solved
by using the Huygens-Fresnel integral. Thus, the electric field at
the observation plane (z + Az) is computed from the previous
plane (z) as follows

E(x,y, 2+ Az) =F ' |F{E(z, y, 2)}
2 2
+
X exp I%TCOH%AZ , @

where F and F ! are Fourier transform and inverse Fourier
transform, respectively. After the free-space beam propagation,
the optical beam is sent to a thin phase screen. The electric field
after the phase screen can be solved by setting the first term in
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Fig.2. (a) Optical beam on the receiver aperture plane. Pointing errors induce
displacement between the beam’s footprint and receiver aperture. (b) Angular
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the receiver induced by AoA fluctuation.

(3) to zero. Thus, it is expressed by

E+ (.I‘, Y, Z) =E_ (J), Y,

Dexp{id (@, )}, )
where F/; and E_ are electric fields right after and before the
phase screen, respectively. The process of solving the beam
propagation through free-space and phase screen is repeated in
the next segment until the optical beam reaches the end of the
propagation link.

B. Simulation of Pointing Errors

In the FSO system, the transmitter and receiver need to
be aligned precisely to the direction of each other. However,
the transmitter under mechanical vibrations and/or movement
suffers from angular fluctuations of the transmitter, and as a
result, pointing errors arise. As illustrated in Fig. 2(a), pointing
errors lead to the displacement of optical beam’s footprint with
respect to the receiver aperture. This displacement in the receiver
aperture plane can be expressed as

r o=./r2 Jrrg, 6)

where 7, and r, are vertical and horizontal displacements of
the beam, respectively. Both are modeled as independent, iden-
tically distributed Zero mean Gaussian random variables with
variance o2, and ary, respectively, i.e., 7, ~ N(0, 02,) and
ry ~ N(0, ory). Since only a portion of the beam’s footprlnt is
captured by the receiver aperture, the remaining portion falling
outside of the receiver aperture is lost. This loss is referred to
as geometric loss. Obviously, the geometric loss increases as
pointing errors become large. Given the radial displacement of
r, the geometric loss (i.e., fraction of optical power collected at
the receiver aperture) in a linear scale can be expressed as

L ffA (x, y) dxdy
P M7 I, y) dedy’

(N

where I(x, y) is the intensity of the optical beam at the aperture
plane. Also, A = {(z, y): (x —72)> + (y — r,)° < R2} is
the aperture function, where R, is the radius of receiver aperture.
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C. Simulation of AoA Fluctuations

AoA fluctuations manifest themselves as the movement of
focused optical beam on the detector plane, as illustrated in
Fig. 2(b). They degrade the performance of FSO systems by
reducing the optical power onto the detector. Angle of arrival,
denoted by ¢ in the figure, is defined by the angular displacement
between the direction of the wavefront and the optical axis of the
receiver. AoA fluctuations mainly come from the receiver vibra-
tion, but atmospheric turbulence and vibrations at the transmitter
side also affect AoA fluctuations.

The horizontal and vertical angular displacement, denoted
by e, and ¢, respectively, can be modeled as independent,
identically distributed zero-mean Gaussian random variables
with variance o, and oZ,, respectively, i.., e, ~ N(0, 02,)
and ¢, ~ N (0, O'gy) [17]. Thus, the total angular deviation is

defined by
€ = /€2 +¢2 3

Then, the electric field on the receiver aperture plane in the
presence of AoA fluctuation is expressed as

Eaon(z, y, 2)=FE (z, y, z)exp{—ik (zsine, + ysiney)},

©))
where E(x, y, z) is the electric field on the receiver aperture
plane in the absence of AoA fluctuation.

D. Simulation of Optical Elements

The electric field propagating through optical elements such
as transmitter and receiver optics can be calculated in the simula-
tion through the angular-spectrum propagation method. In this
method, the angular spectrum of the light beam is calculated
by taking the Fourier transform of the light field in the spatial
domain [6]. Thus, it allows us to represent the beam propagation
through a medium by multiplying the angular spectrum of the
light beam with a propagation function that describes the effect
of the medium on the light beam. For a short propagation
distance with one or more optical elements, an effective way to
characterize the beam propagation is utilizing the 2 X 2 matrix
known as ABCD ray-transfer matrix. The ABCD ray-transfer
matrix provides a simple and powerful method for analyzing
and designing optical systems. It allows us to describe the
propagation of a beam through a train of optical elements by
multiplying successive matrix representations of each optical
element, including the one that describes the free-space propa-
gation between optical elements. Thus, the overall ABCD matrix
for N optical elements can be expressed as [13]

By
o)

A B\ [(An Bn)\ (An-1 By Ay
C D) \Cn Dy)\Cn-1 Dy_1) "\Ci
(10)

The field of the optical wave on the detector plane can be deduced
from the generalized Huygens-Fresnel integral as follows

eikz © i(D7“272r17“2+A7“2)
Eou (22, y2) = Y] Eiy (z1, y1) e28 772 !
—00

X dxydyy, (11)
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where 7| = \/m and ry = \/m - Also, Eoy and

FEi, are the output and input electric fields, respectively, and A
indicates the wavelength. By using (11), we can readily solve the
wave propagation through multiple optical elements including
the effects of AoA fluctuations, rather than solving the wave
equation in each optical element.

E. Simulation 1

In this subsection, we present the details of Simulation 1. In
this simulation framework, the electric field is calculated sequen-
tially as it propagates over the components in the system. Fig. 3
shows the flow chart of Simulation 1. First, the continuous-wave
(CW) electric field is generated to emulate the CW laser. The data
are then imposed onto this electric field for optical modulation.
For instance, a type of optical modulator such as Mach-Zehnder
modulator can be incorporated into the simulation. The beam
propagation through the transmitter optics is calculated by using
the ABCD ray-transfer matrix, as explained in the previous
subsection. Before we employ the split-step beam propagation
method, the effects of pointing errors are added to the simu-
lation. As explained in the previous subsection, the pointing
errors cause the displacement between the beam’s footprint and
the receiver aperture. At the receiver side, the effects of AoA
fluctuations are included by giving an angular displacement
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between the optical axis of the receiver and the direction of
the wavefront. After calculating the beam propagation from the
receiver optics to the detector using the ray-transfer matrix, we
detect the signal, demodulate it, and make decision. The average
detected optical power and BER performance are also evaluated
at the receiver. In order to assess the system performance sta-
tistically, we need to run the simulation numerous times and
obtain the PDFs of received optical power and BER. Thus, we
repeat the simulation N times. It is interesting to note that there
are some random factors in the simulation for given statistical
averages. For example, the amounts of pointing error and AoA
fluctuation vary in each simulation when these angular dis-
placements follow certain distributions. Random nature of atmo-
spheric turbulence is also included in the phase screen, as shown
in (2).

In Simulation 1, a vast majority of simulation time is spent
on beam propagation using the split-step method. This is be-
cause it involves two-dimensional Fourier and inverse Fourier
transforms alternately by the number of phase screens in each
simulation. It also demands a considerable amount of simulation
time to generate phase screens. To reduce the total simulation
time, we propose a novel simulation framework in the next
subsection.

FE Simulation 2

In this second simulation framework, we isolate the beam
propagation through atmospheric channel from the other effects.
The rationale behind the isolation is to reduce the number of
simulations for beam propagation through atmospheric channel.
The effects of atmospheric turbulence are uncorrelated with the
data modulation/demodulation as well as the effects of pointing
errors and AoA fluctuations. Thus, it is possible to reduce
the simulation number of beam propagation by obtaining the
beam propagation independently of the other effects and then
combining the optical field after beam propagation with the
other effects. Fig. 4 shows the flow chart of Simulation 2. In
this proposed simulation framework, we first obtain the BER
performance as a function of the received optical power. This
is because the characteristics of transmitter and receiver are
deterministic and the performance of FSO communication is
determined by the received optical power. To obtain the BER
versus the received optical power, we make a back-to-back
connection between the transmitter and receiver, as illustrated in
the flow chart. The BER performance is evaluated as we vary the
received optical power. The relationship between the BER and
the received optical power will be used to determine the BER
performance of the FSO system after we obtain the received
optical power in the presence of channel, pointing errors, and
AoA fluctuations through simulation. It is worth noting that this
relationship is computed only once in the simulation, regardless
of the total number of simulations, N.

Next, we calculate the beam propagation through the atmo-
spheric turbulent channel. Since we isolate the effect of beam
propagation from the other effects, we simulate the propagation
of CW light through atmospheric channel in the absence of
pointing errors and AoA fluctuations. Those effects can be

7304709
Transmitter optics
g
v s <
| Propagation through free space | = g
o))
Generation g .
| Propagation through phase screen |<— of phase o @
screen [
EG
nd of No o
propagation 8 o
link’ =
=4
.
&
- £
é Pointing error £
¥ =0 | [ Data |>{ Moduiation | £
+ k=0 ata odulation g

l

Variable optical
attenuation

Photo-detection
Demodulation

AoA fluctuation

Propagation from
aperture to detector

Received
optical power

Received optical
power vs. BER

j=j+1

Receiver

Fig. 4. Flow chart of simulation 2. N, M, and P represent the total number of
simulations, the number of realizations for pointing errors, and the number of
realizations for AoA fluctuations, respectively.

readily included after the beam propagation on the receiver’s
aperture plane, as explained in the previous subsections.

Since the effects of atmospheric turbulence are uncorrelated
with those of pointing errors and AoA fluctuations, we can
simulate numerous cases of pointing errors and AoA fluctuations
for a single case of beam propagation through the channel. In
the flow chart, the numbers of realizations for pointing errors
and AoA fluctuations are denoted by P and M, respectively.
This approach reduces the number of simulations for beam
propagation through the channel dramatically since we need to
calculate the split-step beam propagation method only N/(M - P)
times, instead of N times in Simulation 1.

It is worth noting that although the effects of atmospheric
absorption and scattering are not considered in our simulation
frameworks, they can be included simply by attenuating the
optical power at the receiver. This is because the effects of
atmospheric absorption and scattering are generally estimated
from the visibility in a phenomenological manner. Kim’s model
is one of the most popular ones used to estimate the atmospheric
loss per length from visibility [18].
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TABLE I
PARAMETERS OF THE SIMULATION

Parameter Value
Wavelength 1550 nm
Data rate 10 Gb/s
Transmitter beam radius 1 mm
Divergence angle 0.5 mrad
Transmission power 10 dBm
Propagation distance 1000 m
Receiver aperture radius 5cm
Focal length of receiver lens 5 cm
Detector radius 20 um
Detector responsivity 0.85 A/W
Multiplication factor 20
k-factor 0.5
APD’s dark current 50 nA
Bandwidth of APD 7.5 GHz

III. SIMULATION RESULTS

In this section, we evaluate the two simulation frameworks
in terms of accuracy and simulation time. For this purpose,
we carry out the simulations using the two frameworks for
a 10-Gb/s horizontal FSO communication system depicted in
Fig. 1. Table I summarizes the key parameters employed in the
simulation. We utilize the on-off keying modulation format and
the direct-detection scheme. Other modulation formats and de-
tection schemes could be readily incorporated in the simulation.
A Gaussian optical beam having a radius of 1 mm is transmitted
over a 1-km atmospheric turbulent channel. The receiver optics is
composed of alens having a 5-cm radius. We utilize an avalanche
photodiode (APD) having a multiplication factor of 20. This
value of multiplication factor is optimized for the target BER of
3.8 x 1073,

For the generation of phase screens, we utilize the modified
von Karman model, as formulated in (1). The inner and outer
scales of turbulence are set to be 5 mm and 0.5 m, respectively.
The size of phase screen is 4096 x 4096. It is important that the
phase distribution of a phase screen should adequately represent
the actual phase [19]. This can be assured when the phase
screen size A > 5L and the grid spacing Az < ly/3. Because
the number of phase screens directly affects both the system
performance and the simulation time, the required number of
phase screens needs to be optimized. We assume that very weak
intensity fluctuations are produced over the inter-screen distance
Az,ie., 0?(Az) < 0.1[20]. Thus, the number of phase screens
can be estimated from Npg > 100%(L), where Npg is the
number of phase screens and o7(L) is the scintillation index
on the receiver aperture plane after transmission distance of L.
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The pointing errors and AoA fluctuations are generated ran-
domly and independently for given standard deviations. They
follow two-dimensional Gaussian distributions, which are ob-
served in some experiments [21], [22].

We first obtain the transceiver characteristics by measuring the
BER performance with respect to the received optical power for
the back-to-back link. Fig. 5 shows the result. In this measure-
ment, we employ 107 bits. The inset of this figure also shows the
eye diagram of the optical signal at the output of the transmitter.
The receiver sensitivity (@ BER = 3.8 x 1073) is measured to be
-28.8 dBm. The results of Fig. 5 are used to calculated the BER
performance from the received optical power in Simulation 2.

Next, we observe the beam’s intensity profile on the receiver
aperture plane and the detector plane in the presence of at-
mospheric turbulence, pointing error, and AoA fluctuations.
Fig. 6 shows exemplary beam profiles. Fig. 6(a) shows the beam
intensity profile on the receiver aperture plane after transmission
over moderate turbulent channel (C2 = 10~** m~2/3) of 1 km.
The size of beam’s footprint on the aperture plane is about 1
meter (= 0.5 mrad x 1 km) in diameter. The red circle indicates
the receiver aperture. Scintillation is clearly observed in the
profile. Also, the figure exhibits the impact of pointing error
which induces the displacement of beam’s footprint by ~0.1 m
from the receiver aperture. Fig. 6(b) shows the beam profile on
the detector plane. The detector (i.e., APD) is indicated by the
white circle. Due to the AoA fluctuation of 0.1 mrad, the figure
shows the displacement of focused beam from the center of the
detector. As another example, we show the intensity profile of
the beam on the receiver aperture plane in Fig. 6(c) when the
turbulence is strong, i.e., C2 = 5 x 10713 m~2/3, Compared to
Fig. 6(a), the optical beam suffers more from scintillation. Thus,
a tiny portion of the optical beam is collected by the receiver
aperture. Also, the optical beam focused by the receiver lens is
dispersed in space on the detector plane, as shown in Fig. 6(d).

Fig. 7 shows the histograms of the received optical power and
BER performance for the two simulation frameworks when the
standard deviations of angular fluctuations of both transmitter
and receiver are both 0.15 mrad. Total number of simulations, NN,
is 27000. Due to the large average optical power received at the
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receiver (i.e., about —15 dBm), we have error-free transmission
in the majority of cases, which are indicated by a large bar on the
left side of the BER histograms. In some rare cases, however,
the received optical power becomes lower than —40 dBm, and
thus we also have poor BER performance. The figure clearly
shows that the simulation results of the two frameworks agree
very well with each other in both the received optical power
and BER performance. Actually, the root-mean-square error
between the two histograms under the strong turbulence (C,,> =
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Fig. 8. System performance comparison between two simulations for various
amounts of pointing errors. Total number of simulations is 27000. Target BER
is3.8 x 1072,

5 x 10713 m~?3) are calculated tobe 1.9 x 1073 and 6.7 x 104,
respectively. Thus, we can say that the histograms obtained from
two simulation frameworks exhibit very similar results in terms
of the received optical power and BER performance [23].

We also compare the results of the two simulation frameworks
for various amounts of pointing errors and AoA fluctuations.
Fig. 8 shows the average received optical power, standard de-
viation of received optical power, average BER, and outage
probability obtained from the two simulation frameworks as a
function of the amount of pointing errors. The outage probability
is defined by the probability of having BERs worse than the
target BER of 3.8 x 1073, The total number of simulations,
N, is 27000. For Simulation 2, P and M are both 30. These
numbers are selected to make the number of realizations for
each effect identical (i.e., 27000'%). The figures clearly show
that the results of Simulation 2 agree very well with those of
Simulation 1 for the two turbulent conditions. It is interesting
to note that the average BER performance of FSO system under
the strong turbulence (C,,> = 5 x 1073 m~2?) is slightly better
than that under the moderate turbulence (C,,2 = 10~'* m~%3).
This is indeed possible since the average optical power under the
moderate turbulence is slightly higher than that under the strong
turbulence. However, the standard deviation of received optical
power under the strong turbulence is larger than that under the
moderate turbulence, as evidenced by Fig. 8(b). The histograms
illustrated in Fig. 7 also clearly show that the variances of both
received optical power and BER for the strong turbulence are
much larger than those for the moderate turbulence.

Fig. 9 shows the comparison between the two simulation
frameworks when we vary the amount of AoA fluctuations from
0.1 to 0.4 mrad. The figures also show that both frameworks
exhibit very similar results in terms of the average received
optical power, the standard deviation of the received optical
power, average BER, and outage probability.
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Fig. 10. Total simulation time measured by using a personal computer
versus the total number of simulations, N, under strong turbulence (CTQL =
5 x 10713 m~2/3). The standard deviations of angular fluctuation at both
transmitter and receiver are 0.1 mrad.

Finally, we compare the simulation time of the two frame-
works. We run both simulations on a personal computer (PC)
having Intel Core i7-8700K processor at a maximum clock speed
of 3.7 GHz. Fig. 10 shows the simulation time as a function of
the total number of simulations under strong turbulence of C,,>
=5 x 10713 m=?3. The standard deviations of pointing errors
and AoA fluctuations are both 0.1 mrad. The results clearly show
that Simulation 2 saves the simulation time roughly by a factor
of 30. For example, when the total number of simulations is 10*,
it takes 25.8 hours for Simulation 2, but 32.6 days are required
for Simulation 1. This is because Simulation 2 reduces the num-
ber of simulations for split-step beam propagation by a factor
of M-P.
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total number of simulations is 27000.

Fig. 11 shows the simulation time measured by using the PC
when we vary the strength of turbulence indicated by the refrac-
tive index structure constant. The total number of simulations
is 27000. When the turbulence is weak, the required number
of segments in the simulation of beam propagation through
the atmospheric channel is small [20]. Thus, it takes a short
time to simulate the split-step beam propagation. As the turbu-
lence gets stronger, however, the computation of split-step beam
propagation becomes heavy, and consequently the simulation
time of Simulation 1 increases considerably. Thus, this figure
clearly confirms that Simulation 2 saves the simulation time by
reducing the number of simulations required for the split-step
beam propagation. It also shows that the benefits of Simulation
2 are noticeable when the transmission length is long and/or the
turbulence is strong.

IV. CONCLUSION

We have presented the simulation frameworks for FSO com-
munication systems which incorporate not only the beam propa-
gation through atmospheric turbulent channel but also the effects
of the angular fluctuations of the transmitter and receiver. Since
the majority of simulation time is spent on the split-step beam
propagation over atmospheric channel when the simulations
are run numerous times, we can reduce the total simulation
time dramatically by isolating the beam propagation from other
effects. For this purpose, we generate numerous cases of pointing
errors and angle-of-arrival fluctuations independently of the
split-step beam propagation. Also, the BER performance as a
function of the received optical power is obtained by making the
back-to-back connection between the transmitter and receiver in
the simulation. In the proposed simulation framework, the re-
ceived optical powers in the presence of channel, pointing errors,
and angle-of-arrival fluctuations are calculated for numerous
combinations of those system impairments. Then, the BER
performance can be evaluated from the BER versus received
optical power. Our simulation study shows that the proposed
simulation framework reduces the total simulation time sig-
nificantly without loss of accuracy. Therefore, we believe that
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the proposed simulation framework would be useful especially
when we evaluate the performance of FSO communication
systems in a statistical manner.
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