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Abstract—Free space optics (FSO) communication operates
over the unlicensed spectrum providing high throughput, high
security, and ease of installation. FSO can solve the last mile
problem of connectivity with wide applications, i.e., disaster
recovery, campus connectivity, backhaul connection, etc. How-
ever, the deployment scenario is constrained due to the severe
atmospheric conditions and a precise line of sight requirements.
This research work analyzes the performance of FSO commu-
nication under the combined effect of pointing errors (PEs) and
atmospheric turbulence. The effects of jitter and boresight for
PEs are modelled with generalized Nakagami-m distribution. A
closed-form average bit error rate (BER) is derived for the gen-
eralized phenomenon and the theoretical results are compared
with simulation and experimental results. Also, an experimental
testbed is designed and implemented under a controlled indoor
environment to analyze the atmospheric turbulence affects on
FSO communication.

Index Terms—Atmospheric turbulence, BER, Experimental
testbed, FSO.

I. INTRODUCTION

Free space optics (FSO) is a high-speed technology only
for line-of-sight (LOS), which establishes point-to-point com-
munication. Over unlicensed bandwidth, FSO provides high
data rates, with low power consumption, less cost, and
high security [1]. FSO communication links are effective
for rates of 1-10 Gb/s with operational link distances up to
several kms. Due to these desirable characteristics, FSO finds
importance in wide applications such as remote sensing, dis-
aster recovery, radio astronomy, campus connectivity, outdoor
wireless access, metropolitan area network, fiber backup and
last-mile access connectivity [2].

Apart from the advantages, various environmental con-
ditions restrict FSO communication in practice. Aerosol
scattering (i.e., snow, rain and fog), wind-induced build-
ing sway, thermal expansion, and earthquakes degrade the
overall system performance. Additionally, in clear weather,
the efficacy is affected for FSO transmission caused by
scintillation created by turbulence i.e., change in temperature
across the atmosphere creates the turbulent environment [3].
The temperature fluctuations create different refractive index
with the signal’s path, resulting in fading at the receiver [4].
Several mathematical models have been discussed to account
for this variability from strong to weak fading environ-
ments [5], [6]. Low seismic waves, building sway, vibrations,
and thermal expansions create pointing errors (PEs), which
causes transmitter-receiver misalignment resulting in the FSO
link failure. PEs include boresight, caused due to prescribed
displacement from the receiver, and jitter, which is caused by
random changes in the beam [7].

The effect of turbulence due to air and PEs are combined
and investigated in the literature [8]–[15]. In [8], the authors
investigated the pre-amplified FSO system performance for
non-return-to-zero-on-off keying (NRZ-OOK) and an ampli-
fied spontaneous emission (ASE) noise over M -distributed
turbulence due to atmosphere and Rayleigh distribution of
PEs. In [9], the authors investigated the statistical model for
combined channel weak and moderate turbulence regimes us-
ing log-normal and Gamma-Gamma distribution. While, PEs
are modelled using Rician distribution, which corresponds to
the non-zero boresight effect. In [10], the BER performance
of FSO communication due to PEs modelled as Rayleigh
distributions correspond to identical jitters. Atmospheric tur-
bulence is modelled as a K−distribution. In [11], the authors
investigated attenuation due to the atmosphere, which is
caused by different conditions of weather and the fading-
like environment caused due to turbulence. The performance
of error detection using intensity-modulated direct detection
(IM/DD) is assessed. In [12], [13], the authors analyzed
the BER of FSO system under atmospheric turbulence and
PEs.Atmospheric turbulence with moderate to strong regime
is modelled with Gamma-Gamma distribution and PEs as
Rayleigh distribution. In [14], the authors evaluated aver-
age bit error rate for atmospheric turbulence with Gamma-
Gamma distribution and Hoyt distribution for PE where
the unequal jitter variance in either direction (horizontal
and vertical) is considered. In [15], the authors analyzed
the outage analysis of FSO communication considering PEs
with Rayleigh distribution for jitter and Rician for non-
zero boresight error effects. Most research considers the PEs
effect individually, i.e., jitter or a boresight error. In [16], the
authors analyzed the performance considering PEs modelled
as Nakagami-m distribution which can include the different
effects of PEs on the suitable selection of parameters.

This research paper analyses BER’s closed-form expres-
sion under combined atmospheric turbulence and PEs. In
addition, an experimental testbed has been developed and
implemented to analyze FSO communication system perfor-
mance under various channel regimes.

The remaining part of the paper is structured as follows:
Section II, discusses the adopted system model adopted.
Section III, presents the mathematical framework of the sta-
tistical channel and the closed-form average BER. Section IV
discusses the experimental testbed design and measurements.
Section V analyses the numerical and experimental results
and finally, Section VI concludes the research work.
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II. SYSTEM MODEL

Consider an FSO communication system with IM/DD
operating in the presence of scintillation due to atmospheric
turbulence and PEs. Direct detection with a photodetector at
the receiver converts optical power into an electrical signal.
At the receiver, the received signal y is denoted as

y = hx+ n, (1)

where h represents the free space channel, transmitted
signal with ON/OFF keying (OOK) modulation, x has power
0 or 2Pt, Pt is the average transmitted optical power. n
represents the Additive white Gaussian noise (AWGN), due
to the thermal/shot noise (i.e., zero mean and variance, σ2

n).
The receiver’s instantaneous signal-to-noise ratio (SNR) for a
slow fading channel with OOK signalling can be represented
as,

SNR (h) =
2P 2

t R2 h2

σ2
n

, (2)

where, R represents the detector responsivity considered as
unity, and SNR(h) is random due to the influence of h. The
average SNR defined as [17],

SNR (h) =
2P 2

t R2 E
[
h2
]

σ2
n

, (3)

where, E
[
h2
]

is a channel variance with zero mean. The
overall random variations of the channel, h, caused by PE
(hp), atmospheric turbulence (ha), and path loss component
(hl). In this case, ha and hp are random, while hl is deter-
ministic. The combined channel condition can be expressed
by as [9],

h = ha hp hl. (4)

The detailed modelling of the channel caused by random
variations of atmospheric turbulence and PEs can be explic-
itly represented as follows:

A. Atmospheric Turbulence

Atmospheric turbulence created due to variations in the
temperature of the atmosphere creates random intensity and
phase fluctuations in the received signal. A moderate to strong
turbulence regime can be represented using the Gamma-
Gamma probability density function (PDF) expressed as [18],

fha (ha) =
2 (αlβs)

αl+βs
2

Γ (αl) Γ (βs)
h

αl+βs
2 −1

a Kαl−βs

(
2
√
αlβsha

)
,

(5)
where, αl, βs represent the large-scale and small-scale ed-
dies in the turbulent environment respectively. Kϑ(.) is the
modified Bessel function of second kind and order ϑ. Under
a plane wave propagation, αl, βs can be represented as [19],

αl =

exp

 0.49D2
0(

1 + 0.56D
12
5
0

) 7
6

− 1


−1

(6)

βs =

exp

 0.51D2
0(

1 + 0.69D
12
5
0

) 5
6

− 1


−1

, (7)

where, D2
0 represents the plane wave’s Rytov variance, whose

value is determined by the atmospheric turbulence’s refractive
index expressed as,

D2
0 = 1.23 C2

n k
7
6 z

11
6 , (8)

where, C2
n represents the refractive index parameter

determining the strength of turbulence, optical number
k = 2π

λ and λ is the operating wavelength for FSO system.

Equation (5) using Meijer-G [20] can also be represented
as shown below,

fha (ha) =
(αlβs)

b

Γ (αl) Γ (βs)
h(b−1)
a

G2,0
0,2

(
−

αl−βs

2 , βs−αl

2

∣∣∣∣αlβsha

)
,

(9)

where b = αl+βs

2 and Gm,n
p,q is the Meijer-G function.

B. Pointing Error Model

Pointing errors in the FSO system present a signifi-
cant challenge in the evaluation of reliability and perfor-
mance [12]. A Gaussian beam from the transmitter propa-
gating through the free space, with the received power can
be represented as [2],

hp (r; z) ≈ Ao exp

(
−2r2

w2
zeq

)
, 0 ≤ hp ≤ Ao (10)

where z represents the operational link distance and r
represents the beam radial displacement from the detector
center. wzeq is the equivalent beam width defined as wzeq =√√

π erf (ν) w2
z/2νe

−ν2 , maximum power received when
radial displacement at r = 0 is given as, A0 = [erf (ν)]

2,
ν =

√
π
2 a/w , where a is the aperture radius and wz is beam

width . It’s essential to understand that the evaluation in (10)
is true for wz > 6 a. Consider r, follows the Nakagami-m
distribution expressed as [16],

fr (r) =
2mm r2m−1

ΩmΓ (m)
exp

(
−mr2

Ω

)
, (11)

where, the shaping parameter m ≥ 0.5 and scaling parameter
Ω > 0. Using equation (10) and (11), fhp

(hp) is given by ,

fhp (hp) =

(
ζ2
)m

Γ (m)Aζ2

o

(
ln

(
Ao

hp

))m−1

hζ2−1
p . (12)

where, ζ =
wzeq

2σs
represents the beam radius, wzeq to the jitter

σs ratio [9]. Equation (12), can be approximated to different
distributions i.e., for m = 1 it represents the jitter effect
with Rayleigh distribution. Also, m > 1 it can evaluate the
non-zero boresight error modelled as Rician distribution and
for m = 0.5 it can be approximated to one-sided Gaussian
distribution.
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C. Combined Channel Statistical Model

The effect of atmospheric fading combined with PEs and
other atmospheric attenuations is termed as combined channel
fading. As a result, the FSO communication is affected
by multiple sources of attenuation in this scenario. The
combined channel statistics, h can be expressed as [12],

fh (h) =

∫ ∞

h/Ao hl

fha
(ha) fh/ha

(
h

hahl

)
dha, (13)

where, fh/ha

(
h

hahl

)
is the conditional probability for a given

turbulence state ha, can be expressed as,

fh/ha

(
h

ha

)
=

1

hahl
fhp

(
h

hahl

)
. (14)

Consider clear sky weather condition, the atmospheric
attenuation hl = 1, correspondingly equation (14) as

fh/ha

(
h

ha

)
=

1

ha
fhp

(
h

ha

)
, (15)

where, 0 ≤ h ≤ Aoha and fhp

(
h
ha

)
is,

fhp

(
h

ha

)
=

(
ζ2
)m

hζ2−1

Γ (m)Aζ2

o

(
ln

(
Aoha

h

))m−1(
1

ha

)ζ2

.

(16)
Substituting (9) and (16) into (13),

fh (h) = C1

∫ ∞

h
Ao

[
ln

(
haAo

h

)]m−1

hb−ζ2−1
a

G2,0
0,2

(
−

αl−βs

2 , βs−αl

2

∣∣∣∣αlβsha

)
ha,

(17)

where,

C1 =

(
ζ2
)m

(αlβs)
b
h(ζ

2−1)

Γ (αl) Γ (βs) Γ (m)Aζ2

o

fh (h) = Qo h
b−1

G3,0
1,3

(
−,
(
1 + ζ2 − b

)
(1 + ζ2 − b−m), (αl−βs

2 , βs−αl

2 )

∣∣∣∣αlβs
h

Ao

)
,

(18)

where,

Qo =

(
ζ2
)m

(αlβs)
b

Γ (αl) Γ (βs)Ab
o

.

The next section deals with the analytical framework of
deriving the average bit error rate.

III. AVERAGE BIT ERROR RATE

The average BER performance of FSO communication
over the combined channel effect is evaluated . The con-
ditional PDF of fh(h) defined by,

Pb =

∫ ∞

0

Pe fh (h) dh, (19)

where Pe represents the conditional probability expressed
as [21],

Pe = Q

(√
SNR

2

)
, (20)

where, the instantaneous SNR can be represented as,

SNR =
SNR

k2 A2
o

h2,

Pe = Q

√ SNR

2k2 A2
o

h2

 , (21)

where Q(.) represents the Q function given as complemen-
tary error function erfc(.) (where, erfc(x) = 2Q

(√
2x
)
)

and expressing erfc(x) by [20],

erfc(
√
x) =

1√
π
G2,0

1,2

[
1

0, 1
2

∣∣∣∣x] .
Equation (21) can be expressed as,

Pe =
1

2
√
π
G2,0

1,2

[
1

0, 1
2

∣∣∣∣ SNR

(2Aok)
2 h2

]
. (22)

On substituting equation (18) and (22) in (19), can be
expressed as,

Pb =
Q0

2
√
π

∫ ∞

0

hb−1 G2,0
1,2

[
1

0, 1
2

∣∣∣∣ SNR

(2Ao k)
2 h2

]

G3,0
1,3

[
1 + ζ − b

1 + ζ − b−m,αl − 1, βs − 1

∣∣∣∣ αlβs

Ao
h

]
dh.

(23)

Average BER can be derived by using the approximation [20],

Pb =
Q0

2
√
π
×

G2,6
7,4

[
1, m−ζ

2 , 1+m−ζ
2 , 1−αl

2 , 2−αl

2 , 1−βs

2 , 2−βs

2 ,

0, 1
2 ,

−ζ
2 , 1−ζ

2

∣∣∣∣ t]
(24)

where, t = 4SNR
(k αl βs)

2 .
The following section addresses the necessary experimen-

tal testbed for the performance evaluation.

IV. EXPERIMENTAL SET-UP

To evaluate the performance of FSO communicators, an
experimental testbed with a controlled atmospheric turbu-
lence channel is developed. A detailed schematic diagram
describing the experimental setup under indoor atmospheric
turbulence conditions is shown in Fig. 1. An indoor atmo-
spheric chamber with 2.5 m X 0.5 m X 0.5 m is designed
with two heating elements one at each end perpendicular
to the propagating beam. Two cooling fans are arranged at
each end of the chamber to maintain temperature variations.
Two temperature sensors at each end of the heating element
record the chamber temperature [22]. A detailed FSO com-
munication operating at 635 nm setup is designed in our
previous work [23]. Atmospheric turbulence is generated
by controlling the temperature of heating elements, where
a temperature gradient creates beam wandering effect. The
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Fig. 1. Schematic of FSO communication under indoor atmospheric turbu-
lence chamber

scintillation index determines the degree of turbulence caused
due to variation in the temperature expressed as [24],

C2
n =

(
86× 10−6 P

T 2

)
C2

T , (25)

where, T , represents the absolute temperature (Kelvin), P
represents the atmospheric pressure (milibar), and C2

T is the
temperature function structure evaluated as [24]:

DT =
〈
(T1 − T2)

2
〉

=

{
C2

T l
−4/3
0 z2, for 0 ≪ z ≪ l0

C2
T l

2/3
0 , for l0 ≪ z ≪ L0

,
(26)

where, l0, L0 are the inner scale due to small eddies and
the outer scale caused due to large eddies of the light
caused by the changes in temperature. T1 and T2 represent
the temperatures at two points which are located by the
propagation link distance of z.

An image is transmitted in an atmospheric turbulence
environment to analyze the effect of FSO communication
across different turbulence strenghths [22]. Peak signal-to-
noise ratio (PSNR) forms the parameter to measure the
quality of received image. PSNR is given as [25],

PSNR = 20 log

(
MPV 2

√
MSE

)
, (27)

where, MPV signifies the maximum possible value of an
image and MSE is the mean square error to measure the
used to estimate the error associated with the received image
comparing that with the transmitted image as [22],

MSE =
1

xy

x−1∑
k=0

y−1∑
l=0

[Tx (k, l)−Rx (k, l)]
2
, (28)

where, Tx and Rx are x× y monochromatic transmitted and
received image respectively. The next section presents the
results and discussion of the different factors affecting the
system

V. RESULTS AND DISCUSSION

FSO communication system’s performance is numerically
evaluated using MATLAB 2018a. Simulation parameters con-
sidered are the link range of 3.5 km, operating wavelength at
1550 nm, radius of aperture (a) of 0.1 m and jitter standard
deviation (σs) as 1 m.
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Fig. 2. Average BER for different PEs effect

Fig. 2, represents the BER performance of FSO communi-
cation evaluated under atmospheric turbulence ( with αl = 18
and βs = 12) for different PEs conditions. Different PEs
scenarios considering jitter, and non-zero boresight error are
taken into account with the appropriate special cases of radial
distribution modelled accordingly. For m = 1 it represents the
jitter effect with Rayleigh distribution. Also, m > 1 for the
non-zero boresight error modelled as Rician distribution and
for m = 0.5 as one-sided Gaussian distribution in equation
(24). It can be observed that as the PEs dominate the system,
BER has been considerably increased.
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Fig. 3. Average BER for different beam radius to jitter ratio (ζ)
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Fig. 3 represents the BER performance for different
beamwidth values to jitter variance, ζ under moderate turbu-
lence ( αl = 6 and βs = 4). BER decreased considerably as
the beamwidth to jitter variance ratio increased. An increase
in beamwidth, reduces the effect of PEs. A more significant
increase in the beamwidth can reduce PEs, but decreases the
received power and SNR resulting poor BER performance. A
trade off between the beamwidth size for the required BER
is to be optimized accordingly.

An atmospheric chamber is designed and analyzed the at-
mospheric turbulence using the corresponding testbed shown
in Fig. 4. The chamber is precisely positioned to permit
airflow through the laser’s propagation route. The temperature
of heater one and heater two are adjusted to produce the
desired temperatures (T1 and T2), and corresponding turbu-
lence strength is generated as shown in Table I. Atmospheric
turbulence is characterized as weak, moderate and strong tur-
bulence. For weak turbulence C2

n ≤ 10−15 and for moderate
to strong turbulence C2

n > 10−15 [25].

FSO

Transmitter

FSO

Receiver

PC 1

Heater 1
Heater 2

Fans
Chamber

PC 2

Fig. 4. Experimental setup of FSO communication under indoor atmospheric
turbulence chamber.

TABLE I
EXPERIMENTAL MEASUREMENTS OF INDOOR ATMOSPHERIC

TURBULENCE.

Sl. No T1(K) T2(K) C2
n(m

−2/3)
Turbulence

strength
1 304.75 302.55 2.60602E-12 Strong
2 302.35 302.15 4.99201E-13 Moderate
3 302.45 302.55 4.91981E-15 Weak

TABLE II
RECEIVED IMAGE UNDER DIFFERENT ATMOSPHERIC TURBULENCE

SCENARIOS.

Sr. No. Turbulence Strength PSNR
(dB)

Transmitted /
Received Image

1 No turbulence 42.2

2 Weak 35.64

3 Moderate 22.4

4 Strong 6.128

A monochrome image is transmitted under different at-
mospheric turbulence conditions as shown in Table II. It is
noticed that under the absence of turbulence, the received
image has a high PSNR of 42.2 dB. The image quality
is degraded due to the various strengths of atmospheric

turbulence which causes fading like phenomenon of received
power in FSO communication.

VI. CONCLUSION

FSO communication performance taking into the effect
of atmospheric turbulence and generalized PEs are analyzed
in this research work. A generalized analytical closed-form
framework for average BER is derived over atmospheric
turbulence and generalized PEs. An experimental evaluation
by transmitting an image under different channel conditions
provides deeper insights into the link performance under
clear weather conditions. A more in depth analysis can
be performed involving angle of arrival (AoA) associated
due to beam wandering. An efficient tracking mechanism
to overcome the link misalignment caused due to PE, AoA,
atmospheric turbulence, and other atmospheric conditions can
be designed.
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