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Abstract:

We investigate the availability of a terrestrial free-space optical communication system
under different levels of atmospheric turbulence in Cote d’Ivoire. Thanks to the
Gamma-gamma distribution, nature of the turbulence and its effects on the optical link
have been explored in five sites, which represent different atmospheric and meteorological
(Abidjan,
The nature of atmospheric turbulence in our environments was described

conditions in Cote d’Ivoire d’Ivoire
Bondoukou).

using an assessment of the refractive index structure parameter. An analysis of error

Bouaké, Korhogo, Man, and

probability was conducted across various environments. It was discovered that the
deterioration of the signal caused by atmospheric conditions in the typical circumstances of
Cote d’Ivoire is not particularly substantial. Additionally, the height of the environment
significantly impacts the natureof atmospheric turbulence.

Keywords: Error Probability; FSO; Gamma-gamma distribution; K distribution; Log-Normal
distribution; SNR; Cote d’Ivoire.

1 Introduction

Augmented reality, streaming, ultra-high
definition television, connected objects, and
computer applications necessitate
exceptionally high bandwidth levels for
proficient operation [1]. These systems,

combined with the rise of social media,
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which have done much to change people’s
habits of interaction, and the development
of military UAV (unmanned aerial vehicle)
guidance systems, make it all the more
important to disseminate information via
interconnection

high-speed systems [1].
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To meet these needs, various communica-
tion systems have been developed, such as
radio frequency communication systems (mi-
crowave, GSM, LTE, 4G), sound communi-
cation systems, and systems based on optical
technologies such as fibre optics, visible com-
munication systems (VLC), and free space
communication systems (FSO) [2]. Com-
pared with communication techniques based
on commonly used radio frequency technolo-
gies, FSO systems offer better performance
in terms of throughput, deployment costs
and intrinsic security [3]. This technology
is based on the use of laser beams to trans-
mit information in the form of light through
the atmospheric channel at data rates of
up to 100 Gbps [4]. The wavelength gen-
erally used for commercial systems is 1550
nm for telecommunications applications [1].
The use of the atmosphere as a propagation
channel by FSO technology means that its
performance depends on the atmospheric
conditions of its operating environment [3].
In order to guarantee the proper function-
ing of this technology within a certain en-
vironment, it is crucial to have an accurate
understanding of the nature of the atmo-
spheric turbulence present in that environ-
ment, as well as its effects on the accessibility
of said systems [3,4]. It is in this context
that in 2019 a study by Shahiduzzaman et
al. [5] to characterize the atmospheric chan-
nel in Bangladesh showed that the atmo-
spheric scattering effect does not hinder the
performance of the short-range FSO link,
whereas the atmospheric turbulence effect
can strongly influence the deployment of
FSO technology in Bangladesh. A second
study carried out at Owerri in Nigeria by
Ayo-Akanbi et al. [6] revealed that the out-
age probability of FSO systems in subtropi-
cal atmospheric conditions in West Africa
could be of the order of 1072

In the present study, we examine the atmo-
spheric channel of Céte d’Ivoire, focusing on
the regions of Korhogo, Man, Bouaké, Bon-
doukou, and Abidjan. We then characterize
the nature of its turbulence and analyse its
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impact on the availability of the FSO link
in each of the selected city. Atmospheric
scintillation and the probability of error are
also studied. Section 2 presents an overview
of FSO systems, while section 3 presents
the results combined with discussion and
analysis. Section 4 concludes the paper.

2 Overview of FSO sys-
tem

Free-space optical communication is based
on line-of-sight (LOS) between communica-
tion points [1]. It uses a laser source to trans-
mit data in the infrared and visible ranges.
The small size of the beams means that
the link is intrinsically safe and relatively
robust. Free-space optical communication
is theoretically possible provided there is
line-of-sight between the source and the des-
tination. The FSO system has three parts:
transmission, propagation channel and re-
ception [1,7]. The process of operation of
optical systems in free space is described in
Figure 1 [7]. In this study, we are particu-
larly interested in the propagation channel,
which is the environment in which the light
beam propagates. The atmospheric environ-
ment has complex properties that can vary
from moment to moment, affecting the char-
acteristics of the light beam propagating
through it. FSO links are subject to sev-
eral limitations imposed by the atmospheric
propagation environment. These limitations
can result in attenuation or extinction of the
optical signal during propagation, leading to
a reduction in the range between the trans-
mitter and receiver [1].

2.1 Atmospheric channel mod-
elling

There are several empirical models for char-
acterizing atmospheric turbulence. In this
section we present the three most com-
monly used models families for character-
izing the atmospheric channel, namely the
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normal model, the exponential model and
the gamma-gamma model [1,8].

2.1.1 Log-normal model

The normal distribution family is one of
the first statistical probability families de-
veloped to describe natural phenomena that
evolve randomly [8]. In the FSO context, the
most widely used normal distribution model
is the log-normal model [9]. The probability
density function (PDF) of this model derives
directly from Rytov’s first approximation [8],
and adapts well to low turbulence environ-
ments [7]. Consequently, in these environ-
ments, it has been the model most often
used to calculate the fading statistics associ-
ated with a fading communication channel.
However, more recent studies of the Log-
normal PDF suggest that it can be used to
predict fading probabilities in moderately
fluctuating regimes [8,9]. The Log-Normal
model assumes that the random variable de-
fined by the logarithm of the irradiance In (1)
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follows a normal distribution due to chan-
nel turbulence [8]. The probability density
prI(I) for the Log-Normal model is given
by equation (1) [7,8],

pr(l) = Ia\l/%e:vp (—W) (1)

Where o2 is the variance of the random
variable {n(/) which depends on the charac-
teristics of the channel. Equation (2) can
be used to determine its values [8],

2 _ 0.4982

- =exp ((1+0.18d2+0.56612/5)7/6 +. 2)
0.5182

(140.9d240.62d2512/5)5/6

with d= (kD?/4L)"/? & k = 27/ ) the wave
number. D is the diameter of the receiver
aperture, and L is the propagation dis-
tance. The Rytov variance is expressed as
6=1.23C%k7/SL1V/6 where C? is the struc-
tural parameter of the refractive index of
the atmosphere [10].
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Fig. 1. The process of operation of optical systems in free space.
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2.1.2 K-distribution model

One of the first models to be best adapted
to characterize the regimes of strong turbu-
lence is the K distribution [7,11]. In fact,
the general family of K distributions can be
used to accurately predict irradiance statis-
tics in several types of experiment involving
radiation attenuated by highly turbulent me-
dia [11]. This distribution is derived from a
modulation process of a negative exponen-
tial distribution and a gamma distribution.
This can be seen in equation (3) [7,12].

p(I) = 22 (D)@ V2K, 1 (2v/al) 1)

(3)
where K,(x) is a modified Bessel function
of the second kind. This is why the PDF
is known as the K distribution. Also, when
a — 00, the K distribution tends towards a
negative exponential distribution (i.e. the
gamma distribution approaches a Dirac
delta function) [13].

2.1.3 Gamma-gamma model

In this model, radiation is modelled as the
result of two statistically independent pro-
cesses: one for small-scale effects and the
other for the large-scale effects modelled by
each gamma [1] distribution. This character-
istic gives it the ability to accurately charac-
terize environments with low, moderate and
high turbulence [14]. Another important
feature of this model is that its parameters
depend directly on the atmospheric condi-
tions of the environment. [1,14]. For this
study we will use the Gamma-gamma distri-
bution model. Widely used by researchers,
this model, unlike other models, accurately
models weak turbulence, moderate turbu-
lence and strong turbulence. It will therefore
enable us to accurately describe the nature
of turbulence in our environment. The PDF
of irradiance for this model is given by equa-
tion (4) [1,8].

(a+B)/2
p(I) = Lﬁa X ..
asp_y OO (4)

I Kap(2veBI)  1)0
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where K,(x) is the modified Bessel function
of the second kind, I'(x) is the Euler Gamma
function, « is the effective number of small-
scale turbulences and 3 the effective number
of large-scale turbulences. The values of «
and (3 are given by equations (5) and (6) [8].

0.4902

7/6 —1
1—|—1,11012/5)/ 1 (5)

a = [exp(

and

2
8 = [exp( 0.510

YRy \B/6 1 -1 6
1+ 0.69012/5) ] (6)
with o2 the temperature variation between
the ground and the atmosphere, given by
equation 7 [1,8].

o® =1,23C2 k0L (7)

o? is called the Rytov variance (or scintil-

lation index). We have Lp the path length,
k the wave number (k = 27) and C? the
refractive index structure parameter.

In this study we use the Gamma-gamma
distribution, unlike other distributions (log-
normal distribution and K distribution)
whose performances are optimal only in
cases of weak turbulence for normal distri-
butions and for cases of strong turbulence
for distributions exponential. The Gamma-
gamma distribution presents the best per-
formances for the characterization of turbu-
lence in weak, medium, and strong turbu-
lence regimes. This model helps to describe
all king of environment under turbulence [1].

2.2 Error Probability

In the context of communications, the prob-
ability of error generally refers to the like-
lihood that a transmission signal will be
misinterpreted or corrupted during its trans-
mission from one point to another. This can
occur due to a variety of factors, such as
noise, attenuation, interference, etc. In digi-
tal communication systems, the probability
of error is often used to assess the quality
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of data transmission. The intensity modu-
lation format OOK (On Off Keying), is a
modulation format that allows the signal to
have only two states, a zero state (0) and
a positive state (1). For this modulation
format, and signal distributed according to
an equiprobable probability law, the value
of the PB is given by equations (8) and
(9) [7,9].

Pe = P(e,of f) + P(e,on) (8)

with P(e,off) = P(off)P(eloff) and
P(e,on) = P(on)P(elon). So probability
of error becomes,

Pe = Plof [)P(eloff) ... (g
P(on)P(e|on)

with P(off) and P(on) the probabilities
of sending "0" and "1" respectively, P(|of f)
the probability of conditional error knowing
that it is an off (0) that has been sent, and
P(e|on) the probability of conditional error
knowing that it is an on (1) that has been
sent. The values of P(e|on) and P(elof f)
for the irradiance I are expressed from the
equation (10) [15].

ple,I) = Plelof f) = P(elon) =

erfc (\/‘LNO)

(10)

with p responsivity of photodetector, Ny
noise power spectral density, and er fc(.) the
Gaussian error function given by equation

(11) [1].

erfe(x) exp(—t*)dt  (11)

-
The signal being distributed according to
an equiprobable probability law, we have
P(on) = P(of f) = 5. From equation (11),
we obtain equation 12 which establishes a
relation between the probability of error de-
pending on atmospheric parameters [7,8].

Pe =p(e, ) = erfc(\/’;lwo)
pre = Jo~ Plell)pi(I)d]

pre = g~ erfc f) ([)dI

PPe = f()oo 67"f \/g)

(12)
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3 Results and discussion

3.1 Results

3.1.1 Presentation of test environ-
ment

Our simulations will be performed for five
distinct environments, namely Korhogo,
Bouaké, Abidjan, Man, and Bondoukou.
This will allow us to know which environ-
ment presents the best properties for the
deployment of an FSO system. For the nu-
merical simulations, meteorological data for
each of these environments were retrieved
from "historique-meteo" site [16]. Figure
2 represents the different vegetations and
climates of Cote d’Ivoire by region.

Korhogo located in the north of Cote
d’Ivoire in West Africa, is generally charac-
terized as a tropical savannah climate, also
known as a dry tropical climate or Sudanian
savannah climate. This city is located 380 m
above sea level, Korhogo generally has two
distinct seasons: a rainy season (wet season)
and a dry season (dry season). Tempera-
tures in Korhogo vary considerably between
the seasons. Maximum temperatures can
reach high values during the dry season,
while the rainy season is generally cooler.
Nights can be relatively cool during the dry
season [17].

Bouaké is a town in Cote d’Ivoire, in
West Africa. It is in the central part of the
country. This city is located 312 m above
sea level. Bouaké’s climate is generally clas-
sified as tropical savannah, also known as
dry tropical or Sudanian savannah. Bouaké
generally has two distinct seasons: a rainy
season (wet season) and a dry season (dry
season). These seasons are marked by sig-
nificant variations [17].

Abidjan is the largest city in Cote d’Ivoire

and is located on the country’s southern
coast, on the shores of the Gulf of Guinea.
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Situated 18 m above sea level, the city en-
joys an equatorial climate, specifically a
tropical equatorial climate, characterized
by warm temperatures throughout the year
and abundant rainfall [17].

Man is located in the west of Cote d’Ivoire,
in the Tonkpi region. Its climate is clas-

Vol. 7, n° 2 (2023) 116-131

sified as tropical equatorial. Man has a
prolonged rainy season, generally from May
to October. During this period, the city
receives abundant rainfall, with frequent
showers. The wettest months are generally
June, July and August. Man is 329 m above
sea level [17].
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Fig. 2. Map of Cote d’Ivoire showing the studied towns.
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Bondoukou is a town in the east of Cote
d’Ivoire, in West Africa. Its climate is
classified as tropical equatorial, similar to
that of other regions close to the equator.
Bondoukou experiences high temperatures
throughout the year due to its position close
to the equator. Average monthly tempera-
tures vary little, with average highs generally
between 30°C and 32°C. Bondoukou is 343

m above sea level [17].

3.1.2 Analysis of the distribution of
atmospheric factors

Atmospheric turbulence is particularly de-
pendent on meteorological conditions, no-
tably visibility, precipitation and wind
speed [8,18]. These different factors make
it possible to analyse the distribution of at-
mospheric scintillation cells, which make a
major contribution to the degradation of the
FSO link. Consequently, it is essential for
the establishment of an FSO link to know
their distribution in the propagation chan-
nel. To this end, five cities representing the
different weather profiles of Cote d’Ivoire,
namely Abidjan, Bouaké, Bondoukou, Man,
and Korhogo, were selected and considered
for the study. Visibility, wind speed and pre-
cipitation data from January 2018 to Decem-
ber 2022 were collected from the "weather
history" platform [17]. The visibility data
were used to determine the scattering effect
of Mie. Some regions of Cdte d’Ivoire are
subject not only to heavy rainfall every year
during the monsoon season, but also to light
rainfall throughout the year [19]. Rainfall
data can be used to describe the levels of
non-selective atmospheric diffusion experi-
enced by an FSO link. But to calculate the
nature of atmospheric turbulence, only wind
speed data from January 2018 to December
2022 are considered.

o Diffusion coefficient due to mie
and rain

Visibility and precipitation data are used to
determine the overall scattering coefficient.

Vol. 7, n° 2 (2023) 116-131

For the analysis of visibility and precipita-
tion data, monthly data from January 2018
to December 2022 were consulted, and the
maximum, minimum and average visibility
and precipitation rates were calculated to
analyze the scattering experienced in clear
weather and in the worst conditions for our
different cities. First, let’s consider the effect
of Mie scattering. Visibility is the parameter
that directly contributes to Mie scattering,
which is selective scattering. its expression
is given by equation (13) [5,8],

391 [ A\7
; 1
5brouzllm’d V ()\0) ( 3)

Where V' (km) represents the viewing dis-
tance, A\ (nm) is the operating wavelength
and p is the scattering size distribution co-
efficient. According to Kim’s model, the
values of p are given by equation (14) [3,8].

1.6 V)50
1.3 6(V/ (50
p=1 016V +0.34 1{(V(6 (14)
V—05 0.5(V (1
0 V(0.5

Figure 3 shows the evolution of visibility
over time for five selected cities. For the five
cities considered, the maximum visibility
distance is 10 km and is generally observed
during the period from January to the end
of March, which is the end of the dry sea-
son [20]. The lowest visibility distances are
observed during the period from April to
August, with a minimum value of 6.55 km
observed in Man. The distribution of visi-
bility distances remains the same for all five
years. Abidjan has the highest average an-
nual visibility values, with levels generally
higher than the national average. Man has
the lowest visibility distances, with levels be-
low the national average. During the April
to September rainy season, visibility dis-
tances in Korhogo, Bouaké and Bondoukou
follow the same trend as Man, with values
above the national average. Since visibility
has a direct influence on the calculation of
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Mie scattering, Table 1 shows the maximum,
minimum and average visibility ranges and
the corresponding Mie scattering coefficients
for the five selected cities. In calculating the
scattering coefficient, the wavelength of the
optical signal is considered as 1550 nm. Ta-
ble 1 clearly shows that the Mie coefficient
depends on visibility distance. The lower
the visibility, the higher the Mie coefficient.
The city of Man, with the lowest visibility
distances, also records the highest Mie coef-
ficient values, with 0.112 dB/km and 0.161
dB/km as minimum and maximum values
respectively. This describes the greater at-
mospheric attenuation in this zone. This

Vol. 7, n° 2 (2023) 116-131

can be explained by its mountainous geo-
graphical profile and its generally rainy me-
teorological profile [20]. According to Table
1, the maximum visibility distance in each of
the chosen environments is 10 km. Abidjan
is the environment with the greatest average
visibility distance, at 9.5477 km, with a min-
imum Mie coefficient of 0.112 dB/km and a
maximum coefficient of 0.115 dB/km. The
cities of Korhogo, Bouaké and Bondoukou
recorded maximum Mie coefficients of 0.132
dB/km, 0.148 dB/km and 0.141 dB/km re-
spectively. This can be explained by the
high levels of fog observed in these areas
during the harmattan period [21].
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Fig. 3. Visibility distribution per month.
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Precipitation is another predominant factor
in scattering, it is used to characterize non-
selective diffusion, the expression of which
is given by equation (15) [1,5]. Figure 4
shows precipitation levels for the selected
cities. The general trend of the precipita-
tion curves is the opposite of that of the
visibility curves in our study environments.
In general, the rainfall distribution seems
to follow the same pattern from one year
to the next, with maximum rainfall values
between April and October and low values
between November and April.

Vol. 7, n° 2 (2023) 116-131

During 2018 and 2019, there was heavy rain-
fall, with peaks of up to 38 mm/day mainly
observed in Man. During 2020, 2021, 2022,
there was a general decrease in rainfall with
peaks of 17 mm/day observed in Korhogo
and Man. Man recorded above-average rain-
fall levels for almost the whole year. Ta-
ble 2 summarizes rainfall trends for the five
selected cities and also shows rainfall scat-
tering values. The non-selective scattering
coefficient changes in proportion to precipi-
tation. The higher the rainfall, the greater
the coefficient.

5pluie = aRf (15)
Table 1
Analysis of the Mie diffusion coefficient under Céte d’Ivoire weather conditions.
. .. Minimum .
Average | Maximum | Minimum Mie Max Mie
Cities visibility visibility visibility . coeflicient
(k) (k) (k) | cocfficient | qp oy
(dB/km)
Abidjan 9.5477 10 8.55 0.112 0.115
Korhogo 9.3129 10 7.52 0.112 0.132
Bouaké 8.9577 10 7 0.112 0.148
Bondoukou 8.8569 10 7.2 0.112 0.141
Man 8.0413 10 6.3 0.112 0.161
Civ 9.3500 10 7.51 0.112 0.132
Table 2

Non-selective scattering due to rainfall under Cote d’Ivoire weather conditions.

Cities rainfall rainfall rainfall coefficient | coefficient
(mm/jour) | (mm/jour) | (mm/jour) (dB/km) | (dB/km)

Abidjan 5.7434 25 0 0 3.9
Korhogo 5.3375 17 0 0 3.1

Bouaké 4.6316 13 0 0 2.6

Bondoukou 4.4222 13 0 0 2.6
Man 9.7276 38 0 0 5
Civ 6.4333 12 0 0 3
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Fig. 4. Rain distribution per month.

Table 2 shows that Abidjan is the second
environment where non-selective scattering
is most pronounced in Cote d’Ivoire, with
an average rainfall value of 5.7434 mm/-
day for a maximum non-selective scatter-
ing coefficient of 3.9 dB/km. Man en-
vironment, where non-selective scattering
is highest, records an average precipita-
tion value of 9.7276 mm/day for a maxi-
mum non-selective scattering coefficient of 5
dB/km. The non-selective scattering coetfi-
cient evolves proportionally to precipitation.
The higher the rainfall, the greater the coeffi-
cient. The average precipitation in Abidjan,
Man, Bouaké and Korhogo is lower than
the national average of 6.4333 mm/h. This
value is mainly influenced by the high precip-
itation levels recorded in Man, which coun-
terbalance the relatively low precipitation
values observed in the other environments.
Table 3 shows the total scattering coefhi-

cient for each of our environments. Man,
located in the west of Cote d’Ivoire with
a sub-equatorial meteorological profile of
5.161 dB/km, has the highest atmospheric
scattering level. This is mainly due to the
heavy rainfall that occurs there for almost
the whole year. The level of diffusion ob-
served in this environment is higher than the
national average of 3.132. After Man, the
city of Abidjan recorded the highest level
of atmospheric diffusion, with a coefficient
of 4.015. This is also due to the heavy rain-
fall observed in this environment, mainly
during the rainy season. This rainfall can
be explained by the city’s proximity to the
sea [17]. Korhogo with 3.232 dB/km is the
third city in terms of atmospheric diffusion
due to rain and visibility. This can be ex-
plained by the heavy rainfall observed in
this city during the rainy season and by the
thick fog encountered during the harmattan
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period [21], which contributes greatly to the
reduction in visibility distance. The Bon-
doukou and Bouaké environments are the
two with the lowest atmospheric scattering
coefficients, 2.741 dB/km and 2.748 dB/km
respectively, which is due to the low rainfall
observed in these areas. The atmospheric
scattering coefficients observed in Korhogo,
Bondoukou and Bouaké are lower than the
national average of 3.132.

o Scintillation effect on FSO link

Scintillation causes the beam to deviate,
which considerably degrades the perfor-
mance of the FSO link and can lead to point-
ing errors [1,8]. Atmospheric scintillation is
the result of variations in the refractive index
in the atmosphere. Temperature differences
along the optical path lead to a variation
in refractive index [7]. The temperature in
a given environment below the troposphere
changes as a function of wind speed and
height [8]. Thus, altitude and wind speed
are essential parameters that determine the
nature of atmospheric turbulence. The vari-
ation in wind speed for the years 2018 to
2022 is shown in Figure 5, based on data
collected for the five selected cities. Figure
5 shows that Abidjan has the highest wind
speeds, with values ranging from 13 km/h
to 22 km/h, with peaks during the rainy
season. This is due to the proximity of the
city of Abidjan to sea level, which means
that it is subject to the full force of the mar-
itime currents. After Abidjan, the towns of
Korhogo, Bondoukou and Bouaké have the
fastest winds, with speeds ranging from 7.7
km/h to 14.2 km/h, with peaks during the
rainy season. This is mainly due to their
open plateau-type geography. These speeds
follow the variations in wind speed of the na-
tional average, which also oscillates between
10 km/h and 14 km/h. Man has the lowest
wind speeds, with values ranging from 4.9
km /h to 8 km /h, with peaks during the rainy
season. These low values are mainly due to
its mountainous geography, which hinders
wind movement [22]. For the analysis of at-
mospheric scintillation levels we consider the
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gamma-gamma distribution model in each of
our environments. This analysis will enable
us to classify our environments according to
the nature of the turbulence. The param-
eters to be determined are a (the effective
number of small-scale turbulence), 5 (the ef-
fective number of large-scale turbulence), o
(the scintillation index) and C? (the struc-
ture parameter of the refractive index). We
always consider the wavelength A = 1550nm
and a link distance L = 10km. After pro-
cessing the meteorological data with Matlab,
we obtain Table 4, which specifies the pa-
rameters of the Gamma-gamma model for
each of our environments and the refractive
index structure parameter, which is used to
assess the strength of atmospheric scintil-
lation for a given environment. The data
taken into account for the determination of
the parameters are height, wind speed [1,17].
From the data in the Table 4, we can see
that the Abidjan environment is one of mod-
erate turbulence, since its structural param-
eter of the refractive index (C?) is in the
order of 107 [7]. The Korhogo, Bouaké,
Man and Bondoukou environments are in
the low-turbulence zones with C? in the or-
der of 1071¢ [7]. This is due to the height of
the environment in relation to sea level, in
the Abidjan environment, which is closer to
sea level (18 m), variations in the refractive
index are greater than in environments such
as Korhogo, Man, Bondoukou and Bouaké,
which are more than 300 m above sea level.
In fact, the closer you get to the ground, the
more the atmospheric stratification layers
increase [23], which could lead to pointing
errors.

o Error Probability

The evolution of the probability of error as
a function of the signal-to-noise ratio for our
two different atmospheric turbulence scenar-
ios is shown in Figure 6. It can be seen
from this figure that the curves for the evo-
lution of the probability of error behave in
the same way as the curves for the evolution
of the signal-to-noise ratio.
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Table 3
Total scattering coefficient under Cote d’Ivoire weather conditions.
Min scattering Max scattering
Cities coefficient coefficient
(dB/km) (dB/km)
Abidjan 0.112 4.015
Korhogo 0.112 3.232
Bouaké 0.112 2.748
Bondoukou 0.112 2.741
Man 0.112 5.161
Civ 0.112 3.132

Generally speaking, the probability of error
curve for the moderate turbulence environ-
ment (Abidjan) and that for the low turbu-
lence environments evolve in opposite ways
for signal-to-noise ratio values of less than
5 dB. In fact, we can see that the probabil-
ity of error curve for Abidjan starts from a
maximum value of 0.2 and then decreases
towards a probability of error of 0.15. As
for the low-turbulence environments (Ko-
rhogo, Bouaké, Man and Bondoukou), their
error probabilities increase to reach a max-
imum value of 0.15. From 0.15 the curves
follow the same trend and decrease to an
error probability of around 0.05 for the Abid-
jan environment, and around 0.06 for the
Korhogo, Bouaké, Bondoukou and Man en-
vironments for a signal-to-noise ratio value
of 40 dB. Overall, the probability of error is
fairly low [1].

3.2 Discussion

Generally in the Ivorian meteorological con-
text, rain is the primary factor causing scat-
tering, resulting in diffusion coefficients of
up to 5 dB. This can be explained by the
distribution of water droplets, which can be
observed through the high levels of daily pre-
cipitation. Man recorded the highest scat-
tering coefficients, with a maximum level

of 5.161 dB/km. Abidjan and Korhogo
recorded maximum atmospheric diffusion co-
efficients of 3,232 dB/km and 2,748 dB/km.
Bouaké and Bondoukou recorded the low-
est atmospheric scattering coefficients, with
values of 2.748 dB/km and 2.741 dB/km re-
spectively. This is chiefly attributed to the
reduced precipitation noted in these regions.
The distribution of these coefficients follows
the same trend as in Bangladesh, which also
has a subtropical climate [5]. Analysis of
the probability of error reveals fairly low
probabilities, compared with the environ-
ment of South Africa where its values can
reach 0.9 [24]. Finally, the signal-to-noise ra-
tio values greater than 5 dB demonstrate a
threshold value of 0.15, allowing for the pre-
diction of a link availability of 85% in Cote
d’Ivoire. The results obtained in this study
will make it possible to establish the frame-
work for evaluating the performance of FSO
systems for use cases in the field of telecom-
munications [26]. The characterization of
the link helps to evaluate the performance of
the FSO system in the Cote d’Ivoire environ-
ment. Indeed, although the performance of
transmission systems is defined by the tech-
nical design of the equipment, knowledge of
its propagation environment is essential for
estimating the performance of the system,
particularly for FSO systems which have
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the atmosphere as their propagation chan-
nel. Variations in atmospheric turbulence
levels can cause FSO performance degrada-

tion such as pointing errors, reduction in
link capacity, and even link interruption.

Table 4
Atmospheric turbulence parameters for each environment.
Abidjan Bouaké Korhogo Man Bondoukou
C? 1.4466.1071* | 7.8843.107'6 | 6.7689.1016 8.5014~16 7.2717.10716
o? 3.8198 0.2082 0.1787 0.2245 0.1920
Q 4.2985 11.2662 12.8206 10.5871 12.0591
6] 1.3263 9.7428 11.2729 9.0713 10.5243
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Fig. 5. Wind speed distribution per month.
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Fig. 6. Error probabilities as function of the signal-to-noise ratio.

The value of availability reveals enormous
potential for the development of a mobile
network architecture integrating FSO tech-
nology as an optimal means of transmission
at lower cost.

4 Conclusion

FSO systems operate in the near-infrared
optical waveband, a spectral range for which
optical components can provide high data
rates. The aim of this study was to de-
termine the nature of atmospheric turbu-
lence in Cote d’Ivoire, and to analyze the
availability of the FSO link deployed in this
environment. Average visibilities, precip-
itation and wind speed were determined
for all sites. Atmospheric scattering and
the nature of atmospheric turbulence were
modelled using the Gamma-gamma distri-

bution. An assessment of the probability
of error was also carried out for our dif-
ferent environments.Signal degradation due
to atmospheric conditions was found to be
insignificant in the average atmospheric con-
ditions of Cote d’Ivoire. Man is the environ-
ment with the highest atmospheric scatter-
ing coefficient, at 5.161 dB/km, while Bon-
doukou and Bouaké have the lowest, at 2.741
dB/km and 2.748 dB/km respectively. Rain
is, therefore, the most vital atmospheric
scattering factor in Céte d’Ivoire. The re-
sults also show that under these average con-
ditions, Abidjan is a moderate-turbulence
environment, while Korhogo, Bondoukou,
Man and Bouaké are low-turbulence envi-
ronments. Additionally, the character of
atmospheric turbulence is heavily impacted
by the altitude of the surroundings. Finally,
analysis of the probability of error reveals
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that the link can achieve an availability of
around 85% in the Cote d’Ivoire environ-
ment for SNR values of over 5 dB. Pointing
errors are a major hindrance to FSO link
operation in certain environments, mainly
due to poorly managed atmospheric scintil-
lation [25]. As a follow-up to this study, it
may be interesting to analyze the resistance
of the link to changes in the factors that can
lead to these errors in Cote d’Ivoire.
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