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A B S T R A C T

Free-space optical (FSO) communication links are thought to be most negatively impacted by fog and
sandstorms. Several probabilistic models for signal attenuation in various types of fog have been proposed
in the literature. To the best of our knowledge, there is no prior probabilistic signal attenuation model
for dusty channels. As a result, in this study, we analyse the probabilistic behaviour of the FSO channel
during sandstorms using real-time data from the Egyptian Meteorological Authority and propose the negative-
exponential (NE) distribution as a novel statistical model for signal attenuation in dust. A probability
distribution function (PDF) is then derived for the random dust channel state. Also, a closed-form channel
state distributional formulation is derived for a stochastic FSO channel model that considers both dust effects
and Gamma–Gamma (G–G) atmospheric turbulence-induced fading. Next, closed formulas are derived for
both the average bit-error rate (BER) and outage probability for the FSO system operating in this channel
environment. Using the forms derived, it can be shown that the dust storm has a significant impact on the
system’s performance. Finally, to overcome this degradation, we suggest utilizing a hybrid FSO and radio
frequency (RF) wireless communication system. The received signals are combined using the well-known
diversity selection combining (SC) technique. Further, the hybrid system’s performance was compared to that
of an FSO-only system.
1. Introduction

One of the biggest issues in the 5G cellular network is the connec-
tion of its extremely dense traffic cells to the core network through
fronthaul and backhaul transports [1]. Such a connection is mainly
based on fibre optics for reliable transportation of high data rates. Free
space optics (FSO) technology is now attracting a lot of interest as
a fibre alternative since it transports data across free space, whereas
building fibre optic connections can be expensive or even impossible
in some regions [2]. In addition, FSO offers a number of benefits, such
as rapid and simple installation, no licence fees, cost efficiency, a large
bandwidth, and immunity to electromagnetic interference. However,
adverse external weather conditions, including fog, dust, rain, and
atmospheric turbulence, have a significant negative impact on FSO
connectivity [3].

Apart from rain attenuation, the two main factors that can disrupt
connections and limit visibility to a few metres are fog and sandstorms.
This is because their particles’ size is comparable to that of the light
wavelength used in FSO systems. The majority of the FSO system
research has been done in North America, East Asia, and Europe,
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where the most frequent weather patterns are turbulence, fog, rain, and
snow [3]. To model various types of turbulence, there are numerous
probabilistic models available, including G–G, Malaga, and K turbu-
lence [4–7]. Furthermore, the authors in [8,9] proposed probabilistic
models for continental moderate and dense fog. A novel probabilistic
Gamma distribution was proposed by the author in [10] that fits
various types of fog.

Regarding dust particles, there is a dearth of data and research on
their impact on FSO due to their absence in the environment under
investigation. Hence, their effect is frequently ignored. Dust storms
happen in many other places around the world, such as the Middle
East and North Africa, where we focus our studies. Any FSO connection
installations in present and future communication networks in dry and
semi-arid regions, will be extremely dependent on the dust effect.

Due to the unpredictability of dust storm episodes and the lack of
knowledge regarding how they affect FSO links, some authors have
built specialized experimental rooms to investigate the influence of
sandstorms on the FSO channel [11–14]. The authors of [15,16] have
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Fig. 1. Dust storm event for years 2018, 2019, and 2020 at El-Dabaa, Egypt.
also investigated experimentally the negative impact of dusty chan-
nels on the FSO link and attempted to improve the performance by
employing a number of methods.

As far as we know, no prior probabilistic dust attenuation model
exists. As a result, we concentrated our efforts on developing a proba-
bilistic model based on real-time data to estimate attenuation caused by
dust storms for the construction of the FSO connection and networking.
Our study is based on measurements of reduced visibility brought on
by sandstorms that were obtained from the Egyptian Meteorological
Authority for the years 2018, 2019, and 2020 at the city of El-Dabaa,
which is located on the north coast of Egypt, approximately 296 kilo-
metres (184 miles) from Cairo. Since El-Dabaa’s nature is comparable
to that of any arid region, our proposed model can be used for any such
environment.

The following are the key contributions of the paper:

• Based on measurements from the Egyptian Meteorological Au-
thority, we suggest the negative-exponential (NE) distribution as
a novel model for signal attenuation in dusty environments.

• We derive the probability density function (PDF) of the proposed
dusty channel state.

• The PDF of the combined statistical effect of the proposed dust
model with gamma–gamma (G–G) turbulence is also derived.

• We analyse the performance of the FSO system by developing
novel closed-form expressions for the average bit-error rate (BER)
of binary phase shift keying (BPSK) signals and outage probability
in terms of the Meijer G-function.

• In order to identify which effect has a greater impact on the FSO
system, the performance of the FSO system with dust attenuation
and G–G turbulence is compared to the performance of the FSO
system with dust attenuation only and G–G turbulence only in
terms of the outage probability and the average BER.

• Using the derived novel closed formulas for both average BER
and outage probability, we investigate a hybrid FSO/RF diversity
selection combining (SC) method to improve the performance
of FSO links as dust is often found to have negligible impact
on the attenuation of microwave and millimetre wave (mmW)
signals [15,17]. This approach does not require feedback in-
formation or additional channel state information (CSI) at the
transceiver.

• A performance comparison study between hybrid and FSO-only
link systems is then investigated according to the outage proba-
bility and the average BER.

The paper is organized as follows: Section 2 is devoted to a deriva-
2

tion for a signal attenuation probabilistic model in sandstorms. In
Table 1
Classification of dust events based on visibility ranges.
Dust type Severe Moderate Light

𝑉 (km) ≤0.2 0.2–1 1–10

Section 3, the FSO system model was studied and closed formulas for
both average BER and outage probability were derived. The hybrid
FSO/RF system model is presented in Section 4 along with a derivation
for the corresponding average BER and outage probability. In Section 5,
the obtained results are discussed and analysed. Finally, our conclusion
is given in Section 6.

2. Dust attenuation modelling

In this section, we statistically examine the signal attenuation
caused by dusty weather in an effort to identify a PDF that best fits
this attenuation. In order to fulfil this purpose, a collection of real-time
data on visibility owing to sandstorm events in the city of El-Dabaa,
Egypt, for three consecutive years (2018, 2019, and 2020) was obtained
from the Egyptian Meteorological Authority. The ‘‘visibility range’’
in kilometres (km) is the distance at which, under certain weather
conditions, the picture contrast drops to 2% of what it would be if the
item were nearby.

The graph in Fig. 1 depicts the random visibility data collected
in the presence of sand storms. The obtained visibility ranges are
divided into three types in accordance with the worldwide visibility
code depicted in Table 1 to make our study of the system performance
easier.

Our goal is to develop a probabilistic channel model for signal
attenuation in the dusty environment that will allow us to estimate the
influence of sand storms on FSO. The histograms in Figs. 2(a), 3(a), and
4(a) represent an approximate distribution of numerical data for severe,
moderate, and light dust attenuation, respectively. The Freedman–
Diaconis rule, as used in [18], was used to bin the range of data values
on the 𝑥-axis. In statistics, the width of the bins is obtained from:

Bin width = 2 ×
𝐼𝑄𝑅(𝑤)

3
√

𝑟
, (1)

where 𝐼𝑄𝑅(𝑤) is the data’s interquartile range and 𝑟 is the number of
observations in the 𝑤 sample [19]. The PDF for the underlying variable
is estimated from the histogram graph, which provides an approximate
notion of the density of the underlying distribution of the data. Indeed,
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Fig. 2. Fitting severe dust attenuation to exponential distribution using MATLAB distribution fitter: (a) Moderate dust attenuation PDF. (b) Moderate dust attenuation probability
lot.
Fig. 3. Fitting moderate dust attenuation to exponential distribution using MATLAB distribution fitter: (a) Moderate dust attenuation PDF. (b) Moderate dust attenuation probability
plot.
Fig. 4. Fitting light dust attenuation to exponential distribution using MATLAB distribution fitter: (a) light dust attenuation PDF. (b) light dust attenuation probability plot.
he frequency (probability) density is given by the number of values
hat fall within each interval (frequency) per unit.

We have investigated and compared various PDFs, including non-
egative, limited, and unbounded continuous distributions, using the
ATLAB distribution fitter application to fit the dust signal attenuation.

igs. 2, 3, and 4 show the empirical sample data versus NE fitting
or the PDF and the probability plot (P–P) for severe, moderate, and
ight dust, respectively. We have identified that the NE distribution fits,
ith a high level of significance, the signal attenuation PDF. The NE
istribution is given by:

𝛼𝑙 (𝛼𝑙) =
1
𝜇
× 𝑒−𝛼𝑙∕𝜇 (2)

here 𝛼𝑙 (dB/km) is the signal attenuation due to dust and can be
elated to the visibility ranges obtained using [13] and 𝜇 > 0 is the
3

Table 2
Exponential mean value for various dust types.
Dust type Severe Moderate Light

𝜇 550 100 15

mean value of the NE distribution. Furthermore, the average value of
𝜇 was calculated for each dust visibility range (severe, moderate, and
light), as shown in Table 2. It is clear that 𝜇 is directly proportional to
dust density.

The P–P plot compares fitted CDF values to empirical CDF val-
ues [20], and hence it is used to visually confirm the accuracy with
which a given distribution fits a given set of measurements. The P–P

plot will be approximately a diagonal line if the chosen CDF is the right
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model. The P–P plots’ approximately tight tracking of the diagonal line
with occasional deviations demonstrate the exponential distribution’s
ability as a probabilistic model for signal attenuation in dust as shown
in Figs. 2(b), 3(b), and 4(b).

3. System model

BPSK modulation is used in the FSO system under examination in
this work. The additive white Gaussian noise (AWGN), proposed NE
dust attenuation, and G–G atmospheric turbulence attenuate the signal
during air travel; hence, direct detection results in an expression for the
incoming signal in the form of:

𝑦 = ℎ𝑥 + 𝑛𝑟 (3)

where ℎ, , 𝑥, and 𝑛𝑟 are the random channel state, detector responsiv-
ty, binary sent signal intensity, and AWGN, respectively. The random
ust attenuation channel state (ℎ𝑎) and the G–G atmospheric turbulence
hannel state (ℎ𝑡) are combined to form the overall random channel
tate ℎ as:

= ℎ𝑎 ⋅ ℎ𝑡 (4)

Because FSO is a rapid communication network with data rates in
igabits per second, we assume the dusty channel is a slow-fading chan-
el. In FSO channels, the symbol duration, measured in nanoseconds, is
ound to be much shorter than the channel coherence time, measured
n milliseconds [3]. For a channel with gradual fading, the electrical
ignal-to-noise ratio (SNR) is represented by:

(ℎ) = 𝛾 ⋅ ℎ2, (5)

where the average SNR is given by 𝛾. The Beer–Lambert rule, which
explains the relationship between signal attenuation and link length,
characterizes the channel state under dusty conditions [21]:

ℎ𝑎 = exp(−𝛼𝑘𝐿), (6)

where 𝛼𝑘 is the attenuation coefficient in (km−1) and 𝐿 is the link
length in (km). The signal attenuation 𝛼𝑙 in (dB/km) is related to the
attenuation coefficient as [22]:

𝛼𝑙 = 4.343 𝛼𝑘 (7)

From Eqs. (6) and (7), 𝛼𝑙 in (dB/km) is related to ℎ𝑎 as:

𝛼𝑙 = −4.343
𝐿

lnℎ𝑎. (8)

The signal attenuation PDF in dust, 𝑓𝛼𝑙 (𝛼𝑙), can be used to determine
the atmospheric channel state PDF as [23]:

𝑓ℎ𝑎 (ℎ𝑎) =
∑

𝑖
𝑓𝛼𝑙 (𝛼𝑙)

|

|

|

|

𝑑𝛼𝑙
𝑑ℎ𝑎

|

|

|

|

|

|

|

|𝛼𝑙=𝛼𝑙𝑖
, (9)

where
|

|

|

|

𝑑𝛼𝑙
𝑑ℎ𝑎

|

|

|

|

=
𝐿 × ℎ𝑎
4.343

. (10)

The index 𝑖 in Eq. (9) represents the number of solutions for the variable
𝛼𝑙 over the interval of interest (0 ≤ ℎ𝑎 ≤1). In our case, we have only
one solution, represented by Eq. (8). Substituting Eqs. (2), (8), and (10)
into Eq. (9) yields the PDF of the proposed dusty channel state 𝑓ℎ𝑎 (ℎ𝑎):

𝑓ℎ𝑎 (ℎ𝑎) = 𝑧 × ℎ𝑧−1𝑎 , (11)

where 0 ≤ ℎ𝑎≤ 1 and 𝑧 = 4.343
𝐿𝜇 .

The PDF of the G–G turbulence channel state is given by [24]:

𝑓ℎ𝑡 (ℎ𝑡) =
2 ⋅ (𝛼𝛽)

𝛼+𝛽
2

𝛤 (𝛼) ⋅ 𝛤 (𝛽)
× ℎ𝑡

𝛼+𝛽
2 −1 ×𝐾𝛼−𝛽 (2

√

𝛼𝛽ℎ𝑡), (12)

where 𝛤 (⋅) is the gamma function, 𝐾𝑥(⋅) is the second type of modified
Bessel function of order 𝑥. The effective number of large-scale cells
in the scattering process is determined by 𝛼, whereas the quantity of
4

fading is determined by 𝛽. Their values can be calculated as given
in [24]. The previous PDFs for dust and G–G turbulence channel states,
represented by Eqs. (11) and (12), are used to calculate the PDF of
composite channel state ℎ.

𝑓ℎ(ℎ) = ∫ 𝑓ℎ|ℎ𝑡 (ℎ|ℎ𝑡)𝑓ℎ𝑡 (ℎ𝑡)𝑑ℎ𝑡, (13)

here 𝑓ℎ|ℎ𝑡 (ℎ|ℎ𝑡) is the conditional probability given ℎ𝑡 state and is
xpressed by:

ℎ|ℎ𝑡 (ℎ|ℎ𝑡) =
1
ℎ𝑡

× 𝑓ℎ𝑎

(

ℎ
ℎ𝑡

)

= 𝑧
ℎ𝑡

×
(

ℎ
ℎ𝑡

)𝑧−1
, (14)

here 0 ≤ ℎ ≤ ℎ𝑡. By substituting Eqs. (12) and (14) in Eq. (13), the
omposite channel state PDF is given by:

ℎ(ℎ) =∫

∞

ℎ

𝑧
ℎ𝑡

×
(

ℎ
ℎ𝑡

)𝑧−1
×

2 ⋅ (𝛼𝛽)
𝛼+𝛽
2

𝛤 (𝛼) ⋅ 𝛤 (𝛽)

× ℎ𝑡
𝛼+𝛽
2 −1 ×𝐾𝛼−𝛽 (2

√

𝛼𝛽ℎ𝑡)𝑑ℎ𝑡.

(15)

In order to solve the integral in Eq. (15), we express the 𝐾𝑣(.) in
terms of the Meijer’s G-function using [25]:

𝐾𝑣(𝑥) =
1
2
⋅ 𝐺2,0

0,2

(

𝑥2

4
|

|

|

|

−

𝑣
2 ,

−𝑣
2

)

. (16)

Next using [26], a closed-form expression for the proposed composite
channel state is derived as:

𝑓ℎ(ℎ) =
𝑧 ⋅ (𝛼𝛽)

𝛼+𝛽
2

𝛤 (𝛼) ⋅ 𝛤 (𝛽)
× ℎ

𝛼+𝛽
2 −1 × 𝐺3,0

1,3

(

𝛼 ⋅ 𝛽 ⋅ ℎ
|

|

|

|

𝑧

𝑧−1,𝛼−1,𝛽−1

)

. (17)

3.1. FSO outage probability

The outage probability is the likelihood that the average SNR will
drop below a specific threshold value, (𝛾𝑡ℎ). It is expressed as [27]:

𝑃𝑜𝑢𝑡 = 𝑃 (𝛾 ≤ 𝛾𝑡ℎ). (18)

3.1.1. Dust attenuation only
First, assuming only dust attenuation is affecting our system, an

expression for the outage probability is driven as follows:

𝑃𝑜𝑢𝑡 = 𝑃 (𝛾 ⋅ ℎ2𝑎 ≤ 𝛾𝑡ℎ) = 𝑃 (ℎ𝑎 ≤ ℎ𝑜), (19)

where ℎ𝑜 =
√

𝛾𝑡ℎ
𝛾 . Hence, the probability of outage is the CDF of the

channel state 𝐹𝛾 (𝛾), where

𝑃𝑜𝑢𝑡 = 𝐹𝛾 (𝛾𝑡ℎ). (20)

he outage probability 𝑃𝑜𝑢𝑡 is given as:

𝑜𝑢𝑡 = ∫

ℎ0

0
𝑓ℎ𝑎 (ℎ𝑎) 𝑑ℎ𝑎. (21)

xpressing ℎ𝑧𝑎 according to Meijer’s G function using [26]:

𝑧
𝑎 = 𝐺1,0

0,1

(

ℎ𝑎
|

|

|

|

−

𝑧

)

+ 𝐺1,1
1,2

(

ℎ𝑎
|

|

|

|

𝑧+1

𝑧+1,𝑧

)

(22)

pplying random variable transformation using [28], then solving this
ntegral using [26], a closed form expression for the outage probability
n case of dust attenuation only is obtained as:

𝑜𝑢𝑡 =
𝑧 ⋅ (2)𝑧−3

√

𝜋
×
[

𝐺2,1
1,3

(

𝛾𝑡ℎ
16 ⋅ 𝛾

|

|

|

|

1

𝑧
2 ,

𝑧+1
2 ,0

)

+ 𝐺1,2
1,3

(

𝛾𝑡ℎ |

|

|

1

𝑧 𝑧+1

)

]

.

(23)
16 ⋅ 𝛾
| 2 , 2 ,0
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3.1.2. G–G atmospheric turbulence only
The outage probability if only atmospheric turbulence is present is

given as:

𝑃𝑜𝑢𝑡 = ∫

ℎ0

0
𝑓ℎ𝑡 (ℎ𝑡) 𝑑ℎ𝑡. (24)

pplying random variable transformation using [28], and solving this
ntegral using [26], a closed form expression is given as:

𝑜𝑢𝑡 =
(2)𝛼+𝛽−2

𝜋 ⋅ 𝛤 (𝛼) ⋅ 𝛤 (𝛽)

× 𝐺4,1
1,5

(

(𝛼𝛽)2 ⋅ 𝛾𝑡ℎ
16 ⋅ 𝛾

|

|

|

|

1

𝛼
2 ,

𝛼+1
2 , 𝛽2 ,

𝛽+1
2 ,0

)

.
(25)

3.1.3. Dust attenuation combined with G–G turbulence
The outage probability when both dust attenuation and G–G turbu-

lence are effecting the FSO link, 𝑃𝑜𝑢𝑡, is given as:

𝑃𝑜𝑢𝑡 = ∫

ℎ0

0

𝑧
𝛤 (𝛼) ⋅ 𝛤 (𝛽)

× ℎ−1 × 𝐺3,0
1,3

(

𝛼 ⋅ 𝛽 ⋅ ℎ
|

|

|

|

𝑧+1

𝑧,𝛼,𝛽

)

𝑑ℎ. (26)

sing Eq. (5), ℎ =
√

𝛾
𝛾 , utilizing [28], Eq. (26) can be written as:

𝑜𝑢𝑡 =∫

𝛾𝑡ℎ

0

𝑧
2 ⋅ 𝛤 (𝛼) ⋅ 𝛤 (𝛽)

× 𝛾−1

× 𝐺3,0
1,3

(

𝛼 ⋅ 𝛽
√

𝛾

√

𝛾
|

|

|

|

𝑧+1

𝑧,𝛼,𝛽

)

𝑑𝛾.
(27)

Using [26] a closed form for the proposed model outage probability is:

𝑃𝑜𝑢𝑡 =
𝑧 ⋅ (2)𝛼+𝛽−3

𝜋 ⋅ 𝛤 (𝛼) ⋅ 𝛤 (𝛽)

× 𝐺6,1
3,7

(

(𝛼𝛽)2 ⋅ 𝛾𝑡ℎ
16 ⋅ 𝛾

|

|

|

|

1, 𝑧+12 , 𝑧+22

𝑧
2 ,

𝑧+1
2 , 𝛼2 ,

𝛼+1
2 , 𝛽2 ,

𝛽+1
2 ,0

)

.
(28)

3.2. FSO average BER

The average BER is one of the performance indicators that most
accurately describes the nature of system behaviour. The BER of BPSK
conditioned on ℎ is given as [29]:

𝑃𝑏(𝑒|ℎ) =
1
2
× erfc(

√

𝛾), (29)

here erfc(⋅) is the complementary error function.

.2.1. Dust attenuation only
By averaging Eq. (26) over the PDF of ℎ𝑎, it is possible to determine

he average BER, 𝑃𝑏(𝑒), when only dust attenuation is taken into
onsideration:

𝑏(𝑒) = ∫

∞

0
𝑓ℎ𝑎 (ℎ𝑎)𝑃𝑏(𝑒|ℎ𝑎) 𝑑ℎ𝑎, (30)

hen, expressing ℎ𝑧𝑎 according to Meijer’s G function as Eq. (22). A
losed form expression for the BER is obtained using [26]:

𝑏(𝑒) =
𝑧 ⋅ (2)𝑧−1

𝜋
×
[

𝐺2,2
3,2

(

4 ⋅ 𝛾
|

|

|

|

1, 1−𝑧2 , 2−𝑧2

0, 12

)

+ 𝐺4,1
4,3

(

4 ⋅ 𝛾
|

|

|

|

1, −𝑧2 , 1−𝑧2 , 2−𝑧2

0, 12 ,
−𝑧
2

)

]

(31)

3.2.2. Atmospheric turbulence only
In order to obtain a closed form for the BER in case of G–G

turbulence only Eq. (26) is averaged over the PDF of ℎ𝑡 as:

𝑏(𝑒) =
∞
𝑓ℎ (ℎ𝑡)𝑃𝑏(𝑒|ℎ𝑡) 𝑑ℎ𝑡, (32)
5

∫0 𝑡
closed form expression for the BER is obtained using [26]:

𝑏(𝑒) =
(2)𝛼+𝛽−3

𝜋
3
2 ⋅ 𝛤 (𝛼) ⋅ 𝛤 (𝛽)

× 𝐺2,4
5,2

(

16 ⋅ 𝛾
(𝛼𝛽)2

|

|

|

|

1−𝛼
2 , 2−𝛼2 , 1−𝛽2 , 2−𝛽2 ,1

0, 12

)

.

(33)

3.2.3. Dust attenuation combined with G-G turbulence
By averaging Eq. (26) over the PDF of ℎ given in Eq. (17), it is

possible to determine the average BER, 𝑃𝑏(𝑒):

𝑃𝑏(𝑒) = ∫

∞

0
𝑓ℎ(ℎ)𝑃𝑏(𝑒|ℎ) 𝑑ℎ, (34)

hen, substituting Eqs. (17) and (26) in Eq. (27), and expressing erfc(⋅)
n terms of Meijer’s G-functions using [26], i.e., erfc(

√

𝑥) = 1
√

𝜋
⋅

𝐺2,0
1,2

(

𝑥
|

|

|

|

1

𝑜, 12

)

. A closed-form solution for average BER of the proposed

odel is derived as:

𝑏(𝑒) =
𝑧 ⋅ (2)𝛼+𝛽−4

𝜋
3
2 ⋅ 𝛤 (𝛼) ⋅ 𝛤 (𝛽)

× 𝐺2,5
6,3

(

2 ⋅ 𝛾
(𝛼𝛽)2

|

|

|

|

2−𝑧
2 , 1−𝛼2 , 1−𝛽2 , 1−𝛽2 , 2−𝛽2 ,1

0, 12 ,
−𝑧
2

)

.

(35)

4. Hybrid FSO/RF system

Dust attenuation has a negative impact on the BER and outage
probability of the FSO channel. However, the dust incidence has no
significant impact on the RF system [15,17]. Combining the FSO link
with a mmW RF link, which may achieve data rates comparable to the
FSO link, is one means of increasing the FSO link’s dependability and
efficiency. Implementations of hybrid RF/FSO systems often fall into
one of two categories: simultaneous transmission systems or switchover
systems.

In the literature, various ways to switching between the RF and FSO
links have been discussed. Authors in [30] presented a hard switching
technique in which only the FSO connection operates until its SNR falls
below a particular threshold, at which point the data is switched to be
transmitted only over the RF link. The fundamental disadvantage of this
approach is that it requires frequent hardware switching between the
FSO and RF lines. Soft switching, an improved switching mechanism,
was presented in [31]. Hybrid switching was proposed in [32], where
the FSO connection is used primarily for data transfer as long as its
quality (in terms of SNR) exceeds a threshold and the RF link is turned
off. When the FSO link breaks, the system activates the RF link, and
both lines communicate the same data at the same data rate. The
receiver uses maximal ratio combining (MRC) to retrieve the original
data. When the FSO link quality is satisfactory, the RF link is returned
to standby mode.

Overall, depending on the operational subsystem, data in different
switching systems can be provided at different data rates. For example,
if the FSO subsystem SNR is greater than a given threshold value, data is
sent at the FSO high data rate. When the FSO SNR goes below a specific
threshold, the data rate is restricted to the RF link. In all switchover
systems, the transmitter requires feedback information or instantaneous
CSI for the switching operation, which frequently results in data rate
loss [24]. Furthermore, the practical implementation of this type of
scheme is both costly and complex [30].

Conversely, with simultaneous transmission hybrid systems, iden-
tical data with same data rate is transferred concurrently over both
connections without experiencing over-switching issues. To handle
the transmitting information before demodulation, this type of hybrid
FSO/RF system requires diversity combining at the receiver [24,33].
As a result, there is no need for feedback information or additional
CSI for the switching operation between the two connections, resulting
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Fig. 5. Adopted hybrid FSO/RF system.

in a relatively simple and inexpensive architecture in comparison to
switchover systems. The application of diversity combining techniques
and their impact on hybrid FSO/RF systems are investigated in [34].

An FSO sub-system is integrated with a 60 GHz mmW subsystem
that can provide data rates comparable to the FSO connection in our
hybrid FSO/RF system, as demonstrated in Fig. 5. Data is delivered to
both subsystems at the same time and at the same data rate, and then
the receiver selection combining (SC) diversity technique is employed
to select the connection with the highest SNR.

4.1. FSO subsystem

Under the assumption that 60 GHz mmW and FSO subsystems
support the same data rates, the information stream is modulated using
the BPSK digital scheme at the transmitter. The FSO sub-system under
consideration is influenced by the proposed dust attenuation combined
with G–G atmospheric turbulence.

From Eq. (20), it is clear that the CDF of the FSO subsystem can be
obtained from the outage probability in Eq. (28) by replacing 𝛾𝑡ℎ and
𝛾1, hence the CDF of the FSO subsystem is given as:

𝐹𝛾1 (𝛾1) =
𝑧 ⋅ (2)𝛼+𝛽−3

𝜋 ⋅ 𝛤 (𝛼) ⋅ 𝛤 (𝛽)

× 𝐺6,1
3,7

(

(𝛼𝛽)2 ⋅ 𝛾1
16 ⋅ 𝛾1

|

|

|

|

1, 𝑧+12 , 𝑧+22

𝑧
2 ,

𝑧+1
2 , 𝛼2 ,

𝛼+1
2 , 𝛽2 ,

𝛽+1
2 ,0

)

,
(36)

where 𝛾1 is the instantaneous electrical SNR at the receiver of the FSO
sub-system and 𝛾1 is the average electrical SNR.

4.2. RF subsystem

The BPSK-modulated signal 𝑥 is up-converted to a mmW RF carrier
frequency of 60 GHz at the RF sub-system’s transmitter before being
transmitted via the RF link. The RF signal is down-converted and
demodulated at the RF sub-system receiver to recover the original
data. Dust attenuation and atmospheric turbulence have no significant
impact on the RF link; hence, they are not taken into consideration [17,
24]. As an alternative, we assume that the RF link has a Rayleigh fading
channel.

The RF received signal 𝑦𝑅𝐹 is expressed by [35]:

𝑦𝑅𝐹 = ℎ𝑅𝐹 𝑥 + 𝑛𝑟, (37)

where ℎ𝑅𝐹 is the Rayleigh fading channel, 𝑥 is the BPSK transmitted
signal, and 𝑛𝑟 is the AWGN. The RF subsystem’s receiver’s SNR is stated
as [35]:

𝛾2 =
𝑃𝑅𝐹 × ℎ2𝑅𝐹

𝑁𝑜
, (38)

where 𝑃𝑅𝐹 is the signal’s power as it travels across the RF channel and
𝑁 is the noise power spectral density.
6

𝑜

As a function of the link’s SNR 𝛾2, the Rayleigh fading channel’s PDF
is denoted by the symbol 𝑓𝛾2 (𝛾2) and is expressed as [35]:

𝑓𝛾2 (𝛾2) =
1
𝛾2

× exp
(

−
𝛾2
𝛾2

)

, (39)

where 𝛾2 is the average SNR of the RF fading channel. According to
the SNR of the RF link’s 𝛾2, the CDF of the Rayleigh channel 𝐹𝛾2 (𝛾2) is
provided by the formula [35]:

𝐹𝛾2 (𝛾2) = 1 − exp
(

−
𝛾2
𝛾2

)

. (40)

4.3. Hybrid FSO/RF system SC scheme

The diversity SC scheme is a representation of the most fundamental
and straightforward combining technique. The SC evaluates the electri-
cal SNR of each link and selects the signal with the greatest electrical
SNR. As a result, the SNR (𝛾𝑠𝑐) of the selection combiner is given
as [34]:

𝛾𝑠𝑐 = max(𝛾1, 𝛾2). (41)

The CDF of the selection combiner SNR 𝐹𝛾𝑠𝑐 (𝛾𝑠𝑐) follows as a result [34]:

𝐹𝛾𝑠𝑐 (𝛾𝑠𝑐) = 𝐹𝛾1 (𝛾1) ⋅ 𝐹𝛾2 (𝛾2). (42)

Finally, by substituting Eqs. (36) and (40) in Eq. (42), the CDF of 𝛾𝑠𝑐 is
obtained as:

𝐹𝛾𝑠𝑐 (𝛾𝑠𝑐 ) =
𝑧 ⋅ (2)𝛼+𝛽−3

𝜋 ⋅ 𝛤 (𝛼) ⋅ 𝛤 (𝛽)
×
(

1 − exp(
−𝛾𝑠𝑐
𝛾𝑠𝑐

)
)

× 𝐺6,1
3,7

(

(𝛼𝛽)2 ⋅ 𝛾𝑠𝑐
16 ⋅ 𝛾𝑠𝑐

|

|

|

|

1, 𝑧+12 , 𝑧+22

𝑧
2 ,

𝑧+1
2 , 𝛼2 ,

𝛼+1
2 , 𝛽2 ,

𝛽+1
2 ,0

)

.
(43)

4.3.1. FSO/RF SC outage probability
By substituting the SNR value in the link’s CDF equation with the

SNR threshold value 𝛾𝑡ℎ, the outage probability of the hybrid FSO/RF
system 𝑃𝑜𝑢𝑡 is obtained.

𝑃𝑜𝑢𝑡 =
𝑧 ⋅ (2)𝛼+𝛽−3

𝜋 ⋅ 𝛤 (𝛼) ⋅ 𝛤 (𝛽)
×
(

1 − exp(
−𝛾𝑡ℎ
𝛾𝑠𝑐

)
)

× 𝐺6,1
3,7

(

(𝛼𝛽)2 ⋅ 𝛾𝑡ℎ
16 ⋅ 𝛾𝑠𝑐

|

|

|

|

1, 𝑧+12 , 𝑧+22

𝑧
2 ,

𝑧+1
2 , 𝛼2 ,

𝛼+1
2 , 𝛽2 ,

𝛽+1
2 ,0

)

.
(44)

4.3.2. FSO/RF SC average BER
In terms of the hybrid system SNR 𝛾𝑠𝑐 , a novel closed-form for-

mulation for the average BER 𝑃𝑏(𝑒) of the hybrid FSO/RF system is
developed. The following is how this method applies the dual-branch
SC receiver’s BER expression [36]:

𝑃𝑏(𝑒) = ∫

∞

0
𝑒−𝑞𝛾𝑠𝑐 𝛾𝑝−1𝑠𝑐 𝐹𝑠𝑐 (𝛾𝑠𝑐 ) 𝑑𝛾𝑠𝑐 , (45)

where, 𝑝 = 1∕2, 𝑞 = 1, when 𝑀 = 2 (BPSK), and 𝑝 = 2∕log2(𝑀),
𝑞 = sin2 (𝜋∕𝑀), when 𝑀 > 2. By substituting Eq. (43) in Eq. (45)),

and using [26], the average BER closed-form expression is obtained as
in Eq. (46). Here 𝑘 = 𝑧×2𝛼+𝛽−4

𝜋𝛤 (𝑝)𝛤 (𝛼)𝛤 (𝛽) .

𝑃𝑏(𝑒) = 𝑘 ⋅ 𝐺6,2
4,7

(

(𝛼𝛽)2

16 ⋅ 𝑞 ⋅ 𝛾
|

|

|

|

1−𝑝,1, 𝑧+12
𝑧+2
2

𝑧
2 ,

𝑧+1
2 , 𝛼2 ,

𝛼+1
2 , 𝛽2 ,

𝛽+1
2 ,0

)

− 𝑘 ⋅ ( 1
𝛾
+ 𝑞)−𝑝

× 𝐺6,2
4,7

(

(𝛼𝛽)2 |

|

|

1−𝑝,1, 𝑧+12
𝑧+2
2

𝑧 𝑧+1 𝛼 𝛼+1 𝛽 𝛽+1

)

.

(46)
16 ⋅ (1 + 𝑞 ⋅ 𝛾)
| 2 , 2 , 2 , 2 , 2 , 2 ,0
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Fig. 6. (a) Outage probability vs. average SNR over FSO system at 𝐿 = 1 km, and (b) Average BER vs. average SNR over FSO system at 𝐿 = 1 km.
Fig. 7. Outage probability versus average SNR over FSO-only and hybrid FSO/RF channels with moderate turbulence: (a) 𝐿 = 1 km, and (b) 𝐿 = 0.2 km.
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. Results and discussion

In this section, it is first determined which phenomenon is more
ignificant by comparing the performance of the FSO system affected
y dust attenuation combined with G–G turbulence to that of dust
ttenuation alone and G–G turbulence alone. Under various dust cir-
umstances, the average BER and outage probability are studied and
ompared for the three different scenarios using the resulting closed
ormulas obtained in Section 3.

Then, the performance of the hybrid FSO/RF system investigated in
ection 4 is compared to that of the FSO-only system influenced by dust
ttenuation combined with moderate turbulence. The average BER and
utage probability are investigated using the derived closed formulae
ver various dust conditions.

Two potential transmission link lengths of 1 km and 0.2 km are
aken into consideration in our analysis. Our results could have appli-
ations in wireless communication systems of the future 5G generation,
here these selected lengths might be similar to inter-base station
istances, where the length of these cells might range from a few tens
f metres to many hundreds (see Figs. 6–8). .

.1. Outage probability

In Fig. 6(a), the outage probability of the FSO system is plotted vs.
he average SNR at 𝐿 = 1 km, it can be shown from the results that the
SO system under severe dust only has approximately the same outage
robability of 0.9408 at 60 dB average SNR as the link influenced
y severe dust combined with moderate G–G turbulence. However,
or the case of moderate dust storms at 60 dB average SNR the FSO
ink effected by only moderate dust storms has an outage probability
7

f 0.7407 while the link influenced by moderate dust combined with
oderate turbulence has an 0.7922 outage probability at the same

verage SNR. The results reveal that the effects of severe and moderate
ust storms are more dominant and have a greater impact on the FSO
ink in comparison to the influence of turbulence, which can be ignored
n these conditions.

For light dust condition, the FSO link affected by dust only has an
utage probability of 0.08199 at 60 dB average SNR; however, the out-
ge probability of the FSO link influenced by light dust and moderate
urbulence increased to 0.1485 at the same average SNR. When the
ffect of strong turbulence which produced an outage probability of
.003519 at 60 dB average SNR—is compared to that of light dust
aired with G–G moderate turbulence it is evident that the influence
f strong turbulence is even better.

The outage probability of the FSO-only system is compared to that
f the hybrid FSO/RF system in Figs. 7(a) and 7(b) for link lengths
f 1 and 0.2 km, respectively. The outage probability is plotted versus
he average electrical SNR (𝛾), while a threshold SNR (𝛾𝑡ℎ) of 6 dB is

assumed. Overall, the results indicate that no matter the link length,
the FSO system performs very poorly under both severe and moderate
dust. For an FSO 1 km link, the probability of an outage at a 40 dB SNR
is 0.9343 and 0.7626 under severe and moderate dust, respectively.
On the shorter link, the outage probability decreased to 0.7626 and
0.3577 for severe and moderate dust, respectively, at the same SNR
value. However, for the hybrid FSO/RF system, the outage probability
is enhanced to 10−3 for both link lengths under all dust types with an
SNR value less than 35 dB.

The outage probability for the longer link under light dust is 0.2116,
which is enhanced by the hybrid system to 10−3 at 30 dB SNR.
However, for the 0.2 km FSO link, it achieved an outage probability
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Fig. 8. Average BER versus average SNR over FSO-only and hybrid FSO/RF channels with moderate turbulence: (a) 𝐿 = 1 km, and (b) 𝐿 = 0.2 km.
f 10−3 at an SNR value of 48 dB; it also achieved the same outage
robability at an SNR of 24 dB when using the hybrid system.

.2. Average BER

In Fig. 6(b), the average BER of the FSO system is plotted vs.
he average SNR at 𝐿 = 1 km, the results depict that the effect of
urbulence could be negligible in case of severe dust storms, as the
ER of severe dust alone and the BER of severe dust combined with
oderate turbulence are approximately equal and gave a BER of 0.4549

t 60 dB average SNR. Also, for the case of moderate dust, there was no
ignificant effect of the turbulence on the link; the moderate dust only
as a BER of 0.3125, while moderate dust combined with moderate
urbulence has a BER of 0.3596 under the same average SNR.

The BER of the FSO system under light dust storms only affecting the
ystem is 0.01196 at 60 dB average SNR, while in the case of moderate
urbulence combined with light dust, a BER of 0.03591 is achieved at
he same average SNR. It is clear that under light dust, the effect of
urbulence must be taken into consideration and cannot be neglected.
he case of strong turbulence only has a BER of 0.001117 at 60 dB
verage SNR, which gives a better performance than light dust alone
r light dust combined with moderate turbulence; hence, we could
onclude the major effect of dust storms on the FSO link.

In Figs. 8(a), and 8(b), the average BER is plotted versus the average
lectrical SNR 𝛾 to compare the performance of both the FSO-only and
he hybrid FSO/RF systems for two different transmission lengths of

and 0.2 km over various dust conditions. The results show that the
ER values significantly decrease with increasing dust density. Thus,
or links with lengths of 1 km and 0.2 km, respectively, the average
ER values are 0.4581 and 0.3462 under conditions of severe dust.
dditionally, it can be seen that performance for moderate dust is better

han for severe dust, but it still has high BER values of 0.3462 and
.1126 for connection lengths of 1 km and 0.2 km, respectively.

The results show that even with a short connection length of 0.2 km,
he system performance is very bad under both severe and moderate
ust, with a very high BER. However, when using the proposed hybrid
SO/RF SC for the 1 km link, the BER drops to 10−3 at SNRs of 24.31 dB

and 23.45 dB, respectively, under dense and moderate dust. Addition-
ally, to achieve a BER of 10−3 for the 0.2 km link, the system required
SNR values of 20.71 dB, and 19.64 dB under severe and moderate dust,
respectively. The hybrid FSO/RF system is clearly superior in the case
of severe and moderate dust, even for the 1 km link, as it can achieve
a BER of 10−3 at an acceptable SNR value.

The system achieves an acceptable BER value of 10−3 at 30 dB SNR
for the 0.2 km FSO-only link under light dust conditions. However, for
the 1 km link with an average SNR 40 dB, the BER value is 0.05012
under light dust condition. As a result, we can conclude that a hybrid
FSO/RF is a good solution for a 1 km link in light dust, with a 10−3 BER
at 20.47 dB SNR. Although, for a 0.2 km FSO-only link, an acceptable
8

BER can be achieved under light dust.
6. Conclusion

Due to the fact that most research has been carried out in locations
devoid of a dusty environment, the majority of literature has ignored
the impact of dust storms on FSO communication links. In this study,
we have investigated the impact of dust storms using a proposed
probabilistic dust attenuation model following the NE distribution that
has been put forth to forecast system performance. Our results indicate
that dust storms have significant influences on system performance, so
maintaining a reliable communication link under severe and moderate
dust is impossible regardless of the link length. However, the FSO link
can perform under light dust with a short link length of 0.2 km. As
a result, a hybrid FSO/RF SC diversity scheme has been adopted in
this environment. Our results showed that, at all dust densities, the
adopted system successfully improved the performance by utilizing the
complementary features of FSO and RF channels.
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