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Abstract: The recent and tremendous rise in the number of mobile users demands a parallel increase in the capacity
of wireless networks required to achieve higher data rates, lower latency transmissions, and improved service quality.
The latter is influenced highly by frequent interruption of wireless service for users at the edge of the cell due to the
longer distance from the base station. To overcome this problem and in the meantime improve the capacity of the
bottleneck backhaul in dense heterogeneous networks like 5G/6G systems especially in the cell edge regions, a hybrid
solution that combines Radio Frequency (RF), Free Space Optics (FSO), and Optical Fiber (OF) links for backhaul
transmission is proposed in this paper. In addition, a Backhaul Selection Algorithm (BSA) is suggested to choose the
optimum link according to the outage probability analyses. This algorithm not only selects the link with the highest
quality but also minimizing power consumption, thereby guaranteeing a consistently high-quality connection without
interruptions of services. Using theoretical analyses and thorough simulations, the performance of the hybrid RF/FSO-
OF system is evaluated and also compared to the existing state-of-the-art techniques showing the advantages of
exploiting the inherited synergies of the proposal along with the selection algorithm. The numerical results reveal that
the proposed system brings a considerable reduction in power consumption compared to FSO- and RF-only systems
reflecting its superiority under different atmospheric channel conditions. For instance, at SNR threshold of 10 dB, the
proposed system required SNR of 20, 25 and 33 dB, respectively, for weak, moderate, and strong atmospheric
turbulence conditions in order to reach the outage probability of 107°.

Keywords: Free space optics, Hybrid wireless dystem, Optical fiber communication, 5G system, Radio frequency

transmission, Backhaul.

1. Introduction

The advent of the new generations in the mobile
communications entails tremendous increase in
capacity to meet the increasing demands for higher
data rates, ultra-low transmission latency as well as
excellent network quality. For instance, 5G/6G
transition to Heterogeneous Networks (HetNets)
requires 1000-fold increase in data rates and 100-fold
rise in linked wireless devices compared with what
we have nowadays [1] . In order to match changing
needs, future networks need to support high user level
data rate, high energy efficiency level, and low
latency [2]. However, in HetNets, backhaul links is
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used to provide connection between different tiers in
the network. Since the backhaul is well understood to
be often the bottleneck in such dense network
deployment, 5G and beyond communication systems
will be unable to support the networks by building
high-speed access layers due to backhaul limitation
[3].

As an alternative to the conventional radio
frequency transmission, the Free Space Optics (FSO)
communication utilizes the light instead of radio
waves [2]. Nowadays, FSO communication has
emerged as reliable candidate for a number of
applications that require a lot of bandwidth. This is
mainly due to the highest engine of the capacity and
the unlicensed spectrum band which makes it a very
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suitable candidate for the implementation of cost- and
energy-efficient 5G systems which can address the
capacity concern of backhaul links [4].

Implementation of such FSO systems also
introduces several challenges primarily the
turbulence of the atmosphere which impact the
propagated light [5]. Another major problem, that
causes block in 5G/6G cellular networks, is the range
or coverage outside the first and second main Base
Station (BS). To solve this problem, a small cell
networks, including Free Space Cells (FSCs), is
introduced which are short-range and operate only at
the cell edge. The resulting efficiency of the overall
system is improved, and more mobile users can be
supported [6].

The deployment of 5G networks extends the
support to include a billions of connected devices
such as household appliances and health monitoring
equipment [7] which usually run resource-hungry
mobile applications. As a result, challenges arise in
the RF links, especially the bottleneck within the
backhaul network at the cell boundary regions. This
bottleneck is well understood to be limitations on the
core network capacity to efficiently support these
connected devices [8]. The main goal of introducing
the FSO technology is to provide a reliable and strong
backhaul link to facilitate 5G mobile cellular
networks. This technology ensures secure
communication, high speed, and swift data
exchanges due to the large spectrum utilization and
narrow laser beam [9-11]. FSO- based system
implementation is essential in providing high data
rates over short paths. Nevertheless, as 5G mobile
applications require constant and high data
transmission, its therefore imperative for FSO-based
link to adapt to the changing situation of the cellular
network [10, 11]. As shown in Fig. 1, and due to the
absence of interference between FSO and RF
technologies, the FSO technology has been chosen to
enhance and support current of RF systems. Such
hybrid system is applicable in many commercial
scenarios like personal airplane entertainment
systems to prevent any disruption to RF-delicate

FSO Link

Figure. 1 FSO and RF backhaul links scenarios [16]
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navigation and avionics electronic devices [12]. The
considered dual-band system involves choosing a
hybrid RF/FSO link rather than relying solely on a
standalone FSO link [13, 14]. The Mixture of
FSO/RF link operates through a parallel integration
of RF and FSO links. FSO link takes precedence as
the primary transmission channel for data transfer,
while the dedicated RF link remains on standby [15].

However, the hybrid RF/FSO systems with its
enhanced backhaul connection comes with the
drawback of inefficient use of RF resources.

Conversely, cognitive radio technology is
recognized for its ability to optimize RF resource
utilization. The integration of both technologies
results in the creation of a cognitive hybrid RF/FSO
system providing maximum efficiency and resource
utilization [1].

Notwithstanding its benefits, FSO technology
faces obstacles such as fading caused by atmospheric
turbulence and channel environments. These
challenges restrict FSO transmissions to short
distances [17]. To extend coverage and enhance the
dependability of FSO links for 5G systems, small cell
stations play a crucial role in reducing the recurring
interruptions in mobile services at the cell boundaries
area [18].

In contrast to radio frequency transmission, the

FSO communication spectrum functions without a
license meaning that government delegation is not
required during the installation procedure [19].
Furthermore, different encoding strategies can be
used in FSO systems to lessen the impact of air
turbulence [8, 9]. Since both FSO and RF systems
have unique benefits to improve the dependability of
backhaul lines between FSC combining FSO
technology with an RF link system to create a hybrid
RF/FSO communication system is one possible
solution, to provide reliable communication links as
shown in Fig.1 [20].
In this paper, based on the above, the RF and FSO
links are integrated into one hybrid system along with
wired Optical Fiber (OF) segment to provide a
reliable backhaul connection capable of supporting
high capacities for users and without interruption of
wireless services at the cell edges. Moreover, a
Backhaul Selection Algorithm (BSA) is suggested to
choose the optimum link according to the outage
probability analyses and received signals strength.
This algorithm not only selects the link with the
highest quality, but also ensures to minimize power
consumption, thereby guaranteeing a consistently
high-quality connection without interruptions of
Services.

The rest of this paper is organized as follows.
Review of some recent literature is provided in
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Section 2. Section 3 presents the system model with
the required formulations for both RF and FSO. The
proposed BSA algorithm is presented in Section 4.
Section 5 is dedicated to numerical results while
concluding remarks are summarized in Section 6.

2. Literature review

A hybrid transmission system that combines RF
and FSO links has been proposed to counteract the
impact of atmospheric conditions on the efficiency of
FSO communication technology and improve the
reliability  and accessibility  of  optical
communications connections. Thus, to improve
performance capabilities, academics have become
increasingly interested in mixed linkages in recent
years. For instance, researchers in [18] developed a
two-hop hybrid FSO/RF communication system that
links users inside buildings to the base station by
using channel status information. Hard-switching
between RF and FSO links was examined by [21].
They postulate that atmospheric turbulence causes
Gamma-Gamma fading at the FSO link. Only one of
the links can be used at any given moment. An array
of backhauling technologies, including optical fiber,
FSO, RF, and their hybrid combinations have been
considered in [22]. To maximize both algebraic
connectedness and robustness, an iterative solution
comprising two effective strategies was developed in
this study. A hybrid FSO/RF communication system
was suggested in [23] to guarantee dependable
communication, especially when transceivers are
misaligned. Two transmission media are included in
this model, so the FSO and RF channels run parallel
to each another. Relay switches play a crucial role in
the system by seamlessly switching from the main
FSO link to the RF link when bad weather interferes
with transmission [14]. The usefulness of digital
modulation for last-mile communication systems was
examined in [24] when data transmission over hybrid
fiber optic and free space optic (FO-FSO) channels
were conducted.

The research evaluated the variety of digital
modulation methods implemented on FSO-OF
communication lines to maximize communication
effectiveness [25] using sub-THz wireless link to take
advantage of embedding FSO and OF technologies.
This work used a single-mode fiber through 500 m
optical wireless transmission and 0.5 m through an
RF wireless system where it is covered distances of
up to 25 km efficiently.

The results of this integration showed that it is
possible to successfully adjust high data rates in
addition to multiple inputs and multiple outputs
(MIMO) transmission capabilities by using new radio
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5G sub-THz band. A mix of FSO/RF systems
integrating various modulation procedures has been
developed by [29, 30] in which the average channel
capacity and outage probability issues are addressed
in this system. Simulation results suggested that
pointing errors worsen the impact of atmospheric
turbulence on channel capacity. Moreover, when
specific modulation techniques are employed in
situations with several pointing errors and substantial
turbulence, the performance of the RF—FSO system
is noticeably improved.

The hybrid RF/FSO systems are employed to
maximize the benefits of both technologies while
minimizing their respective drawbacks. To optimize
the performance and reliability of hybrid RF/FSO
systems there are number of challenges and
limitations that are addressed in the literature [28].
One of these challenges, is the cost of infrastructure
in which the hybrid RF/FSO is deployed. A further
drawback of this system is its complexity which is
increased by the integration of two transmission
technologies [29].

To this end, this work contributes to expand the
user capacity at the cell edge regions through the
utilization of hybrid RF/FSO-OF links connecting the
wireless small cells, deployed at the cell boundaries,
for coverage extension at these regions and hence
increase in the number of served users. The
performance of these links is investigated at
atmospheric turbulence-induced fading channel
conditions. In addition, we introduce an algorithm
designed to choose the optimal link that offers the
highest capacity taking into account factors such as
received signal strength and outage probability.

This algorithm facilitates the combination of all
links to effectively tracks the varying environmental
conditions.

3. Materials and methods

The goal of the proposed model is to select the
optimal link between RF, FSO, or a hybrid of
RF/FSO lines to achieve the most efficient backhaul
link to meet particular requirements for dependability,
connectivity, and high data rate. The proposed model
is shown in Fig. 2, where we suggest using an FSC as
a multi-hop station for an RF/FSO system. The donor
BS is positioned in the center of the cell in the
suggested structure and the FSCs are placed in
particular locations around the BS. We denote by the
index j the j-th channel between the FSC and the
User Equipment’s (UEs), while i indicates the total
number of users linked to a single FSC. Table 1
summarizes the notations and parameters used in the
system model.
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Figure. 2 Proposed model of RF/FSO — OF: (a) end-to-
end with multi-hop FSC stations; (b) with Backhaul
Selection Algorithm (BSA).

Table 1. System Parameters

Parameter Description
h; channel coefficient of user i
hgp channel between BS and FSC
u coefficient of electrical to optical
conversion
Ky propagation constant of optical
I irradiance fluctuations
Y, Yen SNR, threshold SNR
p(ﬁ{t, prso outage probability of RF and FSO
link
fi PDF of RF link
K()(0) 2" kind Bessel function
a, B parameters of FSO link
3 Rytov variance
C2 turbulence intensity
C backhaul link capacity
Gpo'[] Meijer G- function

The methodology considered in this paper is
divided into three scenarios: FSO, RF, and the hybrid

RF/FSO links as discussed in what follows.

3.1 Radio frequency link analysis

The received signal by a given user over the direct

link h; can be represented as [30]:
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Sa(t) = Pehax(®) + o(t) 1)

In Eq. (1) above, /P, denotes the sent power
from the BS, h, is the channel connecting FSC and
BS while o(t) represents the Additive White
Gaussian Noise (AWGN) at the endpoint [20, 30].

This work adopts a half-duplex mode to mitigate
self-interference [31, 32], in which the time intervals
are divided into two segments: t; and t,. As a result,
the RF signal received during the initial interval
t,can be expressed as

Srr(t1) = [Pehpex(ty) + ([Prhix(ty) + a(t) (2)

where t; and t, are the time intervals, in the
context of half-duplex communication, that denote
the precise times allotted for transmission and
reception, respectively, to reduce self-interference. In
(2), P is the transmitted power from FSC, hgg is the
channel between BS and FSC, x(t) is the transmitted
signal at any interval, h; is the channel between FSC
and UE, and the it" index is the

Pr = Y2|\/Prhpsx(ty) +Pyghix(ty) + o(®)|”
(5)

P
Y= L
\/PtlhRF|2+PUE|hi|2+U(t) ©)

while the received signal by the user attached
with FSC is:

Sue(ty) = Y\/Fthfof(tl) + o (t) (7)

Then,

Sue(t2) =Y\/FthRf(Y\/Fthi) +a(t) (8)

Considering the entire end-to-end
communication through an RF link, the Signal-to-
Noise Ratio (SNR) for the users formulated as

Y2p,|hgs | 1hil?
SNR = | R£||1| _
(Y2|nrs|*+1)o(t)

3.2 Free space optic link analysis

To formulate the FSO signal, Subcarrier Intensity
Modulation (SIM) is used, and the notation of
xgr(t;) denotes the RF signal emanating from the
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intermediate source of FSC [33]. The retransmitted
optical signal can be mathematically stated as:

sto(tz) =Y(1+ #(SRf(tl)) )

where u represents the coefficient of electrical to
optical conversion that influences the process at the
destination Lens 2 (see Fig. 2 (b)). The received
signal, in this case, was reads

Srso(tz) = KoI{Y(1 + H(SRf(t1))} +a(t) (10)

where K, denotes the propagation constant of
optical and [ signifies irradiance fluctuations
resulting from fading induced by atmospheric
turbulence [1, 27]. The signal that is received at the
destination can be reformulated, by filtering the
cumulative distribution function (CDF) component,
as

Stso (t) = IY/"(SRf(tl) +a(t) (11)

By substituting with Eq. (2) get:

Sope(t2) = I{Y(1 + u(/Pchi x(t)) +
JPrrhrpx(tz) +a()} (12)

The AWGN term o(t) represents Normally-
distributed noise the zero mean and variance N,/2
[24].

Thus, the end-to-end SNR of hybrid links of hgs
and hpsp. These quantities can written as [34]:

e L

YfSO - IZuZYZO'(t) (13)
|ny | Pei?u?
= IZLL;L)l (14)

o® Y20

To simplify the formulations in (13) and (14), let
the M =1/Y?0(t) and y; = |h; |?P./o(t) and y, =
12u?/o(t). Here, y, symbolizes SNR of the initial
hop from the BS to the FSC, while y, represents the
SNR of the second hop from the FSC to users via
hrso exclusively. Thus, we can express Eq. (14) as
follows: [34, 35]

Yfso = y);l_z/;[- (15)

The SNR is determined by various factors
including the quality of service (QoS), the path
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between the transmitter and receiver d and channel
noise. The channel coefficient can be expressed as
[11].

|h|? = n(d)™¢, (16)

where 7 represents a parameter associated with
the channel characteristics and a is the path loss
exponent [36].

We assume that fading has Probability Density
Function (PDF) that is Rayleigh distributed. The
direct link between the BS and FSCs follows a
Rayleigh PDF. If the SNR drops below a designated
threshold v, it is then considered an outage. Under
such condition, the PDF of the RF link is then has the
form [14].

e~ Y1/YthRyf, (17)

fyl(yl) =

YthRf

In (17), y¢n vy represents the threshold SNR for
the RF link. Based on [37], the outage probability can
be approximated by evaluating CDF of the RF link,
obtained by integrating Eq. (17).

P(i{t _ J‘g/th.Rf fri) =1- e~ Y1/YthRf (18)

In order to provide a thorough and precise
analysis, the Gamma-Gamma fading model is
assumed to model the effect of atmospheric
turbulence on FSO connections in the proposed
hybird RF/FSO-OF. Morever, it is ensuring robust
and reliable performance analysis even in the
presence of large fluctuations in refractive index.
Thus the connection between the FSC and FSO is
presumed to undergo gamma-gamma fading
distribution, as outlined in the PDF represented as
follows:[18, 20].

fyz (Vz) =
(aﬁ)(a+ﬁ)/2y2(a+3)/4 V2
K 2 = 1
I,(0_,)1,(3))_/2@”;3)/4 (a=PB) apB 7 (19)

The average SNR of the FSO link, denoted as ¥,
is calculated, where K,(0) represents the Bessel
function of the second kind with an order a. The
atmospheric turbulence conditions for the FSO link is
characterized by the parameters «, and £ are defined
in Eq. (5) and Eq. (6) as provided below [19, 20] :

- 0.4903
a=exp|l———1z
(1+0.1105 )7/6

] ~1 (20)
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- 0.5103
.B = exp 12

(1+0.690,5 )7/6

—1 (1)

where o7 is Rytov variance as mentioned in Eq.
(21) and defined in Eq. (7) of [38].

of = 1.23(3)7/°C2 L1/ (22)

with C2 representing the altitude-dependent
turbulence intensity, and it varies from 10717 to
1073 m~2/3 according to the circumstances of
atmospheric turbulence, £ is the distance of the
optical link [37]. To elaborate more on the CDF in
(18), the Gamma - Gamma distribution of FSO link
can be expressed differently as:

fso _
lDout -
L /B
(ap)@tB)/2y,(atB)/e 4 V2 2
_(a+B)/% Gl,3 af |=
LT By, Y2la-B B—a a+B
2’272

(23)

where the G,"[.] is the Meijer G- function as
stated by [23, 37, 38]. So, the outage probability of
both RF and FSO links stated in (17) and (22),
respectively, can be reformulated as:

Rf/fso_
l:)out -
_Y/B
(@) B2y, g1 R -
—(a+B)/4 1,3 O(B vl e (
T(@r(B)y; Y2la=p p-a atp
2’272
e_Yl/Yth,Rf) (24)

The channel capacity C of the hybrid RF/FSO
backhaul link can be mathematically stated as [39].

C= 7)) + PLYT)CY engy)  (25)

P/S%(7,) is given in Eq. (23), C/5°(y,) and

out
CRf(yth_Rf) are the capacity of channel via RF and

FSO links, respectively. In reference to Eq. (16) and
Eqg. (18), and if both links are in operation, we have:

cr°(p,) = [ BWS* - log,(1+
V)fyz (r2)dy (26)

CRf(Vth,Rf) = fyo:h BWRF - log,(1 +
fir)dy (27)

International Journal of Intelligent Engineering and Systems, Vol.17, No.5, 2024

717

OFDM Transmitter Data Input

18.78-Gbps 16- QAM- OFDM

Modulator Driver Optical Optical
enna A

DFB LD pC EDFA YOA
1550 nm

Data Output OFDM Receiver

LO (37.5 GHz)
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where the BWR/ and BW/°are the bandwidths
of the RF and FSO links respectively.

Clren) = [, log2(1+7) (28)

3.3 First-order headings

In this section, taking advantage of the proposed

hybrid system discussed previously, we augment the
proposed design with an integrated FSO-OF
communication system, as demonstrated in Fig. (3).
Recall that in Fig. 2 (a).
This design presents a wired/wireless link between
point B and point C which employs multi-carrier
modulation to mitigate dispersion-induced RF fading
and also optical beating carried on by multiple-carrier
signal interference.

The system is examined using multi-carrier
frequencies of 100 GHz and 150 GHz to simulate
different scenarios. This leads to the realization of a
hybrid OF-FSO system operating at millimeter-wave
(MMW) and sub-terahertz (sub-THz) frequencies. At
each MMW/sub-THz frequency, an 18.78-Gbps 16-
guadrature amplitude modulation (QAM) with
orthogonal frequency-division multiplexing (OFDM)
signal is transmitted [40]. In the proposed setup, a 40
km Single-Mode Fiber (SMF) transmission for the
OF link along with a 1.2 km wireless FSO connection
are utilized for this system. The optical carrier is
generated by a distributed laser diode which operates
at the wavelength of 1550 nm. This carrier is
modulated using a Mach-Zehnder modulator (MZM).
The MZM is driven by the 18.78 Gbps 16-QAM-
OFDM signal from the OFDM transmitter after
passing through the modulator driver.
backhaul

4. The proposed selection

algorithm (BSA)

In this section, the Backhaul Selection Algorithm
(BSA) is presented that select the optimal backhaul
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connection between hybrid RF and FSO links. This
method operates by assessing the overall
performance according to end-to-end SNR of the link
and probability of outage for RF and FSO
transmissions (c.f. (18), (23), and (24)). BSA doesn't
require any extra channel state information (CSI) at
the transceiver or feedback data. Moreover, this
algorithm guarantees the data transmission rates are
identical for the three links simultaneously as
opposed to transmission rate via a single connection.
If the selected RF connection does not satisfy the
designated outage threshold, an FSO link or a mix of
FSO and RF links may be used in place.

As illustrated in Fig. 4, this algorithm involves a
process that evaluates the outage probability which,
in turns, entails the computation of various
parameters such as link quality, signal strength and
SNR.

This process is then repeated for finding the
outage probability over the three links, i.e., RF, FSO,
and hybrid RF/FSO to determine the optimal
backhaul link under different conditions. The
complete steps are depicted in the flowchart in Fig. 4.
The operation of BSA along with the hybrid RF/FSO
brings two main advantages: first, it ensures seamless

Input (RF, FSO, Hybrid
RF/FSQ) parameters

!

Check End to End
Link connection

l

RF-OF Link
(Port
Select -
le— FSO-OF Link
RF/FSO-OF Link fso
(Pour )

pRf = pfse

out out

Select
RF-OF Link

Select
FSO-OF Link

Figure. 4 The Suggested Backhaul Selection Algorithm
(BSA) to elect the optimal backhaul link.
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wireless service for users at the cell edge region and
hence maintain reliability and service quality of the
connection. Second, it can decrease overall power
consumption due to utilization of the more power-
efficient FSO links and reducing the need for power-
intensive RF links, thus contributing to lower power
consumption. The length of time the FSO system runs
determines how much power is saved.

500~ ‘ .
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Figure. 5 SNR in relation to link range under different
beam divergence situations.
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Table 2. Link specifications for the suggested FSO
system [43,44]

Parameters Value
Laser power 10 dBm
Wavelength 1550 nm
Data rate 10 GHz
Transmitter Aperture diameter 5cm
Beam divergence 2 — 6 mrad
Receiver Aperture diameter 20cm
Photodetector type APD
Responsivity of APD 1 AW
Dark Current 10 nA
Link distance £ 1200m
Weak Turbulence C? 8.4 x 1075 m=2/3
Moderate Turbulence C2  |1.7 x 10~ m~2/3
Strong Turbulence C?2 5x 1074 m2/3

5. Results and discussion

In this section, we provide some numerical results
to validate and assess the performance of the
proposed hybrid scheme and the BSA algorithm. The
power transmitted through FSO link is assumed to
stand at 320 milliwatts, while for the RF link, it is set
at 16 milliwatts. To simulate the effect of the
atmospheric turbulence conditions, the typical values
were employed as outlined in [26, 44], with B equals
to 1.342 and a equals to 2.064. Likewise, for the
Gamma-Gamma distribution pertaining to strong
atmospheric turbulence, we opted for standard
parameters (o = 2.064, B = 1.342) [42]. The
simulation parameters for the proposed system are
summarized in Table 2.

Fig. 5 plots the achievable SNR as a function of
the range, or distance, between FSC and BS. The
figure shows the SNR performance across various
link ranges within the designed FSO system. The
SNR experiences notable changes as the beam
divergence of the FSO system is adjusted. With
reduced beam divergence, the SNR levels of the FSO
system are deemed adequate, while an escalation in
beam divergence correlates with a decline in SNR
values within the FSO system. For instance, at a
distance of 4 km, the SNR values for the designed
FSO system are 16.79 dB, 12.7 dB, and 7.6 dB,
aligned with beam divergence settings of 2 mrad, 4
mrad, and 6 mrad, respectively.

Fig. 6 depicts the performance of the designed
FSO system in terms of BER across various beam
divergence profiles. An observation reveals a
degradation in BER performance with an increase in
transmission distance. Furthermore, it is notable that
BER performance deteriorates as the beam
divergence expands from 2 to 6 mrad as shown in the
figure.
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The FSO communication link offers a notable
advantage in terms of its unrestricted bandwidth.
However, when the optical line-of-sight signal
traverses through the atmospheric channel, it
encounters challenges stemming from the increased
distance between the transmitter and receiver.

This results in attenuation, which includes
absorption and scattering, as well as the presence of
scintillation effects. The primary concern in 5G/6G
cellular networks revolves around the incessant need
for high data rates. This is predominantly due to the
fact that RF backhaul links are constrained by limited
bandwidth, leading to communication bottlenecks
arising from bandwidth congestion. As the link
distance increases, the visibility of the channel
diminishes, resulting in higher optical signal loss as
it traverses through the channel. Consequently, this
leads to decrease in the received optical power on the
Avalanche Photodiode (APD) window of an optical
receiver resulting in a reduction in the bit rate.

To this end, using parameters from Table 2, we
examine in Fig. 7 the bit rate of the proposed system
with BSA under three considered scenarios:
conventional RF link only, FSO only, and hybrid
RF/FSO. The results unequivocally show that the
combined RF/FSO system surpasses the performance
of RF and FSO individually in terms of data rate. This
means the 5G and beyond network expansion is made
possible with scalable and adaptable solutions
offered by a hybrid RF/FSO-OF system. The solution
can also be regarded as a drastic fix for inadequate
coverage at the cell boundaries.

Fig. 8 illustrates the correlation between BER and
transmitted power for the suggested hybrid RF/FSO
scheme across different weather conditions. The RF
fading parameter is set to m = 2 and receiver
aperture diameterssetat D = 10 cm [45-47]. Inthis
figure, it is evident that the BER is susceptible to
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Transmitted power (dBm)
Figure. 8 The BER verses variation of transmitted
power for the hybrid RF/FSO under different weather
conditions.
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fluctuations influenced by various weather conditions.

In specific, light fog exerts the most significant
impact, whereas clean air demonstrates the least
effect. As transmitted powers increase sufficiently,
the BERs experience rapid declines. The transmitted
power associated with the turning, or knee, point also
tends to be higher in weather conditions characterized
by greater light attenuation. The reason behind this
phenomenon is that, at low transmitted power levels,
the primary factor influencing the BER is the
attenuation of light intensity. Consequently, a modest
increase in transmitted power leads to a consistent
decrease in the BER curve. However, as the
transmitted power reaches higher levels, the main
factor impacting the BER shifts is turbulence. Hence
a substantial increase in transmitted power will result
in a sharp decline in the BER. These findings assert
that while the BER of the hybrid direct link is notably
influenced by both the FSO and RF links,
enhancements in either link can notably enhance the
BER performance of the hybrid direct link as shown
in Fig. 8. As a result, the suggested system keeps up
its performance without requiring adaptive
processing or appreciably higher power usage. This
is especially crucial for small cells of FSC whose
daily strength of air turbulence fluctuates often.
Changing system parameters all the time in certain
situations might be counterproductive and can cause
performance degradation. On the other hand, the
suggested solution maintains performance without
requiring extra processing or power.

Fig. 9 illustrates the outage probability of the
proposed hybrid RF/FSO system in reference to the
outage of the two benchmarks, namely RF outage in
(18) and FSO outage in (23) which are all dependent
on the average end-to-end SNR. The results
demonstrate that the proposed RF/FSO system
surpasses other cases in terms of reliability and the
adoption of the proposed BSA notably improves the
performance of the proposed system even further.

Also, the outcomes of the outage analysis revealed
the superiority and resilience of the hybrid FSO/RF
system in contrast to the FSO-only system across a
range of turbulence scenarios (more on this point in
Fig. 11). The outcomes unequivocally showed that,
under all turbulence situations the suggested hybrid
RF/FSO system efficiently takes advantage of the
complimentary characteristics of the FSO and RF
channels, as evidenced in Fig. 9.

In the hybrid RF/FSO connection, having
unregulated bandwidth stands out as a key advantage
for achieving higher capacity of the backhaul link
which relies heavily on the achievable SNR quality.
Fig. 10 illustrates the correlation between the link
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Table 3. Performance comparison

Ref. SNR c Pout
(dB) (bps/Hz)

[22] 15 3 16x1072

[23] 15 6.5 14x1072

Proposal | 15 8 16x10™*
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capacity and the average end-to-end SNR for the four
schemes considered in Fig. 9, namely hybrid RF/FSO
link, FSO link, RF link and Hybrid RF/FSO after
utilization of the proposed BSA algorithm. Fig. 10
demonstrates that as the SNR value rises, there is a
corresponding increase in the link capacity. Notably,
after applying the proposed BSA, the link capacity of
the hybrid RF/FSO system far exceeds the capacity
of both standalone FSO and RF links. The figure also
shows the benefits of the proposed system that use of
both RF and FSO advantages to guarantee the high
availability of backhaul link and dependability for 5G
applications, such as enhanced Mobile Broadband
(eMBB), disaster recovery and large-scale festivals
and celebrations that need for constant connections
with huge capacities are supported by this system's
high capacity and dependability. Notably, our results
which are demonstrated in Figures 9 and 10 show that
the proposed hybrid RF/FSO model performs
noticeably better than existing schemes in the
literature, e.g. [22, 23] in terms of link capacity and
outage probability. To elaborate more on this point,
we have reported numerically, in Table 3, the results
of the comparison between the proposed BSA-based
hybrid scheme with some schemes from the literature
as shown in Table 3 below. The data from the table
indicate that the performance of the proposed system
is superior to other benchmark schemes in terms of
link capacity and outage probability.

Finally, Fig. 11 shows the outage probability
performance versus end-to-end SNR of the proposed
hybrid RF/FSO-OF system under different
atmospheric turbulence conditions, that is weak,
moderate, and strong turbulence (using parameters
defined in Table 2). The results depicted in the Fig.11
show that the system's performance decreased as
atmospheric turbulence increased. For example, at
SNR threshold of y;;, = 10 dB, the proposed system
required SNR of 20, 25 and 33 dB, respectively, for
weak, moderate, and strong atmospheric turbulence
conditions in order to reach the outage probability of
1076,

The last result shed light on another virtue of the
proposed hybrid scheme, that is the capability of the
scheme to perform well even in low SNR regime.
This means that practical systems can benefit from
the proposal in efficiently operating low power
devices like battery-powered IoT devices.

6. Conclusion

In pursuit of providing reliable and resourceful
backhaul links, this paper proposes new approach to
implement the hybrid RF/FSO-OF system that can
support higher data rate, lower power consumption
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and enhanced coverage for user located at cell
boundaries. We also derive new formulations for
average BER and outage probability for the proposed
RF/FSO-OF, as well as two special cases, i.e., RF-
and FSO-only, to analyse its effectiveness under
different atmospheric turbulence conditions. Using
the obtained analytical expressions for the outage
probability and ergodic capacity, BSA algorithm is
also proposed for link optimization. This algorithm
aims to select the optimal backhaul link. Numerical
findings demonstrated that the mixed RF/FSO-OF
backhaul link outperforms other links across various
turbulence scenarios in term of bit rate and capacity
at cell edge regions and achieved low values of
outage probability than other links. Moreover, the
mixed RF/FSO exhibits superior
performance significantly enhancing conductivity
and dependability compared to RF or FSO
individually. The results of this work can be applied
as a guideline when installing a workable RF/FSO
backhaul link and also to forecast system
performance, like determine the maximum
achievable range within environmental variations.
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