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= ABSTRACT - The ever-growing demand for high-bandwidth communication in mobile networks necessitates innovative
solutions that provide exceptional capacity and reliability. This paper introduces a novel dual hop hybrid system model that leverages
the complementary strengths of free space optics (FSO) and millimeter-wave (mm W) communication, while incorporating a direct
mm W link for added robustness. This paper analyzes the comprehensive performance of the proposed hybrid system using a single
threshold selection combining. We consider a scenario where the channel state for the FSO link adheres to a Log-Normal distribution
under conditions of weak turbulence. For the millimeter wave link, we assume it follows a Nakagami-m distribution, which
encompasses a broad range of commonly encountered radio frequency (RF) fading distributions. The proposed system's
performance is analyzed by deriving analytical expressions for average bit error rate (ABER) and outage probability (OP). The
theoretical results of the proposed system, which are verified using Monte-Carlo simulations, unveil that under turbulence and
adverse weather conditions, the performance of the proposed system over a standalone FSO system is improved significantly due
to mm W backup link.

Keywords: Hybrid FSO/mm W; Outage Probability; Average Bit Error Rate; Selection Combining.

ARTICLE INFORMATION system [2]. Free-Space Optical communication utilizes the
Author(s): Mogadala Vinod Kumar, R Bhargav Ram, Pinnamaneni tr_ansmlssmn of optical signals thrqugh thg atmosphere. It oﬁers
Likhitha P Ravi Kiran and M Raj Kumar Naik; high data rates, low latency, and immunity to electromagnetic
Received: 03/07/2024; Accepted: 22/08/2024; Published: 0/0/0; interference [3,4]. However, FSO systems are vulnerable to

e-ISSN: 2347-470X; Y e | atmospheric conditions like fog, rain, and turbulence, all of
Paper 1d: IJEER 0307-03; : m [ which can deteriorate signal quality and reliability, especially
Citation: 10.37391/JEER.100xxx [@emEsEe | across extensive distances. Researchers have addressed the
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https://ijeer.forexjournal.co.in/archive/volume-12/ijeer-120xx.html challenges in FSO links by utilizing two promising techniques:
multiple-input multiple-output (MIMOQO) and cooperative
Publisher’s Note: FOREX Publication stays neutral with regard to relaying [5,6,7]. Authors in [8,9,10] explored diversity
Jurisdictional claims in Published maps and institutional affiliations. combining techniques (maximal ratio combing and selection
combining) to further enhance FSO system performance.
Researchers also explored the benefits of cooperative diversity
1. INTRODUCTION in relay-assisted mixed free-Space optical /radio frequency
The rise of data-intensive applications, such as those in systems. Prior research explored these systems using ampl_ify
telecommunication networks, smart cities, and emerging ~ and forward (AF) and decode and forward (DF) relaying
technologies, has driven the exponential demand for high-speed  techniques [11, 12]. In mixed FSO/RF configurations, the initial
wireless communication in recent years [1]. To meet this ~ Message transmission from the source to the relay frequently
demand, researchers and engineers have been exploring novel Ieverages_the RF link due to its inherent rel_lak?lllty compared to
approaches that combine different wireless communication  the FSO link. However, the onward transmission from the relay
technologies to leverage their respective strengths and mitigate 0 the destination can leverage the FSO link's high bandwidth,
their weaknesses. One such promising approach is the  depending on the specific relaying protocol employed.
integration of free-space optics (FSO) and millimetre wave
(mm W) technologies, often referred to as a hybrid FSO/mm W
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To address the limitations of Free-Space Optical (FSO)
channels, researchers have explored hybrid FSO/RF wireless
systems [13,14]. Millimetre waves, operating in the frequency
range of 30 GHz to 300 GHz, offer high bandwidth and can
penetrate obstacles better than higher frequency signals, making
them suitable for high-speed communication in urban
environments. However, mmW signals are prone to attenuation
and blockage by atmospheric gases and obstacles, limiting their
range and reliability. The integration of FSO and mmw
technologies presents a unique opportunity to harness the
advantages of both, while compensating for their individual
limitations [15]. In a hybrid system, FSO serves as the primary
communication link, offering high data rates and low latency,
while mmW acts as a backup link or complements FSO by
providing connectivity in adverse weather conditions or in
situations where line-of-sight obstruction is present. By
combining the advantages of FSO and mmW, the hybrid system
delivers exceptional performance for outdoor uses [16]. This
encompasses robust backhaul links with high capacity,
dependable communication for vehicles, and seamless
underwater connections, surpassing the limitations of
conventional methods. Various architectures have been
proposed for hybrid systems, including those where FSO and
mmW links operate independently and others where they are
integrated into a single coherent system. The performance of
hybrid FSO/RF for over space—air—ground integrated network
to provide broadband global mobile connectivity was analysed
by the authors in [17]. The performance of UAV-Assisted
Hybrid FSO/RF Communication Systems under Various
Weather Conditions was analysed by the authors in [18]. The
authors in [19] studied a UAV-assisted hybrid FSO/RF dual-
hop system under amplify-and-forward protocol with variable
gain. The performance of hybrid FSO/RF-THz relay
communication system under different fading conditions is
discussed in [20].

In this work, a dual-hop hybrid system with direct mmW link
between source and destination nodes is considered for next-
generation wireless networks. To assess the proposed system's
performance, we analytically derive expressions for outage
probability and average BER and validate these results through
simulations. The following sections will delve deeper into the
system architecture, analyse its performance under different
channel conditions, and explore its potential benefits in real-
world scenarios. The proposed system model is discussed in
section 2. The statistical characteristics of the proposed system
are outlined in section 3. Sections 4 and 5, respectively, derive
analytical expressions for outage probability and average BER,
followed by a discussion of the obtained numerical results.
Finally, Section 6 summarizes the key takeaways of this work.

= 2. System Model

Figure 1 illustrates a dual hop (DH) system employing a DF
(Decode and Forward) relay, comprised of a source (S), a relay
(R), and a destination (D) base station. We specifically consider
a DH scenario with a reliable direct mmW link. When a direct
link is unavailable, a dual hop system transmits data in two
stages. First, the source base station sends the signal to the relay
base station. The relay BS receives and decodes the signal.
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Then, in the subsequent phase, the relay BS then forwards the
decoded information to the destination BS. If the source and
destination can communicate directly, the source sends a signal
in the first phase. This signal is received by both the relay and
the destination BSs. The relay BS then decodes the signal and
forwards it to the destination BS. At the destination BS,
selection combining technique is used to extract the data from
the original signal (received directly from the source) and the
relayed signal. The following sub-section focuses on the
mathematical modelling of signals received at the relay and
destination base stations (BS) for FSO and mmW links.

mmWA Tx.

Macro cell

Figure 1. System model of hybrid FSO/mmW with direct mmW Link

2.1. Modelling received FSO signals across a
network of base stations

An FSO system employs intensity modulation for data
transmission where the transmitter controls the light intensity.
The receiver then uses a direct detection scheme to convert the
received light signal back into electrical data. The mathematical
expression for the baseband signal received at the relay BS is
given by,

2507 = YorIsrGerS + Xsr (1)

Following the signal decoding in the initial time slot, the relay
BS transmits it to the destination BS during the subsequent time
slot. The signal received at the destination BS is expressed as,
285" = YrplrpGroS + Xgrp (2)
where, S is the symbol transmitted by source BS with average
energy Es, S is the estimate of symbol S at relay BS after
processing the received symbol, x; is the zero-mean circularly
symmetric complex Gaussian noise of j link, where E{n;n;} =
o2, and j € {SR,SD}. Y; is receivers optical-to-electrical
conversion coefficient, G; is the average gain of the j FSO link,
I; represents the optical channel fading due to atmospheric
turbulence of j™ link which is modeled as Log-Normal
distribution [2]. The instantaneous electrical SNR at the output
of the FSO receiver can be expressed as,
y2GPEgI?
jFSO — %ﬁl (3)
In FSO communications with perfect alignment and mild
turbulence, the Log-Normal (L-N) distribution effectively
models the fading experienced on the link. This fading is
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characterized by the probability density function (PDF) of the
fading channel coefficient (l;), which is given by,

_ [In(I)—2px]?
\/ﬁlc € 802 )

fILN (I ) —

In [17], it was shown that when E [Ij] = 1, it implies p, = —c2
, Where p, and o2 represents the mean and variance of the L-N
fading channel respectively. The pdf of the instantaneous SNR
of a FSO link is derived by combining equations (3) and (4).
The obtained equation is as follows:

Y 2
In| - +80%
1 _[ (vfs")

2

FSO( )= V32myox € 3202 ()
where, ¥ represents the average SNR for the FSO link, as

defined in reference [21], and is expressed as,

2.2
-FSO _ S8 Es 442
it =T e ©

The cumulative distribution function (CDF) is obtained by
integrating the PDF of y;5° across all possible values,

Fifso() = [ o (v) dy U
The CDF of y;%° can be represented utilizing the erfc(x) and
erf(x) as described in reference [22], as follows,

111(?.17%)1'80')2(
— (8)
320%

2.2. Modelling received mmW signals across a
network of base stations

The source BS transmits signals over the mmW link, which are
then received by the relay BS and the destination BS. The
mathematical representation of these signals is given as below,

Fso yY=1- —erfc

z8™ = gsrS + Xsr, 8™ = gspS + Xsp )

After decoding the symbol in the first time slot, the relay BS
forwards it to the destination BS in the next time slot. The
equation below describes the received symbol at the destination
BS.

zip™" = grpS + Xrp (10)

where, gsr, Oro, and gsp, represent the fading channel gains
experienced on the millimetre wave transmission paths. The
instantaneous received SNR is expressed as ymmW

y™Wh? where "™V represents the average SNR of the
mmW link. The PDF of y["™W follows the Gamma distribution

as described in reference [23]. This function is expressed
mathematically as,
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__my
m ymmWwW

m-1
(1) = () ot (1)
]

Where, I'(m) describes the extent of fading encountered by the
channel with m representing the degree of fading. The CDF for
ijmW can be determined by integrating its PDF, leading to the
below expression,

() = J} fpmn () dy = sy (mdi)  (2)
where, Y'(a, X) represents the lower incomplete gamma function
and is expressed as,

Y(at) = [, x* e *dx (13)

3 STATISTICAL CHARACTERISTICS OF
THE PROPOSED SYSTEM

This section analyses the statistical properties of the proposed
system by deriving its CDF and PDF. This analysis employs
the Nakagami-m fading model to characterize the signal
fluctuations experienced on mmW links, while the Log-Normal
fading model is used for FSO links. In two-stage relay systems,
the system's overall performance is limited by the performance
of the weakest link. As shown in reference [24], the equivalent
output SNR (ysrp) is expressed as,

Ysrp = Min(Ysg, Yrp) (14)

For a dual-hop FSO transmission system, the CDF for the ysgp
is given by,
F,fso (v) = prob[min(vE®, viy) <] (15)

After simplifying equation (15), we obtain the following
equivalent expression,

Fyiso (v) = 1 = [prob(v§R® > y)prob(viy’ > v)] (16)

FSO FSO

where ygg~ and ygp~ represents the instantaneous SNR values
for the S-R and R-D I|nks respectively, in FSO transmission. By
using equation (8), the CDF equation for the overall system can
be derived as follows,

In +80° In| —&+802
LN _1_2 ( R ") 1 <v£%° ">
Fyesg() =1 Iz erfc( e 28| — s,

The PDF of yER9 is obtained by differentiating the CDF with
respect to y, and upon simplification, it can be expressed as

follows:
2
[ln(,F‘;D)wu,zc [ln(ir F}tgo)*'s"’z( [ln(,,}jgo)ma)z(
VSR YRD VSR

fyLFI\.]?o(}’) = Ae 3202 + Ade 320% — Ade 320% ll —
SRD

ln(, F‘;0+86,%>
L erfc| =k 2
2 V320,

A7)

2 2

2

in{ oo |+80% .
- Ae_[ <ny:>% ll —éerfc <—l (y;:y x>>](18)
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were, A = For dual-hop communication systems with

1
V32moxy'
a reliable direct link between the source and destination, a
technique called selection combining (SC) can be used at the
destination to improve the signal reception. SC is known for its
simplicity and lower complexity compared to other combining
techniques. During SC, the receiver chooses the link with better
instantaneous SNR. We can express this mathematically as
below,

Ysc = max(Ysp, Ysrp) (19)

For millimetre wave transmission, the cumulative distribution
function of the received signal strength (y%™W) can be
expressed mathematically as.
Fmmw (y) = prob[max(v§s™", viE") <v] (20)
Where,yZi"WandyZinWdenote the real-time SNR values of the
source-destination  and  source-relay-destination  links,

respectively, for mmW transmission scenarios. \We can express
the CDF equation in the following form,

r(m e\ /T i)
ym _ VYsR YRD
Fymmw (y) = —F(m) Y ( mmw) }1 ( T(m) ) ( T(m) (21)

The PDF of yIimW is obtained by differentiating the overall
CDF with respect to y. After simplification, the expression is
obtained as,

f mmW (Y) =

_my
(Y)““ vE g

F(m)y( m) vERDY (Y)( mmw) [‘(m) =P

where, FyrSnRrBW(Y) and fyISanBw(y) are given by equation (23)
and equation (24), respectively.

Fymmw (v)  (22)

rm w70 )
1 _ RD

Fymmw(y) =1 r(m) r(m) 23)
Fymmw (V) = . . )

m Y™ TTmmw m W™ Timew  ( om O\ (" T mmw mmW an
(vgﬂRmW) rem € " +(yww) rmy & (yng) rem ©

m )™t _-nTrZW ym
(ymme) o € %P r(m))’( W) (24)

i 4. PERFORMANCE ANALYSIS OF
THE PROPOSED HYBRID DH SYSTEM

By deriving analytical expressions for outage probability and
average BER, this section provides a comprehensive analysis of
the proposed system's performance. We will consider a scenario
with DH, where a direct millimeter wave connection is
established between the S and D base stations. The following
equation represents the outage probability for this specific DH
system configuration.

SC_mmW __
l:’out - FSO (Y

O)F mmw (YR™) (25)

rEysk
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where, FLpso (Yin FSOY is acquired by substituting y in equation
(17) with yFSO and F ymmw (yImW) is acquired by substituting y

in equation (21) W|th ymmw Following BPSK modulation, the
data is then sent through either FSO or mmW links. For this
analysis, we assume data is transmitted on both links at the same
rate. As detailed in reference [21], the BER for BPSK
modulation can be described by an equation that depends on the
instantaneous Signal-to-Noise Ratio (SNR) is given by,

p(e/y) = 0.5 erfc(+fy) (26)

To determine the average BER experienced under normal
operating conditions, we need to consider the weighted average
of the average BERs from both the FSO and mmW links. The
mathematical expression for this combined average BER is
given by,

5SC.mmW _ BDH(YE]"?O)"’FLFSO(Yf]fo)BIsncmW(YnﬁmW)

R 1— Psc mmw (27)
out

The expression for Py-™™" from equation (25) is utilized,

while FLFSO (YES©9) is calculated by substituting y with y53© in

equatlon (18) The average BER experienced on an FSO link
(BER (YES©)) is determined by computing the average of the
conditional BER of a BPSK signal. This calculation yields the
following expression,

(Ve ) =[x rsop(e/ V) f, Fso(v)dv (28)

where, p(e/y) and f Fs()(y) are determined by equation (26)
and equation (18) respectlvely The average BER experienced
ona mmW link (BEmMW (ymmWy) js computed by averaging the
conditional BER of BPSK signal. And its expression is given
by,

BE™ (V™) = [jmmw p(e/Y) fymmw (V) dy (29)

Where, p(e/y) and fYrSnCmW(Y) are provided by equation (26)

uatjgn }22) respectively. The average BER of the hybrid
isrgerived by substituting equation (29) and equation
(28) into equation (27).

= 5. NUMERICAL RESULTS AND
DISCUSSION

This section evaluates the performance of the proposed system
under various atmospheric conditions by examining the derived
mathematical formulas for outage probability and average BER.
The FSO connection is represented using a Log-Normal model
with different variance values, while the mmW connection is
described by using a Nakagami-m model.

The performance of the hybrid system and the FSO cooperative
SC system is shown in figure 2. This comparison is based on
their outage probability under varying average SNR conditions.
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Figure 2. Outage probability vs Average SNR for different mm
Wave links.

Figure 2 shows that the suggested hybrid system outperforms
the stand-alone FSO system, particularly when using a superior
mmW connection. In comparison, a conventional FSO
cooperative SC system experiences a higher OP of 1.1 x 10-1
at a typical SNR of 10 dB. In contrast, the proposed system
offers significantly better performance, achieving outage
probabilities ranging from 2.0 x 10-1 and 4.5 x 10-4 depending
on mm Wave link quality.

Figure 3 below illustrates the fluctuation in outage probability
for a hybrid cooperative system employing selection combining
of mmW link, relative to the average SNR across various values
of 4. As depicted in figure 3, the hybrid cooperative mmwW-
SC system exhibits superior performance for both o, values in
comparison to the FSO cooperative SC system.

100 ——w—==p ; T T T T T T

Outage Probability
=

—¥— FSO cooperative SC, U><=0'25
FSO cooperative SC, UX=0.5
—8— Hybrid cooperative mmW SC, <7X=O.25

=& 3

—— Hybrid cooperative mmW SC, 0X=0.5

0 2 4 6 8 10 12 14 16 18 20
Average SNR (dB)

Figure 3. Outage probability vs Average SNR with different values
of ox.

For instance, at an average SNR of 10 dB, the hybrid system
achieves significantly lower outage probabilities (4.5 x 10 and
9.0 x 10™) compared to the FSO cooperative SC system (1.1 x
10t and 5.8 x 10 for o, values of 0.25 and 0.5, respectively.
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Figure 4. The average BER vs average SNR for different mmw
connections.

Figure 4 illustrates the change in average BER of a hybrid
cooperative system with selection combining of mmW link
concerning the average SNR. This analysis conducted at a
constant threshold value of ym™W =yf*0 =5dB . The
proposed hybrid system outperforms the FSO cooperative SC
system in terms of average BER performance, as shown in
figure 4.
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Figure 5: The average BER vs average SNR for different values of
Ox

For example, the FSO cooperative system achieves an average
BER of 2.8 x 10 at an average SNR of 10 dB. In contrast, the
suggested hybrid system attains 6.2 x 10* and 7.9 x 10°
average BERs for y®™W =5dBand10dB mmwW
connections, respectively. In the above Figure 5, the fluctuation
in the average BER of the proposed system is depicted in
relation to the average SNR across various o, values. As
illustrated in figure 5, the proposed system outperforms the FSO
cooperative SC system for both o, values, showcasing superior
performance.
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i Table 1. Average bit error rate of proposed system and
FSO cooperative SC vs average SNR

S.No. Awvg. FSO cooperative SC  Proposed system
SNR 6x=025 6x=05 0x=025 ox=05
(dB)
1 1 9.2x102  2.1x10!  3.8x10% 6.6x10°3
2 2 7.3x102  1.9x101 2.9x10°8 5.8x1073
3 4 4.1x102%  15x10' 1.5x10°3 4.4x1073
4 6 2.0x102  1.2x101  7.0x10* 3.1x1073
5 8 8.5x10°  9.2x10?  2.6x10* 2.1x1073
6 10 2.8x10°  6.5x102%  7.9x10° 1.3x10°8
7 12 7.8x10%  4.3x10%  2.0x10° 7.7x10*
8 14 1.6x10*  2.7x102  4.5x10° 4.3x10*

Table 1 presents the average BER values for both the proposed
system and the FSO cooperative SC system across various oy
values. The proposed hybrid system exhibits an average BER
of 7.9 x 107 and 1.3 x 1073, respectively, for turbulence
coefficients of 0.25 and 0.5 at an average SNR of 10 dB. In
comparison, a free-space optical (FSO) cooperative SC system
under the same conditions achieves an ABER of 2.8 x 1072 and
6.5 x 1072, respectively.

6. CONCLUSIONS

This study investigates the performance of a hybrid FSO/mmwW
system incorporating a direct mmW link between the source and
destination base stations. To achieve this, we analytically derive
expressions for outage probability and average bit error rate
(BER). We use a Log-Normal distribution to model the FSO
link, and a Nakagami-m distribution to characterize the mmw
link. Our numerical results demonstrate that the proposed
hybrid system with a mmW backup link outperforms dual-hop
FSO systems in terms of overall system performance. From the
results, it is apparent that both the outage and average BER
performances exhibit enhancement as the average SNR of the
mmW link increases. This model presents a promising approach
for realizing high-capacity and reliable communication in
various applications, including 5G and beyond mobile network
backhaul, high-speed internet access, and mission-critical data
transmission.
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