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modulatiofl scheme. Two transmission methods in relay hybrid
RE/FS@ systems have been analysed: One-Hop and Multi-Hop
transmissionss, By capitalising on these expressions, we have
evaluated the ABER performance of these systems as a function of
various parameters, dhighlighting the robustness of hybrid
configurations undef differing operational conditions.

1 Introduction

Free space optics (FSO) and Radio Frequency (RF) hybrid cemmunicationdsystems have garnered
significant attention due to their potential to synergise the high bandwidth and low latency of FSO with the
robustness and extensive coverage of RF technologies. Foundational works, suéh’as Chowdhury et al. (2020)
[1], provide comprehensive surveys on optical wireless hybrid networks, emphasising the complementary
characteristics of RF and optical wireless communication (OWC) technologies. Theése'studies underscore the
potential of hybrid systems to support emerging 5G networks and beyond by leveraging various combinations
of RF and optical technologies, including Visible Light Communication (VLC), Light Fidelity (LiFi), Optical
Camera Communication (OCC), and FSO. Performance analysis and channel modelling form a crucial aspect
of understanding hybrid systems. Khalighi et al. (2014) [2] delve into the challenges posed by atmospheric
turbulence and alignment in FSO systems, advocating for hybrid approaches to mitigate these issues.
Technological advancements in Optical Wireless Communications (OWC), particularly in indoor scenarios,
have been reviewed by Elgala et al. (2011) [3], highlighting the integration of VLC and LiFi with RF systems.
Sevincer et al. (2013) [4] explore the potential of combining VLC and FSO technologies, demonstrating
significant improvements in data transmission and security. Furthermore, Xu et al. (2008) [5] provide insights
into ultraviolet (UV) communications, which, although distinct, offer relevant channel modelling and
environmental impact considerations applicable to FSO. Recent studies continue to showcase the efficacy of
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RF/FSO hybrid systems in dynamically adjusting to real-time conditions, thereby ensuring robust and
uninterrupted communication.

FSO and RF hybrid communication systems synergise the advantages of both technologies to address their
respective limitations, offering a robust solution for modern communication needs[6], [7]. FSO systems utilise
light beams in the infrared spectrum to transmit data, providing high bandwidth, low latency, and immunity to
electromagnetic interference. These attributes make FSO systems ideal for deployment in urban environments.
However, FSO systems are highly sensitive to atmospheric conditions such as fog, dust, and turbulence, which
can severely degrade or even interrupt the signal. Furthermore, precise alignment of the optical devices is
crucial, posing significant challenges in installations on tall buildings where wind-induced sway can cause
signal jitter. In contrast, RF communication systems, while generally having lower data rates and bandwidth
than FSO, are more resilient in adverse weather conditions, maintaining communication through clouds and
fog. This robustness ensures continuous data transmission when FSO signals are compromised. By combining
these two technologies into a hybrid REF/FSO system, it is possible to leverage the high-speed capabilities of
FSO during favourableeénditions and the reliability of RF during unfavourable conditions, thereby enhancing
the overall perfofmance/and reliability of the communication system. The integration of RF and FSO
technologies is most@¢ommonly realised through relay technology, where different segments of the
transmission path use ESO oRF depending on the prevailing conditions. Relay stations play a crucial role in
these systems by continuously monitofing transmission conditions and dynamically switching between FSO
and RF links to ensure optimal performance. When atmospheric conditions are optimal, the FSO link is utilized
for its superior data rates andylow latenéy."“Cenversely, under adverse conditions, the RF link takes over to
maintain reliable data transmission. There are twio primary configurations for these hybrid systems: One-Hop
and Multi-Hop. In a One-Hop system, data is transmitted directly from the transmitter to the receiver. This
configuration balances high performange and reliability, making it suitable for scenarios that require consistent
high-speed transmission regardless of weather onditions. Multi-Hop systems, on the other hand, represent a
more advanced level of wireless communication, utilising multiple relay stations. Each relay station receives,
analyses, amplifies, and forwards the signal tothe next station;thereby extending the propagation distance and
overcoming the limitations of direct transmission,, Mulfi-Hop networks can be implemented using parallel,
series, or combined configurations, each offering distinct advantages,in terms of robustness and performance
[8].

In [9] Rakia et al. (2015) introduce a practical FSO/RF hybrid system With adaptive combining. This study
presents a novel transmission scheme where the FSO link is utilised as long as its signal-to-noise ratio (SNR)
is above a certain threshold. When the FSO link's quality degrades, the R linkis activated, and the signals
from both links are combined using a dual-branch maximal-ratio cefbiner. The authors derive a novel
analytical expression for the cumulative distribution function (CDFY of thefeceivedeSNR, which is used to
study the system's outage performance. The results demonstrate Significantdimprovements in outage
performance compared to FSO-only and RF-only systems, particularly in clear andadverse weather conditions
.In[10], Mohammed J. Sabre et al. (2019) investigate the secrecy performance®©f a mixed RF-FSO cooperative
relaying system using a-p and Exponentiated Weibull fading models. The authors,analyse the secrecy outage
probability and secure transmission probability under different fading conditions, providing insights into the
security advantages of hybrid RF-FSO systems. This research emphasises the importance of considering
various fading models to accurately assess the performance and security of hybrid communication systems.
The findings reveal that hybrid systems can offer enhanced secrecy performance, making them suitable for
secure communication applications. In addition, the work by Bassam Helal et al. (2019) [11] focuses on the
practical implementation aspects of hybrid RF/FSO systems. The study explores various relay-assisted hybrid
architectures and their performance under different environmental conditions. By employing different
modulation schemes and diversity combining techniques, the authors demonstrate how hybrid systems can
dynamically adapt to changing atmospheric conditions to maintain reliable communication links. This research
provides a comprehensive framework for designing and optimising hybrid RF/FSO systems to achieve high
data rates and reliability.

In order to evaluate the characteristics of RF/FSO systems, it is necessary to perform statistical modelling
of relay hybrid RF/FSO systems. In the paper [12], a new relay hybrid RF/FSO model is presented, based on
the Nakagami-m distribution for RF fading and the Gamma-Gamma distribution for the FSO turbulence
channel. This paper presents the results of calculating Average Bit-Error Rate (ABER) and Outage Probability
(OP) for both types of transmission systems, One-Hop and Multi-Hop. The analysis of the results shows that



P. Sarcevié et al.: Performance Evaluation of Hybrid RF/FSO Systems ... 3

One-Hop RF/FSO systems exhibit significantly better characteristics than the FSO transmission system. It was
also found that the implementation of Multi-Hop systems further enhances the characteristics of the hybrid
RF/FSO system. In the paper [13], a hybrid RF/FSO system is presented, in which the primary FSO link is
modelled using the Gamma-Gamma statistical model, while the backup RF fading is modelled using the
Rayleigh distribution. The analysis of ABER and OP, and the comparison with the results of the FSO
communication system, showed that the presented system provides better results in all weather conditions. In
a similar manner, this paper presents a new relay hybrid RF/FSO statistical model for analysing the
performance of transmission systems. The Nakagami-m statistical model is used for modelling RF fading,
while the Gamma-Rice statistical model is used for modelling the FSO communication channel. For the
purpose of result analysis, ABER was determined using the Coherent Binary Phase Shift Keying (CBPSK)
modulation scheme. The paper is organised into three sections. In the first section, the procedure for obtaining
the new CDF is presented. In the second section, expressions for ABER for One-Hop and Multi-Hop relay
hybrid systems are presented, as well as the basic expression for the transmission of the FSO communication
channel. In the third seetiony the results for ABER of FSO and RF/FSO communication systems are presented
and discussed. Jheresults of ABER are analysed for different weather conditions and for different values of
system parameters.

2 System and channel/model
2.1 Modelling of RF fading

For modelling RF fading, the Prgbability demsity function (PDF) of the Nakagami-m distribution is used,
which can be represented by the expression [ 144:

_ iy pr ™ (—%)
fYRF(YRF) = <—F(m)ﬂfgnp )e ° (D

where m is the fading statistics factor and its value isdlways m20.5, urr denotes the average SNR, and I'(.)
represents the Gamma function.
Expression (1) can also be represented and used using the Meijer G function [16]:

e rer) = () (ﬂ’iﬁ?)c&:f (o[- e
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The CDF expression is obtained by solving the integral [15]:
YRF

Eyer (Yrr) = fpr (Yrr)dYrF 3)
0

By substituting expression (2) into expression (3), applying rule (07.34.21.0084.01) from [16], the
following equation is obtained:

Buae ) = () 612 (-0 [ o) @

The obtained result represents the CDF of the Nakagami-m distribution represented using the Meijer G
function [16].

2.2 Modelling of RF fading

For modeling the FSO link, the Gamma-Rice statistical model is used. The expression for the PDF under
the influence of positioning error relative to SNR can be represented by the expression [17]:
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where K is the Rice factor, indicating the ratio of the dominant component to the components resulting from
scattering, £=wy; /20,5, w; is the equivalent radius of the beam at the receiver, and oy denotes the standard
deviation values of the displacement error (jitter) at the receiver. wy o, is the equivalent diameter of the
receiving aperture and can be represented by the expression:

erf(v)Vr
Wieq = WP (2—) exp(v?) (6)
v
where v = % , Ay =4€thH(v)]?, erf(.) denotes the error function, o represents the number of large eddies in
L
the scattering pfocessyand can be represented by the expression:
_ 1
[* = 0,4903 (7

e(1+1,1a}122/5)5/6—1

where of = 1,23C2k7/6111/6 is Rytov variance, C? is the refractive index commonly used to define
turbulence strength, k£ = 27/4 denotesithe wave number, and L denotes the propagation distance.
The CDF can be obtained from the expression:

YFso

oo (Yrso) = \ Frese (Vrso)dvrso (3

By substituting equation (5) into equation (8), we obtain the expression for the CDF:

o 2PTO2E2KPexp(—K) .51 ( AE+12E% 2 yrso
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2 2
where A = 1,2+§ and B = E_’g’a_ﬂ’ﬂ’w
2 272’ 27 27 2

3 Statistical characteristics of the RF/FSO system based on selective combination

By adopting a selective combination scheme that is implemented by comparing the SNR of the RF/FSO
system with the maximum output SNR [18]:

¥ = max(Ygr, Yrso) (10)

yrr and yggo are the SNR of the RF and FSO systems, respectively. The CDF as a function of SNR for the
hybrid RF/FSO system can be represented by the equation:

E,(y) = P.(max(Ygrr, Yrso) < V) = B-(Yrr < V,¥rso = V) = F(yrr)F (Vrso) (11)

By substituting equations (4) and (9) into equation (11) and applying the rule for the product of two
independent Meijer functions, we obtain the EGBMGF — Extended Generalized Bivariate Meijer-G Function,
Eq. (07.34.16.0003.01) from [16]. This expression represents the CDF of the hybrid RF/FSO system:
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3.1 ABER for one-hop transmission systems
The expression for determining ABER is obtained by solving the integral [19], [20]:
Pager(¥) = 2F(x)J0 e y* 1 E, (y)dy (13)

where x=0.5 and y=1 are parameters of the CBPSK modulation technique. By substituting equation (9) into
equation (13) and applying the CBPSK modulation scheme, then solving the integral using rule
(07.34.21.0088.01) from [16], the expression for ABER of the FSO transmission system is obtained:

1
oo 2PYO3E2KPexp(-K) 5o (=, A| (K+1)2E%a?
Fresa{frs0) = Zp=o~rtpmirco 36 <§3,0 16(§2+1)2urs0 (14)

The standard One-Hop transmission system, which is based on transmission from the source to the
receiving node, can be obtained by substituting equation (12) into equation (13), applying the CBPSK
modulation scheme, and usingyrule (07434.2190081.01) from [16] to derive the expression for ABER:

5o 2P+P=3E2KP exp(-K) . 04 1,1 5.1 ( | | M) (15)
P=0 P (m)I(p+Wp!T(a)I(x) AHOD2 2.6 m 01 B, 0 lugrl 16(§2+1)2urso

3.2 ABER for multi-hop transmission systems

The hybrid Multi-Hop RF/FSO system implemented using the Decode and Forward (DF) [21], [22]
method, where the equivalent n-th SNR can be represefited, by thelexpression [18]:

Yen =MIN(Yel, Ye 2, - ..s YeN) (16)

The CDF of the n-th path equivalent SNR can be representedfby the expfession:

Fon=1-[1-F]" (17

Selecting the scheme with the best path also denotes choosing the signal with the highest instantaneous
SNR ratio:

Ve = mMax (Vno, V,e) (18)

where y. = max_ Y,
n=1...N

FSO and RF systems have equal SNR in all links, an expression for the CDF depending on y, can be
derived:

MmN
Fyre@) = [FuI = [1=[1-F]" ] (19)
o  2PP3E2KPexp(-K) .01 1,1 5.1 k+12e*a? \M N 20
FV'E(V) = [1 h [1 ~ Zp=o (M) (p+1)p!T(a)T'(x) G112 26 ( m, O| B,0 |HRF 16({2+1)2up50)] (20)

By combining equation (19) and equation (11), the expression for the CDF of the Hybrid RF/FSO Multi-
Hop transmission system is obtained:
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By substituting equation (21) into equation (13), the expression for ABER for Multi-Hop hybrid
transmission systems is obtained:

2b+P=3£2KP exp(-K)
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where L, is the weighting coefficient obtained by approximating the integral | OOO y*e¥" E,(y)dy using Gauss-
Laguerre quadrature [18];

1
t+)z¢

{n!(n+1)2[L;1/12 zt]Z}

Ly = (23)

Z: is the t-th root of the generalized Laguerre polynomial L+ [23].

4 Results and discussion

The following parameters were usedsto obtdin thelwesults: propagation distance L=1000 m, wavelength
A=1550 nm, and refractive index, which i§ characteristic for weak, moderate, and strong turbulence,
respectively C2 = 6x1071m=2/3 | €2 = 2x%20~' mr2/3 £ = 1.2x10~1 m~2/3, standard deviation of the
noise ox=107, radius of the circular detector a<0.05 myfradiustef the optical beam (dependent on distance)
w; [m]=0.5, standard deviation (jitter) at the receiver@—0:2 m fading statistics factor m=2. By substituting
the corresponding parameters into equations (14) and (15), the‘graphs for the FSO system and One-Hop hybrid
RF/FSO is obtained, considering the application of different values ofifhedk factor depending on the electrical
SNR under weak turbulence conditions. As anticipated from Figufe 1, lower K-factor values and electrical
SNR correlate with higher ABER levels, suggesting suboptimal{system peffotmance. Elevating the K factor
decreases the ABER, thereby enhancing the FSO system's performance dfigure 2%shows that hybrid One-Hop
RF/FSO systems outperform FSO systems, and their performance ifmproves, as SNR increases. The graph
indicates that turbulence strength has little impact on RF/FSO system pesformance,

During periods of higher atmospheric turbulence, FSO system perfermarnce detcriorates, and signal
transmission is taken over by the RF system, which is more resilient to tdrbulence. Figure 3 shows the
relationship between ABER and the use of hybrid One-Hop models with Gamma-Ri€ian distribution and
Nakagami-m fading, and with Gamma-Gamma distribution and Nakagami-m™ fading, under different
displacement-error influences. From Figure 3, it is evident that for lower SNR values, the pointing error has
minimal impact on system performance. As SNR increases, system performance improves, but the effect of
pointing error becomes more pronounced. Additionally, a comparative analysis was conducted between two
different models under moderate turbulence conditions. Figures 4 and 5 show the presented One-Hop and
Multi-Hop hybrid system under moderate turbulence for various values of the fading statistics parameter m.
From Figure 4, it can be observed that lower values of the parameter m result in higher ABER values, indicating
poorer system performance. Figure 5 presents the characteristics of the system using a parallel hybrid RF/FSO
Multi-Hop system with M=2 hops and N=3 paths. This graph considers various values of the parameter m in
relation to the electrical SNR. The graphs show that the hybrid RF/FSO Multi-Hop system exhibits
significantly better results compared to the hybrid One-Hop RF/FSO system (figure 4). The model presented
in this study demonstrates excellent performance improvements with increasing parameter m, as expected.
Figures 6 and 7 depict the graph of the hybrid Multi-Hop RF/FSO system with the same structure M=2 and
N=3 for various values of the parameter K and different turbulence intensity, respectively.
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Figure 1. Determination of ABER unction of the K factor for the FSO system.
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Figure 2. Determination of ABER as a function of the K factor for the One-Hop hybrid RF/FSO system.
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Figure 4. ABER analysis using Gamma-Gamma/Nakagami-m and Gamma-Rician/Nakagami-m models
for hybrid One-Hop FSO/RF systems.
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Figure 6. ABER analysis of the hybrid RF/FSO Multi-Hop system using the Gamma-Rician/Nakagami-m
model, with a structure of 2 hops and 3 paths, as a function of K parameter.
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Figure 7. ABER analysis of the hybrid RF/ESO Multi-Hoplsystem using the Gamma-Rician/Nakagami-m
model, with a structure of 2 hops and 3'pathsgas a function of the intensity of turbulence.

Similarly to One-Hop RF/FSO systems, in hybrid Multi-Hop'RF/FSO systems, increasing the K parameter
reduces the ABER value, thereby improving system performance. Thed fagtor in‘this structure can also be a
suitable parameter for fine-tuning the system when analyzing the Ympact of, enviconmental conditions on
RF/FSO system performance (Figure 6).

As expected, atmospheric turbulence does not have a significant impactonghese systems. The results are
even significantly better compared to One-Hop systems. The reason for these fesults is thg'resilience of the RF
system under conditions of strong turbulence. When the performance of the FSOysystém deteriorates due to
the presence of atmospheric turbulence, the RF system takes over the transmission, showcasing its evident
resistance to atmospheric disturbances.

Figures 8 and 9 depict a graphical representation of ABER in hybrid Multi-Hop RF/FSO systems,
depending on the relay structure of the system.

The analysis was performed under moderate turbulence, with parameters set at K=2 and m=2. As depicted
in figure 8, maintaining a constant number of hops while increasing the number of paths results in a lower
ABER, thereby enhancing system performance. This improvement is due to the selection of the signal with the
highest SNR as the output, increasing the likelihood of choosing the maximum SNR when more paths are
available. Thus, a signal with a higher SNR is more likely to be delivered to the receiver. Conversely, a
configuration with a constant number of paths but an increased number of hops (figure 9) leads to a rise in
ABER with each hop, adversely affecting system performance. Assuming stable conditions throughout the
propagation distance, the ABER remains uniform after each hop. However, as the number of hops grows, so
does the propagation distance, culminating in an increased cumulative ABER and, consequently, degrading
the overall system performance.



D. Sarcevié et al.: Performance Evaluation of Hybrid RF/FSO Systems ...

11

o L AL A A A BN BN B B B B B
10° B — M=2 N=2
107 ——M=2 N=3
10°® —M=2 N=4

10 —— M=2N=5 _

107" m=2

=tg,[dB]

8 9 10 11 12 13 14 15 16 17 18

LRALL Rl

ABER

-
o
o

LU BRRALL B EEALL B B B |

10™ [| Moderate Turbulence - C *=2x10"™

[dB]

Heso~ Hrr

01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Figure 9. ABER analysis of hybrid RF/FSO Multi-Hop system using Gamma-Rician/Nakagami-m model

with variable hop structure and fixed path structure.
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5 Conclusion

In this paper, a comprehensive analytical model is presented for evaluating the performance of hybrid
RF/FSO systems that integrate two independent statistical models. The Gamma-Rician model is utilised for
modelling FSO turbulence, while the Nakagami-m distribution is applied to RF fading. An ABER analysis is
conducted using the CBPSK modulation scheme, highlighting the advantages of the hybrid RF/FSO system.
It was observed that the hybrid RF/FSO system, particularly in the One-Hop configuration, exhibits greater
resistance to atmospheric turbulence and generally outperforms standalone FSO systems under similar weather
conditions. Furthermore, the system was compared with the commonly used Gamma-Gamma/Nakagami-m
model. ABER analysis of a parallel Multi-Hop hybrid RE/FSO system demonstrated resilience to atmospheric
turbulence and the ability to fine-tune performance using the K factor and the m parameter of the fading
distribution. Comparative analysis revealed that our model achieves superior results, especially in scenarios
with lower electrical SNR. Overall, the hybrid RF/FSO system shows excellent performance, which can be
further optimised by adjusting the K and m parameters along with the electrical SNR. Compared to the Gamma-
Gamma/Nakagami-mi*model, our model offers superior characteristics, making it well-suited for precise
system tuning ‘to achieye desired performance levels across varying atmospheric conditions. This work
significantly advances the understanding and analysis of hybrid RF/FSO systems and expands the range of
statistical models available t0'streamline the implementation of RF/FSO systems.
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