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ABSTRACT 
 

Free Space Optics (FSO) has played a key role to establish a connection in remote and uncovered skip zone locations. But FSO 

link performance is degraded due to adverse weather situations and non-line of sight between source and receiver apertures. To 

improve reliability and reduce losses, a more dependable radio frequency (RF) link can be utilized to backup the FSO link. 

Hybrid FSO/RF link is considered as a plausible alternative for 5G as well as beyond wireless communication backhaul 

connectivity. In this study, comprehensive performance investigations of the FSO and single decision-threshold switching 

assisted hybrid FSO/RF systems have been presented. We consider that the FSO channel follows Gamma-gamma distribution 

along with atmospheric turbulence as well as pointing errors while, Nakagami-m distribution is used to model RF link fading. 

We establish the closed-form expressions for average symbol error rate (ASER) as well as outage probability (OP) of the 

proposed hybrid system with M-ary phase shift keying (M-PSK) and heterodyne detection (HD) schemes. The outcomes of the 

FSO as well as hybrid systems are validated through Monte-Carlo simulation. A drastic improved in proposed hybrid system 

performance is reported over the FSO connection under adverse weather situations, pointing errors and atmospheric turbulence 

due to backup RF connection. At same average SNR value of 50 dB, proposed hybrid model achieves ASER of 10-8 without 

pointing errors, while with pointing errors hybrid model gives ASER of 10-7. 
Keywords: Nakagami-m fading, Decision threshold, Free space optics (FSO), Gamma-gamma (GG) distribution, Pointing errors (PE), 

Average symbol error rate (ASER), Outage probability (OP).  

 

1. INTRODUCTION 

 
To fulfill the higher bandwidth and high speed services 

demand where wireline (optical fiber cable) solutions and last-

mile connectivity problems are difficult to deploy, optical 

wireless communication (OWC) is the most suited. The 

concept of OWC is shown in figure (1) as a brief architecture 

of OWC [1].  OWC is broadly categorized mainly in three 

forms, visible light communication (VLC) for indoor 

applications, ultra-violet non-line of sight (UN-LoS), which is 

operated at UV frequency for outdoor applications and free 

space optics communication, which is operated above 100 

GHz near infra-red frequency range in Electromagnetic-

spectrum. All these OWC technologies have been considered 

as potential means to fulfill the growing demands of smart 

hand-held devices, internet of things (IoT) networks and 

5G/6G as well as future wireless networks for their special 

features [2]. Table (1) shows the various technological aspects 

of OWC technologies.

 
Figure 1: Architecture of Optical wireless communication 

 

Free space optics (FSO) is a revolutionary technology 

which can satisfy the rising demand for extremely high data 

rates and enormous bandwidth applications. It provides 

enormous optical bandwidth, enabling 10 Gbps data rates. 

FSO employs optical carriers and operates in the unlicensed 

near-IR spectrum at frequencies exceeding 300 GHz [3]. FSO 

communication (700-1600 nm) uses narrow laser beams for 

data transmission between aligned apertures of transmitter and 

receiver, i.e., line-of-sight (LoS) communication link, mainly 

for outdoor applications. Therefore, it is a short distance, low 

latency, more secure, high bandwidth, high data rate, 

electromagnetic pollution free unlicensed spectrum and easy is 
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to deploy. FSO systems are used as backhaul for wireless 

cellular, Intercampus Connectivity (near terrestrial FSO), 

satellite-to-ground, satellite to satellite, video surveillance, 

monitoring and broadcasting live events [4].  

 

Table 1: Various OWC Technologies 

 

OWC 

Technology 

Transmitte

r (S) 

Receiver 

(S) 

Media 

VLC LEDs, 

ILDs 

PDs Visible light 

(VL) 

Li-Fi LEDs, 

Defuse 

LDs 

PDs VL for 

forward and 

IR for 

reverse path 

Optical Camera 

Communication 

Light or 

LED array 

Camera or 

image 

sensor 

VL,IR and 

UV 

Free Space 

Optics (FSO) 

LDs PDs or 

HD 

Infra-red, 

visible light 

and UV 

 

Fog, snow, and smog are the foremost factors of 

atmospheric turbulences that degrade FSO transmission 

performance, making FSO unreliable and limiting FSO 

transmission to short ranges of a few kilometers. FSO and RF 

links can be combined as a solution against this challenge. 

Weather conditions do not have the same impact on FSO and 

RF connections; for example, fog, atmospheric turbulence, 

and misaligned aperture errors are the primary causes of FSO 

link performance deterioration, whereas heavy rain is not. 

Contrarily, RF is unaffected by fog, snow, and atmospheric 

turbulences but is vulnerable to heavy rain. As a result, FSO 

and RF connections are independent from one another and 

have complementary features [5]. A more reliable RF channel 

can be utilized as a backup for the FSO link in order to 

enhance the FSO link's reliability and minimize losses. As a 

result, both RF and FSO links will cooperate with each other 

to enhance system performance in adverse weather situations.  

The key contributions of this study are as follows: 

 

• In this study, we present a novel single decision 

threshold switching algorithm assisted hybrid 

FSO/RF model.  

• In hybrid FSO/RF system, the exact closed form 

equations for outage probability and ASER are 

established for FSO and RF links.   

• We derived the close-form expressions of ASER and 

outage probability for hybrid system with various M-

PSK as well as HD scheme. 

 

Section 2 reviews the earlier works done on performance 

investigations of hybrid FSO/RF model. The proposed hybrid 

system and link models as well as statistical-characteristics of 

RF and FSO links are elaborated in section 3. For the 

performance evaluation, analytical equations for Outage and 

ASER are presented in section 4. The simulation results based 

on analytical equations and discussion are mentioned in 

section 5. In section 6, the work summary and conclusions are 

presented. 

 

2. EARLIER STUDIES 
A generalized fading channel model i.e., Malaga (M) 

distribution has been used to model the FSO link in the 

presence of pointing errors as well as high atmospheric losses 

in [3]. In addition, the generalized 𝛼-𝜂-𝜅-μ fading model is 

used to describe RF channel fading along with heterodyne 

detection (HD) and intensity modulation/direct detection 

(IM/DD) scheme [3].The performance of a hybrid FSO/RF 

system with a hard switching method is explored in [6], 

wherein a link activation is based on the quality of the FSO 

connection. A log-normal distribution has been utilized to 

model weak turbulence of FSO link and Nakagami-m 

distribution is used to model the RF channel fading [6]. 

Reference [7] introduced a unique soft switching algorithm for 

hybrid FSO/RF system based on bit-interleaved coding under 

adverse weather situations and various turbulence regimes. 

Moreover, fading of the FSO channel was modeled with 

Gamma–Gamma distribution. The SER and OP performance 

of a hybrid FSO/RF model is investigated in Reference [8], 

wherein, FSO and RF links are considered to be operational 

every time. Furthermore, at the receiver, both FSO and RF 

links were mixed using diversity schemes. In [9], a hybrid 

FSO-RF system alongwith selection-combining (SC) approach 

has been investigated. Similarly, [10] investigated the hybrid 

system performance over generalized Malaga (M) distribution 

with selection-combining scheme. The generalized Malaga 

(M) distribution can be used to model FSO link fading as 

Gamma–Gamma and log-normal distributions in special 

circumstances [11].  

Building sway and vibrations induce misalignment 

between the transmitter and receiver apertures, leading in 

pointing error deficiencies. The performance of the FSO link 

has been evaluated in [12, 13, 14], under the influence of 

pointing errors as well as atmospheric turbulence over log-

normal and Gamma–Gamma channel distributions in [13] 

while, generalized Malaga (M) distributions in [14]. The co-

operative diversity approaches were proposed to enhance the 

system performance and improve the range of the FSO 

communication. To increase coverage range of FSO link as a 

last-mile access connection; amplify-and-forward (AF) as well 

as decode-and-forward (DF) relaying schemes were used with 

dual-hop mixed FSO/RF models in [15, 16, 17]. In [15], 

Malaga (M) and Nakagami-m channel distributions are used to 

model the cooperative DF relaying based hybrid FSO/RF 

system. While in [16], a dual-hop AF relaying based mixed 

FSO-RF system has been investigated over milli-meter (mm) 

wave RF link for backhauling the cellular network.  

In [17], a unique DF relaying assisted switching scheme 

for dual-hop hybrid FSO/RF model is presented, wherein FSO 

and RF links were coupled at destination using the maximum 

ratio combining (MRC) approach. The spatial diversity 

methods like single-input-single-output (SISO), multiple-

input-multiple-output (MIMO) have been employed to 

enhance the system performance in [18, 19]. The spatial 

diversity MIMO for FSO link alongwith Alamouti space-time 

block coding approach at the transmitter has been presented in 

[19]. Generalized Malaga (M) distribution has been employed 

to model the FSO link fading due to atmospheric turbulence 

without addressing the impact of pointing errors in [18, 19]. 
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Generalized RF link fading distributions have been modeled 

as 𝛼-𝜂-𝜇, 𝜂-𝜇, 𝜅-𝜇, and 𝛼-𝜅-𝜇 hybrid models in [20, 21, 22, 23, 

24]. These hybrid models have sparked the interest of the 

research community in recent years owing to their variety of 

applications and versatility to model diverse RF channel 

conditions. In [25], a mixed 𝛼-𝜂-𝜅-𝜇 model has been utilized 

to model RF link fading, which is a novel and highly extensive 

distribution model. 

In this study, a comprehensive performance analysis of 

hybrid FSO/RF system based on single-threshold assisted 

switching algorithm is presented under the combined impact 

of strong atmospheric turbulence, pointing errors as well as 

path loss. Proposed system utilizes M-ary phase shift keying 

(PSK) scheme to modulate the information symbols, while 

heterodyne detection (HD) scheme is employed to recover the 

baseband information. The Nakagami-m fading distribution is 

employ to model RF link fading and Gamma-gamma 

distribution is used to model FSO turbulent link. In proposed 

hybrid system, the link selection is performed with the help of 

single decision threshold based switching algorithm. This 

switching approach is being applied by the authors first time. 

 

3. SYSTEM AND CHANNEL MODELS 

 In this study, we propose a single decision threshold 

based switching assisted hybrid FSO/RF model as shown in 

figure (2), where the instantaneous SNR of the FSO 

connection determines whether the FSO link or the RF link is 

active. Both links will be available in parallel and only one of 

them will be active at a time. Activation of the link will be 

decided by proposed decision threshold switching algorithm. 

In the present switching technique, data transmission over 

FSO links is given a greater priority than data transmission 

over RF connections, and RF links become active for data 

transmission when the instantaneous SNR of FSO links drops 

below 𝛾𝑡ℎ - a predetermined threshold SNR. At this instance, a 

one-bit feedback-signal will be used at the transmitter end to 

activate the backup RF link. 

 We consider that the transmitter accurately receives the 

feedback bit stream without any error and delay as well as the 

receiver contains perfect channel state information (CSI). In 

order to modulate the laser beam intensity, we employ sub-

carrier intensity modulation based M-ary phase shift keying 

(SIM-MPSK) signaling at the transmitter end for FSO 

subsystem [26]. Additionally, the receiver end employs HD 

method. Moreover, MPSK signaling modulates RF signals. 

 

 

 

Figure 2: Hybrid FSO/RF model
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Figure 3: Gamma-gamma PDF with different value of 𝜶 and 𝜷 

 
Figure 4: Parameters variation under different turbulence regimes 

 

3.1 FSO SUB-SYSTEM MODEL 
 We assume Gamma-gamma distribution for modeling the 

atmospheric turbulence of FSO link. The Gamma-gamma 

distribution helps to model moderate to strong turbulence 

regimes. The probability distribution function (PDF) of 

Gamma-gamma FSO link turbulence model is expressed as 

[27] 

 

𝑓𝐼𝐹𝑆𝑂(𝐼𝐹𝑆𝑂) =
2(𝛼𝛽)

𝛼+𝛽
2

Г(𝛼)Г(𝛽)
𝐼𝐹𝑆𝑂

𝛼+𝛽

2
−1
𝐾𝛼−𝛽(2√𝛼𝛽𝐼𝐹𝑆𝑂)           (1)              

 

where 𝐼𝐹𝑆𝑂 is the combine channel irradiance of FSO channel, 

𝛼 and 𝛽 are respectively, the small scale (shape) and large 

scale factors of scattering situation, Г(∙) is the gamma 

function; Г(𝑧) = ∫ 𝑥𝑧−1𝑒𝑥𝑑𝑥
∞

0
 and 𝐾𝑣(∙) represents the 

modified Bessel function of the 2nd kind of order (𝛼 − 𝛽). The 

parameters 𝛼 and 𝛽 are expressed as  

 

𝛼 = [𝑒𝑥𝑝 (
0.49𝛿2

(1 + 0.18𝑑2 + 0.56𝛿12 5⁄ )7 6⁄
) − 1]

−1

, 

𝛽 = [𝑒𝑥𝑝 (
0.51𝛿2(1 + 0.69𝛿12 5⁄ )

−5 6⁄

(1 + 0.9𝑑2 + 0.62𝑑2𝛿12 5⁄ )5 6⁄
) − 1]

−1

 

 

where 𝑑 = √𝑘𝐷2 4𝐿⁄  ; 𝑘 is wave number (𝑘 = 2𝜋 𝜆⁄ ), 𝐿 

represents FSO link distance, 𝐷 is diameter of receiver 

aperture and 𝜆 is optical wavelength. The Rytov variance (𝛿2) 
is related to atmospheric turbulence/scintillation strength (𝐶𝑛

2) 

as 𝛿2 = 0.5𝐶𝑛
2𝑘7 6⁄ 𝐿11 6⁄ , which is altitude dependent.  

 The value of 𝛼 and 𝛽 is less as well as 𝛿2 is large  for 

strong turbulence regimes while the value  𝛼 and 𝛽 is large as 

well as 𝛿2 is less for weak turbulence regimes. Figure (3) 

shows the PDF for different value of Gamma-gamma 

distribution parameters 𝛼 and 𝛽 as strong-moderate-weak 

turbulence regimes. This is a plot between Gamma-gamma 

distribution parameters 𝛼 (large-scale eddies) and 𝛽 (small-

scale eddies) and received irradiance (𝐼𝐹𝑆𝑂) fluctuations. In 

this study, we consider the FSO link to be in under strong 

turbulence regimes (𝛼 = 4.2, 𝛽 = 1.4, 𝛿2 = 3.5). Figure 4 

shows the Gamma-gamma distribution parameters variations 

with respect to Rytov variance (𝛿2) under different 

atmospheric turbulence regimes i.e., weak-moderate-strong 

[2].  

 The received FSO signal with HD scheme is given by 

[28] 

𝛾𝐹𝑆𝑂 = 𝑃𝐹𝑆𝑂𝜂𝐼𝐹𝑆𝑂 + 𝑛 

then the instantaneous SNR at the FSO subsystem receiver is 

expressed as [29] 

𝛾𝐹𝑆𝑂 =
(𝑃𝐹𝑆𝑂𝜂𝐼𝐹𝑆𝑂)

2

𝑁0
 

where 𝑃𝐹𝑆𝑂 is transmitted optical power, 𝑁0 2⁄  is additive 

white Gaussian noise variance and 𝜂 represents responsivity of 

the photo detector.   

Hence the average electrical SNR of the FSO link is expressed 

as  

�̅�𝐹𝑆𝑂 =
(𝑃𝐹𝑆𝑂𝜂)

2

𝑁0
E[𝐼𝐹𝑆𝑂]

2 =
(𝑃𝐹𝑆𝑂𝜂)

2

𝑁0
 

where E[∙]2 = 1; E[∙] denotes expectation operator.  

From FSO channel statistics, using random variable (RV) 

transformations the instantaneous SNR 𝛾𝐹𝑆𝑂 is represented as 

𝛾𝐹𝑆𝑂 = �̅�𝐹𝑆𝑂𝐼𝐹𝑆𝑂
2 . 

The PDF of the instantaneous SNR 𝛾𝐹𝑆𝑂 of the FSO link 

without pointing error is expressed as [27] 

𝑓𝛾𝐹𝑆𝑂(𝛾) =
1

2Г(𝛼)Г(𝛽)
𝛾−1𝐺0,2

2,0 (
𝛼𝛽√𝛾

√�̅�𝐹𝑆𝑂
|
−
𝛼, 𝛽)          (2) 

where the term 𝐺𝑞
𝑝
(𝑧 |
𝑎𝑝
𝑏𝑞
) denotes Meijer G-function [30]. 

 The Cumulative distribution function (CDF) of 

instantaneous SNR 𝛾𝐹𝑆𝑂 of the FSO link without pointing 

error is represented as  

𝐹𝛾𝐹𝑆𝑂(𝑥) = ∫ 𝑓𝛾𝐹𝑆𝑂(𝛾)𝑑𝛾
𝑥

0
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𝐹𝛾𝐹𝑆𝑂(𝑥) =
1

Г(𝛼)Г(𝛽)
𝐺1,3
2,1 (

𝛼𝛽√𝑥

√�̅�𝐹𝑆𝑂
|
1

𝛼, 𝛽, 0
)            (3) 

 

 The FSO link model is considered to include path loss, 

atmospheric turbulence as well as misalign apertures errors or 

pointing errors. While, the RF link model includes only path 

loss and atmospheric fading parameters. Let the atmospheric 

turbulence, pointing errors and path loss experienced by FSO 

channel be denoted as 𝐼𝑎, 𝐼𝑝 and 𝐼𝑙  respectively. Hence the 

effective and composite link irradiance of FSO channel 

includes atmospheric turbulence or scintillation, misalign 

apertures errors or pointing errors as well as path loss factors 

given by 𝐼𝐹𝑆𝑂 = 𝐼𝑎𝐼𝑝𝐼𝑙 . 

 Misalign apertures errors or pointing errors are introduced 

due to the radial displacement 𝑟 between detector center and 

laser beam center i.e., geometric spread. This is modeled using 

Rayleigh distribution. The amount of collected power at the 

FSO link receiver aperture of radius 𝑎 can be represented as 

[31] 

𝐼𝑝 ≈ 𝐴0exp (−2r
2 wLeq⁄ ), 

where 𝐴0 = erf
2(𝜐) is fraction of power received at 𝑟 = 0, 

𝜐 =
√𝜋𝑎

√2𝑤𝐿
 and wLeq =

wL
2
√π erf(υ)

2υexp(−υ2)
 , 𝑤𝐿  is Gaussian beam waist, 

wLeq  represents the equivalent beam width and erf(∙) is the 

error function [32]. Since radial displacement 𝑟 follows the 

Rayleigh distribution and applying the RV transformations in 

above equation, the PDF of misalign apertures errors 𝐼𝑝 is 

expressed as 

𝑓𝐼𝑝(𝐼𝑝) =
𝑔2

𝐴0
𝑔2
𝐼𝑝
𝑔2−1

;     0 ≤ 𝐼𝑝 ≤ 𝐴0.            (4) 

where 𝑔 =
wLeq

2𝜎𝑠
  is called as pointing error coefficient and 𝜎𝑠 

represents standard deviation for jitter. 

 The atmospheric path loss of an optical link is explored 

by Beers Lambert Law [31]. Path loss is represented as 𝐼𝑙 =
exp(−𝛼1𝐿), where 𝛼1 is attenuation coefficient in dB/Km due 

to adverse weather situations like fog, haze, snow, etc and 𝐿 is 

the FSO link distance. 

 Hence the composite atmospheric channel state of FSO 

channel including irradiance, path loss and pointing errors is 

derived as 

𝐼𝐹𝑆𝑂 = 𝐼𝑎𝐼𝑝𝐼𝑙 → 𝐼𝑝 =
𝐼𝐹𝑆𝑂
𝐼𝑎𝐼𝑙

;     0 ≤ 𝐼𝑝 ≤ 𝐴0   

 

0 ≤
𝐼𝐹𝑆𝑂
𝐼𝑎𝐼𝑙

≤ 𝐴0 → 0 ≤ 𝐼𝐹𝑆𝑂 ≤ 𝐴0𝐼𝑎𝐼𝑙 → 𝐼𝑎 ≥
𝐼𝐹𝑆𝑂
𝐴0𝐼𝑙

   

 

Hence, from conditional probability concept the PDF of 𝐼𝐹𝑆𝑂 

is expressed as 

𝑓𝐼𝐹𝑆𝑂(𝐼) = ∫𝑓𝐼𝐹𝑆𝑂 𝐼𝑎⁄
(
𝐼

𝐼𝑎
) . 𝑓𝐼𝑎(𝐼𝑎)𝑑𝐼𝑎 

 

𝑓𝐼𝐹𝑆𝑂(𝐼) = ∫ 𝑓𝐼𝑎(𝐼𝑎)
𝑓𝐼𝑝 (

𝐼𝐹𝑆𝑂

𝐼𝑎𝐼𝑙
)

𝐼𝑎𝐼𝑙

∞

𝐼𝑎=
𝐼𝐹𝑆𝑂
𝐴0𝐼𝑙

𝑑𝐼𝑎 

Solving above integral we get the resultant expression of PDF 

given by 

𝑓𝐼𝐹𝑆𝑂(𝐼) =
𝑔2

Г(𝛼)Г(𝛽)
𝐼−1𝐺1,3

3,0 (
𝛼𝛽𝐼

𝐴0𝐼𝑙
|
𝑔2 + 1

𝑔2, 𝛼, 𝛽
). 

 The instantaneous SNR of FSO link for HD technique 

with pointing error is represented by 

𝛾𝐻𝐷 = 𝐼𝐹𝑆𝑂
2 (𝑃𝐹𝑆𝑂𝜂)

2

𝜎𝐻𝐷
2 ;    where 𝜎𝐻𝐷

2 = 𝑁0. 

The average electrical SNR of FSO link for HD technique 

including pointing errors is given by 

�̅�𝐹𝑆𝑂 = (
𝐼𝑙𝑘𝐴0𝑃𝐹𝑆𝑂𝜂

𝜎𝐻𝐷
)
2

; where 𝑘 =
𝑔2

𝑔2+1
 . 

since 𝛾𝐻𝐷 = 𝐼𝐹𝑆𝑂
2 �̅�𝐹𝑆𝑂

(𝐼𝑙𝑘𝐴0)
2. 

Using the power transformation of the RVs, the resultant PDF 

of FSO link including pointing errors is given by 

𝑓𝛾𝐹𝑆𝑂
𝑃𝐸 (𝛾) =

𝑔2

2Г(𝛼)Г(𝛽)
𝛾−1𝐺1,3

3,0 (𝐷
√𝛾

√�̅�𝐹𝑆𝑂
|
𝑔2 + 1

𝑔2, 𝛼, 𝛽
),  

where 𝐷 = 𝛼𝛽𝑘 . 
The CDF of FSO link under pointing error is represented as 

𝐹𝛾𝐹𝑆𝑂
𝑃𝐸 (𝑥) =

𝑔2

Г(𝛼)Г(𝛽)
𝐺2,4
3,1 (𝐷

√𝑥

√�̅�𝐹𝑆𝑂
|
1, 𝑔2 + 1

𝑔2, 𝛼, 𝛽, 0
).       

Since the instantaneous and average SNRs of FSO link with 

heterodyne detection (HD) is given by  

𝛾𝐻𝐷 = 𝐼𝐹𝑆𝑂
𝑃𝐹𝑆𝑂𝜂

𝜎𝐻𝐷
2  ; �̅�𝐻𝐷 = 𝑘𝐴0𝐼𝑙

𝑃𝐹𝑆𝑂𝜂

𝜎𝐻𝐷
2  . 

Hence, the PDF and CDF of instantaneous SNR of FSO 

channel for HD scheme are represented as 

𝑓𝛾𝐻𝐷
𝑃𝐸 (𝛾) =

𝑔2

Г(𝛼)Г(𝛽)
𝛾−1𝐺1,3

3,0 (𝐷
𝛾

�̅�𝐻𝐷
|
𝑔2 + 1

𝑔2, 𝛼, 𝛽
)    (5) 

𝐹𝛾𝐻𝐷
𝑃𝐸 (𝑥) =

𝑔2

Г(𝛼)Г(𝛽)
𝐺2,4
3,1 (𝐷

𝛾

�̅�𝐻𝐷
|
1, 𝑔2 + 1

𝑔2, 𝛼, 𝛽, 0
).   (6) 

 

3.2 RF SUB-SYSTEM MODEL 
 The received original signal at RF sub-system receiver is 

given as [3] 

𝛾𝑅𝐹 = √𝑃𝑅𝐹𝑔𝑅𝐹ℎ𝑅𝐹𝑥𝑅𝐹 + 𝑛𝑅𝐹 , 

where ℎ𝑅𝐹  represents the small-scale fading-coefficient of the 

RF link, 𝑃𝑅𝐹  represents the RF transmitted power, 𝑥𝑅𝐹  denotes 

transmitted M-ary PSK signal, 𝑛𝑅𝐹 represents the AWGN with 

zero mean and variance 𝜎𝑅𝐹
2 = 𝐵𝑅𝐹 + 𝑁0 + 𝑁𝑓. Here, 𝑁𝑓 

represents noise figure,  𝐵𝑅𝐹  denotes RF signal bandwidth, 

and 𝑁0 is spectral density of noise; 𝑔𝑅𝐹 is average gain of RF 

link at 60GHz carrier frequency. It is defined by  

𝑔𝑅𝐹 = 𝐺𝑡 + 𝐺𝑟 − 20 log10 (
4𝜋𝐿

𝜆𝑟
) − (𝛼𝑜𝑥𝑦 + 𝛼𝑟𝑎𝑖𝑛)𝐿 , 

where 𝐺𝑡 is transmitter antenna gain, 𝐺𝑟is receiver antenna 

gain, 𝐿 represents RF link distance, 𝜆𝑟 denotes RF signal 

wavelength, 𝛼𝑜𝑥𝑦  is attenuation due to oxygen absorption, and  

𝛼𝑟𝑎𝑖𝑛  represents rain absorption attenuation. 

 In this study, the RF link under the small scale fading is 

modeled by Nakagami-m distribution. The PDF of RF link is 

represented by [32] 

𝑓‖ℎ‖(𝑡) =
2𝑚𝑚𝑡2𝑚−1

Г(𝑚)𝛺𝑝
𝑚 𝑒

−
𝑚

𝛺𝑝
𝑡2

, 

where 𝛺𝑝 = E[‖ℎ‖
2], ‖ℎ‖ ≥ 0. 

The instantaneous SNR of the RF link is given by  

𝛾𝑅𝐹 =
‖ℎ‖2𝐸𝑠
𝑁0

, 

And the average SNR of RF link is given by 
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�̅�𝑅𝐹 = E [
‖ℎ‖2𝐸𝑠
𝑁0

] =
𝐸𝑠
𝑁0
, 

where E[‖ℎ‖2] = 1 = 𝛺𝑝 and 𝐸𝑠 is transmitted RF signal 

energy. 

From RV transformations, the RF channel statistics is 

expressed as  

𝛾𝑅𝐹 = ‖ℎ‖
2�̅�𝑅𝐹;  𝐹𝛾𝑅𝐹 = Prob. [𝛾𝑅𝐹 ≤ 𝑥] = 𝐹‖ℎ‖ (√

𝑥

�̅�𝑅𝐹
) 

Hence, the PDF and CDF of RF link is expressed by [33] 

𝑓𝛾𝑅𝐹(𝛾) =
𝑚𝑚𝛾𝑚−1

Г(𝑚)�̅�𝑅𝐹
𝑚 e

−
𝑚𝛾

�̅�𝑅𝐹 , 

𝐹𝛾𝑅𝐹(𝑥) =
𝑥

Г(𝑚)
𝛾 (𝑚,

𝑚𝑥

�̅�𝑅𝐹
).                       (7) 

where 𝛾(𝑎, 𝑏) represents lower incomplete Gamma function 

[34]. 

 

4. PERFORMANCE ANALYSIS 
 

4.1 OUTAGE PROBABILITY 
 We derive the closed-form expression of outage 

probability for the proposed hybrid system over Gamma-

gamma distribution channel model in this section. In case of 

FSO sub-system, when the instantaneous SNR of FSO link 

drops below the predefined threshold FSO SNR value 𝛾𝑡ℎ
𝐹𝑆𝑂 ,  

then the FSO link declares outage and connection will switch 

to RF link.  

 The outage probability (OP) of FSO link without pointing 

errors is expressed as 

𝑃𝑂𝑃
𝐹𝑆𝑂 = Prob. (𝛾 ≤ 𝛾𝑡ℎ

𝐹𝑆𝑂) = 𝐹𝛾𝐹𝑆𝑂(𝛾𝑡ℎ
𝐹𝑆𝑂), 

𝑃𝑂𝑃
𝐹𝑆𝑂 =

1

Г(𝛼)Г(𝛽)
𝐺1,3
2,1 (𝛼𝛽√

𝛾𝑡ℎ
𝐹𝑆𝑂

�̅�𝐹𝑆𝑂
|
1

𝛼, 𝛽, 0
).        (8)  

When the instantaneous SNR of RF link falls below the 

predefined threshold RF SNR 𝛾𝑡ℎ
𝑅𝐹, then the RF link declares 

outage. The OP of RF link is given as 

𝑃𝑂𝑃
𝑅𝐹 = Prob. (𝛾 ≤ 𝛾𝑡ℎ

𝑅𝐹) = 𝐹𝛾𝑅𝐹(𝛾𝑡ℎ
𝑅𝐹), 

𝑃𝑂𝑃
𝑅𝐹 =

𝛾𝑡ℎ
𝑅𝐹

Г(𝑚)
𝛾 (𝑚,

𝑚𝛾𝑡ℎ
𝑅𝐹

�̅�𝑅𝐹
).                        (9) 

In case of hybrid system, when the instantaneous SNR of both 

the links FSO and RF are dropped below 𝛾𝑡ℎ - predefined 

threshold SNR value, then the proposed system will be 

declared to be in outage. The OP of hybrid system is 

expressed as 

𝑃𝑂𝑃
𝐻𝑦𝑏𝑟𝑖𝑑 

= 𝐹𝛾𝐹𝑆𝑂(𝛾𝑡ℎ
𝐹𝑆𝑂) × 𝐹𝛾𝑅𝐹(𝛾𝑡ℎ

𝑅𝐹),              (10) 

The OP of FSO link under pointing errors consideration is 

given as 

𝑃𝑂𝑃
𝐹𝑆𝑂𝑃𝐸 = Prob. (𝛾 ≤ 𝛾𝑡ℎ

𝐹𝑆𝑂) = 𝐹𝛾𝐹𝑆𝑂
𝑃𝐸 (𝛾𝑡ℎ

𝐹𝑆𝑂), 

𝐹𝛾𝐹𝑆𝑂
𝑃𝐸 (𝛾𝑡ℎ

𝐹𝑆𝑂) =
𝑔2

Г(𝛼)Г(𝛽)
𝐺2,4
3,1

(

 𝐷
√𝛾𝑡ℎ

𝐹𝑆𝑂

√�̅�𝐹𝑆𝑂
|
1, 𝑔2 + 1

𝑔2, 𝛼, 𝛽, 0

)

 .    (11) 

Similarly, the outage probability of proposed hybrid system 

with pointing errors is expressed as 

𝑃𝑂𝑃
𝐻𝑦𝑏𝑟𝑖𝑑𝑃𝐸 

= 𝐹𝛾𝐹𝑆𝑂
𝑃𝐸 (𝛾𝑡ℎ

𝐹𝑆𝑂) × 𝐹𝛾𝑅𝐹(𝛾𝑡ℎ
𝑅𝐹).        (12) 

Where 𝐹𝛾𝐹𝑆𝑂(𝛾𝑡ℎ
𝐹𝑆𝑂) and 𝐹𝛾𝑅𝐹(𝛾𝑡ℎ

𝑅𝐹) are the CDF of outage 

probability of FSO and RF links, respectively. 

 

4.2 AVERAGE SER (ASER) 
 The average SER of FSO link without pointing errors can 

be calculated using general form 

𝑃𝑒
𝐹𝑆𝑂 = ∫ 𝑝(𝑒 𝛾⁄ )𝑓𝛾𝐹𝑆𝑂(𝛾)𝑑𝛾,                (13)

∞

0

 

Since the conditional probability for M-ary PSK signaling; 

𝑝(𝑒 𝛾⁄ ) is given by 

𝑝(𝑒 𝛾⁄ ) =  
𝐴

2
erfc(𝐵√𝛾), 

where = {
1,𝑀 = 2
2,𝑀 ≥ 2

 , and 𝐵 = sin (
𝜋

𝑀
). 

Evaluating the integral in Equation (13) and we get 

𝑃𝑒
𝐹𝑆𝑂 =

𝐴2𝛼+𝛽−3

𝜋3 2⁄ Г(𝛼)Г(𝛽)
×  

𝐺2,5
4,2(

(𝛼𝛽)2

16𝐵2�̅�𝐹𝑆𝑜
|

1,
1

2
𝛼

2
,
𝛼 + 1

2
,
𝛽

2
,
𝛽 + 1

2
, 0

).  (14) 

  

 The ASER of proposed hybrid system during non-outage 

period is given by 

𝑃𝑒
𝐻𝑦𝑏𝑟𝑖𝑑

= 𝐵𝐹𝑆𝑂(𝛾𝑡ℎ) + 𝐹𝛾𝐹𝑆𝑂(𝛾𝑡ℎ) × 𝑃𝑒
𝑅𝐹 , 

where 𝐵𝐹𝑆𝑂(𝛾𝑡ℎ) = ∫ 𝑝(𝑒 𝛾⁄ )𝑓𝛾𝐹𝑆𝑂(𝛾)𝑑𝛾
∞

𝛾𝑡ℎ
; represents the 

average SER of FSO link during non-outage period.  

 Similarly, the ASER of RF link is expressed as 

𝑃𝑒
𝑅𝐹 = ∫ 𝑝(𝑒 𝛾⁄ )𝑓𝛾𝑅𝐹(𝛾)𝑑𝛾

∞

𝛾𝑡ℎ
; 

𝑃𝑒
𝑅𝐹 =

𝐴

2
−
𝐴𝐵

2√𝜋
∑

𝐶𝑙Г (𝑙 +
1

2
)

(𝐵2 + 𝐶)𝑙+
1

2

.             (15)

𝑚−1

𝑙=0

 

where 𝐶 =
𝑚

�̅�𝑅𝐹
. 

 Similarly, the average SER of FSO link including 

pointing errors is expressed as 

𝑃𝑒
𝐹𝑆𝑂𝑃𝐸 = ∫ 𝑝(𝑒 𝛾⁄ )𝑓𝛾𝐹𝑆𝑂

𝑃𝐸 (𝛾)𝑑𝛾
∞

0

, 

Evaluating the above integral, the resultant expression of 

ASER of FSO link including pointing errors is expressed as 

𝑃𝑒
𝐹𝑆𝑂𝑃𝐸 =

𝐴𝑔22𝛼+𝛽−3

𝜋3 2⁄ Г(𝛼)Г(𝛽)
× 

𝐺4,7
6,2

(

 
𝐷2

16𝐵2�̅�𝐹𝑆𝑂
||

1,
1

2
,
𝑔2 + 1

2
,
𝑔2 + 2

2
𝑔2

2
,
𝑔2 + 1

2
,
𝛼

2
,
𝛼 + 1

2
,
𝛽

2
,
𝛽 + 1

2
, 0
)

 .    (16) 

 Similarly, the ASER of proposed decision threshold 

assisted hybrid FSO/RF system including pointing errors is 

represented as 

𝑃𝑒
𝐻𝑦𝑏𝑟𝑖𝑑𝑃𝐸

= 𝐵𝐹𝑆𝑂
𝑃𝐸 (𝛾𝑡ℎ) + 𝐹𝛾𝐹𝑆𝑂

𝑃𝐸 (𝛾𝑡ℎ)𝑃𝑒
𝑅𝐹 .                (17) 

where 𝐵𝐹𝑆𝑂
𝑃𝐸 (𝛾𝑡ℎ) = ∫ 𝑝(𝑒 𝛾⁄ )𝑓𝛾𝐹𝑆𝑂

𝑃𝐸 (𝛾)𝑑𝛾;
∞

𝛾𝑡ℎ
  represents the 

ASER of FSO link with pointing errors during non-outage 

period. 

 

5. RESULTS AND DISCUSSION 
 In this section, the unified closed-form expressions as 

obtained in section 3 and 4 are used to discuss the 

performance parameters OP and ASER of single FSO link as 

well as proposed decision threshold switching assisted hybrid 

FSO/RF model. We use Gamma-gamma distribution to 

quantitatively describe the strong turbulence regimes for FSO 
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link alongwith pointing errors. Attributes configured for the 

simulation of FSO, RF links and proposed hybrid systems are 

listed in Table (2). The Monte-Carlo simulation has been used 

to validate the outcomes.  

 

Table 2: System Simulation Attributes 

 

Parameters Values Specification(s) 

 𝛼 2.064 Large-scale parameter 

 𝛽 1.342 Small-scale parameter 

 𝑚 1 Severity factor of RF 

 𝑔 1.75 Pointing error coefficient 

         𝛾𝑡ℎ 5 dB Outage threshold value 

        𝑃𝐹𝑆𝑂  40 mW FSO transmit power 

        𝑃𝑅𝐹  10 mW RF transmit power 

 𝐷 0.02 m Receiver aperture diameter 

M 2,4,8,16 M-ary PSK 

 𝐿 1000 m FSO link distance 

 𝜆 1550 nm FSO signal wavelength 

𝜂 0.5 A/W Responsivity 

 𝜎 10−14 FSO noise variance 

 𝜎𝑆 30 cm Jitter standard deviation 

 𝜙 = 𝜙𝐴 − 𝜙𝐵 𝜋 2⁄  Phase difference 

 

Weather dependent parameters of FSO and RF links [3] 

Weather 

situation 

αrain 

(dB/km) 

αoxygen 

(dB/km) 

                   𝐶𝑛
2 

 (m−2 3⁄ ) 

Clear air 0 0.43     5 × 10−14 

Light fog 0 4.2   1.7 × 10−14 

Moderate rain 5.6 5.8   5 × 10−15 

 

 In Figures (5) and (6), the outage probability of FSO and 

RF links are presented using analytical expression found in 

Equation (8) and (9), respectively. It is observed that for 

various outage thresholds of 3 dB, 6dB, and 9 dB, the outage 

probability values are reduced respectively for an average 

SNR of 50dB.  

 Figures (7) and (8) show the ASER performance of RF 

and FSO link respectively, without consideration of pointing 

error in case of FSO link. In Figure (8), the FSO link has been 

considered under strong turbulence regime (𝐶𝑛
2 =

5 × 10−14 𝑚−2 3⁄ ). The BPSK signaling outperforms the 4-

PSK, 8-PSK and 16-PSK signaling for the both links. The 

results show the degradation of ASER performance of both 

links along with an increment in modulation order. This is 

because of the increment in phase errors of higher-order 

modulation schemes under the identical channel conditions. 

Hence, the BPSK scheme shows the better ASER performance 

over other PSK schemes. Figures (7) and (8) show the RF link 

to achieve ASER of 10-6 while FSO link achieves ASER of 10-

8 for same average SNR value of 50 dB. 

 The ASER performance of decision threshold assisted 

hybrid FSO/RF system with and without pointing error under 

strong turbulence regime (𝐶𝑛
2 = 5 × 10−14 𝑚−2 3⁄  , 𝛼 =

4.2, 𝛽 = 1.4, 𝛿2 = 3.5) has been shown in Figures (9) and 

(10), respectively. Plots show that for the same average SNR 

value of 50 dB hybrid FSO/RF model without pointing errors 

achieves ASER of 10-8 , while with pointing errors hybrid 

model gives ASER of 10-7. From the plots, it clearly shows the 

drastic improvement in proposed hybrid system performance 

under pointing errors impact due to switching techniques 

benefits. The proposed decision threshold switching assisted 

hybrid FSO/RF system outperform the single FSO link as well 

as hybrid FSO/RF system without pointing errors 

consideration. 

 

  

Figure 5: Outage Probability Vs Average SNR of FSO Link
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Figure 6: Outage Probability Vs Average SNR of RF Link 

 

 
Figure 7: ASER Vs Average SNR of RF Link 

 
Figure 8: ASER Vs Average SNR of FSO Link without pointing Error
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Figure 9: ASER Vs Average SNR of Hybrid FSO/RF system without pointing Error 

 

Figure 10: ASER Vs Average SNR of Hybrid FSO/RF system with pointing Error

6. CONCLUSION 

 A comprehensive performance study of proposed 

decision-threshold based switching approach assisted hybrid 

FSO/RF system as well as single RF and FSO links over 

Nakagami-m and Gamma-gamma fading link model, 

respectively, has been carried out in the present work. The 

unified closed- form expressions of the outage probability 

(OP) and average symbol error rate (ASER) have been 

computed using the Gamma-gamma distribution for the FSO 

link and the Nakagami-m fading model for the RF link under 

various adverse weather situations. Results show that for the 

same average SNR value of 50 dB hybrid FSO/RF model 

without pointing errors achieves ASER of 10-8 , while with 

pointing errors hybrid model gives ASER of 10-7. A drastic 

improvement in proposed hybrid system performance under 

pointing errors impact due to backup RF link is visible from 

the plots. The outage probability results show that the 

performance of BPSK is superior to that of 4-PSK, 8-PSK and 

16-PSK modulation schemes. The proposed decision threshold 

switching assisted hybrid FSO/RF system outperform the 

single FSO link as well as hybrid FSO/RF system with perfect 

channel state conditions. 

The study may be further carried on to investigate 

using generalized channel model such as Malaga (M) 

distribution for FSO link with spatial diversity techniques such 

as MIMO, SIMO with MRC to evaluate the performance 

parameters such as bit error rate, SER, ergodic capacity, 

secrecy rate, outage probability, channel impulse CDF and 

link quality of FSO as well as hybrid FSO/RF systems.   
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