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Abstract — In this paper, we present the analysis of hybrid
radio frequency (RF) / free-space optical (FSO) system. The
switch-and-stay (SSC) diversity technique is employed at the
receiver. The intensity fluctuations of the optical signal are
modelled by Gamma-Gamma distribution, while the RF fink is
affected by Rayleigh fading. Novel outage probability expression
for hybrid RF/FSO system is derived. The effect of atmospheric
turbulence strength and SSC implementation on the hybrid
RF/FSO system performance is observed.
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1. INTRODUCTION

As a license-free and cost-effective modern technique, free-
space optical (FSO) system has become a good substitution to
traditional wireless radio frequency (RF) systems. The FSO
provides high-data rates and wide bandwidth, and represents a
good solution for the “last mile” problem [1-3]. Beside an idea
to be an alternative, the FSO is also suitable to be a
complement technique to the RF systems. The FSO signal
transmission represents optical wireless communication
between transmitter laser and receiver photodetector via
atmospheric channel. Hence, the atmospheric conditions have
strong influence on the quality of system performance. Due to
variations in atmospheric temperature, pressure and altitude,
the random changes in the refractive index occurs, which
results in the existence of the atmospheric turbulence [1].
Although many statistical models have been proposed to
define the effect of this phenomenon, the Gamma-Gamma
distribution is accepted as an optimal model, since it gives a
good agreement in experimental and theoretical data in wide
range of atmospheric conditions [1-4].

In order to alleviate the optical signal degradation due to
atmospheric turbulence, many techniques have been borrowed
from RF systems. Firstly, spatial diversity techniques have
been considered within FSO systems at the transmitting
and/or receiving part [5-8]. The extension of the cover area
has been accomplished by applying relying technology within
FSO systems [9-11]. Furthermore, the idea of mixed RF/FSO
systems, where the first hop is RF link and the second hop
represents the FSO signal transmission to overcome a
connectivity gap between the backbone and last mile access
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networks, has been proposed in [12]. In addition, the hybrid
system, which consists from FSO and RF link, was observed
in [13-16]. In the hybrid RF/FSO systems, the same data are
transmitted over both links simultaneously. The received
signals are combined by some of diversity techniques.

In this paper, we analyze the hybrid RF/FSO system, when
the switch-and-stay (SSC) diversity technique is applied at the
receiver. The well-known Gamma-Gamma distribution is used
to model the effect of atmospheric turbulence. The RF
channel experiences Rayleigh fading. Novel expression for
the outage probability of the system under investigation is
derived. Numerical results are presented, which are used to
illustrate and observe the effect of atmospheric turbulence
strength and SSC implementation on the overall system
performance.

The rest of the paper is organized as follows. The system
and channel models are presented in Section II. The outage
probability analysis is described in Section III. Numerical
results and discussions are given in Section IV, while
concluding remarks are presented in Section V.

II. SYSTEM AND CHANNEL MODELS

In the hybrid RF/FSO system presented in Fig. 1, the
information data are transmitted at the same time via both RF
and FSO links, i.e., both FSO and RF links will be
simultaneously active. At the receiver, dual branch SSC
spatial diversity technique is employed, which is the simplest
form of switched diversity. In dual-branch SSC based system,
when the instantaneous signal-to-noise ratio (SNR) of the
active branch falls below a predetermined switching
threshold, 7, the receiver switches and stays to the other
alternative branch, regardless of whether or not the SNR of
the other branch is above or below the threshold [17].

A. FSO Channel Model

In the FSO subsystem, we adopt intensity modulation and
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Fig. 1. System model of hybrid RF/FSO system



direct detection (IM/DD) with on/off keying (OOK). It is
assumed that the intensity fluctuations of the received optical
signal are modeled by Gamma-Gamma distribution, thus the
probability density function (PDF) optical signal irradiance, /,
is given as [1]

a+ﬂ_1
57! 2 K, p(24apl),

M

where I'(.) is the gamma function defined by [18, Eq.
(8.310.1)], and K (.) is the 1-th order modified Bessel function
of the second kind defined by [18, Eq. (8.432.2)]. The
atmospheric turbulence parameters « and £ are related to the
atmospheric conditions. When the plane wave propagation is
assumed, the parameters o and £ are defined as [1]
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The wave-number is defined as k =27/A , where A is the

optical wavelength, L is the FSO link length, and C? is the

index of refraction structure parameter, which is used as a
metric for the atmospheric turbulence strength.
The instantaneous SNR, %50, is defined as
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where R denotes the detector responsivity, P, is the average

since [ is normalized for the Gamma-Gamma distributed
atmospheric turbulence (E[I 1= 1) .

Based on Egs. (1), (4) and (5), the PDF of the instantaneous
SNR is expressed as

M a+ﬂ_1
4
f}’l«"so ()/): (aﬂ) -7 a+f Ka—ﬁ (2WJ (6)
T(@)T(8) trsh e

The cumulative distribution function (CDF) of ypgo is
determined as
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where G (-) is the Meijer's G-function [18, Eq. (9.301)].

B. RF channel model

The signal transmission via RF link is affected by Rayleigh
fading, and the instantaneous SNR, jzr over RF link is
defined as

s

VrRE = 2
o
ny

®

where £ is the signal fading amplitude with E[hz] =1, where
E[] is mathematical expectation, P, represents the RF
transmit power, and o-fz is the AWGN variance.

The average SNR, ur, over RF link is determined as
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The PDF of the instantaneous SNR over RF link is expressed
as [17]

transmitted optical power, and the Gfll is the additive white
Gaussian noise (AWGN) variance. Srur (}/ ) EeXp[_EJ’ (10)
The electrical SNR, 50, is determined as
R2p2 R2p2 while the CDF is
Hrso = ———E*[[]=—", (5)
i " £, (7) zl—exp[— . ] ()
Hrr
E, ) E, 7
7150( r) m( T) (F;RY()(7)+F7RF(7/))’ 0<}/S}/T,
F ( ) F}//-'so ()/T)J’_F?m (77") (13)
ssc 7/ =
' F F F F
YFso (}/T) YrE (j/T) F}/ (}/)+ Y Fso (}/) +F7 (7)+ VRF (7/) _2 , 7/ > 77-,
Fym (}/T)+F7RF (7T) " F}'Fgo (7/7) v F7RF (7/T)

242



III. OUTAGE PROBABILITY ANALYSIS

The outage probability of the SSC based system is defined
as the probability that the instantaneous SNR at SSC output,
denoted by jssc, drops below a predetermined outage
threshold, denoted by ¢. For the considered scenario of the
hybrid RF/FSO system, the outage probability can be obtained
as [17]
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where F

ssc

(q) is the CDF of the instantaneous SNR at SSC

output, yssc, defined in Eq. (13) at the bottom of the previous
page, and F, (-) and F, (-)are the CDFs defined by Egs.

(7) and (11), respectively.

IV. NUMERICAL RESULTS

Numerical results obtained based on the outage probability
expression in Egs. (12) and (13) are presented. The
atmospheric turbulence parameters « and £ are determined by
Eq. (2). The atmospheric turbulence strength is determined by
the index of refraction structure parameter with values

C:=6x10"" m™,  C2=2x10"* m™ and
C?=5x10" m™ in weak, moderate and

turbulence conditions, respectively.

Fig. 2 presents the hybrid RF/FSO system outage
probability dependence on the average and electrical SNRs in
different atmospheric turbulence conditions. System performs
better when the FSO link is affected by weak atmospheric
turbulence, i.e., when the index of refraction structure
parameter is lower. Beside the hybrid RF/FSO system, the
outage probability of the dual branch RF system with SSC
receiver is also observed, which is obtained based on Eqgs.

(12) and (13) considering that F, (-)=F () It can be
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Fig. 2. Outage probability versus upso=tirr for hybrid RF/FSO and
dual branch RF system
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Fig. 3. Outage probability versus zso=tigr for hybrid RF/FSO and
dual branch FSO system

noticed that the hybrid RF/FSO system has better outage
probability performance compared to RF system, only when
the FSO link is affected by favorable conditions. On the other
hand, when the FSO signal transmission suffers from
moderate and strong turbulence, dual branch RF system has
better performance.

The outage probability dependence on the average and
electrical SNRs in weak and strong atmospheric turbulence
conditions is presented in Fig. 3, together with the outage
probability results of the dual branch SSC based FSO system,
which is obtained based on Egs. (12) and (13) considering that

F, (-)=F,_(-). When the FSO links are affected by weak

atmospheric turbulence, which correspond to clear air terms
(sunny days), system with only FSO links has better
performance than the hybrid RF/FSO system. When signal
transmission environment is influenced by foggy weather
conditions, atmospheric turbulence is strong, and the hybrid
RF/FSO system has better performance, since the RF link is
less dependent on the fog than the FSO link. Since FSO
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Fig. 4. Outage probability versus the switching threshold in various
atmospheric turbulence conditions
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system implementation is easier and less expensive than the
RF system implementation, the balance between cost and
quality of the transmission can be made to provide optimal
system performance.

In Fig. 4, the outage probability in function of the switching
threshold is observed, considering different atmospheric
turbulence conditions. Both average SNR over RF link and
electrical SNR over FSO link take values 15 dB or 30 dB. As
it is expected, greater values of SNR lead to the better system
performance. The optimal value of the switching threshold
can be noticed, when the system has the best performance.
This optimal value of the switching threshold is equal to the
value of the predetermined outage threshold, i.e., 7=¢. In this
case, the SSC receiver behaves as selection combiner receiver,
which selects the channel with greater SNR, leading to the
best outage probability performance.

V. CONCLUSION

In this paper, we have presented the outage probability
analysis of the hybrid RF/FSO system. The SSC diversity
receiver has been employed at the receiver. The FSO link is
affected by the Gamma-Gamma distributed atmospheric
turbulence, while the RF link is subject to Rayleigh fading.
The outage probability expression has been derived. The
effect of atmospheric turbulence strength on the system
performance has been observed and compared with the
performance of dual branch SSC RF and dual branch SSC
FSO systems. It has been concluded that hybrid RF/FSO
system performs better than the dual branch SSC based RF
system only when the FSO link is affected by weak
atmospheric conditions. Furthermore, when the weather
conditions are good (sunny days), it is more profitable to
implement two FSO links than the hybrid RF/FSO system,
since the implementation of the FSO link is easy and low-cost.
On the other hand, when the optical signal transmission is
under the influence of foggy weather conditions, atmospheric
turbulence and visibility are strong and harmful, and the
hybrid RF/FSO system performs better than the dual branch
FSO system.
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