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ABSTRACT The ever-increasing demands for higher data rates in telecommunications networks, along
with the significant benefits offered by wireless communications, have pushed the technological develop-
ments to new frontiers. Free-space optical (FSO) communications are among the technologies that can
address these emerging demands, offering large and unregulated bandwidth. In addition, recent advances
in radio frequency (RF) systems have enabled the development of in-band full-duplex (FD) radios with
the employment of advanced self-interference cancelation techniques. Therefore, in this paper we study
a robust FD relaying system comprised of parallel hybrid FSO/RF communication links, where the coor-
dination of transmissions between the FSO/RF subsystems is carried out by the hard-switching protocol.
The operation of the RF links is impaired by Nakagami-m fading, the residual self-interference due to
the FD relaying operation, and the in-phase and quadrature-phase imbalance effect due to imperfect RF
front-ends. As far as the FSO links are concerned, we consider the influence of the joint effects of atmo-
spheric turbulence, beam wander and pointing errors. We first derive analytical closed-form expressions
for the outage probability of both subsystems as well as for the overall FD relaying hybrid system. Then,
asymptotic expressions are extracted for the outage performance in the high signal-to-noise ratio regime.
The achievable outage diversity orders of both FSO and RF subsystems are determined, which provide
significant insight into the design of such hybrid systems in a wide variety of operating conditions. Finally,
the numerical results are presented using the derived outcomes, and significant conclusions are drawn
about FD relaying hybrid systems.

INDEX TERMS Hybrid RF/FSO systems, full-duplex relaying, Nakagami-m fading, self-interference, 1Q
imbalance, atmospheric turbulence, beam wander, pointing errors, outage probability.

. INTRODUCTION

IRELESS communication systems have been at the

forefront of many research efforts for over a century.
As such, radio frequency (RF) communications have expe-
rienced tremendous development over the years. Nowadays,
sophisticated RF systems have been developed aiming at
high throughput performances with the highest possible spec-
tral efficiency in accordance with the RF spectrum shortage
and spectrum fees applied for its licensed frequency bands.
Full-Duplex (FD) RF systems constitute a great example of

such developments [2]. In-band FD systems can transmit and
receive at the same frequency band concurrently, offering
an exceptional way of utilizing efficiently the time and
frequency resources. However, FD operation can be hindered
by unavoidable self-interference (SI) due to signal leakage
from the transmit to the receive port. Advanced analog and
digital SI cancelation techniques have been developed [3],
which are capable of reducing very efficiently the impact
of the SI. However, residual SI (RSI) signal power can still
hamper the performance of such systems. A very promising
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extension of FD operation is its incorporation into relaying
architectures. Major performance benefits are offered by the
utilization of FD relaying systems. Conventional RF relay
architectures operate in half-duplex (HD) mode, i.e., transmit
and receive either at different spectral bands or at different
time slots (orthogonal channels) [4]. On the contrary, FD
relaying provides very high spectral efficiency, where the
relay node transmits and receives simultaneously at the same
frequency band [4], [5], [6].

In addition, modern RF wireless transceivers incorporate
up/down quadrature converters in order to accommodate the
utilization of high spectral-efficient modulation schemes such
as quadrature amplitude modulation (QAM) [7]. However,
imperfections at the RF front-ends are inevitable, thus
leading to performance limitations. Amplitude and phase
mismatches between the in-phase (I) and quadrature-phase
(Q) paths can arise due to imperfections in the local oscil-
lator (LO) signal or any other stage involved in these
paths, e.g., a low-pass filter [7], [8]. As a result, an imbal-
anced down-converted baseband signal can be corrupted by
its image, thus leading to interference and signal-to-noise
ratio (SNR) deterioration, an effect known as I1Q imbalance
aQn 91, [101.

On the other hand, the RF spectrum scarcity along with
significant interference issues, due to the nature of the RF
broadcast especially in the unlicensed bands, pose signif-
icant impediments for the implementation of reliable and
efficient point-to-point RF links. Moreover, RF links expe-
rience the detrimental effects of multipath fading [11], [12].
As a viable alternative, free-space optical (FSO) communi-
cation systems operate in the unlicensed band of infrared
frequencies. They offer larger and unregulated bandwidth,
with FD capability, since FSO systems usually comprise
one transmit and receive terminal [13]. Major challenges for
wide terrestrial applications of FSO systems are their sus-
ceptibility to atmospheric effects, where turbulence-induced
scintillation, fog attenuation and beam alignment disrup-
tions degrade their performances [14], [15], [16]. As a
consequence, FSO systems can reach distances up to some
kilometres, by considering the imposed eye-safety constraints
on the transmitted optical power. In order to overcome
these issues, multi-hop relay architectures, with decode-and-
forward (DF) or amplify-and-forward protocols, are studied
for their distance coverage extension [17], [18].

Hybrid parallel FSO/RF systems are deemed as a viable
and very promising solution in establishing high throughput
and very reliable links [19]. The transmission characteris-
tics of RF and FSO systems are complementary to each
other [20]. Fog can break down the FSO beam trans-
mission, while RF waves remain unaffected [21]. On the
contrary, high rainfall hinders high-frequency RF transmis-
sion, while having lesser effect on FSO communication [22],
[23]. Thus, the combination of these two technologies can
create favorable conditions for setting up high-capacity and
high-availability wireless connections [24], [25]. Moreover,
parallel hybrid FSO/RF systems with the employment of
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relay nodes, can offer extended coverage to longer dis-
tances [26]. Therefore, the implementation of a hybrid
system with an FD RF relaying subsystem and a parallel
dual-hop FSO subsystem offers highly efficient spectral use,
extremely high availability and an increased wireless range.

Network topologies with parallel hybrid FSO/RF links and
intermediate relay nodes have been extensively investigated
in the literature so far. In [19], a source-destination hybrid
FSO/millimeter wave RF link is discussed, wherein the hard-
switching scheme is employed, by using single and dual FSO
threshold implementations in Log-normal and Nakagami-
m fading channels. In [25], the authors study a hybrid
FSO/RF system with hard-switching operation and evaluate
its performance in terms of the outage probability and bit
error rate under the influence of Gamma-Gamma (GG) turbu-
lence, pointing errors and Rician fading. In [26], the authors
investigate optimal relay selection policies for the parallel
hybrid RF/FSO relay channel with buffer-aided and non-
buffer-aided relays. In [22], a switching-based cooperative
DF relaying network with hybrid FSO/RF links and maxi-
mal ratio combining at the destination is investigated. Also,
a DF relaying hybrid FSO/RF millimeter waves with selec-
tion combining is presented in [27], considering M (alaga)
turbulence with pointing errors and Weibull fading. In [24],
the authors study a backhaul network with relay nodes con-
nected with parallel hybrid FSO/RF links dealing with the
problem of minimizing its cost while satisfying data rate
and reliability constraints. In [28], they examine a wireless
mesh network with parallel hybrid FSO/RF links between
the relay nodes, with transmission power and optical beam-
width adaptations in order to meet specified quality of service
requirements such as throughput and end-to-end delay con-
straints. However, all the aforementioned works either do
not discuss about the relaying operation or take into account
HD relaying operation for the RF links. Motivated by the
foregoing facts, in this paper for the first time, we examine
the combination of an FD RF relaying subsystem with an
FSO subsystem in a parallel hybrid relay topology.

More specifically, we investigate an FD DF relaying
network, which consists of a source S, an FD DF relay R
node and a destination D. The connection among the nodes
is established with parallel hybrid FSO/RF links. For the
routing of the information between the S — R and R — D
links and the proper selection of the suitable subsystem
for data transmission among the nodes, we consider the
low-complexity hard-switching scheme [19], [21]. To the
best of the authors knowledge, an FD DF relaying system
with parallel hybrid FSO/RF links and hard-switching oper-
ation under the influence of Nakagami-m fading, RSI, IQI,
atmospheric turbulence and pointing errors has not been
investigated in the literature so far. Hence, we summarize
the main contributions of this paper as follows.

o A detailed analysis of the system model is presented
for an FD relaying setup with DF protocol consisted of
parallel hybrid FSO/RF links. The considered dual-hop
FD DF hybrid system operates under the hard-switching
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FIGURE 1. Block diagram of the considered full-duplex relaying communication system with parallel hybrid FSO/RF links under hard-switching operation.

scheme. We take into account the Nakagami-m fading,
the RSI and IQI for the FD RF relaying subsystem,
while for the FSO subsystem we consider the joint
effects of GG turbulence, beam wander and pointing
errors.

« We develop a novel channel model for the FSO links,
where GG turbulence, beam wander and pointing errors
are treated as three independent random variables.
Analytical, closed-form expressions for the outage prob-
ability of the FSO and RF subsystems, as well as for
the overall FD relaying hybrid system, are developed.

o Asymptotic expressions for the outage probability in
the high signal-to-noise ratio (SNR) regime are derived
for both subsystems. The outage diversity order of both
FSO and RF subsystems is determined. In this way, we
gain valuable insight into the design of such systems
and we highlight the significance of the treatment of the
FSO channel model as a product of three independent
random variables.

o A variety of numerical results for the outage proba-
bility of the overall hybrid system is presented, taking
into account the various effects that influence the FSO
and RF subsystems. For the FD RF relaying subsys-
tem, the effects of the RSI, the IQI and the generalized
Nakagami-m fading are taken into account. Concerning
the FSO subsystem, we investigate its performance
under a variety of turbulence conditions with pointing
errors, where the beam wander manifests itself at cer-
tain conditions. It is shown that proper beam parameter
selection is essential under certain turbulence condi-
tions. Eventually, all the derived results and the whole
system model analysis, are verified by Monte Carlo
simulations.

The rest of this paper is organized as follows. Section II
describes the system model for the RF subsystem as well as
the FSO subsystem. In Section III, we derive closed-form
expressions for the outage probability of the RF and FSO
subsystems and for the whole hybrid dual-hop system. In
addition, asymptotic, tractable expressions in the high SNR
regime are provided for both subsystems. Numerical and
simulation results are presented in Section IV and the paper
concludes with Section V.

Notation: P{X} and E{X} represent the probability and the
expectation of X, respectively; (-)* is the complex conjugate;
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re),ye,-), and I'(+, -) denote the complete, lower incom-
plete, and upper incomplete gamma function, respectively,
K, (-) is the modified Bessel function of the second kind
and order v, G;’,f;?(zla,,; by) denotes the Meijer’s G-function,
and @ (-, -; 2), ¢Fp(ay; bp; z) represent the confluent and the

generalized hypergeometric functions, respectively [29].

Il. SYSTEM MODEL

A. TOPOLOGY

In this section, we elaborate on the system model for the indi-
vidual FSO and RF subsystems, combined in a dual-hop FD
hybrid set-up, as depicted in Figure 1. The system consists of
a source S, an FD relay R node, employing the DF protocol,
and a destination D. The source S transmits the information
symbols either by using the FSO/RF subsystem according to
the hard-switching scheme, with priority given to the larger
bandwidth FSO link [19]. The hard-switching scheme is
based upon the selection combining criterion [30], i.e., the
activation of a subsystem is carried out with the selection
of the highest SNR among them. Some notable algorithms
for the implementation of the hard-switching protocol exist,
which are the power hysteresis, the time hysteresis, the fil-
tering method or a combination between them [21]. Besides
the simplicity of the implementation of the hard-switching
scheme, it requires one of the subsystems to be active at
a time, compared to other combining approaches such as
maximum ratio combining (MRC) or equal gain combining
(EGC) [30]. In addition, an MRC or EGC would require both
subsystems to be active and operating with the same data
rate. Therefore, even if the FSO or RF subsystem is favorable
for operation, it must be adapted to the performance capa-
bilities of the other subsystem. Thus, an MRC or EGC can
increase the reliability of the hybrid system, by concurrently
exploiting two diversity branches, but diminishes the data
throughput performance. Hence, we select the hard-switching
scheme.

Thus, at a specific time slot, the subsystem of the S—R link
with the highest SNR is selected to transmit the information
towards R, while the other remains idle. At R, the received
signal is decoded and forwarded towards D. In case where
the S — R RF link is chosen for transmission, the detection
process at R is influenced by the RSI due to the FD relay-
ing operation and the IQI-impaired transmitted and received
signal. On the contrary, if the S — R FSO link is active, the
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transmitted optical signal is corrupted by the atmospheric
and misalignment effects, but is not affected by any type
of interference. Note that the optical and the RF links do
not interfere with each other, since they operate in com-
pletely different spectral bands. Also, for the RF subsystem,
a direct line-of-sight S—D link does not exist or any scattered
signal is strongly attenuated and communication between
them is established only with the aid of the FD relaying
scheme [5], [26]. Consequently, the retrieved data at R is
transmitted to D through the chosen FSO/RF link based
again on the hard-switching operation. In case the R—D RF
link is activated for transmission, the RF transmitter at R and
the destination RF receiver are impaired by the IQI effect.
On the other hand, if the FSO R — D link is selected for
transmission, the optical signal experiences again the degra-
dation atmospheric effects and reaches D, where is detected
and decoded. In the following subsections, the mathematical
representation models for both RF and FSO subsystems are
presented.

B. RF SUBSYSTEM
For the RF links of the FD relaying RF subsystem, we
employ the standard additive white Gaussian noise (AWGN)
model. In addition, we take into account the effect of IQI at
the transmitters (TXs) and receivers (RXs) of the RF nodes.
The 1Q mismatches constitute an inevitable effect in any RF
quadrature up/down-converter, which arises primarily due to
imperfections in the LO signal and secondly from any other
transceiver stage. So, when we assume 1Q mismatches, the
IQI baseband signal is formulated as

100 = K{ax (0) + K5 (ex (1) (1)
with xx (¢) being the desired signal and (-)* denotes the image

signal. The coefficients Ki’/;;, K;/;g are defined as K?/; =
’ ! u/d )

0.5(1 + e;/d exp(ijqb;/d)) and K;/)? =1- (KLX)*, respec-
tively, with the superscripts u/d signifying the up/down-
conversion processes and the subscript X € (S, R, D). The
parameters e;/ d, ¢)“(/ 4 denote the amplitude and phase mis-
matches of the LO signals at the transceivers of each
node [9], [10]. For instance, the mathematical represen-
tation of the IQI LO signal, used for downconversion, is

described as
xLo.x = cos(wrot) —je)‘é sin(a)Lot + ¢§f)
= K{ y exp(—jorot) + K§ x exp(jorot),  (2)

where wrp = 2mfgr with fgr being the RF carrier
frequency. Ideally, only the first term would have been
present in the LO signal. The existence of the second
term can lead to interference from the image signal after
the downconversion process, which in turn can deterio-
rate the signal-to-interference-plus-noise ratio (SINR) of the
desired signal [8], [9]. None of the existing image-reject
receiver architectures can deal completely with the IQ mis-
matches arising in the quadrature converters [8]. The severity
of IQ mismatches is quantified by the image rejection
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ratio (IRR), defined as IRR';(/ 4 _ |K'f/)? /K';/;(i |2, whose val-

ues, for typical front-end integrated circuits, ranges from
20 to 40 dB [8], [9], [10].

The source S, provided that the RF link is active, trans-
mits an IQI-impaired symbol xg’ 10 ; (1) with an average power
E{|xs(1)|*} = P;. At the relay node R, considering front-end
imperfections with IQI, the received signal is [31]

*
SR (D) = K ghsiod i (1) + K3 (et /1))

*
+ K ehrrl sor (1) + K. (el s 0))
+ Ki gr(t) + K g (n(0)", 3)

where x}‘e’ IQI(t) is the IQI-impaired transmitted signal from
R again with an average transmitted power E{|xz(1)|?} = P..

The channel coefficient hgg is equal to hsg = ilgRilgR,
where the individual terms are described as [11], [12], [26]

i = [Cv GrxGrx
A frrLk

with k € (SR, RD), where ¢ = 3 x 108 m/s is the speed
of light, Grx, Grx are the transceiver antenna gains, L is
the link distance. It is worthy to note that, in this work, we
consider frequencies below 10 GHz, for which the rain-
fall does not have a significant impact.! Moreover, we
assume the Nakagami-m model which has been proved a
very accurate model for multipath propagation, encompass-
ing as special cases the one-sided Gaussian (m = 1/2),
Rayleigh (m = 1) and Rice distributions [11]. The channel
coefficient hggr and the term ng(¢) correspond to the RSI and
the AWGN at R, respectively, which are circularly symmetric
complex Gaussian random variables with zero mean and vari-
ance (T[%R and an2, respectively, i.e., hgg ~ CN (O, O’I%R) and
ng(®) ~ CN (0, a,%). For simplification reasons, we introduce
the notations

2
:| and‘ﬁk‘ ~ Nakagami(my, Q2r) (4)

ARR 2 ZUI%R and Qk 2 l:lek'

The received signal at D, considering IQI at the relay TX
and the destination RX, is

*
YorE() = K phrpxs 10r(5) + K4, (hRDx;;, ,QI(;))
+K{ pnp(t) + K§ p(np(6)*, )

with hgp = +/hrphrp described similarly as in (4) and
np(t) ~ CN(0, 02).

Next, taking into account the aforementioned analysis, we
proceed with the evaluation of the SINRs for the § — R and
R — D RF links, i.e., yrr.sr and ygrr rp, respectively. More

1. Based on [23], we use the aRP relation to calculate the specific atten-
uation due to the rainfall, where R is the rainfall rate in mm/hr and a, b are
the coefficients which are calculated by the Laws and Parsons Distribution
for high rainfall (LPy). For fgr = 6 GHz the values for a and b for rain
temperature at 0°C are equal to 1.99 x 103 and 1.285, respectively. By
assuming a strong rainfall with R = 25.4 mm/hr, the specific attenuation is
calculated as 0.13 dB/km. Thus, for a 2 km propagation distance, the total
loss is 0.26 dB, which can be considered negligible.
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precisely, for the S — R RF link, considering the RSI and
IQI impairments, ygrr sg is formulated as

S1P,

. (6)
2 2
(h+@ﬂ+OﬁA-ﬂqA)ﬁ

YRF,SR =

where S1, I1 and I are equal to
2

3

2
, and

2

S = ‘Ki],RKlu,ShSR + Kg,R(Kg,shSR)*

I = ’Kf,RKg,shSR + Kg,R(Klu,ShSR)*

L= ‘Kil,RKIf,RhRR + Kg,R(Kg,RhRR)*

+ ‘Kld,RKg,RhRR + Kg,R(Klu,RhRR)*

For scenarios with a perfect matching between the IQ
branches, the IQI effect becomes negligible, i.e., K /X =1
and K”/ d = 0. As a result, the terms I;, I become I} =
s 12 = 0 and hence, (6) simplifies to
__Pilhskl”
Pyl hgg|* + o2

With regards to the R — D RF link, the transmitted IQI-
impaired symbol from R reaches D, having propagated
through the Nakagami-m distributed fading channel. The
demodulation stage at the RX of D is also influenced by
the 1QI effect. Hence, for the case of TX/RX IQI-impaired
nodes, the SINR of the R — D RF link is [10, Eq. (33)]

191117 + [922]?

91212 + [9211% + (IK pl*+ |K§1D|2)

|hgg|?

)

YRF,SR =

» (8)

YRF.RD =

Yid,RD

where 1911—K1 DK] R 1912 K] DK2 R 1921— 2D(K1 R)*
V=K< D(K“ R)* and Yid.RD = P/|hgp|? / denotmg the
ideal SNR in the absence of IQI. When the IQI is neg-
ligible, we obtain ¥y = 1, 9o = 0, 91 = 0, and
Yo = 0, respectively, and as a result, (8) simplifies to
YRF,RD = VYid,RD-

C. FSO SUBSYSTEM

In case that the FSO link is active, S activates the opti-
cal terminal and sends the information signal towards
R. Intensity modulation with direct detection (IM/DD)
mode [32] is employed and the AWGN model is considered
for all the sources of noise entailed in the FSO links, e.g.,
shot noise, thermal noise etc. The optical signal is emitted by
the source S and propagates through the atmospheric channel,
wherein experiences all the aggravating effects related to the
atmospheric medium, such as atmospheric turbulence, beam
wander and pointing errors [14], [15], [16]. After the detec-
tion of the optical signal at R, the signal is re-encoded and
transmitted from R to D by using the FSO/RF link, as it has
already been described. The S — R and R — D FSO links can
be characterized as identical since no interference issues take
place at R due to the narrow optical beams employed [26].
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Thus, the received signal at the input of the relay R or the
destination D photodetector (PD) is described as [33]

YF$0.k () = Ixs(f) + nop (1), ©)

where s(f) is the transmitted information symbol from each
node with an average transmitted optical power E{|s(r)|?} =
Py, Iy, k € (SR, RD) is the total real-valued instantaneous
channel coefficient of each hop, and n, corresponds to the
AWGN of the optical link ngp ~ N0, on% op,). The total
channel coefficient, I, can be represented as a product of
three independent random variables, i.e., Iy = I ilp klp i,
where I ; corresponds to the atmospheric turbulence effect,
Ip i to the beam wander, and I, ; to the pointing errors and
geometrical loss. The instantaneous electrical SNR at the PD
receiver output of each individual k-th FSO link is [32]

(pkPoli)?
YFSOk = ——> > (10)
Gn,opt
and the average electrical SNR is defined as [32]
_ (oePoRALL})
YFSOk= "5 s (11)
o'n,opt

with pr being the PD responsivity in A/W. Due to the
independence between the channel coefficients, we obtain
E{li} = E{L i} E{U kY E{Ip i}

It is well-known that the probability density function
(PDF) of the GG distribution accurately models the irra-
diance fluctuations ranging from weak to strong turbulence
conditions. Its PDF is given as [34], [35]

ag+by

2 (akbklt,k> 2
C(a)T D)k \ Ik

axbily i
x Ko —by (2 ]lkt )

The term [;x represents the deterministic attenuation of
the optical signal due to scattering and absorption and is
calculated by the Beer-Lambert law [36]. The expected value
of I;x is equal to E{/; x} = I; x [34]. The parameters ax, by of
the GG distribution, for plane wave propagation, are given
as [37]

fltA (It k)

12)

— -1
0.4907

U = | exp 12/5\7/6 ’

(1+0.654 + 11163
r -5/6 -1

05107 (14 0.69077) !

by = | exp -1 , (13)
(1+0%¢+0ﬁmﬁ;%ﬂ

where O’I%k is the Rytov variance, calculated as O’I%k =

123C2 7 6L11/ ® with C2 denoting the refractive index
structure parameter Wthh usually takes values in the range
10717 — 10~ m~2/3 for weak up to strong turbulence condi-

tions. The parameter dy, is defined as dy = 0.5Dg KLk_l with
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Dpg denoting the diameter of each PD aperture of the dual-
hop FSO subsystem, L; being the link distance of the S — R,
R — D links and x = 27/A being the optical wavenumber.

The PDF of the pointing errors effect, due to terminal
movements, is given as [15]

2
& Ié,%l
g Pk
0,k

S (Ipx) = L0 < Ix < Ao, (14)

with the parameters &, Ao  being defined as & = W, o /0 k,
Aok = [erf(v)]z, with oy being the standard deviation of
the beam’s radial displacement, vy = «/EDRMWM and
erf(-) is the error function. The equivalent beam radius is
calculated as W, g1 = ﬁerf(vk)WZk/ZUk exp(—v,%) and
is linked with the beam radius W,; on the RX plane
at distance L; [15]. Its value is calculated as W,; =

Wi/ 1+ 16307 Ay, where Wy = Wo\/m and

Ay = ,21\%, with ®g x, Aok being the input plane beam
Opx Ao« ’ ’ 5
parameters defined as O = 1 — %, Aok = ﬁ [14].

The parameter W; corresponds to the beam radius at
each TX of the FSO subsystem and Fy is the phase
front radius of curvature, which for the case of a colli-
mated beam Fy — oo [14]. The expected value of I, is
E(lpx) = Ao xég (1 +89) " [32, Eq. (23)].

Additional irradiance fluctuations can be inflicted by the
beam wander-induced jitter due to large-scale atmospheric
turbulence [38]. The authors in [39] propose a beta distribu-
tion in order to characterize the effect of beam motion due
to atmospheric turbulence, which is given as

o k—1
fios k) = By~ 0 < I < 1, (15)
where the parameter B, i is evaluated as [40]
1+ 02
Bui= |1+ e L
AxLy Ope.k
34.29( kr5’k> (Wz’k)
and is linked with the scintillation index 012 = % + % +

ﬁ [35]. The parameter oge’ ¢ Tefers to the jitter-induced

pointing error variance due to beam wander and for the
case of a collimated beam is calculated as [38, Eq. (14)],
with C, being a scaling constant selected equal to 1.5 for
a horizontal propagation path [16]. The parameter ro; =
(0.16C,%, klchk)’3/ > is the Fried parameter and the expected

1
value of I 4 is calculated as E{l ¢} = [ xfi, , (x)dx = ﬂfjj] .

0

lll. OUTAGE PROBABILITY ANALYSIS

In this section, we investigate the outage probability of the
individual RF and FSO subsystems and for the FD DF relay-
ing hybrid FSO/RF system. Firstly, we derive the outage
probability of the RF subsystem for the S — R and R — D
links and then for the corresponding FSO links. Lastly, we

VOLUME 2, 2021

TABLE 1. The parameters Ay, By and B, involved in (17), (18).

A K¢ k| o+ g il
1= Lris| + By rEs
d u 2 d Uy * 2
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2= | KT g KY gl® +|K5 Ko 'p| + KT RES p| +|K5 KR

combine the derived outcomes to obtain the outage probabil-
ity of the FD relaying hybrid system with parallel FSO/RF
links.

A. RF SUBSYSTEM OUTAGE PROBABILITY
On condition that the RF link is active, an outage occurs for
the S — R link when the instantaneous ygrr sg falls below a
predefined threshold vy rr = 2RmrF — 1 with Ry, being the
threshold achievable rate in bits per channel use (BPCU).
Considering that yrr sg of (6) depends on the Nakagami-m
fading and the RSI, we formulate the following theorem for
the S — R outage probability estimation.

Theorem 1: The outage probability of the S — R RF link,
taking into account that yrr sg is a function of the channel
gains |hsg|?> and |hgg|?, is given by

1
P -
out,RF,SR T (mSR)
2 2
d d
|y [ ms MSRYth,RF +exp )KLR‘ + )KZ,R‘
' QSR(P[/O’HZ) )\RRBZ(PI/UnZ)
~ Ay _ —mMgR
|1+ QSR(Vth,RF Bl)
msrARRB?
R A
QSR(VULRF B 1) MSRYth,RF
xI' mgg, | 1+ - 5
msrARRB2 Qsr(Pi/o?)

A7)

where v rr = 2RmrF — 1 and the parameters A1, By and B>
are shown in Table 1.

Proof: See Appendix A. |

The derived, exact expression of (17), for the S — R outage
probability, is quite cumbersome and does not provide direct
insight into the S — R RF subsystem behavior. In order to
get a more simplified expression, we derive an asymptotic
approximation in the following corollary, when 5—; — 00.

Corollary 1: When the ratio (% — 00, the outage proba-
bility for the S — R RF link is asnymptotically approximated
as

Qr(5aL — B1) o
. SR Yth,RF 1
lim Pyyrrsg=|14+———"T——= . (18)
B oo mspARRB?
Proof: See Appendix B. |

From the tractable approximation of (18), we observe that
the S — R outage performance converges to an outage floor,
dependent on the Nakagami parameters (mgg, S2sr), the RSI,

2507



NINOS et al.: FULL-DUPLEX DF RELAYING WITH PARALLEL HYBRID FSO/RF TRANSMISSIONS

the IQ mismatches. Thus, the S — R outage diversity order
is zero. Likewise, for the R — D RF link outage probability
evaluation, the following theorem is formulated.
Theorem 2: The outage probability for the R—D RF link is
1

Pout,rF.RD = TS
5 (mRD’ e KLl + 1KS oI )
Qrp(Pi/0}) 7‘1?11'2;1‘022‘2 — (191217 + 19211?)
(19)
Proof: See Appendix C. |

In addition, for the sake of completeness, we provide a
tractable high SNR regime-based asymptotic approximation
for the outage probability of the R — D RF link as follows.

Corollary 2: When the ratio % — 00, the outage
probability for the R — D RF link is' given by

1
lim P, ==
%HOO out,RF,RD F(mRD“F 1)
MRD
d |2 d |2
m KT pl= + K5 pl
RD 1,D 2,D 20)

A 2 2
Qo (Pr/oyf) ULHEL (19152 4 192112)

It is observed that the R — D outage diversity order of
the RF link is mgp. However, the outage behavior of the
total FD DF relaying RF subsystem at the high 5—5 regime
is determined by the minimum diversity order and thus we
conclude to the following remark.

Remark 1: The outage diversity order of the RF FD DF
relaying subsystem is determined by the minimum diversity
order between the S — R and R — D RF links. Therefore,
the outage diversity order of the RF subsystem is zero
(error floor).

B. FSO SUBSYSTEM OUTAGE PROBABILITY
As it is already stated in Section II-C, since no interference
occurs at R or from any other ambient source, the FSO sub-
system consists of identical S — R, R — D links. Thus, the
outage probability of the individual FSO links can be eval-
uated by having the cumulative distribution function (CDF)
Fyrgo (x) of the instantaneous yrso k. Since the total chan-
nel coefficient I is a product of three independent random
variables, i.e., Iy = I ilp rdp r, wWe conclude to the follow-
ing theorem for the outage probability estimation of the
individual S — R and R — D FSO links.

Theorem 3: The outage probability for each individual
FSO link, incorporating the GG distribution, the pointing
errors effect, and the beam wander-induced jitter, is

B kE}
Pour,rsox = F mo,k()/th,FSO) = m

 Ghl arb B} [ vimrso |1, B + 1, & + 1
35\ Aol k YFSok ’

2
sk ’ ﬂW,k5 aka bka 0
where v Fso = 2RinFso _ 1,

2y
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Proof: See Appendix D. |

In addition to the closed-form expression of (21), we
provide an asymptotic analysis, which is valid when
Yrso.x — o°. In the following corollary, we define the out-
age diversity order of the considered FSO system model
and valuable engineering insight into the FSO subsystem
behavior at high ¥, is obtained.

Corollary 3: The outage diversity order of the FSO link
impaired by GG atmospheric turbulence, beam wander, and
pointing errors is evaluated as

min(ak, bi, Buw.k» ékz)

2
Proof: See Appendix E. |

O =

(22)

C. HYBRID DUAL-HOP FSO/RF OUTAGE PROBABILITY
The overall outage probability of the dual-hop hybrid system
can be written as [41]

Pout,tol = Pout,SR + (1 - Pout,SR)Paut,RD, (23)

where P, sr, denotes the outage probability of the hybrid
FSO/RF S — R link and P,,; rp denotes the corresponding
outage probability of the R — D link. Based on the hard-
switching operation, the outage probability of each individual
hop, is [19], [30]

Poutk = Pout, RF kPout,FS0,k (24)

Thus, based on (24) we can deduce that the outage
probability of the FD DF relaying hybrid system com-
posed of parallel hybrid FSO/RF links, under hard-switching
operation, is

Pout,tor = Pout,RF,SRPout, FSO,SR
+ (1 = Pout,rF,SRPout, FSO,SR)

X Pout, RF,RDPout, FSO.RD» (25)

where P, rr.sr 1s replaced by the expressions either of
Theorem 1 or Corollary 1 for the exact or asymptotic case,
Poui rF rD from the expressions of Theorem 2 or Corollary 2,
while P, rso.sr and Py Fso rp are given by the Theorem 3
or (42), shown at the top of the p. 13 for the exact or the
asymptotic case, respectively.

IV. NUMERICAL RESULTS

In this section, we present the numerical results based on the
aforementioned analysis and derivations. For the illustrated
results, we assume different conditions among the § — R
and R — D links for both FSO and RF subsystems, char-
acterized by the following relations for the corresponding
fading conditions mgp = mgsg + 3, Qrp = Qsg + 5dB and
C,%VRD = C%’SR/Z%. In addition, all the presented results are
accompanied by Monte Carlo simulations using 10° real-
izations, which corroborate the analysis conducted in the
previous sections. Unless otherwise stated, the values used
for the various parameters, of the FSO and RF subsystems,
are contained in Table 2.
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TABLE 2. Parameter values for the RF and FSO subsystems.

RF links FSO links

Parameter Value Parameter Value
frE 6 GHz 1.55 um
Grx,Grx 50 dBi Dgr 10 cm
Rin rF 4 BPCU Rin,Fso 4 BPCU

ARR (—26,—16),(—20,—10) dB| W, 4 cm

Lsr,Lrp 2 km Lsr, Lrp 2 km
P,/o2 60 dB Fy oo [38]

IRRY: 19,25.4,41.2 dB Cok 1 cm

(msr, Qsr) (3,7dB), (6,10 dB) C2sp |6x107 " m2/3
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FIGURE 2. Outage probability versus A gg.

Figure 2 illustrates the outage probability results for the
FD DF relaying hybrid system as a function of the mean
value of the RSI effect Agg. We take into account weak
and strong IQI impact on the RF subsystem front-ends at
all the three nodes (S, R, D). For the RF links, we assume a
moderate multipath fading environment, while for the FSO
links we assume two cases of operation with two values for
Y Fso.x under strong turbulence conditions. From the derived
plots, we deduce the performance improvement of the out-
age probability P, 1 of the hybrid system. Compared to
the cases when the dual-hop system is exclusively com-
posed of FSO or RF links, P, 1or Teaches acceptable values
below 1073, Specifically, when Vpgo; = 20 dB, Pourror
reaches values below 1073 for a range of values for Agg
between —26 to —22 or —24 dB, depending on the IQI
level. Consequently, when Y pgp, = 30 dB, a significant
performance improvement is observed. Note that P, s lies
on the order of 107 for Azgg = —26 dB and reaches val-
ues up to 10~* when Agg = —6 dB. Furthermore, we also
observe the impact of the IQI on the outage performance.
As it is shown, the influence of the IQI becomes evident
when the RSI is kept at minimum levels. Otherwise, for
Arr > —12 dB, we cannot observe significant difference
due to the IQI, and the performance is determined mostly
by the RSI, the multipath fading, the atmospheric turbulence
and Y ggp x- This clearly indicates the severity of the RSI and
the importance to keep it at the minimum possible levels.
Eventually, we can infer that the FSO links can counter-
balance any performance degradation inflicted by the FD
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FIGURE 3. Outage probability versus Pt/q,?,; YFso,k =20dB.

relaying operation of the RF links in case that high ¥ ggo x
can be attained.

Next, in Figure 3, we present the outage probability
performance for the dual-hop FD hybrid system as a func-
tion of the ratio 2, along with the asymptotic ones in the

high P 5 regime. The IQ mismatches and the RSI are taken
into account, with weak and strong influence. As far as the
wireless RF channels are concerned, two different conditions
are employed, corresponding to strong and weak multipath
fading, respectively. For the FSO links, we assume strong
atmospheric turbulence and misalignment fading, with fixed
Yrsox = 20 dB. For the most favorable conditions, with
(msr, Qsr) = (6,10dB), Agg = —26 dB and (% = 40 dB,

Pout.10r 1s on the order of 9x 10~3 with strong 1Q Iflismatches,
whereas for weak IQI is at 5 x 10~*. In addition, we can
clearly notice the impact of multipath fading on the outage
performance. For the case where (mgg, Qsg) = (3,7 dB)
and Agg = —26 dB, we observe that the outage probability
increases to 2x 1073 or 5x 1073 for weak or strong IQ mis-
matches, respectively. On the other hand, we observe again
the detrimental impact of the RSI on the FD relaying hybrid
FSO/RF system. For Agg = —16 dB, the outage probabil-
ity is on the order of 1072, irrespective of the influence of
multipath fading, RSI and IQI. Interestingly, the results indi-
cate that the performance aggravation due to IQI becomes
more evident when weak multipath fading and weak RSI
are considered. Moreover, the availability of the FD relaying
hybrid system under strong RSI, can be increased with higher
Y Fso.r values for the FSO subsystem, i.e., ¥ pgo ; > 20 dB
and better RF wireless propagation conditions. Regarding
the asymptotic results, we notice the tightness that provide
in the high 5 regime compared to the exact expressions,
while corroboratlng the remark that the outage performance
reaches an error floor.

In Figure 4, outage probability results are shown ver-
sus the Y pgp  along with the asymptotic ones in the high
Yrso.x regime. For the FSO links, we consider two cases
for the turbulence strength with moderate and very strong
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TABLE 3. The outage diversity order © 4 for the FSO links for various turbulence conditions.

Turbulence conditions | C7 , (m_Q/ 3) Dominant term Exact Eq. (21) | Deviation (%) oF
Weak 4x107"° Jo=3.61x107>* | 3.61 x 107>* 0 Puk — 55
Moderate 1x 10" J>=397Tx107"% | 3.97x 107"® 0 Buk — 498
Strong 6x 107" Js=181x10"" | 1.67x 107" 8.4 %k =3.52
Very strong 1x1071 J3=262x107"% | 248 x 10713 6.1 %k =3.39
. T T T T -1
1072 - - 2y =2x10 " m | 3 10
—Clgp=2x10"¥m 3 02809080901
104 \ - - Asymptotic 1 & i
® Simulation ] 0 ¥ v.: IRliiaR.Dj 41.2dB
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FIGURE 4. Outage probability as a function of YFSo,k (mgp, 2gR) = (3, 7dB),

- ud
A\pp=-10dB, IR |, = 25.4.dB.

turbulence conditions. Moreover, we select two values for
Wy, corresponding to narrow and wide beamwidths. We can
observe that as ¥ g0 1 tends to values higher than 30 dB, the
outage probability of the dual-hop FD hybrid link is improved
essentially with attained values at 10~* and smaller. In addi-
tion, we must point out the differences that arise due to the
selection of different beam radius sizes Wy at the transmit-
ters of each node. Specifically, for the moderate turbulence
case, at high Y pgp ;. values, we can observe the ¥ g, gain
achieved with the employment of Wy = 6 cm. On the order
of 1072 for Pout 1o, the ¥ g ¢ gain is roughly 8 dB compared
to the case with Wy = 3 cm. On the other hand, when very
strong turbulence conditions are considered, the correspond-
ing achievable ¥ g0 gain is not so high. In conclusion, it
is revealed that the beam parameters can play a significant
role under certain turbulence conditions, where beam wander-
induced jitter can influence the FSO link performance. As
far as the asymptotic results are concerned, we observe the
perfect matching that offer compared to the exact results,
especially when Y g, > 40 dB.

Capitalizing on the above-mentioned observations for the
FSO links, in Table 3, we present a variety of results for the
outage diversity order under various turbulence conditions. In
this table we include the various turbulence conditions char-
acterized by the Cﬁy  parameter, the dominant terms from the
asymptotic expression of (42) and the exact outage probabil-
ity from (21). Next, the percentage deviation of the dominant
term value from the exact outage probability is evaluated
and the corresponding values of the outage diversity orders
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FIGURE 5. Outage probability versus Nakagami parameter mgp; 2gg = 10dB.

are presented for the various conditions. For these results,
we consider Ry, rso = 5 BPCU, while the rest parameters
are drawn from Table 2, along with Y g, = 60 dB. It is
noticed from Corollary 3, that the outage diversity order, for
the considered FSO links, interchanges with respect to the
turbulence conditions. Specifically, under weak and mod-
erate atmospheric turbulence, the O, is determined by the
parameter of the beam wander-induced jitter B, x. On the
other hand, for strong and very strong turbulence conditions,
the Oy is specified by the large-scale turbulence parameter
ar of the GG distribution. The derived results verify the
theory, which dictates that under weak turbulence condi-
tions the beam wander can be quite evident, whereas in
strong turbulence conditions beam wander is less severe
and the beam is divided into a multitude of smaller spots.
Therefore, we can deduce that from weak to moderate tur-
bulence conditions, the beam wander effect must be taken
seriously into consideration, with proper beam parameter
selection when high throughput systems are designed, i.e.,
in the high Y pgp ; regime. In strong turbulence conditions,
refractive and diffractive phenomena contribute essentially
to the turbulence-induced scintillations. As a consequence,
proper link design must be carried out, taking into account
the link distance and the beam parameters in order to over-
come the atmospherically-induced effects and achieve high
performance FSO links. It is worth pointing out that the
Oy can be determined also by the & parameter of pointing
errors, particularly when sway of the FSO terminals becomes
prominent, a case investigated in Figure 7.

In Figure 5, the outage probability performance is depicted
as a function of the Nakagami fading parameter mggr. For
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the illustrated results, we assume strong turbulence condi-
tions for the FSO links, with two values for Y pgq 4. For
the FD RF relaying subsystem we assume two cases for
the RSI, corresponding to weak and strong influence of the
effect. From the derived plots, we observe the dependence
of the outage performance of the FD relaying hybrid system
on the Ypgp . For the higher Ypgp value, we observe
a performance improvement of three orders of magnitude
for all the illustrated cases. Concerning the RSI impact,
we see again its detrimental impact on the FD relaying
hybrid system. Specifically, when Ypgo; = 20 dB and
Arr = —16 dB, the outage performance of the hybrid system
is on the order of 1072, irrespective of the IQI level. Lastly,
we can clearly notice the impact of the IQI effect on the
hybrid system’s outage performance, when the RSI is weak
and at high values of the Nakagami parameter, i.e., when
multipath fading vanishes.

Figure 6 shows the outage probability versus Cfl, sr- We
consider two cases of operation for the FSO links, character-
ized by the Y pgp x- For the FD RF relaying subsystem, we
consider strong multipath fading and IQI. We observe that
in the weak turbulence regime, the outage performance, for
the case of Y ggp x = 20 dB, lies in acceptable levels. When
Cr2:,SR > 6 X 107 m=2/3 (i.e., from moderate to strong tur-
bulence), the outage probability exceeds the limit of 10~3 for
both cases of strong and weak RSI. On the contrary, when
Yrso.x = 30 dB, the outage performance remains at accept-
able levels from weak to very strong turbulence conditions
even when Agrg = —10 dB.

Eventually, Figure 7 depicts the outage probability versus
the oy x parameter of the pointing errors. For the FSO links,
we consider fixed Y pgp = 30 dB and two cases for the
beam radius and the turbulence strength as well. For the FD
RF relaying subsystem we assume two cases for the RF prop-
agation environment, with strong and weak multipath fading,
along with IQI influence. As it is shown, the beam size plays
a major role in the overall performance of the hybrid system.
At a first glance, we observe an unexpected phenomenon,
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where for the case of moderate turbulence conditions and
narrow beam size we obtain the worst case performance,
compared to the corresponding ones with strong turbulence,
especially when o, > 2 cm. This is mainly attributed to
optical turbulence; the beam spreading due to turbulence acts
in a beneficial way, compensating for the beam displacements
due to pointing errors. On the other hand, in the moderate
regime, the beam spreading is smaller and thus the irradiance
fluctuations become immense as the spatial jitter increases,
having a significant effect on the outage performance of
the hybrid system. Concerning the RF wireless environment,
we can see the performance improvement between the two
considered cases, under both weak and strong atmospheric
turbulence conditions. In general, under moderate turbulence,
Pout 1o achieves values below the limit of 10~3 across the
range of o, < 3.5 cm, whereas for the strong turbulence
case, a spatial jitter of oy < 8 cm is tolerable.

V. CONCLUSION

In this work, we investigate an FD DF relaying communica-
tion system with parallel hybrid FSO/RF links. The FD RF
relaying subsystem is impaired by the RSI and the IQI effect
at the front-ends of each node and the FSO subsystem oper-
ates under the joint influence of GG atmospheric turbulence,
beam wander and pointing errors. Under these assumptions,
the outage performance of the dual-hop FD DF hybrid
FSO/RF system is analyzed. Novel, tractable closed-form
expressions for the outage probability are derived along with
their asymptotic approximations in the high SNR regime. The
asymptotic approximation results unveiled the vital character-
istics of operation of the hybrid communication system, and
significant insight into the design of FD DF relaying systems
with parallel hybrid FSO/RF links is provided. Specifically,
we showed that for weak turbulence conditions, the beam
wander affects the FSO link performance and proper selec-
tion of beam parameters can counterbalance its impact on the
FD relaying hybrid system. On the contrary, we observe that
in strong turbulence conditions the beam parameter selection
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does not play a significant role and the performance of the
hybrid system is degraded essentially under such conditions.
Moreover, for the FD RF relaying subsystem we demonstrate
that its outage probability performance reaches an outage
floor, which is strongly dependent on the RSI, the Nakagami
parameters and the 1Q mismatch. We conclude that major
performance limitations are primarily caused by the atmo-
spheric turbulence, Nakagami-m fading, and RSI. The impact
of the IQI becomes evident in scenarios of weak RSI and
finally, the pointing errors influence the performance when
the spatial jitter increases substantially.

APPENDIX A

PROOF OF THEOREM 1

Firstly, we introduce some approximations for (6) of yrr sr.
Knowing that the inequality || + |B]? > 2R(«f*) holds,
ie., lo+ B>~ |a|* + |B]%, we obtain

d u 2 d U * 2 2
Si o~ |Ki Kt ghse| + |KS (RS shse)”| ~ Ailhsel.
2 2
I ~ K?,RKIS,ShSR) +‘K5,R(K?,shSR)* ~ B lhskl*,
and
d u 2 d U * 2
L = K],RKI,RhRR‘ +‘K2,R(K2,RhRR) ’

2 2
+ ‘Kf,RKg,RhRR‘ + ‘Kg,R(KIIA,RhRR)*‘ ~ Balhgr|*,

where the parameters A, By and B; are shown in Table 1.

Consequently, we evaluate the conditional probability
P{yrr sr < vanllhsr|?), given that |hsg|? is known. Since
hgr ~ CN(0,0pg), |hgrel* is exponentially distributed
with mean value Agg, i.e., fIhRRIZ(x) ARR exp(——) for
x > 0, the P{yrr.sr < yth||h5R|2} is obtained by replac—
ing the ygrsg from (6), as depicted in (26), shown at
the bottom of the page. Similarly, due to the fact that
\hsg| ~ Nakagami(mSR, QsR), |hSR|2 is gamma distributed
as fipg2 () = lﬂ(mSR)(mSR )"sk xR exp(— ms’”) for x > 0.
Thus, the outage probablIRty of the S—RRF hnﬁ is calculated
by using the integral formulae of (27) shown at the bottom
of the page, concluding to the corresponding closed-form
expression.

APPENDIX B
PROOF OF COROLLARY 1

For the asymptotic approximation of (17), when !

o2 > 00,
we use the equality y(m,z) = m~1Z"®(m, 1 + m; —2)
[29, Eq. (6.5.12)]. By knowing that ®(-,-;z) — 1 when

z — 0, (17) is approximated as

mggr

lim Py pr g — 1 L [ msprymrF

t,RF, = — | =
P—é—>oo o ['(msg) msg QSR(Pt/O'nz)
! —MSR

QSR<ﬁ - Bl)
+ 11+ (" (mgR)
MsRARRB?

Ay
vinB2
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B,

|hSR|2} =P (

]P){VRF,SR = Vih

>|hSR|2 —~

2 2
d d
Ba(P1/077)

! A _ B 2 ‘K?~R‘2+‘K5»R‘2 2 2
_ ) &XP| — ik (m - 3—2)|hSR| T TmEeD) || lhsr|= > J/zh/(Pt/Un) (26)
L, \hsg)? < vin/(Pi/o?)
2 2
d d
Bl ‘KI’R‘ + ‘KZ’R) f ( )d
= - — |x— x)dx
Pout RF.SR = VthBZ B By(Pjo?) |hsrl?
Vth/ 2
_ 1 (,?SR)mstmSR_l exp<— Tszex)dx
C(msr) \ Qgr Qsr
o P 2
) Bt ARR \\vmB2 B> B (Pl/ar%) JF (mSR) QSR QSR
" ox
d 2 d 2 —msgr
_ | (s MSRYih +oxp ‘KLR‘ + ‘KZR‘ QSR<ﬂ — Bl)
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and we obtain (18).

APPENDIX C
PROOF OF THEOREM 2
By using (8), the outage probability of the R — D RF link,

i.e., Pour,rF.rRD = P{yrF.RD < Y} 1S expressed as
d d
IK{ pI* + K3 I

(D112 +[020> 2 2
PUEEERE — (101212 + [92112)

Pout,rRF.RD = > Yid,RD

(29)

We require the CDF of y;y gp to calculate the Py gr RD-
Knowing that y,sgp is a function of |hgp|?, the CDF of
Vid.rp 1S obtained as [42]

_mx
Y (mRD, o (Pr/o?) )

@ = (30)
Yid,RD F(mRD)
So, the outage probability of the R — D RF link is
» . K 12+ |KY 2
out,RF.RD = I'yy pp 2 2

: [F11l5 P20l 2 2

” (19121 + [921?)
(31

By replacing the argument of (31) into (30), we obtain the
closed-form expression of P, rr rp as presented in (19).

APPENDIX D

PROOF OF THEOREM 3

In [43], the Mellin Transform (MT) is utilized to study the
distribution of products of independent random variables.
So, for the case of the channel state of FSO links, which
is a product of three independent random variables, [y =
It kIp i1y k., we apply the following multiplicative property

M(fy @) s) = M(fi,, A1) M(fr,  Up.i) | )
x M(fi,, Ip.0)15)
where M(fe(x)]s) = [¢° fe()x*'dx, x > 0 denotes the MT

of the function f,(x) and s is a complex number. The MT
of the GG distribution is derived as

r - nr by — 1
M{f,U0)]s) = (s+ar— DI'(s+ sk_1 )
P aor (o (42)

11k

(32)

(33)

The MT for the distribution of the pointing errors, given
in (14), is calculated as

§ s+ -1
A(‘);j I(s+&7)

M(fi, Up0)s) = . (34)
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while from (15), the MT for the PDF of the beam wander
effect, which is a beta distribution, is [43]

(s + Bwk — 1)
F(S + ﬁw,k)
By the use of the multiplicative property of (32), we obtain

Buibi T(s+ar—1)
T(a)T(br) T(s+E2)

T(s+br— DI (s+ &2 — 1)
X

T (s + Buwk)
An ol s—1
X T(s+ Bk — 1)<M) . (36)
arby

Taking the inverse MT of M(fi (I)ls) as fr, () =

L petyee M(fy, () 1)1 *ds, we obtain the PDF of the total

2nj Je—joo '
channel coefficient I as

Bu.kEF axb he
Aokl kT (a) T (by) 27j
/C+f°° I(s+ar— DIO(s+b; — 1)
X
C

M(fi,  Up.0)15) = Buwk (35)

Mol s) =

Ji ) =

—joo I(s+&2)
Pl & -0 (s+ Bui—1) (Ao,kll,k>s
T(s+ Buk) arbily '
(37

where using [44, Eq. (6.422.19)], we derive
Bu k&L arby
Ao,id1 kI (ap)T (br)
04 Aokdik |2 =822 — i 2 —ar. 2 — bx
Gy, 2 .
N\ arbily L= Bwk, 1 =&

flk (Ik) =

(38)
Accordingly, by applying [44, Eq. (9.31.2)], we obtain

BukEL arbi

1y = Peadiabe
S i) Ao x4 T (a)T (by)

‘21’2( akbklk 5 ﬁw,ks g:kZ ] (39)
TNAoklii | & — 1, Bk — Lag — 1, b — 1
The corresponding CDF is derived as [45, Eq. (26)]
Bu i}
Fry) = =%
'(a)T (br)
a1 @b | 1, By + 1,62+ 1
sl ——| .2 . (40)
“N\Aoxlik| &cs Bwks ar, bk, 0

Combining (10) and (11), we can express the instanta-
Neous Yrso.k as VFSO.k = G}éﬁ%[’%' The CDF of yrsox is
derived following a simple random variable transformation,

concluding to

lgw,kész

F(@)T (B
l,ﬁw,k+1,s§+1). @)

4.1 (arbiE{li} x
xGy's = 2 be 0
Aok \ VEsox |k Pwks aks bk,

Thus, the outage probability of the FSO links can be
calculated as presented in Theorem 3.

Fpso, () =
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BukT (ax — )T (bx — Ekz)zsf

é:kzl—‘(ak - ﬂw,k)r(bk — ﬁw,k)ZﬂW*k

lim F x) =
Frsox—oo |0k (Buk — §)T @ (b) (& — BT @O (b)
Ji Iz
BuaiT (b — ar)z™ BuaiT (ax — b @)
(Buwk — ak) (&7 — ar)TOOT A +ar) (B — bi) (&7 — bi) T (@) (1 + by)
I3 Ja
APPENDIX E [13] H. Willebrand and B. Ghuman, Free Space Optics: Enabling
PROOF OF COROLLARY 3 Connectivity in Today’s Networks. Indianapolis, IN, USA: SAMS
. . . . Publ., 2001.

In order to derive an asymptotic approximation of (21), [14] L. C. Andrews and R. L. Phillips, Laser Beam Propagation Through

we utilize the expansion formula for the Meijer’s G- Random Media. Bellingham, WA, USA: SPIE, 2005.

function in terms of the generalized hypergeometric function [15] A. A. Farid iimld i Hr'aEiIOV_ic,_ “Outage CaIJ)aCLityhOPtiI;liZZtioln forlfrgg-

. . space optical links with pointing errors,” J. Lightw. Technol., vol. 25,
qI;pI(Ea?; bp; z) as given in [44, Eq. (9.303)], where z = n% 7, pI;. 1702-1710, Jfl. 200;5. &

@bl [_X_ On condition that ¥ pgp 4 — 00, ..,z —> 0, [16] I. Recolons, L. C. Andrews, and R. L. Phillips, “Analysis of beam

Okt VFSO.k . T . wander effects for a horizontal-path propagating Gaussian-beam

then l]FP (aq; bp; Z) — land (21) 18 apprommated as deplCted wave: Focused beam case,” Opt. Eng., vol. 46, no. 8, Aug. 2007,

in (42), where asymptotically the outage probability behaves Art. no. 086002.

as Pout FSox ~ (007[«"50 k)_Od’ with Oc and Od denoting [17] K. P. Pe.:ppas, A. N Stassinakis, H'. E. Nistazakis, and G. S. Tombras,

Lo . ’ . . “Capacity analysis of dual amplify-and-forward relayed free-space
the coding gain and the outage diversity order, respec- optical communication systems over turbulence channels with point-

tively [5]. Thus, we observe that the outage diversity order ing errors,” IEEE/OSA J. Opt. Commun. Netw., vol. 5, no. 9,

varies between four parameters which are “7", %, % and pp. 1032-1042, Sep. 2013. .

2 [18] H. E. Nistazakis, M. P. Ninos, A. D. Tsigopoulos, D. A. Zervos, and

%k’ concluding to Corollary 3. G. S. Tombras, “Performance study of terrestrial multi-hop OFDM

FSO communication systems with pointing errors over turbulence
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