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Abstract—In this paper, we carry out a performance analysis
of a full-duplex (FD) relaying system consisting of parallel hybrid
radio frequency (RF)/free-space optical (FSO) communication
links. The RF links are hampered by the residual self-interference
(RSI), due to the FD relaying operation, along with the in-phase
and quadrature-phase imbalance (IQI) effect, due to imperfections
at the RF nodes’ front-ends. The parallel FSO links, of the
dual-hop configuration, are influenced by the joint effects of
atmospheric turbulence and pointing errors. The performance
of the dual-hop FD system with parallel hybrid RF/FSO links,
operating under a hard-switching scheme, is evaluated in terms
of the outage probability. Analytical closed-form expressions are
derived for both RF and FSO subsystems as well as for the overall
dual-hop hybrid system. The presented numerical results show
the significant performance gains obtained by the exploitation of
parallel RF/FSO links in an FD relaying channel under various
operating conditions. Finally, the derived analytical results are
verified by Monte Carlo simulations.

Index Terms—Hybrid RF/FSO systems, full-duplex relaying,
dual-hop, self-interference, IQ imbalance, atmospheric turbulence,
pointing errors, outage probability.

I. INTRODUCTION

As the transmission characteristics of radio frequency (RF)
and free-space optical (FSO) communication systems are com-
plementary to each other [1], hybrid RF/FSO systems have been
proven very attractive for the implementation of high perfor-
mance and high availability wireless links [2]. For instance,
FSO systems are significantly influenced by fog which causes
optical power loss greater than 10 dB/km, whereas an RF link
in the microwave band can remain intact [2]. On the other
hand, millimeter-wave RF links can be strongly affected by
rain, which has a weaker impact on FSO communications. Also,
FSO systems are extremely prone to atmospheric turbulence
and pointing errors [3], [4], while RF communication systems
are subjected to multipath fading [5]. Thus, the combina-
tion of a parallel hybrid RF/FSO topology can circumvent
all the aforementioned performance barriers, providing high
throughput performance, enabled by the FSO technology, while
maintaining connectivity in almost every weather condition due
to the RF links.

One promising technique for the RF systems is the full-
duplex (FD) operation. In-band FD RF systems transmit and
receive in the same frequency band simultaneously, thereby
offering an exceptional way of using optimally the time and
frequency resources [6]. However, FD systems suffer from

the inevitable self-interference (SI) due to signal leakage from
the transmit to the receive port. Although advanced analog
and digital SI cancellation techniques have been developed,
residual self-interference (RSI) signal power can still hamper
the performance of such systems [7].

In addition, relaying architectures, either with a decode-and-
forward (DF) or an amplify-and-forward protocol, are able to
preserve high transmission rates while extending the wireless
range of the communications systems [5], [8]. A very useful
extension of FD operation is its incorporation into relaying
architectures [5]. Major performance benefits emerge by the
exploitation of FD relaying systems, taking into consideration
that conventional RF relay architectures operate in half-duplex
(HD) mode, i.e. transmit and receive at different spectral bands
or different time slots (orthogonal channels) [9]. In this way,
FD relaying offers very high spectral efficiency, where the
relay node transmits and receives at the same frequency band
simultaneously, at the expense of potential performance dete-
rioration due to RSI [5], [9]. Furthermore, RF systems suffer
from hardware imperfections. Specifically, amplitude and phase
mismatches between the in-phase (I) and quadrature-phase (Q)
paths can arise due to imperfect local oscillators (LO). As a
result, an imbalanced baseband signal can be corrupted by its
image, thus leading to interference and signal-to-noise ratio
(SNR) deterioration, an effect known as IQ imbalance (IQI)
[10], [11].

In this context, few works exist in the literature, investigating
the parallel hybrid RF/FSO relay channel. In [12], optimal
relay selection policies are investigated for the parallel hybrid
RF/FSO channel. In [13], a switching-based cooperative DF
relaying network with hybrid FSO/RF links and maximal ratio
combining at the destination is investigated. Also, a hybrid
FSO/RF millimeter waves with serial DF relaying is presented
in [14]. Considering the fact that all the aforementioned works
take into account HD relaying operation for the RF links,
our motivation focuses on the investigation of an FD relaying
operation for the RF links, due to their previously mentioned
advantageous features. More specifically, we investigate a dual-
hop FD DF relaying network, where each hop is composed
of parallel hybrid RF/FSO links. The proposed dual-hop FD
system operates under the hard-switching scheme [1]. The RF
subsystem is influenced by the RSI due to the FD relaying
scheme, the IQI effect at the RF front-ends and the Rayleigh



Fig. 1. Block diagram of the considered dual-hop FD DF relay channel with parallel hybrid RF/FSO links under hard-switching operation.

multipath fading. For the FSO links, we take into account beam
propagation impairments by the joint effects of atmospheric
turbulence and pointing errors. The numerical results present re-
alistic conditions of operation for such FD DF relaying systems
with hybrid RF/FSO links and unveil the critical performance
characteristics considering the RSI, IQI and Rayleigh fading
for the RF subsystem and atmospheric turbulence with pointing
errors for the FSO subsystem.

The remainder of this paper is organized as follows. Section
II describes the RF and FSO subsystems, where all the effects
that influence their performance are considered. Section III
presents the closed-form expressions for the outage probability
of the individual RF and FSO subsystems as well as of the
dual-hop FD hybrid system. Numerical results are presented in
Section IV, followed by our conclusions in Section V.

II. SYSTEM MODEL

The proposed dual-hop FD communication system consists
of a source S, an FD DF relay R, and a destination D.
The source S transmits the information symbols by using the
RF or the FSO subsystems according to the hard-switching
scheme. The hard-switching scheme is based upon the selec-
tion combining (SC) criterion [1], [15]. The activation of a
subsystem is implemented with the selection of the highest
SNR among them, while the other remains idle. At the relay R,
the decoded information is forwarded for transmission towards
D, by using again a hard-switching scheme. To sum up, at a
specific time slot, the subsystems, between the S−R and R−D
links, with the highest SNRs are selected for data transmission.
Consequently, we present the RF and FSO subsystems.

A. RF Subsystem

For the RF links, of the dual-hop FD system, 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
IQ mismatches are almost inevitable in the majority of the RF
front-ends and hence, the IQI baseband signal is

x
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conversion processes and X ∈ (R,D). Moreover, εu/dX , φu/dX

denote the amplitude and the phase mismatches at the LO
signals of the TX/RX of each node. The severity of the IQ
mismatches is quantified by the image rejection ratio (IRR)
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, whose values, for typical front-
end integrated circuits, ranges from 20 to 40 dB [10], [11].

The source S, provided that the RF link is active, transmits a
symbol xS(t) with an average transmitted power E[|xS(t)|2] =
Pt which propagates through the Rayleigh block fading chan-
nel. At S, we assume that the effect of IQI is handled properly
with I/Q pre-compensation schemes [16]. At the relay R, con-
sidering front-end imperfections with IQI, the received signal
is expressed as
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u
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where xuR,IQI(t) is the IQI-impaired transmitted signal from
R with an average transmitted power E[|xR(t)|2] = Pt and
nR(t) ∼ CN (0, σ2

n) is the AWGN. The channel coefficients hw
are circularly symmetric complex Gaussian random variables
with zero mean and variance σ2

w, i.e hw ∼ CN (0, σ2
w), w ∈

(SR,RR,RD). In order to simplify the notations, we define
λw

∆
= 2σ2

w. The received signal at D, considering IQI at the
relay TX and the destination RX, is
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with nD(t) ∼ CN (0, σ2
n). It is important to note that the direct

link between S and D is strongly attenuated and communica-
tion between them is established only with the aid of the FD
relaying scheme [5].

By using (2) and (3), we now proceed with the evaluation of
the signal-to-interference-plus-noise ratio (SINR) for the S−R
and R − D RF links, i.e. γSR and γRD, respectively. Hence,
for the S − R RF link, by taking account of the RSI and IQI
impairments, the γSR is formulated as
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In case of perfect matching between the IQ branches, the
IQI effect becomes negligible, i.e. Ku/d

1,R = 1 and K
u/d
2,R = 0.

Hence, we obtain I = |hRR|2 and (4) reduces to γRF,SR =

Pt |hSR|2 /
(
Pt |hRR|2 + σ2

n

)
.

With regards to the R − D RF link, the transmitted IQI-
impaired symbol from R reaches D. The demodulation stage
at the RX of D is also influenced by the IQI effect. Hence, for
the case of TX/RX IQI-impaired nodes [11], the SINR of the
R−D RF link is obtained as

γRF,RD ≈
|ϑ11|2 + |ϑ22|2

|ϑ12|2 + |ϑ21|2 +
(
|Kd

1,D|2 + |Kd
2,D|2

)
1

γid,RD

,

(5)
where ϑ11=Kd

1,DK
u
1,R, ϑ12=Kd

1,DK
u
2,R, ϑ21=Kd

2,D(Ku
1,R)∗,

ϑ22=Kd
2,D(Ku

2,R)∗, and γid,RD = Pt|hRD|2/σ2
n denoting the

ideal SNR in the absence of IQI. When the IQI is negligible,
we obtain ϑ11 = 1, ϑ12 = 0, ϑ21 = 0 and ϑ22 = 0 and finally
(5) simplifies to γRF,RD = γid,RD.

B. FSO Subsystem

The FSO links of the hybrid system operate with intensity
modulation and direct detection (IM/DD) mode [4]. In case
that the FSO link is selected at S for transmission towards
R, the optical signal is emitted by S and propagates through
the atmospheric channel. The received optical signal at R is
distorted by the joint effects of atmospheric turbulence and
pointing errors [3], [4]. Note that the S − R and R −D FSO
links are identical, since no interference occurs at R and no
interference takes place between the S−R and R−D received
optical beams. Therefore, the received optical signal at the input
of the photodetector (PD) at R or D is [17]

yX,FSO(t) = Iks(t) + nopt,X(t), (6)

where s(t) is the transmitted optical signal from S or R with
average power E[|s(t)|2] = P0, Ik, k ∈ (SR,RD) is the total
real-valued instantaneous channel coefficient of each link, and
nopt corresponds to the AWGN of the optical link nopt,X ∼
N (0, σ2

n,opt,X). The total channel coefficient Ik is equal to Ik =
Il,kIt,kIp,k, where Il,k represents the deterministic attenuation
of the optical signal due to path and power loss, while It,k
and Ip,k denote the random variables (RVs) due to atmospheric
turbulence and pointing errors, respectively. For simplification,
we set Il,k = 1 and as a result, Ik becomes Ik = It,kIp,k.

The average electrical SNR at the output of the PD of each
individual k-th FSO link is [4]

γ̄FSO,k =
(ρkP0E[Ik])

2

σ2
n,opt,X

, (7)

with ρk being the PD responsivity. As It,k and Ip,k are
independent, we obtain E[Ik] = E[It,k]E[Ip,k].

For the atmospheric turbulence effect, the Gamma-Gamma
(GG) distribution model is considered in this work, which
accurately describes the irradiance fluctuations from weak up
to strong turbulence conditions [3]. Along with the turbulence

effect, we also consider misalignment fading due to pointing
errors. The joint probability distribution function, including
both of these effects, is [17]

fIk (Ik) =
akbkξ

2
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×G3,0
1,3
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akbkIk
A0,k
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k

ξ2
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)
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where Γ(.) denotes the gamma function and Gm,np,q

(
z| ap

bq

)
is the Meijer’s G-function [18, Eq. (9.301)]. The parameters
ak, bk correspond to the GG distribution parameters and
describe large and small scale turbulence effects, respectively.
Their values are given in [17, Eqs. (8)-(9)] for spherical wave
propagation, and are connected to the Rytov variance σ2

R,k and
the diameter Dk of each RX aperture. The Rytov variance
is linked to the link distance Lk of the k-th link, and the
refractive index structure parameter C2

n. The C2
n parameter

takes values in the range between 10−17 − 10−13m−2/3 for
weak up to strong turbulence conditions. Moreover, ξk and
A0,k are the pointing errors parameters [17], connected with the
beam radius on the receiver plane Wz,k and the pointing error
displacement σs,k. The beam radius on the RX plane at distance

Lk is calculated as Wz,k = Wk

√
1 + 1.63σ

12/5
R,k Λk where

Wk = W0

√
Θ2
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F0
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κW0
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Θ2
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0,k
with κ = 2π

λ the optical wavenumber. The
parameter W0 corresponds to the beam radius at each TX of
the FSO links and F0 is the phase front radius of curvature [3].
Finally, we have E [It,k] = 1 and E[Ip,k] = A0,kξ

2
k

(
1 + ξ2

k

)−1

[4, Eqs. (14), (23)].

III. OUTAGE PROBABILITY ANALYSIS

In this section, we derive the analytical expressions of outage
probability for the individual RF and FSO subsystems and for
the dual-hop FD DF relay system composed of parallel hybrid
RF/FSO links.

Firstly, we focus on the case of the RF subsystem. When the
RF link is active for the S − R link, outage occurs if γRF,SR
falls below a predefined threshold γth,RF = 2Rth,RF − 1 with
Rth,RF being the achievable threshold rate for the RF links
in bits per channel use (BPCU). Towards this direction, we
provide the following theorem.

Theorem 1. By considering the IQI at the front-end of R, the
outage probability for the S −R RF link is given by
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Proof. See Appendix V-A.

Next we consider the case of the R −D RF link, which is
given by the following theorem.
Theorem 2. The outage probability for the R−D RF link is

Pout,RF,RD

= 1− exp

 −
(
|Kd

1,D|2 + |Kd
2,D|2

)
λRDPt
σ2
n

(
|ϑ11|2+|ϑ22|2

γth,RF
− (|ϑ12|2 + |ϑ21|2)

)
 .

(10)

Proof. See Appendix V-B.

Subsequently, we concentrate on the FSO subsystem. The
k-th FSO links are identical, since no interference occurs at
the relay node or from any other ambient source. Thus, the
outage probability of the S −R and R−D FSO links can be
evaluated with the cumulative distribution function (CDF) of
the instantaneous γFSO,k. The CDF of γFSO,k, for the case of
GG with pointing errors, is given by [8, Eq. (30)], and thus the
outage probability for the k-th link is

Pout,FSO,k = P (γFSO,k ≤ γth,FSO) = FγFSO,k (γth,FSO)

=
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with k ∈ (SR,RD) and γth,FSO = 2Rth,FSO − 1.
Finally, we calculate the overall outage probability for the

dual-hop FD hybrid system. In this case, it is [16]

Pout,tot = Pout,SR + (1− Pout,SR)Pout,RD, (12)

where Pout,SR is the outage probability of the S −R link and
Pout,RD denotes the corresponding outage probability of the
R−D link. Based on the hard-switching operation, the outage
probability of each individual k-th link, is [1]

Pout,k = Pout,RF,kPout,FSO,k. (13)

Therefore, we can deduce that the outage probability of a dual-
hop FD system composed of hybrid parallel RF/FSO links with
hard-switching operation, can be calculated as

Pout,tot =Pout,RF,SRPout,FSO,SR

+ (1− Pout,RF,SRPout,FSO,SR)

× Pout,RF,RDPout,FSO,RD. (14)

IV. NUMERICAL RESULTS

In this section, we illustrate numerical results based on the
derived analytical expressions for the outage probability of the
dual-hop FD system with parallel hybrid RF/FSO links. Unless
otherwise stated, the parameter values used for the RF and
FSO subsystems are as follows; Rth,RF = Rth,FSO = 5

BPCU, Pt/σ2
n = 60 dB, IRRu/dR,D = 41.2, 19 dB, C2

n =

5 × 10−14m−2/3, λ = 1.55 um, W0 = 4 cm, F0 → ∞,

Fig. 2. Outage probability versus λRR, under the influence of IQI.

Dk = 10 cm, σs,k/Dk = 0.1. All the presented results are
verified by Monte Carlo simulations using 106 realizations.

Fig. 2 illustrates the outage probability as a function of the
mean value of the RSI effect, i.e. λRR. Moreover, we take
into account the IQI impact on the RF subsystem, considering
weak and strong IQ mismatches at the RXs and TXs of R
and D nodes. For the Rayleigh fading of the RF wireless
channels, we set λSR and λRD, equal to 25 dB. Under these
conditions for the RF links, we assume two cases of operation
for the FSO links, with γ̄FSO,k = 20 dB and 30 dB under
strong turbulence conditions. From the illustrated plots, we
observe the performance improvement on the outage probability
of the dual-hop hybrid system, compared to the case where
the dual-hop system consists of exclusively FSO or RF links.
As it is shown, an FD RF relaying system achieves outage
probability on the order of 10−3 for the minimum considered
RSI with λRR = −20 dB. For higher values of λRR, the outage
probability reaches unacceptable levels. On the other hand, the
hybrid system overcomes these limitations. When γ̄FSO,k = 20
and 30 dB, the outage probability of the hybrid system reaches
values below 10−3. For the first case, the outage probability is
kept below this limit up to the value of λRR = −15 dB. For
the second case, with γ̄FSO,k = 30 dB, the outage probability
lies between 10−5 to 10−3 across the range −20 to 0 dB for
λRR. Therefore, the detrimental impact of increased RSI can
be counterbalanced with the employment of an FD relaying
hybrid system composed of RF/FSO links under hard-switching
operation. Furthermore, we can observe that for a given γ̄FSO,k,
a lower value of IRRu/dR,D results in a higher outage probability.

Fig. 3 demonstrates the dependence of the outage probability
of the hybrid system on the ratio Pt/σ2

n. For the RF channels,
two different cases are employed, which are modeled by
λSR = λRD = 15 dB and 25 dB, respectively. Various RSI
cases are also taken into account with λRR = −15 and −5
dB for weak and strong influence of the effect. Regarding the
FSO links, we assume strong turbulence conditions with fixed
γ̄FSO,k = 20 dB. We can observe that as the ratio Pt/σ2

n →∞,
the outage probability converges to constant values. Acceptable



Fig. 3. Outage probability versus Pt/σ2
n for different λSR, λRD , under the

influence of atmospheric turbulence RSI and IQI; γ̄FSO,k = 20 dB.

performance, below 10−3, is achieved when λSR = λRD = 25
dB and Pt/σ

2
n > 30 dB. It is worth pointing out the impact

of the IQI effect on the dual-hop hybrid system, especially
when Pt/σ

2
n < 25 dB. Under these conditions, a significant

difference, between the two considered cases of IRR
u/d
R,D,

occurs. Based on the aforementioned, we can infer that higher
availability for the dual-hop FD hybrid RF/FSO system can be
achieved with γ̄FSO,k > 20 dB.

Finally, in Fig. 4, we present outage probability results as
a function of the γ̄FSO,k. For the RF subsystem, we consider
IRR

u/d
R,D = 25.4 dB, λSR = λRD = 10 dB, and λRR = −5 dB.

For the FSO links, we assume moderate and strong atmospheric
turbulence conditions, with C2

n = 2 × 10−14 and 2 × 10−13

m−2/3, respectively. Concerning the misalignment fading, we
take two values into account for the normalized spatial jitter;
σs,k/Dk = 0.1, 0.4 corresponding to weak and strong misalign-
ment fading conditions. From the depicted results, we observe
the impact of the atmospheric turbulence and pointing errors
on the outage probability of the dual-hop FD hybrid system.
For moderate turbulence conditions and weak misalignment, the
outage probability of the FD relaying hybrid system reaches
values below 10−3 when γ̄FSO,k ≥ 28 dB. For strong tur-
bulence conditions, we observe that the outage performance
between the cases of weak and strong misalignment fading does
not differ essentially and γ̄FSO,k ≥ 40 dB is required. However,
for moderate turbulence, with C2

n = 2 × 10−14 m−2/3 and
σs,k/Dk = 0.4, we obtain the worst case performance. This is
mainly attributed to the narrow optical beam, where in the case
of increased optical beam movement results in increased irradi-
ance fluctuations. For the case of strong atmospheric turbulence,
the beam spreading due to turbulence acts in a beneficial way,
compensating for the optical beam displacements.

V. CONCLUSION

In this work, we study a dual-hop FD communication system
composed of parallel hybrid RF/FSO links. We take into
consideration the RSI and the IQI effects for the RF links,
which operate under Rayleigh fading conditions. For the FSO

Fig. 4. Outage probability versus γ̄FSO,k , under moderate and strong influence
of atmospheric turbulence and misalignment fading.

links we assume the influence of the GG atmospheric turbulence
in conjunction with the pointing errors effect. The performance
of the dual-hop hybrid system is evaluated by the closed-
form analytical expressions of outage probability for the dual-
hop FD hybrid RF/FSO link. The presented numerical results
demonstrate the performance enhancement resulted from the
use of parallel hybrid RF/FSO links in a dual-hop FD system.
The availability of the whole communication system increases,
and the various aggravating effects pertaining to RF and FSO
links can be properly overcome.

APPENDIX

A. Proof of Theorem 1

The S − R SINR, γRF,SR, of (4) is a function of the
channel gains |hSR|2 and |hRR|2. Firstly, we introduce some
approximations for (4). By applying the inequality |α|2+|β|2 �
2R(αβ∗), which results in |α+ β|2 ≈ |α|2 + |β|2, we obtain
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|hSR|2 −

(
|Kd

1,R|2+|Kd
2,R|2

)
B
Pt
σ2n

)/
λRR

)
, |hSR|2 > γth/

Pt
σ2
n
,

1, |hSR|2 ≤ γth/ Ptσ2
n
.

(15)

=

∫ γth/
Pt
σ2n

0

1

λSR
exp

(
− x

λSR

)
dx

+

∫ ∞
γth/

Pt
σ2n

exp

(
−

((∣∣Kd
1,R

∣∣2
γthB

−
∣∣Kd

2,R

∣∣2
B

)
x

−

(∣∣Kd
1,R

∣∣2 +
∣∣Kd

2,R

∣∣2)
B Pt
σ2
n

)/
λRR

)
1

λSR
exp

(
− x

λSR

)
dx

= 1−

1− exp

(
(1+γth)|Kd

2,R|2
λRRB

Pt
σ2n

)
(
|Kd

1,R|2
γth

−
∣∣∣Kd

2,R

∣∣∣2) λSR
λRRB

+ 1

exp

(
−γth
λSR

Pt
σ2
n

)
.

(16)

B. Proof of Theorem 2
The outage probability of the R−D RF link, Pout,RF,RD =

P (γRF,RD ≤ γth), using (5), is expressed as

Pout,RF,RD = P

(
|Kd

1,D|2 + |Kd
2,D|2

|ϑ11|2+|ϑ22|2
γth

− (|ϑ12|2 + |ϑ21|2)
≥ γid,RD

)
.

(17)
In order to calculate the Pout,RF,RD, the CDF of γid,RD is
required. Knowing that γid,RD is a function of |hRD|2, its

corresponding CDF is Fγid,RD (x) = 1 − exp

(
− x

λRD
Pt
σ2n

)
.

Hence, the outage probability for the R−D RF link is

Pout,RF,RD = Fγid,RD

(
|Kd

1,D|2 + |Kd
2,D|2

|ϑ11|2+|ϑ22|2
γth

− (|ϑ12|2 + |ϑ21|2)

)

= 1− exp

 −
(
|Kd

1,D|2 + |Kd
2,D|2

)
λRDPt
σ2
n

(
|ϑ11|2+|ϑ22|2

γth
− (|ϑ12|2 + |ϑ21|2)

)
 .

(18)
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