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Abstract—In this paper, the end-to-end performance of a mixed
radio frequency (RF)/free space optical (FSO) affected by co-
channel interference (CCI), is studied. We consider that the RF
link experiences η − µ fading and the FSO link is subjected to
atmospheric turbulence, which is modeled by the α − µ distribu-
tion. Also, the statistics of the FSO link is presented for the case
of zero and non-zero boresight pointing errors. Furthermore, we
assume intensity modulation with direct detection (IM/DD) and
coherent demodulation. In particular, we present a closed-form
expression for the probability density function of the FSO link,
which is then used to obtain a closed-form and an asymptotic
expression for the outage probability. In order to quantify the
system performance, we utilize this asymptotic result to yield
the system’s coding gain and diversity order. Moreover, we have
presented analytical expressions for the average bit error rate
(BER) and ergodic capacity for the system design. In order to gain
more insights, high signal-to-noise ratio (SNR) approximations
expressions for the BER and ergodic capacity, are also derived.
Finally, the analytical results presented in the paper are validated
through computer simulations.

Index Terms—Free-space optical (FSO) communication, α-
µ distribution, non-zero boresight pointing error, co-channel
interference, Fox’s H-functions.

I. INTRODUCTION

IN the last years, free space optical (FSO) communications is
gaining high popularity as an efficient alternative technology

to the scarcity of the available radio frequency (RF) spectrum.
FSO systems keep the cost of installation low and can support
more users with less power, due to the huge license-free
bandwidth available in the optical spectrum [1]. Because
of these favorable characteristics, FSO systems have been
proposed for backbone and last-mile networks [1]. However,
FSO faces a major challenge from the atmospheric turbulence
(also known as scintillation) resulting from the change in the
refractive index of the medium [2]. This phenomenon causes
rapid fluctuations in the phase and intensity of the optical
signal. In addition to the atmospheric turbulence, another
impairment is the pointing error, which also degrades the
system’s quality-of-service (QoS). This is due to the building
sway from dynamic wind loads and/or weak earthquakes, that
leads to a misalignment between the transmitter beam and the
receiver aperture [1].
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A. Literature

In order to overcome the detrimental effects mentioned
above, relaying has been proposed for the FSO networks
[3]–[8], where the signal from the source is relayed through
several intermediate terminals to the destination node. Thus, it
provides robustness to fading conditions, without increasing the
physical size of the user terminals. Moreover, mixed RF/FSO
relaying system, where both hops experience different channel
conditions in terms of fading, has the capability to multiplex
multiple RF users on the high bandwidth FSO channel, resulting
in increased system capacity. In [3], the effect of turbulence on
the outage performance of mixed RF/FSO amplify-and-forward
(AF) relaying systems using subcarrier intensity modulation
(SIM), was presented. It is worth mentioning that in AF
relaying, the relay node simply amplifies the received signal
and retransmits it towards the destination node, whereas the
relay node in decode-and-forward (DF) relaying decodes, re-
modulates and retransmits the information symbol to the
destination. So, the processing overhead is significantly higher
in case of DF relaying technique, which increases the overall
cost of communication system. The authors in [4] have extended
the work in [3] and analyze the performance in the presence
of pointing errors in the FSO link. Furthermore, in [4], the
RF hop was considered to undergo flat fading, modeled with
Rayleigh distribution, while the high bandwidth FSO link was
assumed to experience Gamma-Gamma atmospheric turbulence.
In [5], the RF fading has been modeled with the Nakagami-
m distribution, which is considered as more appropriate for
wireless propagation environments, whereas the turbulence on
the FSO link by the Gamma-Gamma distribution.

To further improve the mixed RF/FSO system performance,
outdated channel state information (CSI) available at the relay
node has been considered in [6] and analytical expressions
are derived for the outage probability (OP). Additionally, the
authors in [6] optimized the beam waist in order to minimize
the effect of pointing error. The effect of eavesdropping on the
mixed RF/FSO AF relaying has been presented in [7], where
the authors have proposed a jamming model to accommodate
secure transmission. Recently, the performance of fixed gain AF
relaying in the presence of pointing error has been addressed
in [8], by using the generalized M-distribution to model the
turbulence. This distribution include Gamma-Gamma and K-
distribution as special cases.

Although the effect of turbulence and pointing error on
the performance of FSO systems have been extensively
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investigated in the open literature, an analysis on the effect of
interference has been inadequately treated. However, the impact
of interference is significant since FSO transmissions need to co-
exist with different types of communication systems. Scanning
the open literature, the impact of co-channel interference (CCI)
on mixed RF/FSO relay networks was investigated in [9]–[13].
Specifically, the authors in [9] presented an outage and error
rate analysis for mixed RF/FSO AF relaying systems, in the
presence of CCI. An analysis of mixed RF/FSO systems with
CCI, has been also presented in [10], where the RF user has
been assumed to undergo Nakagami-m fading, whereas the
irradiance fluctuation on the FSO link follows Gamma-Gamma
distribution. Moreover, the authors of [11] have analyzed
the ergodic capacity for a multi-aperture-FSO/multi-user-RF
relay network. Additionally, the evaluation of mixed RF/FSO
systems with relay selection, has been performed by Balti
et al in [12], by including the effect of interference at the
relay node. The same authors have analyzed the OP, bit
error rate (BER) and ergodic capacity for the considered
system. Recently, the authors of [13] have analyzed the
performance of mixed RF/FSO relaying network in presence
of co-channel interference at relay and destination nodes over
α-µ atmospheric turbulence channels.

B. Motivation

Most of the research works [3]–[8] have assumed
interference-free transmission for mixed RF/FSO relaying
systems. However, it is important to note that mixed RF/FSO
systems are vulnerable to interference, due to the involvement
of the RF counterparts. Thus, the authors of [9]–[13] considered
the effect of interference in mixed RF/FSO systems and
model the RF link using Rayleigh or Nakagami-m model.
However, these distributions lack the adaptability to deal with
diverse signal propagation mechanisms and the effect of small-
scale fading and shadowing has to be considered in order to
accurately describe the system performance. This requires to
model the RF channels with more generalized distributions
as the η − µ fading model, proposed in [14], which includes
Rayleigh, Nakagami-m, and Hoyt as special cases.

The effect of irradiance fluctuation on the FSO link has been
addressed in most of aforementioned works, which assumed
Gamma-Gamma fading. In general, most of the fading models
presented in the open literature are based on the assumption of
homogeneous diffused scattering, and thus, the non-linearity of
the wireless channel is not considered [15]. In this model, the α
parameter represents the non-linearity of the wireless medium,
while the µ parameter refers to the number of multipath clusters
[15]. Moreover, the validity of model has been verified against
experimental data in [16]. As shown in [15], for different
combinations of the model parameters, the α − µ includes
various distributions. It is important to note that the α − µ
model has been adopted to model turbulence on the FSO link
in research works [13], [17]–[19] due to its generic nature.

In general, the pointing error consists of two components:
boresight and jitter. The boresight component is the fixed
displacement between beam center and center of the detector
[20]. Previous research works in [3]–[13], [17]–[19] have

analyzed the system performance by neglecting the non-zero
boresight component of pointing error. Notably, in terrestrial
FSO systems, the transceivers are generally placed at the top
of high rise buildings to obtain line-of-sight. Due to thermal
expansion of such high rise building, the boresight error is
considerable and can not be neglected [20].

The works [9]–[13] have considered interference, but the
analysis is different from that presented in this paper. Specif-
ically, the authors of [9] have assumed the presence of a
direct link between source and destination nodes and applied
selection combining to evaluate the instantaneous signal-to-
interference plus noise (SINR). Ehsan et al. in [9] have derived
the expressions of OP and BER for the dual-hop AF relaying
system, but have not included the results for capacity offered by
the overall system. Further to this, the authors have neglected
the boresight component of pointing errors in the analysis.
Additionally, the authors of [10] have presented a closed form
expression for the OP of the dual hop AF semi-blind relay
networks in the presence of interference, neglecting the non-
zero boresight errors. The analysis in [10] is focused on the OP
analysis and no results were given for the error rate, capacity,
coding gain and diversity order. Moreover, the authors of [11]
analyze the ergodic capacity of the interference limited FSO/RF
AF relaying system in the absence of boresight component
of pointing errors. However, outage and error rate analysis
were not presented in [11]. The authors of [12] have derived
the expressions for the OP, BER and ergodic capacity of the
mixed RF/FSO AF relaying systems. Neglecting the boresight
pointing errors, the analysis in [12] has been performed by
resorting to upper bound of the end-to-end SINR. Recently, in
[13], the authors have studied the performance of user diversity
aided mixed RF/FSO DF relaying. The analysis in [13] is
restricted to OP and BER expressions only, and no results for
coding gain, diversity order and capacity of the overall system
have been presented.

It is important to note that the results presented in [9]–[13]
have been performed by neglecting the boresight component of
pointing errors. In addition to this, the results are obtained by
assuming fading distributions on the RF and FSO links which
are not generalized. To the best of authors’ knowledge, no
work has considered the effect of non-zero boresight pointing
errors in the existing literature for interference-limited mixed
RF/FSO AF relaying systems. Motivated from the above, in
this work, we consider a mixed RF/FSO AF relaying system
in the presence of interference, at the relay node, where the
amplitude fluctuations of the RF channel is modeled with the
η − µ distribution, and the atmospheric turbulence is assumed
to follow α − µ distribution. The model on the FSO link
also considers the case of non-zero boresight pointing errors.
Considering the presence of N-CCIs at the relay node, we
present exact and asymptotic closed-form expressions for the
OP, BER, ergodic capacity, coding gain and diversity order for
both intensity modulation-direct detection (IM/DD) as well as
for coherent demodulation schemes.

C. Contribution
More specifically, the key contributions of this paper can be

summarized as follow:
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• We propose a unified framework to analyze the perfor-
mance of an interference limited mixed RF/FSO relaying
network over generalized fading channels.

• First, we have derived the exact closed-form expressions
for the PDF of instantaneous SNR on the FSO link with
turbulence modeled as α − µ distribution with pointing
errors. The expression for the PDF have been presented for
zero and non-zero boresight pointing errors. In addition
to this, an approximate PDF on the FSO link over α − µ
turbulence model with non-zero boresight pointing errors,
has been presented.

• The obtained statistics have been utilized to obtain exact
closed-form expression for the OP of the interference-
limited dual hop AF relaying system with non-zero
boresight pointing errors on the FSO link.

• We further investigate the effect of non-zero boresight
pointing errors on outage performance of the considered
system by deriving an approximate expression for the OP.
To this end, we formulate the asymptotic behavior of OP
for non-zero boresight pointing errors.

• For the case of zero boresight errors, we derive a closed-
form expression for the end-to-end OP by considering N
CCIs at the relay node of the dual hop mixed RF/FSO AF
relaying system. Then, we investigate the high SNR per-
formance of the OP by deriving closed-form expressions
for the system’s coding gain and diversity order.

• New analytical as well as simple asymptotic expressions
of end-to-end BER for a variety of binary modulation
schemes are derived for zero boresight pointing error case.
Additionally, we have presented an approximate BER
expression for the considered system in the presence of
non-zero boresight pointing errors.

• Moreover, we present a closed-form expression for the
ergodic capacity of the mixed RF/FSO systems in the
presence of interference, along with a simple asymptotic
approximation.

• The generalization capability of the α− µ model to model
the strength of turbulence for different parameters, is also
presented. Specifically, we have illustrated the OP and
BER performance using α − µ model as special case for
log-normal, Gamma-Gamma and K-distribution, based on
the generic nature of the α − µ model.

D. Structure

The remainder of the paper is organized as follows. A closed-
form expression for the PDF of wireless optical channel with
pointing errors is derived in Section II. Exact and asymptotic
closed form expressions for the OP, coding gain, diversity
order, BER and ergodic capacity are presented in section III.
The theoretical expressions of the section III are numerically
evaluated and validated in section IV. Finally, section V presents
some concluding remarks.

II. CHANNEL AND SYSTEM MODEL

The considered asymmetric mixed RF/FSO AF cooperative
relaying system is shown in Fig. 1. In the proposed system,
source node (S) communicates with destination node (D)

Fig. 1. A dual-hop amplify-and-forward RF/FSO relaying system in the
presence of co-channel interference

through the relay node (R), which is corrupted by N CCIs.
At the relay node the RF signal is converted into the optical
domain, which is transmitted on the FSO link towards the node
D on the relay to destination (R-D) link. Both the hops of the
fixed gain relaying scheme are considered to be affected by
additive white Gaussian noise (AWGN).

A. RF Link Statistics
Next, the instantaneous signal-to-noise (SNR) on the S-R

link is assumed to undergo η − µ fading [3]. The received
signal at the relay node can be expressed as:

rsr = hsr x +
N∑
i=1

hi xi + N01 (1)

where x is the RF information signal, hsr is the η−µ distributed
fading coefficient on the S-R link with power Ps, hi is the
fading amplitude of the ith CCI channel and N01 represents
AWGN with zero mean and variances σ2

sr . The PDF of the
instantaneous SNR is given by [14]

fγ1 (γ1) =
2
√
πµ1

µ1+
1
2 hµ1γ

µ1−
1
2

1

Γ(µ1)Hµ1−
1
2 γ̄

µ1+
1
2

1

Iµ1,0.5

[2µ1Hγ1

γ̄1

]
(2)

where γ̄1 is the average SNR in the S-R link, In[m] is the
modified Bessel function of the first kind [21, Eq. (8.431.1)].
The parameters h and H can be defined based on the two
formats proposed in [14], wherein, according to the first format
h = 2+η−1+η

4 and H = η−1−η
4 , with 0 < η < ∞. On the other

hand, as per the second format, h = 1
1−η2 and H = η

1−η2 , with
−1 < η < 1. For integer values of µ1, the PDF of the SNR can
be written as [22]

fγ1 (γ1) =

µ1−1∑
l=0
A1γ

µ1−l−1
1 [(−1)l exp(−a1γ1) + (−1)µ1 exp(−a2γ1)]

(3)

where A1 =
Γ(µ1+l)µ1

µ1−lhµ1

Γ(µ1)l!Γ(µ1−l)4lγ̄1
µ1−lHµ1+l

, a1 =
2µ1(h−H)

γ̄1
and a2 =

2µ1(h+H)
γ̄1

. Moreover, the CDF of the instantaneous SNR on the
RF link can be derived as

Fγ1 (γ1) =

∫ γ1

0
fγ1 (y)dy (4)
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With the help of (3) and [21, Eq. (3.381.1)] holds that

Fγ1 (γ1) =

µ1−1∑
l=0
A1

[
A2

[
1 − e−a1γ1

µ1−l−1∑
m=0

(a1γ1)
m

m!
]

+A3
[
1 − e−a2γ1

µ1−l−1∑
m=0

(a2γ1)
m

m!
] ]

(5)

where A2 = (−1)l(a1)
−(µ1−l)(µ1 − l − 1)! and A3 =

(−1)µ1 (a2)
−(µ1−l)(µ1 − l − 1)!.

Furthermore, we consider that the RF hop is affected by the
presence of N Rayleigh distributed CCIs with total interference-
to-noise ratio (INR) given by γI =

∑N
i=1

hi
2PI

σ2
sr

, where PI is the
average power. The PDF of the sum of N-Rayleigh distributed
random variables, which follow Chi-square distribution with
2N degree of freedom is given by [23]

fγI
(γI) =

γI
N−1

γ̄N
I
(N − 1)!

exp
[
−
γI

γ̄I

]
(6)

In (6), the average INR per CCI link is, γ̄I = E
[
hi

2PI

σ2
sr

]
.

B. FSO Link Statistics

The overall channel state on the FSO link is consisted from
three independent factors as I = Ia Ip Il . The factor Il is the
deterministic path loss, Ia is the turbulence induced fading and
Ip represents the pointing error caused by the misalignment
between the transmitter and receiver apertures. The atmospheric
loss is defined by the Beers Lambert Law as [24]

Il(z) = exp(−σz) (7)

where Il(z) is the path loss over a propagation length of z while
σ is the attenuation coefficient. Generally, Il is considered as
a fixed scaling factor over a long period of time, with no
fluctuations. The turbulence induced irradiance, Ia, of the FSO
link can be modeled with the α − µ distribution [17]–[19]

fIa (Ia) =
αµ2 I

αµ2−1
a

Γ(µ2)ω̂a
αµ2

exp

[
− µ2

(
Ia
ω̂a

)α]
(8)

where ω̂a =
α
√
E(Iαa ) is the α-root mean value of atmospheric

turbulence random variable, while α and µ2 are model param-
eters.

1) Pointing Error With Zero Boresight: The reliability and
link performance of the line-of-sight FSO system depends
upon the alignment between the optical transmitter and the
receiver aperture. In [1], the authors have presented a pointing
error model for a Gaussian beam profile. The pointing error
parameter ξ is defined as ξ =

wzeq

2σs
[1], where wzeq is the

equivalent beam waist at a distance of z defined by the relation
w2
zeq
=

w2
z

√
πer f (v)

2v exp(−v2)
, v =

√
πr

2bz
where wz is the beam waist

(calculated at e−2) of the Gaussian spatial beam profile. The
fraction of the power collected at a distance of z = 0 is
given by A0 = [erf(v)]2. The pointing error parameter ξ →
∞ for the case of no misalignment error and smaller values
of the parameter corresponds to a greater value of pointing
error. Considering path loss, scintillation and pointing error the

combined channel statistics on the FSO link may be obtained
using

f (I) =
∫

fI/Ia
(
I/Ia

)
f (Ia)dIa (9)

where the conditional PDF is defined as

fI/Ia
(
I/Ia

)
=

1
Ia Il

fIp
( I

Ia Il

)
(10)

By using [21, Eq. (3.383.1)], the integral in (10) can be solved
as [19]

f (I) =
ξ2

Γ(µ2)

(
µ2

Aoω̂a Il

) d
2

W αµ2−ξ2−α
2α ,

ξ2−αµ2
2α

(
µ2

ω̂αa

)
I

d
2 −1

× exp
[
−
µ2

2

(
I

Aoω̂a

)α]
(11)

where d = ξ2 + αµ2 − α and Wa,b(c) is the Whittaker
function defined in [21, Eq. (9.220.4)]. The vth moment of the
normalized envelope of irradiance random variable Ia is given
by [15]

Ev[Ia] =
Γ(µ2 +

v
α )

(µ2)
v
α Γ(µ2)

(12)

where E[.] denotes expectation. Using (12), the scintillation
index (SI) can be readily calculated as

σ2
I =
E[I2]

E2[I]
− 1 =

ξ2�1

Γ(µ2)Γ(µ2 +
2
α )

(µ2)
1
α

[
Γ(µ2 +

1
α )

]2

(
ξ2

ξ2 + 2

)
− 1 (13)

The value of SI σ2
I defined in (13) can be compared with [25,

Eq. (7), Eq. (9)] to obtain Rytov variance σ2
1 which can be

directly related to the strength of atmospheric turbulence. The
Rytov variance is defined by σ2

1 = 1.23C2
nk

7
6 L

11
6 , where C2

n

denotes the refraction structure parameter, k = 2π
λ is the optical

wave number, λ is the signal wavelength and L is the link
distance. Importantly, the generalization property of the α − µ
distribution can be utilized with the help of [15] as

Γ2
(
µ2 +

1
α

)
Γ (µ2) Γ

(
µ2 +

2
α

)
− Γ2

(
µ2 +

1
α

) = E2[Ia]
E[Ia2] − E2[Ia]

(14)

and

Γ2
(
µ2 +

2
α

)
Γ (µ2) Γ

(
µ2 +

4
α

)
− Γ2

(
µ2 +

2
α

) = E2[Ia2]

E[Ia4] − E2[Ia2]
(15)

The system of transcendental equations in (14) and (15) have
been presented in [15] as moment-based estimators for the
parameters α and µ of the distribution. Therefore, for a given
irradiance PDF, the value of model parameters can be obtained
by evaluating first, second and forth moments of any given
statistics such as Gamma-Gamma [3]–[5], K-distribution [26]
and log-normal distribution [27]. Moreover, the system of
equations can be solved using mathematical softwares such as
MATLAB and Mathematica.

The irradiance statistics in (11) can be represented in terms
of electrical SNR Ψ2 using transformation Ψ̄2 =

(ηE[I ])2

N02
where

Ψ̄2 is the average electrical SNR on the FSO link for IM/DD
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receiver. Using the relation γ =
(ηI )2

N02
, with η2

N02
=

Ψ̄2
E[I ]2

for
IM/DD detection, and the average SNR on the FSO link Ψ̄1
is defined as Ψ̄1 =

ηE[I ]
N02

for coherent detection. Applying the
transformation, the unified PDF of electrical SNR on the FSO
link can be obtained as [19]

f (γ) = A4γ
d

2ρ −1 exp
[
− Bγ

α
ρ

]
(16)

where B = µ2
2 (Ω2ω̂aAo)

−α, ρ = 1 corresponds to coher-
ent demodulation technique while ρ = 2 represents the

IM/DD detection of optical signal with Ωρ =
(Ψ̄ρ )

1
ρ

E[I] . Fur-
ther, the constant A4 is defined by the relation A4 =

ξ2

ρΓ(µ2)

(
µ2

ΩρAo Îa

) d
2

W αµ2−ξ2−α
2α ,

ξ2−αµ2
2α

(
µ2

Îαa

)
.

2) Pointing Error With Non-Zero Boresight: In order to add
practicality to the proposed system model, the analysis on the
FSO link is extended to consider the case of non-zero boresight
pointing error. The PDF of Ip with non-zero boresight pointing
errors is given as [20]

fIp (Ip) =
ξ2

Aξ
2

o

exp
(
−
τ2

σ2
s

)
Iξ

2−1
p I0

©« τσs

√
−2ξ2ln

( Ip
Ao

)ª®¬ ,
0 < Ip < Ao (17)

where τ denotes the boresight displacement and I0(.) is the
modified Bessel function of the first kind and zero order defined
in [21, 8.431.1]. It is important to note that for τ = 0, the
pointing error model in (17) specializes for the case of zero-
boresight error. Moreover, the vth moment of Ip for non-zero
boresight can be expressed as [20]

Ev[Ip] =
Av
oξ

2

v + ξ2 exp
(
−

vτ2

2σ2
s (v + ξ2)

)
(18)

For combining the effect of atmospheric turbulence with non-
zero pointing error, the statistics on the FSO link can be
obtained using the relationship f (I) =

∫
fI/Ia

(
I/Ia

)
f (Ia)dIa.

Substituting (17) and (8), the overall irradiance can be further
written as

f (I) =
ξ2αµ2

Γ(µ2)ω̂aAξ
2

o

exp
(
−
τ2

2σ2
s

)
Iξ

2−1
∫ ∞

I/Ao

Iαµ2−ξ
2−1

a

× exp
(
−

µ2

ω̂a
α Iαa

)
I0

©« τσs

√√√
−2ξ2ln

(
I

IaAo

)ª®¬ dIa (19)

Using the method given in Appendix A, a closed-form
expression for PDF of irradiance fluctuation on FSO link with
non-zero boresight error can be derived as

f (I) =
ξ2

Γ(µ2)
exp

(
−
τ2

2σ2
s

) n∑
m1=0

b̂m1,n,0

(
ξ

√
2ασs

τ

)2m1

× (−1)m1
∂m1

∂sm1

{
µs+1

2

(Aoω̂)αµ2+αs
Iαµ2+αsΓ

(
−s,

µ2

(ω̂Ao)
α

Iα
)}

(20)

where s = (ξ2 − αµ)/α and

b̂m1,n,v = (−1)m1
(n + m1 − 1)!
m1!(n − m1)!

n1−2m1

Γ(v + m1 + 1)
(21)

After random variable substitution, the unified PDF of the
atmospheric turbulence with nn-zero boresight pointing errors
can be established as

f (γ) =
n∑

m1=0
Φ1(m1)

∂m1

∂sm1

{
Φ2(s)γ

αµ2+αs
ρ −1

Γ

(
−s,Φ3γ

α
ρ

)}
(22)

where Φ1(m1) = (−1)m1 ξ2

ρµ2
exp

(
− τ2

2σ2
s

)
b̂m1,n,0

(
ξ

√
2ασs

τ
)2m1

Φ2(s) =
µs+1

2
(Aoω̂Ωρ )αµ2+αs and Φ3 =

µ2
(ω̂AoΩρ )

α .
An Approximation
In order to simplify the results, we approximate the PDF of the
irradiance, in the presence of non-zero boresight error. After
some mathematical manipulations, the expression of f (I) in
(19) can be further expressed as

f (I) =
αµ2

Γ(µ2)(ω̂aAo)
αµ2

exp
(
−
τ2

2σ2
s

)
Iαµ2−1

×

∫ ∞

0
z exp

(
−

(
ξ2 − αµ2

2ξ2

)
z2

)
exp

[
−µ2

(
I

ω̂Ao

)α
exp

[
α

2ξ2 z2
] ]

× I0

(
τ

σs
z
)

dz (23)

The exponential function in (19) can be represented in terms
of Meijer-G using [28, Eq. (07.34.06.0014.01)] which can be
substituted in (23) resulting in

f (I) =
α

Γ(µ2)
exp

(
−
τ2

2σ2
s

) J∑
m2=0

[
µm2+1

2

Iαµ2+αm2−1

(ω̂aAo)
αµ2+αm2

]
Γ(m2)

(1)m2

×

∫ ∞

0
z exp

(
−

{
ξ2 − αµ2 − αm2

2ξ2

})
I0

(
τ

σs
z
)

dz (24)

where (.)i is the Pochhamer number such that (a)i = a(a +
1) . . . (a+ i−1). The upper limit of the summation J is defined
as J =

⌊
ξ2−αµ2−αm2

2ξ2

⌋
, where bxc denotes the greatest integer

function. Moreover, on applying [21, Eq. (6.643.2)], the closed-
form expression can be obtained as

f (I) =
αµ2σs

τΓ(µ2)
exp

(
−τ2

2σ2
s

) J∑
m2=0

Γ(m2)µ2
m2

(ωaAo)
αµ2+αm2 (1)m2

× exp
(

τ2

8σ2
sΦ4

)
Φ4
−0.5M− 1

2 ,0

(
τ2

4σ2
sΦ4

)
Iαµ2+αm2−1 (25)

where Φ4 =
ξ2−αµ2−αm2

2ξ2 and Ma,b(c) represents Whittaker
function defined in [21, 9.221]. After performing random
variable transformation, the approximate statistics of SNR on
the FSO link with non-zero boresight error can be expressed
as

f (γ) = Φ5

J∑
m2=0
Φ6(m2)γ

αµ2+αm2
ρ −1 (26)

where Φ5 =
αµ2σs

τρΓ(µ2)
exp

(
−τ2

2σ2
s

)
and

Φ6(m2) =
Γ(m2)µ2

m2

(ωaAoΩρ)
αµ2+αm2 (1)m2

exp
(

τ2

8σ2
sΦ4

)
Φ4
−0.5

× M− 1
2 ,0

(
τ2

4σ2
sΦ4

)
(27)
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The simplicity of the approximate PDF will be later utilized
to derived performance metrics of the system under study.

C. End-to-end SNR Statistics

Assuming N CCIs,
{

xi
}N
i=1 at the relay node, each with RF

power Pi , the received signal at the destination node is given
by [10]

xd = (Iη′)
ρ
2 G

(
hsr x +

N∑
i=1

hi xi + N01

)
+ N02 (28)

where N02 represent AWGN on the R-D link with zero mean
and variance σ2

rd
. The optical-to-electrical conversion ratio at

the destination node is given by η′ while the overall optical
signal irradiance is denoted by I and the G denotes fixed gain
of the relay node. Assuming the presence of instantaneous
channel state information (CSI) at relay node R, the fixed gain
G provided by the AF scheme can be selected as [10]

G2 =
Pt

E[h2
sr ]Ps +

∑N
i=1 E[h

2
i ]Pi + σ

2
sr

(29)

where Pt is the power transmitted from the relay. For the dual-
hop semi-blind relay scheme in the presence of interferers, the
overall signal-to-interference plus noise ratio (SINR) at the
destination node is given by [10]

γ =
γ1γ2

γ2γI + γ2 + C1
(30)

where C1 = γ̄1 + γ̄I N + 1.

III. PERFORMANCE ANALYSIS

By utilizing the channel statistics obtained in the previous
section, various important performance metrics of the mixed
RF/FSO system are derived to analyze system performance.

A. Outage Probability

A communication system is in outage when the instantaneous
end-to-end SNR falls below a specified threshold value γth,
defined as Pr[γ < γth], where Pr[X] represents the probability
of event X . For the considered system, the OP can be derived
using the following relationship [10]

Pout = Pr

[
γ1γ2

γ2γI + γ2 + C1
< γth |γ2

]
=

∫ ∞

0

∫ ∞

0
Pr

[
γ1 < γth

(
γI + 1 +

C1
γ2

)]
fγ2 (γ2) fγI

(γI)dγ2dγI

(31)

Theorem 1: The OP of an interference-limited mixed RF/FSO
system with fixed-gain relaying in the presence of pointing

errors over α − µ atmospheric turbulence channels can be
expressed as

Pout =

µ1−1∑
l=0
A1

[
A2

[
1 − e(−a1γth )

µ1−l−1∑
m=0

m∑
i=0

i∑
j=0
A6,1(m, i, j)

× γth

i+ d
2ρ

[
1
γ̄I

+ a1γth

]−(j+N )
Gg+h,0

0,g+h

[
B2,1γ

h
th

��� k1

] ]
+A3

[
1−

× e(−a2γth )

µ1−l−1∑
m=0

m∑
i=0

i∑
j=0
A6,2(m, i, j)γth

i+ d
2ρ

[
1
γ̄I

+ a1γth

]−(j+N )
× Gg+h,0

0,g+h

[
B2,2γ

h
th

��� k1

] ] ]
(32)

where G[.] is the Meijer-G function defined in [21, Eq.

(9.301)], A6,k(m, i, j) =
(mi )(

i
j)C1

m−i

m!γ̄I
N (N−1)!A5,kak with A5,k =

A4
(g)

1
2 (h)

−(i−m+ d
2ρ −

1
2 )

(2π)
h+g−2

2

(
C1akγth

) i−m+ d
2ρ

and k = 1, 2. The ratio

h
g =

α
ρ determines the order of Meijer-G function, while

the argument of Meijer-G function is derived to be B2,k =(
B1
g

)g (
akC1
h

)h
and the parameters k1 = [∆(g, 0), ∆(h, −d2ρ )]

where ∆(k, a) = [a/k, (a + 1)/k, . . . , (a + k − 1)/k], consists of
g + h terms.
Proof : The detailed proof can be found in Appendix B.

The outage analysis can be extended for the case of pointing
errors with non-zero boresight, which has been presented in
the following lemma.
Lemma 1: For the case of non-zero boresight pointing errors,
the OP of the considered AF relaying system in the presence
of interference can be expressed as

Pout =

µ1−1∑
l=0
A1

[
A2

(
1 − e(−a1γth )

µ1−l−1∑
m=0

m∑
i=0

i∑
j=0

n∑
m1=0
Φ7(m1)

×
∂m1

∂sm1

{
Φ8,1(s)γ

αµ2+αs
ρ −1γth

b1

[
1
γ̄I

+ a1γth

]−(j+N )
× G2g+h,0

g,2g+h

[
Φ9,1γ

h
th

��� Φ10
Φ11

]})
+A3

(
1 − e(−a2γth )

µ1−l−1∑
m=0

m∑
i=0

i∑
j=0

×

n∑
m1=1
Φ7(m1)

∂m1

∂sm1

{
Φ8,2(s)γb1

[
1
γ̄I

+ a1γth

]−(j+N )
× G2g+h,0

g,2g+h

[
Φ9,2γ

h
th

��� Φ10
Φ11

]})]
(33)

where b1 = (αµ2 + αs)/ρ + i − m1, Φ7(m1) =
Γ(N+j)( ji)Φ1(m1)

γ̄N
I (N−1)! ,

Φ8,k(s) = (akC1)
b1 g−s−1/2h−b1−1/2

(2π)(g+h−2)/2 , the involved parame-
ters can be defined as Φ10 = [∆(g, 1)], Φ11 =

[∆(g,−s),∆(g, 0),∆(h,−b1)] while the argument of the Meijer-
G is derived as Φ9,k = (Φ3/g)

g(C1ak/h)h .
Proof: Substituting CDF of RF link from (5) and the PDF
for instantaneous SNR for non-zero boresight pointing er-
ror from (22) into (31), and applying identity [28, Eq.
(07.34.21.0013.01)], the expression for OP presented in (33)
can be derived.
Lemma 2: The approximate OP of the considered mixed
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RF/FSO relaying system with non-zero boresight pointing error
can be expressed as

Pout ' Φ5

J∑
m2=0
Φ6(m2)

µ1−1∑
l=0
A1

[
A2

{
1 − e(−a1γth )

µ1−l−1∑
m=0

m∑
i=0

×

i∑
j=0

(m
i

) (i
j

)
C1

m−i

γ̄N
I
(N − 1)!

Γ(m − i − b2)

[
1
γ̄I

+ a1γth

]−(j+N )
× (a1C1γth)

i−m−b2

}
+A3

{
1 − e(−a2γth )

µ1−l−1∑
m=0

m∑
i=0

i∑
j=0

×

(m
i

) (i
j

)
C1

m−i

γ̄N
I
(N − 1)!

Γ(m − i − b2)

[
1
γ̄I

+ a2γth

]−(j+N )
× (a2C1γth)

i−m−b2
}]

(34)

where b2 =
αµ2+αm2

ρ .
Proof: By using the approximate PDF on FSO link with non-
zero boresight errors in (26) into the definition of Pout in
(31), and on performing some mathematical manipulations, the
expression in (34) can be derived.

It is more useful to find an asymptotic representation for
the exact analysis to obtain quick insights into the overall
performance of system for the case when SNR increases. Next,
the asymptotic approximation of the end-to-end OP for the case
for non-zero boresight pointing error is presented for further
study.
Lemma 3: The asymptotic expression for the OP for the
considered mixed RF/FSO system over α − µ turbulence
channels with non-zero pointing errors can be expressed as

Pout '

µ1−1∑
l=0
A1

[
A2

(
1 − e(−a1γth )

µ1−l−1∑
m=0

m∑
i=0

i∑
j=0

n∑
m1=0
Φ7(m1)

×
∂m1

∂sm1

{
Φ8,1(s)γ

αµ2+αs
ρ −1γth

b1

[
1
γ̄I

+ a1γth

]−(j+N )
×

2g+h∑
j1=1

∏2g+h
j2=1, j2,j1 Γ

(
Φ11, j2 − Φ11, j1

)
Γ

(
Φ10, j2 − Φ11, j1

) (
Φ9,1γ

h
th

)Φ11, j1

})
+A3

(
1 − e(−a2γth )

µ1−l−1∑
m=0

m∑
i=0

i∑
j=0

n∑
m1=1
Φ7(m1)

∂m1

∂sm1

{
Φ8,2(s)

× γb1
th

[
1
γ̄I

+ a1γth

]−(j+N ) 2g+h∑
j1=1

∏2g+h
j2=1, j2,j1

Γ
(
Φ10, j2 − Φ11, j1

)
× Γ

(
Φ11, j2 − Φ11, j1

) (
Φ9,2γ

h
th

)Φ11, j1

})]
(35)

Proof: For asymptotic analysis, as Ψρ → ∞, the value of
Φ9,k diminishes, i.e., Φ9,k → 0. Further to this, the Meijer-G
function can be approximated for small arguments with the
aid of [28, Eq. (07.34.06.0006.01)] to obtain (35).

B. Coding Gain and Diversity Order Analysis

The exact analysis of OP fails in providing quick insights
into various system parameters from a designer’s perspective.

The exact analysis of error probabilities (OP or BER) can
be modified for the case of large SNR which allows one to
gain information about the main factors that determine the
performance of the wireless optical link. In the subsequent
discussions, an analytical framework is developed to evaluate
parameters affecting system performance in terms of diversity
order and coding gain.

The diversity order Gd is conventionally defined as the
negative asymptotic slope of the outage performance versus
SNR on a log scale [29]. On the other hand, coding gain Gc

provides the amount of shift in the SNR on the outage curve
relative to the reference curve of (γ̄1)

−Gd . Notably, the exact
results of OP can be approximated in the high SNR regime
given by the relation [30] Pout'

(
Gc γ̄1

)−Gd .
Theorem 2: The diversity order Gd and the coding gain Gc

of a mixed RF/FSO fixed gain relaying scheme in the presence
of multiple interferers is given by

Gd = α(p0 − 1) + 1 (36)

and

Gc =

[
Λ1Λ2κ

−α(p0−1)
] 1
α[p0−1]+1

(37)

where p0 =
d−2ρ
αρ , κ is defined by the relation Ψ̄ρ = κγ̄1, while

Λ1 and Λ2 are expressed as

Λ1 =

µ1−1∑
l=0

2A1[µ1(h − H)A2 + µ1(h + H)A2] (38)

Λ2 =
ξ22p0+1C1γthΓ(p0)µ2

d
2 −p0 {E[Ia]}−p0α−α

αρΓ(µ2)(Aoω̂a)
−p0α−

d
2 Il

d
2

×W αµ2−ξ2−α
2α ,

ξ2−αµ2
2α

(
µ2

ω̂αa

)
Il

d
2 −1 (39)

Proof : The proof is provided in Appendix C.
The diversity order Gd of the relay-aided transmission

depends upon fading parameters α, µ2, and the type of
demodulation ρ. It is interesting to note that Gd does not
depend upon the RF link parameters and is controlled by
the wireless optical link transmission characteristics. From
the coding gain Gc developed in (37), it can be considered
that the coding depends upon RF and optical link of the dual
hop AF relay scheme. It is notable that Gd and Gc do not
depend on the interferer characteristics and even with uncoded
transmission the coding gain can be obtained in favorable
atmospheric conditions with minimum pointing errors.

C. Bit Error Rate

The authors in [31] have presented an interesting formula
for the average BER for a variety of modulation schemes as

P̄b =
qp

2Γ(p)

∫ ∞

0
γp−1 exp(−qγ)F(γ)dγ (40)

where the combinations of the parameters p and q define the
modulation schemes. An extensive list of binary modulation
schemes defined by combinations of parameters p and q is
provided in [31].
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Theorem 3: The average BER of a mixed RF/FSO fixed
gain relaying scheme in the presence of multiple interferers is
given by

P̄b =

µ1−1∑
l=0
A1

[
A2

{
1
2
−

µ1−l−1∑
m=0

m∑
i=0

i∑
j=0
A7,1(m, i, j)H1(a1,B2,1)

}
+A3

{
1
2
−

µ1−l−1∑
m=0

m∑
i=0

i∑
j=0
A7,2(m, i, j)H1(a2,B2,2)

}]
(41)

where

H1(ak,B2,k) = Hx2
x1

(
(k2; 1; h)

���� (k3, 1)
(0, 1)

���� (k1, 1)

����Z1,k,Z2,k

)
with H0,y2:y3,y4:y5,y6

x1,x2:x3,x4:x5,x6 (.) is bivariate H-function defined in [32,
Eq. (2.1)]. The parameters k2 and k3 are derived to be k2 = 1−
p− d

2ρ , k3 = 1−N− j, while the constants involved are defined as:

A7,k(m, i, j) = A6,k
qp

Γ(p)

(
q + ak

)−(i+ d
2ρ +1)

. We define the order
of Fox-H function as {x1, x2} = {(0, 1 : 1, 1 : g+h, 0), (1, 0 :
1, 1 : 0, g+h)}. Moreover, the arguments of bivariate H-function
involved in (41) can be expressed as: Z1,k =

ak γ̄I

q+ak
, Z2,k =

B2,k
(q+ak )

h .
Proof : See Appendix D.

Efficient MATHEMATICA software implementation of
bivariate Meijer-G function has been provided in [31] which
can be utilized to develop a computationally efficient algorithm
to compute bivariate Fox-H function. The author in [33] has
reported a MATLAB code for evaluation of Fox’s-H function
of two variables.
In order to analyze the BER performance of the proposed
system model in the presence of non-zero boresight component
of pointing error, a BER expression has been derived for the
case of non-zero boresight through the following lemma:
Lemma 4: The approximate BER of the considered mixed
RF/FSO relaying system with non-zero boresight pointing error
can be expressed as

Pb ' Φ5

J∑
m2=0
Φ6(m2)

µ1−1∑
l=0
A1

[
A2

{
1
2
−

µ1−l−1∑
m=0

m∑
i=0

i∑
j=0

×
γ̄
j
I qp

(m
i

) (i
j

)
C1

m−i

2Γ(p)(N − 1)!
Γ(m − i − b2)(a1C1)

i−m−b2

× G1,2
2,1

[ a1γ̄I

q + a1

���� 1−(p+i−m−b2),1−j−N
0

]}
+A3

{1
2
−

×

µ1−l−1∑
m=0

m∑
i=0

i∑
j=0

γ̄
j
I qp

(m
i

) (i
j

)
C1

m−i

2Γ(p)(N − 1)!
Γ(m − i − b2)

× (a2C1)
i−m−b2 G1,2

2,1

[ a2γ̄I

q + a2

���� 1−(p+i−m−b2),1−j−N
0

]}]
(42)

Proof: Substituting γth by γ in (34) and using (40), the BER for
non-zero boresight pointing error can be formulated as in (40).
To this end, with the aid of [28, Eq. (07.34.21.0088.01)], a
closed-form expression for the BER in the presence of non-zero
boresight pointing error can be derived.

Moreover, similar to OP, the high SNR approximation of
BER can be determined to gain better insights about the
error performance of relaying strategy. For this, we resort
to Mellin-Barnes integral representation of H1(ak,B2,k) as per
[32, Eq. (2.1)]. According to residue theorem [34, Theorem 1.7
and Theorem 1.11], Fox-H function can be approximated as
asymptotic expansions by evaluating the residue of the Mellin-
Barnes integral at the poles closest to the contour of integration.
The bivariate Fox-H function involved in 41 can be represented
in Mellin-Barnes integral form using [32, Eq. (2.1)] as

H1(ak,B2,k) '
Ψ̄ρ�1

1
(2πi)2

∫
L1

∫
L2

Γ(1 + i +
d

2ρ
− z1 − hz2)

× Γ(z1)Γ(N + j − z1)

g+h∏
j1=1
Γ(k1, j1 − z2)Z1,k

−z1Z2,k
−z2 (43)

The complex integral over the contour L1 can be represented
as Fox-H function with the aid of [34, Eq. (1.2)] and further
expressed in terms if Gauss-hypergeometric function using [34,
Eq. (1.131)]. In addition to this, assuming that β is the pole
closest to the contour of integration, given as β = min(k1),
and noting the fact that as Ψρ →∞, we have Z2,k → 0. For
small arguments, calculating the residue at the pole lying to
the right of the contour, the asymptotic representation of 41
can be given as

H1(ak,B2,k) '
Ψ̄ρ�1

Γ(N + j)2F0(1 + i +
d

2ρ
− hβ, N + j; ;−Z1,k)

× Γ

(
1 + i +

d
2ρ
− hβ

)
Γ(N + j − z1)

g+h∏
j1=1
Γ(k1, j1 − β)Z2,k

−β

(44)

where pFq(.) is the Gauss-hypergeometric function as defined
in [21, Eq. (9.111.1)].

D. Ergodic Capacity

Yet another important performance metric of the relay-
assisted communication system is the capacity offered when
limited by noisy channel for reliable transmission. The ergodic
capacity is given as [35]

C̄ =
1

ln(2)

∫ ∞

0
log2(1 + δγ) f (γ)dγ (45)

where δ = e
2π [36] for IM/DD reception technique and δ = 1

for coherent detection, while f (γ) represents the end-to-end
PDF of the dual hop AF relay system. It is noteworthy
that (45) provides a lower bound on the ergodic capacity
for IM/DD detection technique. In order to make use of
(45) in order to evaluate the capacity offered, the end-to-
end PDF of instantaneous SNR is required. By following
the procedure as illustrated in Appendix E, the PDF of the
considered system is derived in (46). Moreover, in (46),
p1 =

d
2ρ − µ1 + l + r + 1, k4 = [∆(g, 0), ∆(h,−p1)],

k5 = [∆(g, 0), ∆(h, 1 − p1)]. The constants A8,k and A9,k

are derived as A8,k = C1
d

2ρA4ak p1
√
g(h)−p1−0.5

(2π)
g+h−2

2
and A9,k =

C1
d

2ρ −1
A4ak p1−1

√
g(h)−p1+0.5

(2π)
g+h−2

2
. Plugging the PDF in (45), we

derive the ergodic capacity expression in the next theorem.
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f (y) =
µ1−1∑
l=0
A1y

µ1−l−1
µ1−l−1∑
r=0

(
µ1 − l − 1

r

) [
(−1)l

{
e−a1y yp1

γ̄I
N (N − 1)!

[a1y +
1
γI

]−N
( r+1∑
s1=0

(
r + 1

s1

)
Γ(s1 + N)A8,1Gg+h,0

0,g+h

[
B2,1y

h
��� k4

]
× [a1y +

1
γI

]−s1 +

r∑
s2=0

(
r
s2

)
Γ(s2 + N)A9,1y

−1[a1y +
1
γI

]−s2 Gg+h,0
0,g+h

[
B2,1y

h
��� k5

] )}
+ (−1)µ1

{
e−a2y yp1

γ̄I
N (N − 1)!

[a2y +
1
γI

]−N
( r+1∑
s1=0

×

(
r + 1

s1

)
Γ(s1 + N)A8,2[a2y +

1
γI

]−s1 Gg+h,0
0,g+h

[
B2,2y

h
��� k4

]
+

r∑
s2=0

(
r
s2

)
Γ(s2 + N)A9,2y

−1[a2y +
1
γI

]−s2 Gg+h,0
0,g+h

[
B2,2y

h
��� k5

] )}]
(46)

C̄ =

µ1−1∑
l=0

A1
ln(2)

µ1−l−1∑
r=0

(µ1−l−1
r

)
γ̄I

N (N − 1)!

[
(−1)l

{( r+1∑
s1=0

(
r + 1

s1

)
Γ(s1 + N)

[ 1
γI

]−s1−N
A8,1J1,1 +

r∑
s2=0

(
r
s2

)
Γ(s2 + N)A9,1J2,1

)}
+ (−µ1)

l

{( r+1∑
s1=0

(
r + 1

s1

)
Γ(s1 + N)

[ 1
γI

]−s1−N
A8,2J1,2 +

r∑
s2=0

(
r
s2

)
Γ(s2 + N)A9,2J2,2

)}]
(47)

J1,k =
(ak)−p1+µ1−l

Γ(s1 + N)
Hx3

x4

(
1 − p1 − µ1 + l; 1, 1, h

���� (0, 1)(0, 1)

���� (1 − N, 1)
(0, 1)

���� (k1, [1]length(k1))

����δγ̄1, γ̄I, B1γ̄1
h

)
(48)

J2,k =
(ak)−p1+µ1−l

Γ(s2 + N)
Hx3

x4

(
2 − p1 − µ1 + l; 1, 1, h

���� (0, 1)(0, 1)

���� (1 − N, 1)
(0, 1)

���� (k1, [1]length(k1))

����δγ̄1, γ̄I, B1γ̄1
h

)
(49)

Theorem 4: The ergodic capacity of the dual-hop mixed
RF/FSO AF relaying system in the presence of interference
can be expressed as given in (47).

In (48) and (32) H0,y2:y3,y4:y5,y6:y7,y8
x1,x2:x3,x4:x5,x6:x7,x8 (.) denotes the trivariate

H-function as defined in [37] as an extension to H-function of
two variables. The parameter array k1 is of length g + h and
[1]length(k1) represents an array of 1’s of length equal to that
of k1. The order of Fox-H function is defined as {x3, x4} =
{(0, 1 : 1, 1 : 1, 2 : g+h, 0), (1, 0 : 1, 1 : 2, 2 : 0, g+h)}. The
implementation of the multivariate H-function can be done
using the Python code provided in [38].
Proof : The proof of Theorem 4 is provided in Appendix F.

Furthermore, in order to relate with the capacity results
quickly, the asymptotic analysis for the same needs to be
addressed. Following the procedure developed in Appendix F,
the asymptotic approximate expression of the trivariate Fox-H
function in (48) and (32) for high SNR regime can be derived
as given below:

J1,k '
Ψ̄ρ,γ̄1�1

g+h∑
j1=1

g+h∏
j2=1, j1,j2

γ̄I

s1+Nak−p2
Γ(1 + β)Γ2(−β)

Γ(1 + x)

(
δ

ak

)−β
× Γ(p2 − β)2F0(p2 − β, s1 + N; ;−γ̄I) (50)

J2,k '
Ψ̄ρ,γ̄1�1

g+h∑
j1=1

g+h∏
j2=1, j1,j2

γ̄I

s2+Nak−(p2−1) Γ(1 + β)Γ2(−β)

Γ(1 + x)

×

(
δ

ak

)−β
Γ(p2 − 1 − β)2F0(p2 − 1 − β, s2 + N; ;−γ̄I) (51)
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Fig. 2. Outage probability for IM/DD and coherent detection schemes over
α − µ turbulence channel with pointing error parameters fixed at wb/r = 5
and σ/r = 4, γth = 2 dB, N=3 and different levels of turbulence.

where p2 = p1 + µ1 − l + hk1, j1 . Furthermore, after placing (50)
and (51), in (47), we get the asymptotic expression for the
ergodic capacity of the proposed network.

It is noteworthy that compared to exact analysis in (47), the
asymptotic approximated expression in (50) and (51) yield
much quicker insights into the throughput offered by the
relaying system. With all the elementary functions, (50) and
(51) provide information about key factors affecting the system
explicitly. Since the term β is dominated by min (k1), the
capacity of overall relay scheme is determined by few terms
in the summation.
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Fig. 3. Impact of pointing error on outage probability vs average SNR of the
RF link for both kinds of detection schemes. Electrical SNR is fixed at 30 dB
and system is subjected to N=4 interferers each with γI = −10 dB.
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Fig. 4. Analysis of outage probability vs average SNR by varying the strength
of pointing error with non-zero boresight parameters fixed at wb/r = 4, N = 2
and RF SNR threshold γth = 1 dB.
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Fig. 5. Outage probability vs average SNR on RF link for existing FSO
channel models using α − µ distribution.

IV. NUMERICAL RESULTS AND DISCUSSION

In this section, we have presented the numerical examples
corresponding to analytical frame work developed in this paper.
OP, BER and capacity dependency on various factors such
as number of interferers and average SNR is illustrated in
various plots. The choice of model parameters is kept arbitrary
to prove the validity of the obtained results. The numerical
results obtained in the present work are validated by computer-
based simulations in MATLAB software. We have considered
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Fig. 6. Analysis of BER vs average electrical SNR over α−µ fading channel
by varying the turbulence conditions with pointing error parameters fixed at
wb/r = 7 and σ/r = 5.
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Fig. 7. Comparison of BER performance of binary modulation schemes of
IM/DD receiver system over α − µ fading channel with interference strength
of γ̄I = 10 dB.

h−H = 0.5 and h/H = 1, to demonstrate various characteristic
plots in this section.

In Fig. 2, we illustrate the OP variations of mixed RF/FSO
relay system experiencing different strength of turbulence for
IM/DD and heterodyne detection schemes. We fix the number
of interferers N = 3, each with average power γ̄I = −10 dB.
It can be observed that the heterodyne detection reduces the
outage experienced by the FSO link. We also demonstrate
the high SNR approximation in the same plot and it can be
observed from Fig. 2 that the asymptotic results converge
with the exact results as the value of average SNR increases.
As expected, it is evident from the plot that as the average
SNR (per hop) is increased, the OP decreases implying better
reliability of communication system.

Fig. 3 depicts the OP for α = 0.5 and µ2 = 1.5 as a function
of average SNR on the RF link for different values of pointing
error. In this plot, we consider both types of detection schemes.
The electrical SNR on the FSO link is kept constant at 30 dB
in the plot with threshold of γth of 5 dB. Since, the amount
of misalignment between transmitter and receiver telescopes
is inversely proportional to the value of ratio wb

r therefore,
decrease in this ratio presents more diverse effect on the FSO
link of the dual hop scheme in terms of pointing error. We can
conclude that increase in pointing error decreases the reliability
of the overall system. It can be observed that as the average
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SNR on the RF link is increased, the OP curve saturates and
no further change takes place. In Fig. 4, the OP is plotted
against the average SNR on the RF link for varying strength of
boresight pointing error. Turbulence experienced by the FSO
link is modeled as α = 0.5 and µ2 = 1.5. The threshold SNR is
kept at γth = 1 dB, whereas the average INR is assumed to be
γ̄I = −10 dB. Specifically, in Fig. 4, the effect of non-boresight
pointing errors can be observed as performance of dual hop
scheme improves when the value of τ reduces. Notably, as τ →
0, the PDF in (17) reduces to the case of zero-boresight pointing
errors. Moreover, the asymptotic representation matches with
the results as the average SNR on the RF link increases. In Fig.
5, the generalization capability of the α-µ distribution has been
illustrated. To represent weak-to-moderate-to-strong turbulence
conditions, the model parameters for the α-µ distribution have
been estimated by evaluating (14) and (15) for log-normal,
Gamma-Gamma and K-distributions. After solving the system
of equations numerically, the values of model parameters have
been evaluated as (α, µ2) = (0.5406, 3.08.15) for log-normal,
(0.5146, 3.3992) for Gamma-Gamma and (0.9740, 1.6943) for
K-distribution. The boresight error component in the plot has
been assumed to be τ = 1 and number of interferers has been
fixed to N = 2. It can be noted that the α − µ distribution has
the capability to model weak-to-moderate-to-strong turbulence
conditions on the FSO link.

In Fig. 6, we present BER performance for both types of
detection schemes. We consider, p = 0.5 and q = 1 in the plot,
which corresponds to BPSK modulation scheme. For fixed γ̄I of
-7.5 dB at (α, µ2) = (1/2, 0.265) and (1, 1.3), it can be concluded
from the plot that as the average electrical SNR on the FSO link
increases, the BER decreases. The asymptotic results obtained
in the present work follow with the theoretical analysis saving
the complexity of evaluating bivariate Fox’s H function. Next,
the comparison of binary modulation schemes on the BER
performance of a IM/DD based receiver can be studied from
Fig. 7. In this plot, BER is minimum for BPSK (when p =
1/2, q = 1) when the FSO link undergoes moderate turbulence
with model parameters (α, µ2) = (2, 1). The performance of
differential phase shift keying (DPSK) (obtained by setting
p = q = 1), coherent binary frequency shift keying (CBFSK)
(when p = q = 1/2), and non-coherent FSK (NFSK) can be
compared. The interference level has been set to γ̄th = −10 dB.

The variation in BER performance with increment in number
of interferers for both kinds of detection schemes is presented
in Fig. 8. It is noteworthy that the coherent demodulation
mechanism performs better than direct detection based receiver
system. Fig. 8 also demonstrates the impact of increasing the
average SNR on the RF link. For γ̄1 = 10 dB, a comparison
of N = 2 and N = 3 is performed corresponding to both
the detection schemes. It is apparent from the plot that at
N = 2 interferers, BER performance is better as compared to
when the number of interferer is N = 3. Furthermore, when
the average SNR on the RF hop is decreased to γ̄1 = 5 dB
with N = 2 interferers, the BER performance deteriorates. In
order to emphasize on the generalization capability of the α− µ
model, the effect of multiple CCIs and non-zero boresight error
has been demonstrated in Fig. 9. Weak turbulence conditions is
modeled using the log-normal distribution, while moderate and
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Fig. 8. BER vs electrical SNR of the FSO link over α−µ turbulence channel
by varying numbers interferers on the relay node with pointing error parameters
fixed at wb/r = 10 and σ/r = 5.
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Fig. 9. BER vs average SNR on RF link for existing FSO channel models
using α − µ distribution.
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Fig. 10. Ergodic capacity vs average SNR of the RF link over α−µ turbulence
channel for different combinations of model parameters with pointing error
parameters fixed at wb/r = 10 and σ/r = 2.

strong turbulence using Gamma-Gamma and K-distribution,
respectively. The variation of turbulence conditions have been
characterized using the α − µ model by estimating the model
parameters using the relationships (14) and (15).

Ergodic capacity analytical and simulation results are
shown in Fig. 10 and Fig. 11. Specifically, for (α, µ2) =

(0.5, 0.75), (0.66, 0.75), (1, 0.75), Fig. 10 presents ergodic ca-
pacity verses average SNR on RF link plot in the presence
of N = 2 interferers with fixed average SINR of −10 dB.
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Fig. 11. Analysis of ergodic capacity vs average SNR of the RF link over
α − µ turbulence channel by varying the number of interferers effecting the
system with pointing error parameters fixed at wb/r = 7 and σ/r = 4.

We consider both types of detection schemes in this plot.
As clear from the plot, the increase in Ψ̄ρ on the FSO link
increases the capacity offered by the system. We also present
the asymptotic high electrical SNR in Fig. 10 and it is evident
that the approximation follows closely with the exact analytical
results.

In Fig. 11, we show the effect of varying the number
of interferers, with different levels of pointing errors on
the capacity verses average SNR plot. Considering coherent
detection scheme, it is clear from the figure that as the number
of interfering signals is increased, the system throughput drops.
The enhanced performance in case of larger values of wb/r
illustrates the impact of pointing errors in the plot. This analysis
is presented with model parameters fixed at (α, µ2) = (1, 3/2),
while the average interference SNR is kept fixed at γI = −7.5
dB.

V. CONCLUSION

We presented a comprehensive performance analysis of dual
hop mixed RF/FSO AF relaying system in the presence of
co-channel interference. The RF link of the dual hop relay
system is assumed to undergo η-µ fading and the atmospheric
scintillations on the FSO link is modeled as α-µ distribution.
For Gaussian laser beam propagating through FSO channel,
closed form for the statistics have been derived for the
case of zero and non-zero boresight errors. These RF and
FSO channel statistics are utilized to present new analytical
formulas for various performance metrics including the OP,
average BER and ergodic capacity of the relay system in the
presence of interference. Moreover, the asymptotic analysis
of outage performance has been further extended to derive
new expressions of coding gain and diversity order of the
relay scheme. These results show that the overall performance
of the considered system strongly depends upon FSO link
model parameters α, µ2, type of optical detection scheme,
and the pointing error parameter ξ. We have validated the
analytical results achieved in the work through computer-
aided simulations. The insights developed in the research work
provide good measure of the effect that interference can bring
in FSO systems.
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APPENDIX A
DERIVATION OF (20)

In order to formulate a closed form solution to (19), the
Bessel’s function I0(x) can be represented in summation form,
using [39], as given below

I0
©« τσs

√√√
−2ξ2ln

(
I

IaAo

)ª®¬ =
n∑

m1=0
b̂m1,n,0

(
τξ
√

2σs

)2m1

×

{
ln

(
I

IaAo

)}m1

(52)

where b̂m1,n,0 has been defined in (21). After some mathemati-
cal manipulations, the integral to be addressed can be expressed
as

f (I) =
αµ

Γ(µ)ω̂

ξ2

Ao
ξ2 exp

(
−
τ2

2σ2
s

)
Iαµ−1

Aαµ−ξ
2

o

n∑
m1=0

b̂m1,n,0

(
2τξ
2σs

)2m1

×

∫ ∞

0
ym1 exp

[
−(ξ2 − αµ)y

]
exp [−Φ0 exp (αy)] dy (53)

where Φ0 =
µ2
ω̂α

(
I
Ao

)α
. Further to this, resorting to the

Laplace transform theory, and the fact that if L {.} repre-
sents the Laplace transform, L {ym1 exp [−Φ0 exp (−αy)]} =
∂m1
∂sm1

{
Φs

0Γ (−s,Φ0)
}
, the closed-form expression for the PDF

can be obtained as stated in (20).

APPENDIX B
PROOF OF THEOREM 1

Considering γ2 and γI to be independent random variables,
using the definition Pr [γ1 < x] = Fγ1 (x), we can further express
(31) as

Pout =

∫ ∞

0

∫ ∞

0

µ1−1∑
l=0
A1

[
A2

[
1 − e−a1[γth (γI+1+C1

γ2
)]

×

µ1−l−1∑
m=0

(a1)
m

m!
]
[γth(γI + 1 +

C1
γ2

)]m +A3
[
1 − e−a2γ1

×

µ1−l−1∑
m=0

(a2)
m

m!
]
[γth(γI + 1 +

C1
γ2

)]m fγI
(γI) fγ2 (γ2)dγI dγ2

]
(54)

At first, we can be express (γI + 1+ C1
γ2
) using the binomial ex-

pansion as per [21, Eq. (1.111)] as
∑m

i=0
(m
i

)
(γI +1)i(C1/γ2)

m−i .
Substituting the PDFs of γ2 and γI , from (16) and (6) in (54)
the requisite integrals, I1 and I2, can be formulated as

I1 =

∫ ∞

0

γ
j+N−1
I

γ̄I
N (N − 1)!

exp
[
−

(
1
γ̄I

+ akγth

)
γI

]
dγI (55)

I2 =

∫ ∞

0
γ
i−m+ d

2ρ
2 exp

(
−akC1

γth

γ2

)
dγ2 (56)
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Moreover, (55) can be solved using [21, Eq. (3.381.4)], whereas
for evaluating (56), the exponential functions in (56) can be
expressed as exp

(
−

akC1γth

γ2

)
= G0,1

1,0

[
γ2

akC1γth

��� 1
]

using [28,

Eq. (07.34.03.0046.01)] and exp
[
−B1γ

α
ρ

2

]
= G1,0

0,1

[
B1γ

α
ρ

2

��� 0
]

as per [28, Eq. (07.34.03.0228.01)]. Finally, making use of
standard identities provided in [28, Eq. (07.34.21.0013.01)]
along with some mathematical manipulations, the closed form
of OP can be obtained as provided in (32).

APPENDIX C
PROOF OF THEOREM 2

Noting the fact that, for high SNR on the RF link, as γ̄1 →

∞ the value of ak diminishes, i.e., ak → 0. Therefore, the
contribution of the summation in m in equation (5) is maximum
at m = 0. Moreover, for small arguments, exp(−akγ1) ' 1 −
akγ1. According to definition of Pout in (54) along with above
discussed approximations, we have

Pout '

∫ ∞

0

∫ ∞

0

µ1−1∑
l=0
A1[a1A2 + a2A3]

{
γth(γI + 1) fγI

(γI)dγI

}
+ γth

C1
γ2

fγ2 (γ2)dγ2

'

µ1−1∑
l=0
A1[a1A2 + a2A3]

[ γth

γ̄I
N (N − 1)!

I3 + γthC1A4I4

]
(57)

where the integrals I3 =
∫ ∞

0 (γI +1)γI
N−1 exp

[
−
γI

γ̄I

]
dγI and I4

can be formulated as I2 =
∫ ∞

0 γ
d

2ρ −2 exp
[
− B1γ

α
ρ

]
dγ. With

the aid of [21, Eq. (3.383.5)], we formulate a solution I3. On
the other hand, [21, Eq. (3.478.1)] can be used to solve I4.
The approximate expression of the OP is given as

Pout '

µ1−1∑
l=0
A1

[ (
a1A2 + a2A3

) { γth

γ̄I
N γ̄1

U(N, N + 2,
1
γ̄I

)

×
C1ρA4
α

B−
d−2ρ
αρ Γ

( ρ
α
(

d
2ρ
− 1)

)}]
(58)

After performing some mathematical manipulations and apply-
ing γ̄1 →∞, (58) is re-written as

Pout '

µ1−1∑
l=0

[
Λ1Λ2κ

−α(p0−1)
]
γ̄1
−α(p0−1)−1 (59)

From (59), along with the definitions of Gc and Gd, we can
obtain the expressions given in (36) and (37), to prove Theorem
2.

APPENDIX D
PROOF OF THEOREM 3

The exact expression of the end-to-end CDF of the dual
hop relaying strategy can be obtained by putting γth = γ in
(32). Moreover, substituting the end-to-end CDF of the mixed

RF/FSO system into (40), the intermediate expression for the
average BER of the system can be further expressed as

P̄b =

µ1−1∑
l=0

qpA1
2Γ(p)

[
A2

{
I3 −

µ1−l−1∑
m

m∑
i=0

i∑
j=0
I4,1

}
+A3

{
I3

−

µ1−l−1∑
m

m∑
i=0

i∑
j=0
I4,2

}]
(60)

where I3 =
∫ ∞

0 γp−1 exp(−qγ)dγ = q−pΓ(p) while second
integral is given as

I4,k =

∫ ∞

0
γ

d
2ρ +p−1 exp[−γ

(
q + ak

)
]

[
1
γ̄I

+ γak

]−N−j
× Gg+h,0

0,g+h

[
B2,kγ

h
��� k1

]
dγ (61)

On representing
[

1
γ̄I
+
γth

γ̄1

]−N
=

γ̄I
N

N ! G1,1
1,1

[
γγ̄I

γ̄1

��� 1−N
0

]
and ex-

pressing exp
[
−γ

(
q+ 1

γ̄1

)]
= G1,0

0,1

[
γ
(
q + 1

γ̄1

)��� 0
]

by the using
[28, Eq. (07.34.03.0271.01)] and [28, Eq. (07.34.03.0228.01)],
respectively, the integral in (43) can be further expressed as

I4 =

∫ ∞

0
γ

d
2ρ +p−1G1,0

0,1

[
γ
(
q +

1
γ̄1

)���� 0
]
G1,1

1,1

[γγ̄I

γ̄1

���� 1−N
0

]
× Gg+h,0

0,g+h

[
B1γ

h
��� k1

]
dγ (62)

Finally, by representing each Meijer-G function in terms of
Fox’s H function on account of [28, Eq (07.34.26.0008.01)],
the integral I4,k can be solved by applying the identity [32,
Eq. (2.3)] to yield (27).

APPENDIX E
PROOF OF THEOREM 4

Plugging (46) into (45) reveals that the computation of
ergodic capacity C̄ requires the solution of integrals of the
form given below:

I5,k =

∫ ∞

0
γ

d
2ρ exp (−akγ) log2(1 + δγ)

[ 1
γ̄I

+ γak
]−N−s1

× Gg+h,0
0,g+h

[
B2,kγ

h
��� k1

]
dγ (63)

By expressing log2(1+δγ) = (1/ln(2))G
1,2
2,2

[
δγ

��� 1,1
1,0

]
using [28,

Eq. (07.34.03.0456.01)] and by substituting
[ 1
γ̄I
+γak

]−N−s1
=

[γ̄I
s1+N/Γ(s1+N)]G1,1

1,1

[
γak γ̄I

��� 1−N−s1
0

]
by the help of [28, Eq.

(07.34.03.0271.01)], the integral I5,k in (63), can be formulated
as

I5,k = [γ̄I

s1+N/Γ(s1 + N)]
∫ ∞

0
γ

d
2ρ exp (−γak)G

1,2
2,2

[
δγ

��� 1,1
1,0

]
× G1,1

1,1

[
γak γ̄I

��� 1−N−s1
0

]
Gg+h,0

0,g+h

[
B2,kγ

h
��� k1

]
dγ (64)

After converting the Meijer-G functions into Fox-H function
with the aid of [28, Eq (07.34.26.0008.01)], a closed-form
solution of (64) can be obtained by representing each Fox-H
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function in complex integral form with the aid of [32, Eq.
(2.1)] as given below

G1,2
2,2

[
δγ

��� 1,1
1,0

]
=

1
2πi

∫
L1

Γ(z1)Γ(1 − z1)(δγ)
−z1 dz1 (65)

G1,1
1,1

[
γak γ̄I

��� 1−N−z1
0

]
=

1
2πi

∫
L2

Γ(z2)Γ(N − z2) (γak γ̄I)
−z2 dz2

(66)

Gg+h,0
0,g+h

[
B2,kγ

h
��� k1

]
=

1
2πi

∫
L3

g+h∏
j=1
Γ(k1, j − z3)

(
B1γ

h
)−z3

dz3

(67)

Putting the above expressions (65, 66, 67) in (64), the overall
complex integral can be expressed as provided in (68). On
utilizing [21, Eq. (3.381.4)] to solve the inner integral and
making use of [38, Eq. (28-30)], a closed-form solution to (68)
in terms of trivariate Fox-H function can be obtained to prove
Theorem 4.

APPENDIX F
DERIVATION OF 50 AND 51

Noting the fact that the solution to (63) results into the
expression of J1,k , we firstly resort to approximate (63) for
high SNR regime. Making use of [28, 07.34.06.0006.01] to
approximate Meijer-G in (63), we have

I5,k '

∫ ∞

0
γ

d
2ρ exp (−akγ) log2(1 + δγ)

[ 1
γ̄I

+ γak
]−N−s1

×

g+h∑
j1=1

g+h∏
j2=1, j1,j2

Γ(k2, j2 − k2, j1 )[B2,kγ]
k2, j1 dγ (69)

Moreover, after representing Fox’s H-function representation

of (1+δγ),
[

1
γ̄I
+γak

]−N−s1
and resorting to the Mellin-Barnes

representation of the Fox’s H-function as per [34, Eq. (1.2-1.3)],
we formulate the above integral as

I5,k '

g+h∑
j1=1

g+h∏
j2=1, j1,j2

Γ(k2, j2 − k2, j1 )(B2,k)
k2, j1 γ̄I

s1Nak−p2

(2πi)2Γ(s1 + N)

×

∫
L1

∫
L2

∫ ∞

0
γp2−z2−z1 e−akγdγ︸                       ︷︷                       ︸ Γ(z1)Γ(s1 + N − z1)

× (ak γ̄I)
−z1
Γ(1 + z2)Γ

2(−z2)

Γ(1 − z2)
δ−z2 dz1dz2 (70)

Inner integral can be solved by utilizing [21, Eq. (3.381.4)],
after following the same procedure as utilized in deriving (44)
by obtaining the residue of (70) at the most negative pole β
yields (50). The asymptotic expression for J2.k follows in the
same line of (50).
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