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Abstract—The mixture of wireless and power line communica-
tions (PLC) is vital for implementing new applications in smart
grid and vehicular communications. In this work, we investigate
the performance of non-orthogonal multiple access (NOMA) based
dual-hop hybrid communication systems with decode-and-forward
relay. The wireless channel is characterized by Nakagami-m fad-
ing under an additive white Gaussian noise (AWGN), while the
PLC channels are characterized by Log-normal distribution with
Bernoulli Gaussian noise including both background and impulsive
noise components. New closed-form expressions for the outage
probability, the asymptotic outage probability and ergodic capacity
are derived and verified via extensive representative simulations.
For more insights on the outage performance, we analyze the
diversity order. Additionally, we proposed a power allocation opti-
mization technique to achieve an outage-optimal performance. The
results show that the system outage probability improves as the
impulsive noise index and the arrival probability of the impulsive
component of the PLC additive noise decrease, while their effect is
negligible on the ergodic capacity. Finally, the performance of the
proposed system is compared against a benchmark OMA-based
system.

Index Terms—Decode and forward relay, ergodic capacity,
non-orthogonal multiple access, outage probability, power line
communications.

I. INTRODUCTION

TRANSMISSION over different communication channels
such as radio frequency (RF), visible light communication

(VLC), underwater wireless optical communication (UWOC),
and power line communications (PLC) has been investigated
under the umbrella of heterogeneous future generations of
communication networks such as 5G, Beyond 5G (B5G), and
6G [1]–[3]. Moreover, the exchange of information through
hybrid networks where the transmitter and the receivers use
different technologies has recently grabbed attention. Several
combinations have been considered in the literature using either
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decode-and-forward (DF) or amplify-and-forward (AF) relay-
ing [28] including hybrid PLC/VLC [3], hybrid RF/PLC [4], [5],
and hybrid RF/VLC/PLC [6]. VLC is preferred over the indoor
RF network as it offers a revolutionary solution for high data
rate indoor transmission [7], while the PLC for backhauling has
lately grasped attention due to availability at each home [8], [9].

PLC is one of the most vital technology nowadays, as it pro-
vides a ready infrastructure for communicating with end-users
as it covers huge geographical areas. PLC can cope with new
communication demands and the need for fast and easy access to
data [10]. The main drawback of PLC is that it wasn’t designed
as a communication channel, so signals traveling through PLC
links suffer from harsh noise, and it is one of the major obstacles
in using PLC as a communication channel. The parameters of
PLC witness a great fluctuation in their values, especially at
high data rates, which makes the channel noise modeling a hard
task [11], [12]. Consequently, we must take the impulsive noise
(IMN) and background noise (BGN) into our consideration to
model the additive noise [13], [14]. IMN statistical features are
characterized by Middleton class A distribution [15], while BGN
is characterized by the Nakagami-m distribution [16].

Additionally, the RF/PLC system configuration provides a
solution for indoor RF signal propagation losses due to pen-
etration of thick walls and metal structures by using indoor
PLC ability equipment. On the other hand, the PLC/RF system
configuration provides a good connectivity solution between the
power companies and the consumers’ homes equipment with
indoor RF ability. PLC/RF system configuration does not require
the optical detector as in PLC/VLC configuration which is an
important feature for the PLC/RF configuration. Motivated by
this, researchers have investigated dual-hop RF/PLC systems in
a few works [4], [5], [13], [17]. The authors in [5] proposed
an efficient and secure solution to guard against availability
and privacy attacks for the hybrid RF/PLC system. In [17], the
expected data rate of hybrid RF/PLC with and without a relay
was investigated, which shows a better performance compared
to the non-hybrid system.

In [13], the authors studied the dual-hop hybrid RF/PLC
system performance in terms of outage probability, average bit
error rate, and average channel capacity, where the log-normal
and Nakagami-m distributions characterized the PLC and the
RF channels, respectively. In [4], the authors derived the same
performance metrics of the dual-hop hybrid RF/PLC system
with Log-normal distribution for the PLC link and generalized
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Fig. 1. NOMA based dual-hop hybrid communication system model.

Rician distribution for the RF link. Furthermore, both [4], [13]
proposed a system that handles a single destination with no
multiplexing capabilities.

In this paper, for the sake of enhancing spectrum efficiency,
non-orthogonal multiple access (NOMA) has been proposed to
enhance spectrum utilization. The idea behind NOMA is to en-
able users to communicate with non-orthogonal resources at the
expense of higher complexity at the receiver. The most common
type of NOMA is the power domain NOMA (PD-NOMA) [18],
[19], [26], [27], where the transmission is achieved by superim-
posing different users’ signals at different power levels, while the
receivers perform a successive interference cancellation (SIC)
to detect their messages. Thus, we investigate NOMA-based
dual-hop hybrid RF/PLC communication systems with DF re-
lay. While several researchers in the literature have investigated
the performance of the hybrid RF-PLC system without utilizing
any multiplexing technique [4], [13], to the best of the author’s
knowledge, there is a gap related to the exploitation of NOMA
as an access technique with hybrid RF/PLC.

The main contributions of this paper can be summarized as
follows: (1) Derive new closed-form and asymptotic expres-
sions for the outage probability and ergodic capacity under
the assumptions that the wireless channel is characterized by
Nakagami-m fading with an additive white Gaussian noise
(AWGN), while the PLC channels are characterized by Log-
normal distribution with Bernoulli Gaussian noise including
both background and impulsive noise components. (2) Analyze
the diversity order of outage probabilities, (3) Propose and
solve a power allocation optimization problem for finding an
outage-optimal power allocation factor, (4) Confirm our ana-
lytical derivations through extensive Monte-Carlo simulations,
and finally (5) We study the impact of system parameters on the
performance, also a comparison between the proposed system
with an OMA-based benchmark system has been carried out.

The rest of the paper is organized as follows. The system
model is introduced in Section II. The analytical outage prob-
abilities and ergodic capacities are derived in Section III and
IV, respectively. The proposed power allocation algorithm is
provided in Section V. Analytical and simulation results are
discussed in Section VI and our conclusions are provided in
Section VII.

II. SYSTEM MODEL

In this work, we consider a NOMA-based dual-hop hybrid
communication system depicted in Fig. 1. A source (S) equipped

Fig. 2. Illustrative scenario of the vehicle penetration loss in a bus with relay.

with RF interface wants to establish a communication with two
destinations (D1 and D2) equipped with PLC interfaces with
the help of a DF relay node (R) that has the ability to interface
with both wireless and PLC links. There are several applications
of such a scenario, including the communication between a
base station and indoor nodes that suffer from high attenuation
due to wall penetration loss or in-vehicle communications [20]
as the scenario illustrated in Fig. 2. The vehicle is equipped
with a DF relay node that has an outdoor antenna to interface
wirelessly with the source node and has the ability to commu-
nicate with in-vehicle users via PLC links equipped in the bus.
To improve the spectrum efficiency, S transmits a multiplexed
signal (xS =

√
a1PSx1 +

√
a2PSx2) using PD-NOMA through

a wireless link, (hSR), to R assuming the direct links between
S and both D1 and D2 are unavailable either due to penetration
loss or the absence of wireless interfaces.PS represents the total
transmit power of S, while xj denotes the data symbols of Dj

for j ∈ {1, 2}, and aj denotes the power allocation factor ofDj .
Without loss of generality, it can be assumed that a1 > a2 such
that a1 + a2 = 1. The relay node received the following signal
through the wireless interface, yR = d

−v/2
w hSRxS + nω,where

dw is the distance from S to R, v is wireless channel path-loss
exponent, hSR represents the fading of Nakagami-m wireless
channel with severity factor mw, such that the expectation
E[|hSR|2] = ΩSR and nω denotes AWGN with zero mean, and
a variance of σ2

ω. Therefore, the received signal-to-interference-
plus-noise ratio (SINR) at R to detect its own message x1 is
given as follows:

γR,x1 =
a1ρsd

−v
w |hSR|2

a2ρsd−vw |hSR|2 + 1
, (1)

where ρs =
PS

σ2
ω

is the transmit signal-to-noise ratio (SNR).
Then, assuming a perfect SIC, R detects x2, where the SINR
is given as follows

γR,x2 = a2ρsd
−v
w |hSR|2. (2)

After decoding both messages,R re-encodes and multiplexes
them using PD-NOMA, where the transmitted message from
R to both destinations over the PLC interface is given by
xR =

√
a1PRx1 +

√
a2PRx2, andPR represents the total trans-

mitted power of R. Then the received signal at Dj is given by
yDj

= e−θdPjhRDj
xR + np, where θ = α0 + α1f

u represents
the attenuation over each PLC link,α0 andα1 are measurement-
based constants, f is the operating frequency,u is the attenuation
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factor exponent [22], and dPj is the distance between R and
Dj , hRDj

denotes the Log-normal PLC links, and np is a
Bernoulli Gaussian noise with a probability distribution function
(PDF) [23], [24],

f(np) = (1 − p)CN(0, σ2
B) + pCN(0, σ2

B + σ2
I), (3)

where CN(0, σ) stands for the complex Gaussian distribution
having zero mean and σ2 as variance, and p is the probability of
the impulsive component of the Bernoulli Gaussian noise. The
noise power on the PLC link is σ2

B in the presence of only back-
ground noise; while the noise power is σ2

B + σ2
I = σ2

B(1 +K)
in the presence of both background and impulsive noises, where
K = σ2

I/σ
2
B is the impulsive noise index. Then we can write,

σ2
pi

=

{
σ2
B Background only , i = 1

σ2
B(1 +K) Background + impulsive, i = 2.

The SINRs at Dj to detect the message x1 are given by,

γi(Dj ,x1) =
a1ρRie

−2θdPj
∣∣hRDj

∣∣2
a2ρRie−2θdPj

∣∣hRDj

∣∣2 + 1
, (4)

where ρRi =
PR

σ2
pi

is the transmit SNR at R under a given noise

power σ2
pi

, while D2 performs SIC to detect its message using
the following SINR,

γi(D2,x2) = a2ρRie
−2θdP 2 |hRD2 |2. (5)

Channels Distributions: In the following, we highlight the PDFs
and the cumulative distribution functions (CDFs) of the chan-
nels’ gains. Since the wireless channel is characterized by
Nakagami-m distribution, |hSR|2 will have a Gamma distribu-
tion whose PDF and CDF are [13], [25]:

f|hSR|2(x) =
(
mω

ΩSR

)mω xmω−1

Γ(mω)
e

−mω
ΩSR

x
, (6)

F|hSR|2(x) = 1 − e

(
−mω
ΩSR

x
) mω−1∑
m=0

((mω/ΩSR)x)
m

m!
, (7)

On the other hand, the PLC links are characterized by Log-
normal distribution with μhRDi

mean, and σ2
hRDi

variance, so

|hRDi
|2 will have a squared Log-normal distribution with the

following PDFs [13],

f|hRD1 |2(x) =
1√

2πσ′x
e

−(�n(x)−μ′)2

2σ′2 , (8)

f|hRD2 |2(x) =
1√

2πσ′′x
e

−(�n(x)−μ′′)2

2σ′′2 , (9)

where μ′ = 2μhRD1
, μ′′ = 2μhRD2

, σ′2 = 4σ2
hRD1

, and σ′′2 =

4σ2
hRD2

, while the CDFs are given as follows

F|hRD1 |2(x) = Q

(
μ′ − �n(x)

σ′

)
, (10)

F|hRD2 |2(x) = Q

(
μ′′ − �n(x)

σ′′

)
, (11)

whereQ(x) = 1√
2π

∫∞
x e

−t2

2 dt, is the GaussianQ-function [29].

III. OUTAGE PROBABILITY ANALYSIS

In this section, we investigate the system performance in terms
of the outage probability (OP ), which can be defined as the
probability that the SINR falls below certain threshold value. In
this section, the exact closed form expression for calculatingOP
of the NOMA based dual-hop hybrid communication system
will be derived.

A. Outage Probability at D1

TheOP atD1 can be expressed in terms of the probability of
the impulsive component of the Bernoulli noise (p) as follows:

OPD1 = (1 − p)OPD1,1 + pOPD1,2, (12)

where OPD1,i is the OP at D1 for σ2
pi

and i ∈ {1, 2}.
The outage event occurs when either D1 or R can not decode

x1 which can be formulated as follows [30]:

OPD1,i = 1 − Pr(γR,x1 > γth1, γi(D1,x1) > γth1),

(a)
= 1 − Pr

(
|hSR|2 > γth1

ρsd−vw (a1 − a2γth1)

)

× Pr

(
|hRD1 |2 >

γth1

ρRie−2θdP 1(a1 − a2γth1)

)
,

(13)

where (a) stems from the independence between hSR,hRD1 and
substituting (1) and (4) into (13),γth1 is the SINR threshold atD1

receiver based on a target data rateRth1 and γth1 = 22Rth1 − 1.
The OP in (13) can be expressed as follows

OPD1,i = 1 −
(

1 − F|hSR|2
(

τ1

ρsd−vw

))

×
(

1 − F|hRD1 |2
(

τ1

ρRie−2θdP 1

))
. (14)

such that a1 > a2γth1 and τ1 = γth1
a1−a2γth1

. With the aid of (7)
and (10), we can obtain the closed form expression for OPD1,i

as in (15), shown at the bottom of this page.

OPD1,i = 1 −
⎛
⎝e

(
−mω
ΩSR

(
τ1

ρsd−v
w

)

)
mω−1∑
m=0

(
(mω/ΩSR)(

τ1
ρsd

−v
w
)
)m

m!

⎞
⎠

︸ ︷︷ ︸
ψ1

Q

⎛
⎝�n

(
τ1

ρRie−2θdP 1

)
− μ′

σ′

⎞
⎠

︸ ︷︷ ︸
ψ2

(15)
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B. Outage Probability at D2

Similar to (12), the OP at D2 can be expressed as

OPD2 = (1 − p)OPD2,1 + pOPD2,2 (16)

whereOPD2,1 is theOP atD2 forσ2
pi

and i ∈ {1, 2}. The outage
event occurs when either R or D2 can not decode x2 which can
be formulated as [30]:

OPD2,i = 1 − Pr(γR,x1 > γth1, γR,x2 > γth2

γi(D2,x1) > γth1, γi(D2,x2) > γth2)

(17)

where γth2 = 22Rth2 − 1 is the SINR threshold atD2 for a given
target data rate Rth2. By substituting (1), (2), (4), and (5) into
(17) and exploiting the independence between hSR and hRD2

we get,

OPD2,i = 1 − pr

(
|hSR|2 > δ

ρsd−vw

)

× pr

(
|hRD2|2 > δ

ρRie−2θdP 2

)

= 1 −
(

1 − F|hSR|2
(

δ

ρsd−vw

))

×
(

1 − F|hRD2|2
(

δ

ρRie−2θdP 2

))
(18)

where a1 > a2γth1, τ1 = γth1
a1−a2γth1

and τ2 = γth2
a2

, and δ =

max(τ1, τ2). With the aid of (7) and (11), we can obtain the
closed form expression forOPD2,i as in (19) shown at the bottom
of this page.

C. Total System Outage Probability

Similarly, The total system OP can be expressed as,

OPsys = (1 − p)OPsys,1 + pOPsys,2 (20)

where OPsys,i is the system OP for σ2
pi

and i ∈ {1, 2}, which
occurs when any of R or D2 can not detect the two messages or

D1 can not detect x1. OPsys,i can be expressed as,

OPsys,i = 1 − Pr(γR,x1 > γth1, γR,x2 > γth2,

γi(D2,x1) > γth1, γi(D2,x2) > γth2,

γi(D1,x1) > γth1).

(b)
= 1 −OPD2,i × Pr(|hRD1 |2 >

τ1

ρRie−2θdP 1
).

(21)

where (b) stems from the independence ofhSR,hRD1 , andhRD2 .
Finally the closed-form expression forOPsys,i can be expressed
as in (22) shown at the bottom of this page.

D. Asymptotic Outage Probability

In order to gain insights and understand the effects of different
parameters on the performance of our system, we derive the
asymptoticOPs for high values of the transmit SNRs. As ρs →
∞, based on [31, eq. 20] we can write ψ∞

1 and θ∞1 as follows,

ψ∞
1 = 1 − 1

mω!

(
(mω/ΩSR)

τ1

ρsd−vm

)mω

(23)

θ∞1 = 1 − 1
mω!

(
(mω/ΩSR)

δ

ρsd−vm

)mω

. (24)

As ρRi → ∞, based on [32, eq. 43]Q(x) = e−
x2
2

x
√

2π
when x→

∞ we can write ψ∞
2 and θ∞2 as follows,

ψ∞
2 = 1 − σ′e−

(
μ′+�n

(
ρRie

−2θdP 1
τ1

))2

2σ′2

√
2π
(
μ′ + �n

(
ρRie−2θdP 1

τ1

)) , (25)

θ∞2 = 1 − σ′′e−

(
μ′′+�n

(
ρRie

−2θdP 2
δ

))2

2σ′′2

√
2π
(
μ′′ + �n

(
ρRie−2θdP 2

δ

)) . (26)

OPD2,i = 1 −
⎛
⎝e

(
−mω
ΩSR

( δ

ρsd−v
w

)

) mω−1∑
m=0

(
(mω/ΩSR)(

δ
ρsd

−v
w
)
)m

m!

⎞
⎠

︸ ︷︷ ︸
θ1

Q

⎛
⎝�n

(
δ

ρRie−2θdP 2

)
− μ′′

σ′′

⎞
⎠

︸ ︷︷ ︸
θ2

(19)

OPsys,i = 1 −
⎛
⎝e

(
−mω
ΩSR

( δ

ρsd−v
w

)

)
mω−1∑
m=0

(
(mω/ΩSR)(

δ
ρsd

−v
w
)
)m

m!

⎞
⎠

︸ ︷︷ ︸
θ1

Q

⎛
⎝�n

(
δ

ρRie−2θdP 2

)
− μ′′

σ′′

⎞
⎠

︸ ︷︷ ︸
θ2

Q

⎛
⎝�n

(
τ1

ρRie−2θdP 1

)
− μ′

σ′

⎞
⎠

︸ ︷︷ ︸
ψ2

(22)
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Fig. 3. OP versus SNR (ρ) with K = 3, Rth1 = 0.5, Rth2 = 0.75, and
p = 0.1.

Fig. 4. OP with different value of mw at p = 0.1, K = 10, and a1 = 0.72.

Thus, the asymptotic OPs can be expressed as follows:

OP∞
D1,i

≈ 1 − ψ∞
1 ψ

∞
2

OP∞
D2,i

≈ 1 − θ∞1 θ
∞
2

OP∞
sys,i ≈ 1 − θ∞1 θ

∞
2 ψ

∞
2

. (27)

Finally we can write

OP∞
D1 = (1 − p)OP∞

D1,1 + pOP∞
D1,2

OP∞
D2 = (1 − p)OP∞

D2,1 + pOP∞
D2,2

OP∞
sys = (1 − p)OP∞

sys,1 + pOP∞
sys,2

. (28)

E. Diversity Order

To obtain further insights, we consider the achievable diversity
order of the proposed system outage probability which is defined
as the slope of its OP sys, and based on [20], [30], we can cal-
culate diversity order as dOP = − limρ→∞ (log(OP∞

l )/log(ρ))
where l ∈ {1, 2, sys}. It is clear from (15), (19), (22), and (27)
that dOP ∝ ρ−min(mw,2), which means dOP = min(mw, 2).
This result is consistent with the plots in Fig. 4.

IV. ERGODIC CAPACITY

In this section, we derive a closed-form expression of the
ergodic capacity (EC) of the considered NOMA-based dual-hop
hybrid RF-PLC communication system. The channel capacities

for both messages, Cx1 and Cx2 are determined by the weaker
link [33], [34], thus

Cx1 =
1
2
log2(1 +min(γR,x1 , γD1,x1 , γD2,x1))

Cx2 =
1
2
log2(1 +min(γR,x2 , γD2,x2)). (29)

The EC, which is the expectation of the channel capacity,
can be expressed based on the impulsive component arrival
probability of the Bernoulli noise (p) as follows [13], [34]

ECxj
= (1 − p)ECxj ,1 + (p)ECxj ,2 (30)

ECxj ,i =
1

2�n2

∞∫
γ=0

1
1 + γ

[
1 − Fγj ,i(γ)

]
dγ. (31)

The ergodic sum capacity (ESC) is expressed as

ESC = ECx1 + ECx2 . (32)

A. Ergodic Capacity of x1

The CDF Fγ1,i(γ) can be written as

Fγ1,i(γ) = 1 − pr(γR,x1 > γ, γD1,x1 > γ, γD2,x1 > γ)

(c)
= 1 − pr(|hSR|2 > η

ρsd−vw
)pr(|hRD1|2 >

η

ρRie−2θdP 1
)pr(|hRD2|2 > η

ρRie−2θdP 2
), (33)

where (c) stems from the independence of the channels gain
and η = γ/(a1 − a2γ), and η > 0 or 0 < γ < a1

a2
, then using

(7), (10) and (11) we get

Fγ1,i(γ) = 1 − e

(
−mωη

ΩSRρsd−v
w

)
mω−1∑
m=0

(
mωη

ρsd
−v
w ΩSR

)m
m!

×Q

⎛
⎝�n

(
η

ρRie−2θdP 1

)
− μ′

σ′

⎞
⎠Q

⎛
⎝�n

(
η

ρRie−2θdP 2

)
− μ′′

σ′′

⎞
⎠.
(34)

Substituting form (34) in (31) then

ECx1,i =
1

2�n2

a1/a2∫
γ=0

e

(
−mωη

ΩSRρsd−v
w

)

1 + γ

mω−1∑
m=0

(
mωη

ρsd
−v
w ΩSR

)m
m!

×

Q

⎛
⎝�n

(
η

ρRie−2θdP 1

)
− μ′

σ′

⎞
⎠Q

⎛
⎝�n

(
η

ρRie−2θdP 2

)
− μ′′

σ′′

⎞
⎠ dγ,

(35)

using variable transformation of t = mωη/(ρsd
−v
w ΩSR) we can

write

ECx1,i =
a1ρsd

−v
w mωΩSR
2�n2

mω−1∑
m=0

1
m!

∞∫
t=0

e−tf1(t)dt, (36)
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where

f1(t) =

tmQ

(
�n

(
βt

e−2θdP 1

)
−μ′

σ′

)
Q

(
�n

(
βt

e−2θdP 2

)
−μ′′

σ′′

)
(tρsd−vw ΩSR +mω)(tρsd−vw ΩSRa2 +mω)

, (37)

where β = ρsd
−v
w ΩSR

ρRimω
. The integration in (36) can not admit

closed-form expression, however, it can be approximated using
[[35], eq. (25.4.45)]. We can write

ECx1,i =
a1ρsd

−v
w mωΩSR
2�n2

mω−1∑
m=0

n∑
i=1

wif1(ti)

m!
(38)

where ti is the ith zero of the Laguerre polynomial,Ln(x), while
wi is the weights that can be calculated as follows:

wi =
(n!)2xi

(n+ 1)2[Ln+1(xi)]
2 (39)

B. Ergodic Capacity of x2

The CDF Fγ2,i(γ) can be written as

Fγ2,i(γ) = 1 − pr(γR,x2 > γ, γD2,x2 > γ)

(d)
= 1 − pr(|hSR|2 > γ

a2ρsd−vw
)

× pr(|hRD2 |2 >
γ

a2ρRie−2θdP 2
) (40)

where (d) stems from the independence of the channels gain
then using (7) and (11) we get

Fγ2,i(γ) = 1 − e

(
−mωγ

a2ΩSRρsd−v
w

) mω−1∑
m=0

(
mωγ

a2ΩSRρsd
−v
w

)m
m!

×Q

⎛
⎝�n

(
γ

a2ρRie−2θdP 2

)
− μ′′

σ′′

⎞
⎠ . (41)

Substituting form (41) in (31) then

ECx2,i =
1

2�n2

∞∫
γ=0

e

(
−mωγ

a2ΩSRρsd−v
w

)

1 + γ

mω−1∑
m=0

(
mωγ

a2ΩSRρsd
−v
w

)m
m!

×Q

⎛
⎝�n

(
γ

a2ρRie−2θdP 2

)
− μ′′

σ′′

⎞
⎠ dγ, (42)

using variable transformation of λ = mωγ/(a2ΩSRρsd
−v
w ) we

can write

ECx2,i =
a2ρsd

−v
w ΩSR

2�n2

mω−1∑
m=0

1
m!

∞∫
t=0

e−λf2(λ)dλ, (43)

where

f2(λ) =

λmQ

(
�n

(
βλ

e−2θdP 2

)
−μ′′

σ′′

)
(λρsd−vw ΩSRa2 +mω)

. (44)

Fig. 5. OP with different value of p with K = 10, γth = 1, and a1 = 0.72.

Fig. 6. OP with different values of K at p = 0.1, γth = 1, and a1 = 0.72.

Using the same procedure of Laguerre formula in IV-A, then

ECx2,i =
a2ρsd

−v
w ΩSR

2�n2

mω−1∑
m=0

n∑
i=1

wif2(λi)

m!
(45)

V. PROPOSED POWER ALLOCATION ALGORITHM

In this section, we discuss a proposed power allocation algo-
rithm for optimizing the outage probability of the system. The
proposed optimization problem is given as follows:

min
a1

OPsys (46a)

s.t. 0.5 < a1 < 1 (46b)

a1 + a2 = 1 (46c)

In the following, we provide Theorem 1 to prove the convexity
of the problem.

Theorem 1: The problem in (46) is a convex optimization
problem.

Proof: Please, refer to the Appendix. �
Since (46) is a convex optimization problem, it can be solved

using any commercial solver such as Matlab or Mathematica.
With the system parameters setting defined in Table I, we show
the variations of the system OP as a function of a1 in Fig. 8, to
show the convexity graphically. The solution of such problem
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TABLE I
PARAMETER VALUES USED FOR SIMULATIONS

Fig. 7. OP with different values of γth at p = 0.1, K = 10, and a1 = 0.72.

Fig. 8. OP with different value of a1 at ρ = 20 dB, p = 0.1, and K = 10.

gives an optimal value for power allocation factor as a1 = 0.72.
This solution is used as an optimal power allocation scheme in
all figures in Section VI.

VI. RESULTS AND DISCUSSIONS

In this section, we provide representative numerical results
to illustrate the derived OPs metrics, based on which some in-
sights are highlighted. Monte Carlo simulations are generated to
corroborate the proposed analysis. Unless mentioned otherwise,
the simulation parameters used in the plots are given in Table I,
which are based on [13], [36], and [37], where γth = γth1 =
γth2. In the following simulation figures, we denote “Ana” as the
exact analytical results, “Asym” denotes the asymptotic results,
and “Sim” denotes Monte-Carlo simulation results. We have
assumed that ρs = ρR1 = ρ, while ρR2 = ρ

(1+K) .
In Fig. 3, the OPs at D1, D2 and total system outage OP sys

versus SNR (ρ) for K = 3, γth = 1, a1 = 0.72, and p = 0.1
are represented. The results show that the simulation results
perfectly coincide with the exact analytical results for the whole
range of ρ, thereby validating our analysis. Also, we note that the

asymptotic curves are matched with both the exact and simula-
tion curves at high SNR. Additionally, the results show that both
OPs improve as ρ increases. To evaluate the performance of the
proposed system in this work, we compared its performance with
a benchmark scheme; OMA based dual-hop hybrid communi-
cation system. Fig. 3 demonstrates the comparison between the
proposed NOMA-based system versus the OMA-based system
in terms of outage probability under the same system settings.
According to the figure, the proposed system outperformed the
benchmark in terms of OPD1 , OPD2 , and OPsys, the reason
that explains this discrepancy is that the NOMA-based system
is spectrum-efficiency by exploiting the power domain. From
the comparison, we can conclude that the NOMA-based system
outperformed the OMA-based benchmark system.

It is seen from Fig. 4 that as the value of mw increases
the OPsys performance of the system enhances due to the
fact that the severity of fading decreases with increasing mw.
Also we can notice that for mw = 1 the OP sys = 0.006937
at ρ = 30 dB while OP sys = 0.0006676 at ρ = 40 dB, so the
OP sys falls with slope of log(0.0006676)− log(0.006937) ≈
1 = mw. Following the same procedure for the other two values
of mw, we can observe that both curves have the same slope =
2 at high SNR and agree with the diversity order calculated in
Section III-E.

Fig. 5 shows the OP s of both users under various values of
PLC impulsive noise arrival probability (p) for K = 10, γth =
1, and a1 = 0.72. The results show that as p decreases, the OP
improves which draws attention to the effect of the impulsive
noise on the PLC channels. The effect of the impulsive noise
index (K) on the OPs of both users is investigated in Fig. 6.
By setting p = 0.1, γth = 1, and a1 = 0.72, and keeping the
background noise fixed, it is shown that having a lower value
of K = 10 leads to a better OP compared to higher values of
K = 20, which is expected since increasing K raises the total
noise.

Fig. 7 shows the effect of the SNR threshold for the OPs
of both users. The results show the OPs of both users versus
ρ for γth = 0.5, 0.75, and 1 assuming p = 0.1, K = 10, and
a1 = 0.72. It is shown that the OPs degrades with the increase
of the target threshold.

Fig. 8 plots the influence of power allocation parameter a1;
which varies from 0.5 to 0.99; on the OP performance with
ρ = 20 dB, p = 0.1, andK = 10. We can see that theOP forD1

improves with increasing a1 due to increase of its own message
power and the decrease of interference power from D2. On the
other hand, the OP of D2 shows an improvement at first with
a1 increase sinceD2 needs to decode x1(t) first before decoding
its own message. However, with the continuous increase in
a1, an inflection point is reached since increasing a1 means
decreasing the allocated power for D2 message (a2 = 1 − a1)
which deteriorates theOP ofD2. Additionally, the total system
OP follows the same behavior asOP atD2 with a slight increase
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Fig. 9. System outage probability for different values of a1 against the optimal
value for K = 2 and p = 0.05.

Fig. 10. The effect of changing dp1 , dp2 , and dw on OPs at a1 = 0.72,
p = 0.1, and K = 3.

in the OP value. Under the pre-mentioned settings, the system
OP shows an optimal value for the power allocation parameter at
a = 0.72, which suggests that we can tweak the power allocation
factor to get an outage-optimal value.

To confirm the results, we plotted Fig. 9 which represents
system outage probability for different values of a1 including
inferred optimal value. And we will already notice from Fig. 9
that the inferred optimal value gives the best result for OPsys.

Fig. 10 depicts the effect of changing the distances between
the nodes of the system on the OPs. In the figure, we can find
four different cases, the first case represents the reference case in
which we set dp1 = 7m, dp2 = 10m and dw = 2m. The second
case studies the effect of increasing the lengths of PLC links to
ten-folds of their reference lengths, it is clear that the effect is
negligible at low SNR whileOPs degrade slightly at high SNR.
The situation in case 3 is inverted when we duplicate the wireless
channel length while keeping PLC links at the reference values,
where the OPs witnessed a large degradation at low SNR and
coincide with the reference curve at high SNR. In the last case,
we composite the two modifications carried out in case 2 and case
3 to illustrate the effect of increasing all distances on the OPs,
here we can notice the large degradation at low SNR due to the

Fig. 11. The effect of changing fading parameters on OPs at a1 = 0.72,
p = 0.1, and K = 3.

Fig. 12. EC versus SNR (ρ) with K = 2, a1 = 0.72, and p = 0.05.

increase in wireless channel distance, and the slight degradation
at high SNR due to the increase in the lengths of the PLC links.

Fig. 11 depicts the Log-normal fading parameters effect on
the OPs performance, using three different scenarios (light
shadowing with μ′ = μ′′ = 0.115 and σ′ = σ′′ = 0.115 dB,
average shadowing with μ′ = μ′′ = −0.115 and σ′ = σ′′ =
0.161 dB, heavy shadowing with μ′ = μ′′ = −3.914 and σ′ =
σ′′ = 0.806 dB as in literature [38]). It is clear from the fig-
ure that, the OPs deteriorates with the increase in the shad-
owing parameters, which leads to the failure in achieving target
threshold SNR as shadowing rises from light to heavy shadowing
scenario.

Fig. 12 depicts the EC of both messages and the ESC versus
the SNR. We can see that the ECx1 increases slightly in the
low-SNR region and remain constants in the high-SNR region
due to the saturation of γR,x1 , γi(Dj ,x1) in (1), (4) to the value of
(a1/a2). On the other hand, ECx2 continuously increases with
the increase in SNR, this result can be deduced by examining
equations (2) and (5). Although the performance of EC for
each message is different, the performance of ESC follows
the trend of ECx2 . Also in the same figure, we compare the
performance of EC and ESC for both systems under the same
values of system parameters. Although the performance of the
two systems contrasted from the point of view of the ergodic
capacity for each message; as the proposed system based on
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Fig. 13. EC with different values of K at p = 0.05 and a1 = 0.72.

Fig. 14. EC with different value of p with K = 2 and a1 = 0.72.

NOMA outperformed its counterpart based on OMA for the
ECx2 , in contrast to the situation for the ECx1 ; in general
the NOMA-based system superior the OMA-based in terms
of ergodic sum capacity. This logical conclusion came as a
result of the idea that NOMA allows multiple users to share
the given channel resources concurrently unlike OMA. From
the comparison carried out between the two systems in Fig. 3
and Fig. 12, we can conclude that the NOMA-based system
outperformed the OMA-based benchmark system.

To study the effect of some system parameters variation, we
plot Fig. 13 and Fig. 14. Fig. 13 demonstrates the effect of the
impulsive noise index on the EC as a function of SNR for p =
0.05 and a1 = 0.72. We notice that theEC of the system slightly
increases with a huge decrease inK from 100 to 2. Also, Fig. 14
shows the influence of impulsive noise arrival probability on
the EC as a function of SNR for K = 2 and a1 = 0.72. We
observe the similarity between the impacts of K and p on EC.
As expected, the EC is higher for lower values of p compared
to higher values. From both figures, we can conclude that the
effect of both the impulsive noise index and the impulsive noise
arrival probability is negligible.

Fig. 15 shows the effect of changing the distances between
the nodes of the system on theECs. In this figure, four different
cases are represented, the first case is the reference case in which
we set dp1 = 7m, dp2 = 10m and dw = 2m. The second case
studies the effect of increasing the lengths of PLC links to dp1 =

Fig. 15. The effect of changing dp1 , dp2 , and dw on ECs at a1 = 0.72,
p = 0.1, and K = 2.

200m, dp2 = 300m and dw = 2m, it is clear that the effect is
negligible over the entire range of SNR. The situation in case
3; when we duplicate the wireless channel length while keeping
PLC links at the reference values; is that the ECs witnessed
a large degradation due to the increase in channel fading. In
the last case, we composite the two modifications carried out
in case 2 and case 3 to illustrate the effect of increasing all
distances on the ECs, so we used dp1 = 200m, dp2 = 300m
and dw = 4m, here we can notice the small deviation between
the last two cases which confirms the aforementioned result in
case 2, that the effect of increasing the length of the PLC links
can be neglected.

VII. CONCLUSION

In this paper, we investigated a novel two-users NOMA-based
dual-hop hybrid RF-PLC communication system utilizing a DF
relay. We derived new analytical closed-form expressions for
the OPs, the asymptotic OPs of the two users, and ergodic
capacities, also analyzed the diversity order for the OPs. Ad-
ditionally, we confirm our expressions through representative
Monte-Carlo simulations. It is inferred from figures that as
the arrival probability of the impulsive noise or the impulsive
noise index increases, the OPs of the two users and the system
degrade, on the other hand, the ergodic capacities witnessed no
noticeable change. Besides, we discussed the influence of the
power allocation factor on the total system OP performance
and obtaining an outage-optimal power allocation. Finally, we
carried out a comparison between the proposed system and a
benchmark system, and it proved the importance and superiority
of the proposed system.

APPENDIX A

In this appendix, a detailed derivation that prove the convex-
ity of the problem described in (46). Based on (20), we can
write OP ′

sys = (1 − p)OP ′
sys,1 + (p)OP ′

sys,2, thus we need
to prove convexity of OP ′

sys,i.
According to the definition of δ = max(τ1, τ2), we can divide

(22) into two intervals based on the value of a1:
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• For 0.5 < a1 <
γth1(1+γth2)

γth1+γth2+γth1γth2
: In this interval τ1 > τ2

and δ = τ1 = γth1
a1(1+γth1)−γth1

, and using ([32], eq. (43)), where

Q(x) = (e−x
2/2/x

√
2π), we can rewrite (22) as

OPsys,i = 1 − e−c1τ1︸ ︷︷ ︸
φ1

mω−1∑
m=0

(c1τ1)
m

m!︸ ︷︷ ︸
φ2

e−x
2
1,i/2

x1,i

√
2π︸ ︷︷ ︸

φ3

e−x
2
2,i/2

x2,i

√
2π︸ ︷︷ ︸

φ4

,

(A.1)

where c1 = mω

ΩSRρsd
−v
w
, x1,i =

�n(
τ1

ρRie
−2θdP 1

)−μ′

σ′ , x2,i =
�n(

τ1
ρRie

−2θdP 2
)−μ′′

σ′′ . Using Q′(x) = −e−x2/2√
2π

, we can write
the partial derivative of OPsys,i with respect to τ1 as

∂OPsys,i
∂τ1

=

−(−c1φ1φ2φ3φ4 + φ1

[
c1(φ2 − (c1τ1)

mw−1

(mw − 1)!
)

]
φ3φ4

+ φ1φ2

[
−e−x2

1,i/2

τ1σ′√2π

]
φ4 + φ1φ2φ3

[
−e−x2

2,i/2

τ1σ′′√2π

]
)

= φ1φ3φ4

(
cmw

1 τmw−1
1

(mw − 1)!
+

φ2

τ1σ′ (x1,i + x2,i)

)
> 0, (A.2)

it is clear that ∂OPsys,i

∂τ1
in (A.2) is always a positive value.

Applying the chain rule, ∂OPsys,i

∂a1
=

∂OPsys,i

∂τ1
× ∂τ1

∂a1
, where

∂τ1
∂a1

= −(1+γth1)γth1

(a1(1+γth1)−γth1)
2 is a negative value. Thus, ∂OPsys,i

∂a1
is

always negative, this result indicates a monotonically decreasing
function in this interval.
• For γth1(1+γth2)

γth1+γth2+γth1γth2
< a1 < 1: In this interval τ1 < τ2 and

δ = τ2 = γth2
1−a1

, then we can rewrite (22) as

OPsys,i = 1 − e
−c2

1−a1︸ ︷︷ ︸
φ5

mω−1∑
m=0

cm2
m!(1 − a1)

m︸ ︷︷ ︸
φ6

e−x
2
3,i/2

x3,i

√
2π︸ ︷︷ ︸

φ7

e−x
2
4,i/2

x4,i

√
2π︸ ︷︷ ︸

φ8

,

(A.3)
where

c2 =
mωγth2

ΩSRρsd−vw
,

x3,i =
�n
(

γth1

ρRi(a1(1+γth1)−γth1)e
−2θdP 1

)
− μ′

σ′ ,

x4,i =
�n
(

γth2

ρRi(1−a1)e−2θdP 2

)
− μ′′

σ′′ . (A.4)

UsingQ′(x) = −e−x2/2√
2π

, we can write the partial derivative of
OPsys,i with respect to a1 as

∂OPsys,i
∂a1

=

[
c2

(1 − a1)
2

]
φ5φ6φ7φ8+φ5φ6φ7

[
e−x

2
4,i/2

σ′′(1 − a1)
√

2π

]

−φ5

[
c2φ6

(1 − a1)
2 − cmw

2

(mw − 1)!(1 − a1)
mw+1

]
φ7φ8

+ φ5φ6

[
e−x

2
3,i/2

σ′√2π
× 1 + γth1

γth1 − a1(1 + γth1)

]
φ8

= φ5φ6φ7φ8 × f(a1) = (1 −OPsys,i)× f(a1),
(A.5)

where

f(a1) =

mw−1∑
m=0

m!cmw−m
2

(mw − 1)!(1 − a1)
mw+1−m

+
x3

σ′( γth1
1+γth1

− a1)
+

x4

σ′′(1 − a1)
. (A.6)

Based on (A.5), we can’t predict a monotonic trend in this
interval. So to show the convexity of this function, the second
derivative of OPsys,i with respect to a1 must be positive. We
can write the second derivative as

∂2OPsys,i
∂a1

2
=
∂f(a1)

∂a1
(1−OPsys,i)−∂OPsys,i

∂a1
f(a1),

= (1 −OPsys,i)︸ ︷︷ ︸
Always+ve

[
∂f(a1)

∂a1
− f 2(a1)

]
, (A.7)

where

∂f(a1)

∂a1
=

mw−1∑
m=0

m!(mw + 1 −m)cmw
2

(mw − 1)!(1 − a1)
mw+2−m

+

(
γth1

1+γth1
− a1

)−2

σ′

(
1
σ′+ x3

)

+
(1 − a1)

−2

σ′′

(
1
σ′′ + x4

)
. (A.8)

After some mathematical manipulation, we can prove that
[∂f(a1)
∂a1

− f 2(a1)] in (A.7) is a positive value, which demon-
strates the convexity of the proposed function in this interval.

From the analysis carried out over the two intervals of a1, we
can conclude that the proposed optimization function in (46) is
convex over the entire range of a1.
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