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On the Performance of Reconfigurable Intelligent Surface Aided
Power Line Communication System under Different Relay

Transmission Protocols
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Abstract—In this paper, the performance analysis of a dual-hop reconfigurable intelligent surface
(RIS)-aided power line communication (PLC) system is presented under different relay transmission
protocols. The relay is assumed to be decode-and-forward (DF) or amplify-and-forward (AF) relaying
protocol. It is also assumed that the RIS link is subjected to Rayleigh fading while the PLC link
undergoes Log-normal fading with the influence of additive background and impulsive noise. To evaluate
the system performance, the end-to-end cumulative distribution function for both relaying protocols are
derived. Based on these, the analysis expressions for the system outage probability and average bit error
rate (ABER) are derived under DF and AF relaying protocols. To gain further insight about the system
performance, the asymptotic analysis for the derived expressions is obtained at high signal-to-noise ratio
regime. The findings illustrate the significant impact of the number of RIS elements and impulsive noise
on the overall system performance. In addition, the accuracy of the analytical results is justified through
Monte-Carlo simulations.

1. INTRODUCTION. BACKGROUND INFORMATION

In recent time, power line communication (PLC) systems have been considered as a competitive
technology for high-speed data transmission through the utilization of existing and pre-installed power
line networks for the distribution of both information and power [1]. The system has significant
advantages of providing last mile access to end users and reduces the cost of deployment. As a result of
this, it has been considered as a feasible candidate for indoor and outdoor applications such as home-
networking, control applications, and smart metering [2]. However, with all these excellent features,
the PLC system is highly susceptible to various channel impairments which degrade the link reliability.
Specifically, the PLC link generates electromagnetic interference which affects the surrounding wireless
systems [3]. In addition, PLC link suffers from two types of noises, i.e., impulsive noise and background
noise which results in data loss. The impulse noise is a random occurring noise with high power spectral
density (PSD) and short duration. The background noise is negligible over time with low PSD [4].
Owing to frequency selectivity, the link also suffers from attenuation which can deteriorate the system
achievable data rate and also introduces inter-symbol interference. This becomes more pronounced at
high frequencies and with the increase in distance between the transmitter and receiver [3, 5, 6].

Today, reconfigurable intelligent surface has gain considerable attention in the research community
owing to its applications in the next-generation wireless communication systems [7]. Compared with
other technologies counterparts, it requires no complex encoding and decoding without additional
power supply for signal transmission [8, 9]. They can be easily deployed on different infrastructural
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surfaces such walls, ceilings, and buildings in order to reflect the transmitted signal [10]. Thus, as
a new innovation technology, it employs a large number of low-cost passive elements which have the
capacity of intelligently controlling the characteristics of the receive signals such as amplitude phase and
polarisation [11, 12]. As a result of this, it eliminates the obstruction effects and improves the system
spectral and energy efficiency compared to conventional diversity systems. The increase in the number
of reflecting elements in RIS significantly enhances the quality of the received signal [13].

Over the time, relay-assisted technology has been considered as a promising technology to improve
the reliability and coverage of wireless communication systems against fading effects. This can be
achieved using two types of relaying protocols, i.e., amplify-and-forward (AF) and decode-and-forward
relaying protocols. The former amplifies the received signal and resend it to the destination while the
latter decodes and re-encodes the received signal before transmitting to the destination [1]. Based on
this, relay-assisted PLC systems have been widely studied in open literature. In [14], the performance of
an RF-assisted PLC system over Log-normal distribution with Bernoulli-Gaussian impulsive noise was
studied. Also, the performance of a half-duplex PLC system was evaluated in [15] under AF and DF
relaying protocols. The authors in [16] investigated the performance of a full-duplex AF relaying PLC
system with the derivation of outage probability, average error rate, and average capacity performance
metrics. Moreover, the physical layer security of the PLC relay-aided system was presented in [17] under
the eavesdropper and noise interference. Recently, the performance of a dual-hop PLC/RF system
was studied in [4] under the AF and DF relaying scheme. The authors obtained analytical closed-
form expressions in terms of outage probability, average error rate, and average capacity. However,
in all these aforementioned works, RIS was not considered for the signal transmission to the system
destination. To the best of the authors’ knowledge, the study of RIS as a relay aided technique for
wireless communication systems is still at infancy stage. In [18], the performance of a dual-hop RIS-
assisted free space optical (FSO)/RF system was investigated. Also, the authors in [19] considered RIS
in the FSO setup to increase the system coverage and performance. The performance of a dual-hop
unmanned aerial vehicle communication was studied in [20] where RIS was used to improve the system
performance and coverage area. Moreover, the performance of a DF dual-hop RIS-assisted underwater
optical communication system was evaluated in [8] where the system outage probability and average
error rate were derived. In all these stated works, it can be observed that the systems are not PLC-based
systems.

Motivated by the above facts, the performance of a dual-hop relay assisted PLC system under DF
and AF relaying protocols is presented. The PLC link is assumed to follow the Log-normal distribution
with the effect of additive background and impulsive noise while the RIS link is subjected to Rayleigh
distribution. The equivalent CDF for the concerned system under both DF and AF is derived. By
utilizing the derived CDF, the concerned system outage probability and average error rate are obtained.
To further gain more insight about the derived expressions, the asymptotic expressions at high signal-
to-noise ratio (SNR) are determined. Thus, the main contributions in this study are stated as follows:

(i) The equivalent end-to-end CDF for the concerned system is derived for both DF and AF relaying
protocols.

(ii) The system analytical closed-form expressions for the outage probability and ABER are derived
for both relaying protocols.

(iii) The asymptotic expressions for the system outage probability and ABER are determined at high
SNR.

The remainder of this paper is structured as follows. Section 2 illustrates the system and channel
models. In Section 3, the statistical end-to-end analysis of each link is provided. The performance
analysis of the system with asymptotic analysis is detailed in Section 4. In Section 5, the numerical
results with discussions are presented. Finally, Section 6 gives the paper’s conclusion remarks.

2. SYSTEM AND CHANNEL MODELS

As illustrated in Figure 1, a dual-hop RF-RIS assisted PLC system is presented, where the source (S)
communicates with the destination (D) via the relay (R) and RIS. The RIS consists of N number of
reflecting elements with full knowledge of channel state information while the S, R, and D are equipped
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Figure 1. A dual-hop RF-RIS aided PLC system model.

with a single antenna. Also, it is assumed that there is no direct link between the relay and the
destination owning to buildings obstruction, and communication is performed through the RIS forming
an intelligent environment for the signal quality improvement. Similar to cooperative-based systems,
the concerned system operates in half duplex mode, and entire information transmission occurs in two
time slots.

During the first time slot, the source sends its message to the relay node via the PLC link using
binary modulation scheme. Thus, the signal received at the relay node can be expressed as:

yPLC
R = hPLCs+ ZPLC (1)

where hPLC is the channel fading gain of the PLC link, s the source message, and ZPLC the additive
noises present in the PLC link. Owing to many switching transients and low-power noise sources along
the PLC link, the link is highly prone to the effect of additive background noise and impulsive noise.
Statistically, the study of both noise effects on the PLC link can be modeled by using a Poisson-Gaussian
mixture model given as [21]:

ZPLC = ni + nb (2)

where ni = ipiI with ip denotes the arrival of the impulsive noise which follows Poisson process, and
iI signifies the additive white Gaussian noise (AWGN) with zero mean and variance σ2

I . nb represents
the background noise that follows AWGN with zero mean and variance σ2

B . By considering only the
background noise samples on the PLC link, the link instantaneous SNR can be defined as [22]:

γPLC1 =
Eb |hPLC |2

σ2
B

= γ̄PLC1 |hPLC |2 (3)

where Eb is the average signal energy, and γ̄PLC1 denotes the average link SNR when background noise
samples occur on the link. When both the background noise and impulsive noise samples occur on the
PLC link, the link instantaneous SNR can be given as [21]:

γPLC2 =
Eb |hPLC |2
σ2

B (1 + ξ)
= γ̄PLC2 |hPLC |2 (4)

where ξ = σ2
I/σ

2
B is the impulse ratio parameter which signifies the ratio of impulsive noise power to

background noise power, and γ̄PLC2 denotes the average link SNR when both noises occur on the link
During the second time slot, the relay transmits the received source message to the destination via

the RIS. In the case of DF relaying protocol, the received signal at the destination can then be expressed
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as:

yRIS, DF
D =

N∑
n=1

hnvnexp (jφn)ŝ+ ZD (5)

where φn denotes the adjustable phase induced by the n-th reflector elements, ŝ the source information
transmitted by the RIS, and ZD the AWGN at the destination with zero mean and σ2

D variance. Also,
hn = wnexp(−jθn) and vn = bnexp(−jψn) are the channel gains of the R-to-RIS and RIS-to-D links,
respectively with νi and ui respectively the amplitudes of the Rayleigh distribution, and θn and ψn are
the phases. In order to eliminate the channel phase, φn = θn + ψn so as to maximise the SNR at the
destination. Thus, the instantaneous SNR at the destination can then be expressed as [8]:

γD = γ̄RIS

(
N∑

n=1

wnbn

)2

= γ̄RISR
2 (6)

where γ̄RIS represents the average SNR at the destination
Under the AF relaying protocol, the received signal at the destination can be written as:

yRIS,AF
D =

N∑
n=1

hnvnexp (jφn)GyPLC
R + ZD (7)

where G denotes the fixed gain.

2.1. PLC Link Model

The PLC link suffers from the fading effect owing to mismatching of impedance and multipath fading
along the link. As a result of this, the link is generally assumed to follow the Log-normal fading
distribution. Therefore, for analysis simplification and to achieve a traceable closed-form expression,
the PLC link probability distribution function (PDF) of the SNR γPLC is given by approximating
Log-normal PDF with Gamma PDF as [4, 22]:

fγPLC
(γ) = (1 − Ps)

(
m1

Ω1

)m1 γm1−1

Γ (m1)
exp

(
−m1

Ω1
γ

)
+ Ps

(
m2

Ω2

)m2 γm2−1

Γ (m2)
exp

(
−m2

Ω2
γ

)
(8)

where Ps = λsTs is the probability of occurrence of the impulsive noise in the PLC link with λs and Ts

respectively denoting the arrive rate and duration of occurrence of impulse noise, and m1 and m2 are
the link shadowing severity parameters of the Gamma PDF. Ω1 and Ω2 signify the link mean power of
the Gamma PDF, and Γ(·) denotes the Gamma function.

Thus, the PLC link cumulative distribution function (CDF) of the SNR γPLC can be obtained by
integrating Eq. (8) using the integration identity given in [23, Eq. (8.4.16)] as:

FγPLC
(γ) =

(1 − Ps)
Γ (m1)

G1,1
1,2

(
m1

Ω1
γ

∣∣∣∣ 1
m1, 0

)
+

Ps

Γ (m2)
G1,1

1,2

(
m2

Ω2
γ

∣∣∣∣ 1
m2, 0

)
(9)

where Gm,n
p,q (·

∣∣∣∣ ·· ) represents the Meijer-G function.

2.2. RF-RIS Link Model

The RF-RIS link is assumed to follow Rayleigh distribution, and the random variable (RV) wi and bi
are assumed to be independently Rayleigh distributed. Thus, following the central limit theorem for
large N [24], R defined in Eq. (6) follows Gaussian distribution with R ∼ N(Nπ

4 , N(16−π2)
16 ). Therefore,

the instantaneous SNR of the RF-RIS link is a non-central chi-square RV with one degree of freedom,
and its PDF of the SNR γRIS is defined as [8, 25]:

fγ2 (γ) =
1

2η2

(
γ

β

)−1/4

exp
(
−γ + β

2η2

)
I−1/2

(√
γβ

η2

)
(10)
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where η2 = γ̄RISN(16 − π2)/16, β = γ̄RISπ
2N2/16 and In(·) denotes the modified Bessel function of

first order. In order to obtain a traceable closed-form analytical expression, the modified Bessel function
is thus converted to Meijer-G function by using the identity defined in [26] as:

I−1/2

(√
γ2β

η2

)
= π

√
2β−1/4γ−1/4G1,0

1,3

(
β

4η4
γ

∣∣∣∣ 1/2
0, 1/2, 1/2

)
(11)

Then, the RIS link PDF of the SNR γRIS can be obtained by substituting Eq. (11) into Eq. (10) as
follows:

fγRIS
(γ) =

π
√

2
2η

exp
(
− β

2η2

)
exp

(
− γ

2η2

)
γ−1/8G1,0

1,3

(
β

4η4
γ

∣∣∣∣ 1/2
0, 1/2, 1/2

)
(12)

Furthermore, by converting exp(−γ/2η2) into infinite series through the identity detailed in [26,
Eq. (1.211(3))], the link PDF of the SNR γRIS can be finally written as:

fγRIS
(γ) =

π
√

2
2η

exp
(
− β

2η2

) ∞∑
k=0

(−1)k

k! (2η2)k
γk−1/8G1,0

1,3

(
β

4η4
γ

∣∣∣∣ 1/2
0, 1/2, 1/2

)
(13)

The RIS link CDF of the SNR γRIS can be obtained by integrating Eq. (13) through the use of integral
identity stated in [27, Eq. (26)] as:

FγRIS
(γ) =

π
√

2
2η

exp
(
− β

2η2

) ∞∑
k=0

(−1)k

k! (2η2)k
γk+7/8G1,1

2,4

(
β

4η4
γ

∣∣∣∣ 1/2, (1/8 − k)
0, (−k − 7/8) , 1/2, 1/2

)
(14)

3. STATISTICAL END-TO-END CLOSED-FORM

3.1. Under the DF Relaying Protocol

When the relay node is considered to be DF relaying scheme, the end-to-end instantaneous SNR can
be expressed as [28]:

γDF = min {γPLC , γRIS} (15)

Based on Eq. (15), the equivalent end-to-end CDF of the system can be defined as:

FDF
eq (γ) = Pr {min (γPLC , γRIS) < γ}

� FγPLC
(γ) + FγRIS

(γ) − FγPLC
(γ)FγRIS

(γ) (16)

where FγRIS
(γ) and FγRIS

(γ) respectively represent the CDFs of γPLC and γRIS .
By putting Eqs. (9) and (14) into Eq. (16), FDF

eq (γ) for the system can be expressed as:

FDF
eq (γ) =

[
(1 − Pi)
Γ (m1)

G1,1
1,2

(
m1

Ω1
γ

∣∣∣∣ 1
m1, 0

)
+

Pi

Γ (m2)
G1,1

1,2

(
m2

Ω2
γ

∣∣∣∣ 1
m2, 0

)]

+
π
√

2
2ξ

exp
(
− ρ

2ξ2

) ∞∑
k=0

(−1)k

k! (2ξ2)k
γk+7/8G1,1

2,4

(
ρ

4ξ4
γ

∣∣∣∣ 1/2, (1/8 − k)
0, (−k − 7/8) , 1/2, 1/2

)

−
[
π
√

2
2ξ

exp
(
− ρ

2ξ2

) ∞∑
k=0

(−1)k

k! (2ξ2)k
γk+7/8G1,1

2,4

(
ρ

4ξ4
γ

∣∣∣∣ 1/2, (1/8 − k)
0, (−k − 7/8) , 1/2, 1/2

)]

×
[
(1 − Pi)
Γ (m1)

G1,1
1,2

(
m1

Ω1
γ

∣∣∣∣ 1
m1, 0

)
+

Pi

Γ (m2)
G1,1

1,2

(
m2

Ω2
γ

∣∣∣∣ 1
m2, 0

)]
(17)

3.2. Under the AF Relaying Protocol

In the case of AF relaying protocol, the end-to-end instantaneous SNR for the scheme can be written
as [4]:

γAF =
γPLCγRIS

γRIS + C
(18)
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where C represents the constant relative to relay gain.
Based on Eq. (18), the equivalent end-to-end CDF for the concerned system under the AF relaying

protocol can be expressed as:

FAF
eq (γ) =

∞∫
0

Pr

{
γPLCγRIS

γRIS + C
< γ

}
fγPLC

(γ) dγPLC (19)

Following the analysis given in [28], the equivalent end-to-end CDF given in Eq. (19) can further be
expressed as:

FAF
eq (γ) = FγPLC

(γ) +

∞∫
0

FγRIS

(
Cγ

x

)
fγPLC

(x+ y)dx

︸ ︷︷ ︸
�1

(20)

The integral part of Eq. (20) can thus be expressed by putting Eqs. (8) and (14) into Eq. (20) as follows:

�1 =

∞∫
0

π
√

2
2η

exp
(
− β

2η2

) ∞∑
k=0

(−1)k

k! (2η2)k

(
Cγ

x

)k+7/8

G1,1
2,4

(
βCγ

4η4x

∣∣∣∣ 1/2, (1/8 − k)
0, (−k − 7/8) , 1/2, 1/2

)

×
[
(1 − Ps)

(
m1

Ω1

)m1 (x+ γ)m1−1

Γ (m1)
exp

(
−m1

Ω1
(x+ γ)

)

+Ps

(
m2

Ω2

)m2 (x+ γ)m2−1

Γ (m2)
exp

(
−m2

Ω2
(x+ γ)

)]
dx (21)

By using binominal expansion for (x + γ)m1−1 and (x + γ)m2−1 through the identity detailed in [26,
Eq. (1.111)], �1 can be further expressed as:

�1 =
π
√

2
2η

exp
(
− β

2η2

) ∞∑
k=0

(−1)k (Cγ)k+7/8

k! (2η2)k

×
⎡
⎣(1 − Ps)

Γ (m1)

(
m1

Ω1

)m1 m1−1∑
q=0

(
m1 − 1
q

)
γm1−q−1 exp

(
−m1

Ω1
γ

)⎤⎦

×
∞∫
0

xq−(k+7/8) exp
(
−m1

Ω1
x

)
G1,1

2,4

(
βCγ

4η4x

∣∣∣∣ 1/2, (1/8 − k)
0, (−k − 7/8) , 1/2, 1/2

)⎤⎦ dx
+

⎡
⎣ Ps

Γ (m2)

(
m2

Ω2

)m2 m2−1∑
q=0

(
m2 − 1
q

)
γm2−q−1 exp

(
−m2

Ω2
γ

)⎤⎦

×
∞∫
0

xq−(k+7/8) exp
(
−m2

Ω2
x

)
G1,1

2,4

(
βCγ

4η4x

∣∣∣∣ 1/2, (1/8 − k)
0, (−k − 7/8) , 1/2, 1/2

)⎤⎦ dx (22)

By inverting the variable 1/x in the Meijer-G function through the identity detailed in [26, Eq. (9.31(2))],
Eq. (22) can be solved by utilizing the integral identity defined in [26, Eq. (7.813(1))] as:

�1 =
π
√

2
2η

exp
(
− β

2η2

)
(1 − Ps)
Γ (m1)

∞∑
k=0

m1−1∑
q=0

(
m2 − 1
q

)
(−1)k (Cγ)k+7/8

k! (2ξ2)k

(
m1

Ω1
γ

)k+m1−q−1/8

× exp
(
−m1

Ω1
γ

)
G1,1

2,4

(
4Ω1η

4

βCm1γ

∣∣∣∣ (k + 7/8 − q) , 1, (k + 15/8) , 1/2, 1/2
1/2, (k + 7/8)

)
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+
π
√

2
2η

exp
(
− β

2η2

)
Ps

Γ (m2)

∞∑
k=0

m2−1∑
q=0

(
m2 − 1
q

)
(−1)k (Cγ)k+7/8

k! (2ξ2)k

(
m2

Ω2
γ

)k+m1−q−1/8

× exp
(
−m2

Ω2
γ

)
G1,1

2,4

(
4Ω1η

4

βCm2γ

∣∣∣∣ (k + 7/8 − q) , 1, (k + 15/8) , 1/2, 1/2
1/2, (k + 7/8)

)
(23)

The AF equivalent CDF can be obtained as:

FAF
γ (γ) =

[
(1 − Ps)
Γ (m1)

G1,1
1,2

(
m1

Ω1
γ

∣∣∣∣ 1
m1, 0

)
+

Ps

Γ (m2)
G1,1

1,2

(
m2

Ω2
γ

∣∣∣∣ 1
m2, 0

)]

+
π
√

2
2ξ

exp
(
− β

2η2

)
(1 − Ps)
Γ (m1)

∞∑
k=0

m1−1∑
q=0

(
m1 − 1
q

)
(−1)k (Cγ)k+7/8

k! (2η2)k

(
m1

Ω1
γ

)k+m1−q−1/8

× exp
(
−m1

Ω1
γ

)
G1,2

5,2

(
4Ω1η

4

βCm1γ

∣∣∣∣ (k + 7/8 − q) , 1, (k + 15/8) , 1/2, 1/2
1/2, (k + 7/8)

)

+
π
√

2
2ξ

exp
(
− β

2η2

)
Ps

Γ (m2)

∞∑
k=0

m2−1∑
q=0

(
m2 − 1
q

)
(−1)k (Cγ)k+7/8

k! (2η2)k

(
m2

Ω2
γ

)k+m2−q−1/8

× exp
(
−m2

Ω2
γ

)
G1,2

5,2

(
4Ω2η

4

βCm2γ

∣∣∣∣ (k + 7/8 − q) , 1, (k + 15/8) , 1/2, 1/2
1/2, (k + 7/8)

)
(24)

4. PERFORMANCE ANALYSIS

In this paper, outage probability and average bit error rate are the performance metrics considered to
evaluate the performance of the concerned system. Also, the asymptotic analysis of each of the system
performance indicators is obtained.

4.1. Under the DF Relaying Protocol

4.1.1. Outage Probability for the DF

The system outage probability can be described as the probability of the system end-to-end SNR falls
below a preset threshold value γth. In the case of DF relaying protocol, the outage probability of the
concerned system can be obtained as:

PDF
out (γth) = FDF

eq (γth) (25)

where FDF
eq (γth) is the equivalent end-to-end CDF of the concerned system given in Eq. (17).

In order to obtained more useful insight about the system performance, the asymptotic CDF
FγPLC

(γ) and FγRIS
(γ) given in Eqs. (9) and (14) respectively can be obtained by applying the

asymptotic series expansion of the Meijer-G function at zero detailed in [11, 26] as follows:

FAsy
γPLC

(γ) ≈ (1 − Ps)
Γ (m1 + 1)

(
m1

Ω1
γ

)m1

+
Ps

Γ (m2 + 1)

(
m2

Ω2
γ

)m2

(26)

and

FAsy
γRIS

(γ) ≈ π
√

2
2η

exp
(
− β

2η2

) ∞∑
k=0

(−1)k γk+7/8

k! (2η2)k Γ (k + 15/8) Γ (1/8 − k) Γ (1/2)
(27)

Asymptotically, the DF outage probability can be expressed as [28, 29]:

PDF
out,Asy (γth) ≈ FAsy

γPLC
(γth) + FAsy

γRIS
(γth) (28)
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By inserting Eqs. (26) and (27) into Eq. (28), the asymptotic outage probability under the DF relaying
protocol can be expressed as:

PDF
out,Asy (γth) ≈

[
(1 − Ps)

Γ (m1 + 1)

(
m1

Ω1
γth

)m1

+
Ps

Γ (m2 + 1)

(
m2

Ω2
γth

)m2
]

+
π
√

2
2η

exp
(
− β

2η2

) ∞∑
k=0

(−1)k γk+7/8

k! (2η2)k Γ (k + 15/8) Γ (1/8 − k) Γ (1/2)
(29)

4.1.2. Average Bit Error Rate for the DF

The ABER of the system under the DF relay protocol can be defined as [4, 8, 28]:

PDF
b = P 1

e + P 2
e − 2P 1

e P
2
e (30)

where P 1
e and P 2

e are the average error rates of the PLS and RF-RIS link respectively and can be
obtained as [28]:

Pe =
ba

2Γ (a)

∞∫
0

exp (−bγ) γa−1F i
eq (γ)dγ, {i ∈ DF,AF} (31)

where a and b signify different modulation schemes. In the case of binary phase shift keying (BPSK),
b = 1 and a = 1/2.

Putting Eq. (9) into Eq. (31), the error rate of the PLC link can be expressed as:

P 1
e =

ba

2Γ (a)

⎡
⎣(1 − Ps)

Γ (m1)

∞∫
0

exp (−bγ) γa−1G1,1
1,2

(
m1

Ω1
γ

∣∣∣∣ 1
m1, 0

)
dγ

+
Ps

Γ (m2)

∞∫
0

exp (−bγ) γa−1G1,1
1,2

(
m2

Ω2
γ

∣∣∣∣ 1
m2, 0

)
dγ

⎤
⎦ (32)

By utilizing the integral identity defined in [26, Eq. (7.813(1))], the error of the PLC link can be obtained
as:

P 1
e =

1
2Γ (a)

[
(1 − Ps)
Γ (m1)

G1,2
2,2

(
m1

bΩ1

∣∣∣∣ 1 − a, 1
m1, 0

)
+

Ps

Γ (m2)
G1,2

2,2

(
m2

bΩ2

∣∣∣∣ 1 − a, 1
m2, 0

)]
(33)

Moreover, P 2
e can be obtained by putting Eq. (14) into Eq. (31) as follows:

P 2
e =

π
√

2
4ηΓ (a)

exp
(
− β

2η2

)
∞∑

k=0

(−1)k

k! (2η2)k

∞∫
0

γk+a+7/8−1 exp (−bγ)G1,1
2,4

(
β

4η4
γ

∣∣∣∣ 1/2, (1/8 − k)
0, (−k − 7/8) , 1/2, 1/2

)
dγ (34)

By utilizing the integral identity defined in [26, Eq. (7.813(1))], P 2
e can be obtained as:

P 2
e =

π
√

2
4ξΓ (a)

exp
(
− ρ

2ξ2

)
∞∑

k=0

(−1)k b−(k+7/8)

k! (2ξ2)k
G1,1

3,4

(
ρ

4bξ4

∣∣∣∣ 1 − (k + a+ 7/8) , 1/2, (1/8 − k)
0, (−k − 7/8) , 1/2, 1/2

)
(35)

Thus, the overall ABER of the system under DF relaying protocol can be obtained by substituting
Eqs. (33) and (35) into Eq. (30).

The asymptotic ABER of the system under the DF relaying protocol can be expressed as:

PAsy
b ≈ P 1,Asy

e + P 2,Asy
e (36)
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where P 1,Asy
e and P 2,Asy

e are the asymptotic error rates of the PLS and RF-RIS link, respectively.
To determine P 1,Asy

e , Eq. (26) is substituted into Eq. (31) as follows:

P 1,Asy
e =

ba

2Γ (a)

⎡
⎣ (1 − Ps)

Γ (m1 + 1)

(
m1

Ω1

)m1
∞∫
0

γm2+a−1 exp (−bγ)dγ

+
Ps

Γ (m2 + 1)

(
m2

Ω2

)m2
∞∫
0

γm2+a−1 exp (−bγ)dγ
⎤
⎦ (37)

By applying the integral identity detailed in [26, Eq. (3.326(2))], P 1,Asy
e can be expressed as:

P 1,Asy
e =

1
2Γ (a)

[
(1 − Ps) Γ (m1 + a) b−m1

Γ (m1 + 1)

(
m1

Ω1

)m1

+
PsΓ (m2 + a) b−m2

Γ (m2 + 1)

(
m2

Ω2

)m2
]

(38)

Also, putting Eq. (27) into Eq. (31), P 2,Asy
e can be expressed as:

P 2,Asy
e =

π
√

2bb

4ηΓ (a)
exp

(
− β

2ξ2

) ∞∑
k=0

(−1)k

k! (2η2)k Γ (k + 15/8) Γ (1/8 − k) Γ (1/2)

×
∞∫
0

γk+7/8+a−1 exp (−bγ)dγ (39)

By using the integral identity detailed in [26, Eq. (3.326(2))], Eq. (39) can be expressed as:

P 2,Asy
e =

π
√

2
4ηΓ (a)

exp
(
− β

2η2

) ∞∑
k=0

(−1)k Γ (k + a+ 7/8) b−(k+7/8)

k! (2η2)k Γ (k + 15/8) Γ (1/8 − k) Γ (1/2)
(40)

Thus, the asymptotic ABER of the system under DF can be obtained by putting Eqs. (38) and (40)
into Eq. (36) as follows:

PAsy
b ≈ 1

2Γ (a)

[
(1 − Pi) Γ (m1 + a) b−m1

Γ (m1 + 1)

(
m1

Ω1

)m1
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(
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+
π
√

2
2η

exp
(
− β

2η2
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k=0

(−1)k Γ (k + a+ 7/8) b−(k+a+7/8)

k! (2η2)k Γ (k + 15/8) Γ (1/8 − k) Γ (1/2)

]
(41)

4.2. Under AF Relaying Protocol

4.2.1. Outage Probability for the AF

In the case of AF relaying protocol, the end-to-end outage probability can be defined as [4]:

PAF
out (γth) = Pr {γ < γth} = FAF

eq (γth) (42)

where FAF
eq (γth) is the equivalent end-to-end CDF of the concerned system detailed in Eq. (24).

4.3. Average Bit Error Rate for the AF

The ABER of the system under the AF relaying protocol for different modulation schemes can be
obtained by putting Eq. (24) into Eq. (31), and the ABER is expressed as:

PAF
b =

ba

2Γ (a)
[
P 1

b + P 2
b + P 3

b

]
(43)
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where the first term can be expressed as:

P 1
b =

(1 − Ps)
Γ (m1)

∞∫
0

exp (−bγ) γa−1G1,1
1,2

(
m1

Ω1
γ
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)
dγ

+
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∞∫
0

exp (−bγ) γa−1G1,1
1,2

(
m2

Ω2
γ
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m2, 0

)
dγ (44)

By applying the integral identity detailed in [26, Eq. (7.813(1))], Eq. (44) can be obtained as:

P 1
b =

(1 − Ps)
Γ (m1)

b−aG1,2
2,2

(
m1

bΩ1

∣∣∣∣ 1 − a, 1
m1, 0

)
+

Ps

Γ (m2)
b−aG1,2

2,2

(
m2
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)
(45)

The second term of Eq. (43) can be expressed as:

P 2
b =

π
√

2
2η

exp
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2ξ2
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dγ (46)

By utilizing the identity in [26], the Meijer-G function is inverted, and Eq. (46) can be further expressed
as:

P 2
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π
√

2
2η

exp
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2η2
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)
dγ (47)

Through the integral identity defined in [26, Eq. (7.813(1))], Eq. (47) can be obtained as:
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π
√

2
2η

exp
(
− β

2η2

)
(1 − Ps)
Γ (m1)

∞∑
k=0

m1−1∑
q=0

(
m2 − 1
q

)
(−1)k (Cγ)k+7/8

k! (2η2)k

(
m1

Ω1

)k+m1−q−1/8

(
−m1

Ω1
+b
)q−k−m1−a+1/8

G1,3
3,5

(
βCm1

4η4 (m1+bΩ1)

∣∣∣∣ (q − k −m1 − a+ 9/8) , 1/2, (1/8 − k)
(q − k + 1/8) , 0, (−k − 7/8) , 1/2, 1/2

)
(48)

Following the same approach as in the case of P 2
b , the last term of Eq. (43) can be expressed as:

P 3
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π
√
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2η

exp
(
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2η2

)
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)
(49)

5. NUMERICAL RESULTS AND DISCUSSIONS

In this section, the numerical results on the derived analytical expression of the system outage probability
and average error rate with asymptotic expressions are presented under the DF and AF relaying schemes.
The results indicate the analytical results perfectly matched with the Montel-Carlo simulations under
the same system conditions which proved the correctness of analytical results. Except otherwise stated,
the system parameters are set to: m1 = m2 = 4, γth = 5 dB, C = 1.2, Ps = 0.8, and γ̄PLC = γ̄RIS = γ̄.

In Figure 2, the impact of number of reflecting elements on the system performance under the
DF relaying protocol is illustrated. The results show that the use of RIS significantly improves the
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Figure 2. Outage performance of the system under DF relaying protocol for different values for N .

system performance compared to conventional non-RIS system. It can also be deduced that the system
performance improves with the increase in the number of reflecting elements.

The outage probability performances of the system for different values of threshold SNR γth under
both relaying protocols are depicted in Figure 3. The results show that the decrease in the values of
threshold SNR γth deteriorates the system outage performance. It can be observed that the AF relaying
protocol outperforms the DF relaying protocol under the same system condition.

Moreover, the effect of Ps on the system outage probability is presented in Figure 4. The results

Figure 3. Outage performance of the system under the DF and AF relaying protocols for different
values of threshold SNR γth at N = 10.
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depict that the increase in Ps significantly degrades the system performance; a lower value of Ps indicates
a weak effect of impulsive noise on the PLC link, and the high value of Ps signifies a strong effect of
impulsive noise of the concerned system. In addition, it can be clearly observed that the asymptotic
results perfectly match the analytical results at high SNR regime. This justifies the tightness of the
derived asymptotic expression.

In Figure 5, the impact of number of reflecting elements on the system error rate for both DF and

Figure 4. Impact of Ps on the system outage probability performance under the DF relaying protocol
at N = 30.

Figure 5. Effect of number of reflecting elements N on the system error rate under the DF and AF
relaying protocol.
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AF relaying schemes is provided. It can be clearly observed that the use of RIS significantly improves
the system error rate compared to non-RIS system for both relaying schemes. The results also show
that there is improvement in the system error rate with increase in the number of reflecting elements,
and AF relaying scheme offers better performance of the system than DF.

Figure 6. Error rate performance of the system for different values of Ps under the DF and AF relaying
protocol.

Figure 7. Impact of ξ of the system error rate under the DF relaying scheme.
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The system error rate performances for different values of Ps under the AF and DF relaying
protocols are demonstrated in Figure 6. The results depict that the increase in Ps significantly degrades
the system performance with a lower value of Ps indicates weak effect of impulsive noise on the PLC
link. It can also be observed from the results that for any given value of Ps, the AF relaying protocol
offers the system better performance than the DF relaying protocol.

Furthermore, the system average BERs for different values of ξ under the DF relaying protocol are
depicted in Figure 7. The results indicate that the increase in ξ leads to decrease in the system average
error rate. The results also indicate convergence between the asymptotic results and analytical results
at high SNR regime.

6. CONCLUSION

The performance analysis of a dual-hop RIS-aided PLC system under the DF and AF relaying schemes
is presented in this study. The analytical closed-form expressions of the outage probability and average
error rate of the system are derived. To gain more performance insight about the derived analytical
expressions, the asymptotic expressions are obtained for the performance metrics at high SNR. It is
illustrated by the results that the analytical results match perfectly with the Montel-Carlo simulations
which validate the accuracy of the derived closed-form expressions. In addition, the results indicate
that the number of reflecting elements in RIS significantly improves the system performance compared
with the conventional dual-hop PLC systems. It can also be deduced that the impulsive noise affects
the overall performance of the concerned system.
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