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Abstract—The flexibility of radio frequency (RF) systems and
the omnipresence of power cables potentially make the cascaded
power line communication (PLC)/RF system an efficient and
cost-effective solution in terms of wide coverage and high-speed
transmission. This letter proposes an opportunistic decode-and-
forward (DF)-based multi-wire/RF relaying system to exploit the
advantages of both techniques. The outage probability, bit error
rate, and system channel capacity are correspondingly chosen
to analyze the properties of the proposed system, which are
derived in closed-form expressions and validated via Monte-
Carlo simulations. One can observe that our proposed system
outperforms the wireless-only system in terms of coverage and
data rate, especially when there exists a non-line-of-sight (NLoS)
connection between the transmitter and receiver pair.

Index Terms—Multiwire power line communication (PLC), ra-
dio frequency (RF), multiple-input and multiple-output (MIMO),
decode-and-forward (DF) relaying.

I. INTRODUCTION

Fast and reliable wireless local area networks (WLAN),
especially WiFi, have facilitated the way people access the
Internet tremendously and become an integral part of people’s
life since its beginning in the 1990s. For indoor wireless
systems, the hotspot coverage can be limited to a single room
with concrete or metal walls that block radio waves from
propagating outside [1]. The demands of user traffic in the era
of Internet of Things (IoT) and connected devices raises the
challenges in terms of blind spots and slower rates at longer
range encountered in today’s indoor wireless solutions [2].

With the omnipresence of power cables inside a building,
the most economical and efficient solution might be a hybrid
network combining the wireless and power line communi-
cation (PLC) systems in either parallel [1]–[3] or cascaded
[4]–[6] architectures. The cascaded PLC/RF system has been
initially investigated in [4]–[6]. However, the works are limited
to a simple dual-hop setup with point-to-point transmission for
the PLC link; and the radio frequency (RF) sub-system cannot
be readily extended to the multiple-input and multiple-output
(MIMO) setup, which has already been widely used and has
become the de-facto configuration in practical WLAN systems.
For the PLC sub-system, the unconventional nature of the PLC
channel makes fast and reliable transmission of data via such
channels a crucial challenge [5]–[8]. Thus, the single-input
and single-output (SISO) setup of the PLC communication
in [5] and [6] are severely limited in data rate due to PLC

channel impairments. Thus, the PLC sub-system becomes the
bottleneck in improving the performance of the whole system.
Moreover, MIMO over PLC has already been incorporated to
the multiwire PLC standard G.hn to enhance data rate and
signaling distance [9], however which is not considered in
previous works [4]–[6].

Different from the simple point-to-point structures consid-
ered in previous works [4]–[6] and also aiming to further
improve the performance system of cascaded PLC/RF system,
we investigate a practical structure of a cascaded multiwire-
PLC/MIMO-RF system with opportunistic relaying in this
paper. In this context, the hybrid cascaded PLC/RF system
consists of one base node that is connected to the Internet
via fiber and a number of PLC/wireless interference relaying
nodes that are connected to the base with PLC backhaul
and distributed all over the place. Besides the advantage of
increased system coverage, the PLC backhaul also spares
the wireless channel of the relaying node to make it ded-
icated to servicing end users instead of sharing resources
(time/bandwdith) in the relay-base communication.

The main contributions of this paper are given as follows:
1) A practical integrated PLC/RF architecture with the

advantages of low installation cost and improved per-
formance is proposed and thereafter investigated.

2) The statistics of the equivalent end-to-end signal-to-
noise ratio (SNR) of the proposed system are derived.

3) Based on the derived statistics, theoretical analysis of
the outage probability, bit error rate (BER), and channel
capacity are conducted.

4) We analyze the performance of the proposed system
under different configurations of the PLC and RF sub-
systems, which shows improved performance in terms
of data rates and coverage.

Notations: Φ(·) is the cumulative distribution function
(CDF) of a zero-mean Gaussian random variable (RV) with
unit variance [10, Eq. (8.250.1)], ‖ ·‖2F is the Frobenius norm,
Γ(·, ·) and Γ(·) are the upper incomplete Gamma and Gamma
functions [10, Chpt. 8.3], respectively. Gm,np,q ··(·| :) is the
Meijer G-function [10, Chpt. 9.3].

II. SYSTEM AND CHANNEL MODELS

We consider the data communication in a big house where
the WiFi router (base node) and the users (desired receivers)
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Fig. 1: Illustration of a cascaded multiwire-PLC/MIMO-RF
system.
are located far away and also blocked by concrete walls.
The users will experience low data rate due to non-line-of-
sight (NLoS) transmission and long transmission distance.
With the hybrid system, shown in Fig. 1, the communication
between the base node and the desired receiver located far
away operates in two phases.

In the first phase, the data is sent via PLC links from the
base node S to the M relaying nodes Rm, m = 1, · · · ,M ,
and M > 1, that are in proximity to the desired receiver D
with line-of-sight (LoS). To cope with the adverse effects of
PLC channels, we assume that in the first phase the PLC sub-
system employs a single transmitter and Lm-branch receiver
diversity at each relaying node Rm

1. In practice, physical
power cables, i.e., the neutral, live, and ground wires as well as
different paths can be utilized to obtain the multiple diversity
branches for simultaneous data transmission. Furthermore, the
opportunistic relay selection scheme is applied among the
decode-and-forward (DF) relay nodes, i.e., the node having the
best link quality will be chosen to decode and then forward
the data. Subsequently in the second stage, the selected relay
node communicates with the desired receiver using orthogo-
nal space-time block coding (OSTBC) over MIMO wireless
channels to improve performance through spatial multiplexing
and diversity.

A. Diversity Transmission with Relay Selection over Multi-
Wire PLC Links

The received signal at node Rm, m = 1, · · · ,M , via the
l-th branch of the PLC channel can be written as

yRm,l =
√
P0L0hRm,ls+ wRm,l , (1)

where P0 is the transmit power, L0 is channel attenuation
given as exp

(
−2(α1 + α2f

k)d
)

with constants α1 and α2,
frequency f , and distance d [11], s is the transmit signal
with unit energy, wRm,l is the channel noise, and hRm,l ,
l = 1, · · · , L, are independent and identically distributed
(i.i.d.) log-normal channel gains for l-th PLC branch between
S and Rm,l with probability density function (PDF) given as

fhRm,l (x) =
1√

2πσ2x
exp

(
− (lnx− µ)2

2σ2

)
, (2)

where µ and σ2 are the average and variance of the Gaussian
random RV lnx, respectively. According to [5]–[8], the PLC

1For simplicity, we assume that the numbers of branches between the base
node and all PLC receivers are the same. However, it is straightforward to
extend the analysis to the scenario where the diversities are different.

channel noise is a superposition of the background additive
white Gaussian noise (AWGN) and Gaussian-distributed im-
pulsive component. Therefore, the PLC noise is a Gaussian RV
with the following variance: σ2

0 = (1− p) ·σ2
g + p · (σ2

g +σ2
i ),

where σ2
g and σ2

i are the powers of the background AWGN and
impulsive noise, respectively; and p is the arrival probability
of the impulsive noise component.

After receiving the signals from the L branches, the relaying
node applys the maximal ratio combining (MRC) to exploit
diversity. Then, the received SNR at node Rm is

γRm =

L∑
l=1

P0L0

σ2
0

h2
Rm,l

=

L∑
l=1

γ0h
2
Rm,l

, (3)

where γ0 = P0L0

σ2
0

. Using the results in [12], γRm can be
accurately approximated as the log-normal sum distributed RV
with PDF and CDF

fγRm (x) =
a1a2( xγ0

)−(
a2
λ +1)

λ
√

2πγ0

exp

(
−

[a0−a1( xγ0
)−

a2
λ ]2

2

)
,

(4)

FγRm (x) = Φ

(
a0 − a1

( x
γ0

)− a2λ )
, (5)

where λ = ln10
10 , the mapping between parameters µ, σ2

0 in
(2), L in (3) and constants a0, a1, and a2 are detailed in [12].

Next, applying relay selection among the M relaying nodes,
the CDF of the equivalent SNR γR at the selected relaying
nodes of the PLC sub-system is

FγR(x) =

M∏
m=1

FγRm (x) =

[
Φ

(
a0 − a1

( x
γ0

)− a2λ )]M
. (6)

Differentiating the above CDF in (6) yields the following
PDF of the SNR γR

fγR(x) =
Ma1a2( xγ0

)−(
a2
λ +1)

λ
√

2πγ0

exp

(
−

[a0−a1( xγ0
)−

a2
λ ]2

2

)

×
[
Φ

(
a0 − a1

( x
γ0

)− a2λ )]M−1

. (7)

B. MIMO-OSTBC Transmission over RF Links

At the chosen relaying node with the best link quality to the
receiver D, it selects K transmit symbols, which are encoded
with a NR×T OSTBC matrix Q and transmitted over T time
slots. Then, the received signal at node D can be written as

YD =
√
P1L1HRDQ + WD, (8)

where HRD is the NR×ND channel gain matrix with entries
hij being i.i.d. Nakagami-m RVs of parameters m and Ω, P1 is
the transmit power, L1 describes the path loss given by c

dn with
transmission distance d, path loss exponent n, and antenna-
related constant c [13], WD ∈ CNR×T is noise matrix with
variance σ2

1 . With the OSTBC being used, the MIMO channels
are reduced to the rank{HRD} parallel SISO channels due
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to the orthogonalization property of OSTBC. Then, the k-th
combined symbol can be written as

yD,k = ‖HRD‖2F
√
P1L1 · sk + wk, (9)

where wk is the AWGN with variance σ2
1‖HRD‖2F . Then, the

instantaneous SNR at receiver D using MIMO-OSTBC with
rate Rc is

γD =
P1L1‖HRD‖2F
RcNRσ2

1

=

ND∑
i=1

NR∑
j=1

P1L1|hij |2

RcNRσ2
1

. (10)

Therefore, it immediately follows that the SNR γD is a
Gamma RV with the following PDF and CDF:

fγD (x) =
αmNRNDxmNRND−1

Γ(mNRND)ρmNRND
exp
(
−αx
ρ

)
, (11)

FγD (x) = 1−
Γ
(
mNRND,

αx
ρ

)
Γ(mNRND)

, (12)

where α = m
Ω and ρ = P1L1

RcNRσ2
1

. For the simplicity of
following notations, let A = mNRND.

III. SYSTEM PERFORMANCE ANALYSIS

In this section, we first derive the novel analytical expres-
sions for statistics of equivalent end-to-end SNR, and then we
present novel analytical expressions for the considered metrics.

A. Equivalent End-to-end SNR and Outage Performance

With the nodes employing DF relaying, the CDF of the
equivalent end-to-end SNR γeq is given by

Fγeq(x)=Pr(min(γR, γD)<x)

=FγR(x)+FγD(x)[1−FγR(x)]. (13)

The PDF of the equivalent SNR γeq follows immediately by
differentiating (13) as

fγeq (x) = fγR(x)F̄γD (x) + fγD (x)F̄γR(x), (14)

where F̄γD (·) and F̄γR(·) are the complementary CDF of γD
and γR, respectively.

The connection outage occurs when the instantaneous equiv-
alent SNR plunges below some threshold γth. Then, the
connection outage probability (COP) can be computed by

Pout = Pr(x < γth) = Fγeq (γth)

=1 +

([
Φ

(
a0 − a1

(γth
γ0

)− a2λ )]M − 1

)
Γ
(
A, αγthρ

)
Γ(A)

.

(15)

B. Average Bit Error Rate (BER)

Using the following unified expression [14], the average
BER for a range of binary modulation schemes can be derived

Pe =
qp

2Γ(p)

∫ ∞
0

exp(−qx)

x1−p Fγeq (x) dx =
Pe1 − Pe2 + Pe3

2q−pΓ(p)
,

(16)

where p and q are determined by the specific modulation
scheme (e.g., p = q = 0.5 for binary frequency shift keying

(BFSK), p = 0.5, q = 1 for binary phase shift keying (BPSK),
p = q = 1 for differential phase shift keying (DPSK), and
p = 1, q = 0.5 for binary noncoherent frequency-shift
keying (NCFSK)). In (16), Pe1 =

∫∞
0
xp−1 exp(−qx)dx,

Pe2 =
∫∞

0
xp−1 exp(−qx)

Γ(A,αxρ )
Γ(A) dx, and Pe3 =∫∞

0
xp−1 exp(−qx)

Γ(A,αxρ )

Γ(A)

[
Φ
(
a0−a1(

x
γ0

)−
a2
λ

)]M
dx.

Theorem 1. The BER performance of our considered system
setup is therefore given in (17), shown at the top of next page,
where wι and yι, (ι = 1, . . . , L), are the weights and zeros of
the L-order Hermite-Gauss polynomial [15].

Proof. See Appendix A. �

C. Channel Capacity

For investigated setup, the normalized achievable capacity
C (nats/s/Hz) in Shannon sense can be expressed as [11]

C =

∫ ∞
0

ln(1 + x)[fγD (x)F̄γR(x) + fγR(x)F̄γD (x)]dx

= C1 + C2 − C3, (18)

where C1 =
∫∞

0
ln(1 + x)fγD (x) dx, C2 =∫∞

0
ln(1 + x)fγR(x)F̄γD (x) dx, and C3 =

∫∞
0

ln(1 +
x)FγR(x)fγD (x) dx.

Theorem 2. The average channel capacity of our considered
system setup is given in (19), shown at the top of next page,
where τ , $i, and zi are respectively the order of the Hermite
polynomial, weight and i-th zero of the polynomial.

Proof. See Appendix B. �

IV. NUMERICAL RESULTS AND DISCUSSIONS

The numerical results of investigated performance metrics
are presented in this section. Unless stated otherwise, the
following parameter values are used: σ = 12 dB, µ = 0 dB,
p = 0.05 for the PLC part and Rc = 0.85, Nr = 3, Nd = 2,
m = 3, Ω = 1, ρ = 20 dB, c = 1 for the RF part.

In Fig. 2, the outage probability of the proposed system
compared with wireless-only system when the Tx and Rx
have line-of-sight (LoS) and NLoS conditions is plotted. We
consider an indoor scenario where the path loss exponents are
2.8 and 3.2 for LoS and NLoS scenarios, respectively [13]; and
the attenuation parameters for PLC channel are α1 = 0.00933,
α2 = 0.0051, k = 0.7 [11]. For simplicity, we assume that
for the cascaded setup, the distance of wireless transmission
is fixed at 2 meters with varying PLC transmission distance.
It is assumed that the PLC operates at 20 MHz [11]. Also,
the powers are equally allocated to PLC and wireless parts of
the cascaded system with transmit SNR being 25 dB for both
links.

Apparently, one can observe that our analytical results are
validated by the Monte-Carlo simulation results, and also from
Fig. 2 that the cascaded system outperforms the wireless-only
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Pe =
1

2
− 1

2Γ(p)Γ(A)
G 2,1

2,2

(
α

qρ

∣∣∣∣ 1−p,1
0,A

)
+

L∑
ι=1

wιy
2p−1
ι

Γ(p)Γ(A)
Γ

(
A,αy

2
ι

qρ

)[
Φ

(
a0−a1

(
y2
ι

qγ0

)− a2λ )]M
. (17)

C =
αA

Γ(A)ρA
G 3,1

2,3

(
α

ρ

∣∣∣∣ −A,1−A0,−A,−A

)
+

τ∑
i=1

$i
M [Φ(

√
2zi)]

M−1

√
πΓ(A)

ln

[
1 + γ̄0

(a0 −
√

2zi
a1

)− λ
a2

]
Γ

(
A, γ̄0

(a0 −
√

2zi
a1

)− λ
a2

)

− 2αA−1

Γ(A)ρA−1

L∑
ι=1

wιyι

(ρy2
ι

α

)A−1

ln
(

1 +
ρy2
ι

α

)[
Φ

(
a0 − a1

(
ρy2
ι

αγ̄0

)− a2λ )]M
. (19)

system in terms of coverage at the same rate (or in terms of
rate at the same coverage), especially in NLoS conditions2.
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Fig. 2: Pout versus different propagation distance.
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Fig. 3: Average BER versus γ̄0.
Fig. 3 shows the BER performance of BPSK against γ̄0

for varying configurations of the investigated setup. It follows
from the results that the BER performance improves signif-
icantly even as a small number of more subchannels and/or
relaying nodes are installed. This performance enhancement
of the proposed setup is also reaffirmed in terms of system
capacity as illustrated in Fig. 4.

Similar with Figs. 2 and 3, the channel capacity of our
proposed system setup is presented in Fig. 4 with consideration
of the impacts of the number of relays M and the number of
branches L at the receiver. Obviously, the analytical and sim-
ulation results are also found to be consistent in the previous

2It is worth mentioning that at the time of writing this manuscript, one
of the largest telecom equipment vendors in the world launched their latest
WiFi solution Q2 that was advertised as the ”World’s 1st Hybrid Home
PLC/WiFi System”. The cascaded combination of PLC and WiFi to provide
fast connection in large areas (up to 360 m2) is one of Q2’s selling points.

0 5 10 15
2

2.5

3

3.5

4

4.5

5

Fig. 4: Channel capacity versus γ̄0.
two figures. In addition, the performance gain obtained from
the increase of L is fairly larger than simply increasing M ,
which is due to the larger L means better quality of received
SNR at relaying nodes.

V. CONCLUSION

In this paper, we investigated a multi-wire/MIMO-RF cas-
caded system under the opportunist DF relaying scheme.
Important performance metrics such as outage probability,
BER, and capacity were analytically derived in their closed
forms, which were also verified using Monte-Carlo simulation
results. One can obtain that our proposed system setup is
advantageous when enhancing the coverage extension and date
rate, especially when Tx and Rx have a NLoS connection.
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APPENDIX A
PROOF FOR (17)

Utilizing [10, Eq. (3.381.3)] for Pe1 leads to Pe1 = Γ(p)
qp .

To obtain the solution of Pe2, we first represent the ex-
ponential and Gamma functions terms through their Meijer
G-functions and then utilize the relation [16, Eq. (23)]

Pe2 =

∫ ∞
0

xp−1

Γ(A)
G 1,0

0,1

(
qx
∣∣−

0

)
G 2,0

1,2

(
αx

ρ

∣∣∣∣ 1
0,A

)
dx

=
1

qpΓ(A)
G 2,1

2,2

(
α

qρ

∣∣∣∣ 1−p,1
0,A

)
. (20)
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To solve Pe3, making the interchange of RVs qx = y2 to
yield

Pe3 =

∫ ∞
0

exp
(
−y2

) 2y2p−1

Γ(A)qp
Γ

(
A, αy

2

qρ

)

×

[
Φ

(
a0−a1

(
y2

qγ0

)− a2λ )]M
dy. (21)

Unfortunately, there exists no closed-form solution to this
integral. The integral can be efficiently computed using the
modified Gauss-Chebyshev method [15], i.e.,∫ ∞

0

exp(−y2)f(y)dy =

L∑
ι=1

wιf(yι). (22)

Hence, Pe3 can be efficiently evaluated by

Pe3=

L∑
ι=1

2wιy
2p−1
ι

qpΓ(A)
Γ

(
A,αy

2
ι

qρ

)[
Φ

(
a0−a1

(
y2
ι

qγ0

)− a2λ )]M
.

(23)

Finally, substituting Pe1, Pe2, and Pe3 into (16), and making
some algebraic manipulations, the proof for (17) is obtained.

APPENDIX B
PROOF FOR (19)

Substituting the relevant functions into their Meijer G-
function counterparts and further capitalizing [16, Eq. (23)],
C1 can be solved as

C1 =

∫ ∞
0

αAxA−1

Γ(A)ρA
G 1,2

2,2

(
x
∣∣ 1,1

1,0

)
G 1,0

0,1

(
αx

ρ

∣∣∣∣−0 ) dx
=

αA

Γ(A)ρA
G 3,1

2,3

(
α

ρ

∣∣∣∣ −A,1−A0,−A,−A

)
. (24)

In the case of M > 1, we apply the transformation
√

2z =

a0 − a1

(
x
γ̄0

)− a2λ and then use the similar approach outlined
in [6, Eqs. (43-45)], to obtain the following expression of C2

C2 =

∫ ∞
0

ln(1 + x)F γD (x) dFγR(x)

=

∫ ∞
0

ln(1+x) ·
Γ
(
A, αxρ

)
Γ(A)

d

[
Φ
(
a0−a1

( x
γ0

)− a2λ )]M
=

∫ ∞
−∞

exp(−z2) · g(z)dz

(a)
≈

τ∑
i=1

$i · g(zi), (25)

where

g(z) =
M [Φ(

√
2z)]M−1

√
πΓ(A)

ln

[
1 + γ̄0

(a0 −
√

2z

a1

)− λ
a2

]
× Γ

(
A, γ̄0

(a0 −
√

2z

a1

)− λ
a2

)
,

(26)

and step (a) is further developed using the modified Gauss-
Chebyshev method [15].

Applying the modified Gauss-Chebyshev method on C3

[15], one can evaluate C3 with the following numerical
expression

C3 =
2αA−1

Γ(A)ρmNRND−1

L∑
ι=1

wιyι

(ρy2
ι

α

)A−1

× ln
(

1 +
ρy2
ι

α

)[
Φ

(
a0 − a1

(
ρy2
ι

αγ0

)− a2λ )]M
. (27)

Finally, substituting the expressions of C1, C2, and C3 into
(18), the proof for the average capacity of the investigated
system is accomplished.
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