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Performance Analysis of an Opportunistic Relaying Power Line
Communication Systems

Yuwen Qian, Jun Li , Yijin Zhang , and Dushantha Nalin K. Jayakody

Abstract—Powerline communication (PLC) is an attractive approach to
providing information transfer services for future smart grids. However,
due to high attenuation and interference, it is a great challenge to achieve
reliable transmissions over PLC channels. In this letter, we propose an op-
portunistic decode-and-forward-based multiple-relaying (ODFR) scheme
to enhance the performance of PLC networks, where the optimal relay is
selected dynamically for data forwarding. Specifically, we first formulate
the cumulative distribution functions (CDFs) of the received signal-to-noise
ratio by exploiting statistical properties of the PLC channels. Then, draw-
ing upon this derived CDF, we further develop the closed-form expressions
of outage probability and approximate capacity for the proposed ODFR
scheme. Simulations validate the consistency of our analytical results with
Monte Carlo simulations.

Index Terms—Decode-and-forward (DF), in-home network, opportunis-
tic relaying, outage probability, power line communications (PLCs).

I. INTRODUCTION

U SUALLY being distributed in harsh and hostile environments,
power line communication (PLC) channels are unavoidably sub-

ject to the time-varying nature and frequency-selective attenuation [1].
In addition, different from wireless channels, impulsive noises in the
PLC caused by random switching of power appliances may lead to
severe performance deterioration. These undesirable features make the
design of reliable PLC schemes for long-distance transmissions a very
challenging task. Relaying techniques, which have been extensively
studied in the context of wireless networks, can be levered to the PLC
for coping with this issue [2]–[4].

As a pioneer work, a time-division-multiple-access-based relay-
aided PLC scheme for a network management system was studied
in [2]. Following [2], there have been a number of investigations for
cooperative PLC relaying systems. For example, Lampe et al. [3] em-
ployed a distributed space-time coding (DSTC) scheme to reduce trans-
mission delay in a relay-aided PLC system. Furthermore, opportunistic
relaying scheme in wireless communications, as an efficient relaying
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approach, has been applied to PLC networks for enhancing the capac-
ity and coverage [4]. Specifically, in the opportunistic relaying scheme,
only one of the relays having the best link toward the destination will
be selected to retransmit the data packet.

At the same time, a number of frameworks have been proposed [3],
[5], [6] to investigate the performance of various PLC relaying systems.
Lampe et al. [3] derived a closed form of the outage probability for a
decode-and-forward (DF) based relaying system with DSTC, and [5]
analyzed the potential performance of PLC systems with amply-and-
forward relaying schemes. However, neither of these works took into
account the frequency-selective characteristic of the PLC channels.
More practically, Tonello et al. [4] investigate the cooperative DF relay
protocol in the PLC in-home network and the performance is studied
via the use of a statistical topology model. However, this work neglected
the impulsive noises that are rooted in the PLC channels.

In this letter, we model the PLC channel as the combination of PLC
subchannels with maximal-ratio combining (MRC) to obtain the re-
ceived signal-to-noise ratio (SNR). Based on the PLC channel mode, we
propose an opportunistic DF-based multiple-relaying (ODFR) scheme,
where the best relay is dynamically selected for each time slot accord-
ing to the channel state to forward information. By adopting the precise
approximation for sum log-normal function, we develop the cumulative
distribution functions (CDFs) of the received SNR at the destination,
i.e., the CDF of the optimal relaying channel. Then, based on this
derived CDF, we further develop the closed-form expression of the
capacity by converting the integrals to the forms of Hermite polyno-
mial, in which the channel noise is modeled as Bernoulli–Gaussian
noise with two states. Next, we work on the formulation of the outage
probability. Simulations show that the derived analytical results are
consistent with the results by Monte Carlo simulations.

The remainder of this paper is organized as follows. In
Section II, we set up the system model for a PLC network with the
ODFR scheme. Section III presents the analysis of the CDF, outage
probability, and the capacity for the proposed scheme. Section IV com-
pares the performance between the analytical results and the simulation
ones, and the conclusions are given in Section V.

II. SYSTEM DESIGN

As widely adopted, a typical in-home PLC infrastructure is com-
posed of several subcircuits, as shown in Fig. 1. Such a structure can
improve system security and energy efficiency, but, at the same time,
may conversely result in instable communications due to avoidably
lengthened power line between terminal nodes. To cope with this insta-
bility, multiple relay nodes are installed to enhance data transmissions.
However, according to Fig. 1, these relay nodes are arranged as far as
possible among each other to improve the network scope and reduce
the number of relay nodes.

In a PLC network system, generally, two PLC nodes are connected
by several cables, which are used as separate PLC channels. These
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Fig. 1. Structure of a typical in-home PLC relaying system, and the ODFR
scheme is adopted in this system. R1 ,R2 , . . . ,RM are the relaying nodes, and
Ri is selected optimal relay for the data transmission.

channels have multiple subfrequency bands with sufficient separation
to avoid cross-channel interference according to [7]. Thus, we consider
the PLC channel between two PLC nodes as an L-branch diversity
channel, where the transmitter transmits the same stored data as BPSK
modulated symbols over the L PLC subchannels. The L subchannels
can be formed using combinations from frequency, time, and space at
the receiver. In this scenario, we set up a model of the ODFR scheme.

As shown in Fig. 1, a source terminal S communicates with the
destination terminal D via several relaying nodes R1 ,R2 , . . . ,RM .
Since the ODFR scheme is applied, there are two stages for the trans-
missions. In the first stage, S broadcasts a message to the relay nodes.
For a relaying node Rm , m = 1, . . . , M , there are L subchannels of
the channel from S to Rm . The received signal from one subchannel
at Rm in one time slot of the first stage can be written as

yR m , l
= hS R m , l

√
PxS + nR m , l

, l = 1, 2, . . . , L (1)

where xS is the symbol transmitted at a time slot with an unit power,
hS R m , l

is the channel gain for the lth subchannel between S and Rm ,
P is the transmission power, and nR m , l

is the noise sample of the
subchannel at the time slot.

After receiving signals from L branch, Rm employs the MRC to
combine the received signal. The receiving SNR at Rm can be given
as

γS R m =
L∑

l=1

γh2
S R m , l

(2)

where γ is the transmission SNR, defined as γ � P
σ 2

0
, where σ2

0 is the

variance of the noise nR m , l
. According to [5], the noise in PLC channel

is Bernoulli-Gauss distributed, subject to a combination of the additive
white Gaussian noise (AWGN) and the impulsive noise. Hence, the
noise variance σ2

0 can be further formulated as

σ2
0 = σ2

G + pσ2
I (3)

where σ2
G and σ2

I are the variances of the AWGN and the impul-
sive noise, respectively, and p is the parameter of Bernoulli random
sequence.

In the second stage, the optimal relay node, say,Ri , i ∈ {1, . . . , M},
is selected to forward data to the terminal D. The selection criterion
for the optimal relay node will be presented later. Assume that each
relay node transmits with the same power P as at the source. Then, the
received signal via the lth subchannel from Ri to D can be written as

yR i , l D = hR i , l D

√
P x̂S + nR i , l D (4)

where x̂S is the decoding result of xS at Ri , hR i , l D is the channel gain
from Ri to D, and nR i , l D is the corresponding noise at the destination
with the same variance σ2

0 .
By using the same method with (2), we can obtain the received SNR

from Ri at the destination terminal D as

γR i D =
L∑

l=1

γh2
R i , l D

. (5)

The capacity of the channel S → Rm → D ∀m, is determined
by minimum one of the channels S → Rm and Rm → D. Thus, the
equivalent SNR of the channel S → Rm → D, namely γS R m D can be
written as

γS R m D = min (γS R m , γR m D ) . (6)

In our ODFR scheme, the optimal relay Ri is selected based on the
max-SNR criterion, i.e.,

i = arg max
m =1 , . . . ,M

γS R m D . (7)

Hence, the equivalent SNR, denoted by γ0 , for our ODFR scheme can
be formulated as [8]

γo = max
m

(min (γS R m , γR m D )) = γS R i D . (8)

III. PERFORMANCE ANALYSIS

In this section, we analyze the performance of a PLC system adopting
the ODFR scheme. We characterize the statistics of the received SNR
at destination, and then derive the expressions of the instantaneous
capacity and outage probability .

A. CDF of Received SNR γo

In a PLC channel, the probability density function (PDF) of the
amplitude h of the lth subchannel is log-normal [7], given as

fh l
(x) =

1√
2πσ2x

e
− ( ln x −μ ) 2

2 σ 2 (9)

where μ and σ2 are the mean and the variance of ln(x), respectively,
which is a normal random variable.

According to (2) and [9], we can accurately approximate PDF of the
receiving SNR of the PLC channel with the log-normal sum distribu-
tion, given by

fγ
S R m

(x) =
a1a2 (x/γ)−(a 2 /λ+1)

λ
√

2πγ

× exp

⎛

⎜⎝−
(
a0 − a1 (x/γ)−a 2 /λ

)2

2

⎞

⎟⎠ (10)

where λ = ln 10
10 , and a0 , a1 , and a2 are constants.

Since the two-stage transmission is adopted to simplify our analysis,
we assume that hS R m and hR m D are independent variables, which
identically follow the same distribution. Then, the CDF of γS R m and
γR m D can be written as

Fγ
S R m

(x) = Fγ
R m D

(x) = Φ
(
a0 − a1 (x/γ)−a 2 /λ

)
. (11)
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Follow (6) and (11) and define the variable z � min(u, v), the CDF
of γS R m D can be given as

FγS R m D
(z) = FγS R m

(u) + FγR m D
(v) − FγS R m ,γR m D

(u, v)

= 1 −
(
1 − Φ

(
a0 − a1 (z/γ)−a 2 /λ

))2
(12)

where FγS R m ,γR m D
(x, y) is the CDF of the joint distribution of γS R m

and γR m D .
According to Fig. 1, since the distance among relay nodes is designed

much farther than the effective communication scope of a PLC channel,
these relaying nodes work independently. Thus, from the information
provided by (6), (8), and (12), the CDF of γo is given as

Fγo (x) =
M∏

m =1

FγS R m D
(x)

=
(

1 −
(
1 − Φ

(
a0 − a1 (x/γ)−a 2 /λ

))2
)M

. (13)

B. Channel Capacity

The capacity of a PLC channel subject to the Bernoulli–Gaussian
noise is strictly derived by [6], where the Bernoulli–Gaussian noise
channel is considered as a special case with two Gaussian states. Thus,
Dubey et al. [7] derive the capacity of the PLC channel with perfect
knowledge of the channel as well as the noise states, given as

C (γo ) =
1∑

j=0

pj log2 (1 + γo αj ) (14)

where p0 = 1 − p and p1 = p. By defining η � σ 2
I

σ 2
G

, we have

α0 = 1 + pη α1 =
1 + pη

1 + η
. (15)

In a high SNR regime, both γo α0 and γo α1 are far larger than one.
Thus, the capacity can be approximated as

C (γo ) ≈ Θ (p) +
ln γo

ln 2
(16)

where Θ (p) = (1 − p) log2 (α0 ) + plog2 (α1 ). Now, the average ca-
pacity can be expressed as

C � Eγ 0 (C(γ0 )) =
∫ ∞

0
C (x) dFγo (x) (17)

where E(·) represents the expectation function. Substituting (13) and
(16) in (17), we have

C = Θ (p) +
1

ln 2

∫ ∞

0
ln x

× d

(
1 −

(
1 − Φ

(
a0 − a1 (x/γ)−a 2 /λ

))2
)M

. (18)

By defining s = a0 − a1

(
x
γ

)− a 2
2 λ

, we can arrive at

C = Θ (p) +
2M√
2π ln 2

∫ ∞

−∞

(
ln γ +

λ

a2
ln

a1

a0 − s

)

×
(
1 − (1 − Φ (s))2

)M − 1
(1 − Φ (s)) e−

s 2
2 ds. (19)

To obtain the closed form of the capacity, we take a series of steps to
obtain a simplified approximation of (19). First, to deal with the item

(
1 − (1 − Φ (s))2

)M − 1
in (19), we utilize the Taylor expansion

(1 + t)ξ =
N∑

n =0

ξ!tn

(ξ − n)!n!
(20)

where N is a positive integer and we have N → ∞. Let t =
− (1 − Φ (s))2 and ξ = M − 1. Since (1 − Φ (s))2 < 1, we can ne-
glect the high-order items, by choosing a limited value of N from the
right-hand side of (20), to obtain an approximated closed form. The
accuracy of this approximation depends on the value of N . Based on
(20), we rewrite (19) as

C̄ = Θ (p) +
2√

2π ln 2

∫ ∞

−∞

(
ln γ +

λ

a2
ln

a1

a0 − s

)

×
N∑

n =0

Tn (1 − Φ (s))2n + 1e−
s 2
2 ds (21)

where Tn = M !(−1)n

(M −1−n )!n ! .
Second, according to [10], we have the approximation

∫ ∞

−∞
f (x) e−x 2

dx ≈
K∑

k=1

wk f (xk ) (22)

where K is the order of the Hermite polynomial, set to be 20 in this

letter, wi = 2k − 1 k !
√

π

k 2 (H k − 1 (xk ))2 is the weight, and xk is the kth zero of the

Hermite polynomial.
At last, we can obtain the closed form of the average capacity from

(21) and (22), given as

C̄ = Θ (p) +
2√

π ln 2

K∑

k=1

N∑

n =0

wk Tn

×
(

ln γ +
λ

a2
ln

a1

a0 −√
2sk

)(
1 − Φ

(√
2sk

))2n + 1
. (23)

C. Outage Probability

The outage probability, defined as the probability that the trans-
mission rate R is greater than the channel mutual information
I(xS ; yD |hS R i

, hR i D ), is considered as an important measure to quan-
tify the service of PLC networks.

According to (14), the outage probability can be written as

Pout = Pr

(
1∑

j=0

pj log2 (1 + αj γo ) < R

)

� Fγo

(
2R α0

−p 0 α1
−p 1
)
. (24)

After substituting (13) into (24), we can directly obtain the following
closed-form expression of outage probability as

Pout =

⎛

⎝1−
(

1−Φ

(
a0 −a1

(
2R α0

−p 0 α1
−p 1

γ

)−a 2
λ

))2⎞

⎠
M

.

(25)

IV. SIMULATION RESULTS

In this section, we present the numerical results of our ODFR
scheme, and compare them with the Monte Carlo simulation ones. The
fading parameters for the PLC channels are set to σ = (6λ/ ln 10) dB,
and μ = −σ2 . Also, the parameter p is set to 3.27 × 10−3 and we
set the parameters in (9) as a0 = 8.75, a1 = 15.58, and a2 = 0.0438
with [9].
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Fig. 2. Comparison of the average capacity between our computational results
and the simulation ones with different relay numbers M and different PLC
subchannel numbers L.

Fig. 3. Comparison of the outage probability between our computational
results and the simulation ones with different relay numbers M and different
PLC subchannel number L.

Fig. 2 demonstrates the channel capacity C against γ of the PLC
system. The numerical results are obtained by (23). From Fig. 2, we
observe that the numerical results are almost consistent with the sim-
ulation ones, with a small performance gap. This is due to the limited
value of N used in the Taylor expansion. The capacity increases lin-
early with the horizontal axis (i.e., γ in dB). This can be verified by
(23), where C is a linear function of ln γ. We can also observe that
with the increase in the number of the PLC subchannels, the capacity
dramatically increases due to the enlarging of the SNR. Interestingly,
the number of the subchannels has a more obvious influence on the
capacity than on the relay numbers.

Fig. 3 shows the curves of the outage probability Pout for the trans-
mission rate R = 10 bit/s/Hz versus the transmission SNR γ for the
PLC system with our ODFR scheme, as shown in Fig. 1. The numerical

curves are obtained by using the closed-form expression given in (25).
We consider the cases with different values of the relay numbers, i.e.,
M = 2, 4, 6. It follows that the analytical results and the simulation
results are consistent. Also, the outage performance is strengthened
when more relay nodes and more subchannels are involved.

V. CONCLUSION

In this letter, we focused on the performance analysis of our ODFR
scheme in the PLC network. By exploiting the statistical characteristics
of the log-normal sum fading and noise model rooted in the PLC
channels, we formulated the CDF of received SNR. Based on this
derived CDF, we further investigated the outage probability and the
approximate capacity with closed forms. Monte Carlo simulations were
shown to match our analytical results and also verified the effectiveness
of the proposed ODFR scheme.
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