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Abstract—In this paper, an incremental selective decode-and-
forward (ISDF) relay strategy is proposed for power line com-
munication (PLC) systems to improve the spectral efficiency.
Traditional decode-and-forward (DF) relaying employs two time
slots by using half-duplex relays which significantly reduces the
spectral efficiency. The ISDF strategy utilizes the relay only if
the direct link quality fails to attain a certain information rate,
thereby improving the spectral efficiency. The path gain is assumed
to be log-normally distributed with very high distance dependent
signal attenuation. Furthermore, the additive noise is modeled as a
Bernoulli-Gaussian process to incorporate the effects of impulsive
noise contents. Closed-form expressions for the outage probability
and the fraction of times the relay is in use, and an approximate
closed-form expression for the average bit error rate (BER) are
derived for the binary phase-shift keying signaling scheme. We
observe that the fraction of times the relay is in use can be
significantly reduced compared to the traditional DF strategy. It is
also observed that at high transmit power, the spectral efficiency
increases while the average BER decreases with increase in the
required rate.

Index Terms—Bernoulli-Gaussian impulsive noise, BER, ISDF,
log-normal distribution, PLC, relay, spectral efficiency.

I. INTRODUCTION

Various modern concepts, such as home automation, real-

time energy monitoring system, and smart grid rely primarily on

communication systems. Furthermore, the power-line commu-

nication (PLC) is a key solution by providing greater appliance-

to-appliance connectivity [1], [2].

Although PLC is one of the preferred communication so-

lutions for such applications, it has various challenges. The

communication signals transmitted through power lines suffer

from additive distortion, which comprises both background

and impulsive noise [1]. In addition to additive distortions,

communication signals are also affected by multiplicative dis-

tortions. Cables used to carry high amplitude alternating power

signals at very low frequency (around 50 or 60 Hz) become

hostile when carrying low amplitude communication signals at

very high frequency; hence, communication signals undergo a

heavy distance-dependent attenuation [1]. Furthermore, due to

reflections from various terminations, multi-path propagation

occurs and causes the received signal strength to fluctuate with

time. In most cases, the envelope of these fluctuations follows

the log-normal distribution [3]–[5]. Thus, for reliable long-

distance communication, it is essential to mitigate the effects

of additive and multiplicative distortions. A well established

technique of relay-based communication is therefore proposed

for PLC [6], [7]. For multi-hop transmission, a distributed

space-time coding technique is introduced in [6], while a

cooperative coding for narrowband PLC is proposed in [7].

The average bit error rate (BER) and outage probability analysis

using decode-and-forward (DF) relay is studied in [8], omitting

the direct transmission. Recently, in [9], the correlation among

multi-hop channels has also been considered for closely-placed

DF relays; still, the direct transmission is ignored. Further, very

recently, a class of machine learning schemes, namely multi-

armed bandit, is proposed to solve the relay selection problem

for dual-hop transmission in [10].

These works make use of half-duplex relays, which requires

two time slots for the end-to-end communication. The time

slots required for the end-to-end communication can be sig-

nificantly improved by using the incremental relaying strategy

[11], thereby improving the communication rate or spectral

efficiency. In incremental relaying, the relay is used only if the

direct transmission from source to destination fails to achieve

a required information rate or equivalently a certain signal-to-

noise (SNR) threshold.

In conjunction with DF relays, incremental relaying can be

applied with selective relaying called incremental selective DF

(ISDF) relaying, whereby the relay is used only when the direct

transmission fails and also the source to relay link achieves the

required information rate. Though incremental or ISDF relaying

has been investigated in wireless systems (see, e.g., [11], [12]

and references therein), to the best of our knowledge, it has not

been studied in PLC systems yet.

Motivated by the above discussions, in this paper, the ISDF

strategy is proposed to enhance the spectral efficiency of PLC

systems. The outage probability and average BER performance

are evaluated. The PLC channels are assumed to follow the log-

normal distribution with high distance-dependent attenuation,

and the additive noise is assumed to follow the Bernoulli-

Gaussian process. To get insight into the spectral efficiency,

the fraction of times the relay is in use is also derived. Our

main contributions are: i) to propose ISDF relaying for PLC

systems to increase spectral efficiency, and ii) finding closed-
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Fig. 1. PLC system model.

form expressions for the outage probability and the fraction

of times the relay is in use, and an approximate closed-form

expression for the average BER considering the binary phase-

shift keying (BPSK) signaling scheme.

The rest of the paper is organized as follows. Section II

describes the system model, while closed-form expressions for

the outage probability and the fraction of times the relay is in

use, and an approximate closed-form expression for the average

BER are derived in Sections III, IV, and V, respectively. Section

VI presents numerical and simulation results, and Section VII

provides concluding remarks.

Notation: E[·] denote the expectation of its argument over the

random variable (r.v.) X , Pr(·) is the probability of an event,

Pe(·) is the probability of bit error or BER, FX(·) represent

the cumulative distribution function (CDF) of the r.v. X , and

fX(·) is the corresponding probability density function (PDF).

II. SYSTEM MODEL

The PLC system, as shown in Fig. 1, consists of a source S,

a destination D, and an ISDF relay, R. S tries to communicate

with D over a power cable with the help of R to increase

spectral efficiency. A link between any two nodes is denoted

by i ∈ {SD, SR,RD} where SD, SR, and RD represent the

links between S-D, S-R, and R-D, respectively. The length of

the power cable between any two nodes is denoted by di, and

dSR + dRD = dSD . In the first phase, S broadcasts a symbol

with power PTS
. A predefined rate Rth bits/sec/Hz is assumed

for successful decoding at D. If the direct transmission rate

exceeds Rth, S transmits a new symbol in the second phase.

Otherwise, R forwards the decoded symbol to D only if the

SR link can guarantee a certain rate in the second phase. It is

assumed that the total power, PT , is divided equally among S
and R.

A. Channel Model

The received symbol yi through the ith link is expressed as

yi =
√

PRi
his+ zi , i ∈ {SD, SR,RD}, (1)

where PRi
is the received power, hi is the channel gain of the

ith link, zi is the additive noise sample at the receiver, and

s is the unit power transmitted symbol. The received power

PRi
depends on the transmit power, length of the power cable,

and path loss. The channel gain multiplier hi is modeled as an

independently distributed log-normal r.v. with PDF

fhi
(v) =

1

v
√

2πσ2
hi

exp

(

−1

2

(

ln v − µhi

σhi

)2
)

, v ≥ 0, (2)

where the parameters µhi
and σhi

are the mean and the

standard deviation of the normal r.v. ln (hi), respectively. The

ℓth moment of hi is given by

E
[

hℓ
i

]

= exp

(

ℓµhi
+

ℓ2σ2
hi

2

)

. (3)

We assume unit energy of the channel gain, i.e., E[h2
i ] = 1.

According to (3), this implies µhi
= −σ2

hi
.

The dB equivalent of the received power through the ith link,

i ∈ {SD, SR,RD}, PRi
, can be expressed as

PRi
(dB) = PTS

(dB) − di(km) × PL(dB/km) , (4)

where PL(dB/km) denotes the distance-dependent path loss

factor.

B. SNR Distribution

The symbols transmitted through power lines suffer from

impulsive noise as well as background noise [1]. We assume

the Bernoulli-Gaussian model [13] which is mostly used [8].

Thus, the additive noise sample zi can be written as

zi = zWi
+ zBi

zIi , (5)

where zWi
and zIi represent the background and impulsive

noise samples, respectively, and zBi
is a Bernoulli r.v. which

equals 1 with probability p and 0 with probability (1−p). The

samples zWi
and zIi are taken from the Gaussian distribution

with mean zero and variance σ2
W and σ2

I , respectively. As

background and impulsive noises have different origin, zWi
,

zIi , and zBi
are independent [14]. Therefore, the noise samples

zi are independent and identically distributed (i.i.d.) r.v.s, each

with PDF [13]

pzi(ν) =

2
∑

j=1

pj
√

2πσ2
j

exp

(

−ν2

2σ2
j

)

, (6)

where p1 = 1 − p , p2 = p , σ2
1 = σ2

W , σ2
2 = σ2

W + σ2
I .

The average noise power, N0i = E
[

z2i
]

, is given as

N0i = E
[

z2Wi

]

+ E
[

z2Bi

]

E
[

z2Ii
]

= σ2
W (1 + p η) , (7)

where η =
σ2

I

σ2

W

represents the power ratio of impulsive noise

to background noise.

As the channel gain hi is log-normally distributed, the

corresponding instantaneous SNR, γi =
PRi

h2

i

N0i

, is also log-

normally distributed with PDF

fγi
(w) =

1

w
√

2πσ2
γi

exp

(

−1

2

(

lnw − µγi

σγi

)2
)

, w ≥ 0, (8)

and parameters µγi
= 2µhi

+ ln
PRi

N0i

, σγi
= 2σhi

. The CDF

of γi is therefore given by

Fγi
(w) = Pr[γi ≤ w] = 1−Q

(

lnw − µγi

σγi

)

, w ≥ 0, (9)

where Q(·) denotes the Gaussian Q-function.



C. Required SNR Threshold

As the channel is corrupted by background noise with

probability p1 = (1− p), and background and impulsive noise

with probability p2 = p, the instantaneous channel capacity can

be expressed as [15]

Ci(γi) =
2
∑

j=1

pj log2 (1 + αjγi) , (10)

where α1 = 1+pη
2 and α2 = 1+pη

2(1+η) [2]. Therefore, for the

successful detection of the signal from the direct link, the

approximate SNR threshold that should be maintained at D
corresponding to the rate requirement Rth can be obtained from

(10) as

ΓSD ≈ α1
−p1α2

−p22Rth . (11)

To maintain the same rate requirement at D through the half-

duplex relayed path, the SR or RD link should maintain twice

the rate of the SD link, and hence, the required SNR threshold

is

ΓSR = ΓRD ≈ α1
−p1α2

−p222Rth . (12)

III. OUTAGE PROBABILITY

The outage probability is defined as the probability that the

instantaneous channel capacity falls below a predefined rate.

An outage event would occur if any of the following events

happens: i) the transmitted symbol cannot be detected both from

the SD and SR links, or ii) the SD link fails to detect the

symbol, and, even if R is able to correctly forward it, RD link

fails to deliver. Thus, the outage probability can be expressed

mathematically by summing up the events i) and ii) as

Po(Rth) = Pr [γSD < ΓSD] Pr [γSR < ΓSR]

+ Pr [γSD < ΓSD] Pr [γSR > ΓSR]

× Pr [γRD < ΓRD] . (13)

Finally, using (9) and after some algebra, the outage probability

can be expressed in closed-form as

Po(Rth) = Q

(

µγSD
− ln (ΓSD)

σγSD

)

Q

(

µγSR
− ln (ΓSR)

σγSR

)

+Q

(

µγSD
− ln (ΓSD)

σγSD

)

Q

(

ln (ΓSR)− µγSR

σγSR

)

×Q

(

µγRD
− ln (ΓRD)

σγRD

)

. (14)

IV. RELAY USAGE

The more the relay is used for data transmission, the poorer

the spectral efficiency, and the more the additional complexity

and delay required in data processing. Hence, the fraction of

times the relay is in use is of great interest and for the ISDF

strategy. This number can be obtained by finding the probability

that the SD link fails whereas the SR link attains the required

rate threshold and is expressed as

N = Pr[γSD < ΓSD]Pr[γSR > ΓSR]

= Q

(

µγSD
− ln (ΓSD)

σγSD

)

Q

(

ln (ΓSR)− µγSR

σγSR

)

. (15)

V. AVERAGE BER

A bit error can occur either in the direct transmission or in the

relayed transmission to D, according to the selective relaying

technique assumed. A bit error in the direct transmission can

occur in two ways: i) if its SNR exceeds the required threshold,

or, ii) if its SNR does not exceed the required threshold and the

relayed transmission is not used. Now, a bit error in the relayed

transmission can occur if only one of the links between SR or

RD is in error when the SR link SNR exceeds the required

threshold. The average BER for binary signaling can be written

by summing up the probabilities of all the above events as

Pe = E [Pe(γSD|γSD ≥ ΓSD)]

+ Pr [γSR < ΓSR]E [Pe(γSD|γSD < ΓSD)]

+ Pr [γSD < ΓSD] (1− E [Pe(γSR|γSR ≥ ΓSR)])

× E [Pe(γRD|γSR ≥ ΓSR)]

+ Pr [γSD < ΓSD]E [Pe(γSR|γSR ≥ ΓSR)]

× (1− E [Pe(γRD|γSR ≥ ΓSR)]) . (16)

For the equiprobable BPSK signaling scheme, the instanta-

neous BER as a function of γ, Pe(γ)
1, is given as

Pe(γ) =

2
∑

j=1

pjQ
(√

αj γ
)

. (17)

Thus, to obtain a closed-form expression for the average BER

in (16), we need the expectation operation of an integral of the

type

E[Pe(γ|y1 < γ ≤ y2)] =

2
∑

j=1

∫ y2

y1

pj Q
(√

αjy
)

fγ(y)dy. (18)

As γ follows the log-normal distribution as given in (8), we

can write (18) as

E[Pe(γ|y1 < γ ≤ y2)] =

2
∑

j=1

∫ y2

y1

pj Q
(√

αjy
)

× 1

y
√

2πσ2
γ

exp

(

−1

2

(

ln (y)− µγ

σγ

)2
)

dy. (19)

Using the transformation ln(y) = 2t − ln(αj), (19) can be

rewritten as

E[Pe(γ|y1 < γ ≤ y2)] =

2
∑

j=1

∫ ln(
√
αjy2)

ln(
√
αjy1)

pj Q (exp(t))

× 2
√

2πσ2
γ

exp

(

−1

2

(

2t− ln(αj)− µγ

σγ

)2
)

dt. (20)

It is difficult to evaluate the above integral in closed-form,

as it contains a function of the form Q(exp(t)). Therefore, we

1The subscript i ∈ {SR,RD, SD} is dropped here onward to explain the
relationship between BER and SNR in general.
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Rth = 1, dSD = 0.4 km (numerical)
Rth = 3, dSD = 0.4 km (numerical)
Rth = 5, dSD = 0.4 km (numerical)
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Fig. 2. Outage probability versus total transmit power with σhi
= 3 dB,

PL = 60 dB/km, p = 0.1, and η = 10 for different values of Rth and dSD .

propose a novel approximation using the curve fitting technique

to deal with such a function. The approximation is given as

Q(exp(t)) ≈
M
∑

m=1

am exp

(

−
(

t− bm
cm

)2
)

, (21)

where am, bm, and cm are fitting constants. The number of

summation terms, M , depends on the region of interest and

accuracy of the fit. A suitable value of M and corresponding

am, bm, and cm values are further discussed in Section VI.

Using the approximation in (21), the integral in (20) can be

evaluated in approximate closed-form as

E[Pe(γ|y1 < γ ≤ y2)]

≈
M
∑

m=1

2
∑

j=1

∫ ln(
√
αjy2)

ln(
√
αjy1)

pj am exp

(

−
(

t− bm
cm

)2
)

× 2
√

2πσ2
γ

exp

(

−1

2

(

2t− ln(αj)− µγ

σγ

)2
)

dt

=

M
∑

m=1

2
∑

j=1

2 pj am

σγ

√
2Am

exp

(

−
(

Cm,j −
(

Bm,j

Am

)2
))

×
{

Q

(√
2

(

Am ln(
√
αjy1)−

Bm,j

Am

))

−Q

(√
2

(

Am ln(
√
αjy2)−

Bm,j

Am

))}

, (22)

where Am =
√

1
c2m

+ 2
σ2
γ

, Bm,j = bm
c2m

+
ln(αj)+µγ

σ2
γ

, Cm,j =

b2m
c2m

+
(ln(αj)+µγ)

2

2σ2
γ

. Finally, using (22), the average BER in (16)

can be expressed in approximate closed-form as in (23).
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Rth = 1, PL = 60 dB/km (numerical)
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Fig. 3. Average BER versus total transmit power with σhi
= 3 dB, dSD =

0.4 km, p = 0.1, and η = 10 for different values of Rth and PL.

VI. RESULTS AND DISCUSSIONS

Numerical and simulation results are presented here to val-

idate the performance analysis. Unless otherwise mentioned,

the following parameters are considered. SD is chosen as 400
m and 800 m, respectively, in consistence with a small PLC

system environment [2]. Depending on the power distribution

network, in general, σhi
lies in between 2 dB to 5 dB [4].

Here we assume σhi
= 3 dB, ∀i, where the conversion from

absolute scale to dB scale is given by σhi
(dB) = 10σhi

/ ln 10.

A high value of σhi
indicates high fluctuation in the received

signal power [3], [4]. The distance-dependent path loss factor

depends upon the type of cable and carrier frequency used for

the transmission, and ranges from 40 to 100 dB/km [16]. Hence,

PL = 60 and 80 dB/km are chosen, respectively. The values

of the impulsive noise parameters are p = 0.1 and η = 10,

following [9]. Fitting constants for the approximation in (21)

are obtained from the curve fitting tool of MATLAB with

M = 7, root mean squared error (RMSE) 0.0006931, and sum

of squares due to error (SSE) of 0.0004708. The parameters

calculated from the curve fitting are given in Table I.

Fig. 2 shows the outage probability versus PT , for different

values of Rth and dSD . The numerical curves are obtained

using (14) and are found to agree well with the simulation

results, thus validating our outage analysis. To achieve an

outage probability of 10−3 with Rth = 3 bits/sec/Hz, the PLC

system with dSD = 0.4 km requires PT = 48 dB, whereas

with dSD = 0.8, the transmit power requirement increases to

65 dB. Thus, it can be concluded that for a fixed Rth and PT ,

the outage performance degrades with increasing dSD.

Fig. 3 shows the average BER versus PT for different

Rth and PL values. The numerical curves are obtained using

the approximate closed-form expression derived in (23). The

numerical results are also in agreement with the simulation



Pe =

M
∑

m=1

2
∑

j=1

2 pj am

σγSD

√
2Am,SD

exp

(

−
(

Cm,j,SD −
(

Bm,j,SD

Am,SD

)2
))

[

Q

(√
2

(

Am,SD ln(
√

αjΓSD)− Bm,j,SD

Am,SD

))]

+

(

1−Q

(

ln ΓSR − µγSR

σγSR

)) M
∑

m=1

2
∑

j=1

2 pj am

σγSD

√
2Am,SD

exp

(

−
(

Cm,j,SD −
(

Bm,j,SD

Am,SD

)2
))

×
[

1−Q

(√
2

(

Am,SD ln(
√

αjΓSD)− Bm,j,SD

Am,SD

))]

+

(

1−Q

(

ln ΓSD − µγSD

σγSD

))

×







(

1−
M
∑

m=1

2
∑

j=1

2 pj am

σγSR

√
2Am,SR

exp

(

−
(

Cm,j,SR −
(

Bm,j,SR

Am,SR

)2
)) )(

M
∑

m=1

2
∑

j=1

2 pj am

σγRD

√
2Am,RD

× exp

(

−
(

Cm,j,RD −
(

Bm,j,RD

Am,RD

)2
))

(

Q

(

ln ΓSR − µγSR

σγSR

))

)

+

(

M
∑

m=1

2
∑

j=1

2 pj am

σγSR

√
2Am,SR

× exp

(

−
(

Cm,j,SR −
(

Bm,j,SR

Am,SR

)2
)) )(

1−
M
∑

m=1

2
∑

j=1

2 pj am

σγRD

√
2Am,RD

exp

(

−
(

Cm,j,RD −
(

Bm,j,RD

Am,RD

)2
))

×
(

Q

(

ln ΓSR − µγSR

σγSR

))

)}

. (23)

TABLE I
PARAMETERS IN (21) FROM THE CURVE FITTING FOR M = 7.

m am bm cm
1 0.4665 -5.37 2.174

2 -0.0007029 -3.674 0.1178

3 0.0165 -3.141 0.0004957

4 0.2831 -2.998 1.458

5 0.2113 -1.764 1.06

6 0.1742 -0.8425 0.837

7 0.07986 -0.1109 0.6399

results, thus validating our analysis. In general, it is observed

that the performance improves as PT increases and also for

fixed PT and Rth, the performance degrades with increasing

the distance-dependent path loss. Further, it is noticed that when

PT is low, the performances degrades with increasing Rth;

however, when PT is high, the performance improves with the

increase in Rth. This is an interesting observation as with the

increase in Rth, intuitively, the average BER should degrade at

all SNRs. When Rth increases, the average BER decreases at

a lower PT as neither SD nor SR can overcome the increased

SNR threshold at D and R, respectively. If PT is increased

further, R can eventually overcome the required SNR threshold

due to comparatively low path loss and increased received

power at it, hence, this observation. Moreover, at higher values

of PT the strategy tends to follow the direct transmission, and

hence, the BER curves for various Rth are parallel.

In Fig. 4, the fraction of times R is in use for transmission

versus PT is plotted using (15) for different Rth values and
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Rth = 1, df = 0.5
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Fig. 4. Fraction of times R is in use versus PT with σhi
= 3 dB, dSD = 0.4

km, PL = 60 dB/km, p = 0.1, and η = 10 for different values of Rth and
df .

relay placements (df ), where dSR = dfdSD and 0 < df < 1.

It is observed that for various Rth and df , the curves are bell-

shaped and never reach unity. As PT increases, initially relay

usage increases due to improved SR link quality, later relay

usage decreases due to better direct link quality, and hence, the

bell-shape. Thus, it can be concluded that the ISDF is spectrally

efficient when compared to the traditional DF relaying, which

uses the relay in each transmission. Next, it is observed that

as df increases at a given Rth, the curves shift towards right



and the maximum fraction of times the relay is in use also

decreases. This can be explained by the fact that as the length

of SR link increases, the received SNR at the relay decreases,

which in turn reduces the fraction of times the relay is in use.

Further, we can observe that at a given df and beyond a certain

PT , the fraction of times the relay is in use for higher Rth = 3
becomes more than lower Rth = 1 due to the bell-shape. This

means that the spectral efficiency decreases when Rth increases

at higher PT . This also justifies the crossovers of the average

BER plots for the same Rth beyond certain PT in Fig. 3. Thus,

although the spectral efficiency decreases at higher PT when

Rth increases, interestingly the average BER improves.

VII. CONCLUSION

In this work, the ISDF relaying strategy has been introduced

for PLC systems to improve spectral efficiency. Closed-form

expressions for the outage probability and the fraction of times

the relay is in use along with an approximate closed-form

expression for the average BER are derived considering the

BPSK signaling scheme. Log-normal fading and Bernoulli-

Gaussian impulsive noise are considered for the analysis. It

is observed that at lower transmit power, the performance

degrades as the required rate, path loss, or end-to-end distance

increases. It is found that the proposed relaying strategy can

provide an overall improved spectral efficiency. Furthermore,

although the spectral efficiency decreases at higher transmit

power when the required rate increases, the average BER

improves.

ACKNOWLEDGMENT

This work was supported in part by the Department of

Science and Technology (DST), Govt. of India (Ref. No.

TMD/CERI/BEE/2016/059(G)), Royal Society-SERB Newton

International Fellowship under Grant NF151345, and Natural

Science and Engineering Council of Canada (NSERC), through

its Discovery program.

REFERENCES

[1] H. C. Ferreira, L. Lampe, J. Newbury, and T. G. Swart, Power Line Com-
munications: Theory and Applications for Narrowband and Broadband

Communications over Power Lines, Singapore: Wiley, 2010.

[2] D. Sharma, R. K. Mallik, S. Mishra, A. Dubey and V. Ranjan, “Voltage
control of a DC microgrid with double-input converter in a multi-PV
scenario using PLC,” in Proc. 2016 IEEE Power & Energy Society

General Meeting, Boston, MA, USA, 2016, pp. 1–5.

[3] I. C. Papaleonidopoulos, C. N. Capsalis, C. G. Karagiannopoulos, and
N. J. Theodorou, “Statistical analysis and simulation of indoor single-
phase low voltage power-line communication channels on the basis of
multipath propagation,” IEEE Trans. Consum. Electron., vol. 49, no. 1,
pp. 89–99, Feb. 2003.

[4] S. Guzelgoz, H. B. Celebi, and H. Arslan, “Statistical characterization of
the paths in multipath PLC channels,” IEEE Trans. Power Deliv., vol. 26,
no. 1, pp. 181–187, Jan. 2011.

[5] S. Galli, “A novel approach to the statistical modeling of wireline chan-
nels,” IEEE Trans. Commun., vol. 59, no. 5, pp. 1332–1345, May 2011.

[6] L. Lampe, R. Schober, and S. Yiu, “Distributed space-time coding for
multihop transmission in power line communication networks,” IEEE J.
Sel. Areas Commun., vol. 24, no. 7, pp. 1389–1400, Jul. 2006.

[7] L. Lampe and A. J. Han Vinck, “On cooperative coding for narrow band
PLC networks,” International Journal of Electronics and Communica-
tions, vol. 65, no. 8, pp. 681–687, Aug. 2011.

[8] A. Dubey, R. K. Mallik, and R. Schober, “Performance analysis of a
multi-hop power line communication system over log-normal fading in
presence of impulsive noise,” IET Commun., vol. 9, no. 1, pp. 1–9,
Jan. 2015.

[9] A. Dubey and R. K. Mallik, “Effect of channel correlation on multi-hop
data transmission over power lines with decode-and-forward relays,” IET

Communications, vol. 10, no. 13, pp. 1623–1630, Jan. 2016.

[10] B. Nikfar and A. J. Han Vinck, “Relay selection in cooperative power
line communication: A multi-armed bandit approach,” Journal of Com-

munications and Networks, vol. 19, no. 1, pp. 1–9, Feb. 2017.

[11] J. N. Laneman, D. N. C. Tse, and G. W. Wornell, “Cooperative diversity in
wireless networks: Efficient protocols and outage behavior”, IEEE Trans.

Inf. Theory, vol. 50, no. 12, pp. 3062–3080, Dec. 2004.

[12] Z. Bai, J. Jia, C. -X. Wang, and D. Yuan, “Performance analysis of SNR-
based incremental hybrid decode-amplify-forward cooperative relaying
protocol,” IEEE Trans. Commun., vol. 63, no. 6, pp. 2094–2106, Jun.
2015.

[13] Y. H. Ma, P. L. So, and E. Gunawan, “Performance analysis of OFDM
systems for broadband power line communications under impulsive noise
and multipath effects,” IEEE Trans. Power Deliv., vol. 20, no. 2, pp. 674–
682, Apr. 2005.

[14] M. Gotz, M. Rapp, and K. Dostert, “Power line channel characteristics
and their effect on communication system design,” IEEE Commun. Mag.,
vol. 42, no. 4, pp. 78–86, Apr. 2004.

[15] K. C. Wiklundh, P. F. Stenumgaard, and H. M. Tullberg, “Channel
capacity of Middleton’s class A interference channel,” Electron. Lett.,
vol. 45, no. 24, pp. 1227–1229, Nov. 2009.

[16] O. Hooijen, “A channel model for the residential power circuit used as
a digital communications medium,” IEEE Trans. Electromagn. Compat.,
vol. 40, no. 4, pp. 331–336, Nov. 1998.


	I Introduction
	II System Model
	II-A Channel Model
	II-B SNR Distribution
	II-C Required SNR Threshold

	III Outage Probability
	IV Relay Usage
	V Average BER
	VI Results and Discussions
	VII Conclusion
	References

