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Abstract: An analytical approach is presented to evaluate the bit error rate (BER) performance of a power line (PL) communication system
considering the combined influence of impulsive noise and background PL Gaussian noise. Middleton class-A noise model is considered to
evaluate the effect of impulsive noise. The analysis is carried out to find the expression of the signal-to-noise ratio and BER considering
orthogonal frequency division multiplexing (OFDM) with binary phase shift keying modulation with coherent demodulation of OFDM
sub-channels. The results are evaluated numerically considering the multipath transfer function model of PL with non-flat power spectral
density of PL background noise over a bandwidth of 0.3—100 MHz. The results are plotted for several system and noise parameters and
penalty because of impulsive noise is determined at a BER of 107°. The computed results show that the system suffers significant power
penalty because of impulsive noise which is higher at higher channel bandwidth and can be reduced by increasing the number of OFDM sub-

carriers to some extent. The analytical results conform well with the simulation results reported earlier.

1 Introduction

After many years of development, the power line communication
(PLC) technology has emerged as a very attractive alternative for
the provision of broadband communications services to residential
and business users over medium and low-voltage power lines (PLs)
[1-6]. Research work is continued to determine accurate channel
models for the PL network during past decade. The economic
and operational viability of using this technology leans on the
current availability of low-cost PLC equipment and solutions,
besides the utilisation of the power network infrastructure already
in place. For a PLC network, the available infrastructures are
indoor and outdoor and the usable frequency band is narrowband
and broadband. However, it is observed that a number of challenges
such as noise, fading, attenuation, multipath propagation and so on
exist [6—-10] which limit the available data rate.

Most of the available PLC systems provide a maximum data rate
of more than several megabits per second. However, the PL grid can
be characterised as a rather hostile medium for data transmission
[10] as it was originally designed for the distribution of electrical
power in the frequency range of 50-60 Hz. As a result, the PLC
channel faces some technical problems, such as impedance varia-
tions and mismatches, various forms of noise (mainly impulsive
noise) and narrowband interferences, multipath propagation phe-
nomena, high attenuation and other barriers of the medium.

Noise in a PL results because of the effect of corona, impulse
voltages and electric arc between the lines and affects the communi-
cation link severely [8—10]. The nature of PL noise is found to be a
non-white cyclostationary process. The non-white cyclostationary
noise consists of stationary background noise and time variant
impulsive noise with Poisson distribution. The statistical models
of impulsive noise are investigated by Middleton [7] which are
applicable to powerline communication (PLC) system. The impulsive
noise and multipath effects are the main factors considered for
degrading the PLC performance [7-11]. A number of research
works are carried out on evaluation of the effect of PL noise on
the performance of a PLC system [12—-16].

Orthogonal frequency division multiplexing (OFDM) is a tech-
nique which separates overall transmitted data in many parallel
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independent sub-streams. The long symbol duration time makes
OFDM perform better than single carrier scheme for multipath
channel [3, 17, 18]. OFDM may perform better than single
carrier when the channel is interfered by impulsive noise, since it
can spread the impulsive noise over multiple symbols because of
inverse fast Fourier transform. The performance of OFDM PLC
system with different array coding was recently reported by com-
puter simulation in the presence of impulsive noise with class-A
channel noise model [13]. Furthermore, the influence of impulsive
noise on a PLC system in the presence of background Gaussian
noise is investigated by simulation using class-A channel noise
model [14]. More recently, the performance of PLC system with
multiple-input-multiple-output (MIMO) OFDM multicarrier
modulation is reported [18] and are found to provide better perform-
ance over single carrier PLC system. Performance analysis of a PLC
system with OFDM at maximal ratio receive diversity is also
reported [19]. Recently, simulation results on space—time block
code MIMO PLC system is reported for cancellation of impulsive
noise [20]. More recently, the effect of non-white Gaussian noise
on the bit error rate (BER) performance of a PLC system is reported
in [21]. In this paper, we provide a detail analytical approach to find
the expression of the BER in the presence of impulsive noise as well
as Gaussian channel noise considering the Middleton class-A
channel model for the impulsive noise. The results are evaluated nu-
merically for various impulsive noise index and Gaussian noise to
impulsive noise ratio and bandwidth, number of OFDM channels.

2 System block diagram

The block diagram of a single-input—single-output (SISO) OFDM
PLC system considered for analysis is shown in Fig. 1. In the trans-
mitter, the signal is initially processed by a serial-to-parallel (S/P)
converter and then OFDM modulated. At the receiving end,
signal is received through a single receiving port. The cyclic
prefix of the received signal is first removed and then
serial-to-parallel conversion is carried out followed by fast
Fourier transform (FFT). The output sub-channel carrier frequency
signals of each receiver are then multiplied by the complex conju-
gate of the PL channel transfer function co-efficient H;
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Fig. 1 Block diagram of a SISO PLC system with OFDM

corresponding to the ith sub-channel frequency f;. Coherent de-
modulation is then carried out which is then followed by data deci-
sion and parallel to serial conversion.

3 System analysis
3.1 PL channel model

PL has frequency channel model which involves the attenuation
introduced to the communication signal by cable losses as well as
multipath effect. For multipath effect, the signal reaching the re-
ceiver consists of several components which have travelled
through different paths. Only N dominant paths are considered for
modelling. Furthermore, the signal components undergo a different
amount of delay since the route they follow is not the same.

The transfer function for broadband PL in the frequency range of
0.3-100 MHz is given by [5-8]

L
k .
H() = Zgi e~ (@taif)d; o=i27fT;

i=1

M

where L is the number of paths, g; is the weighting factor for path 7,
ap and a, are the attenuation parameters, f'is the frequency, £ is the
exponent of the attenuation factor (0.5-1), d; is the length of the ith
path and the corresponding delay is 7;. The weighing factor g, is
used for each path, demonstrating the reflections that occur along
with it whose value is considered to be <1. The value of ay, a;
and g; are given in [4, 5].

3.2 PLC noise model

In a PL channel, the noise consists of background noise and impul-
sive noise. Background noise has a Gaussian statistical distribution
where the impulsive noise is characterised by Poisson’s distribution
[17].

The background noise is caused by numerous sources, such as
computers dimmers or hair dryers, which can create disturbance
in the frequency range 0—100 MHz and has a low power spectral
density (PSD). A commonly accepted model for the background
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noise where the PSD is given by [3, 5]
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@
where a, b and ¢ are constants which can be derived from measure-
ments and f'is the frequency in megahertz (MHz). The background
noise variance is given by [9]

5
ol = 2R1Nj 10[Rw(1=301/10 4
A

3)

Ry is the input resistance and f; and f, represents the frequency
range of operation.
The total PL noise can be expressed as

(1) = (1) + Ry (1) “)

According to the Middleton class-A model [7], the probability
density function (PDF) of noise consisting of impulsive and back-
ground noises is given by

oo —A m
P,(v) = Zi;
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A is an impulsive noise index, o} represents the variance of back-
ground PL noise and I is the ratio of Gaussian noise power to im-
pulsive noise power, such that

%

F=2
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3.3 Analysis of BER

Considering binary phase shift keying (BPSK) modulation with
SISO PL communicating with N-OFDM subcarrier, the complex
envelope of OFDM signal can be expressed as [18]

2E o N-—1
s = | Z2Y D a .t —KTY) ®)
S k=0 n=0
N—-1
=) 5.0 ©)
n=0

where E; is the energy over an OFDM symbol, 7; is the symbol
period ay,, carries the information to be sent over the kth symbol
interval ¢ € [kTs, kTs+ Ts] and the nth sub-band (=0, 1, 2, ...,
N—1), N being the number of OFDM subcarrier, v,(¢) is the
complex envelope of the signal transmitted in the nth sub-band

given by [11]
2E, &
5,00 = |75 D @t = KT (10)
S k=0

where {gpn(t)}n]\:ol is a set of complex orthogonal waveform and is
given by

-1
@) = {exp[j27r(n - N2 >t/TS]}, te [0, T ] (1
t &[0, T.]

Each waveform in the set {s,,(t)}i::o1 corresponds to a distinct (#th)
subcarrier with frequency

L 2—(N-1)
.ﬂ—fﬁT

We consider BPSK for which a,, =1, the received signal for the
nth OFDM subcarrier can be expressed as

2E,
TS

> @ et —kT)@h () +n(t)  (12)
k=0

r,(t) =

where /.(¢) is the impulse response of the PLC channel, ® denotes
convolution and n(f) represents the total PLC noise consisting of
background noise n,(¢) and impulsive noise Aimp(?).

The received OFDM signal is processed at the receiving end to
remove the cyclic prefix and then all the sub-band modulated car-
riers of OFDM signal are separated by S/P operation followed by
FFT. The output is then given by

2E. &
) = [T a0 = KLY G| +n(0)- H' () (13)
S k=0

where H(f,) is given by (1).
The signal at the output of coherent BPSK demodulator corre-
sponding to the nth sub-band is given by

2E, &
TS

z,(0) = o ut — KT - JHE)) +no) (14

k=0
The variance of output noise ny(z) is given by
2
Tom = 3 [H())
The signal-to-noise ratio (SNR) at the output of coherent BPSK
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demodulator is then given by

V@ - 1|
o - |H()) (15)

n,m

A2
= e

where

2F,
Ay = /TS:‘/ZPS and m = 0:00
S

where P; is the average signal power over an OFDM symbol
interval.

As the PSD of the PL background noise is not flat, the noise
power is computed by integrating the noise PSD over the OFDM
sub-channel bandwidth for each OFDM carriers as expressed by
(3). The bandwidth of an OFDM sub-channel is expressed by Af
=B/N when B is the PLC channel bandwidth and N is the
number of OFDM carriers. The noise power for the ith OFDM sub-
channel is given by

[i+(Af/2)
j 2Rm{ 10[Rit)=30)/ 10} df

Si—(&1/2)

and the SNR can be expressed as

LA
yn,m - 0_2

2P |HG)[
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The PDF of ng(¢) is given by [7, 14]
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where v, is the noise voltage.
The PDF of output voltage z, is given by

© —A4 mm
e A" ., _4
p(z,) = 276 (2a—Aoy)" /207, 17)
m=0
where A, is the average output voltage and A4y, = Ao'|H(f,,)|-

The probability of bit error for the nth subcarrier channel fora ‘1’
transmitted with ‘0’ received is given by

0
p(O/1) = [ plz,)dz,
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which is the same as p(1/0).

This is an open access article published by the IET under the Creative Commons
Attribution-NonCommercial-NoDerivs License (http:/creativecommons.org/

licenses/by-nc-nd/3.0/)



09 :
0.8 [-eemsmnersarennanass ——
[T | [PPSR PRty BN o NS NS S o
2 :
1Y -] RN RN
2 g s
= =201 ) PSR A 1 R — -
a _§ : I'=0.0001
w
o o4 :
2 2 :
0 "
z —E 0 b i e A -
2 i
L T | ey A ot | .
T (1 || TRETRRR ; s esuae J
0 10 20 3 40 5 6 70 8 9 10 " : '
Frequency, f (MHz) 35 0.05
Pdf Amplitude, ()
Fig. 2 Plots of PSD of background PL noise against frequency
Fig. 3 Plots of PLC noise PDF against noise amplitude
10° T T
Bl s o U NN SRS SRR PCC = S - S SRR I .: ............. i
4 Bandwidth=20MHz
10 \ --| A=0.01 H
1 R 2 \ e
10* —eeeeed
A \ _—
" T B TRl I || TR skttt bttt peibeiotete ) Wiotatatuintoit ittt Trieleisbote, igiakiotol 1% Yptsletratcdlein b
10 %A 1 5
b
T H 10°
— H
10 frs] - *
Bandwidth =20 MHz
N A=0.001 Cr i N L SO A Nyl N
1610 10°
& & o
Bandwidth =20 MHz H
10 A=0.0001 i
10"'% || N=100 = \ .........
107 i i
10-20 . \
1
15 -10 5 0
Ps
c d
Fig. 4 Plots of BER against received signal power P (dBm) are depicted
a Plots of BER against received power, P for PLC system with different values I' (where 4 =0.1, BW =20 MHz)
b Plots of BER against received power, P for PLC system with different values I' (where 4 =0.01, BW =20 MHz)
¢ Plots of BER against received power, P, for PLC system with different values I' (where 4=0.001, BW =20 MHz)
d Plots of BER against received power, P for PLC system with different values I' (where 4 =0.0001, BW =20 MHz)
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a Plots of BER against received power, P for PLC system with different values I' (where 4 =0.1, BW =100 MHz)

b Plots of BER against received power, Pg for PLC system with different values I' (where 4 =0.01, BW =100 MHz)

¢ Plots of BER against received power, P for PLC system with different values I' (where 4=0.001, BW =100 MHz)
d Plots of BER against received power, P for PLC system with different values I' (where 4 =0.0001, BW =100 MHz)

Therefore the overall BER for the nth sub-band channel is given
by

00 —A qm
e “A" 1 Yom
= . —erft s 19
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The average BER of N-channel OFDM system is then given by
1 &
BER:NZan @21)
n=1

4  Result and discussion

On the basis of the theoretical analysis presented in Section 3, we
evaluate the BER performance of a PLC system considering the
effect of the PL transfer function and background noise and impul-
sive noise. The performance results are evaluated in terms of BER
considering various channel parameters and background noise PSD
over a bandwidth 0.3—100 MHz and several values of impulsive
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noise index. The BER performance results are evaluated for a
given system bandwidth and a set of system parameters with N = 128.

The plots of PSD of background PLC is shown in Fig. 2 which is
non-flat over the system bandwidth. It is noted that noise is domin-
ant at lower frequencies. The plots of PDF of the PLC noise consist-
ing of background noise and impulsive noise is shown in Fig. 3 for
various impulsive noise indexes 4 with I'=0.0001. It is noted that
the combined noise PDF is nearly Gaussian and has a higher vari-
ance at smaller values of 4.

The plots of BER against received signal power P (decibel milli-
watt (dBm)) are depicted in Fig. 4 for impulsive noise index 4 =
0.1, B=20 MHz and I'(Gamma) = 0.1, 0.05, 0.025, 0.01, 0.005. It
is noted that there is deterioration in BER performance with de-
crease in the value of T, that is, with increase in the impulsive
noise power compared with Gaussian noise. The system thus
suffers because of impulsive noise at a given bandwidth. Similar
plots of BER against Py (dBm) with impulsive noise index, 4=
0.01, 0.001 are shown in Figs. 45 and c, respectively. It is revealed
from the figures that there are further deterioration in BER perform-
ance with decrease in 4 for the same values of bandwidth and T'.
Similar plots of BER against P (dBm) are shown in Fig. 4d for
same bandwidth and 4=0.0001. It is observed that there is
abrupt increase in BER compared with I'=0.1, 0.01, 0.001 as
shown in Figs. 4a—c. Thus, there is drastic deterioration in BER per-
formance with increase in the value of impulsive noise power com-
pared with background PL noise. Similar plots of BER against
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received power P (dBm) are shown in Figs. 5a—d for bandwidth of
100 MHz (99.7 MHz) and different values of 4 and I'" as a param-
eter. Comparison of the figures with those of 20 MHz bandwidth
reveals that that there is further degradation in BER because of
higher noise power at 100 MHz bandwidth.

The plots of receiver sensitivity at a BER of 107° for bandwidths
0f20 and 100 MHz are depicted in Fig. 6 as a function of " and 4 as
a parameter. The figure clearly reveals the impact of impulsive
noise on the performance of a PLC system at a given value of I,
A and bandwidth. It is found that there are significant penalties in
signal power at a given BER at a given value of I" and 4 because
of impulsive noise. Lower values of 4 and smaller values of T’
cause higher impulsive noise and hence more power penalty. The
plots of power penalty at a BER of 107 because of combined
effect of impulsive noise and background noise are depicted in
Fig. 7. The power penalty is computed with respect to 4=0.1
which is taken as reference, A, The penalty is significant at
higher bandwidth and smaller values of 4. The values of power
penalty range from 0 to 25dB as 4 is decreased from 0.1 to
0.0001. However, the power penalty is almost independent of the
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Fig. 7 Plots of power penalty against impulsive noise index, A/A,.s for PLC
system with different values I' (BW =20 MHz)
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value of I', as the reference value of the receiver sensitivity is
taken for 4 =0.1 and corresponding value of T".

The plots of BER against P (dBm) for 4=0.01, I'=0.1 and
bandwidth, B=20 MHz are shown in Fig. 8 for number of
OFDM carriers N=64, 128, 256, 512. It is noted that there are
improvements in receiver BER performance with increase in the
number of OFDM subcarriers because of less effect of noise at a
smaller sub-channel bandwidth. The amount of improvement is
about 2-3 dB with N increase from 64 to 512. The plots of receiver
sensitivity to achieve a BER of 107 are depicted in Fig. 9 for 4=
0.01, 0.001, 0.0001 and I'=0.1 at a bandwidth of 20 MHz as a
function of number of OFDM carriers. It is noted that there are sig-
nificant effects of impulsive noise at smaller values of 4 which can
be slightly reduced by increasing the number of OFDM subcarriers.

SNR (decibels) against received power, P (dBm) are also plotted
in Fig. 10 for Ry, =100 Q, I'=0.001 and bandwidth, B =20 MHz. It

Bandwidth=20MHz
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Fig. 9 Plots of receiver sensitivity against N for PLC system with different
values A (where I'=0.1, BW =20 MHz)
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is noted that the SNR changes linearly with received power and is
higher at smaller values of impulsive noise index 4. Furthermore, to
compare our analytical results with simulation results reported in
[18]. We present the BER as a function of SNR (dB) in Fig. 11
for various values of 4 with same parameters of SISO PL commu-
nication system as in [18] including the background PL noise and
impulsive noise. It is noted that BER values obtained by our analyt-
ical computation conforms well with the simulation results of [18]
for same system parameters with little difference in BER values.
The difference may be because of non-flat noise spectral density
for background noise considered in our analytical model, whereas
the noise spectral density considered for simulation is flat with two-
sided PSD Ny/2 (W/Hz).

5 Conclusion

An analytical approach is developed to evaluate the BER perform-
ance of an OFDM PL communication system taking into account
the combined influence of background PL noise and impulsive
noise which is modelled by Middleton class-A noise model. The
effect of both background noise and impulsive noise on BER
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performance is numerically evaluated for several system and
noise parameters. It is found that there is significant power
penalty because of impulsive noise of the order of 0-25 dB depend-
ing on the value of impulsive noise index at a BER =107°. The
penalty can be slightly reduced by increasing the OFDM carriers.
The analytical approach will be useful to evaluate the performance
of PLC system with coding and diversity.
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