View metadata, citation and similar papers at core.ac.uk

-
brought to you by .{ CORE

provided by E-space: Manchester Metropolitan University's Research Repository

On Companding and Optimization of OFDM
Signals for Mitigating Impulsive Noise in
Power-line Communication Systems

Kelvin Anoh*, Bamidele Adebisi*, Khaled M. Rabie*, Mohammad Hammoudeh*, and Haris Gacanin'
*School of Engineering, Manchester Metropolitan University, UK
"Nokia Bell Labs, Belgium
[k.anoh, b.adebisi, k.rabie, m.hammoudeh] @mmu.ac.uk, haris.gacanin @nokia-bell-labs.com

Abstract—Generally, the probability density function (PDF)
of orthogonal frequency division multiplexing (OFDM) signal
amplitudes follow the Rayleigh distribution, thus, it is difficult to
correctly predict the existence of impulsive noise (IN) in powerline
communication (PLC) systems. Compressing and expanding the
amplitudes of some of these OFDM signals, usually referred to as
companding, is a peak-to-average power ratio (PAPR) reduction
technique that distorts the amplitudes of OFDM signals towards
a uniform distribution. We suggest its application in PLC systems
such as IEEE 1901 powerline standard (which uses OFDM) to
reduce the impacts of IN. This is because the PLC channel
picks up impulsive interference that the conventional OFDM
driver cannot combat. We explore, therefore, five widely used
companding schemes that convert the OFDM signal amplitude
distribution to uniform distribution to avail the mitigation of
IN in PLC system receivers by blanking, clipping and their
hybrid (clipping-blanking). We also apply nonlinear optimization
search to find the optimal mitigation thresholds and results show
significant improvement in the output signal-to-noise ratio (SNR)
for all companding transforms considered of up to 4 dB SNR gain.
It follows that the conventional PDF leads to false IN detection
which diminishes the output SNR when any of the above three
nonlinear memoryless mitigation schemes is applied.

Index Terms—Companding, OFDM, powerline communication
(PLC), impulsive noise (IN), peak-to-average power ratio (PAPR),
amplitude distribution, optimization, uniform distribution.

I. INTRODUCTION

S the realization of internet of things (IoT) unfolds, more

efforts are being channeled towards perfecting powerline
communication (PLC) systems design. At homes, for example,
these PLC networks can penetrate areas of poor wireless
signal strengths and require no additional infrastructure hence
saving cost [1]. The PLC standard, such as IEEE 1901 among
others, uses the conventional electric power cables for data
communication at homes and microgrids [2], [3]. It follows
that PLC system can improve home automation, monitoring,
security, control and comfort. However, communication data
over PLC channels are garbled by impulsive noise (IN) and
require optimal mitigation solutions.

The IEEE 1901 standard uses orthogonal frequency division
multiplexing (OFDM) over powerlines due to its robustness
over impulsive channels by applying cyclic prefix in the order
of the length of the impulse response and can be implemented
using fast Fourier transform (FFT) or wavelet transform [2],
[4] [5], [6]. A major problem with using OFDM in PLC

systems is that the asymmetric amplitude distribution gives
false information about the existence of IN. Thus, applying
nonlinear IN mitigation schemes namely blanking, clipping
or hybrid clipping-blanking [7]-[11] realizes outputs whose
signals may have been erroneously mitigated. While the asym-
metrical amplitude distribution of the conventional unmodified
OFDM signals leads to high peak-to-average power ratio
(PAPR) problem, the erroneous IN mitigation diminishes the
output signal-to-noise ratio (SNR) and consequently the bit
error ratio (BER). High PAPR problem in OFDM systems
lead to high power consumption of power amplifiers (PAs)
and induces distortion outside the linear region of the HPA
further degrading BER [12]-[15].

Knowing these, the asymmetric amplitude distribution of the
PLC-OFDM systems that follow the Rayleigh distribution can
be converted to a symmetrical amplitude distribution to en-
hance the identification, isolation and removal of the IN more
effectively. In the literature, this problem has been approached
by reducing the PAPR of the conventional OFDM system using
partial transmit sequence (PTS) [16], selective mapping [9],
constant envelope OFDM [10], iterative clipping and filtering
(ICF) [17] and companding transform [11], [17]. We showed
recently in [17] that companding scheme outperforms ICF in
IN mitigation, although only one companding style [18] as in
[11] was used. Companding OFDM signals is achieved by
simultaneously compressing high amplitudes OFDM signal
amplitudes and expanding the low amplitude ones toward a
uniform distribution [18]-[21]. Then, when passed through an
impulsive channel such as the PLC channel, the occurrence
of IN can be easily identified and mitigated. While PAPR
reduction schemes are applied at the transmitter, it is worthy to
note that IN mitigation techniques are applied at the receiver.

The standard p-law companding (MC) technique [18] only
was studied in [11] to enhance IN mitigation without com-
parison to any other companding scheme including the con-
ventional PLC-OFDM system. In this paper, we explore five
companding techniques involving error-function companding
(ERFC) [19], MC [18], exponential companding (EC) [20],
modified log-based MC (LMC) [22] and hyperbolic arcsine
companding (HASC) [23] transforms. Although [11] used
MC to describe the improvement of IN mitigation at the
PLC receiver, specific examples to where the optimality of
performances existed were not demonstrated. Secondly, MC
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Figure 1. PLC system model with companding to enhance nonlinear IN mitigation and optimal amplitude determination before OFDM demodulation at the

receiver

exists among other companding techniques and may not be the
most performing. PLC systems pick up interference from other
home appliances that influences the performance of transmit-
ted signals over the powerline channels. For example, home
devices induce some non-Gaussian noise into the PLC channel
that corrupt the signal amplitude and consequently makes
it unrecoverable. In literature, clipping, blanking and hybrid
clipping-blanking are nonlinear methods used in mitigating IN
[8]. Since hybrid clipping-blanking exhibits better mitigation
efficiency, we use it to mitigate IN for both background noise
and multipath fading channels of PLC systems.

Meanwhile, in this paper, we investigate the use of com-
panding technique, to both improve the reduction of PAPR as
well as the mitigation of IN. For example, by companding,
the lower amplitude OFDM symbols are expanded while
the higher amplitude OFDM symbols are compressed. This
enables the entire symbol amplitudes to have a uniform distri-
bution leading to significant PAPR reduction while making the
IN identifiably clearer. Consequently, our contributions include
1) a survey/comparison of five different companding PAPR re-
duction techniques able to enhance OFDM signal transmission
that cannot be severed by HPA; 2) converting OFDM signal
amplitude distribution to uniform distribution enhances PAPR
reduction and IN presence mitigation using nonlinear pre-
processing; 3) probability distribution function (PDF) of PAPR
reduction styles achieving OFDM amplitude distribution closer
to uniform distribution dispenses with higher output SNR due
to increased IN mitigation efficiency than unmodified OFDM
amplitude distribution; 4) reducing PAPR of OFDM signal
before transmission uncovers some IN presence masqueraded
in the unmodified amplitude distribution; 5) we search for
the optimal blanking/clipping threshold and find that optimal
nonlinear pre-processing amplitude thresholds are far below
the ones presented by the unmodified OFDM amplitude dis-
tribution system. In total, our results will enhance the design
of energy-efficient and high-throughput PLC communication
systems. For example, with PAPR reduction the output SNR at
high IN probability attains 1.4dB and 1.7dB at low IN prob-
ability better than unmodified OFDM system. With optimal
search, the clipping/blanking threshold reduces to 1.4 and 1.3
respectively for low and high IN probabilities increasing the
output SNRs to 4dB and 2.6dB.

The remaining parts of this paper are organized as follow.
The system model is described in Section II including the
different companding styles showing model companding per-
formance, PDF and PAPR performances. In Section VI, the

performances of the five companding models under investiga-
tion are presented and discussed in terms of PDF, PAPR and
SNR. The conclusion follows in Section VII.

II. SYSTEM MODEL

The general system model considered in this study is illus-
trated in Fig. 1. In the system model, we consider an OFDM-
driven powerline system that picks up IN as it traverses the
cable. Numerically, consider a frequency domain data symbol
X = [Xo, X1, X2, ,Xn_1] which can be converted into
its time domain component by passing the signal through an
IFFT-block as

N-1
xz(n) = \/% kzzo X (k) exp (j27r7;\]:) Yn=0,1,--- ,N—1.

ey
When separated into its component parts, namely real (z;)
and imaginary (z;), the time domain signal in (1) can be
characterized from the knowledge of central limit theorem.
For example, x, and z; are identically and independently
distributed (i.i.d.) Gaussian random variables. It follows that if
x(n) is sufficiently large, the PDF of these x, and x; follows
a Rayleigh distribution. In other words, if z ~ N (pa,02) ,
then

1 1 — 2
hnteme = e (3 (252) ) o

where f|g|(2; pia, 02) is the PDF, p, = E{z(n)}, E{-} is the
statistical expected mean operator, o, is the standard deviation,
o = iE ﬁxm)ﬁ’} -

discrete envelope is zp and |-| computes the absolute value
of the input variable. When x(n) is normally distributed, then
tz = 0. It is well-known that the cumulative distribution
function (CDF) of the Gaussian distributed variable z(n) is
the integration of the PDF. Thus, the CDF of (2) becomes

1 1 — Uy
Co (3 p10,02) = 5 <1+erf(ﬂ (””‘)02“ ))) (3)

where erf (z) = L [*_e~*"du . Pictorially, the PDF expres-
sion in (2) for large number of OFDM signal subcarriers
N = 4096 can be represented in Fig. 2. Clearly, the picture
shows the Rayleigh distributed OFDM signal amplitudes. A
majority of the signals have amplitudes distributed around
the p, while a few others are distributed below and above
the mean amplitude of the distribution. The amplitudes dis-

tributed above p, right-hand side lead to high PAPR in the

1 is the variance of z(n) whose
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Figure 2. PDF distribution of conventional OFDM signal amplitudes which
gives information into its possible behaviour over powerline channel

conventional OFDM. In addition, the fraction of amplitudes
dominating the upper bound of the distribution hides the IN
and can be erroneously clipped or blanked during the nonlinear
IN mitigation; this will diminish the output SNR and BER
performances.

If the amplitude distribution of the OFDM signal is flat,
then the mitigation of IN can be easier and the performance
of the system will be improved. Our goal therefore is to
apply transforms that can convert the amplitude distribution of
the conventional OFDM system to enhance the identification
and mitigation of IN in powerline systems. Although this can
be achieved by either clipping or companding, we appeal to
companding due to its light-weight on the system.

III. METHODS OF REDUCING PAPR APPROXIMATING THE
PDFs orF OFDM 10 UNIFORM DISTRIBUTION BY
COMPANDING TRANSFORMS

As a rule of the thumb, companding transforms can be
realized by deriving a suitable PDF and then the CDF that
can reduce PAPR of OFDM systems. As an example, recall the
time-domain OFDM signals in (1), the companding transform
uses the following identity [19], [21]

Flz(n)) = C1 (Co (x () )

to convert the PDF to a suitable PAPR reduction model,
where C,, (+) is the CDF of the uncompanded signal, C,_ ()
and C, ! (-) is the CDF and inverse CDF of the CDF of
companded signal respectively. Then resulting model F(x(n))
is the required companding transform that converts the PDF
of conventional OFDM to a desired distribution. Since |x.(n)]
tends to the desired uniform distribution, then the CDF is
written as [19]

o1
— e L2 0<a <A
ST 0STe< (5)

Meanwhile, by combining (3), (4) and (5), the companding
transform can be expressed as

]
V202

where A; = /302. Our target is however to achieve [0, A],
where 0 < |F(x(n))| < 1. Another example can be achieved
from the well-known mu-law of the form [18]

fl(w(n)):sgn(m)~A1-erf< ),Oga:gl (6)

In 14 5|22
Fa(x(n)) = Agsgn (z(n)) —————= 7
2((n)) = Azsen (o(m) — )
where A, is a normalization parameter confined within 0 <
Hm)| < 1. The problem with (7) is that it expands the

amplitudes of lower energy signals without compressing the
larger ones. Thus, in [22], (7) was modified as

Fs(z(n)) = sgn(x) (a?, x In [1 +u ‘xg)u ) = (8a)

where

= E{@E}/E “K/<10g <1+ufl>)b3

Based on the hyperbolic arcsine function which can also be
expressed as log (z + v/22 + 1) = sinh ™" (z), the authors in
[23] suggested a different companding transform of the form

(8b)

B sgn(z) x sinh ™' (K |z]), |z]| < cAy
Fale(m) = Ba {sgn(x) x sinh ™ (KcAy), |z| > cAy
)

where ¢ and K are the flexing-point determining parameters
associated with Ay4. 4 is the parameter that normalizes the
output power of the companded signal to be similar to that of
the input signal. In [20], an exponential companding transform
that can approximate the PDF of the conventional OFDM
signal to a uniform distribution was proposed such as

2
Fi(a(n)) = sen (2) d§/55 [1 ~exp (—j)} (100
B {e(m)? 2
s = e 2 (10b)
{ /- o (-5}
where ds > 0 and in general, sgn(z) = =% is the

|lz(n)]
phase. In Fig. 3, we analyze the companding performances

of these transforms in terms of amplitude compression and
expansion respectively of input signals. MC scheme expands
the amplitudes of lower energy signals without impacts on
the high energy signals. This will increase the output SNR.
It is followed by LMC although LMC expands the amplitude
of lower energy signals and also compresses the amplitudes
of higher energy signals; this is similarly true for ERFC. On
the other hand, HASC does not impact the amplitudes of
lower energy signals, however it compresses the amplitude of
high energy signals. Lastly, the EC compresses the amplitudes
of high amplitude signals and expands the low energy ones;
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Figure 3. Comparisons of different companding transforms for converting
Rayleigh PDF to a uniform distribution; ds = 8, urypc = 256, upc =
256, ¢ =0.85, K =1.8, a3 =2 and b3 = 2,

this will greatly improve the distribution towards the desired
uniform distribution. Meanwhile, it is worthy to mention that
companding involves compressing the amplitudes of the ampli-
tudes of large amplitude (high energy) signals and expanding
low amplitude (low energy) signals. While some companding
transforms achieve the former, others achieve the latter only.
Ideally, effective companding transforms achieve both charac-
teristics simultaneously and their performances in availing IN
mitigation lies on how much of uniform distribution that is
achieved.

In general, the result of the output companded signal can
now be expressed as

Zet(n) =F (x(n)), Yvn=0,1,--- ,N—-1. (11)
While some companding schemes either expands lower energy
contents of |z..(n)| only (for example, MC), others compress
higher energy contents of |z.¢(n)| only such as HASC. The
former unfairly increases the z.(n) at the expense of the
original signal (when compared) while the latter decreases the
energy of x.(n) which will lead to poor SNR performance.
Consequently, to ensure that both the output companded signal
and original signal dispenses with comparable energy, we scale

the energy in z.:(n) using that of z(n) as

2
B = M . (12)

E {|o.(n)’}

Thus, x.(n) is scaled by 8 prior to further processing or
transmission. When OFDM signals are companded, the signal
undergoes some nonlinear amplitude distortion and can be
described from the Bussgang theorem as [24]

Zee(n) = F (x(n)) = anz(n)+ D, ¥n=0,1,--- N -1
(13)
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Figure 4. Characteristic PDFs of original and companded signal informing
on the amplitude distributions of the signal, ds = 8, urprc = 256, uprc =
256, a3 = 2 and by = 2

where «,, is the attenuation factor and D, is distortion
noise. Thus, before transmission, we compensate the amplitude
distorted signal as follows

Ze(n) = aptec(n), (14)

where @, 1is the correlation coefficient of the dis-
torted and original signal that minimizes the error in

" 2
E|le(n) - Raz,(n)]
from companding which can be written as [13]

E[z(n) 2z (n)]

Oy = W, (15)

where (-)* represents complex conjugate operator and &, =
R.

after power amplification/reduction

A. Characteristic PDF's of the Companded signal output

We explore the characteristic PDFs (Fig. 4) of the com-
panding transforms which provides information into the PAPR
reduction characteristics of the transform and consequently the
ability to influence the identification, isolation and mitigation
(removal) of the IN present in the transmitted signal.

From Fig. 4, the EC scheme converts almost all the signal
amplitudes to 1.5, in other words towards a perfect uniform
distribution. LMC on other hands converts these amplitudes
with almost perfect uniform distribution. The rest schemes
smear the amplitude distributions uniformly. Notice that MC
expands the amplitudes of low energy signals; this will lead
to an undue high output SNR. Then by (12), we apply the
normalization parameter to ensure equal power dissipation
with original input signal before signal transmission, which
also affects the PDF of the MC scheme as shown in Fig. 5.
We observe that the PDF of the MC scheme improves towards
a better uniform distribution by scaling the distribution with
. We shall discuss the respective PAPR performances based
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Figure 5. Characteristic PDFs of original and companded signal informing
on the amplitude distributions of the signal (with 8), ds = 8, urarc = 256,
puave = 256, az = 2 and by = 2

of the resulting amplitude distributions realized from these
companding transform reflecting how the proximity to uni-
formity improves the PAPR performances of the respectively
driven OFDM systems in Section III-B. This is the desired
performance for IN mitigation and will be shown shortly in
Section VI.

B. Performance evaluation of the PAPR reduction levels of the
companding schemes

The PAPR of OFDM system informed by the excess am-
plitudes above the mean amplitude gives information into the
resulting distribution of the signal. From the foregoing discus-
sion, we now know that distorting the amplitudes towards a
uniform distribution will impact the impulsive mitigation. In
other words, as|z(n)| — 1 then the PAPR(x) — 0dB then
IN can be easily identified. Consequently, let the PAPR of an
undistorted OFDM signal frame be [25]

max

e (1260°)
& T (2P

n=0

PAPR (z (n)) = 10log;, (16)

where ¢ is oversampling factor. The complementary CDF
(CCDF) of z(n), namely CCx = 1—C'x, is used to measure
the performance of PAPR [22], [26], where Cx is the CDF
described as

2
Cx =Pr{lxz(n)| <~} =1—exp (—ig) , Voo >0 (17)

x

where x is the discrete envelope of x(n). In other words,
Cx measures the probability that the amplitude of the current
OFDM signal exceeds a target threshold, «. Considering all
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Figure 6. PAPR comparisons of different companding transforms, ds = 8,
wryme = 256, upro = 256, a3 =2 and by =2, 4 =4

points, i.e., n =0,1,--- ,/N — 1, the CCDF can be rewritten
as CC

CCx = Pr{|z(n)| > 7} = [1 - (1 —exp <_§§)>M] .
(18)

We can similarly measure the PAPR of the companded signal
using CCDF. For example, the PAPR of the companded signals
can be described (from the CCDF) as

CCy, =Pr{|F(®(n))| >~} =Pr{lz.(n)| >~}. (19

Ideally, a standard companding function, F(+), increases the
amplitude of the smaller signals and compresses the higher
amplitudes towards 1. However, some companding transforms
either reduce the amplitudes of the higher symbols or increase
the amplitudes of the lower symbols only. At the receiver, the
decompanded signal is given by & (n) = F 1 (F (z (n))).
Furthermore, in Fig. 6, we consider the performances of the
PAPRs for the different companding techniques.

While all the companding transforms reduce the PAPR of
the original uncompanded OFDM signals, some transforms
perform better than others. We can link the performances of the
PAPR reduction schemes to the PDF being verily uniformly
distributed in Fig. 4. As the most uniformly distributed, EC
technique achieves the best PAPR reduction as depicted in Fig
6. Secondly, the LMC and MC follow the EC in performance,
respectively, which can be improved by varying u. These
results are important for the IN identification and mitigation.

IV. TRANSMISSION OF COMPANDED OFDM SIGNAL OVER
POWERLINE CHANNELS WITH IMPULSIVE NOISE

From the foregoing discussion, it can be inferred that dis-
torting the conventional PDF of an unmodified OFDM system
can change the PAPR performance. Then, converting the PDF
to a uniform distribution hence avails the presence of IN better.
Consequently, considering the transmission of OFDM signal
over a memoryless IN channel with characteristic Gaussian



noise, z,, ~ N (0,02) and IN z; ~ N (0,02) where o2 and
o? are the variances. Let the Gaussian and the IN samples
represented as z(n) = z,(n) + z;(n) be uncorrelated, then
the distribution fits into the mixture-Gaussian model with

characteristic PDF as follows [8], [27]

L=1

Fo (112 02) =3 DN (20(0)30,02) ¥ = 1,2, N—1
=

’ 20)

2

where N (zo;(),ail) = ﬁl\/ﬁ exp (; (Z(.;-Zil;z) ) is the
Gaussian PDF of z(n) with zg discrete envelope, zero-mean
(n = 0), variance 03’ ; and p; is the mixing probability of the
Ith noise component. From (20), we can separate the mixing
probability into pg = 1 — p and p; = p, where p is the
probability of IN occurrence. Similarly, the variance can be
separated into 02, = o3, and 02 | = 0, + 07,

In general, therefore, the received signal at the destination
PLC modem can be expressed as

r(n) =z (n) + z(n)
= F(x(n)) + 2y (n) + z; (n). 2D

Given the signal power agc of the companded signal, the input

SNR and signal-to-interference noise ratio (SINR) respective
to the AWGN and IN can be expressed as

o2

X (azc) 22)
o2

¥ (cﬁ) 23)

where SNR(dB) = 10log,, (x) and SINR(dB) = 10log,, (¥).
The IN z;(n) is non-Gaussian and thus can be expressed as
(28]

zi (n) =b(n) -ny(n), ¥vn=0,1,--- N -1 (24)

where n,(n) ~ N (0, 22T), ¥n = 0,1,--- ,N — 1 with Ny
as the single-sided power spectral density and I" is the mean
power ratio of the IN and AWGN components. Meanwhile,
b(n) is the Bernoulli process with probability mass function
defined as [29]

wa_g, b(n) =1

Yn=0,1,--- ,N—1 (25
1—p bn)=0""" .

Since the subcarrier frequencies of OFDM are usually narrow,
the symbol durations are usually long which can mitigate
the impulsive nature of the channel. This is only consistent
if the impulsive energy is moderate [8]. Otherwise, when
the noise amplitude is too large, one of the most effective
methods is by applying some memoryless nonlinearities before
the OFDM demodulator [8]. Three popular styles include
clipping, blanking or a hybrid blanking-clipping [30]. In this
study, we consider the hybrid clipping and blanking nonlinear
preprocessing to eliminate the IN impacts on the system which
achieves the best performance when considering the output
signal-to-noise ratio (SNR) [8]. Then, at the receiver, the
decompanded signal is given by

& (n) = F " (we(n) = F 1 (F (x (n))) (26)
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Figure 7. Amplitude behaviour of OFDM companded signals over IN
channels (p = 0.01)

where F~1(-) is the decompanding transform. While F (-)
distorts the amplitude of OFDM signals, the bit error ratio
performance of the received signal after traversing a fading
channel depends (among other things) on the ability of 71 (-)
to correctly restore the companded signal when presented at
the receiver.

A. Amplitudes of Companded and Non-companded Symbols

Passing the companded signal through a mixture Gaussian
and impulsive channel, we depict in Fig. 7 that companding
OFDM signals helps to identify availing proper mitigation
using memoryless nonlinear preprocessing. Comparing with
the original amplitudes, the IN are notably differentiable from
the OFDM signals after companding. However, using the
companding transform over the original signals before the IN
channel will lead to uniform distribution of the OFDM symbol
thus making the IN appear with higher energy.

B. Hybrid Clipping and Blanking Nonlinear Preprocessors

We assume that the nonlinear mitigation schemes that are
applied to reduce the IN effect corresponds to the signal sam-
pled at Nyquist sampling rate. This implies that all distortion
suffered by the signal are all within the in-band. For our
system, the three nonlinear mitigation approaches are applied
at the front-end of the OFDM system, in which all schemes are
based on the ideal that for |z.(n)| > T, then the corresponding
signal is clipped or blanked or both applied simultaneously [8],
[28], [31]. Considering clipping first, we express the output
clipped signals as

r(n)] < Te

S

r(n)
y(n) = :
{nmmmvwn
where T, is the clipping threshold. Similarly for blanking
scheme, we express the output blanked signal as
r(n) |r(n)| <T
ywp>|U|b

0 |rn)>T 28



where arg{-} estimates the angle and T, is the blanking
threshold. Recently, we have used blanking scheme to show
that companding scheme outperforms iterative clipping and
filtering PAPR reduction technique in using these to avail IN
mitigation [17]. We will show in Section VI-A that combing
clipping and blanking achieves better output SNR. This hybrid
technique is usually expressed as [8], [32]

r(n), Ir(n)] <Th
y(n) =S Ty xexp (jarg{r (n)}), Ti <|r(n)] <T,
0, [r(n)| > Th

(29)

where T is related to 77 as Tp = 1.47y and arg{r(n)}
computes the phase of the input signal r(n). Clearly, (29)
shows that the nonlinear IN mitigation schemes only operate
on the amplitudes without modifying the phase. The output
performance on the threshold amplitude will be determined
by the degree of uniformity achieved by the companding
transform.

C. Estimate of the output SNR after companding

Both companding at the transmitter and nonlinear prepro-
cessing of the received signal at the receiver are nonlinear
processes. The two schemes induce some degree of amplitude
distorting noise to the system as they attempt to improve the
system performance. According to Bussgang theory, we have
noted in (13) that any nonlinearly distorted signal requires a
scaling to the compensate for the amplitude distortion. Thus,
to estimate the received SNR after the nonlinear memoryless
preprocessing, we follow [8] to attain

E{|KoF (x ()]}

SN R, = 10log, ; (30a)
E{ly(n) - KoF(z (n)*}
-1
zlob&o{(§2§—1> } (30b)
0

where E,,; = E {|y(n)|2} is the output power of the nonlin-
early mitigated signal, K is expressed in (31) and E {-} is the
expected value operator. where E,,; = E {|y(n) |2} is the out-
put power of the nonlinearly mitigated signal, K is a scaling
factor which can be defined respectively as in (31) shown at the
top of the next page, where @ (s) = \/% fsoo exp (71/7;) dv.

V. OPTIMIZATION OF PREPROCESSING PARAMETERS

Considering a linearly increasing amplitude thresholds,
there exists an optimum for which the output SNR is max-
imized. Companding increases the likelihood of correctly
identifying OFDM subcarrier indices corrupted by IN. We
undertake the campaign of optimizing the companded OFDM
system model based on the kernel PDFs of the deployed
companding schemes. To start with, consider the conventional

optimization model for determining the optimal output SNR
as [11], [33]

Tocéip/bla"k = argmax yP/P (T p g x)  (32a)
0§T§A7naw
subject to
Amaz = arg _max (|z(n)|) (32b)

0<n<N-1

where p is the probability of IN occurrence from the foregoing
discussion. Recall that one of our goals, for example, is to
establish the best performing companding transform that can
achieve most reduction of the IN in powerline system dispens-
ing with OFDM modulation, we apply optimization to finding
the maximal received SNR and the optimal blanking threshold
given the different companding transforms. Consequently, we
modify (32) to include F,,,(x(n)) as

clip/blank cli an
Teliv/ = argmax yP/blank (T F o (x(n)), p, 1), X)

opt
0<T<Anmax
(33a)
subject to
Amam = arg Ogglga]if(fl (|:17(n)|) (331‘))

Vm =1, 5

From (33), there exists an optimal amplitude within the com-
panded signals for which the output SNR is optimum. Thus,
the expression (33) holds the objective variable F,,(x(n))
which is considered one at a time. Following (30), we de-
fine ycP/blank - the output SNR after deploying the hybrid
clipping-blanking nonlinear memoryless processing as

E {Kglip/blank’ ‘.’LC(TL)F}

clip/blank __
v o 2 clip/blank 2 (34
E{lym)I* - &5 o)}
clip/blank . . . .
where K| is a scaling parameter described in (31)

that compensates the nonlinear memoryless preprocessing.
Meanwhile, py and p;are dependent on p which have chosen
to be p = {0.1, 0.01} in all our investigations.

A. Transmission over Multipath Fading Channel

PLC systems characteristically exhibit frequency selectivity,
frequency dependent attenuation and IN [34], [35]. With FFT,
the IN is spread across the bandwidth while channel attenu-
ation degrades the signal power. Fading in PLC channel can
be modeled as multiple reflections traversing many channels
routes for any selected point of interest [34]. Different fading
channel models exist in the literature for PLC systems [29],
[34]-[37]. However, we follow log-normal model which has
the following PDF [29]

2
10logyq (u) — uu>

. __ ¢ _
fu (uv /U’TU o’u) - u 2770'5 exp ( \/ﬁ
(35)

where u = h2, h is the channel impulse response, { =
10/1n (10) is a scaling constant, 02 and p, are the variance
and mean of 10log;, (h), respectively. In this case, the
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received signal involves passing the PAPR reduced signal over
multipath fading channel and can be expressed as . : .
15¢ J g o Bankngem’ ]
Tchan(n) = h(n)x. (n) + z(n) oPo \'\. Hybrid BC-Analy
o e . rid BC-Sim
= h(m)F(@(n) + 2w (1) + z: (n).  (36) o e Clppng Andy
o e ipping-Sim
Although the IN mitigation of the received signal in (36) o %00 e, - CRneS
proceeds as illustrated in (29), the fading channel coefficient ° <, OO Bppa
: : . o N 060\0-0-08
attenuates signal amplitude and thus degrades the received z LN \
signal power. From (36), the output SNR after the foregoing 5 O . Blanking p=0.01
hybrid clipping-blanking IN mitigation becomes g © L e
O!
clip/blank 2 %0 \'\.\.
clip/blank _ E {KO [h(n)ze(n)] } ©o0 88885002
chan - cli an
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(37) Hybrid (Clipping+Blanking) p=0.1
where Yepqan(n) is the output IN mitigated signal as in (29). 5 0 s
Using (37) in (33), the optimal hybrid clipping-blanking Clipping/Blanking Threshold
threshold can be estimated as presented in Section VI-C.
Figure 8. Performance comparisons of received output SNR and clip-

VI. RESULTS AND DISCUSSIONS

From the ongoing discussion, it can be categorically men-
tioned that an optimal amplitude threshold at which IN is
mitigated to achieve optimal output SNR is desired for PLC-
OFDM systems. This can be achieved from converting the
conventional Rayleigh amplitude distribution of unmodified
OFDM system to a uniform distribution. We tackle this by
companding the signal amplitudes to, first, reduce the PAPR
before transmission over powerline channels. By computer
simulation using MATLAB, we present the procedure and
discuss simulation results of the proposed systems as well
as the conventional OFDM approach. To achieve these, we
generate N = 4096 random data first and then modulate
them using 16-QAM constellations. The output signals are
then scaled to ensure unit output power before passing the
output signal through IFFT block to obtain the time-domain
signals expressed in (1). When passed through the IFFT block,
the resulting amplitudes assumes the Rayleigh distribution
described in Section II. To distort the conventional Rayleigh
amplitude distribution and reduce the PAPR, we apply the
companding transforms discussed in Section III in turns which
helps in the mitigation of the IN at the receiver. Then, the
output signal is passed through the IN channel with AWGN.
To mitigate IN in the received signal, we apply the nonlinear
preprocessing to remove the identified IN. Finally, the output
result is then used to measure the output SNR for further
analyses involving optimization.

ping/blanking thresholds for simulated system model and analytical model,
SNR = 25dB, SINR = -15 dB, p = 0.01, N = 4096

A. Performance Evaluation of Analytical and Simulated Re-
sults in Terms of Output SNR

We verify our system models by comparing the simulated
results with the analytical results using the output SNR method
described in Section IV-C. To begin with, we compare the
output SNR performances with the clipping-blanking thresh-
olds for the three nonlinear IN mitigation techniques in Fig.
8. Starting with the analytical and simulated performances
of clipping and blanking schemes which respectively match.
The noise incurred in clipping excess amplitudes influences
the in-band distortions induced by the clipping scheme thus
diminishing the output SNR. This noise may not be present in
blanking so that the blanking scheme outperforms the clipping
scheme. Their hybrid demonstrates even better performance
than either blanking or clipping operating in solitude. Based
on these results, the performance optimization to finding the
optimal nonlinear mitigating amplitude for which the systems
dispenses with maximal SNR shall be continued using the
hybrid clipping-blanking technique. Meanwhile, let us em-
phasize the diminished performance exhibited by increasing
the probability of IN occurrence from p = 0.01 to p = 0.1.
Observe also that all simulated results perfectly match with
the and analytical results.
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B. Performance Evaluation of the Model System over AWGN
Channel with Impulsive Noise

The output SNR measures the output power of the signal
against the mixture non-Gaussian noise in the system. In this
study, we explore different companding PAPR models that
drive an OFDM system towards uniform distribution to reduce
the PAPR and increase system performance against IN. Thus,
we found useful in the mitigation of IN at the receiver of
the PLC system as already shown in Fig. 7. Now, in Fig. 9,
we show the output SNR performances of these companding
schemes with reference to the analytical and uncompanded
model.

Then, recall that in Fig. 3, we presented the different
companding transforms in comparisons to one another. Com-
panding PAPR reduction scheme, generally, expands or com-
presses the amplitudes of OFDM signal or both. All considered
companding transforms increase the output SNR beyond that
of the unmodified OFDM system as in Fig. 9 as they transform
the amplitudes of the system towards uniform distribution and
any intrusive amplitude can be clearly observed and removed;
increased mitigation of IN translates into increased SNR as
the noise power is reduced in this case. However, increasing
the probability of IN occurrence, decreases the output SNR
although the companded signals consistently dissipate better
output SNR than the unmodified system.

In Fig. 9, the PLC system attains the maximum output
SNR at a specific clipping/blanking threshold. Now, give the
input SINR and p there should exist an optimal SNR provided
the PDF point to the optimal amplitude distribution. This
optimization problem of the form (33) involves an exhaustive
search for the optimal clipping/blanking amplitude.

Recall that the PDF distribution influences the mitigation
of IN presence in the PLC system. As an example, when
optimization search is performed in terms of the output SNR
performances in Fig. 10, the analytical and simulated model
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Figure 10. Optimal output SNR of companded OFDM system using hybrid
clipping-blanking amplitude thresholds, SNR = 50dB, p = 0.01, N = 4096

for the uncompanded OFDM signals dispensing with the
hybrid clipping and blanking perfectly agree. In addition, the
performance strengths of the proposed companding techniques
on the systems depict that all the companding transforms
demonstrate higher output SNRs than the conventional OFDM
signals operating without amplitude modification. Recall that
in Fig. 5, EC presents output companded signal with all ampli-
tudes centering around the mean amplitude, then followed by
the LMC and MC schemes. Consequently, the EC and LMC
schemes achieve the most performing SNRs while the ERFC
and HASC are the least performing. By varying the percentage
of IN, p, we investigate the performance of the system under
study for p = 0.1 as shown in Fig. 11. However, similar to
the trends in Fig. 10, the companded signals outperform the
uncompanded signal with LMC and EC achieving the best
performances.

In Fig. 9, we found that the output SNR is optimum at only
one identifiable amplitude threshold. Also, in Fig. 8, these
threshold amplitudes shift closer to unity implying that the
most amplitude may exist below the present. Consequently,
using the proposed optimization search, we find in Fig. 12
that the amplitudes that exude the optimal output SNRs
exist far below the conventional threshold of the unmodified
OFDM system. Expressly, the optimal amplitude thresholds
for mitigating the impulsive is lower for better performing
PAPR schemes with the LMC and EC achieving the least of
these amplitude thresholds.

Finally, increasing the percentage of IN occurrence in the
system lowers the output SNR. It is worthy to note that
the overall output SNR is correspondingly decreased due
to the increased noise power. The amplitudes consequently
become decreased, however, the LMC and EC PAPR reduction
schemes achieve better performances as shown in Fig. 13.
This observation holds for the corresponding result in Fig. 11
where the IN probability has been increased from p = 0.01 to
p=0.1.
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We establish finally that unlike the earlier study that limited
the application of companding to MC only for availing the IN
mitigation, there are at least two more from the foregoing study
that perform far better than the MC scheme. It is possible that
among the existing companding schemes, there may exist other
models that perform better than the MC scheme in addition to
the presented. This is an open research that anyone can further
investigate.

C. Performance Evaluation over Multipath Fading Channel
with IN and AWGN

Similar to the foregoing discussions, the results of our
optimal processes are demonstrated in Fig. 14 for a PLC
multipath fading channel described in Section V-A. Multipath
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Figure 13. Optimized Clipping-Blanking threshold for mitigating IN in PLC-
OFDM system using companding of the system model under consideration;
SNR = 50dB, p = 0.1, N = 4096
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Figure 14. Performance evaluation of optimized IN reduction process for
PAPR reduced OFDM signal over PLC fading channel in terms of maximal
output SNR, p = 0.01

fading coefficients attenuate the signal amplitudes and con-
sequently diminish the received output SNR. However, the
trend as already observed without fading channel above is
consistent. For example, applying companding to the signal
before transmission over the channel with multipath achieves
5dB gain in terms of output SNR. Furthermore, comparing
Fig. 10 and Fig. 14, it can be observed that the output SNR
in the latter is diminished compared to the former.

When the probability of IN occurrence is increased from
p = 0.01 to p = 0.1, the output SNR are shown in Fig. 15. We
observe all companded models outperform the uncompanded
signals in terms of output SNR. However, the LMC achieves
better output SNR than the rest companding models.

In Fig. 16, the amplitude performance corresponding to
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Figure 16. Performance evaluation of optimized IN reduction process for
PAPR reduced OFDM signal over PLC fading channel in terms of hybrid
clipping-blanking threshold, p = 0.01

p = 0.01 are shown. We have demonstrated in Section VI-B
that clipping-blanking thresholds are inversely proportional to
the output SNR as higher amplitude becloud the presence of
IN. Thus, we observe in Fig. 16 that companding transforms
with better output SNRs in Fig. 14 exude lower amplitude
thresholds with LMC being the least. Finally, we consider the
hybrid clipping-blanking threshold when the probability of IN
occurrence is increased from p = 0.01 to p = 0.1 as shown in
Fig. 17. Increasing the percentage of IN occurrence leads to
higher noise power and thus further degrades the output SNR.
Consequently, the corresponding optimal mitigation thresholds
follow suit with the companding transforms that achieve better
output SNR showing lower amplitude thresholds.

4.5 T T T

—O— No Companding (Sim)
—e—EC
e —8— MC
2 4 —e—LMC
e * ERFC
> —e— HASC
6 .
? .
o 3.5 .
_C L]
(= ° .
g’ e *
= .
c 3 .
o oo
o LI °
©
£ Companded
I3
O 25
2 | | | | | | |
0 -5 -10 -15 -20 -25 -30 -35
SINR, dB

Figure 17. Performance evaluation of optimized IN reduction process for
PAPR reduced OFDM signal over PLC fading channel in terms of hybrid
clipping-blanking threshold, p = 0.1

VII. CONCLUSION

We have presented a detailed evaluation of different com-
panding PAPR reduction styles to enhance the mitigation of
impulsive noise in PLC systems. We are motivated by the
fact that any uniformly distributed amplitudes could avail
the identification of any intrusive change in the amplitude.
Converting the PDF to a uniform distribution presents a
better platform for mitigating IN in PLC systems. Using
the five different companding transforms namely MC, EC,
ERFC, LMC and HASC, we found that the output SNR of
nonlinearly mitigated IN in the system can be significantly
enhanced. Then, with optimization technique, we explored
the optimal amplitude for mitigating the IN to realize the
best output SNR performance with hybrid clipping-blanking.
Results show that these amplitudes exist far lower than the
amplitudes presented by the unmodified amplitude distributed
OFDM system. Among the companding schemes, the LMC
scheme followed by the EC scheme show the most performing
output SNRs due to their closely uniformly distribution of
OFDM signal amplitudes around the mean. We found also that
the conventional amplitude distribution gives false indication
of the presence of IN. Over multipath fading channel, we
showed that the attenuation of the signal amplitudes by the
channel coefficients degrades the SNR performance compared
to simply impulsive channel with AWGN presence.
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