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ABSTRACT Blanking non-linearity is broadly used in impulsive noise communication environments due to
its efficiency and ease of deployment to mitigate such noise. During the blanking procedure, data samples
with impulsive noise are identified and clipped to zero, which removes impulsive noise from the system
thereby, improving the system performance. In this regard, this paper investigates the performance of hybrid
power line communication-visible light communication (PLC-VLC) systems with blanking nonlinearity. The
signal-to-noise (SNR) ratio at the output of the blanking device is deduced using a closed-form analytical
expression. The results show that there is good agreement between simulation results and theory if there is a
sufficiently large number of orthogonal frequency division multiplexing (OFDM) sub-carriers. In addition,
the study also indicates that the blanking method is more effective in curbing impulsive noise in comparison
to the clipping technique. According to the threshold optimisation investigations, there exists a worst-case
SINR value that minimizes the output SNR at the OFDM receiver after blanking. Furthermore, the findings
also revealed that proper blanking threshold selection is essential for obtaining the best performance.

INDEX TERMS Power line communication, visible light communication, orthogonal frequency divi-
sion multiplexing, DC-biased optical-orthogonal frequency division multiplexing, asymmetrically clipped

optical-orthogonal frequency division multiplexing, PLC-VLC systems.

I. INTRODUCTION

Hybrid power line communication - visible light communi-
cation (PLC-VLC) systems are implemented through cas-
cading the PLC and VLC technologies, to form a more
robust communication system. PLC offers many benefits
for building in-home communication networks [1]. It can
offer home users broadband internet access, and it has been
viewed as a strong contender to offer solutions to spectral
scarcity. To enhance the versatility of PLC, it can be cascaded
with the VLC technology, and this yields a more reliable
and effective hybrid communication system [2], [3], [4], [5].
In such configurations, PLC acts as the primary commu-
nication infrastructure, while the VLC acts as the interface
with the users [6]. DC-biased optical - orthogonal frequency
division multiplexing (DCO-OFDM) and asymmetrically
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clipped optical - orthogonal frequency division multiplexing
(ACO-OFDM) modulation techniques play an integral part
in the successful amalgamation of the PLC and VLC tech-
nologies [7], [8]. Both modulation techniques ensure that
data from the PLC channel is positive and real-valued, for
compatibility with the VLC channel [9]. The first hybrid
PLC-VLC system was reported in [10], and the authors used
the single carrier binary phase shift keying (SC-BPSK) to
integrate the PLC and VLC technologies. The hybrid PLC-
VLC systems have since gained a lot of research interest after
various studies provided additional findings. The integration
of the PLC and VLC technologies presents a challenge when
cascaded, as this process introduces noise into the amalga-
mated system. Impulsive noise is one of the most notice-
able types of noise in hybrid PLC-VLC systems. Authors in
[11] and [12] presented on the alleviation of impulsive noise
in hybrid PLC-VLC systems implemented by DCO-OFDM
and ACO-OFDM, respectively.

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
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One of the primary benefits of OFDM systems is that
they are more resistant to impulsive noise in comparison
to single carrier networks [13]. This is because in OFDM,
impulsive noise is spread across transmitted OFDM subcar-
riers. However, it was observed that this merit changes into a
demerit [14] if the noise energy surpasses a particular level.
Thus, in this study, the blanking technique will be used to
combat impulsive noise effects due to its ease of use and
implementation.

There are several noise cancellation techniques that can
be adopted to curb the effects of impulsive noise in hybrid
PLC-VLC systems. Two of the most popular techniques are
blanking (also known as nulling) and clipping technique [15].
As previously mentioned, the data samples contaminated
with impulsive noise are identified via the blanking procedure
and clipped to zero, which removes them from the system
and enhances system performance. The nulling technique
is mathematically represented by (4). On the other hand,
the fundamental idea behind the clipping technique is based
on detecting the input signal’s amplitude in the frequency
domain, in the event that the amplitude of the signal exceeds a
particular threshold, the signal is then clipped at T, otherwise
the signal is let through without interference. The clipping
method can be mathematically represented by (5).

A. PRIOR WORKS

Authors in [11] investigated on the inbuilt clipping character-
istic of the DCO-OFDM to curb the effects of impulsive noise
in a hybrid PLC-VLC system implemented via DCO-OFDM.
The results obtained showed that it is important to choose an
optimal DC bias value to maximise the performance of the
hybrid system. Similar studies were also reported in [12],
however, on a hybrid PLC-VLC system implemented by
ACO-OFDM. In that study, the researchers utilised the ACO-
OFDM’s inbuilt nulling feature to combat impulsive noise
from the system. Nonetheless, there is no evidence on the
analysis of the system performance reported in the paper.
It should be noted that numerous studies have examined how
blanking non-linearity performs over PLC systems, see [16],
[17], and [18]. Similar studies were also reported in [19],
[20], and [21], to optimise the performances of OFDM
receivers. However, no performance analysis of the
ACO/DCO-OFDM hybrid PLC-VLC system with blanking
has been studied in the open literature.

B. CONTRIBUTION

In this work, our main focus is to determine the best threshold
and optimising the performance of an ACO/DCO-OFDM
receiver of a hybrid PLC-VLC system that employs blank-
ing non-linearity. The ACO/DCO-OFDM signal for hybrid
PLC-VLC system with a substantial number of subcarriers
will be modelled as a real Gaussian process with a half
normal distribution. In addition, we will provide detailed
theoretical derivations and analysis that will support our
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simulated results. The contributions of this work can be sum-
marised as follows

o Derive a closed-form expression for the output signal-
to-noise ratio (SNR) of the proposed hybrid PLC-VLC
system.

o Explore and identify the relationship between different
noise parameters and the blanking threshold value.

o Compare the effectiveness of the blanking technique
to the clipping technique in mitigating impulsive noise
from the proposed system.

C. ORGANIZATION

The remainder of the study is organised as follows.
In Section II, the system model is briefly discussed.
In Section III, the SNR at the output of blanking non-linearity
is derived, and a closed form expression is provided. We then
discuss the obtained results in Section IV, and conclude the
study in Section V.

Il. SYSTEM MODEL

We will first give a brief overview of the block diagrams of
hybrid systems studied in this work.

Impulsive noise (n,(k))

. i ) | s(k) x(K)
Mapping/ Hermitian PLC
— | IFFT ||
4 | Modulator Symmetry Channel
AWGN (n,(K)) Nulling/
| Clipping
Dallta X(K) - == -y
AWGN (n,(K)) DCO-OFDM
4'_ Demapping/ X FET y(k) VvLC
Demodulator Channel | x (k)
PLC-VLC

FIGURE 1. Hybrid PLC-VLC based on DCO-OFDM [11].

A. HYBRID PLC-VLC BASED ON DCO-OFDM

Fig. 1 shows the block diagram of the hybrid system imple-
mented via DCO-OFDM. Input data is mapped using binary
phase shift key (BPSK) and forwarded to the Hermitian
symmetry block. The Hermitian block plays a key role in
ensuring that the output samples after the inverse fast Fourier
transform (IFFT) block are real valued as per requirement of
the VLC channel for successful integration with PLC. The
signal at the output of the IFFT block is then transmitted
to the PLC channel where it is contaminated with impulsive
noise and added white Gaussian noise (AWGN). The addi-
tion of noise increases the signal amplitude which can alter
the signal characteristics. To curb the effects of impulsive
noise, the clipping/nulling technique can be used. These noise
cancellation techniques will be discussed in detail later on in
this paper. A DC bias is added to the clipped/nulled signal so
that the samples are positive as required by the VLC channel.
The remaining negative samples after DC biasing are then
clipped to zero to ensure that all samples are real and positive.
At this point, we have a real and positive valued signal which
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FIGURE 2. Hybrid PLC-VLC based on ACO-OFDM [12].

AWGN (n,)

is compatible with the VLC channel. This signal is forwarded
to the VLC channel where it is further corrupted with AWGN
before demodulating it to recover the originally sent samples.

B. HYBRID PLC-VLC BASED ON ACO-OFDM

Fig. 2 shows the block diagram of the hybrid system imple-
mented via ACO-OFDM. The signal processing procedure
is almost similar to DCO-OFDM except the following. The
ACO-OFDM based hybrid system has a block that nulls even
subcarriers after the Hermitian symmetry block as part of the
ACO-OFDM procedure since it carries useful data on odd
subcarriers. To ensure that the PLC signal is real valued
and positive, the ACO-OFDM hybrid system employs a ACO
negative nulling block that nulls all samples with negative
amplitude. This is because in ACO-OFDM, the negative sam-
ples are a reflection of the positive samples so no data is lost
during this process. Thus, the ACO-OFDM system sends data
on real valued and positive odd components.

It is important to note that both the ACO and DCO systems
share a similarity in that the samples sent to the VL.C channel
are real valued and positive. This is because the VLC system
requires the samples to be non-negative and real valued for it
to be cascaded with the PLC system. Thus in the following
analysis, the amplitude of the PLC-VLC signal has a half
normal distribution since its samples are real valued. The
VLC channel in our system has two types of noise, i.e.,
thermal noise (modelled as AWGN) and shot noise. Let shot
noise and thermal noise be represented by Xsnor and Xerm,
respectively. Assuming that the transmitted signal is X, this
means that the received signal at the VLC can be represented
by Xyie = X 4+ Xsnor + Xitherm- The transmitted signal the X
goes through a VLC channel with a transfer function H, such
that X, = HX 4+ Xsnor + Xitherm. If the variance of X >
Xshot» then Xpper, dominates, therefore, the total noise is just
modelled as AWGN [24]. It is also imperative to note that the
channel gain of an optical propagation link can be null, i.e.,
when the incident angle > field of view (FOV), a condition
when the receiver and a transmitter are not in each other’s
FOV, see [25].

C. HYBRID PLC-VLC BASED ON ACO/DCO-OFDM
Fig. 3 shows the block diagram for the system model used
in this investigation to simplify the analysis of both hybrid
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systems. We assume that a BPSK mapped signal S undergoes
a process to convert it to a real valued signal as part of
the ACO/DCO-OFDM signal processing. We have provided
a brief overview of the hybrid systems in this work in the
previous Section, but the authors in [11] and [12] provide
a more detailed explanation on how to attain a real valued
signal at the output of an IFFT block for the DCO-OFDM and
ACO-OFDM hybrid PLC-VLC systems, respectively. The
real valued signal sy, is forwarded to the PLC channel where it
is contaminated with impulsive noise i, and AWGN gi. The
received signal can be represented as

re = Sk + gk + ik, (1

for alength N-1, where N represent the number of subcarriers.
In this study, sk, gx and i are considered to be independent
of one another. In this paper, we assume that the impulsive
noise can be characterised as a Bernoulli-Gaussian random
process [14], therefore,

ix = gkbi, (2)

where gy is the real zero-mean AWGN and by is a Bernoulli
method, which consists of an independent and uniformly
distributed series of ones and zeros, with probability mass
function

D if by =1,

. 3)

P(by) = [ .
otherwise.

The received signal ry is subjected to the blanking tech-
nique at the receiver in order to reduce the energy of impulsive
noise. To alleviate the impulsive noise from the system, the
following blanking non-linearity

ry, ||l <T,
= 4
Yk lO, otherwise, )

or the clipping technique

ry, || <T,
Yk = . 5)
T, otherwise,

is applied to the received signal r¢, where T is the threshold.

(4) and (5) performs noise cancellation on all data samples
with large amplitudes assumed to be affected with impul-
sive noise. Based on knowledge obtained from literature,
the required ACO/DCO-OFDM signals could be blanked
and distorted if T is too low. However, the ability to reduce
impulsive noise is also compromised if 7 is set too high. As a
result, an optimal value of T exists and is obtained from (4).
To guarantee that the data delivered to the VLC channel is
real valued and positive, the resulting signal, yg, is sent to a
block that clips negative samples to zero.

Ill. BLANKING NON-LINEARITY SNR OUTPUT

The derivations in this study follow the work in [19], [20],
and [21], however, now applied to the ACO/DCO-OFDM
Hybrid PLC-VLC receivers. First and foremost, the SNR
at the output of the memoryless non-linearity needs to be
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FIGURE 3. The hybrid PLC-VLC system’s block diagram with blanking non-linearity.

defined. To achieve this, let us consider the following. To sim-
plify the mathematical annotations in this work, the following
definitions are made: Ay = |s¢|, Ag = |gkl|, Ar = |r|, and
A, = |ng|, where ny is the noise after blanking, defined by
Nk = Yk — Sk-

Under the assumption that there is a sufficiently large
number of subcarriers, i.e., N — 0o, the study in this work
showed that the ACO/DCO-OFDM signal has a normal Gaus-
sian distribution. As a result, the ACO/DCO-OFDM signal’s
amplitude can be represented as a real Gaussian process with
a half-normal distribution. The ACO/DCO-OFDM signal can
be normalised by %E[Af] = 02 = 1. Let the AWGN noise
variance be denoted by E [Ag] = 205 and the impulsive noise
variance by E[|i£ 1= 201'2'

Now, we can consider the SNR at the blanking output
which enables us to provide the quantitative characterisation
of impulsive noise cancellation from the system, defined as

Ellsk)?] 2

SNR = = . 6
Ellyx —sk1?]  E[AZ] ©

As previously stated, {sx}, {ix} and {gr} are all mutually
independent white spectrum sequences and (4) is memory-
less. Thus, the sequence of n; has a white spectrum and
affects the ACO/DCO-OFDM subcarriers uniformly. There-
fore, the performance of the ACO/DCO-OFDM receiver of
the proposed system with blanking non-linearity may be
described using equation (6).

A. DISTRIBUTION OF NOISE AMPLITUDE AT THE
BLANKING NONLINEARITY OUTPUT

The following notations are taken into consideration before
we begin the mathematical derivation of the SNR at the output
of the blanking nonlinearity: let K be the event of clipping a
signal with an amplitude greater that a threshold 7, and I as
the the event when impulsive noise is present in the system
(and K and I are their compliments, respectively).

Joint event probabilities and conditional probability
density functions (PDFs) can be used to express the distri-
bution of the noise amplitude at the output of blanking non-
linearity as

fAy) = P&, Df (A K, 1)+ P(K, Df (AuK, T)
+ P(K,Df(Ay|K, I) + P(K, Df (A K, T). (7
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Our next objective is to find the conditional probabilities
fALK, D), ALK, D), ALK, T), fiA,|K, I) and probabili-
ties P(K, 1), P(K,I), P(K,I), P(K,I). The joint probabilities
PXK,I), PK,I), P(K,T), P(K,I) can be found easily since
the amplitude of the received signal A, always has a half nor-
mal distribution. Consider a case where the received samples
{rr} are not corrupted with impulsive noise, then A, has a
half normal distribution with parameter ocr=1+ ogz, and the
joint probabilities P(K,T) and P(K,T) canbe expressed as

P(K,I) =P, < T|)1 —p)

_r
/2(1 4 02)

where erfis the error fuction. If the signal is not clipped,

=erf

(I—=p). ®)

P(K,I) =P, > T|)1 — p)

_r
/2(1 +02)

If the received signal is corrupted with impulsive noise, A, has
a half normal distribution with parameter 0> = 1 + ng + 052.
Thus,

=|1-—erf

I-p. O

P(K,I)=P@A, <T|p

T
=erf | ——= | p. (10)
[2(1 + 02 +02)
If the signal is not clipped,
P(K,I) =P, > T|p
T
=|l—-etf| ——— | | p- (11)

[2(1+ 02+ 0})

Now, that we have found the expressions for the joint
probabilities, the next step is to determine the conditional
PDFs. The Bayes’ theorem can be used to find the conditional
PDFs. Assume a scenario where neither impulsive noise nor
clipping event have occurred, i.e, (E, 7), then, the only noise
source at the blanking output is AWGN. The conditional PDF
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of noise can be expressed in terms of Bayes’ theorem such
that

PA, < T|Ag, I)f(Ag)

A K, T 12
SAK, D) = PA, < T/ (12)
Since Ag has half normal distribution with o2 = a , there-
fore, f (A, ) can be represented as
A
2 _ 28
fap = -2 (13)
mog

In the absence of impulsive noise, A, has a half normgl
distribution where 02 = 1 + agz. Consequently, P(A, < T|I)
can be denoted by

P, < T|I) =erf

__r
/2(1 + o)
(14)

The conditional PDF f (A,|Ag, ) has a folded normal
distribution with parameter 4 = Ag and o =1. Thus, the
corresponding cumulative distribution function in terms of
the error function is denoted by

[ (7))

PA, < T)Ag, 1) =

(15)
Substituting (13)—(15) into (12) yields
_Ag
T+A T-A,\] ¢ 2%
o [erf( «/Jg)—i_ rf( \/Eg)] /27105?
fAK, ) = . (16)

erf r
/2(1+a§)

If impulsive noise is present in the received sample ry,
similar analysis is followed. The only contrast in this scenario
is that the noise has variance o*g2 + ol.2. Thus, f (A,,|f, I)can
be obtained from (16) by substituting o7 — o7 4 o/,

Now a scenario where clipping event has occurred (K)
is considered. Then, the noise amplitude A, is equal to the
amplitude of the message signal A;. That being the case,
we need to obtain conditional PDF of A; following a clipping
event. Again, making use of the Bayes’ theorem we obtain,

P(A, > T|Ay, Df(Ay)

AnlK, 1) = == 17
SA K, T) PA, = T (17)
Recalling that o = 1, therefore f (Ay) can be written as
V2 _a
f(Ag) = ﬁe Z. (18)

Since A, has a half normal distribution with parameter
ol=1+ crgz, we obtain

T

[2(1 4 02)

PA,>TIH=1-etf (19)
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The conditional PDF f (A,|As, 1) has a folded normal
distribution with parameters i = Ay and o = oy,. Thus, the
corresponding conditional probability P(A, > T|Ay, I) can be
represented as

P(A, > T|A;, 7)

1 T + Ag T — A
=1- > erf | — | +erf | —— (20)

2 2

20g 20g

Finally, substituting (18)—(20) into (17) yields
erf( T ) + erf 2,4
_ /2<7g ¢
SAqK, 1) =
2 (1 —erf ( ))
2(1+02)

(21)

The analysis is similar when the received samples are
corrupted with impulsive noise. f (A, |K, I) can be obtained
from (21) by substituting 67 — o + o7”.

B. SNR AT THE BLANKING NONLINEARITY’s OUTPUT
After applying blanking, the following step is to determine
the average noise energy per sample, which can be calcu-
lated as

o
E[A%] = / A2f(A,) dA,,. (22)
0
(22) can be written more conveniently as

E[A2] = E(A2K, DHP(K,T) + E(A2[K, DP(K, I)
+ EQA2K, D)P(K,T)+ E(A2|K, )P(K, I), (23)

where E[A3|K/E,I/T] are  conditional

defined as

expectations

E[A2K /K, 1/T] = / ooA,{f(Anm /K, 1/T)dA,. (24)
0

Solutions to (24) can be represented in closed-form as

E[A2K,T]

rf r
/2(1+02)
— T2
T Toge 2(“’“82)‘/%

x | o2erf — ,

T\ laren) (e

(25)
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and

E[A2|K,T) =

1 —erf L
J1+02
72 T
- / erf
Te 2(I+U§) % ( /2(1+U§))
X Og 5 — .

(1+a§) 1+07

(26)

Likewise, E[A%W,I] and E[A%|K,I] can be deduced from
(25) and (26), respectively, by substituting o — o7 + 07
The last step is to substitute (8)—(11), (25) and (26) into (23),
which yields (27), as shown at the bottom of the page.

IV. RESULTS AND ANALYSIS

A. THEORETICAL VS SIMULATED BLANKING RESULTS

In this Section, simulation and theoretical results derived
in this work are presented. Table 1 shows the simulation
parameters used to generate plots in this paper. The impulsive
noise probability p and blanking threshold 7 can be varied to
identify their effect on the system performance. It should be
noted that we adopted these simulation parameters as they
are widely used in many relevant studies, see [20], [21],
[22], and [23]. The system performance was found to work
well with a large number of subcarriers N hence it is set
high in this paper. From literature review, a communication
system with SNR of 20-25 dB is more recommended for
data and voice applications. In addition, an SNR of 40 dB is
deemed excellent for Wi-Fi signal and delivers better network
services. Hence the choice to use above SNR values for
simulation in some of the plots presented in this paper.

The output SNR vs threshold values are plotted together,
for a large number of subcarriers (N = 107). For all figures
presented in this work unless stated otherwise, ag =10"%
(where SNR is defined as l/agz), crl.z =10"3 and N = 10’.
Fig. 4 shows the performance of an ACO/DCO-OFDM based
hybrid PLC-VLC system at p = 0.01 and p = 0.05. It can be

seen from Fig. 4 that the simulation results are in perfect
agreement with the theoretical results obtained in (27).

It can be observed from Fig. 4 that at low 7, the output
SNR is low. As the threshold is increased, the output SNR
increases and reaches a peak. Further increase of the threshold
beyond the peak results in system degradation leading to
error floor. An explanation to this behaviour is that, at low
T, a large part of the ACO/DCO-OFDM signal is replaced
with zeros hence the output SNR is low. This is because
a low T has an extremely low amplitude hence it fails to
differentiate between the clean and impulsive noise corrupted
signals. In contrast, if T is too high, impulsive noise is let
into the system which degrades the system performance.
Thus, there exists an optimal threshold 7, that maximises
the output SNR, SNRp.x, at the output of the blanking
non-linearity. From Fig. 4, for p = 0.01, T,,; = 3.5, and
SNRpmax = 17.39 dB.

20
—— Blanking - Theory
181} * Blanking - Simulation
N =10’
16 SNR =25dB b
14 - 1
m
e 12
“Z: F 1
» 10 &f*—p =0.01 |
5_ gl %
3
6+ ]
41 p=0.05 1
*
2+ Fnrgg s 1
0 I I I I I
0 5 10 15 20 25 30

Blanking Threshold (T)

FIGURE 4. Hybrid PLC-VLC system performance at p = 0.01 and p = 0.05.

At p = 0.05, it can be observed that the simulation results
are in perfect agreement with the theoretical results obtained
in (27). Similar to the performance observed when p = 0.01,

T2

T2
1 Te 204 \/z er
EM%:U—@XP+(H+7)X%( T
% (1 —i—ag)

T _
f > 4 /2 2AHo?)
[2(1462) ) Tog Ze s

+ogerf

T
/1402 (“+ﬁf /m+g>]

+px |1+ |1+
P [ agz—i-aiz

T2
2 232 /2 7 2(102+02)
T(Ug-i-ai)\/;e +og+o] ; 5
— 3 + og—}—ol.erf
2
(‘/l—i—ogz—l—ai)
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xS
N 21+02+02) 2(58 to; )
1 (Te & —x
X

2 2\?
1+O’g+(7i)

)]
m+ﬁ+ﬁ)‘

)
2(1+02+0})

27)
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TABLE 1. Simulation parameters.

Symbol | Quantity

p Impulsive noise probability
a? Impulsive noise variance

og Gaussian noise variance

T Blanking/Clipping Threshold
Topt Blanking/Clipping Threshold
N Number of subcarriers

it can be noticed that there exist an optimum threshold 7,
that maximises the SNR at the output of the blanking non-
linearity. When p = 0.05, T,;;; = 3 and SNRp,x = 11.69 dB.

Results obtained from Fig. 4 for both p =0.01 and p = 0.05
share some common traits. It can be observed that there is
an optimum threshold that maximises SNR at the output of
the blanking non-linearity for every p. SNRp,x is achieved
when the important part of the data is retained as much as
possible after the blanking non-linearity. In addition, it is
noted that as T — oo, the SNR at the output of the blanking
non-linearity approaches a fixed value, a region called the
error floor region. In this region, no blanking operation is
performed since T is too high to detect impulsive noise. For
both impulsive noise scenarios, the error floor region starts
approximately at 7= 18.5. When p = 0.01, the corresponding
SNR at the error floor region is SNR¢r = 8 dB while at
p = 0.05, SNR¢;r = 1.22 dB.

A close look at Fig. 4 also shows the impact of impul-
sive noise probability value p on the system’s performance.
Increasing impulsive noise probability from p = 0.01 to
p = 0.05 degrades the performance of the system. The output
SNR at the output of the blanking non-linearity plumets as
p is increased. At p = 0.01, SNRpax = 17.39 dB while at
p = 0.05, SNRpnax = 11.69 dB, which is 5.7 dB difference.

20 : :
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161 SNR = 25 dB |
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FIGURE 5. Blanking vs clipping at p = 0.01.

B. BLANKING VS CLIPPING TECHNIQUE
Fig. 5 shows a comparison in performance between blanking
and clipping technique when applied to the proposed system
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at p = 0.01. It is evident that the blanking technique is more
effective offering the optimum SNR because it replaces the
corrupted samples completely with zeros, therefore, elim-
inating all the impulsive noise from the system. This can
be witnessed in Fig. 5, the blanking technique offers the
highest output SNR of 17.41 dB at its optimum blanking
threshold, whereas, the clipping technique has lower output
SNR of 15.89 dB at its optimum clipping threshold. Table 2
shows the summary on the performance of hybrid system
under different channel scenarios where we classify the noise
level into three categories, namely, low, medium, and high
with some descriptions. The tabulated results were obtained
by varying the impulsive noise level injected into the trans-
mission channel. It is evident from the results presented in
Table 2 that if there is a lot of impulsive noise in the channel
the system performance is low as indicated by a low SNR.
In contrary, if the impulsive noise present in the channel is
low, a high SNR can be achieved, which is ideal for data
transmission. The results in Table 2 are constant across all
impulsive noise levels, indicating that the blanking technique
is the most preferable way to reduce impulsive noise to reach
higher SNR values.

C. THRESHOLD OPTIMISATION

The performance of the hybrid system is dependent on T,
as seen from the results from the preceding section. If the
clipping threshold 7 is set too high, it allows impulsive noise
to pass through, as a consequence, degrading the system per-
formance. In contrary, if T is set too low, we risk replacing a
considerable amount of of the useful signal by zeros, thereby
notably decreasing the output SNR. This implies that an ideal
threshold value, T, exists that maximizes output SNR. T,
can be found by determining the solution to

SE[AZ]
5T

Equation (28) has a single real solution (7T > 0) and is
preferably expressed in closed-form (see [18] for details)

-1 1-02 1402402732
e [ T

p l—agz—ai2 l+c7g2

0. (28)

2(1 +062)(1 402+ 0?)
X St (9
0;

A closer look to equation (29) can tell us the following.
As o] +07 — oo, the optimal threshold approaches infinity.
In addition, if og + aiz > 1, then a real solution to equation
(28) does not exist. This result is in line with the intuitive
reasoning that blanking nonlinearity does not enhance system
performance if the variance of impulsive noise is less than the
variance of the signal. Fig. 6 presents the numerical results
from (28) plotted vs the SINR.

Topr in equation (29) can be substituted into (27) to obtain
the output SNR at optimal threshold. The corresponding out-
put SNR can be plotted vs SINR as shown in Fig. 6. SINR
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TABLE 2. Channel scenarios.

Impulsive noise probability SNR at Peak (Blanking) SNR at Peak (Clipping)
Low (p =0.001) 24.18 dB 22.83 dB

Medium (p = 0.01) 17.37 dB 15.88 dB

High (p=0.1) 9.24 dB 8.29dB
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FIGURE 6. Optimal threshold (Topt) vs signal SINR (at SNR = 40 dB).
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FIGURE 7. Maximum achievable SNR at the output of blanking
nonlinearity versus SINR at SNR = 40 dB. The dashed line is the
estimation.

can be expressed as

Ells;ll 1
= = —. 30
EliFN  of e

1

Looking at Fig. 7, it can be observed that for every proba-
bility p chosen, there lies a worst case SINR that can minimise
the output SNR defined in (6). As the SINR — oo, the
output SNR is maximised, which is equivalent to transmission
without impulsive noise. In contrary, as SINR approaches
zero, while applying an optimal threshold to the signal, all the
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data samples without impulsive noise impulsive noise remain
unclipped. As SINR approaches infinity, the amplitude of
any data samples affected by impulsive noise is significantly
higher than the average amplitude of the useable signal sam-
ples, this means that the straightforward threshold detection
approach can be utilised to detect impulsive noise without
errors. Thus, we can approximate the total noise energy by

lim E[A7]] = og(1 —p) +p. 31)
a; —> 00
T=Tnpt

It should be noted that approximation (31) is only reliable
for very low SINR values, which are hardly seen in practical
applications. One can see from Fig. 7 that from —2 dB, the
actual receiver’s performance starts to deteriorate and is at
its worst at approximately —11 dB in comparison to the
predicted approximation (31). For the cases shown in Fig. 7,
the output SNR can vary by up to 2 dB when compared to the
scenario when the SINR is nearing zero.

V. CONCLUSION

In this paper, we have derived an expression of the SNR out-
put of the blanking non-linearity and also provided analysis of
the performance of the considered hybrid PLC-VLC system.
It was observed that for such a system, there exists an optimal
threshold that maximises the SNR output for every p. In addi-
tion, as T — oo, the systems presents an error floor where
the noise in the system can no longer be detected and can-
celled. The obtained simulation results are in agreement with
the derived closed form expression. Therefore, the proposed
analysis provides an excellent prediction to the output SNR.
In addition, the comparative study between the blanking and
clipping technique showed that the blanking method is more
viable than its competitor based on the results obtained from
Fig. 5. The threshold optimisation studies showed that there
exist a worst case SINR value that minimises the output SNR
at the OFDM receiver when the blanking method is applied.
This was caused by errors encountered when detecting signal
samples affected by impulsive noise.
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