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Abstract—Impulsive noise (IN) is one of the crucial affecting
factors of in-vehicle power line communication (PLC) systems,
and therefore an effective IN mitigation scheme is required to
enhance the performance significantly. Narrowband interference
(NBI) from various nearby radios often has great impact on
the IN reconstruction and mitigation. In this paper, IN mitiga-
tion over uncoded orthogonal frequency division multiplexing
(OFDM) PLC systems is investigated considering the impact
of NBI. A null subcarriers assisted IN mitigation scheme is
proposed, to mitigate IN in the scenarios of NBI absence and
NBI presence, respectively. The IN vector is reconstructed at
the proposed receiver first, and then cancelled out from the
received signal. Theoretical analysis shows that the proposed
scheme outperforms the blanking method. Also, the implement
of pre-joint NBI/IN mitigation with the aid of null subcarriers
in the proposed scheme can combat the impact of intensive NBI,
and achieve a near-optimal bit error rate (BER) performance
with no iterations. The effectiveness of the proposed mitigation
scheme is validated by simulation results, which is applicable to
the vehicular environments under the disturbance of joint IN
and NBI.

Index Terms—Power line communication (PLC), impulsive
noise, narrowband interference, noise cancellation, receiver op-
erating characteristic (ROC), system performance, vehicular
communications.

I. INTRODUCTION

UE to the increasing demand for vehicular applications,
power line communication (PLC) [1] has been recog-
nized as a cost-effective solution for in-vehicle data transmis-
sion infrastructure without new wiring facilities needed. PLC
enables vehicular technologies such as intelligent driving and
in-vehicle entertainment [2], and is a promising alternative
to WiFi, especially in vehicle to grid (V2G) information
exchange [3]. Impulsive noise (IN) is one of the main sources
causing pollution to the PLC spectrum [4], which should be
dealt with properly. Therefore, a thorough IN mitigation plays
a crucial role in in-vehicle PLC systems.
Generally, IN can be classified as periodic and aperiodic
[5]. Periodic IN either synchronous or asynchronous to the
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mains occurs with a low frequency and low amplitude [5],
while aperiodic IN caused by ignition noise in vehicles and
switching/plugging/unplugging transients of electric devices
is dominant, which degrades the system performance signif-
icantly [4], [6]. Aperiodic IN often occurs randomly in a
series of impulses, referred to as burst [6], for which the
occurrence is statistically modeled in [7] using the tool of
Markov chain (MC). It may hence result in bust errors during
data transmissions. This paper focuses on mitigating aperiodic
IN. Most of the existing IN mitigation schemes are executed in
orthogonal frequency division multiplexing (OFDM) systems
through a number of conventional nonlinear techniques, such
as blanking [8], clipping/deep clipping [9] and weighted
combinations of them [10], [11]. However, the conventional
schemes are based on detecting the IN contaminated data
tones instead of reconstructing the IN vector and cancelling
it out. Hence, the performance of the conventional methods
is limited by the high peak-to-average power ratio (PAPR)
OFDM signals, where use of the advanced techniques with
channel coding schemes [12], [13] is necessary to achieve
a satisfactory bit error rate (BER) in OFDM systems [14],
[15]. Some sophisticated IN mitigation schemes were devel-
oped in [16], [17], [18] with the aid of compressive sensing
[19], [20] and sparse Bayesian learning [21]. However, these
algorithms require matrix multiplication and inversion and
also the acquisition of the a priori information, which are
complex. The iterative IN mitigation methods [22], [23] allows
a good trade-off between the performance and complexity of
IN mitigation, through the setting number of iterations, which
leads to a higher degree of freedom. With full iterations, the
performance of IN mitigation is near-optimal and better than
that of the compressive sensing based methods [22]. Moreover,
a multilayer perceptron (MLP)-based approach was applied
in [24] to detect IN, and the channel estimation accuracy is
improved iteratively through the feedback of IN mitigation.
However, there lacks a thorough validation of the algorithms in
[22]-[24] since the adopted IN model cannot simulate the burst
environments, and the common disturbance of narrowband
interference (NBI) on the in-vehicle PLC spectrum was not
considered. NBI at PLC receivers from various nearby radio
applications such as broadcast radios and amateur radios [25]
is considered in this paper. Since the unshielded power line
can be a good antenna picking up the radios around [25],
NBI may become a salient issue that degrades the PLC
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receiver performance. In [26], the technique of block sparse
Bayesian learning, is utilized to estimate the NBI for the
application of 5G. The authors of [27] and [28] proposed to
use spatial and temporal correlations for NBI cancellation for
the application of wireless MIMO channels and in-home PLC,
respectively. There lacks a thorough consideration of both IN
and NBI for in-vehicle PLC applications. High power spectral
density (PSD) of the intensive NBI may lead a high rate
of indistinguishable IN at receivers. Thus, a suitable scheme
is required to qualify the IN mitigation for in-vehicle PLC
systems.

In this paper, the problem of constructing an effective IN
mitigation scheme for robust in-vehicle PLC receivers is ad-
dressed. Our work is different in the following aspects. First, a
novel IN mitigation scheme is proposed where the feedback of
IN estimation is updated iteratively for a thorough mitigation.
The use of null subcarriers leads a reduced number of itera-
tions. Unlike the conventional blanking scheme [10] executed
given the test statistics of the received signal, the harmful im-
pact of high PAPR signals on the IN reconstruction is excluded
in the proposed scheme. The associated receiver operating
characteristic (ROC) is derived to show the performance of
IN detection for both schemes. Second, the IN mitigation in
the presence of NBI from nearby radio users with different
impacts of NBI environments on the proposed receiver is
evaluated, which has not been fully investigated previously.
The associated analytical expressions for ROC are given to
show the ability of IN detection under the disturbance of NBI.
In the case that the system is intensively disturbed by NBI,
the IN vector reconstruction becomes ineffective, resulting in
an incomplete IN mitigation. Third, null subcarriers aided
pre-mitigation blocks are adopted in the proposed receiver
to achieve a near-optimal performance without updating the
IN estimation iteratively. The pre-mitigation significantly im-
proves the initial IN estimation, while eliminating the impact
of intensive NBI when it is present, leading to a joint NBI
and IN mitigation. The thresholds for pre-NBI and pre-IN
mitigation blocks are set to be sufficiently high, in order to
achieve a desired low false alarm rate for outliers detection.
Simulation results are provided to demonstrate an improved
BER performance achievable under the proposed IN mitigation
scheme compared to the conventional blanking nonlinearity,
while the robustness of the proposed receiver is also validated
under the intensive disturbance of NBI.

In Section II, a system model is presented to describe
the overall IN mitigation scenarios for in-vehicle PLC. In
Section III, the IN vector estimation in the proposed scheme
is implemented over a PLC channel for NBI absence and
NBI presence, respectively. The performance of the proposed
scheme is compared to that of the conventional blanking
approach. Simulation results are given in Section IV to validate
the proposed IN mitigation approach. The conclusion is finally
remarked in Section V.

Notations: The notations used in this paper are listed below.
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Fig. 1. Block diagram of the in-vehicle PLC system with IN mitigation.

I Disturbance ratio of NBI;

Do Normalized power at the NBI contaminated
subcarriers;

F(M) The Mth received signal symbol in fre-
quency domain;

N Number of total subcarriers;

F N-point DFT matrix;

N Estimated FD noise;

AIN) Threshold for IN vector estimation;

i Estimated IN vector in TD;

T Received signal after the IN mitigation;

é Error vector caused by the feedback of

erroneous decisions;
The sub-vector which has the entries in-
dexed by the null subcarriers set &;

RS;B ) Output from the pre-FD nulling block;
Apre Threshold for the pre-FD nulling;
TI(,%@D) Output from the pre-TD nulling block;
Apre Threshold for the pre-TD nulling.

II. SYSTEM MODEL

The block diagram of an in-vehicle PLC system is depicted
in Fig. 1, where s(t) represents the transmit signal and r(¢) is
the received signal. A hybrid of the aperiodic IN n;(t), the NBI
v(t) and the background noise ny,(t) are the added disturbance
at PLC receiver. While n;(t) is caused from ignition noise
in vehicles and any potential switching/plug transients of the
electric devices in the system (n;(t) = 0 means no noise),
and v(t) is from various nearby radio applications (v(t) = 0
means no interference). We assume IN is present for each
transmission. The dashed block indicates the proposed IN
mitigation scheme at the receiver, considering two different
scenarios that NBI is present and NBI is absent, respectively.

In a discrete-time system, the signal at the PLC receiver is
a mixture of various noises. Let r(m) denote the mth received
signal sample, expressed as:

r(m) = {hs * s}(m) + niy(m) + 8- v(m) + np(m) (1)

where {hgxs}(m) =", hs(n)s(m—n) and hy is the channel
impulse response for the PLC transmit signal s(m). Following
OFDM modulation, the m-th saml\Ple of the transmitted signal
can be expressed by s(m) = szol Syel?mkm/N A random



PLC channel generator in [29] is applied as the channel model.
The background noise ny,(m) is assumed to be additive white
Gaussian noise (AWGN) with zero mean and variance af).
ni(m) is the considered IN at PLC receiver, which has a zero
mean and variance 2. It is assumed that the variance of the
background noise is much lower than that of the IN, i.e., Jg <K
o?. The NBI v(m) is from radio applications and occurs with
probabilities. In (1), 8 € {0, 1} is the parameter indicating
the occurrence states (absent or present) of the NBI, where
Pr(f = 1) reflects the NBI occurrence probability.

As shown in Fig. 1, the IN mitigation scheme should be
implemented in both scenarios of NBI absence (8 = 0) and
NBI presence (8 = 1), with the probabilities of Pr(8 = 0)
and Pr(8 = 1), respectively. In the following subsections,
we describe the statistical models for IN and NBI. PLC
systems under the IN and the NBI can be simulated applying
these statistical models, and the effectiveness of the proposed
mitigation scheme can be easily evaluated without carrying
out any measurements.

A. Statistical IN Model

We consider the impact of aperiodic IN since it is dominant
in wired communication systems [30]. Aperiodic IN occurs
randomly and often refers to as burst in time domain [6], which
has its occurrence probabilities dependent on the previous
states, following the MC process [31]. Modeling of the time-
domain (TD) occurrence-dependent IN was presented in [7],
where a two-level MC-based model was proposed.

In [7], the occurrence of a burst can be described by the first
level MC, and the occurrence of individual impulses within a
burst are characterized by the second level MC. The first-order
Markov process can be described by its transition probability
matrix, which is conditioned by the previous one state. Steady-
state probability (SSP) can be applied to define the occurrence
probability of a event under discrete-time Markov process,
where the next state probabilities have dependence on the
current state probabilities and are determined by the transition
probability matrix as

,,, = PII, @

where P is transition probability matrix, which has the ele-
ments defined by Pr({¢+1}|{t}). The probability of the next
state ‘{t+1}" is conditioned by the current state ‘{¢t}’. IT; is a
column vector whose elements represent the state probabilities
at time ¢. In the steady-state, we have I1;,,, = I1,.

For simplicity, it is assumed that the considered in-vehicle
system in Fig. 1 is hit by one burst from a single IN source
during each transmission. We adopt the second level MC to
reproduce the impulses in a burst. Let ‘{¢}” indicate the state in
the second level MC at the discrete-time ¢. The corresponding
state has a value of ‘1’ in the presence of an impulse, otherwise
‘0’ represents the absent of IN. If1; indicates the SSP of
producing an individual impulse in the second level MC, which
can be derived by solving (2) as

Pr({t+1} = 1|{t} = 0)

= S T T =1 = 0) £ Pt + 1} = 0} = n

which is weighted by the corresponding transition probabili-
ties.

It is assumed the IN n;(m) with zero mean and variance o2
has a Gaussian process of N (0,0?2), where o7 > of. Thus,
the PDF of the combined noise n = n; + ny, is given by

fa(n) =[fnl{t} =0) f(nl{t} =1)]

Pr(0[0) Pr(0|1)
=[N(O,0) N0 +0D)] - b)) Pr(lll)4
@)

which is conditioned by the current impulse state. In the
steady-state of IN, the PDF can be expressed as

fn(n) = (1= ITy) - N (n;0,08) 4 I - N'(n; 0, 08 + o) (5)

where II7 is independent of the initial transition state.

The corresponding arrival rate of the impulses normalized
to the sampling interval, follows the reciprocal value of the
number of consecutive non-impulse states &k between two
impulses, which has the probability distribution for remaining
in the non-impulse state as

P(k) = Pr(0[0)*~" - (1 — Pr(0]0)) 6)

The SSP Il and the arrival model of the second level MC
can describe the particular impulsive scenario in the consid-
ered in-vehicle PLC system accurately, which are important
to evaluate the performance of the proposed IN mitigation
approach.

B. Statistical NBI Model

In [32], a single level 3D MC model was proposed for the
reconstruction of NBI in frequency domain (FD), considering
the TD occurrence-dependence. Let P(") be the transition
probability matrix for the number of active radio interferers
over the total ¢ potential interferers, which can be formulated
as

Poo Pio 0 0 ]
Poqx P
plint) _ 0 Pis Psryos 0 (7
: : Py—1,6-1 Pop1
L0 - 0 Py Psg |

where P; ; is defined as the transition probability from the
number of ¢ tone interferers to j tone interferers, with i, j =
0,1,2,...,0.

Let the random variable a = 1,2,...,¢ be the number
of active radio channels (NBI) in current state. Letting b
represent the possible frequency locations of the presented
NBI channels, the total number of the possible locations of
NBI is actually a calculation of the combinations C(¢,a),
ie, b = 1,2,...,C(¢,a). Let ¢ = 1,2,...,C(¢,a) de-
note the possible number of radio user distributions in the
corresponding a NBI channels, respectively. The transition
states are constructed by the random variables {a,b,c}. For
simplicity, it is assumed the transition starts from ¢ interferers
and Py g =1,ie,a=¢,b=c=1.



IN mitigation is normally considered under the OFDM
systems [15]. As specified for the OFDM in HPAV standard
[33], about 40% of the total N subcarriers are set to zero to
avoid interfering with other applications, referred to as null
subcarriers. NBI from radio applications normally presents
in those subcarriers from the total N¢ null subcarriers [16].
Thus, it is assumed the FD sparse NBI vector with IV, entries
has its ¢ nonzero entries located at ¢ out of all the N, null
subcarriers.

The initial ¢ NBI entries are randomly chosen which has
the disturbance ratio 1 = ¢/N¢. The amplitude distribution for
each band-limited tone interferer can be modeled by Gaussian
noise as described in [16], [34] with the PSD ag, following a
Gaussian distribution of NV'(0, 02). The NBI power normalized
to the background noise power at the NBI contaminated
subcarriers is p, = No?2/é.

In the proposed IN mitigation scheme in Section III, null
subcarriers are adopted to improve the reconstruction of IN at
PLC receiving end. In the presence of NBI, the accuracy of
IN estimation is affected by the NBI contaminated subcarriers,
which brings challenges for IN mitigation. The environments
with NBI can be simulated using the statistical model, which
is important to test the proposed mitigation method under the
joint impact of IN and NBL

III. ITERATIVE IN MITIGATION

In Fig. 2, two detailed block diagrams of the proposed IN
mitigation scheme at receiver are demonstrated, where the red
dashed-line block illustrates a zoom-in on the IN mitigation
block using an iterative approach. Basically, IN is estimated
using the feedback of soft data detection, and removal of the
estimated IN from the received sequence improves the data
detection accordingly. Hence, both IN estimation and data
detection blocks are updated iteratively until the hard decision
is made for data output. The use of null subcarriers improves
the iterative method significantly, but also brings challenges on
accurate IN reconstruction when some of the subcarriers are
contaminated by NBI. The design of pre-NBI mitigation and
pre-IN mitigation blocks is to combat the impact of NBI, and
further enhances the performance of the proposed mitigation
scheme. In this section, the IN mitigation proposed for both
scenarios as shown in Fig. 1 is described, considering the NBI
absence (8 = 0) and the NBI presence (3 = 1), respectively.

A. IN Mitigation in the Absence of NBI

In this subsection, the environment of IN only is considered,
which is widely applied to test the existing mitigation algo-
rithms. First, we look into the conventional blanking scheme
reported in the literature. Then, the proposed IN mitigation
scheme is studied, where the performance is also analysed to
show the benefit of using null subcarriers.

1) Conventional Blanking Approach: In the case of § =
0 in (1), where NBI from radio applications is absent. The
received signal in (1) is then simplified to

r(m) = {hs * s}(m) + ny(m) + ny,(m) (8)

which is usually applied as the received sequence for various
vehicular communication systems [15], [18]. Thus, most of the
existing IN mitigation methods such as [22], [35], are verified
through the basic system model in (8).

The conventional nonlinear techniques are widely used
to mitigate IN at the receiver, including blanking, clipping
and weighted combinations of them [9], [11]. The blanking
nonlinearity is defined as [10]

[r(m)] < Ak o

0, |r(m)] > A(blank)
where A\(P127K) denotes the blanking threshold and 7(m) is the
blanked sequence, with m =0,1,..., N — 1.

As described in (5), each noise term has a Gaussian PDF.
In a large number N of OFDM subcarriers, the transmit
signal s(m) filtered by power line channel follows a Gaussian
distribution of N'(0, ¢2). Thus, the PDF of the received signal
r(m) in (8) can be expressed as

fr(r) = (1=IIy)-N(r;0, 02 4+02)+ 1 -N(r; 0, 62+ 02 407)
(10)
The basic principle for the threshold-based techniques is
actually to use signal detection theory, where the ROC can be
analyzed on the test signal statistics [36]. ROC curves explore
the trade-offs between the probability of detection P4 and the
probability of false alarm Py for a range of varied thresholds.
By comparing the test statistics |r(m)| to a given threshold A,
the associated probabilities Py and Py are expressed as

Pf = erfc $
2(02 + o)

Py = erfc A
2(03 + o+ 07)

where erfc is the complementary error function [37].

The corresponding optimal threshold can be determined
with respect to a pair of best trade-off probabilities, which
can be selected for specific system requirements, and varied
according to different criteria [15].

2) IN Estimation Using Data Subcarriers: Under the pro-
posed IN mitigation scheme as shown in Fig. 2, IN samples
are estimated first and then suppressed from the received
signal individually, rather than set the IN contaminated signal
samples to zero as described in the conventional blanking
approach. The basic principle for the IN estimation is to cancel
out the data term at the channel output from the received
signal, and then reconstruct the IN from the remaining mixed
noise terms.

For the considered system in (1) with 5 = 0, the received
signal r(m) is initially passed through the FFT module at the
conventional OFDM receiver, yielding

R(M) = {H, - S}(M) + Fry(M) + Fry(M)

where F' denotes the FFT block of size N and Hj is the
channel frequency response matrix, with the subcarrier index
M=0,1,...,N — 1.

(1)

(12)

(13)
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Fig. 2. Block diagram of the null subcarriers assisted receiver for IN mitigation (FEQ-frequency domain equalization; FD-nulling is applied when NBI is

present; TD-nulling is applied when IN is present).

Then, the signal can be simply compensated by a frequency-
domain equalizer (FEQ) on each subcarrier independently.
Assuming perfect channel estimation and using a zero-forcing
equalizer, the tentative soft decision S (M) can be obtained,
which is then cancelled out from the received signal in order
to find the estimation of noise terms as

N(M) = R(M) — {H, - S}(M)

_To reconstruct the IN vector in TD, IFFT is performed on
N (M) in order to obtain the mixed TD noise terms 7(m). In
the proposed scheme, the IN vector can then be estimated by

P (T
o {mm,

[A(m)] > AN

where 7; (1) denotes the estimated IN vector and AN) is the
corresponding threshold.

An accurate detection of the nonzero entries in 7; leads
a good estimation of the IN vector, and hence improves
the performance of the according mitigation techniques. A
perfect detection may lead to a thorough IN mitigation. Unlike
the conventional blanking approach in (9) which takes the
detection on IN entries given the received signal vector, the
detection in the proposed scheme is performed given the noise
terms only. Thus, the impact of high PAPR signals on the
threshold-based detection is eliminated. According to (15),
the test statistics |72(m)| is compared to a given threshold ),
resulting in the detection probabilities as

(14)

15)

A
= erf 16
Py erc(obﬂ> (16)
A
—erfe| ———— 17
Pa erc( 2(0%4—0’12)) (17)

which outperforms the conventional blanking in classifying
between the zero and nonzero entries of the IN vector, espe-
cially in the high SNR region. For a given false alarm rate Py

in (16), the non-adaptive threshold A can be simply calculated
by the inverse complementary error function.

Then, the estimated IN vector 7n; can be used as a feedback
to obtain a cleaner received signal 7(m) as

7(m) = r(m) — fi(m) (18)

where the estimated impulses are suppressed individually from
the initially received signal samples and a multiplexer is used
to select the updated received signal for further data processing
of the proposed receiver.

3) IN Estimation Using Data and Null Subcarriers: In
practical, the estimate of the IN vector n; in TD is imperfect,
which is affected by the accuracy of 7(m) estimation and
the trade-off thresholding. The tentative soft decision S(M)
may contain many errors without doing iterations. Thus, after
performing the IFFT on (14), the estimated noise terms can
be expressed by considering decision errors as

a(m) = é(m) + n;(m) + np(m) (19)

where é(m) is caused by the feedback of wrong decisions. In
the high SNR region, decision errors are rare and negligible.
While in the low SNR region, lots of wrong decisions are
made, and é(m) can be assumed as Gaussian distributed due
to the IFFT operation. Thus, the PDF of 7(m) in (19) can be
expressed by

fa(h) = (1=IIn)N (70, 02 +0p)+ 1IN (7 0, 02 +op+07)
(20)

where ag is the variance of é(m), which should be lowered to
improve the IN estimation. According to the proposed receiver
in Fig. 2, it normally costs several iterations to minimize o2.
Most of the power line systems do not use the whole spec-
trum for data transmission, in order to avoid interfering with
other applications. A spectrum mask for HPAV is implemented
to stay clear from transmission on some frequencies [38]. This

ability can be easily performed at the OFDM transmitter by



setting the corresponding subcarriers to zero, referred to as
null subcarriers.

At the receiver, the wideband IN spreads its power over all
frequencies, which has its components in the null subcarriers.
Let & be the index set of the null subcarriers, where the total
number N = [£| of null subcarriers is considered. In the
absence of NBI (8 = 0 in (1)), the noise terms from the null
subcarriers can be observed at the receiver as

Rg(./\/l) = ani(./\/l) + anb(./\/l) 21

where (-)¢ indicates the sub-vector which has the entries
indexed by the null subcarriers set &, i.e., M € &.

The noise terms in null subcarriers are from nature with no
decision errors, resulting in a more accurate initial estimate
of the IN vector. Hence, the receiver performance can be
improved with a certain number of iterations by adopting the
null subcarriers. The performance of detecting the nonzero
entries in the IN vector given n(m) in (19) can be evaluated
by comparing the test statistics |7.(m)]| to a given threshold A,
yielding the detection probabilities as

Py = erfc A
2(02 + ot)

A
Py = erfc
¢ < 2(0§+0§+0i2)>

where the mean squared error o2 is lowered by using null sub-
carriers since Fgé = 0. After few iterations, o is negligible
and equals zero in the high SNR region.

For a maximum allowed false alarm rate Py in (22), the

threshold can be derived as
A = V204 -erfc™! (Py)

where o = ) |7(m)]| is the standard derivation of the noise
A(m) in (19) and erfc™" denotes the inverse complementary
error function. The chosen threshold is adaptive since the value
of o2 varies with SNR.

With the assistance of null subcarriers and adaptive thresh-
olding, feedback of the improved IN estimation 7n; can be
obtained to mitigate the IN thoroughly by costing a reduced
number of iterations.

4) Pre-TD Processing Using Null Subcarriers: To further
improve the IN mitigation algorithm, the feedback of an
accurate initial estimated IN vector n; is the key to achieve
a satisfactory performance of the proposed receiver, without
updating n; iteratively.

A pre-processing block is applied to improve the tentative
soft decision S(M) before the initial IN estimation. Hence,
a lower mean squared error o2 caused by wrong decisions
can be obtained to achieve a better initial IN estimation. The
pre-processing term can be reconstructed by using the null
subcarriers as

Ry (M) = {

(22)

(23)

(24)

RE(M)v Me f

0, Meg *)

where (-) indicates the set complement. Let 7p,.(1m) denote
the IFFT counterpart of (25), with m =0,1,..., N — 1.

In the absence of NBI, the pre-TD processing is meant to
remove the strong portion in rp,.(m) from the received signal
r(m), which can be formulated by

’I“(TD)(m) — {r(m),

[Ppre (M)] < Apre

rore(m)] > A 0

e r(m) — Tpre (m), Apre

where Ay denotes the threshold for pre-TD processing, which
can be determined using the standard derivation of 7p.e(m)
through (24). The threshold A, is non-adaptive to SNR since
the test statistics |rpre(m)| only includes the noise terms from
nature.

Instead of the received signal r(m), the vector rl()?eD ) in (26)
is passed through the conventional OFDM receiver in order to
obtain an improved initial feedback of the tentative decision
S (M). Thus, the initial IN estimation using (14) and (15) can
be refined accordingly.

B. IN Mitigation in the Presence of NBI

The previous subsection demonstrates the proposed IN
mitigation scheme in the absence of NBI. With the aid of
null subcarriers, the initial estimate of the IN vector can be
significantly improved. According to the system model in
Fig. 1, NBI is a common event for in-vehicle PLC where
the NBI contaminated subcarriers bring challenges for the IN
reconstruction. In this subsection, first, the proposed receiver
performance in the presence of NBI is analysed, and then a
joint mitigation of the NBI and IN before the estimate of the
IN vector is applied, in order to combat the effect of NBI as
shown in Fig. 2.

1) IN Estimation Using Data and Null Subcarriers: The
NBI from radio applications such as emergencies, amateur
and mobile-radios often happens to in-vehicle scenarios. The
use of null subcarriers for the OFDM PLC avoids interfering
with other applications, and on the other hand, improves the
proposed IN estimation when NBI is absent as learned in
Subsection III-A. In the case of 5 = 1 in (1), the IN estimation
should be performed in the presence of NBI, where the IN
observed in null subcarriers are polluted by the NBI. Thus,
the noise terms added at receiver from the null subcarriers
can be formulated as

Rg(./\/l) S anl(M) + Fg'U(M) + anb(./\/l) (27)

where the subcarrier index M € ¢. Let the complement set &
denote the index set of the data subcarriers where Fgv(M) =
0. Thus, the received signal from the data subcarriers can be
represented by (13) with M € €.

According to the proposed receiver in Fig. 2, the received
signal before the FFT operation equals

r(m) = {hs x sk(m) + ni(m) + v(m) + np(m) (28

which can be adopted after FFT to obtain the estimated noise
terms as in (14). Hence, the IFFT counterpart of (14) can be
expressed as

n(m) = é(m) + ni(m) +v(m) + np(m) (29)



where the amplitude distribution for the NBI v(m) follows the
random Gaussian of A'(0, 02). Thus, the PDF of 7(m) in (29)
can be expressed by

fa(n) =(1 — ) - N (7 0,062 + aﬁ + 012))

+ I - N (750,02 + 0 + 02 +0?)  (30)

where the estimated IN vector 7;(m) can be obtained in (15)
by comparing the test statistics |72(m)| modelled in (30) to a
given threshold. In the presence of NBI, the performance of
detecting the nonzero entries in the IN vector can be evaluated

by
A
Pr = erfc 31
! ( 2(062—1-012)—!-03)) G
P, = erfc A (32)
¢ V2@t o2 +o2+o?)

where the ingress of the intensive NBI (o2 >> oﬁ) can cause a
harmful impact on the detection performance. For a maximum
allowed false alarm rate Py in (31), the associated threshold
A can be calculated using (24) given the standard derivation
of 2(m) in (29).

In the presence of intensive NBI, although the mean squared
error o2 can be reduced iteratively, the high PSD o2 can
still disturb the reconstruction of the IN vector, leading an
incomplete IN mitigation in (18). The intensive NBI in null
subcarriers should be removed in advance to enhance the
performance of the proposed IN mitigation scheme.

2) Pre-Joint FD/TD Nulling: The presence of NBI with
high PSD o2 brings challenges for the IN detection given the
vector 7(m) in (29), where the entries with weak IN would
be indistinguishable from the entries with the combined terms
of background noise, NBI and decision errors only.

A pre-joint mitigation on the intensive NBI and IN is
required to improve the reconstruction of IN in the presence
of NBI, which is indicated by the dashed blocks in Fig. 2.
The pre-FD nulling is meant to detect and null the NBI
contaminated subcarriers, which can be formulated by

RS;E) (M) = Rﬁ(M)> |R5(M)| < Apre (33)
0, [Re(M)[ > Apre

where Rg.? ) is the output from the pre-FD nulling block
with M € &, and A, denotes the threshold for the pre-
FD nulling. Detection of the NBI contaminated subcarriers
would be accurate since it has much higher intensity of the
FD component compared to that of the IN and background
noise. Hence, the chosen threshold can be sufficiently high to
keep a low rate of false alarm. For a sufficiently low false
alarm rate Py, the threshold A, is given by

(34)

Apre = \/2(0f + II110?) - erfc! (Py)

where Ay, is non-adaptive to the SNR. The refined received
signal R(M) can be reconstructed by

(FD)
: _ ) Rpre (M),
RM) = {Rg(M)7

Me¢

2 35
Meé (35)

which excludes the influence of NBI and has its IFFT coun-
terpart #(m), with m =0,1,... N — 1.

Following the pre-FD nulling, it is possible to detect the
IN from TD more accurately. The pre-TD nulling is meant to
detect and null the strong portion in #(m), which is defined

as
(TD) _ 72<m)7 "ﬁ(m)‘ < )\prc
Thre (M) {07 Fm) > Aone (36)

where rI(nT.eD ) indicates the output from the pre-TD nulling
block. Apre denotes the threshold for the pre-TD nulling, which
can be set for a maximum allowed false alarm rate Py as

Apre = V20; - erfe™! (Py) (37)

where o; is the standard derivation of the refined received
signal #(m) by the pre-FD nulling. At this stage, a sufficiently
low Py is expected that Ay, should be high enough, and the
impact of strong IN would be mitigated. The chosen threshold
varies with o3, which is adaptive to the SNR value.

With the benefit of pre-joint FD/TD nulling, an improved
tentative soft decision S(M) can be obtained before the IN
reconstruction. Meanwhile, the estimation on noise terms is
given by

N(M) = R(M) — {Hy - S}(M) (38)

which eliminates the influence of NBI by using R(M) instead
of the received signal R(M) as in (14). Therefore, after the
IFFT process, even the initial IN estimation through (15) can
be fairly good.

IV. SIMULATION RESULTS AND DISCUSSIONS

The performance of the proposed IN mitigation scheme is
evaluated through extensive simulations over the in-vehicle
PLC system in Fig. 1, where both scenarios of NBI absence
and NBI presence are considered. Since there lacks a com-
monly used standard for in-vehicle PLC, a conventional un-
coded OFDM system has been simulated. Moreover, it brings
an intuitive comparison between the proposed method and the
existing approaches, since the performance of some existing
methods takes the advantage of channel coding, e.g., 20 dB
gain over no coding at BER of 0.01 in turbo-coded OFDM
systems. The proposed approach can be easily combined with
channel coding to improve the performance. Without loss
of generality, we assume binary phase-shift keying (BPSK)
modulation. We assume N = 256 subcarriers for OFDM,
among which N = 112 are set to be null subcarriers
[33]. A random PLC channel generator in [29] is applied to
obtain the class-9 PLC channel which is assumed perfectly
estimated at the receiver. The PLC channel model is classi-
fied according to Shannon’s capacity. The channel magnitude
model generates the transfer functions statistically around the
average attenuation H(f) ~ —13+7cos((f/4.5e7)—0.5) for
the frequency band of 1 MHz-100 MHz, while the channel
phase model includes the group delay characteristics [29].
The IN environment is generated statistically using the arrival
model in (6) with Pr(0|0) = 0.98, where II;; = 0.1 and
o? = 100002. Three different NBI scenarios are considered:
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Fig. 3. Complementary ROC curves for different IN detection schemes.

weakly disturbed (¢ = 0.01; p,/of = 20 dB), strongly
disturbed (1 = 0.9; p,/ 0}2) = 20 dB) and intensively disturbed
(w = 0.1; p,/of = 40 dB). Strongly disturbed scenario
is reflected by the extremely high occurrence probability of
the NBI environment, while the intensively disturbed scenario
is indicated by large variance of the NBI environment. The
intensively disturbed scenario is critical and considered in
particular in this paper, as it brings a harmful impact on IN
reconstruction. Figs. 4, 5 and 6 are carried out in the absence
of NBI (5 = 0), while the BER performance in Figs. 7
and 8 is evaluated in the presence of NBI (8 = 1). Moreover,
the results obtained from the proposed scheme are compared
to those from the previous IN mitigation methods with the
optimal blanking threshold in [10].

In Fig. 3, the performance of detecting the nonzero entries
in the IN vector of the proposed scheme is evaluated, in
comparison with the conventional detection-based blanking
scheme, using the complementary ROC (1 — Py versus Py)
over the non-NBI and intensive NBI scenarios. The curves are
illustrated for SNR = 25 dB, which is high enough to achieve a
negligible o2 for the proposed scheme. It can be seen in Fig. 3
that the proposed scheme which can achieve a sufficiently
high detection rate by causing a negligible false alarm rate,
outperforms the conventional blanking in terms of the ability
of IN entries detection. According to the test statistics for
the blanking nonlinearity, the associated threshold-based IN
detection is disturbed by the high PAPR, resulting in a poor
ROC performance. Meanwhile, the curves reveal that when
the system is intensively disturbed by added NBI, the rate
of indistinguishable IN becomes quite high for both schemes
under the impact of high NBI power.

Fig. 4 shows the BER performance comparison between the
proposed IN mitigation scheme and the conventional blanking
scheme using data subcarriers only. Let P, indicate the average
received signal PSD. The horizontal axis denotes the average
signal-to-background noise power ratio, i.e., SNR = P, /ag,
which varies from 0 dB to 30 dB. For a maximum allowed
false alarm rate Py = 102 defined in (22), the corresponding
threshold value normalized to o defined in (24) is set to 3.29.
It can be observed that the proposed scheme with complete IN
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Fig. 4. BER performance comparison of different mitigation schemes using
data subcarriers only (8 = 0).
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Fig. 5. BER performance comparison of different mitigation schemes to show
the benefit of using null subcarriers in the proposed scheme (8 = 0).

estimation clearly exhibits a much better performance than the
conventional blanking scheme especially in high SNR region,
where the curve for blanking illustrates an error floor over
various SNR values. According to (9) and (15), high SNR
would disturb the IN detection for blanking nonlinearity, which
however provides benefits on the proposed scheme by causing
a fairly low mean squared decision error o2. Thus, even
with initial IN estimation, the curves reveal that the proposed
IN mitigation outperforms the blanking nonlinearity when
the SNR value achieves 25 dB or above. The complete IN
estimation using data subcarriers only normally costs four or
five iterations, where the soft decision S cannot be improved
any more and should serve as the hard decision for data output.

The benefit of adopting null subcarriers in the proposed
mitigation scheme is learned in Fig. 5 in terms of BER
performance. According to (21), use of the null subcarriers
containing no decision errors results in a lower o2, yielding
an improved IN estimation. Hence, the IN can be thoroughly
mitigated using the feedback of the estimated IN as in (18)
with a reduced number of iterations. The results show that with
the aid of null subcarriers, only one iteration of the estimated
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Fig. 6. BER performance comparison under the proposed scheme with initial
IN estimation to show the benefit of adopting the pre-TD processing (8 = 0).
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Fig. 7. BER performance comparison under the proposed scheme with one
update of the IN estimation to see different impacts of NBI on the IN
estimation (8 = 1).

IN is required to lead to a BER performance approaching that
from the complete IN estimation.

In Fig. 6, a pre-processing block is adopted to extend
the use of null subcarriers, where the performance of the
proposed receiver is further enhanced by the feedback of an
improved initial IN estimation. It can be seen that the proposed
scheme with pre-TD processing achieves 5 dB SNR gain over
that without pre-TD processing. Under the pre-TD processing
aided initial IN estimation, a fairly good BER performance
can be obtained without iteratively updating the estimated IN
vector.

In the presence of NBI (8 = 1), the performance of
detecting the nonzero entries in the IN vector is affected by the
added ag in (31) and (32), which may result in an incomplete
IN mitigation. The impacts of different NBI environments
are depicted in Fig. 7 in terms of BER performance. It can
be observed that the proposed receiver works well under the
weak disturbance of NBI, which achieves BER values close
to that with no NBI. In the case of strong disturbance which
has a high value of NBI disturbance ratio p = 0.9, the null

—4A— No IN and NBI mitigation
— % — Conventional blanking w/ NBI [10] N N
_4 | —— wlo pre-joint FD/TD nulling N N
10 —*— w/ pre-joint FD/TD nulling
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Fig. 8. BER performance comparison under the proposed scheme with the
initial IN estimation intensively disturbed by NBI to show the benefit of
adopting the pre-joint FD/TD nulling (8 = 1).

subcarriers assisted method requires a 2.5 dB SNR gain to
achieve the same BER as no NBI, which still outperforms
that without using null subcarriers by approximately 2.5 dB.
When the system is intensively disturbed where the NBI
to background noise power ratio at the NBI contaminated
subcarriers is considered to be 40 dB, the corresponding
BER curve reveals a harmful impact of the ingress of the
intensive NBI, which should be eliminated properly before
the IN reconstruction.

In Fig. 8, the benefit of adopting the pre-joint FD/TD nulling
is evaluated under the impact of intensive NBI disturbance.
To achieve a sufficiently low false alarm rate Py = 10~*, the
threshold for pre-FD nulling in (34) normalised to o}, is set as
39.10, while the pre-TD nulling threshold in (37) normalised
to o has its value of 3.89. It can be seen that the deployment of
the pre-joint FD/TD nulling at the proposed receiver, results in
a near-optimal BER performance with the initial IN estimation
only. The IN vector is accurately reconstructed by the initial
estimation in the proposed scheme with the aid of pre-joint
FD/TD nulling. The IN reconstruction algorithm is robust
against intensive NBI, and results in approximately 12 dB
gain at BER of 0.01. The effectiveness of the proposed IN
mitigation scheme is validated, even under the environment of
intensive NBI. The impact of imperfect channel estimation
is also shown in Fig. 8. The channel frequency response
matrix Hy in (14) and (38) can be replaced by its estimate
I:IS, following Hy = 5hﬁs + E [39], where E is an error
matrix whose elements are independent identically distributed
zero mean Gaussian random variables and [3;, denotes the
normalized correlation coefficient between H and ﬁs. As
can be seen from Fig. 8, the proposed mitigation scheme
demonstrates robustness against imperfect channel estimation
with 8, = 0.9 and 0.95.

V. CONCLUSION

In this paper, the IN mitigation for OFDM-based high
speed in-vehicle PLC systems have been studied. A null
subcarriers assisted iterative receiver has been proposed to



reconstruct the IN, considering the potential NBI contaminated
null subcarriers. The ROC expressions of detecting nonzero
entries in the IN vector have been given, which are conditioned
by the presence of NBI. Moreover, a pre-FD/TD nulling block
has been adopted as an extended use of null subcarriers in the
proposed receiver, in order to improve the initial IN estimation
by joint mitigating the high-amplitude NBI and IN. Simulation
results have demonstrated a much better BER performance
of the proposed receiver than that of the blanking scheme
especially in the high SNR region, meanwhile, a reduced
number of iterations is required with the aid of null subcarriers
in the proposed scheme. In the presence of intensive NBI that
the power of the NBI contaminated subcarriers is extremely
high, the IN vector cannot be reconstructed accurately. Hence,
the implementation of pre-mitigation makes it possible to
achieve a BER performance with initial IN estimation only
close to that with complete IN estimation. The proposed IN
mitigation scheme is particularly useful to solve the problem
of IN mitigation when NBI is present, and can be applied to
future vehicular standards and other communication systems
disturbed by both IN and NBIL
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