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A Novel Precoding and Impulsive Noise
Mitigation Scheme for MIMO Power

Line Communication Systems
Yuwen Qian , Xiangwei Zhou , Jun Li , Feng Shu , and Dushantha Nalin K. Jayakody , Member, IEEE

Abstract—Power line communications (PLCs) enable new and
flexible networking functions in smart grids. However, due to the
high attenuation and interference, it is a great challenge for PLC
to achieve reliable and high data rate transmissions. Thus, we
propose a multiple-input multiple-output (MIMO) architecture to
improve the reliability and data rate for PLC networks. In viewing
the data rate requirements of in-home PLC network systems, we
develop a precoding scheme to maximize the system throughput.
In harmonizing to the proposed precoding scheme, the closed-form
of the sum data rate of the PLC-MIMO channel is derived. To
improve the communication reliability, we propose a partial trans-
mission sequence (PTS) based algorithm to mitigate the noise in
PLC channels. The closed-form of the symbol error rate (SER) is
derived according to the probability density function of the impul-
sive noise in PLC channels. Simulation results demonstrate that
the proposed precoding scheme achieves a better throughput when
compared to the conventional precoding schemes. Furthermore,
the PTS-based noise mitigation algorithm significantly improves
the SER performance of PLC links.

Index Terms—Impulsive noise, multi-input multi-output, power
line communications (PLCs), precoding, smart grid.
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I. INTRODUCTION

THE power line communication (PLC) network is becom-
ing a popular alternative for smart grids in extending the

coverage of local area networks, such as access networks and
in-home networks [1]. However, due to the high attenuation and
interference natured in PLC channels, it will be a great chal-
lenge to improve the transmission performance [2]. Most PLC
standards adopt multiple-input multiple-output (MIMO) tech-
niques [3], in which more than two wires are utilized to carry
information, thereby providing a higher data rate and better cov-
erage [4]. Nevertheless, the performance bottlenecks of such
MIMO systems are caused by self-interference due to MIMO
transmissions and impulsive noises in PLC systems. An effective
approach to mitigating self-interference is to adopt precoding
schemes, which can increase data rate by implementing channel
decoupling at the transmitters [5].

Precoding techniques in wireless networks have been exten-
sively studied [6], [7]. Although the experience gained in wire-
less applications can be borrowed by PLC-MIMO systems for
precoding design [8], channel characteristics of the power line
and wireless media are basically different. In wireless channels,
fading comes from time-varying constructive and destructive
combinations of multiple path signals. The fading in PLC chan-
nels is caused by not only the signal reflections in the branch-
based grid topology [9], which is like the signal reflections
in wireless communications, but also the signal attenuations
at each capacitor bank or transformer [10]. Furthermore, the
noise in the wireless channel is assumed to be dominated by the
thermal one. On the contrary, the noise in the PLC channel is
modeled as the colored background and asynchronous impulsive
noises. Therefore, many mature precoding algorithms in wire-
less MIMO networks, designed based on the features of wireless
channels, no longer work effectively in PLC networks [11].

Recent studies focus on precoding schemes in MIMO-based
PLC systems for performance enhancement [5], [12]. In these
studies, iterative algorithms are usually adopted to obtain a
suboptimal solution. However, the computational complexities
of these precoding methods are still high. Hence, designing
efficient precoding schemes with a low-complexity for MIMO-
based PLC networks is a challenging problem. At the same
time, as orthogonal frequency division multiplexing (OFDM)
has been utilized in PLC-MIMO systems for strengthening
the spectrum efficiency, proper precoding design can improve
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the transmission performance by effectively mitigating the
self-interference [13]. Nevertheless, impulsive noises in PLC
systems can hardly be removed, causing a performance
deterioration [14]. How to reduce impulsive noises is another
challenge in PLC systems [15].

In concord with the work presented in [16], the impulsive
noises affect the PLC system severely when its power exceeds a
certain threshold. An effective method for reducing the adverse
effect caused by impulsive noise, namely, a blanking approach,
is proposed in [17]. This strategy involves receiving one sig-
nal whose power is larger than the selected threshold, which
will be set as null. Based on this idea, a nonlinear preprocessor
with blanking, clipping, or hybrid has been proposed in [18].
Since this approach is very simple to implement for improving
the system performance, it has been widely used in practical
OFDM-based PLC systems. Nonetheless, these methods mit-
igate the impulsive based on the accurate prior knowledge of
the noise. As referred in [19], small error estimations of the IN
can cause the significant performance degradation. In this case,
Alsusa and Rabie [19] have proposed to blank the impulsive
noise with the optimal blanking threshold (OBT) by estimating
the signals’ peak-to-average-power ratio (PAPR). Based on this,
[20] implement the OBT estimation and design the impulsive
noise blanking algorithm with dynamic peak-based threshold
estimation (DPTE). Compared to the impulsive noise blanking
algorithm without estimating the OBT, the DPTE-based impul-
sive noise blanking algorithm can improve the gain of up to
2.5 dB. Furthermore, DPTE-based impulsive noise blanking al-
gorithm need the prior knowledge about the characteristics of
impulsive noise.

In addition, due to the high PAPR of the OFDM signals, the
received power of useful signals are often larger than the selected
threshold. Therefore, the high PAPR can lead to the imperfect
recognition of the impulsive signal, and thus the useful signals
are blanked and clipped or some impulsive noise signals are
overlooked. This leads to a dramatic performance degradation.
To solve the problem, the effective approach is to apply the
well-known PAPR reduction scheme. The partial transmission
sequence (PTS) is known as the effective approach to compress
PAPR[21], and PTS-based impulsive noise mitigation (INM) ap-
proach can improve the symbol error rate (SER) performance.
In the work presented in [22], Rabie and Alsusa have proposed
the DPTE-PTS algorithm to improve the performance according
to the blanking error probability, probability of missed blank-
ing, and probability of successful detection. Moreover, Rabie
and Alsusa [23] analyzed the performance of the system with
the DPTE-PTS algorithm by deriving the closed-form for the
SER and output signal-to-noise ratio (SNR). As in [18], the per-
formance is analyzed based on the assumption that signals are
transmitted over a Rayleigh channel. However, these techniques
require side information transmission, which can be energy con-
suming and challenging to implement in practice for PLC chan-
nels with non-Gaussian noise. To tackle this issue, vector OFDM
(VOFDM), which has inherently good PAPR features, has been
proposed in [24] for the PLC system and nulling and clipping are
implemented at the receiver to further improve the performance.
From the numerical results, the VOFDM scheme can provide

up to 2 dB transmit power savings compared to the conventional
OFDM to meet the same performance requirement. Generally,
the performance analysis in these works is based on the fact that
the fading of PLC channels follows the Rayleigh distribution.
However, it is more practical that the fading of PLC channels
follows the lognormal distribution. The analysis for the PLC
channel with the lognormal fading in the impulsive mitigation
system is the challenge.

In this paper, we propose the precoding and impulsive miti-
gating scheme for the PLC-MIMO systems, which is effective
in increasing the data rate by mitigating self-interference. In
particular, we list out our fourfold contributions as follows.

1) The PLC-MIMO system with impulsive noise is modeled
as a Markov process. Considering that the noise varies
with the state of the Markov process, we design the pre-
coding scheme for the PLC-MIMO system in each system
state. The transmitter can adaptively select the precoder
for the system states by perceiving channel state informa-
tion (CSI).

2) By solving the optimal problem of maximizing the sum
rate, we design the precoder matrix for each transmitter.
The closed-form expression is derived for the sum rate of
the PLC-MIMO channel based on the designed precoder
matrix.

3) By modeling the PLC channel as the VOFDM system,
we propose a hybrid noise mitigation algorithm of the
blanking [17] and clipping [18] to mitigate the impulsive
noise. To protect useful signals from being removed, the
PTS is used to reduce the PAPR of transmitting signals.

4) We derive the closed-form of the output SNR for the PLC
channel through hybrid noise mitigation of algorithm. To
the authors’ best knowledge, this is the first attempt to
analyze the performance of the INM algorithm where the
channel fading follows the lognormal distribution.

The remainder of this paper is organized as follows. Section II
describes the PLC-MIMO system based on OFDM. Section III
formulates the precoding problem in PLC-MIMO systems to
maximize the sum data rates, and a closed-form of the sum data
rates is derived. Section IV presents the hybrid noise mitigation
algorithm based on PTS. Section V provides numerical results
to demonstrate the performance of the proposed algorithms.
Finally, Section VI concludes the paper.

II. PLC-MIMO CHANNEL MODEL

The PLC-MIMO system is constructed with the combination
of the power line structure shown in Fig. 1 and the typical MIMO
model. The three-wire power line is composed of a phase (P),
a neutral (N ), and a protective earth (PE) [25]. Signals are
transmitted as the voltage difference between two power wires,
and thus there are three kinds of transmission (or input) ports,
i.e., P to N , P to PE , and N to PE . In the system, two ports
are exploited as the communication sockets for the reason that
the sum of the voltage difference between the three lines is zero,
according to Kirchhoff’s law in the circuit.

We adopt OFDM to improve spectrum efficiency in our PLC-
MIMO system, and employ the adaptive modulation to modulate
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Fig. 1. PLC channel for a three-wire installation, where signals are transmitted
with pairs of wires. There are three transmission (or input) ports: N −PE ,
P −N , and P − PE , and four reception (or output) ports N −PE , P −N ,
P − PE , and sum(P,PE ,N )-earth.

Fig. 2. OFDM scheme with M transmission ports and N reception ports in the
PLC-MIMO channel H, where the PTS module is installed to reduce the peak-
to-average power ratios of the signals, sn (n = 1, . . . , N ) is the input QAM
symbol, W is the precoding matrix, xm (m = 1, . . . , M ) is the transmitted
signal from mth transmission ports, yn (n = 1, . . . , N ) is the received signal
by nth reception ports, and ŝn (n = 1, . . . , N ) is the output symbol.

input signals. When receiving the OFDM signal, the receiver
utilizes an INM component to mitigate the impulsive noise in
the PLC channel. Fig. 2 illustrates our system.

Generally, the PLC-MIMO channel with M transmission
ports and N reception ports has the channel matrix H, described
by

H =

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎣

h1,1 · · · h1,m · · · h1,M

...
. . .

...
. . .

...

hn,1 · · · hn,m · · · h2,M

...
. . .

...
. . .

...

hN,1 · · · hN,m · · · hN,M

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎦

(1)

where hn,m (m = 1, . . . ,M and n = 1, . . . , N) is the complex
channel transfer function coefficient from the mth transmission
port to the nth reception port. As in [26], the time domain
expression of hn,m can be given by

hn,m =
Lm , n
∑

i=1

gm,n,iAm,n (f, �m,n,i)e−j2πf τm , n, i (2)

where Lm,n is the number of the propagation paths from the
mth transmission port to the nth reception port, f is the nat-
ural frequency, �m,n,i is the power line length from the mth
transmission port to the nth reception port over the ith propa-
gation path, τm,n,i is the delay related with �m,n,i , gm,n,i is the
weighting factor comprised of the reflection and transmission
factors along the propagation path, and Am,n (f, �m,n,i) is the
attenuation that increases with the frequency f . Furthermore,
by assuming that signals are transmitted at the same speed over
each path, we can approximate Am,n (f, �m,n,i) as

Am,n (f, �m,n,i) = e−(a0 +a1 ·f q )·�m , n , i (3)

where the constants a0 , a1 , and q can be obtained by measuring
the frequency response of PLC systems.

Especially, we consider the PLC systems shown in Fig. 2 as
the 2 × 2 MIMO PLC system, where there are two transmitters
and two receivers. Accordingly, the channel matrix H is

H =

(

h1,1 h1,2

h2,1 h2,2

)

. (4)

For the nth (1 ≤ n ≤ N) reception port, the received signal
yn can be expressed as

yn =
M
∑

m=1

hn,m xm + zn (5)

where xm is the signal transmitted from the mth transmission
port, and zn is the received noise at the nth reception port.

According to (1) and (5), we can describe the PLC-MIMO
channel model as

y = Hx + z (6)

where x = [x1 , x2 , . . . , xM ]T is the transmitting signal vector,
y = [y1 , y2 , . . . , yN ]T is the receiving signal vector, and z =
[z1 , z2 , . . . , zN ]T is the noise vector.

In the following, we take a series of steps to describe the noise
z in (6), which is generally known as a combination of Gaussian
and impulsive noises.

First, consorting to the work presented in [27], we model the
impulsive noise as a non-redundant and periodic stable Markov
process with an infinite number of states. Thus, the state set is

u = [μ0 , . . . , μη , . . . , μΘ]T , 0 ≤ η ≤ Θ (7)

where Θ(Θ → ∞) is the total state number.
By resorting to the memoryless nature of the system, we

define

pkj = Pr (Sl+1 = μk |Sl = μj ) (8)

where Sl represents the state of the system at time l, and pkj is
the state transfer probability of the event that the system is at the
jth (1 ≤ j ≤ Θ) state at time l and shifts to the kth (1 ≤ k ≤ Θ)
state at time l + 1.

Second, as given in [27], the state probability in the Markov
process is given by

Pr(μη = m) = e−G Gm

m!
,m ≥ 0 (9)
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Fig. 3. Precoding scheme of the PLC system, xn ,1 , xn ,2 , . . . , xn ,M are
signals emitted by the M transmission ports to the nth reception port,
yn (n = 1, · · ·N ) is the received signal of the nth reception ports, and
zn (n = 1, . . . , N ) is the received noises from the nth ports.

where G is the impulsive index that depends on the average
number of impulses per unit time.

With the statistical method presented in [10] and (9), the prob-
ability density function (PDF) of the amplitude of the impulsive
noise is given by

f(x) = e−G
∞
∑

η=0

Gη

η!
√

2πσ2
η

e
− x 2

2 σ 2
η (10)

where σ2
η = σ2 · (η/G+Γ)

(1+Γ) , σ2 = σ2
g + σ2

i , Γ = σ2
g /σ2

i , σ2 is
the total noise power that equals the sum of impulsive and Gaus-
sian noise powers, σ2

i is the impulsive noise power, σ2
g is the

Gaussian noise power, and Γ denotes the power ratio between
the Gaussian noise and impulsive noise.

As originally given in [28], the combination of the Gaussian
and impulsive noises can be modeled as a Bernoulli Gaussian
random process

z = zg + zi (11)

where zg is the Gaussian noise, and zi is the impulsive noise.

III. PRECODING ALGORITHM

In this section, we design a precoding scheme for the PLC-
MIMO system, as shown in Fig. 3.

As given in (10), the power of the noise in the ηth state can
be given as

σ2
η = σ2

( η
G + Γ
1 + Γ

)

. (12)

From (12), we notice that the noise of the system in the ηth
state is different from that of the system in the (η + 1)th state.
Since the data rate is dominated by the noise and transmit power,
the data rate in each state is different from each other as the
transmit power is assumed to be fixed. Furthermore, according
to the work presented in [29], the noise of each state can be
taken as a Gaussian noise. In this case, we present our precoding
algorithm to maximize the sum data rate for each system state.

We select the ηth (1 ≤ η ≤ Θ) state to design the precoding
matrix. Let us denote sn as the signal sent to the nth (1 ≤ n ≤
N) reception port. In the following, we take the procedure of
transmitting sn in the PLC-MIMO system as an example to
derive the precoding matrix for the ηth state.

As sn is transmitted in the ηth state, the transmitting sig-
nal vector x(η )

n = [xn,1 , xn,2 , . . . , xn,M ] from M transmission
ports to the nth reception port is given by

x(η )
n = Fw(η )

n sn (13)

where F is the inverse fast Fourier transform (IFFT) transform
matrix, w(η )

n = [w(η )
n,1 , w

(η )
n,2 , . . . , w

(η )
n,M ]T is the precoding vec-

tor designed to send information for the nth receiving port in

the ηth state, and w(η )H

n w(η )
n = 1. Note that the power of the

transmit ports are assumed to be normalized.
In the OFDM scheme, we use an equivalent frequency re-

sponse ̂hn,m for the PLC channels, given by

̂hn,m = hn,mF . (14)

According to (13) and (14), the received signal at the nth port
is expressed as

y(η )
n = ̂hnw(η )

n sn + ̂hn

N
∑

j=1,j �=n

w(η )
j sj + z(η )

n (15)

where ̂hn = [̂hn,1 ,̂hn,2 , . . . ,̂hn,M ] is the channel vector of the

nth receiving port, z
(η )
n is the channel noise of the nth port

with the variance (σ(η )
n )2 , sj is the signal sent to the jth (j =

1, . . . , N , and j �= n) receiving ports, and w(η )
j is the precoding

vector designed to send information for the jth receiving port.
Accordingly, sj is the information sent to the jth port that can

be also received by the nth port, which then introduces the self-
interference to the nth port to receive information. Therefore, in
our precoding algorithm, we need to mitigate these interferences
to achieve higher data rate.

In the process of designing the precoding matrix of the nth
receiving port in the ηth state, we first define two matrices A(η )

t,n

and B(η )
t,n , where t(1 ≤ t ≤ N) is an integer. According to the

relation between t and n, we give the definitions of A(η )
t,n and

B(η )
t,n in two cases. In the first case, if n = t, we define A(η )

t,n as

A(η )
t,n �

⎛

⎝

(

σ
(η )
t

)2
+

N
∑

t=1,t �=n

w(η )
t

H
̂hH

t
̂htw

(η )
t

⎞

⎠ IM ×M

(16)

and B(η )
t,n as

B(η )
t,n � ̂hH

t
̂ht + A(η )

t,n . (17)

In the second case, if n �= t, At,n is defined by

A(η )
t,n �

⎛

⎝

(

σ
(η )
t

)2
+

N
∑

j=1,j �=n,j �=t

w(η )
j

H
̂hH

t
̂htw

(η )
j

⎞

⎠

· IM ×M + ̂hH
n
̂hn (18)
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and B(η )
t,n is defined by

B(η )
t,n � w(η )

t

H
̂hH

t
̂htw

(η )
t + A(η )

t,n . (19)

Since w(η )H

n w(η )
n = 1, A(η )

t,n and B(η )
t,n are semi-positive matri-

ces. Then, we can calculate the achievable sum data rate of the
N ports in the ηth state with Theorem 1.

Theorem 1: In PLC-MIMO systems with N reception ports
under impulsive and Gaussian noises in the ηth (1 ≤ η ≤ Θ)
state, as the signals precoded with w(η )

n are transmitted to the
nth (1 ≤ n ≤ N) port, the achievable sum data rate of the N
reception ports is given as

R(η )
sum(n) = log2

⎛

⎝

N
∏

t=1

w(η )
n

H
B(η )

t,nw(η )
n

w(η )
n

H
A(η )

t,nw(η )
n

⎞

⎠ . (20)

Proof: See Appendix A.
To calculate the maximal R

(η )
sum(n) in (20), we define

λ
(

w(η )
n

)

=
N
∏

t=1

w(η )
n

H
B(η )

t,nw(η )
n

w(η )
n

H
A(η )

t,nw(η )
n

. (21)

According to (20) and (21), computation of the maximal R
(η )
sum

is equivalent to computing the maximal λ(w(η )
n ). By using La-

grange multipliers, we can obtain

λ
(

w(η )
n

)

=
{

λ
(

w(η )
n

)

|det
(

V
(

w(η )
n

)

−λ
(

w(η )
n

)

Q
(

w(η )
n

)

= 0
)}

(22)

where

V
(

w(η )
n

)

=
N
∑

j=1

N
∏

t=1,t �=n

w(η )
n

H
B(η )

j,nw(η )
n B(η )

t,n (23)

and

Q
(

w(η )
n

)

=
N
∑

j=1

N
∏

t=1,t �=j

w(η )
n

H
A(η )

j,nw(η )
n A(η )

t,n . (24)

Since (22) is not convex, we cannot obtain the closed-form so-
lution for w(η )

n . However, we can follow the generalized power
iterative (GPI) algorithm proposed in [30] to obtain the approx-
imate global solution for w(η )

n . By repeating GPI for N times,
we can develop W (η ) that is the precoding matrix used for the
η state. Since, according to the work presented in [30], GPI is
convergent, our approach to computing W (η ) is also conver-
gent with complexity O(NI), where I is the complexity of the
algorithm GPI.

It is assumed in this paper that the CSI is available at termi-
nal nodes and the PLC channel is quasi-stationary (or quasi-
cyclostationary) [31]. Thus, we use a feedback channel to
obtain CSI, which can indicate the Markov state η for the
PLC-MIMO system. In this way, the transmitter can select
W (η ) dynamically in terms of the dynamically obtained CSI.
Since W (η ) can be designed when initializing the system, we

Fig. 4. PTS-based INM model, where Xn is the input 16-QAM symbol trans-
mitted to the nth port, u(v ) (v = 0, . . . , V − 1) is the signal in time domain
after the IFFT transformation, dv (v = 0, . . . , V − 1) is the constructed com-
plex phase factor used to reduce the PAPR, and rn is the received signal from
the nth port, yn is the output signal of the INM, and X̂n is the output of the
INM system.

do not need to calculate W (η ) for each time when the system
state varies. As a result, the proposed precoding scheme works
efficiently.

In addition, as we transmit signals to the nth port, the maximal
sum data rate of the PLC-MIMO system with the proposed
precoding algorithm in Θ states can be obtained as

Rsum(n) =
Θ−1
∑

η=0

e−GGη

η!
R(η )

sum(n). (25)

IV. IMPULSIVE NOISE MITIGATION

In this section, we present an INM approach according to
the system states. We consider the channel between the mth
transmission port and the nth reception ports in PLC-MIMO
system. The PLC channel is modeled as a VOFDM system ac-
cording to the work presented in [24]. The input signals are
mapped into 16-quadratic-amplitude modulation (QAM) sym-
bols, which then pass through an OFDM modulator. The time
domain signal u(τ) produced by the OFDM modulator can be
written as

u(τ) =
1√
K

K−1
∑

k=0

ske
j 2 π k τ

T s , 0 < τ < Tp (26)

where K is the number of sub-carriers, sk is the input QAM
symbols, Ts is the active symbol interval, and Tp is the
period.

The PTS-based INM model is shown in Fig. 4. In the
PTS algorithm, the transmitting information bits need to
be partitioned into vectors. The information transmitted to
the nth port Xn is first partitioned into V disjoint sub-blocks
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Xn = [S(0)
n ,S(1)

n , . . . ,S(V )
n ]. Since the sub-carrier number of

the OFDM scheme is K, the vector S(v )
n can be expressed as

[S(v )
1 , S

(v )
2 , . . . , S

(v )
K ], v = 1, 2, . . . V .

A. PAPR Reduction

In this section, we use a PAPR reduction to reduce the PAPR
of signals. The PAPR of signals is defined by

Υ =
max |u(τ)|2

E
(

|u(τ)|2
) (27)

where E(·) is the statistical expectation.
Now, we use PTS-based approach to reduce PAPR. First,

we transform the time domain signals u(0) , u(1) , . . . , u(V −1)

into frequency domain signals u(0)(f), u(1)(f), . . . , . . . ,
u(K−1)(f). Then, each frequency domain signal is multiplied
by a corresponding complex phase factor, expressed as

xn (f) =
V −1
∑

v=0

dv · F
(

S(v )
n

)

=
V −1
∑

v=0

dnu(v )(f) (28)

where x(f) is the frequency domain signal transmitted by the
transmitting ports, and dv is the complex phase factor, con-
structed by

dv = ejφi , i = 1, 2, . . . , C (29)

where C is a constant, and φ is the phase angle.
In the next step, we select the optimal phase factor vector

[d0 , . . . , dV −1 ] to satisfy

[d0 , . . . , dV −1 ] = arg min
[d0 ,...,dV −1 ]

(

max

∣

∣

∣

∣

∣

V −1
∑

v=0

dvu(v )(f)

∣

∣

∣

∣

∣

)

. (30)

At last, we obtain the transmitted time domain signal, given
by

xn =
V −1
∑

v=0

(

dv ⊗ u(v )
)

(31)

where ⊗ represents the convolution.
Since the complexity of the approach depends on C, we utilize

the binary-phase-factor algorithm presented in [32], where C =
2, to seek the optimal value for dk to minimize PAPR of the
input signal.

B. Noise Mitigation Scheme

In this section, we design a hybrid noise mitigation processor
(HNMP) to mitigate noise in the PLC channel. The HNMP is a
combination of the blanking [18] and clipping [33] noise miti-
gation. According to the work presented in [17], the blanking-
based noise mitigation is the simplest and most effective method
to make the impulsive noise null. The clipping-based method,
however, is used to mitigate the noise created by the uncorre-
lated distort component, caused by the nonlinearity output of
the Gaussian process.

To implement the HNMP, we need to select two amplitude
thresholds, the clipping threshold T and blanking threshold aT .
Generally, a is a constant larger than one. In this case, we can
use three events to describe the receiving signals. The first event,
denoted by D0 , represents that the amplitude of received signal
is between 0 and T . If D0 occurs, the received signals are taken
as those transmitting signals without influenced by noises. Thus,
we do not need to change them. Second, we use the event D1 to
indicate the received signal amplitudes between T and aT . As
D1 occurs, we clip the receiving signals. In the processing of
clipping noise, the signal with maximal amplitude vk is selected
from the input signals of the HNMP v0 , . . . , vK−1 , expressed as
arg(vk ). Then, we use Tej arg(vk ) as the output clipped signal.
At last, the event D2 implies that the received signal amplitudes
are larger than aT . When D2 occurs, the receiving signal is
considered as the impulsive noise. Thus, we set its amplitude as
zero.

As a result, the output signal ṽk of the HNMP can be expressed
as

yn =

⎧

⎪

⎨

⎪

⎩

rn , rn ≤ T

Tej arg(rn ) , T < |rn | ≤ aT

0, |rn | > aT

(32)

where vk is the input signal of the HNMP.
According to (32), the output signal xn can also be expressed

as

yn = K · hn,m xn + zn (33)

where K is a scaling factor, and zn is the noise. Since zn is
independent with sending signals, E[znx∗

n ] = 0, where x∗
n is

the conjugate signal of xn .
K in (33) is given by the work presented in [34] as

K =
E (ynx∗

n )

h2
n,m E

(

|xn |2
) =

1
2h2

n,m

E (ynx∗
n ) . (34)

According to (32) and (33), we present the closed-form expres-
sion for the output SNR of the HNMP with Theorem 2.

Theorem 2: Given a PLC-OFDM channel subject to the
combination of the impulsive and Gaussian noises, the output
SNR γ for the HNMP can be given by

γ =
(

Pout

2h2
n,mK2 − 1

)−1

(35)

where Pout and K are the output signal power of the HNMP and
the scaling factor, which are given by (36) and (37), respectively,
in the following page.

Pout =
Θ
∑

η=1

pη
2Qr (T )CrQr

(

Te−2πσ 2
η

)

+
Θ
∑

η=1

pη
2 (Qr (aT )

− Qr (T )) Cr

(

Qr

(

aTe−2πσ 2
η

)

− Qr

(

Te−2πσ 2
η

))

.

(36)
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TABLE I
SIMULATION PARAMETERS SETTING

K =
1
4

Θ
∑

η=1

⎛

⎝pη
2Qr (T )CrQr

(

Te−2πσ 2
η

)

−
∑

ς∈{s,z}

×
(

N
∑

i=1

HiQς

(

T − σ2
gη

− ξi

)

Cς Qς

(

Te−2πσ 2
ς

)

))

+
T

4

Θ
∑

η=1

pη
2 (Qr (aT ) − Qr (T ))

×
⎛

⎝

∑

χ∈{r,Z1 ,Z2 }
˜Cχ

(

Qχ

(

aTe−πσ 2
χ

)

− QZ2

(

Te−πσ 2
χ

))

⎞

⎠.

(37)

In (36) and (37), Qi (·) is

Qi(x) =
∫

ln (x )−μ i√
2 π σ 2

i

−∞
e−t2

dt, i ∈ {r, s, z, Z1 , Z1} . (38)

In addition, Cj and ˜Cl are constants, given by

Cj = e2(πσ 2
j +μj ), ∀j ∈ {r, s, z} (39)

˜Cl = e
π σ 2

l
2 +μl , ∀l ∈ {r, Z1 , Z1} (40)

σ2
η is the total noise power in the state η, and pη is the occurrence

probability of the state η.
Proof: See Appendix B.
Based on (35), we can obtain the closed-form expression for

SER of the PLC OFDM system as

PSER = 1 −
(

1 − 2
(

1 − 1√
θ

)

Q

(
√

3γ

θ − 1

))2

(41)

where θ is the constellation order, and γ is the output SNR.

V. SIMULATION RESULTS

In this section, we present numerical results. We use MAT-
LAB to build Monte Carlo simulations for the PLC-MIMO sys-
tem, as shown in Fig. 2. The 16-QAM is adopted to modulate
input signals for the OFDM system. The simulation results are
used to compare with those found from the developed analyti-
cal model. The simulation parameters are chosen based on the
HomePlug AV2 standard [35], configured as Table I.

Fig. 5 shows the sum data rate curves of receiving ports
against the noise in various noise states. It can be noticed that

Fig. 5. Comparison of the sum data rate of receiving ports against the SNR
among five noise states.

Fig. 6. Comparison of the sum data rate of receiving ports against the SNR
among three precoding algorithms.

the dominant of the sum data rate are those achieved when
the system is in state 0 and state 1. The sum data rate becomes
smaller with the increasing of the state number. Especially, when
the system is in the state whose state number is larger than
four, the sum data rate is around zero. The reason is with the
increasing of the state number, the occurrence probability of the
corresponding state decreases dramatically. As a result, the sum
data rate in these states whose number is larger than five is very
small.

Fig. 6 demonstrates curves of the sum data rate achieved
by different precoding algorithms. The numerical curves are
obtained by using the closed-form expression given by (25).
It follows from the figure that the analytical results and the
simulation results are consistent. The result also shows that the
sum data rate of the proposed precoding algorithm is better than
that of the block diagonalization (BD) and corresponds closely
to that of SVD in the case of low SNR ratio. With the increase
of SNR, the performance of the proposed precoding algorithm
is worse than that of SVD, but still much better than that of BD.
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Fig. 7. Comparison of the output SNR when adopting different thresholds
among different noise mitigation methods and the PLC-OFDM system without
adopting noise mitigation.

Therefore, the proposed precoding approach can improve the
performance of practical PLC systems.

To evaluate the performance of the proposed hybrid noise
mitigation method, we need to select an appropriate threshold T
for (32). However, it is very difficult to derive the optimal value
for the threshold in theory. Thus, we use the experimental way
to specify the threshold. As shown in Fig. 7, if the threshold is
set as two or three, the PLC system can achieve the best output
SNR as using clipping noise mitigation. We also notice that
when the threshold is set as four for blanking noise mitigation,
the receiver can obtain the best SNR. Consequently, we choose
three as the threshold for the clipping noise mitigation and four
as the threshold for the blanking one. However, if the threshold
T is larger than six, the output SNR decreases dramatically.
The reason is that the threshold is used to mitigate noise signals
whose amplification is large than the threshold. When T is larger
than six, the noise mitigation algorithms cannot work effectively
to mitigate the noise with power lower than six. In addition, we
observe that the numerical results, obtained with (35), are almost
consistent with the simulation ones, with a small performance
gap.

Fig. 8 indicates the figure of output SNR for the HNMP
against the threshold. We observe that the noise mitigation can
improve the performance on SNR by introducing PTS to the
noise mitigation system. Furthermore, as we select the appro-
priate threshold, such as T = 4, the output SNR in HNMP based
on PTS is much better than that without PTS.

Fig. 9 evidences the SER curves obtained by (41) against
signal to impulsive noise ratio (SIPNR). In this simulation, the
HNMP is designed based on PTS with K = 8, where K is the
number of sub-carriers of the OFDM system. It can be seen from
the figure that the analytical results and the simulation results
are consistent. Also, we notice that the noise mitigation can sig-
nificantly improve the SER performance, when compared to the
PLC-OFDM system without noise mitigation. Since the power
ratio of signal to impulsive noise reduces with the increasing
power of impulsive noise, SER of the system without adopt-
ing noise mitigation increases dramatically. However, SER of

Fig. 8. Comparison of output SNR against thresholds among HNMP without
adopting PTS, HNMP adopting PTS with K = 4, and HNMP adopting PTS
with K = 8. K is the number of sub-carriers of the OFDM system.

Fig. 9. SER at the output of 16-QAM OFDM demodulator against signal to
impulsive noise ratio. The threshold T is set as three and four for clipping and
blanking noise algorithms, respectively.

systems adopting HNMP and blanking noise mitigation de-
creases due to removing of the impulsive noise signal. Nonethe-
less, if the SIPNR is between −10 dB and −5 dB, the impulsive
noise is very difficult to be removed by mitigation algorithms,
which leads to SER getting their large values. As SIPNR is lower
than −10 dB, SER decreases fast. Furthermore, in the case of
low SIPNR, SER of HNMP is almost the same with and slightly
better than that of blanking noise mitigation.

VI. CONCLUSION

In this paper, we design a PLC-MIMO system to improve
the data rate, where multiple wires are used as communication
channels subject to the impulsive and the Gaussian noises. Then,
we develop a precoding scheme by maximizing the sum data
rate. In consorting to this, we further derive a closed-form of the
sum data rate for the PLC-MIMO system in each Markov state.
In order to improve the system performance, we adopt a hybrid
noise mitigation scheme to reduce channel noises. We use PTS

Authorized licensed use limited to: NANJING UNIVERSITY OF SCIENCE AND TECHNOLOGY. Downloaded on January 12,2021 at 01:57:20 UTC from IEEE Xplore.  Restrictions apply. 
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to reduce the PAPR of transmitting signals for protecting the
useful signal from being mitigated. A hybrid approach of the
blanking and clipping noise mitigation is used to mitigate the
channel noise. Finally, the closed-form for the output SNR of the
HNMP is derived. Simulation results reveal that our precoding
scheme achieves a better sum data rate as compared to the
traditional precoding schemes, and the proposed HNMP can
considerably improve the SER performance.

APPENDIX A
PROOF OF THEOREM 1

Proof: The achievable data rate of the nth receiving port
in the ηth state can be expressed as the mutual information of
sn and yn , given as

I(η ) (xn , yn ) = log2

⎛

⎝1 + ̂hnw(η )
n w(η )

n

H
̂hH

n

×
⎛

⎝σ(η )
n

2
+ ̂hn

N
∑

t=1,j �=n

w(η )
t w(η )

t

H
̂hH

t

⎞

⎠

−1⎞

⎠.

(42)

We then prove the problem in two cases. In the first case,
we derive the data rate of the nth receiving port, which can be
expressed as

I
(

xn , yn
(η )
)

= R(η )
sum (n)

= log2

×
⎛

⎝1 +
w(η )

n

H
̂hH

n
̂hnw(η )

n

σ
(η )
n

2
+
∑N

t=1,t �=n w(η )
t

H
̂hH

n
̂hnw(η )

t

⎞

⎠

= log2

⎛

⎝

w(η )
n

H
B(η )

n,nw(η )
n

w(η )
n

H
A(η )

n,nw(η )
n

⎞

⎠ . (43)

In the second case, we calculate the sum data rate of the other
receiving N − 1 ports, given as

I(η ) (st , yt) = log2

(

1 + ̂htw
(η )
t w(η )

t

H
̂hH

t

×
(

rt + ̂htw(η )
n w(η )

n

H
̂hH

t

)−1
)

(44)

where rt can be expressed as

rt = σ(η )
n

2
+ ̂hn

N
∑

t=1,j �=n

w(η )
t w(η )

t

H
̂hH

t . (45)

Hence, the sum data rate of the N ports can be obtained as

R(η )
sum (t) =

N
∑

t=1,j �=n

log2

⎛

⎝

w(η )
n

H
B(η )

t,nw(η )
n

w(η )
n

H
A(η )

t,nw(η )
n

⎞

⎠ . (46)

By combining (43) and (46), (20) holds. This completes
Theorem 1. �

APPENDIX B
PROOF OF THEOREM 2

Proof: According to (33) and (34), the receiving SNR can
be expressed as

γ =
E
(

|K · hn,m xn |2
)

E
(

|yn −Khn,m xn |2
) =

⎛

⎝

E
(

|yn |2
)

2h2
m,nK2 − 1

⎞

⎠

−1

. (47)

Let Pout = E(|yn |2), (35) directly holds.
We then derive the closed-form for Pout and K. After passing

through noise mitigation processor, the power of the output
signal is given as

Pout =
Θ
∑

η=1

E
(

|yn |2 |D0 , η
)

Pr(D0 , η)

+
Θ
∑

η=1

E
(

|yn |2 |D1 , η
)

Pr(D1 , η) (48)

where Pr(D0 , η) is probability that the event D0 occurrence in
the η state.

According to the work presented in [10], the fading ampli-
tude of the PLC channel is a log-normal distribution. Then, we
express the PDF f (|yn | |D0 , η ) by defining Ar = |yn |, given
as

f (Ar |D0 , η ) =

⎧

⎨

⎩

pη

Ar

√
2πσ 2

η

e
− ( ln A r −μ r ) 2

2 π σ 2
η , 0 ≤ Ar ≤ T

0, otherwise.
(49)

Then, Pr(D0 , η) can be given as

Pr(D0 , η) =
∫ T

0

pη

Ar

√

2πσ2
η

e
− ( ln A r −μ r ) 2

2 π σ 2
η dAr

= pη

∫ ln T −μ r√
2 π σ 2

η

−∞
e−x2

dx. (50)

With (38) and (40), (50) can be simplified as

Pr(D0 , η) = pηQr (T ). (51)

Similarly, E(|yn |2 |D0 , η) in (48) can be expressed as

E
(

|yn |2 |D0 , η
)

=
∫ T

0
A2

r

pη

Ar

√

2πσ2
η

e
− ( ln A r −μ r ) 2

2 π σ 2
η dAr

= pη e2(πσ 2
η +μr )

∫ ln T −μ r√
2 π σ 2

η

−∞
e−(t−

√
2πσ 2

η )
2

dt

= pηCr

∫

ln

(

T e
−2 π σ 2

η

)

−μ r

√
2 π σ 2

η

−∞
e−x2

dx. (52)

Also, (52) can be simplified as

E
(

|yn |2 |D0 , η
)

= pηCrQr

(

Te−2πσ 2
η

)

. (53)
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With the same method, we have

Pr(D1 , η) = pη (Qr (aT ) − Qr (T )) . (54)

Then, we obtain

E
(|yn |2 |D1 , η

)

= pηCr

(

Qr

(

aTe−2πσ 2
η

)

− Qr

(

Te−2πσ 2
η

))

.

(55)

Substituting (51) and (55) into (48), (36) holds.
Similarly, we can express K as

K =
1
2

Θ
∑

η=1

E (ynx∗
n |D0 , η) Pr(D0 , η)

+
1
2

Θ
∑

η=1

E
(

Tej arg(xn +zn )x∗
n |D1 , η

)

Pr(D1 , η). (56)

The first item of (56) can be expressed by the similar approach
to cope with (48). Then, we have

E (ynx∗
n |D0 , η) =

1
2

E
(

|yn |2 |D0 , η
)

− 1
2

E
(

|xn |2 |D0 , η
)

− 1
2

E
(

|zn |2 |D0 , η
)

. (57)

For simplicity, we define Ax = |xn | and Az = |zn |. To derive
E(|xn |2 | D0 , η), we express the PDF of (|xn | | D0 , η) as

f (Ax | D0 , η) =
f (Ax) Pr (D0 |Ax, η)

Pr (D0 |η)
. (58)

Suppose that Ax follows the log-normal distribution with the pa-
rameter (us, σ

2
s ) and Az follows the normal distribution with the

parameters (uz , σ
2
z ). Furthermore, Ax and Az are independent.

Then, we derive the PDF of Ax + Az as

fAx +Az
(w) =

∫ ∞

0
fz (Az )fs(w − Az )dAz

=
∫ ∞

0

1
(w − Az )2πσ2

s σ2
z

× e
−
(

( ln (w −A z )−μ s ) 2

2 π σ 2
s

+ (A z −μ z ) 2

2 π σ 2
z

)

dAz (59)

where w denotes Ax + Az , and fz and fs are the PDF of Az

and Ax .
According to the work presented in [12], we have the approx-

imation

∫ ∞

0
f(x) · e−x2

dx ≈
N
∑

i=1

Hi · f(x). (60)

Therefore, (59) can be approximated as

fAx +Az
(w) =

N
∑

i=1

Hi · 1
(w − ξi)

√

2πσ2
s

e
− (ln (w −ξ i )−μ s )2

2 π σ 2
s .

(61)

Then, we have

Pr (D0 |Ax, η) =
∫ T −σ 2

g η

0
fAx +Az

(w) dw

=
∫ T −σ 2

g η

0

N
∑

i=1

Hi

· 1
(w − ξi)

√

2πσ2
s

e
− (ln (w −ξ i )−μ s )2

2 π σ 2
s dw

=
N
∑

i=1

Hi

∫

ln (T −σ 2
g η

−ξ i )−μ s√
2 π σ 2

s

−∞
e−x2

dx. (62)

As in (51), we simplify (62) as

Pr (D0 |Ax, η) =
N
∑

i=1

Hi · Qs

(

T − σ2
gη

− ξi

)

. (63)

Thus, f(As |D0 , η) in (58) is obtained as

f (Ax |D0 , η) =

∑N
i=1 Hi · Qs

(

T − σ2
gη

− ξi

)

pηQr (T )
f(Ax). (64)

Plug (63) into (52), E(|sk |2 |D0 , η) is

E
(

|xn |2 |D0 , η
)

=

∑N
i=1 Hi · Qs

(

T − σ2
gη

− ξi

)

pηQr (T )

× CsQs

(

Te−2πσ 2
s

)

. (65)

By using the same method with (65), we have

E
(

|zn |2 |D0 , η
)

=

∑N
i=1 Hi · Qz

(

T − σ2
gη

− ξi

)

pηQr (T )

× CzQz

(

Te−2πσ 2
z

)

. (66)

In addition, the second item of the right hand in (56) can be
expressed as the work presented in [18]

E
(

Tej arg(xn (f )+zn (f ))s∗b |D1 , η
)

=
T

2
(E (|ṽk ||D1 , η) + E (|Z1 ||D1 , η) + E (|Z2 ||D1 , η))

(67)

where Z1 and Z2 are the random variables defined as Z1 =
A2

x/Ar and Z2 = A2
z /Ar .

With the integral method given in (55), we can obtain

E (|ṽk ||D1 , η) = pη
˜Cr

(

Qr

(

aTe−πσ 2
η

)

− Qr

(

Te−πσ 2
η

))

.

(68)

We define Z1 = A2
x/Ar and thus Z1 follows the log-normal

distribution with parameter (2μs − μr , 4σ2
s + σ2

η ). For simplic-
ity, we define μZ1 = 2μs − μr and σ2

Z1
= 4σ2

s + σ2
η . In this
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case, it follows that

E (|Z1 ||D1 , η) = pη
˜CZ1

(

QZ1

(

aTe−πσ 2
Z 1

)

− QZ1

(

Te−πσ 2
Z 1

))

. (69)

Similarly, we have

E (|Z2 ||D1 , η) = pη
˜CZ2

(

QZ2

(

aTe−πσ 2
Z 2

)

− QZ2

(

Te−πσ 2
Z 2

))

. (70)

Combining (53), (55), (56), (65), and (66), we can obtain (37).
This completes Theorem 2. �
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