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Abstract

Internet of Things (loT) is a network of enormous things that are connected together for data
communication. Therefore, 10T objects require an efficient technique for data communication. When
transmitter power efficiency and performance improvement are of paramount importance, linear precoded
orthogonal frequency division (LP- OFDM) is considered as a desirable candidate for uplink wireless
transmission among loT devices. However, negative ramifications of impulsive noise (IN) raise among
millions of 10T devices based LP-OFDM systems need to be mitigated. In this work, a matrix interleaver
(M1) is employed with LP-OFDM system to suppress the deleterious effect of IN on the performance of
such a system when it is used as the transmission technique among the 10T devices. Consequently, the
proposed scheme achieves a considerable bit-error-rate (BER) performance improvement when compared
with the conventional approaches over multipath communication among loT devices even in the presence
of impulsive noise. Such BER improvement is achieved as a result of integrating the role of the linear
precoders (i.e fast Fourier transform (FFT)) and M1 to spread the effect of IN over large OFDM symbols.
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I. INTRODUCTION

Internet of Things (IoT) is an advanced automation
system that can be used to deliver complete systems for
a product or service. This can be achieved by exploiting
network infrastructure, sensors, data mining, and
artificial intelligence (Al) technology. Owing to its
flexibility and ability to be suitable in any environment,
loT will widely use in industries to enhance data
collection, automation, and operations. In despite,
efficient transmission techniques should be utilized
among the physical layers of 10T networks [1]. Hence,
due to its low peak power, computationally efficient
frequency domain equalizers and robust performance
against frequency selective fading channels, linear
precoded orthogonal frequency division multiplexing
(LP-OFDM) is a transmission technique that can be
employed efficiently for such purpose. LP-OFDM has
been adopted in many high data rate communication
standards and applications due to its spectral efficiency
and robustness against frequency-selective fading
channels [2]. However, the performance of such a
system degrades owing to the disturbance of impulsive
noise especially if the impulsive noise energy exceeds a
certain threshold. Basically, impulsive (man-made)
noise arises from power lines, heavy current switches
and other sources. The disturbance of such a noise has a
negative ramification on the bit error rate (BER)
performance of LP-OFDM systems. Therefore, recent
studies employed considerable efforts to analyze and
mitigate the impact of this phenomenon on the
performance of such systems. The negative ramification
of the impulsive noise on the robustness of multicarrier
comparing with single carrier systems against
multiplicative fading channel is introduced in [3]-[5].
Moreover, [6] introduced a performance analysis for the
OFDM system over fading channels with the presence
of impulsive noise. Furthermore, Zhodkov in [7]
investigated the effect of various man-made noise
scenarios on the performance of OFDM system with
blanking  non-linearity = method. = Whereas, the
performance of OFDM system is assessed and
compared with clipping, blanking and combined
clipping- blanking techniques over various impulsive
noise models is presented in [8]. A novel block iterative
Bayesian algorithm (Block-IBA) is introduced in [9] to
suppress the deleterious effect impulsive noise on
OFDM’s performance. In such an approach, impulsive
noise estimated and cancelled by using the guard band
null and data subcarriers. Moreover, in [10] multiple
thresholds are employed to propose and analyze
nonlinear estimators for impulsive noise burst. In such a
work, a new heuristic criterion is used to set the
thresholds, however, slightly suboptimal estimation. In
order to suppress them, man-made noise locations are
determined by using pilot tones as syndromes in [11].

In addition, the noisy (background Gaussian plus
impulsive noise) channel is reduced by using matrix
interleaver (MI) with the conventional OFDM system in
frequency-domain [4]. Moreover, Ml is used post to the
inverse discrete Fourier transform (IDFT) to spread the

effect of impulsive noise over large symbols then to
eliminate them and reduce channel error rate [12]-[13].
Although, significant BER performances are achieved
over AWGN channel and multipath fading channel,
even in the presence of impulsive noise, however with
relatively burden of complexity at the receiver side.
Furthermore, channel estimation in such a system is
complicated and required high complexity.

In this work, LP-MI-OFDM system is proposed to
overcome the deleterious effect of the man-made noise
on the communication among the physical layers of 1oT
networks. A comprehensive investigation of the
proposed LP-MI-OFDM system over multipath
transmission and under the man-made impulsive noise is
presented. Simulation results confirm that the proposed
LP-MI-OFDM system outperforms the OFDM-MI
system over both AWGN and multipath fading channel
models, in the presence of impulsive noise.

The rest of this paper is organized as follows. Basics
of loT are briefly presented in Section Il. Section Il
illustrates the LP-OFDM system over multipath fading
channel and under impulsive noise. The structure of the
proposed LP-MI-OFDM system is produced in Section
IV. Section V demonstrates the simulation results along
with their discussion. Lastly, Section VI concludes the

paper.

Il. BASICSOF 10T

loT is an attractive candidate that will be utilized
widely in our daily life within the forthcoming years.
Basically, 10T is a technology in which variety of things
are connected in a manner where each individual things
has the ability to interact and exchange data with others.
The main advantages of using loT are effective
resources management, technology optimization,
customer engagement improvement, waste reduction,
and collecting data efficiently. However, the main
challenges that may impact using 10T technology are
network latency, power consumption, security and
privacy, complexity of design, complexity of
deployment, complexity of maintenance, and flexibility.
Therefore, such constraints receive great attentions in
the recent studies.

In this work, most of IoT constraints can be resolved
by using LP-OFDM as the transmission technique over
the network of their things. High data rate, spectral
efficiency and robustness against multiplicative fading
channel assist to reduce the latency of loT devices
network. Furthermore, utilization of linear precoder at
the transmitter side of LP-OFDM will reduce peak-to-
average power ratio significantly. As a result, the
deleterious effect of nonlinearity of high power
amplifier on the transmitted signal will eliminate.
Moreover, channel effect on such a system can be
equalized in frequency-domain. This means, the receiver
computational complexity and cost of design will reduce.
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I1l. LP-OFDM SYSTEM UNDER FADING
CHANNEL AND IMPULSIVE NOISE

Due to its attractive features, such as transmitter
power efficiency and resilient to the dispersion of
multipath fading channel, LP-OFDM is considered as
the desirable approach to use in the uplink wireless
communication. Thus, as shown in Fig. 1, FFT
precoder is utilized at the transmitter side to get
length N vector of frequency-domain samplesX(® =
[X((,l), Xl(‘),...,X,E,lzl], which are originally selected
uniformly from quadrature amplitude modulation
(QAM) or phase shift keying (PSK) constellations.
Then X are processed by IFFT to get the time-domain
samples x® as

x® = FHX® (1)

where x® = [x((,i),xl(i), ...,x,E,lll], F is the N x N the
fast Fourier transform (FFT) matrix () is the
Hermitian operator. In a multipath propagation, in order
to eliminate the inter-symbol interference (ISI)
phenomenon, N, samples of guard interval are
appended to x as a cyclic prefix (CP). For practical, N,
must be greater or equal to the maximum path delay of
the multipath channel.
It should be mentioned that the received signal is
processed at the receiver side with the assumption of
perfect time and frequency synchronization. Thus, after
the CP removing, the i-th block of the received faded
time domain with the presence of impulsive noise can
be expressed as
r® = pOx® 4 wd, @)
where rlY = [ro(i), rl(i), - rl\gi_)l]T, WO =z 4 7@
20 = 127,29, .., 20 ] denotes the additive white
Gaussian noise (AWGN) with zero mean and variance
a2, ¢ is the impulsive noise vector, and D is the
circulant channel matrix defined by [D],, =
h[(m — W) moa n] [14]-[16], where h; is the channel
impulse response (CIR) at path [. Impulsive noise
elements ¢, can be written as [9],
{n = B,G,,¥n €{0..N, — 1} (3)
where N, = N + N, is the total length of the transmitted
data sequence, Bernoulli process is denoted as B,, with a
sequence of zeros and ones based on probability
n=PB,=1) and i=PB,=0)=1-—pn, and
Gy = [Go, Gy, ..., Gy,—1] is the complex Gaussian noise
sequence with zero mean and variance y%, such as
yZ > y2 and the ratio of the man-made noise variance
y% over the background Gaussian noise variance y? is
2

M iem=%
y

The frequenzcy-domain samples of r can be computed as,
R®O =Fr® (4)

Then at this stage, the faded samples should be

equalized by using minimum mean square error
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(MMSE) equalizer, which has elements Q, =
(H)(Hy|* +)7' | where H = FDF" = diag([H,,
Hy, ..., Hy_1]) is the frequency response of the CIR that
is assumed to be known, r = f}—’z is the ration of symbol

variance to noise variance. In tzhe sequel, the equalized
data vector x© = [x{7,x©, ., x® 17 can be written
as

KO = ROQM (5)
Eventually, the equalized samples will be decoded by
the IFFT.

X

Inpui_p FF X o IFFT j
@ Fading Channel Matrix
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v

A
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Q

Figure 1. LP-OFDM system block diagram

V. PROPOSED LP-MI-OFDM SYSTEM

As illustrated in the literature, to suppress the
disturbance of the impulsive noise channel, matrix-
interleaver (MI) can be used with OFDM system either
in frequency-domain [4] or in time-domain [12], as
shown in Fig. 2. In this work, MI and LP spreading
ability will be integrated together in the proposed LP-
MI-OFDM system to achieve two stages of impulsive
noise suppression. As shown in Fig. 3, identical
operations are performed with the proposed LP-MI-
OFDM and the conventional MI-OFDM systems, except
that the FFT/IFFT will be used before/after the
interleaver at the transmitter and receiver sides,
respectively, where I1 and IT~! represent matrix
interleaver and de-interleaver operations, respectively.

Hence, the FFT of N-points incoming modulated
data vector d = [dy, d4, ...,dN_l]T, is computed as

X=Fd (6) Ml
is used to provide more diversity for each sample. Then,
the interleaved sequences X are fed to inverse fast
Fourier transforms (IFFT) to get the i-th time-domain
sample as,

x® = FHX®, )

Basically, LP-BI-OFDM system can be utilized with
various applications that impact with the disturbance of
the impulsive noise. Hence, depending on the applied
application, the number and duration (number of
samples hit) of impulsive noise burst are changed.

With the assumption of perfect time and frequency
synchronization, the effects of the fading channel and
impulsive noise on the transmitted signal x are
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considered at the receiver side in the similar way
defined formerly in (2). Then, the received sequences of
signals are processed firstly by FFT. Fading channel
effect on the received signal is reduced by using
minimum mean square error (MMSE) equalizer on the
frequency-domain samples in the similar way defined
formerly in (5). Eventually, after de-interleaving, the
IFFT is applied on the equalized sequence to recover the
data symbols.
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Figure 2. OFDM-MI system block diagram [12].
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Figure 3. LP-MI-OFDM system block diagram.

V. SIMULATION RESULTS AND

DiscussION

It should be mentioned that the forthcoming results are
demonstrated with the assumptions of perfect
knowledge of channel response, and perfect
frequency/time  synchronizations. The  negative
ramifications of impulsive noise on the considered
systems are investigated over two models of channel;
Additive white Gaussian noise (AWGN) and Quasi-
static (fix within entire period of symbol transmission)
frequency selective fading channel.

The benefit of using LP-OFDM system with the loT
applications that work under the low power impulsive
noise can be measured efficiently as illustrated in in
Figs. 4-7. As clearly shown in these figures the
spreading ability of the precoder plays a noticeable role
to suppress the effect of impulsive noise on the
performance of LP-OFDM when wused as the
transmission technique among the 10T devices.

—8—— LP-OFDM
——te—— OFDM

10

10 : :
0 s 10 15 20 25 30 35 40
SNR (dB)

Figure 4. BER performance of LP-OFDM and conventional OFDM
systems with QPSK and A = 1 over the AWGN and impulsive noise
channel models.
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Figure 5. BER performance of LP-OFDM and conventional OFDM
systems with QPSK and A = 1 over the frequency selective fading
and impulsive noise channel models.
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Figure 6. BER performance of LP-OFDM and conventional OFDM
systems with QPSK and A = 0.1 over the AWGN and impulsive
noise channel models.
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Figure 7. BER performance of LP-OFDM and conventional OFDM
systems with QPSK and A = 0.1 over the frequency selective fading
and impulsive noise channel models.
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As presented in [14]-[16], precoders can be utilized to 4
increase the spectral efficiency and robustness of i .
systems against multiplicative fading channel. In a 2 10 m 10
sequel, MI is employed with LP-OFDM system to
suppress the deleterious effect of somewhat sever 10" 107
impulsive noise burst. As clearly shown in Figs. 8-11, Caran O awran
the proposed LP-MI-OFDM system suppresses the W © 10’ @
effect of impulsive noise and achieves considerable b ’%
improvement in the BER performance as a consequence 2 107 0 2
of two stages of spreading over a large number of B !
subcarriers in each symbol by using FFT and IFFT as o o
precoders, further to spreading that noise over the entire 0 1020 30 o 10 20 30

SNR (dB) SNR (dB)

OFDM block owing to utilize the matrix interleaver.
Finally, it is worthwhile to mention that MMSE
equalizer is utilized in this work.
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Figure 8. BER performance of LP-MI-OFDM (marker o) and
conventional MI-OFDM (marker *) systems with QPSK over the
AWGN and impulsive noise channel models A = 0.1 (a. =10, b.
u=100, c. u=1000, d. p=10000).
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Figure 9. BER performance of LP-MI-OFDM (marker o) and

conventional MI-OFDM (marker *) systems with QPSK over the

AWGN and impulsive noise channel models A = 0.5 (a. p=10, b.

1=100, ¢. u=1000, d. p=10000).

Figure 10. BER performance of LP-MI-OFDM (marker o) and
conventional MI-OFDM (marker *) systems with QPSK over the
frequency selective fading and impulsive noise channel models A =
0.1 (a. p=10, b. p=100, c. p=1000, d. p=10000).
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Figure 11. BER performance of LP-MI-OFDM (marker o) and
conventional MI-OFDM (marker *) systems with QPSK over the
frequency selective fading and impulsive noise channel models A =
0.5 (a. p=10, b. p=100, c. p=1000, d. 1=10000).

V1. CONCLUSION

In this work, LP-MI-OFDM scheme is proposed to
suppress the deleterious effect of impulsive noise on the
transmitted signal among 10T devices. Matrix
interleaver (M) is integrated with linear precoder based
OFDM system to spread the effect of impulsive noise
over large OFDM symbols. Consequently, the
proposed scheme achieves a considerable spectral
efficiency, robustness against multiplicative fading
channel and bit-error-rate (BER) performance
improvement when compared with the conventional
approaches based IoT devices even in the presence of
impulsive noise. The disturbance of severe impulsive
noise on the performance of LP-OFDM system should
be take into consideration in the future works.
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