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Dedicated Energy Harvesting in Concatenated
Hybrid PLC-Wireless Systems

Victor Fernandes™, H. Vincent Poor

Abstract— This work addresses the use of hybrid power line-
wireless channels, which are defined as the concatenation of
power line communication (PLC) and wireless communica-
tion (WLC) channels, for dedicated energy harvesting purposes
in in-home facilities. Based on a measured data set of hybrid
PLC-WLC channels, we discuss statistical analyses concerning
distinct power masks and two different regions that are associated
with typical distances from the electric power grids to the wireless
device. Moreover, based on the harvested energy from the hybrid
PLC-WLC channels, we report the achievable data rates for data
communication through narrowband PLC and WLC channels
as well as through the hybrid PLC-WLC channels. The analyses
show that feasible values of energy can be harvested from the
hybrid PLC-WLC channels and that the high power nature of
the PLC noise significantly contributes to the total harvested
energy. Finally, we point out that interesting achievable data
rates can be attained when the harvested energy is used for data
communication purposes.

Index Terms— Achievable data rate, energy harvesting, power
line communication, wireless communication.

I. INTRODUCTION

HE advance of energy-efficient and self-sustainable net-

works is a trend that is highly related to smart grid (SG),
the Internet of Things (IoT), and Industry 4.0. As part of this
trend, telecommunications technologies are being investigated,
specified and designed to be flexible and adaptable. In this
sense, the use of cognitive, full-duplex, massive MIMO, coop-
erative communication concepts that are capable of optimizing
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channel resources for data communication purposes is being
deeply studied. However, the evolution of these technologies
collides with limitations on the available sources of energy at
untethered terminals.

Currently, power line communication (PLC) systems [1]-[3]
have been considered as powerful technologies for assisting
the aforementioned applications because the PLC devices are
physically connected to the electric power grids and, as a
consequence, they can easily harvest flowing energy through
the electric power grids. Furthermore, the use of wireless com-
munication (WLC) systems is being systematically reported as
very convenient for fulfilling the needs and demands related
to the aforementioned applications, as pointed out in [4]. The
major advantages of WLC systems over PLC ones are the
mobility due to the lack of necessity of physical connection
of modems to a cable and the simplicity to built a wireless
network.

Recently, the opportunity of harvesting energy from WLC
sources, based on energy harvesting (EH) strategies [5], [6],
has been investigated. Focusing on the EH strategies for PLC
systems, a few works have addressed this topic in the litera-
ture [7]-[9]. More specifically, [7] considered a dual-hop PLC
system with an EH-relaying node and showed that it is possible
to provide energy efficiency improvements of more than 30%
in comparison to the conventional relaying scheme when
energy is harvested from the impulsive noise. In the sequel, [8]
extended this conclusion by relating the noise impulsiveness
with the harvested energy amount. As well, [9] showed that
the non-flat power spectral density (PSD) feature of the PLC
additive noise contributes to the increase of the achievable
data rate of a hybrid power line/wireless dual-hop system
with an energy harvesting relay. An interesting and missing
point in these contributions is the lack of discussion based on
measurements to confirm the veracity of these statements.

Different from the aforementioned works, this paper
addresses dedicated energy harvesting in hybrid PLC-WLC'
channels, which are the result of the concatenation of PLC and
WLC channels. In the hybrid PLC-WLC systems, the PLC
and WLC channels are not used in parallel for the purpose
of increasing diversity [10]-[13], but in a concatenated con-
figuration so that a PLC or WLC device can harvest energy
from this kind of channel in indoor and outdoor facilities.
This data communication medium, defined as the hybrid PLC-
WLC medium, is constituted by unshielded power cables
belonging to the electric power grids and the air. In addition

IThe use of hyphen between PLC and WLC means that the channel
concatenation takes place.

1536-1276 © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Princeton University. Downloaded on September 27,2020 at 00:07:45 UTC from IEEE Xplore. Restrictions apply.



3840

Hybrid
PLC-WLC
Channel

0

Q

WLC Device

PLC Coupler

PLC Device
Fig. 1. The hybrid PLC-WLC environment in in-home facilities.
to establish a data communication system constituted by PLC
and WLC devices operating in the same frequency band,
the main idea is to use the electromagnetic characteristic
of unshielded power lines for energy harvesting purpose.
A pivotal work had offered the first characterization of this
kind of channel by means of statistical characterization of
average channel gain, coherence bandwidth, coherence time,
root mean squared delay spread, and channel capacity [14].
Further, a second study has made the statistical modeling of
these parameters [15]. However, none of the aforementioned
works focus on the energy harvesting perspective for this kind
of channel.

According to [14], a typical illustration of the hybrid
PLC-WLC medium can be shown in Fig. 1. In this setting,
the signal carrying information (transmitted signal) can travel
in two possible and opposite directions because the same
frequency band is used for data communication by both PLC
and WLC devices. In the first direction, which is named
PLC-to-WLC (PLC — WLC), the transmitted signal is
injected into the power line by a PLC device through a PLC
coupler and, posteriorly, its distorted version is captured by a
nearby WLC device using an antenna that is capable of sensing
the energy radiated by electromagnetic shieldless power lines.
On the other hand, the signal injected into the air by a WLC
device with the use of an antenna is induced into the power
line and the induced signal is later extracted from the power
line by the PLC device, defining the so-called WLC-to-PLC
(WLC — PLC) direction. It is important to emphasize that
both PLC and WLC devices operate in the same frequency
band, which is supposed to be in the baseband.

Aiming to provide a comprehensive and deeper investi-
gation of energy harvesting in this medium, this contribu-
tion focuses on the additive noise’s energy as well as the
energy coming from the signal that traveled in the hybrid
PLC-WLC channels (so-called free-of-noise (FoN) received
signal). In this regard, some power masks are considered
for evaluating the effectiveness of energy harvesting in
these channels if the dedicated energy harvesting approach
applies. Concisely, the main contributions of this work are as
follows:

o The presentation of the hybrid PLC-WLC channel and
additive noise formulations in terms of the harvested
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energy, the expected harvested energy, and the time inter-
val to achieve a specified amount of energy at the receiver
side by considering the PLC — WLC and WLC — PLC
link directions. Also, the statistical analyses of this kind
of channel and the additive noises for harvesting energy
based on five transmission power masks and the use of a
measured data set of indoor hybrid PLC-WLC channels,
which are associated with two relevant sets of distances
between the WLC device and the power line.

o A comparative discussion about the energy contributions
of the FoN received signal and the additive noise in
the PLC — WLC and WLC — PLC directions for EH
purposes and the quantitative evaluation of the theoret-
ically achievable data rates of indoor narrowband PLC
and WLC channels if only the energy harvested from the
hybrid PLC-WLC channels is available. As well, the same
achievable data rate analysis is made when the hybrid
PLC-WLC channel is used as both the source of energy
and the communication medium.

According to the aforementioned analyses, the following

statements are made:

o Based on the measured data set, we show that the energy
harvested from the FoN received signal can achieve feasi-
ble values with high probability in both PLC — WLC and
WLC — PLC directions. Also, the type of power mask
significantly impacts the amount of harvested energy.
Further, numerical results show that the high power nature
of the PLC noise greatly contributes to the amount of
harvested energy from the received signal at the input of
the PLC device. As well, the WLC noise, which is at the
input of the WLC device, yields a significant contribution
to the total harvested energy.

o The attained values of achievable data rates based on the
energy harvested from the hybrid PLC-WLC channels
in narrowband PLC and WLC channels as well as in
hybrid PLC-WLC channels may be feasible for assisting
the implementation of SG, I0T, and Industry 4.0 solutions
when the availability of energy is limited.

The rest of this work is organized as follows: Section II
formulates the problem investigated in this contribution.
Section III details the energy harvesting in hybrid PLC-WLC
channels while Section IV describes how the dataset was
obtained based on the measurement setup and campaign.
In the sequel, Section V discusses numerical results. Finally,
Section VI provides concluding remarks.

II. PROBLEM FORMULATION

At the beginning of the XX Century, the electromagnetic
shieldless of power lines was exploited for data communi-
cation purposes [16]; however, the limitation of communi-
cations technologies at that time did not allow its further
development. As a consequence, the electromagnetic shieldless
characteristic of power lines has only been treated as a relevant
problem for telecommunication systems operating in the same
frequency band (e.g., interference with amateur radio, policy
radio, etc) [17]-[19]. Recently, [14] has presented an inter-
esting investigation about the concatenated hybrid PLC-WLC
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medium by means of a measured data set, which was obtained
from a measurement campaign carried out to characterize these
channels in in-home facilities. Essentially, it was shown that
the shieldless feature of the power lines can potentially benefit
indoor data communication. Indeed, this work concluded that
PLC and WLC devices can communicate with each other if
both of them operate in the same frequency band and, most
important, data rates as high as hundreds of Mbps may be
achieved if the frequency band between 1.7 and 100 MHz
applies. Furthermore, this pivotal analysis showed that the
PLC — WLC and WLC — PLC channel impulse responses
(CIRs) are symmetric and, therefore, their channel frequency
responses (CFRs) are the same in both directions if the access
impedance of the PLC and WLC devices are equal (i.e., 50 ).
On the other hand, the additive noises, which are named PLC
noise and WLC noise, are different.

With the recent advances in the self-sustainable and
energy-efficient networks, the concept of EH was brought
to the center of discussion [20] regarding the usability of
data communication media for feeding communication nodes.
The main idea behind EH is to capture the energy from
ambient or dedicated sources of power that are constantly
present in the environment. More specifically, dedicated radio
frequency (RF) sources have been studied [21]-[23] in order
to charge the battery of a data communication node that
makes use of an intermittent or even unavailable source of
power.

Based on the fact that the nodes, which constitute a data
communication system operating over the concatenated hybrid
PLC-WLC medium, can be connected to the power line or
to the air, the EH becomes a timely research problem for
investigation. In fact, the quantification of the harvested energy
from this kind of ambient is appealing because the presence
of signal carrying information, which is transmitted through
PLC and other signals (i.e., WLC operating in the same
bandwidth and man-made noise), are sources of power which
can potentially be used for charging batteries. As a matter
of fact, this quantification is a sine qua non condition for
properly verifying the feasibility of the concatenated hybrid
PLC-WLC medium for EH purposes and, as a consequence,
for powering a node with self-sustainable energy capacity.
Also, it is relevant to point out that the electromagnetic
unshielded nature of power lines means that radiated and
induced signals can be sensed by WLC or PLC devices,
respectively. In other words, the use of PLC or WLC devices
always result in energy losses if a WLC or PLC device
is not used for harvesting the radiated or induced energy,
respectively.

In this regard, we aim to answer the following research
questions: i) Could we extract a significant amount of energy
from the transmitted signal propagating through a concate-
nated hybrid PLC-WLC medium in the PLC — WLC or
WLC — PLC direction?; ii) In terms of harvested energy,
the additive noise at the input of PLC and WLC devices may
be useful?; and, finally, but not the least, iii) Quantitatively
speaking, what is the theoretical channel achievable data
rate that can be obtained by means of the dedicated energy
harvesting from the hybrid PLC-WLC channels?
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III. HARVESTING ENERGY FROM THE CONCATENATED
HYBRID PLC-WLC CHANNELS

For carrying out mathematical analyses, the term hybrid
PLC-WLC channels will designate both PLC — WLC and
WLC — PLC concatenated channels, in which the symme-
try property of the CIR associated with both links applies,
and ¢ € {PLC — WLC, WLC — PLC} will denote the
data communication link associated with the two directions.
Assuming that a hybrid PLC-WLC channel is modeled as
a linear and time-varying stochastic process, then the output
of the time-varying and stochastic channel (e.g., the received
signal) is a random process that is represented by

Y(t) = YI(t) + VL),

= /jo X4Ur)hi(t,7)dr + Vi(t), (1)

in which X9(¢) is a sample function of the transmitted signal;
he(t,7) is a sample function of the CIR of the hybrid PLC-
WLC channel at the instant ¢ when an impulse is applied
at the instant 7 at the channel’s input; and V9(¢) is the
sample function of the additive noise at the receiver’s input,
which is modeled as a random process. It is important to
highlight that VPLC=WLE (1) refers to the (additive) WLC
noise while VWEC—PLC () represents the (additive) PLC noise.
Furthermore, Y 4(t) is a sample function of the FoN received
signal. Also, note that X9(t) and V9(t) are independent
stochastic processes.

A. FoN Signal’s Received Power

Assume that X7(t) has a PSD equal to S%(f) =
p4( f)ng( f) and the signal generated (i.e., the stochastic

process) by the transmitter is expressed as X 4(t) with a PSD
of S;l((f) =1,By, > f > 0, in which B,, is the frequency
bandwidth and X4(¢) is an uncorrelated and wide sense
stationary process. It is important to emphasize that X9(t)
is the resulting signal after the submission of the generated
signal to a bit and power allocation technique. The rationale
for multiplying S;{(( 1) by pa(f) is that its usage facilitates the
application of a power mask, which is defined as p?(f), for
powering the transmitted signal. In other words, p?(f) denotes
the result of the allocation of the total transmission power,
which is given by P2 = [ p?(f)df, to transmit information
through the hybrid PLC-WLC channel.

Let H(t, f) = F{h4(t, )} be the CFR of the sample func-
tion of the hybrid PLC-WLC channel’s CIR, in which F{-}
is the Fourier transform operator. Furthermoe, we can state
that the hybrid PLC-WLC channel CFRs are time-invariant
during the coherence time, 7. € R,, of such channels.
Mathematically, H9(t, f) = H(f)licir. (iv1)1.), Vi € Zy.
That said, the received power from the FoN received signal
at the output of a hybrid PLC-WLC channel within the time
interval T, is given by

Pyi= / Pt (NIH(f)[df,

w

2
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where |HZ(f)|? and p?(f) denote the squared magnitude of
HY(f) and the power mask of the i*" channel realization,
respectively.

Let T4c € R4 denote the cycle duration of the AC mains
voltage, we rewrite (2) as

Np
Py =2 Py pi &)
=1

in which P;C is the FoN signal’s expected received power per
cycle, p; is the probability of occurrence of 77;!,71. (or HI(f)),
and {Np € Z|Np = |Tac/T]}, where |z] = max{m €
Zlm < z}.

B. Additive Noise’s Received Power

When the additive noise comes to the center of the dis-
cussion, we need to apply distinct approaches to deal with
PLC and WLC noises. First, we model the PLC additive
noise as a cyclostationary random process [24]. As a con-
sequence, the PLC noise has both periodic mean value and
autocorrelation function with respect to the AC mains cycle.
Furthermore, the WLC additive noise is modeled as a colored
Gaussian random process. For both of them, we can evaluate
the expected power per cycle as

q 1

= Va(t)|2dt. 4
Vo= [ V) )

Tac

C. Total Harvested Energy per Cycle

Now, by assuming that the electronic circuit responsible
for storing the energy harvested from the hybrid PLC-WLC
channel makes use of an RF-to-DC efficiency factor [21],
n? € Ry,1 > n? > 0, the harvested energy during a time
interval duration equal to T4 can be expressed as

5;1/ =1 ,P)q/’CTACW
=n? Pl Tac+n? Py Tac,
= €8 +&5, (5)

where £ is a random variable that models the harvested
energy from the FoN received signal of the hybrid PLC-
WLC channel, while E‘q, is a random variable that models the
harvested energy from the additive noise associated with the
q direction. Further, £} is the random variable that models
the total harvested energy (FoN received signal + additive
noise) as well as the expected (total) received power per
cycle is given by qu/’c. Each AC mains cycle yields a value
of 5;1/ and .. Moreover, expected value of 2, &, and
&} are expressed as per = E{&l}, pes = E{&)}, and
pes = E{&L} = fes + pegs respectively, in which E{-}
denotes the expectation operator.

Furthermore, it is possible to associate the expected values
of harvested energy at the receiver, which was obtained from
the received signal (i.e., the FON received signal, the additive
noise, and the sum of both their contributions) with an specific
time interval. In this context, the time interval to achieve an
energy threshold at the receiver side can be calculated. More
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specifically, if this threshold is made equal to the energy of a
single signal transmission, i.e. £ = PITx, then the receiver
achieves this energy in a time interval given by

q B
AT = Tac . ©)

Y
in which E} = {uga, pugs , 1ea } assuming, respectively, that
the EH is obtained only from the FoN received signal, from
the additive noise, or from both the FoN received signal
and additive noise. Also, this notation is straightforwardly
related to y € {FoN, AN, T} for the FoN received signal,
additive noise, or total received signal, respectively. These time
intervals are very important for designing real-time energy
harvesting solutions or assessing the time period for charging

the communication node’s battery.

D. Harvesting Energy Based on Distinct Power Masks

Based on the fact that both PLC and WLC devices per-
form dedicated energy transfer through the hybrid PLC-WLC
channels, it is important to investigate some typical situations
in which the energy at the output of the hybrid PLC-WLC
channel is available for being harvested. In this sense, we can
come up with five different transmission power masks, p?(f),
for being applied to the generated signal. These masks vary
from the most practical (uniform power allocation) to the
most theoretical (the availability of complete channel state
information (CSI) for power allocation) assumptions. These
power masks are described as follows:

o Power Mask # 1 (Uniform): in this case, the PLC or WLC
device performs a uniform power allocation. In other
words, the transmission power PZ is equally distributed
all over the whole frequency bandwidth. Mathematically,
pl(f) = P1/By,Vf € Sp,,. in which Sp, denotes the
range of frequencies which are contained in the frequency
bandwidth.

o Power Mask # 2 (IEEE 1901): basically, the PLC or
WLC device applies the power mask defined by the IEEE
1901 Standard [25], in which p?(f) = —55 dBm/Hz is
used in the frequency band covered by 1.7—30 MHz and
p4(f) = —85 dBm/Hz applies in the remaining frequency
band, which is delimited by 30 MHz and 100 MHz.

o Power Mask #3 (Uniform B, ): based on the knowledge
of the statistical expectation of the squared magnitude
of CFRs, which constitute the data set, |[HI(f)]? =
E; {|H{(f)[*}, an uniform power mask is applied to
a shorten frequency bandwidth B,, < B by means of
the median operator. For applying the median operator,
we discretize |H2(f)|?. To do so, we assume that the
discrete-time representation of the statistical expectation
of the CFRs squared magnitude of the hybrid PLC-WLC
channel is given by

\HAE|[? = [H(f)P]s=ks. b = 0,1, .2N =1, (7)

where 2N is the discretized CFR’s length of the hybrid
PLC-WLC channel and f, = 2B,, is the sampling fre-
quency. This shortened frequency bandwidth, B,,, covers
a range of frequencies that is centered at the frequency
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fe = N fs, in which |[HI[N¢]|? = mkax{|H‘1[k]|2} and,
upper and lower, bounded by the frequencies f. & fu.
Such bounds are given by maximizing B, subjected to
10log;o(|H9[N¢]|?—median{|H1[(]|?}) < A dB, where
te {NC_NquC_(Nu_l)v" 'aNCa' 7NC+(Nu_
1), Ne + Ny}, Ny = [fu/fs], and [2] = min{n €
Z|n > x}. Also, the median is chosen as the metric for
this power mask because it neither has a high sensitivity
to the | H4[k]|? variations over distinct frequencies, which
is different behavior of mean and variance, nor a low
sensitivity to it, which characterizes the mode. In the way
it was designed, we ensure that | H?[/]|? has an odd length
equals to 2N,, + 1 and its median is given by the N,-th
term. That said, p?(f) = P4/B,,Vf € Sp,., in which
Sp, denotes the range of frequencies which follow this
restriction.

o Power Mask #4 (Optimal B,): in this situation, the power
mask optimally allocates PZ to the set of frequency
tones associated with the highest squared magnitudes of
CFR. This kind of power allocation is performed in the
frequency bandwidth equal to B, = vB,, 1 > v > 0,
and p?(f) = P2/B,,Yf € Sp,, in which Sp, denotes
the set of frequency bandwidths (consecutive or not) of
the highest squared magnitudes of the CFR.

o Power Mask #5 (Single Tone): it is similar to the Power
Mask #4, except that P is totally allocated to the single
frequency tone associated with the unique highest squared
magnitude of the CFR. The bandwidth of this sole tone is
equal to the bandwidth occupied by one subchannel, By,
ie., pi(f) = P%/Bs,Vf € Sp,, in which Sp_ denotes
the range of frequencies occupied by the Single Tone with
the highest squared magnitude value of the CFR.

It is important to emphasize that the data transmission
(i.e., the FoN received signal) occurs in the frequency band
from 1.7 to 100 MHz [25]. However, the EH is realized in
the frequencies from 0 to 100 MHz. In this context, it is
worthwhile to mention that the additive noise in the frequency
band below 1.7 MHz is attenuated by the capacitive coupling
circuit, which was designed with a cutoff frequency equal to
1.7 MHz. Although the low frequencies are not interesting for
data communication purposes due to interference with AM
broadcasting stations and others, its use can be advantageous
in terms of energy harvesting because the high level of man
made noise in this frequency band.

IV. DATA SET

The data set of this work consists of several CFRs of
hybrid PLC-WLC channels provided by [14], in which a
measurement campaign was carried out in indoor facilities
located at Juiz de Fora, a Brazilian city belonging to Minas
Gerais State (see more details about the measurement places,
methodology, equipment, and the PLC coupler, respectively,
in [26]-[29]). During this measurement campaign, seven
middle-class residences were taken into account. The measure-
ment setup is based on the use of the methodology presented
in [27] and equipment discussed in [28]. The block diagram of
the adopted measurement setup is shown in Fig. 2. Basically,
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Fig. 2. The block diagram of the measurement setup.

it was designed for measuring the hybrid PLC-WLC channel.
This setup is composed of the following components [14]:

o The PLC transceiver: it is connected to the outlet.
It is responsible for injecting/receiving sounding signals
into/from the electric power grids.

e The PLC coupler: it is a passband analog filter that
promotes the interface between the PLC transceiver and
the electric power grids, blocking the mains frequency
to prevent damage to the PLC transceiver and limiting
the maximum frequency of the injected/extracted signal
(more details about its design can be found in [29]).

e The WLC transceiver: it refers to the device for trans-
mitting data or receiving sounding signals through the
wireless medium.

o The antenna: it is a transducer designed to inject/extract
signals into/from the wireless medium by the WLC
transceiver.

The following two kinds of hybrid PLC-WLC channels,
which defines two ranges of distances from the power lines,
were considered during the measurement campaign [14]:

o short-path (SP) Channel: the WLC transceiver was ran-
domly positioned within a 2 meter radius circle centered
at the outlet in which the PLC transceiver is connected.
This kind of channel will be called hybrid SP PLC-WLC
channel.

o long-path (LP) Channel: the WLC transceiver was ran-
domly placed into an area defined as a swept circle,
having an outer and inner radius of 6 meters and 2 meters,
respectively, centered in the outlet in which the PLC
transceiver is connected. The channel associated with LP
channels will be called hybrid LP PLC-WLC channel.

The WLC transceiver was positioned near to (SP chan-
nel) and far from (LP channel) the outlet in 200 and 93
measurements, respectively. As a result, 293 distinct position
combinations for both PLC and WLC transceivers were mea-
sured. Also, approximately 600 estimates of the CIR and, as a
consequence, of their CFRs were obtained for each combi-
nation. Consequently, 175,428 estimates of the hybrid PLC-
WLC CFRs were obtained during the measurement campaign.
In addition, samples of the PLC and WLC additive noises at
the inputs of both PLC and WLC transceivers, respectively,
were acquired. At the current work, we make use of the data
set obtained by this measurement campaign.
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It is important to emphasize that one CFR estimate is
obtained during a time interval corresponding to one her-
mitian symmetric orthogonal frequency-division multiplexing
(HS-OFDM) [30] symbol period duration (Tiym) and, as a
consequence, it assumes that the time interval duration of the
HS-OFDM symbol must be shorter than the coherence time of
the hybrid PLC-WLC channel. Based on the set of parameters
of the channel estimation technique, a channel estimate is
obtained every Tym = (2N + L.p)Ts = 23.04 ps, where
N = 2048 is the number of BPSK modulated subcarriers
of the HS-OFDM symbol, L., = 512 samples is the length
of the cyclic prefix, f; = 200 MHz is the sampling rate,
and Ty, = 1/fs = 5 ns is the sampling period. According
to [14], T. = 156 pus is the minimum time period within
which the hybrid SP PLC-WLC channel can be considered
time-invariant, while for the hybrid LP PLC-WLC channel,
the minimum time period of time invariance is 1, = 39.5 us.
Regardless of the channel distances, the time interval duration
to yield a CFR estimate (7iyy,) complies with the coherence
time. Moreover, the assumed value of N and the chosen
frequency bandwidth results in CFR estimates with a corre-
sponding frequency resolution of Af = 48.83 kHz, which
is shorter than the coherence bandwidth of Brazilian in-home
hybrid PLC-WLC channels [14]. Af being shorter than the
coherence bandwidth means that each sample of the magnitude
of a CFR estimates is representative of the whole subband and,
as a consequence, it can be used for carrying out statistical
analyses.

V. NUMERICAL RESULTS

This section focuses on numerical analyses of the harvested
energy from the hybrid PLC-WLC channels when the data set
of measured CFRs and additive noises described in Section IV
is taken into account. Also, it offers a discussion about the
achievable data rates of narrowband and indoor PLC and WLC
channels as well as the ones obtained through the use of
hybrid PLC-WLC channel, when the energy harvested from
the hybrid PLC-WLC channels is considered the only available
source. Based on the provided data set of measured hybrid
PLC-WLC channels [14], the numerical simulations assume
that B, = 100 MHz, B, =~ 7 MHz (with A = 6 dB
and the frequencies ranging from approximately 20 MHz
to 27 MHz, taken from the statistical average of the CFR
squared magnitudes), B, = 10 MHz (v = 0.1 is heuristi-
cally chosen), and By ~ 48.83 kHz for the PLC — WLC
and WLC — PLC directions; P? ~ 20 dBm is adopted
based on the power mask of the IEEE 1901 Standard [25];
and n? = 1 is chosen to illustrate the case of an ideal
RF-t0o-DC conversion. Also, it is assumed that Trx = Ty
because it allows us to easily and quantitatively relate the
harvested energy to a time interval necessary to reach a
given energy threshold in terms of the time interval of an
HS-OFDM symbol. Further, the Brazilian AC mains frequency
is fac = 60 Hz, then Tac = 1/fac =~ 16.67 ms and the
realizations of each CFR are assumed to be equally likely
(pi = 1/Np, Vo).

Subsection V-A drives attention to the numerical results
and discussions concerning the harvested energy only from
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Fig. 3. The CCDFs of the harvested energy from the FoN received signal
over a hybrid SP PLC-WLC channel (top) or hybrid LP PLC-WLC channel
(bottom).

the FoN received signal; Subsection V-B from the receiver’s
additive noise; Subsection V-C from the received (total) signal.
In the sequel, the expected harvested energy is discussed
in Subsection V-D, while the necessary time interval to
achieve an energy threshold at the receiver side is analyzed
in Subsection V-E. Finally, Subsections V-F and V-G focus on
the numerical analyses of the achievable data rate when the
harvested energy from the hybrid PLC-WLC channel is used
for performing data communication through narrowband PLC
or WLC channels and through hybrid PLC-WLC channels,
respectively.

A. Free-of-Noise Received Signal Analyses

The discussion carried out in this subsection is useful
to bring attention to the importance of choosing a power
mask. In fact, this choice can either make an energy thresh-
old to have a high or low probability of occurrence. Also,
it can make a given probability of harvesting an energy
value decreases to a lower one and vice-versa. It is impor-
tant to highlight that the term FoN received signal is
used to denote the transmitted signal that traveled through
the hybrid PLC-WLC channel and is without the noise
corruption.

The complementary cumulative distribution function
(CCDF) of the harvested energy taken from the FoN received
signal in both directions are shown in Fig. 3 for the hybrid SP
PLC-WLC channel (top) and hybrid LP PLC-WLC channel
(bottom), when the five suggested power masks are taken into
account. Here, we define dB,; £ 60 + 101log;,(Energy [J]).
By means of this figure and for probabilities above 0.75,
it can be seen that the best power mask is the Power Mask
#5 for both SP and LP channels while the worst is the
Power Masks #3 for hybrid SP PLC-WLC and the Power
Masks #2 for hybrid LP PLC-WLC channels. It is important
to point out that the Power Mask #1 yields better results
than the Power Mask #2 because the highest values of CFR
squared magnitudes occur around 26 — 50 MHz frequency
range (refer to Fig. 5 in [14]), in counterpart the Power Mask
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#2 imposes the allocation of most of the power below the
30 MHz frequency.

For the Power Mask #4 and a given probability, the chosen
v = 0.1 makes this mask as the second better option in
terms of harvested energy. Moreover, it may yield results
ranging from the best to the worst (uniform) power masks
due to its high flexibility. For instance, if v — 0, then this
power mask mimics the Power Mask #5. On the other hand,
if v — 1, then it will yield similar results to the Power Mask
#1. As expected, due to the short distance to the power line
and, as a consequence, less channel attenuation, hybrid SP
PLC-WLC channels present higher values of harvested energy
than hybrid LP PLC-WLC ones for a given probability.

Moreover, the use of the Power Mask #3 shows interesting
behavior. It yields similar values of harvested energy from
hybrid LP PLC-WLC channels compared to hybrid SP PLC-
WLC channels, which is a different behavior to the other
power masks. In other words, the CCDF of Power Mask #3 is
located between the ones of Power Mask #1 and #2 for hybrid
SP PLC-WLC channels and between Power Masks #2 and
#4 for hybrid LP PLC-WLC channels. In this context, this
shows that the criteria adopted for this power mask may
not be good in order to better take advantage of the FoN
received signal’s energy in both SP and LP channels. Also, it is
important to mention that this power mask is the one offering
the best trade-off between theoretical (CSI availability) and
practical (low complexity) assumptions.

That said, we will focus our numerical analyses mostly on
Power Masks #1 and #2 because they are associated with the
most practical assumptions due to their uniform shape and
no CSI need. Regarding the hybrid SP PLC-WLC channels,
it is noticed that 0 dB,; of energy can be obtained with a
probability of 0.42 and 0.13 by using the Power Mask #1 and
the Power Mask #2, respectively. Furthermore, the probability
of 0.04 is achieved for the same 0 dB,; of harvested energy
when hybrid LP PLC-WLC channels are considered for both
Power Masks #1 and #2.

B. Additive Noise Analyses

The aim of this subsection is to figure out the usefulness
of additive noises at the input of either PLC or WLC device
for EH purposes. In this sense, Fig. 4 shows the CCDF of the
harvested energy from the PLC and WLC noises. Note that
PLC and WLC noises refer to the noises at the inputs of the
PLC and WLC devices, respectively.

Based on Fig. 4, we see that the PLC noise offers higher
values of harvested energy than the WLC one, for a given
probability. Furthermore, if the target is to harvest at least
0 dB,; of energy from the noise, then the PLC noise has
a probability of 0.77 and the WLC noise has only 0.47 of
probability to yield it. In other words, the PLC noise, which
is commonly considered as an unwanted signal, can bring
a lot of benefits in terms of EH. For instance, if an energy
of 5 dB,; is wanted, the WLC noise is not useful; however,
the PLC noise has a probability of 0.60 of yielding this amount
of energy. Also, it is important to note that most of the
PLC noise’s energy comes from the frequency band between
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Fig. 4. The CCDFs of the harvested energy from the PLC and WLC noises.

0 — 1.7 MHz, which is due to the AM broadcasting stations
and other man-made noise close to the low frequencies.

An important and necessary comparison involves the values
of the harvested energy from the FoN received signal and
additive noise. If the target is 5 dB,;, then the Power Mask
#1 achieves probabilities up to 0.03 and 0.0 for hybrid SP
PLC-WLC and hybrid LP PLC-WLC channels, respectively.
A comparison among these probabilities with the ones offered
by PLC (0.60) and WLC (0.0) noises shows that, sometimes,
PLC noise can bring much more benefits in terms of EH than
the FoN received signal. However, if the WLC additive noise
is taken into account, then the FoN received signal may offer
a higher contribution than this kind of noise. It is important to
point out that this analysis heavily depends upon the chosen
power mask.

C. Received (Total) Signal Analyses

In real and practical scenarios, the additive noise cannot
be physically separated from the received signal. Therefore,
this subsection contemplates the case in which the energy is
harvested from the received signal, composed of FoN received
signal and additive noise. In this context, Fig. 5 shows the
CCDF of the harvested energy from the received signal at
the output of hybrid SP PLC-WLC and hybrid LP PLC-WLC
channels, respectively, when the receiver is the WLC device.
Also, Fig. 6 shows the same kind of information when the
receiver is the PLC device.

By performing a comparative analysis between
Figs. 5 and 3, we notice similar trends in their plots
(i.e., the order of the best to the worst power mask does not
change, as expected). As a consequence, the results in Fig. 5
are similar to the ones discussed in Subsection V-A with a
slight shift to the right, which corresponds to the WLC noise
contribution to the harvested energy. When the discussion
is about Fig. 6, a visible increasing on the values of the
harvested energy is observed due to the high power of the
PLC noise. For hybrid SP PLC-WLC channels, a probability
of 0.70 for harvesting, at least, 5 dB,; of energy is observed
with the Power Mask #1. On the other hand, regarding hybrid
LP PLC-WLC channels and the same power mask and energy
threshold, the value of probability decays to 0.67, which still
is a good result.

The key rationale behind the distances among the CCDFs
in Fig. 6 associated with hybrid SP PLC-WLC and hybrid
LP PLC-WLC channels is the fact that in the former the
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contribution of the FoN received signal is relevant, while in
the latter the PLC noise has a greater contribution to the total
harvested energy. Therefore, the power mask may not exert
a very important role when the energy is harvested from the
received signal if PLC noise is present.

D. The Expected Values Analyses

Figs. 7 and 8 show the expected values of the harvested
energy from the FoN received signal (ugq) and the additive
noise (/j/g‘q/) at the output of hybrid SP PLC-WLC and hybrid
LP PLC-WLC channels, respectively. These plots are interest-
ing for revealing the individual contribution of each component
of the received signal for energy harvesting purposes. Looking
at Fig. 7 (hybrid SP PLC-WLC channels) and the Power Masks
#1 and #2, it is shown that the FoN received signal contributes
to a small amount of the harvested energy in comparison to
the additive noise when a WLC device applies. Note that,
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Fig. 8. The expected values of harvested energy from the received signal in
a hybrid LP PLC-WLC channel corrupted by the WLC (left) and PLC (right)
noises, respectively.

the energy associated with the WLC noise is low in the mean
sense. Further, the PLC noise shows the highest contribution
to the harvested energy, for all power masks.

Furthermore, Fig. 8 (hybrid LP PLC-WLC channels) shows
a clear difference between the expected harvested energy from
the FoN received signal in terms of the power mask usage.
Again, the amount of Leg, from the PLC noise in Fig. 8 is
greater than the one yielded by pge for all power masks.
Nevertheless, the greatest contribution in the PLC — WLC
direction comes from the FoN received signal in the Power
Masks #4 and #5. In contrast, for all power masks, the highest
contribution in the WLC — PLC direction is related to the
additive noise because the PLC noise has a high power feature
due to its PSD nature.

For instance, looking at the hybrid SP PLC-WLC channels
(Fig. 7) and considering the Power Mask #1, the yielded
expected harvested energy is 1.9 and 24.0 pJ, by considering
WLC or PLC noise, respectively. For the same power mask
and hybrid LP PLC-WLC channels (Fig. 8), these values are
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Fig. 9. The time interval to achieve E{ based on the expected harvested
energy from the received signal over hybrid SP PLC-WLC channel corrupted
by WLC (left) or PLC (right) noises.

1.1 and 23.0 pJ, showing a predicted, but low, decrease in the
expected value of the harvested energy.

Overall, we point out that the WLC noise has a low
contribution to the total amount of harvested energy in com-
parison to the PLC noise. On the other hand, the PLC noise
constitutes the greatest portion of harvested energy in all of
the cases associated with hybrid SP PLC-WLC and hybrid
LP PLC-WLC channels.

E. Time Interval Analyses

Figs. 9 and 10 show the time intervals needed to yield the
energy of a single signal transmission, which is chosen to
be equal to EY = PiTrx ~ 2.3 pJ, at the receiver side
when the energy is harvested only from the FoN received
signal (AT}, ), from the additive noise (AT ), and from
the received signal (AT7). The analysis of this subsection is
important for evaluating the time interval that a receiver, with
the same specifications of the transmitter, would demand in
order to achieve the same amount of energy that was used
in a single HS-OFDM symbol transmission by the transmitter.
This comparison, which is in terms of the chosen power masks,
addresses the hybrid SP PLC-WLC and hybrid LP PLC-WLC
channels.

Concerning Fig. 9, it is important to mention that the WLC
noise has a relevant energy harvesting contribution to the
Power Masks #1, #2, and #3 because it takes around 42.3 ms
to achieve F4, which is close to the times needed by these
power masks — 34.6 ms, 56.0 ms, and 33.0 ms, respectively
— to achieve the same energy threshold. On the other hand,
the PLC noise is a very good option for EH as it needs only
1.6 ms for yielding the same amount of energy.

When the discussion refers to the FoN received signal,
the comparison between Fig. 9 (hybrid SP PLC-WLC chan-
nels) and Fig. 10 (hybrid LP PLC-WLC channels) is of utmost
importance. The Power Mask #1 would take 34.6 ms or almost
162.9 ms to achieve I by only harvesting energy from the
FoN received signal that travels through the hybrid SP PLC-
WLC and hybrid LP PLC-WLC channels, respectively. If the
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WLC noise is taken into account, these time intervals decrease
to 19.0 and 33.6 ms, respectively. On the other hand, when
the PLC noise is considered, these values reduce to 1.5 ms
and 1.6 ms, respectively.

Overall, Figs. 9 and 10 confirm the fact that the PLC
noise has a high contribution to the harvested energy. In other
words, when the PLC noise and the Power Mask #1 are
considered, the time interval necessary to achieve an energy
threshold at the receiver side decreases 34.6/1.5 ~ 23.06
and 162.9/1.6 ~ 101.81 times in comparison to the sole
use of the FoN received signal for harvesting energy from
the hybrid SP PLC-WLC and hybrid LP PLC-WLC channels,
respectively. Furthermore, the energy associated with the WLC
noise makes a relevant, but a lower impact in the resulting time
interval when it is added to the energy related to the FoN
received signal. Finally, but not the least, it is important to
emphasize that the PLC additive noise is free of charge. Also,
its harvesting can increase the quality of energy delivered by
the electrical utilities.

F. Achievable Data Rate Analyses: Data Communication
Through Narrowband Channels

This subsection aims at evaluating the performance of the
narrowband PLC and WLC channels in terms of achievable
data rate when the available transmission power is that one
harvested from the received signal that traveled through the
hybrid PLC-WLC channels. This is an important investigation
because a large number of devices in SGs, the [oT, and
Industry 4.0 demands low-data-rate communication interfaces.

In possession of the harvested energy, the achievable data
rates of the narrowband-PLC (NB-PLC) and low power radio
frequency (LP-RF) wireless channels are calculated by using

L L {4 2
C:max/ log, <1+Qj(f)SX(f)|H](f)| )df, (8)
o5(f) J By,

Sy (f)

subject to [ 0§ (f)df <Py, in which |[HE(f)|? is the CFR
squared magnitude of the sample function of the channel’s
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CIR associated with the /" communication medium, where
¢ € {PW} represents the NB-PLC and LP-RF wireless
communication media and j € Z is the index of the channel
realization. Also, ¢ and / are related as follows: if ¢ = PLC —
WLC, then ¢ = W, else ¢ = WLC — PLC, then ¢ = P.
Further, the PSD of the signal generated by the transmitter
is expressed as S%(f), in which s SL(f)df = 1 with
B!, ~ 500 kHz being the frequency bandwidth. Also, SE(f)
refers to the PSD of the ¢! communication medium receiver’s
additive noise, which is supposed to be modeled as a stochastic
process.

In order to carry out numerical simulations regarding the
NB-PLC and LP-RF wireless channels, the transmitted signal
is assumed to occur in the industrial, scientific, and medical
(ISM) frequency band (5.8 GHz) for wireless communication
and in the narrow-regulated frequency band (9 — 500 kHz) for
PLC [31]. The occupied frequency bandwidth is approximately
500 kHz in both media to ensure fairness.

Brief descriptions of the adopted NB-PLC and LP-RF
wireless channel models are as follows:

NB-PLC Channel Model: we make use of the well-known
Zimmermann and Dostert [32] channel model using the para-
meters taken from the IEEE 1901.2 standard [31, Annex
D]. The additive noise in this NB-PLC channel is modeled
as a zero mean colored Gaussian random process. Adopted
from [33], its PSD is expressed by S{(f) = n/2exp(—v|f|)
dBm/Hz, where v,7 € R, are constants equal to 1.2 x 107
and 1.0 x 1015, respectively, and f is the frequency in Hertz.

LP-RF Wireless Channel Model: we obtained this channel
from a wideband wireless one by adopting the procedure
suggested in the 802.15.4a IEEE wireless channel model
report [34]. Essentially, it is accomplished by filtering the
wideband wireless channel model. The zero-mean circularly
symmetric complex Gaussian assumption is made for the
LP-RF wireless additive noise. From [35], the PSD of the
additive noise in the LP-RF wireless channel is considered to
be S“j‘/(f) = —173.84+ N F dBm/Hz, where the receiver noise
figure N F' is equal to 7 dB.

Furthermore, for the channel achievable data rate eval-
uation, it is relevant to assume that fBL, |H3P(f)|2 df =
fB/w |H3W(f)|2 df and fng SE(f)df = fow SW(f)df due to
the need for ensuring fairness. Also, we consider that the full
CSI is available and the optimal power allocation is applied
in Q? (f) by means of the water-filling (WF) technique [36].
Moreover, the PLC device, which realizes the data communi-
cation through NB-PLC channels, harvests its energy from the
received signal at the output of the hybrid PLC-WLC channels
in the WLC — PLC direction. On the other hand, the WLC
device that performs data communication through the LP-RF
wireless channels, harvests its energy from the received signal
at the output of the hybrid PLC-WLC channels in the PLC —
WLC direction. As well, the harvested energy in both cases
is associated with a time interval equal to T4 ~ 16.67 ms.

At this point, we come out with three distinct scenarios,
they are:

o Scenario #1 (Fig. 11(a)): the energy is harvested at
the WLC device (energy harvester) from the hybrid
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PLC-WLC channel (PLC — WLC direction), assuming
the use of the frequency band from 0 to 100 MHz.
Therefore, the resulting energy is the sum of FoN received
signal and WLC additive noise energies in this frequency
range. After that, this amount of energy is used for data
communication from this WLC device, which is supposed
to be a LP-RF wireless device, to another LP-RF wireless
device. In this case, the data communication is realized
at one of the unlicensed ISM frequency band, which
is centered at 5.8 GHz, with a frequency bandwidth of
500 kHz.

o Scenario #2 (Fig. 11(b)): a (energy harvester) PLC device
harvests the energy from a WLC device by means of
the hybrid PLC-WLC channel in the WLC — PLC
direction by considering the frequency band delimited
by O and 100 MHz. Thus, the energy extracted from
this scenario is used for data communication from the
aforementioned PLC device, which is supposed to be a
NB-PLC, to another NB-PLC device at the frequency
band from 9 kHz up to 500 kHz [31]. In this case, the total
extracted energy is the sum of the FoN received signal
and the PLC additive noise energies.

o Scenario #3 (Fig. 11(c)): a WLC device is connected to
the power line outlet and it harvests the energy from
the electric power grid by means of the hybrid PLC-
WLC channel. It occurs in the frequency band delim-
ited by 0 and 100 MHz. Thus, the energy extracted
from this scenario is used for data communication from
the aforementioned WLC device, which is a LP-RF
wireless device, to another LP-RF wireless device with
a frequency bandwidth of 500 kHz and centered at
5.8 GHz. Therefore, the total extracted energy is the sum
of the FoN received signal and the PLC additive noise
energies.

Also, assume that the communication through the hybrid
PLC-WLC channel occurs during k74 seconds per AC mains
cycle period, in which 0 < x < 1 € R4. In other words,
in the first scenario the PLC device is using its power to
transmit information to the (energy harvester) WLC device
during kTac seconds and the remaining (1 — k)Tac sec-
onds is available for data communication between this WLC
device and its destination node, the LP-RF wireless device.
At the second scenario, the WLC device uses its power to
transmit information to the PLC device during x7'4¢ seconds,
while the remaining (1 — k)Ta¢ seconds is available for data
communication between the energy harvester PLC device and
the NB-PLC device (destination node).

Concerning the third scenario, the WLC device is using its
power to transmit information to the LP-RF wireless device
during KTac seconds and (1 — k)Tac seconds is used for
data communication between the LP-RF wireless device that
is connected to the electric power grid and another LP-RF
wireless device. In the three cases, we assume x = 0.5 and
the use of the Power Masks #1 and #2 as they represent
the most practical and implementable features. In fact, these
power masks do not demand complete CSI as they have always
the same power distribution pattern over the whole frequency
bandwidth.
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Fig. 11.

Fig. 12 shows the CCDFs of the achievable data rates for
the Power Masks #1 (labeled as PM #1) and #2 (PM #2)
in the Scenario #1 when EH is, respectively, carried out by
means of a hybrid SP PLC-WLC channel (top) or hybrid LP
PLC-WLC channel (bottom) with two distinct values of 79,
in which n? = 0.5 is represented by dashed line and n? = 1
is drawn in continuous line. The same information is depicted
for the Scenario #2 in Fig. 13.

Looking at Fig. 12 (Scenario #1) and focusing on the Power
Mask #1 with n? = 1, the data communications through the
LP-RF wireless channels yield, with a probability of 0.75,
achievable data rates of, at least, 10 bps and 3 bps with
the energy harvested from the hybrid SP PLC-WLC and
hybrid LP PLC-WLC channels, respectively. On the other
hand, by inspecting Fig. 13 (Scenario #2), for the same power
mask, ¢ = 1, and probability value, the data communications
through the NB-PLC channels offer more than 17 kbps and
15 kbps for the energy harvested from the hybrid SP PLC-
WLC and hybrid LP PLC-WLC channels, respectively. It is
important to point out that the data communication through the
NB-PLC channels achieves higher data rates due to the high
power associated with the PLC noise, which was carefully
discussed in the previous subsection.

When 7?7 = 0.5 (dashed lines), both the yielded achievable
data rate and the probability of a given achievable data
rate threshold reduces in comparison to n? = 1, as it is
expected. These figures represent a more realistic scenario,

Three distinct scenarios: (a) Scenario #1, (b) Scenario #2, (c¢) Scenario #3.
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Fig. 12. The CCDFs of achievable data rates yielded by the energy harvester
WLC device in Scenario #1 for n? = 1 (continuous line) and n? = 0.5
(dashed line).

in which the receiver is capable of harvesting only 50% of
the energy associated with the received signal due to the
RF-to-DC conversion factor (see Table III in [20] for more
details). Furthermore, assuming a probability of 0.75 and
the Power Mask #1, the LP-RF wireless channels yield an
achievable data rate of, at least, 6 bps and 1 bps by using the
energy harvested from the hybrid SP PLC-WLC and hybrid
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Fig. 13. The CCDFs of achievable data rates yielded by the energy harvester
PLC device in Scenario #2 for n¢ = 1 (continuous line) and n? = 0.5 (dashed
line).

LP PLC-WLC channels, respectively. Also, for the same
probability threshold, the chosen power mask, (n? = 0.5),
the NB-PLC channels yield more than 9 kbps or 7 kbps with
the energy harvested from either one of the hybrid SP PLC-
WLC or hybrid LP PLC-WLC channel, respectively. This
analysis illustrates the decrease of the achievable data rates
when 79 reduces.

Although the values of achievable data rates have decreased
with the use of ¢ = 0.5, see the values for 0.75 of probability
for example, these values — 6 bps (hybrid SP PLC-WLC
channels) and 1 bps (hybrid LP PLC-WLC channels) for
the LP-RF wireless channels and 9 kbps (hybrid SP PLC-
WLC channels) and 7 kbps (hybrid LP PLC-WLC channels)
for the NB-PLC channels — may be significant for fulfilling
several low-data-rate demands associated with SG, IoT, and
Industry 4.0 applications. Finally, but not the least, it is
important to highlight that the harvested energy could be used
in other applications or even for charging the battery of devices
belonging to sensors networks.

Regarding the third scenario, Fig. 14 shows the CCDFs of
the achievable data rates for the Power Masks #1 and #2 in the
Scenario #3 when EH is done by means of a hybrid SP PLC-
WLC channel (top) or hybrid LP PLC-WLC channel (bottom)
with two distinct values of 79. In this scenario, the values
of the achievable data rate are up to 1400 bps in both cases.
However, when considering the high-probability ones (0.75),
these values are 30 bps for the hybrid SP PLC-WLC channels
and 22 bps for the hybrid LP PLC-WLC channels with both
considered power masks. This scenario shows the usefulness
of the EH together with hybrid channels for wireless commu-
nications applications. Also, it is important to emphasize that
the PLC noise is being recycled and this process will improve
the quality of energy delivery by electric utilities.

G. Achievable Data Rate Analyses: Data Communication in
the Hybrid PLC-WLC Channel

In order to bring attention to the usefulness of the
data communication through the hybrid PLC-WLC channel,
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Fig. 14. The CCDFs of achievable data rates yielded by the energy harvester
PLC device in Scenario #3 for n?9 = 1 (continuous line) and n9 = 0.5 (dashed
line).

we introduced another two scenarios. These scenarios are
described as follows:

o Scenario #4 (Fig. 15(a)): the WLC device harvests energy
from the hybrid PLC-WLC channel (PLC — WLC direc-
tion), assuming the use of the frequency band from 0
to 100 MHz. That is, the total harvested energy is the
sum of FoN received signal and WLC additive noise
energies. After that, this amount of energy is used for
data communication from this WLC device to a PLC
device thorough the hybrid PLC-WLC channel (WLC
— PLC direction), in the frequency range from 1.7 to
100 MHz. Thus, the hybrid channel acts as a source of
energy in the PLC — WLC direction and then it works as
a communication medium in the WLC — PLC direction.

o Scenario #5 (Fig. 15(b)): the PLC device harvests the
energy from the hybrid PLC-WLC channel in the WLC
— PLC direction by considering the frequency band
delimited by 0 and 100 MHz. In other words, the total
harvested energy is the sum of FoN received signal and
PLC additive noise energies. In the sequence, the energy
extracted is used for data communication from the afore-
mentioned PLC device to a WLC device (PLC — WLC
direction) in the frequency band from 1.7 up to 100 MHz.
Note that the frequencies under 1.7 MHz are not used for
data communication due to the high interference with AM
broadcast stations.

The mathematical formulation in the previous subsection
is used to evaluated the achievable data rates of the hybrid
PLC-WLC channels. For the sake of simplicity, we define
7 £ PLC — WLC, if ¢ = WLC — PLC and § £ WLC —
PLC, otherwise. With this definition, we can easily indicated
that the data communication occurs in the g direction while
the energy flows in the opposite direction (i.e., the ¢** one).
Mathematically, we calculate the achievable data rate by
means of (8) substituting ¢ with g, therefore (8) is subject
to ffooo g?( fdf < P{I/,C. Here, both the CFRs and additive
noise’ PSDs are the ones obtained from the measured data set
(see Section IV) and both are associated with g. Furthermore,
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Power Masks #1 and #2 are applied.

In this sense, Fig. 16 shows the CCDFs of the achievable
data rates for the use of the Power Masks #1 and #2 in
the Scenario #4 when both EH and data communication
are carried out by means of a hybrid SP PLC-WLC chan-
nel (top) or hybrid LP PLC-WLC channel (bottom), with
1n? = 0.5 represented by dashed line and 77¢ = 1 in continuous
line. The same information is shown in Fig. 17, for the
Scenario #5.

Looking at Fig. 16 (Scenario #4), we can see that for Power
Mask #1, n?9 = 1, and a high probability (0.75), an achievable
data rate of 9 and 1 Mbps can be yielded in hybrid SP
PLC-WLC and hybrid LP PLC-WLC channels, respectively.
In comparison, when assuming Scenario #5 (Fig. 17) and same
power masks and conditions, these values increase to 57 and
4 Mbps for hybrid SP PLC-WLC and hybrid LP PLC-WLC
channels, respectively.

Now, by assuming n? = 0.5 with Power Mask #1 and a
probability of 0.75, the Scenario #4 results in an achievable
data rate of 6 and 1 Mbps, respectively, for hybrid SP PLC-
WLC and hybrid LP PLC-WLC channels. When considering
Scenario #5 with the previous assumptions as well, these
values are 38 Mbps for the hybrid SP PLC-WLC and 2 Mbps
for the hybrid LP PLC-WLC.

As expected, the decrease in the value of 7, resulted in
a reduction of the achievable data rate values for the same
conditions. As well, it can be seen that the Power Mask
#1 always outperforms the Power Mask #2. Lastly, but not

Achievable Data Rate (Mbps)

Fig. 16. The CCDFs of achievable data rates yielded by the energy harvester
WLC device in Scenario #4 for n? = 1 (continuous line) and n? = 0.5
(dashed line).

!
sP
0.75 il
a9}
5 osf ,
Q
0.25 F il
0 \,
0 300
.
LP
= PM #1 + PLC noise (7 = 1)
== PM #2 + PLC noise (n? =1) |
------ PM #1 + PLC noise (n? = 0.5)
=9t PM #2 + PLC noise (n? = 0.5)
0 50 100 150 200 250 300

Achievable Data Rate (Mbps)

Fig. 17. The CCDFs of achievable data rates yielded by the energy harvester
PLC device in Scenario #5 for n¢ = 1 (continuous line) and n¢ = 0.5 (dashed
line).

the least, the achievable data rate values related to Scenarios
#1 and #2 are lower than the ones obtained in Scenarios
#4 and #5 mainly due to the use of a narrowband channel
(NB-PLC and LP-RF wireless), in the former scenarios, while
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a broadband one (hybrid PLC-WLC channel) was used in the
latter ones. This occurs because, the broader is the frequency
bandwidth of a frequency-varying channel, the higher is the
probability of occurrence of a high SNR value in a single
subchannel, resulting in a better choice for optimal power allo-
cation technique. Therefore, the values changed from dozens
of bits or kbps to dozens of Mbps.

VI. CONCLUSION

In this work, we have formulated the use of the concatenated
hybrid PLC-WLC channels for dedicated energy harvesting
purposes. In particular, the CCDFs of the harvested energy
from these channels have been evaluated for two different
position regions, namely short-path and long-path and five
power masks (Uniform, IEEE 1901, Uniform B,, Optimal
B,, and Single Tone). Furthermore, the expected harvested
energy and the time interval to achieve a specified energy
threshold at the receiver side have been analyzed as well.
Moreover, we have presented the achievable data rates for
narrowband PLC and WLC channels as well as hybrid PLC-
WLC channels, by using the harvested energy from the hybrid
PLC-WLC channels in in-home facilities when the RF-to-DC
conversion factor is equal to 1 (ideal) and 0.5 (practical).

Based on the numerical analyses of the data set of measured
hybrid PLC-WLC channels, we have shown that the PLC noise
significantly contributes to increase the harvested energy and
to decrease the time interval to achieve an energy threshold
due to the high power nature of this noise. Also, the attained
results have shown how the harvested energy is impacted by
the type of harvesting signal and the choice of the power
mask. Lastly, but not least, we have concluded that the hybrid
PLC-WLC channels are valuable for EH purposes because
feasible values of energy can be harvested from this kind of
channels with high probability. In this sense, the use of the
harvested energy from this channels for data communication
purposes may offer satisfactory low data rate for assisting SG,
the IoT, and Industry 4.0 applications, even for the cases in
which the RF-to-DC conversion factor is equal to 0.5, which
constitutes a practical assumption.
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