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Abstract—This paper investigates the benefits that energy
harvesting (EH) can offer to increase energy efficiency in hybrid
power line/wireless data communication systems for smart grid
(SG) and Internet of Things (IoT) applications. In this regard,
the ergodic achievable data rates of a hybrid power line/wireless
dual-hop system (H2HS) model that uses EH strategies and the
amplify-and-forward protocol at the relay node are considered.
Also, four approaches for performing EH in the H2HS system are
discussed. Performance comparisons among the H2HS, a dual-
hop power line and a dual-hop wireless systems are performed
by adopting four simulation settings, covering the combinations
of optimal or uniform power allocation together with colored
or white additive noise at the output of the power line channel.
Numerical results show that the H2HS model with the power
splitting EH strategy outperforms the other models. Moreover,
if the transmission power of the source node is high, then the
case with additive colored noise at the received power line sig-
nal can result in higher achievable data rates in comparison to
the white noise case. Overall, the H2HS system making use of
an EH strategy has the potential to increase the sustainability
and energy efficiency in data communications for SG and IoT
applications.

Index Terms—Achievable data rate, cooperative communica-
tion, energy harvesting (EH), power line communication (PLC),
wireless communication (WLC).

I. INTRODUCTION

T
HE modernization of data communication infrastructures

to fulfill the needs and demands of smart grids (SGs)

and the Internet of Things (IoT) can bring several benefits.

However, to accomplish this aim, it is necessary to have

flexibility to ensure reliability, since no single data commu-

nication technology covers all possible scenarios [1], [2]. In

this regard, the mutual uses of power line communication

(PLC) [3]–[7], wireless communication (WLC), and visible

light communication (VLC) are being pursued [8]–[10]. Also,

cooperative communication concepts based on relaying and
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combining techniques at physical and link layers are being

investigated [11]–[13] for exploiting the existing diversity

among PLC, WLC, and VLC channels. Furthermore, [14]–[16]

showed that communications systems based on the use of

hybrid power line/wireless channels can offer improved reli-

ability or higher data rate in comparison with nonhybrid

channels, even when this system loses a data communication

link or a node communication interface [17].

Additionally, the increasing demand for more energy effi-

cient and smarter data communication devices, is motivating

research efforts on how to effectively and efficiently take

advantage of the energy of the received signal for pow-

ering a transceiver. As stated in [18], one of the domi-

nant barriers to implement IoT is supplying enough energy

to operate the network in a self-sufficient manner. Among

several initiatives to deal with this challenging issue, the

concept of energy harvesting (EH) is being increasingly inves-

tigated. Initially, the research efforts related to EH were

focused on WLC. Recently, research attention in this area

has turned to PLC because its combination with WLC and

VLC will play a pivotal role in the future of SG and IoT

applications.

In particular, when energy efficiency is brought to the cen-

ter of discussions about the evolution of data communication

technologies for assisting massive deployment of SG and IoT

technologies, the EH strategies [19] start to play an impor-

tant role in providing the appropriate tools in the reuse of

the expended energy for transmitting information through data

communication media. In fact, the successful implementation

of EH strategies may allow a data communication node to

power itself by harvesting energy from the received signal,

which was transmitted by another node and, thus, the end of

battery life can be postponed or, eventually, eliminated. In the

era of SG and IoT, the EH strategies may be of fundamen-

tal importance for energy supply and information exchange

among numerous low-power devices [20] that make use of

an intermittent or unavailable energy supply, which can occur

due to the design of the device, failure of the power supply,

and/or the end of stored energy. As a result, current applica-

tions related to SGs, the IoT and novel ones associated with

smart cities and Industry 4.0, such as smart home, healthcare,

surveillance, transportation [18], smart metering [21], moni-

toring and control [22], smart mining, and industrial sensor

networks [23] can take advantages of it.

In this regard, [24] focused on the tradeoff between the har-

vested energy and the WLC channel capacity. In the sequel,

it was extended to address frequency-selective channels [25].
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Moreover, [24] and [25] considered that the receiver could

simultaneously decode the information and perform EH,

which may not be a practical approach. Furthermore, [26]

outlined two EH relaying protocols, namely, time switch-

ing (TS) and power splitting (PS). In the former, the relay

shares the time between EH and data communication tasks,

while in the latter, the relay simultaneously splits the power

between EH and data communication ones. Also, [26] showed

that TS outperforms PS in terms of throughput and data

rates for low signal-to-noise conditions if amplify-and-forward

(AF) relaying-based cooperative communication is adopted.

Moreover, [27] provided a performance comparison between

TS and PS strategies, by means of the rate-energy region,

considering a multiple-input and multiple-output broadcast

system. Furthermore, [28] investigated the power allocation

strategies for a decode-and-forward (DF) EH relaying system

with multiple source-destination pairs and [29] extended this

analysis when an interfering signal is present.

Focusing on the EH strategies for PLC systems, a few works

have addressed this topic, such as [30] and [31]. More specif-

ically, [30] considered a dual-hop DF PLC system with TS

at the relay node and showed that it is possible to provide

energy efficiency improvements of more than 30% in compar-

ison to the conventional DF relaying scheme when energy is

harvested from the additive impulsive noise in the power lines.

In the sequel, [31] considered a dual-hop AF PLC system with

TS at the relay node and showed that as the noise becomes

more impulsive, more energy will be harvested and the EH

time factor was recognized as a key parameter to optimize the

system performance.

It is important to emphasize that previous works highlighted

the benefits of using EH strategies together with relays for

individual WLC or PLC system. However, neither of them

have addressed the benefits associated with the use of EH

strategies together with the hybrid power line/wireless system,

nor have they paid attention to the typical frequency bands that

are anticipated for use by SG and IoT technologies.

Aiming to deal with the aforementioned issues and to

increase the lifetimes, energy efficiency and flexibility of

transceivers, we focus on the association among cooperative

communication, the hybridism concept, and EH for narrow-

band or low-data-rate transceivers that are suitable for SG

and IoT applications. In this context, SG and IoT devices

can eventually make use of intermittent energy supplies, do

not have energy supplies, or lose their energy supplies due to

unexpected failures.

In this regard, the main contributions of this paper can be

summarized as follows.

1) Formulation of the ergodic achievable data rates of

the hybrid power line/wireless dual-hop system (H2HS)

model when the TS, PS, or the proposed hybrid TS

(HTS) strategy together with the AF protocol and maxi-

mal ratio combining (MRC) technique are applied at the

relay node.

2) Introduction and discussion of four different EH

approaches: a) the H2HS system harvests the energy at

the relay node only from the wireless signal using hybrid

time switching (HTS) (Approach A); b) only from the

power line signal using HTS (Approach B); c) from both

power line and wireless signals using TS (Approach C);

and d) from both power line and wireless signals using

PS (Approach D).

3) Evaluation and performance comparisons among H2HS,

power line dual-hop system (P2HS) and wireless dual-

hop system (W2HS) under four simulation settings.

These settings cover important scenarios for evaluation

purposes.

Our numerical results lead us to the following conclusions.

1) For high transmission power at the source node, the

nonflat power spectral density (PSD) feature of the

PLC additive noise can increase the achievable data

rate gains in comparison with the flat PSD assumption

of the additive noise, something that agrees with [30]

and [31]. Regardless of the simulation setting, the H2HS

system always outperforms P2HS and W2HS systems in

terms of EH.

2) For any H2HS systems, the optimal values of TS and

PS factors yield better performance in favor of the PS

strategy rather than TS. Also, Approaches A and B are

shown to provide upper bounds for Approach C regard-

less of the value of TS and PS factors and the listed

settings. Last, but not least, Approach D is more appeal-

ing for SG and IoT applications because of its resilience

against the types of transmission power allocation and

the intrinsic characteristics of PLC and WLC channels.

The rest of this paper is organized as follows. Section II

introduces the H2HS model and formulates the investigated

problem. Section III briefly describes the TS and PS strate-

gies and deals with the ergodic achievable data rates of the

four approaches in the H2HS model. Section IV discusses the

numerical results; and, finally, Section V states our concluding

remarks.

II. PROBLEM FORMULATION

The H2HS model is shown in Fig. 1. It is composed of par-

allel power line and wireless dual-hop systems. In this model,

each node makes use of power line and wireless media to

transmit signals among source (S), relay (R), and destination

(D) nodes. The R node operates in half-duplex mode and it

uses the MRC technique to combine the signals received from

the S node through the power line and wireless media. Also,

it makes use of the AF protocol to forward the amplified ver-

sion of the received signal to the D node. In this model, the

only source of power at the R node comes from the energy

harvested from the signals received by the R node.

According to Fig. 1, the S node transmits the source infor-

mation to the R node through the wireless and power line

channels during the first phase. During the second phase, the R

node combines the received information and forwards it to the

D node. In this context, we assume that the direct (S → D) link

is not feasible due to the high attenuation associated with the

relatively large distance between S and D nodes. The transmis-

sion power spent at the S node is PS = PP
1 +PW

1 ≥ 0, in which

PP
1 ≥ 0 and PW

1 ≥ 0 are the transmission power allocated to

the power line and wireless (S → R) node communication
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Fig. 1. H2HS model.

interfaces, respectively. Similarly, PR = PP
2 + PW

2 ≥ 0 is

the transmission power obtained from the energy harvested

from the signals received by the R node, where PP
2 ≥ 0 and

PW
2 ≥ 0 are the transmission power allocated to the power

line and wireless (R → D) node communication interfaces,

respectively. Furthermore, we assume that P = PS + PR is the

total transmission power. Note that P
q
t ≥ 0 is the transmis-

sion power allocated to the communication interface associated

with the qth communication medium in the tth phase, in which

q ∈ {P, W} refers to power line or wireless medium and

t ∈ {1, 2} denotes the first and second phases, respectively.

Moreover, the power line and wireless channels are assumed

to be linear and time varying among different phases. Also,

both of them remain time invariant during one phase. In other

words, the discrete-time representations of channel impulse

responses, for a given N-block symbol duration (one phase

duration), are denoted by {hq

ℓ[n]}L
q
ℓ−1

n=0 , in which L
q

ℓ are their

lengths, maxℓ{Lq

ℓ} ≤ Lmax,∀q, ℓ, and ℓ ∈ {SR, RD} refers to

the SR or RD link.

In [15], it was shown that power line and wireless single-

relay channels could be modeled as two parallel linear

Gaussian relay channels (LGRCs) (see [32]). In this regard

and similar to [15], we assume that the H2HS is also modeled

by two parallel LGRCs (one for power line and one for wire-

less), during one N-block symbol duration. In other words,

the LGRC assumption is also applied to the power line and

wireless dual-hop systems. Moreover, we assume that both

power line and wireless channels are statistically independent

of each other and from the additive noise. Furthermore, direct

data communication from the S node to the D node is not

possible.

In this setting, we define the N-block memoryless chan-

nel as the channel, where the outputs over any N-block

transmission are independent of channel inputs and noise sam-

ples from previous or subsequent N-block transmissions, for

N > Lmax [33]. Also, we define the N-block memoryless

circular Gaussian relay channel (N-CGRC) as the N-block

LGRC (N-LGRC) switching the linear convolution operation

associated with the LGRC for the circular convolution associ-

ated with the CGRC formulation. Now, and most important,

as [32] states, the direct computation of the channel capacity

of the N-LGRC is challenged by the presence of interblock

interference due to the fact that the channel impulse responses

have memory and the additive noises are correlated random

processes. As addressed in [33], the channel capacity of the N-

LGRC tends to be equal to that of the N-CGRC as N → ∞.

The N-CGRC model avoids interblock interference by con-

verting the linear convolution of an N-LGRC into a circular

convolution, which is a distinct advantage for analytical and

numerical computation purposes.

In this sense, let the discrete-time vectorial representation

of the impulse response of the channel associated with the qth

communication medium and the ℓth link during one N-block

symbol duration be h
q

ℓ = [h
q

ℓ[0], h
q

ℓ[1], . . . , h
q

ℓ[L
q

ℓ − 1]]T ; then

H
q

ℓ = [H
q

ℓ [0], H
q

ℓ [1], . . . , H
q

ℓ [N − 1]]T is the N-length dis-

crete Fourier transform of the channel impulse response of the

power line or wireless channel such that H
q

ℓ = F [h
q

ℓ, 0N−L
q
ℓ
]T ,

in which F is the N×N discrete Fourier transform matrix, 0M0

is an M0-length column vector of all zeros and N is the number

of subchannels. We also define the diagonal matrices H
q

ℓ �

diag{Hq

ℓ [0], H
q

ℓ [1], . . . , H
q

ℓ [N − 1]}, and similarly, �|Hq
ℓ |

2 �

diag{|Hq

ℓ [0]|2, |Hq

ℓ [1]|2, . . . , |Hq

ℓ [N − 1]|2}. Moreover, the

joint probability p(|Hq

ℓ [0]|2, |Hq

ℓ [1]|2, . . . , |Hq

ℓ [N − 1]|2) =
p(|Hq

ℓ [0]|2)p(|Hq

ℓ [1]|2) . . . p(|Hq

ℓ [N −1]|2) because we assume

that H
q

ℓ [i] and H
q

ℓ [j], ∀i 	= j are independent random variables.

The vectorial representation of a symbol, after digital mod-

ulation in the frequency domain, is given by X ∈ C
N×1,

while V
q

ℓ ∈ C
N×1 is the vectorial representation of the addi-

tive noise in the frequency domain for the qth communication

medium associated with the ℓth link. Moreover, we consider

that E{X} = 0, E{XX†} = �σ 2
X

= IN , in which IM1
denotes

the M1 × M1 identity matrix, E{·} denotes expectation and †

denotes the conjugate transpose operator. Also, E{Vq

ℓ} = 0 and

E{Vq

ℓV
q

ℓ

†} = �σ 2

V
q
ℓ

= diag{σ 2
V

q
ℓ

[0], σ 2
V

q
ℓ

[1], . . . , σ 2
V

q
ℓ

[N − 1]}.

In addition, we have �P
q
t

= diag{Pq

t,0, P
q

t,1, . . . , P
q

t,N−1} as a

matrix representation of power allocation, so that Tr(�P
q
t
) =

P
q
t , where Tr(·) denotes the trace operator. Therefore, �√

P
q
t

=

diag{
√

P
q

t,0,

√

P
q

t,1, . . . ,

√

P
q

t,N−1} denotes the amplitude in the

frequency domain of the transmitted symbol through the qth

communication medium at the tth phase.

Due to the intrinsic characteristics of both power line and

wireless channels and the need for guaranteeing fairness and

exploiting the existing diversity between them, we assume that

‖hP
ℓ ‖2 = ‖hW

ℓ ‖2 = γ and PW
v,ℓ = PP

v,ℓ, in which ‖·‖ denotes

the 2-norm. Note that ‖h
q

ℓ‖
2 is the channel energy associated

with the qth communication medium and the ℓth link, while

P
q

v,ℓ denotes the power of the additive noise associated with

the qth communication medium and the ℓth link.

Given the aforementioned formulation, the following

research question arises: can an H2HS yield higher achievable

data rates than the separate use of nonhybrid two-hop systems

(P2HS or W2HS) when a sum power constraint applies and

EH is adopted at the R node? The answer to this question

gives guidance for the development of IoT technologies that

are sustainable and efficient in the energy consumption sense.

The following sections address the answer to this question.

III. PROPOSED APPROACHES FOR EH IN THE

H2HS MODEL

This section describes the four approaches for performing

EH in the H2HS model. In general, they differ from each other

in terms of the time interval usage before the second phase.

In this context, we first formulate the ergodic achievable data
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(a)

(b)

Fig. 2. (a) Block diagram of the TS strategy at the R node, and (b) illustration
of the key TS parameters.

rate of the H2HS model without EH and then the ergodic

achievable data rate of these four approaches. This roadmap

allows us to straightforwardly derive the four approaches from

the H2HS model.

To do so, the TS and PS strategies are concisely reviewed

from the EH perspective in Section III-A. In the sequel,

Section III-B formulates the ergodic achievable data rate of

the H2HS model without the use of EH. Finally, Section III-C

details Approaches A, B, C, and D and how they are derived

from the ergodic achievable data rate of the H2HS model.

A. TS and PS Strategies

First of all, assume that the harvested energy is equally

split between both power line and wireless interfaces during

the second phase. Also, we make the somewhat pessimistic

assumption that only the energy of the received signal is uti-

lized for EH [26], [27]. In other words, the energy associated

with the additive noise is not taken into account.

According to Fig. 2, the TS strategy considers that the R

node uses the time period of 2τT for EH, (1 − τ)T for the

S → R node communication during the first phase, and the

remaining (1−τ)T for the R → D node communication during

the second phase, in which T is a time interval and 0 < τ < 1

is the TS factor. In this regard, the energy harvested from

the received signal associated with the qth communication

medium at the R node is given by

E
q
R = 2ητP

q

1‖h
q

SR‖2T (1)

in which 0 < η ≤ 1 is the energy conversion efficiency [19].

Also, using (1), the transmission power for data communica-

tion from the R node, through the qth communication medium,

to the D node is expressed as

P
q

2 =
E

q
R

(1 − τ)T
=

2ητP
q

1‖h
q

SR‖2

(1 − τ)
. (2)

On the other hand, in the PS strategy (see Fig. 3), the

received energy during the first phase is split between S → R

data communication and EH. This division respects the split-

ting factor, ρ. In other words, the R node harvests the energy

(a)

(b)

Fig. 3. (a) Block diagram of the PS strategy at the R node, and (b) illustration
of the key PS parameters.

from the received signal
√

ρy
q

S,R[n], which is associated with

the qth communication medium. The remaining energy, which

is associated with (1 − √
ρ)y

q

S,R[n], is used for recovering

the transmitted signal at the R node. Therefore, the harvested

energy at the R node from the qth communication medium is

given by

E
q
R = ηρP

q

1‖h
q

SR‖2T (3)

in which 0 < ρ < 1. Furthermore, using (3), the available

transmission power at the R node for data communication

with the D node, through the qth communication medium,

is expressed as

P
q

2 =
E

q
R

T
= ηρP

q

1‖h
q

SR‖2. (4)

B. Achievable Data Rates

This section deals with the derivation of a closed-form

expression for the ergodic achievable data rate of the H2HS

model. To accomplish this aim, we adopt the AF coop-

erative protocol [11], [12], [15], [26], [31] and the MRC

technique [12].

Now, we can state that the frequency domain vectorial rep-

resentation of a symbol at the output of the qth communication

medium associated with the SR link, during the first phase, is

given by

Y
q

SR = �√

P
q

1

H
q

SRX + V
q

SR. (5)

Note that the AF protocol allows the further transmission of

the received symbol by the R node to the D node using an

amplification factor, which is related to the power allocated

to the R node during the second phase. Mathematically, the

vectorial frequency domain representation of the symbol at

the output of the qth communication medium associated with

the RD link is given by [15]

Y
q

RD,AF = �√

P
q

2

H
q
RDXR + V

q
RD (6)
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in which XR = �
−1
σYSR

(DPYP
SR + DWYW

SR) and

�σ 2
YSR

=
∣

∣

∣

∣

DP
�√

PP
1

H
P
SR + DW

�√

PW
1

H
W
SR

∣

∣

∣

∣

2

+
∣

∣DP
∣

∣

2
�σ 2

VP
SR

+
∣

∣DW
∣

∣

2
�σ 2

VW
SR

(7)

where Dq = �√

P
q

1

H
q

SR

†
�

−1

σ 2

V
q
SR

[12]. From (5) and (6), the

vectorial representation of the received symbol at the R node

can be expressed by (8) at the bottom of this page.

Now, let f (Z) denote the entropy of a random vector Z.

Also, let Y ∈ C
2N×1 be the received symbol at the D node

after the two phases; then the mutual information between the

transmitted and received symbols is [12], [15]

I(X, Y) = f (Y) − f (BV). (9)

Based on the assumption that X is Gaussian distributed, we

have

f (Y) = log2

[

(πe)2Ndet(RYY)

]

(10)

and, due to the Gaussianity of the additive noise, we write

f (BV) = log2

[

(πe)2Ndet
(

BRVVB†
)]

(11)

where RYY = E{YY†} = ARXXA† + BRVVB†, RXX =
E{XX†}, and RVV = E{VV†}. On defining CAF = ARXXA†

and DAF = BRVVB†, in which CAF and DAF are given by (12)

and (13), as shown at the bottom of the next page, respectively,

from (9), the mutual information is given by

I(X, Y) = log2

[

det
(

I2N + CAFD−1
AF

)]

. (14)

As a result, the ergodic achievable data rate of the H2HS

model adopting AF and MRC at the R node, which uses 2T

time slots and N sub-bands, is given by

CH2HS = EHP
ℓ ,HW

ℓ

{

max
�P

BW

N
log2

[

det
(

I2N + CAFD−1
AF

)]

}

(15)

subject to Tr(�P) ≤ P, where �P =
diag

{

�PP
1
,�PW

1
,�PP

2
,�PW

2

}

, BW and EHP
ℓ ,HW

ℓ
{.} are the

frequency bandwidth and the expectation operation related to

both power line and wireless channels, respectively.

C. Proposed Approaches

The proposed four EH approaches in the H2HS model are

depicted in Fig. 4. Basically, these approaches refer to distinct

approaches to harvesting energy from the H2HS model by

exploiting the PS and TS strategies and the existing diversity

in the hybrid data communication channel (i.e., parallel use

of PLC and WLC channels). Based on (12) and (13), closed-

form expressions for the ergodic achievable data rates of these

approaches are concisely obtained as follows.

1) Approach A: During the first phase, the energy at the R

node is harvested only from the signal associated with

the wireless SR link, while the power line SR link is

used for performing the S → R data communication.

To evaluate the achievable data rate, the terms related

to the wireless SR link (i.e., DW ,�√

PW
1

and H
W
SR) are

removed from (12) and (13). Also, 2τ multiplies �PP
1
,

while 2(1 − τ) multiplies �PP
2

and �PW
2

. Further, the

EH value is that harvested from the wireless signal. In

other words, the total harvested energy is ER = EW
R =

2ητPW
1 ‖hW

SR‖2T .

2) Approach B: This is the opposite of Approach A. In

particular, energy is harvested from the power line signal

associated with the SR link, while the wireless SR link

is used for carrying out S → R data communication,

during the first phase. To evaluate the achievable data

rate, the terms related to the power line SR link (i.e.,

DP,�√

PP
1

and H
P
SR ) are removed from (12) and (13).

Moreover, 2τ multiplies �PW
1

, while 2(1 − τ) multiplies

�PP
2

and �PW
2

. As a result, the total harvested energy is

ER = EP
R = 2ητPP

1 ‖hP
SR‖2T . The EH strategy used in

Approaches A and B is called the HTS strategy.

3) Approach C: In this approach, EH is carried out in the

power line and wireless signals associated with SR links

by using the TS strategy. Thus, the signals associated

with both power line and wireless SR links are used for

harvesting energy during the EH period and, after that,

they are used for performing S → R data communica-

tion based on the use of the TS factor. To evaluate the

achievable data rate, a change is made in (12) and (13)

by multiplying the terms �PP
1
,�PP

2
,�PW

1
, and �PW

2
by

(1 − τ). Also, the total harvested energy is given by

ER = EP
R + EW

R = 2ητT(PP
1 ‖hP

SR‖2 + PW
1 ‖hW

SR‖2).

4) Approach D: This approach is based on the simulta-

neous use of power line and wireless signals received

by the R node. From these signals, EH and S → R

Y =
[

YP
SRD,AF

T
, YW

SRD,AF

T
]T

=

⎡
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⎤
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where

V =
[

VP
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T
VP
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T
VW

SR

T
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T
]T

(8)
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Fig. 4. Block diagrams of Approach A (HTS), Approach B (HTS), Approach C (TS), and Approach D (PS).

data communication are accomplished by adopting PS.

To evaluate the achievable data rate, (12) and (13)

are changed by multiplying the terms �PP
1

and �PW
1

by (1 − ρ) and the harvested energy is expressed as

ER = EP
R + EW

R = ηρT(PP
1 ‖hP

SR‖2 + PW
1 ‖hW

SR‖2).

IV. NUMERICAL RESULTS

In order to carry out numerical simulations regarding the

H2HS model, we assume that the signal transmission occurs in

the industrial, scientific, and medical (ISM) frequency band for

WLC and the low-frequency band for PLC. The narrowband-

PLC (NB-PLC) is standardized to operate in the frequency

band from 0 up to 500 kHz [34]. For the sake of a fair com-

parison, the low-power radio frequency (LP-RF) wireless data

transmission occupies a bandwidth equal to 500 kHz in the

frequency band between 915 and 915.5 MHz. Furthermore,

a large value of N is used such that the subchannel gains

and PSD of the additive noise are flat within each subchan-

nel. This choice is useful to accomplish realizable numerical

simulations.

Note that PS ∈ {1, 100} mW is adopted in order to empha-

size scenarios in which data communications face bad and

good conditions and η = 1 is chosen. Furthermore, we use

γ = 10−2 because γ ≫ 10−2 would make the EH more

advantageous than it really is. On the other hand, γ ≪ 10−2

results in very low values of harvested energy. Therefore, the

chosen value of γ is the most realistic since it is closer to the

real value of channel energy experienced by PLC channels.

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 [35] channel model using the param-

eters taken from the IEEE 1901.2 standard [34, Annex D].

The additive noise in this NB-PLC channel is modeled as

a zero mean colored Gaussian random process. Adopted

from [36], its PSD is expressed by SP(f ) = η/2 exp(−ν|f |),
where ν, η ∈ R+ are constants equal to 1.2 × 10−5 and

1.0 × 10−15, respectively, and f is the frequency in Hertz.

Given the subchannel bandwidth, 
f = BW/N, we have that

�σ 2

VP
ℓ

= 
f diag{SP(0), SP(
f ), . . . , SP([N − 1]
f )},∀ℓ.

LP-RF Wireless Channel Model: We obtained this chan-

nel from a wideband wireless one by adopting the pro-

cedure suggested in the 802.15.4a IEEE wireless channel

model report [37]. Essentially, it is accomplished by filter-

ing the wideband wireless channel model. The zero-mean

circularly symmetric complex Gaussian assumption is made

for the wireless additive noise. From [38], the PSD of the

additive noise in the wireless channel is considered to be

SW(f ) = −173.8 + NF dBm/Hz, where the receiver noise

figure NF is equal to 7 dB. As a result, we have that

�σ 2

VW
ℓ

= 
f diag{SW(0), SW(
f ), . . . , SW([N − 1]
f )},∀ℓ.

To carry out comparative numerical analyses, we will rely

on the achievable data rate ratio, which is defined by
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(16)
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where Ca is the achievable data rate associated with

the system a, where a ∈ {H2HS, P2HS, W2HS} denotes the

H2HS (any approach), P2HS, or W2HS model. Note that the

source of power at the R node comes from the use of one

of the aforementioned EH approaches. This means that each

one of them uses the TS, PS, or HTS strategy and, as a con-

sequence, we adopt b ∈ {TS, PS, HTS}. Also, CH refers

to the achievable data rate attained by the H2HS model by

assuming a source of power at the R node and EH does not

apply. In other words, this condition refers to a typical H2HS

system.

Further, we assume that the complete channel state infor-

mation is available at the transmitter side if optimal power

allocation (OA) is applied by using the water-filling tech-

nique [39] at the S and R nodes. This technique optimally

allocates the total transmission power among subcarriers based

on knowledge of the normalized signal-to-noise ratio (nSNR)

matrix, which can be expressed as �
ζ

q
ℓ

= �|Hq
ℓ |

2�
−1

σ 2

V
q
ℓ

=

diag{ζ q

ℓ [0], ζ
q

ℓ [1], . . . , ζ
q

ℓ [N − 1]} for the qth communica-

tion medium associated with the ℓth link, in which, for a

given q and ℓ, ζ
q

ℓ [k] is the kth subchannel nSNR with k ∈
{0, 1, . . . , N − 1} corresponding to the frequencies fk = k
f .

Past works have shown that the intrinsic PLC noise char-

acteristic can increase the system performance when EH is

adopted [30], [31]. Taking into account this issue, we perform

the numerical analyses considering that the additive noise in

the PLC channel can be white or colored. In this sense, the

following four simulation settings are taken into account to

support our quantitative analyses.

1) Setting #1: OA is used at the S and R nodes and the

PLC channel output is corrupted by an additive colored

Gaussian noise (ACGN).

2) Setting #2: OA is used at the S and R nodes. Also, the

PLC channel is corrupted by additive white Gaussian

noise (AWGN).

3) Setting #3: uniform power allocation (UA) is used at the

S and R nodes and the PLC channel is disturbed by the

presence of the ACGN.

4) Setting #4: UA is used at the S and R nodes, and the

PLC channel is corrupted by AWGN.

Also, the four approaches for harvesting energy in the H2HS

model (see Section III-C for more details) may be described

as follows: if H2HS harvests the energy in the R node only

from the wireless signal by means of the HTS strategy, then

we call it Approach A; only from the power line signal and

using the HTS strategy, Approach B; from both power line and

wireless signals using the TS strategy, Approach C; and from

both power line and wireless signals using the PS strategy,

Approach D. Furthermore, the nonhybrid P2HS and W2HS

models make use of the power line and wireless SR link,

respectively, for EH and are straightforwardly associated with

their acronyms.

A. Setting #1: OA, PLC Channel With ACGN

By considering Setting #1, Fig. 5 shows achievable

data rate ratios as functions of the TS and PS factors, for

Fig. 5(a) PS = 1 mW and for Fig. 5(b) PS = 100 mW.

According to this plot, when PS = 100 mW, there is a

clear performance gap among H2HS (Approaches A, B,

C, and D) and the nonhybrid dual-hop systems (P2HS and

W2HS). This gap is in favor of H2HS and is irrelevant when

PS = 1 mW. As a matter of fact, if the transmission power

is low, then the PLC portion has a greater contribution to

the H2HS model than the WLC one and this behavior is less

noticeable when the transmission power increases. Overall,

this performance gap increase as PS grows. For instance,

when PS = 1 mW, the optimal TS factor for the H2HS

with Approach A and W2HS with TS is τOPT = 1/2, which

results in ϕW2HS
TS = 0.06 and ϕH2HS

HTS = 0.18 (Approach A).

Therefore, ϕH2HS
HTS − ϕW2HS

TS = 0.12. For PS = 100 mW and

τOPT = 1/2, we have ϕH2HS
HTS − ϕW2HS

TS = 0.26.

Regarding the use of the EH strategy in the H2HS model,

we note that TS (Approach C) is better than PS (Approach D)

for τ, ρ < 1/2 and the opposite occurs for τ, ρ > 1/2. Also,

for any value of PS and optimal values of τ and ρ, PS attains

better performance than TS. In fact, unlike TS, the PS strategy

does not affect the time interval reserved for the second phase.

In other words, independent of the value of the PS factor, the

PS strategy has T time interval for carrying out the R → D

data communication, resulting in a tendency to increase the

use of P1 to perform EH rather than S → R data transmission

during the first phase, which is confirmed by the high value

of ρOPT = 0.9 in Approach D.

With the exception of energy, the characteristics of the chan-

nel that is used for EH do not exert influence on the amount

of harvested energy. Therefore, for a given τ , the same energy

is harvested in both Approaches A and B and they have the

same performance in terms of the RD link usage. That said,

the only difference between Approaches A and B is the use of

power line and wireless SR links, respectively, which offers

an advantage in favor of the PLC portion of the SR link when

OA is adopted. In fact, OA can efficiently exploit the existing

diversity of nSNR, which is associated with the effect of the

frequency-selective PLC channel and nonflatness of the PSD.

In other words, the characteristics of the PLC channel (i.e.,

channel frequency response and additive noise) cause OA to

allocate the majority of PP
1 in a few subchannels (i.e., those

showing the highest nSNR), something that does not happen

in the wireless ones because the channel frequency response

associated with the ISM band and the PSD are almost flat.

Thus, Approach A offers better performance than Approach B

in terms of SR link usage. Finally, the lack of matching among

these few subchannels (i.e., they occupy distinct frequency

bands) of the SR link and the RD link can cause the whole

system to lose performance. This is the reason behind the

improvement of Approach B over Approach A in Setting #1.

Moreover, for a given EH strategy, P2HS is better than

W2HS for any value of the switching or splitting factor. In

these cases, the PLC channels associated with SR and RD

links share a large number of high nSNR subchannels, i.e.,

the high nSNR subchannels belonging to the SR and RD links

are occupying the same frequency band due to the attenua-

tion profile of the PLC channel frequency response. In other

words, it is better to have subchannels associated with the
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(a) (b)

Fig. 5. Setting #1: ϕa
b

versus τ, ρ for H2HS, P2HS, and W2HS with (a) PS = 1 mW and (b) PS = 100 mW.

(a) (b)

Fig. 6. Setting #2: ϕa
b

versus τ, ρ for H2HS, P2HS, and W2HS with (a) PS = 1 mW and (b) PS = 100 mW.

SR link with low nSNR variation and subchannels associated

with the RD link with high nSNR variation when operating

in the Setting #1 conditions. Finally, we note that τ = 0 and

ρ = 0 are not feasible values since no energy would be har-

vested for the R → D data communication link. On the other

hand, τ = 1 and ρ = 1 would make data communication

impossible.

B. Setting #2: OA, PLC Channel With AWGN

Fig. 6 shows achievable data rate ratios as functions of τ, ρ,

for Fig. 6(a) PS = 1 mW and Fig. 6(b) PS = 100 mW,

for Setting #2. Different from Setting #1, W2HS presents

better performance than P2HS for any value of τ, ρ when

PS = 100 mW. This occurs because, in this setting, the addi-

tive noise in the PLC channel has a flat PSD. In other words,

one of the two advantages that P2HS offered in Setting #1

was removed (the other one is the high PLC frequency selec-

tivity) because the difference between the nSNR variation in

the PLC subchannels at both SR and RD links in comparison

to the wireless ones is not as great as in Setting #1. However,

with PS = 1 mW, P2HS yields similar performance to W2HS

because the lower is the transmission power, the higher is the

gain achieved by the use of OA in high frequency-selective

channels [15].

Also, the nonflatness characteristic of the PSD of the addi-

tive noise in the PLC channel makes the absolute value of

the achievable data rates higher than the flatness assumption

related to the PSD of the PLC additive noise. For instance, the

ratio between CP2HS in Setting #1 and CP2HS in Setting #2,

results in more than 30% of improvement with PS = 100 mW

and τOPT. Overall, H2HS and P2HS systems offer improve-

ments in Setting #1 in relation to Setting #2. The exception is

the W2HS system because it is not impacted by the assump-

tion that the PSD of the additive noise of the PLC channel

is flat.

C. Setting #3: UA, PLC Channel With ACGN

For Setting #3, the achievable data rate ratios as functions

of τ, ρ, for PS = 1 mW and PS = 100 mW are shown in

Fig. 7(a) and Fig. 7(b), respectively. By comparing ϕP2HS
TS and

ϕW2HS
TS in Settings #3 (UA) and #1 (OA), we can notice that the

change of the power resource allocation from OA to UA has

a great and negative impact on the performance of the power

line channels compared to the wireless ones. This occurs due



FERNANDES et al.: H2HS WITH EH RELAY 4209

(a) (b)

Fig. 7. Setting #3: ϕa
b

versus τ, ρ for H2HS, P2HS, and W2HS with (a) PS = 1 mW and (b) PS = 100 mW.

(a) (b)

Fig. 8. Setting #4: ϕa
b

versus τ, ρ for H2HS, P2HS, and W2HS with (a) PS = 1 mW and (b) PS = 100 mW.

to the high variation of the power line nSNR among subchan-

nels. Therefore, when OA is adopted, the use of frequency

selectivity of the nSNR of the power line channel is efficiently

exploited, which does not happen when UA is applied. Due

to that, in Setting #3, P2HS and W2HS have similar perfor-

mances to the H2HS with wireless EH (Approach A) and the

H2HS with power line EH (Approach B).

Different from what was noted with Settings #1 and #2,

the performance of the H2HS model with power line or wire-

less EH (i.e., Approach A or B) is similar to that related to

the H2HS with the TS (Approach C) strategy because both

power line and wireless channels offer similar contributions

to EH and achievable data rates in Setting #3. Further, the

increase of PS from 1 to 100 mW made the P2HS and W2HS

performances even closer to each other due to the similar

performance among subchannels, which is caused by the use

of UA together with ‖hP
ℓ ‖2 = ‖hW

ℓ ‖2 and PW
v,ℓ = PP

v,ℓ.

D. Setting #4: UA, PLC Channel With AWGN

Regarding Setting #4, Fig. 8 shows achievable data rate

ratios as functions of τ, ρ, for Fig. 8(a) PS = 1 mW and

Fig. 8(b) PS = 100 mW. The lowest values of the achievable

data rates for P2HS is noted in this setting. As a consequence,

it leads to the greatest performance difference between P2HS

and W2HS.

Concerning Setting #3, the change of behavior associated

with P2HS is due to the noise assumption. In other words,

if the PSD of the PLC additive noise is flat, then the power

line channel frequency selectivity is more noticed than when

the PSD of the additive noise is nonflat. As a matter of fact,

the matching of the high nSNR subchannels in the SR and

RD links is less frequent in the flat PSD than in the non-

flat one. Besides, the nonflat PSD of PLC additive noise

can result in more performance gain than the flatness of

this PSD.

Furthermore, the change from OA (Setting #2) to UA

(Setting #4) showed the flexibility of the W2HS and H2HS

with mutual power line and wireless EH (Approaches C and

D) to deal with the lack of OA, which is not present in P2HS

and H2HS with the energy harvested from the power line or

wireless signal (Approaches A and B). In fact, the change in

the power allocation is more perceived in the power line chan-

nels than in the wireless ones when the additive PLC noise has

a flat PSD. Also, Approaches A and B provide upper bounds

for Approach C, regardless of the value of τ, ρ.
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Moreover, Approach D with ρOPT = 0.9 showed the best

results in terms of achievable data rates. Also, Approach D is

more resilient to a change of the PSD of the additive noise

and the type of power allocation. In other words, Approach D

appears to be more promising for implementation under the

set of assumptions made. Overall, the results presented here

support the use of H2HS together with an EH strategy for

low-bit-rate applications, such as SG and IoT ones.

V. CONCLUSION

Based on EH principles, we have formulated the H2HS

model in terms of achievable data rates. In this model, EH

is performed at the relay node by using the HTS strategy

(e.g., from the wireless signal—Approach A and the power

line signal—Approach B), the TS strategy (Approach C), or

the PS strategy (Approach D). Moreover, we have analyzed

performance comparisons among the H2HS, P2HS, and W2HS

models under four simulation settings.

Regardless of the EH strategy, we have shown that the

H2HS model based on Approach D performs better than P2HS

or W2HS in terms of the achievable data rate for any sim-

ulation setting. Thus, Approach D is more interesting for

implementation due to its resilience against the type of power

allocation and the PSD of the additive noise. Moreover, if the

transmission power is high, then the nonflat PSD feature of

the PLC additive noise at the channel output contributes to

additional increase of the achievable data rate in comparison

with the flatness of the PSD of the additive noise, which agrees

with [30] and [31]. Also, we have found that optimal values of

the TS and PS factors yield better performance in favor of the

dual-hop system with the PS strategy rather than with the TS

strategy. In addition, we have shown that Approaches A and

B provide upper bounds for Approach C, for all assumptions

and simulation settings.

Overall, we conclude that the hybridism concept can

substantially benefit EH if the telecommunications systems

demand energy efficiency and sustainability. As a conse-

quence, the results of this paper offer considerable promise

for SG and IoT applications and others, such as smart cities

and Industry 4.0.
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