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Abstract: Simultaneous wireless information and power transfer (SWIPT) has been utilized widely
in wireless sensor networks (WSNs) to design systems that can be sustained by harvesting energy
from the surrounding areas. In this study, we investigated the performance of the low-power energy
harvesting (LPEH) WSN. We equipped each relay with a battery that consisted of an on/off (1/0)
decision scheme according to the Markov property. In this context, an optimal loop interference relay
selection was proposed and investigated. Moreover, the crucial role of the log-normal distribution
method in characterizing the LPEH WSN’s constraints was proven and emphasized. System per-
formance was evaluated in terms of the overall ergodic outage probability (OP) both analytically
and numerically with Monte Carlo simulation. The system had the lowest overall ergodic OP, thus,
performed the best with an energy harvesting time switch of 0.175. Following the increase in the
signal-to-noise ratio (SNR), the system without a direct link performed the worst. Furthermore, as
more relays were deployed, the better the system performed. Finally, results showed that more than
80% of the data rates can be obtained under the household condition, without the need for extra
bandwidth and power supply.

Keywords: eco-friendly networks; wireless sensor network; energy efficiency; low-power networks;
Markov model; log-normal fading

1. Introduction

Following the advancement of the fifth and upcoming sixth generation communica-
tion, simultaneous wireless information and power transfer (SWIPT) holds its place as a
promising technology for self-sustaining communication systems. In particular, it can offer
notable system performance gains, indicated by improvements in spectral efficiency (SE),
power consumption, interference management, and transmission delay, due to its nature
of facilitating simultaneous information and energy transmission [1–3]. For the SWIPT
cooperative relaying system, there are two major modes in use: the half-duplex (HD) and
the full-duplex (FD). Specifically, in HD mode, the relay is equipped with one antenna
that functions so that data retransmission from the source is carried out on dedicated and
orthogonal channels [4]. Meanwhile, in FD mode, a relay is equipped with two antennas to
facilitate data reception and transmission in the same time frame and bandwidth. Moreover,
it is worth noting that the FD wireless network is praised for its ability to double the SE,
considerably improving the network throughput in comparison with the HD network.

The combination of the FD operating mode in EH relaying networks has been a
debatable topic regarding the possibility of sustainability when operating FD mode and
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performing the relaying task. However, with the advancement of the antenna, battery
technologies, and signal processing capacity, it is reasonable to re-assess the FD-EH relaying
networks for the promising benefits they can offer, as in [5–7]. Additionally, in [8] Li et al.
showed that the utilization of energy storage can bring in zero diversity gain when the
signal-to-noise ratio (SNR) level is high. Remarkably, Zhong et al. in [5] extensively
discussed the constraints of FD-EH relaying networks and proved that system performance
in three different transmission modes can be significantly enhanced.

To describe the outdoor wireless channel, Rayleigh, Rician, and Nakagami-m fading
channels have been widely accepted among network designers [9]. However, for indoor
settings, due to the shadowing effects caused by walls, obstructions, and human move-
ments, log-normal is a better choice [10–13]. Thus, log-normal is a more suitable candidate
for smart homes and industrial Internet of Things (IIoTs) applications. In addition, it is
reasonable to use the current advancement in the relaying network technology to further
boost the system performance of the household networks. In fact, this has been proven to
provide higher channel capacity, a wider network coverage range, and a lesser shadowing
effect [11]. Moreover, equipping more relays in a cooperative relaying system provides a
greater degree of freedom (DoF), enabling the system to combine more independent fading
signals from several relays in operation, hence resulting in higher system performance [14].
The above studies have provided a background to develop a low-power energy harvesting
(LPEH) wireless sensor network (WSN), which can counteract the high signal attenuation
and noise in household environments [15–17].

Although the energy harvested from radio frequency (RF) is relatively low in compari-
son to other sources such as thermal, solar, etc., it is sufficient to operate several devices and
sensors as noted by Assogba et al. [18]. Specifically, authors in [19] attempted to measure
the free ambient RF and found that by densifying the Wi-Fi access points, it is possible
to not only power the indoor devices (smoke detectors, wearable electronics, etc.) but
to also extend their lifetime via trickle charging. Furthermore, in regard to upgrading
indoor electrical grids, a Power Line Communication (PLC) has been investigated; wireless
devices can exploit the existing electricity cables to improve data transmission and energy
efficiency [20]. PLC enables establishing communication with remote or highly attenuated
nodes that are underground, in buildings with metal walls, obstructed, or in hospitals
where the electromagnetic interference is not allowed. In addition, PLC can work as either a
standalone system or as a facilitator of Wi-Fi extension in a large in-house environment [21].
In the past, PLC operated in narrowband with a range of 3–500 kHz and a low data rate,
which is undesirable for modern demands. Thus, Ref. [22] has investigated the possibilities
of deploying broadband PLC with the range of 1.8–2.5 MHz and a high data rate to serve
multimedia services in household environments. Several PLC standards have been devel-
oped [23–25]. Application wise, PLC has constituted to the smart grid (SG), which is the
foundation for smart city applications including traffic and lighting control [26,27], lighting
systems in urban areas [28], irrigation, and other smart city applications. [29].

Regarding the security of the physical layer, the available techniques for wireless
networks are applicable for PLC as well. For example, a case study of how to utilize the
jamming technique to guard against eavesdroppers for cooperative PLC networks was
presented in [30]. In the household setup, it is highly recommended to utilize log-normal
fading channels because other fading channels cannot describe efficiently the fading effects
caused by walls, human movement, and indoor obstructions [31]. Several papers have
extensively analyzed the performance of relay-aided EH wireless networks embedded
in the PLC using different key parameters. Research has proven this combination is
promising for the future of smart grids and indoor wireless communication [32–36], which
is undeniably powered by the development of LPEH WSN.

As can be concluded from the reviewed literature, WSN cannot perform well in indoor
environments due to the extensive shadowing effect caused by indoor obstructions. To
create an efficient communication system for indoor setups, it is of great interest to deploy
the WSN together with PLC and EH modules. However, the effect of the interactions
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between the three technologies on system performance has not been well studied in the
existing literature. Therefore, in this manuscript, we assess the performance of a relay
selection (RS) scheme, the optimal loop interference RS scheme in the context of LPEH
WSN. Notably, the relays are equipped with batteries and operate with the FD-AF protocol.
The shadowing effect of the network is characterized by log-normal fading channels.

2. System Models

Figure 1 below depicts an LPEH WSN that includes a source (S), an in-between
cluster (C) of K cooperative relays (Ri), (1 ≤ i ≤ K), and a destination (D). As investigated
in [37,38], this setup is typical and appropriate for studying the impact of RS schemes
operating in wireless networks. Additionally, the coverage extension scenario is assumed
so that communication between (S) and (D) can be achieved only with the help of the
intermediate relays [39,40]. Moreover, the solution can help overcome the deep shadowing
effects caused by the movement of humans or obstacles in the surrounding area, making it
more suitable for the studied LPEH WSN, [37].
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In addition, the carrier and symbol synchronization are assumed to be ideal. Each
terminal knows beforehand its own channel state information (CSI). (S) is powered by
a stable power source Ps and every (R) is powered by a battery PR together with an EH
module. The additive white Gaussian noise (AWGN), nj, (j ∈ {R, D}) is with zero mean
and variance N0 at the (Ri) and (D), respectively.

In fact, the distances from (S) to (Ri), (Ri) to (D), and (S) to (D) are denoted with
dSRi , dRi D and dSD. Their corresponding channel coefficients are ls,r, lr,d, and ls,d. As in
Laourine et al. [10] and Mellios et al. [41], (S) and (D) are HD and (R)s are FD. The FD setup
causes the loop interference channel lr,r to the system. During the communication, which
is split into time slots, the i-th relay Ri(Ri ∈ C) is selected as per a (RS) scheme to help
establishing the information transmission. Within a signal block, the narrowband transmits
signals at (S) and is denoted as s(t), (Ri), and has zero mean. The statistical mean operation
is denoted with E[|s(t)|2] = 1.

We consider random variables (RVs) that are independently and identically distributed
(i.i.d) as per log-normal distribution as l2

s,r, l2
r,d, and l2

s,d. The RVs are associated with

parameters LN
(

2ωls,r , 4Ω2
ls,r

)
, LN

(
2ωlr,d

, 4Ω2
lr,d

)
, and LN

(
2ωls,d

, 4Ω2
ls,d

)
, respectively.

Furthermore, the i.i.d loop interference channel following log-normal distribution l2
r,r is

with parameter LN
(

2ωlr,r , 4Ω2
lr,r

)
. The loop interference strength given by this parameter

is important to characterize the performance of the FD system.
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2.1. Standalone Direct Link

To serve as a foundation for further study, a direct transmission protocol, in which
(S) transmits information directly to (D) without any assisting (R) in the LPEH WSNs is
assumed and investigated.

Definition 1. In the context of the direct transmission protocol, the direct (S)-(D) link is the unique
option. Thus, it will use all the time slots in the signal block for data transmission.

As in [42], we employ a block fading channel assuming that the service process is
stationary, and that the buffer receives data at a constant rate. From the analytical point of
view, the effective capacity after normalization is the same as the conventional Shannon
ergodic capacity under the condition of no delay constraint.

Thus, employing the direct transmission protocol, the overall (S)-(D) capacity can be
obtained with zero mean, circularly symmetric

Cs,d = Wlog2

(
1 +

Ps

N0

∣∣ls,d
∣∣2

dm
s,d

)
, (1)

where m is the path loss exponent, and W is the frequency bandwidth.
As mentioned above, the ergodic OP is an indicator for evaluations of system perfor-

mance. This is the probability that instantaneous capacity falls below a given threshold’s
bits per channel use (BPCU) being R0, and Pr[Cs,d < R0]. Here, the probability density
function (PDF) and the cumulative distribution function (CDF) of the RV X in log-normal
distribution [43] are, respectively, calculated by

FX(z) = 1−Q

 10
ln(10) ln(z)− 2ωX

2ΩX

, (2)

and

fX(z) =
10/ ln(10)

z
√

8πΩ2
X

e

−
(

10
ln (10) ln (z)−2ωX

)2

8Ω2
X


, (3)

where Q(·) is the Gaussian Q− function,Q(x) =
∫ ∞

x
1√
2π

e
(
− t2

2

)
dt.

By utilizing the CDF of the log-normally distributed RV
∣∣ls,d

∣∣2 in (1), the ergodic OP
for the direct transmission protocol can be expressed as

EOPs,d = Pr

(∣∣ls,d
∣∣2 <

(
2

R0
W − 1

)N0dm
s,d

Ps

)
= 1−Q

(
ξ ln(a)− 2ωs,d

2Ωs,d

)
, (4)

where ξ = 10
ln(10) is a scaling constant [44], a = γ0 N0

Psd−m
s,d

, and γ0 = 2R0/W − 1

Remark 1. The direct link of the relay-aided systems offers better data rate gain in noisier condition,
that is, when the SINR and data rates are low. It is also worth noting that relay-aided links are highly
beneficial for transmission over long distance. In normal conditions, the direct link is sufficient to
establish a successful communication.

2.2. Relay-Aided Cooperative Protocol

As previously mentioned, the relay-aided cooperative protocol is deployed to improve
the LPEH WSN performance.
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Definition 2. In the context of the relay-aided cooperative protocol, all relay links can alternatively
transmit the data in place of the direct link. Specifically, if the direct link is severely attenuated, a
relay will be chosen among Ks from the cluster (C) to realize the data transmission alternatively.
This is performed on a condition that the relay has a sufficient amount of energy to conduct the task.
This process is shown below in Figure 2.
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By this approach, more time slots are saved, and overhead information is reduced,
because only the needed relay link is activated. Moreover, in LPEH WSN, we can receive
the maximal diversity gain equaling the relay nodes that are available in the network, as
proven in [4].

As described in [39], one transmission cycle from (S) to (D) realized within T time is
split into three slots as per the TSR protocol. The first time slot τT, where τ is the EH time
factor, (0 ≤ τ ≤ 1), is spent by (R) to harvest the energy from the signal that (S) broadcasts.
The remaining (1− τ)T is halved with one half for information of (S)− (Ri) and the other
for (Ri)− (D).

Within τT, given the energy harvested the i-th (R) has harvested, EH =
ητTPs|ls,ri |

2

dm
s,ri

,

the power that the relay transmits can be described as

PRi =
EH

(1− τ)T =
ητPs|ls,ri |

2

(1− τ)dm
s,ri

, (5)

where the EH efficiency η, 0 ≤ η ≤ 1, shows the circuitry’s characteristics.
As mentioned in [5] as a relay can recognize its own signal in the FD multi-relay

scenario, the interference cancellation can be applied to itself.
For (1− τ)T, the signal after the interference cancellation at the i-th (R) can be ex-

pressed as

yr(t) =

√
Ps

dm
s,ri

ls,ri s(t) + l̂r,r r̂(t) + nr, (6)

where the information signal s(t) is normalized as E[|s(t)|2] = 1. The imperfect interference
cancelation leaves out the residual loop interference l̂r,r, and E|r̂(t)|2 = PRi .

In an FD-AF system, after the signal is base-band processed at (Ri) as per (6), it is
amplified and then sent to (D). Therefore, (D) receives the signal of

yd(t) =

√
PsPRi

dm
s,ri

dm
ri ,d

ls,ri lri ,dGs(t) +

√
PRi

dm
ri ,d

lri ,dlr,rGr(t) +

√
PRi

dm
ri ,d

lri ,dGnr + nd, (7)
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where the relay gain, G, denotes the instantaneous received power normalization, within
which process the relay transmission is allowed with maximum power, Ps → ∞ , according
to [45,46]

G =
1√

Ps
dm

s,ri
|ls,ri |

2 + |l̂s,ri |
2
PRi + N0

≈ 1√
Ps

dm
s,ri
|ls,ri |

2 + |l̂s,ri |
2
PRi

. (8)

Then, (8) is substituted into (7) and modified so that the end-to-end SNR of the i-th (R)
at (D) can be obtained

γs,Ri ,d =

PsγS,Ri
PRi
γR,Ri

PRiγRi ,D

PsγS,Ri
PRi
γR,Ri

+ PRiγRi ,D + 1
, (9)

where γS,Ri
= |ls,ri |

2d−m
s,ri

, γRi ,D =
∣∣lri ,d

∣∣2d−m
ri ,d

, and γR,Ri = |lr,r|2.
Additionally, the instantaneous capacity of the FD-AF-TSR system can be calculated

Cs,Ri ,d = (1− τ) log2
(
1 + γs,Ri ,d

)
. (10)

From this, the RS scheme for the in-studied LPEH WSN optimal loop interference
relay selection scheme is derived. In particular, the RS scheme first chooses (R) having the
best end-to-end link, then updates the SINR in the first branch. Thus, the selected k relay,
with Ps → ∞ , has the condition of

k ≈ arg max
i

min

{
PsγS,Ri

PRiγR,Ri

, PRiγRi ,D

}
. (11)

It should be noted that the optimal loop interference RS scheme is established only if
the full CSI is known.

2.3. Energy Storage Modeling at Relay

The stationary stochastic process in Tutuncuoglu et al. [46], states that the minimum
energy needed to activate Rk and the harvested energy within the k-th signal block as enk.
Firstly, the Rk is assumed without energy storage, thus, operates only with enk. The Rk runs
out of energy if enk ≤ PRk . The probability that this event occurs is named energy-exhausted
probability and can be formulated as follows.

EOPk = Pr
[
enk < PRk

]
=
∫ PRk

0
fenk (x)dx, (12)

where fenk (x) is used to signify the PDF of the stationary stochastic process ek.
In practice, however, the Rk is installed with a battery with the capacity of enmax. The

k-th signal block transmission consumes an amount of ouk energy. As per the condition in
Definition 2, the ouk can be expressed with the stationary random function as

Pr(ouk) =


EOPs,d/K, if Pr

(
ouk = PRk

)
1− EOPs,d/K, if Pr(ouk = 0)

0, otherwise
, (13)

where K denotes that every (Rk) can be activated with an equal probability. Notably, the
variables enk and ouk are stationary and independent.

Additionally, to formulate the energy buffer status according to the Markov stochastic
process, we use the denotation sk, which stands for the initial energy amount the (Rk) stores
before starting the k-th signal block transmission.

Subsequently, we can combine (12), (13), and the original PDF of enk to obtain the
stationary PDF of sk being fsk (x). Theoretically, all the stochastic characteristics of the EH
module can be described with fsk (x). However, because it is not necessary to include all
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these energy buffer statuses in the system described here, a simplified model is proposed.
Specifically, according to Definition 2, the number of statuses is reduced to two processing
steps and described in Lemma 1.

Lemma 1. The sk and the possible energy that can be consumed at (Rk) are compared to make the
decision on whether the transmission should be realized on the direct or the relaying link. This is
shown below in Figure 3.
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These two statuses are therefore used to characterize the flow of the energy that has
been harvested. Accordingly, we proposed an on–off (1/0) model with denotation s′k,
which is described in Figure 1. Then, we used the stationary PDF of sk, fsk (x) to formulate
the stationary PDF of s′k as follows.

Pr
(
s′i
)
=


∫ enmax

PRk
fsk (x)dx, if Pr

(
s′i = 1

)
∫ PRk

0 fsk (x)dx, otherwise
. (14)

Remarkably, (14) is not the same as the original PDF fenk (x) of the harvested energy
in (13).

Subsequently, an on–off (1/0) (on/off status) model to describe the harvested energy
flow has been formulated and described in the following Remark 2. For more details on
the derivation, see [47].

Remark 2. The relaying link in LPEH WSN can be activated if the direct link cannot perform
the information transmission task and the available energy stored at the relay is greater than
PRk . Additionally, thanks to the two parameters PRk and OPk, which characterize the EH module
employed in Rk, we can capture the stochastic property of the energy harvested beforehand with
no loss.

3. Performance Analysis
3.1. Formulating the Problem

In practice, the relaying link over Rk cannot always be established due to deep fading
or energy exhausting when the surrounding energy resources fluctuate. This event is
named an overall outage event and can be caused by three reasons as follows.

At least one of the data packets cannot be successfully delivered during the information
transmission from (S) to (D). This causes the direct link’s end-to-end SNR to be below the
threshold value of the system.

The energy harvested by Rk is not sufficient, so it cannot be activated to realize the
information transmission via the relaying link. This is known as energy-exhausted probability.

The relay Rk is activated but cannot transfer all the data packets successfully with
a sufficient amount of energy from the EH process. This also causes the relaying link’s
end-to-end SNR to be below the threshold value of the system.

Having acknowledged the above constraints, for the herein study, we assume that
Rk possesses a sufficient amount of energy to realize the information transmission. Subse-
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quently, the overall ergodic OP of the FD-AF-TSR LPEH WSN described in Definition 2 can
be formulated as follows

EOPoc = EOPs,d ×
K

∏
k=1

[
EOPk + (1−OEPk)× EOPs,Rk ,d

]
. (15)

3.2. Analysis of the Probability of Overall Ergodic Outage

With regard to (10), the ergodic OP for S–Rk–D link can be fully defined as

OPs,Rk ,d = Pr


PsγS,Rk

PRk
γR,Rk

PRkγRk ,D

PsγS,Rk
PRk
γR,Rk

+ PRkγRk ,D + 1
< γ1

, (16)

where γ1 = 2R0/(1−τ)W − 1.

Proposition 1. The SNR in (11) is assumed to be high and identical. Thus, we can formulate the
corresponding overall ergodic OP for the high SNR range under the RS scheme as

EOPoc(γ1) =

[
1−Q

(
ξ ln(a)− 2ωls,d

2Ωls,d

)]
× EOPk + (1− EOPk)× EOPs,Rk ,d(γ1)

K, (17)

where EOPs,Rk ,d(γ1) = 1−Q
(
ξ ln( ητ1−τγ1)+2ωlr,r

2Ωlr,r

)
×Q

(
ξ ln(c)−2

(
ωls,r+ωlr,d

)
√

2
(

Ωls,r+Ωlr,d

)
)

, a = (1−τ)
ητPs

γ1.

Proof of Proposition 1. It is worth noting that the γRk
in (11) is crucial for the RS process.

As we combine (5) and (6), we can formulate the SNR at (R) as follows

γS,Rk
=

PsγS,Rk

PRk

=
1− τ
ητ
× 1
γR,Rk

. (18)

Similarly, the SNR at (D) is given by

γRk ,D = PRkγRk ,D =
ητ Ps

(1− τ)γS,Rk
γRk ,D. (19)

Subsequently, we combine (18) and (19), then substitute them into (11) to obtain the
ergodic OP in (16), considering Rk, as follows

EOPs,Rk ,d = Pr
{

min
{

1− τ
ητY

,
ητPsX
(1− τ)

}
< γ1

}
, (20)

where X = γS,Rk
γRk ,D and Y = γR,Ri

.
It should be noted that all the aforementioned channel means and variances are i.i.d.

as per the log–normal distribution. Assuming that X and Y are two independent RVs, the
ergodic OP of the system with the optimal RS scheme in (11) can be expressed as

EOPs,Rk ,d = 1− FY

(
ητ

1− τγ1

)
FX

(
(1− τ)
ητPs

γ1

)
, (21)

where FY(·) and FX(·) are the complementary CDFs of Y and X. Because RV Y is distributed
in a log–normal manner, its complementary CDF FY(·) can be obtained with ease as follows:

FY

(
ητ

1− τγ1

)
= Q

(
ξ ln

( ητ
1−τγ1

)
+ 2ωlr,r

2Ωlr,r

)
. (22)
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Moreover, the RV X is a product of two RVs which are as well log–normally distributed,
its complementary CDF can be obtained as

FX

(
(1− τ)
ητPs

γ1

)
= Q

ξ ln
(
(1−τ)
ητPs

γ1

)
− 2
(
ωls,r +ωlr,d

)
√

2
(

Ωls,r + Ωlr,d

)
. (23)

As we substitute (22) and (23) into (21), the ergodic OP can be obtained as

OPs,Rk ,d = 1−Q
(
ξ ln

( ητ
1−τγ1

)
+ 2ωlr,r

2Ωlr,r

)
×Q

ξ ln
(
(1−τ)
ητPs

γ1

)
− 2
(
ωls,r +ωlr,d

)
√

2
(

Ωls,r + Ωlr,d

)
, (24)

Consequently, (24) and (4) are substituted into (15) to obtain the overall ergodic OP in
the optimal RS scheme, as given in (17). �

4. Results and Discussion

In this section, the Monte Carlo numerical simulation was conducted to investigate
the overall ergodic OP of the in-studied system with an optimal RS scheme. In summary,
the analytic results were obtained by evaluating the log–normal distribution following [45].
The system parameters for the simulations are listed below in Table 1. The results are
calculated based on Proposition 1 in (17), by means of MatLab simulation.

Table 1. Simulation parameters.

Primary Parameters Description Values

OPk energy-exhausted probability 10−1

W frequency bandwidth 2 (W)

R0 transmission rate threshold 2 (bps/Hz)

Ps traditional stabilized power source 5 (dB)

N0 overall AWGNs 1

H EH efficiency 1

T EH time fraction 0.2

m path-loss exponent 2

ds,r (S)-(Rk) distance 5 (m)

dr,d (Rk )-(D) distance 5 (m)

ds,d (S)-(D) distance 10 (m)

Ωls,r (S)-(Rk) channel mean 4 (dB)

Ωlr,d
(Rk )-(D) channel mean 4 (dB)

Ωls,d
(S)-(D) channel mean 4 (dB)

Figure 4 illustrates the overall ergodic OP versus the EH time switch τ. Two values of
loop interference channel variance being Ωlr,r = 2(dB) and 4 (dB) are used together with
the constant power source of Ps = 5 (dB). It is possible to observe that the two curves reach
their minimum at τ = (0.175), at which the system performs the best and the coding gap is
the largest. As τ increases to more than 0.3, the overall ergodic OP curves exponentially
decrease, corresponding to the extreme case where too much time is dedicated to EH
activity, resulting in insufficient time for data transmission purpose. The principle for this
behavior is that, starting from 0, when we increase the power source, the message from the
source has higher probability to be successfully decoded, leading to a more successful DF
process. Nevertheless, when the power source passes the threshold value, the probability
that the relay can decode the message from the source is so high that it reduces the relay
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power and the quality of the second hop. Therefore, the existence of an optimal τmust be
considered when designing such a network.

Electronics 2022, 11, x FOR PEER REVIEW 10 of 14 
 

 

reach their minimum at τ = 0.175 , at which the system performs the best and the coding 
gap is the largest. As τ  increases to more than 0.3, the overall ergodic OP curves 
exponentially decrease, corresponding to the extreme case where too much time is 
dedicated to EH activity, resulting in insufficient time for data transmission purpose. The 
principle for this behavior is that, starting from 0, when we increase the power source, the 
message from the source has higher probability to be successfully decoded, leading to a 
more successful DF process. Nevertheless, when the power source passes the threshold 
value, the probability that the relay can decode the message from the source is so high 
that it reduces the relay power and the quality of the second hop. Therefore, the existence 
of an optimal τ must be considered when designing such a network. 

 
Figure 4. Relation between the overall ergodic OP and the EH time switch 𝜏, with two 𝛺 ,  
values. 

Figure 5 shows the relation between the overall ergodic OP of the LPEH WSN and 
the SNR. For comparison, we use three values of 0, 0.5, and 1 for the energy-exhausted 
probability OP of best RS. The 𝑂𝑃 = 0  when the LPEH WSN operates with the 
cooperative relays, 𝑂𝑃 = 1 with direct link, and 𝑂𝑃 = 0.5 for both or only the relay 
link (red color). It can be noted that as SNR increases from −20 to 30 dB, the 𝑂𝑃 = 0.5 
without a direct link delivers the highest overall ergodic OP, thus, the worst system 
performs. The remaining curves are relatively closed to each other and sharply approach 
0 overall ergodic OP when the SNR increases to 30 (dB). Theory and simulation agree well 
with each other and suggest the importance of implementing the EH cooperative relays 
in boosting the performance of the LPEH WSN. Additionally, it is remarkable that the 
data rate has been significantly improved, with over 80% data rates achieved under the 
PLC condition, requiring no extra bandwidth or power supply. 

Figure 4. Relation between the overall ergodic OP and the EH time switch τ, with two Ωlr,r values.

Figure 5 shows the relation between the overall ergodic OP of the LPEH WSN and
the SNR. For comparison, we use three values of 0, 0.5, and 1 for the energy-exhausted
probability OP of best RS. The OPk = 0 when the LPEH WSN operates with the cooperative
relays, OPk = 1 with direct link, and OPk = 0.5 for both or only the relay link (red color). It
can be noted that as SNR increases from −20 to 30 dB, the OPk = 0.5 without a direct link
delivers the highest overall ergodic OP, thus, the worst system performs. The remaining
curves are relatively closed to each other and sharply approach 0 overall ergodic OP when
the SNR increases to 30 (dB). Theory and simulation agree well with each other and suggest
the importance of implementing the EH cooperative relays in boosting the performance
of the LPEH WSN. Additionally, it is remarkable that the data rate has been significantly
improved, with over 80% data rates achieved under the PLC condition, requiring no extra
bandwidth or power supply.

Figure 6 plots the overall ergodic OP versus the SNR when changing the number of
relays, K, from 1 to 3 and 5. The three curves are simulated with OPk = 10−1. It is quite
intuitive that the more intermediate relays are installed, the lower the overall ergodic OP
curve, leading to better system performance. Remarkably, changing the number of relays
results in performance curves with similar shapes as changing the OPk value. So far, it can
be concluded that the utilization of intermediate EH relays is beneficial for LPEH WSNs
with the best RS, and the higher the number of relays, the better the system performs.

Using log–normal fading channels to characterize the shadowing effects, the herein
system can characterize real indoor scenarios. However, being too specific in LPEH WSN
means that it is hard for the proposed model to be scaled up without the expertise for both
software and hardware and how to implement them together. Moreover, since the studies
on the smart grid are just in their early stages, in-depth help is not easily accessible in the
existing literature. Other shortcomings of the model are mentioned in the next section as
we discuss possible future research to improve the model in question.
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5. Conclusions

In general, the paper presents the performance analysis in terms of the overall ergodic
OP of the optimal RS scheme in the context of LPEH WSN. Since the simulations correlate
well with the theory, the expressions that we derived show potential to be applicable for
future studies. It is also proven that the log–normal fading channel is appropriate for
modelling such indoor scenarios. Future studies, which would complement the shortcom-
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ings of this study, can consider different RS schemes and compare them with the studies
in this paper to find the best one for the LPEH WSN setup. In addition, experimental
studies can be conducted to compare the results in this study with reality. With regard to
eco-friendly networks, in the next studies, we can compare the technical requirements for
the coexistence of PLC systems and other communication technologies. We can evaluate
how the resource should be allocated in a system with a multicarrier and improve the
signal processing and channel coding abilities of the system. Furthermore, we can compare
the protocols that are used for LPEH WSN with other protocols that have been utilized for
WSN and the dynamics of the physical layers to facilitate further implementation of PLC in
the near future.
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