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Abstract – Energy and spectrum efficiency for energy management systems based on wireless sensor networks in intelligent structures 
and powered by ambient energy harvesting (EH) are the main problems in wireless sensor networks. Herein, we consider relay selection 
methods. To address this issue, we proposed the optimal multiantenna power beacon opportunistic relay selection (OMPB-ORS) protocol, 
which uses decoding and forward methods, in which the relay wireless sensor nodes and the second source are energy-restricted and 
can harvest energy from a power beacon (PB) multiantenna to transmit aggregated information data from source to destination. The 
proposed protocol based on specific switching time receiver architecture enhances end-to-end performance for maximum hardware 
impairments and interference for the transceiver. To evaluate the performance, we compared our proposed protocol with best ORS 
(B-ORS), conventional ORS (C-ORS), and hybrid partial relay selection (H-PRS) protocols. Using the Rayleigh-fading channel, the 
simulation is driven based on asymptotic and exact form expressions of throughput (TP) and outage probability (OP). Simulation results 
show that the OMPB-ORS protocol achieves a higher TP and OP than all compared protocols.

Keywords: wireless sensor networks, energy harvesting, multiantenna power beacon, partial relay selection, opportunistic relay 
selection, hardware malfunctions.

1.	 INTRODUCTION

Wireless sensor networks, which provide their ener-
gy from ambient energy harvesting (EH), have recently 
been listed as a promising technique to fix the famous 
problem of energy constraint for energy management 
systems in intelligent structures [1]. The communica-
tion equipment is outfitted with circuits that can har-
vest energy from the surrounding natural environment 
[1, 2]. In [3], the authors designed simultaneous wireless 
information and power transfer (SWIPT) systems. How-
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ever, SWIPT systems are suited only for short-distance 
transmission because of a large operational sensitivity 
gap between the decoder and the energy harvester. In 
[4], the authors designed a novel system to deal with 
this issue in which power beacons (PBs) are used to 
activate wireless equipment. In [5, 6], to achieve maxi-
mum energy transfer and data rate for multiple input 
and output (MIMO) systems, the authors built a SWIPT 
receiver for the broadcasting system.
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Recently, various PB-assisted wireless sensor net-
works using EH have been studied [7]. In [8], the au-
thors proposed a novel hybrid wireless network with 
PBs deployed randomly in the area to offer mobiles an 
almost limitless battery life. In [7], using TDMA, the au-
thors analyzed multiple-user wireless throughput (TP) 
for distributing Nakagami-m fading. Device-to-device 
(D2D) systems also deliberate PB-assisted techniques 
[9] because of the advantages of D2D systems, such 
as high spectral efficiency, low latency, and low-power 
transmission [10].

In contrast, besides the energy problem, the issue of 
spectrum scarcity needs a solution. In [11], the authors 
introduced the concept of cognitive radio (CR), where 
licensed primary users (PUs) can share their bands with 
unlicensed secondary users (SUs), provided the primary 
network’s quality of service (QoS) is maintained. Gener-
ally, secondary users must know if PUs are available or 
not to use empty bands or shift to another spectrum 
[12, 13]. For CR WSNs, several spectrum-sensing mod-
els were created and compared [14, 15]. The benefits of 
CR WSNs and the significant differences between the 
three types of wireless sensor networks: CR WSNs, con-
ventional WSNs, and ad hoc CR networks were also dis-
cussed in [16, 17]. Recently, various CR protocols were 
proposed and developed to ensure that SUs continue 
their operation [18, 19]. SUs are permitted to use the 
licensed bands simultaneously as PUs if the second-
ary transmitters adjust their broadcast power to meet 
a PU-imposed interference constraint. In [20,21], the 
authors improved the performance of the secondary 
network with vital technology, called cooperative re-
laying algorithms, due to the capacity to increase the 
performance gains. In [22], two relaying methods, such 
as partial relay selection (PRS) and opportunistic relay 
selection (ORS), have been extensively inspected. In 
PRS, the relay selection depends on the channel state 
information (CSI) for the source relay network. In ORS, 
the perfect relay must be selected to maximize the 
signal-to-noise ratio (SNR) end-to-end (e2e) between 
the transmitter and the receiver. In [23], the authors 
evaluated the performance of dual-hop CR WSNs in the 
existence of hardware noises and proposed three relay-
ing algorithms, namely, best ORS (B-ORS), conventional 
ORS (C-ORS), and hybrid PRS (H-PRS) protocols. How-
ever, researchers proposed a better PRS scheme, where 
CSIs of the relay-destination connections are used to 
choose the relay [24]. In [23–29], several relay selection 
methods have been described in CR networks. Espe-
cially in [23], the PRS and ORS methods evaluated the 
overall performance in terms of bit error rate (BER) and 
outage probability (OP). 

CR and EH were used in wireless sensor networks to 
solve the two main problems concerning energy and 
spectrum efficiency. In [30], the authors make SUs pick 
a channel to enter the harvested energy or data trans-
mission. In [31], the authors use several SUs and various 
channels to fix the RF energy harvesting optimization 

problem for CR wireless networks. Specifically, a system 
model proposed by the authors where PUs take chan-
nels and make them busy, creating a chance for SUs 
to harvest energy and conserve it in the battery, then 
use the saved energy in the transmission process via 
an empty channel. In [32], the authors give a detailed 
analysis of the performance of a two-way CR EH-TWCR 
wireless network (EH-TWCR), which is based on decode-
and-forward (DF) in the existence of transceiver limita-
tions. In [19,20,24,25,33,34], the authors proposed the 
performance of multihop CR wireless networks, specifi-
cally end-to-end, where PB or RF signals of the primary 
transmitter can be used from SUs to harvest energy.

Because of the low-cost transceiver equipment, wire-
less sensor nodes fall victim to hardware limitations 
due to amplifier nonlinearities and phase noise [24, 26, 
35, 36, 43]. The performance degradation can be recov-
ered using a cooperative relaying algorithm. In [35], 
the effect of hardware failures on Nakagami-m fading 
channels in dual-hop relaying networks was investigat-
ed. In [36], in underlay CR networks, the performance of 
two-way relaying systems with hardware faults using 
EH relays were examined.

The contributions made by this work are as follows:

•	 A multiantenna PB wireless-powered coopera-
tive communication network model is proposed, 
in which relays and sources are not connected 
with a fixed power network. Instead, PBs with 
multiantennas are used by relays and sources to 
harvest energy and then aggregated data to the 
destination.

•	 The proposed model is compared with three 
well-known relay selection models, namely, B-
ORS, C-ORS, and H-PRS models, under interfer-
ence and hardware limitations. The results com-
pare the proposed optimal multiantenna power 
beacon ORS (OMPB-ORS) model performance 
with H-PRS, C-ORS, and B-ORS protocols in terms 
of system EH, TP, and OP.

•	 Numerical simulation is used to validate and 
drive outage the probability and average system 
TP for H-PRS, C-ORS, B-ORS, and proposed model 
closed-form expressions.

•	 The effects of multiantenna PB and other sys-
tem characteristics, including harvesting time, 
number of relays, and position on system perfor-
mance, are also examined.

The remainder of the paper is laid out as follows. The 
system model is described in section II. Next, Section III 
presents the conventional relay selection techniques. 
Furthermore, Section IV presents the equations of sys-
tem performance for OMPB-ORS, H-PRS, C-ORS, and 
B-ORS schemes for OP and TP. Also, Section V displays 
the numerical result and compares the proposed mod-
els with all mentioned models. Finally, Section VI con-
cludes the study.



271Volume 13, Number 4, 2022

2.	 SYSTEM MODEL

2.1	 System description

Fig. 1. shows the proposed OMPB-ORS system model. 
It comprises the primary and secondary networks. The 
dual-hop technique communicates between a source 
S and a destination D in the primary network. Pn refers 
to the main licensed users, while n ∈ (1, 2,… , N). The 
secondary network comprises M relays, where N > 1 is 
denoted by Rm, while m ∈ (1, 2,… , M). Since the source 
has no direct connection with the destination, the sys-
tem must select a suitable relay to transfer data from the 
source to the destination. Because they are considered 
to lack an integrated power supply, both   and the set 
of M relay nodes must harvest energy from the multian-
tenna PB signal to allow information transmission. The 
source and relays have only one antenna. Additionally, 
they harvest energy from PBs. Two orthogonal time slots 
are used to transmit data via the chosen Relay.

It is assumed that Rayleigh fading affects all channels, 
and that the channel gains have exponential distribu-
tions. γSRm and γDRm are denoted as the channel gains 
for S ⟶ Rm and Rm ⟶ D links, respectively. γBkRm and 
γBkS are denoted as channel gains between PB’s k-th 
antenna and the S and relay Rm, respectively, where k 
= 1, 2, …, K denotes γSPn and γRmPn as channel gains 
between S ⟶ Pn and Rm ⟶ Pn links. λXY is denoted as a 
random variable parameter, which equals λXY = 1/E{γXY}, 
where (X,Y) ∈ {S, Rm, Bk, Pn, D} and the anticipated value 
of the random variable Z is E{Z}. 

Fig. 1. System model of PB-assisted relaying 
protocols with relay selection methods.

The system model of the proposed protocol is imple-
mented using the TS-HTC algorithm [37]. Fig. 2. shows 
that the protocol comprises three phases over the time 
block T, and only one node communicates at a time.

However, assuming optimal synchronization and 
channel state information in the network, it is beyond 
the scope herein to discuss how to achieve this syn-
chronization. The batteries of S and Rm begin charging 
in the first phase, in which PB beamform RF signal to 
allow them to charge. Using the energy harvested in 
the first phase, S sends information to Rm. In the third 

phase, the best relay among the Rm relays is selected to 
transmit the received information from S to D by the 
proposed OMPB-ORS relay selection scheme or the 
well-known traditional relay selection schemes, i.e., H-
PRS, C-ORS, or B-ORS as described in section 3.

The following set of assumptions is considered here-
in and in other related publications:

•	 A location-based clustering approach was used, 
in which the relays are clustered together close. 
This proposal is widely utilized in relay selection 
systems [38–40].

•	 As proposed in [41, 42], the PB is considered a 
network’s devoted power source. The PB, S, Rm, 
and D nodes run in accordance with the harvest-
ing energy and cooperating protocol.

•	 In the transmission phases, it is assumed that 
both the source and relay candidates exhaust 
their harvested energy.

2.2.	 Hardware malfunctions

Assuming the transmitter (X) is connected with the 
receiver (Y), the signal-to-noise ratio of the X–Y con-
nection can be obtained by (see [43]).

(1)

where τX
2 and τY

2 implement hardware malfunction 
levels at the transmitter and receiver, respectively, τXY

2 
is the total hardware malfunctions level in the connec-
tion between transmitter and receiver, and N0 is Gauss-
ian noise variance at the receiver.

In the presence of Hardware malfunctions, the re-
ceived signal of the X–Y link can be estimated as

(2)

where Px is the power of transmitter X, hXY is channel 
gain for X–Y link, µXY and ηXY are noises caused by hard-
ware malfunctions in the receiver and transmitter, re-
spectively, and νXY denotes the additive white Gaussian 
noises represented as Gaussian random variables with 
zero mean and variance N0.

2.3.	 Signal modeling

2.3.1	 EH phase

Here, the S and M relays charge their batteries by the 
beamform RF signal from PB, and the harvested energy 
by S and M relays can be formed, respectively, as

(3)

(4)
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where PB represents the power of the transmitted sig-
nal from B, η is the efficiency of the harvested energy at 
S and M relays, and αT is the EH process time.

Fig. 2. shows that in the remaining (1 − α)T duration, 
the selected relay collaborates the source by decode 
and forwards the received signal. Finally, the optimal 
relay is chosen to transmit the S information to D once 
a relay selection procedure occurs. Consequently, the 
transmitted power at S and the set of Rm relays are ex-
pressed, respectively, as

(5)

(6)

From [43] in the underlay CR with respect to interfer-
ence constraint, the signal-to-noise ratio can be obtained 
at the 1st and 2nd hops across the relay provided by

(7)

(8)

where N0 is the variance of the additive white Gaussian 
noise AWGN and	

(9)

Fig. 2. Diagram of time-switching harvest then 
cooperate protocol (TS-HTC).

3.	 Relay selection schemes

3.1	 Opportunistic relay selection  
	 (ORS) scheme

Both channel hops are significant in the ORS relay se-
lection method and should be considered [39, 41, and 
42]. The optimal relay, which precisely maximizes the 
minimum number of channel strengths between S ⟶ 
Rm and Rm ⟶ D is selected and is provided by

(10)

3.2	 Partial relay selection (PRS) scheme

This approach assumed that CSI is only valid for 
one hop [23, 39, and 44]. Precisely, when the CSI is 
available for the initial hop S ⟶ Rm, the PRS technique 
is denoted by PRSI. If the CSI is only accessible for the 
second chance Rm ⟶ D, it is termed PRSII. In PRSI and 
PRSII, the chosen relay can be represented as

(11)

(12)

3.3	 Proposed optimal multiantenna  
	power  beacon opportunistic relay  
	se lection (OMPB-ORS) scheme

(13)

The optimal relay is chosen in the OMPB-ORS proto-
col to optimize the end-to-end SNR, i.e.,., where ν ∈ {1, 
2,… , M}. The end-to-end performances of this scheme 
are then calculated as follows:

(14)

where the Cth in the secondary network is the desired 
data rate. The end-to-end channel capacity with de-
coding and forward technique of S ⟶ Rm ⟶ D path is 
described by

(15)

4.	 Performance evaluation

4.1	 Outage performance of proposed 
	scheme  and throughput

The Flowchart of (OMPB-ORS) protocol scheme is 
shown in Fig. 3.The TS-HTC algorithm [37] was used in 
the proposed protocol, and the other three protocols 
used the TSR Protocol [23]. This approach made the 
difference in results clear, in favor of our protocol. The 
end-to-end OP can be defined as the probability that a 
positive threshold Cth exceeds the end-to-end capacity 
CSD, and is expressed as follows:

(16)

(17)

(18)

where,

Then, the throughput (TP) can be formulated as in [23]:

(20)

(19)

where (1 − α)T is the overall transmission time from the 
source passed by the relay to the destination.



273Volume 13, Number 4, 2022

4.2	 Outage performance for (H-PRS), 
	 (C-ORS), and (B-ORS) algorithms,  
	and  throughput

As in [23], the general form of e2e OP for the three 
protocols is given as

where,

(21)

(22)

(23)

Fig. 3. The flow chart for the data transmission of 
OMPB-ORS scheme.

5.	 Simulation results

Here, the performance of the proposed protocol is 
presented. A set of numerical results is implemented 
under the existence of PUs provided with the 
interference constraints. To investigate the theoretical 
derivations, Monte-Carlo simulations are used. In 
TABLE 1, the WSN’s nodes are organized in Cartesian 
coordinates in the simulation environment where S is 
located at the origin. The simulation, exact theoretical, 
and asymptotically theoretical results referred to them 
as (Sim), (Exact), and (Asym), respectively.

System Parameters Value
The number of relays M = 2, 3, 4, and 5

The number of antennas of PB K = 2
The transmission rate of S Cth= 0.6, 0.7, and 1

Energy conversion efficiency η = 1
Time block T = 1

Harvesting time α = 0.2s
Path-loss β = 3

Ratio between Ith and PB μ = 0.25
Number of PUs N = 2

Relay coordinates (XR,0)
Destination coordinates (1,0)

beacon coordinates (0.5,0.5)
PU coordinates (XP, YP)

Table 1. System model parameters

Fig. 4.compares the OP performance of the proposed 
protocol versus the H-PRS, C-ORS, and B-ORS protocols 
with Cth values. The proposed protocol has the lowest 
OP, and the H-PRS protocol has the highest. At a known 
high signal-to-noise ratio, the OP of the proposed, C-
ORS and B-ORS protocols quickly decreased as Δ in-
creased, which at Δ = 25 the enhancement percent-
ages for the proposed protocol over H-PRS, C-ORS, and 
B-ORS protocols are 99.669%, 94.125%, and 94.20%, 
respectively, because the proposed, C-ORS and B-ORS 
protocols have a larger diversity gain than the H-PRS 
protocol.

To analyse the influence of distance on the proposed 
protocols’ outage performance, OP was demonstrated 
as a function of the relay positions on the x-axis XR. Fig. 
5. Shows that the relays are in the best possible loca-
tion, at which the proposed protocol OP value is low-
est. Furthermore, when the relays are close to the des-
tination, an intriguing consequence might be noticed, 
the OP values of the B-ORS and C-ORS protocols reach 
the OP of the proposed protocol. When the relays are 
extremely near the destination, the source-to-relay 
connection significantly impacts the OP of all proto-
cols. Consequently, the B-ORS and C-ORS protocols are 
essentially equivalent to the proposed protocol.

Fig. 4. OP as a function of Δ in dB when M = 2, XR = 
0.5, XP = 0.5, YP = −0.5, α = 0.25, and τD

2 = τ1
2 = 0
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Fig. 5. OP as a function of XR when M = 4, XP = 0.5, YP 
= −0.5, α = 0.1, Cth = 0.6, and τD

2 = 0.1, and τ1
2 = 0.05.

Fig. 6. Explores the effect of the degree of hardware 
weakness τD

2 on the performance of all mentioned pro-
tocols. The OP values rapidly increase as τD

2 increases. 
Moreover, all protocols decrease when τD

2 exceeds 0.55.

Fig. 7. Shows that TP is plotted as a function of the 
time spent on the EH process. As previously said, α 
value acts as a significant function in the EH operation 
because it affects the collected and transmitted power 
of the source or chosen relay node. There exist opti-
mum values of where the proposed protocol TP is the 
best (Fig. 7.). Consider the following example: when the 
α-value is extremely low, PB can only gather a limited 
amount of energy. Consequently, the source or relay 
node can only transmit information with a minimal 
quantity of energy. When the α-value is too high, the 
data are relayed from the source to the destination with 
a lower effective transmission time, which decreases 
the overall TP. Consequently, the best TP performance 
may be attained for practical design when an optimum 
α-value is obtained. Fig. 7. shows that the enhance-
ment percentages at α = 0.035 for the proposed pro-
tocol over the H-PRS, C-ORS, and B-ORS protocols are 
23.7%, 18.1%, and 8.3467%, respectively. Finally, simi-
lar to the OP measure, the proposed TP performance 

Fig. 6. OP as a function of τD
2 when Δ = 15 dB, M = 5, 

XP = 0.5, YP = −0.5, α = 0.1, Cth = 0.7, and τ1
2 = τD

2 /2.

is always the highest overall values. Fig. 7. shows that 
the enhancement percentages at α = 0.035 for the pro-
posed protocol over H-PRS, C-ORS, and B-ORS proto-
cols are 3%, 6.6%, and 10.2%, respectively.

Fig. 7. TP as a function of α when Δ = 15 dB, M = 3, 
XR = 0.5, XP = 0.5, YP = −0.5, Cth = 1, and τ1

2 = τD
2 =0

In Fig. 8., TP is shown against the number of relays. 
As predicted, increasing the M-value improves the TP 
of the OMPB-ORS, H-PRS, B-ORS, and C-ORS protocols. 
By effectively assigning the α-value, the performance 
of the investigated protocols can be enhanced.

Fig. 8. TP as a function of M when Δ = 20 dB, M = 3, XR 
=0.4, XP = 0.5, YP = −0.5, Cth = 1, and τ1

2 = 0.1, τD
2 = 0.05.

6.	 Conclusion

This study enhanced the performance of energy 
management systems based on WSN in intelligent 
structures under hardware weakness and interference 
restrictions. An OMPB-ORS protocol was proposed 
for EH relay networks using multiantenna PB, where 
PB supplies dual-hop DF relays and sources with RF 
signals to the EH process. In the presence of numerous 
PUs and across, i.e.,., Rayleigh-fading channels, exact 
and asymptotic formulations of the proposed protocol 
OP and TP were presented. The numerical results 
indicated that the OMPB-ORS protocol outperforms 
the B-ORS, C-ORS, and H-PRS protocols. Finally, by 
changing the energy harvesting ratio, increasing the 
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number of relays, and locating the relays in the ideal 
place, the proposed protocol system’s performance 
was improved.
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