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Abstract: One of the most notable challenges in wireless communications is energy scarcity, which has
attracted considerable attention in Fifth Generation (5G) wireless network research. This paper
investigates the performance of energy harvesting (EH) relays under the best relay selection (BRS)
scheme. The results show degradation of spectral efficiency (SE) due to EH relaying compared with
conventional cooperative relaying (CR). Conversely, EH relaying provides a positive gain compared
with conventional CR, increasing the lifetime of the network and decreasing energy consumption (EC)
and operational cost. Moreover, the EH relaying network has better energy efficiency (EE) compared
with conventional relaying networks. Results show that when EH relaying is applied, EE is improved
through an increased number of relays. Finally, the SE-EE metric is presented for both conventional
and EH relays. Results show that the performance of the proposed technique was able to achieve a
maximum SE of 1.4 bits/s/Hz and maximum EE at 0.6 bits/s/Hz, and for the case of conventional
relays, a maximum SE of 2 bits/s/Hz and EE at 1.1 bits/s/Hz. This result implies that the proposed
EH scheme provides an optimum solution for energy-constrained wireless CR systems.

Keywords: energy harvesting; simultaneous wireless information and power transfer; outage probability;
spectral efficiency; energy efficiency

1. Introduction

Cooperative relaying (CR) provides a significant enhancement of energy-efficient transmission
techniques by mitigating fading [1]. The CR system sends the signal via orthogonal channels to prevent
interference among the source and relay links. Significant focus has been given to multi-hop relaying
in industry and academia due to many benefits such as system capacity, improved coverage, battery
life, and throughput [2]. The most well-known relaying strategies are amplify-and-forward (AF) and
decode-and-forward (DF) [3]. DF decodes, re-modulates, and retransmits the received signal, while AF
retransmits and amplifies signals without having to decode. The DF complexity compared to AF relays
significantly high due to its full processing capability. The DF protocol also needs a sophisticated media
access control layer, while this is not necessary for the AF protocol [4]. On the other hand, a hybrid
relaying protocol can be used in certain applications [5,6]. However, there are several limitations of the
AF relays, such as non-linear distortion and noise added by the information receiver.

In numerous extreme situations, replacing or recharging the traditional power supply is
impossible [7]. For instance, mobile devices implanted in patients to record health data are increasing in
number; however, these devices are expensive, and their batteries can be difficult to replace. This issue
has increased the demand for wireless battery charging using external sources, which then fuelled
the emergence of EH. Some studies have suggested that thermoelectric, wind, and solar power could
be utilized as external power sources to charge batteries wirelessly [8]. The conventional energy
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harvesting (EH) technologies depend on external energy sources like wind, vibration and solar which
are not always available and suffers from the time-varying issue and material inefficiency. EH using
radio-frequency (RF) is an alternative approach, since RF signals carry energy as well as information
without continuous monitoring and maintenance.

Wireless networks have developed considerably in terms of energy efficiency (EE). This development
is driven by the needs of subscribers, design issues, satisfaction, and recently, the impact on the
environment. Various measures have been employed to achieve high signal to noise ratio (SNR)
without increasing the transmission power. Advanced measures include power reduction with sleep
and active modes [9], having various transfer nodes that are based on payload size, interference
reduction that results from poor frequency planning, device selection based on transmission distance,
and many other energy-efficient transmission techniques [10]. The above measures have been used
in various wireless fields based on environmental conditions and payload applications. One of the
advanced techniques relies on exploiting the RF signals that are radiated from the ambient transmitter,
known as the simultaneous wireless information and power transfer (SWIPT) network. SWIPT allows
effective resource allocation at transceiver designs, which collectively form the potential 5G network
technology [11]. Limited battery life in the conventional CR results in a short network lifetime.
Traditional EH sources, such as thermal, solar, and wind, are not always available because of their
seasonality, low efficiency, and dependency on surrounding nature, which contributes to the decrease of
wireless network reliability due to network outages [12]. The use of RF signals for SWIPT has recently
become a valuable EH source due to its capability to carry information and energy simultaneously.

One of the major performance indicators of the Third Generation Partnership Project (3GPP)
evolution is the maximum value of spectral efficiency (SE). A typical example is an increment in the
target downlink SE of 3GPP from 0.05 to 5 bits/s/Hz due to the evolution of the mobile system from
Global System for Mobile (GSM) to Long Term Evolution (LTE). In contrast, EE has not been recognized
by researchers and was not taken into consideration by 3GPP to indicate its performance until recent
times. The continuous promotion of green energy has drawn more attention to energy-efficient
transmission. Hence, the trade-off between SE and EE demands a critical study to achieve a balance
between the two performance metrics in future wireless systems [13]. Based on the literature review,
choosing the EH relay that minimizes the total energy consumption (EC) and then illustrating the
SE-EE metric for EH relay in this scenario has not been investigated yet. Therefore, we study SE
and EE design in N-EH relay networks. A direct link and the outage probability (OP) are taken into
consideration. In this work, an efficient algorithm is derived to achieve individual constraints and
minimize the total EC, depending on the objective function. The EE is formulated as an optimization
problem with a specific objective function to minimize the total EC under maximum energy constraint
and a threshold constraint for SNR. The novelty and technical contribution in this study can be
summarized as follows:

(i) Analysis of the outage probability (OP) for AF-EH relaying under best relay selection (BRS)
scheme with SWIPT technique, by computing the OP for the direct path and the OP for the best
relay path. The EH relay can be more valuable over small areas. Consequently, the proposed
system is considered in which the source, relays and destination are located in a small territory.
In this case, outage probability will be beneficial due to the restrictions decreed on the relays by
the energy constraints.

(ii) Investigation of the performance of total consumed energy for AF wireless energy harvesting
(WEH) relaying under BRS scheme, by minimizing the total EC to improve EE for EH relaying
over conventional relaying.

(iii) Derivation of the energy efficiency (EE) for AF-EH relaying, taking into account the outage
probability factor and compare the results with conventional cooperative relaying with a different
number of relays. Also, the effect of the power-splitting ratio on the EE is applied and the
steady-state convergence is shown for different values of the power-splitting ratio.
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(iv) The SE-EE trade-off is analysed for both conventional and EH relays, with the aim of optimizing
the total energy consumption, by illustrating the design of the wireless networks that consider
only SE and the design of the wireless networks that consider only EE. The SE-EE metric is useful
in the design of required wireless EH networks to quantify the desired SE and EE.

The rest of this paper is organized as follows. Section 2 discusses recent previous studies. Section 3
describes the system model in this study. In Section 4, performance analysis for energy harvesting
(EH) relaying is presented. Numerical results are presented in Section 5 and conclusions are made
in Section 6.

Following notations is used in this manuscript: γm is the SNR thresholds for link adaptation, γsi is
instantaneous SNR between S and Ri, γid is the instantaneous SNR between Ri and D, γsd is the SNR
of the direct path between S and D, γbrs is the SNR of the best relay selection, γT is the combined SNR
at the D, Γth is the SNR threshold.

2. Related Works

The authors of [14] presented two schemes for wireless information and power transfer:
Power Splitting (PS) and Time Switching (TS). In the PS scheme, the receiver divides the signal
power into two parts for harvesting energy and decoding information, while the receiver switches
between two parts in the TS scheme. The authors of [15] proposed a joint analysis of the EE and SE
trade-off, involving issues such as the multi-objective optimization problem (MOP). The parameters for
the trade-off in the MOP change dramatically among various scenarios of communication considering
different design requirements. MOP was transformed into a single-objective optimization problem
(SOP) using a weighted sum algorithm, and the authors thus were able to achieve an optimal solution.
In solving SOP, the harness was found as a result of the combination of channel allocation indicators.

A multi-hop wireless network consisting of the DF relay was considered in [16]. Three SWIPT
general protocols were considered in this paper: TS, PS, and hybrid protocol. In each protocol,
an optimization problem was formulated to decide the optimal TS and PS ratios to maximize end-to-end
throughput. A best cooperative mechanism for EE and wireless spectrum sharing within 5G systems
was proposed in [17]. Data were transferred, and EE was derived during the transmission mode of
the intended timeslot. EH within the best cooperative mechanism was simultaneously conducted by
primary users (PUs) and secondary users (SUs) from ambient signals. A short time duration with
the BCM was allowed to transfer data throughout the time slot. Optimization problems were then
formulated with the best cooperative mechanism model. The purpose of the optimization was to
maximize the throughput for PUs and SUs under the EE metric and data rate.

In [2], an approximate mathematical expression for symbol error probability within cooperative
communication systems by means of best relay selection was derived over channels of Nakagami-m
fading type with independent and non-identically distributed (i.ni.d) links. In the case of AF relaying
protocol, the best instantaneous SNR corresponding to the relaying link is provided by the selected
relay. Differently, in the case of DF, the selected relay offers the most excellent instantaneous SNR
corresponding to the link that connects the destination and the relay from the relays that have decoded
the source information correctly. Joint power allocation and relay selection schemes for throughput
maximization were proposed in [18] for the AF cooperative network, in which the relay and source
are EH nodes. The optimal selection of the relay depends on the amount of harvested energy stored
within the SNR of the nodes and channel. Offline schemes are important in case the amount of energy
harvested and the SNR of the channel are given a priori, which is impossible due to the random nature
of these values.

As an application of EH, the authors of [19] proposed a multi-dimensional sparse-coded ambient
backscatter communication system for the high-rate massive Internet of Things (IoT) networks.
RF tags were considered to increase the dimension of the signal space of backscatter signals to
achieve high diversity gains. The authors guaranteed sufficient energy harvesting opportunities at
RF tags. Another alternative power source from the wireless transmission can be exploited by the
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use of near-field wireless power transfer (WPT), as presented in [20]. WPT has been used in mobile
phones, electric vehicles, medical implants and wireless sensor network. The authors provided recent
studies for near-field WPT for potential applications in the real world. Within wireless-powered
communication networks (WPCNs), it is essential to search for the fairness of EE to investigate the
node balance for harvesting energy and receiving information. In [21], an efficient iterative method
was proposed for the fairness of optimal EE within WPCNs. The major idea was to employ stochastic
geometry in deriving the mean proportional fairness utility function (PFUF) with respect to the receiver
threshold and the associated probability of the user. The relaxed PFUF exhibited a concave function
for the receiver threshold and the associated probability of the user. The alternative optimization
approach was also used in the proposed suboptimal algorithm. The numerical results confirmed the
effectiveness of the suboptimal algorithm with less computational complexity than recent related
schemes. In [22], indoor EH relaying was applied over Log-Normal fading channels, a single relay
was assumed. The performance of wireless transfer of the power for two-hop cooperative networks
was investigated within indoor channels that have the log-normal fading distribution. Particularly,
the authors considered two EH protocols, which are the PS scheme and TS scheme. They obtained
precise analytical expressions for the ergodic outage probability and ergodic capacity for the previously
mentioned protocols. The results illustrated that superior ergodic capacity is obtained when the
channel variance is increased. The authors of [23] stated that CR is a promising technique that
enhances the EE of cellular networks. However, the saved energy via deployed relays may be canceled
by the static power consumption of the relay. EH is one of the techniques used for relays within cellular
networks for flexible deployment and energy charge reduction.

Cognitive radio was proposed to encourage the utilization of the spectrum via exploiting the
existence holes of spectrum opportunistically. The authors of [24] considered the CR among secondary
users to enhance the diversity of the spectrum. A spectrum-rich user node is chosen as the relay node
to enhance the performance among the destination and the source. Cooperative communication was
proposed to achieve better performance for the wireless network compared to traditional wireless
networks. A great deal of attention and importance has been given to these networks since they can
be used in different types of networks and applications, such as: military, cellular and ad-hoc/sensor
networks. In [25], the OP behavior was investigated for a cooperative network over a wireless
channel with a Nakagami-m fading type. The authors derived a closed-form expression for the
OP. The authors of [26] analyzed threshold-based selection combining (SC) and threshold-based
maximal ratio combining (MRC) the signals of these multiple antenna Nakagami fading channels.
They discovered that the end-to-end (E2E) network error performance with few number of relays
and many antennas is not considerably worse compared to that who own many relays everyone
has a less number of antennas. In [27], precise ergodic capacity for different adaptive protocols
in DF system under different Rician fading channels was studied for optimal rate adaptation with
constant power, optimal rate adaptation and simultaneous power, channel inversion based fixed rate.
Through capacity analytical expressions, the optimal rate adaption and power offers superior capacity
compared to optimal rate adaption by means of constant power over different Rician channels from
low to reasonable SNR.

In [28], spectrum sensing for cognitive radio scenarios was proposed, and the communication
frame classified based on the orthogonality and the ability of th ecooperative channel. In order to do
thiy, four protocols were investigated: multiple access channel (MAC), parallel access channel (PAC),
cooperative MAC (CMAC) and cooperative PAC (CPAC). Channel-aware binary-decision fusion over
a shared Rayleigh flat-fading channel with multiple antennas at the Decision Fusion Center (DFC) was
proposed in [29]. Two approaches were presented, Decode-and-Fuse (DaF) and Decode-then-Fuse
(DtF). Authors in [30] proposed an analysis of large-array regime at the DFC. To reduce the complexity,
the authors derived Sub-optimal fusion rules. The authors of [31] presented two schemes for the
cooperation. In the first scheme, the cooperating relays retransmit a weighted version of the source



Energies 2019, 12, 892 5 of 22

data in a DF fashion. The second scheme related to cooperative jamming (CJ), while the source was
transmitting, cooperating relays transmit weighted noise to confound the eavesdropper.

In [32], SE was studied over a single EH relay with the adaptive transmission technique. In [33],
the current contributions of the information and communication technology (ICT) system led to the
release of about 5% of the carbon dioxide into the environment. Unfortunately, this percentage is
increasing as the number of smart devices increase. To reduce the impact of CO2 energy emissions,
efficient techniques need to evolve to design sustainable and eco-friendly wireless communication
network [34]. Following this, EE was proposed as a metric to complement SE in evaluating the absolute
transmission effectiveness of 5G cellular networks [35]. The best solution is to achieve the maximum EE
and SE simultaneously, although mathematically, the metrics have proven to conflict with one another,
such that the maximization of EE brings about poor performance in SE [36]. Research has shown that
both EE and SE have joint consideration in achieving an efficient 5G wireless communication system
in the future [37]. According to [38], EE converges to a constant, [1/Noln2], when SE approaches zero
(No is power spectral density of additive white Gaussian noise (AWGN)), while EE approaches zero
as SE goes to infinity. The ideal relationship between SE and EE is illustrated in Figure 1. The circuit
power will eliminate the monotonous relationship between SE and EE. If we take the circuit power
into consideration, the SE-EE curve will become bell-shaped, as in Figure 1. Transmission features
such as modulation scheme, transmission distance, and resource management are influential in the SE
and EE trade-off [39]. An investigation into industrial approaches and telecommunication policies
toward energy-efficient transmission will become a valuable addition; it is important for protecting the
environment and promoting sustainable development for future wireless cellular systems.
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Figure 1. Ideal case and Practical case.

The authors of [40] illustrated the trade-off between performance and complexity for different
combining schemes. The first scheme is defined as all relay participate (ARP), where the destination
combines the received signals from all the relays, while the second scheme is known as BRS scheme,
which used the relay that has the maximum signal to noise ratio (SNR) at the destination. In [41],
a genetic algorithm (GA) is applied for the optimization of power splitting ratio at the relays over
imperfect feedback channels. EH relaying system with link adaptation under an imperfect feedback
channel was proposed in order to maximize the throughput to meet the main requirements in
green wireless communication systems. The 5G innovation will soon fulfill numerous necessities,
of which conveying high system energy performance is the most basic. This component is critical
to decrease operational expense and give organized access in a practical and resource-efficient way.
High energy performance requires a central change in outline standards inside the versatile telecom
industry. The green radio networks aim to compensate for the increase in total energy consumption,
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carbon footprint, and operational cost as a result from the increase in the number of base stations (BSs),
which consume 57% of the total mobile network infrastructure energy [42].

Based on the previous approaches, it can be concluded that the EH relaying technique is a
promising solution for achieving a green wireless system. In this paper, SE and EE of EH relaying are
presented and compared with conventional relaying.

3. System Model

The CR system model is shown in Figure 2. We consider downlink EH relaying, in which a source
node S sends the data to the destination node D, and the communication is applied with the help of
EH relaying, Ri, i ∈ {1, 2, . . . , N} with the PS protocol. We assume a direct path between S and D with
SNR, γsd with channel coefficients, hsd, and distance, d3. On the other hand, the SNR between S and Ri
is denoted by γsi = |hsi|2Es/N0 with channel coefficients, hsi and distance, d1. The SNR between Ri
and D is denoted by γid = |hid|2Es/No with channel coefficients, hid, and distance, d2. All nodes are
assumed to have a single antenna, and all nodes operate in a half-duplex mode. All links are assumed
to undergo Rayleigh fading with perfect channel state information (CSI). In this work, the transmission
process occurs in two time slots with duration T. From the AF-EH relaying, each relay is assumed
to harvest a portion of the signal received by the PS protocol. A portion of the signal received by
each relay is divided for information processing by a value of ρ. Thus, the rest of the signal will be
represented by 1− ρ.

Figure 2. Downlink energy harvesting (EH) Cooperative Relaying Model with best relay selection
(BRS) scheme.

3.1. Cooperative Energy Harvesting

In the case of cooperative energy harvesting, the received signal at the relay i can be written as:

ysi = hsi

√
Ps

d1
n s + nsi, (1)

where nsi ∼ CN(0, σ2
si) is AWGN with noise variance, σ2

Si. Assuming power splitting ratio scheme,
√

ρysi is used for energy harvesting to relay i, where the remaining
√

1− ρysi is used for information
detection. The procedure in [43] is adopted to compute the optimized values of ρ. The harvested

energy at relay i, at time
T
2

can be written as

ERi = ηρ

[
Ps

d1
n |hsi|2

]
.T/2, (2)
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where η is the energy conversion efficiency, that depends on EH circuitry from signal power to circuit
power. In this work, the energy conversion efficiency is set to 0.6, based on the assumption that the
energy harvested from the received signal is not fully consumed by the relay. After power splitting,
at the input of the energy harvester, the received baseband signal with information receiver noise can
be written as:

Rinput
i =

√
1− ρ

[
hsi

√
Ps

d1
n s + nsi

]
+ ṅsi, (3)

where ṅsi ∼ CN(0, σ̇si) is AWGN from the information receiver with noise variance, σ̇2
si. In the second

time slot, the transmitted power of the relay i is given by

Pi
R =

ERi

T/2
= ηρ

[
Ps

d1
n |hsi|2

]
, (4)

The relay amplifies and forwards the signal to the destination, the transmitted signal at the relay
can be written as:

Routput
i =

1√
d1

nd2
n

√
PsPi

R (1− ρ)Ghsis +
1√
d2

n

√
Pi

RGnw, (5)

where, nw =
√

1− ρnsi + ṅsi , G is the gain of relay. We assumed fixed gain at all relays, G which is
given as:

G =
1√

(1−ρ)Ps
d1

n hsi
2 + σ2

w

, (6)

where σ2
w = (1− ρ)σ2

si + σ̇2
si. The received signal at the destination can be written as

yid = hidRoutput
i + nid, (7)

After substituting (6) and (4) into (7), the combined SNR γid can be written as below,

σ2
si = σ̇2

si = σ2
id = σ2 and γ̄ =

Ps

σ2 .

γbrs =
ηρ(1−ρ)γ̄2|hsi |4|hid |2d1

−2nd2
−n

ηρ(1−ρ)γ̄|hid |2d2
−n |hsi |2d1

−n+ηργ̄|hid |2d2
−n |hsi |2d1

−n+(1−ρ)γ̄|hsi |2d1
−n+(1−ρ)+1

, (8)

In this paper, QPSK, 16-QAM and 64-QAM are used for link adaptation according to Long Term
Evolution-Advanced (LTE-A) standards [44]. Bit error rate-target (BERT) assumed to be 10−5 to be
suitable for the higher modulation mode and Quality of Service (QoS) that meet the requirements for
4G network and beyond. SNR values can be divided considering M + 1 regions, where M number of
thresholds of SNR values. The thresholds can be found using [45]:

γm =
2
3

K0(2m − 1), m = 2, 4, 6 (9)

where k0 = −In(5 BERT).

3.2. Moment Generating Function (MGF) and Probability Density Function (PDF) of BRS in EH Relaying

The combined SNR at the destination can be computed using BRS scheme, shown as:

γT = γsd + γbrs, (10)

MGF can be expressed as
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MγT = Mγsd(s)Mγbrs(s), (11)

For Rayleigh fading channel, Msd(s) = (1 + sγ̄sd)
−1, while, MGF for γbrs in the case of BRS

scheme for N relays can be expressed as [46]:

Mγbrs (s) =
N−1

∑
i=0

N (−1)i (N−1
i )

1 + i + sγbrs/2
, (12)

In the case of cooperative EH, MGF can be written as:

MγT (s) = (1 + γsds)−1
N−1

∑
i=0

N (−1)i (N−1
i )

1 + i + sγbrs/2
, (13)

using a partial fraction and taking Inverse Laplace transform with some algebraic manipulation,
the PDF of γT can be expressed as:

pγT (γ) = N
N−1

∑
i=0

(−1)i
(

N − 1
i

) [
Ai
γsd

exp
(
− γ

γsd

)
+

2Bi
γbrs

exp
(
−2 (1 + i) γ

γbrs

)]
, (14)

where Ai = 1/ (1 + i− γbrs/ (2γsd)), Bi = 1/ (1− (1 + i) 2γsd/γbrs).

3.3. Energy Status in EH Relaying

The best relay is selected to forward the data from the source to the destination by using its
harvested energy. In this case, all other relay nodes will be in silent mode and the selected relay will be
active. The other relays will not consume their energy, so their energy can be stored in the batteries.
The selected relay that minimizes total energy consumption is selected only if at least Eth is stored in
the batteries. The WEH relay can be active or silent at different time instants. Assume symbol duration
Ts, then the EH relay consumes PsTs to forward a frame of Λ symbols. The EH relay is called active if
it has at least PT/2 energy which is named Eth, where T = 2ΛTs.

4. Performance Analysis

4.1. Spectral Efficiency (SE)

Taking into account the presence of feedback errors, the spectral efficiency can be expressed
as follows:

SE =
1
2

M

∑
m=1

log(Mm)
2 Fm, (15)

where Fm represents the probability of selecting the m-th modulation model for the transmission.
This probability can be represented as follows: Fm = Pγ(γm+1)− Pγ(γm), where γm is the threshold of
SNR and Pγ(·) is the cumulative distribution function (CDF) of received SNR, which can be computed
by integrating the PDF in (14).

4.2. Outage Probability (OP)

It is assumed that there are no performed transmissions below the predefined SNR threshold.
The link quality is measured based on the outage probability. It is a rational measure of performance,
where it is associated with the challenging slow fading channel variations [47]. The OP can be
written as:

Pout = Pr
(

max (γsd, γbrs) < Γth
)

, (16)
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Assuming i.i.d. Rayleigh fading channel, (16) can be written as:

Pout = Pr
(

γsd < Γth
)
· Pr

(
γbrs < Γth

)
= P1 × P2, (17)

where the first probability:

P1 = Pr
(

γsd < Γth
)
= Pr

(
γ̄Y < Γth

)
= Pr

(
Y <

Γth

γ̄

)
, (18)

where Y = |hsd|2 d−n
3 . According to the exponential distribution, the cumulative distribution function

(CDF) can be written as:

P1 = 1− e−
Γth
γ̄ , (19)

The second probability can be calculated as:

P2 = Pr
(

γbrs < Γth
)
= Pr

(
aX2Z

ρbXZ + bXZ + cX + ρ + 1
< Γth

)
, (20)

where X = |hsi|2 d−n
1 , Z = |hid|2 d−n

2 , a = ηρ(1 − ρ)γ2, b = ηργ, c = (1 − ρ)γ, ρ̄ = 1 − ρ.
The remaining derivation of the second probability is presented in the Appendix A, and the final
expression of the outage probability can be written as:

Pout =

(
1− e−

Γth
γ̄

)
×
[

1− 2e−g
N−1

∑
k=0

ξ
1+k

2

k!
Kk−1

(
2
√

ξ
)]

, (21)

where g =
(2− ρ)Γth

(1− ρ)γ̄
, ξ = (c+ρ+1)Γth

a , Kν(·) is the ν-th order modified Bessel function of the

second kind.

4.3. Energy Consumption (EC) for EH Relaying

The relay that has minimum EC will be selected as the best relay, so the total energy consumption
will be the energy from the direct path and the energy of the i-th relay. On the other hand, a threshold
SNR Γth will be defined to ensure that the rate is above a specific rate with function Γth. According to
(5) with the help of (6), the total average SNR can be written as:

γT =
Es |hsd|2

d3
nσ2

sd
+

EiEsρ̄ |hsi|2 |hid|2 d1
−nd2

−n

Ei
d2

n ρ̄ |hid|2 σ2
si +

Ei
d2

n |hid|2 σ̇2
si + σ2

id

(
ρ̄ |hsi|2 Es

d1
n + ρ̄σ2

si + σ2
si

) , (22)

Assuming σ2
si = σ̇2

si, νo =
|hsd|2

σ2
sd

d−n
3 , ζi =

|hid|2

σ2
id

d−n
2 , νi =

|hsi|2

σ2
si

d−n
1 .

After mathematical manipulation, that can be shown in Appendix B, for BRS scheme,

γT = Es (ν0 + νi)−
E2

s ν2
i ρ̄ + EsνiEiζi + Esνi ρ̄ + Esνi

Ei ρ̄ζi + Eiζi + Esρ̄νi + ρ̄ + 1
, (23)

minEs ,Ei ET , s.t. (24a)

1
2

log2(1 + γT) ≥
1
2

log2(1 + Γth) (24b)

0 ≤ Es ≤ Emax
s (24c)

Eth ≤ Ei ≤ Emax
i (24d)
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where Emax
s and Emax

i are the maximum energy at the source and the maximum energy at the selected
relay respectively. It can be seen from (23) that γT is a monotonically increasing with two variables Es

and Ei. Thus, the optimized solution of the problem is occurred when γT = Γth. According to this,
Ei can be written as a function of Es.

Ei =
Γth(Esρvi + ρ + vi)− vo(E2

s ρvi + ρEs + Es)

ζi(ρEsvo + Esρvi + Esvo − Γthρ− Γth)
(25)

where
Γth(ρ− 1) 6= Es(ρvo + ρvi + v0).

we can write Ei as

Ei =
−a1E2

s + a2Es + a3

a4Es − a5
(26)

where

a1 = v0ρvi , (27a)

a2 = (Γthρvi − ρvo − vo) , (27b)

a3 = Γth(ρ + vi) , (27c)

a4 = ζi(ρvo + ρvi + vo) , (27d)

a5 = ζiΓth(ρ− 1) , (27e)

The total consumed energy can be written as:

ET =
−a1E2

s + a2Es + a3

a4Es − a5
+ Es, (28)

To find the optimized value of the total energy, the first derivative is applied. To check the
convexity of the proposed model, the second derivative is applied as shown in the following equations.

∂ET
∂Es

=
−a1a4E2

s + 2a5a1Es − a5a2 − a3a4

(a5 − a4Es)2 − 1, (29)

∂2ET

∂E2
s

=
2(a2

5a1 + a5a2a4 + a3a2
4)

(a4Es − a5)3 . (30)

Hence, solving the equation
∂ET
∂Es

= 0, (31)

will yield two solutions for Es and Ei
To be ET convex, the optimal solution is the positive term for (32) and (33)

Es =
a5

a4
±

√
a2

5(a2
1 + a1a4)− a5a2(a1a4 + a2

4)− a3a4(a1a4 − a2
4)

a1a4 + a2
4

(32)

If we let Ω =
√

a2
5(a2

1 + a1a4)− a5a2(a1a4 + a2
4)− a3a4(a1a4 − a2

4) , then we can find Ei from (26)

Ei = −
a1a5(a4 − 1)

a2
4

− a5(a1 + a4)(a1 + a2a4)

a2
4Ω

+
±a1Ω

a2
4(a1 + a4)

+
a3(a1 + a4)

±Ω
(33)
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4.4. Energy Efficiency for EH Relaying

The main idea behind EE scheme is to minimize the total energy consumption while preserving
SNR above the threshold. EE in relaying of AF-EH is illustrated in this section. The comparison and
formulation of EH relaying for end-to-end SNR are conducted with BRS scheme relaying. This task
is performed with the aid of SWIPT technique. In this section, the EE of EH relaying is based on
minimizing the total EC with taking the OP into account. Using the derivative from Section 4.3, the EE
of the proposed system can be described as the ratio of successful data delivery to the total energy
consumption, which can be written as:

EE =
(1− P1) log2(1 + γsd) + (1− P2) log2(1 + γbrs)

ET
(34)

The following Algorithm 1 represents the procedure of computing EE for EH relaying, taking into
account the OP of the direct path and the selected relay.

Algorithm 1: EE for EH Relaying.

1: procedure Initialization (Emax
s , Emax

i , ρ, µ, Γth)
2: Itr ← Number of Iterations
3:

γT ← Es(νo + νi)−
E2

s ν2
i ρ̄ + EsνiEiζi + Esνi ρ̄ + Esνi

Ei ρ̄ζi + Eiζi + Esρ̄νi + ρ̄ + 1

4: For Loop:
5: i← 1 . . . N
6: IF γT < Γth

7: Es ← Emax
s

8: Ei ← Emax
i

9: Else
10: Obtain the solution (γT = Γth)
11: Compute the derivative of ET with respect to Es
12: Choose the path that minimizes ET
13:

EE←
(1− P1) log2(1 + γsd) + (1− P2) log2(1 + γbrs)

ET

14: END For Loop

5. Numerical Results

In this section, numerical results are performed to validate the proposed theoretical
analysis. N-wireless energy harvesting (WEH) relays are considered based on the BRS scheme.
Numerical examples are investigated. System parameters are shown in Table 1. To study the relays
location on the performance, normalized distances are applied. In the following, numerical results of
outage probability for different WEH relaying are shown.
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Table 1. Simulation Parameters.

Parameter Value

SNR threshold Γth 5 dB
Energy conversion efficiency η 0.6
Path loss exponent n 2
Normalized distance from S to relay i, d1 0.3 m
Normalized distanc from S to relay i, d2 0.7 m
Normalized distanc from S to D d3 1 m
Maximum energy at the source Emax

s 3 J
Maximum energy at the selected relay Emax

i 3 J
Number of relays N 2, 3, 5
Bit error rate-target BERT 10−5

In addition, the impact of using WEH relaying on the power splitting ratio, the distance between
source and relays will be analyzed. The spectral efficiency and energy efficiency of EH-AF scheme is
presented and compared with a different number of N-WEH relays. Finally, the comparison between
conventional AF relaying and WEH-AF relaying is illustrated by understanding the trade-off between
SE and EE.

It is assumed that the relays are close to the source compared to the destination with normalized
distances. Since the distance from the source to relay is increasing, the energy harvested and received
signal power at the relay decreases due to the path loss.

Figure 3 represents the effect of the power-splitting ratio on the SE for a single relay at 20 dB
SNR. The maximum SE result is about 1.6 bits/s/Hz. Figure 3 illustrates the importance of optimizing
the power-splitting ratio to achieve the best SE of the overall system using WEH relaying. When the
splitting ratio is too small, only a limited amount of energy is harvested, and this can directly affect the
SE performance. in contrast, when the splitting ratio is large, the energy harvested at the relay exceeds
the required level, thereby decreasing the SE level.
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Figure 3. Spectral Efficiency (SE) at 20 dB versus the power splitting ratio.

Figure 4 shows the outage probability corresponding to average SNR with different values of
N. When N increases, the outage probability is enhanced; for example, at 20 dB SNR, the outage
probability for N = 2 is about 10−4, versus about 10−5 at N = 5.
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Figure 4. Outage probability versus signal to noise ratio (SNR) for EH relaying.

Figure 5 shows the outage probability results with the PS ratio for different values of N under the
5 dB SNR threshold. A portion of the power that should be received at the destination is consumed
at the EH relays. Thus, the signal level that is fed to the information processing decreases with the
increase in PS, which decreases the outage probability.
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Figure 5. Outage probability versus power splitting ratio (γ̄ = 20 dB, Γth = 5 dB).

Figure 6 illustrates the outage probability with respect to the EH relays locations. The outage
probability is constant with respect to relay locations. This occurs because at a high SNR, the outage
probability becomes independent of the location of the relays.
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Figure 6. Outage probability versus d1 (γ̄ = 20 dB, Γth = 5 dB).

Figure 7 shows the SE for conventional (non-WEH) relaying and WEH relaying. Cooperative
WEH relaying causes degradation in SE compared with the conventional CR. For example, at 20 dB
SNR and N = 2, the SE for WEH relaying is approximately 1.3 bits/s/Hz; a loss of approximately
0.4 bits/s/Hz is observed compared with the conventional CR, which translates to a 23% degradation
in SE. On the other hand, increasing the number of relays enhances SE for both conventional and
WEH-AF relays. For example, at 20 dB SNR with N = 2, SE for the conventional and WEH-AF relays
are 1.7 and 1.3 bits/s/Hz, respectively, while for N = 5, SE for the conventional and WEH-AF relays
are 2 and 1.5 bits/s/Hz, respectively. The loss occurs because of information processing from harvested
energy. Previous works in this field focused on the degradation of SE due to WEH. For example, in [48],
researchers proposed SWIPT for orthogonal frequency division multiplexing (OFDM), and degradation
in SE reached approximately 40%.
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Figure 7. SE of conventional and wireless energy harvesting (WEH) relaying for the best relay selection
(BRS) scheme.
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Figure 8 represents the effect of the power-splitting ratio on the EE for PS protocol, The EE
decreases as ρ increases from 0.1 to 0.9, for example, when ρ = 0.1 means that 0.9 of the transmitted
power from the relay will reach to the destination, which improve the EE, while in case of ρ = 0.9 means
that 0.1 of the transmitted power from the relay will reach to the destination, so the EE decreases.
The steady-state convergence occurred after the initial ten iterations.

0 5 10 15 20 25 30

number of iterations

10-3

10-2

E
n

e
rg

y
 E

ff
ic

ie
n

c
y
 [

b
it
s
/J

]

 = 0.9

 = 0.5

 = 0.3

 = 0.1

Figure 8. EE at 20 dB versus different power splitting ratio.

Figure 9 shows the EE of conventional and WEH relaying systems for different N relays. It is
evident that EE performs better by increasing the relays. For example, at 10 dB SNR for WEH relaying,
the EE is approximately 0.07 bits/J and 0.1 bits/J for N = 2 and N = 5, respectively. On the other
hand, EE for WEH relaying outperformed conventional relaying; for example at 10 dB SNR and N = 2,
the EE is approximately 0.01 bits/J and 0.07 bits/J for conventional and WEH relaying, respectively.
Notably, EE for conventional relaying starts at approximately 10−3 bits/J at low SNR, whereas EE for
WEH relaying is approximately 10−2 bits/J. According to [49], EE performs better in WEH relaying
than in conventional relaying. For the low-SNR region, the EE of EH relaying increases faster than
conventional relaying. This result leads to the conclusion that WEH relaying is the optimum solution
for energy-constrained systems.
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Figure 9. EE of conventional relaying and WEH relaying versus SNR for different N.
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The relationship shown in Figure 10 illustrates the SE-EE trade-off metric. It is clear that there
is an initial simultaneous increase of SE and EE, indicating the absence of a trade-off in this interval.
The SE and EE trade-off starts at the point of inflection, followed by a decrement in EE along with
SE. The square markers indicate that only EE is considered in the design of the wireless networks,
while diamond markers indicate that only SE is considered. The region between square markers and
diamond markers illustrates the trade-off between SE and EE. As shown, the maximum SE for WEH
and non-WEH occurred at 1.4 bits/s/Hz and 2 bits/s/Hz, respectively, while the maximum EE for
WEH and non-WEH occurred at 0.6 bits/s/Hz and 1.1 bits/s/Hz, respectively. According to [50],
the SE-EE trade-off metric leads to a reduction in the energy consumed and transceiver architecture,
thereby improving the complexity involved in the process and reducing the cost of operation.
The SE-EE trade-off metric in [50] is shown for the non-WEH relay, while in this work, the WEH relay
is shown and compared with the non-WEH relay. As expected, EE is better for the WEH relay than the
non-WEH relay.
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Figure 10. The SE-EE relationship for non-EH and EH relaying, N = 5.

6. Conclusions

In this paper, spectral and energy efficiency in AF-WEH relaying are investigated. We have
formulated end-to-end SNR for WEH relaying and compared it with conventional CR over the
BRS scheme to compute the SE over link adaptation networks for the optimal power-splitting ratio.
The simulation results have shown that the WEH relaying performs better than conventional relaying
especially at low SNR, which leads to optimum solutions for energy-constrained systems. Finally,
the SE-EE trade-off metric is shown for both non-WEH and WEH relaying systems.

From a green communication perspective, our work combines different research trends like EH,
EC, SE and EE over the SWIPT system. The significant finding from this paper indicates the potential
of WEH technique, which can be applied in energy-constrained wireless CR systems and is expected to
solve the problem of the conventional battery-operated relay in future 5G wireless networks, such as
machine type communications and device-to-device communication. Wireless EH relaying can be
employed in a scenario in which the machine type communications requests for device-to-device
relays to forward the data to the machine type communications devices due to limited energy. In such
a scenario, our proposed technique can significantly improve the EE compared to battery operated
relaying. Multiple antenna system at the relay is expected to offer better performance than the single
antenna relay employed in this work. As such, it can be the potential extension to our current works.
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Moreover, the effects of a different fading channel environment, such as Rician fading on the proposed
system can also be considered for future works.
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Appendix A. Derivation of Outage Probability

P2 = Pr
(

γbrs < Γth
)
= Pr

(
aX2Z

ρbXZ + bXZ + cX + ρ + 1
< Γth

)
, (A1)

aX2Z
ρbXZ + bXZ + cX + ρ + 1

< Γth

−→ aX2Z < (Z(ρbX + bX) + cX + ρ + 1)Γth

−→
[

aX2 − (bΓthρ− bΓth)X
]

Z < (cX + ρ + 1)Γth

P2 =
∫ ∞

0
Pr
[

aX2 − (bΓthρ− bΓth)X
]

Z < (cX + ρ + 1)Γth f (X)dX (A2)

(a) The case when aX2 − (bΓthρ− bΓth)X < 0

aX < (bΓthρ− bΓth)

X < µ

µ =
(bΓthρ− bΓth)

a
=

Γth(2− ρ)

γ(1− ρ)

In this case, the inequality
[

aX2 − (bΓthρ− bΓth)X
]

Z < (cX + ρ + 1)Γth holds for any X and
Z therefore

Pr
[

aX2 − (bΓthρ− bΓth)X
]

Z < (cX + ρ + 1)Γth = 1. (A3)

(b) The case when aX2 − (bΓthρ− bΓth)X > 0

aX > (bΓthρ− bΓth)

X > µ

Then
Pr
[

aX2 − (bΓthρ− bΓth)X
]

Z < (cX + ρ + 1)Γth

= Pr
[

Z < (cX+ρ+1)Γth

[aX2−(bΓthρ−bΓth)X]

]
= Pr [Z < Θ]

(A4)

where

Θ =
(cX + ρ + 1)Γth[

aX2 − (bΓthρ− bΓth)X
] ≈ ξ

X− µ
(A5)

ξ =
(c + ρ + 1)Γth

a
, (A6)

P2 =

µ∫
0

f (X) dX +

∞∫
µ

Pr (Z < Θ) f (X) dX, (A7)
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P2 =
µ∫
0

f (X) dX +
∞∫
µ

(
1− e−Θ

N−1
∑

k=0

Θk

k!

)
f (X) dX =

=
µ∫
0

f (X) dX−
∞∫
µ

e−Θ
N−1
∑

k=0

Θk

k! f (X) dX =

= 1−
∞∫
µ

e−Xe−Θ
N−1
∑

k=0

Θk

k! dX = 1−Q.

u = X− µ, du = dX

(A8)

Q =
∞∫
µ

e−Xe−Θ
N−1
∑

k=0

Θk

k! dX =
N−1
∑

k=0

1
k!

∞∫
µ

e−Xe−ΘΘkdX =

=
N−1
∑

k=0

1
k!

∞∫
µ

e−Xe−
ξ

X−µ ξk

(X−µ)k dX =

=
N−1
∑

k=0

1
k!

∞∫
0

e−(u+µ)e−
ξ
u ξk

uk du =

=
N−1
∑

k=0

ξk

k! e−µ
∞∫
0

u−ke−
ξ
u−udu

(A9)

from [51]
∞∫

0

u−ke−
ξ
u−udu = 2ξ

1−k
2 Kk−1

(
2
√

ξ
)

(A10)

Q = 2e−µ
N−1

∑
k=0

ξ
1+k

2

k!
Kk−1

(
2
√

ξ
)

(A11)

P2 = 1− 2e−µ
N−1

∑
k=0

ξ
1+k

2

k!
Kk−1

(
2
√

ξ
)

(A12)

Appendix B. Derivation of e2e SNR

γT =
Es|hsd|2

dn
3 σ2

sd
+

EiEsρ̄|hsi|2|hid|2d−n
1 d−n

2
Ei
dn

2
ρ̄|hid|2σ2

si +
Ei
dn

2
|hid|2σ̇2

si + σ2
idρ̄|hsi|2 Es

dn
1
+ σ2

idρ̄σ2
si + σ2

idσ2
si

(A13)

γT = Esνo +
EiEsρ̄ζiνi

Ei ρ̄ζi + Eiζi + Esρ̄νi + ρ̄ + 1
(A14)

Then for N-relays (A14) can be written as

γT = Esνo +
N

∑
i=1

EiEsρ̄ζiνi
Ei ρ̄ζi + Eiζi + Esρ̄νi + ρ̄ + 1

(A15)

After some mathematical manipulation

γT = Esνo +
N

∑
i=1

Esνi −
N

∑
i=1

Esνi +
N

∑
i=1

EiEsρ̄ζiνi
Ei ρ̄ζi + Eiζi + Esρ̄νi + ρ̄ + 1

(A16)

γT = Es

(
νo +

N

∑
i=1

νi

)
−

N

∑
i=1

E2
s νi ρ̄ + EsνiEiζi + Esνi + Esνi ρ̄

Ei ρ̄ζi + Eiζi + Esρ̄νi + 1
(A17)

For BRS scheme, (A17) can be written as (23).
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