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Abstract. In this paper, we present the performance analysis of energy
harvesting amplify-and-forward (AF) relaying wireless sensor network
with best relay selection scheme over Nakagami-m fading. Specifically,
this considered network consists of one sink, multiple energy-constrained
relays, and one destination sensor node. The best relay is chosen to
amplify and forward the message to the destination after powered by the
sink. In order to evaluate the performance, the closed-form expression of
outage probability and throughput are derived by applying the discrete
optimal power splitting ratio. Based on this expression, we investigate
the behavior of this network according to the key parameters such as
transmit power, number of relays, time switching ratio and the distance.

Keywords: Wireless sensor network · Wireless power ·
Relaying network · Amplify and forward · Time switching ·
Power splitting · Outage probability

1 Introduction

Nowadays, wireless sensor networks (WSNs) present extensive potential in
human life, i.e., health monitoring, security and tactical surveillance, intru-
sion detection, manufacturing control, disaster management, weather monitor-
ing, traceability, farming monitoring, and safety services. The next generation
network (i.e., 5G), the platform of the Internet of Things (IoT), is developing
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to deploy in the near future. This drives the wide application of WSNs into real
life. However, there are a number of challenges that WSNs faced when they are
deployed widely, such as the limitations of the resource (i.e., processing ability,
memory capacity, antenna, and battery capacity). The limited energy of sensor
nodes degrade the coverage of WSN, reduce the processing ability of the sensor
node and decrease the lifetime of the network.

A novel technology trend in energy harvesting that can solve the limited
energy problem in WSNs is wireless power transfer, namely RF energy harvesting
(EH). RF EH in WSNs (RF EH-WSNs) refers to the sensor nodes (SNs) harvest
energy from RF energy sources (TV/radio broadcasts, mobile base stations, and
handheld radios) and converting it into electrical energy for information trans-
mission. Although the harvested energy from the above environmental sources is
dependent on the presence of the energy sources and must consider their unsta-
ble natures, the RF energy harvesting approach may represent a practical trend
for future energy-aware systems because of it’s ready available in the form of
transmitted energy and in small form factor implementations, and low cost [1–
4]. The relaying and cooperative techniques are applied in the modern WSNs
to improve the performance and extend the coverage area of wireless networks
and reduce the energy consumption of SNs [5–10]. Naturally, the embedding EH
into relaying WSNs or cooperative WSNs have attracted a lot of attention from
the academia and industry in the recent decade [11–21]. There are two models
of RF EH architecture: time switching (TS) and power splitting (PS). In the TS
architecture, the SNs switch and use either the RF energy harvesting circuit or
the information receiver circuit for the received RF signals, for example, a part of
the time for energy harvesting and remain time for information receiving. Mean-
while, in the PS architecture, the received RF signals are split into two streams
for the RF energy harvester circuit or information receiver circuit according to
PS ratios. One problem introduced is how to find the optimal TS or PS ratio to
enhance the performance of WSNs. In [13], the authors introduced the block-wise
TS-based protocol for EH AF relaying network in which the relay can implement
EH and information processing. By derivation of analytical expressions of the
achievable throughput, the performance of this considered networks with two
modes of continuous and discrete time EH at the relay was analyzed and evalu-
ated. The PS-based protocol was applied at each relay of simultaneous wireless
information and power transfer (SWIPT) multi-relay network to coordinate the
received signal energy for information decoding and EH in [15]. By using the
interior-point method, the solutions for the optimization problems of PS ratios
at the relays were provided for both basic relay schemes, i.e., decode-and-forward
(DF) and AF. In the work of [19], the authors proposed a hybrid TS-APS proto-
col for EH DF relay networks with the discrete-level battery of relays. The results
of this work have shown that the proposed TS-APS scheme can achieve better
effective transmission rate than the previous works. The authors in the work [20]
analyzed the performance of an energy harvesting relay-aided cooperative net-
work with proposed on-off relay-aided cooperative protocol. By the help of the
Markov property of energy buffer status, the analytical closed-form expression
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of outage probability was derived for Nakagami-m fading channels. This paper
concluded that this approach can improve the system outage performance when
EH relays were employed and The studied results have also shown that the more
relays the better system performance. A TSAPS-OBR protocol based on optimal
capacity for energy harvesting AF relaying network was proposed in [21]. The
optimal PS ratio was found to maximum the end-to-end SNR and the simulation
results confirmed that the performance of this considered system is improved by
applied this optimal value. However, they have not derived the expression of
outage probability for performance analysis.

Motivate by the work of [21], in this paper we consider the AF multi-relay
wireless sensor networks with RF energy harvesting over Nakagami-m fading
channels. The main contributions of our paper are as follows.

1. Deriving the closed-form expressions of outage probability and throughput of
this considered WSN in two cases: fixed and adaptive PS ratio.

2. Evaluating the performance of the considered system in different key system
parameters, such as transmit SNR, EH time, relay location, and number of
relays in two cases: fixed and adaptive PS ratio.

The remain of this paper is organized as follows. Section 2 presents the sys-
tem and channel models. The closed-form expressions of outage probability and
throughput are derived in Sect. 3. The numerical results and discussion are shown
in Sect. 4. Finally, the conclusion of the paper is provided in Sect. 5.

Notation: P0 is the transmit power of S; n represents additive Gaussian noise,
i.e., n ∼ CN (0, N0); d1 and d2 are the distances of S−R and R−D, respectively;
θ is the path loss exponent, for simplicity, the path loss exponent is assumed the
same for all relays; η (0 ≤ η ≤ 1) is the energy conversion efficiency; ∗ is denoted
as the best relay chosen according to TSAPS-ORS protocol [21].

2 System and Channel Models

The Fig. 1 depicts a RF EH AF wireless sensor network, where a sink node (S)
communicates with destination sensor node (D) via the assistance of K energy-
constrained relays Rk (1 ≤ k ≤ K).

The operation scenario of this considered system is assumed as [21]. The
dual-phase protocol for this considered system as follows:

(i) In the first phase, S broadcasts information/energy signal to the energy-
constrained relays in the time of αT (α is the fraction of the block time,
0 ≤ α ≤ 1) based on TS scheme. The relays split the received signal into
two parts with the splitting ratio ρ (0 ≤ ρ ≤ 1) based on PS scheme: one
part is for information signal and other parts for EH leaving for amplifying
and retransmitting;

(ii) In the second phase of the remaining duration of (1 − α) T , the best relay
selected among K relays amplifies the information part of RF signal received
from S and retransmit to D by using the harvested energy in the first phase.
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Fig. 1. System and channel models for EH AF WSNs

Note that, the PS ratio can be dynamically adjusted according to the varia-
tion of channel coefficient to maximum the end-to-end signal-to-noise ratio
(SNR). Note that the optimal relay is selected among N AF relays based on
the criteria of optimal system capacity. The relays can estimate the instanta-
neous channel gain based on the algorithm of channel estimation in request-
to-send (RTS)/clear-to-send (CTS) transmission from the source and the
destination [21].

According to [21], in high SNR region, the end-to-end SNR of this considered
system is given by

γ∗
e2e ∼ cγ0γ

∗
1γ∗

2 (1 − ρ∗)ρ∗

c(1 − ρ∗)γ∗
2 + ρ∗ , (1)

where c =
ηα

1 − α
, γ0 =

P0

N0
, γ∗

1 =
|h1|2
dθ
1

, γ∗
2 =

|h2|2
dθ
2

.

In order to maximum γ∗
e2e, the optimal ρ∗ was introduced in [21] as follows

ρ∗ =

√
cγ∗

2√
cγ∗

2 + 1
. (2)

Due to the relay node can only split the received signal into two power parts
based on a finite discrete set of PS ratios in practice, we design that ρ∗

i can only
pick the value from the following set:

ρl ∈
{

1
L

,
2
L

, · · · ,
L − 1

L

}
, (3)
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where L is the number of PS ratio levels and 1 ≤ l ≤ L−1. Note that, ρ∗
l cannot

is selected as zero (no information part) or one (no energy part). According to

(2) and (3), we assign ρ∗
l =

l

L
when the channel gain of R - D link satisfies the

following condition:

bl =
l2

(L − l)2c
< γ∗

2 < bl+1 =
(l + 1)2

(L − l − 1)2c
, (4)

where l ∈ {1, 2, · · · , L − 1}.
Note that due to the links of S - R and R - D undergo the Nakagami-m fading,

the cumulative distribution function (CDF) and probability density function
(PDF) of random variable (RV) SNRs, i.e., γn, n ∈ {1, 2} are respectively given
by

Fγn
(x) = 1 − e

− mn

λn
x

mn−1∑

k=0

1
k!

(
mn

λn
x

)k

, (5)

fγn
(x) =

xmn−1

(mn − 1)!

(
mn

λn

)mn

e
− mn

λn
x
, (6)

where λn = E(γn), mn ≥ 1/2 is the fading severity factor, in which mn = 1
corresponds to Rayleigh fading and mn = (V + 1)2/(2V +1) approximates Rician
fading with parameter V .

3 Performance Analysis

This Section presents the derivation of the expression of outage probability and
throughput of this considered WSN system.

System Outage Probability. In order to characterize the performance of a
wireless communication system, the outage probability is used as an important
performance metric. It is defined as the probability that the instantaneous capac-
ity (C) falls below a predetermined rate threshold R > 0, which is expressed as

OP = Pr(C < R). (7)

In this considered system with TSAPS-ORS scheme [21], the overall outage
probability can be obtained as

OP ∗ (a)
= (P ∗

out)
K =

[
Pr

(
C∗

opt < R
)]K =

[
Pr(γ∗

e2e < 2
2R
1−α − 1)

]K

, (8)

where C∗
opt is the optimal instantaneous capacity for best relay. Note that step (a)

is obtained by assuming the channels are modeled as i.i.d over different relaying
channels [19].

To analyze the performance of this system, we obtain the following theorems.
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Theorem 1. Under Nakagami-m fading, the outage probability of overall sys-
tem is obtained as

OP ∗ = {1 −
L−1∑

l=1

m1−1∑

j=0

j∑

i=0

e
− m1γth

λ1ρlγ0

i!(j − i)!(m2 − 1)!ci(1 − ρl)iρj−i
l

(
m1γth

λ1γ0

)j (
m2

λ2

)m2

×
∞∑

p=0

(−1)pap
1

p!am2−i−p
2

[Γ (m2 − i − p, a2bl) − Γ (m2 − i − p, a2bl+1)]}K , (9)

where a1 = m1γth

λ1c(1−ρl)γ0
, a2 = m2

λ2
.

Proof. See Appendix.

System Throughput. The second important and related performance metric
is the throughput (τ) at the destination under the delay-limited transmission
mode. This metric is found by evaluating the outage probability at a fixed source
transmission rate − R bps/Hz. Taking into account the fixed source transmission
rate R bps/Hz, the effective communication time from the source node to the
destination node in the total block time T is (1−α)T

2 . We obtain the following
theorem.

Theorem 2. Under Nakagami-m fading, the overall throughput of this consid-
ered system is written as

τ =
1

2
(1− α)R

{
1−

{
1−

L−1∑
l=1

m1−1∑
j=0

j∑
i=0

e
− m1γth

λ1ρlγ0

i!(j − i)!(m2 − 1)!ci(1− ρl)iρ
j−i
l

(
m1γth

λ1γ0

)j

×
(

m2

λ2

)m2 ∞∑
p=0

(−1)pap
1

p!am2−i−p
2

[Γ (m2 − i − p, a2bl)− Γ (m2 − i − p, a2bl+1)]
}K

}
. (10)

Proof. According to the definition of throughput [14], we have

τ = (1 − OP ∗) R
(1 − α)T/2

T
=

1
2
(1 − α)R (1 − OP ∗) . (11)

Substituting (9) into (11), we obtained the throughput of this considered system
as (10). This is the end of our proof.

4 Numerical Results and Discussion

In this section, we provide the simulation and analysis results in terms of OP ∗

and τ to reveal the impact of key system parameters on system performance,
such as average transmit SNR (γ0), number of relays (N), TS ratio (α), EH
efficiency (η), relay location (d1) and fading severity factor (m).
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4.1 Impact of Average Transmit SNR and Number of Relays

The impact of average transmit SNR γ0 and the number of relays K on system
performance are shown in Figs. 2 and 3. According to these figures, the perfor-
mance gets better with increasing γ0 and K. This is because the higher transmit
power the better signal and the more energy harvested, leading to the higher
power to amplify the retransmit signal in the second phase. However, when γ0
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Fig. 2. OP ∗ vs. average transmit SNR γ0 with d1 = d2 = 1, m1 = 2, m2 = 25,
R = 1 bps/Hz, θ = 2, α = 0.7, η = 1, L = 20.
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Fig. 3. τ vs. average transmit SNR γ0 with d1 = d2 = 1, m1 = 2, m2 = 25, R =
1 bps/Hz, θ = 2, α = 0.7, η = 1, L = 20.
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is large enough, OP ∗ → 0 and τ → (1−α)R
2 . From these figures, we can also

understand that increasing the number of relays can improve the performance
of this system because we have more choices to select the best relay to forward
the information to the destination sensor node.

4.2 Impact of Energy Harvesting Time and Energy Harvesting
Efficiency

Figures 4 and 5 plot the outage probability and throughput of this considered
system versus α and η, respectively. It is seen from Figs. 4 and 5 that when α

Fig. 4. OP ∗ vs. α and η with γ0 = 20 dB, d1 = d2 = 1, m1 = 2, m2 = 15, R = 1 bps/Hz,
θ = 2, L = 20.
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Fig. 5. τ vs. α and η with γ0 = 20 dB, d1 = d2 = 1, m1 = 2, m2 = 15, R = 1 bps/Hz,
θ = 2, L = 20.
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grow up, OP ∗ decreases, τ scales up and the performance is upgraded. This is
explained that due to more time spent on energy harvesting as α grows leads
to higher transmission power, hence better performance results. However, when
α continues to increase, OP ∗ gets larger, τ scales down and the performance
is degraded. That is because the information time is reduced, which leads to
the increasing of real data rate. Overall, there is an optimal value of α that
can minimize OP ∗. This is clearly seen by the single bottom of the OP ∗ curve
plotted in Fig. 4 as a function of α.
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Fig. 6. OP ∗ vs. d1 and m1 with γ0 = 20 dB, d2 = 2 − d1, m2 = 25, R = 1 bps/Hz,
θ = 2, α = 0.7, η = 1, L = 20.

4.3 Impact of Relay Location and Fading Severity Parameters

The impact of relay location (d1) and fading severity parameters (m1) on outage
probability and throughput are illustrated in Figs. 6 and 7, respectively. In these
two figures, increasing d1 makes OP ∗ and τ worse. This is because of the higher
values of dθ

1 lead to the smaller values of energy collected as well as poorer
received signal strength at the relay nodes. Similarly, we can understand that
OP ∗ decreases and τ increases with increasing m1. This is because the channel
qualities are better with larger fading severity parameters.

In general, from above figures we can see that the superior match between
analytical and simulation results occurs in the high average transmit SNR or
in large P0 region. For a more clear explanation, when γ0 holds low values,
the analytical and simulation results do not match well because we use the
approximated expression of the end-to-end SNR at the destination node as (1)
[21] and using finite terms of (1.211-1) in [22].
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Fig. 7. τ vs. d1 and m1 with γ0 = 20 dB, d2 = 2 − d1, m2 = 25, R = 1 bps/Hz, θ = 2,
α = 0.7, η = 1, L = 20.

5 Conclusion

In this paper, the closed-form expressions of outage probability and throughput
have been derived. The simulation and analysis results have been presented to
verify our derivations. Once again, these results have shown that the performance
of this system can be improved by applying the TSAPS-ORS protocol.

Appendix

Here, we derive the expression of P ∗
out as (12) on the top of next page. Substi-

tuting (12) into (8), we obtain the closed-form expression of outage probability
for this system.

P ∗
out = Pr(γ∗

e2e < 2
2R
1−α − 1)

= 1 −
L−1∑

l=1

Pr

(
cγ0γ1γ2(1 − ρl)ρl

c(1 − ρl)γ2 + ρl
> γth, bl ≤ γ2 < bl+1

)

= 1 −
L−1∑

l=1

bl+1∫

bl

[
1 − Fγ1

(
c(1 − ρl)γthx + ρlγth

c(1 − ρl)ρlγ0x

)]
fγ2(x)dx
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m1−1∑

j=0

j∑

i=0

e
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)j (
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λ2
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×
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− m2x

λ2 dx
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= 1 −
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]
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where γth = 2
2R

(1−α) − 1. Note that step (b) and (c) are obtained by the help of
(1.211-1) and (3.381-3), respectively, in [22].

This concludes our proof.
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