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Abstract
Cooperative communication systems with wireless power transfer are being investigated for future advanced wireless
networks. In this research, we propose applying a wireless power transfer to dual-hop cooperative communication systems,
in which a relay node harvests the energy from the radiofrequency in order to forward the received signal, and a source node
can communicate with a destination node directly or through the selected relay nodes. The system performance is evaluated
by an outage probability that is calculated over independent and identically distributed (i.i.d) Nakagami-m distributions
in two scenarios, i.e., integer m and arbitrary m. Furthermore, the closed forms of the outage probability expressions are
derived in the case of both the amplify-and-forward (AF) and decode-and-forward (DF) protocols. The Monte Carlo method
is utilized to simulate the system with the aims of evaluating the system performance and verifying the theoretical analysis.
The numerical results highlight that the proposed calculation method and the closed form of the outage probability are
accurate. We also compare the system performance of both the AF and DF protocols and show the effect of parameter m on
the performance of the system.

Keywords Dual-hop cooperative communication · Energy harvesting · Arbitrary m parameter · Closed-form of outage
probability

1 Introduction

Cooperative communication has been recognized as an
efficient way to extend the coverage of wireless networks.
Two relaying protocols commonly used for cooperative
networks are the amplify-and-forward (AF) and decode-
and-forward (DF) [1, 2]. In the AF protocol, a relay node
amplifies the signals received from the source and then
forwards the amplified signals to the destination, whereas in
the DF protocol, the signal is detected, decoded, re-encoded,
and remodulated before being forwarded to the destination.
In case there are multiple available relay nodes, a relay
selection protocol, i.e., partial relay selection or full relay
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selection [3, 4], is applied to select the best relay node based
on the channel state information (CSI).

On the other hand, radiofrequency (RF) energy transfer
and harvest techniques have become alternative methods
for supplying power to devices in next-generation wireless
networks [5]. These techniques appear to be a promising
solution for energy-constrained wireless networks such as
wireless sensor networks and biomedical wireless body
area networks. The devices in energy-constrained wireless
networks have a limited lifetime, which greatly confines
the network performance. In response to the growth in
wireless communications and networking technologies,
the authors in [14] proposed an efficient algorithm for
advanced scalable media-based smart big data on intelligent
cloud computing systems. In addition, the authors in [15]
proposed a new method to collect and manage data from
sensors in a smart building that operates in the Internet of
Things (IoT) environment.

According to state-of-the-art research, a relay node
can be supplied by energy harvesting (EH) around radio
terminals. We believe that many other applications of the
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EH technique are still waiting to be disclosed. In recent
years, the EH technique has attracted increasing interest
from researchers. In particular, the combination of relaying
protocols with energy harvesting has been proposed for
several systems, which is expressed as follows.

The downlink hybrid information and energy transfer
with a massive MIMO system is considered in [6]; in
this letter, the authors consider simultaneously sending
the information and energy to the information users and
energy users, respectively. The problem is solved by
obtaining the asymptotically optimal power allocation from
the information users. Vahidnia et al. considered a system
equipped with multiple-antenna transceivers and exchanged
information through a relay-assisted network by using a
single-carrier communication scheme [7]. The relay nodes
harvest energy from the surrounding environment and
utilize this energy to forward their received messages to
the destinations. This process uses a harvest-then-forward
scheme.

On the other hand, Do et al. derived an accurate outage
probability expression in the closed form of a dual-hop
DF relaying network with a time switching-based relaying
mechanism. In this work, the authors assumed that a direct
link is not available [8]. The DF protocol in the cooperative
communication network with energy harvesting relays is
also investigated in [9]. In this article, the authors proposed
a method to select the best relay to forward a signal to
destinations. The proposed method was investigated in two
operation schemes: power splitting (PS) and time switching
(TS) at the relays.

Chen [10] studied EH AF relaying networks in the case
where a channel suffers from interference and Nakagami-m
fading. The results showed that the TS is more sensitive to
EH than the PS under the same channel settings. Dong et al.
considered the nonlinear effects of RF EH circuits on the
performance of wireless powered relays with AF protocols.
They assumed that the channels have a Nakagami-m
distribution [11]. Moreover, the partial relaying system and
wireless power transfer have been studied over Rayleigh
fading channels in [12], and the relation between the EH
duration and communication duration has been discussed
in nonorthogonal multiple access (NOMA) relay systems
by the authors in [13]. NOMA has become significantly
popular in both academia and industry due to its high
spectral efficiency and the support of multiple connections
in wireless cellular networks. Our members also optimized
the duration of EH for downlink NOMA full-duplex relay
systems [16].

As mentioned above, the previous studies focused on
cooperative communication and wireless power transfer
networks; however, to the best of our knowledge, these
studies do not combine cooperative communication and
RF EH in terms of the existing direct link with relay

selection schemes over Nakagami-m fading channels. In
particular, the analysis based on the arbitrary m parameter
is not taken into consideration. Therefore, in this work,
we focus on the time switching relaying protocol and
propose a relay selection scheme for energy-constrained
dual-hop cooperative wireless networks. The performance
of the system is evaluated by calculating the outage
probability over the system model, which is close to the
actual outage probability when the m parameter is set as
arbitrary. Moreover, the outage probability is calculated
mathematically, and its closed form is derived so that
it can be easily applied to many different systems. Our
proposed analysis method makes RF EH technology clearer,
more attractive, and applicable to future advanced wireless
networks.

The contributions of this paper are summarized as
follows:

- We propose RF EH to supply power to the relay nodes
in dual-hop cooperative communication networks.
Partial relay selection is employed at the source
node to improve the system performance. The outage
probability of the system is calculated mathematically
to evaluate the system performance.

- We propose a a method to derive the outage probability
in the case where the m parameter of the Nakagami-m
distribution is not only an integer but also arbitrary.

- The outage probability is mathematically derived in
both the AF and the DF protocols, and then its closed
form is proposed.

- The proposed mathematical analysis is validated
through simulations.

- Sensitive parameters, such as the number of relays and
the value of the m parameter, are discussed based on the
performance of the system.

The rest of this paper is organized as follows: Section 2
presents the system model and then characterizes the end-
to-end signal-to-noise ratio (SNR). The outage probability
expression for the AF and DF protocols is theoretically
analyzed in Section 3. Section 4 provides the theoretical
analysis and simulation results. Finally, the conclusion is
given in Section 5.

Notation In this paper, notations are used as fol-
lows: n!

k!(n−k)! = (
n
k

)
represents the binomial coeffi-

cient and (·)! represents the factorial of (·). �(α) =∫∞
0 tα−1e−t dt, �(α, x) = ∫∞

x
tα−1e−t dt and γ (α, x) =∫ x

0 tα−1e−t dt respectively denote the gamma function
[17, eq, (8.310.1)], the upper incomplete gamma function
[17, eq, (8.350.2)] and the lower incomplete gamma func-
tion [17, (8.350.1)]. En(x) = ∫∞

1
e−xt

tn
dt represents the

exponential integral function. The cumulative distributed
function (CDF) and probability density function (PDF) of
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random variable X are expressed as FX (·) and fX (·),
respectively. TheKn(·) is the second kind of Bessel function
with order n.

2 Systemmodel

In our research, we investigate a wireless cooperative
relay selection system under the condition that EH is
implemented at the relay nodes. The system includes one
source: S, a set of relays, Rn with n ∈ 1, · · · , N ; and one
destination D, as shown in Fig. 1. Each node is equipped
with only one antenna and operates in a half-duplex mode.
In addition, all relays are grouped into one cluster where
each relay node is equipped with an EH receiver and an
information decoding (ID) receiver. Furthermore, because
both AF and DF protocols are taken into consideration,
the relay is controlled on the higher layer [18]. The
source communicates with the destination through a direct
link and forward link via the best relay, Rb, which is
selected by the source based on the channel gains of
S − Rb (the first hop). The channel model of all wireless
links is assumed to follow the independent and identically
distributed (i.i.d) Nakagami-m distribution. While both the
source and the destination are commonly powered, the relay
nodes are powered by harvesting from the radiofrequency.
It is assumed that the channel state information is known at
both the transmitter and the receiver sites.

The relay nodes operate in a time switching (TS)1

scheme [19] to harvest the energy that is transmitted by the
source. T denotes the block time, and αT , 0 ≤ α ≤ 1, is the
fraction of the block time in which the relay node harvests
energy from the source. The remaining block time, (1−α)T ,
is used in the communication process, where the first half
of the remaining block time, (1−α)T /2, receives the signal
from the source and the last half, (1 − α)T /2, forwards the
received signal to the destination (Fig. 2).

Let us denote |hSD|2, |hSR|2, and |hRD|2 as the
amplitudes of the channels between S − D, S − R, and
R − D, respectively.

In the Nakagami-m distribution, parameter m signifies
the fading severity, and a small value of m represents more
fading in the channel. The Nakagami-m fading channels
between S − R, R − D, and S − D are also described
by variable parameters (m0, λ0), (m1, λ1), and (m2, λ2),
respectively. Here, the notation λi = E {X } is the mean
of variable X with i ∈ {0, 1, 2} and X ⊂ {S, R, D}.
Hence, the probability density function (PDF) and the
cumulative distribution function (CDF) of X are the gamma

1The power splitting architecture can be applied directly

Fig. 1 Wirelessly powered cooperative relay selection networks

distributions with parameters mi > 0 and λi > 0 [4, 20].

fX (x) =
(

mi

λi

)mi xmi−1

� (mi)
exp

(
−mix

λi

)
, (1)

FX (x) = 1

� (mi)
γ

(
mi,

mix

λi

)
. (2)

During the broadcasting phase, the received signal at the
relay node, yR(t), and the destination node, yD(t), can be
expressed as:

yR(t) = √
PShSRx(t) + nR(t), (3)

yD (t) = √
PShSDx (t) + nD (t) , (4)

where PS denotes the transmission power from the source,
t is the symbol index, x (t) is the sampled and normalized
information signal from the source, and n (t) is the additive
white Gaussian noise (AWGN) with power spectral density
N0.

From Eq. 3, the harvested energy at the relay node, Eh,
during time αT is given by [21].

Eh = ηPS|hSR|2αT

N0
, (5)

where 0 ≤ η ≤ 1 is the energy conversion efficiency, which
depends on the rectification process and the EH circuitry.
In this work, the power consumption of the circuit at the
relay nodes is assumed to be negligible, and the harvested
energy during the EH phase is stored in a supercapacitor and
then entirely consumed to forward the source signal to the
destination. This is called the harvest-use protocol [22, 23].

In the last half of the communication phase, the best
relay, Rn, re-codes (for the DF protocol) or amplifies (for
the AF protocol) the signal of the source and then transmits
it to the destination for 1−α

2 T seconds. Hence, the received
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Fig. 2 The time switching
protocol of the dual-hop relay
system with the EH scheme

signal at the destination of the DF protocol is given as:

yD (t) = √
PRhRnDyR (t) + nD (t) . (6)

In the AF protocol, the signal received at the destination
after being amplified and forwarded by the relay node is
given by:

yD (t) = GhRnDyR (t) + nD (t) . (7)

To maintain the quality of the forwarded signal, PR

is transformed to allow the relaying gain, G =√
PR/PS

∣∣hSRn

∣∣2 + σ 2
R, be constant.

Based on the expressions in Eqs. 3, 4 and 7, we can define
the instantaneous signal-to-noise ratio (SNR) for each link.
γAB denotes the instantaneous SNR from node A to node B,
with A ∈ {S, Rn} and B ∈ {Rn, D}.

γSRn = PS|hSRn |2
N0

=
PS max

i=1,...,N
|h1,i |2

N0
, (8)

γRnD = PR
N0

∣∣hRnD
∣∣2 =

φPS max
i=1,...,N

|h1,i |2|hRnD|2
N0

, (9)

γSD = PS|hSD|2
N0

. (10)

In the case of the DF protocol, the end-to-end SNR, γe2e,
is given as follows:

γe2e = min
(
γSRn , γRnD

)
. (11)

In the case of the AF protocol, the relay amplifies the
received signals and forwards them to the destination node.
Thus, the end-to-end SNR, γe2e, is represented by:

γe2e = γSRnγRnD

γSRn + γRnD + 1
. (12)

When the bandwidth is normalized, the maximum
average mutual information between the source and the
destination, i.e., the channel capacity, in each connecting
case is given by:

CSD = log2 (1 + γSD) . (13)

CR = 1 − α

2
log2 (1 + γe2e) . (14)

Prefactor 1−α
2 is accounted for by the communication

between the source and the destination via the relay nodes.

3 Outage analysis

Because the outage probability can be considered an
essential parameter in analyzing the performance and is
commonly used to characterize wireless communication
systems, in this section, we derive a closed-form expression
for the outage probability. The outage probability is defined
as the probability that the channel capacity is less than the
determined transmission rate, C < R.

OP = Pr

{
max

[
log2 (1+γSD) ,

1−α

2
log2 (1+γe2e)

]
< R

}

= Pr

[
log2 (1 + γSD) < R,

1 − α

2
log2 (1 + γe2e) < R

]
.

(15)

To solve the above equation, we need to calculate the
CDF and PDF of the random variables; thus, we start with
the following remark.

Remark 1 (Order statistic) In this model, N relay nodes
are used to forward the received signal from the source
to the destination. Let X1, X2, · · · , XN be a sequence of
independent random variables, which corresponds to the
order statistic.

The link with the largest instantaneous SNR is selected
as the best relay and described with the following criterion:

X = max {X1, X2, · · · , XN } . (16)

The PDF of X is formed as follows:

fX (x) = NfXi (x)
[
FXi (x)

]N−1. (17)

Based on Remark 1, by substituting (1) and (2) into (17)
and after some modified operations, we obtain the PDF of
X.

fX(x)=
(

m1

λ1

)m1 Nxm1−1

�(m1)
N

exp

(
−m1x

λ1

)[
γ

(
m1,

m1x

λ1

)]N−1

. (18)

By utilizing the [17, 8.352.4] and the Newton binomial
expansion, we can rewrite (18) as the inner sum of the
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degree of (m1 − 1).

fX(x) =
N−1∑
n=0

(
N − 1

n

)
Nxm1−1(−1)n

�(m1)
N−1

(
m1

λ1

)m1

× exp

(
−m1 (n + 1) x

λ1

)⎛⎝m1−1∑
k=0

1

k!
(

m1x

λ1

)k
⎞
⎠n

. (19)

The inner sum in Eq. 19 is a polynomial of variable z =
m1x/λ1 with the degree of (m1 − 1), whose coefficients are
ak = 1/k!.

The nth term of this polynomial is a polynomial of degree
n (m1 − 1) [24, Eq:18].⎡
⎣m1−1∑

k=0

(
akz

k
)⎤⎦n

=
n(m1−1)∑

k=0

(
bn
k zk
)
. (20)

where coefficient bn
k can be recursively calculated [17,

0.314]:

bn
0 = 1, bn

1 = n, bn
n(m1−1) =

(
1

(m1 − 1)!
)n

(21a)

bn
k = 1

k

J0∑
j=1

j (n + 1) − k

j ! bn
k−j (21b)

J0 = min (k, m1 − 1) , 2 ≤ k ≤ n (m1 − 1) − 1. (21c)

To the best of the authors’ knowledge, the outage proba-
bility expression for the cooperative communication model
over Nakagami-m fading channels with arbitrary m param-
eters has not previously been reported in any literature.
Additionally, no paper has been published regarding the pro-
posed system model that employs the EH technique. We
propose the outage probability expression with an arbitrary
m parameter with the following propositions.

3.1 DF protocol with EH

Proposition 1 The outage probability of the relaying
network that applies EH and the DF protocol over the
Nakagami-m fading channel with an arbitrary m parameter
is given by:

OPDF = 1

� (m0)
γ

(
m0,

m0γdirect

λ0PS

)
J (a, b) . (22)

The J (a, b) can be separated into two parts, J (a, b) =
J1 + J2, which are expressed in Eqs. 23 and 24.

J1=
Nt∑
k=0

Nck

� (m1)

(
m1

λ1

)Nm1
(

Nm1

λ1

)−Nm1−k

�

(
Nm1 + k,

aNm1

λ1

)
. (23)

and

J2 =
Nt∑
k=0

Nt∑
j=0

Nt∑
t=0

(−1)tNck

t !� (m2 + j + 1) � (m1)

(
m2b

λ2

)m2+j+t(
m1

λ1

)Nm1

×
∞∫

a

xv exp

(
−Nm1x

λ1

)
dx

︸ ︷︷ ︸
	(x)

, (24)

where

	(x) =
(

Nm1

λ1

)−v−1

�

(
v + 1,

aNm1

λ1

)
, if v ≥ 0 (25)

=
(
1

a

)v−1

Ev

(
aNm1

λ1

)
, if v < 0 (26)

with v = Nm1 + k − m2 − j − t − 1.
The approximation of J (a, b) is given as:

J (a, b) ≤
Nt∑
k=0

Nt∑
j=0

1

� (m1)

(
m1

λ1

)Nm1
(

m2b

λ2

)m2+j 2ckN

� (m2 + j + 1)

×
(

m2bλ1

Nm1λ2

) Nm1+k−m2−j

2

KNm1+k−m2−j

(
2

√
Nm1m2b

λ1λ2

)
, (27)

with Nt ∈ {1; ∞}

Proof Because the direct link is independent of the forward
link and by substituting (8), (9), and (10) into (15), we
obtain:

OP = Pr
(

γSD < 2R−1
)

︸ ︷︷ ︸
O1

Pr
(
min

(
γSRn , γRnD

)
< 2

2R
1−α−1

)
︸ ︷︷ ︸

J(a,b)

. (28)

The signal received at the destination via the direct link
is unaffected by the EH process; thus, the OP of the direct
link can be illustrated as follows:

O1 = Pr

(
γSD <

γdirectσ
2
D

PS

)

= 1

� (m0)
γ

(
m0,

m0γdirectσ
2
D

λ0PS

)
, (29)

where γdirect = 2R − 1. The term J(a, b) is described in the
Appendix.
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3.2 AF protocol with EH

Proposition 2 The outage probability of the relaying
network that applies EH and the AF protocol over the
Nakagami-m fading channel with an arbitrary m parameter
is given by:

OP = 1

� (m0)
γ

(
m0,

m0γ0

λ0PS

)
P (x) , (30)

where

P(x)=
N∑

k=0

Nck

� (m1) � (m2)

(
m1

λ1

)Nm1

(B1 (x)−B2(x)) . (31)

and

B1 (x) = � (m2)

(
Nm1

λ1

)−Nm1−k

�

(
Nm1 + k,

Nm1γth

λ1PS

)
, (32)

B2 (x) =
N∑

j=0

Nm1+k−1∑
i=0

(
Nm1 + k − 1

i

)
� (m2) (φγth)

i

� (m2 + j + 1) φPS

× exp

(
−Nm1γth

λ1PS

)(
1

φPS

)Nm1+k−1(
m2γth

λ2

)j+m2

× 2

(
m2γthλ1φPS

λ2Nm1

) v
2

Kv

(
2

√
Nm1m2γth

λ2λ1φPS

)
. (33)

Proof From Eqs. 12 and 15, the outage probability
expression of the AF protocol is rewritten based on the CDF
of the SNR over the direct link and the forward link as
follows:

OPAF = Pr (γSD < γ0) Pr

(
γSRγRD

γSR + γRD + 1
< γth

)

� Pr (γSD < γ0)︸ ︷︷ ︸
Q1(x)

Pr

(
γSRγRD

γSR + γRD
< γth

)
︸ ︷︷ ︸

Q2(x)

. (34)

where γth = 2
2R
1−α − 1 and γ0 = 2R − 1.

The first part of the probability, Q1 (x), is calculated as
in Eq. 29. It is the CDF of the SNR over the direct link,
in which the communication channel from the source to the
destination exists only in the first phase.

We can rewrite the second part of the probability, Q2 (x),
as follows:

Q2 (x) = Pr

(
PS|h1i |2δPS|h1i |2|h2|2

PS|h1i |2 + δPS|h1i |2|h2|2
< γth

)

= Pr

(
|h1i |2|h2|2
1 + δ|h2|2

<
γth

δPS

)
, (35)

where δ = 2αη
1−α

.
Furthermore, Eq. 35 is rewritten as:

Q2 (x) = Pr

(
XY

1 + δY
<

γth

δPS

)

=

γth
PS∫
0

Pr

(
Y ≥ γth

δPSx − δγth

)
︸ ︷︷ ︸

=1

fX (x) dx

+
∞∫

γth
PS

Pr

(
Y <

γth

δPSx − δγth

)
fX (x) dx. (36)

Substituting (2) into (36) and after some algebraic
manipulations, we obtain (37).

Q2 (x) =

γth
PS∫
0

fX (x) dx

+
∞∫

γth
PS

{
1 − 1

� (m2)
�

[
m2,

(
β2γth

δPSx − δγth

)]}
fX (x) dx

=

γth
PS∫
0

fX (x) dx +
∞∫

γth
PS

fX (x) dx

︸ ︷︷ ︸
=1

−
∞∫

γth
PS

1

� (m2)
�

×
[
m2,

(
β2γth

δPSx − δγth

)]
fX (x) dx. (37)

From Eq. 37, we have:

Q2 (x)= 1− 1

� (m2)

∞∫
γth
PS

�

[
m2,

(
β2γth

δPSx − δγth

)]
fX (x) dx, (38)

where β2 = m2
λ2
.
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Substituting (44) into (38), we obtain the CDF of the
relaying branch, as in Eq. 39.

FγR (γ ) = 1 −
N∑

k=0

Nck

� (m1) � (m2)

(
m1

λ1

)Nm1

×
∞∫

γth
PS

[
� (m2)−γ

(
m2,

β2γth

φPSx−φγth

)]
xNm1+k−1exp

(
−Nm1x

λ1

)
dx.

︸ ︷︷ ︸
B1(x)−B2(x)

(39)

In Eq. 39, we have B1 (x) and B2 (x). Note that to obtain
B2 (x), we change the variable u = φPSx−φγth and execute
the binomial expansion, which leads to Eq. 40.

B2 (x) =
N∑

j=0

Nm1+k−1∑
i=0

(
Nm1 + k − 1

i

)
� (m2) (φγth)

i

� (m2 + j + 1)

× exp

(
−Nm1γth

λ1PS

)
(β2γth)

j+m2

φPS

(
1

φPS

)Nm1+k−1

×
∞∫
0

uNm1+k−i−j−m2−1 exp

(
−β2γth

u
− Nm1u

λ1φPS

)
du. (40)

Finally, by applying [17, 3.471.9], we obtain B2 (x), as in
Eq. 33.

4 Simulation results

In this section, the outage probability of the AF and DF
protocols obtained in our analysis shown in Section 3 is
verified by comparing to the outage probability obtained
through Monte Carlo simulations. We assume that R =1
bit/s/Hz, η = 1 (perfect current converter), PS is constant,
and α = 0.3. The effect of parameter N is investigated in
the specific scenario; however, in the other scenario, N is
set as 2.

The distance from S to D is normalized to the unit
value. Moreover, all channels are identical independent
distributions (i.i.d.). For the sake of simplicity, the average
channel gains are set as λ1i = λ2j = λ0 = 1.

Figure 3 illustrates the outage probability versus the
average transmission power of the S. To reduce complexity,
we choose [mSR mRD mSD] = [2 2 2], where mSR, mRD ,
and mSD are the distribution parameters of the links S-
R, R-D, and S-D, respectively. From Fig. 3, it is clear
that the performance of the DF protocol is better than
the performance of the AF protocol. This result can be
explained by the fact that the SNR of the AF protocol is
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Fig. 3 The comparison of the outage probability of the AF and DF
protocols vs. average the SNRs

always less than the SNR of the DF protocol due to the
noise retained after the first hop. On the other hand, the
system performance is improved when the number of relay
nodes increases. This is because the system can select the
channel whose quality is the best; thus, the SNR and the
amount of harvested energy are improved. In this result, we
also recognize that the proposed theoretical analysis results
perfectly match the simulation results in the case of integral
m, which confirms the correctness of the proposed analysis
approach.

Figure 4 demonstrates the outage probability with respect
to different m parameters, while the other parameters are
as mentioned above. In this figure, the comparison of the
outage probability based on the AF and DF protocols is
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Fig. 5 The exact and approximate outage probabilities with different
values of parameter m

also illustrated. Moreover, excellent agreement between the
analytical result and simulation result is also observed.
When the parameter m is increased, the outage probability
decreases because of the decrease in fading. Moreover,
the fading of the forward link depends on both links
between S-R and R-D; therefore, the outage probability of
[mSR mRD] = [2 2] is smaller than that of [mSR mRD] =
[2 1]. In addition, when the quality of the direct link is better
than that of the forward link, parameter m of the forward
link does not affect the system performance, which is a
reason why the outage probability of case [mSD] = [2] is
lower than the outage probability of case [mSD] = [1].

Figure 5 presents the exact and approximate outage
probabilities versus the SNR with an integral m parameter.
The results in Fig. 5 show that as the value of parameter m

increases, the system performance is improved. The reason
is that parameter m represents a channel gain between the
transmitter and the receiver; thus, the higher parameter
m is, the better the system performance. Moreover, from
this figure, we can observe that the approximate outage
probability is very close to the exact probability, especially
in the high SNR region. These results indicate that the
proposed closed form of the outage probability expression
can be used to evaluate the performance of the system.

Figure 6 demonstrates the outage probability of the
system versus the SNR in the case of arbitrary parameter m

and different numbers of relays. As shown in Fig. 6, the gaps
between the exact and approximate outage probabilities
are small, especially in the high SNR region. Obviously,
the small gap between them comes from the approximate
operation in Eq. 47, and the gap becomes smaller in the high
SNR region because the SNR was assumed to be high in
this approximate operation. On the other hand, in the case
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of a small value of m in the forward link, mSR = mRD =
0.5; although we increase the number of relays, the outage
probabilities of the system are improved slightly.

Figure 7 describes the outage probability versus the
SNR with different arbitrary m parameters. As explained
above, the outage probability decreases as parameter m

increases. It is clear that the communication environment
plays an important role in the quality of the network. In
particular, in the case of an increase in the mSD value, the
outage performance is improved significantly because of
the enhanced direct link. Finally, this figure also shows an
agreement between the analytical and simulation results.

0 5 10 15 20
10

−6

10
−5

10
−4

10
−3

10
−2

10
−1

10
0

Average SNRs [dB]

O
ut

ag
e 

P
ro

ba
bi

lit
y

Simulation [m
SR

 m
RD

 m
SD

] = [1.5,  2,5,  1]

Simulation [m
SR

 m
RD

 m
SD

] = [2.5,  2,5,  2]

Simulation [m
SR

 m
RD

 m
SD

] = [ 1.5, 1.5, 1.5]

Analysis

N = 2

Fig. 7 The outage probability with several arbitrary m parameters



Ann. Telecommun.

5 Conclusions

In this paper, we consider a partial relay selection
scheme for the EH dual-hop cooperative communication
network and investigate its performance through the outage
probability. The main results of this work are summarized
as follows. (i) We derive a PDF of the order statistic
for the equivalent instantaneous SNR in the case of
both the AF and the DF protocols, and then the derived
PDF is utilized to calculate the outage probability. (ii) A
closed-form expression of the outage probability with the
Nakagami-m distribution is proposed based on both integer
and arbitrary m parameters. (iii) Our proposed derivation
method is confirmed with the Monte Carlo simulation, and
the significant match in both the theoretical and simulation
results verifies our proposed analysis method. (iv) The
performance of the system is evaluated based on different
values of parameter m, and an increase in parameter m

improves the system performance. (v) The effect of the
number of relays is also discussed; the higher the number
of relays is, the better the system performance is, especially
for a large value of parameter m.

For the next steps, it could be interesting to discuss
the effect of the time duration for EH on the system
performance. Additionally, investigating the impact of the
nonlinear EH model on our proposed system is left for
future work.

Acknowledgments The authors would like to thank Dr. Vu Van Son
and Dr. Dinh Trieu Duong for their valuable comments which helped
improve the quality of this work.

Funding This research is funded by the Vietnam National Foundation
for Science and Technology Development (NAFOSTED) under grant
number 102.04-2017.311

Appendix: The proof of term J(a,b)

Combining (8), (9), and (11), function J(a, b) can be
rewritten as:

J(a, b) = 1 − Pr (γSR > γth, γRD > γth)

= 1 − Pr (X > a, XY > b) , (41)

where γth = 2
2R
1−α − 1; a = γth

PS
, and b = (1−α)γth

2αηPS
.

The expansion of the incomplete gamma function by a
series development is applied for γ (m, z) [25, Eq. 5].

γ (m, z) = e−z

∞∑
k=0

� (m) zm+k

� (m + k + 1)
. (42)

From Eq. 42, it is clear that when the Nakagami-m fading
parameter is not an integer, the CDF can be expressed as a
single infinity series of incomplete gamma functions.

Substituting (42) into (18) and after some algebraic
manipulations, we obtain the PDF of the instantaneous SNR
over the first hop.

fX (x) =
(

m1

λ1

)Nm1 NxNm1−1

� (m1)
exp

(
−Nm1x

λ1

)

×
[ ∞∑

k=0

(
m1

λ1

)k
xk

� (m1+k+1)

]N−1
. (43)

Based on [17, 0.314], Eq. 43 is rewritten as:

fX (x) =
∞∑

k=0

ck

(
m1

λ1

)Nm1 NxNm1+k−1

� (m1)
exp

(
−Nm1x

λ1

)
, (44)

where ck is defined as

c0 =
[

1

� (m1 + 1)

]N−1

, for k = 0, (45a)

ck =
k∑

�=1

� (m1 + 1)

k

(
m1

λ1

)�
(�N − k) ck−�

� (m1 + � + 1)
, for k ≥ 1. (45b)

The CDF and PDF of the individual links are already
obtained by Eqs. 2 and 44; consequently, the CDF of link
S-R-D can be derived as:

J (a, b) = 1−
∞∫

a

[
1−FY

(
b

x

)]
fX (x) dx

= 1−
⎡
⎣ ∞∫

a

fX (x) dx−
∞∫

a

FY

(
b

x

)
fX (x) dx

⎤
⎦ , (46)

where b = (1−α)γth
2αηPS

and a = γth
PS
.

With high transmission power, parameter a can be
approximated as a = γth

PS→∞ ≈ 0. Hence, J (a, b) is
changed.

J (a, b) ≤
Nt∑
k=0

Nt∑
j=0

(
m1

λ1

)Nm1
(

m2b

λ2

)m2+j
ck

� (m2 + j + 1)

× N

� (m1)

∞∫
0

xv exp

(
−m2b

λ2x
− Nm1x

λ1

)
dx. (47)

with v = Nm1 + k − m2 − j − 1.
Applying [17, Eq:3.471.9], we have
∞∫
0

xv exp

(
−m2b

λ2x
− Nm1x

λ1

)
dx = (48)

2

(
m2bλ1

Nm1λ2

)Nm1+k−m2−j

2

KNm1+k−m2−j

(
2

√
Nm1m2b

λ1λ2

)
,

and then the approximation of J (a, b) in Eq. 47 is changed,
as in Eq. 27.
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To analyze the exact outage probability expression,
Eqs. 2 and 44 are substituted into Eq. 46, and we obtain
function J (a, b).

J(a, b) = 1−
∑
k=0

∞
(

m1

λ1

)Nm1 ckN

�(m1)

∞∫
a

xNm1+k−1 exp
(
−Nm1x

λ1

)
dx

︸ ︷︷ ︸
J1

+
∞∑
k=0

(
m1

λ1

)Nm1 Nck

� (m1)

∞∫
a

FY

(
b

x

)
xNm1+k−1 exp

(
−Nm1x

λ1

)
dx

︸ ︷︷ ︸
J2

.

(49)

To calculate J1, [17, 3.351.2] can be used, while to
calculate J2, the variable x is replaced with x = au, and
then we obtain (24). Finally, we consider the system model
in the two cases of index power v ≥ 0 and v < 0, in which
[17, 3.351.2] is used for the case v ≥ 0 and the exponential
integral function is used for the case v < 0. We completely
prove the proposition 1 here.
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