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Abstract—Wireless energy transfer cooperative communication
systems are analyzed in this paper. In these systems, a source
node can communicate with a destination node directly or via the
selected relay nodes, while relay nodes harvest energy from radio
frequency for forwarding the received signal. In addition, the
decode and forward (DF) protocol is applied to relay nodes, and
selection combination technique is employed at the destination
in order to select the best relay node. The system performance
is presented by outage probability expressions over independent
and identically distributed (i.i.d) Nakagami-m channel model.
The theoretical analysis and the close-form expression of outage
probability are derived and compared with the Monte Carlo
simulation. The perfect match of calculation and simulation
results verifies our theoretical analysis.

Index Terms—Cooperative communication, Energy harvesting,
Nakagami-m, Outage probability.

I. INTRODUCTION

Radio frequency (RF) energy transfer and harvest tech-
niques become alternative methods to supply the power for de-
vices in the next generation wireless networks [1], these tech-
niques appear as a promising solution for energy-constrained
wireless networks such as wireless sensor networks, biomed-
ical wireless body area network and so on. The devices in
energy-constrained wireless networks have limited lifetime
which largely confines the network performance. According to
the state - of - art researches, the relay node can be supplied
by energy harvesting (EH) from around radio terminals. We
believe that many other applications of EH technique are still
waiting to be disclosed. In recent years, the EH technique
has attract more and more interest of researchers. Specially,
the combination of relaying protocols with energy harvesting
has been proposed to a number of systems. The downlink
hybrid information and energy transfer with massive MIMO
system is considered in [2], in this letter the authors considered
simultaneously sending information and energy to information
users and energy users respectively. The problem is solved
by obtaining the asymptotically optimal power allocation of
information users. Vahidnia et al. considered the system which
is equipped multiple-antenna transceivers and exchanges infor-
mation through the relay-assisted network by using a single-
carrier communication scheme [3]. The relay nodes harvest
energy from the surrounding environment and utilize this
energy to forward their received messages to destinations, this
process uses a harvest-then-forward scheme.
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On the other hand, Do et al. derived outage probabil-
ity expression that is accurate in closed-form of the dual-
hop decode-and- forward (DF) relaying network with time
switching-based relaying mechanism. In this work, the au-
thors assumed that the direct link is not available [4]. The
DF protocol in the cooperative communication network with
energy harvesting relays is also investigated in [5]. In this
article, the authors proposed selection method of the best relay
to forward signal to destinations. The proposed method was
investigated in two operation schemes: power splitting (PS)
and time switching (TS) at the relays.

Chen in [6] has studied EH amplify-and-forward (AF) relay-
ing networks in case the channel is suffered from interference
and Nakagami-m fading, the result showed that the TS is more
sensitive to EH than the PS under the same channel settings.
Dong et. al. considered non-linear of RF EH circuits on the
performance of wireless powered relay with AF protocol.
They have assumed that the channels have distribution of
Nakagami-m [7]. Moreover, the partial relaying system and
wireless power transfer have been studied over Rayleigh fading
channels in [8].

As mentioned above, the previous researches focused on
the cooperative communication and wireless transfer networks,
however, according to the best of our knowledge, these studies
do not combine cooperative communication and energy har-
vesting RF in term of exiting direct link with relay selection
schemes over Nakagami-m fading channels.

The main target of this work is to focus on the perfor-
mance analysis of the energy harvesting relay-aided coop-
erative network with selected relaying in terms of outage
probability. Specially, we analyze performance of system over
Nakagami-m fading channel. The contributions of this paper
is in summary as follow:

« To determine the closed-form expression of outage prob-
ability over Nakagami-m channels for the wireless coop-
erative communication networks with direct link.

o To evaluate the performance of the system with differ-
ent channel gain between the transceivers and different
number of relay nodes.

o To verify the theoretical analysis by Monte Carlo simu-
lation.

The rest of this paper is organized as follows: Section II

presents the system model and characterizes the end-to-
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Fig. 1.

Wirelessly powered cooperative selection networks.

end signal-to-noise ratio (SNR). The outage probability is
theoretically analyzed in Section III. Section IV compares
theoretical and simulation results to verify the theoretical
analysis. Finally, the conclusion is given in Section V.

Notation: In this paper, notations are used as fol-
lows: (Z) represents the binomial coeffi-
cient and (-)! represents the factorial of (). I'(a) =
Joote e tdt,and T'(o, @) = [°t*le~tdt and y(a,z) =
fo t*~le~tdt denote the gamma function [9, eq, (8. 310 DI,
the upper incomplete gamma function [9, eq, (8.350.2)] and
the lower incomplete gamma function [9, (8.350.1)], respec-
tively. E,(z) = f1 o < gt represent the exponential inte-
gral functlon The cumulative distributed function (CDF) and
probability density function (PDF) of random variable X are
expressed as Fiy(-) and fy(-), respectively. The K, (-) is the
second kind of Bessel function other n.

n!
kl(n—k)!

II. SYSTEM MODEL

The wireless cooperative relaying selection system over
condition that EH is produced at the relay nodes, as shown in
Fig. 1. The source node S communicates with the destination
node D through the direct link and multiple relay nodes
R, with n € 1,---,N in order to forward signal to the
destination.

The source node and the destination node are powered
commonly, whereas the relay node are powered by harvesting.
Each relay node is equipped with an EH receiver and an
information decode (ID) receiver. We assume that the EH and
ID receivers operate at the same frequency.

We assume that all the relay nodes are operated with DF
protocol and grouped into one cluster, which is controlled on
a high layers [10], and each node is equipped with only one
antenna and operated in half duplex mode.

In the dual hop relaying branch, the block time of commu-
nication process is spitted into two time slots and pre-fraction
oI for EH. The relay nodes operate in the time switching (TS)
scheme ! [11]. Let T be the block time, the a7, 0 < a < 1,

'In this work, the power-splitting architecture also can be applied straight-
forwardly

ol (1- a)T/2 (1 a)T/2

Fig. 2. The protocol of dual hops relaying system with EH relay.

is the fraction of the block time in which relay node harvests
energy from the source, and the remaining block time, (1—a)T'
is used for information transmission in which (1 — «)T/2 is
used for information transmission from the source to relays,
the remaining (1—a))7"/2 is used for information transmission
from the best relay to the destination. The |hsp|?, |hsr,, |2
and |hgr,p|* denote the amplitudes of the fading channel
links between the source to the destination, the source to the
cooperative nodes and the cooperative nodes to the destination,
respectively. We assume that channel state information (CSI)
is available at the receiver nodes, but is not available at the
transmitter nodes.

In the Nakagami-m distribution, the parameter m signifies
the fading severity and the smaller values of m represents more
fading in the channel, which is also modeled as Nakagami-m
variable with parameters mg, A\g; m1, Ay and mo, Ay, re-
spectively. Therefore, notation A4 = E{X} is the mean of
variable X where A € {0,1,2} and X C {X,Y,Z}. Hence,
the probability density function (PDF) and the cumulative
distribution function (CDF) of X are the Gamma distribution
with the parameters m 4 > 0 and A4 > 0 [12], [13].

mA ma—1

ma x MAT
fa (x) = (*) exp (— ) 1

(@) A I (ma) Aa

1 m Am)
v | ma; . (2)
I (ma) ( Aa

Now, we analyze the harvested energy at the relay and
describe its baseband received signal. During the broadcasting

phase, the received signal at the relay node, yr(t) and the
destination node, yp (t) can be expressed as

FX (1‘) =

= \/Pshsr, z(t) + nr(t). 3)
\/7hSD$ )+ np(t). “)

where Ps is transmit power of the source, ¢ is the symbol
index, x (¢) is the sampled and normalized information signal
from the source, n (t) is the baseband additive white Gaussian
noise (AWGN) due to the receiver.

From (3), we have harvested energy at the relay node, Fy,
during the time o7 given by [14].
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_ npsthRn 2O£T
= N ,
where g is the power spectral density of the additive white
Gaussian noise (AWGN) at each node and 0 < n < 1
is the energy conversion efficiency, which depends on the
rectification process and the EH circuitry. In this work, the
circuit power consumption at the relay nodes is assumed to
be negligible. The harvested energy during the EH phase is
stored in a supercapacitor and then wholly consumed by the
relay node to forward the source signal to the destination. It
is called the harvest-use architecture, and opposes the harvest-
store-use architecture [15], [16].

In the relaying phase, the best relay R,, re-codes the signal
of the source and then transmits to the destination for 1*T‘”T
second. Hence the received signal at the destination of DF

protocol is given as

yp (t) = v Prhr,pyr (t) + 10 (1) - (©)
In order to remain the quality of forwarded signal, the PR is
V/ Pr/Pslhsn, I + 0%

Ep &)

changed to let the relaying gain G =
be the constant.

Since the main aim of this paper is to investigate perfor-
mance of the system, based on the expressions (3), (4) and (6),
we can define the instantaneous signal-to-noise ratio (SNR) for
each link as following.

:PS|hSRn|2
No
P his
Sii?f?fzv‘ i

VSR,
‘2

N, @
Pr 2
—Ry
YR,D N0| R,D|
¢Ps max_|hy;|?|hr,p|?
i=1,...,N
= Ny . (8®)
Ps|hsp|?
p =eltsol ©)

No '
The yap is the instantaneous SNR from the node A to the
node B, with A € {S, R,,} and B € {R,,, D}.
When the DF cooperation protocol is applied, the end to
end SNR, 7.2 is derived equivalently as follows.

Yez2e = Min (YsR,,, YR,D) - (10)

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

(11
(12)

Csp =logs (14 ¥sp) -
l1—«
Ch =

Where the pre-factor 1’7“ is accounted for communication

between the source node and the destination node via the relay
nodes.

10g2 (1 + ’YCQC) .

III. OUTAGE ANALYSIS

The outage probability can be considered as an essential
parameter in order to analyze performance and commonly
used to characterize the wireless communication systems. The
outage probability is defined as the probability that the channel
capacity is less than the determined transmission rate, C' < R.

11—«

2

OP =Pr {max [logz (I1+7sp), logs (1—0—%26)} < R}

11—«
=Pr |:10g2 (1 + 'YSD) <R, TlogQ (1 + 'YeZe) < R:| .
(13)

To solve the above equation, we need to calculate the
CDF and PDF of the random variables, thus we start by 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, Xa, -+, XN be the sequence of
independent random variables, which corresponds the order
statistic.

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

X =max{Xy, X, -+, Xn}. 14
The PDF of X is formed as follows.
fx (@) = Nfx, (@) [Fx, (@)]" " (15)

Base on the Remark 1, by substituting (1) and (2) into (15)
and after some modified operations, we get the PDF of X.

f ( ) (ml)nu Nmm1—1 . ( m1x>
)= — - eX _
X )‘1 F(ml)N P )\1

N—-1
mixT
X |:fy <m13 /\1 ):| ’

when m reaches to the restricted integral values, Fedele [17]
showed that the PDF of fx(x) (16) can be rewritten in terms
of a finite series expansion given by [17, Eq:18]. By utilizing
the [9, 8.352.4], and the Newton binomial expansion, we can
rewrite (16) to be the inner sum of degree of (m; — 1).

n=0

mi—1 ANEA
mi(n+1)z 1 /miz
chp( A1 )(;J k!</\1>>

a7

(16)

The inner sum in (17) is a polynomial of variable z = myx/A\;
with degree of (m; — 1), whose coefficients are a; = 1/k!.

The n** term of this polynomial is a polynomial of degree
n(my —1) [17, Eq:18].

m1—1 n n(mi—1)
{ > (akzk):| = Y (). (18)
k=0 k=0
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where the coefficient b} can be recursively calculated [9,
0.314]:

' n i 1 "

o = L,by =100, 1) = (m) (192)
Jo

a1 Jjn+1)—k

P = E;T - (19b)

Jo=min(k, m; —1), 2<k<n(m;—1)—1. (19)

Proposition 1. The outage probability of the relaying network
that applies EH using the DF protocol over Nakagami-m
fading channels can be expressed as follows:

1 Mo Ydirect
OPpr = —— ,————— | Z(a, d), 20
DF F(mo)’y <m0 o Ps > (a, ) (20)
where I (a, ¢) is approximate term as in (21) or accurate term
as in (22), they are showed on the top of the next page.

Proof. We rewrite (13) to become an independent product of
two probability components, and let X = max |h1,i|2, Y =

|hg,p|® and Z = |hsp|® be the random variables Gamma
distribution, which are modeled as X ~ G(mq,(1), ¥ ~
G (ma, B2) and Z ~ G (myg, By), respectively. Substituting
(17) and (2) into (20), we get Z (a, ¢) that is showed by the
equations (24a) on the top of the next paper.

In the case of high transmit power, i.e a = % — 0, by
applying [9, 3.471.9], we obtain Z (a, ¢) as in (21), and then
by replacing back (21) into (20), we obtain the approximation
of outage probability expression as in (24b). However, this
approximation is unsuitable for low transmit power which
is basically applied for EH system. To obtain the closed-
form of the outage probability expression for general case of

transmit power, the exponential function is expanded by Taylor
algorithm: exp (—2) = > (_t})t (%)t Therefore, the J () in
t=0

(24b) is rewritten as
_ (D) (mag)f
=) _1;) o \"x

oo

% /$m1+k7t7£—1exp (_M) dr .
1

a

V()
(25

Finally, by applying [9, Eq:3.351.211, Eq:3.351.4] for the
integral term in (25), we have the W (z) that is given in (23a)
and (23b). The proof of Proposition is completed. [ ]

IV. SIMULATION RESULTS

In this section, we show the Monte Carlo simulation results
and compare them with our theoretical analysis. We assume
that the R is fixed as 1 bit/s/Hz, n = 1 (perfect current
converter), Ps is constant, and o = 0.3. The distance from S
to D is normalized to unit value. We also assume that the relay
node cluster is at the middle of the source and the destination.

® Simulation N=1
o Simulation N=2
—— Theoretical analysis E

[mSD Mg mRD] =22 2]

Outage Probability
5

-6 I I I
0 5 10 15 20
Average SNRs [dB]

Fig. 3. The comparison of outage probability between simulation and
theoretical analysis

[mSR Mep mSD] =[221]

[mSR Meo mSD] =[212]

o Simulation
Theoretical analysic

Outage Probability
>

Mgg Map Mgp =[222]

10™ . . I
10 15 20
Average SNRs [dB]

Fig. 4. The outage probability with different values of parameter m

Moreover, all channels are identical independent distribution
(i.i.d). For the sake of simplicity, the average channel gains
are set as A\j; = Agj = Ao = 1.

Fig. 3 illustrates the outage probability versus the average
transmit power of the S. In order to reduce complexity, we
choose [m1 mo ms] = [222], where m1, ma, ms are the distri-
bution parameters of the links S-R, R-D and S-D, respectively.
From Fig. 3, it is clear that the theoretical analysis is perfect
match with the simulation, it confirms the correctness of the
proposed analysis approach.

Fig. 4 demonstrates the outage probability of the EH co-
operative communication system with respect to the different
parameters m, while other parameters are set to be the same
as in Fig. 3. In this figure, the excellent agreement between
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N—-1n(mi—1)my—1

Hao) <=0 ) Zt.p

"Nb mag\' (N =1\ (m )™
() )5

I)\Q )\1

n=0 =
o\ o(1+n)
Mo A1 : mims +n
2 ——————— matk—t | 24/ —————= 21
</\2m1 (n—|—1)> Ko -t A 2n
N—1n(mi—1)ms—1 ma+k t n 00 L L
1/N-1 miq m2¢ (—1) bZN (—1) m2q§
I(a,¢) =1 - f( )(—) ( ) - T(z)p. (22
0 =0 =0 t' n )\1 )\2 F(ml)N 1 ; f' )\2
my—k+t+£
<M> F<m1+k—t—é,w)7m1+k—t—£>1, (23a)
)\1 /\1PS
(A+n)ve
(=) (my (14n) qu ~ma (1+7n) yn n xp (7 ey h) i (23b)
where W (x) = q! A1 A1 Ps (M)q ’
Ps
: J J
g ()
with = ! = ,and g=mi+k—t—£<1.
2 ; q(g—1)---(¢—17) '
n(mi—1) mo—1 mi+k t
1 my pma N(*l)"b’é
T =1- — ) —= 24
0.2 Z Z # ';)( >< 1> ( A2 ) [(my )Nt Iz 2
where J(z) = /xm”k_t_l exp (— omy _ ma(n+ UI) dz. (24b)

the analytical result and simulation result is also observed.
When the parameter m is increased, the outage probability
decreases. It is explained that the other diversity is improved
by the d = min(m, ,my), and then the system performance is
improved significantly. In addition, when the quality of direct
link is better than that of the forward link, the parameter m
of forward link unaffects the system performance. The reason
of this state is that the SNR threshold for demodulation of the
destination depends on the SNR of the direct link.

Finally, Fig. 5 compares the outage probabilities of system
when the number of relays is varied. In this figure, [my ma ms]
is fixed as [222], while N is changed within [1,5]. As can be
seen from this figure, when the number of relays increases,
the outage probability reduces. Furthermore, this figure also
confirms that the simulation and theoretical results match very
well on all of SNR regions.

V. CONCLUSIONS

In this paper, we derive the PDF of the order statistic
for the equivalent instantaneous SNR of the EH cooperative
communication with DF protocol. The derived PDF is then

o Simulation
— Analysic

Outage Probability

N=[1, 2,3, 5]

-7 L L L

10
Average SNRs [dB]

Fig. 5. The effect of relay numbers on the system performance.
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utilized to calculate the outage probability, especially the
asymptotic and approximate outage probability. The system
performance is analyzed based on different parameter m,
channel gain and number of relay nodes. Our derivations are
confirmed by Monte Carlo simulation, the significant match of
both theoretical and simulation results verifies our proposed
analysis method.

In the work, the system performance is theoretically ana-
lyzed while assuming the duration time for EH is fixed. The
investigation of effect and optimization of duration time for
EH is left for the future work.
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