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Abstract

This paper investigates the outage performance of an energy-harvesting(EH) relay-aided cooperative network, where
the source node transmits information to its destination node with the help of multiple energy-harvesting cooperative
nodes. For such a system, we derive an explicit closed-form expression of outage probability over Nakagami-m fading
channels, where the on-off EH model is considered. We simulate the explicit closed-form expression of outage
probability with different parameters compared with the related Monte Carlo method. It is shown that the simulation
results match well with the numerical ones, which demonstrates the correctness of our theoretical analysis. It
indicates that to evaluate the system outage performance, our theoretical results can be applied without running the
complex Monte Carlo simulation. Via simulations, it is observed that the system outage performance will be improved
when natural source EH relays are employed. Besides, more relays, better system performance.
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1 Introduction Relay-aided wireless networks exploit special diversity

Energy-constrained wireless networks, such as sensor net-
works, are typically powered by batteries, which have
limited operation time. Although replacing and recharg-
ing the batteries artificially can prolong the lifetime of
the network, it is with high cost in practice, especially in
large-scale networks with hundreds or thousands nodes.
Besides in a hazardous environment (e.g., in toxic envi-
ronments) or for sensors embedded in building structures
or inside human bodies, it is also impossible to replace the
batteries periodically.

Recently, energy harvesting, which can collect energy
(such as solar energy, wind energy, and even radio-
frequency signal) from renewable resource in the ambient
environment, has become a promising solution to pro-
long the lifetime of energy-constrained wireless networks
[1-6]. It is considered as an appealing approach to power
wireless node, especially low-power devices.
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to improve system performance [7-9]. To exploit these
networks’ advantages, relay nodes harvesting energy from
ambient environments have been investigated. For exam-
ple, in [10], the authors designed a wireless communica-
tion device relying exclusively on energy harvesting. The
work of [11] focused on the performance analysis of an
energy-harvesting relay-aided cooperative network under
slow fading channel from a perspective of outage behavior
and deriving the closed-form expression of outage prob-
ability of the proposed cooperative protocol. In [12], an
amplify-and-forward (AF) relaying network was studied,
where an energy-constrained relay node harvests energy
from the received RF signal and uses that harvested energy
to forward the source information to the destination.
Based on the time switching and power splitting receiver
architectures, two relaying protocols were proposed to
enable energy harvesting and information processing at
the relay [13, 14].

Outage probability, as one of the most commonly used
performance metric in wireless cooperative system over
the fading channel, has attracted considerable research
interests in the past decades [15, 16]. In [17], an oppor-
tunistic relaying with the AF strategy was presented and
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the outage probability was discussed under Rayleigh fad-
ing channels. In [18], outage probability of dual-hop
decode-and-forward (DF) relaying scheme was analyzed
over mixed Rayleigh and generalized Gamma fading chan-
nels. In [19], the authors analyzed the outage proba-
bility of opportunistic AF orthogonal frequency-division
multiplexing (OFDM) relaying over Nakagami-m fading
channel and presented a closed-form outage probabil-
ity of the proposed system at high signal-to-noise (SNR)
regime. In [20], the paper analyzed the performance of
two-way amplify-and-forward relaying over Nakagami-m
frequency-selective fading channels taking consideration
of the multipath spread of the channel. In [21], the authors
presented a general two-parameter received SNR model
for two-hop AF relaying.

Although lots of important results have been presented
in the above existing works, there still some funda-
mental issues to be studied for multi-relay EH systems
[22, 23]. For example, the works of [11] and [12] focused
on the research of outage probability with harvesting
energy relay-aided cooperative networks on the Rayleigh
channel, but did not explore it over the Nakagami-m fad-
ing channnel. The work of [17] and [18] focused on the
outage probability of relay-aided networks over Rayleigh
channel with AF and DF schemes, respectively, but they
did not consider the energy harvesting from an ambient
environment. The works of [19, 20], and [21] analyzed the
performance of two-hop AF relaying over Nakagami-m
fading channels, but did not consider on energy harvesting
from an ambient environment.

In this paper, we consider a relay-aided cooperative
wireless network, where relay nodes are able to harvest
energy from ambient environment. An on-off EH model
is assumed and Nakagami-m fading channels is assumed,
as it is a more general channel model, where the Rayleigh
model can be consider as a special case of it. Our aim is to
study the outage probability.

Our contributions are as follows. We analyze the outage
performance of an energy-harvesting relay-aided cooper-
ative network in Nakagami-m fading channel and derive
an explicit closed-form expression of outage probabil-
ity for the on-off relay-aided cooperative protocol with
the help of the Markov property of energy buffer status.
Monte Carlo simulations demonstrate the correctness of
our derived outage probability express. It is also shown
that the outage performance can be significantly improved
especially in high SNR regime, and the more the work-
able relay-aided nodes take part in relay aiding, the better
system performance can be got.

The rest of the paper is organized as follows. Section 2
reports about model of the system and the on-off energy-
harvesting model. Section 3 presents the performance
analysis of outage probability. Section 4 presents the
numerical results and validates the analytical results
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through Monte Carlo simulations. Finally, section 5 con-
cludes the paper.

2 System model
2.1 Network model
Consider an energy-harvesting relay-aided systems where
the source node S, communicates with its destination
node D with the help of energy-harvesting relay-aided
nodes R (1 < k < K), where the direct link between S
and D exists in the system as illustrated in Fig. 1.

The baseband-equivalent discrete time mode for the
channels S — D is assumed; therefore, the signal received
over the direct link can be expressed by

ysalnl = /Pshgalnl x[n] +n4lnl,n=1,2,...,N
(1)

where N denotes the whole signal block length, and y; 4[ 1]
denotes the received signal at D. /i, 4[ 1] and n4[ 1] denotes
the channel fading coefficient and additive noise, respec-
tively. P; denotes source node S’s transmission power.

For the relay node, AF relay operation is employed. Pro-
vided that there is harvesting energy used for transmitting
current signal block at Ry, information will be transmitted
from S to Ry first and then to D from Ry. In order to avoid
interference between links S — Ry and Ry — D, half-duplex
transmission is assumed, and each signal block is divided
into two subphases. In the first subphase, information is
transmitted from S to Ry, which is given by

Vs,ri [n] = \/ITshs,rk["] xs[n] +np [n],n=1,2,...,N/2
2)

where y;,, [1], n,[n], and kg, [n] denotes the received
signal, additive noise at Ry, and the fading coefficient
between S and Ry respectively. Then, the received infor-
mation is forwarded by Ry to D in the second subphase,
which is expressed by

Iredlnl = v/Prhy gl m 2 [ n] 4naln],n = N/2+1,...,N
3)

where x;, [ 1], Py, and i, 4[ n] denotes the transmitted sig-
nal, the transmit power at Rj, and the channel fading
coefficient between Ry and D respectively.

2.2 On-off energy-harvesting model
At first, we consider the situation that the relay Ry does
not have an energy storage device; it can only work at the
current block with the energy E;, and we assume that E,
is the minimal energy, that is, each relay node activate
itself and forward signal. If the energy E; is less than E,,
transmission outage will occur.

Secondly, we consider the situation where the relay Ry
has energy storage with capacity Emax, and S; denote the
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Fig. 1 A system structure for energy-harvesting relay-aided cooperative network with K available relay nodes, and the information flow is intended
to be transmitted from S to D, where the solid line denotes direct link and the dashed line denotes relay link

value of energy stored at Ry at the beginning of i-th sig-
nal block, and O; denotes the energy consumption for i-th
signal block transmission. Thus, O; can be expressed as a
stationary two-value random function, i.e.,

out
B it M=E
PLOi=Ml=11_5 it M=o (4)

0 otherwise

where factor K represents the numbers of relay nodes
who will be waked up with equal probability. Then, we
get the expression of S;;1 based on the aforementioned
assumptions as

Si+E — Oy if Si+E;— O;€[0,Emax]
Siv1 = Si+E, if SS+E—-0;<0
Emax lf Si +E; — O; > Emax

(5)

Considering the possible energy consumption flow at Ry
from a statistical perspective, which is called as an on-
off model and denoted by S, Namely, if S; > P, P, can
retransmit the signal successfully and the status of S; is
defined as on,which is equivalent to the sum set of all the
possible original statuses satisfying S;|S; > P,. Otherwise,
the status of ; is defined as off, so the transmission outage
will occur. Therefore,

Emax
P,[S; = on] = fi(x)dx (6)
Py
and
- Pr
IS = off] = /0 fi@dx ?)

where f;(x) denotes the stationary probability distribution
of Si.

That is the relay-aided link will wake up if and only if
the direct link is too bad, and the current available energy
at the relay node is more than E,, the energy-harvesting
module at Ry can be characterized by the parameter pair
(Ey, Ri), we can also say that the energy-harvesting module
can provide an energy flow that is less than E, with the
probability pi*.

3 Outage behavior analysis

3.1 Problem analysis

Due to fluctuation of ambient renewable energy, the relay
nodes cannot harvest enough energy to maintain working
status. So, the outage event will occur.

According to aforementioned descriptions, that is to
say, if the direct link channel is good, or the relay link’s
energy is more about E,, and the relay link channel is
good, the system can work well. We can express the overall
successful communication events as

{direct link (S — D) is good}
Uhmmmwmw—&—mm@w}
K

ﬂ{the energy at Ry is enough}] (8)

Correspondingly, if the direct link channel is not good,
at the same time, the relay link channel is not good, or the
relay link node’s energy is small than E,, the system outage
will occur. The overall outage events can be expressed as

{direct link (S — D) is bad}
() {th relay link (5 — Re — D) is bad)
K

U{the energy at Ry is not enough}} 9)
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Assume the energy-harvesting modules owned by the
relay nodes are independent from each other. The over-
all outage probability in (9) following the transmission
protocol can be given by

K

(out) __ p(out) (out)

ol =PGO T [oer+ (1 -p) - P0] o)
k=1

where Piz,ut) denotes the outage probability of the direct

link can not work, Ps(f‘i;) denotes the outage probability of
the relay link is not good or the energy of the relay node is
small than E,, and p;” is the probability of relay-aided link
do not have enough energy to active itself to work, which
have been discussed on the previous chapter.

In order to calculate pgt‘:ﬁ), we have a detail analysis

about Ps(sut) and PS(;’:;) in the next step.

3.2 Calculation of P
In direct transmission scenario, only the direct link
between S and D is selected as a working link where all
relay nodes do not work, and all the time slots in a signal
block are used by the direct link.

The mutual information for the direction link of
S — D achieved by zero-mean circularly symmetric com-
plex Gaussian input is defined as:

|al® P
]\SID =log, | 1+ ATSDhO = log, (1 + yho)

(11)

Lz = log, (1 + P

where y = NLZ denotes SNR, and for kg = |hgy|%, ho fol-
lows the Nakagami-m distribution, whose PDF and outage
probability is expressed as respectively

d—1

msdedhglbd Mg

plho) = —————exp| —=ho (12)
QT (mgq) Qg

Assume that the minimum acceptable rate equals to
Rp, the outage probability PS(ZUt)[RS,d < Ro] under direct
transmission protocol can be expressed as

PO = Pllog,(1 + yho) < Rol = Plho < 7]

sd mgg—1
Yih miMsd g sd
/ S i B (—deho> dho
0 QT (my) Qa

}/Sd mgg—1
— _ Msd f . (de ho) exp (— Msd ho> dhy
Qsdr(msd) 0 Qsd Qsd

Msd ,sd

komrid
! /QM " oma—lgtgy p = Msd
r(msd) 0 Qsd

1
= r ( ) Q Sd>
T () Mg, fracmsg Qg Yen

Mg w1 m dys 1
1 d j : saltty
< sd ts ) ( Q dt ) n! ( )
Q N ‘

n=0

2R0—1

where yjd ==

. (out)
3.3 Calculation of Ps,kd

For cooperative relay system [24, 25], if someone relay
aided a link with enough energy among K’s relay, it will be

2
3
‘g ex
E 10% Anal. P, =1
o *  Sim. p™=1
g k
3 Anal. p¥*=0.1
5
10 < sim. p=0.1

Anal. p:x=0.01
o Sim. p*=0.01

Anal. p*=0
A Sim. p§X=0
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Fig. 2 Outage probability of daul hop energy-harvesting AF relay-aided systems with myg = 1, msx = 1,myq = 1,p7 = {0,001,0.1, 1}, k = 1
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selected as a work node on the condition that the direct
link cannot provide information transmission because of
deep fading. The cooperative relay works as

Step 1: the system prefers to consider the direct link to transmit
information with. If |/ 4|2 is bigger than the threshold
value, the direct link shown in (1) will be selected to
work for transmitting information. And the relay link
will not need to be set up. Otherwise, go to Step 2.

some relay link among K’s, as shown in (2) and (3), will
be selected and activated to work instead of a direct
link. If it also fails, then there will be an outage event
occurred.

Step 2:

Since the relay node Ry is deployed to amplify-and-
forward relay scheme. Considering the relationship
between received and signal y; ., (£) and retransmitted sig-
nal x,(¢) at R, as shown in (2) and (3), we can get

Xry @t =aG- Vs, ri ®) (14')
Correspondingly, the destination D’s received instanta-
neous SNR [21] can be express as

|hsrk |2Ps |hrkd‘2PVk
Nr Np

|hsrk|2|hrkd|2G2Ps _

Yeq = =
|hrkd|2G2NR + Np |hs;<(]1\:1)s + |hrk;<£Prk +1
_ Ysry Vrd (15)
Vsry + Vrkd +1
P
L S (16)

|hsrk |2Ps + Ng

Then we can get the mutual information for the S—Ry—D
link as

1
Isrkd = i Wlogz(l + Veq) (17)
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Given y., in (15), which is the random variable denot-
ing the received SNR at destination node D, then we can
derive exact expressions for the CDF of y.;. And the CCDF
of Vieq) is ﬁ y) [26, 27]

Yeq
My d
+ K2y
Qrkd

n—m+1—2msyk
erk 2
Msry

- Mgy
Fyeq (y) = 2exp |:_ (erk

m—n—1-2k
Qrkd
mrkd

Msry. -1 mrkd71 k

)DEDIEDD

m! (k —m)!nt (mgy, —n — 1)!

n=0 k=0 m=0
MMy gy (v + 1) 1\ zm1
. I(n_m+1 2 L <1+7>n Vzn VMSrk+k
ererkd
(18)
So, CDF of y¢y is Fy,, (v), which is given by
P = Pr(yeq < V) = Freg(v) = 1 = By ) (19)

3.4 System overall outage probability

Substituting (13) and (19) into (10), the explicit closed-
form expression of outage probability for the relay-
aided cooperative transmission protocol by the harvested
energy can be explained as follows

——— this paper p EX:I
A2 pJ=t

ES
T

this paper p =01
[21 pEX:OJ

Outage Probability
=

this paper p *=0.01
[21 p:X=o.o1
—— this paper p EX:O
A [2] pJ=0

108
-15 -10 5 0 5

SNR(dB)
Fig. 3 Outage probability of dual hop energy-harvesting AF relay-aided systems compare with 2] at msg = 1,msx = 1,mpq =1,

p =1{0,001,0.1, 1}k =1

10 15 20 25 30
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: 1<nm+1<2

4 Simulation results

This section studies how the outage probability changes
with different parameters. It is assumed that the available
frequency bandwidth for the whole network is W = 2 Mhz,
and the minimum acceptable rate Ry = 200 kbps, P; = P, =
Py = 1w. Monte Carlo simulations were carried out by 2 x
10% sample points with intel(R) Core(TM) i7-6700HQ, 4
cores CPU@2.60 GHz and 16.0 GB RAM.

In Fig. 2, K = 1. It shows the outage probability of coop-
erative networks as a function of SNR(ie.,SNR = Py/c?)
when the energy-exhausted probability p&* at R is 1, 0.1,
0.01, and 0 with my = 1, myx = 1, and m,y = 1
Obviously, when P¢* = 1, it is equivalent to the tra-
ditional system with direct transmission protocol. In

addition, when P = o, it is equivalent to the sys-
tem in which the relay node is powered by a constant
power system. At last, we can observe in Fig. 2 that
the energy-harvesting relay node can improve the outage
performance of the system significantly compared with
traditional direct transmission protocol, which has no
relay link.

In Fig. 3, K = 1. It shows the outage probability of coop-
erative networks as a function of SNR(i.e.,SNR = Py/o?)
when the energy-exhausted probability P¢* at R is 1, 0.1,
0.01 and 0, respectively with mgy=1,m,=1,m,4=1, it is
coordinated to the curve of the work [11] at the Rayleigh
channels parameters.

In Fig. 4, K = 1. It shows the outage probability of coop-
erative networks as a function of SNR(ie.,SNR = Py/o¢)
when the energy-exhausted probability P# at R is 1, 0.1,
0.01, and 0, with myy = 3,myx = 3,my,q = 3, Simi-
larly, when P¢* = 1, it is equivalent to the traditional
system with direct transmission protocol. In addition,
when P& = 0, it is equivalent to the system in which
the relay node is powered by constant power system.
At last, we can observe in Fig. 4 that the energy-
harvesting relay node can improve the outage perfor-
mance of the system significantly compared with tradi-
tional direct transmission protocol during the concerned
SNR range. But comparing with the results from Fig. 2,
we can find that the downward trend is more fast with
the increasing of SNR. That is to say, with the increment
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p&) = 0.1,and

of relay link, we can get better performance compar-
ing with the scenario in the Fig. 2, which has one relay
link only.

In Fig. 5, it shows the outage probability of cooperative
networks as a function of SNR when the number of avail-
able relay nodes K is 0, 1, 2, 3, respectively with my, = 3,
mgr = 3, myq = 3, and (P{,P5...P¢) = 0.1. It can be
observed that the system performance can be significantly

improved with the increment of the number of available
relay nodes K.

In Fig. 6, it shows the outage probability of coopera-
tive networks as a function of K when the SNR is 15, 10,
and 5 dB, respectively with my = 3,mgx = 3,m,q = 3,
and (P&, P&...P%) = (0.1,0.1...,0.1). It can be observed
that the system performance can improved with the lin-
ear increment of the SNR. In Table 1, it shows that the
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