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Abstract—In this paper, we consider an incremental coopera-
tive relaying network (IR-CRN), where a relay node harvests the
radio energy from the source signal using the time-switching
mechanism. Specif cally, we propose a scheme named as IR-
CRN which enhances spatial diversity gain by utilizing the
incremental relaying protocol. The destination node of the IR-
CRN scheme employs maximal ratio combining (MRC) technique
to combine the signals from the source node and the relay
node. For performance evaluation, we derive exact expressions of
outage probability of the proposed system over Rayleigh fading
channels with half-duplex based that energy harvesting relaying.
Our results show that the system performances of the proposed
scheme are much better than of the direct transmission (DT)
scheme. In addition, the optimal time splitting and the position
of the cooperative relay are also investigated. Qur derivations
are validated by Monte Carlo simulations.

Index Terms—Dual-hop systems, half-duplex relaying, energy
harvesting, maximal ratio combining, outage probability.

I. INTRODUCTION

Recently, energy harvesting (EH) for wireless communica-
tions has become a promising technology to overcome the
crucial battery problem of wireless devices and the battery-
powers [1], [2]. Wireless devices or mobile terminals are
equipped with the EH modules [2], which scavenge energy
from their surrounding natural environment (solar, electromag-
netic, radiation, vibration, etc.) and convert them to suitable
electrical power, in order to supply operation. Recently, the
application of the wireless energy harvesting on cooperative
relaying networks has recently studied by many researchers
in [3]-[6]. In the EH technique, the relay node scavenges the
energy from the RF signals and consumes the harvested energy
for supporting the transmission between the source and the
destination node. In [4], the outage performance of a typical
cooperative communication system was studied. In [4], the
authors studied energy harvesting in an OSTBC based amplify-
and-forward MIMO relay systems. However, the authors in [3],
[4] assumed that the relay has its own internal energy source
and does not need external charging. The problem of joint
transfer of information and energy for multi-user systems has
been investigated in [5]. The outage performance for amplify-
and-forward (AF) relaying networks under EH constraints was
derived in [6]. In [7], [8], the energy harvesting protocols
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based on the power splitting and time switching receivers in
cooperative networks were studied. However, these works only
considered the cooperative transmission in the absence of the
direct link. For a decode-and-forward (DF) relaying network
[9], power-allocation strategies and outage performance under
the EH constraints were considered.

In cooperative communications, incremental relaying has
been shown to provide signif cant performance benefts in
terms of spectral eff ciency and network performance. It has
attracted considerable attention in recent years, for example,
see [10]-[14]. In particular, the authors in [10] proposed the
incremental relaying protocol with selection DF relaying to
increase network capacity and performance. Considering AF
relaying, the paper [11] studied cognitive underlay incremen-
tal relaying networks with Nth best partial relay selection.
Over independent non-identical Rayleigh fading channels, Ikki
et. al. in [12] presented a completely analytical approach
in obtaining closed-form expressions for the error rate and
SNR outage probability of incremental relaying cooperative
diversity networks. As extension of [12], paper [13] and [14]
presented a complete performance analysis of the Nth best-
relay selection scheme and partial relay selection, respectively,
for any SNR value over Rayleigh fading channels. In most
of the work mentioned above that deals with dual relaying
transmission, it is normally assumed that the direct link
between the source and the destination does not exist due to
showing and pathloss. However, in many practical scenarios,
the relaying link is only requested if the direct link is not good
enough for decoding. Recently, in [15], Son et. al. proposed
incremental relaying with energy harvesting and derived the
exact outage probability over Rayleigh fading channels. How-
ever, the obtained exact system outage probability is still in the
form of a single integral making it computationally intensive.

In this paper, we for the frst time to derive the exact
outage probability for energy harvesting incremental relaying
networks with MRC Receiver over Rayleigh fading channels
using Taylor series expansion. The system outage probability
is shown to be expressible in terms of infnite series suitable
for numerical evaluation. Numerical results are also provided
to verify the analysis approach and to investigate effects of
channel and system parameters on the system performance.
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We also show that for the same channel settings, the proposed
system outperforms the direct transmission with 10 dB gain
at outage probability of 1071,

The rest of the paper is organized as follows. The system
model is described in Section II. In Section III, the outage
probability performance is analyzed. The simulation results are
presented in Section IV and Section V concludes the paper.

II. SYSTEM MODEL

Feedback

Fig. 1. The IR-CRN scheme with MRC receiver.

We consider the DF cooperative communication network
consisting of one source node (S), one destination (D) and
one relay node (R) as shown in Fig. 1. The source broadcasts
the information which is heard by both the relay and the
destination. We assume that each node is equipped with one
antenna and the relay has the limited power supply. It must
harvest energy from the source RF signals as in [6] for its
operation.

We denote hxy and dxy as Rayleigh-fading coeff cient
and distance between two nodes X and Y, respectively,
where X, Y € {S,R,D}. As stated in [11], the channel
gain yxy (’YXY = |hxy|2) follows an exponential distribu-
tions with parameter Axy = E {yxv} = dfw, where (3 is the
path-loss exponent and E {.} is an expectation operator. We
assume that the fading channel coeff cient hxy independent
and identically distribution during the transmission time. We
further assume that the harvested energy at the relay is stored
in a super-capacitor and then fully consumed to forward the
source signal toward the destination.

We frst model the received signal at the destination from
the source as

ysp = v Pshspxs + nsp, (1

where x is the normalized signal of the source, i.e.,
E |xs|2} = 1, ngp is the additive white Gaussian noise

(AWGN) with zero-mean and variance Ny and Ps is the
average transmit power at S. The SNR of the S — D link
is given as

vsp = ¥|hsp|?, @)

where U = Ps/Nj is the average transmit signal-to-noise ratio
(SNR).

Different from the conventional cooperative networks [1],
the relay always forward the received signal from the source
toward the destination even when the SNR of the direct link
is good enough for successful decoding. The proposed system
frst checks the signal quality of the direct link between the
source and the destination. If the direct link is able to support
the switching rate, i.e., logy(1 + vsp) > Rs, the source will
send a new signal in the following time slot while the relays
will not perform any transmission, i.e. still keep idle, after re-
ceiving a feedback message from the destination indicating the
successful reception. Otherwise, the destination will request
the help from the wirelessly harvested energy based relay,
named as the incremental relaying phase. Similar to [7], we
consider the time-switching architecture for the incremental
relaying phase with each data frame separated into three
consecutive time slots for energy transmission, information
transmission and information reception, respectively. For the
given total block duration 7" and the time splitting ratio «, the
corresponding duration for each time slot are o7, (1—«) /2T,
and (1—a)/2T. To enhance the system performance, the value
of « should be designed appropriately.

For the incremental relaying phase, we have the harvested
energy at the relay in the frst time slot of 1" given by [7,

Eq. (2)]
Er = 1Ps|hsg|*aT, (3)

where 7 as the energy conversion eff ciency with 0 < n < 1.
From (3), the transmitted power at the relay during
(1 — a)T/2 is written as

ERr
Pr=— R
R 0—a)T)2
= kPs|hsr|%, 4)

where  is defned as k = 2na(l — ).
Next, the received signal at the relay during in the second
time slot of (1 — «)T'/2 is obtained as

Ysr = / Pshsr™s + nsr, (5)
resulting in the instantaneous SNR at the relay as
vsr = Ulhsgl|”. ©)

Since fxed decode-and-forward relaying is used at the relay,
the received signal at the destination from the relay during the
third time slot of (1 — «)7'/2 can be expressed as

YrD = V PRARDZR + NRD, @)

where xyr denotes the re-encoded version of xg.

Making use the fact that the dual-hop relaying is dominated
by the weakest hop, we can write the equivalent SNR of the
S — R — D as [10, Eq. (1)]

YR = min (Ysr, 7RD)
= min (Wlhsnl”, w9 hsr*hrol*) . (®)
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where ygrp is defned as

Pq
= — h
YRD Ny |hrD]|

= k¥|hsr|*|hrp|*. )

At the end of the incremental relaying phase, the destination
will combine two signals received directly from the source and
indirectly via relay using maximal ratio combining. Mathemat-
ically, we have the output SNR of the MRC combiner as [15,

Eq.(D]:
(10)

YMRC = YR 1+ VSD-
I1I. OUTAGE PROBABILITY ANALYSIS

In this section, we provide new closed-form expressions
of the outage probability (OP) of the half-duplex based EH
relaying scheme. According to the total probability law, the
outage probability of the system is defned as

OPMRC _p; [logz(l—i-’VSD) <RS, logg(l—l—’yMRc) <R ]

+ Pr[logy(1 + vsp) > Rsalog2(1 +7sp) < Ro

=Pr [’VSD <2Re—1 yype < 27Re/07) — 1}

+Pr (2R — 1 <~gp < 2R —1), (11)

where the pre-factor is accounted for communication
between the source node and the destination node.

Theorem 1: The exact closed form expression for the system
outage probability over Rayleigh fading channels for Ry < R,
and Rs > R, are given respectively as

MRC _ Rs < Ro
Op _{ Re>R,

l—o

]Il +]127

I, (12)

where I; and I, are given by (13) and (14), respectively, shown
- [ e
being the exponential integral function [14, Eq. (8_.51 1.1)] and
I(n,z) = T)exp
function [1635 Eq.(8.350.2)]. And I is of the form

I, = exp <_)\S\IDsz> — exp (—/\S\;}M)O) , (14)

where p; = 2%+ — 1 and py, = 22Re/(1-2) — 1,
Proof: We start the proof with II; given by

at the top of the next page with Ei(x) =

(—t)t"~'dt being the incomplete Gamma

I, =Pr {’YSD <2RS—1,’)/MRC < 22Ro/(1=0) _ 1}

= f’YSD( )
0

where f., (.) and F,, (.) denotes the PDF and CDF of ~vgp
and g, respectively. Noting that p;, > ps and making a
change of variable, i.e., t = py, — , we have

Pth
L = / f’YSD (Pth _t) F’YR
Pth—Ps

w (ptn — @) da, (15)

(t) dt. (16)

In (16), F, (x) can be rewritten as follows:

F

MR

()=Pr [min (\I/|hSR|2,mIJ|hSR|2|hRD|2> < x}

=1 —Pr {min (\IfthR|2, I{‘I"hSR‘thRDF) > $:|

=1- / finsns? () {1 — Flpp 2 (,fq,yﬂ dy. (17)

Substituting f|,,.. 2 (v) and Fp, 2 (y), ie.,

finsn)? (¥) = Asr exp (—Asr®), (18)
and
Flnol? (y) =1—exp(—ArDY), (19)
into (17), we rewrite (17) as
T )\RDJ;
Fy. (x)=1— [ Asrexp(—Asry)exp | — Ty dy.
z/¥
(20)
Utilizing the Taylor expansion for exp <—)}£RTD;) gives
)\RDIE _ )\RDx n 2 )\RD'T " 1
<P ( KUy >_ KUy +nz:2 n! kU yn’
(21)

Plugging (21) into (20) and after some manipulation, we have

ASRT ASRARDZ . [ ASRT
F,.(z) =1—exp (— T > -0 Ei (— T >
00 n—2 n %
(=1) ARDZ / exp (—Asry)
- A dy .
SR ZQ n! KW y" 4
n= z/¥
Ty
(22)
By applying [16, Eq.(3.353.1)] for Ty, we have
ASR® ASRARDZ . [ AsR®
FVR(x)zl—exp<— v )— =7 El(— T )
n=2 k=1 (n—1)!

7 K P\ o

( 1 n= 3(/\SR) ARDT "o ASRE
+ Z n' (n—1)! kW Bl Y '
(23)

Substituting (23) and fy, (z) = ASTD exp (— ASD:”) into (16)
and after some manipulation gives I; as (24), shown at the
top of the next page.

Considering J; and using partial integral method, we arrive
at (25).
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B ASD Ps AsD ASR Pth —AsDps — AsR (Pth — ps)
I =1 —exp < T ) pY—— exp v exp T

ASRARD . . ( Asm(pi—ps i
— SSROED [y () [y, — 3] — i (-2 ) exp (—2522) [y, — py — 5L ]

N /\SiD exp <_ )\S]\Dljpth) [Ei (()\SD _\I)l\SR) pth> B (()‘SD - As;) (pen — Ps))”

+ocon—1n—k

(=1)" (n — k)! (=) * 3 (k= )1 Agp (Asr )" /A
-y o it SD< SR) ( RD)

nms kD1 im0 (n— k — i)l (AspgAen

ki ASRPth n—k—i —ASDpPs — /\SR Pth — Ps)
R R (Pth — ps) exp

n Jio Jio 1 Asp )" (1) )\SR)\RD ox _ ASDPth
mn+m+1)\ ¥ n!(n —1)! P

)\
n=2m=0
. >\ 3 n+m . )‘ - s
« |:p:L};i-m+lE1 ( SI‘}Ipth> N (pth o ps) + +1E1 < SR pth 14 )
Asp) ! ASRPth Asr (pth — ps)
I 1 -T ], —= . 13
+<\Il) ntm+l—¢ n+m+1, T (13)
ASDPs AsD ASRPth —XsDPs — Ask (pen — ps)
e _ _ _ 2
I =1 —exp ( T ) pY—— exp T exp T (24)
ASDASRARD ASDPsh /p“‘ Aspt _ Asrt
- - te Ei dt
2k op ( v Pth—Ps P \Ij 1 \IJ
_Jionz:l )2k 3(1@—1)!)\513(/\%) <)\RD> ( SDpth>/p“‘ tnkQ){p(()\SD—/\SR)t) Ut
n=2 k=1 ’I’L—].) \Il Pth—Ps \Ij
Ja
2n 3
AsD [ ASRARD ASDPch fuh SDt .{ Asmt
n —— | dt.
+Zn'n—1'qf( e ) P - PRy
J3

. { ASRPth Asppin \ | Yot v \?

:E _—— - —

s (25 Yo (B9 ) |2 - (55
\If(pthm(\lf)Q

B _ Asr (ptn — ps) exp AsD (pen — ps)
U v AsD AsD

- 1 ) [exp (()‘SD — ASR) pth> — exp (()‘SD — Asr) (peh — Ps))}

S (e L v
1 . ((AsD — AsRr) pin . (((Asp — Asr) (ptn — ps)
Ei|———— ) —-E . 25
o B (0 1 v =
v
For Jo, with the help of [16, Eq.(2.321.2)], we obtain For J3, expanding exp ()‘?t) in the power series, i.e.,
n—=k i
(=1)" (n—k)!
J2 - 7 +oo n
iz:; (n—k_z)l(XSD\PXSR) i+1 eXp()\fl]ljt) :Z:['<)\$D) tn (27)
Aary — A ‘= n!
[P?h K= oxp (( SD \IJSR)pth) (26) 0
ki Asp — A — Ps
~(pen — pe)" " exp (( = SF\”I} o = 0 )ﬂ :
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and using [16, Eq.(3.353.1)], we have

00 m
1 (Asp e . Asrt
DL () [ e ()
1nZ:0 m! v Pth—Ps v
= io _ b Asp )™ ntmt L _ASRPh
ml(ntm+1)\ ¥ Pen 7
yrmtLg ( Asr (P:; - Ps))

A —n—m—1 A
—&-(\?{) [F(n+m+1, SF\{ijth>

don oy =)

Finally, putting everything together, i.e., (25), (26) and (28),
we obtained the desired form for I; as (13).
For Iy, over Rayleigh fading channel, we have

X |:(pth — Ps

I <n+m+17 (28)

I, =Pr (2% —1 < ygp < 2R — 1)

=exp (—)\S&D’ps) — exp (_)\81\;/)0> , (29)

where p, = 2R — 1.
Having I; and I, at hands, we can obtain the desired results
of OP as in (12), which also complete the proof. |

IV. SIMULATION RESULTS

In this section, Monte-Carlo simulations are provided to
verify the analytical expressions, which were presented in the
previous section. The performance of the IR-CRN scheme
is analyzed and evaluated in terms of the OP analysis. The
performance of the IR-CRN scheme is also compared with
that of the DT scheme with different target rates. We consider
a two-dimensional network, where the source, the relay and
the destination are located at (0,0), (0.6,0) and (1,0), respec-
tively. In all of the simulations, we set the energy harvesting
eff ciency as 0.8, i.e., n = 0.8, the pass loss exponent as 3,
ie, =3, and Ry = 2 bps/Hz.

We frst investigate the convergence of the approximation
for the outage probability of the IR-CRN scheme. For the
target rate R, = 3 bps/Hz, the approximations are presented
in the Fig. 2 with Ny¢pp,s denoting the number of frst terms
truncated in Taylor series in the expressions J3. As we can see
from Fig. 2, the approximation for OP converges very fast. As
we can see in Fig. 2, 17 terms are required to achieve high
accuracy.

Figure 3 plots the system OP of the scheme as a function
of the average SNR in dB. The theoretical results are in exact
agreement with the simulation ones conf rming the correctness
of our analysis. As shown in Fig. 3, all schemes achieve better
performances when the average SNR increases. It is due to
the fact that when the average SNR increases, the harvested
energy at the relay increases making an improvement on
the dual-hop relaying SNR. Fig. 3 also shows that for the
same channel settings, the IR-CNR outperforms the direct
transmission owing to the effect of using diversity combiner
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Fig. 2. The convergence of two approximations for outage probability of the
IR-CRN scheme with Ry, = 2bps/Hz and ¥ = 10dB.
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Fig. 3. Outage probability of the IR-CRN and DT protocols versus average
SNR ¥ in dB with Ry, = 1bps/Hz and Ry}, = 2bps/Hz.

at receiver. For example, at the outage probability of 1071,
the IR-CNR protocol obtains 10 dB gain as compared with
the DT protocol.

In Fig. 4, we investigate the effect of relay positions on
the system performance by varying the x-coordinate of the
relay from 0.1 to 0.9 when ¥ = 10 dB. As expected, the
system outage probability can be improved by locating the
relay closely to the source. It can be explained by making use
the fact that the harvested energy at relay is also a function
of path loss.

Figure 5 deals with the impact of the time splitting « on the
OP of the IR-CRN scheme. We vary from 0.1 to 0.7. As readily
observed, the optimal « is a complicated function of channel
and system parameters. It is slightly small and approximately
0.15 for the IR-CRN protocol with R, = 1 bps/Hz.
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V. CONCLUSION

In this paper, we proposed an incremental cooperative re-
laying network (IR-CRN) with an energy harvesting relay and
MRC-based destination using the time-switching mechanism.
We derived the system outage probability over fading Rayleigh
channels. The numerical results regarding the outage probabil-
ity showed that the proposed system signif cantly outperforms
the direct transmission for the same channels settings. As a
result, it could be a promising protocol for wireless sensor
networks to extend the network coverage as well as to improve
the network performance.

APPENDIX

This appendix is to provide the outage probability of direct
transmission over Rayleigh fading channels. In direct trans-

mission, the source transmits signals directly to the destination
without the assistance of the relay. As a result, the OP of the
DT protocol can be computed as

DT )\SDPDT
OP~" =1-—exp <—°> , (30)
\J
where pPT = 2R — 1,
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