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Abstract—This paper studies the outage probability minimiza- node on the source-relay link. When CSI is not available at
tion problem for a multiple relay network with energy harvesting  the relay-destination link as well, the relay selection isde
constraints. The relays are hybrid nodes used forsimultaneous on the base of largest available stored energy similafto [3]

wireless information and power transfer from the source rado . ) . .
frequency (RF) signals. There is a tradeoff associated witlthe Contrary, when CSl is available at the relay-destinatio, i

amount of time a relay node is used for energy and information the relay selection depends both on the amount of stored
transfer. Large intervals of information transfer implies little energy in relays and the channel condition for the relay-
time for energy harvesting from RF signals and thus, high destination links. There is a tradeoff between the number of
probability of outage events. We propose relay selection bemes o145y nodes involved in information transfer in current dim
for a cooperative system with a fixed number of RF powered lot and th t of h ted for fut Wi
relays. We address both causal and non-causal channel stateS'0t an € amount of harvested energy for future _use. e
information cases at the relay—destination link and evaluee €valuate outage performance of both schemes numerically an
the tradeoff associated with information/power transfer in the determine different tradeoffs associated with the numifer o
context of minimization of outage probability. _ relays in the network and the energy harvesting efficiency.

Index Terms—Energy harvesting, wireless information and e rest of the paper is structured as follows. Section
power transfer, relay selection, outage probability. . L

[ describes the system model and problem settings for the

work. The proposed relay selection schemes are discussed
_ in Section[dll. Sectio_IV evaluates the performance of the

Wireless sensor networks (WSNs) are generally deploygghemes numerically and we conclude with the summary of
with inherent energy constraints. They are desired to St@ain results in Sectiof]V.
operational for a maximum amount of time. Energy harvesting

|I. INTRODUCTION

(EH) devices suit WSN applications because they rely on || sysTeM MODEL AND PROBLEM FORMULATION
external charging mechanisms such as solar, wind and RF
signals in order to remain active in the netwark [1], [2]. We consider a Decode-and-Forward (DF) strategy based

Recent investigations confirm that the use of EH deviceslaying communication system where a source node S com-
improves the performance of the wireless networks. Howevenunicates with a destination node D in the presenceVof
the design of sophisticated protocols for EH networks telays, represented by symbdl as shown in Fig[dl. The
very critical. In [3], the authors investigate the optimalay communication from source to relay and relay to destination
selection for EH systems using branch and bound algoritmm fakes place in two orthogonal time slots where duration of
non-causal case and dynamic programming for the causal caseh slot is denoted H¥. We assume a fixed transmit power
The relay selection is made on the basis of relay’s harvestBd at the source and a broadcast channel for the source-relay
energy and the largest relative throughput gain. communication phase is considered.

It has been investigated that information decoding andThe relay nodes are hybrid, i.e., they have the ability to
energy harvesting can be performed from the RF signals amalvest energy as well as retrieve the information from the
a storage system allows the use of the stored energy forfutsignal, but we assume (for simplicity) that only one funatio
communication[[4],[[5]. This concept is termed as simultanean be performed in a given time slotand therefore, no
ous wireless information and power transfer (SWIPT) wheti&gme sharing or power splitting is performed. The hybrid
information decoding and energy harvesting is performed Ipglays include an EH circuit which harvests energy from the
time sharing and/or power splitting![6]+[8]. An amplify-@&n transmitted RF signals. The relay selected at tinte forward
forward (AF) wireless cooperative network is considered iimformation to the destination is not available to harvesrgy
[9] where the relay nodes harvest energy employing one of taeforward information from the source at time slot 1 due
time sharing and power splitting protocols. SWIPT framedworto assumption of orthogonal communication 6n— L and
is further extended to the performance analysis of a largeesc. — D links. However, the relays other than the selected
network using random geometry approachlinl [10]. one are free to receive data, thereby mimicking a full-dxple

We explore relay selection schemes based on the availatdiaying system[[11]. The harvested energy is stored in a
channel state information (CSI) and SWIPT concept. In obattery of an infinite capacity and the energy stored in the
framework, we assume that CSl is not available at the relagttery is assumed to increase and decrease linearly.
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Hybrid Relays . . ..
where 0 < n < 1 is the energy conversion efficiency

b which depends on the receiver circuit hardware and antenna
hSL// ~_hug .
. ~ sensitivity.
— S
—oohe by B. Problem Settings
— h T [ pestination We express the relay selection problem with the goal to
“\Ei\ . hsg__ minimize the outage probability. Practically, there is gom
N P - hardware dependent minimum signal energy threshold that
"N h hng - governs whether the node can sense the signal (and harvest
\ﬂ // energy) or not. If the signal received is less then the trolelsh
. // the relays cannot perform energy harvesting. Without Idss o
N Ly

generality and to concentrate on the system design, we set it
equal to zero.
We formulate the outage probability minimization problem

We assume independently and identically (iid) distributef@r @ multiple relay network:

Fig. 1. Energy cooperation system model.

fading channels a6 — L and L — D links which follow min Py (5)

block fading model. The received signal(¢) at the relay o

nodel; is expressed as: st {N =¢ c€EN (6)
R>0

yilt) = %ﬁshsm(w +n(t) 1)

¢ is a constant representing a fixed number of relays in the

wherez(t) andd,; denote the normalized information signaFyStem' As qetwork is operated by energy harvested from the
urce RF signals, there must be sufficient (or at least one)

from the source and the distance between the transmiti%ar ed relav nodes in a qiven time slot to be able to forward
and relayi, respectively.n(t) ~ Z(0,0?) is the Gaussian 9 y In agiven t W

. . . . . the signal successfully in order to avoid the outage event.
noise with zero mean and variane& while the channel gain . .
- S Thus, there is a tradeoff between the number of relay nodes in
coefficient forS — L; link is represented by;.

The rateR.;(t) provided byS — L link in a time slott EH mode and the number Qf r_10des available for information
is given by transfe_r for a given transm|ss_|on..T.he I_arger the number of
nodes in EH mode, the more inefficient is the uselof> D
25;) ) (2) link for information transfer in the current time slot, bubne
o energy is available for information transfer in future. Jls
For a DF relaying strategy, the outage probability that & raghe main reason that EH communication focuses on meeting

1
Rai(t) = 5 log, (14 |hsi

R is not supported by the system is given by the neutrality constraiftin contrast to making the best use of
P = ]P(min( Ryir, Riva) < R) ©) gvailable resources using opportunistic communicatiofedys
1 p in the current time slot.
- ]P{mm (§log2(1 + Ihsie 20_3)’ I1l. RELAY SELECTION SCHEMES
%10g2(1+ |hi*d|2%)) < R} We assume that CSI is not available &t — L link.

Regarding CSI or. — D link, we consider two cases which
where L;- denotes the selected relay node. is the relay govern the relay selection strategy:

transmit power and;-; denotes the channel gain coefficient | The CSI at relay is causal and not available.

for the L;« — D link. « The CSl is known before transmission at— D link.
A. Energy Harvesting Model A. Single Relay Selection (SRS

We assume that initially all the relays have sufficient power First, we assume that CSI is not available at the relay for
to retrieve the information and transfer it to the destimrati transmission to the destination and therefore, the seleetay
The stored energy will be sufficient to perform the relayingansmits with a fixed powelP,. The forwarding relay is
task without the need to harvest energy for the first a feselected solely based on the stored energy at the relay nodes
iterations. However, after some iterations the nodes startin this case, only a single relay nodg- is selected out of
deplete their reserved energy and result in an outage Mrnodes to decode and forward the information. We take this
network failure. In order to extend the network lifetimeethcase as a baseline and compare results with our scheme in the
energy from the RF source can be intelligently harvested f@ext section. Similar to [3], the nodg;. with the maximum

increase the energy reserves of the relay nodes. stored energy fromV candidate nodes is selected such that:
The energy harvested by tli#* relay node during a single " store I
time slot is given by[[8],[19] ¢ = argmax (EF(t) — Ey) (@)
2
Eh = nPs |h5i| T (4) INeutrality constraint refers to the goal of using the resesiiin such a way

that the probability of availability of resources for futuause is maximized.

() d?



where E,. is the energy spent due to transmission with fixed E5*(¢ + 1) < Ei(t+ 1),Vi € A, no node is selected for
power P, and E£t°r*(t) denotes the stored energy for the relagransmission which results in outage, but avoids energy los
L; at timet. Note that the relay selection is performed befordue to unsuccessful transmission from natle

the signal reception from the source and therefore, allrothe If Estore(t 4- 1) > EX (t + 1), the stored energy for node
relays can harvest energy from the received RF signal usihg is updated such that

harvesting circuit. IfE5*°*°(¢t) < E,., Vi, no node is selected store store -
and all N nodes harvest energy. For the caBg;- < R, node Bt +2) = ERoe(t+1) - Ep (t+1) (14)

1* is unable to decode information from the source and resu'itﬁe rest of the nodes harvest and store energy depending on

in an outage without making a transmission br+ D link.  the received signal strength from the source such that
All the nodes excepL;- harvest energy depending on the

received signal strength from the source such that
store o h store - -k
EF(t+1) = Ef(t) + E7°(t), j#i" . (8)

As mentioned in Sectiofl]ll, the selected nodeis not a We notice that paramete¥/ controls the outage probability
candidate for selection in time slot+ 1 for both proposed for a fixed N. There is a tradeoff associated with selection

schemes and therefore, the energy update is only meanin@uf/- Increasingd/ makes the relay selection i {12) more
for time slott + 2. Note thatEstore (¢ + 1) = Estore(¢). opportunistic due to large cardinality of sét and more

Thus, the corresponding stored energy for nodes given freedom in choosing* in QIZ_). However, note tha‘F alle T"'do
by nqt harvest energy and their storage level remains Fhe dame.
BStore(t 4 2) = B (4 4 1) — E, . 9) _th|s work, we assume no leakage fact_or but pr_acucally,ether_
is a leakage in storage for every node in each time slot even if
If we increaseN, we have more relays to choosefor data the node is not transmitting. Large’ implies that less number
transfer to the destination. This results in decrease |Hgﬂ]t of nodes are Charging their batteries and therefore, tha@o
B. Multiple Relay Sdlection (MRS) at system Igvel keeps on decreasirlg and causes more outage
%rg{etwork failure). Therefore, there is an optimal < N for

h store ;
Ej (t) +Ejt (t), Jj ¢ r

15
Etore 1), jerjti. &

store _
Bt +1) = {

In this case, we assume that CSI is known at the rel
node for transmission to the destination. However, signa
from the source is received in time slétand transmitted
to the destination in time slat+ 1. Based on the available

e proposed scheme which maximizes the performance.
Given that we have MRS policy (M, N) for relay selec-
tion, the parameter optimization problem is formulated by

information, we propose a 2-step relay selection policy. M*(R,n) = arg min Pt (16)
In the first step, a subsét of M relays is selected out of m(M,N),0< M<N
N relays such that N = N
y 5.t { G cs (17)
DML = (42 BT > ) (10) R=0

where vy, defines the stored energy of the node with" The value of M* depends on the number of relays in the
largest stored energy. Equatiafill) states thafl' contains SystemN, energy harvesting efficiency and rate region.
elements with) largest stored energies out of relays. As At small R, very large M (and setA) is not helpful to
fading distribution is i.i.d and CSI for the next time slotrist achieve multiuser diversity and factar dominates the out-
available at time, the selection is based on the known store@de performance behaviour. However, lafgeimproves the
battery condition for the relays. All the nodés I (attempt Performance at larg& as evaluated numerically in Sec.]IV.
to) decode the information from the source and cannot harves
energy in time slot while rest of theN — M nodes harvest
energy. We limit the cardinality of the s&tto a fixed value =~ We assume independent Rayleigh fading channels with
M < N whereM is a system parameter to be optimized. mean1on bottt — L andL — D channels. 20000 iterations

Then, a set\ is selected out of/ nodes that can retrieve 2re performed to compute outage probability numerically fo

IV. NUMERICAL RESULTS

the information from the signal of — L link such that the simulation results. The relays are assumed to be etandis
o from the source withd equals oneP; is fixed to 10 dbW.
A={i:iel, Ry > R} (11)  Fig. 2 shows the outage probability for the SRS scheme

As CSI at relay nodes im\ is available at the time of WhenN is fixed. As CSl is not available at the relay node,
transmission in time slot + 1, a single relayL;. from the £ is fixed to 10 dBW. As expected, the outage probability
setA is selected such that increases a& increases. The number of relafsand energy
. store ; " harvesting efficiency factor, are important factors to char-
L= argrax (Bt +1) = Ep(t+ 1)) (12)  acterize the scheme. For a fixed value f a decrease in
n results in decreased harvested energy for the relay nodes.
When n is decreased initiallyP,,; remains the same as for
N =5 case withyp = 0.5 andn = 0.4, which implies that at
least a single node is always available with enough hargleste

where E¢(t + 1) results fromP:(¢t + 1) and given by

Pi _ (22R - 1)02
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Fig. 2. Outage probability for SRS scheme for differévitandn values.  Fig. 3. Outage probability for MRS scheme for parametdis= 10, n=

0.05 and differentM. The optimalM (with y-axis on the right side) curve

energy. However, if] is too smaII, the probability that no relayhas been nlotted as well. which shows the value of ontitafor everv R.

has enough energy to make a successful transmission iesreas

SRS, N=10
as evident for the cas& = 5,7 = 0.2 in Fig.[d. Wheny, is 0.9 MRS,N=10,M=1
very small, the outage is observed even for very snRalis g — e N0 MET

the selected relay must have enough energy to transmit witl

power P. = 10 dBW regardless ofR. This region can be

termed as power limited region where the outage performanc

is dominated by the harvested energy as compared to th o°

large rate region where the channel distribution detersiihe 04r

outage behaviour and power limitation effect almost vagssh 03f

for different . 02l
The same effect is observed with smallwhere the effect

of smalln is even more pronounced &6 — 1 relays harvest ‘ ‘ ‘ ‘ ‘

energy in a single time slot. Limitingy exaggerates the power 0 05 1 L5 2 25 3

L . .. R [bits/sec/Hz]

limitation effect due to poor energy harvesting efficiengg. _

n in practically available systems is too low, it is importang:%:': (%‘éage comparison of SRS and MRS schemes for a fiked 10

to have largeV to reduce the effect of smaill. For example, '

N = 20 in Fig.[2 improves outage performance considerabf~ for the MRS scheme.

at smallR as compared t@&v = 5 case whem = 0.02. V. CONCLUSIONS

Fig. @ shows the outage performance for MRS case. ASThis work investigates the relay selection problem for

CSlis known at the relay nodé; is determined by[{13). For energy harvesting communication system. The relay nodes ar

a fllxed ]\;Mwe pdlt()jt the qutaghe prol?ab||llty la‘érfes for Q'ﬁﬁrenbual nodes with energy harvesting and wireless information
values ofiM and determine the optimal va numencaly. yansfer capabilities. Based on the channel state infoomat

As discussed in Sectioh TI:B, the outage probability fo‘rjlvailability, two simple relay selection schemes are dised.

M > M* IS not optl_mal due t_o sub-opt*|mal|ty N €Ner9¥rne outage performance of both schemes is investigated
harvesting from RF. signals whild/ < M res_ults |n__too numerically. The results show that the availability of chah
small group of .cand|date relay_s to exploit multiuser d!ugrs state information at relays improves performance conalulgr

For the.numencal example with” = 10, M = 7 provides oreover, energy harvesting efficiency of the relay nodes is
the optimal outage performapce at a small rate. Thouq iting factor for the outage performance of the schemes an
M = 8,M - 9 perform marglnally better than/ = 7 at there is a tradeoff associated involving number of relaythén
IargeR_, the incremental gain is so small that = 7 can be system versus energy harvesting efficiency of the relays. As
approx[mated as the op_tlmM*vaIue for gIIR. FIg.[S Sh.OW.S an extension to this work, we will focus on studying analgtic

the optimal M curve (with M* on the right side y-axis) in models of the schemes and evaluate the performance as a

different rate reglons wherM* =7 up o R - 2.25, thgn function of energy harvesting efficiency and network size.
M = 8 becomes optimal whilé/ = 9 is the optimal solution

for R > 2.55.

Fig.[4 compares SRS and MRS schemes for the same valu&his publication was made possible by NPRP 5-782-2-322
of N. MRS outperforms SRS scheme even far= 1 case from the Qatar National Research Fund (a member of The
thanks to power allocation according to available CSlLatD Qatar Foundation). The statements made herein are sokely th
link. However, performance improves considerably wiér=  responsibility of the authors.
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