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Abstract—Radio Frequency (RF) Energy Harvesting is being most previous works ,Chen et al. [7] and Shah et al. [8] have
considered for realizing energy efficient relay networks. Tfis introduced energy harvesting in their relay. The receivaslgy
work focuses on decode-and-forward relaying in an energy a5 it at the relay for performing two main tasks: inforinat

vesting network and develops analytical expressions of theutage . . .
probability and overall throughput. A three-step scheme ha Processing and data forwarding (using the harvested epergy

been proposed that allows bidirectional exchange of informtion  1he so-called power splitting factor determines the petagn
between two nodes via an intermediate relay. The performare of the received power dedicated for harvesting energy task.

of the proposed scheme has been evaluated and compared withThe overall throughput attained in [8] (use multiplicatiaed

a recent work. forward) is considerably larger than that obtained in [H. |
Index Terms—Energy harvesting, decode-and-forward, two- this paper, we consider two-way three-step DF relaying with

way relay network, performance analysis. energy harvesting and derive an expression for its sigral-t

noise ratio (SNR). The motivation of using the DF relay comes

from the facts that (1) very little is known in literature alio

the DF relays that use energy harvesting, and (2) the DF relay
Radio frequency based energy harvesting (RFEH) has re<found to be of more practical interest [9]. The rest of this

ceived considerable attention as an effective approach fmper is organized as follows. Section Il presents the gyste

powering up the wireless nodes in future networks [1], [2inodel, underlying assumptions and problem statement. The

RFEH relates particularly well with the cooperative netkgr analytical expressions of the lower and upper bounds of the

in which several relays are employed to extend wirelessitage probability and throughput are derived in Section I

transmission range. A typical relay node allows exchange ©he performance evaluation is reported in Section IV, ai&l th

information between two out-of-range nodes using eith@&-onpaper is concluded in Section V.

way or two-way schemes. One-way relaying allows infor-

mation to transfer in one direction from the source through II. SYSTEM MODEL

the relay to the destination. On the other hand, in two-way

relaying, both nodes send information to the relay ovengl

shared half-duplex channel [1]. This kind of relaying offer : A .
more efficient use of the available resources. Two-way netpy that direct transmission is not possible between them. Gitlan
e assumed to be constant over the transmission Hlcakd

can be performed in three steps (two slots for uplink and oﬁﬁ . . .
for downlink) or even in two steps (one slot each for uplink. phanpels are as_sumed to_ be re:\C|p.rocaI.'I'.he time bR)Ek
vided into three time slots in which is the time proportion

and downlink) [3]. This paper considers three-step two- i
lavi wnlink) [ ]. 'S pap S| . ep wa} r the relayR to harvest energy and decode signal from one
relaying because it requires a relatively simpler circeisign. ode (0 < p < 0.5). In the first time slott,, the relay R

Most relay networks employ one of the two basic protocolg: . ianal f h 46 and it it litt
amplify and forward (AF) and decode and forward (DF r’ece_lv_es signal irom Ihe Noae, and It USEs 1S power spiitter
divide the signal power into two parts: one for harvesting

which have been evaluated in various previous works. F%)r d the other f . ‘anal Fia ) |
example, the authors in [3] have analyzed AF, joint decod nergy and the other for processing signa .(see 1g.2). In
and-forward (JDF), DF and denoise-and-forward (DNF) pré-e secon_d time slot;, the relgy R repeats th|s process for
tocols in terms of the maximal rate. It has been shown th ?deB with #, = t, = Tp. Finally, in the third time slot

DNF relaying outperforms the rest but at the same timé = T(1 - 2p), the relayR forwards its signal to the nodé

uses disparate method when different modulation and codl‘?@dB' The distances and the channel coefficients from R to

mechanisms are used. The DNF protocol is also explored by

. INTRODUCTION

Two nodes A and B exchange information via the relay node
as shown in the Fig. 1. The distance between A and B is such

Xu et al. in [4] using two-step relaying. A two-step relay Rel

mechanism results in multiple-access interference if traes elay

uplink frequency is used by both nodes. On the other hand, | NodeA x Harvesting

the network compromises on spectral efficiency if different Power || ey
frequencies are assigned for the two nodes. In [5], the relay /’ Splitter

adds and forwards the two signals intended for two distinct Node B Decode & i
destinations from the same source. Shengkai Xu et al. [6] Forward
have proposed a three-step two-way network using the ptoduc

relay, in which the relay: (1) multiplies the received sitpné2)
amplifies the result, and (3) forwards it to both nodes. UmnlikFig. 1. Block diagram of the system
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R ERG 2) Information processing: The following portions of the
R harvest Energy and | R harvest Energy and ) . . . . .
decode signal from A | decode signal from B Ir]rfgr/_r\n;tlgn received signals given in (1) are used for decoding and
forwarding.
t1 =Tp t2 =Tp t3 =T(1-2p) P
T Yriromi = V1 =\ (“ - —=9iTi + nz) (4)
Fig. 2. Time block of three-step two-way relay During the first two time slots, R decodes signals andz

from A and B, respectively. During time slaf, R broadcasts

the normalized signal g, to the two destinations.
nodes A and B aré 4, dg, ga, gp respectively. The frequency TaA+Tg
channels are independent and experience Rayleigh fading. TR = T (®)
The channel gains are exponentially distributed independ
variables. The energy is harvested at the RF band whil
the detection takes place in the baseband. To implement RF /p
energy harvesting mechanism in the practice, the harvester Yrop = ds, ~ YBTR t+NB
devices should consist of a radio frequency (RF) to DC dircui
converter, power management, and power storage parts. M8tstituting (5) into (6), nodeB already knew its own
specifically, the RF to the DC circuit is used to convert th@formation therefore it easily discardss to getz, from
RF signal into the DC voltage, while the power management- Here, we assume that the channel state information (CSlI)
regulates the output voltage of the storage device. The d@#yd other system parameters are available at all nodes. We ca
of the energy storage is to provide the voltage/engery fer tastimate the signal received at B (from A via R) as
system. The challenging to apply RF energy harvester is that

. . _ Pgr

the RF energy harvester behaves non-linearly with resjpect t Tanp = gB
the input power of the RF signal [10]. If the input power is d \/_

low, the efficiency of the RF harvester reduces significantiyhere the noise at the node has zero-mean and covariance
while the needed energy for the processing signal at the bgse and defined asiz = N(0,0%). We assume thaky =
band does not change. )\B = \. However, it is important to note that if the relay uses
only one power splitter for both links, thexy being different
from Ag, means that the power splitter should be tunable or
1. PERFORMANCE ANALYSIS adaptive which is complicated and expensive to implement.
A. Energy harvesting and information processing Hence, we consider using a simple power splitter with a fixed

power splitting ratio\. The power of R Pr, can be expressed
1) Energy harvesting: The received signals at R during theyg

élrthermore, at node B

(6)

+np (7)

time slott; =t = T'p is given as follows [6], [8]. . Frotal <|9A|2 . |gB|2) ( ) @
2 BT —2p) g dy ) \1-2
Yior = \/; gii + 1y ) 3) Outage probability and throughput: We first consider
the signal sent from node A to B through the relay R. The
whereY;_,; (i = A, B) are the received signals at R and®NR of this signal at Ry, can be calculated from (4) as
P; denotes the transmit power of nodeThe distance, the _ Plgal2(1—=))
channel coefficient and the path loss from nad® R are TR = W 9)

d;, g; and «, respectively. The signal from node x;, are
of unit mean is received with the additive white Gaussiaft Which o7 is variance of Gaussian noise at nade Once
noisen;. The power splitter divides the received signals intf1€ relayz forwards its signal to the nodB, the SNRy is
two partsiv/\;Y;_, r for harvesting energy angT — \;Y;_.p  calculated as

for signal processing, depending on the value of the power _ Pglgp|?  (lgal?d} + |gs]?d3) l9s]?

splitting factor,\; corresponding with nodé= A, B [1], [4]. 7B = d%20% b (10)
The amount of energy harvested from nade as follows

2a o 2
whereb = %ﬂ. Note from (9) thatg?| has expo-

nential distribution thereforg, also follows the exponential
distribution. Outage probability at the relal,.:,., is defined

. - s the probability that the SNR is dropped below a predefined
wheren is the energy efficiency factor of the harvester. W%reshold%h, given as

assume thaf” = P4 = Pg. The total energy harvested at R

. ) ds o>
is therefore: Poutr = Pr{Fp < v} = Pr {|g,4|2 < 7(71”1_ ﬁ) ‘;} (11)

P,
E; = /\md—qlgflTp )

lgal? lgsl® 5
Eiotal = WTPP <)\ da + s da (3) =1—- 67315);\1)‘;24
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Similarly, we can derive the outage probability at the node B T
y gep y d Pl(’}/)—/PI‘{Id%S’Y—b}Pr{LgBF e 'Yb }

P,uip, as follows 2|gp|? As 2|gB|?
0
Pouty; = Pr{7p < ven} = F5, (1) (12) X flgz) (@) dx (21)
where the CDF ofy, Fy_, is expressed as _ / (1 _ e_h,d’Y%byB> (1 _ {@ %) Leﬁd:c
Aa
0

o b o
Frp(n) = Pr{|gA|2 B < 1982 |gB|2dA} 13)  After simplification, we finally obtainP?; [10, Eq.(3.324.1)]
as follows, whereK; (.) is the first order modified Bessel
wherey 4 and andu are the mean values ¢f4|* and|gp|?, function of the second kind [10]:
respectively.

Using the probability condition, we can derive;, (v) as Pi(y)=|1- a2b7 K a2b7
follows dgpaps dRpapns
T 1 (v 1o Veme 22
Fy,(7) = /Pr{|gA|2 <= (7; —di>}ng|2 (z) dz [ ] (22)
B

0 Similarly, the P, can be expressed as

Wheref‘gmz (CL‘) = L67%. . 2 2 'Yb
: )= s _ , , Py () =Pri2 4%, lgp2d%) < —2 23
Since|ga|? is an exponential random variable with mean™ ° (7) = Prq2min (l9aldj, losd3) < lgs|? (@3)

value ri4, we have o0 b
— /Pr{?min (zd%, lgp?dS) < i }ng|2(:v)d:v
0

= lgBl?

1 _ =
KB o _ vb C
=1- / (e_zw“gd%) <e 2‘1‘:‘“3) Aaeradx

0 < z < mzyp = /22 is the condition to valid
L b A ) L ge After several mathematical manipulatiorf3, is given as.

Plr{|g,4|2 < o (l - :cdj)}. By settingV’ = -~ — o=,

B

B \7* _ b
U= da;zA, (14) can be rewritten as follows P(7)=1—¢ \/2d%u% a27b K, a27b (24)
dgpaps dgpaps

Tth
o 1 U v From (22) and (24), the boundary &f,,;, can be estimated
F,(y)=1-e7s — . e dx (15 55 follows: ’
0

_ _ . Pi(Vin) < Pouty < Po(Vin) (25)
It is noted that there is no closed-form expression for (15%, ) ]
however, theF;, () can be calculated by using popular he ImkAtoRanthqB are mdepen.dent to the end-to-end
numerical software such as Mathematica. Instead of findiffifoughput of the considered system is:
closed-form expression fafy (), we derive the bounds by
using a fact tha min{Y7,Y>} < Y7 + Y2 < 2max{Y1, >} Tror = (1= Pouty) (1 — Pourn) Up (26)
with Y7, Y2 > 0. Accordingly, we have min{Y7, Y5} — Y3 <
Y1+ Y, —Ys < 2max{Y;, Y>} — Y5 with Y3 > 0. As a result, whereU is the source transmission rate of nodes A, B and R.
we havePr{2min{Y7,Y2} — Y3 <0} > Pr{Y1 + Y5 — Y5 <
0} > Pr{2max{Y7, Y2} — Y3 < 0}. In other word, we obtain IV. NUMERICAL RESULTS
the upper bound and lower bound as follows: In this section, we study the impact of i)and (i) distances
da,dp on the system throughput. We examine the throughput
Pr{Y1 + Y2 < Y3} < Pr{2min(Y1,Y2) < Y3} (16) whend, = dg = 1, and also wheni,, is different fromdp
Pr{2max(¥1,Y2) < Y3} <Pr{Y1 + Y, < Y3} (17) butds + dg = 2. The transmission rate is assumed to be
U =3 bits/secs/Hz with the transmit power of the source node
Accordingly, the bound of%_ () can be expressed as:  set to 1.5 Joules/sec. The threshold SNR = 2V — 1, the
energy coefficienty = 1 and path loss coefficient = 2.7.
P (y) < Pr{|gA|2d% +|gp|2de < 7172} <P (y) (18) The noise yariance at all nodes is 0.01 gnd= 1/3. For
98] fair comparison, all parameters are set to the values uded [8

here P and P are expressed. respectively. as The simulation results are based on equations (11) and (12),

W 1 (1) 2 (7) P » TeSpectively, and analytical results use equations(11) and (25). In joedct

P —prio 2 0 240\ < ~p 2y (19) l€rms, the received signal stren_g_th affects the efﬁmerﬁdt;!e)
1(7) r{ méx (lgA|2 f’ |gB|2 2) =7 /lgB|2} (19) harvester. For example, the efficiency of the harvest&fis

Py (v) = Pr{2min (|gal*d5, l95"d%) < +b/lg5*} (20) o when the receiving power i80 dBm, which degrades to
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