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Energy Harvesting AF Relaying in the Presence o
Interference and Nakagam- Fading

Yunfei Chen,Senior Member, IEEE

Abstract—Energy harvesting relaying is a promising solutionto can harvest energies from multiple source nodes and the
the extra energy requirement at the relay. It can transfer enegy  total harvested energy was then allocated for transmission
from the source to the relay. This will encourage more idle nodes of signals to different destinations. It was found in thisrkvo

to be involved in relaying. In this paper, the outage probability o
and the throughput of an amplify-and-forward relaying system that it is better to allocate the total harvested energy anadin

using energy harvesting are analyzed. Both time switching and transmissions. Similarly, in [6], stochastic geometry wasd
power splitting harvesting schemes are considered. The analysisto study the effect of random locations of relays on the iiatpy
takes into account both the Nakagamim fading caused by signal performance, where relays harvest energy from the source
propagation and the interference caused by other transmitters o4e The authors in [7] considered a joint power splitting a
Numerical results show that time switching is more sensitive to - . . .
system parameters than power splitting. Also, the system per- ante_nna selection scheme, where the relay is equipped with
formance is more sensitive to the transmission rate requirement, Multiple antennas to harvest the energy from the source node
the signal-to-interference-plus-noise ratio in the first hop and te  and hence, it can choose the best portion of power splitting
relaying method. and the best antenna to maximize the achievable rate. In [8],
Index Terms—Amplify-and-forward, energy harvesting, inter- the authors derived optimal power allocations that maxémiz
ference, performance analysis, power splitting, time switching. the throughput when different knowledge of harvested gnerg
and channel state is available.
All the aforementioned works have provided beneficial
I. INTRODUCTION insights on various aspects of AF relaying using energy
. . ... _harvesting. However, none of them has considered the effect
Wireless relaymg. can exten(_j.the network coverage W'thoblitinterference. Reference [9] considered the interfezdram
the need for (OF Wlth.OUF requmng)'any. extra mfrgstruetur other source nodes and optimized the power splitting factor
It can also provide distributed multiple-input-multipbetput using game theory, while reference [10] considered the net-

with improved diversity gain [1]. Among all the relayingWork interference for Ravlei : ;
. yleigh fading channels. In a pradti
protocols, the amplify-and-forward (AF) protocol only dee network, the relaying process is subject to interferencg an

to amplify the received signal from the source without an%ay suffer from Nakagamix fading at the same time. Thus,

further processing. He’.“’e’ .AF relaymg. _ha; attracted grqpﬁs of great interest to see how energy harvesting relays
research interest. Despite this, the amplification and dioaw perform in Nakagamin fading channels when they suffer
ing operations at the relay still consume extra energy. F]%m interference

relay nodes connected to the power grid, such extra energy 31 this paper, the performance of energy harvesting AF

not a serious concern. _Howev_er, for relay node; powered r@faying is analyzed by deriving the outage probability and
batteries, such as mobile devices, due to the limited l}att%e throughput in Nakagami» fading channels, when both
life, such exra energy may cause great concern and theref(?ﬁe relay and the destination suffer from interference.his t

may discourage them from performing any relaying. energy harvesting system, the relay is powered by hangestin

To tackle this problem, recently, energy harvesting AFyeIe.‘radio frequency energy from the source and other intederer

N9 ha_s been proposed_[2] - [8]. For example, in [2], assuMiIfg +he environment. The source and destination nodes do
a stationary and ergodic process for the energy harvested rely on harvested energy for transmission and reception

the relay, the ;ymbol error rate was deriv_ed by consiQerirﬁ]e analysis considers power splitting (PS) as well as time
energy-constrained and energy-unconstrained relayshif t itching (TS). Both fixed gain relaying and variable gain
case, the energy could be harvested from any source. In [Eﬁv

th th tudied two h t-and-f d tocol refaying are studied. Numerical results also show that time
€ authors studied two harvest-anc-torward protoco sg"s'switching is more sensitive to system parameters than power
power splitting or time switching, where the relay harves

. ) litting and that the system performance is more senditive
the transmitted energy from the source node to amplify a g 4 b

: X e transmission rate requirement, the signal-to-interfee-
forward the signal. In [4], a harvest-use structure wasistiyd d g

e _[%Ius—noise ratio in the first hop and the relaying method.
where the relay does not have energy storage capability. Fhe rest of the paper is organized as follows. In Section II,

optimal tradeoff between harvesting time and relaying timcﬁe
was derived by considering half-duplex relays as well als fuI[
duplex relays. In [5], the authors studied the optimal pow:
allocation problem for energy harvesting relays, wheray®l

system model used in this paper will be introduced. In Sec

ions Il and 1V, detailed derivations of the outage proltigbi

Ghd the throughput, respectively, will be presented. 8eci

will give the numerical examples used to examine the effects
Yunfei Chen is with the School of Engineering, University \&arwick, of th_e system parameters, followed by some conclusions in

Coventry, U.K. CV4 7AL (e-mail: Yunfei.Chen@warwick.ac)uk Section VI.
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K e respectively. In this case, the channel fading gains froen th

NS interferers to the relay are assumed to be independent and

/ & En identically distributed. The case of non-identically distited

h - Relay ;r"'“‘“»-. R P interferers will be discussed later. The signalling scheme
(__,_‘_‘\w/ - o ‘“‘~---.,,~‘r/-”_"*f assumed to be binary phase shift keying (BPSK) such that
(S -:\Destination) s[k] =1 ands[k] = —1 occur with equal probabilities. So do
N/ S sik] = 1 and s;[k] = —1. Finally, the AWGN termsn,, [k]

andn...[k] have zero mean and variancesodf, and o2, re-

Fig. 1. A diagram of the considered system spectively. From (1), the energy harvested from the sounde a
the interferers is given by;, = n(Ps|h|2+Zfi1 P;|hi]?)aT,
wheren is the conversion efficiency of the energy harvester at

Il. SYSTEM MODEL the relay,(Ps|h|? + Zfil P;|h;|?) is the total input power at

Consider a three-node relaying system where the soumg harvester, andf 1S the total harvesting time. T'hen', the
sends the information and energy to the relay and the re@gnal in (1) is amplified and forwarded to the destination as
uses the received energy to forward the received informatio N
the destination. There is no direct link. Each node has desingy,[k] = \/P,.agy,,.[k}—kz vV Q; 955 [kl +ngalk]+nac k] (4)
antenna and operates in half-duplex mode. The sourcdap-re j=1

and relay-to-destination links are made orthogonal in tiye . 2o ) N .
transmitting signals at different times. Assume that talto Where B = =0y = 720 (Bs[h” + 30,2, Fifhil”) s the
communication time i§". Two energy harvesting schemes arffansmission power of the relay, is the amplification factor
considered: TS and PS. Diagrams of the TS and PS proceg¥ethe relay, g is the small-scale fading gain of the relay-
can be found in [3, Fig. 2] and [3, Fig. 3]. Due to the limitedo-destination link,Q); is the transmission power of thgth

space, they are not repeated here. Fig. 1 shows the diagtafrferer to the destinatiory, is the small-scale fading gain
of the relaying system. of the link from the j-th interferer to the destination in the

relaying phases’;[] is the transmitted BSPK symbol of the
) oo th interferer,ng, k| is the AWGN at the antenna andj,.[k] is
A. Time SWItCh!ng (TS) ) ) the AWGN due [t(j RF-to-baseband conversion with z[er]o mean
In TS, a faction of the total time:T’ 'STUSGQ' for energy anq variances o2, ando?2,, respectively. The transmission
harvesting at the relay, followed [y — )5 for information  ho\er(); may be different fromP,, as adaptive power control
reception at the relay and — o) for information reception may e  employed at the interfering sources such that their
at the destination. Thus, the received signal at the relay yjgnsmission powers are changing. If no power control igluse
given by [3] @, could be set the same &3. The amplification factor
N depends on the method of AF relaying. In this paper, we
yr[k] = /Pshs[k] + Z V/Pihisi[k] + nralk] + nre[k] (1) consider two methods: fixed gain relaying and variable gain
i=1 relaying [12] - [14]. In fixed gain relayingy is a constant and
where Pg is the transmission power of the sourdejs the Without loss of generalityg = 1. In variable gain relayingg
small-scale fading gain of the source-to-relay linKk] is Vvaries with the fading gain such that for TS one has
the transmitted symbol of the sourcd] is the number of 1
!nterferers aF the relayy; is the trapsm|s§|on power of theh a \/Ps\hlz o+ U?c.
interferer,h; is the small-scale fading gain of the link from the
i-th interferer to the relays; k] is the transmitted symbol of Remark. Note that, in general, the power consumed at the
the i-th interferer,n,, (k] is the additive white Gaussian noiseelay is a function of the transmission power. Their actual
(AWGN) due to the antenna and..[k| is the AWGN due to relationship is mainly determined by the efficiency and non-
the RF-to-baseband conversion [11]. In this paper, Nakagarinearity of the power amplifier. In this work, the consumed
m small-scale fading is assumed such tiaf® and |1;|?, power is also limited to the amount of harvested power by the

(®)

i=1,2,---, N, follow Gamma distributions with probability signal from the source as the main source of power. Although
density functions (PDFs) the amount of harvested power is the same for different
m\™ gl relaying schemes, the consumed powerPpé?E{ |y, [k]|*}
fin2 () = <Q) T( )6 ot x>0 (2) and therefore the transmission power is different for cffe
! i relaying schemes. Also, it is assumed that the circuit pater
and the relay can be ignored. Note also that the interferencegrow

mp \" e in the denominator of (5) is not used, as this knowledge may be
fini2(2) = On NCT >0 () ifficult to obtain in practice such that practical amplifiéan

. fact t scale th f th ived signal at th

respectively, wheren; and(2; are them parameter and the actor may not scale the power of the received signal at the

average fading power in the source-to-relay link, respeli relay perfectly.
and my; and Qj; are them parameter and the average The small-scale fading gains in this case are again assumed
fading power in the link from thé-th interferer to the relay, to be Nakagamin distributed such that their powers follow
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Gamma distributions withn, and€), being them parameter For variable gain relayingy is given in (5). UsingP, and (5),
and the average fading power in the relay-to-destinatiok lithe end-to-end SINR can be derived as
for |g|?, respectively, andn;, andQ;, being them parameter P

. . . . TS-VG _ sY17Y2
and the average fading power in the link from thegh 7 = n (1—a)(Ps|h]2+02,+02,)/(2an)
interferer to the destination fdy;|?, respectively. V2T N PP o2, o2 ) (PR SN, lemP()g)

B. Power Splitting (PS) One sees that the end-to-end SINR of the energy harvesting AF

In PS, a fraction of the received signal energy is harvesté%aymg is different from that of the CO”"e”“?Ti' AF rellay

i iti of
without any dedicated harvesting time. Thus, the transoriss In"that there is an additional term gf

. . . n(Ps|h124+>20, Pilhil?)
from the source to the relay takégsseconds and the received” the denominator. This term comes %rom energy harvesting
information signal at the relay is given by [3]

and causes the difficulty in the derivation. There have been a
lot of works on the capacity over Nakagamifading channels
— JE— in the literature, such as [16] and [17]. However, none of¢he
urlk] = (1= p)Pahslk] + /1 — pz \/Fih"si[k} works considered energy harvesting. As can be seen from (9),
=t the end-to-end SINR with energy harvesting is much more
V1= priralk] 4 npe[k] (6) complicated, which is the contribution of this work.
where p is the PS factor. Then, the harvested energy is The outage probability is defined as the probability that the
Eyn = np(P,|h|? + Zj\’zl Pi|h;|*)Z. Note that in this case, SINR is below a certain threshotg. For fixed gain relaying,
the harvested energy from the noise is assumed to be a sniall; is derived in Appendix A as (10). For variable gain
constant and therefore can be ignored (see the derivationgelaying, using a similar method, the outage probability ba
(5) - (13) in [11]). Thus, the noise term does not appear in tiderived in the same form as (10), except thats_r (y, 2) is

2

harvested energy. The transmission power of the reld}. i replaced byXrs_va(y,z) = 12% (y“)(zo_(g;v_?;;(;-c_

e : y : Yoor.) "

1{37”’2 = np(Ps|h[>+ 3, P;|h;|?) and the amplification factor  In the special case when there is no interference at the relay
for variable gain relaying is = L or the destination, one has
o V/(1=p) Ps[h|2+(1=p)o2, 02,
in this case. my 121 my

The above model ignores the path loss, as it is included in ~ PZ5-F¢ =1 — (5™ o) > lf,(Qf)l (11)
the average fading power. However, if one wishes to consider 5371 M)z e
the path loss explicitly, it can be easily accommodated @ th /°° e—%UTsch—%yymlﬂUz dy

. . h o hy . o TS—FG

above model by replacingy with T h; with i g with (02, +02.)

—4_ ¢. with —%—, wherev is the path loss exponent and 2 2 .
a9 d3; v P P where Urs_pg = =2 2at%) - for fixed

J ; 2am y(y—7003,—Y007.)
1, d2, d1; anddg,; are the distances. Also, knowledge /of _ . . ; ra el TS_VG
and g is required in the signal detection and can be obtainég relaying. For variable gain relayingF,;

. ; . o an be obtained by replacing Urs_re  with
by using either cascaded channel estimation or d|S|ntna@raP _ l—a (@Bl el o) i (11). Also,

channel estimation [15]. YTS=VGE 7 Zan T y(y—002,—7002,) |
in the special case when there is no interference at the relay
[1l. OUTAGE PROBABILITY and only interference at the destination, the outage pitityab
A. Time Switching (TS) can be simplified as a one-dimensional integral by setting

z = 0 and removing the integration overin (10).

For TS, the received signal at the destination is given o . . . .
. . . . In addition, for variable gain relaying, when the noise a& th
in (4). Let the signal-to-interference-plus-noise rat®RINR) . 9 5
_ ) h|? relay is very weak such that, + o7, ~ 0, one further has
in the source-to-relay link bey;

ie1 Pilhil2 o2, +02,

and the SINR in the relay-to-destination” link bg — PIS—VG 1 (™ ym, 2 mil 1(m2)l(12)
?,ﬂleg‘f‘LMg p— From (4), the end-to-end SINR can be out - POy T(mg) par AR
derived as ’ ) 1—« m1—1+l Mo P  my—1-1
2 2 LS S 247861 (M1
PSPTGQFYI"YZ (7) [ 20”7 ’YO(Uda + Udc)] ( ngil 2
Y= )
Pra? 1 .
RIS 5 TRy . 5. [ma2(l = a)yo(og, + og.)m
The expression in (7) actually applies to both relaying with ma—1=t 2amQy POy

energy harvesting and relaying without energy harvesting.

From (7), if the conventional relay without energy harvegti where [18, eq. (3.471.9)] is used ahg,, 1_;(-) is the(m; —
has a transmission power larger than ttfat with energy 1 — [)-th order modified Bessel function of the second kind.
harvesting, it will have a larger end-to-end SINR and thus The asymptotic results can also be obtained. When-
better performance than relaying with energy harvesting. oo, from (8) and (9), one hag”*-F¢ — P,y and

For fixed gain relaying, using’. anda = 1, one has ATS=V& 5 Py, Also, when vy, — oo, from (8)
TS—FG _ Psmiye and (9), one hasy"~F¢  — Pyy and ATETVE
v = (I—a)/(2am) : a2 . For the first casé®, 1, the outage

ivq Pilhil2 402, +o2 )

V2 + (N, Pilhi|2402,4+02.)(Ps[h[2+X N | Pilh;|2) 72+2m,<_z_zv : )
8) probability can be derived by using the same methodXer
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pTS—FG  _ 1_( mr1 )Nm”( my )ml( mra )Nm” 1
out PnQn Psy Q12812 L(Nmp)T(m1)T(Nmy2)

E (ma /) (1) (03, 4+ 03)" " (N + 1/ = 1)1
I

m

©
|

N
M-

l

Il
o

4

I
=)

oo oo m (o2a+a(2c) _my m

0 Jyozt+v002,+7002,
mi—1, N —1

(Xrs—roly. 2)y™ ="

X dydz. (20)
( mro + m2XT57FG(y7Z))Nm12+l/
Q12912 [
in (29), except thainys, Qre, Qr2, 02, 02, Mo, Oy, v are 1 y*“m*”"/(l £) In the special case when
p 12, 12; 125 OUgas Oger 2y 302, y+2)(Y—702—7092, —7002./(1—p)) * p

replaced bym;y, Pr1, Qp1, 02,, 02, m1, Q1, 70, respectively. there is no interference, the outage probability can beveléri
For the second case of variable gain using TS, its outage
probability is derived in Appendix B as

mo—1
1 1 meo
1 prsS-rFa _ 1 _ (™M ym, —(=2\! (18
R I CONL LT LT S B Ty 2= 1, 49
out ~1l= F(lel) oo ~
¥ 2l:O 2l,:0 6_%UPS_FG_%yym171UIIDS rady
mi17y0 o o p —
(1) (N + 1 = 1) (pge)e P (ratere) Jro(o2,+125)
l'(m1%+ _mr )Nm11+l/ (13)
o] e 1 o _miyl—a) a) Where UPS FG = 7]/)(1 JOgZ?JrULiYCU)”Q / 1 ) for flxed
/ (02, + 0% + 5 w)l Pemzreonan “ fir-(w)dw  gain relaying. For varlable gam'arelaymg, one can geplace
0 arn _ yo(od. o) ((A=p)y+(1—p)oi +02.)
. . . . Ups—rg With Ups_va = = =500~ 7002, —7002,/(1=p))
where fy (w) is closed-form in (39) in Appendix B. in (18). Moreover, when the noise at the relay is very weak,
for variable gain relaying, the outage probability can be
B. Power Splitting (PS) approximated by replacm@‘—a with np in (12). Similarly,

in the special case when there is no interference at the relay

2
In this case, denotes = SRl p.|hi\zﬂga+ggc/(1_p)- One put interference at the destination, the outage probglstin
has the end-to-end SINR as be simplified as a one-dimensional integral by setting 0
PsPra2vsys and removing the integration ovetin (17). For the asymptotic
v= PraZys + = i : (14)  results whemny, — 00 OF 73 — 00, they can be obtained by
(1=p) L, Pilhi2+(1=p)oZ,+oZ, replacingo?2, with "“p and 52 with - in the results for

Note that [9] derived an expression similar to (14) in [9, eqS.
(5)] using their system models. For fixed gain relaying, gsin

P, anda = 1, the end-to-end SINR is obtained as
IV. THROUGHPUT

PS—FG __ PS’YQ’V?) . .
Tt 1/(np(1—p)) : Let R be a fixed transmission rate that the source needs to
7 =N, Pi\hi|2+aga+ff;](PS|h\2+z§V:1 pilhs2)  satisfy such thaR = log,(14o). Then, one hasy = 2% —1.
(15)
For variable gain relaying, using’,. and a, the end-to-end
SINR is A. Time Switching (TS)
SPS—VG _ Psy2ys3 In this case, from [3], the throughput for TS is given by
= . .
(Ps|h|?+02,+755)/ (np)
+ ralT-p a)T/2 R
s Pilhi|?+02, 4 722 |(Ps 2+ 2N, Pilhi(\?) ) T=(1- Pout)Ri( T = 5(1 —a)(1 = Pout) (19)
16

When 02, ~ 0, it can be shown that the relay withoutwhere T is the total time and1 — «)T/2 is the effective
energy harvesting has a larger end-to-end SINR and a bettansmission time. When: increases, from (9)y increases.
performance than the relay with energy harvesting, when Wtghen ~ increasesP,,; decreases. Thus, when increases,
transmission power is larger thdh— p) P, for fixed gain and (1 — P,,) in (19) increases. On the other hand, when
P, for variable gain in PS. increases(l — «) in (19) decreases. Thus, there may exist

Using (15) and (16), the outage probability for fixed gaian optimum value ofa that maximizes (19) as a product
relaying using PS can be derived in Appendix A as (179f (1 — P,,:) and (1 — «). Using the outage probabilities
and the outage probability for variable gain relaying is olderived above to replac#,,; in (19), the throughput for
tained by replacingXps_ra(y, z) with Xps_va(y,z) = energy harvesting relaying using TS can be derived.
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pPS—FG  _ 1_( mr1 )Nm”< my )m1< mro )Nm” 1
out PriQn Psy Q2 L(Nmp)T(m1)T(Nmyz)

2 (m2/Q)" (1) (03, +03) =" (Nmsz + 1 — 1)
l!

0
1”2(03 +0§‘,) myq
. /00/ e_WXPS_FG(%Z) Pﬂly P ?
0 ol

02+7002,+7002,/(1—p)
X l,mi—1_,Nmm—1
(Xps—rc(y,2))'y ?

8gM~

( mpp moXps—ra(y,2) )N”Lm—i—l’ dde (17)
Q12912 Qo
B. Power Splitting (PS) with Z 1mn + k and 55— with ﬂ —, results for non-

For PS, the throughput is given by identical channels can be obtamed only with an extra itgfini

' series.
T/2 R Another extension can be made when there is a direct
T=(- P"“t)RT - 5(1 = Pour) (29 jink such that selective relaying can be used-as. =

as there is no time penalty incurred by energy harvesting a amgx{7: 14}, wherey is the end-to-end SH\ILSle?f the relaying
only the penalty of the relaying time needs to be considerdilk derived as before and, = SN Q17 P02, o2, is

Also, using the outage probabilities derived above to mplathe SINR of the direct link, withf bemg the small-scale
P,.; in (20), the throughput for energy harvesting relayinlakagamim fading gain of the source-to-destination link and
using PS can be derived. f; is the small-scale Nakagami-fading gain from thej-th

interferer to the destination in the broadcasting phaskowo
] ing the same assumptions as before for the relaying link, the
C. Extensions SINR of 74 has the same CDF a%, in (28), except that the

An extension can be made when the fading channels dgdevant parameters in (28) are replaced by the correspgndi
independent but non-identically distributed. This is tieses parameters in the direct link. Then, the overall outage podb
for example, when the pass losses caused by different trarﬁ‘}s will be calculated asPl; F9F,, (), PLi VO Fy, (),
mission distances need to be considered explicitly such tha.; “°F,, (), or PLS VY 9F,, (Vo) which can be used to
P; are different fori = 1,2,--- , N and Q; are different for derive the throughput in (19) and (20).
j=1,2,---,N. In this case, using [19, eq. (2)], the PDF of Using the results obtained in this paper the aforementioned
Z, can be derived as extensions are quite straightforward and, for the sake of

o brevity, is not presented here.

N ﬁ . mrq
mm:ﬂ(yQ
i=1 o

V. NUMERICAL RESULTS AND DISCUSSION

ad 5kaN1mYQ+k*1€‘7ﬂ1§m In this section, the effects of several important system
S itk sN ) g (21)  parameters are examined. We 6ft =02, = gﬁa =02, =1,
k= Oﬁmzn (Zizl myy + ) Ps = Py = QIQ = Qn = Q2 = 1, while Q; and Q»
(i) vary with the average SINRA; = 2, and
whereB,i, = min{B;}, ;i = —, m\" is them parameter NPnQn+ol, o7,

Pl Ag = W, respectively, unless stated otherwise.
of the channel from théth interferer to the reIayPng‘l) isthe The value ofa istested from 0.01 to 0.50 with a step size
average fading power of the channel from thth interferer of 0.01 and the value of is tested from 0.01 to 0.99 with a
to the relay, and;, can be calculated as [19, eq. (3)] step size of 0.01. All simulation results are representethby
diamond markers in the curves.
(z) ﬁmm n Figs. 2 and 3 show the throughput verswsusing TS.
O+t = k+ 1 Zjlz; i ) Ok1-n (22) Several observations can be made. Firstly, from Fig. 2, the
S throughput increases whenincreases, as expected, as larger
for k=0,1,2,--- with §o o L. Similarly, the PDF ofZ can values ofy lead to more harvested energy. Numerically, from
be derived by replacing:!’) with m{), P, with Q, andQ{ (8) and (9), the end-to-end SINR increases whencreases.
with Qg in (21) and (22). Comparing (21) with (32), oneSinceP,,; = Pr{y < v}, for fixed~y, the outage probability
sees that, when the channels are non-identically dis&tihutdecreases when the end-to-end SINR increases. Thus, from
the PDFs are similar to those for identical channels, both @9), the throughput increases wherincreases. Also, from
which consist of a power function multiplied by an exponahti Fig. 2, the throughput increases whahincreases. The end-
function. Thus, by substituting corresponding parameiers to-end SINRs are determined by, . and Zf;lmhi\?
the results for identical channels, for example, replading;; in (8) and (9). In the figureA; and A, that determiney,

k+1 N
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Nakagamim fading with Nakagamin interferers.

and s, reﬁpectively, are fixed. Thus, whée¥i increases, the
term of )., P;|h;|? increases such that the end-to-end SINR
increases, leading to an improved performance due to more
harvested interferences. Secondly, from Fig. 3, the thipug
decreases wheR increases. From (19}, is determined byR
and1—P,,; or Pr{y > 2% —1}. WhenR increases] — P, or
Pr{y > 2f—1} decreases at a higher rate thasuch that the
overall throughput decreases. Also, the throughput ira®a
when m parameter increases, as the channel conditions get
better for largerm parameter. Thirdly, fixed gain has higher
throughput than variable gain, as comparing (8) with (9kdix
gain relaying has a larger end-to-end SINR. Also, from Fig.
4, one sees that the throughput generally increases vhen
or A, increase. However, the improvement is larger for an
increasedA; than A,. This is because the first hop signal is
used for information transmission as well as energy transfe
such that a larger\; benefits both information and energy
reception at the relay. In summary, the throughput is more
sensitive toR, A; and the relaying method than tp N, A,
andm parameter.

Figs. 5 and 6 show the throughput vergussing PS. Similar
to TS, the throughput of PS increases whgincreasesN
increasesR decreasesy parameter increasegy; increases
or A, increases. Also, the throughput is more sensitivé?fo
A; and the relaying method than tg N, m parameterA,.
Also, comparing Figs. 2 and 3 with Figs. 5 and 6, one sees that
the throughput of PS is less sensitivegithan the throughput
of TS to . In fact, in most curves, there is a flat area where
a large range of can achieve almost the same throughput,
indicating that there is a greater flexibility in the choidewo
From (10) and (17), the difference of TS and PS lies in the
value of X. ComparingX75-F¢ in (25) with XP9—FC in
(34), XT5=F% has a term of - and X 7~ has a term of

ﬁ. It can be shown that;* changes more dramatically
with « thanﬁ with p. Also, X9~V has a term of -2,
while X75-V& has a term of%. Again, 1= changes more
dramatically witha than% with p. Table | gives the optimum
values ofa andp in these figures. One sees th@‘iﬁ is very



IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. XX, NO. X, XXX XXXX 7
1 05
i 04 B i
08 o g o R S
= N < .
Tosh m,=m,=2, m,,=m,,=2, A, = A, =10 dB, 7=0.5, N=4 | T o3} e L 4
=Y u = -
ke Fixed R=2 2 8 -
2 s ixed gain, R = 2 L ]
S04 O Qi S — —-—-— Fixed gain, R= 4 q %02
e — Variable gain, R = 2
0.2 ° 3 0 \d 4 ? 3\ = Variable gain, R = 4 i 01f |
4 ~] \ o 4 o o
O \ o | | | | | ! | f
0 ! ! ; ! ! y ! ! ! 0.05 01 015 02 025 03 035 04 045 05
0 01 02 03 04 05 06 07 08 09 1
) «
1 T T T T 06
I S S S s S— — J B R S G G G S E SRS S
Soa o <& <& ¢ < o o o |
- R=2,m,;=m,=2, A, = A, = 10 dB, 705, N=4 Toap
06 b 5
ke Fied gain m 2m, 2 303 1703, m,=m,=2, R=2 .
- A Variable gain, m,=m,=2 — =05, m,=m,=3, R=
02 P Variable gain, m,=m,=3 \.\ 0LF o o o o < 4 o o |
\ 0 1 1 1 1 1 1 1
0 L L L L L L L L L . 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9
0 01 02 03 0.4 05 06 07 08 09 1

Fig. 6. Throughput vsp for different R andm parameter using Fig- 8- The throughput of variable gain relaying with indepen-
PS in Nakagamin fading with Nakagamin interferers. dent and non-identically distributed Nakagamiinterferers
Whean =mp =2, N=4 andAl = AQ = 20dB.

0.8 T T T T T T
m,=m,=2, m,;=m,=2,1 =05, A, =A,=10 dB, R=2, N=4 1

T T T T T T
T @1‘:_""2:2' m;=m;,=2,A,=A,=10dB, n = 0.5, N=4, R=2

7 (bits/s/Hz)

7 (bits/s/Hz)

Fixed gain, no selection
Variable gain, no selection
Fixed gain, selection
Variable gain, selection

I
0.25

0 0.05 0.1 0.15 0.2 03 0.35 0.4 0.45 05
a
p— - —
Lz R AR e—
o M g
0.8 [ m— 2 RE—— S—— —— 4
= T
3 i~
3 Iosf I - o ,
g ) m,=m,=2, m =m,=2,A,=A,=10 dB, 5 = 0.5, N=4, R=2 3
T 2
S04r Fixed gain, no selection \ 1
= Variable gain, no selection \
02l — =~ Fixed gain, selection \ ]
Variable gain, selection \
0 L L L L L L L L L A
p 0 0.1 0.2 03 0.4 05 06 07 038 0.9 1

Fig. 7. The effect of the distance on using TS and PS in

Nakagamir fading with Nakagamin interferers Fig. 9. Comparison of selective relaying with direct link and

relaying without direct link.

small in all the cases. The value aﬁ’ﬁ increases whem ) ) ) )
while the throughput of PS is flat in most cases. Fig. 9

decreases)N decreasesR increasesm, A; or A, decreases.
The value ofp)G has similar trend tax},7,
decreases whet® increases. The value ofY ¢ has similar
trend top) G, except that it increases whely increases.

Fig. 7 shows the effect of distance using variable gal
reIayingh.ngﬂ this case, the hop SINI;Zdiﬂs defined as =
> Pz“\h‘ilé+0?«a+03c andy; = > Qj‘fg‘j\/%rffﬁa*”ic  whered
is the distance andis the path loss exponent. In Fig.«/= 3.

The path loss of the interference is ignored for simplicity.
One sees that the throughput decreases quickly as thedistan
increases, as expected, as the end-to-end SINR decreases

due to diversity gain.

TABLE |
OPTIMUM VALUES OF o AND p IN FIGS. 2 - 6.

except that it compares selectiv_e relaying with direct link and that witho
direct link. Here,f is assumed to have the same parameters as
h and f; is assumed to have the same parameterg a®ne
sees that the addition of the direct link improves the thhpug

Note that in all cases, simulation results match very well
with theoretical results. Also, the above results only con-

when the path loss increases due to an increased distance. [ (n. N, R, m, Ay, Do) [ oF T T ag T 1 o851 o35
Fig. 8 shows the throughput using variable gain relaying (0.5,4,2,2,10,10) 0.02 | 0.08 | 0.11 | 0.37
2 : ) o : (0.3,4,2,2,10,10) 0.02 | 0.11 | 0.13 | 043
with independent and non-identically distributed intesfs. (05.2.2.2.10.10) 002 T o010 013 037
. 1 1 2 2 -9,4,4,4,1U, . . . .
In the f|gure,Q§1) = QE,Q) = L, Qf,l) = Q§2) = Tt (0.5,4,4,2,10,10) 0.03 [ 0.20 [ 0.06 | 0.34
3) (3) 1 (4) (4) 1 ’ (0.5,4,2,3,10,10) 0.01 [ 0.07 | 0.09 | 0.34
o = 0¥ = L and®¥ = ol = nd th
A1 12 = g @ d 2} 12 250 @ d the (0.5,4,2,2,10,20) 001 | 0.03 | 0.04 | 0.34
infinite series in (21) is truncated to 30 terms. In this cése, (0.5.4,2.2.20.10) 501 002 1 006 [ 033

throughput of TS monotonically decreases wheincreases,
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sider a fixed number of interferers. This is the case whédmus, one has the CDF of; as

a fixed-access wireless system with low or little mobility
is studied, where wireless interconnection is mainly used t
replace wires. This case has also been studied in the literat
for relaying without harvesting (see for example [20] ang
references therein). On the other hand, references [10], |
and [22] considered a random number of interferers by using
stochastic geometry for wireless systems with high mapbilit
In particular, [10] considered energy harvesting. Howgiter

is quite challenging to use these methods to extend ourtsesul
to random interferers. This could be a potential genertidina

of this paper in the future.

l[( mra +M)Nm12+l/ (29)
VI. CONCLUSIONS Qr2Qr2 Q2
The performance of energy harvesting AF relaying hasus:
been evaluated in terms of the outage probability and the RS mpy \ V2
throughput. Analytical expressions have been derivedidens L = 1-15 _/ / Q
: 0 Jroz+r002, 4002, \Qr2flr2
ering both TS and PS harvesters when the channels suffer from (02 402 ) e
interferences and Nakagami-fading. Numerical results show e~ Gy e Xrs-ra(v:2)
that TS is more sensitive to energy harvesting than PS and tha T(Nmjs)
the throughput is more sensitive 16, R, A; andm; than to ma—1 .
n, Ay and the relaying method. Z Z (m2X1s-ra(y, 2)/Q2)
=0 Mgn6s + mszséFG(W))Nm”H/
= I236]12 2
APPENDIXA DERIVATION OF (10)AND (17) (z) (02 + o2 )1~ v (Nmps + 1 —1)!
l da de - :
DefineY; = P;|h|? andZ; = ZZ L Pilhil?, |g\2 and
Zy = YL, Qjlgil? X1 = +72 = Xo = 5 f)fz (2)dudz ¢
. * 1t+o7,to 2+0da+gd¢ 7 . . . .. .
Using (8), one has where (f ) is the binomial coefficient of choosing out of
TS PG 20n X, Y1 (Y1 + Z1) I and (-)! is the factorial operation. SincE; = Ps|h|?, the
Pou = {(1 —o)(Z1 + 02, 1 o2, (23) ppDF of Y7 can be derived as
2@77’}/0X2(Y1 + Zl) Yo my mima—1 Y.
52 0. 31
1— a A +0_2 +0_2 } le( ) P,S'Ql F(m1>e 1T > ( )
which gives Also, assumeP; = Py for i =1,2,--- ,N. Thus,Z; has
Nmii | Nm 1
2047) mr n LY S
Pl = Pr { (Yl + Z1)(X1 —0) X2 fz,(x) = (PnQn) me Pnent x> (2 |
’Yo 32
< Zy 4+ 02, + o2, y=h+h (24) Finally, using (30) - (32) in (24), the outage probabilityr fo
where I, — Pr{X: < 7} and I, — PriX, < gzeagflln relaying using TS energy harvesting can be derived
Xrs-ra(V1,21), X1 > 70} with Defin.eX?, 2 For PS, the outage proba-
Zy+o02, +o‘2 /(1—p)"
X (1. 20) éafﬁo bility for fixed gain relaying capm be derived as
TS—FG 1,41) = .
Wi+ 2)00 =02 =095 =209l PITTTE = Prine(l—p)(Yi + 21)(Xs = 70)X»
. . . . 0
In (24), the second equation is obtained using the total < 7 D) D) — }
o . . 1+Jra+arc/(1 p)
probability theorem by conditioning ali; < v andX; > q. _
e = L+1, (33)
SinceY; = |g|? is a Gamma random variable, its cumulative
distribution function (CDF) can be derived as where I, = Pr{Xz < 9} and I, = Pr{X, <
1 o Xps-ra(Y1,Z1), X3 > 7o with
F = — - 26
Y2(x) F(m2)7(m27 QQ ZL’),.’K >0 ( ) XPS_Fg(Yth) _ ;YO - 1 _
where ~(-,-) is the lower incomplete Gamma function [18, 1 np(l=p) i+ 21)
(8.350.1)]. Also, assurr@j Qr2forj=1,2,--- /N.Then, — — 5 5 —- (34)
the PDF ofZ, = 27| Q;lg,|* is given by " 7_021. 10%a Y007/ (1= ) .
7= The second equation in (33) is also obtained by using thé tota
- S Nmrz _ Nmjy—1 YR 0 probability theorem conditioned oX3 < vy or X3 > .
fz,(x) = 012 T(Nmm)© 825, > 0. ysing the CDF ofX, in (29), the outage probability can be

(27)

FXQ(I’

X2(x)

)= / T Fo(a(t 4 0% + o3 fa(t)d. (28)

ing [18, (8.352.1)] and [18, (3.381.4)], this integratican
e solved to give

Nmpa
( mr2 )
Qr2r2
wz ma—1

e & o ()

=0 l'=
(Uda—i-ddc)l_l (ijg—‘rl —1)!

calculated as (17).
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APPENDIX B DERIVATION OF (13)

TS—VG ~ Y1 Xo
One hasy N G Zirer toi) s when~; — oo.
This gives

[7]

Zan

8l

TS—-VG
Pout

(35)
whereW = L = m Using the PDF ofY; in (31)

and [18, eq. (8 352. 1)] “one further has

my—1 (ml’Yo )l

_ Z Pslf!ll

//le fw()

( ra

_mivo
X e PsQ1

1—
~ Pr{Y1 < vZi + ’Y()Ufa + ’YOU?C + 50 [l

(20]

(11]
prsS-ve 4

out

(12]

(36)
(13]

rc

w)l
Qan

2 . 2  1-a (14]
(z+a7'u+o-'r'c+mw)dzdw.

By using the binomial expansion and [18, (3.381.4)] to sol
the integration over, one has (13). Next, we need the PD
of W. ForT = Zy + o2, + 03., using (27), one has

>Nm12 (t_o_ga O_d
F(NmIQ)

5]

[16]
mr2

Qr20r2

)ijz—l

Jr(t) = (

(17]

myro

xXe Q2912 (tigg‘lig’zic), t> O'ga + Ugc. (37)
Also, sinceW = L, one has (18]
0 [19]

fW (’lU) = 03 +U§ yfT(wy)sz (y)dy (38)

w

Finally, using (37) and (26) in (38), one can solve thgo
integration as

ma mi2 myro [21]
fW(U)) = (92) (QI2QI2)

[(m2)I'(Nmys)
D) (05 + g™ [22]
n=0

mo (o3, +03)
Qow

(Nmpz +n—1)le

. 39)

mi2 ma2 N + (

wmz(@lzﬂm Qo ’LU) e
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