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_ Abstract—This paper investigates a wireless-powered coopera- throughput performance of a three-node relay network with
tive communication network consisting of a source, a destation  energy accumulation. However, an infinite capacity of thayre
and a multi-antenna decode-and-forward relay. We considethe pattery was assumed inl [8], which makes the resulting aisalys
relay as a wireless-powered node that has no external Fower somewhat ideal.

supply; but it is equipped with an energy harvesting (EH TR ; ; ;
unﬁpgnd a rechargeqabpl)ep battery such thatg)i/t can harvgst an)d A common assumption in [3]L[5]=[8] is that no direct link

accumulate energy from radio-frequency signals broadcasty the  €Xists between source and destination. However, the dingct
source. By fully incorporating the EH feature of the relay, we 0Of a WPCCN actually plays a crucial role in practice. This
develop an o £ortunistic relaying protocol, termed accumiate- is because the amount of energy harvested by the wireless-
then-forward F TF), for the considered WPCCN. We then adopt powered relay is generally limited, which means the signal-
the discrete Markov chain to madel the dynamic charging and to-noise ratio (SNR) of the source-destination link may be

discharging behaviors of the relay battery. Based on this, & ~ At
derive gclgsed-form expression for%he exagt outage ;ﬁroba'ihy of comparable or even larger than that of the relay-destinatio

the proposed ATF protocol. Numerical resuits show that the AF  INK. In other word, relying solely on an energy harvesting
when the amount of energy consumed by relay for information destination may lead to poor system performance. Thus, the

forwarding is optimized. direct link should be incorporated in the designs of WPCCNSs.
When the direct link is available, a natural question thatesr
. . INTRODUCTION . is “how often should the source cooperate with the enerPy
Radio-frequency (RF) energy harvesting technique has tervesting relay?”. This is actually a non-trivial problem.

cently been regarded as a new viable solution to extend tBpecifically, the relay can only accumulate litle amount of
lifetime of energy-constrained wireless networks [1]. SThienergy for information forwarding when the cooperation is
technique has opened up new opportunities for cooperatte® intensive, which may lead to even worse performance than
communications as it enables a new cooperative manner floe direct transmission (i.e., no coo eration;)scheme.r@n t
wireless devices (segl[2] and references therein). Inquéati, other side, few cooperation will yield the under-utilizatiof
the relay in conventional cooperative networks, can notle relay and then make the cooperation gain insignificant.
harvest energy from the information source and then use theMotivated by this open problem, in this paper we focus on
harvested energy to assist the source’s transmission.isn tme design of a three-node WPCCN consisting of one source,
sense, the relay i1s more willing to cooperate since it doés rame energy harvesting relay implementing decode-andéfatw
need to consume its own energy. In this paper, we refer pootocol and one destination, where the direct link between
a cooperative communication network with wireless poweresburce and destination exists. We consider that the relay is
relaﬁ as a wireless-powered cooperative communication netuipped with a rechargeable battery and multiple antennas
work (WPCCN). In fact, the design and analysis of WPCCNwshich includes single-antenna relay scenarios studie@]in [
have become a hot research topic in wireless communicat [6], [8] as special cases. Towards the appropriate @sag
area verK recently (see, e.g.] Eﬂ]—[S]). It is worth poigtinof the energy harvesting relay, we develo? an oOPportunistlc
out that the design of wireless-powered networks is inht@renrelaying protocol, termed accumulate-then-forward (ATB}
different from that of conventional wireless networks poeee the considered WPCCN, where the relay cooperates with
by solar/wind energy harvesting (e.g.l [9]?. Specifically, the source in an opportunistic manner. Particularly, the co
wireless-powered networks, the amount of energy harvestukeration between source and relay is activated only when
by wireless-powered nodes highly depends on the netwdhe accumulated energy at relay exceeds a predefined energy
operation modes, while these two events are independenthireshold and the decoding of source’s information at reday
conventional energy harvesting networks. ) successful. Otherwise, the source has to transmit infoomat

In practice, due to the propagation loss of RF signals, tie destination by itself, while the relay accumulates the en
amount of energy harvested by wireless-powgmeades dur- ergy harvested from source’s signals. By modeling dynamic
ing one transmission block are normally very limited. Thius, charging/discharging behaviors of relay battery as a finite
is necessary for these nodes to equip with energy storagie (estate Markov chain, we then analyze the outage probability
a rechargeable battery) such that they can accumulate Bnogfythe proposed ATF protocol over mixed Rician-Rayleigh
amount of harvested energy before performing one round fefling channels. Specifically, in contrast to the Rayleaytirig
information transmission. However, to the best knowledfje c1odel used in[[3], (5], [[6], ([8], we adopt Rician fading to
the authors, only a few papers in open literature incorgaratcharacterize the channel fading between source and relay.
the energy accumulation process in the design/analysis Tdfis is more practical by considering that the line-of-sigh
WPCCNSs. In [8], Krikidis et al. studied a classical three-(L0S) path is very likely to exist between source and relay
node relay network with an energy harvesting relay, whe#s the current wireless energy harvesting techniques dgn on
the relay was assumed to have a discrete and finite-capa@lﬂ}btporta relatively short distance. Numerical resultdiaggly
rechargeable battery and the energy accumulation pro¢esgpetformed to verify the theoretical analysis and illustréte
the relay was characterized by a finite-state Markov chai@ffects of several system parameters on the network outage
R_eﬁentIY,_ HI7] extﬁndedZ[S] toI a more hgerrlleral s&?narWObablllty-
with multiple energy harvesting relays, in which severdye
selection pschemegywere progosedyand analyzed. Besygdes, a Il. SYSTEM MODEL AND PROTOCOL DESIGN
continuous battery model was adopted [ih [8] to analyze theWe consider a WPCCN consisting of one single-antenna

source S, one decode-and-forward ?DF) relay equipped

Throughout this paper, we use the terms “wireless-poweaed “energy With N antennas, and one single-antenna destinaflorwe

harvesting” interchangeably. assume thatt and D have embedded power supplies, while
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R is a wireless-powered device. BUg, is equipped with an wheren € (0,1] is the energy conversion efficiency. Inl (1),
wireless energy harvesting unit and a rechargeable batt%ignore the amount of energy harvested from the noise as it
such that it can accumulate the energy harvested from ormally below the sensitivity of energy harvesting aitc
signals broadcast by. Furthermore, the r_e% is equgped Let ¢ denote the transmitted signal Bywith unit energy.
with separate ener%y and information receivers [10]. Adisudn Mode I, the received signal & comes only from the direct
it can flexibly switch its received signal to one of these twtink. Thus, the received SNR d® in Mode |'is given by
receivers to realize energy harvesting or information dewp

Let hgp denote the complex channel coefficient $fD b = vsp = PsHsp/No, 2
link. Also let hgr andhrp denote theV x 1 channel vectors . . . . .
of S-R and R-D link, respectively. As the up-to-date wirelesyvhere Ny is the power of the additive Gaussian white noise
energy harvesting techniques could onl?!I be operated wihi
relatively short distance, the line-of-sight (LoS) pathvesy B. Mode II
likely to exist betweenS and R. Motivated by this fact, we = . ) .
consider an asymmetric scenario for the fading distrimgtio  Since R has stored sufficient energy in Mode I, during
of S-R link and R-D link. In particular, the elements of the first time slot, it will try to perform information dec
hgr are subject to independent and identically distributéegased on the signal received froft We assume that the
(i.i.d.) Rician fading, while the elements &fzp are subject maximum ratio combining (MRC) technique is adoptediat
to i.i.d. Rayleigh fading. Besides, the channel coefficieht to maximize the received SNR. In this case, the received SNR
direct link ks p Tollows Rayleigh distribution. Furthermore, allat the R is given by
channels betweefi, R and D are assumed to experience slow,
independent and frequency flat fading such that the channel vsr = PsHsr/No. 3)

gains remain unchanged within each transmission block butReCaII that in this mode the source’s information is not

change independently from one block to the other. :
ecoded correctly aR. In the second time sloty has to re-
We now propose an accumulate-then-forward (ATF) pr§;’ansmit its information taD as R cannot help, whileR can

tocol for WPCCN. In the proposed ATF protocol, the energ e A ; ;
harvesting relay accumulates the energy ﬁarveste_d framalsig ﬁggf,t éaunr(iar%)/trl:gorsne(t:glrs]dr%ggnssi(r)rlltigegi\ilegnngly The haedes
broadcast byS and assists its information transmission in afi

opportunistic manner. Specifically, the relay opportucasly I _

swﬂ_ches between the energy harvesting mode and the infor- By =nPsHsp/2. )
mation cooperation mode based on both whether its residgi the other hand,D receives two copies of the same
energy in battery exceeds a predefined energy threshold affdrmation fromS. With the MRC technique, the received
whether its decoding of source’s information is correctréde SNR atD in Mode Il can be expressed as

W(he_ur?eTfto rc]ieng_te.dthc(ja duration of ea<|:h tranﬁmmsmlnl trl]lock, .

which is further divided into two time slots with equal lehgt = + =2PsHsp/N,. 5
T'/2 when R attempts to decode source’s information (i.e., the 1D TS ASh sHsp Mo ©)
residual energy ak exceeds the predefined energy threshold}. Mode Il

« Mode I: This mode corresponds to the case when theln this mode, R utilizes the received signal fron$' to
current residual energy in relay battery, denotedryy, decode the information in the first hop and the decoding is
is less than the energy threshalgl-. In this situation, correct. Thus,R can cooperate withS by forwarding the
R chooses to Perform energy harvesting operation gwurce’s information t@. Here, we consider thdt will spend
further accumulate its energy and the source has ki amount of energy to perform information forwarding
transmit its information taD by itself during the whole and the fixed transmit power is assumed to/be = 2E7.
transmission block. Moreover, for simplicity, it employs transmit antenna stiten

« Mode II: In this mode, the current residual enefjy at scheme [[1l1]. That is, the antenna with maximum channel
R is not less thankr, but the decoding of the source’spower gain is selected to forward information. We define
information atR during the first time slot is unsuccessfulij;, = max{hgp}. In this case, the received SNR &t
Thus, R still cannot cooperate withS in this mode. during the second time slot is given by
During the second time slof; is motivated to re-transmit
its information to enhance the received SNRIztwhile Yrp = PrHRp/No, (6)

R can harvest energy from this signal to charge its batteW . 2 . .
« Mode IIl ; Here, R has accumulated enough energy (i.eWhereHrp = i}, p|? is the channel power gain at-D link.
FEr > Er) and its information decoding of the first hopNote that the received SNR & during the first time slot is
is also correct. As suctR will work in information coop-  same as (2). Using the MRC technique, the resulting SNR at

eration mode by helping forward the source’s informatio® in Mode Il can be characterized as

to D during the second time slot, whil€ can keep in
silence duﬁng this period. P ’VIEEI =sp +7vrp = (PsHsp + PRHRrp) /No.  (7)
In the following, we express the harvested energyRat I1l. OUTAGE PROBABILITY ANALYSIS

and the received SNR &b of the proposed ATF for three |, this section, we analyze the outage probability of the

possible modes mathematically. Without lose of generalityroposed ATF protocol over mixed Rician-Rayleigh fading

\F]ve cc:cnS|d|(\e/|r a normalized transdmlssmn rE”OCk (.= channels. To this end, we first model the dynamic behaviors
ereafter. Moreover, we use to denote the transmit POWer of the relay battery by a finite-state Markov chain (MC) [3].

of S and H,, = ||h,,||* to denote the channel power gain, _ o

wherez,y € {S, R, Dﬁk and||x|| denotes the Euclidean normA. Markov Chain Description

of a vectorx. ‘We assume thaR is equipped by & discrete-level battery
with a capacityC'. The ith energy level is defined as =
A. Mode | iC/L,i€{0,1,2,...,L}. We define the stat§; as the state

of relay’s residual battery being. P; ; is defined as the state

In this mode,R? harvests energy during the whole transmis; o i e
. ransition probability fromS; to S;. Let \[m] € {1, A1, Arr }
sion block. Thus, the amount o%arvested energiR @n be o cte the system operation thode in Ié th transmission

expressed as block, wherelx, X < (I,IL1III), represents the event that
El, = nPsHspg, (1) the X-th mode is operated. Considering the discrete battery



model adopted in this paper, the discretized amount of gnerg 3) The empty battery is fully charged (S, to Sy): Similar
ey harvested byR should be re-calculated as to Ithelz prgwous two cases, the transition probability can be
calculated as

sg £ ¢;, where i = arg max;eqo,1,...,L.} {Ej tgj < Eﬁ} , (8)

Poy = Pr {EL > C} =1 Fy,, (%) . (14)
S

whereX e {I,II}. Similarly, the actual amount of energy con- ! ,

sumed byR for information forwarding should be defined by 4) The non-empty and non-full battery remains unchanged
(S; to S; with 0 < i < L): The battery stays at the same

level, which indicates thaf? either operates in Mode | or

Mode Il with zero effective harvested energy ?iléIH or B

In this paper, we assume th&t can decode the informationiS discretized to zero). The transition probability of tiesse

correctly i?its received SNR exceeds a predetermined tireds characterized as

old. LetR denote the transmit rate 6f. The SNR threshold of iC . C

S-R link in Mode Il or lll can then be defined ag = 22F 1. P;; =Pr { KET > ) N (EH < )}

We now can describe the three possible operations of the

er £ ¢;, where i = argminjeqi, .y {5165 > Er}. (9)

L

L

proposed ATF protocol during the:-th transmission block iC n _ C
mathematically as follows Ul Br <7 )Nn(isr<y)N{Er <
_ ) . (15)
AL if er > elm], Frgsp %)7 it Er > §;
Alm] =< A, if er <elm] & vsr < 70, (10) _ ~oNo . < ic 20.
A, if e <e[m] & vsr > 0, = Frsn (g )’ it Br < T &y0No <3F;

FHSR %) 5 if ET S % & ’YONO 2 i—g
wherez[m| denotes the relay’s residual energy at the beginning
of the m-th transmission block. Moreover, the residual energy 5) The non-empty battery is partially charged (S; to S; with
at the beginning of thém + 1)th transmission block can thus0 < i < j < L): Similar as the previous case, the f)attery is
be expressed as partially charged from level to j (i.e., e = (j —i)C/L).
Thus, the transition probability can be derived [ad (16) show
AL on the top of next page. _
Aro. (1) Eg The non-empty and non-full battery is fully c_har%ed (i
\ to S with 0 < i < L): In this case, the effective harvested
1 energy=+, either from Mode | or Mode I, is greater than the

Based on the above mathematical description, we n idugl space of the battery. The transition probabisitthus
derive the state transition probabilities of the formulah¢C fven by

for the relay’s battery. Inspired byl[3], the state trawmsitiof 16, L-0C
the MC can be generally split into the following eight casesP.. = Pr { KET > %) n (E}{ > %)]
1) The battery remains empty (Sy to Sp): We consider the

MC starts with the staté), i.e., the battery ofz is empty. Itis | (ET < ﬁ) A (vsr < 70) N (E}} > (L —Li)C)”

min{e[m] + €L, C}, if A\[m]
g[m+ 1] = < min{e[m] + &, C}, if A\[m]
glm] — er, if A[m)]

obvious that Mode | will be activated in this case. Furthereo L
the amount of harvested energy during the current blockldhou Lo\ o
be discretized to zero, which indicates that the condifign< 1= Fugp ( WPsL ) , it BEr > 7
e1 = C/L holds. The transition probability of this case is 0, if By < i€ & o < 2L-4C.
characterized as = N (L;)CL nNoL
C C flsn ( (’)’SO) ~ Fsn ( nPsL )’
Poo=Pr {E}{ < f} = Fugp (@) , (12) if Bp < i & o > A0S

) @
where Fy . (-) denotes the cumulative distribution functiorthg) bgq?er?/a%?r}% Eﬂ%?rﬁyfurlllaéséné%g%L)éné?g;hlt% %?Jsb%ort
(CDF) of Hgr. According to [12], we can write the CDF Ofim‘orbmatior]l forw%rdin(_:i]in t?}e %econdlhopl. Thus, or&ly Mgdg_ll

—1_ 2(K+1) can be performed so that the battery level is not reducedeSin
Hsr asFpgy () =1 - Qn | V2NK, /=5 x) where o battery is full at the beginning of the transiticzq}, can
( ,}2 is the generalized{th-order) Marcum@-function be any value. The transition probability can be evaluated as
%], is the Rician K-factor defined as the ratio of the
powers of the LoS component to the scattered components and Prr = Pr{ysr < v} = Fra, (voNo) (18)

Qsr = E{|hsr.i|’}, Vi € {1,...,N}, with E{-} denoting Ps
the statistical expectation arids ; denoting thei-th element  g) The non-empty battery discharged (S; to S; with 0 <
of hsp. 1 < j < L): According to the principle of the proposed ATF

2) The empty battery is partially charged (So to S; with scheme described in Séd. 11, the battery level is decreasigd o

0 <4 < L) Mode | is activated to charge the battery. Wgyhen Mode Il is operated. The transition probability cansh
can also deduce that the effective amount of harvested enegg evaluated as

should be expressed a$;, = iC//L, which meansE}; falls

between the battery levelsand i + 1. Thus, the transition Pj; =Pr {(vsa > 70) N (ET - M)}
probability is ' L 19)
; i—i)C. 19
b0 g (4 D)C 1 Fugn (), i O
A A w3 0, it Br# 9522,
= Fy <(i +1) C) - F (&) . We are now ready to derive the steady state distribution of
SR\ nPsL S\ nPsL the relay battery. LeM = [P; ;] ; ,,), (.41 denote the state



iC ji—i)C j—i+1)C
iy =pe[ (80> 1) n (U52C <y < i1
iC j—i)C —i+1)C
Ul (Br < €Y A (vsn < yo)n (U=DC < g G2 DC
L L L
) —1 C j—1)C H iC .
Fugn (UpS) = Fuen (L522), i Br >3 N (16)
0, if Bp < &70N0<2(],,7%§
= Frian 'yopljo) — Frep (25]];;20)7 if Er< % & 2(];% < voNo < 2(7*7;7;1)07
Frgp %)_FHSR (25;];;20)7 if ETS% & yoNo > 2@7;7;1)6
transition matrix of the formulated MC. It is easy to verigat . ‘ ‘
M is irreducible and row stochastic. Thus, there should gxist 1078 S Er Direct Transmission

- - = ATF, Analytical, L = 10 ]

a unique solutionr that satisfies the following equation |14] ATE Analtioal L = 10

T = (7T0,7T1,...,7TL)T:MT7T. (20)

This 7 is actually the discrete distribution of the relay residual
energy and can be calculated as

® Monte Carlo Simulation

Outage Probability

r=(M"-1+B) 'b, (21)

whereM” denotes the transpose matrixd, I is the identity 10"}
matrix, B; ; = 1,Vi, j, andb = (1,1,...,1)" [14].

B. Outage Probability 10°; : = =
Based on the steady state of the relay battery derived in the P (dBm)

previous subsection, we now analyze the outage probabflity

the proposed ATF scheme. Léty, X € (1,11, IIT) denote the Fig. 1. Outage probability of the proposed ATF scheme vetkassource

outage event of Mode |, 1I, and Ill, respectively. Accordindgansmit power for different antenna numbers and battemtsewhereR = 1,

to the full probability theory, we can express the outageé=5x 107" Er =1x107% N = [2,4,6].

probability of the considered WPCCN as

Pouwt = (1 — Pg)Pr{® Pr P Pr{® . .
e = ( . PE) r{ >I} + PE ;{75‘1% <70} Pr{®mn} 22 and Qpp — E{lhposl’l, Vi € {1,...,N} with hap.
+ PePriyse 2 70} Pr{®m}, denoting )thez‘-th element_ofhpp. By substitutin

. )l
where P; denotes the probability that the residual energy %g and [(26) into IZZZ%,G We how have obtained a

R is no less than the energy threshdi, which can be ed-form_expression for the outage probability of the
expressed as proposed ATF protocol.

20 25 30

L ) IV. NUMERICAL RESULTS
Pp = Zi:k mi, 8.tk = argminger..p {er = Br}. (23) | this section, we provide some simulation results to verif

d ds the inf . during the whol the above theoretical analysis and illustrate the impa€ts o
In Mode 1, 5 sends the information t& during the whole geyeral parameters on system performance. We adopt the

block without the help ofR. Thus, we have -
p offt channel model?;; = (1+d§3) ' to capture the path-loss
B I B 71 No effect, whered,; denotes the distance between nodemnd
Pr{®} =Pr{yp <n}=Fus, ( Ps )v (24) j, @ € [2,5] Is the path-loss exponent. In the following
simulations, we sefsp = 50m, dsp = 5m, dgp = 45m, the
wherey; = 28 —1 is the outage threshold without cooperatioﬁflth-bss factor for all paths = 3, the Rician-factorX’ = 10,

and F .} is the CDF ofHgp. Since theS-D link suffers the noise powerN, = —60 dBm, the energy conversion
s () 5D efficiencyn = 0.5, and the transmission rate of the system

from Rayleigh fading, we havEy, , (y) = 1 —exp (— o ) R =1.
29 ° We first compare the analytical outage probability of the
Whlzecgfgl\glgﬁe_l IEt |Zscl>3u|ta} 'g' trr]gbgt?iﬁtn cc)gﬂsge[%]éracterized a%r_lsidered system with its associated Monte Carlo sinariati
' gep y ich corresponds to the practical case that the chargitigeof
~oNo relay batteries is continuous (i.eL, — oc). To this end, in F|é;.
—> ) (25) [, we plots the outage probability curves of the proposed ATF
2Ps scheme versus the source transmit power for different aaten
Similarly. for Mode Ii1 luate th ¢ b numbers and battery levels. It can be seen from this figure
bil |m|a¥ ¢ or Mode lll, we can evajuate the outage probgnat the derived analytical expressions of outage proibabil
llity as follows approach its corresponding Monte Carlo simulation results
- as the discrete battery levél increases. Particularly, when
Pr{®u} =Pr {7D < 70} =Pr{yrp +vsp <}. (26) [ = 100, the analytical expression coincides well with its
) ) corresponding simulation, which verifies the effectivene$
With the aid of [11], we can express the termhe adopted MC model and the correctness of our theoretical
Pr{vrp +vsp < v} In closed-form as[{27) on top of nextanalysis in Se¢_Tll. We can also observe from Elg. 1 that when
page, in whichysp = PsQsp/No andyrp = 2ErQrp/No  the Source transmit powe?s is small, the outage probability

PI‘{(I)H} = Pr {’}/g < ’}/0} = FHSD <
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Fig. 2. Outage probability of the proposed ATF scheme veitsegonsumed
energy for information forwarding at the relay with diffeteransmit power at
the source, wher® = 1, C = 5 x 103, Pg = [20,30]dBm, N = [2, 4, 6]
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Fig. 3. Outage probability of the proposed ATF scheme wittinogl transmit
energy at the relay, wheig = 1, C =5 x 1073, N = [2,4, 6].

at the relay and the direct transmission scheme without-coop
eration. Note that the optimal transmit energy at the retay f

a certain setup could be readily obtained via an exhaustive
search of all discrete energy levels. We can see from this
figure that with the optimaFr, the proposed ATF protocol

is significantly sugenor to the direct transmission scheme
especially when the source transmit power is high enou%h.
In addition, this performance gain can be further enlarged
increasing the number of antennas equipped at the relag. Thi
is because equpmc};1 more antennas at relay can not only
effectively increase the amount of harvested energy in the
first hop but also efficiently improve the received SNR at the
destination in the second hop.

V. CONCLUSION

In this paper we developed an accumulate-then-forward
(ATF) protocol for cooperative communications via a multi-
antenna energy harvesting relay. By modeling the charg-
ing/discharging behaviors of the relay battery as a firtié¢es
Markov chain, we derived a closed-form expression for the
exact outage probability of the considered network overeahix
Rician-Rayleigh fading channels. Numerical results sttbwe
that the system outage probability decreases with theasere
of source transmit power and number of antennas at relay. Fur
thermore, the proposed ATF protocol can outperform thectlire
transmission scheme, especially when the relay consurees th
optimal amount of energy for information forwarding.
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