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Abstract—We consider a dual-hop full-duplex relaying system,

limitation is to harvest energy from man-made radio freqyen

where the energy constrained relay node is powered by radio (RF) electromagnetic radiation (also known as wirelessgrow

frequency signals from the source using the time-switching
architecture, both the amplify-and-forward and decode-art-
forward relaying protocols are studied. Specifically, we povide
an analytical characterization of the achievable throughpit of
three different communication modes, namely, instantanags
transmission, delay-constrained transmission, and delajolerant
transmission. In addition, the optimal time split is studied for
different transmission modes. Our results reveal that, whe the
time splitis optimized, the full-duplex relaying could sukstantially
boost the system throughput compared to the conventional hfa
duplex relaying architecture for all three transmission mades. In
addition, it is shown that the instantaneous transmission rnde
attains the highest throughput. However, compared to the day-
constrained transmission mode, the throughput gap is rathe
small. Unlike the instantaneous time split optimization whch
requires instantaneous channel state information, the ojptnal
time split in the delay-constrained transmission mode depwds
only on the statistics of the channel, hence, is suitable fgractical
implementations.

Index Terms—Dual-hop systems, full-duplex relaying, wireless
power transfer, throughput, outage probability

|. INTRODUCTION

transfer) [1, 2].

Since RF signals can carry both information and energy,
there has been a tremendous upsurge of research activities
in the area of simultaneous wireless information and power
transfer (SWIPT). In the pioneering works on SWIPT by
Varshney [3] and Grover [4], the fundamental tradeoff be-
tween the capacity and energy was studied. Later in [5],
practical architectures, i.e., time-switching and posglitting,
for SWIPT systems were proposed, and the optimal transmit
covariance achieving the rate-energy region was derived. T
extension of imperfect channel state information (CSl)hat t
transmitter was addressed in [6]. More recently, soplaitid
architectures improving the rate-energy region were psedo
in [7, 8]. In addition, the energy efficiency of OFDMA systems
with SWIPT was studied in [9], and the application of SWIPT
in multiuser systems and cellular networks was considared i
[10, 11].

In parallel with the aforementioned works which mainly
focus on the single hop scenario, employing intermittelatye
to facilitate RF energy harvesting and information transfe
as also drawn significant attention. The work in [12] inves-

. . — h
Converm(_)nal energy-cons_tral_ned communlcanon SySt_erﬁ'&ated the symbol error rate of relay selection in coopezat
have a limited operational lifetime, and in order to mai

. - N Metworks, where energy-constrained relay nodes with dithit
tain network connectivity, periodical battery replacemen

harging i ¢ 4. which i thel hori battery reserves rely on some external charging mechawoism t
recharging Is periormed, Which 1S NEVETINEIess COSIMNMAC sqiqt the source-destination information transmisgiofil 3],

venient and sometimes impossible. As such, energy hamgestlthe authors studied the throughput performance of an ayaplif

which scavenges energy from exte rnal natural resourc_:dfs SHUfd-forward (AF) relaying system for both time-switchingla
as solar, wind or vibration, has gained a great deal of istere ower-splitting protocols, and later on, the same authars e

since it provides a cost-effective solution to prolong th nded the analysis to the adaptive time-switching protco

lifetime of wireless communications systems. However, t ?[4] The throughput of decode-and-forward relaying e
amount of energy harvested from natural resources is rand s'investigated in [15], while the power allocation stgm'je

P DF relaying system with multiple source-destinationrpa
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all these works are limited to the half-duplex (HD) relaying
mechanism, where the relay node can not receive and transmit
data simultaneously in the same frequency band.

The HD architecture is widely adopted in traditional wire-
less relaying systems, because it can simplify the system
design and implementation, it however incurs significasslo
of spectrum efficiency. With the advance in antenna teclgylo
and signal processing capability, and in an effort to rectve
spectral loss, full-duplex (FD) relaying, where the relada
receives and transmits simultaneously in the same frequenc
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band, has received a lot of research interest (see reference taking into account of the optimization overhead re-
[20-25] and therein). However, to the best of the authors’ quired for the instantaneous transmission mode, i.e., each
knowledge, no works have considered the application of FD channel realization, the delay tolerant transmission mode
relaying in RF energy harvesting systems. is preferred in practice since it does not require the
Motivated by this, we focus on a source-relay-destination instantaneous CSI and the optimization is performed once
dual-hop scenario where the relay is powered via RF energy over a relatively long period of time.
harvesting, and investigate the effect of FD transmission o « Comparing the FD and HD relaying architectures, our re-
the system throughput in a RF energy harvesting relaying sults demonstrate that, for a properly optimized systems,
system. As for the FD relay, we consider the separate antenna FD relaying could substantially boost the throughput
configuration, i.e., the relay is equipped with two antennas performance.
one for information transmission and one for information The rest of paper is organized as follows: Section Il intro-
reception. In addition, the time-switching protocol is ptiml!  duces the FD relaying systems, Section 11l deals with the cas
We study the throughput of both AF and DF relaying prowhere the relay adopts a single antenna for energy hargestin
tocols, and characterize the fundamental trade-off betweghile Section IV focuses on the case where the relay adopts
energy harvesting time and communication time. In pariicul dual antennas for energy harvesting. Section V presents the
according to how the time split is optimized, three diffdrercorresponding performance of HD systems. Numerical result
communication modes are investigated, namely, instanteneare presented in Section VI. Finally, Section VIl summasize
optimization based transmission which will be referred tghe key findings of the paper.
as the instantaneous transmission hereafter, delayreored
transmission, and delay tolerant transmission. In order to Il. FD RELAYING
demonstrate the effect of the FD relaying architectureHbe | ot ys consider a dual-hop FD relaying system illustrated in
relaying architecture is also investigated. The main amioh g 1 where the source sends information to the destinatio

of this paper is that FD relaying is an attractive and prongsi \ith the help of an intermediate relay. We assume that the
solution to enhance the throughput of RF energy harvestigg,;rce to destination link does not exist. It is also assumed

relay syste_ms. o ) that the relay only has limited power supply, and relies on
The main contributions of the paper are summarized @gternal charging through harvesting energy from the sourc
follows: transmission [13].

o We propose the idea of employing both antennas at the
relay to scavenge energy during the energy harvesting P
period, and demonstrate that, with optimal time split, the Dw/////v
dual antenna case always outperforms the single antenna 7T
case. However, the performance gap gradually diminishes S N e
when the source transmit power is sufficiently large. hz\ 9.7

o For both AF and DF relaying systems, we present ana- RN //
lytical expressions for the system throughput in all three ~ Source A
different transmission modes. Specifically, analytical ex Relay
pressions for the outage probability are derived in the
delay-constrained mode, while analytical expressions &
the achievable rate are derived in the delay tolerant mode.

o For AF relaying systems, we obtain the optimal time split . . .
through numerical calculation for all three transmission Ve @dopt the time-sharing protocol proposed in [13], hence

modes. For DF relaying systems, closed-form expressi whole communication process is divided into two phases,

for the optimal time split are presented for the instant&d*- the energy harvesting phase and the informationrnens
neous transmission mode, while the optimal time Spﬁon phase. Lef’ denote the block time of an entire commu-

for the delay-constrained and delay tolerant transmissigifation period during which some amount of information is
modes is obtained numerically. transmitted from the source to the destination, then thé firs
« Comparing the AF and DF relaying protocols, our resule?’ amount of time is used for harvesting energy at the relay,

show that the DF protocol always yields better throughptiilé the remaining(l — a)T" amount of time is used for
performance. information transmission.

. Our findings show that, with the optimal time split, To enable FD communication, the relay is equipped with

the instantaneous transmission mode achieves a highép a@nténnas, i.e., one for reception and one for transamssi
throughput than the delay tolerant transmission moo%urmg the information transmission phase [20]. In additio

However, the throughput benefit is not significant. Hencg?e tWO_ antennas can "f‘ISO be exploited dur_ing the energy
harvesting phase, see Fig. 2. Motivated by this, we consider

Iplease note, with two antennas, it is possible to realizéhandype of FD tWO separate cases depending on the number of antennas used
operation, i.e., simultaneous energy harvesting andnmdtion transmission. for energy harvesting as:

However, in this paper, we adopt the time-switching protoce., energy . . . .
harvesting and information transmission occur in disjdime period, and 1. Only the information receiving antenna Is used to collect

the FD operation is only applied during the information mawission phase. energy.

Destination

ig. 1: System model, where S, R and D denote the source,
relay and destination, respectively.
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2. Both antennas are used to collect energy. For Case 2, where both antennas are used to collect energy
It is worth noting that Case 2 appears as a natural choidgring the first phase, the received signal at the relay can be
since it fully exploits the available hardware resourcas- (aeéxpressed as
tenna elements) to capture more energy. Nevertheless, due 1 (h
to its relatively easy implementation, Case 1 could be of yr = 7<h
practical interest in certain applications. In additios véll be \/T 2
demonstrated in Section VI, Case 1 could achieve comparaifeere i, is the channel coefficient anal,. is the zero mean
performance as Case 2, especially in the high SNR regindVGN noise vector at the relay with{n,n/} = NI, where
Therefore, it is also important to gain a deep understandihgs the identity matrix. Similarly, the relay transmit powean
on the performance of Case 1. In the following, we give be computed as
detailed d|s_cu35|on on tht_e signal models _of both_ cases, the C nPu(hal? + [ha|)aT  kPu(h)? + [hal?)
corresponding analysis will be presented in Section IV and P, = -~ = —
Section V, respectively. di"(1 - )T dy

» resp y

)xe +n,, 3)

(4)

Now, let us look at the information transmission phase, the

s -' received signal at the relay can be expressed as
Energy [2] = Lx [Z] + f.CC [Z] +n [2] (5)
" s wrli) = sl + Farli + el
o—

where x,[i] is the information symbol from the source at
_—n time slot i, and satisfiesE{|z,[i]|?} = Ps. z.[i] is the
loopback interference due to full duplex relaying and $ats

»_X*( Racaner ) (_Procaseing ) E{|:E:Jr[z']|2} = P,, f denotes the Ioopbpack inter};er%nce channel,
and n,[i] is the zero mean AWGN with varianc¥,. Since
Fig. 2: Time-switching architecture. the relay is aware of its own signat,[i], it can apply

interference cancellation methods to mitigate the lookbac

Let us begin with Case 1. During the energy harvestingterference. Hence, the post-cancellation signal at éteyr
phase, the received signal at the relay node can be express@fibe expressed as [20]

as
) h1 a0 Ao .
- hl yr[l] = mxs[z] + fxr [Z] + nr[l]a (6)
Yr = \/—d?xe + ny, (1) V dl

A~ 112 _ N .
whereh, is the channel coefficiend; is the distance betweenWhereE“xT [} = P and f models the residual loopback

the source and relay, while: is the path loss exponent. Ir]|nterference channel due to imperfect cancellation [20].
this work, we assume a normalized path loss model in orderin this paper, we consider both AF and DF relaying proto-
to show the path loss degradation effects on the systemrperfe!s. With the AF protocol, the relay amplifies the input sign
mance. In real-world scenarios, path loss significantlyices by @ factors which is given by [20]
the system performance and therefore potential scenamos a ) P.
limited to near-field applications such as sensor [26,27d an g = THE m 12 ‘ ()

. : 112Ps /di* + | fI? P + No
wearable/body networks [28). is the energy symbol with ) o
E{|z.|?} = P,, whereE{z} denotes the expectation operation\.N'th the DF protocol, the rel_ay first decodes the orlglr!aht_aig
n, is the zero mean additive white Gaussian noise (AWGI@Pd then regenerates the signal. Hence, the transmit sifinal

with varianceNo. the relay can be expressed as [20]

As in [13], we assume that the energy harvested during the Bieli — 7],  with AF,
energy harvesting phase is stored in a supercapacitor and th x,[i] = \/E li— 1], with DF (8)
fully consumed by the relay to forward the source signal ® th P, T Tl ’

destinatior?. Hence, the relay transmit power can be computegherer accounts for the time delay caused by relay process-

as [8F ing. Therefore, the received signal at the destination aan b
b nPs|hi|2aT  kP|hi|? @) expressed as
dt(l=a)Tdy’ vali) = —Fzir, i) + il ©)
where n is a constant and denotes the energy conversion vV ®2
efficiency andk is defined as: £ 1. whereg is the channel coefficientl; is the distance between

the relay and destination, ang;[i] is the zero mean AWGN
2Please note, this is also known in the literature as hanastarchitecture with varianceN;
[29-31] as opposed to the harvest-store-use architecBz;e33]. 0

3please note, the FD operation may require some extra energshé Fading assumptiongh,|* and |hy|? are independent and

mitigation of loopback interference. However, in this wonke do not consider identically distributed (i.i.d.) exponential random \abies
such energy consumption. Hence, our model is particuladijalsle for

. . . L .
the scenario where loopback interference cancellationaied on passive with ”Jean)‘s' lg|* is e_xpone.ntlr?llly dlstr|puted with mea;ni,
suppression techniques such as antenna directionalily [34 and |f|? is exponentially distributed with mean,., which
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is a key parameter related to the strength of the loopback?) DF: The end-to-end SINR of the DF protocol can be
interference. expressed as

. 1 kP9
= min —, , 13
“DF {k|f|2 a7 dy Ny (13)

IIl. ENERGY HARVESTING WITH SINGLE ANTENNA

In this section, we study the throughput performance of F&hd hence, the instantaneous throughput is given by
relaying with RF energy harvesting using a single antenia an
investigate the optimal time allocation strategy. Speaiiz =~ Rip(a) = (1 — a)x
we consider three different communication modes, i.e., in- 1— p 2 12
- ) o . a  no Pihi|?|g]
stantaneous transmission, delay-constrained trangmijsand log, (1 + mm{ —, e }) . (149
delay tolerant transmission. For mathematical tractgbile nalf|? 1 —a ditd3'No
focus on the loopback interference dominated scenariolwhithe optimala could be obtained by solving the following
is of practical interest [23]. optimization
At this point, it is important to clarify the CSI requirement
of three different transmission modes. In general, it isiaEd
that CSI is available at the destination node. For the inatan subject to0 < o < 1. (15)
neous transmission mode, the optimal time split is updaied f o .
each channel realization, which should be computed by a cdifle @bove optimization could solved analytically, and weeha
tralized entity having access to the global instantanedsis cthe following key result:
On the other hand, for the delay constrained transmissidn an Proposition 1. The optimala™ is given by

o = argmax Rip(«)

delay tolerant transmission modes, only the channel 8tatis w(2L) 41 g1

. . : . . e e -1 if 6W( = )Jrl < <2
are required to compute the optimal time split. In addition, « _ —1 W) a0 (16)
the optimal time split is updated only if the channel statist e +€1+a07 otherwise

change, i.e., the distance and the fading parameter etchwhi

in general varies much slower. Hence, the overhead assdciayherec; = 77|f|2, cy = %, a? = cico and W ()
with the CSI acquisition of these two modes is substantially the | ambert W function, thérév(x) is the solution of

smaller compared with the instantaneous transmission modg exp(W) = x.
Proof: See Appendix A. |

A. Instantaneous Transmission

We now focus on the instantaneous throughput, and examffeDPél@y-constrained Transmission
the optimala for both the AF and DF protocol. Let us start For delay-constrained transmission, the source transahits

with the AF protocol. a constant rate?., which may subject to outage due to the
1) AF: With the AF protocol, the end-to-end SINR can beandom fading of the wireless channel. Hence, the average
expressed as throughput can be computed as [13]
PP _p g2 RoL(@) = (1 = Pout) Re(1 — ), (17)

Pr|fI?dpdy
= 10
YAF Nopf\h1|2 N P, |g|? +N ) ( )
Polflpay T dy 0

where P,,; is the outage probability. Hence, the optimal time
portion a can be obtained from

hence, the instantaneous throughput is given by
o = argmax Rpy («). (18)

R =(1—-a)x - . .
a(e) = (1 —a) Therefore, the remaining key task is to characterize thetexa

’f;{?;ilf‘;f outage probability of the system.
logy | 1+ woa=a e }sﬁnmgp I (11) 1) AF: For the AF protocol, we have the following key
nalflz T T-a dpay V0 result:
The optimala could be obtained by solving the following Proposition 2: For the AF protocol, the outage probability
optimization problem of the system can be expressed as
a” = argmax Ria(a) PAF 1 /Wih 2\/d§”d§” 2alNo +7thNoyX
subject to0 < o < 1. (12) ot 0 AsAd Ps — kPsymy

Given the fact thatRa(«) is a concave function ofy, the 5 dpdy 2580 4y, Noy | 1 Sy 19
optimal valuea® can be obtained by solving the equation ! Asha Py — kEPsvny ,\_Te n (19)
””%(a) = 0. However, due to the complexity of the involved

expression, a closed-from solution is not possible. Imkiaa where K,,(z) is the n-th order modified Bessel function of
this work, the optimal value* is numerically evaluated usingthe second kind [36, Eq. (8.432.1)].

the build-in function “NSlove” of Mathematica. Proof: See Appendix B. [ |
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2) DF: For the DF protocol, we have the following keyupper bounded by
result:

_ . GY4 ((kPsAsAa [0,0,1,1
Proposition 3: For the DF protocol, the outage probabllltyRAF _ 1 S p 1 n 4,2 \ Nodprdy' 1.0
of the system can be expressed as w T ¢ T kN, n2
1 n k2P, n
POF—1_ (1 —e kmth) — log, (1 + kev M+ A Nodp SV MW) :

o [T N, (o [T ) ) ) 29
kPsAsAg kPsAsAg ' where E,,(z) is the exponential integral function [37, Eg.

(5.1.4)], andy (z) is the digamma function [36, Eq. (8.360.1)].

Proof: The proof relies on the fact th@{z, y) = log,(1+
1 kPsx } 21) e” 4+ e¥) is a convex function with respect toandy. Hence,

bR = {k_y’ d7dy Ny we have

Proof: The end-to-end SINR can be expressed as

wherez = |h1|?|g|?> andy = | f|2. Now, applying the fact that £ 100, (14 1y + k? Pyxy
random variableg: andy are independent, the desired result 82 Y Noddy' ) ) —
follows after some algebraic manipulations. [ | 2P
In S Inx In
Given the outage expressions in (19) and (20), the optimiza- 1082 (1 + keElnu} 4 Nodr Elina}+E{ y}) . (26)
tion problem in (18) does not admit a closed-form solution.

However, the optimak: is efficiently solved via numerical Hence, the remaining task is to compuk{lnz} and
calculation. E {Iny}. With the help of the integration relationship [36, Eq.

(4.352.1)], we have

1 [ oy
C. Delay Tolerant Transmission E{lny} = /\—/ Inye > dy =¢(1)+In\..  (27)
r JO

In the delay tolerant scenario, the source transmits at ag¥,i

. . i ilarly,
constant rate upper bounded by the ergodic capacity. Shmelflge proof
codeword length is sufficiently large compared to the bloc > DF'.Th hievabl f the DF lis ai b
time, the codeword could experience all possible reabnati ) - 1he a;): I'ev"f‘ e rate of the protocol is given by
of the channel. As such, the ergodic capacity becomes s prop9§|tlon elow. ) )
appropriate measure. Please note, in the current work, théroposition 5: The ergodic capacity of the DF protocol can
residual loopback interference is treated as Gaussiare.nofee expressed as

Hence, the throughput of the system is given by 1

DF _ %

RPF —
Rpt = (1 — a)RE, (22) °T" In2
1 d7"dy Not d"dy Not
where Rg is the achievable rate of the system. Hence, the,~ (1 —¢ ’“”) (2 szis)\[; K (2 kPSZ)\SA[; ))
optimal time portionae can be obtained by solving / 11t dt
0

Proof: Utilizing the cumulative distribution function
&c.d.f.) of the end-to-end SINR given in (20), the desiresute
can be obtained. [ |

we getE {Inz} = 2¢(1)+In A\; A4, which completes

o = argmax Rp («). (23)

Therefore, the remaining key task is to characterize thetex
ergodic capacity of the system, which we now study.

1) AF: For the AF protocol, we have the following key
result:

Proposition 4: For the AF protocol, the ergodic capacity V- ENERGY HARVESTING WITH DUAL ANTENNAS

can be computed as . _ _ .
In this section, we consider the scenario where both anten-

- Gl (]’ﬁ,fji%ﬁ; ?:8’1’1) nas at the relay are used during the energy harvesting phase.
Rg" = 2 + Similarly, we first characterize the achievable throughiput
1 /oo » 2 P Ay ‘0,071,1 g thre_e diff_erent trgnsmission scenarios, and then invatgtithe
2 J, 42\ Nodpdg (1 + ky) 110 Y, optimal time split.
(24)
whereG%9, () is the Meijer G-function [36, Eq. (9.301)]. .
Proof- See Appendix C. - A. Instantaneous Transmission

Since the above expression involves an integral, which in1y Ar: Recall that when both antennas are used to collect

general does not admit a closed-form solution, hence, i61S renergy during the first phase, the harvested energy is giyen b
amenable to further processing. Motivated by this, we now

present the following tight upper bound. p - sz(|h1|2m+ [hal*) (28)
Corollary 1: The ergodic capacity of the AF protocol is dy
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Hence, for the interference dominated scenario, the erahtb  2) DF: For the DF protocol, we have the following key

SINR can be written as result.
P.|hi)?lg)? Proposition 8: The outage probability of the system with
_ |f|2dy" dg the DF protocol is given by
TAF T TN P=a) _ _ naPu(Rl+haP)[g]? - (29)

na(|h|2+|h2|2)[ f]2 (1-a)dy*dy’ 1 )) 2veh NodTdy?

POF (1 — Ak (1 T
and as a result, the instantaneous throughput is given by ‘ b kPsAs\g

Nodd™
Rin(@) = (1 — ) logy (1 +7p) (30) X (2’/7M3T> (36)

The optimala could be obtained by solving the following )
optimization problem Proof: See Appendix E. ]

=ar R
@ gmax fia(e) C. Delay Tolerant Performance
subject to0 < < 1. (31) 1) AF: The achievable rate of the system with the AF

Again, due to the complexity of the involved expression, Brotocol is given in the following proposition.

closed-form solution of the optimal is not possible. Instead, Proposition 9: The ergodic capacity of AF relaying systems
the optimal valuex* is numerically evaluated using the build-can be computed as

in function “NSlove” of the Mathematica software.

1 _ 1
AF _ 1 13 1,1y b
2) DF: For the DF protocol, the end-to-end SINR can bel'e = 1n2G371 (ka/\s/\dh ) m2 (37)
expressed as oo Ead )\, [~ 1
/ ézlg AAsAd (AT_<)\T+—) e‘Ait)dt.
= min |h1|2 kPS(|h1|2+|h2|2)|g|2 0 1+t/k 1 t
o KPP + hal?) iy N | (38)
(32) Proof: See Appendix F. u
hence, the instantaneous throughput is given by Alternatively, we can use the following closed-form upper
' bound.
Rip(a) = (1 — a)log, (1 +7pF) - (33)  Corollary 2: The ergodic capacity of the AF protocol is

Having characterized the end-to-end SINR, the optimabn upper bounded by

be obtained using the proposition below. o 1 2 1
. : . . RAF _ N O R kA, E. | —
Proposition 6: The optimala* is given by up 2 ( 1 (k)\r) + ;; & (k)\r)>
cqg—1 —
LT () 1
ot =4 T (E) as  (34) ~ 3 (T+ 1) + InkA + EXN-(¥(2) + InkA,))
l-ﬁ-lag’ otherwise G1,4 kPsAs)g [0,0,1,1
12 (1ha ]+ ha Py ([h1]2+1ha]?)]g)? i 4.2 \ Nodirds |1,0
W;‘]GI’GC3 — nlfl (|“;1\|;‘| 2 ), cy = 1 S(Idli"LdZ’llj\/zo‘ g . and 2
Q3 = C3C4. 1 —1—14(1) 21(1)
L . —1 14— kaAs . (39
Proof: The proof is similar to that of Proposition 1 and 082 ( + k)\re T kadsdae (39)
is omitted. u Proof: See Appendix G. |

2) DF: The achievable rate of the DF protocol is given in
the following proposition.

Proposition 10: The ergodic capacity of the DF protocol

We now consider the delay-constrained scenario, and w@n be expressed as
start with the AF protocol. 1

1) AF: From (29), we are ready to study the outage RRY = —

- In2

probability of the system.

B. Delay-constrained Transmission

L . - . 1=kt (1 — e~ ) ) 2tNodi"ds o o [tNodydy
Proposition 7: The outage probability of the system with . r e TP 12 EPAN
the AF protocol can be expressed as / T 1 dt.
0
[eS) m Jm ( Ythl
PN =1 / 2Nod" 5" (%" + 7un) % Proof: The desired result follows easily by invoking (36).
ou Even )\SAd(tPS — sz'Yth) H
Noddg (2 + y) 1\ _ 1
Ky |2 A — (A + = At ) dt
2 \/x\s/\d(tPs ki Poy) + ;)€ V. HD RELAYING

(35) In this section, we present the corresponding results for
the HD relaying system, which serves as a benchmark for
Proof: See Appendix D. B performance comparison. Similar to the FD relaying system,
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we consider three different transmission modes. Some of the Proof: The proof is similar to that of Proposition 1 and
results have been derived in [13], nevertheless, we presenomitted. ]
them here to make the current work self-contained.

We begin with a brief description of the HD relaying signal
model. The energy harvesting phase is the same as the gDDeIay—constramed Transmission
relaying system. For the information transmission phdse, t
remaining(1 — «) portion of block time is equally partitioned For the HD relaying system, the throughput is given by

into two time slots. In the first time slot, the source trartsmi . 1
to the relay, and the received signal at the relay is given by Rp( (o) = 5(1 — Pout)R(1 — ), (49)
yr = hlm Zo + . (40) where1/2 accounts for the HD constraint.
VY 1) AF: This case has been studied in [13], and we present
With the AF protocol, the relay amplifies the input signal byhe result here for the sake of completeness.
a factorg which is given by Lemma 1: For the HD mode, the outage probability of the
p AF protocol can be computed as
2 r
= , 41
ﬁ |h1|2ps/dm+N0 ( ) 7th<N dm+1>
2k P | h | 2kP2 2 %_7#;)
where P, = 571 Then, the transmit signal of the relay pAF — 1 — _/ Nod BN ) dg. (50)
can be expressed as b
BYr, with AF, 2) DF: For HD DF relaying systems, the end-to-end SNR
T, = /%xs, with DF. (42) s given by
. . N Py|h1]? 2kPs|hq|?|g|?
Therefore, the received signal at the destination can be ex- YpF = min( N| dlwt TN |d’i|d’|”g| ) (51)
pressed as 0 0
g Proposition 12: The outage probability of HD DF relaying
Ya = —==Tr + M- (43)  systems is given by
d2
. DF 7N°d1 RS 1 d% _Nodi"d v @
A. Instantaneous Transmission Pi=1- XsPs  2xgk — /\—/ e TP e Mada.
d
1) AF: The end-to-end SNR of HD relaying can be com- (52)
puted as . e .
Proof: Starting from definition of the outage probability,
PsP'r‘lg|2|h1‘2 we have
YAF LA, (44) 2 2
2P, hi|2P, P.|h 2k
'jLNU + e+ Py = Pr< N' dﬁl min (1, d'g' > <7th>. (53)
0
Hence, the instantaneous throughput is given by ' ’ )
PPy ol? a2 Now, conditioned ony = min (1,%), we get Pyt =
—« dyrdy Nod"
Ria(a) = logy | 1+ 1,25 ‘hljrp . (45) 1-—e =P, Averaging overy yields the desired resulm
dnlNO + Nod’rn + 1
2) DF: The end-to-end SNR of HD DF relaying scheme
can be computed as C. Delay tolerant performance
(Bl 2kPs|ha?lg)? 46 For HD relaying system, the throughput is given by
7YDF = min Neod™ ' Nodmdm . (46)
0071 ody A2 D 1
The instantaneous throughput is given by Rpr(a) = 5(1 — )Re. (54)

- 2 2|g/? 1) AF: The AF protocol has been considered in [13], where
o) = 15 % togy (1 min (S SnePhull ) D p 13

Nod7* * Nodj*dy'(1 — o) ) Jthe exact achievable rate expression involves double riateg
(47) Here we present an alternative expression which requires a
single integral.

P ition 11: Th timala* is gi b . . .
roposition © optimala 1S given by Corollary 3: The ergodic capacity of the AF protocol is

w ngl +1 . es—1
M W(Bsff)lﬂ, if W (2)+1 - 20{?@\2 41, upper bounded by
a’ = esmlber e . 14 [ 2P AN, [0,0,1,1 a
1 2n[g]2 OtherWISe RAF 4,2 \ Nodidy |1,0 e2krg
+ anr E = —
2 In2 AsIn2
(48) - s
i d3" No d™dT* Ny + P,dTx -
: 1 %2 4V0 sty _z
A / ewd””El< e X-dr. (55)
wherecs = “L= 10 0 2kAgPsx

Nod7 dy"
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Proof: The achievable rate of the system can be alterna- |4,
tively computed by

2k Py|hi|?|g|?
RAF =E{1 14— )L
E {Og2< + d7dy Ny

z
2kps|h1|2 2> } T‘Eu 107t FD: Dual antennas
E<lo 1+ . 56 g
o (0 ragme s P )} 69
Since the first item has been computed in (76) in Appendix §
C, we focus on the second item. Now, conditioned|bn?, FD: Single antenna
we have 07 :

—*— Simulation: Exact

2/€PS |h1 |2 2 ——&— Analytical: Interference dominated

Eq{log, {1+ Ty B} m|g| = 0 10 20 30 40 50
d*d5* No + Ps|hq|*d
1 dy" No + s| 1| 2 PN, (dB)

d™dY No+ Pg|hy |2d]* m Jm 2 gm
Le ! idziipsmﬁz 2 E, di*ds' No + Ps[ha|*d3 . (57) (a) Outage probabilityor = 0.2
In2 )\d2kps|h1|2
Then, averaging over; |? yields the desired result. | [T Smution Bxect il
2) DF 7 H| —5— Analytical: Interference dominated s

Proposition 13: The achievable rate of the DF protocol can
be expressed as

Npd™ am m
REF = 2ol S (NOdl ) +

FD: Dual antennas

Ergodic Capacity (bps/Hz)
D

~ Nodp? As Ps J
i m gm o
1 /00 1 dt/ 2k o A;(;cilsﬁfxt efA_xddx. (58) ol FD: Single'antenna
Ad In2 0 1+t 0 Al
Proof: Starting from the c.d.f. of the end-to-end SNR o
given in (52), the desired result can be obtained after some % 10 20 30 40 50
algebraic manipulations. n PN ®)

(b) Achievable ratec: = 0.1

VI. NUMERICAL RESULTS Fig. 3: Validation of the interference dominated assumptio

In this section, we present numerical simulation results to
validate out analytical expressions developed in the previ
section, and investigate the impact of key system parasietalways beneficial. One can simply tumeto achieve better
on the throughput of the system. Unless otherwise stated, p@formance. As will be illustrated in the following figures
set the source transmission rate/as= 3 bps/Hz, hence the the dual antenna case always outperforms the single antenna
outage SINR threshold is given by, = 2« — 1 = 7. The case with optimized.
energy harvesting efficiency is set to he= 0.4, while the Fig. 4 deals with the impact of optimal time split on
path loss exponent is set to be= 3. The distanced; andd, the instantaneous capacity. We focus on a single time frame
are normalized to unit value. Also, we sgf = 1, A, = 0.1 with the following setting:|h1]? = 0.83, |h2|? = 2.35,
and )\; = 1, unless otherwise specified. lg|> = 0.986, |f|*> = 0.235, P;/Ny = 10 dB. As can

For mathematical tractability, the assumption odfe readily observed, the analytical solutions given in (16)
interference-limited relay is adopted, i.e., the noise &B4), and (48) are in exact agreement with the simulation
the relay is ignored. We now validate this assumption in Figesults. Interestingly, unlike the phenomenon observed, [3
3. As we can readily observe, for both the outage probabilitgat the optimala: for the HD case is smaller than the FD
and achievable rate, the interference-limited curves igdeov single antenna case, the optimalfor the FD two antenna
a very good approximation to the exact performance. Wase is smaller than the HD case. This is intuitive since the
also notice that the two antenna case outperforms the singtigitional antenna helps reduce the energy harvesting time
antenna case in the low SNR regime, while the opposi&milar conclusions can be drawn for the AF protocol as
is true in the high SNR regime. When the transmit poweshown in Fig. 4(b). In addition, we see that the optimal
is small, the two antenna case can harvest more enefgythe AF protocol tends to be smaller than that of the DF
to facilitate the information transmission. However, wheprotocol.
the transmit power is large, excessive amount of energyFig. 5 illustrates the throughput of different scenarioshwi
is collected, which is actually detrimental since it causdbe optimala. We see from both Fig. 5(a) and Fig. 5(b), that
strong loopback interference, which degrades the systertiie throughput with instantaneous optimization is alwdyes t
performance. Please note, this phenomenon is due to thegest. Nevertheless, the throughput advantage appeées t
fact that a fixeda is adopted regardless of the transmiimited when compared with the delay tolerant scenariosThi
power. In general, superior energy harvesting capabibity indicates that the stochastic optimization approach mayrbee
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Fig. 4: Instantaneous capacity versus|h|?> = 0.83, ) _ . -
|ha|? = 2.35, |g|2 = 0.986, | f|2 = 0.235, P, /N, = 10 dB. Fig. 5: Throughput comparison with optimized

ferred since it requires much less overhead. Also, as eggecisee that, as the source transmit power increases, the tipotg
the throughput of the delay constrained scenario is uppdifference of the two FD schemes becomes insignificant. This
bounded by the constant transmission r&te = 3 bps/Hz. is due to the fact that, with high source transmit power, a
Moreover, we observe that the DF scheme outperforms thieagle antenna could collect sufficient energy for inforiomat
AF scheme slightly in all scenarios. Now, comparing the lgingtransmission, hence the advantage of employing an adédition
antenna case and dual antenna case, we find out that the dnéénna to harvest energy is significantly reduced. As such,
antenna case always attains a higher throughput, especialbth FD schemes achieve a similar throughput. Another in-
in the low SNRs. Take the throughput of AF scheme witteresting observation is that with high source transmit grow
instantaneous optimization as an example, w%n: 20 dB, the throughput of the delay constrained systems is insessit
the throughput of the single antenna case is aldops/Hz, to the level of loopback interference, i.e., the value \of
while the corresponding throughput &5 bps/Hz. This is This is also intuitive, since with high source transmit powe
intuitive since at the low SNRs, the relay is energy consedj given a fixed transmission ratB. = 3 bps/Hz, the outage
hence the additional antenna could harvest more energyptobability is close to zero, and varying. only makes a
facilitate the information transmission. As the transnatver rather small change to the outage probability with optirdize
increases, a single antenna can harvest sufficient amountwoMoreover, with high source transmit power, for the delay
energy, hence, the advantage of having additional anterommstrained scenario, the FD schemes almost achieve the
diminishes gradually. maximum throughput o8 bps/Hz, which nearly doubles the
Fig. 6 illustrates the impact oA, on the throughput of maximum throughput of the HD scheme. This is because
the DF relaying system with optimized. We observe that, in such a scenario, the outage probability of both the FD
when )\, increases, the throughput decreases, which is ratlaerd HD schemes approaches zero, hence, the penalty of the
expected since a large. implies a stronger residual loopbackHD constraint is more significant. However, for the delay
interference. Also, the throughput loss is more pronouncemlerant scenario, the throughput advantage of FD schemes
for small values of),, where a slight increase in, could significantly diminishes. This is due to the effect of resitlu
significantly reduce the achievable throughput. In addjtise loopback interference, which reduces the achievable rate o
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a system, it is assumed that the relay applies maximum
ratio combining during the information receiving stagedan
employs maximum ratio transmission during the information
forwarding stage. As can be readily observed, the HD dual
antenna case always outperforms the HD single antenna case,
while it outperforms the FD single antenna case in the low
SNR regime, i.e..P;/Ny < 20 dB. Now, compared to the
FD dual antenna case, we see that the HD dual antenna case
attains a similar throughput in the low SNRs, and exhibits an
inferior performance in the high SNRs. Moreover, the stteng

of the loopback interference is a key factor determining to
what extent the superiority of the FD dual antenna case holds
For instance, with weak loopback interference, iXe.= 0.1,

the FD dual antenna case outperforms the HD dual antenna
case wherP; /N, > 10 dB; with strong loopback interference,
i.e., \, = 0.3, the FD dual antenna case outperforms the HD
dual antenna case wheh /N, > 20 dB. Finally, it is worth
pointing out that the implementation of the HD dual antenna
case illustrated in Fig. 7 requires two pairs of RF chains as
opposed to a single pair RF chain required for the FD dual
antenna case. Since the cost of additional RF chain is quite
significant, in this regard, the FD scheme is a cost-effectiv
solution.

3.5F

25F

15}

Throughput (bps/Hz)
N

1r —%— FD: Dual antennas
——©6— FD: Single antenna

0.5 —<— HD: Dual antennas
—=&— HD: Single antenna

T T T T

B-B-B-B-B-5S

0 2 4 6 10 12 14 16

8
R (bps/Hz)
Fig. 8: Impact of transmission rat®. on the throughput of
delay constrained systems with optimized

Fig. 8 examines the impact of transmission r&eon the
throughput of delay constrained systems with optimized
when P; /Ny = 40 dB. In all schemes, the throughput first
increases with the transmission rafe, and then decreases
when R, increases beyond a certain value. This is intuitive,
since according to (17), when the transmission rate is small
the throughput is small; when the transmission rate is large
the outage probability increases significantly, which aghe-
grades the throughput; hence, for a particular transmitgoow
there exists a unique transmission rate which yields maximu

Fig. 7: Throughput comparison of delay tolerant systemsthroughput. Interestingly, we see that the optimal trassion

with DF protocol and optimized:: FD vs. HD.

rate for the two FD schemes is the same, which is smaller
than that of the HD schemes. This could be explained as

Fig. 7 compares the throughput of delay tolerant systerfdlows: Because of the loopback interference in FD schemes
with the DF protocol and optimizedv. In particular, the and the doubled transmit power in HD scheme, the HD scheme
HD scheme with two antennas is also included. In su@thieves better outage performance than the FD schemes for
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any fixed transmission rat®.. In other word, the HD schemescase, we have

could tolerate a higher transmission ratgwithout significant 1—a

deterioration of the outage performance. Cip(a) = (1 — a)log, (1 +—— ) : (65)
1

Taking the first derivative o€)p(«) with respect tax yields

dCp () 1—a) l-a 1

. . . — =1 1 ,
In this paper, we have studied the throughput of FD relaying  do 082 ( + ca? 1+ 101‘—3

in RF energy harvesting systems. Depending on the number. = . . .

of relay antennas used in the energy harvesting phase, fwo &{qu'Ch. is strictly smaller than zero. Henc€ip(«) is a de-
ferent cases were studied. For both the AF and DF protoco%?"’_ls'ng function with respect te. Therefore, the optimat
analytical expressions were derived for the outage prdibabi Is given by

and ergodic capacity of the system. Based on which, the 1 67)
optimal time split was studied. It was demonstrated that '
employing both relay antennas for energy harvesting isygwa. | o
beneficial, and the throughput gain is most significant whdfPticing that if af & (0
the source transmit power is small. In addition, compard¥Se. a3 is optimal.

to the HD relaying architecture, our results indicate that F

relaying can substantially boost the system throughput wit APPENDIX B

optimal time split. More importantly, a large portion of the PROOF OFPROPOSITION2

potential gain offered by FD relaying can be realized using gtarting from the definition, the outage probability is give
only the channel statistics without the need of instantaseq,

CSl, hence, it is a promising solution for implementing fetu

VII. CONCLUSION

(66)

C1x

1
? 1+ag

), thenaj is optimal, other-

RF energy harvesting cooperative systems. PL% = Pr{var <}, (68)
where~,, = 2% — 1. Invoking the end-to-end SINR expression
APPENDIX A given in (10), we have
PROOF OFPROPOSITION1 Polm|?  p .12
Fl2gmgm T|g|
_ : . . PAF = pr{ P4 < (69)
Definea? = c1c2, wherec; = n|f|2. We find it convenient out NoPolmal> | Prlol® | N = Tth (-
- i i 1 pfap T ap TV
to consider two separate regions, i.e., 01} o < ;- and el f17di 2
2) i <a<l Definex = |h1|2|g|2, y = |f|?, conditioned ory, the outage
For the region 1), the throughput can be shown as probability can be simplified as
_ _ Qo dytdy" (’YthkNO +'YthN0y) 1
Cip(a) = (1 — a)log, (1 +t1 a) : (59) P Pr {a: < PPy s U<
. , L . 1
Taking the first derivative of”\p(«) with respect toa and L, Y2 Ty
settingdc+o@ = 0, we have (70)

Utilizing the result in [35], the c.d.f. of can be shown as

Cox - Cox Colx
02+1_a—<1+1_a)ln(1+1_a). (60) Fo)=1-2 "k (22 71)
AsAg s g

B cocr . .
Now, lety =1+ {2, the above equation can be written aSTo this end, averaging ovey, the desired result can be
co—1+y=ylny, (61) obtained after some simple algebraic manipulations.
which, after some algebraic manipulations, can be expdesse APPENDIX C
as
PROOF OFPROPOSITION4
YY) n(z) _ 21 ; 2012 £12 ; ;

In(Z)e™e) =——, (62)  Definex = |h1]?|g|2, v = | f|2, the ergodic capacity can be
which is in the form of the standard definition of Lambert V\?xpressed as
function. Hence, we have AF kPsx

’ Rg" =E[<1 14+ —7~—

: {%<+%#@

(3)=w (CQe_ 1) ' 5 _E {10g2 (1 LK Py )} (72)

After some simple algebraic manipulations, we get Nodids' (1 + ky)
w(2=t) 41 Noticing that the probability density function (p.d.f.) ofis
e e -1

ot = (64) given by

co— 1+ W (F)H 2 z
| | | @) = 5o (2550 ) (73)
We now consider the second remqﬂa—o < a < 1. Inthis AsAd AsAd
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the first item could be evaluated as
kP,x

{ < No[m[m>}
2
kPSI

2 o T
—— % m{1+= VK (2 d
As)\dln2/0 n< + Nod’lnd’;) 0( AsAd) v

(74)

2 * a2 kPx |1, z
- [ b 7\ D) Ko (2 d
Ao Ay In 2 /0 2,2 (Nod;ndz; Lo JRONA NN )

12

variable formula yields

fov(u,v) =1[J (z(u,v),y(u,v))| fxy(z,y) (82)
Yot (83)

= A—ge
Hence, we see obviously that random varialllesand V' are
independent, and the random variablefollows the uniform
distribution with p.d.f.

Ju(u) =1,0<U <1, (84)

and we have used the relationship [38, Eq. (8.4.6.5)]. Thedd the random variabl&” follows the gamma distribution

using the integral identity [36, Eq. (7.821.3)], we have
1.4 ([ kP XsAg |0,0,1,1
)} B Gy (Nl;d;nulgﬁi 1,0 )

B In2
(76)

E<lo 1+ kPsz
62 Nod7 dy'

Now, conditioned ony, the second item can be shown similarly

with p.d.f.
(85)

To this end, lefV = V|g|> andT = Y, it is not difficult to
show that the c.d.f. of#” andT can be obtained as

w w
Fi =1—-2—K> (2 86
as W(w) Aoy 2 ( )\S)\d) ) ( )
k2P,xy
E<lo 1+ it = and
{ . < Nod7d' (1 + ky))} L
Gla ( k2P AsAgy ‘0,0.,1,1) Fr(t) =AMt (1 —e *7“) ; (87)
4.2 \ Nodi*dy? (1+ky) |1,0 77 .
32 . (77)  respectively.
the desired result then follows immediately - Having characterized the statistical propertyl&fand 7,
' we are ready to study the outage probability of the system,
which is computed by
PA% = Pr(yaF < )
APPENDIXD TP, Yenk Ps Ty
PROOF OFPROPOSITION7 =Pr <W (Nodqndgl a Noddi < L T th
T +7th
_ ) PriW<S —mt—mr— |, T>kwm
Let us definel/ = 5 andV = X +Y, with X = |h,|? = Nod{? g™~ Nodj"dg"
andY = |hy|?, then the end-to-end SINR can be alternatively 1, T < kyen
expressed as (88)
U P.V|g Then, invoking the c.d.f. of¥ andT’, the desired result can
B 1712 Nod7dZ* 78 be obtained after some algebraic manipulations.
YAF = U +kPSV|g|2 +1 ( )
k|f|2 Nodidy?

To proceed, we first study the statistical property of random
variablesU and V', and establish the independencelbfand

V.

Due to the independence &f andY’, the joint distribution

of X andY is given by

z+y

fxy(@y) =gz (79)
Also, it can be easily shown that
X =UV, and Y =V({1-U). (80)

Hence, the Jacobian of the transformation frgih V') back

to (X,Y) can be computed as

dz(u,v)  dz(u,v) v u
|J (‘T(ua ’U), y(”? U))l = Qy?g,v) Qy?vi),v) = ‘ v 1—u
ou v

=vpbF 1 _ py

APPENDIXE
PROOF OFPROPOSITIONS

The end-to-end SNR can be alternatively expressed as

. <T k:PSW)
YDF = min | — )

kL, 89
k' d7dy N, (89)

whereT and W are defined in the proof of Proposition 7.

Hence, the outage probability is given by

T kP,W
PPF—p n(=—, — )< 90
r<mm<k’d§”d§”]\fo) _%h) ( )

out
Due to the independence of random varialddleand W, the
outage probability is given by

Nodpdg!
> kyen) Pr (W > 2 L2 )
DF T > k) Pr (W > 10001 €2 91

kP

(81) To this end, invoking the c.d.f. expressions given in (86) an

Since the transformation is invertible, applying the chexof

(87) yields the desired result.
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APPENDIXF APPENDIX G
PROOF OFPROPOSITION9 PROOF OFCOROLLARY 2

Starting from (93), we first look at the first item, which can
be computed by

U T[>~ . !
E{log2 (1 + ﬁ)} = )\—/ e_de/ log, (1 + %) du
r JO 0

(100)
_ /OO <—1—|—(1+kz)ln <1+i>)6_>\1d2
ArIn2 Jy kz
The ergodic capacity can be expressed as ) 1 N (101)
s E{log2 <1 ‘o aWT )} | ©2) =-15+ m/0 (1+kz) (In(1 4+ k2) —Inkz)e > dz.
Tt kaW + 1 (102)

whereT andW is defined in the proof of Proposition z,= Then, with the help of the following identity
~—L= . Alternatively, it can be written as n
N, d7nd7n il v
B L S™ B, (103)
k=1

/U’ﬂ

/ In(1 + z)z" e dr =
0

T
Rar =E {log2 <1 + —) } +E{logy (1 + kaW)}
k we can compute

—E {1og2 (1 + T + kaW> } (93) oo z . 1
k / (14 k2)In(1 4+ kz)e” > dz = \e™r By (k/\ > +
k 0 "
= E{log, (1—|—kaW)}—E{log2 <1+ﬁW)}. 2 1
2 mrr
(94) kX2e ;Ek ( kA,«) . (104)

Similarly, with the help of the identity [36, Eq. (4.352.1)Je
We now look at the first item, which can be alternativelgan compute
evaluated via

0o > - _ 2
E (logs (1 ket — / ka(l = Fiv(w) /0 (1kz) Inkze % dz = (A+kA2) In kA ((1)4+1n A,
0

" In2 1+k
” haw FEA2(4(2) + In ).

2ka / 2 ( \ AsAd) dw. (95) Hence, we have
0

T M2 1+ kaw
Then, utilizing the following identity [39, pp. 54] E {1og2 (1 4+ %) } _ _%Jr
n
t t
xz —t 1,1 k| % —_— 2
- = ®Gy cx ’ ; (96) eFrAr 1 1
1 k L1 ( E) ’
e ma (P, + kA B ),
we have k=1
E {log, (1 + kal}')) — 5 (0(1) + kA, + kA (4(2) + InkA,)) . (105)

B 2 OOGl’l 1 w 9 Since the second item has been evaluated in (98), we now
- /\s/\d1n2/() 11 (kawll) K2 |2 Y dw. (97)  pound the third item. Again, using the fact thatz,y) =

. . . . . log, (1 + e* + ¢€¥) is a convex function with respect to and
Applying the integral identity [36, Eq. (7.821.3)], the égtal y, the third item can be lower bounded by
can be solved as

E{log, (1 + kaW)} =

1 a3 ~1,1,1 T
RG?,,l(ka/\s/\dh ). @9 E{10g2<1+k+kaW

Finally, with the help of (98), the second item can be expmdss 1
in intggral form asp ) " 2 logy (1 * kA T ka/\s/\dew(l)) - (106)

. ka W 1 OOG”’ kadahg |0t To this end, pulling everything together yields the desired
E{ TR }_ E/O S\ T+t/k|, result

<)\T — <)\T + %) e‘ﬁ) dt. (99) REFERENCES
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