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Abstract—This paper investigates the outage performance of a
cooperative relaying network, where the relay node is considered
to be an energy-constrained device so that a power splitting-based
simultaneous wireless information and power transfer scheme is
employed. The relay is considered to operate in full-duplex (FD)
mode so that both energy recycling and information decoding
can be performed. For this purpose, the relay is assumed to
be provided with two batteries which switch between the power
supplying mode and charging mode at each transmission block.
In particular, we assume that the self-interference inherent to
FD mode is not completely suppressed; it is subject only to
passive interference cancellation for self-energy recycling, while it
is subject to both passive and active cancellation for information
decoding. We derive a tight closed-form approximation to the
outage probability for the considered FD mode-based scheme,
as well as for the HD mode-based counterpart. We validate the
obtained expressions via Monte Carlo simulations. The impact
of self-energy recycling in FD mode on the system performance
is assessed.

[. INTRODUCTION

5G uses cases are broadly classified into three main cat-
egories [1]: enhanced Mobile Broadband (eMBB), Ultra-
Reliable and Low-Latency Communications (URLLC), and
massive Machine-Type Communications (mMTC). These
three categories account for a myriad of highly diverse ap-
plications from different industry sectors. Particularly, mMTC
focuses on scenarios with massive deployments of devices
as those of Internet of Things (IoT) [2]. Therefore, network
overload as well as energy consumption to keep thousands of
devices connected is one of mMTC’s greatest challenges.

The development of clean technologies that make the com-
munication network self-sufficient is of utmost importance [3].
One of the techniques that presents promising results in the
study of self-supporting mobile communication networks is
energy harvesting (EH) [4]. EH consists in a process of
converting energy from external sources (such as wind, sun,
vibration, etc.) in electrical energy to be stored and used to
power a device or recharge batteries. However, these kinds of
sources cannot be controlled and not always are available for
immediate use. To overcome such difficulties, an option that
has attracted great attention is wireless energy transfer (WET)
which is based on the use of radio frequency (RF) waves to
perform EH [5].
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In this reason, the simultaneous wireless information and
power transfer (SWIPT) can result in notable gains in en-
ergy consumption, spectral efficiency, interference control and
transmission delay [6]. However, in practice, it is not possible
to perform EH and decode the information at the same time.
To perform SWIPT, the signal must be separated into two
different parts, one for energy harvesting and another for
information. Different techniques have been proposed in the
literature in order to implement this separation, namely Power
Splitting (PS) [7], [8]; Time Switching (TS) [9]; Antenna
Switching [10]; and Spatial Switching [11]. In addition, several
SWIPT scenarios have been studied with the aim of improv-
ing the efficiency of the system, addressing different strate-
gies, e.g., Non-Orthogonal Multiple Access (NOMA) [12],
Multiple-Input Multiple-Output (MIMO) systems [13] and
relaying techniques.

In particular, relaying techniques are intended to achieve
spatial diversity without the need of multiple antennas at
the terminals [14], thus achieving great benefits in terms of
capacity and reliability. The most commonly used protocols for
relaying networks are Amplify-and-Foward (AF) and Decode-
and-Foward (DF). Thus, SWIPT schemes have been investi-
gated in order to power energy constrained devices acting as
relays in different schemes [15], [16]. For instance, the case
of untrusted relays was studied in [15], and full-duplex (FD)
relaying was studied in [16].

FD consists on transmitting and receiving data simultane-
ously, resulting in significant gains compared to half-duplex
(HD). Commonly, FD is accomplished by using two or more
antennas. However, in practice, this technique shows major
self-interference (SI) problems [17]. By using interference can-
cellation techniques, SI can be highly attenuated; nevertheless,
it cannot be completely removed, making FD performance
limited by a residual self-interference (RSI). This scenario has
gained a lot attention and has been widely studied in [18], [19].

In this paper, we investigate the outage performance of
a relay-based cooperative network, where the relay node is
considered to be an energy-constrained device, thus a power
splitting-based simultaneous wireless energy and power trans-
fer scheme is used in order to the relay have energy to perform
the retransmission of information. We evaluate and compare
both cases, when the relay is a FD device and the HD relay in
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order to verify the impact of self-energy recycling in FD mode.
We derive tight closed-form approximate expressions for the
outage probability of both cases, HD and FD and validate them
via Monte Carlo simulations.

II. SYSTEM MODEL
A. Full-duplex mode

m
N _—
hsr hrp

Fig. 1. System Model

Fig. 1 illustrates a wireless energy transfer network where
one source (S) intends to send its information to the destination
(D) with the help of a DF relay (R). The relay is assumed
to be energy-constrained such that it has to harvest energy
of the RF signals received from S to forward information.
All terminals are equipped with a single antenna except for
R, which is equipped with one pair of transmit and receive
antennas in order to operate in FD mode. The direct link
between S and D is assumed to be severely attenuated, such
that the communication is only feasible through R.

Additionally, all links are considered to undergo indepen-
dent Rayleigh block fading, as well as additive white gaussian
noise (AWGN) with average power Ny. Accordingly, (i) hsr
and hrp are the channels coefficients for the links S-R
and R-D, respectively and are assumed to be independent
circularly-symmetric Gaussian random variables CN (0, d,.%),
m € {SR,RD}; (ii) d,, with m € {SR,RD} are the
distances between the corresponding pairs of transceivers and
(iii) ¢ is the pahtloss exponent.

At the relay, by considering the FD mode operation, the
channel coefficient of RSI at the receive antenna after passive
interference cancellation (self-energy recycling channel), and
that obtained after active (analog and digital) interference
cancellation (AIC) are denoted by h%R and h%{R, respectively.
Assuming that the line-of-sight (LOS) component of the signal
is completely cancelled after the passive IC process, hgpp is
modeled as a Rayleigh fading channel. Due to the different
atenuation after the active IC, hIRR is modeled as another
Rayleigh fading channel [20].

Fig. 2. Block Diagram of the considered FDR node

As in [21], the proposed virtual harvest-use model deploys
a battery group consisting of two rechargeable batteries, as

depicted in Fig. 2. It is assumed that each battery contains
enough redundant energy initially. The two batteries are ac-
tivated for EH and power supplying alternately in a time
switching manner with each block of transmission denoted
by T' and divided equally into two time slots.

In each time slot, The power of the relay-received signal is
split for EH and information decoding (ID), after active IC,
according to the proportion p : (1 — p), where p € (0,1) is
the PS ratio. Under these considerations, the input signal at
the energy harvest receiver can be written as

yEH = /p( \/]TS}LSRSS (t)+ \/PiRh]IE{RST(t)) )

where Pgs and Ppr are the source and relay transmit powers,
respectively. s(¢) is the signal transmitted from S and s,.(t)
is the relay transmit signal. For notation simplicity, consider
i 2 |hi|? and Q; = E(|hy|?), for i € {SR,ID, EH, RD} as
the channel gains and the average channel gain, respectively.
This way, at the end of a time slot, the harvested energy at
the relay can be expressed as

T
Ex =np(Psgsr + PRQER)g (@)

where ) € (0, 1) is the energy conversion and battery discharg-
ing utilizing efficiency factor. Simultaneously, the transmission
is powered by the battery that is not switched by the EH.
Considering Fy as the amount of energy available to the
transmission, Pr can be written as

Ex a
np(Psgsr + Prokr)

_En a A _npPsgsr
T/2

(1 —npgkr)

Due to passive IC, such as antenna cancellation, hER is
less than 1, so (3) is always positive. With the DF protocol,
assuming the correct decoding of the signal, the relay transmit
signal can be written as s, (t) = ss(t — k), where k is the
processing delay at the relay. Therefore, the received signal at
the information decoding (ID) receiver and at the destination
are respectively given by

Pg 3

yr = /(1 — p)Pshsrss(t) + /(1 — p) Prhygss (t — k) + ()

(€]
yp = V/ Prhrps(t — k) +np (%)
Where n, and np are the noise components at R and D,

respectively. Based on (4) and (5), the SINR at the relay and
at the destination can be expressed as

1 —p)Psgsr
- _( p) 9 ©)
(1—p)npPsgsrgrg + N,
1—-npgkgr 0
Prgrp
— _IRY 7
YD No @)

B. Half duplex mode

</ »
hsr

Fig. 3. System Model
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Fig. 4. Block Diagram of the half-duplex relay transmission scheme

Fig. 3 illustrates the wireless energy transfer network with
HD relay. Furthermore, as shown in Fig. 4, the transmission
is split into two intervals. First, the source sends a signal to
R that is divided to EH and ID according to the proportion
p: (1—p), where p € (0,1) is the PS ratio. Similar to the
analysis to obtain (2), the harvested energy after the end of a
time slot and the respective relay transmission power can be
expressed as

T
EHHD = inSgSR§ (8)
E A
Pryy = 751/2 2 npPsgsr ©)

This way, the instantaneous SINR at the relay and at the des-
tination can be, respectively, written as yr=(1— p) Psgsr/No
and vp = Prgrp/No

III. OUTAGE PROBABILITY
A. Full duplex mode

By definition, the system is in outage if the instantaneous
end-to-end SINR is less than an given threshold 7. By consid-
ering the DF relaying protocol, the outage probability is given

by

P, = Primin{vg,vp} < 7] =1=Pr[yg > 7,7p > 7]

e
(10)

Note that, as in [22], 7r and ~p are correlated random
variables. That means that the SNR at D depends on what
happens on the S — R link, hence the joint CDF presented in
(10) cannot be analysed as the product between the marginals
CDFs, ie., Fyp, 4p (-, ) # Fy(-)Fy, (+). Therefore, the term
O can be expressed as

o [

YP — ’YPK’

Fip(g9&g) frp (9rp) fsr (9sR)

T— 7]p7'gR
YPMPISR

feu(9RR)dgrpdgsrdgRr
(1D

All channels are subjected to Rayleigh fading and their cor-
responding power gains are exponentially distributed. Under
these considerations, the probability density functions f,(-)
with X € (SR,RD,EH) can be written as fx(9x) =

6_%/9,( and the CDF Fjp(-) is given by

(npghir — 1) (vp(p — 1)gsr + T))

vpn(p — 1)pTQp1gsr

Fip(gig) = 1 — exp (
(12)

First, solving (11) for grp results in

< r(npaBr-1)
L

_9RR _ 9SR
YPnrgSRORD  oEp T Osr
p— 'vpp

QRRQSR

(npgRR —1)(vp<p—1)95R+r)
% e ypn(p—1prQkpasr

) — 1| dgsrdggy

(13)

Since there is no direct solution of (13) for the ggp variable,
it was divided into two more integrals as shown below

E
_9RR _ ISR
e 9Br SR T(npggR_l) n
oo YPNPYSRORD
E d 14
. n!QEHQSR 9SSR ( )
n=0"3p—7pp RR
ne9RR 1 _ 9RR _ SR
oo /oc enprn}m okp  9sR
2 a 10E_Q
n=0 ‘YPI'YPP n RR*“SR

o [ (regin = 1) (0 = D7 + o) ) ©
vpn(p — 1) pgsr Qpr 2R
15)

Note that beyond the division into the two integrals, it was
necessary to expand some of the exponencial functions into a
series according to the equation e” EZO o 77~ Solving (14)
and (15) we obtain, respectively,

E
) - noQrp0sr ) —n
© e QRRF (1 —n, (ﬂ/pi’ypp)QSR) (’YP 1P :{D SR)
n=0 nlQRR (W’QER - 1)7n
(16)
np E E
0o ]7,7553%{D1 syz% E T
Z e R En (’YPQSR*’YP/JQSR)
~ vp(p — 1)nlQER Qsr
(npgkr —1) (p — D1 + Qmp) \ ,,
[ - 17)
npTp1RD

Thus, by integrating (16) and (17) for gg g, © is closely ap-
proximated by (18) at the top of next page. On this expression,
E,(-) is the exponencial integral E function [23], T'(-) is the
gamma function [24, Eq. 8324] and I'(,-) is the incomplete
Gamma function [24, Eq. 8350.2].

B. Half duplex mode

Considering the outage probability expression defined in
(10) and the half duplex mode, the term ©np is given by
o0
(1 = Frp(grp))fsr(gsr)dgsr  (19)

—_
YP—TpPP

Oup =

Where Frp(grp)) =1—€" vparasnnip . Under these consid-
erations, ©Oyp is approximated as

N _cos (nm)I’ (1 —n, m) (r)"

n!(ypnpQsrO2rp)"

Omp =~ (20)

n=0
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IV. NUMERICAL RESULTS

In this section, the analytical expressions derived in the
previouly section are evaluated for illustrative scenarios. We
also provide Monte Carlo simulations to corroborate our
analysis. Let us consider a linear network topology in which
the distances between S and R, R and D and between S and D
are, respectively, set to dsg = 0.5, dgp = 0.5 and dgp = 1.
In addiction, 5 is set as a good approximation of the N factor
in (18) and (20). Moreover, we assume a pathloss exponent
@ = 4, an SNR threshold 7 = 22® — 1 for the HD relay mode
and 7 = 2% — 1 for the FDR mode with R = 1 and the EH
efficiency factor to n = 1.

Fig. 5 shows the outage probability as a function of the
transmit SNR, vp, for different combinations of the RSI
links, QLy and QE .considering a power splitting factor,
p = 0.5 and a comparison with the scenario in HD mode.
The analytical expressions are corroborated via Monte Carlo
simulations. It is observed that both analytical expressions
perfectly matches the Monte Carlo simulations. Notice that
the self-energy recycling average channel gain, QER is more
influent on the performance of the system than reducing
the RSI modeled by the channel gh. Also notice that, the
self-energy recycling proves to be detrimental to the system
performance as it increases the interference do to RSI at the
relay, thus by increasing its value a loss in performance is
observed. It is also observed that due to the influence of the
RSI for higher values of yp, for vp greater than 30dB, the
HD mode obtain better performance.

[V
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0100l ‘K‘&\\ S 2 - S W R N S S S - S S e
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. ®
5 ~
< P
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Fig. 5. Outage Probability versus Transmit SNR ~p, for distinct values of
average power at the RSTs links, QL and QEp, considering p = 0.5

In order to complement the previous observations, Fig. 6
shows the outage probability as a function of the power
splitting factor p, for different combinations of the RSI links,
Qfy and QFp and considering vp = 30dB. As previously
observed in Fig. 5, reducing the average gain of the self-energy
recycling channel is beneficial to the system performance.
Notice that the self-energy recycling channel impacts on the
optimal power splitting ratio value, that can be explained by
the relation between both parameters in (6) and (7), given the
DF protocol . Also notice that, in HD mode, the optimal power
splitting ratio is closer to p = 0.5 and, on the other hand, in
the FD scenario, the system presents better results for lower
values of p < 0.5. In Addition, note that for higher values
of p, there is a loss on the performance of FD cases due to
increasing of the RSI. Therefore, as more power is dedicated to
the information decoding process on the relay, FD will present
better results compared to the HD-based system.
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Fig. 6. Outage Probability versus power splitting factor p,for distinct values
of average power at the RSIs links, Q{XR and QER, considering vp = 30dB.

Fig. 7 illustrates the outage probability versus the normal-
ized relay position for p = 0.1,0.3,0.5,0.7 considering full
and half duplex mode at R. Beyond that, similar to other
figures, Monte Carlo simulations are provided to validated the
expressions. Notice that, excluding the cases p = 0.5 and
p = 0.7 for FD, all scenarios present the best performance
near the source, as expected. Also notice that the worst case
happens when in FD mode, the power splitting ratio is equal
to 0.7.
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Fig. 7. Outage probability versus relative position of the relay, for p =
0.1,0.3,0.5,0.7 with yp = 30 dB.

V. CONCLUSION

In this work, the outage probability of a DF relaying
network with an energy-constrained relay, where a PS-based
SWIPT technique was used to provide the relay with energy
for the retransmission process was studied. We derive tight
approximated closed-form expressions for the outage prob-
ability of the considered FD case as well as for the HD
case. Our analytical expressions were corroborated via Monte
Carlos simulations. The results showed that the FDR network
achieved better performance than the HDR network for lower
values of the transmitted SNR due to the RSI impact on the
performance of FD-based schemes. Furthermore, the increase
on value of the average self-energy recycling channel impacts
negatively on the performance of the system, thus FD mode
overcomes HD mode when the relay dedicates more energy
for the information decodification process, and the self-energy
recycling remains low.
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