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Abstract—Wireless power transfer and energy harvesting have
attracted a significant research attention in terms of their
application in cooperative relaying systems. Most of existing
works in this field focus on the half-duplex (HD) relaying
mechanism over certain fading channels, however, in contrast,
this paper considers a dual-hop full-duplex (FD) relaying system
over a generalized independent but not identically distributed -
1 fading channel, where the relay node is energy-constrained and
entirely depends on the energy signal from the source node. Three
special cases of the -1 model are investigated, namely, Rayleigh,
Nakagami-m and Weibull fading. As the system performance,
we investigate the outage probability (OP) for which we derive
exact unified closed-form expressions. The provided Monte Carlo
simulations validate the accuracy of our analysis. Moreover, the
results obtained for the FD scenario are compared to the ones
related to the HD. The results demonstrate that the decode-and-
forward relaying outperforms the amplify-and-forward relaying
for both HD and FD scenarios. It is also shown that the FD
scenario performs better than the HD relaying systems. Finally,
we analyzed the impact of the fading parameters o and p on the
achievable OP.

Index Terms—c- fading, amplify-and-forward (AF) relaying,
decode-and-forward (DF) relaying, energy-harvesting (EH), full-
duplex (FD), half-duplex (HD), outage probability (OP), wireless
power transfer.

I. INTRODUCTION

Wireless power transfer has attracted considerable research
interest as a potential candidate able to extend the lifespan
of wireless battery-powered devices [[1]-[3]. Exploiting radio-
frequency (RF) signals for simultaneous energy and informa-
tion delivery, best known as simultaneous wireless information
and power transfer (SWIPT), is believed to be one of the
most efficient techniques for wireless energy-harvesting (EH).
There are three prominent architectures for SWIPT systems in
the literature, namely, ideal relaying, power-splitting (PS) and
time-switching (TS) protocols [4]—[9].

In SWIPT systems, the relaying node uses the received
RF signal as a source of energy and then utilizes it to
forward the intended data to a corresponding destination. The
performance of two-hop amplify-and-forward (AF) relaying
systems over Rayleigh fading authors was studied in [6],
where the authors considered three relaying protocols: time-
switching relaying (TSR), ideal relaying receiver (IRR) and
power-splitting relaying (PSR). In [10]], the authors estimated

the outage probability (OP) for a two-hop decode-and-forward
(DF) underlay cooperative cognitive network deploying the
TSR and PSR protocols, again, in Rayleigh fading channels.
Furthermore, accurate numerical expressions of the achievable
throughput and ergodic capacity of a DF relaying system
deploying the TSR and PSR protocols over Rayleigh channels
were derived in [8]]. Moreover, the OP in dual-hop AF and DF
relaying networks was studied in [9], [L1], [12]] considering
both full-duplex (FD) and half-duplex (HD) with several EH
protocols. In addition, the authors in [6]], [7] and [13] focused
on AF relaying systems with EH constraints for an IRR
protocol. The transmission rate and OP for FD-DF relaying
networks were investigated in [14] and [15], respectively.

Another aspects such as energy efficiency and security
issues in a wireless power transfer (WPT) enabled FD-DF
relaying network were studied in [16], [17]. The authors in
[18] and [19] investigated the secrecy rate and energy effi-
ciency in wireless powered massive multiple-input multiple-
output (MIMO) networks, respectively. In addition, the authors
in [20] analyzed the degrading effect such as inter-relay
interference in the WPT-enabled MIMO virtual FD relaying
scheme. Recently, the authors in [21]-[23]] considered a non-
orthogonal multiple access (NOMA) approach in wireless
powered relaying systems. For instance, the work in [21]]
and [22] investigated the outage and data rate performance
of PS-based downlink cooperative SWIPT NOMA systems.
Furthermore, the OP and energy efficiency of WPT-based
NOMA-inspired AF systems over Nakagami-m fading were
studied in [23].

Very recently, the author in [24] analyzed the OP in wireless
powered HD-DF relaying systems over a-u fading channels.
However, to the best of our knowledge, the performance
analysis of wireless powered FD-AF relaying networks over a-
1 fading have not appeared in the literature. Therefore, we ded-
icate the paper to analyzing the OP over independent and not
necessarily identically distributed (i.n.i.d.) a-p fading channels
in a dual-hop TSR-based FD-AF/DF relaying network. It
is also worthwhile noting that small-scale fading channels,
such as Nakagami-m, Rayleigh, etc., can be described by
a generalized a-p distribution [25]. The derived expressions
are unified in the sense that they represent various fading
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Fig. 1. Diagram of the considered two-hop FD relaying system.

channels which are obtainable from the a-p statistical model.
Moreover, the results are compared with those of the DF/AF-
HD relaying system. Results reveal that the performance of
DF relaying systems is superior to that of the AF ones while
the FD networks achieve better performance than the HD ones.
Throughout this work, our theoretical analysis is validated by
Monte Carlo simulations.

The remainder of this paper is structured as follows. Section
IT describes the system model and defines the performance
metric adopted in this paper. Sections III derives new analytical
expressions for the OP over i.n.i.d. a-p fading channels for the
TSR protocols. Analytical and simulated results are provided
and discussed in Section IV. Finally, Section V concludes the
paper and outlines the main findings of this work.

II. SYSTEM AND CHANNEL MODEL

The system model considered here consists of three nodes:
a source (.5), a relay (R) and a destination (D) as illustrated
in Fig.[Il The overall S-to-D communication is realized over
two time periods. The first phase is dedicated for the EH and
S-to-R transmission while the second phase is used for the
R-to-D transmission when R can operate either in the AF
or DF mode. We also assume that R is not equipped with
external power supply, but is deployed with two antennas that
allows it to simultaneously receive and transmit information.
We assume that the amount of power used by R during
information processing is negligible. During the first phase,
R scavenges the energy from the signal transmitted by S with
power Ps. Additionally, no direct link is assumed between
S and D and that all nodes, except R, are equipped with a
single-antenna operating in the FD mode. The S-to-R and
R-to-D links, represented by h; and hg, follow quasi-static
i.n.i.d. a-p fading. dy and ds represent the S-to-R and R-to-D
distances, respectively; the corresponding path-loss exponents
are given by m; and my. Note that the fading coefficients vary
independently from one transmission block time 7" to another.

Since we assumed that the channel envelope (r) follows the
a-p distribution, the probability density function (PDF) of the
1—th hop is given by [26]

Oli,ugi rQith —1

Jni(r) = TrednT ()

exp (~£r7) )
i

where 7 indicates the a;—root mean value given by 7 =

*%/E[r®], oy > 0 is an arbitrary parameter, E[] is the

expectation operator and T' (-) denotes the Gamma function

defined as I'(s) = fooo t5~le~tdt [27, Egs. (8.310) and

T
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Fig. 2. Time frame structure for the TSR relaying system.

(8.350.3)]. Also, p; > % is the inverse of normalized variance
of r® given by
E [r*i]
M ERT B )
Note that the a-p distribution is the most appropriate fading
statistical model that describes small-scale fading channels
such as Rayleigh (« = 2, p = 1), Weibull (« is the
fading parameter with p = 1), Nakagami—m (u is the fading
parameter with o = 2), etc. [23].
The OP can be expressed as

Poy =Pr (CHPF < R) =Pr (4" < v), 3)

)

where R and C' indicate the minimum required rate for the
TSR protocol and the instantaneous capacity of the effective
end-to-end signal-to-noise ratio (SNR) g, respectively. v =
2777 — 1 denotes the threshold SNR supporting R for the FD
relaying systems.

III. OUTAGE PROBABILITY ANALYSIS

In this section, we analyze the OP of the two-hop time-
switching EH-based FD system with DF and AF relaying. The
given time T required for S-to-D information transmission is
formed by three consecutive time slots (TSs). The first TS
(nT) is dedicated for EH while the remaining two TSs (each
equal to (1 — n)T'/2) are designated to maintain the S-to-R
and R-to-D data transmissions, where the EH time factor is
defined by 0 < 5 < 1 as shown in Fig.

The received signal at R can be written as [9]]

P
m@:w@%mm+mm, (4)

where Pg stands for the source transmit power. The informa-
tion signal and the noise at R are denoted as s(t), satisfying

E [[s(t)]?] = 1, and nq(t), with variance o2, respectively.
Accordingly, the energy harvested at R can be presented as
P
Ey = 0T <an’lh§ + ag) : )

where the EH conversion efficiency 6 (0 < 6 < 1) is mainly
affected by the circuitry. The energy harvested from the noise
term can be neglected due to its insignificance. Therefore, we
can express the relay transmit power as

EH - QnPshf 7I€P5h%
A=n)T (A —nydr  d" 7

Pp = (6)

where Kk = 19—”.
—n



The received signal within the information transmission
mode can be given by

——hq18(t) + hsr(t) + na(t), @)

where r(t) and hz denote the loop-back interference (LBI)
signal (due to the FD mode, with E [|r(t)|?] = Pg) and LBI
channel, respectively.

Note that in the FD mode, R applies interference cancel-
lation to reduce LBI since it knows its own signal. Thus, the
post-canceled received signal at R can be presented as

alt) = | hns(t) + BF() £ nalt). ®)

where Hg indicates the residual LBI channel given by the
interference cancellation impairments with E [|#(t)|?] = Pg.
A. FD with DF Relaying

For the DF relaying, the decoded source signal 5(t) is
forwarded by R to D; hence, the received signal at D can
be expressed as

—hgg(t) —I—TLD(t). )

Using (@), (8) and (@), the SNR values at R and D can be
accordingly written as

Psh? 1
=l - 10
TR PRd;nl h% Iih§7 (10)
Prh}  kPsh2h3
D= gy = e (1
o 1 @27°0p

The instantaneous capacity of the S-to-D link can be
written as

CPF = (1 —7)logy(1 + var)
(1 —7)logy(1 + min(yg,vp))-

12)

Now, substituting (I2) into (@) and assuming Z = XY
(X =h?,Y =h3) and V = h3, the OP can be determined as

1 KPg;Z
DF .
Pout Pr <In1n <W’W> <I/> .
Since the random variables (RVs) V' and Z are independent,
the corresponding OP can be expressed as

1 A1 dT2 62
PF_1_F, (E) (1 —Fy (uw» (14

IiPS
where Fy (r) = [ fv(z)dz and Fz(r) = [; fz(z)dz are the
cumulative dlstrlbutlon functlons (CDFs) of RVs V and Z,

respectively.

13)

Definition Let R be a continuous RV with generic PDF f(r)
defined over the support t; < r < t3 and @ = g(R) be an
invertible function of R with inverse function R = v (Q).

Then, using the “change of variable” method, the PDF of )
can be expressed as

folg) = fr(w(@) IV (9) |
defined over the support g(t1) < g < g(t2).

The PDFs of X, Y and V can be rewritten using the
definition given by (I3) as

5)

I L |
QT2 M e
512) = St O ( Lo ). e
Using (1), the CDF of V can be easily obtained as
Vinc (M37 (m/;\ﬁ)
Fy = 17)

['(u3) ’

where Yine(s,z) = [ t*"'exp(—t)dt indicates the lower
Gamma function [27, Eq. (8.350.1)].
Next, we define the PDF of Z = XY as follows

fZ(T):/ Ll | )

u
3p1 —p2 3#2 M1 o
B a2/\1 5 /\2 . 2(u1+u2) 1
D)l (p2)

X K (23300777 )

when a; = ap and \; = -, K, (-) is the n-th order modified
Bessel of the second kin(ﬁ.2Theref0re, the CDF of Fz(r) can
be determined using [32, Eq. (14) and (26)] as in (19), as
shown at the top of the next page.

After substituting and (I9) into (I4), we can finally
provide a closed-form expression of the FD-DF system based
OP as in (20), as shown at the top of the next page.

(18)

B. FD with AF Relaying

During the R-to-D transmission, the relay node amplifies
the received signal and then forwards it to the destination node.
Therefore, the received signal at D can be expressed as

PsPR PR
=4/ dml dm2 Ghlhgs + 1 [ = dm2 Gh2h37°(t)
+ 4 /d—n};thna(t) +np(t),

2

noise term

2y

where G = 1/, /255-h? + Prh} + 0% denotes the relay gain.
1

ngr(t) = ng(t) + ne(t) denotes the overall noise at R with

variance 0%, = 02+02, where n.(t) indicates the noise caused

by the information receiver while np(t) indicates the noise
term at D with variance 0%,
With this in mind, after some algebraic manipulations, we
can write the SNR at D as
P5h2h2
7D = sdy 2 h3o?
Prd"*h3h3 + 71“3 + h3dydy?

(22)
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Fig. 3. OP versus R for both HD and FD relaying systems with various parameters of the o~ fading distribution.
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After substituting (@) into @22), the SNR vp can be re- The fact that Y is a positive value means
expressed as follows pr (7 < YBsV45) V< Br
512 AF __ B1—B2vV ) vBa? 26
YD = : , %) S Tl T S a0 R ST I
B2V Z + B3V + Ba B1—PB2vV ) T vpBa”
where [31 = Ps, B2 = KPg, f3 = dy"dy’ 202 and B4 = Therefore, the OP can be calculated as
R
d"tdy"? o 51
K
PAY = / )dr + / ) fy (r)dr 27
The instantaneous end-to-end capacity can be expressed as out ﬁ Julr Fz(r)fv(r) @7)

CA = (1—7)logy (1 + i)

= (1 —7)logy(1 + D). (24)
Using [23)), the OP given by (@) can be expressed as
PAF ( BIZ )
o B2V Z + B3V + Ba
v(BsV + 54))
=Pr|Z<———F]. 25
( B — PV )

Finally, after substltutmg (@9 into @7) and some algebraic
manipulation, the OP can be expressed as in (28), shown at
the top of the next page.

C. High SNR regime for the DF/AF-FD systems

To the best of our knowledge, a closed-form solution
does not exist for the integral given in (28). Therefore, we
investigate the high SNR regime for the considered DF/AF-
FD relaying systems.
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since g is independent of the transmit power Ps.
2) FD-AF: Considering 22), the effective end-to-end SNR
can be rewritten as

, h3h3 1
lim ~4F = 12 T = G0

dml dm2 2
wh2h3h3 + /}7"%@(@'

With this in mind, at the high SNR regime, the OP metrics
of both FD relaying systems coincide with each other and can
be rewritten as follows

} 1
PDFAF _ 1 _ Jine (Mg’ As ('W)‘””)
oy

Ps—o0
The corresponding results are presented in Fig.

€1V

IV. NUMERICAL AND SIMULATION RESULTS

In this section, we present analytical and numerical exam-
ples for the derived expressions. The adopted system parame-
ters in our evaluations are as follows: G =1, d; = do = 5 m,
m;=mg=2W, op=0p=0.01Wand o, =0.=0gr/2,
Ps = {1;10} W, 6 = 1. By assigning different values for the
« and p parameters, we get the Rayleigh (o = 2 and p = 1),
Nakagami-m (o = 2) and Weibull (¢ = 1) fading coefficients.

Fig. [ illustrates the analytical results for the OP as a
function of R with various values of Pgs for both FD systems
obtained using Q) and (28), respectively. For the sake of
comparison and completeness, results for the HD systems are
also appended to the figure, details can be found in [33]. It
can be seen that the performance of FD schemes is vastly
superior to that of the HD systems for a certain R irrespective
of the value of Pg. It is also apparent that the DF systems
always outperform those based on AF relaying due to the noise
amplification which is specific to the AF relaying system. As
expected, in all scenario, increasing the source power enhances
the OP.

Now, to illustrate the impact of the fading parameter a on
the system performance, we plot in Fig. 4] the OP for FD-DF
and FD-AF systems versus «. The increase of « improves
the OP for P¢ = 10 W and deteriorates performance when
Ps =1 W, respectively. This can be explained by the effective
signal-to-LBI ratio obtained for different values of Pg. Similar
observations can be seen when p is varied. Note that the

Weibull
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Fig. 4. OP as a function of « for u = {1,2}.

parameters o and p are directly related to the power exponent
and the number of multi-path components of the channel,
respectively [29]. In addition, the corresponding values of the
OP for various fading channels perfectly match the OP values
shown in Fig. Bl Therefore, the derived analytical expressions
can be further applied for any other modifications of the fading
channels derived from the i.n.i.d. a-p statistical model.

Fig. [5l demonstrate some numerical results for the OP over
Rayleigh fading as a function of R with various values of Pg
for the FD systems obtained from 20), 28) and (ZI). It can
be seen that the FD-DF system always outperforms the FD-AF
even for high values of Pg, i.e., Ps = {1 kW, 10 kW,1 MW}.
As expected, in the high SNR regime, the OP metrics of the
considered systems match each other.

V. CONCLUSION

In this paper, we analyzed the OP of a two-hop TSR-based
relaying system over i.n.i.d. a-p fading. Three special cases
of the a-p fading channel, i.e., Rayleigh, Nakagami-m and
Weibull fading, were examined. FD was studied with both
DF and AF relaying. We derived unified accurate analytical
expressions for the OP which were validated with Monte
Carlo simulations. The obtained results were compared with
those for the HD systems. It was demonstrated that increasing
the parameter o and/or p improves the OP when the source
transmit power is sufficient compared to the LBI level while
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Fig. 5. OP versus R for the FD systems with Ps =
{1 kW, 10 kW,1 MW} over Rayleigh fading when Ps — co.

deteriorating the performance when these power levels are
found to be relatively equal. Finally, we analyzed the high
SNR regime for the FD systems when Pg — oo. It was
demonstrated that both AF and DF relaying systems achieve
the same performance.
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