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ABSTRACT Simultaneous wireless information and power transfer (SWIPT) is a promising technique to
prolong the lifetime of energy constrained relay-based systems. Most of the existing literature on relay-
based SWIPT systems incorporate linear energy harvesting (EH) model. This article incorporates a non-
linear EH model into the full-duplex (FD) amplify-and-forward (AF) relay-based system for the first time
in the literature. We consider a practical non-linear energy harvester model namely constant-linear-constant
(CLC) EH model, which takes into account the sensitivity and saturation characteristics of the EH circuit.
First, the end-to-end outage probability of the system is derived for the time-switching (TS) based relay
protocol. To prevent the outage performance degradation, the outage throughput and energy efficiency (EE)
of the system is maximized by optimizing the TS parameter. Since the formulated problems are convex
in nature, the golden-section method is used to find the optimal TS solution. Numerical results reveal the
significance of employing a non-linear EH model by demonstrating the difference of the proposed model
from the traditional linear EH model system and importance of using full-duplex relay by showing large
performance gain over half-duplex relay-based (HDR) system, in terms of outage probability, throughput,
and EE.

INDEX TERMS Amplify-and-forward (AF) relay, energy harvesting (EH), full-duplex (FD) system, outage

probability.

I. INTRODUCTION

Beyond 5th generation (5G) wireless communication sys-
tems face huge challenges for high data rates, reliability,
and energy efficiency of communication [1]. Cooperative
relaying, where a source node transmits a data signal to the
destination, a third node overhears it and relays the signal to
the destination as well, is an efficient technique to provide
reliable transmission, high throughput and long coverage [2],
[3]. On the other hand, in recent years, energy harvesting (EH)
from various renewable sources such as wind, solar, and radio
frequency (RF) has been realized as a potential solution to
prolong the lifetime of energy constrained communication
networks [4]. Among these renewable sources, harvesting
energy from the radio frequency (RF) is an efficient option
for future wireless systems because of its controllability,
reliability, and lower cost [5]. Since RF signals can carry both
energy and information, simultaneous wireless information
and power transfer (SWIPT), which is a combination of wire-
less information transfer and wireless power transfer (WPT)
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has received the great attention from the researchers recently
[6]. In many applications of SWIPT, wireless powered relay-
ing is one typical application scenario for cooperative sys-
tems, in which the energy constrained intermediate relay
nodes rely on the harvested energy from RF signals of the
source to assist its communication to the destination. There
are two types of relay commonly being used, amplify-and-
forward (AF) [8], where a relay node amplifies the received
signal from the source and sends it to the destination and
decode-and-forward (DF) [11], where a relay node first
decodes the received signal and then sends it to the destina-
tion. For energy harvesting and information transmission, the
relay nodes use two prominent architectures, namely, time-
switching (TS) and power-splitting (PS) protocols [6], [7].
In TS-based SWIPT protocol, the relay harvests power from
an energy signal sent by the source and receives the source
transmitted information signal in two different time phases,
whereas, in PS-based SWIPT, the received source signal is
splitinto two signal streams to perform energy harvesting and
information processing.

Initially, SWIPT-aided two-hop relaying systems incor-
porate half-duplex (HD) transmission and traditional linear
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energy harvesting (EH) model [7]-[12]. The traditional linear
EH model assumes that the output power of an energy har-
vester is linearly dependent on its input power. [7] derives the
analytical expressions for the outage probability and ergodic
capacity of an HD-AF relay-based system incorporating the
TS and PS protocols, whereas [8] studies the system of [7]
in the presence of interference at the relay and destination.
In [9], the authors investigate the outage performance of an
HD-AF relay-based system with PS protocol in the presence
of a direct link between source and destination, whereas [10]
incorporates the adaptive relaying (AR) protocol based on
TS-PS protocol in HD-AF relay-based system. In [11], the
authors derive the analytical expressions of the achievable
throughput and ergodic capacity of an HD-DF relaying net-
work for both TS and PS schemes. [12] studies an energy
efficiency maximization (EEM) optimization problem for the
multi-user multi-carrier energy-constrained HD-AF multi-
relay network under the total source transmit power budget
and energy-causality constraints. However, the limitation of
the aforementioned relaying SWIPT systems to HD trans-
mission results in loss of spectral efficiency. Therefore, full-
duplex (FD) relaying, which utilizes the scarce frequency
spectrum more efficiently by supporting simultaneous signal
transmission and reception at the same frequency band, has
been exploited.

FD relaying SWIPT systems with a linear EH model are
investigated in [13]-[23]. The throughput of the FD-AF and
DF relaying system based on a TS receiver structure is inves-
tigated in [13]. Later on, [14] extended the work of [13] to
the FD multi-antenna system. In [15], the authors study the
outage probability of the FD-DF relay system incorporating
the PS protocol, whereas in [16] the outage probability and
throughput of FD-AF relay system incorporating T'S protocol
are analyzed under the QoS constraints. [17] discusses the
problem of relay selection in FD two-way communication
system whereas, [18] analyzes the outage performance of
four different energy harvesting schemes based on two-way
communication FD relay system. [19] studies the outage
performance for the SWIPT FD-EH relay system, with the
relay node subjected to co-channel interference (CCI), under
PS protocol. [20] analyzes the outage probability of the
EH-based FD AF and DF relay system in «-u environment,
under TS protocol. [21] studies an FD-AF multiple relay
system employing SWIPT receivers operating in interfer-
ence channels under PS protocol and presents power alloca-
tion problem using game theory. [22] presents the problem
of maximizing the energy efficiency of an FD-AF MIMO-
OFDM system with self-energy recycling, whereas [23] ana-
lyzes an FD-AF MIMO relay system based on antenna
switching with self energy recycling and presents the problem
of maximizing the spectral efficiency. The above mentioned
full-duplex systems are all based on the conventional linear
EH model. As stated above, the linear EH model assumes
that the output power of the energy harvester is linearly
dependent on its input power. However, the components of the
EH circuit in a real system are non-linear, and the traditional
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linear EH model is unrealistic. As a result, researchers start
to study the practical non-linear EH models based on RF
signals [24]-[45].

The non-linear EH model based on sigmoid function has
been studied in [24]-[33], where as authors in [34]-[39]
incorporates the non-linear EH model based on a linear-
constant (LC) function. [40] studies the non-linear EH model
based on a quadratic function and [41], [42] on a polyno-
mial function obtained by a Taylor series expansion of the
diode output in the rectifier. These non-linear EH models
incorporate only the saturation effect of the EH circuit. Only
recently, the authors in [43]—-[45] incorporate the sensitivity
characteristic [46] of the EH circuit in modeling non-linear
models which is known as constant-linear-constant (CLC)
model. Considering the sensitivity characteristic is important
for EH circuits containing diodes.

The developed non-linear EH models are being used in
the design and analysis of various SWIPT systems [27]-[33],
[35]-[39], [42], [45]. For the non-linear EH model relay-
based systems specifically, based on the sigmoid function
[24], [32] study the PS scheme for the HD-AF relay-based
system in the presence of a direct link between source and
destination, where as [33] studies the resource allocation and
relay selection in a two-hop AF relay-assisted HD multi-user
orthogonal frequency division multiple access (OFDMA)
network with PS scheme. Based on LC model, [35] calculates
the outage capacity of the HD-AF relay system with TS
protocol, whereas [36] deduces the expression of the secret
outage probability in the HD multi-DF relay-based system
with PS protocol. The outage probability of the HD-DF relay-
based system incorporating PS protocol under the imperfect
channel is presented in [37]. [38] studies the dynamic PS
schemes for the HD-AF relay-based system under the perfect
and imperfect channel scenario. In [39], the authors derive
the expressions for the outage probability of the HD-DF relay
system in the interference-limited environment. [43] studies
the two way communication rate regions under fixed and
mobile relays based on CLC function. However, the systems
mentioned above are limited to HD mode of transmission.
Authors in [45] study the outage performance and QoS opti-
mization of a full-duplex relay system with a constant-linear-
constant (CLC) energy harvesting model, considering both
the finite sensitivity and saturation characteristics of the EH
circuit. Based on the TS scheme, the authors incorporate the
DF relay to co-operate between the source and destination.

Motivated by the previous works, this article incorporates
a non-linear EH model into an FD-AF relay-based system
for the first time in literature. We consider a practical CLC
EH model, which takes into account both the sensitivity and
saturation characteristics of the EH circuit [44], [45]. The
main contributions of our work are as follows:

o We provide the analysis of the outage probability of an
FD-AF relay-based system incorporating a non-linear
constant-linear-constant (CLC) EH model, considering
both the sensitivity and saturation characteristics of the
EH circuit for the first time in the literature.
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FIGURE 1. Full-duplex AF relay-based EH system.

« We optimize the TS scheme to maximize the system out-
age throughput and EE under the non-linear EH model.
The formulated optimization problems are observed to
be convex. Therefore, we exploit the golden-section
method to find the optimal TS solution.

o The numerical results reveal that the performance of
the proposed system under the non-linear EH model is
different from the linear model system and illustrates
the importance of using FD relay by showing significant
performance gain over an HDR system incorporating
both linear and non-linear EH models.

The rest of this article is organized as follows. Section II
presents the system model and the non-linear energy har-
vesting model. In Section III, the outage probability analysis
of an FD-AF relaying system is analyzed. Section IV and V
present the optimization problems of maximizing the outage
throughput and energy efficiency (EE) of the system and
their solutions, whereas, in Section VI, numerical results are
presented. Section VII concludes the paper.

Il. SYSTEM MODEL
We consider a two-hop wireless communication system,
where the information is transferred from the source node
S to the destination node D, through an energy constrained
intermediate relay node R, as shown in Fig. 1. Source and
destination nodes are equipped with a single antenna, whereas
relay contains two antennas (one receive antenna and one
transmit antenna). We choose AF relay because of its follow-
ing advantages. 1. Lower implementation and computational
complexity. 2. Less delay at the relay terminal. 3. Transparent
to the modulation/coding used by the source node. We assume
that the AF relay operates in FD transmission mode and har-
vests energy from the source node. Due to the environmental
limitations, we assume that there is no direct link between
the source and destination, and communication can only be
established via a cooperative relay node. We assume that
the channel state information (CSI) is available to all the
nodes. We obtain CSI by channel estimation in the training
phase. First, the relay and destination transmit their own pilot
signals, respectively. Hence, the CSI of source-relay link is
obtained at the source, and CSI of relay-destination link is
obtained at the relay. Then, the relay forwards CSI indicator
to the source to indicate the CSI of relay-destination and self-
interference link. Hence, CSI of all links in a two-hop FD
relaying system is acquired at the source.

We assume that &#; and hp denote the channel coeffi-
cients of the source-to-relay and relay-to-destination links,
respectively, and hg denotes the self-interference channel
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FIGURE 2. Block diagram of relay receiver architecture based on TS
protocol.

coefficient. The channels are quasi-static non-frequency
selective Rayleigh fading, so the PDF and CDF of Ay
(ke(1), (2), (R)) can be written as

1 _x
Finp @) = 5% ()
Fippe) =1—¢ i &)

where A denotes the mean value of |A|?.

A. TIME-SWITCHING (TS) PROTOCOL

Relay’s receiver architecture is based on time-switching (TS)
protocol [13], [14], [16]. The framework of TS is presented
in Fig. 2, where the time slot 7 is divided into two phases,
where the relay works in HD mode in the first time slot but
FD mode in the second time slot. The first phase is of duration
oT. This phase is used to transfer energy from the source to
the relay. The second phase is of (1 —«)T duration and is used
to transfer the information from the source to the destination
via a relay. The relay operates in FD mode in the second
phase, i.e., receives the information from the source and
transmits the information to the destination simultaneously.
We consider a harvest-use strategy, where we assume that all
the energy harvested by the relay in o7 time fraction is used
to transmit information to the destination in (1 — «)7 time
fraction. For simplicity, we normalize the time period T to
be equal to 1. We assume the usage of TS protocol because
it outperforms PS protocol at low signal-to-noise-ratios and
high transmission rates [7]. During the energy harvesting
phase, the signal received at the relay at time ¢ is

2R(t) = h1y/Pexs(t) + ng(t) )

where P; represents the transmission power at the
source node, x; is the normalized transmitted signal with
E(|xs(t)|2) = 1 for all ¢, ng(¢) is the additive white Gaussian
noise at relay at time ¢, CN ~ (0, a,%).

During the information transmission phase, the signal
received at the relay is

V(1) = hiv/Pyxs(t) + hry/Prxg(t) + ng(t) 4

where hr/Prxg(t) is the self-interference signal due to the
FD mode of the relay. After receiving the signal from the
source node, the AF relay multiplies it with an amplification
gain Gg and then forwards the signal to the destination.
Hence, the signal at the destination at time ¢ is given by

yp(t) = hoGRryr(t) + np(t) (5)
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FIGURE 3. Constant-Linear-Constant (CLC) based non-linear EH model.

yp(t) = hpGrhi~/ Pyxs(t) + hoGrhg~/ Prxg(t)
+ haGrng(t) + np(t) (6)
where np(¢) is the additive white Gaussian noise at the desti-

nation at time ¢, CN ~ (0, 05) and amplification factor Gg is
expressed as

1S|”1| 1R|‘1R| OR

Considering Eqn. (6), the end-to-end signal-to-noise ratio
SNR of the system, after some algebraic manipulations, can
be express as in [47]

PyPRIhy [ h2)?

Yy = ®)
Pilha |2 hg|? + PrlhgPop + Pslhi o
The end-to-end rate of the system can be expressed as
R=(—-a)logy(1+y) €))

B. CONSTANT-LINEAR-CONSTANT (CLC) EH MODEL
In this work, we consider the non-linear EH model known
as CLC. It takes into account the sensitivity and saturation
characteristics of the EH circuit. Fig. 3 shows the harvested
power for different input power values for two EH models,
namely, linear EH model and CLC non-linear EH model [44],
[45]. For the CLC EH model, when the input power is below
the sensitivity value Py, the EH circuit does not harvest any
energy. When the input power becomes greater then P,
the circuit operates in linear fashion but when it reaches
the saturation value Py, the output power of the harvester
becomes constant.

Therefore, the transmission power of the relay can be
expressed as

0, Ps|hl|2 < Puin
nPs|h e
Pr = ls——ot’ Ppin < Py|h1|* < Py, (10)
NPy«
0, Pil|? > Py,
1l—«a
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where, 7 is the energy conversion efficiency. The existence
of these three regions in the Pg expression results in three
regions in SNR expressions. This is the main challenge we
have to tackle in this study. Therefore, the end-to-end SNR
can be expressed respectively as

0, Pylhi? < Pyin
Pylh|*|ho|?
2 o2’ Pmin§Ps|h1|2
= | aPslin Plho PP+ |hrlPop+ 2
< Py
Py|h[?|ha]?
. . Pyl P > Py

Pylhy 20}
aPq,

aPuylha | hg|2+hg|2o 3+
(11)

where a = (1£).

lll. OUTAGE ANALYSIS OF FD-AF RELAYING SYSTEM

An outage in the system happens when the rate is smaller
than the target rate Ry,. Therefore, outage probability can be
defined as

Py = Pr(R < Ry)) = Pr(y < yu) (12)

where y;;, = 2% — 1 represents the target SNR of the system.
Considering the existence of three regions in the end-to-end
SNR expressions of Eqn. (11) of the system, we can derive

Pp=1-hLH—-DL—1I (13)
where
I = Pr(y > v, Pslhi|* < Poin) (14)
L = Pr(y > Vi Pmin < Pslh1|* < Py,) (15)
Iy = Pr(y > ym, Pslhi|* > Py,) (16)

Now, we calculate I, I, and I3 separately.
o 11 = Pr(y > yu, Ps|h1|* < Prin)

For the case of I, the input power Pg|h; |2 is below the
sensitivity level Py, the relay does not harvest energy, due
to which information cannot be transferred to the destination.
Hence I; = 0.

o I =Pr(y > Yin Pmin < Ps|m1|* < Pp)

After some algebraic manipulations, /> in Eqn. (15) can
be written as,

L = Pr<|hl|2 >C,A<|h< B) (17)

p P yihihalod+B)
where A = 2o B=%h gpd C = ——5— 94—
P Py P.rth‘z(l_aythlthz)

We can divide I, into two further cases, namely when C <
A and A < C < B. Now, we solve for these two cases.
Case I: Note that when C < A, Eqn. (17) becomes

Ly =Pr(C<AA<|h|<B) (18)
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Putting the expressions of A,B, and C, and considering the
fact that |A1|?> and |hy|? are independent random variables,
we can write I | as,

2
ya(\hg|* o + 22)
(1 - ayth|hR|2)Pmin

Ly = Pr<|h2|2 > )Pr(A < |h|* <B)

(19)

I>.1 can be further classified into two cases depending on the
fact that |h|? is a positive value.
2
hgl*op + 22 1
Pr<|h2|2 - ym(lhr|“op Ml ) ) el <
(I — aymlhr|=)Pmin ayth
yin(lhr2o + 2) 1
Pr<|h2|2 > R D ) =1, |hgl*>
(1I- aVZhIhR| YPmin ayth
(20)
Therefore, I5 | can be calculated as in Eqn. (21), as shown at
the bottom of the page. After solving the integral in Eqn. (21)
by standard integral evaluation method, we get
1 o2
avi < Yo+ -2) +K);e)
dx

1 —\ T=aymPmini2
Lhi=|— e
AR
0

Since, there is no closed-form expression for the inte-

X [F‘hl |2(B)

Wi~ T=ayp)Pmin*2 " *R

1 ( Yiop+ ) x )
gral ﬁ [ e dx, we employ Gaussian-

Chebyshev quadrature [49] to achieve an approximation of
Iy as

Z Mf(bn)}[

where N is a parameter that determines the trade off between

B
I ) 23
2 [nRath e } 2

Case II: When A < C < B, I, becomes
by =Pr(A<C<B,C<|l*<B) (24)

Putting the expressions for A, B and C, and after some alge-
braic manipulations, we can write I, as in Eqn. (25), as
shown at the bottom of the page. We can further classify 15 »
on the basis of the value of random variable |ig|? as

1
ayy, G B

1
/{/ f|h12(X)f|h2|2(y)dXdy}ﬁhRP(Z)dL gl < ayth
0 F E
0, hg)? > —
lhr|” > ayth
(26)
Therefore, I » can be written as
@ G B
= f { / f fh1|2(X)f|h2|z(y)dxdy}f|hRZ(Z)dz @7)
0 F E

m(|hR|zo,§+é)

m(\hmzagJé)
Pu(1-aymlhgl?)’

P;y(lfam\hmz) '

2

var (1he o3 +2) { GB } o
— ———% and X dxdy ¢ is the joint
Pmirl(l_”yth|hR|2) {b[flhl |2( )f\hzlz(y) y J

CDF of |h1|? and |3 |*. The integral in Eqn. (27) can be solved
by incorporating Gaussian-Chebyshev quadrature approxi-
mation. After solving, we get Eqn. (28), as shown at the
bottom of the page. Since, the Gaussian approximation lies
inside the integral in Eqn. (28), we can not find the final
closed-form approximation without integral.

« =Pr(y > ym, Pslhi|* > Pyy)

For the case of I3, when the input power Pg|h |2 is greater

than the threshold level Py, putting the expression for y, and
after some algebraic manipulations, Eqn. (16) becomes

where £ = F =

complexity and accuracy, a, = T =
si—lan + 11. I = Pr(* > D, > > B) (29)
s 2
ayg o o0
yin(xop + °2)
12_1 = {1 — [/ F|h2|2 <m flhR|2()C)dX + [fithz(X)dx F‘h1|2(B) —Flhllz(A) (21)
0 i
2 2
th(|hg|*o "D th(|hg|?o} + 22 th(|hg|203 + 22
[22=P(V(|2R| )2<|h1|25371/ (IRI Dza)§|h2|25y (|R| D2 a)> (25)
Ps|ha|“(1 — ayml|hr|”) (1 — aym|hr|*)Pm (1 — aym|hr|*)Ppin
1
5 aYth N
ho~e ™1 1 - by, 1— b —_— 1— b ﬂRd
raRe [ZARWN Z¢ anfi( )+2A " Z¢ anfa )]+ (( )Z V1 —anf( n>)e z
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where

D= <Vth(apt2h|h2|2|hR|2 + |hR|2Ug)>
- .
P.(1har - 2

We can further classify /3 into two cases described below.
Case I : Note that when D < B, Eqn. (29) becomes

L =Pr(|m|* > B,D <B) (30)

After incorporating the expressions of B and D and the fact
that | |% and |hg|? are independent random variables, we can
write I3 as,

P (1o 2 Yo

) ) m(h2|” = Zp.%)

I3 1=Pr(Jh1|” > B)Pr(|hr|” < 5 3 (31
vn(aPylho|= + op)

We can futher divide /37 based on the fact that |hR|2 is a
positive value.

2
Pu(|hp|? — 227D

2

o
Pr<|hR|2 > aPyy, > ) — 1’ |h2|2 < Yith D
yim(aPulha|* + op) aPy,

Puy((ha|? — 15D Vi
Pr(mm2 < o ) o) > =L
yin(aPm|ha|* 4+ o) aPy,

(32)

Therefore, we can write I3 as Eqn. (33), as shown at the
bottom of the page. After solving the integral in Eqn. (33) by
using the standard integral evaluation method, we get

2
Yth°p
Py (x—
00 —(th( Py +4

1 aP,x az )‘> -5
13.12[1_)\_2/;/[11512) e Vin(@Ppx+opg 2 dx:| [e A1j| (34)

aPyy,
Since there is no closed-form expression for the inte-
2
Ythop

)

P, xX—
e aPy, x

o0 _<y (aP. x+rrz)k AZ) PP
gral [ 5 e \TTITTODTR dx, and due to infinite
Yth°p

.., P . .
limit, we can not approximate through Gaussian-Chebyshev
quadrature.

Case II: When D > B, I3 can be written as

After some algebraic manipulations, we can write I3, as
Eqn. (36), as shown at the bottom of the page. By observing
Eqn. (36), we can further classify /3> on the basis of |h2|2.

0 |ha|? < W‘_sz’
,oo 00 o0 aPun
/ { / /f|hl|2(x)ﬁhR|2(y)dxdy}fh2|2(Z)dz, (37)
Ythop S
aPyy, 5
o> > Yin%p
aPth

Therefore, I3 > can be written as,

13'22 / {f/f|hl|z(x)f|hR|z(y)dxdy}fh2|2(z)dz (38)

ythgg J 1

aPyy,

2
YthO,
Pu(jha =02 )

Yih (aPrh|h2|2+012))

yin(yo+yaPulha?)

2
Yth©,
Py(In2P~"52)

where I = ,and J =

o0 00
{f fﬁhl|2(x)f|hR|z(y)dxdy} is the joint CDF of |A|> and
J 1

|hg|*. After solving the integral,

2
Yth,
Py (z— aP,;l,)) +z
0, Vzh’»R(“chZJrGLZ)) )

_B
Ly=e * ﬁ 22 5 dz 39)
Z;,ﬁ? Vinhr(aPmz+op) +1
Vzh“%
(z— P, WPshi

Since there is no closed-form expression of the above integral
and due to infinite limit, we can not find the approximation.

Finally, we can calculate outage probability P,, by calcu-
lating I 1 from Eqn. (23), 15> from Eqn. (28), I3.1 from Eqn.
(34), and I3 » from Eqn. (39), and putting them into Eqn. (13).

IV. OUTAGE THROUGHPUT MAXIMIZATION PROBLEM

In this section, we maximize the end-to-end outage through-
put of the FD-AF relaying system. The optimization problem
can be expressed as [45]

Ly = Pr(Jhi|*> > D,D > B) (35) max R = (1 — Pop)(1 — )Ry
Vthag
aPp 0 Ph(x Vrhag
1 - Ph
Ly = [ f Fop()dx + / F z<—“ : )f z(x)dxi“:l - F 2(3)} (33)
Iha| 8\ 3 @Par + 02 ) ! I |
0 Vth"})
“Pth

yin(@Pulho|*1hg)? + |hgl?03)

2
2 ythop,
5 Pth<|h2| aPy,

Ly = Pr<|h1|2 >
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ytho3
Ps<|h2|2 - D

aPy,

, |g] ) (36)
yin(@Pulha|? + o)
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st0<a<l1 (40)

where Ry, is the target rate. We observe that the objective
function of the problem (40) is concave w.r.t. «. Therefore,
the problem is convex and the solution is unique. To find the
optimal TS solution, we use line search method like golden-
section method [48]. The optimization algorithm based on
golden-section method is presented in Algorithm 1. The
optimal maximum throughput algorithm based on golden-
section method is described as follows. We first describe the
interval to be searched we [0, 1], accuracy to be achieved
o =e 7, and golden-ratio ¢ = 0.618. We then calculate «,
and «, and throughput values R(«,) and R(c,). Depending
on the function values or whether the convergence criteria
is fulfilled, we keep updating the interval until we get the
optimal «.

Algorithm 1 Optimal Maximum Througput Algorithm
1. Initialization: € = 0.618,a, = 0,b, = 1,k = 0,0 = ¢~/
2.0y < ao+ (1 —€)b, — ay)

3.0y = ao + €(b, — a,)

4. Calculate R(c,) and R(ca,)

5. for Vk do
6
7
8

if R(ay) > R(c,) then
if |y —ar |< o

. oy, = ok
9. Break
10. else

1. axy1 < ak, beyr < o, R(ay1) < R(og)
12. Ug] < Qg

13. Q1 < g1 + (1 — €)(brr1 — ag41)
14. Calculate R(ak+1)

15. Continue

16. end if

17. else

18.  if | by — oy |< o then

19. oy, < o

20. Break

21.  else

22. Qg1 < ok, b1 < by, R(ag11) < R(ag)
23. Upy] < di

24, gy < a1 + €1 — agt1)

25. Calculate R(og 1)

26. Continue

27. endif

28. endif

29. end for

30. Return o, and R(e,)

The complexity of golden-section method is O(log C%), the
number of iterations golden-section method takes to converge

, where C = (log(é))_l, L is the length of

interval given by (b,-a,). In the golden search method, two
function evaluations are made at the first iteration and then

E6)
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only one function evaluation is made for each subsequent
iteration.

V. ENERGY EFFICIENCY (EE) MAXIMIZATION PROBLEM
In this section, we maximize the EE of the FD-AF relay-based
EH system and find the optimal value of time fraction ««. The
EE of the system is given as

EE = R (41)
= b
The optimization problem is expressed below
max EE — (1- Pap)(l — )Ry
o Ps
st0<a<1 (42)

where EE is the ratio of end-to-end outage throughput to the
total consumed power in the system. We observe that the
above problem is convex. To find the optimal solution, we use
golden-section method similar to Algorithm 1.

VI. NUMERICAL RESULTS AND DISCUSSIONS

The goal of this section is to present the numerical results
based on analytical expressions developed and verify the
analysis through Monte-Carlo simulations. We assume that
all the channels undergo Rayleigh fading. The attenuation in
the channel is calculated by using both large scale and small
scale fading. To model the large scale fading, following model
is used.

d
PL(d, dB) = PL(dy, dB) + 10,310g10<d—> +Z (43)
0

where, PL(d, dB) is the path loss at distance d in dB, dy is the
reference distance and path loss at reference distance dy =
Im is taken as 70dB, the term S is the path loss exponent
and is taken as 3. Z is a zero mean Gaussian random variable
with standard deviation o = 4. For the simulations, unless
otherwise specified, we set the parameters as follows [45]:
We set the maximum transmit power of the source node to
P = 30 dBm; energy conversion efficiency to n = 0.7; the
sensitivity and saturation values of the EH circuit to Py, =
17 dBm and P;;, = 29 dBm, respectively; noise variance to
05 = 01% =02 =0.01; target rate to Ry, = 3bps/Hz; and the
average channel gains A; = A, = A; to 1. For convenience
we define SNR y = %.

A. OUTAGE PROBABILITY AND THROUGHPUT VERSUS o
FOR DIFFERENT SNR (y)

Fig. 4 shows the outage probability for different values of
time fraction « and for different SNR (y). When we increase
o, outage probability decreases, but when « reaches to a cer-
tain value, outage probability starts increasing. It is due to the
trade-off of energy harvesting and information transmission
phases. More specifically, when « increases, energy harvest-
ing at relay increases which in turn increases the transmission
power at the relay. Due to which, outage probability decreases
to the minimum. However, when o keeps increasing, the
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FIGURE 5. Outage throughput for different values of time fraction «,
where 5 = 0.7, Ps = 30 dBm.

information processing time phase decreases which increases
outage probability. It can be observed that high SNR achieves
better performance as compared to low SNR.

Fig. 5 shows the outage throughput for different « values
and for different y . The outage throughput first increases and
then decreases with increasing «. It is because of the trade-
off of energy and information transmission phases. For high
SNR value y = 30 dB, the system achieves higher outage
throughput as compared to y = 20dB.

B. OUTAGE THROUGHPUT FOR DIFFERENT VALUES OF o
UNDER DIFFERENT EH MODEL

Fig. 6 shows the outage throughput for different « and differ-
ent EH models. The optimal & found for non-linear FD model
is around 0.1, which is in accordance with the literature [45].
The optimal outage throughput in the non-linear FD model
is smaller than that of a linear model. It is because of the
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FIGURE 6. Outage throughput for different EH models, where 63 = u,% =
0.01, n = 0.7, Ps = 30 dBm.

non-linear behavior of the practical energy harvesting (EH)
circuit, where we consider the sensitivity and saturation char-
acteristics. It can be observed that the optimal « in a linear
model is different from the one in non-linear and is not practi-
cal. When « reaches to a certain value, the outage throughput
of the non-linear model becomes higher than the linear model,
which is because of the saturation effect of the non-linear
model. With increasing «, the transmission power of the
relay keeps increasing in a linear model which means the
self-interference keeps increasing and hence the throughput
decreases. Due to saturation, the transmission power of the
relay becomes constant in the non-linear model and so is the
self-interference, therefore after a certain «, the throughput of
the non-linear model becomes higher than the linear model.
Moreover, it can be observed that FD system achieves better
performance gain as compared to the HD system. In the HD
system, the outage throughput of the non-linear model is
smaller than the linear model, which is because, in the non-
linear model, transmission power at the relay is limited and
hence the outage probability in non-linear model is larger
than the linear EH model system. Fig. 7 shows the outage
throughput for different y and different values of «. As y
increases, outage throughput first increases and then becomes
steady. It is because of the saturation effect of the non-linear
EH circuit. Specifically, as y keeps increasing, the EH circuit
saturates, and as a result, the outage throughput of the system
becomes steady. It can be seen from the figure that optimal o
achieves better throughput as compared to other « values.

C. COMPARISON OF LINEAR AND NON-LINEAR MODEL

Fig. 8 compares the proposed non-linear FD model with the
linear model. We analyze our non-linear system on optimal
time fraction («*) found from the linear model and plot the
outage probability for different values of y. It can be observed
that by incorporating o* of linear model, we achieve less
throughput for a given (y) as compared to the throughput we
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achieved on o™ of non-linear system. This result ensures the
advantage and practicality of using the non-linear EH model
over the linear EH model system.

D. OPTIMAL OUTAGE THROUGHPUT FOR DIFFERENT
VALUES OF SELF-INTERFERENCE

Fig. 9 shows the optimal outage throughput versus self-
interference A, of FD non-linear system with different val-
ues of y and half-duplex non-linear system. As the strength
of self-interference increases, outage throughput in the full-
duplex system decreases. However, in a half-duplex system,
there is no change in system performance. It is because self-
interference does not exist in HD systems.

E. ENERGY EFFICIENCY FOR DIFFERENT VALUES OF «
AND y

Fig. 10 shows the energy efficiency (EE) for different values
of o and different EH models. As observed for the outage
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FIGURE 10. EE for different values of « and EH Models, where 02 = o2 =
0.01, y = 0.7, Ps = 30 dBm.

throughput, the optimal EE in the non-linear FD model is
different from that of a linear model. It is because of the
non-linear behavior of the practical energy harvesting (EH)
circuit, where we consider the sensitivity and saturation char-
acteristics. The optimal « found for linear EH model is also
different from the non-linear model, and is not practical.
Moreover, FD system achieves better performance gain in
terms of EE than the HD system. Fig. 11 shows EE for
different values of y and different «. It can be seen that
as y increases, energy efficiency of the system increases,
but becomes steady as y reaches to a certain value. It is
because of the saturation characteristic of the EH circuit.
It can be observed from the figure that optimal « gives better
performance in terms of EE as compared to other arbitrary
o values. We get similar results in Figs. 6 and 7 to Figs. 10
and 11, respectively, because of the value of P used in the
simulations.
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VII. CONCLUSION AND FUTURE WORKS

This article presented a practical non-linear EH model, which
takes into account the sensitivity and saturation characteris-
tics of the EH circuit. Based on this model, we provided the
outage probability analysis of an FD-AF relay-based system.
To optimize the system performance, we presented an optimal
solution of the TS parameter to maximize the outage through-
put and EE of the system based on the golden-section method.
Numerical results suggested that the proposed FD non-linear
EH system outperforms the other existing systems including
linear FD, linear and non-linear HD systems. This work can
be further extended by incorporating power-splitting (PS)
protocol, multi-antenna systems, Nakagami fading channels
and more accurate non-linear EH models. Multi-antenna sys-
tems can be studied in the context of antenna-selection, and
beamform designing for SWIPT. More accurate non-linear
EH models can capture the increase in the received power
between minimum threshold and saturation points by the use
of a high-order polynomial and include the decrease in the
received power after saturation.
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