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ABSTRACT In this paper, we investigate the usage of a nonlinear energy harvester at a full-duplex
(FD) relay, which can harvest the energy from radio frequency (RF) signals transmitted from the source.
We mathematically derive the exact closed-form expressions of outage probability (OP), throughput, and
average symbol error rate (ASER) of the nonlinear energy harvester-wireless information and power
transfer-FD relaying (N-WIPT-FDR) system over Rayleigh fading channels. Unlike linear energy harvester,
nonlinear energy harvester results in more computational complexity. Furthermore, it makes the outage floor
happen faster even when self-interference cancellation (SIC) techniques are effectively applied due to the
saturation power threshold of the nonlinear energy harvester. The combination of nonlinear energy harvester
characteristic and residual self-interference (RSI) has significant impacts on the OP, throughput, and ASER
of the considered N-WIPT-FDR system. On the other hand, there is an optimal energy harvesting (EH) time
duration, which minimizes the OP. This optimal value depends on the transmission power of the source and
the saturation power threshold of the nonlinear energy harvester. Monte-Carlo simulations are conducted to
validate the derived mathematical expressions.

INDEX TERMS Nonlinear energy harvesting, full-duplex relay, self-interference cancellation, decode-and-

forward, outage probability, throughput, average symbol error rate.

I. INTRODUCTION

In recent years, green communication has emerged as
a promising technique for future wireless networks such
as the fifth-generation (5G) and beyond [1]. In green
communication-oriented systems, various energy efficiency
solutions such as using the low power consumption devices,
radio frequency (RF) energy harvesting (EH), and sleep mode
are applied to save the energy consumption [1], [2]. Among
those, RF-EH has become a reality with the appearance
of some commercial products and standards [3]. Therefore,
exploiting the RF-EH technique to prolong the operation life-
time of wireless devices has been popular in both researches
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and experiments as energy and information can be simultane-
ously transmitted and received through RF signals [4].
Besides the RF-EH technique, the in-band full-duplex (FD)
transmission technique is a new transmission method that
has been recently proposed for wireless communication sys-
tems to solve the issue of lacking wireless spectrum. Com-
pared with the traditional half-duplex (HD) transmission,
FD transmission can double the spectral efficiency because
FD devices can simultaneously transmit and receive signals at
the same time and on the same frequency band [S]-[7]. How-
ever, a major issue of FD transmission is the self-interference
(SI) from the transmitting antenna to the receiving antenna of
FD device. Fortunately, recent studies and experiments have
reported that the SI can be reduced up to 110 dB by using
several self-interference cancellation (SIC) solutions such
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antenna designs, analog and digital signal processing [8], [9].
When effective SIC solutions are deployed so that FD devices
can successfully decode the desired signal from the received
signals.

Combining wireless information and power trans-
fer (WIPT) and FD techniques into wireless communication
systems with FD relay has been considered in many works
such as [10]-[18]. In WIPT-FD relaying (FDR) systems,
either relay harvests the energy from source [11], [13], [14],
[16] or both source and relay harvest the energy from power
beacon (PB) [12], [15], [17]. In these works, the closed-form
expressions of outage probability (OP), throughput, symbol
error probability (SEP), and ergodic capacity were derived,
taking into account the impacts of various parameters such
as residual self-interference (RSI), EH time duration, and
data transmission rate [12], [14], [15], [17]. Their results
demonstrated that the RSI significantly impacts the OP and
SEP of WIPT-FDR systems. Notably, although linear energy
harvester is used at FD relay, the OP and SEP reach the
floors in high signal-to-noise ratio (SNR) due to the RSIL
Furthermore, the optimal EH time duration can improve the
throughput of WIPT-FDR systems compared with traditional
WIPT-HDR systems [14].

Many methods have been proposed to enhance the through-
put, OP, and SEP performance of WIPT-FDR systems.
Specifically, in [10], a new throughput-oriented scheduling
scheme was developed for a WIPT-FDR system with mul-
tiple users over Rician fading channels. It was shown that
the proposed throughput-oriented scheduling scheme could
help the WIPT-FDR system reach the highest throughput.
A WIPT-FDR system with spatial modulation (SM) and
physical-layer network coding was investigated in [18]. The
authors showed that the bit-error-rate (BER) performance of
the FD-SM system could be better than that of the conven-
tional HD-SM system if the quality of SIC is enhanced, and
the spectral efficiency requirement increases. The authors
of [16] proposed an optimization problem with a non-convex
form to minimize the power consumption of FD secure com-
munications in cellular networks with downlink WIPT. It was
demonstrated that the proposed FD secure scheme is more
power-efficient than the conventional one.

Recently, besides mathematical analysis, optimization
methods and experimental measurements have been intro-
duced to improve the performance of WIPT-FDR sys-
tems [19]-[23]. By optimizing the time switching (TS) ratio
in WIPT-FDR systems, the OP is significantly reduced and
the throughput is greatly enhanced. On the other hand, non-
linear energy harvester was been investigated in WIPT-FDR
systems [24], [25]. Specifically, in the that closed-form
expression for optimal TS cannot be achieved due to the com-
plexity in calculation, some useful methods can be applied to
increase the throughput and energy efficiency of WIPT-FDR
systems [24]. In addition, beamforming is a good solution to
improve the amount of harvested energy at FDR [25].

As discussed above, there have been many works inves-
tigating the benefits of both EH and FD techniques in
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WIPT-FDR systems through mathematical analyses or sim-
ulations. Although linear energy harvester has been widely
used in the literature, recent reports such as [26]-[29] demon-
strated that it might be impractical. In fact, there are var-
ious factors causing the nonlinear characteristic of energy
harvester such as diode and saturation nonlinearities. Non-
linearity is the intrinsic property of diode. Meanwhile, the
saturation nonlinearities were confirmed by experiments
on energy harvesting circuits [3]. Therefore, the output
power of energy harvester in practice is often a nonlinear
function of the amount of harvested energy. Specifically,
the recent reports in [30], [31] demonstrated that nonlinear
energy harvester caused saturated floor even for half-duplex
relay (HDR) systems. In addition, the spectral efficiency
and energy efficiency of nonlinear energy harvesting systems
could be improved by optimizing the time switching ratio [30]
and the bit error probability could be reduced via coopera-
tive communications [31]. However, various scenarios using
nonlinear energy harvester in wireless communication sys-
tems have not still been investigated, especially in terms of
mathematical analysis. Motivated by this observation, in this
paper, we exploit nonlinear energy harvester at the FD relay of
a WIPT-FDR system (hereafter referred to as N-WIPT-FDR
system). The contributions of this paper are as follows:

o« We investigate a wireless relaying system where
new techniques for future wireless networks such as
energy harvesting, full-duplex transmission are applied.
We observe that the usage of nonlinear energy harvester
makes mathematical analysis much more complex in
comparison with that in the case of using linear energy
harvester. Consequently, most of previous works often
derived expression of only one metric such as OP or
throughput.

« We calculate the exact signal-to-interference-plus-noise
ratio (SINR) of the considered N-WIPT-FDR system
under the effect of the saturation power threshold of non-
linear energy harvester and the RSI induced by FD trans-
mission. Based on this result, we successfully derive the
exact closed-form expressions of the OP, throughput,
and average symbol error rate (ASER) of the considered
N-WIPT-FDR system over Rayleigh fading channels.
From these expressions, we can easily derive the OP,
throughput and ASER expressions of other relevant sys-
tems such as linear WIPT-FDR (L-WIPT-FDR) system
by setting the saturation power threshold to extremely
large value, N-WIPT-HD relay (HDR) system and
L-WIPT-HDR system by setting RSI equals to zero and
two time slots for signal transmissions, i.e., source to
relay and relay to destination. All analysis expressions
are validated by Monte-Carlo simulations.

« Based on the derived expressions, the performance of the
considered N-WIPT-FDR system is investigated inten-
sively. Numerical results indicate that the saturation
power threshold causes the floor of OP, ASER even
when the RSI is small. Moreover, the joint impact of
the saturation power threshold and the RSI significantly
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FIGURE 1. Block diagram of the considered N-WIPT-FDR system.

affects the OP, throughput, and ASER of the consid-
ered system. Specifically, the throughput cannot reach
the target value due to the influences of the saturation
power threshold, RSI, and time switching ratio. On the
other hand, there is an optimal time switching ratio that
minimizes the OP, ASER and maximizes the throughput.
This value depends on the transmission power of the
source, the saturation power threshold, and the RSI.

The rest of this paper is organized as follows. Section II
presents in detail the system and signal models of the con-
sidered N-WIPT-FDR system. Section III mathematically
derives the exact closed-form expressions of OP and through-
put of the considered system. Section IV provides several
numerical results obtained from these derived expressions.
Finally, Section V concludes the paper.

Il. SYSTEM MODEL

Fig. 1 demonstrates the system model of the considered
N-WIPT-FDR system where the source (S) and destination
(D) are single-antenna devices operating in half-duplex (HD)
mode while relay (R) is a double-antenna device operating in
FD mode. One antenna of R is used for transmitting signals,
and the other is used for receiving signals. Additionally,
since R employs a nonlinear energy harvester to harvest the
energy from RF signals transmitted from S, the transmission
power of R only depends on the transmission power of S
up to a certain saturation power threshold of the energy
harvester [27]. Notice that in the relay systems, amplified-
and-forward (AF) and decode-and-forward (DF) are two pop-
ular relaying protocols. Although AF protocol is simpler than
DF protocol, DF relay can achieve better performance in com-
parison to that of AF relay [32]. In this paper, the considered
N-WIPT-FDR system are effected by various negative factors
such as the RSI and the saturation power threshold. Therefore,
we choose DF protocol for our analysis.

The operation of the considered N-WIPT-FDR system lasts
in two separate time durations, as illustrated in Fig. 2. The
first time duration of o7 is used for EH. The second time
duration of (1 — «)T is used for information transmission,
where o and T are respectively the time switching ratio and
the transmission block duration. Since R receives signals
from S and simultaneously transmits signals to D, the SI
from the transmitting antenna and to the receiving antennas
of R appears. It should be noted that in realistic scenarios,
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FIGURE 2. (a) Two time durations used in the considered N-WIPT-FDR
system, (b) The relation between the input power and the output power
of the relay equipped with nonlinear energy harvester.

R can use a shared antenna for both transmitting and receiving
signals. However, using separate antennas for transmitting
and receiving such as in the considered N-WIPT-FDR system
significantly enhances the efficiency of SIC at FD devices
because various solutions for SIC in antenna domain such
as isolation, antenna directionality, and cross-polarization can
be easily deployed for separate antennas [6], [9], [33].

In the EH time duration o7, the harvested energy at R with
nonlinear energy harvester (denoted by Engy) is computed
as [27]

Ps|hsg|* < P
Ps|hsg|? > P

naTPs|hsr|?,

1
naTPths ( )

ENEH = {
where n, 0 < n < 1, is the energy conversion efficiency of
the nonlinear energy harvester; Ps is the average transmission
power of S; hgr is the channel from the transmitting antenna
of S to the receiving antenna of R; Py, is the saturation power
threshold.

Next, R uses all harvested energy for forwarding data.
Mathematically, the transmission power of R used in the time
duration (1 — )T is given by

Ps|hgr >
PR = _Enen nebsthsrl” - pglhsg|? < P, @
(1-o)T | %, Ps|hsr|? > Pu.

During (1 — )T, since R simultaneously transmits and
receives signals simultaneously and on the same frequency
band, the SI appears. Therefore, the received signal at R is
expressed as

YR = hsry/Psxs + hrry/PRAR + 7R, 3)

where xs and xg are the transmitted signals of S and R,
respectively; Pr is the average transmission power of R;
szR is the SI channel from the transmitting antenna to the
receiving antenna of R; ng is the Gaussian noise with zero
mean and variance of 01%, ie., ng ~ CN(O, al%).

It is obvious from (3) that, the average SI power is cal-
culated as E{|Arr|?}Pr, where E is the expectation opera-
tor. This SI power may be much higher than the power of
desired signals. Thus, we should apply all SIC techniques
at R to decrease the SI power. Specifically, several solutions
in antenna domain such as cross-polarization, antenna direc-
tionality, and isolation are used first. Thanks to the usage
of separate antennas, these solutions in the antenna domain
can effectively reduce the SI power up to 30 dB [8], [9].
Then, the SI suppression in analog and digital domains is
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carried out by using suitable circuits and algorithms. These
techniques can mitigate SI up to 50 dB in the analog domain
and 60 dB in the digital domain [8], [33], [34]. Overall, after
applying all SIC methods, FD devices can cancel the ST up to
110 dB [8], [33], [34], making FD communication systems
become feasibly in realistic scenarios. On the other hand,
the residual self-interference (RSI) after all SIC techniques
(denoted by Ir) become Gaussian variable with zero mean
and variance of yrsy [35]-[37], where yrs is

knePs Ps < Py,

— 1—a 4
VRSI krl’aT};lha Ps > Py, 4)
with k is the RSI level due to imperfect SIC.
Now, the received signal at R can be rewritten as

YR = hsrv/ Psxs + IR + ngR. (5)

Then, R decodes the received signal and recodes this signal
for forwarding. The received signals at D is presented as

¥p = hrpy/ PRXR + 11D, (6)

where hrp is the channel from the transmitting antenna of
R to the receiving antenna of D; np ~ CN/(0, crl%) is the
Gaussian noise at D.

From (5) and (6), the SINRs at R and D are, respectively,
calculated as

lhsr|* Ps
MR=—""">5= ®|hsr?, (7)
YRSI + Of
neePs|hsr *lhrp > 2
_ |hepl* PR Zl—a) Ps|hsr|” < P
o 2 = ) nePulirpl? 2
%D o2(l—a) Ps|hsr|® > P
Wlhsr |2lhrp|?,  Pslhsr|? < P
|hsr|“lhrDI",  Pslhsr|” < P
Olhrp|?, Pslhsg|> > Py.
()
_ __ Ps __naPs _ noPy
where ® = ol T el(-a)’ and ©® = —Ué(]_a),

IIl. PERFORMANCE ANALYSIS

A. OUTAGE PROBABILITY

In this subsection, we mathematically derive the closed-form
expression of the OP of the considered N-WIPT-FDR system.
The OP is defined as the probability that the instantaneous
data transmission rate of the considered N-WIPT-FDR sys-
tem is lower than a pre-data transmission rate. Since a time
duration T is used for EH, the OP is given by

OP = Pr{(1 — a)logy(1 + Ye2e) < R}
R
= Pr{yese < 2T-@ — 1}, )

where ye2. and R are respectively the end-to-end SINR and
pre-data transmission rate. Since the DF protocol is deployed
at FD relay, yeoe 1s expressed as

Ye2e = min{yr, yp}, (10)

where yr and yp are respectively given by (7) and (8).
Let yu» = 2T-« — 1 be the SINR threshold. Then, (9)
becomes
OP = Pr{ye2e < ¥ih}- an

Combining of (10) and (11), we can see that the outage
occurs when the received SINRs at R (yr) or D (yp) falls
below a threshold yy,. Mathematically, (11) can be rewritten
as

OP = Pr{yr <y} +Pr{yr = yn, 0 < vn}. (12)
Replacing yr and yp in (7) and (8) into (12), we can present
(12) as
OP = Pr{®|hsr|* < yin)
—_—
Ji
+ Pr{®|hsr|” > yin, WIhsrI*IhrDI” < yin, OlhRDI® > in)
J2
+ Pr{®|hsr|” > yin, Olrp|” < yn} - (13)
J3
Based on (13), the OP of the considered N-WIPT-FDR
system is derived in the following Theorem 1.
Theorem 1: The exact closed-form expression of the OP of
the considered N-WIPT-FDR system is computed as in (14),

as shown at the bottom of the page, where Q2| = E{|hsr|*}
and Q; = E{|hrp|?} are respectively the average gains of S

—R and R — D channels; ¢, = cos(%); u = %[(@ —

]
%)(bn + % + %]; N is the complexity-accuracy trade-off
parameter [38].

Proof: To derive the OP expression of the considered N-
WIPT-FDR system, we need to compute three probabilities
J1,J2, and J3 in (13). For the convenience in calculating these
probabilities, we firstly derive the cumulative distribution
function (CDF, denoted by F(.)), and the probability density
function (PDF, denoted by f(.)) of the instantaneous average
channel gain |h|? (i.e., |hsr|? and |hrp|? in this paper) which
follows Rayleigh fading distribution. The PDF and CDF of
|h|? are given by

X
Fip(o) = Pr{lh® < x) = 1 — exp( _ §>,x >0, (15)

I
Fipx) = §exp( - —),x > 0. (16)

where = E{|h|?} is the average channel gain.

_ _ Mh
1 exp( PQ; T 00,

=

=

=
N——"

OP =
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Now, the probability J; is calculated as

h
h=mwmw<m=MMW<%}
Yth
—1— (— ) 17
T (17)

Similarly, we compute J as

Jo = Pr{®|hsr|?® = yin, VIhsr*IhrD|* < ¥, OlhrDI? = yin}

Yth  Yih 2 Vth
= PI’ h 2 > 0 T~ < h < ° 18
{I srI” = >’ 6 =< |hrp| ‘PIhSRIZ} (18)
To calculate J, in (18), we consider two cases, i.e.,
Yo > 52 and yn < $2.
For the first case, the expression yy, > %6 is equivalent

to % > % From the definitions of ®, ® and WV after

© _ P Vi <)
(8), we have § = P - Therefore, ‘3 > 7 becomes
Y

> > 2—‘;‘. Based on this result and the condition |Asr |2 > %,
we obtain |hsg|? > % > f,—‘;‘. This expression is equivalent
to |hg,R|2 Ps > Py,. Notice that the expression |hg,R|2 Ps >
Py, is the second condition in (8). When this condition is
satisfied, the SINR at D is yp = ©|hgrp|?, not W |Asgr|?|hrp|%.
Therefore, we have Pr{W|hsr|?|hrp|*> < ym} = 0, leading
toJo, =0.

For the second case yy < %, by applying similar meth-
ods above, we obtain % < |hsr|? < % Therefore, (18) can
be rewritten as

Vth 2 _ O ¥ 2 Vth
Jy=Pr{— <|h <—,—<1h < —=1.
2 {CD = lhsrl” = 6 |hrD “I’|hSR|2}

19)

Using the PDF expression in (16) for |hsr|? and |hrp |2,
we have

= [ (- g [ Len(- &)
o Yth Q] AP Q] o Q cxp Q Y
(20
The second integral in (20) can be easily solved, i.e.,
)4
P g~ )iy =ewp(~ 20
w2 /)Y 0,
Vih )
— ——). 21
eXp( W Qorx @h
Then, J> becomes
€]
1 7
Q4 %1 Q1 (197
®
1 v
- — exp ( _x ﬂ)dx. (22)
Q4 h Qi W Qox

The first integral in (22) can be simply computed as

1 ¥ X Vth
L (o,
Q4 Zh Q (197}

( Yth Yth ) ( 0 Yth )
=exp( — — —exp| — — .
PR (C197) VA9 (C192)

(23)

For the second integral in (22), applying [38, Eq. (25.4.30)],
we have

®
1 (v
- exp ( _r &)dx
Qg

Q b Qs x
N
T C) Vth)
= _ = 1_ 2
G PN
1 C) Yth C) Vth]
*exp 2 1[<xp q>)¢” v o

(24)

where u, N, ¢, are defined in Theorem 1.

Finally, we obtain J> in (25), shown on the bottom of next
page.

Since two random variables in J3, i.e., |hSR|2 and |hRD|2,
are independent, the integral J3 is now calculated as

J3 = Pr(®|hsr|* = yin. Olhrp|* < yin}
Vih 2 _ Vh
( rlhsrl™ = "y JPrilirol” < <5

Vth ) —ex ( _ Vih Vi ) (26)
PQ; PR O

Replacing Ji, J2, and J3 in (17), (25), and (26) into (13),
we obtain the OP expression of the considered N-WIPT-FDR

system as (14) in Theorem 1. The proof is complete.

:exp(—

B. THROUGHPUT

Besides OP, throughput is a crucial parameter for eval-
uating system performance. In subsection, we derive the
closed-form expression of the throughput of the considered
N-WIPT-FDR system.

Theorem 2: The throughput (denoted by 7Tpy) of the con-
sidered N-WIPT-FDR system is given by (27), as shown
at the bottom of the next page, where R is the pre-data
transmission rate of the considered system.

01
Jo =
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@
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Proof: For the considered N-WIPT-FDR system, since a
portion of time « is used for EH, the remaining portion of time
used for data exchange is only 1 — «. Thus, the throughput is
expressed as

Tout = R(1 — a)(1 — OP), (28)

where OP is the outage probability of the considered
N-WIPT-FDR system given in (14). Replacing the OP in (14)
into (28), we obtain the exact closed-form expression of the
throughput as in (27). The proof is complete.

C. AVERAGE SYMBOL ERROR RATE
The ASER the considered N-WIPT-FDR system can be given
by [39]

ASER = aE{Q(M)}
2

\/_/ exp<— %)d:, (29)

where (a, b) is a pair whose values depend on the modulation
types, e.g., (a, b) = (2, 1) for 4-quadrature amplitude mod-
ulation (4-QAM); (a, b) = (1, 2) for the binary phase-shift

o0
keying (BPSK) modulation; Q(x) = \/%7 fe*’2/2dt is
X

Theorem 3: Under the impacts of nonlinear energy har-
vester and residual self-interference, the ASER of the
considered N-WIPT-FDR system is expressed as (31),
as shown at the bottom of the page, where M is
the complexity-accuracy trade-off parameter for calculat-
ing ASER; ¢, = cos(—(znéMl)”S 200 bl
V= % O(l‘iij-d)n) + W(1q>¢n)

Proof: To derive tl]le ASER of the considered
N-WIPT-FDR system from (30), we have to obtain the CDF
of Ye2e, Which is defined as

oW

F(x) = Pr{yee < x}. (32)

We can see that (32) is similar to (11). Thus, we can
easily obtain F'(x) from OP expression by replacing yi, by x.
Consequently, F(x) is given by (33), as shown at the bottom
of the page, where v = %[y = - %)qﬁn + % + %] =
1| ©d+¢n) + x(1—=¢n)

2 '] [

Then, ASER is computed as (34), as shown at the bottom of
the next page. Now, (34) is rewritten as (35), as shown at the
bottom of the next page. For simplicity, we reorganize (35) as
(36), as shown at the bottom of the next page. The first line
of (36) is calculated by using [40, Eq. (3.361.1)], i.e.,

the Gaussian function. For the convenience in calculation, / exp _bx ) = 2 (37)
we change variable, i.e., x = %, then (29) is rewritten as Vx 2 b
N [ b
a~/b exp(—bx/2) / ( X X X )
ASER = F(x)dx. 30 —=exXp| - o =g dx
o s (30) UG PAT72 " %q ~ en
0
From (30), the ASERs of the considered N-WIPT-FDR = % (38)
system is given in the following Theorem 3. 7+ DQ, + [S]92%
. R(l—a)exp( V—hl—o%z) Yih > q:y_o
put = ] : N (27)
72(1—0[)[exp(—\1,?21 —%‘“2)—}-2;91 (% Zg) Zl,/l—¢%exp( \pg};u)] v < 52,
n—=
av'b 2 b4
ASER = —[ —_— -
b 1 1
227 LV b itea tog
M
PO 1—¢2 b e
v e () (o0 - g ) -0~ 5
2MY 1 w 2 PQ; O O WvQ
m=
M N
Q) (1—(;52)(1—(;52)( W) ( bw VYV w )
—Jexp( — — — — — 31
4MN\I/SZl n; ;\/ o/ P\T 2 T QT vy 1)
1—exp(—¢)§21 _@)sczz)’ x> 5
F(x)= (33)
e e) 0
L—exp (= g% — g% ) — e (9 - %) S VT-Fexp(— g — oiys). * = %
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The second line of (36) is solved as (39), as shown at
the bottom of the page by using [38, Eq. (25.4.30)], where
M, ¢, and v are defined in Theorem 3. Finally, the last line of
(36) is calculated by also using [38, Eq. (25.4.30)] to get (40).

Replacing (37), (38), (39), and (40) into (36), we obtain the
ASER of the considered N-WIPT-FDR system as (31). The
proof is complete.

IV. NUMERICAL RESULTS

In this section, we use the expressions of OP and throughput
in the previous section to analyze the system performance.
The impacts of various parameters such as the saturation
power threshold Py,, the time switching ratio «, the RSI level
k, and the data transmission rate R on the OP and throughput
are deeply investigated. Monte-Carlo simulations are con-
ducted to validate our mathematical analysis. In all results,
we set the average SNR as the ratio of the transmission power

bw % w
————— 40
XeXp( 2 o \mzv) (40)
%
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227 J Jx e, 00,
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TABLE 1. Parameter settings used in evaluating the system performance.

Notation Description Fixed value Varying
range
20, 30, 40,
SNR Signal-to-noise ratio 20dB 50 dB;
0~ 50dB
Saturation power 5, 10, 20, 40
2 , 10, 20, 40U,
Py /o threshold 30dB 50 dB
5 Variance of Gaussian
o . 1 none
noise
Pre-data transmission . 0.5,1.5,2,3,
R rate 1 bit/s/Hz 4 bit/s/Hz
" Energy hgrvestmg 0.85 none
efficiency
« Time switching ratio 0.5 0.1~0.9
-20, -10, -5
k RSI level -30 dB dB
M, N Trade-off parameters 50 none

of S to the variance of Gaussian noise, i.e., SNR = Ps/az,
where 02 = 01% = 0]%. It is worth noticing that with the

parameter settings, the terms & and W can be presented via

P 2
SNR as & = —£5 S/% . _SNR__ g
YRSITOR (yrs1/og)+1 (yrs1/og)+1

2
naPs _ naPs/og _ paSNR " .
= R = Tma = Toa In addition, using the

first case of (4) (i.e., Ps < Py), © can be represented as
D = lﬁgﬁ(ﬁ. As the result, the impacts of the average
SNR on the OP, throughput, and ASER of the considered
N-WIPT-FDR system are implicitly the impacts of source’s
transmission power. The energy conversion efficiency is
n = 0.85. In addition, we also simulate the performance
of the WIPT-FDR system with a linear harvester to compare
with that of the N-WIPT-FDR system. For clarity, the param-
eter settings for evaluating the system performance are sum-
marized in Table 1.

Fig. 3 plots the OP of the considered N-WIPT-FDR system
as a function of the average SNR. We also provide the per-
formance of N-WIPT-FDR and L-WIPT-FDR systems with
AF protocol. Herein, various saturation power threshold is
investigated, i.e., Pth/a2 =5, 10, 20, 30 dB. The RSI level is
k = —30 dB and the time switching ratio is « = 0.5.
We set R = 0.5 bit/s/Hz for Fig. 3. The analysis curves
are plotted using (14) while markers denote Monte-Carlo
simulation results. It is obvious that nonlinear energy har-
vester has a strong effect on the OP of the considered N-
WIPT-FDR system. The combined influence of nonlinear
energy harvester and the RSI induced by FD transmission
causes saturated floor of OP. In particular, the outage floors
OP = 3 x 107! and OP = 107! corresponding with
Pth/a2 = 5 dB and Py, /02 = 10 dB, respectively, occur
at SNR = 25 dB. Therefore, based on this observation,
we should use low transmission power of source (SNR <
25 dB) to avoid the waste of energy. For higher saturation
power threshold, the outage floor is lower, i.e., OP =~ 1072
and OP ~ 1073 corresponding with Py, /02 = 20 dB and
P /a2 = 30 dB, respectively. Furthermore, when SNR < 35
dB, the OP of N-WIPT-FDR system with Py, /02 = 30 dB is
similar to that of L-WIPT-FDR system. However, for higher
SNR, e.g., SNR > 35 dB, the OP of N-WIPT-FDR sys-
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10°

FIGURE 3. The OP of the considered N-WIPT-FDR system versus the
average SNR for various saturation power threshold, i.e., Py, /02 = 10, 20,
30, 50 dB, the RSI level k = —30 dB, the EH time duration o = 0.5 and the
pre-data transmission rate R = 0.5 bit/s/Hz.
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FIGURE 4. The OP of the considered N-WIPT-FDR system for different
data transmission rates with Py, /o2 = 30 dB.

tem is saturated while the OP of the L-WIPT-FDR system
still reduces. It is also noted that, due to the effect of RSI,
the OP of L-WIPT-FDR system also goes to outage floor in
high SNR regime, but this outage floor is lower than that of
N-WIPT-FDR system. On the other hand, due to the noise
amplification in AF protocol, the DF-based relay systems
offer better performance compared with that of AF-based
relay system, especially in low SNR regime. In high SNR
regime, due to the error floors are appears, the performance
of both AF and DF protocols are similar.

Fig. 4 illustrates the effect of data transmission rates
on the OP of the considered N-WIPT-FDR system with
Pw/o? = 30 dB. Other parameters for obtaining Fig. 4 are
similar to those used in Fig. 3. As can be seen from Fig. 4,
a higher data transmission rate leads to higher OP. In partic-
ular, for low data transmission rate, e.g., R = 0.5 bit/s/Hz,
the OP of N-WIPT-FDR system can reach 107> at SNR =
50 dB. Meanwhile, it is 4 x 1073 at SNR = 50 dB for
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-+ L-WIPT-FDR (Sim)
01 02 03 04 05 06 07 08 09

FIGURE 5. The OP of the considered N-WIPT-FDR system versus the time
switching ratio o for different values of SNR, Py, /02 = 40 dB.

R = 1 bit/s/Hz. When the data transmission rate increases,
the OP also increases. For example, for R = 2 bit/s/Hz,
the OP is only approximately 10~2 at SNR = 50 dB. On the
other hand, when the transmission power of the source is less
than the saturation power threshold of nonlinear harvester
(SNR < 30 dB), the OPs of N-WIPT-FDR and L-WIPT-FDR
systems are similar. Otherwise, the OP of the N-WIPT-FDR
system is significantly higher than that of the L-WIPT-FDR
system due to the nonlinear characteristic of the harvested
energy.

Fig. 5 considers the OP of N-WIPT-FDR system versus the
time switching ratio « for different values of SNR. We see
that the impact of « on the OP is remarkably different for
each value of SNR. Furthermore, for a certain SNR, there
is an optimal value of « that minimizes the OP of the
N-WIPT-FDR system, and this value is decreased with the
increase of SNR. Specifically, the optimal « corresponding to
SNR = 20, 30, and 40 dB are 0.5, 0.45, and 0.35, respectively.
The L-WIPT-FDR system behaves similarly. It is because
these SNRs (20, 30, 40 dB) are not higher than the saturation
power threshold (40 dB). However, when SNR = 50 dB,
the optimal « is 0.4 for the N-WIPT-FDR system but is 0.2 for
L-WIPT-FDR system. These results significantly reflect the
characteristics of N-WIPT-FDR and L-WIPT-FDR systems
as the SNR is much higher than the saturation power threshold
nonlinear energy harvester, i.e., Ps|hsr |2 > P In summary,
when we increase the source’s transmission power, the opti-
mal o of the L-WIPT-FDR system is decreased. However, for
the considered N-WIPT-FDR system, besides depending on
the source’s transmission power, the optimal « also depends
on the saturation power threshold of the nonlinear energy
harvester.

Fig. 6 investigates the effect of RSI level on the OP of the
considered N-WIPT-FDR system. To clearly show the effect
of the RSI level, we choose Py, /02 = 50 dB. For this value
of the saturation power threshold, the OPs of N-WIPT-FDR
and L-WIPT-FDR systems are almost similar. We can see
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FIGURE 6. The effect of RSI level on the OP of the considered
N-WIPT-FDR system for Py, /o2 = 50 dB.
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FIGURE 7. The throughput of the considered N-WIPT-FDR system for
different data transmission rates, k = —30 dB, Py, /o2 = 30 dB.

in Fig. 6 that the RSI level has a great effect on the OP
of the N-WIPT-FDR system. Specifically, when k = —5
and —10 dB, the OP slowly decreases and reaches the error
floor quickly with OP = 5 x 107! and 2 x 10~!, respec-
tively, at SNR = 30 dB. When the RSI level is lower, e.g.,
k = —20 dB, OP still goes to the error floor but with signifi-
cantly lower value, i.e., at SNR = 40 dB, OP = 2.6 x 1072
for k = —20 dB while OP = 2 x 107! for k = —10 dB.
When the RSI level is even smaller, e.g., k = —30 dB, the OP
rapidly decreases as SNR increases. Also, the OP does not
go to the error floor in the considered SNR range. These
results demonstrate the importance of SIC techniques to FD
communication. Therefore, more efforts need to be put on
SIC at FD devices to enhance FD communication systems’
performance, making them technically feasible.

Fig. 7 illustrates the throughput of the considered
N-WIPT-FDR system for different data transmission rates,
k = —30 dB, P[h/o*2 = 30 dB. Other parameters used to
obtain Fig. 7 are similar to those used in Fig. 3. Because
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FIGURE 8. The effect of time switching ratio « on the throughput of the
considered N-WIPT-FDR system, k = —30 dB, Py, /02 = 30 dB,
R =1 bit/s/Hz.

only half of a symbol period is used for EH (@« = 0.5),
the throughput of the N-WIPT-FDR system cannot reach
the target throughput. For examples, when R = 1 and
R = 2 bit/s/Hz, the throughput of N-WIPT-FDR system
respectively reaches 0.5 and 1 bit/s/Hz at SNR = 40 dB.
When higher data transmission rate is used, e.g.,
R = 3 bit/s/Hz, the throughput is only 1.4 bit/s/Hz at
SNR = 50 dB. Especially, when R = 4 bit/s/Hz, the through-
put is 1.5 bit/s/Hz. To sum up, for low data transmission rates
(R = 1,2 bit/s/Hz), the considered N-WIPT-FDR system
can reach half of the target throughput. However, for a high
data transmission rate (R = 3, 4 bit/s/Hz), the considered
system cannot reach half of the target throughput. Another
observation is that the difference between the throughput of
N-WIPT-FDR and L-WIPT-FDR systems is significant at
high data transmission rates (R = 3, 4 bit/s/Hz). For wireless
systems, we want to get high throughput but low OP. Thus,
we need to choose suitable values of the system parameters
such as R and « to achieve this target. We see that with high
data transmission rates, the OP is also high (refer to Fig. 4).
Therefore, we should use low data transmission rates for the
considered N-WIPT-FDR system to obtain both low OP and
high throughput.

Fig. 8 investigates the throughput of the considered
N-WIPT-FDR system for different values of time switch-
ing ratio «. Herein, we use Py/0? = 30 dB to clearly
show the impact of the nonlinear harvester on the throughput
in high SNR regime. We see that the throughput of both
N-WIPT-FDR and L-WIPT-FDR systems increases when
o decreases. This result is reasonable because when « is
smaller, the EH time duration is shorter; thus, more time for
data transmission is available, resulting in higher through-
put. It is also noted that, although we want to get higher
throughput of the N-WIPT-FDR system, we should not use
small o because small « means the EH time duration is
very short, making the relay cannot harvest enough energy
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FIGURE 9. The ASERs of the considered N-WIPT-FDR system for two
modulation schemes and two RSl levels in comparison with the ASERs of
N-WIPT-HDR system, Py, /o2 = 20 dB.

for data transmission. Consequently, the end-to-end SINR is
low. In this case, the OP of the N-WIPT-FDR system is very
high because the destination cannot successfully decode the
received signals. To sum up, there is a trade-off between the
OP performance and throughput; therefore, we should use a
suitable value of « that can balance the OP and throughput
of N-WIPT-FDR system. On the other hand, when o = 0.9,
the throughput of the N-WIPT-FDR system is higher than
that of the L-WIPT-FDR system when SNR > 35 dB. This
feature is due to the linear and nonlinear characteristics of
the energy harvester. Particularly, the transmission power of
the FD relay in the L-WIPT-FDR system increases with the
transmission power of the source, leading to high RSI at the
FD relay. Meanwhile, the FD relay’s transmission power in
the N-WIPT-FDR system is saturated when SNR > 35 dB,
then the value of RSI is also saturated. Therefore, in high
SNR regime, the RSI power of the N-WIPT-FDR system
is lower than that of the L-WIPT-FDR system, resulting in
higher throughput.

Fig. 9 shows the ASERs of the considered N-WIPT-FDR
system for two modulation schemes, i.e., BPSK ((a, b)) =
(1,2)) and 4-QAM ((a,b) = (2,1)) and two RSI levels
(k = —30,—20 dB) in comparison with the ASERs of
N-WIPT-HDR system. We use (31) to obtain the analysis
curves of ASERs of the considered N-WIPT-FDR system.
It is obvious that for the considered N-WIPT-FDR system,
the ASERs with k = —30 dB and k¥ = —20 dB are
similar. However, they are different for L-WIPT-FDR system.
Specifically, when 4-QAM is used, ASERs of N-WIPT-FDR
system reach the error floor of 10~2 for both k = —30 dB and
k = —20 dB. Meanwhile, ASERs of L-WIPT-FDR system
reach the error floors of 1072 and 7 x 10~3 when k = —30dB
and k = —20 dB, respectively. Furthermore, ASER of L-
WIPT-FDR system with k = —30 dB avoids the error floor
in the investigated SNR range. On the other hand, since N-
WIPT-FDR system and L-WIPT-FDR system are affected by
RSI due to FD mode, the ASERSs of them are, respectively,
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higher than those of N-WIPT-HDR system and L-WIPT-HDR
system.! Additionally, N-WIPT-HDR system is also affected
by the saturation power threshold. Thus, the ASERs of N-
WIPT-HDR system reach the error floor in high SNR regime.
In particularly, ASER of L-WIPT-FDR system may be lower
or higher than that of N-WIPT-HDR system, depending on
the RSI level and transmission power of source. For exam-
ple, in the case of k = —30 dB, when SNR < 30 dB,
ASERs of L-WIPT-FDR system are higher than those of
N-WIPT-HDR system. However, when SNR > 30 dB,
ASERs of L-WIPT-FDR system are lower than those of
N-WIPT-HDR system. These features clearly indicate a
great impact of nonlinear energy harvester on the perfor-
mance of N-WIPT-HDR and N-WIPT-FDR system. There-
fore, more efforts to reduce the RSI level and nonlinear-
ity in energy harvester should be made in the future to
improve the performance of the considered N-WIPT-FDR
system.

V. CONCLUSION

Although energy harvesting in FD communication systems
has been widely studied, most of the works had focused on
linear energy harvester. Meanwhile, nonlinear energy har-
vester is more practical for wireless communication systems.
In this paper, we investigate the case where the FD relay
is equipped with nonlinear energy harvester. We success-
fully derived the exact closed-form expressions of outage
probability, throughput, and average symbol error rate of a
N-WIPT-FDR system over Rayleigh fading channels. These
expressions can be used for analyzing the performance of
relevant systems such as L-WIPT-FDR, L-WIPT-HDR, and
N-WIPT-HDR systems. We compared the performance of
N-WIPT-FDR system with that of L-WIPT-FDR system,
N-WIPT-HDR system, and L-WIPT-HDR system in various
scenarios. Numerical results showed that the OP, through-
put, and ASER of the N-WIPT-FDR system were greatly
affected by the saturation power threshold of nonlinear energy
harvester, the RSI induced by FD transmission, and the EH
time duration. Under the joint impact of the saturation power
threshold and RSI, the OP, throughput, and ASER of the con-
sidered N-WIPT-FDR system reached the floors in the high
SNR regime. Moreover, there is an optimal time switching
ratio, which minimizes the OP of the N-WIPT-FDR system.
This optimal value depends on the source’s transmission
power and the nonlinear energy harvester’s saturation power
threshold. Therefore, by choosing a suitable time switching
ratio, we can improve the OP and throughput performance of
the N-WIPT-FDR system.

INotice that for HDR system, o7 time units is used for EH at relay,
(1 — «)T /2 time units is used for transmitting signal from S to R and
(1 —«)T /2 time units is used for transmitting signal from R to D. As a result,
the transmission power at relay in the case of HDR is expressed as

2naPs|hgg |
ENEH 2P PSR pglhsg | < Py,

PR=—77"—7—= 41)
(I—a)T/2 |20 plhgp]? > Py,
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