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ABSTRACT This study investigates the performance of cooperative relaying-based non-orthogonal
multiple access (NOMA) with simultaneous wireless information and power transfer. Assuming the battery-
assisted non-linear energy harvesting (NL-EH) in which the near user (NU) works as a relay for the far
user (FU) to convey data from the base station (BS); two scenarios are examined: (1) No direct link (NDL)
between the BS and the FU, and (2) direct link (DL) between the BS and the FU. The DL at the FU is
evaluated in two scenarios: as an optimal combination to the signal from the NU and as an interfering link
to the signal from the NU. Considering the power splitting relaying (PSR) protocol with an NL-EH model
and assuming imperfect successive interference cancellation (i-SIC) at the NU, we derive closed-form
expressions for the NU and FU outage probability and throughput. The throughput of the FU is greatly
increased by supplementing the harvested energy with a small quantity of battery energy. Furthermore,
an optimal combination of the FU signals relayed from the BS and the NU considerably improves the
throughput of the FU. It reduces the energy consumption at the battery compared to the scenario when
there is NDL. We obtain the diversity order by deriving high signal-to-noise ratio approximations for
the NU and FU outage probability in NDL and DL scenarios. Unlike linear energy harvesting, we show
NL-EH leads to a loss of diversity, making it even more important to use the DL. We have formulated
an equation to measure energy efficiency using the derived throughput expressions for the NDL and DL
scenarios. We have also shown that selecting the optimal combination of battery energy and PS parameter
is essential to achieve the highest possible throughput and energy efficiency. The residual interference
generated by i-SIC significantly impacts the outage probability of the NU while having a negligible
effect on the performance of the FU. Moreover, we have discovered that performance deteriorates when
interference from the DL is present. We explain how the system’s performance is affected by the selection
of energy harvesting parameter, power allocation coefficient, saturation threshold, self-loop interference,
variable node distances and battery energy. Monte Carlo simulations have verified the accuracy of the
resulting expressions.

INDEX TERMS Energy harvesting (EH), non-orthogonal multiple access (NOMA), power-splitting (PS),
simultaneous wireless information and power transfer (SWIPT).

I. INTRODUCTION is becoming increasingly important and promising for
HE NON-ORTHOGONAL multiple access (NOMA) these networks [1], [2]. Power domain NOMA provides
approach is a new technique that enhances the efficiency multiple users with a single resource slot, such as time,

of fifth-generation (5G) wireless networks. This technology frequency, or code [3]. The upcoming wireless networks
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are expected to deliver high data rates, ensure widespread
connectivity, and save energy. Enormous machine-type com-
munication and the Internet of Things (IoT) will require
future-generation networks to support low-power machine-
type devices (MTDs) with extended battery lives [4], [5].
Harvesting energy from the radio frequency signals to create
self-sustaining communication nodes is a viable solution
to avoid frequent battery replacements. NOMA and full-
duplex (FD) are feasible alternatives for attaining the desired
spectrum efficiency goals. The FD method allows simul-
taneous transmission and reception of signals in the same
frequency band, roughly doubling spectral efficiency [6]. On
the other hand, NOMA uses power domain multiplexing and
successive interference cancellation (SIC) to enable multiple
users to share the time, frequency, and code resources [7].
Cooperative relaying effectively enhances the reliability and
coverage of NOMA networks [8]. There are two primary
categories of cooperative relaying in NOMA. These two
categories are relay-assisted NOMA and cooperative NOMA.
Within the framework of 10T, the far user (FU) in cooperative
NOMA can receive assistance from the near user (NU)
in information exchange [9]. Conversely, the information
is sent to the FU through a specialized relay in relayed
NOMA, while the source links directly to the NU [10].
In a cooperative NOMA framework, the relay operation
traditionally utilizes the energy from the NU’s battery,
significantly reducing its battery life and necessitating
frequent battery replacement [11]. Communication nodes
that are autonomous, green, and use simultaneous wireless
information and power transfer (SWIPT) technology are
replacing traditional battery-powered devices. Using SWIPT
in cooperative scenarios expands the coverage area while
ensuring efficient battery energy use at the relay [12].

The feasibility of SWIPT as a solution to this issue has
drawn significant scientific interest. In [13], the research
was conducted on two different energy harvesting (EH)
studies: power-splitting relaying (PSR) and time-switching
relaying (TSR). The received signal is split between EH
and information transmission (IT) in PSR. In contrast, a
dedicated portion of the signalling period is utilized for EH
in TSR. Higher throughput is achieved with power-splitting
(PS) but at the cost of more complicated circuitry [14],
although time-switching (TS) is more energy-efficient [15]
in certain situations.

A. LITERATURE SURVEY

Spectral and energy efficiency can be significantly improved
by integrating self-sustaining nodes with FD relaying in
cooperative NOMA networks. The literature on NOMA
using SWIPT-based full-duplex relay (FDR) is still a
challenge at present. In [16], the study analyzed the outage
performance of the FD cooperative NOMA network utilizing
beamforming and EH. It was demonstrated that SWIPT in
cooperative NOMA promotes user collaboration and reduces
the effect of self-interference. In [17], the beamforming
vector and PS ratio were optimized to maximize the energy
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efficiency of the FD cooperative NOMA network, where
the NU collaborates with the FU. In [18], Expressions
for the ergodic capacity and outage probability of the FD
cooperative NOMA network with a TS EH protocol at the
NU were derived. A study investigated a dedicated EH FD
relay in a NOMA system to improve the FU’s performance
[19]. In [20], the base station and relay used multiple
antennas and optimized beamforming to maximize energy
efficiency. Expressions for energy efficiency and throughput
of an uplink NOMA network with SWIPT were derived [21].
In [22], a mobile edge computing system based on NOMA,
aided by unmanned aerial vehicles (UAVs), demonstrated
the highest secrecy capacity. In [23], federated learning was
utilized to decrease the total energy consumption of NOMA-
enabled device communication. In [24], PS-based SWIPT
was examined in NOMA, and a union constraint on the error
rate was obtained.

The DL between the source and the FU is disregarded in
all of the works above, which is sometimes unreasonable.
A linear EH model (L-EH) that has a linear connection
between the harvested energy and the EH receiver’s input
energy has been explored in previous research. However,
using components with non-linear properties like transistors
and diodes limits the efficiency of EH circuits [25]. Because
of this non-linearity, the harvested energy saturates when the
input energy is above a threshold. In [26], non-linear energy
harvesting (NL-EH) is discussed but does not consider the
DL performance. A recent study analyzed an NL-EH-enabled
FD cooperative NOMA system and reduced its outage
probability by selecting an ideal PS value [27]. To lower the
energy consumption of EH-enabled IoT devices in a mobile
edge computing configuration, the reinforcement learning-
based offloading approach was introduced in [28]. A study
on reducing energy consumption in wireless sensor networks
using a task-based paradigm was discussed in [29]. Energy
management strategies for micro-grids and home automation
in the IoT were explored in [30], [31]. Relay-assisted
cognitive IoT networks utilising PS-SWIPT-based spectrum
sharing were examined in [32] for both amplify-and-forward
(AF) and decode-and-forward (DF) relaying strategies.

B. MOTIVATIONS AND CONTRIBUTIONS

Communication links are less reliable due to unpredictable
and weak energy from fading channels [33]. One potential
method is storing energy in batteries or super-capacitors
until it is enough to transmit [34]. Super-capacitors cannot
hold charge for an extended period, while rechargeable
batteries increase the complexity and cost of devices and
their form factor. Communication IoT devices with long
battery life are needed for industrial applications [35].
Depending solely on the harvested energy is impractical for
meeting the performance criteria. For these reasons, using
the least amount of battery energy possible to supplement
the harvested energy is advisable [26]. In NOMA-based
industrial IoT networks, cooperation among devices con-
stantly improves connectivity and spectral efficiency [36].
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Using EH-based FD IoT nodes can improve spectral and
energy efficiency. However, performance degradation can
occur when transmitting at high power levels due to self-
loop interference [37]. Therefore, it is fundamental to
consider node-level energy efficiency in battery-assisted FD
EH communication nodes. Despite its practical significance,
the DL between the source and the FU has not yet been
addressed on battery-assisted EH relaying in cooperative
NOMA. Using the DF relay (and optimum combining) with
the DL would increase SNR and give diversity gain. In our
analysis, we consider the potential impact of SIC errors in
NOMA on IoT applications in the real world. The NOMA
protocol instructs the NU first to decode the symbol intended
for the FU. Then, they must use SIC to cancel the signal
corresponding to the FU from the received signal before
decoding their symbol. SIC is perfect if the NU has an
ideal estimate of the symbols corresponding to the FU.
This leads to the perfect cancellation of the corresponding
interference term at the NU. However, when imperfect
channel estimates exist, ideal SIC conditions cannot be
ensured [38]. This results in residual interference generated
at the NU due to imperfect SIC (i-SIC). The perfect SIC
is complex in practice due to hardware implementation
issues such as error propagation, complexity scaling, and
quantization error. These factors can lead to decoding
errors and reduce the capability of users during the SIC
process.

Understanding the impact of the DL on various parameters
such as outage probability, throughput, energy efficiency, EH
parameter, and target rate is crucial. Since IoT circuitry has
limitations, using NL-EH models in the analysis is vital.
Furthermore, it is essential to use supplementary battery
energy intelligently while optimally utilizing harvested and
EH parameters to ensure prolonged battery life and optimize
system performance.

The following are the main contributions of this work:

« In a battery-assisted cooperative NOMA relay network
(where the NU serves as an FD DF relay), we analyze
the outage and throughput performance of the PS EH
protocol While considering the availability of the DL
from the source to the FU, NL-EH at the NU and
assuming i-SIC at the NU. We take into account two
scenarios: (1) no direct link (NDL) between the BS and
the FU, (2) direct link (DL) between the BS and the
FU. The DL at the FU is evaluated in two scenarios:
as an optimal combination to the signal from the NU
and as an interfering link to the signal from the NU.
It is shown that an optimal combination of the signals
from the NU and the source at the FU always results
in better performance of the FU. For all scenarios of
NDL, interfering direct link (IDL), and maximal ratio
combining (MRC) at the FU, closed-form expressions
for the outage probability and throughput for the NU
and FU are obtained.

« Based on the derived equations, we demonstrate that
adding a quantum of battery energy to the harvested
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energy yields a significant improvement in the FU
throughput in MRC. At the same time, the NU
performance is essentially unaffected. As the value
of i-SIC increases, the outage probability of the
NU increases. MRC significantly increases the FU’s
throughput.

e We derive highly accurate high-SNR expressions for
outage probability to determine diversity orders in L-EH
and NL-EH cases for DL and NDL scenarios. We
demonstrate that NL-EH generates a floor in the outage
probability for high transmit power without the DL
(diversity gain is 0). When the direct and relayed signals
are combined optimally, the performance is improved.
In the presence of the DL with MRC, we achieve a
diversity gain of one using NL-EH.

« We demonstrate how the power allocation coefficient,
the EH parameter, the battery energy, variable node
distances, self-loop interference and the saturation
threshold impact performance in the NDL and DL
situations. There is concavity of throughput with respect
to energy harvesting parameter. There is a certain value
of the battery energy Qp that optimises throughput.
Thus, there is an operational range [0, Qp*] where
increasing Qp results in higher throughput. Careful
selection of these factors is required to reduce the
outage probability and increase throughput. Modifying
the distances between the nodes in our system does not
impact its performance.

« We have derived an expression for energy efficiency
using the derived throughput expressions for the NDL
and DL scenarios. Our results show that energy effi-
ciency can be maximized by jointly selecting the
optimal battery energy and PS parameter. Regarding the
PS protocol, the optimization problem ensures efficient
use of the NU’s battery energy and has high immunity
to self-loop interference.

The paper is organized as follows. Section II describes the
system model. The performance of the system is analyzed
in Section III. Section IV presents some numerical results.
The conclusion is given in Section V.

Il. SYSTEM MODEL

A three-node cooperative downlink NOMA architecture
consists of a single base station (BS), an NU (Dy), and
an FU (Df) as illustrated in Fig. 1 is considered. The
BS communicates directly with the Dy, while the Dpg
communicates via the relayed link from the Dy and the
DL from the BS. Using the decode-and-forward protocol
(DF), the data is decoded and sent to Dr, while Dy operates
in the FD mode. A single antenna is used on the BS and
Dr to simplify the hardware, whereas the Dy has both the
transmit and receive antennas as it operates in the FD mode.
We will address multiuser and multiple antenna systems in
future work. A limited portion of Dy’s battery energy is
utilised to supplement the harvested energy [26] and create
reliable Dy to Dp communication because the harvested
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Relay Link

Direct Link Communication

FIGURE 1. Model of the battery-assisted NL-EH downlink FD cooperative NOMA
system.

energy is unpredictable and frequently small [39]. Let dsy,
dsr, and dyp denote the distances from the BS to Dy,
the BS to Dp, and Dy to Dr, respectively. Let h;;, where
i € (§,N) and j € (N, F), signify the complex fading
coefficients corresponding to the links between nodes i and j
that are statistically independent and of quasi-static Rayleigh
fading type. The complex channel coefficient between nodes
i and j is denoted by hjj ~ CN (0, 1/A;), where A;; = d?j
and 6 is the path loss exponent, and CN'(u, %) denotes
the complex circular normal distribution with mean p and
variance o2.

Self-loop interference (LI) exists from the transmitter
to the receiver antennas at Dy while it is in FD mode
and is denoted by hy; ~ CN(0,gr). LI is problem-
atic, but techniques such as antenna cancellation, radio
frequency cancellation, signal processing, and others can
reduce this LI's strength. However, LI persists in the
receiver when decoding the desired signal due to insufficient
self-interference cancellation. Alternative tactics have been
proposed to address this issue in FD systems. Despite these
developments, studies have shown that FD nodes are affected
by LI, which is directly related to the transmit power used
at the FD relay nodes [40], [41]. Analogue and digital
cancellation can provide up to 110 dB of LI cancellation
[42]. We assume that LI suppression is of high quality but
imperfect in this work. The fact that E[|hz;|?] is so little
justifies the substitution of g;; for |hu|2 [43]; note that E[ -]
denotes the expectation operator.

The BS obtains the average values of the channel gains
through a feedback channel. It is important to note that
the energy required to get these average channel gains is
significantly less than the energy needed for information
transmission (IT) [13], [44]. Under these assumptions, this
study aims to evaluate the performance of the PS EH
protocol for DF FD NOMA systems. The study examines the
system’s performance in the DL and the NDL scenarios. The
study also analyses the impact of various system parameters,
such as the EH parameter, battery energy, power allocation
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coefficient, node distances, and LI on the throughput and
energy efficiency. The research also shows the optimal values
of the EH parameters to maximise throughput or minimise
battery energy consumption at Dy via thorough simulations.

The system model discussed in this paper has various
applications in wireless sensor networks and body area
networks. In such networks, neighbouring nodes use their
battery energy to relay information to distant nodes [45],
[46]. Communication devices in these networks are often
battery-powered and have strict requirements on battery
lifetimes. Therefore, a node shouldn’t drain its battery to
relay information. To avoid frequent battery replacement,
using EH for relaying is advantageous as it prolongs the
battery lifetime of the communication nodes. This paper
proposes efficient battery energy utilization and harvesting
strategies to achieve this. In addition, sustainable IoT devices
can cooperate with other nearby devices for industrial
IoT applications in future-generation networks. For such
communication devices, a significant battery life is desired
[47]. To satisfy the performance requirements, there are
other options than depending solely on the harvested energy.
Augmenting the harvested energy with as little battery
energy as possible is a promising alternative in the future.
Device cooperation in NOMA-based industrial IoT networks
helps achieve massive connectivity and improved spectrum
efficiency.

The paper also derives an expression for energy efficiency
using the derived throughput expressions for the NDL
and DL scenarios. The results show that energy efficiency
can be maximized by jointly selecting the optimal battery
energy and PS parameters. Regarding the PS protocol, the
optimization problem ensures efficient use of Dy’s battery
energy and has high immunity to LI. The paper also
demonstrates how various parameters such as the power
allocation coefficient, the EH parameter, the battery energy,
variable node distances, LI and the saturation threshold
impact performance in the NDL and DL situations. Overall,
this work provides reliable guidance for engineering appli-
cations of NOMA and the parameters involved in this work.
It indicates the application scenarios corresponding to the
parameters to provide clear guidance for the application and
development of NOMA.

Let xy[m] and xp[m] represent the information symbols
intended for Dy and Dp, respectively. Let Py = EgR; denote
the transmit power of the BS, where E; is the symbol energy
and R; is the symbol rate. The BS transmits the superposition
of these two symbols represented by x[m], given by

x[m] = v/ Esanxplm] + / Es(1 — an)x¢[m] (D

where, for Dy and Dp, the appropriate power allocation
coefficients are ay and ar = 1—ay, respectively. We assume
that ap > ay with ay + ar =1. It should be noted that
xy[m] and xp[m] are normalized unity power signals, i.e.,
E[x[m]] = E[x2[m]] = 1. The received signal (sampled
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FIGURE 2. Block diagram of the battery-assisted NL-EH downlink FD cooperative
NOMA system.

matched filter output) at Dy in the m-th time slot is given by

Yoy lm] = hsyxim] + hpy/Epxpilm — © + npylml - (2)

where np, [m] ~ CN(0, 0%) represents the additive white
Gaussian noise (AWGN) at Dy. Let T be the processing
delay at Dy, which is an integer with 7 > 1, xz/[m — 7]

represent the LI signal, and E, be the available transmit
energy at Dy.

A. ENERGY HARVESTING MODEL

Let us define the PS EH parameter as p and the signalling
duration as T. In the PS process, a fraction p of the signal
power received at Dy is reserved for EH, while the remaining
(1 — p) is used for IT, as shown in Fig. 2 and Fig. 3.
The TS and PS EH protocols rely on different hardware
architectures. Therefore, Dy can use either the TS or PS
protocol for EH and IT, but it cannot operate simultaneously
in the two EH modes. In the TS scheme, if o represents the
TS EH parameter, the o7 duration is fixed for EH, meaning
that Dy does not transmit during the EH phase. However, in
the IT phase, i.e., in the (1 —«)T duration, the BS transmits
to Dy, and Dy then transmits the decoded symbol to Dp.
PS achieves higher throughput but has complex circuitry
[14], while TS is more energy-efficient in some cases [15].
We will address both EH protocols in our future work.
Compared to the energy needed for IT, the energy required
for the activities at Dy (such as threshold activation and
information decoding) is essentially insignificant [26]. Since
the PS protocol is being used, a component y}[l)N [m] of yp,[m]
may be deduced using the relation

Yhylml = pypy[m]

where the range for the PS parameter p is given by
p € [0,1].

This study examines an NL-EH model to highlight the
influence of saturation features of the realistic EH circuit
[48]. In the literature, two standard models describe NL-EH.
The first one, introduced in [25], uses an NL sigmoidal
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FIGURE 3. Timing diagram for the PS EH protocol transmission system.

function, while the second is a piecewise NL-EH model [48].
Both models are based on curve-fitting tools, and neither
is superior. Therefore, either model can be used to model
NL-EH. However, the two-piece-based EH model, used in
[48] with similar values for the saturation threshold, is
preferred over the sigmoidal function-based model because it
allows for a more manageable analysis. In [48], a piece-wise-
linear EH model was considered, and the authors studied the
effect of sensitivity and saturation threshold characteristics
of the energy harvester. NL-EH models are more accurate
in describing practical nonlinear circuits. The input energy
available for EH per symbol interval taking into account the
negligible antenna noise is [44]

Ein = p(1hs2E; + Engur), 3)

where (E, x grr) represents the self-recycled energy arising
due to LI at Dy. The amount of energy that is harvested at
each symbol interval for NL-EH is represented as [25]

nEin, if Ejy < Egg,

= . 4
On { NEsar, if Ein > Esar, @

where n € [0, 1] represents the linear region conversion
efficiency of the EH circuit and Ej,,; represents the saturation
threshold. Note that L-EH is a particular case when (E;,; —
00). The quality of service (QoS) is relatively low because
of the random nature of the harvested energy. As a result, to
improve the QoS, a quantum of battery energy Qp is added
to each symbol. Therefore, the available transmit energy at
Dy may be represented as the sum of the harvested energy
and the battery energy, i.e., E, = Qpn + Qp. Using (3), E,
can be written as

hsy |2 Es+ .
npl SN|C1 5 Qb’ if Ejy < Egar,
if Ein = Esat’

= )
" 77Esat + Qb’

where (C; = 1 — npgrr). Due to high interference cancella-
tion, gry < 1 [44], and thus C; is always positive.

The portion of the received signal at Dy given by (2)
utilized for information processing is represented by

i Iml = /1 = pypy[m] + np,[m].
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Since Dr has the high transmit power, Dy first decodes
Dr. Next, using the superposed signal, the Dfp signal is
identified. As a result, the received signal-to-interference-
plus-noise ratio (SINR) at Dy to detect Dr’s message xp
is

lhsn|>(1—an)ys Ci
V’lSN|2aNVxCl+gL1(77/)|hSN‘2Vs+Vb)+% ’
if Ejy < Egq,
lhsn |2 (1—an) ys
Ihsn12an ys+gL ysar+vo)+ 5
if Ein = Esat

(6)

YDr—Dy =

where Vs = ES/UZ’ Vb = Qb/gz’ and Vsat = Esat/az-
Assuming i-SIC at Dy, the received SINR at Dy used to
detect its own message xy is given by

hsv>anysCr
¢lhsn Parystgur (nplhsy Pys+ve)+ 1
if Eiy < Egar,
sy 2anys
ZIhSN|2aFyx+gL1(Wsm+yh)+ﬁ ’
if Ein > Esat-

YDy = )

where the i-SIC factor is represented by ¢ (0 < ¢ < 1) and
the residual interference caused by i-SIC is represented by

(¢ lhsnI*arys).
The signal received at Dr in the FD mode is written as

ypplml = hspx{m) + hypy/Enxplm — t1 + npglml  (8)

where np,m ~ CN 0, 0?) represents the AWGN at Dr.
However, for the DL, the observation at D is expressed as

y1,0p[m] = hspx[m] + np,[m]. )
The received SINR at Dr to detect xg for the DL is

lhse|2arysCi
|hsk12an vsCrtk |hne > (nolhsn 2 vs+ve)+Cr
RI _ if Eiy < Egar,
Yiop = lhsr|*arys
|hsr Panys+iclhne > ysar+ye)+1°
if Ein = E&at’

(10)

where « represents the impact levels of the relaying link’s
residue interference (RI). The observation at Dp for the
relaying link is written as

Y2.pplm] = hNF/Ean[m — 1]+ npp[m].

The received SINR at D to detect xg for the relaying link
with the impact of the RI from the DL is given by

Ihwe 1 (nplhsn 2 vs+vp) .
Cilklhse Pytl) if Eiy < Egar,
e |2 (0 Ysar )
«lhsrPys+1

(1)

R _
Y2.0p = )
if Eiy > Egqr.

Firstly, it’s important to note that when a symbol is trans-
mitted, the corresponding signal replica from Dy reaches its
destination shortly after the replica from the BS. This is due
to a processing delay t, resulting in a temporal separation
between the signal replicas from the BS and Dy. To establish
a theoretical performance benchmark for practical systems,
we assume that these replicas are fully resolvable so they
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can be appropriately co-phased and merged via MRC. This
assumption is based on the ideal operation of rake receivers,
which are widely used in wireless systems and follow a
theoretical approach known as linear relaying, as introduced
in [49]. Most of the analysis and numerical results are
presented for the DL with MRC due to its ability to increase
SNR and provide diversity gain. The relaying connection
from the BS to D slightly delays any signals broadcast,
much like the DL’s relaying link, as seen in [50] and [51].
Put otherwise, there is a temporal difference between the
signals from Dy and the BS. To get theoretical findings for
real-world NOMA systems [52], we assume that Dy and the
BS signals are fully resolvable by Df. As a result, we offer
upper bounds on (10) and (11), the received SINRs at Dg
to get xp for the relaying link and the DL, respectively, as

lhsePysar ¢ g
A |hSF\2)£saN+l , if Ejp < Egyy, (12)
sl lhsrl“vsar _ i¢ g > E
|hSF\2V30N+1 ) m —_ sat
and
e (nolhsn 2 vs+vs) e
Vo.pp = o if Eip < Egar, (13)

1
|hNF|2(77VSat + ), if Ejp > Egy.

The signals from the relaying link and the DL are mixed
using MRC at Dp. As a result, following MRC at Dp, the
received SINR is given by

lhse 2 ysar e (nolhsw |2 vs+vp)
|hsr|?ysan+1 C ’
MrC __ ) if Ejy < Egy, (14)
P | s lrer Ry + )
.|hSF|2VsaN+1 sat ’
if Eiy > Egqr.

In practical circumstances, Dy will need more time than
one symbol period to decode symbols from the BS.
Consequently, two symbols will reach Dr from the BS and
Dy at any given symbol interval. As a result, the SINR for
decoding the symbol Xr at Dy while treating the DL as an
interfering link is given by

hne |2 (nplhsy |2 ys+ .
oy i En < B
lane | (7Y sar+vb)

Slhsp2ys+1
Here § € {0, 1} is used to denote the presence or absence of
the DL in the system. Suppose the DL between the BS and
Dr is weak due to shadowing and long propagation distance.
In that case, it can cause interference to the relayed link
from the Dy, so we consider the DL absent or interfering
direct link (IDL).

IDL _

YDr = 5)

if Ein = Esat-

lll. PERFORMANCE ANALYSIS
A. OUTAGE PROBABILITY
1) USER RELAYING WITHOUT THE DL

a) Outage Probability of Dy: According to the NOMA
protocol, Dy’s outage probability is stated in terms of its
complementing events as

PR = 1= Py(vopny = i oy = VD), (16)
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where Ry is the target rate to detect xy at Dy, thz,\D, =2Rv_1q,
Rp is the target rate for detecting xr at Dy, and VtZFD =
2RF _ 1. Using the battery-assisted SWIPT PSR protocol,
the outage probability expression in (16) can be written as

ng =1- Pr<Ein < Egu, YDp—Dy = V,Z?, YDy = yzi,?)
- Pr(Ein > Egar, YDr—Dy = V;i,?a YDy = V[i,?)- (17)

Let us denote the channel gains as |hsy|> = X, |hnr|* =Y,
and |hsp|? = Z. We can write (17) as

PR =1—P.(max(B1.61) <X < ¢1)

I

— Pr(X > max(¢2, B2, 62)) (13)
L
1 (CE,
1 = —(—W - ngu>,
Es\ p
P thi:,? <gL1Vb + 1€_lp>
1= ,
Vs (aFCI - V,I;Z?QNCI - V,ifgunp>
C
, Vine (gu Yo+ ﬁ)
1 =

Vs (aNCI - J/ti,lv)é“ ar — V,ﬁﬁguﬂp)

1 (Esu
¢ = — P (MEsar + Op)8L1 |

E
Vi (gu(nymz + ) + ﬁ)

B = - ,
Vs (dF = Vihp aN)
Vo (gu(nysm + ) + ﬁ)
6, =

Vs (aN - )’,Zf,)f GF)

Lemma 1: The outage probability of Dy using NL-EH
augmented with battery energy at Dy is given by the closed-
form expression

PP =1 (e—ASN max(B.61) _ e—m:m)
N

(e—xszv max(¢z,ﬁz,92))_ (19)

Proof: By definition, the complementary events at Dy are
denoted by I and I and calculated as

#1
11 = / ‘f‘hSle ()C)dx
max(B1,61)

— (e—KSNmaX(ﬂlﬁl) _ e—?»SNdn),

12 = / fthle()C)dX

max(f82,62,¢2)
— (ef)»szv maX(¢2»/32,92)> .

Substituting /1 and I in (18), (19) is obtained. |
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Remark 1: The performance of L-EH can be easily
obtained by setting Egy; or Y — 00 in (19). The outage
probability of Dy, in this case, is given as

pIDL

by = 1= (e—)»SNmax(ﬁlﬂl) _ e—KSNf/Jl). (20)

Remark 2: Using simple mathematical simplifications,
first-order linear approximations of the exponential compo-
nents, and ignoring the higher order terms in 1/y;, the outage
probability of Dy for high SNR approximation (y; — 00)
is obtained and is given by

ng’oo >~ Asy max(f1, 01) — Asng1

+ Asy max(B2, 02, ¢2). 21

b) Outage Probability of Dr: The Df outage occurrences
may be characterised as follows. One limitation is that Dy
cannot identify xr. The second point is that Dr cannot
determine its message xr under the same circumstances that
Dy can successfully detect xg. The outage probability of Dr
is obtained as

PP wodir =1 = Pr(ypny > VD v20p = VD). (22)

Using the battery-assisted SWIPT PSR protocol, the outage
probability expression in (22) can be written as

FD
PDp,nodir

=1- Pr(Ein < ESllta VDF—>DN > )/[i?’ V2,DF > V;i?)
_Pr(Ein > Esata yDF%DN > y[I];?’ VZ,DF > V;Z?) (23)

We can express (23) as

FD ClYihy
PD]:,nodir =1—-P|p1<X<¢1,Y > —any .
S

I

}/FD
— Po[X > max(¢n. Bo). ¥ > — 20 ).
NVsar + Vb

I
(24)

Lemma 2: The outage probability of Dr using NL-EH
augmented with battery energy Dy is provided by the closed
form expression given in (25)

FD
prD ~ 1= —AsNB1 _ ,—AsNP1) _ M
Dp,nodir — (e ¢ )
npeys
x | et12sN Ei(—(n1 + ¢1)Asn)
— Ei(—(u1 + B)Asn)
5o FD
3 (e)LSN max(¢zyﬁ2)m> (25)
where

Vb + )\NFCZV;;,?
p= ————L
npys
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and E;(-) is given by [54, Eq. (8.211.1)].
Proof: See Appendix A. |
Remark 3: The performance of the L-EH model may be
easily attained by setting Egy; or ygqr — 00 in (25). The
outage probability of Dp, in this case, is given as

ANFASNCI )/tf“?

npYs

FD,L
PDp,nodir

~ 11— {(e)LSN,Bl — e*)\SN¢l) —

wisy [ Ei(—(1 + ¢1)Asn) >]}
X|:e ’ (—Ei(—(m-i-ﬂl)KSN) - (20

Remark 4: An outage floor in Df performance is caused
by ¥ at high transmit powers. This outage floor may
be determined with an asymptotic equation of Pg?n odir-
Using simple mathematical simplifications, first-order lin-
ear approximations of the exponential components, and
ignoring the higher order terms in 1/y,, and putting
"Ei(w)=1/(1 +u) [53,5.1.19] at high values of y;, the
outage probability of Dr for the high SNR approximation
(ys — 00) is obtained and is given by (27).

D, ~
PSF,ES,,,-, ~ 1+ AsnB1 — Asnéi
FD 1
_ANFASNCthhF |:l+(u1+¢11))~szv ]
nPYs T T+ (ui+BDAsN

—(1—A5Nmax(¢z,ﬂz)>< MYsat 5 Vs )

NVsat + Vb + ANFY2
27)

2) USER RELAYING WITH DL

a) Outage Probability of Dr: There are two potential outage
scenarios for FD NOMA with Dp. The first event happens
when xg can be detected at Dy, but the received SINR after
MRC at Dr in one slot is lower than the desired SNR. The
second event occurs when neither Dy nor Dr can identify
xr. The outage probability of Dy with the DL is given as

FD.RI _ RI RI FD FD
Py dir = Pr(Vl,DF + V2.0p < Vihp» YDF—>Dy > ylhp)

+ Pr(VDF%DN < yzil?, V]I?IDF < yzi?) (28)

Furthermore, the outage probability of Dr using the upper
bounds of the received SINRs are given by

FD MRC FD FD
PDF,dir =P, (VDF < Ythp » YDp—>Dy > ythp)
+ Pr(VDp—)DN < V,ZE, Y1,Dp < V[I};D> (29)

Using the battery-assisted SWIPT PSR protocol, the outage
probability expression in (29) can be written as

FD
PDF,dir

FD FD
= PV(J/DF"DN < Ythp s V1.Dp < Vthp)
+Pr(Ein < Esats YDp—Dy > )/11}:?’ V[A){,-RC < yti}?)
+Pr(Ein > Egar, YDr—Dy = VIZFDs V[A)/i-RC < ytZE)' (30)
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We can express (30) as

PR gir = Pr(X < B1,Z < L)

I
+P (B <X<¢1,Y <A, Z<Ly)

)43
+PF(X > max(¢27 ,32)7 Y < A27Z < Ll)a

I

€29

where
Vig
vo(ar = viPay)
Vil CiZysanCi + C1) — ZysapCr

Al = , and
moXys + vo) ZysanCr + C)

_ Yup(Zysay + 1) — Zysarp
(MYsar + Vb)) (Zysan + 1)
I (in (31)) is given by
I = (1 _ e_)lSNﬂ])(l _ e—XSFL1>’

I (in (31)) is given by (33), and I3 (in (31)) is given by
(34).

I, ~ e *svhi (1 — e*)LSFLl> - D (VsaN (l _ e*)»SFLl)
ASF

Ei(—AsrLy — AsFD3)
—D,| &*sFD3 i
2[ { —Ei(—AsrD3)

askDs [ Eilt—AsrL1 — AspD3)
+{e | 3( —E(s¢D3) )})

—e N1 (1 _ e—)»SFLl) + Dy Ysan
ASF

(32)

(- eh) -y

“ [emue { Ei(=hsrLi — AsrDs) H

—Ei(—AsrDs)
| 2se0s (E—lSE, (/}\2236) AsFDe) ) }) (33)
Note that
Agre MNP (ﬂl + %)Uﬁ
- Py + )»NFV,ZECICIN — ArapCy’
aNQ(U/OJ/sﬂl +v+ )LNFV;;I?CI)
b= P1 + ypan + )»NFV,I;?CIGN — AvrarCi’
D3 = a—NDz,

Vs

Py = (mpysBian + vean).

Similarly, D4, D5, and D¢ are obtained by replacing 81 with
¢1 in D1, D>, and D3, respectively.

Iy ~ e—kSNmM(¢2»ﬂ2)|:(1 _ e—)\SFLl) _ &

ASF

3491



BAKSHI et al.: PERFORMANCE OF FULL-DUPLEX COOPERATIVE NOMA NETWORK

D7Dg

X (1 —e
Vs
<_)LSFL1

rseDg [ Ej
X{e Vs (_Ei<_x)5/ng)

Do { A (E(—ASFL]
——3e 7
Vs —E,’(—_}L;SDB)

AsFan (MYsar + Vb)

—)»SFL1>_|_
z ))}
)

Note further that

D7 = 7D ,
Py +anyy + ANFYy,, an — ANF + ANFan

D N¥sat + Vb + ANFVth

g = ,

Py +anyy + )»NFV,Z?GN — ANF + AnFan
D

Dy = =7,
an

Py = (nysaran).

Substituting the values of I, I, and I3 in (31), a closed-
form expression of the outage probability of Dy with the
DL is obtained.

The derivations of the expressions for I1, I>, and I3 are
given in Appendix B.

Remark 5: The performance of the L-EH model may be
easily attained by setting E;,; or ygq — 00 in I3 given by
(34).

Remark 6: Using simple mathematical simplifications,
first-order linear approximations of the exponential com-
ponents, and ignoring the higher-order terms in 1/y;, and
putting e“E1(u)=1/(1 + u) [53,5.1.19] at high values of yj,
the high SNR approximations (y; — oo) of I and I3 in
(33) and (34), respectively, are obtained and are given by
(35) and (36), respectively.

N S
~ (AsrL1) — Dy {ysaNLl + D2< 1_+)»SF(1LI+D3) >
1+AsrD3

1 1
_<1 +asp(Li +D3) 1 +)»SFD3>}

I S
- |:()\SFL1) — Dy { ysanL, + DS( 1_‘”»SF(1L1+DG) )
1+)‘SFD6

e )
I+ Asp(Li +Dg) 1+ AspDg
1

_ D7D8 < 1+)\SF(IL1+%) )

>~ (AsrLy) — D7Ly

s

1
—L
+@< 1+ASF? )
Vs \ — Dg
s

- D,
1+)~SF7§

(36)

I+AsF

. FD pFD FD

Remark 7: From P PDF nodir @nd PDF’ 4ir» @s the value
of ¢ increases, the outage probability of Dy becomes more
extensive due to the residual interference generated by i-SIC
at Dy. However, the outage probability of Dr is insensitive
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to ¢ since SIC is not required to detect symbol xg at Dy
and Dp.

To illustrate the effect of SIC error on the outage
probability performance of both Dy and Dr, we have shown
the results in Fig. 6. It is clear from Fig. 6 that the SIC error
does not affect the D outage performance. Meanwhile, the
SIC error limits Dy performance. Hence, the SIC error’s
effect is insignificant on Dpg’s performance. Therefore, we
have considered ¢ = 0, i.e., the case of perfect SIC in the
remaining figures.

b) Outage Probability of Dr With IDL: Suppose the DL
between the BS and Dr is weak due to shadowing and long
propagation distance. In that case, it can cause interference
to the relayed link from the Dy, so we consider the DL
absent or IDL. The outage probability of Dr with the IDL
is given as

DL
Dr.dir

IDL
YDr

FD
yth]: )

_Pr<Ein = Esah YDrp—Dy = VmF VéeL > V[‘ZFD)- (37)

=1- Pr(Ein < Egar, YDp—Dy > yﬂ’lF

We can express (37) as

PDF L =1
Cry2 (8Zys +

1)
—P (B <X <1, |hypl* > ————
r( npXys + v

I

— P, X > max(¢2, B2). Y >
NVsar + Vb

Vi (8 m) s

I
In (38), I, and I, are given by (39) and (40), respectively.
In (39),
e MNP _ p=Asnd1

Py = ,

ASN
Py = Ei(—¢12sn) — Ei(BiAsn),
kNFVﬂ,DCz
noYs + ANFV
B1 " (Birsy)"T'(1 —n, ,BMSN)
ASN
_ 17" (@1Asn)"T (1 — n, p1Agy)

ASN

Py =

In (40),
FD
yth]:
NVsat + Vb

Here,where I'(n, x) represents the upper incomplete gamma
function.

Ps =

, P
I >~ AsnP1 — )»SNXSsz(
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TABLE 1. Diversity order for L-EH/NL-EH FD NOMA systems.

L-EH/NL-EH NOMA diversity order
(L/NL)-EH | Dy/Dp | NDL/DL | Diversity
L-EH Dy/Dp | NDL 171
L-EH Dy/Dp | DL 1/2
NL-EH Dy/Dr | NDL 1/0
NL-EH Dy/Dp | DL 171

o " " .
+AsNASF Y o PaPs ( k) (8ys)
n=2
xk!(rgp) D, (39)
. e—rsnmax(2$2) 1
I >~ Asnhsgp—————— (— — Ps5dy;s
ASN ASF

1)? 1 1"
— ) —Ps— — P!
X(Ag,w) > Asr +n§ n! 5<k)

x<8ys)’<k!(xsm’<‘>. (40)
Lemma 3: The diversity order (D) is given by
log(PY
D= — lim M 41)
y—oo  log(ys)

The diversity order is computed using the high SNR
approximations obtained above in (41) and is given in the
following table. The values mentioned in the table have been
confirmed by simulation results. The DL is crucial to mitigate
diversity loss caused by NL-EH.

B. THROUGHPUT ANALYSIS
The throughput of Dy is given as

R = (1= PLD)Ry

and for Dr without the DL and with the DL are given,
respectively, as

(42)

Rg?,nodir = (1 - Pll;?_nodir)RF (43)
RED 4 = (1 - Pge_d”>Rp. (44)

C. ENERGY EFFICIENCY

Energy efficiency is an essential aspect of modern commu-
nication systems that involve many connected IoT devices
and have limited energy resources. It is the ratio of the
sum throughput to the total energy consumption. The metric
guarantees these systems’ best possible performance and long-
term sustainability [55], [56]. The mathematical expression of
energy efficiency for the proposed system using the throughput
expressions derived for nodes Dy and Dr is expressed as

Fp _ Total data rate (sum throughput)

¢ - Total energy consumption
FD
_ T
Es+ Qp
where ’7;5FD = R'Bﬁ + Rg?,q& and ¢ € (dir, nodir).

(45)
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It is essential to note that Dy first collects the energy
from the BS and uses it to send information symbols to
Dr. However, the energy harvested may sometimes need to
be more, depending on the value of the PS parameter. Dy
to Dr information exchange becomes impossible in such
cases, and the supplementary battery energy is used to assist
Dy to Df transmission. However, the harvested energy is
generally sufficient for high-source transmit powers, and the
additional battery energy only increases the LI levels. This
can lead to decoding issues for the Dr symbol, decreasing
the throughput of Dy and Df. Using the high transmit power
of the BS can degrade energy efficiency. This is because
when Qp, is very high, the LI becomes large, which makes it
difficult for Dy to decode D symbols. As a result, Dr and
Dy throughput decrease. Transmitting with high Qp at Dy
can further degrade energy efficiency. Therefore, choosing p
and Q) to maximize energy efficiency is crucial. Let Op max
and Qp min be the maximum and minimum values of the
battery energy that can be drawn. With this in mind, the
optimization problem can be formulated as follows:

Ov*, p*) = arg max  n}P
( ) Qo)

st. O0<p<1
Qb,min <0y < Qb,max (46)

In the given context, p* represents the optimal parameter
for the PS EH protocol. Since the expressions for Dy
and Dp outage probabilities are pretty complex, arriving
at a closed-form expression for (Qp*, p*)) is impossible.
However, we can determine the optimal point (Qp*, p*)
through a standard numerical search. p and Q) that maximize
throughput also maximize the energy efficiency. To solve the
optimization problem (46), we must find a jointly optimal
solution for variables p and Qp. However, their coupling
makes solving this analytically using standard optimization
techniques exceptionally challenging. To overcome this
difficulty, we use a 2-D search method to find the optimal
solution (Qp*, p*)). This search method is used exhaustively
across the QO and p range. It’s worth mentioning that this
2-D search method is the most commonly used approach
to determine the optimal point in a complex but low-
dimensional optimization problem. The accuracy of this
optimal point depends on the choice of the step size.

In some applications, achieving a specific throughput for
Dy may be necessary. It is possible to attain the desired
throughput by selecting appropriate o and Qp. However,
it is essential to choose these parameters to minimize
battery energy consumption while maintaining the required
throughput for Dy. To achieve this goal, it is crucial to
optimize the symbol rate. We will discuss this topic in future
work.

IV. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we provide simulation results to evaluate
further the performance of the considered model in a battery-
assisted NL-EH model and compare them with the analytical

3493



BAKSHI et al.: PERFORMANCE OF FULL-DUPLEX COOPERATIVE NOMA NETWORK

100 B

e =
~. ~,
i
1 N .,
10 -
b ~,
[ 3
N\
£ 102t » q
= N
= \
=] a
S g, == 40 (dB) .
£ 100 a 3
Iy N, .,
& b -,
B N
S 10 E
®  Simulation (Near User) Near User N\ -
O  Simulation (Far User) \
5= Non-Linear (Far User) N\ i
107l Linear (Far User) z\
Non-linear (Near User) \*
= = = Linear (Near User) N,
10 T T T L L L N
-10 0 10 20 30 40 50 60

P_(dBm)
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FIGURE 5. Outage probability of Dr versus the source transmit power without
the DL.

expressions derived to validate our analysis. The following
values are assumed for the parameters unless otherwise
specified: the distances between the nodes are specified as
dsr = 16 units, dsy = 10 units, and dyp = 6 units; Ry = 2,
Rr =2, p =07 n=20.5; 0?2 = —50 dBm; path loss
exponent 6 = 3 [19], [57], [58]; ay = 0.1, ar = 0.9;
saturation threshold Py, = EsqRy = 9.2 uW [48].

The outage probability of the two users versus the source
transmit power P; for the PSR protocol without the DL
is plotted in Fig. 4 with E[|hu|2] = gy = —40 dB.
Both L-EH and NL-EH performance for the two users are
compared. The simulation results verify the accuracy of
the obtained analytical expressions. Both the users show a
considerable improvement in their outage probability with
increasing Ps at low transmit powers. Using the perfect SIC
at Dy, Dy performs almost identically in linear and non-
linear cases. Nevertheless, when NL-EH is used at Dy, the
outage probability of Dp saturates with higher values of Py
(the floor is caused by the y; (saturation threshold), which
limits the transmit power of Dy). Thus, Dr performs better
in L-EH at higher transmit powers.

Let E[|hz/)?] = grs = —40 dB. The outage probability of
Dr versus the source transmit power Pg for PSR protocol
with the NDL is plotted in Fig. 5 for different Q; values.
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The simulation results confirm the correctness of the derived
analytical expressions. Adding a small amount of battery
energy QOp to the harvested energy greatly improves the
outage performance (compared to the case where Qp, = 0).
Increasing Qp for both linear and non-linear energy harvest-
ing models results in a noticeable reduction in Df outage
probability for low transmit powers, while the benefit at
larger P; is minimal. The performance of L-EH at high
transmit powers is much better than that of NL-EH since
the transmit power at Dy in NL-EH is restricted by yiqr.
The impact of LI (self-loop interference) is negligible for
low transmit powers and lower values of Qp. However, the
self-recycled energy E, x grj rises as Qp does. Thus, it can
be shown that when g;; = —40 (dB), the outage probability
is smaller than in the situation where g7y = —30 (dB)
when Q) = 40(wJ). However, the harvested energy is more
important at higher transmit power values. At high transmit
powers, the NL-EH in the outage floor results in a diversity
loss to Dp.

Let E[|lhy|?] = —40 dB. Fig. 6 shows the outage
probability that Dy and Dp experienced in the NDL and
interfering direct link (IDL) cases versus the source transmit
power for various values of ¢ (i.e., the i-SIC factor). The
residual interference generated by i-SIC at Dy causes the
outage probability of Dy to increase as ¢ increases. However,
the outage probability of D is insensitive to ¢ since SIC is
not necessary to identify the symbol xr at Dp. The results
make it abundantly evident that the impact of SIC errors
is negligible for the outage probability of Dp. Thus, in
the subsequent results, we have considered ¢ = 0, or the
situation of perfect SIC. It is observed that the interference
caused by the DL from the BS to Dr causes the outage
probability of Dr to increase significantly for the IDL case
compared to the NDL case and using the DL with MRC.
Therefore, we have considered the DL with MRC in all the
results.

Fig. 7 shows the relationship between the outage proba-
bility of Dy and DF versus ay for various Qp and p values
as well as various Ry and Ry combinations. The simulation
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FIGURE 7. Outage probability of (Dy and Df) versus ay without the DL.

results confirm the correctness of the derived analytical
expressions. Let E[|hz7]2] = —40 (dB) and Py = 20 (dBm).
When the value of ay is increased, the outage probability of
Dr rises an(Fthhat of Dy falls. After aDthreshold value ar =

Fi
(ay = 0.2 for

ythN _ ythN
" i Gty O NS eI
Rr =2, Ry =2, and ay = 0.43 for Rp = 1 and Ry = 2),
the outage probability of Dy increases with increasing ay.
This is because, at this threshold value, the SINR at Dy to
decode the Dr symbol decreases. A further increase in ay
causes Dy outage probability to rise to 1, while for ay >
W, the outage remains at 1. Dp performance improves,

but Dy performance deteriorates with increasing levels of
Qp and p, as predicted.

Let E|hz7|> = —40 (dB). The outage probability of Dp
versus the source transmit power (Ps) (dBm) for the PSR
protocol is plotted in Fig. 8 for different Q, values for the
NDL and the DL using MRC. For various Q) values, the
performance of Dr is compared for the DL and NDL linear
and non-linear energy harvesting systems. The simulation
results match the analytical expressions well. It is clear
that Dr performs better in the DL case, and adding a
small amount of battery energy Qp to the harvested energy
improves the outage performance (compared to the case
where Qp = 0). The improvement Dr performance is very
significant at lower transmit power P, but because of the
existence of the DL, the performance continues to improve
at higher transmit power as well, unlike the NDL -case.
Additionally, for larger P; values with NL-EH, the power
at Dy is limited by y,, which results in a floor in the
outage probability when the DL is absent. However, the
floor does not exist owing to the DL and battery energy, but
diversity is lost compared to L-EH (diversity decreases by
one). Therefore, compared to L-EH, battery-assisted relaying
with DL is considerably more important in NL-EH.

Fig. 9 shows the relationship between the outage prob-
ability of Dr in both the cases of NDL and DL and ay
for various Qp and p values as well as various Rr and Ry
combinations. The simulation results confirm the correctness
of the derived analytical expressions. For Py = 20 dBm, it
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is clear from Fig. 9 that when ay is increased, the outage
probability of DF slightly increases in both the cases of the
DL and NDL, but with the DL, the outage probability is
far lower than that with the NDL. After a threshold value

“FD D ({1, FD ZZN 7oy O AN = —Fp_ _FD 1 FDy ;gN o (av =
Vth+VthN(l+yth ) Yih +VrhN(1+Vth )

0.2 for RF = 2, Ry = 2, and a threshold value of ay = 0.45
for RF = 1 and Ry = 2), the outage probability of Dr
increases with increasing ay. During the IT phase after ay =

anl—

FD

VthN
————7—, the SINR to decode Dg symbols drops, a
YD+ (I 74D) Y P

further rise in ay causes an increase in the outage probability.
In addition, D performance gets better with the DL.

Let E[|hy|?] = —40 dB and Q, = O(uJ). Fig. 10
illustrates the changes in the outage probability of Dy
and Dp for different values of dgy and dsg versus the
source transmit power P (dBm). The results provide new
insights into the performance of the system. The outage
probability of Dy increases with an increase in dsy, while
the outage probability of Dp increases with an increase
in dsp. Furthermore, the positioning of Dy significantly
impacts the outage performance of both Dy and Dp. These
findings indicate that the analytical model can measure
outages and other performance metrics by adjusting the
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FIGURE 10. Outage probability of Dy and Dr versus the source transmit power at
different node distances without the DL.
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FIGURE 11. Outage probability of Dr versus the source transmit power at different
node distances without the DL and with the DL using MRC.

node placements. Fig. 11 shows the variation in the outage
probability of Dp, with both the DL and the NDL, as Dy
and Dr are moved for different values of dsy and dsr.
Changes in the distance between nodes result in D outage
probability changes. These results highlight the potential of
the analytical model to detect outages and other metrics by
adjusting the placement of nodes.

Fig. 12 and Fig. 13 show the throughput of Dy and Dr
versus the source transmit power Py (dBm) considering the
PSR protocol. The simulation results confirm the correctness
of the derived analytical expressions. Let E|hz;|> = —40
(dB). Since Dy is expected to decode DJs message first
and also transmit the information to Dr while harvesting
sufficient energy, the D) s throughput is better than Dr at
low transmit power and 0 Q, value because Dy lacks the
energy to ensure that Df is not experiencing an outage. But
as the value of Q;, increases, the throughput of Df is better
than Dy. At high transmit powers, a floor in the throughput
exists due to Ysar.

The throughput performance of Dr for both the cases
(NDL and DL) is compared for different values of QO
in Fig. 14 and Fig. 15. Let E|hy|> = —40 (dB). The
simulation results confirm the correctness of the derived
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FIGURE 14. Throughput of Dr versus the source transmit power without the DL and
with the DL using MRC.

analytical expressions. With the DL, Dr performs better
and almost doubles the throughput. Additionally, an increase
in battery energy significantly improves throughput at low
transmit powers for both cases, although it has little impact
at high transmit powers. When P; is high, the DL becomes
sufficiently strong for the chosen target rate. It should be
noted that the yy, results in a floor when there is NDL.
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For the range of the power splitting parameter p, Fig. 16
and Fig. 17 demonstrate the change in the throughput of Dr
for both the scenarios of the DL and NDL for various levels
of Qp. Let E|hz;|?> = —40 (dB) and Py = 12 (dBm). The
throughput is concave with respect to p, which means an
optimal value of p maximizes the throughput. The optimal
values of p are marked. Dr performs better in the DL
scenario than in the NDL scenario.
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For the range of the battery energy Qp, Fig. 18 and
Fig. 19 demonstrate the change in the throughput of Dp
for both scenarios of the DL and NDL for different values
of Ps. Let E|hzz|? = —20 (dB). A certain value of Q,
optimises throughput. Thus, there is an operational range
[0, Op*] where increasing Qp results in higher throughput.
When Q) increases beyond this value, the throughput falls
due to increasing residual self-loop interference levels. It is
clear that compared to the scenario when there is the NDL,
using the DL results in lower battery energy needed for the
desired throughput. It is evident that a single value (Qp*, p*)
exists that maximises the throughput for a desired Dy target
throughput.

Fig. 20 shows the relationship between the system’s energy
efficiency and the source transmit power P; (dBm) for
different Q) and gy; values. The curves illustrate that the
source transmit power affects the system’s energy efficiency
in the DL and NDL scenarios. When the source transmit
power is reduced, energy efficiency increases. On the other
hand, energy efficiency performance decreases gradually as
Ps increases. All the curves are plotted for various values
of O, and gy, and the PS EH parameter is almost at its
optimum value. It has been observed that the LI has a
noticeable impact on energy efficiency. When the LI value
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decreases, energy efficiency increases noticeably. The DL
performance is superior as compared to the NDL.

Fig. 21 and Fig. 22 show the relationship between the
energy efficiency and Q) for different values of Py and gj;.
The plots illustrate all curves with Ry = Rp = 2 (BPCU),
while the PS EH parameter is adjusted to its optimal value.
At first, Dy contributes most to energy efficiency when no
battery energy is supplied (the battery energy aids throughput
increase at Dr). The system’s energy efficiency rises with
increasing Qp because D throughput increases. There is,
however, a particular value of Q, over which the energy
efficiency begins to decline. This is a result of LI being
present at Dy. The LI rises in tandem with the increasing
QOp, which makes it impossible to decode Dr symbols at Dy.
As a result, D throughput declines. Both LI and P have a
noticeable impact on the energy efficiency of the system.

Fig. 23 shows the relationship between the system’s energy
efficiency and the energy harvesting parameter p for different
gr; values. Let Py = 10 (dBm), Qp = 10(uJ) and Ry
Rr = 2 (BPCU). No energy is captured Dy with PS at p = 0,
resulting in the negligible throughput of Dp. Increasing p
further leads to an improvement in Dr throughput. Likewise,
IT does not occur when p = 1, causing both the throughput
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and energy efficiency to drop. Additionally, energy efficiency
drops significantly at high LI levels. Therefore, optimising
QOp and p is necessary to significantly improve and optimize
the system’s throughput and energy efficiency.

In Fig. 24, we display the variation in outage probability
of D in the NDL and DL cases versus Py, for Py, = 20
(dBm), Ry = Rr = 1 bpcu, and different levels of Qp.
Let E|hz]? —40 (dB). The outage probability for NL-
EH improves noticeably and approaches that of the L-EH
case as Py, increases. Also, the performance of Dy with the
NDL is inferior to that of the DL scenario. The performance
becomes better with increasing levels of Q.

V. CONCLUSION

In specific scenarios, it may be necessary to utilize an
adjacent IoT node to enhance communication range or
reliability with a distant node. EH technology is a viable
solution to ensure the relaying IoT node meets strict lifetime
constraints. This work explores the performance of the
cooperative relaying-based NOMA that employs SWIPT
and battery-assisted NL-EH in two scenarios: with and
without the DL. The FD mode is used along with the PSR
protocol. Channels are modelled using Rayleigh fading, and
the DF mechanism with imperfect successive interference
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cancellation (i-SIC) is used at the NU, acting as a relay.
The DL at the FU is evaluated in two scenarios: as an
optimal combination to the signal from the NU and as
an interfering link to the signal from the NU. Closed-
form expressions for the NU and FU outage probability
and throughput have been derived by combining the PSR
protocol with NL-EH. We established the diversity order
by deriving high SNR approximation equations of the NU
and FU outage probability in NDL and DL scenarios.
We established that, in contrast to L-EH, NL-EH incurs
a diversity loss, which makes combining with the DL
essential for increasing throughput and minimizing battery
energy usage. We showed that the performance of the FU
is significantly enhanced by adding a small quantity of
battery energy to the harvested energy at the NU, which
acts as a relay. We have demonstrated that the residual
interference generated by i-SIC significantly impacts the
outage probability of the NU while having a negligible
effect on the performance of the FU. Additionally, we
have found that the performance degrades in the context of
IDL. We have formulated an equation to measure energy
efficiency using the derived throughput expressions for the
NDL and DL scenarios. We have also shown that selecting
the optimal combination of battery energy and PS parameter
is essential to achieve the highest possible throughput and
energy efficiency. We explain how the system’s performance
is affected by the selection of energy harvesting parameter,
power allocation coefficient, saturation threshold, self-loop
interference, variable node distances and battery energy.
Monte Carlo simulations have verified the accuracy of the
resulting expressions.

APPENDIX A
PROOF OF LEMMA 2
From (24), I, is expressed as

1 )‘NFCIV,I;;?
Vil 2/ )»SNe_)”SNxe_ moxys+vb - (x.
Bi

(A1)
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We use a linear approximation of the exponential term (e** ~
1 4 ax) for high y; in (A.1) to get

#1 +
I = / Asye VT 0XYs T Vo T
Bi noxys + vo + ANFCryy,,

dx. (A2)
After some mathematical steps, (A.2) can be written as

1
I = / A,SNe_)\SNxdx
B

1

———
In
¢ AFCry P
- / hsye SN e dx, (A3)
Bi noxys + vo + ANrCryy,,

¥
where /1] and /1, are given by

I = (e—)»szvﬂl _ e—)-SN¢1)’

and
ANFASNC J/,Zf

NP Vs
y [WSN { Ei(— (1 + ¢1)Asy) ”

I, =

— Ei(—(u1 + B)Asn)
is obtained from [54, 3.352.3]. Substituting the values of /;;
and 715 in (A.3), I; is obtained. Now I, is expressed as

FD
MNFYihgp

12 — e—)»SN maX(‘szﬁz)—m .

(A4)

Substituting these values of /1 and I in (24), the outage
probability of the FU with NDL is obtained as (25).

APPENDIX B
Using (31), the outage probability of the FU with the DL
can be written as

PR =l+hL+1h. (B.1)
Now [; is expressed as
L=(1- e_)‘s"”gl)(l _ e—*SFLl), (B.2)

and I, is calculated as

L= (e—)»szvﬂl _ e—)»SN¢1)(1 _ e—ASFL1> — ASNASF

o1 L N N
x / / o MSNX = ASFT
B J0

V,II;I;C[ (zvsan CI+Cp)=2ysapCy
—ANF
X e

(noxys+vp) (zvsany Cr+Cp)
We use a linear approximation of the exponential term (e™ ~
1 4+ ax) for high y; in (B.3) to get

)dxdz. (B.3)

L= (g—)»szvﬁ| _ e—)nszv¢1)(1 _ e—)LSFLl) — ASNASF

¢1 rLi N N
X / / e MNYeTASFL) Np
B JO0
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FD
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X Vihg dxdz

(oxys + 1) () + e (V52 CitA) - B)

(B.4)

where A = (zy;ayC; + C)) and B = zysaFCf. After some
mathematical steps, I is expressed as

¢1 L A
12 = }"SN)‘SF / / E_ASNXB_)LSFZ —NF
g Jo npysA

FD
Vi C1(A) — B
X o dxdz.

A FD
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(B.5)
Furthermore, using [54, 3.352.3], I, is given by

Lv anr
I = )»SN/\SFf — (VFDCZA - B)
0 mpYANE
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—E; {)\SN ((151 +

It is difficult to solve the integral in (B.6), but at high y;, we
can use the approximation e“Ej(u) ~ 1/u, and after some
mathematical steps, (B.6) can be written as

L = e rsvbBi (1 _ e—kSFL1> — AsF <'31 + ﬁ)e—kszvﬂl

neYys
L e sFz
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N V)
Pit+ ooy t+ noYsA
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+ dz. B.7)
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Pt T noYsA

After some mathematical rearrangements in (B.7) and using
[54,3.352.3], I, is obtained. Similarly, /5 is calculated as

I3 = (X > max(¢2, o)) (Y <Az, Z < Ly) (B.8)
I3 I3
where I31 is given by
Ly = e~ rsvmax($2,B2) (B.9)
and I3, is given by
Ly
132 = (1 — e_)\SFld) — )xSF/ e_)‘SFZ
0
ANF (V,ﬁ? (zysay+1)=zys aF)
xe  Omsartm)Grsay+l) gz, (B.10)

The quantity /3; is obtained by a similar method for /5.
Substituting I3 and I35 in (B.8), I3 is obtained.
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APPENDIX C
From (38), I; and I, are calculated as

. 0 ré e
I} = AsnAsy / / e N5 oA gvdy  (C.1)
0 b1

where

ANFYEPCi(Szys + 1) — v
bi(g) = — 2 WS .
A

Now I} can be determined by using the Maclaurin series
expansion for the term ¢~?1®@/* and further simplifying using
[54,3.352.2] and [54, 3.353.1], as

o
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which can be rewritten as

o0
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Solving (C.3), I given in (39) is obtained. Now, b is
calculated as

R o0 o0
L= )»SN)\SF/ f e MY =02 o =AsFZ gy (C.4)
0 max(¢2,B2)

where
ANFY i S2ys + 1)
NVsat + Vo

b(z) =
Using the same approach as in h, b is given as
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Solving (C.5), b given in (40) is obtained.

(C.5)
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