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Abstract—This study investigates a two-way relaying non-
orthogonal multiple access (TWR-NOMA) enabled Internet-of-
Things (IoT) network, in which two NOMA users communicate
via an IoT access point (IAP) relay using a decode-and-forward
(DF) protocol. A power beacon (PB) is used to power the IAP to
address the IAP’s limited lifetime due to energy constraints. Since
co-channel interference (CCI) is inevitable in IoT systems, this
effect is also studied in the proposed system to improve practicality.
Based on the proposed system model, the closed-form equations
for the exact and asymptotic outage probability (OP) and ergodic
data (ED) of the NOMA users’ signals are first derived to describe
the performance of TWR-NOMA systems. The system’s diversity
order and throughput are then evaluated according to the de-
rived results. To further improve the system’s performance, a low-
complexity strategy 2D golden section search (GSS) is performed,
subject to power allocation (PA) and time-switching (TS) factors,
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to optimize the outage performance. Finally, a deep learning design
with minimal computing complexity and precision OP prediction
is established for a real-time IoT network configuration. The nu-
merical results are discussed and analyzed in terms of the effects of
the CCI, the TS ratio, the PA factor, the fading parameter on the
OP, system throughput, and ED.

Index Terms—Co-channel interference, deep neural network,
energy harvesting, Internet of Things, non-orthogonal multiple
access, power beacon, two-way relay, wireless power transfer.

I. INTRODUCTION

HE Internet of Things (IoT) is an emerging technology
T that has been heavily studied by both academia and in-
dustry and promises solutions for improving quality of life.
Specifically, the IoT is able to connect devices that collect data
in systems designed for intelligent transportation, smart cities,
environmental/disaster/agricultural monitoring, health care, and
many other relevant areas [1], [2], [3], [4]. However, the range of
IoT applications requires widespread adoption of inexpensive,
battery-operated devices with differing quality-of-service (QoS)
standards. Battery longevity is important because the mainte-
nance can be difficult or impossible to perform for large-scale or
challenging deployments [5]. In recent years, energy harvesting
(EH) technology has been studied as a promising solution for
prolonging the lifespans of IoT devices. Besides using ambient
sources such as solar [6], wind, geothermal, electromagnetic and
vibrational energy [7], [8], wireless power transfer (WPT) is a
potentially useful technology for its predictability and manage-
ment capabilities [9], [10], [11], [12], [13]. Radio frequency (RF)
WPT, in which IoT users gather RF energy and convert it into
electricity, can power IoT networks at distances of more than
6 km [14], [15]. WPT can be classified into two types: wireless-
powered communication networks (WPCN5s) and simultaneous
wireless information and power transfer (SWIPT) [16], [17],
[18], [19], [20]. Both SWIPT and WPCN can be used with
IoT devices (IoTDs), but systems employing SWIPT are more
suitable for short-distance communications [21] while WPCN
functions better with long-distance communications by deploy-
ing power stations, otherwise known as power beacons (PBs),
to recharge IoTDs through RF signals [22].

Motivated by the advantages of PBs for longer-distance charg-
ing in wireless, anumber of studies have investigated the features
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and applications of PB with WPCN in different contexts [23],
[24], [25]. Nikoletseas et al. [23] proposed a scenario in
which PB transfers power to rechargeable devices despite certain
technological limitations. Specifically, the authors attempted to
increase the transferable energy while limiting the maximum
level of the RF signals to eliminate any potential harm to
human health. Dai et al. [24] applied a similar strategy, using
the super-distribution characteristics of the received power per
sensor to maximize the charging utility function of EH while
limiting the RF electromagnetic field level mode. Hieu et al. [25]
studied the performance of multi-hop multi-path wireless sensor
networks (WSNs) and the effects of hardware impairments (HI)
and eavesdroppers on these networks. Specifically, IoTDs can
be used to harness energy from a PB for data transmission.

Non-orthogonal multiple access (NOMA) has been developed
as one of the key technologies in beyond 5G/6G since it can
help support massive connectivity at relatively low cost, and
increase spectral efficiency (SE) by enabling multiple IoTDs
to access the same wireless resources (e.g., time, frequency,
spreading code) [26], [27], [28], [29]. In principle, NOMA
multiplexes multiple signals or messages for different IoTDs
with different channel conditions via the power or code domain
to create a balanced trade-off between user fairness and sys-
tem performance [26]. For example, in power-domain NOMA
(PDNOMA), when alow-power IoTD obtains a NOMA signal in
strong channel conditions, it first decodes the user symbol with
higher power as if worse channel conditions existed and then
subtracts its partner’s signal to decode its own symbol. On the
other hand, a high-power IoTD decodes its signal by treating
the lower-power IoTD’s signal as noise. Via this mechanism,
commonly referred to as successive interference cancellation
(SIC), I0TD signals can be separated by the receivers. In this
way, NOMA can achieve significant improvements in SE and
system capacity (SC) compared to orthogonal multiple access
(OMA) approaches [30], [31], [32], [33].

Despite exhibiting many advantages, all the above-mentioned
studies consider only one-way relaying networks (OWRNS).
Recent studies have introduced two-way relaying networks
(TWRNSs), which can improve SE over OWRN [34], [35]. The
underlying concept of a TWRN is to transmit information be-
tween two nodes via a relay, possibly using either an amplify-
and-forward (AF) or a decode-and-forward (DF) protocol [36],
[37], [38]. Jang et al. [36] investigated the performance of
multi-user (MU) TWRN channels for half-duplex (HD) AF
relays, focusing on user selection. Zheng et al. [37] combined
rate splitting and user grouping protocols for multi-pair TWR-
NOMA networks to improve resource management and increase
throughput. Lv et. al [38] developed a joint antenna and relay
selection scheme to improve transmission reliability for mul-
tiple access and time division broadcast relaying techniques in
TWR-NOMA-based networks optimized for transmitting power
allocation.

Deep learning is a powerful, data-driven method for resolv-
ing a range of challenges such as image processing, pattern
recognition, and wireless communications applications [39].
Zhang et al. [40] developed a deep neural network (DNN) for
regression and classification problems in the cognitive two-way
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relaying network for selection. Wang [41] studied two-hop
wireless networks and machine learning-based relay selection
and transformed best relay selection (BRS) into a multi-class
classification problem by using a decision-tree-based selection
method. Tseng et al. [42] performed grouping/subcarrier as-
signment tasks based on a DNN and supervised learning for
multilayer resource allocation in NOMA video communications
systems. The authors [43] also enhanced their method of ac-
counting for outage capacity and maximizing ergodic capacity
to produce ultra-reliable low-latency communications (URLLC)
5G system. Ye et al. [44], however, proposed a specifically
generated DNN to enhance the dependability gain achieved by
a grant-free NOMA system.

A. Motivations and Contribution

For additional improvements in the energy efficiency (EE)
and SE of TWR networks, the current study explores a TWR
that cooperates with NOMA and is aided by a PB under co-
channel interference (CCI). Recent works have also investigated
TWR-NOMA systems [45], [46], [47], Khalid and Jangsher [45]
analyzed an upper bound on the capacity of a TWR system used
in connection with a multi-user multiple-input multiple-output
(MU-MIMO) NOMA system. Zheng et al. [46] studied a se-
cure NOMA-based bidirectional relay network with full-duplex
forwarding. Yue et al. [47] derived closed-form expressions
for outage probability (OP) in TWR-NOMA with both perfect
and imperfect SIC. However, the authors did not consider PB
in TWR-NOMA to improve energy sustainability. In addition,
DNN techniques have lately emerged as a potent tool for network
performance evaluation [48], [49], [50], using the benefit of
data-driven approaches to solve the computationally infeasible
or unnecessarily complicated tasks of a traditional model-based
approach. Thus, the problem of identifying outage performance
may be solved by taking advantage of the advantages of DNN
approaches. The current study investigates an effective DNN-
based strategy to develop an in-depth model that reduces total
energy consumption through an offline training process. We
show that this DNN-based approach for power beacon-assisted
TWR-NOMA networks in the presence of CCI offers excellent
advantages. In particular, our contributions are as follows:

e A proposed PB-assisted two-way NOMA IoT system in
the presence of CCI, in which an IoT access point (IAP)
harvests energy from a PB using a time-switching (TS) EH
method to overcome its limited energy constraint. The IAP
then uses harvested energy to exchange information with
two IoT users to attain a battery-free IoT system.

¢ Exact closed-form expressions for the OP, ED and asymp-
totic OP. The throughput of the proposed system is also
addressed. Two algorithms for determining the optimal PA
coefficient and EH times for two IoT users are proposed,
which further improve the proposed IoT NOMA system’s
performance.

® A low-complexity strategic 2D gold section search (GSS)
is performed to find the optimal power allocation (PA) and
the optimal EH time coefficient in order to minimize the
outage probability.
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Fig. 1. System model of a two-way relay EH-NOMA.

® A DNN model designed to predict the OP and throughput
of the proposed TWR-NOMA IoT system. In the context of
a complicated network, It is demonstrated that, in complex
network contexts, the DNN models are effective in predict-
ing performance using a low-latency inference process.

e Comprehensive, real-world information about how various
system factors affect overall network performance. The
study also shows that the outcomes of the simulation
exactly match the results of the derivation analysis and
establish the accuracy of its analytical derivations. The
proposed DNN model also exhibits low computational
expenditure and fast execution time; it can predict OP and
obtain throughput results which closely approximate the
results obtained from analytical and simulation methods.

B. Organization

The paper is organized as follows: Section II describes the
proposed system model; Section III analyzes the exact and
asymptotic outage probabilities, system throughput and diver-
sity order; Section IV discusses an evaluation of the DNN;
Section V presents and discusses the numerical results; finally,
Section VI summarizes the paper’s contributions.

II. SYSTEM MODEL AND CHANNEL CHARACTERISTICS

A. System Description

Fig. 1 illustrates the scheme of a TWR-NOMA-enabled IoT
network with PB support, in which an IAP equipped with a
single antenna collects energy from a PB and serves two IoT
users! (a near user ID1 and far user ID2) in HD mode. The
IAP must draw energy from a PB because its own available
energy is limited; the PB acts as a power source to maintain
the TAP’s operation and is positioned in a suitable place to
enable the PB-IAP link. As in the study by Wang et al. [52],
the current study assumes no direct connection between the
two IoT users due to the significant shadowing effects caused
by physical barriers. Aided by a specific IAP, communication

'ToT users include sensors, camera controls and public smart devices such as
traffic lights and LED advertising panels, etc. [51]
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TABLE I
PARAMETER DEFINITIONS
Parameter Definition
ZID1, LID2 Transmission signals to ID1 and ID2
TIAP.1, TIDi.l Transmit information of [*® interference
WIAP,> WIDi Additive White Gaussian noise
Py Total transmission power of two users
Pr Transmitted power from interference
Py Transmitted power from IAP
a; Corresponding power allocation coefficient
n Energy conversion efficiency
« Time allocation parameter
L Co-channel interference
No Noise variance
R; Target Rate in bps/Hz.
ho Channel gain from PB to IAP
h1 Channel gain from ID1 to IAP
ha Channel gain from ID2 to TAP
g1 Channel gain from IAP to ID1
g2 Channel gain from IAP to ID2
Energy harvesting at TAP Transm¥ss¥0n from IAP to ID1
Transmission from [IAP to ID2
47(ZT4><7(]_05)T4>

Fig. 2.  Scheme of the TS protocol.

between the two users is enabled, and perfect channel state
information (CSI) is assumed to be at each receiver. This type
of system can also be applied in other IoT systems, for example,
smart home appliances, RFID logistics, security monitoring, and
warehouse management. The CCI generated by multiple signals,
however, may impact a network and impair a system’s overall
performance, but it can also be exploited as an extra energy
source to facilitate IAP to IoT user transmission by the IAP’s
harvesting mechanism. The current study assumes that fading
channels follow a Nakagami-m distribution; as commonly made
in the literature [53], CCI also follows a Nakagami-m distribu-
tion.2 Furthermore, the detail of the parameter definition can be
listed in Table I.

1) Energy Harvesting and Data Transmission in the First
Phase: The IAP harvests energy from the PB according to a TS
relaying protocol, as depicted in Fig. 2. We assume that 7" is the
total communications time for transmitting data from the IAP
to the two devices. During the initial o7 time (0 < « < 1), the
TAP harvests energy from the PB. The remaining (1 — )7 time
is divided equally between data transmissions at the IAP.

In the energy harvesting phase, the energy harvested by the
IAP in the period T is given by

Erap = TanPolhol?, (1)

where 7) is the energy conversion efficiency of energy harvesting
circuit (0 < n < 1), Py denotes the transmitting power of the
PB, and hy is the channel power gain of the link from the PB to
the IAP.

2Nakagami-m is a generic form which can describe both Rayleigh and Rician
distributions. Details are discussed in Section [3.2.2] in [54].
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Referring to the study in [55], the transmitting power of the
IAP is expressed as

E _
Prap = ( AP _ anPy(1 —a) ' |hol*. 2

1—-a)T

When the two users transmit their signals to the IAP, the
baseband signal yrap, is given by

yiap = Va1 Pyhizipr +  as Pyhoxine

Desired Signal

L
+ E V/PrciapiTiap, +wiap, (3)
=1
_ Noise
Interference

where a1 and ay are the NOMA allocation coefficients sat-
isfying the conditions a; > as and a; +as =1, hy and ho
represent the respective channel coefficients from ID1 and ID2
to the IAP, Py denotes the total transmission power of the
two users, and xp; and xpo are the respective signals from
ID1 and ID2. The signals are assumed to have unit power, i.e.,
IE{|9:ID1|2} = IE{|:171D2|2} = 1. Py, is the transmitting power
of the /th interference source, ciap, is the channel coefficient
between the IAP and its /th interference, x1ap,; denotes the
signal of [th interference at the IAP, where ]E{lZ‘IAPJE} =1,
and wiap ~ CN (0, Ny) is the additive white Gaussian noise
(AWGN). It should be noted that effective uplink power control
can improve the performance of these systems; however, this is
beyond the scope of this paper.

The proximity of ID1 to the AP gives it priority to decode its
own signal first. The received signal-to-interference plus noise
ratio (SINR) for the relay to decode the signal x1p; is expressed
as

a1PU|h1|2
azPylhal® + Y12 [Prcrapl” + No

TID1 __
AP =

2

_ a1ps|hil

= 5 ; 4)
azps|ha|” + pryiap + 1

where v 1ap = Zle lcrap, 2 with the assumption that P; =
Py, Vi, and Py = Py, thus py = Pr/Ny and ps = Py /Ny =
Po/N() .

Under the condition that the IAP correctly interprets the signal
from ID1. The received SINR for the IAP to decode the signal
z1p2 once the SIC has removed signal z1p; from (4) is stated as

TID2 __
IAP —

azps|hsl?

. )
pryiiap +1

2) Downlink NOMA Process in the Second Phase: In the
second phase, the signal received at IDi, where ¢ € {1,2}, is
given by

YiDi = Y (\/ b1 Piapript + b2PIAP33'ID2)

Desired Signal
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L
+ Z v/ Pr,cipi @i, + wips, (6)
=1 v

Noise

Interference

whereb; = 1 — a1, by = 1 — as, Piap denotes the transmission
power at the IAP, g; and g» represent the respective channel co-
efficients from the IAP to ID1 and ID2, and wip; ~ CN (0, No)
denotes the AWGN with zero-mean and variance Ny. In addi-
tion, cmp;,; is the channel coefficient between USi and its /th
interference, and xp;; denotes the signal of [th interference at
the two users, where E{|zp;,|*} = 1.

From (6), since the NOMA scheme is adopted, ID1 first
decodes the information intended for ID2, x1ps, by treating x1p1
as the noise. Hence, the SINR received at the ID1 to detect x1p»
is given by

by Piap|g1]?

o = S —
biPiap|o1l” + > |Premi]” + No

By substituting Piap in (2) into (7), we rewrite

2] 2
TIp2 __ b29|h0| |gl| (8)
YD1 T 2 2 )
b10|ho|"[g1]" + pryrip1 + 1
where v 1 = Y., |ep1,|” and 6 = (Oi”p;).

By assuming perfect SIC for NOMA, ‘the SINR at ID1 to
detect z1p; are therefore expressed as

2 2
TiD1 __ b19|h0| |gl|

= . 9)
b1 pryimm1 +1

Finally, ID2 detects its own signal x1p2, treating x1p; as noise.

The instantaneous SINR at ID2 from (6) is written as

b20]ho|?|go|?
519|h0|2|92|2 + prb2 + 1’

TID2 __
YD2” =

(10)

where 112 = Y1, |empz,|*.

B. Channel Characteristics
Let Z € {ho, h;,g;} and i € {1,2}; the probability density
function (PDF) and cumulative distribution function (CDF) of

Z are given by [56]
‘,L,mzfl

fizp(@) = Weir, (1

mz) Ay

o (755)

mzfl s

=z X
=l-e Z ns’
— slhy

and

F\Z\Q(x)

12)

where Ly = %, my is the fading severity parameter, (), =

E[|Z|?] is the average power, I'(z) = (z — 1)! is the Gamma

function and (., .) is the lower incomplete Gamma function.
Lemma 1: The corresponding PDF and CDF of the cascaded

channel gains ho and g; are f, 2 2(x) and Fj, 2 2(2),
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expressed by
mg; +mp
2x%71K”L’LO_7nQi (2 )‘él"];‘h0>
fh2,2($): " ’—HHI’
lhol”lg:l F(mho)r(mgi)( )‘ho)‘gi) o
(13)
and
F () =1 N
2 2\T) = - T(r )l
[hol”|gil = F(mgi)a!

mgiJra
x( ””) Kmq.a(2 - ) (14)
)\‘hO)\'Qi o )‘ho)“gi

where K, (.) is the modified Bessel function of the second kind
and a order.
Proof: The term PDF f;, 2, =(x) can be calculated as

Finof21g:2 () :/0 gf\hoﬁ(y)f\giﬁ (y)dy- (15)

By applying (11), the PDF can be rewritten as

™Ma; -1

f\h0|2\gi\2 (.’E) =

Mg,

mr,

I (mho) )“hoho I (mfh) Ag;

X / YoM~ Thg Ve T0i7 dy. (16)
0

Based on [57, Eq. (3.471.9)], f\hoP\giP (2) can be formulated
as

mgifmhg 1
2x p) Kmhofmg,i (2 )»g;i;m)
f‘h0|2‘91“2 (ZC) - Mpy+mg.
) r (mho) r (mgz) ( V )‘ho)‘gi) N "
a7

Furthermore, the term CDF F}, 2 () is calculated as

2 X
Flpop2ig.2(€) = Pr (Ihol < |2>

|9i

o x
:/0 F\huﬁ (y) f\g1y|2(y)dy- (18)

Using (11), (12) and [57, Eq. (8.352)], we obtain

th*1

1 z \°
F 2 2(X) = 1-— T m. .
x / Yo Vg Tor gy (19)
0
Similarly, the term CDF F;, 2|4, 2 () is given by
mhofl 2
F, 2 p(z)=1- . —
1hol™1g: ;} T (my,)a!
mg,+a
x ( x ) Ko, (2 x ) (20)
Ahohg; ‘ Ahohg;
The proof is complete. |
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In addition, where b € {IAP,ID1,ID2}, |cy,|* follows a
Gamma distribution with a fading severity parameter 1, ; and
average power €)p,;. Next, we assume that my = my, 2 =
Qy1, Vi. Furthermore, 77 follows the sum of the Gamma
distribution. Therefore, the PDF and CDF of vy; ; are respectively
given by

mebfl

xr) = 7€7E, 21
f’YI,b( ) F(Lmb) )\.lf/mb ( )
and
NG —

vo,o\ L F(Lmb)v by X

) Lmy—1 :Ct
—1—¢ % Z T (22)

t=0 b

III. PERFORMANCE ANALYSIS

In this section, the analytical equations for the system are
derived, taking into account the outage probability. Diversity
ordering and asymptotic outage behavior are also discussed, and
the system throughput is then determined.

A. Outage Probability Analysis

The performance of TWR-NOMA is characterized in terms
of outage probability. The following section details the outage
probabilities due to the channel reciprocity of ID1 and ID2.

1) Outage Probability of ID1: In a TWR-NOMA system,
IDI outage events are characterized by: (i) IAP cannot cor-
rectly decode x1p1; (ii) ID1 cannot detect the information z1po;
(iii) ID1 cannot detect z1p2, but can successfully decode z1p;.
For the purposes of streamlining the current study, the com-
plementary events of xp; represent the outage probability.
Consequently, the outage probability at ID1 for a TWR-NOMA
system is expressed as

Pip1 = 1 = Pr (A% > €1,y > €2, Mpy* > €1), (23)

where ¢; = 97 _ 1, with R; being the target rate at of IDi.
Proposition 1: A closed-form expression for the outage
probability at ID1 for TWR-NOMA is given by (24), shown
at the bottom of the next page, where (; = afﬁ, Emax =
max(&2, 1), O = /i,
_ 1 (1 4 a2psG
1’[} - F(mh2)F(LmIAP))LILATgIAP)V:;hQ ’ 61 - (ML2 + Ahq )’

02 = (M}\P %)’ ¢ = (_1)LmID17T716m91+C,

b q"ZSUtS; (.) is the extended generalized bivariate Fox’s
H-function (EGBFHF)? as defined in [60, Eq. (2.57)].

Proof: See Appendix A, available online.

2) Outage Probability of ID2: The following scenarios de-
scribe additional outage events at ID2 for NOMA. One scenario

is that the IAP might first detect z1po by decoding information

= &1 — &
51 - a16’ 62 - 6(&2762(11)’

and

3Both MATLAB and MATHEMATICA implementations of the EGBFHF are
described in [58] and [59].
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Z1p1, then zypo. Another case is when ID2 can reliably find
x1p2. The outage probability of ID2 can therefore be written as

TID1

P2 =1—-Pr (IVIAP > Ela'YIAP > 52771D2 > 52) (25)
Proposition 2: A closed-form expression for the outage prob-

ability of ID2 is given by (26), shown at bottom of this page,
¢2 ( )LmIDz r— 1'—mg2+c and C?

where = =

€2

azps ”
2quoof: See Appendix B, available online.

B. Asymptotic Computation of the Main Performance Metric

To gain more insight into the high power regime, this section
examines the asymptotic expressions for the main performance
metric.

Considering the analytical findings in (35) and (51), when

ps — oo, the asymptotic expression for P = Pr5; = Ppas
with A = AF = Pr(* :h} >ep) and AF = AF =1, is
written as
mp,—1 Mhy o M
P i [ (mn, + s)ejasa; 2, " A5, @)
s=0 S'F( ) (al)\’hl + Ah2€1a2)mh,2+s

Remark 1: From the definition of the diversity order, which
is defined as [61] d = —lim,g 00 logg((i )) when pg approaches
infinity, a diversity order of O is achieved. Under the NOMA
protocol, a user experiences interference from other signals
because it first decodes a signal of greater power. This type of

interference is known as multiple-access interference.
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C. System Throughput Analysis

In a scenario with delay-limited transmission, the base station
transmits messages to users at the predetermined data, and
wireless fading channels affect system throughput. The TWR-
associated NOMA'’s throughput can thus be expressed as

2

Z (1 — pIDi) R;.

i=1

7;ystem = (28)

D. Ergodic Data Analysis

In the latter scenario, when the IAP harvests energy from
the PB’s signal and uses it to carry the source signal to the
destination, the ergodic data (ED) at the two IoT users are
respectively calculated from

A . TIpD1 T
Cip1 = E {log, (1 + min (732", vipa'))} (29a)
Crp2 2 E {log, (1 + min (7152, 752))} (29b)

ED can be computed with numerical integration in (24) and
deduced from the differential CDF in (26).

1) Ergodic Data of ID1: According to the definition of the
expectation operator and after integration-by-part, Cip1 can then
be written as

Cip1 =

1 S R

where Z; = min (712}, 755 ) and F, () denotes the comple-
mentary CDF, FZl( z) =1— Fy (z). The ergodic data of ID1

Mpy —

“bp2 8T (my, +a — b) T (Lmiap + b)

() 6o

Pip1=1-1 Z ZZ

s=0 a=0b=0

1
“T (Lmip1) ; ;

')\.S 5’”’»2""‘1 b5Lm1AP+b

(151 e K1D11 23

(mel — 1>
C'F (mgl) ()\'IDlp])LmIDl_T_Oﬁmgl_0.56_1

(1,1)

0,1:2,0:0,1 (1 — %{HH, 1, 1) - 2
X Hi'o:02:11 (mmfc 1) <C*mg1 1) O AMp1p1, PrAIDL (24)
- )= oy
L 1 W + —-b—1 ,"CI
le_l_q/ml s a Mnyta c (S) (a) (C> CGe 1 ad ™l (mp, +a—b—1)! (Lmap +b+d—1)!
B ; o Ha—b— L b+d
=0 a=0b=0 =0 a=o \" b) \d s!c!k;léin” TSy + 81Gapr) AP TOY
L P Ce e m’”’”’”ifl (me - 1) o€ XD
Tr (LmIDz) = o r RN (mg2) (AIDQIOI)LmIDQ—r—O.Smg2 —0.5¢-1
0.1:2.0:0.1 (1_w 1 1) _ (1,1)
X Hi'010'211 2 s (mgrc 1) (cfmg2 1) E2Mp2prs pripez | (26)
— 2 ) ) 2 ) (07 1)
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for TWR-NOMA can be obtained from Proposition 3, described
below.

Proposition 3: A closed-form approximate expression of ED
for ID1 is given by (31), shown at the bottom of this page, in

which é(t) =4/ W, Sl(t) = (i + azpst ), Sz(t) =

a1pshny
t+1
(/\Iip + al:’)éihl ),G(t) = tan(L4 )Y andv,, = cos(2z-1

2m—
2M

).

Proof: See Appendix C, available online.
2) Ergodic Data of ID2: Similarly, Cipo can then be written

as
TR LCTAC I . x

Cip2 = — F, | — |d 32

D2 IHQA 1+ 22 (bg—.’libl) o (32)

where Z, = min(yAY, 1bs) and F22 (x) denotes the com-

plementary CDF, F; Z2( z)=1-Fy (z).
Proposition 4: A closed-form approximated expression
of ED for ID2 is given by (33), shown at the bottom

of this page, in which & (t) = m, 2(t) = Aiz%’
¢2( ) _ ( 1)LTVLID2—T—1E(t>7Hg2+C \I'(t) — %‘1‘1) and vy =
COS(Qng ).

Proof: See Appendix D, available online.

E. Optimal Power Allocation and EH Time Coefficients

This section presents an iterative search algorithm for deter-
mining the optimal values of the power allocation coefficient
(a2) and EH time coefficient (o) for minimizing the outage
probability. Specifically, the 2D Golden Section Search (GSS)
algorithm [62] is employed to solve this problem. This algorithm
can repeatedly update its search to obtain the optimal values of
a3 and o (see Algorithm 1). The 2D GSS algorithm applies
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an effective strategy by updating intermediate locations based
on the golden ratio and uses fewer iterations than other algo-
rithms [63]. When the intermediate points are modified, the 2D
GSS algorithm simply requires a new calculation. The 2D GSS
is thus an ideal algorithm for determining optimal points before
data transfer is executed.

IV. PERFORMANCE PREDICTION BASED ON A DNN

In this section, we design and suggest a DNN to predict the
outage probability of two IoT users simultaneously with quick
execution and low computational complexity toward real-time
estimation, whereas the conventional analysis and Monte Carlo
simulations are constrained or take a long time if IoT users are
changed. Additionally, an analysis and evaluation of the effects
of such characteristics on network architecture and system per-
formance is conducted.

A. Structure of the DNN

This section describes the DNN structure, which includes
an input layer, hidden layer, and output layer, for a TWR-
NOMA network (Fig. 3). The input layer contains 18 neu-
rons; Table II lists the parameters. Each hidden layer k(k =

.y Dhiden) includes a rectified linear unit (ReLU) activa-
tion function to perform a threshold operation on each input
element, where Dyiqen denotes the number of hidden layers
and contains D¥_  neurons. The single neuron output layer
produces the expected outage performance. The estimated out-
age probability Prp; is calculated from the linear and activation
functions [64], [65].

The training and prediction phases are two parts of the

Mhpy — s a

*p& P piT (mp, + a —b) T (Lmiap + b)

mny—1 Lmip -1 M

Cio1 ~ 4Mln2 Z >

=0 a=00b=0

(2 ()=

(—I)melfwlelmllpl /1 — v2 sec? (W) G(vm)’e

S
s!)\h1

>y Y

mente

training process in the proposed method. The adaptive moment
I (Lm1D1)
Govm)

<LmID1 - 1)
a1hpy PS @[g (Um

eIl (my,) (Apapy) ™2 770 =05 gt py 1

(

2r+mg,, +c+2
F0:1:2,0:0,1 (1 - 1, 1)
X 117 9.0,2:1,1

X mglfc

2

1

Um)} M, +afb52 [g (Um)} Lmiap+b

1,1)

+G(

).

Um)] 51 [Q(
(

O[G (v)]*Ap1p1, PrAIDY (31)

€ Mgy
2

1) (0,1)

mhz
Tas

Mhg— LmID2 1
I (Lmiap + a)

o Z >

IAP =0 a=0

2 [V

Cip2 ~

()

(vg)] e7imzrT

2Qa1 ln 2 (LmIAp

V(vg)*o

2 2

(LmIDz - 1)
r
c=0

2a2pSF LmIDQ

2P1

mID2 T— 05mq2

X
c!l’ (myg,) (Ap2pr)

2r4+mg., +c+2
0:1:2,0:0,1 (1 -1, 1)
X 117 0.0,2:1,1

m —C
s s g2

BT (ug)] 2[¥ (vg)]

¥ (vq)
1/1—1)2

" Thga208 §
LmIAP+a
q=1

(33)

(

2

(1,1)
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1) |01

Uq)]Q)»Iszh PIAID2

)
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Algorithm 1: Optimization Algorithm to Find a3 and o*
Based on a 2D Golden Section Search.

Input: Establish [¢min, Ymax] = [Pmins Pmax] = [0, 1], the
interval parameters w,, = @(d}max — Ymin)»
Wa = @(Q%nax
Ao, =Ay =1071
Output: The optimal of a5 and o* that minimum the
outage performance Pip;(ab, o), i € {1,2}
1: Initialization: 11 = Ymin + Ways Y2 = Vmax —
7‘91 = ﬁmin + @, and 192 = 29max — Wa
2: while ijax - ’(/}min‘ < Aag NOR |'l9max - ’ﬂminl < Aa
do
if Pipi(t)1,91) is the minimum in the following cases:
Prpi (Y1, 91)Prpi(¥1, 92) Pipi (¥2, V1) Pipi (¥2, V2)
then
4: Update: z/]min = 1#2, 77[]2 = 1/11, wmax - wmax’
Y1 = Ymin + Tay> Imin = V2, V2 = 91,
ﬁrnax = ﬂmax’ 191 = ﬁmin + Wa
5:  elseif Pip;i(1)1,92) is the minimum in the following
cases:
Prpi(¥1,91)Prpi(¥1,92) Pipi(¥2, Y1) Pipi (¥2, V2)
then
6: Update: wmin = ¢2, ¢2 - ¢1’ wrnax = wmax’
1111 = d)min + Wag» ﬁmin = 19min7 ﬂmax - 191,
191 = 792’ /192 = 19max — Wa
7. else if Pip;i(12, 1) is the minimum in the following
cases: Prpi (1, 1), Pipi(¥1,92), Pipi(¥z2, 91),
Pripi (12, 95) then
&: Update: ¢min - wmin’ wmax = wl, ¢1 - wQ,
¢2 = wmax — Way» Vmin = V2, V2 = U4,
19max = ﬁmax, 191 = 'ﬁmin + @Wa
9: else
10: Update: wmin = ’(/}min’ '(/)rnax =1, ’(/}1 = ’(/}2»
¢2 - ¢IIJ&X — Way» ﬁmin = ﬁminy ﬁmax - 191,
V1 = V2, V2 = Vmax — Wa
11: endif
12: end while

13: return The minimum of the outage probability
Py ( Ymint¥Pmax  Ymin+V9max )
IDi P} 5 2

— Umin) and the stopping threshold

(O8]

estimation (Adam) optimization approach, which attempts to
maximize the model parameters depending on the dataset, can
be used to teach the network input-output relations offline during
the training phase. This process computes biases and updates
weights iteratively throughout the backpropagation procedure
and is complete after calculating the loss function. To predict
OP during the communications process, it is important to point
out that this part is performed only once, but it can also be applied
multiple times. In the next part, the outputs from the offline train-
ing model are used to forecast the OP online whenever fresh data
is available at the input. Because the training step is completed
offline, the computational complexity, implementation cost, and
execution time can be greatly reduced.
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Fig. 3. Proposed DNN model for OP prediction.

TABLE I
INPUTS FOR DNN TESTING AND TRAINING

Inputs | Values Inputs | Values
ps [0:5:50] « 0.2
a1l 0.9 pr 10 dB
az 0.1 Ahg 1

n 0.8 Ahy 1
L [2,4] Ahy 1
Ry 1.1 Agy 1
Ry 1.1 Ago 1
m [1,2] AID1 0.5
AlAP 0.5 AID2 0.5

B. Dataset

The TWR-NOMA system’s parameters are generated uni-
formly based on the network’s size and extracted as input
variables of the training samples. In a real scenario, the TWR-
NOMA system is able to accumulate the dataset over a long
period. However, the simulation in the current study employed
sufficient samples to produce highly precise estimates for outage
performance. The generated dataset 7 contains k& samples, each
of which is a row vector where Data[k] = [t[k], PSim], and t[i]
is feature vector which contains all the input parameters specified
in Table II. The dataset is employed to build real-value OP sets
from a Monte Carlo simulation and return a unique P35, For
the purposes of the study, 10° data samples were generated,
combined, and then divided into a new dataset comprising 80%
for Jirn, 10% for Jya1; and 10% for Jiest, where Jirn, Jvan and
Jiest Note that data training, data validation and data testing,
respectively.

The suggested DNN model’s estimation accuracy was cal-
culated from the mean-square error (MSE), which is formally
expressed as

| Tres|—1
1
MSE = S (Powll] - PR (G4
(Tl 2=

The root-mean-square error (RMSE) calculates the differ-
ences between the real OP values and predicted OP values over
the entire test set for the purpose of assessing the estimation
performance of the proposed DNN model in predicting the OP.
Note that RMSE can be expressed as RMSE = v MSE.
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TABLE III
SYSTEM PARAMETERS FOR EVALUATING SCENARIOS

[ Parameters i Values |
ai, az {0.9,0.1}
a,n {0.2,0.8}
Ri1, Ro {1.1,1.1}
m 5
PI 5dB
L 4
Angs Ahys Ahgs Agis Aga {1,1,1,1,1}
AIAP> AID1, AID2 {0.5,0.5,0.5}
10% . ‘
. —0—1ID1, Ana.
—0—1D2, Ana.
Sim.
@ ———=Asym.

Solid Line: L=4 %,
Dashed Line: L = 2,

[}
)
0
<

o

102k Dotted Line: L =0 @
JEOTI ) o o)
0 10 20 30 40 50
ps (dB)
Fig. 4. Outage probability of EH TW-NOMA in the presence of co-channel
interference.

V. NUMERICAL RESULTS

This section quantitatively assesses the theoretical results for
OP performance. The fading parameters were settom = mp, =
Mpy = Mpy, = Mg, = Mg, = TMIAP = TMID1 = TMID2- The re-
sults of the Monte Carlo simulation were averaged across 10°
separate trials. The term BPCU for the goal rate refers to
bit per channel user. Monte-Carlo simulation and asymptotic
computation-based simulation, respectively. Furthermore, The
DNN model consists 5 hidden layers comprised of 100 neu-
rons per layer with 70 epochs of training. The experiments are
carried out on a Laptop with an Intel Core i5, Nvidia GeForce
RTX-4050, and Python 3.7.9 related to Keras 2.3.1. Table III
provides a summary of other vital parameters. In addition, the
Gauss-Chebyshev parameter was set to M = ¢ = 100 to yield
an accurate approximation [66].

Fig. 4 plots the outage probability of two users ID1 and ID2
versus pg (dB) at different levels of interference. Fig. 4 shows
that the results of the Monte Carlo simulation clearly match the
outage probability curves. The asymptotic outage probability
for two users is also plotted according to (27). In the high SNR
regime, the asymptotic outage probability closely matches the
simulated outage probabilities. Error floors are always present
for the two users, and accordingly, the diversity orders are all
zero. Because inter-user interference is inherent in NOMA, the
outage probability still has an error floor. Increasing the level of
interference also significantly degrades the outage probability
performance of the two users in the low pg regime. As can be
observed in Fig. 5, the outage performance of two users in the
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—0—1ID1 — OMA, Ana.

—/—1D2 — OMA, Ana.

—0O—ID1 — NOMA, Ana.

—(O—1ID2 — NOMA, Ana.
Sim.

e Asym.

Solid Line: L = 2
Dashed Line: L = 0

Outage Probability

0 10 20 30 40 50
ps (dB)
Fig. 5. Comparison between NOMA and OMA: Outage probability versus
ps(dB).
10
107
£ 102
&
g --0-1ID1, Ana.
Sl -<-1D2, Ana. (L =4)|
10 -s#-1D1, Ana. (L =0)
Dashed Line: m = 3 |- g - ID2, Ana. (L = 0)
Solid Line: m = 6 Sim.
10 : : : :
0 0.1 0.2 0.3 04 05
ay = b
Fig. 6. Outage probability versus power allocation factor as and by, with
p = 25dB.

NOMA scheme is superior to the OMA scheme in the low SNR
regime in two cases L = 0 and L = 2. This is due to the two
users exchanging the information in four-time slots in the OMA
scheme. Therefore, it requires a larger SNR value to achieve
the same target as the NOMA scheme. In addition, the outage
probability of two users in the NOMA scheme is limited by
inter-user interference. The OMA scheme is just limited by the
noise signal. Thus, the OMA scheme outperforms the NOMA
scheme in the high SNR region.

Fig. 6 confirms the power allocation system influencing the
OPs of two users. It is worth noting that user ID2’s OP is mostly
dependenton as = by. When as = by is from 0 to 0.3, user ID2’s
outage performance improves substantially more than user ID1,
but it then deteriorates. The fundamental reason for this is that
as = by plays a significant part in affecting SINR values, which
causes the corresponding OPs to change. Furthermore, when
increasing L means increasing the number of interferences, we
must increase the power allocation coefficient to get a better OP
value according to the OP formula (24) and (26). Fig. 7 shows
the outage probability versus pg(dB) with a varying channel
m parameter and compares the outage probabilities of two
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—(O—ID2, Interference
- <O - ID1, Non-Interference
- <> - ID2, Non-Interference

Sim.
----Asym.
102
0 10 20 30 40 50
ps (dB)
Fig.7. Outage probability of EH TWR-NOMA in the presence of co-channel
interference.

0
5.

—e— Ana.

Outage Probability of ID1

0
s,

—e— Ana.

A
o
o0
&
]

0 02 0.4 06 0.8 1 1.2 1.4 1.6
R =R,

Fig. 8. Outage probability of two users versus R; and Rg under L = 2,
m=>5a=0.3,a; =0.9,a2 =0.1, and pg = 20 dB.

users with interference (L = 2) and non-interference (L = 0).
At m = 1, Rayleigh fading can be applied on all channels.
Outage probability clearly improved as parameter m increased.
The outage probability of the two users improved significantly
in non-interference cases. Fig. 8 shows the outage probability
of two users IDi versus R; = Ry and indicates that the outage
probability of the two users increased as the target rate of two
users R; = R, increased; target rates are conditions which limit
the outage probability performance.

Fig. 9 analyzes the relationship between the value o and the
power allocation coefficient ay and the outage probabilities of
the two users. The outage probabilities for the transmission SNR
and power allocation coefficients clearly represent a convex
function. The 2D GSS technique described in Section III can
therefore be applied to select the best values of o and a9 to
reduce the outage probability. Applying the 2D GSS method,
the optimal values of « and ay were 0.552 and 0.410 for the
outage probability of ID1. For the outage probability of ID2, the
best values of v and as were 0.446 and 0.299, respectively. In
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Fig.9. Outage probability of two users versus « and ag when L = 2, m = 5,
R; = Ry =0.1, py = 10dB, and pg = 15 dB.
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Neuron
Fig. 10. MSE convergence in validating and training the DNN.

addition, the optimal values of the power allocation coefficient
aj were a] =1 — aj.

Fig. 10 charts the RMSE of the proposed DNN model versus
neurons with a varying number of hidden layers. The generated
DNN model was applied to predict the OP of the TWR-NOMA
system. The graph clearly indicates that as the number of hidden
layers increased, the estimated RMSE of the OP was smaller.
This was a result of the DNN model having numerous hidden
layers capable of generalizing the dataset, thereby producing
an increase in network capacity. Fig. 11 demonstrates how the
DNN is able to forecast the outage probability of two users and
indicates the similarity of the projected values of the outage
behavior to the outage probability obtained from Monte Carlo
simulations. Because the outage performance of the two users is
determined by the IAP’s allocation of transmitted power to the
users’ signals, the IAP is able to forecast outage behavior and
alter the power allocation parameters to satisfy user fairness or
other conditions.

Fig. 12 displays the system throughput for two schemes in
relation to the various values of « and 7. It is interesting to
note that, as the initial discovery in (2) shows, the throughput
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Fig.11.  Comparison between the predicted outage performance and analytical
simulations under different L.
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Fig. 12.  System throughput versus « and n when L =2, m =4, a; = 0.9,
az =0.1, Ry = Rp = 1.1, pg = 10dB, and p; = 5 dB.
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Fig. 13.  ED versus transmission pg, with m =4, a1 = 0.8, a2 = 0.2, and
pr = 10dB.

system changes dramatically and depends on energy harvesting
procedure settings at the IAP. In the non-interference case, sys-
tem throughput also improved significantly. However, because
of the effect of CCI on the SINR of the proposed system,
throughput deteriorated significantly. When energy conversion
efficiency was greater, system throughput also increased. When
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« increased to approximately 0.4 regions, system throughput
increased, but when alpha was larger, throughput decreased.
Also, changing the power of the IPA with coefficient « led to a
change in the SINR and consequently a change in the system’s
outage probability and throughput. Fig. 13 graphs the ED as a
function of transmission pg(dB). Generally, it can be seen that
arise in pg(dB) enhances the ED at the user. The ED at the two
users are nearly equal at lower SNR values of approximately
—10 dB. Once the SNR rises beyond 40 dB, the ergodic data
curves become saturated because of the effect of interference on
the SINR.

VI. CONCLUSION

This study has investigated a novel TWR-NOMA-enabled
IoT network with CCI and an IAP assisted by a PB using a
TS protocol developed to improve spectral efficiency. Monte
Carlo simulations were used to derive and validate the developed
closed-form analytical equations for the OP and ED for two
users and system throughput. Using these equations, diversity
orders of zero were obtained with inter-user interference among
stacked NOMA signals. To improve the outage performance of
the two users, the proposed algorithm applied low complexity
2D GSS to reduce the user’s OP via a jointly optimal TS and two
power allocation factors. The numerical results showed that as
the CCI increased, outage performance at the user dramatically
decreased. A deep learning strategy was created as a novel
method for forecasting outage probability with high accuracy
and low computing complexity. Using DNN prediction, the out-
age probability results closely approximated the Monte-Carlo
simulation and the results of numerical analysis. A DNN is
therefore a potentially promising and efficient technique for
evaluating system performances through a low-latency inference
process which avoids the derivation of complicated closed-form
expressions for practical network scenarios.
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