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ABSTRACT Non-orthogonal multiple access (NOMA) and backscatter communication (BackCom) are
two emerging technologies for low-power Internet of Things (IoT) applications. This paper addresses
the performance of a monostatic BackCom system employing the hybrid time-division multiple-access
(TDMA)/power-domain (PD) NOMA, where a reader simultaneously serves multiple backscatter nodes
(BNs). While the conventional schemes are mainly for static NOMA-aided monostatic BackCom systems,
we instead introduce the design framework for dynamic systems. Moreover, we also present novel schemes
to further improve the performance of such conventional static systems. Specifically, as for the static
NOMA-enhanced monostatic BackCom systems, we investigate two schemes: (i) a two-node pairing (TNP)
scheme to increase the possibility of successfully decoding NOMA groups by not randomly pairing BNs for
such groups as in conventional approach and (ii) an adaptive power reflection coefficient (APRC) scheme
to enhance the system performance by adjusting BN’s power reflection coefficient based on the channel
conditions. Regarding the dynamic NOMA-enhanced monostatic BackCom systems, two schemes, namely
dynamic-sized pairing (DSP) and hybrid APRC/DSP, are proposed, in which the number of BNs in a NOMA
group is not necessarily to be a fixed size. To illustrate the enhanced system using the proposed schemes,
we analyze the performance of the BackCom system in terms of the number of successful backscatter nodes
and the number of bits that can be successfully decoded by a controller/reader. The obtained results confirm
the effectiveness of our proposed schemes compared to the conventional ones over the state-of-the-art.

INDEX TERMS Backscatter communications, non-orthogonal multiple access, user pairing scheme,
adaptive power reflection coefficient scheme, dynamic-sized pairing scheme.

I. INTRODUCTION critical to investigate the technologies for future wireless net-

Internet of Things (IoT) is an essential enabling applica-
tion of the sixth-generation (6G) wireless networks [2].
Under the IoT paradigm, abundant sensors/small computing
devices access the Internet and share their information [3].
Nevertheless, with the rapid development of IoT technol-
ogy, massive connectivity, and power consumption are the
major requirements for many IoT applications [4]. For the
massive number of energy-constrained IoT devices, it is a
great challenge to replace and/or recharge them frequently,
especially in hazardous environments [5]. To this end, it is
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works with the abilities of large-scale access and extremely
low power consumption. To this purpose, the combination
of non-orthogonal multiple access (NOMA) and backscat-
ter communication (BackCom) is expected to be one of
the critical enabling technologies in the future 6G wireless
network [6].

NOMA is a crucial technology to solve the critical issue of
large-scale access by allowing multiple users to be served at
the same time/frequency resources [7]. In general, there are
two main NOMA schemes: power-domain (PD) NOMA and
code-domain (CD) NOMA [8]. Compared to the CD-NOMA,
the PD-NOMA, which exploits the difference in the channel
gain among users for multiplexing, provides low latency
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and high spectral efficiency [9]. In PD-NOMA, successive
interference cancellation (SIC) is used by receivers to decode
the received signals, which are from the superimposed code at
the transmitters. Moreover, PD-NOMA has the capability to
maintain user fairness on the same resource via judiciously
tuning the transmitted power based on channel conditions.
As aresult, the PD-NOMA scheme has received much atten-
tion from both academia and industry [10].

On the other hand, the BackCom, which has recently
grabbed tremendous attention from the research community,
is a promising energy-harvesting technique for low-power
10T networks [11]. This technique realizes the information
transmission by reflecting and modulating an incident radio
frequency (RF) wave without power-hungry active compo-
nents, e.g., oscillators, up-converters, and power amplifiers
[12]. In general, there are three configurations in BackCom
systems, namely monostatic, bistatic, and ambient backscat-
ter configurations [13]. This paper focuses on the monostatic
BackCom systems, e.g., for short-range radio frequency
identification (RFID) applications. A monostatic BackCom
system generally consists of two main components: a reader
(or controller) and backscatter nodes (BNs). During the com-
munication process, each BN tunes its antenna impedance
and communicates with the reader by modulating and reflect-
ing the incident RF signal via reflection coefficients. A por-
tion of the incident RF signal power is harvested to supply the
power for BN’s circuit, while the remaining incident RF sig-
nal power is reflected back to the reader thanks to the reflec-
tion coefficients. It is noteworthy that the BackCom systems
enable low-cost and low-power IoT applications compared to
conventional energy-harvesting approaches [14], as reported
in [13, Section II.A]. As a result, the BackCom systems can
achieve information transmission via surrounding radio sig-
nals from ambient RF sources, without requiring a dedicated
energy supply for BNs [15]. These energy-saving features
make the BackCom become a prospective candidate for IoT
applications in future wireless networks.

A. RELATED WORKS AND MOTIVATION

To exploit the unrivaled benefits of the above-mentioned
technologies, the combination of NOMA and BackCom
has recently attracted research efforts worldwide [16], [17],
[18]. The NOMA-aided BackCom systems offer high spec-
tral/energy efficiency and cost-effectiveness for collecting
massive low-power IoT devices [19]. This makes such
systems a candidate prime for green IoT networks [20].
Moreover, this integration is especially essential for the
monostatic BackCom systems due to the following reason.
In fact, a critical concern on the design of monostatic Back-
Com systems is the doubly near-far problem, where the mod-
ulated backscatter signals may suffer from a round-trip path
loss [21]. In other words, if a BN is located far from the
reader, it suffers from a higher energy outage probability as
well as a lower modulated backscatter signal strength [13].
Nevertheless, this critical weakness, in turn, becomes an
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advantage for such BackCom systems by integrating with
PD-NOMA schemes. More specifically, the channel gain
difference between near BN and far BN (compared to the
reader) increases due to the doubly near-far problem, which
can benefit from the PD-NOMA scheme. Therefore, it is
necessary to exploit and investigate the performance of such
NOMA -aided monostatic BackCom systems, where a proper
design should be addressed.

1) RELATED WORKS

Driven by the potential and popularity of the integration of
the PD-NOMA scheme and monostatic BackCom, several
studies have recently addressed the design and performance
evaluation for static NOMA-aided monostatic BackCom sys-
tems [22], [23], [24], [25], [26]. Particularly, Jing et al.
provided the design guideline for the monostatic Back-
Com systems using a hybrid time-division multiple-access
(TDMA)/PD-NOMA scheme, where the reflection coeffi-
cients for the multiplexed BNs from different NOMA groups
are set to different values to utilize the PD-NOMA [22].
In [23], the authors introduced a mechanism to reduce the
collisions in NOMA -aided BackCom systems, where a power
level threshold for BNs was considered in the backscattering
phase. The authors in [24] addressed the performance of
NOMA-aided monostatic multiantenna BackCom systems,
in which a space division multiple access (SDMA) scheme
was employed. In [25], the authors presented a transmit-
ted power-driven channel access scheme, which controls
the number of BNs contending the channel by tuning the
transmitted power of the illuminator incrementally. Most
recently, the authors optimized the average energy efficiency
of NOMA-aided BackCom systems, where signals from two
BN were multiplexed on the frequency resource block using
NOMA in each time slot [26].

It is noted that the computational complexity of employing
the SIC technique in NOMA increases exponentially with
a large number of backscatter nodes (BNs) [27]. To cope
with this SIC issue as well as to exploit additional degrees
of freedom, NOMA can be integrated with other orthogonal
multiple access (OMA) schemes, e.g., space/time/frequency-
division multiple access [28]. Such hybrid systems not only
exploit different multiplexing domains to improve the sys-
tem performance but also facilitate the practical implemen-
tation of NOMA in massive IoT [29]. Aside from [22] and
[24], to the best of our knowledge, there are no other stud-
ies addressing the design of hybrid OMA/PD-NOMA for
monostatic BackCom systems. More importantly, the design
framework for dynamic NOMA-aided monostatic BackCom
systems is still not available in the literature.

2) MOTIVATIONS

It is worth noting that the key idea in NOMA-aided BackCom
systems is to utilize different backscattered power levels from
different BNs, in which they are controlled to backscatter
their data at the same time. From the above studies, the design
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TABLE 1. A comparison of related works on NOMA-aided monostatic
BackCom.

Ref. Hybrid Scheme BN Pairing | PRC | Dynamic
[22] TDMA/NOMA Random Fixed
[23] Random Fixed
[24] SDMA/NOMA Random Fixed
[25] Random Fixed
[26] Random Fixed
[1] TDMA/NOMA TNP Fixed
Our study | TDMA/NOMA TNP APRC v

framework reported in [22] supports this idea. It provides
criteria for choosing power reflection coefficients for which
BNs are classified into different regions depending on their
power levels. Nevertheless, there are three major drawbacks
to this design framework. Firstly, the BNs are chosen from
different regions for NOMA grouping in a random manner.
This results in a high probability that the signal from the
selected BN is not decoded successfully because of adverse
issues on wireless channels. Secondly, the BNs are assigned
by the constant power reflection coefficients (PRC) based on
their locations, which is to make a significant difference in
the channel gains. Using these fixed settings, nonetheless,
may lead to poor performance over time-varying channel
conditions. Thirdly, the design framework in [22] was for the
static NOMA-aided BackCom systems only. In practical sys-
tems, BNs may enter and/or leave the reader’s coverage area
frequently, in which dynamic schemes need to be addressed.
From such limitations, it is necessary and important to pro-
vide novel schemes for the performance enhancement of
conventional NOMA-aided monostatic BackCom systems,
which motivates us to focus on this study.

B. MAJOR CONTRIBUTIONS AND ORGANIZATION

The primary objective of this paper is to offer novel
schemes for the performance improvement of conventional
NOMA-aided monostatic BackCom. Also, both static and
dynamic monostatic BackCom are investigated. Here, it is
worth noting that our initial report in [ 1] was the first to tackle
one of the aforementioned limitations of the conventional
approach, i.e., the disadvantage of random selection of BNs
for NOMA groups. Particularly, a new user pairing scheme
was proposed to improve the system performance in a static
setting, where the weakest signal node from the near region
is grouped with the weakest one from the far region. This
study, nevertheless, considered the two-node NOMA scheme
only and allocated the constant power reflection coefficients
to BNs. Furthermore, the presented scheme in [1] is not appli-
cable to the dynamic NOMA-aided BackCom systems. This
paper, therefore, provides a comprehensive design framework
for both static and dynamic NOMA-enhanced monostatic
BackCom systems. We also boldly and explicitly contrast our
study to the state-of-the-art in Table 1. In a nutshell, the initial
work in [1] has been substantially extended as follows:

Cy: We present a design framework for static NOMA-
enhanced BackCom systems, considering two-node
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TABLE 2. Table of notations.

[ Symbol [ Description

N Total number of backscatter nodes (BNs)
M NOMA group size
R Outer radius of coverage area
R, Inner radius of coverage area
r Distance between a BN and a reader
T Time-slot duration
& Power reflection coefficient of the i-th BN
P; Received power of the i-th BN
Py Reader’s transmitted power
a Path-loss coeflicient
L Annular region
No Noise Power
Ng Normalized number of successful BNs
Nrear Average number of successful BNs in near subregion
Nrar Average number of successful BNs in far subregion
Nhear Number of BNs in near subregion
Niar Number of BN in far subregion
DPn Prob. of a BN being in the subregion specified by Ry and r
)23 Prob. of a BN being in the subregion specified by R and r

TABLE 3. Table of abbreviations.

[ Abbreviation [[ Description |

APRC Adaptive Power Reflection Coeflicient
BackCom Backscatter Communication
BN Backscatter Node
CD Code-Domain
DSP Dynamic-Sized Pairing
IoT Internet of Thing
NOMA Non-Orthogonal Multiple Access
PD Power-Domain
PRC Power Reflection Coefficient
RF Reader’s transmitted power
RFID Radio Frequency IDentification
SDMA Space Division Multiple Access
SIC Successive Interference Cancellation
SINR Signal-to-Interference-plus-Noise Rate
TDMA Time Division Multiple Access
TNP Two Node Pairing

pairing (TNP) scheme [1] and novel adaptive power
reflection coefficient (APRC) scheme.

Instead of randomly choosing BNs for NOMA groups as

in [22], the TNP scheme selects NOMA groups based on

the possibility of successful decoding. The TNP scheme
is expected to predict and prevent unsuccessful transmis-
sions from NOMA groups. In addition, the APRC scheme
could increase the possibility of successful decoding in

NOMA groups by adjusting BN’s power reflection coeffi-

cients depending on their channel conditions.

Cy: We introduce a design framework for dynamic
NOMA-enhanced BackCom systems, considering the
novel dynamic-sized pairing (DSP) and hybrid
APRC/DSP schemes.

The conventional approach is applicable for static systems,

in which the NOMA group size is fixed. To support dynamic

systems, the DSP scheme is introduced, where its goal is
to increase the number of successful NOMA groups in
dynamic NOMA-enhanced BackCom systems. Moreover,
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FIGURE 1. lllustration of (a) system model and (b) time-slot structure and (c) NOMA-aided BackCom system with M = 2.

we also present the hybrid APRC/DSP scheme, which com-
bines the APRC and DSP schemes to further enhance
the performance of dynamic NOMA-enhanced BackCom
systems.

C3: We provide insightful results in terms of the number of
successful backscatter nodes and the number of bits that
can be successfully decoded by the reader to highlight
the outperformance of our proposed schemes compared
to the conventional ones.

The analysis of the TNP scheme regarding the number of
successful backscatter nodes is provided. Monte Carlo sim-
ulations are also performed to validate the correctness of the
theoretical analysis.

The rest of the paper is organized as follows. Section II
describes the considered system model and conventional
NOMA-aided BackCom systems. The proposed schemes
for both static and dynamic NOMA-enhanced BackCom
systems are presented in Section III, including TNP and
APRC schemes for static systems as well as DSP and hybrid
APRC/DSP schemes for dynamic systems. The simulation
results are given in Section IV, Finally, we conclude the paper
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in Section V. For the sake of explicit clarity, the definition of
the variables used in our analysis as well as the description of
the abbreviations in this paper are provided in Tables 2 and 3,
respectively.

Il. SYSTEM MODEL AND CONVENTIONAL APPROACH

A. SYSTEM DESCRIPTION

Our considered system, as shown in Fig. 1 (a), consists of a
reader and N backscatter nodes (BNs), which can be sensors,
IoT devices, and radio frequency identification (RFID) tags.
In this study, the BNs are located randomly and independently
around the reader, which is within an annular coverage area
determined by an inner radius R and an outer radius R [22],
[30]. The purpose is to monitor a geographical area of radius
of [R1, R], in which all ranges in the area are equally essential
in terms of the sensing objective. As a result, the BNs are
assumed to be uniformly distributed in the above interval.
Then, the distance from a BN to the reader, denoted by r,
can be modeled as the binomial point process, where its
pr(z)bability density function (PDF) is expressed as f; (r) =

" [31].

R-R?
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The reader collects data from BNs using backscatter com-
munications (BackCom). Particularly, the reader initially
sends a request to specific BNs. Upon receiving the request,
the BNs backscatter their data to the reader within the
mini-slots of a time-slot duration.! Each time slot with a dura-
tion of T is partitioned into multiple mini-slots as depicted in
Fig. 1 (b). A mini-slot accommodates the data from either a
single BN or multiple BNs supported by the NOMA tech-
nique [32]. As a result, the time allocated to a mini-slot is
defined as m]%, where N is the total number of BNs, and m
is the number of BNs multiplexed by the NOMA technique.
Here, m = 1 for a single BN, while 2 < m < M for
NOMA-aided multiple BNs with M the NOMA group size.

It is worth noting that systems using the power-domain
NOMA technique require a considerable difference in the
channel gains among users to decode data successfully [9].
To facilitate the NOMA-aided BackCom systems, each BN
in a NOMA group is able to switch its power reflection
coefficient of £ in a range of values, i.e., 1 > & > &, - -, >
&y > 0. This is controlled by the reader to make a significant
difference in channel gains among the BNs. As a result,
the received power at the reader from the i-th BN with the
reflection coefficient of & can be expressed as

Pi = Pr&ir; 2, (1

wherei € {1,2,--- ,N}and k € {1,2,---, M}. Addition-
ally, Pty is the reader’s transmitted power, and « is the path-
loss coefficient.

B. CONVENTIONAL APPROACH

The conventional NOMA-aided monostatic BackCom sys-
tem was reported in [22], where the hybrid TDMA/NOMA
scheme was employed for uplink transmissions.

1) REVIEW OF CONVENTIONAL APPROACH
We now review the conventional approach reported in [22],
which is summarized as follows.

Region Partition for NOMA Pairing: To facilitate the
monostatic BackCom systems using the PD-NOMA scheme,
the reader virtually divides its coverage area into M sub-
regions, i.e., L1, Lo, - - - , Ly, as depicted in Fig. 1 (a). Here,
a sub-region L, with m € [1,M], is an annular region
defined by the the radii R, and R,+1 (R, < R4+ and
Ryr+1 = R). Based on the training broadcast message along
with a unique identity (ID) for each BN, the reader can obtain
the channel state information (CSI), which is supposed to
be reliable and up-to-date, and then classifies the BNs into
different sub-regions. This depends on the signal power level
of BNs received by the reader, which is estimated in (1). The
reader randomly selects one BN per sub-region for NOMA
grouping. It is worth noting that, if the M-size NOMA group
is not feasible, the reader might repeat this process with
(M — 1) BNs, (M — 2) BNs, and the rest.

UIn this paper, we focus on uplink communications, where the hybrid time-

division multiple-access (TDMA)/power-domain non-orthogonal multiple
access (NOMA) scheme is employed [8].
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Time-Slot Structure and Power Reflection Coefficient:
Similar to our considered monostatic BackCom system, the
backscattering transmission of NOMA groups of multiple
BNs as well as single BNs are taken within mini-slots in a
time-slot duration as depicted in Fig. 1 (b). Different NOMA
groups selected in a random manner by the reader are first
transmitted in the mini-slot duration of mzﬁr, while individual
BNs respond later in the mini-slot time of 1% On the other
hand, the power reflection coefficient £ is of importance of
PD-NOMA-aided BackCom systems. This coefficient is to
make the significant difference of channel gains to facilitate
the NOMA pairing. The large values of the power reflec-
tion coefficient are assigned to BNs of near sub-region and
vice versa. Here, the constant power reflection coefficient is
assigned to each BN based on its location.

SIC-based NOMA Decoding: At the receiver side of the
reader, the NOMA decoding is performed via the successive
interference cancellation (SIC) technique, which is assumed
to be perfect.” The decoding order is from the strongest signal
to the weakest one. In other words, for each mini-slot of
the NOMA group, the reader first detects and decodes the
strongest signal, while treating the weaker ones as the inter-
ference. As transmission errors are unavoidable, the strongest
signal can only be successfully decoded and extracted from
the received signal if its signal-to-interference-and-noise ratio
(SINR) satisfies a predefined threshold of y4,. Assuming that
the signal from i-th BN is the strongest one in a NOMA
group size of M, where i € [I,M — 1]. The condition
for successfully decoding the i-th strongest signal, in which
other signals from j-th BNs are treated as interference, can be
expressed as

PTxéir,-_za
(Zjﬂii-H P + Ny

where N, is the noise power. If the condition in (2) is satisfied,
the reader then decodes the second strongest signal and the
rest. Otherwise, the strongest signal could not be decoded
successfully, leading to the failed decoding of the remaining
weaker ones.

SINR; = ) Z Vth, 2)

2) EXAMPLE AND LIMITATIONS
The example and limitations regarding the conventional
approach are described as follows.

Example: An example of the conventional NOMA-
enhanced BackCom system is illustrated in Fig. 1 (c). Also,
the NOMA group size is M = 2 corresponding to the two-BN
pairing case. We assume that two BN, i.e., BN; and BN;,
forming a NOMA group belong to two different sub-regions,
i.e., L1 (near) and L, (far), respectively. Consider that BN;
and BN; are paired using NOMA in a mini-slot of ¢. The

2In practice, the perfect SIC receiver is impossible due to the error
propagation in the SIC decoding process [33]. For the sake of simplicity, this
paper assumes the ideal SIC decoding at the receiver. Nevertheless, analyzing
the performance of the proposed systems with imperfect SIC is beyond the
scope of this work and can be further investigated in our future work.
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received signal in the mini-slot ¢ is, then, expressed as y(¢) =
hixi(t) + hjx;j(t) +n(t), where h; and h; are the channel gains,
while x;(#) and x;(¢) are the reflected signals from BN; and
BN;, respectively. Additionally, n(¢) is the Gaussian noise.
Assuming that the BN; experiences a better channel gain than
that of the BNy, i.e., h; > h;. Thus, the reader first decodes
the signal of BNj, i.e., x;(#), removes the signal by SIC, and
then decodes the signal of BN}, i.e., x;(?).

Limitations: There are three critical limitations of the
conventional approach, as follows:

o Firstly, it is the random selection of BNs for NOMA
groups. This might lead to a high probability of unsuc-
cessful decoding and significant deterioration of the
system’s performance.

o Secondly, the constant power reflection coefficients are
used for BNs. This may result in poor performance over
the time-varying channel conditions between the reader
and BNs.

 Thirdly, the conventional approach is applicable to static
NOMA-aided BackCom systems. Nevertheless, many
practical BackCom applications are dynamic, in which
BNs may enter and/or leave the reader’s coverage area
frequently. This results in the variation of BN population
and requires a different approach.

Ill. PROPOSED NOMA-ENHANCED BackCom SYSTEMS
From the critical restrictions of the conventional approach
mentioned in Section II, this section presents the pro-
posed NOMA-enhanced BackCom Systems. Notably, the
improvement schemes for static NOMA-enhanced Back-
Com Systems, including two-node pairing (TNP) as well
as adaptive power reflection coefficient (APRC) schemes,
are first introduced. Then, the pairing schemes for dynamic
NOMA-enhanced BackCom Systems, i.e., dynamic-sized
pairing (DSP) and APRC-assisted DSP schemes, are
presented.

A. NOMA-ENHANCED BackCom: STATIC SYSTEMS

1) TWO-NODE PAIRING (TNP) SCHEME

This scheme is to address the first drawback of the conven-
tional approach described in Section II. Notably, instead of
randomly selecting BNs for NOMA groups from different
sub-regions, the TNP scheme chooses NOMA groups based
on the possibility of successfully decoding. It is expected
to predict and prevent unsuccessful transmissions/decoding
from NOMA groups. More specifically, following the train-
ing phase reported in [22], the reader categorizes N BNs
into near and far sub-regions.> Correspondingly, N /2 BNs
with higher backscattered power levels, i.e., Py > P, >
--+ > Py/2, belong to the near sub-region, in which its power
reflection coefficient is set to £;. At the same time, the rest
of ones with Py/241 > Pnjpy2 > > Py are in the

3Here, we mainly focus on the two-node pairing NOMA groups with M =
2, which is widely considered in the literature. It is, however, straightforward
to extend for the general M case, i.e., the so-called M-node pairing scheme.

44764

Algorithm 1 Reader Operation for TNP Scheme
/% INITIATION: */

1 for node in network do
2 | node sets the power reflection coefficient &
3 end
4
/+ COLLECTING: */
5 Collect signal level of N nodes;
/% SPLITTING AND SET UP: */

Sort N nodes by signal power level;
Split nodes from 1 to N /2 into Near_subregion;
Split nodes from N /2 + 1 to N into Far_subregion;
for node in Near_subregion do
10 | node sets the power reflection coefficient £1;
11 end
12 for node in Far_subregion do
13 | node sets the power reflection coefficient £;;
14 end

/* USER PAIRING SCHEME: x/
15 while Near_subregion not empty do
16 i < Near_subregion.back();
17 J < Near_subregion.back();
18 Calculate SINR;;
19 if SINR; > y then

® 9 &

©

20 Pair nodes i,j to a NOMA group;
21 Far_subregion.pop_back();

22 Near_subregion.pop_back();

23 else

Set node i to transmit in a single time slot;

24
‘ Near_subregion.pop_back();

25
26 end
27 end
28 while Far_subregion not empty do
29 k < Far_ubregion.pop_back();
30 Set k to transmit in a single time slot;
31 end
/+ TRANSMIT: */

32 Send request NOMA groups and single nodes (if have) to transmit

sequentially.

far sub-region, where its power reflection coefficient is set
to &,. Here, the power reflection coefficients &; and &, with
£ > &, are constant values.*

It is worth noting that the terms near and far represent the
groups of BNs with higher and lower signal powers, respec-
tively. The reader pairs the BNs from the near sub-region
and far sub-region, i.e., one BN from the near group and
another BN from the far group. Particularly, the BN with
the lowest power level from the near sub-region (i.e., Py 2)
is paired with the one having the lowest power level from
the far sub-region (i.e., Py). Then, for each pair of BNs, the
reader pre-estimates the SINR as in (2) to examine the pairing
possibility, i.e.,

o If the SINR > y: a NOMA group is created for the

transmission.

o If the SINR < y4: the BN in the near sub-region is not
selected for NOMA pairing to avoid a high probability
of unsuccessful decoding. This BN is, then, controlled to
transmit in the mini-slots for single-node as depicted in
Fig. 1(b). Another BN belonging to the near sub-region

4Unlike conventional PD-NOMA systems, actively updating the transmit
power is not possible for passive BNs in BackCom ones. Instead, the power
reflection coefficients are used to facilitate the NOMA pairing, in which a
larger coefficient is set to the near sub-region and vice versa. To guarantee
the fairness of BNs in the SIC decoding, the selection of these coefficients is
provided in [22, Section III].
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FIGURE 2. The structure of backscatter node with variable power
reflection coefficients.

with a stronger power level (i.e., Py_1) compared to the
previous one is chosen to pair with the selected BN in
the far sub-region.

This pairing process is performed until all BNs are consid-
ered. Finally, the reader requests NOMA groups and single
BN to transmit in the time slot containing multiple mini-slots
as illustrated in Fig. 1(b).

In summary, the pseudo-code, which describes the reader
operation of the TNP scheme, is provided in Algorithm 1.
In addition, the analysis of the number of successful BN
transmissions is provided in Appendix A.

2) ADAPTIVE POWER REFLECTION COEFFICIENT (APRC)
SCHEME

This scheme aims to address the second disadvantage of the
conventional approach mentioned in Section II. In particular,
a feasible solution to tackle the poor performance issue of
the conventional NOMA-aided BackCom systems over the
time-varying channel conditions is the adaptive power reflec-
tion coefficient (APRC) scheme. For the APRC scheme,
instead of using constant power reflection coefficients, i.e.,
&; = constant, for BNs, the reader can adjust these coefficients
depending on the channel conditions between the reader and
BNss. This, in turn, could increase the possibility of successful
decoding in NOMA groups over the time-varying channel
conditions.

To do so, we consider the condition for successfully decod-
ing the i-th BN from the NOMA groups with other j-th BN,
as shown in (2). In other words, the SINR of the i-th BN
satisfies a predefined threshold of yy,, i.e., SINR; > py.
Then, the power reflection coefficient of &; can be adjusted
so that the i-th BN is decoded successfully, i.e.,

M
i (i B+ o) — 3)

2a [

& >

Prxr;

where yy, is the predefined threshold for successful decoding,
while P; is determined in (1). The power reflection coeffi-
cients for BNs are adjusted adaptively as follows:
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Algorithm 2 Reader Operation for APRC Scheme

/* INITIATION: */
1 fori=11t N do

2 BN;.£=Emax ; // BNs set their power
reflection coefficient
/* COLLECTING: x/
3 Collect signal level from N nodes;
/* SPLITTING AND SET UP: */
4 Sort N nodes by signal power level;
5 K=N/M; // number of BNs in each
sub-region
6 fori=1to N do
7 Ri < {};
8 forj=1toN do
9 if(i—1)xK <j&j>ixK then
10 | Rj.add(BN));
11 end
12 end
13 end
/* USER PAIRING SCHEME: */
14 m=1; // number of NOMA groups
15 while K > 0 do
16 Gm < {1 // NOMA group
17 fori=1to N do
18 |  Gm.add(R;.popRandom());
19 end
20 K=K-1;
21 m=m+1;
22 end
/+ ADJUST ADAPTIVE POWER REFLECTION
COEFFICIENT: */
23 for i = 1 to mdo
24 for n = 1 to G;.size() do
% | Gilnl.& = min(Emax. £,):
26 end
27 end
/* TRANSMIT: */
28 for i =1tomdo
29 | Send request NOMA groups G; transmit data;
30 end
31 end

« The power reflection coefficient for the i-th BN, i.e., &,
is controlled in a range from Ei()p " to Emax With &qax < 1.

o The coefficient &; should be adjusted as the minimal

value, i.e., & = min {éiopt, émax}, in order to (i) guar-
antee its successful decoding and (ii) reduce the inter-
ference to other BNs in the NOMA group.

It is worth noting that the APRC scheme uses the ran-
dom selection for NOMA group pairing as the conventional
approach to reduce the system complexity. In addition, the
structure of BNs implementing the APRC scheme is illus-
trated in Fig. 2. The BN is a passive node that harvests energy
from an incident RF signal transmitted by the reader. The sig-
nal reflection is due to an intentional mismatch between the
antenna and load impedance. By varying the load impedance,
the power reflection coefficient of the i-th BN, i.e., &, can
be adjusted. Besides, interested readers can refer to [34,
Section 2] for more details of this structure.

In summary, the pseudo-code of reader operation for the
APRC scheme is presented in Algorithm 2.

B. NOMA-ENHANCED BackCom: DYNAMIC SYSTEMS

1) DYNAMIC-SIZED PAIRING (DSP) SCHEME

The conventional approach is applicable for static NOMA-
aided BackCom systems, where the NOMA group size is
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Algorithm 3 Reader Operation for DSP Scheme

/* INITIATION: */
1 fori=11t N do

2 BN;.E=Emax ; // BNs set their power
reflection coefficient
/* COLLECTING: x/
3 Collect signal level of N nodes;
/* SPLITTING AND SET UP: */
4 Sort N nodes by signal power level;
5 Set BNs B = {BN{, BN, ..., BNy}
/* USER PAIRING SCHEME: *x/
6 m=1; // number of NOMA groups
7 while B.size() > 0 do
8 Gm < {}; // NOMA group
9 B.top().§ =&y
10 Gy.add(B.pop());
1 fori=M —1to1do
12 P%hresho]d =y (224:141 Py + No);
13 for j = B.size() to I do
14 &) = &is
15 if Pj > Pfh"”hdd then
16 Gn.add(BN;);
17 B.remove(BNj),
18 break;
19 end
20 end
21 end
22 m=m+1;
23 end
/+ TRANSMIT: */
24 fori=1tomdo
25 | Send request NOMA groups G; transmit data;
26 end
27 end

fixed. This may not (i) be suitable for dynamic systems,
in which the number of BNs is varied accordingly to time,
and (ii) be efficient due to the fixed size of the NOMA
group. To tackle these issues, the dynamic-sized pairing
(DSP) scheme is presented, in which its goal is to increase
the number of successful NOMA groups while supporting
dynamic systems. The major differences between the DSP
scheme and the conventional approach are threefold:

o Firstly, the DSP scheme does not virtually divide the
reader’s coverage into regions, which is based on the
power levels of BNs.

e Secondly, it is the dynamic NOMA group size, in which
the number of BNs in a NOMA group is not necessarily
to be M.

o Thirdly, the selection of BNs for NOMA groups is not
random, which is similar to the TNP scheme.

In particular, the reader performs the training phase to
collect information of BNs, such as the number of nodes, IDs,
and backscatter powers. Also, the reflection coefficients of
BNss are set to be the maximum value of £y,,x. Assuming that
there are K BNs at time instant ¢ in our considered system,
in which K could be varied according to time. These BNs are,
then, sorted by the reader accordingly to their power levels,
ie., Pt = P, > P3 > --- > Pg. For NOMA grouping,
the maximum NOMA group size is determined by Mpqx,
in which the number of BNs in each group is equal to or
smaller than Mp,x. For BN pairing in each NOMA group,
the reader chooses the BN with the lowest power level (e.g.,
Pg) to pair with BNs with higher power levels (e.g., Px—_1)
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that satisfy the condition for successful NOMA decoding as
in (2). This process is performed until reaching the maximum
NOMA group size, e.g., Mmax = 5 and BNs with power levels
Px,Pg_y,--+,Pg_s.

Here, if the number of BNs selected for a NOMA group
reaches the maximal value defined by the maximum NOMA
group size of Mmax, the grouping process is continued with
the remaining BNs to create another NOMA group. Other-
wise, the NOMA group size is not necessarily to be Mpx,
whose size is equal to the number of selected BNs if this
number does not reach Mp,x. This process is performed
until all BNs are considered. Then, the reader requests both
NOMA groups and single BNs to transmit during a time slot
that consists of multiple mini-slots, as depicted in Fig. 1(b).

In summary, the pseudo-code of reader operation for the
DSP scheme is described in Algorithm 3.

2) HYBRID APRC/DSP SCHEME

The power reflection coefficients of BNs in the DSP scheme
are, nevertheless, constant values. To further enhance the
performance of dynamic NOMA-aided BackCom systems,
the hybrid APRC/DSP scheme is introduced, which is the
combination of APRC and DSP schemes. In other words, the
reader can adjust the power reflection coefficients of BNs in
dynamic systems using the DSP scheme. More specifically,
instead of using the maximum power reflection coefficient
for all BNs as in the DSP scheme, i.e., & = &nax, these
coefficients are varied accordingly to the channel conditions
between the reader and BNs. Also, the value of &; should be

.. . . opt
chosen as the minimum value, i.e., § = min {Si Pt Emax (-

IV. SIMULATION RESULTS AND DISCUSSIONS

This section presents the performance evaluation for the pro-
posed NOMA-enhanced monostatic BackCom, both static
and dynamic systems. We also comparatively discuss the
performance of our proposed system with (i) conven-
tional BackCom with TDMA (without NOMA scheme)
and (ii) conventional NOMA-aided monostatic BackCom
reported in [22]. Monte Carlo simulations are performed with
10000 runs. The parameters used for the simulations, unless
otherwise noted, are as follows: The inner and outer radius
of coverage zones: Ry = 20 m and R = 100 m. The total
number of BNs is N = 60. The number of NOMA groups
is set to 2. The reflection coefficients & = 0.7, & = 0.5,
& =03,& = 0.1, & = 0.05 and &y = 1. The path-loss
coefficient « = 2.5, the reader’s transmitted power Pty =
25 dBm, the noise power N, = —90 dBm. The time-slot
duration is set to be 1 second, and each BN sends 60 bits
during a mini-slot [22].

A. PERFORMANCE COMPARISON

Firstly, we highlight the effectiveness of our proposed
schemes for static NOMA-enhanced BackCom systems,
including the two-node pairing (TNP) and adaptive power
reflection coefficient (APRC) schemes, in comparison with
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FIGURE 3. Average number of successfully decoded bits versus channel
thresholds for different schemes in static BackCom systems.

(i) the conventional BackCom with TDMA (without NOMA
scheme) and (ii) the conventional BackCom using the hybrid
TDMA/NOMA scheme [22]. Here, as for the conventional
BackCom systems with TDMA, only one BN is scheduled to
modulate and then backscatter its signal to the reader in each
mini-slot.

Particularly, Fig. 3 investigates the number of success-
ful bits transmitted per time slot for each BN of different
schemes. Also, different channel thresholds, i.e., y,, are
taken into account. As is evident, the BackCom systems using
the hybrid NOMA/TDMA schemes retain a better perfor-
mance than BackCom systems using TDMA schemes. This
is because the duration of each mini-slot under NOMA is
m times larger than that with TDMA only. Furthermore,
when comparing the performance of the BackCom systems
using the hybrid NOMA/TDMA, as expected, our proposed
schemes, i.e., the TNP and APRC schemes, outperform the
conventional one reported in [22] over a range of channel
thresholds. Additionally, the TNP scheme can achieve the
highest performance in comparison with the APRC and con-
ventional schemes.

This fact is further highlighted in Fig. 4, where the pro-
posed TNP and APRC schemes outperform the conventional
NOMA-aided BackCom in terms of the normalized number
of successful BNs. The reason is that these schemes could
increase the possibility of successful decoding in NOMA
groups by pairing selected BNs, which is not in a random
manner (the TNP scheme), or adjusting the power reflection
coefficients depending on the channel conditions (the APRC
scheme). When comparing the TNP scheme with the APRC
scheme, it is observed that the TNP scheme can achieve a bet-
ter performance than that of the APRC scheme. However, the
complexity of the TNP scheme increases when the NOMA
group size increase, while the APRC scheme offers a simpler
solution for large values of NOMA group size. As a result,
it is recommended to use the TNP scheme and the APRC
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FIGURE 5. Normalized successful BNs versus channel threshold for the
static systems using the TNP scheme.

scheme for small (M = 2) and large values (M > 2) of
NOMA group size, respectively. For example, when yy, =
12 dB, the normalized number of successful BNs are 0.98,
0.68, and 0.5 for the TNP, APRC, and conventional schemes,
respectively.

B. NUMBER OF SUCCESSFUL BACKSCATTER NODES

Next, We investigate the performance of the proposed
NOMA-enhanced monostatic BackCom, both static and
dynamic systems, in terms of the normalized number of suc-
cessful BNs. It is defined as the average number of successful
BN over the total number of BNs.

Figure 5 analyzes the normalized number of success-
ful BNs versus the channel thresholds for the static
NOMA -enhance BackCom systems using the TNP scheme.
Also, different values of reader’s transmitted powers, i.e.,
Prx = 21 dBm, 23 dBm, 25 dBm, 27 dBm, are taken into
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account. As is evident, larger channel thresholds require
higher levels of transmitted power to achieve the best perfor-
mance. In other words, using this figure, we can decide the
minimum power levels corresponding to the channel thresh-
olds to retain the maximum value of the normalized number
of successful BNs. For example, the minimum power levels
are chosen to be Pty = 21 dBm, 23 dBm, 25 dBm, and
27 dBm for respectively the given channel thresholds of y
of 8 dB, 10 dB, 12 dB, 14 dB, to maintain the highest value
of the normalized number of successful BNs. Indeed, the
selection of such minimal power levels plays an essential role
in energy-efficient NOMA-aided BackCom systems. Also,
in this figure, the simulation results match perfectly with
the analytical ones, as expected. This confirms the model’s
correctness and analysis of the TNP scheme.

The performance of the APRC scheme in terms of the
normalized number of successful BN is illustrated in Fig. 6.
Also, different values of the NOMA group size, i.e., M = 2,
3,4, 5, are taken into account. As is evident, when the NOMA
group size increases, the normalized number of successful
BNs decreases. The reason is that a larger NOMA group
size reduces the possibility of successful decoding in NOMA
systems. For example, when the channel threshold of yy, =
10 dB, the normalized number of successful BNs for the
APRC scheme are 0.1, 0.15, 0.38, and 0.95 for the NOMA
group size of M =5, 4, 3, 2, and 1, respectively.

In Fig. 7, we investigate the performance of dynamic
NOMA-enhanced BackCom systems using the DSP scheme.
Also, different reader’s transmitter powers, i.e., Prx =
21 dBm, 23 dBm, 25 dBm, 27 dBm, are considered. As seen,
the higher values of the normalized number of successful
BN require higher levels of transmitted power. For instance,
to maintain the normalized number of successful BNs of 0.8,
the transmitted power levels required are 21 dBm, 23 dBm,
25 dBm, and 27 dB, for the channel thresholds y, of 12 dB,
14 dB, 16 dB, and 18 dB, respectively.
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and hybrid APRC/DSP schemes in dynamic systems.

C. NUMBER OF SUCCESSFULLY TRANSMITTED BITS
Finally, we evaluate the performance of dynamic
NOMA-enhanced monostatic BackCom systems regarding
the number of successfully decoded bits. We also compare
our proposed schemes with the benchmark of dynamic Back-
Com systems with TDMA (without NOMA). Here, due to
the constraint on the computational complexity and delay,
we assume the maximum NOMA group size is Mpax = 5.
In particular, we investigate the performance of dynamic
NOMA-enhanced BackCom systems in terms of the aver-
age number of successfully transmitted bits in Figs. 8
and 9. Both the DSP scheme and the hybrid APRC/DSP
scheme are considered. Figure 8 illustrates the system per-
formance over a range of channel thresholds, given Pty =
25 dBm. As seen from this figure, the number of successfully
decoded bits decreases with increasing the channel thresholds
vth, where the performance of the dynamic NOMA-aided
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BackCom system is degraded. This is because the higher
channel thresholds of yy,, the lower probability of successful
decoding in the NOMA group. On the other hand, as seen,
the hybrid APRC/DSP scheme achieves better performance
than the DSP scheme for different channel thresholds. The
reason is that the hybrid APRC/DSP scheme not only takes
advantage of the DSP scheme but also can adjust the power
reflection coefficients of the APRC scheme to increase the
possibility of successful decoding in NOMA groups.

The same observation is illustrated in Fig. 9 varying in
different transmitted powers, where yy, = 10 dB. Using this
figure, we can decide the power levels to maintain a target
performance level. For instance, to retain the number of suc-
cessfully transmitted bits of above 100 bits/slot, the required
transmitted power levels for the DSP and hybrid APRC/DSP
schemes are 25 dBm and 20 dBm, respectively. From Figs. 8
and 9, it is clear that our proposed schemes outperform the
conventional BackCom systems using the TDMA only.

V. CONCLUSION

This paper presented the design frameworks for both static
and dynamic NOMA-enhanced monostatic BackCom sys-
tems. Specifically, we first introduced the novel schemes,
i.e., TNP and APRC, to further enhance the performance
of conventional static NOMA-aided monostatic BackCom
systems. The TNP scheme was expected to predict and
prevent unsuccessful transmissions from NOMA groups,
while the APRC could increase the possibility of success-
ful decoding in NOMA groups. Then, we addressed the
design of dynamic NOMA-enhanced monostatic BackCom
systems, in which two new schemes, i.e., DSP and hybrid
APRC/DSP, were presented to support such dynamic sys-
tems. The DSP scheme allowed the dynamic NOMA group
size, while the hybrid APRC/DSP scheme used the APRC
approach to further enhance the performance of the DSP
scheme. The performance metrics, including the number of
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successful backscatter nodes and the number of bits that can
be successfully decoded by the reader, were investigated.
The simulation results supported the proper selection of sys-
tem parameters and confirmed the effectiveness of our pro-
posed schemes compared to the conventional ones. Moreover,
through the obtained results, we suggest using respectively
the TNP and the APRC schemes for small (M = 2) and
large (M > 2) values of NOMA group size. We also showed
that the hybrid APRC/DSP scheme maintains better perfor-
mance than the DSP scheme in dynamic NOMA-enhanced
monostatic BackCom systems. Monte Carlo simulations were
performed to validate the correctness of the theoretical anal-
ysis for the TNP scheme. Future work will investigate the
analytical framework for the considered NOMA-enhanced
BackCom systems using the above-proposed schemes in case
of imperfect SIC. Also, the performance optimization of
the proposed NOMA-enhanced BackCom systems will be
considered.

APPENDIX A

PERFORMANCE ANALYSIS OF THE TNP SCHEME

The number of successfully decoded BNs is the primary
performance metric investigated in this study. Here, we focus
on the performance analysis of the TNP scheme, in which the
NOMA group size is set to M = 2. Let Ng be the normalized
number of successful BNs. It is defined by the ratio of the
number of successful BNs and the total number of BN,
which can be expressed as

v3 Nnear + ]vfar
Ng= ——, 4
S N 4
where N pear and Ny are respectively the average number of
successful BNs in near and far regions, which are written as

1
_ N \ =
Npear = Ppear{ 7 = ( 4 ) Nnear»
Prxé1
N\ 5

— y o
N =P < S

far far (r = (PTXSZ) )Mar

where Npear = Npr = N/2 are the total number of BNs
in near and far regions. In addition, Ppear () and Py (1)
are the probabilities that a node of distance r belongs to the
near and far sub-regions, respectively. Here, it is noted that,
after sorting N nodes based on the measured signal levels,
N/2 nodes, i.e., 1, 2,...,N/2, having stronger signal power
levels belong to the near sub-region while the rest of the nodes
are in the far one. The probability that a node at a distance r
is the i-th node in the sorted list is, then, expressed as

pir = CN ipa() o)V T (1) (©6)

2r

where Y~} £ 75ty and f, (r) = -2 defined in

Section II. Additionally, p,(r) and pg(r) are reslzl)ectively the
probabilities that a BN is at a region specified by (R1, r) and
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_ ' _ T = R the 2020 IEEE Eighth International Conference on Commu-
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R R R —R; R — Ry nications and Electronics (ICCE) [1].
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Using (6), the probabilities, i.e., Ppear () and Py (7), are
determined as

5
Ppear (r) = Pi,r,

N ®)
P (r) = D pir

i=Y+1

To complete (4), we need to determine the probabilities
of a successful BN belonging to near or far sub-regions in
(5). Based on (8), these probabilities are written as (9) and
(10), shown at the top of the page, where j = N — i. After
some mathematical manipulations, the average number of
successful BNs in (5) can be computed as

o - J+1
(P}:Fxgl) OK?R%
¥-1 _ R2-R?
Npear =N Y G,
near Z N—1 j+1
j=0
1
yNo \ 2 2
}oFy [+ 1+ 1 =N j+2; (#6) =~
1 9 - 9 b - 5 -5 b
R? —R?
(1D
1 N—j
(PVT]:gz) i
¥-1 . R2-R?
N =N D Ch_, .
~ N —j
j=0
1
yNo \ 2@ _ 2
.. . (PTxéz) R
XoFt \N—=j,=iN+1—ji —F———

R —R?
(12)

By substituting (11) and (12) into (@, we can obtain the
normalized number of successful BN Ng.
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