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Abstract—As potential solutions to empower transmissions
among the Internet of Things (IoT) devices, ambient radio
frequency (RF) backscatter technology and reconfigurable intelli-
gent surfaces (RISs) have recently attracted a lot of attention. To
improve energy and spectrum efficiency, we design a system with
a transmit antenna selection (TAS)-aided base station (BS) relying
on nonorthogonal multiple access (NOMA), RIS, and backscat-
ter communications (BackCom) with robust transmission links,
allowing more users to be served effectively. We adopt the two-
user grouping model in the coverage of main BS associated with
a particular RIS and interference from coordinate BS is also
considered to showcase differences among the performance of
the two different kinds of users (i.e., the IoT user with and
the IoT user without a dedicated RIS). To exhibit the system
performance, we derive closed-form expressions for two main
system performance metrics, namely, outage probability and
ergodic capacity. A degraded performance is also considered for
the case of imperfect successive interference cancellation (SIC).
The benefits of the BackCom RIS-aided NOMA system are then
demonstrated by comparing its performance to that of tradi-
tional orthogonal multiple access (OMA) RIS-aided backscatter
systems. We then introduce analytical models to characterize
the impact of the main factors on the outage performance and
characterize the optimal performance in specific cases. Together
with extensive simulations, our analysis shows that the system
performance can be adjusted by controlling factors, including
power allocation coefficients, the number of metasurfaces of RIS,
and target rates.
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I. INTRODUCTION

UE TO improvements in spectrum efficiency and user

fairness, nonorthogonal multiple access (NOMA) has
been proposed as an effective approach to accommodate the
high data traffic in the Internet of Things (IoT) networks [1],
[2], [3], [4], [5], [6]. The conventional orthogonal multiple
access (OMA) allows only one user to access the networks in
each orthogonal resource block (e.g., a time slot, a frequency
channel, a spreading code, or an orthogonal spatial degree
of freedom), which results in wasted resources. In contrast,
NOMA allows more than one user to access the network in the
same resource block. The beyond 5G (B5G)-enabled massive
IoT systems deal with massive connectivity and limited energy
situations that could be crucial challenges to maintain diversi-
fied Qualify of Service (QoS) of a large number of IoT devices.
An overlay cognitive NOMA system has been explored in [1]
to evaluate the performance of a primary transmitter—receiver
pair. In such IoT applications, an energy harvesting (EH)-
based secondary transmitter (ST) adopts a time-switching
(TS)/power-splitting (PS) architecture to harvest the energy
from the primary transmission through the radio frequency
(RF) signals. Liu et al. [4] developed multiuser detection
in uplink IoT systems by enabling NOMA and successive
interference canceler (SIC)-based detectors. They emphasized
the performance of reliable transmission guaranteed by a joint
maximum-likelihood (JML) detector. To gain the main bene-
fit of the proposed model, a closed-form upper bound of bit
error rate (BER) was derived over Rayleigh fading channels
in which an adaptive M-ary phase shift keying (M-PSK) is
adopted. Do et al. [3] studied the industrial IoT over cognitive
heterogeneous NOMA networks by considering the schedul-
ing and power allocation problems for an uplink from the
secondary IoT devices under two undesirable situations includ-
ing imperfect spectrum sensing and imperfect channel state
information (CSI). The network throughput constrained by
the total power at each secondary IoT device could be max-
imized by relying on joint secondary IoT device scheduling
and power allocation approaches. The main results focus on
the evaluation of the tradeoff among the system performance
and the number of secondary IoT devices, the fairness trans-
mission rate among different secondary IoT devices, and the
interference power threshold at each primary source.
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A. Backscatter Communications

Recently, backscatter communications (BackCom) with the
capability of passive RF identification (RFID) has emerged
as a promising paradigm to deploy IoT systems [7]. In
principle, a reader transmits a portion of the RF signals
to reflect and modulate for information transmission, while
energy is converted from the remaining portion for cir-
cuit operation. Deng et al. [8] introduced tag selection in
backscatter networks as a great approach to enhance the
system outage performance. To enhance the spectrum and
energy efficiency (EE), Elsayed et al. [9] studied backscat-
ter networks with improved performance for battery-limited
devices. Ma et al. [10] presented a model of the aggregate
interference from the sporadic backscatter transmissions. They
derived expressions of the covert outage probability and the
transmission success probability to highlight the reliability of
backscatter systems. The work in [11] considered a cogni-
tive ambient backscatter system to deploy the green IoT. In
this scenario, by simultaneously sharing both spectrum and
RF sources, backscatter device (BD) support to obtain bet-
ter outage performance. By jointly using the power beacons
(PB)’s beamforming for a BackCom network and optimizing
the relay strategy and a PB-based EH, the system capacity
can be maximized [12]. Ye et al. [13] presented the optimal
EE by jointly optimizing the PB’s transmit time, the PB’s
transmit power, and the reflection coefficient for the EH-based
BackCom system.

Since NOMA benefits to BackCom, Li et al. [14] explored
three benchmark systems including the NOMA relaying
scheme, the NOMA scheme without relay, and the incre-
mental relaying NOMA scheme. In particular, they analyzed
the expected rate, the outage performance, and the diversity-
multiplexing tradeoff performance. To achieve optimal secrecy
rate, Khan et al. [15] investigated an optimization problem for
a multicell backscatter system relying on NOMA in the pres-
ence of multiple eavesdroppers. In particular, the reflection
coefficients can be optimized for the backscatter node. They
formulated the optimization problem as a convex problem.
A similar work in [16] implemented a protocol integrat-
ing dynamic time-division multiple access with NOMA to
examine the performance of a NOMA bistatic BackCom
network where a backscatter receiver is operated with the
help of multiple BDs. By jointly optimizing power reflec-
tion coefficients and the BDs’ backscatter time, the minimum
throughput can be maximized among all BDs under some
constraints including the BDs’ harvested energy.

B. Reconfigurable Intelligent Surfaces

In recent studies [17], [18], by smartly reflecting signals
toward the receiver in the cellular networks, reconfigurable
intelligent surface (RIS)-aided systems have attracted a lot of
attention due to their capability of extending cell coverage.
Zhu et al. [17] presented an RIS-aided NOMA (RIS-NOMA)
system by enabling extra information bits to be transmit-
ted with proper subsurfaces to different users. They proved
via closed-form expression on BER the improvement of the
spectral efficiency. Gao et al. [19] studied an RIS-NOMA
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system in two scenarios, i.e., beamformer-based NOMA and
cluster-based NOMA schemes when the multiantenna base
station (BS) is deployed. By considering massive multiple-
input-multiple-output (MIMO), Zhi et al. [18] explored the
performance of uplink RIS-aided networks in the presence of
direct links. They designed the phase shifts of the RIS based on
the statistical CSI. In particular, the closed-form expressions
were derived in terms of the ergodic data rate. To solve the
sum data rate maximization problem, they deployed a genetic
algorithm (GA) based on the derived formula.

C. Related Works

Li et al. [20] studied a downlink RIS-aid BackCom relying
on advanced features of NOMA in which the wireless chan-
nels with Rayleigh distribution are assumed. They focused on
the scenario of two-user in a cluster with channel disparity
from the BS. The main finding in that work is deriving outage
probability expressions. They confirmed reflection coefficients
and the number of reflecting RIS elements can be configured
separately to showcase differences in user performance. The
optimal power allocation for the two users was not studied. In
contrast to [20], the recent work in [21] solved the problem
of how to improve the network performance by achieving
two optimal parameters of BackCom RIS-NOMA networks,
i.e., the phase shifts and the power resource allocation. Their
results deal with how to assist the cell-edge user (CEU) to
communicate with the BS while retaining the performance
improvement in terms of the EE and the sum rate. To fur-
ther evaluate the sum rate of BackCom RIS-NOMA, the work
in [22] considered the simple scenario of a single-antenna
BS leveraging NOMA and an M-passive reflecting elements
RIS to better serve two single-antenna users (strong user and
weak user). They developed an alternating optimization (AO)
algorithm to obtain the optimal sum rate of strong user by opti-
mizing the RIS phase shifts and power splitting coefficients at
the BS while guaranteeing the QoS for weak user.

D. Motivation and Contributions

The system models in [20], [21], and [22] studied networks
with single-antenna users throughout the network, which lim-
its the performance of IoT devices. Further, Chen et al. [23]
explored the advantages of the RIS in a symbiotic radio (SR)
system. The authors jointly designed the passive beamforming
of the RIS and the active transmit beamforming of the BS to
minimize the BS’s transmission power with two constraints
including the rate constraint for the primary communica-
tion and the signal-to-interference-plus-noise ratio (SINR) for
decoding the backscatter signals. To explore the BackCom
system, Hu et al. [24] presented a novel RIS-enhanced down-
link multiuser multi-input—single-output (MU-MISO) scheme.
In the proposed system, each RIS acts as an IoT device to
enable IoT transmissions to the same primary receiver and
improve the primary transmission from the primary transmit-
ter to the corresponding primary receiver nearby. However, the
performance improvement for CEUs in the NOMA scheme is
still necessary to study more. Although two BSs can work
together to improve the performance of CEUs as reported
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TABLE I
COMPARISON OF THIS ARTICLE WITH SIMILAR STUDIES

Our Scheme [27] [28] [29] [30] [31]

BackCom OMA / BackCom SR

X X X X X X

NOMA BackCom

X

TAS

Interference from nearby BS

Multi-RIS

RIS with random phase-shift

The imperfect SIC

Interference from nearby devices

Diversity order

Outage probability/BER

Ergodic capacity

System throughput

R R R R e R R K R R

Asymptotic analysis

in [25], but how the system deals with the worse case that
CEUs cannot connect with nearby BS.

These results motivate us to study an effective framework
for BackCom IoT systems. In particular, our work takes into
account the advantages of the RIS and focuses on investigating
the performance of CEUs in BackCom RIS-NOMA systems.
To leverage higher diversity order of multiple-antenna struc-
tures, we consider the more sophisticated case of BackCom
IoT system when transmit antenna selection (TAS) is adopted
at the BS [26]. We also evaluate the impact of interference
from the nearby BS to CE and cell-center IoT devices locat-
ing in a cluster! and compare their performance with two
benchmarks.

A comparison of our work with other related papers is also
presented in Table I. Our main contributions are as follows.

1) We propose a new system model with multiple users
assigned to multiple clusters. We just evaluate the
degraded performance of cell-center and CEUs situated
in a specific cluster associated with the links from the
RIS and BD while experiencing interference from a
nearby BS. The CCU, which is close to the BS, just
needs the help of BS to improve its performance; while
the CEU requires the RIS to enhance its performance.
By adopting a fixed power allocation scheme to the two
users, we show the performance of these two devices
improves significantly thanks to the RIS, the TAS, and
NOMA techniques.

2) We derive an expression to achieve explicit system
performance analysis, i.e., the outage probability and
ergodic capacity for the BD and the cell-center and
CEUs by comparing the main proposed BackCom
NOMA-RIS with two benchmarks, namely, tradi-
tional NOMA BackCom [32] and BackCom OMA-RIS
systems.

ITwo BSs are arranged to provide relevant coverage. However, the CEUs
may experience high levels of interference from the nearby BS if the CEU
cannot work with the cell-center user (CCU) to create a pair associated with
these BSs. It is noted that two BSs in this circumstance work to form coor-
dinated multipoint transmission (CoMP) [25]. In doing so, at least two BSs
coordinate to serve the users simultaneously. In practice, some CEUs fail to
connect with the relevant BS and cannot find a way to pair with CCUs. Thus,
the CEUs located in particular clusters in our model are considered as failed
CEUs in joint-transmission CoMP NOMA-based systems. In this case, CEUs
still experience a strong intercell interference from the adjacent BS.

3) To provide further insights in BackCom systems, we
provide the asymptotic analyses and diversity order
for the outage performance of BackCom NOMA-RIS.
The expected performance is illustrated via simula-
tions to conclude that the number of transmit antennas,
the number of metasurface elements at the RIS, the
power allocation factors, and the target rates are the
main parameters in deciding the performance of the IoT
devices.

E. Organization and Notations

The remainder of this article is organized as follows.
Section II provides the system model of user relaying in
the downlink NOMA BackCom system relying on RIS and
BackCom techniques. Section III presents the analytical
expressions for outage probability performance. Section IV
presents the ergodic capacity performance of the BackCom
NOMA-RIS system. Numerical results are presented in
Section V to demonstrate the outage performance of the
proposed schemes. Finally, Section VI concludes this article.

The main notations of this article are as follows: Pr(-)
denotes the probability operator; E[ - ] denotes the expectation
operator; fx(-) and Fx(-) denote the probability distribu-
tion function (PDF) and the cumulative distribution function
(CDF), respectively; CN(-, -) is a circularly symmetric com-
plex Gaussian distribution; ~ stands for “distributed as”; |- | is
an absolute operator; and Ei(-) denotes the exponential inte-
gral function [33, eq. (8.211.1)]. An identity matrix of size
M x M is denoted by Iy; ()1 denotes the conjugate and
Hermitian transpose; and a diagonal matrix with sq, ..., sy
on the diagonal is denoted by diag(sy, ..., Sy).

II. SYSTEM MODEL

We consider a downlink NOMA BackCom IoT system with
two BSs enhanced by RIS and TAS techniques as shown in
Fig. 1. An RIS is composed of M reflecting elements. The
backscatter device (denoted by BD) is required to serve both
CCU D and CEU D;, which are affected by the interference
from a nearby BS (BS,). All devices in the context of this
BackCom NOMA-RIS are usually designed to have a single
antenna except for the BS, which is equipped with multiple
antennas. Having a single-antenna BD and cell-edge and
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— Desired signal
--- Interference ‘

Fig. 1. System model for BackCom NOMA-RIS IoT.
TABLE II
KEY PARAMETERS
Symbol |Description
Tn The messages with unit power transmitted to D, with
(n=1,2)
s The BD backscatters the BS1’s signal to Dy,
Tdn The interference symbol from BS2 to Dy,
0 A complex reflection coefficient used to normalize s
Bn The power allocation parameters for x,, with 0 < 3, < 1
P The total transmit power of the B.S
Py, The transmit power from BSa to Dy,
T The RIS attenuation factor
Ry The target rate for D,
R The target rate for BD
on The complex Gaussian noise at D, with oy, ~ C'N (0, Nop)
Js ki The channels from the B.S; to RIS
Gr,i The channels from the RIS to user D2
hig The channel response from the BS to the first user Dy
Vg The channel response from the the BS1 to BD
In The channel response from the BD to D,
gn The channel response from BS»> to Dy,

cell-center IoT users are expected to avoid excessive power
requirements and complex detection circuitry, thereby lever-
aging the benefits of the BackCom technique. The CCU D,
has a direct link to the BS;, while the CEU D, needs the
assistance of the RIS to improve its performance. To charac-
terize wireless links, let k1 ~ CN(0, ¢1), vi ~ CN(O, ¢,),
Iy ~ CN(O,¢1). b ~ CN(O, ¢12), g1 ~ CN(O., gg1), and
g2 ~ CN(0, (,og,z).2 In what follows, we provide the received
signal and SINR models at Dy and D,. The main parameters
can be found in Table II.

A. Received Signals at D

Following the NOMA principle, multiple signals are pro-
cessed at the BS;, and their superposition would be the

2This model can be considered a compact model applied in IoT compared
to the work in [34]. The practical models using nine BSs and a total of
36 transmitter—receiver radio links were deployed via the measurement cam-
paign [34]. These BSs can be operated together for improving the performance
of urban micro-cell where leverages a large-scale mmWave BS diversity
measurement at 73 GHz (conducted at downtown, Brooklyn, NY, USA).
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transmit signal given by

x=/Bixi +v/Boxa. (1)

It is assumed that 8, > B1 and 81 + B2 = 1 due to the dif-
ferent service requirements of the two devices.> Considering
the power-domain NOMA technique, NOMA users can be dis-
tinguished by dividing the power levels. It is noted that if one
of the NOMA users is far from the BS, its performance can
be enhanced by having a higher transmit power. Such power
allocation scheme applied to the weak and strong users is
designed following the principle of decoding order in NOMA-
aided systems. In particular, the decoding order of paired users
(the weak and strong users) severely relies on their channel
qualities.

To enable BackCom functionality, BD backscatters the
BS1’s signal to D with its own message s, where E[|s|2] =1.
There are two types of signals processed at Dy: direct link sig-
nal from the BS; and the backscatter link signal from the BD.
In particular, the received signals at D; can be given as [32],

[35], [36]
Ph 0/ Pyl
VP Yot v Parg1xa1 + Y it ol

dzl (dv ""dll)8

_ \/I_Jhlk\/EXI+ \/ﬁhlk\//?g)q

3 9
dy, dj,

y1 =

signal intra-cluster interference
(% \/ﬁ Vi l 1

(dv"’dll)8

+ Pa1gixan + xs+o1 (2
——

interference from BS;

where d 0 d,, and dl1 denote the distances from BS| to Dj,
from BS; to BD, and from BD to D, respectively. We also
denote by 9 as the large-scale path-loss factor for all the links.
It is generally considered that backscatter has sum-distance
path loss, while RIS has product-distance path loss [37], [38].
By reconsidering (2), when the superimposed signal contain-
ing x1 and x, transmitted from BS; to user Dp, which also
receives signal from BD and interference from BS», the qual-
ity of received signal at D becomes worse. It is worth noting
that D; wishes only to decode its own signal, x| (the first
component is considered as the expected signal, while x> in
the second component stands for intracluster interference, and
Xg1 in the third component represents as interference from
BS> [36]).

The signal decoding order at each receiver follows the cor-
responding signal power level starting with the signal having
the highest allocated power, i.e., x2, x; and then s (the sig-
nal from the BD, s, has very low power and thus, is typically
received with the lowest power and decoded last) [32], [39].

3In downlink IoT systems, when the BS provides dynamic services to dif-
ferent NOMA devices, it benefits by deploying both NOMA and BackCom
techniques to improve performance at devices. We consider the framework
of a two-user group [20], [21]. We should not examine multiple users in a
cluster since we expect to indicate the maximum advances of RIS-NOMA
BackCom with respect to performance improvement at different IoT devices,
which exhibit less impairment originated by interference from intracluster
devices.
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The first user, D1, starts by decoding x», then x1, and finally
s with the SIC technique. The SINR for decoding x, is given
by
BaPd;, iyl
BiPd, " |hi* + Por v |L 12 + Pailgi|* + No
where g = |0|%(d, +d11)_3.
By assuming that x» can be decoded successfully, it can be

subtracted from y; and then D; decodes its own message X|.
Therefore, by doing this, the SINR is given by

_ BiPd; " |hil?
PoulvilI* + Parlg1l* + No-
Further, assuming x; is perfectly decoded, the BD’s message

s can then be decoded at D;. Given x, the SINR to decode s
at D can be formulated by [32], (391

_ PoilwlPIn?
Pailgi* + No

3)

Vik<2 =

Vik €]

®)

sk

B. Received Signals at D>

Similar to [36], the received signals at D can be written
as (6), shown at the bottom of the page. We denote the dis-
tances from the BS; to the RIS, from the RIS to D;, and
from the BD to D, by d,, drdz, and dlz, respectively [37],
[38]. Similar to the explanation of (2), in (6), the first com-
ponent x> is considered as the expected signal, while xj in
the second component stands for intracluster interference, and
Xg2 in the third component represents as interference from
BS, [36]. By treating other signal components as interference,
D» only decodes its own message xp. To decode signal x;, the
corresponding SINR is formulated by [38]

B BatPd d, ) 0%,
PPy d ) O3 + Ponlvi Pl + Palgal + No.
)
In order to simplify the analysis, ideal passive beamforming
(IPB) with perfect channel estimation (PCE) is assumed at

the RIS [40], and all elements have the same reflection ampli-
tude. We have the phase w; = —arg(gs.rgr.i) [40]. g2 =

Y2k

It is worth pointing out that the normal BackCom NOMA system turns
into a BackCom system if the source BS does not serve D,. In this case,
By is equal to 1, i.e., x = +/Px;. The received signal at D; in the BackCom
system is expressed as (2). In BackCom SR, D first decodes x; then s and
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1617 (dy +di,) ™", due to YL, gonigrid™ = YLy lgskilleri
in the case of perfect CSI. We need to define a new vari-
able Qi 2 Z?& |gs.killgr.il. To further analyze system
performance (outage probability), Qx can be approximated
with an exponential random variable with parameter Qpx ~
Exp(M) [38].

The base station, BS;, will select the best channel to transmit
the signal to user Dp, the BD, and RIS, out of its available
K antennas. For the best link from BS; to Di, BS; to BD,
and BS] to RIS, the best antenna of BS| can be selected by
the following criterion k* = arg max (Xx) [41], where X} €

k=1,....K
el (el @3y 22 i),

In the following section, we will analyze the outage proba-
bility as the main system performance metric to better under-
stand the BackCom RIS-NOMA system. The performance of
the conventional BackCom NOMA without RIS was reported
in [42] and thus, we will not recall it here.

III. OUTAGE PERFORMANCE ANALYSIS

As an important system performance metric, the outage
probability needs to be evaluated when the target rates of
the users are determined by their required QoS. We will
study the outage probability performance under three scenarios
including the BackCom RIS-NOMA and the (two) benchmark
BackCom systems described in the next section.

A. Outage Probability of D,

With regard to the NOMA protocol, if D; fails to decode
X1, it means that this event as an outage event. We assume to
conduct perfect SIC in this case. To successfully decode xi,
two conditions need to be met: 1) D can decode xp success-
fully and 2) D; can decode its own information x| successfully.
Then, the outage probability at D can be written as [32], [35]

OP1 =1 — Pr(yiks <2 = Yih2, Y1k* = Vihl) ®)
A

where yp, = 28 — 1.
Proposition 1: The closed-form expression for the outage
probability at Dy is given by
L e P1X
ZZ(”)(b) aQ21Pa1pg1 + @1

the corresponding SINR and SNR are given by (4) and (5) with x; = 1, a=1 b=1
respectively. Further, if BD does not exist, the conventional downlink NOMA Yi— a2 No .
system could be considered. X e ¢1 Ei(—x1) ©
gy kg™ Ovilp
)’2=Z ’ - ’3 x+ axs+\/Pd282Xd2+Uz
i=1 4/ dsrdrd2 (dv + dlz)
M i M i
fgs,kigr,ie] ! tgs,kigr,ie] ! Ovily
= Z T\/P,Bzm + Z T\/P,lel + Pargoxa + =8 + 0. (6)
) N _f—/
=y dsrdrdz =1 dsrdrdz (dv + dlz)

interference from BS;

signal

intra-cluster interference

Authorized licensed use limited to: Rochester Institute of Technology. Downloaded on July 23,2024 at 15:16:52 UTC from IEEE Xplore. Restrictions apply.



NGUYEN et al..: ENHANCING NOMA BACKSCATTER IoT COMMUNICATIONS WITH RIS

where Q1 = max((ana/[(B2 — v BOPA, D), (vim /

[B1Pd, ")) and x1 = (bg1/[aQ1Pp19up11)).
Proof: The details are given in Appendix A. |

B. Outage Probability of BD

By assuming perfectly decoding x» and x;, the BD’s mes-
sage can be successfully decoded properly. Thus, the outage
probability of BD is given by [32], [35]

OPpp =1 — Pr(y1ix <2 = v, Y1kx = Yinl» Vsk* = Vinb)
®

(10)

where yip = P
Proposition 2: The exact expression of the outage proba-
bility at device BD is given by

K K
OPgp =1-3 > (&) () (=D""
a=1b=1

by _ x2vupNo _ a1 Ng
X e Pp) 1

0e.1x3(aQ P19y 1 + byr)

(1)

where xo = ([aQ1Pp1l/¢1) + (b/levpr1]) and x3 =
(DeeympParl/Per1) + ([aQ1Parl/e1) + (1/¢@g,1).
Proof: The details are given in Appendix B. |

C. Imperfect SIC Case for Dy

Considering imperfect SIC circumstance, the SINR of D;
is formulated by [43]

BiPd; " |

Yik*ip = 5
+ Pp1 v 1111 1> + Parlg1|* + No

12)

PaPd;,? |

where |Z1k|2 ~ CN(0, k1¢jp), the level of residual interference
associated with SIC imperfection at Dy is denoted by ki with
0 < k1 <1 [43]. It is noted that k; =0 and k; =1 represent
perfect SIC and no SIC, respectively.

The outage probability of D; corresponding imperfect SIC
case is expressed by

OPyjp = 1 —Pr(yue <2 = vin2, Yierip = vin1).  (13)

Proposition 3: The closed-form expression for the out-
age probability at D; for imperfect SIC can be obtained
as (14)[, shown at the bottom of the page, X4 =
([cprdy, o1l laym o191 D), x5 = ([(B2 — ym2Bbd,, ' 011/
laymeprov@r 1D, ur = ([yin1B21/[vim2 + vin1 vin2D), and up =
(B2/vin2)-
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Remark 1: From result in (14), the outage behavior can
be determined by several parameters, such as the number of
transmit antennas, K, the transmit SNR at the BS, and power
allocation factors following NOMA f, B> and target rates
Ythl> Yih2- However, the transmit SNR at the BS still plays an
important role to provide good performance at users.

D. Outage Probability of D,

According to the NOMA protocol, the outage events of
D> occur when D cannot decode message x> successfully.
Different from the performance of user Dj, user D, can
achieve significant improvement by enabling the RIS. The
outage probability of D is expressed as [32], [35]

OP; =1 — Pr(ya+ = vn2) - (15)
—

v

Proposition 4: The closed-form expression for the outage
probability at D; is given by

K K
OPy =1+ % (5)(5) (=D

a=1b=1
X6(B2 — v B1)TPMd; d. )

X - B

aym2Par¢g2 + (B2 — ym2 1)t PMds_rdd,_dZ

avth2No .

) e —— p—-
(B2=vinpP1)TPMdy,"d, ) Ei(—x6)

([(B2 — ym2B1)bT

X e (16)
where o = 282 — 1 and x¢ =
MdZd- 1/ laymaerevpr2)).
Proof: Based on (15), ¥ can achieve the result as shown
in (17), at the bottom of the next page.
By referring to [33, eq. (3.352.4)] and applying some poly-
nomial expansion manipulations, W is further computed by

v ==Y

a=1 b=1
x6(B2 — Vchﬁl)TPMds_radr_di
X -
aymaPanwg 2 + (B2 — Vthzﬁl)tPMd;Bd;[g

avhaNo

X6~ —9 -0
— PMdy0d .
xe  (PrrmPOTPMiyd Ei(—xs).

(18)
By substituting (18) into (15), we can obtain (16).
The proof is completed. |
Remark 2: From result in (16), the outage behavior depends
on many parameters as mentioned in the previous remark, but
the number of reflecting elements in RIS still contributes to

Proof: The details are given in Appendix C. B performance improvement at the users.
a%h1No
K K K pd-? —
K\ (K\(K\(_ 1\a+b+c—3 bBi¢g:1 PrPd, [ ¢1x4 BiPdy o1 e

I+ Z Z Z (“)(b)(c)( D ay1 Pak19ip+bBIO1 ayy Pa1 gy 1+B1Pd; o1 P Ei(=xa), 0 < i <

a=1b=1c=1 i Pg, n @
OPl,lp = ayiaNo (14)

K K (B2—vieB)d; " Poi s T By B1)d 2Py

1+ % ()G D : P Bi(—xs), 1 < B < un.

a
Il
—_
S8
Il
_

aym2Pa1¢g1+(B2—vin2 b1 )d;laPW
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E. Extended Case of RIS With Random Phase Shift

We consider the RIS relying on random phase shift with
wi’s in ' = diag(é®, ..., ™) are uniformly and ran-
domly distributed in w; € [—m, ], where w; are the
phase shifts induced by the RIS. Then, we refer to re-
evaluate the performance of user D;. Assume the channel
between source and RIS is ggx ~ CN(O, ¢sIp); between
RIS and D is g,; ~ CN(O, ¢rq,Im), Where ¢g and ¢,
are large-scale-fading coefficients [44], [45]. The large-scale-
fading coefficients [dB] are modeled, similar to [46], by
¢w(dB) = Gy + G + 100logo(dy/1m) — 30 + %,,, where
w = {sr,rd>}; Gy and G, are the antenna gain at the
transmitter and receiver, respectively; the shadow fading is

w [44]. If the source is transmitting an information symbol
E[|xn|2] = 1 and assuming first-order reflection from RIS only,
the received complex base-band signal at D, is formulated
by [36], [44]

H _H
T8 ki8r.i Ovyxl

Yo = sk B”Fx e =% + VPagrxar + o2
Y, df?rdrdz (dv + dlz)

H H
gv k*lgr z

Y, vr rdz

intra-cluster interference

PBixy

Ovixly

,/ (dy +d12

szgzxdz XS + 0o

1nterference from BS»
(19)
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By treating the other signal components as interference, D,
only decodes its own message xp. To decode signal x», the
SINR is formulated by

BatPd d, ) 72,

V2, krr = —r—
Bi Tderad,dzz,f* + Ppalvie 211 + Pazlgal* + No
(20)
where Zpx = gfk*igfi, as M — oo it holds that Z; ~

CN(O, Mos¢rd,) [45].
Similar to (15), the outage probability of D, is expressed
as [44]

OPy, =1—Pr(y2er = vin2) - (2D

N— ——
Wy
By relying on (21), we have (22), shown at the bottom of
the next page.
We continue to leverage results from [33, eq. (3.352.4)]
and apply some polynomial expansion manipulations, W5 , is
further computed by

b =YY

a=1 b=1
Xx1(B2 — vina B TP d ) Msrpray

aym2Par@g2 + (B2 — ym2 )T Pdfrad;diM PsrPrd,

( 1)(1+b 2

X

_ f%hzla\’o .
(B2 =vinP1) TPy d, g, Mysrerdy o (—x7)

(23)

X e

where x7 = ([(B2 — w2 B1bTdy d. ) Mo pra,)/laymergy

@12]).

¥ = Pr(yu > y2)

P lvis 21| + P, 2+N
:Pr(Q%k* . yin2 (Po2lvie 112 d2182] 0)

(/32 - ych,Bl)Tder rdz

yin2 (Poxy + Paxz + No)
/ / / <1 e ( (B2 — yunP)TPdy d;,) ))fl (Vi O g, (D) ebxdydz

Z ( 1)a+b 2

a=1 :1

OvP12Pg,2

avth2Panz

_ ampPpr g
(b vinpB1)TPMdy 0D vy Y8.2

X e e 72 dxdydz

b e  (Br-vunp)PMd d )

AYth2 2%

ayihoNo _bx
(B Vchﬂl)TMdArdd ‘) o

—d
rdy

A

K K oM o [ owPer 1 ).
_ K\ (K a+b—2 b (B~ VchﬂI)TPMdrrad dd (B2~ Vthﬂl)fPMdrrdd dd Ye.2
D MAIGIEIR e e >
=1 b1 PvP12Pg,2 0
aYth282Y b
00 poo — —73734‘?)" _
% / / e <(/32’Vth2/31)7Md5’ bay ) o 912 dxdy
0 0
avihaNo

(@) ()=

M=
M=

(B2 — v P1)TPMd; d, )

 (Brvh1) TPy d ,d

1

S
I

)
Il

(B2 — v BObTMdS"d, )

‘pl,Z(thhZPdZ(Pg,Z + (B2 — vm2B1)T PMds_rad;l'Z>

oo
X/
0

aym20vy + (B2 — yan fbTMA;, d, )

oy
e “2dy. a7
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From (23) into (21), the closed-form expression for the
outage probability at D, using random phase shift is given by

0P2,_1+ZZ

a=1 b=1
x1(B2 — v B1)TPAL d ) M pra,

( 1)a+b 2

X
S
aym2Pa2¢g2 + (B2 — v B TPy " d, ) M@sr@ra,
_ “Vth{;/O .
(B2=rvinpP1)TPdys"d, o Msropa, Ei(—x7).

X e

(24)

FE. Asymptotic Analysis

According to the analytical results in (14) and (16), we fur-
ther explore the asymptotic expressions and the diversity order
in the high SNR regime.

Corollary 1: The asymptotic expression for outage proba-
bility at D; are given as when the transmitted power P/Ny
goes to infinity.

1) With perfect SIC

0P°°_1+ZZ

a=1 b=1

) (=D 2y e TR (— 1)
(25)

where Q= max((ywa/[(B - yn2B0d; 1), (v
JLB1d; D) and x(° = (be1 /a2 p19401,1D).
2) With 1mperfect SIC, OP‘f?ip is expressed as (26), shown
at the bottom of the page.
Proof: See Appendix D. |
Corollary 2: By looking at (11), when P/Ny — o0,
the asymptotic expression for outage probability at BD for
BackCom RIS-NOMA in the high SNR region is given by

OPBD_l—ZZ

a=1 b=1

( 1)a+b 2
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aQSPN,

X ben e Xz%t;l)lfNU T ’

GQOO(OWWJZ 1 + bey
=1 Z Z ( 1)a+b 2
a=1 b=1
b

D1 @7)

X
aQ°p19,011 + b

where  ([(x2yimp[Pa1/Nol)/([P/Nolp)] + ([af27°(Pa1/No)]
/IP/No)e1])  +  (1/¢g1)) - (1/@g,1),  and
e~ x2ympNol/Pe1) —([aQ°Nol/Pe1) _y
Corollary 3: In case of P/Ny — 00, the asymptotic expres-
sion for outage probability at D, in the high SNR region is
given by the following.
1) Without random phase shift

_1+ZZ

a=1 b=1

K) (=102 x6e X Ei(— x6).

(28)
2) With random phase shift

OPS, =1+ ZZ 5) (=D xa e Ei(— ).
a=1 b=1
(29)
Proof: See Appendix E. |

Remark 3: In principle, the asymptotic expressions showing
outage behavior can be used to explore the diversity order,
which is considered as a crucial performance metric to evaluate
how fast the outage probability decreases with high transmit
SNR. Conventionally, the diversity order presented in the next
section refers to an asymptotic quantity when the transmit SNR
goes to infinity.

G. Diversity Order

To look at insights of such outage behavior, we need to
know the diversity order. Once can define the diversity order as

X
Pd1 oo Pd1
i T . logoOP*>®
%1( Tor T e T go) daiy = — lim — - —— (30)
Wy, = Pr(y240r > vin2)
(PoalvieP|I* + P, 24N
N yin2 (Pgalvie 1 |La | d2182] 0)
(B2 — v B1)TPd5d ,d2
K K —3 g—0 _ avnaNo
_ Z Z ( 1)”+b 2 (132 - Vthz,Bl)TPdsr drdzM(/)sr(prdz e (ﬁz—ythzﬂl)TPd;ad;diMwsrw,dz
a=1b=1 wl,z(ththd2¢g,2 + (B2 — v BT Pds_rad;le %r(/?rdz)
o0 (B2 — Y BT d ) M@y o
* / : v —a Sr_ar : e “2dy. (22)
0 aymgey + (B2 — ym2f1)brdsy"d, g M@y @ra,
0P 4301 Yot Yemt (5)(5)(5)(*1)”“[:73%,Oqﬁﬂn 26
Lip = K K ) B (=D P2 x5t Ei(—xs),u1 <1 <. (26)
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where p stands for the SNR of the source, and OP* is
the value of outage probability that we are considering. It
is worth noting that we have lim,_oc e~ /" >~ 1 — (x/p),
then each user experiences zero diversity order problem in
the considered system, which leads to saturation of outage
behavior owing to the existence of other parameters rather
than SNR.

Remark 4: From the diversity order result, we can see that
when the transmit SNR at the source (BS) goes to infinity,
the curves of outage probability tend to become a constant.
It can be explained that the corresponding SINRs to detect
the signals at the users increase to provide better outage
behavior, but this still depends on other main factors, for
example, noise and interference levels. It means that the con-
sidered systems experience the limitation at high SNR of
the BS regardless of advanced techniques applied to such
system.

H. System Throughput Analysis

In this section, we derive and evaluate the throughput of
the considered system. The system throughput can be defined
as the total information being successfully transmitted and
decoded with a constant data rate per unit time. Relying on
the achievable outage probabilities obtained in (9), (11), (14),
and (16), the system throughput can be expressed in the
delay-limited transmission mode as

TPs = (1 — OP;)R; + (1 — OP)Ry + (1 — OPpp)R;  (31)

where T € (1; 1, ip).

IV. ERGODIC CAPACITY ANALYSIS

The ergodic capacity is another important performance
metric when the rates of users are determined by their
channel conditions [3]. Hence, in this section, we ana-
lyze the ergodic rates for all relevant transmissions in
the considered system to complete the analysis of the
system performance, which would provide important design
guidelines.

A. Ergodic Capacity of D,

In this section, we provide the ergodic capacity of Dj. On
the condition that D; detects x; perfectly, the ergodic capacity
of D is given by

Rp, = E(10g2(1 + ylk*))

[ e

= 32
In2 1+1 32)

Fy,,+ (D) is calculated similarly to (57), when F), . (I) is given
by

K K
Fro @ =1+3"%"(¥)

a=1 b=1

BiPd; " g1

( 1)a+b 2
alPai19g.1 + B1Pd; g

I 10

% IieT ﬁlpd;, ‘PIE Il
l n

where Iy = ([bB1d, 11/ lapi1¢vpr 1)

(33)
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From (33) into (32), Rp, can be rewritten as

1 +oo K K
R — 1a+b 2
Pr= 2 ), 2; »IED
—8 L alN
—IlﬁlPdhlqﬁﬂl 1 ﬂlpdﬂwl
X . " El l dl.
HalPargg1 + BiPd, 01 ) (1 + 1)

(34)

From (34), it is difficult to obtain an accurate closed-form
expression for Rp,, and thus we assume the case where Q is
large. Then, we have

]a+b 2
fo, an/ 2; »)D
—3 [77 alN
—Lip1Pd, "1 F vy,
X . M Ei l dl.
W(alPargg1 + PrPd; o1 ) (1 +1)

(35)

Applying the Gaussian—Chebyshev quadrature [33], Rp, is
given by

a=1 b=1 n:l

—bQm p1B1 P, prd; 1

( 1)a+b 2
Nag1pypr,1 In2

J1-7

01+ ) (M1aPargg. + BiPd, 91 ) (1 + A)

(Qr,+Q)uNO
26, Pdhl o1

X

Ar—
X e 36)

where Ay = ([0t +Q1/2), A2 = [2Li//(Qti+ Q)] ti =
cos[((2n — 1)m)/2N], N is an accuracy—complexity tradeoff
parameter.

Ei(—Az)

B. Ergodic Capacity of BD
The rate of BD can be written as
Rgp = E(log, (1 + yg))
L[t 1= Fy ()
" In2 1+1

Fy .« (1) can be calculated as

I(Pa11g11* + No
Fppw) =1=Pr(np]? = (—2)
Popill]

—1‘/ /{ Fe? [u“

Ppry
X figi 12 @y, p (V) dxdy

dl. (37)

K
=1-> (@)D /oo et
i 0 w1(alPaigg1 + Poigyy)
alN y
« [ngvfmdy. (38)

Similar to (35), when Q is a large value and applying the
Gaussian—Chebyshev quadrature, we have

K N 20
Frge ()~ 1~ ZZ (5)(_1)‘1_] 2N¢11

a=1 n=1
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1 — 2Pp1¢y(Qti + Q)
X
2alPg194,1 + P19y (01 + Q)

_ 2(IINO _Qti+Q
e Porw(0i+0) 2011 |

(39)
From (39) into (37), we have
K 1-#x +o00
o A
a=1n=1 2Ng;1In2 Jo 141
2aiNg 01i+0

P19y (0t + Q)
2alPg194,1 + P19y (01 + Q)

e Porov(Qit0) 201 .

(40)

It is difficult to obtain a closed-form expression for (40).

Thus, we again use the approximation in (35) and
obtain
K N J1-270 o
R ~ K —1 a—1 ! /
BD ;;(“)( ) 2Ng 2 Jo 1+1
Pp1oy(Qti+ Q) el bt

e Porev(Qi+0) 2011 (]

2alP 41941 + P19y (01 + Q)
41

Applying the Gaussian—Chebyshev quadrature [33], Rpp is
given by

u N J1=w?/1—=2rm00
Rep ~ ZZ Z (f)(—l)a_l w T

2UN¢;11n2

P19y (Q1i + Q)

B 2+ Ow; + Q)[(Qwi + Q)aPaig,.1 + Pp19y(Qti + O)]

_aNg(Qwi+0)  04+0
X e Po1ev(Qi+0) 2011

a=1 u=1 n=1

(42)

where w; = cos[((2u — 1)m)/2U], U is an accuracy—
complexity tradeoff parameter.

C. Ergodic Capacity of D\ With Imperfect SIC

The ergodic capacity of D; with imperfect SIC can be
written as

Rp,.ip = E(logy (1 + y1x,ip))
_ Ll Fr, @
" In2 Jo 1+1

Similar to (64), shown at the bottom of p. 16, Fylk*,ip () is
given by

K K K
Fries® = 1= 333 () ) ()

a=1 b=1 c=1
—bepi B1B1Pd, d; P o191
alprpver, 1 (alBakigip + b/)’l(pl)(alpdl g1+ /31Pdh_18<ﬂ1>

. —d
b1 d/x] 41 alNy

_ —a
o eal&’[‘ﬂvwi_l 51Pd];18¢| Eil - Cﬂldhl @1
alp1pver

dl. (43)

X

(44)

Using (44) into (43), it is difficult to obtain an accurate
closed-form expression for the ergodic capacity of D; with
imperfect SIC, and thus, for Q is a large number, Rp, ;p is
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approximated by

2N EEE e

/Q —bcp1 B1BiPd, di, o111
X
0 alpipyeri (alBakipyp + bﬂlf/)l)(alpdl‘/’g,l + ,BlPd,j]i’(pl)(l +1

P
hrdy o1 alNg

M —a
Aprovol P ) cBid; ‘o1
e Ayl g (- T T ) gy

(45)
alprover i

Applying the Gaussian—Chebyshev quadrature [33], we can
obtain Rp, ;, as

vl[;v . . i
~2.2. 0 2 @EE e
a=1b=lc=1 n

—Qmbepi pipiPd, " d, pro101
X
2N1n2

J1=7

X
Araprovpri (AraBaki gy +b/31f/)1)(A1an1¢g,1 + B1P h_law)(l + A1)

—d
rdy o1

Ryapiovery 1;711“:\50 d;?

e BT Ei(—icﬁ] 1 > (46)

Arap1evgr

D. Ergodic Capacity of D>
The rate of D, can be written as
Rp, = E(logy(1 + y))
1 o1 —-F, . (

Ad!. (47)

T2/, 1+1

Fy, (D) is calculated similarly to (17), when F, . () is
given by

K K
1
Frae ) =1=23_3 (@G0
—1 b= @12
a=1 b=1
(B2 — B TPMd, ;)
X F
alPngg) + (B2 — 1B1)TPMd; d, )
y /oo (B2 — IB1)bTMAd )
0 alprpyy + (Ba — IBbTMdL d) )

alNy y
B (By=1py)TPMd5 - 12 dy

(48)

From (48), we find it is difficult to obtain an accurate closed-
form expression for F,, . (/) and thus we assume that when
Q is a large number and applying the Gaussian—Chebyshev

quadrature [33], we have
K N J1 =170
Frpw®~1=3"%"% (§) (f)(—l)aer_ZTllz

a=1 b=1 n=1
(B> — 1B1)TPMd d,
" WP pggn + (B — IBTPMA A,
(B2 — IBy)bMd 0 d,]
" dlpren(Qn + Q) + 2(B2 — IBDbTMd,d ]
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alNg oL +0
- -0 —0 2
(B2—1B1) T PMd, drdz 41,2

x e (49)

From (49) into (47), Rp, can given by

N 12

K\ (KY/_ 1\a+b—2 i
(a)(b)( 1Y) In2

K
R~ )Y

a=1b=1 n=1

—9 7—0
N /‘132/51 n’Q (ﬂz - lﬁl)TPder drdz _ i
o (L+DN@i2 alPpges + (B2 — IB1)TPMd5 d7y)

(B2 — Ip)bTMdy d,

X
alprey(Q1; + Q) +2(B2 — IBbTMdy"d, )

alNg _ 040

T o o —0 —0 2
(B—1By ) tPMdg, drd(z 1,2

dl. (50)
Applying the Gaussian—Chebyshev quadrature [33], we have

Rp,

=ZZZE(§)(E)H)””‘2

J1 —wl-z,/l - t?rrnQﬁz
X

(1 4+ A3)2B1UN@12In2 AsaPapgq o + (B2 — A351)zPMd;3d;d§

(B2 — A3pr)TPMd; d, )

(B2 — AspbrMdld; )

X 7
Asaprpu(Qti + Q) +2(B2 — AsprbrMdy"d; )

_ AzaNg _06+0
A erma—d 2
(Ba=A3pr)TPMds dyy, 912

X e

(51
where Az = ([fawi + B21/2B1).
E. Ergodic Capacity of Dy With Random Phase Shift

Similar to (47), the ergodic capacity of D, with random
phase shift is given by

R = 333 E)E) -1

(14 A3)2B81UN¢;»1n2
(B2 — A3B)TPM@ypraydyd)
X NsaParggr + (Br — MaBOTPMpyprandy d ]
(B2 — A3ﬁ1)bTM<Psr<Prd2d§3d;.g
" Nsaprpn(Qn £ O) + 2B2 — AsPbtMpyprardy d ]

- AzaNg _o+0
—3 7 2
(Ba=A3P ) PMesroray sy 012

X e

(52)

V. COMPARISON BETWEEN THEORETICAL AND
NUMERICAL RESULTS

In this section, numerical results are presented to evalu-
ate the considered BackCom NOMA-RIS system. The main
parameters can be mentioned in Table III, except for specific
cases. In what follows, we provide the outage probability,
throughput, and ergodic capacity performance and present how
BackCom NOMA-RIS outperforms the benchmark systems.
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TABLE III

MAIN PARAMETERS FOR OUR SIMULATIONS

Parameters Notation Values
Power coefficients {81, B2} {0.3,0.7}
Target rate for 1 and x2 Ri1 = Ro 1 (BPCU)
The target rate for BD Rs 0.1 (BPCU)
A complex reflection coef- 0 0.5
ficient
The RIS attenuation factor T 0.4
The level of residual inter- k1 0.8
ference associated with SIC
Transmit SNR {P/No, Pg1/No,| {50(dB),30(dB),
Pa2/ No} 10(dB)}
Average powers {4p1 =2 = {1,0.01}
1,2 =
Pv = Pip,
Pg,1 = ¥g,2}
Number of reflecting ele- M 1000
ments
Number of transmission an- K 3
tennas
A large number Q 1000
Accuracy-complexity trade- N, U 200
off parameter
The path loss 7] 1.5
The distances from BS to dh1 7 (m)
D1
The distances from BS to d, 5 (m)
BD
The distances from BD to cll1 5 (m)
Dy
The distances from BD to d12 5 (m)
Do
The distances from BS to dg, 20 (m)
RIS
The distances from RIS to d,. ds 10 (m)
Do
The antenna gain at the Gir 1.5 (dBi) [44]
transmitter
The antenna gain at the re- Gre 1 (dBi) [44]
ceiver
The shadow fading Aw 0 [44]

A. Impacts of BD to Outage Performance

Fig. 2 illustrates the outage probabilities of User Dj, User
D>, and BD in the BackCom NOMA-RIS system and the
BackCom SR system [32]. To confirm how exactly our find-
ings are, the curves obtained from the analytical derivations are
then matched with Monte Carlo simulations runs (averaging
over 10° times) thoroughly. By increasing the transmit average
SNR at the BS, the outage probabilities can be reduced signifi-
cantly. The outage performance of user D, is recognized as the
best one among considered cases since more power assigned
to Dy. The impact of imperfect SIC to user D can be seen
clearly at the high SNR region. In addition, the asymptotic
outage performance is exactly the same as the exact results at
the high SNR regime which is consistent with theoretical anal-
ysis. The outage performance can be improved by adjusting 6
to 0.3. We confirmed the saturation of such outage behavior
as diversity order that was found in (30).

Fig. 3 demonstrates the effect of NOMA power allocation
coefficients 81 on the outage performance. Fortunately, we can
find the optimal outage performance of user D; with perfect
SIC since B1 = 0.3 corresponds to the lowest value of outage
probability. Similarly, the optimal point of user BD’s outage

Authorized licensed use limited to: Rochester Institute of Technology. Downloaded on July 23,2024 at 15:16:52 UTC from IEEE Xplore. Restrictions apply.



NGUYEN et al..: ENHANCING NOMA BACKSCATTER IoT COMMUNICATIONS WITH RIS

o
o
T

o
o
T

o
IS
T

Outage probability

o
w
T

o
N
T

o
T

S}
&
5
o
n
S

25 30 35 40 45 50
P/N, (dB)

+eeees Asymptotic

% D, sim.

% D)-SR sim.
Dy (imperfect SIC) sim.

D> D, sim.

O BD sim.

+ BD-SRsim.

Fig. 2. Outage probability versus the transmit SNR P/Nj at the source as
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Fig. 3. Outage probability versus power allocation parameter S1 for
BackCom NOMA-RIS system in comparison with BackCom SR system [32].

probability can be reported. When §; varies from O to 0.5, user
D1’s outage probability with perfect SIC will improve, while
user D»’s outage probability will worsen. It can be explained
that outage probabilities [e.g., (15)] depend on SINRs, while
SINRs mostly rely on power allocation coefficients. It can be
concluded that by adjusting the power allocation coefficients
for the weak and strong users, the BS can make significantly
influence the performance of such IoT user pair.

Fig. 4 illustrates how the outage performance varies under
the adjustment of reflection parameter 6. In the BackCom
NOMA-RIS system, the outage probabilities of two IoT
devices become worse as 6 increases. The main reason is that
when 6 increases, and the backscatter link leads to higher
interference to the system, thereby leading to poor outage
behavior. It is noted that the outage performance becomes
worse when 6 increases. Such situations are the same for both
BackCom NOMA-RIS and BackCom SR systems. It can be
explained that when 6 is large, user D1, D, find difficulty in
decoding their signals.

Similarly, the outage probabilities for cases of user Dj
depend on the level of imperfect SIC, shown in Fig. 5. The
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trends of other performance curves are the similar as the
analysis in the previous simulation.

In Fig. 6, we can see the impact of interference from coor-
dinated BS to the system performance of the user under the
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coverage of the main BS. The higher values of Pyi/Ny =
Pjr /Ny lead to worse performance. This can be explained by
the fact that more interference from nearby BS results in lower
SINRs and then the outage probability becomes worse.

Similarly, in Fig. 7, it is intuitively seen that the outage
probabilities for cases of all users depend on SINRs, while
such SINRs are further decided by the corresponding target
rates. Therefore, by adjusting target rates, we can achieve dif-
ferences in performance analyses for BackCom NOMA-RIS
and BackCom SR systems. The other performance curves are
the same as the previous figures.

B. Impacts of RIS and NOMA to Outage Performance

If the RIS has a higher number of metasurface elements M,
we need to examine how M affects the outage performance.
As shown in Fig. 8, the higher M leads to the better outage
probabilities for user D,. Especially at high SNR, it shows
that the outage probabilities are very low. The reason is that
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Fig. 10. Comparison of system throughput.

RIS intelligently varies its phases to maximize SINRs, then
the better outage probability can be achieved. More impor-
tantly, by enabling the RIS, D, significantly outperforms Dy,
which confirms the benefit of deploying the RIS. The other
performance curves can be similarly explained as the previous
figures.

In Fig. 9, we compare the outage performance of BackCom
NOMA-RIS with the counterparts, including both BackCom
SR system [32] and BackCom OMA-RIS. It can be seen
that user D, at BackCom NOMA-RIS with random phase
shift shows its superiority compared with the two remaining
systems. From this observation, the advances of RIS are firmly
determined.

Fig. 10 depicts the throughput performance of BackCom
NOMA-RIS which is determined as the highest one when
the average SNR at BS is greater than 35 dB. The main rea-
son is that throughput depends on outage probability which is
indicated as smaller at the high SNR region. It can be intu-
itively seen that BackCom NOMA-RIS improves about 80%
compared with the benchmark (BackCom OMA-RIS).
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C. Impacts of TAS Scheme to Ergodic Capacity Performance

Fig. 11 demonstrates the ergodic capacity of two users in
many considerations in terms of imperfect SIC and perfect
SIC. At first look, it is shown that the ergodic capacity of
the BackCom NOMA-RIS with more antennas at the BS
(K = 5) is always larger than that of the single antenna
BackCom NOMA-RIS (K = 1) and the capacity gap gradu-
ally narrows with the improvement of the channel conditions.
This means that under the setting of antennas at the BS,
the ergodic capacity can be improved significantly. Similarly,
ergodic capacity in BackCom NOMA-RIS outperforms than
benchmark (BackCom OMA-RIS), shown in Fig. 12.

VI. CONCLUSION

This article has analyzed the outage performance of a
BackCom NOMA-RIS with two benchmark systems, i.e.,
BackCom SR system [32] and BackCom NOMA-RIS system,
to highlight advances of backscatter, RIS, and NOMA tech-
niques. In a two-user scenario, considering the downlink of an
IoT system from the multiple antennas BS to users, each user
can maximize its benefits, i.e., the cell-edge IoT device bene-
fits from both RIS and the BD, while the cell-center IoT device
only needs the help of the BD to remain its performance.
We found closed-form expressions of the outage probabili-
ties, and approximate closed-form expressions of the ergodic
capacity to characterize the performance of each IoT device
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in a considered cluster. We indicated that the outage probabil-
ities and ergodic capacity can be adjusted by varying the main
parameters, such as the number of antennas at the BS, power
allocation factors, and target rates. Numerical results provided
detailed comparisons along with explicit explanations to val-
idate our analysis. The main finding is also confirmed that
a higher metasurface designed at the RIS and more antennas
equipped at the BS can improve the performance of the IoT
devices significantly.

APPENDIX A
PROOF OF PROPOSITION 1

It is noted that channels follow the Rayle1gh dlstribution and

their PDF and CDF of Xg+ € {12, [hee] Q2. Z2, Ivie] )
can be written as
K __ax_
Fyp () =1=3 (§)=D*"e ™ (53)
a=1
K a -
fxe (X) = Z(f)(—l)“‘lae P (54)
a=1 1

The CDF and PDF of Y € {|1;|%, |2|%, |g11% |g2]?} can be
written as

Fy(x) = 1 — e_ﬁ
fr(x) =

(55)
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From (8), A is given by

- yn2 (Por1vie 121112 + Pailgi 1 + No)

N (B2 — v B1) P,

vt (Po1 v P11 12 + Pd1|g1 2 + No)
Bi1Pd,, )

= Pr<|h1k* > QI(P@1|Vk*| |11|2 + Pailgi)? +No))

f//{l Loy + Paz+ Vo))

X Spvge 2y O, |2(Z)dxdydz (57)

A= Pr<|h1k*|2

25
[ |
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can be calculated as
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Based on [33, eq. (3.352.4)] and applying some polynomial
expansion manipulations, A is given by

—Q1X1
A ( 1)a+b 2
;; a21Py1¢g.1 + @1
_anN
x 7 el Ei(—x1) (59)

where x1 = (bg1/[a21Pp19ve11]).
Substituting (59) into (8), we can obtain (9).
The proof is completed.

APPENDIX B
PROOF OF PROPOSITION 2

From (10), ® can be calculated as
BaPd, |y |2
—3 2 21712 2
B1Pd, " |hik |~ + Ppilvies "I |7 + Parlgi1]= + No
PP, iy
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2 Yth2,

Poi v 21 2

2 Vthl 3
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We assume L = |w+|?|[j]> with parameter L ~
Exp(¢y@r1) [32]. Then, © is given by

/ //’hb (P41y+No)

X {1 - Flhlk*|2[Ql(Pplx+ Pary +No)]}
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XK: by
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K K b
_ ZZ Ky (—1yeth=2 #1
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X e Po ¢1 61)
where yo = ([aQ1Pp1]l/o1) + (O/levpr1]) and x3 =

(D2vimpParl/Peo1) + ([a21Pa1l/¢1) + (1/@g,1).
Substituting (61) into (10), we can obtain (11).
The proof is completed.

APPENDIX C
PROOF OF PROPOSITION 3

From (13), OPq j, is given as (62), shown at the bottom of
the page.

In the following, we calculate OPy j, in two cases.

Case I: B0§h~0 < B1 < (B2/ym2) 2 uy and we
assume BoPd, *[hu=|? + Pprlve P> + Pailgi> + No ~
Pp1|vies12|111? + Pa1lg11? + No. Hence, we focus on the anal-
ysis for high SNR regime and adopt the following upper
bounds (vt /[B1Pdy," 1) > (vwa/[Pdy” (B2 = yiaP1)]). This

is equivalent t0 0 < B < ([yn1 B21/[yin2 + vini ven2]) = ui.

Case II: Both 0 < B1 < up and (ythl/[,BlPd;la]) <
Y2/ [Pd;l3 (B2 — ym2B1)]) hold. This is equivalent to u; <
B1 < uz. Then, OP j, is given as shown in (63) at the bottom
of the next page.

From (63), Z; is given as (64), shown at the bottom of the
next page.

Based on [33, eq. (3.352.4)] and applying some polynomial
expansion manipulations, Z; is given by
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where x4 = ([C,Bldh_lafﬂl]/[Cl)/tm@l(/)v(/)z,1])~

From (63), Z; is given as (66), shown at the bottom of the
page.

Based on [33, eq. (3.352.4)] and applying some polynomial
expansion manipulations, Z, is given by
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APPENDIX D
PROOF OF COROLLARY 1

By relying on (9), at high SNRs regime, the asymptotic
expression for outage probability for D with perfect SIC case
is expressed by

K
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1—Pr(|h1k»«|2 > T (8P e + Pr v Pl P + Parlga P +No)),o <P <u
1 111
OPy p = y (63)
h2
t=Pr{ e = ——2 (Porlvie Pl + Parlar P+ No ) | < B < .
Pdy, " (B2 — yn2B1)
Z
Loy 2
, Vi (ﬂZPdhla|h1k* + Poilves PIL 17 + Parlgi I* + No)
Zy = Pr| |hy|” = 3
piPd,
%0 oo o0 0O Vthl(lg2Pdh_lax+P@lYZ-f-Pdlt'f‘NO)
= F ~ t)dxdydzdt
/0 /0 /o /o e BiPd;T P igen P O oo p OV iy p @, p (D dxdlydz
K K K — i “
S EEE s [ Ry,
i k1@ipov@r, 19,1 0
_ [ ariPar 1 WhILIZ
y /ooe (ﬂlpdh o1 ¢g1> f / (ﬁldh «ﬂv)ye—wf,ldydz
0
K K K —d — o
b B1Pd, "¢ —3
B BT e o

o1 (aymi Boki@ip + bB191) aymiPaigg1 + ﬁlPd;,a%

a=1 b=1 c=1
—d
00 cpid, o1 _z
X / ' ——e “ldz. (64)
0 aymerevz+chid, o1
Po1 i 2|11 1% + Parlg11? + N
7> = Pr e ? = vz (Po1 v 12111 d_ll)gll 0)
(B2 — vi2B1)d,, P
K K —9 _ arinaNo —0 !
=Y ) (B2 — vin2B1)d,, " Poy o Prraahd Pl [00 (B2 — vin2B1)bd,, " @1 eiﬁdy
= — = :
a=1b=1 VL1 (thhZPdl(Pg,l + B2 — Vthzﬁl)dh]aPW) 0 aympiewy + (B2 — v fr)bd, "1
(66)

Authorized licensed use limited to: Rochester Institute of Technology. Downloaded on July 23,2024 at 15:16:52 UTC from IEEE Xplore. Restrictions apply.



5620

By relying on (14), at high SNRs regime, the asymptotic
expression for outage probability for D with perfect SIC in
two cases.

Case I: When 0 < B; < wuj, and (P/Ny) — oo, and
x — oo then e™ — 1, the asymptotic expression for outage
probability for D; with perfect SIC is given by

K K K
0P, =1+ % > (D)) (E) =D+
a=1 b=1 c=1
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~(LayaNol/IBIPA " 01D 1 Tprefore. we

d,l_l‘?(pl]) — 1, and e

can obtain (26).
Case II: When u; < 1 < up, and (P/Ng) — o0, and

x — oo then e — 1, the asymptotic expression for outage

probability for D; with perfect SIC is given by
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where ([(,32_Vchﬂl)d;;a[P/NO]ﬁol] / laymz2[Pa1/Noleg,1
+  (B—ymBd,’ P/Nog) - 1, and
e*([“)’lthO]/[(/32*)’[h2/31)d;]ap§01 ) -~ 1

obtain (26).

Therefore, we can

APPENDIX E
PROOF OF COROLLARY 3

By considering (16) in case of P/Ng — oo, and x —
oo then e — 1, the asymptotic expression for outage
probability at D in the high SNR region is given by

K K
OPF =142 (@) (E)=n
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[ayma (Pa2/No)gg 2 + (B2 — v B1)T (P/NoOMd;,d, 1) — 1,

e—([a%tho]/[(ﬁz—)«hzﬂl )TPMd;ad;g D .

We can rely on (24) for the case of RIS using random phase
shift, and condition on P/Ng — oo, and x — oo then e™* —
1, the asymptotic expression of outage probability at D in the
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high SNR region is formulated by
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