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ABSTRACT One of the key enablers of future wireless communications is constituted by massive users
can access the core network in wireless systems simultaneously, which can improve the spectral efficiency.
In existing scheme of massive connections, namely non-orthogonal multiple access (NOMA), is investigated
in conventional relaying networks. This method results in excessive power consumption and high hardware
costs. Recently, reconfigurable intelligent surface (RIS) has been considered as one of the revolutionary
technologies to enable energy-efficient and smart wireless communications, which is a two-dimensional
structure with a large number of passive elements. This paper examines the RISs used in emerging
communications systems based on NOMA scheme. The two-user system model contains the far user and
the near user which employing RIS and NOMA is conducted in this study. In particular, we design two
links (backscatter and direct links) to target to improve performance of far user. System performance
was characterized through closed-form expressions of outage probability, ergodic capacity and throughput,
which are beneficial to evaluate performance of two users. In Monte-Carlo simulations, it was revealed that
the probability of the two users experiencing system outage was determined by factors related to power
allocation, power transmission at the base station, and the number of reflecting elements in the RISs.

INDEX TERMS Reconfigurable intelligent surface (RIS), NOMA, outage probability, ergodic capacity.

I. INTRODUCTION
The commercialization of fifth generation (5G)wireless com-
munication systems faces the crucial challenges in terms
of high energy consumption and reduced network deploy-
ment cost. Recently, considering as low manufacturing, hard-
ware and energy cost the reconfigurable intelligent surface
(RIS) leads to special attentions from researchers [1-3]. As a
promising approach to overcome the existing challenges,
the RISs are able to adjust the phase shift of the incident
signal by enabling a planar array containing a large number
of low-cost reconfigurable reflecting elements. Therefore,
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the RIS can generate a directional beam by reflecting the
incident signal and thus improving the coverage and link
quality and. In addition, the RIS can benefit from reflect-
ing signal and the direct signal targeting to the intended
user to substantially enhance the strength of received signal.
If amplify-and-forward (AF) relaying and backscatter com-
munications are studied in the literature, then they are signif-
icant difference with RIS due to new techniques developed.
For instance, the RIS only passively reflects the incident
signal without generating its own transmission signal, which
is different with AF relaying, and thus enhancing power con-
sumption. In contrast with the backscatter communications,
the RIS does not send its own information. In particular,
RIS only operates as a helper to improve the performance
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of existing links [2], [4]–[6]. Generally, the advantages of
energy-efficient and cost-effective in the RIS is reported by
abundant reconfigurable reflecting elements. By inducing a
manageable phase shift, the incident signal is controlled by
each element in the RIS. To achieve the phase alignment of
the signals, RIS adjusts the phase shifts of all the elements
from different transmission paths at a desired receiver, which
is so-called as passive beamforming, and hence improving the
achievable rate and the signal energy [5], [6]. Besides, another
advantage is that the RIS exhibits capability of a full-duplex
mode without complex interference cancellation approaches.

The beamforming design for IRS-empowered wireless net-
works has recently attracted considerable attention [7], [8].
The base station (BS) transmit power minimization problem
was considered in [7] by jointly optimizing active beamform-
ing at the BS and passive beamforming at the IRS. It was
demonstrated that the IRS can significantly reduce the energy
consumption in wireless networks [7]. The achievable max-
imin data rate optimization problem was considered in [8]
via random matrix theory. The authors in [9] provided an
approximation computations of the achievable data rate by
evaluating the performance of an uplink RIS assisted com-
munication system, and determine the effect of limited phase
shifts on the data rate. The study in [10] introduced the
concept of RIS-assisted communications employing index
modulation (IM) such as RIS-spatial modulation (RIS-SM)
and RIS-space shift keying (RIS-SSK) schemes. These two
schemes are reported as the spectral efficiency improvement
by utilization of the IM principle for the indices of multi-
ple receive antennas. Regarding promising applications, ref-
erences [11] explored RIS relying on an unmanned aerial
vehicle (UAV). In particular, the authors conducted design of
passive beamforming of RIS antenna elements to minimize
the total decoding error rate and find the UAV’s optimal
position. The authors applied non-linear and non-convex
optimization to address performance improvement. In [12],
an RIS-enhanced multiple-input single-output (MISO) sys-
tem as well as reflection pattern modulation (RPM) are
studied. The authors examined the joint active and passive
beamforming which is carefully designed by computing the
communication outage probability. They introduced expres-
sion of an optimization problem to maximize the average
received signal power by jointly optimizing the active beam-
forming at the access point (AP) and passive beamforming at
the RIS.

To support multiple users and provide the maximiza-
tion of sumrate and energy efficiency, the authors of [5],
[13], [14] considered an RIS-assisted downlink transmis-
sion scenario. Reference [14] presented multi-user multiple
antennas system by design the transmit powers per user
and the values for the surface elements that jointly maxi-
mize the system’s energy efficiency performance. Recently,
the interesting problem of energy and spectrum efficiency
are investigated in [15] and [16]. In [15], they considered
energy harvesting adapted in RIS to maximize the aver-
age energy efficiency by enabling a BS to determine the

transmit power and RIS configuration, under uncertainty
on the wireless channel and harvested energy of the RIS
system. Reference [16] evaluated two-way communications
via RIS where two users communicate through a common
RIS. Further, they computed a gamma approximation to
model a product of Rayleigh random variables, and then the
approximate expressions are computed in terms of the outage
probability and the average throughput. Even more recently,
design of sparse channel sensors is conducted on RIS archi-
tectures [17], in which several existing RIS units are active,
and RIS-assisted physical-layer security schemes [18]. In the
other line of research, the calculation of average symbol error
probability (SEP) is presented for performance evaluation of
RIS-assisted systems [19]. Reference [20] evaluated secure
multicast transmission with the deployment of RIS. In the
impact of a single-antenna eavesdropper, a multiple-antennas
transmitter multicasts the common signals to a group of
single-antenna receivers, in which a RIS is set up to suppress
the signals for the eavesdropper and improve the desired
signals for the receivers.

As another approach to improve spectrum efficiency, non-
Orthogonal Multiple Access (NOMA) [21]–[25] is devel-
oped along with its promising applications regarding wireless
access technique for the coming 5G era. In the principle, at the
transmitter, NOMA employs non-orthogonal transmission
and superimpose users’ signal in power domain for higher
spectrum efficiency. NOMA can serve multiple users over the
same resource block which is different fromOrthogonal Mul-
tiple Access (OMA), thus it can effectively improve sum rate.
Together with improvements in the transmitter, the receiver
needs successive interference cancellation (SIC) adopted to
decode the users’ signal. Specifically, one can decode the
user with the best channel condition firstly, while other users
are recognized as interference. References [23-27] gave the
promising applications of NOMA and system performance
is analysed. NOMA can further improve spectrum efficiency
(SE) due to non-orthogonal transmission and SIC, thus the
application of NOMA to cognitive radio (CR) network is
necessary to improve the SE in CR-NOMA network. The
authors in [24] proposed model to improve the performance
of far users. In particular, partial relay selection architecture
is adopted at relay using full-duplex (FD) and half duplex
(HD) modes for both uplink and downlink communications.
For in-depth performance evaluation, they derived the closed-
form expressions of the outage probabilities of the users in FD
and HD for relay-aided CR-NOMAnetworks. Reference [26]
designed a CR-NOMA model and an SE optimization prob-
lem was solved by optimizing the sensing subslot. Since
CR-NOMA combines the advantages of both the techniques,
it is considered as a promising technique for the coming 5G
communication system [27].

A. RELATED WORK
The deployment of next generation multi-user communi-
cation systems based on RIS has been faced a number
of challenges. Firstly, the limited spectrum available to

VOLUME 9, 2021 33783



C.-B. Le et al.: Enabling NOMA in Backscatter RISs-Aided Systems

RIS-based systems limits the number of users that can be
served simultaneously. Secondly, the orthogonal multiple
access (OMA) schemes used in conventional wireless sys-
tems are highly susceptible to interference among users.
To enable capable of serving a large number of users in
the same resource block, NOMA schemes multiplex signals
in domains rather than frequency or time, and thus provid-
ing a massive number of connections. Nonetheless, there
has been very little research on the integration of RIS with
NOMA. For example, the authors in [28] explored a system
designed by examining the passive beamforming weights at
the RIS to serve paired power-domain NOMA users. Moti-
vated by the potential joint advantages of RISs and NOMA
networks, this study considered the outage performance of
a RIS-aided NOMA for downlink, where two transmission
schemes are considered, and hence the spectrum efficiency
could be improved. Reference [29] studied the problem of
joint deployment of phase shift design and power alloca-
tion in the context of multiple-input single-output (MISO)
NOMA network. The authors also formulated expressions
for maximizing the energy efficiency with considering users
particular data requirements. The authors in [30] designed
a novel passive beamforming weight at RISs in a multiple-
input multiple-output (MIMO) NOMA network for simulta-
neously serving paired users. They derived the closed-form
formulas both for the outage probability and for the ergodic
rate. The diversity orders as well as the high signal-to-noise-
ratio (SNR) slopes are considered for engineering insights.
In [31], the authors explored RIS assisted wireless commu-
nication system with rate splitting multiple access (RSMA).
In this network, the authors maximized the energy efficiency
performance of the network by controlling the phase shifts
of the RIS and beamforming of the base station. In [32],
the authors derived the probability of a backscatter channel
dominating the composite channel as a performance measure
to determine the number of reflectors in RIS required for a
given system.

B. CONTRIBUTIONS
In this paper, different from [28]–[32], we first assume that
RIS allows reflecting signal and send its own signal to
destinations (this is possible when backscatter function is
enabled). It is assumed that perfect CSI is available to study
the ultimate performance of the RIS-aided NOMA systems.
The formulated problem exhibits mathematically derivations
for main system metrics. Furthermore, the benchmark model
of RIS using OMA is compared, and the improvement of RIS
is explored.

The main contributions of this work are summarized as
follows:
• Firstly, this paper considers an downlink cellular net-
work where the RIS and direct links between the base
station (BS) and the users get more benefits from the
function of backscatter to enable NOMA transmission.
The RIS-aided NOMA architecture is used to ensure that

FIGURE 1. System model of backscatter RIS relying on NOMA.

additional cell-edge user can also be served instead of
normal operation of near users associated with the BS
which has limited number of serving users. Such benefit
can be achieved by allocating different power levels to
users.

• Secondly, to evaluate advantages of RIS, this paper is
one of the early attempts to study the performance sys-
tem metrics such as outage probability, ergodic capac-
ity and throughput for the RIS-aided NOMA systems.
We realize that the system metrics mostly depend on
the number of reflecting elements in the RIS. Therefore,
we present two methods to compute main metric, i.e.
outage probability.

• Finally, the system compassion with the RIS employ-
ing OMA is also investigated. Numerical results verify
that the proposed RIS-aidedNOMA systems outperform
than RIS relying OMA in term of outage performance,
while the ergodic capacity in the considered system
using NOMA is better than that of OMA at specific
power allocation factor assigned to user. Interestingly,
the existence of optimal outage performance of the near
user at given number of reflecting elements in RIS and
given transmit SNR at the BS.

The rest of this paper is summarized as follows. Section II
introduces the architecture of RIS-aided wireless communi-
cation system model relying NOMA and the problem formu-
lation of outage probability. In Section III, the derivations
of outage probability for two users in NOMA mode are
briefly introduced. The counterpart, RIS relying on OMA,
is explored, and, then throughput is encountered. The ergodic
capacity is examined in Section IV. Section V presents sim-
ulation results to exhibit the performance metrics of the pro-
posed systems. Finally, our study is concluded in Section VI.

II. SYSTEM ARCHITECTURE
As depicted in Fig. 1, the considered system includes of a
backscatter link, direct link, one BS, oneRIS and the near user
D1, the far userD2. We design RIS unit withm passive reflec-
tors (m = 1, 2, . . . ,M ). Further, it is required a controller
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TABLE 1. Key parameters of the system model.

to achieve channel state information (CSI) acquisition and
information transmission [32]. We denote channels for links
BS-RIS, RIS-D1, RIS-D2, BS-D1, BS-D2 as h0,m, h1,m, h2,m,
g1, g2 respectively which correspond to distance dh0 , dh1 , dh2 ,
dg1 , dg2 . It is assumed all fading channels are independent and
considered transmission time falls within a coherence interval
of the channel). It is noted that y ∼ CN (0, a) means that y
is a complex normal distributed random variable with zero
mean and variance a. The other main parameters can reported
in Table 1.

In the k–th time slot, the BS communicate with other nodes
using a superimposed message targeting to users D1 and D2
as below 1

x [k] =
√
a1PSx1 [k]+

√
a2PSx2 [k] , (1)

where a1 and a2 stand for the portion of powers allocated
for D1 and D2 signals, respectively, and satisfying constraint
a1 < a2 and a1 + a2 = 1. The received signal at user
Di, i ∈ {1, 2} can be given by 2

yi [k] =
gix[k]√
dαgi
+ β

M∑
m=1

h0,mhi,mejθmx[k]s[k]√
dαh0

dαhi
+ ni [k], (2)

1As considerations in references [22]–[27], the case of more than two
NOMAusers in wireless system results in worse performance, in this manner
we design many group of users. Such user group should be contain two users
for better system performance and thus we only consider performance of two
users.

2Normally, as references [28]–[31], they did not research on capable of
backscatter signals from RIS, which limits benefit of RIS. In this paper,
backscatter links add more signals from RIS to serve NOMA users.

where β is called as the RIS attenuation coefficient, α is path-
loss exponent and ni [k] is additive white Gaussian noise with
varianceN0. It is worth noting that s [k] is backscatter signal.3

It is noted that in (2), θm ∈ [0, 2π) is the adjustable phase
produced by the m-th reflecting element of RIS. It is worth
noting that M meta-suface elements of the RIS are located
closely, then the distances from all meta-suface to each user
are same dhi =

[
dhi,m , . . . , dhi,M

]
, i ∈ {1, 2}.

Due to
∣∣∣∑M

m=1 h0,mhi,me
jθm
∣∣∣ = ∑M

m=1

∣∣h0,m∣∣ ∣∣hi,m∣∣, i ∈
{1, 2} in the case of perfect CSI [32], let us define variable
Tb,i

1
=
∑M

m=1

∣∣h0,m∣∣ ∣∣hi,m∣∣ and variable Gi
1
= |gi|. We first

calculate signal-to-interference-plus-noise ratio (SINR) to
detect D2’s signal at user D1 as [28]

γ̄2→1 =
ρa2

∣∣∣T̃1∣∣∣2
ρa1

∣∣∣T̃1∣∣∣2 + 1
, (3)

where
∣∣∣T̃1∣∣∣2 1

= β2d−αh0 d
−α
h1
T 2
b,1 + G2

1d
−α
g1 and ρ = PS

/
N0

is the transmit signal-to-noise radio (SNR) at the BS. Note
that s, x1 and x2 are supposed to be normalized unity power
signals, i.e, E

{
s2
}
= E

{
x21
}
= E

{
x22
}
= 1 in which E {·} is

the expectation operator.

3It is noteworthy that backscatter-assisted RIS-NOMA system can
increase the range of the communication by utilizing RIS. This mechanism
provides more benefits to the current RIS system or normal backscatter
systemwhere the tag and the reader should be located in short distances from
each other to reduce severe phase distortion of the channel associated with
multipath propagation [37].
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FIGURE 2. System model of backscatter RIS relying on OMA.

Performing SIC at user D1 using the principle of NOMA,
user D1,D2 can detect its signal by calculating SINR as

γ̄1 = ρa1
∣∣∣T̃1∣∣∣2. (4)

Next, the SINR at D2 to detect its own signal can be
expressed as

γ̄2 =
ρa2

∣∣∣T̃2∣∣∣2
ρa1

∣∣∣T̃2∣∣∣2 + 1
, (5)

where
∣∣∣T̃2∣∣∣2 1

= β2d−αh0 d
−α
h2
T 2
b,2 + G

2
2d
−α
g2 .

Different from NOMA architecture, in Fig. 2, only user
D is examined in term of system performance. In this case,
the BS transmit signal targets directly to one destination. It is
worth that if we want to send to two continuous signals x1,
x2, we need more time slots to achieve same job as the case
of RIS relying on NOMA.

The received signal that user D can get as

yD [k]=
√
PS

β M∑
m=1

h0,mhD,mejθm√
dαh0d

α
hD

+
gD√
dαgD

 xS [k]+nD [k] ,

(6)

where nD is AWGN noise term.
In this circumstance, the received SNR at D can be given

as

γ̃D = ρ

∣∣∣∣∣∣ |gD|√
dαgD
+ β

M∑
m=1

∣∣h0,mhD,m∣∣ ejθm√
dαh0d

α
hD

∣∣∣∣∣∣
2

= ρ
[
|gD|2d−αgD + β

2d−αh0 d
−α
hD

∣∣h0,mhD,m∣∣2] . (7)

Remark 1: Regarding computation related to the backscat-
ter link in (3), (5), and (7), this paper intends to introduce
interesting system to achieve more benefits compared con-
ventional RIS systems [28]–[32]. By sending signal from
RF source, the backscatter link is also called multiplicative
multiple access channel, and with the assistance of RIS,
two enablers are joint proceed for transmitting RF source

regarding information processing. However, more compli-
cated deployment of RIS need be required to enhance the
communication compare with transmitting base station’s
own information to the receivers. Therefore, it is wise to
strengthen the transmissions from backscatter and normal
RIS links and such hybrid scheme might have higher cost in
term of hardware design. However, this regard is out of scope
of our current study.

III. OUTAGE PROBABILITY (OP) ANALYSIS
This section focuses on presenting the theoretical framework
for the performance analysis of the RIS-aided NOMA system
and the counterpart, namelyRIS-OMA. In particular, wireless
channel characteristic and component in the RIS are twomain
factors affecting to performance metrics in the RIS-aided
NOMA wireless systems, in which the improvement at spe-
cific parameters are expected.

In the subsequent sections, we consider main metric (out-
age probability) through two methods which are decided by
how large the number of RIS meta-suface elements is.

A. RIS-NOMA WITH DIRECT LINK
In case of large M , we examine OP performance as below.
As a main performance metric, OP is defined that capability
to transmit signal with SINR less than the threshold. These
SINR thresholds are ε2 = 22R2 − 1 and ε1 = 22R1 − 1
with R1,R2 are denoted as the target rates for users D1, D2
to detect x1 and x2, respectively. In particular, the OP at user
D2 is expressed by 4

OP2 = Pr (γ̄2 < ε2)

= Pr
(
β2d−αh0 d

−α
h2
T 2
b,2 + d

−α
g2 T

2
2 < θ2

)
= Pr

(
T 2
2 <

θ2−β
2d−αh0 d

−α
h2
T 2
b,2

d−αg2
,T 2

b,2<
θ2

β2d−αh0 d
−α
h2

)

=

θ2
β2d−αh0

d−αh2∫
0

fT 2
b,2
(y)

θ2−β
2d−αh0

d−αh2
y

d−αg2∫
0

fT 2
2
(z)dydz, (8)

where θ2 =
ε2

ρ(a2−a1ε2)
and Pr (·) is the probability operator.

In case of large M , we find that
∑M

m=1 h0,mhi,m ∼

CN (0,M) and gi ∼ CN (0, 1), the PDF of channel Tb,i and
Gi, i.e. fG2

i
(x) and fT 2

b,i
(x) are given by [32]

fG2
i
(x) = e−x , (9a)

fT 2
b,i
(x) =

1
M
e−

x
M . (9b)

4Although reference [33] studied the impact of two phase shifting designs,
namely coherent phase shifting and random discrete phase shifting, on the
performance of RIS-assisted NOMA, we design newer system model and
present closed-form expressions for outage performance in different man-
ner. Our results would benefit to evaluate RIS-NOMA, especially indicate
performance among two users. We also find optimal outage performance for
specific user in numerical simulation section.
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Now, with (9a) and (9b), such outage performance can be
evaluated as

OP2 =
1
M

θ2
β2d−αh0

d−αh2∫
0

e−
y
M

1− e
−

θ2−β
2d−αh0

d−αh2
y

d−αg2

 dy

=

(
1− e

−
θ2

Mβ2d−αh0
d−αh2

)
−
e
−

θ2
d−αg2

M

×

θ2
β2d−αh0

d−αh2∫
0

e
−y

(
1
M −

β2d−αh0
d−αh2

d−αg2

)
dy

= 1− e
−

θ2
Mβ2d−αh0

d−αh2 −
d−αg2 e

−
θ2
d−αg2(

d−αg2 −Mβ2d
−α
h0
d−αh2

)
×

1− e− θ2
β2d−αh0

d−αh2

(
1
M −

β2d−αh0
d−αh2

d−αg2

) . (10)

In the next step, we have higher priority to consider worse
case of perfect SIC for the OP for user D1, which is denoted
as OP1 and it can be computed by

OP1 = Pr (γ̄2→1 < ε2 ∪ γ̄1 < ε1)

= Pr
(∣∣∣T̃1∣∣∣2 < θmax

)
. (11)

where θmax = max
(

ε2
ρ(a2−a1ε2)

, ε1
ρa1

)
.

Similarly with performance of user D2, solving of OP1
benefits to evaluation for performance of user D1. In particu-
lar, it can be achieved OP1 as

OP1 = 1− e
−

θmax
Mβ2d−αh0

d−αh1 −
d−αg1 e

−
θmax
d−αg1(

d−αg1 −Mβ2d
−α
h0
d−αh1

)
×

1− e− θmax
β2d−αh0

d−αh1

(
1
M −

β2d−αh0
d−αh1

d−αg1

) . (12)

Remark 2: From our results in (10), (12), these formulas
of outage behavior depend on lots of parameters. However,
since the SNR at source and the number of elements in RIS
has higher weights, the outage performance is predicted to be
adjusted by controlling M and ρ. Further parameters can be
evaluated in numerical simulation section.

B. RIS-NOMA WITHOUT DIRECT LINK
In the case of smallerM , we cannot find tractable solution to
provide explicit analysis for the considered system illustrated
in previous section. Fortunately, to robust benefit of RIS and
consider in main link (BS- RIS- users), we present other
way to compute outage probability for two NOMA users.

In particular, the received signals at user D1 and user D2 are
expressed respectively by [36]

yi [k] =
β√
dαh0d

α
hi

hH0 2hix [k]+ ni, i ∈ {1, 2} (13)

where (·)H is represented as the conjugate-transpose oper-
ation. Due to matrix based computation, we denote the
complex channel coefficient between the BS and RIS, and
between the RIS and two users are denoted as h0 ∈ CM×1 and
hi ∈ CM×1, respectively.2 = diag

(
ejθ1 , . . . , ejθm , . . . , ejθM

)
stands for a diagonal matrix, diag (·) iss a diagonal matrix.
Similar from the first method, the SINR for the user D1

used to decode the D2’s signal is expressed by

02→1 =
ρa2β2d

−α
h0
d−αh1

∣∣hH0 2h1
∣∣2

ρa1β2d
−α
h0
d−αh1

∣∣hH0 2h1
∣∣2 + 1

. (14)

By conducting SIC, the user D1 eliminates interference
from signal x2, then it decodes its signal by computing the
SNR as

01 = ρa1β2d
−α
h0
d−αh1

∣∣∣hH0 2h1
∣∣∣2. (15)

Similarly, the SINR at D2 is computed to detect its own
signal x2 as

02 =
ρa2β2d

−α
h0
d−αh2

∣∣hH0 2h2
∣∣2

ρa1β2d
−α
h0
d−αh2

∣∣hH0 2h2
∣∣2 + 1

. (16)

To enable the second method, 1-bit coding scheme is
acquired to achieve the discrete amplitude/phase shift modes
for RIS-NOMA networks. In this regard, the elements of
diagonal matrix 2 are replaced with 0 or 1. Compare with
the first method, the second method exhibits as cost-effective
solution due to the smaller number of meta-surface elements.

To further compute such SINRS, we defineV = IP⊗1M/P,
where 1M/P is a column vector of all ones withM/P×1. The
p− th column ofV is denoted by vp withM×1 and vHp vl = 0
for p 6= l. Therefore, by randomly choosing vp, the SINRs of
(14), (15) and (16) with 1-bit coding are maximized as

0̃2→1 = max
vp

ρa2β2d
−α
h0
d−αh1

∣∣∣vHp D1h0
∣∣∣2

ρa1β2d
−α
h0
d−αh1

∣∣∣vHp D1h0
∣∣∣2 + 1

, (17a)

0̃1 = max
vp
ρa1β2d

−α
h0
d−αh1

∣∣∣vHp D1h0
∣∣∣2, (17b)

0̃2 = max
vp

ρa2β2d
−α
h0
d−αh1

∣∣∣vHp D2h0
∣∣∣2

ρa1β2d
−α
h0
d−αh1

∣∣∣vHp D2h0
∣∣∣2 + 1

, (17c)

where D1 and D2 are the diagonal matrix with its diagonal
elements obtained from channel matrices h1 and h2.

The PDF of
∣∣∣vHp Dih0

∣∣∣2, i ∈ {1, 2} can be expressed as [37]
f∣∣∣vHp D1h0

∣∣∣2 (x) =
2

0
(M
P

)x M
P −1
2 KM

P −1

(
2
√
x
)
. (18)
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Considering outage behavior occurred at the userD1, since
it fails to detect both the D2’s signal x2 and signal x1. In par-
ticular, such OP is given by

OP1,nodir =

P∏
p=1

Pr
(
0̃2→1 < ε2 ∪ 0̃1 < ε1

)
=

[
Pr
(∣∣∣vHp D1h0

∣∣∣2 < $max

)]P
, (19)

where $2 =
ε2

ρ(a2−a1ε1)β2d
−α
h0

d−αh1
, $1 =

ε1
ρa1β2d

−α
h0

d−αh1
and

$max = max ($1,$2).
Proposition 1: The closed-form expression of the OP at

user D1 can be formulated by

OP1,nodir =

[
1−

2($max)
M
2P

0
(M
P

) KM
P

(
2
√
$max

)]P
. (20)

Proof 1: See Appendix A
Similar to solving of OP1,nodir , the OP at user D2 can be

computed by

OP2,nodir =

P∏
p=1

Pr
(
0̃2 < ε2

)

=

[
1−

2($̄2)
M
2P

0
(M
P

) KM
P

(
2
√
$̄2

)]P
, (21)

where $̄2 =
ε2

ρ(a2−a1ε1)β2d
−α
h0

d−αh2
.

In the consequent sections, we only focus on the first
method to further examine other system metrics.

C. THE BENCHMARK CASE: OMA
From result reported in (7), the OP can be expressed as
follows

OPD = Pr (γ̃D < ε0)

= Pr

(
G2
D <

ε0

d−αgD ρ
−
`dT 2

b,D

d−αgD
,T 2

b,D <
ε0

`dρ

)

=

χ∫
0

fT 2
b,D
(x)

ε0
d−αgD ρ

−
`d x

d−αgD∫
0

fG2
D
(y)dxdy, (22)

where GD
1
= |gD|, Tb,D

1
=

M∑
m=1

∣∣h0,mhD,m∣∣, ε0 = 24R0 − 1,

χ =
ε0
`dρ

and `d = β2d
−α
h0
d−αhD .

Similar to solving of (10) and after somemanipulation, this
can be achieved OPD as

OPD =
1
M

χ∫
0

e−
x
M

(
1− e

−
ε0

d−αgD ρ
+
`d x

d−αgD

)
dx

=

(
1− e−

χ
M

)
−

d−αgD e
−

ε0
d−αgD ρ(

d−αgD −M`d
)
1−e

−χ

(
1
M−

`d
d−αgD

) .
(23)

D. SYSTEM THROUGHPUT ANALYSIS
Although OP is known as main performance metric, through-
put can demonstrate performance at fixed rate in delay-
limited transmission mode. Such throughput for two users in
RIS-NOMA and RIS-OMA can be given respectively as

τ ιNOMA = (1−OPι)Rι, ι ∈ {1, 2} (24a)

τOMA = (1−OPD)R0. (24b)

E. THE APPROXIMATION OF OUTAGE PROBABILITY
In this section, we provide approximate computation of out-
age probability. In particular, based on analytical result in
(11), when ρ → ∞, the asymptotic outage probability of
D2 for RIS NOMA with e−x ≈ 1− x is given by

OP∞2 =
θ2

Mβ2d−αh0 d
−α
h2

−
1(

d−αg2 −Mβ2d
−α
h0
d−αh2

)
×

(
d−αg2 − θ2

) θ2

β2d−αh0 d
−α
h2

(
1
M
−
β2d−αh0 d

−α
h2

d−αg2

)
.

(25)

Based on (13) and (15), the asymptotic outage probability
of D1 for RIS NOMA and D for RIS OMA are given as

OP∞1 =
θmax

Mβ2d−αh0 d
−α
h1

−
1(

d−αg1 −Mβ2d
−α
h0
d−αh1

)
×

(
d−αg1 −θmax

) θmax

β2d−αh0 d
−α
h1

(
1
M
−
β2d−αh0 d

−α
h1

d−αg1

)
.

(26)

and

OP∞D =
χ

M
−

1(
d−αgD −M`d

)
×

(
d−αgD −

ε0

ρ

)
χ

(
1
M
−

`d

d−αgD

)
. (27)

Next, we would provide more insights by introducing the
diversity orders for usersD1,D2 andD, which can be defined
as [36, Eq. (13)]

dv = − lim︸︷︷︸
ρ→∞

log10
(
OP∞v

)
log10 (ρ)

, v ∈ {1, 2,D}. (28)

Remark 3: It is straightforward to find the diversity orders
of D1, D2 and D as d1 = d2 = dD = M , respectively.
Although some factors make influence on the outage per-
formance of users, however in high SNR region, system
performance does not rely any factors. It is expected to verify
such a finding in numerical simulation section.

IV. ERGODIC CAPACITY ANALYSIS
The following propositions return two equivalent and novel
closed-form expressions to consider ergodic capacity for
users in such RIS-NOMA systems. We also examine ergodic
capacity for RIS-OMA as necessary comparison.
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A. NOMA
First, the ergodic capacity at D2 for NOMA is calculated as

C2
1
= E

{
1
2
log2 (1+ γ̄2)

}
. (29)

Proposition 2: The closed-form expression of ergodic
capacity at user D2 can be given by

C2 =
1

2 ln 2

Ā1 +
d−αg2(

d−αg2 −Mβ2d
−α
h0
d−αh2

) (Ā2 − Ā3
) ,
(30)

where

Ā1 =

[
G2,1
1,2

(
ν

ρ (a2 + a1)

∣∣∣∣ 0
0, 0

)
− G2,1

1,2

(
ν

ρa1

∣∣∣∣ 0
0, 0

)]
,

(31a)

Ā2 =

[
G2,1
1,2

( dαg2
ρ (a2 + a1)

∣∣∣∣ 0
0, 0

)
− G2,1

1,2

( dαg2
ρa1

∣∣∣∣ 0
0, 0

)]
,

(31b)

Ā3 =

[
G2,1
1,2

(
ψ

ρ (a2 + a1)

∣∣∣∣ 0
0, 0

)
− G2,1

1,2

(
ψ

ρa1

∣∣∣∣ 0
0, 0

)]
,

(31c)

in which ν =
1

Mβ2d−αh0
d−αh2

and ψ =
1

d−αg2
+

1
β2d−αh0

d−αh2

(
1
M −

β2d−αh0
d−αh2

d−αg2

)
and Gm,np,q [·] is the Meijer

G-function [34, Eq. (9.301)].
Proof 2: See Appendix B

Next, we have ergodic capacity at D1 for NOMA is calcu-
lated as

C1
1
= E

{
1
2
log2 (1+ γ̄1)

}
. (32)

Proposition 3: The closed-form expression of ergodic
capacity at user D1 can be given by

C1 =
1

2 ln 2

B̄1 +
d−αg1(

d−αg1 −Mβ2d
−α
h0
d−αh1

) (B̄2 − B̄3
) ,
(33)

where

B̄1 = e
1

ρa1Mβ
2d−αh0

d−αh1 E1

(
1

ρa1Mβ2d
−α
h0
d−αh1

)
, (34a)

B̄2 = e
1

ρa1d
−α
g1 E1

(
1

ρa1d
−α
g1

)
, (34b)

B̄3 = e2E1 (2) , (34c)

in with 2 = 1
ρa1d

−α
g1
+

1
ρa1β2d

−α
h0

d−αh1

(
1
M −

β2d−αh0
d−αh1

d−αg1

)
.

Proof 3: See Appendix C

FIGURE 3. OP versus transmit SNR.

B. OMA TRANSMISSION SCHEME
In this subsection, we investigate the ergodic capacity of D
for OMA

CD
1
= E

{
1
4
log2 (1+ γ̃D)

}

=
1

4 ln 2

∞∫
0

1
1+ x

[
1− Fγ̃D (x)

]
dx

=
1

4 ln 2

∞∫
0

1
1+ x

[
e−

x
M`d ρ +

d−αgD(
d−αgD −M`d

)
× e

−
x

d−αgD ρ

1− e
−

x
`d ρ

(
1
M −

`d
d−αgD

) dx. (35)

Similarly with solving of C1 it can be achieved CD as

CD =
1

4 ln 2

[
e

1
M`d ρ E1

(
1

M`dρ

)
+

d−αgD(
d−αgD −M`d

)
× e

1
d−αgD ρ E1

(
1

d−αgD ρ

)
− eϒE1 (ϒ)

]
, (36)

where ϒ = 1
d−αgD ρ
+

1
`dρ

(
1
M −

`d
d−αgD

)
.

V. NUMERICAL RESULTS
In simulation, we set a1 = 0.1 and a2 = 0.9. The target
rates of D1, D2, D are R1 = 1.5, R2 = 1 and R0 = 2
regardless of specific cases indicated later. All simulations
are statistically averaged over 107 independent iterations. The
remaining parameters can be summarized in Table 2.

Fig. 3 plots the OP versus the SNR associated with trans-
mission at the transmit SNR at the BS ρ. These curves
precisely match the analytic values, indicating that OP indeed
decreased in the high SNR region. Thus, improving SINR of
signal detection can be achieved at the high SNR of the BS
region. This is guideline to improve OP. Note that OP under
RIS Scheme was superior to that under the context of NOMA
without RIS. We can see OP of D2 outperforms that D1 and
such OP also depends on value ofM . The main reason is that
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TABLE 2. Table of parameters for numerical results.

FIGURE 4. OP versus power allocation factor a1, with ρ = 30,40 (dB).

SINRs corresponding two users depend on power allocation
factor a1, a2 as observation in (4), (5) and (6), then condition
a2 > a1 leads to such performance gap among two users.
It is further conclude that more reflecting elementsM = 250
is reported as the best performance.

Fig. 4 illustrates the optimal OP of users D1, D2 at several
points of a1. These results can be explained by the fact that
power allocation factors a1 and a2 contribute to the varia-
tion in SINR as well as the corresponding OP, especially it
exhibits optimal OP for D1 at a1 = 0.35. These result also
demonstrate that varying the number of RIS cells has only a
negligible influence on OP, as indicated by the two cases of
M within the observed region. It is intuitively seen that high
transmit SNR at the BS result in better outage performance.

Fig. 5 depicts the role of NOMA in increasing spec-
trum efficiency for RIS-aided wireless system. In particular,
the RIS using NOMA outperforms than that using OMA.
It can explained that RIS using OMA needs higher time slots
to send signal s1, s2, which reduce system performance. Other
trends of OP curves can be seen similarly as previous figures.

Fig. 6 illustrates the improvement of OP for RIS-NOMA
and RIS-OMA at very high number of reflecting elements,
M = 1500. From this figure, it becomes evident that the
analytical results indicate that OP can be improved at high
value ofM; thus, verifying the important role of RIS in design
of the presented theoretical framework. However, the cost of
RIS needs be studied to achieve OP improvement. Addition-
ally, it is observed that, as M increases for many situations,
the equivalent OP also increases, but at high M , the OP is
limited by the target rates, and thus such OP can not improve
more. This indicates that by selecting suitable value of M ,

FIGURE 5. Comparison OPs between RIS-NOMA and RIS-OMA.

FIGURE 6. OP versus the number of reflecting elements in the RIS M.

we can improve the diversity gain of the RIS-assisted wireless
system.

Fig. 7 confirmed that the throughput meets the ceiling as
target rates at high region of SNR, ρ. It can be seen throughput
of user D2 can approach maximum value sooner than other
cases due to its outage performance is evaluated as best case
in previous figures. Such observations are consistent with the
expressions calculated in (24a) and (24b).

We can see similar outage behavior for case of without
direct link as Fig. 8. In particular, although smaller M is
required, we can achieve reasonable outage performance, i.e.
M = 30 is reported as best case. Since (19), (21) contain
target rate, and such rates limit performance of the OPmetric.
We can see such trend as Fig. 9, where the OP performance is
too bad when target rates reach to 1.8. Further, by comparing
OP performance of the RIS-NOMA system with and without
direct link, we conclude that it is acceptable to implement the
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FIGURE 7. Throughput versus transmit SNR at the BS, with M = 300.

FIGURE 8. The OP versus transmit SNR at the BS for RIS-NOMA without
direct link.

FIGURE 9. The OP versus the target rates for the RIS-NOMA without
direct link, a1 = 0.05, a2 = 0.95 and ρ = 50 (dB).

considered system since the tradeoff between the cost of RIS
and OP performance is clearly seen in Fig. 10.

Fig. 11 depicts the ergodic capacity as a function of SNR
ρ, for two cases of M . In more detail, the curves of ergodic
capacity for user D2 meets saturation at the high SNR, while
the ergodic capacity increases significantly at high SNR for
user D1 and user using OMA transmission scheme. Further,
such ergodic capacity depends on ρ rather than the number
of reflecting elements in the RIS. As can be seen from figure,
changingM from 200 to 500 does not improve ergodic capac-
ity of user D2. In contrast, slight different ergodic capacity

FIGURE 10. The OP comparison between the RIS-NOMA with and without
direct link.

FIGURE 11. Ergodic capacity versus transmit SNR at the BS.

FIGURE 12. The impact of a1 on ergodic capacity, with ρ = 50(dB).

performances can be reported at userD1 and user usingOMA.
Further observation is that ipSIC case of user D1 shows its
degraded performance.

From Fig. 12, it becomes evident that the theoretical and
simulation results indicate power allocation coefficient a1
contribute significantly to two performance metrics such as
OP and ergodic capacity. The reason for different trends of
ergodic capacity for two users is explained by SINRs rely
mostly on such power coefficient; hence, the fairness of two
users should be reasonable decided. Similarly, ipSIC case of
user D1 is reported as degraded performance.
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FIGURE 13. The impact of distances on ergodic performance, with
M = 1500.

From Fig. 13, if the RIS is located far from the BS,
the ergodic performance will be reduced, but such situation
is not crucial. As we can see from figure, just slight decrease
of ergodic capacity of two users in NOMA and user in OMA
mode can be reported in this experiment. This is evident
that the design of RIS in wireless system based on mostly
architecture of RIS and the BS rather than locations of nodes
in systems.

VI. CONCLUSION
In this study, we have adopted NOMA and OMA trans-
missions to illustrate how these schemes work in RIS-aided
wireless systems, where the main parameters of the RIS were
designed. We design two links (direct and backscatter links)
to provide outage probability, ergodic capacity and through-
put. It is concluded that system performance can be improved
at high-SNR region and higher number of reflecting elements
in the RIS. Further, RIS-NOMA outperforms than RIS-OMA
in term of outage probability while ergodic capacity of the
near user is reported as the best case. These expressions are
also derived accompanied by simulated analysis to confirm
advantages of RIS in the considered systems. In the future,
we extend the proposedmodel to RIS-aided NOMAnetworks
with multiple RISs and multiple antennas.

APPENDIX A
PROOF OF PROPOSITION 1
From (26), one can observe OP1,nodir = 1 when a2 < a1ε1.
As a result, OP1,nodir can be expressed as

OP1,nodir =

Pr
(∣∣∣vHp D1h0

∣∣∣2 < $max

)
︸ ︷︷ ︸

E


P

(37)

Based on (25), we have E is calculated as

E =
$max∫
0

f∣∣∣vHp D1h0
∣∣∣2 (x)dx

=
2

0
(M
P

) $max∫
0

x
M
P −1
2 KM

P −1

(
2
√
x
)
dx. (38)

Let r =
√

x
$max
→ $maxr2 = x → $maxrdr = dx, E can

be reformulated by

E =
4($max)

M
P +1
2

0
(M
P

) 1∫
0

r
M
P KM

P −1

(
2
√
$maxr

)
dr . (39)

With the help of [34, Eq. (6.561.8)], (39) can be given as

E = 1−
2($max)

M
2P

0
(M
P

) KM
P

(
2
√
$max

)
. (40)

Substituting (40) into (37), OP1,nodir is given by

OP1,nodir =

[
1−

2($max)
M
2P

0
(M
P

) KM
P

(
2
√
$max

)]P
. (41)

The proof is completed.

APPENDIX B
PROOF OF PROPOSITION 2
The ergodic capacity at D2 is calculated as

C2
1
= E

{
1
2
log2 (1+ γ̄2)

}

=
1

2 ln 2

∞∫
0

1
1+ x

[
1− Fγ̄2 (x)

]
dx. (42)

By the definition of the expectation operator and after
integration-by-part, C2 can then be evaluated as

C2=
1

2 ln 2

a2
a1∫
0

1
1+x

[
1−F∣∣∣T̃2∣∣∣2

(
x

ρ (a2−xa1)

)]
dx. (43)

By the variable changing t = x
ρ(a2−xa1)

and after few steps,
(43) can then be further derived as

C2 =
1

2 ln 2

∞∫
0

[
1

t + [ρ (a2 + a1)]−1
−

1

t + (ρa1)−1

]

×

[
1− F∣∣∣T̃2∣∣∣2 (t)

]
dt. (44)

In (44), F∣∣∣T̃2∣∣∣2 (t) is calculated as

F∣∣∣T̃2∣∣∣2 (t) = 1− e−tν −
d−αg2 e

−
t

d−αg2(
d−αg2 −Mβ2d

−α
h0
d−αh2

)
×

1− e− t
β2d−αh0

d−αh2

(
1
M −

β2d−αh0
d−αh2

d−αg2

) dt, (45)

where ν = 1
Mβ2d−αh0

d−αh2
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Submitting (45) into (44), C2 is given by

C2 =
1

2 ln 2

∞∫
0

[
1

t + [ρ (a2 + a1)]−1
−

1

t + (ρa1)−1

]

×

e
−

t
Mβ2d−αh0

d−αh2 +
d−αg2 e

−
t

d−αg2(
d−αg2 −Mβ2d

−α
h0
d−αh2

)
×

1− e− t
β2d−αh0

d−αh2

(
1
M −

β2d−αh0
d−αh2

d−αg2

)
 dt

=
1

2 ln 2

Ā1 +
d−αg2(

d−αg2 −Mβ2d
−α
h0
d−αh2

) (Ā2 − Ā3
) ,
(46)

with Ā1, Ā2 and Ā3 are calculated by

Ā1 =

[
G2,1
1,2

(
ν

ρ (a2 + a1)

∣∣∣∣ 0
0, 0

)
− G2,1

1,2

(
ν

ρa1

∣∣∣∣ 0
0, 0

)]
,

(47)

in which ν = 1
Mβ2d−αh0

d−αh2
, Gm,np,q [·] is the Meijer G-function

[34, Eq. (9.301)]. In doing so, we make use of the equalities
[35, Eq. (2.6)] as

1
t + A

=
1
A
G1,1
1,1

(
t
A

∣∣∣∣ 00
)
, (48a)

e−
t
B = G1,0

0,1

(
t
B

∣∣∣∣−0
)
, (48b)

respectively, and with the help of the [34, Eq. (7.811)] we can
obtain (47).

Similarly, we have Ā2 and Ā3 are given as

Ā2 =

[
G2,1
1,2

( dαg2
ρ (a2 + a1)

∣∣∣∣ 0
0, 0

)
− G2,1

1,2

( dαg2
ρa1

∣∣∣∣ 0
0, 0

)]
,

(49a)

Ā3 =

[
G2,1
1,2

(
ψ

ρ (a2 + a1)

∣∣∣∣ 0
0, 0

)
− G2,1

1,2

(
ψ

ρa1

∣∣∣∣ 0
0, 0

)]
,

(49b)

where ψ = 1
d−αg2
+

1
β2d−αh0

d−αh2

(
1
M −

β2d−αh0
d−αh2

d−αg2

)
.

Combining (49b), (49a) and (47), we can obtain (30).
The proof 2 is completed.

APPENDIX C
PROOF OF PROPOSITION 3
The ergodic capacity at D1 is calculated as

C1 = E
{
1
2
log2 (1+ γ̄1)

}

= E


1
2
log2

1+ ρa1
∣∣∣T̃1∣∣∣2︸ ︷︷ ︸
X




=
1

2 ln 2

∞∫
0

1
1+ x

[1− FX (x)] dx (50)

In (12), we have FX (x) is given by

FX (x) = 1− e
−

x
ρa1Mβ

2d−αh0
d−αh1 −

d−αg1(
d−αg1 −Mβ2d

−α
h0
d−αh1

)
× e
−

x
ρa1d

−α
g1

1− e− x
ρa1β

2d−αh0
d−αh1

(
1
M −

β2d−αh0
d−αh1

d−αg1

) .
(51)

Substituting (51) into (50), C1 is calculated by

C1 =
1

2 ln 2

∞∫
0

1
1+ x

{
e
−

x
ρa1Mβ

2d−αh0
d−αh1

+
d−αg1(

d−αg1 −Mβ2d
−α
h0
d−αh1

)e− x
ρa1d

−α
g1

×

1− e− x
ρa1β

2d−αh0
d−αh1

(
1
M −

β2d−αh0
d−αh1

d−αg1

)
 dx

=
1

2 ln 2

B̄1 +
d−αg1

(
B̄2 − B̄3

)(
d−αg1 −Mβ2d

−α
h0
d−αh1

)
 . (52)

Then, B̄1 is calculated as

B̄1 =

∞∫
0

1
1+ x

e
−

x
ρa1Mβ

2d−αh0
d−αh1 dx. (53)

Using [34, Eq. (3.352.4)], B̄1 is given as

B̄1 = −e
1

ρa1Mβ
2d−αh0

d−αh1 Ei

(
−

1

ρa1Mβ2d
−α
h0
d−αh1

)

= e
1

ρa1Mβ
2d−αh0

d−αh1 E1

(
1

ρa1Mβ2d
−α
h0
d−αh1

)
, (54)

where Ei (−x) = −E1 (x) is exponential integral function.
Similarly, with solving of (54) it can be achieved B̄2 and

B̄3 as

B̄2 = e
1

ρa1d
−α
g1 E1

(
1

ρa1d
−α
g1

)
, (55a)

B̄3 = e2E1 (2) , (55b)

where 2 = 1
ρa1d

−α
g1
+

1
ρa1β2d

−α
h0

d−αh1

(
1
M −

β2d−αh0
d−αh1

d−αg1

)
Combining (55b), (55a) and (54), we can obtain (33).
The proof 3 is completed.
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