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ABSTRACT Reconfigurable intelligent surface (RIS) has recently been envisioned to provide an adaptable
channel for futuristic wireless communication networks. This work characterized the impact of hardware
impairments in the downlink RIS-aided non-orthogonal multiple access (NOMA) wireless networks. We
considered the hardware impairments in the transceivers of the base station (BS) and users, phase error at
the RIS and the imperfect successive interference cancellation (SIC) for the NOMA users. Specifically, the
performance is evaluated by deriving the closed-form expressions for the outage probability (OP), spectral
efficiency (SE) and energy efficiency (EE). Additionally, the performance of the orthogonal multiple access
(OMA) system is also evaluated and compared with its NOMA counterpart. The RIS-aided NOMA out-
performs OMA for the ideal hardware scenario. However, the hardware impairments significantly deteriorate
RIS-aided NOMA’s performance compared to RIS-aided OMA. Further, we have also compared the proposed
RIS-aided NOMA with the baseline full-duplex relaying (FDR) based NOMA. The results show that the
gains are more significant for a RIS-aided system than FDR.

INDEX TERMS Reconfigurable intelligent surfaces, sixth-generation, non-orthogonal multiple access, full-
duplex relaying, performance analysis, outage probability, spectral efficiency, energy efficiency, decode-and-
forward, hardware impairments.

I. INTRODUCTION
For the futuristic wireless network, the research community
has started looking towards developing the next generation
(presumably, 6 G) for 2030 and beyond [1]. As per the initial
findings reported in [2], high-fidelity mobile hologram, digital
twin and extended reality (XR) are the three new verticals
that will dominate the 6 G services. A few of the require-
ments to support these innovations are ultra-high peak data
rate touching up to 1000 Gbps and user-experienced data
rate of up to 1 Gbps with an end-to-end delay of less than
0.1 ms [3]–[5]. Several promising techniques have emerged
recently, having strong potential to enhance the performance
of beyond 5 G (B5G) wireless networks. Some of them are
cell-free massive multiple-input multiple-output (MIMO) sys-
tems [6], wireless energy harvesting (W-EH) [7], unmanned
aerial vehicles (UAV) communications [8], full-duplex (FD)

communication [9], optical wireless communication (OWC)
systems [10], and Terahertz (THz) communications [11]. In
addition to the above, recently, the concept of reconfigurable
intelligent surfaces (RISs) has been widely studied due to its
potential to transform the unknown wireless channel into a
pervasive network. With this potential, RISs have recently
emerged as a revolutionary technology for the 6 G wireless
networks [12].

RIS is an array of a large number of reflecting elements
(REs) independently capable of altering the reflected signal
with the required phase shift. Consequently, through suitable
adjustment of the phase, RIS establishes a favorable channel
response and thus, offers an additional degree of freedom
for enhancing the capacity and increasing the coverage. Fur-
ther, in addition to improving the received signal strength
at the desired destination, RIS can also steer the reflected
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beam away from an eavesdropper, thus, providing a secure
transmission [13]. Intelligent reflecting surfaces (IRSs) and
large intelligent surfaces (LISs) are also commonly referred
terminologies for RISs and are used interchangeably in liter-
ature [14]. With a large number of passive REs, the RISs are
known to have a very large spectral efficiency (SE) as well as
energy efficiency (EE) [15]. The easier installation of the RIS
structure facilitates a broader deployment across the various
urban infrastructure in indoor and outdoor environments, like
the home ceilings, factories, roof-tops, street lights, and traf-
fic signal poles. Consequently, RIS can be integrated easily
within the existing wireless communication networks [16].

In addition to the above, the multitude of wireless ac-
cess demands has led to looking beyond the conventional
multiple access techniques where the users are multiplexed
orthogonally either in time, frequency or through codes. The
multiplexing in time is known as time division multiple ac-
cess (TDMA), the multiplexing in frequency is termed as
frequency division multiple access (FDMA), and the multi-
plexing in code is known as code division multiple access
(CDMA). Consequently, the novel concept of non-orthogonal
multiple access (NOMA) was explored in developing 5 G
wireless standards. NOMA is a promising multiple access
technique that can improve SE and user fairness by serving
multiple users within the same time-frequency resource block.
The multiplexing of users can be done via a power domain
or code domain. Specifically, in the power domain NOMA,
the users are served simultaneously through a superimposed
signal with power coding. While at the user end, the user
can decode its own information signal by considering the
messages of other users as a perturbation noise. The succes-
sive interference cancellation (SIC) technique is adopted at
the receiver to decode the superimposed signals in the power
domain [17]. With these advantages, NOMA provides better
SE and user fairness in multiuser communication compared to
the orthogonal multiple access (OMA) [18].

A. RELATED WORK
1) RIS-AIDED NETWORKS
Asymptotic sum rate and outage for the uplink of RIS-assisted
system with a Rician distributed channel has been evaluated
in [14]. RIS is adopted for enhancing the EE of a down-
link multiuser communication scenario in [19]. Likewise,
in [20], RIS is employed for enhancing energy harvesting
in a simultaneous wireless information and power transfer
(SWIPT) system. Further in [21], a self-sustainable RIS has
been proposed that harvests energy for the wireless powered
communication network (WPCN). The presence of RIS im-
proves the downlink energy transfer and thus enhances the
energy harvested by the users, which is utilized for uplink
information transmission from these multiple users. RIS has
also been employed for vehicular communication in [22],
where RIS enhances the performance of both the links, viz.
vehicle-to-vehicle (V2V) and vehicle-to-infrastructure (V2I).
Further, in [23], RIS has been explored for physical layer
security (PLS).

Additionally, the performance of RIS-assisted systems
has been evaluated under transceiver hardware impairments
in [24]–[26]. However, the effect of phase error was not
investigated. In contrast, the authors have investigated the
impact of phase error on the performance of RIS-enabled
systems under the assumptions of ideal transceiver hardware
in [27]–[29]. Furthermore, a novel and practical phase shift
model that captures the coupled nature of amplitude and phase
for the REs has been proposed in [30], where the authors
have evaluated the performance gain that can be achieved by
considering the practical phase shift model for beamforming
optimizing. Bjornson et al. have compared the performance of
RIS-aided systems against decode-and-forward (DF) relaying
aided systems. The authors have shown that for many REs,
the RIS can easily outperform DF relaying [31]. A compre-
hensive discussion of the state-of-art research can be found
in [32], where Renzo et al. have presented an electromag-
netic theory-based communication framework for modeling,
analysis, optimization and deployment of a futuristic RIS-
empowered smart radio environment. Additionally, [33]–[35]
provides a comprehensive review for RIS empowered smart
radio communication.

2) RIS-AIDED NOMA NETWORKS
As both RIS and NOMA are highly promising techniques,
RIS has been integrated with NOMA in [36]. It has been
shown that the combination of RIS and NOMA supports high
data rate transmission with improved system performance.
Additionally, RIS-aided NOMA provides better utilization of
spectral resources. A simple design for downlink transmission
of RIS-assisted NOMA has been proposed in [37], where
the RIS is deployed to effectively serve the cell-edge user
by aligning the reflected beam from RIS. An energy-efficient
algorithm for RIS-assisted NOMA has been proposed in [38],
where the authors have discussed the tradeoff between the sum
rate of NOMA users and total power consumption. In [39]
and [40], the performance of the RIS-assisted NOMA is eval-
uated and compared with OMA. Further, the authors have also
proved that the RIS-assisted NOMA performs better than the
RIS-assisted OMA. The beamforming vector is optimized to
minimize the transmit power in RIS-assisted NOMA systems
in [41], while a joint optimization of active beamforming at
BS and passive beamforming at RIS to maximize the user sum
rate is studied in [42]. Furthermore, in [43], the authors have
investigated the resource allocation problem for a downlink
RIS NOMA system, where they have proposed a three-step
resource allocation algorithm for joint optimization of decod-
ing order of NOMA users, power allocation and reflection
coefficients at RIS. Finally, a signal cancellation-based design
is employed to simultaneously serve a pair of NOMA users in
a MIMO-IRS network [44]. A summary of the related work is
also presented in the tabular form in Table I.

As evident from above, RIS-aided NOMA systems have
been investigated in the literature. However, these prior
studies consider ideal hardware, overlooking the impact of
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TABLE I Related Work

hardware impairments. Further, it has been shown in [45]
that the presence of non-ideal hardware severely restricts
the performance of a RIS-assisted wireless communication
system. Consequently, the gain reported in the SE, EE of RIS-
assisted NOMA system in the previous studies needs to be
re-examined considering the impact of hardware impairments
at BS, RIS and user.

B. CONTRIBUTIONS
Motivated by the above, in this work, we analyze the per-
formance of a RIS-aided NOMA system in the presence of
non-ideal hardware at BS and phase error at the RIS. We have
also considered the impact of imperfect SIC on the NOMA
user pair. The main contributions of the proposed work are
summarized below.
� We investigate the performance of the RIS-aided NOMA

system in the presence of hardware impairments at BS,
RIS and users. The proposed analysis considers the im-
pact of channel fading, the size of RIS in terms of the
number of REs, the severity of hardware impairment and
the imperfect SIC.

� Explicitly, we derive the closed-form expressions for
the outage probability (OP), SE and the EE of the
proposed RIS-aided NOMA network by initially for-
mulating the signal-to-distortion-plus-interference-plus-
noise-ratio (SDINR) and then utilizing it to derive the
above expressions for both the near and far user.

� Further, we demonstrate that although the number of
REs, transmit power and Rician factor affect the per-
formance in the low SNR region. However, they do not
influence the high-SNR region. The level of hardware

impairment solely limits the high-SNR performance.
Beyond the saturation region, there is no impact of in-
creasing the number of REs or transmit power.

� Finally, as a performance benchmark, the obtained re-
sults of the proposed work are compared with an ideal
RIS-aided NOMA and OMA system. The results show
that irrespective of the level of distortion, the NOMA
scenario outperforms the OMA for both ideal and non-
ideal hardware cases. Additionally, the performance is
also compared with full-duplex relaying (FDR). The re-
sults show significant performance gain can be realized
by employing RIS over FDR.

So as compared to [45], where the investigation was re-
stricted only to outage analysis without considering the SE
and the EE, this work comprises a complete analytical frame-
work to analyze the SE and EE performance of a RIS-aided
NOMA system under the nonlinear transceiver at BS and
users as well as phase error at the RIS. Moreover, the authors
in [45] have also restricted to the specific case of the Rayleigh
fading scenario, which may not be a practical use case sce-
nario since RISs are usually deployed to have a line-of-sight
(LoS) with the base station (BS) or the users. In contrast,
this work considers a more realistic Rician fading model to
model the LoS link characteristics. Furthermore, the efficacy
of the analytical derivations has also been validated through
simulations.

C. ORGANIZATION AND NOTATIONS
The remaining paper is organized as follows: Section II dis-
cusses the details of the system model for the RIS-aided
NOMA network. Section III presents the received signal
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TABLE II Notations

FIGURE 1. Schematic for the considered downlink RIS-aided NOMA
wireless system.

model, while Section IV analyzes the performance of the pro-
posed system. Simulation results are presented in Section V,
and finally, Section VI concludes the paper.

The major notations used are been summarized here: Bold-
face lower case represent vectors (e.g., x) and upper cases
represents matrices (e.g., X). CN (μ, σ 2) denotes a complex
Gaussian distribution with mean, μ, and variance σ 2. In addi-
tion, Table II summarizes the remaining notations.

II. SYSTEM MODEL
We consider a downlink communication scenario where a
single antenna BS communicates with multiple users. The
multiple users are grouped into clusters, and each cluster can
be supported through an orthogonal resource block. Since all
the clusters are identical, subsequently, we will restrict our
analysis to one such representative cluster1. As illustrated in
Fig. 1, within each cluster, the near user (NU) is assumed to
be around the center of the cell. In contrast, the far user (FU)
is assumed to be at the cell edge. Both the users are supported

1Although the results are derived for a single antenna BS, they can easily
be extended for a MIMO-NOMA network, where precoding can decompose
the MIMO-NOMA to multiple separate SISO-NOMA [40]. Thus, the inter-
cluster interference can be suppressed through precoding while SIC mitigates
the intra-cluster interference [18].

through NOMA protocol2. In line with the assumptions of ear-
lier work, [40], the FU cannot communicate with the BS due
to more significant distance and blockages, whereas the BS
can communicate with the NU [37]. In order to enhance the
performance of NU, a RIS is also employed, which consists
of M number of REs (here, M > 1). Further, as the direct link
between the BS and FU is blocked, another RIS is employed
to assist the transmission between the FU and BS through
the reflected link (here also, the RIS consists of M number
of REs).

A. CHANNEL MODEL
The channel is assumed to be quasi-static and flat fading. It
is also assumed that the channel state information (CSI) is
perfectly known3 at the BS, similar to the prior works of [37],
[41]. Since the RISs are deployed to have an LoS link with
the BS and the UEs, the small-scale fading coefficients for the
BS-to-RIS, RIS-to-NU and RIS-to-FU links, h1, h2, g1 and g2

can be characterized through the Rician fading model [51]. In
contrast, there is no LoS link between the BS-to-NU. Hence, h
can be characterized through the Rayleigh fading model, thus,
h ∼ CN (0, 1) [52].

B. HARDWARE IMPAIRMENTS
This subsection describes the transceiver’s non-idealities that
result in the distortion of the actual received signal from
the desired transmitted signal. Specifically, in the proposed
downlink RIS-aided NOMA system, the hardware impairment
exists in the transceiver at BS. In addition, a phase error also
occurs due to the presence of non-ideal hardware at the RIS.

1) TRANSCEIVER IMPAIRMENTS
It has been shown in the literature that the assumption of
ideal hardware while evaluating the performance of wire-
less communication systems is not practical. This is because
of the fact that the transceiver architecture at the RF front-
end is prone to several inevitable additive impairments like
the in-phase/quadrature (I/Q) imbalance, the nonlinearity of
the radio front-end and the phase noise at the oscillator.
Fig. 2 illustrates the block diagram of a typical transmitter.
The schematic shows that the baseband I and Q signals are
up-converted after passing through the modulator to the re-
quired RF. Further, an ideal local oscillator (LO) is deployed
to achieve a precise 90-degree phase shift between the I/Q
branches while maintaining equal gain. However, because of
the non-idealities in the LO circuitry, the realized phase shift
is not exactly 90 degrees resulting into phase imbalance. This
causes a gain mismatch. The joint impact of gain imbalance
and phase mismatch is called I/Q imbalance. Likewise, the
power amplifier (PA), which is usually the last component

2There can be multiple users within the cluster, however, due to complexity
requirements, we are restricting ourselves to a 2-user case, similar to [46],
[47].

3Several channel estimations techniques are proposed in the literature for
RIS-assisted networks, in particular, [48]–[50] are known to provide an accu-
rate estimation of CSI at BS.
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FIGURE 2. Schematic showing various imperfections at the source
transceiver.

in the transmit chain, is a nonlinear device that causes both
in-band and out-of-band distortion. As a result, the error vec-
tor magnitude (EVM) degrades. Further, it also results in the
spectral regrowth of the transmitted signal.

These residual impairments result into distortion, which can
be characterized as a) multiplicative, in which the received
signals are phase-shifted; b) additive, in which a distortion
noise is added whose variance is proportional to the power of
the transmitted and received signals; and c) amplified thermal
noise [53]. A generic approach for modeling the collective
impact of all these impairments considers that the resultant
‘distortion’ noise is Gaussian distributed, with the average
power being proportional to the average transmit power of the
signal. Moreover, it can also be noted here that this Gaus-
sian characterization has been experimentally validated as
discussed in literature [54].

Hence, the above imperfections at the source will result in a
mismatch between the actual signal, x, where x ∈ CN (0, σ 2

in),
and the signal transmitted by the non-ideal transceiver, x̃,
which can be expressed as

x̃ = x + w, (1)

where w represents the aggregated distortion noise that is
caused by the various hardware imperfections. It can be mod-
eled as a zero-mean complex Gaussian random variable (RV)
whose variance can be expressed as

σ 2
w = ζ 2σ 2

in, (2)

where ζ is a proportionality constant that characterize the level
of residual impairment at the source.

2) RIS IMPAIRMENTS
Ideally, the RIS is configured to provide a phase shift that can-
cels the overall phase shift and thus maximizes the received
signal power at the desired receiver. However, a residual phase
error exists in the actual phase shift imparted by the RIS,
which occurs due to these two possible reasons. This deviation
of the actual phase shift from the ideally desired phase shift is
modeled by setting the phase noise �, a random variable in
[−π, π ).

� The first reason for the residual phase error is the im-
perfect channel estimate at the RIS and termed as the
phase estimation error. Specifically, for this scenario, �

is modeled as a zero-mean von Mises variable. Here, τ is
the concentration parameter that captures the channel es-
timation accuracy. Further, in this case, the characteristic
function is ϕp = Ip(τ )

I0(τ ) [29].
� Likewise, the second reason is the hardware imperfec-

tion due to practical hardware at the RIS. Here only
a set of discrete phase shifts, 2q (q ≥ 1), are available
instead of the ideally infinite phase shifts. Moreover,
the error � is assumed to be uniformly distributed over
[−2−qπ, 2−qπ ] [55]. For this case, the characteristic
function can be defined as ϕ1 = sin (2−qπ )

2−qπ
and ϕ2 =

sin (2−q+1π )
2−q+1π

[29].

C. NOMA PROTOCOL
Now the superimposed signal for both the user that will be
transmitted from the BS to the paired NOMA user is:

x = βn xn + β f x f , (3)

where xn and x f denote the desired signal of NU and FU,
respectively. The power allocation coefficients, βn and β f ,
for NU and FU, respectively follows the NOMA constraint
β2

n + β2
f = 1. For the sake of user fairness between the

NOMA pair, we use βn < β f .
Since the transmitted signal is impaired by the non-ideal

hardware and thus, from (1), the transmitted signal from the
BS can be written as

x̃ = βn xn + β f x f + ws, (4)

where ws ∈ CN (0, κ2
s Ps) is the distortion noise due to hard-

ware impairments at BS, and Ps denotes the transmit power at
the BS.

D. PATHLOSS MODELING
A 3GPP Urban Micro (UMi) pathloss model, as described and
discussed in [31], characterizes the large-scale fading. So, at
the carrier frequency of 3 GHz, the pathloss B at a distance of
d meter can be expressed as:

B(d ) [dB] = Gt [dBi] + Gr [dBi]

+
{

−37.5 − 22 log10(d/1 m) if LoS,

−35.1 − 36.7 log10(d/1 m) if NLoS,

(5)

where Gt and Gr denote the transmit and receive antenna gain
at the source/relay and relay/destination, respectively.

III. RECEIVED SIGNAL MODEL AND SNR FORMULATION
This section evaluates the SNR formulation for the NU and
FU. Initially, the received signal model is described, and then
RIS parameters are optimized to give the maximum SNR.

292 VOLUME 3, 2022



A. NEAR USER
1) RECEIVED SIGNAL AT NU
The received signal at the NU comprises of the direct link as
well as the reflected link via RIS. Thus the received signal at
NU, yn, can be expressed as

yn =
[√

Bh h +√Bh1Bh2 h1 � h2

]
× (βn xn + β f x f + ws

) √
Ps + wd1 + No, (6)

where Bh is the pathloss for the direct path between BS
and NU, while Bh1 , Bh2 are the pathloss for the reflected
link, i.e., BS-to-RIS and RIS-to-NU, respectively. Further,
� is the reflection coefficient matrix of the RIS and wd1 ∈
CN (0, κ2

d1
|√Bh h +√Bh1 Bh2 h1�h2|2Ps) represents the ag-

gregated distortion noise due to the non-ideal transceiver at the
NU. Also, h = |h|e− jφ is the small scale fading co-efficient
for the direct link between the BS and the NU, where |h| is
the channel amplitude characterized through the Rayleigh RV
and φ is the channel phase. Finally, No is the additive white
Gaussian noise (AWGN) with No ∈ CN (0, σ 2).

On expanding (6), we can re-write the received signal at
NU as

yn =
[√

Bh h +√Bh1Bh2

M∑
i=1

hi
1 �i hi

2

]

× (βn xn + β f x f + ws
)√

Ps + wd1 + No, (7)

where, hi
1 = |hi

1|e− jφi
1 is the channel co-efficient between the

BS to the i-th reflecting element of RIS with amplitude, |hi
1|,

and phase, φi
1. Similarly, hi

2 = |hi
2|e− jφi

2 is the channel coef-
ficient between the i-th reflecting element of the RIS to NU
with amplitude, |hi

2|, and phase, φi
2. The envelopes of hi

1 and
hi

2 for i = 1, . . . , M are i.i.d and characterized through Rician
RV with a shape and scale factor of K1, K2 and �1, �2,
respectively. It is also assumed that h1 and h2 are mutually
independent of h and of each other.

2) RIS REFLECTION PARAMETERS
Now by optimizing the reflection matrix, �, the total chan-
nel gain for the NU can be maximized, i.e., |√Bh h +√Bh1Bh2 h1�h2|. This can be achieved by adjusting θ i to
cancel the resultant phase of hi

1, hi
2 and h. Thus, by applying

θ i = φ − φi
1 + φi

2, the channel gain will be maximized and
can be expressed as

|H|2 =
∣∣∣√Bh h +√Bh1Bh2 h1�h2

∣∣∣2 ,

=
(√

Bh |h| +√Bh1Bh2

M∑
i=1

∣∣hi
1

∣∣ ∣∣hi
2

∣∣)2

. (8)

However, due to the presence of non-ideal hardware at the
RIS, θ i may not be able to cancel the resultant phase of hi

1, hi
2

and h. Thus, the resultant channel gain will comprises of the

phase error which can be expressed as

|H|2 =
(√

Bh |h| +√Bh1Bh2

M∑
i=1

∣∣hi
1

∣∣ ∣∣hi
2

∣∣ e j�i

)2

, (9)

or equivalently

|H|2 =
(√

Bh |h| +√Bh1Bh2 M |H |
)2

, (10)

where H = 1
M

∑M
i=1 |hi

1||hi
2| e j�i .

Utilizing (10), the received signal at NU in (7) can now be
expressed as

yn = |H|2 (βn xn + β f x f
) √

Ps + w1 + No, (11)

where

w1 = |H|2 ws + wd1, (12)

denotes the aggregated distortion caused by the transceiver
impairments at the BS and NU.

3) SNR FORMULATION
At NU, initially, the NU will decode the signal of FU with the
following signal-to-distortion-plus-interference-plus-noise ra-
tio (SDINR).

SDINRn→ f =
|H|2 β2

f Ps

|H|2 β2
n Ps + |H|2

(
κ2

s + κ2
d1

)
Ps + σ 2

.

(13)
After decoding and canceling the signal of FU, the NU can
decode its own signal. However, due to the presence of non-
idealities, NU may not be able to implement perfect SIC.
Hence due to imperfect SIC, the NU will experience a residual
interference of the FU signal. Based on imperfect SIC, the
SDINR at NU can be expressed as

SDINRn = |H|2 β2
n Ps

ξ |H|2 β2
f Ps + |H|2

(
κ2

s + κ2
d1

)
Ps + σ 2

, (14)

where ξ ∈ [0, 1] represents the error propagation model that
captures the efficacy of SIC. Specifically, ξ = 0 corresponds
to the ideal scenario of perfect SIC while ξ = 1 corresponds
to scenario of maximum interference [56].

After rearranging the terms of 14, the SDINR at NU can be
expressed as

SDINRn = |H|2 β2
n ϒs

|H|2
(
ξ β2

f + κ2
s + κ2

d1

)
ϒs + 1

, (15)

where ϒs = Ps
σ 2 is the transmit signal-to-noise ratio (SNR).

Thus, the normalized instantaneous rate for the NU, Rn, can
be evaluated from the SDINR at the NU as

Rn = log2 (1 + SDINRn) ,

= log2

⎛
⎝1 + |H|2 β2

n ϒs

|H|2
(
ξ β2

f + κ2
s + κ2

d1

)
ϒs + 1

⎞
⎠ . (16)

VOLUME 3, 2022 293



SHAIKH ET AL.: DOWNLINK RIS-AIDED NOMA SYSTEM WITH HARDWARE IMPAIRMENTS: PERFORMANCE CHARACTERIZATION AND ANALYSIS

B. FAR USER
1) RECEIVED SIGNAL AT FU
As discussed in system model, the RIS is employed to assist
the BS-FU communication through the reflected link, i.e.,
BS-RIS-FU link. Thus, the received signal at FU, y f , can be
expressed as

y f = √Bg1Bg2 g1 � g2
(
βn xn + β f x f + ws

) √
Ps

+ wd2 + No, (17)

where Bg1 , Bg2 represents the pathloss of the BS-
to-RIS and RIS-to-FU link, respectively and wd2 ∈
CN (0, κ2

d2
|g1�g2|2Bg1Bg2 Ps) represents the aggregated

distortion noise due to the non-ideal transceiver at the FU.
Further, � is the reflection coefficient matrix of the RIS,
where � = diag(�i ) and �i is the response of i-th RE. Now,
�i = δiφi with δi ∈ (0, 1], being the amplitude reflection
coefficient and φi = e jθi being the phase shift introduced by
the i-th RE, where j = √−1 and θ ∈ [0, 2π ) ∀ i = 1, . . . , M.

On further expanding (17), we can have

y f = √Bg1Bg2

[
M∑

i=1

gi
1 �i gi

2

] (
βn xn + β f x f + ws

) √
Ps

+ wd2 + No, (18)

where gi
1 = |gi

1|e− j� i
1 is the channel co-efficient between

the BS to the i-th reflecting element of RIS with |gi
1| be-

ing the amplitude and � i
1 being the phase shift. Similarly,

gi
2 = |gi

2|e− j� i
2 is the channel coefficient between the i-th

reflecting element of the RIS to FU with |gi
2| and � i

2 being
the channel amplitude and phase, respectively. Moreover, the
envelopes of gi

1 for i = 1, . . . , M are assumed to be indepen-
dent and identically distributed (i.i.d) and characterized by
the Rician RV with a shape and scale factor of K3 and �3,
respectively. Similarly for g2, the elements are also i.i.d and
Rician distributed with a shape and scale parameter of K4 and
�4, respectively. Additionally, it is also assumed that g1 and
g2 are independent of each other.

2) RIS REFLECTION PARAMETERS
Now by optimizing the reflection matrix, �, the channel gain
can be maximized, i.e., |g1�g2|. This can be achieved by
adjusting θ i to cancel the resultant phase of gi

1 and gi
2. Thus,

by applying θ i = � i
1 + � i

2, |g1�g2| can be maximized and
this optimal solution can be denoted as θ̃ . Thus, the maximum
channel gain can be expressed as

|G|2 = Bg1Bg2 |g1�g2|2 ,

= Bg1Bg2

(
M∑

i=1

∣∣gi
1

∣∣ ∣∣gi
2

∣∣)2

, (19)

where it is assumed that δi = 1,∀ i, without any loss of gener-
ality. Further, as the RIS is also impaired by the unavailability
of ideal phase shift, θ̃ , in practice the maximum channel gain

that can be achieved can be expressed as

|G|2 = Bg1Bg2

(
M∑

i=1

∣∣gi
1

∣∣ ∣∣gi
2

∣∣ exp ( j�i )

)2

, (20)

or equivalently,

|G|2 = M2 Bg1Bg2 |G|2 , (21)

where G = 1
M

∑M
i=1 |gi

1||gi
2| exp ( j�i ).

Hence, from (21), the received signal at FU in (18) can be
re-written as

y f = |G|2 (βn xn + β f x f + ws
) √

Ps + wd2 + No, (22)

which on simplification gives

y f = |G|2 (βn xn + β f x f
) √

Ps + w2 + No, (23)

where

w2 = |G|2 ws + wd2 , (24)

is the aggregated distortion caused by the transceiver impair-
ments at the BS and FU.

Thus, for a given channel realization, w1 and w2 in (11)
and (23), can be characterized as zero mean noise with vari-
ance [24]

σ 2
w1 = |H|2

(
κ2

s + κ2
d1

)
Ps,

σ 2
w2 = |G|2

(
κ2

s + κ2
d2

)
Ps. (25)

Here, κs, κd1 and κd2 are the proportionality constant that
controls the level of impairment of the non-ideal transceiver at
the BS, NU and FU, respectively. Additionally, it can also be
noted here that for κs = κd1 = κd2 = 0, the scenario reduces
to the case of ideal transceiver with no distortion, i.e., w1 =
w2 = 0 in both (11) and (23). The performance of the ideal
transceiver based NOMA has been studied in [40]. Further
from (25), it can also be observed that the distortion noise
variance (due to non-ideal transceiver) increases along with
signal power.

3) SNR FORMULATION
Likewise, the FU will decode its signal while treating the
signal for NU as an interference. Thus, the SDINR at FU can
be expressed as

SDINR f =
|G|2 β2

f Ps

|G|2 β2
n Ps + |G|2

(
κ2

s + κ2
d2

)
Ps + σ 2

. (26)

or equivalently

SDINR f =
|G|2 β2

f ϒs

|G|2
(
β2

n + κ2
s + κ2

d2

)
ϒs + 1

. (27)

Thus, the normalized instantaneous rate for the FU, R f , can
now be evaluated as

R f = log2

(
1 + SDINR f

)
,
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= log2

⎛
⎝1 +

|G|2 β2
f ϒs

|G|2
(
β2

n + κ2
s + κ2

d2

)
ϒs + 1

⎞
⎠ . (28)

IV. PERFORMANCE ANALYSIS
This section evaluates the performance in terms of the outage,
ergodic rates, SE and EE.

A. ERGODIC RATE
The ergodic rate is one of the widely accepted performance
metrics used in rate-adaptive systems. The ergodic rate for the
NU and FU can be formulated as

R̄n = E [Rn] ,

= E

⎡
⎣log2

⎛
⎝1 + |H|2 β2

n ϒs

|H|2
(
ξ β2

f + κ2
s + κ2

d2

)
ϒs + 1

⎞
⎠
⎤
⎦ ,

(29)

and

R̄ f = E
[
R f
]
,

= E

⎡
⎣log2

⎛
⎝1 +

|G|2 β2
f ϒs

|G|2
(
β2

n + κ2
s + κ2

d2

)
ϒs + 1

⎞
⎠
⎤
⎦ ,

(30)

respectively.
Remark 1: The corresponding ergodic rates for the NU and

FU can be evaluated by considering the transmission in two
equal orthogonal time slots. In each of the slots, the two users
are served through TDMA.

Now, the probability distribution function (PDF) of H is
not available in the closed-form. Consequently, the ergodic
rate of NU does not admit a closed-form expression. However,
it can be approximated tightly by an upper bound [52]. The
following Lemma provides an approximate closed form for
the upper bound on the ergodic rate of NU and the closed-form
expression for the ergodic rate of FU.

Lemma 1: For the considered RIS-aided NOMA system,
the ergodic rate of the FU, R̄ f , can be expressed as shown in
(31) shown at the bottom of this page.

Proof: Please refer to Appendix B for the derivation of
R̄ f . �

Remark 2: The ergodic rate for FU, in case of RIS-aided
OMA scenario can be extracted from (31) by substituting C1

and C2 as B M2 (1 + κ2
s + κ2

d2
) and B M2 (κ2

s + κ2
d2

), respec-
tively.

Remark 3: The high SNR approximation for the ergodic
rate of FU can be given as

R̄ f = log2

(
1 +

β2
f

β2
n + κ2

s + κ2
d2

)
. (32)

This approximation can be derived from (63) by considering
the fact that for high SNR (i.e., when ϒ is large) |G|2(κ2

s +
κ2

d2
)ϒs + 1 ≈ |G|2(κ2

s + κ2
d2

)ϒs and thus 1 can be neglected
safely. After simplification, the above relationship can easily
be found.

Remark 4: Likewise, the high SNR approximation for the
ergodic rate of FU for the RIS-aided OMA scenario can be
given as

R̄O
f = log2

(
1 + 1

κ2
s + κ2

d2

)
. (33)

Remark 5: The approximation the ergodic rate of FU for
large M can again be given as

R̄ f =
[

log2

(
1 +

β2
f

κ2
s + κ2

d2
+ β2

n

)]
. (34)

Since the proof is similar to that followed in Remark 3, it is
omitted for the sake of brevity.

Remark 6: Likewise, the corresponding approximation of
the ergodic rate of FU for large M in the case of RIS-aided
OMA can again be given as

R̄O
f =

[
log2

(
1 + 1

κ2
s + κ2

d2

)]
. (35)

Lemma 2: For the considered RIS-aided NOMA system,
the ergodic rate of the NU, R̄n is upper bounded by R̂n, which
can be expressed as shown in (36) shown at bottom of the next
page).

Proof: Please refer to Appendix A. �
Remark 7: Likewise, the upper bound on the ergodic rate of

the NU, in case of RIS-aided OMA scenario, can be extracted
from (36) by substituting �1 and �2 as (κ2

s + κ2
d1

)ϒs and

(ξ + κ2
s + κ2

d1
)ϒs, respectively.

Remark 8: The high SNR approximation for the ergodic
rate of NU can be given as

R̄n =
[

log2

(
1 + β2

n

ξ β2
f + κ2

s + κ2
d1

)]
. (37)

This approximation can be derived from (29) by considering
the fact that for high SNR (i.e. when ϒ is large) |H|2(ξ β2

f +

R̄ f = mm

�(m) μ2 m ln(2)

⎡
⎣ π

m sin (m π )

⎧⎨
⎩ 1F1

(
m; m + 1; m

μ2
1

C1 ϒs

)
(C1 ϒs)m −

1F1

(
m; m + 1; m

μ2
1

C2 ϒs

)
(C2 ϒs)m

⎫⎬
⎭+ μ2 m �(m)

mm

×
⎧⎨
⎩ln

(C1

C2

)
+ m

μ2 (1 − m)

⎛
⎝ 2F2

(
1, 1; 2, 2 − m; m

μ2
1

C2 ϒs

)
C2 ϒs

−
2F2

(
1, 1; 2, 2 − m; m

μ2
1

C1 ϒs

)
C1 ϒs

⎞
⎠
⎫⎬
⎭
⎤
⎦ (31)
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κ2
s + κ2

d1
)ϒs + 1 ≈ |H|2(ξ β2

f + κ2
s + κ2

d1
)ϒs and thus 1 can

be neglected safely. After simplification, the above relation-
ship can easily be found.

Remark 9: Likewise for the RIS-aided OMA scenario, the
high SNR approximation for the ergodic rate of NU can be
given as

R̄O
n =

[
log2

(
1 + 1

κ2
s + κ2

d1

)]
. (38)

Remark 10: The large M approximation for the ergodic
rate of NU can again be given as

R̄n =
[

log2

(
1 + β2

n

ξ β2
f + κ2

s + κ2
d1

)]
. (39)

Since the proof is similar to that followed in Remark 1, it is
omitted for the sake of brevity.

Remark 11: Similarly for the RIS-aided OMA scenario,
the large M approximation for the ergodic rate of NU can
again be given as

R̄O
n =

[
log2

(
1 + 1

κ2
s + κ2

d1

)]
. (40)

B. OUTAGE PROBABILITY
The outage probability for RIS-aided NOMA system can be
defined as probability that instantaneous rate achieved is less
than the rate threshold. So, the outage probability at NU can
be defined as

Pn = P
{
Rn < Rth,n

}
,

= P
{
log2(1 + SDINRn→ f ) < Rth, f

}
+ P

{
log2(1 + SDINRn→ f ) > Rth, f

}
× P

{
log2(1 + SDINRn) < Rth,n

}
, (41)

where Rth,n and Rth, f represent the rate threshold correspond-
ing to the NU and FU, respectively.

Utilizing (41), the OP for the NU can be formulated as

Pn = P
{
log2(1 + SDINRn→ f ) < Rth, f

}

+ P
{
log2(1 + SDINRn→ f ) > Rth, f

}
× P

{
log2(1 + SDINRn) < Rth,n

}
, X (42)

which can be reformulated as

Pn = 1−
P
{
SDINRn→ f ≥ 2Rth, f − 1, SDINRn ≥ 2Rth,n − 1

}
,

= 1 − P
{
SDINRn→ f ≥ χ f , SDINRn ≥ χn

}
, X
(43)

where χ f = 2Rth, f − 1 and χn = 2Rth,n − 1. Utilizing (13) and
(14), the outage probability for NU, Pn, can be evaluated as

Pn = 1 − P

⎧⎨
⎩ |H|2 β2

f ϒs

|H|2
(
β2

n + κ2
s + κ2

d1

)
ϒs + 1

≥ χ f ,

|H|2 β2
n ϒs

|H|2
(
ξ β2

f + κ2
s + κ2

d1

)
Ps + 1

≥ χn

⎫⎬
⎭ , (44)

which can be simplified as

Pn = 1 − P

⎧⎪⎨
⎪⎩|H|2 ≥

√√√√ χ f

ϒs

(
β2

f −
(
β2

n + κ2
s + κ2

d1

)
χ f

) ,

|H|2 ≥
√√√√ χn

ϒs

(
β2

n −
(
ξ β2

f + κ2
s + κ2

d1

)
χn

)
⎫⎪⎬
⎪⎭ ,

(45)

equivalently,

Pn = 1 − P
{|H|2 ≥ Y1, |H|2 ≥ Y2

}
,

= P
{|H|2 ≤ Y} , (46)

where

Y1 = χ f

ϒs

(
β2

f −
(
β2

n + κ2
s + κ2

d1

)
χ f

) , (47)

R̂n = log2

⎡
⎣1 + �1Bh + 2 M �1

�
(
m + 1

2

)
�(m)

√
ϕ2

1 π3BhBh1Bh2

8 m (K1 + 1) (K2 + 1)
L 1

2
(−K1) L 1

2
(−K2)

+ M2 �1 Bh1Bh2

ϕ2
1 π2

4 (K1 + 1) (K2 + 1)

{
L 1

2
(−K1)

}2 {
L 1

2
(−K2)

}2
]

− log2

⎡
⎣1 + �2Bh + 2 M �2

�
(
m + 1

2

)
�(m)

√
ϕ2

1 π3BhBh1Bh2

8 m (K1 + 1) (K2 + 1)
L 1

2
(−K1) L 1

2
(−K2)

+ M2 �2 Bh1Bh2

ϕ2
1 π2

4 (K1 + 1) (K2 + 1)

{
L 1

2
(−K1)

}2 {
L 1

2
(−K2)

}2
]

(36)
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Y2 = χn

ϒs

(
β2

n −
(
ξ β2

f + κ2
s + κ2

d1

)
χn

) , (48)

and

Y = max {Y1,Y2} . (49)

Now since the PDF of |H|2 is not known, hence, Pn does not
admit a closed-form solution. However, it can be evaluated
through simulations.

Similarly, the outage probability for the FU can be defined
as

Pf = P
{
R f < Rth, f

}
,

= P
{
log2(1 + SDINR f ) < Rth, f

}
, (50)

Lemma 3: For the considered RIS-aided NOMA network,
the OP for the FU can be expressed as

Pf =
γ
(

m, m
μ2 Y f

)
�(m)

, (51)

where Y f =
√

χ f

Bg1Bg2 M2 ϒs(β2
f −(β2

n +κ2
s +κ2

d2
)χ f )

, χ f = 2Rth, f −
1.

Proof: Please refer to Appendix C. �
Remark 12: Likewise, for the RIS-aided OMA scenario,

the OP for the FU can be expressed as

PO
f =

γ
(

m, m
μ2 YO

f

)
�(m)

, (52)

where YO
f =

√
χ f

Bg1Bg2 M2 ϒs(1−(κ2
s +κ2

d2
)χ f )

.

C. SPECTRAL EFFICIENCY AND ENERGY EFFICIENCY
The SE of the RIS-aided NOMA system can be defined based
on the ergodic rate found in the previous subsection as

SE = R̄n + R̄ f . (53)

Remark 13: Since, in the RIS-aided OMA scenario, the two
users are orthogonally transmitted in two equal time slots, the
SE of the RIS-aided OMA system can be given as

SEO = 1

2

[
R̄O

n + R̄O
f

]
. (54)

Now, the EE can be defined in terms of bits/Joule/Hz as
the ratio of the SE and the total power consumed, Ptot , which
includes power consumed at BS, RIS and the NOMA user
pair. Representing the static and dynamic power consumption
at the BS as PBS and αPs, respectively, further, representing the
power consumed at the REs as PRE and the power consumed
at the users as PU , the EE can be expressed as

EE = SE

Ptot
= SE

(1 + α)Ps + PBS + 2MPRE + 2PU
. (55)

Likewise, the EE for the RIS-aided OMA network can also be
evaluated.

TABLE III Simulation Parameters

This completes the analytical evaluation of the proposed
RIS-aided NOMA and OMA network. The following remarks
are noteworthy here that provide system-design insights and
can be summarized as 1) The performance analysis of the de-
signed system provides insights regarding the suitable number
of REs, which can be determined to strike a balance between
hardware cost and system performance for different scenarios,
i.e., downlink (or uplink) NOMA (or OMA). 2) The analytical
results contribute to the deployment of RISs under realistic
scenarios, i.e., the BS-RIS and RIS-user links can be either
LoS or NLoS. 3) Based on the impact of transceiver impair-
ments on the system performance, we know how the non-ideal
transceiver limits the performance gain provided by RIS. 4)
Further, the impact of the fixed power-allocation coefficients
for the different use case scenarios of downlink NOMA.

V. SIMULATION RESULT
This section discusses and presents the simulation results
for the performance of both ideal and non-ideal transceiver-
based RIS-aided NOMA systems. The general rate threshold
used for simulation of near and far user are Rth,n = 5 and
Rth, f = 1.5 bits per channel use (BPCU), respectively, if
not specified. Also, for simulation purposes, the number of
users is set to be 2, with the power allocation coefficients of
β2

n = 0.3 and β2
f = 0.7, if not specified otherwise. Likewise,

the proportionality constant for hardware impairment level is
assumed to be κ = 0.1, where (κ = κs = κd ), if not specified
otherwise. Further, the distance between the BS-to-RIS and
RIS-to-NU is assumed to be 10 m, while the distance between
BS-to-NU is 17.32 m. Likewise, for the FU, the distances
between BS-to-RIS and RIS-to-FU are supposed to be 40
and 10 m, respectively. The rest of the simulation parameters
are summarized in Table III. Further, the proposed RIS-aided
NOMA is compared with full-duplex relaying (FDR), where a
full-duplex relay is substituted for the RIS. For the sake of fair
comparison, the total transmitted power is kept equal in both
RIS-aided and FDR-aided NOMA systems. Moreover, in the
FDR-aided NOMA system, the transmit power is assumed to
be equally distributed at the BS and the full-duplex relay. In
addition to the above, solid lines show the analytical results,
while the marker points denote the simulation results; a simi-
lar convention is followed throughout this section.
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FIGURE 3. Ergodic rate for the NU with respect to transmit power under
varying level of hardware impairments, here M = 10.

A. SE
Fig. 3 shows the non-ideal hardware’s impact on the NU rate
in the RIS-aided NOMA wireless system. Specifically, the
figure shows the ergodic rate for the NU with respect to the
transmit power under the varying level of hardware impair-
ments. The following observations can easily be made from
Fig. 3: a) The result shows that the rate of NU saturates with
increasing transmit power for the non-ideal hardware-based
RIS-aided NOMA system. b) The impact of distortion noise
is far more significant than the impact of the phase noise.
c) Likewise, the imperfect SIC has a detrimental impact on
the ergodic rate of the NU, which is also far more significant
than the RIS phase error. d) It can also be observed here that
analytical and simulation results are pretty close. This shows
that the derived upper bound on the ergodic rate of FU is very
tight, specifically in the higher transmit power regime.

Likewise, Fig. 4 shows the ergodic rate of the FU for the
RIS-aided NOMA wireless system. The result shows that the
rate of FU saturates with increasing transmit power. Further,
it can also be observed that for large M, the SE saturates for
the lower transmit power values. For instance, FU’s rate is
1.55 bps/Hz for q = 3, κ = 0.01 and M = 10 at 5 dBm of
transmit power, while it saturates at 1.73 bps/Hz at 20 dBm of
transmit power. A similar rate can also be achieved at 5 dBm
of transmit power by increasing M to 100. Though the rate
of FU saturates with respect to transmit power, RIS provides
the leverage to tradeoff the transmit power in terms of M.
Thus, RIS provides better EE even for the hardware-impaired
wireless system. Furthermore, it can also be observed here that
the impact of phase error is insignificant as compared to the
impact of the non-ideal transceiver and imperfect SIC.

Fig. 5 shows the impact of power allocation co-efficient on
the NOMA users’ SE. It can be observed that power allocation
plays a significant role in the overall SE of the NOMA system.
Specifically, it can be observed that to enhance the sum rate,

FIGURE 4. Ergodic rate for the FU with respect to transmit power under
varying level of hardware impairment.

FIGURE 5. Impact of power allocation coefficient on the rate of both the
users viz. NU and FU, here M = 10, q = 3, Ps = 10 dBm.

the power allocation for the near user should be more as
compared to the far user. This is because the near user has
better channel conditions; thus, to maximize the sum rate,
the user with better channel conditions should be allocated
more power. For instance, at higher values of β2

n , the rate
experienced by the near user is much better than the far user,
as evident from this result. In contrast, if fairness between the
users is to be ensured, then as can be seen here, the near user
should be allocated lesser power, while the far user should
be allocated more power. For instance, when β2

n = 0.03, the
users’ rate is equal to 5 bps/Hz.

Fig. 6 shows the impact of the hardware impairments on the
SE of both the RIS-aided NOMA and OMA systems. It can be
seen that, for the ideal transceiver (κ = 0) based on RIS-aided
NOMA and OMA, the SE increases with the transmit power
linearly. However, as the level of hardware impairment rises,
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FIGURE 6. SE with respect to transmit power for both RIS-aided NOMA
and OMA, here q = 3 and M = 10.

FIGURE 7. SE with respect to M for different level of hardware
impairment, here q = 3 and Ps = 10 dBm.

the SE saturates. For instance, the SE saturates at 12.6 bps/Hz
and 5.6 bps/Hz for κ =0.01 and 0.1, respectively. NOMA pro-
vides some SE gain over OMA in the moderate transmit power
regime. However, at higher power, the SE of both RIS-aided
NOMA and OMA saturates. After saturation, no further gain
in the SE can be achieved by increasing the transmit power.
Specifically, in the high transmit power saturation regime,
NOMA provides a gain of around 2.2 bps/Hz in the SE as
compared to OMA for the ideal hardware-based system. In
comparison, for the hardware-impaired non-ideal system, the
SE gain diminishes with increasing transmit power.

Likewise, Fig. 7 shows the SE for the RIS-aided NOMA
and OMA system for an increasing number of REs. It can
be observed here that SE also saturates with an increasing
number of REs for both NOMA and OMA-based system

FIGURE 8. Outage with respect to transmit power for both NU and FU of
the RIS-aided NOMA System, here q = 3, ξ = 0.001 and κ = 0.01.

when there is a non-ideal hardware-based system. However,
for an ideal hardware scenario, the SE increases linearly.
After saturation, no further gain in the SE can be achieved
irrespective of the number of REs in the RIS. For instance,
the SE saturates at 5.6 bps/Hz for both NOMA and OMA
systems at κ = 0.1, increasing linearly with the number of
REs for ideal transceiver-based RIS-aided NOMA and OMA.
This shows the detrimental impact of the non-ideal transceiver
as the SE is independent of the number of REs in the non-ideal
transceiver-based NOMA system. Also, the impact of hard-
ware distortion at the transceivers is far more significant than
RIS phase error. Further, it can also be observed that despite
a non-ideal transceiver, the NOMA system outperforms the
OMA scenario, as evident from the results. Thus, the impact
of non-idealities in the transceiver is significant and cannot
be ignored while analyzing the performance of RIS-aided
wireless networks.

B. OUTAGE
Fig. 8 shows the outage performance of both the NOMA
users in the presence of hardware impairments. As evident
from the result, the outage performance of the NU is better in
the low transmit power regime. While increasing the transmit
power, the outage for the FU also improves. For instance, the
outage at 5 dBm transmit power for the FU is 0.01, whereas
the outage improves to 10−6 at 15 dBm of transmit power.
However, increasing M to 20, a similar outage performance
can be observed for the FU at 5 dBm transmit power. Thus,
the transmit power can be reduced by increasing M without
compromising the quality of service (QoS). Likewise, the
outage probability can be enhanced by increasing M for the
NU since the FU experiences more attenuation as the distance
is considerable for FU compared to NU.
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FIGURE 9. EE with respect to transmit power for both RIS-aided NOMA
and OMA considering ideal and non-ideal system.

FIGURE 10. EE with respect to varying number of reflecting elements for
both RIS-aided NOMA and OMA with ideal and non-ideal system.

C. EE
Fig. 9 and 10 show the EE for both NOMA and OMA scenar-
ios with ideal and non-ideal transceivers. It can be observed
that NOMA is more energy-efficient than OMA for both
the ideal and non-ideal hardware-based scenarios when the
number of REs is small. However, for large REs, RIS-aided
OMA may outperform RIS NOMA in EE. Further, it is also
evident from the result that the EE of ideal hardware-based
RIS-aided NOMA saturates with the number of REs in the
RIS. In contrast, for the non-ideal hardware-based RIS-aided
NOMA system, the EE decreases with increasing M. This
is because of the fact that SE saturates for the non-ideal
hardware-based RIS-aided NOMA system while the power

TABLE IV Evaluation Matrix

consumption increases with M. Thus, the compound effect re-
sults in a decrease in the EE of the RIS-aided NOMA system.
In contrast, for the ideal transceiver-based RIS-aided NOMA
system, the EE improves with the number of REs. However,
for a large number of REs, the EE is also saturated, and no
significant gain is observed afterward. For instance, the EE at
M = 20 is 0.73 bits/Hz/Joule for RIS-aided NOMA and 0.55
bits/Hz/Joule for the RIS-aided OMA system. After that, the
EE saturates along with the number of REs for NOMA and
increases linearly for the OMA system. For instance, when
M is increased to 50, the EE remains 0.76 bits/Hz/Joule for
NOMA and increases to 0.62 bits/Hz/Joule for OMA from
the earlier values (when M = 20). This is because the SE is
saturated, and the power consumption increases linearly, as
evident from (55). Hence, it results in a decrease in the EE
of the RIS-aided NOMA system. Further, it also proves that
increasing the number of REs does not yield the best perfor-
mance as the SE saturates and EE decreases, unlike the ideal
hardware case, where the SE increases and the EE is saturated.
Thus, it can be concluded that the RIS-aided NOMA system
outperforms the OMA system in both SE and EE. Further, it
is evident that a non-ideal transceiver’s impact is much more
significant on both the SE and EE, both of which are limited
by the distortion noise and imperfect SIC due to non-ideal
hardware.

Table IV compares ideal and non-ideal hardware-based
RIS-aided NOMA wireless transmission systems. It can be in-
ferred here that the ideal transceiver-based RIS-aided NOMA
and OMA system have the best EE, whereas the non-ideal
transceiver-based RIS-aided NOMA and OMA system have
the worse EE. Further, it can also be concluded from the
above result that the gain provided by RIS is saturated due
to distortion. Thus the non-ideal transceiver significantly im-
pacts the performance of the RIS-aided NOMA and OMA
wireless system. So, non-ideal hardware impairments can not
be neglected in a practical deployment of RIS-based wireless
systems. Finally, it can also be verified from the results that
NOMA based system outperforms the OMA-based RIS-aided
wireless system.

D. COMPARISON WITH FD RELAYING
Fig. 11 shows the performance comparison of the RIS-aided
NOMA network with FDR aided NOMA network. Specifi-
cally, as a performance benchmark, the RIS is replaced with a
full-duplex (FD) relay, and the FD relay aids the transmission
instead of the RIS. It shows that the RIS outperforms the FDR,
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FIGURE 11. SE with respect to transmit power for both OMA and NOMA
considering RIS-aided and FDR-aided network.

as evident from the SE result. However, as discussed earlier,
the hardware impairment due to the non-ideal transceiver
saturates the performance of FDR-aided NOMA and OMA.
Further, it can also be observed that the FD-aided NOMA sce-
nario provides more SE than the FD-aided OMA counterpart
for the FDR-aided network. Similarly, it can be observed here
that a RIS-aided OMA network also performs better than the
FDR-aided OMA network. This shows the RIS-aided NOMA
system’s potential within the existing wireless systems.

VI. CONCLUSION
In this paper, we investigated the impact of the non-ideal
transceiver on the performance of a RIS-aided NOMA
system. Specifically, we derived the closed-form expressions
for OP, SE and EE in the presence of a non-ideal transceiver.
Further, the performance of the NOMA system is compared
with its OMA counterpart, where the results show that the
RIS-aided NOMA system outperforms the OMA scenario in
both SE and EE. Also, the result shows that the SE saturates in
the non-ideal transceiver-based NOMA system, and this sat-
uration level is independent of the number of REs in the RIS.
Further, the EE decreases with the number of REs. In contrast,
the SE of an ideal system increases with the number of REs,
whereas the EE also increases but saturates for a very large
number of REs. Thus, the impact of the non-ideal transceiver
can not be overlooked while designing the practical RIS-aided
NOMA system. In addition to the above, we also compared
the performance of the RIS-aided system with the FDR-aided
network, where it has been shown that the RIS-aided network
significantly outperforms the FDR-aided network.
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APPENDIX A
PROOF OF LEMMA 1
The ergodic rate for FU can be evaluated from (30) as,

R̄ f = E
[
log2

(
1 + SDINR f

)]
, (56)

where SDINR f can be further expanded as

SDINR f

=
Bg1Bg2 |G|2 β2

f ϒs

Bg1Bg2 |G|2
(
β2

n + κ2
s + κ2

d2

)
ϒs + 1

, (57)

which can be re-written as

SDINR f =
M2 B |G|2 β2

f ϒs

M2 B |G|2
(
β2

n + κ2
s + κ2

d2

)
ϒs + 1

. (58)

where B is substituted for Bg1Bg2 .
Now the cumulative distribution function (CDF) and the

PDF for the channel gain |G|2 can be derived as [29]

f|G|2 (g) = mm

�(m) μ2 m
gm−1 exp

(
− m

μ2
g

)
, (59)

and

F|G|2 (g) =
γ
(

m, m
μ2 g
)

�(m)
, (60)

respectively. Here, m and μ are constants, which are defined
as

m = M

2

ϕ2
1 a4

1 + ϕ2 − 2 ϕ2
1 a4

, μ = ϕ1 a2, (61)

where a = √
a1 a2 with a1 and a2 being the expected values

of Rician RV g1 and g2, respectively. It can further be noticed
that, for a Rician variable g1 ∈ {0, 1}, the expected value can
be given as

E{|g1|} =
√

π

2 (K3 + 1)
L 1

2
(−K3) . (62)

Utilizing (58) and (59) to solve the expectation in (56), we
can have

R̄ f =
∫ ∞

0
log2

⎛
⎝1 +

gB M2 β2
f ϒs

gB M2
(
β2

n + κ2
s + κ2

d2

)
ϒs + 1

⎞
⎠ fG(g)dg.

(63)

Now the ergodic rate for the FU case can be derived by
substituting (59) in (63) as

R̄ f = mm

�(m) μ2 m ln(2)

∫ ∞

0
ln
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⎛
⎝1 +

gB M2 β2
f ϒs

gB M2
(
β2

n + κ2
s + κ2

d2

)
ϒs + 1

⎞
⎠ gm−1 exp

×
(

− m

μ2
g

)
dg, (64)

which after simplification and re-arrangement can be ex-
pressed as

R̄ f = mm

�(m) μ2 m ln(2)
{I1 − I2} , (65)

where

I1 =
∫ ∞

0
ln (1 + gC1ϒs) gm−1 exp

(
− m

μ2
g

)
dg, (66)

and

I2 =
∫ ∞

0
ln (1 + gC2ϒs) gm−1 exp

(
− m

μ2
g

)
dg, (67)

with C1 = B M2 (1 + κ2
s + κ2

d2
) and C2 = B M2 (β2

n + κ2
s +

κ2
d2

).
Now I1 and I2 can be solved by utilizing [28, 17] and can

be expressed as shown in (68) and (69) shown at the bottom
of this page. Further, I1 and I2 can be substituted in (65) to
get the expression for R̄ f , as shown in (31).

APPENDIX B
PROOF OF LEMMA 2
Since the closed form PDF is not available for the channel
gain of NU, i.e., H. We can evaluate an upper bound on the
ergodic rate of NU, R̄n. From (29), the rate can be re-written
as

R̄n = E

⎡
⎣log2

⎛
⎝1 + |H|2 β2

n ϒs

|H|2
(
ξ β2

f + κ2
s + κ2

d1

)
ϒs + 1

⎞
⎠
⎤
⎦ ,

(70)

which can be modified as

R̄n = E

⎡
⎣log2

⎛
⎝1 + |H|2

(
ξ β2

f + κ2
s + κ2

d1
+ β2

n

)
ϒs

1 + |H|2
(
ξ β2

f + κ2
s + κ2

d1

)
ϒs

⎞
⎠
⎤
⎦ ,

= E
[
log2

(
1 + �1 |H|2)− log2

(
1 + �2 |H|2)] ,

= E
[
log2

(
1 + �1 |H|2)]− E

[
log2

(
1 + �2 |H|2)] ,

(71)

where �1 and �2 are constant defined as �1 = (ξ β2
f + κ2

s +
κ2

d1
+ β2

n )ϒs and �2 = (ξ β2
f + κ2

s + κ2
d1

)ϒs.
Applying Jensen’s inequality, the upper bound for ergodic

rate can be evaluated as

R̄n ≤ R̂n, (72)

where R̂n can be defined as

R̂n = log2

(
1 + �1E

[|H|2])− log2

(
1 + �2E

[|H|2]) .
(73)

Now in order to evaluate E[|H|2], we apply the binomial
expansion theorem here, we have

E
[|H|2] = E

[∣∣∣√Bh h +√Bh1Bh2 M |H |
∣∣∣2] ,

= Bh E
{|h|2}︸ ︷︷ ︸
E1

+Bh1Bh2 M2
E
{|H |2}︸ ︷︷ ︸
E2

+ 2 M
√BhBh1Bh2 E {|h| |H |}︸ ︷︷ ︸

E3

. (74)

We now calculate E1, E2 and E3 one-by-one.
Calculating E1 : Obviously, we have E1 = 1, as h ∼

CN (0, 1).
Calculating E2 : Now, E{|H |2} is a Gamma distributed RV

(for more details, please refer to Appendix A), so E{|H |2} =
μ2, which can be given as ϕ2

1 a2
1 a2

2. Thus, on further expand-
ing,

E
{|H |2}

= ϕ2
1 π2

4 (K1 + 1) (K2 + 1)

{
L 1

2
(−K1)

}2 {
L 1

2
(−K2)

}2
. (75)

Calculating E3 : Now, for the Rayleigh variable |h|, we have

E {|h|} =
√

π

2
, (76)

I1 = π

(C1 ϒs)m

1F1

(
m; m + 1; m

μ2
1

C1 ϒs

)
m sin (m π )

− μ2 m �(m)

mm

[
ln

(
m

μ2

1

C1 ϒs

)
− �(m)

+ m

μ2 (1 − m)

1

C1 ϒs
2F2

(
1, 1; 2, 2 − m; m

μ2

1

C1 ϒs

)]
(68)

I2 = π

(C2 ϒs)m

1F1

(
m; m + 1; m

μ2
1

C2 ϒs

)
m sin (m π )

− μ2 m �(m)

mm

[
ln

(
m

μ2

1

C2 ϒs

)
− �(m)

+ m

μ2 (1 − m)

1

C2 ϒs
2F2

(
1, 1; 2, 2 − m; m

μ2

1

C2 ϒs

)]
(69)

302 VOLUME 3, 2022



while |H | is a Nakagami-m RV with

E {|H |} = �
(
m + 1

2

)
�(m)

√
μ2

m
,

= �
(
m + 1

2

)
�(m)

ϕ1 π L 1
2

(−K1) L 1
2

(−K2)
√

4 m (K1 + 1) (K2 + 1)
. (77)

So, E3 can be expressed as√
ϕ2

1 π3

8 m (K1 + 1) (K2 + 1)

�
(
m + 1

2

)
�(m)

L 1
2

(−K1) L 1
2

(−K2) .

(78)

Finally, putting E1, E2 and E3 all together yields E[|H|2]
which can be expressed as

E
[|H|2] = Bh + M2Bh1Bh2

ϕ2
1 π2

4 (K1 + 1) (K2 + 1)

×
{

L 1
2

(−K1)
}2 {

L 1
2

(−K2)
}2 + 2 M

�
(
m + 1

2

)
�(m)

×
√

ϕ2
1 π3BhBh1Bh2

8 m (K1 + 1) (K2 + 1)
L 1

2
(−K1) L 1

2
(−K2) . (79)

which can be put in (73) to give the desired upper bound as
shown in (36).

APPENDIX C
PROOF OF LEMMA 3
The OP for the FU can be evaluated from (50), as

Pf = P
{
SDINR f < 2Rth, f − 1

}
,

= P
{
SDINR f < χ f

}
, (80)

which on substituting SDINR f from (58) gives

= P

⎧⎨
⎩ gB M2 β2

f ϒs

gB M2
(
β2

n + κ2
s + κ2

d2

)
ϒs + 1

< χ f

⎫⎬
⎭ . (81)

After simplification, (81) can be re-written as

Pf = P

⎧⎪⎨
⎪⎩g <

√√√√ χ f

B M2 ϒs

(
β2

f − (β2
n + κ2

s + κ2
d2

)χ f

)
⎫⎪⎬
⎪⎭ ,

(82)

= P
{
g < Y f

}
, (83)

where

Y f =
√√√√ χ f

B M2 ϒs

(
β2

f − (β2
n + κ2

s + κ2
d2

)χ f

) . (84)

Next, from (59), the outage probability,Pf , can be evaluated
as

Pout =
∫ Y f

0
fG(g)dg, (85)

or, equivalently

Pout = FG(Y f ), (86)

which can be expressed as shown in (52).
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