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ABSTRACT Hardware impairments (HWI) are imperfections in hardware components that diminish wire-
less communication performance. Unlike Geometric-based Stochastic Models (GBSMs), existing works on
the impact of HWI on cooperative-relay (CR) Non-Orthogonal Multiple Access (NOMA) systems employ
the Correlated-based Stochastic Model (CBSM), which does not capture realistic propagation mechanisms.
Moreover, studies on CR-NOMA with large antenna transmitters (LATs) using CBSM and GBSM have
attracted little attention in academia. We consider this as a computational issue. Although considerable work
has been done, there is still a significant knowledge gap about how HWI and imperfect successive interference
cancellation affect far-users in CR-NOMA with the LAT system. In this study, the LAT is considered a
cylindrical array, and parameters such as delay spread, angle of arrival, and departure are incorporated to
achieve a CR-NOMA-GBSM system with amplify-and-forward (AF) or decode-and-forward (DF) relaying
schemes. To reduce computing demands, we offer a novel concept of using the physical dimensions of
the array to derive the location vector of the antenna element. Using Monte Carlo simulation, near and far
users’ BER performances deteriorate for AF and DF at 15 dB and 5 dB or below, respectively. As far-users
can receive comparable performances as near-users for both AF and DF in terms of achievable rates, this
demonstrates the potential rewards of CR-NOMA with LAT.

INDEX TERMS Amplify-and-forward (AF), cooperative relay non orthogonal multiple access (CR-NOMA),
cylindrical array (CA), decode-and-forward (DF), hardware impairment (HWI), imperfect successive inter-
ference cancellation (impSIC), large-antenna transmitters (LATs).

I. INTRODUCTION
Non-Orthogonal Multiple Access (NOMA) is a promising
technology for future wireless networks that enables mul-
tiple users to share resources simultaneously [1]. NOMA
assigns higher power to users with poor channel conditions
and exploits successive interference cancellation (SIC) at the
receiver to remove multi-user interference [2]. At the trans-
mitter, NOMA utilizes superposition coding by exploiting
the power domain to achieve higher spectral efficiency and

connectivity [3], [4]. SIC is used to extract the transmitted
bit streams from a noisy signal to ensure arbitrary reliabil-
ity. This is achieved by decoding the signal of a specific
user, while treating all other users as noise. The decoded
user signal is then re-modulated and subtracted from the
received waveform. The process is repeated until all trans-
mitted information streams are demodulated. To address the
challenges faced by users with weak signals at the cell
edge, cooperative-relay NOMA (CR-NOMA) has attracted
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significant interest owing to its potential to significantly im-
prove system performance. This innovative technique seam-
lessly integrates a relay station into the communication
process. The transmitter broadcasts a superimposed signal
to the relay, which then leverages advanced network coding
capabilities, such as amplify-and-forward (AF) and decode-
and-forward (DF), to optimize spectral efficiency, reliability,
and fairness for all users. The relay then re-transmits the
enhanced signal to cell-edge users with improved quality [5],
[6]. In AF relaying, the relay amplifies the signal received
from the source and transmits it to the destination(s), thereby
improving both signal strength and security without the need
to obtain precise channel state information (CSI) [7], [8]. In
contrast, for DF relaying, the relay decodes the received signal
and re-encodes it before forwarding it to the destination(s). It
also performs error correction and interference mitigation [9]
and exploits spatial diversity when utilized in a multi-relay
system [10].

The information-theoretic capacity, which is influenced by
factors such as signal-to-noise ratio (SNR), spatial correlation
in the propagation environment, precise channel estimation,
quality of transceiver hardware, and availability of signal pro-
cessing resources, limits the spectral efficiency of wireless
links [11], [12]. To overcome these limitations and achieve
the necessary performance for fifth-generation (5G) networks,
the large antenna transmitters (LATs) or massive multiple-
input multiple-output (MIMO) systems, have been developed.
When combined with CR-NOMA [13], these approaches have
the potential to increase the spectral efficiency and enhance
diversity gain [14]. LATs are key technologies in 5G net-
works that use a large number of antennas at as a base station
(BS) to simultaneously serve multiple users. LATs unlock
several key benefits, such as 1) mitigation of propagation
losses, 2) decreasing interference leakage, 3) optimal low-
complexity algorithms, 4) inter-user interference mitigation,
5) high beamforming resolution, and 6) asymptotic upper ca-
pacity for enhanced spectral efficiency in 5G networks. [15],
[16] [17], [18].

In practice, hardware impairments (HWI) are predomi-
nantly caused by low cost hardware components that are
inherently susceptible to various impairments. These include:
1) amplifier non-linearities, which can lead to signal clipping
and spectral regrowth, resulting in increased inter-modulation
distortion and interference [19]; 2) in-phase/quadrature (I/Q)
imbalance: this imbalance between the in-phase and quadra-
ture components of the signal can induce phase errors and
diminish signal power [19], [20]; 3) phase noise: random
fluctuations in the carrier signal’s phase can cause jitter
and symbol timing errors [20], [21]; and 4) quantization
errors, which can introduce noise and distortion, especially
for low-resolution converters [19], [21]. Transmitter/receiver
systems consist of distinct hardware components includ-
ing amplifiers, converters, mixers, filters, and oscillators.
Each of these components introduces unique imperfections
and signal distortions, which are inevitable [22]. These
distortions impair signal quality, resulting in reduced data

rates and increased probability of errors [19]. Hence, in sys-
tem design, cost or power reduction often allows some level of
impairment, which results in a trade-off between cost and per-
formance, power consumption, and complexity. This trade-off
necessitates a careful system design that considers application
requirements, cost constraints, and desired performance lev-
els. During the design stage, the non-ideal behavior of each
component can be meticulously modeled to create and imple-
ment compensation algorithms. By accurately capturing the
behavior of non-ideal components, such as the frequency re-
sponse, noise characteristics, and non-linearity, designers can
develop compensation algorithms that effectively counteract
their detrimental impacts. Although compensation algorithms
can generally reduce impairments through analog and digi-
tal signal processing, residual impairments persist [23], [24],
[25], [26]. These impairments have been found to limit the
full performance and reliability of wireless communication
systems, particularly in high-speed and high-capacity net-
work applications, where high signal quality is required [24].
Therefore, further research and development in this area is
essential.

A three-dimensional (3D) Geometric-based Stochastic
Model (GBSM) is a channel model that leverages the 3D
characteristics of the propagation environment [27], [28]. This
model incorporates the stochastic nature of wireless channels
by employing realistic spatial distributions, well defined geo-
metric parameters, and random variables [28]. This approach
enables the GBSM to accurately model various channel prop-
erties, including the path loss, shadowing, fading, direction of
arrival, and delay spread of multipath components [27]. By
incorporating these factors, 3D GBSM surpasses theoretical
Correlated-based Stochastic Mode (CBSM) models in its abil-
ity to provide a more accurate and realistic representation of
real-world wireless channels [29], [30]. This is important for
designing and evaluating the performance of communication
systems in diverse scenarios encompassing vehicle-to-vehicle
communication, drone-based networks, CR-NOMA, and mas-
sive MIMO systems [29]. Although there has been much
research on LATs, little is known about how transceiver hard-
ware problems or HWI affect LATs CR-NOMA systems with
3D GBSM channel models. This is a major knowledge gap be-
cause these problems can significantly affect the performance
and usability of practical GBSM-based CR-NOMA systems.
Moreover, there is a paucity of studies on analyzing system
impairment factors in CR-NOMA networks using LATs and
3D GBSM channel models. Existing literature only considers
ideal transceiver hardware and perfect SIC, whereas practi-
cal systems are affected by HWI. These impairments, which
increase the system error rate, and complexity, and decrease
signal quality, and spectral efficiency have not been fully ad-
dressed.

In [31], the effect of antenna element spacing of a
uniform rectangular array (URA) on an ideal LAT CR-
NOMA network was compared with a similar system using a
theoretical CBSM. It was found that increasing the element
spacing improves the CR-NOMA system in terms of the
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bit-error rate (BER), outage probability, and achievable rate.
However, practical CR-NOMA implementations face HWI
and imperfect SIC (impSIC) challenges that must be ad-
dressed. In realistic scenarios, HWI and impSIC can degrade
system performance [21], [32], [33], [34]. An impSIC is
caused by channel estimation errors, feedback delays, and
computational constraints, which can significantly degrade the
performance of CR-NOMA systems [35]. During SIC decod-
ing, the distortion is successively amplified, causing failed
decoding and error propagation [36]. The near user (NU)
signal interferes with the far user (FU) in NOMA and must be
canceled by SIC before decoding [36], [37], [38]. The relay
also forwards its distortion, further polluting the signals that
users receive [39], [40]. These issues exacerbate CR-NOMA
performance as the relay amplifies the interference of the
NU. In this case, the FU is most affected since it experiences
interference from the decoding errors of the NU [38]. Han W.
et al. [41] demonstrated that HWI and impSIC could cause a
reduction of over 20% in the sum rate and error performance
of CR-NOMA networks. The authors in [42] showed that
cell-edge users can experience a reduction in the data rate
of up to 35–40% owing to certain effects. Analytical studies
have found that outage probability increases exponentially
with increasing HWI and SIC error levels [43]. Moreover, user
fairness is affected, with the rate of FUs being more severely
degraded [38].

In [32], the authors found that these impairments can lead
to an error floor in the outage probability. However, a media-
based modulation (MBM)-aided scheme that is robust to such
impairments was proposed in [33]. Arzykulov et al. [21] ex-
tended this study, highlighting the need for an optimal power
allocation scheme to ensure fairness in the presence of HWI.
In the context of the Internet of Things (IoT), the effect of
HWI on NOMA users and the proposal of an adaptive trans-
mission strategy at the relay node were investigated in [39].
The authors of [44], [45], and [39] in their work have found
that these impairments could significantly affect system per-
formance, particularly user fairness.

A comprehensive analysis of the effects of HWI on NOMA
dual-hop relaying networks focusing on the limitations im-
posed by distortion noise was conducted in [36] and [46]. The
authors in [36] found that residual HWI and impSIC have a
negative impact on system performance, with impSIC having
a more pronounced effect than residual HWI. The authors
in [20] demonstrated that the outage performance of the co-
operative NOMA scenario exceeds that of non-cooperative
NOMA in the high-SNR regime when investigating the im-
pact of residual transceiver HWI. In a secure cooperative
NOMA system, Li Meiling et al. [47] found that residual HWI
affects both legitimate users and eavesdroppers by increasing
the outage probability and decreasing the intercept probability
over multipath fading channels. In [48], the authors found
that systems with power-splitting relaying (PSR) demonstrate
better performance than those using time-sharing relaying
(TSR) methods.

The authors of [49], [50], [51] highlighted the significance
of HWI in practical cooperative NOMA systems, emphasiz-
ing their effects on transceivers at BS, relay nodes, and user
nodes. Table 1 summarizes recent related studies on system
impairment factors and performance of CR-NOMA systems
using the theoretical CBSM channel model.

A. MOTIVATION
Although previous studies have emphasized the significance
of HWI and impSIC in CR-NOMA systems using theoret-
ical CBSM and single antennas systems, the limitations of
this approach are evident in [62] and [63]. The CBSM does
not consider critical propagation parameters, such as path
loss, delay spread (DS), delay profile, and angle of arrival
(AoA), which accurately reflect real-world conditions. In con-
trast, GBSM includes these factors and accurately models and
evaluates the realistic behavior of LAT systems in practical
scenarios [64], [65], [66]. However, there is a noticeable gap
in the literature regarding the examination of the impact of
system impairments in the context of LATs CR-NOMA sys-
tems using 3D GBSM. Therefore, it is crucial to investigate
and understand the practical implications of these systems un-
der real-world conditions. Our initial research in [67] and [68]
investigated CR-NOMA with LATs, using the GBSM channel
model. Specifically, we explored the impact of the proposed
3D channel model on system performance, offering a realistic
and practical representation of the propagation characteristics
of LAT systems within the considered propagation environ-
ment. Subsequently, in [31], we examined the influence of
the LAT antenna element spatial correlation or inter-element
spacing on a CR-NOMA system under AF and DF net-
work coding schemes. As per the authors, this research is
incomplete if the impact of LAT hardware impairment and
imperfect SIC on the CR-NOMA using GBSM system is not
examined.

B. CONTRIBUTIONS
The effect of HWI on a two-stage CR-NOMA with LAT using
GBSM is examined in this work. The LAT in this analysis is
modeled as CA because the radiated signals can be accurately
regulated in three dimensions, enhancing system capacity.
Again, scanning acceleration and space-time signals can be
employed by the CA to decrease clutter. and additionally, in
the horizontal plane, the CA enables the creation of directed
beams in any direction or an omni-directional pattern. The 3D
GBSM model under discussion adds the elevation angle of
the antenna boresight θt ilt in the channel equation, in con-
trast to the 2D channel models where the antenna boresight
is fixed and the channel’s degree of freedom in the eleva-
tion is not being exploited. As a result, the downtilt angle’s
dynamic fluctuation can reveal various 3D beamforming op-
portunities that could result in notable performance gains. To
facilitate efficient channel estimation for a potentially large
number of antennas in the cylindrical array (CA), we em-
ployed a time-duplex division (TDD) protocol [69], [70] for
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TABLE 1. Summary of Related Work on CR-NOMA With HWI
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downlink (DL) transmission, leveraging channel reciprocity
for instantaneous CSI. The accuracy of the acquired CSI de-
pends on factors such as the channel dynamics and antenna
configuration [71].

Our idea is illustrated by deriving the array response of the
CA and integrating it into the 3D GBSM model to provide
the channel coefficients between the LAT and the Relay. Our
approach is new in that, to reduce computing complexity, we
estimate the antenna placement vector in the array response
using the physical dimensions of the CA. At this early level
of the investigation, we restricted our analysis to AF and DF
coding schemes to relay the transmitted signal to the user.
The main idea of CR-NOMA is to improve the far-user’s
performance, hence, channel quality was emphasized to dis-
tinguish users, giving priority to users with stronger links to
the fixed relay. Given this, we investigate the impact of HWI
and impSIC on the bit error (BER), outage probability, and
achievable rate of the FU to NU. The main contributions are
summarized as follows:
� We proposed a two-stage CR-NOMA using GBSM at

both the transmitter and the relay to examine the impact
of HWI and impSIC on users, with the transmitter mod-
eled as a CA.

� We derive a new channel realization for the proposed
model between the transmitter and relay by estimating
the array response of the CA and incorporating it in the
3D GBSM model under consideration. To lessen compu-
tational challenges, we present a new idea of estimating
the antenna element location vectors of the transmitter
using the physical dimension of the antenna array.

� To improve the performance regarding BER, OP, and
achievable rates of far-users the AF or DF coding
schemes are used at the relay.

� Our findings show that near and far-users can attain simi-
lar BER concerning AF by maintaining SNR at 15 dB or
less, On the other hand, with DF, far-user performance
improvements start at 5 dB. Furthermore, in terms of
outage probability, the performances remain consistent
for both DF and AF across all scenarios of impairment.
The smallest performance difference was observed for
DF after 20 dB. Nonetheless, both individuals’ perfor-
mance was very stable when using AF. Last but not least,
the results of the achievable rate analysis for AF and DF
show the possible benefits of LAT CR-NOMA systems
employing GBSM as far-users can obtain similar rates
for both AF and DF at different SNRs as near-users.

C. PAPER ORGANIZATION
The remainder of this paper is organized as follows.
Section II presents the signal and system modeling. Section
III analyze the impact of HWI and impSIC on the perfor-
mance of CR-NOMA systems. Section IV presents numerical
results and discussion. Finally, Section V concludes the
paper.

FIGURE 1. 3D channel model for large-scale MIMO system with a single
cluster. Angles of arrival (AoA) and departure (AoD) are depicted for the
nth path.

The symbols and notations used throughout this paper are
summarized in Table 2.

II. SIGNAL AND SYSTEM MODELING
A. 3D GBSM CHANNEL MODELING
A 3D channel model is proposed here based on the 3GPP
standard [72], [73], [74]. A key advantage of the 3D GBSM
is that it can provide a detailed characterization of the wire-
less channel, including spatial correlations and interference
patterns. This model can be used to simulate the propagation
of radio waves in a wireless environment and to predict the
performance of wireless systems under different conditions.
Additionally, the model considers the effects of large antenna
arrays, which can result in complex spatial correlations and
interference patterns.

In this study, a LAT antenna was modeled as a CA that
captures the main characteristics of the 3D channel, such as
the DS, AoA, angle of departure (AoD), elevation angle of
arrival (EoA), and elevation angle of departure (EoD) [63],
[75], [76]. Moreover, the model incorporates the elevation
angle of the antenna boresight into the channel and to enable
dynamic adjustment of the antenna’s downtilt angle θt ilt . This
enhances the 3D beamforming performance and improves
system efficiency [77]. Fig. 1 shows a schematic of the 3D
channel model, indicating the various parameters required
for the GBSM modeling. For this model, the path loss and
large-scale characteristics, such as DS, elevation spread at
departure (ESD), elevation spectrum at arrival (ESA), azimuth
spectrum at departure (ASD), azimuth spectrum at arrival
(ASA), shadow fading (SF), and Rician factor, are created
for each user based on the statistical distributions specified
according to the 3GPP standard. In the 3D channel model,
small-scale parameters, such as power levels, delays, AoDs,
AoAs, and cross-polarization ratios (XPRs), were generated
for each propagation path. These parameters are influenced
by the large-scale parameters of the model.

VOLUME 5, 2024 911



AFFUM ET AL.: LARGE-SCALE MIMO TRANSMITTERS FOR CR-NOMA IN FIXED PHYSICAL SPACE

TABLE 2. List of Symbols and Notations According to the 3GPP model, the effective channel be-
tween the sth transmitter (TX) antenna port with M subpaths
and the uth receiver antenna port [78], [79] is given in (1),
shown at the bottom of the next page, where κn is the com-
plex random amplitude of the nth path and s = 1, . . .,NT X ,
u = 1, . . .,NRX are the numbers of transmit and receiver an-
tenna elements, respectively. (φAoD

n , θAoD
n ) are the azimuth

and elevation AoDs, respectively. Here, (ϕAoA
n , ϑAoA

n ) are the
azimuth and elevation AoA of the nth path, respectively. The
TX antenna gain is given by

G3D
T X

(
φAoD

n , θAoD
n , θt ilt

) ≈ GT X
H

(
φAoD

n GT X
V (θAoD

n , θt ilt )
)

(2)

From (1), the responses of the antenna array are
aT X (φAoD

n , θAoD
n ) and aRX (ϕAoA

n , ϑAoD
n ). Following the

approach in [72], the precise 3D antenna radiation patterns
in both the horizontal (GT X

H ) and vertical (GT X
V ) planes are

expressed as [78]

GT X
H (φAoD) = −12

(
φAoD

φ3 dB

)2

(3)

and

GT X
V (θAoD, θt ilt ) = −12

(
θAoD − θt ilt

θ3 dB

)2

(4)

where φAoD is the horizontal azimuth angle between the
user and array boresight; θAoD is the vertical elevation angle
between the user and array boresight; and φ3 dB and θ3 dB are
the horizontal and vertical half-power beamwidths (HPBWs),
respectively. The 3D channel model includes the elevation
dimension and considers the directional radiation patterns of
active antenna elements. This model expresses the channel
between the BS and each user as a function of propagation
paths and associated physical parameters. In this study, a
new 3D GBSM channel was generated by using a generic
3GPP model. The array response of the model was modified
by incorporating antenna element location vectors that were
defined based on the physical dimensions of the array.
Algorithm 1 outlines the procedure for estimating the location
vectors of the CA elements for the array responses in (1).
Considering the CA in Fig. 2, the adjacent elements are
separated by a dz wavelength on the z-axis and located at
a radius of the ρr wavelength from the center (z-axis) with
respect to the xy plane. From the center axis, the antenna
elements were separated by ρrdφ on the circumference form-
ing a ring in cylindrical coordinates. A CA can be modeled
by wrapping a URA around a virtual cylinder, as shown in
Fig. 2. The URA is composed of A-elemental uniform
linear array (ULA) in the z direction and B-element
on the xy plane [80]. In this case, the position
vector of the sth transmitting antenna element can
be calculated by identifying the location of the mth
uniform circular array (UCA) along the z-axis and
the angular location of the nth element on the mth UCA
in the xy plane. Here, m = 1, . . .,M represents the total

912 VOLUME 5, 2024



FIGURE 2. Structure of cylindrical array with elements distributed in the
xy-plane with z-axis as the origin, modeled as wrapping a URA about the
axis.

number of UCA elements along the z-axis, and n = 1, . . .,N
represents the total number of antenna elements in each
UCA. Thus, the array dimension of the CA is specified as
l = 4λ, from which the radii of both the virtual cylinder
and the UCA are computed as ρr = 4λ/l . Moreover, by
defining dz = 4λ/M wavelength as the distance between the
initial and secondary UCA along the z-axis, the position
of the remaining UCAs on the z axis can be determined as
4λ(m − 1)/M wavelengths, as shown in Fig. 2. From the
figure, the scalar product of each antenna element is given by:

vt · xs = cos(φ − ϕs) sin(θ ) and

vr · xu = cos(ϕ − vu) sin(ϑ ) (5)

where the angular position of the nth element of the mth UCA
with NT X number of transmit ports on the xy plane is given by
ϕs = 2π (s−1)

NT X
, s = 1, ..,NT X , whereas that of the receiver port

with NRX is vu = 2π (u−1)
NRX

, u = 1, . . .,NRX . xs is the location
vector of the sth transmit antenna, xu is the location vector of
the uth receive antenna, and kt and kr are the transmitter and
receiver wave vectors, respectively.

Given that, k = kv̂, where k = 2π/λ is the carrier wave-
length and v̂ is the direction of wave propagation, the CA
antenna array response of the sth transmit port is given by:

at (ϕn, θn) = exp(ikt · xn)

= exp

(
ikρ

4λ(m − 1)

M
cos(φn − ϕs) sin(θn)

)
(6)

Algorithm 1: Estimating Location Vector of Cylindrical
Antenna Array (CA).

1: Start
2: Read CA input parameters
3: Set antenna spacing by dz wavelength on the z-axis
4: Locate elements at a radius ρr wavelength from the

center
5: Model CA as a URA wrapped around a virtual

cylinder
6: for all transmitting antenna elements do
7: Identify the location of the UCA along the z-axis
8: Identify the angular location on the xy plane
9: Calculate the array dimension l = 4λ

10: Compute the radius as ρr = 4λ
l

11: Define the distance between UCA groups as
dz = 4λ

M
12: Determine the position of remaining UCAs on the

z-axis
13: for all antenna elements in the UCA do
14: Calculate the location vector
15: for all transmit port on the xy plane do
16: Calculate the array response
17: end for
18: end for
19: for all receive port do
20: Calculate the array response
21: end for
22: end for
23: End

where m = 1, . . .,M is the number of array rings in the z
direction, and the response at the receiving antenna uth is
given by

au(ϕn, ϑn) = exp(ik(u − 1)dr sin(ϕn) sin(ϑn)) (7)

where u = 1, . . .,NR represents the number of antennas at the
receiver.

In this study, the transmitter antenna is modeled as a CA
that serves as a single-antenna relay with a half-duplex con-
nection. The path between TX and relay-station (RS) has a
single bounce cluster, resulting in N paths. From the analysis
in (6) and (7), the final 3D GBSM channel model of the
proposed model in Fig. 3 between a single antenna receiv-
ing port uth and a CA transmitter’s transmit antenna port
sth [78] is given in (8), shown at the bottom of the next
page, where Pn denotes the power of the nth path and σSF

is the lognormal shadow fading of the nth path. N is the
number of propagation paths, M is the number of subpaths
per path, dr is the separation between the receiving antenna

H3D
s,u =

√
PnσSF

M

N∑
n=1

κn

[√
G3D

T X

(
φAoD

n , θAoD
n , θt ilt

)√
G3D

RS

(
ϕAoA

n , ϑAoA
n

)
×[aRX

(
ϕAoA

n , ϑAoA
n

)]
u

[
aT X

(
φAoD

n , θAoD
n

)]
s

]
(1)

VOLUME 5, 2024 913



AFFUM ET AL.: LARGE-SCALE MIMO TRANSMITTERS FOR CR-NOMA IN FIXED PHYSICAL SPACE

ports, k is the wave number, and G3D
RS is the gain of the relay

antenna. Moreover, the model incorporates the elevation angle
of the boresight of the antenna into the channel and enables
dynamic adjustment of the antenna’s downtilt angle θt ilt to en-
hance the 3D beamforming performance and improve system
efficiency [77].

B. SYSTEM MODEL
In this section, we analyze a GBSM-based CR-NOMA system
with HWI and impSIC in which the transmitter is modeled
as a CA. To ensure the reliability of edge users, networking
schemes such as AF and DF were employed at the relay
node as indicated in Fig. 3. The figure illustrates a wireless
communication system in which a BS transmits to two users,
the NU as U1 and the FU as U2, via an AF or DF relay.
This demonstrates the concept of CR-NOMA with impSIC
and HWI, where there is no direct link between the BS and
the users. The operation of the system is based on NOMA
concepts, which employ superposition coding to combine U1
signal s1(t ) and U2 signal s2(t ) at the BS. These signals
have varying power allocations based on the channel gain,
ensuring that E[|h2|2] < E[|h1|2], without loss of generality.
Accordingly, the power coefficients of U1 and U2 were α1 and
α2, respectively. Thus, the transmitted superimposed signal is
thus s(t ) = α1s1(t ) + α2s2(t ), with α1 < α2 and α1 + α2 = 1.
The received signal at the relay under ideal conditions is given
by

yr = ht
√
κt Pss(t ) + nr (9)

where ht is the channel coefficient described in (8) and κt

is a distance dependent path loss between the BS and the
relay [81], nr is the additive white Gaussian noise (AWGN)
with a zero mean.

However, in the presence of system impairments, the relay
node receives a noisy version of s(t ) given by

yr = ht (
√
κt Pss(t ) + ηt ) + ηr + nr (10)

where ηt , ηr are the additive distortion noises. These noises
are ergodic stochastic processes generated by the HWI at the
BS and relay. Distortion noise refers to the modification of the
desired signal, whereas traditional receiver noise represents
random variations in the electronic circuit of the receiver. A
key distinction is that the power of the distortion noise is non-
stationary because it is directly proportional to both the signal
power and the channel gain. The proportionality coefficients
κt and κr , outline the degree of impairment and are asso-
ciated with the Error Vector Magnitude (EVM) requirement

specified in the 3GPP standard. The correlation emphasizes
the critical role that these coefficients play in the overall
system performance. The distortion noise can be modeled as
follows:

ηt ∼ CN(0, κ2
t Ps), ηr ∼ CN

(
0, κ2

r Ps|ht |2
)
, (11)

where κ2
t , κ

2
r ≥ 0 represent the design parameters that char-

acterize the HWI levels at the transmitter and receiver,
respectively. The Gaussianity of distortion noise is motivated
by the central limit theorem, which describes the aggregate
effect of several HWI. From this, (10) can be expressed as

yr = ht
(√

κt Pss(t ) + η
)+ nr, (12)

where η ∼ CN(0, κ2Ps) is the aggregate effect of the impair-
ment in the system, and κt is the path loss exponent between
the source and relay. The overall impairment level is κ =√
κ2

t + κ2
r . According to [82], for a given channel realization,

the power of the aggregate distortion at the receiver is given
by

Eηt ,ηr {|htηt + ηr |2} = Ps|ht |2(κ2
t + κ2

r ). (13)

κt and κr parameters are EVM, which is the ratio of the
average distortion magnitude to the signal magnitude used
to evaluate the radio-frequency transceivers. It measures the
overall effects of HWI and the compensation algorithms.
Upon receiving the transmitted signal from the source, the
relay has two options, as shown in Fig. 3, for forwarding the
signal to all users:

1) AF: The relay amplifies the noisy signal using a gain
factor and transmits it. Here, the relay applies an am-
plification gain factor of G to yR. This gain is given by

G =
√

Pr
2

Ps |ht |2
(
1 + κ2

t

)+ Ps
(
1 + κ2

t

)
�2 + σ 2

R

(14)

where Pr is the relay’s transmit power, 
 is non-fading
variable gain that depends on propagation distance, and
� is the channel estimation error model as additive Gaus-
sian noise.
The received signal at user i, either U1 or U2, from the
relay is expressed as,

yAF
i = hi

(
G

√
κiPryr + ηi

)+ ni

= hr,i

[
G

√
κiPrht

(√
αt Pss(t ) + η

)+ ηi + nr

]

+ ni. (15)

HCA
s,u =

√
PnσSF

M

N∑
n=1

κn

⎡
⎢⎢⎣
√

G3D
T X

(
φAoD

n , θAoD
n , θt ilt

)
× exp

(
ikρ(4λ(m − 1)/M ) cos(φAoD

n − ϕs) sin θAoD
n

)
×
√

G3D
RS

(
ϕAoA

n , ϑAoA
n

)
exp

(
ik(u − 1)dr sin ϕAoA

n sin ϑAoA
n

)
⎤
⎥⎥⎦ (8)
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FIGURE 3. Proposed system subject to under hardware impairment and imperfect SIC

2) DF: The relay first decodes the constituent signals s1(t )
and s2(t ) from the noisy version of s(t ). It then regen-
erates and re-encodes these signals separately, before
combining and forwarding them. The received signal at
the user device after the DF coding scheme is given by,

yDF
i = hi

√
κiPr (s1(t ) + s2(t ) + ηi ) + ni. (16)

where κi is the relay to the ith user path loss.

III. PERFORMANCE ANALYSIS
For user U1, signal detection is performed by treating s2(t )
as noise. U1 experienced better channel conditions than U2.
Thus, s1(t ) can be reliably detected by leveraging the power
disparity between s1(t ) and s2(t ).

User U2, on the other hand, sees high interference from
s1(t ) because of its poor channel. To mitigate this, SIC is first
performed to remove s1(t ) from the received signal. This pro-
cess involves detecting and subtracting an estimate of α1s1(t )
from the received signal. However, because of channel uncer-
tainties and noise, the SIC process is imperfect, and residual
interference remains. After SIC, U2 detects its signal s2(t )
by treating the remaining distortion as additional noise. In
the proposed systems, imperfect cancellation degrades U2’s
signal detection compared to an ideal NOMA system. The
performance analyses of the system under AF and DF coding
schemes are as follows.

A. APPLICATION OF AF CODING SCHEME
Under perfect system conditions, at the receiving end, an SIC
is used to reduce the interference between users. Without
loss of generality, the SIC decoding order is determined by
the effective channel gains, which are generally in ascending
order, that is, |h1|2 ≥ |h2|2. According to [55] and [83], the
signal-to-interference plus noise ratio (SINR) for U1 to de-
code s2(t ) through perfect SIC processing can be expressed

as:

ςAF
2→1 = α2ρ|ht |2|h1|2

α1ρ|ht |2|h1|2 + |ht |2 + |h1|2 + 1
ρ

. (17)

After U2’s message has been decoded and removed, U1 de-
codes its own signal by matching the SINR (ςAF

1 ) between
the relay and U1. The SINR is given by,

ςAF
1 = α1ρ|ht |2|h1|2

|ht |2 + |h1|2 + 1
ρ

. (18)

The SINR (ςAF
2 ) between the relay and the U2, to detect its

own message, is given by

ςAF
2 = α2ρ|ht |2|h2|2

α1ρ|ht |2|h2|2 + |ht |2 + |h2|2 + 1
ρ

(19)

The SINR of the effect of impSIC on the proposed system
with a perfect transceiver can be expressed as:

ς
impSIC
2,AF = α1ρ|ht |2|h1|2

ρζ 2 + |ht |2 + |h1|2 + 1
ρ

(20)

where ρ = Pr/σ
2 gives the average SNR, and ζ is the effect

of impSIC.
The effect of HWI on the system performance using the AF

coding scheme is analyzed by considering the signal-to-noise
plus distortion ratio (SNDR). When dealing with imperfect
hardware, it is critical to analyze the system while also con-
sidering the residual HWI. Although the focus is on how these
impairments can negatively impact performance, it is equally
important to analyze how imperfections affect the system per-
formance when users communicate through an AF relay in a
NOMA relaying network. The SNDR, ðAF

2 at U2 to detect its
own signal, is expressed in [55] as

ð
AF
2 = α2ρ|h2|2|ht |2

(α1 + d0)ρ|h2|2|ht |2 + d1|ht |2 + d2|h2|2 + 1
ρ

(21)
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where d0 = κ2
t + κ2

r + κ2
t κ

2
r gives the upper bound of ð2

characterized by the levels of impairment. d1 = 1 + κ2
t and

d2 = 1 + κ2
r are the aggregate distortion levels at the first and

second hops with regard to CR-NOMA. At U1, interference
in the form of a signal from U2 can be detected prior to the
SIC operation. The corresponding SNDR in this scenario can
be represented [55] as

ð
AF
2→1 = α2ρ|h1|2|ht |2

(α1 + d0)ρ|h1|2|ht |2 + d1|ht |2 + d2|h1|2 + 1
ρ

(22)
Hence, the SNDR at U1 to decode s1(t ) is giving by

ð
AF
1 = α1ρ|h1|2|ht |2

d1|ht |2 + ρd2|h1|2 + 1
ρ

(23)

For impSIC plus HWI, (24) provides the SNDR for signal
detection to U1:

ð
impSIC
1,AF = α1ρ|h1|2|ht |2

(α2 + d0)ζρ|h1|2|ht |2 + d1|ht |2 + d2|h1|2 + 1
ρ

.

(24)

1) ACHIEVABLE RATE ANALYSIS
From the SINRs and SNDRs analyses, the achievable rates
of U1 and U2 in bit/s/Hz for each scenario of the system
operating with a bandwidth of B and impairment parameters
can be expressed as follows:

RAF
2 = B log2

(
1 + ð

AF
2

)
(25)

RAF
1 = B log2

(
1 + ð

AF
1

)
(26)

RimpSIC
1,AF = B log2

(
1 + ð

impSIC
1,AF

)
(27)

2) OUTAGE PROBABILITY ANALYSIS
(a) Ideal system hardware and SIC: When two users utilize
NOMA with varying quality of service (QoS), their respective
data rates may require adjustment. The outage performance
can be evaluated by setting a threshold target rate, δthi , where
δthi = 22R̄i − 1 with R̄i as the target rate for the ith user.
The outage probability of U2 for detecting s2(t ) is expressed
in [55] as:

PAF
2 = P

(
ρ|h2|2

(
ρ|ht |2(α2 − α1δth2 ) − δth2

)
≤ δth2 (ρ|ht |2 + 1)

)
. (28)

In the event where |ht |2 ≤ δth2
ρ(α2−α1δth2

) , PAF
2 = 1, otherwise,

the probability is given by,

PAF
2 = 1 − exp

(
− 2δth2

ρ
(
α2 − α1δth2

)
)

× (ξ ) × K1 (ξ ) (29)

where ξ = 2
√
δth2

(δth2
+(α2−α1)δth2

)

ρ2(α2−α1δth2
)2 , and K1(·) is Bessel func-

tion of the second kind.

The outage probability of U1 to detect s1(t ) using (18) and
(19) is given by

PAF
1 = P

(
|h1|2 < ρ|ht |2 + 1

ρ(ρχ |ht |2 − 1)

)
. (30)

In a situation where, χρ|ht |2 − 1 < 0, PAF
1 = 1, otherwise the

probability of U1 is given by,

PAF
1 = 1 − P

⎛
⎜⎝

α2ρ|ht |2|h1|2
α1ρ|ht |2|h1|2+|ht |2+|h1|2+ 1

ρ

≥ δth2 ,
α1ρ|ht |2|h1|2
|ht |2+|h1|+ 1

ρ

≥ δth1

⎞
⎟⎠

= 1 − 2 exp

(
− 2

ρχ

)√
1

ρ2χ

(
1

χ
+ 1

)

× K1

(
2

√
1

ρ2χ

(
1

χ
+ 1

))
, (31)

where, χ ∼= min( α2
ρ2χ

− α1,
α1
δth1

).

(b) Ideal system hardware and impSIC: Here, the outage
probability of U2 for detecting s2(t ) [19], [55], [84], where
there is ideal system hardware but impSIC operation is given
in (32), shown at the bottom of this page, using (19) and (20).
For ρ2 ≫ 1, an approximation of the SINR at U1 to detect
U2’s signal as noise can be expressed as:

α2ρ|ht |2|h1|2
α1ρ|ht |2|h1|2 + |ht |2 + |h1|2 + 1

ρ

≈ α2

α1
, (33)

then (32) can be written as,

PimpSIC
1,AF = 1 −

⎧⎪⎪⎨
⎪⎪⎩

P
(
α2
α1

≥ δth2

)
×P

(
α1ρ|ht |2|h1|2

ρζ 2+(|ht |2+|h1|2
)+ 1

ρ

≥ δth1

)
⎫⎪⎪⎬
⎪⎪⎭ . (34)

Here,

PimpSIC
1,AF = 1, if

α2

α1
< δth2 . (35)

In the case where α2
α2

≥ δth2 , (32) becomes

PimpSIC
1,AF = 1 − P

⎛
⎝|h1|2 ≥

δth1

(
ζ 2ρ + |ht |2 + 1

ρ

)
α1ρ|ht |2 − δth1

⎞
⎠ , (36)

Consider a situation where the denominator is less than zero;
that is, α1ρ|ht |2 − ρδth1 < 0, which leads to |ht |2 < δth1/ρα1.
In this case, PimpSIC

1,AF = 1. On the other hand, the outage prob-
ability is given by

PimpSIC
1,AF = 1 − exp

(
−2δth1

α1ρ

)
× φ(a, b) (37)

where
ζ δth1
α1

= a, b = δth1
α1ρ

2 (
δth1
α1

+ 1) and φ(a, b) ∼=
2 exp(−b/a) × [a�(2)/2 × exp(a) × �(−1, a)−∫ b

0
√

y × K1(2
√

y) × exp(−y/a)dy]

916 VOLUME 5, 2024



(c) System with HWI and ideal SIC: When there is a system
HWI with a perfect SIC operation, the outage probability of
U2 for detecting s2(t ) [19], [55] can be expressed as

PAF
2 = P(ðAF

2 < δth2 ) = 1 − P(ðAF
2 ≥ δth2 ). (38)

Substituting (21) into (38), the outage becomes,

PAF
2 = P

⎛
⎜⎜⎜⎜⎜⎜⎜⎝

|h2|2 >

δth2

(
d1|ht |2 + 1

ρ

)
(
ρα2|ht |2 − δth2 (α1 + d0)|ht |2 − δth2

d2

ρ

)

⎞
⎟⎟⎟⎟⎟⎟⎟⎠
.

(39)
In the event that α2ρ|ht |2 − δth2 (α1 + d0)ρ|ht |2 − d2δth2 ≤ 0.

In this case, |ht |2 ≤ δth2
d2

α2ρ−ρ(α1+d0 )δth2
and the PAF

2 = 1; other-

wise, the outage is given by

PAF
2 = 1 − exp

(
− δth2 (d1 + d2)

ρ
(
α2 − (α1 + d0)δth2

)
)

× ψ × K1(ψ1),

(40)

where ψ1 = 2
√
δth2

(d1d2δth2
+α2−(α1+d0 )δth2

)

ρ2(α2−α1δth2
d0 )2 .

The outage probability of U1 detecting its signal s1(t ) in a
system with HWI is given by

PAF
1 = P

(
|h1|2 < d1ρ |ht |2 + 1

ρ(χρ |ht |2 − d2)

)
, (41)

where χ ∼= min
(
α2
δth2

− (α1 + d0), α1
δth1

)
. PAF

1 = 1 for

χρ|ht |2 − d2 < 0. When χρ|ht |2 − d2 ≥ 0, the outage
becomes

PAF
1 = 1 − exp

(
−d1 + d2

ρχ

)
× ψ2 × K1(ψ2), (42)

where ψ2 = 2

√
1
ρ2χ

(
d1d2
χ

+ 1
)

.

(d) System with HWI and impSIC: The outage probability
of U1 when there are imperfections in the system is given by

P1
AF = 1 − exp

(
−δth1 (d2 + d1)

α1ρ

)
× φ(c, d ), (43)

where c ∼= ζ δth1
α1
, d ∼= δth1

α1ρ
2 (

d2δth1
α1

+ 1), and φ(c, d ) ∼=
2 exp(−d/c) × [c�(2)/2 × exp(c) × �(−1, c)−∫ d

0
√

y × K1(2
√

y) × exp(−y/c)dy].

3) BER ANALYSIS
The bit-error analysis for the proposed CR-NOMA system
was performed in accordance with the guidelines in [84],
[85]. The average error probability (PU1

e ) [84] for U1 when

its symbols are correctly and incorrectly identified via SIC
processing can be expressed as [84] is expressed as,

PU1
e = 1

2

(
1 −

√
γB1

2 + γB1

)

+ 1

8

⎡
⎣
√

γB2
2+γB2

−
√

γB3
2+γB3

+
√

γB4
2+γB4

−
√

γB5
2+γB5

⎤
⎦ , (44)

where ε1 and ε2 are the U1 and U2 signal energies, respec-
tively. The SNRs of different constellation points of s1(t ) and
s2(t ) are given by

γB1 = ε1

N0
E

[∣∣hR,1
∣∣2] ,

γB2 =
(√

2ε2 + √
ε1
)2

N0
E

[∣∣hR,1
∣∣2] ,

γB3 =
(√

2ε2 − √
ε1
)2

N0
E

[∣∣hR,1
∣∣2] , (45)

and

γB4 =
(
2
√

2ε2 + √
ε1
)2

N0
E

[∣∣hR,1
∣∣2] ,

γB5 =
(
2
√

2ε2 − √
ε1
)2

N0
E

[∣∣hR,1
∣∣2] . (46)

Equation (45) represents the condition under which U1 can
correctly detect its signals, whereas (46) represents the condi-
tion under which the signals are incorrectly detected.

Similarly, the total average BER (PU2
e ) performance of U2

from [84] is

PU2
e = 1

4

[(
1 −

√
γA1

2 + γA1

)
+
(

1 −
√

γA2

2 + γA2

)]
. (47)

From (47), γA1 and γA2 are the SNRs of the different signal
constellation points, which can be expressed as

γA1 =
(√

2ε2 + √
ε1
)2

N0
E

[∣∣hR,2
∣∣2]

γA2 =
(√

2ε2 − √
ε1
)2

N0
E

[∣∣hR,2
∣∣2] . (48)

B. APPLICATION OF DF CODING SCHEME
1) ACHIEVABLE RATE ANALYSIS
Similar to the AF coding scheme analysis, an achievable rate
analysis was performed following the work in [19], [55]. Ac-
cording to NOMA concept, the relay first decodes the signal
of U2 (s2(t )) by invoking SIC, and s1(t ) is decoded later.
Therefore, the received SNDRs of s1(t ) and s2(t ) at the relay

PimpSIC
1,AF = 1 − P

(
α2ρ|ht |2|h1|2

ρα1|ht |2|h1|2 + |ht |2 + |h1|2 + 1
ρ

≥ δth2 ,
α1ρ|ht |2|h1|2

ρζ 2 + |ht |2 + |h1|2 + 1
ρ

≥ δth1

)
(32)

VOLUME 5, 2024 917



AFFUM ET AL.: LARGE-SCALE MIMO TRANSMITTERS FOR CR-NOMA IN FIXED PHYSICAL SPACE

are given by

ð
DF
2 = α2ρPs|ht |2

α1ρPs|ht |2 + ρ|ht |2Psκ
2
t + 1

(49)

and

ð
DF
1 = α1ρPs|ht |2

α2ρPs|ht |2 + ρ|ht |2Psκ
2
t + 1

. (50)

After decoding and encoding, the relay forwards the signal to
the all users. Thus, the received SINR at U2 is expressed as

ςDF
2 = α2Prρ|h2|2

ρα1Pr |h2|2 + ρ|h2|2Prκ2
r + 1

. (51)

Similarly, the SINRs for U1 [19] are given by

ς
impSIC
1,DF = α1Prρ|h1|2

ρζα2Pr |h1|2 + ρ|h1|2Prκ2
r + 1

(52)

and

ςDF
2→1 = α2|h1|2ρPr

α1|h1|2ρPr + |h1|2κ2
r ρ + 1

. (53)

From (51) and (52), the achievable rates can be expressed as

RDF
2 = B log2

(
1 + ð

DF
2

)
(54)

RDF
1 = B log2

(
1 + α1 |h2|2 ρ′

α2κ2
r |h1|2 ρ′ + 1

)
(55)

RimpSIC
1,DF = B log2

(
1 + ð

impSIC
1,DF

)
(56)

2) OUTAGE PROBABILITY
The probability of an outage metric evaluates the likelihood
that a communication channel is unable to maintain a specific
information rate owing to variations in channel capacity. This
is calculated based on the probability that the channel capacity
will fall below the minimum required rate. Various factors can
influence outage probability, such as the SNR, fading channel
coefficient, co-channel interference, and diversity-combining
schemes used in wireless communication systems. Under the
DF coding scheme, the outage probability and BER of the
system with HWI and impSIC are given below, following the
analysis in [55].

(a) System with ideal hardware and SIC: The outage prob-
ability of the system without the impairment parameter under
the DF coding scheme is analyzed below. The outage proba-
bility of s1(t ) at U1 is given by

PDF
1 = 1 − exp

(
− �1

|h1|2
)
, (57)

where �1 = max(
δth2

α2ρ−δth2
ρα1
,
δth1
α1ρ

). The probability of an

outage in detecting 2(t ) at

PDF
2 = 1 − exp

(
− δth2

|h2|2ρ
(
α2ρ − α1ρδth2

)
)
. (58)

(b) System with ideal hardware and impSIC: Here, only the
outage probability of detecting s1(t ) at U1 is considered
because the SIC operation is performed at U1. The outage
probability is given by:

PimpSIC
1,DF = 1 − |h1|2 exp

(
− 1

|h1|2
)

+
(

α1

ε2ζ |h2|2δth1

+ 1

|h1|2
)−1

exp

(
1

ε2ρζ |h2|2
)

× exp

(
−
(

α1

ε2ζ |h2|2δth1

+ 1

ε2|h2|2
))

, (59)

where ε2 is a system parameter.
(c) System with HWI and ideal SIC: In a situation where

the system has only HWI, the outage probability of detecting
s1(t ) at U1 is:

PDF
1 = 1 − exp

(
− �2

|h1|2
)
, (60)

where �2 = max
(

δth2
α2ρ−δth2

ρ(α1+d0 ) ,
δth1
ζρ

)
.

Similarly, the outage probability for detecting s2(t ) at U2 is
given by

PDF
2 = 1 − exp

(
− δth2

α2ρ|h2|2 − δth2 |h2|2ρ(p1 + d0)

)
.

(61)
(d) System with HWI and impSIC: From the definition, the
outage probability of the users can be expressed as

Pi = 1 − (1 − Pt
si

) (
1 − Pr,i

si

)
, i = 1, 2 (62)

where for i = 1, j = t, (1), and

P j
s1

= P
(
�

j
2 ≤ δth2

)
+ p

(
�

j
2 > δth2

)
P
(
�

j
2 ≤ δth1

)
= 1 − exp

(
−τ j

2 δth2

)
exp

(
−τ j

1 δth1

)
, (63)

where

�
t
1 = ςDF

1 , �1
1 = ð

impSIC
1,DF

τ t
2 =

(
N0
2 + σ 2∈Ps + σ 2∈Psκ

2
t

)
ϒt
(
α2Ps − δth2 Psα2 − δth2 Psκ

2
t

)

τ 1
2 =

(
N0
2 + σ 2∈Pr + σ 2∈Prκ

2
t

)
ϒ1
(
α2Pr − δth2 Psα1 − δth2 Prκ2

r

)

τ 1
1 =

(
N0
2 + σ 2∈Pr + σ 2∈Prκ

2
r

)
ϒ1
(
α1Pr − δth1ζPrα2 − δth1 Psκ2

r

)
ϒ j = E

[∣∣h j
∣∣2]

δth2 = 22R2 − 1. (64)
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For i = 2 and j = t, 2

P j
s2

= P
(
�

j
2 ≤ δth2

)
= 1 − exp

(
−δth2τ

j
2

)
(65)

where

�
t
2 = ςDF

2 , �2
2 = ð2,

τ t
1 =

(
N0
2 + σ 2∈Ps + σ 2∈Psκ

2
t

)
ϒt
(
α1Ps − ζ δth1 Psα2 − δth1 Psκ2

r

) ,
δth1 = 22R1 − 1,

τ 2
1 =

(
N0
2 + σ 2∈Pr + σ 2∈Prκ

2
r

)
ϒ1
(
α2Pr − δth2 Prα1 − δth2 Psκ2

r

) ,
ϒi = E

[|hi|2
]
. (66)

3) BER ANALYSIS
Considering binary phase-shift keying modulation technique,
the BER at the relay and destination of the ith user for i =
{1, 2} is given by

Perror
i = Pmi,t

(
1 − Pmi,(r,i)

)+ (1 − Pmi,t
)

Pmi,(ri), (67)

where Pmi,(t ) is the BER of U1 and U2 symbols in the first
phase and, Pmi,(r,i) is the BER of U1 and U2 in the second
phase. The BER for detecting s2(t ) symbols in the presence
of HWI and impSIC is given by:

Ps2, j = 1

2

2∑
z=1

Q
(√

2δs2, j,z
); j = {t, 2}, (68)

where for

δs2, j,z = Ps|r�z
∣∣h j
∣∣2

N0 + 2Ps|rκ2
j

∣∣h j
∣∣2 + 2

(
κ2

j +�z

)
Ps|rσ 2∈

,

�z =
[(√

α1 + √
α2
)2
,
(√
α2 − √

α1
)2]

. (69)

The average BER of s2(t ) in the first time slot by the relay and
the second time slot by U2 is given by:

PDF
s2, j = 1

4

2∑
z=1

(
1 −

√
2δ̄s2, j,z

)
; j = {t, 2}. (70)

where δ̄s2, j,z = E [|δs2, j,z|].
U1 performs SIC to detect s1(t ) symbols. The BER for

detecting s1(t ) is the sum of the correct and incorrect de-
tections of s2(t ) during the SIC operation. When both HWI
and impSIC are present at the relay and U1, the BER of s1(t)
is

PDF
s1, j = 1

2

6∑
z=1

gzQ
(√

2δs1, j,z
); j = {t, 1}, (71)

where

gz = [1, 1,−1, 1, 1,−1] and

TABLE 3. Simulation Settings
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(72)

Here, the modulation of s1(t ) is given by,

ψz =
[(√

α1 + √
α2
)2
,
(√
α2 − √
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)2
,
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(73)
The SIC condition for detecting both correct and incor-
rect symbols is ςz. In an incorrect SIC operation, the s2(t )
symbols subtracted from the received signal are erroneously
detected, thereby shifting the detection rule. The average
BER of s1(t ) can be expressed by applying the moment-
generating function and an alternative form of the Q(·)
function:

PDF
s1, j = 1

4

6∑
z=1

gz

(
1 −

√
2δ̄s1, j,z

)
; j = {t, 1}. (74)

IV. NUMERICAL RESULTS AND DISCUSSIONS
In this section, the performance of the proposed GBSM-
based CR-NOMA system with HWI and impSIC is evaluated
through numerical analysis. Using Algorithm 1, antenna po-
sition vectors that are essential for determining the array
response were created. Subsequently, all simulations were car-
ried out utilizing the Monte Carlo method. In this research, the
BER, achievable rates, and outage probability were compared
to those of a similar system that does not consider impairment
characteristics. Table 3 presents the simulation settings for
the analysis of the proposed system. These settings include
parameters for the impSIC, channel estimation error, and HWI
factor, which are the most significant distortion factors ac-
cording to the previous literature. These distortions have a
significant impact on the system performance. Table 3 lists the
data or target rates for different users based on their channel
conditions. Consequently, NU had a higher rate than FU. This
difference is due to the fact that the squared magnitude of the
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FIGURE 4. BER performance of the proposed system under various
impairment scenarios using the AF coding scheme.

FIGURE 5. Outage probability performance of the proposed system under
various impairment scenarios using the AF coding scheme.

channel coefficient for the NU is always larger than that of the
FU. This ensures that users experience no outages, leading to
an uninterrupted data transmission.

A. PERFORMANCE OF AF CODING SCHEME
The simulation results are plotted in Figs. 4, 5, and 6 and were
obtained by modeling the transmitting antenna as a CA.

1) BER PERFORMANCE
The simulation results of the CR-NOMA system are shown
in Fig. 4. It shows the BER in relation to the SNR under
different operating conditions, such as perfect hardware and
SIC, HWI only, impSIC only, and both HWI and impSIC.
HWI significantly degraded performance, causing distortion
in each phase as the signal passed through the relay. All the
users receive a distorted signal. The system’s HWI and SIC
operational imperfections primarily cause these distortions.
The presence of both HWI and impSIC degrades the BER
performance of all users compared with a system without
these imperfections. When employing perfect hardware and

FIGURE 6. Achievable rate performance of the proposed system under
various impairment scenarios using the AF coding scheme.

SIC, the BER for both users demonstrated a monotonically in-
creasing trend as the SNR increased, serving as a lower bound
on achievable performance. This observation aligns with the
fundamental principles of wireless communication, in which a
higher SNR typically leads to a lower BER. According to the
AF BER analysis results for different impairment scenarios,
all possibilities up to a 15 dB SNR seem equivalent. This
proves that if the SNR is just maintained below 15 dB, then
both NU and FU can experience equivalent performance.

At an SNR of 10 dB with perfect hardware and SIC, the
BERs were approximately 10−0.85 for the FU and 10−0.90 for
the NU. At a high SNR of 20 dB, the perfect case BERs
improved to 10−1.93 for FU and 10−2.80 for NU. The im-
plementation of HWI significantly degrades the BER only
across the SNR range, particularly at high SNR values. The
degradation in BER performance is approximately 10−0.90

for FU and 10−1.10 for NU. BER degradation is reasonably
constant across SNRs, indicating that the effect of impSIC
errors is independent of SNR. With impSIC only, at an SNR
of 10 dB, the BERs were 10−0.75 for the FU and 10−0.9 for the
NU, indicating a smaller degradation compared to the case in
which only HWI was applied. The combination of HWI and
impSIC yields the lowest BER. At very high SNRs, the differ-
ence between the ideal and actual cases decreased, suggesting
a complex relationship between the HWI, impSICs, and SNR.
When HWI and impSIC are combined, the BER decreases
further, reaching 10−0.70 for the FU constellation and 10−0.83

for NU constellation at a 10 dB SNR, respectively. However,
at a higher SNR of 20 dB, the BER for the HWI case worsened
to 10−0.80 for the FU and 10−1.00 for the NU. Notably, the
performance gap between the ideal case and the actual case is
greater at 20 dB SNR for the HWI compared at 10 dB SNR,
indicating that HWI has a more significant impact at higher
SNRs.

The performance of NU was consistently superior to that
of FU at all SNR values because of the favorable channel
conditions. The results indicated that, as the SNR increased,
the signal strengthened relative to the interference, making it
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less likely to experience an outage. Furthermore, the degrada-
tion trends caused by HWI and impSIC were consistent for
both users, indicating that these factors affected all users in
the system regardless of their proximity to the source. The
relay amplifies and transmits the composite signal, which in-
cludes the interference caused by the NU on the FU, thereby
exacerbating the effects of the SIC errors. The BER of the
FU is further compromised by two compounding factors: a
lower channel gain owing to severe path loss, and residual
interference remaining after impSIC.

2) OUTAGE PROBABILITY PERFORMANCE
Similarly, the simulation results of the outage probability per-
formance of a proposed system under various scenarios are
presented in Fig. 5. The graph depicted in Fig. 5 was ob-
tained using (29), (37), (40), (42), and (43) in Section III-A of
Section IV, which illustrates the relationship between outage
probabilities and SNRs for CR-NOMA.

The graph shows the impact of various impairment condi-
tions on the system performance. Perfect hardware and SIC
demonstrate superior outage performance for both the NU
and FU as the SNR increases, serving as a benchmark for
the system’s potential. Regarding outage probability, the per-
formances are steady for both the DF and AF impairment
scenarios. After 20 dB, under AF, the performances of both
users were remarkably consistent. HWI alone significantly
decreased the outage probability across all SNRs, especially
at high levels, thereby emphasizing the detrimental effects of
hardware imperfections. The introduction of impSIC worsens
the outage, but with less dependency, as the effect remains
relatively constant regardless of the SNR. The combina-
tion of HWI and impSIC results in the worst performance.
Nevertheless, the gap from the perfect case narrowed at
very high SNRs, suggesting complex interplay between these
factors.

Across all SNRs, NU consistently outperformed FU ow-
ing to superior channel conditions. Notably, the degradation
trends caused by HWI and impSIC are similar for both users,
implying a generalized impact on the system, regardless of
user proximity to the source. Qualitatively, at an SNR of
10 dB, the ideal scenario exhibits outage probabilities of
approximately 10−8.40 and 10−9.40 for the FU and NU, re-
spectively. The introduction of HWI alone increased these
values to approximately 10−7.70 and 10−7.20, representing a
significant increase in the outage probability, which is nearly
an order of magnitude. With impSIC alone, the degradation
at the same SNR was smaller, with outage probabilities of
10−8.10 and 10−9.20 for FU and NU, respectively.

Combining HWI and impSIC results in further deteriora-
tion, pushing the outage probabilities to 10−7.20 and 10−7.35

for FU and NU, respectively, at a 10 dB SNR. At a higher
SNR of 20 dB, the ideal-case outage probabilities improve to
10−8.80 and 10−9.83 for FU and NU, respectively. However,
with HWI, the outage probabilities worsened to 10−7.20 and
10−7.95, showing a larger gap from the ideal case compared

with the 10 dB SNR, highlighting the impact of HWI at
higher SNRs. The outage probability decreases as the SNR
increases. This is because as the SNR value increases, the
signal becomes stronger relative to the interference and is thus
less likely to experience an outage.

3) ACHIEVABLE RATE PERFORMANCE
Fig. 6 shows four simulation scenarios have been presented,
including perfect hardware and SIC, HWI only, impSIC only,
and both HWI and impSIC. The plot was obtained using
(25), (26), and (27). The average achievable data rate, which
considers both the channel conditions and allocated data rate
over a certain period, is influenced by the state of the channel
and any remaining HWI in the system.

According to the figure, in the perfect hardware and
SIC scenarios, the achievable rates for both users increased
steadily with an increase in SNR, providing a performance
upper bound. However, with the introduction of HWI and SIC,
the rates for both users degraded compared to the perfect case,
especially at higher SNRs, demonstrating the detrimental im-
pact of HWI and SIC on CR-NOMA performance. At an SNR
of 10 dB, with perfect hardware and SIC, the FU achieves
approximately 4.2 bits per second per hertz (b/s/Hz), whereas
the NU achieves around 5.5 b/s/Hz.

With HWI and SIC only, the FU rate decreases to about
1.1 b/s/Hz, whereas that of NU reduces to 2.2 b/s/Hz, indi-
cating an average of 3.3 b/s/Hz degradation for both users
due to HWI and SIC. When only impSIC is considered, the
degradation is less severe than that with HWI and SIC. The
gap from the perfect case remains reasonably constant across
SNRs, illustrating the effect of impSIC errors. Here, the rates
are around 2.0 b/s/Hz for FU and 2.8 b/s/Hz for NU, with
a degradation of 2.2 b/s/Hz for FU and 2.3 b/s/Hz for NU.
The combination of HWI and impSIC leads to the largest
degradation, at 1.0 b/s/Hz and 2.0 b/s/Hz for FU and NU,
respectively. At a higher SNR of 20 dB, the degradation due to
HWI becomes more severe. The perfect case rates are around
5.8 b/s/Hz for FU and 7.3 b/s/Hz for NU. Considering the
HWI case, the rates drop to about 2.0 b/s/Hz for FU and
3.2 b/s/Hz for NU. However, at this SNR, the gap to the
perfect case is lower with both HWI and impSIC compared
to 10 dB SNR, with rates of approximately 3.2 b/s/Hz for FU
and 4.1 b/s/Hz for NU.

The results are consistent with the findings in the existing
literature; NU generally achieves higher rates than FU in
all scenarios owing to the better channel conditions in CR-
NOMA systems.

B. PERFORMANCE OF DF CODING SCHEME
Figs. 7, 8, and 9 compare the proposed system with the DF
coding scheme under HWI and impSIC to a system without
these issues.
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FIGURE 7. BER performance of the proposed system under various
impairment scenarios using the DF coding scheme.

1) BER PERFORMANCE
Fig. 7 illustrates the BER performance of the system, which
was calculated using equations (70) and (74). The observa-
tions made in the DF were similar to those in the AF results.
However, SNR must be maintained above 5 dB. While the far
user’s BER performance starts to improve after 15 dB for AF,
things appreciating for DF after 5 dB. Furthermore, analysis
reveals that the NU continually exhibits a lower BER across
the SNR range owing to more favorable channel conditions.
As the SNR increases for both users, the BER decreases,
which is a fundamental principle in wireless communication
systems, because a higher SNR typically results in lower error
rates. At an SNR of 10 dB, with ideal hardware and perfect
SIC, the BERs were approximately 10−3.60 for the NU and
10−1.60 for FU. However, with HWI and impSICs, BERs were
significantly worse than those in the ideal scenario. At 10 dB
SNR, the BER of the NU was approximately 10−1.80, whereas
the BER of the FU with impairments was approximately
10−0.70, representing a substantial increase in the BER com-
pared to the ideal case. From the plot, it can be observed that
the difference in BER between the ideal and impaired cases
increased as the SNR increased. This trend emphasizes the
growing impact of impairments, particularly at higher SNR.
Although the BER improves as the SNR increases, practical
limitations owing to HWI and impSIC limit the system per-
formance compared to ideal conditions.

2) OUTAGE PROBABILITY PERFORMANCE
The outage probability performance was obtained using (63)
and (65). In Fig. 8, at an SNR of 10 dB, without HWI and
impSIC, the NU and FU outages were 10−2.70 and 10−1.60,
respectively. However, the introduction of the HWI alone re-
sulted in a ten-fold increase in outages for both users, with
outages increasing to 10−0.70 for NU and 10−0.40 for the FU.
Notably, the addition of both HWI and impSIC led to an
increase in the NU outage to 10−0.25 and a complete outage
for the FU. At an SNR of 20 dB, the outages for NU and FU
were both very low at 10−5.00 and 10−3.70, respectively, when
HWI and impSIC were not used. However, when HWI was

FIGURE 8. Outage probability performance of the proposed system under
various impairment scenarios using the DF coding scheme.

FIGURE 9. Achievable rate performance of the proposed system under
various impairment scenarios using the DF coding scheme.

used alone, the outages for NU and FU increased to 10−2.00

and 10−1.60, respectively. When both HWI and impSIC were
used, the NU outage increased to 10−0.80, whereas the FU
outage was complete, indicating that reliable signal decoding
was impossible even at higher SNRs. This complete FU loss
is particularly interesting because it occurs at a high SNR
of 20 dB. This shows that the hardware distortions and in-
terference after impSIC were too strong for FU, making it
impossible to decode signals reliably.

3) ACHIEVABLE RATE PERFORMANCE
Fig. 9 shows the achievable rates for the FU and NU under
different conditions. The results were obtained using the ex-
pressions in (54), (55) and (56). Without any impairments,
the NU achieves a higher rate than the FU across all SNRs
because of its more favorable channel conditions. With HWI
only, the rates for both users decreased across all SNRs com-
pared to the perfect hardware case. For example, at an SNR of
10 dB, the FU rate decreases from approximately 1.8 b/s/Hz
to 1.2 b/s/Hz. This is expected because HWI, such as phase
noise and I/Q imbalance, degrade the received signal quality.

922 VOLUME 5, 2024



TABLE 4. Performance Comparison of CR-NOMA With Impairment in Different Channel Models at 25 dB

Adding impSIC further reduces the achievable rates, espe-
cially for the NU. At 20 dB SNR, the NU rate decreased by
2.0 b/s/Hz compared to HWI only. This indicates that impSIC
errors limit NU performance because some FU interference
remains after cancellation. The impact of impairments is more
pronounced at higher SNRs, as interference and distortion,
rather than noise, become limiting factors. For instance, at an
SNR of 30 dB with HWI and impSIC, the FU rates plateaued
at approximately 4.0 b/s/Hz. When both FU and NU em-
ploy impSIC, their rates improve with impSIC only at NU.
This demonstrates the benefits of SIC for both receivers in
mitigating multiuser interference. The FU rate approached
perfect SIC results. Finally, compared with the AF results,
after 20 dB, the smallest performance difference was noted
for DF.

Table 4 shows the performance of CR-NOMA systems with
impairments in different channel models at an SNR of 25 dB.
From the table, for both HWI and impSIC, the proposed
method achieved a BER of 10−1.05 and an outage probability
of 10−7.05 for the AF mode, whereas for the DF mode, the
BER was 10−2.25 and the outage probability was 10−1.23.
In terms of AF transmission, the proposed method achieved
better error performance and improved reliability with a lower
probability of an outage. Nonetheless, the results of this study
demonstrate substantial improvements in performance, sug-
gesting that the combination of AF or DF coding schemes
in a 3D GBSM with CA could offer significant benefits for
CR-NOMA systems.

V. CONCLUSION
In this study, the performance of a GBSM-based CR-NOMA
DL system was evaluated in the presence of realistic system
impairment parameters. In this study, both AF and DF relay
coding schemes, incorporated a CA model for the transmitting

antenna and simplified the GBSM channel model by estimat-
ing the location vector of the array element based on the
array’s physical dimensions. The research findings provide
valuable insights into the impact of system impairments on
two NOMA users. By comparing the BER, achievable rate,
and outage probabilities of users in systems with and with-
out impairments, this study demonstrated that all users are
affected by impairments, with one user experiencing a more
significant impact. Furthermore, this study highlights that
systems with impairments amplify performance differences
between NU and FU, emphasizing the need for strategies to
mitigate the effects of practical system impairments. These
findings underscore the need for strategies to mitigate these
impairments to ensure fairness and maintain the quality of
service. Future research could explore the integration of IRS
into GBSM-based LAT systems.
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