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ABSTRACT Recently, intelligent reflective surface (IRS)-aided systems are becoming a prospective
technology in realizing for sixth generation (6G) wireless communication era because of extremely low
power transmission, seamless coverage and their superiority. These network systems can allow many
users and devices to connect to each other, extending the coverage. To empower IRS-aided systems, non-
orthogonal multiple access (NOMA) can be leveraged to work with IRS technique enabling further benefits
such as mass connectivity, flexible resource allocation and improved performance. Increasing connected
devices and expanding coverage means devices have the potential to interfere with each other. Recent studies
focusing on researching and analyzing the performance of the IRS-supported NOMA network have not taken
into account or not fully calculated the impact of interference on system performance. In this study, we first
analyze the effect of co-channel interference (CCI) at users in downlink IRS-NOMA systems. In particular,
the CClIs generated by the terminals deployed randomly in the coverage area affect the signal reception at
the user in the downlink. In this network model, the channel conditions that follow the Rayleigh distribution
and the CCI statistical model are independent and identically distributed. We analyze and evaluate network
performance by extracting closed-form expressions of outage probability, ergodic capacity, total achievable
rate then highlighting the adverse effects of CCI on IRS-NOMA. In addition, to improve the performance
of the IRS-NOMA downlink, we present a framework of theorical analysis to look more insights of users’
performance, i.e. diversity order. Our analytical derivatives are verified through computer simulations based
on Monte-Carlo and intuitive comparisons with the benchmarks.

INDEX TERMS Intelligent reflecting surface, non-orthogonal multiple access, outage probability, ergodic
rate, co-channel interference.

NOMENCLATURE BER  Biterror rate.
AWGN  Additive white Gaussian noise. BPSK  Binary phase shift keying.
B5G Beyond fifth generation. BS Base station.
6G Sixth generation. CDF  Cumulative density function.
CCI Co-channel interference.
The associate editor coordinating the review of this manuscript and CSI Channel state information.
approving it for publication was Zesong Fei . IRS Intelligent reflecting surfaces.
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IoT Internet-of-things.

UAV Unmanned aerial vehicle.

MIMO  Multi-input-multi-output.

NOMA Non-orthogonal multiple access.
OMA Orthogonal Multiple Access.

op Outage probability.

PDF Probability distribution density.

SIC Successive interference cancellation.
UE User.

ER Ergodic rate.

I. INTRODUCTION

In the era of wireless communications, speed, capacity,
and stable connectivity are the most important aspects to
achieve hyper-connectivity. With the tremendous support of
their predecessors, next generation wireless networks are
about to revolutionize communications in a wide range of
fields such as artificial intelligence, edge computing, sensing
technologies, internet-of-things (IoT), virtual and augmented
realities, and many more futuristic applications [1], [2], [3],
[4]. However, along with the exponential increase in the
evolution of technologies, the day-to-day requirements of
wireless system evolution are also increasing, like unlimited
spectrum requirements, advanced connectivity. To achieve
these possibilities, various kinds of research are being
suggested. The recent techniques such as IRS [5] and
NOMA [6] are such developments in the field of wireless
systems.

NOMA has been one of the most promising techniques
in the field of wireless communication since the evolution
of such access technique allows multiple users to acquire
the same time and frequency slots, exploiting the power
domain, and allocating different power levels to distinguish
at the receiver [6]. NOMA offers important advantages such
as improved spectral efficiency, user fairness, and system
capacity. In [7], the non-regenerative massive-MIMO-
NOMA relay systems were introduced here to enhance
the system SE and further enlarge the coverage range. The
authors used the MMSE-SIC decoding method to decode the
received information. The system capacity and sum rate were
addressed by the closed-form expressions with the help of
matrix theories. Research has demonstrated that the number
of transmitting antennas and the number of users have a
positive but decreasing correlation with system performance
and total speed. However, deploying the MIMO-NOMA
system requires expensive costs, complex techniques, and in
some complex terrain areas it is difficult to deploy effectively.

Meanwhile, IRS is a device made up of multiple tiny-size
programmable meta-surface elements inserted on a plane
surface which has the capacity to reflect, refract, or scatter
incoming electromagnetic waves in a controlled manner.
The scope of the IRS is its deployment ability in any
position or place as per the requirements since it is a small
and plane device. By adjusting the phase, amplitude, and
polarization of the reflected signals, IRS can optimize the
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wireless channel and overcome signal propagation challenges
such as path loss, interference, and multipath fading. With
their ability to shape and steer signals, IRS offers several
advantages including increased signal strength, extended
coverage, enhanced energy efficiency, and improved quality
of service.

A. RELATED WORK

In [8], [9], and [10], the authors presented an extensive
survey of the current state of NOMA research, including
its key concepts, advantages, and applications. They also
delved into various aspects of NOMA system design,
such as power allocation, user pairing, and interference
management techniques. Additionally, the article identifies
and discusses several open research challenges in NOMA,
including resource allocation optimization, user fairness, and
scalability issues. Meanwhile in [9], the authors discussed the
motivation behind NOMA, highlighting its ability to increase
system capacity and spectral efficiency compared to conven-
tional orthogonal multiple access schemes. They provided a
detailed overview of the NOMA concept, including its key
principles, such as power domain multiplexing and succes-
sive interference cancellation. The paper also investigates the
performance of NOMA through simulations, demonstrating
its advantages in terms of user fairness, coverage, and
capacity enhancement. Furthermore, the authors discuss
potential challenges and open research issues associated
with NOMA, paving the way for further investigations and
advancements in this area. In [10], the authors examined
the impact of imperfect channel state information (CSI) on
the system performance and evaluates the achievable rate
and error probability. The paper provides insights into the
design and optimization of NOMA systems under realistic
channel information assumptions. Meanwhile, in [12], the
authors addressed the issue of user fairness in decode-forward
relaying NOMA schemes with imperfect successive interfer-
ence cancellation (SIC) and CSI. It considers a relay-assisted
NOMA system and proposes an improved user fairness
scheme that accounts for imperfect SIC and CSI at the
relay. The paper presented performance evaluations and
simulations to demonstrate the effectiveness of the proposed
scheme in achieving fairness among users. In [11], the
authors addressed the challenge of achieving fairness among
users in a NOMA system and propose a fairness index
based on the achievable rates of users. The paper considered
a fairness-aware resource allocation scheme that aims to
improve fairness among users while maintaining high system
performance. In [13], the authors study the impact of
imperfect CSI. This is due to channel estimation errors
and feedback delays as well as imperfect sequential noise
cancellation on the performance of uplink NOMA networks
with randomly deployed mobile terminals. The results of the
study show that estimation errors reduce the coding gain
for low SNR. However, the degradation effect of channel
estimation error on uplink NOMA becomes negligible when
SNR is high. Additionally, the results also depict that the
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feedback delay does not negatively affect the uplink NOMA
for low SNR. However, it reduces the coding gain for high
SNR and the imperfect successive denoising and ordering
of the decoding process results in a loss of coding gain for
high SNR. In [14], the authors studied the adverse effects
of randomly deployed CCI interference communicating over
NOMA on the performance of an uplink network supporting
half/duplex relaying and amplification. Among them, non-
orthogonal CCI affected the relay and BS reception. The
authors calculated the system performance parameters and
confirmed that the lagrange multiplier optimization technique
was used to optimize the location of the relay, the transmitted
power and the power allocation factor for NOMA. The results
show that non-orthogonal CCI seriously degrades the system
performance.

In [15], the authors focused on scenarios to highlight
benefits of IRS, which also results in challenging situation for
ensuring secure communications. The authors proposed an
IRS-assisted transmission scheme that utilizes the reflective
properties of the intelligent surfaces to enhance the secrecy
rate. By intelligently adjusting the phase shifts of the IRS
elements, the proposed scheme aims to optimize the signal
alignment at the legitimate receiver while creating intentional
interference at the eavesdropper. The paper provides theoreti-
cal analyses and simulations to demonstrate the effectiveness
of the proposed scheme in achieving secure and confidential
communication in scenarios where the eavesdropper’s CSI is
not known. In [16], the authors focused on two key aspects:
passive beamforming and deployment design of the IRS.
The authors proposed a passive beamforming strategy for the
IRS to maximize the received signal power at the intended
destination while suppressing self-interference. By carefully
adjusting the phase shifts of the IRS elements, the proposed
strategy aims to achieve enhanced signal reception at the des-
tination and improved cancellation of self-interference in full-
duplex communication. Additionally, the paper addresses the
deployment design of the IRS by considering factors such
as the placement of the IRS and the number of elements.
The authors provide theoretical analysis and simulations
to evaluate the performance of the proposed strategies in
terms of signal-to-interference-plus-noise ratio and capacity.
In [17], the authors proposed an IRS-assisted interference
mitigation scheme where the IRS elements are strategically
deployed to enhance the signal quality at the unmanned
aerial vehicle (UAV) and suppress interference to the ground
users. The proposed scheme utilizes the passive beamforming
capabilities of the IRS to enhance the received signal power at
the UAVs while minimizing interference to the ground users.
The paper provides theoretical analyses and simulations to
demonstrate the effectiveness of the IRS-assisted interference
mitigation scheme in improving the system performance in
terms of signal-to-interference-plus-noise ratio and outage
probability. In [18], the authors investigated the utiliza-
tion of intelligent reflecting surfaces (IRS) in multiple
access systems with user pairing, specifically comparing the
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performance of NOMA and Orthogonal Multiple Access
(OMA) schemes. The paper explores the question of whether
NOMA or OMA should be employed in IRS-assisted
multiple-access scenarios. The authors propose a framework
that considers user pairing and power allocation strategies
for both NOMA and OMA. They evaluate the system
performance in terms of achievable rates and user fairness
under different scenarios. The paper provides insights into the
benefits and trade-offs of NOMA and OMA in IRS-assisted
multiple access systems and identifies the conditions under
which each scheme can offer advantages. In [19], the authors
focus on securing NOMA networks against eavesdropping
attacks by leveraging the reflective properties of the IRS.
The authors propose a secure transmission scheme that
optimizes the beamforming at the transmitter, the phase shifts
at the IRS, and the power allocation among NOMA users.
By strategically adjusting the IRS phase shifts, the proposed
scheme aims to create intentional signal cancellation at the
eavesdroppers, while ensuring reliable communication with
legitimate users. The paper provides theoretical analysis
and simulations to evaluate the secrecy rate and system
performance in terms of secure communication.

In [20], the authors investigated the use of IRS to
enhance the secrecy performance in NOMA systems by
optimizing the beamforming and power allocation strategies.
The authors propose a secure transmission scheme that
considers both legitimate users and potential eavesdroppers.
They analyzed the secrecy outage probability and derive
analytical expressions for the secrecy rate. Meanwhile,
in [21], the authors explored the use of multiple distributed
IRSs to improve the security of NOMA communications. The
authors propose a secure transmission scheme that optimizes
the IRS phase shifts and power allocation among NOMA
users. By strategically adjusting the IRSs, the scheme aims
to create intentional interference at potential eavesdroppers,
while ensuring reliable communication with the intended
recipients. These articles contribute to the understanding
and advancement of secure NOMA networks by leveraging
intelligent reflecting surfaces. They highlight the potential
of IRS in enhancing the physical layer security of NOMA
systems, providing insights into the design and optimization
of secure transmission schemes for wireless communication
systems. In the work [23], the authors study the impact of CCI
on the leakage rate of NOMA networks in the power-domain
supported by illegal relays. The analysis results show that
since invalid forwarding is affected by a limited number
of friendly jammers and CCI jammers, its achieved rate is
low and saturates at high SNR. The results also show that
CCI causes a loss in system coding gain on user outage
performance. In the work [24], the authors study imperfect
CSI caused by channel estimation errors and feedback delay
effects in leakage rate analysis for cooperative NOMA
networks. The results show that the channel estimation error
causes system coding gain loss while the feedback delay
does not have any effect on the user’s OP at the untrusted
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relay terminal in the mode low SNR. Conversely, the channel
estimation error effects become negligible while the feedback
delay causes system coding gain losses to the user’s OP
at the untrusted relay terminal at high SNR. However,
recent studies focusing on analyzing the performance of
IRS-NOMA systems have not considered or have not fully
calculated the effect of nearby devices or systems. Therefore,
it could be necessary to look at the impacts of interference on
the IRS-NOMA systems’ performance.

B. MOTIVATIONS AND OUR CONTRIBUTIONS

The impacts of CCI could be crucial problem in design of
wireless networks, and its consideration in the analysis and
design of such systems is necessary because of the reuse of
frequency channels to improve spectrum efficiency. In this
paper, we emphasize on a IRS-NOMA network model at
the downlink. Considering the users affected by the CCI are
identical and we rely on the proposed model to re-examine
mathematical expressions for the performance parameters of
the system and thereby evaluate the system performance. The
detailed system model and the system performance metrics
can be listed as follows:

« We propose a model of IRS-NOMA system in downlink
mode, with CCI affected at users. We construct the
probability distribution density function (PDF) and
cumulative probability distribution (CDF) expressions
of the new channel model, considering the number of
IRS reflective elements and if the links between the
base station (BS) to the IRS and the IRS link to the
user (UE) are possible links with a Rayleigh fading
distribution.!

« Next, we calculate the instantaneous and average SINR
at the users of the system, derive low complexity
closed-form expressions for the outage probability (OP)
and ergodic rate (ER) of the system.

« Finally, we simulate to prove and verify between theory
and analysis. The simulation results show the superiority
of the IRS at higher IRS meta-surface elements.

A comparison of our work with other related papers is also
presented in Table 1. In addition, our main contributions are
summarized as follows:

o We evaluate the performance of the IRS-NOMA system
when subjected to CCI at users with different amounts
of interference. We analyze the impact of CCI on the
performance of the IRS-NOMA system when the power
allocation coefficients of NOMA are changed.

o« We derive expressions to achieve explicit system
performance analysis, i.e. OP and ER for UEs for
IRS-NOMA system which can be fairly compared with
the benchmark namely IRS-OMA system. We also

IThe Rayleigh fading model has become the basic analytically tractable
model which produces initial analysis and important insights into IRS-
NOMA systems. There have been many research projects applying the fading
Rayleigh model, such as [33], [34], and [35] and references therein. This
assumption stems from the fact that even if the line of sight links between
BS-IRS and IRS-UE are blocked, widespread dispersion still exists.
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FIGURE 1. System model.

compute diversity order to look insights the system
performance.

o To confirm the superiority of IRS, we compare the
performance of the IRS-NOMA system and the bench-
mark (IRS-OMA system) with the influence of CCI. The
expected performance is illustrated through simulations
to conclude that the number of CCI source, number
of meta-surface elements at IRS, power distribution
coefficients are considered as the main parameters that
make crucial impacts on the system performance.

C. ORGANIZATION AND NOTATIONS

The rest of the paper is organized as follows. Section II
presents IRS-NOMA network model in downlink under
the impact of CCI. Section III examines some distribu-
tion of related channels. Section IV presents analysis of
system performance. Numerical results and discussion are
presented in Section V. Finally, Section VI. concludes the
paper.

The main notations of this paper are as follows: Pr(.)
denotes the probability operator; E [.] denotes the expectation
operator; fx (.) and Fx (.) denote the PDF and the CDEF,
respectively; CN (.,.) is a circularly symmetric complex
Gaussian distribution; and ~ stands for ‘“distributed as’’;
|.| is absolute operator; Ei (.) denotes the exponential integral
function [27, Eq. (8.211.1)]. An identity matrix of size M x M
is denoted by Iys; (.)" denotes the conjugate and Hermitian
transpose; a diagonal matrix with sy, ..., sy on the diagonal
is denoted by diag (s1, ..., sp). I (+) is the gamma function,
and y (-, -) is the lower incomplete gamma function.

Il. IRS-NOMA SYSTEM MODEL UNDER THE IMPACT

OF ccCI

We investigate the IRS-NOMA network model in downlink
mode under CCI at UEs. Specifically, the BS has single
antenna to communicate with groups of single antenna users.
In this scenario, we just analyze performance of a user
pair including UE1, UE2, where these users are exposed to
multiple identical CCI. The BS communicates directly with
UE2 without IRS support, at UE2 there is the impact of many
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TABLE 1. Comparison of the our paper with similar studies.

Content

Our Scheme [29] [30] [31] [32]

Comparison of IRS-NOMA and IRS-OMA system per-
formance with the impact of CCI

X X X X X

Analyze system performance with different numbers of
CCI

Analyze system performance with different numbers of
IRS elements

Analyze system performance with different IRS-NOMA
power allocation factors

tal

Outage probability

Ergodic Rate

>
>

System throughput

Diversity order

IR

identical CCI, shown in Fig. 1.2 Assume that the number of
CCI disturbances at UE1 and UE2 are the same and there
are M CCI sources. In addition, the distance between each
CCI signal to UEI and UE2 is equal to 1. IRS has N, meta-
surface elements and IRS has its reflecting matrix defined
theoretically as ® = diag(B1e/”!, prel®, ..., By ), j =
J/—1, where Br € [0,1] is the reflectance amplitude and
Or € [0,2m) is the phase shift of the k-th element that can
be adjusted by IRS (k = 1,2, ..., K).

A. ANALYSIS OF CHANNEL MODEL

Considering the BS-IRS-UE1 channel, it is assumed that
all channels are flat fading channels while the BS knows
the complete CSI. In particular, the receivers at IRS-NOMA
system can estimate the channel to obtain an accurate CSI.
The BS-IRS and IRS-UE links can be LoS or NLoS for
different cases. The channel parameter between the BS and
the IRS is the same, denoted Grs € C*N: The channel
parameter between the IRS and the UEs is the same, denoted
guer € CN*l. They are represented as vector spaces
Girs = [G1,Ga, ..., Gn, ] and gue1 = [g1. 2. --ngX]T,
respectively. All elements in Gjgs and gyg1 follow a Rayleigh
fading distribution CN (0, 1). In a BS-UE2 link, assuming a
flat fading channel, and at a BS with complete CSI, the Gy
channel gain follows a Rayleigh fading distribution, Gy ~
CN (0, 1). At all UEs affected by M sources of CCI, the
CClI channel coefficientis 7 ; with (i = 1, ..., M). The CCIs
all have a statistically independent Rayleigh fading model
CN (0, 1). Therefore, the UEs are influenced by the sum of
M CCI sources that are statistically independent and have a

M
Rayleigh fading distribution y; = > PI,,-|h1,,< 2, where Pj ; is
i=1

the i-th CCI noise power. According to [22] the PDF function
of the sum of M sources of CCI terms that is statistically
independent and has a Rayleigh fading distribution which is

2To improve system performance, we can cluster users, where users are
divided into multiple groups and NOMA is deployed in each group, and
different groups are allocated orthogonal bandwidth resources. By adopting
user grouping, the complexity of receiver design is reduced and the problem
of error propagation caused by SIC is also alleviated [36], [37]. We leave
such a design and its analysis as interesting future work.
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determined as follows:?

-1 .
fr ) = Ll w(y), (1)

€.
PrHM (M - 1)! Py

where Q; = E[h%i], Pr =Pt

B. ANALYSIS OF SIGNALS AT DOWNLINK
The transmitted signal of the BS is represented as

x = a1Pssyg1 + v a2 PsSuE2, ()

where, P; is the transmit power at the BS; syg1, syg2 are the
signals that the BS transmits to UE1 and UE2, respectively;
a1, ap are called the power allocation factors of the BS
sending signals to UEI, UE2, respectively. The «; and oy
parameters satisfy the condition o] 4+ op = 1. Assuming that
UEL1 is affected by M sources of CCI, and similar for UE2.
The signal received at the UEs can be represented as follows:
The received signal at UE1 is given by

_aGéRS _"‘5'%51
YUE1 = GIRS®gUE1d[RS dUEl X

M
+ z VPr,ihy isp +nyg;. 3)
i=1

The received signal at UE2 is given by

“Gyka

M
YUE2 = (GUEZd;Ez : )x + D" Prihist + nue2. ()
i=1

where djgs is the distance from BS to IRS, dyg; is the
distance from IRS to UEI, dyg; is the distance from BS
to UE2, nyg; is defined as Gaussian noise at UE1, nyg» is
defined as Gaussian noise at UE2, nyg; and nygo has the
same variance as o2, It is assumed that n%]E 1= n%]Ez = 1.

3In the NOMA downlink network with CCI action at the UEs, the CCIs
are considered i.i.d. and i.n.i.d. [29]. There is still loss of generality in our
model considering only CCI as i.i.d.

4In practice, UEs are affected by CCIs with different capacities. However,
the assumption that they have the same maximum transmit power is still valid
as described in recent 5G specifications [38]. We therefore denote as the
maximum transmit power of the CCI terminals.
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C. SIGNAL-TO-INTERFERENCE-PLUS-NOISE RATIO AT
THE UES
Signal-to-interference-plus-noise ratio (SINR) is defined as
the ratio of the average effective signal power divided
by the average noise power plus the average noise
power. Therefore, the SINR at the UEs is determined as
follows:

At UEL, the syg» signal is treated as a noise signal, then
we have a SINR at UE1:

Vsl

SINRyg) = — 2571
ysao +yr +1

®

At UE2, the syg; signal is treated as a noise signal, then
we have a SINR at UE2:

Yuor
SINRygy = ————, (6)
yuor +yr+1
—, —
where ys = |GrsOguri*dpg ™ dyp) V" Ps; yu =

2 ;7 %%yp2 p . & 2
\GueaPdyg, " Ps;yi = X Prilhil ™.
i=1

Ill. THE CHANNELS’ STATISTICS
In this section we calculate the statistics of the system
channels.

A. THE IRS’S PARAMETERS

Assume the quality of the BS-IRS-UE channel is best for
the UE users. To do this, one can adjust the parameters
of the IRS so that it is optimal. That is, we maximize
N,

|Girs®gue1]l = | > BkGirs. gue1 k€% |, where Ggs x and
-1

guUE1 k 1s the k-th element of Gigs and gy respectively. This
can be achieved by intelligently adjusting the ) phase shift
for each element, that is, the phases of all Girs xgUE1 .k e are
set the same. After applying the optimal {6} [25], Bx = B,
we have:

Ny 2
|Girs®OguE11* = /32(2 |Girs k| |gUE1,k|) .

k=1
B. THE CHANNEL STATISTICS
We construct the closed-form expressions CDF and PDF for

Ny
random variable X = > |G1R5,k| |gUE1,k}, where }GIRS,/c

s

| SUE1k | are two random variables with Rayleigh distribution
with variance of 1 and statistically independent. Since
|G1RS’]< gUEl,k} are two random variables with Rayleigh
distribution, the product ’GIRS,k| ‘ gUEl‘k| is also a random
variable with a double Rayleigh distribution. The result X is
the sum of N, random variables with statistically independent
double Rayleigh distribution, according to [26]. The PDF
function and the CDF function of X can be approximated
as the first term of the Laguerre series expansion defined

s
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FIGURE 2. PDF function of X with different number of IRS reflectance
elements.
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FIGURE 3. CDF function of X with different number of IRS reflectance
elements.

as follows:
x4 X
K= raner(h). ®
y(a+1,3)
F =— - 9
x (xX) @t ()
Q% Q) .

where a = o 1, b = ar with Q; = E[X] and
Q) = 4Var[X].

Using the Monte-Carlo simulation method by Matlab
software with the number of different N, reflector elements
of the IRS, We can simulate the PDF and CDF as follows
(Fig. 2, Fig. 3)

Theorem 1: Let X be the sum of N, random variables with
a statistically independent double Rayleigh distribution. The
expectation and variance of X are determined as follows:

N,m
EX]= —— (10)
2
2
Var[X] = N (1 - 71’—6) (11)

Proof: Please refer to Appendix 1
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Theorem 2: Given the random variable yg =

2
,32( Z |Girs.k| |guer .k |) dys ™ dUEf“E' Ps, the PDF and

CDF functions of yg are defined as follows:

Frs O Y ( 1\/;) (12)
= le.x —_— -1,
7 2T @t s T\ bVn

(o143

I'(a+1)

Fys ) = , (13)

where n = ﬁzdl aG’de TUEI Ps.
Proof: Please refer to Appendix I1
Theorem 3: Given a random variable ys then the expecta-
tion of E [ys] and E [y¢] is determined as follows:

b*nl (a+3)
Elys] = ———— 2 14
[ys] @t (14)
b*n2T (a +5)
E|y2| = _, 15
[VS] C(a+1) (1)
where a = l]g” —1,and b = ;—ﬂz

Proof: Please refer to Appendix 111
Theorem 4: Given the random variable yy =

|GUE2|2d[;ggUE2P5, the PDF and CDF functions of yy are
defined as follows:

fro )= 5o (~2)). (16)

Fy ) =1—ewp (=5 (17)

where m = dUEgUEz Ps.
Proof: Please refer to Appendix IV
Theorem 5: Given arandom variable yy then the expecta-
tion of E [yy] and E [VLZ/] is determined as follows:
Elyyl =2m, (18)
E[vd]=21em?. (19)
Proof: Please refer to Appendix V
Theorem 6: Given a random variable y; then the expecta-
tion of E [y;] and E [y7] is determined as follows:
Ely] =MP1<y, (20)
E [)/12] — MM +1) (P> Q1)

Proof: Please refer to Appendix VI

IV. SYSTEM PERFORMANCE ANALYSIS

In this section, we calculate the downlink IRS-NOMA
network performance parameters with the impact of CCI
interference at the UEs.
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A. OUTAGE PROBABILITY
The OP is an important parameter commonly used to measure
the performance of a wireless system. The OPs of UEI and

UE?2 are calculated as follows:
For UE1, the OP is given by

OPyg1 = Pr(SINRyg1 < yim) - (22)
Substituting (5) into (22), we get
Vsol

oP =Pr{ ——— < . 23

UE1 (Vsotz P )/zh) (23)

We can transform (23) to get (24)

Yo (Vi + 1))
— Vth¥2 .

OPyp1 = Pr (VS < (24)

h
Set Yths = alj/;/,haz’

theory, we have

by applying statistical probability

o0
OPuy = [ Fis tras 6+ 0y 010y, (25)
0
Substituting (13) into (25), we get

o0
f Y (a +1, \/ %yj]))fyl () dy

0
OP = . 26
UEL Fatl) (26)

Set t = 1 — 2exp(—y), which leads to dy = {dt, and
perform the simple mathematical transformation, we get

1
OPygp1 = / fue (t)(J;yl_(ltI)l (I%I)) dt, 27

—1

nb2

o

where Pygp () = NCESY) . Using the
Chebyshev-Gauss quadrture integration method, we can
calculate OPyg:

L wiPupt 1)1y (In (7)) 1 -7
OPUEl = Z l — t;
i=1 !

, (28)

2i—D)r
where w; = L, ti = cos EDx 2L) .

We consider the OP of UE1 at high SNR. The transmit SNR
isp = Ls At high SNR: when p — oo then F,, (y) can be
o2 Vs

approximated as follows [39]
(%)
- (29)

y(a—l—l,%\/%)
T@+1)  T@+D’

Theorem 7: When p — oo then OPy;, is determined as

follows:
1 ™ a+1 1
(5\/ (Ull—l/tthaz)") exp (PIQI)

F'@a+1) P HOM M —1)!

F)/S(Y)z

OPUE]

M>, (30)
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where M, can be obtained by

M-l j 1 —(e=)) 1
M = =1y z CM_l(PIQI) g (e ) PIQI) ’

j=0
(31
where e = “FL + M.
Proof: Please refer to Appendix A
For UE2, the OP is given by
OPyg> = Pr(SINRyg2 < i) - (32)
Substituting (6) into (29) we get
yuaz
OP =Pr{ ——— < . 33
UE2 ()/Ua1 o Vzh) (33)
Transform (30) to get (31)
1
OPygy = Pr ()/U < M) . (34)
Qa2 — Y1

_ Y
Set yimu = azﬂt/rhal :

Applying statistical probability theory to the channel
model with CCI noise, we have

]

OPuss = [ Fyy (raws 0+ 11y 018y (39)
0
Substituting (1) and (17) into (32) we get

oo
[ Pue2 YW~ exp (%) dy

0
OPyps = , (36)
P M — 1)
where PUE2 (y) = yM_l (1 — exp (— —yth2%+l))).
Transform (33) to get (34)
o
0Py =1-B / (M tew (-cw)ay. @7
0
_ _ew(-1) S
where B = Era T M-I C = 5 T TR
Using [27, eq 3.351], we have
OPygr =1—BM — HIC™. (38)

We consider the OP of UE2 at high SNR. The transmit SNR
isp = f}g. At high SNR: When p — oo, F),;, (y) can be
approximated as follows [29]

Fy, () =l—exp(—L) ~ 2

2m 2m’

Theorem 8: When p — oo then OP{j, is determined as
follows:

(39)

yo [M M +1) (P121)* + 1]
2m (a2 — yimot1) ‘
Proof: Please refer to Appendix B

OPY,, = (40)
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B. DIVERSITY ORDER

The diversity order is a crucial performance measurement
used to evaluate OP’s attenuation under the impact of transmit
SNR at the transmitter. In the principle, the diversity order
refers to a quantity asymptotically as the SNR goes to infinity.
The diversity order is defined as

dlog (OP% o0P%
Dug = — g (OPF) _ :000 UE('O)' 41
dlogp OP7, 00
For UEL:
0P,
Dypy = ——2 20 uE (P) 42)
OPry p
Set Ayg1 = 1 Yk ——— Dy is defined
b (C3 _Vth‘YZ)ﬁzd]RSGIRS dUE!;’Ubl
as
3 ()LEI)H—H
D z 7 43)
UE1 = — .
()Llil)a+l ap
N
So we can determine Dyg; as follows
a—+1
Dyg, = 7 (44)
For UE2:
0P,
Dyes = — L 20 0E2 (P) (43)
OPypy ap
2
Set Aygr = y’h[ﬂféGMH)(P'Q') 1] , Dyg; is defined as
2dUE2 UE2 (2 —yma)
()
P
Dygz = — wm g (46)
P
So we can determine Dyg, as follows
Dyg> = 1. 47)

C. ERGODIC RATE ANALYSIS

The ER is a parameter commonly used to analyze and
evaluate the performance as added metric along with OP.
The theoretical ERs of the respective UEs are calculated as
follows:

Rue1 = E (log, (1 4+ SINRyg)) (48)
Ruez = E (log, (1 + SINRyE»)) - (49)

We first consider ER analysis of the UEL.
Substituting (5) into (45), we have

ysaq
Ruel —E | 1o 1+—)] (50)
Vel [ gz( yso + 1 + 1

Transform (47) to get (48)

ys +yr+1 )}
Rygi =E |log, (227" ). (51)
Vel [ gz(VS“2+V1+1
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It is noted that

I =E[log, (ys + v + D], (52)
I, = E[log, (ysaz +yr + D]. (53)

We have
Rypr =6 — . (54)

We calculate I; via these steps.
Applying the calculation in [28], we can compute /]
[ It Elys + )
In2
_E [(vs + v0)?] = E[ys + vl
21+E[ys+yD?m2
It is worth noting that y5 and y; are random, statistically
independent variables
I _In(d+Efysl+EyD)
In2
E[W+E[y] - E*lys] - E*[n]
20 +E[ys]+E[y)?*m2
Applying the results obtained above to (53), we have
2
I} =log, (l + —nbr r(‘a(j—tf)

b4 2T (a+5) 2 (nbra+3)\?
T T(a+D) +M(Pr<) _( Ta+1)

(55)

(56)

+MP1§21)

(57

5 2
21n (2) (1 + W aed) +MP1S21)

By doing the same I, we calculate I,
_ In(l +@E [ys] +E [y
B In2
~ BE[]+E[] - GE ys] — EZ [n]
21+ B [ysl+ E[y)* 2
Applying the results obtained above to (55), we have
nb’T (a +3)
F'@+1)

Q2b*n2T (a+5) 2 o nbPT(a43)\>
er(a—+l)+M(PIQI) —0[2( T(a+1) )

I

(58)

I, =log, (1 +as + MPIQI)

. (59)
5 2
21n(2) (1 + o T eD +MP,Q,)

Comment 1: The saturated ER of UE1 reaches near the
threshold of high SNR. Therefore, at high SNR, p — o0,
applying the results of the work [39], we can approximate
the ER of UEI as follows: When p — oo, infer ys — oo,
therefore R, is calculated

. Ysog
R, =1 14+ 1 — ). 60
UE1 = 108, ( o s + 1 T 1) (60)

Then, R, is computed by

o]
Ry, = log, (1 + a_z) : (61)
Now, we move on ER analysis of the UE2:
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Substituting (6) into (46)

Yuo
Ryer =E |:10 (1 + —):| . (62)
£ yuor +yr+1

By setting

Ty =E[log, (yu + v + D]. (63)
also setting
T> =E[log, (yyer + v + D]. (64)
We have
Rypr =T —T». (65)

By doing the same I, we calculate 77 and 7>
T _ln (1 +2m+ MP;<2r)

1 ==
In2
m)? + M (P;)?

2(1 +2m+ MP; Q)" In2
In (1 +2aym+ MP;2p)
T, =
In2
20ym)? + M (P12)?
Qaym) + M (Pr2p) 67)

C2(1 4 2aym+ MP;)2In2’

Comment 2: The saturated ER of UE2 reaches near the
threshold of high SNR. Therefore, at high SNR, p — oo,
applying the results of the work [39], we can approximate
the ER of UE2 as follows: When p — oo, infer yy — oo,
therefore RCI’JOE2 is calculated

. Yuo
R*., =1o 1+ lim —) . 68
UE2 :9) ( e Yoar £y + 1 (68)

Then, R7;, is computed by
o
R{g, = log, (1 + 06_1) : (69)

D. IRS-OMA PERFORMANCE PARAMETERS OF THE SAME
MODEL

In this section we calculate the performance parameters of
the IRS-OMA model with the impact of CCI interference at
the UEs. Compare the performance between the IRS-NOMA
system and the IRS-OMA system. We can consider OMA as
a special case of NOMA. For a fair comparison we assume
that each UE receives its resources the same as in the NOMA
case. The SINR at UEs in OMA mode can be calculated as
follows:

SINR at UE1 and UE2:

OMA Vs

SINRy ;T = T (70)
OMA Yu

SINROYS = T (71)

The OPs of UE1 and UE2 are calculated as follows:
Considering on UEL,

OPMA — pr (SINRL%’[f‘ < y,h) . (72)
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Transforming (69) we get (70)

OPIMA — Pr (ys < yu (v + 1)) (73)
We have
o0
oPJt = / Fys i O+ D) fy, G)dy.  (74)
0

Transforming (71) we get (72)

fy (a+1,%\/w)fw () dy

opoMa _ 0 .5
UE F@a+1) (75)

By similar calculation OPygq, Ongf‘ is determined as

follows

L aPO @ty (In(2)) V1 -7

OMA
OPygy = z 11 , (76)
i=1 !
2
( (<)))
OMA
where P (1) = NeES))
At user UE2, we compute
OP( = Pr (SINROY < yi) - ()

Transform (74) to get (75)
OPJy =Pr(yu < ym (v +1). (78)
Applying statistical probability theory, we have

oPJ} = / Fyy v O+ 1) fy, )y, (79)
0

By similar calculation OPyg», OP?}%’I? is determined as
follows

OPIMA — 1 — By (M — DI(C)H™, (80)
_Yth
where B| = Zp)(M(i’/I"L)! and C, = 4 PIISZI'

The ERs o Uél and UE2 are calculated as follows:
At user UEI, we compute The ER of UEI is defined as
follows:

ROMY = E (logy (1 + SINRGY)) 81)

Substitute (67) into (78)
ROMA :E[lo (1+ vs )} 82
UE1 2> — (82)

Transform (79) to get (80)
ROME =E [log, (vs + 1 + D] — E[logy (7 + D]. (83)

Set IPMA = E[log, (ys +y + 1] and I9M4 =
E [log, (yr + )]
We have
ROMA = [OMA _ OMA, (84)
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FIGURE 4. OPs of UEs with different IRS reflector numbers.

ROMA

By similar calculation Ryg1, Ry is determined as follows

IPMA =y, (85)
M(P; Q)

(Pr<2r) . @6
2(1 + MP;S))

At user UE2, we compute The ER of UE2 is defined as
follows:

1
M4 = — | In(1 + MP;Q) —
2 ln2|:n( + 1827)

ROMS = E (log, (1 + SINRGY)) (87)
Substitute (68) into (84)
ROMA :E|:lo (1+ w )} 88
UE2 2> — (88)
Transform (85) to get (86)
ROMA = E[log, (yu + 1 + 1) —logs (v + D] (89)
Set TPMA = E[log, (yu +yr + 1] and TOM4 =
E [log, (yr + )]
We have
RO = TPMA _ T OMA, (90)

: L : OMA  pOMA
By doing similar calculations, Rygz and Rppy, Ryp, are

determined as follows

TPMA =1, 1)
TPMA = [PMA, (92)

V. SIMULATION RESULTS AND DISCUSSIONS

In this part, we simulate the OP, ER according to range of SR,
using Monte Carlo simulation method on Matlab software to
prove the correctness of the theory. The simulation settings
are set as shown in Table 2.

In Fig. 4, we simulate the OPs of the UEs. In which, the
number of IRS reflector elements is 5, 10, and 20 elements,
respectively. In this mode, the power allocation factor for
UELI is 0.8, UE2 is 0.2. At UEl and UE2 are affected by
six CCI elements. Without loss of generality, we assume
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TABLE 2. Simulation parameters [39].

No | Meaning Parameters
1 Bandwidth B =1Mhz
2 Amplitude-reflection coefficient 8 =09
3 Distances dirg 40m
4 Distances dy g1 20m
5 Distances dy g2 30m
6 Path-loss exponents oG, 2.5
7 Path-loss exponents gy, 5y 2.5
8 Path-loss exponents Gy, 1o 2.5
9 I Yen = 0.1

Target data-rates for the fixed-rate transmission
10 | Number of points for CG-GL L =100

10’ sesssssseessessesssssessygtgo .
o, s *
nd 1Y .*.::‘ e
.‘.Q Q&‘QQ
_q “.. .{‘
10 - - L2 - E
= = = UE1 Simulation Nx=10,a, = 0.3 e \,
2,0 T Ve,
UE2 Simula1i0n,(x2 =07 V.' \ ’Q.
. A J
10°Y e UE1 Analytical Nx=10,0,, = 0.3 ‘h. \ 1
>
% UE2 Analytical,., = 0.7 " Q“.‘
8 . 4[| = = = UE1 Simulation Nx=10,0., = 0.6 L Eotey
£ 104 ! e O
% = = = UE2 Simulation,a, = 0.4 \ "
g e UET Analytical Nx=10,0,, = 0.6 * .
\
10" o UE2Analyticala, = 0.4 . ‘b’
UE1 Simulation Nx=10,oc‘ =09 \ 1
\
! 4 _ \
w0l =-- UE2 Simulation,a, = 0.1 . [ 4
UE1 Analytical Nx=10,0, = 0.9 '\
e UE2 Analytical,a, = 0.1 '
s : 2 ‘ ‘ e

: : .
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Transmit SNR (dB)

FIGURE 5. OPs of UEs with different power allocation factors.

that the distance loss coefficients for the CCI noises are
the same and equal to 1. The simulation results show that
the simulation and analysis results are consistent. That has
proved the accuracy of the theory that we built. From the
simulation results, we can see that when the number of IRS
reflectors changes, the OPs of UEl change significantly.
Specifically, a small OP value corresponds to a small SNR
when the number of IRS reflectors is large. In addition, the
OP slope of UEI is much larger than the slope of UE2, which
proves the performance of IRS-NOMA network is better than
many NOMA networks.

In Fig. 5, we examine the OPs of the UEs in some settings.
In which, the power allocation factor of NOMA is 0.3, 0.6 and
0.9 for UEl and 0.7, 0.4 and 0.1 for UE2 respectively.
In this mode, the IRS reflecting element is 10 elements.
At UEl and UE2 are affected by six CCI sources. In this
case, we also assume that the distance attenuation coefficient
of the CCI term is the same and equal to 1, the power
of the CCI noise equal to 1. The simulation results show
that the simulation and analysis results are consistent. The
simulation results show that when the power allocation factor
of NOMA changes, the OPs of the UEs change significantly.
Specifically, a small OP value corresponds to a small SNR
when the number of IRS reflectors is large. This proves
that the performance of IRS-NOMA and NOMA networks
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FIGURE 6. OPs of UEs with different number of CCl elements.

depends greatly on the power allocation factor. In addition,
UEl’s OPs have a much steeper slope than UE2’s OPs,
which proves that IRS-NOMA network performance is better
than many NOMA networks even when the power allocation
factor for IRS-NOMA network is smaller.

In Fig. 6, we simulate the OPs of the UEs. In which,
the power allocation factor of NOMA is 0.8 for UEI and
0.2 for UE2 respectively. In this mode, the IRS meta-surface
is 10 elements. At UE1 and UE2 are affected by different
number of CCI sources. We also assume that the distance
attenuation coefficient of the CCI disturbances is the same
and equal to 1, the power of the CCI disturbances equal to 1.
The simulation results show that the simulation and analysis
results are consistent. From the simulation results, we can
see that when the number of impacts on the system changes,
the OPs of the UEs change significantly. As can be clearly
seen in Figure 6, if the system model is disturbed by a single
external terminal with fixed transmit power, the performance
curve reaches 107% at an SNR of about 57 dB. On the other
hand, if the number of interfering devices increases to 6,
the loss in the coding system will decrease exponentially.
Meanwhile, there are still a large number of users achieving
diversity order in high SNR mode. This was discussed in [40].
This proves that the performance of IRS-NOMA networks is
highly dependent on the amount of CCI interference affecting
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FIGURE 7. ERs of UEs with different IRS reflector numbers.

the system. In addition, the simulation results show that
the anti-interference ability of IRS-NOMA network is much
better higher transmit SNR.

We simulate Fig. 7 the ERs of UEs in NOMA mode with
a power allocation factor of 0.8 for UE1 and 0.2 for UE2,
respectively. In this mode, the number of reflector elements
of the IRS changes to 5, 10, and 20 reflectors, respectively.
At UEI and UE2 affected by the number of CCI elements
is 6 elements. We also assume that the distance attenuation
factor of the CCI disturbances is the same and equal to 1, and
the power of the CCI disturbances is equal to 1. The results
show us that there is a good agreement between simulation
and analysis results. From the simulation results, we can see
that when the number of IRS reflectors changes, the ERs
of UEI change accordingly. In particular, as the number of
IRS elements increases, the ERs achieve larger values with
smaller SNRs. This proves that the ER of the IRS-NOMA
network with a large number of IRS reflectors is better than
the ER of a IRS-NOMA network with a small number of
IRS reflectors even when the system is affected by CCI
noise. In addition, we find that the ERs of the UEs in the
IRS-NOMA network are better than the ERs of the UEs in
the NOMA network.

In Fig. 8, we simulate the ERs of UEs in NOMA mode with
variable power allocation factors of 0.3, 0.6, 0.9 for UE1 and
0.7, 0.4, respectively. 0.1 for UE2. The UE1 and UE2 affected
by the number of CCI sources is 6. We also assume that the
distance attenuation factor of the CCI disturbances is the same
and equal to 1, and the power of the CCI disturbances is
equal to 1. The results show us that there is a good agreement
between simulation and analysis results. From the simulation
results, we can see that when the NOMA’s power allocation
factor changes, the ERs of the UEs change accordingly.
In particular, as the power allocation factor increases, the ERs
of the UEs achieve larger values with smaller SNRs. This
proves that the ER of the IRS-NOMA network depends on
the power allocation factor even when the system is affected
by several levels of CCIL.
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FIGURE 9. ERs of UEs with different number of CCI elements.

We simulate the ERs of UEs in NOMA mode with a
power allocation factor of 0.8 for UE1 and 0.2 for UE2,
respectively, and all detailed are represented in Fig. 9. In this
mode, the IRS reflector number is 10 reflectors. At UE1 and
UE2 are affected by the number of CCI sources changing
by 1,3, 6 noise elements, respectively. We also assume that
the distance attenuation factor of the CCI disturbances is the
same and equal to 1, and the power of the CCI disturbances
is equal to 1.The results show us that there is a good
agreement between simulation and analysis results. From the
simulation results, we can see that when the number of CCI
noise parts changes, the ERs of the UEs change accordingly.
In particular, as the number of CCI fractions increases, the
ERs of the UEs achieve smaller values with larger SNRs. This
proves that CCI noise has a huge impact on the performance
of IRS-NOMA and NOMA networks.

In Fig. 10, we simulate the OPs of the UEs of the
IRS-NOMA system and simulate the OPs of the UEs of the
IRS-OMA system. In particular, the number of reflection
elements of IRS is 5 and 20 elements, respectively. In NOMA
mode, the power allocation factor for UEl is 0.4, UE2
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FIGURE 11. Comparison of ERs in the IRS-NOMA system and the
IRS-OMA system.

is 0.6. At UE1 and UE2, both systems are affected by 6 CCI
disturbances. The simulation results of Fig. 10 show us
that in the NOMA system, the NOMA system has higher
performance than the OMA system. In addition, we see that
in the same system model, the influence of CCI interference
on the OPs of UEs in the NOMA system is worse than in the
OMA system.

In Fig. 11, we simulate the ERs of the UEs of the
IRS-NOMA system and simulate the ERs of the UEs of the
IRS-OMA system. In particular, the number of reflection
elements of IRS is 5 and 20 elements, respectively. In NOMA
mode, the power allocation factor for UEl is 0.4, UE2
is 0.6. At UE1 and UE2, both systems are affected by 6 CCI
disturbances. The simulation results of Fig. 11 show us
that in the NOMA system, the NOMA system has higher
performance than the OMA system. In addition, we see that
in the same system model, the influence of CCI interference
on the ERs of UEs in the NOMA system is worse than in the
OMA system.
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Through simulation results in Figs 10 and 11, we conclude
that the performance of IRS-NOMA network and NOMA
network that is not supported by IRS depends on the
power allocation factors as well as the amount of CCI
source affecting on the system. In addition, simulation
results have demonstrated that IRS-NOMA network has
better CCI immunity than traditional NOMA network, and
IRS-NOMA network performance is better than traditional
NOMA network.

VI. CONCLUSION

This paper has studied the impact of CCI on users in IRS-
NOMA network. In the model we propose the CCI could
be independent and identically distributed. We calculated the
OPs of the UEs in IRS-NOMA, constructing closed-form
expressions of the OPs. In addition, we calculate the ERs of
the UEs in IRS-NOMA and in NOMA, construct closed-form
expressions of the ERs. To prove the accuracy of the theory,
we simulated the OPs of the UEs and the ERs of the UEs in
IRS-NOMA. Our analysis and simulation results have proved
that the performance of IRS-NOMA is better than IRS-OMA
even under CCI interference. Simulation analysis results also
demonstrated that IRS-NOMA has better resistance to CCI
interference than NOMA which is not supported by IRS.
On the other hand, as the number of CCI noise increases,
the performance of the network is significantly affected,
especially in NOMA networks that are not supported by the
IRS. This, once again proves the superiority of the IRS not
only to increase the performance of the network, to increase
the coverage, but also to be resistant to CCI interference.
On the other hand, the results of simulation analysis also
prove that changing the power allocation factor in NOMA
also greatly affects the performance of the network. The
analysis results show that if we allocate NOMA power
properly, we can not only increase the performance of the
network but also reduce the influence of CCI interference.
Furthermore, the design of IRS-NOMA that can be optimized
when reinforcement learning can be leveraged as our future
research direction.

APPENDIX A
PROOF OF THE PROPOSITION 1
We have:

Ny
E[X]=E [Z |Gigs | |gUEl,k|} : (A.1)

k=1

According to the expected property (A.1) is rewritten as:

Ny
E[X] = ZE [|Girs k| |gvE1A]]-
k=1

(A2)

Since |G1R5, k | and | SUE1k | are independent RVs, (A.2) can
be rewritten as
Ny
ElX]1= D E[|Grs|] E [|sveix|].
k=1

(A3)

VOLUME 12, 2024



T.-A. Nguyen et al.: Impacts of Co-Channel Interference on Performance of Downlink IRS-NOMA Systems

IEEE Access

On the other hand, |G1Rs,k| and | SUE 1,k| have variance of 1,

SO EHGIRS’/CH =FE [|gUE1,k|] =,/ % Inferred
N,
S New
E[X]= — = . A4
X1=> 5= (A4)
k=1
On the other hand:
Var[X]=E [(X _E [X])Z] . (A.5)
Similar to the calculation above, we can easily find
)
Var[X]=N,y |1 — —). (A.6)
16
The proof of Proposition 1 is completed.
APPENDIX B
PROOF OF THE PROPOSITION 2
We have:
Fye (v) = Prlys <yl. (B.1)
Transforming (B.1) we get (B.2)
y
Fy () = Pr [X2 < Z]' (B.2)

Transforming (B.2) we get (B.3)

Fys () = Pr [X < \/ﬂ . (B.3)

Transforming (B.3) we get (B.4)

Fy (y) = Fx (\/g) . (B.4)
o149

F@+1)

Move on other way, we have

frs @ = (Fys )

a—1

yz 1 [y
= T exp (—— —) . (B.6)
209H1T (@ + Dn‘T bV n

The proof of Proposition 2 is completed.

Then, we have

Fyg ) = (B.5)

APPENDIX C
PROOF OF THE PROPOSITION 3
‘We have:
o0
Elys]= n/o x%fx (x) dx. (C.1)

Substituting (8) into (C.1) we have

_ n * a2, (X
E[VS]_b“+1F(a+1)/O X exp( b)dx. (C.2)
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By using [27, eq.3.381 (4)], (C.2) can be written in the
closed form as

T (a + 3) b*nPs

E =—— C3
[vs] FatD (C.3)
Other way
2 5
E [J/s] = /0 Yfys ) dy. (C4)
Substituting (12) into (C.4) we have
o
[y F e (~5/3) dv
E[yg] =0 (C.5)

209HIT (a+ 1) n*s
Set z = ,/y, deduce 2zdz = dy
fooo Za+4 exp (— bL dz
E I:ysz] - ( f+)1 . (C.6)
b (@+nz

By using [27], eq 3.381 (4), (C.6) can be written in the
closed form as

. [yg] _ (by/n)“ T (a+5) _ T @+s)

- (C.7
bHIT (a4 1) n's F'@+1)
The proof of Proposition 3 is completed.
APPENDIX D
PROOF OF THE PROPOSITION 4
We have:
Fyy ) =Priyy <yl. (D.1)
Inferred
M
Fyy 0) = Pr[IGusal < 2. (D.2)
m
Transforming (D.2) we get (D.3)
y
Fyy ) = Pr||Gueal <,/ = . (D.3)
m
According to the inferred probability theory
y
Fyy ) = FGyp, (\/ n_1) . (D.4)

Since, |Gygz| is a random variable with RV distribution,
we have the CDF of yy:

Fy, ) =1—exp (—%) . (D.5)
In other way, we have
r 1 y
Fro ) = (Fyy 0))' = 3 -exp (—ﬁ) . (D.6)
The proof of Proposition 4 is completed.
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APPENDIX E
PROOF OF PROPOSITION 5
We have:
o0
Etyl= [ s 01y E.1)
0

Substituting (16) into (E.1) we have

1 o0
Ewu=5;/ym%—%ﬂw. (E2)
0

By using [27, eq 3.351 (3)], (E.2) can be written in the
closed form as

11\
In other way, E [y7] is expressed by
1 [ y
E[Z]z—/ 2 (——)d. E4
Vo = om ), e\ 7o) Y (E4)

By using [27, eq 3.351 (3)], (E.4) can be written in the
closed form as

E[vd]=210m?. (E.5)

The proof of Proposition 5 is completed.

APPENDIX F
PROOF OF PROPOSITION 6
We have:

[o)0]
Elyl = /O Yy () dy. (F1D)
Substituting (1) into (F.1) we have
I e (7 ) dv
Pr)M M - 1!

By using [27, eq 3.351 (3)], (F.2) can be written in the
closed form as

Ely] = (F2)

Elyrl=MP[Qy. (F.3)

In other way, E [y}] is given by

2 5
Eh]jéy&wwy (F4)
Substituting (1) into (F.4) we have

S Y exp (53 ) dy
E[sz]: O(P,Q,)M (ASP—Ql?! ' E3)

By using [27, eq 3.351 (3)], (F.5) can be written in the
closed form as

E [y,z] — MM + 1) (Pr2)> (E6)
The proof of Proposition 6 is completed.
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APPENDIX G
PROOF OF PROPOSITION 7
‘We have:

oo (1 vin(y+1) a+1yM_1 -y )4
0P / bV (@ —yma)n XP\Fy )Y
UEl — .
0

T (a+1) @ErepM M - 1)!
(G.1)
Transforming (G1) we have
1 Vi a+1
00 (5\/ (Otl—Vtthtz)n) M,

P, = . G2
VEL™ T (a+ 1) (P Q)™M (M — 1)! G2

where M is
o0
atl M1 -y
M, = 1)z dy. G.3
1 /(y+ )Ty eXP(P]QI) y (G.3)
0
We calculate M, as follows Letz =y + 1,dz = dy
7 1
a+1 —Z+
M= [z7 (@z-DM! dz. G.4
1 /Z (z—=1) EXP(PIQI)Z (G4)
1
Transforming (G4) we get (G5)
o0
1 atl M—1 —<
My, = 2 (z—1 dz.
| =exp (PIQI)/Z (z ) exp (PIQI) z
1
(G.5)
1
M, = M G.6
1 =exp (P191) 2 (G.6)
where M) is
0
atl _ -z
My = /z Tz — DM lexp (m) dz. (G.7)

1

We calculate M, as follows

o0 " M-1 . . _,
M; = /ZT Z Cf‘,l_le_l_J(—l)’exp (ﬁ) dz
: -4
1 j=0
(G.8)

Transforming (G8) we get (G9)

My = (-1Y Z Cﬁ,,_l /zefjflexp (%) dz (G.10)
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Appling the formula in [ [27], eq 3.381(3)], M> is rewritten
as
M—1

. J 1 —(e—)) 1
M2=(—1)’Z CM](P_IQI) F(e —J, _P1521)
j=0
(G.11)

Substituting M» into M and replacing M into G2 we have

1 Yih atl 1
by (ar—ymaa)n €XP\ ey
OPyy, = i M
F@+ 1) Pr2)™ M —1)!
(G.12)
The proof of Proposition 7 is completed.
APPENDIX H
PROOF OF PROPOSITION 8
We have
T 1
vin v+ 1)
OPY ., = —_— dy. H.1
vE2 / (2m (a2 — )/thal))fw Oy (HD
0
At this step, (H.1) is equivalent to (H.2)
00 p—
vy | &+ Dy exp (p,gyzl) dy
0
0P, = (H2)

2m (a2 — ymar) PrM (M — 1)1
Transforming (H. 2) we get (H. 3)

o0 o
v | [ M exp (P,_é,)dy+ [y exp (p—,}’z’,)dy
0

0

OP?]OEZZ M
2m (o — yma1) (Pr2p)™ (M — 1)!

(H.3)

By using the formula in [ [27], eq 3.351(3)], OPy}, is
expressed by

yin [M (M + 1) (P2)? + 1]
2m (a2 — Y1) )

The proof of Proposition 8 is completed.

OPYpy = H4)
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