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ABSTRACT Sixth generation (6G) networks must guarantee radio-resource availability for coexisting users
and machines. Here, non-orthogonal multiple access (NOMA) can address resource limitations by serving
multiple devices on the same spectral and temporal resources. Meanwhile, cooperative relays can mitigate
the impact with excessive large- and small-scale fading and interference. Still, to unlock the full potential
of NOMA in 6G deployments, its performance must be analyzed under interference-limited scenarios with
NOMA communications occuring across multiple cells. In this paper, the detrimental effect of co-channel
interference (CCI) from nearby NOMA transmissions on a relay-aided NOMA network is examined.
More specifically, randomly deployed CCI terminals communicate using NOMA and degrade the uplink
communication. Network performance is thoroughly analyzed for various metrics, considering independent
and identically distributed non-orthogonal CCI. Furthermore, for improved performance, transmit power,
power allocation, and relay location optimization is presented. This scenario can correspond to Industry 4.0
settings, relying on private networks that can adjust the transmit power of interferers within the network.
Our analytical findings are verified through Monte-Carlo simulations, revealing that non-orthogonal CCI
degrades the system performance, causing system coding gain losses. Nonetheless, the proposed optimization
framework can mitigate the impact of non-orthogonal CCI and ensure improved uplink performance.

INDEX TERMS Sixth generation (6G), co-channel interference (CCI), cooperative relaying, non-orthogonal
multiple access (NOMA), performance analysis.

I. INTRODUCTION
The tremendous increase of mobile data traffic and the
emerging Internet-of-Things (IoT) service accelerate the need
for high-capacity and energy-efficient wireless networks [1].
Also, interference-limited scenarios will be dominant in di-
verse network topologies [2], [3]. In this context, the success
of sixth generation (6G) networks will rely on new communi-
cation paradigms, departing from current trends. An attractive
technique is non-orthogonal multiple access (NOMA) that
provides increased resource allocation flexibility, compared

to traditional orthogonal multiple access (OMA). NOMA
enables resource sharing between users and exploits their
channel power level differences [4], [5]. In terms of opera-
tion, in NOMA, the transmitter employs superposition coding
while the receivers perform successive interference cancella-
tion (SIC) [6]. Meanwhile, various surveys in [7], [8], [9],
[10] have identified important NOMA challenges that must be
addressed, such as power allocation optimization, increased
energy efficiency, and efficient integration with cooperative
relaying.
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In this work, we focus on a challenging case that is expected
to occur in 6G networks, i.e. the investigation of relay-aided
and NOMA-based uplink network performance in settings
where co-channel interference (CCI) is introduced by other
nodes, communicating through NOMA. Such interference
scenarios will be increasingly present in topologies with co-
existing users and machines, striving for mass connectivity, as
it is the case of Industry 4.0 settings [11], [12], [13], [14]. So,
for this novel interference scenario, we thoroughly analyze
the uplink network performance and formulate optimization
problems to optimize the transmit power, power allocation
and relay location parameters in a holistic approach where
the sources of interference can participate in the optimization
process. The proposed framework can be adopted in private
networks that support Industry 4.0 application, flexibly opti-
mizing the transmit power of interferers within the network to
improve the performance of a desired industrial service [15],
[16], [17].

A. BACKGROUND
In networks with challenging wireless conditions, the adop-
tion of cooperative relaying can mitigate the impact of
path-loss, shadowing, and multi-path fading by bringing
transmitters and receivers closer to each other, and offer-
ing increased diversity [18]. Cooperative relaying has been
combined with NOMA in various studies that do not con-
sider the impact of CCI, showing its potential to improve
the spectral efficiency of the network and pave the way for
mass connectivity. A popular area involves device-to-device
communication (D2D). In D2D networks, wireless devices
can flexibly assume the role of cooperative relays, avoiding
the need for infrastructure-based relays, at the cost of reduced
hardware capabilities and resource expenditure to support
other users. Such settings have been extensively adopted in co-
operative NOMA scenarios, starting from earlier studies, such
as [19]. In a D2D setting, the authors in [19] enabled users
with strong channels to decode the messages of users with
worse channel conditions. Next, user pairs were formed and
strong users relayed the decoded messages to the weak users.
For a similar case, the work in [20] presented low-complexity
power control and user pairing algorithms for cooperative
NOMA in a D2D network, solving the optimization prob-
lems through decomposition to achieve improved rate and
energy efficiency. A topology with multi-antenna nodes was
investigated in [21], aiming to increase the rate of cell-edge
users through beamforming by the source and a strong user.
Furthermore, NOMA allowed two sources to share a re-
lay and establish communication with two destinations by
transmitting in parallel [22]. This strategy significantly im-
proved the sum ergodic capacity under perfect and imperfect
SIC. Other works have employed NOMA in buffer-aided
cooperative networks, and proposed highly flexible hybrid
OMA/NOMA algorithms that alleviated instances where SIC
was not possible [23], [24]. The study in [25] investigates the
outage and average sum-rate performance of full-duplex (FD)

decode-and-forward relay-aided uplink NOMA, showing per-
formance gains over conventional OMA and half-duplex (HD)
relaying. Still, scenarios with multiple user pairs and CCI
have not been investigated. Then, the paper in [26] exam-
ines various non-orthogonal schemes for multiple access in
aerial networks where drones act as relay nodes, optimizing
their position and multiple access parameters for improved
sum-rate performance. Next, the authors in [27] present op-
timal power allocation in NOMA-aided relay networks where
the source concurrently transmits two information signals to-
wards an amplify-and-forward (AF) relay, thus establishing
end-to-end connectivity with a single destination. Finally, the
authors in [28] consider Quality-of-Service (QoS) and power
usage constraints, and propose HD cooperative asynchronous
NOMA with user relaying, inserting a timing mismatch in
the broadcast signal to obtain energy efficiency gains over
conventional cooperative NOMA.

However, as the adoption rate of NOMA and network
density are expected to increase due to coexisting users and
IoT devices, the impact of CCI must be carefully analyzed
and mitigated. The energy efficiency of uplink and down-
link NOMA under Gaussian-mixture aggregate interference,
realistically representing the asynchronism in heterogeneous
networks is examined in [29]. In a downlink power do-
main (PD)-NOMA network under CCI, the work in [30]
focuses on a single user, performing signal separation through
SIC and reveals that coding gain is reduced due to CCI.
For networks where underlay D2D cognitive networks in-
troduce CCI to primary uplink NOMA-based networks, the
study in [31] conducted a theoretical analysis, in terms of
outage probability, effective rate, and ergodic capacity. Perfor-
mance results highlighted the impact of the decoding order of
the users’ signals at the base station and the degrading effect
of CCI from the underlay D2D network. In a setting with
coexisting users and IoT devices, the authors in [32] design
a cooperative interference-aware scheduler to mitigate CCI.
Both OMA and NOMA cases are examined and data rate,
energy consumption, and capacity gains are obtained over
conventional scheduling. Additionally, to enhance the spec-
trum utilization and system performance, the authors in [33]
propose and analyze the performance of short packet NOMA
communication for coordinated and direct relay transmission
in IoT networks. The CCI and imperfect SIC effects are also
considered in the system performance analysis. Next, the pa-
per in [34] investigates the performance of a network, in which
two NOMA users communicate through an IoT access point,
acting as a relay. For this case, closed-form expressions for
the exact and asymptotic outage probability and ergodic data
of the NOMA users are derived, considering the impact of
CCI and efficient machine learning-aided power allocation
strategies are given. Another work studying a NOMA-based
network under CCI is presented in [35]. By assuming that the
desired signal experiences Rician fading while CCI signals
follow Rayleigh fading, the outage performance is analyzed
for varying numbers of interferers and traffic loads. Finally,
various solutions have been proposed towards pairing together
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users, in order to improve the performance of NOMA under
CCI. Indicatively, the authors in [36] propose sum-rate-based
user-pair scheduling for multi-user information exchange by
means of non-orthogonal channels to avoid the inter-cell in-
terference that is caused by other users, in dense wireless
networks.

Focusing on relay-aided NOMA networks, various stud-
ies analyze the impact of CCI and present relevant miti-
gation techniques. The authors in [37] investigate HD/FD
bi-directional relay-aided uplink/downlink NOMA under in-
dependent and identically distributed (i.i.d.) and indepen-
dent but not identically distributed (i.n.i.d.) CCI. Both
perfect/imperfect SIC cases were evaluated, in terms of sys-
tem outage probability and throughput, showing improved
FD relay-aided NOMA performance for perfect SIC. Another
interesting CCI case, in a relay-aided NOMA IoT topology
was examined in [38]. Here, energy harvesting is adopted to
increase the network’s lifetime while a source and an IoT re-
lay, concurrently transmit their data to their destinations using
NOMA. In this setting, an external entity introduces CCI to
the network and the optimal combination of time-switching
and power splitting EH is studied to improve the outage
and throughput performance. The case of underlay spectrum
sharing is the focus of [39], where interference arising from
the secondary relay-aided network to the primary-user must
be below a pre-defined threshold. The analysis showed that
the impact of CCI from the secondary-user transmitter to the
primary-user’s reception was more severe than that of the
relay. Moreover, the use of NOMA in the secondary net-
work was revealed to increase the throughput, compared to
OMA. Also, a spectrum sharing scenario with a NOMA-based
secondary network is examined in [40]. As multiple relays
are available, the far user performance is improved through
appropriate duplexing mode selection, exploiting both HD
and FD relaying. A similar underlay relay-aided NOMA net-
work is studied in [41]. Here, the CCI from the primary to
the secondary network is analyzed under imperfect SIC and
imperfect channel state information (CSI). As multiple relays
are available in the secondary network, various selection al-
gorithms are presented, as well as a deep learning framework
for outage probability and throughput prediction whose output
matches the analytical and simulation results. However, these
studies, either do not focus on CCI stemming from nearby
NOMA transmissions [37], [38] or consider the impact of
CCI from NOMA transmissions on the reception of users
communicating with OMA [39], [40], [41].

B. CONTRIBUTIONS
As it is evident, relay-aided NOMA networks facilitate the ac-
cess of edge users and IoT devices in the forthcoming 6G era
by leveraging their channel asymmetries and heterogeneous
rate requirements. Thus, instances of CCI from NOMA trans-
missions will become more frequent, threatening network
performance. In this paper, contrary to the current state-of-the-
art, we present a relay-aided NOMA network that is affected
by CCI, arising from nearby NOMA transmissions. To the

best of our knowledge, it is the first time that such a setup is
investigated, as an analysis on the impact of non-orthogonal
CCI on relay-aided NOMA has not yet been presented.

In greater detail, our contributions are as follows:
� The impact of non-orthogonal CCI from randomly de-

ployed terminals on a relay-aided NOMA network with
heterogeneous QoS requirements is examined. i.i.d. CCI
cases, subject to Rayleigh are studied.

� A thorough theoretical analysis, in terms of outage prob-
ability, error probability, throughput, energy efficiency,
and diversity order is provided.

� The procedure for optimizing the transmit power, power
allocation coefficient for NOMA, and relay location is
presented, aiming to minimizing the impact of non-
orthogonal CCI on the relay network.

� Performance evaluation through Monte-Carlo simula-
tions is provided, verifying our analytical findings.
Moreover, the proposed network optimization procedure
demonstrates significant performance improvement for
the relay-aided uplink NOMA network.

The derived expressions for the considered performance
metrics can facilitate the efficient deployment and evaluation
of NOMA-based solutions in the context of 6G networks. It is
expected that the dramatic rise in the number of coexisting
users, IoT devices and unmanned vehicles, among others,
in 6G networks will necessitate the use of non-orthogonal
scheme to meet mass connectivity demands above 5G’s re-
quirements [42]. As a result, instances of non-orthogonal
CCI will be increasingly common in 6G deployments. More-
over, the proposed optimization demonstrated high potential
in relay-aided NOMA networks under non-orthogonal CCI
cases that will increasingly arise in future communication
networks with massive numbers of coexisting users and IoT
devices. We expect that such holistic optimization process, in-
volving the sources of interference will be adopted especially
in cases where centralized network monitoring and coordi-
nation can be applied, as it is the case of private networks,
supporting Industry 4.0 environments.

C. STRUCTURE
The remainder of this paper is organized as follows. In
Section II, we introduce the system model and the main as-
sumptions. In Section III, we present the theoretical analysis
of the relay-aided NOMA network, in terms of outage prob-
ability, error probability, throughput, and energy efficiency.
Then, Section IV provides the asymptotic expressions for
the outage and error probabilities while Section V includes
the diversity order analysis for the considered relay network.
The optimization steps for the relay location and power
allocation are given in Section VI and performance evalua-
tion results are provided in Section VII. Finally, conclusions
and future directions are discussed in Section VIII. List of
acronyms that are used in the paper are presented in Table 1.
List of notations that are used in the paper are presented in
the Table 2. The Superscript “up” represents the upper-bound
throughout the paper.
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TABLE 1. List of Acronyms

FIGURE 1. Two-hop relay-aided uplink NOMA network affected by
non-orthogonal CCI.

II. SYSTEM MODEL & CHANNEL STATISTICS
A two-hop uplink NOMA network, comprising a base station
(BS), N users Ui, ∀i = 1, . . . ,N , and HD/FD AF relay R is
considered, as depicted in Fig. 1. Ui and BS do not have a
direct link due to severe fading and communication is estab-
lished via the AF-based relay. The adoption of an AF-based

TABLE 2. List of Notation
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relay stems from its ability to handle the incoming signal
without necessitating additional signal decoding and encod-
ing processes that might introduced delays in the relaying
process. This characteristic holds significance in the context
of ultra-low latency services. It is assumed that each network
node is equipped with a single omni-directional antenna while
the relay and the BS are affected by a limited number of CCI
terminals communicating under the NOMA paradigm.

In this study, hi and g represent the Ui → R and R →
BS channel coefficients, being complex Gaussian RVs with
zero mean and variances σ 2

hi
and σ 2

g , respectively, i.e. hi ∼
CN (0,�hi ) and g ∼ CN (0,�g). c ∼ CN (0,�c) represents
the loop-interference that is caused by the simultaneous trans-
mit and receive process in FD mode. In addition, fk ∼
CN (0,� fk ) and ms ∼ CN (0,�ms ) represent the k-th, ∀k =
1, . . . ,K , and s-th, ∀s = 1, . . . , S, CCI, affecting the relay and
the BS, respectively. Each user Ui, ∀i = 1, . . . ,N , transmits
the respective signal xi with E

[|xi|2
] = 1 and a power allo-

cation coefficient βi, where
∑N

i=1 βi = 1, to the BS via the
HD/FD AF relay.

In this uplink NOMA network, it is considered that the
user with the best channel gain is located closer to the relay
and the N users are ordered based on |h1|2 ≥, . . . ,≥ |hN |2
while the order of the power allocation coefficients are 1 >
βi ≥, . . . ,≥ βN > 0 [43], [44]. Moreover, considering the ef-
fect of path-loss, the Ui’s channel variance is redefined as
�hi = σ 2

hi
d−v

i where di represents the Ui → R distance and v

denotes the path-loss exponent, taking values between 2 − 6
[45]. The distance between the k-th CCI terminal and the relay
is represented as dk , while the distances of the set of K CCI
terminals towards the relay are ordered as d1 ≤ d2 ≤, . . . ,≤
dK . Therefore, the k-th CCI terminal → R channel variance
can be redefined as � fk = σ 2

fk
d−v

k . Likewise, the distance
between the s-th CCI terminal and the BS is represented as
ds while the distances of the set of S CCI terminals towards
the BS are ordered as d1 ≤ d2 ≤, . . . ,≤ dS . As a result, the
s-th CCI terminal → BS channel variance can be redefined as
�ms = σ 2

ms
d−v

s .

A. SIGNALING
The received signals at the HD/FD relay comprising the
NOMA-based signals of the N users and the CCI from K CCI
terminals can be written as

yHD
R =

N∑
i=1

√
βiPShixi +

K∑
k=1

√
αkPF fkak + wR, (1)

yFD
R =

N∑
i=1

√
βiPShixi +

K∑
k=1

√
αkPF fkak + √

PRc + wR,

(2)

where PS and PF represent the transmit power of each user
terminal and each CCI terminal affecting the relay’s recep-
tion, respectively. Also, wR is the additive white Gaussian
noise (AWGN) at the relay with variance equal to σ 2. The

set of K CCI terminals transmits a superimposed signal in-
troducing the CCI towards the relay with power allocation
coefficients

∑K
k=1 αk = 1, based on 1 > α1 >, . . . , > αK > 0

and E
[|ak|2

] = 1.
The amplification factor employed by the AF HD/FD relay

denoted by GAF can be calculated as

GHD
AF =

√
PR∑N

i=1 βiPS|hi|2 +∑K
k=1 αkPF | fk|2 + σ 2

, (3)

GFD
AF =

√
PR

ψ
, (4)

whereψ =∑N
i=1 βiPS|hi|2 +∑K

k=1 αkPF | fk|2 + PR|c|2 + σ 2

and PR is the relay’s transmit power. The set of S CCI
terminals transmits a superimposed signal, acting as CCI
towards the BS characterized by power allocation coeffi-
cients

∑S
s=1 θs = 1, according to 1 > θ2 >, . . . , > θS > 0

and E[|bs|2] = 1. After the amplification process, the received
signal at the BS can be written as

yHD
BS = GAFgyHD

R +
S∑

s=1

√
θsPMmsbs + wBS, (5)

yFD
BS = GAFgyFD

R +
S∑

s=1

√
θsPMmsbs + wBS, (6)

where wBS is the AWGN at the BS with variance equal to
σ 2 and PM is the transmit power used by each CCI terminal
affecting the BS’s reception. Substituting (1) into (5) and (2)
into (6), the following expressions can be obtained as

yHD
BS = GHD

AF g
N∑

i=1

√
βiPSxihi + GHD

AF g
K∑

k=1

√
αkPF fkak

+ GHD
AF gwR +

S∑
s=1

√
θsPMmsbs + wBS. (7)

yFD
BS = GFD

AF g
N∑

i=1

√
βiPSxihi + GFD

AF g
K∑

k=1

√
αkPF fkak

+ GFD
AF g

√
PRc + GFD

AF gwR +
S∑

s=1

√
θsPMmsbs + wBS.

(8)

B. UPLINK RATES AT THE BASE STATION
The signal decoding process is performed by adopting the
SIC strategy, according to the order of the power allocation
coefficients, which is 1 > βi > βN > 0, as

RHD
xi

= 1

2
log

(
1 + GHD,2

AF |hi|2|g|2βiPS

A

)
, (9)
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RHD
xN

= 1

2
log

(
1 + GHD,2

AF |hN |2|g|2βN PS

B

)
, (10)

RFD
xi

= log

(
1 + GFD,2

AF |hi|2|g|2βiPS

C

)
, (11)

RFD
xN

= log

(
1 + GFD,2

AF |hN |2|g|2βN PS

D

)
, (12)

where GHD,2
AF = G2

AF,HD, GFD,2
AF = G2

AF,FD, and exponent 2 rep-

resents an exponentiation process. A=GHD,2
AF |g|2PS

∑N−1
j=i+1

β j |h j |2 +GHD,2
AF |g|2∑K

k=1 αkPF | fk|2 + GHD,2
AF |g|2σ 2 +∑S

s=1

θsPM |ms|2 + GHD,2
AF

∑i−1
�=1 PSβ� |̂h�|2|g|2+σ 2, B=GHD,2

AF |g|2∑K
k=1 αkPF | fk|2 + GHD,2

AF σ 2|g|2 +∑S
s=1 θsPM |ms|2 + GHD,2

AF∑N−1
�=1 PSβ� |̂h�|2|g|2+σ 2, C =GFD,2

AF |h j |2|g|2
∑N−1

j=i+1 β jPS +
GFD,2
AF |g|2∑K

k=1 αkPF | fk|2+GFD,2
AF |g|2PR|c|2 + GFD,2

AF σ 2|g|2
+∑S

s=1 θsPM |ms|2+GFD,2
AF

∑i−1
�=1 PSβ� |̂h�|2|g|2+σ 2, and D=

GFD,2
AF |g|2∑K

k=1 αkPF | fk|2+GFD,2
AF |g|2PR|c|2+GFD,2

AF σ 2|g|2
+∑S

s=1 θsPM |ms|2+GFD,2
AF

∑N−1
�=1 PSβ� |̂h�|2|g|2+σ 2. Note

that there will be some level of residual interference because
of imperfect SIC that is caused by the SIC process of
each user. In this regard,

∑q−1
�=1

√
PSβ�̂h�. q ∈ { j,N},

ĥ� ∼ CN (0, λ��ĥ�
) represents the imperfect SIC terms.

The λ� represents the level of residual interference and takes
values between 0 ≤ λ� ≤ 1 [46], [47]. Substituting GHD/FD

AF

from (3) and (4), into (9), (10), (11), and (12), and after some
mathematical manipulations, the following expressions can
be obtained

RHD
xi

= 1

2
log

(
1 + βiγxiγy

�1 +�2

)
, (13)

RHD
xN

= 1

2
log

(
1 + βNγxN γy

�1 +�2

)
, (14)

RFD
xi

= log

(
1 + βiγxiγy

1 +2

)
, (15)

RFD
xN

= log

(
1 + βNγxγy

ϒ1 + ϒ2

)
, (16)

where γxi = PS |hi|2
σ 2 , γxN = PS |hN |2

σ 2 , γy = PR|g|2
σ 2 , γx j = PS |h j |2

σ 2 ,

γJ =∑N−1
j=i+1 γx j , γF =

∑K
k=1 PF | fk |2
σ 2 , γM =

∑S
s=1 PM |ms|2

σ 2 , γx� =
PS |h�|2
σ 2 and γxL =∑i−1

�=1 γx� , γC = PR|c|2
σ 2 , and �1 = γy(∑N−1

j=i+1 β jγxJ + ∑K
k=1 αkγF +∑i−1

�=1 β�γxL + 1
)

+ βiγxi(∑S
s=1 θsγM + 1

)
, �2 =∑S

s=1 θsγM
∑N−1

j=i+1 β jγxJ +∑S
s=1

θsγM
∑K

k=1 αkγF +∑S
s=1 θsγM +∑N−1

j=i+1 β jγxJ +∑K
k=1 αk

γF + 1, �1 = γy

(∑K
k=1 αkγF +∑i−1

�=1 β�γxL + 1
)

+ βNγxN(∑S
s=1 θsγM + 1

)
, �2 =∑S

s=1 θsγM
∑N−1

i=1 βiγxi + ∑S
s=1

θsγM
∑K

k=1 αkγF +∑S
s=1 θsγM +∑N−1

i=1 βiγxi +∑K
k=1 αkγF

+ 1, 1 = γy
(∑N−1

j=i+1 β jγxJ + ∑K
k=1 αkγF + γC + ∑i−1

�=1

β�γxL +1
)+βiγxi

(∑S
s=1θsγM +1

)
, 2 =∑S

s=1 θsγM
∑N−1

j=i+1

β jγxJ +∑S
s=1 θsγM

∑K
k=1 αkγF +∑S

s=1 θsγM +γC +∑S
s=1 θs

γM +∑N−1
j=i+1 β jγxJ +∑K

k=1 αkγF + γC + 1, ϒ1 = γy

(∑K
k=1

αkγF + γC +∑i−1
�=1 β�γxL + 1

)
+ βNγxN

(∑S
s=1 θsγM + 1

)
,

ϒ2 = ∑S
s=1 θsγM

∑N−1
i=1 βiγxi +∑S

s=1 θsγM
∑K

k=1 αkγF +∑S
s=1 θsγMγC +∑S

s=1 θsγM +∑N−1
i=1 βiγxi +∑K

k=1 αkγF +
γC + 1.

III. THEORETICAL ANALYSIS
This section provides the analytical expressions of the outage
probability, error probability, throughput, spectral and energy
efficiencies.

A. OUTAGE PROBABILITY ANALYSIS
The outage probability (OP) event for user Ui is defined as
the probability that the pre-defined target rate for the i-th user
Rth,i in bps/Hz, cannot be supported. The outage probability
can also be defined as the CDF of received signal-to-noise
ratio (SNR)/signal-to-interference noise ratio (SINR), eval-
uated at the target threshold rate for HD and FD modes,
γHD

th,i ≡ 22Rth,i − 1 [48], [49] and γ FD
th,i ≡ 2Rth,i − 1 [50], re-

spectively. In this context, given the intractable form of the
SINR expressions stemming from (9), (10), (11), and (12), it
is feasible to establish upper-bounds for these expressions as

γHD
xi

=

βiγxiγy(∑N−1
j=i+1 β jγxJ +δ

)(∑S
s=1 θsγM+1

)
βiγxi(∑N−1

j=i+1 β jγxJ +δ
) + γy(∑S

s=1 θsγM+1
) +�2

= βi
A1B1

A1 + B1
≤ γHD,up

xi
= βimin (A1,B1) , (17)

γHD
xN

=

βNγxN γy

(δ)
(∑S

s=1 θsγM+1
)

βNγxN
(δ) + γy(∑S

s=1 θsγM+1
) +�2

= βN
C1D1

C1 + D1
≤ γHD,up

xN
= βN min (C1,D1) , (18)

γ FD
xi

=

βiγxiγy(∑N−1
j=i+1 β jγxJ +γC+δ

)(∑S
s=1 θsγM+1

)
βiγxi(∑N−1

j=i+1 β jγxJ +γC+δ
) + γy(∑S

s=1 θsγM+1
) +2

= βi
E1F1

E1 + F1
≤ γ FD,up

xi
= βimin (E1,F1) , (19)

γ FD
xN

=

βNγxN γy

(γC+δ)
(∑S

s=1 θsγM+1
)

βNγxN
(γC+δ) + γy(∑S

s=1 θsγM+1
) +ϒ2

= βN
G1H1

G1 + H1
≤ γ FD,up

xN
= βN min (G1,H1) , (20)
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where δ =∑K
k=1 αkγF +∑i−1

�=1 β�γxL + 1, A1 =
γxi(∑N−1

j=i+1 β jγxJ +∑K
k=1 αkγF +∑i−1

�=1 β�γxL +1
) , B1 = γy(∑S

s=1 θsγM+1
) ,

C1 = γxN(∑K
k=1 αkγF +∑i−1

�=1 β�γxL +1
) , and D1 = γy(∑S

s=1 θsγM+1
) ,

E1 = γxi(∑N−1
j=i+1 β jγxJ +∑K

k=1 αkγF +γC+∑i−1
�=1 β�γxL +1

) , F1 =
γy(∑S

s=1 θsγM+1
) , G1 = γxN(∑K

k=1 αkγF +γC+∑i−1
�=1 β�γxL +1

) , and

H1 = γy(∑S
s=1 θsγM+1

) .

Proposition 1: The outage probability expressions for Ui

and UN for HD and FD modes along with non-orthogonal CCI
are obtained as in (21), (22), (23), and (24).

Pup,i,HD
out

(
γHD

th,i

)
= 1 −

(
1

Ps�h j

)N−1 (
1

Ps�h j

+
∑N−1

j=i+1 β jγ
HD
th,i

PS�hiβi

)1−N

×
(

1

PF� fk

)K
(

1

PF� fk
+
∑K

k=1 αkγ
HD
th,i

PS�hiβi

)−K

×
(

1
Ps�h�

)i−1
(

1

Ps�h�
+
∑i−1
�=1 β�γ

HD
th,i

PS�hiβi

)1−i (
1

PM�ms

)S

×
(

1
PM�ms

+
∑S

s=1 θsγ
HD
th,i

PR�gβi

)−S

e
−γHD

th,i

(
1

PS�hi
βi

+ 1
PR�gβi

)
, (21)

Pup,N,HD
out

(
γHD

th,N

)
= 1 −

(
1

PF� fk

)K
(

1

PF� fk
+
∑K

k=1 αkγ
HD
th,N

PS�hNβN

)−K

×
(

1

Ps�h�

)N−1
(

1

Ps�h�
+
∑N−1
�=1 β�γ

HD
th,N

PS�hNβN

)1−N

×
(

1

PM�ms

)S
(

1

PM�ms

+
∑S

s=1 θsγ
HD
th,N

PR�gβN

)−S

× e
−γHD

th,N

(
1

PS�hN
βN

+ 1
PR�gβN

)
, (22)

Pup,i,FD
out

(
γ FD

th,i

)
= 1 −

(
1

Ps�h j

)N−1 (
1

Ps�h j

+
∑N−1

j=i+1 β jγ
FD
th,i

PS�hiβi

)1−N

×
(

1

PF� fk

)K
(

1

PF� fk
+
∑K

k=1 αkγ
FD
th,i

PS�hiβi

)−K

×
(

1

PR�c

)(
1

PR�c
+ γ FD

th,i

PS�hiβi

)−1 (
1

Ps�h�

)i−1

×
(

1

Ps�h�
+
∑i−1
�=1 β�γ

FD
th,i

PS�hiβi

)1−i (
1

PM�ms

)S

×
(

1

PM�ms

+
∑S

s=1 θsγ
FD
th,i

PR�gβi

)−S

× e
−γ FD

th,i

(
1

PS�hi
βi

+ 1
PR�gβi

)
, (23)

Pup,N,FD
out (γ FD

th,N)

= 1 −
(

1

PF� fk

)K
(

1

PF� fk
+
∑K

k=1 αkγ
FD
th,N

PS�hNβN

)−K

×
(

1

PR�c

)(
1

PR�c
+ γ FD

th,N

PS�hNβN

)−1

×
(

1

Ps�h�

)N−1
(

1

Ps�h�
+
∑N−1
�=1 β�γ

FD
th,N

PS�hNβN

)1−N

×
(

1

PM�ms

)S
(

1

PM�ms

+
∑S

s=1 θsγ
FD
th,N

PR�gβN

)−S

× e
−γ FD

th,N

(
1

PS�hN
βN

+ 1
PR�gβN

)
. (24)

Proof: See Appendix. �

B. ERROR PROBABILITY
Error Probability is a crucial performance metric for the infor-
mation exchange process in wireless networks. Utilizing [51],
the CDF-based EP performance metric is written

P̄e = a

2

√
b

π

∫ ∞

0

exp (−bx)√
x

F (x)dx, (25)

where a = b = 1 represents the BPSK and a = b = 2 repre-
sents the QPSK modulations. BPSK modulation is considered
for the performance analysis. Related analytical derivations
are presented as in the Proposition 2.

Proposition 2: The EP expressions for the i-th and N-th
users along with HD and FD modes are expressed as in (26),
(27), (28), and (29), shown on the next page, where �2 =

1
Ps�hiβi

+ 1
PR�gβi

+ 1 and �3 = 1
Ps�hNβN

+ 1
PR�gβN

+ 1.

Proof: See Appendix. �

C. THROUGHPUT ANALYSIS
The throughput expressions for the HD and FD relay-
aided uplink NOMA network in the presence of non-
orthogonal CCI can be obtained by considering [52, Eq.
(15(a))] and the outage expressions from Proposition 1, first,
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for the HD mode as

τ up,i,HD = 1

2
RHD

th,i

(
1 − Pup,i,HD

out (γHD
th,i )
)
, (30)

τ up,N,HD = 1

2
RHD

th,N

(
1 − Pup,N,HD

out (γHD
th,N)

)
, (31)

and then, for the FD mode as

τ up,i,FD = RFD
th,i

(
1 − Pup,i,FD

out (γ FD
th,i )
)
, (32)

τ up,N,FD = RFD
th,N

(
1 − Pup,N,FD

out (γ FD
th,N)

)
. (33)

D. SPECTRAL EFFICIENCY ANALYSIS
To evaluate the system performance, we consider the sum
spectral efficiency (SE), which is defined as the sum-rate (in
bits) per channel use [53]. In this regard, utilizing (30)–(33),
the SE for the HD and FD modes is formulated as

SEHD/FD =
N∑

i=1

τ i,HD/FD. (34)

E. ENERGY EFFICIENCY ANALYSIS
The energy efficiency (EE) (in bits/Joule) is a key perfor-
mance metric for wireless communication networks, which is
defined as the sum SE divided by the total transmit power [53].
Therefore, by using the SE expression in (33), the EE for the

HD/FD modes are obtained as

EEHD =
∑N

i=1 τ
i,HD∑N

i=1 Pi + PR
, (35)

and for the FD mode as

EEFD =
∑N

i=1 τ
i,FD∑N

i=1 Pi + PR
. (36)

IV. ASYMPTOTIC ANALYSIS
This section provides a deeper insight on the derived ana-
lytical results. The asymptotic expressions of the outage and
error probabilities are presented in the following paragraphs,
while the other performance metrics’ asymptotic derivations
are omitted for brevity. However, they are evaluated in the
numerical results section. In order to provide further insights
on the outage, error, throughput, and energy efficiency per-
formance, their asymptotic expressions can be obtained by
utilizing exp(−x) ≈ 1 − x, x → 0, and the approximation
(1 + x)−K ≈ (1 − Kx) [54].

A. OUTAGE PROBABILITY
The outage probability asymptotic expressions for i-th and
N-th users for the HD and FD modes are presented as in
(37), (38), (39), and (40), shown at the bottom of the page,
respectively.
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(37)
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B. ERROR PROBABILITY
The error probability asymptotic expressions for the i-th and
N-th users for the HD and FD modes are presented as in (41),
(42), (43), and (44), shown at the bottom of the page, the
Proposition 3.

Proposition 3: Asymptotic EP expressions for the i-th and
N-th users with the HD and FD modes are given as

Proof: See Appendix. �

V. DIVERSITY ORDER ANALYSIS
The relation between the diversity order and the coding gain
can be expressed as [55]

Pout = (Gcγ )−Gd , (45)

where Gd is the diversity order and Gc is the coding gain.
Interpreting the asymptotic CDF expression of P̄i,HD

out (γHD
th,i ),

when PS goes to infinity, the
PF� fk

PS�hi
βi

term in
(

1− KγHD
th,i PF� fk
PS�hi

βi

)
becomes negligible and the KγHD

th,i term becomes dominant.
When K increases, γHD

th,i becomes negligible and the power

of γHD
th,i , which is equal to zero, yields the diversity order.

In addition, when PR goes to infinity, the PM�ms
PR�gβi

term in(
1− SγHD

th,i PM�ms
PR�gβi

)
becomes negligible and the SγHD

th,i term be-

comes dominant. When S increases, γHD
th,i becomes negligible

and the power of γHD
th,i , which is equal to zero, yields the

diversity order. Following a similar approach, the N-th user’s
diversity order analysis in HD mode is obtained.

Regarding the diversity order, stemming from the asymp-
totic expression of P̄i,FD

out (γ FD
th,i ), when PS goes to infinity, the
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th,i , which is equal to
zero, yields the diversity order. Likewise, when PR goes to

infinity, the PM�ms
PR�gβi

term in
(

1− SγFD
th,i PM�ms
PR�gβi

)
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ble and Sγ FD
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)1/2

+
∑i−1

g=1 Gg
√
π�(g − 0.5)

�(N − 1)�(g)

(∑i−1
�=1 β�Ps�h�

Ps�hiβi

)1/2

+ Hπ

�(N − 1)

(
PR�c

Ps�hiβi

)1/2

+
∑S

t=1 Tt
√
π�(t − 0.5)

�(N − 1)�(t )

(∑S
s=1 θsPM�ms

PR�gβi

)1/2
⎤⎦ (43)

Pe
N,FD,∞ = 0.5 − 1

2
√
π

(
1

Ps�hNβN
+ 1

PR�gβN
+ 1

)−1/2
⎡⎣∑K

o=1 Oo
√
π�(o − 0.5)

�(N − 1)�(o)

(∑K
k=1 αkPF� fk

Ps�hNβN

)1/2

+ Pπ

�(N − 1)

(
PR�c

Ps�hNβN

)1/2

+
∑S

r=1 Rr
√
π�(r − 0.5)

�(N − 1)�(r)

(∑S
s=1 θsPM�ms

PR�gβN

)1/2
⎤⎦ (44)
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is characterized by a diversity order equal to zero. Likewise,
following a similar approach, the N-th user’s diversity order
analysis in FD mode is obtained.

VI. RELAY LOCATION & POWER ALLOCATION
OPTIMIZATION
In this section, relay location optimization under fixed power
allocation and NOMA power allocation optimization for fixed
relay location are presented.

A. OPTIMIZED RELAY POSITION UNDER FIXED POWER
ALLOCATION
First, the distances among network nodes are defined, i.e. the
distance between Ui → and the relay as dv

i , the distance from
the relay towards the BS as (1 − di )v , the distance between
UN and the relay as dv

N , and the distance from the relay to the
BS as (1 − dN )v . The optimization problem and its constraints
can be written as

minimize
di,dN

Pup,i,HD
out

(
γHD

th,i

)
subject to N × PS + PR = PT and PS > 0,PR > 0,

βi +
N−1∑
j=i+1

β j = 1 and βi >

N−1∑
j=i+1

β j,

1 > βi > βN > 0 and 0 < di, dN . (46)

By setting�hi = 1
dv

i
and�g = 1

(1−di )v
, and substituting into

(37), the following expression is obtained

Pup,i,HD
out

(
γHD

th,i

) = dv
i

( (1 − N )γHD
th,i Ps�hj

∑N−1
j=i+1 βj

PSβi

+ KPF� fk

∑K
k=1 αkγ

HD
th,i

PSβi

+ (1 − i)Ps�h�

∑i−1
�=1 β�γ

HD
th,i

PSβi

+ 1

PSβi

)
+ (1 − di )

v

×
(

SPM�ms

∑S
s=1 θsγ

HD
th,i

PRβi
+ γHD

th,i

PRβi

)
(47)

Before proceeding, we define A = (1−N )γHD
th,i Ps�hj

∑N−1
j=i+1 βj

PSβi
+

KPF� fk

∑K
k=1 αkγ

HD
th,i

PSβi
+ (1−i)Ps�h�

∑i−1
�=1 β�γ

HD
th,i

PSβi
+ 1

PSβi
and

B = SPM�ms
∑S

s=1 θsγ
HD
th,i

PRβi
+ γHD

th,i
PRβi

. Then, by differentiating
(37) with respect to di, the following expression is acquired

∂L
(
Pup,i,HD

out

(
γHD

th,i

))
∂di

= vdv−1
i A + v (1 − di )

v−1 B (48)

Setting the obtained result to zero, the normalized

location of Ui is obtained as di = 1
/((

A
B

) 1
v−1 +1

)
and

by definition, the normalized location of relay → BS is

obtained as 1 − 1
/((

A
B

) 1
v−1 +1

)
. Likewise, the normalized

location of UN is obtained as dN = 1
/((

C
D

) 1
v−1 +1

)
and by definition, the normalized location of relay

→ BS is obtained as 1 − 1
/((

C
D

) 1
v−1 +1

)
, where

C = KPF� fk

∑K
k=1 αkγ

HD
th,N

PSβN
+ (1−N )Ps�h�

∑N−1
�=1 β�γ

HD
th,N

PSβN
+ γHD

th,N
PsβN

and D = SPM�ms
∑S

s=1 θsγ
HD
th,N

PRβN
+ γHD

th,N
PRβN

.
Regarding FD, following a similar process to the

HD mode, the normalized location of Ui is ob-

tained as: di = 1
/((

E
F

) 1
v−1 +1

)
and by definition, the

normalized location of relay → BS is obtained as

1 − 1
/((

E
F

) 1
v−1 +1

)
. where E = (1−N )Ps�hj

∑N−1
j=i+1 βjγ

FD
th,i

PSβi
+

KPF� fk

∑K
k=1 αkγ

FD
th,i

PSβi
+ PR�cγ

FD
th,i

PSβi
+ (1−i)Ps�h�

∑i−1
�=1 β�γ

FD
th,i

PSβi
+ γ FD

th,i
PSβi

and F = SPM�ms
∑S

s=1 θsγ
FD
th,i

PRβi
+ γ FD

th,i
PRβi

. dN = 1
/((

G
H

) 1
v−1 +1

)
and by definition, the normalized location of relay

→ BS is obtained as 1 − 1
/((

G
H

) 1
v−1 +1

)
. where G =

KPF� fk

∑K
k=1 αkγ

FD
th,N

PSβN
+ PR�cγ

FD
th,N

PSβN
+ (1−N )Ps�h�

∑N−1
�=1 β�γ

FD
th,N

PSβN
+

γ FD
th,N

PSβN
and H = SPM�ms

∑S
s=1 θsγ

FD
th,N

PRβN
+ γ FD

th,N
PRβN

.

B. OPTIMIZED POWER ALLOCATION UNDER FIXED RELAY
LOCATION
Here, the optimal transmit power and power allocation coef-
ficients, minimizing the system level outage performance, are
derived. In this regard, the optimization problem is formulated
as

minimize
PS,PR,βi

Pup,i,HD
out

(
γHD

th,i

)
subject to N × PS + PR = PT and PS > 0,PR > 0,

βi +
N−1∑
j=i+1

β j = 1 and βi >

N−1∑
j=i+1

β j,

1 > βi > βN > 0. (49)

By performing a variable change, i.e. PR = PT − N × PS, and
substituting into the derived asymptotic CDF expression of
P̄up,i−th,HD

out (γHD
th,i ), the following expression is obtained

Pup,i,HD
out

(
γHD

th,i

) = (1−(P−1
S E2 + E3 (PT −N × PS)−1)) (50)
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where E2 = γHD
th,i
�hi

βi
and E3 = γHD

th,i
�gβi

. Next, by differentiating

with respect to PS , the following expression is acquired

∂L
(
Pup,i,HD

out

(
γHD

th,i

))
∂PS

= (1− (E2P−2
S + E3 (PT −N × PS)−2 N

))
(51)

Setting the obtained result to zero, the optimized transmit
powers are obtained as P∗

S = PT√
E2

E3N +N
, and P∗

R = PT − N×PT√
E2

E3N +N
.

In a similar way, the N-th user’s optimum transmit powers can
also be obtained by changing the variables in E2 and E3 terms.
Regarding the FD counterpart, the optimized transmit pow-
ers are obtained as: P∗

S = PT√
E4

E5N +N
, and P∗

R = PT − N×PT√
E4

E5N +N
,

where E4 = γ FD
th,i

�hi
βi

and E5 = γ FD
th,i
�gβi

. Likewise, the N-th user’s

optimum transmit powers can also be obtained by changing
the variables in E4 and E5 terms. Regarding the power al-
location coefficients optimization, first, PS =(βi+

∑N−1
j=i+1 β j

)
PT
N

and PR =(1−βi−
∑N−1

j=i+1 β j

)
PT
N are defined. Then, substituting

these expressions into the last term of the asymptotic CDF
expression in (37), the following expression is obtained

Pup,i,HD
out

(
γHD

th,i

) = E6

⎛⎝⎛⎝βi +
N−1∑
j=i+1

β j

⎞⎠ PT

N
βi

⎞⎠−1

+ E7

⎛⎝⎛⎝1 − βi −
N−1∑
j=i+1

β j

⎞⎠ PT

N
βi

⎞⎠−1

,

(52)

where E6 = γHD
th,i
�hi

and E7 = γHD
th,i
�g

. Then, differentiating (52)

with respect to βi and setting the obtained result to zero, the
expression below is acquired

∂L
(
Pup,i,HD

out (γHD
th,i )
)

∂βi
=

− E6

⎛⎝⎛⎝βi +
N−1∑
j=i+1

β j

⎞⎠ PT

N
βi

⎞⎠−2

×
⎛⎝2βi

PT

N
+

N−1∑
j=i+1

β j
PT

N

⎞⎠

− E7

⎛⎝⎛⎝1 − βi −
N−1∑
j=i+1

β j

⎞⎠ PT

N
βi

⎞⎠−2

×
⎛⎝PT

N
− 2βi

PT

N
−

N−1∑
j=i+1

β j
PT

N

⎞⎠ (53)

Utilizing
(

2βi
PT
N +∑N−1

j=i+1 β j
PT
N

)
and setting it to zero, βi and∑N−1

j=i+1 β j are obtained as 1/3 and 2/3, respectively. How-
ever, the obtained result is not consistent with the constraint.
Therefore, differentiating with respect to

∑N−1
j=i+1 β j and

setting the obtained result to zero, βi and
∑N−1

j=i+1 β j are ob-
tained as 2/3 and 1/3, respectively. Note that by expanding∑N−1

j=i+1 β j term based on the number of the user terminals in
the system model and differentiating (52) with respect to each
user’s power allocation coefficients and setting the obtained
result to zero and also taking into consideration the con-
straints, which are presented in (49), the other users’ power
allocation coefficients can be obtained.

VII. NUMERICAL RESULTS
In this section, we evaluate the impact of various parameters
on the network performance and verify the analytical and
asymptotic expressions through Monte-Carlo simulations us-
ing Matlab©. Two- and three-user uplink relay-aided network
cases are considered and each time, 106 channel realizations
are generated. Also, two scenarios are considered involving
optimized and non-optimized parameters. In the first scenario,
power allocation coefficients are non-optimized and their val-
ues are set as βi = 9/10 and

∑N−1
j=i+1 β j = 1/10. Then, in

the second scenario, based on optimized power allocation
coefficients, we set βi and

∑N−1
j=i+1 β j as 2/3 and 1/3, re-

spectively, as presented in Section VI-B. The target rate Rth,i

is equal to 0.2 bps/Hz and 0.001 bps/Hz for near and far
users, respectively. This hetereogeneity in the QoS of the near
and far users can be mapped to scenarios with varying ser-
vice requirements, e.g. a low-bitrate mission-critical service
that must be delivered with high reliability and machine-
to-machine service with higher spectral efficiency demands.
Furthermore, in the results, a channel bandwidth B = 1 Hz
is considered, i.e. throughput coincides with the spectral ef-
ficiency of the transmission, as defined in Section III-D. The
number of non-orthogonal CCI terminals affecting the relay,
K , and the BS, S, are set to K = 0, 1, 2 and S = 0, 1, 2, re-
spectively. As user/CCI terminals are randomly deployed, the
Euclidean distance between the near user and the relay di is
set to 1 while for the far user, dN is set to 10. In reference
to optimization section, the normalized distances for the near

and far users in HD mode are set as di = 1
/((

A
B

) 1
v−1 +1

)
and

dN = 1
/((

C
D

) 1
v−1 +1

)
, respectively. Regarding the FD mode,

the normalized distances for the near and far users are set as

di = 1
/((

E
F

) 1
v−1 +1

)
and dN = 1

/((
G
H

) 1
v−1 +1

)
, respectively.

For the Euclidean distance for the near and far randomly
deployed CCI terminals, affecting the relay, dk and dK ,
they are set to 1 and 10, respectively. The path-loss expo-
nents v for the near and far users are set to 2, 3. Likewise,
the Euclidean distance for the near and far randomly de-
ployed CCI terminals, degrading the BS’s reception, ds and
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TABLE 3. Simulation Parameters

dS , they are set to 1 and 10, respectively. The path-loss
exponents for the near and far users are set to 2, 3. k-th
and s-th CCI terminals transmit powers, which are PJ and
PF , are set to PT d−v

k and PT d−v
s , respectively. The residual

self-interference is modelled as σ 2
c PR.

λ−1, where λ takes val-
ues between 0 ≤ λ ≤ 1 [56, Eq. (8)] depending the residual
self-interference mitigation level. Here, λ is set to 0.2 in
the performance analysis while the level of residual inter-
ference, λ�, is set to 0.1. For convenience, Table 3 provides
all the simulation parameters, together with their descriptions
and values for the two- and three-user scenarios that we
investigate.

A. OUTAGE PROBABILITY
Fig. 2 presents the optimized and non-optimized outage prob-
ability performance of the near user along with HD and FD
modes under i.i.d CCI, K = S = M = {0, 1, 2}, v = {2, 3},
and Rth,1 = 0.2 bps/Hz. Results reveal that in the low SNR
regime, the CCI along with the different path-loss exponents
and d = 10 do not have any significant effect on the outage
performance of optimized and non-optimized U1. Throughout
the SNR range, the non-optimized case achieves a slightly
better outage performance, as a higher power allocation value
is employed. Moreover, the HD mode achieves slightly bet-
ter outage performance compared to its counterpart, the FD
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FIGURE 2. Optimized and non-optimized outage probability performance
of the near user along with HD and FD modes under i.i.d CCI,
K = S = M = {0, 1, 2}, d = {1, 10}, v = {2, 3}, and Rth,1 = 0.2 bps/Hz.

mode, in low and mid SNR regimes. However, in high SNR
regimes, the FD mode offers improved outage performance
in comparison to the HD mode. The performance differences
occur because of the pre-log factor differences between the
two modes and the residual self-interference effects.

Still, for high SNR regime, an outage floor is observed
for all cases. In addition, in K = S = M = 0 case, the out-
age floor is observed because of the other users’ interference
within the system model. U1 does not experience any imper-
fect SIC effects because of the order of the decoding process.
Additionally, regardless of the number of CCI terminals, the
path-loss exponent determines the CCI severity, as the outage
floor is observed much earlier when v = 2.

Fig. 3 presents the optimized and non-optimized outage
probability performance of the far user U2 along with HD
and FD modes, under i.i.d CCI, K = S = M = {0, 1, 2}, d =
{1, 10}, v = {2, 3}, and Rth,2 = 0.001 bps/Hz. It can be ob-
served that in low and mid SNR regime, the non-optimized
case achieves slightly better outage performance than its
counterpart for high SNR. Nonetheless, due to the CCI’s
detrimental effects, the non-optimized curves sharply sat-
urates in the high SNR regime. Moreover, for high SNR
values, the optimized case achieves significantly better outage
performance than the non-optimized one, as higher power
is allocated to U2’s transmission. Moreover, the FD mode
achieves slightly reduced outage probability than HD mode
for both low and high SNR. This performance gain occurs
because of the pre-log factor differences between the two
duplexing modes and the residual self-interference. Regard-
less of the operating mode, the K = S = M = 0 case also
experiences performance degradation as a result of imper-
fect SIC. As it was observed for U1, the path-loss exponent
is the dominant factor of the CCI severity. Moreover, when

FIGURE 3. Optimized and non-optimized outage probability performance
of the far user along with HD and FD modes under i.i.d CCI,
K = S = M = {0, 1, 2}, d = {1, 10}, v = {2, 3}, and Rth,2 = 0.001 bps/Hz.

the CCI terminals’ Euclidean distances towards the relay
and the BS is set to 1, the far user is nearly in complete
outage.

We further investigated the outage performance of relay-
aided uplink NOMA with N = 3, considering various QoS
requirement for user terminals. Results in Fig. 4 reveal
that increasing the number of user terminals degrades
the far-user’s outage performance, as the amount of the
interference at the BS to detect the far-user signal in-
creases. As a result, adopting a user-pairing uplink strat-
egy where the number of users is equal to two provides
the best trade-off among outage performance and spectral
efficiency.

Fig. 5 presents the optimized outage probability perfor-
mance comparison of the far-user under perfect SIC and
imperfect SIC in HD and FD modes. More specifically,
Fig. 5 shows that ISIC causes system coding gain losses
and causes saturation on the perfect SIC counterpart in
high SNR regimes. This behaviour can be attributed to the
residual interference caused by the imperfect SIC. More-
over, as clearly shown in Fig. 3, the FD mode achieves
slightly reduced outage performance than HD mode. This
observation occurs because of the pre-log factor differ-
ences between the two duplexing modes and the residual
self-interference.

B. ERROR PROBABILITY
Fig. 6 depicts the optimized and non-optimized error proba-
bility performance of near user U1 for both duplexing modes,
under i.i.d CCI, K = S = M = {0, 1, 2}, d = {1, 10}, v =
{2, 3}, and Rth,1 = 0.2 bps/Hz. As it was observed in the
outage curves, the optimized error probability is reduced com-
pared to the non-optimized case for increasing SNR values.
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FIGURE 4. Outage probability performance comparison for HD and FD-based relay-aided NOMA system with N = 3, Rth,1 = 0.2, Rth,2 = 0.001,
Rth,3 = 0.0001 bps/Hz, and for optimized and non-optimized scenarios. (a) Rth,1 = 0.2, (b) Rth,2 = 0.001, (c) Rth,3 = 0.0001 bps/Hz.

FIGURE 5. Optimized perfect and imperfect SIC outage probability
performance of the far user along with HD and FD modes under i.i.d CCI,
K = S = M = {0, 1, 2}, d = {1, 10}, v = {2, 3}, and Rth,2 = 0.001 bps/Hz.

This is observed as a consequence of the power allocation
between the two cases. Fig. 6 also shows that HD operation
achieves a slightly better error probability performance than
the FD mode. This observation occurs because of the pre-
log factor differences between the two duplexing modes and
residual self-interference effects in FD mode. All performance
curves including K = S = M = {0}, tend to saturate for high
SNR because of the decoding order. Finally, when the Eu-
clidean distance for CCI terminals, which are ds = dk , is set to
1, the error probability performance curves sharply saturates
for all SNR values.

Fig. 7 shows the optimized and non-optimized error prob-
ability performance of the far user U2 for with HD mode,
under i.i.d CCI, K = S = M = {0, 1, 2}, d = {1, 10}, v =
{2, 3}, and Rth,2 = 0.001 bps/Hz. It is revealed that the error
probability saturates for very high SNR values. This behavior
stems from the impact of imperfect SIC and non-orthogonal

FIGURE 6. Optimized and non-optimized error probability performance of
the near user along with HD and FD modes under i.i.d CCI,
K = S = M = {0, 1, 2}, d = {1, 10}, v = 2, and Rth,1 = 0.2 bps/Hz.

CCI on the uplink NOMA-based relay network. In addition,
when the Euclidean distance for CCI terminals is set to 1,
the performance curves saturate along the SNR and causes
system coding gain losses. Results also show that the opti-
mized error probability performance is slightly better over
the non-optimized cases due to power allocation coefficient
differences.

Fig. 8 includes the optimized and non-optimized FD relay-
assisted error probability performance of the far user U2 for
the FD mode, under i.i.d CCI, K = S = M = {0, 1, 2}, d =
{1, 10}, v = {2, 3}, and Rth,2 = 0.001 bps/Hz. Results indi-
cate that the error probability performance saturates for very
high error SNR values. This observation occurs because of
the severe non-orthogonal CCI and imperfect SIC impact on
the system performance. From the comparisons in Figs. 6 and
7 it can be observed that HD and FD modes provide almost
identical error probabilities.

672 VOLUME 5, 2024



FIGURE 7. Optimized and non-optimized error probability performance of
the far user along with HD mode under i.i.d CCI, K = S = M = {0, 1, 2},
d = {1, 10}, v = 2, and Rth,2 = 0.001 bps/Hz.

FIGURE 8. Optimized and non-optimized error probability performance of
the far user along with FD mode under i.i.d CCI, K = S = M = {0, 1, 2},
d = {1, 10}, v = 2, and Rth,2 = 0.001 bps/Hz.

C. THROUGHPUT
Here, the throughput performance is evaluated for the near
and far users for both HD and FD modes. Fig. 9 depicts the
throughput performance of the optimized and non-optimized
cases for the near user, assuming i.i.d CCI, K = S = M =
{0, 1, 2}, d = {1, 10}, v = {2, 3}, and Rth,1 = 0.2 bps/Hz. In
the low SNR regime, the non-optimized U1 achieves slightly
higher throughput than the optimized counterpart, as a higher
power allocation coefficient value is adopted. Results also

FIGURE 9. Optimized and non-optimized throughput performance of the
near user along with HD and FD modes under i.i.d CCI,
K = S = M = {0, 1, 2}, d = {1, 10}, v = {2, 3}, and Rth,1 = 0.2 bps/Hz.

show that the relay-assisted network experiences improved
throughput performance when the relay terminal operates in
HD mode instead of FD. Nonetheless, an increased number
of CCI terminals along with d = 10 and v = 2, 3 cause small
coding gain losses compared to the case without CCI, i.e. K =
S = M = 0. Then, when d is set to 1, regardless of the number
of CCI terminals and the values of path-loss exponent, very
low throughput is achieved. In this case, the non-optimized
case with a larger power allocation coefficient benefits U1’s
throughput.

Next, Fig. 10 illustrates the optimized and non-optimized
throughput performance of the far user for the two du-
plexing modes under i.i.d CCI, K = S = M = {0, 1, 2}, d =
{1, 10}, v = {2, 3}, and Rth,2 = 0.001 bps/Hz. As expected,
the throughput of U2 under optimized parameters is higher
than the non-optimized case, as larger power is allocated and
the relay’s position is optimized, for both HD and FD modes.
In addition, independently of the number of CCI terminals
affecting the relay and the BS, when d = 10, all cases reach
the throughput upper-bound at high SNR. Still, when v = 3,
higher throughput is provided throughout the SNR range, as
the CCI effect is reduced. When the CCI terminals are located
closer to the receiver, i.e. d = 1, almost zero throughput is
obtained, due to the very high CCI severity.

D. ENERGY EFFICIENCY
The energy efficiency performance of each user is examined
under the impact of different network parameters. First, in
Fig. 11, the optimized and non-optimized energy efficiency
performance of the near user along with HD and FD modes
are presented considering i.i.d CCI, K = S = M = {0, 1, 2},
d = {1, 10}, v = {2, 3}, Rth,1 = 0.2 bps/Hz, and PS = PR =
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FIGURE 10. Optimized and non-optimized throughput performance of the
far user along with HD and FD modes under i.i.d CCI, K = S = M = {0, 1, 2},
d = {1, 10}, v = {2, 3}, and Rth,2 = 0.001 bps/Hz.

FIGURE 11. Optimized and non-optimized energy efficiency analysis of
near user along with HD and FD modes under i.i.d CCI,
K = S = M = {0, 1, 2}, d = {1, 10}, v = {2, 3}, Rth,1 = 0.2 bps/Hz, and
PS = PR = {0, 1} dBW.

{0, 1} dBW. It can be seen that similar behavior is observed
regarding the impact of the number of CCI terminals and
path-loss exponent value. Moreover, the HD mode achieves
a slightly better performance than FD mode. Also, the non-
optimized case demonstrates improved energy efficiency, as
higher throughput is achieved due to the higher power al-
location coefficient value. It must be noted that when the
transmit power increases, lower energy efficiency is obtained,
as a fixed rate transmission is considered and when SNR

FIGURE 12. Optimized and non-optimized energy efficiency analysis of the
far user along with HD and FD modes under i.i.d CCI, K = S = M = {0, 1, 2},
d = {1, 10}, v = {2, 3}, and Rth,2 = 0.001 bps/Hz, and PS = PR = {0, 1} dBW.

conditions improve, the target rate is achieved without ad-
ditional power. Still, the optimized parameters are used and
PS = PR = 1 dbW provides improved energy efficiency at
low SNR over the case with non-optimized parameters and
PS = PR = 0 dbW, as outages are avoided.

Fig. 12 presents the optimized and non-optimized en-
ergy efficiency analysis of the far user for both duplex-
ing modes under i.i.d CCI, K = S = M = {0, 1, 2}, d =
{1, 10}, v = {2, 3}, Rth,2 = 0.001 bps/Hz, and PS = PR =
{0, 1} dBW. Here, the optimization of the network parame-
ters results in improved energy efficiency for both HD and
FD modes for the far user. In addition, results show that
the NOMA relay network, operating in HD outperforms
its FD counterpart. Also, due to the impact of imperfect
SIC and CCI, the energy efficiency performance saturates
for high SNR values. Furthermore, a higher path-loss ex-
ponent enables U2 to achieve higher throughput, thus ben-
efiting the energy efficiency of the transmission. Similar
to the transmission of U1 when higher transmit power is
employed, energy efficiency decreases, since a fixed rate
transmission is performed. Still, it can be seen that when
optimized parameters are used and PS = PR = 1 dbW, the
energy efficiency for low SNR surpasses the non-optimized
case and PS = PR = 0 dbW, as the latter exhibits increased
outages.

E. THE IMPACT OF USER LOCATION
Fig. 13 plots the optimized and non-optimized outage prob-
ability versus the normalized distance of the near user along
with HD and FD modes, considering i.i.d CCI, K = S = M =
{0, 1, 2}, d = {1, 10}, v = 2, 3, and Rth,1 = 0.2 bps/Hz. Here,
the non-optimized case offers slightly reduced outages over
the optimized case for the same normalized distance value due
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FIGURE 13. Optimized and non-optimized outage probability versus
normalized distance performance of the near user along with HD and FD
modes under i.i.d CCI, K = S = M = {0, 1, 2}, d = {1, 10}, v = 2, and
Rth,1 = 0.2 bps/Hz. SNR is set to 30 dB.

FIGURE 14. Optimized and non-optimized outage probability versus
normalized distance performance of the far user along with HD and FD
modes under i.i.d CCI, K = S = M = {0, 1, 2}, d = {1, 10}, v = 2, and
Rth,2 = 0.001 bps/Hz. SNR is set to 10 dB.

to the higher power allocation coefficient for both duplexing
modes. It can be also seen that the outage performance of both
cases improves when the normalized distance is equal to 1.
Moreover, the HD mode provides reduced outage probability
compared to the FD case.

Finally, Fig. 14 demonstrates the optimized and non-
optimized outage probability versus the normalized distance
of the far user for both HD and FD modes under i.i.d CCI, K =
0, 1, 2, S = 0, 1, 2, d = 1, 10, v = 2, 3, and Rth,2 = 0.001
bps/Hz. Results demonstrate that the optimized case offers

better outage performance over the non-optimized case for
varying normalized distance values. This performance gap
occurs due to the different power allocation coefficient values.
In this comparison, it can be observed that the outage perfor-
mance of optimized and non-optimized cases improves when
the normalized distance reaches 0.5. However, the outage per-
formance deteriorates when the distance is equal to 1.

VIII. CONCLUSION & FUTURE DIRECTIONS
Non-orthogonal multiple access (NOMA) is an important
building block of forthcoming 6G networks comprising co-
existing users and Internet-of-Things devices. As a result,
increased levels of NOMA-related co-channel interference
will arise. This paper has investigated the detrimental ef-
fects of randomly deployed CCI terminals communicating
through NOMA on the performance of a half-duplex/full-
duplex amplify-and-forward relay-assisted uplink network.
More specifically, in our study, non-orthogonal CCI affected
the reception of the relay and the base station. Performance
was analyzed in terms of outage, error, throughput, energy
efficiency, and asymptotic behaviour. Furthermore, in such
a challenging setting, the Lagrangian multiplier optimization
technique was employed to optimize the relay’s location,
the transmit power, and the power allocation coefficients for
NOMA. The derived analytical and asymptotic expressions
were evaluated and verified by means of Monte-Carlo-based
computer simulations. The results revealed that the non-
orthogonal CCI degrades the system performance severely
and causes system coding gain losses in high SNR regimes.

This study can be further extended to several directions.
First, hybrid schemes combining NOMA with sparse code
multiple access can increase the sum-rate performance under
the impact of non-orthogonal CCI [57]. Another important di-
rection involves the study of cases where non-orthogonal CCI
is not detrimental, and strategies for interference exploita-
tion can be devised. Finally, considering full-duplex relay
operation, power control, and power allocation for NOMA
can be optimized by adopting reinforcement learning towards
avoiding channel state information acquisition and reducing
coordination overheads [58], [59].

APPENDIX
PROOF OF PROPOSITION 1
By leveraging (9) and applying probability properties, we
derive the following expressions:

F up
γxi

(
γHD

th,i

) = Pr

⎛⎜⎜⎝βimin (A1,B1) ≤ γHD
th,i︸︷︷︸

22Rxi −1

⎞⎟⎟⎠

= Pr

⎛⎜⎝βimin

⎛⎜⎝ γxi(∑N−1
j=i+1 βjγxJ + δ

) ,
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γy(∑S
s=1 θsγM + 1

)
⎞⎟⎠ ≤ γHD

th,i

)

= 1 − PR

(
γxi ≥ γHD

th,i

βi

⎛⎝ N−1∑
j=i+1

βjγxJ + δ

⎞⎠ ,
γy ≥ γHD

th,i

βi

(
S∑

s=1

θsγM + 1

))

=1−

⎛⎜⎝
⎛⎝1−Fγxi

⎛⎝γHD
th,i

βi

⎛⎝ N−1∑
j=i+1

β jγxJ +δ
⎞⎠⎞⎠⎞⎠

×
(

1 − Fγy

(
γHD

th,i

βi

(
S∑

s=1

θsγM + 1

)))⎞⎟⎠
(54)

Substituting the related CDF expressions, Fγxi
(γ ) = 1 −

e
− γ

PS�hi and Fγy (γ ) = 1 − e
− γ

PR�g [60], into (54), the follow-
ing expressions are obtained.

= 1 − EγxJ ,γxF ,γxL ,γxM

⎡⎢⎣e
−γHD

th,i

(∑N−1
j=i+1 β jγxJ +δ

PS�hi
βi

)

× e
−γHD

th,i

(∑S
s=1 θsγM +1

PR�gβi

)∣∣∣∣∣∣∣
γxJ ,γxF ,γxL ,γxM

⎤⎥⎦

= 1 − e
−γHD

th,i

(
1

PS�hi
βi

+ 1
PR�gβi

)

×
∫ ∞

0
e
−γxJ

(∑N−1
j=i+1 β jγ

HD
th,i

PS�hi
βi

)
f γxJ

(
γxJ

)
dγxJ

×
∫ ∞

0
e
−γF

(∑K
k=1 αkγ

HD
th,i

PS�hi
βi

)
f γF (γF ) dγF

×
∫ ∞

0
e
−γxL

(∑i−1
�=1 β�γ

HD
th,i

PS�hi
βi

)
f γxL

(
γxL

)
dγxL .

×
∫ ∞

0
e
−γxM

(∑S
s=1 θsγ

HD
th,i

PR�gβi

)
f γxM

(
γxM

)
dγxM . (55)

where fγxJ
(γJ ) = γ N−2

J
(Ps�h j

)N−1(N−2)!
e
− γJ

Ps�h j , fγxL
(γxL ) =

γ i−2
xL

(Ps�h�
)i−1(i−2)!

e
− γxL

Ps�h� , fγF (γF ) = γ K−1
F

(PF� fk
)K (K−1)!

e
− γF

PF� fk and

fγM (γM ) = γ S−1
M

(PM�Ms )S (S−1)!
e
− γM

PM�ms .

Regarding the CCI PDF, note that the sum of M i.i.d.
Rayleigh distributions is Gamma distributed [60]. So, the
Gamma distribution’s PDF expression for γJ and γF can

be written as fγJ (γJ ) = γ K−1
J

(PJ� fk
)K (K−1)!

e
− γJ

PJ� fk , fγF (γF ) =
γ S−1

F
(PF�ms )S (S−1)!

e
− γF

PF�ms [60]. Substituting these expressions

into (55) and solving the integral expressions with the help
of [54, Eq. (3.31011, 3.351.3)] lead to (21). In a similar way,
utilizing (18) and considering a similar procedure, the N-th
user’s analytical derivations are obtained as in (22). Following
a similar procedure as in the HD mode and also utilizing
(19) and (20), the FD mode’s outage probability analytical
derivations for the i-th and N-th users are obtained as in (23)
and (24), respectively.

PROOF OF PROPOSITION 2
Substituting (21) into (25) and using distributive properties
and partial fraction decomposition, we obtain

P̄i,HD
e = 1

2
√
π

∫ ∞

0
x− 1

2 e−xdx

− 1

2
√
π

∫ ∞

0
x− 1

2 e
−x

(
1

Ps�hi
βi

+ 1
PR�gβi

+1

)

×
(

1 + x
�h j

∑N−1
j=i+1 β j

�hiβi

)1−N

×

⎡⎢⎣ ∑K
a=1 Aa(

1+x

∑K
k=1 αkPF� fk

Ps�hiβi

)a +
∑i−1

b=1 Bb(
1+x

∑i−1
�=1 β��h�
�hi

βi

)b

+
∑S

c=1 Cc(
1 + x

∑S
s=1 θsPM�ms

PR�gβi

)c

⎤⎥⎦dx. (56)

where

Aa = y → −
limPs�hi

βi∑K
k=1 αkPF� fk

× ∂K−a

(K − a)!∂yK−a

(
1 + y

∑K
k=1 αkPF� fk

Ps�hiβi

)K

�,

Bb = y → −
limPs�hi

βi∑i−1
�=1 β�Ps�h�

∂ i−1−b

(i − 1 − b)∂yi−1−b

×
(

1 + y

∑i−1
�=1 β�Ps�h�

Ps�hiβi

)i−1

�,
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Cc = y → − limPR�gβi∑S
s=1 θsPM�ms

∂S−c

(S − c)∂yS−c

×
(

1 + y

∑S
s=1 θsPM�ms

PR�gβi

)S

�,

� =

⎡⎢⎢⎢⎣ 1(
1 + y

∑K
k=1 αkPF� fk

Ps�hi
βi

)K (
1 + y

∑1−i
�=1 β�Ps�h�
Ps�hi

βi

)i−1

× 1(
1 + y

∑S
s=1 θsPM�ms

PR�gβi

)S

⎤⎥⎥⎥⎦ .
The first integral expression in (56) can be solved by

means of [61, Eq. (3.326.210)] as �(1/2) = √
π . By using

the distributive properties and utilizing [62, Eq. (10, 11)], the
following expressions can be obtained∑K

a=1 Aa

�(N − 1)�(a)

×
∫ ∞

0
x− 1

2 G1,0
0,1

(
x

(
1

Ps�hiβi
+ 1
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+ 1

) ∣∣∣∣ −
0

)
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1,1

(
x

Ps�h j

∑N−1
j=i+1 β j

Ps�hiβi

∣∣∣∣ 2 − N

0

)

× G1,1
1,1

(
x

∑K
k=1 αkPF� fk

Ps�hiβi

∣∣∣∣ 1 − a

0

)
dx

+
∑i−1

b=1 Bb

�(N − 1)�(b)

×
∫ ∞

0
x− 1

2 G1,0
0,1

(
x

(
1

Ps�hiβi
+ 1

PR�gβi
+ 1

) ∣∣∣∣ −
0

)

× G1,1
1,1

(
x

Ps�h j

∑N−1
j=i+1 β j

Ps�hiβi

∣∣∣∣ 2 − N

0

)

× G1,1
1,1

(
x

∑i−1
�=1 β�Ps�h�

Ps�hiβi

∣∣∣∣ 1 − b

0

)
dx

+
∑S

c=1 Cc

�(N − 1)�(c)

×
∫ ∞

0
x− 1

2 G1,0
0,1

(
x

(
1

Ps�hiβi
+ 1

PR�gβi
+ 1

) ∣∣∣∣ −
0

)

× G1,1
1,1

(
x

Ps�h j

∑N−1
j=i+1 β j

Ps�hiβi

∣∣∣∣ 2 − N

0

)

× G1,1
1,1

(
x

∑S
s=1 θsPM�ms

PR�gβi

∣∣∣∣ 1 − c

0

)
dx (57)

By means of [63, Eq. (13)], (57) is solved as in (26). Note that
α term is set to 1/2 in [63, Eq. (13)]. Likewise, following the

similar procedures, the N-th user’s EP analytical expressions
can be obtained as in (27). Partial fraction decomposition
components, which are belong to N-th user in HD mode are

presented in below. Where Dd = y → − limPs�hN
βN∑K

k=1 αkPF� fk

×

∂K−d

(K−d )!∂yK−d

(
1 + y

∑K
k=1 αkPF� fk
Ps�hN

βN

)K

�, Ee =

y → − limPR�gβN∑S
s=1 θsPM�ms

∂S−e

(S−e)!∂yE−e ×
(

1 + y
∑S

s=1 θsPM�ms
PR�gβN

)S

�,

� =

⎡⎢⎢⎣ 1(
1+y

∑K
k=1 αk PF� fk
Ps�hN

βN

)K(
1+y

∑S
s=1 θsPM�ms

PR�gβN

)S

⎤⎥⎥⎦.

Following a similar procedures, the i-th and N-th users’ EP
analytical expressions for FD mode are obtained as in (28) and
(29), respectively. Partial fraction decomposition components,
which are belong to i-th user in FD mode are presented as:

Ff = y → −
limPs�hi

βi∑K
k=1 αkPF� fk

× ∂K− f

(K − f )!∂yK− f

(
1 + y

∑K
k=1 αkPF� fk

Ps�hiβi

)K

ϒ,

Gg = y → − limPs�hi
βi∑i−1

�=1 β�Ps�h�

× ∂ i−1−g

(i−1−g)!∂yi−1−g

(
1 + y

∑i−1
�=1 β�Ps�h�

Ps�hiβi

)i−1

ϒ

H = y → −
limPs�hi

βi

PR�c

∂

∂y

(
1 + y

PR�c

Ps�hiβi

)
ϒ

Tt = y → − limPR�gβi∑S
s=1 θsPM�ms

× ∂S−t

(S − t )!∂yS−t

(
1 + y

∑S
s=1 θsPM�ms

PR�gβi

)S

ϒ

ϒ =

⎡⎢⎣ 1(
1 + y

∑K
k=1 αkPF� fk

Ps�hi
βi

)K(
1 + y PR�c

Ps�hi
βi

)

× 1(
1 + y

∑i−1
�=1 β�Ps�h�
Ps�hi

βi

)i−1(
1 + y

∑S
s=1 θsPM�ms

PR�gβi

)S

⎤⎥⎦.
Regarding the N-th user in FD mode,

Oo = y → −
limPs�hN

βN∑K
k=1 αkPF� fk

× ∂K−o

(K − o)!∂yK−o

(
1 + y

∑K
k=1 αkPF� fk

Ps�hNβN

)K

,

P = y → − limPs�hN βN

PR�c

∂
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(
1 + y

PR�c

Ps�hNβN
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Rr = y → − limPR�gβN∑S
s=1 θsPM�ms

× ∂S−r

(S − r)!∂yS−r

(
1 + y

∑S
s=1 θsPM�ms

PR�gβN

)S



 =

⎡⎢⎣ 1(
1 + y

∑K
k=1 αkPF� fk
Ps�hN

βN

)K (
1 + y PR�c

Ps�hN
βN

)

× 1(
1 + y

∑S
s=1 θsPM�ms
PR�gβN

)S

⎤⎥⎦.

PROOF OF PROPOSITION 3
Revisiting (57), when Ps → 0, the analytical expressions
in the first and second Meijer’s G function terms in first,
second, and third integral expressions approximate to zero.
Therefore, by means of [64, Eq. (07.34.06.0040.01)], the
aforementioned Meijer’s-G functions approximate to 1. Re-
placing newly obtained result into the integral expressions
in (57) and utilizing [62, Eq. (24)], the final asymptotic EP
expression for the i-th user is obtained as in (41). Regarding
the N-th user’s asymptotic expression in HD mode, follow-
ing the similar procedures as in the i-th user’s asymptotic
EP derivations, the N-th user’s asymptotic EP expression is
obtained as in (42).

Regarding the i-th and N-th users’ asymptotic EP expres-
sions in FD mode, following the similar procedures as in the
HD mode, the required asymptotic expressions are obtained
as in (43) and (44).
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