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Abstract  Selection strategies prove to be a valuable approach
in mitigating complexity associated with antenna selection (AS)
and relay selection (RS), optimizing signal transmission through
a streamlined number of antennas/relays, and enhancing overall
system performance. This paper offers a comprehensive analy-
sis, deriving closed-form expressions for the outage probability
(OP) and throughput in proposed scenarios that leverage the
best relay selection (BRS) and transmit antenna selection (TAS)
protocol for cooperative non-orthogonal multiple access (CNO-
MA), along with partial relay selection (PRS) and TAS protocol
for CNOMA. The study extends to Rayleigh fading channels,
considering practical impairments such as successful interfer-
ence cancellation (SIC) error, channel estimation error (CEE),
and feedback delay error. In comparing the proposed system
to conventional CNOMA, our findings highlight the substan-
tial impact of SIC, CEE, and feedback delay imperfections on
the performance of both proposed scenarios. Notably, the ap-
plication of BRS-based TAS protocol outperforms PRS-based
TAS in terms of OP and throughput. The close alignment be-
tween analytical, asymptotic, and simulation results attests to
the credibility of conducted analysis.

Keywords  channel estimation error, CNOMA, outage probability,
relay selection, transmit antenna selection

1. Introduction

Non-orthogonal multiple access (NOMA) positions itself
as a transformative technology with the potential to shape
the landscape of B5G and 6G networks due to its capacity
to significantly boost network capacity by optimizing the
utilization of scarce spectrum resources [1], [2].
In power-domain NOMA, multiple users are served on the
same time-frequency resources [3]. For that, downlink infor-
mation is efficiently broadcasted using superposition coding
(SC) at the base station (BS). Subsequently, successive in-
terference cancellation (SIC) is employed at the users to
eliminate multiuser interferences [4].
Recently, there has been a significant gain in interest regard-
ing the utilization of NOMA in cooperative communication
for 5G and beyond deployment scenarios [5]. This increased
attention is driven by the inherent advantages of coopera-
tive relaying strategies, which include expanded coverage,
improved reliability, and effective mitigation of challenges
arising from multipath propagation [6].

In relay communication, two widely recognized protocols are
employed: the decode-and-forward (DF), in which the relay
decodes and re-encodes the information signal before for-
warding, and the amplify-and-forward (AF), where the relay
amplifies the received signal from the source and transmits it
directly to the destination [7].
To enhance the performance of the NOMA system, some
studies have explored the combined utilization of NOMA
and cooperative communication. In [8], the authors exam-
ined a downlink NOMA system with cooperative full-duplex
(FD) relaying, employing the near user as a relay for the far
user. They derived closed-form expressions for the outage
probability (OP) and ergodic sum rate (ESR), considering
both fixed power allocations and optimal power allocations
aimed at minimizing the OP, as well, the OP performance in
a downlink CNOMA with an AF relay [9].
The authors in [10], developed novel closed-form expressions
for the bit error rates (BER) of full-duplex cooperative NOMA
(FD-CNOMA) systems in the presence of imperfect SIC and
residual self-interference (RSI). The authors of [11] have
investigated a hybrid relaying scheme, that switches between
full and half duplex (FD/HD) to improve the performance of
the DF CNOMA system for two users and multi-users [12].
Additionally, the investigation in [13] focuses on evaluat-
ing the OP and ESR of an FD/HD coordinated direct and
DF-based relay scheme in a NOMA system. This analysis
specifically considers scenarios with imperfections in CSI
and SIC.
To enhance the coverage and performance for the far user,
a proposed scheme in [14] involves utilizing a multi-hop
DF relay-aided NOMA (MH-DF-R-NOMA). This scheme
includes deriving closed-form expressions for BER and OP
in the presence of imperfect SIC and CSI.
While, CNOMA offers benefits like increased spectral effi-
ciency and broader coverage, it also presents challenges such
as complexity, interference management, varying channel
conditions, limited coverage, power allocation, synchroniza-
tion issues, and inaccuracies in channel estimation. Address-
ing these drawbacks is imperative to fully harness the potential
of CNOMA in the context of 5G and 6G networks.
To address the drawbacks of CNOMA, relay selection (RS)
presents numerous advantages over conventional CNOMA
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systems. These include heightened reliability, expanded cov-
erage, enhanced throughput, flexible network deployment
options, and improved energy efficiency. The advantages po-
sition relay selection as a valuable technique for enhancing
the performance and efficacy of 5G and 6G systems.
The impact of RS strategy on the performance of coopera-
tive NOMA is examined to reach the minimal OP across all
possible RS schemes and meet the quality of service (QoS)
criteria for both users [15]. The authors in [16], delves into
the performance analysis of OP and the sum rate of NOMA
schemes within AF relay systems considering partial relay
selection (PRS). Furthermore, regarding the best relay se-
lection (BRS) considered in [17], the authors analyzed the
OP of the optimal RS schemes for cooperative downlink NO-
MA, considering both fixed and adaptive power allocations
(PAs) at the relays, respectively. The OP performance of a
dual-hop multi-relay NOMA system using a DF scheme over
Nakagami-m fading channels is investigated in [18].
In [19], the authors analyzed the secrecy outage performance
for a NOMA network assisted by multiple relays operating
over Nakagami-m fading channels, utilizing relay selection.
The authors in [20], investigate the analysis of BER perfor-
mance for both AF and DF relay selection in cooperative
NOMA systems over Rayleigh fading channels. Indeed, the
AF-assisted max-min relay selection method exhibits superi-
or performance for the far user compared to the DF relay. The
implementation of BRS in the downlink scenario of NOMA-
based cognitive relay networks (NCRNs) is investigated under
the assumption of Rayleigh fading channels in [21].
Beyond the contributions of cooperative communications to
enhancing NOMA system performance, researchers suggest
the implementation of multiple-input multiple-output (MI-
MO) techniques to ensure these improvements. Considering
that MIMO techniques entail higher complexity and power
consumption, the strategy of antenna selection (AS) is deemed
a robust option to ensure the desired performance [22].
According to AS techniques, three main protocols are wide-
ly known, namely: transmit antenna selection (TAS) [23],
receive antenna selection (RAS) [24], and joint transmit
and receive antenna selection (JTRAS) [25]. The authors
in [26] investigated three NOMA downlink models, includ-
ing a single-input-single-output (SISO) scenario featuring a
single antenna, a multi-input-single-output (MISO) scenario,
and a MIMO scenario. The TAS protocol was employed in
all scenarios. The authors conducted a comparison of the OP
and system throughput, considering all users over Rayleigh
fading channels.
In [27], the researchers introduced AS for an FD-CNOMA
system to maximize the end-to-end signal-to-interference-
plus-noise ratio (SINR) for both the near and far users. This
involved employing TAS/RAS protocols at the relay. The
performance was characterized in terms of OP and ESR. A
comprehensive analysis of the OP performance for two hybrid
AS schemes, namely TAS and maximal ratio combining
(MRC) at the first hop, as well as JTRAS at the second hop,
in a MIMO-NOMA based downlink AF relaying network.
The analysis considers the impact of channel estimation

error (CEE) and feedback delay over Nakagami-m fading
channels [28].
In addition, new combined antenna selection strategies, such
as max-max-max and max-min-max, have been developed
in [29]. Nevertheless, the max-max-max and max-min-max
schemes have the common goal of enhancing the stronger
and weaker user, respectively. Furthermore, the impact of
hardware impairments (HWI) on the uplink SIMO CNOMA
(SIMO-CNOMA) using BRS under SIC and CSI imperfec-
tions is examined in terms of OP and system throughput
in [30].
Therefore, employing the TAS protocol as a MIMO technique
in conventional CNOMA systems yields numerous advan-
tages. These encompass heightened diversity, augmented
spectral efficiency, enhanced throughput, reduced interfer-
ence, and enhanced deployment flexibility.
Drawing from the aforementioned literature, CNOMA studies
have predominantly focused on single-relay scenarios, often
overlooking factors like imperfect SIC, CEE, and feedback
delay. Moreover, investigations rarely delve into the joint
application of RS and TAS within CNOMA frameworks.
Consequently, the integration of RS and TAS protocols into
CNOMA systems while addressing practical challenges such
as SIC, CEE, and feedback delay remains largely unexplored.
This paper fills this gap by evaluating and analyzing the
performance of CNOMA systems using schemes that combine
best relay selection with TAS (BRS-TAS CNOMA) and partial
relay selection with TAS (PRS-TAS CNOMA), with a focus
on OP and throughput performance. Therefore, the primary
contributions of this study are outlined as follows:
• We investigate a realistic downlink CNOMA scheme influ-

enced by SIC, CEE, and feedback delay. The study includes
different scenarios with multiple relays and antennas, em-
ploying the RS technique and the integration of the TAS
protocol to improve performance. The transmitting base
station (BS) and relays are equipped with multiple anten-
nas, while single antennas are employed at the reception.
• Exact integral expressions for the OP and throughput of

all considered scenarios are derived, considering SIC,
CEE, and feedback delay imperfections. These expressions
are validated through both asymptotic analysis using the
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Fig. 1. The concept of system model.
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McLaurin series expansion and simulations carried out
with computer simulation.
• The impact of key system parameters on the OP and

throughput performance is evaluated based on the ob-
tained analytical expressions. These parameters include
the number of relays and antennas, the distance between
the relay and the base station, the power allocation factor,
and practical impairments.
• A performance comparison between the analyzed schemes

and their HD relay-aided NOMA system counterpart is
provided.
• Finally, numerical results show that the systems under

study in the high SNR region are limited by practical
constraints, as indicated by the presence of an error floor
(EF). Increasing the number of antennas and relays helps
reduce these effects.

The rest of the paper is organized as follows: In Section 2,
we delve into the MISO-NOMA system utilizing the TAS
protocol, exploring both PRS-TAS CNOMA and BRS-TAS
CNOMA scenarios while considering imperfections like SIC
error, CEE, and feedback delay, taking conventional CNOMA
as a benchmark. Section 3 provides a detailed derivation of
closed-form expressions for OP in the investigated system.
Numerical and simulation results are then presented in Section
4. The paper concludes with Section 5, summarizing the key
findings and insights.

2. System Model

Here, we examine the downlink CNOMA system comprising
a base station, N relays, and two users: a far user UE1 and
a near user UE2. As shown in Fig. 1, the BS and relays are
equipped with Nt transmit antennas, while each user and
relay use a single receiving antenna, resulting in a two-hop
communication setup using the TAS scheme. So, the TAS
scheme is applied in the two hops, ensuring that Nt at both
the BS and relay offers the highest SNR, respectively.
To represent this system under the influence of imperfect SIC
and imperfect CSI including CEE and feedback delay, first
some notations and definitions are introduced.
hj.SRi and hj.RiD are the Nt × 1 fading channel coefficients
vector of both hops between the BS–R and R–UEj , respec-
tively, modeled as a complex Gaussian random variable:

hj.SRi ∼ CN
(
0, σ2j.I

)
and

hj.RiD ∼ CN
(
0, σ2j.II

)
.

The variances are defined as:

σ2j.SRi = E
{
|hj.SRi |

2}
and

σ2j.RiD = E
{
|hj.RiD|

2} ,
with j = 1, 2.

ĥj.SRi and ĥj.RiD are the Nt × 1 estimated channel coeffi-
cients vector of the two-hops can be expressed by:

ĥj.SRi = hj.SRi − κj.I

and
ĥj.RiD = hj.RiD − κj.II ,

where κj.I and κj.II are the CEE independent of ĥj.SRi and
ĥj.RiD and modelled as:

κj.I ∼ CN
(
0, σ2κj.I

)
,

κj.II ∼ CN
(
0, σ2κj.II

)
.

The variances are defined as:

σ2κj.I = σ
2
j.SRi − σ̂

2
j.SRi , σ

2
κj.II = σ

2
j.RiD − σ̂

2
j.RiD,

where:

σ̂2j.SRi = E
{∣∣∣ĥj.SRi∣∣∣2} and σ̂2j.RiD = E

{∣∣∣ĥj.RiD∣∣∣2}
are the variances of ĥj.SRi and ĥj.RiD, respectively, with
j = 1, 2.
ĥ
(τ)
j.SRi

and ĥ(τ)j.RiD are the Nt × 1 feedback delayed of the
estimated channels vector of ĥj.SRi and ĥj.RiD for the two-
hops are defined as:
ĥj.SRi = ρĥ

(τ)
j.SRi
+ efdj.I and ĥj.RiD = ρĥ

(τ)
j.RiD

+ efdj.II ,
where efdj.I and efdj.II are the feedback error of the two-hops
modelled as:
efdj.I ∼ CN

(
0, σ2fdj.I

)
and efdj.II ∼ CN

(
0, σ2fdj.II

)
,

which:
σ2fdj.I = (1− ρj.I) σ̂

2
j.SRi ,

σ2fdj.II = (1− ρj.II) σ̂
2
j.RiD ,

ρ = J0(2πfdτ), 0 < ρ < 1 ,

ρ and fdτ represents the time correlation coefficient and the
normalized Doppler frequency, respectively.
We assume ej.fd and κj of the two hops are independent
random variables, we define a new error for both hops:
ej.I = κj.I + efdj.I and ej.II = κj.II + efdj.II ,

then
ej.I ∼ CN

(
0, σ2ej.I

)
and ej.II ∼ CN

(
0, σ2ej.II

)
,

where σ2ej.I = σ
2
κj.I + σ

2
fdj.I

and σ2ej.II = σ
2
κj.II + σ

2
fdj.II

are the variances of each element in the error term ej.I and
ej.II , respectively.
To simplify the calculation, we make the assumption:

σ2κI = σ
2
κj.I , σ

2
κII = σ

2
κj.II ,

σ2fdI = σ
2
fdj.I and σ2fdII = σ

2
fdj.II .

Applying the TAS scheme in the two hops, a transmit antenna,
denoted as t̃, is selected at both the BS and relay. This selection
is based on having the maximum sum of squared channel
gains between the receiver antennas of the relay and the users.
So, the selected transmit antenna criteria for the two-hop is
given by:

t̃ = argmax
1<t<Nt

|ht|2. (1)

In the best relay selection (BRS) scheme, the optimal relay is
selected based on maximizing the minimum SINR between
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the source-to-relay link (S −Rl) and the relay-to-UEj link.
This selection criteria is expressed as:

Rs = argmax
1<l<L

{
min (γSRi , γRiD)

}
. (2)

A partial relay selection (PRS) scheme is performed for one
hop only, wherein the relay is chosen based on the CSI of
each hop. The selection criteria is given as:

Rs = argmax
1<l<L

{
(γSRi)

}
, (3)

and
Rs = argmax

1<l<L

{
(γRiD)

}
. (4)

In the first hop of communication, the BS transmits a super-

imposed signal x =
2∑
j=1

√
Ptαjxj to the relay, where xj are

the messages of UEj , Pt denotes the BS transmit power and
the coefficients αj satisfy the conditions:
2∑
j=1
αj = 1 and α1 > α2 leading to |h1.SRi |

2
< |h2.SRi |

2.

The received signal by the relay is given as:

yr =

(
ρ
̂̃
h
(τ)

j.SRi + eI

) 2∑
j=1

√
Ptαjxj + nr, (5)

where nr is the additive white Gaussian noise (AWGN)
nr ∼ CN (0, No).
The received SINRs for x1 and x2 at the relay are given,
respectively by:

γSRi1 =

α1γ0

∣∣∣∣̂̃h(τ)1.SRi∣∣∣∣2
α2γ0

∣∣∣∣̂̃h(τ)1.SRi∣∣∣∣2 + γ0ρ2
I

(
σ2κI + σ

2
fdI

)
+ 1
ρ2
I

, (6)

and

γSRi2 =

α2γ0

∣∣∣∣̂̃h(τ)2.SRi∣∣∣∣2
α1γ0ξ

∣∣∣∣̂̃h(τ)2.SRi ∣∣∣∣2 + γ0ρ2
I

(
σ2κI + σ

2
fdI

)
+ 1
ρ2
I

, (7)

where ξ denotes the residual SIC factor and γ0 = PtN0 is the
transmit SNR.
In the second hop of communication, the RS transmits a

superimposed signal x =
2∑
j=1

√
Prαjxj to the users, where

xj are the messages of UEj , Pr denotes the relay transmit
power and the coefficients αj satisfy the conditions:

2∑
j=1

αj = 1, α1 > α2

leading to
|h1.RiD|

2 < |h2.RiD|
2 .

The signal received by the UEj users can be expressed as
follows:

yj =

(
ρ
̂̃
h
(τ)

j.RiD + eII

) 2∑
j=1

√
Prαjxj + nj , (8)

where Pr denotes the relay transmit power, nj is the additive
white Gaussian noise (AWGN) nj ∼ CN (0, No).
The received SINRs for x1 and x2 at UEj are defined as:

γRiD1 =

α1γ0

∣∣∣∣̂̃h(τ)1.RiD∣∣∣∣2
α2γ0

∣∣∣∣̂̃h(τ)1.RiD∣∣∣∣2 + γ0
ρ2
II

(
σ2κII + σ

2
fdII

)
+ 1
ρ2
II

, (9)

γRiD2→1 =

α1γ0

∣∣∣∣̂̃h(τ)2.RiD∣∣∣∣2
α2γ0

∣∣∣∣̂̃h(τ)2.RiD∣∣∣∣2 + γ0
ρ2
II

(
σ2κII + σ

2
fdII

)
+ 1
ρ2
II

, (10)

and

γRiD2 =

α2γ0

∣∣∣∣̂̃h(τ)2.RiD∣∣∣∣2
α1γ0ξ

∣∣∣∣̂̃h(τ)2.RiD∣∣∣∣2 + γ0
ρ2
II

(
σ2κII + σ

2
fdII

)
+ 1
ρ2
II

, (11)

where γ0 = PrN0 is the transmit SNR.

3. Performance Analysis

In this section, we derive the OP and throughput expressions
of the CNOMA based RS and TAS protocol in the presence
of practical impairments, then SIC, CEE, and feedback delay
over the Rayleigh fading channel.

3.1. Outage Probability Analysis at Far User

The OP of the CNOMA can be obtained as:

Pe2e.j = 1− (1− Pout.j.I) (1− Pout.j.II) , (12)

wherePout.j.I andPout.j.II are the OP for the first and second
hops, respectively, for each user.
The end-2-end (e2e) OP of UE1 is expressed as follows:

Pe2e.1 = 1−
(
1− Pr

(
γSR1 < γth,1

)) (
1− Pr

(
γRD1 < γth,1

))
.

(13)

In context of best relay selection, the e2e OP for the far
user in CNOMA considering both BRS and TAS schemes is
expressed as:

PBRSe2e.1 = 1−
N∏
i=1

(
1−

Nt∏
t=1
Pr
(
γSRi1 < γth,1

))

×
N∏
i=1

(
1−

Nt∏
t=1
Pr
(
γRiD1 < γth,1

))
.

(14)

The OP for the first and second hops for UE1 can be calculated
as in [31]:

Nt∏
t=1

Pr
(
γSRi1 < γth,1

)
=
Nt∏
t=1

(
1− exp λ

SRi
1

σ21.SRi

)
, (15)
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and
Nt∏
t=1

Pr
(
γRiD1 < γth,1

)
=
Nt∏
t=1

(
1− exp λ

RiD
1

σ21.RiD

)
, (16)

where:

λSRi1 =

γth,1
ρ2
I

(
1 + γ0

(
σ2κI + σ

2
fdI

))
γ0 (α1 − α2γth,1)

,

λRiD1 =

γth,1
ρ2
I

(
1 + γ0

(
σ2κII + σ

2
fdII

))
γ0 (α1 − α2γth,1)

.

Finally, by substituting Eqs. (15) and (16) into (14), the end-
to-end OP of the far user can be expressed as:

PBRSe2e.1 = 1−
N∏
i=1

(
1−

Nt∏
t=1

(
1− exp λ

SRi
1
σ21.r

))

×
N∏
i=1

(
1−

Nt∏
t=1

(
1− exp λ

RiD

1
σ21

))
.

(17)

In context of partial relay selection, the e2e OP for the far
user in CNOMA incorporating both PRS at first hop and TAS
schemes is formulated as:

PPRSe2e.1 = 1−
(
1−

N∏
i=1

Nt∏
t=1
Pr
(
γSRi1 < γth.1

))

×
(
1−

Nt∏
t=1
Pr
(
γRsD1 < γth.1

))
.

(18)

By substituting λSRi1 and λRsD1 into Eq. (18), the end-to-
end OP for the far user, considering TAS and PRS, can be
expressed as:

PPRSe2e.1 = 1−
(
1−

N∏
i=1

Nt∏
t=1

(
1− exp λ

SRi
1

σ21.SRi

))

×
(
1−

Nt∏
t=1

(
1− exp λ

RsD
1

σ21.RsD

))
.

(19)

3.2. Outage Probability Analysis at Near User

We recall that the e2e OP of CNOMA for the near user is:

Pe2e.2 = 1−
(
1− Pr

(
γSR2 < γth,2

)) (
1− Pr

(
γRD2 < γth,2

))
.

(20)

In the best relay selection, the e2e OP for the near user
in CNOMA considering both BRS and TAS schemes is
expressed as:

PBRSe2e.2 =
N∏
i=1

1−
1−

Nt∏
t=1

PSRiout.2︸ ︷︷ ︸
term I


1−

Nt∏
t=1

PRiDout.2︸ ︷︷ ︸
term II


,
(21)

In this context, terms I and II denote the OP of the near
user utilizing the TAS protocol in the first and second hops,
respectively. Therefore, the OP of the term I for UE2, can be

expressed as:
Nt∏
t=1
PSRiout.2 =

Nt∏
t=1
P
(
γSRi2→1 < γth.1

)
+

[
Nt∏
t=1
P
(
γSRi2→1  γth.1

) Nt∏
t=1
P
(
γSRi2 < γth.2

)]
.

(22)

Each probability condition is calculated as:
Nt∏
t=1

P
(
γSRi2→1 < γth.1

)
=
Nt∏
t=1

(
1− exp− λ

SRi
2

σ22,SRi

)
, (23)

and
Nt∏
t=1

P
(
γSRi2 < γth.2

)
=
Nt∏
t=1

(
1− exp− λ

SRi
3

σ22,SRi

)
, (24)

where:

λSRi2 =

γth1
ρ2
I

(
1 + γ0

(
σ2κI + σ

2
fdI

))
γ0 (α1 − α2γth1)

,

λSRi3 =

γth2
ρ2
I

(
1 + γ0

(
σ2κI + σ

2
fdI

))
γ0 (α2 − α1ξγth2)

.

After substituting Eqs. (23) and (24) into (22), the term I can
be written as:

Nt∏
t=1
PSRiout.2 =

Nt∏
t=1

(
1− exp− λ

SRi
2

σ22,SRi

)

+

(
1−

Nt∏
t=1

(
1− exp− λ

SRi
2

σ22,SRi

))

×
Nt∏
t=1

(
1− exp− λ

SRi
3

σ22,SRi

)
.

(25)

Similarly to the first hop, the OP of the second hop for UE2,
can be expressed as follows:

Nt∏
t=1
PRiDout.2 =

Nt∏
t=1
P
(
γRiD2→1 < γth.1

)
+

[
Nt∏
t=1
P
(
γRiD2→1  γth.1

) Nt∏
t=1
P
(
γRiD2 < γth.2

)]
.

(26)

The calculation of each probability condition is as follows:
Nt∏
t=1

P
(
γRiD2→1 < γth.1

)
=
Nt∏
t=1

(
1− exp− λ

RiD
2

σ22,RiD

)
, (27)

Nt∏
t=1

P
(
γRiD2 < γth.2

)
=
Nt∏
t=1

(
1− exp− λ

RiD
3

σ22,RiD

)
, (28)

where:

λRiD2 =

γth1
ρ2
II

(
1 + γ0

(
σ2κII + σ

2
fdII

))
γ0 (α1 − α2γth1)

,

λRiD3 =

γth2
ρ2
II

(
1 + γ0

(
σ2κII + σ

2
fdII

))
γ0 (α2 − α1ξγth2)

.
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Now, by substituting Eqs. (27) and (28) into (26), the term
II can be obtained as:

Nt∏
t=1
PRiDout.2 =

Nt∏
t=1

(
1− exp− λ

RiD

2
σ22,RiD

)
+

(
1−

Nt∏
t=1

(
1− exp− λ

RiD

2
σ22,RiD

))
×
Nt∏
t=1

(
1− exp− λ

RiD

3
σ22,RiD

)
.

(29)

Finally, the e2e OP of the UE2 using TAS and BRS is obtained
by substituting Eqs. (25) and (29) into Eq. (21).

In line with the proofs presented previously, for partial relay
selection the e2e OP for the near user in CNOMA using both
PRS and TAS schemes is obtained as:

PPRSe2e.2 = 1−

(
1−

N∏
i=1

Nt∏
t=1

PSRiout.2

)(
1−

Nt∏
t=1

PRsDout.2

)
, (30)

where:
Nt∏
t=1
PRsDout.2 =

Nt∏
t=1
P
(
γRsD2→1 < γth.1

)
+

[
Nt∏
t=1
P
(
γRsD2→1  γth.1

) Nt∏
t=1
P
(
γRsD2 < γth.2

)]
.

(31)

Following the same mathematical proofs:

Nt∏
t=1
PRsDout.2 =

Nt∏
t=1

(
1− exp− λ

RsD
2

σ22,RsD

)
+

(
1−

Nt∏
t=1

(
1− exp− λ

RsD
2

σ22,RsD

))
×
Nt∏
t=1

(
1− exp− λ

RsD
3

σ22,RsD

)
.

(32)

Finally, the e2e OP of the UE2 using TAS and PRS is obtained
by substituting Eqs. (25) and (32) into Eq. (30).

3.3. Asymptotic Outage Probability

In this subsection, we analyze the performance of asymptotic
OP in scenarios marked by high SNR, aiming to gain a more
profound understanding of the considered situations. Hence,
the asymptotic OP is defined in conditions of high SNR (i.e.
as γ0 →∞), employing the McLaurin series expansion [32]
e−x ≈ 1− x.
The asymptotic expression for the OP of far user of UE1,
at high SNR regime is given for BRS and PRS scenarios,
respectively, as:

PBRS,asye2e.1 ≈ 1−
N∏
i=1

(
1−

Nt∏
t=1

λ
SRi
1

σ21.SRi

)
×

N∏
i=1

(
1−

Nt∏
t=1

λ
RiD

1
σ21.RiD

) (33)

and

PPRS,asye2e.1 ≈ 1−

(
1−

N∏
i=1

Nt∏
t=1

λSRi1

σ21.SRi

)

×

(
1−

Nt∏
t=1

λRsD1
σ21.RsD

)
.

(34)

Similarly, the asymptotic expression for the OP of near user of
UE2, at high SNR regime is given for BRS and PRS scenarios,
respectively, as follows:

Nt∏
t=1
PSRi,asyout.2 ≈

Nt∏
t=1

λ
SRi
2

σ22,SRi

+

[(
1−

Nt∏
t=1

λ
SRi
2

σ22,SRi

)
×
Nt∏
t=1

λ
SRi
3

σ22,SRi

]
,

(35)

Nt∏
t=1
PRiD,asyout.2 ≈

Nt∏
t=1

λ
RiD

2
σ22,RiD

+

[(
1−

Nt∏
t=1

λ
RiD

2
σ22,RiD

)
×
Nt∏
t=1

λ
RiD

3
σ22,RiD

]
,

(36)

and
Nt∏
t=1
PRsD,asyout.2 ≈

Nt∏
t=1

λ
RsD
2

σ22,RsD

+

[(
1−

Nt∏
t=1

λ
RsD
2

σ22,RsD

)
×
Nt∏
t=1

λ
RsD
3

σ22,RsD

]
.

(37)

3.4. System Throughput Analysis

The system throughput is the sum of the achievable received
bit rates at UE1 and UE2. As a result, the system throughput
can be calculated as:

Tpsys = Tp1+Tp2 = (1− Pout.1)R∗1+(1− Pout.2)R∗2, (38)

where R∗1 and R∗2 are the threshold rates of UE1 and UE2,
respectively.

4. Numerical Results

In this section, we present validation of the analysis for
CNOMA scenarios provided in the previous sections.
The practical impairments, SIC, CEE, and feedback delay,
are taken into account to evaluate OP and throughput over the
Rayleigh fading channels. With power coefficients allocated
as α1 = 0.8 and α2 = 0.2, the distance between the BS and
relays set to dsr = 1 m and distances between the users and
relays set to dr1 = 2 m and dr2 = 1 m.
Additionally, we have ξ = 0.01, σ2κ = 0.01, and fdτ = 0.02.
In the plots, different lines and markers represent analytical,
simulation, and asymptotic curves. The figures demonstrate
a close alignment among the analytical, asymptotic, and
simulated results, providing strong confirmation of the validity
of the performance analysis.
The analytical and simulation results in Figs. 2-5 compare
multiple scenarios inside the downlink CNOMA system, ex-
amining the OP of UE1 and UE2, separately. These scenarios
include the use of AS and RS to CNOMA while considering
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Fig. 2. OP of the downlink CNOMA scenarios under ideal condi-
tions.
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Fig. 3. OP of the downlink CNOMA scenarios under impaired
conditions.

the presence and absence of certain impairments: ξ = 0.01,
σ2κ = 0.01, and fdτ = 0.02.
Figures 2 and 3 depict the OP outcomes at UE1 and UE2 for
various scenarios, including conventional CNOMA using a
single antenna, and one relay as a benchmark, and TAS inte-
gration into CNOMA-based PRS and BRS. Through analysis
and simulation, it becomes evident that the performance of
the CNOMA system gradually improves with the addition of
more RS.
Moreover, employing the TAS protocol at both the BS and
relays yields better performance than relying only on conven-
tional CNOMA. This underscores the significance of antenna
configurations at the BS and relays for enhancing CNOMA
system performance.
However, as depicted in Fig. 3, there is a decline in perfor-
mance attributed to the presence of imperfections in SIC,
CEE and feedback delay, leading to an error floor at high
SNR.
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Fig. 4. Throughput of the downlink CNOMA scenarios under ideal
conditions.
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Fig. 5. Throughput of the downlink CNOMA scenarios under im-
paired conditions.

Also, Figs. 2 and 3 provide insights into the OP of UE1, and
UE2. Notably, the CNOMA-based BRS-TAS scenario demon-
strates superior performance compared to other scenarios.
This enhancement is achieved by incorporating TAS at both
the BS and relays, confirming the critical role of leveraging
multiple antennas for improved users performance.
In addition, the asymptotic results closely align with the
analytical findings, validating the accuracy and reliability of
our analysis.
In Figs. 4 and 5, we present the throughput performance
comparison of the studied scenarios versus SNR, considering
the presence and absence of imperfections in SIC, CEE,
and feedback delay. As we can see, the PRS-TAS CNOMA
outperforms conventional CNOMA. While the BRS-TAS
CNOMA has a positive impact compared to counterparts
PRS-TAS CNOMA.
The simulation plots are well-matched with the analytical
results, validating the accuracy of our analysis.
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Fig. 6. The impact of distance on the OP of the downlink CNOMA
under various impairments.
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Fig. 7. The impact of distance on the throughput of the downlink
CNOMA under various impairments.

Figures 6 and 7, depict the OP and throughput of the CNOMA
system relative to the distance dr, assuming an SNR of 25
dB. Specifically, we compare the performance of CNOMA
with BRS-TAS against conventional CNOMA.
Noteworthy observations lead to several conclusions. At
dr = 1 m, UE2 exhibits superior OP performance compared
to the far user UE1. However, at distances dr = 2 m and
beyond, the performance of UE1 surpasses that of UE2.
Furthermore, as the distance increases, UE2 experiences
outage more rapidly than UE1.
The assessment of the influence of power allocation α1 on
CNOMA is conducted by examining the OP and throughput
in Figs. 8 and 9, respectively. With a fixed SNR of 25 dB, it is
evident that the performance of UE1 improves proportionally
with the increased power allocated to it.
However, this improvement comes at the expense of deterio-
rating performance for UE2.
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Fig. 8. The impact of PA on the OP of the downlink CNOMA under
various impairments.
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Fig. 9. The impact of PA on the throughput of the downlink CNOMA
under various impairments.
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Fig. 10. The impact of CEE on the OP of the downlink CNOMA
under various impairments.

Furthermore, it is notable that, across varying values of α1,
the CNOMA-based BRS-TAS consistently ensures superior
performance in both OP and throughput.
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Fig. 11. The impact of CEE on the throughput of the downlink
CNOMA under various impairments.
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Fig. 12. The impact of ρ and fdτ on the OP of the downlink CNOMA
under various impairments.

The channel estimation error σ2κ exerts a detrimental impact
on the OP and throughput across all CNOMA scenarios. This
adverse effect becomes more pronounced with an escalation
in the degree of the error, as illustrated in Figs. 10 and 11.
Figures 12 and 13, depict the influence of feedback delay and
time correlation coefficient ρ on the OP and throughput of
the CNOMA system. Maintaining a constant SNR at 25 dB,
it is evident that an increase in feedback delay results in a
degradation of the system’s performance, both in terms of
OP and throughput. Conversely, higher values of ρ contribute
to an enhancement in performance.

5. Conclusions

In conclusion, this paper systematically explored and com-
pared CNOMA with TAS against the conventional CNOMA
approach. The investigation considered both BRS and PRS
paradigm selection among multiple relays, resulting in the
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Fig. 13. The impact of ρ and fdτ on the throughput of the downlink
CNOMA under various impairments.

formulation of BRS-TAS CNOMA and PRS-TAS CNOMA
schemes. Practical impairments such as SIC error, CEE, and
feedback delay were comprehensively considered in both
scenarios. Exact expressions for OP and throughput over
Rayleigh fading channels were derived and validated through
simulations and asymptotic proofs.
The findings underscored that augmenting the number of an-
tennas at the BS or relays significantly improves the overall
performance of CNOMA schemes. Furthermore, the incor-
poration of a relay selection paradigm yielded additional en-
hancements in system performance. Importantly, the adverse
effects of impairments were alleviated through the strategic
application of selection criteria for antennas and/or relays.
In summary, the alignment between analytical, asymptotic,
and simulated results establishes the robustness and accuracy
of the analytical framework presented in this study. These in-
sights contribute to advancing the understanding of selection
strategies in CNOMA systems, with implications for optimiz-
ing performance in practical communication scenarios.
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