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Throughput performance optimization of NOMA-assisted cooperative relay system

with realistic impairments

P. Bachan, Aasheesh Shukla and Atul Bansal

This work aims to investigate the outage and throughput performance of non-orthogonal multiple access assisted
cooperative relay system (CRS-NOMA) considering the realistic impairments caused due to in-phase and
quadrature-phase imbalance (1QI), channel estimation errors (CEE), and successive interference cancellation (SIC)
errors. More specifically, we investigate a model in which two-phase downlink transmission is carried out in two
different modes: (i) CRS-NOMA without direct links and (ii) CRS-NOMA with direct links (CRS-DLNOMA).
In CRS-NOMA mode, the source broadcasts a composite NOMA signal to destination users with the assistance of
a decode-and-forward (DF) relay. In contrast, in CRS-DLNOMA, direct and cooperative links are available for
transmission. We derive the analytical expressions of outage probability and throughput for both the NOMA
destinations to evaluate the system performance of both CRS-NOMA and CRS-DLNOMA modes of transmission.
Furthermore, numerical simulations also study and validate the influence of 1QI, CEE, and SIC errors on the outage
and throughput performance. The simulation results verify that realistic impairments degrade the system
performance, but the presence of direct link has a positive impact on outage and throughput. Additionally, we use
the golden search method to optimize the power allocation factor (PAF) and transmission rate to maximize the
throughput at the near user while ensuring the throughput constraint at the far user.

Keywords: channel estimation error, in-phase and quadrature-phase imbalance, non-orthogonal multiple access, outage
probability, successive interference cancellation, and throughput

1. Introduction

Non-orthogonal multiple access (NOMA) has been
considered an appropriate contender in beyond fifth-
generation (B5G) networks to provide services with ultra-high
data rate, superior spectral efficiency (SE), low bit error
probability, and superior quality of service [1]. In practical
scenarios where source-to-destination separations are
relatively large, relay-assisted NOMA, known as NOMA-
assisted cooperative relay system (CRS-NOMA), is employed
to enable the convergence of a heterogeneous network [2]. In
the CRS-NOMA system, the source broadcasts the composite
NOMA signal to the relay in phase-I, which decodes and
retransmits the signal to both the users in the second phase. At
the destination, maximum likelihood detection (MLD) is
utilized, in which the signal with the higher power allocation
factor (PAF) is decoded first by considering other users'
signals as interference, which is followed by the SIC process
to detect the signal with low PAF [3].

In recent literature, cooperative NOMA has been well
investigated regarding outage probability and throughput
[4-6]. It is proven that in a perfect scenario, this scheme
perfectly outperforms the other multiple access techniques.
However, there is a large impact of realistic impairments, such
as in-phase and quadrature-phase imbalance (IQI), channel
estimation errors (CEE), and SIC errors, on the performance
of the CNOMA system [7,8]. Therefore, the investigation of
the CRS-NOMA network under the scenario of realistic

impairments is crucial and examined by the research
community [9]. To the best of our knowledge, in almost all
literature collective impact of CEE and SIC error is only
investigated on the performance of the CRS-NOMA system.
In [10], the effect of the residual interference signal and
channel error on the outage performance of the CRS-NOMA
system was examined. The impact of impairments was
observed to be significant in the extensive signal-to-noise ratio
(SNR) regime. An AF relay-assisted NOMA system was
proposed in [11], in which SIC and maximum-ratio combining
(MRC) techniques were applied twice at the receiver to
improve the diversity performance. To improve the outage
performance of channel error-limited downlink NOMA
transmission, the selection diversity scheme is studied in [12].
An underlay CR-NOMA system was studied in [13] to
evaluate the efficacy of all hardware impairments on the
outage probability of the system. In this study, an optimal PAF
algorithm was also proposed to deliver improved fairness to
both the users in the network. An outage-based optimization
algorithm for the uplink NOMA system was examined in [14],
where the impact of SIC error propagation on outage
performance is evaluated. The performance of AF relay-
assisted overlay CR-NOMA has been analyzed in [15], where
both perfect and imperfect SIC and CEE scenarios are
considered to evaluate the outage probability of primary and
secondary users. In [16],a CNOMA-IoT network with a direct
link is studied, in which throughput and goodput expressions
were derived to evaluate the performance in the presence of
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SIC error and CEE. The results show maximum throughput is
attained by adjusting the relay and source power. A virtual
MIMO-based CNOMA system is investigated in [17], and
overall error performance is evaluated by considering
imperfect SIC and CEE scenarios. In this system, the selective
relay method is utilized to achieve the diversity benefit at the
receiver. A full-duplex NOMA model with MRC is studied in
[18], where the overall achievable rate at far user is improved.
Moreover, besides SIC error and CEE, a communication
system's overall performance is limited due to distortion noise,
such as in-phase and quadrature-phase imbalance (IQI) [19].
This distortion noise arises in transceiver hardware due to
amplitude and phase mismatch resulting in image frequency
signal impairments [20]. The impact of RF imperfection in
single and multicarrier wireless transceivers was studied
in [21]. This study provides a detailed analysis of 1QI
evaluation and compensation techniques that can be utilized
in emerging technologies. In [22], a multicarrier NOMA
technique under a severe fading environment was studied. The
results showed that the outage of higher-order users is more
affected due to distortion noise. An optimal throughput and
outage performance of a multi-relay NOMA network is
examined in [23], where the impact of residual hardware
impairments (RHI) and the availability of direct links were
analyzed. A NOMA system for backscatter communication
was investigated in [24] to evaluate the reliability of the
communication system in an imperfect scenario. It was shown
that compared to RHI, phase noise (PN) has a more severe
effect on reliability performance. The work in [25] shows that
PN significantly impacts both users' NOMA system error
performance. It was examined that the 1QI factor directly
depends on PAF and diversity order. In [26], an optimal
receiver design technique is proposed that can resist the effect
of IQI on transmission reliability and error performance. It
was demonstrated that PAF has the most significant effect on
1QI, which may lead to degradation in system performance.
Most of the investigated work on CRS-NOMA systems
examined the performance in perfect or imperfect SIC
scenarios. None of these works exploits the benefit of
enhanced performance by considering the direct path along
with cooperative transmission to NOMA destinations.
Furthermore, the throughput performance of CRS-NOMA
systems is examined by very few works in the presence of
either SIC or IQI or CEE error.
To the best of our knowledge, no prior research has
exhaustively investigated CRS-NOMA systems with all
realistic impairments. Therefore, this work studies the outage
and throughput performance of the cooperative relay-based
NOMA system in the presence of all realistic impairments
considering two different modes of transmission: CRS-
NOMA and CRS-DLNOMA.
The significant contributions of this investigation are as
follows:
= A NOMA-assisted cooperative relay system for
downlink transmission is investigated, where realistic
imperfections of 1QI, CEE, and SIC error are considered.

= Wederive analytical expressions of an end-to-end outage
and throughput of the CRS-NOMA maodel for both users
considering all the realistic impairments.

=  The performance analysis of the cooperative NOMA
system is extended for two different modes of
transmission such as CRS-NOMA and CRS-DLNOMA.

=  We propose an efficient golden search-based algorithm
for optimizing the PAF and transmission rate. The
optimal values of PAF and rate are utilized to maximize
the overall system throughput.

=  Numerical simulations are performed to validate the
derived mathematical expressions.  Furthermore,
valuable insights are drawn by comparing the
transmission modes' results in the presence and absence
of IQI, CEE, and SIC errors.

The remainder of this article is structured as follows:
Section 2 presents the signal description for the DF relay-
assisted NOMA Network considering CRS-NOMA and CRS-
DLNOMA modes of transmission. Based on the signal-to-
interference-plus-noise ratio (SINR) expressions derived in
Section 2, the analytical expressions of end-to-end outage
probability and throughput are derived in Section 3 and
Section 4, respectively. In Section 5, we propose an algorithm
for optimizing the system's power allocation factor and
transmission rate, so as to improve the system throughput. The
numerical simulation-based results of both performance
metrics are provided in Section 6. The insightful conclusions
related to the impact of realistic impairments on the
performance of the investigated scheme are presented in
Section 7.

2. System model

We consider a DF relay-assisted CNOMA network for
downlink transmission as depicted in Fig. 1. In this model, two
phases of downlink transmission are carried out in two
different modes: (i) Cooperative transmission without a direct
link (CRS-NOMA) and (ii) Cooperative transmission with a
direct link (CRS-DLNOMA). In CRS-NOMA mode, the
source (S) broadcasts a composite NOMA signal to both users
with the assistance of a DF relay. In CRS-DLNOMA, S
broadcasts composite NOMA signals to users via direct and
cooperative links. The users then combine the signals received
through both links using the MRC technique.

As depicted in Fig. 1, all the wireless links are modelled by
Rayleigh  fading-based channel coefficients.  These
coefficients are modelled by h,z ~ CN(0,1,5) where,
{A,B}€{S, R, U}, i=n,f, A+ B. The average channel
gain is modelled as A4z = d;g where d, 5 length of hop
link between nodes A and B, and f§ is the path loss exponent.
Due to practical limitations, channel estimation errors (CEE)
are experienced by each node during the transmission. So,
considering CEE (e), we estimate the channel coefficients as
hus = hag — e, where e is modelled as e ~ CNV'(0, A,). Apart
from CEE, we also consider the distortion due to 1QI between
nodes S - U;, S » R, and R - U; denoted as ngy,, g, and
Nru, respectively, where ngy,, nsg, and ngy, are modelled as
CN(0,Pk?) with k? being the IQI impairment coefficient
considered to be the same at transmitter and receiver, and P
denotes the power, which is assumed to be equal at all nodes.
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Fig. 1. A two-phase NOMA-assisted cooperative relay system with realistic impairments.

In this model, the overall downlink transmission is carried
out in two phases using two different modes of communication:
CRS-NOMA and CRS-DLNOMA. Firstly, S broadcasts the
combined NOMA signal to relay both the users simultaneously,
which is given by,

S = JPunxy, + [Pusxy,, D

where x},n and x},f represent the signals corresponding to the
near user U, and far user Uy respectively, P is the transmit
signal power at S, p, and pf are the assigned PAF to U, and
Ur based on the distance and signal strength.

The signals received by U,, U; and Rare given,
respectively as

Ysu, = hsu, (\/Pllnlefn + \/P“fxlllf + Usun) +ny,, (2
YSIUf = hsy, (\/Pllnleln + \/Pfolllf + Usuf) + 1y, (3)

Ysr = hsg (\/Pllnlejn + \/P“fxlllf + USR) + 7g, (4)

where gy, Nsu and ngy are distortion noise due to 1QI error
produced during the transmission from S - U,, S - Uy, and
S — R respectively. All the distortion noises are modelled as
Nsi~CN (0, PkZ), where k2 = k?, i € {U,, U, R}, is the 1QI
factor at different nodes. We assume n,;,, = Ny, = Ng =N is
the additive white Gaussian noise (AWGN) modelled by
n~CN(0,N,/2).

Based on the CNOMA transmission scheme in phase-I, x},f
is decoded at Uy, U,, and R, which is followed by the SIC
process to decode x,l,n at U,. The corresponding received
SINRs are given respectively,
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——» Phase-l
— — = —=p Phase-ll
— 10l
- CEE
/ SIC Error
U, Symbol
Detection
U, Symbol
Detection
xlllf _ uszsuf 5
NI Pisuf(pn+k2)+PAe(1+k2)+N0/2 ! ()
1 ~
p _ wrPAsun (6)
SUn ™ PAsy, (tn+k2)+PAc(1+k2)+No/2 '
1 ~
XU wrPASR 0
SR 7 PAgp(un+k2)+PAc(1+k2)+Ng/2 '
Qxbn UnPZSUn (8)

SUn " 8PAsy, (hp+k2)+PAc(1+k2)+No/2 '

where § is the level of SIC error occurred during detection of
1
Xy, at Uy.

In phase-1l, R retransmits the superimposed signal to both
the users, and MRC is performed at the destination user to
combine the signals received in phase-1 and phase-Il. The
signals received by U,, and U, are given respectively as

Y&u, = hru, ( Puy Xy, + \/PHflelf + TIRUn) +ny,, 9)
)’ﬁuf = hRUf( Pllnfllln + \/Pllflejf + 77RUf) + 1y, (10)

Based on the received signal in (9) and (10), the corresponding
received SINRs for detecting xlz,f and x{; in phase-1l are given

respectively as

HszRUf
RUf — PIRUf(un+k2)+P/1€(1+k2)+N0/2’

2
X
Ur

xz ~
Uf _ ufPARUn

RUn ™ PApy,(un+k2)+PAe(1+k2)+No/2'

Qxﬁn _ HnPIRUn
RUp PAsyy (Sup+k?)+PAe(1+k2)+No/2
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For CRS-NOMA, as direct links are unavailable, users
decode their signals only in the second phase of the
transmission. However, for CRS-DLNOMA, both direct and
cooperative links are available so that users decode their signals
in both stages. Thus, by employing MRC in phase-II, the SINRs
for the detection of x? ;and x{, are given respectively as,

*by *bg *G
Qe crpr-noma = 'quf + ‘QRUf' (11)
1 1 2
xu Xy Xy
f _ f f
n_croL-noma = sy, T 2y, (12)
1 1 2
*Un — 0*Un XUn
'Qn_CTDL—NOMA - “qun + ‘QRUn : (13)

3. Outage analysis at NOMA destinations

This section provides the analytical expressions of outage
probability for NOMA users considering CRS-NOMA and
CRS-DLNOMA modes of transmission. To simplify the
analysis, we consider the target SINR threshold, 2., = OQup, =

ch-
3.1 Overall outage probability of CRS-NOMA

Based on the CRS-NOMA transmission scheme, an outage
event at U; occurs if the instantaneous SINR of the received
signal falls below the threshold £2,,,. Therefore, the probability
of an outage at U; for CRS-NOMA mode is expressed as,

OPezeUi
CRS—NOMA

=1-Pr(05" > 0u,) Pr(Qpyl > 04r,),
ie{nf}, (14)
where 2y, = 2!Ri — 1 is the threshold SINR of the user with R;

and [ being the desired data rate of the user in bits/s/Hz and the
number of phases in the transmission scheme, respectively.
The outage probability of Xy, at R and Uy is expressed as,

X X
Pr(2,"" > 0u,) = exp (~0m,v, '), J € (SR.SU;, RUS}
(15)

(PAc+PAck}+No/2)
Bj(Puf—Ppn.chf—Pk]z-.me)
6; = E[|n|*] - Ellel]

By substituting (15) in (14), we get the overall outage at U.
Similarly, the outage probability of x, at R and U, is
expressed as,

Pr(@}"" > 0u,,) = exp(~2un, v, exp (~2en,, "),
z € {SR,SU,,RU,}  (16)

where ny" _ (PAe+PAckZ+No/2)
z 02(Phn—8PUpQny, ~PkZ 0thy)’

Xy
where y, F = , and

nyf _ (PAe+PAckZ+No/2)
z ez(Puf_PHn-chf_Pk%-chf

,and
)

6, = E[lh,I?] — Elle]?].
By substituting (16) in (14), we get the overall outage at U,,.

3.2 Overall outage probability of CRS-DLNOMA

In CRS-DLNOMA, direct links are also available for
transmission from S — U;. Thus, the signals are received by the
user in both phases. Finally, to achieve reception diversity, both
the variants of the signals are combined at U; using the MRC
process.

The overall outage probability of U for CRS-DLNOMA is
expressed as,

e2e Ug _ fo fo
OFcrs—pivoma = Pr (g™ > Len, ) Pr{Deps_noma < Pens

+ (1-pr(0; > u,)) (1-Pr (n;‘,’; >04,)) A7)

fo
where Pr (QCRS_NOMA

< me) is dependent on the CDF of

X X
two independent SINRS QRZj: and 055; which is expressed as,
fo _ fo fo

pr ('QCRS—NOMA < 'chf) =1- [Q)SRyfeXp (_'chfysuf) +

fo fo
(DRSUfeXp (—chfyRUf) , (18)
fo _ fo fo fo
where Q)SRUf = ysyf /(ysuf - )/Ruf),
fo _ fo fo fo
and ®R5Uf = Yruy /(VRUf - Vsuf) :

By substituting probability expressions obtained in (15) and
(18) in (17), we get the overall outage at U.

The overall outage probability of U,, for CRS-DLNOMA is
expressed as

ezey, _ fo fo
OPCRS—DLNOMA - OPnCRs—DLNOMA + (1 - OPnCRs—DLNOMA)
.X'Un
x OPCRS—DLNOMA’ (19)

pe
where 0P

. crs—pLnoma 1S the OP of Xy, detected at U,, using
MRC and OP..""

rs-pLvoma 1S the OP of x;; detected at U,,, which
are expressed respectively as,

Xy Xu
f — _ f
OPnCRS—DLNOMA = exp ( 'chfySR ) X

(1= 050, exp(~2en Vap. ) + Orst, exp (~2en, Ve )])

n

Xy Xu
+ (1 —exp (_chﬂ’s;e f)) (1 —exp (_chfysu,{))’ (20)
Xy Xy Xy Xy
where (Z)SR:;n = Vsu,{/(%u,{ - VRU,}:)'
Xy Xy Xy Xy
(Z)RSl};n = yRU,{/(yRU,}: - ySU,{)’

and
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XUn _ _ xUn
OPcrsipinoma = exp( Qen, Vg )X

(1 — [@;ﬁgnexp (—Qchn)/;[? ”) + @;gSnEXp (_chn”;gf )D

+ (1 - exp(=Qen,vs™)) (1 — exp (—0en, Vop? )) (21)

By substituting probability expressions obtained in (20) and
(21) in (19), we get the overall outage at U,,.

4. Overall throughput analysis

In order to decode its own symbol, the near user must first
decode the symbol used by the far user by employing the SIC
technique. So if SIC is not perfect, then this results in
performance degradation in terms of link reliability and
throughput. For this reason, it makes sense to maximize near-
user throughput while ensuring the desired far-user throughput.
In terms of bits per channel use (bpcu), the far user and near
user throughput is described as

i = ZR,(1 - OPY), i € {n, f} (22)
where R; and OPYi are the desired transmission rate and outage
probability of the i user, respectively.

By substituting the outage probability expressions obtained
for CRS-NOMA ((15) and (16)) and CRS-DLNOMA ((17) and
(19)) in (22), we get the throughput of both the users in the
network.

Finally, the overall throughput of CRS-NOMA and CRS-
DLNOMA is expressed as,

Toveran = Rn(1— OPYn) + R¢(1 — OPYr). (23)

5. Throughput performance optimization

In this section, we define the optimization problem for the
overall throughput performance of CRS-NOMA and propose an
algorithm for optimizing the system's power allocation factor
and transmission rate.

The objective of this optimization is to attain the maximum
overall throughput of the CRS-NOMA scheme with a constraint
on minimal desirable throughput z, for the far user Uy. In
particular, we optimize the PAF and transmission rate to
maximize the throughput at U, while ensuring the throughput
constraint at Uy. The optimization problem can be formulated
as

max tYn

Ry Ry lfUn

sit. wr+p, =1andt’7 =214 (24)

To satisfy the optimization objective defined in (24), we
examine the PAF and desired rate of the user considering a
realistic impairment scenario. Due to the complex design of
transmitters and receivers, it is difficult to determine the exact
error value due to imperfect SIC. Thus, we consider the SIC
failure for optimal throughput performance. The analysis of
throughput optimization is provided as follows:
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Based on the NOMA transmission scheme, Uy directly decodes
its own information, and SIC is not performed during the
decoding process. Thus, SIC failure is only possible during the
detection of x;,  at U, when x ; is not perfectly removed from
the composite signal. Therefore, the corresponding SINRs for
the successful detection of x;,  at U, in perfect SIC scenario for
phase-1 and phase-11 are given respectively as

1

=XUp _ HnPISUn
“QSUn T PA(1+k2)+Ng/2 ' (25)
éxﬁn _ HnPIRUn (26)

RUn ™ k2PAgy,+PAe(1+k2)+No/2 '

In the case of SIC failure, the corresponding SINRs for the
successful detection of x,, at U, for phase-I and phase-II are
given, respectively as

1 -
pln unPAsu,
SUn PAsup (np+k?)+PAe(14+k2)+No /2’

(27)

Qx%/n HnPIRUn
RUp P2Asuy, (8up+k2)+PAe(1+k2)+No/2'

(28)

By substituting the updated SINR expressions obtained in (25),
(26), (27) and (28) in (14) and (19), we get the corresponding
outage probability of U,, for CRS-NOMA and CRS-DLNOMA,
respectively.

Finally, by substituting the updated expression of OPU in
(23), we get the throughput of U,,.

Algorithm 1 Throughput Optimization Algorithm for CRS-
NOMA

Initialization: Initialize the following set of parameters:
T4 - Minimal desirable throughput for the far
user Uy
He=0.5:9:1,9 isthe step size of PAF

'¢> Initial value of R
a, b: Tolerance error of R, R,
Initial value of RT" and R4~
Triae = 0
V= 0.5(V5—1): Step size of golden search
method
fori=1:length(uy) do
Rpe 1 (R’f, uf(i))
while |R'; = R¢| < ado
Rfe1 (Rf, uf(i))
end while
Ry < Rf
/ I golden search method for R,,
R} = Re* — (RIY — M)V
RZ = R + (RII% — RIMM)Y
while |[R7"** — Rm™| < b do
T," « U (R})
;" — 7V (RE)
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if 7 > )
R7“* « R}
else
R7™ < R},
end if
end while
R, < (RI"™ + R"™)/2
Teomp < T/ (Rn)
> 7Un

. Un
If Ttemp max

end for

Output: u2%, u2, R, R

In the CRS-NOMA transmission, total power is entirely
distributed between Uy and U,,. According to (14) and (22), 7Ur
is a growing function of p., whereas 97 is not a growing
function of p,, both in the presence and absence of SIC error.
Thus, an optimal power allocation strategy is required to
address this problem. The steps for optimal throughput design
of the CRS-NOMA scheme are as follows:

Step I: Determine Ry for all possible p; such that us + p, = 1
and V7 (Rf) = 14.

Rpi=1(Rp) = — 27,

(29)
Step 11: For the feasible value of p, p, and derived the value
of Ry, determine the value of R,,.

Let R and R be the transmission rate corresponding to the
SINRs under perfect and imperfect SIC scenarios mentioned in
(26) and (28). Then the optimal value of R,, that maximizes tV»
is expressed as,

rmax
Ropt _ {Rn ]

R
W= g o (30)

ININ
IN A
X

o~ o

) n

S xh _ <X

where R =Elog2 (1+.(2Run ), R =Elog2 (1+.(2Run>.
R;™* and R;; ™a* are the optimal rates at which 7Y~ attains its
maximum value under SIC failure and perfect SIC,

respectively. We use the golden search method to find the value
of R;™%* and R;, ™*.

Step I11: Utilize optimal PAF strategy to determine the optimal
throughput at U,,.

Using the one-dimensional numerical search approach, we
identify the set of effective PAF values of s such that 0.5 <
e < 1. Step | leads to the value of R, and utilizing the value
of w, =1 —p, in Step Il R, is obtained. These iterations are
continuously repeated until we attain an optimal w, at which

maximum throughput at U,, is identified. Finally, we obtain the
set of optimal values of PAF and transmission rates for both
users. The proposed algorithm for optimizing the throughput
performance of the CRS-NOMA scheme is provided in
Algorithm 1.

6. Numerical results and discussions

In this section, we present the simulation-based results to
evaluate the impact of 1QI, CEE, and SIC errors on the
performance of the CRS-NOMA network. Furthermore, based
on analytical expressions, end-to-end outage probability and
throughput results are analyzed for both CRS-NOMA and CRS-
DLNOMA to draw the insightful influence of direct links on the
system performance. The critical system parameters and
notations set for the investigated model are listed in Table 1.

Table 1. Notations and simulation parameters

S mmees vaus

Samples for channel realization 10°

Desired data rate of R, 1 bits/s/Hz

Desired data rate of Ry 0.5 bits/s/Hz

SINR threshold, 2, 22R—1

Power allocation Factors, g, i, 0.8,0.2

Link distances in meters

dsx dsy,. dsy,, dry,. dr, 1m, 4m, 2m, 3m, Im

1QI factor, k 0.25
CEE, 2, 0.008
SIC error, & 0.001
Average channel gain of each link, 4,5 d;®
Path loss exponent, g8 2

—%— CRS-NOMA(ideal)
107 £ |7~ CRS-NOMA(SIC+CEE)

—O— CRS-NOMA(IQI+SIC+CEE)
——CRS-DLNOMA(ideal)
——CRS-DLNOMA(SIC+CEE)
—0O—CRS-DLNOMA(IQI+SIC+CEE)

10'6 Il Il 1
0 10 20 30 40

Transmit SNR (dB)
Fig. 2. Outage probability of (Uy) versus transmit SNR under
CRS-NOMA and CRS-DLNOMA modes considering 1QI
factor (k = 0.25) and CEE (4, = 0.008)

e2e outage probability of Uf
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In Fig. 2, the outage probability of U, versus transmit SNR
is plotted under CRS-NOMA and CRS-DLNOMA modes. We
observe that in a perfect scenario, the outage probability of U
decreases significantly, irrespective of the transmission mode
of CNOMA. But, due to the availability of direct links and
utilization of MRC at Uy, CRS-DLNOMA achieves better
outage performance when SNR exceeds 25 dB. The results of
the perfect scenario are also compared with the Outage
performance of Uy considering 1QI factor (k = 0.25), CEE
(1, = 0.008), and SIC error (§ = 0.001). Results show that all
of these imperfections degrade the outage performance.

Additionally, compared to CEE and SIC errors, the 1QI
factor has less impact on the outage performance. Furthermore,
CRS-DLNOMA with all imperfections achieves minimal
outage probability compared to its counterpart, irrespective of
the presence and absence of realistic imperfections when
SNR<30 dB.

e2e outage probability of Un

—#— CRS-NOMA(ideal) ™ U
—— CRS-NOMA(SIC+CEE) N
1078 £ |—O—CRS-NOMA(IQI+SIC+CEE) N
N\

=== CRS-DLNOMA(ideal)
—/—CRS-DLNOMA(SIC+CEE)
—0O—CRS-DLNOMA(IQI+SIC+CEE)

10'8 Il 1 Il Il 1 Il
0 5 10 15 20 25 30 35 40
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Fig. 3. Outage probability of (U,,) versus transmit SNR under
CRS-NOMA and CRS-DLNOMA modes considering 1QI
factor (k = 0.25) and CEE (1, = 0.008)

The results of the outage probability of U,, versus transmit
SNR are plotted under CRS-NOMA and CRS-DLNOMA
modes in Fig. 3. The outcomes of the ideal case are also
compared with the outage performance of U, taking into
account the 1QI factor (k = 0.25), CEE (1, = 0.008), and SIC
error (6 = 0.001). Findings indicate that each of these flaws
lowers the outage performance. The 1QI component also has
less effect on the outage performance than CEE and SIC errors.
Additionally, when SNR is greater than 30 dB, CRS-DLNOMA
with all flaws achieves the lowest outage probability compared
to its equivalent, regardless of the presence or absence of actual
imperfections. Furthermore, due to the utilization of MRC and
cooperative transmission method, at 28 dB SNR U,, achieves a
minimal outage probability of 0.000623 compared to Us. Thus,
with  CRS-DLNOMA both U, and Uy experience better
transmission reliability even in the presence of realistic
imperfections.

1 T T T : _— =H= ==
508+
[S]
Q
=
506"
Y=
(o]
5
204t
(=2}
>
o
L
=02r —0— CRS-NOMA(IQI+SIC+CEE)
—=—CRS-DLNOMA(ideal)
—O—CRS-DLNOMA(IQI+SIC+CEE)
0}_,!’\! 1 1 1 1 1

0 5 10 15 20 25 30 35 40
Transmit SNR (dB)
Fig. 4. Throughput of (Uy) versus Transmit SNR with 1QI
factor (k = 0.25) and CEE (4, = 0.008)
1 :

J
508
8]
Q
L
506t 1
—
.S e e e e e e
=)
S04t ]
()]
3
= —*— CRS-NOMA(ideal)
~ 0.2 —0—CRS-NOMA(IQI+SIC+CEE) 1
—=—CRS-DLNOMA(ideal)
/ —0—CRS-DLNOMA(IQI+SIC+CEE)
0- 1 1 Il L 1 1

0 5 10 15 20 25 30 35 40
Transmit SNR (dB)
Fig. 5. Throughput of (U,,) versus transmit SNR with 1QI
factor (k = 0.25), and CEE (4, = 0.008)

The results of throughput versus transmit SNR are plotted in
Fig. 4 and Fig. 5 for Ur and U, respectively. In these
simulations, we set desired transmission rates at users as Ry =
R, = 1,2, 1Ql factor (k = 0.25) and CEE (4, = 0.008). Here
we can observe that the simulation results match the closed-
form throughput expressions of CRS-NOMA and CRS-
DLNOMA modes obtained in (23) and (26), respectively.
Results indicate that in all scenarios, the CRS-DLNOMA mode
outperforms CRS-NOMA -based transmission because of the
transmission diversity of the former scheme. On the other hand,
in the presence of IQI and CEE, the throughput performance
degrades for both transmission modes. By comparing the
throughput performance of Uy with U,,, we observe that due to
the utilization of MRC and cooperative transmission method,
U, achieved slightly higher throughput compared to Ur at
medium and high SNR values for both transmission modes.

The impact of the 1QI, SIC and CEE error on the overall
system throughput for CRS-NOMA and CRS-DLNOMA
modes is presented in Fig. 6. The results of overall throughput
are plotted by setting desired transmission rates at users as
Rf =R, =1,2. It is observed that, for high SNR value, the
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overall throughput is superior for both transmission modes. On
the other hand, in the presence of all realistic impairments,
CRS-DLNOMA achieves a maximum throughput of 0.986
bpcu compared to 0.925 bpcu attained for CRS-NOMA in the
medium SNR range (10 dB to 25 dB). In addition, there is high
distortion noise at the receiver for 1QI factor greater than 0.2;
CRS-DLNOMA mode is more beneficial than CRS-NOMA.
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Fig. 6. System throughput versus transmit SNR considering
ideal and realistic impairment scenario

In Fig. 7, the optimal throughput of U,, and Uy is plotted vs
W, considering Rf =R, =1.5. It is observed that the
throughput of U,, is an increasing function of ,, initially and
attains its maximum value of 0.748 bpcu at po”" = 1.5, then
decreases to 0 due to degradation in SINR value corresponding
to the far user. In comparison to U,, throughput of U,
continuously decreases with an increase in p,, so an optimal
PAF is chosen to maximize the throughput performance of p,,
while ensuring the throughput constraint at U. Additionally,
due to the presence of a direct link, CRS-DLNOMA achieves
significantly higher throughput compared to CRS-NOMA.
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Fig. 7. Optimal throughput of U, and Uy versus u,
considering Ry = R, = 1.5.
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The result of an optimal system throughput versus R
(considering SNR = 15, 20 dB) is plotted in Fig. 8 for both CRS-
NOMA and CRS-DLNOMA modes of transmission. As system
throughput is concave w.r.t. R, it increases with an increase in
R and achieves its maximum value when an optimal value of
rate (R°PY) is selected. It is also evident from the result that the
system throughput is superior for both transmission modes for
higher SNR value. Moreover, because of the transmission
diversity, CRS-DLNOMA achieves a significantly higher
throughput of 1.156 bpcu (for R°Pt = 1.75) and 0.6232 bpcu
(for ROPt = 1.25) at 20 dB and 15 dB SNR, respectively.

7. Conclusions

This work investigates a NOMA-assisted cooperative relay
system, where realistic impairments of 1QI, CEE, and SIC error
are considered. To analyze the effect of impairments, we
derived analytical expressions of outage probability and
throughput of near and far NOMA destinations. This analysis is
also extended for the CNOMA model with two different modes
of transmission: (i) Cooperative transmission without a direct
link (CRS-NOMA) and (ii) Cooperative transmission with a
direct link (CRS-DLNOMA). In a perfect scenario, the outage
probability of Ur and U, decreases significantly, irrespective of
the transmission mode of CNOMA. But, due to the availability
of direct links and utilization of MRC, CRS-DLNOMA
achieves better outage performance when SNR is greater than
25 dB. Furthermore, due to the utilization of MRC and
cooperative transmission method, at 28 dB SNR U,, achieves
aminimal outage probability of 0.000623 compared to Uy.
Throughput results indicate that in all scenarios, the CRS-
DLNOMA mode outperforms CRS-NOMA-based transmission
because of the transmission diversity of the former scheme. On
the other hand, when IQI is increased beyond 0.18, the
performance of both the user degrades irrespective of the
transmission mode. Also, there is high distortion noise at the
receiver for 1QI factor greater than 0.2; CRS-DLNOMA is more
beneficial than the CRS-NOMA transmission mode.
Additionally, an efficient golden search-based algorithm was
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also designed to optimize the PAF and transmission rate. The
optimal values of PAF and rate were utilized to maximize the
overall system throughput performance.
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