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In this paper, we consider a wireless system providing power allocation fairness for grouping users by conducting a non-
orthogonal multiple access (NOMA). In particular, a rigorous analysis is performed to evaluate performance of destination in a
downlink of wireless system. With advances of NOMA, the user grouping scheme allows users to be shared the same
frequency/power domain, and hence, fairness is guaranteed. In this regard, we focus on evaluation of the performance of a
cell-center user and a cell-edge user in dedicated group. To enable forwarding function at cell-center user, we require the
assistance of a full-duplex– (FD–) based relay to serve the cell-edge user. These users are assigned a fixed power allocation
scheme. To characterize system performance, the closed-form expressions of the outage probability are computed for two
users. To generalize channels in such system, Nakagami-m fading channels could be adopted to achieve complete theoretical
analysis. Furthermore, we provide some comparisons of such FD NOMA under the impact of hardware impairment. We find
that a significant improvement of outage probability can be achieved when the signal-to-noise ratio (SNR) at the source is
high. Numerical results illustrate that both the analytical outage probability of the central user and the cell-edge user match the
simulation results.

1. Introduction

Recent advances in wireless communications provide a new
method to better serve the larger number of users [1, 2]. As
one of these promising techniques, the non-orthogonal mul-
tiple access (NOMA) could be implemented in wireless sys-
tem by employing non-orthogonal signal transmission at the
transceiver [3–5]. On the transmit side, the users’ informa-
tion is superimposed in the power domain. The system relies
on the way to enhance spectrum efficiency. In the NOMA
system, multiple terminals can be served over the same
resource block, thus employing that the NOMA is the effec-
tive way to enhance both spectrum efficiency and the sum
rate. At the receiver side, successive interference cancellation
(SIC) is conducted to decode the users’ signal [6, 7]. Regard-
ing SIC operation, by treating other signals as interference,

the user with the best channel condition is given higher pri-
ority to decode. These advances of NOMA are prominent
compared with orthogonal multiple access (OMA).

In the work of [6], an intermediate node acts as a relay to
forward a signal from a source to a destination. The relaying
system along with device-to-device is designed to achieve
better transmission range or to enhance reliability by
leveraging spatial diversity [7]. Higher spectrum efficiency
can be obtained by enabling cognitive radio in NOMA sys-
tems [8]. More benefits are reported in the joint NOMA
and cooperative communications, where NOMA users with
poor channel conditions can be improved in their perfor-
mance [9]. One or more dedicated relays are designed in
relay-aided NOMA transmission to achieve performance
improvement [10–17]. By considering arbitrary and optimal
power allocation mode with full-duplex (FD) users operating
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as decode-and-forward (DF) relays, the work in [9] studied
the outage probability (OP) and ergodic sum-rate (ESR). In
[13], NOMA-aided cooperative network is studied by
exploring the model of Nakagami-m channels. In this
NOMA system, the closed-form expressions are derived to
indicate the OP and the ergodic sum rate. In such a network,
the source is required to serve simultaneously with multiple
destinations through a relay using half duplex (HD). In sim-
ilar studies [14–16], considering partial relay selection
(PRS), a cooperative NOMA system with multiple relays
can exhibit better performance in terms of and sum rate
and OP. In [17], Nakagami-m channels with a single FD-
amplify and forward (AF) relay was studied to evaluate the
outage performance and the ESR. In such a NOMA-based
cooperative system, a fading-free self-interference link is
adopted at the relay.

Recent works have considered the impact of hardware
impairment and imperfect channel estimation in FD/HD
cooperative NOMA-aided relaying systems. The works in
[18–26] and references therein discussed the harmful impact
of hardware impairment noise in various wireless technolo-
gies. The work of [18] especially focused on hardware
impairment of FD/HD NOMA-aided relaying systems in
Internet-of-things (IoT). In particular, the authors were con-
cerned with the impact of hardware impairments via low-
cost devices in practical IoT deployment. The authors
derived exact OP and ergodic capacity expressions for near
and far users under Rayleigh fading channels. In [19], the
authors investigated the OP of a cooperative simultaneous
wireless information and power transfer (SWIPT) NOMA-
assisted multiple-relay network. The energy harvesting
(EH) relays are also responsible for the communication
between the base station and users. The EH relays operate
under hardware impairment and imperfect channel state
information (iCSI). PRS is exploited to select an EH relay
to transmit information from the base station to a near
and far user. Closed-form OP expressions are derived to
understand deeply the impact of hardware impairments
and iCSI.

Similarly, in [20], the authors examined the joint influ-
ence of residual hardware impairment (RHI) and iCSI on
power beacon aided cooperative NOMA multiple-relay sys-
tems. By this way, the communication is enabled by the mul-
tiple relays harvesting energy from the power beacon. The
communication from the base station to the far users is
achieved only via the relays, while near users can receive
information from either the base station or the relays or
both. In addition, there is a direct link between the base sta-
tion and far users. The authors derived exact OP expressions
for the system users. Simulation results showed the exis-
tences of error floors in the OP performance curves attrib-
uted to RHIs and iCSI. In [21], the authors investigated the
impact of hardware impairment and imperfect channel esti-
mation in SWIPT NOMA-aided massive IoT systems. Com-
munication between the base station and NOMA IoT
devices is achieved via a direct link and the aid of multiple
relays with EH and storage capability. PRS is utilized to
select the optimal relay among the multiple relays to trans-
mit information from the base station to the NOMA IoT

devices. The authors also derived closed-form OP expres-
sions and investigated the energy efficiency of the proposed
system. In addition, the authors obtained the optimal power
allocation strategy to maximize the sum rate in the high
signal-to-noise ratio (SNR) region. Simulation results
showed that hardware impairment harms performance and
channel estimation is good for OP.

In [22], the authors examined how maximum-ratio
transmission (MRT)/maximum-ratio combining (MRC)
performs in NOMA-aided FD relay systems suffering from
RHIs as well as imperfect CSI and imperfect SIC. The base
station uses MRT and the multiple users utilize MRC, and
the two-antenna relay relies on AF mode in its operation.
The authors derived closed-form OP expressions under
Nakagami-m fading channels. The authors also obtained
diversity and array gain tight lower bounds and asymptotic
OP expressions. The simulation results demonstrated the
necessity of loop-interference cancellation at the FD relay
for the proposed system to outperform HD-NOMA systems.
Moreover, the results proved that RHIs impact significant
users with lower power coefficients but the diversity order
is not affected. Also, imperfect CSI does not impact the sys-
tem significantly.

1.1. Related Works. Considering the impact of hardware
impairment, the authors in [23] investigated performance
of all devices and self-interference at the FD relay on the
detection performance of NOMA-assisted multiple-input
multiple-output (MIMO) FD relaying system with MRT/
MRC at the source and destination, respectively. The
authors derived exact OP expressions, throughput, and sym-
bol error rate (SER). Simulation results showed a significant
impact of hardware impairment at high data rates on OP,
throughput, and SER of the considered system when com-
pared to the non-impaired version of the considered system.
Furthermore, numerical results showed the introduction of
error floors at the high SNR region of OP and SER perfor-
mance curves. Fortunately, the introduction of MRT/MRC
with more transmit antennas at the source than at the desti-
nation was found to enhance the OP and SER performance
under hardware impairment conditions.

Moreover, in [24], the authors analyzed the performance
of cooperative FD-NOMA relaying when in-phase and
quadrature-phase imbalance (IQI) and imperfect SIC are
considered. The authors derived exact OP and approximate
analytical ESR expressions. Simulation results demonstrated
that both NOMA-FD relaying and OMA-FD relaying are
impacted in their OP and ESR performance in the moderate
and high SNR region. However, OP of FD-NOMA relaying
is impacted slightly than OMA-FD relaying. In addition,
when FD-NOMA relaying is compared with the equivalent
HD version, the far users of the FD-NOMA relaying suffer
less from imperfect SIC. In [25], the authors considered
the impact of hardware impairments on uplink FD-NOMA
relaying in mobile edge computing (MEC) networks. The
authors derived OP expressions of the proposed system.
Numerical results showed the impact of hardware impair-
ment on FD-NOMA relaying in MEC networks. In [26],
the authors considered the impact of hardware impairment
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on cooperative NOMA-FD system under Rician fading
channels. The authors derived approximate analytical OP
and ergodic rate expressions of the considered system.
Numerical results highlight that NOMA-FD relaying
enhances the ESR compared to the HD version of the pro-
posed system.

1.2. Our Contributions. Motivated by the aforementioned
papers, we deploy in this article an FD for performance
improvement of two destinations in a NOMA-aided relay
wireless system. Different from the aforementioned litera-
ture laid a solid foundation for the role of NOMA in Ray-
leigh fading to analyze system performance, the impact of
FD-NOMA in general channel condition, namely, Naka-
gami-m fading, has not been well understood. Table 1 indi-
cates some similar work. Based on the different parameter
settings, the Nakagami-m fading channel can be reduce to
how we analyze the system performance with multiple types
of channel. Our main contribution is that the impact of
hardware impairment is explored when we consider OP for
the two destinations in our proposed system model. We also
observe the benefits of the deployed relay in low transmit
SNR regions in terms of optimal throughput performance
at the cell edge user. Our paper provides several contribu-
tions compared with recent studies, shown in Table 1. Our
contributions are listed as follows:

(i) We consider transmission in FD-NOMA system
where a single antenna base station communicates
with two devices arranged in a central and cell-
edge positions. Communication between the base
station and NOMA devices is achieved via a direct
link between the cell-center device and the base sta-
tion, while the single antenna FD relay with self-
interference cancellation capability can forward sig-
nals to the cell-edge user. We study the outage and
optimal throughput performance to determine the
system performance under Nakagami-m fading
channels and several practical hardware conditions

(ii) We then determine the signal-to-interference-plus-
noise ratios (SINRs) of the two devices and use
them to formulate exact OP and optimal through-
put formulas. The derived expressions are validated
by the Monte-Carlo simulations

(iii) We analyze and compare the OP and optimal
throughput under various conditions. In particular,
we find that hardware impairment, self-interference
at the FD relay, the fixed rate, and the channel fad-
ing parameter are the main impacts on OP and
optimal system throughput. The obtained numeri-
cal results demonstrate the impact of low-cost
devices on OP and optimal throughput via many
practical scenarios

1.3. Organization. The rest of this paper is organized as fol-
lows. Section 2 describes the downlink NOMA-aided FD
relay system under Nakagami-m fading channels. In Section
3, we consider the scenario of NOMA in terms of outage

performance. In Section 4, we consider optimal throughput
performance. In Section 5, we provide extensive numerical
simulations, and Section 6 concludes the paper.

2. System Model

We consider a cooperative Relay-aided NOMA system. In
here, we assume a base station (S) and two destinations D1
and D2 with a help relay (R) in full-duple (FD) mode as in
Figure 1. We consider D2 as the central user, while the
cell-edge user is D1. In addition, all devices are equipped
with a single antenna. We set gSR as the channel between S
and R, gSD2

is the channel between S and D2, gRD1
is the

channel between R and D2, and gR is the residual self-
interference at R. Moreover, all the channels follows Naka-
gami-m channel fading. In addition, we consider the perfect
CSI for all channels as [8].

The received signal from S to R is given by

yR =
ffiffiffiffiffiffiffiffiffiffi
PSβ2

p
x2 +

ffiffiffiffiffiffiffiffiffiffi
PSβ1

p
x1 + ϖR,t

� �
gSR + ϖR,r +

ffiffiffiffiffi
PR

p
τgRx1 + nR,

ð1Þ

where PS is the transmit power at S, PR is the transmit power
at R, β1 and β2 are the power allocation coefficients, and ϖR,t
and ϖR,r are the distortion noises with CNð0, PSη

2
R,tÞ and C

Nð0, PSjgSRj2η2R,rÞ, respectively. η2R,t and η2R,r are the level of
hardware impairments at S and R as in [27], τð0 ≤ τ ≤ 1Þ is
the level of self-interference (SI), and nR denotes the additive
white Gaussian noise (AWGN) with CNð0, σ2Þ. When the
signal x2 is detected at R, the signal to-interference plus
noise ratio (SINR) at R is expressed as

ΓR,x1 =
PSβ1 gSRj j2

PSβ2 gSRj j2 + PS gSRj j2 η2R,t + η2R,r
� �

+ PRτ gRj j2 + σ2
SR

= μSβ1 gSRj j2
μSβ2 gSRj j2 + μS gSRj j2 η2R,t + η2R,r

� �
+ μRτ gRj j2 + 1

,

ð2Þ

where μS = PS/σ2 and μR = PR/σ2. Then, R forwards the sig-
nal x1 when detected successful. Therefore, the signal at D1
is given by

yRD1
=

ffiffiffiffiffi
PR

p
x1 + ϖD1,t

� �
gRD1

+ ϖD1,r + nD1
, ð3Þ

where ϖD1,t and ϖD1,r are the distortion noises with CNð0,
PRη

2
D1,tÞ and CNð0, PRjgRD1

j2η2D1,rÞ, respectively; η2D1,t and

η2D1,r are the level of hardware impairments at R and D1;
and nD1

is the AWGN. Then, the SINR when detecting x1
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at D1 is given by

ΓD1,x1 =
PR gRD1

��� ���2
PR gRD1

��� ���2 η2D1,t + η2D1,r

� �
+ σ2

=
μR gRD1

��� ���2
μR gRD1

��� ���2 η2D1,t + η2D1,r

� �
+ 1

:

ð4Þ

Meanwhile, the received signal at D2 can be expressed as

ySD2
=

ffiffiffiffiffiffiffiffiffiffi
PSβ1

p
x1 +

ffiffiffiffiffiffiffiffiffiffi
PSβ2

p
x2 + ϖD2,t

� �
gSD2

+ ϖD2,r + nD2
,

ð5Þ

where ϖD2,t and ϖD2,r are the distortion noises with CNð0,
PSη

2
D2,tÞ and CNð0, PSjgRD2

j2η2D2,rÞ, respectively; ηD2,t and
ηD2,r are the level of hardware impairments at S and D2;
and nD2

is the AWGN. Thus, the SINR when detecting the

signal x1 at D2 is given by

ΓD2,x1 =
PSβ1 gSD2

��� ���2
PSβ2 gSD2

��� ���2 + PS gSD2

��� ���2 η2D2,t + η2D2,r

� �
+ σ2

=
μSβ1 gSD2

��� ���2
μSβ2 gSD2

��� ���2 + μS gSD2

��� ���2 η2D2,t + η2D2,r

� �
+ 1

:

ð6Þ

Moreover, by applying SIC, the SINR at D2 to detect its
own signal x2 is given by

ΓD2,x2 =
μSβ2 gSD2

��� ���2
μS gSD2

��� ���2 η2D2,t + η2D2,r

� �
+ 1

: ð7Þ

Table 1: A comparison of existing works with our study on the impact of hardware impairment.

Scheme Reference Major contributions

Half/full-duplex-
NOMA-IoT

[18]
Hardware impairment of FD/HD NOMA-aided relaying systems is investigated. The exact OP and
ergodic capacity expressions can be achieved for near and far users under Rayleigh fading channels

EH-SWIPT-NOMA [19]
The OP performance is evaluated for a cooperative SWIPT NOMA-assisted multiple-relay network.
This system employs EH relays to enhance transmission from the base station to users. The degraded

performance is considered under joint impact of hardware impairment and iCSI

Power beacon-
NOMA

[20]
The joint influences of RHIs and iCSI on power beacon aided cooperative NOMA multiple-relay

systems are examined since the multiple relays harvesting energy are enabled

FD-NOMA [23]
The impact of hardware impairment at all devices and self-interference at the FD relay is studied for

NOMA-assisted MIMO FD relaying system

FD-NOMA-MEC [25]
The impact of hardware impairments is studied at uplink NOMA-aided FD relaying in mobile edge

computing (MEC) networks

FD-NOMA Our work

We consider transmission assisted by NOMA where a single antenna base station communicates with
two devices arranged in a central and cell-edge position. The evaluations of outage and throughput

performance are provided under Nakagami-m fading channels and several practical hardware
conditions

Base station

gSD2

gRD1

gSR
gR

D1

D2

Relay

Wireless network

Transmission Link
Interference Link

Figure 1: System model of NOMA relying on FD-assisted relay.
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3. Outage Performance

In this section, we analyze the outage probability of two
users D1 and D2. The channel of gk with k ∈ SR, RD1, SD2,
R is given as follows [8]:

f gkj j2 γð Þ = mk

Ωk

� 	mk γmk−1

Γ mkð Þ e
−mk
Ωk
γ, ð8Þ

where mk is the fading severity parameter and Ωk being the
average power.

3.1. Outage Probability of D2. The outage probability of the
system is written as follows [28]:

PD2
out = 1 − Pr ΓD2,x1 > ϑ1, ΓD2,x2 > ϑ2

� �
, ð9Þ

where ϑ1 = 2ν1 − 1, ϑ2 = 2ν2 − 1, ν1, and ν2 denotes the target
rate. With the help of (6) and (7), (9) is expressed as

PD2
out = 1 − Pr gSD2

��� ���2 > χ

μS

� 	
= 1 −

ð∞
χ
μS

f
gSD2j j2 γð Þdγ, ð10Þ

where κD2,1 = β1 − ϑ1β2 − ϑ1ðη2D2,t + η2D2,rÞ, κD2,2 = β2 − ϑ2ð
η2D2,t + η2D2,rÞ, and χ =max ððϑ1/κD1,1Þ, ðϑ2/κD1,2ÞÞ. Using (8)
and ([29], 3.351.2), the closed-form expression of D2 is given
by

PD2
out = 1 −

ð∞
χ
μS

mSD2

ΩSD2

 !mSD2 γmSD2−1

Γ mSD2

� � e−mSD2
ΩSD2

γ
dγ

= 1 − 〠
mSD2−1

a=0

1
a!

mSD2
χ

ΩSD2
μS

 !a

e
−

mSD2 χ
ΩSD2μS :

ð11Þ

3.2. Outage Probability of D1. As the main result reported in
[28], the outage probability of D1 is expressed as

PD1
out = 1 − Pr ΓR,x1 > ϑ1, ΓD1,x1 > ϑ1

� �
: ð12Þ

Proposition 1. The closed-form expression of D1 can be
expressed as

Proof. See the appendix.

4. Asymptotic Outage Probability Analysis

In this section, we derive an asymptotic OP expression at
high-SNR μS = μR ⟶∞. Then, we apply the first-order
Maclaurin series expansions e−x ≃ 1 − x. Thus, the asymp-
totic OP of D2 can be expressed by

PD2,∞
out = 1 − 〠

mSD2−1

a=0

1
a!

mSD2
χ

ΩSD2
μS

 !a

1 −
mSD2

χ

ΩSD2μS

 !
: ð14Þ

Similarly, the asymptotic OP of D1 is given by

PD1
out = 1 − 〠

mSR−1

b=0
〠
b

c=0
〠

mRD1−1

n=0

b

c

 !
mR

ΩR

� 	mR Γ mR + cð Þ μRð Þc
Γ mRð Þb!n!

mRD1
ϑ1

ΩRD1
μRκD1

 !n

× mSRϑ1
ΩSRμSκR

� 	b mR

ΩR
+ mSRϑ1μR
ΩSRμSκR

� 	−mR−c
1 − mSRϑ1

ΩSRμSκR
−

mRD1
ϑ1

ΩRD1
μRκD1

 !
:

ð15Þ

5. Optimal Throughput Analysis

In this section, we carry out the optimal analysis of the
throughput performance. More particularly, we offer a
method for determining the best value of T∗

out,i, which results
in the system’s maximum throughput.

Based on achievable outage probability, throughput is
the ability to transmit signals at fixed rate νi. In particular,
the throughput of each user is given by [8].

Tout,i = 1 − P∗
out,i

� �
νi: ð16Þ

The optimal points of such throughput as varying target
rates of νi is expressed as

T∗
out,i = arg max Tout,i νið Þ
 �

: ð17Þ

Based on this algorithm, the optimal values of through-
put can be obtained properly. We expect to verify such algo-
rithm in next section.

PD1
out = 1 − 〠

mSR−1

b=0
〠
b

c=0
〠

mRD1−1

n=0

b

c

 !
Γ mR + cð Þ μRð Þce−mSRϑ1/ΩSRμSκR−mRD1ϑ1/ΩRD1μRκD1

Γ mRð Þb!n!
mR

ΩR

� 	mR

× mSRϑ1
ΩSRμSκR

� 	b mR

ΩR
+ mSRϑ1μR
ΩSRμSκR

� 	−mR−c mRD1
ϑ1

ΩRD1
μRκD1

 !n

:

ð13Þ
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Input:PDi
out

OutPut: Optimal value T∗
out,i∗

1: Set ναi ⟵ ½0 : 0:25 : 5� is used for the X-axis
2: Initialize f ⟵ zerosð1, lengthðναi ÞÞ and Tout,i ⟵ zerosð1, lengthðναi ÞÞ
3: fork = 0: lengthðναi Þdo
4: νi ⟵ ναi ðkÞ
5: Compute ϕið: ,kÞ⟵ PDi

outðνiÞ
6: Tout,ið: ,kÞ⟵ ½1−ϕið: ,kÞ�νi
7: end for
8: ½∼,i�⟵ arg max ½Tout,ið: ,;Þ�
9: ReturnT∗

out,i ⟵ Tout,ið: ,iÞ

Algorithm 1: The algorithm of finding the optimal throughput coefficient T∗
out,i.

Table 2: Table of parameters.

System parameters Value

The power allocation β1 = 0:7 and β2 = 0:3
The level of self-interference τ = 0:1
The target rate ν1 = 0:5 and ν2 = 1 bit per channel use

The parameter of channel Ω =ΩSR =ΩRD1
=ΩSD2

=ΩR = 1

The level of hardware impairments η2t = η2R,t = η2D1,t = η2D2,t and η2r = η2R,r = η2D1,r = η2D2,r

The fading severity parameter m =mSR =mRD1
=mSD2

=mR

Monte-Carlo simulations 106 iterations

100

O
ut

ag
e p

ro
ba

bi
lit

y 10–1

10–2

10–3

–10 0 10 20

𝜇 (dB)

m = 2

m = 1

PD1 Sim.out

PD1 Ana.out

PD2 Sim.out

PD2 Ana.out

30 40

Figure 2: Outage performance vs μ (dB) varying m with η2t = η2r = 0:01.
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6. Numerical Results

In this section, we want to illustrate system performance via
simulations. In first step, we set μ = μS = μR, and the simula-
tion parameters can be shown in Table 2.

Figure 2 depicts the outage probability of two users ver-
sus the transmit SNR at source with two values of fading
channel, m = 1 and m = 2. The exact outage probability
curves match with Monte-Carlo simulation. Fortunately,
this result confirms our correctness in term of computation
of outage probability. We can see the performance gap of
two users for the NOMA system over Nakagami-m fading.
It can be explained that different signal decoding, number
of hops for transmission, and different power allocation fac-
tors lead to the performance gap among the two users. We
can see that the absence of SIC at D1 results in the outage
probability approaching an error floor and failing to go
lower in moderate to high SNR regions. It can be concluded
that the considered system has better outage behavior once
channel condition is improved, i.e., coefficients of Naka-
gami-m fading are enhanced in specific situations.

We can observe the impact of hardware impairment in
our proposed FD NOMA system, shown in Figure 3. By con-
sidering the two values of η2t = η2r , we see that lower levels of
hardware impairment lead to improvement in terms of out-
age performance. It is clear that η2t = η2r = 0:01 is the better
case in terms of outage performance. However, D1 still
approaches an error floor in moderate to high SNR regions.
It means that such system will work well if we improve sig-
nal at the base station. Further, by limiting impact of hard-
ware impairment, such system retains its quality of
transmission at downlink.

Figure 4 compares the system associated with FD and
HD scenarios. The OP performance of D1 versus transmit
SNR is studied while varying values of SNR. The HD case
is proven with more benefits in term of OP compared FD-
NOMA system. The HD-NOMA system could be better out-
age compared FD-NOMA system at high SNR region. How-
ever, FD-NOMA system exhibits more spectrum efficiency
as aforementioned.

In Figure 5, two users are affected by power allocation
factors since the corresponding SINRs depend mostly on
such allocation factors. Interestingly, the fairness among
those users can be changed by such factors. To reduce the
overhead in transmission, such factors are hold as fixed
values to satisfy demands at users at specific situations.
The other trends of OP performance can be seen similarly
as previous figures.

In Figure 6, we observe the throughput of the system
versus transmit SNR while varying m with η2t = η2r = 0:01.
From Figure 6, we can observe different throughput curves
depending on Tout,i. The best throughput performance is
achieved by Tout,2 because destination 2 has a direct link to
the base station and does not rely on the relay. Furthermore,
depending on the value of i, the best throughput perfor-
mance is achieved with higher values of fading parameter
m. However, all the performance curves approach a ceiling
at moderate to high SNR regions and fail to go higher, indi-
cating that there are limits to the system determined by the
fixed rate ν1 in (16) and (17) as can also be seen in Figure 7.

In Figure 8, we observe throughput of the system versus
transmit SNR while varying η2t = η2r with m = 2. Similar to
Figure 6, the Tout,2 obtains the best performance in the
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moderate to high SNR region under the considered hard-
ware impairments, though all the performance curves con-
verge at a ceiling at moderate to high SNR regions and fail
to go higher despite the level of hardware impairments. It’s
important to note that at below 0dB levels, destination 1
outperforms destination 2, this due to the relay, that
amplifies and forwards the weak base station transmit signal
to destination 2. Here, we can also see the benefits of the

relay in the low SNR transmit regions on the cell edge user
due to the lack of significant performance variations when
η2t = η2r is varied unlike in the case of the centrally located
user as can be seen in Figure 8.

The impact of self-interference related to the FD mode at
R on throughput performance is studied in Figure 9. In this
figure, we observe the impact of increasing τ on the system
throughput performance. There is no significant difference
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between τ = 0:01 and τ = 0:1 in terms of throughput perfor-
mance. But, at higher levels of τ, the throughput perfor-
mance starts to deteriorate. This result is helpful to
network designers as they can deploy a suitable FD relay
after having thoroughly considered the self-interference
values based on the Figure 9.

In Figure 7, we observe that the optimal throughput can
be achieved once we have the target rate ν1 = ν2 with τ = 0:1,
β1 = 0:8, β2 = 0:2, and μ = 30dB. At rate ν1 = ν2 greater than

1 and less than about 2.3, the best performance is achieved
by the central user. It can be explained that the FD
contributes to improve links between the base station and
cell-edge user. Figure 7 also depicts the maximum analytical
value of each destination user on the y axis as well as the
maximum ν1 = ν2 rate on the x axis. Figure 7 demonstrates
the limits of throughput when ν1 = ν2 is varied. This result
is helpful to network designers intending to deploy this sys-
tem in practice.
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In all the figures discussed so far, the analytical and sim-
ulated results closely match.

7. Conclusions

In this paper, we have studied the impact of hardware
impairment on the outage performance of FD-NOMA over
Nakagami-m fading channels. We characterize two kinds

of users depending how far from the base station. The cell-
edge user is serviced by the FD-assisted cell-center user. As
the main result, new closed-form expressions for the outage
probability are derived to evaluate the main factors affecting
the system performance. Based on the obtained analytical
results, we observed that lower levels of self-interference
related to the FD mode and lower levels of hardware impair-
ment can achieve enhancement of the system outage
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performance. Finally, the performance gap of these two sce-
narios was compared in various situations to verify the main
impacts on outage probability. In future work, we can deploy
multiple antennas at both source and destinations to achieve
a larger improvement of outage probability at the
destinations.

Appendix

A. Proof of Proposition 1

First, (12) can be rewritten as

PD1
out = 1 − Pr ΓR,x1 > ϑ1

� �|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
Λ1

Pr ΓD1,x1 > ϑ1
� �|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}

Λ2

: ðA:1Þ

Next, the first term Λ1 can be calculated as

Λ1 = Pr gSRj j2 > ϑ1 μRτ gRj j2 + 1
� �

μSκR

 !

=
ð∞
0
f gRj j2 zð Þ

ð∞
ϑ1 μRτz+1ð Þ

μSκR

f gSRj j2 γð Þdγdz,
ðA:2Þ

where κR = β1 − ϑ1β1 − ϑ1ðη2R,t + η2R,rÞ. Moreover, we can
write (A.2) by

Λ1 = 〠
mSR−1

b=0

e−mSRϑ1/ΩSRμSκR

Γ mRð Þb!
mR

ΩR

� 	mR mSRϑ1
ΩSRμSκR

� 	bð∞
0
zmR−1

μRτz + 1ð Þbe−
mR
ΩR

+mSRϑ1μRτ
ΩSRμSκR

� �
zdz:

ðA:3Þ

Based on ([29], 1.111), we can transform Λ1 by

Λ1 = 〠
mSR−1

b=0
〠
b

c=0

b

c

 !
μRτð Þce−mSRϑ1/ΩSRμSκR

Γ mRð Þb!
mR

ΩR

� 	mR

mSRϑ1
ΩSRμSκR

� 	bð∞
0
zmR+c−1e−

mR
ΩR

+mSRϑ1μRτ
ΩSRμSκR

� �
zdz:

ðA:4Þ

Next, with the help of ([29], 3.351.3) we can obtain Λ1 as

Λ1 = 〠
mSR−1

b=0
〠
b

c=0

b

c

 !
Γ mR + cð Þ μRτð Þce−mSRϑ1/ΩSRμSκR

Γ mRð Þb!
mR

ΩR

� 	mR

mSRϑ1
ΩSRμSκR

� 	b mR

ΩR
+ mSRϑ1μRτ

ΩSRμSκR

� 	−mR−c

:

ðA:5Þ

The second term Λ2 can be calculated as

Λ2 = Pr ΓD1,x1 > ϑ1
� �

= Pr gRD1

��� ���2 > ϑ1
μRκD1

 !
=
ð∞

ϑ1
μRκD1

f
gRD1j j2 xð Þdx,

ðA:6Þ

where κD1
= 1 − ϑ2ðη2D1,t + η2D1,rÞ. Similarly, Λ2 is obtained as

Λ2 = e
−

mRD1 ϑ1
ΩRD1 μRκD1 〠

mRD1−1

n=0

1
n!

mRD1
ϑ1

ΩRD1
μRκD1

 !n

: ðA:7Þ

Putting (A.5) and (A.7) into (A.1), (13) is obtained.
It completes the proof.
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