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Full-duplex cooperative NOMA system under impacts of 
residual SI and MAI
Hang-Thi-Thu Nguyena,b, Thuy Nguyena and Xuan Nam Tran b

aFaculty of Information Technology, Nam Dinh University of Technology Education, Nam Dinh, Vietnam; 
bAdvanced Wireless Communications Group, Faculty of Radio-Electronic Engineering, Le Quy Don Technical 
University, Hanoi, Vietnam

ABSTRACT
In this paper, we investigate the performance of a downlink coop
erative non-orthogonal multiple access (C-NOMA) system with full- 
duplex decode-and-forward relaying, where a NOMA user with 
better channel operates as a full-duplex (FD) relay to assist other 
NOMA-user to forward its messages to the base station (BS). 
Specifically, we derive the exact expressions of the system perfor
mances in terms of outage probability and ergodic capacity for two 
users over the Nakagami-m fading channels for the case with the 
direct link from the BS to users. We then analyse the impacts of 
residual self-interference (SI) due to imperfect self-interference 
cancellation in the FD mode and multiple access interference 
(MAI) due to imperfect co-channel interference cancellation (CCIC) 
on the system performance. Simulation results are provided to 
verify the theoretical analysis and demonstrate the advantages of 
the FD-C-NOMA system over the FD non-cooperative NOMA (FD-NC 
-NOMA) system and the half-duplex C-NOMA (HD-C-NOMA) one.
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1. Introduction

The fifth-generation (5 G) of mobile communications is expected to meet an enormous 
demand in providing data services with higher transmission rate, better reliability, and 
larger coverage. With the dramatic growth of smart wireless devices and data traffic, there 
are different research directions to address the problem of radio spectrum scarcity and 
enhance spectral efficiency such as cognitive radio networks, spatial modulation (SM) and 
Index Modulation for Orthogonal Frequency Division Multiplexing (IM-OFDM) (Bagwari & 
Tomar, 2013; Bagwari & Tomar, 2014, 2014; Bagwari et al., 2015, 2015; Le & Tran, 2019; 
L. V. Nguyen et al., 2019). One of the latest techniques, non-orthogonal multiple access 
(NOMA) has emerged as a promising radio multiple access technique for 5 G and future 
wireless networks, which can satisfy requirements of massive connections and spectral 
efficiency (Ding et al., 2017; Higuchi & Benjebbour, 2015; Yue et al., 2017). Different from 
the current orthogonal multiple access (OMA) technologies, which exploit orthogonality 
in time or frequency domain to avoid co-channel interference, NOMA allows multiple 
users to share the same frequency resource at the same time, but different power levels 
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(Luo & Zhang, 2016), (Islam et al., 2017). More specifically, the NOMA scheme superposes 
multi-user signals at the transmitter, then separates them by means of successive inter
ference cancellation (SIC) at the receiver. By allocating power for each user based on their 
channel conditions, NOMA ensures better fairness as well as increases the number of 
simultaneous access users. Besides, cooperative communication which allows users to 
collaborate with each other to forward data to the destination has been widely used in 
wireless systems to increase connection connectivity, transmission reliability, and link 
coverage (Liu et al., 2009; Amin & Lampe, 2012; Shamganth & Sibley, 2017; Li et al., 2018). 
Recently, cooperative non-orthogonal multiple access (C-NOMA) scheme, an integration 
of NOMA technology with cooperative communication, has also attracted great attention 
(Ding et al., 2015; Lv, Chen, & Ni, 2016; Lee, 2018; Wan et al., 2018; Kim et al., 2018). 
Unfortunately, user cooperation in C-NOMA results in significant reduction in the trans
mission rate of the relaying user due to sharing of time slots or frequencies. In addition, 
full-duplex (FD) communication has also been considered a promising solution for 
achieving high spectrum efficiency for 5 G (Chen et al., 2017; Hoang, Tan et al., 2018; 
Nwankwo et al., 2017; Sabharwal et al., 2014; Toka & Kucur, 2018; Z. Zhang et al., 2015). By 
allowing wireless terminals to transmit and receive on the same frequency and at the 
same time, FD communication can improve system capacity and even double the band
width compared with the traditional half-duplex (HD) one. For this reason, integrating FD 
to C-NOMA systems allows for remarkable enhancement in the system capacity and 
spatial diversity gain (Zhong & Zhang, 2016; Hoang, Van Son et al., 2018; X.-X. Nguyen & 
Do, 2019; Chu & Zepernick, 2018; Z. Zhang, Ma, Xiao, Ding, & Fan, 2017; Yue et al., 2018; 
L. L. Zhang et al., 2017). In general, the cooperative full-duplex modes can be implemen
ted by cooperating network relays (Zhong & Zhang, 2016; Hoang, Van Son et al., 2018; 
Chu & Zepernick, 2018; X.-X. Nguyen & Do, 2019) or users (Z. Zhang et al., 2017; Yue et al., 
2018; L. L. Zhang et al., 2017). In (Zhong & Zhang, 2016), the authors proposed a NOMA 
system with an FD relay assisting data transmission to two far users and derived the 
outage probability and ergodic sum capacity expressions for it under the complex 
Gaussian channels. Similar to the model in (Zhong & Zhang, 2016), but generalised to 
the Nakagami-m channel, (Hoang, Van Son et al., 2018) calculated the exact expressions of 
the outage probability and optimised power allocation coefficient for a system with 
energy harvesting relaying node while paper (Chu & Zepernick, 2018) analyses the outage 
performance and sum rate of the NOMA system with perfect SIC. The work in (X.-X. 
Nguyen & Do, 2019) derived the analytical expression of energy efficiency and compared 
outage performance of an FD-C-NOMA system with that of the HD one. In other works (Z. 
Zhang et al., 2017; Yue et al., 2018), the authors applied FD to a device-to-device (D2D) 
system and analysed its performances in the case of having a dedicated HD and FD relay 
over the Rayleigh fading channels. The work (L. L. Zhang et al., 2017) optimises the NOMA 
downlink system with full-duplex relaying.

Although the adoption of the relay for a full-duplex transmission system helps to 
improve its stability, future wireless networks require fast and flexible configuration 
without prior complicated infrastructure setup. Thus, the user-to-user cooperation 
model is a favourite solution. As a result, the C-NOMA system in which a strong user 
with better channel gain acts as an FD relaying node to forward data of a weak user, i.e. 
with worse channels, is worth investigation. With this motivation, in this paper, we 
conduct a thorough study on the FD-C-NOMA system under the realistic system and 
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channel conditions. Against the previous works, the main contributions of the paper are 
summarised as follows:

• We analyse a general FD-C-NOMA system under the impact of the Nakagami-m 
channel. Different from the previous works, our system is more realistic as it includes 
the imperfect interference cancellation due to both FD and NOMA implementation. The 
system thus suffers simultaneously from both residual self-interference (SI) due to the FD 
mode and residual co-channel interference (CCI) due to multiple access, i.e. MAI, at the 
relay node. The residual SI is modelled as a Rayleigh random variable instead of 
a Gaussian one.

• We derive the closed-form expressions of the outage probability and the ergodic capacity 
for each user taking into account the influence of the residual SI and MAI factors so that we 
can use them for designing practical systems. These derived expressions are then used to 
evaluate performance of the system numerically against the FD non-cooperative NOMA (FD- 
NC-NOMA) and HD-C-NOMA.

The remainder of this paper is organised as follows: Section II describes the system model 
of the considered C-NOMA system. Section III presents detailed analysis of the system 
performance in terms of outage probability and ergodic capacity. Section IV represents 
numerical results and performance evaluation. Finally, conclusions are drawn in Section V.

2. System Model

Let us consider a downlink C-NOMA system with a base station (BS) that transmits the 
superposed signal to two single-antenna users (UE1;UE2) as illustrated in Figure 1. 
Without loss of generality, we assume that the gain of the channel between BS and UE1 

is higher than that corresponding to UE2, i.e. jh1j
2 > jh0j

2. UE1 serves as a decode-and- 
forward (DF) relay in the FD mode to forward the received signal from BS to UE2 while 
receiving the transmitted signal from BS simultaneously. At UE2, the signals from the 
direct link and the relay link are combined using the selection combining (SC) technique 
and then separated by SIC to retrieve its signal. We assume that the BS total power Pt is 
divided to UE1 and UE2 by the power allocation coefficients a1; a2, respectively. According 
to the NOMA principle, ai is subject to the constraints a1 þ a2 ¼ 1 and a1 < a2. All 

Figure 1. FD-C-NOMA system model.
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channels between BS and UE2, BS and UE1, and UE1 and UE2 are assumed to undergo flat 
and independent and identically distributed (i.i.d) Nakagami-m fading with the complex 
channel coefficients h0, h1, h2 respectively. Besides, in order to make the FD communica
tions possible, SI needs to be cancelled effectively and three interference cancellation 
schemes can be used together in the space (propagation) domain, analogue domain and 
digital domain (Sabharwal et al., 2014; Z. Zhang et al., 2015). The works (Bharadia et al., 
2013; Nwankwo et al., 2017) report an attenuation level of up to 50 dB in the propagation 
domain if possible solutions are used. The impact of the SI channel is thus mainly due to 
the reflected paths. In this case, the channel gain of the direct path is no longer dominant 
compared with the reflected paths. Since the direct and reflected paths are statistically 
independent, using the central limit theorem, the overall path gain of the SI channel can 
be well described by a complex Gaussian variable with its magnitude, denoted by jhRIj, 
having Rayleigh distribution (Hoang, Van Son et al., 2018; Yue et al., 2018).

Let xi denote the signals of UEi; i ¼ 1; 2 with E xij j
2� �
¼ 1; E :f g denotes the expecta

tion operation. In the NOMA downlink system, a superposed signal s tð Þ ¼
ffiffiffiffiffiffiffiffiffi
a1Pt
p

x1 tð Þ þ
ffiffiffiffiffiffiffiffiffi
a2Pt
p

x2 tð Þ is transmitted from BS to the two users. The received signal at UE1 is 
expressed as 

y1 tð Þ ¼ h1

ffiffiffiffiffiffiffiffiffi
a1Pt

p
x1 tð Þ þ

ffiffiffiffiffiffiffiffiffi
a2Pt

p
x2 tð Þ

� �
þ hRI

ffiffiffiffi
Pr

p
~x1 tð Þ þ n1 tð Þ; (1) 

where ~x1 tð Þ is the forwarding signal from UE1 to UE2 and Pr is the transmit power of UE1. 
For simplicity, we assume that Pt ¼ Pr ¼ P and define ρ ¼ P

σ2
n 

as the signal-to-noise (SNR) 

ratio; n1ðtÞ denotes the additive white Gaussian noise (AWGN) at UE1, with zero-mean and 
variance σ2, i.e. n1,CN ð0; σ2Þ. UE1 first decodes the superior signal x2 and then removes it 
from the received signal to detect x1. Thus, the signal-to-interference-plus-noise-ratio 
(SINR) to decode x2 at UE1 is given by 

γ12 ¼
h1j j

2a2ρ

h1j j
2a1ρþ hRIj j

2ρþ 1
: (2) 

The SINR for detecting x1 is given by 

γ11 ¼
h1j j

2a1ρ

h1j j
2a2ερþ hRIj j

2ρþ 1
; (3) 

where 0 � ε � 1 is the residual power factor after SIC. When 0 � ε � 1, SIC at UE1 is 
imperfect; otherwise, it is perfect. After decoding successfully, UE1 forwards x2 to UE2. The 
received signals of the direct link and the relay link at UE2 are, respectively, expressed as 
follows 

y2S tð Þ ¼ h0

ffiffiffiffiffiffiffiffiffi
a1Pt

p
x1 tð Þ þ

ffiffiffiffiffiffiffiffiffi
a2Pt

p
x2 tð Þ

� �
þ n2S tð Þ; (4) 

y2R tð Þ ¼ h2

ffiffiffiffi
Pr

p
x2 t � τð Þ þ n2R tð Þ; (5) 

where τ is the processing delay. SINRs of the direct link and the relay link at UE2 denoted, 
respectively, by γ2R, can be determined as follows 
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γ2S ¼
h0j j

2a2ρ

h0j j
2a1ρþ 1

; (6) 

γ2R ¼ h2j j
2ρ: (7) 

3. Performance Analysis

In this section, we analyse two important system performance parameters, i.e. outage 
probability and ergodic capacity, and derive their closed-form expressions for numerical 
calculations.

3.1. Outage probability

3.1.1. Outage probability ofUE1

Let γthi be a required SINR threshold for acceptable performance and γthi¼ 2Ri � 1, where 
Ri is the target transmission rate of user UEi, i ¼ 1; 2. The outage event for relaying system 
happens when the achieved SINR for detecting xi is smaller than the SINR threshold. In 
contrast, the success event for relaying system occurs when UE1 successfully decodes x2 

and is able to decode its own data, x1. Hence, the outage probability of UE1 can be 
deduced as follows (Yue et al., 2018, Equation(9)): 

OP1 ¼ 1 � Pr γ12 > γth2; γ11 > γth1ð Þ: (8) 

The outage probability of UE1 can be calculated by Theorem 1.

Theorem 1
The closed-form expression of the outage probability for the relay UE1 is given by 

OP1 ¼

1; a1
a2
� 1

γth2
or a1

a2
� εγth1

F b1ð Þ; εγth1 �
a1
a2
�

γth1 1þεγth2ð Þ

γth2 1þγth1ð Þ

F b2ð Þ;
γth1 1þεγth2ð Þ

γth2 1þγth1ð Þ
� a1

a2
� 1

γth2

8
>><

>>:

(9) 

where F bið Þ is a function of bi with i ¼ 1; 2 and b1 ¼
m1γth1

Ω1ρ a1� a2εγth1ð Þ
, b2 ¼

m1γth2
Ω1ρ a2� a1γth2ð Þ

. F bið Þ

is defined as 

F bið Þ ¼ 1 �
1

ΩRI
e� bi �

Xm1� 1

k¼0

Xk

t¼0

bk
i

k!

k
t

� �

ρtt! biρþ
1

ΩRI

� �� t� 1

; (10) 

where ΩRI ¼ EfjhRIj
2
g is average channel gain of self-interference channel.

3.1.2. Outage probability ofUE2

We define the outage event of UE2 is that the received SINR after SC at UE2 is less than its 
SINR target. Based on the definition of outage probability in (Goldsmith, 2005, eq.(6.46)), 
the outage probability of UE2 is expressed as 

OP2 ¼ Pr γSC
2 � γth2

� �
; (11) 
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where γSC
2 is the output SINR at the SC combiner output and can be inferred from 

(Goldsmith, 2005, sect.(7.2.2)) and expressed as 

γSC
2 ¼ max min γ12; γ2Rð Þ; γ2Sf g: (12) 

The exact expression of the outage probability of UE2 can be obtained using the following 
theorem.

Theorem 2
The closed-form expression of the outage probability for UE2 is given by 

OP1 ¼ f

1; a1
a2
� 1

γth2
or a1

a2
� Pγth1

F b1ð Þ; Pγth1 �
a1
a2
�

γth1 1þPγth2ð Þ

γth2 1þγth1ð Þ

F b2ð Þ;
γth1 1þPγth2ð Þ

γth2 1þγth1ð Þ
� a1

a2
� 1

γth2

(13) 

where β ¼ γth2
ρ a2� a1γth2ð Þ

.

Proof. See Appendix B □

3.2. Ergodic capacity

3.2.1. Ergodic capacity ofUE1

At the relay node, the achievable rate of UE1 is written as C1 ¼ log 1þ γ11ð Þ, so the ergodic 
capacity of UE1 can be derived as (Goldsmith, 2005): 

�C1 ¼ E log 1þ
h1j j

2a1ρ
h1j j

2a2ερþ hRIj j
2ρþ 1

 !" #

: (14) 

The following theorem provides the expression for ergodic capacity �C1.
Theorem 3 The ergodic capacity of UE1 is given by 

�C1 ¼
1

ln2
I1 � I2ð Þ; (15) 

where 

Ii ¼

1
ΩRI

Pm1� 1

k¼0

Pk

t¼0

bk
1i

k!

k
t

� �
� 1ð Þ

t ρt t!
ctþ1

1i
eb1i
�

�Γ k � t þ 1ð ÞΓ t � k; b1ið Þ � I1iÞ þ Δ; c1i�0

1
ΩRI

Pm1� 1

k¼0

Pk

t¼0

bk
1i

k!

k
t

� �
� 1ð Þ

t

tþ1ð Þρ

� eb1i Γ k þ 2ð ÞΓ � 1 � k; b1ið Þ
� �

þ Δ; c1i ¼ 0

0

B
B
B
B
B
B
B
@

(16) 

and i ¼ 1; 2, 

I1i ¼
Xt

m¼0

c1i

ρ

� �m ed1i k þm � tð Þ!Γ t � k � m; d1ið Þ

m!
; (17) 

where b11 ¼
m1

Ω1ρ a1þεa2ð Þ
, c11 ¼ �

m1
Ω1 a1þεa2ð Þ

þ 1
ΩRI

, b12 ¼
m1

Ω1ρεa2
, c12 ¼ �

m1
Ω1εa2
þ 1

ΩRI
, 

d1i ¼ b1i þ
c1i
ρ , Δ ¼ � e

1
ρΩRI Ei �

1
ρΩRI

� �
(Gradshteyn & Ryzhik, 2014, eq.(3.352.4)).
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Proof. See Appendix C□

3.2.2. Ergodic capacity ofUE2

The derivation of the achievable capacity of UE2 can be possible by using the 
expression: C1 ¼ log 1þ γSC

2

� �
. However, it is difficult to derive the closed-form as 

well as the high SNR approximation for the expression of ergodic capacity for UE2. 
Obviously, UE2 receives data from BS and the relay, so the ergodic capacity for UE2 

can be defined as �C2¼
Δ max �C2S; �C2R

� �
, where �C2S, �C2R are the ergodic capacity of the 

direct link and the relay link between BS and UE2. Moreover, �C2R is dominated by the 
minimum of the capacities of the channels from BS to UE1 and from UE1 to UE2 for x2, 
which are, respectively, denoted by �Cx2

1S;
�Cx2

12: Hence, the ergodic capacity of UE2 is 
obtained as 

�C2¼
Δ max �C2S;min �Cx2

1S;
�Cx2

12

� �� �
: (18) 

The sub ergodic capacity in (18) needs to be clearly determined to get the expression of 
�C2. First of all, C1S can be computed by the following theorem.

Theorem 4 The ergodic capacity �C1S can be given by 

�Cx2
1S ¼

1
ln2

Q1 � Q2ð Þ; (19) 

where 

Qi ¼

1
ΩRI

Pm1� 1

k¼0

Pk

t¼0

bk
2i

k!

k
t

� �
� 1ð Þ

t ρt t!
ctþ1

2i

� eb2i Γ k � t þ 1ð ÞΓ t � k; b2ið Þ � Q2i
� �

þ Δ; c2i�0

1
ΩRI

Pm1� 1

k¼0

Pk

t¼0

bk
2i

k!

k
t

� �
� 1ð Þ

t

tþ1ð Þρ

� eb2i Γ k þ 2ð ÞΓ � 1 � k; b2ið Þ
� �

þ Δ; c2i ¼ 0

0

B
B
B
B
B
B
B
@

(20) 

and i ¼ 1; 2, 

Θ2i ¼
Xt

p¼0

c2i

ρ

� �m ed2i k þ p � t þ 1ð Þ!Γ t � k � p; d2ið Þ

p!
; (21) 

where b21 ¼
m1

Ω1ρ a1þa2ð Þ
, c11 ¼ �

m1
Ω1 a1þa2ð Þ

þ 1
ΩRI

, b22 ¼
m1

Ω1ρa1
, c22 ¼ �

m1
Ω1ρaþ

1
ΩRI

, 

d2i ¼ b2i þ
c2i
ρ , Δ ¼ � e

1
ρΩRI Ei �

1
ρΩRI

� �
. 

Proof. The ergodic capacity of UE1 which is derived from the expression of achievable rate 
Cx2

1S ¼ log 1þ γ12ð Þ can be written as□ 

�Cx2
1S ¼ E log 1þ

h1j j
2a2ρ

h1j j
2a1ρþ hRIj j

2ρþ 1

 !" #

: (22) 

Similarly to the case of Theorem 3, we can obtain the result in (20).

Next, we analyse the rest of the expression (18).
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Note that �Cx2
12 can be expressed as (Yue et al., 2018, Equation(33)): 

�Cx2
12 ¼ E log 1þ h2j j

2ρ
� �� �

¼
1

ln2

ð1

0

1 � FW wð Þ
1þ w

dw; (23) 

where FW wð Þ is the CDF of W ¼ h2j j
2ρ which has the Gamma distribution since the 

complex channel coefficient h2 is an i.i.d Nakagami-m distributed random variable. 
Using (Shankar, 2017), it can be expressed as follows 

FW wð Þ ¼ 1 � e�
m2 w
Ω2 ρ
Xm2� 1

k¼0

m2w
Ω2ρ

� �k 1
k!
: (24) 

Substituting (24) into (23) and after some manipulations, the ergodic capacity can be 
given by 

�Cx2
12 ¼

1
ln2

Xm2� 1

k¼0

m2

Ω2ρ
e

m2
Ω2 ρΓ � k;

m2

Ω2ρ

� �

: (25) 

The ergodic capacity of the direct link from BS to UE2 can be written as 

�C2S ¼ E log 1þ
h0j j

2a2ρ
h0j j

2a1ρþ 1

 !" #

¼ E log 1þ h0j j
2 a1 þ a2ð Þρ

� �� �
� E log 1þ h0j j

2a1ρ
� �� �

(26) 

¼
1

ln2

ð1

0

1 � FU uð Þ
1þ u

du �
ð1

0

1 � FV vð Þ
1þ v

dv
� �

; (27) 

where U ¼ h0j j
2 a1 þ a2ð Þρ, V ¼ h0j j

2a1ρ. FU uð Þ; FV vð Þ the CDF of U; V . Similar to the 
FW wð Þ expression, they expressed as 

FU uð Þ ¼ 1 � e
�

m0 u

Ω0 a1þa2ð Þρ
Xm2� 1

k¼0

m0u
Ω0 a1 þ a2ð Þρ

� �k 1
k!
; (28) 

FV vð Þ ¼ 1 � e�
m0 v

Ω0 a1 ρ
Xm2� 1

k¼0

m0v
Ω0a1ρ

� �k 1
k!
: (29) 

Let b01 ¼
m0u

Ω0 a1þa2ð Þρ , b02 ¼
m0v

Ω0a1ρ . Substituting (28) and (29) into (27) and using (Gradshteyn 
& Ryzhik, 2014, eq.(3.383.10)) we get the following result 

�C2S ¼
1

ln2

Xm0� 1

k¼0

b01eb01 Γ � k; b01ð Þ

"

�
Xm0� 1

k¼0

b02eb02 Γ � k; b02ð Þ

#

: (30) 

Note that, due to properties of the OP and capacity expressions, the approximation of 
these functions under extreme conditions results in large errors. Therefore, further 
asymptotic analysis of the OP and capacity is skipped here.
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4. Performance Evaluations

In this section, we evaluate performances of FD-C-NOMA system using numerical results 
and compare them with those of FD-NC-NOMA and HD-C-NOMA systems. Simulation 
results are also provided to validate the theoretical analysis. Unless otherwise specified, 
the parameters used for evaluations are illustrated in Table 1.

In Figure 2, the outage probabilities of UE1 and UE2 are evaluated for ΩRI ¼

� 15; � 20; � 30f g (dB). Note from the figure that the outage probability curves obtained 
by numerical calculations using Theorem 1 and Theorem 2 match well with those by 
Monte-Carlo simulations, which validates our analysis. It is noteworthy that there is 
a strong influence of the SI on the outage performance of the system, especially in the 
high SNR region. Due to the residual SI at UE1, the outage probability curves of UE1 exhibit 
saturation in the high Eb=N0 regime while this is not seen in the UE2 ones. It also makes 
the performance of the relay node seriously decline by more than half at the value of 
ΩRI ¼ � 15 (dB) compared to ΩRI ¼ � 30 (dB). On the other hand, the outage probability of 
UE2 improves significantly since the received signals from two links are combined, which 
provides spatial diversity gain.

Figure 3 shows the effect of ε on the system outage performance where ε is chosen as 
f0:01; 0:1; 0:4g. Obviously, the outage performance of UE2 is constant whereas the one of 
UE1 is significantly declined, especially in the case of ε > 0:1. With the imperfect SIC 
system, where UE1 cannot completely subtract the signal of UE2 by SIC, the error is 
propagated at UE1 but not to UE2. Therefore, this does not affect detection of the UE2’s 

Table 1. Simulation parameters.
Parameters Value

Power allocation coefficients a1 ¼ 0:3; a2 ¼ 0:7
Target rates 1 bpcu
Channel gains Ω0 ¼ 1, Ω1 ¼ 2, Ω2 ¼ 1
Imperfect SIC 0:01
Residual self-interference −20 dB
Nakagami multipath fading parameter m1 ¼ m2 ¼ m3 ¼ 2

Figure 2. Outage probability versus the transmit Eb=N0 for different values of residual SI.
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signal directly. Note that from the analytical expression (9) the values of ε need to satisfy 
the condition εγth1 < a1

a2 
for success decoding at UE1 as shown in Section III.

Figure 4 plots ergodic capacities as a function of Eb=N0 for different values of the power 
allocation coefficients when a1 ¼ 0:2, a2 ¼ 0:8 and a1 ¼ 0:3, a2 ¼ 0:7: Ergodic sum 
capacity is defined as the total of the ergodic capacity of UE1 and UE2. As shown in the 
figure, the analytic curves of two users obtained from (15) and (18) match perfectly with 
the simulated ones. The theoretical result for the ergodic sum capacity also coincides with 
the simulation result. These observations again confirm our analysis. It can be seen that 
when a1 increases, the ergodic capacity of UE1 improves while that of UE2 decreases; but 
the ergodic sum capacity remains almost unchanged. Consequently, we can change the 
value of the power allocation coefficients to adjust the ergodic capacities of UE1 and UE2.

Figure 3. Outage probability of users versus the transmit Eb=N0 for different values of ε.

Figure 4. Ergodic capacity versus the transmit Eb=N0 when a1 ¼ 0:2, 0.3.
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Figure 5 compares the outage probability of the FD-C-NOMA, FD-NC-NOMA and HD- 
C-NOMA systems under the constraint of ΩRI ¼ � 30 dB with the same parameters used in 
Table 1. As can be observed from the figure, the performance of UE2 of the FD-C-NOMA 
system is greatly improved, and achieves a gain of 1.8–2 times in terms of power 
compared to the FD-NC-NOMA system in the low Eb=N0 region, i.e [0 dB – 25 dB]. 
On other hand, this performance is nearly equivalent to that of UE1 in the HD-C-NOMA 
system, which also proves the fairness of the NOMA principle. The system outage prob
ability of FD-C-NOMA equivalent to that of HD-C-NOMA in the low SNR regime due to the 
fact that the residual SI effect is negligible. Nevertheless, in the high Eb=N0 regime, the 
outage probability of the FD scheme is much worse than that of the HD scheme. Thus, SI 
mitigation techniques are always a top concern for FD systems to maintain a required 
performance.

Similarly, Figure 6 illustrates how the imperfect SIC factor affects the capacity of FD- 
C-NOMA, FD-NC-NOMA and HD-C-NOMA. It is clear that when ε increases, the ergodic 
sum capacities of these systems decrease dramatically. For instance, as can be seen at 
SNR = 25 dB, they decrease from about 6.0 bpcu down to 2.7 bpcu for the FD-C-NOMA 
and FD-NC-NOMA systems and from 3.0 bpcu down to 1.3 bpcu for the HD-C-NOMA one 
when the value of ε reduces from 0.4 to 0.01.

Figure 7 compares the ergodic sum capacities of the FD-C-NOMA system, FD-NC- 
NOMA and the HD-C-NOMA one for different values of ΩRI. It can be seen from the figure 
that the residual SI does not affect the ergodic capacity of the HD-NOMA system, but it 
reduces that of the FD-C-NOMA and FD-NC-NOMA significantly. It is worth noting that the 
FD-C-NOMA system can double its ergodic capacity compared with the HD-C-NOMA 
under low residual SI level such as ΩRI ¼ � 30 dB. This observation is inline with that 
explored in the previous studies about the ability to double the spectral efficiency of the 
FD-C-NOMA systems (Sabharwal et al., 2014) (Debaillie et al., 2015). The results shown in 
Figure 7 indicate that the capacity of FD-C-NOMA and FD-NC-NOMA systems is equiva
lent, except that the FD-C-NOMA system capacity is slightly larger than the FD-NC-NOMA 

Figure 5. Outage probability of FD-C-NOMA, FD-NC-NOMA and HD-C-NOMA systems versus the 
transmit Eb=N0 with ΩRI ¼ � 30 dB.
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system in the low Eb=N0 region. This is due to the fact that the effect of residual SI is 
negligible in this region, UE2 receives data through the relay link that has a higher SINR 
than the direct link.

5. Conclusions

Investigating the effects of residual SI and MAI plays an important role in the practical 
aspects of wireless networks implementing the FD and NOMA techniques. In this paper, 
we have derived the exact expressions of the outage performance and ergodic capacity 
for the FD-C-NOMA system under the impacts of these factors over the Nakagami-m 
fading channels. Besides, the performance of the FD-C-NOMA system has been bench
marked with that of the HD-C-NOMA and FD-NC-NOMA ones. It was understood that 

Figure 7. Ergodic sum capacity of FD-C-NOMA, FD-NC-NOMA and HD-C-NOMA systems.

Figure 6. Ergodic sum capacity of FD-C-NOMA, FD-NC-NOMA and HD-C-NOMA systems for different 
values of ε.
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the FD-C-NOMA system can achieve double ergodic sum capacity of the HD-C-NOMA 
and have significantly improved outage probability over the FD-NC-NOMA system. 
Thus, the combined FD and NOMA systems have potential applications for implemen
tation in the future wireless networks. However, in order to attain the desired perfor
mance it is necessary to limit the impacts of the imperfect self-interference suppression 
and MAI.
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Appendix A: Proof of Theorem 1

Expression (8) can be rewritten as 

OP1 ¼ 1 � Pr h1j j
2ρ a2 � a1γth2ð Þ> γth2 hRIj j

2ρþ 1
� �

;
�

h1j j
2ρ a1 � a2εγth1ð Þ > γth1 hRIj j

2ρþ 1
� ��

: (31) 

Case 1: When a1
a2
� 1

γth2
or a1

a2
� εγth1, it is easy to see that Pr γ12 > γth2; γ11 > γth1ð Þ ¼ 0. Thus, the 

outage probability of UE1 is equal to one, i.e, OP1 ¼ 1:

Case 2: When εγth1 �
a1
a2
�

γth1 1þεγth2ð Þ

γth2 1þγth1ð Þ
, according to the theory of conditional probability 

(Gradshteyn & Ryzhik, 2014), expression (8) is derived as follows 

OP1 ¼ 1 � Pr h1j j
2 > b1 hRIj j

2ρþ 1
� �� �

¼ 1 �
ð1

0
1 � F h1j j

2 b1 zρ þ 1ð Þð Þ
h i

f hRIj j
2ðzÞdz; (32) 

where b1 ¼
γth1

ρ a1 � a2 εγth1ð Þ
, f hRIj j

2ðzÞ denotes the PDF of the Rayleigh distribution for variable hRIj j
2, and 

F
jh1j

2 :ð Þ is its associated cumulative distribution function (CDF) which has the Gamma distribution. 
As (Shankar, 2017), they are expressed, respectively, as follows 

f hRIj j
2ðzÞ ¼

1
ΩRI

e�
z

ΩRI (33) 

F
jh1 j

2 b1 zρþ 1ð Þð Þ ¼ 1 �
1

Γðm1Þ
Γ m1; ðb1 zρþ 1ð Þ

m1

Ω1

� �

; (34) 

where Γ :ð Þ, Γ :; :ð Þ are, respectively, the Gamma function and incomplete Gamma function deter
mined as in (Gradshteyn & Ryzhik, 2014).

Substituting (33) and (34) into (32), OP1 is rewritten as follows 
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OP1 ¼ 1 �
1

ΩRI
e�

m1 φ
Ω1

Xm1� 1

k¼0

m1φ
Ω1

� �k 1
k!

�

ð1

0
zρþ 1ð Þ

ke�
m1 b1 ρz

Ω1
� z

ΩRI dz: (35) 

Based on (Gradshteyn & Ryzhik, 2014, eq.(1.111)), the probability is simplified to 

OP1 ¼ 1 �
1

ΩRI
e� b1

Xm1 � 1

k¼0

bk
1

k!

Xk

t¼0

ρt k
t

� �ð1

0
zte� b1 ρz� z

ΩRI dz: (36) 

Thanks to the help of (Gradshteyn & Ryzhik, 2014, eq.(3.351.3)), after some manipulations, the 
closed-form expression of OP1 is obtained as the second expression into (9).

Case 3: When γth1 1þεγth2ð Þ

γth2 1þγth1ð Þ
� a1

a2
� 1

γth2
, calculating outage probability OP1 can be done similarly to 

the previous case with α being replaced by b2 ¼
γth2

ρ a2� a1γth2ð Þ
. We then obtain the result as the third 

expression in (9).
Combining the proofs for the above three cases, Theorem 1 is thus proved.

Appendix B: Proof of Theorem 2

From (11) and (12) expressions, the outage probability of UE2 can be written as 

OP2 ¼ Pr max min γ12; γ2Rð Þ; γ2Sf g � γth2½ �: (37) 

Due to the assumption of independent channels, expression (37) can be derived as follows 

OP2 ¼ Pr min γ12; γ2Rð Þ � γth2ð Þ Pr γ2S � gth2ð Þγ;

¼ 1 � Pr γ12 > γth2ð Þ Pr γ2R > γth2ð Þ½ � � Pr γ2S � γth2ð Þ: (38) 

By calculating the subexpression of (38), the probability Pr γ12 > γth2ð Þ can be obtained as follows 

Pr γ12 > γth2ð Þ ¼ 1 � Pr h1j j
2
� b2 hRIj j

2ρþ 1
� �� �

¼ 1 �
ð1

0
1 � F h1j j

2 b2 zρþ 1ð Þð Þ
h i

� f hRIj j
2ðzÞdz: (39) 

Substituting F h1j j
2 :ð Þ and f hRIj j

2ðzÞdz into (39), and then using the CDF of jh0j
2, jh2j

2, the probabil
ities in (38) can be further expressed as 

Pr γ12 > γth2ð Þ ¼
1

ΩRI
e� b2

Xm1� 1

k¼0

Xk

t¼0

bk
2

k!
�

k
t

� �

ρtt! b2ρþ
1

ΩRI

� �

; (40) 

Pr γ2R > γth2ð Þ ¼ 1 � Pr h2j j
2
�

γth2

ρ

� �

¼
1

Γ m2ð Þ
Γ m2;

m2γth2

ρΩ2

� �

; (41) 

Pr γ2S � γth2ð Þ ¼ Pr h0j j
2
� b2

� �
¼ 1 �

1
Γ m0ð Þ

Γ m0;
m0b2

Ω0

� �

: (42) 

Substituting (40), (41) and (42) into (38), we have the closed-form expression of OP2 as in (13).
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Appendix C: Proof of Theorem 3

From expression (14), �C1 can be rewritten as 

�C1 ¼ E log 1þ h1j j
2 a1 þ a2εð Þρþ hRIj j

2ρ
� �h i

� E log 1þ h1j j
2a2ερþ hRIj j

2ρ
� �h i

: (43) 

Let us define X ¼ h1j j
2 a1 þ a2εð Þρþ hRIj j

2ρ and Y ¼ h1j j
2 a1 þ a2εð Þρþ hRIj j

2ρ, we can obtain the 
ergodic capacity at UE1 as follows 

�C1 ¼
1

ln2

ð1

0

1 � FX xð Þ
1þ x

dx
|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}

I1

�

ð1

0

1 � FY yð Þ
1þ y

dy
|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}

I2

Þ

0

B
B
B
@

1

C
C
C
A
; (44) 

where FX xð Þ, FY yð Þ are the CDFs of X and Y respectively. We now analyse each of these expressions.
First, FX xð Þ is expressed as follows 

FX xð Þ ¼ Pr h1j j
2 < x� hRIj j

2 ρ
a1þa2εð Þρ

� �

¼

ð x
ρ

0
F h1j j

2
x� zρ

a1þa2εð Þρ

� �
f hRIj j

2ðzÞdz:
(45) 

Substituting expressions of f hRIj j
2ðzÞ and Fjh1j

2 :ð Þ, FX xð Þ can be calculated as 

FX xð Þ ¼
ð x

ρ

0
1 � e

�
m1 x� zρð Þ

Ω1 a1þa2 εð Þρ
Pm1 � 1

k¼0

�

�
m1 x� zρð Þ

Ω1 a1þa2εð Þρ

� �k
1
k!

�
1

ΩRI
e�

z
ΩRI dz

¼ 1
ΩRI

ð x
ρ

0
e�

z
ΩRI dz � 1

ΩRI
e� b11x P

m1 � 1

k¼0

bk
11

k!
�

ð x
ρ

0
eb11ρz� z

ΩRI x � ρzð Þ
kdz

¼ 1 � e�
x

ρΩRI � e�
b11
ΩRI
Pm1 � 1

k¼0

Pk

t¼0

bk
11

k!
�

k
t

� �

� 1ð Þ
txk� tρt

ð x
ρ

0
zte� c11zdz;

(46) 

Next, we calculate I1 in the following two cases.
� Case 1: c11�0.

Using the following identities 
ð x

ρ

0
zte� c11ρzdz ¼ c� t� t

11 γ t þ 1; c11x
ρ

� �
in (Gradshteyn & Ryzhik, 2014, eq. 

(3.381.1)) and γ t þ 1; c11x
ρ

� �
¼ t! 1 � e�

c11 x
ρ
Pt

m¼0

c11x
ρ

� �m
1

m!

� �

in (Gradshteyn & Ryzhik, 2014, eq. 

(8.352.6)) for FX xð Þ, I1 can be expressed as 

I1 ¼

ð1

0

e�
x

ρΩRI

1þ x
dx þ

1
ΩRI

Xm1� 1

k¼0

Xk

t¼0

bk
11

k!

k
t

� �

�
� 1ð Þ

tρtt!
ctþ1

11

ð1

0

e� b11 xxk� t

1þ x
dx �

Xt

q¼0

c11

ρ

� �q
"

�
1
q!

ð1

0

e� b11þ
c11

ρð Þxxk� tþq

1þ x
dx

#

; (47) 

Thanks to the help of (Gradshteyn & Ryzhik, 2014, eq.(3.383.10)), I1 is given by the first expression 
of (16).
� Case 2: c11 ¼ 0: FX xð Þ is calculated as 

FX xð Þ ¼ 1 � e�
x

ρΩRI � e�
b11
ΩRI

Xm1 � 1

k¼0

Xk

t¼0

bk
11

k!
�

k
t

� �
� 1ð Þ

txkþ1

t þ 1ð Þρ
: (48) 

Substituting (48) into (44), we can obtain I1 as follows 
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I1 ¼

ð1

0

e
� x

ρΩRI

1þx dx þ 1
ΩRI

Pm1 � 1

k¼0

Pk

t¼0

bk
11

k!

k
t

� �

�
� 1ð Þ

t

tþ1ð Þρ

ð1

0

e� b11 x xkþ1

1þx dx: (49) 

Using (Gradshteyn & Ryzhik, 2014, eq.(3.383.10)), we can obtain the second expression of (16).
Now, we consider FY yð Þ expressed as follows 

FY yð Þ ¼ Pr h1j j
2 <

y � hRIj j
2ρ

a2ερ

 !

¼

ð y
ρ

0
F h1j j

2
y � zρ

a2ερ

� �

f hRIj j
2ðzÞdz: (50) 

Similar to I1, we can calculate I2 as given in (16). The proof is thus completed.

18 H.-T.-T. NGUYEN ET AL.
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