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 A full-duplex non-orthogonal multiple access (FD-NOMA) systems are 

expected to play a significant role in fifth generation (5G) networks, 

addressing spectrum efficiency and massive connections. In this regard, the 

feasibility of FD communications to improve spectrum utilization is main 

consideration in term of outage performance. Specifically, we derive exact 

formulas of outage probability for FD-NOMA, over Nakagami-m fading 

channels. Extensive analysis revealed that higher quality of channel leads to 

better performance. We verify expressions throughout Monte-Carlo 

simulations. 
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1. INTRODUCTION 

In recent years, fifth generation (5G) networks has drawn wide attention on the application of massive 

connections scheme, namely non-orthogonal multiple access (NOMA). NOMA shows its potential in terms of 

spectral efficiency improvement [1]-[3] and higher spectrum efficiency [4], [5]. As one of differences with 

traditional orthogonal multiple access (OMA), by superimposing multiple users in the power domain at the 

transmitter, NOMA allows multiple users to be shared at the same time and frequency while the receivers 

employ successive interference cancellation (SIC) [6]-[8]. In NOMA system, the near user and the far user are 

decided based on their channel conditions. However, to ensure user fairness among near users and far users, 

more power is required to allocate for far user with poorer channel condition which is different with the near 

user with good channel condition. Recently, one can deploy cooperative techniques to improve performance 

of far user in the group of two users [9]-[13]. Reference [9] studied error performance of cooperative-NOMA, 

and they also proved the exact end-to-end bit error probability. A successive user relaying (SR) was studied  

in [10] to enhance the spectral efficiency of cooperative NOMA system. In the proposed SR scheme, signals 

from the base station are dedicated to process in a pair of half duplex (HD) users. Such signals are decoded and 

forward the decoded signal successively to enhance the spectral efficiency. The authors in [10] further 

considered a novel algorithm regarding optimize power split factor in order to improve fairness of outage 

performance among these users. The authors in [11] proved the superiority of NOMA with the assistance of a 

dedicated relay and then studied expressions of outage performance. In other system model, [12] explored the 

remarkable outage performance gains of the NOMA system compared to the existing OMA schemes with 

https://creativecommons.org/licenses/by-sa/4.0/
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benefit of the relay to In the context of the cooperative NOMA scheme. The authors in [13] explored downlink 

cooperative NOMA system with multiple out-band relays along with two schemes in term of optimal relay 

selection. In term of HD deployment in system models reported in the above works [11]-[13] which results in 

low spectral efficiency due to the consumption of additional time resources. 

To permit the relay to transmit and receive signals on the same time and frequency channel, relay is 

able to employ full-duplex (FD) scheme [14], [15]. However, inter-user interference and self-interference (SI) 

at the FD relay might occur and such worse situation results in significantly influence the system performance. 

To take the advantage of FD operation, antenna isolation and analog SI cancellation can be applied for SI 

cancellation reported in [16] and [17]. Motivated by this, recent studies have presented the combination of 

NOMA and FD relay [18]-[24]. Reference [24] proposed FD-NOMA system, in which near NOMA user is 

able to communicate with a base station (BS) directly. The far NOMA user needs to resort to a full-duplex 

(FD) relay. They applied wireless power transfer by allowing the FD relay integrated with power  

splitting architecture which can be powered wirelessly using the ambient radio signals. Motivated by recent 

studies [20]-[25], we study performance of FD-NOMA using Nakagami-m fading. 
 

 

2. SYSTEM MODEL 

In Figure 1, system consists of a BS that intends to communicate with far user 𝑈2 via the assistance 

of near user 𝑈1. 𝑈1 is regarded as user relaying and decode and forward (DF) protocol is employed to decode 

and forward the information to 𝑈2. 𝑈1 can switch operation between FD and HD mode. 

|ℎ1|2, |ℎ2|2, |ℎ0|2, |ℎ𝑓|
2
 are assumed to be exponentially distributed random variables with the parameters 

𝜆𝑖 , 𝑖 ∈ {1,2,0, 𝑓}. During the k-th time slot, The received signal at 1U  is given by (1). 

 

𝑦𝑈1
[𝑘] = ℎ1(√𝛼1𝑃𝑆𝑥1[𝑘] + √𝛼2𝑃𝑆𝑥2[𝑘]) + ℎ𝑓√𝛼3𝑃𝑈1

𝑥𝑓[𝑘 − 𝜏] + 𝜂𝑈1
[𝑘].  (1) 

 

Where 3 0   denotes working in HD mode and 3 1   denotes 1U  working in FD mode. 𝑥𝑓[𝑘 − 𝜏] denotes 

loop interference signal and τ denotes the processing delay at 1U  with an integer τ≥1. We assume that the time 

k satisfies the relationship 𝑘 ≥ 𝜏. P𝑆, 𝑃𝑈1
, 𝑃𝑈2

 are the normalized transmission powers at the BS and 

𝑈1, 𝑈2, 𝜂𝑈1
[𝑘] is the additive white Gaussian noise with mean zero and variance 2 . 𝑥1, 𝑥2 are the signals for 

1U , 2U  and 𝐸{𝑥1
2} = 𝐸{𝑥2

2} = 1. 1 2,   are the corresponding power allocation coefficients, we assume that 

𝛼2 > 𝛼1 with 𝛼1 + 𝛼2 = 1. The received signal to interference plus noise ratio (SINR) at 𝑈1 to detect 𝑥2 is 

given by (2), 
 

𝛾𝑈2→𝑈1
FD =

𝛼2𝜌𝑆|ℎ1|2

𝛼1𝜌𝑆|ℎ1|2+𝛼3𝜌𝑈1|ℎ𝑓|
2

+1
,       (2) 

 

and (3), 
 

𝛾𝑈2→𝑈1
HD =

𝛼2𝜌𝑆|ℎ1|2

𝛼1𝜌𝑆|ℎ1|2+1
.        (3) 

 

where 𝜌𝑆 = 𝜌𝑈1
= 𝜌 =

𝑃𝑆

𝑁0
  is transmit signal-to-noise ratio (SNR). After successive interference cancellation 

(SIC), the received SINR at 1U to detect 1x is given by (4), 

 

𝛾𝑈1
FD =

𝛼1𝜌𝑆|ℎ1|2

𝛼3𝜌𝑈1|ℎ𝑓|
2

+1
,        (4) 

 

and (5), 
 

𝛾𝑈1
HD = 𝛼1𝜌𝑆|ℎ1|2.        

 (5) 
 

The received signal at 𝑈2 is written as (6). 
 

𝑦𝑈2
[𝑘] = ℎ0(√𝛼1𝑃𝑆𝑥1[𝑘] + √𝛼2𝑃𝑆𝑥2[𝑘]) + ℎ2√𝑃𝑈1

𝑥𝑓[𝑘 − 𝜏] + 𝜂𝑈2
[𝑘].  (6) 

 

The observation at 2U  for relaying link is written as (7). 
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𝑦𝑈2
″ [𝑘] = ℎ2√𝑃𝑈1

𝑥2[𝑘 − 𝜏] + 𝜂𝑈2
[𝑘].      (7) 

Where 𝜂𝑈2
[𝑘] is the additive white Gaussian noise (AWGN) with mean zero and variance 𝜎2.  

The received SINR at 𝑈2to detect 𝑥2 for relaying link are given as (8). 

 

𝛾𝑈2
= 𝜌𝑈1

|ℎ2|2.          (8) 

 

Assuming, all channel gain undergo independence Nakagami-m fading distribution. The probability density 

function (PDF) and cumulative distribution function (CDF) are given by (9). 

 

𝑓|𝑧|2(𝑥) =
𝑥𝑚𝑧−1

𝛤(𝑚𝑧)𝛽𝑧
𝑚𝑧 𝑒

−
𝑥

𝛽𝑧 ,  

𝐹|𝑧|2(𝑥) = 1 − 𝑒𝑥𝑝 (−
𝑥

𝛽𝑧
) ∑

𝑥𝑛

𝑛!𝛽𝑧
𝑛

𝑚𝑧−1
𝑛=0 ,      (9) 

 

Where 𝛽𝑧 ≜
𝜆𝑧

𝑚𝑧
 with 𝜆𝑧 and 𝑚𝑧 represent the mean and integer fading factor. 

 

 

 

BS

U1

U2
 

 

Figure 1. System model 

 

 

3. SYSTEM PERFORMANCE ANALYSIS 

3.1.  Outage probability of 1U  

According to NOMA protocol, the outage probability at 1U  in FD mode can be expresses as (10). 

 

 

 
1 2 1 1

2 1 1

FD FD
U ,FD U U 2 U 1

FD FD
U U 2 U 1

Pr ,

1 Pr ,

P    

   





  

   
      (10) 

 

Where the threshold SNRs are 𝜃1 = 2𝑅1 − 1, 𝜃2 = 2𝑅2 − 1, 𝑅1, 𝑅2are target rate and 𝛼3 = 1. Based on (2) 

and (4), we have (11). 

 

 

   
 

1

1 1

1

2 2

1

1 3 1

2 2

2 1 1 1
U ,FD 2 12 22

1 1 3 3

22

1 1 3

0 1

1 Pr ,

1 1

1 Pr 1

1 ,
f

U

S S

S U f U f

U f

hh
x

h h
P

h h h

h h

f x f y dxdy
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   
 

     

  

 



 
    
 
   
 

 
    

 

   

   (11) 

 

We can compute the first integral as (12). 
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
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


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

 

 



 
  

    

     
                 





 

  (12) 

 

The inner integral can be further reduced using [26, Eq. (3.381.3)], Gamma function using [26, Eq. (8.354.2)] 

and 𝜉1 ≜ 𝑚𝑎𝑥 (
𝜃2

𝛼2𝜌𝑆−𝛼1𝜌𝑆𝜃2
,

𝜃1

𝛼1𝜌𝑆
). 

Replacing (12) to (11), 
1U ,FDP can be calculated as (13). 

 

   
 

 

 

     
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h

m
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U

m
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h
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x
dx
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m n

n
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




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  
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
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 
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     

 
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    

        




 

 
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   
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1
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1
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hhU
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 

 

 
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 

  (13) 

 

The inner integral can be further reduced using [26, Eq. (3.381.4)]. In HD mode, the outage probability of  

1U  with 3 0   is given by (14). 

 

 

    
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2

1

1
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HD HD
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2
22 1

2,HD 1 1 1,HD2

1 1

2

1 2 2

1

2 2

0
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1
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1 exp .
!

h

S
S

S

h

m n

n
h n h

P

h
h

h

h F

n

   

 
   

 

 

 

 







   

 
    
  

     

 
   

 
 



     (14) 

 

Where 𝜉2  ≜ 𝑚𝑎𝑥 {
𝜃2,HD

𝛼2𝜌𝑆−𝛼1𝜌𝑆𝜃2,HD
,

𝜃1,HD

𝛼1𝜌𝑆
} , 𝜃1,HD = 22𝑅1 − 1 and 𝜃2,HD = 22𝑅2 − 1. 

 

3.2.  Outage probability of 2U  

In FD mode, the first is that 𝑈1 cannot detect 𝑥2. The second is that 𝑈2 cannot detect its own message 

𝑥2 on the conditions that 𝑈1 can detect 𝑥2 successfully. The outage probability of 𝑈2 is expressed as (15). 

 

   

   
2 2 1 2 2 1

1 1

1

3

2 4
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2 2
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2 2 22
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2 1 2 2 1 2

Pr Pr ,

1 1
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P

h h

h h h
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     


          

 


 

    

   
     

               
   

 (15) 
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By using definition, 2 3 4, ,    can be calculated as (16). 
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    (16) 

 

The two integrals above can be calculated respectively as (17). 
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     (17) 

 

The inner integral can be further reduced using [26, Eq. (3.381.3)] and (18). 
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  is the upper and lower incomplete gamma function. By using [26, Eq. (8.354.1)], we have (19). 
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where 𝛥1  ≜
𝛼3𝜌𝑈1𝜃2

𝛽ℎ1
(𝛼2𝜌𝑆−𝛼1𝜌𝑆𝜃2)

, 𝛥2  ≜
𝜃2

𝛽ℎ1
(𝛼2𝜌𝑆−𝛼1𝜌𝑆𝜃2)

.𝜕3 and 𝜕4 are given by (20). 
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and (21) 
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The closed-form expression for the outage probability of 2U  is given by (22). 
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In HD mode, the outage probability of 2U  with 𝛼3 = 0 is given by (23). 
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Where 𝛥3  ≜
𝜃2,HD

𝛼2𝜌𝑆−𝛼1𝜌𝑆𝜃2,HD
, 𝛥4  ≜

𝜃2,HD

𝜌𝑈1

. 

 

3.3.  Throughput analysis 

In this section, the throughput in delay-tolerant transmission for FD/HD NOMA are presented, 

respectively (24), 
 

𝐽FD = (1 − 𝑃𝑈1,FD)𝑅1 + (1 − 𝑃𝑈2,FD)𝑅2,      (24) 
 

and (25) 
 

𝐽HD = (1 − 𝑃𝑈1,HD)𝑅1 + (1 − 𝑃𝑈2,HD)𝑅2.      (25) 
 

 

4. NUMERICAL RESULTS 

In this section, we numerically simulate some theoretical results from some figures to show the outage 

performance. The main system parameters are set as 𝛼1 = 0.2, 𝛼2 = 0.8 and 𝛼 = 2. Figure 2 demonstrates 

outage performance versus transmitting SNR .  It is intuitively that FD-NOMA gives better performance 
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compared with HD-NOMA. The first user shows its superior performance compared with another user. Better 

channel 𝑚 = 3 case brings better performance for the considered system. Due to such outage performance, we 

have the corresponding throughput shown in Figure 3. It can be seen the highest performance occurs in the 

high SNR region. Further, under varying value of target rates, outage performance can be changed as Figure 4 

and Figure 5. 

 

 

  
  

Figure 2. Outage probability transmit SNR with 

10.3, 3d R   bit/s/Hz, 2 0.5R  bit/s/Hz. 

Figure 3. System throughput performance of two users 

with 0.3d  , 1R  3  bit/s/Hz, 2 0.5R  bit/s/Hz. 

  

  

  
  

Figure 4. Outage performance of two users with 

  2,    0.3.m d   

Figure 5. Outage performance of two users with 

12, 3m R  bit/s/Hz, 2 0.5R   bit/s/Hz. 

 

 

5. CONCLUSION 

In this paper, we have studied downlink non-orthogonal multiple access (NOMA) transmission with 

the enabler of the full-duplex scheme. By exploiting the fixed power allocation scheme, we exhibit performance 

differences for two users to enable NOMA for such downlink. Such NOMA can improve the transmission 

opportunities of the far user while reducing the impact of self-interference due to full-duplex (FD) mode. 

Moreover, we compare many cases of deployment of FD and NOMA, for example, we found that how channel 

gains can improve system quality, target rates limit performance system. The adopted mathematical derivation 

is checked in simulations by matching Monte-Carlo and analytical results. The system performance can be 

controlled by the quality of the channel and power allocation factors. 

 

 

REFERENCES  
[1] S. M. R. Islam, N. Avazov, O. A. Dobre, and K.-S. Kwak, "Power-Domain Non-Orthogonal Multiple Access 

(NOMA) in 5G Systems: Potentials and Challenges," in IEEE Communications Surveys & Tutorials, vol. 19, no. 2,  

pp. 721-742, 2017, doi: 10.1109/COMST.2016.2621116.  



               ISSN: 1693-6930 

TELKOMNIKA Telecommun Comput El Control, Vol. 19, No. 6, December 2021:  1795 - 1802 

1802 

[2] F. Zhou, Y. Wu, Y.-C. Liang, Z. Li, Y. Wang, and K.-K. Wong, "State of the Art, Taxonomy, and Open Issues on 

Cognitive Radio Networks with NOMA," in IEEE Wireless Communications, vol. 25, no. 2, pp. 100-108, April 2018, 

doi: 10.1109/MWC.2018.1700113. 

[3] D.-T. Do, A.-T. Le, and B. M. Lee, "NOMA in Cooperative Underlay Cognitive Radio Networks Under Imperfect 

SIC," in IEEE Access, vol. 8, pp. 86180-86195, 2020, doi: 10.1109/ACCESS.2020.2992660. 

[4] D.-T. Do and A.-T. Le, “NOMA based cognitive relaying: Transceiver hardware impairments, relay selection policies 

and outage performance comparison,” Computer Communications, vol. 146, pp. 144-154, 2019, doi: 

10.1016/j.comcom.2019.07.023. 

[5] F. Zhou, Y. Wu, R. Q. Hu, Y. Wang, and K. K. Wong, "Energy-Efficient NOMA Enabled Heterogeneous Cloud 

Radio Access Networks," in IEEE Network, vol. 32, no. 2, pp. 152-160, March-April 2018, doi: 

10.1109/MNET.2017.1700208. 

[6] S. Chen, B. Ren, Q. Gao, S. Kang, S. Sun, and K. Niu, "Pattern Division Multiple Access-A Novel Nonorthogonal 

Multiple Access for Fifth-Generation Radio Networks," in IEEE Transactions on Vehicular Technology, vol. 66,  

no. 4, pp. 3185-3196, April 2017, doi: 10.1109/TVT.2016.2596438. 

[7] B. Zheng, M. Wen, F. Chen, J. Tang, and F. Ji, "Secure NOMA Based Full-Duplex Two-Way Relay Networks with 

Artificial Noise against Eavesdropping," 2018 IEEE International Conference on Communications (ICC), 2018,  

pp. 1-6, doi: 10.1109/ICC.2018.8422946. 

[8] Z. Ding et al., "Application of Non-Orthogonal Multiple Access in LTE and 5G Networks," in IEEE Communications 

Magazine, vol. 55, no. 2, pp. 185-191, February 2017, doi: 10.1109/MCOM.2017.1500657CM. 

[9] F. Kara and H. Kaya, "On the Error Performance of Cooperative-NOMA With Statistical CSIT," in IEEE 

Communications Letters, vol. 23, no. 1, pp. 128-131, Jan. 2019, doi: 10.1109/LCOMM.2018.2878729. 

[10] Q. Y. Liau and C. Y. Leow, "Successive User Relaying in Cooperative NOMA System," in IEEE Wireless 

Communications Letters, vol. 8, no. 3, pp. 921-924, June 2019, doi: 10.1109/LWC.2019.2900013. 

[11] J. Men and J. Ge, "Non-Orthogonal Multiple Access for Multiple-Antenna Relaying Networks," in IEEE 

Communications Letters, vol. 19, no. 10, pp. 1686-1689, Oct. 2015, doi: 10.1109/LCOMM.2015.2472006. 

[12] X. Liang, Y. Wu, D. W. K. Ng, Y. Zuo, S. Jin, and H. Zhu, "Outage Performance for Cooperative NOMA 

Transmission with an AF Relay," in IEEE Communications Letters, vol. 21, no. 11, pp. 2428-2431, Nov. 2017, doi: 

10.1109/LCOMM.2017.2681661. 

[13] P. Xu, Z. Yang, Z. Ding, and Z. Zhang, "Optimal Relay Selection Schemes for Cooperative NOMA," in IEEE 

Transactions on Vehicular Technology, vol. 67, no. 8, pp. 7851-7855, Aug. 2018, doi: 10.1109/TVT.2018.2821900. 

[14] A. Sabharwal, P. Schniter, D. Guo, D. W. Bliss, S. Rangarajan, and R. Wichman, "In-Band Full-Duplex Wireless: 

Challenges and Opportunities," in IEEE Journal on Selected Areas in Communications, vol. 32, no. 9, pp. 1637-1652, 

Sept. 2014, doi: 10.1109/JSAC.2014.2330193. 

[15] M. Duarte, C. Dick, and A. Sabharwal, "Experiment-Driven Characterization of Full-Duplex Wireless Systems," in 

IEEE Transactions on Wireless Communications, vol. 11, no. 12, pp. 4296-4307, December 2012, doi: 

10.1109/TWC.2012.102612.111278. 

[16] T. Riihonen, S. Werner, and R. Wichman, "Mitigation of Loopback Self-Interference in Full-Duplex MIMO Relays," 

in IEEE Transactions on Signal Processing, vol. 59, no. 12, pp. 5983-5993, Dec. 2011, doi: 

10.1109/TSP.2011.2164910. 

[17] H. Q. Ngo, H. A. Suraweera, M. Matthaiou, and E. G. Larsson, "Multipair Full-Duplex Relaying With Massive 

Arrays and Linear Processing," in IEEE Journal on Selected Areas in Communications, vol. 32, no. 9, pp. 1721-1737, 

Sept. 2014, doi: 10.1109/JSAC.2014.2330091. 

[18] Z. Zhang, Z. Ma, M. Xiao, Z. Ding, and P. Fan, "Full-Duplex Device-to-Device-Aided Cooperative Nonorthogonal 

Multiple Access," in IEEE Transactions on Vehicular Technology, vol. 66, no. 5, pp. 4467-4471, May 2017, doi: 

10.1109/TVT.2016.2600102. 

[19] Z. Ding, P. Fan, and H. V. Poor, "On the Coexistence Between Full-Duplex and NOMA," in IEEE Wireless 

Communications Letters, vol. 7, no. 5, pp. 692-695, Oct. 2018, doi: 10.1109/LWC.2018.2811492. 

[20] Y. Zhou, V. W. S. Wong, and R. Schober, "Stable Throughput Regions of Opportunistic NOMA and Cooperative 

NOMA With Full-Duplex Relaying," in IEEE Transactions on Wireless Communications, vol. 17, no. 8,  

pp. 5059-5075, Aug. 2018, doi: 10.1109/TWC.2018.2837014. 

[21] H. E. T. Zheng, A. S. Madhukumar, R. P. Sirigina, and A. K. Krishna, "An Outage Probability Analysis of Full-

Duplex NOMA in UAV Communications," 2019 IEEE Wireless Communications and Networking Conference 

(WCNC), 2019, pp. 1-5, doi: 10.1109/WCNC.2019.8886161. 

[22] M. B. Shahab and S. Y. Shin, "Time Shared Half/Full-Duplex Cooperative NOMA With Clustered Cell Edge Users," 

in IEEE Communications Letters, vol. 22, no. 9, pp. 1794-1797, Sept. 2018, doi: 10.1109/LCOMM.2018.2853627. 

[23] B. Xu, Z. Xiang, P. Ren, and X. Guo, "Outage Performance of Downlink Full-Duplex Network-Coded Cooperative 

NOMA," in IEEE Wireless Communications Letters, vol. 10, no. 1, pp. 26-29, Jan. 2021, doi: 

10.1109/LWC.2020.3019570. 

[24] H. Huang and M. Zhu, "Energy Efficiency Maximization Design for Full-Duplex Cooperative NOMA Systems With 

SWIPT," in IEEE Access, vol. 7, pp. 20442-20451, 2019, doi: 10.1109/ACCESS.2019.2896252. 

[25] X. Yue, Y. Liu, S. Kang, A. Nallanathan, and Z. Ding, "Exploiting Full/Half-Duplex User Relaying in NOMA 

Systems," in IEEE Transactions on Communications, vol. 66, no. 2, pp. 560-575, Feb. 2018, doi: 

10.1109/TCOMM.2017.2749400. 

[26] I. S. Gradshteyn, I. M. Ryzhik, A. Jeffrey, and D. Zwillinge, Table of Integrals, Series and Products, 6th ed. New 

York, NY, USA: Academic Press, 2000. 

https://doi.org/10.1016/j.comcom.2019.07.023
https://doi.org/10.1016/j.comcom.2019.07.023
https://www.amazon.com/s/ref=dp_byline_sr_book_3?ie=UTF8&field-author=Alan+Jeffrey&text=Alan+Jeffrey&sort=relevancerank&search-alias=books
https://www.amazon.com/Daniel-Zwillinger/e/B001HD3W2C/ref=dp_byline_cont_book_4

