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Abstract. In the case of poor communication such as major disasters and forest fire, the use of unmanned ae-
rial vehicle (UAV) as emergency communication relays can realize the normal transmission of signals. In this 
paper, the performance of cooperative non-orthogonal multiple access (NOMA) communication system based 
on UAV is studied. First of all, the average achievable rate of the UAV cooperative NOMA communication 
system under the independent Rayleigh fading channel is analyzed. Mathematical methods are employed to 
derive expressions for the average achievable rate, outage probability, and throughput. The accuracy of the 
theoretical results is verified through Monte Carlo simulations. Secondly, the impact of UAV flight altitude 
on system performance is further analyzed. The results indicate that the communication performance of UAV 
cooperative NOMA scheme exhibits significant improvement compared to the traditional cooperative commu-
nication system.   
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1   Introduction

In recent years, the frequent occurrence of natural disasters in China has hindered the rapid development of 
China’s economy and brought about serious social impacts, especially after the occurrence of natural disasters, 
the normal work of communication and electricity has been seriously affected, which has brought about great 
difficulties in post-disaster relief. Unmanned aerial vehicle (UAV) has attracted a lot of attention in the field of 
wireless communication due to its cost-effective and flexible mobility [1-2]. When confronted with major natural 
disasters and unexpected occurrence, terrestrial base stations cannot be used normally. UAV in the air can be uti-
lized to allow itself to act as temporary base station or relay due to its random movement and rapid deployment. 
It enables users on the ground to connect to the network for messaging. Currently, UAV-assisted communication 
applications include UAV coverage, assisted relay, assisted data acquisition and information dissemination [3]. 
UAV is indispensable for emergency rescue in response to urgent and sudden disasters. During the China Eastern 
Airlines crash, technologists used UAV to map and photograph the crash site. UAV aerial base station, together 
with emergency response vehicles on the ground, can provide communications services in the field.

At present, many scholars at home and abroad have made a great deal of contributory works and researches 
in optimizing and improving the communication performance of UAV. The height and horizontal position of the 
UAV can be optimized individually or jointly to meet different Quality of Service (QoS) requirements. In [4], the 
authors investigated a UAV-assisted data cellular phone system under two commonly used UAV circular flight 
trajectories and straight-line flight trajectories, they derived an expression of the energy consumption between 
the UAV and the ground terminal, obtained the optimal launch power and UAV trajectory, and found a trade-
off between energy consumption and transmission throughput for UAV work. In [5], the authors investigated the 
energy efficiency of UAVs for a given trajectory, the models are derived for two communication scenarios dom-
inated by line-of-sight wireless transmission and non-line-of-sight wireless transmission. In [6], the authors pro-
posed an energy saving scheme so as to minimize the UAV flight communication energy and optimize the UAV 
flight trajectory. In [7], the authors addressed the enhancement of coverage scenarios in a multi-UAV cooperative 
ground-based cellular heterogeneous network. The article mentions that the joint optimization of UAV position, 
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beamforming and correlation between the UAV and the ground user is transformed into a mixed integer nonlinear 
programming problem to obtain the maximum user transmission rate. On the other hand, cooperative communi-
cation can effectively increase the transmission rate of user, and enhance the capacity of the communication sys-
tem. In [8], authors investigated the performance of cooperative non-orthogonal multiple access (NOMA) system 
combined with power transmission under Rayleigh fading conditions, when there is no direct link between the 
base station and the remote user. In [9], the authors studied the relay selection problem in cooperative NOMA 
networks, proposed a novel relay selection scheme, derived an expression for the outage probability, and proved 
that the proposed relay selection scheme communication system performs better. In [10], the authors investigated 
cooperative secure beamforming for synchronized wireless information and power transmission in amplify and 
forward (AF) relay networks. In [11], the authors have analyzed the end-to-end performance of decode-and-for-
ward (DF) cooperative single antenna relaying for communication systems with maximal ratio combining 
(MRC), derived and validated the expressions of the proposed theory.

As the development of cooperative communication technology becomes more and more mature, traditional 
communication can no longer satisfy the communication scenarios in mountainous areas or in the case of a major 
disaster area. Researchers are beginning to gradually focus on techniques that combine NOMA with cooperative 
UAV communications. In [12], the authors utilized a fixed-wing UAV to serve two terrestrial users by means of 
downlink NOMA transmission, derived the outage probability for the two terrestrial users, and selected efficient 
transmission mode to ensure optimal terminals, to achieve user fairness. In [13], the authors modeled the posi-
tions of UAV and ground users in a NOMA transmission UAV system, conducted an evaluation of the communi-
cation system’s performance. In [14], the authors investigated the security, reliability and energy coverage perfor-
mance of the UAV network communications under both NOMA and orthogonal multiple access (OMA) schemes. 
In [15], the authors investigated the performance of a system combining a fixed-altitude UAV with NOMA, and 
derived expressions for the outage probability for the far-end NOMA users and near-end NOMA users. In [16], 
the authors studied multiple randomly deployed user scenarios, improved the performance of UAV cooperative 
NOMA systems through joint optimization of layout and power allocation. It is obvious that the above literatures 
don’t analyze the capacity performance of UAV relay cooperative NOMA communication system.

This paper investigated the capacity performance of UAV cooperative NOMA communication system. The 
contributions of this paper are as follows:

 ● We mathematically derive the average reachable rate of the system and further derive expressions for the 
outage probability and throughput.

 ● We analyze the impact of reachability rate, outage probability, and throughput on the performance of the 
UAV relay cooperative NOMA, and study the effect of UAV flight altitude on system performance.

 ● We verify the accuracy of the theoretical derivation using Monte-Carlo simulations.
The paper organized in rest part as the system model is described in Section II. Analysis of System 

Performance is presented in Section III. Section IV articulates the numerical results and conclusion is presented 
in Section V.

2   System Model

In the traditional cooperative NOMA system model, the relay operates on the ground. However, in the UAV co-
operative NOMA communication system, UAV serve as airborne relays to transmit signals for ground users.

Fig. 1. System model
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In this article, it is assumed that all communication links are available throughout the system. The system 
relies on UAV relays to facilitate normal signal transmission. As illustrated in Fig. 1, similar to the traditional co-
operative NOMA system, this system is composed of a source (S), a relay (R), and a destination (D). Assuming 
the entire communication system is analyzed under independent Rayleigh fading channel conditions, the channel 
coefficients for Source to UAV (S-R), Source to Destination (S-D), and UAV to Destination (R-D) are denoted by 
hSR, hSD, hRD. The communication links for the first time slot (TS) are S to R, S to D, and the communication link 
for the second TS is R to D. 

Considering the existence of channel estimation error in practical systems, it is difficult to obtain perfect 
channel state information, and the channel estimation errors are mainly caused by feedback delay errors. In this 
system, assuming the estimated channel coefficients is hˆi, the communication channel coefficients can be mod-
eled as ˆ

i i ih h eκ= + , (i = SR, SD, RD), where ei ~ CN(0, σ2
ei

) denotes the communication channel error vector 
that can be approximated as a Gaussian random variable, and κ  denotes the impact factor of the estimation 

error. The channel gain for each link can be defined as 
2

1
ˆ

SR SRg h D= ,
2

2
ˆ

RD RDg h D= ,
2

3
ˆ

SD SDg h D= , 

where ( )2 2
1 1H

T

D d
α

= + , ( )2 2
2 2H

T

D d
α

= + , D3 = cαT, d1 + d2 = c. H denotes the height of the UAV above the 

ground, and d1, d2 denote the horizontal distances from S to Rand from R to D, respectively. c denotes the dis-

tance between S and D. and 
2 2 2ˆ̂̂ , ,SR RD SDh h h represents exponential distributions with a mean of βSR, βRD, βSD. 

αT denotes the link loss factor.
In UAV cooperative NOMA communication, there exists a direct link between S and D. In the first TS, the 

source transmits two symbols x1 and x2 simultaneously to the relay and the destination, it is assumed that a1 and 
a2 are the power allocation coefficient for the source transmission power, and a1 + a2 = 1, a1 > a2 . According to 
the NOMA principle, more power is allocated to the weak user, and less power is allocated to the strong user, 
which ensures higher data rate for the weak user. The signal expressions received by the UAV and the destination 
are given as:

( )( )1 1 2 2
ˆ

SR SR SR S S SRy h e a P x a P x nκ= + + +                                                    (1)

( )( )1 1 2 2
ˆ

SD SD SD S S SDy h e a P x a P x nκ= + + +                                                    (2)

Where nSR and nSD denote additive white Gaussian noise (AWGN) with zero mean and variance σ2. PS denotes 
the transmit power of the source. eSR denote the S-R channel estimation error. eSD denote the S-D channel estima-
tion error.

In the first TS, the relay decodes the signal of UE1 by treating the signal of UE2 as noise, and cancels UE1 us-
ing successive interference cancellation (SIC) to acquire after decoding UE2 signal form (1), Consequently, the 
signal-to-interference-plus-noise ratio (SINR) for the two users at the UAV relay can be expressed as:

1 1
2 2

2 SR

SR S
R

SR S e S

g a P
g a P P

γ
κσ σ

=
+ +                                                                   (3)

2 2
2 2
SR

SR R
R

e S

g a P
P

γ
κσ σ

=
+                                                                          (4)

In the second TS, the relay receives the superimposed signal from the source and uses SIC to decode the two 
signals. Then, the relay re-encodes the two signals and transmits them to the destination. Assuming b1 and b2 are 
the power allocation coefficient of signal in relay, and b1 + b2 = 1, b1 > b2 . The signal received at the destination 
from the relay is given as:

 ( )( )1 1 2 2
ˆ

RD RD RD R R RDy h e b P x b P x nκ= + + +                                                   (5)



18

Communication Performance Analysis and Research of UAV Cooperative Non-Orthogonal Multiple Access System

Where nRD denote AWGN with zero mean and variance σ2. PR denotes the transmit power of the relay. eRD de-
note the R-D channel estimation error.

The destination does not decode the superimposed signal from the source immediately. Instead, it waits until 
receiving the signal sent by the relay in the second TS. The destination then employs a joint decoding approach 
using MRC and SIC to decode the signals from the source and the relay. The received SINR for the destination 
UE1 and UE2 are given as:

1 1 1
2 2 2 2

2 2SD RD

SD S RD R
D

SD S e S RD R e R

g a P g b P
g a P P g b P P

γ
κσ σ κσ σ

= +
+ + + +                                              (6)

2 2 2
2 2 2 2
SD RD

SD S RD R
D

e S e R

g a P g b P
P P

γ
κσ σ κσ σ

= +
+ +                                                            (7)

Based on the fact that the end-to-end rate of DF relaying is dominated by the weakest link [17], the achievable 
rate for each user can be expressed as:

1 2 1
1 log (1 )
2xC SINR= +                                                                       (8)

2 2 2
1 log (1 )
2xC SINR= +                                                                       (9)

Where 1 1
1 min( , )R DSINR γ γ= , 2 2

2 min( , )R DSINR γ γ= .

3   Analysis of System Performance

The key performance indicators for wireless communication include average achievable rate, outage probability, 
and throughput. The following the performance of the system’s achievable rate was investigated. 

In order to analyze the average achievable rate of the system, it is necessary to know the cumulative distribu-
tion function (CDF) of the system. Therefore, the following derivation is performed for the CDF of the SINR for 
two users.

Theorem 1: The CDF of the SINR for UE1 is given as:

1

( ) ( )

1 2( ) 1 ,      0
SR SD

SR SD

x

SINRF x e x a a
χ ψ χ ψ τ
β β

 
− +  
 = − < <                                                  (10)

Where 2
, 1

ii j e jχ κσ ρ= + , 2
j jPρ σ= , { } { }, , , ,i SR RD SD j s r∈ ∈ , 1

1 2

( )
( ) s

xDx
a a x

ψ
ρ

=
− , 3

1 2

( )
( ) s

Dx
a a

τψ
τ ρ

=
−

, 1 2x b bτ = − .

1 1 1( ) Pr( ) 1 Pr( )SINRF x SINR x SINR x= < = − >                                                     (11)

Proof: The CDF of the SINR for UE1 is proved as follows. 
The complementary cumulative distribution function (CCDF) of the SINR for UE1 is as follows:
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It is difficult to derive the exact expression of the CCDF of the user1 SINR directly, so an approximate analy-

sis of the CCDF of the UE1’s SINR was derived. Also, letting 
2ˆˆ

SR SRhλ  , 
2ˆˆ

RD RDhλ  , 
2ˆˆ

SD SDhλ  , using [18] 

the probability density function (PDF) 2ˆ
( ) (1 ) x

h
f x e φ

φ

β
φβ

−= , where { }, ,SR SD RDφ ∈ . The approximate expres-
sion for the CCDF of the SINR for UE1 is given as:
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Where a1 > xa2, 2
s SPρ σ= , 2

r RPρ σ= . The above process completes the proof of the CDF of the SINR 
for UE1.

Proof complete.
Theorem 2: The CDF of the SINR for UE2 is given as:

( ) ( )1 31 2

2 1 2( ) 1 xx
SINRF x e e ω ωω ωξ ξ − +− += − +                                                           (14)

Where 1
1

2
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s SR

D
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ρ β

= , 3
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s SD
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ρ β

= , 2
3

2
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r RD
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ρ β

= , 2 3
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2 3 2 2
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RD s SD SD r RD
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a D b D
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χ ρ β χ ρ β
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−
,

2 2
2

2 3 2 2

SD r RD

RD s SD SD r RD

b D
a D b D
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ξ

χ ρ β χ ρ β
=

−
.

Proof: The CDF of the SINR for UE2 is proved as follows.
Similarly, the derived expression for the CCDF of the SINR for UE2 is as follows:
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Proof completed.

3.1   Average Achievable Rate

According to (8) and (10), the average achievable rate of UE1 in the UAV cooperative NOMA communication 
system can be derived as follows:
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Similarly, based on (9) and (14), the average achievable rate of UE2 signal is obtained as follows:
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Where 
0

( )
1

mx
me dx e Ei m

x

−∞
= − −

+∫ , Ei(∙) is an exponential integral function.

Combining (16) and (17), the average achievable rate of the cooperative NOMA system is given as:
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3.2   Outage Probability Analysis

If the transmission rate of the signal in the communication system is less than the threshold rate, the communica-
tion will be failed. Therefore, the outage probability is also an important indicator of the wireless communication 
system. Let R1, R2 be the target rate for UE1 and UE2. According to Shannon’s theorem, the outage events of 
UE1 occur when Cx1

 < R1. The outage probability for UE1 is given as:
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Where 12
1 2 1Rφ = − .

The probability of successful communication for UE1 is given as:
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The outage probability for UE1 is given as:
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Similarly, the outage events of UE2 occur when Cx2
 < R2. The outage probability for UE2 is given as:
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Where 22
2 2 1Rφ = − .
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The probability of successful communication for UE2 is given as:
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The outage probability for UE2 is given as:

( ) ( )1 3 21 2 2

2 1 21xP e e ω ω φω ω φξ ξ − +− += − +                                                             (24)

Based on the outage probability of UE1 and UE2, the total outage probability of the communication system 
can be expressed as follows:
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3.3   Throughput

Throughput is the amount of data that the system successfully transmits signals, that is, the average amount of 
information successfully transmitted per communication. Throughput, like average achievable rate and outage 
probability, is also a crucial metric for evaluating the communication performance of the system. 

 
( ) ( )

1

1 3 21 2 2

1 2

( ) ( )
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( )(1 )

( ) ( )
SR SD

SR SD

NOMA NOMAR R R P
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                                     (26)

In the above equation, 1 − PNOMA denotes the probability of that system will successfully transmit the signal.

4   Simulation Results

In this section, to verify the correctness of the theoretical derivations, Monte Carlo simulations were conducted 
for the UAV relay communication system under Rayleigh fading channels. The average achievable rate, outage 
probability, and throughput of the system were analyzed through MATLAB computer simulations. In the simu-
lation, the distance between the source and the destination is denoted as c = 100 m. The horizontal distance from 
the source to the relay is denoted as d1 = 42 m . The channel estimation error variance is denoted as σ2

ei
 = 1. The 

channel parameters are set as follows: In the first scenario, βSR = βRD = 10, βSD = 5, and in the second scenario, βSR 
= 6, βRD = 10, βSD = 5. The power allocation factors for the source and relay are set as a1 = 0.9, a2 = 0.1.

Fig. 2 illustrates the curve of average achievable rate versus SNR of the source. It compares the proposed 
NOMA system with the cooperative NOMA system from [19], UAV altitude is set to H=120m and the transmit 
SNR of the relay is ρr = 10dB, the path loss coefficient is set to αT = 0.5. The Monte Carlo simulation results 
match the theoretical expressions perfectly, which confirms the accuracy of the theoretical derivations. As shown 
in the graph, the achievable rate of the system significantly increases with the rise of SNR. Regardless of the spe-
cific value of the SNR of the source, the average achievable rate of the proposed NOMA system is analyses better 
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than the average achievable rate of NOMA system in [19]. With the increase in the SNR, the average achievable 
rate of the NOMA system in [19] reaches a constant value. This is due to the fact that in the source-to-destination 
pass-through link, UE2 signal is not decoded and utilized at the destination end, and the SNR of UE2 signal is 
limited by a fixed value of ρr.
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Fig. 2. Comparative plot of average reachable rate versus the transmit SNR of the source ρs
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Fig. 3 shows the variation of the system outage probability with the SNR of the source. In this case, the alti-
tude is set to H=120m, the transmit SNR of the relay is ρr = 10dB, αT = 0.5, and the target rate is R1 = R2 = 1(bps/
Hz). From the graph, it can be observed that as the SNR increases, the system’s outage probability gradually de-
creases. At the higher SNR, the outage performance of the proposed scheme outperforms the outage performance 
of the NOMA scheme in [19].
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Fig. 4. Comparison of System Throughput versus the transmit SNR of the source ρs

Fig. 4 analyzes the curve of system throughput with respect to the SNR of the source, setting the target rate 
thresholds for UE1 and UE2 as R1 = R2 = 1(bps/Hz). The SNR of the relay is set to ρr = 10dB, and the path loss 
coefficient is set to αT = 0.5. From the graph, the figure shows that at high SNR, the throughput performance of 
the proposed scheme outperforms the system performance in NOMA [19]. In additional, under high SNR, the 
throughput of both systems gradually approaches an upper limit. The value of this upper limit is the sum of the 
target transmission rates for UE1 and UE2. This is due to the fact that at high transmission SNR, the outage prob-
ability of the system is nearly zero, and the probability of successful transmission approaches 1. Therefore, the 
probability of a successful system has little effect on system throughput. Thus, with a high SNR of the source, the 
throughput of the systems is primarily influenced by the target transmission rates.

Fig. 5 and Fig. 6 illustrate the impact of channel estimation errors on system performance. The target rate 
thresholds for UE1 and UE2 are R1 = R2 = 1(bps/Hz). The SNR of the relay is ρr = 10dB, and the path loss co-
efficient is αT = 0.5. Under channel conditions for the first scenario βSR = βRD = 10, βSD = 5, the graphs depict the 
variation of system average achievable rates with respect to SNR for different estimation error coefficients. It 
can be observed from the graphs that a larger error factor leads to the poorer system average achievable rate per-
formance. A bigger κ  indicates a severer imperfect impact. Accurate channel estimation is particularly crucial 
for system improvement. Fig. 6 illustrates the impact of different estimation error factors on the system’s outage 
probability performance with different SNR. It can be seen from the graph that a larger estimation error factor 
results in poorer outage probability performance for the system.
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Fig. 6. Comparison of outage probability versus the transmit SNR of the source ρs under different estimation error factors

To verify the impact of path loss coefficients on system performance, the relationship between outage prob-
ability and the SNR of the source is compared with under different link loss coefficients in Fig. 7. We assumed 
the channel conditions belong to first scenario, where H=120m, and the SNR of the relay is set to ρr = 20dB. The 
system’s target transmission rate is set to R1 = R2 = 1(bps/Hz). As observed from the graph, the outage probability 
performance gradually deteriorates with the increase of link loss coefficients. This is due to the fact that the larger 
the link loss coefficients, the smaller the channel gain. Moreover, under the same SNR of the source conditions, 
an increase in path loss coefficients leads to a higher outage probability.
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Fig. 8 illustrates the system’s throughput versus the SNR under different link loss coefficients. It can be ob-
served that a larger path loss coefficient corresponds to poorer throughput performance. However, eventually 
converge to an upper limit, which is the sum of the target transmission rate thresholds for UE1 and UE2. This 
upper limit is mainly influenced by the target rate.
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Fig. 7. Comparison graph of outage probability versus the transmit SNR of the source ρs under different link loss coefficients
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Fig. 9 illustrates the variation of the average achievable rate with the SNR of the source under different SNR 
of the relay. Under ideal conditions, with a UAV altitude of H=120m and the channel conditions corresponding to 
the first case, the higher the relay transmission SNR, the better the system average achievable rate performance. 
For a fixed SNR of the source, the average achievable rate increases with the SNR of the relay.
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Fig. 11. Comparison of system throughput versus the transmit SNR of the source ρs under different path loss coefficients

Fig. 10 illustrates the curve of the system’s average achievable rate as the SNR of the source changes with 
different UAV flying altitudes. Fig. 11 illustrates a comparison of the system’s outage probability under varying 
SNR of the source for different UAV flying altitudes. Setting R1 = R2 = 1(bps/Hz), ρr =10dB, αT = 0.5, under the 
second channel condition. It can be observed from the figures that the performance of the average achievable rate 
and outage probability of the system gradually decrease with the increase of altitude. This is because as the hori-
zontal distance d1 increases, the link channel gain decreases, which lead to decline in both the average achievable 
rate and outage probability performance of the entire system. Under a constant SNR of the source, the higher the 
altitude of the UAV, the lower the performance of the average achievable rate, and the higher the performance of 
the outage probability.

5   Conclusion

This paper investigates the communication performance of UAV cooperative NOMA system and compares it 
with the NOMA system in [19]. The expressions for the system’s average achievable rate, outage probability, and 
throughput are theoretically derived. The accuracy of these theoretical expressions is confirmed through Monte 
Carlo simulations. The numerical results indicated that the UAV cooperative NOMA system achieved a remark-
able gain over the NOMA system in [19]. The results will help to combine cooperative jamming with the UAV 
cooperative NOMA system to achieve better system security performance in future research.
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