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 This paper presents the unmanned aerial vehicle (UAV) relays’ assisted 

vehicle-to-everything (V2X) network to implement the internet of things 

(IoT) systems with improvement in the coverage area. Such a network 

benefits from many advantages of the non-orthogonal multiple access 

(NOMA) scheme. We have implemented a decode-and-forward (DF) 

scheme for these UAVs. Then, we characterize the channels as Nakagami-m 

fading to evaluate the performance of the system. We derive closed-form 

expressions of outage probability (OP), ergodic capacity (EC), and 

throughput. The results show that the performance of the system depends on 

the transmitted signal-to-noise ratio (SNR) at the base station and the heights 

of the UAV relays. Target rate and power allocation factors are two main 

parameters that can be adjusted to achieve better performance. The results 

also compare to the system without UAV and OMA technique that shows 

the advantages of deploying UAV-assisted NOMA. Therefore, the design of 

NOMA for UAV relay-assisted V2X systems provides sufficient demand. 

The simulation results verified the effectiveness of the proposed UAV 

network and the precision of the theoretical analysis. 
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1. INTRODUCTION 

In recent years, global demand for unmanned aerial vehicles (UAVs) or drones has increased due to 

their capability and cost effectiveness. UAV networks benefit from various applications with complex duties, 

for instance, traffic monitoring, aerial imaging, cargo transport, and communication platform [1]. It is really 

necessary to implement high-performance UAV ground networks to shift the way towards the forthcoming 

approach of “internet of drones” [2]. In particular, low latency, ubiquitous coverage, and high reliability 

throughput are the main benefits of UAV-based networks that perform real-time control and command for 

UAV safety operation as well as payload data communication targeted to users at ground [3]. In most UAV 

networks, the simple direct point-to-point transmissions using the unlicensed spectrum (i.e., scientific, 

industrial and medical (ISM) bands are deployed to allow UAVs to communicate with the ground users. Such 

UAV networks have limitations that are unreliable, insecure, vulnerable to interference, and low data rate. In 

specific situations, applications of UAVs in the future are limited due to their operation within the visual line-

of-sight (VLoS) constraint. Recently, UAVs have been combined with the cellular network as new aerial user 

equipment (UEs) to form cellular-connected UAVs, which have been recognized as a promising approach. 

https://creativecommons.org/licenses/by-sa/4.0/
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More specifically, cellular-connected UAVs are expected to exhibit significant performance improvement in 

terms of coverage, reliability, and throughput compared to point-to-point UAV ground networks developed 

in the literature [4]. An interest base station (BS) cooperative beamforming (CB) approach was developed for 

the cellular downlink to eliminate the strong interference caused by the co-channel terrestrial transmissions 

associated with a particular UAV [5]. To effectively suppress terrestrial interference, the BSs’ serving of the 

UAV employs a CB-based interference transmission paradigm [5]. Mei et al. [6] studied the uplink 

transmission of BSs to UAV enabling spectrum sharing with existing ground users. The optimal inter-cell 

interference coordination (ICIC) architecture and air-ground performance trade-off are introduced to achieve 

the optimal weighted sum-rate of the UAV and existing ground users. In particular, they jointly optimized the 

UAV’s uplink cell associations and power allocations over multiple resource blocks to achieve such 

optimization. 

UAV-based networks provide greater wireless coverage in both rural and urban areas [7]. Therefore, 

the performance of UAV networks can be significantly improved in various scenarios and approaches in 

recent research advances [8]–[16]. For example, to maximize network throughput, Zeng et al. [8] considered 

the UAV that acts as a mobile relay by optimizing the transmit power and trajectory of the UAV relay. The 

secure transmission problem can be addressed with physical layer security (PLS)-assisted UAV network [9]. 

They considered the problem of maximization of the secrecy rate by optimizing the source/relay transmission 

power [9]. Fan et al. [10] studied the approach to achieve optimal network throughput in a UAV relaying 

network, i.e., they jointly optimized bandwidth, rate, transmit power and location of the UAV. The authors in 

[11] developed a hybrid satellite-terrestrial network, in which a satellite communicates with a ground user 

equipment (UE) by enabling multiple decode-and-forward (DF) three-dimensional (3-D) mobile UAV relays. 

Mamaghani and Hong [12] presented a cooperative secure UAV-assisted transmission mechanism, where a 

source benefits from an energy-constrained UAV-mounted amplify-and-forward relay to forward confidential 

signals to a destination in the presence of a ground eavesdropper [14]–[16]. 

Unlike conventional cellular communication, design of multi-antenna array transmission with 

spatial diversity allows systems to suffer a rich scattering environment; a single-antenna UAV exhibits much 

poorer scattering in downlink communication. It is not efficient if multiple users need to share the 

communication bandwidth of the same UAV at the same time. Meanwhile, non-orthogonal multiple access 

(NOMA) is introduced to simultaneously serve multiple users without orthogonal resources. To expand 

service coverage, NOMA can be integrated with cooperative networks [17], [18], to form cooperative 

NOMA. In such a cooperative NOMA, transmit signals are separated in the power domain to serve many 

users [19]–[21]. Far users receive a lower received signal power, whereas near users are allocated a higher 

signal power. As a result, NOMA can improve the far users’ rates once the near users are able to access the 

transmit signals intended for the far users [21], [22]. The work in [22] studied fixed power allocation and 

performance degradation is predicted in worse situations, in which the non-optimal power approach and the 

imperfect channel state information (CSI) occur. The authors addressed the interesting mechanism to serve 

multi-pair of users. In particular, in which a group of users can communicate with other users to achieve 

acceptable throughput, which is evaluated by two metrics, that is, the delay-limited mode and throughput 

delay-tolerant mode. 

To analyze the system performance of UAV-enabled systems, some recent studies have presented 

the UAV network in the context of NOMA [23]–[25]. Mei and Zhang [23] considered a UAV-enabled 

system to mitigate the UAV’s uplink interference without significantly compromising its achievable rate, and 

such a model benefits from existing backhaul links between BSs. In particular, some BSs are selected to 

decode the UAV’s signals first and retransmit the decoded signals to the backhaul-connected BSs. Hu et al. 

[24] characterized globally optimal solutions by joint optimization problems of UAV position and power 

allocation. In other promising systems, vehicle-to-everything (V2X) communications are studied through 

various applications related to vehicles, passengers and pedestrians, vehicle traffic, and drivers. Therefore, 

V2X systems benefit our future daily life in terms of a safer and more efficient driving experience. As a 

requirement, critical safety services supported by V2X communications are required to achieve low latency 

and high-reliability (LLHR) [26]. Specifically, delay-sensitive services will achieve end-to-end latency of a 

few milliseconds [27]. Inspired by the above observations, the literature introduced combining NOMA into 

5G V2X communications to investigate the power allocation problem for both broadcast and multicast cases. 

For example, Abbasi et al. [28] studied trajectory planning and power allocation for a V2X in which an 

unmanned aerial vehicle (UAV) is considered as a relay to extend coverage for two disconnected far 

vehicles. They claimed that in a two-user network with an amplify-and-forward (AF) relay, NOMA always 

has better or equal sum-rate in comparison to orthogonal-multiple-access (OMA) at high signal-to-noise-ratio 

(SNR) regime. Zhang et al. [29] explored ultra-reliable and low latency communications (URLLC) in V2X 

communications by enabling a full duplex NOMA (FD-NOMA) for their system model. From above 

discussion of related works and rapid development of cellular networks, performance evaluation of cellular 
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V2X networks takes advantage of NOMA and forwarding techniques under specific channel conditions 

applying to mobile network models such as Nakagami-m is a still potential and necessary research area. 

The big problem of ensuring safety in V2X requires that the quality of the connection from the 

vehicle to the server must be maintained constant during the movement of vehicles, which can be interrupted 

by obstacles such as buildings, trees, and traffic vehicles. To the best of the authors’ knowledge, this 

important aspect has been addressed by integrating UAV in existing V2X systems. In this article, we consider 

the ground-aerial downlink NOMA cellular networks which consists of a UAV and multiple vehicles. 

Specifically, the NOMA downlink protocol is invoked in specific groups of vehicles to target separated 

quality of service (QoS). Meanwhile, vehicle QoS requirements must be satisfied during the operating time 

of UAVs, which is designed to improve vehicle performance in cell-edge areas. The main contributions of 

this paper are as follows. 

− We propose a system model using UAVs forward NOMA signals to vehicles to improve the performance 

of obscured vehicles or distant vehicles. 

− We design several groups of vehicles that are served simultaneously by enabling the NOMA scheme. We 

evaluated two important metrics such as OP, EC and throughput. We mathematically prove that the 

system performance depends on the strength of the transmit signal at the BS. In particular, the 

performance of a vehicle can be adjusted by power allocation factors, target rates, and UAVs’ locations. 

− We provide closed-form expressions of OP based on signal-to-interference-plus- noise ratio (SINR) 

computed to detect signals. In addition, the formulas for EC and throughput are derived. These metrics 

correspond to the performance evaluation required for such V2X systems. 

− We propose an efficient iterative UAV trajectory design for giving UAV-ground base station (GBS) 

association order, where the successive convex approximation (SCA) technique is invoked to find a 

locally optimal solution. 

− Numerical results demonstrate that: i) the outage performance of the proposed UAV-NOMA based V2X 

system can satisfy high quality services in high signal-to-noise ratio (SNR) region of base station; ii) the 

lower heights of UAVs can improve performance of vehicles; iii) V2X system benefits from NOMA for 

QoS requirements, which shows superiority compared to the system non using UAV or OMA networks. 

Organization: The paper is summarized as follows. Section 2 presents the formulation of SINR, 

SNR of necessary signal analysis. Section 3 describes OP and EC. Section 4 evaluates the performance of our 

proposed UAV-NOMA based V2X system using numerical examples. Finally, Section 5 concludes our 

paper. 

 

 

2. SYSTEM MODEL 

In Figure 1, we study the UAV network containing a base station (BS), in which the system has two 

UAVs that act as a relay (𝑈𝐴1, 𝑈𝐴2), and two users following NOMA (𝑉1, 𝑉2). The key parameters are 

described in Table 1. In this case, we consider these main nodes in such a UAV network in three-dimensional 

Cartesian coordinates. In Figure 1, we assume the BS at (0,0,0), then 𝑈𝐴1 and 𝑈𝐴2 are located at 

𝑈𝐴1(0, ℎ1, 𝑟1) and 𝑈𝐴2(𝑟2, ℎ2, 0), respectively. Furthermore, we can easily represent the locations of two 

users (vehicles) 𝑉1 and 𝑉2 at 𝑉1(0,0, 𝑑1) and 𝑉2(𝑑2, 0,0), respectively. 

 

 

 
 

Figure 1. System model for UAV V2X network relying on NOMA 
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Table 1. Key parameters of the system model 
Symbol Description Symbol Description 

𝜑𝑖 The power allocation coefficient with 

 𝑖 ∈ {1,2}, 𝜑1 + 𝜑2 = 1 and 𝜑1 < 𝜑2 
�̄�𝑖 The target rate at 𝑉𝑖 

𝑃𝑆 The transmit power at 𝑆 𝛼 The path loss exponent 

𝑃𝑅 The transmit power at 𝑈𝐴𝑖ℎ1 ℎ1 The channel link between base station and relay UAV 𝑈𝐴1 

𝑛𝑖 The additive white Gaussian noise (AWGN) term 

followed 

ℎ2 The channel link between base station and relay UAV 𝑈𝐴2 

𝜔𝑖 The AWGN noise term followed 𝐶𝑁(0, 𝑁0) 𝑔1 The channel link between relay UAV 𝑈𝐴1and 𝑉1 

𝑥𝑖 The information of 𝑉𝑖 𝑔2 The channel link between relay UAV 𝑈𝐴2and 𝑉2  

 

 

The Euclidean distance from BS to 𝑈𝐴𝑖(𝑖 ∈ {1,2}) and 𝑈𝐴𝑖 to 𝑉𝑖, respectively, as (1). 

 

𝑑𝐵𝑅𝑖
= √𝑟𝑖

2 + ℎ𝑖
2, and 𝑑𝑅𝑖𝑉𝑖

= √(𝑟𝑖 − 𝑑𝑖)
2 + ℎ𝑖

2. (1) 

 

Channels ℎ𝑖 =
ℎ̃𝑖

√𝑑𝐵𝑅𝑖
𝛼

 are modeled between the BS and UAVs, and 𝑔𝑖 =
�̃�𝑖

√𝑑𝑅𝑖𝑉𝑖
𝛼

 is used as channels between 

the UAV relays and node 𝑉𝑖, respectively. These channels follow the Nakagami-𝑚 distribution. 

 

2.1.  Scenario to simulate using UAV 

In the first epoch, the BS sends the mixture signal to the two UAV relay nodes 𝑈𝐴1, 𝑈𝐴2. The 

signals received at two UAV relays are expressed by (2). 

 

( )  1 1 2 2 1 2i i S S iy h P x P x n ,i , , = + +   (2) 

 

where 𝑃𝑆 and 𝑃𝑅 are the normalized transmission powers at the BS and the UAV. 𝑥1and 𝑥2 are the  

signals for 𝑉1 and 𝑉2, respectively. The relevant power allocation coefficients are 𝜑1 and 𝜑2. We assume 

that with to ensure better user fairness. We set 𝑛𝑖 the complex Gaussian noise at two UAV relays with 

𝑛𝑖~𝐶𝑁(0, 𝑁0). 

The signal-to-interference-plus-noise ratio (SINR) is used to first detect 𝑥2 at 𝑈𝐴1 is expressed by (3). 

 

𝛤𝑅1,𝑥2
=

𝜑2𝜌|ℎ1|

𝜑1𝜌|ℎ1|+1
, (3)  

 

where 𝜌 =
𝑃𝑆

𝑁0
=

𝑃𝑅

𝑁0
 is the transmission SNR at the BS as well as the relays. Keep in mind that 𝑥1 and 𝑥2 

should be normalized unity power signals, meaning that 𝐸{𝑥1
2} = 𝐸{𝑥2

2} = 1. 

After the success interference cancellation (SIC) happens, SNR is used to detect the signal 𝑥1 at 𝑈𝐴1:  

 

𝛤𝑅1,𝑥1
= 𝜑1𝜌|ℎ1|2. (4) 

 

Similarly, the SNR at 𝑈𝐴2 to detect 𝑥2 is given as (5). 

 

𝛤𝑅2,𝑥2
=

𝜑2𝜌|ℎ2|2

𝜑1𝜌|ℎ2|2+1
. (5) 

 

In the second epoch of communication, each UAV relay 𝑈𝐴𝑖 forwards the detected signals to the destinations 

𝑉𝑖 and the received signal at each user 𝑉𝑖 is given as (6). 

 

( )1 1 2 2iV R i iy P g x x w , = + +  (6) 

 

where 𝑤𝑖  are the complex Gaussian noise at 𝑉𝑖 with 𝑤𝑖~𝐶𝑁(0, 𝑁0). At 𝑉1, 𝑥2 is decoded first, by treating 𝑥1 

as interference, and the received SINR, before and after SIC, are 

 

𝛤𝑉1,𝑥2
=

𝜌𝜑2|𝑔1|2

𝜌𝜑1|𝑔1|2+1
, and 𝛤𝑉1,𝑥1

= 𝜌𝜑1|𝑔1|2. (7) 

 

Then, SNR at user 𝑉2 is calculated to detect signal 𝑥2 is given by (8). 
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𝛤𝑉2,𝑥2
=

𝜌𝜑2|𝑔2|2

𝜌𝜑1|𝑔2|2+1
.  (8) 

 

2.2.  Scenario to simulate without UAV 

In this scenario, it is assumed that BS will transfer signals to both users directly rather than using UAV 

to deliver signals to two users. The received signals at the two cars may then be determined as shown (9). 

 

�̄�𝑉𝑖

𝑑𝑖𝑟 = 𝑓𝑖(√𝑃𝑆𝜑1𝑥1 + √𝑃𝑆𝜑2𝑥2) + �̄�𝑖
𝑑𝑖𝑟 , 𝑖 ∈ {1,2}, (9) 

 

where �̄�𝑖
𝑑𝑖𝑟 , 𝑖 are the complex Gaussian noise at 𝑉𝑖 with 𝑤𝑖~𝐶𝑁(0, 𝑁0) and 𝑓𝑖 =

�̄�𝑖

√𝑑𝑖
𝛼
 serves as the channels 

between the BS and node 𝑉𝑖. These channels follow the Nakagami-𝑚 distribution. 

In theory, the first user 𝑉1 uses the SIC approach to first decode 𝑥2 and then 𝑥1. It is necessary to 

decode these signals using SINR and SNR are. 

 

𝛤𝑉1,𝑥2
𝑑𝑖𝑟 =

𝜑2𝜌|𝑓1|2

𝜑1𝜌|𝑓1|2+1
, and 𝛤𝑉1,𝑥1

𝑑𝑖𝑟 = 𝜑1𝜌|𝑓1|2.  (10) 

 

Finally, the received SINR at 𝑉2 is computed as (11). 

 

�̄�𝑉2,𝑥2
𝑑𝑖𝑟 =

𝜑2𝜌|𝑓2|2

𝜑1𝜌|𝑓2|2+1
.  (11) 

 

 

3. PERFORMANCE ANALYSIS 

Considering channel distribution characteristic, let 𝑍𝑖 = {|ℎ̃𝑖|
2

, |�̃�𝑖|
2} and we have the cumulative 

distribution function (CDF) and the probability density function (PDF) of 𝑍 as [21]. 

 

𝐹𝑍𝑖
(𝑥) = 1 − 𝑒−𝛺𝑍𝑖

𝑥 ∑
𝛺𝑍𝑖

𝑠 𝑥𝑠

𝑠!

𝑚𝑧𝑖
−1

𝑠=0 , (12) 

 

where 𝛺𝑍𝑖
=

𝑚𝑍𝑖

𝜆𝑍𝑖

, 𝑚𝑍𝑖
 and 𝜆𝑍𝑖

 are the fading severity parameter and the average power, respectively. 

 

𝑓𝑍𝑖
(𝑥) =

𝛺𝑍𝑖

𝑚𝑍𝑖 𝑥
𝑚𝑍𝑖

−1
𝑒

−𝛺𝑍𝑖
𝑥

𝛤(𝑚𝑍𝑖
)

. (13) 

 

Remark 1: Several propagation environments are adopted to analyze the performance and a fading 

channel model related to the OP of UAV-assisted systems communications in this paper motivated by [30]. 

We continue to investigate the closed-form expressions for the OP using the Nakagami-𝑚 fading model for 

the mobility of the ground user, which communicates with UAV entities in a realistic propagation 

environment. We do not compare such fading channels with other models reported in the literature. 

 

3.1.  Outage probability of 𝑉1 

At destination, 𝑉1 the outage event occurs when either 𝑈𝐴1 or 𝑉1 cannot decode successfully 𝑥1. 

Such outage is defined as the probability to SNR less than the pre-defined threshold SNR. We call �̄�1, �̄�2 as 

target rates for 𝑉1, 𝑉2 then first consider the outage performance of 𝑉1 as (14). 

 

𝑂𝑃𝑉1
= 1 − 𝑃𝑟(𝛤𝑅1,𝑥2

≥ 𝜀2, 𝛤𝑅1,𝑥1
≥ 𝜀1, ) × 𝑃𝑟(𝛤𝑉1,𝑥2

≥ 𝜀2, 𝛤𝑉1,𝑥1
≥ 𝜀1) 

= 1 − 𝑃𝑟(|ℎ1| ≥ 𝜒) 𝑃𝑟(|𝑔1|2 ≥ 𝜒), (14) 

 

where, 𝜀1 = 22�̄�1 − 1, 𝜀2 = 22�̄�2 − 1 and 𝜀1 = 22�̄�1 − 1𝜒 = 𝑚𝑎𝑥 (
𝜀2

𝜌(𝜑2−𝜀2𝜑1)
,

𝜀1

𝜑1𝜌
). 

Then, 𝑂𝑃𝑉1
 is rewritten by (15). 

 

𝑂𝑃𝑉1
= 1 − 𝑃𝑟(|ℎ1|2 ⩾ 𝜒) 𝑃𝑟(|𝑔1|2 ⩾ 𝜒) = 1 − �̄�

|ℎ̃1|
2(𝜒𝑑𝐵𝑅1

𝛼 )�̄�|�̃�1|2(𝜒𝑑𝑅1𝑉1

𝛼 ) = 1 −

𝑒
−(𝛺ℎ̃1

𝑑𝐵𝑅1
𝛼 +𝛺�̃�1𝑑𝑅1𝑉1

𝛼 )𝜒
× ∑ ∑

(𝛺ℎ̃1
𝑑𝐵𝑅1

𝛼 )
𝑠
(𝛺�̃�1𝑑𝑅1𝑉1

𝛼 )
𝑏

𝜒𝑠+𝑏

𝑠!𝑏!
.

𝑚�̃�1−1

𝑏=0

𝑚ℎ̃1
−1

𝑠=0  (15) 
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The outage probability of 𝑉1 without UAV is expressed as (16). 

 

𝑂𝑃𝑉1
𝑑𝑖𝑟 = 1 − 𝑃𝑟(�̄�𝑉1,𝑥2

𝑑𝑖𝑟 > 𝜀2, �̄�𝑉1,𝑥1
𝑑𝑖𝑟 > 𝜀1) = 1 − 𝑃𝑟 (|𝑓1|2 >

𝜀2

𝜌(𝜑2 − 𝜀2𝜑1)
, |𝑓1|2 >

𝜀1

𝜑1𝜌
) 

= 1 − 𝑃𝑟(|𝑓1|2 > 𝜒) = 𝐹|𝑓1|2(𝜒𝑑1
𝛼).  (16) 

 

Using the CDF in (12) we have (17). 

 

𝑂𝑃𝑉1
𝑑𝑖𝑟 = 1 − 𝑒

−𝛺�̄�1
𝑑1

𝛼𝜒 ∑
(𝛺�̄�1

𝑑1
𝛼)

𝑠
𝜒𝑠

𝑠!

𝑚�̄�1
−1

𝑠=0  (17) 

 

When 𝜌 → ∞, by using, and hence the𝑒−𝑥 ≈ 1 − 𝑥 asymptotic of 𝑂𝑃𝑉2
∞ and 𝑂𝑃𝑉2

𝑑𝑖𝑟,∞
 are given by (18). 

 

𝑂𝑃𝑉1
∞ = 1 − ∑ ∑

𝜒𝑠+𝑏(1−(𝛺ℎ̃1
𝑑𝐵𝑅1

𝛼 +𝛺�̃�1
𝑑𝑅1𝑉1

𝛼 )𝜒)

𝑠!𝑏!(𝛺ℎ̃1
𝑑𝐵𝑅1

𝛼 )
−𝑠

(𝛺�̃�1𝑑𝑅1𝑉1
𝛼 )

−𝑏

𝑚�̃�1
−1

𝑏=0

𝑚ℎ̃1
−1

𝑠=0 , (18) 

 

and  

 

𝑂𝑃𝑉1

𝑑𝑖𝑟,∞ = 1 − (1 − 𝛺�̄�1
𝑑1

𝛼𝜒) ∑
(𝛺�̄�1

𝑑1
𝛼)

𝑠
𝜒𝑠

𝑠!

𝑚�̄�1
−1

𝑠=0 . (19) 

 

3.2.  Outage probability of 𝑉2 

Similarly, outage event occurs at 𝑉2 and 𝑉2 can successfully decode 𝑥2. Then, the outage 

performance of 𝑉2 can be formulated as (20). 

 

𝑂𝑃𝑉2
= 1 − 𝑃𝑟(𝛤𝑅2,𝑥2

≥ 𝜀2, 𝛤𝑉2,𝑥2
≥ 𝜀2) = 1 − 𝑃𝑟 (|ℎ2|2 ≥

𝜀2

(𝜑2−𝜀2𝜑1)𝜌
, |𝑔2|2 ≥

𝜀2

(𝜑2−𝜀2𝜑1)𝜌
) =

1 − �̄�
|ℎ̃2|

2 (
𝜀2𝑑𝐵𝑅2

𝛼

𝜌(𝜙2−𝜀2𝜙1)
) �̄�|�̃�2|2 (

𝜀2𝑑𝑅2𝑉2
𝛼

𝜌(𝜙2−𝜀2𝜙1)
).   (20) 

 

For further computation, 𝒪𝒫𝒱2
 is rewritten by (21). 

 

𝑂𝑃𝑉2
= 1 − 𝑒

−
(𝛺

ℎ̃2
𝑑𝐵𝑅2

+𝛺�̃�2
𝑑𝑅2𝑉2

)𝜀2

𝜌(𝜙2−𝜀2𝜙1) ∑ ∑
1

𝑎!𝑑!

𝑚�̃�2
−1

𝑑=0

𝑚ℎ̃2
−1

𝑎=0
× (𝛺ℎ̃2

𝑑𝐵𝑅2
)

𝑎
(𝛺�̃�2

𝑑𝑅2𝑉2
)

𝑑
(

𝜀2

𝜌(𝜙2−𝜀2𝜙1)
)

𝑎+𝑑

.(21) 

 

The outage probability of 𝑉2 without UAV is expressed as (22). 

 

𝑂𝑃𝑉2
𝑑𝑖𝑟 = 1 − 𝑃𝑟(�̄�𝑉2,𝑥2

𝑑𝑖𝑟 > 𝜀2) = 1 − 𝑃𝑟 (|𝑓2|2 >
𝜀2

𝜌(𝜑2−𝜑1𝜀2)
) = 𝐹

|�̄�2|
2 (

𝑑2
𝛼𝜀2

𝜌(𝜑2−𝜑1𝜀2)
) =

1 − 𝑒
−

𝛺�̄�2
𝑑2

𝛼𝜀2

𝜌(𝜑2−𝜑1𝜀2) ∑
(𝛺�̄�2

𝑑2
𝛼𝜀2)

𝑠

𝑠!𝜌𝑠(𝜑2−𝜑1𝜀2)𝑠

𝑚�̄�2
−1

𝑠=0 . (22) 

 

When 𝜌 → ∞, by using 𝑒−𝑥 ≈ 1 − 𝑥, and hence the asymptotic of 𝒪𝒫𝑉2
∞ and 𝒪𝒫𝒱2

dir, 
 are formulated  

by (23). 

 

𝑂𝑃𝑉2
∞ = 1 − (1 −

(𝛺ℎ̃2
𝑑𝐵𝑅2+𝛺�̃�2𝑑𝑅2𝑉2)𝜀2

𝜌(𝜑2−𝜀2𝜑1)
) × ∑ ∑

(𝛺ℎ̃2
𝑑𝐵𝑅2)

𝑎
(𝛺�̃�2𝑑𝑅2𝑉2)

𝑑

𝑎!𝑑!

𝑚�̃�2−1

𝑑=0

𝑚ℎ̃2
−1

𝑎=0 ×

(
𝜀2

𝜌(𝜑2−𝜀2𝜑1)
)

𝑎+𝑑

  (23) 

 

and 

 

𝑂𝑃𝑉2

𝑑𝑖𝑟,∞ = 1 − (1 −
𝛺�̄�2

𝑑2
𝛼𝜀2

𝜌(𝜑2−𝜑1𝜀2)
) × ∑

(𝛺�̄�2
𝑑2

𝛼𝜀2)
𝑠

𝑠!𝜌𝑠(𝜑2−𝜑1𝜀2)𝑠

𝑚�̄�2
−1

𝑠=0 . (24) 
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3.3.  Ergodic capacity 

3.3.1. Ergodic capacity of 𝑉1 

Since 𝑥1 can be detected at the relay as well as at 𝑉1 successfully, the achievable rate of 𝑥1 is 

expressed by [31]. 

 

𝐶𝑥1
=

1

2
𝑙𝑜𝑔(1 + 𝑚𝑖𝑛(𝛤𝑅1,𝑥1

, 𝛤𝑉1,𝑥1
)). (25) 

 

Then, we obtain the ergodic capacity of 𝑥1 as (26). 

 

�̄�𝑥1
=

1

2
𝐸{𝑙𝑜𝑔(1 + 𝑚𝑖𝑛(𝛤𝑅1,𝑥1

, 𝛤𝑉1,𝑥1
))} =

1

2 𝑙𝑛 2
∫

1−𝐹𝑋(𝑥)

1+𝑥

∞

0
, (26) 

 

where 𝑋 = 𝑚𝑖𝑛(𝛤𝑅1,𝑥1
, 𝛤𝑉1,𝑥1

). Then, we can obtain the CDF of 𝑋 as (27). 

 

𝐹𝑋(𝑥) = 1 − 𝑒
−

(𝛺
ℎ̃1

𝑑𝐵𝑅1
𝛼 +𝛺

ℎ̃1
𝑑𝑅1𝑉1

𝛼 )

𝜑1𝜌
𝑥

× ∑ ∑
(𝛺ℎ̃1

𝑑𝐵𝑅1
𝛼 )

𝑠
(𝛺�̃�1𝑑𝑅1𝑉1

𝛼 )
𝑏

𝑥𝑠+𝑏

𝑠!𝑏!(𝜑1𝜌)𝑠+𝑏 .
𝑚�̃�1−1

𝑏=0

𝑚ℎ̃1
−1

𝑠=0  (27) 

 

Next, we express �̄�𝑥1
as (28). 

 

�̄�𝑥1
=

1

2 𝑙𝑛 2
∑ ∑

(𝛺ℎ̃1
𝑑𝐵𝑅1

𝛼 )
𝑠

(𝛺�̃�1𝑑𝑅1𝑉1
𝛼 )

𝑏

𝑠!𝑏!(𝜑1𝜌)𝑠+𝑏

𝑚�̃�1−1

𝑏=0

𝑚ℎ̃1
−1

𝑠=0 × ∫
𝑥𝑠+𝑏+1−1𝑒

−
(𝛺

ℎ̃1
𝑑𝐵𝑅1

𝛼 +𝛺�̃�1
𝑑𝑅1𝑉1

𝛼 )

𝜑1𝜌 𝑥

1+𝑥

∞

0
𝑑𝑥. (28) 

 

With help [[32], (11)], we can rewrite as (29). 

 

𝑒−𝑥 = 𝐺0,1
1,0 (𝑥 |

−
0 ). (29) 

 

Based on [[33], (7.811.5)], �̄�𝑥1
is further computed by (30). 

 

�̄�𝑥1
= ∫

𝑥𝑠+𝑏

(1+𝑥)

∞

0
𝐺0,1

1,0 (
(𝛺ℎ̃1

𝑑𝐵𝑅1
𝛼 +𝛺�̃�1𝑑𝑅1𝑉1

𝛼 )

𝜑1𝜌
𝑥|

−
0) 𝑑𝑥 = 𝐺1,2

2,1 (
(𝛺ℎ̃1

𝑑𝐵𝑅1
𝛼 +𝛺�̃�1𝑑𝑅1𝑉1

𝛼 )

𝜑1𝜌
|

−𝑠 − 𝑏
−𝑠 − 𝑏, 0

). (30) 

 

Next, the ergodic rate of 𝑉1without UAV is given by (31). 

 

�̄�𝑥1
𝑑𝑖𝑟 =

1

2
𝐸{𝑙𝑜𝑔(1 + �̄�𝑉1,𝑥1

𝑑𝑖𝑟 )} =
1

2
𝐸{𝑙𝑜𝑔(1 + 𝜑1𝜌|𝑓1|2)} =

1

2 𝑙𝑛 2
∫

1

1+𝑥
[1 − 𝐹

|�̄�1|
2 (

𝑑1
𝛼𝑥

𝜑1𝜌
)]

∞

0
𝑑𝑥 =

1

2 𝑙𝑛 2
∑

(𝛺�̄�1
𝑑1

𝛼)
𝑠

𝑠!(𝜑1𝜌)𝑠

𝑚�̄�1
−1

𝑠=0 ∫
𝑥𝑠𝑒

−
𝛺�̄�1

𝑑1
𝛼

𝜑1𝜌 𝑥

1+𝑥

∞

0
𝑑𝑥  (31) 

 

Applying [[33], (3.353.5)] and some polynomial expansion manipulations, we can rewrite (31) as (32): 

 

�̄�𝑥1
𝑑𝑖𝑟 =

1

2 𝑙𝑛 2
∑

(𝛺�̄�1
𝑑1

𝛼)
𝑠

𝑠!(𝜑1𝜌)𝑠

𝑚�̄�1
−1

𝑠=0 [(−1)𝑠−1𝑒

𝛺�̄�1
𝑑1

𝛼

𝜑1𝜌 Ei (−
𝛺�̄�1

𝑑1
𝛼

𝜑1𝜌
) + ∑ (𝑘 − 1)! (−1)𝑠−𝑘 (

𝛺�̄�1
𝑑1

𝛼

𝜑1𝜌
)

−𝑘
𝑠
𝑘=1 ], (32) 

 

where Ei(. ) is the exponential integral function. 

 

3.3.2. Ergodic capacity of 𝑥2 

Similarly, we have achievable rate of 𝑉2 as [31]: 

 

𝐶𝑥2
=

1

2
𝑙𝑜𝑔(1 + 𝑚𝑖𝑛(𝛤𝑅2,𝑥2

, 𝛤𝑉2,𝑥2
)). (33) 

 

Then, the ergodic capacity is expressed by (34). 

 

�̄�𝑥2
=

1

2
𝐸{𝑙𝑜𝑔(1 + 𝑚𝑖𝑛(𝛤𝑅2,𝑥2

, 𝛤𝑉2,𝑥2
))} =

1

2 𝑙𝑛 2
∫

1−𝐹𝑌(𝑦)

1+𝑦

∞

0
𝑑𝑦, (34) 
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where 𝑌 = 𝑚𝑖𝑛(𝛤𝑅2,𝑥2
, 𝛤𝑉2,𝑥2

). 

Then, we can obtain the CDF of 𝑋 is 

 

𝐹𝑌(𝑦) = 1 − 𝑒
−

(𝛺
ℎ̃2

𝑑𝐵𝑅2
+𝛺�̃�2

𝑑𝑅2𝑉2
)

𝜌(𝜑2−𝑥𝜑1)
𝑥

∑ ∑
1

𝑎!𝑑!

𝑚�̃�2−1

𝑑=0

𝑚ℎ̃2
−1

𝑎=0 × (𝛺ℎ̃2
𝑑𝐵𝑅2

)
𝑎

(𝛺�̃�2
𝑑𝑅2𝑉2

)
𝑑

(
𝑥

𝜌(𝜑2−𝑥𝜑1)
)

𝑎+𝑑
  (35) 

 

Next, �̄�𝑥2
is computed by (36). 

 

�̄�𝑥2
=

1

2 𝑙𝑛 2
∑ ∑

(𝛺ℎ̃2
𝑑𝐵𝑅2)

𝑎
(𝛺�̃�2

𝑑𝑅2𝑉2)
𝑑

𝑎!𝑑!

𝑚�̃�2
−1

𝑑=0

𝑚ℎ̃2
−1

𝑎=0 × ∫ (
𝑦

𝜌(𝜑2−𝑦𝜑1)
)

𝑎+𝑑 𝑒
−

(𝛺
ℎ̃2

𝑑𝐵𝑅2
+𝛺�̃�2

𝑑𝑅2𝑉2
)

𝜌(𝜑2−𝑥𝜑1) 𝑦

1+𝑦

𝜑2
𝜑1

0
𝑑𝑦. (36) 

 

We continue to compute �̄�𝑥2
, then we have the new equation as in (37) at the top page. In which  

𝜙𝑛 = 𝑐𝑜𝑠 (
2𝑛−1

2𝑁
𝜋) and 𝛯(𝑥) = 𝑥

𝜑2

2𝜑1
+

𝜑2

2𝜑1
.  

 

�̄�𝑥2
≈

𝜑2𝜋

4𝜑1 𝑙𝑛 2𝑁
∑ ∑ ∑ (

𝛯(𝜙𝑛)

𝜌(𝜑2−𝛯(𝜙𝑛)𝜑1)
)

𝑎+𝑑
𝑁
𝑛=1

𝑚�̃�2−1

𝑑=0

𝑚ℎ̃2
−1

𝑎=0

√1−𝜙𝑛
2 (𝛺ℎ̃2

𝑑𝐵𝑅2)
𝑎

(𝛺�̃�2𝑑𝑅2𝑉2)
𝑑

𝑎!𝑑!(1+𝛯(𝜙𝑛))
𝑒 .  

−
(𝛺ℎ̃2

𝑑𝐵𝑅2+𝛺�̃�2𝑑𝑅2𝑉2)𝛯(𝜙𝑛)

𝜌(𝜑2−𝛯(𝜙𝑛)𝜑1)
  (37) 

 

Finally, the ergodic rate of 𝑉2 without UAV is given by (38). 

 

�̄�𝑥2
𝑑𝑖𝑟 =

1

2
𝐸{𝑙𝑜𝑔(1 + �̄�𝑉2,𝑥2

𝑑𝑖𝑟 )} =
1

2
𝐸 {𝑙𝑜𝑔 (1 +

𝜑2𝜌|𝑓2|2

𝜑1𝜌|𝑓2|2+1
)} =

1

2 𝑙𝑛 2
∫

1

1+𝑥
[1 − 𝐹

|�̄�2|
2 (

𝑑2
𝛼𝑥

𝜌(𝜑2−𝜑1𝑥)
)]

𝜑2
𝜑1

0
𝑑𝑥. (38) 

 

By the variable changing 𝑞 =
𝑥

𝜑2−𝜑1𝑥
 and after few steps (38) can then 

 

�̄�𝑥2

𝑑𝑖𝑟 =
1

2 𝑙𝑛 2
∫ (

1

𝑞+(𝜑2+𝜑1)−1 −
1

𝑞+𝜑1
−1)

∞

0
× [1 − 𝐹

|�̄�2|
2 (

𝑑2
𝛼𝑞

𝜌
)] 𝑑𝑞 =

1

2 𝑙𝑛 2
∑

(𝛺�̄�2
𝑑2

𝛼)
𝑠

𝑠!𝜌𝑠

𝑚�̄�2
−1

𝑠=0 ×

∫ (
1

𝑞+(𝜑2+𝜑1)−1
−

1

𝑞+𝜑1
−1)

∞

0
× 𝑞𝑠𝑒

−
𝛺�̄�2

𝑑2
𝛼

𝜌
𝑞

𝑑𝑞 =
1

2 𝑙𝑛 2
∑

(𝛺�̄�2
𝑑2

𝛼)
𝑠

𝑠!𝜌𝑠
[

𝑞𝑠𝑒
−

𝛺�̄�2
𝑑2

𝛼

𝜌 𝑞

𝑞+(𝜑2+𝜑1)−1
−

𝑞𝑠𝑒
−

𝛺�̄�2
𝑑2

𝛼

𝜌 𝑞

𝑞+𝜑1
−1 ] 𝑑𝑞

𝑚�̄�2
−1

𝑠=0 .  (39) 

 

We may rewrite (39) as follows by using [[33], (3.353.5)] and some polynomial expansion manipulations, the 

closed-form expression for the ergodic rate of 𝑉2without UAV is given by (40). 

 

�̄�𝑥2
𝑑𝑖𝑟 =

1

2 𝑙𝑛 2
∑

𝜁𝑠

𝑠!
[

𝑞𝑠𝑒−𝜁𝑞

𝑞+𝛽2
−

𝑞𝑠𝑒−𝜁𝑞

𝑞+𝛽1
] 𝑑𝑞

𝑚�̄�2
−1

𝑠=0 =

1

2 𝑙𝑛 2
∑

𝜁𝑠

𝑠!
{[(−1)𝑠−1𝛽2

𝑠𝑒𝛽2𝜁Ei(−𝛽2𝜁)
𝑚�̄�2

−1

𝑠=0 + ∑ (𝑘1 − 1)!𝑠
𝑘1=1 (−𝛽2)𝑠−𝑘1𝜁−𝑘1] − [(−1)𝑠−1𝛽1

𝑠×

𝑒𝛽1𝜁Ei(−𝛽1𝜁) + ∑ (𝑘2 − 1)! (−𝛽1)𝑠−𝑘2𝜁−𝑘2𝑠
𝑘2=1 ]}.  (40) 

  

Remark 2: In the performance analysis, we achieve results with highly complicated parameters. 

Although it is very hard to evaluate which parameters play the main role in adjusting system performance, 

our analysis above has shown that different performance of two vehicles is still guaranteed by investigating 

specific parameters as in the next section. 

 

3.4.  Throughput analysis 

Although OP plays an important role, another metric is also necessary to evaluate system 

performance, i.e., throughput in delay-limited transmission mode using UAV and without UAV is expressed 

by [[34], (24)]. 

 

𝜏𝑛𝑜𝑑𝑖𝑟 = (1 − 𝑂𝑃𝑉1
)�̄�1 + (1 − 𝑂𝑃𝑉1

)�̄�2, and 𝜏𝑑𝑖𝑟 = (1 − 𝑂𝑃𝑉1
𝑑𝑖𝑟)�̄�1 + (1 − 𝑂𝑃𝑉2

𝑑𝑖𝑟)�̄�2. (41) 
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4. NUMERICAL RESULTS 

In this section, we perform Monte Carlo simulations to validate analytical results and analyze the 

performance of the proposed system model. Furthermore, to clearly compare the performance of the system, 

we also investigate my proposed scenario with the case of no UAV using the literature referred to [35]. We 

consider key metrics such as OP, EC, and throughput in the different configuration system parameters. The 

parameters used are summarized in Table 2, where BPCU is short for Bit per Channel use. Furthermore, it 

should be noted that normalized parameters have been established with ℎ = 1 and 𝑁 = 20. 

Figure 2 depicts how 𝑅1 = 𝑅2 makes an influence on the performance of users 𝑉1, 𝑉2. It can be seen 

that the performance of user 𝑉1 is better than that of user 𝑉2. It is further confirmed that the performance of 

users following NOMA is better than that of users following OMA. In high SNR regions, SINR can be 

improved and then OP would be better. It is precisely seen that Monte-Carlo and analytical simulations are 

very well matched. In addition, the asymptotic curves match the exact curves. Two users exhibit different 

outage performance due to differences in power allocation to each user. Furthermore, a higher requirement of 

the target rate leads to a worse performance. It can be explained that the target rate limits the outage behavior 

in the expression to compute the outage (14) and (20). A comparison between NOMA, the research in [35], 

and situations without UAV are also shown in Figure 3. 

 

 

Table 2. Table of parameters for numerical results 
Parameters Results 

Monte Carlo simulation iterations 106 
The power allocation coefficient 𝜑1 = 0.2, 𝜑2 = 0.8 

The target rate 𝑅1 = 𝑅2 = 1 (BPCU) 
The fading severity parameter 𝑚ℎ1̃

= 𝑚ℎ2̃
= 𝑚𝑔1̃

= 𝑚𝑔2̃
= 𝑚 = 1 

The average power 𝜆ℎ1̃
= 𝜆ℎ̃2

= 𝜆𝑔1̃
= 𝜆𝑔2̃

= 1 
The path loss exponent 𝛼 = 2 

 

 

  
 

Figure 2. Outage probability versus SNR and varying 

𝑅1 = 𝑅2 

 

Figure 3. Outage probability versus SNR and with 

𝑚 = 1, 𝑅1 = 𝑅2 = 0.5 compare to [35] 

 

 

Figure 4 shows the impact of UAV’s height on outage performance. The superiority of user 𝑉1 

compared to user 𝑉1 in terms of OP in Figure 2 remains only in low height, from 0 to 2.5. After this point, 

user 𝑉2 exhibits its advantage in performance compared to the other user. The better channel condition of 

Nakagami-m fading brings to better performance, i.e., 𝑚 = 3 is the case of best performance. Figure 5 

illustrates the limitation of outage performance in high regions of the target rate that is related to factor  

𝜀1 = 𝜀2. It is concluded that balance between demands for both target rate and OP keeps stable operation of 

such UAV networks. In this observation, 𝜌 = 30 provides the superiority among two considered cases. 

We can see the different ergodic capacity of two users in Figure 6. Such differences in terms of 

ergodic capacity can be clearly seen in the high SNR region. Interestingly, at higher SNR regions, the user’s 

ergodic capacity 𝑉1 can be significantly improved. In contrast, the ergodic capacity performance of user 𝑉2 

tends to be unchanged in the high SNR region. Figure 7 further provides the comparison between NOMA, 

the work in [35] and without the UAV. As observed in Figure 8, by varying the strength of channels, such 

ergodic capacity performance provides a similar trend reported in Figure 6. 
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We plot in Figure 9 the system throughput as a function of transmit SNR for various target rates. 

Depending on the outage probability, such throughput can be significantly improved in high SNR regions. 

The reason is that high SNR leads to lower outage probability and hence throughput approach to highest 

value. In this figure, throughput for the considered UAV network relying on NOMA is still better than that 

using OMA. 

 

 

  
 

Figure 4. Ergodic capacity performance versus SNR 

and varying 𝑚 

 

Figure 5. Outage probability versus SNR and varying 

1 2R R=  

 

 

  
 

Figure 6. Ergodic capacity performance versus SNR 

and varying 𝑚 

 

Figure 7. Ergodic capacity performance versus SNR 

and varying the path loss 𝛼 

 

 

  
 

Figure 8. Ergodic capacity performance versus SNR 

with 𝑚 = 3, 𝜑1 = 0.2, 𝜑2 = 0.8 compare to [35] 

 

Figure 9. Throughput of the system versus SNR and 

varying 𝑅1 = 𝑅2 
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5. CONCLUSION  
We have investigated an UAV-enabled half-duplex DF relaying system with joint design of NOMA 

and relaying protocol, subject to evaluation of outage and ergodic capacity. The design of the UAV relay 

results in improving serving areas. Based on the simulation results obtained, we show that user V1 is better 

than user V2 under specific conditions and parameters; thus, the NOMA scheme satisfies different demands 

for these users. Furthermore, we derived the exact closed-form expression of the outage probability and 

ergodic capacity to provide the guidelines to implement the proposed UAV mobile relay. However, the 

proposed UAV network is only applicable to single-pair and single-antenna users. In future work, we will 

consider the complex situation of multi-pairs and multi-antenna users. 
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