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Abstract

Unmanned aerial vehicles (UAV) have been widely used in various fields because of their high mobility and portability. At
the same time, due to the rapid development of artificial intelligence, people’s demand for computing is increasing, and the
computing power of existing mobile computing devices cannot fully meet the users’ needs for network quality. Therefore,
people have proposed mobile edge computing technology (MEC), but MEC still has some shortcomings, such as poor
dynamic performance. Therefore, combining the two will have better results. Due to the limited battery capacity of UAVs,
the continuity of the UAV Communication Network is affected. Therefore, effectively using the limited spectrum
resources, reducing the energy consumption of UAVs and meeting the users’ quality of service needs have become urgent
problems to be solved. Under the framework of UAV-assisted MEC, this paper focuses on the downlink communication
energy efficiency of a single UAV Communication Network, arranges and analyzes the methods and technologies found in
different research, reviews specific UAV practical applications, provides a relevant discussion and method analysis for the
problems existing in the UAV Communication Network, and presents its existing problems and our future research
direction.
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MEC mobile edge computing
. LoS line of sight
This work was supported in part by the National Natural CPU central processing unit
Science Foundation of China under Grant U20A20181; in MCC mobile cloud computing

part by the Key Research and Development Project of Hunan

Province of China under Grant 2022GK2020; in part by ETSA EuropfaaI} Telecommunications Standardization
Hunan Natural Science Foundation of China under Grant Association
2022JJ2059, in part by the Funding Projects of Zhejiang Lab WPT wireless power transmission
under Grant 2021LCOABOS. (The corresponding author of
this paper is Hongbo Jiang)
Geyong Min

< Hongbo Jiang
hongbojiang @hnu.edu.cn

g.min@exeter.ac.uk

Schahram Dustdar

Zhu Xiao
zhxiao@hnu.edu.cn

Yanxun Chen
chenyanxun@hnu.edu.cn

Zhenzhen Hu
hzz88 @hnu.edu.cn

John C. S. Lui
cslui@cse.cuhk.edu.hk

dustdar @infosys.tuwien.ac.at
College of Computer Science and Electronic Engineering,
Hunan University, Changsha 410082, China

Computer Science and Engineering Department, The Chinese
University of Hong Kong (CUHK), Hong Kong, China

Department of Mathematics and Computer Science,
University of Exeter, Exeter, UK

TU Wien, 1040 Vienna, Austria

@ Springer


http://orcid.org/0000-0001-5645-160X
http://orcid.org/0000-0001-7372-2539
http://crossmark.crossref.org/dialog/?doi=10.1007/s11276-022-03051-4&amp;domain=pdf
https://doi.org/10.1007/s11276-022-03051-4

Wireless Networks (2022) 28:3305-3322

3306

SCA successive convex approximation
IoT Internet of things

KKT Karush-Kuhn-Tucker

BC broadcast channel

D2D device-to-device

NOMA  non-orthogonal multiple access
TD-LTE time division-long term elevation

1 Introduction

With the development of fifth-generation mobile commu-
nication technology and the promotion of the Internet of
Things, an increasing number of new mobile applications
are gradually entering people’s lives, such as unmanned
driving, intelligent navigation, and face recognition [1, 2].
While the new applications have a substantial impact on
public safety, they also cause traffic congestion prob-
lems [3]. Mobile edge computing (MEC) is a technical
solution to solve the pressure of network data traffic. Its
main feature is to transfer the computing function from the
device to the edge of the network to complete the com-
puting intensive and delay sensitive applications on
resource constrained mobile devices [4]. MEC technology
has also attracted the attention of academia.

In MEC, there are heterogeneous network resource
allocation and computing task offloading; hence, joint
optimization of such problems has become the researchers’
main research direction [5-7]. For specific scenarios with
a large number of computationally intensive tasks, it is also
important to study the relevant energy-efficient offload
models, which will enable the optimization of system
energy efficiency [8-12].

As an important strategic means to promote the inte-
gration of sky and ground information networks, UAV-
assisted wireless communication has great application
prospects. Compared with traditional ground communica-
tion service equipment, UAV air communication platforms
play the following important roles: (1) UAV air commu-
nication platforms have the advantages of low deployment
costs and fast speed, which makes them especially suit-
able for auxiliary emergency communication systems; (2)
UAVs can adjust their position in a timely manner due to
the changes in the environment and user requirements to
realize on-demand communication; and 3) UAVs are not
limited by time and terrain and can provide internet ser-
vices for remote areas having insufficient ground wireless
coverage or lacking any network coverage.

UAV-assisted wireless communication is a promising
research direction. For scenarios with limited infrastruc-
ture, traditional ground moving edge calculations cannot

@ Springer

meet their needs. As a potential technology for addressing
challenges, this technology has more reliable line-of-sight
links and controllable mobility management [13—15] than
infrastructure-based mobile edge computing. Specifically,
the authors in [16] studied a relay system based on UAVs,
which included multiple UAVs participating in the air relay
system, which uses concave-convex planning to optimize
task assignment and UAV trajectory together to minimize
the sum of the maximum user latencies [17, 18].

Although there are many studies on single UAV ancil-
lary communication, these studies assume that the business
requests of ground users are the same or that network
resources (bandwidth, energy) are infinite [19, 20]. This
results in excessive UAV energy consumption, unreason-
able resource allocation, and unmet user-differentiated
business needs. Therefore, UAV 3D tracks and bandwidth
resource allocation need to be jointly designed based on the
type of business requested by the user. In addition, most of
the existing research focuses only on maximizing
throughput or minimizing energy consumption. Few stud-
ies combine throughput with energy consumption. There-
fore, studying the energy efficiency of a single UAV
communication network can improve the energy efficiency
of a single UAV communication network and meet the
different business needs of users, which has significant
practical importance.

1.1 What is MEC?

Mobile edge computing (MEC) is a technology that has
been combined with 5G architecture in the past few years.
MEC can be regarded as a micro cloud service platform
that can complete the functions of computing, storage and
communication by approaching the user end [21, 22].
Therefore, some computing tasks with more stringent
requirements for bandwidth and delay can be processed on
the edge server.

In MEC, terminal devices can enhance the computing
power by using the powerful resources of remote central
clouds through the operator’s core network and inter-
net [23-25]. However, the vast resources and services
make it possible for some new applications to run on
equipment terminals with limited computing power. Nev-
ertheless, in terms of network topology, the cloud com-
puting center is far from the device end. Mobile cloud
computing (MCC) not only requires additional mobile
wireless network link resources but also causes a large
additional delay [26, 27]. It cannot meet the requirements
of delay sensitive applications, location awareness and
mobile support.

To solve the above requirements, the sinking edge big
data processing idea arose, which is used to process the
massive data generated by the edge terminal equipment. In
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2014, MEC was first defined by the European Telecom-
munications Standardization Association (ETSA) as a new
platform to provide information technology services and
cloud computing big data services for mobile terminal
devices within its scope through a wireless access net-
work [28]. MEC advocates using the available resources in
the edge network to make cloud services and resources
closer to mobile terminals. However, MEC does not
replace the existing cloud computing model. It integrates
and complements the existing centralized cloud computing
big data processing with a cloud computing model as the
core. It is applied to big data processing at the edge of the
network, which is a better solution for the above problems
in the 5G era. Therefore, MEC is regarded as the key
technology and architectural concept of 5G [29].

Figure 1 illustrates an instance of dynamic service
placement when users roam the network in MEC. The
model is mainly composed of three parts: a cloud com-
puting center, terminal equipment and an edge platform.
The data in the cloud computing center come from the
database and some edge terminal devices. These edge
terminal devices are both data producers and data con-
sumers, but due to their limited computing power and
storage capacity, they need to rely on powerful storage and
computing units for data storage, processing, caching and
management. The edge platform can cache, calculate and
distribute data. When consuming data, it can obtain data at
the edge platform near the terminal, which can reduce the
network burden and delay. After processing the relevant
information, the computing resources can be allocated to
other users and base stations so that they can use the rel-
evant resources more conveniently and easily (Fig. 2).
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Fig. 1 An example of dynamic service placement when a user roams
throughout the network in MEC

1.2 What is a UAV-assisted wireless network
and computing system?

A UAV is also known as unmanned aircraft or remotely
controlled aircraft [30]. Due to the high mobility, flexibil-
ity and low cost of UAVs, their early application in mili-
tary operations was to reduce pilots’ casualties as much as
possible. With the continuous updating of science and
technology, the production and application cost of UAVs is
decreasing. Therefore, UAVs have been widely used in
civil, military and commercial settings [31]. At present,
UAVs can be roughly divided into two categories: fixed
wing UAVs and rotor UAVs.

In various scenarios applicable to UAVs, UAV-assisted
wireless communication (UAVs provide communication
services for users without basic communication facilities)
is a very promising research topic. For example, commu-
nication services in remote mountainous areas or where
communication infrastructure is damaged can be pro-
vided [32]. In addition to UAVs, there are other devices
that can provide wireless transmission services, such as
airships or communication balloons. Compared with high-
altitude satellite communication systems, low-altitude
UAV auxiliary communication systems have the advantage
of a simple system architecture [33]. On the one hand, for
some scenarios with limited planning time, a UAV-aided
communication system is a common scheme to reduce cost
and realize quickly, which is mainly determined by its
portability and easy deployment. On the other hand, when a
UAYV operates at low altitude, it can link the transmitting
end with the receiving end for short-range sight distance to
improve the communication quality to a greater
extent [34]. Second, people can dynamically adjust the
flight trajectory and the flight state of UAVs according to
the actual application scenario to provide more data
transmission and ensure the minimization of communica-
tion delay [35]. In conclusion, UAVs have strong advan-
tages in wireless communication, which makes them a
promising direction for auxiliary wireless communication.

Fig. 2 The MEC system assisted by a UAV
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UAV-assisted wireless communication usually has the
following four case studies.

1) UAV-assisted wireless coverage. As an air mobile
base station, UAVs assist the ground infrastructure in
providing users with wireless transmission services [9].
There are two typical cases. First, fast and effective com-
munication services are provided in the case of natural
disasters or when communication signals in remote
mountainous areas cannot be covered. Second, high-quality
and low delay communication services are provided in hot
areas (such as live broadcasts of events). The research of
these two usage scenarios is of great practical value. 2)
UAV-assisted relay. UAVs provide reliable, safe and effi-
cient wireless communication connections for two or more
remote users. For example, UAVs can provide secure
wireless connections for the front line and the command
center in military operations or can provide data trans-
mission services for long-distance base stations. 3) UAV-
assisted security. Specifically, in terms of the performance
and resource management of UAV physical layer security,
because wireless communication is exposed to the air and
has broadcast characteristics, UAV communication is
vulnerable to malicious attacks or eavesdropping. To avoid
eavesdropping attacks on the system and ensure the safe
communication of the system, the general system adopts
encryption. In terms of performance analysis and opti-
mization of UAV covert communication, that covert
communication, or low probability detection (LPD) com-
munication, aims to conceal the existence of wireless
transmission. It also aims to transmit covert information by
using normal behavior to greatly reduce the risk of attack in
the transmission process of information to ensure strong
security in wireless networks. This adds more levels to the
research of UAV communication. 4) UAV-assisted data
acquisition or information dissemination. UAVs are widely
used in distributed wireless transmission systems requiring
low delay because of their high mobility and flexibility.

1.3 Why do we perform resource management
in UAV-assisted MEC?

Due to the many advantages of UAVs in communication,
such as on-demand deployment, rapid deployment, line of
sight communication, etc., the MEC service assisted by
UAVs has great prospects and is of enormous help to
resource management in UAV-assisted MEC computing.
In this regard, there are many related studies with different
emphases. In [36], for a UAV-assisted MEC system, a two-
stage alternating optimization method was used to obtain
the flight trajectory and the allocation of communication
and computing resources to maximize energy efficiency. In
[37], the network trust node and cooperative data com-
munication are studied, which can help the network mutual
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trust and data communication between UAVs. The problem
of computing rate maximization in local and binary
flooding modes is solved by an alternating algorithm. In
another study [38], by studying the dynamic working
phenomenon of service workflow in cloud edge computing,
we can find a series of problems that may occur in the
actual operation of UAVs and the corresponding solutions.
In addition, [39] suggested that multiple UAVs use fixed
flight trajectories as edge servers to provide services for UE
in a certain range, and the energy consumption of UE is
minimized by using reinforcement learning to solve mixed
integer nonlinear programming.

UAV-assisted wireless communication can give full
play to the respective advantages of space-based and
ground-based communication systems, realize comple-
mentary functions, and provide real-time, reliable and
efficient communication services for various applica-
tions [40]. In the early stage, UAVs were mainly used in
military applications to detect and collect enemy intelli-
gence to reduce casualties [41]. In the last few years, with
the continuous progress of relevant science and technology,
the development cost of UAVs has been continuously
reduced, the volume has been continuously

increased , and the function has been continuously
improved. The application of small UAVs in civil and
public safety has increased rapidly. The application sce-
narios include environmental monitoring, logistics man-
agement, emergency communication, aerial photography,
wire patrol inspection, geological exploration, etc. [42]. In
[43], the authors proposed the combination of UAV and
MEC, discussed its application scenario, safety perfor-
mance, and specific unloading decision-making methods,
described the existing problems, and made the corre-
sponding proposals. An air-ground integrated mobile edge
network (AGMEN) using a UAV-assisted MEC network
was proposed [44]. In [45], the authors proposed the
development of a UAV-MEC (U-MEC) network. It inclu-
ded a brief introduction to UAV and MEC technology.

In addition, [43] discusses the combination and appli-
cation scenarios of UAVs and MEC and proposes the
characteristics and performance comparison of different
unloading technologies. In [44], the authors introduced the
characteristics and components of UAVs. Then, from the
communication perspective, computing and caching,
AGMEN’s application, key challenges and current research
techniques are reviewed. In [45], the authors introduced the
U-MEC system, compared it with the ground MEC net-
work, explained its principle, and proposed optimization
problems and solutions.

This paper emphasizes the practical problems and cor-
responding solutions of UAV-assisted MEC systems in
different applications and proposes a series of energy
efficiency optimization methods for network requirements
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and quality of user experience to ultimately guarantee the
business needs of users. The common point of this paper
and reference [43] is that they study the optimization of
MEC systems. The common point with [44, 45] is to
combine optimization of MEC systems with UAV systems
to explore better solutions.

Figure 3 shows the communication system architecture
of UAV edge computing. Compared with traditional
ground communication service equipment, the UAV air
communication platform has the following advantages. 1)
The UAV air communication platform has the advantages
of low deployment cost and fast speed, which makes it
particularly suitable for assisting the emergency commu-
nication system. For example, when the communication
infrastructure in the disaster area is destroyed and results in
the paralysis of the communication network and the com-
munication base station is overloaded due to the sudden
increase in communication demand in temporary traffic hot
spots, service traffic is unloaded, and data collection and
distribution of large-scale Internet of Things (IoT) equip-
ment occur in industrial parks or communities. 2) The
flexibility and controllability of UAV movement bring new
degrees of design freedom. For example, UAVs can adjust
their position in a timely manner according to changes in
the environment and user requirements to realize on-de-
mand communication. 3) In remote areas and disaster
areas, the problem of insufficient or ineffective infras-
tructure can be extended and covered by UAVs. In densely
populated and crowded places, UAVs can enhance wireless
coverage and increase user capacity.

Combined with the advantages of UAVs in air com-
munication platforms discussed above, it can be seen that
UAVs play an increasingly important role in modern
communication systems, and the application and research
of UAV-based MEC has attracted increasing attention.
A UAV can dynamically provide data transmission ser-
vices, and MEC can use idle devices to unload tasks for
auxiliary computing and has achieved low delay and high
data transmission. Obviously, for a large amount of data

UAV-BS-MEC
UAV-BS-MEC

Fig. 3 The communication system architecture of UAV edge
computing

that is difficult to calculate, the UAV can unload it to idle
devices for auxiliary calculation and complete the data
calculation task in time. This has notable practical impor-
tance for military, civil and commercial scenarios with
high computational requirements. Thus, new research in
this field is necessary.

In Table 1, we summarize the related research of mobile
edge computing and UAV-assisted MEC.

1.4 Contributions of the paper

The following sentences summarize the key contributions
of this paper to the proposed research topics and chal-
lenges. In short, the objectives of this paper are:

(1) providing valuable information about the role of data
distribution and data transmission in resource man-
agement in UAV-assisted MEC;

(2) exploring the main challenges of resource manage-
ment in UAV-assisted MEC and present guidelines
to face the current challenges; and

(3) summarizing the key areas of data distribution and
data transmission in resource management in a
UAV-assisted MEC.

1.5 Organization of the paper

The first section introduces the background knowledge of
MEC and UAV assistance. The second section describes
the specific examples of UAVs assisting MECs in resource
management. The third section highlights the specific
research direction that needs to be discussed in this paper.
The fourth section is a preliminary summary of the above.
The fifth section presents the most important research
challenge, which is discussed in the section about open
issues. The last section presents the conclusions of the

paper.

2 Resource management in UAV-assisted
MEC: motivating application use cases

Based on the business scenarios characteristics, UAV-as-
sisted wireless communication scenarios can be roughly
divided into three categories: emergency communication,
relay communication, and information collection and
distribution.

2.1 Emergency communication scenarios
In emergency communication scenarios, the sudden

increase in the demand for communication services results
in overloading of ground base stations (such as large sports

@ Springer
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Table 1 Research status of mobile edge computing and UAV-assisted MEC

Ref Year Focused area

[3] 2021 Reconstructing the optimization problem of an MD. A 2-step decomposition is presented and performed.

[4] 2020 Proposing a new joint information and energy cooperation method.

[S] 2018 Studying resource allocation and cross layer interference suppression in heterogeneous networks.

[6] 2020 Proposing an energy-saving framework is proposed for the scenario.

[91 2022 Studying the task collaboration.

[10] 2022 Proposing a meta heuristic optimization technique called the hybrid flower pollination algorithm.

[15] 2021 Considering a UAV enabled relaying system where multiple UAVs are deployed as aerial relays to support simultaneous
communications from a set of source nodes to their destination nodes on the ground.

[16] 2020 Presenting a new algorithm for optimizing geometric energies and computing positively oriented simplicial mappings.

[17] 2019 Block coordinate descent (BCD) methods approach optimization problems by performing gradient steps along alternating
subgroups of coordinates.

[19] 2018 It aimed to present a comprehensive survey of relevant research and technological developments in the area of MEC.

[20] 2016 Software defined networking could facilitate flexible deployment and management of new services and help reduce cost, increase
security and availability in networks.

[22] 2016 Primal and dual block coordinate descent methods are iterative methods for solving regularized and unregularized optimization
problems.

[23] 2018 Presenting a novel jointly sparse signal reconstruction algorithm for the DOA estimation problem.

[24] 2020 Studying a UAVs-aided self-organized device-to-device (D2D) network. Relay deployment, channel allocation and relay
assignment are jointly optimized, aiming to maximize the capacity of the relay network.

[25] 2020 A mood-driven online learning relay selection approach is proposed for the D2D pairs, which not only utilizes the immediate
transmission rate but also the variation tendency of the transmission rate.

[29] 2018 Considering the spectrum sharing planning problem for a full-duplex unmanned aerial vehicle (UAV) relaying systems with
underlaid device-to-device (D2D) communications, where a mobile UAV employed as a full-duplex relay assists the
communication link between separated nodes without a direct link.

[30] 2019 Considering the sum power minimization problem via jointly optimizing user association, power control, computation capacity
allocation and location planning in a mobile edge computing (MEC) network with multiple unmanned aerial vehicles (UAVs).

[32] 2018 Considering a UAV-enabled two-user broadcast channel (BC), where a UAV flying at a constant altitude is deployed to send

independent information to two users at different fixed locations on the ground.

match sites, large concert sites, etc.) or failure of ground
base stations caused by natural disasters (such as earth-
quakes and floods). To ensure the communication needs of
temporary traffic hot spots or disaster-stricken areas,
wireless coverage can be provided by deploying UAV base
stations over the target area to meet the communication
needs of ground users [46].

2.2 UAV as flying MEC server-assisted MEC
networks

In the scenario where the communication link between the
ground source node and the destination node is seriously
blocked and there is no direct communication link, a UAV
base station is deployed to provide relay communication
coverage service to ensure efficient information exchange
between the source node and the destination node [47].

@ Springer

2.3 Data collection, information collection
and distribution

In remote areas with insufficient or no network coverage,
the battery capacity of the sensor is limited, and long-dis-
tance communication takes a large amount of energy,
which seriously affects the available access to the sensor.
Deploying a UAV as an air access point to collect data
from the ground sensor or to distribute information to the
sensor can reduce the energy consumption of the sensor by
[48]. We increase the probability of successful data trans-
mission. Figure 4 summarizes three typical scenarios for
UAV-assisted wireless communication.

3 Research directions and state-of-the art
3.1 Single UAV-assisted wireless networks
The UAV carries a communication base station aloft to

provide communication services to ground users. For the
limited coverage and energy of a single UAV
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Fig. 4 Typical application scenarios of UAV auxiliary wireless
communication. a UAV auxiliary emergency communication, b UAV
auxiliary relay communication, and ¢ UAV auxiliary information
collection and distribution

Communication Network, we can jointly optimize the
mobile trajectory, transmission power, system bandwidth
resource allocation and user communication scheduling to
achieve efficient communication of a single UAV.

In the single UAV-assisted wireless communication
scenario, researchers maximize the transmission rate and
service fairness, minimize the UAV flight time and provide
access for the maximum number of users by optimizing the
UAV  movement trajectory [49-61], 3D  deploy-
ment [62, 63], power allocation and bandwidth resource
allocation [64, 65].

3.1.1 Trajectory optimization

Due to the interaction between the UAV flight trajectory
and bandwidth resource allocation, the authors in [66]
studied the service fairness of a UAV communication
system based on orthogonal and nonorthogonal multiple
access technology and proposed a joint optimization
algorithm for UAV movement trajectory and resource
allocation. Considering that UAVs flying at fixed altitudes
may have difficulty meeting the service needs of all of the
users along with limited bandwidth resources, the authors
in [67] proposed a UAV 3D flight trajectory design method

to maximize the minimum throughput and provide user
service fairness. This study reveals the positive correlation
between UAV flight altitude and data transmission rate.
Although the scheme can ensure the fairness of users
receiving services, it does not consider the differences of
users’ business needs, which will lead to unreasonable
resource allocation or waste of resources. Considering the
widespread downlink interference in cellular networks, the
authors in [68] proposed the 3D antenna radiation mode
and UAV 3D movement trajectory under the wireless
backhaul constraints optimization problem. Focusing on
the poor quality of service of edge users in heterogeneous
cellular networks, the authors in [69] proposed that the
UAV mobile air base station offloads the edge service
traffic of the ground cellular network to improve the
average bandwidth utilization of heterogeneous cellular
networks.

3.1.2 Resource allocation

The authors in [70] proposed using a solar UAV to assist
wireless communication, comprehensively considering five
constraints: UAV moving trajectory, bandwidth resources,
UAYV transmitting power allocation, UAV receiving energy
efficiency and UAV total energy consumption, and
designed an offline resource allocation algorithm and
online resource allocation algorithm according to channel
causality attributes [71]. Moreover, considering the ser-
vice-specific delay requirements in the scenario, the
authors in [72] proposed studying the UAV-assisted wire-
less communication method based on orthogonal frequency
division multiplexing technology and proposed a joint
optimization scheme to maximize the minimum throughput
and meet the delay requirements of all applications. In [73],
the authors proposed an efficient trajectory optimization
scheme to minimize UAV flight time and ensure that all
users can successfully receive and recover file content. In
[74], the authors proposed a novel optimization algorithm,
which can significantly improve the system performance
and provide the best parameter selection for UAV system
design. In [75], the authors studied the performance anal-
ysis of a new type of covert communication system. The
system uses friendly UAV jammers to protect covert
transmission and then realizes the further rational alloca-
tion of resources.

3.1.3 Energy efficiency

In the scenario where the rotor UAV base station is used to
serve multiple ground users, the authors in [76] proposed
the minimization of energy consumption of the UAV
Communication Network in mobile hover communication
mode and mobile communication parallel mode,
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respectively. In mobile hover communication mode, the
author solved the optimization problem by using a one-
dimensional search algorithm and obtained the UAV
energy-saving flight trajectory. In mobile communication
parallel mode, the author discretized the UAV movement
trajectory, and the SCA algorithm and CVX toolkit were
used to solve the nonconvex optimization problem to
obtain the UAV energy-saving flight trajectory. In a UAV-
assisted D2D (Device-to-Device, D2D) communication
network, the authors in [77] proposed a joint optimization
scheme for D2D transmission power, UAV hover height,
and bandwidth resource allocation to maximize the D2D
downlink transmission rate. In a UAV relay communica-
tion network with D2D communication, the authors in [78]
proposed an efficient spectrum sharing method suitable for
UAYV relay communication and ground D2D communica-
tion. The optimal UAV trajectory and transmission power
are obtained by subtracting two convex functions and an
alternating optimization algorithm to maximize system
throughput, which satisfies the D2D communication qual-
ity of service requirements. In [79], the authors studied the
use of a single solar UAV to provide communication ser-
vices for multiple downlink users and constructed a joint
optimization problem for UAV 3D positioning, power and
bandwidth resource allocation with total throughput.

3.2 Single UAV-assisted MEC networks

UAVs carry computing devices as airborne MEC servers to
relieve communication and computing pressure on the
ground edge computing network. In particular, in areas
where wireless coverage on the ground is insufficient or
where there is no network coverage, terminal devices with
limited battery capacity have difficulty successfully
unloading computing tasks to remote edge servers, and
terminal devices consume considerable energy for long-
distance communication. Deploying UAV edge computing
networks can reduce the energy consumption of terminal
devices and improve the computing power of terminal
devices. We use the UAV air MEC system auxiliary ter-
minal equipment to complete high-density computing
tasks.

3.2.1 Trajectory optimization

In the Internet of Things (IoT) scenario, the authors in [80]
proposed the energy efficiency of an MEC network based
on a UAV wireless power supply. To improve the energy
efficiency of the edge computing network, a workflow
model based on the new time-division-multiple-access
(time division-multiple-access) technology was proposed,
and the UAV was allowed to process the received com-
puting tasks in real time. The authors in [81] considered
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that the system resource management problem was mod-
eled as a random Stelberg game model under the condition
that different base stations were managed by different
operators and did not communicate with each other. The
decision-making problem was designed for the base station
and the nodes, specifically to reasonably decide when to
unload the computing task to the corresponding MEC
server and base station and coordinate the resource allo-
cation between each MEC server. A novel framework for
the reinforcement learning algorithm, [82], the UAV and
ground static access point cooperate to assist edge com-
puting. This occurs to solve the problem that the computing
and communication capabilities of the UAV and ground
access point differ greatly, and the authors in [83] proposed
a joint design of communication and calculation to mini-
mize the energy consumption of the UAV-assisted MEC
network and ensure the minimum computing bits offload
requirements of all users.

3.2.2 Resource allocation

In [84], the authors considered both communication and
computing latency requirements and studied joint opti-
mization task offload decisions, resource allocation MEC
hierarchies, and UAV trajectories to minimize the total
energy consumption of IoT devices and UAVs. In an
application scenario where mobile users are rapidly
increasing or facilities are sparsely deployed, the authors
in [85] studied UAV and Edge Cloud work together to
assist IoT devices in performing computing tasks by jointly
optimizing UAV location deployment, computing and
communication resource allocation, and task planning to
minimize the weighted sum of the total offload delay and
UAV energy consumption for IoT devices. In [86], the
authors proposed a joint optimization scheme for the UAV
trajectory, user scheduling, computing resource allocation,
computing task partitioning and radio resource allocation
with energy efficiency as the goal, considering the energy
consumption brought by local computing tasks, computing
task unloading and UAV baseband signal processing of
ground terminal devices. Aiming at the security problem of
UAV-assisted edge computing, the authors in [14] pro-
posed a scheme for a UAV MEC system to offload security
computing to maximize the efficiency of the system. As a
result of the game relationship between UAV flight speed,
energy consumption and task completion time, the authors
in [87] proposed a joint optimization of the UAV trajec-
tory, task completion time, calculation offload and resource
allocation to minimize energy consumption and task
completion time of edge computing systems. Multiaccess
edge computing is often considered to be an effective
solution to improve the computing power of mobile devi-
ces with limited battery capacity. Researchers studied an
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energy-saving UAV-assisted MEC system framework
based on nonorthogonal multiple access (NOMA) tech-
nology and used NOMA technology to reduce UAV energy
consumption [88]. Since the computational energy con-
sumption increases cubically with the increase in compu-
tational tasks, an inappropriate allocation of computational
tasks may lead to an explosive increase in computational
energy consumption, which in turn may result in compu-
tational tasks unloaded to UAVs not being completed in
time. For this reason, the authors in [89] proposed the UAV
trajectory, computing task allocation and communication
resource allocation to maximize the energy efficiency of
edge computing systems.

3.2.3 Energy efficiency

The UAV operates a computing device as an aviation MEC
server that can relieve communication and computing
pressure on computing networks at the edges on the
ground. By deploying a certain number of drones, the
scenarios of signal complexity, network jams and the
emergency situation can be helped, and with the coopera-
tion of drones, the MEC server workload can be further
alleviated, thus achieving faster computation speed and
resource allocation rationalization. We use UAV airborne
MEC system auxiliary terminal equipment to complete
high-density computing tasks. To satisfy the quality of
service of any user, the authors in [90] proposed estab-
lishing a Markov decision model for the UAV trajectory
and compute offload scheduling and proposed a motion
selection decision method based on a deep learning algo-
rithm of quality of service. In the scenario where UAV and
ground terminal devices work together to assist in com-
puting the offloading, the authors in [91] proposed a joint
optimization framework for computing the offloading
scheduling, CPU control and UAV trajectory, which min-
imizes the total energy consumption of the UAV-based
wireless charging MEC network.

The review of the above research found that the current
research work on UAV-assisted edge computing networks
assumes the same type of business terminal, and UAVs
only provide computing services. This may lead to a
deterioration in the quality of service accepted by other
communication users in some applications (for example,
the coexistence of communication users and computing
users in traffic hot spots). In addition, most of the existing
studies rarely combine energy consumption with through-
put. Further consideration needs to be given to the single
UAV-assisted MEC network energy efficiency.

3.3 Multi-UAV assisted wireless networks
3.3.1 Trajectory optimization

Compared with a single UAV communication network,
deploying a multiple UAV communication network can
improve the quality of service and extend the service time
of the UAV communication network. In [92], the authors
proposed the throughput maximization problem of a UAV-
assisted wireless communication system based on time
division multiple access technology and proposed a joint
optimization scheme with minimum throughput maxi-
mization constrained by the UAV trajectory, user com-
munication scheduling and UAV transmission power
control. To reduce the complexity of optimization problem
solving, the authors in [93] resolved the problems using the
BCD algorithm.

To solve the problem of service skewing in a multi-
UAV-based communication network, the authors in [94]
proposed a method of joint optimization of resource allo-
cation and UAV base station deployment to achieve service
fairness.

3.3.2 Energy efficiency

To minimize the maximum deployment delay of UAVs and
the total deployment delay of all UAVs, the authors in [95]
proposed the UAV flight trajectory to minimize the cov-
erage delay and the energy consumption of UAVs due to
the different types of UAV flight speeds and deployment
cycles. Because UAV clusters have the advantage of wide
coverage, the authors in [96] proposed the seamless cov-
erage of using UAV clusters with ground cells. In [97], the
authors proposed an on-demand deployment algorithm for
UAYV airborne networks. In the scenario where a UAV
communication network coexists with a terrestrial cellular
network, as a result of the negative impact of UAV com-
munication network deployment density on the service
quality of terrestrial cellular networks, the authors in [98]
proposed improving the spectrum utilization of heteroge-
neous networks by optimizing UAV communication net-
work deployment density to ensure the service quality of
terrestrial cellular users. To solve the interference problem
in multi-UAYV auxiliary communication, the authors in [99]
proposed the spectral efficiency of the communication
network by jointly optimizing the UAV trajectory and the
transmission power. To overcome the limitation of UAV
endurance, the authors in [100] proposed a method of joint
use of user active cache to communicate with a UAV base
station switch to extend UAV-based communication net-
work service time. Considering the game relationship
between the energy consumption of UAVs and the
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coverage efficiency of communication networks,
researchers have studied the energy efficiency optimization
algorithm for multi-UAV wireless communication net-
works based on deep reinforcement learning from the
perspective of energy consumption and fair cover-
age [101, 102]. To enable in-vehicle users to enjoy an
immersive driving experience, the authors in [103] pro-
posed a UAV cluster and in-vehicle network collaborative
auxiliary content push and cache algorithm. In a hetero-
geneous network where UAV airborne base stations coexist
with ground macro base stations, the authors in [104]
considered the trade-off between the communication
energy consumption of UAVs and the throughput of the
communication system, proposed a UAV hover location
optimization scheme aimed at maximizing energy effi-
ciency, and designed a two-layer optimization framework
based on the Lagrange multiplier method and the subgra-
dient optimization algorithm. Given the loss of airborne
channels and the limited airborne power of UAVs, how can
network life be extended while ensuring successful data
transmission? To answer this question, the authors in [105]
proposed a multi-UAV energy-saving cooperative relay
communication scheme. In [106], the authors proposed the
energy efficiency optimization of a wireless charging-as-
sisted UAV communication network and proposed a new
group intelligence-aware energy efficiency optimization
algorithm for UAVs based on a deep learning framework.
In [107], the authors proposed the use of multi-UAV-as-
sisted relay communication to achieve high throughput and
long-distance communication. The authors in [108]
designed an advanced TD-LTE radio resource optimization
framework to address the problem that the existing frame
configuration method limits the use of time division-long
term evolution (TD-LTE) technology in UAV communi-
cation networks.

3.3.3 Resource allocation

In [109], the authors designed a joint optimization model of
resource allocation and user association for a UAV base
station and used convex optimization theory to solve the
problem of resource allocation optimization, aiming at the
resource competition caused by shared spectrum resources
of forward and return links in the process of providing
wireless services. In [110], the authors proposed the effi-
cient dynamic deployment method of a communication
network based on a multi-UAV concept. To enable ground
devices to send data to UAVs stably with minimum
transmission power, the author designed a joint optimiza-
tion framework for UAV 3D dynamic deployment, termi-
nal device communication association and uplink power
control.
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In addition, due to the limited load of UAVs, the
capacity of computing devices that the UAV can carry is
limited, which results in limited computing power for the
UAV. Therefore, using a single UAV as a computing ser-
vice device may result in unacceptable computing delays.
Currently, many researchers have focused on multi-UAV-
assisted MEC. Specifically, the authors in [111] calculated
a hierarchical game theory model based on access selection
and resource allocation to balance the performance and
service cost of the IoT system. Considering the conflict of
the resource competition among MEC systems based on
multiple UAVs, the authors studied how to allocate band-
width resources reasonably to meet the computing latency
requirements of all users during the offloading of multiple
UAVs. When the residual energy of the ground terminal
device was very low and the computing task could not be
successfully unloaded to the UAV, the authors in [112]
proposed the multi-UAV MEC network architecture with
wireless charging in the application of the Internet of
Things and proposed a joint optimization scheme for
computing unload and resource allocation. In addition, the
author converts the above collaborative computing
offloading and resource allocation optimization problems
into semi-Markovian decision-making processes and pro-
poses a deep reinforcement learning-based computing
offloading method for UAV centralized MEC systems and
UAV distributed MEC systems. In the vehicle networking
application scenario, the authors in [113] proposed a dif-
ferential evolution algorithm to study resource allocation of
base-multiple UAV-assisted edge computing systems to
achieve the goal of a minimum number of UAVs deployed
and high system stability.

Although much work has been done on multi-UAV
ancillary communication and computing, most of the
research work only considers that UAVs provide a single
type of network service (e.g., multimedia communication
service, computing offload), without taking into account
the differences in the terminal business requirements and
UAYV group execution tasks. In addition, little research has
been done to consider the throughput of the communication
system in combination with the UAV energy consumption.
Therefore, it is of great importance to continue to study the
throughput and energy consumption trade-off of multi-
UAV communication networks to improve the energy
efficiency of communication networks and ensure the
quality of service for users.

4 Discussion

In this section, we discuss the research status of resource
management in a UAV-assisted MEC.
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First, facing the diversification and dynamic changes of
users’ business requests, the allocation of network band-
width resources needs to be reasonably designed according
to users’ business needs, especially when the business
content requested by users changes (for example, the
business content changes from SMS text to audio and
video), which may lead to a serious contradiction between
the supply and demand of bandwidth resources [114].
Although we can address the insufficient bandwidth
resource problem brought by changes in the users’ business
requirements by adjusting the trajectory position of UAVs
in real time, this operation may cause a large amount of
energy consumption to UAVs and aggravate the endurance
problem of UAVs. In addition, the UAV movement tra-
jectory designed for energy savings may result in low
bandwidth utilization. Therefore, designing a UAV flight
path and bandwidth resource allocation that can not only
make efficient use of limited bandwidth resources but also
reduce UAV energy consumption and meet users’ business
needs has become a major challenge for UAV auxiliary
communication.

Second, in temporary traffic hot spots, [oT device bat-
tery replacement is difficult, the computing power is lim-
ited, and IoT device local computing will consume
considerable energy and have a large computing delay,
especially for applications with high computing require-
ments (such as augmented reality and virtual reality, etc. ),
which will seriously affect the service availability of IoT
devices. Although the computing task of the IoT device can
be unloaded by deploying the UAV communication net-
work, including edge computing, the IoT device unloading
computing task will consume part of the network band-
width resources and adversely affect the quality of the
multimedia communication services obtained by other
users in the network. In addition, although reducing the
UAV base station transmission power can improve the
number of received calculation bits, the transmission power
of the UAV is too low to meet the multimedia communi-
cation service requirements of downlink users. In addition,
although reducing the UAV flight altitude can compensate
for the loss of transmission power, it also reduces the
coverage area of the UAV base station, resulting in poor
coverage efficiency. Therefore, controlling UAV trans-
mission power, allocating bandwidth resources, designing
UAV flight trajectories to meet the business needs of
uplink and downlink users, reducing the self-interference
of UAV base stations and prolonging the service time of
communication networks have become additional major
challenges for UAV auxiliary communication.

The main contribution of this paper is that when using a
single UAV to provide communication and computing
services, it is necessary to comprehensively consider the
UAV movement trajectory, computing offload scheduling,

bandwidth allocation and UAV transmission power con-
trol, reduce the uplink and downlink resource competition
conflict and UAV self-interference, and improve the energy
efficiency of a UAV communication network integrating
edge computing. On the one hand, the existing studies have
not considered the differences of ground terminal services
(such as multimedia communication services and the
computing offload), which makes it difficult to meet the
service needs of downlink and uplink users at the same
time. On the other hand, most of the existing studies only
focused on calculating the unloading rate or the energy
consumption of ground equipment. There is little research
on the joint optimization of calculating the unloading rate
and UAV energy consumption.

Because of the above problems, this paper takes into
account the multimedia communication service require-
ments of the ground users and the different network
bandwidth requirements caused by the unloading of com-
puting tasks. It is clear that the rational allocation of net-
work resources and the full utilization of computing
resources can be achieved through various optimization
methods under the framework of UA-assisted MEC sys-
tems. Specifically, according to the communication quality
between the unmanned aerial vehicle and the terrestrial
computing device, select the computing task that is
unloaded to the terrestrial user to effectively avoid the
access conflict of the unloaded computing user. In addition,
considering the severe energy consumption caused by
UAVs when providing services to meet the business needs
of ground users, the energy consumption of integrated edge
computing for a single UAV communication network can
be maximized by optimizing the UAV trajectory jointly,
calculating the uninstall schedule, and allocating the
bandwidth. In conclusion, we can find the value of the
UAV-assisted MEC system framework in practical use.

5 Open problems and future opportunities
for UAV-assisted wireless communication
and MEC

In the following, the challenges of several studies will be
explored so that future researchers can use the proposed
algorithms for further research to eliminate the shortcom-
ings in the literature.

5.1 Scale of resource management in UAV-
assisted MEC

In terms of the relevant cluster size of UAVs, energy
efficiency optimization models are designed for a single
UAV Communication Network Integrating edge comput-
ing, a multi-UAV Communication Network Integrating
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edge computing and a multi-UAV satellite cooperative
communication network integrating edge computing. The
experimental results show that the relationship between
system throughput and energy consumption, the relation-
ship between the uplink communication link and the
downlink communication link competing for bandwidth
resources, and the shortage of bandwidth resources and
transmission power can be compensated for by reducing
the altitude of the UAV. It was verified that the proposed
system has a better energy efficiency ratio and better per-
formance than other systems. An important research
direction for the future is to analyze the communication
system that uses large-scale UAV clusters to provide more
application services for a wider range of target areas for a
longer time, explore the similarities and differences of
UAYV mobile modes in different application scenarios and
different periods, and obtain more popular research results
[115]. The research in this direction can not only com-
prehensively explain the internal relationship between the
UAV mobile mode and the overall performance of the
system but also provide valuable suggestions for operators
and relevant government departments to formulate and
evaluate the application of UAV network auxiliary
services.

5.2 Practical application of resource
management in a UAV-aided MEC

A UAV-assisted MEC theoretically accomplishes energy-
efficient downlink transmission of a single UAV Com-
munication Network, energy-efficient uplink and downlink
cotransmission of a single UAV Communication Network,
energy-efficient downlink transmission of a multi-UAV
Communication Network and energy-efficient uplink and
downlink cotransmission of a multi-UAV Communication
Network, and they all have corresponding optimization
models [116]. A series of simulations verify the effec-
tiveness of the proposed scheme and algorithm. However,
we have not verified whether the performance of the sys-
tem in the real world is consistent with the theoretical
performance. Therefore, future work will focus on applying
the theoretical research system to the physical UAV net-
work and will give full play to the application value of the
research results.

5.3 Theoretical aspects of resource management
in a UAV-assisted MEC

The energy efficiency and resource allocation optimization
of UAV auxiliary communication in four application sce-
narios of single UAV Communication Network Service for
the same type of users, single UAV Communication Net-
work Service for different types of users, multi-UAV
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Communication Network Service for the same type of
users and multi-UAV Communication Network Service for
different types of users are studied in a layer-by-layer
manner. The optimization model for the design is a frac-
tional optimization problem that is neither convex nor
concave. In this paper, traditional methods are used to deal
with nonconvex problems. First, the fractional objective
function is transformed into the integral objective function,
and then the coordinate block descent algorithm and the
Dinkelbach algorithm are used to solve the new opti-
mization problem. The superiority of the proposed opti-
mization scheme is verified by a large number of
simulations. For future UAVs with larger scales, more
complex service environments and higher service quality
requirements, the next important research direction will be
on using machine learning methods to address optimization
problems [117].

At the same time, we can consider the user equipment
perspective, assume that each ground user equipment has a
certain mobility, and assume each user’s equipment itself
has a certain computing power. On this basis, the opti-
mization problem is established to jointly optimize the
amount of data of user equipment unloading computing
tasks, the association strategy with the UAV cluster, and
the deployment location of the UAV cluster.

5.4 UAV height and base station in a UAV-
assisted MEC

When analyzing the UAV trajectory, it is assumed that the
UAV is flying at a fixed altitude. The impact of unmanned
aerial vehicles flying at variable altitudes on unmanned
aerial vehicle trajectories and system energy consumption
is also a direction worth studying in the future. The UAV’s
association with the user or with the ground is also con-
sidered. In the case of limited computing power, the sce-
nario where an unmanned aerial vehicle collects user data
and unloads it to a ground base station for ancillary com-
puting is also worth investigating.

From the perspective of making full use of UAV
mobility, we can also consider optimizing the flight tra-
jectory of UAV clusters rather than considering the spatial
location deployment of UAV clusters. In the existing
studies, most of the initial points to optimize the trajectory
of the UAV are set in the working range of the UAV. In
practice, the initial point of the UAV will be a distance
from the working area. Optimizing the starting trajectory of
each UAV in the UAV cluster, as well as the working
trajectory and return trajectory of the UAV, is worth further
exploration.
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5.5 Algorithm optimization in a UAV-assisted
MEC

The system mainly solves the optimization problem of
computing task unloading and resource allocation. The
main solution is to transform the convex problem into a
nonconvex problem and then find the optimal value.
However, it is obvious that there are many complex scenes
in actual production and life, and the optimization objec-
tives will also face more interference. Therefore, for future
UAVs with larger scales, more complex service environ-
ments and higher service quality requirements, the next
important research direction is to use machine learning
methods to address optimization problems.

6 Conclusion

UAVs can carry edge servers and provide computing ser-
vices to ground user equipment on demand. In addition,
taking advantage of the high mobility of the UAV and, by
optimizing the trajectory of the UAV, a high-quality
communication link can be formed with the ground user
equipment to reduce the unloading computing task time of
the user equipment. Although compared with the ground
edge server, the computing resources carried by UAVs are
limited. However, we can use multiple UAVs to provide
services to ground user equipment at the same time.

With this background, this paper focuses on in-depth
research on the computing resource allocation mechanism
in UAV-assisted MEC. It uses the mobility of UAVs to
meet the tasks of low delay and high computation of
mobile devices, so the effective combination of the two can
reduce the cost of network resource management in wire-
less communication. However, there are still difficulties to
be resolved in UAV-assisted MEC. The flexibility of UAVs
makes their position deployment and trajectory planning
the focus of UAV-assisted MEC. At the same time, the size
of UAVs limits the computing power and battery capacity
of MEC servers. Therefore, reasonably allocating resources
to limit energy consumption is also an issue worth
studying.
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