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Abstract: Unmanned Ariel Vehicles (UAVs) are flying objects whose trajectory
can be remotely controlled. UAVs have lot of potential applications in the
areas of wireless communications, internet of things, security, traffic management, monitoring, and smart surveying. By enabling reliable communication
between UAVs and ground nodes, emergency notifications can be efficiently
and quickly disseminated to a wider area. UAVs can gather data from remote
areas, industrial units, and emergency scenarios without human involvement.
UAVs can support ubiquitous connectivity, green communications, and intelligent wireless resource management. To efficiently use UAVs for all these
applications, important challenges need to be investigated. In this paper, we
first present a detailed classification of UAVs based on factors such as their
size, communication range, weight, and flight altitude. We also explain the
hardware system configuration and uses of these UAVs. We present a brief
overview of recent work done related to three major challenges in UAVs.
These challenges include trajectory control, energy efficiency and resource
allocation. We also present three open challenges and future opportunities for
efficient UAV communications. These include use of learning algorithms for
resource allocation and energy efficiency in UAVs, intelligent surfaces-based
communications for enhanced reliability in UAVs, and security algorithms to
combat malicious attacks against UAVs.
Keywords: UAVs; resource allocation; energy efficiency; trajectory control

1 Introduction
Unmanned Ariel Vehicles (UAVs) are objects that can fly around providing communications
and logistic support for many applications. Key areas in which UAVs can benefit include efficient crop monitoring, delivery of goods, intelligent monitoring of places for security, carrying
out surveys of various locations, developing a real time map, etc. [1–5]. In additions UAVs
can support many Internet of Things (IoT) applications by providing real time and accurate
sensing/monitoring data [5–10].
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UAVs can also boost wireless communication performance by acting as reliable access and
relay nodes. In rural areas where there is no Internet connectivity, UAVs can serve as Internet
access provider. Similarly, for emergency communications, UAVs can play a vital role by taking the emergency messages and spreading the notification to other wireless nodes and control
centers [11–15].
There are many important future applications where UAVs will be an integral part. UAVs
will be deployed in Intelligent Transport Systems (ITS) for improving the city traffic management.
In the area of agriculture, efficient spray of pesticides on crops can be performed using UAVs.
Moreover, UAVs can also help in improving the security systems for military applications. Finally,
emergency scenarios can greatly benefit from UAVs by effective communication between emergency
nodes and helper nodes [15–18].
To effectively deploy UAVs for emergency communication scenarios, many important challenges need to be resolved. For example, UAVs are battery operated devices and energy efficiency
will be an important part. Algorithms and protocols are needed to improve the overall lifetime of
UAVs without requiring them to be recharged. Also, there will be many UAVs placed in an area
and energy efficient load balancing is a key area that will impact the overall UAV efficiency.
Another area which requires research attention is trajectory control of UAVs. As UAVs
are movable devices, their trajectory needs to be controlled in a manner that can improve the
communication performance. The coverage range of UAVs needs to be enhanced and interference
among UAVs needs to be reduced. Also, the UAVs need to reach the emergency area using
shortest route in a quick time. Energy is also directly related to trajectory control. An optimal
trajectory control algorithm will improve the energy efficiency of the system.
Resource allocation is another vital area of concern. Communication resources such as
spectrum, transmission power, data rate and modulation need to be carefully selected to take
the maximum benefit from UAVs. In this context, inter-UAV and UAV to other wireless nodes
(vehicles and IoT nodes) cooperation will be needed to achieve maximum sum rate in the wireless
system. Efficient resource allocation in turn improves the UAV energy efficiency by improving data
transmissions, reducing number of collisions, and reducing number of retransmissions.
In this paper we focus on the three main challenges of UAVs for efficiency communications.
These include trajectory control, energy efficiency and resource allocation. We present an overview
of UAVs and UAV based communications. We provide a brief survey of recent work done to
overcome these three challenges in UAVs. Finally, we present some of the open research challenges
and future opportunities in the area of UAV based communications.
2 UAV Based Communications
In this section, we first discuss UAVs and their working. We follow it up with a discussion
on UAV based communications.
2.1 Working of UAVs
An unmanned aerial vehicle (UAV) (or Remotely piloted aircraft, commonly known as a
drone) is an aircraft without a human control on board. It has configurable elements including
a UAV, a ground-based control system, and communications system. The flight of UAVs may
operate with various degrees of independence: either under remote control by a human controller
or using on-board computers.
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Various organizations have proposed formation of reference norms for the use of UAVs
worldwide. The European Organization of UAVs (EUROUVS) has made up a group of UAV
systems based on certain parameters [19,20]. For example, flight altitude, speed, size, range, weight
and so on. The purpose of EUROUVS is to compile a universally accepted UAVs catalogs as well
as their related short forms. The categories of UAVs given by EUROUVS are shown in Fig. 1.
UAVs are classified into Micro/Mini UAVs, Tactical UAVs (Close Range CR, Short Range SR,
Medium Range MR, Long Range LR, Endurance EN, Medium Altitude Long Range MALE),
Strategic UAVs (High Altitude Long Endurance HALE), and Special task UAVs (Lethal LET,
Decoys DEC, Stratospheric STRATO, and Exo-stratospheric EXO) [20].

Figure 1: Different type of UAVs and their properties [20]
Micro and Mini UAVs have a maximum takeoff weight of 0.1 and < 30 Kg respectively. The
maximum flight altitude remains below 300 m. The endurance of these UAVs is less than 2 h.
These UAVs operate at a communication range of up to 10 Km. We also show the hardware
system configuration and uses of Micro and Mini UAVs in Fig. 2. The Micro UAVs use Black
Widow, MicroStar, Microbat, FanCopter, QuattroCopter, Mos-quito, Hornet and Mite type of
hardware. The uses of these UAVs are in the areas of scouting, Nuclear, Biological and Chemical
(NBC) sampling, and surveillance inside buildings. Mini UAVs include hardware types of Mikado,
Aladin, Tracker, DragonEye, Raven, Pointer II, Carolo C40/P50, Skorpio, R-Max and R-50,
Robo-Copter, and YH-300S. Their uses are in film and broadcast industries, agriculture, pollution measurements, surveillance inside buildings, communications relay and Electronic Warfare
(EW) [20].
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Figure 2: Hardware (system configuration) and uses of micro/mini UAVs [20]

Figure 3: Hardware (system configuration) and uses of tactical UAVs [20]
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Tactical UAVs can support a take off weight of around 150–1500 kg. The maximum flight
altitude by these UAVs range up to 8000 m. The endurance for tactical UAVs varies from
2–48 h. Close Range (CR) tactical UAVs have an endurance of around 4 h whereas Medium
Altitude Long Range (MALE) UAVs have an endurance of up to 48 h. Similarly, the communication range for CR UAVs is 30 m and for MALE UAVs is around 500 m. The hardware system
configuration and uses of tactical UAVs is shown in Fig. 3. Their uses include Reconnaissance,
Surveillance and Target Acquisition (RSTA), mine detection, search and rescue operations.
Strategic UAVs can support highest takeoff weight of up to 12,500 Kg. The maximum flight
altitude is 20,000 m. The endurance is up to 48 h. The strategic UAVs such as High Altitude
Long Endurance (HALE) also has longest communication range of greater than 2000 Km. The
hardware uses in strategic UAVs include Global Hawk, Raptor, Condor and many others as shown
in Fig. 4. Their uses are in the areas of communication relays [20].

Figure 4: Hardware (system configuration) and uses of strategic UAVs [20]
Special Task UAVs can support a take off weight of 250 Kg. The maximum flight altitude
supported is around 30,000 Kg by the Exo-stratospheric (EXO) UAVs. The endurance of these
UAVs ranges from 3–48 h. The communication range for these UAVs can go up to 2000 Km.
These UAVs use hardware of type MALI, Harpy, Lark, and Marula as shown in Fig. 5. The uses
of these UAVs are in anti-radar, anti-ship, anti-aircraft, and anti-infrastructure systems [20].
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Figure 5: Hardware (system configuration) and uses of special task UAVs [20]
2.2 Motivation of Our Work
There are several survey papers related to UAV communications [21–35]. These papers have
surveyed the trends related to efficient communications, channel modeling, security, routing etc.
Different from these surveys, our paper focuses on three main challenges of UAV communications.
These challenges include trajectory control, energy efficiency and resource allocation. A key feature
of our survey paper its to present the recent trends by reviewing most papers from 2019–2020.
Our survey paper serves as a guide for researchers working in the area of 6G communications
and massive IoT as UAV will be an integral part of the future wireless communications.
3 Review of Recent Trends in UAV Communications
In this section, we review recent trends in UAV communications. Particularly, we present the
recent work done in three areas of trajectory control, energy efficiency and resource allocation.
3.1 Trajectory Control
As UAVs are mobile devices, optimal trajectory control is a key challenge which impacts
connectivity with the ground base station as well as resource allocation. We show the recent
work done in this area in Tab. 1. In [36], authors use cellular enabled UAVs that connect with
a ground base station using cellular communications. The goal is to keep the connectivity intact
during the mission of the UAVs and also minimize the time to reach the destination. Authors
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use convex optimization and graph theory techniques to achieve this goal. The achieved results
include reduced mission completion time and improved SNR during the mission.
Table 1: Review of recent work in the area of UAV trajectory control
Reference

Key idea

Results

[36]

Cellular UAVs and ground base stations
UAV trajectory control during mission
such that connectivity remains intact and
time to destination is minimized
Used convex optimization and graph
theory techniques
Ant colony-based optimization algorithm
for initial trajectory generation
Collision avoidance scheme for
trajectory correction
Inscribed circle scheme for
trajectory smoothness
Objective is to maximize sum rate in the
presence of unknown transmitter and
channel parameters
Problem formulation is Markov Decision
Process (MDP)
Solution using model free
reinforcement learning
UAVs used for sensing data
and dissemination
Trajectory design to minimize the age
of information
Deep Reinforcement learning based
compound-action actor-critic scheme to
learn optimal trajectory actions
Coordination among UAVs using sense
and send protocol
Decentralized Q learning algorithm for
trajectory selection

Reduced mission completion time
Improved SNR during mission

[37]

[38]

[39]

[40]

Reduced path length
Smoother trajectory

Maximum sum rate
Convergence of algorithm within a
small training time

Reduced age of information

Lower convergence time
Efficient sensor data transmissions

In [37], authors divide trajectory control procedure into three phases, trajectory generation,
trajectory correction and trajectory smoothness. An ant-colony based optimization algorithm is
used for initial trajectory generation. Moreover, a collision avoidance scheme is proposed for
efficient movement of UAVs and correction of trajectory from the initially generated trajectory.
Finally, inscribed circle scheme is used for trajectory smoothness. The proposed algorithm results
in reduced path length and smoother trajectory.
Authors in [38] maximize the sum-rate in a scenario where transmitter parameters such as
transmission power and data rate, and channel parameters such as propagation path information
is not known. The problem is formulated as a Markov Decision Process (MDP) and solved using
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model free reinforcement learning. Results show maximum sum rate and convergence of algorithm
within a small training time.
The work in [39] used UAVs for sensing purposes to support IoT applications. UAVs disseminate the sensed data and design the trajectory such that age of information is minimized. The
proposed algorithm uses deep reinforcement learning based compound-action actor-critic scheme
to learn the optimal trajectory actions. Results show that the proposed algorithm achieves reduced
age of information.
In [40], authors coordinate among UAVs to avoid collisions. Coordination is achieved using a
sense and send protocol. The key idea is to use decentralized Q-learning algorithm to find optimal
trajectory actions. The proposed algorithm lowers the convergence time and achieves efficient
sensor data transmission.
3.2 Energy Efficiency
Energy efficiency is an important challenge for UAVs as they are battery operated devices, and
it is difficult to recharge them periodically. We present recent work done in this area in Tab. 2.
Authors in [41] minimized total energy consumption by UAVs while keeping the connectivity
with the ground base station intact. UAV trajectory is designed using two algorithms. The first
algorithm uses heuristic approach whereas the second algorithm works on dynamic programming.
Connectivity requirements are formulated as traveling salesman problem. Results show reduced
outage probability and reduced energy consumption by the proposed protocol.
The work in [42] assumes UAV to be at a fixed altitude from the ground. The proposed technique jointly optimizes trajectory, transmit power and speed of the UAVs. UAV-user scheduling
is also considered as part of the optimization problem which is solved using successive convex
optimization and Dinkelbach technique. The proposed algorithm achieves higher throughput and
reduced energy consumption.
In [43], UAVs act as relays to facilitate communication between ground nodes. The authors
optimize the important parameters of UAVs including trajectory, transmit power and speed such
that the data is efficiently relayed from one ground to the other ground node using the UAV relay.
The optimization problem is solved using a sub-optimal iterative algorithm. Using the proposed
relaying technique, UAVs are able to achieve higher energy efficiency.
The work in [44] uses UAVs for sensor data collection, where many sensors are deployed for
IoT applications. A sub-optimal routing of UAVs is proposed that maximizes the residual energy
of all the sensors. From the set of possible UAV locations, feasible locations are found using
Voronoi diagram. As compared to exhaustive search, the proposed technique has low convergence
time. While the protocol improves the energy efficiency than random trajectory selection, the
exhaustive search still has better performance albeit higher complexity.
In [45], UAVs provide efficient connectivity to the ground base stations. The authors control
the trajectory and transmission scheduling of UAVs such that they do not deplete during their
working. In other words, the energy is always recharged on time before UAVs stop working. The
protocol also achieves fairness of energy consumption among UAVs. The approach used to achieve
energy efficiency is deep deterministic policy gradient. Results show improved energy efficiency,
throughput and fairness of energy consumption.
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Table 2: Review of recent work in the area of UAV energy efficiency
Reference

Key idea

Results

[41]

Total energy consumption is minimized
keeping connectivity intact
UAV trajectory is designed using heuristic
algorithm and dynamic programming
Connectivity requirement is formulated as
traveling salesman problem
UAV altitude from ground assumed to
be fixed
Optimal trajectory, transmit power and
speed control and UAV-user
scheduling algorithm
Used successive convex optimization and
Dinkelbach technique
UAVs act as relay to facilitate
communications between ground nodes
UAV trajectory, transmit power and speed
control for efficient relaying
Solution using sub-optimal
iterative algorithm
UAVs used to collect sensed data from
many sensors
Sub-optimal routing of UAVs such that
sensor’s residual energy is maximized
Feasible set of UAV locations using
Voronoi diagram
UAVs provide connectivity to the ground
base stations
Trajectory control and transmission
scheduling of UAVs such that energy is
recharged on time and fairness is achieved
Use deep deterministic policy
gradient approach

Reduced outage probability
Reduced energy consumption

[42]

[43]

[44]

[45]

Higher throughput
Reduced energy consumption

Higher energy efficiency

Improved convergence time as
compared to exhaustive search
Improved energy efficiency but
lower than exhaustive search

Improved energy efficiency
Improved throughput
Improved fairness

3.3 Resource Allocation
Resource allocation is an important challenge that enables efficiency use of UAV for many
applications. In this sub-section, we present recent work in the area of efficient resource allocation
for UAVs. The recent works and their key ideas are shown in Tab. 3.
The work in [46] proposed a UAV based mobile edge computing system where UAVs acts as
edge nodes. The authors propose efficient offloading of tasks from ground users to edge nodes
i.e., UAVs. This is achieved using optimal UAV trajectory control. Penalty dual decomposition
algorithm is used to solve the above formulated optimization problem. Results highlight the
reduced task computation delay achieved by the proposed technique.
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Table 3: Review of recent work in the area of UAV resource allocation
Reference

Key idea

Results

[46]

UAV based mobile edge
computing system
UAV acts as edge node
Efficient offloading of tasks from ground
users to edge node using UAV
trajectory control
Penalty dual decomposition algorithm to
solve the optimization problem
Joint resource allocation and access
selection technique for UAVs to assist
base stations
Stackelberg game theory-based model
Access selection uses dynamic
evolutionary game and resource allocation
uses non-cooperative game
Payoff based on ergodic rate performance
Resource allocation among multiple UAVs
Select best ground user node for
communication, transmit power and
sub-channel
Goal is to maximize the long-term reward
function using multi-agent reinforcement
learning algorithm and no information
exchange among UAVs
Goal is to maximize the sum-rate using
efficient resource allocation and trajectory
control for solar powered UAVs
Online monotonic optimization algorithm
that provides optimal trajectory, transmit
power and sub-carrier allocation
Sub-optimal iterative optimization
algorithm to reduce complexity
Considers UAV-assisted small cell
scenario with heterogenous users each
having different QoS requirement
Objective is to maximize the defined
utility which allows UAV to serve
maximum number of users with
minimum energy consumption
Iteratively evaluates the number of users
that can be served within the
allowable range

Reduced task
computation delay

[47]

[48]

[49]

[50]

Fast equilibrium achievement
Improved bandwidth allocation

Low complexity
Acceptable performance in
terms of reward function with
less information exchange

Improved system throughput

Higher number of users served
within the available
energy budget
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In [47], authors jointly optimize resource allocation and access selection for UAVs to assist
ground base stations. A Stackelberg based game theoretical model is developed in this context. To solve access selection problem, dynamic evolutionary game theory is used. Resource
allocation is handled by non-cooperative game model. The payoffs are selected based on
ergodic rate performance. The technique achieves fast equilibrium state while improving the
bandwidth allocation.
Authors in [48] propose resource allocation among multiple UAVs. The goal is to select
optimal ground user node for communication, transmit power of UAVs, and sub-channel for
transmission. The proposed technique maximizes the long-term reward function using multiagent reinforcement learning algorithm. A key feature of the proposed learning algorithm is
that it works without any information exchange among UAVs. Results conclude that proposed
technique has low complexity, and acceptable performance in terms of reward function with less
information exchange.
The work in [50] considers UAV-assisted small cell scenario with heterogenous users each
having different QoS requirements. The target of the protocol is to maximize the defined utility
which allows UAV to serve maximum number of users with minimum energy consumption. The
key idea of the protocol is to iteratively evaluate the number of users that can be served within the
allowable range. Results highlight the improved performance of the protocol in terms of higher
number of users served within the available energy budget.
4 Future Challenges and Opportunities
In this section, we highlight the future challenges and opportunities related to UAV communications. We discuss three important possibilities for future work, namely, learning algorithms,
intelligent surfaces and security.
4.1 Learning Algorithms
Machine learning algorithms have been recently used for solving challenges related to UAVs
such as resource allocation and energy efficiency. As the UAVs have freedom to operate and
perform tasks from remote locations or locate computers inside the UAVs, data collection is
an important challenge for UAVs. With efficient and accurate data collection, machine learning
algorithms can facilitate UAVs to accurate analysis, control, and predictions in wireless networks.
As an example, random forest technique which is an ensemble learning technique, can be used
for improving data classification. Federated learning can be used for developing accurate global
machine learning models based on distributed local machine learning models (based on local UAV
data). Similarly, deep learning models need to be investigated for quicker convergence time of
machine learning algorithms in the context of UAVs.
4.2 Intelligent Surfaces
Intelligent surfaces are another technology that can improve the signal propagation between
transmitter and receiver. This can be achieved by placing meta-surfaces at different locations
whose phase shift can be programmed remotely and can reflect the transmitted signals to improve
reliability of transmission. UAV to ground station transmission can also take benefit from these
intelligent surfaces. In this context, efficient use of intelligent surfaces, optimal phase shift design
of meta-surfaces and resource allocation in this new system model needs to be investigated.
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4.3 Security
Security and privacy are key concerns when using UAVs to improve network connectivity and
use them for IoT applications. UAVs are prone to attacks by malicious users that can disrupt the
confidentiality, privacy, and data integrity. In this context, recent techniques such as blockchains
and physical layer security requires thorough research and evaluation. In particular, future research
must focus on level of security provided by these techniques for UAV communications, and quality
of service and reliability tradeoff.
5 Conclusion
In this paper, we present a brief review of recent work done in the area of UAV communications. We discuss the working of UAVs, and important challenges for efficient UAV based
communications. We review the recent trends in the three main areas, namely trajectory control,
energy efficiency and resource allocation. We also discuss the future challenges and opportunities
that can further improve UAV based communications.
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