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Wireless power transfer (WPT) techniques are emerging as a fundamental component
of next-generation energy management in mobile networks. In this context, the use of
UAVs opens many possibilities, either using them as mobile energy storage devices to
recharge 10T nodes, or to prolong their operation time via smart charging themselves
at ground stations. This paper surveys the recent literature on WPT as it applies to
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UAVs and identifies several open research challenges for the future. As a first step,
we tessellate the related research corpus in four fundamental categories (architectures,
power and communications enabling technologies, optimization with respect to spatial
concepts, optimization of operational aspects). Second, for each category, we provide a
critical review of the recent WPT UAV approaches with respect to the way they specialize
the general concept of WPT and the extent of their applicability. The survey presents
the latest advances in WPT UAV methodologies and related energy-centric services,
spanning all the way from the communications aspects deep in the small- and large-
scale deployments, up to the operational and applications aspects. Finally, motivated
by the rich conclusions of this critical analysis, we identify open challenges for future
research. Our approach is horizontal, as the selected publications were drawn from
across all vertical areas of research on UAVs. This paper can help the readers to deeply
understand how WPT is currently applied to UAVs, and select interesting open research
opportunities to pursue.
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1. Introduction
1.1. Motivation and reference scenario

With the explosive growth of cyber and physical data, unmanned aerial vehicles (UAV) have been considered a
promising enabler for future wireless networked infrastructure. Both communication and energy efficiency can be
improved in settings where the mobility of UAVs as well as their cooperative communication are well managed. In fact,
UAVs have been used in various applications, such as coverage [1], localization [2], surveillance [3] and data collection [4].
To fully exploit the cooperative and autonomous UAV-enabled operational functions, it is of utmost importance to
investigate and optimize the energy-related aspects [5]. UAVs may have a dual role from an energy management
perspective. On the one hand, being battery-powered, they need to adopt energy-saving mechanisms to prolong their
operational lifetime. On the other hand, because they can be equipped with significant loads, they could also be used as
mobile charging stations, to replenish batteries of more constrained devices even located in not easily accessible places,
such as small-size 10T devices. These specificities make energy management for UAVs particularly challenging.

Because of this dual nature, not only energy conservation algorithms should be used for UAVs, but also mechanisms
should be devised, to support flexible recharging of UAV batteries. Both approaches need to be employed. For example,
solutions limiting to a smart management of the battery capacity via, e.g., battery replacement or battery ageing
mitigation [6], can be an immediate remedy but it is costly and may not be practical. To manage recharging of UAVs
during their operation, energy harvesting solutions have been proposed, exploiting, e.g., solar, wind or vibration energy
sources. However, those approaches suffer from limited practical applicability due to the predictability constraints and
bounded energy supplies that can be harvested over time [7].

Wireless power transfer (WPT) is considered a more viable alternative with respect to energy harvesting, and has
recently gained prominence in the literature. WPT implements the energy recharging process in a cordless way [8].
This novel technological enabler has changed the traditional energy management patterns in numerous applications [9],
including UAVs. Owing to its adjustable parameters of flexibility, positioning and mobility, the WPT solutions are
considered as a viable enabler for energizing electric-driven devices [10], therefore contributing to UAV use cases of
interest.

In Fig. 1, we depict a simple WPT framework for recharging of the UAVs. The recharging process of the UAVs are
aided by a charging platform at the ground. The UAV can detect the charging platform using different means such as
wireless communication or image processing, and aligns its WPT receiver with the WPT transmitter embedded in the
charging platform. On the other hand, the charging platform can also employ sensor-based systems to better align the WPT
transmitter and receiver for better efficiency of the recharging process. Depending on the application and requirements,
there can be multiple UAVs employed in operation and multiple charging platforms deployed at the ground for facilitating
the WPT. Fig. 2 shows an example scenario consisting of multiple UAVs and charging platforms. In this figure, we also
highlight the multiple possible roles of the UAVs in a UAV-WPT scenario — UAVs as charge provider, UAVs as charge receiver,
UAVs providing/receiving charge as well as UAVs acting as data mule. Additionally, the figure points out the possibility of
multi-UAV collaboration for data collection, coverage, and trajectory planning.

The focus of this survey is to provide a comprehensive presentation and critical analysis of the state of the art in the
area of UAV-assisted WPT. Specifically, we analyze the literature across multiple technological aspects, and across many
verticals, aiming at providing a unique reference points for researchers interested in the topic across the many verticals
where UAV-assisted WPT can be applied, and in the specific technological components that are required to realize an
efficient UAV-assisted WPT system.

1.2. Sketch of application areas

WPT in presence of UAVs has been envisioned for a number of application areas, already. Possible verticals are many,
including agriculture, disaster recovery, industrial, electrical, and transport. Notable examples, among many, include UAV-
based delivery scheduling [11], railway safety in high-speed train communication [12], Internet of MIMO things [13],
empowering ocean surface drifting buoy system [14].

In this section we briefly point to some relevant such use cases. While a detailed discussion of use case is not the
main focus of this paper, these pointers allow the reader to frame the technical solutions presented hereafter in a more
comprehensive way.
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Fig. 2. UAV-WPT overview with multiple UAVs.

e UAV-assisted sustainable precision agriculture: Precision agriculture is an area which can be benefited by the appli-
cation of UAV in terms of data collection as well as enhancing the lifetime of the deployed sensor nodes. In [15],
the mobility and flexibility of the UAV is leveraged to recharge the deployed sensor nodes as well as collect their
data in a precision agriculture scenario. This ensures the proper functioning of the system based on the sensed data
about the environment and continued decision making based on the collected information. [ 16] proposed an idea of
a battery-less agricultural sensor system. The authors focused on planning the navigation of the UAV such that the
deployed nodes are recharged with the limited available battery capacity of the UAV.

e Disaster recovery and rescue missions: In disaster and rescue operations, the mobility and flexibility of the UAVs helps
in rapid setup of the communication network for the mission. However, the issue of powering the UAVs for longer
missions and the collaboration among themselves are important issues to consider. [17] discussed the methods for
optimal UAV placement in formation of an ad-hoc network to provide communication coverage for the mission
area. In [18], discussed the problem for collaborative trajectory and charging schedule planning while minimizing
the total mission duration by multiple UAVs. A UAV-assisted and WPT-empowered public safety network is another
application for providing resilient communication in disaster recovery scenarios [19].

e Belt Conveyor inspection system in the mining industry: The belt conveyor system used in the mining industry requires
periodic inspection and maintenance. In this regard, the UAVs provide a low-cost and secure solution for monitoring
the belt conveyors. Ribeiro et al. [20] proposed a UAV routing and charging schedule planning method for such
scenarios.

e Inspection of overhead power lines: [21] proposed to leverage the UAVs for inspection of the overhead power lines
while also recharging themselves. Using this method, multiple UAVs can be engaged for efficiently inspecting the

4
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Table 1

Classification of non-WPT, UAV surveys.
Focus of the study References
General issues and applications [23-26]
Computer Vision models for UAVs [27,28]
Communication channel modeling [29,30]
Optimization approaches for civil applications [31]
Computational intelligence and path planning [32-35]
Collaborative UAV-WSN systems [36]
5G mmWave communications for UAV-assisted networks [37,38]
Multi-UAV Cyber-Physical Systems [39,40]
Integration of UAVs and cellular networks [41,42]
Communication and networking issues [43]
UAV flight control methods [44-46]
Load transportation using UAVs [47]
UAV communications for civil applications [48]

power lines by collaborating among themselves to optimize the inspection time and accuracy. The energy harvesting
facility along with the inspection will help in prolonging the flight time.

e Road patrol: In the area of transportation and traffic management, a fleet of UAVs can reduce the cost of road patrols
and improve the efficiency. [22] proposed a model for task assignment and recharging in a multi-UAV road patrol
scenario.

2. Related surveys

We would like to emphasize that there is no comprehensive survey up to date on a holistic examination of UAV-WPT
techs, systems, architectures, algorithms, problems, etc. It is important to note that the incorporation of WPT technology
in a UAV-based scenario changes the problem perspective and solution approach. Therefore, with the presence of WPT
facility, it is necessary to revisit the typical issues (such as coverage, trajectory planning, energy management, placement,
scheduling) of UAV-based systems.

The existing survey articles are mostly focused on either solely (a) UAV or (b) WPT specific issues, and only a few
articles are focused on (c) UAV-WPT. In the following Sections 2.1-2.3, we list the articles in these three categories, and
point out the specifically surveyed topic in each of the articles. The survey articles focused on UAVs do not considered the
presence of WPT. On the other hand, the survey articles focused on WPT are outdated as they have been published years
ago and they have either (i) tech-focus on various charging techniques, (ii) extremely broad focus on general WPT aspects
which makes it difficult to understand the WPT added value for UAV, (iii) extremely narrow focus on specific WPT-UAV
aspects which makes it difficult to understand the full picture.

2.1. Surveys on UAV Standalone

There is a significant body of work focusing on UAV-related issues without considering WPT aspects (non-WPT, UAV).
Table 1 shows the works in this category according to their main surveyed topic, such as computer vision models for
UAVs, communication channel modeling or optimization approaches. It is important to note that the presence of WPT in
this background is important, as the energy resources available at devices may change the design and optimization of the
technologies considered in those surveys.

2.2. Surveys on WPT Standalone

In this section, we list the articles focused on the WPT issues, without considering the presence of UAVs (non-UAV,
WPT works). They focus on issues specific to WPT technologies, such as, charging techniques. However, these works do
not feature the presence of UAVs while performing WPT. Table 2 shows these works. Again, including UAVs in the picture
may bring to significant design changes in the WPT schemes.

To be specific, the surveys articles in [49-54] were published at least 5 years ago up to 2018, do not focus on UAV. The
survey work on [55] specifically focused on the mobile charging techniques for Wireless Rechargeable Sensor Networks
(WRSNSs), and very limited coverage of the UAV-WPT aspects in a holistic way.

2.3. UAV-WPT technological surveys

In the third category, we list the UAV-assisted/included WPT works (charging by the UAV or for the UAV) as shown
in Table 3. These works ([56-59]) focused on WPT technology, which is not the main focus of our paper; rather a small
step for explaining the tech capabilities for the rest of the paper. To be specific, these works focused on wireless charging
techniques for UAVs [56,57], various WPT techniques for UAV [56,58], and UAV-enabled WPT scenarios [59]. However, the

5
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Table 2
Classification of non-UAV, WPT surveys.
Focus of the study References
Technology and roadmap [49-51]
Compensation technologies [52]
Techniques, standards, scheduling strategies [53]
Wireless Rechargeable Sensor Networks (WRSNs) [54,55]
Table 3
Classification of UAV-WPT surveys.
Focus of the study References
Near-field WPT for UAVs [58]
Wireless charging for UAVs [56,57]
UAV-enabled WPT [59]

authors in [59] followed a tutorial approach, rather than a survey approach, and specifically focused on maximizing the
energy transferred to the ground deployed devices in different scenarios such as single/multi-UAV WPT, Wireless Powered
Communication Networks (WPCNs), wireless powered Mobile Edge Computing (MEC). Further, the authors highlighted
few relevant issues on trajectory design, swarming in each such scenarios, and also proposed few solutions for those
problems. However, these existing works did not include various important aspects (especially the spatial and operational
aspects) of both UAV and WPT perspectives. Also, the detailed analysis of the approaches including implementation and
objective-based problem solving are missing in the existing literature.

2.4. Novelty in our work

In contrast to the above mentioned works, in this paper, to the best of our knowledge, for the first time in the state of
the art, we provide an exhaustive survey of Wireless Power Transfer with UAVs (UAV-WPT), and we highlight the related
intrinsic design and application challenges in a comprehensive manner. Our survey includes scenarios where UAV assists
the charging process as well as UAV is assisted for charging. We also discuss different dimensions of works including
single- and multi-UAV scenarios, UAV-assisted Wireless Powered Communication Network (WPCN) and UAV networks,
different levels of mobility in the network. We provide a broader classification (and sub-classifications) of the existing
works in terms of different aspects compared to the exiting surveys. For each such category, we again structure the works
into various sub-categories based on their main focus and consideration. We also present comparison of the existing works
with respect to different parameters and highlight methods using images.

3. Taxonomy and organization of the survey

In Fig. 3, we provide an organizational roadmap of the paper contents. We classify the existing works in the literature
into four distinct aspects. First, in the architectural aspects, we discuss the number and types of WPT sources and receivers,
and their mobility. This section is needed primarily to set the scene, and present the different variations of our reference
scenario, depicted in Fig. 2, which have been considered in the literature.

Sections 5 and 6 include approaches to design or optimize specific technical or performance aspects of a UAV-WPT
system. Specifically, for power and communication aspects, we categorize the existing UAV-WPT works according to their
focus on demonstration platforms, issues such as power efficiency, communication, throughput maximization, resource
allocation and Simultaneous Wireless Information and Power Transfer (SWIPT). The papers presented in this section
deal, therefore, with specific technological components related to power management (during a WPT process), as well
as coupling between communication and WPT operations.

On the other hand, in the spatial aspects category, we discuss the issues such as coverage, navigation, surveillance
and trajectory and how these issues impact UAV-aided WPT applications. These papers do not deal with technological
components of the WPT process, but rather optimize the management of the spatial operations WPT system, in presence
of UAVs.

Section 7 broadens the spectrum of optimization, and considers works aimed at optimizing UAV-WPT at an overall
system level during its operation. We discuss the operational aspects which include important issues such as energy
management, data collection, operating utility, placement, scheduling and security.

Finally, after presenting the state of the art along the taxonomy of Fig. 3, we discuss key open research challenges in
Section 8.

In Table 4, we list the abbreviations used in this paper.

4. Architectural aspects

In the following, we discuss the different types of WPT sources and receivers, the numbers and mobility of such WPT
provider/consumer elements. For each types of architecture model, we also discuss the effect on UAV-WPT with respect
to different scenarios.
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Fig. 3. Organizational roadmap of the paper.

Table 4
List of abbreviations.

Abbreviation

Definition

AF Amplify-and-Forward

Aol Age of Information

ConvNTM Convolution Neural Turing Machine

DF Decode-and-Forward

DRL Deep Reinforcement Learning

H-AP Hybrid Access Point

LoS Line-of-Sight

MEC Mobile Edge Computing

NLoS Non Line-of-Sight

NOMA Non Orthogonal Multiple Access

OLoS Obstructed Line-of-Sight

OMA Orthogonal Multiple Access

PLoS Probabilistic Line-of-Sight

SDN Software Defined Network

SWIPT Simultaneous Wireless Information
and Power Transfer

UAV Unmanned Aerial Vehicle

WPCN Wireless Powered Communication
Network

WPT Wireless Power Transfer

WRSNs Wireless Rechargeable Sensor

Networks

Enabling Technical Components

4.1. Number and types of WPT sources and receivers

Based on the number and types of WPT sources and receivers, we have three different architectural settings for

UAV-WPT.

e Single UAV or Ground Station: In this case, only a single UAV is employed to work as WPT source for the deployed
nodes or a single ground station is providing charging facility to the UAVs. For example, in [60-63], a UAV provides
WPT services to the deployed nodes. In such scenario, the challenge is to plan the UAV trajectory for achieving
multiple different objectives depending on the application requirement. For example, when the UAV is acting as a
charge provider, one objective can be planning the UAV trajectory to maximize the energy harvested throughout
the network, or prioritizing the energy requirements of the deployed nodes with the available battery energy of the
single UAV. We discuss more on this types of issues in Sections 6.4 and 7.1. Whereas, in case the UAV is acting as
a charge receiver, one objective may be to maximize the data collection efficiency with the limited onboard battery
power. We further our discussion on this direction in Section 7.2.

7
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e Multiple UAV or Ground Station: Here, multiple UAVs or multiple ground stations are acting as charge providers to
the deployed nodes or the UAVs. For example, in [64,65], the UAV receives WPT services from the ground-based
stationary/mobile charging stations. In case of multiple UAVs, the WPT focus is more on the collaboration of the
UAVs — in terms of coverage and planning of the trajectories of different UAVs. More discussion on these issues are
presented in Sections 6.1 and 6.4. On the other hand, in the presence of multiple ground charging stations, the issues
of UAV positioning and scheduling of the charging tasks are important. We extend the discuss on these issues in
Sections 7.4 and 7.5.

e Hybrid: In this setting, both UAVs and ground stations are employed for acting as WPT sources for deployed sensor
nodes as well as UAVs. Also, there can be one or more number of UAVs and ground stations. One such example
is mid-air charge replenishment [66] where UAVs transmit power to other UAVs that are working as hotspot for
ground deployed nodes. With the availability of multiple types of energy sources (UAVs as well as ground stations),
the earlier discussed issues of trajectory planning, UAV placement and charging scheduling needs to be reviewed.
Additionally, in case of heterogeneous types of these energy sources, issues of task scheduling among these sources
(UAVs or ground stations) need to be looked into. Further discussions on these directions are presented in Sections 6.4
and 7.5.

4.2. Mobility of WPT sources and receivers

Based on the mobility of the WPT sources and receivers, we can classify the architectures considered in the existing
literature in three types.

e Stationary: In this case, the deployed nodes (WPT receivers) and UAVs or ground stations (WPT sources) are
stationary [67,68]. In such stationary scenarios, UAV’s positioning, charging duration and power allocation directly
impacts the energy received by the deployed nodes. In Section 5.5, we discuss the impact of power and time
allocation in UAV-WPT.

e Mobile: In this case, there can be two possible scenarios. First, the UAV as well as the ground-based charging stations
are mobile [64,66] and second, the UAV as well as nodes are mobile [69-71]. Here, in addition to the issues of UAV’s
source allocation, impact of UAV trajectory as well as other objectives such as data collection, utility maximization,
are relevant. Subsequently, the number of such resources is also another important design parameter. We extend
these discussions on Sections 6.4, 7.2, and 7.3.

e Hybrid: In this setting, the ground-based charging stations can be stationary or mobile (for example: placed on
ground-vehicles) [65]. In this scenarios, the issues of dynamic trajectory planning and UAV scheduling are important.
We present these issues in Sections 6.4 and 7.5.

5. Power and communication related aspects

In this section, we analyze the power and communication related aspects of the UAV-based WPT schemes. Specifically,
we put emphasis on various demonstrating platforms, techniques for enhancing power and communication efficiency,
allocation of resources, and information and power transfer.

5.1. Demonstrators

In the following, we discuss about different platforms that demonstrated wireless power transfer for UAVs and sensor
nodes. In one such early work, Simic et al. [72] presented the prospect of applying WPT for charging UAVs, and thereby
extending their lifetime as well as capabilities. We discuss several other WPT-based solutions for UAVs in detail.

5.1.1. Automated wireless charging station

An automated charging station was designed by Choi et al. [73] to enable wireless charging for the UAVs without
manual intervention. The designed station provides a landing platform for the UAV, and using distance sensing, the
platform automatically aligns the transmitter charging coil with the receiving charging coil placed at the UAV. Therefore,
the platform provides flexibility to the UAV in terms of positioning, and automates the charging process of the UAV.

The proposed platform leverages various sensors to automate the whole task — the ultrasonic sensor is used to detect
the presence of the UAV, binary distance laser sensors to precisely locate the UAV, and stepper motor to move the
transmitter coil below the UAV. The WPT between the platform and UAV was performed using magnetic induction, with
coils of 43 mm diameter. However, the required wireless charging time is nearly 50% more than it requires in wired cases,
and the achieved charging efficiency is approximately 65%. Additionally, the detection of the UAV’s precise position takes
nearly 7% of the charging time.
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5.1.2. DSENSE

A mobile wireless charging and sensing platform named DSENSE was proposed by Chen et al. [74]. The system
enables wireless information collection as well as charging of deployed sensor nodes in remote locations. This system
was implemented for applications comprising sensors deployed in multi-storied buildings and large agricultural fields.

In this system, instead of magnetic induction, electromagnetic radiation harvesting technology was used to leverage
the flexibility and longer range of the far-field wireless charging. First, the UAV transmits 915 MHz electromagnetic waves,
which is converted to DC voltage in the deployed sensor nodes. Then, these nodes use ZigBee protocol to transmit their
data to the UAV, which forwards the data to the cloud. The UAV can navigate using the pre-loaded trajectory file or can
follow the trajectory by manual control using 433 MHz MavLink.

5.1.3. Autonomous charging system

Khonji et al. [75] developed an autonomous wireless charging station for UAVs. The authors consider the arbitrary
shapes and landing positions of the UAVs, and uses 2D Lidar sensor to localize the UAV such that the system can
properly function in adverse external and lighting conditions where traditional computer vision based techniques fail.
The autonomous charging station is equipped with a robotic arm to dynamically adjust the inductive charging panel for
achieving maximum charging rate.

The charging station is equipped with a solar panel and the energy is stored in a battery to power the rover and charge
the UAVs. To charge the UAV, the robotic arm is moved to a preset position over the UAV, and then, the arm adjusts the
charging panel to maximize the charging rate. The panel is equipped with 6 coils each capable of a current output of
700 mA. The adjustment of the coil is performed based on the current readings from the coils.

In another work, Sang-Won et al. [76] proposed the idea to use two receiving coils to extend the charging area. The
authors analyzed the optimum receiver structure for cases where the size of the receiving coil is very less compared to
the transmitting coil. The dual receiver structure proved to be better compared to the single receiver cases with wider
charging area and better charging efficiency. Ohira et al. [77] presented a capacitive coupling based WPT for UAV systems.
The use of capacitive coupling helps in reducing the weight of the coils significantly, thereby enhancing UAV’s flight time
indirectly.

5.1.4. Autonomic landing and charging platform

Two systems to enable autonomous landing and wireless charging of UAVs were proposed by Woo et al. [78] and
Aboumrad et al. [79]. Woo et al. designed the system such that the UAV can autonomously land on the platform using
image processing techniques. In the UAV, two systems are present — flight controller for controlling basic flight related
operations and anther heavy task processing unit, which uses Raspberry Pi, camera and WiFi module to locate the landing
platform and accordingly commands the flight controller for movements using predefined APIs. On the other hand, the
autonomous landing system proposed by Aboumrad et al. was equipped with a computer vision-based system to assist
landing of UAVs. The charging platform is associated with a single board computer (RaspberryPi 3B+), which commands
the UAV using 2.4 GHz radio to properly position it over the charging platform. The orientation of the UAV is determined
using the computer vision-based system. Then, the current coordinates of the UAV are compared with the desired target
coordinates. The UAV adjusts its position until the positional error in x- and y-coordinates are in allowable range, the
UAV is instructed to lower its height over the Qi charging pad. The Qi 1.2 charging deck [80] can supply 1 A current at 5
V.

In Table 5, we present a comparison of the different demonstration platforms with respect to various features, and
highlight their pros and cons.

5.1.5. Discussions and open issues

In the existing works, the main studied problem was to enable autonomous landing of UAVs in the charging platform.
The existing platforms use sensor-based alignment [73,75], charging area extension [76], and computer vision-based
techniques [78,79] to enhance the WPT experience of the UAVs. The recent computer vision-based techniques have
improved the autonomous landing, although, other approaches remain important for specific application scenarios. In
this regard, improved localization of the ground station is necessary for efficient charging of the UAV. Subsequently, the
charging station design should also be suitable for different sized UAVs.

5.2. Power transfer efficiency

In the following, we present the different couplings and coils used for enhancing the power efficiency of the WPT
system. Here, our focus is on the specific technology enabling the point-to-point WPT.

In the existing literature, RF-powered WPT systems proposed inductive/magnetic coupling and capacitive couplings.
The inductive coupling systems are challenged by the alignment of the charging coils [81,82], design of compensation
circuit [82], problem of magnetic field [83] and electromagnetic interference [84,85]. The capacitive coupling-based
systems focus on minimizing the weight of the receiver circuitry [77,86] and increase of energy efficiency [87]. Apart
from RF-powered WPT systems, another type of WPT systems, powered by laser beams, were proposed to enhance the
charging energy amount and distance [88,89].
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Table 5
Comparison of the demonstration platforms.
System Type Target Detection Detection Pros Cons
device technique range
Automated Inductive UAV Distance 30-40 cm Precise landing of Longer UAV
wireless charging sensing UAV sensing time, less
charging efficiency
station [73]
DSENSE [74] Electromagnetic Sensor Pre-loaded Long® Powers embedded No autonomous
radiation nodes trajectory/ sensors, high detection of nodes
manual range and
control flexibility

Autonomous Inductive UAV Lidar 30 m Supports No support for
charging charging long-range different shapes of
system [75] detection, UAVs

unaffected by

lighting conditions,

adjustable

charging
Autonomous Inductive UAV Computer 1.83-3.08 m Computation Small range,
landing and charging vision efficient for UAV higher landing
charging [79] time, affected by

lighting conditions

?Not specifically mentioned.

5.2.1. Inductive/magnetic coupling

In this type of coupling, power is transferred by induction of a magnetic field from the primary (transmitter) to
secondary (receiver) coil.

Griffin et al. [81] presented a demonstration of wirelessly powering the sensor nodes by the UAV using magnetic
resonant coupling. The coupling coil-based WPT generates low power efficiency mainly due to the incorrect alignment of
the primary and secondary coils. To solve the alignment problem of charging coils, Yan et al. [82] proposes a magnetic
coupling-based WPT system. This system was able to minimize the change in power transfer efficiency even in case of
misalignment of the charging coils. The authors proposed an independent array coil design to reduce the air gap between
the coils using a controller to open the charging area after detecting the Bluetooth signal from the UAV. Also, the coil
array design helps in enhancing the uniformity of the magnetic field and coil quality. Next, the coupling coil was wound
by copper to reduce the losses due to skin effect and proximity effect. To model the relevant parameters such as coupling
resonance, charging distance, power, the authors used the equivalent circuit theory. Subsequently, four different basic
resonant compensation circuits, Series-Series (S-S), Series—Parallel (S-P), Parallel-Series (P-S), and Parallel-Parallel (P-P),
named according to their mode of connection with capacitors, were analyzed. Among these, the S-S mode of compensation
circuit is better suited for WPT systems due to their invulnerability against varying load and coupling coefficient. The WPT
system adopted a low weight spiral coil which is suitable for UAV. Also, the use of higher resonance frequency increases
the effective transmission distance as well as efficiency of the WPT system. We discuss more about the issues affecting
the power efficiency of WPT system in Section 5.2.4.

The magnetic coupling based WPT systems with high frequency magnetic field might affect the UAV’s internal
equipments. To solve this problem, Cai et al. [83] proposed a cross-type magnetic coupler. The output power of the WPT
system depends on two important factors — magnetic coupler’s coupling coefficient (k) and inductance of the primary
coil (Ly).

Fevl\)/ other prototypes of WPT systems were developed by [84,85,90-92]. [84] proposed a charging system which is able
to reduce the electromagnetic interference problem in WPT systems. Zhou et al. [85] presented non-linear parity-time
(PT) based system with a series-series topology and a self-oscillation controlled inverter which outperforms a system with
parallel-parallel topology and amplifier. In a recent work, [93] proposed a design to mitigate the magnetic saturation effect
and maximize the harvested power for a UAV charging station near high voltage power line.

5.2.2. Capacitive coupling

The capacitive coupling based WPT systems use electric fields, in contrast to magnetic field in inductive/magnetic
coupling, to transfer power between the coils. Typically, capacitive coupling based WPT is used in low power applications
compared to inductive coupling based WPT.

In UAV-WPT, due to the size and weight constrain, the design of the output filter of the secondary circuit is an important
issue. Carloni et al. [86] presented a simulation analysis using LTSpice showing the trade-off between the power delivered
to the battery and the capacitor size. The authors show that by leveraging the intrinsic inductance of the Li-poly battery,
the output filter design can be reduced to a single capacitor. Subsequently, the secondary on-board circuitry can be
minimized and the related weight can also be reduced. The simulation analysis present the output power as a function
of the capacitance value.
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Another capacitive coupling based WPT for UAV systems was proposed by Ohira et al. [77]. The introduction of
capacitive coupling helps in reducing the weight of the coils significantly, and thus, indirectly extending the UAV’s flight
time. Gao et al. [87] also proposed another UAV-WPT system which also helps in reducing the heat sinks, and thereby
increasing the fly time. To reduce the power loss, the authors proposed applying a buck converter between the rectifier
circuitry and battery, and generate higher energy efficiency as well as lower weighted receiver.

5.2.3. Laser-powered WPT

In this type, electromagnetic radiation enables the power transfer using laser beams or microwave. Compared to
inductive/capacitive coupling, in laser-powered WPT, the energy transfer distance is higher. However, the beam needs
to be focused towards the receiver.

Ouyang et al. [88] described a system where the UAV is charged using a laser beam from the ground station. The
advantages of using laser-powered WPT is that it can help the UAV to harvest large amount of energy while hovering at a
longer distance compared to the RF-based WPT solutions. However, the efficiency of this system depends on the locations
of the UAV and ground stations, and thus, the UAV needs to plan its trajectory for maximizing the energy harvested from
the laser transmitters. In [89], the use of laser charging and battery level information were leveraged to extend the UAV'’s
functional lifetime.

5.2.4. Discussions and open issues
In the following, we discuss few factors and open issues which affect the power transfer efficiency.

e Coil Size: Coils of smaller size and weight are suitable for UAVs. For example, plain spiral coil adopted in [82]
provides these features in addition of being easy to assemble. Also, receiving coils’ should be smaller than that of
the transmitting coil to ease the coupling process after landing of UAV.

e Resonance Frequency: A higher resonance frequency increases the effective transmission distance of the WPT system,
thereby enhancing the efficiency.

e Alignment: In case of magnetic coupling, an array of coils can be used in the transmitter to enhance the uniformity
and intensity of the magnetic field as well as to reduce the complexity of accurate docking. Misalignment tolerance
is an important requirement for magnetic coupler based WPT systems.

e Skin Effect: Winding the coupling coil using copper can help in reducing the skin and proximity effect.

e Compensation Circuits: According to the connection with the capacitor in the circuit, four different resonance
compensation circuits, namely Series-Series (S-S), Series-Parallel (S-P), Parallel-Series (P-S), and Parallel-Parallel
(P-P), are possible. Among these, the S-S type of circuit is most suitable in case of varying load and coupling
coefficient.

5.3. Communication

The task of energy harvesting and communication are inter-related in a UAV-assisted WPT system. The joint problem of
communication time allocation or transmission power allocation impacts the energy harvesting in WPT. In the following,
we discuss the different relaying protocols and channel models investigated in the existing literature.

5.3.1. Relaying protocols
In the following, we first briefly introduce the different relaying protocols adopted in UAV-based WPT.

e Decode-and-Forward (DF): In this type of relaying, the received message is first decoded and then forwarded in the
next time instance.

o Amplify-and-Forward (AF): In contrast to DF relaying, in AF relaying, the received message is just amplified and
forwarded. Therefore, the AF systems can perform with less latency compared to DF-based systems.

o Time-Switching Relaying (TSR): In TSR, the total communication time-frame is divided into multiple slots using a
time factor (t) [94]. The receiver harvests energy during the reception of the message (in first few slots) and forwards
the information using DF or AF protocols in the rest of the slots. The TSR-based communication method was adopted
by various works [95-97].

e Power Splitting-based Relaying (PSR): As the name suggests, in PSR, a power factor (p) is used to split the signal
power between energy harvesting and information processing [94]. For example, p part of the signal power was
used for energy harvesting and (1 — p) part was used for processing of information by Hua et al. [98].

5.3.2. Channel models
In Table 6, we list the various channel models considered in the existing literature.

5.3.3. Discussions and open issues

In the existing literature, different relaying protocols are proposed. However, considering the requirements of the
deployed nodes for energy harvesting, dynamic adjustments in TSR and PSR protocols can be made. Such dynamic
adjustments of the power factor (p) and time factor () can be done for fair energy harvesting at the receiver nodes,
while also limited by the available energy at the UAV.
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Table 6

Different channel models.
Channel type References
Block-fading [95]
Line-of-sight (LoS) [95,99,100]
k — p fading [96]
Rician fading [101,102]
Non Line-of-sight (NLoS) [99]
Obstructed Line-of-sight (OLoS) [99]
Two ray fading [103]
Fisher-Snedecoer F fading [104]
Rayleigh fading [102]

5.4. Throughput maximization

In this section, we study different throughout maximization approaches followed in the existing literature for UAV-
based WPT. We classify and discuss the approaches, and then analyze the pros and cons of these architectures in achieving
the goal of throughput maximization.

e Throughput in relaying system: Hua et al. [98] discussed the problem of throughput maximization from the perspec-
tives of two distinct architectures — time switching architecture and power splitting architecture. In Section 5.6,
we discuss these two architectures in detail. To maximize the network transmission rates, a joint optimization of
UAV location, time switching ratio and power splitting ratio are considered, while the lifetime of the nodes are
prolonged by harvesting the energy from the UAV. In contrast to the amplify-and-forward (AF) relaying-based UAV,
Li et al. [105] considered the UAV as a decode-and-forward (DF) relay for the throughput maximization problem in a
UAV-assisted WPCN. The use of DF relay brings an additional delay, the information processing delay, for the system
and subsequently, the nodes and the UAV both face two different scenarios — delay-tolerant and delay-sensitive
cases. In this problem, throughput maximization is achieved by joint optimization of downlink power allocation,
uplink/downlink slot allocation and UAV’s trajectory. In another work by Jia et al. [106], both AF and DF relaying
systems were used in two different scenarios for maximizing the sum throughput.

e Throughput and UAV placement/trajectory: Xie et al. [107,108] proposed the idea to exploit the mobility of UAV to
optimize the hovering position over the deployed nodes to aid the energy harvesting of the deployed nodes in the
downlink. Subsequently, in the uplink, the nodes transmit their information to the UAV using the harvested energy.
In addition to UAVS’ hovering location optimization, [109] focused on optimizing the time slots for downlink and
uplink sessions. A time-division duplex orthogonal-frequency-division multiple access (TDD-OFDMA) protocol was
proposed to maximize the uplink throughput using a joint optimization of uplink/downlink time proportions, UAV-
node association and UAVs’ hovering positions. The idea of optimizing the UAV’s trajectory and power allocation to
maximize the minimum throughput of the nodes were investigated in subsequent works — specific task (WPT or data
collection) allocated UAVs in WPCN [110], secure SWIPT system [111], cooperation between UAVs (with interference
coordination and coordinated multi-point (CoMP)) for performing energy and information exchange with nodes in
WPCNSs [112], multi-UAV enabled millimeter wave WPCN [113]. A centralized approach for throughput maximization
was proposed in [114], which leverages the joint optimization of the trajectory and transmission power. As the
locations of the nodes are unknown to the UAV, a deep reinforcement learning (DRL)-based method was proposed
to improve the performance.

e Throughput and constrained navigation: The concept of hover only energy harvesting is extended to hover-and-fly
energy harvesting by Ye et al. [115]. The authors also incorporate simultaneous transfer of energy and information
between the UAV and node using a two antenna UAV. Apart from these, the UAV’s maximum speed constraint, flying
time limit and energy causality constrain of the nodes are also considered. To maximize the sum throughput of the
system, the authors established a relation between the hovering time and flying time — smaller hover time as well
as maximum UAV speed while flying between nodes. In [116], a UAV-assisted cognitive network was studied, where
the UAV periodically flies over the deployed nodes in a circular region and subsequently, harvests energy from the
RF signal of the nodes.

5.4.1. Discussions and open issues

In UAV-WPT, the aspects of throughput maximization is studied with respect to the effects of uplink/downlink slot
allocation, downlink power allocation, UAV trajectory and positioning. In the following, we point out few open issues
that can impact the throughput maximization problem.

e Fairness in throughput maximization: In multi-UAV scenarios, the placement of the UAVs throughout the network
needs to be aware of the different throughput requirements of the deployed nodes.

e Heterogeneous WPCNs: In heterogeneous WPCNSs, to achieve throughput maximization, downlink power allocation
and uplink/downlink slot allocation needs to consider the device heterogeneity of the deployed nodes.
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5.5. Resource allocation

The problem of allocating resources is one of the most important and challenging issues of wireless network. In case of
scenarios with presence of both UAV and WPT, the challenges of resource allocation have multiple dimensions. We discuss
these different dimensions in the following. Wei et al. [117] presented an overview of resource allocation methods for
SWIPT systems.

5.5.1. Power allocation

Power and sub-carrier splitting: Unlike using the power splitter, here, the idea is to split the sub-carriers into two
disjoint groups — energy signal group and information signal group. The energy signal group is applied to perform
the energy harvesting and on the other hand, information decoding is performed by the information signal group.
Based on this idea, [118] et al. developed a method where the UAV does not require the power-splitter, and instead
uses the energy harvesting sub-carrier group for harvesting energy.

Power vs information: [119] presents a scenario where the UAV supplies energy to two sets of nodes with two
different energy requirements — one group with higher energy requirement and another with lower energy
requirement. The UAV focuses on the power allocation for WPT whereas the nodes harvest energy required for
information transmission. A dynamic game is proposed to decide on the optimal allocation for both UAV and nodes
such that their objectives to minimize the required power level and energy price, respectively, are achieved.

Power and time: Park et al. [120] proposed two different scenarios where the function of the UAVs are different. In
one scenario, the UAV acts as a hybrid access point — employed for WPT source as well as information receptor.
In the other scenario, two UAVs are employed — one each for WPT source and information reception. To maximize
the minimum throughput of the deployed nodes, a joint consideration of UAV’s power allocation, trajectory and
time allocation for WPT and information transfer is proposed. In another work, the joint problem of downlink
power allocation and wireless charging duration to maximize the downlink sum rate for single- and multi-UAV
scenarios [121].

Energy and data collection: One important challenge in optimizing energy consumption and data collection of the
deployed nodes is managing the trade-off between node’s battery level and data queue level. In such scenario, the
WPT provider UAV might not have a prior knowledge of the node’s battery level and data queue level. Considering
this problem, Li et al. [122] proposed a resource management strategy based on the position of the UAV, channel
condition, node’s battery level and data queue level. Subsequently, the optimal nodes for data collection and power
transfer are selected and a modulation scheme (transmit power) is allocated for each such node.

5.5.2. Time allocation

Time and trajectory: In a multi-UAV scenario, the UAV needs to hover at an optimal position over the nodes as well as
minimize the interference between the users, while avoiding collision between themselves. Therefore, it is important
for the UAVs to manage their hovering time and trajectory jointly. Xie et al. [123] investigated this problem. In
another work by Lu et al. [124], apart from trajectory optimization, the problem of interference at the receiver side
is also considered. To solve this problem, a new time slot allocation scenario is employed and to maximize the
minimum uplink throughput, joint consideration of UAV’s trajectory, time allocation and node’s power is applied.
In this regard, the incorporation of cache placements along with high mobility of the UAVs can be exploited to
improved the throughput [125]. Along with trajectory control and content caching, another problem is to consider
the energy expense of the UAV, and dynamically deciding when the UAV should be returned back to the charging
station [126]. In another work, a circular UAV trajectory is incorporated to mitigate the double near-far problem,
and subsequently the trajectory radius is optimized for energy harvesting of the nodes [127]. Hu et al. [128,129]
considered the optimization of UAV trajectory along with time and task allocation for maximizing the computation
task output of the nodes.

TDMA-based workflow model: Here, the idea is to create a TDMA-based workflow model for parallel transmissions and
executions for different devices [130]. As a result, the UAV’s hovering time and energy loss is minimized. Another
resource allocation model [131,132] for UAV-based WPT in cellular network scenario considers both TDMA and
FDMA-based resource allocation using the joint optimization of user association, resource allocation (in terms of
downlink power allocation) and channel assignment. Here, the time-slots for WPT and downlink transmission are of
equal length. In the first slot, UAVs are charged by the ground stations and then, in the next slot, the UAVs transmit
to the ground users.

5.5.3. Computation management
Computation management refers to managing the computation loads of the deployed nodes, which typically have low
computation power compared to the UAV.

Computation Offloading: Zhou et al. [133] proposed a computation management framework for scenarios where
the nodes are powered by the UAV using WPT. Based on the harvested energy from the UAV, the nodes decide
to either perform the computations locally or offloading the computations to the UAV. Subsequently, a framework
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Table 7
Comparison of different resource allocation methods.
Method Charge No. of Resource Energy Pros Cons
provider UAVs harvesting
Vs
information
transmission
[133] UAV One Computa- Parallel Dynamic decision of Performance limited by
tion computation offloading flight time, no. of UAVs
[123] UAV Two Time Slotted Cooperation between Limited scenarios
UAVs considered
[118] UAV One Power Slotted Subcarrier grouping Specific scenario with
reduces dependence of single UAV
power-splitter
[130] UAV One Time Parallel Leveraging workflow to Required a priori
reduce UAV’s energy knowledge about node’s
expense and increase tasks
mission duration
[131,132] Ground Multiple Time, power Slotted Throughput TDMA-based method
station maximization in less efficient
UAV-powered cellular
networks
[119] UAV One Power Slotted Dynamic power No use of multiple UAVs,
allocation, heterogeneous no consideration of
nodes inter-node interference
[120] UAV One/two Power, time Parallel/ Consideration of various Differentiated QoS
Slotted scenarios, multiple UAVs requirement of nodes
and resources, not considered
linear/non-linear EH
models
[122] UAV One Power Slotted Does not require Only homogeneous
knowledge of node’s nodes and specific
battery and data queue scenarios considered
level
[124] UAV Two Time Slotted Reduced receiver side Only specific scenario
interference with limited nodes, fixed
altitude of UAVs
[121] Ground One, Power, time Slotted Multiple scenarios All UAVs hover at fixed
station, Multiple considered, dynamic altitude
UAVs resource model
[134] UAV One Computa- Slotted Minimizes energy Increased convergence
tion expense of UAV, time for higher number

leverages idle nodes for
computation offloading

of idle nodes

for maximizing the computation rate was also proposed by jointly optimizing the transmit power, offload time, CPU
frequencies, and UAV trajectory. In the method proposed by Liu et al. [134] the energy harvested nodes leverage
both UAV and nearby idle nodes for computation offloading.

e Computation rate: Towards maximizing the computation rate, [135] proposed a hybrid beamforming and compu-
tation resource allocation optimization for a UAV-enables edge mobile edge computing (MEC) system where the
deployed nodes are also powered wirelessly.

In Table 7, we compare the different resource allocation methods with respect to various parameters and highlight
their pros and cons.

5.5.4. Discussions and open issues
In the following, we briefly point out few issues affecting the resource allocation methods.

o Differentiated QoS requirement: The deployed nodes can have different hardware configuration as well as different
requirement based on various metrics. Therefore, the resource allocation methods also need to designed such that
the dynamic requirements can be fulfilled.

e UAV hovering altitude and multiple UAVs: Based on the deployment and terrain, the UAVs may need to adjust the
hovering altitude and hovering time to maximize the transferred energy. The resource allocation methods should be
designed accordingly.
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Fig. 4. Power-Splitting SWIPT — (a) receiver architecture (b) method overview.

5.6. Simultaneous Wireless Information and Power Transfer (SWIPT)

SWIPT is a promising technology which enables full utilization of RF energy by achieving energy transfer along with
information transmission. Consequently, this feature provides an opportunity, especially for the smaller devices (which
typically holds limited on-board energy) such as miniaturized UAVs, to replenish themselves wirelessly. Typically, the
UAV’s transmission activity is powered by the RF signal from the source, and a separate on-board battery is responsible
for the UAV’s maneuvering activities. Therefore, it is also beneficial for the larger UAVs which can recharge its battery
while performing the transmission activities.

5.6.1. Architectures
In the following, we discuss the two types of SWIPT architectures, power-splitting and time-sharing, adopted in the
existing literature.

e Power-Splitting SWIPT : In this type of SWIPT architecture, the received radio signal is divided into two power streams
— one for energy harvesting and another for the information relaying. The power-splitting receiver structure is one of
the most dominant SWIPT receiver structure [136]. In the existing literature, the power-splitting receiver is applied
to both UAVs [137,138] as well as deployed sensor nodes [139-145]. Fig. 4 shows the (a) power-splitting receiver
structure and (b) the overview of the method. A power-splitting unit aids the splitting process followed with a
signal processing unit and an energy harvesting unit. Typically, as considered in [137,138], in any time iteration,
the power-splitting process is performed first for information processing and energy harvesting. Subsequently, the
received information is relayed using the harvested energy.

The power-splitting profile depends on the power profile and the trajectory of the UAV (where the UAV is the
SWIPT receiver) or on the energy harvesting requirements of the nodes (where the deployed sensor nodes are the
SWIPT receiver). In scenarios where the UAV acts as the SWIPT receiver, the existing works mainly focus on the
optimization of trajectory and power profiles. Yin et al. [137,138] focused on the joint optimization of the trajectory
and power-splitting profile by applying alternate optimization of the two sub-problems - power profile optimization
with fixed trajectory and trajectory optimization with fixed power profile. On the other hand, in scenarios where the
nodes are the SWIPT receiver, the existing focus on maximizing energy harvested at the nodes while maintaining
their minimum data rate requirement (or vice-versa such as in [141]) achieved with the power budget of the UAV.
Mamaghani et al. [146] have used power-splitting SWIPT along with Cooperative Jamming [147] for performing
secure communication in the presence of eavesdropper node. Here, while the source node transmits the information
to the UAV, the destination node simultaneously transmits jamming signal (which also helps in energy harvesting
at the UAV) to block the eavesdropper’s wiretap channel. The proposed method can also determine the optimal
power-splitting ratio and best location for the UAV to hover while maintaining secrecy with a given location for
of the eavesdropper node. Few other works emphasizing secure communication in SWIPT systems are — secure
communication in NOMA networks using artificial jamming [148], mmWave NOMA and OMA networks with
improved secrecy performance [149].

Power-splitting SWIPT (PS-SWIPT) was also implemented in various different application and network scenarios.
Wang et al. [145] proposed the use of PS-SWIPT in the context of cellular IoT networks with LoS and NLoS path loss
models for the UAV to nodes communication links. For a disaster management scenario, [150] proposed dynamic
and flexible cluster formation and restructuring for improved SWIPT performance in terms of less outage. [151] also
proposed to apply SWIPT for enabling emergency communication in a disaster scenario. Next, the authors designed
a dynamic path planning method based on users’ service requirement (charging or data transfer).
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Fig. 5. Time-Sharing SWIPT — (a) receiver architecture (b) method overview.

e Time-Sharing SWIPT : In this type of SWIPT architecture [152,153], the processing of the received RF signal and energy
harvesting from it, are done in different time iteration. In each time iteration, the SWIPT receiver has to decide
whether to harvest energy from the received signal or to act as a relay by forwarding the signal. This decision profile
shapes the further activities of the UAV. It is noteworthy to mention that in this type of system, the received RF signal
power is fully utilized during the allocated time slot. Fig. 5 depicts (a) the receiver structure for time-sharing SWIPT
and (b) the overview of the method. The receiver design consists of the time switching mechanism which depends on
the decision profile of the receiver, and consequently, the energy harvesting and information relaying are performed.

In Table 8, we present and compare the existing works which applied SWIPT. It is evident that while most of the
existing works adopted either power-splitting or time-sharing architecture of SWIPT, [154] which applied both these
architectures together.

5.6.2. Constraints/trade-offs

o Trajectory/power-profile vs throughput: In power-splitting SWIPT, the UAV’s end-to-end throughput depends on
both the power-splitting ratio profile and the trajectory. [137,138] takes the approach of alternately solving the
sub-problems — power profile optimization with fixed trajectory and trajectory optimization with fixed power
profile.

e PS vs TS and DF vs AF: As reported in [143], the loss rate in power-splitting SWIPT (PS-SWIPT) is less than that of
time-sharing SWIPT (TS-SWIPT) and thus, PS-SWIPT outperforms TS-SWIPT. Also, decode-and-forward (DF) protocols
are better suitable for PS-SWIPT applications than amplify-and-forward (AF), due to flexible time allocation and less
possibility of noise amplification in DF compared to AF.

5.6.3. Discussions and open issues
In the following, we briefly point out few issues affecting the SWIPT methods.

e Number of UAVs and altitude: The success of the SWIPT methods in multi-UAV scenarios depends on the collaboration
between the UAVs and the dynamic altitude adjustment.

e Coverage, data rate and interference: For SWIPT methods, the joint problem of coverage, data rate and interference is
relevant in IoT deployment scenarios.

e Secure SWIPT: To improve the security features in the SWIPT methods, jamming signal is transmitted by the receiving
node while the source node is transmitting the information to the UAV. However, the existing works consider limited
scenarios with less number of nodes. Thus, there is a need to develop a method for scaled up scenarios.

6. Spatial aspects
6.1. Coverage

We discuss the coverage aspects of single-UAV and multi-UAV scenarios where the UAV(s) works as the charge provider
for the deployed nodes. We highlight different types of coverage along with the charger(s’) details and their benefits and
limitations.
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Table 8
Comparison of different SWIPT methods.
Method Architecture SWIPT No. of UAVs Pros Cons
receiver
[137] Power- UAV Single Improves end-to-end throughput Fixed altitude of UAV
splitting
[152,153] Time- UAV Single Improves end-to-end throughput, Fixed altitude and straight line
sharing quick convergence path of UAV, constant position
within a time slot
[138] Power- UAV Single Improves power profiles for Fixed altitude of UAV
splitting long-term and convergence
[139] Power- Nodes Multiple Increases energy harvested at nodes UAVs remain stationary in air
splitting while maintaining minimum data
rate, achieved with UAV’s power
budget
[146] Power- UAV Single Determines the optimal Low and fixed altitude of UAV
splitting power-splitting ratio, best and secure
location for UAV’s hovering
[140] Power- Nodes Single Maximizes energy harvested at nodes Considers single UAV, limited
splitting while maintaining minimum data coverage area
rate achieved with UAV’s power
budget and maximum speed limit
[141] Power- Nodes Multiple Maximizes data rate maintaining UAVs remain at fixed altitude
splitting minimum energy requirement of
nodes with UAV’s power budget
[142] Power- Nodes Single Dynamic path planning based on May have limited/non
splitting node position and energy real-time coverage problem
requirement, optimal power transfer
based on data collection
maximization
[154] Power- Nodes Multiple Non-linear energy harvesting model, No constrain on UAV’s battery
splitting/ considers both SWIPT architectures, capacity
Time- analyzes throughout vs
sharing information-and-Energy coverage
[143] Power- Nodes Single Joint optimization of PS and time Less coverage area due to
splitting allocation, lower complexity and no single UAV with low altitude
requirement of channel state
information
[148] Power- Nodes Single Secure UAV-assisted NOMA Smaller coverage area,
splitting communication, throughput considers perfect interference
maximization for nodes cancellation technique
[151] Power- Nodes Multiple Dynamic path planning considers Less coverage area due to
splitting users’ service requirement single UAV

6.1.1. Single-UAV-based scheduling algorithms

e Period Area Coverage (PAC): In PAC, the observation area needs to be monitored periodically. In such scenario, a
UAV is used as a mobile sensor to cover the vacant zones and an energy source for the deployed nodes [155] to
recharge them. Therefore, the UAV has to schedule its tasks for sensing the uncovered regions and providing energy
to the nodes having energy lower than the minimum energy. The UAV decides on charging the sensors as per their
requirements — provide maximum energy to the nodes such that energy-efficiency is maximized.

e Coverage breach-aware Charging: Pauu et al. [156] proposed a method to deploy the UAV for aiding the recharging
of the nodes which exhaust their energy and thereby, helping in the process of minimizing the coverage breach.
The UAV is scheduled for recharging the nodes while considering the remaining energy and coverage degree of the
deployed nodes.

6.1.2. Multiple-UAV-based scheduling algorithms
e Constrained Coverage: Trotta et al. [157] proposed two methods - one centralized and one distributed - for achieving
constrained coverage of an area by multiple UAVs. The UAVs recharge themselves from the charging stations located
at the ground. The objective of this work was to determine an optimal charging schedule such that the number of
descent/ascent operations are minimized for the UAV while maintaining the coverage. The centralized approach
assumes strict coordination among the UAVs and requires complete knowledge of the scenario. On the other hand,
in distributed approach, each UAV autonomously decides the recharging time, and then, it coordinates with the
1-hop UAVs for starting the recharging process only if the neighbor UAVs are available. Therefore, the decentralized
charging process of the UAVs relaxes the strict requirements of the centralized approach. Also, the charging process
is aware of the coverage requirements. In the extended version of this work [158], the authors focused more on the
distributed approach for the joint problem of achieving coverage, connectivity as well recharging of the UAVs. The
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Table 9
Comparison of the UAV-based coverage and charging methods.
Method Charging Chargers’ Coverage No. of UAVs Pros Cons
approach details
[157] Centralized Multiple, Constrained Multiple Network lifetime UAVs placed at same
& ground- enhancement, coverage altitudes, linear
Distributed distributed guaranteed, charging/discharging
self-organized considered
[158] Centralized Single, Constrained Multiple Network lifetime Only single charging
& ground- enhancement, 1-hop station at ground, UAVs
Distributed center neighbor knowledge, low placed at same altitude
overhead
[159] Centralized Single, Seamless Multiple Long-term seamless UAVs at fixed altitude,
ground- coverage, requires full area
corner energy-efficiency knowledge
[155] Centralized Single, Period Area Single Network lifetime Requires full area
UAV-based Coverage enhancement, period knowledge, non
coverage guaranteed real-time scheduling
[160] Distributed Multiple, Seamless Multiple Energy-efficient, scalable UAVs placed at same
UAV-based coverage altitude
[156] Centralized Single, Complete Single Enhancement of network Single charger, non-real
UAV-based coverage lifetime while providing time scheduling

complete coverage

approach considers the UAV specific issues (such as altitude, beacon frequency, energy required for ascend/descend)
as well the cost for communication among the UAVs.

e Seamless Coverage: Li et al. [ 159] presented an approach for achieving seamless coverage by multiple UAVs by periodic
recharge and reshuffling. The proposed approach focuses on cooperation among the UAVs to reshuffle their positions
such that the area coverage is maintained as well as UAVs with low energy can move to the recharge station. In
another work, [160] proposed a method for cooperation among the UAVs in terms of node assignment, trajectory
planning and transmission power allocation. In this work, the deployed nodes were recharged by the UAVs which
coordinate different tasks among themselves.

6.1.3. Discussions and open issues

In Table 9, we present a comparison of the different methods adopted for providing coverage as well as charging. We
specifically highlight the type of coverage achieved, charger type, the pros and cons of each method. In the following, we
discuss two relevant issues impacting coverage in UAV-WPT scenario.

e Cooperation among UAVs: The issue of cooperation among the UAVs is important when multiple UAVs are leveraged
for jointly achieving the coverage and recharging task. However, it is important to note that while cooperation among
UAVs help in optimizing the system objectives, it will demand increased information exchange among the UAVs, and
may further increase the delay and energy consumption in decision making.

e Priority-based Coverage with various constrains: In mission-oriented application scenarios, the UAV(s) need to achieve
priority-based coverage. However, there will also be various limitation such as UAV’s battery power, communication
range, hovering capability. Additionally, in case of multiple UAVs, another relevant issue is the cooperation between
the UAVs to achieve the required coverage while minimizing the energy consumption of all the UAVs.

6.2. Navigation

In this section, we discuss the different navigation methods presented in the existing literature and highlight few
important parameters with respect to WPT. Here, we discuss the aspects of navigation, which is concerned with the
planning of UAV’s movement from starting to ending point or over an area. However, the aspect related to the path/route
followed in the navigation is discussed in Section 6.4. For example, the navigation methods discussed in the following
may consider a fixed or a priori known trajectory.

6.2.1. Different navigation methods
e Self-adaptive navigation (SAN): The objective of SAN [161] is to allocate ground-based charging stations to UAVs such
that the travel delay is minimized. It is assumed that the trajectories of the UAVs are known to the central controller
and are updated periodically. Also, the locations of the ground-based charging stations are known.
o Multi-UAV navigation: [162] proposed a method for navigation of UAVs to recharge the nodes deployed in a WSN
such that the charging coverage utility is maximized. The navigation of the UAVs are planned considering the cost
for travel, hovering, energy transfer and the energy requirement of the nodes.
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e Cloud-based UAV navigation: [163] presented a cloud-based coordination system for UAVs to recharge from the
ground-based charging stations while minimizing the charging delay and congestion. The system requires the
knowledge of the UAVs’ source, destination and speed to estimate the flight time, waiting time and charging time
for each UAV. Based on these information, a suitable route for each UAV is computed. The system can also predict
the future congestion time at the ground-based charging stations.

Apart from the above mentioned navigation methods, few notable methods proposed in the context of WPT using
UAVs are discussed in [16,164]. Suzuki et al. [16] proposed a navigation method which leverages bilateration technique
to estimate the location of the nodes such that the UAV is able to charge each node in less time. In [164], a target search
problem scenario is considered where multiple commercially available UAVs and mobile recharging vehicles (MRVs)
participate in the search operation. The use of commercial UAVs instead of military-grade UAVs reduces the flight time,
and thus, the mobile vehicles recharge the UAVs to continue their operation. The proposed method, with an input of road
networks, devises a route plan for UAV-MRV collaboration to recharge the UAVs.

6.2.2. Discussions and open issues
In the following, we discuss two specific issues that can impact the navigation decisions in a UAV-WPT scenario.

e No. of chargers vs UAVs: The navigation systems depend on the distribution of the charging stations over the area
as well as the number of such chargers with respect to the number of UAVs. Depending on the distribution and the
number of available chargers, the navigation decision for each UAV will be different.

e Mobility of chargers: Mobility of the charging stations increases the complexity of the problem. Therefore, the
modeling of the mobility of the chargers should be considered while computing the cost of different navigation
options.

6.3. Surveillance

In this section, we specifically focus on approaches considering UAV-WPT in a surveillance mission. We classify the
methods based on their area of surveillance and discuss the associated parameters. It is important to note the differences
between coverage, which is discussed previously in Section 6.1 and surveillance. Both these aspects require the UAV(s) to
be able to cover the target area in terms of sensing information. However, with the introduction of WPT, in coverage, the
focus is more on recharging the deployed nodes by the UAV. Whereas, in surveillance, the UAVs need to be recharged for
covering the target location(s).

e Persistent area surveillance: This type of surveillance is performed over an area of interest with multiple UAVs. The
challenge is to devise control policies for the movement of the UAVSs, collision avoidance, timely recharge of the UAVs
and mission time limit. Leahly et al. [165,166] presented automata-based methods to generate motion plans for the
UAVs with temporal logic specifications with time-deadlines for covering specific regions of the area. In [167], the
objective was to plan the UAV trajectories and charging schedule such that the time between the visits to a specific
area is reduced. [ 168] focused on minimizing the number of required charging stations and overall mission time for
an area coverage mission.

e Border line surveillance: In this type of surveillance mission, the objective is to cover a line-shaped area. Kim
et al. [169] argued on using UAVs for border surveillance missions and to deploy them along with electrification
lines for enabling WPT for the UAVs while in mission. The use of UAV with WPT feature in such scenario ensures
higher operating time, higher quality of the surveillance and faster responsiveness.

e Specific object surveillance: In this type, the target is to observe specific points of interests inside the area. [170]
proposed one such application where the mission was to take images of populated areas and road segments after a
disaster. Here exists a trade-off between altitude and photo quality — with higher altitude photo quality is less but
observed area is more, and with low altitude, photo quality is better but the less area is imaged. Thus, the challenge
is maintain the required photo quality while routing the UAVs.

6.3.1. Discussions and open issues

In UAV-WPT methods designed for surveillance missions, the importance is on the availability of the charging stations
which facilitates recharging of the UAVs. Therefore, the issues such as optimizing the number and placement of these
charging stations, enabling UAVs are charge providers for other UAVs, cooperation between the UAVs are important here.
We discuss these point in the following.

e Facilitating charging of the UAV(s): To facilitate the charging of the UAVs, optimizing the number as well as the
placement of the chargers are important for the enhancement of surveillance. In this regard, using a mobile charger
can help in reduction of the number of stationary chargers and provide flexibility as well. However, in case the
charger placement is not feasible (for example, in challenging terrains), UAVs can be used to aid the charging of
other UAVs. We discuss such scenario in Section 6.4.2.

19



T. Ojha, T.P. Raptis, A. Passarella et al. Pervasive and Mobile Computing 93 (2023) 101820

e UAV-UAV and UAV-charging stations cooperation: In surveillance missions, the use of multiple UAVs can provide
mission benefit in terms of faster completion time, higher coverage resolution, and uninterrupted surveillance. In
this regard, the collaboration between the UAVs for devising scheduling methods and coverage (parallel coverage
vs sequential coverage) is one important issue. Along with placement of the charging station (static/mobile), the
cooperation between the charging station and UAV is also need to considered.

6.4. Trajectory

In the following, we discuss the existing literature on UAV trajectory planning and management while supporting
UAV-WPT. We classify the works based on different types of trajectory and network deployments. Next, we list
several important factors in trajectory planning and management, discuss their importance and mention the works that
considered those parameters. It is important to note that here we focus more on the path/route followed by the UAV(s)
while discussing the effect of different factors on the path/route.

6.4.1. Types of trajectory

In this section, we discuss the different trajectories planned by the UAVs for providing charge to deployed nodes or for
receiving charge from the ground-based fixed/mobile charging stations. We classify these trajectories in three categories
— fixed, dynamic-2D which refers to 2D dynamic trajectories and dynamic-3D or 3D dynamic trajectories.

e Fixed Trajectory: As the name suggests, in this case, the UAV maintains fixed/predefined trajectory along with a
finite number of nodes for providing WPT services with different constraints such as battery power, travel-time,
hover-time. For example, in [171], multiple UAVs fly over a stationary IoT network following a predefined trajectory
with limited battery power. A straight UAV trajectory with a fixed altitude was considered in [172].

e Dynamic-2D Trajectory: This type of trajectory is followed in most of the existing works. Here, the UAV follows
trajectory with fixed altitude. However, the other related parameters such as transmit power, flight-time, hover-
time are dynamically decided. A few example of such 2D trajectory is the Successive Hover-and-Fly (SHF) trajectory
which is studied in multiple existing works [60,69,108,173,174]; Spectral-Clustering-based trajectory [61].

e Dynamic-3D Trajectory: In this type of trajectory, the UAV travels at an altitude within a range, creating a 3D
trajectory, for which the parameters such as transmit power, hover-time are dynamically decided. In [175], a 3D
trajectory for the UAV was proposed while considering an altitude range and fixed speed to provide WPT services
for an area deployed with stationary nodes. Similarly, in [62], the joint problem of optimizing 3D position, beam
pattern and charging time was considered.

6.4.2. Network deployments

The different network deployments considered in the existing literature can be classified from two different perspec-
tives — based on the charge provider and based on the type of mobility. In the following, we discuss the different categories
of works for each classification.

e Based on the charge provider: For this category, we can classify the existing works in two categories — UAV as charge
transmitter and UAV as charge receiver. When the UAV acts as a charge transmitter, only the UAV provides WPT
services to the deployed nodes [60-63,67,68,174,175]. Whereas, when the UAV acts as a charge receiver, the UAV
receives WPT services from the ground-based stationary/mobile charging stations [64,65,176]. [66] considered a
specific scenario, inspired by military mid-air refueling, where UAVs transmit power to other UAVs that are working
as hotspot for ground deployed nodes.

e Based on the type of mobility: Considering the ‘mobility’ of the deployed nodes/stations (which were used as energy
receivers or the energy providers), the existing works can be classified in three categories — stationary, mobile and
hybrid. In [60,67,68], the deployed nodes and charging stations are stationary. Whereas, in [64,66], the UAV as well as
the ground-based charging stations are mobile, and in [69-71], the UAV as well as nodes are mobile. [65] presented
a scenario where the ground-based charging stations can be stationary or mobile (placed on ground-vehicles).

6.4.3. Different factors
There are numerous other factors that can be considered when optimizing UAVs trajectories. In this section we discuss
the most important ones.

e Charging power: The UAV-based trajectory design methods, whether the UAV is the power source to the ground
nodes [60-63,67,68,174,175] or the power receiver from the ground stations [64,65,176], targets to maximize the
minimum amount of power transferred/received.

e Charging period: This parameter depends on the hover-time and has effect on the amount of charge transferred to
the nodes. In [68], a fixed charging period was considered for maximizing the power transferred to the deployed
nodes.
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e Node scheduling: It is an important factor to design dynamic 2D/3D trajectories as well as to maintain the effec-
tiveness of the deployed sensing application. Given the different levels of knowledge about the status of the nodes,
determining the set of nodes or sequence of nodes is typically a NP-hard problem addressed using heuristics [177].
In [178], the sleep/wake schedule of nodes were exploited along with the UAV’s trajectory and speed constrain,
to ensure maximum received energy by the nodes. [179] studied the adaptive trajectory design problem with an
objective to minimize the service delay for random user requests.

e Battery power: The objective of any trajectory planning method is to minimize the consumption of battery power [61,
65,171,180,181] while fulfilling their target objectives such as maximized coverage, maximizing transferred/received
power [182,183], minimizing the total flight/hover-time. [184] studied a trajectory optimization problem with an
objective to minimize the task completion time for the UAV, given a limited battery capacity. [181] discussed the
importance of UAV’s energy utilization efficiency from two perspectives - fixed UAV position and fixed power
transfer efficiency.

Speed: UAV’s total flying time and trajectory depends on the UAV’s maximum speed limit.

e Node localization: To ensure efficient WPT, the UAV needs to be aligned over the sensor node by precisely localizing
the node. [177] developed a system where the UAV, with the help of a magnetic resonance sensor, was able to
localize within 30 cm of the sensor node.

o Flight-time: Flight-time directly impacts the total amount of power transferred/received by all the nodes. In the
literature, the methods try to maximize the transferred/received power while minimizing the flight-time to cover
the deployed nodes/stations.

e Hover-time: This parameter directly impacts the power transferred between the UAV and the nodes/stations.
Therefore, joint consideration of the hovering points and the duration of hovering is required to optimize the amount
of power transferred [173].

e Task completion time: Due to energy constraint, the task completion time for the UAV, which is also energy provider
for the deployed nodes, is an critical parameter. [185] discussed a UAV trajectory optimization problem with the
objective of minimizing the task completion time for the UAV. To model the effect of obstacles on the communication
link between the UAV and nodes, a probabilistic LoS (PLoS) channel was considered. Towards improving the charging
and transmission efficiency, [ 186] proposed a joint scheduling and trajectory optimization approach to minimize the
total time of charging, data collection and flying.

e Power and trajectory: The efficiency of the UAV-WPT system depends on the joint problem of trajectory and
transmission power for providing WPT to deployed nodes [69,70,172,175,176,187-191]. Jiang et al. [192] studied the
two different objectives - maximizing the minimum information rate with a given transmission power budget, and
minimizing the total power consumption with a required information rate. In [193], the users’ mobility information
was leveraged to find the initial UAV locations, and then, dynamically adjusting the UAV positions based on the
movement of the users.

e Coordination among UAVs: The coordination among the multiple UAVs are important to achieve the WPT task
optimally [71,194-196]. In [194], a Work-Gain algorithm is proposed where a master UAV coordinates with multiple
UAVs deployed in different areas to jointly achieve the task of recharging the nodes such that the lifetime of the
network is prolonged. [195] proposed coordination strategy between multiple UAVs in order to ensure seamless
services for the deployed nodes. Oubbati et al. [71] proposed to divide the UAVs into two teams, for data collection
and energy transfer, respectively, and then, jointly optimize their trajectory to maximize the throughput of the
deployed nodes and minimize the age of information, while minimizing the energy utilization of the UAV.

6.4.4. Discussions and open issues
In the existing literature, the issues of trajectory design is well studied considering various objectives and optimization
of the trajectory. We discuss few issues that impact the trajectory design decisions.

e Balance between priority and constrains: The existing works on design of trajectory for UAV-WPT scenario considers
different objectives. In this regard, the joint optimization of multiple objectives (such as coverage maximization,
charge transfer maximization) while limited by various constrains on trajectory (such as battery power, flight/hover
time, task completion time) will be an interesting future study. Also, the trade-off between the priority and
constrains, which depends on the application scenario, can be investigated.

e Trajectory and coverage: The aspects of trajectory and coverage are inter-related. In this regard, one important issue
is the joint planning of the trajectory and coverage for enabling WPT to the deployed nodes in challenging terrains.
The joint planning also need to consider the heterogeneity in terms of capabilities among the UAVs. The coverage
and trajectory planning should be done accordingly.

e Trajectory and data collection: The UAV trajectory decision is often based on the objective of data collection. In such
scenarios, the decision is influenced jointly by data generating nodes, the freshness of data (measured by Age of
Information), energy of the UAV and deployed nodes.
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7. Operational aspects
7.1. Energy management

Here, we discuss the works specifically focusing on the energy management aspects of a WPT-based system supported
by UAVs. In contrast to the discussion of specific P2P-WPT enabling technologies presented in Section 5.2, in this section,
we highlight the overall energy management in the scope of whole network including deployed nodes, UAVs (maybe the
explicit charging source), other WPT sources (if available), base stations, etc. In this regard, some of the early works point
out the benefits of using UAVs for energy harvesting of deployed nodes [197], the network lifetime enhancement for
maximum benefit [ 198], autonomous recharging and mission planning [ 199], maximizing receiving energy [200] etc. We
classify the existing works in different categories based on their considerations and sub-objectives in achieving energy
management.

e Optimal 3D position recharging: In this problem, multiple UAVs are used for recharging the deployed sensor nodes.
The objective is to place the UAVs in different available 3D positions over the deployed nodes such that the total
power received by the nodes are maximized [201,202].

e Battery level information: Najeeb et al. [203] considered an energy management problem where one UAV is deployed
for recharging the stationary nodes with no prior knowledge about the remaining battery power levels of the nodes.
The UAV intelligently determines the efficiency of the power transfer and dynamically adapts to the scenario by
changing the distance from the node. On the other hand, Jaffar et al. [89] considered a scenario where the UAVs are
recharged by using a Laser source. In this work, the energy management problem considered the accurate battery
levels to decide on recharging the UAVs. Therefore, the parameters related to the UAV’s activity such as speed,
battery size, turbulence, and distance to charging source are mapped to estimate the battery level and then decide
the recharging of the UAVs.

e Energy cost and scheduling: With an objective of minimizing the energy cost, i.e., the electricity cost of the network
of charging stations, Liu et al. [204] presented a strategy for deciding association between the UAVs and charging
stations. The method specifically focus on allocating charging station for a requesting UAV, when to charge the UAV
and how much energy to be purchased from the power supply grid based on multiple parameters such as UAV
location, battery status, charging duration, deadline, and energy price. In [205], Q-learning is applied to optimize the
UAV charging schedule with different distribution of UAVs. A proactive four-stage matching algorithm was proposed
in [206] such that the amount of energy harvested in the deployed nodes is maximized.

e Energy trading: The idea of energy trading between the charging station and UAVs was conceptualized in [207].
The energy trading scenario was modeled as a game theoretic problem where both the charging station and UAVs
interact to decide the charge price and look to improve their own profits. The UAVs use token to buy energy from the
station and return the tokens within a fixed time with an interest rate and fined otherwise. Therefore, the charging
stations expects to increase their profit by collecting more fines, whereas, the UAVs expect more tokens.

e Power and efficiency: Budhiraja et al. [208] studied the problem of energy management for D2D users which typically
follows the harvest-then-relay strategy. To maximize the energy-efficiency of WPT, the joint allocation of two
resources — energy harvesting time and transmission power — are performed. The energy management problem
studied in [209] accounts the energy loss during WPT and the additional power consumption of the UAV during
hovering and flight. The objective of the energy management process is same as the previous works — to maximize
the power transferred to the deployed nodes. However, the consideration of the energy loss and additional power
consumption, changes the estimation for UAV locations and power allocation for WPT.

Apart from the above mentioned works, few notable works which highlight various issues associated with energy
management — optimized task completion in a mobile edge computing scenario [128], coordination among UAVs [194],
impact of the density of UAV swarms [210].

7.1.1. Discussions and open issues

The goal of the energy management can be discussed from two perspectives — deployed nodes and UAV(s). The
deployed nodes want to get maximum energy from the UAV(s). On the other hand, the goal of the UAV(s) may vary
— to maximize the number of nodes that are recharged, or maximize the amount of energy transferred to the receiver
nodes, or to maximize energy transferred to the nodes based on their requirement to get recharged. In the following, we
highlight few issues related to energy management in UAV-WPT.

e Joint management of energy, trajectory and priority: The UAV(s) deployed for recharging nodes may need to prioritize
which node to recharge first. Subsequently, the UAV’s trajectory need to be decided, also considering the remaining
energy of the UAV.

e Energy management for multi-UAV missions: In multi-UAV based missions, UAVs cooperate among themselves and
the tasks are allocated accordingly. Here, the allocation of the tasks should consider the remaining battery power
as well as recharging options available for the UAVs, in addition to other factors such as coverage priority, range,
hovering capability.
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e Energy management for surveillance missions: In surveillance missions or in scenarios where the area needs to
continuously monitored, one UAV cannot be sufficient due to limited battery power. In such cases, wither the UAV
needs to be replaced, or to be recharged by another UAV or alternate methods (few such methods are discussed in
Section 6.3).

7.2. Data collection

In the following, we highlight the works which prioritize in data collection from deployed sensor using one/more
UAV(s). We specifically highlight different issues such as application in challenging terrains, nonuniform energy require-
ment, multi-UAV coordination, hardware issues and information aging.

e Data collection efficiency: [211] proposed to apply UAVs for data collection from sensor clusters deployed in harsh
terrains while also replenishing the battery of the sensors. A preference list for the UAVs were defined based on
the distance between the UAVs and sensor clusters, data aggregation at the cluster and residual energy of the
sensors. With an objective of maximizing the data collection utility, two different methods, one side matching and
greedy matching were proposed. [212] argued that joint optimization of sub-slot allocation for deployed nodes and
UAV’s route plan can improve the data collection efficiency in terms of system energy efficiency and node’s data
transmission rate. Towards improving the data collection, [213] proposed to dynamically form clusters and select
cluster heads based on deployment topology, energy transferred by the UAV, and the remaining energy of the nodes
for one transmission round. Further, the nodes adjust the amount of data collection according to the remaining
energy of the cluster head and neighboring nodes. However, the efficiency of this method depends on the trajectory
of the UAV.

e Weighted Harvest-then-Transmit: Cho et al. [214] studied the double far problem — where nodes far from the UAV
can harvest less energy and also, they need higher energy for achieving same throughput as the near nodes. To tackle
this problem, a weighted harvest-then-transmit method, which consider dynamic channel power gain according to
the location of the node, in contrast to considering constant channel power gains (both downlink and uplink) in
similar works of WPCNs. Consequently, the UAV, which acts as a hybrid access point (H-AP), first completes the
weighted energy transfer, and next, the information from the nodes are received. The flight path of the UAV is also
optimized for maintaining energy-efficiency.

e Multi-UAV networks: Vashisht et al. [215] emphasized of the problem of channel congestion and flight time
enhancement in multi-UAV networks. Inefficient handling of channel congestion may lead to increased dissipation
of the battery energy, and thereby, resulting in shorter effective flight time. To tackle this problem, an opportunistic
offloading and charging method is proposed to enhance the congestion issues using a software defined networks
(SDN)-enabled control model, and the UAVs are opportunistically recharged from various energy sources such as
solar panels or geo-distributed wireless charging stations. In another work, Lhazmir et al. [216] studied the problem
of data transmission and energy-efficiency. The deployed nodes, based on their data buffer status and battery status,
make requests for data transmission, energy transfer or nothing (as making a request will also consume energy). The
UAV, on the other hand, decides on responding to each such request based on its energy status, data buffer status
and requests from other nodes. The authors developed a packet delivery and energy transfer policy with a goal of
maximizing the data transfer efficiency for the UAV and nodes. Towards achieving energy-efficient and cooperative
data collection from sensors in a multi-UAV scenario, Liu et al. [217] deep learning based modules for concurrent
UAV navigation decision making. A Convolution Neural Turing Machine (ConvNTM)-based module is applied for
modeling the long-sequenced spatio-temporal data and a deep reinforcement learning (DRL)-based model is applied
for various decision making purposes — continuous decisions such as route planning and discrete decisions such as
to go for charging or data collection.

e UAV hardware impairment: Hou et al. [218] presented the problem of hardware impairments in UAVs and their effects
in UAV missions of data collection and providing WPT to ground nodes. The authors consider the distortion in both
transmitter and receiver radio frequency. Considering the hardware impairments, UAV’s flying time, received data
from ground nodes and energy harvesting limits, the objective is to minimize the energy consumption of the UAV
during the mission.

e Age of information (Aol): Aol helps in understanding the freshness of information, and thus, it is important to have
a lower Aol in a data collection mission. Hu et al. [219] studied the problem of minimizing the average Aol of the
collected data from the deployed nodes. A dynamic programming based solution is formulated using UAV's trajectory,
time required for energy harvesting and data collection at sensor node. In [220], the solution for Aol minimization
problem was proposed using joint optimization of the UAV’s trajectory and scheduling of energy harvesting/data
collection with the nodes. Additionally, the method also estimates the lower and upper bounds of the system average
Aol.

e Data collection time: To enable the UAV to quickly gather information from the deployed nodes, [221] suggested
the use of directional antennas which helps in increasing the transmission efficiency. However, to use directional
antenna, we need to consider the adjustment trade-off between UAV’s altitude and antenna beamwidth. [221]
proposed a joint optimization of altitude and beamwidth towards minimizing the total data collection time.
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7.2.1. Discussions and open issues
The data collection objectives in a UAV-WPT scenario are impacted by various parameters. In the following, we
highlight few such issues.

o Weighted harvest-then-transmit: The weighted harvest-then-transmit method is able to mitigate the imbalance of
energy consumption among the deployed nodes. However, in contrast to considering location of the nodes, we also
need to consider the topology of the deployed network, as cluster head nodes and nodes having multiple neighbors
are prone to exhaust their energy quickly compared to other nodes. Therefore, the weighted energy transfer should
be designed considering this information.

e Transmission rate, Aol and data collection time: Data collection decisions in a UAV-WPT scenario will also vary
depending on the transmission rate, Aol and data collection time. Accordingly, the UAV needs to decide the data
collection sequence.

7.3. Operating utility

In this part, we discuss the approaches which emphasize on various operating utilities of any UAV-assisted WPT-based
system — price, cost, and system efficiency. We also highlight the trade-offs between these factors in the following. The
operating utility for any UAV-WPT system can be computed with respect to various parameters. It can be achieved with
the help of intelligent coordination and scheduling methods between the UAVs, improved energy management as well as
trajectory decisions. In this section, we emphasize on the related works which holistically focus on enhancing the system
utility based on various parameters.

e Price-based power allocation: Liu et al. [222] presented the issue of downlink power allocation in a scenario where
multiple UAVs serve as WPT power sources for the ground users. A price-based optimal power allocation scheme is
proposed where the UAVs choose the optimal power price and the ground users choose the optimal power strategy to
maximize their own utilities. The interaction between the UAVs and ground users using the power-vs-price technique
leads to optimal allocation of power for the UAVs. Consequently, the interference among the UAVs reduces and the
system capacity increases.

e Cost benefit and design trade-offs: The monetary benefits of using UAV-WPT in the context of low power wireless
networks was studied by Tiurlikova et al. [223]. The study models the reduction of capital expenses, such as deployed
network’s energy cost, service and maintenance costs, by leveraging UAVs empowered with WPT systems. Further,
an analysis of number of deployed nodes served by the UAV is also presented. Towards minimizing the overall cost
related to WPT provider equipment and maximizing the efficiency of power transfer, Song et al. [224] devised an
approach to select the best suitable WPT source points and the receiver nodes to be served by the WPT source.

e Packet delivery and WPT: The limited available energy of the deployed nodes as well as the UAV (which is the WPT
source for replenishing the nodes’ batteries) bring a decision making problem concerning the trade-off between
packet delivery rate and energy consumption. Lhazmir et al. [225] presented a Markov Decision Process (MDP)-based
method to enable the nodes and UAV to choose their actions to benefit their objectives. The nodes, when they have
data to send to the UAV, choose whether to request energy from UAV based on their own energy status. On the other
hand, the UAV, decides on accepting the energy transfer requests based on the requested energy amount (should be
less than its available energy) and possible available data length (should have enough free data queue).

7.3.1. Factors and trade-offs

e Power vs price: Power vs price approach in [222] focused on maximizing the capacity of the UAV as well as reducing
the interference with other UAVs, while the data transmission rate from the nodes is maximized.

e System cost vs efficiency: [223,224] focused on minimizing the system cost in terms of energy, service and main-
tenance, while maximizing system efficiency by deciding on number nodes to be served, optimal WPT source,
etc.

e Energy vs data: [225] emphasized on the decision problem of energy vs data for both the nodes and UAV such that
both target to utilize their available energy by maximizing transmitted and received data, respectively.

7.3.2. Discussions and open issues

As mentioned earlier, in this section, we focus on the methods which holistically focus on the problem of enhancing
the operating utility. In the following, we discuss few open issues on operating utility. In single-UAV or multi-UAV based
UAV-WPT missions, the operating utility can be defined jointly in terms of completion of the mission objectives energy
consumption and time. In such scenarios, the UAV(s) needs to optimize its sequence of action for maximizing the operating
utility.
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7.4. Placement

In a UAV-WPT scenario, the placement of the UAV directly impacts the WPT aspects of the mission/application. We
discuss the existing works by dividing in three different categories — number of UAVs and altitude, placement, power and
time, coverage and efficiency.

o Number of UAVs and altitude: The UAV’s operating altitude directly impacts the harvesting power by the deployed
nodes. With lower flying altitude, the deployed nodes can harvest higher power. However, more number of nodes
can be served with a higher flying altitude. Also, the energy demands of the deployed nodes can vary at different
parts of the network. Based on this observation, [226] developed a method to find minimum number of UAV locations
to charge all the nodes with the available energy of UAVs. Caillouet et al. [201,202] extended the problem of finding
optimal UAV locations for recharging deployed nodes — UAVs are deployed in optimal 3D locations to ensure WPT
services to the deployed nodes. The method considers the adjustments in the UAV’s altitude such that to improve
the energy harvesting and coverage. Du et al. [227] presented an iterative sum rate maximization problem where
the energy harvesting time is optimized first, and then the UAV’s position optimization is performed.

e Placement, power and time: Along with UAV’s placement among the nodes, its power and time control are important
parameters to achieve energy-efficient information transmission during the UAV’s mission. Using these information,
Chen et al. [228] devise a joint optimization considering UAV’s position, power splitting ratio, time switching ratio
and users’ data rate for achieving energy-efficiency for the UAV while maintaining QoS requirements for the users.
In contrast to works focusing on either downlink or uplink transmission, Li et al. [229,230] considered a two-
way communication between the base station and the deployed nodes where the UAV acts as a relay. Next, the
transmission powers of the base station, UAV and the nodes are jointly optimized for maximizing the data rate
of the two-way communication channel, while maintaining the QoS of the communication link between the base
station and the UAV. Towards a fine-grained energy transfer model, [209] accounted the energy consumption of the
UAVs during flying and hovering as well as the energy conversion efficiency for WPT between the UAVs and the
deployed nodes. The optimal location of the UAVs are determined such that the energy received by the nodes are
maximized.

e Coverage and efficiency: Towards finding optimal UAV hovering positions for maximizing the data rate of the deployed
nodes, Chen et al. [231] proposed to divide the entire area into designated service areas for each UAVs. Next, a
greedy algorithm for optimal hovering position for each area is determined. In any UAV-assisted WPCN network, the
charging efficiency between the UAV and the nodes is not uniform throughout the network. Li et al. [232] considered
this problem, and devised a method to maximize the number of nodes served with WPT as well as maximize the
minimum charging efficiency while minimizing the energy required for movement of the UAVs. In contrast to the
assumption that the UAV knows the position of the deployed nodes, [233] studied a WPCN scenario where the
UAV has only partial knowledge about the deployment scenario (due to limited accuracy of the typical localization
methods such as GPS). Subsequently, the UAV explore radio maps technology [234,235] to know the propagation
information, and leverage it for maximizing the minimum energy transferred to the deployed nodes from the UAV.

7.4.1. Discussions and open issues

e 3D positioning, coverage and efficiency: As discussed in this section, 3D positioning of UAV(s) towards jointly achieving
coverage and efficiency is an important issue in real-life scenarios, where the nodes may be deployed at different
heights.

e Balancing uneven network energy distribution: The remaining energy throughput the network may be unevenly
distributed due to the different workload of the nodes. In such cases, a balanced energy distribution will require
providing higher energy to nodes with higher energy consumption rate. Accordingly, the UAVs need to position
themselves such that the energy distribution is balanced while minimizing the energy transfer duration.

7.5. Scheduling

In this section, we highlight the works specifically dealing with the UAV scheduling issues in the context of WPT. The
existing works mainly focus on charging priorities, cost minimization, schedule allocation, dynamic adjustment as well
as information quality-aware scheduling.

e UAV charging schedule: In any UAV mission, the deployment of charging platforms are important to provide timely
battery replenishment to the UAVs. In this regard, the number of such stations and charging time is important.
Therefore, such stations need to have a proper charging schedule of the UAVs for maximum utilization of the station.
Motivated by this problem, Shin et al. [236] developed an auction-based mechanism, where the charging slots are
auctioned among the UAVs and accordingly a bidding process is followed to determine the slot assignments. The
charging schedule auction method uses 'second price auction’ to maintain truthful bids from the UAVs and developed
self-configurable auction process. Another work for designing schedule [237] of UAV charging considered the UAV's
recharging priority and accordingly sets a deadline for each such charging request. The optimal charging schedule
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was formed using a double auction-based method such that the profits of both the charging station and the UAV
both increases. Few other notable works devising UAV charging schedule are discussed in the following works —
energy cost minimization [204] and learning-based scheduling [205].

e Information quality-aware scheduling: The quality of information in data collected from deployed sensors is measured
by age of information (Aol). Therefore, in any data collection mission, it is important to design a Aol-aware data
collection schedule while also considering the UAV’s battery capacity limit. Ahani et al. [238] designed an optimal
data collection schedule which minimizes the Aol cost for a given time period.

7.5.1. Discussions and open issues
In the following, we discuss few issues relevant to the scheduling in UAV-WPT scenarios.

e Scheduling in multi-UAV scenarios: In multi-UAV scenarios, it is necessary to schedule the UAV trajectories such that
energy transfer to the deployed nodes is maximized, while minimizing the travel and hover time of the UAVs.

o Task offloading between UAVs: In collaborative mission, there might be different types of UAVs involved in the mission.
In such cases, the UAVs with lower computing resources can offload few computing tasks to the UAVs with higher
computing resources. Such scheduling will also help in minimizing the energy consumption of the UAVs, and thus,
higher amount of energy will be available for WPT.

7.6. Security

Due to the broadcast nature of the medium, WPT for UAV and deployed sensor networks are impaired by the security
vulnerabilities of the transmission channel. In this regard, the objective is to ensure secure communication between
the base stations, UAVs and deployed sensor nodes while maintaining energy-efficiency. We also highlight the security
parameters such as secrecy rate, considered in the existing literature. Interested readers can check [239] for a more
detailed survey of security issues in terms of sensors, communication and multiple UAVs.

e Secrecy rate and energy-efficiency: Wang et al. [240] pointed out the need of enabling secure wireless transmission
without greedy and energy-hungry methods in a scenario with multi-hop communication among the deployed nodes
wirelessly powered by a UAV. Towards this goal, the authors compute the secrecy outage probability (SOP) and
secure energy efficiency (SEE) for relay selection, and then, devise an energy-efficient secure transmission protocol.
In another work based on a multi-UAV scenario, Hua et al. [241] focused on the limited energy availability of the
UAVs while targeting to maximize SEE, the possible secrecy rate per energy consumption. Towards this objective, a
joint optimization of UAV’s transmission power, trajectory and user scheduling were proposed. In [240], it was shown
that with reduced UAV altitude, the secrecy rate increases. In [242], to maximize the secrecy rate, optimization of
wireless charging duration along with UAV’s trajectory, transmit power was considered with constraints such as
battery capacity, energy harvesting limit and UAV’s maximum flying speed. Further, few other works also studied
the issues of secure communication in the context of UAV-assisted SWIPT [243-246]. These works considered
various constraints such as average and maximum power of the UAV, energy harvesting limit of the nodes,
mobility and position limits of the UAV. Also, these works considered fixed and known locations for the deployed
nodes [240,241,243,244], as well as fixed UAV positions [245].

o Alternate security measures: In contrast to the existing works emphasizing on secrecy rate, [247] focused on ensuring
security by generating artificial jamming by the UAV while performing information exchange in a SWIPT system.
Similar idea was incorporated in [148,149,248], where the UAV transfer energy to a few helper nodes which in
turn transmit an artificial noise to interfere with eavesdropper. The intended receiver nodes can decode the actual
information with the information about the artificial noise. Wu et al. [249] considered the problem of UAV jitter, both
horizontal (yaw) and vertical (pitch) jitter due to airflow and body vibration, affecting the secure communication
between UAVs and deployed nodes due to imperfect estimation. To mitigate the problem, the UAV transmits
confidential information along with artificial noise. In [250], a directional modulation technique was adopted to
maximize the secrecy rate for enabling secure communication between the UAV and deployed nodes.

o Imperfect knowledge on eavesdropper: Sun et al. [251] argued that the deployed nodes or UAVs may not be
aware of the presence of passive eavesdroppers and their locations. Based on this motivation, the secrecy rate is
evaluated while considering the impact of eavesdropper node density and multiple carrier frequencies. Next, a joint
optimization of UAV’s transmit power, power splitting ratio and UAV’s location was proposed to improve the secrecy
rate.

7.6.1. Discussions and open issues

In the following, we discuss few relevant security issues for the UAV-WPT scenarios. Due to the ad hoc settings,
there can be multiple combined attacks for the UAVs. Mitigating these attacks, specifically with these low computing
resource-enabled UAVs are challenging.
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8. Open research challenges

In the following, we discuss few research challenges that are not addressed in the current literature. Previously, we
discussed the open issues for each of the topics and sub-topics in Sections 5-7. To be specific, we highlight the research
challenges for each of the main technological and operation aspects.

8.1. Power and communication related aspects

e Efficient localization of ground station and coil alignment: The efficiency of the energy transfer depends on the
efficiency of the UAV in localizing the ground station and then correctly aligning the source and receiver coils. The
existing methods use image processing techniques and sensors to improve the quality of alignment as well as for
localizing the station. Also, this process needs to be energy-efficient for the UAV, as computation intensive methods
will consume more onboard energy of the UAV. Therefore, improved and energy-efficient solutions are required for
such solutions. Additionally, the ground station needs to be designed such as to accommodate UAVs having different
dimensions.

e Resource management in multi-UAV-assisted WPCNs: A multi-UAV-assisted WPCN is a suitable system model for many
potential applications. In such systems, the aspects of collaboration among the UAVs for power allocation, time
allocation, and computation management as well as joint optimization with UAV placement, trajectory planning
with limited UAV battery power, speed are important issues.

8.2. Spatial aspects

e Joint problem of trajectory planning and energy harvesting in difficult terrains: The mobility models and the different
UAV navigation alternatives constitute traditionally a big challenge during the design of a joint WPT and data
collection approach. Additionally, the diverse communications channels and the existing terrestrial obstructions are
able to decrease the data collection efficiency, especially in heterogeneous ad hoc architectures with uncertain WPT
options. In this regard, for trajectory planning, we need to consider maximizing the coverage and data collection also.

e Priority missions - joint problem of coverage, trajectory and energy harvesting: In disaster scenarios, the UAVs involved
in the mission need to handle real-time events with different priorities. Also, based on the application requirements,
there can be different priorities assigned for recharging the deployed nodes, amount of energy transferred, overall
energy budget, etc. Accordingly, the participating UAVs should be able to dynamically readjust their coverage and
trajectories, while also recharging themselves when required. Here, we also need to consider the various UAV-related
constraint such as limited battery power, flight/hover time, task completion deadline.

8.3. Operational aspects

e Joint problem of data collection, latency and energy harvesting: Among the challenges that hinder the data exchange
between interconnected UAVs are the introduced latency, the additional data overhead, the energy requirements
of UAVs and terrestrial devices. Additional challenges are posed by the problem instances where a more holistic
knowledge on the network topology is needed. Therefore, there is a crucial necessity to implement efficient joint
data collection and energy harvesting, taking into account all the diverse application aspects to minimize or eliminate
the data losses and the latencies.

e Dynamic charging scheduling for priority-based missions: In disaster scenarios with real-time priorities, we also need
to consider the remaining on-board battery capacity of the UAVs and need to devise dynamic charging schedules
such that the mission objectives and deadlines are maintained. Additionally, the aspects of device heterogeneity of
the UAVs and the possibilities of computation offloading can be considered while devising the scheduling techniques.

o Improved security features for UAV-WPT: UAV-related deployments are prone to diverse security threats because of
their ad hoc nature and their open communication links. The threat impact magnify when the UAVs are operating
over terrestrial communication settings, where they can be multiple combined types of attacks, like eavesdropping
with ground-air physical threats. Diverse security methodologies have appeared in order to cope with both digital
and physical threats and to mitigate malicious incidents. Such security methodologies can, however, provoke new
problematic aspects, like increased data delivery latencies or additional energy consumption, which are due to the ad-
ditional computing and communication resources needed on UAVs. Therefore, a crucial future direction would be the
careful design of fine-grained security methodologies and robust encryption approaches for highly ad hoc settings.

9. Conclusion

In this paper, we present a holistic survey of the recent literature on the wireless power transfer (WPT) with UAVs. To
the best of our knowledge, we, for the first time, specifically point out the intrinsic design, technological and operational
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challenges in a comprehensive manner. In this survey, we take a horizontal approach to cover the selected publications
from across all vertical areas of research on UAVs. Towards this goal, we classify the vast research corpus in four
fundamental categories, namely architectures, power and communications, spatial, operational. For each category, we
divide the research works in various sub-categories and discuss their specific objectives and associated WPT-related
challenges. In our survey, we present a taxonomy of various methodologies, architectures, deployment scenarios and
technological roles of the UAVs with spatial and operational aspects of achieving WPT. We analyze the research works by
comparing with other related works with respect to different parameters, and highlight the advantages and limitations
of each work. We conclude the survey by pointing out open challenges for future research.
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