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Abstract

As COVID-19 has increased the need for 
connectivity around the world, researchers are 
targeting new technologies that could improve 
coverage and connect the unconnected in order 
to make progress toward the United Nations 
Sustainable Development Goals. In this con-
text, drones are seen as one of the key features 
of 6G wireless networks that could extend the 
coverage of previous wireless network genera-
tions. That said, limited onboard energy seems 
to be the main drawback that hinders the use 
of drones for wireless coverage. Therefore, dif-
ferent wireless and wired charging techniques, 
such as laser beaming, charging stations, and 
tether stations, are proposed. In this article, we 
analyze and compare these different charging 
techniques by performing extensive simulations 
for the scenario of drone-assisted data collec-
tion from ground-based Internet of Things devic-
es. We analyze the strengths and weaknesses 
of each charging technique, and finally show 
that laser-powered drones strongly compete 
with, and outperform in some scenarios, other 
charging techniques. 

Introduction
With the roadmap toward the integration of 
drones into today’s applications being formulated, 
the value of the global drone market, estimated at 
US$27 billion, is expected to reach US$58 billion 
by 2026, showing how fast the drone industry is 
evolving. As a result, drones have started to open 
up new opportunities for several applications such 
as mapping, inspection, emergency, agriculture, 
and recently wireless communications [1]. Multi-
ple striking features of drones have helped them 
take the spotlight. These include their flexibility, 
ease of deployment, and ability to establish a line 
of sight (LoS) with ground targets. These charac-
teristics have also encouraged the deployment 
of drones for wireless communication purposes. 
Thus, several research studies have focused on 
the use of unmanned aerial vehicles (UAVs) as air-
borne base stations and relays to extend coverage 
[2]. Other studies have focused on drone-assisted 
data collection for Internet of Things (IoT) pur-
poses, especially with the widespread adoption of 
connected devices around the world [3].

While the integration of drones into existing 
wireless networks looks promising, powering 
drones is becoming a serious problem. Indeed, 
most commercially available drones have dif-
ficulty staying in the air for more than 30 min-
utes. That being said, in order to use drones as 
base stations or aerial relays, their operating time 
needs to be significantly increased. In this con-
text, optimization techniques targeting trajectory 
planning, battery, or resource allocation [4–6] 
could increase the mission time of drones, but 
they are still limited. Artificial intelligence tech-
niques have also been used to optimize the tra-
jectory and resources of drones when operating 
as base stations or air relays, such as machine 
learning, deep learning, reinforcement learn-
ing, and federated learning [7]. Although sever-
al interesting results have been provided, they 
are still considered limited. Added to this are the 
various challenges in using artificial intelligence 
onboard drones. For this reason, researchers 
are investigating different wireless and wired 
charging techniques for drones to help them in 
long-duration missions. One potential solution 
is to equip drones with solar panels to harvest 
energy from daylight [8]. However, in addition to 
its limited effectiveness, this technique can only 
work during the day; thus, a battery is still need-
ed to extend the drone flight time. This makes it 
unsuitable for wireless communication missions. 
Battery swapping is another charging technique 
that involves deploying multiple charging stations 
for drones, where their batteries are replaced 
when they reach critical values. This technique 
is usually assisted by a human and requires addi-
tional time to perform the battery swap. It also 
requires multiple batteries for a single drone, 
which increases the cost of this technique. The 
tethered drone represents another way to pro-
vide indefinite power to drones by connecting 
the drone to a ground station via a cable [9]. 
The physical link between the ground station and 
the drone not only transfers power but also pro-
vides a reliable backhaul to the drone that can be 
used to offload its data. However, tethering the 
drone limits its mobility and can affect its perfor-
mance, especially for wireless coverage improve-
ment missions. This also raises the question of 
what type of tether to use and the complexity 
of manufacturing lightweight, efficient cables. In 
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addition, drone swapping is another alternative 
to assist in long-duration missions; however, this 
technique requires multiple drones for a mission, 
which increases the cost of the solution. It is also 
important to mention that coordination is of para-
mount importance in such scenarios. 

Wireless power transfer (WPT) is a novel solu-
tion for providing indefinite power to drones 
without having to visit charging stations or con-
nect to a physical cable. This could be achieved 
by using laser beams to transmit high power to 
the drone over large distances [4, 6]. In this con-
text, some companies have already proven the 
feasibility of such a system by powering a drone 
for more than 48 hours. For example, PowerLight 
Technologies has provided a working prototype 
of laser-powered drones [10]. In addition, several 
publications have targeted the use of laser-pow-
ered drones for wireless communication sce-
narios. The authors of [11] recently investigated 
different commercial photovoltaic materials used 
to harvest energy on the laser-powered drone. 
In [12] the authors highlighted three different 
charging techniques, namely drone swapping, 
battery swapping, and laser charging. The weak-
nesses and advantages of each charging tech-
nique were highlighted. 

In this article, we highlight the large-scale 
deployment of ground-based laser beam direc-
tors (LBDs) as a promising alternative for wireless 
communication-based missions. In addition, we 
consider a drone-assisted IoT data collection sce-
nario. We show that the future use of laser-pow-
ered drones could outperform other traditional 
charging techniques. To this end, we compare the 
performance of laser-powered drones to tethered 
and untethered drones. We also highlight the 
weaknesses and strengths of these charging tech-
niques and discuss challenges and open problems. 

Laser Beaming Technologies for UAVs
Historically speaking, after its invention in 1960, 
laser light has been used in a plethora of appli-
cations, not limited to communication but also in 
medicine, nuclear fusion, and radar systems, to 
name a few [13]. Inspired by the ideas of Nikolas 
Tesla, laser light has also been used to transfer 
energy wirelessly over great distances. Recently, 
with the remarkable evolution of the drone mar-
ket and the rapid advent of their technologies, 
scientists are looking to power flying platforms 
with laser beams for indefinite periods of time. 
As mentioned earlier, a working prototype has 
already been implemented. Generally speaking, 
the mechanism described consists of a ground-
based optical system equipped with an array of 
high-power laser sources, a set of mirrors, a cool-
ing system, a safety system, and a tracking system 
to direct the laser beam to the UAV [10]. As for 
the laser source, it usually consists of a high-pow-
ered laser array, with power reaching several kilo-
watts. In [10], a diode-pumped fiber laser with 
an emission power of 4 kW is mentioned. As 
part of their multi-year PATROL project, and in 
cooperation with the U.S. Naval Research Labo-
ratory, PowerLight Technologies made a remark-
able demonstration of indoor power beaming 
as part of the second phase of the project. The 
power of the laser source used was 2 kW and 
provided more than 400 W of direct current at 

a distance of 325 m. Recently, the third phase of 
the project was launched, where the energy will 
be received by a smaller photovoltaic cell, light 
enough to be equipped onboard. The authors 
of [11] used an 850 nm laser source with an 
emission power of 600 W. The authors of [7] 
proposed power and trajectory optimization for 
laser-powered drones. Since high power is used 
to deliver energy at a long range, cooling systems 
must be deployed to adjust the temperature of 
the whole system to normal values. Regarding 
safety, it should be mentioned that the use of 
laser beams outdoors can be dangerous if direct-
ed at human eyes. Although the altitude of the 
drone greatly reduces the risk of hitting human 
eyes, the safety system increases the overall safe-
ty level of the system by checking for the pres-
ence of LoS between the ground module and the 
drone. The laser source is turned off as soon as 
something comes near the laser beam. On the 
other hand, the drone is equipped with a pho-
tovoltaic receiver, sensitive to the wavelength of 
the emitted laser, and able to efficiently harvest 
the energy of the laser beam and convert it into 
an electric current. 

A Use Case Scenario
In this article, we consider a drone-assisted uplink 
scenario from uniformly distributed ground-based 
IoT clusters. As described in Fig. 1, each clus-
ter consists of multiple connected devices with 
different amounts of data. The drone’s mission 
consists of hovering over these clusters, collect-
ing data, and offloading it to a server. To prolong 
the UAV’s mission time, we consider deploying 
LBDs on the ground. The LBDs provide energy to 
the UAV based on distance, as explained in [14]. 
Therefore, the shorter the distance, the faster the 
charging time. We aim to compare the perfor-
mance of the laser-powered drone to other types 
of drones, which we present in the next section. 
To this end, we perform extensive simulations and 
compare the average performance in the different 
case scenarios.

Benchmarks
We compare the laser-powered drone to mainly 
three types of drones described as follows:
•	 Non-charged drone: This corresponds to 

the baseline case of a regular rotary-wing 
UAV with an ordinary commercial battery 
onboard. The mission time of this drone is 
directly linked to the capacity of its battery 
as there are no charging capabilities. We 
want to compare regular drones to drones 
with charging capabilities to see if this type 
of drone is suitable for wireless communica-
tion-based missions. 

•	 Charged drone: We consider randomly 
deploying charging stations on the ground 
such that the UAV can visit them to recharge 
its battery. Hence, if the UAV’s battery is 
at critical levels, the UAV visits its nearest 
charging stations and initiates the recharg-
ing process. This process includes a descent 
phase where the drone lowers its altitude 
until it reaches the charging platform, 
recharges its battery, and finally an ascent 
process to return to an operational altitude. 
We consider neither battery swapping nor 

Regarding safety, it should 
be mentioned that the use 

of laser beams outdoors can 
be dangerous if directed at 
human eyes. Although the 

altitude of the drone greatly 
reduces the risk of hitting 

human eyes, the safety 
system increases the overall 
safety level of the system by 

checking for the presence 
of LoS between the ground 

module and the drone.
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UAV swapping since we aim at performing 
fair comparisons between the diff erent UAV 
charging techniques. In the case where the 
drone cannot reach the nearest charging 
distances, especially when the density of 
charging stations is low, it performs an emer-
gency landing and terminates its missions 
after consuming its battery.

• Tethered drone: As the name implies, a teth-
ered drone is a drone that is connected by 
a physical cable or tether to a power station 
on the ground. This physical connection 
between the drone and the ground power 
supply allows the drone to keep flying for 
long periods and makes it suitable for wire-
less communication purposes. However, 
this comes at the cost of limiting the drone’s 
mobility; hence, the drone can only serve 
users that are within its coverage range. In 
this work, we propose equipping the teth-
ered drone with the capability of docking 
and undocking to a tether, thus relying on 
its battery while moving from a tether sta-
tion to another. We believe this will allow 
the drone to not only serve users within the 
range of the tether but also users that are 
located outside that range, relying solely on 
its battery. Docking and undocking proce-
dures are solely operated by tethered drones 
and are human-assisted. The docking proce-
dure consist of positioning the drone above 
the tether station, then lowering its altitude 
until it reaches the ground. A fi xed time win-
dow is dedicated to docking the drone with 
the physical cable before returning it to its 
operational altitude. Undocking is the same 
but in reverse. As in the previous cases, we 
assume that the docking stations are ran-
domly deployed on the ground. 

PerformAnce metrIcs
To make reasonable comparisons, we rely on 
Monte Carlo simulations by averaging the 
drone’s performance under different charging 
techniques. In each realization, we consider a 

random spatial distribution of the ground power 
supply stations; however, we keep the same 
locations for all the different scenarios in order 
to make fair comparisons later on. To this end, 
we use diff erent performance metrics to quantify 
the quality of service provided by the drone. For 
example, we rely on data harvesting effi  ciency as 
the primary performance metric that refl ects the 
quality of service provided by the drone. Data 
harvesting efficiency is defined as the number 
of fully served IoT clusters relative to the total 
number of available IoT clusters in the simulation 
area. Thus, a percentage of 100 percent refers 
to the case where the drone successfully collect-
ed all available data in the area. Another perfor-
mance indicator is the required number of power 
stations to achieve a certain level of data harvest-
ing effi  ciency. In addition, we also rely on anoth-
er energy-related performance metric, namely 
the average distance traveled by the drone. In 
fact, it is important to track the total distance cov-
ered by the drone to serve a given number of IoT 
ground clusters. This can also give us an idea of 
the energy consumed during the mission, as the 
uplink power is negligible compared to the pro-
pulsion power of the drone. 

numerIcAL resuLts

sImuLAtIon settIng
We consider a UAV-assisted data collection from 
ground IoT clusters. We assume that the users 
have the same priority level, so the drone prior-
itizes the nearest unserved cluster and starts the 
uplink as soon as the users are in its coverage 
area, where its radius is denoted by rcov. We con-
sider a commercial rotary-wing drone equipped 
with a 4 Series (4S) Lithium-Polymer (LiPo) bat-
tery. The total energy of the UAV in Joules is 
calculated based on the battery capacity and 
the nominal battery voltage. Then, depending 
on the time interval DT, the propulsion energy is 
calculated based on the propulsion power and 
linearly subtracted from the total battery energy. 
The drone is hovering at an operational altitude 

Data harvesting eff iciency 
is defined as the number 

of fully served IoT clusters 
relative to the total number 
of available IoT clusters in 

the simulation area. Thus, a 
percentage of 100 percent 
refers to the case where 
the drone successfully 

collected all available data 
in the area.

FIGURE 1. An overview on the diff erent drone charging techniques. 
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of 100 m and with an optimal velocity that min-
imizes its energy consumption, as in [15]. The 
UAV gets to the ground either for charging or 
following an emergency landing. In addition, the 
laser-powered drone and the tethered drone can 
harvest energy while collecting data from users 
and vice versa. We consider a total of 18 clusters 
deployed on the ground; however, the charging 
stations are limited to six units in the considered 
area. Both the charging station and the clusters 
are randomly scattered on the ground. To per-
form trajectory planning, we discretize the max-
imum mission allowed time into small intervals, 
denoted by DT, where the drone at each time 
slot decides what direction to choose based on 
its distance to the nodes and the state of its bat-
tery. We summarize all the numerical values into 
Table 1. These are the values used in the figures 
unless otherwise stated. Other values related to 
the laser link, or to the UAV dynamics can be 
found in [14, 15].

Performance Results
Figure 2 shows the average data collection effi-
ciency as a function of the number of ground 
power supply stations and the maximum dura-
tion of the IoT data collection mission. The solid 
green curves correspond to the plot against the 
maximum mission duration represented by the 
upper x-axis, while the red dashed lines corre-
spond to the plot against the number of ground 
power supply stations represented by the lower 
x-axis. As shown with the green solid lines, when 
the drone is not equipped with any charging 
capability, the data harvesting efficiency is not 
affected by the maximum mission duration, as 
expected. This is because the drone serves the 
nearest IoT clusters as long as its battery allows 
that, and then initiates an emergency landing 
procedure. As a result, the average data harvest-
ing efficiency is about 40 percent in this scenar-
io, which shows how limited commercial drones 
are, especially for wireless-based missions. This is 
not the case for drones equipped with charging 
capabilities. As shown in the figure, laser-pow-
ered drones outperform all other types of drones 
by achieving an average data collection efficien-
cy of 95 percent. In addition, drones equipped 
with ground charging stations are slightly more 
efficient than tethered drones, but the efficiency 
can still be considered comparable. This slight 
improvement is due to the fact that the charging 
procedure for tethered drones is more complicat-
ed than for charged drones. This is because the 
charging procedure for tethered drones includes 
a docking phase with an ascent and descent pro-
cess and then a second undocking phase with 
similar steps. In addition, the mobility of tethered 
drones is limited when they are attached to a 
docking station. When it comes to the effect of 
the ground charging stations plotted with red 
dashed lines, we observe an improvement in 
drone performance as the number of ground 
charging stations increases, except for regular 
uncharged drones. We also notice that the per-
formance stabilizes from a certain number of 
charging stations that we consider optimal. For 
example, the laser-powered drone, which is the 
best in terms of uplink performance, achieves 
almost constant performance when there are 

six LBDs in the total area considered. Charged 
drones are still better than tethered drones, but 
both require more ground charging stations than 
laser-powered drones. This is mainly because the 
coverage radius of LBDs is remarkably wide, so 
fewer stations are needed to provide optimal 
spatial coverage.

Figure 3 plots the average movement effi-
ciency of the drone against the total number 
of clusters in the area. In other words, it tracks 
the average distance the drone has to travel 
to serve a certain number of IoT clusters on 
the ground. This number could also give us an 
idea of the propulsion energy consumed by 

TABLE 1. Simulation parameters values.

Parameter Numerical value Parameter Numerical value

Simulation Battery capacity 6700 mAh

Area 25 km2 Battery nominal voltage 14.8 V

Trials 104 Uplink data rate 20 Mbps

Time window 9000 s Operational altitude 100 m

DT 1 s Velocity 6.2 m/s

Number of clusters 18 Charging stations

Drone Number/area 6

Weight 1500 g Docking time 120 s

Battery weight 500 g Laser source power 2 kW

FIGURE 2. Data harvesting efficiency.
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the drone. It is clear that laser-powered drones 
are so far the most efficient type of drone in 
terms of average distance traveled. This is due 
to the fact that this type of drone has the abil-
ity to recharge its batteries wirelessly, without 
the need to visit LBD locations. In addition, it 
is possible to serve clusters while harvesting 
energy. On the other hand, charged drones are 
less efficient, which can be explained by the 
fact that this type of drone not only has to visit 
the exact locations of the charging stations but 
also has to lower its altitude and return to the 
operational altitude, which is counted in the 
total distance traveled. That being said, tethered 
drones perform poorly in terms of distance trav-
eled, as shown by the solid green line in Fig. 2. 
This performance is expected because this type 
of drone must first move to a tether station in 
order to serve users, which requires a docking 
and undocking process. These operations are 
costly in terms of distance traveled and time, as 
shown in the figure.

Unlike the previously discussed figures where 
the average performance was revealed, Fig. 4 
captures the dynamic profile of the different types 
of drones by tracking their battery levels and the 
amount of data embedded in the drone at each 
time interval DT. On the left side of the figure, 
the battery profile shows the charge cycles for 
the different drone types. Charged drones have 
full charge cycles, while laser-powered drones 
benefit from continuous charging while hovering 
in the LBD coverage area. The charging speed 
also depends on the distance between the drone 
and the LBD, as shown by the solid red line. The 
horizontal lines in the tethered drone charge 
cycles correspond to the docking and undocking 
procedures. On the right side of the figure, we 
can see the real-time performance of the drones 
in terms of data collected in a limited time win-
dow. Again, we notice that the laser-powered 
drones outperform the other types of drones by 
harvesting more than 17 Gbits in a time window 
of about an hour and a half. In a time window of 
7000 s, the charged drone managed to harvest 
12 Gbits, while the tethered drone harvested 11 
Gbits of data. 

Challenges and Discussions
In this article, we highlight what a large-scale 
deployment of laser-powered drones can bring 
to wireless communication-based missions. 
Although in terms of time and service performance 
laser-powered drones outperform other types of 
drones, several challenges can hamper their con-
crete deployment in the future. In what follows, we 
delve into the details of some of these obstacles.
•	 Safety issues: Although most companies in 

this field claim that this technology is safe, 
it is still not clear that deploying these laser 
beam directors in crowded areas is com-
pletely safe. This could also pose an envi-
ronmental problem, especially considering 
that not only humans are at risk, but all 
flying species as well. The questions here 
are how accurate is the safety system, and 
how reliable is it? The latter question might 
open new research directions evaluating 
and improving the reliability of such sys-
tems. In this context, distributed resonating 
charging might be an interesting alternative 
to improve the security and integrity of the 
system. It consists of using a first retro-reflec-
tor mirror and gain medium on the transmit-
ter side and a second retro-reflector mirror 
and photo-diode panel on the receiver side. 
In this way, laser power can be transferred 
as long as the transmitter and receiver are in 
LoS. Therefore, the energy transfer is inter-
rupted at the speed of light when the LoS is 
blocked. However, the question that arises 
here is whether the distributed laser charging 
can be capable of transferring hundreds of 
watts at long range at the practical level.

•	 Energy efficiency: When it comes to the 
energy aspect of laser-powered drones, 
we believe that all the remarkable perfor-
mance of this type of drone has an energy 
cost. Indeed, when transmitting energy in 
free space, it is difficult if not impossible not 
to waste energy halfway. This is why LBDs 
use high power at the laser source. Thus, it 
is not clear that the performance gain can 
cover and justify the additional energy costs. 

FIGURE 4. The dynamic profile of the drone battery and harvested data.
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At this level, the one positive point we can 
mention is that industrial companies are 
studying how to increase the efficiency of 
energy transfer by minimizing energy loss 
as much as possible. For example, this is an 
integral part of the PATROL project of Pow-
erLight Technologies. Thus, future studies 
should target further improving lightweight 
photodiode receivers’ efficiency in harvest-
ing laser energy. 

•	 Technological cost and complexity: 
Recharged drones are considered the sim-
plest architecture in terms of implementation 
complexity, as they only require a suitable 
charging platform for the drone. It is also 
considered the cheapest option in terms of 
cost compared to tethered drones, whose 
cost varies depending on the type and 
length of the tether. For example, the cost 
of a tethered drone ranges from $2000 to 
$50,000, not including the drone and the 
ground station, which is very expensive com-
pared to recharging drones. For laser-pow-
ered drones, it is not yet easy to determine 
the price of ground charging stations, but 
we expect this to be the most expensive 
option. This is seen as another challenge 
for the large-scale deployment of LBDs. 
The technological cost of such a complex 
laser source system may also raise mul-
tiple concerns about the scalability of the 
system. Although this technology is still in 
the research and development phase, we 
believe that, as with any other technology 
product, the cost will come down as the 
technology matures. Therefore, it will likely 
be some time before we are ready to deploy 
laser-powered drones on a large scale and 
for civilian purposes. 

•	 Vulnerability to weather conditions: Weath-
er conditions impose another concrete 
challenge for laser-powered drones. In this 
context, the authors of [7] investigated the 
effect of atmospheric turbulence on the 
laser beam. However, laser light is affect-
ed not only by atmospheric turbulence but 
also probably by weather conditions in gen-
eral. For instance, the existence of smog, 
fog, snow, rain, and dust could affect the 
beam divergence and power at the drone. 
Strong wind perturbation can also pose seri-
ous problems for drones in general. This is 
because drones consume more power to 
fight strong winds, which leads to rapid bat-
tery drain. More importantly, wind pertur-
bation will cause misalignment with ground 
stations, severely affecting drone perfor-
mance. Therefore, future research might 
target the effect of weather conditions on 
drone laser charging. Moreover, weather 
conditions might affect not only the laser 
beam but also the tracking system. In other 
words, real-time tracking of drone move-
ment might also be remarkably affected.
In a nutshell, the question of whether laser-pow-

ered drones are worth deploying in future gen-
erations of wireless communication remains 
complex. Quantifying the trade-off between wire-
less efficiency and energy loss could go a long 
way toward answering our questions. That said, 

we believe that laser-powered drones are the 
best in terms of flexibility, charging speed, and 
quality of service, as shown in Fig. 1. However, 
this type of drone, as explained earlier, could lose 
points in terms of energy efficiency and overall 
system safety. In this context, tethered drones and 
rechargeable drones are believed to be much 
more energy-efficient. Moreover, system complex-
ity is another issue for laser-powered and tethered 
drones compared to rechargeable drones that 
benefit from a simpler charging operation. At this 
point, we should bring up that all the problems 
related to laser power can be mitigated with the 
advent of technology, as the energy loss could 
be minimized in the coming years, and the same 
goes for the complexity of the system. 

Conclusion
In this article, we motivate a large-scale deploy-
ment of laser-powered drones by highlighting 
their performance compared to other charging 
techniques. Based on extensive Monte Carlo sim-
ulations, we show that laser-powered drones out-
perform tethered and recharged drones in terms 
of quality of service, distance traveled, and service 
time. Time-varying graphs showing the energy pro-
file of the batteries and the amount of data col-
lected are also provided. With that said, we also 
discuss the challenges that might be faced with 
what we envision for laser-powered drones. Based 
on these challenges, we highlight possible future 
research directions and open problems in this area. 
In summary, we believe that laser-powered drones 
will offer exciting new opportunities for wireless 
communications. This will be possible by taking 
advantage of the fact that the laser beam is silent, 
transparent, and precise, which will allow a smooth 
transfer of energy and information to flying drones.
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