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ABSTRACT
Unmanned drones show potential for many useful civilian
applications, especially in delivery services such as book,
food or medicine shipment. However, existent battery tech-
nology highly constrains the range of these systems, which
reveals the need for intermediate charging stations. In ad-
dition, telemetry is often achieved using point-to-point links
that barely reach farther than line-of-sight. However, de-
ploying a custom communications infrastructure would be
cost prohibitive. In essence, there is a need to control and
charge drones over large areas to enable future applications.

In this paper, we propose Cellular Control and Charg-
ing for Autonomous Drones (C3AD), a network architec-
ture that allows autonomous drones to be recharged and
controlled across wide geographical areas. This paper dis-
cusses some of these challenges and shows how to leverage
the existing cellular infrastructure to unify drones’ control
and charging needs. Furthermore, our system will allow for
dynamic improvement of drones’ paths based on different
factors like climate conditions or load at charging stations.
Through simulation, we show that our system can achieve
improvements of up to 3X.

1. INTRODUCTION
Unmanned aerial drones are experiencing a remarkable

development. In particular, a feasible civilian application
for autonomous drones is goods delivery [1]. As a matter of
fact, many companies are already working on offering such
services soon [2, 3]. However, there are certain challenges
that need to be addressed before these systems will be able
to operate at large scales.

For instance, the main constraint suffered by current drones
is that existent battery technology does not allow them to fly
for too long. As will be detailed in Section 2.1, drones car-
rying additional payload have difficulty covering distances
over 20km. Thus, if delivery companies want to provide
drone services over wide areas, it seems reasonable to de-
ploy a network of charging stations.

Furthermore, when carrying valuable property, these drones
need to communicate with a station to report their status
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and perhaps receive commands. For example, if there is a
storm it is probably necessary to modify their trajectory or
force them to land at some intermediate point. Also, other
environment conditions, like the wind, affect the distance a
drone can cover in a single charge. This communication is
typically achieved by a point-to-point link between the drone
and a base station. However, connectivity barely reaches far-
ther than line-of-sight. Therefore, drone delivery companies
need to rely on some telecommunications infrastructure.

In this paper, we propose C3AD (Cellular Control and
Charging for Autonomous Drones), a system that intercon-
nects drone charging stations and leverages the existing cel-
lular infrastructure to remotely monitor and control drones.
Our solution provides several advantages:
• Existing infrastructure can be used for telemetry and

control at no cost.
• By unifying drone control and charging in a single sys-

tem, we can optimize their paths based on network
needs.

Hence, C3AD will allow autonomous drones to reach their
destination through a network of charging stations while ex-
changing control information. In the reminder of this paper,
Section 2 presents the overview of our system, Section 3 eval-
uates its performance, Section 4 provides some discussion
and Section 5 gathers our conclusions.

2. SYSTEM OVERVIEW
The basic network architecture for C3AD is depicted on

Figure 1. In our system, we define a Base Station as the
aggregation of a physical charging site and the routing in-
telligence that is connected to the Internet. Making use of
the existing cellular connectivity, drones nearby would com-
municate with the Base Station to inquire about the best
station at which to get charged. We call every flying drone
that uses our system a Node.

C3AD enables neighboring Base Stations to exchange in-
formation for determining the next station at which to charge
each Node. This way, we aim at improving the throughput
of the network and reducing the end-to-end latency. In the
following subsections, we will go into the details of the main
problem to solve (2.1), the main system components (2.2),
the protocol they use to communicate to each other (2.3),
and the proposed routing algorithm that would optimize the
overall performance of the system (2.4).

2.1 Problem definition
One of the weaknesses of small drones is that the distance

they can traverse is severely limited by their battery life. On
average, drones cannot stay in the air longer than 20 to 30
minutes [4]. This quantity becomes even lower when they



Figure 1: C3AD: System overview

have to carry additional weight. Considering a typical cruis-
ing speed of 60km/h, delivery systems could only offer their
services to regions of about 20km radius -or 20km diameter
if the node needs to return to the departure station after
delivering the package. To provide a real example, Table 1
shows the round-trip distance between the five largest cities
in California and their closest Amazon’s warehouse. Even
if flying in a perfect straight line was allowed, drones would
need to refill their batteries an average of ten times [5, 6].

City Nearest warehouse Round-trip
Los Angeles ONT2 (San Bernardino) 188.8 km (9X)

San Diego ONT6 (Moreno Valley) 257.4 km (13X)
San Jose OAK3 (Patterson) 130.2 km (7X)

San Francisco OAK4 (Tracy) 179.8 km (9X)
Fresno OAK3 (Patterson) 293.2 km (15X)

Table 1: Round-trip distances and expected num-
ber of battery recharges from Amazon’s fulfillment
centers to the five largest cities in California.

A valid approach to solve this issue is to build a warehouse
at the centroid of every single city that wants to be covered.
However, while this could work for small businesses (e.g.
food delivery), it would be extremely expensive and time-
consuming for big distribution companies like Amazon. In
addition, it would force every warehouse to have enough
stock of all available items, which is impractical. Instead,
deploying a network of charging stations seems to be a bet-
ter solution, as it is certainly cheaper and easier to imple-
ment. Due to space limitations, this paper only focuses in
the scheduling and routing of drones through such networks.

2.2 System components
The architecture we have envisioned is composed of two

different elements: nodes and base stations. In turn, each
of them has two main components: the control subsystem
and charging module(s). The former refers to the physi-
cal and logical infrastructure that allows the communica-
tion between nodes and base stations (broadcasting station
location, exchanging battery information, etc.). The latter
includes the landing and charging equipment. We now pro-
vide higher detail for each of the elements and components.

Nodes.
We consider as a node any autonomous drone that uses

our system. Since C3AD is designed to route drones through
the system, nodes would require positioning sensors (e.g.
GPS, barometer, etc.) to report their current location. This
way, they could execute basic commands like navigating to-
wards a particular charger. Additionally, nodes would need
to carry a small hardware component that would allow their
battery to be charged by our system, and a communication
module to enable connectivity through the cellular network.

Base stations.
There are multiple locations where charging stations could

be installed. Basic requirements for their placement include:
• Access to a reliable power source, which is a key re-

quirement to ensure reliable system operation. Backup
power storage should also be considered for safety.
• Connectivity to the network, either using wired (e.g.

optical fiber) or wireless technologies.
• Risk mitigation measures, such as forbidding the ac-

cess to people, selecting a region without potential ob-
stacles (e.g. trees, buildings...), etc.

Examples of places that could meet these criteria are the
surroundings of cell towers, large lawns in rural areas or
the roof of some buildings in urban scenarios. Furthermore,
once the system is in operation, additional stations could be
installed if the distance between neighboring chargers or the
high load of a particular aerial route had an impact on the
overall performance of the system.

Charging modules.
The charging modules are the parts of the architecture

that are responsible for the transmission of power from the
station to the drone’s battery. The charging system there-
fore consists of two separate units: the node charging module
and the station charging module.

The node charging module represents all the additional
hardware that drones would need to carry in order to be
compatible with C3AD. For example, this could include a
power switching board that was plugged to the battery and
would allow power to either flow from the battery to the
motors or from the charging station to the battery.

On the ground, each station would have some complemen-
tary equipment to enable the charge. In addition, ground
stations would include a landing-aid system, which would
help flying drones to land accurately in their assigned spot.
Another important fact to consider is that drones cannot
stay in the air indefinitely. Therefore, we need to provide
alternative solutions if a particular station is full when they
arrive. We will discuss our approach in Sections 2.2 and 2.3.

It is important to emphasize that this paper does not ad-
dress the challenges of automatic charging drones. Instead,
we include some related work in the discussion section (Sec-
tion 4) which seems to indicate that drones can be charged
autonomously. Hence, our system relies on such work for
the technical details of how to coordinate drone’s landing
and charging.

Control subsystem.
In order to exchange control information, all elements in

the network should follow the same protocol. For C3AD
we propose our own control protocol, which runs on top of
existing cellular layers. In the next subsection we will discuss
which information is exchanged between the elements of the
network as well as the different types of messages that will
be needed.



2.3 Command structure
In this subsection we want to provide a minimal set of

messages that the different system components would need
to exchange so as to enable the charge scheduling feature
and optimize the overall performance of the network. In
order to illustrate this basic protocol and its main scenarios,
we have included Figure 2. We now explain this process step
by step.

1. Node registration.
In order for C3AD to enable the exchange of telemetry in-

formation, the drone (N1) first needs to log into the network.
Ideally, this step would be initiated by the Node before tak-
ing off. The minimal information required during the regis-
tration is a drone identifier. However, we believe that secu-
rity and billing may be important aspects of our scheme. For
this reason, we have included in Figure 2 additional optional
information during the login, such as a Node’s password and
its billing account. After validating these fields, the serving
Base Station would reply with a “Login Successful” message,
and command and control for N1 would then be activated.

2. Charging negotiation.
Right after registering in the network, N1 would send BS1

all the relevant information regarding its next charge. In
this paper, we propose a buffered routing system that will
be explained in detail in the next subsection (2.4). Generally
speaking, each base station has a certain number of charging
spots, as well as a “buffer area” where drones can land and
stay in low-power mode while waiting to get charged.

Without going into the details now, our system has some
scheduling intelligence that tries to optimize nodes’ routes
and direct them through the network depending on the es-
timated waiting time at nearby stations, the environment
conditions along the different paths or external control de-
cisions. In order to achieve this goal without using drones’
computing resources, nodes are required to transmit, at least,
the following data to a base station:
• Final destination: to determine which station within

flying distance gets the drone closer to its endpoint.
• Current position: used to compute the distance from

the node to neighboring stations.
• Battery information: the main parameter is the es-

timated remaining time, although extra information,
such as original voltage and capacity, is necessary to
estimate the charging time.

Furthermore, optional parameters that the Node could trans-
mit to facilitate the routing task would be: environmental
conditions at its location (e.g. wind, humidity...), payload
weight, etc.

2.a) Information forwarding.
From these variables, BS1 would simply forward the node’s

information to the neighboring stations. Each of these sta-
tions, BSi, would estimate the arrival time of N1 at the sta-
tion. Then, it would estimate whether any charger would be
free at that time, otherwise it would give an approximated
waiting time. Last, from the telemetry information of pre-
vious nodes, it would estimate the remaining time to N1’s
destination. Adding up these values, BSi would return the
Expected Time of Arrival at N1’s destination if BSi was the
next intermediate station to visit. At last, BS1 receives the
information from neighboring stations and determines which
is the desired path.

Figure 2: Basic charge scheduling protocol

3. Charging assignment.
After finding the best charging station to use, the sys-

tem would schedule a charge for N1 taking into account the
Expected Time of Arrival at BSi. Finally, exact time and lo-
cation information would be sent back to the drone through
a “Charge” command.

Other control commands.
Apart from the charging protocol described in Figure 2,

C3AD could be used to exchange other types of control in-
formation. Using a basic request-reply scheme, drones could
be inquired to report their current status, perform an emer-
gency landing, receive path modification commands, etc.

2.4 Routing and scheduling
Planning drone charging in advance can have a great im-

pact in system efficiency, as will be analyzed in Section 3.
In addition, routing algorithms are fundamental for scalable
networks to achieve improved performance levels. Routing
scenarios have been well-studied. While such scenarios are
NP problems, several approximation solutions exist [7, 8, 9].
We propose a simple but effective heuristic approximation.
In particular, Algorithm 1 finds the next station that the
node should visit considering, for every reachable station,
the estimated waiting time for a charger to become avail-
able and the estimated delay to reach the final destination
from such station (Algorithms 2, 3 respectively).

While we use a simple yet effective method to schedule,
related work in geographic and sensor network routing can
be converted for our application [10, 11]. The purpose of
this paper is to focus on the effect of how by leveraging
the cellular interconnection of base stations, throughput im-
provements could be achieved with minimal consumption of
nodes’ computing resources.

To that extent, our algorithm minimizes the number of
cases in which a drone would arrive to a station with little
battery left and had no room to land because the waiting
buffer was full. Nodes are assigned charging slots that are



scheduled in advance to achieve this. Furthermore, the total
latency is also minimized by considering the flying time to a
station, waiting in the buffer, charging, and flying towards
the destination when choosing the next slot assignment. Be-
cause this measure takes into account the time spent in every
stage for each charging station, the load tends to be equally
distributed among them.

Algorithm 1 Find the station s to visit next, given that
we are about to depart from station u at time t with fully
charged batteries. Note that S is the set of charging stations
in the network and dmax = vel × tdischarge.

procedure SelectNextHop(t, u, d)
F← {s ∈ S | du,s ≤ dmax}
for s ∈ F do

tF lys ← du,s/vel
tWaits ← FirstAvailableSlot(t+ tF lys)
tCharges ← tcharge × tF lys / tdischarge
tRemains ← estimatedLatency(s, d)
tTotals ← tF lys + tWaits + tCharges + tRemains

return argmin
s

tTotals

Algorithm 2 Compute the time that a node would have to
wait until a charger became available, given that it arrives
at the station at time t. Note: for each charger c ∈ C at the
station, let Rc be the sorted set of slots already reserved.

procedure FirstAvailableSlot(t)
for c ∈ C do

let ri∈Rc be the earliest reservation | ri.tStart > t
if i = 1 ∨ ri ∈ ∅ then

tWaitc ← 0
else

while ri−1.tEnd = ri.tStart do
i := i+ 1

tWaitc ← max(ri−1.tEnd− t, 0)

return min tWaitc

Algorithm 3 Every time a node reaches its destination d (at
time t), the estimated latency to go from each intermediate
station v to d is updated based on how long the node took.
Note that V is the set of stations visited by the node, and
α is the update rate (we used α = 0.1).

procedure UpdateEstimatedRemainingTimes(t, d)
for v ∈ V: ∀v 6= d do

estimatedLatency(v, d) := α× (t− v.tV isited)
+ (1−α)×estimatedLatency(v, d)

3. SYSTEM CHARACTERIZATION
In this section we characterize our proof-of-concept system

in a simulated environment.
For our experiments, we have distributed a set of 12 charg-

ing stations following the layout shown in Figure 3. The
scenario consists of a grid of 4x3 stations, where two of the
opposite corners have been selected as the start and end-
points of the network. That is to say, nodes enter the area
either through A going to B or through B going to A. This
simulates an area where there are charging stations within
but the nodes traverse between two distribution stations.

Our simulations aim at comparing two scenarios:

A
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10

B

Intermediate base stations

Start and end points

Figure 3: Example scenario used in our simulations
Nodes randomly originate at either A or B, and fly from

one station to the other

a) The C3AD system. As explained in the previous
section, our algorithm attempts to maximize the through-
put of the network (the same number of nodes that
enter the system, leave it through their intended des-
tination). At the same time, it estimates the time
required to traverse through each nearby station and
chooses the fastest path.

b) A reference system. Although no similar systems
have already been proposed, we want to compare our
Charge+Control architecture with a system that would
only deploy a charging mechanism. In our experi-
ments, we have used the following algorithm for this
system. Since the waiting time at each station is un-
known due to the absence of a control module, an at-
tempt to minimize latency is indirectly performed by
minimizing the total distance to travel. This is to say,
among all the stations that are within flying range, the
one that yields the shortest path is selected. In case
there is more than one option, the selection is ran-
domly made (to avoid overloading the same station).
We used Dijkstra’s algorithm for shortest paths [12].

For this paper, we assume that all nodes in the network
have the same parameters. We selected the parameters
based on measurements obtained from our drones, shown
in Figure 4. They can all cruise at up to 30mph, last in the

Figure 4: Our drone flying during an experiment



Inter-station distance (miles)
3 4 5 6 7 8 9 10

T
h

ro
u

g
h

p
u

t 
(%

)

0

10

20

30

40

50

60

70

80

90

100

 1 nodes/h

 5 nodes/h

20 nodes/h

Figure 5: Throughput vs. distance between base
stations (C3AD), with different input traffic rates

air for a maximum of 20min and need an hour to recharge
their batteries from 0% to 100%. Therefore, the largest dis-
tance they can cover in one charge is 10 miles. Additionally,
to model that there is not infinite space in the real world,
we have constrained each charging station to only allow two
nodes to be charging simultaneously and five extra drones
parked in its surroundings waiting for their turn.

Now that we have explained how our system and the ref-
erence one work, we can discuss the simulation results. For
each system, we have obtained two graphs, which represent
how the throughput and the delay vary depending on the
separation between neighboring stations. Furthermore, each
of the plots shows several curves, which illustrate the system
response as a function of the input traffic rate (number of
nodes per unit time). Also, since each charging station can
allocate a maximum of 7 nodes (two charging and five wait-
ing), the maximum network capacity is 70 nodes (endpoint
stations are not used to charge). In order to extract informa-
tion from the steady state and not only the initial transient
phase, we have run each simulation for 250 simulated hours.

Figures 5 and 6 reflect how the throughput is affected by
modifying the distance between neighboring stations for our
system, and reference system respectively. As it can be seen,
when information from the load at neighboring stations is
taken into account (our system), the throughput is maxi-
mized. Since the base stations have limited space to land
(two spots for charging and five for waiting), we say that
a node is dead if it runs out battery while in the air. If
no nodes die, the throughput has a value of 100%, meaning
that all the drones that enter the system manage to get to
their destinations. Conversely, a throughput of 0% would
mean that none of the drones could reach its destination, as
is the case when the inter-station distance becomes higher
than the node’s maximum flying range.

In order to determine the system performance for different
nodes’ range vs. distance ratios, we evaluate the system
delay when the distance between stations is varied. Figures
7 and 8 show the average extra time that nodes spend in
the network (waiting to get charged, following longer paths,
etc.) for our system and the reference system respectively.
Here, a value of 0 would be achieved if all nodes who survived
got to their destinations through the shortest possible path,
without ever waiting to get charged at intermediate stations.
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Figure 6: Throughput vs. distance between base
stations (reference system), with different input
traffic rates

To give an example, imagine that the shortest way to go from
A to B in our scenario was 4h40min. If a node takes 5h to get
to B, its delay would be considered as 20min. As the figures
show, our system is able to outperform the reference system
delay when the load in the network is low (smaller than 5
nodes/h in our miniature scenario). However, C3AD yields
slightly higher delays when the network is heavily loaded
and the inter-station distance increases.

By looking at all four figures as a whole, some interesting
conclusions can be extracted. First, our algorithm behaves
as expected with respect to the throughput, maximizing the
number of nodes that survive even in high loaded scenarios.
Additionally, the delay is also improved with respect to the
reference system when only few nodes traverse the network.
However, as the input rate increases (green curve), delay is
traded off in exchange for high throughput. In the reference
system, many nodes find that the station they headed to is
full, thus die. This gives the chance to the nodes who survive
to wait less time to get served at stations, and explains why
the reference system yields better delay under these circum-
stances. Also, note that throughputs lower than 1 should
never happen in reality, the only reason why they appear in
these graphs is because we installed very few charging and
buffering spots at each intermediate station to demonstrate
the performance of our algorithm in different scenarios.

4. DISCUSSION AND FUTURE WORK
Scalable systems for autonomous drones are a very recent

idea. For this reason, there are still several challenges to
deal with, and we needed to make certain assumptions for
the simulations included in this paper. However, we would
like to discuss the main topics we did not cover and potential
areas of future research in this section.

Autonomous charging and landing.
Prior investigations have already proposed different ap-

proaches to deal with the short battery life of small drones.
Some prior work has suggested to replace low-battery drones
by fully-charged ones at intermediate points [13, 14]. An-
other alternative is to simply replace batteries at stations [3].
In drone delivery applications, both options face the same
challenges: some payload needs to be swapped (either the
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battery or the package) and the discharged battery needs to
be recharged for further use (either by the same drone or by
the next one to come). Either way, both approaches seem
feasible and could be integrated with our system.

Similarly, there are a number of related works that can be
utilized for autonomous landing. Researchers have worked
on a conductive docking station that could allow a drone to
be charged without any human interaction [15, 16, 17].

Failure mitigation.
In our experiments, when a node got to a station and

there was no room for it to land, it tried to wait hovering or
fly somewhere else until its battery is depleted. This should
never happen in a real-world scenario. To try to mitigate
this situations, other approaches will need to be taken, such
as providing the most transited stations with enough charg-
ing plugs and waiting spots, distributing emergency land-
ing areas around the network, forcing a drone that is being
charged to leave if it has high enough battery, scheduling
charges for the whole path before taking off instead of only

reserving a slot in the next hop...

Drone motion and dynamics.
One of the issues we have not addressed is real physical

motion of the drones. In reality, they will likely need to avoid
obstacles, compensate for wind and turbulence, and other
factors that can affect their trajectory. For example, rural
areas usually have mountains, hills or forests, while urban
areas often have skyscrapers, as well as restricted air-space
regions. These need to be taken into account in the design of
the network, which will likely produce more complex layouts
than the one used for this paper.

5. CONCLUSION
In this paper we proposed a system to control and charge

unmanned aerial drones leveraging the existing cellular in-
frastructure. When implemented, it could enable a large
number of autonomous drones applications, especially in
the package delivery area. After reviewing the underly-
ing network architecture and a minimal protocol to make
such a system work, we described the need for an intelligent
scheduling module and evaluated its performance. We found
that the simulations back up our initial idea, since end-to-
end delay as well as overall throughput can be improved in
up to 2.5X and 3X respectively by routing drones based on
a future estimate of loads at each station. Furthermore, this
paper identifies several challenges for a system like C3AD, in-
cluding implementation issues, failure mitigation techniques
or routing algorithms.
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