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Abstract—Unmanned Aerial Vehicles (UAVs) can help data
collection from ground sensors or Internet of Things (IoT) devices
deployed even in hard to access areas and deliver them to their
destinations as relays. However, the UAV trajectories should be
planned carefully due to their limited battery lifetimes. Recently,
Age of Information (AoI) has also been considered as a metric to
quantify the freshness of the data collected during this process
and the path of the UAVs are aimed to be optimized considering
AoI. However, existing studies have defined the AoI of the
collected data in the context of delivering the collected data to
a specific destination only. Moreover, they assume the data is
available at each IoT device before the UAV is dispatched. In
this paper, we consider a set of base stations distributed in the
area that a UAV travels through and define the AoI from the
moment the data is generated till it is uploaded to any of the
base stations by the cellular-connected UAV. We also consider
data generation times at each IoT device requiring the UAV’s
arrival to an IoT device after this time. Our goal is to minimize
the maximum AoI of any collected data while also minimizing
the mission time and the path of the UAV for energy saving. We
model and solve the problem using Integer Linear Programming
(ILP) and with a heuristic based solution. The results obtained
in different scenarios show that heuristic approach can provide
close to optimal ILP based results while running much faster.

Index Terms—Cellular-connected UAV, path planning, age of
information, data collection.

I. INTRODUCTION

The flexibility and maneuverability of Unmanned Aerial

Vehicles (UAVs) have enabled the usage of them in many ap-

plications including but not limited to wireless communication,

agriculture and search and rescue operations. In this study,

we are interested in the application scenario where UAVs

are employed to collect data from ground sensor nodes or

Internet-of-Things (IoT) networks as a relay node and deliver

the collected data to their destination. In order to receive the

data from IoT devices, the UAV needs to get close to each of

them following a path and finally should stop at its mission

end point.

Since the UAVs run on limited battery supply and can only

stay in air for a limited time, their path during this data

collection period has to be planned carefully. Moreover, the

data generation times at each IoT device should be considered

in this planning process as the UAV should only visit the IoT

device after the data is generated at the device. In most of

the existing studies [1]–[3], however, the data is considered

to be available before the UAV starts its mission, which
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Fig. 1: An example scenario where a UAV collects data from

five ground IoT devices considering their data generation times

and uploads the collected data by visiting a base station.

Age of Information is defined from the moment the data is

generated at each IoT device until it is uploaded.

may not be the case as always in practice. After the data

is collected from IoT devices, the delivery of them to their

target destinations should be performed by the relay UAV

considering the application requirements.

The path planning problem in UAV-assisted IoT networks

has recently been studied considering different objectives.

These objectives include minimizing total energy consumed by

the UAVs [4], minimizing the connection outage time [5], and

maximizing the throughput or the amount of data collected [6]

from ground IoT devices. Since the timely delivery of infor-

mation from the ground IoT devices is also important, the

path planning of UAVs in such scenarios has also been made

considering a new metric called age of information (AoI) [7].

Through this metric, the freshness of the information is aimed

to be quantified once the data is delivered to the destination.

While there are several studies [1]–[3], [7], [8] that consider

AoI as the primary factor for determining the UAV paths, these

studies typically assume that the data delivery occurs only

when the UAV reaches a single destination. On the contrary,

in this paper, we consider a more practical scenario where the

cellular-connected UAV uploads the collected data to one of

base stations in the area to deliver it to its destination (through

Internet). Note that if the IoT device is already in range of a

base station (BS), once the UAV downloads data from the IoT

device, it can immediately upload to the BS. However, if there
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Fig. 2: AoI calculation for the data of each IoT device in Fig.1.

is no coverage at the IoT device location by a BS, UAV carries

the data until it comes into the coverage range of a BS. AoI in

this scenario is defined from the moment the data is generated

till the data is delivered to a BS in the area by the UAV.

An example scenario is illustrated in Fig. 1, with a UAV

collecting data from several ground IoT devices one by one

and uploading the data collected to one of the ground base

stations on the route. Fig. 2 shows the AoI calculation for

each data on this example scenario. Note that each UAV visits

(e.g., vi) the IoT device’s location to download its data after

the data is generated (e.g., vi ≥ ti) and the AoI is computed as

the time passes from the data generation time till it is uploaded

to a base station (e.g., ui − ti).

Our goal in this paper is to find the path of a UAV that

will minimize the max AoI from any data collected from the

field, given the data generation times and locations of IoT

devices. To the best of our knowledge, there is only one recent

work [9] that defines the AoI as it is considered in this study.

However, that study aims only minimization of the worst case

or maximum AoI without trying to optimize mission time and

the path length for the UAV as well. The problem is modeled

as a mixed integer convex optimization problem using graph

theory and solved with CVX tools. Also, no heuristic-based,

fast-running, practical solution is provided.

The rest of the paper is organized as follows. We discuss

the related work in Section II. In Section III, we provide the

system model together with the assumptions made, the prob-

lem statement, optimization model and our greedy heuristic

based solution. In Section IV, we then provide our simulation

results in various scenarios. Finally, we provide the concluding

remarks and discuss the future work in Section V.

II. RELATED WORK

The path planning for UAVs have been studied exten-

sively [10] considering the variety of ways they have been

adopted in different applications with different objectives. In

these studies, different parameters such as mission time [5],

[11], throughput [12], connection outage [13], antenna pat-

terns [14] and coverage [15] have been considered while

designing the path of the UAV(s).

Recently, a new metric called Age of Information (AoI)

has also been introduced [7] for UAV missions that aim to

collect data from ground sensors or IoT devices and deliver

them to their destinations. Since the timely delivery of the

data as well as the freshness of the information obtained by

the system can be vital for some applications, this problem

has attracted a lot of attention by various researchers [1]–[3],

[7], [8], [10], [16]. The problem is also considered together

with other considerations such as wireless energy transfer [17],

data acquisition mode selection, energy consumption [18], or

power optimization [19] and solutions that are based on opti-

mization techniques [7], [10], [20], dynamic programming [1]

or learning models such as reinforcement learning [2], [16],

[17] have been developed.

Despite this extensive number of studies that consider AoI

in the path planning of UAVs, the delivery of the data is

considered in terms of the data collection period by the

UAVs only and the communication of the UAV with the core

network (and Internet) is mostly not focused. However, if there

are multiple base stations deployed in the area, a cellular-

connected UAV can use any of them to upload the collected

data and depending on which base station is used the AoI for

the specific IoT device can be different. Moreover, in most

of the studies, the data at each ground node is assumed to

be generated before the UAV dispatch whereas in a more

practical setting data could be generated even after the UAV

dispatch. While a recent work [9] looks at these points similar

to our work in this paper, it only considers AoI itself without

considering the UAV mission time and path in the optimization

design thus can result in longer paths for the UAV. Moreover,

the proposed solution in that study is based on only a high

complexity optimization based approach while in this paper,

we also propose a heuristic based fast running solution.

III. SYSTEM MODEL

A. Assumptions

We assume a system model with a UAV, represented by

u, a set I of ground IoT devices and a set G of ground base

stations (GBS). Each IoT device is assumed to generate a data

at some specific time defined by the application. The location

of IoT device i is represented by li and its data generation time

is denoted by ti. Similarly, the location of GBS i is defined

by zi. The mission of the UAV is to begin its flight from

a starting location, LS and to arrive a final point LF after

collecting data from ground IoT devices within a given time

constraint Tmax, which is defined as the maximum possible

flight time for the UAV and can be computed based on its

hardware specifications. The collection of data from an IoT

device happens when UAV arrives in the vicinity of the IoT

device. More specifically, we assume that when the distance

between the UAV and an IoT device is less than RI , the data

can be transmitted. RI can be determined by the transmission

capabilities of the IoT device and can simply be considered

as its range. The actual value of RI can be computed by

considering the signal level modeling (i.e., SNR) and the

required transmission bandwidth for the specific application

data [5], [14]. The upload of the data from the UAV is assumed

to happen to a nearby GBS when the UAV arrives in the range

of a GBS, which is assumed to be RG. It is assumed that UAV

can fly with a maximum speed of V at a fixed altitude of H .

Note that this will allow the UAV to communicate with the
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Notations Description

u The UAV that travels over the field for data
collection from a starting point to and end point.

I The set of ground sensors or IoT devices.

G The set of ground base stations (GBS).

V D
i

The time UAV visits the IoT device i and
downloads the generated data.

V U
i

The time UAV uploads and delivers the data
captured from IoT i to one of the GBSs.

LS, LF Start and final location of UAV, respectively.

L, T The ordered set of critical locations and times
on the UAV path, respectively.

L(t) Location of the UAV at time t ∈ T .

li Location of ground IoT device i.

zi Location of GBS i.

ci(t) Connection status of the UAV to IoT device i
at time t ∈ T . It is equal to 1 if the UAV can
communicate to the IoT i and receive the data
at time t; otherwise, it is 0.

ti The generation time of the data at IoT device i.

di(t) Collection status of data from IoT device i at
time t ∈ T . It is equal to 1 if the UAV collects
IoT device i’s data at time t; otherwise 0.

ui(t) Upload status of data that is downloaded from
IoT i to a GBS at time t ∈ T . It is equal to 1 if
the UAV uploads the data downloaded from IoT
i to one of the GBSs at time t; otherwise 0.

gi(t) Connection status of the UAV to GBS i at time
t ∈ T . It is equal to 1 if UAV can communicate
to the GBS i and send the data at time t;
otherwise, it is 0.

G(t) If the UAV is in range of at least one GBS at
time t ∈ T .

RI Max distance/range for a IoT-UAV link to main-
tain required SNR level.

RG Max distance/range for a UAV-GBS link to
maintain required SNR level.

Tmax Maximum possible flight duration for the UAV
to reach the destination.

TF The first time the UAV arrives to the final
location (i.e., mission time).

V Maximum speed of the UAV

Amax Maximum AoI for the collected data.

Dsum Total length of the path travelled by the UAV.

TABLE I: Notations and their descriptions.

ground IoT devices through Line-of-Sight (LoS) based signal

without having interference. The location of the UAV at time

t is denoted by L(t) = (x(t), y(t), H) until its flight ends at

time Tmax.

B. Problem Statement and ILP Formulation

In the proposed problem a UAV needs to travel from an ini-

tial point to collect data from all ground IoT devices and arrive

to its final destination (which can be the same location as the

initial starting point). Let L = {L0, L1, L2, ..., L2|I|, L2|I|+1}
be the set of ordered locations that we are trying to identify

on the route of the UAV. These locations correspond to the

critical locations that define the path of the UAV which

include the start (LS) and end locations (LF ) as well as

the download and upload locations for the data of each IoT

device. Note that L0 = LS and L2|I|+1 = LF . We also define

T = {T0 = 0, T1, T2, ..., T2|I|, T2|I|+1 = TF } as the set of

times that the UAV is present at the corresponding locations

in L, i.e., L(Ti) = Li. Our main goal is to minimize the

maximum AoI during this data collection process. In addition

to this primary objective, we also consider minimizing the

mission time data as secondary goal, and also aim to minimize

the length of the total path travelled by the UAV as a third

objective. Under these objectives and the notations given in

Table I, we develop an Integer Linear Programming (ILP)

based model as follows:

min (Amax)λ+ (u(TF ))Θ +Dsum (1)

s.t. L(0) = LS (2)

L(TF ) = LF & TF ≤ Tmax (3)

dist
Li+1

Li
≤ V × (Ti+1 − Ti), ∀i ∈ [0, 2|I|] (4)

V D

i ≥ ti, ∀i ∈ I (5)

V U

i ≥ V D

i , ∀i ∈ I (6)

ci(t) =

{

1, if dist
L(t)
li

≤ RI

0, otherwise.
, ∀t ∈ T , ∀i ∈ I

(7)

di(t) ≤ ci(t), ∀t ∈ T,∀i ∈ I, (8)
∑

∀t∈T

di(t) = 1, ∀i ∈ I (9)

V D

i =
∑

∀t∈T

(di(t)× t)), ∀i ∈ I (10)

gi(t) =

{

1, if distL(t)
zi

≤ RG

0, otherwise.
,

∀t ∈ T,∀i ∈ G (11)

G(t) = min(1,
∑

∀i∈G

gi(t)), ∀t ∈ T (12)

ui(t) ≤ G(t), ∀i ∈ I, ∀t ∈ T (13)
∑

∀t∈T

ui(t) = 1, ∀i ∈ I (14)

V U

i =
∑

∀t∈T

(ui(t)× t), ∀i ∈ I (15)

Amax = max
{

(V U

i − ti)
}

, ∀i ∈ I (16)

Dsum =

2|I|
∑

i=0

dist
Li+1

Li
(17)

where, distvu represents the distance between two coordinates

u and v.

Here, in (1), we use the scalarization method (by multiply-

ing the first goal with a large constant, λ, and multiplying the

second goal with another large constant, Θ, which is smaller

than the first one) and aim to first minimize the maximum or

worst-case AoI, then minimize the mission completion time

(i.e., when the UAV arrives the final location) and finally

minimize the total travel path length of the UAV. In (2) and (3),

we make sure the UAV is at the start location at the beginning

and at the final point at the end of its mission, respectively.

In (4), the UAV is constrained to move not more than what its

maximum speed allows between consecutive critical points on

the UAV path. Constraint (5) makes sure that UAV downloads

the data after its generation at the IoT device. In addition,
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Fig. 3: Current and next IoT to be visited in greedy heuristic

approach and the comparison of two possible paths.

since the collected data can be uploaded to a GBS after it is

collected from the IoT device, constraint (6) is added.

In (7), the connectivity between the UAV and each IoT

device is set based on the distance between the position of

the IoT device and the UAV at that time. We then allow the

collection of data by the UAV in range of IoT device in (8)

and only one time as defined in (9). In (10), we assign the

UAV’s IoT visit time to its pre-defined variable V D
i

, and to

do this we multiply the value of di(t) by t and then compute

the sum. Since di(t) is equal to 1 in only one of the ts, the

value of V D
i

becomes equal to the IoT visit time. In (12), we

check the location of the UAV to see if it is in the range of

at least one GBS at time t or not. The variable G(t) equals

to 1 if the UAV is in the range of at least one GBS and in

order to calculate it, we sum the gi(t) (defined in (11)) for all

the GBSs at time t. If the UAV is in the range of at least one

GBS, it has the ability to upload data on that GBS (13). In

(14), we force the UAV to upload all the data in order to finish

its mission. In (15), we assign the UAV’s GBS visit time for

uploading data to its pre-defined variable V U
i

, and to do this

we multiply the value of ui(t) by t and then compute the sum

for all the ts. In (16), we then compute max AoI for any data

collected from all IoT devices. AoI here is defined as the time

elapsed from data generation time ti to its delivery time at

V U
i

. Finally, in (17), we calculate the total path length which

is considered as the third priority in the objective function.

C. Greedy Heuristic Approach

While the ILP solution with a fine grained grid will help

obtain the optimal solution, its run time complexity will be

high, thus in this part, we develop a greedy heuristic based

solution that runs much faster. To this end, from the initial

start location (or UAV’s current location Tcur), we first find

the IoT device whose data could be uploaded the earliest if

the UAV would go to that IoT device’s location directly and

after getting its data goes to the closest GBS to upload. Note

that if the UAV arrives earlier than the data generation time,

it needs to wait until the data is generated. Thus, we calculate

the following to find this IoT device:

imin = argmin{max(T i

d + Tcur, gi) + T i

u},

Scenario Mission
time

Max
AoI

Average
AoI

Path
length

(a) Initial scenario (C) 29.63 4.48 1.12 59.24

(a) Initial scenario (H) 32 12.51 4.69 51.61

(b) Speed = 3 (C) 23.40 0.80 0.20 60.28

(b) Speed = 3 (H) 24 1.01 0.57 61.78

(c) Additional GBS/IoT (C) 33.78 6.80 1.70 66.54

(c) Additional GBS/IoT (H) 37 12.91 5.61 60.53

(d) Different data genera-
tion times (C)

27.78 3.60 0.72 50.15

(d) Different data genera-
tion times (H)

29 4.00 1.65 49.44

(e) IoT range = 0 (C) 33.24 8.19 2.04 66.65

(e) IoT range = 0 (H) 33 13.04 4.35 57.15

TABLE II: Simulation results for both ILP based model

obtained by CPLEX (C) and heuristic based solution (H) for

the scenarios in Fig. 4.

where T i

d
is the time it takes to arrive into the range of IoT

device i from its current location, T i
u is the time it takes to

go from the download location to the upload location (i.e.,

closest GBS range). These durations are also illustrated in

Fig. 3 where IoTcur represents the current selected node, imin.

Once this device is found, the UAV is then headed towards

that IoT device’s location and stops when it enters into its

range for data collection. At this point (e.g., d1 in Fig. 3),

we, however, do not let the UAV go directly to the closest

GBS. Instead, we first find the next IoT device (e.g., IoTnext

in Fig. 3) that would be visited with the same criteria after

the first IoT’s data is uploaded in the closest GBS range (e.g.,

at u1 in Fig. 3). Then, we compare the time duration for two

different cases. In the first case, we find the AoI if the UAV

visits the next IoT device after it uploads the first one’s data

to the closest GBS and goes to the next IoT device to get and

upload its data (e.g., path that follows d1, u1, d2, u2 in Fig. 3).

In the second case, we find the max AoI if the UAV would

visit the next IoT device directly from the download location

of the current IoT device, then upload the data of both of

them to the closest GBS from the next IoT’s data download

location (e.g., path that follows d1, d12, u12 in Fig. 3). If the

latter provides smaller AoI, then the UAV goes to the next

IoT’s location (e.g., d12 from d1); otherwise, the UAV first

uploads the first one’s data and goes to the next IoT device’s

download location (e.g., d2). The procedure is then repeated

similarly until all IoT devices are visited and their data are

uploaded.

IV. SIMULATION RESULTS

In this section, we provide simulation results in a set of

different scenarios. We consider a map of size 20 by 20 units

and consider different number of GBSs and IoT devices with

different data generation times (shown in parenthesis next

to device). The range for IoT-UAV communication is set as

RI = 1 unit, while the range for UAV-GBS link is set as

RG = 2 units. Each IoT device is assumed to be not in the

coverage area of any of the GBSs to make the scenarios more

challenging.
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Fig. 4: The UAV path for the ILP based model (black) and heuristic approach (pink) for different scenarios. (a) Initial scenario

with 4 GBS and 4 IoT devices with UAV speed of 2 units, (b) when the speed is set to 3 units, (c) with one additional GBS

and one additional IoT device, (d) with different data generation times of IoT devices, (e) when IoT range (RI ) is set to almost

zero i.e., UAV needs to be at the same coordinate with IoT to download its data.

Fig. 4 shows the UAV paths obtained via CPLEX from the

described ILP model as well as by using the greedy heuristic

approach in five different scenarios. The values of four metrics

(i.e., mission time, max and average AoI, and path length)

associated with these scenarios are also provided in Table II.

First of all, within each scenario, we observe that the order

of UAV visits of IoT devices and GBSs, determined by ILP,

exhibits a certain resemblance to the heuristic outcome (though

not entirely identical). For instance, in cases (b) and (d), both

the ILP and heuristic approaches share the same visit order,

leading to a comparable maximum AoI for these particular

scenarios. However, in other cases, we observe different visit

orders, thus a substantial disparity arises in the maximum AoI.

Concerning path length, as the primary objective of ILP

based solution is to minimize the maximum AoI, it occasion-

ally compromises path length to achieve a lower maximum

AoI. Consequently, the path lengths obtained in ILP solution

in cases (a), (c), (d), and (e) exceed the path lengths obtained

in the heuristic approach.

In terms of mission time, both approaches yield similar and

closely aligned results across all cases. This observation is

reasonable as both algorithms strive to visit all GBSs and IoTs

once, differing solely in the visit order.

Next, we look at the impact of some parameters on the

ILP results in some random scenarios. We first look at the

impact of number of IoTs on the maximum AoI when the

other parameters are the same. To this end, we generate 100

different scenarios with a specific number of randomly placed

IoT devices on the map, while the GBS count stays fixed as 4.

We then calculate the average of the maximum AoI and UAV

path length. The data generation time of IoT devices is set as

the multiples of 5, i.e., ti = 5i. As it is shown in Fig. 5 (a),

both the maximum AoI and UAV path length increases as the

number of IoT devices increases.

Next, we look at the impact of number of GBSs in the

same way while keeping the number of IoT devices as 4. As

shown in Fig. 5 (b), increasing the number of GBSs results in

a reduction of the maximum AoI and UAV path length thanks

to the more coverage provided with more GBSs.

Finally, we look at the impact of scale used in our ILP
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Fig. 5: Impact of varying (a) number of IoTs, (b) number of GBSs and (c) scale on maximum AoI and UAV path length in

ILP results.

model design, where the scale provides more finer movement

opportunity to the UAV and thus more precise results (the

results in Fig. 4 are with scale 100). We obtained results for

100 different scenarios with different scales while having 4 IoT

devices and 4 GBSs. In Fig. 5 (c), we observe a significant

reduction in the maximum AoI when we increase the scale

from 1 to 10, while there is only a slight reduction when the

scale change from 10 to 100. The UAV travel distance remains

the same across all scales with slight variations.

V. CONCLUSION

In this paper, we have explored the path planning problem

for a cellular-connected UAV considering minimization of the

maximum AoI for any data collected as the main criteria.

Different from previous works, AoI is defined as the time

passes from the moment data is generated till it is uploaded

to any of the nearby ground base stations by the UAV. We

developed both an ILP based model and a greedy heuristic

based algorithm to find the path for the UAV. Through simu-

lations with different scenarios, we have compared the results

obtained by both approaches and showed how their results

differ in terms of several metrics.

In the future work, we will consider an online algorithm

for the UAV where only limited information about the IoT

devices and the field (e.g., GBS locations) is known. We

will also consider multi-UAV scenarios and more realistic

communication models.
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