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Abstract

In this paper, the efficient deployment and mobility of multiple unmanned aerial vehicles (UAVs),
used as aerial base stations to collect data from ground Internet of Things (IoT) devices, is investigated.
In particular, to enable reliable uplink communications for IoT devices with a minimum total transmit
power, a novel framework is proposed for jointly optimizing the three-dimensional (3D) placement and
mobility of the UAVs, device-UAV association, and uplink power control. First, given the locations of
active IoT devices at each time instant, the optimal UAVs’ locations and associations are determined.
Next, to dynamically serve the IoT devices in a time-varying network, the optimal mobility patterns
of the UAVs are analyzed. To this end, based on the activation process of the IoT devices, the time
instances at which the UAV's must update their locations are derived. Moreover, the optimal 3D trajectory
of each UAV is obtained in a way that the total energy used for the mobility of the UAVs is minimized
while serving the IoT devices. Simulation results show that, using the proposed approach, the total
transmit power of the IoT devices is reduced by 45% compared to a case in which stationary aerial
base stations are deployed. In addition, the proposed approach can yield a maximum of 28% enhanced
system reliability compared to the stationary case. The results also reveal an inherent tradeoff between
the number of update times, the mobility of the UAVs, and the transmit power of the IoT devices. In
essence, a higher number of updates can lead to lower transmit powers for the IoT devices at the cost

of an increased mobility for the UAVs.

I. INTRODUCTION
The use of unmanned aerial vehicles (UAVs) as flying wireless communication platforms
has received significant attention recently [1]-[8]. On the one hand, UAVs can be used as

wireless relays for improving connectivity and coverage of ground wireless devices. On the
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other hand, UAVs can act as mobile aerial base stations to provide reliable downlink and uplink
communications for ground users and boost the capacity of wireless networks [1]], [2], [6[]-[12].
Compared to the terrestrial base stations, the advantage of using UAV-based aerial base stations
is their ability to provide on-the-fly communications. Furthermore, the high altitude of UAVs
enables them to effectively establish line-of-sight (LoS) communication links thus mitigating
signal blockage and shadowing. Due to their adjustable altitude and mobility, UAVs can move
towards potential ground users and establish reliable connections with a low transmit power.
Hence, they can provide a cost-effective and energy-efficient solution to collect data from ground
mobile users that are spread over a geographical area with limited terrestrial infrastructure.

Indeed, UAVs can play a key role in the Internet of Things (IoT) which is composed of small,
battery-limited devices such as sensors, and health monitors [[13]]. These devices are typically
unable to transmit over a long distance due to their energy constraints [[13]]. In such IoT scenarios,
UAVs can dynamically move towards [oT devices, collect the IoT data, and transmit it to other
devices which are out of the communication ranges of the transmitters [13[]. In this case, the
UAVs play the role of moving aggregators or base stations for IoT networks [5]]. However,
to effectively use UAVs for the 10T, several challenges must be addressed such as optimal
deployment, mobility and energy-efficient use of UAVs as outlined in [6]] and [1]].

In [3]], the authors investigated the optimal trajectory of UAVs equipped with multiple antennas
for maximizing sum-rate in uplink communications. The work in [4]] maximizes the throughput of
a relay-based UAV system by jointly optimizing the UAV’s trajectory as well as the source/relay
transmit power. However these works considered a single UAV in their models. In [1f], we
investigated the optimal deployment and movement of a single UAV for supporting downlink
wireless communications. The work in [14] proposed a low-complexity algorithm for the optimal
deployment of multiple UAVs that provide coverage for ground users. The work in [10] provided
a comprehensive downlink coverage analysis for a network in which a finite number of UAVs
serve the ground users. In [[15]], the authors used UAVs to efficiently collect data and recharge the
clusters’ head in a wireless sensor network which is partitioned into multiple clusters. However,
this work is limited to a static sensor network, and does not investigate the optimal deployment
of the UAVs. While the energy efficiency of uplink data transmission in a machine-to-machine
(M2M) communication network was investigated [16], the presence of UAVs was not considered.

In fact, none of the prior studies in [[1]-[16], addressed the problem of jointly optimizing the



deployment and mobility of UAVs, device association, and uplink power control for enabling
reliable and energy-efficient communications for IoT devices. To our best knowledge, this paper
is one of the first comprehensive studies on the joint optimal 3D deployment of aerial base
stations, device association, and uplink power control in an IoT ecosystem.

The main contribution of this paper is to introduce a novel framework for optimized deploy-
ment and mobility of multiple UAVs for the purpose of energy-efficient uplink data collection
from ground IoT devices. In particular, we consider an 10T network in which the IoT devices can
be active at different time instances. To minimize the total transmit power of these IoT devices,
given device-specific signal-to-interference-plus-noise-ratio (SINR) constraints, we propose an
efficient approach to jointly and dynamically find the UAVs’ locations, the association of devices
to UAVs, and the optimal uplink transmit power. Our proposed framework is composed of two
key steps. First, given the locations of the IoT devices, we propose a solution for optimizing
the deployment and association of the UAVs. In this case, we solve the formulated problem by
decomposing it into two subproblems which are solved iteratively. In the first subproblem, given
the fixed UAVs’ locations, we find the jointly optimal device-UAV association and the devices’
transmit power. In the second subproblem, given the fixed device association, we determine
the joint 3D UAVs’ locations. For this subproblem, we transform the non-convex continuous
location optimization problem to a convex form and provide tractable solutions. Next, following
our proposed algorithm, the results of solving the second subproblem are used as inputs to
the first subproblem for the next iteration. Here, we show that our proposed approach leads to
an efficient solution with a reasonable accuracy compared to the global optimal solution that
requires significant overhead. Clearly, the UAVs’ locations and the device association that we
obtain in this first step will depend on the locations of active 10T devices.

In the second step, we analyze the IoT network over a time period during which the set of
active devices changes. In this case, we present a framework for optimizing the UAVs’ mobility
by allowing them dynamically update their locations depending on the time-varying devices’
activation process. First, we derive the closed-form expressions for the time instances (update
times) at which the UAVs must move according to the activation process of the devices. Next,
using the update time results, we derive the optimal 3D UAVs’ trajectory such that the total
movement of the UAVs while updating their locations is minimized. Our simulation results

show that, using the proposed approach, the total transmit power of the IoT devices can be



significantly reduced compared to a case in which stationary aerial base stations are deployed.
The results also verify our analytical derivations for the update times and reveal an inherent
tradeoff between the number of updates, the mobility of the UAVs, and transmit power of the
IoT devices. In particular, it is shown that a higher number of updates leads to lower transmit
powers for the IoT devices at the cost of higher UAVs’ energy consumptions.

The rest of this paper is organized as follows. In Section II, we present the system model
and problem formulation. Section III presents the optimal deployment of UAVs and device
association. In Section IV, we address the mobility and update time of the UAVs. In Section V

we provide the simulation and analytical results, and Section VI draws some conclusions.

II. SYSTEM MODEL AND PROBLEM FORMULATION

Consider an IoT system consisting of a set £ = {1,2,..., L} of L IoT devices. Examples of
such devices include various types of sensors used for environmental monitoring, smart traffic
control, and smart parking devices. In this system, a set £ = {1, 2, ..., K'} of K rotary wing UAVs
must be deployed to collect the data from the ground IoT devices. These UAVs can dynamically
move, when needed, to effectively serve the [oT devices using uplink communication links. Here,
the term served by a UAV implies that the uplink SINR is above the threshold and, thus, the
UAV can successfully collect data from the ground IoT device. In our model, we assume that the
devices transmit their data to the UAVs in the uplink using frequency division multiple access
(FDMA) over R orthogonal channels. Let F,,x be the maximum energy that each UAV can
spend on its movement. The locations of device + € £ and UAV j € K are, respectively, given

Ly, h;) as shown in Fig. (1| In our model, we consider a centralized

network in which the locations of the devices and UAVs are known to a control center located at
a central cloud server. The cloud server will determine the UAVs’ locations, device association,
and the transmit power of each 10T device.

We analyze the IoT network within a time interval [0, 7"] during which the IoT devices can be
active at different time instances and must be served by the UAVs at some pre-defined time slots.
At the beginning of each slot, the positions of the UAVs as well as the device-UAV association

are updated based on the locations of currently active devices that are assumed to be known to the



cloud cente Hereinafter, the time instance at which the UAVs’ locations and associations are
Jjointly updated, is referred to as the update time. The update times are denoted by ¢,,, 1 <n < N,
with N being the number of updates. At each update time ¢,, based on the location of active
devices, the optimal UAVs’ locations and the corresponding association must be determined for
effectively serving the ground devices. Here, the 10T devices that become active during [t,,_1,%,)
are served by the UAVs during the time period [t,,, t,,+1). Note that, during [t,_1,t,), the UAVs’
locations and their device association do not change until the next update time, ¢,. Clearly,
since at different update times, a different subset of devices might be active, the locations of
the UAVs must dynamically change at each update time. Therefore, each UAV’s trajectory will
consist of /V stop locations at which the UAV serves the ground devices. Note that, in our model,
the UAVs locations are not necessarily updated once the set of active devices changes. Instead,
we consider some specific time instances (update times) at which the UAVs locations device
associations, and devices’ transmit power are optimized. In particular, considering the fact that
the set of active devices may continuously change, continuously updating the UAVs’ locations,
the devices transmit powers, and the device-UAV associations may not be feasible as it can
lead to low reliability, high UAVs’ energy consumption, and a need to solve complex real-time
optimization processes. In our model, the update times are design parameters that depend on the
activity of the devices, and the energy of UAVs. Given this model, our objective is to find the
optimal joint UAVs’ locations and device association at each update time ?,, so as to minimize
the total transmit power of the active devices while meeting each device’s SINR requirement.
Moreover, we need to develop a framework for determining the update times as well as the
UAVs’ mobility to handle dynamic changes in the activity of the devices. To this end, first, we

present the ground-to-air channel model and the activation models for the IoT devices.

A. Ground-to-Air Path Loss Model

In our model, while optimizing the locations of the UAVs, the information available includes
the ground devices’ locations, and the type of environment (e.g. rural, suburban, urban, highrise
urban, etc.). Note that, in such practical scenarios, one will not have any additional information

about the exact locations, heights, and number of the obstacles. Therefore, one must consider the

"We consider static ToT devices in delay-tolerant applications which their fixed locations and activation patterns are known

to the cloud center.
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Fig. 1: System model.

randomness associated with the LoS and NLoS links while designing the UAV-based commu-
nication system. Therefore, for ground-to-air communications, each device will typically have a
LoS view towards a specific UAV with a given probability. This LoS probability depends on the
environment, location of the device and the UAV as well as the elevation angle [8]]. One suitable

expression for the LoS probability is given by [1], [6], [8]]:
1
L+ pexp(—B [0 — ¥])

where 1) and (3 are constant values which depend on the carrier frequency and type of environment
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where d;; = \/ (zi — 2§)2 + (yi — y§*)? + b3 is the distance between device i and UAV j.

From (), we can see that by increasing the elevation angle or increasing the UAV altitude,
the LoS probability increases. The path loss model for LoS and non-line-of-sight (NLoS) links
between device ¢ and UAV j is given by [6] and [8]]:

m <—4ﬂf£dij> , LoS link,

Lz" — [e%
j 772<47rfcd¢j) : NLoS link,

C

2)

where f. is the carrier frequency, « is the path loss exponent, 7; and 7, (2 > n; > 1) are the
excessive path loss coefficients in LoS and NLoS cases, and c is the speed of light. Note that,
the NLoS probability is P ¢ = 1 — P/. Typically, given only the locations of the UAVs and
devices, it is not possible to exactly determine which path loss type (LoS/NLoS) is experienced
by the device-UAV link. In this case, the path loss average considering both LoS and NLoS
links can be used for the device-UAV communications [6] and [8]. Now, using @) and (]Z[), the
average path loss between device ¢ and UAV j can be expressed as:

47chdij ) “ 47chdz'j
c

Lij = PP gm (

+ PlLos < ) = [Pilsm + Posm] (Kodiy)™ . (3)



47T—Cf“. Clearly, the average channel gain between the UAV and the device is

where K, =
Gij = ZI_J Note that, by using the average channel gain, there is no need to account for LoS
and NLoS links separately, and, hence, the SINR expressions become more tractable. Therefore,
we use the average channel gain to model the interference and desired links for all device-UAV

communications while computing the SINRs.
B. IoT Device Activation Model

Indeed, the activation of IoT devices depends on the services that they are supporting. For
instance, in some applications such as weather monitoring, smart grids, or home automation, the
IoT devices need to report their data periodically. However, the IoT devices can have random
activations in health monitoring, or smart traffic control applications. Therefore, the UAVs must
be properly deployed to collect the 10T devices data while dynamically adapting to the activity
patterns of these devices. Naturally, the optimal locations of the UAVs and their update times
depend on the activation process of the 10T devices. Here, we consider two activation models. In
the first model, the IoT devices are randomly activated, as in smart traffic control applications.
In this case, the concurrent transmissions of a massive number of devices within a short time
duration can lead to a bursty traffic as pointed out in [[17] and [18]]. In fact, when massive 10T
devices attempt to transmit within a short time period, the arrival patterns become more bursty
[19]. Thus, 3GPP suggests a beta distribution to capture this traffic characteristic of IoT devices
[20]. In this case, each ToT device will be active at time ¢ € [0, 7| following the beta distribution

with parameters x and w [18[]-[20]:
T )

f(t) = Trte=1B(k,w)’

where [0,7] is the time interval within which the IoT devices can be active, and B(k,w) =

“4)

fol t5=1(1 — t)“~"dt is the beta function with parameters s and w [21].

In addition, IoT devices such as smart meters typically report their data periodically rather
than randomly. For such devices, the activation process is deterministic and assumed to be known
in advance. In such case, we assume that device i becomes active each 7; seconds during [0, 7]

time duration. Clearly, the number of activations for a device ¢ during [0, 7] is LTZJ

C. Channel Assignment Strategy

Here, given only the devices’ locations, a practical channel assignment approach is to assign

different channels to devices which are located in proximity of each other. This approach



significantly mitigates the possibility of having strong interference between two closely located
devices. For the channel assignment problem, we have adopted a constrained K-mean clustering
strategy [22]], which is an efficient distance-based clustering approach in which a set of given
points are grouped into K clusters based on their proximity. In this case, given the number of
active devices, L,,, and the number of orthogonal channels, R < L,,, we group the devices based
on proximity, and assign different channels to devices which are in the same group.

Now, we present our optimization problem to find the UAVs’ locations, device association,

and transmit power of IoT devices at each update time ¢,, during [0, T:

(OP): L
mirllD P, Viel, VjeK, 5)
R A
Pigic-(vc-)
s.t. A A >, (6)
3> Pefic,(ve) 02
kez;
0< Pz < PmaX7 (7)

where L, is the total number of active devices at update time ¢,,, and L, is the set of devices’
index. P is the transmit power vector with each element P; being the transmit power of device
1. Also, v; is the 3D location of UAV j, and c is the device association vector with each element
c; being the index of the UAV that is assigned to device ¢. P, 1s the maximum transmit power
of each IoT device, and o? is the noise power. Furthermore, g;.(v.,) is the average channel
gain between device i and UAV ¢; which is a function of the UAV’s location. Also, gy, (v,,) is
the average channel gain between interfering device k& and UAV ¢;. In (6), Z; is the set of all
other devices that use the same channel as device 7 and create interference. 7 is the SINR target
which must be achieved by all the devices, (6) represents the SINR requirement, and shows
the maximum transmit power constraint. Hereinafter, we call (OP) the original problem.

Note that, in @), the transmit power of the IoT devices, the 3D locations of the UAVs, and the
UAV-device associations are unknowns. Clearly, the locations of the UAVs impact the channel
gain between the devices and UAVs, and, hence, they affect the transmit power of each device,
P,. Furthermore, given (6), due to the mutual interference between the devices, the transmit
power of each device depends also on the transmit power of the interfering devices as well as
the device-UAV associations. In addition, the device-UAV associations depend on the UAVs’

locations which are also unknowns. Therefore, there is a mutual dependency between all the
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Fig. 2: Block diagram for the proposed solution.

optimization variables in (OP). Moreover, considering and constraint @, we can see that,
this optimization problem is highly non-linear and non-convex. Indeed, solving (3)) is significantly
challenging due to the mutual dependency of the optimization variables, non-linearity, and non-
convexity of the problem. Next, we propose a framework for solving this optimization problem.

In essence, our proposed framework for solving (OP) proceeds as follows. At each update
time t,, given the fixed UAVs’ locations, we find the optimal device-UAV association and the
transmit power of the devices. Next, given the fixed UAV association from the previous step,
we determine the sub-optimal locations of the UAVs and update the transmit power the devices
accordingly. This procedure is done iteratively until the 3D UAVs’ locations, device association,
and the transmit power of the devices are found. Clearly, at each step, the total transmit power
of the devices decreases, and, hence, the proposed algorithm converges. Fig. [2| shows a block
diagram that summarizes the main steps for solving (OP). Next, we discuss, in detail, each block

of the proposed solution in Fig. 2]

III. UAV DEPLOYMENT AND DEVICE ASSOCIATION WITH POWER CONTROL

Here, given the locations of active IoT devices, we minimize the total transmit power of
the devices by solving (3. Clearly, the UAVs’ locations and the device association are mutually
dependent. In particular, to find the device association, the locations of the UAVs must be known.
Moreover, the UAVs’ locations cannot be optimized without knowing the device association.

Therefore, we decompose (OP) into two subproblems that will be solved iteratively. In the
first subproblem, given the locations of the UAVs, we find the optimal device association and
the transmit power of the devices such that the uplink SINR requirements of all active devices
are satisfied with a minimum total transmit power. In the second subproblem, given the device

association resulting from the first subproblem, we determine the sub-optimal locations of the
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UAVs for which the transmit power of the devices is minimized. Note that, this is an iterative
process in which the results of each subproblem are used in the other subproblem for the next
iteration. These computations are performed by the control center until the 3D UAVs’ locations,
device association, and transmit power of the devices are obtained.

Note that, given the limited number of available orthogonal channels, the interference between
the devices will depend on the number of active devices at each update time. Clearly, there is no
interference when the number of active devices at time ¢,, is less than the number of orthogonal
channels, or equivalently L,, < R. Given that, in the interference-free scenario, one can provide
a more tractable analysis, here, for the deployment and association steps. Therefore, we will

investigate the interference and interference-free scenarios, separately.

A. Device Association and Power Control

Here, given initial locations of the UAVs, we aim to find the optimal device association as well
as the transmit power of each IoT device such that the total transmit power used for successful
uplink communications is minimized.

1) Interference scenario: In the presence of uplink interference when L, > R, the power

minimization problem at update time ¢,, will be given by:

(P1-a): L,
mgl P, Viel, VjeKk, 8)

|

Pigic
S.t. : >, 9
Zpkgkc—i-(ﬂ_fy ©)
keZ;

0 < P, < Poax. (10)

To solve (P1-a), we need to jointly find the optimal device association and the transmit power
of all active devices under the SINR constraints for the given UAVs’ locations. Clearly, given the
fixed UAVs’ locations, optimization variables are the device association and the transmit power
of the devices. Note that, satisfying the SINR requirement of each device significantly depends
on the distance and altitude of its serving UAV. Therefore, the feasibility of the optimization
problem in (8) depends on the locations of the UAVs. Next, we derive an upper bound and a

lower bound for the altitude of serving UAV j as a function of its distance from device +.
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Proposition 1. The lower and upper bounds for the altitude of a UAV j needed to serve a

device ¢ (meeting its SINR requirement), are given by:

1 Prax \"°
win (5 () +) == (sm) "

where d;; is the distance between UAV j and device i, and QQ = —5+ b ey S e
vd7; Ko®o? (n1—n2 n—"n2

Proof: Let I; be the cumulative interference from interfering devices on device i, then:

SINR;, = —_ > ~,
]z’ + O'2 =7
d% < Pz - - < Z'ijax - :
VK (Ii + 02) (ThPLg)S + 772PNJLOS) vKgo? (WlPLf)s + (1 — PLf)s))
i Pmax 12
PLOS — [} 2 - ?
YAEKSo? (i —1m2)  m— 2
Pmax 2

considering () = ,and using equation (T,

YA Kgo? (m — n2) -
(@) 1
QijZ—lﬂ( L )+¢

B 1-Q
e Y@ ) )
h; > d;;sin | —=1In + Y (12)
’ ’ (ﬂ (1 -Q
where (a) stems from . Also, we have:
Pmax (b) Pmax
e < < (13)

1T yKgo? (mPls +m(1 - Pls)) T vKgotm
where in (b) we consider P ,s = 1 which is equivalent to h; = d;;. Finally,
P 1/a

(o)

Clearly, (12)) and (14)) prove the proposition. [ |

Proposition 1 provides the necessary conditions for the UAV’s altitude needed in order to be

able to serve the IoT device. From (TIJ), the minimum altitude must increase as the distance

increases. In other words, the UAV’s altitude needs to be adjusted based on the distance such

that the elevation angle between the device and the UAV exceeds + 111 ( ) + 1. Furthermore,

as expected, the maximum altitude of the UAVs significantly depends on the maximum transmit
power of the devices as given in (14).

Now, given the fixed UAVs’ locations, problem (P1-a) corresponds to the problem of joint

user association and uplink power control in the terrestrial base station scenario. The algorithm
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presented in [23]] and [24] leads to the global optimal solution to the joint user association and
uplink power control under the SINR and maximum transmit power constraints. As a result, the
optimal transmit power of users and the base station association for which the total uplink transmit
power is globally minimized, is determined. In problem (P1-a), the IoT devices correspond to
the users, and fixed positioned UAVs correspond to the terrestrial base stations. For our case,

this algorithm, as given in Algorithm 1, will proceed as follows. We start with an initial value
(t)

for transmit power of all active devices in step |3l Then, in step 4 we compute p;;” at iteration ¢.

In this case, pg) represents the minimum required transmit power of device ¢ to reach an SINR
of 1 while connecting to UAV j, given the fixed transmit power of other devices. In step [5| we
find the minimum transmit power of device ¢ if it connects to the best UAV. Then, the index of
the best UAV which is assigned to device 7 is given in step [6] In step [7] we update the transmit
power of device 7 in order to achieve an SINR of . Steps [ to [7 must be repeated for all devices

to obtain the optimal transmit power and the device association vectors.

Algorithm 1 Iterative algorithm for joint power control and device-UAV association

1: Inputs: Locations of UAVs and IoT devices
2: Qutputs: Device association vector (c), and transmit power of all devices (P).
3: Set t = 0, and initialize P(¥) = (Pl(o), . PI((O)).

o+ 5 PPk
4: Define pfj) = kez; .
5: Compute S;(PY) = gléllrcl pl(;).
(t)

6: Find ¢;(P") = arg min Pij -
JEK

7: Update Pi(t'H) = min {’ySi(P(t)), Pmax} ,VieL,.

8: Repeat steps (4 to [7| for all devices until p® converges.

9. P=P" ¢c= {ci(P(t))} ,Vie L.

As shown in [23]], after several iterations this algorithm quickly converges to the global optimal
solution if the SINR of each device is equal to . Hence, by solving (P1-a), we are able to find
the optimal transmit power of the devices and the device association for any given fixed locations
of the UAVs. Then, the device association and transmit power of the devices will be used as
inputs for solving the second subproblem in which the UAVs’ locations need to be optimized

(in Subsection III-B).
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2) Interference-free scenario: At each update time ¢, if the number of active devices is lower
than the number of orthogonal channels or equivalently L, < R, there will be no interference
between the devices. Unlike in the interference scenario, here, the transmit power of each device
can be computed only based on the channel gain between the device and its serving UAV.
Therefore, considering @), and (@) without interference, the minimum transmit power of device
i in order to connect to UAV j is P, = vo2L,;. In this case, given the locations of the UAVs
(fixed for all v;), Eij is known for all devices and problem (P1-a) can be simplified. Hence, the

optimal association problem under minimum power in the interference-free scenario will be:
(P1-b):

K Lp
HEDZZA@EM, (15)
7j=1 i=1
K
s6.) Ay =1, Vi€ L, (16)
j=1
A--E»<@ A €{0,1}, Vie L,,jeK (17)
iy = 70_27 17 ) 9 nyJ )

where L;; is the average path loss between device i and UAV j, which is known, give the locations
of the UAV and the device. A;; is equal to 1 if device ¢ is assigned to UAV j, otherwise A,;;
will be equal to 0. Clearly, the optimization problem in is an integer linear programming
(ILP). In general, this problem can be solved by using standard ILP solution methods such as the
cutting plane. However, these solutions might not be efficient as the size of the problem grows.
In particular, due to the potentially high number of 10T devices, a more efficient technique for
solving (I5) is needed. Here, we transform problem (I5)) to a standard assignment problem [25]
which can be solved in polynomial time. In the assignment problem, the objective is to find the
optimal one-to-one assignment between two sets of nodes with a minimum cost. In our problem,
the devices and the UAVs can be considered as two sets of nodes that need to be assigned to each
other with an assignment cost of L;; between nodes 7 and j. However, compared to the classical
assignment problem, (P1-b) has an additional constraint in which results from the transmit
maximum power constraint. This constraint indicates that device ¢ cannot be assigned to UAV j if
Ly > %. Therefore, in the assignment problem we can consider L;; = 400 to avoid assigning
device i to UAV j when L;; > % that implies the constraint in is violated. Subsequently,

using the updated assignment costs, L;;, problem (P1-b) will be transformed to the classical

ij»

assignment problem which can be solved using the Hungarian method with a time complexity
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of O((L,K)?) [26]]. We note that, in absence of interference, problems (P1-a) and (P1-b) have
the same solution. Next, we present the second subproblem of the original optimization problem

() in order to optimize the UAVs’ locations.

B. Optimal Locations of the UAVs

In this section, given the optimal device association, our goal is to find the sub-optimal
locations of the UAVs for which the total transmit power of the devices is minimized. In other
words, considering the mobile nature of the UAVs, we intelligently update the location of each

UAV based on the location of its associated IoT devices.

1) Interference scenario: In this scenario, given the UAV-device associations, the optimization

problem to find the 3D locations of the UAVs and the transmit power of the devices will be:

(P2-a): .
5}13;}11;12}%, Vie L,, VjeK, (18)
Pgi;(v;)
s.t. - >, (19)
> Pegis(v) +02
keZ;
0 < P; < P, (20)

uav
VR

in depend on the locations of the UAVs. Note that, according to and (3), gi;(v;) is

where v; = (z (s h;) indicates the 3D location of UAV j. Clearly, the channel gains used
a non-convex function of v;. Consequently, constraint (19) is also non-linear and non-convex.
Furthermore, the transmit power of the devices and the UAVs’ locations are mutually dependent.
On the one hand, the location of each UAV must be determined such that its associated devices
can connect to it with a minimum transmit power. On the other hand, the UAV’s location
will impact the amount of interference received from other interfering devices. Indeed, solving
the optimization problem in (P2-a) is challenging as the problem is highly non-linear and non-
convex. In particular, the complexity of this problem stems from the mutual dependence between
the transmit power of the devices and the locations of the UAVs.

Our proposed approach to solve (P2-a) is based on optimizing the location of each UAV
separately. Note that, using the results of (P1-a), for each UAV, the associated and non-associated
devices and their transmit power, P, are known. Our proposed solution proceeds as follows.

7

The cloud starts by considering a single UAV and then optimizing its location given the fixed
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transmit power for the non-associated devices. Then, the cloud updates the transmit power of
the associated devices according to the new location of their serving UAV. Hence, at each step,
the location of a UAV and the transmit power of its associated devices are updated. At each
iteration, after finding P, we set P, = P for the next iteration. This ensures that the transmit
power of the devices does not increase during the iterative process. The entire process is repeated
by the cloud for all UAVs one-by-one, until the transmit power of the devices cannot be further
reduced by changing the UAVs’ locations. Note that, at each step, one must determine the optimal
location of each UAV such that the total transmit power of its associated devices is minimized.

Now, let C; be the set of devices’ index associated to UAV j. Given (3), (I8), and (19), the
optimal location of UAV j can be determined by solving the following problem:

Hgnszi(’vj)v 2D

ZECj

17 17 « P
st. Fi(v;) = (mPls + m2Piles) (Kodij) Z - +o% |, (22)

keZi (Ulegs + 772P£fos> (Kody)"
Fi(v;) < P, Vi€ C;, (23)

Note that, P, B/, dy;, and d;; depend on the locations of UAVSs (v;). Also, guarantees
that the transmit power of each device is reduced by updating the location of serving UAV.
Clearly, (21I), (22), and (23) are non-linear and non-convex. Considering the fact that the
objective function and constraints are twice differentiable, we convert (2I)) to a quadratic form
which can be solved using efficient techniques. In particular, we adopt the sequential quadratic
programming (SQP) method as one of the most powerful algorithms for solving large scale and
constrained differentiable non-linear optimization problems [27]. Clearly, considering the high
non-linearity of as well as the large number of constraints, the SQP is a suitable method for
solving our optimization problem. In the SQP method, the objective function is approximated by
a quadratic function, and the constraints are linearized. Subsequently, the optimization problem
is solved by solving multiple quadratic subproblems. In our optimization problem, to find the
optimal location of UAV j, v;;, we start with an initial point v, (starting with & = 0). Then,

we use the first order necessary optimality or Karush-Kuhn-Tucker (KKT) conditions to find the
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Lagrangian variables. In particular, we use:
YLk, M) = Y VE(05%) + Vaw;(v;6) A = 0, (24)
i€C;
where L(v,z, M) = 3. Fi(v;.) + ATw(v;,) is the Lagrangian function, A is the vector of
i€C;
Lagrangian variables, and w(v;y) is a vector of functions with each element being w;(v;;) =
(Fi(vj) — PF). Then, given v;;, we determine the Lagrange variables by [27]:
-1
Ak = — [w;(v1) Vw;(vi)] Vaw,(v,)" Z VF;(vj). (25)
iECj
In the next step, we update v, = vj; + di, where d; is the solution to the following

quadratic programming problem:

1
dy = argmin y  VFi(v;)"d + 5dTv2 [L(v; 1, Ae)] d, (26)

d iGCj
sit. Fi(vjx) + VF(v;)"d — PF <0, Viec, (27)

where, V and V? indicate the gradient and Hessian operations. Clearly, is an inequal-
ity constrained quadratic programming. Moreover, it can be shown that the Hessian matrix,
V2 [L(v, At)], is not positive semidefinite, and, hence, is non-convex in general. In this
case, the two possible solution approaches are the active set, and the interior point methods.
Typically, the active set method is preferred when the Hessian matrix is moderate/small and
dense. The interior point, however, is a suitable approach when the Hessian matrix is large and
sparse [28]]. In our problem, due to the potential possible high number of active devices, the
number of constraints can be high. Therefore, the Hessian matrix, V? [L(v;, Ax)], is large and
sparse, and, hence, the interior point method is used.

Finally, based on —, the sub-optimal location of each UAV (vj), given the fixed
device association, will be determined. Next, we address the UAVs’ location optimization in

an interference-free scenario.

2) Interference-free scenario: In the absence of interference, we are able to provide tractable
analysis on the UAVs’ locations optimization. Considering o = 2 for LoS ground-to-air propa-

gation [8]], the optimal locations of the UAVs will be given by:
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Fig. 3: Error in the objective function approximation.

(P2-b): N -
min Z Klo%y (WIPS)S + nzPﬁLos) di?, (28)
vi iECj
i iJ 2 Pmax .
S.t. (UIPLOS + T]QPNLOS) dij < Vi € Cj. (29)

252~
Kzo2y
an

This optimization problem is non-convex over v; = (7},

y5™, h;). However, given any altitude
h;, we can provide a tractable solution to this problem. First, given h;, we consider the following
function that is used in (28):
q(di;) = K02‘727 (nlplgs + 772P1i1{os) d?j- (30)
Clearly, considering the fact that 0 < Pﬁﬁs <1, and PI?Los =1- Pgs, we have:
Ko ymds; < q(dij) < Ko yiedy;. (31

From , we can see that ¢(d;;) is bounded between two quadratic functions that each is linearly
proportional to d?j. Now, using the least square estimation method, we find the coefficients «;; and
oo such that, given any hj, ¢(d;;) is approximated by the following convex quadratic function:

q(dij) = aldfj + . (32)
where o and a» are altitude dependent coefficients. Note that, using the quadratic approximation,
the solution of becomes more tractable.

Fig.[3] shows the error in the objective function (28)) due the quadratic approximation. As we
can see from Fig.[3] which is obtained based on the parameters in Table I, the error is less than
4% for different UAVs’ altitudes.

Now, in constraint li we consider D = (771 Pﬁf,s + ngplijLOs) dfj. Clearly, D is an increasing
function of d;; since 1; —n < 0, and for a fixed altitude, LoS probability is a decreasing function
of distance. Therefore, using d;;* = (z; — 2%%)2 + (y; — Yi™)? + h3, and lb for any given h;

J
we can write the optimization problem (28)) as:

min (2% — ;)% + (4 — ) + 1,2, (33)

uav , uav J
T0Y, .
J J ZGC]'
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st (28 —x)? + (Y — )’ +hi—€ <0, VieC;, and j e K. (34)

where € = {d|K20?v (11 PLos + M2 Pxtos) @ = Prax}. Next, we derive the solution to problem
(33) that corresponds to finding the sub-optimal UAVs’ locations.

Theorem 1. The solution to lb is given by s* = (2j*, yi*") = —P(A\)'Q(N), with the

vector A that maximizes the following concave function:
1 _
max QX)) P(X)'Q(A) +r(N), (35)

s.t. A >0, (36)
1G]
where P(A) = P, + Z AP, Q(AN) =Q, + 2 AiQi and (X)) = r, + > Ny, with P, Q,,
i=1
ro, Pi, Q;, and 7, glven in the proof.
Proof: As we can see from (33), the optimization problem is a quadratically constrained

quadratic program (QCQP) whose general form is given by [29]:

1
min §STP03 +Qrs +r,, (37)
1
s.t. §STPZ~S +Ql's+r;, i€C;. (38)
Given and (34), we have:
o — s 4d = s Wo — —2 Z; —2 Yi » & — [ —21'1 _Qyz ] .
0 2|¢ 0 2 i=1 i=1
1G] 161

Also, 7o = Yo a7+ 7, and ry = a7 +y7 +h3 — € with e = {d| K20y (n PLos + 72 PaLos) d° =
i=1 =1
max} Note that, P, and P; are positive semidefinite matrices, and, hence, the QCQP problem

in is convex. Now, we write the Lagrange dual function as:

1 1
f(A) = inf [ésTPos +QIs+7,+ Z Ai (isTPis +Q s+ 7%)}

= inf BSTP()\)S +Q\) s+ r()\)} . (39

Clearly, by taking the gradient of the function inside the infimum with respect to s, we find
s* = —P(X)'Q()N). As a result, using s*, f(\) = %Q()\)TP()\)_lQ(/\) + (). Finally, the
dual of problem or (33) will be:

max f(A), s.t. A>0, (40)
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which proves Theorem 1. [ ]

Using Theorem 1, for a fixed altitude, we find the optimal 2D coordinates of the UAV, s* =
(2§, y5*"). Then, the optimal UAV’s altitude is the argument that minimizes the following
one-dimensional function as:

J

R = arg min [al (h? + ||3*||2) + a2:|_ (41)
h;

where o and a» are the altitude dependent coefficients given in (32). Note that, given (1)), the
sub-optimal altitude of the UAV is obtained via one dimensional search over a feasible range of
altitudes. Consequently, we can determine the optimal 3D location of each UAV.

Note that, the device association (presented in Section III), and UAVs’ locations optimization
(in Section IV) are applied iteratively until there is no change in the location update step. Clearly,
at each iteration, the total transmit power of the devices is reduced and the objective function
is monotonically decreasing. Hence, the solution converges after several iterations. Note that,
our proposed approach provides a suboptimal solution to the original problem. Nevertheless, our
solution has a reasonable accuracy but significantly fast compared to the global optimal solution
that can be achieved by the brute-force search, as will be further corroborated in the simulations.

Thus far, we considered the ToT network at one snapshot in the time duration [0, 7]. Next, we
analyze the IoT network considering the entire time duration [0,7"] in which the set of active
devices changes. In this case, to maintain the power-efficient and reliable uplink communications

of the devices, the UAVs must update their locations at different update times ¢,,.

I'V. UPDATE TIMES AND MOBILITY OF UAVS

Here, we find the optimal update time and trajectory of the UAVs to guarantee the reliable
uplink transmissions of the IoT devices. Clearly, the trajectory of the UAVs, as well their update
time depend on the activation process of the IoT devices. Furthermore, to move along the optimal
trajectories, the UAVs must spend a minimum total energy on mobility so as to remain operational
for a longer time. In the considered ground IoT network, the set of active 1oT devices changes
over time. Consequently, the UAVs must frequently update their locations accordingly. Note that,
the UAVs do not continuously move as they must stop, serve the devices, and then update their
locations. Furthermore, the mobility of the UAVs is also limited due to their energy constraints.
Hence, the UAVs update their locations only at some specific times. In this case, during time

interval [0, T'], we need to find update times ¢,,, 1 < n < N with N updates, and a framework for
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optimizing the mobility of the UAVs at different update times. Here, for tractability, we assume
that the devices are synchronized at ¢ = 0. In this case, the synchronization process needs to be
done only once during the entire activation period [0,7’]. Note that, our optimization problems
for jointly finding the optimal UAVs’ locations, the device association, and devices’ transmit

power at each update time do not depend on this synchronization assumption.

A. Update Time Analysis

First, we propose a framework to find the update times of the UAVs. As discussed in Section II,
each UAV’s trajectory consists of multiple stop locations (determined in update times) at which
each UAV serves its associated ground devices. Clearly, the update times depend on the activation
of the 10T devices during the given time period [0, 7. Indeed, the number of update times, N,
impacts the optimal location and trajectory of the UAVs as well as the power consumption of the
IoT devices. A higher number of updates leads to a shorter time interval between the consecutive
updates. Hence, a lower number of devices will be active during the shorter time interval. In
such a case, the active devices experience lower interference from each other while transmitting
their data to the UAVs. Therefore, the IoT devices can use lower transmit power to meet their
SINR constraint. However, a higher number of updates requires more mobility and higher energy
consumption for the UAVs. Next, we provide insightful analysis on the update time based on
the probabilistic and periodic activation models of the IoT devices.

1) Periodic IoT activation: In some applications such as weather monitoring, smart grids
(e.g. smart meters), and home automation, the IoT devices can report their data periodically.
Therefore, the devices are activated periodically. Let 7; be the activation period of device ¢
during [0, T']. Without loss of generality, assume 77 < 75 < ... < 7. Due to the periodic nature

of devices’ activation, we can find the exact number of active devices at each update time ¢,,.

Proposition 2. The exact number of active IoT devices at update time ¢, is given by:

- tn_ tnfl
b, = E 1 TZ > = , n>1, 42)
—1

)

by = arg max {t1 > 71;}, (43)

where 1(.) is the indicator function which can only be equal to 1 or 0, and ¢,,~ = lim (tn —€).
e—0
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Proof: User i becomes active during [t,,_1,t,) if there exists ¢ € IN such thatt,, 1 < q7; < t,.

Thus, the number of activations of device ¢ before ¢,, must be greater than the one until ¢,,_;.

Considering the fact that the number of activations before ¢,, is V:—*J, and until ¢,,_; is V’”‘T‘?J,

L V“J . (44)

Ti | T;

we must have: L

Hence, the total number of active devices which need to be served at ¢, is equal to:

- tn™ t
=21 (|2 > =), 45)
=1 -

Finally, considering ¢, = 0, we can write b; as: b; = arg max {t1 > 7;}. [ ]

Proposition 2 gives the exact number of devices that must be served by UAVs at each update
time. In this case, the update times can be adjusted according to the number of devices that
can be served by the UAVs. Indeed, knowing the exact number of active devices enables us to
determine the update times in a deterministic and efficient way based on system requirements.

2) Probabilistic IoT activation: Certain IoT devices can have probabilistic activations in
applications such as health monitoring, and smart traffic control. In this case, each IoT device
becomes active at time ¢ € [0, T following the beta distribution as given in (). For this scenario,

we will next derive the specific update times as a function of the average number of active devices.

Theorem 2. The update times during which, on the average, a total of a, devices must be

served by the UAVs, are given by:
t, =T x I (a—; YTy (Kw), K,w> > (46)
T

=T x I (% /i,w) , (47)

where I,(.) is the regularized incomplete beta function and 7~!(.) is its inverse function. L is the

total number of IoT devices, and [0, 7'] is the time interval during which the devices can be active.

Proof: First, we find the probability that each device becomes active in order to send its
data to a UAV at update time ¢,,. As discussed in the system model, a device needs to transmit at
time ¢, if it becomes active during time [t,,_1,t,). Thus, the probability that each device needs
to be served at t,, is:

b — /tn AU R /T (1 — ) .
i, TFH1B(k,w) w1 B(R,w)

T

n
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B, (k,w) — Bt,_i (k,w)

= = I, I, i (K,w),
B(/@ ) T(/<; w) — T(/4; w) (48)
where B, ( fo R dy is the incomplete beta function with parameters ~ and

w, and ]x() is the regularized 1ncomplete beta function.

Now, the average number of active devices at ¢,, is given by:

Ny Lk - L—1)! 1 L—k
an = Z <k)pnk(1 — Dn) = Lpnz (/C _<1)! (L)— k>!pnk (1 —pn) )

k=1

— Z ) ,pnk’ M1 =pa)" T = L., (49)
klf

where in (a), we used L' = L — 1 and k' = k — 1. Note that, corresponds to the mean of a

binomial distribution. Then we have:

L [1%(/@, W) = Ty, (, w)] = 4. (50)
T
This leads to:
th=Tx 1" (a—”+1tn,1 (m,w),m,w). (51)
L T
Finally, considering Io(.) =0, we find t; =T x I7' (%, K, w). [

Clearly, the update times need to be determined based on the 10T devices’ activation patterns.
In fact, ¢,, depends on the number of IoT devices, and their activation distribution. Furthermore,
according to (46), each ¢, depends also on the previous update time, t,_;. This is due to the
fact that, the number of active devices that need to be served at t,,, depends on the update time
difference ¢,, — ¢,_1. Using Theorem 2, the update times of the UAVs can be set based on the
average number of active devices. Typically, at each update time, the number of devices which
need to be served by the UAVs should not be high in order to avoid high interference. However,
considering the number of available resources (orthogonal channels and UAV5s), it is preferable to
serve a maximum number of active devices at each update time. Hence, in this case, the number
of active devices at each update time must not be relatively low.Therefore, considering system
requirements and different parameters such as mutual interference between devices, acceptable
delay for serving the devices, and number of available channels, an appropriate ¢, must be
adopted. For instance, using Theorem 2, the update times can be set such that the average number
of active devices be lower than the number of channels, R, to avoid interference between the

devices. Next, we investigate the UAVs’ mobility during the update times.
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B. UAVs’ Mobility

Thus far, we have determined the update times as well as the stop locations at each update
time. Here, we investigate how the UAVs should move between the stop locations at different
update times. In this case, considering the energy limitation of the UAVs, F.x, we find the
optimal trajectory of each UAV to guarantee reliable and energy-efficient uplink transmissions of
active IoT devices. The UAVs update their locations according to the activity of the IoT devices.
Therefore, the UAVs move from their initial locations at ¢,,_; to a new optimal locations at t,,.
This mobility should be done in such a way that the UAVs spend a minimum total energy on the
mobility so as to remain operational for a longer time. In fact, given the optimal sets of UAVs’
locations at ¢,,_; and t,, obtained from Section III, we determine how to move the UAVs between
the initial and the new sets of locations in order to minimize total mobility of the UAVs.

Now, let Z,,_; and Z,, be two sets comprising the UAVs’ locations at two consecutive update
times t,,_; and t,,. Our goal is to find the optimal mapping between these two sets in a way that
the energy used for transportations (between two sets) is minimized. Not that, in our model, the
total energy which each UAV can use for the mobility during [0, 7] is limited to Ey,y. Clearly, in
the multiple updates (mobilities) during [0, 7], the maximum energy consumption of each UAV
at each update is equal to the remaining energy of the UAV. Let I'), ;, be the remaining energy
of the UAV at the location having index k € Z,,_; at time ¢,,. Then, we can write the following

UAVs’ mobility optimization problem:

miny > EuZu, (52)

€T, kel, 1
SUY Zu=1, Y Zu=1, (53)
leZ, k€Ln 1
Elk S Fn,k: Zkl € {07 1}7 Vk € In—la vl e Ina (54)

where Z,,_; and Z,,, are the initial and new sets of UAVs’ locations at times ¢,_; and ¢,. Z
is the |Z,| x |Z,| assignment matrix with each element Z;; being 1 if UAV £ is assigned to
location [, and O otherwise. E},; is the energy used for moving a UAV from its initial location
with index k € Z,,_; to a new location with index [ € Z,,. Also, I, is the remaining energy
for the UAVs at time ¢,,. Note that, guarantees that UAVs remain operational until the end

of the period 7. The total energy consumption of the rotary wing UAV while moving between
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two stop locations can be computed as done in [30]:

gL (Py + Py), 53

v
where D is the distance between two stop locations, D /v is the flight duration, Py is the power
consumption for vertical movement, and Py is the power consumption for horizontal movement.
Clearly, if the altitude difference between two stop locations is Ah, the effective vertical and
horizontal velocities will be v, = vsin ¢ and v, = v cos ¢, with ¢ = sin™! (%). According to
[31]] and [32], Py is composed of parasitic power and induced power needed for overcoming the

parasitic drag and the lift-induced drag. The parasitic power, based on [32, equations (13.32),
(13.27), and (11.3)], can be given by:

Pr— 2000 Aw? 1+ NyespCrp o R 1+3<”—h>2 (56)
P—QpDoeh 4bprD WR )

where vy, is the effective horizontal velocity, Cp, is the drag coefficient, p is the air density, ¢,
is the blade chord, NV, is the number of blades, and A, is the reference area (frontal area of the
UAV) [31]] and [32]]. We note that the second term in @]) represents the blade power profile.
Using [32, equations (13.19), (13.13), and (12.2)], the induced power (assuming zero tilt angle)
can be computed by:
Pr=wRW x ), (57)
where R is the rotor disk radius, W is the weight of the UAV, and w is the angular velocity.

Also, given [32} (13.18), (13.13), and (12.1)], we can find A by solving the following equation:
2
_ 2 4 Yh _
g(\) = 2pTwR*A m%—)\z—W—O. (58)
The power consumption due to the vertical climbing and descending (assuming rapid descent)

can be given by [32, equations (12.35), (12.47), (12.50)]:

W W 2W o
Sy + 5 /U2 ot climbing,

Py = (59)

Wo, — %\ fv,? — pi%, descending (in windmill state),

where v, is the effective vertical velocity. Finally, the total mobility energy consumption is
computed using (53)-(59).

Clearly, the optimization problem in is an integer linear programming (ILP). Following the
similar approach we used for solving (I3)), we transform problem (52)) to a standard assignment

problem which can be solved using the Hungarian method in a polynomial time with a complexity
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Table I: Simulation parameters.

Parameter Description Value
Prax Maximum transmit power of each device 200 mW
o Path loss exponent for LoS links 2
o? Noise power -130dBm
¥ SINR threshold 5dB
L Total number of IoT devices 500
m Additional path loss to free space for LoS 3dB
o Additional path loss to free space for NLoS 23dB

of O(|Z,,|?). To this end, we need to remove constraint by considering Ej;, = +0o when
the constraint is not satisfied. To determine when (54) is not satisfied, we use Z,_; and Z, to
compute £y, and compare it with the remaining energy of the UAVs, I',, ;.. Then, in the objective
function (52)), we replace each Ej;, corresponding to the unsatisfied constraint with Ej;, = +o0.
Consequently, (52)) is transformed into a standard assignment problem. The result of solving (52))
will be the assignment matrix, Z, that optimally assigns the UAVs to the destinations. Therefore,
the locations of the UAVs are updated according to the new destinations. Then, having the desti-

nations of each UAV at different update times, we can find the optimal trajectory of the UAVs.

V. SIMULATION RESULTS AND ANALYSIS

For our simulations, the IoT devices are deployed within a geographical area of size 1km x
1 km. In this case, we consider a total number of 500 IoT devices which are uniformly distributed
on the area. Furthermore, we consider UAV-based communications in an urban environment with
¥ =11.95 and 8 = 0.14 at 2 GHz carrier frequency [8]. Table I lists the simulation parameters.
Here, we analyze the transmit power of the IoT devices, the energy consumption of UAVs
on their mobility, and the update times. In our update time analysis, unless otherwise stated,
we consider the probabilistic activation model for the IoT devices with the beta distribution
parameters k = 3, and w = 4 [20]. When applicable, we compare our results with pre-deployed
stationary aerial base stations (UAVs) scenario while adopting the optimal device association
and power control technique of Subsection III-A. In the stationary case, the locations of UAVs
are assumed to be fixed over the target area and they are not updated according to the devices’
locations. All statistical results are averaged over a large number of independent runs.

Note that, in the given IoT network, serving all the active devices may not be possible due to

the limitations on the number of UAVs and the maximum transmit power of the devices. Thus,
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Fig. 4: Reliability comparison between the proposed approach and stationary aerial base stations using 5 UAVs.

in Fig. @, we show the achieved system reliability which, here, is defined as the probability that
all the active devices can be served by the UAVs. Clearly, the reliability depends on the locations
and transmit powers of the devices as well as the number of UAVs.

Fig. {4 shows the reliability as the maximum transmit power of the devices, Ppax, varies. In
this case, 5 UAVs are deployed to serve 100 active IoT devices. Clearly, as FP.x increases, the
reliability also increases. In fact, for higher F.x values, the devices have higher a chance to
successfully connect to UAVs. From Fig. 4] we can see that, our proposed approach leads to a
significantly improved reliability compared to the case in which stationary aerial base stations are
used. In particular, the difference between the reliability of the stationary case and our proposed
approach is significant for lower F,.. Indeed, a higher reliability is achieved by dynamically
optimizing the UAVs’ locations based on the locations of the IoT devices. As shown in Fig.
by increasing P, from 40mW to 100 W, the reliability increases from 0.3 to 0.72 for the
stationary case, while it increases from 0.58 to 0.82 in our proposed approach. Furthermore, the
proposed approach yields a maximum of 28% improvement in the system reliability.

Fig. [5] shows a snapshot of the UAVSs’ locations and their associated IoT devices (indicated
by the same color) resulting from the proposed approach. In this figure, 5 UAVs are efficiently
deployed to serve 100 active IoT devices which are uniformly distributed on the area. In this
case, all the devices are able to send their data to the associated UAVs by using a minimum
total transmit power. Here, the 3D locations of the UAVs as well as the device association are
determined based on the locations of the ground IoT devices and their transmit power.

In Fig. [6l we show the total transmit power needed by the IoT devices for reliable uplink
communications, versus the number of UAVs in the interference scenario. Clearly, the total

transmit power of the IoT devices can be reduced by deploying more UAVs. For instance,
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Fig. 5: UAVs’ locations and associations for one illustrative snapshot.

(9]

T-m- Proposed approach 0.5 - alb -
45 Stationary aerial base stations 0.45} Stationary aerial base stations
g 4 - ] Y - B - Proposed approach
< S 04 :
g 35} =
2 g 035}
g 3 g
= 8 03
E 25 = 025/
& 2[ s 2
g N S 02
= 15p R S
3 N = 015}
] 1t ~ I
2 N S 0.1t
0.5} Lt : T oosE T E--- g
--B---n 0.05 B _gl_. .
s e 7 5 s w T S e
5 6 7 8 9 10
Number of UAVs Number of UAVs
Fig. 6: Total transmit power of devices vs. number of Fig. 7: Total transmit power of devices vs. number of
UAVs in the presence of interference. UAVs in the interference-free scenario.

considering 100 active devices and 20 available channels, using our proposed approach, the total
transmit power decreases from 2.4 W to 0.2 W by increasing the number UAVs from 5 to 10.
Furthermore, using the proposed approach, the total transmit power of the devices decreases by
45% (on the average) compared to the stationary case. Clearly, for a lower number of UAVs, the
proposed approach leads to higher power reduction compare to the stationary case. In other words,
intelligently optimizing the locations of UAVs provides more power reduction gains when the
number of UAVs is low. In fact, for very dense networks with a high number of UAVs, updating
the UAVs’ locations is obviously no longer necessary compared to a case with a low number of
UAVs. For instance, as we can see from Fig. [6] the power reduction gain achieved by deploying
5 UAVs is around 7 times larger than the case with 10 UAVs.

Fig. [/| shows the total transmit power of the IoT devices as a function of the number of
UAVs in an interference-free scenario. Compared to the interference scenario, the devices can
obviously use a lower transmit power for sending their data to the UAVs. For instance, by
efficiently deploying only 5 UAVs, the devices can establish reliable uplink communications

with a total transmit power of 70 mW. Furthermore, Fig. [/| shows that, our proposed approach
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leads to an average of 80% power reduction compared to the stationary case.

Fig. |8 shows the total transmit power of devices used for meeting the SINR requirement as
the number of available channels varies. The result in Fig. [§] corresponds to a case with 100
active devices which are served by 5 UAVs. Clearly, the total transmit power decreases as the
number of channels increases. This is due to the fact that, when more orthogonal resources
are available, the interference between the devices will decrease. As a result, each device can
reduce its transmit power while connecting to the serving UAV. From Fig. [§] we can see that,
by increasing the number of channels from 25 to 50, the total transmit power of devices can be
reduced by 68% in the proposed approach. In fact, the average number of interfering devices
decreases from 4 to 2 when we increase the number of channels from 25 to 50. Consequently,
less interference is generated by the devices while transmitting to the UAVs.

In Fig. 0] we show the average number of active devices that must be served by UAVs at
different update times ¢,, which are normalized by 7'. Clearly, the number of active devices at
each update time depends the activation process of the devices and the number of update times
that indicates how frequently the UAVs serve the devices. In Fig. [9] due to the beta distribution-
based activation pattern of the IoT devices, the number of active devices decreases when t,
exceeds 0.5 for N = 10. From Fig. 9] we can see that, for a higher number of update times
or equivalently shorter time period between consecutive updates, the average number of devices
that need to transmit their data decreases. For instance, considering ¢,, = 0.6, the average number
of active devices decreases from 180 to 80 when the number of updates increases from 5 to 10.
We also note that, while a lower number of active devices leads to a lower interference between
the devices, it requires more updates and mobility for the UAVs. Fig. [0 also verifies that the

analytical results in Theorem 2 match the simulations. Furthermore, in Fig. we show the
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exact number of active devices for the periodic activation case obtained from Proposition 2. In
this case, each device becomes active with a certain activation period, 7;. As expected, for a
higher number of updates, a lower number of active devices will need to be served by the UAVs.
For instance, by increasing the number of updates from 10 to 30, on the average, the number of
active devices decreases by 58%. Moreover, Fig. [I0] shows that the maximum number of active
devices for 10 updates is about two times larger than the case with 30 updates. Therefore, in
order to avoid the interference between the devices, the number of orthogonal channels must be
increased by a two-fold factor when the number of updates decreases from 30 to 10.

Fig. [I1] presents a direct result of Theorem 2 that computes the update times based on the
average number of active devices. Fig. |11/ shows how to set update times in order to ensure that
the number of devices (which needs to be served) at each update time does not exceed a specified
number, a. As we can see from Fig. [IT] to achieve a lower value of a, updates must occur more
frequently to reduce the time interval between the consecutive updates. For example, as can be
seen from this figure, to meet a = 100, 75, and 50, the 5th update must occur at ¢,, = 0.41,
0.55, and 1. Moreover, Fig. [I1] shows that, the number of updates increases as a decreases. For
example, in this case, to reduce a from 100 to 50, the number of updates needs to be doubled.

Fig. 12| shows the impact of the number of updates on the amount of energy that the UAVs use
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to move. For our simulations, we have considered v = 10 m/s, p = 1.225 kg/m_3, w = 20rad/s,
R =0.5m, ¢, = 10cm, N, = 4, and W = 50N [32]]. Intuitively, a higher number of updates
requires more mobility of the UAVs. Therefore, by increasing the number of updates, the total
energy consumption of the UAVs will also increase. As we can see from Fig. [I2] by increasing
the number of updates from 3 to 6, the energy consumption of UAVs increases by a factor of
2.1 when the target area size is 1 km x 1km. Note that, the mobility of the UAVs also depends
on the size of geographical area in which the devices are distributed. Clearly, on average, the
UAVs need to move further for covering a larger area.

Interestingly, there is an inherent tradeoff between the number of updates, mobility of the
UAVs, and transmit power of the IoT devices. In fact, considering Fig. a higher number of
updates leads to a higher energy consumption of the UAVs due to the higher mobility. In addition,
as shown in Fig. [0 as the number of updates increases, a lower number of the IoT devices will
be active at each update time, and, hence, there will be lower interference between the devices.
As a result, the transmit power of the devices that is needed for satisfying the SINR requirement,
can be reduced. Note that, as we showed in Fig. |8} the devices’ transmit power decreases as the
interference decreases (by increasing the number of orthogonal channels). Hence, while a higher
number of updates leads to a lower devices’ transmit power, it requires more UAVs’ mobility.

Fig. shows the overall convergence of the proposed power minimization algorithm that
is used for solving the original problem (5) considering 5 UAVs. As we can see from the
figure, in this case, the total transmit power of the IoT devices converges after 5 iterations.
In Fig. each iteration corresponds to a joint solution to the device association and UAVs’

locations optimization problems. Clearly, after several iterations, updating the device association
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and UAVs’ locations will no longer improve the solution.

In Fig. [14] we show an example to compare the accuracy and time complexity of our proposed
approach with the optimal solution obtained by an exhaustive search. Here, to perform an
exhaustive search over the continuous space, we have discretized the space with a resolution of
0.1 m. In this case, two UAVs are deployed to serve the devices. Clearly, the average gap between
the proposed solution and the optimal solution is around 11%. However, in this example, the

proposed solution is around 500 times, on the average, faster than the optimal solution.

VI. CONCLUSION

In this paper, we have proposed a novel framework for efficiently deploying and moving UAVs
to collect data in the uplink from ground IoT devices. In particular, we have determined the
jointly optimal UAVs’ locations, device association, and uplink power control of the 10T devices
such that the total transmit power of the devices under their SINR constraints is minimized. In
addition, we have investigated the effective movement of the UAVs to collect the IoT data in a
time-varying IoT network. For this case, based on the devices activation process, we have derived
the update time instances at which the UAVs must update their locations. Furthermore, we have
obtained the optimal trajectories that are used by the UAVs to dynamically serve the 10T devices

with a minimum energy consumption. The results have shown that by intelligently moving and
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deploying the UAVs, the total transmit power of the devices significantly decreases compared

to the case with pre-deployed stationary aerial base stations. Moreover, there is a fundamental

tradeoff between the number of updates, the UAVs’ mobility, and the devices’ transmit power.
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