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Base Stations Serving Mobile Users

Zdenek Becvar
and Pavel Mach

Abstract—Flying base stations (FlyBSs) can serve space-time
varying heterogeneous traffic in the areas, where a deployment
of conventional static base stations is uneconomical or unfeasible.
We focus on energy consumption of the FlyBSs serving moving
users. For such scenario, rotary-wing FlyBSs are not efficient due
to a high energy consumption while hovering at a fixed location.
Hence, we consider airship-based FlyBSs. For these, we derive
an analytical relation between the sum capacity of the users
and the energy spent for flying. We show theoretical bounds of
potential energy saving with respect to a relative sum capacity
guarantee to the users for single FlyBS. Then, we generalize the
problem towards multiple FlyBSs and we propose an algorithm
minimizing the energy consumption of the FlyBSs serving moving
users under a constraint on the minimum relative sum capacity
guarantee. The proposed algorithm reduces the energy consumed
by the airship-based FlyBSs for flying by dozens of percent at a
cost of only a marginal and controlled degradation in the sum
capacity. For example, if the degradation in the sum capacity
up to 1% is allowed, 55.4%, 67.5%, and 90.7% of the energy is
saved if five, three, and one FlyBSs are deployed, respectively.

Index Terms— Energy consumption, sum capacity, trade-off,
mobile users, flying base station, unmanned aerial vehicles, 6G.

I. INTRODUCTION

NMANNED Aerial Vehicles (UAVs) are applied to many

use-cases encompassing space-air-ground-sea applica-
tions [1], such as an area monitoring, where ad-hoc commu-
nication among the UAVs should be ensured [2], [3]. Besides,
the UAVs acting as flying base stations (FlyBSs) are expected
to help serving diverse and space-time varying requirements
of users during peak traffic periods or emergency situations
[4]-[8], or to offload computation from the users [9]. However,
as indicated in [5] or [10], the concept of FlyBSs imposes
challenges, such as a determination of the FlyBSs’ positions,
optimization of the FlyBSs’ trajectories, or mobility and radio
resource management. Another critical challenge is related to
energy consumption of the FlyBSs, which are supposed to
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be powered by energy sources of limited capacity, such as
batteries. Moreover, the energy is spent not only for com-
munication with the users, but also for flying. Consequently,
an operational time of the FlyBSs is shortened if the energy
is not used efficiently.

The energy (or power) consumption of the FlyBSs is con-
sidered, e.g., in [11]-[28]. In [11], the FlyBS’s transmission
power allocation to user equipments (UEs) is investigated to
maximize energy efficiency. Then, the transmission power is
optimized jointly with association of the UEs to the FlyBSs
and ground base stations in [12]. However, as the UEs are
static, also the FlyBS’s position does not change in both [11],
[12]. In [13], the authors optimize 3D trajectory of the FlyBSs
together with resource and power allocation in an urban
environment to maximize the minimum throughput of the UEs.
Then, in [14], the throughput of the UEs is maximized via
successive convex optimization of the FlyBSs’ 3D positions
and the transmission power. The UEs’ throughput is max-
imized also in [15] via interference mitigation in three-tier
space-air-ground heterogeneous networks with optimized alti-
tude of the FlyBSs’ hovering and uplink transmission power
control.

In [16]-[18], the authors minimize the transmission power
while guaranteeing data rate and/or communication quality
for all UEs. In [19], energy consumption for communica-
tion is constrained by keeping at least the same size of a
coverage area and a lower energy consumption is achieved
via a movement of the FlyBSs providing connectivity to
the UEs at certain positions (stopping points). An energy
efficient collection of data from static sensors by the FlyBSs
is addressed in [20], [21]. In [20], scheduling of the FlyBSs
collecting and forwarding data to the conventional static base
stations (SBSs) is proposed. In [21], minimization of the trans-
mission power for communication of sensors in a hierarchical
way via cluster heads (CHs) is achieved by a smart scheduling
of the communication of individual CHs and the FlyBSs.

A relaying via the FlyBSs acting in an energy-efficient
transparent mode is investigated in [22], where the static UEs
are associated to the FlyBSs and the FlyBSs are positioned
by deep neural networks in order to maximize throughput.
Nevertheless, the energy consumption for communication and
flying is not considered. In [23], [24], the objective is to
minimize the energy consumed for both communication and
movement of the FlyBSs in the scenario, where the FlyBSs
fly over a set of static UEs and exchange data with the UEs
sequentially. To this end, the authors design an algorithm
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that plans trajectories among the UEs and allocate time for
communication and hovering in order to minimize the overall
energy consumed by the FlyBSs. A communication of the
static UEs via multiple FlyBSs is addressed also in [25], where
the authors minimize the traveling time of these FlyBSs while
collecting data from the UEs.

Scheduling of the UEs’ communication and transmission
power and bandwidth allocation together with a design of the
FlyBS’s trajectory in order to serve sequentially the static UEs
is consider in [26]. Then, a design of a circular trajectory for
the FlyBS serving multiple static UEs is proposed in [27].
The authors derive an energy efficient trajectory so that the
UEs in a defined area are served with a certain quality of
the communication channel. In [28], the authors consider the
energy consumption in joint FlyBSs’ trajectory determination,
transmission power setting, and scheduling of the UEs to
maximize the sum throughput.

All papers [11]-[28] targeting the power/energy aspects
of the FlyBSs, however, take only static UEs with apriori
known coordinates into account. Such scenario corresponds,
for example, to a collection of data from static loT/machine-
type devices (e.g., smart-meters) in a way that the FlyBS
serves a group of the UEs/devices and, then, continues to serve
another group (a ‘“sequential communication” of the FlyBS
with the UEs). Such solution is, however, applicable only when
the UEs do not require any real-time services and do not care if
the communication resources are available at the very moment
or in few seconds or even minutes. In contrast, we focus on
the problem, when the UEs require continuous services with
a low latency and cannot wait seconds or minutes till the
connectivity is provided. Moreover, the problem addressed
in related papers [11]-[21], [23]-[28] relies on the apriori
knowledge of the future UEs’ positions to plan the trajectory
of FlyBS among the static UEs in a sequential way. Hence, the
targeted problem in these papers is an analogy to the traveling
salesman problem. Unfortunately, the solutions developed in
these papers cannot be easily extended to an environment
with moving UEs with positions not known in advance and
changing over time.

The mobile UEs are considered, e.g., in [29]-[32]. In [29],
the authors analyze performance of the mobile network with
single FlyBS serving the mobile UEs. Multiple FlyBSs are
assumed in [30], where the authors solve the positioning
of the FlyBSs jointly with an association of the UEs via
k-means algorithm. In [31], the authors optimize the network
capacity and the energy consumption of the UEs. In [32],
the coverage maximization and interference mitigation are
addressed. Nevertheless, none of [29]-[32] consider the energy
consumed by the FlyBSs.

The mobile UEs and the energy consumption of the FlyBSs
are considered in [33], where the authors optimize the FlyBSs’
trajectories and the UEs’ association for a multi-antenna trans-
mission. However, the proposed gradient-ascent-based solution
requires to select future positions of the FlyBSs upon a knowl-
edge of an impact of the selected actions on the performance.
In practice, testing various trajectories over moving UEs is not
possible, since the UEs’ positions change for each iteration.
Furthermore, a physical wired connection among the FlyBSs,
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assumed in [33] to allow a coordination and the energy sharing
among FlyBSs, limits practical applications.

The energy consumption of the single FlyBS in the scenario
with mobile UEs is tackled in [34], [35], where the transmis-
sion power of single FlyBS and its energy spent for flying are
jointly optimized. A closed-form solution for the transmission
power setting and determination of the FlyBS’s coordinates
is derived. Even though such solution is easy to implement,
it is designed only for single FlyBS and cannot be easily
extended to multiple FlyBSs. Also, the closed-form solution
tracks the UEs strictly and, thus, leads to an unnecessary
energy consumption.

The works considering mobile UEs [29]-[35] assume
rotary-wing FlyBSs. However, the power consumption is rel-
atively high for static or slowly moving rotary-wing FlyBSs,
as shown e.g. in [23]. This is a result of helicopter dynamics,
see e.g., [36]. Thus, in the scenarios with pedestrians (e.g.,
visitors of an outdoor event, sports, or city festival) considered
in our paper, the rotary-wing FlyBSs would operate in a high
energy consumption regime. Hence, we focus on the airship-
based FlyBSs represented by, e.g., small balloons or airships,
for which a slow movement or even temporary hovering at the
same position is not a drawback from the energy consumption
point of view [4], [37], [28].

Our objective is to reduce the energy spent for
the airship-based FlyBSs’ movement while guaranteeing
a close-to-optimum sum capacity of the UEs. Unlike
[11]-[21], [23]-[28], where the static UEs with apriori known
positions are served sequentially, we focus on the scenario with
the airship-based FlyBSs providing continuous communication
services to the slowly moving UEs (e.g., pedestrians) in rural
or sub-urban areas, where a temporary event, such as sport
match, music/city festival, or concert, takes place. In such sce-
nario, constructing common infrastructure of mobile networks
with dense SBSs might not be economical, since the area is
usually lightly crowded and high communication requirements
arise only from time to time (e.g., once per week) due to
the above-mentioned temporary event. We also focus on the
energy consumption, which is neglected in most of the works
targeting mobile UEs, see, e.g., [29]-[32]. Besides, the works,
where either mobile UEs or energy is taken into account,
e.g., [29]-[35], assume the rotary-wing FlyBSs, but these are
not efficient for slow moving UEs due to a high energy
consumption and the solution tailored for the rotary-wing
FlyBSs cannot be applied due to completely different principle
of flying and, consequently, different energy consumption
models. We propose a new concept of the FlyBSs” 3D move-
ment optimization to eliminate redundant movements of the
FlyBSs so that a notable energy saving is reached at a cost
of only a marginal degradation in the sum capacity of UEs.
Despite assuming mobile (moving) UEs, our solution does not
require any knowledge of the future UEs’ positions as in the
related works targeting the static UEs [11]-[28]. The contri-
bution and novelty presented in this paper are summarized as
follows:

e We derive a closed-form relation between the energy

consumed by the airship-based FlyBSs for flying and the
sum capacity achievable by the served mobile UEs.
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o We derive theoretical bounds and trade-offs between the
energy consumed by single FlyBS for flying and the sum
capacity of the mobile UEs. Further, we show a relation
of both the energy consumption and the sum capacity
to the positioning of single FlyBS to demonstrate that a
slightly sub-optimal movement of the FlyBS in terms of
the sum capacity results in a substantial reduction in the
energy consumption for flying.

o We extend the scenario to multiple FlyBSs and we formu-
late the problem of the flying energy minimization under
the sum capacity constraint considering also practical
constraints on flying. To solve this problem, we derive
a relation between the energy consumption and the sum
capacity for multiple FlyBSs serving mobile UEs and
we propose an algorithm determining 3D positions of
the FlyBSs so that the sum capacity of the moving UEs
remains close to a theoretical maximum while the energy
spent for flying is significantly reduced.

o We show that the proposed approach reduces the energy
spent by the FlyBSs for flying by dozens of percent
while the impact on the sum capacity is negligible for
a wide range of numbers of the UEs and the FlyBSs.
This interesting finding proves the fact that a “perfect
positioning” of the airship-based FlyBSs is not necessary
in practice, as it is energy demanding while the gain in
sum capacity with respect to sub-optimal approaches is
insignificant. This allows to relax requirements on the
FlyBSs’ positioning and provides new degree of freedom
for future optimizations in the networks with FlyBSs.

Note that the paper is an extension of our prior work
presented in [38], where we show that the energy consumption
of the FlyBSs can be reduced by restricting the FlyBSs’ 2D
movement while a cost represented by a degradation in the
sum capacity is marginal.

The rest of the paper is organized as follows. The next
section outlines the system model considered in this paper and
formulates the problem of energy consumption minimization.
Then, in Section III, we provide an overview of general frame-
work for the energy consumption minimization and we analyze
trade-offs between the energy consumption and sum capacity
for single FlyBS to illustrate theoretical bounds of the energy
saving with respect to the sum capacity. Then, in Section IV,
we extend the analysis to multiple FlyBSs and we propose a
novel algorithm for the positioning of FlyBSs minimizing the
energy consumed for flying. In Section V, simulation scenario
and models are outlined and performance of the proposed
algorithm is analyzed. Last, Section VI concludes the paper
and outlines potential future works.

II. SYSTEM MODEL AND PROBLEM FORMULATION

In this section, we first define the system model and, then,
we formulate the targeted problem. Note that we summarize
key parameters and notations used in the paper in Table I.

A. System Model

Let’s assume N moving UEs distributed within an area
covered by M FlyBSs. Current positions of the UEs at the
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TABLE I
KEY PARAMETERS AND NOTATIONS USED IN THE PAPER
Param. | Meaning
M, N | Number of FlyBSs and UEs, resp.
un(t) | 3D coordinates of UE n at time ¢
vm(t) | 3D coordinates of FlyBS m at time ¢
Cn,m | Capacity of UE n to FlyBS m
Copt | Maximum sum capacity of all UEs
Bn,m Bandwidth of UE n served by FlyBS m
an,m | Association of UE n to FlyBS m
Yn,m SINR between UE n and FlyBS m
Pn.m | Received power at UE n from FlyBS m
o Noise plus background interference
Gﬂ/ B | Gain of Tx and Rx antennas
dn,m | Distance between UE n and FlyBS m
Qn,m Path-loss exp. between UE n and FlyBS m
PT | Transmission power of FlyBS m
Sn,m Channel fading between UE n and FlyBS m
Ep,,m | Energy spent by FlyBS m to fly from vy, (t) to v (t + 1)
em | Energy for the movement of FlyBS m per unit distance
Es | Energy saving wrt path maximizing sum capacity
D, | Distance of FlyBS to optimum position (reaching Copt)
dm Distance FlyBS m moves between time ¢ and t + 1
€ | Maximum allowed degradation in sum capacity
v,wy | Substitutions defined in Proposition 2
A, rm Substitutions defined in Theorem 3
0 | Angle between two segments of FlyBS path
dm,req | Movement distance of FlyBS m to meet required capacity
dmaz | Max. distance FlyBS can move between time ¢ and ¢ + 1
AC | Increase in sum capacity due to FlyBS movement
ACstep | Capacity change within a sub-step of FlyBS movement
ACtarget | Increase in sum capacity to fulfill capacity constraint
Romin /maz | Minimum and maximum allowed altitude of FlyBS

time ¢ are defined as U(t) = {ui(t),u2(t),...,un(t)},
where up = [Tun(t), Yun(t), zun(t)] € R3 for Vn €
(1, N). Similarly, the FlyBSs are located at 3D posi-
tions V() {v1(t),v2(t),...,vm(t)}, where vy,
[T 5 m (), ypm(t), zf,m(t)] € R for Vm € (1, M). Both the
UEs and the FlyBSs move over time and the coordinates
of each FlyBS are updated depending on the movement of
the UEs. Note that the analysis and solution provided in this
paper are independent of the UEs’ movement, as we derive
the new positions of the FlyBSs in a closed form based
only on the actual UEs’ positions (i.e., reactive approach).
Hence, no mobility model is defined for the purposes of the
analysis and we specify mobility models for simulations later
in Section V-A.

Initial positions of all FlyBSs and association of the UEs to
the FlyBSs are solved via commonly used k-means clustering
algorithm, such as in [30]. As the UEs move, the k-means
algorithm is continuously repeated to associate the UEs to the
FlyBSs. Note that the principle of our algorithm introduced
later in this paper is independent of the UEs’ association
and arbitrary approach for the UEs’ association, such as
the one based on machine learning proposed in [22], can
be adopted without changing our analysis or the proposed
algorithm. We adopt k-means as an example, because k-means
converges fast (in order of microseconds) due to its polynomial
complexity while it provides a good performance for the UEs’
association [30].

The downlink communication capacity of the n-th UE from
the m-th FlyBS is defined as:

Cn,m = Bn,m 10g2 (1 + ’Yn,m) (1)
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where B,, ,, stands for the channel bandwidth between the
n-th UE and the m-th FlyBS (as our proposed solution does
not depend on the selected bandwidth allocation, we assume
the equal bandwidth allocation among the UEs connected to
the same FlyBSs), and -y, ,,, represents the SINR between the
n-th UE and the m-th FlyBS considering also interference
from other FlyBSs, as we assume the scenario with all FlyBSs
occupying the same band. Thus, v, ,, is defined as:

Prum @
M R
o? + Zi:l, i#Em pn,’i

TYn,m =

where pff,, and pf, are the received powers at the n-th UE
from the /serVing m-th FlyBS and the i-th interfering FlyBS,
respectively, and o2 represents the sum of the noise and the
background interference (e.g., from neighboring cells).

The received power pﬁm is proportional to the distance
dp,m between the n-th UE and the m-th FlyBS and is generally
defined as:

T T n,m
R Pmecha ©"Cn,m

L P

_ Qn,m (3)

duid

where P is the transmission power of the m-th FlyBS, GT,
and G are the gains of the FlyBS’s and UE’s antennas,
respectively, f is the communication frequency, ¢ = 3 x 10%
m/s is the speed of light, v, m represents the path loss
exponent (of any positive value suitable for both line-of-sight,
LoS, and non-line-of-sight, NLoS, communications) for the
channel between the n-th UE and the m-the FlyBS, and ¢, »,
represents the channel fading between the m-th FlyBS and

. PTGT gE on,m
the n-th user. We substitute %

ease of representation in the rest of the paper. Note that aspects
related to channel estimation are left out, since this problem
is addressed in many other works (e.g., [39], [40]) and key
concept remains similar as for the SBSs, since we focus on
slow moving pedestrians with a low speed. Consequently, also
the FlyBSs move with low speed far below speeds supported
by 5G. Thus, we can neglect an impact of outdated CSI.

Note that the communication between the FlyBSs and the
network (i.e., with the SBSs) and its specific implementation or
potential limitation does not change principle of our proposed
solution. Thus, like in many related works, we assume a high
capacity backhaul connection of the FlyBSs to the network
via, for example, optical wireless links [41], [42].

For the scenario with pedestrians, considered in this
paper, the rotary-wing FlyBSs are not convenient due to
their relatively high power consumption in a static or
slowly moving mode. This high consumption is a result
of the helicopter dynamics’ effect (see, e.g., [23], [36]).
Thus, we focus on the airship-based FlyBSs. The power
consumption of the airships is proportional to the distance
traveled between two points and the power consumption of the
airships is negligible if the airship are not moving, since the
gravity is compensated by a static buoyancy [43]. We assume
the FlyBS follows the shortest path between the current
location v, (t) = [z(t),y(t),z(t)] and a new determined
location wv,,(t + 1) = [z(t + 1),y(t + 1),z(t + 1)],

with @y, for an
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ie., the m-th FlyBS moves for the distance d,, =
@0 =t + 1)+ ()= y(t+ D)2 +(2(0)—2(t+1))2).

Having in mind the power consumption of the airship
is negligible when the airship hovers at the same position
the energy spent by the m-the FlyBS to fly from v,,(t) to
U (t 4+ 1) is defined as Er,, = dpem, Where e, represents
the instantaneous unit energy spent for the movement of the
m-th FlyBS per unit of distance (e.g., per meter). The overall
energy consumption of the FlyBSs includes also transmission
power spent for communication (data as well as signaling,
channel estimation, flight control, etc.), and consumption of
the circuitry. However, the overall transmission power is
typically between 10 and 30 dBm (0.01-1 W) [18], [44], [45]
and is significantly (few orders of magnitude) lower than the
power required for flying [23], [35], [46], [47], [43]. Hence,
we neglect the energy spent for communication. Besides, also
the circuitry power is typically constant and cannot be influ-
enced in frame of our targeted problem. Thus, we leave out
the circuitry consumption to avoid veiling the gains directly
related to our proposal.

B. Problem Formulation

We focus on saving of the energy spent by the FlyBSs
for flying while keeping the sum capacity of the moving
UEs still close to the maximum achievable sum capacity.
Thus, we minimize the energy consumption and the problem
addressed in this paper is defined as:

M
V() = argmin Z Epm
VeRM m=1
N M
st (@) > anmCrm > Cop x (1—¢),
n=1m=1
(b) dm < dmama
(C) Pmin < Zfm < hmaz, )

where a,,,, = 1 if the n-th UE is associated to the m-th
FlyBS, otherwise a,, ,, = 0, Cop is the sum capacity achieved
by the UEs if the FlyBSs are deployed at the positions that lead
to the maximum sum capacity, and € € (0,1) is the constant
indicating the maximum allowed degradation in the sum
capacity (no degradation is allowed for ¢ = 0; and note that
€ is typically set to a fixed value according to users’ required
communication quality), d;,q, is the maximum distance the
FlyBS can move per time step (reflecting movement speed
limit), and h,,;, and Ay,q. are the minimum and maximum
allowed altitudes of the FlyBS, respectively.

For clarity of explanations and derivations, but without loss
of generality, we leave out a, ,, in the rest of the paper and
we set Cy, ,, = 0 if the n-th UE is not connected to the m-th
FlyBS.

IIT. ANALYSIS AND BOUNDS FOR ENERGY SAVING
AND SUM CAPACITY OF SINGLE FLYBS

In this section, we first outline a general framework and
a core idea behind the energy consumption minimization
(i.e., saving the energy) for the airship-based FlyBSs. Then,
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> =

Current
position v(t)
[xe (t), ve (1), z¢ (1)]

New real =
position v(t+1) New optimal
[xe (t+1), ye (t+1), 2¢ (t+1)] positionpv*(t+1)

[x7*(t+1), ye*(t+1), ze*(t+1)]

Fig. 1. TIllustration of a core idea of the proposed solution for elimination of
redundant movement. Note that if the FlyBS is within the distance D, from
the new optimal position, no movement is necessary.

we analytically derive a relation and trade-offs between a
potential saving in the energy consumed for flying and a
decrease in the sum capacity. The analysis is done for single
FlyBS, as it allows to illustrate theoretical bounds for the
energy saving and the sum capacity in an easy-to-follow way
without interaction among FlyBSs (interference and mutual
impact on positions). Note that an extension towards multiple
FlyBSs follows in Section IV.

A. Framework for FIyBS Positioning to Save Energy for
Flying

Existing algorithms focusing on the scenario with the
mobile UEs typically navigate the FlyBS(s) to follow the posi-
tion maximizing the capacity. Hence, in the related existing
works, the FlyBS moves frequently to increase the capacity
offered to the UEs. In our scenario with the slow-moving
pedestrian UEs served by the airship-based FlyBS, which is
efficient for such scenario, the frequent changes of the FlyBS’
position notably drain their battery while achieving only a
marginal improvement in the sum capacity. Consequently, the
sum capacity maximization leads inevitably to “redundant”
movements of the FlyBS. However, due to logarithmic depen-
dence of the capacity on the distance (which is related to the
channel quality), some of the FlyBS’s movements introduce
only a marginal improvement in the sum capacity while a
notable additional energy is consumed by the FlyBS for flying.
The work presented in this paper is based on a presumption
that not every movement of the UEs should necessarily lead
to a repositioning of the FlyBSs to the position yielding the
maximum sum capacity (denoted as the new optimal position).
To this end, we suggest to avoid the “redundant” movements so
that the FlyBS does not follow exactly the optimum position
(i.e., position yielding the maximum capacity) v*(t + 1) =
[23(t + 1), y3(t + 1), 2}(t + 1)]. Thus, instead of traveling
to the optimum position, the FlyBS moves only to a new
position v(t + 1) = [z(t + 1), ys(t + 1), z4(¢t + 1)], which
is between the optimum and current positions to avoid the
redundant movement, as illustrated in Fig. 1.

The new real position of the FlyBS is determined knowing
the current FlyBS position v(t) = [x(t), ys(t), z¢(t)], the
new optimal position of the FlyBS v*(t + 1) = [2%(t + 1),
y3(t+1), z5(t +1)], and the distance D, to this new optimal
position. Finding of the optimum positions of the FlyBS is
a linear programming problem, hence, we derive the opti-
mum position numerically by the Nelder-Mead simplex search
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Movement of FlyBS
along positions
maximi;ing capacity

Airship-based
FlyBS

Movement of ﬁivBS
reducing energy consumption
UEs Maximum distance D, from the position
served by FlyBS

maximum allowed € is reached

Fig. 2. Example of FlyBS movement considering proposed concept (green
solid line) with respect to positions yielding maximum sum capacity (red

dashed line). Each cross “x” identifies a point where new position of

FlyBS is determined and circles represent distance D, from the optimum
FlyBS’s position maximizing capacity within which the allowed sum capacity
degradation € is not exceeded.

(see details in [48]). Such approach is, however of a high
complexity making it impractical for real networks. Therefore,
we also investigate the performance for the positions of
the FlyBS derived by a commonly adopted low-complexity
(polynomial) and fast converging, but sub-optimal (in terms of
the sum capacity) approach via k-means (see, e.g., [30]) and
via state-of-the-art successive convex optimization outlined
in [14]. Note that our proposed solution is independent of the
approach for the optimum positions’ determination. Hence,
we consider these three approaches for our investigation
to show performance for i) complex, but well-performing,
ii) low-complexity, but slightly worse performing, as well as
iii) state-of-the-art approaches.

The new real position of the FlyBS is represented by an
intersection of the straight line between the current and new
optimal positions and the sphere defined by the radius D, (¢t +
1) whose center corresponds to the optimal position of the
FlyBS. The new 3D coordinates of the FlyBS are defined in
following lemma.

Lemma 1: The new position of the FlyBS is determined in
a closed-form as:

(W (t+1) —v(t)

[[v*(t + 1) —v(®)]

x max{0, (|[v*(t + 1) —v(t)|| — Do(t + 1))}
5)

v(t+1) =v(t) +

Proof: 1In case that |[v*(t + 1) —v(t)]| < Do(t + 1),
the FlyBS would not move, as the constraint (4a) is already
fulfilled. Furthermore, in case that [[v*(t + 1) — v(¢)|] >
D,(t + 1), the movement of the FlyBS starts from v(¢) and
continues towards v* (¢ + 1). The movement distance is d,,, =
|lv*(t+1) —v(t)|| — Do(t+1) according to Fig. 1. Hence, the

(@* (t+1)—v(t))
[[v™(t+1)—v(@®)]]

=+ is the unit vector for the movement towards
[[v* (t+1)—v(1)]]
v*(t + 1). This concludes the proof. [ |
The above described approach leads to a natural “smoothen-
ing” of the FlyBS’s movement. In other words, the FlyBS
do not copy the movement of UEs accurately, but naturally
avoids a redundant and non-beneficial movement as illustrated
in Fig. 2.

displacement vector of the FlyBS is d.m, Where

(" (t+1)—v(t))
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B. Analysis of Energy Consumption and Sum Capacity
Trade-Offs for Single FlyBS
In the case of single FlyBS, no interference among the

FlyBSs applies, thus, the downlink communication capacity
of the n-th UE is defined as:

pR
Cn - Bn X 1Og2 (1 + _Z) (6)
ag

Note that we omit index of the FlyBS in this subsection
for clarity of presentation, as only one FlyBS is considered.
For clarity of derivations, we remove also the constraints on
the FlyBS flight (4b) and (4c) in this subsection. Then, the
problem formulated in (4) is simplified to:

V*(t) = argmin Ep

VeRr3M
N

st Y Cp > Cope x (1—¢) (7
n=1

To solve this problem analytically, we first modify the
constraint in (7) and we define relation between the allowed
degradation in the sum capacity € and the distance D,,, which
the FlyBS keeps from the optimum position as indicated in
Proposition 1.

Proposition 1: The constraint Zgﬂ Cp > Copt X (1 —¢)
in (7) can be replaced with the following constraint

do(t),v*(t)] < Do(t) ®)

where d [v(t),v*(t)] represents the distance between the points
v(t) and v*(t) representing the current and the optimal
positions of the FlyBS at the time t.

The constraint (8) indicates that the new 3D position of the
FlyBS lies in the sphere with the center at v*(t) and with the
radius:

[N

D,(t) = | £= 9
o(t) ( S ©
where v and w, are substitutions of the system parame-
ters (including, among others, 3D coordinates of the FlyBS)
defined in Appendix A to simplify the formulation.
Proof: Please see Appendix A. [ |
To quantify efficiency of the positioning in terms of the
energy consumption, we define the energy saving metric Fj
representing the amount of energy saved by the optimized
positioning with respect to the positioning maximizing the sum
capacity. To evaluate the energy saving Fj, let’s first expand
the general high-level illustration of the principle presented in
Fig. 1 into multiple consecutive steps of the FlyBS’s movement
as shown in Fig. 3. The FlyBS’s movement can be decomposed

Copt X (1_e)>
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Fig. 3. Illustrative example of single FlyBS movement over several (two)
positions; the dashed red line is the “state-of-the-art” movement maximizing
the sum capacity while the solid green line is the movement reducing the
energy consumed for flying.

into movements corresponding to short time steps (from ¢ to
t+1, from t+1 to t 42, etc.). Each segment of the movement
is described by its length and by its angle 6 with respect to the
previous segment. Note that this angle is used for the purpose
of analysis and can be of any value (i.e., § € [0,27]). The
figure depicts two possible paths of the FlyBS, each with two
segments. The first path (red dashed line) corresponds to the
FlyBS movement achieving the maximum sum capacity while
the second path (green solid line) represents a shorter path
resulting in the saving in energy consumed for flying.

Considering the airship-based FlyBS, as explained in
Section II, a potential energy saving is proportional to the ratio
of the energy consumption over the energy efficient (green
solid) path and the energy consumption over the path maximiz-
ing the sum capacity (red dashed). Hence, the relative saved
energy F for the movement of single FlyBS is expressed
by (10), as shown at the bottom of the page.

The E, expresses the achievable energy saving in relation
to the loss in sum capacity (with respect to the theoretical
maximum achievable capacity) for single FlyBS. The energy
saving I, is proportional to D, that is, in turn, proportional to
€ (i.e., allowed degradation in the sum capacity with respect
to Copt, see (9)). Thus, with increasing €, D, increases as
well and, consequently, more energy is saved (see (10)). Note
that £, = 1 corresponds to 100% of saved energy while
E; = 0 represents no saving at all. A visualization and a
quantification of the trade-off between the energy savings and
the sum capacity according to (10) are provided in Section V
focused on performance evaluation.

IV. ENERGY EFFICIENT POSITIONING
OF MULTIPLE FLYBSS

In this section, we extend the single FlyBS scenario to
multiple FlyBSs. First, we derive energy consumption of the

dv(t),v(t+1)] +dw(t+1),v(t+2)]

Es = 1—
df(6), v (t + )] + d [v* (£ + 1), 07 (¢ + 2)]

o dv(t),v*(t+1)] +dwt+1),v*(t+2)] — Do(t+1) — Do(t + 2)

dv(t),v*(t+ 1) +dw*(t+ 1), v*(t + 2)]

=1

dv(t),v*(t+1)] — (Do(t+ 1) + Do(t +2)) + \/Dg(t + 1) +d2 w*(t+1),v*(t + 2)] — 2Do(t + 1)d [v*(t + 1), v*(t + 2)] cos(0(t + 1))

(10)

dlv(t),v*(t+ 1)] +d[o*(t+ 1), v*(t + 2)]
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FlyBS with respect to required changes in the sum capacity
considering mutual impact (interference and positioning) of
the FlyBSs. Then, we propose algorithm minimizing the
energy consumed by the FlyBSs for flying under the con-
straints on sum capacity and flying in (4). Last, we discuss
complexity and potential limitations of the algorithm.

A. Energy Consumption and Sum Capacity for Multiple
FlyBSs

An extension towards multiple FlyBSs assumes to consider
a mutual interference among the FlyBSs. Thus, the channel
capacity of the n-th UE associated to the m-th FlyBS (C,;, )
is defined in line with (1) and (2). For analysis of the energy
consumption and sum capacity trade-offs in this section,
we first approximate the sum capacity of multiple FlyBSs in
the following theorem.

Theorem 1: The sum capacity of N UEs served by M
FlyBSs is approximated as:

M N
Z Z Cn,m, ~ A -

m=1n=1

M
> rmd® [om (), v, ()] (11)
m=1

and the constraint (4a) can be reformulated to:

M
> rmd® [om(8) V()] S A= Cop x (1—€)  (12)

m=1
where A and r, are substitutions defined in Appendix B to

simplify the formulation.

Proof: Please see Appendix B. [ |
To derive also the energy consumed for flying of individual
FlyBSs, we first determine the required movement (d,y,,req) Of
the m-th FlyBS (1 < m < M) leading to the increase in the
sum capacity AC, which is required to fulfill the constraint
(4a). Thus, AC is the difference between the sum capacity
offered by all FlyBSs at the time ¢ — 1 and at the time ¢, i.e.,:

M N M N
AC=3"S"Com®) =Y S Comlt-1) (13)

m=1n=1 m=1n=1
Now, exploiting the reformulated constraint from
Theorem 1, we define AC as a function of the m-th
FlyBS’s movement for the distance d,, .., required to fulfill
the constraint, i.e.,:

M N M N
AC =33 Comlt+1) =3 Com(t)
m=1n=1 m=1ln=1

M
(A— Z T (d [Vm (), v ()] + dm,req)Q)
m=1

M
(A=Y rnd fom (1), v (1))

—Tm (dgn,req(t +1)+2d [vm (t),'l):n (t)] dimreq(t + 1))

(14)

We can rewrite (14) to:
* 2 2 * AC
(dm,req(t +1) + d [om (t), o (V)])" =" [om (2), v (V)] — ——
(15)
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From (15), the value of d,, req(t + 1) is simply expressed as:
AC

rT n

(16)

i ea11) =~ o (01,5 ][ om0, 0]

Between two values resulting from (16), we choose the one
with a smaller absolute value, as the smaller movement incurs
lower energy consumption:

|dimreq(t + 1)

= mm{ —d o (t), v (1)) — \/CP [om (1), v (8)] = —
AC

—d o (t), v, (1)) + \/ A2 [m (1), 03 ()] = — }

m
Then, the energy consumption for flying of the m-th FlyBS
leading to AC is:

EF,m (t + 1) = emdm,req(t + 1)

A7)

(18)

B. Energy Efficient Positioning of Multiple Airship-Based
FlyBSs

Exploiting the relation between the sum capacity and
the energy consumption derived in the previous subsection,
we propose an algorithm that determines the positions of
arbitrary number of FlyBSs so that the energy spent for
flying is minimized while the sum capacity still satisfies the
constraint (4a). We distinguish two cases according to the
constraint:

1) If the capacity constraint (4a) is satisfied, the FlyBSs
should not move to avoid redundant consumption of the
energy for flying.

2) If the capacity constraint (4a) is not satisfied, a move-
ment of at least one of the FlyBSs is required to satisfy
the users requirements on communication capacity.

As the first case does not require any movement, we now
focus on the second case. The FlyBSs move with small steps
as summarized in Algorithm 1. At the beginning (line 2 in
Algorithm 1), the required increase in the sum capacity to
fulfill the constraint ACq,4c: reflecting the users’ require-
ments is determined. The ACYqyge: is split into small sub-
steps ACsiep € (0; ACtarget). In each sub-step, the energy
consumption for the required increase in sum capacity is
calculated from (18) for each FlyBS (line 4). The FlyBS,
whose movement yields the highest gain in the sum capacity
at the cost of the smallest energy consumption is selected,
i.e., in each sub-step, we select the FlyBS m maximizing
% (see line 5). As Cyep > 0, AC4rger decrements over

sub-steps and the algorithm converges. Note that selection of
a larger ACy, leads to a lower number of sub-steps with
a longer FlyBS’s movement in each sub-step (thus, keeps
low computation complexity), but the longer movement of the
FlyBS in each sub-step results to a sub-optimal new position
of the FlyBS. The sub-optimality results from the fact that
the selected FlyBS m( keeps moving even if its ==

tep
Er.mo 1S no
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Algorithm 1 Determination of New Positions for FlyBSs

Minimizing Energy Consumption

LM—A{L ... M}, [2rmE+1), yrm(E+1), 25 m(t+1)] —
[xf,m(t)a yf,m(t)v Zf,m(t)]’ dm,tat =0VmeM

2 Actarget — Copt X (1 - 6) - ZnNzl Ei\n/I:1 Cn,m

3: while AC’tm«get > 0 do

4:  Calculate [Ep1,..., Ep ] from (18)

mo — argmax;, ¢ v (Fk)

Calculate dyp, req(t + 1) from (17) with AC = ACxip

if dingreq(t +1) > dimae then dpyg req(t +1) — dpag
and calculate AC' from (14) end if

8:  Calculate new [ ¢ mq (t+1), Y#,mo (t+1), Zf,m, (t4+1)] of

mo-th FlyBS via (5)
90 if Zf e (t+1) > hinaz OF Zfmo(t+ 1) < hpmipn then
N—2 vE  (t41)—vmq (T
10 ot ) < S e e |

and calculate AC' (14) and v, (5)

11: end if

122 0f dig tot(t + 1) + dimgreq(t + 1) > dinmas then

130 dpgoreq(t + 1) = dmaz — dmg tot(t + 1), calculate AC
from (14) and vy, from (5), and M «— M — {mg}

14: else dm,o,tot (t + 1) — dm,o,tot (t + 1) + dwm,req (t + 1)

end if
15: Actarget = Actarget - AC
16: end while

N

longer maximal among all FlyBSs. Our experiments show that
setting of AC., to few kbps guarantees close-to-optimum
performance and still keeps a low number of sub-steps. Hence,
we set ACep, to 10 kbps in this paper.

Now, using (17), we determine the distance dy req(t + 1)
for which the selected FlyBS m should move to reach AC;c,
(line 6). If the resulting dp,, req(t + 1) exceeds dpqp and
violates constraint (4b), the FlyBS moves only for d,,4, and
AC is updated via (14) (line 7). Then, new position of the
selected FlyBS my is determined via (5) (line 8). If the new
position would lead to a movement below minimum or above
maximum allowed altitudes (constraint (4c)), the coordinates
Um, Of the FlyBS are adjusted and AC is also updated
(lines 9-11). After this, we also verify if the total movement of
single FlyBS over all sub-steps towards AC},,ge: still fulfills
the constraint (4b) (lines 12-14) and AC' is updated together
with the FlyBS’s coordinates vy, if the constraint is violated
(line 13). Since the violation of (4b) indicates that the FlyBS
myq cannot further move in the next sub-steps, mg is excluded
from the set of all FlyBS considered for movement in next
iterations (line 13). Finally, ACy4rget is decreased by ACe,
(line 15). The process of the FlyBS selection and movement
(lines 4-15) is repeated until the constraint (4a) is not fulfilled,
i.e., as long as AC;4rger > 0. Algorithm 1 is repeated again
if the capacity constraint in (4a) becomes not fulfilled in the
future, e.g., due to the UEs’ movement.

C. Complexity and Potential limitations

To determine the computation complexity of Algorithm 1,
first, let us remind the proposed solution consists of two steps:
1) an approximation of the sum capacity, and i) a positioning

7013

of the FlyBSs based on the approximated sum capacity (Algo-
rithm 1). The complexity of the approximation in the step )
is O(M) for each UE, where M is the number of FlyBSs.
Thus, the complexity of the step i) is O(M N), where N is
the number of UEs and this complexity is linear with respect
to both the number of UEs and the number of FlyBSs. Then,
the complexity of the step i) is O(1/ACs.p). Hence, the
total complexity of the proposed solution is O(MN/ACsep),
which makes the algorithm fast and easy to implement in
practical systems.

Our algorithm is designed for the airship-based FlyBSs
and would not work well for the rotary-wing FlyBSs, since
the rotary-wing FlyBSs exhibit completely different energy
consumption behavior. However, this limitation is implied
by our targeted scenario, where the rotary-wing FlyBSs are
not efficient, see Section I. Furthermore, the FlyBSs should
cooperate together. Still, solutions considered commonly in
the related works assuming a control of the FlyBSs centrally
from the network via SBSs can be adopted in a way that the
algorithm is processed by the network and decisions are, then,
delivered to individual FlyBSs. Hence, no extra signaling or
information exchange is required with respect to the related
works.

V. PERFORMANCE EVALUATION

In this section, first, simulation scenario, models, and met-
rics are outlined. Then, we illustrate bounds of theoretical
energy saving related to the sum capacity of the UEs for single
FlyBS. Last, we investigate the energy saving in the scenario
with multiple FlyBSs and we demonstrate an efficiency of
the proposed algorithm comparing to the optimum as well as
state-of-the-art solutions for the FlyBS positioning.

A. Simulation Scenario, Models, and Metrics

We assume the area of 1000 x 1000 m as in [12]. Within
this area, 40 or 1000 UEs [12], [33], [35] are dropped as the
FlyBSs are supposed to serve heavily loaded scenarios with a
high UEs’ density. To mimic a realistic scenario, we model the
UEs’ mobility as a mixture of random way-point and cluster-
based mobility models. To this end, a half of the UEs (i.e.,
500 UEs) are dropped randomly within the simulation area and
move according to the commonly used random walk mobility
model with a speed of 1 m/s. The second half of the UEs
(another 500 UEs) are randomly distributed into N.. = 6
“crowds” and these UEs follow the crowd mobility model
inspired by [49]. The movement of each crowd is defined by
coordinates of the crowd’s center W = {wy,ws,...,wn.,},
where wy o € R? for Vn., € (1, N.,-). Each cluster is of 20 m
radius. Then, the 500 UEs belonging to the second half are ran-
domly assigned to one of these clusters and dropped within the
corresponding radius. Each UE in the cluster follows the global
movement vector of the cluster, which moves with a speed of
1 m/s. On the top of the cluster movement, each UE within the
cluster can also change its movement by +15° and speed by
+0.4 m/s with respect to the cluster center (i.e., the clustered
UEs move with the uniformly distributed speed of 0.6 —
1.4 m/s). Note that the UEs cannot leave the cluster radius.
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TABLE II
SIMULATION PARAMETERS
Parameter Value
Carrier frequency 2.6 GHz [35]
Bandwidth 20 MHz [50]

Number of UEs
Number of FlyBSs
Tx power of FlyBSs

40 and 1000 [12], [33], [35]
1, 3,5 [12], [33], [35]
15 dBm [33], [44]

Height of UEs 1.5m [50]
FlyBS altitude limits hy,in and Amao 30 m and 350 m
FlyBS flight constraint di,qq 25 m
Noise power spectral density -174 dBm/Hz [12], [35]
Background interference —130 dBm/Hz

We deploy up to five FlyBSs to serve the UEs [12], [33],
[35]. The FlyBSs’ traveled distance per second is limited
t0 dpmer = 25 m and the altitude to h,,;;, = 30 m and
hmaz = 350 m. The channel between UE and FlyBS is
determined via mixed LoS/NLoS path loss model with 10%
probability of NLoS and 90% of LoS, as we focus on an
outdoor scenario with the UEs in an open area. LoS and
NLoS channels are modeled via the free space path loss with
nm = 2 and oy, = 3 in (3), respectively. We assume
carrier frequency of 2.6 GHz [35], bandwidth of 20 MHz [50],
and transmission power of the FlyBSs of 15 dBm [33], [44].
Noise and background interference from the neighboring SBSs
with a density of —174 dBm/Hz [12], [35] and —130 dBm/Hz,
respectively, are also considered to reflect our scenario, where
a common infrastructure of mobile networks is not exactly in
the served area like in the case of, for example, music festival
in rural area. Note that the interference among the FlyBSs is
derived as a sum of all interfering signals and it is added up to
the noise and background interference from the neighboring
SBSs.

The simulations are of 1800 seconds duration and the simu-
lations are repeated 500 times with different UEs’” deployments
and movements in each simulation run to suppress an impact
of randomness. Key simulation parameters and settings are
summarized in Table II.

The proposed solution
approaches:

is compared with following

o Numerical positioning, which determines the positions of
the FlyBSs to maximize the sum capacity numerically via
Nelder-Mead simplex.

o Positioning based on k-means, introduced in [30], rep-
resents the common approach adopted for positioning in
recent works, as it is of polynomial complexity only (thus
converges fast).

o Positioning via successive convex optimization, repre-
senting state-of-the-art work determining the FlyBSs’
positions to maximize the minimum capacity, as proposed
in [14].

Note that up to our best knowledge, there is no paper targeting
the minimization of the energy consumption for flying of
the airship-based FlyBSs serving mobile UEs and comparison
with the works for static UEs is not possible due to the nature
of such works.

To evaluate a performance of the proposed algorithm,
we define two performance metrics:
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Fig. 4. Relation between distance to optimum D, with respect to allowed
degradation in sum capacity of UEs e.

o Energy saving Es; — determined as relative average
amount of the energy consumed by the proposal with
respect to the average energy consumed by the algorithms
determining the FlyBSs (sub-)optimal positions numeri-
cally, by k-means, and via successive convex optimiza-
tion, during the whole simulation.

o Sum capacity degradation — relative difference between
the sum capacity achieved by the proposed algorithm and
by the FlyBSs in the (sub-)optimum positions. Note that
the sum capacity approximation in Theorem 1 does not
apply in the simulations.

Note that we present both performance metrics as relative
values (from O to 1) with respect to performance in the
(sub-)optimum positions of the FlyBSs, since the relative
metrics eliminate an impact of a specific setting of the energy
consumption model.

B. Theoretical Bounds of Energy Saving for Single FlyBS

For easy interpretation of the trade-offs in energy saving
and sum capacity, let us first illustrate a relation between the
distance of the FlyBS from the optimum position D, and the
allowed degradation in sum capacity e for typical FlyBS’s
altitudes [4], [51] in Fig. 4.

Fig. 4 indicates that D, first rises quickly with increasing
€ and, then, starts slowly saturating. This is implied by the
logarithmic relation between the capacity and path loss with
respect to the distance. We illustrate the results for various
altitudes of the FlyBS to indicate that there is almost linear
dependence between the FlyBS’s altitude and D,. Thus, the
higher the FlyBS is, the higher the distance from the optimum
position is acceptable in order to fulfill the maximum allowed
degradation in the sum capacity. In general, relatively large
values of D, (in order of ones to few dozens of meters) still
lead to only a negligible decrease in the sum capacity. For
example, to guarantee the sum capacity degradation below 1%
(i.e., ¢ = 0.01), the FlyBS can stay about up to 1.1 m, 2.3 m,
5.5 m, 12 m, 18.5 m, and 37 m from the optimum position
for the FlyBS at altitudes of 10 m, 20 m, 50 m, 100 m,
150 m, and 300 m, respectively. This finding itself can be
interpreted so that the sub-optimal FlyBS’s positions in order
of few meters lead to only a negligible degradation in the sum
capacity. Such outcome significantly relaxes requirements on
finding the optimum positions of the FlyBSs.

Now, let’s investigate the trade-off between energy saving
and sum capacity degradation according to (10). In Fig. 5,
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Fig. 5. Examples of UEs’ movement along: i) straight street (6 = ),
ii) right-angled streets (§ = 7 /2), and iii) streets under angle of 6 = 7/4.

we illustrate three examples of common practical cases rep-
resenting the UEs moving along: i) straight street (0 = )
with length of L meters, ii) right-angled streets (i.e., under
the angle § = m/2), each street with length of L/2, and
iii) streets with length of L/2 under the angle of § = /4.

We analyze the energy saving of single FlyBS depending on
the street length L, its direction (defined by the angle ), and
D, in Fig. 6. We show the energy saving for the allowed sum
capacity degradation of 0.5% (e = 0.005) and 4% (e = 0.04)
corresponding to D, of 12 m and 39 m, respectively, for the
FlyBS’s altitude of 150 m. Note that D, is derived from e
via (9), as visualized in Fig 4. The results in Fig. 6 indicate
that the longer the street is (i.e., the higher value of L), the less
energy can be saved. This is justified by the fact that the longer
the movement in the same direction is, the proportionally
lower part of the movement can provide some energy saving.
Let us illustrate this on an example of rather extreme case
with a long direct street (§ = 7) and all UEs moving along
the street in the same direction. For such street, the optimum
position yielding the maximum sum capacity “moves” along
with the UEs in the same direction. Thus, any energy saving is
possible only at the beginning of the street until the optimum
position is not farther than D, from the initial position of the
FlyBS. Once the optimum position becomes farther than D,,
the constraint (4a) would not hold unless the FlyBS moves as
well. However, as the UEs keep moving in the same direction,
the FlyBS should also keep moving in the same direction.
Thus, when the optimum becomes at the distance D, from
the FlyBS position for the first time, the FlyBS is forced
to move all the time and no saving is possible to fulfill the
constraint (4a). Thus, with prolongation of the street (higher
L), the D,(t) becomes relatively smaller with respect to L
and the energy saving is also reduced.

Furthermore, Fig. 6 demonstrates that more notable energy
saving is observed if the angle between two streets ¢ is more
acute. The reason is that the more acute angle enables to
eliminate more significant part of the movement. In other
words, the FlyBS moves less, as the UEs remain within D,
for a longer time. We also observe that a significant (dozens of
percent) saving in the energy consumed for flying is possible
despite a very low (few percent or less) degradation in the sum
capacity is allowed. This very positive trade-off theoretically
allows to save a significant amount of the energy for flying at
a cost of only a marginal degradation in the sum capacity.

The analysis and results in Fig. 6 indicate that the energy
saving is more likely for “more random” movement of the
UEs rather than for a uniform direct movement of all UEs in
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Fig. 6. Relative amount of saved energy of FlyBS for flying; Es = 0
represents no saving, Es = 1 corresponds to 100% of energy being saved.

the same direction. Such finding is, however, positive as the
UEs are supposed to move at least a bit randomly in most of
real-world situations.

C. Energy Saving for Multiple FlyBSs

Now, let’s focus on the energy saving and the sum capacity
in the scenario with multiple FlyBSs. For this investigation,
we assume a general area without streets (e.g., a square in a
city, a concert, a sport event, or an emergency situation in an
open area), where some of the UEs move randomly and some
follow a crowd movement model as explained in Section V-A.

Fig. 7 and Fig. 8 show the energy saving and corresponding
sum capacity degradation e (reflecting the users’ requirements,
see (4)), respectively, of the proposed algorithm with respect to
the FlyBSs’ positioning derived by three approaches outlined
in Section V-A, i.e., numerically via simplex (left subplots),
by k-means (middle subplots), and by state-of-the-art 3D
positioning maximizing the minimum capacity via successive
convex optimization (right subplots). The figures show results
for lightly loaded network represented by 40 UEs (blue lines)
and heavily loaded network with 1000 UEs (black lines)
to demonstrate a scalability of our proposal. For the lower
number of UEs, the gain with respect to the state-of-the-art
works is a bit smaller (up to several to dozens percent decrease
if the number of UEs drops 25-times, i.e., from 1000 to 40).
This behavior is expectable, as the lower number of UEs
imposes less pressure on communication and, hence, even
less efficient solutions do not suffer much from sub-optimal
decisions. A notable energy saving is observed with respect
to all three competitive algorithms disregarding the number of
FlyBSs, however, more significant energy saving is reached
for a lower number of FlyBSs. The higher saving for less
FlyBSs is due to a lower level of mutual interference among
the FlyBSs and, at the same time, due to the fact that the
more FlyBSs are deployed, the smaller area is served by each
FlyBS and its movement is limited to this smaller area. Note
that the decrease in energy savings with the number of FlyBSs
is very small (just few percent when the number of FlyBSs is
increased from three to five) and the savings are still significant
(far above 60%) even for five FlyBSs. Hence, the solution is
applicable even for large-scale scenarios.

In all three subplots in Fig. 7, the amount of saved energy
increases with relaxation of the constraint on the sum capacity
(i.e., with increasing €). The energy saving first raises promptly
when € > 0, since even a small allowed degradation in the
capacity enables notable energy savings. With further increase
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in €, the savings get saturated, since the saving reaches its max-
imum given by the users movement pattern. The energy for
flying is saved significantly even if the allowed decrease in the
sum capacity is very low (i.e., for very low ¢). For example, for
the allowed degradation in the sum capacity of 1% (¢ = 0.01),
55.4%, 67.5%, and 90.7% of the energy is saved compared to
the numerical derivation of the optimum position (left subplot)
if five, three, and one FlyBSs are deployed, respectively. The
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Fig. 11.  Number of iterations performed in the proposed positioning for
different ACs¢ep and various values of allowed degradation in sum capacity
e for five FlyBSs.

numerical derivation of the optimum position is not practical
due to a high complexity. Thus, we show also the performance
of the proposed scheme with respect to a more practical state-
of-the-art solution determining the position of the FlyBSs
based on low-complexity k-means (middle subplot in Fig. 7)
and based on successive convex optimization (right subplot
in Fig. 7). With respect to the k-means-based determination
of the positions, the proposal achieves even more significant
energy saving and 77.2%, 88.2%, and 98.8% of the energy is
saved for five, three, and one FlyBSs, respectively, if only 1%
degradation in the sum capacity is allowed (i.e., ¢ = 0.01).
Similar energy saving of 77.1%, 88.6%, and 98.9% for five,
three, and one FlyBSs, respectively, if ¢ = 0.01 is reached
by the proposal also with respect to the positioning based on
successive convex optimization. The reason for higher savings
reached by the proposal compared to the k-means and the
successive convex optimization than the savings compared
to the numerical solution is the fact that both the k-means
and the successive convex optimization provide a sub-optimal
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markers indicate starting and finishing positions of the FlyBSs in 3D (left) and 2D projection (right).

sum capacity (lower than for the numerical solution) and,
thus, enable our proposed algorithm to avoid the redundant
movement even more notably.

Note that € defines the maximum “allowed” degradation in
the sum capacity, however, even a lower degradation can be
actually experienced by the UEs. Thus, in Fig. 8, we illustrate
the real sum capacity degradation observed in the simulations
with respect to the given allowed degradation e. The figure
confirms that the real degradation in the sum capacity is safely
below the allowed one (dotted straight line in figures) and the
capacity constraint (4a) is satisfied.

Comparing the proposal with the positioning maximizing
the sum capacity numerically in Fig. 8, left subplot, for
1% real degradation in the sum capacity, € corresponds to
0.0105, 0.0110, and 0.0125 and, consequently, the real energy
saving (determined for these values of ¢ in Fig. 7, left
subplot) is 55.7%, 67.9%, and 91.9% for five, three, and
one FlyBSs, respectively. The real degradation in the sum
capacity comparing the proposal and the k-means is presented
in Fig. 8 (middle subplot). For the same allowed sum capacity
degradation of 1%, the real degradation is only about 0.90%,
0.80%, and 0.59% for five, three, and one FlyBSs, respectively.
Thus, considering the real sum capacity degradation of 1%
(corresponding to € of 0.011, 0.0125, and 0.0175), the energy
saving of 77.9%, 89.4%, and 99.5% is observed for five,
three, and one FlyBSs, respectively. Last, Fig. 8 (right subplot)
depicts the real degradation in the sum capacity with respect to
the successive convex optimization-based positioning. For the
allowed sum capacity degradation of 1%, the real degradation
corresponds to € of 0.011, 0.0120, and 0.015. Consequently,
the real energy saving reaches 77.7%, 89.6%, and 99.4% for
five, three, and one FlyBSs, respectively, compared to the
successive convex optimization.

These results confirm the efficiency of the proposed algo-
rithm and demonstrate that a significant saving in the energy
for flying of the airship-based FlyBSs is achieved at a
negligible cost represented by only marginal decrease in the
sum capacity of the UEs. The results can be also interpreted
in the way that an imprecise positioning of the FlyBSs (in
order of dozens of decimeters to few meters) does not lead
to any notable reduction in the sum capacity. Such finding
gives a new degree of freedom for future optimization of the
networks with the FlyBSs.

We investigate also an impact of the UEs’ speed on both the
energy saving and the sum capacity compared to the position-
ing of the FlyBSs maximizing the sum capacity numerically
via simplex in Fig. 9 for the allowed degradation in sum
capacity of 4% (i.e., ¢ = 0.04). The figure demonstrates there
is no notable impact (variation is about 2%) on both the energy
saving (left subplot) and the sum capacity degradation (right
subplot). This is due to the fact that there is no strong direct
dependency of the proposed algorithm on the speed of UEs
and the algorithm still forces the FlyBS to reach the same
distance to optimum D, (see (9)). Besides, the right subplot
confirms that the real sum capacity degradation is safely below
the allowed 4%.

Furthermore, in Fig. 10, we demonstrate that the fairness in
capacity of individual UEs (defined as Jain’s fairness index)
is similar for our proposal and for state-of-the-art works. Our
algorithm even slightly improves the fairness (by few percent)
if € increases compared to the state-of-the-art works, since the
larger e provides additional flexibility in balancing the capacity
among UEs.

To illustrate fast convergence of the proposed algorithm,
we plot the average number of iterations over the capacity
step ACj¢ep (see Algorithm 1) in Fig. 11. This figure confirms
that the larger the step of the FlyBS movement is (i.e., larger
ACjqep), the faster the FlyBSs converge to their final positions.
However, already ACj, of roughly 10 kbps requires only
about two iterations. This means that only two FlyBSs move
in each step. Such fast convergence does not limit practical
applications. Note that all previous figures are plotted for
ACep of 10 kbps.

In Fig. 12, an example of the FlyBS trajectory in 3D space
(left subplot) and projection to 2D (right subplot) is shown
for three FlyBSs. We observe that each FlyBS changes 3D
position in a certain area depending on the UEs’ movement
and the FlyBSs’ positions are also influenced by interference
from neighboring FlyBSs to the UEs. Hence, if one FlyBS
initiates some movement towards other FlyBSs motivated by
new UE’s positions, the other FlyBSs adapt to that movement
with a similar movement pattern to keep their served UEs also
satisfied. Fig. 12 also indicates optimum position of the FlyBSs
derived numerically to illustrate that a notable reduction in
the redundant movements of the FlyBSs is achieved by the
proposed approach.
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VI. CONCLUSION

In this paper, we have derived and analyzed a relation
between the sum capacity and the energy consumed for flying
by the airship-based FlyBSs serving the mobile (moving)
UEs. We have analytically shown theoretical bounds for the
energy saving of the FlyBSs with respect to the sum capacity
degradation. Then, we have proposed novel algorithm reducing
the energy consumed for flying while still guaranteeing close
to optimum sum capacity. If the sum capacity degradation is
limited to 1%, the proposed algorithm enables energy saving
of 55.4%, 67.5%, and 90.7% if five, three, and one FlyBSs
are deployed, respectively, compared to the numerically deter-
mined position maximizing the sum capacity. The results indi-
cate that a “perfect positioning” of the airship-based FlyBSs
is not necessary and an error in the positioning in order of few
meters have only marginal impact on the sum capacity. This
finding provides a new degree of freedom for future research
and development of algorithms for networks with FlyBSs.

In the future, the presented analysis and the proposed
algorithm can be enhanced towards a joint optimization of
the energies spent for flying and for communication. Besides,
considering battery lifetime and charging aspects in the prob-
lem of FlyBSs positioning, e.g., as done for vehicles in [53],
is a challenging topic.

APPENDIX A

This appendix provides the proof to Proposition 1. Let us
start with the sum capacity definition from system model
(Section 1I), i.e.,:

N N pR
ZC —ZBnlog2<1+U—Z)
n=1 n=1

N
Z Qn
= B 1 5 o |-
n 1082 <1 + o2don
n=1

Now, we approximate log function with respect to parameter
X using linear approximation:
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where s = |2 |. We also use the polynomial approximation
with respect to an arbitrary X:

(a+X) (a+qa5) +k(a+qa6)k HX = qad), (21)

where ¢ = LEJ. Note that the values of 7 and ¢ in (20)
and (21), respectively, are approximation parameters, and
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choosing a smaller 7 and § results in a smaller error in the lin-
ear approximations (up to a certain low value of both, as the
UEs’ distribution is discrete), but the smaller error is at the
cost of a higher computation Complexity

By applying (20) and (21) (with zd’éﬂ as X), the sum
capacity from (19) is rewritten for the optlmal FlyBS position
[vayfazf] as:
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where T # 0 is arbitrary value for the approximation. The
expression (22) is then:
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where vo = [Zf,0,Yf,0, 2f,0], and (24), as shown at the bottom
of the page.
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The expression in (23) allows to directly evaluate 25:1 Ch
at [zy,yr,zs]. To this end, using the approximation in (23),
the constraint ) ", Cy, > Cypy X (1 —€) from (7) is rewritten

as:

(e
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(25)
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or equivalently as:

—Yro)*+(2f — 210)* < D(t), (26)

1
where D,(t) = (%X(IE) * as observed from (25),
and xf,, Y0, Zf0 are, in hne with (24), the coordinates
of the FlyBS at which E C,, reaches its maximum
for [xf,yy, zy]. Consequently, [$f707yf70,2f70] = [}, 9} 2]
and (26) represents the distance d [v(t),v*(¢)]. Thus, (26) can
be rewritten as d [v(t),v*(t)] < D,(t). This concludes the
proof.

(@} —z10)* + (v}

APPENDIX B

To provide proof to Theorem 1, let us first analyze the
constraint (a) in the problem defined in (4) for multiple
FlyBSs. From (1), (2), and (3), we get:
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