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ABSTRACT The use of aerial base stations on unmanned aerial vehicles (UAVSs) is a notable solution for
providing disaster victims with communication services because they can be quickly deployed immediately
after a disaster. In this study, we investigate how a single circling UAV with an aerial base station can be used
for collecting uplink information from users on the ground. In this system, users within the coverage area
of an aerial base station share the available system bandwidth. Consequently, since a UAV’s flying speed is
constant, a fairness issue becomes significant among ground users distributed over the service area when their
spatial density differs largely from place to place. To solve this fairness issue, we focus on a speed-control
technique for the UAV. We begin by formulating the amount of transmitted data from each user equipment
(UE) as a function of the communication time, during which the user is within the coverage of the aerial base
station, and which depends on the speed of the UAV. The objective function can be defined as a maximization
of the minimum amount of data transmitted by each UE. Then, we develop the proposed speed-control
technique by analyzing the quantitative relationship between the UAV’s flying speed and the amount of
data transmitted by each UE. Finally, we use computer simulations to demonstrate the effectiveness of our
technique.

INDEX TERMS Unmanned aerial vehicle (UAV), speed control, fairness, disaster.

I. INTRODUCTION
Unmanned aerial vehicles (UAVs) have been used in a wide

flight-based qualities of UAVs can be used to expand cov-
erage over the sea and to build non-terrestrial networks [9],

variety of applications over the last few decades owing to
their high mobility and low cost. In recent years, because
of their increased availability, in addition to military oper-
ations their use has extended to private and commercial
fields, such as observation, forest fire detection, and freight
transportation because UAV is available more easily now
[1]. UAVs are expected to be useful in the wireless com-
munication field [2], and many studies have been conducted
accordingly. For instance, [3], [4], [5], [6], [7], [8] sought
to maximize throughput, reduce delay, and maximize energy
efficiency by incorporating the UAV into terrestrial net-
works. Moreover, research is being conducted on how the
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[10], [11], [12], [13], [14]. The point is that a network gen-
erated by UAVs can be flexibly developed by changing their
number, position, and trajectory. Also, a good communica-
tion environment can be achieved because UAVs can more
easily communicate along the line-of-sight (LoS) [15]. One
application that can make good use of these advantages is
communication recovery during a disaster.

At present, communication infrastructure is dependent on
wired facilities such as base stations and backhaul links.
Therefore, when a disaster such as an earthquake or tsunami
affects this infrastructure, mobile users inevitably lose net-
work connectivity, making it difficult to gather information
from users within the disaster-affected areas and to optimize
disaster response. In other words, the loss of network con-
nectivity is a serious problem that must be avoided as much
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as possible, and the demand for disaster-resilient commu-
nication systems is increasing. One of the most promising
solutions to this problem is to deploy aerial base stations
onboard UAVs in disaster-affected areas [16], [17], [18], [19],
[20], [21].

Many communication systems using UAV swarms to cover
large areas have been proposed [22], [23], such as the infor-
mation collection system in [24], in which UAVs fly in a
circular trajectory. Timeliness and fairness are two important
aspects of information collection systems like this when they
are used in disasters. Timeliness is important because collect-
ing real-time information is essential for ensuring the smooth
rescue of victims. It is evaluated by looking at the elapsed
time from when information is generated by the sender to
when it is passed to the receiver [25], [26], and in that model,
timeliness is ensured by the constant circling period of the
UAV. Fairness is important because it is necessary to collect
information from as many users as possible in an area where
a disaster has caused an outage in network connectivity.
Consequently, it is essential to ensure fairness in users’ ability
to access the network, more so than in normal situations.
When a UAV’s flying speed is constant, an uneven spatial
distribution of multiple ground-based user equipment (UE)
will create an access disparity. In areas where the distribution
density of UE:s is large, the number of devices that must be
accommodated by the UAV is also large, and, consequently,
the bandwidth per UE is small. As a result, the communi-
cation volume for UEs is lower. Conversely, in areas where
the distribution density of UEs is small, the communication
volume for UEs is higher. To solve this problem, the speed
control of UAVs needs to adapt to the distribution density of
UEs. Therefore, considering timeliness and fairness, we need
to develop a speed control technique that uses UAVs with
a constant circling period to resolve the unfairness caused
by an uneven spatial distribution of UEs. This problem also
arises when using a single UAV, so in this study we focus
on using a UAV as a flying base station and consider the
fairness issue for users on the ground in a disaster-affected
area.

The major contributions of this study can be summarized
in the following points.

o We introduce a communication system that uses an
aerial base station carried by a UAV flying in a circular
trajectory. In this system, the service area becomes larger
than the radio coverage of the base station due to the
UAV’s mobility.

o We identify the fairness issue caused by an uneven
spatial distribution of users. We formulate the issue as
an optimization problem, then develop its solution by
considering the amount of data potentially transmitted
by each UE, which can be derived from the geographical
relation between the UAV and the UEs, and from the
velocity of the UAV.

o« We develop a speed-control technique that improves
fairness in the amount of transmitted data among UEs
with consideration of the speed limit of the UAV.
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It adheres to two strict conditions: the speed limit of the
UAV and the turn period of the UAV.

« Using computer simulations, we confirm that the speed
of the UAV changes in accordance with our proposed
method and that the speed and cycle restrictions are sat-
isfied. We also show that our method improves fairness
in the amount of transmitted data among UEs.

The rest of this paper is organized as follows. Section II
introduces related works and clarifies the problem that
we are attempting to solve. In Section III, we describe
the UAV-assisted communication system and formulate the
objective function. Section IV gives an overview of our tech-
nique for controlling the flying speed of the UAV, which is
used to solve the problem. In Section V, we conduct simula-
tions to confirm the superior performance of our technique.
Finally, we present our conclusions in Section VI.

Il. RELATED WORKS
There are many studies that have used UAVs as aerial base
stations in disaster areas. Reference [27] studied a bandwidth
allocation method that took the fairness issue into account,
and was used in an information collection model using a sin-
gle UAV. This study differs from ours in that it focused on the
unfairness caused by differences in the signal-to-noise ratio
(SNR) and the transmission time for different UEs. In [28],
a model with two UAVs, one hovering over the center of the
affected area and the other flying in a circular trajectory along
the periphery of the circular area, showed that network per-
formance was improved by optimizing the number of chan-
nels, UAV altitude, and transmission power. Fadlullah et al.
[24] took a network created by a swarm of circling UAVs
and dynamically adjusted their center coordinates and orbit
radius, their goal being to improve the connection probability
of end-to-end communication and the communication delay.
Reference [29] looked at maximizing the total rate of uplink
communication across Internet-of-Things (IoT) devices and
the UAYV, and they co-optimized scheduling, the uplink trans-
mit power of IoT devices, and the UAV altitude. In these
studies, UAVs flew along a set trajectory at constant speed
during a disaster scenario, allowing them to cover a larger
area than can be achieved with stationary UAV coverage.
Additionally, several studies have worked on speed-control
techniques for UAVs, and they solved the problem caused by
the distribution density of network nodes on the ground. Ref-
erence [30] devised a speed-control method that maximizes
the efficiency of data collection for IoT devices with consid-
eration of the impact of the charging process. However, they
only provided three patterns of UAV speeds, so it is difficult
to conclude that they derived the optimum speed. Pan et al.
[31] took the congestion state of a medium access control
(MAC) layer into consideration and dynamically adjusted
the UAVs’ speed for reliable and efficient data collection.
Moreover, they found that when the speed of a UAV increases
to around 20 m/s, the probability of successful access for
IoT devices on the ground decreases dramatically, making it
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FIGURE 1. System model.

difficult to transmit data to the UAV. Reference [32] proposed
a speed-control technique that minimizes the flight time for
a UAV collecting data from a set of ground sensors. This
study found that the speed of the UAV varies depending on
the location of the sensors, the amount of data required to be
transmitted by them, and their energy usage. References [33]
and [34] used a system model similar to the one in [28]
to solve the problem caused by the ground terminal (GT)
distribution density. Reference [33] worked on maximizing
the number of GTs that satisfy the constraint for the minimum
amount of transmitted data by optimizing bandwidth alloca-
tion and speed. Reference [34] set up a more realistic GT
distribution model based on the Thomas cluster process and
optimized the speed of the UAV to improve channel access
probability.

These studies show that speed control is an effective means
of solving problems caused by the distribution density of ter-
restrial network nodes, but the issue of communication unfair-
ness caused by the density of UEs on the ground remains
unresolved. Therefore, the objective of this study is to devise a
speed-control technique for UAVs that focuses on the fairness
of transmitted data for each UE.

Ill. SYSTEM MODEL

This section is divided into two subsections: the first one
explains our system model and specifies the parameters for
the UAV and UEs, while the second one covers how we math-
ematically express the potential amount of data transmitted
by each UE based on the geographical relationship between
them and the UAYV, culminating in the objective function used
in this study. To make it easier to follow the mathematics in
this paper, all symbols used are listed in Table 1.

A. MODEL OF THE CIRCLING UAV

As shown in Fig. 1, we use a UAV-aided information collec-
tion system, where a single UAV is employed as a flying base
station to collect information from K, ground-based UEs.
We use cylindrical coordinates, and the k-th UE is assumed
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TABLE 1. List of symbols used throughout this paper.

Notations | Description
Kiot The number of UEs in the service area.
M The number of time slots that meet the control
interval of the angular velocity.
N Total number of time slots.
TUE, Radius of the k-th UE.

TUAV Radius of the UAV.

ue, Angle of the k-th UE.

Ouav Angle of the UAV.

Height of the UAV.

K(6) The number of UEs that the UAV accommodates at
a turn angle 6.

R Radius of the service area.
T Turn period of the UAV.
B The amount of bandwidth the UAV can allocate.
PUE,, Transmit power of the UEs.
w(tn) Angular velocity of the UAV for the time between
ty and £, 1.
Ot Length of the bandwidth allocation time frame.
Ow Length of the speed control time frame.
Ik Distance between the UAV and the k-th UE.
gr(tn) Channel gain of the k-th UE at the n-th time frame.
Vi SNR of the k-th UE.
TE Transmission rate of the k-th UE.
No Spectral density of the additive white Gaussian
noise at the UAV.
dg The amount of data transmitted by the k-th UE
when the UAV makes one round of its trajectory.
N, If The sequential number of the time frame when the
k-th UE starts to transmit to the UAV.
N, ,f The sequential number of the last time frame the k-
th UE transmits to the UAV.
[ Size of the range of the UAV’s turn angle in which
the k-th UE can transmit to it.
Wmin Minimum speed of the UAV.
Wmax Maximum speed of the UAV.
wg (0r) Angular velocity of the UAV for the turn angle

between 60, and 0y, 41.

t(0n) Flight time from 6, t0 0,4 1.

t(0n) Total flight time up to angle 6,,.

(N2* The sequential number for the turn angle at which
the k-th UE begins transmitting to the UAV.

(NEY* The sequential number for the last turn angle at

which the k-th UE transmits to the UAV.

to exist at a fixed location given by (ryg, , Oug, , 0). The UAV
flies in the +6 direction at a fixed radius ry4y and altitude
Hyay, with a turn period of T'. Its position is expressed as
(ryavs Buav, Hyay). The service area covered by the flying
UAV is a circle with radius R = 2rguy. The number of UEs
that the UAV accommodates at a turn angle 6 is denoted as
K(0). The UAV knows the position of the UEs in advance
from its previous passage along the flight trajectory.

The bandwidth allocation is calculated at discretized points
in time and denoted by #,,n € {0,1,...,N}, withty = T.
The length of each time frame is represented by §,. The UAV
and UEs are connected by adopting Orthogonal Frequency
Division Multiple Access (OFDMA), and the amount of
bandwidth the UAV can allocate is denoted by B. In this
system, bandwidth is allocated equally to UEs in the UAV
coverage area.

Since the UAV’s trajectory has a fixed radius, we use the
angular velocity instead of the speed. The angular velocity of
the UAV at a time between ¢, and t,,41 is given by w(¢,), and
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FIGURE 2. Relationship between w(tp) and 6y, (tn).

the control interval of the angular velocity is denoted by §,,,
with §; < §,. With these variables defined, we can formulate
the following equation.

o(ty) = o(tg+1) = ... = o(tk+M-1)
(k=MK'K =0,1,2,...)), (1)

where M = §,,/8; is the number of slots that meet the control
interval of the angular velocity §,,. There is also a relationship
between the angular velocity of a UAV and its turn angle given
by

0 =0
Ovav (tn) = { ' ! @)

8 3 w(t), n> 1.

The relationship between the angular velocity of the UAV
at time f,, o(t,), and its turn angle at time #,, Oyay (t,),
is illustrated in Fig. 2.

The distance between the UAV and the k-th UE in the n-th
time frame is calculated using the Law of Cosines:

i(ty) = {rug,” + ruav” + Huay?

1
—2ryg, ruav cos(Bug, — Ouav ()32, (3)

B. FORMULATION OF THE AMOUNT OF

TRANSMITTED DATA

In this subsection, we present a formulation for quantifying
communication fairness. Prior studies have measured fairness
in terms of the throughput of each UE [35], [36], but this
metric is not appropriate for our model because no UE is
always in the UAV’s coverage area. Therefore, in this paper,
communication fairness is determined from the amount of
data transmitted by a UE when the UAV makes one round
of its trajectory.

[15] showed that the LoS probability increases as the
altitude of the UAV increases, and that the LoS probability
is more than 95% for a UAV at 120 m. Thus, for simplicity,
we use the free-space pass loss model as the propagation
model: the channel gain of the k-th UE at the n-th time frame,
gk (tn), 1s assumed to depend primarily on the distance and can
be expressed as

5 2
8k(tn) = (4nlk(tn)) . “

where A denotes the wavelength of the carrier wave.
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FIGURE 3. An illustration of 6.

Accordingly, the SNR, yx(#,), and the transmission rate,
derived from the Shannon-Hartley theorem, rx(#,), of the
k-th UE in the n-th time frame can be expressed as

_ 8k(tn)pueK (Buay (1n))
vk(tn) = BN, )
rk(tn) = KGum @) log, (1 + yk(tn)), (6)

where pyg denotes the transmit power of the UEs, and Ny rep-
resents the spectral density of the additive white Gaussian
noise at the UAV.
The amount of transmitted data for the k-th UE, dy, is given
by
NE
dy =8 D rilta), @)

NS
n=Ny

where N, ,f is the sequential number of the time frame when
the k-th UE starts to transmit to the UAV and Nf is the
sequential number of the last time frame the k-th UE transmits
to the UAV.

The relationship between the time when the k-th UE trans-
mits to the UAV and the UAV’s angular velocity, illustrated
in Fig. 3, is given by

NE
8 Z w(ty) = O, (®)

VA
n=Ny

where 6 is the size of the range of the UAV’s turn angle in
which the k-th UE can transmit to it. 6 is uniquely deter-
mined by ryg, .

To balance the total amount of transmittable data and fair-
ness among the UEs, we formulate the speed control problem
as follows:

maximize min dg, (9a)
(ty) k
N—1
. 1 27
subject to N ZO o(ty) = - (9b)
n=
®min < O(ty) < Wmax, Yne€{0,1,...,N}
(9¢)
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(9b) specifies that the turn period of the UAV is constant, and
(9¢) places bounds on the speed of the UAV. Note that prob-
lem (9a) is difficult to solve because there are N optimization
parameters, w(t,), and strict constraints, (9b) and (9c¢), exist.
Because the speed of the UAV takes a continuous value,
an exhaustive search method cannot be applied. Even with
discretized velocities, the search space remains enormous,
and extremely high computational complexity is unavoidable
because the speeds of the UAV at all speed-control inter-
vals need to be determined. A low-complexity algorithm is
required so that the calculation can be quickly executed for
each lap.

IV. PROPOSED METHOD

In this section, we elaborate on our method throughout four
subsections. In the first subsection, we introduce the dis-
cretized turn angle and the UAV’s angular velocity at each
point of it, and we rewrite the expression for the amount of
transmitted data from a UE. We then discuss the design policy
for our method. In the three subsections that follow, we give a
detailed overview of the three processes involved in calculat-
ing the angular velocity of the UAV. Finally, we analyze the
complexity and convergence of our proposed method.

A. DESIGN POLICY

To measure the quantitative relationship between angular
velocity and the amount of transmitted data, we introduce a
discretized turn angle for the UAV, 6, with 8y = 2m. We can
use this to obtain a discretized interval of 9 = 27w /N. The
angular velocity at each turn angle of the UAV is represented
by wg(6,). The time for the UAV to fly between 6,, and 6,41,
t,(6,), and the total flight time up to angle 6,, ¢(6,), are
calculated as

o

1,(0p) = TR (10)

0,
16,) = " (1)
892 0w9(9)’ n>1.

The relationship between 6,, and #(6,,) is illustrated in Fig. 4.
Therefore, we redefine (3), (4), (5), and (6) as

Ik(6,) = (rug,> + ruav? + Huav?
1
—2ryg, ruav cos(Oug, — 0,)}2 (12)
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2 2
8k (Oy) = (m) (13)
_ gk(gn)pUEK(Qn)
Vi (On) = BN (14)
B
() = XK@ logy (1 + Yk (6n)). (15)

Hence, the amount of transmitted data for the k-th UE is
expressed as

(NEY
Dk O)tu(6n)
n=(NJ)*
NEY

= Béy z

n=(Np)*

dy =

log(1 + Vk(en))’ (16)
K (0)wo (6,)

where (Nks )* is the sequential number for the turn angle at
which the k-th UE begins transmitting to the UAV, and (V ,f )*
is the sequential number for the last turn angle at which it
does so.

In this paper, we focus on unfairness in the ability of UEs
to transmit data caused by an uneven spatial distribution of
its users. Therefore, we make two assumptions for simplicity.
One is that the size of the communication range is a constant
value (N®)* for all UEs. The other is that the frequency
utilization efficiency for each UE is equal to the average of
that at each turn angle. Given these two assumptions, the
amount of data transmitted by each UE depends only on
(N,;9 )*, and (16) can be rewritten as

N AHWR

logy (1 + yx(6))
dr = Bdg —_— - (17

Z‘g K 6o (6n)
n=(NJ)*
We denote the functions f(6,), r(6,), and d(6,) as
logy (1 + vk (6n))

f(6,) = 82 T Vo)) (18)

K(6n)
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r(6n) = Bf (6n) (19)
d(6n) = r(p)tu(6n), (20)

where r(6,) is the average transmitted data rate for UEs
at each turn angle. d(6,) represents the average amount of
data transmitted by UEs when the UAV flies between 6, and
(6, + 69), and is henceforth referred to as the micro-amount
of transmitted data. Additionally, the function /(6,) is defined
as

ACH)
1(6,) = . (1)
" w0
Applying this to (17) gives
(NSY*+Ry*
d =Bsy D 16y (22)
n=(Np)*

Therefore, if 1(6,) is always constant, independent of 6,
then the amount of data transmitted is constant regardless of
(N, kS )*, and under these assumptions, the amount of data trans-
mitted becomes equal among UEs. Hence, to ensure fairness
in the amount of data transmitted by each UE, we have to
derive an angular velocity wy(6,) that makes 1(6,) constant.
This is the design policy for our method.

In the following subsections, we calculate the angular
velocity of the UAV in three steps: Projection Operation,
Adjusting Process, and Coordinate Transformation. In Pro-
jection Operation, we calculate wy(6,) to satisfy (9b) by ref-
erencing the value of f(6,). The Adjusting Process involves
adjusting the angular velocity until it satisfies (9¢). Finally,
Coordinate Transformation involves transforming wg(6,) into
(t,). The workflow for these three steps is shown in Fig. 5.

B. PROJECTION OPERATION
In this operation, we calculate the angular velocity at each
turn angle wg(6,) while only considering constraints to the
turn period T'.

We begin by defining a constant «(6,,) as

_ f©6n) _ wy(On)
f (&) Wp

where wj, is the base angular velocity, which is constant.
By defining «(6,) in this way, (21) can be rewritten as

(0 ©On) _ )

a(B)wp wp

«(6n) (23)

1) = (24)

Therefore, 1(6,) becomes constant regardless of 6, thereby
satisfying the design principles for our method.

Next, we have to determine the base angular velocity wp.
Using (11) we obtain

N-1

1 1
T 2 o ™ 2”(w9<en>)' 2

n=0

Additionally, deforming (25) using (23), wp can be written as

2w 1
wp = T (a(@,l))’ (26)
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Finally, the angular velocity wy(6,) can be obtained
from (23).

C. ADJUSTING PROCESS

The angular velocity wg(6,) is obtained from the Projection
Operation, but it does not always satisfy the speed limit of
the UAV. If this is the case, then the Adjusting Process needs
to be conducted. The Adjusting Process calculates a kind
of compromise solution that satisfies the speed limit of the
angular velocity based on the angular velocity obtained by the
Projection Operation. The Adjusting Process can be divided
into two main operations. The first is changing the angular
velocity component so that it lies within the bounds set by
®min and wmax. The second is to adjust the angular velocity so
that it satisfies the following two conditions: the turn period
of the UAV does not change before and after the Adjusting
Process, and the change in the amount of micro-transmitted
data at each turn angle due to this operation, Ad, is a constant
independent of the turn angle. The change in angular veloc-
ity satisfying these two conditions, Awy(6,), can be easily
obtained, and the reduction in fairness due to speed limits
can be decreased. The changes in the angular velocity and
the amount of micro-transmitted data due to these operations
are illustrated in Fig. 6.

Henceforth, we will denote the set of turn angles in which
the angular velocity wy(6,) does not meet the speed limit
before the Adjusting Process as O, and conversely, the set
of turn angles in which it does as L. First, if the angular
velocity is over the speed limit, then it is restored to the speed
limit. Second, the effect of this correction on the turn period
is calculated. We begin doing so by looking at the change
in 1,(6,) when the angular velocity changes from wy(6,) to
(wp(6n) + Awy(6,)), which is given by

do 8o

09(0n) + D (6y)  @p(6y)
Awy(6,)

= 1) (_ wp(6r) + Awewn)) - @D
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Algorithm 1 :Transformation Algorithm
Input: wg
Output: w

I: forn=0...N —1do

2:  if n =0 then

3: o(ty) < wy(6,)

4:  else

5: Ovav (tn) <= Ouav (thn—1) + 8 X w(tp—1)
6: a < |Buav(1n)/ 3]

7: r <= Ouav(ty) /80 — a

8: if a > N then

10: else

11 8 < wp(Bas1) — wo(bs)
12: o(ty) = wp(By) +g x 1
13: end if

14:  endif

15: end for

Then, the change in the UAV’s flight time from restoring the
angular velocity to the speed limit is calculated as

o= D Aty(6n). (28)

0,eO

After that, we adjust the angular velocity, which now meets
the speed limit, so that it satisfies two additional conditions.
The first is that the turn period after the speed change is equal
to that before the speed change. This condition is expressed
as

o+ D Atu(6y) = 0. (29)
0,eL

The other is that the change in the data once this change is
made, Ad, is constant for 6, € L. Using (20), we can write
this as

Ad = r(0,)Atu(6,) V6, € L. (30)

Using (29) and (30), Ad can be uniquely obtained as

-1

1
Ad = —t, Z ) (31)
ot r(6y)

Also, using (20), (27), and (30), Awy(6,) can be calculated as

Awg(6,) = wp(By) VO, € L. (32)

Ad

d(6,) + Ad
This can then be added to the original angular velocity to
obtain the angular velocity after the change. Since changing
the angular velocity values in a set £ may result in values
that do not satisfy the speed limit, the Adjusting Process is
continued until all components of the angular velocity do
satisfy it.
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FIGURE 7. Linear interpolation.

Algorithm 2 :Averaging Algorithm

Input: o (Before averaging)
Output: o (After averaging)
I: wgum < 0
2. forn=0...N —1do
3 Wsum < Wsum + @(ty)

4. if(n+1)mod M = 0 then
5 form=1...Mdo

6: @(tntm—M) < Osum/M
7 end for

8: wgum <= 0

9: endif

10: end for

D. COORDINATE TRANSFORMATION

Consider (2) and (11). We translate the angular velocity
at each turn angle, wy(6,), so that they equal those in the
bandwidth allocation time w(#,) of Algorithm 1. Lines 2 and
3 mean w(ty) = wy(6y) = we(Ox). This is because the angular
velocity when the UAV starts turning is equal to that when
it finishes turning, as illustrated in Fig. 2 and Fig. 4. The
current turn angle of the UAV is calculated in line 5. We then
compute the angular velocity corresponding to it. However,
the discontinuous angular velocity at each turn angle creates
a problem: if the current turn angle is between two discretized
turn angles, then the angular velocity corresponding to it does
not exist. To solve this problem, we use linear interpolation.
Linear interpolation is a method for connecting discrete val-
ues with a straight line, assuming that the values between
them share a linear relationship. First, divide the current turn
angle by the slot width §y and extract the integer part a and the
decimal part r, which is done in lines 6 and 7. Second, take
the difference between wg(6,;) and wyg(6,+1). This is the grand
of the angular velocity in unit slots. By multiplying this grand
g by the decimal part r and adding the velocity in slot a, the
angular velocity corresponding to the current position can be
derived. This series of calculations is illustrated in Fig. 7. The
operation in line 9 indicates that if the turn angle exceeds 27,
the angular velocity is assigned wmin. These operations are
continued until the angular velocities at all times are obtained.
However, linear interpolation causes a minute error, and the
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TABLE 2. Computational complexity of each process.

Process Computational complexity
Projection Operation O(NKiot)
Adjusting Process O(N)
Coordinate Transformation O(NM)

Total | OWNEiot + NM)

angular velocity of the UAV does not satisfy (9b). Therefore,
the derived angular velocity needs to be finely arranged to
satisfy the limit (9b). The algorithm for this can be found in
the Appendix.

As the angular velocity varies with each frame length
d:, we use Algorithm 2 to take the average value for each
interval to meet the velocity control interval §,,. First, wgyn is
initialized in line 1. Then, in line 3, the sum of each of the M
slots is stored in wsym, Which is then averaged and assigned
to w in line 6. wgym is then initialized in line 8. Coordinate
Transformation is performed using these algorithms until the
desired angular velocity is finally obtained.

E. ANALYSIS OF COMPLEXITY AND CONVERGENCE
In this subsection, we analyze the computational complexity
and the convergence of the proposed method. Table 2 sum-
marizes the computational complexity of each process in the
proposed method. The Projection Operation requires f(6,,) in
(23), which is obtained from (18). To obtain the numerator of
(18) in a certain slot, y; of each of the K;,; UEs needs to be
calculated. Therefore, the Projection Operation requires f (6,,)
for N slots, so the computational complexity is O(NK;y).
The Adjusting Process involves calculations using formulas
(27) to (32). The computational complexity for each formula
is at most O(N), so the computational complexity of the
Adjusting Process is also O(N). The Coordinate Transforma-
tion consists of Algorithm 1, Algorithm 2, and Algorithm 3.
Algorithm 2 has the most computational complexity, totaling
O(NM), so the computational complexity of the Coordinate
Transformation is also O(NM ). Therefore, the total computa-
tional complexity of the proposed method is O(NK;,; + NM).

To assess the efficiency of the proposed method, we com-
pare its computational complexity to that of the Brute Force
method. In the Brute Force method, P patterns of speed sets
are prepared, and the speed of the UAV is determined by
trying them all. The computational complexity is O(NK;,; P)
because the amount of data transmitted by K;,; UEs in N time
frames needs to be calculated P times. The number of patterns
P is determined by the number of levels of UAV speedTL
and the speed control interval §, = MJ;, where P = L7<f7).
Therefore, the computational complexity is O(NK;y L% ),
and this is not a calculable quantity. Thus, it is clear that our
method for calculating UAV velocity requires a much lower
computational cost than the Brute Force method.

Next, we confirm the convergence of the proposed method.
In the Adjusting Process, the calculation of (10) to (32) is
continued until all components of the angular velocity satisfy
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TABLE 3. Parameter settings.

Parameter Value
B 20 MHz
Kiot 100, 200, 300
f 2 GHz
PUE 10 mW
Ot 10 ms
No 4.14 x 10~2T W/Hz
HUAV 100 m
TUAV 65.2 m
T 60s
Wmin 1/’rUAV rad/s
Wmax QO/T‘UAV rad/s
0w 1s

it. Suppose that ¢, is positive in (28). In this case, the speed of
the set £ is increased so as to satisfy the condition on the turn
period. If no new velocity component exceeding the upper
limit appears, then the Adjusting Process converges. If new
velocity components exceeding the upper limit do appear,
then after first lowering them to the upper limit and placing
them in the set O, the speed of the set £ needs to be increased
again. In this way, the speed of the set £ continues to increase.
The amount of speed exceedance decreases as the Adjusting
Process is repeated, and it will eventually converge because
the upper speed limit is set greater than the average speed.
The same is true when ¢, is negative. Therefore, the Adjusting
Process always converges. In the Coordinate Transformation,
it is obvious that Algorithm 1 and Algorithm 2 converge, and
Algorithm 3 also converges as described in the Appendix.
Thus, it can be seen that the proposed method converges.

V. PERFORMANCE EVALUATION

In this section, we present the results of a MATLAB sim-
ulation and evaluate the performance of our speed-control
technique.

A. SIMULATION SETTINGS
In this subsection, we give an overview of our simulation
settings, the distribution model for UEs, and the comparative
method. The simulation parameters listed in Table 3 were set
by referring to the configuration of 5G base stations [37]. The
maximum speed of the UAV is set to the upper value at which
the flying UAV can maintain a connection with ground-based
UEs [34]. It is carried out on the distribution model for UEs
shown in Fig. 8. In this model, the circle is divided into four
areas: a dense area, a sparse area, and two normal areas. The
dense area and the sparse area are one fourth the size of the
whole area. Half of the UEs are located in the dense area and
10% in the sparse area. The rest is located in the normal areas.
The UEs are scattered in the range of 0 < ryg, < 0.9R.

We use the following three speed-control techniques for
performance comparison.

o Constant- An algorithm maintains a constant speed for

the UAV with a turn period 7',

w(ty) = 27” (33)
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FIGURE 8. Example of a distribution model of UEs.
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FIGURE 9. Change in the number of UEs accommodated and the speed of
the UAV at each time.

o Brute Force- An algorithm simulates all the prepared
speed patterns and uses the one that satisfies 7 and
achieves the highest minimum amount of transmitted
data. To keep the computational complexity down to a
computable level, we set the speed of the UAV using
the following equation and the speed control inter-
val §, = 10 s. Nevertheless, this method still has a
high computational complexity and cannot be used in

real-time.
) 21 n AV
w = — + —
" T R
(AV = {-6,-3,0,3,6,9}). (34)

o Proposed- Using our method.

First, we compare these three techniques to confirm the
effectiveness of speed control in a scenario without constraint
(9¢), which means wpi, = 0 and wmax = 0. Then, we inves-
tigate whether our technique satisfies (9b) and (9c), and we
demonstrate its performance.
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FIGURE 10. Minimum amount of transmitted data without the speed
limit.

B. PERFORMANCE WITHOUT SPEED LIMIT

In this subsection, we demonstrate how our method performs
without the speed limit. First, we use a simulation to confirm
how the speed of the UAV changes. Fig. 9 shows the change in
the number of UEs accommodated and the speed of the UAV
at each time. It can be seen that the UAV adjusts its speed in
response to the distribution density of users on the ground,
slowing down when it is higher and speeding up when it is
lower.

Next, we show the impact of each method on the amount of
data transmitted by UEs. First, Figure 10 shows the minimum
amount of transmitted data for each method at different values
for the total number of UEs, K,,; = {100,200, 300}. The
simulation was conducted 1000 times. We can confirm that
our method for controlling the speed of the UAV resulted
in improved performance compared with that of Constant.
Moreover, our method has comparable performance in terms
of mean values and superior minimum values compared
with that of Brute Force, which has a high computational
complexity.

Then, we identify the effectiveness of the amount of data
transmitted over all UEs for each method. Figure 11 gives
Jain’s fairness index [38] for each method, and Table 4 shows
the average and the variance of the amount of transmitted
data. These simulations were also conducted 1000 times.
We find that, compared with other methods, our method
makes the fairness index increase and the variance decrease
while maintaining the average amount of transmitted data.
This means our method achieves high fairness in the amount
of data transmitted by UEs.

These results show that our method raises the amount of
data transmitted by the UEs, which was lower when the
UAV travelled at constant speed, and improves fairness. This
is because our proposed method determines the speed of
the UAV at which equation (21) is constant. When (21)
is constant, the amount of data transmitted by each UE is
also constant, even given the unfairness from the distribution
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FIGURE 11. Fairness index for transmitted data without the speed limit.

TABLE 4. Average amount of transmitted data and the variance of
transmitted data without speed limit.

Average [Mbit] Variance [Mbit?]
Kiot
100 | 200 300 100 200 300
Method
Constant 184 | 98.1 | 67.8 8987 | 2482 1177
Brute Force 188 100 | 69.1 3250 | 915.0 | 4374
Proposed 188 | 100 | 69.1 2890 | 811.2 | 387.5

density of the UEs. In other words, our method adjusts the
speed of the UAV according to changes in the number of UEs
in the coverage area and resolves the unfairness caused by an
uneven spatial distribution of UEs.

C. PERFORMANCE WITH SPEED LIMIT

We begin this subsection by presenting the change in the
speed of the UAV when the Adjusting Process is conducted,
which confirms that the speed control works within the speed
limit. We next confirm that it satisfies (9b) and (9c¢). Finally,
simulation results confirm the effectiveness of our method
when under the speed limit.

The speed of the UAV is first compared between two trials,
one with the speed limit and one without it. This was done
to ensure that our method does in fact maintain the speed
within the speed limit, but it was also done to see how the
speed changed when speed limits were imposed. Fig. 12
shows how the speed of the UAV changed when the Adjusting
Process was conducted. In this trial, we set the speed limit as
Vimin = "UAV @min = 5 m/s and Vipax = ryay Omax = 15 m/s.
We found that the Adjusting Process ensures that the angular
velocity adheres to the speed limit. Moreover, even if speed
limits are imposed, the positive and negative speeds relative
to the average speed do not change, so the characteristics of
the speed change remain.

Table 5 presents the minimum and maximum speeds of the
UAV. These were obtained using the angular velocities from
1000 trials for each of the cases where K;,; = 100, 200, 300.
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FIGURE 12. Snapshot of the angular velocity of the UAV.

TABLE 5. Minimum and maximum speed of the UAV for 3000 trials.

Speed [m/s] | Limit | Proposed
Min 1.00 3.29
Max 20.0 20.0

This table indicates that the Adjusting Process and the Coor-
dinate Transformation satisfy (9c). Moreover, the minimum
and maximum turn angles of the UAV, 04y (T'), were 6.2832,
which indicates that (9b) was satisfied.

We then show the impact of each method on the amount
of data transmitted by UEs. Figure 13 gives the minimum
amount of transmitted data for each method with varying
numbers of UEs, and it shows that our model is an improve-
ment over Constant. Moreover, our method performed as well
as Brute Force in terms of the mean value, and better in terms
of the minimum value. This is the same as when there is no
speed limit, which indicates that our method still maintains
the performance even with the speed limit.

Moreover, we assess how effective each method is in trans-
mitting data over all UEs. Figure 14 gives the Jain’s fairness
index [38] for each method, and Table 6 shows the average
and the variance of the amount of transmitted data. We find
that, compared with the other methods, our method makes
the fairness index increase and the variance decrease while
maintaining the average amount of transmitted data. This
means our method achieves high fairness in the amount of
data transmitted by UEs.

These results indicate that the Adjusting Process maintains
the performance of the proposed method. This is because the
relative speed, large and small, according to the distribution
density of UEs is kept within the speed limit, as demonstrated
in Fig. 12. Moreover, Fig. 13 indicates that the proposed
method performs better than Brute Force as the number of
UEs increase. As the number of UEs increases, the solution
space also expands, and it becomes more difficult to obtain
an optimal solution by Brute Force. On the other hand, the
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FIGURE 14. Fairness index for transmitted data with the speed limit.

TABLE 6. Average amount of transmitted data and the variance of
transmitted data with the speed limit.

Average [Mbit] Variance [Mbit2]
Kiot
100 | 200 300 100 200 300
Method
Constant 184 | 98.1 | 67.8 8987 | 2482 1177
Brute Force 188 100 | 69.1 3250 | 915.1 | 4375
Proposed 188 100 | 69.1 2907 | 816.5 | 389.4

proposed method uniquely derives the speed of the UAV,
so performance is independent of the number of UEs.

VI. CONCLUSION

In this paper, we have provided an overview of a new
speed-control technique that uses a UAV as an aerial base
station and that resolves the unfairness in communication
caused by sparsely distributed users on the ground. We specif-
ically looked at scenarios where the UAV flies in a circular
trajectory above a disaster area. Through quantitative anal-
ysis of the amount of transmitted data, we developed an
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Algorithm 3 Error-Correction Algorithm

Input: o (Before correcting)
Output: o (After correcting)

1: Nmax < 0

2: Npin <= 0

3: forn=0...N—1do
4:  if w(t,) = wmax then
5: Idxpmax(n) < 1

6: Idxpin(n) < 0

7: Nmax ~ Nmax +1
8:  elseif w(t,) = wnin then
9: Idxpmax(n) < 0

10: ldxpin(n) < 1
11 Nmin <= Nmin + 1
12:  else
13: Idxax(n) < 0
14: Idxpin(n) < 0

15:  endif
16: end for

17: wbefore2<: w

18: while =& # @ do
19: W <= Whefore

20:  err <2n/T —w
21:  if err > O then

22: forn=0...N—1do
23: if Idxpax(n) = O then
24: w(ty) <= w(ty) +err X (N/(N — Nmax))
25: if w(t,) > wmax then
26: w(ty) <= Wmax

27: Woefore(tn) <= Wmax
28: Idxmax(n) <= 1

29: end if

30: end if

31: end for

32:  elseif err < O then

33: forn=0...N—1do
34: if Idxmin(n) = O then
35: w(ty) < w(ty) + err X (N/(N — Nmin))
36: if w(t,;) < wmin then
37: o(ty) < Omin

38: Woefore(Tn) <= Wmin
39: ldxmin(n) < 1

40: end if

41: end if

42: end for

43:  end if

44: end while

algorithm for deriving the angular velocity. The simulation
results showed that our method increases both the minimum
amount of transmitted data and fairness in the ability of UEs
to communicate with the UAV. In the future, we will study
the technique for achieving much fairer communications by
jointly controlling the UAV’s flying speed with other param-
eters, e.g., the bandwidth allocated to each UE.

VOLUME 11, 2023



S. Mitsui, H. Nishiyama: Speed-Control Technique for Achieving Fair Uplink Communications

IEEE Access

APPENDIX

ERROR-CORRECTION ALGORITHM

This Appendix describes Algorithm 3, which corrects for
errors introduced by the linear completion of Algorithm 1 and
ensures that (9b) is satisfied.

Idxmax and Idxmin represent the indices for which the angu-
lar velocity of the UAV is equal to the speed limit. Lines 3 to
16 are where Idxmax and Idxy,i, are determined. Numbers of
elements equal to the maximum and minimum speed limits,
Nmax and Npip, respectively, are also counted.

Inline 17, wpefore Stores w before correcting for error. If the
current angular velocity does not meet the cycle, then a while
loop begins in line 18. w is initialized in line 19, and the
errors for the angular velocity are calculated in line 20. Then,
the operation changes somewhat depending on whether err,
which represents the error in the angular velocity, is positive
or negative. We will explain what happens in the case when
err is positive. In line 24, the same constant is added to
the angular velocity at each time to satisfy the period, but
it is important to note that this addition operation cannot be
performed for the angular velocity when it is already at the
maximum allowable value from the speed limit. So, as long
as the angular velocity is not at its maximum, this operation
is carried out.

In line 25, if the maximum angular velocity is exceeded by
the addition operation, then the maximum angular velocity
is reassigned to that angular velocity in lines 26 and 27,
and Idxp,x is updated in line 28. In this case, the condition
for exiting the while loop is not met, and the operation is
reperformed starting from line 18. On the other hand, if the
addition operation can be performed on all non-maximum
angular velocities without exceeding the maximum value,
2n/T = o, and the while loop can be exited. Since the error
calculated in line 20 becomes smaller and smaller as the while
loop is repeated, it is ensured that the while loop will be exited
and Algorithm 3 will terminate. All of these steps ensure that
the angular velocity satisfies (9b).
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