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Abstract

Drones, also known as Unmanned Aerial Vehicle (UAV)s, have lately been employed for
a variety of tasks in our daily lives, including surveillance, delivery, and rescue operations.
High-performance, dependable two-way communication with cellular networks is necessary
to expand UAV applications quickly. Supporting different UAVs into current fifth genera-
tion (5G) networks is challenging. One of these challenges comes from ground and aerial
users having different channel properties. This thesis investigates how the performance of
cellular-connected UAVs and legacy ground users in a cellular network can be improved by
changing the antenna tilting angle or type, and we will consider mechanical, electrical, and
hybrid tilting in the system. This study considers the case of single user Multiple-Input
Multiple-Output (SU-MIMO) system featuring Uniform Linear Array (ULA) or Uniform
Planar Array (UPA) antenna system with Third Generation Partnership Project (3GPP)
parameters. This study illustrates the impact of antenna tilting in improving user through-
put, making it easier to integrate UAVs into 5G and future networks. These conclusions
are supported by simulation results, which also show how hybrid tilting may be used as a
scalable way to enhance multi-user performance for next-generation networks.
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Chapter 1

Introduction

1.1 Overview

The use of Unmanned Aerial Vehicle (UAV)s, popularly known as drones, has grown in
the last decade. Drones have specific features that make them helpful technology, such
as changeable altitude, flexibility, mobility, and reliability. Moreover, UAVs have new and
diverse applications with great business opportunities [1]. According to a report by Federal
Aviation Administration (FAA), drones are expected to reach approximately 1.8 million
by 2027 [2]. UAV plays a role in 5G and sixth generation (6G) wireless systems, in which
drones can be used as aerial Base Station (BS) for energy harvesting or edge computing
[3]. Drones can also be used as nodes or relays in ad hoc networks, where these relays can
be used between the ground BS and UAVs [1]. Finally, drones can be users of a cellular
system, and this is the focus of this thesis.

1.2 Motivation

Cellular-connected drones coexist with ground UEs in a cellular network [5]. They can
be used as part of Internet of Things (IoT) devices or sensors due to their small range
and power [5]. Drones, or UAVs, are increasingly being integrated into wireless com-
munication networks because they are low-cost mobile aerial vehicles and have a high
probability or chance of maintaining a Line of Sight (LOS) connection [6]. Many telecom-
munication operators do not disclose their antenna configurations. More investigations are
needed regarding different antenna tilting types and angles to enhance the overall system’s
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throughput. Some UAVoften connect to a farther BS rather than a closer one due to the
high power or high LOS probability of the sidelobes ! of the distant BS [7] as shown in
figure 1.1. This shows that antenna tilt angle (ATA) might be useful for association, and
interference between ground users and drones in some cases. Moreover, this approach can
help maintain better performance in a 5G network [8]. We will use ATA and its different
types to observe its effect and performance on the system.

Py 7% Drone Positions are P, P, P; P,

Base Station BS,

Figure 1.1: UAVs being served by side lobes (adapted from [9])

This study relies on the 3GPP specifications to find the performance for both UAVs
and ground UEs. The main questions of this research are:

e How much flexibility do we have with down-tilted antenna angles from the standpoint
of the legacy users?

e How can this flexibility be used to improve the performance of UAVs?

ISidelobes are the side emissions of an antenna’s radiation pattern, which can cause interference and
affect signal strength in unintended directions. Secondary lobes are also sidelobes



The antenna configurations have a significant impact on throughput and user coverage
in real-life scenarios. Figure 1.2 illustrates how tilting can offer the edge users some fairness
and shows the importance of using BS antenna tilting for different types of UEs in a
system, and it represents the system for this study. We used a single urban macrocell
(UMa) environment based on 3GPP parameters with SU-MIMO scheduling focusing on
the downlink.

=

UA-UE

Ground users Ground Edge user

Base station

Figure 1.2: The system under the study

1.3 Contributions

The main contributions are:

1. The effect of ATA on a ULA and UPA antenna systems.

2. Hybrid tilting offers better gain for sidelobes in ULA and UPA systems than me-
chanical and electrical tilting.

3. Hybrid tilting increases the UAVs’ throughput for down-tilted antenna while main-
taining equal or greater than 95% of the maximum throughput for the legacy UEs.



1.4 Outline

Chapter 2 shows the background and related work in antenna tilting. Chapter 3 displays
how tilting can affect the performance of the legacy users in a system, while Chapter 4
integrates UAVs into the legacy system. Lastly, Chapter 5 summarizes the research findings
and raises questions regarding ATA for future work.



Chapter 2

Background and Literature Review

2.1 Background

Integrating the Cellular-connected UAVs in legacy networks creates unique challenges,
including increased interference due to their high probability of LOS [7]. Therefore, antenna
tilting is one of the practical approaches that effectively enhances signal coverage and
reduces interference for UAVs and ground users. Tilting is one of the important parameters
for a BS as it impacts the coverage and interference for the legacy network. In any legacy
system, the BS has down-tilted antennas for ground users to have high throughput and
connectivity. Tilting the BS’s antenna can help decrease interference and handover between
ground UEs and drones [10], and it can provide better and fairer performance for edge users
in the system. Tilting can be of three types: mechanical, electrical, and hybrid tilting
[11]. This study will combine mechanical and electrical tilting as hybrid tilting. Many
telecommunication vendors don’t disclose their antenna parameters or Radio frequency
(RF) configurations, and this causes ambiguity for researchers in finding a better way
to enhance the performance of the legacy systems or allow the integration of any new
technology into the legacy systems effectively. Mechanical tilt is achieved by changing the
physical attributes or position of the antenna at the BS, while electrical tilt can be done
remotely by the network operator [12]. Tilting is different in ULA and UPA systems, as
ULA would have more sidelobes than a UPA system if both systems have the same number
of element antennas. Integrating cellular-connected UAVs into a legacy system with down-
tilted antennas would be a challenge, as UAVs has great LOS probability based on the
3GPP model [13] and associate with further BS as mentioned in section 1.2. Furthermore,
another challenge is getting the optimal angles that offer 95% of the maximum throughput



of the ground users and provide better performance for UAV in the system. This Chapter
will discuss electrical and mechanical tilt in more detail and the difference between ULA
and UPA in terms of gain.

2.1.1 Mechanical and electrical tilting effect on Antenna Gain

This section will show the impact of mechanical and electrical tilt using gain equations.
Figure 2.1 shows the elevation angle as # and the azimuth angle as ¢, where we will apply
mechanical and electrical tilt angle on the elevation angle 6 .

Z-Axis
A

Y-Axis

R T

X-Axis

Figure 2.1: Elevation and azimuth angle representation in 3D



Mechanical tilting on the antenna gain

Mechanical tilt requires a change of the antenna’s position along the Z-axis of the BS,
where the antenna is physically rotated. In this study, changing the elevation angle of the
BS’s antenna is considered a mechanical tilt. Figure 2.2 shows how tilting is applied to the
antenna of the BS:

w L
Legacy UE
Untilted BS Mechanically Tilted BS

Figure 2.2: Untitled and Mechanically titled system

The vertical mechanical tilt angle for the antenna element is denoted as 6,,, influencing
the gain of the antenna element in the vertical plane. The power (in dB) of the antenna
element gain pattern, based on 3GPP specifications [11], is given by:

G vV = — i 12 i G (2 1)
E, min . , Um .
Where:

e Gy represents the gain in the vertical plane for a given elevation angle 6.
e 0 is the elevation angle of the incoming signal, varying from [—90°,90°].
e HPBW, is the vertical Half Power Beamwidth (Half-Power Beamwidth (HPBW)).

e (5, is the overall sidelobe level in vertical plane set by 3GPP specifications.



The elevation angle 6 at each user is determined by the relative positions of the Base
Station (BS) and the User Equipment (UE) and can be calculated as:

(2.2)

Hps — Hyg,
f = arctan
v (Xue — Xgs)? + (Yus — Yas)?

In this formula:

e Hgpg and Hyg are the heights of the BS and UE in the Z-axis,

e Xyg and Yyg represent the horizontal coordinates of the UE in the X-axis and Y-axis,
respectively.

e Xps and Ypg represent the horizontal coordinates of the BS in the X-axis and Y-axis,
respectively.

N represents the number of antenna elements for the vertical array factor. In this
study, we will assume that N antennas are uniformly spaced with a separation of half the

wavelength for every array factor, where d = % represents the distance between adjacent
elements and k = 27” represents the wave-number. This assumption simplifies the vertical

array factor AFy () as shown in equation 2.3. The mechanical tilt angle of the array is
denoted as 6,,. Given these parameters, the array factor for N antennas with mechanical
tilt 6, is expressed as:

N-1 in (& g
R 1 sin (& sin (0 — 6,,))
AF _ jnkdsin(0—0y,) — 2
v(0) ;0: € VN sin (% sin (0 — Qm)) 7

(2.3)

This formulation of AFy(0) provides the relative amplitude and phase pattern of the
antenna array, illustrating how the vertical beam is shaped and directed by adjusting 6,,
for better coverage and interference control. To get the power array factor in dB scale,

let’s calculate it as:
Gry(0) £ 10logy, (AFV(H))Q (2.4)

The overall Gain that consists of the element gain and array factor of the antenna can
be represented as:

Gyv(0) = Gev(0) + Grv(0) (2.5)



Based on the figure 2.3, mechanical tilt shifts the same gain beam to a tilting angle
without changing the beam pattern shape or features itself, and the user that’s located at
elevation angle 15°would receive the highest Gain or the main beam gain.

Elevation Angle (deg) vs Gain with Mechanical Tilting

50 r

Mechanical Tilt Angle = 0
40 F Mechanical Tilt Angle = 15
30 -

Gain (dB)

-80 -60 -40 -20 0 20 40 60 80
Elevation Angle (deg)

Figure 2.3: mechanical tilt on gain pattern



Electrical tilt on the antenna gain

Unlike mechanical tilting, electrical tilting uses the same element gain and array factor
equations, except the beam steering angle is added to the array factor as sin(f.) as shown
in equation 2.7. The electrical tilt applied to a BS system doesn’t physically affect the
position or the axis of the antenna, as shown in figure 2.4.

900
oo L

Legacy UE
Untilted BS Electrically Tilted BS

Figure 2.4: untitled and electrically tilted system

Equation 2.6 shows the element gain power ( in dB) for a vertical ULA system can be

represented as:
9 2

Since the angle 6 € [—90°,90°], and the vertical array factor from [15] in a ULA with
the electrical tilt angle or beam steering angle as 6. can be given as:

_ — ejnkd(sin(@)fsin(ée)) _ 1 sin (% (Sln(‘g) - Sin(ee)))
ARVO) =D ~ /N sin (Z (sin(6) — sin(6,)))

n=0

(2.7)

10



Since electrical tilt changes the phase of the array, the beam pattern would not be
symmetrical in shape as the same mechanical tilt’s beam pattern as shown in figure 2.5.

Elevation Angle (deg) vs Gain with Electrical Tilting

Electrical Tilt Angle =0
40 | Electrical Tilt Angle = 15

30

20

101

Electrical Gain (dB)

10 |

-20

=30 L L L LB 1 L L !
-80 -60 -40 -20 0 20 40 60 80

Electrical Elevation Angle (deg)

Figure 2.5: Electrical tilt on gain pattern
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Side lobes problem

Since the system’s Gain has an array factor, we should consider that some tilts might
be better than others because of the sidelobe effect. Figure 2.6 shows how the different
mechanical tilts affect the sidelobes at various distances away from the BS and how different
antenna tilt angles are better than others at specific distances.

Distance vs Gain at HeightUE 1.5 m

Lh :
i

20

W

0

-20 §

Gain (dB)

woll

-80 Mechanical tilt = 0

Mechanical tilt = 10
Mechanical tilt = 20
Mechanical tilt = 30

Mechanical tilt = 40

-100

-120 - - - ' !
0 100 200 300 400 500
Distance (m)

Figure 2.6: Distance vs Gain with different antenna tilt
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2.1.2 Difference between ULA and UPA systems

The main difference between UPA and ULA system is that UPA system consists of hor-
izontal and vertical gain, while ULA consists of vertical gain only [I5]. In a ULA, the
number of antenna elements is arranged linearly, with a total of N elements along a single
dimension, resulting in an array size of N x 1 or 1 x N. This structure allows the ULA to
focus its beam in a single spatial direction, typically along the azimuth plane. Figure 2.7
shows the difference between two ULA systems and a single UPA system in terms of beam
pattern, and it shows the gain pattern for ULA and UPA systems with eight and 8 x 8
elements, respectively.

Figure 2.7: ULA vs. UPA in 3D (adapted from [15])

On the other hand, a UPA system arranges the elements in two dimensions, with N
elements along one axis and Ny elements along the orthogonal axis. The total number of
elements in a UPA is therefore given by N = N; x N,. This two-dimensional structure
allows the UPA to achieve beamforming capabilities in both the azimuth and elevation
planes, and it is more directive than the ULA antenna system. Figure 2.8 shows the
structural difference between ULA and UPA system and how UPA antenna system is
much larger than ULA antenna system.

13



UPA

c
P

Figure 2.8: ULA vs UPA

To compute the horizontal gain, the azimuth angle, ¢, is calculated based on the relative
positions of the base station (BS) and the user equipment (UE), as shown in Equation 2.8:

Yur — Ybs
= arct — 2.8
¢ = arctan (XUE — XBS) (2.8)

In this equation:

e ¢ represents the azimuth angle between the BS and the UE, measured in radians.
e Yy and Xyg are the coordinates of the UE in the Y-axis and X-axis, respectively.

e Ygg and Xpgg are the coordinates of the BS in the Y-axis and X-axis, respectively.

The azimuth angle ¢ provides the angular direction from the BS to the UE, essential
for determining the horizontal gain in antenna alignment.

The gain element and array factor for the horizontal cut of the radiation pattern char-
acterize the power distribution across the horizontal plane. Each antenna component’s
gain can be expressed as in Equation 2.9, defined in terms of the horizontal dimension.
For the horizontal cut gain, the azimuth angle ¢ varies within a range of [—90°,90°]. The
array factor follows the same form as the vertical ULA, replacing the elevation angle with
the azimuth angle. Equation 2.9 describes the gain pattern regarding the azimuth angle
and horizontal plane.

. o\ . _
Gpu(¢) = mm{12<HPBWh) VA, ¢, HPBW, =65, A,=30dB (2.9)
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In equation 2.9:

o Gppu(¢) is the horizontal gain component of the antenna radiation pattern at an
azimuth angle ¢.

e ¢ is the azimuth angle, representing the horizontal direction of the incoming wave,
measured relative to the boresight direction of the antenna.

e A,, = 30dB is overall sidelobes level for the horizontal element gain from 3GPP [11]

e HPBW, = 65° denotes the half-power (3 dB) beamwidth in the horizontal plane,
according to 3GPP standard [11].

For the horizontal array factor, N, represents the number of antenna elements for the
array factor equation in 2.10. Since we are not focusing on beam steering or electrical tilt
for the horizontal part in the UPA antenna system, the horizontal array factor gain can be
represented with the same considerations as in equation 2.3 as [15]:

Ny—1
E : ejkdhncos(ﬁ—em) sing _

n=0

1
=

1 sin (& singcos(6))

VN sin (2 sin ¢ cos(6))

AFL(0, ) (2.10)

If we want to add vertical mechanical tilt, the only factor influencing the horizontal
array factor gain and Gain element is the elevation angle #, which will be adjusted to
0 — 0,,. The final antenna element gain with vertical and horizontal Gain in UPA can be
calculated as :

Ge(0,¢) = —min{— (Gry (0) + Gpu (¢)),Gm} (2.11)
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Where:

e Ge(f, ¢) is the total antenna element gain in both the vertical and horizontal planes.
e Gpy(0) is the vertical gain component based on the elevation angle 6.
e G () is the horizontal gain component based on the azimuth angle ¢.

e (5, is the maximum sidelobe level, limiting the combined gain as per system speci-
fications from 3GPP.

The total Gain, incorporating both vertical and horizontal gains in terms of the element
gain and array factors, can be expressed as:

Grotal (0, ¢) = 8 — Ge (0, ¢) + 101ogy, ((AF,(0))* (AFL(9))?) (2.12)

Since UPA consists of horizontal and vertical gain, this means the gains can be rep-
resented similarly to ULA in polar form with a mechanical vertical tilt of 10°as shown
in figures 2.9 and 2.10 [11]. Figure 2.9 shows the gain pattern as a function of elevation
angle (0) for azimuth angle (¢) equal to zero, and Figure 2.10 shows the gain pattern as a
function of azimuth angle (¢) for elevation angle (#) equal to zero.

Vertical Gain vs. Elevation Angle UPA

90°
0 60°

-30°

-60°
-90°

Figure 2.9: Vertical gain vs. elevation angle in UPA
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Horizontal Gain vs. Azimuth Angle
90°

60°

30°

-30°

-60°
-90°

Figure 2.10: Horizontal gain vs. azimuth angle in UPA

Difference between UPA and ULA in terms of Gain

UPA has fewer sidelobes than ULA has because UPA has better beam control in azimuth
and elevation plane. Figure 2.11 provides the difference between ULA and UPA in terms

of antenna gain pattern at azimuth angle of 0°:

Comparison of ULA and UPA for 64 Elements

—5— ULA (84x1 Elements)
* UPA (88 Elements)

Gain (dB)

Elevation Angle (degrees)

Figure 2.11: ULA Vs. UPA with 64 antenna elements in elevation angle
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UPA in 3D

We can also represent UPA in 3D since UPA has azimuth and elevation planes. Figure
2.12 shows a UPA system in 3D.

3D Gain Plot for UPA system
100

@ -100
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-200

Gain

-300

400
100

0‘\\\ ///(—5"'/ 50
50 T~ —

o -50
Phi Angle (Degrees) 4100 100

Elevation Angle (Degrees)

Figure 2.12: Gain(dB) vs Elevation Angle(°) in 3D

2.1.3 The effect of Hybrid tilting on the structure of the antenna

In a hybrid tilting system, we use electrical and mechanical ATA simultaneously, in which
both angles are separate angles that are not added into one angle. Figure 2.13 shows how
we can add mechanical tilt to change the position of the antenna, and we can also add
electrical tilt to steer the beam in a specific way by changing the phases of the antennas.

Figure 2.13: Mechanical up-tilt with electrical down-tilt (adapted from [11])
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2.2 Related Work

There is some lack of considerable representation of Gain in the current literature. The
electrical and mechanical tilt was not clear in 3GPP for UAVs and ground users in the
same system, and the Gain of the array factor gain is not well considered in [16]. Based
on 3GPP specification in [14], the standard electrical tilt for BS is 12° for ground users,
but the mechanical tilt standard was not considered. Many studies covered the effect of
mechanical and electrical tilt on legacy users. However, the representation of mechanical
and electrical tilting was not well established in some studies because array factor gain was
not taken into consideration, and this can be found in [12],[17], and [1&8]. Therefore, this
causes the gain pattern to not have sidelobes, while other ULA systems in the literature
have sidelobes because of adding the antenna array factor to the gain element.

An essential aspect of tilting that wasn’t well illustrated in some of the literature is
Hybrid or combined tilting. The impact and use of Hybrid tilting were taken as an equal
amount of electrical and mechanical tilt in [12]. However, we will use different amounts or
combinations of electrical and mechanical tilt in this thesis. Some studies recently, such
as [19, 20] focused on the use of electrical tilting for cellular-connected UAVs in a legacy
system. Moreover, the authors in [7] considered using mechanical tilting with 12° instead of
electrical tilting for cellular-connected UAVs. Using different combinations of electrical and
mechanical tilting angles for cellular-connected UAVs and ground UE in a legacy system
was not used before. Our wireless network system in this study has a channel for every
user with scheduling based on the user’s weight, while the system in [19] uses the Gain
directly without implementing it in the channel. Many works such as [19, 21] use up-tilted
antennas specifically for cellular-connected UAVs, which it is not cost-efficient to have each
special antenna in each BS for a few aerial users that are far less than ground UEs, and
up-titled antennas can affect airplanes in the surrounding area. In [20], the authors used
ULA and UPA for cellular-connected UAVs and ground users. However, they didn’t specify
the tilting type in the element gain or the array factor equations in the clear matter.

This study takes careful consideration antenna gain model and clearly distinguishes
between electrical and mechanical tilting, as shown in the background. We will use tilting
to enhance performance for UAVs while emphasizing the importance of maintaining ground
UEs throughput. We will employ separate mechanical and electrical tilting angles using
distinct ATA configurations rather than combining them into a single ATA, as has been
done in some previous studies [15].
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Table 2.1 summarizes how this thesis covers essential aspects that are not found in many
studies, such as antenna gain representation with array factor gain, cellular-connected
UAVs, electrical tilting, mechanical tilting, and UPA antenna system.

Table 2.1: Comparison of mechanical, electrical, and hybrid tilt with array factor gain and
cellular-connected UAVs in Literature and our Research

Reference Mechanical Tilt Electrical Tilt Hybrid Tilt Array Factor Gain Cellular-Connected UAVs UPA Antenna Gain
Geraci et al. (2018) [7] X
Yilmaz et al. (2009) [16] X
3GPP [13, X

Athley and Johansson (2010) [12]
Seifi et al. (2012) [17]

Dandanov et al. (2017) [15]
Chowdhury et al. (2021) [19]
Lobao et al. (2023) [20]

Du et al. (2022) [21]

Kim et al. (2020) [22]

Xu and Zeng (2019) [23]

Our Research

v (Equal Tilt)

N RN I RN NEN RN
S A R A

N N N N N N N NN
N N N N RN
AN N N R TRNEZEN
N R NENENENENEN

V' (Custom Combinations)
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Chapter 3

Testing antenna tilt effect on ground
users

In this chapter, we will show the impact of antenna tilt angle on ground users in legacy
systems. The following section 3.1 shows the system’s parameters. Our central antenna
system would be ULA with a downlink case, but we will also illustrate a case with UPA.
Mechanical, electrical, and hybrid tilting for ground users will be shown in this chapter.

3.1 Legacy Users’ Settings

3.1.1 Pathloss

In this work, we will use 3GPP specifications for ground users from [I11]. UMa was consid-
ered in the system. In figure 3.1, we simulated the different Pathloss cases with distance
to understand the relationship between Pathloss and distance for ground users.
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Distance vs pathloss at height 1.5m
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Figure 3.1: Pathloss vs distances

3.1.2 Channel setting

The Rician fading model equation can be written as:

B 1 KrBr | LoSn
_— hZR> Ry P 3.1

Users with LOS components in the system use the Rician fading model, while others use
the Rayleigh fading model. Based on equation (3.1), we have ! that is assumed to be
the LOS coefficient for the first tap, and the rest of the taps are assumed to be NLOS
coefficients. In addition, each tapped delay-line has its own power delay profile based on
3GPP specifications [11]. k! is the Rician factor, where k-th is the number of users at the
n-th time-slot. hI,;OS’” represents the LOS components, where it is zero for the Rayleigh
fading model. The transmit antenna correlation matrix for users and the BS is shown as
R'Y2 and the h#, is the vector whose entries are zero-mean i.i.d complex Gaussian random
variables. The Rayleigh fading model is the Rician fading model without the dominant
LOS component, so the LOS component and Rician factor will be zero in this case. In this
step, we use the pathloss of LOS components in the channel matrix equation. However,
we need to know whether the condition is LOS or NLOS depending on the probability of
LOS. The likelihood of the LOS equation is based on 3GPP Rel 16 [14]. The equation used
for the LOS probability can be described as follows:
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2D

The Line-of-Sight (LOS) channel component between the k-th User Equipment (UE)
and the m-th antenna of the Base Station (BS) at the n-th time-slot is mathematically
expressed as:

LOS,TL J— jﬁllun_a'mlh
P = €3 1% , (3.3)

where:

e |[u} — a,|2 is the Euclidean distance between the k-th UE’s position u} and the
m-th antenna’s position a,,,

e ) is the signal wavelength, defined as A = %, where c is the speed of light, and f. is
the carrier frequency.

This equation captures the phase shift induced by the direct LOS path between the
user and the antenna.

The base station (BS) can be equipped with either a ULA or a UPA. The antenna
elements are arranged linearly in the ULA, while in the UPA, they are placed in both
vertical and horizontal directions, with identical spacing d. For the UPA, there are /M
elements in each direction [24]. An exponential correlation model is used to capture the
spatial correlation between the elements for both ULA and UPA, as described in [25]. The
correlation matrix R, with the (7, j)-th entry given by:

[R]iu’ — plv(i)—v(j)|+|h(i)—h(j)l7 ii=1,2,....M (3.4)
In the ULA, v(i) refers to the position along the linear array, while for the UPA, v(7) and

h(i) represent vertical and horizontal positions. The parameter p describes the correlation
coefficient.
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3.2 System Model and Parameters for SU-MIMO

This section will define our system’s parameters for legacy users in the downlink scenario
with SU-MIMO system. Table 3.1 represents the parameters set in this system, and some

parameters are from 3GPP [11].

Table 3.1: Parameters under downlink case

Parameters Values under Downlink Case
The carrier frequency (f.) 2GHz

The system bandwidth (B) 20MHz
Total antennas at BS (Mps) {64}

The average building height (dp) 5m

The average street width (d) 20m

The minimum distance from the BS (d25)) 10m

The power density of noise (Np) —174dBm/Hz
The noise figure (¢) 9dB

The effective antenna height at the BS (dgs) 25m

The effective antenna height at the user (dyg) 1.5m

The adjacent antenna distance at BS (d) 0.51

The adjacent antenna distance at UE (d) 0.2

The Rician factor (k) N(9,3.5%)dB
The BS channel correlation coefficient (p) 0.4

The maximum power of the BS (Ppax) {0.1} W

The maximum height for UAVs (Heightyay) 100m
Environment parameters for Rician factor (A, A2) | 1, 0.7329
Number of sub-channels (C') {51}

Cell radius (R) 288m
Subchannel bandwidth (B¢) 360kHz
Number of time-slots per frame (T') {20}
Time-slot duration (T) 0.5 ms

3.2.1 Precoding and Calculating throughput

The Signal-to-Interference-plus-Noise Ratio (SINR) for the x-th user in a SU-MIMO system
at the n-th timeslot using Maximal Ratio Transmission (MRT) is given by equation 3.5.
MRT is a method of digital beamforming used to increase the maximal power at the receiver
by changing the phase and amplitude of the transmitted signals. Moreover, It achieves this
by aligning the signal in the same direction as the channel’s complex conjugate. In this
equation, SINR! represents the SINR of the s-th user at timeslot 7, where P! denotes
the transmit power, h} is the channel vector between the BS and the UE, and w] is
the beamforming vector for the x-th user. The term o2, representing the noise power, is
assumed to be 1. Unlike Multi user Multiple-Input Multiple-Output (MU-MIMO), SU-
MIMO operates without inter-user interference, focusing solely on the desired signal. The
SINR is expressed as:
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SINR! = ot =1 (3.5)

The beamforming weight for MRT is designed to maximize the received power of the
desired signal and is calculated as:

h}
[z

(3.6)

n _
W, =

In SU-MIMO, the focus is on enhancing the signal power received at the UE while
ensuring efficient power usage at the BS. The absence of intra-cell interference simplifies
the processing and considers the individual user performance.

3.2.2 resource allocation

Thanks to its simplicity and flexibility, Orthogonal Frequency Division Multiple Access
(OFDMA) is widely adopted as the standard multiple access scheme in fourth generation
(4G) and 5G cellular systems. In this scheme, the base station partitions the available
frequency and time resources into Physical Resource Block (PRB), which are then allocated
dynamically to users. In this chapter, we will use SU-MIMO for legacy users, where we have
one user assigned at each PRB. We have created a SU-MIMO, where each sub-channel has
only one active user scheduled. The active user is assigned to each PRB separately based
on Exponential Moving Average (EMA). In addition, we will use equal power allocation,
where each active user in the single PRB has equal power to the other users over a single
timeslot per frame. The method used to calculate the spectral efficiency is Modulation
Coding Scheme (MCS) from [20], and the system’s performance metric is the geometric
mean for all the users’ throughput in the system.

Exponential Moving Average in Resource Allocation

In dynamic wireless communication systems, where network conditions and user demands
fluctuate rapidly, using an EMA for SINR and throughput measurements is crucial for
stabilizing resource allocation and scheduling decisions. The EMA for a user’s throughput
in each PRB and time slot is computed using the following formula:
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In equation 3.7, RS' represents the updated EMA of the throughput for user v in PRB
c at time slot ¢, while R%'~! is the EMA of the throughput from the previous time slot.
The term r&* denotes the actual measured throughput for user u in PRB ¢ at time slot ¢.
The parameter W is the window size of the EMA, influencing how responsive the average
is to recent changes in throughput.

Initialization and Weighted Rate Computation

At the start of each time slot, especially if it is the initial slot for a PRB in a new cycle,
the EMA is set to a small constant € (e.g., 1 x 1071%). This constant helps avoid division
by zero in rate calculations and ensures a baseline for the average to build upon. The
weighted rate, important for PRB allocation decisions in EMA, is calculated in equation
3.8.

Measured Throughput,,
Rc,t— 1

Weighted Rate, = (3.8)

Calculating the Performance

Once the SINR is obtained, the MCS function is employed to calculate the throughput
for the single user. Since SU-MIMO systems handle one user at a time, performance is
primarily determined by the quality of the channel and the choice of the antenna tilt angle.
Poor tilting configurations will reduce the throughput. Furthermore, the antenna tilt angle
performance is based on the average geometric mean over several realizations or iterations
in a single run or simulation.
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3.3 Mechanical and Electrical tilt in SU-MIMO

We will test the effect and difference between mechanical and electrical tilt for 50 different
realizations in SU-MIMO case with ULA and UPA system.

3.3.1 ULA antenna system with mechanical and electrical tilt

In this part, we have simulated 20 ground users for 50 realizations in SU-MIMO with ULA
antenna system. Figure 3.2 and 3.3 show that mechanical tilt is better than electrical
by 3.6 %. The best mechanical tilt in 3.2 is 9° with the best throughput of 72.2 Mbps,
while the best electrical tilt in figure 3.3 is 10° with the best throughput of 69.7 Mbps.
Moreover, figure 3.2 and 3.3 shows the angles that are above the threshold, where the
threshold represents the range of angles that gives 95% of the maximum throughput.

§ 75 % 107 Throughput vs. Mechanical Antenna Tilt Angles
A R N Thvesnois,
g P b
65 / D
§ @ \x
o
I \,
- o
355 /
5 o
=1 P
S 5 /
= /
[ /
c 45 e
© 2
2 ]
o 4 ’
g 35 2
S <
o 3 j=; -i/
> g
S 25¢= : ‘
z 5 0 5 10 15

Antenna Mechanical Tilt Angle (Degrees)

Figure 3.2: Throughput vs mechanical tilt in SU-MIMO
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7 X 10’  Throughput vs. Electrical Antenna Tilt Angles

\ Threshold

6.5 / \

55 NI

Average Geometric Mean Throughput of Electrical tilt (bps)

-5 0 5 10 15
Antenna Electrical Tilt Angle (Degrees)

Figure 3.3: Throughput vs Electrical tilt in SU-MIMO

3.3.2 UPA antenna system with mechanical and electrical tilt

For this part, we did the same case from section 3.3.1 except we will use UPA antenna
system. Figure 3.4 shows the best mechanical tilting angle is 14° with 44.7 Mbps, and
figure 3.5 shows the best electrical tilting angle is also 14° with 44 Mbps. Moreover, ULA
antenna system offers more throughput for users than UPA antenna system. The reason
will be discussed in 3.3.3. The results in figure 3.4 and 3.5 shows that UPA antenna system
needs more tilting unlike in ULA antenna system.
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Figure 3.4: Throughput vs mechanical tilt in SU-MIMO in UPA system
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Figure 3.6 shows the locations of ground users in the system in the UPA system.

User and Base Station L ti for all 50 izati at 0.10 W with 64 antennas for 20 users

25

20 ®  Base Station
*  Ground Users

Height (m)

250
X Coordinate (m) 400 150 100 50 0 50 100 150

-250 -200
Y Coordinate (m)

Figure 3.6: Location of the ground users in SU-MIMO with 20 ground users in UPA system
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3.3.3 Difference between UPA and ULA in azimuth angle

Since many users have different locations, the azimuth would be different for each user,
causing users with an azimuth angle above 0° to gain less due to the effect of horizontal
antenna gain on the vertical antenna gain. The gain UPA at an azimuth angle of 45° would
be less than the gain of ULA due to the sidelobes of horizontal gain as shown in the figure
3.7 :

50 Comparison of ULA and UPA for 64 Elements at azimuth angle of 45°

—E— ULA (64x1 Elements)
— -~ UPA (8x8 Elements)

-50

00 ¢
$

Gain (dB)

-150 |-
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-300 -

350 | I I | . I
-100 -80 -60 -40 -20 0 20 40 60 80 100
Elevation Angle (degrees)

Figure 3.7: ULA Vs. UPA with 64 antenna elements in elevation angle at azimuth angle
of 45°

If some users’ locations are between 70° and 90° in terms of azimuth plane or angle,
the UPA’s gain would be less than the ULA’s gain as shown in figure 3.8 :

Figure 3.8: ULA Vs. UPA with 64 antenna elements in elevation angle at azimuth angle
of 90°
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3.4 Hybrid Tilting for Ground Users

As illustrated in section 2.1.3, electrical and mechanical tilting angles are separated tilting
angles. In sections 3.4.1 and 3.4.2, we will show the difference between UPA and ULA
systems in terms of hybrid tilting for 50 realizations. We will use different electrical and
mechanical combinations ranging from -5° to 15° for both tilting in SU-MIMO ground
users with BS’s maximum power of 0.1W in later sections. Moreover, we will show and
use the optimal tilting angles that give more than 95 % of the maximum throughput for
ground users, and the optimal angles are described as any angle above the threshold.

3.4.1 Hybrid Tilting in ULA

Hybrid tilting in a ULA system combines both mechanical and electrical tilts by adding the
respective tilt angles 6,, (mechanical tilt) and 6, (electrical tilt). Equation 3.9 describes
the antenna gain with hybrid tilting, and equation 3.10 shows the array factor with hybrid
tilting.

. 0 — O \° o |
Gpy(f) =8 —min (12 (FBVVU) ,Gm> ., Hybrid-tilt Element Antenna Gain (3.9)

In equation 3.9, Gy (0) represents the vertical element antenna gain in dB, while 6
is the elevation angle of the incoming wave. The parameter 6,, denotes the mechanical
tilt angle, HPBW, refers to the vertical half-power beamwidth (3 dB beamwidth), and
G, is the maximum allowable gain or the maximum attenuation of the antenna’s gain
(e.g., 30 dB as per 3GPP standards). The array factor for hybrid tilting, considering the
combination of mechanical and electrical tilts, is described as:

1 sin (4F (sin(0 — 6,)) —sin(0.)
VN~ sin (5 (sin(0 — 6,,)) — sin(6.))

As(0) = Hybrid-tilt Array Factor  (3.10)

Here, Af(0) is the array factor for the ULA considering hybrid tilting. The term N
indicates the number of antenna elements in the ULA, while 6 is the elevation angle. The
parameters 6#,, and . correspond to the mechanical and electrical tilt angles.
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The array factor gain, calculated from the magnitude of the array factor, is expressed
as:

G(0) = 10log,, (Af(#))*, Array Factor Gain (3.11)
In this equation, G () represents the gain contributed by the array factor in dB, while
A (0) is the array factor obtained from equation 3.10.

Finally, the total ULA gain, which combines the element gain and the array factor gain,
is given by:

Giotal(0) = Ge(0) + G¢(6), Total ULA Gain (3.12)

The term Gyota1(6) refers to the total gain of the ULA in dB, where G.(6) is the element
antenna gain from equation 3.9 and G(0) is the array factor gain from equation 3.11. This
comprehensive hybrid tilting model accurately represents the total gain for a ULA system
by considering both mechanical and electrical tilts simultaneously.

Based on figure 3.9, the best tilting for the main lobe or gain beam is mechanical tilting,
while the two hybrid tilting methods perform better than electrical tilting.

ULA Gain for Different Tilting Methods at 15°

Figure 3.9: Gain(dB) vs Elevation Angle(°) with different tilting types at main beam
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Based on the sidelobe’s Gain in figure 3.10, hybrid tilting is the best type for maximizing
sidelobe gain compared to mechanical tilting. Later, This will show how hybrid tilting is
essential in future chapters for legacy UEs and cellular-connected UAVs.

ULA Gain for Different Tilting Methods at 15°
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Figure 3.10: Gain(dB) vs Elevation Angle(®) with different tilting types at sidelobes
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3.4.2 Hybrid tilting in UPA

Similar to section 3.4.1, we will just add element gain and array factor of the horizontal
plane for a UPA antenna system.

Horizontal Gain equation in UPA

Element Gain in the Horizontal Plane: The element gain in the horizontal plane is

given by:
Gg(¢) = —min (12 (¢¢ ) ,Gh) (3.13)

3dB

Where ¢ represents the azimuth angle of the antenna, ¢34 is the half-power beamwidth
(HPBW) in the horizontal plane, and G, denotes the sidelobe level from 3GPP [11] for

horizontal gain element.

Array Factor in the Horizontal Plane: The array factor in the horizontal plane for
a uniform linear array (ULA) can be expressed as:

1 sin (P2 (sin(o) cos(0 — 0,,)))

A= TR oin (3 (@) cos(é — 0m)

(3.14)

Where N, represents the number of antenna elements in the horizontal ULA, 6 denotes
the elevation angle, and 6,, corresponds to the mechanical tilt.

Power of the Array Factor: The power of the array factor in the horizontal plane is
calculated as:

Gh(ea ¢) =10 10310 ((Ah(ea ¢))2) (315)

Final Gain Calculation for Uniform Planar Array (UPA)

Total Gain Element: The total gain element for the uniform planar array (UPA) is

computed as:
Ga(0,¢0) =8 —min (— (Gv + Gu) , Gaz) (3.16)

Where Gy is the vertical element gain, G is the horizontal element gain, and G, is the
maximum allowed gain.
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Final Array Factor: The final array factor, combining the horizontal and vertical con-
tributions, is given by:

Aginar(0,0) = (Ap)* - (Af)? (3.17)

Final Gain from Array Factor: The Gain from the array factor is expressed as:

Gﬁnal(e? ¢) =10 logIO(Aﬁneﬂ) (318)

Total Gain: The total Gain, incorporating both element gains and the array factor, is
calculated as:

Total Gain(0, ¢) = Ggna(0, ¢) + Ga(6, ¢) (3.19)

Figure 3.11 shows the difference between mechanical, electrical, and hybrid tilt at
15°shift in UPA system regarding gain beam pattern.

UPA Gain for Different Tilting Methods at 15°
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Figure 3.11: Gain(dB) vs Elevation Angle(°) with different tilting types
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Figure 3.12 shows how Hybrid tilting is better than electrical tilt at the main beam
lobe of UPA at 15°in terms of gain.

UPA Gain for Different Tilting Methods at 15°
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Figure 3.12: Gain(dB) vs Elevation Angle(®) with different tilting types at main beam

Similarly, in ULA, hybrid tilting is the best tilting for sidelobes in a UPA system.
However, UPA has fewer sidelobes than ULA based on figure 3.13.

UPA Gain for Different Tilting Methods at 15°
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Figure 3.13: Gain(dB) vs Elevation Angle(®) with different tilting types at sidelobes in
UPA
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3.4.3 Hybrid tilting for ground users with ULA antenna system

Since we have done mechanical and electrical tilt in section 3.3.1 for ground users, we
will use hybrid tilting for 20 ground users in SU-MIMO system. The best mechanical
and electrical tilt for 20 ground users based on figure 3.14 is 12° and -3° , respectively.
Moreover, the highest throughput in this part is 72.48 (Mbps) achieved by hybrid tilting.
Figure 3.14 shows the Average geometric mean of 20 ground users with different hybrid
tilting angles, where many different hybrid tilting angles are above the threshold that offers
above 95% of the maximum geometric mean throughput of the ground users in the system.
Table 3.2 shows the hybrid tilting, electrical, and mechanical tilt angles at the threshold
and above with their respective throughput. Ground users have multiple hybrid tilting
angles more than mechanical and electrical tilting within the 95% range based on table
3.2. Based on the results, hybrid tilting is slightly better than the best mechanical tilting
in the ULA system in terms of average geometric mean throughput, and it’s better than
the best electrical tilting angle in the ULA system by 6.7%.
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Figure 3.14: Throughput (bps) vs Hybrid tilt (° ) in ULA
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Table 3.2: Optimal tilting angles for the geometric mean of ground users’ throughput

Flcctrical Tilt (deg) Mechanical Tilt (deg) Throughput (Mbps)
-5.0 13.0 70.63
-5.0 14.0 T1.33
-4.0 12.0 70.27

-4.0 13.0 72,01
-3.0 11.0 70.44
-2.0 10.0 70.53
-2.0 11.0 T1.72
-1.0 9.0 70.16
-1.0 10.0 72.02
0.0 8.0 69.14

0.0 9.0 72.20
1.0 7.0 68.88
1.0 8.0 72.08
2.0 7.0
3.0 6.0
1.0 5.0
5.0 1.0
6.0 3.0
7.0 2.0
8.0 1.0
9.0 0.0

3.4.4 Hybrid tilting for ground users with UPA antenna system

For UPA system, the results in the figure 3.15 and table 3.3 show that the maximum
throughput is less than the maximum throughput in ULA antenna system in Figure 3.14
and table 3.2, and more hybrid tilting angles are needed in UPA system than in ULA
system. The maximum throughput achieved for 20 ground users in UPA system is 44.9
(Mbps) with a mechanical tilt of 10° and an electrical tilt of 4° shown in red color in
table 3.3. The reason why ground users in UPA antenna system achieve less throughput
than in ULA antenna system is due to having different azimuth angles for each user in the
system, which will decrease the overall antenna gain because of the horizontal gain antenna
as mentioned in part 3.3.3. Overall, hybrid tilting is slightly better than mechanical and
electrical tilting in UPA.

Geometric Throughput vs mechanical and electrical Antenna Tilt Angles (degree) for 20 users in UPA system ~10"
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Figure 3.15: Throughput (bps) vs Hybrid tilt (° ) in UPA
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Table 3.3: Optimal tilting angles for geometric mean of ground users’ throughput (Mbps
in UPA antenna system

T (deg) Woehamlenl TIT (]

1500 2000 At
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Chapter 4

Integrating UAVs in a legacy system
with antenna tilt effect

Cellular-connected UAVs are integrated into the legacy system to observe how the impact
of electrical, mechanical, or hybrid settings can affect the overall system for legacy users
and UAV-UE. The following section will discuss the importance of having UAVs in the
legacy system and its challenges and requirements. In addition, we will use the same
system’s setting from Chapter 3 for SU-MIMO system in this chapter.

4.1 The importance of UAVs in a legacy network sys-
tem

UAVs have important roles in our daily lives. In this section, we will show different
applications of UAVs that can be used as cellular-connected drones in the legacy system
and types of UAV and challenges for it.

4.1.1 Types of UAVs

The application of UAVs determines the class of UAV. It is essential to implement the
suitable UAV for any legacy or wireless system to be compatible with the cellular system.
There are two distinct categories for UAVs, based on their altitude capabilities and the
nature or mechanism of drones.
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The two types of UAV based on their altitude [5] :

e High altitude platforms (HAPs) are UAVs or aerial vehicles deployed at high
altitudes at 17 km and above, where these aerial vehicles stay more extended time
at the stratosphere layer. Aircraft, airplanes, and balloons can be considered as
HAPs. One example for HAPs would be an airplane that offloads its data with the
BS at the airport [27]. HAPs can provide internet or cellular connectivity to rural or
disaster-affected areas.

e Low altitude platforms (LAPs) are drones that operate in a wireless system at
heights between a few meters and 10 km. LAPs have more probability of LOS, which
helps enhance the cellular communication.

The two types of UAV based on the flight mechanism [5] :

e Rotary-wing drones are used in civil and commercial applications, where they are
stationary and Quadcopter drones, and they are used for packing and surveillance.
They are mainly used for wireless communication systems.

e Fized-wing drones are usually much more robust than other drones but are faster
and have high agility or motion. Fixed-wing drones have a higher probability of
handover with ground BS due to their high movement and speed.

4.1.2 Applications of UAVs

UAVs have different applications that can improve the work for civil matters. In addi-
tion, each application has a different environment, objectives, and challenges. Figure 4.1
summarizes the various applications for UAVs [28].

1. Search and Rescue (SAR)

The objective of SAR is to find victims lost in a disaster by increasing the coverage
of the affected areas. The UAVs are used to locate multiple or single victims on a
disaster site, and the victims can be stationary or mobile [29]. There are several
metrics to apply SAR. One of the benchmarks is the delay in response time of UAV
[28]. The UAVs locate the victims and inform the authorities of the victims’ location.
The response of UAVs in a rescue mission is a crucial part of the mission of UAV

42



Civil Application
of UAVs

VRIS 2EHE 6 SEEIED ST Coverage Construction
goods Rescue (SAR) &

Figure 4.1: Different Applications of UAVs

in SAR, so any delay would be the death of a victim in a disaster. There are many
challenges or constraints regarding SAR. The limited bandwidth can be a massive
obstacle for SAR drones in the event of a disaster, and this will cause delay for
SAR [28]. The number of victims and UAVs will increase the delay and put more
constraints on the system. One of the ways to reduce delay in decision-making
regarding SAR for drones is by utilizing the decentralized system for multiple UAVs
[30]. However, the centralized method for SAR drones with known knowledge of the
area can reduce cost, and it is much simpler than the decentralized method [31].

. Coverage

Regarding coverage, the UAVs can serve many different applications for coverage,
such as monitoring, surveillance, network coverage, and mapping. So, UAVs can be
used as a relay in the legacy network [28]. To ensure continuous connectivity, multi-
hop communication [32] or a delay-tolerant network [33] can be used for a system.
Constant or periodic connectivity in drone area coverage is considered a constraint.
Another challenge is the limited bandwidth for a system with many clients [28]. The
main aim of coverage and surveillance is to provide reliability and stability in the
system [31], and UAVs need to have an ideal relationship between different BSs [35].
Forest fire detection needs real-life monitoring and mapping application [30], and
a system of UAVs with different roles and capacities is built to identify, confirm,
localize, and monitor wildfires [28]. Two types of mission and control autonomy
approaches are centralized and decentralized, similar to the methodology used in

43



SAR [36]. Moreover, UAVs can be used as the infrastructure of the legacy network,
where this requires a decentralized method for UAVs [37]. In summary, monitoring
and mapping handle critical data from the system or area, while tracking and event
detection are handled by surveillance, and communication between ground UEs are
managed by network coverage [28].

. Construction

Drones can be used for construction sites to lift heavy weights from buildings and
position them on the site. In addition, this will reduce the cost and be effective for
construction projects [38]. The UAVs requirement on the construction site would
be to get the building layout as data, which requires constant synchronization with
the other UAVs. Moreover, Real-time synchronization is considered a challenge for
drone workers on the construction site, and information must be provided to drones
by a ground site BS, and ground stations are used to communicate to drones on the
site for details on building sequencing on the construction site [39]. Collision avoid-
ance, trajectory planning, location, synchronizations, and coordination are essential
components that should be considered for UAV in the construction application. Fur-
thermore, UAV can be categorized based on the payload of the building blocks or the
task for the construction site, and the payload can be of light or heavy weight [25].

. Transport of goods

Recently, UAVs are being used by both significant package delivery corporations like
Amazon [10] and startups like Matternet [11] to expedite the delivery of medications
and small supplies during disasters. One of the challenges UAV has in delivering is
the longevity of the battery since long distances drain the battery much faster than
other activities, and a reliable infrastructure is needed to store products and replace
the battery UAV. To efficiently transfer products, drones require regular connection
to the ground BS and GPS tracking [28]. A transportation system needs certain
features for drones to deliver packages smoothly, such as collision avoidance, obstacle
detection, and precision landing. Another consideration in the system or infrastruc-
ture would be the distance between the pick-up and delivery points. Moreover, the
drone needs to have LOS component to maintain a connection with the ground BS
for any information update [12]. Two methods are used for decision-making in deliv-
ery drones: centralized and decentralized, as mentioned previously for other UAVs
applications. A decentralized method can be used when numerous UAVs need to
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coordinate for joint load carrying and cannot communicate or connect directly with
the ground station [12].

4.1.3 The communication links of UAVs

For any connectivity between UAVs and BS, there are two types of traffic channels which
are [13] :

e Data Traffic encompasses various types of information, such as sensor data collected
by UAVs, images, and real-time video streams.

e Command and Control (C&C) Traffic consists of telemetry data, real-time piloting,
identity verification, authentication, and trajectory updates. It requires stringent
Quality-of-Service (QOS) standards, particularly regarding reliability and low la-
tency.

4.1.4 Challenges for UAVs

The antenna tilt angle can be used to solve some challenges related to cellular-connected
UAVs in academia and industry, such as:

e Downlink transmission interference: Downlink transmission interference occurs when
cellular-connected UAVs, flying at 100 meters, receive signals from BSs up to 10
kilometers away. This results in significant interference from multiple BSs, reducing
the SINR for UAV-UEs compared to ground users [14].

e Uplink transmission interference: Cellular infrastructure assessments show that UAV-
UEs face interference in uplink transmissions due to receiving LOS signals from
multiple BSs as altitude increases. This interference, caused when UAV-UESs transmit
to their serving BS, can disrupt the uplink connections of ground users with non-LoS
transmissions [45].

e Association: UAV-UEs connect to cellular base stations through the sidelobes of
their down-tilted antennas. Often, they establish links with base stations further
away instead of the nearest one due to weak signals from nearby BSs. As a result
of antenna pattern nulls and significant interference, UAV-UEs are more prone to
handover failures and outages compared to ground users [10].
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4.2 Cellular-connected UAV’s setting

The cellular-connected UAV have their path-loss model and probability of LOS based on
3GPP [13]. In urban wireless communication environments, the propagation of signals
is significantly influenced by the presence or absence of direct LOS between transmitters
and receivers. This feature becomes particularly important for aerial vehicles due to their
varying altitudes.

Rician factor for UAV

In studying wireless communication channels, particularly those involving UAV, the Rician
K factor plays a role. This factor measures the dominance of the LOS path relative to
other multi-path components. It is mathematically defined as:

Kl(t) = )\16)\29;@), (41)

Where \; and \; are environmental coefficients that account for the specific propagation
conditions of the environment [17], and ©/(t) is the elevation angle. The elevation angle is
crucial as it captures the angular relationship between the UAV and the ground station,
affecting the line-of-sight component of the signal. For cellular-connected UAV, the channel
model is being represented as a Rician fading model as mentioned in chapter 3 for ground

UEs [18] :
n I? n 1 Ii?]};ﬁ]? LOS,n
= h*R R | 4.2
Bk 1+rp© 2+\/1+m}3 k (42)

Probability of LOS for UAVs

In urban environments, the probability of LOS is effective to aerial communication systems’
performance. The 3GPP standard provides a model to estimate this probability, especially
for UAVs operating within UMa environments. Based on 3GPP standard for UAVs in
[13], cellular-connected UAV’s has a higher probability of LOS than the ground user’s
probability of LOS at high altitudes. This shows that UAVs often have better throughput
than ground users due to high probability of LOS.
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4.3 Single-user MIMO with UAVs

To understand the factors that affect mechanical tilting in ULA antenna system on cellular-
connected UAVs and ground users in a legacy system, we have created a SU-MIMO, where
each sub-channel has only one active user scheduled. The active user is assigned to each
PRB separately based on EMA. The method used to calculate the spectral efficiency is
MCS from [20], and the system’s performance metric is the geometric mean. We used
mechanical tilting in this section since mechanical tilting has a more significant effect than
electrical tilting, as illustrated in section 3.3.

4.3.1 Power and Antenna tilting angle

In this part, we have simulated a system based on SU-MIMO with 100 realizations to test
the effect of power on the antenna tilting angle in the legacy system, where the number of
cellular-connected UAVs changes in each realization, and the ground user or UAV-UE, are
generated randomly in a uniform fashion. Table 4.1 shows how increasing the maximum
power of the BS requires less mechanical tilting for overall users in the system. Figures
4.2, 4.3, and 4.4 show the effect of power on the mechanical tilting for the ground users.
The UAVs have higher throughput than ground users due to the high probability of LOS.

Table 4.1: Different power cases of 0.1,1, and 40W for 20 users with corresponding best
tilting angle

Power User Type Tilt Angle (degrees)

Ground Users 10

UAV Users -4

0.1W All Users 10
Ground Users 8

UAV Users -4

1w All Users 7

Ground Users 5

UAV Users -4

4w All Users 6
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Figure 4.2: Throughput (bps) Vs Antenna tilt angles (degree) for 100 realizations with BS
power of 0.1 W
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Figure 4.3: Throughput (bps) Vs Antenna tilt angles (degree) for 100 realizations with BS
power of 1 W
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Figure 4.4: Throughput (bps) Vs Antenna tilt angles (degree) for 100 realizations with BS
power of 40 W
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4.3.2 Number of users case and antenna tilting angle

In this case, we change the number of users from 20 to 60 users, which consists of ground
users with cellular-connected UAVs in a BS system with a maximum power of 0.1 W to
observe any prominent change of tilting angle in SU-MIMO. Table 4.2 shows how the
number of users can influence the best tilting if it reaches 40 users. However, 40 and 60
users have the same tilting angle in the case of the ground users’ best mechanical tilting
angle, as shown in table 4.2. Moreover, the more users we have, the less mechanical tiling
is needed in the system based on the case of 20 and 40 users.

Table 4.2: Different numbers of users such as 20,40, and 60 at 0.1 W with corresponding
best tilting angle.

Number of users User Type Tilt Angle (degrees)

Ground Users 10

20 UAV Users -4
All Users 10

Ground Users 8

40 UAV Users -4
All Users 8

Ground Users 8

60 UAV Users -4
All Users 8

4.3.3 Number of Antenna and antenna tilting angle

To understand if the number of antennas has any significance on the tilting angle in the
system, we have changed the number of antennas from 32 to 64 antenna elements in a
system with legacy users and cellular-connected UAVs. Table 4.3 shows how fewer antennas
require more tilting for ground users, as expected.

Table 4.3: 60 User with different numbers of antennas such as 32 and 64 at 0.1 W with
corresponding best tilting angle

Number of Antennas User Type Tilt Angle (degrees)
Ground Users 8
32 UAV Users
All Users
Ground Users
64 UAV Users
All Users

~ L =300 {n
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4.4 Hybrid Tilting for Cellular-connected UAVs

Since we have done hybrid tilting for ground users in section 3.4, we can integrate cellular-
connected UAVs with ground users with the same settings in chapter 3.

4.4.1 ULA system and Hybrid tilting

As mentioned in section 3.4.1, the ULA system has only vertical gain. We have simulated
a SU-MIMO system with 20 UAVs and 20 ground UEs with 50 realizations as shown in
figure 4.9, where the results show the performance with electrical and mechanical tilting
in 3D. Based on section 3.4.1, hybrid tilting offers better gain at the sidelobes, and the
results from table 4.4 show that hybrid tilting is the best tilting angle for ground users,
drones, and overall users. The following figures represent the 3D throughput data for 20
users under different conditions: the first figure 4.5 shows the throughput for 20 ground
users, the second figure 4.6 illustrates the throughput for 20 UAV users, the third figure
4.7 displays the throughput for 20 ground users with an applied threshold that depends
on the maximum throughput as mentioned before, and fourth figure 4.8 shows how hybrid
tilting angles give high throughout for UAVs and ground UEs combined geometric mean
throughput.

Table 4.4: Best antenna hybrid tilt angles for different users in ULA

Run User Type Mechanical Tilt Angle (degrees) Electrical Tilt Angle (degrees) Geometric Mean Throughput (Mbps)

Ground Users 13 -5 29.2
1 UAV Users -5 -4 39.77
All Users 3 5 26.93

The throughput of the UAVs using optimal tilting angles of the ground UEs is 22.1
Mbps, while the throughput of the ground UEs using optimal tilting angles of UAVs is
9.30 Mbps. To maintain the throughput of ground users with cellular-connected UAVs’
throughput, we will use the optimal tilting angles that are above the threshold to see
the best UAVs throughput, and these optimal angles offer the range within 95% of the
maximum throughput of the ground users.
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Figure 4.5: Throughput (bps) Vs Mechanical Antenna tilt angles (degree) vs electrical tilt
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Figure 4.6: Throughput (bps) Vs Mechanical Antenna tilt angles (degree) vs electrical tilt
(degree) for 20 UAVs
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Geometric Throughput vs mechanical and electrical Antenna Tilt Angles (degree) for 20 Ground UEs. 10”
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Figure 4.7: Throughput (bps) Vs Mechanical Antenna tilt angles (degree) vs electrical tilt
(degree) for 20 ground UEs with threshold
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Figure 4.9: Location of the ground users in SU-MIMO with 20 ground users and 20 UAVs
in ULA system

Based on table 4.5, the best tilting angle for ground users gives a throughput for UAVs
by 22.144 Mpbs, while the best tilting angle for UAVs using the optimal angle for ground
users gives 26.382 Mbps. This shows an increase in throughput by 19.14% for UAVs.
Hybrid tilting offers more throughput for UAVs than mechanical tilting by 4.65% in table
4.5. Moreover, hybrid tilting is better for UAVs than electrical tilting by 3%.
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Table 4.5: Best hybrid tilting angles for ground UEs with UAVs’ throughput in ULA
system

Electrical Tilt Angle (degrees) Mechanical Tilt Angle (degrees) Geometric Mean Throughput of UAVs (Mbps)

5 12 23.908
e e >3 - S
-5 15 20.888
4 11 24,055
- 12 23.406
-4 13 22146
-4 14 21.379
-3 10 24123
-3 1 23.346
-2 9 23.839
-2 10 24111
1 8 24.905
1 9 24,924
0 7 24,653
0 8 25.210
0 9 22.710
1 6 24519
1 7 24783
2 6 24881
3 5 24530
4 4 25.513
5 3 26100
6 2 25.501
7 1 25.849
8 0 25.620
9 . 26.167
10 2 26.382
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4.4.2 Optimal hybrid tilting angle with optimal realizations in
ULA system

We simulated different realizations where each we have two systems: the first system with
20 ground UEs and the second with 20 cellular-connected UAVs. Separating both users
in different systems is to observe the best and optimal hybrid tilting in a pure case where
UAVs doesn’t influence the scheduling of the ground users or the power allocation. Based
on table 4.6, the optimal number of realizations to reach the best-converged hybrid tilting
is 550 realizations, and the best hybrid tilting is 14° mechanical tilt and -5° electrical tilt.

Table 4.6: Best hybrid angles and their respective realizations from 20 to 1000

Electrical Tilt (deg) mechanical (deg) Realizations
-2 11 20
3 12 50
-3 12 100
-3 12 150
ol
ol
3

5 13 200
5 13 350
E 12 450
S S -
5 14 650
5 14 750
5 14 850
) 4

Figure 4.10 shows the optimal realizations from 550 to 1000 realizations share the
optimal hybrid angles that are above the threshold except for three optimal angles:

Threshold Angles for Different Realizations from 500 to 1000
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Figure 4.10: Common Tilting angle across different realizations between 500 and 1000
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Since the optimal number of realizations is 550, the optimal tilting angles for ground
users can be used to find the best down-tilted hybrid and non-hybrid tilting angles for
cellular-connected UAVs as done before in table 4.5. Table 4.6 shows that the best and
optimal hybrid tilting concerning ground UEs is 14° mechanical and -5° electrical tilt
and the throughput for ground users is 76.71 Mbps with red color. In comparison, the
throughput for UAVs in the same row is 54.1 Mbps, shown with the red color. The best
tilting hybrid angle for UAVs within the 95% range for the ground users as discussed in
section 4.4.1 is -2° mechanical and 10° electrical tilt and the throughput for UAVs is 64.9
Mbps. Furthermore, this shows that we can maintain 95% of the maximum throughput of
the ground users and increase the UAVs’ throughput by 20 % with optimal hybrid tilting.
Moreover, hybrid tilting provides 5.5% throughput to UAV’s than mechanical tilting (green
color), and it is better than electrical tilting (blue color) by 3.17 % .

Table 4.7: UAV’s and ground Users’ throughput at different optimal down-tilted angles
for 550 realizations in ULA system

Electrical Tilt (deg) Mechanical Tilt (deg) UAVs’ Throughput (Mbps) Ground UEs’ Throughput (Mbps)
-5

12 577 0.74
-5 13 55.6 70.62
S
-5 15 517 65.93
-4 1 5 69.39
-4 12 577 70.09
4 13 55. 70.56
4 14 54, 68.93
3 10 59. 69.30
3 1 70.01
3 12 5 70.68
-3 13 53.9 68.54
2 9 y 68.93
2 10 58. 69.66
2 11 7. 70.43
2 12 5 6831
1 8 ’ 68.50
1 9 5 69.57
1 10 57. 70.01
1 1 55. 68.05
L0 T el s
0 s 59.0 69.34
0 9 57.6 69.79
0 10 55.6 68.06
1 6 625 67.91
1 7 60.4 69.10
1 8 59.4 69.51
1 9 57.2 68.01
2 62.3 67.30
2 6 60.5 68.99
2 7 58.8 69.29
2 8 56.6 67.97
3 1 63.9 67.20
3 618 68.56
3 ! 60.2 6888
3 7 583 67.62
4 4 62.2 68.35
4 59.9 68.58
4 6 58.4 67.49
5 3 62.7 68.13
5 4 61.2 68.55
5 50.8 67.28
6 2 63.5 67.94
6 3 616 68.47
7 1 63.6 67.65
7 2 62.1 68.04
— s e sy
g 1 62.1 67.82
9 1 647 67.26
9 0 2.9 67.54
10 2 649 67.18
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4.4.3 UPA system and hybrid tilting

In UPA system, we add horizontal gain as shown in section 2.1.2. Similarly, in section
4.4.1, the system has 20 ground users and 20 UAVs for 50 realizations. Table 4.8 shows
how hybrid tilting angles offers the best throughput for ground users, cellular-connected
UAVs, and overall users in the UPA antenna system.

Table 4.8: Best antenna hybrid tilt angles for different users in UPA

Run User Type Mechanical Tilt Angle (degrees) Electrical Tilt Angle (degrees) Geometric Mean Throughput (Mbps)
Ground Users 9 10.977
1 UAV Users -5 18.149
All Users 11 11.26

(SO

Figure 4.11 show how different hybrid tilting angles give high throughput for 20 ground
users from table 4.8, while figure 4.12 also shows how hybrid tilting angles gives high
throughput for 20 cellular-connected UAVs. In addition, the overall average geometric
mean for all users consists of 20 ground users and 20 UAVs with different hybrid tilting
angles as shown in figure 4.13. Figure 4.14 shows the throughput with hybrid tilting angles
for 20 ground users with the threshold or range that gives 95% of the maximum throughput
and above. Consequently, UPA system has more hybrid tilting angles within the achievable
range of 95% of the maximum throughput of the ground users than ULA antenna system
based on figure 4.7 and figure 4.14.
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Figure 4.11: Throughput (bps) Vs Mechanical Antenna tilt angles (degree) vs electrical
tilt (degree) for 20 ground UEs
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The reason why ground UEs have less throughput in UPA, based on table 4.4 and 4.8
system, is that users have different azimuth angles, which causes lower gain. Furthermore,
cellular-connected UAVs have less throughput in UPA due to having sidelobes, as shown
in figure 2.11. To have high throughput for ground users in UPA, the ground users need
an azimuth angle around zero based on figure 2.11. Table 4.9 shows the throughput for
ground users with an azimuth angle close to zero. The throughput of the ground users
with azimuth angle around zero in table 4.9 is higher than the throughput of the ground
users in table 4.8.

Table 4.9: Best antenna hybrid tilt angles for different users in UPA with azimuth angle
of 0°

Run User Type Mechanical Tilt Angle (degrees) Electrical Tilt Angle (degrees) Geometric Mean Throughput (Mbps)

Ground Users 12 35.254
1 UAV Users -5 -4 16.744
All Users -5 -4 24.101
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4.4.4 Optimal hybrid tilting angle with optimal realizations in
UPA system

Similar to section 4.4.2, two systems are used for comparison; the first system consists of
20 ground users, and the second system consists of 20 UAVs. For UPA environment, we
need 650 realizations to reach the best and steady state of hybrid tiling angle for ground
users based on the table 4.10. In UPA system, the best tilting angle for UAV’s by using the
optimal range of tilting angles for ground users that gives 95% of the maximum throughput
is 14° mechanical and -4° electrical tilt as shown in yellow color in table 4.11.

Based on table 4.11, if we compare the best tilting angle for ground users which is
14° of mechanical tilt and -1° of electrical tilt, as shown in red color, and the best tilting
angle for UAVs using optimal tilting angle for ground users, as shown in yellow color, we
will find that UAVS’ throughput improves by 7.67% in UPA system with hybrid tilting.
Hybrid tilting offers more throughput for UAVs compared to optimal mechanical tilting
(green row) by 7.04 %. In addition from table 4.11, hybrid tilting gives higher throughput
than electrical tilt (blue row) for UAVs in table 4.11 by 1.56%.

Table 4.10: Best tilting angles and their Respective realizations from 550 to 850

Electrical Tilt (deg) mechanical (deg) Realizations

-0 13 550
-1 14 750
-1 14 850
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Table 4.11: Optimal electrical and mechanical tilt angles with 650 realizations in UPA
system
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Chapter 5

Conclusions

In this thesis, we illustrated the main difference between mechanical and electrical tilt using
element gain and array factor gain for the legacy wireless network with its ground users
and cellular-connected UAVs. In mechanical tilt, we physically change the position of the
antenna’s gain beam pattern by changing the elevation angle. In contrast, electrical tilt is
done by changing the adjustment of the main beam of an antenna’s radiation pattern by
electronically controlling the signal’s phase fed to each element in the antenna array without
changing the physical aspect of the antenna in the BS. In addition, we used electrical and
mechanical tilting angles simultaneously to show hybrid tilting, where hybrid tilting has
significance for the sidelobes in ULA and UPA antenna systems.

Mechanical tilt provides better throughput for legacy users than electrical tilt by 5.6
% in ULA system. In contrast, mechanical tilt slightly improves in the UPA system
compared to electrical tilt. Electrical tilt increases the throughput by 73.07 % in ULA
system compared to a zero tilting angle system. Our study also showed how combined or
hybrid tilting using optimal titling for ground users can increase the UAV’s performance
by 20% in a ULA system. Furthermore, hybrid tilting increased the UAV’s throughput
performance by 7.67%. Moreover, Hybrid tiling is better than mechanical tilting and
electrical tilting in terms of throughput in ULA and UPA antenna systems.

Hybrid tilting raises further questions regarding its significance in a MU-MIMO and
how it can be used in multi-BS systems with multiple sectors in each BS. Furthermore,
more investigation needs to be done regarding hybrid tilting and its effect on the base
station’s association with cellular-connected UAVs and the use of dynamic optimization
for hybrid tilting in a cellular network.
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