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Abstract

Abstract

Unmanned Aerial Vehicles (UAVS) are considered an important component
of fifth-generation (5G). Due to the rapid deployment, mobility, and flexibility
of UAVs, they are used in several applications such as public safety,
information dissemination, wireless backhaul, and package delivery. Also,
they can be used to enhance the coverage and the rate performance of the
communication networks.

Despite the several benefits and practical applications of using UAVs as aerial
wireless devices, there are still many research challenges that need to be
addressed such as channel modeling, coverage estimation, interference
mitigation, network architecture, and design. In this thesis, the research scope
is focused on air-to-ground, and air-to-air channel modeling, optimal 3D
placement, and multi-UAVs deployment considering co-channel Interference.

First, new analytical models for air-to-ground (A2G) and air-to-air (A2A) path
loss models are derived. They are proposed for the dense urban environment
at frequencies of (1, 2, and 5.8) GHz. The proposed A2G model is compared
with the other A2G model and shows better results of standard error and
confidence interval validation. The A2A model is proposed to cover the line
of sight (LOS) and the non-line of sight (NLOS) conditions. It is validated
using standard error and confidence interval validation methods. The proposed
A2A model shows better results than the other A2A model by considering the
antenna and NLOS excess losses.

Then, 3D placement algorithms of a UAV as a relay station are proposed. They
are presented to jointly optimize the transmitting power and relaying distance
for coverage maximization. The placement algorithms are proposed for two
systems. The first system is the cellular system that uses the UAV as a relay
between the base station (BS) and ground user (C2U2G) and the second one
is a new proposed system that replaces the cellular base station with Tethered
UAV (TU2U2G). A Tethered UAV (TUAYV) is a UAV that receives power
over a cable from a ground control station. It has advantages of variable height
up to (100m) and overcoming the problem of antenna down tilting of Cellular
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Abstract

Base station. The TU2U2G system shows better results than the C2U2G
system in terms of optimum UAV height, maximum coverage radius, and
maximum distance between BS and UAV.

Then, a Multi-UAVs deployment approach to provide wireless
communication services for ground users is proposed. The challenge of multi-
UAVs coverage maximization considering the co-channel interference is
addressed in the proposed approach. To this end, analytical expressions for the
downlink probability of coverage (P.) using stochastic geometry are derived.
Based on the probability of coverage-derived expressions, The deployment
algorithms are proposed to achieve the target probability of coverage by
reducing the co-channel interference using two methods: frequency reuse and
adjustment of the separation distance between UAVs. The numerical results
show a comparison between the Algorithms that illustrates the effect of using
frequency reuse and adjusting the separation distance between UAVs on the
probability of coverage and coverage area.

Finally, using the proposed models and placement algorithms, a UAV
Network Planning (UNP) Tool is proposed. UNP is developed by MATLAB.
It offers A2G path loss calculations, 3D placement of UAV as a relay station,
and multi-UAV deployment.

Keywards: UAV, Path loss, Tethered UAV, Co-channel Interference, Multi-
UAYV deployments.



List of Contents

List of Contents
ABSTRACT |

LIST OF CONTENT S ..ottt t e e e e e e e e e e e e e eaaan 11
LIST OF FIGURES. . ..ottt VIl
LIST OF TABLES ... XI
LIST OF ABBREVIATIONS ....oooiioieeoe et X1
LIST OF SYIMBOLS ..ot eeeeeeeeeeeeeeeeseeeeeeerenenees XV
CHAPTER 1 : INTRODUCTION ... 1
1.1 UNMANNED AERIAL VEHICLES (UAVS)....coiiiiiienienienie s, 1
L.1.1T UAVS APPlHCAtIONS.....oeeiiieeeieceiiieeecieee e e eeee s e e e ennae s 2
1.1.2 0 AV ClasSTaCatioN. . e eeeiieeeeeeee ettt e e e e e e eeeeseeneans 2
1.2 UAVS AS A FLYING INFRASTRUCTURE ....uiiiieiiieeereee et 3
1.3 RESEARCH QUESTIONS AND CONTRIBUTIONS......cciieiiiiaieesieeaieesieeanees 4
1.3.1 Research Question 1 and Contributions .............cccceeeevevreeeeennnenn. 4
1.3.2 Research Question 2 and Contributions ............cccceeeeeeivveeeennnnen.. 5
1.3.3 Research Question 3 and Contributions .............cccceeeeeeivveeeennnnen.. 5
1.4 LIST OF PUBLICATIONS .. ittitttitie it ee ettt s e e e e eseeetatenseeeesseeenssnnseeeeeses 5
1.5 THESIS STRUCTURE ...oottttiiiiiiieieteeeteeeeeeeeeeeseeeeeeeseseeeeeseeeeeeesereeseeeeererenens 6
CHAPTER 2 : LITERATURE REVIEW. ..., 7
2.1 UAY CHANNEL MODELING ... eeeee e ee ettt etee e e e e e e eneeeenennnns 7
2.2 UAV PLACEMENT AS A RELAY STATION tuvuuiiieeeeieieririeieeeeereeersrinseneeeees 8
2.3 MULTIFUAYV S DEPLOYMENT ouinieeeeieeeeteeeeeeeeeeeeseenseeeessesesssnnsaeeeeees 10
2.4 PROPAGATION MODELS BACKGROUND ...uuuiiieeeieeenetieieeeeeeeeenreaseeeeees 10
2.4.1.1 Ray-Trancing simulation ...........ccccoeveviiiiiciie e, 10
2.4.1.1.1 Simulation ENVIFONMENT........coevveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeen 11
2.4.1.2 Free Space Path L0SS (FSPL) ....c.coovviriiniieneiiseeieiene 12
2.4.1.3  A2G path 10SS MOl .......ccveivcieiieece e 12
2.4.1.4 C2U path [oss model..........cccovevvieeieiiiieseccceece e 13



List of Contents

2.4.15  ANteNNa LOSS (La).voverveererieieiiierieisesiees e seeeee e 14
2.4.1.6 Diffraction 10SS (Ld) ...ccvevververiirieiiiiiieiesie e 15

CHAPTER 3 : AIR TO GROUND & AIR TO AIR CHANNELS
MODELING 17

3.1 AIRTO GROUND CHANNEL MODELING......ccueiiririerieniesiesiessesseeeaeenens 17
3.1.1 Ray-Trancing simulation ............ccccevvueeeerivniieieieee e 17
3.1.1.1  SIimulation reSUltS .....ccvveeeiieiece e 18
3.1.1.2  Discussion of simulation resultS............ccccevevevenieeresiennnnnn 19
3.1.2 The analytical model .........ccccooviiiiiiiiiee e 21
3121 Mean Path LOSS ...ccoceeieieiieiienieniceeeee e 21
3.1.2.1.1 Free Space Path L0osS (FSPL): ...cccccovevviiieiecie e 21
3.1.2.1.2 Antenna Loss (La): ....ccoevverieiieieeecee e 22
3.1.2.1.3 EXCeSS Path LOSS (LexX):...ccoveeeieieiieiienieniesieeiisieeeiee 22
3.1.2.1.4 Probability of LOS.........cccoiiiiiicececeee e 24
3.1.2.2  Shadowing LOSS........ccvvevieiieiieiiesieesie e 25
3.1.3 The proposed model DiSCuSSION..........cccoeveeeiiiieiiiiieniieenieeenne. 26
3.1.3.1 The proposed model versus Ray-Tracing Simulation ....... 26
3.1.3.2 The proposed model versus the other air to ground models
27

3.1.3.3 the proposed model at different frequencies and UAV
heights 28

3.2 AIRTO AIR CHANNEL MODELING.....cceciiitiireeeitiieeesiireeeesiveeeessinneeeens 30
3.2.1.1 Free Space Path LSS (FSPL) .....cccccoveviiiiieiie e, 30
3.2.1.2  EXcess Path LOSS (LeX) ..ccccvvereiiiiiieieie s 31

3.2.1.2.1 Antenna LOSS(La) ...cccveevvveiieeiieecie e 31
3.2.1.2.2 LOS CoNditiON......ccoiiieiiiieeiiie et 31
3.2.1.2.3 NLOS Condition......c..ccovveeiiieeiiiie e 32
3.2.1.3  Probability 0f LOS.......cccccoiiiiiiiiiicee e 33
3.2.2  SIMUlation......oooooiiiiiiiiiiii 36
3.2.2.1 SIMUIAtiON SCENATIOS ...c.vveeivreeiriee ettt 37
3.2.2.2  SIMUlation resultS .........ccceevveeiiiee i 37
3.2.2.3  Model validation..........ccceeevieiiiieeiiec e, 38



