Table of contents

Acronyms
Notation

1 Introduction
1.1 Problem and Thesis Scope . . . . . . . .. ... ... ......
1.2 Thesis Objectives . . . . . . . . . ... ..o
1.3 Methodology . . . . ... ... . ...
1.4 Thesis Publications . . . . . . . . .. ... ... ... . ...
1.5 Thesis Outline . . . .. .. ... ... ... ... ... .

2 State of the Art

2.1 Standards for Intelligent Transport Systems . . . . . . . .. ..
2.1.1 Institute of Electrical and Electronic Engineers (IEEE)
Standards for V2X . . . . ... o000

2.1.2 3GPP Standards for V2X . . . ... ... L.

2.2 Comparison and Reception of V2X Standards . . . . . ... ..
2.3 Simulation Tools . . . . . ... ... ... ... ... ...
2.3.1 OpenCV2X . . . . .. .
2.3.2 Millicar . . . ... ...
233 S5GLENAV2X . . ... . ...

24 Conclusions . . . . . ...

3 V2X Support in 3GPP Specifications
3.1 Overview of 3GPP V2X Standards . . . . ... .. ... ....
3.2 C-V2X UseCases . . . . . v v v v it i e i e e e
3.3 C-V2X Communications y Transmission Modes . . . . . . . ..
3.4 Conclusions . . . . . . . . e

iii

ix

Tl W N =

10

10
13
13
18
18
19
20
20



TABLE OF CONTENTS

4 LTE V2X Physical Layer, Resource Allocation, and Perfor-

mance Evaluation 41
4.1 Physical Layer and Resource Allocation Aspects of LTE V2X . 42
4.1.1 LTE V2X Physical Layer . . ... ... ... ... ... 42
4.1.2 Resource Allocation in LTE V2X . . . . .. .. ... .. 43
4.2 Simulation Tool and Preliminary Configurations . . ... ... 47
4.3 Mode 4 LTE V2X Performance Evaluation Results . . . . . . . 49
4.4 Mode 3 LTE V2X Performance Evaluation Results . . . . . . . 53
4.5 Conclusions . . . . . . . . .. 55
5 NR V2X Physical Layer, Resource Allocation, and Perfor-
mance Evaluation 59
5.1 Physical Layer and Resource Allocation Aspects of NR V2X . . 61
5.1.1 NR V2X Physical Layer . . . . .. ... ... ... ... 61
5.1.2 Resource Allocation in NR V2X . . ... ... .. ... 64
5.1.3 Advancements in Release 17 for NR V2X . ... .. .. 72
5.2 5G LENA and Benchmarks for Simulations . . . . ... .. .. 73
5.3 NR V2X Mode 2 Performance Evaluation . . ... ... .. .. 74

5.4 Comparative Analysis of LTE V2X and NR V2X Performance . 90

5.5 Performance Evaluation of NR V2X in Millimeter Wave
(mmWave) Bands . . . . ... ... ... . oL 93

5.6 Conclusions . . . . . .. ... 98

6 Multiple Radio Access Technologies for V2X Communications105
6.1 Multi-RAT Dual Connectivity (MR-DC) Architectures for V2X

multi-RAT . . . . .. 106

6.2 MR-DC Scenarios . . . . .. ... ... ... 110
6.3 Performance Evaluation Resulting from the Integration of the

Multi-RAT Manager (MRM) Entity . . . ... ... ... ... 115

6.4 Conclusions . . . . . . .. . 121

7 Conclusions and Future Work 123

7.1 Concluding Remarks . . . . ... ... ... ... ........ 123

7.2 Future Research Lines . . . . . . ... ... ... . ....... 129

References 135

ii



