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Abstract

According to the World Health Organization (WHO), 1.3 million people die every year as

a result of road traffic accidents caused by human errors. While more severe traffic regula-

tions and a safer road infrastructure design would substantially reduce the number of casu-

alties, Vehicle-to-Everything (V2X) communications will play a crucial role in improving

road safety and transportation efficiency. To this end, the Third Generation Partnership

Project (3GPP) has introduced the first V2X cellular technology, known as LTE-V2X, in

Release 14 specifications. LTE-V2X has been designed to support basic safety-related ap-

plications, such as the dissemination of awareness messages in out-of-coverage scenarios,

where vehicles directly communicate without the support of the cellular infrastructure.

In recent years, the advent of more sophisticated V2X use cases that rely on cooperative

perception and maneuvering has prompted the development of the 5G New Radio (NR)-

V2X technology. Standardized by 3GPP in Release 16, NR-V2X is characterized by a new

physical (PHY) layer design and new Medium Access Control (MAC) features expected

to guarantee improved robustness and flexibility.

System-level simulations are instrumental in assessing the large scale performance of

LTE-V2X and NR-V2X networks, as real-world tests and measurements are often imprac-

ticable due to the limited availability and the high cost of hardware prototypes. This

thesis introduces MoReV2X, an open-source ns-3 module for the simulation of LTE-V2X

and NR-V2X communications. MoReV2X adheres to 3GPP specifications and features

an accurate PHY layer abstraction model based on BLock Error Rate (BLER) curves ob-

tained through a detailed link-level analysis. The MoReV2X simulator has been employed

to thoroughly investigate the behavior of LTE-V2X and NR-V2X from different perspec-

tives. To begin with, the coexistence of periodic and aperiodic traffic in LTE-V2X has been

studied, focusing on the limitations which characterize its distributed resource allocation

strategy. Then, the impact of aperiodic traffic dissemination on system performance has

been further analyzed in the NR-V2X domain, concentrating on the effectiveness of the

new MAC features introduced in Release 16.

As simulation results revealed that LTE-V2X and NR-V2X are not able to effectively

disseminate aperiodic traffic, a novel Artificial Intelligence (AI)-based strategy to broad-

cast awareness messages has been put forth. According to it, each vehicle forecasts its

message generation times and optimizes the MAC layer configuration. Exploiting AI pre-

dictions, the proposed approach outperforms legacy solutions in all respects.
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Besides simulation studies, this thesis has analyzed the results of an extensive measure-

ment campaign which investigated the generation of awareness messages in a real-world

context. Field tests have been performed with connected Vulnerable Road Users (VRUs)

and cars in the urban, suburban, and highway scenarios. As the findings indicate that

many messages from VRUs were generated under non-relevant circumstances, this study

has proposed an adjustment to reduce their dissemination frequency without missing rel-

evant information about the VRU movements.

Last, this thesis presents a novel analytical approach to evaluate the outage probabil-

ity that Power-Domain (PD) Non-Orthogonal Multiple Access (NOMA) achieves on the

uplink. The fundamental limits of system performance are analytically assessed for an ar-

bitrary number of simultaneously transmitting vehicles, and both the case of Rayleigh and

lognormal-shadowed Rayleigh fading are examined. The obtained closed-form expressions

disclose the potential of PD-NOMA in beyond 5G V2X communications.
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Introduction

Present days witness an increased and widespread sensitivity to road safety and sustainable

transports. To this end, great promise is shown by the advent of vehicular connectivity,

which allows vehicles to exchange real-time information with their peers, with Vulnera-

ble Road Users (VRUs), and with the roadside infrastructure. Collectively referred to as

Vehicle-to-Everything (V2X), vehicular communications extend the vehicles’ information

horizon beyond the Line-Of-Sight (LOS) range of local sensors, e.g., cameras, LIDARs, and

RADARs, granting the car and its driver an omniscient view of the surrounding environ-

ment. The onset of vehicular networking represents a major turning point, as it paves the

way for the evolution of Intelligent Transportation Systems (ITS) towards connected and

automated driving, where the vision of more secure, efficient, and environment-friendly

transports will be accomplished.

The idea of leveraging vehicular connectivity in the ITS domain is not new, but dates

back to the early 1980s [1], when a handful of projects across the US and Japan fo-

cused on the preliminary investigation of Inter-Vehicle Communications (IVC). Thanks to

the development of affordable Global Navigation Satellite System (GNSS) receivers and

radio transceivers, vehicular communications gained considerable momentum during the

1990s. Between 1986 and 1997, the US-based PATH project [2] begun to consider ve-

hicular communications as a tool for increasing highway capacity and road safety while

reducing traffic congestion and energy consumption. In Europe, several V2X-oriented

projects were funded within the PROMETHEUS framework [3] between 1986 and 1995.

PROMETHEUS was the largest project ever in the field of connected and autonomous

driving. Then, the mobile ad-hoc networking paradigm was extended to the vehicular do-

main in the early 2000s, introducing the concept of Vehicular Ad-hoc NETwork (VANET).

Under the VANET umbrella, the research community devoted significant efforts to the de-

velopment of Vehicle-to-Vehicle (V2V) communications. V2V communications allow the

direct data exchange among vehicles, without the cellular infrastructure orchestration,

representing the baseline solution for the support of safety-critical applications. However,

no dedicated technology had been developed for V2V communications until 2004, when

the IEEE 802.11p task group was formed.

IEEE 802.11p is an amendment to the well-known IEEE 802.11 suite of standards,

designed to allow wireless access in vehicular environments. IEEE 802.11p was the first

V2X technology and it lied the foundations for the definition of the Dedicated Short Range
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Communications (DSRC) and ITS-G5 standards in the US and in Europe, respectively.

More recently, IEEE 802.11p has been paired by the Cellular V2X (C-V2X) Sidelink (SL)

technology. Introduced by the Third Generation Partnership Project (3GPP) in Release 14

specifications (2017) [4], C-V2X SL is an adaption of traditional cellular communications to

the vehicular domain. In C-V2X SL, vehicles employ a dedicated air interface to directly

communicate, leveraging a custom set of Medium Access Control (MAC) sublayer and

physical (PHY) layer features.

Both the IEEE 802.11p and C-V2X SL technologies target the ITS band centered at

5.9 GHz, but they are not interoperable. The lack of interoperability raised an intense

debate on the technical, regulatory, and economical aspects related to the adoption of

IEEE 802.11p and C-V2X SL. As of today, the debate has not settled. On one hand,

IEEE 802.11p (and its evolution, IEEE 802.11bd) is considered a mature technology after

several years of large-scale evaluation and testing. On the other hand, C-V2X SL is a

more recent technology that has not been properly investigated yet.

In this regard, the goal of this thesis is to provide an exhaustive and accurate analysis

of the C-V2X SL technology, investigating it from three different perspectives: simulative,

experimental, and analytical.

Simulations are key in assessing the large-scale performance of C-V2X SL networks,

as real-world tests and measurements are often impracticable due to the limited availabil-

ity and the high cost of hardware prototypes. Moreover, simulations are instrumental to

the development and evaluation of new solutions before their standardization and deploy-

ment. In this thesis, simulations are leveraged to thoroughly analyze the MAC sublayer

scheduling schemes and the PHY layer features of the C-V2X SL technology. At MAC

sublayer, simulations are also employed to assess the impact of a new Artificial Intelligence

(AI)-based resource allocation strategy on the performance of C-V2X SL.

When a confined number of connected vehicles is considered, real-world tests and

experiments can be profitably employed to validate simulation results and overcome the

intrinsic limitations of a purely simulative approach. In this thesis, numerical simulations

are complemented with the results of an experimental campaign that involved bicycles,

e-scooters, motorbikes, and cars, conducted to analyze the dissemination of awareness

messages via C-V2X SL boards. Awareness messages include basic information such as

the position, speed, heading, and type of the transmitting road user, representing the

fundamental elements to build safety-related V2X applications.

In addition to the simulative and the experimental approach, this thesis also investi-

gates the C-V2X SL behavior from an analytical perspective. First, the impact of more

stringent latency requirements on the performance of C-V2X SL is determined. The ana-

lytical results are successfully validated through numerical simulations. Then, this thesis

puts forth a novel analytical approach to evaluate the performance of Power-Domain (PD)

Non-Orthogonal Multiple Access (NOMA). PD-NOMA is a novel “beyond 5G” access tech-

nique able to accommodate multiple users on the same frequencies by carefully assigning

different power levels. Although the adoption of PD-NOMA is usually confined to cellular
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systems, this thesis discusses its potential in V2V applications.

Further details about the logical organization and the contributions of this thesis are

reported below.

Implementation of a standard-compliant C-V2X SL simulator

The use of simulations plays a crucial role in the large-scale assessment of the C-V2X

SL technology, providing valuable insights on its strengths and limitations before the de-

ployment phase. This thesis introduces MoReV2X, an open-source ns-3 module for the

simulation of C-V2X SL communications. Following the 3GPP evaluation guidelines sum-

marized in [5], MoReV2X includes a specific set of V2V SL channel models, realistic

traffic models, and evaluates a complete set of performance metrics. The implementation

of MoReV2X adheres to 3GPP specifications from Release 14 up to Release 16 [6], concen-

trating on the LTE-V2X SL and New Radio (NR)-V2X SL technologies, which represent

the 4G and 5G versions of the C-V2X SL standard, respectively. In this thesis, the main

features of MoReV2X are reported.

This thesis also concentrates on the link-level analysis of C-V2X SL communications,

assessing the impact of typical PHY layer aspects, e.g., variable Modulation and Cod-

ing Scheme (MCS) and transmitter-receiver relative speed, on system performance. The

relevance of the obtained link-level results to the implementation of MoReV2X is also

discussed.

The MoReV2X simulator and the C-V2X SL link-level analysis have been presented

in the following works:

• [7] L. Lusvarghi and M. L. Merani, “MoReV2X - A New Radio Vehicular Commu-

nication Module for ns-3,” 2021 IEEE 94th Veh. Technol. Conf. (VTC2021-Fall),

2021, pp. 1-7.

• [8] L. Lusvarghi, B. Coll-Perales, J. Gozalvez and M. L. Merani, “Link Level Eval-

uation of 5G NR V2X Sidelink Communications,” submitted to IEEE Transactions

on Vehicular Technology.

Performance Assessment of C-V2X SL

Leveraging the MoReV2X simulator, this thesis provides an accurate and exhaustive anal-

ysis of LTE-V2X Mode 4 and NR-V2X Mode 2, i.e., the distributed resource allocation

modes employed by vehicles to autonomously select radio resources in C-V2X SL commu-

nications, without coordination from the infrastructure.

First, the key question of how to accommodate aperiodic traffic in LTE-V2X Mode 4

is addressed, and a novel strategy to jointly serve periodic and aperiodic data flows is put

forth. The obtained results provide numerical evidence of the superiority of the proposed

strategy, revealing that LTE-V2X Mode 4 is not able to effectively serve aperiodic traffic.

As the design of LTE-V2X Mode 4 is tailored to the dissemination of periodic traffic,
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the generation of aperiodic packets hampers the proper functioning of the MAC sublayer,

deteriorating system performance.

Then, the MoReV2X simulator is employed to analyze the performance of NR-V2X

Mode 2. NR-V2X Mode 2 has been designed to complement LTE-V2X Mode 4 and sup-

port more demanding V2X use cases, characterized by aperiodic traffic patterns and more

stringent latency, reliability, and communication range requirements. Despite the intro-

duction of new MAC sublayer features and a more flexible PHY layer design, numerical

simulations reveal that aperiodic traffic can not be effectively served in NR-V2X Mode 2

either. In particular, simulation results show that the MAC sublayer of NR-V2X SL faces

the same challenges which characterize LTE-V2X SL communications.

The C-V2X SL analysis presented in this thesis is based on the results reported in

following contributions:

• [9] L. Lusvarghi and M. L. Merani, “On the Coexistence of Aperiodic and Periodic

Traffic in Cellular Vehicle-to-Everything,” IEEE Access, vol. 8, pp. 207076-207088,

2020.

• [10] A. Molina-Galan, B. Coll-Perales, L. Lusvarghi, J. Gozalvez and M. L. Merani,

“How does 5G NR V2X Mode 2 Handle Aperiodic Packets and Variable Packet

Sizes?,” 2022 IEEE 23rd International Conference on High Performance Switching

and Routing (HPSR), 2022, pp. 183-188.

• [11] A. Molina-Galan, L. Lusvarghi, B. Coll-Perales, J. Gozalvez and M. L. Merani,

“On the Impact of Re-evaluation in 5G NR V2X Mode 2,” submitted to IEEE

Transactions on Vehicular Technology.

• [12] L. Lusvarghi, A. Molina-Galan, B. Coll-Perales, J. Gozalvez and M. L. Merani,

“A Comparative Analysis of the Semi-Persistent and Dynamic Scheduling Schemes

in NR-V2X Mode 2,” submitted to Elsevier Vehicular Communications.

Design of an AI-based resource allocation strategy

In order to address the challenges related to the dissemination of aperiodic traffic in LTE-

V2X Mode 4 and NR-V2X Mode 2, this thesis puts forth an AI-based resource allocation

strategy to broadcast awareness messages. As demonstrated by the experimental results

presented in [13, 14], awareness messages are characterized by an aperiodic profile, as

the inter-arrival time between consecutive messages depends on the transmitting vehicle’s

dynamics. The proposed approach relies on Machine Learning (ML) to forecast the tempo-

ral pattern of awareness messages and accordingly tailor the MAC sublayer configuration.

Numerical simulations indicate that ML achieves an excellent accuracy in predicting the

inter-arrival time between awareness messages. Moreover, an exhaustive set of simulations

performed using the MoReV2X simulator shows that the proposed ML-enhanced resource

allocation strategy outperforms LTE-V2X Mode 4 under all points of view, guaranteeing a
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reliable and effective dissemination of awareness messages. Although the simulation phase

concentrated on LTE-V2X Mode 4, this thesis also discusses the impact of ML on NR-V2X

Mode 2 performance.

The application of ML to the distribution of awareness messages is explored in the

following work:

• [15] L. Lusvarghi and M. L. Merani, “Machine Learning for Disseminating Coop-

erative Awareness Messages in Cellular V2V Communications,” IEEE Transactions

on Vehicular Technology, vol. 71, no. 7, pp. 7890-7903, July 2022.

Dissemination of awareness messages via LTE-V2X SL

In this thesis, the dissemination of awareness messages via LTE-V2X SL has also been

analyzed from an experimental perspective. Real-world field tests have been performed

employing LTE-V2X SL prototype boards to address two different tasks: (i) accurately

characterize the traffic generated by bicycles, e-scooters, motorbikes, and vehicles; (ii)

assess the communication range of direct vehicle-to-vehicle and bicycle-to-vehicle commu-

nications.

With reference to the former goal, the inter-arrival time between consecutive awareness

messages was experimentally determined, leveraging the results of a measurement cam-

paign conducted in three different scenarios, namely: urban, suburban, and highway. As

the obtained results revealed that many awareness messages originate under non-relevant

conditions, especially when bicycles and e-scooters are considered, this thesis puts forth

an adjustment to the current generation rules standardized by ETSI in [16, 17]. Experi-

mental results show that the proposed amendment is able to avoid generating too many

awareness messages without missing relevant information about the bicycle and e-scooter

movements.

With reference to the latter goal, the experimental assessment of the vehicle-to-vehicle

and the bicycle-to-vehicle communication range provided valuable insights on the cover-

age attained by LTE-V2X SL safety applications, complementing the conclusions drawn

from numerical simulations. In particular, the performance of vehicle-to-vehicle commu-

nications revealed more pessimistic results with respect to simulation studies and other

experimental campaigns performed in controlled environments.

Further details about the experimental results presented in this thesis can be found in

the following contribution:

• [13] L. Lusvarghi, C. A. Grazia, M. Klapez, M. Casoni and M. L. Merani, “Aware-

ness Messages by Vulnerable Road Users and Vehicles: Field Tests via LTE-V2X,”

submitted to IEEE Transactions on Intelligent Vehicles.

Analytical models of PD-NOMA

With the advent of V2X, the number of connected vehicles is expected to exponentially in-

crease over the next years. Connected vehicles will generate an increasingly larger amount
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of data to support a wide range of connected and automated driving applications. To sus-

tain the ever growing demand for connectivity and to guarantee the coexistence between

conventional radio User Equipments (UEs) and connected vehicles, novel Next Generation

Multiple Access (NGMA) solutions have been proposed within the 6G framework. The

goal of NGMA is to efficiently connect a significantly larger number of devices over the

same portion of spectrum. For example, PD-NOMA proposes to accommodate multiple

users (UEs and V2X-enabled vehicles) on the same frequencies, by carefully assigning them

different power levels and employing Successive Interference Cancellation (SIC) receivers.

This thesis puts forth a novel analytical approach to evaluate the performance that

PD-NOMA achieves on the uplink of a single cell when a dynamic-ordered SIC receiver

is considered. The fundamental limits on the system performance are assessed analyti-

cally for an arbitrary number of simultaneously transmitting users, examining both the

case of Rayleigh and lognormal-shadowed Rayleigh fading. The correctness and the excel-

lent accuracy of the obtained closed-form expressions are validated through Monte Carlo

simulations.

The analytical approach presented in this thesis is based on the results reported in the

following contribution:

• [18] L. Lusvarghi and M. L. Merani, “Fundamental Limits on the Uplink Perfor-

mance of the Dynamic-Ordered SIC Receiver,” IEEE Access, vol. 10, pp. 73178-

73189, 2022.

The outline of this thesis is reported next. Chapter 1 introduces the MoReV2X sim-

ulator, providing an overview of its features and reporting a preliminary set of numerical

results. Furthermore, this Chapter includes the link-level analysis of C-V2X SL and dis-

cusses the relevance of the corresponding outcomes in the MoReV2X implementation.

Chapter 2 leverages a comprehensive set of results obtained using the MoReV2X simula-

tor to assess the achievable performance of C-V2X SL communications, from LTE-V2X

SL to NR-V2X SL. Then, Chapter 3 presents the AI-enhanced resource allocation strategy

to broadcast awareness messages, demonstrating its superiority with respect to the legacy

solution through simulation. The dissemination of awareness messages via LTE-V2X SL

is experimentally investigated in Chapter 4, where the results of the field tests campaign

are discussed. Chapter 5 introduces the analytical approach proposed to evaluate the

performance of PD-NOMA and, lastly, Chapter 6 draws the conclusions.
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Chapter 1

MoReV2X: Simulation of C-V2X

Sidelink Communications

As the evolution of ITSs has progressively shifted towards connected and automated driv-

ing, V2X communications have attracted a great deal of attention from both the aca-

demic and the industrial world, emerging as a key technology to improve road safety and

transportation efficiency. To this end, the Third Generation Partnership Project (3GPP)

devoted significant efforts to develop C-V2X SL communications. C-V2X SL communica-

tions rely on the PC5 air interface defined in Release 12 specifications and allow the direct

data exchange between vehicles. The definition of the PC5 interface paved the way for the

standardization of the first C-V2X technology in Release 14 [4], known as LTE-V2X SL.

The design of LTE-V2X SL has been mainly oriented towards the support of basic safety

and traffic management applications, such as the dissemination of Cooperative Awareness

Messages (CAMs), in both in-coverage and out-of-coverage scenarios. To do so, LTE-V2X

SL introduced two different modes for the assignment of radio resources to the vehicles,

namely Mode 3 and Mode 4. Mode 3 is a centralized approach in which vehicles delegate

the selection of collision-free radio resources to the evolved Node B (eNB). However, the

eNB central orchestration requires all vehicles to be under cellular coverage, a condition

clashing with the requirements of safety applications, that cannot depend on the avail-

ability of such coverage. On the other hand, in Mode 4 vehicles autonomously select radio

resources for their V2V communications, without network assistance, thus making Mode

4 the baseline solution for safety applications.

Recently, V2X services evolved from basic safety-related functionalities to enhanced

V2X (eV2X) applications [19] that rely on cooperative perception and maneuvering. The

wide range of demanding latency, reliability, and data rate requirements that eV2X use

cases will exhibit prompted the definition of 5G NR-V2X SL communications. Standard-

ized by 3GPP within Release 16 [6], NR-V2X SL is characterized by a new PHY layer

design and new MAC sublayer strategies expected to guarantee an increased flexibility in

the management of resources. At MAC sublayer, 3GPP has introduced a new mandatory

re-evaluation mechanism and two new distributed resource allocation modes, Mode 1 and

7



Mode 2, in order to complement, and not to replace, legacy LTE-V2X Mode 3 and Mode

4, respectively. However, the definition of a more flexible PHY and MAC layer design

in Release 16 does not allow the compatibility between NR-V2X SL and LTE-V2X SL.

For this reason, 3GPP started to concentrate on the development of new solutions, based

on time or frequency division multiplexing, able to guarantee the coexistence and the

cooperation between the two technologies [32].

1.1 Research Motivation and Main Contribution

In the V2X domain, real-world tests and measurements are often impracticable due to

the limited availability and the high cost of hardware prototypes. In this regard, network

simulators are instrumental to accurately analyze C-V2X SL communications and provide

valuable insights on the expected system performance before their actual deployment.

This Chapter presents MoReV2X1, an open-source ns-3 module for the simulation of

LTE-V2X and NR-V2X Sidelink communications [7]. The development of MoReV2X con-

centrates on the LTE-V2X Mode 4 and NR-V2X Mode 2 distributed resource allocation

strategies, and includes the most relevant PHY layer and MAC sublayer features stan-

dardized from Release 14 to Release 16. Following the evaluation guidelines summarized

in [5], MoReV2X includes an accurate characterization of the V2V sidelink channels that

captures large-scale and small-scale fading effects. Furthermore, MoReV2X implements

a new set of realistic traffic models and evaluates a complete set of performance metrics.

MoReV2X can also be easily interfaced with SUMO [20] for the realistic simulation of

vehicular mobility. In this Chapter, the main features of MoReV2X are presented and a

preliminary set of exemplary results obtained using the MoReV2X module is reported. To

the author’s knowledge, MoReV2X is the only open-source simulator based on ns-3 that

allows the simulation of both LTE-V2X and NR-V2X Sidelink communications.

As the PHY layer of MoReV2X does not explicitly consider the transmission of the

individual bits, but resorts to abstraction techniques to confine the simulation complexity,

this Chapter also concentrates on the Link-Level (LL) analysis of NR-V2X SL communi-

cations [8]. Link-level simulations are instrumental to obtain BLock Error Rate (BLER)

vs Signal-to-Noise Ratio (SNR) curves that capture the impact of fast-fading effects on the

PHY layer performance. In MoReV2X, BLER curves are leveraged to implement simpli-

fied PHY layer abstraction models and to assess the impact of typical PHY layer aspects,

e.g., variable MCS and transmitter-receiver relative speed on system performance. To

the author’s knowledge, the only existing NR-V2X SL BLER curves have been reported

by a handful of 3GPP companies [21–23] during the standardization phase, and no LL

simulators have been made publicly available. The lack of dedicated BLER curves limits

the number of system configurations that can be analyzed, prohibiting an exhaustive and

accurate evaluation of NR-V2X SL communications.

This Chapter presents the first complete set of standard-compliant NR-V2X SL BLER

1The code is available at https://github.com/LLusvarghi/MoReV2X.
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vs SNR curves and provides a detailed LL analysis of NR-V2X SL communications. The

BLER curves reported in this thesis have been obtained using a custom MATLAB-based

LL simulator and cover the parameter settings included in the NR-V2X SL profile defined

by 3GPP [5] and ETSI [24] evaluation guidelines.

The remainder of this Chapter is organized as follows: Section 1.2 outlines the main

differences between link-level and system-level simulation tools. An overview of the avail-

able C-V2X SL simulators is provided in Section 1.3 and Section 1.4 presents the most

relevant features of the C-V2X SL technology, from LTE-V2X to NR-V2X specifications.

Next, Section 1.5 lists the most relevant points of the evaluation methodology suggested

by 3GPP, i.e., traffic models, channel models, and performance metrics. Section 1.6 illus-

trates the MoReV2X implementation and the link-level analysis of C-V2X SL is reported

in Section 1.7. Lastly, Section 1.8 draws the conclusions.

1.2 System-Level and Link-Level Simulation Tools

In principle, C-V2X SL simulations could be performed by a single simulation tool. How-

ever, constraints on the hardware resources and on the computational power of modern

computers limit the complexity of simulations, which must rely on distinct simulation

tools to analyze the PHY layer (link-level) and network (system-level) performance.

Link-level simulations concentrate on PHY layer aspects and are used to simulate a

point-to-point communication link, featuring an extremely detailed implementation of the

transmitter-receiver chain. The transmitter and the receiver chains are implemented up

to the individual signal samples, taking into account every detail of the encoding, modu-

lation, channel estimation and synchronization techniques. Link-level simulations employ

frequency and time selective channel models to capture the impact of small-scale fading

effects on the correct recovery of the transmitted packet. For a given average SNR value,

the transmission-reception operations are performed several times in order to experience

several channel and noise realizations, i.e., employing the Monte Carlo approach. Link-

level simulations are used to evaluate typical PHY layer performance metrics such as the

bit error rate and the BLER as a function of the SNR.

It is worth pointing out that link-level simulators have no notion of transmitter-receiver

distance, interference, pathloss or shadowing. All the mentioned contributions, which de-

termine the average SNR at the receiver, are modeled in system-level simulations. With

respect to their link-level counterpart, system-level simulations are leveraged to examine

the upper layers of the protocol stack, concentrating on network-related aspects such as

scheduling algorithms and resource management mechanisms. This type of simulation

involves a large number of connected vehicles and is used to analyze system performance

when different scheduling strategies, channel bandwidths, data traffic sources, and propa-

gation environments are examined. Typical performance metrics obtained during system-

level simulations are the end-to-end latency, the throughput, and the fraction of correctly

received packets.
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In order to confine their complexity, system-level simulations do not explicitly consider

the actual transmission of bits, as link-level simulations do, but resort to Link-to-System

Mapping (L2SM) techniques to implement simplified PHY layer abstraction models. L2SM

is used by system-level simulators to decide whether a received packet is correctly decoded

or not based on the SNR level. The SNR is mapped into a BLER value on the basis of

Look-Up-Tables (LUTs) that represent the BLER vs SNR curves obtained during link-level

simulations.

1.3 Related Work

As of today, system-level simulations have been leveraged by several works for the inves-

tigation of LTE-based vehicular communications. Open-source simulators were employed

by the authors of [25] and [26]. In [25], Eckermann et al. investigated the behavior of LTE-

V2X Mode 4 in the urban setting using a system-level simulator based on ns-3. In [26],

the OMNeT++-based OpenCV2X simulator was employed to analyze congestion control

mechanisms in LTE-V2X Mode 4. Both simulators have not been extended according to

Release 16 specifications and, unlike MoReV2X, cannot be employed to analyzed NR-V2X

SL communications. To the author’s knowledge, the only system-level simulator able to

analyze both LTE-V2X and NR-V2X SL communications has been developed by Bazzi et

al. [27, 28]. However, their simulator leverages a simplified PHY layer error model based

on SNR thresholds and does not rely on conventional L2SM techniques like MoReV2X

does.

Among 5G studies, the 5G-LENA simulator [29] has been recently extended with a NR-

V2X SL module [30]. 5G-LENA is an open-source system-level simulator based on ns-3.

Yet, the PHY abstraction model employed by the NR-V2X module leverages BLER curves

obtained with a proprietary LL simulator that follows 5G NR Uplink (UL) and Downlink

(DL) specifications [31]. The BLER curves obtained using UL or DL simulators cannot

be used in NR-V2X SL system-level simulations, because NR-V2X SL is characterized by

different PHY layer design choices, as highlighted in [32]. With respect to its UL and

DL counterparts, NR-V2X SL features a peculiar PHY layer structure that multiplexes

the control and data transmission on the same time-frequency resources. According to it,

NR-V2X SL employs specific encoding mechanisms and DMRS patterns. Another NR-

V2X SL network simulator based on ns-3 was presented by the authors of [10]. In this

case, the BLER vs SNR curves used to represent the control channel and shared channel

PHY layer performance are extracted from [33]. Although the employed curves adhere

to NR-V2X SL specifications, they cover a small set of system settings and restrict the

number of possible configurations that can be analyzed.

When we concentrate on NR-V2X SL communications, scanning the available literature

sheds light on the need for standard-compliant LL simulators and BLER vs SNR curves.

To the author’s knowledge, the only open-source 5G NR LL simulation tools are those

presented in [34] and [35]. In [34], the authors introduced the MATLAB-based GTEC
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5G link-level simulator. This LL tool allows the simulation of two different PHY layer

waveforms and can be easily integrated with a hardware testbed developed by the same

authors. The Vienna 5G LL simulator was presented in [35]. The Vienna 5G LL simulator

allows an exhaustive evaluation of the numerous PHY layer proposals that characterized

the 5G standardization phase. With this tool, link-level simulations can compare four

OFDM-based waveforms, different OFDM numerologies and alternative MIMO processing

algorithms. Although based on MATLAB, its implementation relies on custom functions

developed by the authors. Both the GTEC 5G and the Vienna 5G LL simulators focus on

the 5G NR UL/DL analysis, and do not include any additional module based on NR-V2X

SL specifications.

In recent years, the BLER vs SNR performance of NR-V2X communications has been

analyzed by a handful of papers using proprietary link-level simulators. In [36] the authors

compared the PHY layer performance of NR-V2X SL and IEEE 802.11bd to assess which

technology is most suited for the support of V2V communications. However, the NR-V2X

SL PHY layer is modeled following NR UL specifications in this work. Similarly, the im-

plementation of the LL simulator presented in [37] is based on LTE-V2X SL specifications

and lacks some relevant features introduced within the PHY layer of NR-V2X SL. As high-

lighted in [32], the standardization of NR-V2X included some important novelties with

respect to 5G NR UL and LTE-V2X SL. Therefore, the BLER curves presented in [36]

and [37] cannot be used to accurately represent the PHY layer performance in NR-V2X SL

system-level simulations. A standard-compliant LL simulator is employed by the authors

of [38] to evaluate the new NR-V2X SL control channel design. Yet, the BLER vs SNR

curves reported in this work have been obtained using a proprietary LL simulator and

the analysis cannot be extended to the shared channel, where the transmission’s payload

is accommodated. With respect to the control channel, the shared channel has a specific

PHY layer design and can employ a wider range of MCS values; thus, it requires dedicated

BLER vs SNR curves during NR-V2X SL system-level simulations.

To the authors’ knowledge, MoReV2X is the only open-source system-level simulator

that allows the simulation of LTE-V2X and NR-V2X Sidelink communications leveraging

an accurate PHY layer error model based on BLER vs SNR curves.

1.4 Overview of C-V2X SL Communications

1.4.1 LTE-V2X SL

The 3GPP introduced the first C-V2X SL technology, known as LTE-V2X SL, in Release

14. LTE-V2X SL communications occur over the PC5 interface standardized in LTE

Device-to-Device (D2D) specifications (Release 12) and reuse the upper V2X layers and

protocols specified by the European Telecommunications Standardization Institute (ETSI)

and the Society of Automotive Engineers (SAE). At PHY layer, LTE-V2X SL inherits

several aspects and functionalities from UL/DL specifications. On the other hand, it

11



introduces a new distributed resource allocation mode at MAC sublayer, Mode 4, that

allows vehicles to autonomously select their transmission resources.

1.4.1.1 PHY Layer

At PHY layer, LTE-V2X SL is allowed to operate in the 5.9 GHz ITS band over 10 MHz or

20 MHz wide channels employing half-duplex radios. It adopts Single-Carrier Frequency

Division Multiple Access (SC-FDMA) with a fixed SubCarrier Spacing (SCS) of 15 kHz.

According to it, transmission resources are organized over the time-frequency grid reported

in Fig. 1.1, where the fundamental time unit is the subframe, whose duration is ts = 1

ms, and the basic frequency unit is the Resource Block (RB), 180 kHz wide. A group

of adjacent RBs within the same subframe defines a subchannel, which represents the

smallest time-frequency unit for data transmission and reception.

Every time a vehicle has a packet to transmit, it encapsulates its content in a Trans-

port Block (TB). The TB transmission is accommodated over the Physical Sidelink Shared

Channel (PSSCH). Depending on the TB size and the employed MCS, the PSSCH trans-

mission requires a variable number of subchannels within the same subframe. TBs are

encoded using turbo codes and transmitted using QPSK, 16QAM, or 64QAM modula-

tions. The transmission of each TB is associated with the transmission of the correspond-

ing Sidelink Control Information (SCI), which includes relevant elements for the correct

decoding of the TB. For example, the SCI includes the adopted MCS, indicates the RBs oc-

cupied by the TB, and specifies whether it is a first transmission or a blind retransmission

of the TB. A TB cannot be properly decoded if the associated SCI is not correctly received.

The SCI is accommodated over the Physical Sidelink Control Channel (PSCCH), which is

transmitted in the same subframe as its associated PSSCH and it occupies 2 consecutive

RBs. The PSCCH and the PSSCH are transmitted on frequency-adjacent resources, as

shown in Fig. 1.1.
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Figure 1.1: Resource reselection mechanism.

In LTE-V2X SL, each subframe consists of 14 OFDM symbols preceded by a normal

Cyclic Prefix (CP). The first symbol is used for Automatic Gain Control (AGC) purposes

and the last symbol is left idle, allowing vehicles to switch between transmission and
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reception mode across consecutive subframes. The number of OFDM symbols used to

transmit demodulation reference signals (DMRSs) is equal to 4. DMRS symbols are

used to guarantee a robust channel estimation at the receiver and to combat the Doppler

effect. With respect to LTE-D2D specifications, where only 2 symbols are reserved for the

DMRS transmission, LTE-V2X SL is able to cope with larger transmitter-receiver relative

speeds. The remaining OFDM symbols are used to accommodate the PSSCH and PSCCH

transmission. The subframe structure is illustrated in Fig. 1.2.
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Figure 1.2: Subframe structure in LTE-V2X SL.

1.4.1.2 MAC Sublayer

To support vehicular communications also in out-of-coverage scenarios, LTE-V2X intro-

duced a distributed resource allocation scheme known as Mode 4. In LTE-V2X Mode

4, vehicles autonomously select their radio resources employing the fairly sophisticated

Semi-Persistent Scheduling (SPS) strategy, without the support of the cellular infrastruc-

ture. Vehicles using the SPS scheme periodically reserve the selected subchannel(s) for a

number of reselection counter, Cresel , consecutive transmissions. The time period between

consecutive reservations is called Resource Reservation Interval (RRI), and LTE-V2X SL

supports any RRI value in the {20, 50, [100:100:1000]} ms range, where in the [x:y:z] no-

tation, x denotes the minimum allowed value, z the maximum and y the incremental step

between consecutive values. Vehicles select the RRI from a list of allowed RRI values that

can include up to 16 entries, and employ the SCI to broadcast the adopted RRI config-

uration and inform neighboring vehicles about their next reservation. A vehicle sets the

RRI equal to 0 to announce that it will not reserve the currently utilized subchannels for

its future TB transmission.

Depending on the selected RRI, the value of the reselection counter is set as follows:

if RRI ≥ 100 ms, Cresel is randomly set in the [5, 15] interval. Otherwise, the value of

the reselection counter is randomly set in the [10, 30] and [25, 75] interval when RRI = 50

ms and RRI = 20 ms, respectively. After every transmission, the value of the reselection

counter is decremented by one; when Cresel = 0, the ego-vehicle selects new subchannels

with probability 1− P , where P is the keep probability, P ∈ [0, 0.8].

To select new subchannels, the SPS strategy employs a two-step mechanism called

resource reselection. Let us call n the subframe at which the ego-vehicle generates a new
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message and triggers the resource reselection process: in step 1, the ego-vehicle initially

builds a list of the candidate resources that lie within the so-called selection window, W .

The selection window extends from subframe n+ T1 to subframe n+ T2, where T1 is not

larger than 4 subframes and T2min ≤ T2 ≤ PDB. T2min depends on the priority of the

transmission and its value is in the [10, 20] ms range, whereas the Packet Delay Budget

(PDB) is set to satisfy the latency requirements of the generated packet.

During step 1, the ego-vehicle creates a list, L1, that contains all the available resources

included within W . To do so, it removes from L1 the subchannels that have already been

reserved by the SCI of a neighboring vehicle during the ego-vehicle’s sensing window, S.

The sensing window is the time interval identified by the [n − T0, n − Tproc,0 ] range of

subframes. According to the standard, Tproc,0 is equal to 1 subframe and T0 corresponds

to 1000 subframes. Subchannels are excluded from L1 only if the associated SCI is received

with a Reference Signal Received Power (RSRP) larger than a pre-configured threshold.

The ego-vehicle also excludes from list L1 all the subchannel(s) that lie on a subframe

in which it was previously transmitting. If the ego-vehicle was transmitting during the

sensing window, e.g., at subframe s, it could not sense the reservations announced by its

neighbors during the same subframe due to its half-duplex limitations. Therefore, the

ego-vehicle removes all the subchannels located at subframe s + RRIi within W , where

RRIi corresponds to every RRI included in the list of allowed values. The RSRP threshold

is increased by 3 dB, and the resource reselection process is re-executed, until L1 contains

at least the β% of the resources initially included in W . Depending on the priority of the

TB, β can be set to 20, 35, or 50.

Next, the ego-vehicle sorts in ascending order the candidate resources of L1 on the

basis of the average Received Signal Strength Indicator (RSSI), and includes the top 20%

of the sorted resources in a second list, L2. If a candidate resource lies at subframe s, its

average RSSI is computed in a periodic fashion over the previous s − TL2 · j subframes

within S, where j is a positive integer, TL2 = 100 ms if RRI ≥ 100 ms, and TL2 = RRI

otherwise.

In step 2, the ego-vehicle randomly selects a number of adjacent subchannels from L2,

e.g., at subframe m in Fig. 1.1, able to accommodate the transmission of the TB and

the associated SCI. The most relevant elements of the resource reselection mechanism are

illustrated in Fig. 1.1.

1.4.2 NR-V2X SL

Under the 5G umbrella, the advent of more sophisticated eV2X services, such as cooper-

ative perception and maneuver coordination [19], has prompted the development of the

NR-V2X SL technology. At PHY layer, NR-V2X SL supports a flexible subcarrier spacing

configuration, employs more sophisticated DMRS patterns, and multiplexes the transmis-

sion of control and data information on time and frequency adjacent resources. At MAC

sublayer, 3GPP also devoted significant efforts to develop a new re-evaluation mechanism
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and a new resource allocation mode, known as NR-V2X Mode 2, more flexible and effective

than Mode 4, its LTE-V2X predecessor.

1.4.2.1 PHY Layer

In NR-V2X SL, the information is transmitted using a CP - Orthogonal Frequency Division

Multiplexing (OFDM) waveform that supports different subcarrier spacing settings. The

supported SCS values are 2µ × 15 kHz, where µ is the OFDM numerology index, µ =

0, 1, 2. These values correspond to a subcarrier spacing of 15, 30 and 60 kHz, respectively.

Transmission resources are organized on a time-frequency grid like the one reported in

Fig. 1.1, in which the smallest time and frequency units are the time slot and the RB.

The duration of the time slot is defined as ts = 2−µ ms. Depending on the adopted

OFDM numerology, ts is equal to 1, 0.5, or 0.25 ms. A time slot includes up to 14

OFDM symbols when normal CP is utilized. In the frequency domain, an RB consists

of 12 adjacent OFDM subcarriers and it is 180, 360, or 720 kHz wide depending on the

employed SCS. On the time-frequency grid of NR-V2X SL radio resources, the Resource

Element (RE) represents the fundamental unit. A RE consists of a single subcarrier and a

single OFDM symbol. A group of Msub consecutive RBs within the same time slot defines

a subchannel, which represents the smallest time-frequency unit for data transmission and

reception. According to the standard [39], the subchannel size Msub can be equal to 10,

12, 15, 20, 25, 50, 75, or 100 RBs. With respect to LTE-V2X SL, where the smallest

time unit is a 1 ms long subframe and the RB width is fixed, the use of a flexible SCS at

PHY layer guarantees an enhanced flexibility in the arrangement of transmission resources

on the OFDM time-frequency grid. For instance, vehicles might use a large SCS for low

latency applications (due to the shorter slot duration) or to improve the robustness against

Doppler effects. It is worth pointing out that all the vehicles operating in a given NR-V2X

system employ the same OFDM numerology.

When a new message is generated, its content is encoded using Low Density Parity

Check (LDPC) codes and encapsulated within a TB. The TB transmission is accommo-

dated over the PSSCH and occupies an integer number n of subchannels, depending on the

TB size and on the employed MCS. In NR-V2X SL, the supported modulation schemes

range from QPSK to 256QAM and the MCS can be selected from either Table 5.1.3.1-1,

Table 5.1.3.1-2 or Table 5.1.3.1-3 [40]. Each TB transmission is associated with dedicated

SCI. The SCI is transmitted in two stages in NR-V2X SL: the 1st-stage SCI includes rele-

vant information for the correct decoding of the TB and it is transmitted on the PSCCH.

The 2nd-stage SCI is transmitted together with the TB on the PSSCH, and it carries

information for supporting retransmissions and channel state reports.

In NR-V2X SL, the number of OFDM symbols within a slot, ld, is flexible and can range

from 7 to 14, occupying the full slot. The first OFDM symbol is used for AGC purposes

and the last is used as guard symbol, like in LTE-V2X SL. Specifically, the AGC symbol

is filled with a copy of the second OFDM symbol, whereas the guard symbol is left idle
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to allow the switching between transmission and reception mode. The remaining symbols

are used to accommodate the PSSCH and the PSCCH together with the corresponding

DMRSs, as shown in Fig. 1.3 for ld = 14. The multiplexing of PSSCH, PSCCH, and
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Figure 1.3: Slot structure in NR-V2X SL when NDMRS = 2.

DMRSs is performed on adjacent REs in NR-V2X SL, as illustrated in Fig. 1.3, and it is

a specific feature of NR-V2X SL which guarantees an enhanced flexibility at the expense

of a more sophisticated PHY layer design:

• PSCCH: The PSCCH is mapped to the lowest RBs of the first subchannel utilized

for the NR-V2X SL transmission, as shown in Fig. 1.3(b), and it accommodates

the 1st-stage SCI. The number MPSCCH of RBs utilized by the PSCCH can be 10,

12, 15, 20 or 25, as long as MPSCCH ≤ Msub . In the time domain, the PSCCH can

utilize 2 or 3 OFDM symbols starting from the 2nd symbol of the slot. In Fig. 1.3,

the PSCCH occupies 3 OFDM symbols. The content of the 1st-stage SCI follows

the SCI format 1-A defined in [41], Section 8.3.1. According to it, the 1st-stage

SCI carries information about the TB priority, the RRI used at MAC sublayer, the

MCS employed by the TB, the DMRS pattern and the 2nd-stage SCI format among

others. The size of the 1st-stage SCI ranges from 20 to 43 bits depending on the

configuration of higher layer parameters.

• PSSCH: The PSSCH accommodates the transmission of both the 2nd-stage SCI and

the TB. This is a distinctive feature of NR-V2X SL with respect to LTE-V2X SL

and 5G NR UL/DL specifications. The 2nd-stage SCI can be formatted according to

the SCI format 2-A (35 bits long) or 2-B (48 bits long) defined in [41], Section 8.4.1.

Both formats include information related to Hybrid Automatic Repeat ReQuest (H-

ARQ) retransmissions and a cast type indicator that allows to discriminate between

unicast, groupcast and broadcast NR-V2X SL communications. The 2nd-stage SCI

is also used to transmit channel state information reports. The TB and the 2nd-stage

SCI are separately encoded and multiplexed into a single codeword prior to OFDM

modulation. The multiplexing operation depends on the number of Multiple Input

Multiple Output (MIMO) transmission layers [41], which is limited to 2 in NR-V2X

SL.
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• DMRS Pattern: According to its peculiar PHY layer structure, NR-V2X SL fea-

tures dedicated DMRS patterns for the PSSCH and the PSCCH. This is a specific

feature of NR-V2X SL and it is a relevant difference with respect to LTE-V2X SL,

where a fixed 4 DMRS pattern is employed for both the PSSCH and the PSCCH,

as shown in Fig. 1.2. The number of OFDM symbols employed to accommodate

DMRSs associated with the PSSCH, NDMRS, can be equal to 2, 3 or 4. Vehicles

can employ a larger number of PSSCH-DMRS symbols to enhance the robustness

of the V2V link, sacrificing the amount of information transmitted on the PSSCH.

The time-domain location of the PSSCH-DMRS symbols within a slot depends on

the duration of the PSCCH (2 or 3 OFDM symbols) and on the value of ld, as re-

ported in Table 1.1. A complete list of the allowed PSSCH-DMRS configurations

is available in Table 8.4.1.1.2-1 of [42]. In Fig. 1.3, ld = 14, NDMRS = 2, and the

PSCCH duration is equal to 3 OFDM symbols.

Note that PSSCH-DMRS configurations with NDMRS > 2 multiplex the first PSSCH-

DMRS symbol (always located at symbol 1) with the PSCCH on frequency-adjacent

RBs. When the NR-V2X SL transmission employs a single sub-channel, configura-

tions with NDMRS > 2 are allowed only if Msub ≥ 20 RBs, as explained in Section

8.2.2 of [40]. If Msub < 20 RBs, the first subchannel only supports the configura-

tion with 2 PSSCH-DMRS symbols, i.e., NDMRS = 2. It is also important to note

that PSSCH-DMRSs are transmitted on 1 every 2 REs on the allocated OFDM

symbols, as explained in Section 8.4.1.2.2 of [42]. The REs not used to transmit

PSSCH-DMRSs are employed to accommodate the PSSCH.

In the PSCCH case, the DMRS signals (PSCCH-DMRS) are transmitted on the

same OFDM symbols allocated for the PSCCH and occupy 1 every 4 REs, see

Section 8.4.1.3.2 of [42]. Like in the PSSCH case, the PSCCH is transmitted in the

REs that are not utilized to accommodate the PSCCH-DMRS transmission.

Table 1.1: PSSCH-DMRS time domain location in NR-V2X SL.

ld
PSCCH duration: 2 OFDM symbols PSCCH duration: 3 OFDM symbols

NDMRS = 2 NDMRS = 3 NDMRS = 4 NDMRS = 2 NDMRS = 3 NDMRS = 4

12 3,10 1,5,9 1,4,7,10 4,10 1,5,9 1,4,7,10

13 3,10 1,5,9 1,4,7,10 4,10 1,5,9 1,4,7,10

14 3,10 1,6,11 1,4,7,10 4,10 1,6,11 1,4,7,10

1.4.2.2 MAC Sublayer

At MAC sublayer, NR-V2X SL relies on the Mode 2 distributed resource allocation tech-

nique to allow vehicles to autonomously select their transmission resources. In NR-V2X

Mode 2, vehicles employ either an SPS or a Dynamic Scheduling (DS) strategy for select-

ing the subchannel(s) that will accommodate the TBs transmission. The SPS strategy
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has been inherited from LTE-V2X specifications with minor modifications, whereas the

DS strategy is a new reservation-less solution that forces the selection of new transmis-

sion resources for every generated message. Vehicles using the SPS scheme periodically

reserve the selected subchannel(s) for a number of reselection counter, Cresel , consecutive

transmissions. NR-V2X Mode 2 supports any RRI value in the {0, [1:1:99], [100:100:1000]}
ms range. With respect to its LTE-V2X Mode 4 predecessor, NR-V2X Mode 2 provides

higher flexibility to fit the requirements and characteristics of eV2X services by allowing

any integer RRI between 1 and 99 ms. Also in NR-V2X Mode 2, vehicles select the RRI

from a list of allowed values that can include up to 16 entries. Depending on the selected

RRI, the value of the reselection counter is set as follows: if RRI ≥ 100 ms, Cresel is

randomly set between 5 and 15. Otherwise, Cresel is randomly selected in the [5 ·C, 15 ·C]

interval, C = 100/max(20,RRI).

On the other hand, vehicles using the DS scheme select new subchannels every time a

new message is generated, and are not allowed to place any reservation. In other words,

the DS strategy is the reservation-less variant of the SPS scheme which sets Cresel = 1 and

P = 0.

Despite being characterized by a totally different reservation policy, the SPS and the

DS scheme employ the same two-step resource reselection process for selecting new sub-

channels. The resource reselection process is inherited from LTE-V2X Mode 4 with a

major difference: list L2 is not considered and, during step 2, vehicles randomly select

their resources directly from L1. In NR-V2X Mode 2, the value of the T1 parameter is not

fixed, but depends on the adopted SCS. T1 is not larger than Tproc,1 = {3, 5, 9} slots for a

SCS of 15, 30, 60 kHz. Similarly, the value of Tproc,0 is equal to 1 slot when the SCS is 15

or 30 kHz, and equal to 2 slots when the SCS is 60 kHz. According to the standard [39],

also the width of the sensing window is not fixed in NR-V2X Mode 2. The value of T0

can be set to a number of slots equivalent to either 1100 ms or 100 ms. The most relevant

elements of the resource reselection mechanism are reported in Fig. 1.1.

In addition to the resource reselection process, 3GPP has introduced a new manda-

tory feature in NR-V2X Mode 2 to guarantee a more reliable message delivery, i.e., the

re-evaluation mechanism. The re-evaluation mechanism forces the ego-vehicle to keep

monitoring the status of its selected resources before transmitting the TB. In principle,

this allows the detection of collisions that had not been identified during the resource

reselection phase. Note that, in this thesis, we distinguish between reserved and selected

resources: we term reserved resources the subchannel(s) whose reservation have been an-

nounced by the vehicle through the SCI before being employed for the TB transmissions.

On the other hand, we call selected resources the subchannel(s) that have not been re-

served by vehicles through SCI broadcasting. Selected resources cannot be announced

before being employed and are characterized by higher collision probability. For example,

the subchannel(s) chosen at the end of a resource reselection are selected resources.

Following the notation of Fig. 1.1, the functioning of the re-evaluation mechanism

is illustrated in Fig. 1.4: let us assume that the ego-vehicle has generated a message
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at slot n and that, after performing a resource reselection, has selected a subchannel at

slot m. As the resources selected during a reselection cannot be announced beforehand,

the re-evaluation mechanism forces the ego-vehicle to re-execute step 1 of the resource

reselection process at slot nre = m − T3 to check whether the selected resources are still

available. According to the standard, T3 is set equal to 3, 5, 9 slots for an SCS of 15, 30, 60

kHz. The re-execution of step 1 at slot nre is referred to as a re-evaluation check in 3GPP

specifications. During the re-evaluation check, the ego-vehicle defines a new selection

window, Wre , that extends from slot nre + T1 to slot nre + T ′2 = n + T2 and partially

overlaps with the selection window W initially defined at slot n. After removing the

unavailable subchannels from Wre , the ego-vehicle builds a new list of candidate resources

L1. If the re-execution of step 1 reveals that the originally selected resources, at slot m,

have been excluded from list L1 due to, e.g., a previously undetected reservation from

a neighboring vehicle, then the re-evaluation check leads to the re-evaluation detection

phase according to 3GPP terminology [40]. The re-evaluation detection phase triggers the

re-execution of step 2 of the resource reselection mechanism to select new resources. As a

result, the initially selected resources are replaced by new resources, e.g., the subchannel

located at slot mre in Fig. 1.4. The re-execution of step 2 as part of the re-evaluation

mechanism is referred to as resource replacement.
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Figure 1.4: Re-evaluation mechanism in NR-V2X Mode 2.

1.5 Evaluation Guidelines

1.5.1 Traffic Models

Among the evaluation guidelines reported in [5], 3GPP included a set of periodic and

aperiodic traffic models for the performance assessment of C-V2X SL communications:

• Periodic traffic: in this case, packets are periodically generated every T ms and

three different traffic models can be leveraged to reflect varying traffic intensity

conditions. In the low intensity Model 1, T = 100 ms and the packet size follows

a [300, 190, 190, 190, 190] bytes pattern. In the medium density Model 2, T = 10

ms and the packet size X is sampled from a discrete binary distribution in which
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P {X = 800 bytes} = 0.8 and P {X = 1200 bytes} = 0.2. In the high density

case, i.e., Model 3, T = 30 ms and the packet size is uniformly distributed in the

[30 kB, 60 kB] range with a 10 kilobytes step. Note that the simple assumption of

periodic traffic perfectly suits the SPS strategy of LTE-V2X Mode 4 and NR-V2X

Mode 2, especially when fixed size packets are considered, but it hinders a thorough

evaluation of its scheduling capability. As a matter of fact, the periodic generation

of messages does not reflect the nature of the traffic originating from the majority of

driving applications. More realistically, the performance of LTE-V2X and NR-V2X

SL communications has to be evaluated considering different traffic profiles, in which

neither the packet inter-arrival time nor the packet size is constant.

• Aperiodic traffic: in order to mimic the traffic profiles that will likely characterize

eV2X applications, 3GPP has introduced a set of aperiodic traffic models which

exhibit variable packet size and a non-deterministic packet inter-arrival time, τ . In

detail, τ is a random variable modeled as follows:

τ = c+ r (1.1)

where c is a constant and r is an exponentially distributed random variable with

mean r̄ = c. Also in this case, 3GPP has introduced two distinct models to reflect

different traffic intensities. In the medium intensity Model 1, c = 50 ms and the

packet size is uniformly distributed in the [200, 1200] bytes range with a 200 bytes

step. In the high intensity Model 2, c = 10 ms and the packet size is uniformly

distributed in the [10 kB, 30 kB] with a 4 kilobytes step.

Although more realistic than their periodic counterparts, the aperiodic traffic mod-

els generate random traffic profiles that do not correspond to any V2X service. For this

reason, MoReV2X features an additional traffic model that replicates the generation of

CAMs. Standardized by ETSI in [16], CAMs are facility-layer packets devised to reg-

ularly broadcast information about the transmitting vehicle status, e.g., position, speed

and type of vehicle. When CAM traffic has to be examined, the packet inter-arrival

time should be modeled using the ETSI algorithm, avoiding the use of simplified periodic

models. According to it, the minimum time elapsed between consecutive CAM genera-

tion events has to be equal or larger than TGenCam , where TGenCam falls in the interval

[TGenCamMin , TGenCamMax ] = [100, 1000] ms. The default value for TGenCam is TGenCamMax .

Within such limits, CAMs are triggered depending on the transmitting vehicle dynamics,

which have to be sampled every TCheckGenCam milliseconds, TCheckGenCam ≤ TGenCamMin .

The typical setting is TCheckGenCam ≤ TGenCamMin = 100 ms. Specifically, a new CAM

shall be immediately generated every time one of the following conditions is met:

(i) the absolute difference between the current heading and the heading included in the

previous CAM is greater than ∆H = 4◦;
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(ii) the absolute distance between the current position and the position included in the

previous CAM is greater than ∆D = 4 m;

(iii) the absolute difference between the current speed and the speed included in the

previous CAM is greater than ∆S = 0.5 m/s;

(iv) the time elapsed since last CAM generation is equal to or greater than TGenCamMax .

As reported by the experimental results in [14] and [13], the CAM inter-arrival time, TCAM ,

can assume any value in the [100, 200, . . . , 900, 1000] ms range when TCheckGenCam = 100

ms, generating aperiodic CAM patterns. The ETSI specifications in [16] also provide

indications on the mandatory and optional information which shall be conveyed within a

CAM. The presence of non-mandatory fields leads to a variable CAM size, depending on

the specific implementation. In [14], the smallest and largest observed CAM sizes are 182

and 807 bytes.

1.5.2 Channel Models

A key aspect of the LTE-V2X SL and NR-V2X SL evaluation guidelines reported in [5]

concerns the definition of new Sidelink channel models. In this regard, 3GPP devoted sig-

nificant efforts to model the large and small scale fading effects that characterize vehicular

communications in Highway and Urban propagation environments. For both the Highway

and Urban scenarios, 3GPP has introduced two possible channel states, namely:

• LOS: the link between the transmitting and receiving vehicle is characterized by a

direct LOS path;

• NLOSv: the LOS path is blocked by the presence of other vehicles.

For every received packet, the channel state is determined according to the LOS and

NLOSv state probabilities, P (LOS) and P (NLOSv) = 1 − P (LOS). According to [5],

P (LOS) is defined as

P (LOS) =

min{1, a · b2 + b ·D + c} D ≤ 475 m

max{0, 0.54− 0.001 · (D − 475)} D > 475 m
(1.2)

with a = 2.1013 · 10−6, b = −0.002, c = 1.0193 and D being the distance between the

transmitting and the receiving vehicle.

In the Urban scenario, the LOS and NLOSv states are employed when the transmitting

and receiving vehicles are in the same street. When the transmitting and receiving vehicles

are in different streets, the V2V Sidelink channel is modeled using an additional Non-Line-

Of-Sight (NLOS) state:

• NLOS: the direct LOS path is blocked by the presence of buildings,

21



and P (NLOS) = 1.

As a result, 3GPP guidelines have introduced a total of five different channel models for

the evaluation of LTE-V2X and NR-V2X SL communications: Highway LOS and NLOSv,

Urban LOS, NLOSv, and NLOS. As illustrated next, specific pathloss, shadowing, and

fast fading parameters have been defined for each channel model.

In the Highway scenario, the pathloss (PL) which characterizes both the LOS and the

NLOSv states is:

PL = 32.4 + 20 · log10(D) + 20 · log10(fc) (1.3)

where fc is the center frequency. In the Urban setting, the pathloss is defined as

PL = 38.77 + 16.7 · log10(D) + 18.2 · log10(fc) (1.4)

for the LOS and NLOSv states. An additional blockage loss term, B, is added to PL when

the transmitting and receiving vehicles are in the NLOSv state [5]. When all vehicles have

the same height, the value of B is modeled as a lognormally distributed random variable

with standard deviation σB = 4 dB and mean µB. The value of µB is defined as follows:

µB = 5 dB + max{0, 15 · log10(D)− 41} . (1.5)

When the Urban NLOS channel model is considered, the pathloss is computed as:

PL = 36.85 + 30 · log10(D) + 18.9 · log10(fc) . (1.6)

In (1.3), (1.4), and (1.6) the value of PL is expressed in dB.

In both the Highway and Urban scenarios, shadowing (SH ) is modeled as a zero-mean

lognormally distributed random variable with standard deviation σSH . In the LOS and

NLOSv states, σSH = 3 dB. In the NLOS state, σSH = 4 dB. The average pathloss plus

shadowing contribution (PL + SH ) that characterizes the five different channel models is

reported in Fig. 1.5.

(a) Highway. (b) Urban.

Figure 1.5: Average pathloss plus shadowing contribution (PL + SH ) in the Highway and
Urban propagation environments for different channel states.
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As indicated in [5], the state transition between LOS, NLOSv, and NLOS is checked

every 100 ms for each Tx-Rx pair during system-level simulations. Accordingly, also the

pathloss and the shadowing experienced by each transmission link are updated every 100

ms, based on the current Tx-Rx distance. The shadowing contribution update follows

the spatial correlation model defined by 3GPP in [43]. For each Tx-Rx pair, the new

shadowing value S (n) is determined as follows:

S (n) = e−Dupdate/Dcorr · S (n− 1) +
√

1− e−2Dupdate/Dcorr · SH n , (1.7)

where SH n is a sample drawn from the shadowing lognormal distribution, S (n−1) indicates

the previous shadowing sample, and Dupdate is the update distance. Dupdate measures the

transmitter-receiver distance variation over the last 100 ms. In (1.7), Dcorr represents

the decorrelation distance and it is equal to 10 m and 25 m in the Urban and Highway

scenarios, respectively

Besides the characterization of pathloss and shadowing, 3GPP evaluation guidelines

include five different Clustered Delay Line (CDL) channel models in order to capture

the small-scale fading effects which impair V2X Sidelink communications in the Highway

LOS, NLOSv and Urban LOS, NLOSv, NLOS propagation environments. A CDL channel

models the received signal as the superposition of different clusters, or echoes. Each cluster

is defined with a specific delay, attenuation, arrival and departure angle. The full set of

parameters used to define the CDL channels is reported in [5], Tables 6.2.3.1-1 through

6.2.3.1-5.

1.5.3 Performance Metrics

Along with the definition of traffic and channel models, 3GPP introduced the performance

metrics that shall be used for the analysis of LTE-V2X SL and NR-V2X SL communica-

tions [5].

For broadcast communications, the first metric is the Packet Reception Ratio (PRR).

The PRR is a widely adopted figure of merit that measures the average fraction of correctly

received TBs with respect to the total number of transmitted TBs. Its definition relies

on the notion of distance slice: the i-th distance slice is defined as the set of transmitter-

receiver distances that fall within the [ai, bi] range, ai = i · 20 m and bi = (i + 1) · 20 m.

For the i-th slice, the PRR is computed as:

PRR =

∑N
j=1X

j
i∑N

j=1 Y
j
i

(1.8)

where Xj
i indicates the number of vehicles within the i-th slice that correctly decoded the

j-th TB, Y j
i represents the number of vehicles within the i-th slice when the j-th TB was

transmitted, and N denotes the total number of transmitted TBs. In this thesis, the PRR

is reported as a function of D, which represents the average transmitter-receiver distance
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within the i-th slice.

The second metric recommended by 3GPP is the Packet Inter-Reception (PIR). The

PIR is an additional metric designed to highlight the impact of persistent collisions on

those applications that require higher reliability with respect to basic safety-related LTE-

V2X services. For a given transmitter-receiver pair, the PIR is defined as the time between

two consecutive successful receptions of TBs belonging to the same application flow, when

the transmitter-receiver distance falls within the (0, Dmax ] range at reception time. Both

the PIR Cumulative Distribution Function (CDF) and the average PIR are recommended

by 3GPP in [5]. The average PIR, within a given distance Dmax , is computed as:

PIR =
1

M
·
M∑
j=1

Tj (1.9)

whereM denotes the number of collected PIR values during the simulation and Tj indicates

the generic PIR value.

MoReV2X computes two additional metrics for the assessment of the LTE-V2X SL

and NR-V2X SL system-level performance, namely: the Propagation Losses Ratio (PLR)

and the Collision Losses Ratio (CLR). Also the PLR and the CLR definition relies on the

notion of distance slice. For the i-th slice, the PLR is computed as:

PLR =
NPL

NPL +NCL +NSR
(1.10)

and the CLR is defined as

CLR =
NCL

NPL +NCL +NSR
(1.11)

where, within the i-th slice of distances: (i) NPL is the number of uncorrectly received

TBs because of poor propagation conditions, i.e., NPL is the number of packets that did

not collide, but experienced an insufficient SNR at the receiver; (ii) NCL is the number

of TBs that were lost in a collision and could not be successfully decoded because of

an insufficient Signal-to-Interference-plus-Noise Ratio (SINR); (iii) NSR is the number of

correctly received TBs.

Another metric MoReV2X determines is the Channel Busy Ratio (CBR). Defined by

3GPP in [44], the CBR is a physical layer indicator that estimates the channel load. At

slot n, the CBR is measured as the fraction of subchannels whose RSSI is larger than a

threshold over the [n− 100 · 2µ, n− 1] range of slots.

1.6 Ns-3 Implementation

In this Section, the main features of the MoReV2X module are presented. The focus

is on the implementation of NR-V2X SL and its Mode 2 distributed resource allocation

scheme, as it required the development of several new functionalities with respect to its

LTE predecessor. LTE-V2X SL simulations rely on simplified versions of the NR-V2X SL
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NrV2XUeNetDevice
m mac
m phy
· · ·
DoInitialize()
Send()
GetMac()
GetPhy()
· · ·

NrV2XRlcUm

DoNotifyTxOpportunity()
DoReportBufferStatus()
· · ·

NrV2XUeMac

m currentV2XGrant
m slBsrReceived
· · ·
DoSlotIndication()
V2XSelectResources()
DoReportReservation()
DoTransmitPdu()
DoReceivePhyPdu()
ReEvaluateResources()
· · ·

NrV2XUePhy

m uePhySapUser
m reportUeMeasurements
· · ·
SlotIndication()
GetSlSpectrumPhy()
PhyPduReceived()
MeasureRsrp()
ReportCBR()
· · ·

NrV2XPhyErrorModel

TBGetBLER()
SCI2GetBLER()
SCI1GetBLER()
· · ·

NrV2XSpectrumPhy

m rxSensitivity
m channel
m interferenceSl
· · ·
GetChannel()
StartTxV2xSlData()
StartRxV2xSlData()
AddExpectedTb()
EndRxV2xSlData()
· · ·

Figure 1.6: Simplified Unified Modeling Language (UML) diagram of the MoReV2X imple-
mentation.

classes, methods and functions illustrated in this Section and summarized in the UML

diagram reported in Fig. 1.6.

1.6.1 Application Layer

The application layer of the MoReV2X module has been significantly upgraded with re-

spect to the LTE D2D simulator [45, 46] that represented the starting point for the im-

plementation of MoReV2X. The two ns-3 classes UdpClient (transmitter side) and Pack-

etSink have been modified to support the traffic models mentioned in Subsection 1.5.1.

Accordingly, every simulation can be configured using four different command line argu-

ments, namely:

• Periodic: when this option is chosen, all vehicles generate periodic traffic following

the 3GPP Periodic traffic Model 1 defined in Subsection 1.5.1. According to it,

the packet size is modeled using a pattern of five values that endlessly repeats. For

each vehicle, the pattern’s starting point is randomly set, as indicated in [5]. The

PDB is set equal to the generation period, i.e., PDB = T = 100 ms. The remaining

periodic traffic models, i.e., Model 2 and Model 3, have been implemented but are

not available by default.
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• Aperiodic: when this option is selected, all vehicles generate aperiodic traffic fol-

lowing the 3GPP Aperiodic traffic Model 1. Based on the system bandwidth and

on the employed MCS, the largest packet size value might be reduced to fit in the

allocated resources. By default, the PDB is set equal to the value of the constant

term c, i.e., PDB = c = 50 ms.

• Mixed: this configuration allows for the coexistence of Periodic and Aperiodic

traffic sources within the same simulation. The percentage of vehicles generating

periodic traffic with respect to the total number of vehicles, termed ∆, is set using

the Percentage command line argument. The default value is ∆ = 50%.

• CAM: this setting allows for the generation of CAM traffic as specified in Subsection

1.5.1. When vehicular mobility is simulated through SUMO, the ETSI-compliant

CAMs are produced using a suite of custom Python scripts developed by the author.

At the beginning of each CAM simulation, the following two-step process takes place:

1. the SUMO simulation is started and its output mobility traces are exploited

to determine the sequence of TCAM values for each vehicle, on the basis of the

vehicle speed, position and heading variables. The CAM size is fixed to either

190 or 470 bytes, which are the smallest and the largest statistically relevant

sizes reported in [14]. The obtained CAM traces are stored in dedicated array

variables;

2. the LoadCAMTraces function pairs every ns-3 node to a CAM trace, setting the

m interval and m size attributes of each UdpClient instance.

For CAM traffic, a further alternative is offered: in step (1), the CAM generation can

exploit the empirical models presented in [47]; these models consists of m-th order

Markov sources that reproduce CAM temporal and size patterns in accordance with

real-world CAM traces [14], experimentally collected in different scenarios. The

empirical models are particularly useful when SUMO-generated mobility traces are

not available, or when the impact of more realistic CAMs needs to be evaluated.

With respect to the simulative approach based on SUMO, the empirical models

allow the generation of variable size CAMs. In CAM simulations, the SUMO-based

approach is the default configuration, but the empirical models can be enabled using

the EmpModels command line argument.

A dedicated Tag object is attached to every transmitted packet, employing the new

NrV2XTag ns-3 class, that has been developed from scratch. The packet tag contains high

level information inspected by the receiving application. The NrV2XTag content includes

the packet timestamp, the ID of the transmitting vehicle and its position at the time

the packet was generated. Additional fields within the NrV2XTag allow for cross-layer

communication within the same ns-3 node. For example, the PDB and RRI fields can be
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dynamically set on a per-packet basis, and employed by lower layers during the resource

selection process in LTE-V2X Mode 4 and NR-V2X Mode 2 simulations.

In addition, the UdpClient and PacketSink classes have been modified to save the

corresponding transmission and reception events in a dedicated format, in order to evaluate

the performance metrics mentioned in Subsection 1.5.3.

1.6.2 MAC Sublayer

In MoReV2X, the MAC sublayer features and mechanisms are implemented within the

NrV2XUeMac class. Specifically, the resource reselection process is implemented by a new

method of the NrV2XUeMac class, called V2XSelectResources. Before the simulation

starts, the sensing window width, the RSRP threshold and the minimum amount of candi-

date resources β are set employing dedicated variables. The width of the selection window

W is dynamically adjusted, depending on the latency deadline which characterizes the

packet that triggered the resource reselection. The semi-persistent strategy is the default

configuration of the V2XSelectResources method. However, the dynamic strategy can

be enabled via the ns-3 attribute system, using the Dynamic command line argument.

Every time new radio resources have to be selected for the transmission of a packet,

the V2XSelectResources method is invoked for the generation of a valid scheduling grant.

Scheduling grants are implemented by means of the V2XSidelinkGrant data structure,

and contain relevant information for the scheduling of each vehicle transmission. The

content of a grant includes the position of the selected (amd reserved) resources on the

time-frequency grid, the employed MCS, the RRI configuration and the reselection counter

value. A scheduling grant is considered valid if Cresel > 0 and the associated reservation

satisfies the size and latency requirements of the generated packet.

At the beginning of each slot, the NrV2XUeMac class employs the DoSlotIndication

method to check if there is a new packet ready to be transmitted. If so, the transmission

opportunity is notified to the PHY layer using the DoTransmitPdu method. Otherwise, if

there is no packet waiting for transmission, NrV2XUeMac switches to reception mode and

listens for incoming received packets which are forwarded from lower layers. Inside the

NrV2XUeMac class, the re-evaluation mechanism is implemented by the ReEvaluateRe-

sources method.

1.6.3 PHY Layer

The PHY layer of the MoReV2X simulator has been significantly modified with respect

to its original implementation to support a flexible subcarrier spacing, different DMRS

patterns, and to retrieve the physical layer indicators exploited by NR-V2X Mode 2. For

example, the NrV2XUePhy and NrV2XUePhySapUser classes have been enhanced to evaluate

the RSRP of each received TB and to forward such measurement to the upper MAC

sublayer, where the resource reselection mechanism runs. At PHY layer, the NrV2XUePhy

class has been further modified to continuously monitor the RSSI on all the time-frequency
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grid resources. This information is periodically exploited by the ReportCBR method, which

evaluates the CBR level as indicated in Subsection 1.5.3.

In addition, the physical layer of MoReV2X includes the definition of the Highway

LOS, NLOSv and Urban LOS, NLOSv, NLOS channel models presented in Subsection

1.5.2. The physical layer impairments associated with each channel model are implemented

within the NrV2XSpectrumPhy class, which is employed to interface the NrV2XUePhy ob-

jects associated with each vehicle over a common wireless channel object. To evalu-

ate the impact of large and small scale fading effects on the correct decoding of a TB,

NrV2XSpectrumPhy runs the following steps:

1) the average SINR of the PSSCH carrying the TB and the 2nd-stage SCI and of the

PSCCH used to transmit the 1st-stage SCI are evaluated taking into account the

pathloss plus shadowing contribution (PL + SH ) defined in Subsection 1.5.2. When

there is no interference from neighboring vehicles, the SINR corresponds to the SNR

and its average value is computed as follows:

SINR = SNR = Pt − (PL + SH )−N0 (1.12)

where Pt is the transmission power and N0 is the noise level measured across a

single RB. The value of PL depends on the transmitter-receiver distance D (see

Subsection 1.5.2), whereas N0 depends on the noise power spectral density and on

the transmission bandwidth. Note that, in (1.12), MoReV2X assumes that every

RB is characterized by the same noise and shadowing contributions.

In case of overlapping transmissions from neighboring vehicles, the interference on

each RB is interpreted as additional noise and the SINR is averaged over the RBs

employed to accommodate the PSSCH and PSCCH transmission:

SINR =
1

nRB

nRB∑
i=1

SINRi (1.13)

where SINRi represents the SINR experienced by each RB and nRB is the number

of employed RBs.

2) if the average SINR is below the receiver sensitivity, the TB cannot be recovered.

Otherwise, the SINR levels of the PSSCH and of the PSCCH are separately mapped

into BLER values on the basis of LUTs modeling small-scale fading effects. As

mentioned in Section 1.2, the use of simplified PHY layer abstraction models al-

lows to significantly reduce the complexity of the MoReV2X simulator. To do so,

NrV2XSpectrumPhy invokes the TBGetBLER, SCI2GetBLER, and SCI1GetBLER meth-

ods of the NrV2XPhyErrorModel class to retrieve the BLER associated with the TB

(BLERTB), the 2nd-stage SCI (BLERSCI2), and the 1st-stage SCI (BLERSCI1).

3) Next, the 1st-stage SCI is declared successfully decoded with probability 1−BLERSCI1.
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As the 1st-stage SCI contains critical information for the correct decoding of the

PSSCH, the TB and the 2nd-stage SCI can be decoded only if the 1st-stage SCI has

been correctly retrieved. If so, the TB and the 2nd-stage SCI are declared successfully

decoded with probability 1− BLERTB and 1− BLERSCI2, respectively.

1.6.4 Exemplary Results

In this Subsection, a set of exemplary results obtained through the MoReV2X module is

reported. The simulation scenario consists of a 5 km long highway segment with 3 lanes per

driving direction. Vehicular mobility has been recreated using SUMO. In all simulations,

the vehicles’ speed is 140 km/h and the average vehicular density is 60 vehicles/km.

The system bandwidth is 10 MHz wide, centered at 5.9 GHz in the ITS band; the

SCS value is 15 or 30 kHz, thus resulting in a total number of RBs equal to 52 and 24,

respectively [48]. In the frequency domain, RBs are organized in subchannels made of

12 RBs each. The TB and the SCI are multiplexed in non-overlapping resources and

transmitted during the same time slot, employing QPSK and a code rate 0.5 and 0.23,

respectively. The number of symbols occupied by the SCI in each slot is equal to 2, and 4

DMRS symbols are employed for the decoding of the TB. The transmission power is set

to 23 dBm for all vehicles.

The results refer to broadcast communications and have been obtained considering

periodic and aperiodic traffic profiles. The Periodic profile utilizes a packet periodicity

equal to T = 100 ms and the packet size pattern is [300, 190, 190, 190, 190] bytes. In the

Aperiodic profile, the constant term c in (1.1) is set equal to 50 ms, and the packet size

X is sampled from a discrete binary distribution in which P {X = 190 bytes} = 0.8 and

P {X = 300 bytes} = 0.2; 190 and 300 bytes long messages are accommodated over 1 and

2 subchannels, respectively. The average traffic generated by the two profiles is the same.

The PDB is equal to the minimum packet inter-arrival time, i.e., 100 ms for the

Periodic profile, 50 ms for the Aperiodic alternative. All simulations adopt the NR-V2X

Mode 2 SPS strategy: the number of reserved subchannels is set so as to accommodate the

largest expected packet size, i.e., 300 bytes, and subchannels are reserved with a periodicity

RRI = PDB . New resources are selected every time the reselection counter expires, i.e.,

P = 0. The Mode 2 initial RSRP threshold is configured to -128 dBm and the β threshold

is set to 20%.

Fig. 1.7 reports the average PRR as a function of the distance D between the trans-

mitting and the receiving vehicle. The SPS strategy achieves higher PRR levels when

periodic traffic is considered, as constant packet inter-arrival times perfectly fit the pe-

riodic, semi-persistent resource reservation approach. This holds true irrespective of the

SCS value. The figure also reveals that for periodic traffic, the PRR performance improves

when increasing the SCS from 15 to 30 kHz. This effect has to be mainly ascribed to a

different number of slots in the selection window, which is twice as high in the 30 kHz

case; in turn, this means a lower probability that two or more vehicles select a subchannel
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Figure 1.7: PRR as a function of the Tx-Rx
distance D.

Figure 1.8: PIR CDF, Dmax = 520 m.

in the same slot. When this event happens, vehicles transmitting within the same slot are

“blind” to each other and persistently collide if they select the same subchannels. On the

other hand, the PRR performance for aperiodic traffic does not improve when increasing

the subcarrier spacing. Here, the main cause of PRR degradation is the mismatch between

the aperiodic packet generation and the periodic allocation of resources.

Next, Fig. 1.8 reports the PIR CDF for Dmax = 520 m. For all simulations, the CDF

step behavior reflects the periodic nature of the reservations placed using the SPS strategy,

and indirectly validates MoReV2X accurate implementation. For periodic traffic, the

probability of observing PIR values lower than 100 ms is close to 0.9, further demonstrating

the NR-V2X Mode 2 ability to cope with this traffic type.

(a) PLR. (b) CLR.

Figure 1.9: PLR and CLR curves reported as a function of the Tx-Rx distance D.

In Fig. 1.9(a), the PLR as a function of the distance D is reported, where it is recalled

that the PLR measures the fraction of packets exclusively lost because of poor propagation

conditions. As expected, this figure shows that the PLR does not depend on the traffic

type, but it exclusively depends on the SCS. In detail, it reveals that propagation losses
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are negligible for D values lower than 500 m and that above this value the SCS = 15

kHz choice guarantees lower PLR values than SCS = 30 kHz. As a matter of fact, the

noise power of a subchannel is twice as high when SCS = 30 kHz, for a given noise power

spectral density. Therefore, packets transmitted in the system adopting SCS = 30 kHz

exhibit an SNR value which is 3 dB lower than in the system where SCS = 15 kHz, on

average. Moreover, given the vehicles relative speed is not excessively high (its maximum

value is 280 km/h), the 30 kHz choice does not improve system robustness against Doppler

effects.

Then, Fig. 1.9(b) reports the CLR as a function of D. In the presence of periodic

traffic, collisions are constantly lower than for the aperiodic traffic case. This figure cor-

roborates the intuition that a smaller time slot duration, due to the adoption of a larger

subcarrier spacing, reduces the number of collisions only in the case of periodic traffic.

At PHY layer, the measured CBR levels are equal to 0.38 for periodic traffic and to

0.36 in the case of aperiodic traffic. The RSSI threshold employed for the CBR evaluation

is 0.5 dB greater than the receiver sensitivity, i.e., -89.9 dBm. Note that the CBR for

is larger when periodic traffic is considered. As a matter of fact, the periodic and the

aperiodic profiles pour the same amount of traffic on the channel, but the SPS strategy

is able to allocate resources more effectively in the former circumstance. For the same

channel load, a smaller number of collisions results in a more efficient occupation of the

channel, hence leading to a larger CBR.

1.7 Link-Level Evaluation of NR-V2X SL Communications

System-level simulators like the MoReV2X module do not explicitly consider PHY layer

aspects. Instead, they resort to abstraction techniques to confine the simulation complex-

ity. The adopted PHY layer abstraction technique can significantly affect the results of

system-level simulations, as shown in [49]. The most common solution relies on the use

of BLER curves obtained using dedicated link-level simulators. As evidenced in Section

1.3, the only 5G NR-based LL simulators that have been made publicly available con-

sider either UL or DL communications. However, the BLER curves obtained using these

tools cannot be used in NR-V2X SL system-level simulations because the SL technology is

characterized by different PHY layer design choices, as highlighted in [32]. With respect

to its UL and DL counterparts, NR-V2X SL features a peculiar PHY layer structure and

dedicated functionalities:

• The PSCCH and the PSSCH are multiplexed on time-and-frequency adjacent re-

sources.

• The SCI is transmitted in two distinct stages and each stage employs specific encod-

ing and decoding procedures.

• Similarly, the TB undergoes specific encoding and decoding mechanisms. The max-

imum TB size is computed using a new and dedicated procedure.
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• A new set of DMRS patterns is separately defined to protect the PSCCH and the

PSSCH transmission.

During the standardization phase, NR-V2X SL BLER curves have been reported by several

companies within 3GPP working groups [21–23,33]. Yet, these curves have been generated

using proprietary LL simulators and cover only a limited set of parameter settings, thus

restricting the scope of the associated NR-V2X SL analysis. The lack of dedicated BLER

vs SNR curves has a two-fold effect. First, it does not allow an exhaustive and accurate

system-level evaluation of NR-V2X SL communications. Second, it does not guarantee

consistent and comparable results between system-level studies that employ curves from

different sources. In this regard, the contribution of this Section is two-fold:

• Present the first complete set of standard-compliant NR-V2X SL BLER vs SNR

curves.

• Provide a detailed LL analysis of NR-V2X SL to assess the impact of typical PHY

layer aspects, e.g., variable MCS and transmitter-receiver relative speed, on the

BLER performance.

The BLER curves presented in this Section have been obtained using a custom MATLAB-

based LL simulator and cover the parameter settings included in the NR-V2X SL profile.

Defined by the 3GPP and ETSI evaluation guidelines reported in [5] and [24], the NR-V2X

SL profile details a recommended configuration of the most important system settings (e.g.,

subchannel size, channel bandwidth, modulation scheme, code rate) in order to establish

a common evaluation framework. Following the NR-V2X SL profile indications, we have

obtained more than 1900 BLER vs SNR curves. The curves are openly accessible2 in the

form of LUTs and can be easily integrated into any system-level simulator using L2SM

techniques [8]. The PHY layer of the MoReV2X module relies on the BLER vs SNR curves

presented in this Section.

The remainder of this Section is organized as follows: Subsection 1.7.1 provides a

functional description of the NR-V2X SL link-level simulator employed in this thesis,

highlighting the main differences with respect to 5G NR UL and DL simulation tools.

Subsection 1.7.2 illustrates the most relevant settings included within the NR-V2X SL

profile and Subsection 1.7.3 underlines the relevance of the obtained results by reporting

an exemplary set of BLER vs SNR curves.

1.7.1 NR-V2X SL Link-Level Simulator

In this Subsection, we provide a description of the NR-V2X SL LL simulator employed

to assess the link-level performance of NR-V2X SL communications and to obtain the

BLER curves presented in this study. The simulator is implemented in MATLAB and it is

2Unfortunately, we are not yet able to share the link of the open-source repository since the corre-
sponding paper is under review. The repository link is included in the paper and will be available once
the review process is completed.
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based on the 5G Toolbox functionalities. As the 5G toolbox provides standard-compliant

functions for 5G NR UL and DL, significant efforts were devoted to the implementation of

the new features which characterize NR-V2X SL communications at PHY layer, namely:

• We have developed a new set of functions to determine the TB size and to properly

format the 1st-stage and 2nd-stage SCI.

• We have customized the encoding, decoding, modulation and demodulation func-

tionalities of MATLAB’s 5G toolbox according to 3GPP specifications.

• We have implemented from scratch the PSCCH and PSSCH multiplexing mecha-

nism.

• We have implemented from scratch the PSCCH-DMRS and PSSCH-DMRS patterns

that have been specifically designed for NR-V2X SL.

• We have included the NR-V2X SL channel models provided by 3GPP evaluation

guidelines.

The general structure of the simulator and its workflow are summarized in Fig. 1.10.

The three main building blocks of the simulator are the transmitter chain, the channel

model, and the receiver chain. TBs and their associated SCIs are generated and processed

by the transmitter chain, passed through the channel model, and decoded by the receiver

chain. For each SNR value, the TB plus SCI transmission-reception operations are per-

formed Nslots consecutive times to experience several channel and noise realizations, i.e.,

employing the Monte Carlo approach. As a result, the BLER curves capture the average

PHY layer performance of NR-V2X Sidelink communications over the specified range of

SNR values. The SNR range is a configurable parameter of our simulator. For each SNR

point, the BLER is computed as the fraction of incorrectly received transmissions with

respect to the total. The NR-V2X SL LL simulator separately evaluates the 1st-stage SCI,

2nd-stage SCI and TB BLER performance.

Update SNR value Update slot number 𝒊 Transmitter chain

Channel model

Receiver chain𝒊 < 𝑵𝒔𝒍𝒐𝒕𝒔?Evaluate BLER

true

false

Figure 1.10: NR-V2X SL LL simulator workflow.

1.7.1.1 Transmitter Chain

The transmitter chain is responsible for the encoding, modulation, and transmission of the

generated data. Differently with respect to 5G NR UL and DL, NR-V2X SL multiplexes

the transmission of PSCCH and PSSCH on time and frequency adjacent REs, as explained
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in Subsection 1.4.2.1. Therefore, the transmitter chain of our NR-V2X SL LL simulator

features a more complex structure with respect to existing NR UL/DL link-level simulators

[31, 50]. Fig. 1.11 outlines the different modules included within the transmitter chain of

the NR-V2X SL LL simulator.

1) 1st-stage SCI Encoding : The operations at the transmitter chain start with the en-

coding of the 1st-stage SCI. The “1st-stage SCI Encoding” module implements a

custom function that formats the content of the 1st-stage SCI following the SCI

format 1-A definition reported in Subsection 1.4.2.1. Following NR-V2X SL specifi-

cations (Section 8.3.2-8.3.4 in [41]), the “1st-stage SCI Encoding” block performs the

following sequence of operations on the content of the 1st-stage SCI: 24-bit Cyclic

Redundancy Check (CRC) attachment, Polar encoding, and Polar code rate match-

ing. These operations are inherited from NR DL specifications, although there are

some differences. Scrambling is not performed during the CRC attachment step,

and the target code rate evaluation is based on the number of REs available within

the PSCCH (excluding the PSCCH-DMRS REs).

2) 2nd-stage SCI Encoding : The “2nd-stage SCI Encoding” module includes custom

functions that allow the formatting of the 2nd-stage SCI according to either the SCI

format 2-A or the SCI format 2-B reported in Subsection 1.4.2.1. Regardless of the

format, the 2nd-stage SCI bits undergo the same sequence of CRC attachment, Polar

coding and rate matching operations employed for the 1st-stage SCI, although with

some minor modifications. According to 3GPP specifications (Section 8.4.2-8.4.4

in [41]), 2nd-stage SCI bits do not undergo interleaving during the rate matching

phase. Moreover, the target code rate of the 2nd-stage SCI is determined as a function

of several parameters such as the associated TB code rate, the size of the selected

2nd-stage SCI format, and the number of subcarriers occupied by the PSSCH. The

formatting of the 2nd-stage SCI and the calculation of its target code rate have been

implemented from scratch.

3) TB Encoding : Also in this case, the implementation of the “TB encoding” module

has required custom functions that are not available within MATLAB’s 5G Toolbox.

These functions are responsible for generating and encoding the TB information bits.

First, the TB size is determined following the two-step process defined in Section

8.1.3.2 of [40]. The TB size depends on the length of the rate matched 2nd-stage SCI,

the PSSCH-DMRS pattern, the number of PSCCH REs, the selected MCS index,

and the number of available REs in the PSSCH. Next, TB encoding is performed

following a sequence of operations inherited from NR UL specifications. In our

NR-V2X SL LL simulator, TB encoding consists of 24-bit CRC attachment, LDPC

encoding and rate matching (see Section 8.2 of [41]). With respect to NR UL, the

NR-V2X SL implementation disables the limited buffer rate matching option during

the rate matching step.
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4) Data and Control Multiplexing : The “Data and control multiplexing” module is

responsible for multiplexing the output of the “2nd stage SCI Encoding” and “TB

encoding” blocks into a single codeword. This is a specific feature of NR-V2X SL

which has been implemented from scratch in our simulator. The data and control

multiplexing operations depend on the number of transmission layers (Section 8.2.1

in [41]). When only 1 transmission layer is considered, the 2nd-stage SCI and TB bits

are concatenated. In the second layer, the 2nd-stage SCI is replaced by placeholder

bits.

5) PSCCH-PSSCH Multiplexing : Inside the “PSCCH-PSSCH Multiplexing” module,

the control channel and the shared channel codewords are modulated and allocated

on the NR time-frequency grid together with their associated DMRS symbols. The

control channel codeword is provided by the “1st-stage SCI Encoding” block and

accommodated over the PSCCH. The shared channel codeword is generated by the

“Data and control multiplexing” module and allocated over the PSSCH. As shown

in Fig. 1.11, the PSCCH and the PSSCH are processed independently until they are

mapped on physical resources. In this module, the implementation of each function

follows the NR-V2X SL specifications reported in [42]. The operation of each block

is summarized here below:

• PSCCH Modulation. Prior to modulation, the bits of the 1st-stage SCI code-

word undergo a scrambling operation. In this function, the scrambling is im-

plemented by means of an XOR operation between the codeword and a pseudo-

random scrambling sequence, as in NR UL/DL. In our NR-V2X SL implemen-

tation, the pseudo-random sequence of bits is initialized with a fixed value fol-

lowing the specifications in Section 8.3.2.1 of [42]. Then, the block of scrambled

bits is QPSK-modulated to generate the PSCCH OFDM symbols.

• PSCCH-DMRS. This module exploits a new function to generate the DMRS

symbols associated with the PSCCH. The implementation of the PSCCH-

DMRS symbols follows the SL specifications in [42]. Accordingly, the PSCCH-

DMRS symbols are generated using a pseudo-random sequence whose initial-

ization value is set by the scramble ID provided by higher layers. In our imple-

mentation, we set the scramble ID to 0.

• PSSCH Modulation. In the “PSCCH modulation” module, the 2nd-stage SCI

and TB bits are separately scrambled employing two different pseudo-random

scrambling sequences. Each scrambling sequence is initialized using the dec-

imal representation of the CRC associated with the 1st-stage SCI. Then, the

scrambled bits of the 2nd-stage SCI are modulated using QPSK modulation,

whereas the modulation order of the TB bits depends on the selected MCS.

After modulation, the PSSCH OFDM symbols undergo a layer mapping and a

non-codebook-based precoding procedure before being allocated on the corre-

sponding resources.
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• PSSCH-DMRS. The “PSSCH-DMRS” module has been implemented to allow

all the DMRS time pattern configurations reported in SL specifications (see

Table 8.4.1.1.2-1 in [42]). A new function has been developed to generate the

DMRS symbols associated with the PSSCH. In the NR-V2X SL case, the gen-

eration of the PSSCH-DMRS symbols is based on a pseudo-random sequence

which is initialized using the decimal representation of the 1st-stage SCI CRC.

• Mapping to physical resources. This module represents the last operation of the

“PSSCH-PSCCH Multiplexing” block, and it is responsible for the allocation of

the PSSCH, PSCCH, PSSCH-DMRS and PSCCH-DMRS OFDM symbols on

the corresponding REs within the NR-V2X SL time-frequency grid. To do so,

we have developed a new function that implements the time-frequency organiza-

tion of radio resources illustrated in Subsection 1.4.2.1. In our implementation,

the NR-V2X SL time-frequency grid is represented as matrix where each ele-

ment corresponds to a distinct RE. The “Mapping to physical resources” block

assigns the RE indexes to the different components. AGC and Guard symbols

are also included (see Fig. 1.3).

Once that the PSSCH and the PSCCH have been mapped to their respective REs along

with the associated DMRS symbols, the time-frequency resource grid is converted into

a time-domain CP - OFDM waveform using MATLAB’s built-in UL/DL functions. The

transmission of the CP-OFDM waveform is the last step of the transmitter chain.

1st-stage SCI 

encoding

2nd-stage SCI 

encoding

TB encoding

Data and control 

multiplexing

PSCCH

Modulation

PSSCH

Modulation

Mapping to physical 

resources

Tx Waveform

PSCCH-PSSCH  Multiplexing

PSSCH-DMRS

PSCCH-DMRS

Data and control 

multiplexing

Figure 1.11: Transmitter chain.

1.7.1.2 Channel Model

In order to capture the small-scale fading effects which impair V2X communications, the

NR-V2X SL LL simulator employs the CDL channel models defined by 3GPP and reported

in Subsection 1.5.2.

In the NR-V2X SL LL simulator, each channel model is implemented with a custom

configuration of MATLAB’s built-in CDL system object, originally defined for 5G NR

UL/DL simulations. In addition, each CDL channel model can be customized with specific

maximum Doppler shift and Tx-Rx antenna array configurations. The setting of the

maximum Doppler shift reflects different relative speeds between the transmitting and

receiving vehicles. The Tx-Rx antenna array property allows the configuration of the
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number of radiating elements and their radiation pattern. With respect to 5G NR UL/DL

simulations, the CDL channel models employed in our simulator feature a horizontal,

rather than vertical, MIMO arrangement of isotropic or V2X-specific antenna models

[5]. In addition to the impairments introduced by the CDL models, the channel model

employed in our NR-V2X SL LL simulator features an Additive White Gaussian Noise

(AWGN) contribution. The noise variance depends on the considered SNR value.

1.7.1.3 Receiver Chain

The receiver chain processes the noisy and channel-impaired CP-OFDM waveform that is

captured by each of the receiving antennas following the sequence of operations described

in Fig. 1.12. Fig. 1.12 shows that the recovery of the PSSCH and PSCCH information is

carried out on two different receiver chain branches. This is the case because the PSCCH

and the PSSCH employ distinct DMRS patterns and undergo separate channel estimation

and equalization operations. This is a relevant difference with respect to 5G NR UL and

DL simulations, and it required significant implementation efforts. In both the PSSCH and

PSCCH case, the DMRS symbols are used to perform timing and channel estimation. After

having estimated the channel response, equalization is used to reconstruct the originally

transmitted PSSCH and PSCCH symbols constellations. Specifically, the NR-V2X SL LL

simulator employs Minimum Mean Square Error (MMSE) equalization.

After the equalization step, demodulation and 1st-stage SCI decoding are the next op-

erations within the receiver chain, if we concentrate on the PSCCH branch. The “PSCCH

demodulation” and “1st-stage SCI decoding” modules perform the inverse operations with

respect to their transmitter chain counterparts, i.e., the “PSCCH modulation” and “1st-

stage SCI encoding” modules reported in Fig. 1.11. Specifically, the Polar decoding

process uses a CRC-aided successive-cancellation list decoder of length L. In our imple-

mentation, we set L to its maximum allowed value, i.e., L = 8, as it guarantees the best

error correction performance [51]. On the PSSCH branch, the “PSSCH demodulation”,

“2nd-stage SCI decoding” and “TB decoding” modules follow the “PSSCH equalization”

step. The “PSSCH demodulation” module includes a custom piece of code that separates

the 2nd-stage SCI and TB symbols. This is performed to guarantee a proper demodula-

tion process, since the 2nd-stage SCI and TB symbols might employ different modulation

orders. Recall that the TB modulation depends on the selected MCS, whereas the 2nd-

stage SCI always utilizes QPSK modulation. After the demodulation step, the 2nd-stage

SCI and TB bits undergo their corresponding decoding operations. The 2nd-stage SCI

employs the same Polar decoder configuration used for the 1st-stage SCI. On the other

hand, LDPC decoding is carried out using the “Normalized min-sum” algorithm and by

setting the maximum number of LDPC decoding iterations to 6. The configuration of

the LDPC decoder follows the default settings employed by MATLAB’s 5G toolbox in

5G NR UL simulations. Both the PSSCH and the PSCCH receiver branch are based on

soft-decision decoding techniques. It is worth pointing out that the PSSCH decoding can
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be performed only when the associated PSCCH information has been correctly decoded,

according to the standard. This is the case since the 1st-stage SCI is transmitted on the

PSCCH and it carries relevant information for the decoding of the PSSCH (see Subsection

1.4.2.1). Such decoding procedure is implemented in the NR-V2X SL LL simulator. In

addition, our simulator allows to evaluate the PSSCH performance independently of the

PSCCH. Accordingly, we can provide 2nd-stage SCI and TB BLER curves that are not

conditioned on the correct decoding of the associated 1st-stage SCI information.
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Figure 1.12: Receiver chain.

1.7.2 NR-V2X SL Profile

NR-V2X SL communications are characterized by a large number of configurable parame-

ters. As a result, a vast number of different system choices has been proposed and analyzed

over the last years, e.g., see [28,30,52], hindering the development of a common evaluation

framework for the assessment of the NR-V2X SL achievable performance. In this direc-

tion, 3GPP and ETSI working groups devoted significant efforts towards the definition of

a common NR-V2X SL profile, as witnessed by the documents in [5] and [24], respectively.

The introduction of a common NR-V2X SL profile fosters the development of common

evaluation guidelines, hence allowing a more fair and accurate analysis of the strengths

and limitations which characterize NR-V2X SL communications. In addition, the avail-

ability of a common NR-V2X SL profile is particularly useful when out-of-coverage V2V

communications are considered, as it provides a default system configuration that allows

vehicles to exchange information also without the intervention of the cellular infrastruc-

ture.

Table 1.2 summarizes the common NR-V2X SL profile parameters that we employed in

our LL simulations. Due to space constraints, we cannot report the full set of parameters,

but the complete list is available in [5] and [24]. The NR-V2X SL profile considers a 20

MHz wide channel located at 5.9 GHz, a 30 kHz subcarrier spacing and 14 OFDM symbols

per slot. According to [48], the total number of available RBs is equal to 51. Since the

recommended subchannel size is 12 RBs [24], the total number of available subchannels in

the NR-V2X SL profile is 4. In each LL simulation, the number of employed subchannels,

Nsub , can vary from 1 to 4. The PSCCH is 12 RBs long and occupies 3 consecutive OFDM

symbols.

Despite providing a default configuration for many parameters, it is worth pointing
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Table 1.2: Default NR-V2X SL Profile.

Parameter Value

Bandwidth 20 MHz

Operating Frequency 5.9 GHz

Subcarrier spacing 30 kHz

OFDM symbols per slot 14

Subchannel size 12 RBs

Available subchannels 4

PSCCH RBs 12 RBs

PSCCH OFDM symbols 3

MCS Table (c) Table 5.1.3.1-2

PSSCH-DMRS Pattern (c) {2}
PSSCH-DMRS scramble ID 0

Vehicle speed, Highway (c) 70, 140 km/h

Vehicle speed, Urban (c) 60 km/h

Number of Tx layers (c) 1

Number of Tx-Rx antennas (c) 2 Tx 4 Rx

Antenna type (c) Isotropic

out that some settings are still left to each specific implementation. Such configurable

parameters have been highlighted with the letter (c) in Table 1.2. For example, the MCS

used for the TB transmission can be selected from either Table 5.1.3.1-1 or Table 5.1.3.1-2

according to the standard. Both tables are reported in [40]. In our LL simulations we

decided to use Table 5.1.3.1-2 because it provides a wider, and more exhaustive, range

of MCS choices. In detail, the selected table allows MCS values that range from QPSK

modulation with 120/1024 target code rate (indicated as QPSK-120) to QPSK-602/1024

(more simply indicated as QPSK-602), from 16QAM-378 to 16QAM-658, from 64QAM-

466 to 64QAM-873, and from 256QAM-682.5 to 256QAM-948. Similarly, the choice of the

PSSCH-DMRS time pattern is up to each implementation. Vehicles can either use 2, 3, or 4

PSSCH-DMRS symbols in the same slot. However, when a single subchannel is considered,

the PSSCH does not support the 3 and 4 DMRS options if the subchannel size is smaller

than 20 RBs (see Subsection 1.4.2.1). The subchannel size is 12 RBs in the NR-V2X SL

profile. For this reason, we decided to employ the 2 DMRS time pattern (indicated as {2}
by the standard [40]) in all our LL simulations, regardless of the considered subchannels’

number.

Another relevant simulation setting concerns the vehicles’ speed. The relative speed

between vehicles affects the maximum Doppler shift experienced by a V2V link, as an-

ticipated in Subsection 1.7.1.2. According to [5], the vehicles’ speed in the Highway

environment can be either set to 70 or 140 km/h. As a result, the relative speed (vrel )
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between vehicles can be 0, 70, 140, or 280 km/h. In the Urban environment, the vehicles’

speed is fixed to 60 km/h and therefore limits the vrel values to 0, 60, and 120 km/h. Last,

our LL simulations consider one transmission layer and 2 Tx - 4 Rx antennas, as this is

the recommended configuration in [5]. The radiation pattern of each antenna element is

modeled as isotropic.

1.7.3 Relevance of the NR-V2X SL LL Results

In this Subsection, we highlight the relevance of the NR-V2X SL LL results presented

in this Chapter. To do so, we analyze typical circumstances that require the use of

dedicated and accurate BLER vs SNR curves during NR-V2X SL system-level simulations.

Due to space constraints, our analysis is supported only by a selection of BLER vs SNR

curves, but the full set of results is publicly available [8]. A subset of the presented

results is validated against the few NR-V2X SL BLER curves available in the literature.

Unfortunately, more sophisticated validation tools are not available. Unless otherwise

stated, we consider the Highway-LOS channel model, vrel = 0 km/h, Nsub = 1 and four

different MCS selections, namely: QPSK-308, 16QAM-490, 64QAM-616, and 256QAM-

797. We also assume that the decoding of the PSSCH does not depend on the correct

decoding of the PSCCH. Therefore, the 2nd-stage SCI and TB BLER curves presented

in this study are not conditioned on the correct recovery of the associated 1st-stage SCI

information.

1.7.3.1 Decoding of 1st-stage SCI, 2nd-stage SCI and TB

NR-V2X SL transmissions include a TB and its associated 1st-stage and 2nd-stage SCI.

Besides being allocated on different REs, we observed earlier that these three components

undergo specific encoding and modulation mechanisms. Therefore, they are character-

ized by a different PHY layer performance and system-level simulations require dedicated

BLER vs SNR curves to separately evaluate the 1st-stage SCI, 2nd-stage SCI, and TB

decoding probability. The NR-V2X SL LL simulator employed in this study is able to

separately evaluate the 1st-stage SCI, 2nd-stage SCI and TB BLER curves, as Fig. 1.13

demonstrates. The curves reported in Fig. 1.13 show that the 1st-stage SCI transmission

is the most robust, experiencing the best BLER performance. As a matter of fact, the

1st-stage SCI employs the most robust MCS, i.e., QPSK-84. Moreover, since the 1st-stage

SCI length and the size of the PSCCH do not depend on the TB’s MCS, the 1st-stage

SCI BLER curve does not modify when moving from Fig. 1.13(a) to (d). Conversely, the

code rate of the 2nd-stage SCI depends on the MCS of the associated TB. In detail, the

code rate of the 2nd-stage SCI is always larger than the one employed by the 1st-stage

SCI, thus resulting in a less robust transmission as highlighted by Fig. 1.13. On the other

hand, these figures show that the 2nd-stage SCI is always characterized by a better PHY

layer performance than the associated TB. In Fig. 1.13(a), the 2nd-stage SCI and the TB

employ the same modulation scheme, but the 2nd-stage SCI features a more robust, i.e.,
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lower, code rate. In Fig. 1.13(b)-(d), the 2nd-stage SCI is always transmitted using QPSK

modulation, whereas the TB employs less robust modulation schemes, thus achieving a

worse BLER performance. It is worth highlighting that the TB BLER curves reported in

Fig. 1.13(a) and Fig. 1.13(c) are in line with the results presented in [33]. Note that the

distance between the TB and the 1st-stage SCI BLER curves increases as we move from

Fig. 1.13(a) to Fig. 1.13(d). This is the case since the TB BLER performance significantly

deteriorates as more spectrally efficient MCS choices are considered. It is important to

note that the TB BLER departs from 1 only when the correct decoding of the 1st-stage

SCI is guaranteed, i.e., BLER = 0, in all figures. Such result reveals that the content

of the 1st-stage SCI can be correctly recovered also when the decoding of the associated

TB fails. In NR-V2X SL communications, vehicles employ the 1st-stage SCI to reserve

their transmission resources and its correct decoding is crucial to guarantee the proper

functioning of the resource allocation schemes employed in NR-V2X Mode 2 (see [32] for

further details). It is also worth pointing out that, since the PSSCH can be correctly

decoded only when the PSCCH BLER is equal to zero, the curves reported in Fig. 1.13

do not modify when the decoding of the PSSCH is conditioned on the correct decoding of

the PSCCH, as the standard mandates.

1.7.3.2 Tx-Rx Relative Speed

When a realistic system-level simulation environment is considered, the vehicles’ dynamics

is characterized by different travelling velocities and directions. Depending on the speed

and travelling direction of the transmitting and receiving vehicles, the V2V link can expe-

rience different relative speed values. At PHY layer, variations in the relative speed affect

the maximum Doppler shift that impairs the transmitted waveform. Depending on the

(PSSCH/PSCCH)-DMRS pattern and on the MCS employed by the TB, Doppler shifts

can significantly deteriorate the BLER performance. In this regard, NR-V2X SL LL curves

are instrumental to accurately capture the relative speed impact in system-level simula-

tions. The BLER performance of the TB and of the 1st and 2nd-stage SCIs considering

different Tx-Rx relative speed values is examined next.

First, let us focus on Fig. 1.14 where the TB PHY layer performance is reported

considering the four relative speed values examined in the Highway environment, i.e.,

vrel = {0, 70, 140, 280} km/h. Fig. 1.14(a) quantifies the impact of the relative speed on

the TB BLER curves in the QPSK-308 case. Despite being a robust MCS choice, the

BLER performance deteriorates as the relative speed increases. The employed PSSCH-

DMRS pattern is not able to effectively combat the Doppler shift impairments which affect

the V2V communication. For example, the SNR corresponding to BLER = 10−2 moves

from -1.8 dB to 5.5 dB when the relative speed increases from vrel = 0 km/h to vrel = 280

km/h. Such 7.3 dB shift can have a significant impact on system-level simulations. When

the MCS increases to 16QAM-490, the impact of the Doppler shift on the TB PHY layer

performance is more evident. In Fig. 1.14(b), the BLER settles at 2 ·10−3 when vrel = 280
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(a) QPSK-308. (b) 16QAM-490.

(c) 64QAM-616. (d) 256QAM-797.

Figure 1.13: 1st-stage SCI, 2nd-stage SCI and TB: BLER vs SNR curves for different MCS
choices.

km/h and the SNR is higher than 25 dB. The presence of an error floor means that

the correct decoding of the received packets cannot be always guaranteed. The negative

impact of the Tx-Rx relative speed on the PHY layer performance is further highlighted in

Fig. 1.14(c) and Fig. 1.14(d), where the 64QAM-616 and the 256QAM-797 MCS choices

are analyzed, respectively. In Fig. 1.14(c), the correct decoding of the received packet

can only be guaranteed if vrel is not larger than 140 km/h. When vrel = 280 km/h, the

considered PSSCH-DMRS pattern is not sufficiently robust to compensate for the Doppler

shift and the BLER is fixed at 1, thus not allowing the correct reception of any packet,

regardless of the SNR value. When the least robust 256QAM-797 MCS is considered, Fig.

1.14(d) shows that the BLER is fixed at 1 starting from vrel = 140 km/h. In this case, a

V2V communication is feasible only if the Tx-Rx relative speed is smaller than 140 km/h.

Although evaluated on a different channel model, the impact of the Tx-Rx relative speed

on the TB PHY layer performance illustrated in Fig. 1.14 is characterized by the same

trends reported in [33].
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(a) QPSK-308. (b) 16QAM-490.

(c) 64QAM-616. (d) 256QAM-797.

Figure 1.14: Impact of the Tx-Rx relative speed on the TB BLER performance.

Next, Figs. 1.15(a) and 1.15(b) analyze the impact of the relative speed on the 2nd-

stage and 1st-stage SCI. The 2nd-stage SCI is multiplexed on the PSSCH together with

the associated TB and its decoding process leverages the same PSSCH-DMRS pattern

considered in the TB analysis. Since the 2nd-stage SCI always employs QPSK modulation,

the impact of the relative speed on its performance is similar to the one reported in Fig.

1.14(a), where the TB BLER was analyzed considering the same modulation order. On

the other hand, the 1st-stage SCI is transmitted on the PSCCH and employs a more

robust PSCCH-DMRS pattern with respect to its PSSCH counterpart. In addition, the

1st-stage SCI is encoded with a high-redundancy code rate and is transmitted using QPSK

modulation. As a result, the transmission of the 1st-stage SCI is extremely robust and can

cope with high relative speeds without suffering any BLER degradation, as Fig. 1.15(b)

shows. In this figure, the 1st-stage SCI BLER vs SNR curve does not vary for increasingly

large relative speeds. The robustness of the 1st-stage SCI transmission against Doppler

shifts has also been demonstrated in [53]. This Subsection has showed that, when large
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relative speed values are considered, the 1st-stage SCI can be correctly decoded even when

the associated TB and 2nd-stage SCI decoding inevitably fails due to error floors in the

BLER performance. As already mentioned in Subsection 1.7.3.1, the correct decoding of

the 1st-stage SCI is instrumental to maximize the effectiveness of the resource allocation

schemes, as it minimizes the risk of collisions in NR-V2X SL communications.

(a) 2nd-stage SCI. (b) 1st-stage SCI.

Figure 1.15: Impact of the Tx-Rx relative speed on the 2nd-stage and 1st-stage SCI BLER
performance.

1.7.3.3 Channel Models

As highlighted in Subsection 1.5.2, 3GPP guidelines have introduced five different CDL

channel models for the evaluation of NR-V2X SL communications. In system-level sim-

ulations, a V2V communication can occur in different propagation environments, i.e.,

Highway or Urban, and different channel states, i.e., LOS, NLOSv, or NLOS. It is im-

portant to highlight that, during system-level simulations, the SNR experienced by the

1st-stage SCI, 2nd-stage SCI, and TB transmission depends on the pathloss and shadowing

(PL + SH ) contributions reported in Subsection 1.5.2. Accordingly, the average SNR that

characterizes each channel model can be significantly different. For example, when the

Tx-Rx distance is 1000 m, the average SNR is 16.8 dB and 7.8 dB in the Highway LOS

and NLOSv cases. At 1000 m, the SNR is 21.7 dB, 12.7 dB and -16.7 dB in the Urban

LOS, NLOSv and NLOS cases.

In addition to different pathloss and shadowing contributions, each channel model

is also defined by different fast-fading parameters, i.e., different CDL descriptions. In

this regard, the results reported in this Subsection highlight the importance of having

dedicated BLER curves able to capture the impact of fast-fading impairments on the

PHY layer performance. First, Fig. 1.16(a) illustrates the impact of a different channel

state on the BLER performance in the Highway setting. When the attention is confined

to a single MCS choice, Fig. 1.16(a) shows that the difference between LOS and NLOSv
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curves can be as large as 2.6 dB when the BLER is 10−2 and QPSK-308 is considered.

As expected, NLOSv curves have a worse BLER performance with respect to their LOS

counterparts. Note that all the MCS values reported in this figure are characterized by

the same trend and that the gap between LOS and NLOSv curves reported in Fig. 1.16(a)

is in line with the results presented in [23].

Next, Fig. 1.16(b) concentrates on the Urban setting. As in Fig. 1.16(a), the Urban-

NLOSv channel has a worse BLER performance with respect to its Urban-LOS coun-

terpart. In this case, the difference between LOS and NLOSv curves is 3 dB when the

BLER is 10−2 and QPSK-308 is examined. With respect to the Highway case, the Urban

setting is characterized by an additional NLOS channel state. In the NLOS state, the

BLER performance is the worst, and the gap between LOS and NLOS curves can become

quite relevant: for example, when SNR = 15 dB, the 64QAM-616 NLOS BLER is 4 · 10−2

whereas the corresponding LOS BLER has already reached zero, thus guaranteeing the

correct decoding of the received packet.

(a) Highway. (b) Urban.

Figure 1.16: Comparison of channel models: BLER vs SNR curves.

1.7.3.4 MCS Selection

In NR-V2X SL specifications, the standard does not provide any indication regarding the

MCS selection, which is left to each specific implementation [54]. As a result, vehicles are

allowed to change the MCS on a TB-basis during system-level simulations: for example,

a vehicle might use a more spectrally efficient MCS to fit a larger amount of information

in the same number of subchannels. However, the MCS cannot be naively changed with-

out properly modeling its implications at PHY layer. In this regard, the impact that the

MCS selection has on the TB BLER performance is quantified next. Recall from Subsec-

tion 1.4.2.1 that the 1st-stage SCI employs a fixed MCS and the 2nd-stage SCI is always

transmitted using QPSK modulation. Therefore, the MCS employed by the TB does not

affect the 1st-stage SCI PHY layer performance and has little impact on the 2nd-stage SCI

BLER.

Fig. 1.17 reports the TB BLER curves obtained considering a representative set of
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MCS choices selected from the NR-V2X SL profile MCS table. Due to space constraints,

we could not report all the MCS values included in the table. For each modulation scheme,

Fig. 1.17 reports the BLER performance that characterizes the smallest and the largest

code rates. As a result, this figure allows to identify the interval of SNR values within

which all the BLER curves corresponding to a given modulation scheme lie.

Fig. 1.17 sheds light on the BLER degradation associated with the selection of a more

spectrally efficient MCS. Such effect is particularly relevant for system-level simulations.

For example, a TB transmitted using 16QAM-658 requires an approximately 7 dB higher

SNR to achieve the same BLER = 10−1 performance than a TB employing QPSK-602 as

MCS.

Figure 1.17: Impact of the MCS on the TB BLER performance.

1.7.3.5 Number of Subchannels

When the MCS is fixed, the number of subchannels required for the transmission of a TB

in a system-level simulation changes depending on the size of the generated TBs. In this

regard, the impact that a variable number of subchannels has on the LL performance of

the TB is examined next. Fig. 1.18 reports the BLER curves obtained when the number

of occupied subchannels ranges from 1 to 4, i.e., Nsub = {1, 2, 3, 4}.
When QPSK-308, 16QAM-490 and 64QAM-616 modulation and coding schemes are

considered, Fig. 1.18 shows that the number of occupied subchannels does not affect the

TB BLER performance, as all curves perfectly overlap. In this case, increasing the number

of occupied subchannels does not have any impact on the correct decoding of the packet

at PHY layer. The same trend also characterizes the BLER curves reported in [31] for

NR-V2X UL/DL communications.

Conversely, the results obtained with the 256QAM-797 MCS show that the BLER

performance deteriorates as Nsub increases from 1 to 4. In Fig. 1.18, the distance between

the BLER curves can become quite relevant: for example, a TB accommodated over

Nsub = 4 subchannels requires a 2 dB higher SNR to achieve a BLER of 10−2 with respect

to the Nsub = 1 setting. Although a single code rate has been reported in this figure, we
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verified that the impact of Nsub does not vary for different code rate values.

Figure 1.18: Impact of Nsub on the TB BLER performance.

1.8 Conclusions

This Chapter has first presented MoReV2X, an ns-3 module for the analysis of LTE-V2X

and NR-V2X Sidelink communications. Its development adheres to the 3GPP specifica-

tions and performance assessment guidelines: as such, MoReV2X implements standard-

compliant traffic and channel models, and evaluates a complete set of performance metrics.

An exemplary set of results offered an interesting insight on the achievable performance of

NR-V2X SL for two alternative SCS choices, when periodic and aperiodic traffic patterns

are examined.

In addition, this Chapter has presented the first complete set of NR-V2X SL BLER

vs SNR curves. The results are openly available and have been obtained with a cus-

tom LL simulator based on MATLAB. The obtained BLER curves have been employed

to extend the PHY layer abstraction model of MoReV2X, and cover the parameter set-

tings recommended by the NR-V2X SL profile. Grounded on a representative selection

of simulation results, this Chapter also highlighted the impact of PHY layer aspects on

the BLER performance. The LL analysis of NR-V2X SL quantified the impact of the

transmitter-receiver relative speed, channel model, MCS selection, and subchannel num-

ber on the BLER performance. The LL analysis revealed that simplified and incomplete

PHY abstraction models can lead to inaccurate results during system-level simulations.
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Chapter 2

Assessing the Achievable

Performance of C-V2X Sidelink

Communications

The digital transformation of ITSs witnessed a fast-paced evolution over the last years.

V2X services evolved from basic safety-related functionalities to eV2X applications [55]

that rely on cooperative perception and maneuvering.

However, the research on the C-V2X SL technology has not proceeded with the same

impetus. Many existing works have investigated the performance of C-V2X SL employing

simplified simulation assumptions, or through real-world field tests performed in controlled

environments. As of today, the achievable performance of the C-V2X SL technology has

not been exhaustively assessed, and the impact of several MAC and PHY layer aspects on

the system performance needs to be characterized. As a result, the superiority of the C-

V2X SL technology over its IEEE 802.11p competitor has not been clearly demonstrated

yet, and the C-V2X SL technology is being deployed only in some parts of the world. For

example, the C-V2X SL technology has already been adopted in China and, although it

was initially discarded by the US, the Federal Communications Commission (FCC) has

recently allocated a portion of the ITS band to C-V2X SL.

2.1 Research Motivation and Main Contribution

This Chapter leverages the MoReV2X simulator to provide an exhaustive analysis of C-

V2X SL communications. The goal is to assess the achievable performance of LTE-V2X

SL and NR-V2X SL communications, identifying the strengths and the limits of the two

different technologies. In particular, this Chapter concentrates on the MAC sublayer fea-

tures which characterize the LTE-V2X Mode 4 and NR-V2X Mode 2 distributed resource

allocation techniques.

First, this Chapter concentrates on LTE-V2X Mode 4 and its SPS strategy, and ad-

dresses the key question of how to accommodate aperiodic traffic in LTE-V2X Mode 4 [9].
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To the authors’ knowledge, this is an aspect that had not been investigated in the litera-

ture at the time of this study, and it was therefore worth being explored. The performance

of LTE-V2X Mode 4 had been thoroughly analyzed by several works in the presence of

periodic packet transmissions. Yet, the hypothesis of periodic traffic is quite unrealistic

when V2X applications are considered. For example, the periodic generation of CAMs has

been questioned through experimental data [14], and new models have been introduced to

generate realistic, aperiodic CAM traces [47]. Moreover, the eV2X use cases introduced

in Release 15 will foresee a mixture of periodic and aperiodic traffic. Indeed, information

detected through on-board cameras, LIDARs, or RADARs, generates traffic flows that are

stochastic in nature.

The obtained results reveal that LTE-V2X Mode 4 is not able to effectively serve

aperiodic traffic. The periodic reservation of resources employed by the SPS strategy

perfectly suits the dissemination of periodic traffic, but it fails when the generated traffic

is aperiodic. For this reason, a novel strategy to jointly serve periodic and aperiodic

traffic is put forth, under the design constraint of preserving the performance of periodic

flows. The comparison between the proposed solution and two schemes that accommodate

aperiodic traffic in accordance to the original SPS scheme is offered, providing numerical

evidence of the superiority of the new strategy.

Then, this Chapter delves into the 5G domain and analyzes the latest MAC sublayer

features introduced within the NR-V2X SL technology. These features are expected to

mitigate the inefficiencies which characterized LTE-V2X Mode 4 [15, 56], and guarantee

the effective dissemination of fixed and variable size aperiodic traffic. In this regard, this

Chapter provides a qualitative analysis of the re-evaluation mechanism and sheds light on

the impact that different traffic types and PDB requirements have on the operation of the

SPS and DS strategies. The analytical insights are corroborated by simulation results:

1) This Chapter quantifies the impact of different traffic types on the NR-V2X Mode

2 SPS strategy. The obtained results reveal that the SPS strategy is not able to

effectively serve aperiodic traffic also in NR-V2X Mode 2, despite the introduction

of the re-evaluation mechanism.

2) The operation of the re-evaluation mechanism is also examined in this Chapter. The

goal of this study is to advance the state of the art with an exhaustive analysis of

the re-evaluation mechanism, assessing its impact on NR-V2X Mode 2 performance.

To the authors’ knowledge, this is the first study that analyses the effectiveness of

the re-evaluation mechanism in detecting and avoiding packet collisions when both

the SPS and DS strategies are considered.

This study analyzes the re-evaluation mechanism considering periodic and (fixed

or variable size) aperiodic packets, generated according to the 3GPP traffic models

reported in Subsection 1.5.1. The study also evaluates the impact of retransmissions

on the effectiveness of re-evaluation. Simulation results show that the re-evaluation

mechanism is able to detect a negligible number of collisions in the periodic traffic
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case. Conversely, re-evaluation can detect a larger number of collisions when vehicles

generate aperiodic traffic, but it is not able to select new collision-free resources. In

both cases, the re-evaluation mechanism does not improve the NR-V2X Mode 2

performance.

3) Last, this Chapter compares the performance of the SPS and DS strategies [12].

Differently from previous investigations, the distinctive intent of this study is to

provide clear guidelines to understand for which traffic types the SPS approach

can be profitably employed and when, on the contrary, the DS choice has to be

preferred. To accomplish such a goal, the performance of the SPS and DS strategies

is analyzed considering different traffic models and, for the first time, varying latency

requirements. The SPS and DS schemes are also compared when fixed size periodic

traffic and variable size aperiodic traffic sources coexist within the same NR-V2X

system. In this case, a novel solution, termed Adaptive Scheduling (AS), is put forth:

the proposed AS strategy allows vehicles to adapt their scheduling strategy on the

basis of the traffic type they generate. The main findings that this study provides

are the following: (i) differently from its SPS counterpart, the performance of the

DS scheme is independent of the PDB requirements, no matter what traffic model is

considered; (ii) the SPS approach represents the best solution for serving fixed size

periodic traffic, whereas the DS strategy is the winning choice when fixed or variable

size aperiodic traffic is considered; (iii) the newly devised AS approach consistently

achieves better performance than the SPS and DS schemes.

The remainder of this Chapter is organized as follows: Section 2.2 reviews the C-

V2X SL literature and Section 2.3 presents the study on the coexistence of periodic and

aperiodic traffic in LTE-V2X Mode 4. Next, the qualitative analysis of NR-V2X Mode 2

and its MAC sublayer features is reported in Section 2.4. The performance of NR-V2X

Mode 2 is exhaustively assessed in Section 2.5, where a vast set of simulation results

quantifies the impact of different traffic types on the SPS strategy operation, provides a

thorough analysis of the re-evaluation mechanism, and compares the performance of the

SPS and DS strategies. Lastly, Section 2.6 draws the conclusions.

2.2 Related Work

Various works have investigated the performance of the LTE-V2X Mode 4 SPS strategy

considering the transmission of fixed size periodic packets. In [57], Masegosa et al. as-

sessed the system-level behavior of LTE-V2X Mode 4 in a Manhattan grid urban topology,

comparing it against that of a random scheduling strategy. The authors of [58] provided

an accurate analysis of the impact that different MAC and PHY layer parameters have on

LTE-V2X Mode 4 when the periodic CAM dissemination is targeted. The authors of [59]

proposed a novel set of analytical models to evaluate the SPS performance, whereas [60]

highlighted the positive effects of full-duplex radios on LTE-V2X Mode 4. The perfor-
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mance of the SPS strategy has been analytically characterized also by the authors of [61],

concentrating on the hidden terminal problem. A novel geo-based scheduling scheme that

allows vehicles to autonomously select their radio resources based on their location has

been proposed in [62]; these studies too, considered periodic traffic only.

Over the last years, the impact of more realistic traffic patterns on the LTE-V2X

Mode 4 performance has been analyzed by a handful of works. In [46], the authors

analyzed the effectiveness of LTE-V2X Mode 4 for multi-hop delivery of asynchronous

DENMs, in the presence of background, periodic CAM traffic. A similar issue was studied

in [63], considering the benefit of short term sensing. However, DENMS are by no means

comparable to stochastic packet transmissions. The impact of variable size aperiodic traffic

on LTE-V2X Mode 4 has been analyzed in [56].

Under the 5G umbrella, few papers investigated the performance of the SPS strategy

in NR-V2X Mode 2 [28, 30], showing that the effective dissemination of aperiodic traffic

cannot be guaranteed, especially when the size of the generated packets is not fixed. In this

regard, novel AI-based solutions [64] and alternative techniques [65,66] have been proposed

to overcome the limitations that characterize the design of the SPS strategy. On the other

hand, no work has analyzed the DS strategy so far. To the authors’ knowledge, the only

study that concentrated on the comparison between the SPS and DS strategies is [67],

although it assumed fixed size packets without considering the 3GPP-defined traffic models

[5]. Further and more importantly, all these works did not consider the re-evaluation

mechanism, which is a mandatory MAC sublayer feature in NR-V2X Mode 2.

2.3 Coexistence of Periodic and Aperiodic Traffic in LTE-

V2X Mode 4

In this Section, the coexistence of periodic and aperiodic traffic in LTE-V2X Mode 4 is

analyzed [9]. The issue of coping with aperiodic flows in LTE-V2X Mode 4 is faced and

a simple, standard-compliant approach is put forth. The throughput of the proposed

resource allocation technique is analytically determined in the absence of transmission

impairments, for the limiting case of aperiodic traffic only. The analysis outcomes are

then used to forecast what to expect in a realistic vehicular scenario, when periodic flows

are also present. In this Section, the comparison between the proposed solution and two

schemes that accommodate aperiodic traffic in accordance to the SPS strategy is offered,

providing numerical evidence of the superiority of the new strategy. It is analytically

proved and verified by simulation that the performance of aperiodic traffic is insensitive to

different latency requirements set for aperiodic packets. Lastly, this Section demonstrates

that LTE-V2X Mode 4 is not able to effectively serve aperiodic traffic. Vehicles generating

such traffic type experience low performance levels, even when moderate traffic densities

are examined, unless very small aperiodic packets are considered.
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2.3.1 Serving Aperiodic Traffic

2.3.1.1 The Proposed Solution

In this study, we put forth a reservation-less policy for the allocation of aperiodic traffic

within the time-frequency grid described in Subsection 1.4. We assume that aperiodic and

periodic traffic coexist and that vehicles transmitting periodic traffic implement the SPS

strategy.

We further suppose that all aperiodic TBs are characterized by the same PDB, cor-

responding to the maximum latency their delivery can tolerate, given by Nt ms. As the

resource reselection mechanism mandates, we require that every vehicle generating aperi-

odic traffic monitors the channel with no interruptions; for doing so, the vehicle continu-

ously slides forward its sensing window S and updates the information collected through

the received SCIs, the RSSI and the RSRP values. When the aperiodic TB is ready for

transmission, the ego-vehicle relies on the most recent sensing window to build its own,

current view of the available subchannels. The ego-vehicle runs the resource reselection

process with a selection window whose duration is exactly W = Nt ms, in order to respect

the PDB; if more candidate subchannels are present, the resource selection is random, in

line with the original algorithm. In our proposal however, the ego-vehicle sets the reselec-

tion counter Cresel to 1 and the keep probability P to 0. In other words, the ego-vehicle

selects new resources for every generated TB and does not place any periodic reservations,

as if it were to perform a one-shot communication. It follows that vehicles generating

aperiodic traffic build their own map of available resources taking into account ongoing

periodic traffic only, monitoring its reservations, and that their aperiodic transmissions do

not conflict with them.

2.3.1.2 Limiting Analysis

It is now instructive to focus on the limiting condition when periodic traffic is absent

and the previous strategy is employed to accommodate aperiodic traffic. In this scenario,

we model the selection window as an Nf × Nt grid, where Nt represents the number of

subframes in W , and Nf the number of RBs in the frequency channel. Next, we observe

that: (i) the sensing window is useless here, owing to the lack of periodic reservations; (ii)

the resource access policy is totally random.

Let us further assume that the aperiodic traffic is Poisson distributed, with an over-

all average arrival rate given by λ TB/s, and that every TB plus the associated SCI

requires the assignment of R RBs within a subframe, where for the sake of simplicity

Nf is a multiple integer of R. If we neglect transmission impairments, that is, consider

ideal transmission conditions, the evaluation of the aggregate aperiodic throughput Sap
is brought back to multi-channel slotted Aloha, where the number of channels is

Nf
R . As

a matter of fact, define G as the average number of aperiodic TBs collectively generated
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within a subframe of duration ts, i.e.,

G = λ · ts . (2.1)

In the simple case where Nf > 1 and Nt = 1, observe that the vulnerable period of the

access strategy coincides with the subframe duration; indeed, all aperiodic TBs generated

during a subframe will be transmitted within the next subframe. It readily follows that

Sap is given by

Sap =

(
Nf

R

)
·
(
G
Nf
R

· e
− G
Nf
R

)
= G · e

− G
Nf
R . (2.2)

When Nt > 1, i.e., when the selection window is made of Nt consecutive subframes,

the transmission attempts of aperiodic TBs generated during a given subframe are equally

distributed over the next Nt subframes, each being subject to a Poisson traffic whose rate

is λi = λ
Nt

. On any subframe, this term adds to other Nt − 1 Poisson flows, originated

within the previous Nt subframes, with every of them exhibiting a rate λi = λ
Nt

. That is

to say, the traffic poured on each of the Nt subframes is still Poisson, with rate

Nt∑
i=1

λi = Nt · (
λ

Nt
) = λ , (2.3)

leading to the conclusion that, when Nf > 1 and Nt > 1, the aperiodic throughput Sap is

still given by (2.2).

This outcome is interesting, as (2.2) evidences that the aperiodic traffic throughput

heavily depends on the size of aperiodic packets: for a given Nf value, the larger the size,

the worse. Moreover, it is even more illuminating to observe that Sap does not depend

on Nt, i.e., on how stringent (or loose) the PDB of aperiodic packets is. Pairing the last

result with the remark that aperiodic TBs will not collide with ongoing periodic traffic,

as outlined at the end of previous subsection, allows to infer that the overall throughput

of aperiodic and periodic traffic is insensitive to the delay requirement on the delivery of

aperiodic packets. Ultimately, the PRR is expected to be independent of such PDB and

indeed, the numerical results presented in this Section corroborate this insight.

If Nf is not a multiple integer of R, then the number of available channels is bNfR c,
which forces some radio resources in a subframe to be unused. Their number amounts to

U = Nf − bNfR c ×R. For a generic R, it follows that (2.2) modifies in

S ′ap =
Nf − U
Nf

·

G · e−
G⌊
Nf
R

⌋ < Sap . (2.4)

The two previous expressions reveal that the choice of the R value plays a non-negligible

role in the throughput evaluation. The emerging guideline is to adopt a proper combination

of packet size, MCS, to minimize U and therefore confine unused radio resources.
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2.3.2 Simulation Environment

The results presented hereafter have been obtained using the MoReV2X simulator pre-

sented in Chapter 1. In accordance to the highway scenario defined in [5], the examined

setting consists of a 4 km long highway trunk, where six 4 meter wide lanes are considered,

three per each traveling direction. Vehicular mobility is modeled using SUMO [20] and

vehicles travel on the lanes following the modified Krauss model [20]; their speed is 140

km/h. The highway trunk has been populated considering three vehicular density values,

60, 120 and 260 vehicles/km, giving rise to three distinct scenarios that from now on will

be termed low, medium and high density, respectively.

Vehicles generate application-layer packets in accordance to the periodic and aperiodic

traffic pattern defined by 3GPP in [5] and reported in Subsection 1.5.1; each packet is

encapsulated within a single TB. Vehicles acting as periodic traffic sources generate 190

byte-long TBs every T = 100 ms. The PDB of periodic traffic coincides with the generation

period T . Unless otherwise stated, vehicles acting as aperiodic traffic sources set c = r̄ = 50

ms. The PDB of aperiodic packets coincides with c. This implies that every vehicle

generates packets at an average rate of 10 packets/s. Two alternative choices for the

aperiodic packet size are considered: large or small packets, 1000 or 190 byte long, in

order to better highlight the influence of this parameter on system performance.

Vehicle radios operate at 5.9 GHz, on a 10 MHz channel that is partitioned in 4

subchannels of 12 RBs each. Both the 190 and 1000 bytes TBs are transmitted assuming

QPSK modulation with a 0.7 code rate; as a result, they occupy 1 and 4 subchannels,

respectively. Vehicles broadcast packets with a transmission power equal to 23 dBm and

the receiver sensitivity is set to -90.4 dBm. As regards the algorithm ruling the radio

resource allocation, it is SPS for periodic traffic, with the keep probability P set to 0.

Aperiodic traffic is served as indicated in Subsection 2.3.1.1. Table 2.1 summarizes the

most relevant numerical choices made in the current study.

Table 2.1: Simulation parameters.

Parameter Values

Traffic density 60, 120, 260 vehicles/km

Highway length 4 km

Number of lanes 6 (3 per driving direction)

Vehicles’ speed 140 km/h

Aperiodic traffic percentage (Θ) 0, 10, 50, 90, and 100 %

Packet size (X) 190 bytes, 1000 bytes

Occupied subchannels 1 (190 bytes), 4 (1000 bytes)

Subchannel size 12 RBs

Channel bandwidth 10 MHz

Transmission power 23 dBm

Receiver sensitivity -90.4 dBm

Modulation and coding scheme QPSK-0.7
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2.3.3 Numerical Results

The evaluation of the performance metrics introduced in Subsection 1.5.3 is presented

next; for all results, an adequate number of simulations has been executed, in order to

determine sufficiently tight 95% confidence intervals.

Figs. 2.1(a)-(c) report the PRR as a function of the Tx-Rx distance D. The size of

the aperiodic packets is X = 1000 bytes, different percentages of aperiodic traffic, namely,

Θ = 10%, 50% and 90%, are considered, as well as the case when periodic traffic only is

present (Θ = 0%). The worsening in performance for increasing Θ values is manifest. In

the low density scenario, when half of the vehicles generate asynchronous traffic, the PRR

drops below 0.9 for distances greater than 90 m. Moreover, Fig. 2.1(b) and Fig. 2.1(c)

allow to appreciate how markedly the PRR worsens in increasingly crowded settings. To

better explain why the aperiodic traffic is so detrimental to the performance of the SPS

strategy, Table 2.2 reports the values of the CBR for the same choice of the parameters

considered in Figs. 2.1(a)-(c). In this study, the RSSI threshold used to determine the

CBR is 0.5 dB larger than the receiver sensitivity level; the CBR is averaged over the

central portion of the simulation time and over all vehicles.

(a) Low density. (b) Medium density.

(c) High density.

Figure 2.1: PRR as a function of the Tx-Rx distance D, X = 1000 bytes.
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The first row of Table 2.2 refers to the low density scenario and reveals that the CBR

monotonically increases from 0.44 to 0.72, when the percentage of aperiodic traffic raises

from Θ = 0% to Θ = 90%. Moving to the second and third row of Table 2.2, i.e.,

considering the more crowded medium and high density settings, it is observed that the

CBR takes on notably high values. Overall, the combined effect of increased Θ values and

increased vehicular densities leads to remarkable loads on the radio channel, that inflate

the CBR and are responsible for the PRR degradation evidenced in Figs. 2.1(a)-(c). Table

2.3 also helps in grasping what happens in the medium and high density settings portrayed

in Figs. 2.1(b) and (c). These figures revealed that, for transmitter-receiver distances lower

than 100 m, the PRR values for Θ = 50% and Θ = 90% are similar, with a slightly worse

performance observed for Θ = 50%, in spite of a lighter load placed on the channel. Table

2.3 discloses that the average collision ratio exhibits its maximum exactly for Θ = 50%

and that this maximum is not so far from the value observed for Θ = 90% (0.32 versus

0.28 for the medium density scenario, 0.46 versus 0.4 for the high density scenario). When

comparing the two cases, it is observed that for Θ = 50% the aperiodic traffic is lighter,

but the large, aperiodic packets randomly compete to gain access over a smaller fraction

of radio resources left unoccupied by periodic flows, whose transmissions are protected by

the proposed strategy. Conversely, the overall traffic is heavier for Θ = 90%, yet more

radio resources are available for aperiodic transmissions. Ultimately, this leads to a PRR

deterioration that is comparable in the two cases.

Table 2.2: CBR values.

Θ = 0% Θ = 10% Θ = 50% Θ = 90%

Low density 0.44 0.49 0.55 0.72

Medium density 0.77 0.72 0.67 0.83

High density 0.92 0.93 0.75 0.88

Table 2.3: CR values.

Θ = 0% Θ = 10% Θ = 50% Θ = 90%

Low density 0.11 0.14 0.19 0.22

Medium density 0.2 0.23 0.32 0.28

High density 0.32 0.35 0.46 0.4

Figs. 2.2(a)-(c) are the counterparts of Figs. 2.1(a)-(c), when the size of the periodic

packets is reduced to X = 190 bytes, all other system choices being unmodified. As it

had to be expected, the size plays a relevant role in the achievable performance. Small

aperiodic packets occupy a limited amount of radio resources, making the coexistence with

periodic transmissions almost unproblematic. In the low density scenario, the PRR curves

obtained for a small aperiodic packet size and different percentages of aperiodic traffic

reveal a modest dependence on Θ. Furthermore, the curves always lie in the region of the

(D,PRR) plane where the PRR takes on values higher than 0.75. The curves obtained for
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different Θ values begin to differentiate at medium traffic density. The difference in the

relative position of the curves referring to Θ = 0%, Θ = 10% and Θ = 50% in Fig. 2.2(a)

(low density) with respect to Fig. 2.2(b) (medium density) can be understood observing

that: (i) higher Θ values, i.e., higher percentages of aperiodic traffic, more heavily penalize

the PRR of aperiodic flows; (ii) in the medium density scenario, the number of aperiodic

flows increases. Overall, this explains why, in Fig. 2.2(b), the overall PRR more markedly

decreases moving from Θ = 0% to Θ = 10% and Θ = 50% than it does in Fig. 2.2(a).

When the extreme, high density landscape is examined, the curves are very far apart from

one another and the PRR sharply degrades to unbearable values.

(a) Low density. (b) Medium density.

(c) High density.

Figure 2.2: PRR as a function of D, X = 190 bytes.

Unfortunately, aperiodic packets bred by general purpose eV2X applications are ex-

pected to exhibit a large size [5]. Unless otherwise stated, in what follows the main focus

will therefore be on the attainable performance when relatively large-sized aperiodic pack-

ets (X = 1000 bytes) are considered. Moreover, the low density setting only will be

examined.

For the same system parameters considered so far, Fig. 2.3 separately reports the PRR

experienced by vehicles generating periodic and aperiodic traffic as a function of the D
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when Θ = 50% and 90%. It is observed that: (i) the PRR of periodic traffic is almost

unaffected by Θ; (ii) the PRR of aperiodic traffic is significantly worse than the PRR of

periodic traffic and it decreases for increasing Θ. The reason is that an aperiodic vehicle

performs a random resource selection contending with periodic and aperiodic traffic, but

it respects periodic reservations. When Θ increases from 50% to 90%, the effect is empha-

sized, as aperiodic traffic requires four times the resources that periodic traffic asks for.

When Θ = 50%, the aperiodic PRR is down to 0.8 at 130 m from the transmitting vehicle,

revealing the low level of reliability guaranteed to the delivery of aperiodic packets.

Fig. 2.4 delves into the impact that different arrival rates of aperiodic traffic have on

the PRR of vehicles generating periodic and aperiodic packets. The results reported in

this figure refer to c = r̄ = 10, 50 and 100 ms. The PDB of aperiodic packets is equal to 10,

50 and 100 ms, respectively. Note that the 10 and 50 ms choices adhere to the preliminary

indications for eV2X applications detailed in [5] and [55]. The curves reveal that the PRR

of both periodic and aperiodic traffic collapses when the arrival rate is significantly high.

Figure 2.3: Aperiodic and periodic PRR as
a function of D.

Figure 2.4: PRR for different aperiodic traf-
fic models.

Next, in order to offer a further insight into the behavior of the proposed strategy, such

solution is compared against two schemes that accommodate aperiodic traffic in accordance

to SPS. We term such alternatives submissive and aggressive scheme and report their

description below. For the submissive scheme, aperiodic traffic reserves radio resources

strictly in accordance to SPS, hence periodically, employing a reservation interval RRI

that matches the average inter-arrival time of aperiodic packets, i.e., RRI = c+ r̄. When

an aperiodic packet is ready for transmission, the originating vehicle first checks if the next

reserved radio resource becomes available within the PDB of aperiodic traffic. If it does,

the TB of the aperiodic packet plus its SCI are allocated within such resource. Otherwise,

the aperiodic packet is dropped, as its transmission within the next reserved resource would

violate the delay requirement. The aggressive scheme differs from the submissive scheme

only in the event that next reserved resource violates the PDB. In this circumstance, the

aperiodic packet is not dropped; rather, the corresponding TB plus its SCI is transmitted

over a free resource picked at random in a selection window W whose duration coincides
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with the PDB. Both solutions represent interesting terms of comparison: the submissive

scheme does not prevaricate over periodic flows, as aperiodic traffic adheres to periodic

reservations whenever possible and is dropped otherwise; on the other hand, the aggressive

strategy always serves aperiodic traffic, at the expense of periodic traffic.

Hence, Fig. 2.5(a) compares the PRR of periodic and aperiodic traffic obtained when

aperiodic packets are served according to our one-shot proposal with the PRR performance

achieved by the aggressive and the submissive strategy. Here, Θ = 50%, c = r̄ = 50 ms and

X = 1000 bytes. The submissive scheme penalizes aperiodic traffic to a great extent, while

the aggressive scheme heavily strikes on periodic traffic performance. On the other hand,

our solution serves periodic packets in an excellent manner at the expense of aperiodic

traffic, resulting in an intermediate approach. For the sake of completeness, Fig. 2.5(b)

broadens the comparison, consideringX = 190 bytes. For this size of aperiodic packets, the

submissive strategy is inadequate too, whereas our solution overall performs better than

the aggressive scheme. The PRR that our proposal guarantees periodic packets is as high as

possible, while the PRR of aperiodic packets is only slightly lower than the PRR aperiodic

traffic experiences if the aggressive strategy is adopted. To complete the comparison, Fig.

2.6 confronts our proposal, the submissive and aggressive strategies, when Θ = 100% and

X = 1000 bytes. As somewhat had to be expected, in this limiting case, the submissive

strategy is largely unsuccessful, whereas the performance of the aggressive scheme gets

close to our proposed solution.

(a) X = 1000 bytes. (b) X = 190 bytes.

Figure 2.5: Comparison among alternative schemes, Θ = 50%.

Next, Fig. 2.7 reports the overall PRR as a function of the transmitter-receiver distance

D for different values of the aperiodic traffic PDB, PDB = 10, 20, 30 and 50 ms. In this

figure, we also assume Θ = 50%, c = r̄ = 50 ms and X = 1000 bytes. Fig. 2.7 shows

that the PDB choice has no impact on the PRR curves, confirming the a priori indication

provided by the throughput analysis in Subsection 2.3.1.2. The effect of more stringent

delay requirements for aperiodic traffic is to shrink its selection window W ; this might

lead to the erroneous intuition that, for a given traffic density, a PDB decrease should
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Figure 2.6: Comparison among alternative schemes, Θ = 100% and X = 1000 bytes.

Figure 2.7: PRR for different values of the PDB.

reflect in a lower PRR. However, Fig. 2.7 demonstrates it is not true.

Fig. 2.8 considers the limiting case when only aperiodic traffic is present (Θ = 100%),

and reports the PRR for three values of packet size, X = 1000, 720 and 190 bytes, when

the low and medium density scenarios are examined. On one hand, increasing the packet

size from X = 190 to 720 bytes has a remarkable negative effect on the PRR. The effect

is amplified the more crowded the vehicular setting is. On the other hand, the PRR is

not affected at all by the packet size increase from X = 720 to 1000 bytes. As a matter

of fact, the PRR depends on the maximum number of packets that can be successfully

allocated without collisions in every subframe, which is expressed by the ratio between the

number of available subchannels and the number of required subchannels for packet. Such

ratio specializes to b41c when X = 190 bytes, and to the same unitary value for X = 720

bytes and X = 1000 bytes, b43c and b44c, respectively. More generally, if larger packet sizes

not fitting in one subchannel were to be considered, it is our belief that fragmentation

should be avoided. Rather, a more spectrally efficient modulation scheme might be used;

depending on the application type and on its requirements, a low code rate might also be

employed.

In Fig. 2.9(a), the average PIR (PIR) as a function of D is separately reported for
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Figure 2.8: PRR when Θ = 100%.

aperiodic and periodic traffic in the low density scenario, for Θ = 10%, 50% and 90% and

X = 1000 bytes. The same remarks applied to Fig. 2.3 hold, as the average PIR strongly

depends on the PRR: when the former lowers, the latter inevitably climbs up. In Fig.

2.9(b), the same setting is considered, except for the packet size, which is X = 190 bytes;

as already observed with reference to Fig. 2.2(a), the injection of aperiodic traffic is not

problematic, as long as the size of its packets is small.

(a) X = 1000 bytes. (b) X = 190 bytes.

Figure 2.9: Average PIR of aperiodic and periodic traffic as a function of D.

Fig. 2.10 concludes the investigation, reporting the PIR CDF for periodic and aperiodic

traffic flows, for Θ = 10%, 50% and 90% in the low density scenario, when X = 1000

bytes. In this figure, Dmax = 520 m; the CDF is therefore evaluated from the PIR

values collected for all transmitter-receiver distances falling in the (0, 520] range. The PIR

CDF of periodic traffic exhibits a step behavior, that reflects the periodicity T = 100 ms

of resource assignment; note that these curves are nearly independent on the aperiodic

traffic percentage. Instead, the PIR CDF of aperiodic traffic smoothly varies, reflecting

that aperiodic traffic is characterized by a random inter-packet arrival time and is randomly

served. Unfortunately, this figure demonstrates that the PIR of aperiodic traffic cannot be
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successfully confined: the probability of observing PIR values lower than 100 ms is only

0.4, unbearable for all future eV2X use cases.

Figure 2.10: Aperiodic and periodic PIR CDF, X = 1000 bytes.

2.4 NR-V2X Mode 2: MAC Analysis

In NR-V2X Mode 2, vehicles employ a distributed access strategy based on the resource

reselection and re-evaluation mechanisms to select, and in the SPS strategy also reserve,

their transmission resources. This Section analyzes the functioning of the NR-V2X Mode

2 MAC sublayer. The goal of this Section is two-fold: (i) it sheds light on the impact that

different traffic types and PDB requirements have on the operation of the SPS and DS

strategies; (ii) it provides a qualitative analysis of the re-evaluation mechanism, discussing

the impact of the most relevant NR-V2X Mode 2 parameters on the re-evaluation check,

the re-evaluation detection, and the resource replacement phase introduced in Subsection

1.4.2.2.

We begin by observing that, during the resource reselection process, collisions may

occur when the selection windows of two or more vehicles overlap and the vehicles end

up selecting the same resources. As selected resources cannot be announced before be-

ing employed, this type of collision is unavoidable, regardless of the scheduling strategy

adopted, SPS or DS. Such a situation is clarified in Fig. 2.11(a), where two vehicles, v1

and v2, perform a resource reselection and their selection windows, W1 and W2, partially

overlap. If the two vehicles select the same resources in the overlapping region, a collision

will occur. Note that, in the SPS case, the collision will persist for a number of consecu-

tive transmissions, given the involved vehicles generate packets with the same periodicity

and employ the same RRI. As the resource reselection process may generate collisions,

the larger the number of resource reselections the higher the collision probability, as Fig.

2.11(b) suggests. In this figure, two additional vehicles, v3 and v4, perform a resource

reselection and their selection windows, W3 and W4, overlap with W1 and W2. It follows

that the number of potentially interfering vehicles grows from 2 to 4, therefore increasing

the collision probability.
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Figure 2.11: Collision probability associated with resource reselections.

2.4.1 Impact of Different Traffic Types

When fixed size periodic packets are considered, vehicles perform a resource reselection

only when the reselection counter expires, i.e., Cresel = 0. We term such an event counter

reselection. When the SPS scheme is adopted, the number of counter reselections depends

on the value of the keep probability P and on the average value of the Cresel counter.

On the other hand, in the DS scheme, a counter reselection is triggered every time a new

packet is generated, regardless of the traffic type.

When the packet size or the inter-arrival time between packets are not constant, the

scheduling capability that characterizes the SPS scheme is deteriorated by the occurrence

of additional resource reselections, called size and latency reselections, that are illustrated

next:

• A size reselection occurs when the generated packet does not fit the current reser-

vation size and forces the reselection of a larger number of subchannels. A size

reselection is illustrated in Fig. 2.12, where the ego-vehicle generates a 200 bytes

long packet at slot sg1 , transmits it in the selected resources at slot sr1 and broad-

casts the associated SCI to reserve the same subchannel after RRI slots, at slot sr2 .

However, the next packet generated by the ego-vehicle, at slot sg2 , is 400 bytes long

and it does not fit the reservation at slot sr2 . Therefore, the ego-vehicle is forced to

perform a resource reselection, select a larger number of subchannels at slot sr3 , and

leave the reservation at slot sr2 idle.

• A latency reselection is triggered when the reserved resources do not satisfy the

latency requirements of a TB, i.e., its PDB. Latency reselections only occur if the

adopted RRI value is larger than the PDB of the generated packets, RRI > PDB.

In Fig. 2.12, after transmitting the TB at slot sr3 , the ego-vehicle reserves the same

resources after RRI slots, at slot sr4 . Next, the ego-vehicle generates a 200 bytes long

packets at slot sg3 whose latency limit is identified by the slim slot. Since slim < sr4 ,

the reservation at slot sr4 cannot satisfy the PDB of the generated packet, thus

forcing the reselection of new resources able to accommodate the packet transmission

within its latency limit. As a result, the ego-vehicle selects new resources at slot sr5 ,

sr5 < slim, and leaves the reservation at slot sr4 idle.

Size and latency reselections cause vehicles to perform additional resource reselections

before the depletion of the reselection counter. Therefore, they increase the total number

64



1

. . . . . .. . .. . .. . . . . . . . . . . .

Selected Reserved Unutilized

Size reselection Latency reselection Unutilized reservation

RRI

RRI

RRI

RRI
fr

eq
ue

nc
y

timesg1 sr1 sg2 sr2 sr3 slimsg3 sr4sr5 sr6 sg4 sr7
200B200B200B 400B

Fig. 1. Generic slice

Figure 2.12: Impact of different traffic types on NR-V2X Mode 2.

of resource reselections and have a negative impact on the SPS performance, being re-

sponsible for an increase in the collision probability. Neither size nor latency reselections

occur in the DS strategy, as the ego-vehicle performs a counter reselection for each newly

generated TB. Table 2.4 summarizes the occurrence conditions of the different reselection

types when both the SPS and the DS scheme are considered.

When investigating the SPS behavior, a further detrimental phenomenon to consider

is that of unutilized reservations, which occur when previously reserved resources are

not employed by the ego-vehicle for transmitting any TB. Unutilized reservations always

occur after a size or latency reselection: as exemplified in Fig. 2.12, the resources initially

reserved at slots sr2 and sr4 do not accommodate any packet transmission. Fig. 2.12

additionally reveals that reserved resources can be left idle even when no size or latency

reselections take place. In this case, unutilized reservations occur when the employed

RRI is lower than the PDB of the generated packets, RRI < PDB. After employing the

selected resources at slot sr5 for transmitting the TB and the associated SCI, the ego-

vehicle reserves the same resources after RRI slots, at slot sr6 . However, the ego-vehicle

does not generate any packet until slot sg4 , with sg4 > sr6 . Therefore, the ego-vehicle

leaves the reservation at slot sr6 idle and transmits the generated packet at slot sr7 . Note

that the unutilized reservation at slot sr6 does not allow the ego-vehicle to broadcast the

corresponding SCI and announce the reservation of the same resources at slot sr7 , thus

increasing the collision probability. In this case, unutilized reservations are responsible for

the missed advertisement of the next reserved resources and for the transmission of the TB

on selected, rather than reserved resources. Moreover, observe that unutilized reservations

cannot be included by neighboring vehicles in their list of candidate resources, which have

a reduced pool of candidates wherefrom they select the resources for their transmission.

Such a waste of system capacity translates into a higher collision probability.

Table 2.4: Occurrence conditions of different reselection types.

Counter reselection Size reselection Latency reselection

SPS
Cresel = 0,

depends on P
TB size larger

than reservation size
RRI > PDB

DS Every TB Never Never
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2.4.2 Impact of the PDB

As reported by 3GPP in [55], future eV2X applications will be characterized by a wide

spectrum of latency requirements. For instance, the maximum tolerated end-to-end la-

tency ranges from 3 ms for emergency trajectory alignment applications to 500 ms for lower

priority platooning-related reporting. In this Subsection, we concentrate on the impact

that different latency requirements have on the operation of the SPS and DS strategies. In

NR-V2X Mode 2, the latency requirement of the packet is mapped into the PDB, which

identifies the upper bound to the latency that the packet can experience. Also recall that

the width of the selection window is limited by the T2 parameter, T2 ≤ PDB, as it was

evidenced in Section 1.4. Unless otherwise stated, we assume that all vehicles employ the

same PDB and that T2 = PDB.

1) Dynamic Scheduling: with DS, vehicles trigger a counter reselection for every gen-

erated message and do not reserve any resources. As a result, vehicles performing a

resource reselection blindly assume that all the subchannels included in their selec-

tion window are available, and randomly select a sufficient number of subchannels

able to accommodate the message transmission. If we model the selection window

as an Nf ×Nt grid, where Nf indicates the number of subchannels on the frequency

axis and Nt the number of slots in W , we can conclude that the DS scheme behaves

as a multichannel slotted Aloha access strategy. When a new message is generated,

it is transmitted on one (or more) randomly selected subchannels out of Nf , during

a single time slot.

Note that the same intuition was reported in Subsection 2.3.1.2, where we analyzed

the performance of a one-shot solution to disseminate aperiodic packets in LTE-V2X

Mode 4. Based on the Aloha-like assumption, this Section extends the analysis of

Subsection 2.3.1.2 and analytically derives the PDB impact on the DS performance.

Let us assume that vehicles generate traffic with an overall average rate λ mes-

sages/s, no matter what traffic type is considered. Accordingly, the average number

of potentially colliding messages that are generated during a slot of duration ts is

approximately given by

G ' λ · ts. (2.5)

Due to the random selection of resources that characterizes the DS scheme, the trans-

missions of all the messages generated during a generic slot are uniformly distributed

within the selection window W . Therefore, the average number of potentially col-

liding messages that are transmitted on a single slot is

Gi '
G

Nt
. (2.6)

However, this term adds to Nt−1 analogous contributions originated during the pre-

vious Nt− 1 slots. As a result, the average number of potentially colliding messages
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that are transmitted on every selection window slot is

Gi +

Nt−1∑
i=1

Gi =

Nt∑
i=1

Gi ' Nt ·
G

Nt
= G. (2.7)

This reasoning reveals that the number of potentially colliding messages transmitted

on every slot does not depend on the width Nt of the selection window. In other

words, the collision probability that characterizes the DS scheme is independent of

the PDB, as it will be numerically demonstrated in the following sections.

2) Semi-Persistent Scheduling: with SPS, the resource reselection process is not ran-

dom as in the DS case, but strives to avoid the selection of subchannels already

occupied by other vehicles. When the SPS scheme is examined, more stringent la-

tency requirements (i.e., a smaller PDB) and the associated reduction of the selection

window width have a three-fold effect. First, a smaller PDB lowers the number of

available subchannels in W . As a result, vehicles that trigger a resource reselection

during the same time slot have a larger probability of selecting the same subchannels

and generate a collision. Second, a shorter selection window reduces the number of

potentially interfering vehicles (i.e., the number of vehicles whose selection windows

overlap), accordingly reducing the collision probability. As it will be demonstrated

by simulation results, these two effects cancel out.

Third, when the RRI does not match the inter-arrival time between messages, a

smaller PDB reduces the probability that reserved subchannels satisfy the latency

requirements of the generated messages. Hence, more latency reselections may occur

and the collision probability increases.

2.4.3 Analysis of the Re-Evaluation Mechanism

The re-evaluation mechanism is an important novelty introduced in NR-V2X Mode 2

to guarantee a more flexible and effective scheduling of transmissions. This Subsection

analyzes the operation of the re-evaluation mechanism and discusses the impact that the

most relevant NR-V2X Mode 2 parameters have on the effectiveness of the re-evaluation

check, the re-evaluation detection, and the resource replacement phase.

2.4.3.1 Re-Evaluation Check

Vehicles use the re-evaluation check to assess whether selected resources are still available

or not right before transmitting the TB. The objective is to detect and avoid potential

collisions. 3GPP standards establish that re-evaluation checks are only possible on se-

lected (and not reserved) resources. Recall from Subsection 1.4.2.2 that we call selected

resources the subchannel(s) that have not been reserved by vehicles through SCI broad-

casting. Instead, we term reserved resources the subchannel(s) whose reservations have

been announced by the vehicles’ SCI before being employed for the TB transmission.
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Accordingly, re-evaluation checks are performed before the transmission of all TBs

when using the DS scheme, since this strategy selects new resources for each TB. When

the SPS scheme is considered, re-evaluation checks affect a smaller number of TBs since

SPS only selects new resources as a result of a counter reselection, by design. Once new

resources are selected, the remaining TBs are transmitted on reserved resources. If we

assume, for example, P = 0 and RRI ≥ 100 ms, only 1 TB out of 10 triggers a counter

reselection (the average reselection counter value is 10 in this case); hence, only 10% of the

generated TBs are transmitted on selected resources that are eligible for a re-evaluation

check. However, we should note that latency reselections, size reselections, and unutilized

reservations (see Subsection 2.4.1) increase the fraction of TBs that are transmitted on

selected resources in SPS, and thus increases the number of re-evaluation checks. Regard-

less of the scheduling scheme, the fraction of TBs that triggers a re-evaluation check is

also affected by the value of T2, i.e., by the width of the selection window (see Fig. 1.1).

Let us assume that a vehicle VA generates a new TB at slot sg1 and performs a resource

reselection. The selection window is defined by the range of slots [sg1 +T1, sg1 +T2] where

T1 ≤ Tproc,1 . In principle, any selected resource included within the selection window shall

be eligible for a re-evaluation check. However, a re-evaluation check can be performed only

if the vehicle has sufficient processing capabilities to run the entire re-evaluation mecha-

nism before transmitting the TB. According to the standard [54], a re-evaluation check

can only be performed if the selected resource is included in the (sg1 + T3, sg1 + T2] in-

terval, where T3 is strictly equal to Tproc,1 . Therefore, the candidate resources included

from slot sg1 + T1 to slot sg1 + T3 are not eligible for a re-evaluation check. Depending

on T2, the number of resources included in [sg1 +T1, sg1 +T3] can be a significant fraction

of the total number of resources within the selection window. For example, let us assume

that T2 = PDB = RRI, and that µ = 0, T1 = 1 slot and T3 = 5 slots. In this case, the

percentage of selection window resources that are not eligible for a re-evaluation check is

equal to {5, 25, 50}% when RRI = {100, 20, 10} ms.

2.4.3.2 Re-Evaluation Detection

A re-evaluation detection is triggered after a re-evaluation check when the initially selected

resources are no longer available, i.e., are no longer included in list L1. Typically, a re-

evaluation detection occurs when the initially selected resources have also been reserved

by a neighboring vehicle, and a potential collision is detected. This Subsection sheds light

on the circumstances under which a potential collision does and does not trigger a re-

evaluation detection. To do so, we separately analyze the re-evaluation detection phase

when each TB is transmitted once (N = 1) and when it is transmitted twice (N = 2, with

one blind retransmission). This Subsection ends with a discussion about the effectiveness

of the re-evaluation detection phase.

1) Single transmission per TB (N = 1): we first consider the case where a collision

occurs on selected resources. This type of collision cannot be detected by a re-
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evaluation detection since vehicles do not announce their selection before transmit-

ting on selected resources. This is illustrated in Fig. 2.13 where VA and VB select

new resources to transmit their TBs generated at slots sg1 and sg2 , respectively. If

their selection windows (SWA and SWB) overlap, the two vehicles may select the

same resources at slot sr1 . VA performs a re-evaluation check at slot sr1 − T3, but

step 1 does not exclude the resources at slot sr1 since VB has not yet announced its

reservation. This is the case because also VB has performed a reselection after gener-

ating the TB at slot sg2 and its transmission at slot sr1 occurs on selected resources.

The re-evaluation mechanism is not capable to detect and avoid the collision at sr1 .

The same situation occurs when VB executes its re-evaluation check. If VA and VB

use the SPS strategy, they will reserve the same resources for transmitting their next

TB, at slot sr2 , and they will persistently collide until a (counter, latency, or size) re-

selection occurs if they employ the same RRI. Such persistent collision is illustrated

in Fig. 2.13. The persistent collision cannot be avoided by the re-evaluation mecha-

nism because it is only executed over selected and not reserved resources. If vehicles

use the DS strategy, they select new resources for every TB when N = 1. Therefore,

collisions occur only on selected resources and the re-evaluation mechanism is not

able to detect and avoid any collision. As demonstrated in the remainder of this

Subsection, only collisions between selected and reserved resources can be identified

by the re-evaluation detection. Since vehicles using DS do not reserve resources, the

following discussions apply only to the SPS scheme.
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Figure 2.13: Persistent collisions not detected by re-evaluation when using SPS.

Depending on the RRIs used by vehicles and the type of generated traffic, we can

identify four different cases in which a re-evaluation detects a potential collision.

The first case is illustrated in Fig. 2.14(a) and corresponds to the scenario where

vehicles VA and VB transmit periodic TBs of fixed size and use the same RRI.

VB selects new resources to transmit the TB generated at slot sg1 and selects the

resources reserved by VA at slot sr1 . VB does not exclude the resources reserved by

VA from its selection window (SWB) during the resource reselection process because

VA announced its reservation in the range of slots [sg1 − Tproc,0 , sg1 ], i.e., just after

the end of VB’s sensing window. However, VB can avoid the collision thanks to the

re-evaluation check executed at slot sr1 −T3. At this time, VB defines a new sensing

window that includes the reservation announced by VA. Then, the re-evaluation
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detection identifies the potential collision and VB excludes the resources reserved by

VA from its new selection window. It is worth pointing out that the probability of

this type of re-evaluation detection is very low since the width of the [sg1−Tproc,0 , sg1 ]

interval is equal to 2 slots for an SCS of 15 or 30 kHz, and equal to 3 slots for a 60

kHz SCS.

The second case is illustrated in Fig. 2.14(b) and corresponds to the scenario where

VA and VB are involved in a persistent collision and an unutilized reservation occurs.

In this figure, VA and VB initially collide at slot sr1 without triggering a re-evaluation

detection, like in Fig. 2.13, and start to persistently collide since they use the same

RRI and re-evaluation cannot be applied to reserved resources. Let us suppose that

VB does not generate a TB and leaves the reserved resources at slot sr2 = sr1 + RRI

unutilized. In this case, VB will not be able to announce the reserved resources at

slot sr3 = sr2 + RRI, and will transmit its next TB in selected, rather than reserved,

resources. As a result, VB runs a re-evaluation check at slot sr3 − T3, right before

transmitting its TB. During the re-evaluation check, the new sensing window of VB

includes the reservation announced by VA at slot sr2 , and VB excludes the resources

reserved by VA at slot sr3 from its new selection window (SW′B). This triggers a

re-evaluation detection that resolves the persistent collision between the two vehicles.
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(a) Periodic TBs of fixed size.
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(b) Unutilized reservations.

Figure 2.14: Re-evaluation detection when vehicles use the same RRI.

The third and fourth cases where re-evaluation detection successfully detects po-

tential collisions occur when the two vehicles involved use different RRIs. With-

out loss of generality, we consider two different RRI values, RRI1 and RRI2, with

RRI1 < RRI2. The third case occurs when vehicles transmit periodic TBs of fixed

size, and the two following conditions are satisfied: (i) the resources selected and

reserved by a vehicle using the smaller RRI1 are included within the selection win-
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dow of a vehicle configured with RRI2, and (ii) the vehicle using RRI2 selects the

resources reserved by the vehicle using RRI1. This situation is illustrated in Fig.

2.15(a) where VA generates a new TB at slot sg1 , transmits it on the selected re-

sources at slot sr1 , and reserves the same resources at slot sr2 = sr1 +RRI1. When VB

generates its new TB at slot sg2 , it cannot be aware of the reservation announced by

VA at slot sr1 due to the overlap between their selection windows (SWA and SWB).

Let us then suppose that VB selects the same resources at slot sr2 and generates

a collision. Note that SWB is wider than SWA because VB uses the largest RRI2

value and T2 = PDB = RRI2. VB can avoid the collision at slot sr2 by executing a

re-evaluation check at slot sr2 −T3. The new sensing window of VB will now include

the reservation announced by VA at slot sr1 since sr2 − T3 > sr1 . Then, VB excludes

the resources at slot sr2 from its new selection window (SW′B) and the re-evaluation

detection triggers the process to select new resources.
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(a) Periodic TBs of fixed size.
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(b) Unutilized reservations.

Figure 2.15: Re-evaluation detection when vehicles use different RRIs.

The fourth case where re-evaluation detection successfully detects a collision occurs

when the two RRI values are multiples of each other (e.g., RRI2 = 2 · RRI1) and a

vehicle leaves one of its reservations unutilized. This is illustrated in Fig. 2.15(b),

where VB generates a TB at slot sg1 , selects the resources for its transmission at

slot sr1 , and periodically reserves them at slots sr2 and sr3 using the smallest RRI

value, i.e., RRI1. Let us suppose that VB leaves the resources at slot sr2 unutilized

because it has no TB ready to be transmitted. As a result, VB cannot reserve the

resources at slot sr3 , and it will run a re-evaluation check at slot sr3 − T3. During

the re-execution of step 1, VB will remove the resources at slot sr3 from its selection

window due to its half-duplex limitations, as it could not sense the reservations

announced from neighboring users at slot sr1 , therefore triggering a re-evaluation

detection. We should recall from Section 1.4 that step 1 excludes from the selection
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window all the slots in which VA was previously transmitting, considering the entire

list of allowed RRI values. Since sr3 = sr1 + RRI2 and VB was transmitting at slot

sr1 , it excludes slot sr3 from its selection window.

2) Two transmissions per TB (N = 2): without loss of generality, this Subsection an-

alyzes the impact of retransmissions on the re-evaluation detection considering one

blind retransmission per TB, i.e., N = 2. When N > 1, the 1st-stage SCI associated

with the TB’s initial transmission can reserve the resources used for the retransmis-

sion of the same TB if the distance between selected resources is smaller than 32

slots. In this case, the number of reservations announced by the SCI is indicated

with NSCI = 2. If the distance between selected resources is larger than 32 slots, the

SCI is not able to announce reservations for the retransmission of the same TB and

NSCI = 1. In the NSCI = 1 case, the initial transmission and the retransmission of

the TB behave as two completely independent events, and no additional collision be-

tween selected and reserved resources can occur with respect to the N = 1 analysis.

For this reason, we assume NSCI = 2 in the rest of this Subsection. We should also

note that vehicles using the DS are allowed to reserve resources for the retransmis-

sion of a TB. As a result, the discussion in this Subsection applies to both the SPS

and the DS. Like for the N = 1 case, re-evaluation cannot detect potential collisions

between the initial transmissions of TBs on selected resources when N > 1. This is

the case because vehicles transmitting on selected resources have not yet announced

their selection, and do not allow the re-evaluation mechanism to detect the collision.

In addition to the four cases described when N = 1, there are two additional cases
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(a) Collision between retransmissions.
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(b) Collision between initial transmission and retransmission.

Figure 2.16: Impact of retransmissions on the re-evaluation detection.

when N = 2 where the re-evaluation detection can successfully detect a potential

collision. These two additional cases originate from potential collisions that involve
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resources reserved for the retransmission of a TB, and therefore do not depend on the

employed RRI values. The first case is illustrated in Fig. 2.16(a) where a potential

collision between the retransmissions of two TBs is considered. In this figure, the

initial transmission of VA and VB is performed on collision-free resources at slots sr1

and sr2 , respectively. Due to the overlap between the selection windows of VA and

VB, let us now assume that the retransmission of both TBs is scheduled on the same

resources at slot sr3 , potentially leading to a collision. Before transmitting at sr2 ,

VB runs a re-evaluation check at slot sr2 − T3 and senses the reservation announced

by VA for the retransmission of the same TB; this reservation is announced by the

SCI associated with the TB’s initial transmission. VB triggers then a re-evaluation

detection to select new resources for the retransmission. Note that also VA runs a

re-evaluation check at slot sr1 − T3, but it cannot sense the reservation announced

by VB because sr2 > sr1 − T3. The second case occurs when there is a potential

collision between the retransmission and the initial transmission of TBs, and is il-

lustrated in Fig. 2.16(b). In the figure, VA selects resources at slots sr1 and sr2 for

the initial transmission and the retransmission of a TB, while VB selects resources

at slots sr2 and sr3 for the initial transmission and the retransmission of a TB. VB

runs a re-evaluation check at slot sr2 − T3 and senses the reservation announced by

VA at slot sr1 . This reservation included the resources initially selected (and now

reserved, since sr2 − T3 > sr1) at sr2 for the retransmission of the TB by VA. VB

detects the possible collision between its initial transmission and the retransmission

of VA, excludes the resources initially selected at sr2 from its new selection window,

and triggers a re-evaluation detection.

3) Effectiveness of re-evaluation detections: this Subsection has identified and analyzed

carefully all the circumstances under which a collision can (and cannot) trigger a

re-evaluation detection. However, a re-evaluation detection is not always effective in

avoiding collisions. An ineffective re-evaluation detection occurs if the reservations

that triggered a re-evaluation detection are not finally used for transmitting a TB.

To further clarify the notion of effective re-evaluation detection, let us consider

the scenario illustrated in Fig. 2.15(a). In this figure, VB triggers a re-evaluation

detection because it detected the imminent collision with VA at slot sr2 . Then, VB

completes the re-evaluation process to select new resources and avoid the collision. If

VA eventually transmits its next TB using the reserved resources at slot sr2 , then the

re-evaluation detection triggered by VB was effective in avoiding the collision with VA.

Conversely, let us now suppose that the next TB of VA does not fit in the resources

reserved at sr2 , and VA must perform a size reselection to reserve new resources able

to accommodate the size of the new TB. In this case, the resources at slot sr2 are

unutilized since both VA and VB selected new resources. As a result, the re-evaluation

detection has been ineffective since it did not avoid any collision between VA and VB.

Re-evaluation detections would also be ineffective if VA performs a latency reselection
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or leaves unutilized the resources that it has reserved at sr2 . It is important to

point out that vehicles cannot determine in advance if a re-evaluation detection

will be ultimately effective or not, except when it is triggered by a reservation for

the retransmission of the same TB. Reservations for the retransmission of the same

TB always satisfy the size and latency requirements of the generated TB, and they

are not subject to latency reselections, size reselections, or unutilized reservations.

Therefore, a re-evaluation detection triggered by a retransmission of the same TB is

always effective.

2.4.3.3 Resource Replacement

During a re-evaluation, if a vehicle detects a potential collision it triggers the re-execution

of step 2 of the resource reselection mechanism as part of the resource replacement phase.

The objective is to select new collision-free resources and avoid the identified collision;

however, the selection of collision-free resources cannot be fully guaranteed. During the

resource replacement phase, a vehicle might select resources that are already occupied

by neighboring vehicles and experience a collision on selected resources that cannot be

detected by the re-evaluation mechanism. Therefore, the selection of collision-free re-

sources during the resource replacement phase is instrumental to the effectiveness of the

re-evaluation mechanism. Since such collision-free selection cannot be always guaranteed,

it is necessary to evaluate the actual effectiveness of the re-evaluation mechanism.

2.5 NR-V2X Mode 2: Numerical Results

In this Section, the impact of different traffic types, PDB requirements, and the latest MAC

sublayer features on the NR-V2X Mode 2 performance is numerically quantified, leveraging

the MoReV2X simulator and following the 3GPP evaluation guidelines. The obtained

results corroborate the qualitative analysis of NR-V2X Mode 2 provided in Section 2.4

and thoroughly assess the achievable performance of NR-V2X Mode 2.

2.5.1 Simulation Environment

The examined scenario consists of a 5 km long highway segment with 3 lanes per driving

direction. To avoid border effects, performance metrics are collected only in the central

2 kilometers. The highway trunk is populated considering three different vehicular den-

sity values: 25, 50, and 100 vehicles/km. The speed of the vehicles is 70 km/h. In all

simulations, the OFDM numerology is µ = 1. Accordingly, SCS = 30 kHz and ts = 0.5

ms. NR-V2X radios are configured to operate on a 20 MHz channel in the 5.9 GHz ITS

band and employ 12 RBs long subchannels. As a result, the total number of available

subchannels in every time slot is 4. TBs are transmitted with a 16QAM-0.5 MCS. The

transmission power is set to 23 dBm and the receiver sensitivity to -103.5 dBm, according

to the prototype data in [68].
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For both the SPS and the DS scheme, we set the processing delay times Tproc,0 , T0

and T3 equal to 1 slot, 1100 ms (equivalent to 2200 slots with a subcarrier spacing of 30

kHz) and 5 slots respectively. The limits of the selection window, T1 and T2, are set equal

to 2 slots and to the PDB, respectively. At MAC sublayer, β = 20% and the initial RSRP

threshold is set to its minimum value, i.e., -128 dBm, according to the results obtained

in [28]. In the SPS strategy, the keep probability is P = 0. The most relevant simulation

parameters are summarized in Table 2.5.

Table 2.5: Simulation parameters

Parameter Values

Traffic density 25, 50, 100 vehicles/km

Highway length 5 km

Number of lanes 6 (3 per driving direction)

Vehicles’ speed 70 km/h

OFDM numerology µ 1

SCS 30 kHz

Time slot duration ts 0.5 ms

Channel bandwidth 20 MHz

Subchannel size 12 RBs

Available subchannels 4

MCS 16QAM-0.5

Transmission power 23 dBm

Receiver sensitivity -103.5 dBm

RSRP threshold -128 dBm

Keep probability P 0

2.5.1.1 Traffic Models

In line with the traffic models recommended by 3GPP and reported in Subsection 1.5.1,

the performance of the SPS and DS strategies is analyzed considering two different types

of traffic:

• Periodic traffic, Fixed size (PF): when this traffic model is adopted, vehicles period-

ically generate constant size packets every T ms. The packet size is 190 bytes. By

default, the PDB of PF traffic coincides with the generation period, i.e., PDB = T .

• Aperiodic traffic, Fixed size (AF): in this case, the inter-arrival time between packets,

τ , follows the definition reported in Chapter 1, Subsection 1.5.1. The packet size is

fixed and equal to 200 bytes. Unless otherwise stated, the PDB of AF traffic is set

to c.

• Aperiodic traffic, Variable size (AV): this type of traffic is characterized by the same

description of the inter-arrival time as the AF model. The packet size is uniformly

distributed in the [200:200:1200] bytes range. Like in the AF case, the PDB of AV

traffic is set to c.
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According to the adopted MCS, the set of packet size values considered in this study,

i.e., [190, 200, 400, 600, 800, 1000, 1200] bytes, is accommodated over [1, 1, 2, 3, 3, 4, 4] sub-

channels, respectively. This allows to conclude that PF and AF traffic occupy an average

number of subchannels equal to 1, whereas AV traffic occupies an average number of 2.83

subchannels.

In this Section, the PF, AF, and AV traffic models are employed to analyze the per-

formance of the SPS strategy in two different scenarios: single traffic and mixed traffic. In

the single traffic scenario, all vehicles generate packets with an average inter-arrival time

of 100 ms. Accordingly, T = 100 ms in the PF traffic case and c = r̄ = 50 ms for AV

traffic. In the mixed traffic scenario, the 80% of vehicles generates traffic with an average

inter-arrival time of 100 ms, whereas the remaining 20% generates traffic with an average

inter-arrival time of 20 ms. In the latter case, T = 20 ms and c = r̄ = 10 ms for the

PF and AV traffic models, respectively. Following 3GPP terminology, the 100 ms and 20

ms average inter-arrival time settings are termed low intensity and high intensity traffic

profiles, respectively.

As mentioned in Subsection 2.4.1, the RRI selection can have a significant impact on

the number of latency reselections and unutilized reservations which characterize the SPS

strategy, ultimately affecting its collision probability. For this reason, we examine two

different strategies for the selection of the RRI:

• Average RRI: the RRI is set equal to the average packet inter-arrival time.

• Minimum RRI: the RRI is set equal to the minimum packet inter-arrival time. This

strategy seeks to avoid latency reselections.

Note that the two RRI strategies are characterized by the same RRI value when PF traffic

is considered, since the inter-arrival time between packets is constant. Conversely, vehicles

generating AV traffic set RRI = c+r̄ and RRI = c when the average RRI and the minimum

RRI strategies are employed, respectively.

2.5.1.2 Performance Metrics

In addition to the performance metrics recommended by 3GPP and reported in Subsection

1.5.3, we define the following set of additional metrics to analyze the operation of the SPS

strategy and of the re-evaluation mechanism in NR-V2X Mode 2:

• Counter Reselections Ratio (CRR): fraction of TBs that triggered a counter reselec-

tion with respect to the total number of transmitted TBs.

• Size Reselections Ratio (SRR): fraction of TBs that triggered a size reselection with

respect to the total number of transmitted TBs.

• Latency Reselections Ratio (LRR): fraction of TBs that triggered a latency reselec-

tion with respect to the total number of transmitted TBs.
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• Unutilized Reservations Ratio (URR): ratio between the number of reservations that

are left unutilized and the total number of reservations. The URR metric does not

take into account the reservations that are left unutilized after a size or latency

reselection.

• Re-evaluation Check Ratio (ReCR): fraction of TBs that have been checked for re-

evaluation at least once with respect to the total number of transmitted TBs.

• Re-evaluation Detection Ratio (ReDR): fraction of TBs that experienced at least

one re-evaluation detection with respect to the total number of transmitted TBs.

• PRR-Re-evaluation: PRR of the TBs for which at least one re-evaluation has been

detected. In the case of retransmissions, this metric is separately obtained for each

of the N TB transmissions.

• Ineffective Re-evaluation Detection Ratio (IReDR): fraction of TBs that experi-

enced an ineffective re-evaluation detection. As mentioned in Subsection 2.4.3.2,

a re-evaluation detection is ineffective when the reservations that triggered the re-

evaluation detection are not finally utilized for transmitting a TB.

2.5.2 Impact of Re-Evaluations

This Subsection analyzes the operation of the re-evaluation mechanism, assessing its im-

pact on NR-V2X Mode 2 performance when both the SPS and the DS strategy are ex-

amined [11]. The re-evaluation mechanism is carefully analyzed considering both periodic

and (fixed or variable size) aperiodic traffic models, relying on the MoReV2X simula-

tor. This Subsection also evaluates the impact of retransmissions on the effectiveness of

re-evaluation.

2.5.2.1 SPS Strategy Without Retransmissions (N = 1)

This Subsection analyzes the impact of re-evaluations on the operation and performance

of SPS when N = 1, i.e., when each TB is transmitted once with no retransmissions. First,

we focus on the mixed traffic scenario with vehicles transmitting AV traffic. This is a key

target scenario since most V2X services to be supported by NR-V2X generate this type of

traffic. As shown in Subsection 2.4.1, the generation of packets with a variable inter-arrival

time and with variable size can create instability in the operation of SPS. This instability

is due to frequent unutilized reservations, size reselections, and latency reselections which

increase the probability of packet collisions. Re-evaluation was introduced to mitigate the

impact of traffic variability on the SPS strategy.

Due to the variability introduced by AV traffic, more than 50% of the generated packets

are transmitted in selected resources; hence, they are eligible for a re-evaluation check.

This is visible in Table 2.6, which reports the different metrics for the two RRI selection

strategies and all traffic densities. We should note that the ReCR, SRR, LRR and URR
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metrics do not vary with the vehicular density. These metrics exclusively depend on the

traffic type and on the reservation strategy employed by each vehicle. The table shows

that the ReCR is larger than 50% for both the average RRI and the minimum RRI

strategies. Vehicles execute a large number of re-evaluation checks because they transmit

the majority of packets in selected resources. This is due to the large number of size

reselections, latency reselections, and unutilized reservations that affects the SPS strategy

operation when AV traffic is examined (see SRR, LRR, URR in Table 2.6). Note that the

average RRI strategy reduces the URR, but augments the SRR and LRR metrics, while

the minimum RRI strategy minimizes the SRR and the LRR at the cost of increasing the

URR. Table 2.6 also shows that re-evaluation is able to detect a larger number of packet

collisions as the vehicular density increases. In this regard, note that the ReDR is larger

than 16% in the 100 veh/km, average RRI setting. The ReDR increases to over 44% with

the minimum RRI selection strategy.

Table 2.6: SPS strategy, AV traffic, mixed traffic scenario: performance metrics wen N = 1.

Scenario ReCR SRR LRR URR
25 veh/km 50 veh/km 100 veh/km

ReDR IReDR ReDR IReDR ReDR IReDR

Average RRI 60.9 27 57 4 10.7 7.7 14.2 10.2 16.2 11.7

Minimum RRI 57.6 4 3 55 37.3 23.5 41.9 26.4 44.6 28.1

Despite Table 2.6 shows that the re-evaluation mechanism is able to detect a large

number of potential packet collisions (see the ReDR metric), Fig. 2.17 reveals that re-

evaluation is not fully effective in avoiding collisions and in improving the PRR; this is true

regardless of the RRI selection strategy. Fig. 2.17 compares the SPS strategy performance

when re-evaluation is implemented and when it is not: Fig. 2.17(a) and Fig. 2.17(b) report

the PRR as a function of the transmitter-receiver distance for two different traffic densities

(25 veh/km and 100 veh/km), whereas Fig. 2.17(c) concentrates on the CLR in the 100

veh/km case. All figures show that the performance is nearly identical when utilizing re-

evaluation and when not. The reason why re-evaluation is not effective in avoiding packet

collisions and improving the PRR with AV traffic is two-fold. First, re-evaluation cannot

detect collisions that occur between selected resources, as illustrated in Subsection 2.4.3.2.

Second, traffic variability triggers size or latency reselections, eventually increasing the

probability of transmitting a TB on selected, rather than reserved, resources. Since re-

evaluation cannot detect collisions that occur between selected resources, traffic variability

increases the probability of having collisions that cannot be detected by the re-evaluation

mechanism. In addition, we should note that re-evaluations may not be effective if the

reservations that triggered a re-evaluation detection are not finally used for transmitting

a TB. In this case, vehicles select new resources to avoid a collision that never happened,

and the resource replacement phase cannot guarantee that an undetectable collision will

not happen in the newly selected resources. In our analysis, 72% (average RRI) and

63% (minimum RRI) of the resource reservations that triggered a re-evaluation detection

were not finally used for transmitting a TB under all evaluated vehicle densities. The
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ineffectiveness of the re-evaluation mechanism is reflected in the IReDR metric reported

in Table 2.6, and negatively impacts the PRR-Re-evaluation metric, as shown in Fig.

2.17(d). Fig. 2.17(d) shows that the PRR of the TBs that perform a resource replacement

after a re-evaluation detection deteriorates compared to the PRR obtained when the re-

evaluation mechanism is not implemented.

(a) PRR, 25 veh/km. (b) PRR, 100 veh/km.

(c) CLR, 100 veh/km. (d) PRR-Re-evaluation, 100 veh/km.

Figure 2.17: AV traffic, N = 1: SPS performance in the mixed traffic scenario.

We analyze now the impact of the re-evaluation mechanism on the SPS strategy when

vehicles generate PF traffic. Differently from AV traffic, PF traffic does not generate any

size reselection, latency reselection, or unutilized reservation. As a result, PF traffic is

characterized by a smaller number of collisions between selected resources that cannot be

detected by the re-evaluation mechanism. The impact of these undetected collisions that

are not avoided by re-evaluation can be visualized in Fig. 2.18, which compares the PRR

with PF and AV traffic for the same vehicular density when re-evaluation is implemented.

This figure clearly shows how these undetected collisions deteriorate the PRR in the AV

traffic case, and their impact increases with the vehicular density.

PF traffic can be affected by persistent collisions when two or more vehicles select
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(a) 25 veh/km. (b) 100 veh/km.

Figure 2.18: SPS strategy, single traffic scenario, N = 1: PRR curves for PF and AV traf-
fic (minimum RRI strategy). Similar trends are observed in the mixed traffic
scenario and with the average RRI strategy.

the same resources within overlapping selection windows1. These persistent collisions

cannot be detected by the re-evaluation mechanism, since re-evaluation cannot detect

collisions between selected resources. With PF traffic, collisions persist until one of the

vehicles depletes its reselection counter and executes a resource reselection. We should

note that only TBs transmitted after the reselection counter depletes are eligible for a

re-evaluation check since they are transmitted on selected resources. With RRI = 100

ms, Cresel is in the [5, 15] range, and the ReCR is on average equal to 10% for the single

traffic scenario, as reported in Table 2.7; similar trends are observed for the mixed traffic

Table 2.7: SPS strategy, PF traffic: performance metrics (in %) when N = 1.

Scenario ReCR
25 veh/km 50 veh/km 100 veh/km

ReDR IReDR ReDR IReDR ReDR IReDR

Single traffic 10.3 0.006 0 0.01 0 0.03 0

Mixed traffic 5.5 0.1 0 0.2 0 0.5 0

scenario. Out of the limited set of TBs that are eligible for a re-evaluation check, a vehicle

can only use re-evaluations to detect a collision under the conditions illustrated in Fig.

2.14. These conditions require that the reservation that causes the collision is made by

a vehicle in a 2-slot time interval just before the generation of the TB. Such an unlikely

condition leads to the extremely small ReDR values reported in Table 2.7 and to the

small impact of re-evaluation on the CLR illustrated in Fig. 2.19(a). Nevertheless, the

vehicles that did execute re-evaluation avoided the persistent packet collisions generated

by an initial collision between a selected and a reserved resource. The avoided persistent

packet collisions affected on average the transmission of 5.65 consecutive TBs (100 veh/km,

RRI = 100 ms). Fig. 2.19(b) reports the PRR-Re-evaluation metrics and shows significant

1Using [59], we can estimate that around 30% of packets that trigger a resource reselection experience
persistent collisions in the 100 veh/km setting.
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gains compared to the performance obtained if re-evaluations were not implemented. In

the PF traffic case, re-evaluations were effective to avoid the fairly small number of detected

collisions.

(a) CLR. (b) PRR-Re-evaluation.

Figure 2.19: SPS strategy, PF traffic, mixed traffic scenario, N = 1: CLR and PRR-Re-
evaluation curves obtained in the 100 veh/km setting. Similar trends are observed
in the single traffic scenario.

2.5.2.2 SPS Strategy With Retransmissions (N = 2)

This Subsection evaluates the impact of re-evaluations on SPS considering that each TB

is transmitted twice (N = 2): an initial transmission and a blind retransmission. When

N = 2, SPS selects 2 candidate resources that are separated by less than 32 slots for

the initial transmission and the retransmission of its TB. In this case, the 1st-stage SCI

transmitted with the initial transmission of the TB announces the resources reserved for

the retransmission of the same TB, and for the initial transmission and retransmission of

the next TB. As discussed in Subsection 2.4.3.2, this results in additional situations in

which re-evaluation can detect collisions with respect to the case without retransmissions

(N = 1). This includes possible collisions between retransmissions, and between initial

transmissions and retransmissions.

Table 2.8: SPS strategy, AV traffic: performance metrics (in %) when N = 2 (average RRI
strategy).

Scenario ReCR SRR LRR URR
25 veh/km 50 veh/km 100 veh/km

ReDR IReDR ReDR IReDR ReDR IReDR

Single traffic 74 29 64 3 25 1.1 39.3 2.3 44 4.2

Mixed traffic 58.3 29 67 3 28.8 15.2 31.1 15.7 29.8 14.9

Table 2.8 reports the performance metrics when N = 2 and AV traffic is examined. The

table shows that the ReDR increases to more than 25% in both the single and mixed traffic

scenarios, compared to the 10.7% observed when N = 1 (see Table 2.6). Traffic variability
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can still impact the initial transmission of TBs when N = 2. However, retransmissions

do not generate any size reselection, latency reselection, or unutilized reservation, as the

resources reserved for the retransmission of the same TB always satisfy the size and latency

requirements of the generated packet. This brings some stability to the operation of

the SPS strategy and mitigates the impact of ineffective re-evaluations. Re-evaluation

detections triggered by reservations for the retransmission of the same TB are always

effective, since they always avoid an imminent collision. The numerical results reveal that,

in the single traffic scenario, more than 88% of the re-evaluation detections are triggered

by reservations made for the retransmission of the same TB.

Therefore, the re-evaluation mechanism is able to improve the performance of the TBs

that experienced at least a re-evaluation detection, as shown by the PRR-Re-evaluation

curves reported in Fig. 2.20(a); this was not the case without retransmissions (N = 1).

Fig. 2.20(a) shows that re-evaluations improve the PRR-Re-evaluation for both initial

transmissions and retransmissions when the single traffic scenario is considered. In the

mixed traffic scenario, reported in Fig. 2.20(b), less than 37% of the detected re-evaluations

are triggered by reservations for the retransmission of the same TB (compared to more

than 88% in the single traffic scenario). The remaining 63% of re-evaluation detections

is triggered by reservations for the next TB. Reservations for the next TB do not always

hold a transmission in the reserved resources and deteriorate the effectiveness of the re-

evaluation mechanism. This explains the higher IReDR values measured in the mixed

traffic scenario reported in Table 2.8, as well as the limited impact of re-evaluation in Fig.

2.20(b).

(a) Single traffic scenario. (b) Mixed traffic scenario.

Figure 2.20: SPS strategy (average RRI strategy), AV traffic, N = 2: PRR-Re-evaluation as
a function of D in the 50 veh/km setting. Similar trends have been obtained for
other densities.

When N = 2 transmissions per TB are considered, this Subsection revealed that reser-

vations for the retransmission of the same TB can have a positive impact on the functioning

of the re-evaluation mechanism. However, we should note that the re-evaluation mecha-

nism can improve the PRR only if the following conditions are met: 1) both the initial
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transmission and the retransmission of a TB experience a collision (a packet is correctly re-

ceived if just one of the two transmissions is correctly received); 2) re-evaluation can detect

at least one of the two collisions; 3) the resource replacement phase is able to select new

collision-free resources. In the single traffic scenario, 20% (50 veh/km) and 26% (100 ve-

h/km) of TBs experienced a collision on their initial transmission and retransmission, and

the re-evaluation mechanism detected at least one of them. Despite these non-negligible

percentages, Fig. 2.21(a) shows that re-evaluation does not significantly improve the PRR.

This is the case since the resource replacement phase does not guarantee the selection of

collision-free resources. Recall that, during a resource replacement, two or more vehicles

might overlap their selection windows and select the same resources, generating a collision

between selected resources that cannot be avoided by the re-evaluation mechanism.

When PF traffic is considered, the re-evaluation mechanism is able to effectively avoid

the detected collisions, like in the N = 1 case. However, only a small fraction of collisions

can trigger a re-evaluation detection also when N = 2. The attained ReDR levels are

smaller than 2% and the impact of re-evaluations on the PRR is negligible.

(a) SPS. (b) DS.

Figure 2.21: AV traffic, N = 2, 50 veh/km: PRR performance of the SPS (average RRI
strategy) and DS schemes in the single traffic scenario. Similar trends have been
obtained for other densities.

2.5.2.3 DS Strategy

Vehicles using the DS scheme always transmit the generated TBs on selected resources

when only one transmission per TB is considered (N = 1). As reported in Subsection

2.4.3.2, collisions that occur between selected (not reserved) resources do not trigger any

re-evaluation detection. Re-evaluation has therefore no impact or benefit when using

the DS strategy with N = 1. Therefore, this Subsection concentrates on the impact

of re-evaluations on the DS strategy when N = 2. Recall from Subsection 2.4.3.2 that

retransmissions occur on reserved resources and can trigger a re-evaluation detection. Al-

though we analyze the impact of re-evaluation on the DS strategy considering AV traffic,
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we should note that the performance of the DS scheme does not depend on the gener-

ated traffic pattern. As the DS strategy forces the selection of new resources for the

initial transmission and the retransmission of every TB, it does not experience any size

reselection, latency reselection, or unutilized reservation.

Table 2.9: DS strategy, AV traffic: performance metrics (in %) when N = 2.

Scenario ReCR
25 veh/km 50 veh/km 100 veh/km

ReDR IReDR ReDR IReDR ReDR IReDR

Single traffic 96.6 22.1 0 37.7 0 54.7 0

Mixed traffic 84.2 21.4 0 34.3 0 47.1 0

Table 2.9 reports the ReCR and ReDR metrics that characterize the DS strategy in

the single and mixed traffic scenarios. Table 2.9 shows that the ReCR is equal to 96.6% in

the single traffic scenario, i.e., a much larger value with respect to its SPS counterpart in

Table 2.8. Such an increase in the ReCR occurs because almost every TB is transmitted on

selected resources and is therefore eligible for a re-evaluation check when the DS strategy

is examined. This was not the case with SPS because TBs are transmitted on selected

resources only after an unutilized reservation or a (counter, size, latency) reselection. Table

2.9 also shows that DS is characterized by fairly large ReDR values in both the single and

mixed traffic scenarios. The ReDR values increase with the vehicular density, since a larger

density increases the number of potential collisions. With respect to the single traffic case,

the ReCR decreases in the mixed traffic scenario. Note that the same trend has also been

reported for the SPS scheme, in Table 2.8. During a reselection, vehicles with a smaller

RRI have a larger probability of selecting resources that are not eligible for a re-evaluation

check (see Subsection 2.4.3.1). With DS, the mixed traffic scenario does not experience

additional re-evaluation detection opportunities compared to SPS. Therefore, a smaller

ReCR implies a reduction in the measured ReDR levels with respect to the single traffic

scenario. As shown in Table 2.9, such ReDR reduction is more evident at larger densities.

Fig. 2.22 depicts the impact of re-evaluations on the CLR when using the DS strategy.

In this figure, the CLR is separately measured for the initial transmission of a TB and its

retransmission. Fig. 2.22(a) shows that re-evaluation can improve the CLR of both initial

transmissions and retransmissions when the channel is lightly loaded. Moreover, Fig.

2.22(a) reveals that re-evaluations are more effective in reducing the CLR experienced

by retransmissions since initial transmissions of a TB are accommodated over selected

resources and are more prone to experience undetected collisions. This effect is more visible

in Fig. 2.22(b), which corresponds to the highest vehicular density, i.e., 100 veh/km. This

figure shows that re-evaluations have a negative impact on the CLR of initial transmissions

under high channel loads, whereas it improves the CLR of retransmissions. With DS,

re-evaluation detection is always effective, and re-evaluation improves the PRR for the

TBs for which at least a re-evaluation has been detected. However, the impact of re-

evaluations on the PRR is limited also in the DS case, as shown in Fig. 2.21(b): like

for the SPS strategy, the re-evaluation mechanism can improve the PRR only if both the
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(a) 25 veh/km. (b) 100 veh/km.

Figure 2.22: DS strategy, AV traffic, single traffic scenario, N = 2: CLR as a function of D
for two different vehicular densities.

initial transmission of a TB and its retransmission experience a collision, and re-evaluation

can detect at least one of them. Despite the large ReDR values reported in Table 2.9,

this occurs for only the 0.35%, 2.8% and 9.8% of the TBs in the 25 veh/km, 50 veh/km

and 100 veh/km settings, respectively. In addition, the impact of re-evaluation on the

PRR is limited by the accuracy of the resource replacement phase. As illustrated in Fig.

2.22, the selection of collision-free resources during the resource replacement phase is not

guaranteed (especially when the channel load is large) and vehicles are prone to experience

potentially undetected collisions after the resource replacement.

2.5.3 Comparative Analysis of the SPS and DS Strategies

The previous results revealed that the re-evaluation mechanism is not able to improve

the system performance in NR-V2X Mode 2, and that the SPS strategy is affected by

additional (size or latency) reselections and unutilized reservations when aperiodic traffic

is examined, like in LTE-V2X Mode 4. We now conclude the analysis of NR-V2X SL

communications, providing an exhaustive comparison of the SPS and DS strategies when

the 3GPP-defined traffic models and different latency constraints are considered. A specific

attention is paid to analyzing the impact which different PDB choices have on the SPS

and the DS strategy performance.

Simulations have been performed following the same assumptions presented in Sub-

section 2.5.1 and summarized in Table 2.5, with a minor modification: the considered

vehicular densities are 50, 120, and 300 veh/km. Here we consider only the low traffic

intensity profile and, based on the results presented in [10], vehicles adopting the SPS

scheme always reserve resources using the minimum RRI strategy. As a result, vehicles

generating PF traffic set RRI = T = 100 ms, and vehicles generating AF or AV traffic set

RRI = 50 ms. Moreover, the PF, AF and AV traffic models are employed to analyze and

compare the performance of the SPS and DS strategies in two different settings: single
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model and mixed models. In the single model scenario, all vehicles employ the same traffic

model (PF, AF or AV). In the mixed models scenario, a percentage ∆ of vehicles generates

PF traffic, whereas the remaining (100−∆)% generates AV traffic.

2.5.3.1 Impact of the PDB on the SPS and DS Strategies

Before delving in the comparison between the performance attained by the SPS and DS

strategies, this Subsection elaborates on the impact that the PDB has on the collision

probability which characterizes the two access schemes.

Fig. 2.23 reports the CLR of the SPS scheme as a function of the average transmitter-

receiver distance D in the single model scenario, when the PF, AF, and AV traffic models

are examined. The vehicular density is set to 120 veh/km and three representative PDB

values are taken into consideration: a PDB value which coincides with the RRI of the SPS

scheme, i.e., PDB = RRI, PDB = 25 ms, and PDB = 10 ms. In [55], 25 ms and 10 ms

represent the maximum end-to-end latency required by the lowest and the highest degree

of automation in cooperative driving applications. In the PDB = RRI case, the PDB is

set to 100 ms when PF traffic is examined, whereas it is equal to 50 ms for the AF and

AV traffic models. Note that the PDB = RRI choice has been employed in many existing

studies, e.g., [9, 10,15].

Fig. 2.23 reveals that the CLR curves perfectly overlap for the three different PDB

values when considering PF traffic, showing that the collision probability is not affected

by increasingly stringent PDB requirements. It was qualitatively observed in Subsection

2.4.2 that a smaller PDB reduces the amount of available subchannels included in the

selection window, but at the same time decreases the number of vehicles whose selection

windows overlap. Here, we numerically demonstrate that these two effects cancel out for

PF traffic, since the CLR is not affected by the PDB.

When the AF traffic model is considered, Fig. 2.23 shows that the CLR performance

deteriorates as tighter PDB requirements are considered. The same trend is observed with

Figure 2.23: SPS strategy: CLR as a func-
tion of D.

Figure 2.24: DS strategy: CLR as a function
of D.
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Table 2.10: CBR Values, Single Model Scenario

50 veh/km 120 veh/km 300 veh/km

PF 0.09 0.22 0.47

AF 0.09 0.22 0.45

AV 0.23 0.46 0.79

AV traffic. For a given vehicular density, we should note that AV traffic is characterized

by a larger CBR compared to PF and AF traffic models, since the average number of

subchannels occupied by AV traffic is 2.83 times larger. Table 2.10 reports the CBR

values computed for the different vehicular densities and traffic models. As anticipated

in Subsection 2.4.2, tighter PDB requirements increase the number of latency reselections

and accordingly augment the collision probability when the RRI does not match the inter-

arrival time between messages. Table 2.11 reports the values of the LRR metric for the

SPS scheme. From Table 2.11, the upsurging of latency reselections is manifest when the

AF and AV traffic types are examined. Note that the LRR increases as more stringent

PDB requirements are considered, justifying the CLR deterioration observed in Fig. 2.23.

We should also note that, as the distribution of the inter-arrival time between messages of

AF and AV traffic is the same, the LRR metric is coincident in the last two rows of Table

2.11.

Table 2.11: SPS Scheme, Single Model Scenario - LRR.

PDB = RRI PDB = 25 ms PDB = 10 ms

PF 0 0 0

AF 0 0.48 0.77

AV 0 0.48 0.77

Next, Fig. 2.24 quantifies the impact of the PDB on the CLR performance of the DS

scheme. This figure corroborates the conclusions provided by the MAC sublayer analysis

of Subsection 2.4.2 with simulation results. For each traffic type, more stringent PDB

requirements do not affect the collision probability of the DS scheme since the CLR curves

referring to the three different PDB choices perfectly overlap.

The independence of DS on the PDB has important implications. According to it,

the DS scheme can be used to support V2X applications with a wide range of latency

requirements without suffering any performance degradation, regardless of the generated

traffic type. On the other hand, the SPS scheme guarantees a similar robustness to PDB

variations only when PF traffic is considered. Last, it is worth pointing out that the impact

of the PDB on the SPS and DS schemes exclusively depends on the type of generated traffic

and not on the vehicular density.

87



2.5.3.2 SPS and DS Performance Comparison: Single Model

This Subsection compares the performance attained by the SPS and DS schemes in the

single model scenario when the PF, AF, and AV traffic models are separately examined.

For each traffic model, the impact of different PDB requirements and channel load levels

on the PRR is quantified. The evaluation helps identify the conditions under which the

two scheduling schemes should be utilized.

Figure 2.25: Single model scenario, PF traffic, Default PDB: PRR as a function of D.

Fig. 2.25 compares the PRR performance of the SPS and DS schemes as a function

of the transmitter-receiver distance D when PF traffic is considered. The PDB is set to

100 ms (PDB = RRI), and two vehicular densities are examined, 120 and 300 veh/km.

The former corresponds to CBR = 0.22 and the latter to CBR = 0.47, as reported in

Table 2.10. The figure shows that SPS outperforms the DS scheme at both vehicular

densities, and that the performance gap becomes larger as the channel load increases.

As a matter of fact, the periodic reservation of resources which characterizes the SPS

scheme perfectly suits the dissemination of PF traffic and does not generate any latency

reselections (LRR = 0 in Table 2.11), size reselections, or unutilized reservations. The

SRR and URR metrics are reported in Table 2.12. Since Section 2.5.3.1 demonstrated

that the PDB does not have any impact on the SPS and DS performance with PF traffic,

Figure 2.25 shows the results for only the PDB = RRI choice. To conclude, the SPS

scheme is the best approach in NR-V2X mode 2 to support periodic fixed size traffic, no

matter how stringent the PDB requirements are.

Next, Fig. 2.26 compares SPS and DS in the presence of AF traffic for the same

Table 2.12: SPS Scheme, Single Model Scenario - SRR, and URR.

SRR URR

PDB = RRI PDB = 25 ms PDB = 10 ms PDB = RRI PDB = 25 ms PDB = 10 ms

PF 0 0 0 0 0 0

AF 0 0 0 0.47 0.55 0.58

AV 0.07 0.24 0.32 0.47 0.55 0.58
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(a) PDB = RRI. (b) PDB = 25 ms.

(c) PDB = 10 ms.

Figure 2.26: Single model scenario, AF traffic: PRR as a function of D.

vehicular densities of Fig. 2.25. In Fig. 2.26(a), the PDB = RRI choice is examined.

According to it, PDB = 50 ms for AF traffic. Fig. 2.26(a) shows that the SPS scheme

achieves a better performance than DS only when the vehicular density is 120 km/h,

i.e., when the radio channel is lightly loaded. When the vehicular density increases to

300 km/h and the channel load is no longer negligible, the PRR performance of the two

schemes becomes comparable, with DS attaining slightly better values.

In this setting, the degradation of the SPS performance for increasing channel loads

is due to unutilized reservations (URR) only, as both the LRR and SRR metrics are

equal to zero (see Tables 2.11 and 2.12). When the radio channel is lightly loaded, the

fraction of unutilized reservations is not sufficiently large to affect the SPS performance.

As the channel load increases, the waste of system capacity associated with unutilized

reservations deteriorates the performance of the SPS scheme, which becomes slightly worse

than that of the DS scheme. On the other hand, the DS scheme does not experience any

latency reselection, size reselection, or unutilized reservation (i.e., LRR = 0, SRR = 0,

and URR = 0), since new subchannels are selected for every generated message.

Figs. 2.26(b) and 2.26(c) compare the SPS and DS performance considering smaller
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PDB values, i.e., PDB = 25 ms and PDB = 10 ms. For AF traffic, the performance

of the SPS scheme is further deteriorated when more stringent PDB requirements are

considered, due to the presence of latency reselections (see Table 2.11). Recall from

Section 2.4.1 that latency reselections occur as soon as the PDB becomes smaller than the

employed RRI. Conversely, the DS scheme operation is not affected by PDB variations,

and the corresponding PRR curves do not modify when moving from Fig. 2.26(a) to Figs.

2.26(b)-(c). These results show that DS always attains better or comparable PRR levels

than the SPS scheme when vehicles generate AF traffic, independently of the channel load.

In the presence of AV traffic, Fig. 2.27 compares SPS and DS for the PDB = RRI,

PDB = 25 ms, and PDB = 10 ms choices. For AV traffic, the SPS and DS performance

is compared reducing the vehicular densities to 50 veh/km and 120 veh/km in order to

consider the same CBR values analyzed so far. This is necessary since AV traffic occupies

an average number of subchannels which is 2.83 times larger with respect to PF and

AF traffic, as discussed in Section 2.5.3.1. When the vehicular density is 50 veh/km

(CBR = 0.23), Fig. 2.27(a) shows that the gap between the SPS and DS curves is greatly

reduced with respect to Fig. 2.26(a). This is the case since the operation of SPS is also

(a) PDB = RRI. (b) PDB = 25 ms.

(c) PDB = 10 ms.

Figure 2.27: Single model scenario, AV traffic: PRR as a function of D.
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affected by size reselections when AV traffic is considered, as shown in Table 2.12. Size

reselections increase the collision probability (see Section III-A) and further deteriorate the

PRR performance of the SPS scheme. Accordingly, DS outperforms its SPS counterpart

with a larger margin with respect to the AF case when the vehicular density increases to

120 veh/km and CBR = 0.46. The superiority of DS over the SPS scheme becomes even

more evident in Figs. 2.27(b) and 2.27(c), where the more stringent PDB = 25 ms and

10 ms values are examined. As in the AF traffic case, latency reselections further penalize

the performance of the SPS scheme, which attains the smallest PRR values observed so

far and is outperformed by the DS solution for all the considered vehicular densities.

The PRR of the DS scheme is independent of the PDB requirements and exclusively

depends on the channel load, thus representing the best solution for serving AV traffic in

NR-V2X Mode 2.

2.5.3.3 SPS and DS Performance Comparison: Mixed Models and Adaptive

Scheduling

Based on the findings of Subsection 2.5.3.2, this Subsection introduces and evaluates an

adaptive scheduling strategy that allows vehicles to select the scheduling scheme that best

suits their generated traffic.

This Section compares the SPS and DS strategies in the mixed models scenario, where

∆% of the vehicles generates PF traffic and the remaining (100−∆)% generates AV traffic.

In this context, we also propose a novel AS strategy that allows vehicles to dynamically

select the scheduling scheme that best suits their generated traffic type. Based on the

results and conclusions drawn in the previous Subsection, the AS strategy works as follows:

if a vehicle generates PF traffic with periodicity T , it employs the SPS scheme with

RRI = T ; if a vehicle generates AV traffic, it uses the DS scheme. Note that the standard

does not provide any indication about the circumstances under which the SPS or DS

scheme should be used [54], thus allowing the implementation of the adaptive scheduling

strategy.

Fig. 2.28(a) compares the performance of SPS, DS, and AS strategy in the 120 veh/km,

∆ = 10% setting for two different PDB choices, i.e., PDB = RRI and PDB = 10 ms. This

figure shows that the best PRR performance is attained by the AS strategy, which allows

vehicles to employ the most appropriate scheduling scheme based on the type of traffic

they generate. We should also note that the AS strategy performance does not depend on

the PDB. With AS, vehicles generating PF and AV traffic use the SPS and DS schemes,

respectively. Therefore, the AS strategy does not experience any latency reselections, size

reselections, or unutilized reservations, and its collision probability is not affected by more

stringent PDB requirements. Figures 2.28(b) to 2.28(d) show that this trend is maintained

for increasing values of ∆ and that the AS strategy always achieves the best performance,

no matter what value of ∆ and PDB is examined.

When we concentrate on SPS and DS, which force vehicles to employ a pre-determined
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(a) ∆ = 10%. (b) ∆ = 25%.

(c) ∆ = 50%. (d) ∆ = 75%.

Figure 2.28: Mixed models, 120 veh/km, ∆ = 10, 25, 50, and 75%: PRR as a function of D.

scheduling scheme regardless of the generated traffic type, Fig. 2.28(a) shows that the

DS scheme outperforms its SPS counterpart regardless of the PDB. With ∆ = 10%,

the majority of the vehicles (90%) generates AV traffic. As a result, the SPS scheme

experiences a large number of size reselections and unutilized reservations. In the PDB =

10 ms case, the PRR of the SPS scheme is further deteriorated by the occurrence of

latency reselections. The values of the LRR, SRR, and URR metrics which characterize

the operation of the SPS scheme are reported in Table 2.13. As already highlighted

in Section 2.5.3.2, variations in the message size and in the inter-arrival time between

messages can significantly deteriorate the SPS performance, whereas they have no impact

on the DS scheme. Indeed, the operation of the DS scheme is not affected by the PDB

requirements also in the mixed traffic scenario for any value of ∆, as highlighted from Fig.

2.28(a) to Fig. 2.28(d).

As ∆ increases, the percentage of vehicles generating AV traffic reduces and so does the

number of latency reselections, size reselections, and unutilized reservations experienced

by the SPS scheme. Accordingly, SPS can attain better PRR levels with respect to Fig.

2.28(a). When ∆ = 25% (Fig. 2.28(b)), the SPS scheme is able to outperform its DS
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Table 2.13: SPS Strategy, Mixed Models Scenario - LRR, SRR, and URR

LRR SRR URR

PDB = RRI PDB = 10 ms PDB = RRI PDB = 10 ms PDB = RRI PDB = 10 ms

∆ = 10% 0 0.69 0.06 0.28 0.41 0.53

∆ = 25% 0 0.58 0.05 0.24 0.35 0.44

∆ = 50% 0 0.39 0.03 0.16 0.23 0.29

∆ = 75% 0 0.19 0.02 0.08 0.12 0.15

counterpart in the PDB = RRI case. With the more stringent PDB = 10 ms, DS is still

superior to the SPS scheme. When ∆ = 50% (Fig. 2.28(c)) and ∆ = 75% (Fig. 2.28(d)),

PF traffic becomes dominant, and the number of latency reselections, size reselections, and

unutilized reservations that characterize the SPS scheme operation significantly reduces

(see Table 2.13). As a result, the SPS scheme outperforms the DS scheme for any PDB

choice. The impact of the PDB on the SPS scheme becomes less relevant as the percentage

of vehicles generating PF traffic increases. In this regard, recall from Section 2.5.3.1 that

the PDB does not affect the SPS scheme operation when all vehicles generate PF traffic

(i.e., ∆ = 100%).

The mixed scenario has revealed the importance of adapting the scheduling scheme to

the type of generated traffic. In this regard, Figs. 2.28(a) through 2.28(d) showed that the

AS strategy achieves the best PRR performance regardless of the considered ∆ and PDB

values. When a pre-determined scheduling scheme is employed, DS is superior to its SPS

counterpart only when the majority of vehicles generates AV traffic, due to the impact of

unutilized reservations, size reselections and latency reselections on the SPS operation.

2.6 Conclusions

This Chapter has provided a fair and exhaustive analysis of C-V2X SL communications,

concentrating on the LTE-V2X Mode 4 and NR-V2X Mode 2 distributed resource alloca-

tion modes.

On the LTE-V2X Mode 4 rim, this Chapter has studied the coexistence of periodic and

aperiodic traffic sources. A reservation-less variant of the SPS strategy has been put forth

and its behavior has been analytically modeled in the limiting condition where aperiodic

traffic only is present. Leveraging the MoReV2X simulator, the impact of different percent-

ages and arrival rates of aperiodic flows, size of aperiodic packets and vehicular densities

on LTE-V2X Mode 4 performance has been quantified through extensive simulations. The

obtained results demonstrate that LTE-V2X Mode 4 is not able to effectively disseminate

aperiodic traffic, and that the PRR of aperiodic traffic is insensitive to different latency

requirements.

Then, this Chapter has concentrated on NR-V2X Mode 2 and has focused on the new

re-evaluation mechanism. Our thorough study has demonstrated that the re-evaluation

mechanism is not able to overcome the limitations associated with the dissemination of
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aperiodic traffic. In detail, simulation results have shown that the impact of re-evaluations

on NR-V2X Mode 2 performance depends on the generated traffic patterns and the sys-

tem configuration. Without retransmissions, the re-evaluation mechanism is able to detect

collisions only with the SPS scheme. However, re-evaluation cannot improve the system

performance due to the occurrence of size and latency reselections when aperiodic traf-

fic is considered. Additional reselections reduce the effectiveness of re-evaluations and

increase the probability of selecting already occupied resources after the resource replace-

ment phase. In the periodic traffic case, re-evaluation is detected on a very limited amount

of collisions and its overall impact on the SPS performance is negligible. With retrans-

missions, the re-evaluation mechanism is able to avoid a larger number of collisions both

in the SPS and DS case. Retransmissions always satisfy the size and latency requirements

of the generated packets, and do not trigger any additional reselection. Yet, the impact of

re-evaluations on the performance of the SPS and DS strategies is limited, since the benefit

of retransmissions prevails over the gains due to re-evaluations. As the implementation of

the re-evaluation mechanism implies a significant computational cost, the obtained results

question its current design and whether re-evaluation should be mandatory in NR-V2X

Mode 2.

Lastly, this Chapter has offered a comparison between the SPS and DS strategies. The

obtained results have demonstrated that different PDB requirements do not affect the DS

strategy operation, whereas they can significantly deteriorate the performance of the SPS

strategy. It has also been shown that the SPS strategy represents the optimal solution

for serving fixed size periodic traffic. In the (fixed or variable size) aperiodic traffic case,

the best performance is attained by the DS strategy, especially when more stringent PDB

requirements are considered. The SPS and DS strategies have been also compared when

fixed size periodic traffic and variable size aperiodic traffic sources coexist in the same NR-

V2X system. In this case, a novel adaptive scheduling strategy is proposed that allows

vehicles to select the scheduling scheme that best suits the type of traffic they generate.

Our evaluation demonstrates that this adaptive strategy yields the best performance for

all traffic types and PDB requirements.
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Chapter 3

Machine Learning for

Disseminating Awareness

Messages

According to the CAR 2 CAR Communication Consortium (C2C-CC) [69], V2X applica-

tions can be organized into three subsequent phases: Day 1, Day 2, and Day 3+.

Day 1 safety applications are already present on vehicles to increase space awareness

and grant the car and its driver more time to react to unexpected situations. During Day 1,

vehicles are expected to exchange information regarding their status as well as information

related to unexpected and potentially dangerous events. Most Day 1 applications currently

rely on the DENMs and CAMs [16] specified by ETSI. These messages include basic

information such as the position, speed, acceleration, and heading of the transmitting

vehicle. The exchange of DENMs and CAMs among vehicles is at the basis of several V2V

applications like emergency vehicle warning, stationary vehicle warning, and traffic jam

warning.

In the Day 2 phase, V2X communications will enable the exchange of information

about objects detected by vehicles using their local sensors, e.g., cameras, LIDARs, and

RADARs. As a result, Day 2 applications will allow receiving vehicles to be aware of

objects beyond their LOS that could not otherwise be detected. Day 2 applications will

mitigate the limitations associated with the coexistence between V2X-enabled vehicles and

non-connected road users. At the same time, they will allow the implementation of en-

hanced safety applications, e.g., VRU protection, advanced intersection collision warning,

and Cooperative Adaptive Cruise Control (C-ACC) functionalities.

Beyond the Day 1 and the Day 2 phases, Day 3+ V2X applications will rely on the

exchange of intention and coordination data to support the implementation of cooperative

driving services. During the Day 3+ phase, Connected and Autonomous Vehicles (CAVs)

will leverage V2X communications to share their driving intentions and enhance their au-

tomated driving capabilities. Moreover, the Day 3+ phase foresees an active participation

of VRUs within the V2X ecosystem. This is not the case in Day 1 and Day 2 phases,
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where VRUs have just a “passive” role, i.e., they can be detected by vehicles or the infras-

tructure, but are not able to exchange messages and notify their presence to other road

users.

3.1 Research Motivation and Main Contribution

In Day 1, 2, and 3+ V2X applications, vehicles will disseminate data collected using their

on-board sensors to share their environmental perception and driving intentions. As a

result, the information locally generated by each vehicle will depend on the surrounding

environment and on the transmitting vehicle dynamics, and will likely be characterized

by aperiodic patterns and variable size packets [19]. As demonstrated in the previous

Chapter, the reliable dissemination of variable size aperiodic traffic is a critical concern in

LTE-V2X SL and NR-V2X SL communications.

This Chapter intends to take a fresh look at the problem of aperiodic safety message

dissemination in LTE-V2X Mode 4, concentrating on the main traffic type that LTE-

V2X was designed to deliver, namely, Day 1 CAMs, and it proposes to harness ML to

broadcast such messages. As a matter of fact, ML has stirred an unprecedented interest

and consensus in numerous wireless settings. This major branch of artificial intelligence

is often seen as the appropriate tool to pick the lock of complex problems encountered in,

e.g., radio resource allocation and optimization; with no ambition for completeness, [70–72]

represent captivating examples in the field. The survey in [73] offers an excellent portrayal

of the recent ML applications to the specific domain of vehicular networks. However, to

the authors’ knowledge, none of the studies in the field have scouted the adoption of ML

in V2V safety communications.

Overall, this Chapter paves a new research path on LTE-V2X Mode 4, as it addresses

the question of whether ML can help in serving aperiodic traffic employing the SPS strategy

in Mode 4, given the latter is a recognized benchmark for safety communications in a

vehicular environment. The obtained results provide a largely positive answer. Mode 4 is

therefore enhanced with a ML-based algorithm to predict when CAMs will be generated

and when to reserve radio resources on the LTE time-frequency grid. In detail, the current

study proposes to interpret the aperiodic CAM sequence as a series of sub-sequences that

are periodic over a short time scale, and to rely on ML to forecast the sub-sequence length

and periodicity. Then, the idea is to tailor the SPS radio resource reservations so as to

fit the period and length of the single sub-sequence forecast by ML, reducing the amount

of additional (size or latency) reselections and unutilized reservations. Additionally, the

identification of free radio resources performed by Mode 4 is modified and made more

effective. The main outcomes are the following:

• ML achieves excellent accuracy in predicting the temporal patterns of CAMs;

• the new, ML-enhanced scheduling of resources outperforms LTE-V2X Mode 4 under

all points of view, warranting higher rates of packet delivery, fewer collisions and
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better channel utilization.

At the time of this study, the standardization of NR-V2X SL had not been finalized yet.

Nevertheless, the obtained results disclose the potential of ML for disseminating aperiodic

traffic also in NR-V2X Mode 2, as its SPS strategy has been inherited from LTE-V2X

Mode 4 with minor modifications.

The rest of this Chapter is organized as follows. Section 3.2 lists the most significant

related works and Section 3.3 discusses the generation rules of CAMs. In Section 3.4,

the new ML-based policy to accommodate aperiodic CAM traffic is illustrated in detail.

Section 3.5 presents the simulation results and the conclusions are drawn in Section 3.6.

3.2 Related Work

When the literature on CAMs is explored, it is worth recalling [74], which determined

an accurate message broadcasting threshold and broadcasting interval to avoid high rate

of unnecessary messages. In [75], a novel CAM triggering condition on winding roads

was also proposed. Moreover, the authors of [76] explored a simple mechanism to confine

the queueing delays suffered by CAMs which coexist with different traffic types. In all

of the above papers, the authors modified the generation pattern of CAM traffic. As

opposed to such contributions, the current study adheres to the ETSI standard for CAM

generation [16], and forecasts when the next CAMs will be produced; it then reserves

resources accordingly, modifying LTE-V2X Mode 4 scheduling in a very effective manner.

In analogy to the present study, [77] and [78] investigated the issue of radio resource

assignment in vehicular networks. In [77], CAMs were compressed to reduce the channel

load; yet, the authors themselves evidenced that compressing and decompressing is time-

consuming. In [78], the SPS strategy was tuned to serve different packet sizes. However,

it has to be observed that the size of CAMs is not known a priori and can vastly vary,

which in practice prohibits the adoption of the solution in [78].

On a different rim, [79] and [80] considered message delivery for cooperative awareness,

but focused on Carrier Sense Multiple Access/Collision Avoidance (CSMA/CA), the access

strategy adopted in the MAC sublayer of 802.11p. Namely, [79] considered a simplified,

periodic model for CAM traffic and leveraged on full-duplex transceivers; [80] highlighted

the impact of realistic mobility patterns on 802.11p operation.

Additional references are [81–84]: the authors of [81] examined LTE-V2X Mode 3,

hence the scenario where the eNB controls the allocation of resources to V2V communi-

cations; the authors of [82] investigated a centralized multicast/broadcast approach too.

Conversely, the ML-based solution proposed in this Chapter is totally decentralized, as

LTE-V2X Mode 4 mandates. The study in [83] faced the design of V2V communications

and employed the sub-6 GHz band exclusively for the control plane, whereas the data plane

was positioned at mmWave frequencies. Similarly to [83], [84] considered mmWave com-

munications and allowed for multi-hop transmissions among vehicles. On the contrary, the

97



current investigation is sub-6 GHz centered and concentrates on single-hop transmissions,

adhering to the standard for cellular V2V communications.

3.3 ETSI-Generated CAM Sequences

When initially investigating LTE-V2X performance, CAM occurrences were modeled as

periodic packets, a choice that perfectly suits the SPS strategy in both LTE-V2X Mode

4 and NR-V2X Mode 2. However, the standard algorithm for the generation of CAMs

released by ETSI [16] indicates that the inter-arrival time between consecutive messages,

TCAM , is variable. Its duration strongly depends on the vehicle dynamics: if the vehi-

cle modifies its trajectory, if its speed or acceleration/deceleration are sufficiently high,

then TCAM shortens and CAMs become more frequent. Further details about the ETSI

algorithm that rules the CAMs generation have been reported in Subsection 1.5.1.

Moreover, ETSI details the mandatory and optional fields in a CAM, allowing for

variable size messages [16]. The rules of the standard therefore lead to CAM traffic which

in most of the cases exhibits aperiodic inter-arrival times and variable message sizes. The

last remark is well documented by the numerical results that we presented in [13] and by

the experimental survey in [14], which offers an analysis of CAMs collected during actual

test-drives. The study reveals that TCAM often changes from one message to the next,

that its distribution is very diverse, and heavily dependent on the drive scenario (urban,

suburban, or highway). Similar conclusions hold for the size variability of CAMs. The

correlation between CAM inter-arrival times and the vehicle behavior is exemplified in

Fig. 3.1, where the temporal sequence of TCAM values, i.e., a CAM trace, and the vehicle

speed are reported as a function of the TCAM sample index. These patterns refer to a

vehicle moving along a straight trajectory, that initially decelerates until a complete stop

at TCAM index equal to 4, and accelerates again from TCAM index equal to 23, causing

TCAM to accordingly vary. Fig. 3.1 shows that when the vehicle decelerates (accelerates)

Figure 3.1: Correlation between vehicular speed and TCAM .
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in the first (last) portion of the CAM trace, CAMs are more frequently issued. On the

other hand, TCAM settles at 1000 ms when the vehicle stops, in the central portion of

the trace. Here, variations in heading, position, or speed are not sufficiently large for

generating a CAM before the timeout condition, TGenCamMax = 1000 ms, occurs. Such

a simple, yet exemplary instance is extracted from a wider measurement campaign we

performed in different settings [13].

The strong correlation between CAM inter-arrival times and vehicle dynamics suggests

that the adoption of ML can be beneficial to predict the temporal evolution of CAM

sequences and in turn, lead to an effective reservation policy of radio resources. Indeed,

a carefully chosen set of input features, that the vehicle locally retrieves, can be used to

feed an ML algorithm, producing the desired outcome, i.e., when next CAMs are likely to

occur. The following Section will therefore illustrate a novel approach to deliver aperiodic

CAMs, removing the intrinsic inefficiencies that plague the original SPS strategy.

3.4 The Predictive Reservation Framework

Subsection 2.4.1 highlighted the mismatch between aperiodic traffic and the periodic reser-

vation of resources employed by the SPS strategy, causing the undesired phenomena of

latency reselections and unutilized reservations. Moreover, Section 3.3 dwelled on the

aperiodicity of actual CAM sequences, suggesting that their temporal evolution can be

successfully predicted.

The key proposal of this paper is therefore the following: adopt ML to forecast what

the next TCAM value will be, and how many occurrences of it will appear. Next, exploit

ML prediction to set: (i) the resource reservation interval RRI; (ii) the reselection counter

Cresel , whose value is no longer randomly chosen, rather, it exactly matches the number

of occurrences forecast by ML.

Additionally, the current study significantly intervenes in the list creation phase of the

original SPS strategy. As better explained in the next subsection, it builds a more reliable

list of available candidate resources than the one produced by the legacy SPS.

3.4.1 Modified SPS Implementation

In our proposed solution, resources are drawn from list L1, as opposed to list L2. As a

matter of fact, in the presence of aperiodic traffic, L2 is not as meaningful as when vehicles

periodically generate packets. It is not a case that NR-V2X Mode 2 no longer uses L2 (see

Subsection 1.4.2.2). Moreover, our proposal sets the selection window width to 100 ms,

the minimum CAM inter-arrival time, to avoid broadcasting out-of-sequence messages. To

better understand the last statement, recall that CAM inter-arrival times can take on any

value in the [100, 200, . . . , 1000] ms set; hence, if the selection window W is wider than

100 ms, the (j + 1)-th CAM might be transmitted before the j-th, an event that has to

be prevented.
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An additional and meaningful modification concerns the list creation phase of the

original SPS strategy. Given the CAM selection window W is 100 ms wide and that the

RRI is dynamically determined via ML, RRI ∈ [100, 200, . . . , 1000], observe that not all

ongoing reservations fall within W and are spotted by the ego-vehicle. It follows that the

original list creation mechanism loses effectiveness, increasing the risk of packet collisions.

For this reason, we propose a new look-ahead version of the SPS strategy. This SPS

reworking requires that the SCI also includes the current Cresel value, in addition to the

RRI. It is a minimal modification with respect to the legacy SCI format, necessitating

very few bits. Yet, it remarkably extends the collision-avoidance capability of the original

SPS strategy, as the numerical results will show.

As a matter of fact, if the ego-vehicle exploits the Cresel knowledge, it can detect po-

tential collisions for any possible combination of the RRIs used by itself and by its neigh-

bors. To further clarify such enhanced capability of identifying collisions, Figs. 3.2(a)-(c)

exemplify the SPS strategy operation in three different scenarios. In these figures, the

candidate resources examined by the ego-vehicle are represented in green, the subchannels

in use by the generic neighboring vehicle are indicated in red, and the selection window

in yellow. Furthermore, RRITX indicates the RRI adopted by the ego-vehicle, whereas

RRIRX represents the RRI of the generic nearby vehicle, heard by the ego-vehicle in the

SCI it receives. In Fig. 3.2(a), the candidate resource examined by the ego-vehicle is

immediately excluded, as it coincides with the reservation placed by the nearby vehicle

inside the selection window. The collision is avoided in the case exemplified in Fig. 3.2(b)

too, as the ego-vehicle also verifies if any of its future reservations outside of the selection

window coincides with the very next resource reserved by the nearby vehicle. Fig. 3.2(c)

portrays an instance where the reservation heard by the ego-vehicle is not included within
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Figure 3.2: SPS detection of potential collisions for different RRITX and RRIRX settings.
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its selection window and RRIRX is lower than RRITX . In this case, the original SPS

strategy cannot detect the future collision, as the ego-vehicle is exclusively aware of the

first reservation from the neighboring vehicle, after RRIRX ms, and therefore does not

exclude the examined resource. Here, the future collision would be spotted only if the ego-

vehicle additionally knew the remaining number of ongoing reservations, i.e., the current

Cresel value of the nearby vehicle, in addition to the periodicity of ongoing transmissions.

Our look-ahead version of the SPS strategy proposes to exploit the Cresel knowledge and

performs this further check. Therefore, it creates a smaller, yet more reliable L1 list,

detecting and avoiding all the potential collisions exemplified in Figs. 3.2(a)-(c).

3.4.2 Machine Learning to Predict CAM Sequences

When the proposed ML-based strategy is employed, the first step that the resource re-

selection mechanism accomplishes is to forecast through ML the very next TCAM value,

as well as the length of the next sequence of identical TCAM inter-arrival times. To do

so, ML explores a large set of CAM traces to identify correlation patterns between a set

of dedicated input features and the CAM traces. Then, such knowledge is leveraged to

anticipate future CAM inter-arrival times [85]. In this study, the set of input features

taken into account are:

• trajectory, current speed, and position of the ego-vehicle;

• current speed and position of the vehicle immediately preceding the ego-vehicle.

We choose to predict the next CAM inter-arrival time through the k-Nearest Neighbors

(KNN) ML algorithm, an instance-based learning technique used for both regression and

Algorithm 1: predictive reservation

Input : KNN input features
Output: RRI, Cresel

i = 1;
TCAMi = Predict (Input features, i);
RRI = TCAMi ;
Cresel = 1;
while i ≤ N do

i = i+ 1;
TCAMi = Predict (Input features, i);
if TCAMi = RRI then

Cresel = Cresel + 1;
else

break;
end

end
if Cresel > 3 then

Cresel = random[3, Cresel ]
end
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classification problems. KNN simply stores the training data without attempting to infer

a general structure out of them. Moreover, KNN is inherently designed for multi-class

problems and its classification consists in assigning the input features the most common

label, i.e., the next predicted TCAM value, among the k nearest neighbors. The second

action of the ego-vehicle is to dynamically set the (RRI, Cresel ) pair employed by the SPS

strategy in accordance to the ML forecast.

In greater detail, whenever the SPS strategy triggers a resource reselection, Algorithm 1

is invoked. The algorithm exploits KNN to predict the very next TCAM value, TCAM1 , and

sets RRI equal to it, i.e., RRI = TCAM1 , while Cresel is initially set equal to 1. Then, as long

as the next predicted inter-arrival time TCAM i+1 coincides with the previous TCAM i , the

algorithm keeps incrementing the estimate of the reselection counter Cresel . Furthermore,

when KNN outcome indicates that more than 3 consecutive CAM inter-arrival times will

display the same value, the actual reselection counter value is randomly selected within the

[cntrmin, cntrmax] interval, where cntrmin = 3 and cntrmax is the current Cresel estimate.

This expedient avoids repeated packet collisions on resources reserved by different vehicles,

a circumstance that might occur when vehicles generate CAMs with the same periodicity,

e.g., in a congested intersection. The output of Algorithm 1 is finally used to set RRI

and the reselection counter Cresel that indicates how many times the selected resource is

reserved. Note that there is a maximum allowed value for Cresel , indicated byN . Moreover,

observe that inequality Cresel ≥ 1 reveals that at least one reservation has to be placed.

Resource reselection

Look-ahead
list creation

Collect ML
input features

Algorithm 1:
predictive reservation

Resource Selection and Reservation

Transmit for Cresel times

Figure 3.3: Flowchart showing the proposed KNN-look ahead solution.
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The overall flowchart of the proposed solution, termed KNN-look ahead from now

onward, is reported in Fig. 3.3.

3.5 Numerical Results

3.5.1 PHY and MAC Layer Configuration

As regards the PHY layer and the MAC sublayer, this study relies on MoReV2X simulator.

Vehicles have been configured to transmit their messages over a 10 MHz wide channel

located in the 5.9 GHz ITS band, with 15 kHz subcarrier spacing. The 10 MHz channel

is divided into 4 subchannels that consist of 12 RBs each, assuming adjacent transmission

of the TB and of its associated SCI. The size of CAMs, indicated by X, is fixed to

either 190 or 470 bytes, which are the smallest and the largest statistically relevant sizes

reported in [14]. Vehicles transmit their packets using QPSK modulation with 0.7 code

rate, therefore mapping the 190 and 470 byte-long packets into 1 and 2 subchannels,

respectively. The transmission power is set to 23 dBm and the receiver sensitivity to -90.4

dBm. As in [56], the RSRP threshold is -140 dBm.

3.5.2 Outcomes

3.5.2.1 Suburban setting

The first set of results refer to some outskirts of the Italian city of Modena, that we classify

as a suburban setting example. Here, microscopic vehicular mobility has been simulated

through SUMO [20]. The examined road topology is reported in Fig. 3.4 and it has been

imported in SUMO using Open Street Map (OSM) [86]. The area is approximately 2.5

km wide and 3 km long. Vehicles have been randomly generated at the area edges and

have been assigned random trajectories that traverse the entire topology. The average

Figure 3.4: The examined suburban road topology.
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vehicular density is 42 vehicles/km and the vehicles speed varies in the [50, 100] km/h

interval, depending on traffic conditions and on the vehicle speedFactor. The speedFactor

is a SUMO parameter that defines the maximum velocity of each vehicle as a function of

the lane speed limits.
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(c) TCAM10

Figure 3.5: Confusion matrix for the prediction of the TCAMi
values.

We have additionally developed a set of custom tools based on the SUMO Traffic

Control Interface (TraCI) [87], to extract the elements that characterize the behavior of

every vehicle, namely, heading, position, and speed; the periodicity for their collection was

coincident with TGenCamMin = 100 ms. They have allowed us to generate CAM messages

in accordance with the rules set by the ETSI algorithm recalled in Sec. 3.3. For every

car, we also recorded the position and speed of the preceding vehicle, to complete the set

of input features used by ML. As requested by Algorithm 1, these features fed a real-time

implementation of the KNN algorithm, to predict the longest sequence of TCAM values

with the same periodicity. The number k of KNN nearest neighbors was taken equal to 3.

The dataset of CAM traces was collected from a total of 6800 vehicles during 20

minutes of SUMO simulation. The least represented TCAM values in the dataset were
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oversampled using the Synthetic Minority Oversampling TEchnique (SMOTE) [88]. All

input features were further normalized using min-max normalization, i.e., their range of

values was re-scaled between 0 and 1. The training set and the test set were generated

employing a 70-30 split ratio.

First, Figs. 3.5(a)-(c) delve into the ability of the KNN algorithm to predict the

upcoming sequence of CAM messages, reporting the confusion matrix for three different

values of the TCAM index i, i = 1, 5, and 10. The confusion matrix is a two-dimensional

matrix indexed with the true and predicted class labels, and it is commonly used to

visualize the performance of an algorithm. Fig. 3.5(a) reports the confusion matrix of

KNN for i = 1, that is, when KNN forecasts next TCAM value. Figs. 3.5(b) and (c) show

the confusion matrix when KNN predicts the fifth (i = 5) and the tenth (i = 10) TCAM

value, respectively. These figures reveal that KNN is able to accurately forecast TCAM 1

value, and that the degradation in predicting TCAM5 and TCAM10 values is modest.

The quality of the prediction outcomes is further highlighted by Fig. 3.6, which reports

the accuracy and the macro-F1 score of KNN as a function of i, i = 1, 2, . . . , N , with N =

10. For a given TCAM index i, the accuracy measures the fraction of correctly predicted

TCAM values over the total number of samples, and the macro-F1 score is evaluated as

the mean of class-wise F1-scores. The F1-score is a common ML metric that combines

precision and recall [85]. As could have been expected, KNN performance deteriorates

for larger values of i, as the CAM inter-arrival time to be forecast is increasingly distant

in time. However, both indicators settle on fairly high levels, greater than 0.9, even for

i = 10.

Figure 3.6: Accuracy and macro-F1 score as a function of the TCAM index.

In the next set of figures, the focus shifts to the performance of the proposed KNN-look

ahead solution. First, Fig. 3.7 shows the PLR as a function of the distance D between

the transmitting and the receiving vehicle. Solid lines refer to X = 470, dashed lines

to X = 190 bytes. Recall that the PLR measures the fraction of packets that were lost

because of scarce propagation conditions over the total; as a matter of fact, these curves

do not depend on the resource assignment strategy but are exclusively determined by the

PHY layer choices and by the CAM size. So, when the radio propagation environment
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Figure 3.7: PLR as a function of the Tx-Rx distance D.

is more hostile (e.g., greater D values) and the CAM size is longer, the PLR increases.

Recall that larger CAMs are transmitted over a wider bandwidth and experience a larger

amount of noise at the receiver. For these curves, as well as for the results shown next, a

proper number of simulations has been executed to obtain sufficiently tight 95% confidence

intervals. To avoid border effects, the results have been collected only from the central

area of the setting; this corresponds to the green-shaded area in Fig. 3.4.

In the following figures, the proposed approach is confronted against the original SPS

strategy with RRI = TGenCamMin = 100 ms; the latter is a convenient setting, as it

guarantees that CAMs gain access to the channel without generating any latency rese-

lections (minimum RRI strategy). Adhering to the standard, our SPS implementation

randomly chooses the actual Cresel value in the [5, 15] range. In accordance with [59],

we set P = 0. According to it, vehicles select new transmission resources every time the

reselection counter expires.

To quantify how effective the KNN choice is within the ML domain, the Ground Truth

(GT) benchmark is considered: this benchmark exploits the a priori knowledge of the

(a) CAM size X = 190 bytes. (b) CAM size X = 470 bytes.

Figure 3.8: PRR as a function of the Tx-Rx distance D, suburban scenario.
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CAM sequences to assign radio resources and place reservations that perfectly match the

actual CAM sequences.

Figs. 3.8(a) and (b) report the PRR curves for the original SPS strategy with RRI =

100 ms, the curves obtained when the KNN-look ahead proposal is adopted, as well as

the PRR values corresponding to the ideal GT benchmark. When the CAM size is 190

bytes, Fig. 3.8(a) indicates that our proposal guarantees an attractive improvement, and

Fig. 3.8(b) reveals that the gain becomes significant when a larger size (X = 470 bytes) is

considered, that is, when the load on the radio channel increases. Both figures also reveal

that the KNN-look ahead approach attains a performance that is very close to the GT

benchmark, i.e., to the ideal performance.

Figs. 3.9(a) and (b) quantify the effects that different mechanisms for the creation of

the L1 list have on the KNN resource selection process, hence on PRR. In both figures, the

lowest PRR curve refers to the solution that relies on the original L1 list; the intermediate

curve refers to the alternative where the L1 creation additionally concentrates on perspec-

tive collisions that might occur outside of the selection window W without exploiting the

knowledge of Cresel ; the third, upper curve, to the proposed KNN look-ahead solution.

These two figures indicate that the design choices summoned in our proposal consistently

lead to the best-performing approach.

(a) CAM size X = 190 bytes. (b) CAM size X = 470 bytes.

Figure 3.9: PRR comparison for different L1 lists, suburban scenario.

Figs. 3.10(a) and (b) offer a further insight, displaying the CLR curves for the same

choice of parameters as in Figs. 3.8(a) and (b). Coherently, the proposed KNN-look

ahead strategy displays the lowest CLR values. These figures additionally reveal that

the CLR values of the GT benchmark are not zero for all D values. The existence of

a CLR “floor” is justified by observing that, even if every vehicle were able to perfectly

forecast its CAM transmission requirements over time and select resources accordingly, its

selection could nevertheless coincide with the choice performed by other vehicles due to the

overlap between selection windows. As highlighted in Subsection 2.4.1, this phenomenon is

intrinsic to the distributed nature of the channel access mechanism and cannot be further
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(a) CAM size X = 190 bytes. (b) CAM size X = 470 bytes.

Figure 3.10: CLR as a function of D, suburban scenario.

Table 3.1: Suburban scenario: URR, LRR and CRR metrics.

URR LRR CRR

SPS, RRI = 100 ms 0.61 0.0 0.18

KNN-look ahead 0.12 0.10 0.22

Ground Truth 0.0 0.0 0.34

reduced, unless a total redesign of the radio access technique is undertaken.

The effectiveness of the KNN-look ahead approach is further evidenced by the values

provided in Table 3.1, where the LRR and the URR of the proposed solution are compared

against the values of these ratios for the original SPS strategy with RRI = 100 ms and for

the GT benchmark.

The table shows that SPS with RRI = 100 ms guarantees no latency reselections, as

it respects the most stringent delay requirement, but the URR climbs to 0.61. At the

other end of the scale, the GT benchmark perfectly eliminates unutilized reservations and

reselections. The proposed solution lies in between, being able to significantly reduce the

URR from 0.61 to 0.12. However, this improvement is achieved at the expense of a non-zero

fraction of latency reselections. It is worth noting that, as long as they are not prevalent,

latency reselections do not have the same negative impact on communication reliability

as unutilized reservations. For the sake of completeness, the CRR is also reported in the

last column of the table: as expected, its value increases for the proposed solution and

even more for the GT benchmark, as reselections become more frequent to track TCAM

variability.

Next, Fig. 3.11 reports the Probability Mass Function (PMF) of the TCAM values

observed in the suburban scenario. It is interesting to note that the PMF mainly concen-

trates around two values, 200 ms and 300 ms. As they are not integer multiples, the SPS

strategy with RRI set equal to 100 ms is not very effective in detecting potential collisions.

This explains why we observed fairly low PRR values for it.
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Figure 3.11: TCAM PMF, suburban scenario.

Given the a posteriori knowledge that the PMF reported in Fig. 3.11 provides, Fig.

3.12 shows the PRR attained by the legacy SPS strategy when its reservation periodicity

RRI is set so as to match the first or the second most frequently observed TCAM value; that

is, RRI = 300 ms and RRI = 200 ms. Such PRR values are further confronted against the

baseline performance provided by SPS with RRI = 100 ms, and against the performance

that the proposed KNN-based look ahead solution attains. Tuning the reservation period-

icity improves the PRR of the legacy SPS strategy: unfortunately, the most proper RRI

selection would be possible only if the TCAM PMF were a priori known. Instead, KNN –

or any alternative ML choice – does not necessitate such knowledge and yet, provides far

higher PRR levels.

Figure 3.12: PRR comparison of the proposed KNN-look ahead approach against SPS with
three different RRI settings, suburban scenario.

To further complete the assessment picture, Table 3.2 reports the CBR levels observed

in the suburban scenario. The CBR of the generic vehicle has been computed every 0.2

seconds, the values have been time-averaged over the central portion of the simulation

time and finally averaged over all vehicles. The RSSI threshold to discriminate between

a busy and an idle channel is set to a value 0.5 dB greater than the receiver sensitivity

level, therefore to -89.9 dBm. The CBR values reported in Table 3.2 reveal the magnitude
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of the channel load increase due to a larger packet size. Moreover, the CBR is not only

useful for assessing the amount of traffic insisting on the communication channel. Given

a specific setting, the CBR also reflects the effectiveness of the adopted access strategy:

a more accurate scheduling mechanism maximizes the use of the available transmission

resources, resulting in larger CBR values. This is the case encountered here, where the

KNN-look ahead approach achieves higher CBR values than the SPS strategy with 100

ms.

Table 3.2: Suburban scenario: CBR values.

X = 190 X = 470

SPS, RRI = 100 ms 0.24 0.4

KNN-look ahead 0.26 0.46

Ground Truth 0.27 0.47

Figs. 3.13(a) and (b) show the PIR CDF when D = 520 m, for the GT benchmark,

for the proposed KNN-look ahead solution, and for the legacy SPS. When X = 470 bytes,

Fig. 3.13(b) indicates that the probability of observing PIR values lower than 200 ms and

300 ms, the two most frequent TCAM values, is 0.74 and 0.90 for the KNN-look ahead

solution. This is an improvement with respect to the values of the original SPS strategy,

equal to 0.70 and 0.84, respectively. Moreover, the discrete nature of the TCAM values in

the [100, 1000] ms range reflects in the step behavior of the PIR CDF.

(a) CAM size X = 190 bytes. (b) CAM size X = 470 bytes.

Figure 3.13: PIR CDF, suburban scenario.

3.5.2.2 Highway setting

We also considered a second setting, termed highway, represented by a 5 km-long highway

trunk, where six 4-meter wide lanes are deployed. Adhering to the specifications in [5],

the vehicles’ speed is 70 km/h and the vehicular density is 120 vehicles/km. For these

numerical choices, Fig. 3.14 compares the PRR of the proposed KNN-look ahead solution

to the PRR of the SPS strategy with RRI = 100 ms, and to the GT upper bound, for the
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Figure 3.14: PRR as a function of D, highway scenario, CAM size X = 470 bytes.

most demanding CAM size X = 470 bytes. The figure shows that the KNN-look ahead

approach leads to a remarkable improvement in the PRR performance with respect to the

original SPS scheme, achieving PRR levels very close to the GT benchmark. It is however

known that SUMO reveals some limits in the highway set-up: the constant speed and

the nearly straight vehicular trajectories lead to an almost constant CAM inter-arrival

time, TCAM = 300 ms. The same behavior was observed when the vehicular speed varies

within the [70, 140] km/h range: here too, TCAM is nearly constant and equal to 200 ms.

We have overcome this simulation hurdle by employing one of the empirical models for

the generation of CAM messages that were proposed in [47]. These models are derived

from real-world traces of CAM traffic collected on a highway trunk [14], for different im-

plementations of the ETSI algorithm by two Original Equipment Manufacturers (OEMs),

Volkswagen and Renault. They consist of m-th order Markov sources that model: (i) CAM

size and TCAM variability; (ii) CAM size variability only; (iii) TCAM variability only. We

(a) PRR. (b) CLR.

Figure 3.15: PRR and CLR as a function of D, highway scenario, CAM trace Markov model.

adopted the model that seizes CAM temporal variability, drawn from the Volkswagen

CAM traces, setting m = 5. For this model, the average TCAM value is 330 ms, close to
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Table 3.3: Highway scenario: CBR values.

X = 190 X = 470

SPS, RRI = 100 ms 0.34 0.49

Ground Truth 0.39 0.61

the constant TCAM value characterizing the SUMO implementation at 70 km/h constant

speed. With the help of this analytical tool, we associated every vehicle with a specific

CAM trace. Unfortunately, such empirical models have no notion of vehicle dynamics,

so they do not provide the input features the KNN algorithm requires. Nonetheless, the

reproduction of highway CAM traces allows to determine the GT performance, and there-

fore to assess the maximum improvement that ML can potentially achieve. In this respect,

Fig. 3.15(a) concentrates on the PRR performance considering two different packet sizes,

X = 190 bytes and X = 470 bytes. Adopting the same choice of colors and markers of

Figs. 3.8(a)-(b), the black curves correspond to the original SPS implementation with

RRI = 100 ms, whereas the red curves refer to the GT benchmark, identifying the PRR

upper bound. The significant improvement achieved by the GT solution with respect to

the legacy SPS strategy is evident and becomes remarkable when X = 470 is considered.

The original SPS performance drops below 0.6 when D ≥ 450 m, whereas the GT sets

at PRR = 0.85. Fig. 3.15(b) is the counterpart of Fig. 3.15(a) on the (CLR, D) plane.

This figure further highlights the enhanced collision-avoidance capability of the ML-based

strategy with respect to the standard-compliant solution, that increases for increasing

packet sizes.

Its superiority is substantiated by the CBR values reported in Table 3.3. The first

column of the Table refers to X = 190 bytes: the CBR increases from 0.34 to 0.39 when

moving from the SPS strategy with RRI = 100 ms to the GT benchmark. Likewise, the

CBR rises from 0.49 to 0.61 in the second column that refers to X = 470 bytes, once more

highlighting the significant impact of TCAM predictions on the selection of collision-free

resources.

Figure 3.16: TCAM PMF, highway scenario.
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The PMF of the TCAM samples generated in the highway scenario is shown in Fig.

3.16. As in the suburban setting, the PMF mainly condenses around two values, 200 ms

and 400 ms. Finally, Fig. 3.17 reports the PIR CDF when D = 520 m and X = 470

bytes. Here too, the GT benchmark provides an upper bound to the PIR achievable per-

formance, highlighting the maximum amount of improvement with respect to the original

SPS reservation strategy.

It is worth observing that the implementation of the proposed approach on an actual

vehicle is feasible, as the input features that KNN employs can be easily retrieved. The

ego-vehicle position can be obtained via the GNSS, its speed can be measured by in-vehicle

sensors, and the use of onboard LIDARs and RADARs can offer accurate estimates of the

position and speed of the preceding vehicle. The vehicle trajectory prediction is a widely

investigated topic in the industrial and the academic world, and algorithms like the one

reported in [89] can estimate the ego-vehicle trajectory in an accurate manner.

Figure 3.17: PIR CDF, CAM size X = 470 bytes, highway scenario.

3.6 Conclusions and Future Work

This Chapter has put forth an ML-based solution termed KNN-look ahead to distribute

aperiodic CAMs to vehicles. The proposed approach relies on a limited set of features to

forecast future CAM inter-arrival times and allows vehicles to optimize the selection and

the reservation of the available radio resources. As regards the introduction of ML, we

showed that a simple technique such as KNN is able to significantly mitigate the impact

of size reselections, latency reselections, and unutilized reservations on the SPS strategy

operation. Simulation results have demonstrated that the proposed ML-based solution

achieves an excellent performance, consistently outperforming the legacy LTE-V2X Mode

4 approach.

Although the obtained results concentrate on LTE-V2X Mode 4, they disclose the

potential of ML for disseminating realistic, and aperiodic, traffic patterns employing the

SPS strategy also in NR-V2X Mode 2. Moreover, we believe that AI techniques can be

leveraged by vehicles to adapt the MAC sublayer parameters not only to CAM traffic, but
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also to beyond Day 1 traffic sources like Cooperative Perception Messages (CPMs) and

Maneuver Coordination Messages (MCMs).
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Chapter 4

Awareness Messages by VRUs and

Vehicles: Field Tests via LTE-V2X

As of today, significant research efforts have been devoted to the development and enhance-

ment of direct V2V communications to support the deployment of new use cases able to

increase traffic safety and efficiency while reducing emissions and fuel consumption.

However, vehicles are not the only type of road occupants. A variety of users swarm

on modern roads, experiencing heterogeneous safety levels. Occupants of vehicles travel in

a more protected manner; pedestrians, bikes, and more generally, VRUs are by far more

exposed to road accidents. Although the most advanced societies witness an increased

sensitivity to sustainable mobility and healthy lifestyles, thus encouraging walking and

cycling, the attention to VRUs and the efficacy of the solutions to protect them has not

proceeded with the same impetus.

To this end, ETSI has recently formalized the dissemination of awareness messages

also for VRUs [17]. Like CAMs, VRU Awareness Messages (VAMs) include basic informa-

tion such as the position, speed, heading, and type of the transmitting VRU. Awareness

messages are broadcasted by VRUs to grant vehicles more time to react to unexpected

situations, thus representing the fundamental elements to build safety-related applications.

4.1 Research Motivation and Main Contribution

This Chapter presents the findings of a measurement campaign that involved bicycles,

e-scooters, motorbikes, and cars, conducted to provide a broad view of the messages gen-

erated by different road user categories, assuming they are all connected and therefore able

to transmit and receive. LTE-V2X SL modules for direct communications, requiring no

support from the cellular infrastructure, were employed. The ETSI algorithms formalized

in [16] and [17] were implemented in the firmware of the boards, to broadcast CAMs and

VAMs with the proper timing.

First, VRUs in an urban environment were considered: the PMF of the time between

the generation of consecutive VAMs was experimentally determined, and the various causes
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that trigger the transmission of such messages were identified for bicycles and e-scooters.

The investigation was performed employing the VAM generation rules recommended by

ETSI in [17]. The analysis revealed that many VAMs were originated under non-relevant

conditions; this urged for the proposal of an alternative. The intent was to avoid generating

too many VAMs, that excessively clutter the radio channel, without missing relevant

information about the VRU movements. For motorbikes, the same characterization was

offered about CAMs, determining the temporal features of the messages broadcasted by

this category of road users.

Next, field tests were performed for cars traveling in urban, suburban, and highway

scenarios, and here too, the generation times of CAMs were critically analyzed. Lastly, the

PRR of a car receiving VAMs broadcasted by a bicycle was evaluated in an urban area,

as well as the PRR experienced by V2V communications in all of the above mentioned

settings.

The most relevant contributions this Chapter provides can be summarized as follows:

• for the first time, awareness messages generated by VRUs (bicycle, e-scooter, mo-

torbike) were analyzed in an urban environment, highlighting their peculiarities as

opposed to CAMs broadcasted by vehicles;

• an adjustment to reduce the unnecessarily high generation rate of VAMs was pro-

posed and proved successful;

• the PRR of VAMs received by a vehicle was determined, employing LTE-V2X pro-

totype boards;

• for CAMs, the different causes of CAMs issued by vehicles were disclosed in the

urban, suburban, and highway environments;

• the PRR of CAMs received by cars with LTE-V2X boards was evaluated in the

above scenarios, revealing more pessimistic results than in controlled field tests.

The rest of the Chapter is organized as follows: Section 4.2 positions the current work

in literature. Section 4.3 introduces the definition of VRU and illustrates the rules to follow

when VRUs generate awareness messages. The commonalities and differences from CAMs

are also highlighted. Section 4.4 details the measurement campaign that broadcasted and

collected VAMs and CAMs in various settings, and critically analyzes the data provided

by the field tests. Section 4.5 draws the conclusions.

Differently with respect to the simulation studies presented in Chapter 2, the present

study undertakes an experimental approach, which examines the transmission of aware-

ness messages via LTE-V2X SL. The investigation zooms into the generation process of

VAMs and CAMs, and dissects their causes, demonstrating that they largely vary, de-

pending on the type of road user (bicycle, e-scooter, motorbike, vehicle) and the examined

scenario. Furthermore, the work evaluates the PRR performance of LTE-V2X SL when

employed for direct communications between a bicycle transmitting VAMs and a car in

116



the urban setting, as well as its performance when broadcasting CAMs via direct V2V

communications in urban, suburban, and highway settings. Finally, the entire dataset

collected during the field tests this thesis is made available to the scientific community;

unlike car manufacturers, which reluctantly provide their measurements and only disclose

their final outcomes, we offer the scientific community both.

4.2 Related Work

Some of the papers that recently focused on VRUs are [90] through [91]. The authors

of [90] offered a map-based and data-driven analysis of accident black spots, identified

the circumstances that led to accidents, and listed the most effective countermeasures.

Similarly, [92], [93] and [94] dealt with the motion prediction of VRUs; while [92] offered

a survey on the main techniques available for this task, [93] and [94] focused on arti-

ficial intelligence techniques to predict trajectories and detect VRUs, respectively. The

study in [95] presented a methodology that enables the inclusion of connected VRUs in

the VEINS simulator. Considering contributions based on real tests, on one hand, [96]

analyzed the specific problem of a heavy goods vehicle equipped with ultrasonic sensors

to measure the motion of a cyclist driving close to it; on the other hand, [97] proposed

a warning alarm system based on the standard sensors available in the VRUs drivers’

smartphones. Differently from the current study, all of these papers had no notion of

VAMs. In [98], it was demonstrated that VAM adoption enables the early triggering of

the Forward Collision Warning (FCW) system in the vehicle, and a simulation study was

developed to quantify its beneficial effects in a pre-built Euro NCAP scenario. The focus

was on the FCW improvement, whereas VAM details and dynamics were neglected. Co-

operative perception was explored in [99] and [100], which investigated how to improve the

safety of connected and automated vehicles, increasing their awareness of VRUs. The for-

mer work considered vehicles equipped with IEEE 802.11p-based devices, communicating

with intelligent roadside units. VRUs and the ITS-G5 standard were examined in [91] too;

by simulation, the paper found that not-connected vehicles could only perceive a small

number of relevant persons, while cooperative perception was able to significantly increase

awareness and reduce the detection delay of nearby pedestrians. These works considered

neither VRUs able to issue VAMs, nor direct communications among vehicles and VRUs.

To the authors’ knowledge, the generation of VAMs and their broadcasting, therefore,

appear as vastly uncharted territory.

Among CAM studies, [101] explored the practical limits of cooperative awareness in ve-

hicular communications. Relying upon field tests, this work gave a significant contribution;

the PRR was computed employing ITS-G5 devices, considering both V2V and Vehicle-to-

Infrastructure (V2I) transmissions. Yet, due to the time of its writing, the LTE-V2X SL

technology was not considered. More recently, [102] performed an experimental compari-

son between ITS-G5 and LTE-V2X. In this case, an assessment was performed in terms of

PRR and latency, but the focus was exclusively on highway communications. Moreover,
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in [101] and [102] CAMs were periodically issued, which is not what the ETSI standard

dictates [16]. The study published in [14] highlighted the very diverse and non-persistent

nature of the CAM messages of two different car manufacturers, both in size and trans-

mit rate. Unlike the current investigation, [14] did not explore the causes behind CAM

generation or made the collected traces publicly available. Furthermore, the breath of the

data collection was very modest, being confined to a few tens of minutes. An interesting

paper on benchmark testing of V2X technology is [103], which provided an analysis based

on cable and field tests, the latter being performed in a confined context, i.e., a field track.

LOS and NLOS range tests were accomplished; the coexistence with 802.11p and Wi-Fi

networks was also tested. The aim of [103] was to fairly compare 802.11p and LTE-V2X

in a controlled environment. On the contrary, the present study intends to experiment

with LTE-V2X SL in a real setting and to put this technology at the service of VRUs.

4.3 Vulnerable Road Users

4.3.1 VRU definition, features, and requirements

Although the most diffused road occupants are vehicles, a growing interest is currently

being reserved for those road users that either do not use a mechanical device for their

trips or utilize alternative means of transportation, less invasive than cars. Such “road

inhabitants” are classified as VRUs by the ETSI standard document [104], which the

current subsection mostly draws from. The following categories are identified:

• pedestrians;

• road workers;

• wheelchair users and prams;

• skaters;

• skateboards and segways;

• bikes and e-bikes;

• scooters;

• motorcycles;

• animals such as dogs, horses, and wild animals which present a safety risk to other

road users.

In [104], VRUs are further categorized in three groups, each with its traits: VRU

profile 1 mainly refers to pedestrians, whose behavior is often unpredictable and whose

speed range is limited; VRU profile 2 includes light vehicles, that may be equipped with

an electric engine: they move at a relatively low speed and their behavior can be more
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easily predicted than for pedestrians, yet it is still subject to random movements; VRU

profile 3 includes motorbikes, whose speed is similar to cars and that exactly like vehicles

can send CAMs when properly equipped. Every profile exhibits its own challenges: VRUs

belonging to profiles 2 and 3 are often hard to perceive from other vehicles; moreover,

profiles 1 and 2 VRUs sometimes travel in groups and do not follow road rules.

In the upcoming years, VRU safety will go through the widespread adoption of wireless

connectivity: when connected, the VRU can either have only a transmitter that broadcasts

awareness messages or a receiver for messages from other road users and roadside units,

or both.

The transmission of VRU standard messages, the so-called VAMs, is needed in the

majority of cases. To reduce the amount of load that VAMs would generate on the radio

channel at specific occurrences, for instance, at a pedestrian crossing in a metropolitan

area or at a location where a major event takes place, VRUs are grouped in a new logical

entity, termed cluster [105]. Users belonging to the same cluster may belong to the same

profile or exhibit different profiles; however, they move with similar speed or direction and

within a bounding box. Importantly, other road users are informed of the cluster presence

through a single VAM, rather than by a VAM for each VRU. It is up to the cluster head

to issue the VAM and indicate whether the cluster is homogeneous or heterogeneous; the

latter difference is particularly useful, as it offers information about the trajectory and

behavior prediction once the cluster disperses.

4.3.2 VRU Awareness Messages

The current Section explains the generation rules and format of VAMs. It then shortly

elaborates on CAMs, which are much more frequently encountered in literature than

VAMs, citing the related works.

4.3.2.1 VAM Generation

The ETSI standard document [17] dictates that the minimum time elapsed between con-

secutive VAM generation events has to be equal to or larger than TGenVam , where TGenVam

falls in the interval [TGenVamMin , TGenVamMax ] = [100, 5000] ms. Furthermore, an individ-

ual VAM is generated whenever:

(i) the time elapsed since the last VAM transmission exceeds TGenVamMax ;

(ii) the absolute distance between the current VRU position and the one included in the

previous VAM exceeds ∆d = 4 m;

(iii) the absolute difference between the current VRU heading and the heading included

in the previous VAM exceeds ∆h = 4◦;

(iv) the absolute difference between the VRU current speed and the speed included in

the previous VAM exceeds ∆s = 0.5 m/s;
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(v) the difference between the currently estimated trajectory interception probability

with vehicles(s) or other VRU(s) and the trajectory interception probability with

vehicle(s) or other VRU(s) lastly reported in a VAM exceeds a threshold;

(vi) the VRU decides to join a cluster;

(vii) the VRU has determined that one or more new vehicles or other VRUs are coming

closer than the minimum safe lateral distance or the minimum safe longitudinal

distance or the minimum safe vertical distance.

The conditions for triggering the VAM generation shall be checked every TCheckVamGen ,

where TCheckVamGen ≤ TGenVamMin [17].

If the VRU is exclusively equipped with a transmitter, conditions (v) and (vii) do

not apply. Last, condition (vi) comes into play when a cluster of VRUs is considered.

Finally, redundancy mitigation techniques are enforced, to reduce the communication

load in settings where VRUs can be very numerous, respecting the constraint that the

VRU safety and awareness is not diminished. Here, the underlying ideas are: (i) to

decrease VAM frequency by a given factor when a peer system (e.g., another VRU) has

just issued a VAM while being in very similar conditions as the reference VRU in terms

of location, speed, and orientation; (ii) to skip VAM transmission in a non-drivable or

low-risk geographical area.

4.3.2.2 VAM Format

The VAM format includes the ITS Protocol Data Unit (PDU) header, generation time,

and multiple data containers, as illustrated in Fig. 4.1. The ITS PDU header adheres to

a common format that is employed for application and facility layer messages: it contains

data elements such as the identifier of the transmitting VRU and the message ID. The

message ID is used to indicate the message type, and it is set equal to 14 for VAMs.

After the header and the timestamp, the Basic Container and the High-Frequency Con-

tainer represent the first two components of the payload. According to the standard, these

are mandatory containers that shall be included in every transmitted VAM. In detail, the

Basic Container provides fundamental information about the VRU generating the aware-

ness message, such as the VRU type (e.g., pedestrian, cyclist) and its latest geographical

position. Next to the Basic Container, the High-Frequency Container has been designed to

provide fast-changing information, such as the latest heading, speed, and acceleration val-

ues that the originating VRU has retrieved. Moreover, this container may include optional

information used only by specific VRU profiles. In addition to the mandatory containers,

a VAM shall also include the Low-Frequency Container when the time elapsed since the

last VAM transmission exceeds 2000 ms. As opposed to the High-Frequency Container,

the Low-Frequency Container holds slow-changing information, like the VRU profile and

size. In this case, too, the container’s content comprises both mandatory and optional

data elements.
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Figure 4.1: VAM structure.

VAMs may also include three new containers, that are new with respect to CAMs:

the Cluster Information Container, the Cluster Operation Container, and the Motion

Prediction Container. When two or more users operate within a cluster, the cluster leader

shall include the Cluster Information Container in its transmitted VAMs. Specifically,

this container is used to disseminate basic information about the VRU cluster, such as the

cluster ID, the cluster bounding box, and the profiles of the VRUs forming the cluster.

On the other hand, the Cluster Operation Container can be included by either the cluster

leader or a cluster member. The cluster leader exploits this container to announce the

cluster breakup and indicate the conditions that triggered such an event. Conversely,

cluster members include the Cluster Operation Container in the transmitted VAMs when

they perform cluster joining or leaving procedures. Last, the Motion Prediction Container

is an optional payload component that provides information about the past and future

movements of the originating VRU. This container can include up to 40 data entries that

report the most recent activity of the VRU or predictions about its future trajectory.

As the VAM payload contains both mandatory and optional information, its size can

significantly change depending on the considered VRU profile and the specific implemen-

tation. For instance, the size of the VRU Motion Prediction Container can vary from 45

to 1180 bytes depending on the number of data entries. The ETSI standard indicates that

the VAM size lies between 40 and 1260 bytes if no or all optional containers are included,

respectively. Furthermore, VAMs are tentatively harmonized with the Personal Safety

Message (PSM) defined by SAE in [106].

Differently from VAMs, CAMs are often mentioned in scientific and technical literature,

albeit the case of messages issued by motorbikes is never taken into consideration. The

role of CAMs in enhancing road safety has been explored in various settings, e.g., see [107]

through [46].

Their generation rules and format are given in the ETSI standard document [16] and

appear in several papers, [47] [108]. For a CAM, the value of the message ID that in-

dicates the message type is 2. Moreover, the CAM generation times are ruled by the

conditions (i)-(iv) previously listed, whereas conditions (v) through (vii) apply to VAMs

only. Furthermore, TGenCamMax replaces TGenVamMax , and TGenCamMax = 1 s. It is worth
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pointing out that the ∆d, ∆h, and ∆s thresholds are fixed in the case of CAMs, and can

be adjusted when VAMs dissemination is considered. The CAM size ranges from 45 to

400 bytes, as highlighted in [77], and a further increase of some hundred bytes is due to

the introduction of security content like signatures and certificates [14]. Overall, CAMs

are less flexible in length and content than VAMs.

Instead of tackling any arbitrary CAM and VAM implementation profile, this study

concentrates on their temporal patterns and considers messages that carry basic informa-

tion, namely: the sequence number, the spatial coordinates of the originating road user,

its speed, and heading at the time of the message generation.

Figure 4.2: Quectel evaluation board used for the field measurements.

4.4 Field Tests

4.4.1 LTE-V2X Boards

The experimental results presented in this Chapter have been obtained employing the

AG15 module, manufactured by Quectel [109]. The module is built around the Qual-

comm 9150 C-V2X chipset, which is compliant with LTE-V2X Sidelink specifications and

respects the quality constraints for automotive products set by the IATF 16949 standard.

It supports Mode 4 vehicular communications in the n47 band (5855-5925 MHz). In ac-

cordance with the standard, every broadcasted VAM (and equivalently every CAM) is

encapsulated in a TB transmitted in the PSSCH. The module also features a GNSS multi-

constellation receiver that allows for positioning, speed, and heading measurements. The

supported constellations are GPS, GLONASS, BeiDou, and Galileo. The AG15 module is

mounted on the Quectel evaluation board shown in Fig. 4.2.

The board is equipped with 2 omnidirectional antennas, characterized by a 5 dBi gain.

When installed on the rooftop of cars, the antennas were connected to the board using 50

Ω RG316 coaxial cables; when used on bicycles, they were directly inserted on the board,

via SMA coaxial connectors. The transmit power and the receiver sensitivity were set to
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23 dBm and -93 dBm, respectively. Because of the attenuation due to the coaxial cables

and connectors, the emitted power was always lower than 28 dBm. Therefore, it fulfilled

the requirement set by the EU regulation [110], which states that the maximum RF output

power shall not exceed 33 dBm Equivalent Isotropically Radiated Power (EIRP) in the

n47 frequency band. The adopted MCS was 16QAM-0.5. This is a typical setting for

LTE-V2X SL communications, also employed in simulative works (see Section 2.5.1).

We custom-developed the firmware to generate CAMs and VAMs, implementing the

ETSI standard rules which determine the generation times of the awareness messages [17];

in this respect, the availability of the high sensitivity GNSS receiver was fundamental.

As indicated at the end of Subsection 4.3.2, the messages carried the essential pieces of

information needed to trigger their creation. Their size was constant and equal to 300

bytes.

4.4.2 Bicycle and E-scooter VAMs

In what follows, the VAM generation times of two different VRU types, a bicycle and an

e-scooter, are analyzed. They were obtained by a VRU equipped with the Quectel board

that recorded its GNSS output with a 10 Hz sampling frequency. Based on such output,

the VAM traces were a posteriori generated, through custom Python scripts that allow

for the setting of different threshold values in conditions (ii) through (iv). In accordance

with the GNSS sampling period, the VAM triggering conditions of Subsection 4.3.2 were

checked with a 10 Hz frequency, i.e., every TCheckVamGen = 100 ms. Note that no receiving

board is needed when measuring the time interval between consecutive CAMs and VAMs.

We only need to monitor the dynamics of the vehicle/VRU that generates the messages.

No other traffic participants broadcasting awareness messages were considered, so the case

of a VRU-Tx only equipment, according to ETSI [104], was recreated. It followed that

the VAM triggering conditions (v) and (vii) introduced in Subsection 4.3.2.1 could not

be encountered. The VAM triggering condition (vi) could not be met either, as all the

experiments involved a single VRU. Therefore, VAMs were caused either by a timeout

event, i.e., by the occurrence of condition (i), or by events related to the VRU dynamics,

i.e., by conditions (ii) through (iv).

The bicycle VAMs are analyzed first. They refer to an urban environment, namely, a

residential suburb and the downtown area of the city of Modena, Italy. The rides took

place in a propagation environment featuring no harsh urban canyons. For this setting, the

Table 4.1: Number of collected CAMs and VAMs.

Vehicle type Urban Suburban Highway

Bicycle 44543 - -

E-scooter 14437 - -

Motorbike 40308 - -

Car 18218 31222 16106
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Table 4.2: Field tests region, duration and traveled distance.

latitude in [44.575593,44.643645] longitude in [10.859186,10.989253]

Vehicle type Urban Suburban Highway

Bicycle 3 hours, 42 km - -

E-scooter 2 hours, 26 km - -

Motorbike 4.5 hours, 128 km - -

Car 2 hours, 82 km 2 hours, 131 km 1 hour, 127 km

dataset consists of 44543 VAMs, as reported in Table 4.1. The duration of the experiments

and the traveled distance are reported in Table 4.2, which also details the latitude and

longitude intervals of the area where all the tests took place.

Fig. 4.3 shows an exemplary portion of a bicycle VAM trace: TVAM , the time between

the generation of consecutive VAMs, is reported as a function of the VAM index. The

trace was obtained by setting the thresholds that trigger the VAM to ∆d = 4 m, ∆h = 4◦,

and ∆s = 0.5 m/s [17]. As expected, the minimum observed value of TVAM is 100 ms and

is coincident with TCheckVamGen . The figure reveals that the VAM trace is fairly irregular:

TVAM rarely stays constant between consecutive samples unless specific conditions are

met. An example of this is provided in the last portion of the trace, where the sample

index falls in the 610-620 interval, and TVAM stabilizes at 700-800 ms. Such behavior

is typically observed when the bicycle follows a straight trajectory at an approximately

constant speed.

Next, Fig. 4.4(a) reports the percentages of VAMs classified on the basis of the trig-

gering conditions (i) through (iv) at the end of Subsection 4.3.2, for the same choice of

thresholds as in Fig. 4.3. An additional type, labeled as “mixed”, is considered; it indi-

cates that a VAM was generated when more than one triggering condition was satisfied,

an event not excluded by the standard. Interestingly, VAMs due to heading variations are

the most frequent, accounting for 74% of the total. On the other hand, only 6.8%, 11%,

8%, and 0.2% of VAMs are generated by a speed, distance, mixed, and timeout trigger,

respectively. The 98% of VAMs classified as “mixed” also satisfies the heading condition.

Figure 4.3: Bicycle: VAM trace.
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(a) Triggers distribution. (b) PMF.

Figure 4.4: Bicycle: VAM triggers and TVAM PMF for ∆h = 4◦.

Fig. 4.4(b) completes the data analysis, displaying the PMF of TVAM , the time between

two consecutive VAMs. In this figure, the contributions to the PMF due to a variation in

the VRU speed, heading, and distance, as well as to a timeout, are separately displayed.

The figure reveals that VAMs triggered by heading variations greater than ∆h = 4◦ are

mainly observed for low TVAM values, whereas VAMs due to distance variations greater

than 4 m become predominant when TVAM falls within the 800-1300 ms range. As a matter

of fact, the average and maximum bicycle speeds that were recorded are 12.9 and 27.7

km/h; under the assumption of uniform linear motion, the first value allows to conclude

that it takes more than 1100 ms to cover a distance coincident with ∆d = 4 m. Fig. 4.4(b)

also shows that the probability of observing TVAM values in the [1400,5000] ms range is

practically zero. P (TVAM = 5000 ms) is insignificant too: this value is exclusively due to

timeouts that occur if the bicycle stands still, as might be the case for a red traffic light.

Such a situation was seldom encountered during an average bicycle ride, which explains

the negligible fraction of VAMs generated by this condition.

The second type of VRU that was analyzed is the e-scooter. As for the bicycle, we

begin our analysis considering the VAMs generated when ∆d = 4 m, ∆h = 4◦, and

∆s = 0.5 m/s. The collected dataset led to 14437 VAMs and refers to routes leading to

the downtown area of the city of Modena and to the city center. Fig. 4.5(a) shows that

(a) Triggers distribution. (b) PMF.

Figure 4.5: E-scooter: VAM triggers and TVAM PMF for ∆h = 4◦.
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57.8%, 13.9%, and 14.5% of the VAMs were generated by a heading, distance, and speed

variation, respectively. This figure also indicates that mixed triggers represent 12.3% of

the total and that the percentage of timeout triggers is negligible. A significant percentage

of mixed triggers, 94.7%, satisfies the heading condition. The PMF of TVAM is reported

in Fig. 4.5(b). As in Fig. 4.4(b), heading-triggered VAMs are mostly observed for small

TVAM values. Differently from the case of the bicycle, VAMs caused by distance variations

are mostly concentrated at TVAM = 800 and 900 ms, rather than being distributed over

a wider range. This has to be ascribed to the speed-limited e-scooter employed for the

tests, whose speed was more stable than that of the bicycle. In this setting, the recorded

average speed was 14 km/h; the maximum was 25.1 km/h. Both figures indicate that the

VAMs due to heading variations are predominant, similarly to what was observed for the

bicycle.

The significant number of VAMs due to heading variations that we observed raised the

following questions: does the ∆h = 4◦ threshold represent the most proper choice for the

examined VRUs? Or should a more carefully selected value be employed?

To help identify the correct answers, the next set of figures considers an exemplary

(a) ∆h = 4◦.

(b) ∆h = 7◦.

(c) ∆h = 10◦.

Figure 4.6: Bicycle: GNSS coordinates when heading-triggered VAMs are generated.
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(a) Triggers distribution. (b) PMF.

Figure 4.7: Bicycle: VAM triggers and TVAM PMF for ∆h = 10◦.

portion of the bicycle rides, and plots on the map the GNSS coordinates where VAMs

generated by heading variations were broadcasted. Fig. 4.6(a) refers to ∆h = 4◦ and shows

that a remarkable fraction of such VAMs is transmitted under non-relevant circumstances,

i.e., on a straight road segment. These VAMs are useless to other road traffic participants.

Figs. 4.6(b) and (c) correspond to a progressively increased value of ∆h, ∆h = 7◦ and 10◦,

respectively. The figures show that an increase of the ∆h threshold reduces the number

of heading-generated VAMs, without diminishing their effectiveness for ∆h up to 10◦. In

this case, Fig. 4.6(c) indicates that heading variations generate new VAMs only when the

VRU performs a relevant steering movement.

Figs. 4.7(a)-(b) analyze the VAMs generated when ∆h = 10◦, the values of ∆d and

∆s being unmodified. Fig. 4.7(a) quantifies the impact of the ∆h = 10◦ setting on the

percentage of each trigger type. With respect to Fig. 4.4(a), the percentage of VAMs

triggered by heading variations decreases from 74% to 26.3%, whereas the percentage of

VAMs triggered by speed and distance increases from 6.8% to 20.5%, and from 11% to

45.2%, respectively. Fig. 4.7(b) completes the analysis, reporting the PMF of the TVAM ,

where a significant reduction in heading-generated VAMs is observed, with respect to Fig.

4.4(a). As a result, the contribution of speed and distance triggers is more evident, and

(a) Triggers distribution. (b) PMF.

Figure 4.8: E-scooter: VAM triggers and TVAM PMF for ∆h = 10◦.
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the PMF profile is shifted towards larger TVAM values.

The impact of a larger ∆h threshold on the e-scooter VAMs is also analyzed in Figs.

4.8(a)-(b). Fig. 4.8(a) quantifies the impact of the ∆h = 10◦ setting on the percentages of

VAMs due to each trigger type; the reduction of heading-generated VAMs is evident from

the comparison with Fig. 4.5(a). Fig. 4.8(b) reports the PMF of TVAM , revealing that

the probabilities associated with the most populated TVAM bins (at 800 and 900 ms) are

markedly higher.

4.4.3 Vehicle and Motorcycle CAMs

The test results about the generation times of CAMs by cars and motorbikes are reported

next, for ∆d = 4 m, ∆h = 4◦, and ∆s = 0.5 m/s. Although motorcycles are classified

as VRUs [104], they transmit CAMs instead of VAMs [104]. For cars, the measurements

were performed in three different settings, namely, an urban environment, a suburban

area, and a highway. For motorbikes, the urban scenario only was examined. Cars and

motorbikes traveled among other vehicles, experiencing normal daytime traffic conditions.

The macroscopic description of the propagation environments that vehicles experienced

is the following: (i) the urban route mainly consists of large avenues surrounded by trees

and residential buildings; (ii) the suburban route is made of road portions that run close

to constructions, while other segments run through open areas; (iii) the highway route

crosses a mixed area, with cultivated fields and also industrial plants.

The car repeatedly traveled along the urban path reported in red in Fig. 4.9, where

varied traffic conditions were encountered, traffic lights forced vehicles to stop and round-

abouts slowed them down. Fig. 4.10(a) reports the percentage of the different triggering

conditions and Fig. 4.10(b) the PMF of TCAM , the time interval between two consecutive

Figure 4.9: The examined scenarios.
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(a) Triggers distribution. (b) PMF.

Figure 4.10: Car: CAM triggers and TCAM PMF, urban scenario.

(a) Triggers distribution. (b) PMF.

Figure 4.11: Motorcycle: CAM triggers and TCAM PMF, urban scenario.

CAMs. Fig. 4.10(a) indicates that distance variations greater than 4 m are the main

cause behind CAM generation in this setting; they trigger more than half of the recorded

messages. In order of decreasing weight, distance is followed by heading, speed, timeout,

and mixed. Except for the latter, the figure indicates that the other conditions have a

comparable weight. With respect to the VAMs generated by bicycles and e-scooters with

∆h = 4◦, the heading variation weighs much less, although, as visible from Fig. 4.10(b), it

still accounts for the majority of triggering conditions when TCAM = 100 ms and 200 ms.

Moreover, CAMs due to distance variations greater than 4 m are generated with a lower

TCAM . This is due to the higher speeds of the vehicle: we recorded 29.7 km/h for the aver-

age and 71.9 km/h for the maximum. The other relevant difference with respect to VAMs

pertains to the timeouts, nearly absent in all results presented in Section 4.4.2. Here, they

account for 12.5% of the triggering conditions, the totality of them corresponding to a

TCAM of 1000 ms.

With reference to the same urban scenario, Fig. 4.11 reports the percentage of the

triggering conditions and the PMF of TCAM for a two-wheel motorbike. Comparing the

percentages of the motorbike triggering conditions in Fig. 4.11(a) with those of the car in

Fig. 4.10(a), it is concluded that they are more diversified. Distance variations account for

approximately 30% of the total, heading variations are significantly more frequent, and the
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(a) Triggers distribution. (b) PMF.

Figure 4.12: Car: CAM triggers and TCAM PMF, suburban scenario.

(a) Triggers distribution. (b) PMF.

Figure 4.13: Car: CAM triggers and TCAM PMF, highway scenario.

occurrences of the speed and mixed conditions are increased. Only the timeout percentage

stays approximately the same. The most significant phenomenon is that CAMs generated

by heading variations become more frequent. Indeed, a motorbike follows a more irregular

trajectory than a car, due to its smaller size and agility in slipping through traffic. Fig.

4.10(b) also reveals that heading variations are mainly responsible for generating CAMs

whose TCAM is lower than 300 ms; above this value, CAMs caused by distance variations,

i.e., higher speeds, prevail.

The measurement campaign was completed by tests performed having the cars also

traveling on suburban roads and on a highway. In the first case, the route followed by the

car is reported in blue in Fig. 4.9, and refers to the freeway belt surrounding Modena. The

corresponding percentages of triggering conditions and the PMF of TCAM are provided in

Figs. 4.12(a) and 4.12(b), respectively. Here, distance accounts for the vast majority of the

generated CAMs. Timeouts are negligible, while heading, velocity, and mixed altogether

cause ∼ 7% of the CAMs. The vast majority of the CAMs is triggered in the time interval

[200, 300] ms, which corresponds to the [48, 144] km/h range of speed values.

As regards the highway, the drive route is evidenced in green in Fig. 4.9. Fig. 4.13(a)

reports the percentages of the triggering conditions, and Fig. 4.13(b) the PMF of TCAM .

Distance variations cause more than 99% of the CAMs. Due to the higher speeds, the
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(a) Tx bicycle: setup. (b) Tx and Rx car: rooftop
antennas.

(c) Rx car: in-vehicle setup.

Figure 4.14: LTE-V2X SL PRR: employed equipment.

vast majority of CAMs are triggered because of distance with a time interval between

two subsequent messages of 200 ms. This is because TCAM = 300 ms corresponds to

velocities in the [48, 72) km/h range, TCAM = 200 ms to velocities in the [72, 144) km/h

range, and TCAM = 100 ms to speeds higher than 144 km/h [14]. As a matter of fact, the

car speed exhibited an average of 116.7 km/h and a maximum of 148.5 km/h. Because of

varying traffic conditions, there were cases in which vehicles were traveling below 72 km/h,

which in turn account for TCAM = 300 ms. Overall, the PMF resulted nearly unimodal.

Although some of the results referring to vehicles could be drawn by simulation, we observe

that a simulator cannot perfectly replicate the vehicle dynamics. This is particularly true

in environments where the driver’s behavior heavily depends on the road topology and

the dynamics of other road users. To conclude, only the measurement campaign offers a

realistic picture of what to expect.

The number of collected messages, the test duration, and the traveled distance are

summarized in Tables 4.1 and 4.2 for all the examined road users.

4.4.4 LTE-V2X SL: PRR Analysis

Next, we determined the PRR achieved for two distinct cases: (i) a bicycle broadcasting

VAMs and a car receiving them; (ii) a car broadcasting CAMs, while a second car was

driving behind and acting as the receiver. Note that message losses were exclusively due

to varying propagation conditions, given no additional traffic was injected on the radio

channel to cause congestion and harm the VAM and CAM dissemination.

The cars and the bicycle were equipped with the Quectel AG15 LTE-V2X SL evaluation

boards. Fig. 4.14 displays the equipment deployed in the two cases. When positioned

on the bicycle, the antennas were directly connected to the board and their height was

0.80 m; on the car rooftop, the antennas’ height was 1.45 m. Three evaluation boards

were utilized for this set of measurements. One board was placed in the front vehicle or

in the bicycle basket, generating the awareness messages. Two boards were placed on

the receiving vehicle, one acted as the receiver, and another recorded the GNSS outputs

every 50 ms. This allowed for the continuous tracking of the receiving car position, which

would otherwise occur only at the successful reception of a message. By doing so, we

131



Figure 4.15: Bicycle-to-Vehicle communications: PRR.

were able to reliably compute the PRR as a function of the distance between the two

road occupants. All other relevant settings, such as transmit power, MCS, code rate, and

receiver sensitivity are listed in Subsection 4.4.1.

When considering VAMs transmitted from the bicycle, Fig. 4.15 portrays the VAM

PRR as a function of D, the distance between the transmitting bicycle and the receiving

car, in the urban environment. The black curve shows the PRR mean values; the box plots,

i.e., the vertical, light blue lines, indicate the 95% confidence interval of the measurements.

The figure shows that the reliability range, i.e., the distance at which the PRR falls below

0.9 is 125 m, and that the communication range, i.e., the distance beyond which the PRR

goes to zero, is 600 m.

Figs. 4.16(a), 4.16(b) and 4.16(c) portray the CAM PRR as a function of D, the

distance between the transmitting and the receiving cars, in the urban, suburban and

highway scenarios, respectively. In the urban setting, the PRR curve is consistently higher

than in the case of VAM transmission; this is explained by a more favorable placement of

the antennas on the car, which benefits from a higher elevation from the ground than in

the case of the bicycle. The reliability range is 250 m and the communication range is 700

m. The former value is far lower than the one obtained in NLOS condition in [103], where

the authors report 875 m at an intersection and 425 m in the case of a strong obstruction.

In the suburban setting, packets were delivered over an extended distance, as very few

buildings could disrupt the communications. Yet, many vehicles, including trucks, were

on the two-lane road of the drive route. Fig. 4.16(b) accordingly shows that the reliability

range is 250 m, whereas the communication range extends to 1000 m. Last, Fig. 4.16(c)

refers to the highway scenario. On the highway, cars were able to communicate more

reliably and over longer distances because there were seldom any obstacles between them.

In this case, the reliability range is 700 m; moreover, the communication range is slightly

lower than 2000 m. Comparing these outcomes with the findings in [103] that refer to LOS

conditions, we observe that in [103] the reliability range was measured at nearly 1200 m.

There are fewer discrepancies when our results are compared with those in [102], where

the viewgraphs show PRR values around 0.9 for D = 500 m.

In parallel, we monitored the delay incurred by packets and verified that it respected

the packet delay budget, set to 50 ms. This is a direct consequence of the nearly deter-
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(a) Urban scenario. (b) Suburban scenario.

(c) Highway scenario.

Figure 4.16: V2V communications: PRR.

ministic channel access mechanism that LTE-V2X Mode 4 adopts.

4.4.5 Discussion

4.4.5.1 VAM and CAM generation times

The tests have revealed that the ∆h value bikes and e-scooters inherit by the vehicular

setting is excessively low. It causes a significant number of VAMs to be generated under

non-relevant circumstances, providing neighboring road users no useful clues about the

VRU dynamics and wasting precious radio resources. Properly setting ∆h to the slightly

larger value of 10◦ solves the problem, with no loss of meaningful information about the

VRU status. The significant increase in the average TVAM that this modification achieves

can be appreciated by comparing the values of Table 4.3. The benefit is relevant, especially

in the light of an increase in the number of connected VRUs, and if the operation of each

VRU will be subject to spectrum usage constraints [104].

The field tests performed with the motorbike indicate that the number of distance

and heading triggers is comparable for CAMs generated by this category of VRUs. It is

furthermore observed that motorbikes generate more varied CAM traffic than cars. In the

urban setting, the average TCAM is 270 ms, far lower than for cars, whose value is 460 ms,

and it reflects the typical hasty nature of motorbike drivers. Table 4.3 provides an overall

numerical picture of the TVAM and TCAM values we measured.
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Table 4.3: Average TVAM and TCAM values.

Vehicle type Urban Suburban Highway

Bicycle - ∆h = 4◦ 435 ms - -

Bicycle - ∆h = 10◦ 831 ms - -

E-scooter - ∆h = 4◦ 474 ms - -

E-scooter - ∆h = 10◦ 702 ms - -

Motorbike 270 ms - -

Car 460 ms 270 ms 197 ms

The tests performed with cars show that: (i) distance variations are the main CAM

triggering cause, followed by speed variations; (ii) the TCAM PMF is strongly multimodal

in the urban scenario and reduces to being almost unimodal in the highway scenario.

Moreover, the highway PMF largely departs from the one reported in previous studies [14].

We believe that the discrepancy is due to the limited size of the data set employed by the

authors of the latter study.

4.4.5.2 PRR of LTE-V2X SL Communications

We assessed the PRR of the LTE-V2X SL technology for direct VRU-to-vehicle and V2V

communications. No tests were ever presented in the literature for VRU communications,

and our experiments highlighted that in the urban setting, the transmission of VAMs can

count on reduced reliability and communication range with respect to CAMs.

For V2V communications, we offered a complete and real picture referring to distinct

settings and found more pessimistic range values than the authors of [103]. In this respect,

we would like to stress that we considered actual environments, not a test track. Our tests

indicate that the CAM reliability and communication range significantly depend on the

examined context, and increase when LOS conditions are more frequently encountered.

The dataset collected during our field tests referring to VAMs, CAMs, and PRR values is

freely accessible on GitHub [111].

4.5 Conclusions and Future Work

This Chapter has presented the results of a vast measurement campaign, conducted to

experimentally analyze the temporal patterns of the awareness messages generated by

different road occupants. VAMs and CAMs were gathered through field tests performed

in urban, suburban, and highway settings. The analysis of the collected data revealed

the impact of the various triggering conditions of both message types in the distinct

environments where road occupants travel.

Concerning the urban scenario, this study has highlighted the unique characteristics

of VAMs issued by bicycles and e-scooters, and has pointed to an amendment of their

generation rule that diminishes their frequency without any information loss. This turns

out particularly relevant if many VRUs are equipped with a transmitting device and the
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risk of creating congestion on the radio channel becomes tangible. In the urban setting,

this study has also shown that the VRU category of motorbikes exhibits a distinctive PMF

of the time between consecutive CAMs, and that the conditions which trigger its CAM

broadcasting are peculiar as well. As regards cars, distance variations are always the main

reason behind CAM generation; their CAMs become more frequent and the PMF of TCAM

accordingly shifts toward lower values when moving from the busy traffic conditions of the

urban environment to the smoother driving scene of the highway.

Besides evaluating the PRR performance of LTE-V2V SL communications in the ur-

ban, suburban, and highway settings, this study has also presented a preliminary analysis

of the PRR attained by bicycle-to-vehicle communications in the urban scenario. The

actual communication range and the reliability range that the VAM and CAM broadcast-

ing accomplishes were identified. Furthermore, the dataset collected during the field tests

has been openly released, to ease the work of the community researching on road safety

solutions.

To conclude, several research paths are suggested by the measurement campaign, the

most immediate being the proposal of alternative algorithms for the generation of VAMs

by different categories of VRUs. Namely, bikes and e-scooters may still adhere to ETSI

specifications to broadcast VAMs, yet with adaptive thresholds, or may generate VAMs

with adaptive frequencies, e.g., dependent on their speed.
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Chapter 5

Fundamental Limits on the

Performance of PD-NOMA

Scanning the 5G and beyond horizon, wireless connectivity appears as one of the key

enabling technologies for future Internet of Things (IoT) and Internet of Vehicles (IoV).

According to Cisco [112], the number of connected devices is yet growing at an extraor-

dinary pace and is expected to reach a total of 29.3 billion devices by 2023, with IoT

connections accounting for half of the total. At the same time, the advent of V2X has

paved the way for the realization of the IoV vision, where an exponentially increasing

number of vehicles will be able to share data collected through on-board sensors over the

Internet.

Such a massive demand for Internet connectivity, along with the heterogeneous set of

performance requirements which characterizes IoT devices [113] and V2X-enabled vehicles

[19], transcends the capabilities of 4G and 5G systems. Relying on orthogonal transmission

techniques, these systems can only support a limited number of simultaneously active

users, and advocate for the design of new connectivity solutions. In this direction, sixth

generation (6G) cellular systems will feature novel NGMA schemes able to guarantee

the coexistence of traditional UEs and connected vehicles, supporting a wide range of

data rate, reliability, and latency requirements. Under the NGMA umbrella, NOMA

techniques are expected to play a pivotal role in the support of unprecedented connectivity

capabilities [114]. The key idea behind NOMA, i.e., serving multiple users over the same

radio spectrum, has been widely investigated over the last years, breeding an abundant

body of scientific literature and the proposal of many distinct NOMA approaches. Among

them, there appear PD-NOMA, Sparse Code (SC)-NOMA, and Resource Spread (RS)-

NOMA, to name a few examples.

5.1 Research Motivation and Main Contribution

In this Chapter, we analytically assess the performance of a Single Input Single Output

(SISO) uplink PD-NOMA system when a dynamic-ordered SIC receiver is considered.
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PD-NOMA is able to accommodate multiple users (UEs and connected vehicles) on the

same frequencies by carefully assigning different power levels to the active devices. A

dynamic-ordered SIC receiver adaptively varies the decoding order on the basis of the

instantaneously received signals power. The assumption of only two or three superim-

posed signals usually found in literature is removed to disclose the fundamental limits on

the achievable performance of the receiver. Furthermore, the analysis in the presence of

Rayleigh fading is extended by the investigation of the combined effects of fading and

lognormal shadowing. To characterize system behavior, the outage probabilities P
(j)
out ,

j = 1, 2, . . . , n, are determined, the generic P
(j)
out being defined as the probability that the

receiver fails to decode the j-th strongest signal and therefore cannot recover the remain-

ing n− j weaker signals. With respect to the state-of-the-art, several novel contributions

are offered:

• a general method to analytically evaluate the outage probabilities is provided, based

on the unique properties of the joint probability density function of the ordered

received powers, as the latter are dependent, non identically distributed random

variables. The approach can be profitably employed for any number n of simultane-

ously received signals;

• when Rayleigh fading is considered, the exact analytical expression of P
(1)
out , the

probability that the strongest signal cannot be decoded and that the SIC receiver

fails to recover any of the simultaneous signals, is provided for an arbitrary value

of n. When the first strongest signal can be decoded, a closed-form approximation

of P
(j)
out , j ≥ 2, is also put forth in order to characterize the performance of the

remaining n− 1 active users;

• when the signals are affected by Rayleigh-lognormal shadowed fading, an approxima-

tion of the outage probability P
(j)
out , j ≥ 1, is offered, demonstrating that it achieves

an excellent accuracy, again for an arbitrary n;

• the proposed approximations show that, j being fixed, P
(j)
out , j ≥ 2, can be recursively

evaluated as a function of the probabilities P
(1)
out obtained in the presence of n, n −

1, . . . , n− j + 1 simultaneously active users.

Overall, the analysis discloses the limits that the dynamic-ordered SIC receiver faces

for an increasing number of superimposed signals, when an uplink NOMA system is consid-

ered. Furthermore, it reveals that lognormal shadowing is responsible for a non-negligible

performance worsening, with respect to the circumstance where Rayleigh fading only is

considered. The deterioration is quantified for different values of σL, the standard devia-

tion of the slow, lognormal fading in dB.

The remainder of the Chapter is organized as follows. Section 5.2 explores the available

literature on NOMA. Section 5.3 introduces the system model, it illustrates the analysis

and it puts forth the approximations to the outage probabilities experienced on the up-

link. Section 5.4 specializes the study to the cases of Rayleigh and Rayleigh-lognormal
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shadowed fading. Section 5.5 provides several numerical results that validate the approach

and Section 5.6 draws the conclusions, discussing the potential of NOMA in V2V commu-

nications.

5.2 Related Work

Due to the abundant body of scientific literature about NOMA that has been published

over the last years, the risk that every NOMA bibliography incurs is to forget or inad-

vertently miss some relevant works among the multitude of published papers. For this

reason, the surveys reported in [115–118] are mentioned in this Section together with [119]

and [120], which provide a comprehensive comparison between NOMA techniques and

alternative NGMA schemes such as Multi-User MIMO (MU-MIMO), and Rate-Splitting

Multiple Access (RSMA).

Confining the attention to PD-NOMA, simply referred to as NOMA in the rest of this

Chapter, its behavior has been assessed in numerous studies. However, the only work that

examined the potential of NOMA in the V2X domain is [121], which showed the potential

of NOMA in mitigating traffic congestion and reducing latency in NR-V2X downlink

communications. The performance of random access uplink NOMA was evaluated in [122]

from a system-level perspective, i.e., in terms of throughput and access delay, whereas an

analytical framework for the modeling and the analysis of large-scale uplink and downlink

NOMA systems has been proposed in [123,124]. The studies in [125,126] highlighted the

strengths and the limitations which characterize a typical SIC-based decoding process in

uplink and downlink NOMA communications, and put forth the design of a new hybrid

SIC receiver. Moreover, it is worth recalling the contributions in [127] and [128]. In

the former, the performance of uplink NOMA, paired with a dedicated power control

scheme, was analyzed in terms of outage probability and achievable data rate. In the

latter, the authors proposed a novel uplink NOMA scheme able to achieve higher spectral

efficiency and lower receiver complexity with respect to conventional techniques. Stemming

from [127], [129] focused on the optimization of the power allocation strategy. Differently

from the contributions mentioned so far, where a fixed decoding order SIC receiver was

considered, the authors of [130] and [131] analyzed NOMA systems employing dynamic-

ordered SIC receivers. These works determined closed-form expressions of the outage

probability for the case of three users, without however providing a systematic analysis.

In [132], the Signal-to-Interference Ratio (SIR) coverage probability of uplink NOMA was

evaluated, comparing the performance of two SIC receivers; namely, the dynamic-ordered

SIC receiver was confronted against a SIC receiver that ranks and decodes the users’

signals on the basis of their mean received powers.

It is worth pointing out that all the previous investigations were performed in the

exclusive presence of Rayleigh fading, an assumption that greatly simplifies the study. In

this regard, the work in [133] introduced the hypothesis of generalized fading channels

encompassing statistics such as Rayleigh, Rice, and Nakagami, and considered a fixed
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decoding order SIC. Due to the complex nature of the analysis, the authors exclusively

considered the circumstance of two superimposed users for mathematical tractability. In

[134], the channel model was the generalized α-µ fading and, also in this work, the SIC

decoding order was fixed; here too, the analysis was limited to the circumstance of two or

at the most three simultaneously active users.

5.3 Performance Analysis

5.3.1 System Model and Performance Metric Evaluation

The current work focuses on the uplink communications in a cellular system. Power-

domain NOMA is considered and the reference scenario features n UEs (or vehicles) that

transmit to a central-located base station on the same radio spectrum. Let pt,i denote the

transmission power of the i-th UE and hi the envelope of the channel between such UE

and the base station. Let

Xi = pt,i|hi|2 i = 1, 2, . . . , n (5.1)

denote the instantaneously received power at the base station from the i-th UE. Further

assume that every UE experiences independent channel conditions while transmitting to

the base station; it follows that hi and hj are independent random variables, ∀ i and ∀ j,
i 6= j, and so are Xi and Xj . Moreover, assume that the signal recovery is performed using

a dynamic-ordered SIC receiver. This choice implies that: (i) the instantaneously received

signal powers from the UEs are first sorted in descending order at the base station; (ii)

the receiver attempts to decode the signals in accordance to the same sequence.

Indicate by SN the set of the n! permutations of N = {1, 2, . . . , n} and by Z =

{z1, z2, . . . , zn}, Z ∈ SN , the permutation that corresponds to the descending order of the

instantaneously received powers. It follows that

pt,z1 |hz1 |2 ≥ pt,z2 |hz2 |2 ≥ . . . ≥ pt,zn |hzn |2 . (5.2)

where pt,z1 is the transmitted power of the UE that exhibits the highest received power,

pt,z2 the transmitted power of the UE that exhibits the second highest received power,

and so forth.

Next, introduce the random variables

X(i) = pt,zi |hzi |2 i = 1, 2, . . . , n (5.3)

and observe that the X(i)s are no longer independent. Rather, owing to (5.2) they consti-

tute an order statistics; for the notation employed, X(1) is the largest order statistic, X(n)

is the smallest.

The receiver first attempts to decode the strongest signal. If the decoding process is
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successful, the receiver removes the first strongest signal and then proceeds to decode the

second strongest. For the base station to decode the message from the j-th strongest user

UE(j), the j−1 received signals with the strongest power have to be successfully recovered

and removed first.

Recalling Shannon’s capacity theorem, the achievable data rate of UE(j) is

R(j) = log2

(
1 +

X(j)∑n
i=j+1X(i) + σ2

)
bits/s/Hz , (5.4)

for j = 1, 2, . . . , n− 1, where σ2 is the noise power, and

R(n) = log2

(
1 +

X(n)

σ2

)
bits/s/Hz (5.5)

for the last user UE(n), whose received power is the weakest.

Denote by R̂(j) the target data rate of UE(j) and define the outage probability P
(j)
out ,

j = 1, 2, . . . , n, as the probability that the SIC receiver can successfully recover the first

strongest signal, the second strongest, up to the j − 1, but it fails to decode the j-th

strongest and all the subsequent signals. Analytically,

P
(j)
out = 1− P{R(j) ≥ R̂(j)} . (5.6)

If we indicate by Ek, k = 1, 2, . . . , n− 1, the random event identified by the condition

X(k)∑n
i=k+1X(i) + σ2

≥ γ̂k (5.7)

where

γ̂k = 2R̂(k) − 1, k = 1, 2, . . . , n , (5.8)

and by En the event in which the condition

X(n)

σ2
≥ γ̂n (5.9)

holds, then (5.6) is equivalently re-written as

P
(j)
out = 1− P

{
∩jk=1Ek

}
, j = 1, 2, . . . , n , (5.10)

where it is observed that the random events E1, E2, . . . , En are statistically dependent.

Indicate by fjointn(x(1), x(2), . . . , x(n)) the joint probability density function (pdf) of

the ordered set of random variables X(i), i = 1, 2, . . . , n, and by Dj the region of the
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X(1), X(2), . . . , X(n) space identified by the conditions:

Dj =



X(1) ≥ γ̂1 · (
∑n

i=2X(i) + σ2)

X(2) ≥ γ̂2 · (
∑n

i=3X(i) + σ2)
...

X(j) ≥ γ̂j · (
∑n

i=j+1X(i) + σ2)

0 ≤ X(n) ≤ X(n−1) ≤ · · · ≤ X(2) ≤ X(1)

. (5.11)

It follows that P
(j)
out , j = 1, 2, . . . , n, is determined solving the integral

P
(j)
out = 1−

∫
· · ·
∫
Dj
fjointn(x(1), x(2), . . . , x(n−1), x(n))× dx(n)dx(n−1) . . . dx(2)dx(1) . (5.12)

Among the different outage probabilities P
(j)
out , observe that P

(1)
out deserves a special

place, as it coincides with the probability that the strongest signal cannot be correctly

recovered; in this circumstance, not even one, out of the n simultaneous transmissions,

can be successfully decoded and power-domain NOMA fails. Indeed, the inequality X(1) ≥
γ̂1 · (

∑n
i=2X(i) + σ2) identifying the outage domain D1 represents the necessary condition

for the SIC decoding process to begin. Equivalently stated, P
(1)
out gives the probability that

the adoption of power-based NOMA turns out detrimental, as not even the best signal is

correctly decoded.

When evaluating P
(j)
out , the first non-trivial problem at hand is to determine

fjointn(x(1), x(2), . . . , x(n)). In this respect, let fi(xi) be the pdf of the unordered random

variable Xi, i = 1, 2, . . . , n, defined in (5.1), whose pdf is available once the pdf of hi is

known, as pt,i is a constant, and define Fn as the following n× n matrix

Fn =



f1(x(1)) f2(x(1)) . . . fn(x(1))

f1(x(2)) f2(x(2)) . . . fn(x(2))
...

...
. . .

...

f1(x(n)) f2(x(n)) . . . fn(x(n))


(5.13)

where fj(x(i)) denotes the pdf of the unordered random variable Xj , j = 1, 2, . . . , n, when

the function argument is the random sample x(i) of the ordered random variable X(i). For

the purpose of what follows, recall that the permanent of a square matrix A, written as
+

|A
+

| , is defined like the determinant, except that all signs are positive. For an arbitrary

n, it can be demonstrated that the joint pdf fjointn(x(1), x(2), . . . , x(n)) of the ordered

statistics X(1), X(2), . . . , X(n) is

fjointn(x(1), x(2), . . . , x(n)) =
+

|Fn
+

| , (5.14)
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where Fn is given by (5.13). Last result is substantiated by the reasoning in [135], where

the arguments of [136] are extended to prove the formulation in (5.14) with the use of

permanents.

At first sight, (5.14) gives the impression that evaluating the integral in (5.12) might

be quite cumbersome for an arbitrary value of n. However, the joint pdf obeys a highly

peculiar structure, that allows a more convenient rewriting of it in the following terms:

let Si = {i1, i2, . . . , in} denote the generic permutation of N = {1, 2, . . . , n} in SN , where

we recall that the latter symbol indicates the set of all possible permutations. It follows

that fjointn(x(1), x(2), . . . , x(n)) can be equivalently written as

fjointn(x(1), x(2), . . . , x(n)) =
∑
Si∈SN

f1(x(i1))f2(x(i2)) . . . fn(x(in)). (5.15)

Last expression highlights that the joint pdf exhibits the presence of n! terms, wherein the

permutations of the arguments of the f1(·), f2(·), . . . , fn(·) pdfs appear. Replacing (5.15)

in (5.12) leads to

P
(j)
out = 1−

∫
· · ·
∫
Dj

∑
Si∈SN

f1(x(i1))f2(x(i2)) . . . fn(x(in))× dx(n)dx(n−1) . . . dx(2)dx(1)

(5.16)

and denoting by ISi the result of the integral

ISi =

∫
. . .

∫
Dj
gi1i2...in(x(1), x(2), . . . , x(n)) dx(n) . . . dx(1) , (5.17)

where

gi1i2...in(x(1), x(2), . . . , x(n)) = f1(x(i1))f2(x(i2)) · . . . · fn(x(in)) , (5.18)

then P
(j)
out can be rewritten as:

P
(j)
out = 1−

∑
Si∈SN

ISi , ∀j , j = 1, 2, . . . , n . (5.19)

Luckily, the random variables X1, X2, . . . , Xn obey the same statistical description, al-

though with different mean values. It follows that it is not necessary to compute every

single ISi term in (5.19). Rather, the n-th fold integral in (5.17) has to be solved only

once, for a specific Si. For instance, IS1 can be determined, S1 = {1, 2, . . . , n}. Then,

all the remaining ISi terms are obtained through the proper permutation of the fi(·)’s
arguments x(ik), k = 1, 2, . . . , n in (5.18). This significantly reduces P

(j)
out computational

complexity in n regardless of the channel envelope statistics, i.e., no matter what pdf the

random variables hi, i = 1, 2, . . . , n, obey to.

Once P
(j)
out has been obtained, the sum data rate that power-domain NOMA achieves

is evaluated as:

RNOMA =
n∑
j=1

R̂(j) ·
(

1− P (j)
out

)
. (5.20)
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5.3.2 P
(j)
out Approximation for j ≥ 2

The previous development highlighted how to reduce the complexity that hinders behind

the exact analytical evaluation of the outage probability P
(j)
out , j = 1, 2, . . . , n. The ap-

proach turns out particularly effective when evaluating P
(1)
out . When j ≥ 2, the difficulty

in evaluating P
(j)
out has also to be ascribed to an increasing complexity of the integration

domain Dj in (5.11), as well as to the dependency among the events E1, E2, . . . , Ej . To

alleviate the computational burden, this subsection explores the following approximation

to P
(j)
out , j ≥ 2:

P
(j)
out ≈ 1−

j∏
k=1

P{Ek} , j ≥ 2 , (5.21)

that holds under the assumption that the random events Ek, k = 1, 2, . . . , n, be weakly

dependent. To the authors’ knowledge, there is no general result in the vast literature

on ordered statistics that come to help in corroborating the above approximation. It has

however been employed before, e.g., in [127, 130, 131]. In this work, we follow the same

approach, and a posteriori demonstrate that it holds.

Let us begin considering the case of n = 2 UEs. In addition to P
(1)
out, only P

(2)
out,

the probability that the receiver fails to decode the second strongest signal, has to be

determined. If we recall (5.7) and (5.9), P
(2)
out specializes to

P
(2)
out ≈ 1− P

{
X(1)

X(2) + σ2
≥ γ̂1

}
· P
{
X(2)

σ2
≥ γ̂2

}
; (5.22)

it is easy to recognize that the first term in the product on the right-hand side of (5.22)

coincides with 1− P (1)
out . Moreover, indicating by G(2)(·) the CDF of the random variable

X(2), (5.22) is equivalently re-written as

P
(2)
out ≈ 1−

(
1− P (1)

out

)
·
(
1−G(2)(γ̂2σ

2)
)
. (5.23)

With no loss in generality, let the unordered random variables Xi, i = 1, 2, . . . , n, be

numbered in accordance to the descending order of their mean received powers, so that

X1 > X2 > . . . > Xn. Moreover, let us assume that the random variable δi measuring

the distance between Xi and Xi−1, δi = |Xi − Xi−1|, i = 2, . . . , n, takes on large values

with probability close to 1. In the scenarios where uplink NOMA is profitably employed,

such approximation is verified, i.e., δi is sufficiently wide; as a matter of fact, this is the

condition that allows to better discriminate among simultaneously received signals. Given

this assumption holds, observe that it is possible to leverage upon a further approximation,

namely, G(2)(·) that appears in (5.23) is replaced by G2(·), the CDF of the unordered

random variable X2. This leads to

P
(2)
out ≈ 1−

(
1− P (1)

out

)
·
(
1−G2(γ̂2σ

2)
)

(5.24)
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that represents the final, approximated P
(2)
out expression when n = 2.

When n = 3 UEs are present, P
(2)
out and also P

(3)
out have to be determined. The probability

P
(2)
out modifies in

P
(2)
out ≈ 1− P

{
X(1)

X(2) +X(3) + σ2
≥ γ̂1

}
· P
{

X(2)

X(3) + σ2
≥ γ̂2

}
, (5.25)

and denoting by P
(1)
out2,3

the probability P
{

X(2)

X(3)+σ
2 ≥ γ̂2

}
, then P

(2)
out is expressed as

P
(2)
out ≈ 1−

(
1− P (1)

out

)
·
(

1− P (1)
out2,3

)
(5.26)

As regards P
(3)
out , the same approximation leveraged in (5.24) leads to

P
(3)
out ≈ 1−

(
1− P (1)

out

)
·
(

1− P (1)
out2,3

)
·
(
1−G3(γ̂3σ

2)
)
, (5.27)

G3(·) being the CDF of the unordered random variable X3.

When an arbitrary number n of UEs is considered, the expression of P
(j)
out , j ≤ n can

be approximated as

P
(j)
out ≈

 1−
(

1− P (1)
out

)
·∏j−1

h=1

(
1− P (1)

outh+1,h+2,...,n

)
j < n

1−
(

1− P (1)
out

)
·∏n−1

h=1

(
1− P (1)

outh+1,h+2,...,n

)
·
(
1−Gn(γ̂nσ

2)
)

j = n
(5.28)

where P
(1)
outh+1,h+2,...,n

is defined as P
{

X(h+1)

X(h+2)+...+X(n)
≤ γ̂h+1

}
, and Gn(·) is the CDF of

the n-th random variable Xn, i.e., the CDF of the power received from the most distant

user from the base station.

Last expression is illuminating, as it reveals that: (i) the outage probability P
(j)
out , j ≥ 2,

depends on P
(1)
out , the probability that NOMA fails in the presence of the same number

of users; (ii) moreover, P
(j)
out can be readily computed, given the expression of P

(1)
out in the

presence of n, n− 1, . . . , n− j+ 1 users is known. Finally, observe that the expressions we

have obtained can be employed when different fading conditions are examined.

The numerical results highlight that it is possible to rely upon the proposed approx-

imation of P
(j)
out , j ≥ 2, in several meaningful settings. To the authors’ knowledge, there

is however no means to conclude whether (5.28) provides an upper or lower bound to the

outage. When Rayleigh fading is considered, next Section reports the exact analytical

expression of P
(1)
out derived in the Appendix, and the closed-form approximation of P

(j)
out ,

j ≥ 2, for an arbitrary number of simultaneously transmitting UEs. When shadowing is

also introduced, the closed-form approximation of P
(j)
out is provided for j ≥ 1.
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5.4 Fading Models

5.4.1 Rayleigh Fading

When the presence of Rayleigh fading is assumed, the probability density function of the

received signal power Xi is exponential:

fi(xi) =
1

Xi

exp

(−xi
Xi

)
(5.29)

with mean Xi,

Xi = pt,i · kpD−αi , (5.30)

kp being a constant that depends on the operating frequency and Di the distance between

UEi and the base station. In Appendix A, it is proved that when γ̂1 ≥ 1, for an arbitrary

number of users n, P
(1)
out obeys the expression:

P
(1)
out = 1−

n∑
k=1

exp
(
−γ̂1σ2

Xk

)
n∏
i=1
i 6=k

(
1 +

Xi

Xk

γ̂1

) (5.31)

that reveals what limits NOMA faces if the number n of simultaneously active users

is increased from 2 to higher values. In turn, taking advantage of (5.31), the fading-

independent approximation of P
(j)
out provided by (5.28), j ≥ 2, specializes to

P
(j)
out ≈



1−∏j
h=1


∑n

k=h

exp

(
−γ̂hσ2

Xk

)
n∏
i=h
i 6=k

(
1 +

Xi

Xk

γ̂h

)
 j < n

1−∏n
h=1


∑n

k=h

exp

(
−γ̂hσ2

Xk

)
n∏
i=h
i 6=k

(
1 +

Xi

Xk

γ̂h

)
 · exp

(
− γ̂nσ2

Xn

)
j = n

(5.32)

The constraint on γ̂1 deserves a careful remark: it is the authors’ belief that it does not

represent a limiting factor, rather, a fairly widespread requirement in upcoming settings.

As an example, enhanced V2X and high-end industrial IoT use cases are expected to

require conspicuous data rates, exceeding the system available bandwidth, to support a

wide range of services [19,113].
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5.4.2 Rayleigh-lognormal Shadowed Fading

When the envelope of the received signal is subject to both Rayleigh fading and lognormal

shadowing, the Xi pdf is

fi(xi) =

∫ +∞

0

1

x
exp

(−xi
x

)
1√

2π σLh x
× exp

−(ln(x)− µi)2
2σ2
L

h2

 dx (5.33)

where σL is the standard deviation of the Gaussian random variable modeling lognormal

shadowing in dB, µi depends on the distance attenuation law, µi = ln(pt,i · kpD−αi ), and

h = 10
ln(10) . In our analysis, σL is assumed to be the same for all signals.

An additional hurdle is present here, because of the integral in (5.33). We therefore

propose an approximation to (5.33), exploiting the approach put forth by Holtzman in

[137]. According to [137], given a function ψ(θ) of a Gaussian random variable θ with

mean µθ and variance σ2θ , the expectation E [ψ(θ)] can be approximated by

E [ψ(θ)] ≈ 2

3
ψ(µθ) +

1

6
ψ
(
µθ +

√
3σθ

)
+

1

6
ψ
(
µθ −

√
3σθ

)
. (5.34)

For the examined case, it is observed that the change of variable

y = h · ln(x) (5.35)

that is, x = exp
( y
h

)
, leads to rewrite (5.33) in the form

fi(xi) =

∫ +∞

−∞

1

exp
( y
h

) exp

(
−xi

exp
( y
h

)) 1√
2πσL

× exp

(
−(y − µi)2

2σ2L

)
dy (5.36)

that can therefore be approximated as:

fi(xi) ≈
3∑

k=1

ak
bi,k

exp

(−xi
bi,k

)
(5.37)

where a1 = 2
3 , a2 = a3 = 1

6 , bi,1 = exp
(µi
h

)
, bi,2 = exp

(
(µi+

√
3σL)

h

)
and bi,3 = exp

(
(µi−

√
3σL)

h

)
.

This linear combination of exponential functions allows to leverage the results obtained

in the previous case of Rayleigh fading. Hence, when lognormal shadowing is added, for

n superimposed signals P
(1)
out is approximated by

P
(1)
out ≈ 1−

3∑
k1=1

ak1 · . . . ·
3∑

kn−1=1

akn−1

3∑
kn=1

akn ×


n∑
i=1

exp
(
−γ̂1σ2

bi,ki

)
n∏
j=1
j 6=i

(
1 +

bj,kj
bi,ki

γ̂1

)

. (5.38)
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In the j ≥ 2 case, P
(j)
out follows from (5.28) and it is approximated by

P
(j)
out ≈ 1−

j∏
h=1


3∑

kh=1

akh · . . . ·
3∑

kn−1=1

akn−1

3∑
kn=1

akn ·


n∑
i=h

exp
(
−γ̂hσ2

bi,ki

)
n∏
j=h
j 6=i

(
1 +

bj,kj
bi,ki

γ̂h+1

)



(5.39)

if j < n. When j = n, the value of P
(j)
out , j ≥ 2, is approximated by

P
(j)
out ≈ 1−

n∏
h=1


3∑

kh=1

akh · . . . ·
3∑

kn−1=1

akn−1

3∑
kn=1

akn ·


n∑
i=h

exp
(
−γ̂hσ2

bi,ki

)
n∏
j=h
j 6=i

(
1 +

bj,kj
bi,ki

γ̂h

)



×

3∑
k=1

akexp

(
− γ̂nσ

2

bi,k

)
. (5.40)

In the next Subsection, the excellent accuracy of the approximations in (5.32), (5.38),

(5.39), and (5.40) will be demonstrated for several choices of system parameters.

5.5 Numerical Results

An exemplary set of numerical results is reported next in order to highlight the accu-

racy of the proposed analytical approaches, as well as to provide useful insights on the

uplink performance of power-domain NOMA, when the dynamic-ordered SIC receiver is

employed.

The results have been obtained for the following configuration: in (5.6), the target

data rate R̂(j) is set to 1.2 bits/s/Hz, ∀ j, j = 1, 2, . . . , n; in (5.30), the kp constant is(
c

4πfc

)
, where c is the speed of light and omnidirectional antennas are assumed. The

operating frequency is fc = 2 GHz, the pathloss exponent is α = 2 and the cell radius is

R = 1000 m. As regards lognormal shadowing, unless otherwise stated, in (5.33) σL = 4

dB. To improve the base station capability to recover the signals coming from distinct

UEs, the transmitted powers are set so as to attribute higher power levels to UEs closer

to the base station. Unless otherwise stated, the UEs location along the cell radius is the

one illustrated in Fig. 5.1. Namely, the ratio between the transmitted powers of UEi and

UEj , with distances Di and Dj from the base, Di < Dj , is set to

pt,i
pt,j

= 10
(j−i)∆

10 , (5.41)

and the power back-off step is ∆ = 6 dB.
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Figure 5.1: Users location along the cell radius when n = 2, 3, 5.

In the first set of figures, the outage probabilities are reported as a function of the

largest average received SNR. Recalling that the UEs are indexed so that X1 > X2 >

· · · > Xn, it follows that SNR = X1/σ
2. In other words, as the power law assignment

privileges users that are closer to the base, the SNR is the average received signal-to-noise

ratio of the UE that is the nearest to the base station.

When Rayleigh fading is considered, Fig. 5.2 shows P
(1)
out as a function of the SNR, if

n = 2, 3, 5 users are simultaneously transmitting. As indicated in Fig. 5.2, when n = 2, the

distance D1 of UE1 from the base is 0.2R and the distance D2 of UE2 from it is R; when

n = 3, D1 = 0.2R, D2 = 0.6R and D3 = R; when n = 5, D1 = 0.2R, D2 = 0.4R, D3 =

0.6R, D4 = 0.8R and D5 = R. Solid lines refer to the exact analytical evaluation, markers

to P
(1)
out values determined through Monte Carlo simulation, considering 105 samples for

each plotted value. The perfect match between the analytical and the simulation results

confirms the correctness of the exact closed-form of P
(1)
out provided by (5.31). The figure

also indicates that P
(1)
out is close to 1 when the SNR is smaller than 5 dB, regardless of

n. As a matter of fact, in this low SNR region, the achievable data rate of the strongest

user is limited by the weak level of the received signal, rather than by the presence of

simultaneously transmitting users. As the SNR increases above 10 dB, the impact of a

larger number of interfering users gradually becomes more evident. Yet, observe that for

Figure 5.2: Rayleigh fading: P
(1)
out as a function of the SNR, n = 2, 3, 5.
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Figure 5.3: Rayleigh fading and log-normal shadowing: P
(1)
out as a function of the SNR, n =

2, 3, 5.

n = 5, P
(1)
out is always below 0.1 for all SNR values in the [15,+∞] range.

Fig. 5.3 shows P
(1)
out as a function of the SNR, when the received signal is subject to

both Rayleigh fading and log-normal shadowing, and it reveals that the closed-form in

(5.38) is an excellent approximation to the exact P
(1)
out computed via simulation. In this

scenario too, the impact on P
(1)
out of a larger number of users can be appreciated only for

SNR values greater than 10 dB. The relative position of the curves is the same as observed

in Fig. 5.2. However, P
(1)
out takes on higher values than in the presence of Rayleigh fading

only. For instance, when SNR = 30 dB, for n = 2 P
(1)
out increases from 7×10−3 determined

in the presence of Rayleigh fading to 1.4× 10−2 when lognormal shadowing is also taken

into account, and raises from 4.7× 10−2 to 6.9× 10−2 for n = 5. This indicates that the

shadowing plays a non-negligible role in the outage probability evaluation.

Figure 5.4: P
(1)
out , Rayleigh fading and Rayleigh plus lognormal, n = 3.

To better understand the influence of lognormal shadowing, Fig. 5.4 compares P
(1)
out

in the presence of Rayleigh fading against P
(1)
out in the additional presence of lognormal

shadowing, when n = 3 and three different values of σL, namely, 2, 4, and 6 dB are
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considered. The black lowest curve and the circle markers refer to the benchmark case

of Rayleigh fading; the red, blue and green curves, paired with the square, triangle and

diamond markers, respectively, refer to the Rayleigh plus lognormal case. The results

corroborate what was previously anticipated, quantifying the remarkable impact of the

shadowing on P
(1)
out for increasing values of σL. For instance, when σL = 6 dB and SNR > 30

dB, P
(1)
out is 2.4 times larger than for the case of Rayleigh fading only. Also note the tightness

of the approximation provided by (5.38): here too, the results obtained by simulation

are nearly undistinguishable from the analytical outcomes, no matter what σL value is

examined.

(a) Rayleigh Fading. (b) Rayleigh fading plus log-normal shadowing.

Figure 5.5: Outage probability vs SNR, n = 3.

Next, Fig. 5.5(a) and 5.5(b) report P
(1)
out , P

(2)
out and P

(3)
out for the case of Rayleigh fading

and Rayleigh plus lognormal shadowing, respectively, when n = 3. As regards P
(2)
out and

P
(3)
out , these figure show the impressive accuracy of the approximation proposed in Section

5.4 and detailed in eqs. (5.32), (5.39), and (5.40). Furthermore, they reveal that P
(2)
out

and P
(3)
out take on significantly high values, with and without lognormal shadowing. As

expected, P
(3)
out takes on the worst values, as the signal coming from the third strongest

user can be decoded only if both the second and the first strongest signals have already

been decoded.

When considering both Rayleigh fading and lognormal shadowing, an alternative view

is provided by Fig. 5.6, that shows P
(1)
out , P

(2)
out and P

(3)
out as a function of D2/R, the

normalized distance of UE2 from the base, when UE1 and UE3 distances are D1 = 0.2R

and D3 = R, respectively. This figure indicates that the values of P
(2)
out and P

(3)
out lie in

the range of a few percentage points; equivalently stated, approximately in 90% of the

cases it is possible to support 2 simultaneous communications (and in 80% of the cases

even 3). If the involved UEs all require maximum reliability, this is unacceptable. Yet,

resorting to power-domain NOMA becomes truly interesting in alternative settings: for

instance, whenever communication redundancy can be introduced without an excessive

151



Figure 5.6: Outage probability as a function of D2/R, n = 3, SNR = 30 dB.

overhead, as it happens when a modest number of packet retransmissions are introduced

and packets exhibit a modest size. The figure also shows that P
(2)
out and P

(3)
out minima lie

at D2 = 0.4R and that they are not so critical, revealing that the location of the UEs

does not have to be identified with extreme accuracy. Also observe that the tightness of

the proposed approximation in evaluating P
(3)
out slightly worsens as D2 approaches D3; this

happens since the spacing δ3 no longer verifies the assumption of taking on large values

with probability close to 1.

Figure 5.7: Sum data rate of OMA and NOMA as a function of SNR, Rayleigh and lognormal
shadowing.

Last, Fig. 5.7 displays RNOMA, the sum data rate of power-domain NOMA of (5.20),

as a function of the SNR in the simultaneous presence of Rayleigh fading and lognormal

shadowing, when n = 2 and n = 3, and compares it against the OMA data rate. The

latter scheme is examined under the hypothesis that the signal-to-noise ratio of the OMA

user coincides with SNR, the signal-to-noise ratio of the NOMA UE that is the nearest to

the base station. Here too, the accuracy of the proposed approximation is striking. The

gain of NOMA over OMA becomes more and more evident for increasing SNR values.
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Moreover, at high SNR regimes the NOMA system with n = 3 users achieves a sum data

rate significantly greater than 2.4 bits/s/Hz, the maximum data rate NOMA attains when

n = 2.

5.6 Conclusions and Future Work

This Chapter has proposed a novel analytical approach to evaluate the outage probability

of uplink power-domain NOMA, when a dynamic-ordered SIC receiver is employed. The

method has been employed in the presence of Rayleigh fading, and Rayleigh plus lognormal

shadowing. In the former setting, it has allowed to determine the probability that NOMA

fails through an exact analytical expression, for a generic number of superimposed signals;

in the second examined scenario, such probability has been obtained in closed-form via an

excellent approximation. Moreover, the current study has put forth an approximated ex-

pression of the probability that the SIC receiver does not succeed in decoding the second,

third, n-th strongest user. Monte Carlo simulations have demonstrated the accuracy of the

results obtained through the proposed approximations, that clearly quantify the effects

of an increasing number of simultaneously active devices (UEs and connected vehicles)

on system performance. The analysis has also disclosed to what extent lognormal shad-

owing affects PD-NOMA behavior, revealing that its presence significantly deteriorates

performance with respect to the case of Rayleigh fading only.

As of today, the research on PD-NOMA (or any other NOMA technique) has con-

centrated on infrastructured scenarios, as PD-NOMA requires the assistance of a central

orchestration unit to carefully assign different power levels to the active users. Neverthe-

less, the introduction of more sophisticated V2X use cases, like vehicles platooning, opens

new research paths towards the application of PD-NOMA in distributed settings, where

there is no infrastructure support. In platooning, the leader vehicle is followed by platoon

members which employ Cooperative-Adaptive Cruise Control (C-ACC) to minimize air

drag and fuel consumption. C-ACC is an extension to the traditional ACC that relies on

the V2V data exchange. Besides C-ACC, V2X communications also foresee the support of

cooperative perception and maneuvering applications that require the frequent and signif-

icant exchange of information. To minimize the amount of occupied radio resources while

guaranteeing the required performance levels, PD-NOMA can be profitably employed in

intra-platoon communications, multiplexing simultaneously active vehicles on the same

frequencies. The leader vehicle can behave as the central orchestration unit and be in

charge of assigning different power levels to the platoon members. The potential of PD-

NOMA in intra-platoon communications is still unexplored, and we think that it deserves

careful consideration in 5G and beyond studies.
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Appendix A: Derivation of P
(1)
out for an arbitrary number of

users

In the presence of Rayleigh fading, the outage probability P
(1)
out is evaluated beginning with

the special case n = 2. From (5.19), P
(1)
out specializes to

P
(1)
out = 1− (IS1 + IS2) (5.42)

where S1 = {1, 2}, S2 = {2, 1},

IS1 =

∫∫
D1

f1(x(1))f2(x(2))dx(2)dx(1) =

∫∫
D1

1

X1

exp

(
−
x(1)

X1

)
· 1

X2

exp

(
−
x(2)

X2

)
dx(2)dx(1)

(5.43)

and D1 is

D1 =

 X(1) ≥ γ̂1 ·
(
X(2) + σ2

)
X(1) ≥ X(2) ≥ 0

. (5.44)

When the target data rate of the strongest user γ̂1 is at least equal to 1 bit/s/Hz,

solving the integral in (5.43) gives

IS1 =
exp

(
−γ̂1σ2

X1

)
1 + X2

X1
γ̂1

. (5.45)

From (5.45), IS2 is readily determined as

IS2 =
exp

(
−γ̂1σ2

X2

)
1 + X1

X2
γ̂1

(5.46)

and P
(1)
out follows:

P
(1)
out = 1−

exp
(
−γ̂1σ2

X1

)
1 + X2

X1
γ̂1

+
exp

(
−γ̂1σ2

X2

)
1 + X1

X2
γ̂1

 . (5.47)

When n = 3, P
(1)
out exhibits 3! distinct contributions. The first of them, IS1 , S1 =

{1, 2, 3}, is

IS1 =

∫∫∫
D1

f1(x(1))f2(x(2))f3(x(3)) dx(3)dx(2)dx(1) (5.48)

where D1 is identified by the conditions

D1 =

 X(1) ≥ γ̂1 ·
(
X(2) +X(3) + σ2

)
X(1) ≥ X(2) ≥ X(3) ≥ 0

. (5.49)
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So,

IS1 =

∫∫∫
D1

p123(x(1), x(2), x(3)) dx(3)dx(2)dx(1) =

=

∫∫∫
D1

1

X1

exp

(
−
x(1)

X1

)
· 1

X2

exp

(
−
x(2)

X2

)
· 1

X3

exp

(
−
x(3)

X3

)
× dx(3)dx(2)dx(1) .

(5.50)

After a few lengthy steps, last integral is solved and leads to the following result

IS1 =
exp

(
−γ̂1σ2

X1

)
X1

2
X2

(X1 +X2γ̂1)(X1X2 +X1X3γ̂1 +X2X3γ̂1 +X2X3γ̂1
2)

(5.51)

that more aptly is written as

IS1 =
exp

(
−γ̂1σ2

X1

)
(1 + X2

X1
γ̂1)(1 + X3

X2
γ̂1 + X3

X1
γ̂1(γ̂1 + 1))

. (5.52)

Once IS1 is determined, all the remaining contributions can be obtained permuting

over SN . On purpose, the set S2 = {1, 3.2} is considered next, which provides the result

IS2 =
exp

(
−γ̂1σ2

X1

)
X

2
1X3

(X1 +X3 · γ̂1)(X1X2 +X1(X3 + 2X2X3γ̂1))
. (5.53)

Observe that, when the sum IS1 + IS2 is computed, it gives

C1 = IS1 + IS2 =
exp

(
−γ̂1σ2

X1

)
X

2
1

(X1 +X2γ̂1)(X1 +X3γ̂1)
=

exp
(
−γ̂1σ2

X1

)
(1 + X2

X1
γ̂1)(1 + X3

X1
γ̂1)

. (5.54)

If we now introduce the sets S3 = {2, 1, 3} and S4 = {3, 1, 2}, permuting X1,X2 and

X3 in (5.52), IS3 and IS4 are also determined. Their sum gives

C2 = IS3 + IS4 =
exp

(
−γ̂1σ2

X2

)
X

2
2

(X2 +X1γ̂1)(X2 +X3γ̂1)
=

exp
(
−γ̂1σ2

X2

)
(1 + X1

X2
γ̂1)(1 + X3

X2
γ̂1)

. (5.55)

The same applies to S5 = {3, 2, 1} and S6 = {2, 3, 1}, whose sum C3 is

C3 = IS5 + IS6 =
exp

(
−γ̂1σ2

X3

)
X

2
3

(X3 +X1γ̂1)(X3 +X2γ̂1)
=

exp
(
−γ̂1σ2

X3

)
(1 + X1

X3
γ̂1)(1 + X2

X3
γ̂1)

. (5.56)

Therefore, in the presence of n = 3 users and under the previous hypothesis γ̂1 ≥ 1, P
(1)
out
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is amenable to the writing

P
(1)
out = 1−

∑
Si∈SN

ISi = 1−
3∑

k=1

Ck =

= 1−

 exp
(
−γ̂1σ2

X1

)
(1 + X2

X1
γ̂1)(1 + X3

X1
γ̂1)

+
exp

(
−γ̂1σ2

X2

)
(1 + X1

X2
γ̂1)(1 + X3

X2
γ̂1)

+
exp

(
−γ̂1σ2

X3

)
(1 + X1

X3
γ̂1)(1 + X2

X3
Γ̂)

 .

(5.57)

When the case n = 4 is examined, 4! = 24 terms contribute to P
(1)
out ; yet, it is sufficient

to compute the term that corresponds to the S1 = {1, 2, 3, 4} set, that is expressed by

IS1 =

∫∫∫∫
D1

f1(x(1))f2(x(2))f3(x(3))f4(x(4))× dx(4)dx(3)dx(2)dx(1) (5.58)

with D1 now being given by

D1 =

 X(1) ≥ γ̂1 ·
(
X(2) +X(3) +X(4) + σ2

)
X(1) ≥ X(2) ≥ X(3) ≥ X(4) ≥ 0

. (5.59)

Here too, the assumption of exponential pdf allows to solve (5.58) in closed-form,

resulting in

IS1 = exp

(−γ̂1σ2
X1

)
× X

3
1X

2
2X3

(X1 +X2γ̂1)(X1X2 +X1X3 + 2X2X3γ̂1)(X1X2X3 +X1X2X4 + 3X2X3X4γ̂1)
.

(5.60)

At first sight, last expression might look unmanageable and hinder P
(1)
out determination.

Yet, in analogy with the previous n = 3 case, the contribution in (5.60) has to be grouped

with other conveniently identified terms, namely, those that correspond to the sets S2 =

{1, 2, 4, 3}, S3 = {1, 3, 2, 4}, S4 = {1, 3, 4, 2}, S5 = {1, 4, 2, 3}, and S6 = {1, 4, 3, 2}, leading

to the partial sum

C1 =

6∑
i=1

Si =
exp

(
− γ̂1σ2

X1

)
(1 + X2

X1
γ̂1)(1 + X3

X1
γ̂1)(1 + X4

X1
γ̂1)

. (5.61)

In an analogous manner, 3 more partial sums are computed, so that altogether 4 terms
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are identified, Ck, k = 1, 2, 3, 4, the generic Ck being

Ck =
exp

(
− γ̂1σ2

Xk

)
4∏
i=1
i 6=k

(
1 + Xi

Xk
Γ̂
) (5.62)

and P
(1)
out is then computed as

P
(1)
out = 1−

4∑
k=1

Ck . (5.63)

For an arbitrary number n of superimposed signals, n partial sums, each with (n − 1)!

elements, have to be determined. By induction, the generic sum Ck turns out to be

Ck =
exp

(
− γ̂1σ2

Xk

)
n∏
i=1
i 6=k

(1 + Xi

Xk
· γ̂1)

, (5.64)

so that P
(1)
out , the probability that power-domain NOMA cannot guarantee the target data

rate to the strongest user, is finally written as

P
(1)
out = 1−

n∑
k=1

Ck = 1−
n∑
k=1

exp
(
−γ̂1σ2

Xk

)
n∏
i=1
i 6=k

(
1 +

Xi

Xk

γ̂1

) . (5.65)

under the condition γ̂1 ≥ 1 bits/s/Hz.
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Chapter 6

Final Remarks

Vehicular communications are instrumental for the accomplishment of more secure, effi-

cient, and environment-friendly transports. As of today, the IEEE 802.11p and C-V2X

SL technologies compete to gain the technological superiority and be selected for sup-

porting the ITS evolution towards cooperative and automated driving. In this thesis, the

C-V2X SL solution has been thoroughly analyzed from the simulative, experimental, and

analytical perspective.

To do so, this thesis leveraged the MoReV2X simulator presented in Chapter 1. The

implementation of MoReV2X adheres to 3GPP specifications and evaluation guidelines

introduced in Release 14 through Release 16. As a result, MoReV2X allows the simulation

of LTE-V2X SL and NR-V2X SL communications, including a specific set of channel

models, traffic models, and performance metrics. In Chapter 1, the value of MoReV2X

has been illustrated by reporting an exemplary set of results. The presented results offered

a preliminary insight on the achievable performance of NR-V2X SL for two alternative SCS

choices and two different traffic types, namely, periodic and aperiodic. Moreover, Chapter

1 has reported the BLER curves obtained during the link-level analysis of the C-V2X SL

technology, highlighting the impact of PHY layer aspects on the performance of C-V2X SL

communications. In this Chapter, the relevance of the BLER curves to the development

of the simplified PHY layer abstraction models employed by MoReV2X has also been

discussed.

Next, Chapter 2 leveraged the MoReV2X simulator to exhaustively analyze C-V2X

SL communications, concentrating on the LTE-V2X Mode 4 and NR-V2X Mode 2 dis-

tributed resource allocation modes. Chapter 2 studied the coexistence of periodic and

aperiodic traffic in LTE-V2X Mode 4, performing an exhaustive set of simulations that

considered different percentages and arrival rates of aperiodic flows, size of aperiodic pack-

ets, and vehicular densities. As the obtained results showed that LTE-V2X Mode 4 is not

able to effectively serve aperiodic traffic, a new reservation-less scheduling scheme has

been proposed, and its superiority with respect to legacy solutions has been numerically

demonstrated.

In the NR-V2X Mode 2 case, Chapter 2 has examined the impact of the latest MAC
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sublayer features introduced by 3GPP in Release 16 on system performance. Specifically,

Chapter 2 concentrated on the analysis of the re-evaluation mechanism and on the com-

parison between the SPS and DS schemes. First, numerical simulations revealed that

the re-evaluation mechanism is not able to improve NR-V2X SL performance despite

a significant implementation complexity. In the case of periodic traffic, the re-evaluation

mechanism is able to detect only a negligible number of collisions. The amount of detected

collisions increases with aperiodic traffic, but the selection of collision-free resources af-

ter a re-evaluation is not guaranteed. The obtained results demonstrated that the MAC

sublayer of NR-V2X Mode 2 and LTE-V2X Mode 4 faces the same challenges when the

dissemination of aperiodic traffic is considered.

Then, further valuable insights on the NR-V2X Mode 2 operation have been reported

by the comparative analysis of the SPS and DS schemes. Analytical models and simu-

lation results have demonstrated that varying PDB requirements do not affect the DS

strategy operation, whereas they can significantly deteriorate the SPS strategy. Moreover,

simulation results have also shown that the SPS strategy represents the best solution for

serving fixed size periodic traffic, while the DS strategy attains the best performance in

the (fixed or variable size) aperiodic traffic case. In Chapter 2, a novel adaptive strategy

that allows vehicles to adapt their scheduling scheme on the basis of the generated traffic

has also been proposed.

The MoReV2X simulator has been employed also in Chapter 3 to assess the perfor-

mance of a new AI-based resource allocation strategy for the dissemination of CAMs in

LTE-V2X Mode 4. The proposed solution leverages ML to forecast future CAM inter-

arrival times and accordingly optimize the MAC layer configuration. The obtained results

show that a simple AI technique like the KNN algorithm can achieve an excellent ac-

curacy and that the AI-enhanced resource allocation outperforms the legacy LTE-V2X

Mode 4 approach. Although Chapter 3 concentrates on LTE-V2X Mode 4, it discloses the

potential of ML for disseminating aperiodic traffic also in NR-V2X Mode 2.

In Chapter 4, the simulative analysis of C-V2X SL communications has been comple-

mented with experimental results, reporting the findings of a vast measurement campaign

conducted to analyze the temporal patterns that characterize the dissemination of CAMs

and VAMs via LTE-V2X SL. VAMs and CAMs generated by bicycles, e-scooters, cars

and motorbikes were collected through numerous field tests performed in urban, subur-

ban, and highway settings. The analysis of the experimental results revealed the impact

of the various triggering conditions on the temporal patterns of VAMs and CAMs. In

the case of VAMs, an amendment to the current generation rules to reduce the amount

of generated messages, without losing relevant information about the VRU movements,

has been proposed and proved successful. Furthermore, Chapter 4 has experimentally

assessed the PRR of LTE-V2V SL communications, revealing worse communication range

levels with respect to simulations and other experimental studies performed in controlled

environments. Chapter 4 has also presented the first experimental analysis of the PRR

attained by bicycle-to-vehicle communications based on LTE-V2X SL, providing prelimi-

160



nary indications on the achievable communication range of safety-related VRU protection

use cases.

Lastly, Chapter 5 has presented a novel analytical approach to evaluate the outage

probability of uplink power-domain NOMA when a dynamic-ordered SIC receiver and

an arbitrary number of simultaneously active devices (UEs or V2X-enabled vehicles) is

considered. The method has been employed both in the presence of Rayleigh fading and

Rayleigh plus lognormal shadowing, providing closed-form expressions whose correctness

and excellent accuracy have been demonstrated through Monte Carlo simulations. Chapter

5 has also put forth approximated closed-form expressions to determine the probability

that the SIC receiver does not succeed in decoding the second, third, n-th strongest user.

In this Chapter, the application of power-domain NOMA to V2V communications in

distributed scenarios, where there is no infrastructure support, has also been discussed.

This thesis has provided an accurate and exhaustive analysis of the C-V2X SL tech-

nology, clearly identifying its strengths and limitations. At the same time, this thesis has

highlighted the need for a V2X technology able to serve different traffic types and cope

with a wide range of latency, reliability, and communication range requirements. To this

end, the PHY layer of the C-V2X SL technology features an extremely flexible design and

its configuration can be tailored to the needs of each specific V2X application. However,

the C-V2X SL MAC sublayer is not characterized by the same flexibility, and the key

question of how to accommodate different traffic types still remains unanswered. In order

to demonstrate its superiority with respect to its IEEE 802.11p (and IEEE 802.11bd)

competitor, the C-V2X SL technology will require a partial re-design of the MAC sublayer

during the “beyond 5G” standardization phase. In this regard, this thesis has demon-

strated the potential of AI-based resource allocation strategies for the support of realistic

V2X applications and laid the analytical foundations for the deployment of novel NGMA

solutions also in the V2X ecosystem. The design of new and effective MAC sublayer so-

lutions will have to be complemented by an exhaustive characterization of V2X traffic

sources, since future CAVs will disseminate more sophisticated messages in addition to

CAMs, e.g., CPMs and MCMs, which exhibit peculiar features in terms of message size

and inter-arrival time that cannot be neglected.
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