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Practical Algorithms and Analysis for Next-Generation Decentral-
ized Vehicular Networks

Avik Dayal

(ABSTRACT)

The development of autonomous ground and aerial vehicles has driven the requirement for

radio access technologies (RATs) to support low latency applications. While onboard sensors

such as Light Detection and Ranging (LIDAR), Radio Detection and Ranging (RADAR),

and cameras can sense and assess the immediate space around the vehicle, RATs are crucial

for the exchange of information on critical events, such as accidents and changes in trajec-

tory, with other vehicles and surrounding infrastructure in a timely manner. Simulations

and analytical models are critical in modelling and designing efficient networks.

In this dissertation, we focus on (a) proposing and developing algorithms to improve the

performance of decentralized vehicular communications in safety critical situations and (b)

supporting these proposals with simulation and analysis of the two most popular RAT stan-

dards, the Dedicated Short Range Communications (DSRC) standard, and the Cellular

vehicle-to-everything (C-V2X) standard.

In our first contribution, we propose a risk based protocol for vehicles using the DSRC

standard. The protocol allows a higher beacon transmission rate for vehicles that are at a

higher risk of collision. We verify the benefits of the risk based protocol over conventional

DSRC using ns-3 simulations. Two risk based beacon rate protocols are evaluated in our

ns-3 simulator, one that adapts the beacon rate between 1 and 10 Hz, and another between

1 and 20 Hz. Our results show that both protocols improve the packet delivery ratio (PDR)

performance by up to 45% in congested environments using the 1-10 Hz adaptive beacon

rate protocol and by 38% using the 1-20 Hz adaptive scheme. The two adaptive beacon rate

protocol simulation results also show that the likelihood of a vehicle collision due to missed

packets decreases by up to 41% and 77% respectively, in a three lane dense highway scenario

with 160 vehicles operating at different speeds.

In our second contribution, we study the performance of a distance based transmission proto-

col for vehicular ad hoc network (VANET) using tools from stochastic geometry. We consider



a risk based transmission protocol where vehicles transmit more frequently depending on the

distance to adjacent vehicles. We evaluate two transmission policies, a listen more policy, in

which the transmission rate of vehicles decreases as the inter-vehicular distance decreases,

and a talk more policy, in which the transmission rate of vehicles increases as the distance

to the vehicle ahead of it decreases. We model the layout of a highway using a 1-D Pois-

son Point process (PPP) and analyze the performance of a typical receiver in this highway

setting. We characterize the success probability of a typical link assuming slotted ALOHA

as the channel access scheme. We study the trends in success probability as a function of

system parameters.

Our third contribution includes improvements to the 3rd Generation Partnership Project

(3GPP) Release 14 C-V2X standard, evaluated using a modified collision framework. In

C-V2X basic safety messages (BSMs) are transmitted through Mode-4 communications, in-

troduced in Release 14. Mode-4 communications operate under the principle of sensing-based

semi-persistent scheduling (SPS), where vehicles sense and schedule transmissions without a

base station present. We propose an improved adaptive semi-persistent scheduling, termed

Ch-RRI SPS, for Mode-4 C-V2X networks. Specifically, Ch-RRI SPS allows each vehicle to

dynamically adjust in real-time the BSM rate, referred to in the LTE standard as the resource

reservation interval (RRI). Our study based on system level simulations demonstrates that

Ch-RRI SPS greatly outperforms SPS in terms of both on-road safety performance, mea-

sured as collision risk, and network performance, measured as packet delivery ratio, in all

considered C-V2X scenarios. In high density scenarios, e.g., 80 vehicles/km, Ch-RRI SPS

shows a collision risk reduction of 51.27%, 51.20% and 75.41% when compared with SPS

with 20 ms, 50 ms, and 100 ms RRI respectively.

In our fourth and final contribution, we look at the tracking error and age-of-information

(AoI) of the latest 3GPP Release 16 NR-V2X standard, which includes enhancements to the

3GPP Release 14 C-V2X standard. The successor to Mode-4 C-V2X, known as Mode-2a

NR-V2X, makes slight changes to sensing-based semi-persistent scheduling (SPS), though

vehicles can still sense and schedule transmissions without a base station present. We use

AoI and tracking error, which is the freshness of the information at the receiver and the

difference in estimated vs actual location of a transmitting vehicle respectively, to measure

the impact of lost and outdated BSMs on a vehicle’s ability to localize neighboring vehicles.

In this work, we again show that such BSM scheduling (with a fixed RRI) suffers from severe

under- and over- utilization of radio resources, which severely compromises timely dissemi-

nation of BSMs and increases the system AoI and tracking error. To address this, we propose



an RRI selection algorithm that measures the age or freshness of messages from neighboring

vehicles to select an RRI, termed Age of Information (AoI)-aware RRI (AoI-RRI) selection.

Specifically, AoI-aware SPS (i) measures the neighborhood AoI (as opposed to channel avail-

ability) to select an age-optimal RRI and (ii) uses a modified SPS procedure with the chosen

RRI to select BSM transmission opportunities that minimize the overall system AoI. We

compare AoI-RRI SPS to Ch-RRI SPS and fixed RRI SPS for NR-V2X. Our experiments

based on the Mode-2a NR-V2X standard implemented using system level simulations show

both Ch-RRI SPS and AoI-RRI SPS outperform SPS in high density scenarios in terms of

tracking error and age-of-information.



Practical Algorithms and Analysis for Next-Generation Decentral-
ized Vehicular Networks

Avik Dayal

(GENERAL AUDIENCE ABSTRACT)

An increasing number of vehicles are equipped with a large set of on-board sensors that

enable and support autonomous capabilities. Such sensors, which include Light Detection

and Ranging (LIDAR), Radio Detection and Ranging (RADAR), and cameras, are meant to

increase passenger and driver safety. However, similar to humans, these sensors are limited

to line-of-sight (LOS) visibility, meaning they cannot see beyond other vehicles, corners,

and buildings. For this reason, efficient vehicular communications are essential to the next

generation of vehicles and could significantly improve road safety. In addition, vehicular com-

munications enable the timely exchange of critical information with other vehicles, cellular

and roadside infrastructure, and pedestrians. However, unlike typical wireless and cellular

networks, vehicular networks are expected to operate in a distributed manner, as there is no

guarantee of the presence of cellular infrastructure.

Accurate simulations and analytical models are critical in improving and guaranteeing the

performance of the next generation of vehicular networks. In this dissertation, we propose

and develop novel and practical distributed algorithms to enhance the performance of decen-

tralized vehicular communications. We support these algorithms with computer simulations

and analytical tools from the field of stochastic geometry.
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Chapter 1

Introduction

Modern vehicles have been equipped with a plethora of sensors to assist with autonomous

capabilities [83]. These sensors such as Light Detection and Ranging (LIDAR), Radio De-

tection and Ranging (RADAR), and cameras assist vehicular control systems in sensing and

assessing the status and space around the vehicle. The drawback is that most sensors, in-

cluding cameras, radars, and LIDAR, are limited to line of sight (LOS) visibility and are

constrained in their scope [73]. This LOS constraint is a major motivation for the devel-

opment of radio access technologies (RATs), and specifically, Vehicle-to-Everything (V2X)

communications. V2X communications enables both LOS and NLOS exchange of sensor

data with neighboring vehicles, thereby increasing the range of a vehicle’s awareness of

surrounding vehicles and infrastructure [74].

With the development and interest in autonomous ground and aerial vehicles, RATs are being

developed to support low latency applications. These RATs are expected to play a role in

intelligent transportation systems (ITSs) to increase the safety and transportation efficiency

on the highways and roads of the future. V2X communications, which is considered to consist

of vehicle-to-infrastructure (V2I), vehicle-to-vehicle (V2V), and vehicle-to-pedestrian (V2P)

communications, is a promising technology for next generation intelligent transportation

systems, mainly due to its potential of improving the safety of vehicles [74].

These V2X services are designed with strict quality of service (QoS) requirements to guar-

antee traffic safety and improve traffic efficiency, among others. There are two competing

technologies that enable V2X communications, Dedicated Short Range Communications

(DSRC) and Cellular-V2X (C-V2X) [64]. DSRC is a decentralized wireless communica-

tions protocol based on the 802.11 standard designed for short to medium ranges [10]. It is

standardized by IEEE as 802.11p in the US and its European equivalent by the European

Telecommunications Standards Institute (ETSI). Alternatively, Cellular-based V2X (C-V2X)

is standardized by the Third Generation Partnership Project (3GPP), which defines two new

modes of operation for LTE that are specifically designed for V2X communications.

1



Chapter 1. Introduction

1.1 Motivation and Contributions

Various studies, such as [43] [14], have shown that the performances of DSRC and C-V2X

suffer at high traffic densities, offering inadequate support in congested vehicular environ-

ments. Whereas congestion control on top of a given message delivery protocol is expected

to improve the low packet delivery ratio (PDR) at high congestion, such schemes do not

necessarily address the quality of service (QoS) requirements for vehicles at risk of collision.

1.2 Risk Controlled Beacon Transmission in DSRC Com-

munications

Chapter 3 proposes a variable beacon transmission rate protocol for each vehicle communi-

cating via DSRC. The chosen transmission rate depends on the risk of collision each vehicle

poses to the surrounding vehicles. This risk is computed using vehicular kinematics and is a

function of the time and probability that a vehicle has of colliding with nearby vehicles. It

is important to note that the proposed method is agnostic to the V2X protocol and allows

applying congestion control mechanisms on top of it.

The specific contributions of this work are:

• Introduction of a metric for assigning priorities based on collision risk to vehicles shar-

ing a road.

• Design of an adaptive beaconing protocol at the MAC layer that allows for a higher

beacon rate for high risk vehicles.

• Implementation of the adaptive beaconing protocol in ns-3 and comparison of the

PDR of the proposed scheme with that of the traditional fixed beacon rate based on

comprehensive numerical results. These results show significant improvement in PDR

at low, medium and high vehicle densities.

Publications

The work presented in this chapter is part of the following peer reviewed publications:

2



1.3. Stochastic Analysis of Beacon Transmission in V2V Communications

• A. Dayal, E. Colbert, V. Marojevic, and J. Reed. Risk Controlled Beacon Transmis-

sion in V2V Communications. In 2019 IEEE 89th Vehicular Technology Conference

(VTC2019-Spring), pages 1–6, 2019.

• B. Choudhury, V. K. Shah, A. Dayal, and J. H. Reed. Experimental Analysis of Safety

Application Reliability in V2V Networks. In 2020 IEEE 91st Vehicular Technology

Conference (VTC2020-Spring), pages 1–5, 2020.

1.3 Stochastic Analysis of Beacon Transmission in V2V

Communications

Although system level simulations can be used to evaluate the performance of a risk based

scheme, analytical models are also critical to the analysis of vehicular networks. In this

chapter, we study the performance of two distance-based transmission protocols for vehicular

ad hoc networks (VANET) using tools from stochastic geometry. We consider a risk-based

protocol, where the distance to adjacent vehicles determines the riskiness of a vehicle and

thus how frequently a vehicle transmits. Assuming slotted ALOHA as the channel access

scheme and Nakagami-m fading, we evaluate two transmission policies, a listen more policy,

in which the transmission rate of vehicles decreases as the inter-vehicular distance decreases,

and a talk more policy, in which the transmission rate of vehicles increases as the inter-

vehicular distance decreases. We model the layout of a highway using a 1-D Poisson Point

process (PPP) and characterize the success probability of the typical link under the two

transmission policies. Finally, we study the trends in success probability as a function of

system parameters. The risk based policy is modeled by assigning a Bernoulli random

variable to each vehicle, and the resulting coverage probability is derived and analyzed.

The specific contributions of this work are:

• Introduction of a marked point process for assigning probabilities of interference based

on distances to adjacent vehicles sharing a road.

• Derivation of success probability of a typical link in a VANET with vehicles’ probabil-

ities of transmission modeled as a 1-D marked point process.
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• Computation of the coverage probability for a risk-based protocol for two transmission

policies.

Publications

The work presented in this chapter is intended to be submitted as a Transactions on Vehicular

Technology Correspondence letter.

1.4 Ch-RRI SPS: Adaptive Semi-Persistent Schedul-

ing for C-V2X Networks

The Third Generation Partnership Project (3GPP) has recently standardized two modes

(Mode-3 and Mode-4) of operation that are specifically designed for V2X communications

in the Long Term Evolution (LTE) standard. The LTE standard built these two modes on

top of proximity services (ProSe) for Device to Device (D2D) communications (referred to

as ProSe Mode-1 and Mode-2).

The mechanism driving C-V2X and Mode-4 communications is semi-persistent scheduling

(SPS), which allows vehicles to self select resources from a pool of resource blocks for the

transmission of BSMs. The time in between transmissions is tied to a fixed periodicity

known as the resource reservation interval (RRI). Though the standard allows for different

RRIs such as 20, 50, and 100 ms, they are fixed and remain the same for a given C-V2X

network. This fixed periodicity of BSMs means that the channel resources could be perpet-

ually underutilized or overly congested, depending on the sparse or dense C-V2X scenarios

and RRI prespecified at each vehicle by the SPS protocol. For instance, if a larger value

of RRI is chosen (say 100 ms) then it would lead to under-utilization of channel resources

in case of sparse C-V2X scenarios. Whereas if a lower value of RRI is selected, say 20 ms,

then it will result in overly congested channel resources, and many dropped BSMs in case

of denser C-V2X scenarios. Both under- and over-utilization of channel resources negatively

impact the up-to-date sharing of BSMs, which in turn, severely compromises the road safety

of C-V2X.

To address these shortcoming of SPS and improve the road safety of C-V2X, in this chapter

we propose an channel-aware RRI selection algorithm for semi-persistent scheduling, termed
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Ch-RRI SPS. Ch-RRI SPS allows each vehicle to adapt to the considered time-varying C-

V2X scenarios (i.e., sparse or dense C-V2X and correspondingly, the availability of channel

resources over time), and dynamically adjust RRI (or BSM rate) for each vehicle in the

network. This enables each vehicle to judiciously utilize all the available channel resources,

and broadcast the most recent BSMs, which in turn, enhances the tracking error – which is

critical for the road safety of C-V2X networks. See Section 5.2 for details.

This work makes the following key contributions:

• Development of an adaptive semi-persistent scheduling, termed Ch-RRI SPS, algorithm

for C-V2X networks, that allows each vehicle to dynamically adjust in real-time the

RRI depending upon the considered C-V2X scenario.

• Presentation of asystem model and a collision model, which is based on the concept of

tracking error, for the considered C-V2X networks.

• Extensive experiments based on system level simulations that show that Ch-RRI SPS

outperforms the baseline SPS in terms of road safety performance, measured as collision

risk, across all considered C-V2X setting. When compared to SPS with 20 ms, 50 ms,

and 100 ms RRI, the results show a significant improvement in the reduction of collision

risks respectively by 51.27%, 51.20%, and 75.41% for 80 vehicles/km. The results are

consistent for other considered C-V2X scenarios. Furthermore, Ch-RRI SPS performs

well in terms of packet delivery ratio in all considered scenarios.

Publications

The work presented in this chapter is part of the following peer reviewed publications:

• Avik Dayal, Vijay K. Shah, Biplav Choudhury, Vuk Marojevic, Carl Dietrich, and

Jeffrey H. Reed. Adaptive Semi-Persistent Scheduling for Enhanced On-road Safety in

Decentralized V2X Networks. In 2021 IFIP Networking Conference (IFIP Networking),

pages 1–9, 2021.
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1.5 Adaptive RRI Selection Algorithms for Improved

Cooperative Awareness in Decentralized NR-V2X

In this final contribution, we investigate and propose improvements for the newest 3GPP

Release 16 V2X communications technology that uses the 5G New Radio (NR) air interface,

referred to as 5G NR-V2X. NR-V2X includes enhancements to the 3GPP’s previous (C-

V2X) based on the Long-Term Evolution (LTE) standard. NR-V2X offers two modes of

operation, termed Mode-1 and Mode-2, that use sidelink communications, which is direct

communication between users or vehicles without data passing through the gNodeB [67].

NR-V2X Mode-1, analogous to C-V2X Mode-3, employs a centralized scheduling approach,

where a gNodeB schedules and assigns sidelink radio resources for two or more vehicles to

communicate and exchange data directly. NR-V2X Mode-2, the successor to the C-V2X

Mode-4 standard, assumes communications to occur outside the coverage of an gNodeB;

therefore, every vehicle uses a sensing-based semi-persistent scheduling (SPS) protocol to

sense and reserve sidelink radio resources. As mentioned previously, SPS was introduced as

part of the Release 14 C-V2X Mode-4 standard, the predecessor to NR-V2X Mode-2 [77].

Since cellular connectivity can not be assumed ubiquitous, NR-V2X Mode-2 is considered as

the baseline mode for NR-V2X.

In this work, we focus on improving the NR-V2X performance for cooperative awareness,

the localization and trajectory prediction of neighboring vehicles and infrastructure. One

metric that can quantify cooperative awareness performance is tracking error, the difference

between a vehicle’s actual and perceived location (via most recent BSM) by its neighboring

vehicles. Tracking error, as opposed to conventional communication metrics such as packet

delivery ratio (PDR) and throughput, captures the impact of multiple lost or outdated BSMs

on a vehicle’s awareness.

Since BSMs carry time-sensitive information, outdated BSMs (due to large RRIs) and/or

lost BSMs (due to channel congestion) negatively impact the performance of cooperative

awareness applications, mainly due to wrong localization of neighboring vehicles. Therefore,

it is critical that the state information in each vehicles transmission be fresh, as stale in-

formation can compromise the aggregate awareness of the vehicular network. The freshness

of information at receiving vehicles can be measured using Age-of-Information (AoI). AoI is

the time elapsed since new state information has been generated and is a promising metric

to measure the freshness of system state information. Results in [29] have found that AoI
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has a strong correlation with tracking error in vehicular networks, which motivates further

study of AoI.

In this final chapter, we introduce a new adaptive RRI algorithm, termed AoI-aware RRI

(AoI-RRI) selection. Motivated by the benefits of reducing AoI, we propose AoI-RRI, an

AoI-aware RRI selection algorithm for NR-V2X Mode-2 SPS that uses the average AoI

observed by neighboring vehicles to select an optimal RRI. We compare AoI-RRI SPS to

Ch-RRI (introduced in the previous contribution) and NR-V2X Mode-2 with static RRIs.

In this work, we make following key contributions:

• We again show for NR-V2X Mode-2 SPS that static RRIs suffer severely from under-

and over-provisioning of radio resources (depending upon the vehicle densities). This

in turn negatively impacts the timely successful delivery of BSMs and compromises

the cooperative awareness of NR-V2X Mode-2 SPS.

• In a similar vein to Ch-RRI SPS, we develop AoI-RRI SPS, SPS powered by a AoI

aware RRI selection algorithm. The AoI-RRI algorithm uses neighborhood age and

channel resource measurements to choose an age optimal RRI iteratively.

• Experiments developed on our NR-V2X simulator show that when compared to NR-

V2X Mode-2 SPS with 20 ms, 50 ms, and 100 ms RRI, the proposed Ch-RRI and AoI-

RRI SPS demonstrate a substantial reduction of tracking error. Ch-RRI as compared

to AoI-RRI shows a lower AoI and tracking error in low density highway scenarios, and

is faster in converging to a local minimum AoI. However, the average AoI and tracking

error of AoI-RRI is lower at higher densities.

Publications

The work presented in this chapter is part of the following peer reviewed publications:

• A. Dayal, V. K. Shah, H. Dhillon, and J. Reed. Adaptive RRI Selection Algorithms

for Improved Cooperative Awareness in Decentralized NR-V2X. Submitted to IEEE

Transactions on Intelligent Transportation Systems (Under Review), pages 1–12.
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1.6 Other Publications

The following peer reviewed publications pertaining to cyber physical systems have inspired

some of the research presented in this dissertation, but are not a part of this dissertation.

• A. Dayal, Yi Deng, A. Tbaileh, and S. Shukla. VSCADA: A reconfigurable virtual

SCADA test-bed for simulating power utility control center operations. In 2015 IEEE

Power Energy Society General Meeting, pages 1–5.

• A. Dayal, A. Tbaileh, Y. Deng, and S. Shukla. Distributed VSCADA: An integrated

heterogeneous framework for power system utility security modeling and simulation.

In 2015 Workshop on Modeling and Simulation of Cyber-Physical Energy Systems

(MSCPES), pages 1–6.

• Biplav Choudhury, Vijay K Shah, Avik Dayal, and Jeffrey H Reed. Joint age of in-

formation and self risk assessment for safer 802.11 p based V2V networks. In IEEE

INFOCOM 2021-IEEE Conference on Computer Communications, pages 1–10. IEEE,

2021.
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Chapter 2

Technical Background

In 1999, the US Federal Communications Commission (FCC) reserved 75 MHz of spec-

trum (spanning 5.85-5.925 GHz) in the 5.9 GHz band for Intelligent Transportation Services

(ITS) [52]. The European Communication Commission soon followed, allocating three 10

MHz channels. The allocation has led to significant research activity and the development

of Vehicle-to-everything (V2X) communications. Vehicle-to-everything (V2X) 1 communica-

tions has potential of improving on-road safety, leading to the prevention/reduction of road

accidents and more efficient traffic management [74]. There are two competing technologies

that enable V2X communications, Dedicated Short Range Communications (DSRC) and

Cellular-V2X (C-V2X) [64]. DSRC was the first set of radio standards to be completed in

2010 and was based on the 802.11p standard [10].

The ITS band is divided into seven 10 MHz channels. The DSRC spectrum at 5.9 GHz

consists of seven 10 MHz channels. The U.S. channels are numbered 172 through 184, with

Ch. 178 as the Control Channel (CCH), and Chs. 172, 174, 176, 180, 182, and 184 as Service

Channels (SCHs) [55]. The Physical (PHY) and Medium Access Control (MAC) layer proto-

cols for DSRC are defined in the 801.11p amendment of the IEEE 802.11p standards, known

as the Wireless Access in Vehicular Environments (WAVE) amendment. The counterpart

European DSRC standard is known as European Telecommunications Standards Institute

(ETSI) Technical Specification 101 [1].

There are two major V2X use cases: basic safety and cooperative traffic efficiency messages.

Basic safety messages (BSMs) are periodic messages that contain information about vehicle

position and speed. They are expected to have a latency of less than 100 ms, a transmission

rate of 10 Hz, and transmission range from 100 m to 1 km [15]. Cooperative traffic efficiency

messages are event triggered messages that are intended to help vehicular flow. These mes-

sages are required to have a latency of less than 200 ms over a distance of 300 m to 5 km

1V2X refers to vehicle-to-infrastructure (V2I), vehicle-to-vehicle (V2V), and vehicle-to-pedestrian (V2P)
communications.
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and a transmission frequency of 10 Hz. The focus of this dissertation is primarily focused

on the use and dissemination of basic safety messages (BSMs), though many of the ideas

developed in this dissertation can be adapted for cooperative traffic efficiency messages.

Table 2.1: Requirement ranges for 3GPP use cases

Use Case Payload
(Bytes)

Transmit
Rate (Mes-
sages/sec)

Reliability
(%)

Range (m)

Vehicular
Platooning

50-6000 2-50 90-99.99% 80-350

Advanced
Driving

300-12000 10-100 90-99.99% 360-700

Extended
Sensors

1600 10 90-99.99% 50-1000

Remote Driv-
ing

16000-41700 33-200 99.99% 1000

2.1 Dedicated Short Range Communications

DSRC is a 802.11-based communications standard created to support vehicular communi-

cations. The PHY and MAC protocols for DSRC are defined in the 802.11p amendment

to the IEEE 802.11 standard, known as the Wireless Access in Vehicular Environments

(WAVE) [48]. The 802.11p modulation uses orthogonal frequency division multiplexing and

the waveform is considered a variation of the IEEE 802.11a standard, with changes designed

for vehicles travelling at high speeds [56]. The 802.11p packet is made up of a preamble,

signal field, and data field. Each OFDM symbol consists of 64 subcarriers, of which 48 are

data subcarriers, 4 are pilot subcarriers, and the remaining 12 are null subcarriers [53]. The

channel bandwidth is 10 MHz, and the subcarrier spacing is 312 kHz. The 802.11p standard

uses a block-comb-type pilot pattern for channel estimation. The two symbols at the begin-

ning of the IEEE 802.11p packet are the block pilot, and each OFDM symbol then uses the

pilot as the comb type.

At the MAC layer, DSRC employs Carrier Sense Multiple Access [44]. However, DSRC

CSMA has no exponential back-off, meaning the contention window size remains fixed in

DSRC. The removal of the exponential back-off is in part because DSRC is broadcast based,

with no acknowledgment message sent back to the transmitter. Using exponential back-off
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causes large contention window sizes, leading to increased latency. The DSRC protocol also

allows for packet expiration at the transmitter. Packet expiration means that packets are dis-

carded at the transmitter if the transmitting vehicle cannot gain access to the channel within

the broadcast interval. The reasoning behind packet expiration is due to the delay-sensitive

nature of vehicular networks; since the packet information for the vehicle has aged and is no

longer valid, the vehicle should generate a new packet in the next broadcast interval. Another

notable design aspect of the DSRC standard is that vehicles do not use the request-to-send

(RTS)/ clear-to-send (CTS) handshake mechanism present in traditional 802.11 networks.

The RTS/CTS handshake mechanism was removed to reduce the significant overhead in

transmissions. For a more in-depth discussion on the DSRC standard, please refer to [79].

2.2 C-V2X and NR-V2X Sidelink

In this section we discuss the cellular based competitor to DSRC, the Release 14 C-V2X

Mode-4 and Release 16 NR-V2X Mode-2 standards. We start with the physical layer for

both standards and then detail the inner workings of sensing-based semi-persistent schedul-

ing (SPS) that allows vehicles to find and reserve suitable transmission opportunities.

Under Release 12 for public safety, the Third Generation Partnership Project (3GPP) intro-

duced the concept of device-to-device (D2D) communications. D2D communications allow

for the quick exchange of data over short distances with a direct link between nodes. These

D2D communications (also referred to as sidelink communications) can also enable user

equipments (UEs) to bypass the central LTE base station. In 2016, 3GPP Release 14 intro-

duced four communication modes for device-to-device (D2D) communications [58]. Modes 1

and 2 were designed to extend the battery life for mobile devices while increasing end-to-end

latency. Modes 3 and 4, referred to as C-V2X Mode-3 and Mode-4, were specifically designed

for V2V communications [24]. In Mode-3, the eNodeB is responsible for scheduling and allo-

cating resources for vehicles, and there is assumed network coverage. In Mode-4, partial/no

network coverage is assumed, and resource allocation occurs in a distributed manner, with

no eNodeB. This Mode-4 standard is used for V2X communications, and is the baseline for

the C-V2X standard. In Release 16, 3GPP has introduced a new V2X communications tech-

nology that uses the 5G New Radio (NR) air interface, referred to as 5G NR-V2X. NR-V2X

includes enhancements to the 3GPP’s previous cellular V2X communications technology (C-

V2X) based on the Long-Term Evolution (LTE) standard. NR-V2X offers two modes of
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operation, termed NR-V2X Mode-1 and Mode-2, that use sidelink communications with no

data passing through the gNodeB [67].

Similar to C-V2X Mode-3, NR-V2X Mode-1 employs a centralized scheduling approach,

where a gNodeB schedules and assigns sidelink radio resources for two or more vehicles to

communicate and exchange data directly. NR-V2X Mode-2, the successor to C-V2X Mode-4,

assumes communications to occur outside the coverage of a gNodeB; therefore, every vehicle

uses a sensing-based semi-persistent scheduling (SPS) protocol to sense and reserve sidelink

radio resources. SPS was introduced as part of the Release 14 C-V2X Mode-4 standard,

the predecessor to NR-V2X Mode-2 [77]. Since cellular connectivity can not be assumed

ubiquitous, NR-V2X Mode-2 is considered as the baseline mode for NR-V2X. Fig. 2.1

illustrates the modes of C-V2X and NR-V2X. For the purposes of this dissertation, we focus

on the two decentralized vehicular communication protocols: C-V2X Mode-4 and NR-V2X

Mode-2.

Figure 2.1: Illustration of C-V2X Mode-3 (NR-V2X Mode 1) and Mode-4 (NR-V2X Mode
2).

2.2.1 Release 14 C-V2X and Release 16 NR-V2X Sidelink Physi-

cal Layer Structure

At the physical layer, C-V2X is similar to the LTE uplink and uses single-carrier frequency di-

vision multiple access (SC-FDMA) [5]. C-V2X supports 10 and 20 MHz channels at 5.9 GHz.
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In Mode-4, the time-frequency resources are divided into resource blocks (RBs), subframes

(sf), and subchannels. Frames are 10 ms in length, and are comprised of 10 subframes.

Subframes are typically comprised of 2 resource blocks in time [14]. A resource block is the

smallest schedulable unit of time and frequency that can be allocated to users. Each RB is

made up of 7 SC-FDMA symbols and is 180 kHz wide in frequency with 12 equally spaced

subcarriers. Each RB occupies 0.5 ms in time, with a minimum allocation time interval of

1 ms, also referred to as the transmission time interval (TTI). Subchannels are composed of

resource blocks contiguously located in frequency. In C-V2X, the data packet to be trans-

mitted, called the Transport Block (TB), typically takes up one or more subchannels. Each

TB is transmitted in the same subframe along a sidelink control information (SCI), that

contains the modulation and coding scheme (MCS) [77].

The Rel. 16 NR-V2X sidelink is similar in principle to the C-V2X sidelink, with some notable

differences. The NR-V2X sidelink is designed to operate in two different frequency ranges,

from 410 MHz - 7.125 GHz (FR1) and 24.25 GHz - 52.5 GHz (FR2) [38]. Though both

frequency ranges are supported in Rel. 16, NR-V2X is expected to operate in the FR1.

Resources in the NR-V2X time domain are made up of frames, subframes, and slots. Similar

to Release 14 C-V2X, each frame is made up of 10 subframes, and each frame time length

is typically 10 ms. Subframes are typically 1 ms in length, and are further broken down

into slots. A slot consists of 4 OFDM symbols, which means that the length of each slot

depends on the chosen subcarrier spacing. The NR V2X sidelink uses cylic prefix orthogonal

frequency modulation (CP-OFDM), as opposed to C-V2X SC-FDMA, and supports multiple

subcarrier spacings of 15, 30, and 60 kHz.

2.2.2 Semi-Persistent Scheduling (SPS)

At the MAC layer, both C-V2X Mode-4 and NR-V2X Mode-2 utilize SPS that uses sensing

to determine suitable semi-persistent transmission opportunities, i.e., set of subframes, for

BSM transmission. Fig. 2.2 depicts the SPS algorithm2 for the C-V2X Mode-4 and NR-V2X

Mode-2, with the steps that are changed for NR-V2X Mode-2 highlighted with dotted boxes.

We use sf ji to refer to a single-subframe resource where i is the subframe index and j is the

subchannel index of J total subchannels. See Fig. 2.3 for the illustration of subframe and

other key terminologies (e.g., sensing window) related to SPS.

2Please refer to [64], [14], [38], and [67] for a detailed discussion on SPS.
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Figure 2.2: Flowchart of SPS algorithm for C-V2X Mode-4 and NR-V2X Mode-2.

• Sensing (Step 1): Each vehicle continuously monitors the subframes by measuring

the reference signal received power (RSRP) and the sidelink received signal strength
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indicator (S-RSSI) across all J subchannels; and stores sensing measurements for a

prespecified Tsensing time, known as the sensing window. Tsensing is set to 1 s for C-V2X

Mode-4 and 100 ms for NR-V2X Mode-2. Let subframe sfn denote the first subframe

after the sensing window. Then we can write the sensing window at sfn as the following

set of single-subframe resources for the jth subchannel:
[
sf jn−Nsensing , . . . , sf

j
n−1

]
.

• Identifying available resources (Steps 2-8): Each vehicle initializes a selection

window with a set of consecutive candidate subframes (See Step 2). T1 ≤ 4 and

T2 ≤ RRI are the start and end subframes for the selection window. The RRI refers

to the time interval between two consecutive BSM transmissions (See Fig. 2.3 for

illustration). Each vehicle utilizes Nsensing subframes (obtained in Step 1) to identify

and subsequently select the available subframe within the selection window for BSM

transmission as follows.

1. The vehicle sets (i) the RSRP threshold, Pth, to a minimum RSRP value, Pmin

(Step 3) and (ii) initializes set SA as all subframes in the selection window, i.e.,

SA = [sfn+T1 , sfn+T1+1, · · · , sfn+T2 ], and SB as an empty set (See Step 5).

2. As shown in Step 6, the vehicle excludes all candidate subframes from set SA

if one of the following conditions are met (i) the vehicle has not monitored the

corresponding candidate subframe in the sensing window (i.e., Nsensing) and (ii)

the linear average RSRP measurement for corresponding candidate subframe is

higher than Pth. The RSRP exclusion criteria for the ith subframe (for jth sub-

channel) in the selection window can be written as

1

K

K∑
k=0

RSRP
(
sf jn+T1+i−Nsensing+k·RRI

)
≥ Pth (2.1)

where K =
Nsensing
RRI

. If RRI = 100 ms and Nsensing = 1000 ms and i = 4, then,

we look at RSRP value across following 10 subframes – {4, 104, 204, . . . , 904} and

divide it by K = 1000
100

= 10 to find the average RSRP.

3. If the remaining subframes in SA is less than 20% of total available subframes

(Step 7), then Pth is increased by 3 dB (Step 8), and Steps 4 to 7 are repeated.

• Resource Selection (Steps 8-10): If more than 20% of available channel resources

are identified, then, as shown in Step 8a, the vehicle populates SB with the first 20%

of candidate subframes which have the lowest average S-RSSI in set RA. The vehicle
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then randomly selects a candidate subframe from set SB as the selected resource for

the first BSM transmission (See Step 8b).

RSSI

(
K∑
k=0

sf jn+T1+i−Nsensing+k·RRI

)
(2.2)

Note that in NR-V2X Mode-2, step 8a is removed, and the vehicle randomly selects a

candidate subframe from set SA.

• Resource Reselection (Steps 9-10): Each vehicle can reserve the same subframe

(selected in Step 8b) for the next Resource Counter (RC) 3 number of subsequent

transmissions with the same transmission interval, i.e., RRI. The RC varies with the

RRI to ensure that the selected subframe/resource is in use for at least 0.5 s and

at most 1.5 s. This means that for a 20 ms RRI, 25 ≤ RC ≤ 75, for 50 ms RRI,

10 ≤ RC ≤ 30, and for a 100 ms RRI, 5 ≤ RC ≤ 15. After RC reaches 0, the vehicle

can either continue utilizing the preselected resources with a probability pr or reselect

new resources for BSM transmissions with a probability (1− pr) (See Steps 11-13).

Figure 2.3: Illustration of semi-persistent scheduling for C-V2X Mode-4 and NR-V2X Mode-
2.

3Resource Counter (RC) is the maximum number of transmissions a certain vehicle is allowed (by utilizing
the selected subframe/resource in the current selection window) before having to reselect a new set of
resources.
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Differences between C-V2X and NR-V2X SPS

Figure 2.2 shows a few differences between C-V2X Mode-4 and NR-V2X SPS that are worth

mentioning, which the changes in the NR-V2X SPS standard presented in dotted boxes.

Release 14 SPS has an additional selection criteria that selects subframe resources with

the lowest sidelink received strength indicator (S-RSSI) measurement. This was removed in

Release 16 to accommodate smaller RRIs [9]. In the Release 14 C-V2X standard, RRIs equal

to or below 100 ms were restricted to 20 ms, 50 ms, or 100 ms [64]. Release 16 NR-V2X

Mode-2 provides more flexibility by allowing any integer RRI between 1 and 99 ms for any

RRIs below 100 ms [38]. In NR-V2X Mode-2 SPS, each vehicle selects an RRI at the time

of resource selection, although the standard leaves the selection of RRI up to the user [38].

2.3 3GPP Evaluation Methodology

Before proposing improvements to SPS in Chapters 5 and 6, we briefly discuss the recom-

mended 3GPP simulation guidelines and topologies for the performance evaluation of C-V2X

and NR-V2X. We use these topologies to verify the performance of our SPS simulations. The

3GPP Release 14 and Release 16 consider two evaluation environments for both C-V2X and

NR-V2X: the urban grid and highway environments [7].

2.3.1 WINNER + B1 Channel Model

Both the urban grid and highway environments use the 3GPP WINNER+B1 channel models

for evaluating C-V2X Mode-4 [7]. The LOS and NLOS path losses for the WINNER B1

channel model in the 5.9 GHz band are computed as

PLLOS(dB) =


22.7 · log10(d) + 27.0 + 20.0 · log10 (fc) 30 m < d < dBP

40.0 · log10(d) + 9− 16.2 · log10 (hBS)

−16.2 · log10 (hMS + 3.8 · log10 (fc) . dBP < d < 5 km

(2.3)

PLNLOS(dB) = (44.9− 6.55 · log10 (hBS)) · log10(d)

+5.83 · log10 (hBS) + 15.38 + 23 · log10 (fc) ,
(2.4)
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where fc is the carrier frequency, d is the distance between the transmitter and receiver,

h and dBP is the breakpoint distance. For the purposes of vehicular communications, the

antenna heights hMS and hBS are set to 1.5 m [7]. dBP is computed as

dBP = 4 · (hBS − 1) · (hMS − 1) · fc/c, (2.5)

where c = 3 · 108 m/s. The 3GPP highway scenario only uses the LOS path loss. In the

urban scenario, if there is no building present between the two vehicles, the LOS path loss

is used. Otherwise, if there is a building present between two vehicles, the NLOS path loss

model is assumed.

2.3.2 3GPP Highway Scenario

The 3GPP highway scenario is illustrated in Fig. 2.4. In the highway scenario, vehicles

move along a 2 km, six lane highway, with three lanes dedicated to each direction. The

highway model assumes each vehicle moves with a constant velocity and the vehicles in the

top three lanes to move in the positive x direction (from left to right) and the vehicles in

the bottom three lanes to move in the negative x direction (from right to left). For each

density, the inter-vehicle distance in each lane is computed as the distance traveled by a

vehicle in 2.5 seconds. There are two standard 3GPP highway scenarios: the highway fast

and highway slow scenarios. The highway fast scenario is 120 vehicles traveling at 140 km/hr

in the highway scenario, which is used extensively in Chapter 5. The highway slow scenario

consists of 240 vehicles traveling at 70 km/hr in the same highway scenario.

We validate our SPS simulator by comparing the simulator highway fast and slow packet

delivery ratio (PDR) of SPS with a 100 ms RRI to the highway fast and slow scenarios

referenced in [4] and [64]. Unlike the simulation settings described in Chapters 5 and 6, all

vehicles travel at a constant velocity. Additionally, only PDR is used to evaluate the perfor-

mance of our SPS simulator, and compare directly to the results of [64]. Figures. 2.5(a) and

2.5(b) compare the PDR performance of our SPS implementation averaged across 5 trials to

the PDR performance in [64], with the error bars indicating the standard deviation across

trials. Notice from Figs. 2.5(a) and 2.5(b) that the performance of our SPS implementa-

tion matches closely to [64], and most of the PDR results fall within the margin of error.

However there are a few discrepancies, most notably with the 150 m range in Fig. 2.5(a).

This could be attributed to different values used from the block error rate (BLER) curves in
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Figure 2.4: 3GPP highway scenario.

[6]. Figures. 2.6(a) and 2.6(b) compare the PDR performance of our SPS implementation

averaged across 5 trials with a 20 ms, 50 ms, and 100 ms RRI. Note from Figs. 2.6(a) and

2.6(b) that the PDR performance drops as the RRI decreases. A smaller RRI implies an

increase in congestion, leading to more packet collisions.
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Figure 2.5: 100 ms RRI PDR across highway fast and slow scenarios.

2.3.3 3GPP Urban Scenario

The 3GPP urban scenario is illustrated in Fig. 2.7. The urban scenario requires vehicles

be spread out over 3 × 3 blocks, and each block size is 250 × 433 m. Vehicles are dropped
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Table 2.2: 3GPP SPS highway simulation parameters

Parameter Value
Vehicle density {60, 120} veh
Length of road 2000 m

Number of lanes 6
Lane width 4 m

PDR distance bins 25-500 m
Simulation time 8 seconds

Transmission Power 23 dBm
Transmission Range 300 m

Sensing Range 300 m
Pth -110 dBm

Vehicle speeds 140 km/hr, 70 km/hr
Packet Size 190, 300 Bytes
MCS Index 7

Propagation Model Winner+ B1 LOS Model
Number of trials 5

according a Poisson distribution, and as in the highway scenario, the inter-vehicle distance

in each lane is computed as the distance traveled by a vehicle in 2.5 seconds. Each vehicle

moves with a constant velocity of 60 km/hr. As in the highway scenario, each lane has two

lanes in each direction. The width of each lane is 3.5 m and each street has a 3 m sidewalk

on each side. Once a vehicle is dropped in the simulation and reaches a intersection, the

vehicle goes straight, turns left, and turns right with the probability of 0.5, 0.25, and 0.25,

respectively. The urban scenario is simulated with 200 and 600 vehicles.

Figures. 2.8(a) and 2.8(b) compare the PDR performance of our SPS implementation av-

eraged across 5 trials with a 20 ms, 50 ms, and 100 ms RRI. Note from Figs. 2.8(a) and

2.8(b) that similar to the highway scenarios, the PDR performance drops as the RRI de-

creases. This implies that a smaller RRI leads to an increase in packet collisions. However,

the baseline PDR performance of the urban scenario is considerably worse than the PDR of

the highway scenario. This is an impact from the combination of the more severe LOS path

loss and the NLOS path loss.
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Figure 2.6: 20 ms, 50 ms, and 100 ms RRI PDR across highway fast and slow scenarios.

Table 2.3: 3GPP SPS urban simulation parameters

Parameter Value
Number of Vehicles {200, 600} veh
PDR distance bins 10-450 m

Simulation time 20 seconds
Transmission Power 23 dBm
Transmission Range 300 m

Sensing Range 300 m
Pth -110 dBm

Vehicle speeds 60 km/hr
Packet Size 190, 300 Bytes
MCS Index 7

Propagation Model Winner+ B1 Model
Number of trials 5
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Figure 2.7: 3GPP Manhattan grid scenario
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Figure 2.8: 20 ms, 50 ms, and 100 ms RRI PDR across 200 and 600 vehicle urban scenarios.
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Chapter 3

Risk Controlled Beacon Transmission

in V2V Communications

Spectrum regulators and stakeholders from the wireless industry and intelligent transporta-

tion system (ITS) communities are exploring the use of the 5.9 GHz band for the dissemina-

tion of safety messages, also referred to as safety beacons or basic safety messages (BSMs)

that are broadcast by the vehicles. Dedicated short range communications (DSRC) sends

out these messages at a constant rate of 10 Hz and packet collisions occur in dense vehicular

environments. In this chapter, we propose a dynamic beaconing protocol, where the prior-

ities are established as a function of the risk of collision. The protocol determines a higher

beacon transmission rate for vehicles that are at a higher risk of collision than for vehicles

that are at a lower risk. Two risk based beacon rate protocols are evaluated in our ns-3

simulator, one that adapts the beacon rate between 1 and 10 Hz, and another between 1 and

20 Hz. The packet delivery ratio (PDR) performance is improved by up to 45% in congested

environments using the 1 - 10 Hz adaptive beacon rate protocol and by 38% using the 1 -

20 Hz adaptive protocol. The simulation results also show that the likelihood of a vehicle

collision due to a missed packet decreases by up to 41 % and 77% in a three lane dense

highway scenario with 160 vehicles operating at different speeds by using 1-10 Hz and 1-20

Hz adaptive rate protocol, respectively. Note that while the 1-10 Hz adaptive rate protocol

shows a better PDR performance, this does not necessarily translate to a lower collision rate,

due to the benefits of lower inter-packet transmission time. These results advocate for an

adaptive beacon rate protocol, but with a higher beacon safety rate of 20 Hz.
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3.1 Literature Review

There has been extensive work on controlling channel congestion of DSRC safety beacons.

While the current WAVE standard calls for a 100 ms interval (corresponding to a beacon

rate of 10 Hz) between road safety messages, many papers ([13], [75] [10], and [59]) have

been published on more optimal beacon rates and adaptive beacon rate control algorithms.

The comparison of these various protocols can be difficult because of the variety of different

performance metrics that are used to judge the effectiveness of vehicular ad hoc networks.

Most of these works focus on reducing the congestion of the control channel, and as far as

we know, none consider the dynamic location and velocity of the neighbors to determine the

beacon rate. This section concentrates on some of the most popular works being considered

in the ETSI and WAVE standard. Recent work on beacon rate optimization [75] analyze

the effectiveness of the 100 ms delay between messages and use an optimization algorithm

to improve network performance by selecting the most optimal beacon rate. The authors of

[60] use vehicle densities and hidden terminals in their analysis.

One of the most popular rate congestion techniques, Linear Message Rate Integrated Control

(LIMERIC) [13], provides a method for controlling the beacon rate to minimize channel

congestion but without knowledge of nearby neighbors. The jth vehicle adjusts its rate

according to:

rj(t) = (1− α)rj(t− 1) + β(rg − r(t− 1)) (3.1)

where α and β are system parameters, rg is the overall target packet frequency and r(t− 1)

represents the measured overall packet frequency by the vehicle in the previous time window.

LIMERIC ensures that the transmission rate for a vehicle is chosen such that the total

channel load remains below a specific threshold. In [75], the Periodically Updated Load

Sensitive Adaptive Rate (PULSAR) mechanism shares information such that all vehicles

within the interference range of the most congested node converge to the same message rate

limit cycle. Tielert et al. [76] adapt both the power and beacon rate to prioritize safety and

the congestion of the control channel, but do not use the information of surrounding traffic

conditions to adjust the rate.

This work differentiates from previous studies by considering the risk based on distance,

velocity, and acceleration of each individual vehicle with respect to the nearby vehicles
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around it, and modifying the interval rate accordingly.

3.2 Problem Formulation

The general problem with vehicular communications in highway and general road scenarios is

illustrated in Fig. 3.1. With two vehicles approaching each other along a road, each vehicle’s

position and critical information must be transmitted to the other vehicles before a vehicular

collision occurs. The total time for a vehicle to collide with another is denoted as tcoll. As

shown in Fig. 3.1, tcoll can be broken into three parts, the communications system time

(ts) required for a car to communicate with surrounding vehicles, the reaction time (treact)

required for a car to make a decision on future actions, and the braking interval (tbrake), the

amount of time that the vehicle requires to slow down or take evasive action.

Figure 3.1: Time to collision between two vehicles on the highway

Though there are many complex models for the collision time of each vehicle, a simplified

model based on vehicle kinematics is used initially. The formula below is used to determine

the tcoll.

tcoll =
dcoll
∆v

=
∆v2

a
+ (tr + ts)∆v

∆v
=

∆v

a
+ (treact + ts) (3.2)

where ∆v is the relative velocity between two vehicles, and a is the maximum deceleration

assumed by each vehicle. tbrake corresponds to ∆v
a

, and tr and ts are the vehicle reaction time

and system delay, respectively. These three terms correspond to the three time intervals

illustrated in Fig. 3.1. The purpose of this work is to minimize the number of dropped

packets which brings down the average communication system delay ts. Since 802.11p is an

ad-hoc network protocol where each vehicle transmits at a fixed interval, the most effective
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method to ensure this is by minimizing the probability of a packet being dropped.

3.3 Risk Model Description and Methodology

In order to reduce the probability of a dropped packet, the proposed risk based beacon

control protocol adjusts the beacon rate depending on the vehicle collision risk seen by each

vehicle. Vehicles that have a larger tcoll to the surrounding vehicles transmit at a lower

beacon interval rate as compared to the vehicles at a lower risk for an accident or vehicular

collision around it. This reduces the likelihood of channel congestion for high priority vehicles

- those judged to be more likely at risk.

A vehicle message priority is allocated dependent on their tcoll to nearby vehicles. Since

the treact time is assumed to be constant across all vehicles in the simulation, the tcoll time

is primarily dependent on the vehicle’s tbrake, or the relative velocity and distance it has

with respect to the vehicles around it. For the purposes of this chapter, a vehicle priority

status is 5 (the highest priority) if they have a tcoll of below 5 sec. This value was chosen

based on tcoll value chosen in Section 3.2, and ts value of 1 s. Fig. 3.2 shows the priority

designation of the vehicles dependent on the tcoll and illustrates the concept of a vehicular

collision. A vehicle is considered to have collided in the simulation when the tcoll is below

tbrake+treact time for each vehicle. Typically, this time threshold is below 4 s, though it varies

depending on the relative speed of the vehicle to the vehicles around it. Once designated as

a high priority vehicle, the vehicle has around 1 s to receive a message before a collision will

become unavoidable.

The risk based adaptive beaconing protocol prioritizes transmissions as a function of the

collision risk that each vehicle observes. The adaptive rate algorithm considers a DSRC

broadcast network where each vehicle is continuously broadcasting safety beacons. Each

vehicle decides to change the beacon depending on the tcoll it calculates with respect to

the other vehicles. The first protocol, described by Algorithm 1, allows the highest priority

messages to transmit at a beacon rate of 10 Hz, the maximum beacon rate allowed in

the IEEE WAVE standard, while the lower priority messages are broadcast at a varying

beacon rate from 1 Hz up to 10 Hz. The second adaptive rate protocol allows the highest

priority messages to transmit at a beacon rate of 20 Hz, while the lower priority messages

are broadcast at a varying beacon rate from 1 Hz up to 20 Hz. The broadcast rate for each
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message is determined by Algorithm 2.

Figure 3.2: Illustration of priority designation in context of simulation, where different tcoll
correspond to different priorities.

Algorithm 1 10 Hz Risk Based Rate Determination Algorithm

1: procedure Rate determination(a, v, d, ai, vi, di, threscoll, thresmax)

2: r ← 10Hz . Set default Rate r to 10 Hz

3: rmax ← 10Hz

4: rmin ← 1Hz

5: while i < N do . For every i out of N vehicles received

6: tcoll ← max( (v−vi)
a

, v
a
) . Calculate time to collision

7: if (tcoll ≤ threscoll)

8: r ← rmax

9: else if (tcoll ≥ thresmax)

10: r ← rmin

11: else

12: r ← c+ rmax−rmin
thresmax−thresmin tcoll . c is a calculated constant that helps map tcoll to

the interbroadcast rate

13: return r . Output of rate algorithm

27



Chapter 3. Risk Controlled Beacon Transmission in V2V Communications

Algorithm 2 20 Hz Risk Based Rate Determination Algorithm

1: procedure Rate determination(a, v, d, ai, vi, di, threscoll, thresmax)

2: r ← 20Hz . Set default Rate r to 20 Hz

3: rmax ← 20Hz

4: rmin ← 1Hz

5: while i < N do . For every i out of N vehicles received

6: tcoll ← max( (v−vi)
a

, v
a
) . Calculate time to collision

7: if (tcoll ≤ threscoll)

8: r ← rmax

9: else if (tcoll ≥ thresmax)

10: r ← rmin

11: else

12: r ← c+ rmax−rmin
thresmax−thresmin tcoll . c is a calculated constant that helps map tcoll to

the interbroadcast rate

13: return r . Output of rate algorithm

The overall beacon rate selection is illustrated in Fig. 3.3. Depending on tcoll that each

vehicle anticipates, the rate at which it transmits beacons varies. A linear slope was chosen

between tcoll of 5 and 15, as abrupt changes in the vehicle beacon rate were observed to have

a negative impact on the collision avoidance. An upper tcoll rate, designated thresmax in

Algorithms 1 and 2, is chosen as 15 s in this analysis. The lower limit for tcoll, designated

threscoll in Algorithms 1 and 2, is chosen to be 5 s. The reasoning behind this is to be roughly

1 s greater than tbrake + treact time. In this simulation, each vehicle has approximately 1 s

after being designated high priority to send messages before getting into a simulated collision.

Ideally, most vehicles will be able to adapt well before becoming high risk. The performance

of this adaptive beacon rate adjustment is compared to the 10 Hz constant beacon rate

standard.

3.4 Simulation Description and Results

The three simulations ran with densities ranging from 20 to 160 vehicles along a 1 km stretch

of highway. Each simulation had a duration of 5000 seconds. For the simulations with a

higher density of vehicles, it was observed that a significant number of vehicle collisions
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Figure 3.3: Illustration of 10 and 20 Hz adaptive beacon rate selection compared with
constant 10 Hz beacon rate.

occurred at the start of the simulation because of the initial placement and velocities of the

vehicles. These collisions were excluded from the results since dropped safety packets did

not cause these collisions.

In order to measure the performance of the priority protocol against the WAVE standard,

simulations with various densities of vehicles traveling along a highway were created. Packet

delivery ratios (PDRs) and simulated vehicular collisions were used to judge the performance

of the adaptive rate algorithm as compared to the IEEE WAVE standard. The first simula-

tion, designated the control simulation, uses the WAVE standard beacon frequency of 10 Hz

for every vehicle, regardless of risk. The second simulation dynamically adapts the beacon

rate based on the perceived risk (described below and in Algorithm 1 [see Section 3.3]).

29



Chapter 3. Risk Controlled Beacon Transmission in V2V Communications

3.4.1 Vehicle Behavior

In the simulations, each vehicle travels in the same direction, and has the same maximum

deceleration of 4.572 m/s2. At every time instant, each vehicle used the messages from

nearby vehicles to calculate its tcoll, which in turn is used to compute its priority. The

priority algorithm, discussed in Section 3.3 as part of the adaptive-rate protocol, gives each

vehicle a priority anywhere from 1 to 5. In this simulation, a priority level of 5 indicates the

vehicle is at high risk of colliding with a vehicle around it, while a priority level of 1 indicates

a low risk of collision. For the adaptive rate approach, each vehicle adjusts its beacon rate

based on its calculated priority. Upon receiving a high priority message, if the faster vehicle

receiving the message is behind the slower vehicle, the faster vehicle at risk adjusts its speed

to that of the vehicle in front. The formerly at-risk vehicle then continues to trail the slower

vehicle in front.

The simulation is configured withN different vehicles randomly placed with varying velocities

and positions along a three lane highway with a length of 1 km. Each vehicle is positioned

in one of the three lanes along the highway. At the beginning of the simulation, each vehicle

is spaced equally. Thus, each vehicle starts the simulation the same distance away from the

vehicle immediately in front of it. The initial configuration of the simulation is illustrated

in Fig. 3.4. The velocity of each vehicle was determined by a Gaussian random variable

centered around 26.8224 m/s, with a standard deviation of 2 m/s. The 26.8224 m/s average

velocity corresponds to a vehicle traveling at 60 mph, which is reasonable for US highway

speeds. A study by [36] has shown Gaussian random variables to be a reliably predictable

indicator of vehicular traffic speeds. A 2 m/s standard deviation was chosen to minimize the

number of immediate collisions found in higher vehicular density simulations. Upon starting

the simulation every vehicle followed the same behavior.

In order to verify the effectiveness of this proposed protocol, realistic values for treact and

tbrake must be used for the simulation. Since this contribution primarily targets vehicles

that are traveling along a highway, a few assumptions are made about the nature of the

vehicles and their behavior, taken from studies about vehicular behavior. A study by [40]

gives reaction times of 0.75 s (best case) and 1.25 s for vehicles traveling along a highway

with an average speed of 60 mph, or 96.6 km/s. For the purposes of this simulation, an

average of those two reaction times is used, giving a treact value of 1.0 s. Finally, a value for

tbrake is computed by assuming a uniform maximum deceleration for all vehicles. [40] gives
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a common maximum deceleration of 4.572 m/s. A car traveling at the speed of 96.6 km/s

has a tbrake of 2.93 s to come to a complete halt. For the purposes of this chapter, a uniform

maximum deceleration of 4.572 m/s is used to calculate the tbrake value. The combination of

tbrake (3 s) and treact (1 s) times gives an overall minimum braking time of 4 s for a vehicle

to come to a complete stop from first observing the vehicle directly in front of it.

Figure 3.4: Initial configuration of vehicles (blue) with different velocities equally spaced
along a three lane highway.

3.4.2 Simulation Metrics

To judge the effectiveness of this protocol, it is necessary to define some common terms

used in evaluating vehicular ad hoc network (VANET) communications. A common method

of evaluating the network and communication performance in the WAVE and ETSI stan-

dards is by the PDR [41]. The PDR is the probability that all vehicles within the range of

the transmitting vehicle, receives the transmitted packet. Formally, the PDR is defined as

PDRi = PRi
PDi

. PDi is the number of packets sent by vehicle i and PRi is the number of

packets send by vehicle i received by neighboring vehicles. The PDR is measured by varying

distance bins around the transmitting vehicle, and calculated every simulated second of the

simulation. For example, a PDR measurement for 50 m will count the number of vehicles

that have received packets from the transmitting vehicle within a range of 50 m.

The other major metric that is used in this simulation is a collision metric, described in

Section 3.3. The collision metric was defined as the number of situations that a high priority

vehicle did not receive a message by the time it passed the minimum braking time required

to stop to avoid a collision.
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Table 3.1: Risk aware DSRC simulation parameters.

Parameter Value

Vehicle density {20,40,60,70,80,90,120,160} veh/km
Length of road 1000 meters

Number of lanes 3
Lane width 4 meters

PDR distance bins {50, 100, 250, 350} meters
Safety beacon rate 1.0- 10.0 Hz

Simulation time 5000 seconds
Gain (Tx and Rx) 7.5 dBm

Transmission Range 300 meters
Sensing Range 300 meters

Data Rate 6 Mbps
Packet Length 1000 bytes

Distribution of vehicle speeds N(26.8 m/s, 2
√

2 m/s)
tbrake 3 seconds
treact 1 second

Maximum Beacon Rate 10 Hz, 20 Hz
Minimum Beacon Rate 1 Hz

threscoll 5 s
thresmax 15 s

The distances and vehicle densities used to evaluate the simulation are summarized in Table

3.1. Different densities of vehicles are used to highlight the effectiveness of the protocol under

high and low traffic conditions. As explained in Section 3.2, the average vehicle velocity was

at 26.8 m/s, while the positions of the vehicles were uniformly distributed between 0 and

1000 m. The PDR and the simulated collision metric (discussed above) are both used to

evaluate the effectiveness of the rate adaptive method. Table 3.1 also summarizes the values

used select the beacon rate in the adaptive beacon rate simulation.

3.4.3 Simulation Results

The PDR of high priority (HP) and low priority (LP) messages are used to evaluate the 10 Hz

adaptive beacon rate and 20 Hz adaptive beacon rate protocols. Figure 3.5 shows the PDR

of HP messages for the constant 10 Hz beacon rate, the 10 Hz adaptive beacon rate, and the

20 Hz adaptive beacon rate simulations across the different vehicular densities. The PDR
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drops significantly with higher vehicle densities for both HP and LP messages. Figure 3.6

shows the PDR for all messages (both HP and LP messages) for the constant 10 Hz beacon

rate, the 10 Hz adaptive beacon rate, and the 20 Hz adaptive beacon rate simulations. The

adaptive beacon rate has a much better PDR across densities and remains above 90 % for all

vehicular densities simulated. The PDR performance is slightly better for the combined HP

and LP messages as compared to HP messages under the adaptive rate simulation, though

this difference is slight. Additionally, the PDR performance for both the constant 10 Hz

beacon rate and for the adaptive beacon rate gets worse depending on the distance range

that the PDR is being measured. Note from Figs. 3.5 and 3.6 that the increase in density

does not necessarily correspond to a drop in PDR performance, particularly between 60 and

100 veh/km. This is due to a combination of the changing spatiotemporal characteristics

of the moving vehicles and the randomness of the channel. Notice even from Figs. 2.5(a)

and 2.5(b) that the packet loss of increased congestion does not drop dramatically at smaller

distances, even with twice as many vehicles in Fig. 2.5(b) as Fig. 2.5(a). However, dramatic

increases in densities (such as 80 veh/km as compared to 160 veh/km) over larger distances

(200 m), cause dramatic changes in performance.
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Figure 3.5: Comparison between constant 10 Hz beacon rate, 10 Hz risk based adaptive
beacon rate, and 20 Hz risk based adaptive beacon rate for HP messages across vehicular
densities
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Figure 3.6: Comparison between constant 10 Hz beacon rate, 10 Hz risk based adaptive
beacon rate, and 20 Hz risk based adaptive beacon rate for all (HP and LP) messages across
vehicular densities

Figure 3.7 shows the results of simulated collisions vs the vehicle density for all three pro-

tocols. As with the PDR, both the 10 and 20 Hz adaptive rate protocols show a significant

decrease in simulated vehicular collisions compared to the constant 10 Hz protocol. In terms

of vehicular collisions, the 20 Hz adaptive case provides significant improvement over both

protocols. For 160 nodes, the 20 Hz adaptive beacon rate results in a 77% reduction in

collisions as compared to the constant 10 Hz beacon rate, and 62% reduction in collisions

compared to the 10 Hz adaptive beacon rate. These results advocate for a higher beacon

safety rate of 20 Hz as part of the standard. For 160 nodes, the 10 Hz adaptive beacon rate

also provided a 41% reduction in collisions over the constant 10 Hz beacon rate. This result

shows that a risk based adaptive beacon rate, even without a higher beacon safety rate, can

decrease vehicular collisions. Note that the lower vehicle densities of 20, 40, and 60 veh/km

resulted in 0 collisions for the 10 Hz adaptive and 10 Hz constant rate case and for 20, 40,
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60, 80, 90, and 100 veh/km for the 20 Hz adaptive rate. Since each simulation was run

for 5000 seconds, it means there were no simulated collisions for the lower vehicle densities

during the time interval the simulation was run for. The simulation would need to be run

for significantly more time to observe collisions for these vehicle densities. It is important to

realize that these simulated collisions make certain assumptions about the vehicle behavior,

discussed in Section 3.3. Also, it was observed that the distribution of vehicle velocities

played a large part in the vehicular collisions. Different velocity distributions resulted in

varying numbers of collisions.
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Figure 3.7: Average number of simulated vehicular collisions during the total simulation
time for 10 Hz constant rate, 10 Hz adaptive rate, and 20 Hz adaptive rate across vehicular
densities.

Continued research in this area is needed and includes exploring an optimization based

approach to decide on the upper limits of the beacon rate protocols. Additional research

needs to investigate how the distribution of vehicle velocities can affect the performance of

the adaptive beacon rate protocol. Future work can also test these adaptive rate protocols
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on actual vehicular traces to observe the benefits of the adaptive beacon rate selection.

Further investigation is needed to see if both adaptive beacon rate protocols continue to

show impressive gains over the constant 10 Hz standard for higher densities and across

different vehicle speed distributions.
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Chapter 4

Stochastic Analysis of Beacon

Transmission in V2V Communications

In this chapter, we study the performance of a distance based transmission protocol for

vehicular ad hoc networks (VANET) using tools from stochastic geometry. We consider a

variant of the risk based protocol from Chapter 3, where the distance to adjacent vehicles

(instead of the TTC) determines the riskiness of a vehicle and thus how frequently a vehicle

transmits. Assuming slotted ALOHA as the channel access scheme, we evaluate two trans-

mission policies, a listen more policy, in which the transmission rate of vehicles decreases

as the inter-vehicular distance decreases, and a talk more policy, in which the transmission

rate of vehicles increases as the inter-vehicular distance decreases. We model the layout of

a highway using a 1-D Poisson Point process (PPP) and characterize the success probability

of the typical link under the two transmission policies. Finally, we analyze the trends in

success probability as a function of system parameters.

4.1 Introduction

Vehicular ad hoc networks (VANETs) allow vehicles and surrounding infrastructure to share

critical information such as up-to-date location information, road conditions, and accident

locations through the periodic transmission of safety messages. Since this information is

considered time-critical, such networks are under strict latency and coverage constraints.

However, it has been found in [8, 63] that the performance of VANETs suffers in congested

environments. For that reason, congestion control protocols that control the transmission

of such beacons are popular, and aim to improve probabilities of success at high densities,

primarily through adjusting the rate at which beacons are transmitted. Recently, congestion

control protocols specific to vehicular networks have proposed using contextual information
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to prioritize transmissions [11, 31, 82]. In these works, the relative distance to neighboring

vehicles plays a large role in the collision risk of the vehicle. However, the majority of

these protocols and studies are based on system level simulations. While such computer

simulations are an important part of verifying the performance of vehicular networks, it is

equally important to develop complementary analytical approaches for a holistic performance

analysis.

4.1.1 Related Works

There have been several works that have used spatial models such as 1D and 2D PPPs

to model the locations of vehicles and RSUs [78]. Most of the works so far have focused

on vehicular ad hoc networks (VANETs) using the dedicated short range communication

standard (DSRC) such as [18, 19, 78], though recently there has been work on extending

analysis to C-V2X [25]. The works that concentrate on the DSRC standard can further

be classified into two major approaches: those works that use transmit via slotted ALOHA

such as [18, 19, 26], where nodes transmit independently of other nodes in the network

with a probability and those that consider transmission via CSMA [37], [78]. Typically

the analysis of CSMA networks requires using Matérn hard core point process of type II

(MHCPP-II). The work in [26], [18] and [19] analyze the performance of a vehicular adhoc

network (VANET), where vehicles transmit via ALOHA. For the purpose of this work, we

consider a vehicular ad hoc network (VANET), where vehicles are transmitting via slotted

ALOHA, though in future work we could expand our analysis to a CSMA network.

4.1.2 Contributions

In this chapter, we analyze the success probability of the typical link under two possible

priority transmission policies. The first is a listen more policy, in which the transmission

rate of vehicles decreases as the inter-vehicular distance decreases. The second policy is

a talk more policy, in which the transmission rate of vehicles increases as the distance to

the vehicle ahead of it decreases. Assuming a vehicular ad hoc network where the spatial

layout of vehicles is modeled by a 1-D Poisson point process, we characterize the success

probability of the typical link assuming the transmission rate of each vehicle is adjusted based

on the spacing between adjacent nodes. We derive an simple yet accurate approximation
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for success probability of the reference receiver for both policies using a dominant interferer-

based approach. The dominant interferer approach accurately captures the effect of dominant

interferer and approximates the aggregate interference from the rest of the interferers.

4.2 System Model

4.2.1 Spatial Model

We analyze the performance of an adaptive transmission rate algorithm where the locations

of the vehicular nodes along the road systems are modeled by a 1D PPP Φ with density

λ. Without loss of generality, we assume that the typical receiver or the receiver node of

the typical link is located at the origin o. In wireless networks, the severity and effect of

fading can vary significantly. In order to capture the performance a wide range of fading

environments, we choose Nakagami-m fading with the parameter m.

4.2.2 Transmission Policy and Channel Model

In our risk based approach, the transmission rate of each vehicle is adjusted based on the

distance between adjacent nodes. We consider two different policies in this work where

each of them would be beneficial over the other under different operational regimes. In the

first policy, we consider that the transmission rate of vehicles decreases as its distance to

the vehicle ahead of it decreases. The rationale behind this policy is that a vehicle that

approaches another vehicle from behind should listen more so that it can take the necessary

actions such as sudden braking or slowing down when the vehicle ahead stops or slows down.

We model this assigning a Bernoulli random variable θi to each node at xi. Under this policy,

the probability that node at xi is transmitting (θi = 1) is modeled as follows

P [θi = 1] = 1− exp(−c(xi+1 − xi)), (4.1)

where c is a constant scaling parameter.

In the second policy, we consider that the transmission rate of vehicles increases as its

distance to the vehicle ahead of it decreases. The rationale behind this policy is that a

vehicle that approaches another vehicle from behind should talk more so that the vehicles
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that are following this vehicle can take the necessary actions to prevent a rear-end collision.

In this case, we model the transmission policy as Bernoulli random variable such that

P [θi = 1] = exp(−c(xi+1 − xi)). (4.2)

4.2.3 Success Probability

Our goal is to characterize the signal-to-interference ratio (SIR) based success probability

for the typical link. We assume that the system is interference limited and thus, thermal

noise is neglected in our coverage analysis. We assume that all the nodes transmit at the

same power Pt and consider a power-law path-loss model with a path-loss exponent α > 2.

The SIR at the receiver node of the typical link is given by

SIR =
Pth0|d|−α∑

xiεΦ
Ptθihxi |xi|−α

(4.3)

where h0 is the channel fading gain of the typical link, hxi is the channel fading gain between

the receiver node of the typical link and the interfering node at the location xi, and d is the

link distance. We compute the success probability of the link, with a receiver node located

a distance d from the respective transmitting node on the line. With the assumption of

Nakagami-m fading, the channel fading gains h0, hxi follow a gamma distribution with a

probability distribution function (PDF),

fH(h) =
mmhm−1

Γ(m)
exp(−mh).

4.3 Success Probability of Listen More Policy

This is the main technical section of this chapter where we compute the SIR-based success

probability of the typical link for the listen more policy. In this section, we use a dominant

interferer-based approach in which the effect of the dominant interferer is exactly captured

and the residual interference from the other interferers is approximated.
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Figure 4.1: Illustration of Event 1 (top), where no interfering nodes are in the range [0, r1],
and Event 2 (bottom), where at least one interfering node is in the range [0, r1]. The blue
and red circles represent inactive and active transmitters in the network, respectively.

4.3.1 Dominant Interferer Distance Distribution

We begin by finding the cumulative distribution function (CDF) of the dominant interferer

distance. We denote the dominant interferer distance as R = min{R1, R2}, where R1 and

R2 denote the distances to the closest interfering node from the origin to the right and left

of the origin, respectively. We first derive the CDF of R1.

Lemma 4.1. The CDF of the distance from the receiver to the closest transmitting node to

the right of the origin, R1, is given by

FR1(r1) = 1− e−λr1 +

(
1− e−λr1

)
×

(∫ ∞
r1

∫ r1

0

e−c(xk+1−x1) · λe−λx1

1− e−λr1

· λe−λ(xk+1−r1)dx1dxk+1

)
(4.4)

Proof. The CDF of R1 can be computed as

FR1(r1) = 1− P(R1 > r1). (4.5)

To compute P(R1 > r1), we consider two possibilities, the event in which there are no nodes

in the range [o, r1], denoted as E1, and the event in which there exists at least one node in
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[o, r1], denoted as E2. Now, we write

P(R1 > r1) =P(R1 > r1|E1)P(E1)

+ P(R1 > r1|E2)P(E2). (4.6)

We will determine each term in 4.6. Let N (Φ ∩ [o, r1]) denote the number of nodes in the

range [o, r1].

P(E1) = P (N (Φ ∩ [o, r1]) = 0) = e−λr1 (4.7)

P(R1 > r1|E1) = 1. (4.8)

P(E2) = 1− P(E1) = 1− e−λr1 . (4.9)

Assuming there to be k > 0 nodes in the nodes in the range [o, r1] and letting NTx([o, r1])

denote the number of active transmitters in the range [o, r1], P(R1 > r1|E2) can be computed

as

P(R1 > r1|E2) =P (NTx([o, r1]) = 0|E2)

=EΦ

[
e−c(x2−x1) . . . e−c(xk+1−xk)|E2

]
=EΦ

[
e−c(xk+1−x1)|E2

]
=

∫ ∞
r1

∫ r1

0

e−c(xk+1−x1)fX1(x1|E2) (4.10)

fXk+1
(xk+1|E2)dx1dxk+1.
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We will now derive the conditional PDFs of X1 and Xk+1. Now computing FX1(x1|E2),

FX1(x1|E2) = 1− P (X1 > x1|E2)

= 1− P (X1 > x1, E2)

P (E2)

= 1− P (x1 < X1, X1 < r1)

1− e−λr1

= 1− FX1(r1)− FX1(x1)

1− e−λr1

= 1− e−λx1 − e−λr1
1− e−λr1

=
1− e−λx1
1− e−λr1

(4.11)

The conditional PDF of X1 can be derived by taking the derivative of FX1(x1|E2) with

respect to x1

fX1(x1|E2) =
λe−λx1

1− e−λr1
, 0 ≤ x1 ≤ r1. (4.12)

We can compute Fxk+1
(xk+1|E2) by using an intermediary random variable, U , where U is

the distance from r1. U and its relation to r1 is illustrated in Fig. 4.1

FXk+1
(xk+1|E2) = 1− P (Xk+1 > xk+1|E2)

= 1− P (r1 + U > xk+1|E2)

= 1− P (U > xk+1 − r1|E2)

= 1− P (N [(xk+1, r1) = 0])

= 1− e−λ(xk+1−r1)

(4.13)

Taking the derivative of Fxk+1
(xk+1|E2), we obtain

fXk+1
(xk+1|E2) = λe−λ(xk+1−r1), r1 ≤ xk+1 <∞. (4.14)

Substituting (4.12) and (4.14) in (4.10), we obtain the CDF of R1.

We can obtain the CDF of R2 by following the same procedure.

Lemma 4.2. The CDF of the distance from the receiver to the closest transmitting node to
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the left of the origin, R2, is given by

FR2(r2) =1− e−λr2 +

(
1− e−λr2

)

×

(∫ r2

0

e−c(xk)fXk (xk|E2) dxk

)
(4.15)

where

fXk(xk|E4) =
λe−λ(r2−xk)

1− e−λr2
, r2 ≤ xk <∞. (4.16)

Proof. The CDF of R2 can be computed in the same manner as R1, where we need to find

FR2(r2) = 1− P(R2 > r2). (4.17)

where
P(R2 > r2) =P(R2 > r2|E3)P(E3)

+ P(R2 > r2|E4)P(E4).
(4.18)

To compute P(R2 > r2), we denote E3 as the event in which there are no nodes in the range

[r2, o] and E4 as the event in which there exists at least one node in [r2, o]. Computing

P(R2 > r2|E3), P(E3), and P(E4) is done in a similar manner to 4.7, 4.8, and 4.9. We will

now focus on the term P(R2 > r2|E4). Let us say that there are k nodes in the nodes in the

range [r2, o]. Now, this term can be computed as

P(R1 > r1|E4) =P (NTx([r2, o]) = 0|E4)

=EΦ

[
e−c(xk−xk−1) . . . e−c(x1))|E4

]
=EΦ

[
e−c(xk)|E4

]
=

∫ r

0

e−c(xk)fXk(xk|E4)dxk. (4.19)
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The CDF FX1(x1|E4) is given by

FXk(xk|E4) = 1− P (Xk > xk|E4)

= 1− P (r2 > xk + U |E4)

= 1− P (U > xk+1 − r2|E4)

= 1− e−λ(r2−xk)

1− e−λr2
, r2 ≤ xk <∞

(4.20)

Lemma 4.3. The PDF of R is

fR(r) = fR1(r) (1− FR2(r)) + fR2(r) (1− FR1(r)) . (4.21)

Proof. As R1 and R2 are independent random variables, the CDF of R can be obtained as

FR(r) = 1− (1− FR1(r))(1− FR2(r)). (4.22)

We then obtain the PDF of the dominant interferer distance by computing the derivative of

FR(r) w.r.t. r.

4.3.2 Laplace Transform of Interference Distribution

In this subsection, we derive the Laplace transform of the distribution of the dominant

interferer and approximate the remaining interference power at the receiver node of the

typical link for the listen more policy. The Laplace transform of the overall interference can

be decomposed into two components as

LI(s) ≈ LIDom(s)LIRem(s) (4.23)

where LIDom(s) is the Laplace transform of the distribution of the dominant (closest inter-

ferer), and is independent of the remaining interference (IRem).
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Lemma 4.4. The Laplace transform of the interference is approximated by

LI(s) ≈
∫ ∞

0

(
1 +

sr−α

m1

)−m1

fR(r)dr

×
∫ ∞

0

e

(
−2λ

∫ ∞
r

[
1−e−czi−(1−e−czi)

(
1+

sx−α
i
m1

)−m1
]
dxi

)
λe−λzidzi (4.24)

Proof. The Laplace Transform of the interference of the dominant interferer is given by

LIDom(s)
(a)
=

∫ ∞
0

(
1 +

sr−α

m1

)−m1

fR(r)dr.

where (a) follows from the Nakagami-m fading assumption. The Laplace transform of the

interference power from the rest of the interfering nodes can be approximated as

LIRem(s|R) ≈ EΦHZθ

 ∏
xiεΦ,‖xi‖>R

e−sθhx|xi|
−α


(a)
≈EΦHZ

 ∏
xiεΦ,‖xi‖>R

e−shx|xi|
−α

(1− e−czi) + e−czi


(b)
≈EΦZ

 ∏
xiεΦ,‖xi‖>R

[
e−czi +

(
1− e−czi

)(
1 +

sx−αi
m1

)−m1
]

(c)
≈EZ

e
(
−2λ

∫ ∞
r

[
1−e−czi−(1−e−czi)

(
1+

sx−α
i
m1

)−m1
]
dxi

)
(d)
≈
∫ ∞

0

e

(
−2λ

∫ ∞
r

[
1−e−czi−(1−e−czi)

(
1+

sx−α
i
m1

)−m1
]
dxi

)
λe−λzidzi

(4.25)

where zi comes from a change in variables with zi = xi+1 − xi. (a) comes from taking the

expectation of the Bernoulli random variable θi, (b) comes from taking the expectation with

respect to H. (c) comes from applying the PGFL. In (d) we take the expectation with

respect to zi, which we treat as an exponential random variable.
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4.3.3 Success Probability

The success probability is formally defined as the probability with which the SIR measured

at the receiver exceeds a predetermined threshold β.

Theorem 4.1. Using the Laplace transform of the interference power distribution, the

success probability is computed as the following

Pc =
∑m0−1

k=0
(−m0βrα)k

k!

[
∂k

∂sk
LI (s)

]
s=m0βdα

. (4.26)

where LI(s) is the Laplace transform of the distribution of interference power, given by Eq.

4.24

Proof.

Pc = P(SIR > β)

= EI
[(
H0 > βdαI

∣∣∣∣I)]
(a)
= EI

[
Γ (m0,m0βd

αI)

Γ (m0)

]
(b)
= EI

[
m0−1∑
k=0

(m0βr
αI)k

k!
e−m0βrαI

]

=

m0−1∑
k=0

(−m0βr
α)k

k!

[
∂k

∂sk
LI (s)

]
s=m0βdα

(4.27)

Following the approach presented in [27] and [72], we can express the conditional success

probability in terms of the derivative of the Laplace transform of the distribution of interfer-

ence power using the properties of the Gamma function. (a) comes from the CCDF of the

gamma random variable H0, and (b) follows from the definition of the incomplete gamma

function for integer values of m0.
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4.4 Success Probability of Talk More Policy

In this section, we compute the SIR success probability of the typical link for the talk more

policy. Following the same procedure as in the previous section, we have the probability that

P (R1 > r1) is

P (R1 > r1) =P (E1)P (R1 > r1|E1)

+ P (E2)P (R1 > r1|E2)
(4.28)

where

P(E1) = e−λr1 , (4.29)

P(R1 > r1|E1) = 1, (4.30)

P(E2) = 1− e−λr1 . (4.31)

Upon conditioning on Φ, we obtain

P(R1 > r1|E2) = P (NTx([o, r1]) = 0|E2)

=EΦ

[(
1− e−c(x2−x1)

)
. . .
(
1− e−c(xk+1−xk)

)
|E2

]
=

∫ ∞
r1

∫ r1

0

((
1− e−c(xk+1−xk)

)
. . .
(
1− e−c(x2−x1)

))
(4.32)

fXk+1
(xk+1|E2) . . . fX1(x1|E2)dxk+1 . . . dx1.

4.4.1 Laplace Transform of Interference Distribution and Success

Probability

In this subsection, we derive the Laplace transform of the distribution of the dominant

interferer and approximate the remaining interference power at the receiver node of the

typical link for the talk more policy. We then compute the SIR success probability of the

typical link for the talk more policy.

Lemma 4.5. The Laplace transform of the interference for the talk more policy is approxi-
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mated by

LI(s) ≈
∫ ∞

0

(
1 +

sr−α

m1

)−m1

fR(r)dr

×
∫ ∞

0

e

(
−2λ

∫ ∞
r

[
e−czi−e−czi

(
1+

sx−α
i
m1

)−m1
]
dxi

)
λe−λzidzi. (4.33)

Proof. The Laplace Transform of the interference of the dominant interferer is given by

LIDom(s)
(a)
=

∫ ∞
0

(
1 +

sr−α

m1

)−m1

fR(r)dr.

where (a) comes from the definition of the Laplace transform. The Laplace transform of

the interference power from the rest of the interfering nodes for the talk more policy can be

approximated as

LIRem(s|R) ≈ EΦHZθ

 ∏
xiεΦ,‖xi‖>R

e−sθhx|xi|
−α


(a)
≈EΦHZ

 ∏
xiεΦ,‖xi‖>R

e−czie−shx|xi|
−α

+ (1− e−czi)


(b)
≈EΦZ

 ∏
xiεΦ,‖xi‖>R

[
e−czi

(
1 +

sx−αi
m1

)−m1

+
(
1− e−czi

)]
(c)
≈EZ

e
(
−2λ

∫ ∞
r

[
e−czi−e−czi

(
1+

sx−α
i
m1

)−m1
]
dxi

)
(d)
≈
∫ ∞

0

e

(
−2λ

∫ ∞
r

[
e−czi−e−czi

(
1+

sx−α
i
m1

)−m1
]
dxi

)
λe−λzidzi

(4.34)

where zi comes from a change in variables with zi = xi+1 − xi. (a) comes from taking the

expectation of the Bernoulli random variable θi, (b) comes from taking the expectation with

respect to H. (c) comes from applying the PGFL. In (d) we take the expectation with

respect to zi, which we treat as an exponential random variable.

Theorem 4.2. Using the Laplace transform of the interference power distribution, the
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success probability for the talk more policy is computed as the following

Pc =
∑m0−1

k=0
(−m0βrα)k

k!

[
∂k

∂sk
LI (s)

]
s=m0βdα

. (4.35)

where LI(s) is the Laplace transform of the distribution of interference power, given by Eq.

4.33.

Proof. The proof follows along the same lines as that of Theorem 4.2.

4.5 Results and Discussion

In this section, we verify the accuracy of our analytical results by comparing them to results

from Monte-Carlo simulations. We also analyze the impact of vehicle density and c on the

success probability for the two transmission policies in Figs. 4.3 and 4.2.

Notice from Fig. 4.2, that an increase in density yields an increase and decrease in the

success probability for the listen more and talk more policies, respectively. Figure 4.3 shows

that an increase in the velocity constant c yields a decrease in the success probability for the

listen more policy. Likewise, an increase in the velocity constant c for the talk more policy

yields an increase in success probability. Through this analysis, we can suggest an optimal

value of c that depends on density of vehicles that are observed on a highway.
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Figure 4.2: ”Talk more” and ”Listen more” success probability as function of SIR threshold
as λ increases.
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Figure 4.3: ”Talk more” and ”Listen more” success probability as function of SIR threshold
as c increases.
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Chapter 5

Ch-RRI SPS: Channel-aware

Semi-Persistent Scheduling for C-V2X

Networks

Decentralized vehicle-to-everything (V2X) networks (i.e., C-V2X Mode-4 and Mode 2a NR-

V2X), rely on periodic Basic Safety Messages (BSMs) to disseminate time-sensitive infor-

mation (e.g., vehicle position). These messages have the potential to increase each vehicles

awareness and improve on-road safety. Decentralized V2X networks utilize sensing-based

semi-persistent scheduling (SPS), where vehicles sense radio resources and select suitable re-

sources for BSM transmissions at prespecified periodic intervals termed the Resource Reser-

vation Interval (RRI). In this chapter, we show that such a BSM scheduling (with a fixed

RRI) suffers from severe under- and over- utilization of radio resources under varying vehicle

traffic scenarios; that behavior severely compromises timely dissemination of BSMs, which

in turn leads to increased collision risks. To address this, we extend SPS to accommodate

an adaptive RRI, termed Ch-RRI SPS. Specifically, Ch-RRI SPS allows each vehicle (i) to

dynamically adjust RRI based on the channel resource availability (by accounting for var-

ious vehicle traffic scenarios), and then, (ii) select suitable transmission opportunities for

timely BSM transmissions at the chosen RRI. Our experiments based on the C-V2X Mode-4

standard implemented using the ns-3 simulator show that Ch-RRI SPS outperforms SPS by

at least 50% in terms of improved on-road safety performance, in all considered simulation

scenarios.
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5.1 Related Work

Recent works have simulated and proposed resource allocation improvements to C-V2X

Mode-4. Molina-Masegos et al. [64] and Chen et al. [23] develop and use simulations to

assess the performance of the SPS algorithm in highway and city scenarios, and showed the

improved performance of C-V2X over DSRC. Research in [66], [14], and [77] investigates the

performance of parameters used in SPS such as RRI, probability of reselection, and selection

window on the packet delivery ratio (PDR). Gonzalez-Martin et al. [39] build the first known

analytical model of SPS based C-V2X. Recently, [45] proposed short term sensing before

resource selection to help reduce packet collisions and improve SPS performance. Halder et

al. [42] suggest adjusting the transmission power to improve the overall performance of SPS,

but only focus on improving the PDR performance of C-V2X.

As opposed to prior works, which focus on communication-centric metrics such as throughput

and PDR, we focus on on-road safety performance of decentralized V2X networks, such as,

tracking error and collision risks. It is worth mentioning that designing an optimal beacon

rate in the case of DSRC for improved safety performance of DSRC based V2X networks has

been explored fairly well [10, 28, 31, 49]. However, note that designing rate control algorithms

for DSRC is fundamentally different from designing scheduling protocols for decentralized

C-V2X Mode-4 networks, and existing rate control protocols can not be directly applied to

improving on-road safety performance in our context of C-V2X Mode-4 networks. To the best

of our understanding, this is the first work which investigates designing a BSM scheduling

protocol for improved on-road safety performance of C-V2X Mode-4.

5.2 On-Road Safety Performance

In this section, we propose a collision risk model, which measures the on-road safety perfor-

mance of C-V2X Mode-4 networks. Our proposed collision risk model is inspired by a risk

model presented in the literature [28], and is based on tracking error and time-to-collision

(TTC) as discussed below.
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Figure 5.1: Illustration of Collision Risky scenario caused by a large tracking error.

5.2.1 Tracking Error (TE)

Tracking error (TE), etrackuv , is defined as the difference between the ground truth location of

the sender vehicle u and u’s location as estimated by the neighboring receiver vehicle v. Let

the most recent BSM received at v from u have been generated at time t′. At time t > t′,

the tracking error (TE) that v has in tracking u can be calculated as follows:

etrackuv = |xtu − xt
′

u | (5.1)

xtu is the actual location of u at time t and xt
′
u is the u’s location information contained in

the most recent BSM received from u. We consider x-coordinate to calculate the tracking

error as the vehicle moves in x-direction only 1. The TE is usually significant because

1. Each BSM takes non-zero channel delay (e.g., propagation delay) to be successfully

delivered to the receiver after being generated, and the sender would have moved a

1For the ease of presentation, we consider a simple tracking error (TE) model with no lateral movements
across lane.
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non-zero distance during the time period.

2. The RRI (or in other words, inter-BSM transmission interval) is significant. For exam-

ple, if RRI is 100 ms, it means there is at least 100 ms inter-reception delay between

two consecutive BSM from sender vehicle u at the receiver v even if the channel delay

is zero. Thus, TE at vehicle v would be significant as vehicle u would have moved to

a different location during this time interval.

3. Lost or delayed BSM, mainly due to channel congestion, will further deteriorate TE.

Note that a lower TE value at the receiver vehicle v means that v is able to track u well

(i.e., accurately position vehicle u). Thus, TE across all vehicles is used to measure TTC

and Collision risk as discussed in the next subsection.

5.2.2 Time-to-Collision (TTC) and Collision Risk

TTC for a pair of vehicles is defined as the time needed for the distance between the two

vehicles to become zero, which denotes a potential collision between them. We relate the

collision risk (or on-road safety performance) to the TTC, which in turn, utilizes tracking

error.

At any time t, the receiver v can estimate TTC with respect to its neighboring vehicle u

based on the BSM sent by u as:

Estimated TTC, T̂ TC
t

uv =
|x̂t′u − xtv|
su,v

(5.2)

where x̂tu is u’s location as per the last received BSM at v from u with generation time t′

and xtv is the v’s actual location at time t. su,v is the relative velocity between them.

However, since sender u is currently at location xtu at time t (and not xt
′
u), the true TTC at

time t is:

True TTC, TTCt
uv =

|xtu − xtv|
su,v

(5.3)

Using Equations 5.1, 5.2, and 5.3, we get
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T̂ TC
t

uv = TTCt
uv +

|etrackuv |
suv

(5.4)

We designate |e
track
uv |
suv

as the TTC error, eTTCuv . From Eq. 5.4, it is clear that the tracking

error affects the TTC calculation. This estimated TTC, T̂ TC
t

uv can lead to collision risky

situations, and its significance in collision warning was studied in [71]. For example, consider

that v overestimated/underestimated 2 the TTC to u and is about to take a route/maneuver

based on this errorneous value of T̂ TC
t

uv. Such a situation can be safely avoided by manual

intervention if the time taken by the driver to react and apply the brakes to make the vehicle

stop, defined as, TTC threshold (TTCth), is less than the true TTC (i.e., TTCt
uv) at any

given time t. Mathematically, TTC threshold, TTCth is given by:

TTCth = tbrake + treact (5.5)

where treact is 1 second and represents the time taken by the driver to respond to the situation

and apply the brakes [40]. tbrake is the time taken by the vehicle to come to a complete stop

after the brakes have been applied. Assuming vehicle u has velocity su and every vehicle has

a maximum deceleration a as 4.6 m/s2 (from [40]) makes tbrake = su/a. If the true TTC,

i.e., TTCt
uv, between a pair of vehicles exceeds the TTCth (i.e., driver’s controllability), it

results in a collision risky scenario.

It means, given TTCth, and TTCt
uv, the collision risk, CRt

uv, for a given vehicle pair u and

v at any given time t, can be computed as follows:

CRt
uv =

1 TTCt
uv ≤ TTCth

0 otherwise
(5.6)

Using Eq. 5.4, Eq. 5.6 can be rewritten as:

CRt
uv =

1 (T̂ TC
t

uv − eTTCuv ) ≤ TTCth

0 otherwise
(5.7)

2Both overestimating and underestimating TTC are hazardous as overestimating means the vehicle gets
too close, and decision based on understimated values will impact the other vehicles.
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From Eq. 5.7, it is evident that improving on-road safety performance of C-V2X, i.e.,

reducing collision risky scenarios, is directly proportional to minimizing TE, etrackuv , between

each pair of vehicles in the C-V2X networks.

Figure 5.1 illustrates how the TTC error causes a collision risky scenario. In Fig. 5.1, ve-

hicle u estimates vehicle v to have a TTC, T̂ TC
t

uv beyond TTCth, i.e., in a ”safe” position.

However in reality, vehicle u is close to vehicle v and the true TTC TTCuv is within the

TTCt
th, and causes collision risky scenario. Thus, ideally TTC error should be non-existent

(or zero) in order to prevent such a collision risky scenario. However, as discussed ear-

lier, TTC error exists as the TE is significant (mainly, due to scheduling, transmission and

communication delays). As per the recommendations by SAE-J2945 [3], there exists a TE

threshold etrackth = 0.5m which does not lead to a collision risky situation. We use this TE

threshold to rewrite Collision risk in Eq 5.7 as follows.

CRt
uv =

1 (eTTCuv >
|etrackth |
suv

) and (TTCt
uv < TTCth)

0 otherwise
(5.8)

su,v is set to be the average relative velocity between a pair of vehicles u and v.

Using Eq. 5.7, we count the number of instances between each pair of vehicles in which TTC

error exceeds the ratio
|etrackth |
suv

and true TTC, TTCt
uv, is within TTC threshold, TTCth, as

the measure of collision risks.

5.3 Ch-RRI SPS: Semi-persistent Scheduling using Chan-

nel Aware RRI Selection

In this section, we present the limitations of the conventional SPS protocol in terms of

improving cooperative awareness performance of NR-V2X Mode-2, followed by detailed dis-

cussion on SPS powered by a channel aware channel aware RRI selection algorithm (Ch-RRI

SPS). The Ch-RRI SPS discussion first formulates the channel aware RRI selection problem

as an Integer Linear Programming (ILP) problem and then goes into the algorithmic details

of the proposed Ch-RRI SPS protocol.
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5.3.1 Limitations of SPS on Cooperative Awareness

Figure 5.2: NR-V2X example network with three clusters of vehicles.

We present the limitations of SPS through a simple NR-V2X example (See Fig. 5.2). The

example NR-V2X network consists of three clusters 3, of vehicles, where cluster 1, 2, and

3 respectively have 20, 50, and 100 vehicles. We make the following assumptions for all

example NR-V2X scenarios.

• We assume T1 = 0 and T2 = RRI, which means, the size of selection window is equal

to the RRI.

• The NR-V2X physical layer consists of 2 subchannels only. Each BSM transmission

uses both subchannels and takes 1 ms to transmit. This means if the selection window

is 100 ms (i.e., RRI = 100 ms), then at most 100 distinct vehicles have unique BSM

transmission opportunities (assuming no collision in resource selection).

• Each cluster of vehicles is sufficiently spaced apart from each other so that there is

no inter-cluster interference. This means, for example, no transmissions from cluster 2

interfere with any transmissions from cluster 1, and vice-versa.

Under the above assumptions, let us look at the (i) Channel Occupancy Percentage Coccup,

defined as the percentage of the number of vehicles transmitting to the total number of

available subframes transmission opportunities, and (ii) Probability of Successful Reception

(Psuc). For simplicity, let Psuc be given by 1
N

where N is the number of vehicles using the

same subframe for BSM transmissions. (In reality, Ps gets worse as the N , the number of

vehicles, increases.)

3Each vehicle is at 1-hop (i.e., within the transmission range) of every other vehicles belonging to a certain
cluster of vehicle
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Table 5.1: Conventional SPS with static RRIs vs Ch-RRI scheduling with adaptive RRI

Metrics Conventional SPS Ch-RRI
20 ms 50 ms 100 ms Adaptive

RRI
Channel Occupancy
Percentage

379.4% 152.94% 75.88% 100%

Probability of Suc-
cessful Reception

0.35 0.7058 1 1

Table 5.1 depicts the average Coccup and Psuc observed in the example NR-V2X network under

conventional SPS with three different values of RRI, i.e., 20 ms, 50 ms, and 100 ms. For in-

stance, the average Coccup for SPS with low RRI = 20 ms is given by
∑
RRI×(Coccupin each cluster i)

total number of vehicles
.

Coccup for each cluster can be computed as follows: Since RRI is 20 ms, there are 20 transmis-

sion opportunities (or subframes), (i) in cluster 1, 20 vehicles attempt to transmit, it means

C1
occup = 20

20
× 100 = 100%, (ii) in cluster 2, 50 vehicles attempt to transmit, which results in

C2
occup = 50

20
× 100 = 250%, and (iii) in cluster 3, 100 vehicles attempt to transmit, resulting

in C3
occup = 500%. Thus, the average Coccup is

20×C1
occup+50×C2

occup+C3
occup

20+50+100
× 100 = 379.4%. The

average Ps can be computed in similar fashion, and it turns out to be 0.35 in case of SPS

with RRI as 20 ms. On contrary for SPS with high RRI = 100 ms the average Coccup and

Ps are 75.88% and 1 respectively.

Note that SPS with low RRI, such as 20 ms, leads to overly congested radio channels

(379.4%), and thus a large number of dropped BSM packets (0.35), particularly in clus-

ters 2 and 3 with > 20 vehicles). The lost packets result in high tracking error, which

compromises the awareness of considered NR-V2X network. Whereas, in the case of SPS

with high RRI of 100 ms, the radio resources are under-utilized (75%), particularly in clus-

ter 1 and 2 with < 100 vehicles. Tracking error performance can be significantly improved

by choosing a lower value of RRI as a lower value of RRIs will improve timely delivery of

BSMs. From the above discussion, it is evident that SPS with fixed RRI (irrespective of the

chosen value of RRI) is limited in the context of improving overall cooperative awareness of

NR-V2X networks.

To address the limitations of conventional SPS (and as detailed in the next section), we

propose Ch-RRI, which allows each vehicle to adapt its RRI, based on its neighboring vehicle

density at any given time. In case of the example NR-V2X network, under such Ch-RRI

strategy, each vehicle in cluster 1 (with 20 vehicles) will choose RRI = 20 ms. Similarly,
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Ch-RRI will choose RRI = 50 ms for cluster 2 (with 50 vehicles) and RRI = 100 ms for

cluster 3 (with 100 vehicles) – which will result in Coccup = 100% and Ps = 1 (See Table 5.1).

It means that the proposed Ch-RRI strategy with adaptive RRI enables judicious utilization

of the radio resources. This in turn reduces the tracking error and enhances the cooperative

awareness of NR-V2X networks.

5.3.2 Problem Formulation

Notations. At each time instant t ∈ T , let sf(t, Pth) denote the set of available subframes

(subframes with observed power less than Pth) in the neighborhood of any vehicle v. RRIv

is the vth vehicle’s RRI and N is the set of all vehicles in the environment.

Objective function. As shown in Eq. 5.9, the objective function is to minimize the

resource reservation interval (RRI) (or maximize BSM rate) at each vehicle v (where v ∈ N )

over the entire time duration T .

min
∑
t∈T

1

|N |
∑
v∈N

RRIv(t) (5.9)

subject to
∑
v∈N

RRIv(t) ≤ sf(t, Pth),∀v ∈ N , t ∈ T (5.10)

RRImin ≤ RRIv(t) ≤ RRImax,∀v ∈ N , t ∈ T (5.11)

Constraints. Equation 5.10 constrains the sum total of the RRI interval to be less than the

number of subframes available to each vehicle v at time instant t. This constraint ensures

that the channel congestion or the outage probability across all vehicles not compromised.

Equation 5.11 restricts the RRI for each vehicle to be within the range [RRImin,RRImax].

Note that solving the afore-stated ILP formulation would provide the optimal solution to

Ch-RRI. However, this is impractical in a real-world NR-V2X setting because of changing

mobility of vehicles and lack of global knowledge. Additionally, in order to solve the ILP

problem, we would require knowledge of the available subframes at future time instants,

which is impractical to obtain in time varying NR-V2X networks. Ch-RRI SPS is based

on decentralized SPS and estimates the latest channel occupancy (via sensing window),

selecting the suitable value of RRI at each vehicle in the NR-V2X network based on its local
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knowledge.

Figure 5.3: Flowchart of Ch-RRI SPS

5.3.3 Ch-RRI SPS Description

This subsection discusses in detail the proposed Ch-RRI SPS protocol. As shown in Fig.

5.3, Ch-RRI SPS makes significant enhancements to the conventional SPS algorithm. The

green boxes represent the steps of the Ch-RRI algorithm and all other steps are borrowed

from conventional SPS.

• RRI Initialization and Sensing (Steps 1-2): Similar to SPS, Ch-RRI SPS contin-

uously monitors the previous Nsensing subframes by measuring RSRP and S-RSSI and
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stores the sensing measurements for the sensing window, i.e., Nsensing subframes (Step

1). In Step 2, Ch-RRI initializes the estimated R̂RI to RRImin. Ch-RRI also initializes

the RSRP threshold (Pth) to a minimum value Pmin. Unlike SPS, the selection window

is not initialized before starting the resource selection (see Step 2 of Mode-4 SPS in

Fig. 2.2), and is varied as available resources are identified and the estimated R̂RI is

updated. Like SPS, Ch-RRI SPS sets and updates the Pth(See Step 3).

• Ch-RRI: Channel-aware RRI selection (Steps 4-10): Each vehicle utilizesNsensing

subframes (obtained in Step 2) for identifying the available subframes and subsequently,

selecting the minimum RRI possible in between transmission while ensuring that there

remain resources (or subframes) for other vehicles.

1. In Step 4, Ch-RRI updates the estimated R̂RI and initializes the selection window

with T1 = 1 and T2 = R̂RI. T1 is fixed to 1 to maximize subframe resources.

2. Each vehicle populates set SA with all subframes in the selection window and SB

as a empty set (See Step 5). The candidate subframe exclusion criteria is also

borrowed from SPS, except that, R̂RI is an adjustable parameter in Ch-RRI.

3. If the remaining subframes in SA is less than 20% of total available subframes

(Step 7), then, Ch-RRI, unlike SPS, first checks whether the R̂RI < RRImax

(Step 8). If yes, R̂RI is increased by ∆ as shown in Step 9, and Steps 4 - 7 are

repeated. Once R̂RI has reached RRImax, then Pth is increased by 3 dB in Step

10, and Steps 3 - 7 are repeated.

• Resource Selection (Step 11) and Resource Reselection (Step 12) are similar to

SPS. As in SPS, a reselection counter (RC) value is chosen such that the resource

reservation is restricted to between 0.5 and 1.5 s, irrespective of chosen R̂RI. However,

in the chase of Ch-RRI SPS, since RC is zero, unlike SPS (see Steps 8-9 in SPS

flowchart), Ch-RRI SPS does not allow re-reservation of subframe resources. Both

these modifications are to ensure that Ch-RRI allows each vehicle to adjust its RRI at

the time of resource reselection and account for changing vehicle traffic conditions.
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5.4 Simulation Description and Results

This section describes the simulation setting, followed by experimental results for the pro-

posed Ch-RRI SPS compared against conventional SPS protocol.

5.4.1 Simulation Setting

Both SPS and Ch-RRI SPS protocols are implemented on top of a modified system-level

network simulator (ns-3) which supports C-V2X Mode-4 communications. NIST originally

implemented Mode 1 and 2 of the LTE sidelink in network simulator (ns-3) [69], which was

extended to support Mode-3 and C-V2X Mode-4 Communication by Nabil et al. [66].

The highway mobility model assumes vehicles to be moving in a six lane highway road,

with three lanes in each direction. While existing works [64], [66] and [4] largely assume

a constant velocity model, we consider a more realistic vehicle velocity model where the

velocity of a certain vehicle follows a Gaussian distribution centered around vavg (in forward

direction, i.e., lane 1, 2 and 3) and −vavg (in reverse direction, i.e., lane 4, 5, and 6). In

our experiments, the mean vavg is set to 19.44 m/s (70 km/hr) and the variance is set to 3.0

m/s. [20] supports the assumption of Gaussian random variables as reliable for modelling

highway traffic speeds. When each vehicle reaches the end of the highway segment, a warp

is applied that moves the vehicle immediately to the other end of the road segment, and the

vehicle is kept in the same lane. Vehicles with velocities normally distributed around vavg

are assigned to lanes 1, 2, and 3 (the 3 bottom most lanes in Fig.1), while vehicles normally

distributed around −vavg are assigned to lanes 4, 5, and 6. Each vehicle in the same lane

travelled in the same direction and had a maximum deceleration of 4.6 m/s2. A Poisson

distribution was used for the initial placement of vehicles along the highway.

For extensive analysis, we compare the performance of Ch-RRI SPS against the conventional

SPS protocol with three different fixed RRIs: 20 ms RRI, 50 ms RRI, and 100 ms RRI. The

simulations were run with varying vehicle densities, ranging from 40 to 160 vehicles. For

the purposes of our simulations we assume a 10 MHz channel, though this can be easily

adjusted. The initial positions and velocities were kept the same for the same considered

vehicle density scenario across the Ch-RRI SPS and conventional SPS simulations. Each

scenario had a simulation time of 8 seconds, and results were averaged across 10 trials.

Table 5.2 summarizes the key simulation parameters for both Ch-RRI SPS and conventional
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Table 5.2: Ch-RRI simulation Parameters

Parameter Value

Vehicle density {20-80} veh/km
Road Length/Number of lanes/Lane width 2000 m/ 6 lanes/ 4 m

Simulation time 8 seconds
Transmission Power 23 dBm

Transmission and Sensing Range 300 meters
Distribution of vehicle speeds N(19.44 m/s, 3 m/s)

Deceleration a 4.6 m/s2

treact 1 second
Ch-RRI SPS RRImax 100 ms
Ch-RRI SPS RRImin 20 ms

Packet Size 190 B
MCS Index 7

Propagation Model Winner+ B1 Model
Number of trials 10

RSRP threshold, Pth -110 dBm

SPS with fixed RRIs.

5.4.2 Performance Metrics

We use the following two performance metrics for the evaluation of Ch-RRI SPS against

conventional SPS.

• Tracking error (etrack) is the difference between transmitting vehicle u’s actual lo-

cation and u’s location obtained from the most recent BSM received from u at receiver

vehicle v. (see Section 5.2.1).

• Collision Risk Ratio measures the overall on-road safety performance of C-V2X

Mode-4 networks, and is defined as the ratio of number of collision risky instances

(computed using Eq. 5.7) to that of both non-risky and risky instances between each

pair of vehicles.

• Packet Delivery Ratio (PDR) is the probability that all vehicles within the range

of the transmitting vehicle receives the transmitted packet. The PDR is calculated as
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Figure 5.4: (a) RRI chosen by Ch-RRI SPS over time and varying vehicle densities: (b)
Average high risk tracking error, and (c) Collision Risk.

PDRu = PRu
PDu

, where PDu is the number of BSMs transmitted by vehicle u and PRu

is the number of BSMs sent by vehicle u received by neighboring vehicles.

5.4.3 Experimental Results

Before we discuss the comparative analysis of Ch-RRI SPS and SPS in terms of aforestated

performance metrics, we first briefly discuss how Ch-RRI SPS is able to adjust the RRI at

each vehicle given varying vehicle densities and over time.

Figure 5.4(a) shows how Ch-RRI SPS chooses, on average, the RRI across all vehicles for
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each considered vehicle density scenario (i.e., 40, 80, 120 and 160) under varying simulation

time. We observe over 10 trials that the average chosen RRI increases over simulation time

as vehicles enter the simulation for each considered vehicle density. After 2 seconds, the RRI

chosen for each vehicle setting converges to a certain unique RRI value. The chosen RRI in

the cases of 40 and 80 vehicle density (i.e., sparse) is almost four to five times that of the

120 or 160 (i.e., dense) vehicle setting, thanks to the ability of Ch-RRI SPS to adjust RRI

in real-time and adapt to the varying C-V2X environment. Vehicles also take a longer time

in dense vehicle settings (5 and 6 seconds for 120 and 160 vehicles respectively) to converge

to a chosen RRI value, likely because it takes longer for all vehicles to enter the simulation.

Figures 6.4(b)-6.4(f) show average Ch-RRI SPS RRI distributions over the last second of

the simulation and show a large RRI variance in the 80, 120 and 160 vehicle density simula-

tions. This is likely due to the large spatio-temporal dynamics at play, and vehicles choosing

different RRIs depending on the number of vehicles in their vicinity. The average RRI of 40

vehicles, on the other hand, converges to the RRImin of 20 ms. This will be because there

are sufficient channel resources to support 20 ms RRI for each vehicle in case of 40 vehicles,

irrespective of varying neighborhood sizes. Notice from Figs. 6.4(e) and 6.4(f) that while

the RRI distribution is skewed to RRImax, there are a number of vehicles still transmitting

at lower RRIs.

Tracking Error and Collision Risk Analysis. The tracking error (Fig. 5.4(b)) and the

collision risk (Fig. 5.4(c)) are both used to compare the effectiveness of Ch-RRI SPS to 20

ms, 50 ms, and 100 ms fixed RRI SPS, in terms of improved road safety performance of

C-V2X networks. Fig. 5.4(b) shows that the tracking error increases as the vehicle density

increases, and 20 ms RRI SPS and 50 ms RRI SPS tracking error alternate as the best

performing fixed RRI SPS. At higher vehicle density scenarios, 50 ms RRI performs better

in terms of tracking error, likely because the 20 ms RRI leads to increased packet losses at

higher densities. Notice that the tracking error for Ch-RRI SPS is significantly lower than

the tracking error associated with SPS (either with RRI 20 ms, 50 ms or 100 ms) across all

vehicle densities. On average, Ch-RRI SPS outperforms 50 ms RRI SPS (the best performing

fixed RRI) by almost 17% and 23% repectively at 60 and 80 veh/km. This indicates that the

Ch-RRI SPS protocol is able to choose a suitable RRI at each vehicle that minimizes packet

losses and enables up-to-date BSM sharing between a certain vehicle and its neighboring

nodes. The tracking error improvements found with Ch-RRI SPS expectedly extend to the

collision risk. Fig. 5.4(c) shows a significant decrease in high risk scenarios at 60 and 80
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veh/km (55.6 % and 51.20 % respectively) as compared to 50 ms RRI SPS, which is the best

performing fixed RRI scheme.

These results show that the lower RRI chosen is able to help vehicles in both low and high

density situations. Observe that even at highly dense situations (80 vehicles/km), Ch-RRI

SPS outperforms the 100 ms SPS protocol, although the average RRI chosen for Ch-RRI

SPS was 100 ms. It is suspected that a small number of vehicles could be using smaller RRIs

during the course of the simulation which helps reduce the number of high risk situations.

Packet Delivery Ratio Analysis. Fig. 5.5 shows that Ch-RRI SPS performs significantly

better in terms of PDR when compared to that of SPS with RRIs 20 ms and 50 ms, under all

considered vehicle density scenarios. Among the SPS with different RRIs, 100 ms SPS PDR

performs the best of all three fixed RRIs. Larger RRIs led to a better PDR, but also yield

a large tracking error and collision risk (See Figs 5.4(b) and 5.4(c)). Also notice that other

than 100 ms RRI SPS, none of the 20 ms RRI, 50 ms RRI, or Ch-RRI SPS protocols have

PDRs near 100%, although at low densities there should be enough subframes for all vehicles.

This reduced PDR is likely an effect of the hidden terminal problem, where two transmitters

might be out of the sensing range of each other, even if they are both transmitting to the

same destination (for example, if both transmitters are far from the destination, in opposite

directions). The likelihood of a hidden terminal collision increases with smaller RRIs, as

there are fewer subframes that vehicles can use. However, in Ch-RRI SPS the PDR remains

the same across vehicular densities, and outperforms the 50 ms fixed RRI PDR at higher

densities. This is likely because of the larger RRI chosen by Ch-RRI SPS in the dense

scenarios, which likely leads to less congestion and fewer packet collisions.

Discussion. Unlike conventional SPS protocol, the proposed adaptive Ch-RRI SPS is suc-

cessfully able to adapt to the considered time-varying C-V2X scenarios and exploit the

availability of channel resources (or subframes) – which allows each vehicle to dynamically

choose the best RRI for the efficient and reliable BSM sharing with neighboring vehicles.

This greatly reduces the tracking error between each pair of vehicles, which in turn signifi-

cantly enhances the road safety of C-V2X networks. Thus, Ch-RRI SPS is a significant step

forward for enabling the next-generation of C-V2X Mode-4 based connected vehicles and

intelligent transportation systems.
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Chapter 5. Ch-RRI SPS: Channel-aware Semi-Persistent Scheduling for
C-V2X Networks
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Figure 5.5: (a) PDR for 40 vehicles (b) PDR for 80 vehicles (c) PDR for 120 vehicles and
(d) PDR for 160 vehicles.
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5.5 Conclusion

In this chapter, we proposed a channel aware RRI selection algorithm for sensing-based semi-

persistent scheduling, named Ch-RRI SPS, for the improved on-road safety performance of

decentralized V2X networks. Specifically, Ch-RRI SPS, unlike conventional SPS, allows each

vehicle to dynamically adjust RRIs based on the availability of channel resources and select

suitable transmission opportunities for timely BSM transmissions at adjusted RRIs, while

accounting for various vehicle traffic scenarios. Our extensive experiments based on C-V2X

Mode-4 standard implemented using an ns-3 simulator demonstrated that the proposed Ch-

RRI SPS protocol significantly outperformed conventional SPS in terms of improved on-road

safety performance in all considered C-V2X scenarios.
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Chapter 6

Adaptive RRI Selection Algorithms

for Improved Cooperative Awareness

in Decentralized NR-V2X

As discussed in Chapters 2 and 5, decentralized vehicle-to-everything (V2X) networks (i.e.,

Mode-4 C-V2X and Mode 2a NR-V2X) utilize sensing-based semi-persistent scheduling

(SPS) where vehicles sense and reserve suitable radio resources for Basic Safety Message

(BSM) transmissions at prespecified periodic intervals termed the Resource Reservation In-

terval (RRI). Vehicles rely on these received periodic BSMs to localize nearby (transmitting)

vehicles and infrastructure, referred to as cooperative awareness. Cooperative awareness en-

ables line of sight and non-line of sight localization, which can extend a vehicle’s sensing and

perception range and support future safety and autonomous applications. In this chapter,

we show for the NR-V2X Mode-2 standard, that existing SPS scheduling (with prespecified

RRIs) suffer from poor cooperative awareness, quantified as tracking error. As in Chapter 5,

tracking error is defined as the difference between a vehicle’s true position and the last loca-

tion of that vehicle estimated by its neighbors. Although the collision risky models developed

in Chapter 5 are useful, in this chapter we primarily focus on tracking error. This is because

(1) tracking error has a direct relationship to collision risk, and (2), focusing on reducing

tracking error removes assumptions on the behavior of the vehicle, and addresses a larger set

of scenarios. To address the issues of static RRI SPS and improve cooperative awareness,

we propose and compare two RRI selection algorithms – namely, the Channel-aware RRI

(Ch-RRI) selection algorithm introduced in Chapter 5 and the Age of Information (AoI)-

aware RRI (AoI-RRI) selection algorithm, discussed in this chapter. Ch-RRI dynamically

selects a RRI based on channel resource availability depending upon the (sparse or dense)

vehicle densities whereas AoI-RRI utilizes a novel information freshness metric, called Age of

Information (AoI), to select a suitable RRI. Next, both adaptive RRI algorithms utilize SPS

72



6.1. Introduction

scheduling for selecting suitable transmission opportunities for timely BSM transmissions at

the chosen RRI. System-level simulations show that SPS with adaptive RRI (i.e., Ch-RRI

SPS and AoI-RRI SPS) outperform the SPS with fixed RRI in terms of improved cooperative

awareness under both low and high vehicle density scenarios. Furthermore, we notice that

AoI-RRI SPS outperforms Ch-RRI SPS for larger vehicle density scenarios, whereas for low

density scenarios, Ch-RRI SPS does slightly better than AoI-RRI SPS.

6.1 Introduction

The Third Generation Partnership Project (3GPP) Release 16 has introduced a V2X com-

munications technology that uses the 5G New Radio (NR) air interface, referred to as 5G

NR-V2X. NR-V2X includes enhancements to the 3GPP’s previous cellular V2X communi-

cations technology (C-V2X) based on the Long-Term Evolution (LTE) standard. NR-V2X

offers two modes of operation, termed Mode-1 and Mode-2, that use sidelink communica-

tions, which is direct communication between users or vehicles without data passing through

the gNodeB [67]. NR-V2X Mode-1 employs a centralized scheduling approach, where a gN-

odeB schedules and assigns sidelink radio resources for two or more vehicles to communicate

and exchange data directly. NR-V2X Mode-2 assumes communications to occur outside the

coverage of a gNodeB; therefore, every vehicle uses a sensing-based semi-persistent schedul-

ing (SPS) protocol to sense and reserve sidelink radio resources. SPS was introduced as part

of the Release 14 C-V2X Mode-4 standard, the predecessor to NR-V2X Mode-2 [77]. Since

cellular connectivity can not be assumed ubiquitous, NR-V2X Mode-2 is considered as the

baseline mode for NR-V2X.

In NR-V2X Mode-2 SPS, vehicles sense radio resources (or channel medium) and select

suitable (underutilized) resources for the transmission of packets at prespecified fixed time

intervals, termed Resource Reservation Intervals (RRI). More formally, RRI is defined as the

inter-transmission time interval between two consecutive transmissions. In the Release 14

C-V2X standard, RRIs were restricted to 20 ms, 50 ms, or 100 ms [64]. Release 16 NR-V2X

Mode-2 provides more flexibility by allowing any integer RRI between 1 and 99 ms [38].

The primary use case for NR-V2X Mode-2 SPS is the dissemination of basic safety messages

(BSMs), which carry time sensitive state information such as transmitting a vehicle’s speed,

heading, and location [2]. Receiving vehicles can use these BSMs for cooperative awareness,
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the localization and trajectory prediction of neighboring vehicles and infrastructure. Coop-

erative awareness can enable safety-critical applications such as forward collision warnings

[70], blind spot/lane change warnings [47], and is likely one of the key requirements for

autonomous driving [46]. One metric that can quantify cooperative awareness performance

is tracking error, the difference between a vehicle’s actual and perceived location (via most

recent BSM) by its neighboring vehicles. Tracking error, as opposed to conventional commu-

nication metrics such as packet delivery ratio (PDR) and throughput, captures the impact

of multiple lost or outdated BSMs on a vehicle’s awareness.

Since BSMs carry time-sensitive information, outdated BSMs (due to large RRIs) and/or

lost BSMs (due to channel congestion) negatively impact the performance of cooperative

awareness applications, mainly due to wrong localization of neighboring vehicles. Therefore,

it is critical that the state information in each vehicle’s transmission be fresh, as stale in-

formation can compromise the aggregate awareness of the vehicular network. The freshness

of information at receiving vehicles can be measured using Age-of-Information (AoI). AoI is

the time elapsed since new state information has been generated and is a promising metric

to measure the freshness of system state information. Results in [29] have found that AoI

has a strong correlation with tracking error in vehicular networks, which motivates further

study of AoI.

In this work, we explore the deficiencies of the NR-V2X Mode-2 SPS using static RRIs

in terms of tracking error and propose algorithms that choose adaptive RRIs to improve

the overall cooperative awareness performance of NR-V2X Mode-2. We show that SPS

with static RRIs (e.g. 50 and 100 ms) has cooperative awareness limitations in NR-V2X

networks. Consider these scenarios: (i) high vehicle density scenarios – the NR-V2X network

performance suffers from congestion with a large number of lost packets, leading to an

increased tracking error, and (ii) low vehicle density – the spectrum resources would be under-

utilized in time. The tracking error performance in low density scenarios can improve with

a smaller RRI, which ensures frequent location updates without fear of channel congestion.

We introduce two adaptive RRI algorithms, termed Channel-aware RRI (Ch-RRI) selection

and AoI-aware RRI (AoI-RRI) selection. Ch-RRI uses channel occupancy measurements

to find the smallest RRI possible without increasing congestion. Motivated by the benefits

of reducing AoI, we propose AoI-RRI, an AoI-aware RRI selection algorithm for NR-V2X

Mode-2 that uses the average AoI observed by neighboring vehicles to select an optimal RRI.

In this work, we make the following key contributions:
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• We show that NR-V2X Mode-2 SPS with static RRIs suffers severely from under- and

over-provisioning of radio resources (depending upon the vehicle densities). This in

turn negatively impacts the timely successful delivery of BSMs and compromises the

cooperative awareness of NR-V2X Mode-2 SPS.

• To address the limitations of SPS with static RRIs, we propose Ch-RRI SPS, which

is SPS powered by a channel aware RRI selection algorithm. The Ch-RRI algorithm

uses channel occupancy measurements and chooses the minimum possible RRI spacing

between transmissions without increasing packet loss due to congestion. Ch-RRI SPS

uses this RRI spacing to select radio resources for BSM transmissions.

• In a similar vein to Ch-RRI SPS, we develop AoI-RRI SPS, SPS powered by a AoI

aware RRI selection algorithm. The AoI-RRI algorithm uses neighborhood age and

channel resource measurements to choose an age optimal RRI iteratively.

• Experiments developed on our NR-V2X simulator show that when compared to NR-

V2X Mode-2 SPS with 20 ms, 50 ms, and 100 ms RRI, the proposed Ch-RRI and AoI-

RRI SPS demonstrate a substantial reduction of tracking error. Ch-RRI as compared

to AoI-RRI shows a lower AoI and tracking error in low density highway scenarios, and

is faster in converging to a local minimum AoI. However, the average AoI and tracking

error of AoI-RRI SPS are lower at higher densities.

6.2 State-of-the-art

There has been a surge of research in the area of simulating and enhancing SPS for C-V2X

Mode-4 [14, 16, 17, 23, 39, 45, 64, 66, 68] and more recently, for NR-V2X Mode-2 SPS

[9, 21]. The research performed in [23] simulated and provided a baseline for semi-persistent

scheduling across various densities for highway and urban environments. Research in [66],

[14], and [65] varied the probability of reselection, selection window, and RRI in SPS and

measured the impact on the packet delivery ratio (PDR). The authors of [45] concluded that

using short term sensing before resource selection reduced packet collisions and improved

SPS performance. The work in [16] and [57] was amongst the first to adjust the transmission

power and RRI accordingly, to improve the overall performance of SPS. To address the

scheduling overhead of SPS, [17] has proposed using single shot transmissions as part of SPS

for safety critical messages that have an immediate scheduling need. Although much of the
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research for semi-persistent scheduling is simulation driven, [39] has provided an analytical

model for semi-persistent scheduling in vehicular networks. Recently, the work in [9, 21] has

simulated the relatively new NR-V2X Mode-2 SPS, specifically looking at the impact of the

flexible numerology on SPS. A potential drawback of these works is the focus on improving

the coverage (typically measured through PDR) of C-V2X Mode-4 and NR-V2X Mode-2,

and ignoring the cooperative awareness performance of the vehicular network.

AoI has recently emerged as a popular metric for quantifying the performance of scheduling

and decentralized radio resource management in vehicular networks. In particular, there has

been a lot of research done in optimizing the broadcast rate to reduce the AoI in networks

that use Dedicated Short Range Communications (DSRC), a competing V2X technology

based on the 802.11p standard. [12, 51, 54, 61, 62, 80, 81]. Although there are notable

differences between the two standards, changing the broadcast rate can be seen as the anal-

ogous equivalent to using the RRI to minimize the AoI, and merits discussion. The authors

in [51] developed a decentralized algorithm that iterated the broadcast rate based on AoI

measurements for a DSRC network. The work in [12] proposed a model that uses a vehicular

network’s connectivity graph to show the relationship between the average system AoI and

vehicle density and broadcast intervals. AoI was used to evaluate platooning applications

for convoys of vehicles in [80] and [61]. Furthermore, [54] and [62] investigated the effect of

the backoff window size in CSMA on the AoI.

Although the SPS protocol in C-V2X Mode-4 and NR-V2X Mode-2 is relatively new, there

has been some recent work in applying AoI to SPS. Recently, [68] analyzed the AoI of

Release 14 C-V2X Mode-4 and proposed a piggyback collaboration method to help decrease

half duplex errors, thereby reducing the AoI. Note that although the Release 14 C-V2X

Mode-4 SPS is similar to Release 16 NR-V2X Mode-2 SPS, there are a few key differences

between the two standards. Two differences that are particularly relevant to this work are

the change in ranking of subframe resources (discussed in Section 5.3) and the inclusion

of any integer RRI between 1 and 99 ms1. These changes can enable higher transmission

rates while preventing collisions from choosing the same subframe resource [9]. While there

have been recent works evaluating the overall performance of Release 16 NR-V2X SPS,

to the best of our knowledge, this is the first work that evaluates the AoI and cooperative

awareness performance for NR-V2X SPS and the first work to directly use AoI measurements

1Please refer to [38] for a detailed discussion on the differences between C-V2X Mode-4 and NR-V2X
Mode-2.
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to optimize the RRI for SPS.

6.3 Cooperative Awareness and NR-V2X Mode-2

In this section, we discuss cooperative awareness, the tracking error metric, and the NR-V2X

Mode-2 standard for sidelink communications from the physical layer structure to the semi-

persistent scheduling algorithm that vehicles use to find and reserve suitable transmission

opportunities.

6.3.1 Cooperative Awareness and Tracking Error

Since cooperative awareness depends on the sharing of time sensitive information with other

vehicles via BSMs, conventional communication metrics such as latency, throughput, and

packet delivery ratio (PDR) greatly impact a vehicle’s awareness. However, these metrics

alone cannot capture the impact of multiple lost or outdated BSMs on a vehicle’s awareness,

as illustrated by the following example. Consider a fast moving vehicle travelling at 140

km/hr (38.89 m/s) while transmitting with a high RRI (100 ms or more). Neighboring

vehicles receive location packets reliably, but because there is at least 100 ms between packets,

the localization or tracking error would be at least 3.89 m. Likewise, a low RRI (50 ms or

less) would yield a tracking error of at least 1.94 m, though this tracking error could increase

if packets are dropped due to channel congestion. Thus, as the above example shows, a

tracking error metric can provide more context to the cooperative awareness performance in

vehicular networks.

Illustrated in Fig. 6.1, tracking error (etrackuv ) in the context of NR-V2X is defined as the

difference in the transmitting vehicle’s (vehicle u) true location, and u’s estimated location

by neighboring receiving vehicle v. We assume that the receiving vehicle v is within the

transmission range of u and time t
′

is the generation time of the transmission from u to v.

The tracking error is calculated as:

etrackuv =
√

(xtu − x̂uv)2 + (ytu − ŷuv)2 (6.1)

(xtu, y
t
u) is u’s true current 2-D location at time t and (x̂uv, ŷuv) is u’s previous location from
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time t
′

at vehicle v from the last transmission received from u.

Figure 6.1: Illustration of latency induced tracking error in a vehicular network.

The tracking error has a large impact on the cooperative awareness in vehicular networks

because

1. Every transmission has a non-zero propagation delay between transmission and suc-

cessful reception and the transmitting vehicle would also likely have moved during the

transmission and reception times.

2. The RRI (or inter-packet transmission interval) can cause a large tracking error, espe-

cially at higher speeds.

3. Channel congestion could lead to several lost and delayed packets, further deteriorating

tracking error. In the example of a vehicle traveling at 140 km/hr with a 50 ms RRI

in a congested environment, two consecutive missed packets could cause a 5.833 m

tracking error.

A lower tracking error at receiving vehicle v implies that v can accurately position (or localize)

u. Note from the above discussion that a lower RRI can decrease the tracking error but can

also increase the number of lost packets due to channel congestion.
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6.4 AoI-RRI: Age of Information Aware RRI Selection

Algorithm

In this section, we give some intuitions on the potential limitations of Ch-RRI, provide a brief

background of Age-of-Information (AoI), and formulate the problem of AoI minimization in

vehicular networks as a integer linear programming (ILP) problem. We discuss why the

ILP formulation is impossible to solve for a decentralized network and propose AoI-RRI, a

decentralized AoI-aware RRI selection algorithm.

6.4.1 Limitations of Ch-RRI on Cooperative Awareness

Though Ch-RRI is a promising RRI adaptation algorithm and promises to improve the

cooperative awareness as discussed in Section 5.3, it has certain limitations as presented in

this section.

• Ch-RRI SPS is based on the accurate knowledge of channel occupancy at any given

time, however, given the dynamics of vehicles and channel usage, obtaining accurate

channel availability information at each vehicle is not possible.

• Ch-RRI SPS attempts to enable each vehicle to transmit at the minimum RRI while ac-

counting for 100% channel occupancy. However, the optimal trade-off between channel

occupancy and optimal RRI may not be at 100 % channel occupancy.

Motivated by these limitations, we consider optimizing for the novel information freshness

metric AoI. Since optimizing for AoI guarantees the best freshness (and thus best tracking

error), we can better account for trade-off between the optimal RRI and channel occupancy.

6.4.2 Age of Information (AoI)

Age of Information (AoI), quantifies the freshness of information at any receiving node that

was originally generated and transmitted by the transmitting node [50]. For the purposes

of vehicular networks, AoI is the elapsed time since the last received location packet was

generated at the transmitting vehicle. Let tg denote the time that the most recent location
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packet at sender vehicle u was generated. The AoI at receiving vehicle v assuming the current

time is t is:

AoIuv(t) = t− tg (6.2)

The evolution of the AoI for vehicle v is illustrated in Fig. 6.2. The generation, transmission,

and reception times of the ith location packet are denoted by tgi , t
tx
i , and tri . Therefore, the

overall delay for a packet = (tri − t
g
i ). Assuming the (i+ 1)th packet is generated at tg(i+1),

the generation rate is given by ∆ = (tgi+1 − t
g
i ). Fig. 6.2 illustrates AoIuv(t), the AoI at the

receiving vehicle v after a sender vehicle u generates and transmits a message, as a function

of time .

Figure 6.2: AoIuv is the AoI at vehicle v based on the last received transmission from vehicle
u.

Equation 6.2 can be used to find the average AoIuv between vehicle v and neighboring

vehicle u. The average AoIuv is found by calculating the area under AoIuv(t). The area

under AoIuv(t) is normalized by the observation time Tobs [50].

AoIuv =
1

Tobs

∫
Tobs

AoIuv(t) (6.3)

We represent the set of all vehicles in the environment as N and the set of all neighboring

vehicles of v as Nv ⊆ N , where u ∈ Nv. The average AoI at vehicle v is:

AoIv =
1

|Nv|
∑
u∈Nv

AoIuv (6.4)
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The overall system AoI with |N | vehicles can be computed as:

AoI =
1

|N ||(N − 1)|
∑
v∈N

∑
u∈Nv

AoIuv (6.5)

where |N ||(N − 1)| is the number of unique pairs of sender and receiver in the system.

Assuming the simple vehicular network in Fig. 6.1 with vehicles u and v, we can assume

that inter-packet reception intervals between receiver v and transmitter u are multiples of

the RRI. Using these assumptions and the fact that the AoI resets to 0 upon successful

reception of location information, the evolution of the AoI at the receiving vehicle can be

written as

AoI(t+ RRI) =

0, if a packet is received

AoI(t) + RRI, otherwise
(6.6)

Note that Eq. 6.6 implies that minimizing the RRI also minimizes the AoI at the receiving

vehicle. However, too many vehicles transmitting with a small RRI can increase the number

of lost packets due to congestion, which also increases the AoI. Therefore, as in the case of

tracking error, there is a tradeoff between smaller RRIs and improved AoI performance.

6.4.3 AoI ILP Problem Formulation

The objective of AoI-RRI is to minimize the overall system AoI based on what each vehicle

observes. As in the Ch-RRI problem formulation, finding an optimal RRI that minimizes

the system AoI can be written as a Integer Linear Programming (ILP) problem.

Objective function. Equation 6.7 formally shows the objective function where each vehicle

chooses a RRI at each vehicle v (where v ∈ N ) such that the AoI is minimized over the

entire time duration T .

∑
t∈T

1

|N |
∑
u,v∈N

AoIuv(t) (6.7)

subject to RRImin ≤ RRIv(t) ≤ RRImax, ∀v ∈ N , t ∈ T (6.8)
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Constraints. Equation 6.8 restricts the RRI for each vehicle to be within the range

[RRImin,RRImax]. Note that there are no capacity constraints for Eq. 6.7, and the AoI

minimization itself decides the optimal tradeoff.

However, as in the case of Eq. 5.9, solving Eq. 6.7 assumes global information at every

vehicle and knowledge of each vehicles channel information and mobility even at future time

instants, making the ILP formulation impossible to solve. Thus we propose AoI-RRI , an

algorithm that attempts to iteratively minimize the NR-V2X system AoI in a decentralized

manner, described in Section 6.4.4

6.4.4 AoI-RRI SPS

This section details AoI-RRI SPS, SPS powered by a decentralized AoI-aware RRI selection

algorithm. AoI-RRI finds a RRIv (where RRIv ∈ [RRImin RRImax]) for vehicle v by iterating

the previously chosen RRI, denoted RRIt−1, such that the locally measured average AoI

is minimized. The algorithm runs in three steps. First, at the RRI selection time, v uses

the sensing window history to measure the channel congestion in the network. Second, v

calculates the time since the last received packet from every vehicle in the vicinity to estimate

the local average AoI, and adjusts its RRI according to minimize this last measured AoI.

Finally, v uses the NR-V2X semi-persistent scheduling procedure presented in Fig. 2.2 and

selects subframe resources using the latest selected RRI. The algorithm details are as follows:

Step 1: Sensing and Channel Congestion Detection. In line 1 of Algorithm 1, AoI-

RRI uses a channel congestion detection algorithm, further detailed in Algorithm 2, to

measure and detect whether or not significant channel congestion has occurred. The channel

congestion algorithm returns true if there is significant congestion detected and like Ch-RRI

SPS, uses the previously chosen RRIt−1 and the RSRP sensing measurements for the last

Nsensing subframes, i.e. the sensing window, as inputs. In line 2 of Algorithm 2, v calculates

the size of the set Stotal, which is the set of all possible subframe resources using RRIt−1.

Lines 3-5 of Algorithm 2 populate set Savail with those subframes with linear average RSRP

measurements higher than P t−1
th . If the number of subframes in Savail is less than 20% of total

available subframes, that means that network congestion has increased since the previous

resource reservation, and RRIt−1 or P t−1
th must be increased. Using RSRP measurements

can give a robust estimate of the channel congestion without adding any sensing overhead

since the sensing window measurements and RSRP threshold are taken as part of the SPS
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procedure. If the channel congestion has increased, lines 2-3 of Algorithm 1 automatically

increase the RRI to avoid congesting the channel further.

Step 2: AoI estimation and RRI adjustment. If the channel has not become signifi-

cantly congested, vehicle v uses Eqs. 6.2 and 6.4 and calculates its local AoI by calculating

and averaging the time since the last received packet from each neighboring vehicle. The

AoI-RRI algorithm iterates upon the last chosen RRI to minimize the most recent average

AoI at each vehicle v. AoI-RRI uses one of the following three actions– (1) DECR - decrease

RRI, (2) INCR - increase RRI, and (3) SAME - maintain the same RRI 2. Algorithm 1

presents the pseudocode for this step.

Lines 4-9 form the core of AoI-RRI where AoIavg for the current and previous Tobs are

compared. In lines 4-6 AoI-RRI checks if the local AoI has increased by a factor of more

than σt, in which case the AoI has significantly worsened and AoI-RRI reverses the previous

selected action. If in lines 7-9 v sees that if the local AoI has decreased by a factor of more

than σt, the previous action selected by the algorithm is repeated, i.e. the RRI continues to

increase or decrease. If there is no significant change in AoI, AoI-RRI chooses the same RRI

as before. Finally, in 10-20 the new RRI is calculated based on the action selected in lines

2-9. The new RRI returned is maintained until the end of the current Tobs. β decides the

magnitude by which the RRI changes if the chosen action was INCR or DECR.

Step 3: Semi-persistent Scheduling. Finally, v uses the RRI selected from Algorithm 1

to choose a subframe for transmission using the SPS procedure presented in Fig. 2.2. Note

that the Pth value that is used to select the subframes is stored as part of the procedure,

and again the next time resources are selected.

6.5 Simulation Overview and Results

In this section we cover the simulation settings, performance metrics, and evaluates the

proposed Ch-RRI SPS and AoI-RRI SPS against conventional SPS.

2The concept of utilizing these actions for adjusting the RRI is inspired by the algorithm presented in
[50]
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Algorithm 3 AoI-RRI algorithm at vehicle v
Input: RSRP of Nsensing subframes across J subchannels in sensing history, sftotal =

[sf j1 , · · · , sf
j
Nsensing

], Minimum Power threshold (Pmin), Maximum Power threshold (Pmax), RRI

chosen during the previous Tobs, RRIt−1, local average AoI of the previous Tobs, AoI
t−1
avg , Action

chosen during the previous Tobs, α
t−1), Power threshold chosen during the previous Tobs, (P t−1

th )
Output: New RRIt, subframe sfv for node v, and number of retransmissions Nresel

1: [channelflag] = channelcong(RRIt−1, sftotal, P
t−1
th ) . Checks to see if channel is congested

2: if channelflag ==true then
3: αt =INCR
4: if AoItavg > AoIt−1

avg + σt then
5: αt = inverse(αt−1) . Previous action caused AoI to worsen significantly, so inverse action
6: else if AoItavg < AoIt−1

avg − σt then
7: αt = (αt−1) . Previous action caused AoI to get better so continue action
8: else
9: αt =SAME . AoI has not significantly changed from previous value, so maintain same

RRI
10: if αt == INCR then
11: if RRIt−1 ≥ RRImax then
12: RRIt = RRIt−1 . AoI has improved but RRI has hit maximum
13: else
14: RRIt = β RRIt−1

15: else if αt == DECR then
16: if RRIt−1 ≤ RRImin then
17: RRIt = RRIt−1 . AoI has improve but RRI has hit minimum
18: else
19: RRIt = 1

β RRIt−1

20: else if αt == SAME then
21: RRIt = RRIt−1

22: return Pth, RRIt

6.5.1 Simulation Setting

We modified and enhanced a system-level simulator originally designed to model C-V2X

Mode-4 [22] to model and compare AoI-RRI SPS, Ch-RRI SPS, and NR-V2X Mode-2 SPS

with three different static RRIs. We use the 3GPP highway mobility models [38] to validate

our simulation results.

In the highway mobility model, vehicles move along a six lane highway, with three lanes

dedicated to each direction. The highway models assumes the velocity of vehicles moving

in the positive direction (lanes 1, 2 and 3) and negative direction (lanes 4, 5, and 6) are

drawn from truncated Gaussian distributions with means of vavg and −vavg, respectively.
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Algorithm 4 Channel Congestion
Input: All subframes in sensing history, sftotal(1 : Nsensing), Power threshold selected from previous
subframe selection (P t−1

th ), RRI selected from previous AoI scheduling instance, RRIt−1

Output: Returns true if the channel is congested as compared to the previous RRI, and false
otherwise

1: procedure channelcong(sftotal(1 : Nsensing), P t−1
th , RRIt−1)

2: NRRI = floor(
Nsensing

RRIt−1 − 1)

3: Sji = 1
NRRI

∑NRRI
k=0 sf j

1+i+k·RRIt−1

4: Stotal = [Sj0, S
j
1, . . . , S

j

RRIt−1 ]

5: if Sji < P t−1
th then

6: Savail ← Sji
7: if |Savail|

|Stotal| < 0.2 then
8: return true . The value of Pth has not changed as compared to the previous subframe

selection, so the channel is not congested
9: else

10: return false . The value of Pth needs to increase by 3 dB as compared to the previous
subframe selection, so the channel is congested

The Gaussian distribution mean and variance values are 19.44 m/s (70 km/hr) and 3.0 m/s,

respectively. As each vehicle in each lane approaches the length of the highway, the warp

used in the model places the vehicle at the opposite end of the highway. All vehicles remain

in the same lane for the duration of the simulation. Each vehicle’s initial location along the

highway followed a Poisson distribution.

For extensive analysis, we compare the performance of Ch-RRI SPS and AoI-RRI SPS against

conventional NR-V2X Mode-2 SPS with three different static RRIs: 20 ms RRI, 50 ms RRI,

and 100 ms RRI. The vehicle densities in the simulation ranged from 20 to 160 veh/km,

and initial positions and velocities did not change across AoI-RRI SPS, Ch-RRI SPS, and

NR-V2X SPS. All simulations used a 10 MHz system bandwidth, 25 second simulation time,

and results were averaged over 10 trials. Table 6.1 shows the critical simulation values for

AoI-RRI SPS, Ch-RRI SPS, and NR-V2X SPS with static RRIs.

6.5.2 Performance Metrics

This work uses the following three metrics to compare AoI-RRI SPS, Ch-RRI SPS, and static

RRI SPS.
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Table 6.1: AoI-RRI and Ch-RRI simulation comparison parameters

Parameter Value
Vehicle density {20-160} veh/km

Road Length/Number of lanes/Lane width 2000 m/ 6 lanes/ 4 m
β 1.1

Reselection time 0.5 -1.5 s
Simulation time 25 seconds

Transmission Power 23 dBm
Transmission and Sensing Range 300 meters

Distribution of vehicle speeds N(19.44 m/s, 3 m/s)
AoI-RRI/Ch-RRI RRImax 100 ms
AoI-RRI/Ch-RRI RRImin 20 ms

Packet Size 190 B
MCS Index 7

Number of trials 10
Initial RSRP threshold, Pth −90 dBm

• Tracking error (etrack)- etrack is calculated as the difference in the transmitting

vehicle u’s actual location and estimated location from u’s last received transmission

at receiver vehicle v. (see Section 5.2.1). Note that etrack is computed in a slightly

different manner as compared to Chapter 5. The estimated location of u incorporates

the generation time for the ith packet, as opposed to only the transmission and reception

time as in Chapter 5. Furthermore the tracking error is computed over the x and

y coordinates. These changes are intended to better measure the overall cooperative

awareness, and realistically model what would be observed in actual vehicular networks.

• Age of Information (AoI) - The difference in the reception time at receiver vehicle

v of vehicle u’s last location and the generation time of u’s last location (see Section

6.4.2).

• Packet Delivery Ratio (PDR) - The likelihood that all neighbors inside the trans-

mission range of a vehicle successfully receive the sent packet. Formally, the PDR is

computed as PDRu = PRi
PDi

. PDi is the number of packets sent by vehicle i and PRi

is the number of packets received by neighboring vehicles originally transmitted by

vehicle i.
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6.5.3 Experimental Results
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Figure 6.3: (a) Average Tracking Error and (b) Average System Age of Information.

We compare AoI-RRI, Ch-RRI, and static RRI SPS using the previously discussed tracking

error, AoI, and PDR performance metrics. In addition to these metrics, we also look at

the final RRI distributions and average AoI over time to better understand the operation of

AoI-RRI and Ch-RRI.

Average Tracking Error and System AoI Analysis. Figs. 6.3(a) and 6.3(b) compare

the system tracking error and AoI, respectively, of AoI-RRI SPS and Ch-RRI SPS to 20 ms,

50 ms, and 100 ms static RRI SPS. Fig. 6.3(a) demonstrates that tracking error worsens

with increasing density, with the 20 ms RRI SPS tracking error giving the best static RRI

SPS performance. Both tracking error and AoI increase drastically at higher densities (larger

than 100 veh/km). Since there are insufficient subframe resources to support a 20 ms RRI

without two vehicles in the same vicinity choosing the same subframe resource, there are

increased packet losses, leading to worse performance at high densities. The tracking error

for AoI-RRI is smaller than the tracking error of Ch-RRI and all three static RRIs across

large vehicle densities. AoI-RRI outperforms 20 ms RRI NR-V2X (the best performing fixed

RRI) in terms of AoI by almost 19% and 16% respectively at 120 and 160 veh/km. This

indicates that AoI-RRI finds for each vehicle a RRI that minimizes packet losses and enables

timely cooperative awareness in the network. The AoI improvements found with AoI-RRI

extend to the tracking error. AoI-RRI was also found to have an advantage over Ch-RRI in
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high density scenarios as well outperforming Ch-RRI at 120 and 160 veh/km by 9.16% and

10.81%, respectively. The tracking error results show that lower average RRIs aid vehicles

in high and low density situations. Even in high density scenarios, (160 vehicles/km), both

AoI-RRI and Ch-RRI outperform the 20 and 50 ms RRI.

RRI Distribution Analysis. Figs. 6.4(a)-6.4(f) show the average RRI distributions for

AoI-RRI and Ch-RRI for selected densities over the last five seconds of the simulation 3.

Across densities, AoI-RRI shows a larger RRI variance as compared to the Ch-RRI. This

large variance in the AoI-RRI RRI distribution can be attributed to varying traffic densities

and noisy estimates of the measured AoI leading vehicles to choose different RRIs depending

on the AoI observed. Although there is a large variance in the RRI distribution of the

AoI-RRI, the AoI-RRI tracking error performance approaches Ch-RRI and 20 ms SPS for

low densities, and outperforms all methods in high density scenarios. In Ch-RRI, the RRI

distribution is comparatively narrow, and the average chosen RRI is similarly small for low

densities (20 and 40 veh/km). This means that there are enough channel resources to support

small RRIs for both Ch-RRI and AoI-RRI. In Fig. 6.4(f), we see that while the AoI-RRI RRI

distribution skews towards RRImax, many vehicles use lower RRIs, which likely contributes

to the improved AoI performance.

3We use the last five seconds because by then, every vehicle has had sufficient time to choose a acceptable
RRI and we can analyze steady state behavior.
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Figure 6.4: RRI distribution during the last 5 simulated seconds across vehicle densities for
Ch-RRI and AoI-RRI.
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Average AoI vs time analysis. Figs. 6.5(a)-6.5(f) show the average AoI over simulation

time of AoI-RRI SPS and Ch-RRI SPS. Both AoI-RRI and Ch-RRI algorithms start with an

initial RRI of 50 ms, and only allow for adaptive RRIs to be chosen after 5 sec. This gives

enough time for each algorithm to (i) allow all vehicles to transmit at least once and (ii)

allow each algorithm to gather channel and AoI measurements. Notice that both AoI-RRI

and Ch-RRI start with an initial value of 120 ms. This is because both algorithms start

with observing the channel for 100 ms (following the NR-V2X Mode-2 SPS standard) before

selecting an initial subframe. Once both algorithms start transmitting, the AoI drops to 70

ms, which is expected for a RRI of 50 ms. In the low density cases (20 and 40 veh/km), both

algorithms drop to average AoI of 40-50 ms. Note that Ch-RRI slightly outperforms AoI-

RRI in lower densities. This is because Ch-RRI detects a empty channel and automatically

transmits at the lowest possible RRI. Ch-RRI is also able to converge to a steady state value

faster than AoI-RRI, likely because of the noisy nature of the AoI estimates. When the

density increases, AoI-RRI is able to perform better, and is able to take actions to lead to a

lower average AoI.
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Figure 6.5: (a) Average AoI vs time for 20 vehicles (b) Average AoI vs time for 40 vehicles
(c) Average AoI vs time for 60 vehicles and (d) Average AoI vs time for 80 vehicles (e)
Average AoI vs time for 120 vehicles (f) Average AoI vs time for 160 veh/km.
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Figure 6.6: (a) PDR for 20 veh/km (b) PDR for 40 veh/km (c) PDR for 60 veh/km (d)
PDR for 80 veh/km (e) PDR for 120 veh/km and (f) PDR for 160 veh/km.
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Packet Delivery Ratio Analysis. Fig. 6.6 compares the AoI-RRI, Ch-RRI, and NR-V2X

Mode-2 SPS PDRs across vehicle densities. Among the fixed RRI results, the 100 ms RRI

performs the best, but correspondingly yielded a large tracking error and AoI. Similarly, 100

ms RRI NR-V2X gives the worst PDR performance, but gave the best tracking error and

AoI performance, meaning there is a tradeoff between PDR and RRI, that affects AoI per-

formance. Both AoI-RRI and Ch-RRI attempt to find the best RRI to optimize the tracking

error and AoI.

Notice that at low densities (20 and 60 veh/km), the PDR of AoI-RRI and Ch-RRI are sim-

ilar, as is the the average AoI and tracking error. Both AoI-RRI and Ch-RRI choose similar

RRIs and are able to achieve the best tracking error performance. As the densities increase

the RRI distribution of AoI-RRI tends towards lower RRIs, and the PDR performance is

worse than that of Ch-RRI, which chooses a larger average RRI. This indicates that the

AoI-RRI finds that choosing a slightly lower RRI distribution can minimize the AoI, as the

average age of AoI-RRI is lower than Ch-RRI. However, AoI-RRI does not select a 20 ms

RRI for all vehicles since the AoI results show there are diminishing returns for selecting a

low RRI, and eventually the increased congestion and packet collisions will lead to a larger

AoI and tracking error.

Discussion. The proposed AoI aware SPS is able to successfully learn the system AoI and

adapt each vehicle’s RRI across time-varying NR-V2X scenarios. As a result of choosing

a optimal RRI, it is shown that the average tracking error of every vehicle pair is also

reduced. This is expected to significantly improve the cooperative awareness of vehicular

networks. Notice from Figs. 6.5(a)-6.5(f) the large variance of the AoI estimates. This large

variance comes from a combination of the dynamic nature of the vehicular environment,

multiple vehicles choosing the same subframe (i.e. the hidden terminal effect), and the AoI

estimation process. Despite the noisy nature of the average AoI, AoI-RRI is able to choose

a optimal RRI for each vehicle. As a result of choosing an optimal RRI, it is shown that the

average tracking error of every vehicle pair is also reduced. This significantly improves the

cooperative awareness of vehicular networks.

93



Chapter 7

Conclusions and Future Work

In this dissertation, we have made four practical contributions in the area of decentralized

vehicular communications. In our first contribution, we have developed a transmission rate

protocol for vehicles using Dedicated Short Range Communications (DSRC) that is intended

to improve communications in safety critical situations. We use the distance and relative

velocity between vehicles to estimate likelihoods of collisions, and adjust the transmission

rate accordingly. For our second contribution, we develop a framework using tools from

stochastic geometry to analyze the coverage probability and the rate coverage for vehicular

networks under different scenarios. We analyze the expected interference of two transmission

policies, one where as the vehicles grow closer together, they listen more, and one where they

transmit more. We derive and show the coverage probability across various densities of these

two schemes with the locations of the vehicles modeled as a 1D Poisson point process. In our

third and fourth contributions, we suggest and implement improvements for C-V2X systems.

We first propose Ch-RRI SPS, a RRI selection algorithm for semi-persistent scheduling that

allows each vehicle to adjust the resource reservation interval in real time. We also introduce

tracking error and an improved collision risk model. ns-3 simulations show that Ch-RRI SPS

outperforms SPS in reducing collision risky scenarios, and improves tracking error and PDR

across various densities. Finally, we propose AoI-RRI SPS, a RRI selection algorithm for

semi-persistent scheduling that allows each vehicle to adjust the resource reservation interval

based on the last measured AoI.

In Chapter 3, we proposed using time-to-collision (TTC) as a metric for determining the

rate at which safety messages are transmitted for vehicles using DSRC to communicate with

other vehicles. Chapter 3 introduced the concept of risk as a part of beacon rate selection

in vehicular networks. Changing the beacon rate based on the risk each vehicle sees led to

significant improvements in PDR and network performance, while also improving the safety

for each vehicle. Based on the results of this work, it can be suggested that such a beacon

rate algorithm be included into future standard to help improve the performance of areas
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with a large number of vehicles, particularly those environments with greater than 80 nodes

in a 1 km region.

Continued research in this area would include exploring an optimization based approach on

deciding the upper limits of the beacon rate algorithms. Further work can also be done to

investigate how the distribution of vehicle velocities can affect the performance of the adap-

tive beacon rate protocol. Additionally, this algorithm could be tested on actual vehicular

traces to observe the benefits of the adaptive beacon rate selection.

In Chapter 4, we use a Poisson point process to analyze the performance of a risk based

transmission scheme inspired by the work in Chapter 3. The success probability of a typical

link was derived assuming the beacon rate of each vehicle is adjusted based on the spacing

between adjacent nodes.

The next line of work is incorporating relative velocities into the two transmission policies.

Currently, each transmission policy only considers the distance between adjacent nodes.

Modeling the velocities as a random variable would be a useful addition to the analysis

and help in evaluating the performance of the network. Another addition for future work

is analyzing vehicular nodes in two dimensions. This would likely be done by using a Cox

process, where a 1D PPP would be used to model the locations on nodes along a highway,

and the spatial layout of the roads would be modeled by a Poisson Line process.

In Chapter 5, we investigated possible improvements to C-V2X networks. Specifically, we

proposed an improved adaptive semi-persistent scheduling, termed Ch-RRI SPS that allowed

each vehicle to dynamically adjust in real-time the BSM rate (or Resource Reservation

Interval, RRI). Adjusting the RRI in real time allowed each vehicle to utilize the available

channel resources under the considered C-V2X environment (e.g., sparse or dense density

scenarios). ns-3 simulations showed that Ch-RRI SPS outperformed SPS in terms of both

on-road safety performance, measured as collision risk and network performance.

Finally, in Chapter 6 we investigated RRI selection algorithms for the improved cooperative

awareness performance of decentralized V2X networks. In addition to Ch-RRI, we proposed

an AoI-aware RRI selection algorithm, termed AoI-RRI, which chose RRIs based on the last

measured AoI. AoI-RRI SPS and Ch-RRI SPS then choose suitable BSM transmission op-

portunities (using the SPS procedure) with those chosen RRIs. Our extensive experiments

based on NR-V2X Mode-2 standard demonstrated that SPS powered by either algorithm

significantly outperforms conventional SPS in terms of improved cooperative awareness per-
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Chapter 7. Conclusions and Future Work

formance in all considered NR-V2X scenarios. In the future, we will explore using nonlinear

age functions and designing reinforcement learning (RL) based scheduling protocols that can

learn vehicle priorities and other contextual factors over time.
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