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Abstract

The IEEE802.11p is an approved amendment to the IEEE802.11 standard to add wire-

less access in vehicular environments (WAVE). It defines enhancements to the 802.11

required to support Cooperative Intelligent Transport Systems (C-ITS) applications.

The IEEE802.11p MAC algorithm (namely EDCA) is CSMA-based using carrier sens-

ing as method for monitoring the state of the channel before transmitting. In loaded

vehicular ad-hoc networks (VANETs) the channel access delay of a vehicle attempting to

access the channel increases unpredictably every time it is sensed busy. The Quality-of-

Service (QoS) requirements demanded by safety-critical applications cannot be fulfilled.

In contrast, Self-Organizing Time Division Multiple Access (SoTDMA) guarantees an

upper bound on the channel access delay defined by the Selection Interval length (SI).

The European Telecommunications Standards Institute (ETSI) defines two types of

safety-related messages: Cooperative Awareness Messages (CAMs) and Decentralized

Environmental Notification Messages (DENMs). Both have periodic nature and each

packet has a deadline to meet. In the United States CAMs are also known as Basic Set

Messages (BSMs).

My research has focused on the field of vehicular communications. Initially on the

evaluation of the performance of the standard MAC protocol in congested vehicular sce-

narios, where safety-related data is present and transient congestion control is required.

Subsequently, the focus moved to the design of enhancements at the IEEE802.11p MAC

layer so that dependability is assured for high-priority traffic, regardless of the vehicu-

lar traffic situation. The first step was building a simulation environment to compare

the performance of different MAC protocols. My design of the MAC layer takes into

account a self-managed and scalable communication environment. This work relates

especially to safety-related applications, which may share real-time information and

cooperate in an efficient, affordable and reliable way.
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The next step was identifying challenging vehicular scenarios and defining new bench-

marking metrics for evaluating the performance when scheduling traffic safety data.

Finally, analytical expressions for validating the simulation tool are described for fur-

ther design refinement.

The simulation results show that in high-density vehicle situations a congestion con-

trol method is required in order to provide reliability and robustness to safety-related

communications. Although SoTDMA is proven to outperform plain EDCA in terms

of predictability, it still fails to reach the selected relibility threshold set in this thesis,

which requires that 90% of the generated safety messages are correctly decoded. In ad-

dition, the ETSI proposal for variable report rate is a drawback to the use of SoTDMA.

Everytime the report rate is changed, a vehicle using SoTDMA enters the initialization

phase and a message is dropped at the transmitter. This is unacceptable for safety-

related data. My approach for achieving reliability is to design a suitable decentralized

congestion control (DCC) mechanism on top of the pre-existing IEEE802.11p MAC.

This work underlines the importance of a suitable parameter setting, namely the car-

rier sensing threshold (CST) value selection, so that reliability is achieved and sustained

regardless of the traffic density. In this thesis, it is shown that the proposed multistate-

active DCC mechanism achieves a robust and reliable performance when its parameters

are properly selected.

Keywords: Cooperative intelligent transport systems, vehicular ad-hoc networks,

medium access control, EDCA, SoTDMA, vehicle-to-vehicle communications, safety-

related data, CAMs/BSMs, reliability, dependability, real-time communications, de-

centralized congestion control
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putting another option on the table four years ago, for making me do my best everytime

since then; but mostly for letting me take risks, make mistakes, move forward and do

better. Thank you also to my second examiner Professor Erik G. Ström, for being

always available and taking time for discussion.

This thesis would not have been possible without the inestimable help of Katrin
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1

Vehicular Communications

Cooperative intelligent transport systems (C-ITS) enable new applications to be de-

veloped where data is exchanged wirelessly. In a cooperative system, nodes provide

each other with information, such as safety warnings and traffic information. This can

be used in order to avoid accidents and traffic congestions. The cooperation between

vehicles for enhancing road traffic safety and efficiency will, in many cases, use vehicu-

lar ad hoc networks (VANETs) where all nodes are peers, vehicles as well as roadside

units (RSUs). The ad hoc topology implies that there is no central coordination in the

system such as a base station or access point controlling the network resources.

Figure 1.1: Brief chronology of Vehicular Communications

There has been extensive work on standardization to define a communication pro-

tocol for vehicular communications. The first approach was carried out by the Institute

of Radio Engineers in New York, in December 1949. This contribution [4] describes the

methodology of testing for railroad and vehicular communications.
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14 Chapter 1. Vehicular Communications

Parameters such as test frequencies, test input signals, available power and standard in-

put values (such as mean signal input, standard test modulation, sensitivity test input)

were defined, and requirements and characteristics of testing apparatus and test proce-

dures were introduced for the first time. In 1959, General Electric Company pointed out

the ”Shadows of the Future in Vehicular Communication”. This work [5] affirms how

the solid state revolution in electronic components meant much in the field of vehicular

radio in terms of decreased size, lighter weight and greater efficiency. The contribution

describes a slightly different use case for the vehicular communication as the actual

C-ITS. The task of the vehicular station was to act as a repeater to maintain a satis-

factory communication with the home base station. The main threat at this time for

vehicular communications was the limit expansion. The improvements to be carried out

thereupon were mainly in the field of channel space utilization, channel time utilization

and equipment. In the 70th century in the USA an Electronic Route-Guidance System

(ERGS) was proposed [6]. This in-vehicle navigation and route-guidance system was

the precursor to Google’s driverless car [7] . In Japan, the Agency of Industrial Science

and Technology of the Ministry of International Trade and Industry (MITI) carried

out the Comprehensive Automobile Traffic Control System (CACS) [8]. This commu-

nication system had a central computer control that coordinated the information from

the vehicles collected at the RSUs, monitored the traffic flow and instructed individual

drivers at each intersection which was the optimum route to take. In the 80th cen-

tury, Europe entered the game with PROMETHEUS (Program for European Traffic

with Highest Efficiency and Unprecedented Safety), where an inter-vehicle communica-

tion system was developed. Driverless vehicles achieved cooperative driving and were

automatically tracked (platooning). From the 1990s to the present a transformation

occurred with the appearance of 5.9 GHz DSRC (Dedicated Short-Range Communica-

tion). Then, three main research targets were started: communication architecture for

cooperative systems, safety applications and key enabling technologies. Finally, in June

2010, the IEEE802.11p [9] was ratified, as an amendment to the IEEE802.11 wireless

local area network (WLAN) standard. The major difference between the legacy 802.11

and 802.11p is the removal of the access point functionality in the latter. 802.11p uses

carrier sense multiple access with collision avoidance (CSMA/CA) as medium access

control (MAC) with support for quality of service (QoS) through 802.11e. The physical

(PHY) layer of 802.11p, orthogonal frequency division multiplexing (OFDM), is inher-

ited from 802.11a with the major difference that the frequency channel bandwidth is

narrowed down to 10 MHz in 802.11p. In Europe a profile standard of IEEE802.11p

has been approved by the European Telecommunication Standards Institute (ETSI),

called ITS-G5 [10].
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As stated in [11], the two lowest layers of the ETSI TC ITS protocol stack are almost

identical to the wireless access in vehicular environments (WAVE) approach, with the

exception that WAVE has the MAC-sublayer extension 1609.4 while ITS-G5 requires

Decentralized Congestion Control (DCC) [12].

On one hand, in the field of physical layer, although WAVE (IEEE802.11p) is con-

sidered the standard for on-the-road communications, the International Organization

for Standardization (ISO) under the framework Communication Architecture for Land

Mobiles (CALM), the so called CALM M5, is contemplating the integration of sev-

eral wireless technologies to provide seamless wireless communications for all end users.

There has been a widespread research work in this field. [13] proposes the ZigBee stan-

dard [14], a low cost low power wireless networking standard for sensors and control

devices, expected to be used in wireless sensor network applications where high data

rates are not required. This work proposes the ZigBee technology to communicate

vehicle and roadside units. The main drawbacks for using ZigBee for vehicular com-

munications are the narrow coverage ranges, the narrow bandwidth and the sleep mode

specified for low power consumption. Still, it might be a solution for intra-vehicle

communication where ZigBee shall cater to Wireless Personal Area Network (WPAN).

The use of wireless broadband access (e.g. Worldwide Interoperability for Microwave

Access (WiMAX)) for vehicle to infrastructure is proposed in [15]. This contribution

presents an optimization method for smart antenna use that exploits the characteris-

tics of WiMAX technology to increase the coverage and throughput, hence reducing

the infrastructure costs. And finally [16] and [17] draw a comparison between Universal

Mobile Telecommunications System (UMTS) and Long Term Evolution (LTE) for ve-

hicular networking. [16] shows how in comparison to DSRC, the cellular systems (3G)

do not provide the same awareness update rate and latency at intersections as the ded-

icated 5.9 GHz IEEE802.11p communication. On the contrary, LTE seems to be able

to perform well. [17] points out that during the initial phase of vehicular networks, LTE

is expected to play a critical role in overcoming situations, where no 802.11p-equipped

vehicles are within the transmission range. In addition, wide LTE coverage can be

beneficially exploited for the reliable dissemination over large areas of event-triggered

safety messages. But the question is how much the delivery of these messages via cellu-

lar system would cost in terms of money. This cost advantage pushes the IEEE802.11p

forward over cellular communication.

On the other hand, in the field of MAC layer, to overcome limitations given by the

vehicular propagation channels in roadway environments, [18] proposes an extension of

the current method for improved QoS.
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[19] presents a secure MAC protocol for VANETs with different message priorities

for different types of applications, focusing more its effort on improving security and

data integrity rather than in time critical message delivery. It is in [20], where a deeper

study of the delays introduced by the actual IEEE802.11p MAC layer protocol is carried

out. Results show how analyzing the delay dependencies on different loads (in Mbps)

is a matter of interest. All the solutions and studies presented so far, have worked

with collision avoidance medium access algorithms, where nodes adopt a handshaking

approach before sending messages. But there are also alternative MAC approaches,

time-slotted based and adapted to the VANET environment. [21–27] stem from Slotted

Aloha (S-Aloha), which was proposed in 1975 in [28]. These time-slotted approaches

have two main drawbacks: (1) cannot handle scalability in overloaded situations and

(2) slot allocation as perceived by a particular node is not distributed amongst the

neighbours. In 2009 the work of [29] took Time Division Multiple Access (TDMA)

into account, as another possible collision avoidance MAC method for vehicular envi-

ronments. TDMA [30] is a technique where the timeline is split into a series of the

time periods, and each period is divided into a set of time slots. Each vehicle is then

assigned a slot in which it transmits its messages every period. As vehicular networks

have a dynamic topology, the slot assignment must be validated as changes happen,

in order to keep the MAC layer protocol mobility-aware. This proposal, known as

Self-Organizing Time Division Multiple Access (SoTDMA), overcomes the two afore-

mentioned inconveniences for time-slotted approaches. Later in 2010, reference [31] also

presented another TDMA solution for RSU-to-vehicle communication. This approach

consists of a sublayer to be on-top of the conventional IEEE802.11p MAC. The solution

presented shows to be plausible for RSU-to-vehicle communication scenarios but not in

a vehicle-to-vehicle communication context, where the extension of the coverage area is

not as important as a predictable and a low delay on the transmissions.

In order to evaluate the performance of the underlying technology, it is important

to define the application it provides access to. The requirements for a safety applica-

tion, which has to meet a hard deadline are not the same as the ones for a file sharing

application. New kind of applications such as e-safety, traffic management, enhanced

driver comfort and vehicle maintenance applications, lead to new communication sce-

narios in vehicular environments. Road traffic safety applications are the ones with the

strongest requirements on the communication. For example sending emergency notifi-

cations requires a low channel access delay, in order to notify relevant receivers on time

to avoid collisions; for risk anticipation the key feature is predictable channel access

delay. Vehicles are monitored so abnormal behaviors can be detected and any change

on the cadence of the data traffic must be tracked.
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ETSI has defined two types of messages for safety-related applications, namely coop-

erative awareness messages (CAMs) [32] and decentralized environmental notification

messages (DENMs) [33]. CAMs are broadcasted periodically, with an update rate of 1-

10 Hz depending on the context and contain position, speed, heading of the vehicle; they

are time-triggered and always present. They will be 200 bytes long, plus security over-

head to be added. DENMs, on the other hand, are event-driven and will be triggered

when a dangerous situation is about to happen. USA does not have a distinct name for

event-driven type of messages, but time-triggered messages are called basic safety mes-

sages (BSMs). Both message types require predictability, whereas CAMs/BSMs have

modest reliability requirements and DENMs have superior reliability requirements. By

predictability is meant that the MAC layers should have a known maximum delay,

such that a message can be delivered to the receiver before a predefined deadline. The

MAC layer protocol for scheduling safety-related data traffic must be predictable, self-

organizing and support both event-driven and time-triggered data traffic.

In such communication scenario where e-safety periodic data traffic is present and

the IEEE802.11p is the key enabling technology, the aforesaid scalability is an open

issue. One way to handle it via MAC algorithms, such as CSMA/CA and S-Aloha, is the

control theory approach. This theory deals with the behavior of dynamic systems with

an external input, called the reference. Given that one or more output variables of the

system need to follow a certain reference over time, a controller manipulates the inputs

to the system to obtain the desired effect on the output. For safety-related applications

in VANETs, when a dense traffic situation is detected, the so called ”controller” will

make a decision and take an action so that the MAC behavior is dependable. In the

field of medium access control, dependability is a measure of a systems availability (i.e.

readiness for correct service) and reliability (i.e. continuity for correct service). In

a cooperative networking scenario, it is possible to get feedback (i.e. external input)

from neighboring nodes of the VANET; that is known as closed-loop controller. If this

feedback is first-order feedback with respect to the desired result, it is called explicit

feedback. Whereas if the observations are correlated with the relevant measure, it

will be implicit feedback. Focusing on the congestion control, the aim is to provide a

harmonized and fair access to the channel. This means limiting the load of a subset

of the users either by limiting the transmit power, packet generation rate or changing

some of the thresholds in the communications which affect the channel load. This will

be the function of the DCC, a cross-layer mechanism that varies the parameter setting

of the PHY layer (such as transmit power, packet transmission interval, carrier sensing

threshold or modulation and coding scheme) based on a reference measured in the MAC

layer (such as channel busy ratio, CBR).



18 Chapter 1. Vehicular Communications

Congestion control can be classified as reactive or proactive. Reactive congestion con-

trol has first-order feedback about the channel state and reacts based on that value

compared to a threshold. Proactive congestion control has a built-in model about the

environment and tries to estimate the traffic in the next time instant a.k.a control

period. There have been different partial solutions for congestion control: [34] uses a

proactive open-loop controller (no feedback and built-in model for traffic estimation)

and suggests a multiplicative decreasing rate algorithm for packet generation rate in

case of emergency. [35] presents a reactive closed-loop controller (with first-order feed-

back) and since nodes are not synchronized, it can lead to adjustment oscillations; to

achieve fairness neighboring nodes exchange their CBR measurements. [36] combines a

proactive and reactive scheme, where nodes set the packet generation rate based on the

predicted error of its own position by neighboring nodes and the transmission power

based on the measures of the channel busy time. The most prominent proposal for

handling scalability through transmit power control (TPC) is found in [37]. It presents

a distributed fair power adjustment for vehicular environments (D-FPAV), designed to

achieve congestion control, fairness and prioritization. The algorithm is periodically

executed to follow channel and vehicular traffic changes. First it gathers information

about the neighbour nodes, then locally solves the so called congestion control under

fairness constraints (CCF) problem, thirdly computed values are exchanged amongst

the neighbours and finally a minimum power value is selected. The computed solution

is rarely the optimum as the carrier sense ranges are generally not symmetric and it is

usually larger than the transmission range. Thus a multi-hopping strategy has to be uti-

lized, which leads to considerable overhead in the communication. Finally [38] presents

a congestion management approach through transmit rate control (TRC). The goal of

this algorithm is again controlling the channel load via aggregate message rate. A tar-

get aggregate rate is defined, then the current aggregate rate is calculated and finally

the linear message rate integrated control (LIMERIC) tries to adapt both linearly. The

idealized case uses the aggregate offered rate which is practically very difficult to know.

CBR is, on the contrary, easy to measure. LIMERIC uses an open-loop controller. For

becoming a closed-loop controller, the current way under research is adopting PUL-

SAR [39] information sharing protocol approach for LIMERIC by using distributed

feedback information.

The goal of this thesis is to evaluate the performance of different MAC schemes

for vehicular communications. The scope focuses on the subject of the communication

requirements for safety-related applications under the constraints of the C-ITS com-

munication standard. Therefore, this work investigates the IEEE802.11p MAC and

SoTDMA.
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The first simulations validate SoTDMA performance using measurement-based SNR

time-series as PHY layer curves. The following simulations compare both MAC meth-

ods. Whereas the work of [11] studied a steady-state scenario (fixed high traffic density)

where periodic position messages (CAMs/BSMs) are present on a six lanes in each di-

rection highway scenario, this thesis evaluates two transient-state scenarios (variable

high traffic density): (1) a start-up scenario, where a large number of vehicles are

started simultaneously and try to access the medium, and (2) a two VANETs merging

scenario, where two VANETs driving in opposite directions merge on a highway with

six lanes in each direction. On top of that, this work also evaluates the performance

of the latest MAC layer enhancement proposed, the DCC mechanism and proposes a

multistate active DCC solution. And to sum up, suitable performance indicators are

also defined for each scenario.

The following research questions have been addressed in this thesis:

1. Does the alternative MAC scheme, SoTDMA, perform reliably in real ve-

hicular scenarios?

2. Which are the challenging vehicular scenarios for MAC schemes broadcast-

ing road traffic safety data?

3. Which performance metrics are suitable for evaluating MAC schemes for

road traffic applications in those vehicular scenarios?

4. Can the new crosslayer enhancement, the DCC mechanism, cope with the

scalability issues given the traffic-safety data pattern?

5. What is the impact of parametrization in the performance of the DCC mech-

anism?

6. What is the impact of parametrization in the performance of SoTDMA?

The research presented in this thesis started in 2010. First steps into dependable

vehicular communications were taken in the field of the physical layer. The contri-

bution [40] studied the availability of Ricean multiple-input-multiple-output (MIMO)

channels. Results show that MIMO channels with higher spatial correlation lead to

lower ergodic capacity and critical data rate. [41] presented the results of reliability in

terms of temporal evolution of ergodic capacity and critical data rate. The channel with

strongest line-of-sight (LoS) component also has the highest capacity. At this point it

was clear that the ability of readiness and continuity for correct service does not only

depend on the physical layer but also on the upper layer: the MAC layer (in charge of
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providing channel access control mechanisms that make it possible for several vehicles

to communicate within a multiple access network that incorporates a shared medium).

Thanks to the work [29], SoTDMA stood out as a suitable alternative MAC scheme for

scheduling safety-related data traffic. After implementing a simplified SoTDMA MAC

simulator in Simulink, and making use of the measurement data retrieved from the

ROADSAFE 2011 measurement campaign [42], the contribution [1] presented the time

evolution of throughput based on measured SNR time-series of four vehicles driving

on the same road joining the channel. Results validate the collision-free access and

predictability of SoTDMA in real-world scenarios. In order to compare and contrast

the performance of both MAC schemes, IEEE802.11p MAC and SoTDMA, and due to

the lack of a PHY-MAC-NET simulator that implemented both algorithms, in 2012 full

PHY-MAC simulators were implemented in Matlab. In addition challenging vehicular

scenarios were identified, namely those where traffic density was high and variable. The

first results on start-up phase VANETs were shown in [2], where the stabilization time

(i.e. the time required to perform reliably) of CSMA/CA and SoTDMA is compared

for different channel loads. And it has been during 2013 when a complete evaluation

study of the DCC mechanism has been carried out. Different DCC designs have been

simulated and the impact of carrier sensing threshold (CST) has been studied on a two

VANETs merging scenario. At last, a final design for the DCC mechanism is proposed,

as well as a CST value for fulfilling the requirements imposed on the MAC layer for

VANETs used for broadcasting road traffic safety data (i.e. providing reliability and

dependability).

The major contributions of this thesis are

1. Validating SoTDMA MAC scheme performance using measurement-based

time-series as PHY layer

2. Identifying variable traffic density scenarios for road traffic safety applica-

tions

3. New performance measures for evaluating both MAC schemes, the current

standard IEEE802.11p and SoTDMA

4. Proposal of using multistate active DCC mechanisms for VANETs

5. Evaluation the impact of parametrization in the performance of the DCC

mechanism

6. Evaluating the impact of parametrization in the performance of SoTDMA
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The research presented in this work has also contributed to the COST-IC1004 action,

with several non-peer reviewed articles.

The methodology used is described in Figure 1.2. The analytical model consist of

a description of the collision probability of both MAC methods using mathematical

concepts. Simulation is the imitation of the operation of a real-world system over time

in the aforementioned scenarios. Simulation results have been used for ratifying the

analytical model in the start-up phase of a VANET scenario. In this work simulation

step’s modus operandi is the following: first a literature study is carried out and a

problem is identified; performance metrics are afterwards defined and finally MAC

methods are implemented and extensive computer simulations are executed.

Figure 1.2: Methodology Outline

The third step of the method would be testing. In the particular situation of this

thesis, where high traffic density scenarios have been analyzed, this last step has been

impracticable due to the size of the VANET (up to 400 vehicles) and the lack of equip-

ment. Nonetheless, results could be corroborated by testing. This could provide infor-

mation about the quality of the system and would help appreciating and understanding

the risks of implementation.





2
Medium Access Control

(MAC) Layer

This chapter presents the key features of the IEEE802.11p MAC for vehicular commu-

nications in terms of architecture, MAC parameter settings, collision nature and MAC

protocol data unit (MPDU) format. It also describes the operation of the algorithm

and presents the main drawbacks when it comes to using the IEEE802.11p MAC for

scheduling safety-related data. A very detailed description of the medium access control

for VANETs is to be found in [11], where all the stack layers involved are throughly

explained.

The IEEE802.11-2012 MAC architecture can be defined as providing point coordi-

nation function (PCF) or hybrid coordination function (HCF) through the services of

distributed coordination function (DCF). DCF is a CSMA/CA algorithm. Due to the

peer-to-peer architecture of VANETs, the MAC architecture deployed by IEEE802.11p

is the enhanced distributed coordination function (EDCA). It is based on the basic

DCF and adds QoS attributes. EDCA defines four different priority queues or access

categories (AC), each with different values of arbitrary interframe space (AIFSN) and

back-off range: AC Voice (AC VO), AC Video (AC VI), AC Best Effort (AC BE) and AC

Background (AC BA). Safety-related data is either AC VO (CWmin = 3, CWmax = 7,

AIFSN = 2) or AC VI (CWmin = 7, CWmax = 15, AIFSN = 3). The contention win-

dow limits, CWmin and CWmax, from which the random back-off is computed depend

on the AC. The AIFS(AC) is defined as,

AIFS(AC) = AIFSN(N) · aSlotT ime + aSIFST ime, (2.1)
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where aSIFSTime stands for short interframe period, a small time interval between

the frame and the acknowledgment. For the IEEE802.11p the OFDM PHY layer param-

eter values aSlotTime and aSIFSTime are set to 13 us and 32 us respectively. And N

stands for the maximum number of transmissions attempts of a message. The back-off

duration is calculated as,

Tback−off = valuerndback−off
· aSlotT ime. (2.2)

The MAC sub-layer also contains the IEEE Std.1609.4-2010, which deals with multi-

channel operation. As stated in [11], there are seven predetermined frequency channels

- one control channel (CCH) and six service channels (SCH). IP-based data traffic is

only allowed on SCHs, whereas non-IP-based data traffic can be transmitted in both

CCH and SCHs. The basic idea within channel switching strategy is to use the CCH

interval in the beginning of every 100ms interval for enabling vehicles to find each other.

During the SCH interval vehicles can decide to either switch to a SCH annonced during

the CCH interval or not. The original plan was to use the CCH for transmitting the

time-triggered CAM messages. However, with the proposed channel switching strategy

only 50% of the time is available for CAM transmissions and it is mandatory to listen

to the CCH during the CCH interval. With many vehicles in the system sending with

an update rate of 10 Hz, not everyone would fit into the CCH interval. Therefore, a

consensus has been reached is U.S. to the use SCH channel number 172 for CAM/BSM

transmissions (with no channel switching).

Eventhough IEEE802.11p MAC implements collision avoidance (based on the chan-

nel sensing before transmitting), real collisions still happen if two vehicles sense the

channel idle simultaneously and attempt to access it at the same time. In addition,

apart from real collisions that involve queues from different stations, the usage of EDCA

introduces a new kind of collisions, so called virtual collisions [43]. Virtual collisions

involve two queues belonging to the same transmitting station. If the back-off proce-

dures of several different queues within the same vehicle finish at the same time-slot,

the queue with the highest priority has the right to be the first to try to access the

medium. The other will behave as if a real collision ocurred, meaning that their con-

tention window is doubled within the contention window range. That will possibly

delay its next trial to access the medium. Therefore, this statement makes clear that if

in order to prioritize DENM messages to CAMs within the same station, DENMs have

to be assigned a higher priority: Hence, virtual collisions amongst CAMs and DENMs

might happen and this may affect the system performance.
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The MAC protocol adds a header and a trailer to the incoming packet from the

higher layer and defines the MPDU. Frame control contains information about protocol

version, type of frame being transmitted and if the frame is fragmented or not. The

duration field contains the packet duration. The four consequent fields are dedicated

to addressing. And last sequence control keeps track of the packets by numbering them

and it also states if the packet is fragmented or not. The QoS control contains as

information about quality service. Finally, the trailer is a frame check sequence (FCS)

being a 32-bit cyclic redundancy check (CRC).

2.1 Operation of the Enhanced Distributed Channel Access (EDCA)
algorithm

The IEEE802.11p MAC channel access procedure of a vehicle in unicast mode starts

by listening to the channel before transmission and if the channel activity is perceived

as idle for a predetermined listening period, the vehicle starts transmiting directly. If

the channel is or becomes occupied during the listening period, the vehicle performs a

back-off procedure , i.e. it has to defer its access a randomized time period (Tback−off).

The Contention Window (CW) is then set to the minimum Contention Window size

(CWmin). And a back-off value (valuerndback−off
) is randomly selected [0,CW ]. The

back-off counter is decremented everytime the channel is sensed free for AIFS time, un-

til the back-off counter expires and the message is transmitted. Still the unicast trans-

mission is not completed until a successful reception of the acknowledgement (ACK) is

achieved. On one hand, if the ACK is not successfully received a maximum number of

transmissions attempts are defined for each message. If this number is not reached and

CW is not larger as CWmax, CWnew value is increased. If it has already scored CWmax,

CWnew is set to CWmax, and a new back-off value is randomly drawn [0,CWnew]. On

the other hand, if the maximum number of transmissions attempts are achieved without

receiving the ACK, the transmission is said to be failed.

The channel access procedure of a vehicle in broadcast mode waits for no ACK. It

also starts by listening to the channel before transmiting and if the channel activity is

perceived as idle for a AIFS period, the vehicle can start transmiting directly. If the

channel is or becomes occupied during the listening period, the vehicle must perform

a back-off procedure. The CW is then set to the minimum Contention Window size

(CWmin). And a back-off value is randomly drawn [0,CW ]. The back-off counter

is decremented everytime the channel is sensed idle for AIFS time until the back-off

counter expires and the message is transmitted.
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In the broadcast mode there is no exponential increase of the CW size as the back-off

procedure is only invoked during initial sensing of the channel.

Each message entering the MAC layer has a related lifetime counter, defining the

time its information is valid. When this lifetime counter is exceeded, the message is

discarded. On top of that, as before mentioned, in the unicast mode the messages

which ACK reception is unsuccessful are also dropped. When this happens all the CW

parameters will be restarted for the new message. Message drops are very dangerous

specially when traffic safety data is scheduled. These message drops are translated

into priority information losses, that may lead to a dangerous situation. Apart from

the drops, when EDCA is used in a VANET relaying in the IEEE802.11p PHY, where

vehicles do not have full connectivity to all other neighbours, the EDCA is no longer

predictable and transmissions can start simultaneously due to hidden terminals.

2.2 Criticism of IEEE802.11p MAC

A VANET is a challenging network for the IEEE802.11p MAC protocol because the

number of nodes is unknown and cannot be bound. Therefore scalability and fairness

problems [44] arise in dense vehicle traffic situations and have a major influence on the

performance of the MAC method in cooperative ITS. When using EDCA, the channel

access delay is not upper-bounded and it is unknown until transmissions begins, as it

is based on the instantaneous channel load and vehicles can experience a random delay

when they back-off.

Not only the communication scenario but also the nature and requirements of safety-

related data traffic have an impact on the performance of EDCA. This MAC method

was originally thought for scheduling best-effort unicast data traffic. The goal in this

situation was to avoid collisions regardless of the delay and for that purpose, channel

access is randomized. In the case of traffic safety-related data, the requirements on

the delay are to keep it low and predictable, as these messages are most valuable the

sooner they are scheduled. And on the coverage range, safety-related messages are

one-hop, so it is important that they are spread as far as possible, so that distant

neighbours can react on-time. IEEE802.11p MAC only provides low delay under sparse

traffic situation, when the channel access probability is high. But as the vehicle density

increases the MAC performance becomes unpredictable and the delay increases. So,

the QoS restrictions related to traffic safety-related applications cannot be fullfilled and

the overall VANET performance becomes unreliable.



Chapter 2. Medium Access Control (MAC) Layer 27

In addition, a reliable performance must not only be achieved but maintained, re-

gardless of the variable traffic situation. Results will show that the plain IEEE802.11p

MAC protocol is not robust to vehicular traffic density changes.





3

Enhancements on the 11p

MAC Layer

The main drawback of the IEEE802.11p MAC is the performance when the channel

is heavily loaded or the channel load changes abruptly. The carrier sensing procedure

before sending is translated into too long waiting times for the safety message to fulfill its

warning purpose. For safety-related messages, which are sent periodically it is critical

that they are sent on-time so that actions can be taken early enough to avoid risky

situations.

There are two ways to go in order to ensure a dependable behaviour of the MAC

layer for vehicular communications: (1) proposing a new MAC standard to be inherited

by the IEEE802.11p standard MAC or (2) implementing enhancements on top of the

standard. One example of the earlier solution is the SoTDMA MAC layer algorithm

and of the latter the DCC mechanism.
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3.1 Self-Organizing Time Division Multiple Access (SoTDMA)
MAC Layer Algorithm

The Self-Organizing Time Division Multiple Access (SoTDMA) MAC method was orig-

inated for the ship industry. It provides a structured access to the channel. It divides

the channel in NFS time-slots. If m messages per frame are transmitted, the frame is

divided into m subframes, that are NNI = NFS/m time-slot long. These subframes are

called Nominal Increments (NI).

When a vehicle wants to allocate a time-slot for transmission, it first listens to the

whole frame structure (Initialization Phase).

Figure 3.1: Flow chart of the SoTDMA MAC Protocol

Then it enters the Network Entry Phase, where the first time-slot is scheduled. The

vehicle chooses a random number, the Nominal Selection Slot (NSS), between 1 and NI.

A NSI = NNI · 0.2 amount of time-slots are symmetrically distributed around the NSS.

This subgroup of time-slots is called Selection Interval (SI). The Nominal Transmission

Slot (NTS) is then selected out of the available time-slots of the SI. If the SI is full,

the vehicle will select the transmission slot of its furthest located neighbour. During

the First Frame Phase this is repeated for each NI, locating the Nominal Slot (NS)

as NS=NSS+NI, and repeating the same procedure as in the first NI until all the m

messages are scheduled. The next phase is called Continuous Operation, where the

vehicle keeps using the allocated positions until their n parameters expire. Each NTS

has an n parameter related to it, which defines the number of consecutive frames in

which this time-slot will be used by the vehicle.
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When it expires, another available time-slot out of the SI is selected (or if the frame is

full the time-slot of the furthest away located neighbour).

3.2 Decentralized Congestion Control (DCC) mechanism

ETSI has proposed a Decentralized Congestion Control (DCC) scheme in order to miti-

gate the IEEE802.11p MAC layer congestion issues at high vehicle densities. The DCC

mechanism [45] is based on an underlying state machine where the transmit parame-

ters are chosen, based on the observed channel load. It does not require changes in the

existing PHY/MAC standards as defined in IEEE802.11p [9].

The main goal of the DCC is to ease the channel load (CL), so that safety data

traffic can be served on-time. It is a crosslayer solution because based on a MAC

layer performance indicator, PHY layer parameters are set in order to enhance the

IEEE802.11p performance. The transmission parameters associated with a certain state

include transmit power (P), packet transmission interval (PI), CST and coding schemes

(MCS) among other parameters. The CL is defined to be the fraction of time where

received power was greater than the CST. The ETSI standard foresees several active

states, but leaves the framework open for implementation.

Figure 3.2: Currently proposed DCC Mechanism: The state machine proposed by ETSI
DCC framework (ETSI TS 102 687 V1.1.1 (2011-07))





4

Definition of Performance

Indicators

Performance evaluation is a method by which the job performance of a system/device is

measured. First the most meaningful performance features of the service to be provided

have to be identified. Then an indicator which records the evolution of those features

is selected or defined. And finally the analysis is carried out.

The system under test is the MAC algorithm, in particular when scheduling safety-

related data traffic. Is very important to underline the nature of the data, because the

data traffic features and requirements are associated to its performance. The require-

ments of a MAC algorithm working with best-effort unicast traffic are not the same as if

that MAC algorithm deals with real-time broadcast traffic. The restrictions applied to

the first case in order to schedule efficiently are more permissive than the ones to be ap-

plied to the latter case. Safety-related applications broadcast periodic messages, which

have a certain deadline to meet, so a suitable MAC algorithm must have a predictable

behaviour and provide low channel access delays.

Not only the data traffic nature has to be taken into account, but also the content

or the aim of the information being transmited. E-safety data has the aim to inform the

traffic in the vicinity about an occurrence, either by just making the neighbour vehicles

aware of the reference vehicle or by warning them about an emergency situation so the

can anticipate to it. Therefore the dissemination of the information is a key factor,

hand in hand with the timely warning.
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The most popular performance indicator to evaluate MAC performance is the through-

put, defined in Section 4.1. It is useful if the data rate or the message size are variable,

to see the amount of information that is actually being successful. But in the case

of safety-related information, it is only useful for validation purposes, as used in [1],

because both, message size and data rate, are constant. Probability of packet reception

(PPR) is a useful performance indicator, because it gives a taste of the dissemination

of an individual transmission. But it does not provide a global view of the QoS. The

cumulative distribution function (CDF) of the MAC-to-MAC delay, specified by [11], is

a suitable reliability indicator for the purpose in terms of delay. But only using this,

the dissemination information would be missing, i.e. a suitable reliability indicator in

terms of coverage range.

Figure 4.1: Suitability evaluation of different performance indicators for analyzing MAC
conduct when scheduling safety-related data

With that in mind the author has defined the complementary cumulative distribution

function (CCDF) of coverage range in Section 4.5. To the author’s knowledge, this was

the missing piece of the tuple (∆t,∆d). Section 4.6 determines a performance indicator

for evaluating TRC performance and lastly collision probability is specified for both,
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IEEE802.11p MAC and SoTDMA, for sake of validation of the self-developed simulation

tool (based on previous work of [46]).

4.1 Throughput

It is defined as the average rate of successful message delivery over a communication

channel. This data may be conveyed over a physical or logical link through a certain

network node. The throughput is usually measured in bits per second (bps).

Thraggregate = Nbits/packet · Ppacket/frame · tseconds/frame (4.1)

The system throughput or aggregate throughput is the sum of the data rates that

are delivered to all terminals in a network.

4.2 Probability of Packet Reception (PPR)

The Probability of Packet Reception (PPR) is defined as the percentage of nodes that

receive a broadcasted message from a source. The aim is to provide a reliable broadcast

in terms of ensuring it to be larger than a threshold (PPR > PPRth).

4.3 Cumulative Distribution Function (CDF) of MAC-to-MAC
Delay

For each broadcasted message by the node under study all the received and loss mes-

sages are analyzed. Their MAC-to-MAC delays are evaluated, where MAC-to-MAC

delay consists of channel access delay, propagation delay and decoding delay. This per-

formance indicator reflects the reliability of a transmission in terms of delay, i.e. in

terms of percentage how many of all broadcasted packets have arrived within a certain

deadline.

The results will be shown as the CDF of the MAC-to-MAC delay. CDF describes

the probability that a real-valued random variable (e.g. MAC-to-MAC delay) with a

given probability distribution is found at less than or equal to x (e.g. for safety-related

data the deadline is defined as 100 ms)

FτMM
(τdl) = P (τMM ≤ τdl) (4.2)
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4.4 Stabilization Time

Safety-related data needs to meet a hard deadline (i.e. there are penalties or costs

associated with missing the deadline). Here, the author defines two states: State (0):=

poor MAC performance and State (1):= good MAC performance. Specifically, MAC

performance is good if at least 90% of all generated packets have a MAC-to-MAC

delay ≤ 100ms otherwise the MAC performance is poor. This 90% threshold has

been selected after concluding from [47] that for safety-related data 85% is not good

enough. Industrial partners from the automotive industry have supported author’s

choice. The stabilization time tstab is defined as the duration required for reaching a

reliable performance, i.e. the duration required to achieve good MAC performance and

keep it consistently until the end of the simulation time ((tstab:end)). It is useful to

evaluate the performance in transient scenarios, e.g. when the VANET is initialized or

when the vehicle traffic density changes in time.

tstab ⇒ F ′
τMM

(τdl) = P (τMM(tstab : end) ≤ τdl) ≥ 90% (4.3)

4.5 Complementary Cumulative Distribution Function (CCDF) of
Coverage Range in time

For each broadcasted message by an individual node the maximum transmitter-receiver

distance is defined as the coverage range. This performance indicator defines the prob-

ability of reaching a furthest away distance achieved by a broadcast per channel real-

ization (frame), e.g. the dissemination range. It provides a sense of the reliability in

terms of coverage range.

The performance indicator used for evaluation in this contribution is coverage range

where a certain QoS is provided. This QoS is determined by the PPR and a certain

deadline. Awareness coverage range (PPR, Deadline (ms))=(0.75, 500) defines the

range achieved by lower QoS (i.e. with a more permissive parameter setting), whereas

emergency coverage range (PPR, Deadline (ms))=(0.9, 100) defines the dissemination

range for more restrictive parameter setting.

A transmitter broadcasts its priority messages xn(t). For each of n transmissions

(where 1 < n < R) there are R − 1 received packets. The MAC algorithm at the

transmitter causes a delay τ by sensing the channel and waiting for transmission. An

on-time scheduled priority message will be transmitted before the 100 ms deadline.

Then the probability of PPR of the transmitted package according to the used channel

model.
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Coverage range for one transmission at time t is defined as,

δt = max |
1≤r≤R

xn(t)− yr(t+ τ)|, (4.4)

where PPR is set and a deadline on the MAC-to-MAC delay τ < τmax is defined

depending on the priority of the traffic.

Then a set of distances is defined for each transmitter, i.e.,

D = {δ1, δ5, δ20, ...δnδ} . (4.5)

Finally, applying the CCDF of D, the probability of coverage range versus distance to

the transmitter in meters is obtained.

4.6 Freshness of the Safety Information present in the VANET

This performance indicator is defined in order to evaluate different transmit rate control

algorithms. By freshness in meant the ”age” of the messages (validity time, since it is

generated at the transmitter until it is discarded at the receiver) present in the VANET

and its evolution in time.

For safety-related data it is very important that the broadcasted data is as con-

temporary as possible, i.e. the transmissions are most up-to-date. The fresher the

information is, the more relevant it is. And as results will show, variable message

generation rate introduces a great enhancement by these means.

4.7 Probability of collision for IEEE802.11p MAC and SoTDMA

As defined in Chapter 2, in the vehicular environments where safety messages are

broadcasted, a collision amongst transmitting vehicles may occur. Depending on the

geographical situation of the vehicles, simultaneous transmissions lead to:

a. Receiver collisions if any receiving vehicles can not correctly decode either of

the messages

b. Correct receptions if any receiving vehicle can correctly decode either of the

messages
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A vehicle may experience a transmitter collision,

• With vehicles out of its coverage range (non-neighbour vehicles), or

• With vehicles within its coverage range (neighbour vehicles).

To obtain the expression of (transmitter) collision probability (Pcollision) for EDCA

and SoTDMA, several parameters have to be determined:

- Neighbour vehicles (Vq) for EDCA, are the ones which lie within the range defined

by the CST. Whereas for SoTDMA, Vq are the number of vehicles that lie within

the signal to interference plus noise ratio (SINR) threshold range.

- A structured channel is assumed, which consists of NFS time-slots, for both MAC

protocols, where a time-slot is a MAC packet long. This structure can be assumed

as the only traffic present is safety-related periodic data traffic with constant MAC

packet length.

Table 4.1: Parameters for deriving Pcollision for EDCA and SoTDMA

Parameters Description

V Total number of vehicles
Vq Number of neighbour vehicles

Vq′ ∈ Vq Number of neighbour vehicles in contention phase
V − Vq Number of non-neighbour vehicles
Vk ∈ Vq Number of non-neighbour vehicles in contention phase
NFS Number of time-slots per frame
NNI Number of time-slots per NI
l The index of NIs assigned to vehicle i

NSI Number of time-slots within the SI
nq Number of NTS assigned to q neighbour vehicles

nq′ ∈ nq Number of NTS assigned to q neighbour within the SI
nq′′ ∈ nq Number of NTS assigned to q neighbour within the M
nCW Number of time-slots of the contention window
nN Number of consecutive frames using the same NS

When using EDCA as MAC protocol, vehicle i may experience (transmitter) colli-

sion with vehicles out of its coverage range which can either be in contention phase or

not in contention phase. PcollisionOut for vehicle i can be determined for the whole frame

by summing over all the selection ranges,

PcollisionOut =
NNI

NNF

NNF
NNI
∑

l=1

[

PcollisionNotContendingOut + PcollisionContendingOut

]

(4.6)
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1. A (transmitter) collision between vehicle i and not contending out-of-range vehi-

cles may take place when any of those V −Vq−Vk non-neighbour vehicles select to

transmit anytime, excluding the transmission times where the channel is sensed

busy (whose number can be expressed as NNI − nq). Assuming that the proba-

bility of an out-of-range vehicle j selecting a time-slot among available time slots

is equiprobable, it can be calculated

PcollisionNotContendingOut =

V−Vq−Vk
∑

j=1

P (Xi = Xj) =

V−Vq−Vk
∑

j=1

1

NNI − nq
. (4.7)

If the channel is full (nq = NNI), vehicle i may experience a (transmitter) collision

with non-neighbour vehicles not in contention phase that can reserve one time-

slot out of the whole selection range (NI). In this case equation 4.7 turns into

PcollisionNotContendingOut =

V−Vq−Vk
∑

j=1

P (Xi = Xj)Full =

V−Vq−Vk
∑

j=1

1

NNI
. (4.8)

2. A (transmitter) collision between vehicle i and out-of-range vehicles in contention

phase does not only depend on choosing the same CW size, but also on the num-

ber of AIFS that are waited, if the vehicle stays in contention phase repeatedly.

AIFS is a random number (nAIFS ) and can be different for each vehicle. A col-

lision takes place when the different vehicles have the same channel access delay

(AIFS + t). As it is defined in [48], the probability that a vehicle i accesses the

channel before all other contending vehicles is,

P (Xi < Xk) =
1

nCW i

nCW i
∑

i=1

[

K
∏

k=2

P (Xk > AIFSi + t))

]

. (4.9)

This probability is calculated for each contending vehicle and the probability of

collision is then given by,

PcollisionContendingOut = 1− P (Xi < Xk). (4.10)

On the other hand, if the channel is loaded (Vq > 0), vehicle i may experience (trans-

mitter) collision with vehicles within its coverage range if they are in contention phase.

If not, simultaneous transmissions are avoided by the carrier sensing. PcollisionIn for ve-

hicle i can be determined for the whole frame by summing over all the selection ranges,

where PcollisionIn probability is calculated the same as in equation 4.10 and equation 4.9
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PcollisionIn =
NNI

NNF

NNF
NNI
∑

l=1

[

PcollisionContendingIn

]

. (4.11)

When using SoTDMA as MAC protocol, if the channel is loaded, vehicle i may

experience (transmitter) collision with vehicles either out of its coverage range that can

reserve one NTS out of its Selection Interval (SI). PcollisionOut for vehicle i can be

determined for the whole frame by summing over all the selection ranges,

PcollisionOut =
NNI

NNF

NNF
NNI
∑

l=1

V−Vq−Vk
∑

j=1

[P (Xi = Xj)] (4.12)

Vehicle i may experience (transmitter) collision with vehicles within its coverage range

that can reserve one NTS out of its SI. This happens when the counter (defining the

number of successive frames that a certain NTS is used) of vehicle i and vehicle j expire

at the same time. So it can be calculated

PcollisionIn =
NNI

NNF

NNF
NNI
∑

l=1

Vq−1
∑

j=1

[

1

nN
P (Xi = Xj)

]

(4.13)

The probability of selecting the same time-slot, P (Xi = Xj), depends on the length of

the overlap and if the SI is non-shifted or shifted with respect to the collider.

P (Xi = Xj)NonShifted =







2nm−nq′′

nSI−nq′
nm ≤ nSI

2
nm−nq′′

nSI−nq′

nSI

2
≤ nm ≤ nSI

(4.14)

P (Xi = Xj)Shifted =
nm−nq′′

nSI−nq′
nm ≤ nSI (4.15)

If the channel is full (nq = nSI), vehicle i may experience (transmitter) collision with

another vehicle that can reserve one NTS out of the whole SI

P (Xi = Xj)NonShiftedAndFull =

{

2nm

nSI
nm ≤ nSI

2
nm

nSI

nSI

2
≤ nm ≤ nSI

(4.16)

P (Xi = Xj)ShiftedAndFull =
nm

nSI
nm ≤ nSI (4.17)



5
MAC Performance in

Vehicular Scenarios

5.1 SoTDMA Performance using Measured SNR time-series: tun-
nel scenario [1]

Until 2010 the work in [29, 49, 50] had shown that SoTDMA could be a suitable al-

ternative to the IEEE802.11p MAC scheme for scheduling e-safety data traffic. This

algorithm is inherited from the AIS automatic tracking system [51], used in the ship

industry for identifying and locating vessels. Results showed that this MAC algorithm

outperforms CSMA/CA when a deterministic physical layer abstraction is used. The

question is: does SoTDMA still outperform in a rapidly time-variant and frequency-

variant vehicle-to-vehicle (V2V) wireless channel? With this question in mind, the

author carried out a SoTDMA performance analysis using SNR time-series retrieved

from real vehicular scenarios.

The simulation scenario consists of one reference car driving in a tunnel, while at

different time instants other vehicles enter its coverage area, overtake it and finally leave

the coverage area.

Figure 5.1: Tunnel scenario description t=1..3 s
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Figure 5.2: Tunnel scenario description t=4..9 s

The event-driven system model is implemented via Matlab’s Simulink [52, 53] and

Stateflow block sets. This choice of implementation is selected because it enables au-

tomatic translation into executable code on target hardware platforms. Blocks that

specifically help SoTDMA modeling have been designed such as Network Traffic Gen-

erator, Vehicle Node and CAM Traffic Generator. The Network Traffic Generator con-

tains mainly an event-based entity generator that reproduces messages of a configurable

size and transmits them periodically. These messages are composed of configurable at-

tributes (message size, communication delay, position). The Vehicle Node encompasses

the CAM Traffic Generator, which after the first frame structure, begins generating

messages at certain report rate. Vehicle Node also takes in a parameterized Stateflow

block which actually implements the algorithm running inside each single node. The

Stateflow chart is a library object [54] and each vehicle holds a MAC layer controller

which takes in an instance of it. Therefore, every node of the framework is running an

independent copy of the same algorithm.

Although many network simulation tools existed in 2010 (e.g. NS-2 [55], Qualnet [56]

and OMNET++ [57]), the MAC layer performance is evaluated directly in Simulink to

avoid the required interfacing between diverse tools. The following simple PHY layer

abstraction is used for the throughput analysis. A data packet is considered as an

indivisible unit as in [58].



Chapter 5. MAC Performance in Vehicular Scenarios 43

The packet error probability is modeled by the frame error ratio (FER) at time t for

the kth vehicle-to-vehicle link (0 s≤ t ≤ 9 s and k = 1, . . . , 4) which is idealized by

FERk(t) =

{

0, if SNRk(t) > SNRthreshold,

1, else.
(5.1)

A data packet is received successfully if the SNR is higher than the pre-defined

threshold SNRthreshold where it is assumed that collisions do not occur. SoTDMA is

a collision-free protocol and the channel access is always provided. If all the slots are

occupied, the vehicle willing to access the channel calculates which is its furthest away

node, and waits until this furthest away node has sent all its frames (i.e. wait until

its n indicator expires), and then begins transmitting in its time-slot. Based on [59],

SNRthreshold is set to 15 dB. Thus, the kth vehicle-to-vehicle link behavior is modeled by

a time-series SNRk(t) that was sampled during the ROADSAFE measurement campaign

[60], which took place in September 2010. The V2V experiments were carried out in a

two-lane tunnel scenario and each measurement run was 9− 10 s long.

The simulation parameters used are shown in Table 5.1. In a VANET where each

superframe has got a transfer rate of 3 Mbps, each car transmits 500 byte long messages

every 100 ms and there can cohabitate up to 75 vehicles within 1 s superframe.

Table 5.1: Parameter Setting for Simulation

Parameter Settings

Transfer Rate, R 3 Mbps
Report Rate, H 10 Hz
Packet Size, N 500 byte

Superframe Period (SF) 1 s
Superframe Size 904 time-slots

Fig. 5.3 shows results for a more complex and realistic scenario based on the ROAD-

SAFE measurement campaign data. It presents the time evolution of the channel state

as four cars enter the network at different time instants. Each vehicle enters the ini-

tialization state (Vehicle1 at 0 s, Vehicle2 at 1 s,Vehicle3 at 2 s and Vehicle4 at 3 s).

Channel state in Fig. 5.3 reassures that SoTDMA is collision-free, as expected.

The throughput analysis in this realistic context is now done from the point of view

of a reference car that senses and processes the data traffic of channel. This car listens

to the channel for the whole frame, the so called superframe, then waits until its life

expires and listens to the channel again, so it will sense the channel periodically. This

period will be defined by the superframe life, which in this case is 2, so the throughput

will be analyzed at 2 s, 4 s, 6 s and 8 s.
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Figure 5.3: Channel structure, Measured SNR time-series for different vehicles, Cor-
rectly Decoded Packets and Throughput for a car driving along in the scenario
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For high mobility scenarios, where the cars are driving fast and the propagation en-

vironment changes rapidly, a short superframe life would be more suitable, so the car

can sense the changes on the road as fast as they are happening. Whereas for high

traffic density scenarios, where the environment is constant and the variation slow, this

parameter can be enlarged, as changes will not happen so quickly. After applying the

aforementioned physical layer, Fig. 5.3 shows that at 2 s the SNR level of the sensed

packets transmitted by Vehicle1 and Vehicle2 is lower than the SNR threshold defined

by the reference car and that is why no correctly decoded packets or throughput is

accounted at this point. But from 4 s to 5 s there are some correctly decoded packets

and throughput increases to 28.93 kbps. Then it will be zero until it listens to the

channel again and processes the new traffic. In this specific scenario the throughput

obtained within 4 s and 5 s is generated from two vehicles transmitting, the throughput

obtained within 6 s and 7 s is generated from three vehicles transmitting and the last

one within 8 s and 9 s from all the vehicles transmitting.

The current IEEE802.11p MAC method is based on a probabilistic approach and

does not guarantee upper bounds on the message delay. Future safety-related applica-

tions and infotainment services vastly differ in their requirements for message delay and

link reliability. Therefore, a future enhanced IEEE802.11p MAC layer needs to satisfy

these vastly differing requirements while coexisting with legacy MAC methods. Due

to the collision-free operation and its structured channel access, SoTDMA is a suitable

alternative for scheduling periodic broadcasted traffic. The work in [61] supports this,

by concluding that SoTDMA outperforms CSMA/CA (the channel access algorithm of

the IEEE802.11p MAC) in terms of delay and interference. From this point on in this

thesis, further MAC performance analysis will also focus on message delay and link

reliability.

5.2 Performance of a vehicular ad-hoc Network (VANET) during
Start-Up phase: parking lot scenario [2]

The vehicular scenarios that have been studied so far in order to evaluate the perfor-

mance of SoTDMA were highway scenarios, where a few new nodes turned up every

frame. The entrance of new nodes was smooth and the nodes easily adapted to the

current slot allocations. The work [29] was conducted for a saturated network and the

results show that SoTDMA outperforms CSMA/CA in terms of packet dropping at the

transmitter (none in the SoTDMA case) and successful channel access in comparison

to CSMA/CA nodes.
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The contribution [50] was conducted comparing SoTDMAwith CSMA/CA of IEEE802.11p

for a network that is not saturated. In such networks it was proven that SoTDMA out-

performs CSMA/CA also when considering performance metric such as the distance

between concurrently transmitting nodes.

It is already shown that SoTDMA behaves properly when a couple of new nodes are

turned on every second. If there are already nodes in the system, which have a certain

amount of allocated slots in the SoTDMA frame, the action of joining the SoTDMA

frame is smooth and not very controversial, since the nodes must listen to the frame

once before starting to allocate slots. However, what happens if many nodes within

radio range are turned on during one frame duration? And also what happens if many

nodes are turned on during consecutive frames?

Figure 5.4: Several vehicles turned on during one frame duration might attempt to gain
channel access at the same time due to the same perception of the frame (unintended
slot reuse)

This can occur at a parking lot located outside a stadium, where, after a major

event, many people will pick up their cars and start them approximately at the same

time. When SoTDMA is used as channel access protocol (i.e. slotted-based), the upper

graph shown in Fig. 5.4 displays the medium access situation during the start-up phase

of two neighbour vehicles. During the first frame, the channel is sensed and then both

nodes might attempt to gain channel access simultaneously due to the same frame

perception. For the carrier sensing-based approach (see the lower graph in Fig. 5.4)

this can also happen after the simultaneous sensing of the idle channel state during

AIFS amount of time.
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In such a scenario there are two use cases to be analyzed: when the newborn VANET

is (i) saturated and (ii) not saturated.

i. Saturated : In this scenario there are more vehicles requesting resources than avail-

able time-slots. All nodes will allocate time-slots regardless of the number of

nodes within radio range. When their SIs are fully booked with other nodes they

will transmit at the same time as someone else at the parking lot (intended slot

reuse). This scenario will probably create strong interference amongst the over-

lapping radio ranges of a great number of nodes, resulting in poor packet reception

probability.

ii. Not saturated : In this scenario there are less requested resources than available

slots. For this use case it is interesting to see how long it takes before all nodes

have found their NTS, because nodes will allocate the same slot due to the same

perception of the frame in the beginning (unintended slot reuse). It is interesting

to determine how many frames it takes before SoTDMA has organized itself and

no unintended slot reuse is present for different data traffic loads.

CSMA/CA as MAC method typically has less trouble with (ii) because when there are

fewer nodes than resources available, the majority of all nodes will gain channel access

as long as the attempts do not all come at the same time (choosing the same back-off

value). However in (i) when the network load increases nodes will drop packets at the

sender before they are even transmitted (blocked).

In order to test such a scenario, the following parameters have to be set-up:

a. Number or vehicles in the parking lot

b. Rate with which they appear (e.g., all nodes come during the same frame prefer-

ably Poisson distributed)

c. CAM/BSM rate and packet size

The scenario presented for evaluating CSMA/CA and SoTDMA methods is imple-

mented using Matlab language. The data traffic generated by each vehicle is periodic

and has a hard-deadline to meet. Each vehicle’s initial transmission time is indepen-

dent and random. In order to study the worst case, the scenario is static so the time

persistency of the effects of the start-up phase can be analyzed in both, lightly-loaded

scenario (50 vehicles) and heavily-loaded scenarios (up to 400 vehicles).
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All the vehicles broadcast messages with a fixed data rate of 6 Mbps. The data

traffic model is defined following the ETSI recommendations [62] for safety-related

messages (broadcasted messages are 800 bytes long and are generated every 500 ms).

The bandwidth requirements for each node is 12, 8 kbps.

The used physical model, is a channel model suitable for such highway scenarios.

The Nakagami m model [63] has previously been identified as a suitable probabilistic

channel model for the VANET setting ( [64]). The small-scale fading and large-scale

fading are both represented by the Nakagamim model. The probability density function

(PDF) for the Nakagami m distribution is:

f(x;m,Pr(d)) =
2mmx2m−1

[Pr(d)]mΓ(m))
e

−mx2

Pr(d) , (5.2)

where m represents the fading intensity, Pr(d) the average received power at a

distance d, and Γ(m) is the gamma function. Rayleigh fading conditions, i.e., no line-

of-sight exists, can be obtained through Nakagami by setting m to one. Higher values

of m can be used for approximating Rician distributed channel conditions where a line-

of-sight path exists, while for m< 1, the channel conditions are worse than Rayleigh

distribution. The values of m are distance-dependent and presented in Tab. 5.2.

Table 5.2: The different m values in the Nakagami model [64]

Distance bin in meters m

0-6 4.07
7-14 2.44
15-36 3.08
37-91 1.52
92-231 0.74
232-588 0.84

The averaged received power Pr(d) is following dual-slope model:

Pr,dB







Pr,dB(d0)− 10γ1log10
d
d0

if d0 ≤ d ≤ dc

Pr,dB(d0)− 10γ2log10
d
dc

− 10γ1log10
dc
d0

if d > dc
(5.3)

where numerical values are presented in Tab. 5.3.
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Table 5.3: The path gain model’s parameters [65]

Parameter Value

Path gain γ1 1.8
Path gain γ2 3.8

Cut off distance dc [m] 80
Reference distance d0 [m] 10

Wave length λ [m] 0.0508

The Pr,dB(d0) is calculated using the following free space path gain formula:

Pr,dB(d0) = Pt,dB − 10log(
λ2

(4Π)2)d20
), (5.4)

where d0 = 10 m and the wavelength, λ, is based on a carrier frequency of f =

5.9 GHz. All vehicles use the same output power, Pt,dB, of 20 dBm (100 mW) and

the resulting signal-to-interference-plus-noise (SINR) ratio at the receiver is calculated

using the following formula [66]:

SINR =
Pr

Pn +
∑K

k=0 Pi,k

, (5.5)

where Pr is the power of the desired signal, Pi,k is the power of the k-th interferer,

and Pn the noise power. The noise power is set to −99 dBm and the SINR threshold

is set to 6 dB.

Table 5.4: Parameter Settings for CSMA/CA MAC Simulations

Parameter Settings

AIFS (µs) 58
CW size [0...3]

CCA Threshold (dB) - 96

Regarding the parameter setting for CSMA/CA and SoTDMA MAC algorithms are

shown in Tab. 5.4 and Tab. 5.5 respectively.

Table 5.5: Parameter Settings for SoTDMA Simulations

Parameter Settings

Superframe Size (s) 1
Number of slots 904
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Two kinds of start-up scenarios are simulated: lightly-loaded and heavily-loaded sce-

narios. Start-up scenarios are those in which a group of vehicles attempts to access an

stable channel simultaneously. The vehicle inter-arrival time defines the frequency in

which vehicles are activated in the scenario. It describes the inter-arrival time amongst

vehicles already active and newly activated vehicles, and it is a tunable parameter. For

these scenarios it is set to 0 s, as the effect to be studied is the impact of the amount

of vehicles joining the channel within the same frame.

In the case of lightly-loaded scenarios, a urban road is simulated along which 25 or 50

vehicles in parking position are activated, and begin to transmit CAMs periodically. In

Fig. 5.5 the MAC-to-MAC delay for all correctly decoded packets within 60 s simulation

is shown, for CSMA/CA and SoTDMA respectively. In blue the packets that have

arrived on-time, e.g. they have met 100 ms deadline, and in red the amount of packets

that have arrived later than 100 ms. Analyzing the reception trend, it is very constant

throughout the whole simulation time. Fig. 5.5 shows the performance for the first

6 s, that holds for the whole simulation time. In such lightly-loaded scenarios, as it is

highly probable to sense the channel idle to transmit, CSMA/CA results show that all

correctly decoded packets meet 100 ms.
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Figure 5.5: MAC-to-MAC delay of all correctly decoded packets vs. reception time for
lightly-loaded scenarios (50 vehicles)

On the left-hand side of Fig. 5.5, the performance of CSMA/CA is depicted. During the

first seconds, higher MAC-to-MAC delays are obtained due to the simultaneous medium

access attempts, but then the back-off procedure leads to the distributed channel access

across the medium. On the right-hand side the performance of SoTDMA depicts higher

MAC-to-MAC delays but still all of them below 100 ms.
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During the first second there are no correctly decoded packets as all the vehicles are in

the initialization phase, i.e. listening the channel activity.
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Figure 5.6: Empirical CDF of MAC-to-MAC delay of all correctly decoded packets for
100 ms deadline in lightly-loaded scenarios (50 vehicles)

In Fig. 5.6 the cumulative distribution function of the MAC-to-MAC delay is rendered

for both MAC algorithms. The curves show the probability of generated messages to

meet a deadline below the x axis, describing observable MAC-to-MAC delay values.

A reliable performance is achieved when the CDF function reaches the 90%. For the

100 ms deadline both curves reach a reliable performance within 60 s simulation.
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Figure 5.7: MAC-to-MAC delay of all correctly decoded packets vs. reception time for
heavily-loaded scenarios (400 vehicles)
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In the case of heavily-loaded scenarios, they reflect either a parking lot scenario,

where more than 200 vehicles are activated, and begin to transmit CAMs/BSMs period-

ically; or a highway scenario where 300 to 400 vehicles are activated as an emergency oc-

curs and begin to transmit DENMs periodically. In these kind of scenarios, CSMA/CA

is less likely to sense the channel idle to transmit, so vehicles are backing-off within the

first seconds until they transmit. Fig. 5.7 shows this trend where higher MAC-to-MAC

delays are recorded throughout the simulation. In comparison to Fig. 5.5, only the

ordinate limits have been changed for sake of clarity, from 0..100 ms to 0..500 ms. The

MAC-to-MAC delay vs. reception time of SoTDMA, depicted on the right-handside of

Fig. 5.8, looks similar to the results from Fig. 5.6, proving its stable and reliable perfor-

mance. In Fig. 5.8 the results for CSMA/CA reflect that the performance has dropped

in comparison to Fig. 5.6, as the vehicular traffic load has increased. The author defines

as reliable performance applicable to e-safety data, as when the CDF (∆t) raises up to

90% or above. Therefore Fig. 5.8 displays that neither CSMA/CA nor SoTDMA reach

a reliable performance in heavily-loaded scenarios (up-to 400 vehicles). Still SoTDMA

outperforms CSMA/CA by means of CDF (∆t) level.
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Figure 5.8: Empirical cumulative distributed function of MAC-to-MAC delay of all
correctly decoded packets for 100 ms deadline in heavily-loaded scenarios (400 vehicles)

It is only when switching on the QoS feature of IEEE802.11p MAC, namely EDCA,

where the traffic priorities are variable (see Tab. 5.6), that the CDF (∆t) levels are

enhanced. Using lower traffic priorities, the access attempts are more evenly distributed

throughout the channel, and the curves are pumped up.
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Using SoTDMA as benchmarking reference, IEEE802.11p MAC performance is en-

hanced to its level by setting the traffic priority of CAMs/BSMs to either medium or

lowest priority, as shown in Fig. 5.9.

Table 5.6: MAC Parameter Settings for IEEE802.11p MAC Simulations

Highest Priority Settings

AIFS (µs) 58
CW size [0...3]

Medium Priority Settings

AIFS (µs) 58
CW size [0...7]

Lowest Priority Settings

AIFS (µs) 71
CW size [0...15]
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Figure 5.9: Empirical CDF of MAC-to-MAC delay of all correctly decoded packets for
100 ms deadline in heavily-loaded scenarios (400 vehicles) for different priorities

Tab. 5.7 validates, in terms of analytical results, the results depicted in Fig. 5.9,

showing similar results for the same start-up scenario, using the collision probability

performance indicators described in Section 4.7.

Anyhow, the aforementioned results demonstrate that in such heavily-loaded ve-

hicular scenarios, reliability threshold of %90 cannot be achieved, using fixed transmit

power or packet interval.
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Table 5.7: Analytical Evaluation Results for Start-Up Phase of a VANET (400 vehicles)

MAC Scheme and Data Traffic Probability of Collision (α) 1− α

11p MAC Highest Priority 0.1955 0.8045
11p MAC Medium Priority 0.1470 0.853
11p MAC Lowest Priority 0.1416 0.8584

SoTDMA 0.1429 0.8571

5.3 Performance of the Three-State DCC mechanism: highway
scenario with Transmit Power Control (TPC)

ETSI has proposed a DCC scheme in order to mitigate the IEEE802.11p MAC layer

congestion issues at high vehicle densities. Previous work of the author in [2], showed

that when using CSMA/CA (highest priority parameters) during the start-up phase

of a VANET with high traffic density, the performance in terms of CDF of MAC-to-

MAC delay falls towards 80% for 100 ms deadline, whereas SoTDMA results show a

value of 85%. By changing to EDCA and setting the traffic priority characteristics to

medium or lowest priority, SoTDMA benchmark is achieved. For CAM/BSM traffic it

is more realistic to go for medium priority. DENMs are the ones to be used with highest

priorities. Still in such crowded vehicular scenarios, where the VANET is in transient

state, reliability threshold of 90% CDF of MAC-to-MAC delay is not feasable.

Some questions arise related to the performance of the aforementioned mechanism

for reaching a reliable performance for VANETs: Does the DCC mechanism treat both

priority traffic (CAM/BSM and DENM) the same way? A three-state DCC mechanism

based on absolute maximum ratings has been proposed: Do vehicles in different states

have similar performance? Is this three-state machine good enough to provide a reliable

service? And how does the DCC mechanism adapt to a variable traffic density scenario?

Does it provide dependability? i.e. not only to reach a reliable performance but to

maintain throughout the simulation time, regardless of the traffic changes.

The simulated scenario is the one depicted in Fig. 5.10. In cases such as multi-

level highway entries to big cities or multiple lane highways during rush hours, merging

between internally well-organized VANETs driving in different directions take place.

On one hand, every node in an SoTDMA system has its own perception of the

frame allocation and everyone has its own frame start (there are as many different

frame start options as slots in the frame). Hence, nodes are slot synchronized but

not frame synchronized. Nodes that are in the same geographical area will perceive

approximately the same slot allocations in their respective frames.
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Figure 5.10: As soon as the two clusters begin to merge it might happen that vehicles
from Cluster A transmit at the same time as other cars from Cluster B. In this scenario
packet collisions will occur.

On the other hand, in the case of the IEEE802.11p MAC scheme every node can sense

other neighbours transmiting a signal above its carrier sensing threshold level. In both

cases, the nodes will be organized and unintended slot reuse (i.e. unintended collision)

is unlikely to happen in unsaturated situations. But what happens if a cluster, called

A, traveling in one direction meets another cluster, called B, merging onto the same

road? Cluster A is well-organized internally, i.e., all nodes have found transmission

slots without interfering with each other and then cluster B suddenly turns up, also

well-organized internally. How long will it take before cluster A and cluster B have

re-organized and created a new ”common” perception of the frame and concurrent

transmissions (using the same time-slot as a node located close by) are diminishing?

The study of the hidden node terminal problem for CSMA/CA has been analyzed

for switched Ethernet networks [67] as well as in VANETs [68]. Namely [68] studies the

severity of the impact of the hidden node in the performance of both CSMA/CA and

SoTDMA. Whereas SoTDMA performs close to the upper bound for receivers in the

vicinity if the transmitter, CSMA/CA experiences partial overlapping transmissions

from hidden node terminals due to the absence of synchronization. In the case of

SoTDMA, as long as their reuse factor does not expire, they will keep on transmitting

and packet collisions will occur. In the case of EDCA, collisions will occur as long as

the messages transmitted by the colliding nodes are not updated.
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The amount of collisions depends on:

• The amount of vehicles in both clusters : The higher the channel load of each

cluster is, the less the channel availability is and hence, the higher the collision

probability will be amongst vehicles belonging to different clusters.

• Each vehicle’s reuse factor when merging process begins : Collisions keep happen-

ing as long as the reuse factors of colliding nominal transmission slots (NTSs) of

SoTDMA nodes do not expire. The larger reuse factor is, the greater the number

of collisions will be.

• Each vehicle’s contention window and the nAIFS when the collision happens :

Collision happens every time EDCA nodes have the same CW + nAIFS value.

The smaller CW amplitude is, the greater the number of collisions.

Figure 5.11: Scenario description of two VANETs merging use case.

The vehicles on the lead position of the cluster (the ones situated in front of the

cluster), could inform the neighbours as they sense collisions, so the rest, in case of

using SoTDMA, assign their reuse factors a lower value, such that they expire as soon

as possible. When EDCA is the MAC protocol, CW amplitude could be reassigned so

that the collision probability decreases.

To test such a scenario, the following parameters have to be set-up:

a. Number of vehicles in each cluster,

b. CAM/BSM rate and packet size and
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c. Rate with which nodes appear in each cluster.

The scenario simulated is a six lane highway scenario where 400 vehicles (80% chan-

nel load) are traveling in opposite directions (see Fig. 5.11). Nodes appear Poisson

distributed and start to send uniformly distributed CAM/BSM data. Vehicles enter

the scenario at 0 m and 5000 m depending on the direction they are driving in. Re-

garding the movement simulation, there are three parameters to be set per new vehicle

added to the VANET:

• Initialization time: It represents the simulation time in which the vehicle is added

to the simulation environment. Depending on the vehicle inter-arrival time vehi-

cles within the same lane are added more frequently. In these simulations worst

case scenario is analyzed, setting vehicle inter-arrival time to 1 s, so vehicles are

added to the same lane every second.

• Lane: It represents the driving lane in which the vehicle will move, it sets a fixed

y axis value, and then vehicle move along the x axis.

• Speed : Depending on the lane the vehicle is driving, it will have an associated

speed ( [50]).

All the vehicles broadcast messages with a fixed data rate of 6 Mbps. The data

traffic model is defined following the latest ETSI recommendations redefined in [65] for

safety-related messages (broadcasted messages are 400 bytes long including all protocol

overhead and are generated every 500 ms).

The used physical model, is similar to the one described in Section 5.2. Small scale

and large scale fading are represented by the Nakagami m model, also for vehicular

channel modeling. A more suitable set of m values is retrieved from the most updated

Draft ETSI TR 102 861 V. These are shown in Tab. 5.8.

Table 5.8: The different m values in the Nakagami model [65]

Distance bin in meters m

0-50 3
51-150 1.5
151- 1

The average received power, Pr, is assumed to follow the dual slope model suggested

in [63]. Also the path gain model parameters (γ2, dc) have been tuned so that they

fit the ETSI requirements of achieving a 1000 m coverage range at maximum transmit

power when the CST is set to −85 dBm. The parameters are the same as in Table 5.3

(γ1, γ2, dc, d0, λ), and they are now set to (1.9, 3.6, 177, 10, 0.0508).
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Cut-off distance dc is calculated as in [69], from the first Fresnel Zone with first ground

reflection,

dc = db +
λ

4
=

4hThR − λ2

4

λ
+

λ

4
, (5.6)

where db is the distance at which the first Fresnel zone touches the ground or the

first ground reflection has traveled db+
λ
4
to reach receiver; hT is the transmitter height,

hR is the receiver height and λ is the wavelength for 5.9 GHz carrier frequency.

For the No DCC use case, the output power is set to Pt,dB, of 23 dBm and the

signal-to-interference-plus-noise ratio at the receiver is calculated using the Eq. 5.5

from Section. 5.2. The noise power is set to −99 dBm and the SINR threshold is set to

6 dB, a value typical for the 6 MBit/s modulation scheme.

Regarding the parameter setting for the IEEE802.11p MAC algorithm, Tab. 5.6 in

Section 5.2 shows the AIFS and the back-off value, which is randomly selected depending

on the priority. Clear channel assessment (CCA) threshold is set to −96 dB.

The performance in such scenarios is studied in time (see Fig. 5.12), to analyze

the evolution of the performance indicators before, during and after merging. These

analysis can be classified as individual node performance and system performance.

Fig. 5.13 shows simulation results of an individual node during the merging of two

VANETs. In the top figure the dynamic evolution of the simulated scenario is depicted.
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Figure 5.12: Scenario description of two VANETs merging use case: Simulator Output
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Figure 5.13: Simulation Results for a Vehicle in Relaxed State

The scenario displayed is the merging situation at t=100 s. The performance indicators

studied are:

• Awareness and Emergency Coverage Range vs Time: It shows the maximum

transmitter-receiver distance vs time for two different QoS defined by probabil-

ity of packet reception and deadline (PPR, Deadline (ms)). Dotted line shows

the results for more permissive QoS (0.75,500 ms) and solid line results for more

restrictive QoS (0.9,100 ms). For safety-related data traffic more restrictive pa-

rameter settings is selected. In the work of [47] it is stated that for safety-related

applications a PPR value of 85% is not enough. The dot represents the situ-

ation in time of the individual node (node under study), when the rest of the

performance indicators are evaluated.

• Cumulative Distribution Function of the MAC-to-MAC Delay vs MAC-to-MAC

Delay : Sticking to the aforementioned QoS restriction, the significative CDF level

to be analyzed is the related to 100 ms deadline.

• Coverage Probability vs Coverage Range: In the case of using 500 ms packet

interval, two packets are sent per frame, therefore coverage probability has two
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levels. For variable packet interval coverage probability is multilevel.

• Coverage Range Evolution: Is a dissemination reliability indicator. It defines the

furthest away distance reached by a broadcast per channel realization (frame).

The dot represents the individual node (node under study).

Simulation results using the plain EDCA (No DCC implemented) are depicted in

Fig. 5.13. In this case all the vehicles have the same parameter setting so their perfor-

mance differs just due to the impact of the vehicular scenario and not because of having

disparate PHY or MAC parameter settings. For the system performance, the CDF of

the MAC-to-MAC delay of all the messages exchanged in time and the evolution of the

reliability indicator in time are analyzed.

The next step is the implementation of a suitable DCC mechanism, which enhances

the plain EDCA performance also under strong traffic density variations. ETSI pre-

sented in [12] a three-state solution, where the crosslayer approach sets the PHY layer

parameters packet interval (PI), modulation and coding schemes (MCS), transmit power

(P) and carrier sensing threshold (CST) depending on the MAC layer parameter chan-

nel load (CL). In this work a simplified version of this three-state state machine is

implemented. The values used in Fig. 5.14 are the limits given as absolute maximum

allowed parameter range and not the values intended to be used as state parameters.

Figure 5.14: Three-State Maximum Values DCC Mechanism design

The aforementioned state machine consists of a relaxed, active and restrictive state

with associated transmit parameters and state transition rules. When channel load is

too high, the DCC algorithm tends to change all parameters simultaneously to ease

congestion. A state transition to a higher congestion state occurs when all measured

CLs for the past second are larger than CLUP (0.4,0.5). The transition towards lower

congestion state occurs if the CLs measured during the past five seconds are lower than

CLDOWN(0.15,0.2). CAMs/BSMs and DENMs have got a fixed PI and MCS, so just

P and CST parameters are changed from state to state.
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An alternative three-state DCC solution is proposed by the author (see Fig. 5.15) in

order to enhance the performance of the maximum values DCC mechanism.

Figure 5.15: Three-State Our DCC Mechanism design for CST=−90 dBm

5.3.1 Individual Node Performance

In order to evaluate the impact of the priority of the data traffic, the emergency range

evolution (for a QoS (0.9,100 ms)) in time is analyzed for highest and medium priority

traffic. When a DCC mechanism is introduced, different node behaviour has to be

analyzed (vehicles initialized in different DCC states, that have different perceptions of

the channel load), in order to evaluate if the DCC is stable and properly designed.

In the simulated merging scenario, during the first 60 s the individual VANETs

driving in opposite directions are loaded, each with 200 vehicles. The peak in 80 s

shows an increment of the channel load as the vehicles driving in opposite direction

begin to enter reference vehicle’s coverage range. From that moment on, the channel

load gets heavily-loaded (up to 200 vehicles driving in opposite direction are going to

enter the sensing range of the reference vehicle). This has an impact on the increment

of the channel access delay, i.e. the more vehicles are sensed the more the reference

vehicle backs off. Thus, the MAC-to-MAC delay of the message to be broadcasted

increases. This has an effect of reduction on the coverage range, as the channel access

is so high that only the vehicles in the vicinity of the transmitter get the safety message

on-time. As both VANETs separate the channel load is eased, the emergency range

achieves another peak and finally decreses as two VANETs fall apart from each other.

A vehicle initialized in relaxed state, i.e. a node that has joined an empty or very

lightly-loaded VANET, is usually a platoon leader. It is the vehicle that senses the

highest number of changes in the channel load and because of that the emergency

range is the most fluctuting. The No DCC curve has the narrowest coverage ranges.

For highest priority data traffic depicted on the left-hand side of Fig. 5.16, both DCC

mechanisms enhance the No DCC performance.
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Figure 5.16: Emergency Range vs Simulation Time for a Vehicle initialized in Relaxed
State

Both DCC curves follow a similar trend, which means that the same vehicle implement-

ing either of them falls in similar states throughout the simulation time. The collision

probability in both cases affects both curves similarly. Even in totally merged scenario

(400 vehicles) coverage range is doubled (from 40 m to 80 m). On the right-hand side,

for medium priority data traffic, the three-state DCC design proposed by the author

outperforms the maximum value three-state DCC mechanism. The difference between

the DCC curves relates to the collision probability affecting differently both curves.
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Figure 5.17: Emergency Range vs Simulation Time for a Vehicle initialized in Active
State
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A vehicle initialized in active state enters a previously-loaded VANET (100 vehicles).

In Fig. 5.17 again both DCC mechanism outperform the No DCC results. In the

case of using highest priority traffic profile No DCC and author’s three-state DCC

proposal show similar results to the Fig. 5.16. Whereas maximum value three-state DCC

proposal depicts narrower coverage ranges. This is because the parameter setting is

more restrictive. On the right-hand side, for medium priority, as the collision probability

changes, the coverage ranges get wider within the same time domain than in Fig. 5.16

in the case of No DCC and author’s three-state DCC proposal. This is not the case for

the maximum value three-state DCC.

And lastly, a vehicle initialized in restrictive state accesses an already heavily-loaded

channel. Fig. 5.18 depicts for highest priority, that only maximum values three-state

DCC proposal outperforms No DCC. The maximum value three-state DCC uses a CST

of −65 dBm for these vehicles. This shows that a CST of −90 dBm used in either

No DCC or the author’s three-state DCC design, might be a too sensitive for these

vehicular scenarios. On the right-hand side, for medium priority data traffic No DCC

and our three-state DCC proposal show similar results. Both outperforming maximum

value three-state DCC.
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Figure 5.18: Emergency Range vs Simulation Time for a Vehicle initialized in Restrictive
State

The aforementioned results reflect the performance in terms of coverage range. To

this performance indicator, the author wants to corroborate the conclusion drawn in

Section 5.2, namely that the medium priority data traffic is the most suitable traffic

profile for CAMs/BSMs in such heavily-loaded traffic scenarios.
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Therefore in further analysis only medium priority data traffic results are going to be

presented. When analyzing the overall performance of the different DCC mechanisms,

the most strongly varying curves from state to state are the ones related to the maximum

value three-state DCC mechanism. This is due to the varying CST value from state

to state. For sake of predictability, the author suggests to set a fix CST for scheduling

e-safety traffic.

For safety-related data is not good enough just to take into account the coverage

range (how far the transmission gets) but also the delay has to be analyzed. It is

necessary to evaluate the dissemination of the information for a certain deadline. Is

good to analyze both parameters as the two pieces of one puzzle. The next task to

accomplish, is to carry out the (∆t,∆d) analysis in time (before, during and after

merging) for the three nodes initialized in different states of the DCC mechanism.

Before merging

Fig. 5.19 shows the output of the simulation results at t = 60 s. The top subfigure

depicts the simulation scenario where the outlined blue node is the evaluated vehicle

initialized in relaxed state. Author’s three-state DCC proposal outperforms the rest

in terms of coverage range (∆d) but the maximum values three-state DCC proposal

outperforms the rest in terms of MAC-to-MAC delay (∆t). Still both DCC mechanisms

perform reliably (i.e. CDF of MAC-to-MAC delay level ≥ 90%)
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Figure 5.19: Simulation Results for a Vehicle initialized in Relaxed State (t=60 s)
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Table 5.9: Simulation Results (CDF(∆t),∆d) for a Vehicle initialized in Relaxed State
(t=60 s)

(CDF(∆t),∆d)

No DCC (0.89, 34 m)
Our Three-State DCC proposal (0.9, 82 m)

Maximum Values Three-State DCC proposal (0.92, 56 m)

For a vehicle initialized in active state results in Tab. 5.10 evidence that the author’s

three-state DCC proposal outperforms in terms of MAC-to-MAC delay and coverage

range (∆t,∆d), both No DCC and the maximum values three-state DCC mechanism

results. Again both DCC mechanisms reach reliable performance. Comparing the

results to a vehicle initialized in relaxed state (see Tab. 5.9), the CDF(∆t) values are

simular and ∆d values have increased due to the higher number of vehicles in the vicinity

of the reference vehicle.

Table 5.10: Simulation Results (CDF(∆t),∆d) for a Vehicle initialized in Active State
(t=60 s)

(CDF(∆t),∆d)

No DCC (0.88, 55 m)
Our Three-State DCC proposal (0.98, 77 m)

Maximum Values Three-State DCC proposal (0.92, 65 m)

It is in the case of a vehicle initialized in restrictive state, Fig. 5.20, where the

proposed three-state DCC mechanism draws a better performance in coverage range,

∆d, at the cost of losing reliability, CDF(∆t).

Table 5.11: Simulation Results (CDF(∆t),∆d) for a Vehicle initialized in Restrictive
State (t=60 s)

(CDF(∆t),∆d)

No DCC (0.88, 40 m)
Our Three-State DCC proposal (0.85, 40 m)

Maximum Values Three-State DCC proposal (0.92, 20 m)

Comparing the results to a vehicle initialized in relaxed state, ∆d values are smaller

due to more restrictive parameter setting. The maximum value three-state DCC is the

most conservative selecting its parameter settings, and decreases the coverage to the

half of the No DCC results in order to pump the CDF(∆t) level above the reliability

threshold.
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Figure 5.20: Simulation Results for a Vehicle initialized in Restrictive State (t = 60s)

Merging

During the merging scenario (common channel perception up to 400 vehicles), the adap-

tiveness of the DCC mechanism is put to the test, for a strongly varying channel load

density. For a vehicle initialized in relaxed state No DCC coverage range is increased

and reliability is reached using both DCC mechanisms. The three-state DCC proposal

improves the coverage range of the maximum values three-state DCC mechanism in

10 m and of the No DCC in 36 m. Results are depicted in Fig. 5.21.
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Figure 5.21: Simulation Results for a Vehicle initialized in Relaxed State (t=100 s)
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Table 5.12: Simulation Results (CDF(∆t),∆d) for a Vehicle initialized in Relaxed
State(t=100 s)

(CDF(∆t),∆d)

No DCC (0.87, 61 m)
Our Three-State DCC proposal (0.92, 97 m)

Maximum Values Three-State DCC proposal (0.92, 87 m)

In comparison to the results of a vehicle initialized in relaxed state before merging

(see Tab. 5.9), CDF(∆t) values are simular and ∆d values have increased due to the

higher number of vehicles in the vicinity of the reference vehicle (traffic situation has

evolved to a merged situation).

The results for a vehicle initialized in an active state node are equiparable to the

ones shown in Tab. 5.12. This is because in this time instant both scenarios are similar

for both nature nodes.

The problem arises once again with the performance of a vehicle initialized in re-

strictive state. Fig. 5.22 renders how a more conservative parameter setting selection

(implemented in the maximum values three-state DCC) leads to a reliable performance.

But it clearly points out that the DCC mechanism should be tuned properly, as 14 m

coverage range is too narrow for disseminating e-safety information.
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Figure 5.22: Simulation Results for a Vehicle initialized in Restrictive State(t=100 s)
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Table 5.13: Simulation Results (CDF(∆t),∆d) for a Vehicle initialized in Restrictive
State(t=100 s)

(CDF(∆t),∆d)

No DCC (0.86, 67 m)
Our Three-State DCC proposal (0.83, 72 m)

Maximum Values Three-State DCC proposal (0.92, 14 m)

After merging

Finally after merging, the coverage range values adapt to the new situation but the

reliability trends hold to the fashion observed in t=60, 100 s. Both three-state DCC

mechanisms show similar results in terms of reliability for a vehicle initialized in relaxed

state and in active state, Tab. 5.14 and Tab. 5.15 respectively.

To sum up, different vehicles have shown different performances depending on the

state they are in. As expected, DCC mechanisms enhance the plain IEEE802.11p MAC

performance in terms of MAC-to-MAC delay and coverage range for vehicles initialized

in relaxed and active state. The reliability trend holds throughout the simulation time,

and the coverage ranges adapt to the varying vehicular traffic scenario (which follows

the emergency coverage range trend presented in Fig. 5.16 and Fig. 5.17).
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Figure 5.23: Simulation Results for a Vehicle in initialized in Relaxed State(t=140 s)

Comparing the results in Tab. 5.14 to the results in Tab. 5.15, performance shows

that at t=140 s both nodes draw different results because they experience different CL,

and hence fall in different states of the DCC mechanism. For a vehicle initialized in

relaxed state only maximum values three-state DCC reaches a reliable performance at
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the cost of losing coverage range. Whereas for a vehicle initialized in active state both

DCC mechanisms achieve a reliable performance and enhace also ∆d.

Table 5.14: Simulation Results (CDF(∆t),∆d) for a Vehicle initialized in Relaxed
State(t=140 s)

(CDF(∆t),∆d)

No DCC (0.89, 96 m)
Our Three-State DCC proposal (0.88, 140 m)

Maximum Values Three-State DCC proposal (0.92, 83 m)

Table 5.15: Simulation Results (CDF(∆t),∆d) for a Vehicle initialized in Active State
(t=140 s)

(CDF(∆t),∆d)

No DCC (0.89, 54 m)
Our Three-State DCC proposal (0.98, 121 m)

Maximum Values Three-State DCC proposal (0.92, 118 m)

Table 5.16: Simulation Results (CDF(∆t),∆d) for a Vehicle initialized in Restrictive
State (t=140 s)

(CDF(∆t),∆d)

No DCC (0.83, 94 m)
Our Three-State DCC proposal (0.83, 96 m)

Maximum Values Three-State DCC proposal (0.92, 31 m)

Lastly, the recurrent problem for a vehicle initialized in restrictive state (represented

in Tab. 5.11, Tab. 5.13, Tab. 5.16) reappears and generates the following question: Is

the amount of vehicles initialized in restrictive state important enough to empover-

ish significantly the overall system performance? And this question leads to the next

performance analysis, namely the VANET performance.

5.3.2 VANET Performance

The final analysis to make is the time evolution of the whole system performance.

Fig. 5.24 shows the simulated scenario for t=140 s, then the CDF of the MAC-to-MAC

delay of all received messages at that time instant and records the reliability indicator

in time, setting it to ′1′ if the CDF(∆t) is above 90% and to ′0′ if it falls below the

threshold.
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Reliability indicator shows the dependability of the system. From the 46 s on the

No DCC performance is unreliable and does not improve anymore due to collisions.

With the DCC mechanisms, the system stays reliable for longer time but there is a

transient effect, i.e. reliability gap, until it stabilized (91− 127 s) for 400 vehicles. This

gap relates to the performance indicator defined in Section 4.4, tstab = 36 s. When

separating the transient effect reappears.

In conclusion, the three-state DCC mechanism increases reliability for high vehicle

densities but dependability is not reached for variable traffic densities. For that purpose

either multistate designs or another physical layer parameter settings (e.g. transmit rate

control) should be tried out.
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5.4 Performance of the Multistate Active DCC mechanism: high-
way scenario with TPC and Transmit Rate Control (TRC) [3]

It is important in VANETs where safety data is present that the vehicles are warned

timely (τMM ≤ τdl). Since CAMs/BSMs are broadcasted, propagation delay is related

to the distance to the source. Three-state DCC mechanisms enhance the No DCC

performance in terms of providing a reliable performance also for highly-loaded scenarios

(up to 400 vehicles), and improving the dissemination of e-safety information. But the

final goal of making the performance robust to the variable traffic densities is not

achieved. The next action to go for is to design a DCC mechanism, which achieves a

dependable performance, i.e. makes the aforementioned transient state shown in the

reliability indicator graph in Fig. 5.24 disappear.

The author will redesign the DCC mechanism, making the evolution from state to

state more progressive, so that the system is capable of coping with the varying traffic

density, without losing reliability.

In addition, variable message inter-arrival time is implemented. ETSI defines that

the periodicity of safety-related messages (CAMs and DENMs) is set depending on the

vehicle dynamics. A CAM can be transmitted with 1 − 10 Hz update rate, whereas a

DENM can be transmitted with 1−20 Hz [70]. The facilities layer, which resides on top

of the transport layer in the OSI model, is in charge of generating these safety-related

messages. In between 1− 10 Hz a CAM is generated when one of the following criteria

is fulfilled since last CAM generation:

• the vehicle has moved more than 4 m,

• the vehicle has changed heading more than 4 degrees, or

• the vehicle has changed speed more than 0.5 m/s.

The author proposes to change the CAM generation rate also when the channel load

increases. If the channel load grows and the message generation rate does not change, it

leads to a significative number of vehicles backing-off as the channel is sensed busy. This

effect impoverishes the overall system performance. On the contrary, the decrement of

this rate leads to lower channel access delays and hence lower MAC-to-MAC delays

(τMM) suffered by the broadcasted safety information.

The next approach is a multistate active DCC mechanism implementing transmit

power control (TPC) and transmit rate control (TRC) utilities using CST=−90 dBm.
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Figure 5.25: TPC design for CST=−90 dBm

The TPC is driven by the measured channel load (CL). Using the same physical

layer model as in Section 5.3, the sensing range of a vehicle is divided into eight different

zones. These are selected after having simulated the channel loads for all possible

transmit powers defined in the standard [10] for dense traffic (15 ≤ ρ ≤ 25 vehicles/km).

Same channel loads are grouped in different states, as shown in Fig. 5.25. Finally

the groups are assigned a transmit power and also different channel load values are

selected as transitions from state to state. The upwards transitions are calculated as

CLUP = t(PRCV D)>CST )
1 s

and the downwards transitions are calculated as CLDOWN =
t(PRCV D)>CST )

5 s
.

Figure 5.26: Multistate active DCC Mechanism design for CST = −90 dBm
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The TRC is implemented based on the centesimal of the channel load. CAM gener-

ation rate is decreased from 10 to 1 Hz as the centesimal of the channel load increases.

The curves showing the emergency range evolution (for a QoS (0.9,100 ms)) in time

implementing DCC mechanisms show stepwise form, related to the state transitions

depending of the common perception of the channel load. For a vehicle initialized in

relaxed state, using the three-state DCC mechanism introduced in Section 5.3, three

different levels are drawn within 86 m and 146 m. Besides, multistate levels fall within

60 m and 120 m emergency range values. The achieved distances at every step are

related to the transmit power and the collision probability. The current multistate

active approach provides a more stable coverage ranges. Its sustainability in time is an

effect of using variable CAM message generation rate. Coverage range is never narrower

than 60 m. On the contrary, it fluctuates, strongly for the No DCC case and slightly

for the three-state design.

The curves rendering the emergency range evolution for a vehicle initialized in active

state are similar to the results of the one initialized in relaxed state. The performance

of a vehicle initialized in restrictive state, reflects how the multistate design enhances

the performance of plain EDCA and three-state DCC approach, regarding emergency

coverage range. It provides higher peaks, which turns into better dissemination of the

warnings, (i.e. information is spread over a wider area), and also provides a more stable

coverage range within the maximum values, i.e. in a dense traffic situation.

From the analysis of individual node performance in time, the results of the multi-

state active DCC design using CST=−90 dBm are not very promising at first sight. It

outperforms the No DCC and the three-state DCC mechanism proposed by the author,

only for a vehicle is initialized in restrictive state (namely the most problematic user

profile as shown in the previous section). This means that for larger vehicle densities

the multistate active DCC adapts smoothly in comparison to the author’s three-state

DCC. Nevertheless, when a vehicle is initialized in relaxed state or active state the mul-

tistate approach does not adapt efficiently enough to outperform the three-state DCC

approach.

And when evaluating the overall system performance, the reliability indicator, re-

sults depict how the multistate active DCC approach, which implements transmit power

control and transmit rate control, shows the same transient effect present in Section 5.3.

The first gap is an accumulative effect of the vehicles since the merging begins until

both VANETs are totally merged. And the second one is the same accumulative effect

since both VANETs are merged until both VANETs are separated. This gap relates to

the performance indicator defined in Section 4.4, tstab = 36 s.
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In conclusion, reliability is achieved at lightly varying vehicle densities (i.e. t=60 s) but

it does not hold during the transition from 200 vehicles VANET to 400 vehicles.

There are two ways to go for enhancing multistate active DCC performance: either

(1) to make the state granularity as high as for the earlier states (Fig. 5.25 shows more

steps as the transmit power decreases) as it is for the later ones or (2) to make the

whole design more robust against vehicle traffic density variation. Both attempts have

benefits and drawbacks. The first solution is a more accurate design, but this sensitivity

also might lead to neighbour vehicles being in different states, which turns into higher

probability of collisions. The second solution relies on increasing the CST for the sake of

robustness. But setting it too high might make the DCC lose adaptability to a rapidly

changing vehicular scenarios. The author has chosen the second option based on the

results from Fig. 5.18, which pointed out that a CST threshold of −90 dBm might be

too sensitive for such for strongly varying vehicular density scenarios.

The key goal at this point is to adapt the sensitivity so that the reliable performance

is not lost during traffic density variations. For that purpose a more conservative value

is selected for the carrier sensing threshold parameter CST=−85 dBm, but still not

increasing it that much that the collision probability amongst closely located nodes

increases. The aim is to select a CST value where carrier sensing range is decreased for

reliability sake.

Figure 5.27: TPC design for CST=−85 dBm

The methodology for designing the new multistate active DCC mechanism is the

same as before: first an output power level sweep is carried out using a suitable physical

model for V2V communication, in order to obtain the transmit power control design

shown in Fig. 5.27. Then CLUP and CLDOWN transition values are calculated and a

transmit power is assigned to each state, as depicted in Fig. 5.28. And finally on the

subject of the transmit rate control, it is inherited from the previous proposal, i.e. it

relies on the common perception of the channel load.
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Figure 5.28: Multistate active DCC Mechanism design for CST=−85 dBm

The procedure to study the results is parallel to the one described in Section 5.3,

where first an individual node performance study is carried out and then the overall

system performance. The performance indicators for studying the individual node work

were defined in Chapter 4: the CDF of the MAC-to-MAC delay of each generated CAM

message, the emergency coverage range (PPR, Deadline (ms)) of (0.9,100 ms) and the

emergency coverage probability for No DCC, multistate active DCC proposal using

CST=−90 dBm and the current multistate active DCC proposal. Two new performance

indicators (PIs) are added: mean freshness and freshness colour distribution, introduced

in Section 4.6. These two PIs show the relevance of the safety-data traffic.

5.4.1 Individual Node Performance

The results of emergency range evolution for a vehicle initialized in relaxed state (in

Fig. 5.29), show that the new multistate active DCC approach curves fall between the

No DCC and the multistate active DCC for CST=−90 dBm. The stepwise pattern is

identified and lower peaks are depicted. These lower maximums show how the reference

vehicle goes through less number of states. The expected behaviour in terms of relia-

bility is that, for this new multistate active DCC design using CST=−85 dBm, it will

not drop below the CDF (∆t) level threshold of %90 throughout the whole simulation

time.
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Figure 5.29: Emergency Range vs Simulation Time for a Vehicle initialized in Relaxed
State for CST=−85 dBm
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The curves for a vehicle initialized in active state are depicted in Fig. 5.30. Results

are less fluctuating than the ones rendered in Fig. 5.29, due to the more stable traffic sce-

nario surrounding the reference vehicle. Maximum peaks are tamed, falling lower than

the multistate active DCC proposal using CST=−90 dBm. So greater dependability is

expected.

And the last curves referring to a vehicle initialized in restrictive state, show a

maximal enhancement in terms of coverage range of 10 m in comparison to the plain

EDCA case. During the whole merging process, No DCC and the multistate active

DCC proposal using CST=−85 dBm follow a similar fashion. The most significative

enhancements achieved by the multistate active DCC proposal using CST=−85 dBm

take place during the merging and separating, i.e. there when the vehicular traffic

density is more variable.
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Figure 5.31: Emergency Range vs Simulation Time for a Vehicle initialized in Restrictive
State for CST−85 dBm
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Before merging

Fig. 5.32 displays the results for a vehicle initialized in relaxed state at t=60 s. It shows

how the current DCC outperforms the No DCC and the multistate active DCC using

CST = −90 dBm. It reaches a reliable performance without sacrificing much coverage

range in comparison to the other multistate design (Tab. 5.17). Comparing the results

to the ones achieved by author’s three-state DCC collected in Tab. 5.9, the current

multistate active DCC proposal achieves the same results in terms of CDF(∆t), and

loses 26 m ∆d. However, 24 m coverage range enhancement seems fair enough for safety

information dissemination.
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Figure 5.32: Simulation Results for a Vehicle initialized in Relaxed State (t = 60 s) for
CST−85 dBm

Table 5.17: Simulation Results (CDF(∆t),∆d) for a Vehicle initialized in Relaxed State
(t=60 s) for CST−85 dBm

(CDF(∆t),∆d)

No DCC (0.89, 34 m)
Multistate active DCC proposal CST = −90 dBm (0.7, 59 m)
Multistate active DCC proposal CST = −85 dBm (0.93, 58 m)

The performance of a vehicle initialized in active state, presents that both DCC

mechanisms have similar results in terms of CDF(∆t) and ∆d. And thank to the use

of either of the DCC mechanisms, reliability threshold is achieved.
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In comparison to author’s three-state DCC collected in Tab. 5.10, the current multistate

active DCC proposal achieves the same results in terms of CDF(∆t), and loses 14 m

∆d. Yet, a coverage range of 63 m is suitable for CAM dissemination.

Table 5.18: Simulation Results (CDF(∆t),∆d) for a Vehicle initialized in Active State
(t=60 s) for CST−85 dBm

(CDF(∆t),∆d)

No DCC (0.87, 55 m)
Multistate active DCC proposal CST = −90 dBm (0.97, 63 m)
Multistate active DCC proposal CST = −85 dBm (0.97, 63 m)

And for the first time in all the previously presented simulations, the performance of

a vehicle initialized in restrictive state reaches a reliable performance using the current

multistate active DCC proposal. In contrast to the No DCC performance, due to

the multistate active DCC (using CST−85 dBm) implementing TPC and TRC, both

reliability and coverage range are enhanced, as shown in Fig. 5.33. Tab. 5.19 underlines

up to 0.07 and 12 m enhancement, CDF(∆t) and ∆d respectively.
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Figure 5.33: Simulation Results for a Vehicle initialized in Restrictive State (t=60 s)
for CST−85 dBm
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Table 5.19: Simulation Results (CDF(∆t),∆d) for a Vehicle initialized in Restrictive
State (t=60 s) for CST−85 dBm

(CDF(∆t),∆d)

No DCC (0.88, 40 m)
Multistate active DCC proposal CST = −90 dBm (0.87, 61 m)
Multistate active DCC proposal CST = −85 dBm (0.95, 52 m)

Merging

The results obtained from the performance analysis of a vehicle initialized in relaxed

state during the merging of the two internally self-organized VANETs are shown in

Fig. 5.34. Just the current multitstate approach reaches a reliable performance and

and Tab. 5.20 ilustrates how in comparison to the multistate active DCC proposal using

CST=−90 dBm, by losing 14 m of coverage range, an increment of 0.07 in reliability

is reached. In contrast to the No DCC both terms, reliability and coverage range, are

enhanced by using the current multistate active DCC proposal. Comparing the results

to the ones achieved by author’s three-state DCC collected in Tab. 5.12, the current

multistate active DCC proposal achieves the same results in terms of CDF(∆t), and

loses 30 m ∆d (similar differential performance as before merging).
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Figure 5.34: Simulation Results for a Vehicle initialized in Relaxed State (t=100 s) for
CST−85 dBm
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Table 5.20: Simulation Results (CDF(∆t),∆d) for a Vehicle initialized in Relaxed State
(t=100 s) for CST−85 dBm

(CDF(∆t),∆d)

No DCC (0.87, 61 m)
Multistate active DCC proposal CST = −90 dBm (0.83, 80 m)
Multistate active DCC proposal CST = −85 dBm (0.9, 66 m)

The results in Tab. 5.21, related to a vehicle initialized in active state, displays

similar results to the ones in Tab. 5.20. In comparison to the results in Section 5.3, the

coverage ranges have not increased from the use case of a vehicle initialized in relaxed

to active state influenced by the higher traffic density in the surrounding of the latter

reference vehicle. In this case, because of the lower setting of the CST to −85 dBm,

the coverage range is more robust to the varying traffic density.

Table 5.21: Simulation Results (CDF(∆t),∆d) for a Vehicle initialized in Active State
(t=100 s) for CST−85 dBm

(CDF(∆t),∆d)

No DCC (0.86, 58 m)
Multistate active DCC proposal CST = −90 dBm (0.81, 86 m)
Multistate active DCC proposal CST = −85 dBm (0.91, 67 m)

The last use case is the performance of a vehicle initialized in restrictive state.

Once again the current multistate active DCC also outperforms the plain EDCA and

the multistate active DCC proposal using CST = −90 dBm. Reliability is achieved

CDF(∆t)=0.93 and the No DCC coverage range is enlarged up to 5 m (see Tab. 5.22).

Table 5.22: Simulation Results (CDF(∆t),∆d) for a Vehicle initialized in Restrictive
State (t=100 s) for CST−85 dBm

(CDF(∆t),∆d)

No DCC (0.83, 67 m)
Multistate active DCC proposal CST = −90 dBm (0.85, 127 m)
Multistate active DCC proposal CST = −85 dBm (0.93, 72 m)
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Figure 5.35: Simulation Results for a Vehicle initialized in Restrictive State (t=100 s)
for CST−85 dBm

After merging

And lastly, in the after merging use case, the current multistate active DCC design

masters the rest of the performance for all the three studied profiles (a vehicle initialized

in relaxed, active and restrictive state).
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Figure 5.36: Simulation Results for a Vehicle initialized in Relaxed State (t=140 s) for
CST−85 dBm
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Table 5.23: Simulation Results (CDF(∆t),∆d) for a Vehicle initialized in Relaxed State
(t=140 s) for CST−85 dBm

(CDF(∆t),∆d)

No DCC (0.89, 96 m)
Multistate active DCC proposal CST = −90 dBm (0.94, 56 m)
Multistate active DCC proposal CST = −85 dBm (0.98, 102 m)

For the vehicle initialized in relaxed state the current multistate active DCC ap-

proach enhances both, reliability and coverage range, for No DCC and the multistate

active DCC proposal using CST = −90 dBm (see Tab. 5.23). On the other hand,

Tab. 5.24 displays the results for a vehicle initialized in active state, and it reflects

how reliability can be enhaced (from DCC to DCC design) to the cost of coverage

range. Still, both DCC mechanisms achieve a reliable performance. In comparison to

No DCC, the current multistate active DCC mechanism shows an increment on the

reliability (0.08) and on the coverage range (29 m).

Table 5.24: Simulation Results (CDF(∆t),∆d) for a Vehicle initialized in Active State
(t=140 s) for CST−85 dBm

(CDF(∆t),∆d)

No DCC (0.89, 54 m)
Multistate active DCC proposal CST = −90 dBm (0.95, 91 m)
Multistate active DCC proposal CST = −85 dBm (0.97, 85 m)

And for the vehicles initialized in an already heavy-loaded scenario, therefore having

the more conservative initial parameter setting (vehicles initialized in restrictive state),

the current multistate outperforms the rest but reliability threshold is not yet achieved,

as shown in Fig. 5.37 and in Tab. 5.25.

Table 5.25: Simulation Results (CDF(∆t),∆d) for a Vehicle initialized in Restrictive
State (t=140 s) for CST−85 dBm

(CDF(∆t),∆d)

No DCC (0.85, 94 m)
Multistate active DCC proposal CST = −90 dBm (0.67, 115 m)
Multistate active DCC proposal CST = −85 dBm (0.86, 77 m)
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Figure 5.37: Simulation Results for a Vehicle initialized in Restrictive State (t=140 s)
for CST−85 dBm

5.4.2 VANET Performance

Overall system results present the performance in terms of reliability and dependability.
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Figure 5.38: System Performance for two VANET merging scenario: CDF of MAC-to-
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Reliability is achieved, i.e. CDF(∆t) has reaches the 0.9 threshold and maintained in

time above it, regardless of the vehicular traffic density fluctuations.

The next VANET performance results are related to the value of the broadcasted

data. By freshness in meant the ”age” (validity time, since is generated until is handed

out) of the messages present in the VANET and its evolution in time. For safety-related

data it is very important that the broadcasted data is as contemporary as possible, i.e.

the transmissions are most up-to-date. The plain EDCA and three-state design have

fixed message generation rate set to 2 Hz, whereas the two multistate approaches

implement TRC. As Fig. 5.39 shows, the mean freshness for the multistate designs is

lower and similar to each other (as both implement the same TRC). This means that

the broadcasted data traffic is fresher.
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Figure 5.39: System Performance for two VANET merging scenario: Mean Freshness

Finally the freshness values are classified in five colours. When the freshness is,

- lower or equal to 100 ms,

- between 100 ms and lower or equal to 200 ms,

- between 200 ms and lower or equal to 300 ms,

- between 300 ms and lower or equal to 400 ms and

- between 400 ms and lower or equal to 500 ms.
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Figure 5.40: System Performance for two VANET merging scenario: Freshness colours
at t = 140 s

For fixed message generation rate the freshness distribution throughout the colours

is homogeneously distributed. However, for variable message generation rate, it is

exponentially distributed, exponentially decaying from 100 ms to 500 ms. A function

could be approximated to this distribution. It could be used to compare different TRC

implementations.
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Conclusions

This thesis provides the following main contributions in the field of MAC protocols

in vehicular communications for scheduling e-safety data traffic: firstly, the analytical

description for the collision probability of IEEE802.11p MAC and the alternative, SoT-

DMA. This formulation was the missing cornerstone for evaluation and validation of

MAC protocol simulation tools in vehicular communications. Secondly, this work pro-

poses new performance indicators for MAC performance when scheduling safety-related

data traffic. And thirdly this thesis has applied the aforementioned methodology to the

performance study of various transient vehicular scenarios.

My overall conclusions are that the IEEE802.11p MAC has a lower mean channel

access delay, whereas SoTDMA (which is proven to be feasable in real-world vehicular

environments) is more predictable and has a better reliability in terms of delay in heavily-

loaded scenarios with variable traffic density. SoTDMA can be used as a benchmarking

reference in start-up scenarios, as it outperforms CSMA/CA. In this sense, SoTDMA

defines a benchmark level which is achievable by IEEE802.11p MAC only when EDCA

is used and the traffic priority is tuned. For initially dense scenarios (with vehicle

inter-arrival time 1 s) and dynamic scenarios with variable traffic density (i.e. merging

scenarios), the use of SoTDMA and plain EDCA is discouraged. In both scenarios,

reliability is lost during the merging. For EDCA, even the performance for a 200 vehicles

VANET turns out to be unreliable. Reliability in terms of delay and coverage range is

guaranteed through the implementation of an additional crosslayer enhancement (the

so called DCC mechanism). Moreover, dependability is achieved throughout the whole

simulation time.

87



88 Chapter 6. Conclusions

6.1 Key Performance Indicators

When scheduling safety-related information it is very important that warnings arrive

timely and that they are disseminated as far as possible from the source, so the drivers

can anticipate the danger. In previous work reliability has been evaluated only in terms

of the cumulative distribution function of the MAC-to-MAC delay (CDF (∆t)). This

thesis has presented the complementary information showing the dissemination range

(∆d) and the reliability in terms of complementary cumulative distribution function of

the coverage range ((CCDF (∆d))). The tuple (CDF (∆t),∆d) provides a complete

description of the reliability. Also by evaluating the temporal evolution of a reliability

indicator, a dependability indication is obtained. Instead of instantaneous performance,

a QoS performance study has been carried out.

Further, this work has also provided performance indicators for evaluating the TRC

algorithm within the DCC mechanism (freshness of the information). My results show

that the ”fresher” the information, the better the TRC works, as opposed to no TRC.

Finally, as the evaluated scenarios are transient, the stabilization time has been

used to provide an indication of the time required for regaining a reliable performance

in varying vehicular traffic density scenarios. Results have shown that using the DCC

mechanism in scenarios with significantly changing traffic density, reliability is sus-

tained for a longer time until an accumulative effect in a merging scenario occurs. It

is evaluated as stabilization time depending on the size of each individual VANET and

the speeds of the platoons. This key performance indicator is useful for short-term

evolution estimation for the road network.

6.2 Performance of MAC Layer for Traffic-Safety

Previous work [29] has proven that CSMA/CA (the MAC algorithm of the IEEE802.11p)

is outperformed by the SoTDMA (inherited MAC algorithm from the AIS of the ship in-

dustry) in stable highly-loaded scenarios when scheduling broadcasted safety messages.

The slotted-based approach is advantageous for being very predictable and always pro-

viding channel access regardless of the channel load. This thesis implemented initially

a simplified SoTDMA in order to study the feasibility of using it in real vehicular en-

vironments. The results have shown how four vehicles actively join the network at

different time instants. The vehicles deterministically select the time slot for transmis-

sion based on the information acquired when receiving the first frame. Next, they start

transmitting CAM messages periodically without collisions. These results validate that

a cooperative awareness service could be provided in a real vehicular scenario.
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Once proved that SoTDMA is feasible, challenging vehicular scenarios were defined

in order to evaluate the performance in transient state VANETs. These scenarios are

highly-loaded vehicular scenarios where the traffic density is rapidly changing. A full

implementation of both MAC algorithms has been achieved in the Matlab language

and two selected scenarios have been evaluated: (1) start-up phase of a VANET and

(2) merging of two VANETs.

The simulation results of a VANET in start-up phase show that for up to 400

vehicles the CDF (∆t) level reaches 0.8 when using CSMA/CA. SoTDMA outperforms

this level by achieving 0.85. Only when switching to EDCA (which defines a set of

QoS enhancements for wireless LAN applications through modifications to the MAC

layer) and changing the AIFS and CW size (i.e. lowering the priority), IEEE802.11p

results improve and reach the SoTDMA benchmarks. In this scenario the collision

probability is the dominant loss contribution. In addition, these results have been

validated via the analytical descriptions in Chapter 4. For the purposes in this thesis,

the reliability threshold is defined as the 90% percentile of the MAC-to-MAC delay, i.e.

the delay ∆t where the CDF (∆t) level surpases 0.9. Consequently, neither CSMA/CA

nor SoTDMA achieve the reliability threshold 0.9 when using constant transmit power.

This failure motivates investigations into the DCC mechanism, as an enhancement of

the IEEE802.11p MAC in heavily-loaded scenarios.

The last scenario evaluated in this thesis is the merging scenario of two internally

well-organized VANETs. The impact of traffic density variation is studied. Both EDCA

and SoTDMA display unreliable performance when the vehicle density changes from

200 to 400 vehicles (for a initially dense VANET, i.e. vehicle inter-arrival time is lower

than 3 s). The DCC mechanism is introduced in order to reach a reliable and depend-

able performance. The best results are achieved when the transmit power control states

are designed in relation to the channel load (a.k.a channel busy ratio (CBR)). Using the

proposed transmit rate control, a more reliable performance is achieved by using a mul-

tistate active DCC design. Still when merging occurs (200 to 400 vehicles within range

are detected) the overall system performance requires a some stabilization time until

reliable performance is regained. When both VANETs begin to separate, the transient

effect reappears. These accumulative effects in transient vehicular scenarios are eased

by sharing the information of the joint channel perception (e.g. individual perception

of the channel load or collision probability). By these means vehicles synchronize to

set a common parameter setting (make a joint decision) so that the overall VANET

performance is enhanced. Alternatively, the carrier sensing threshold (CST) can be

tuned.
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This work discusses the results for this second option. The simulation results show that

dependability is reached only when the CST sensitivity is increased to −85 dBm. With

that parameter setting, coverage ranges are enhanced by 5 to 10m in comparison to

plain EDCA performance, reaching 60 to 100m coverage ranges for a QoS (0.9,100ms).

The dependence of the MAC performance on the vehicle inter-arrival time is an

important effect. This has a significant impact on the MAC performance, particularly

on the collision probability. This work presents results setting the inter-arrival time

to zero (during the start-up phase of a VANET, i.e. vehicles are initialized within the

same frame), and in that situation the reliability is lost. In the case of SoTDMA this

behaviour holds until the inter-arrival time is set to 3 s which means that all the vehicles

in the vicinity of the reference are sensed (there are no collisions for the same channel

perception between vehicles within range). The large number of collisions for small

inter-arrival times turns out to be a drawback of SoTDMA. EDCA is less sensitive to

this parameter. Still, results have shown that using an inter-arrival time lower than

3 s not even a 200 vehicle VANET performs reliably. Therefore, it is concluded that a

DCC mechanism is required for the sake of robustness.

ETSI defines a message transmit rate variability depending on the driving behaviour.

Additionally, this thesis proposes to implement TRC in case of heavily-loaded scenarios

in order to ease the channel load as the number of vehicles increases. The SoTDMA

algorithm defines that the vehicle shall exit the continuous operation phase and restarts

the scheduling algorithm if the message report interval is changed. Thus, the vehicle

reenters the initialization phase and listens to the activity of the whole frame. Next, the

vehicle enters the network entry phase, first frame and finally the continuous operation.

This induces a skip in the transmission during its initialization phase each time the

transmit rate changes. This behaviour is clearly unsuitable for safety-related messages.

For this reason, SoTDMA is useful for benchmarking other protocols. However, it is

less suitable for rapidly changing vehicular scenarios (with variable transmit rates) and

scenarios with variable vehicular traffic density.



7
Future Work/Outlook

The next steps to take regarding the research topic of of medium access control algo-

rithms in the field of vehicular communications, when scheduling safety-related data are

easy to surmise. From the simulation point of view the main element the researchers

are lacking of is a suitable PHY model for the vehicular channel. Even if the theoret-

ical models to be used are there, a suitable parametrization is still to be defined. For

that purpose measurement campaigns and analytical evaluation of results should be

carried out in order to obtain useful values to tune the MAC layer simulators, such as

sensing ranges and coverage ranges for different transmit powers or for different CST

values. That would be very useful for further DCC design. Also as mentioned in the

previous chapter, cooperation amongst vehicles leads to overall VANET performance

enhancement, as vehicles can synchronize to set a common parameter settings (make

a joint decission based upon the treatment on the joint information gathered from the

neighbours). This might decrease the collision probability.

Regarding the outlook, there are still some questions open in this area of knowledge.

On one side, SoTDMA was thought for time-driven messaging. Not only for stable but

also for transient traffic scenarios it outperforms EDCA. SoTDMA performance could

benefit from implementing an additional crosslayer enhancement, similar to the DCC

mechanism, or applying carrier-sensing. But due to commercial aspects it is not so

straightforward to go for this implementation. Would the migration from EDCA to

SoTDMA be feasable? And the cohabitation of vehicles implementing either of them?

Theoretically if the number of nodes using SoTDMA would increase, these vehicles

would push EDCA nodes back, as they would transmit when scheduled and would not

back-off until channel is sensed idle. So cohabitation would be possible.
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The next question is that if EDCA and SoTDMA would be used depending on the

scenario or the application data to be managed (i.e. in SCH and CCH respectively),

is it feasable an implementation of those two MAC schemes on one equipment? In the

author’s opinion the solution would be either to go for two transceivers (one for CCH and

other for SCH) or have a switch (like the US channel switching). Still within the topic of

SoTDMA as an alternative MAC for safety-related data, this work has studied lightly-

loaded and heavily loaded scenarios. Results have shown that the earlier case, which can

be related to a urban scenario (up to 50 vehicles), is not that struggling for IEEE802.11p

MAC. The channel is sensed idle often enough to provide a lower channel access delay

than SoTDMA. Regarding corner effects, that would not affect the performance, due

to the fact that IEEE802.11p is defined for the 5.9 GHz carrier frequency. But it is in

highway scenarios (i.e. heavily loaded) when SoTDMA is more advantageous due to its

structured access and predictable performance. On the other side, multihop is another

open issue in order to enhance the dissemination of safety messages. CAMs/BSMs

are one hop messages but some ideas have arisen about the possibility of DENMs

being disseminated via multihop. Applications such as geonetworking push in that

direction. Another hot topic are the geonetworking algorithms. They are based on

flooding approach to transmit each data packet to all reachable nodes within the geocast

region. But as safety-related messages are sent via CCH, it is not recomended to do

multihop in order not to overload the channel. So it is encouraged that geocasted data

is not transmitted on the CCH but on the SCH. And finally in order to enhance the

reliability, network coding is thought to be an option. In the work carried out so far, it

has been proven to perform correctly just in slow speed vehicular environments. Still

this is an aspect to have a look into.
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