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Abstract 

Abstract 

Broadcast communications are widely proposed for safety messaging.  In the case of highway vehicular 

networks and constantly communicating safety messages inevitably cause the well-known hidden terminal 

problem.  Three existing leading repetition-based broadcasting protocols have shown to meet the reliability 

and delay requirements for Dedicated Short Range Communications (DSRC) safety systems.  We propose a 

quantitative model to evaluate the quality of service (QoS) of DSRC systems using these three leading 

repetition-based protocols under hidden terminals and highway scenarios.  The performance of our model is 

analyzed by means of probability of success and delay performances. 

We also present three new Medium Access Control (MAC) layer design protocols for safety messaging 

applications.  The main protocol we introduce is known as Passive Cooperative Collision Warning (PCCW) 

protocol for repetition based vehicular safety message reception reliability improvement in DSRC.  The 

PCCW protocol and jointly proposed Enhanced-PCCW (EPCCW) and emergency-PCCW (ePCCW) 

protocols variants can work on top of existing repetition protocols for serving as a passive collision 

warning mechanism in the MAC Layer.  A full analytical derivation of the relative reliability and delay 

performances for all three PCCW, EPCCW and ePCCW protocols are provided, serving as intuitive 

performance evaluators.  EPCCW employs the physical (PHY) layer to create sub-slots for the purpose of 

further increasing reliability by both avoiding and minimizing probability of collision at slots that would 

nominally fail. Analytical and simulation results of PCCW and EPCCW agree, and show a significant 

reduction in message failure rate versus the leading repetition protocols, especially under high collision 

scenarios up to 40% at optimal, and 80% at higher repetitions.  Additionally, an improvement in average 

timeslots delay is observed, which facilitates improved vehicular safety messaging.  ePCCW is particularly 

useful for emergency vehicle (EV) communications.  This enhancement makes meeting stringent quality of 

service (QoS) requirements particularly prevalent in safety applications of DSRC systems. ePCCW show 

up to 77% reliability improvement relative to a leading alternative is realized.  Additionally, the proposed 

system is shown to have a decreased average timeslots delay that is well within acceptable delay threshold, 

and provides the best reliability in its class, which is key to safety messaging. 

In all our simulation results, we use our accurate Orthogonal Frequency Division (OFDM) MAC and 

physical (PHY) layer designs.  The PHY layer simulator is a new object-oriented simulation environment, 

and is achieved using high-level design, parallelism and usability for the simulation environment. A high-

level design and GUI layouts of the proposed simulator is shown in details. This can serve as a 

learning/research tool for students or practiced professionals to investigate particular designs.  In addition, 

we provide a simple technique to implement simulation partitioning for increased parallel performance of 



  vii 

reconfigurable object-oriented OFDM simulators. This simple technique applies to scenarios where there is 

disproportionate simulation duration between different OFDM configurations. It is shown to decrease total 

simulation time considerably. 

Additionally, we present a study on different demapping schemes at the PHY level.  We propose the use 

of a linear demapper over a recently proposed non-linear demapper.  The study is also presented under 

different decoding schemes of DSRC receivers. We also propose the use of equalization concepts in 

frequency domain that exploit the frequency domain channel matrix to combat inter-carrier interference 

(ICI) instead of inter-symbol interference (ISI) in DSRC systems. It is shown that the DSRC system with 

the frequency-domain equalization scheme achieves a considerable performance enhancement compared to 

both the conventional and the Viterbi-aided channel estimation schemes that try to combat ISI in terms of 

both Packet Error Rate (PER) and Bit Error Rate (BER) at relatively high and low velocities.  
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Chapter 1 Introduction 

Chapter 1 

Introduction 

Vehicular safety communications is a developing technology meant to aid in making everyday travel safer 

by facilitating information exchange between vehicles in use of vehicular safety applications.  Vehicles 

using this technology could be made aware of surrounding vehicle’s position and status without relying on 

the use of radar, vision processing or sensor systems.  Additionally, vehicular safety communications can 

be used in conjunction with other safety systems for improved vehicle safety.  Its development started with 

the introduction of Dedicated Short Range Communications (DSRC), which was proposed with the main 

goal of reducing the number of motor vehicle accidents.  In 1999 the Federal Communication Commission 

(FCC) in the United States approved spectrum licence of 75 MHz at the 5.9 GHz frequency band [1].  

Communication between vehicles can be as simple as notification of presence, to including detailed 

positional and status information that can be used by safety applications in driving assistance, or even 

vehicle driving automation.  Although the full range of applications vehicle communications have not been 

defined completely at this stage of development, and when it comes to safety messaging for prospective 

collision avoidance applications, there is a clear need for low latency, high reliability communications 

between vehicles.  This 75 MHz capacity was subdivided into seven 10 MHz wide channels, with five 

1 MHz spacing in between each channel.  Of these 7 channels, two have been allocated specifically for 

safety messaging, one control channel, and the other four for other applications including potential 

multimedia and user defined applications.  Due to multipath fading channel in vehicular environments, 

inter-symbol interference (ISI) problem is present, hence an Orthogonal Frequency Division Multiplexing 

(OFDM) PHY was chosen as a base for the DSRC PHY development to mitigate the effect of ISI.  

However, the Doppler shift experienced by vehicles traveling at non-zero relative velocities are 

compensated by using a frequency domain equalizer as shown in [2][3].  Recently, DSRC’s physical layer 

(PHY) and lower medium access control layer (MAC), collectively known as IEEE 802.11p, has been 

approved. 

For emerging designs for safety messaging, messages would be transmitted from vehicle-to-vehicle 

over one or more of the 10 MHz safety channels.  These messages are of broadcast nature in the 

relationship of one transmitter to many receivers.  The messages contain information such as position, 

speed and heading, braking indication, or even deployed airbag indication.  The payload size of DSRC 

safety messages are relatively small, and have a variable transmission frequency.  Additionally, because the 
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information is used for ensuring safety, the messages should arrive with low delay and with a high 

reliability in order to meet Quality of Service (QoS) requirements for the safety applications.  Two 

important metrics for measuring quality of the safety message transmissions are reception reliability (also 

known as the probability of success), and average delay between transmission and successful reception of a 

broadcasted safety message.   

1.1 Problem Statement  

A problem with the MAC layer for safety messaging is controlling access to the channel in an efficient 

manner with minimal delay and high reliability.  The problem exists in reducing the number of collisions 

between broadcasts from simultaneously broadcasting interfering users.  The range of interference is 

dependent on three major factors namely: the intended range at which the safety message is intended to 

reach, the convolution coding rate (i.e. puncturing level of the convolution code), and modulation scheme 

[4] of the DSRC PHY.  Additionally, recall that the DSRC’s PHY must operate under multipath fading 

channel with Doppler shift being compensated by the PHY.  Hence the system depends on the velocities 

involved, the surrounding environment, the number of vehicles, distance between vehicles, modulation 

scheme, coding rate, and intended message distance.  These metrics affect the system’s performance 

significantly, hence are fully considered in this work.  These potential failures motivate the use of repetition 

codes that can increase reliability of safety messages through redundant repetitions (re-transmissions).  

Also average delay can be lowered if relatively few broadcast collisions occur, with sufficient number of 

repetitions.  The basic design of a repetition code involves defining a useful lifetime in which a safety 

message will be made available for re-transmission.  We’ll refer to the safety message itself as the packet, 

and the useful lifetime as	�, measured in milliseconds.  We define the frame of the message as � 

milliseconds long, and we subdivide the frame into slots in which packets can transmit into, where the 

duration of a slot is the same duration of one packet transmission.  The length of the safety message frame 

is said to be H slots long.  At a minimum the repetition protocol must define the number of repetitions (�), 

and represent which slots of the frame are being used for these repetitions.   

There are a number of protocols intended to increase reliability of broadcast messages by increasing 

redundancy in the transmission.  One of the possible breakdown points of repetition based broadcasting is 

as repetitions increase the reliability only increases while the number of incurred collisions remains 

relatively low.  During high load and with a small frame size, rapid reduction in reliability can happen with 

relatively few repetitions, due to high collision rates.  Repetition protocols behave optimally when 

reliability is at a maximum given specific conditions and certain number of repetitions.  Hence, the number 

of repetitions and corresponding collisions probability of those repetitions contribute to the probability of 

success of the respective repetition protocols.  Synchronous p-persistent repetition (SPR) is a protocol that 

has a mean number of repetitions  �̅ chosen by random selection on a per slot basis as in [5].  Synchronous 

fixed repetition (SFR) is another repetition protocol that randomly chooses exactly � number of repetitions 

in random slot positions [5].  Positive orthogonal code (POC) [6] uses a CDMA inspired allocation scheme 
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that attempts to limit collisions by allocating sets of codes on a geographic region segmentation basis that 

reduces collisions between codes in the same region.  In addition, POC can use a system known as adaptive 

elimination for voluntary omission of code selection.  The performance of SFR is generally superior to that 

of SPR, and POC performance is generally superior to SFR.   

As mentioned previously, IEEE 802.11p standard [7] also known as DSRC has recently been released.  

It is important to note that this release improves broadcast efficiency by enabling of the wildcard basic 

service set identification (BSSID) for broadcast communications.  This enhancement directly impacts the 

performance on safety related communications because the nature of most safety communication systems is 

of broadcast type [8].  Broadcast type messages enable communication without setup handshaking.  In 

802.11-2007 standard, request-to-send (RTS) and clear-to-send (CTS) control messages are used for carrier 

sense multiple access with collision avoidance (CSMA/CA) to reduce frame collisions.  The use of RTS 

and CTS control messages is not feasible in broadcast scenario due to flooding of CTS packets [8].  Also 

for safety messaging, the RTS and CTS packets approach the size of the actual safety messages themselves 

[9].  Hence broadcast safety communications cannot rely on RTS/CTS transmissions for reducing 

collisions.   Additionally, the DSRC channel structure includes two channels intended for safety 

communications [5].  These channels can be separated into long-range and short range communications, or 

emergency vs. non-emergency communication depending on the application. 

Additionally, we previously mentioned that OFDM systems are able to mitigate inter-symbol 

interference (ISI).  However, the presence of vehicular mobility renders the orthogonality principle found 

in OFDM invalid causing ICI.  ICI factor increases with increased vehicular speed.  ISI and ICI exist due to 

two physical phenomena known as the multipath fading and the Doppler shift, respectively.  Therefore, the 

research is ongoing and requires new and improved designs to mitigate the effect of these two physical 

phenomena.   

1.2 Main Contribution 

Authors in [6], proposed a quantitative approach to evaluate the broadcast performance of the conventional 

IEEE 802.11 MAC DSRC system in a highway scenario. The authors conclude that the designers of DSRC 

broadcast-based highway safety systems can shift their main focus to improving the probability of success 

performance as opposed to being too concerned with the delay study.  This is one of the main key 

motivations of our study, which is improving the probability of success within acceptable delay threshold 

for safety messaging.  Since we are also working on the PHY layer of DSRC, this dissertation also studies 

different PHY layer receiver designs and compare their relative bit error rate (BER) and packet error rate 

(PER) performance.  This allows us to propose which receiver is best suited for its environment.  In this 

context, the environment means the channel behaviour.  
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1.2.1 MAC Layer Designs 

We first start by analysing the effect of the well-known hidden terminal problem in safety messaging 

applications.  The three existing repetition-based broadcasting protocols mentioned earlier have shown to 

meet the reliability and delay requirements for DSRC safety systems.  However, when compared with one 

another, all of these protocols have not been tested under hidden terminals scenario.  Hence, this 

dissertation proposes a quantitative model to evaluate the quality of service (QoS) of DSRC systems using 

these three leading repetition-based protocols under hidden terminals and highway scenarios.   

More precisely and when it comes to MAC layer designs and improving the probability of success 

performance, this dissertation introduces the design background and concepts of a new MAC layer protocol 

we called Passive Cooperative Collision Warning (PCCW).  We have shown that PCCW considerably 

improves repetition based vehicular broadcast safety MAC reliability performance.  The PCCW protocol’s 

purpose is to inform other user nodes of potential collisions of repetitions. The protocol is passive as it does 

not incur additional transmissions to send this information, and instead appends a small header payload to 

packets that have been pre-determined by an underlying repetition protocol.  This header payload incurs a 

slightly increased latency per slot, but as we will show, is not detrimental.  In addition an improved form of 

PCCW is also proposed and analysed for further improvement, named enhanced PCCW (EPCCW), which 

uses the ability of the DSRC PHY in reducing the chance of collision in certain scenarios.  It is important 

for the protocols not to incur additional data packet transmission to achieve an overall reduction of 

collisions.  Importantly, we chose to design PCCW to make most of its decisions in each node, with error 

tolerance allowed so that node decisions will not adversely affect the other users.  For this work, we 

consider only one channel usage, but can be expanded to be used over both channels by using PCCW on 

two separate MACs.   

A third MAC protocol is also designed in this work to further increase reliability performance required 

by the emergency vehicles.  This new emergency-PCCW (ePCCW) protocol makes meeting stringent 

quality of service (QoS) requirements particularly prevalent in safety applications of DSRC.  ePCCW has 

shown to achieve a near 100% success performance. 

In order to reduce collisions due to overlapping time slots it is recommended that global time 

synchronization be employed. The precise time synchronization can be achieved practically using a number 

of techniques including Global Positioning System (GPS), or through city wide time pulse [10].  Both 

analytical and simulation results that follow in this dissertation assume synchronized time slots between 

users in the same region.   

1.2.2 MAC Layer Simulator Design 

It is well known that the effect of mobility of vehicles cannot be ignored in DSRC, and a lot of work has 

been done to mitigate the effect of the channel, such as in [2].  Hence this is the reason why we have to use 

a precise physical layer (PHY) simulator, such as our PHY simulator proposed in [11], in our analysis and 

our simulator design in this proposal.  Other network simulators commonly omit PHY simulation, and or 
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include less precise PHY implementation, and focus more on the upper layers. For instance in Network 

Simulator 2 (NS2), Nakagami fading simulator was just recently included, but the actual PHY 

implementation is limited in modulation schemes.  Our OFDM Simulator models standard 802.11p DSRC 

PHY which includes channel equalization, modulation schemes as implemented according to [2].  The 

PHY broadcasts and receives through a Rayleigh fading channel model with each fading path’s Doppler 

shift being modelled according to relative vehicle velocity from mobility model.  Specifically, the Rayleigh 

paths from a transmitting vehicle’s broadcast are generated at a different SNR and Doppler shift because 

each receiving vehicle is at a different distance and relative velocity to each other.   

1.2.3 PHY Layer Receivers Comparison 

This dissertation also proposes applying a receiver design for the 5.9 GHz DSRC system that can make use 

of ICI information caused by the time-varying channels.  Hence, we compare our proposed receiver design 

against another receiver design that uses adaptive filtering scheme in its design.  The proposed receiver 

uses a maximum a posteriori (MAP)-based equalization concept in frequency-domain to combat ICI instead 

of ISI in DSRC systems without the need of feedback loops.  The receiver designs are tested for QPSK and 

BPSK modulation schemes, and are compared to the conventional DSRC system.  The improvements are 

achieved through a worst-case scenario at relatively high and low speed limit studies, that is, by using 

Rayleigh fading channel at high and low legal limits of relative vehicular velocity. 

1.2.4 PHY Layer Simulator Design 

Finally, it is evident that OFDM systems intended to be used in dynamic environments must be tested 

under various conditions in order to be designed for optimality. Hence, a new simulation design is proposed 

coupling the GUI, parallelism, and high-level object-oriented design techniques to be beneficial to the 

researcher.  GUI interface can serve as a learning/research tool for students or practicing professionals to 

investigate particular designs.  A high-level design and GUI layouts of the proposed simulator is shown in 

detail. Important OFDM parameters needed for reconfiguration of transmitter components, channel 

condition parameters, and receiver components are discussed. In addition, we provide a simple technique to 

implement simulation partitioning for increased parallel performance of reconfigurable object-oriented 

OFDM simulators. This simple technique applies to scenarios where there is disproportionate simulation 

duration between different OFDM configurations. It is shown to decrease total simulation time 

considerably. 

1.3 Organization of the thesis 

The rest of this dissertation is organized as follows:  

In Chapter 2 safety related considerations and traffic model formulation and analysis are discussed.  

Probabilities of success for the leading three repetition-based broadcast MAC protocols under hidden 
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terminal conditions are derived.  We also present in this chapter the performance results and discussions on 

safety broadcast messaging under the effect of hidden terminals compared to the non-hidden scenarios.  

Chapter 3 introduces the three new MAC layer designs, namely PCCW, EPCCW and ePCCW.  The 

chapter starts with a brief literature review on repetition codes that are useful for working with and 

comparing to PCCW.  The design process of PCCW for the scope of vehicle safety messaging, 

implementation and behaviour of the PCCW protocol including behaviour description, and interoperation 

considerations are then covered.  We derive PCCW’s analytical equations and present the modified 

versions of PCCW to include the underlying repetition protocols.  EPCCW and ePCCW’s are then 

introduced and their analytical equations are derived.  Delay equations for all proposed protocol designs are 

also derived. Also, an illustration of the important technical aspects related to emergency scenario protocol 

is presented, which is crucial when it comes to our ePCCW protocol for emergency vehicles.  Simulation 

and analytical performance results of PCCW, EPCCW and ePCCW protocols reliability enhancements 

under different scenarios using the simulation model and analytical models are also presented.  Analytical 

and simulation results agree. 

Chapter 4 presents our MAC simulation design which also uses a precise PHY model that we also 

present in a later chapter of this dissertation.  Chapter 4 covers the simulation environment for PCCW, 

MAC, PHY, channel fading, channel interference, and mobility model assumptions, and details the 

respective interactions between each other with assistance of UML diagrams, essentially giving an 

explanation of our framework for testing vehicular safety messaging protocols. 

In Chapter 5 we start with a description of the baseband model of the conventional DSRC PHY design, 

and then we discuss the enhanced different PHY receiver designs for DSRC, after which they are compared 

with each other.  Specifically, a linear-decision demapper is compared with non-linear demapper with 

different decoders.  It is shown that the linear demapper generally outperforms the non-linear demapper.  

Also, the channel mobility model is described in this chapter to better shed light on the reasons why 

different receiver designs for DSRC are required.  The receiver design that uses frequency domain 

equalization to combat ICI is shown to outperform all the other designs, namely the conventional, Viterbi-

aided receiver designs. 

Chapter 6 describes important aspects of modelling the OFDM PHY.  Also, the proposed GUI and 

object oriented simulator environment for OFDM PHY communication system is presented.  More 

precisely, the chapter starts with a highlight of the simulation design overview.  Then the simulation 

environment overview is presented, which is followed by the descriptive Unified Modelling Language 

(UML) class diagrams for the simulator design.  Then, the relationship between the high level design and 

GUI is illustrated.  Finally, we propose using simulation partitioning for distributed and parallel simulation 

with an example case study to show the resulting improvement in simulation run-time for different OFDM 

PHY designs.  Sequence diagrams are used to highlight the flow between simulation processing units.  A 

thorough explanation of the distinctiveness of our proposed design is also discussed. 
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Chapter 7 covers the conclusion and future works.  Appendices A, B, and C contain the Elsevier and 

IEEE reprint permissions, list of publications, and the pseudo codes for the probability of success analytical 

equations for the 3 new MAC layer protocol designs, respectively. 
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Chapter 2 

A Quantitative Analysis of DSRC Repetition Based 

Broadcast Safety Messaging with Hidden Terminals 

Dedicated short range communications (DSRC) systems are currently being developed by the IEEE 

802.11p workgroup, for vehicle-to-vehicle and vehicle-to-roadside communications [1]. The IEEE 802.11p 

amendment to the IEEE 802.11 standard has recently been released [2].  DSRC are an important part of 

Intelligent Transportation Systems (ITS).  Although, their main reason for deployment is to provide 

significant road safety, they are also being considered for commercial purposes.  DSRC system’s medium 

access control (MAC) layer is based on IEEE 802.11 MAC, which uses carrier sensing medium 

access/collision avoidance (CSMA/CA) protocol [2].  Broadcast is widely used for safety messaging 

because it provides low latency, and is also proposed for highway safety communications [3].  Since, safety 

applications are very crucial, highway broadcast-based inter-vehicular safety applications are considered in 

this study.  

Some MAC protocols use RTS and CTS schemes in their design to lower the chance of packet 

collisions such as in [2] and [4].  Safety messages are short and comparable in length to that of RTS, 

creating a similar chance of RTS/CTS packets causing a collision as the safety message.  Additionally, 

safety messages such as environment hazards, position, direction and speed of the vehicles are usually 

broadcasted with frequency of 10-20 times per second [5].  Hence, if RTS are sent by a vehicle, the 

resulting flood of CTS packets in broadcast mode causes a flood of high collision probability.  Therefore, 

these kinds of protocols are inefficient for short safety messaging. A quantitative approach to evaluate the 

broadcast performance of the conventional IEEE 802.11 MAC DSRC system in a highway scenario was 

presented in [6].  The authors conclude that the designers of DSRC broadcast-based highway safety 

systems can shift their main focus on improving the probability of success performance as opposed to being 

too concerned with the delay study.  

Repetition-based protocols [6], [16] and [17] show an increase in probability of success relative to the 

conventional system, and meet the DSRC system requirements when tested under no hidden terminals 

scenarios.  The protocols in [16] and [17], are random-based repetition protocols.  These protocols are 

called Asynchronous p-Persistent Repetition or APR, Asynchronous Fixed Repetition or AFR, 
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Synchronous p-Persistent Repetition or SPR, and Synchronous Fixed Repetition or SFR.  Generally, the 

synchronous protocols were shown to outperform asynchronous protocols, with the SFR systems 

performing better than SPR systems.  Furthermore, they proposed a protocol that improved the 

performance of the AFR by adding a carrier sensing (CS) mechanism, which they call AFR-CS.  The 

authors in [6] proposed a repetition protocol that is based on Optical Orthogonal Codes (OOC), which they 

called Positive Orthogonal Codes (POC).  They have shown that POC outperforms SFR and SPR protocols.   

The hidden nodes problem is well known in vehicular ad-hoc networks.  Although, the hidden node area 

in broadcast is dramatically larger than that in unicast [15], in all the aforementioned repetition protocols, 

the authors do not take hidden nodes into account.  This is the key motivation of our study.  We examine 

the safety performance of repetition-based broadcast DSRC in a highway scenario when hidden nodes are 

taken into account.  In our work, we construct detailed mathematical models of the probability of success 

under hidden terminals condition, and quantitatively compare against non-hidden terminals condition.  

Furthermore, we show how different traffic models compare under repetition protocols. 

2.1 Safety Related Considerations and Traffic Model Formulation and 

Analysis 

In this section, a description of relevant DSRC safety related information is presented, and then the 

probability of having � interfering in-range terminals and ℎ interfering out of range hidden terminals is 

defined with respect to a transmitting user.  For calculating the probability of having � interfering 

terminals, and ℎ interfering hidden terminals, both binomial and Poisson traffic models are considered.  In 

this section, the probability of success of one of the repetition protocols in both binomial and Poisson 

traffic models are also compared. 

2.1.1 DSRC safety related considerations 

At 5.9 GHz licensed band, the DSRC system is divided into seven 10MHz channels.  One of these channels 

is restricted for communications of safety messages only [1].  A main purpose of DSRC is ensuring a high 

probability of delivery of critical safety of life broadcast safety messages.  Broadcast mode was improved 

by the 802.11p workgroup as an important part of the amendment to 802.11 protocol [1] and [7], as is 

evident by the introduction of faster connection setup for broadcast mode over that of 802.11.  Besides 

having faster connection time, RTS and CTS packets could be dropped in broadcast mode in order to 

minimize congestion that would be caused by one-to-many and many-to-one broadcast responses.   

In regards to the DSRC safety message, its payload size is relatively small yet variable, and also has a 

range in QoS requirements ranging from routine to critical safety of life [14].  Routine messages could 

include small changes in position, velocity or acceleration, while critical safety of life message could 

include event information such as emergency braking or airbag activation messages.  For these messages to 

be relevant and effective, they need to be received by other vehicles at low latency, and with high 

reliability, even under scenarios of high channel usage.  For a safety message to be effective, it makes sense 
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that it should be received and interpreted in less time than human reaction time.  Therefore, in order to 

greatly improve vehicular safety, the communication delay has been reported as not exceeding 

approximately 200 milliseconds (ms) [6].  If there are a large number of users transmitting at the same 

time, reliability of the message will decrease as a result of packet collisions.  It has been shown that the 

amount of degradation in reliability can be mitigated through repetition based broadcasting methods [6], 

[16] and [17]. 

2.1.2 Probability of having � interferers 

We define a maximum number of interferers named	�JKL, which is used in determining the total 

probability of success in Section 2.2.  Commonly utilized traffic models and assumptions as validated in 

[15] and [18] are used.  Hence, we assume a highway environment with vehicles placed exponentially 

along a one dimensional ad-hoc network, as seen in Figure 2.1, using a Poisson process with density of	: 

(vehicles per unit length).   

 

 

Figure 2.1 Hidden and in-range vehicle regions relative to center transmitter 

Average number of vehicles within transmission range of the transmitting vehicle (center transmitter in 

Figure 2.1) including itself is	� = : × �8�9, where	�8�9 is twice the transmission radius of a terminal.  

Hidden terminals are located outside the transmission range of the transmitting vehicle, but not exceeding �8�9 distance from the transmitting vehicle, as in Figure 2.1.  When hidden terminals are included,	< of 

them that could potentially interfere with the � users, where	< = 2 × : × �8�9 − �.  Furthermore, to 

focus on performance degradation due to packet collisions, in this study an ideal channel is assumed. 

2.1.3 Interferers for binomial transmission model 

For binomial distributed interferers, we have the user load �	 (packets/user/frame) which can be interpreted 

as the probability of a user transmitting during the frame.  For example, if � is 1, then the probability of 

each user sending is 100%, that is, each user is sending 1 packet per frame.  Hence, it can be seen that the 

probability of having � interferers is given by: 

PrPQRSJQKT(�	interferers) = 	Pr[ (�) = \�JKL� ] �J(1 − �),^_`	a,, for	� = 0	cd	�JKL, (2-1) 
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where �JKL goes to � − 1 trials because there are � − 1 maximum amount of interfering users under 

binomial model.   

Similarly, for ℎ interfering hidden terminals we have: 

PrPQRSJQKT(ℎ	hidden	terminals) = Pr[ (ℎ) = \ℎJKLℎ ] ��(1 − �)�^_`	a�, for	ℎ = 0	cd	ℎJKL, (2-2) 

where ℎJKL goes to < trials because there are a maximum of < hidden terminals in the hidden terminal 

region under binomial model. 

2.1.4 Interferers for Poisson transmission model 

For Poisson distributed interferers, the probability of finding � interferers depends on the mean number of 

interferers.  Hence, the probability of a user transmitting during a frame � to affect the expected value of 

number of interferers	7, is used.  Therefore, the expected number of in-range interferers with respect to the 

transmitting user is the frame load	� times the terminal density times the length of the in-range region less 

the transmitting user, and can be written as: 

	7, = � × : × �8�9 − 1 = �� − 1. (2-3) 

The probability of having � interferers in range of the transmitting user under Poisson distribution is:   

PrjSQkkSR(�	interferers) = Prl (�) = 7,,�! 8a#n = (�� − 1),�! 8a(loap), for	� = 0	to	�JKL. (2-4) 

Note that for Poisson, �JKL goes to ∞ because Poisson probability models assume an infinite number 

of trials.  It can be seen that as	� ≫ 7,, the probability added is negligible. 

Similarly, for hidden nodes, there is a mean number of 7� hidden terminals which is	7� =�(2 × : × �8�9 − �) = �<. The probability of having ℎ hidden terminals in range of the transmitting user 

under Poisson distribution is:  

PrjSQkkSR(ℎ	hidden	terminals) = Prl (ℎ) = 7��ℎ! 8a#s = (�<)�ℎ! 8a(lt) , for	ℎ = 0	to	ℎJKL. 
(2-5) 

Similarly, ℎJKL goes to ∞ because Poisson probability models assume an infinite number of trials, 

and it can be seen that as	ℎ ≫ 7�, the probability added is negligible. 

2.1.5 Validation of traffic model using Poisson under no-hidden nodes 

In this section, a comparison of binomial and Poisson traffic models under the assumption of no-hidden 

nodes is presented. Let � be the probability that a vehicle will have packets to transmit.  Figure 2 shows the 

probability of success for the SPR protocol under both binomial and Poisson traffic models and under 

various loads.  Although, the probability of success equations are not presented until the next section, the 

purpose of this plot is to show that under non-hidden node scenario our model is comparable to other 

papers that use binomial traffic model as well.  For this test, the vehicle density is fixed at : = 0.1 vehicles 
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per meter (i.e., 1 vehicle per 10 meters).  The difference between binomial and Poisson in Figure 2.2 is 

negligible which validates that the Poisson and binomial cases can be compared directly. 

 

Figure 2.2 Poisson and binomial traffic models with no hidden nodes 

2.2 Repetition Based Broadcast Models with Hidden Terminals 

As mentioned earlier, repetition-based protocols introduced in [6], [16] and [17] assumed that vehicles 

were clustering within the transmission range together, and hence it ignored the effect of hidden terminals 

on the probability of success.  This assumption is not made in our model and instead it takes collision of 

hidden node transmission into account.  We choose SPR, SFR and POC for our study, due to the reasons 

mentioned in Chapter 1.  

2.2.1 Probability of Success for Repetition Based Protocols with Hidden Terminals 

Probability of success is defined as the probability of having at least one transmission in a frame that does 

not collide.  A frame is divided into	H time-slots.  The decision on whether a user (or terminal) can transmit 

a safety message packet during a specific time slot depends on the repetition protocol.  When taking into 

account hidden nodes, both the interference from non-hidden terminals and the effect of interfering hidden 

terminals must be included.  Hence, the probability of success in a frame with � in-range terminals and < 

hidden terminals as	Pro,t(�) is denoted as:  

 Pro,t(�) = Pro (�) × Prt (�). (2-6) 

When the vehicle’s transmission success is not affected by hidden vehicles, the probability of success of 

the transmitting user is given by:  
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 Pro (�) = u Pr,,v(�) × Pr(�)J
,wx , 

(2-7) 

where Pr,,v(�) is the probability of success of the transmitting user given � interferers for a frame length 

of L time slots, Pr(�) is the probability of having � interferers which is dependent on the traffic model as 

shown in Section 2.1, and �JKL is the maximum number of interferers for the interference model.   

Likewise, for hidden terminals we have: 

 Prt (�) = u Pr�,v(�) × Pr(ℎ)�^_`
�wx , 

(2-8) 

where Pr�,v(�) is the probability of success of the transmitting user given ℎ hidden terminals for a frame 

length of H time slots.  Whereas, Pr		(ℎ) is the probability of having ℎ hidden terminals, shown in Section 

2.1; and ℎJKL is the maximum number of hidden terminals.  Hence, the expanded equation of the 

probability of success for the transmitting terminal in Equation (2-6) becomes: 

 Pro,t(�) = u Pr,,v(�) Pr(�),^_`
,wx × u Pr�,v(�) Pr(ℎ)

�^_`
�wx . 

(2-9) 

2.2.2 Probability of Success for SPR with Hidden Terminals 

SPR [16] works by repeating a packet within a frame a mean of � number of times.  This is accomplished 

over a frame of length H time slots by choosing to transmit in a slot or not via a random slot transmission 

determination with mean of	�/H.   

Let � be the event of slot success, where for a slot, the transmitting user must transmit, and	4 terminals 

must not transmit for the transmitting user to be successful.  For the entire frame success consisting of H 

independent time slots and � independent users, we need the probability of having one or more successful 

slot transmissions, which is equal to the inverse of H failures [6].   

 Pry,v,zj{(�) = Pr(�p ∪ �} ∪ …∪ �v) 
= (�̅)v������ = 1 − (1 − �)v = 1 − �1 − �H \1 − �H],�v , (2-10) 

where S is the frame success, and �v is the H�� slot success. 

Similarly, the equation for the probability of frame success for SPR due to ℎ hidden terminals 

interfering is obtained as: 

 Pr�,v,zj{(�) = 1 − �1 − �H \1 − �H]��v . (2-11) 

Substituting Equations (2-4), (2-5), (2-10) and (2-11) into Equation (2-9), we derive the total probability 

of success for SPR with hidden terminals, and under Poisson distributed terminals we have:  
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Pro,t,zj{(�) = u �1 − �1 − �H \1 − �H],�v� �(�8�9 × � − 1),�! 8a(loap)�,^_`
Jwx

× u �1 − �1 − �H \1 − �H]��v� �(�<)�ℎ! 8a(lt)��^_`
�wx . 

(2-12) 

2.2.3 Probability of Success for SFR with Hidden Terminals 

SFR [16] works by repeating a packet in random time slot positions exactly � times out of H total time slots 

in a frame.  The probability of frame success is different from SPR because of the dependency between 

time slots that exist in SFR.   

The probability of an interfering terminal transmitting zero times in the transmitting user’s x successes 

is determined by the hyper geometric equation for dependent slots and independent � interfering users as 

follows: 

 �&va�� )&�x)&v�) �, = �&va�� )&v�) �,. 
(2-13) 

Therefore, as shown in [6], the probability of having one or more successes out of � repetitions 

without hidden nodes taken into account is: 

Pr,,v,z�{(�) = Pr(�p ∪ �} ∪ …∪ ��) = u(−1)��p \��] �&va�� )&v�) �,�
�wp , 

(2-14) 

where �� is the ��� slot success. 

Similarly, the equation for the probability of frame success for SFR with ℎ hidden terminal interferers 

can be obtained as: 

 Pr�,v,z�{(�) = u(−1)��p \��] �&va�� )&v�) ���
�wp . 

(2-15) 

Once again, substituting Equations (2-4), (2-5), (2-14), and (2-15) into Equation (2-9), we obtain 

the total probability of success for SFR due to hidden terminals, and under Poisson distributed terminals we 

have:  

Pro,t,z�{(�) = u �u(−1)��p \��] �&va�� )&v�) �,�
�wp � �(�� − 1),�! 8a(loap)�,^_`

,wx
× u �u(−1)��p \��] �&va�� )&v�) ���

�wp � �(�<)�ℎ! 8a(lt)��^_`
�wx . 

(2-16) 
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2.2.4 Probability of Success for POC with Hidden Terminals 

POC works by using � repetitions that are arranged in a predetermined set of orthogonal code patterns [6].  

These patterns are derived from code division multiple access (CDMA) based optical orthogonal codes 

(OOC), which provide a minimum overlap between sets of code words.  The non-hidden terminal version 

of the probability of transmitting user success for POC as defined in [6] is: 

 Pr,,v,j��(�) = u(−1)��p \��] (1 − ���),�
�wp , 

(2-17) 

where �� is the transmission probability for the POC repetition protocol with maximum of λ overlapping 

transmissions between the transmitting user’s code and any other users’ code pattern.  As defined in [6], �� 

is	�� = � ‖�‖⁄ , where � = va��a�, and ‖�‖ = �v� �vap�ap⋯�va�p ��� is the total number of codewords (�	⋅	� 
represent the floor operation).   

Similarly, the equation of the probability of frame success for POC protocol taking only hidden 

terminals into account is obtained as:  

 Pr�,v,j��(�) = u(−1)��p \��] (1 − ���	)��
�wp . 

(2-18) 

Therefore, substituting Equations (2-4), (2-5), (2-17), and (2-18) into Equation (2-9) gives the total 

probability of success for SFR with hidden terminals, and under Poisson distributed terminals as follows:   

 Pro,t,j��(�) = u �u(−1)��p \��] (1 − ��p	),�
�wp � �(�� − 1),�! 8a(loap)�,^_`

,wx
× u �u(−1)��p \��] (1 − ��p	)��

�wp � �(�<)�ℎ! 8a(lt)��^_`
�wx . 

(2-19) 

2.2.5 Delay Considerations for Repetition Protocols 

Average delay is defined as the expected time slot count at which the transmitting user’s packet is first 

received successfully, and is defined as 5? = ∑ 5?(�),^_`	,wx Pr(�), where	5?(�) is the average delay of a 

transmission being successfully received having m interfering users.  This depends on the probability of 

success of a given repetition protocol.  The delay without hidden terminals is derived in [6].  For this study, 

the delay is modeled the same as in [6], except the probability of success is replaced with the one with 

hidden terminals derived in this study. 

2.3 Performance Results and Discussions  

The protocols of SPR, SFR, and POC are tested in an idealized channel with Poisson traffic model with no 

hidden nodes versus the same channel with hidden nodes included.		H −	time slots is chosen to be 128.  The 
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safety communication range is set to 300 meters.  We choose three common traffic density scenarios to test 

the protocols, namely :	 = 	0.1	(vehicles/meter) to represent highly congested amount of vehicles, :	 = 	0.06 for medium, and : = 0.03 for low vehicle density scenarios.  In order to show the trend of 

average load, we show condition of	� = 0.3, which translates to a 30% transmission probability, and also 

compare to load at	� = 1.   

 

Figure 2.3 Probability of success for SPR protocol at load � = 0.3 

 

Figure 2.4 Probability of success for SFR protocol at load � = 0.3 
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Figure 2.5 Probability of success for POC protocol at load � = 0.3 

From Figures 2.3-2.5, we can see that for all three repetition protocols, and for hidden node scenarios, 

the optimum probability of success occurs at around 4 or 5 repetitions for high load	: = 0.1, and between 5 

and 7 repetitions for medium load conditions.  The effect of hidden nodes on the performance of this 

repetition broadcast is significant at high vehicle density.  Also, at the lower densities (: = 0.03), the 

performance is effected marginally.  However, it can be seen that more repetitions are required under 

hidden terminal conditions to obtain the same reliability obtained with less amount of repetitions with no 

hidden terminals.   

Critical safety of life transmissions rely on a 0.99 probability of success QoS [19].  Therefore, the 

probability of success reduction due to hidden nodes makes the critical safety QoS requirement 

unattainable except at very low vehicle densities.  Other more routine safety applications also exist, which 

are not as stringent as 99%, each with their own set of maximum allowances for delay and reliability.  

Hence, using our model and these results, designers and researchers can evaluate their applications and 

make comparisons. 

In Figure 2.6, it can be seen that the delays of the users in timeslots are not affected significantly by 

hidden terminals at load	� = 0.3.  In order to check delay requirement satisfaction, translation of slot 

durations to actual DSRC time is needed.  Assuming that safety related applications require a delay less 

than that of human reaction time (not including decision time), and as defined earlier, the latency is 

constrained to be less than ~200ms. According to the standard [7] depending on modulation scheme and 

code rate, the data rate ranges from 3 Mbps to 27 Mbps.  To tax the system we assume a relatively large 

average payload of 400 bytes for a safety message, and use the 3Mbps data rate for calculating maximum 

delay.  It is found that the 50 timeslot maximum seen in Figure 2.6 translates to	£xx×¤	(PQ�k/kTS�)¥×px¦(PQ�k/k) ×
50(slots) = 0.053s < 0.200s.  Therefore, the delay requirement is satisfied at low load of	� = 0.3 
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regardless of the vehicle density.  This latency will obviously be less if the data rate is increased and the 

average payload is reduced to less extreme values. 

 

Figure 2.6 Delay plots for SPR, SFR, and POC under load � = 0.3 

 

Figure 2.7 Probability of success for POC at load � = 1 
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Figure 2.8 Delay plot for POC at load � = 1 

Maximum load condition is shown in Figures 2.7 and 2.8 for probability of success and delay, 

respectively.  POC is used for these plots because it performed the best in terms of probability of success. 

Figure 2.7 shows a very detrimental outcome due to hidden terminals, an approximately 50-70% reduction 

in probability of success.  Figure 2.8 shows that delay becomes unbounded at high load and high vehicle 

density under hidden terminal conditions.  From Figure 2.7, the optimum probability of success is shown to 

be at 	�	 = 2 or 3.  From Figure 2.8, and at these optimum repetition values, the delay corresponds to a 

similar conclusion as from Figure 2.6.  Hence the delay requirements are met.  However, as the repetitions 

increase, the unbounded delay leads to unacceptable latency.   
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Chapter 3 New PCCW, EPCCW and ePCCW MAC Designs for Enhanced 

Vehicular Reliability Safety Messaging 

Chapter 3 

New PCCW, EPCCW and ePCCW MAC Designs for 

Enhanced Vehicular Reliability Safety Messaging 

3.1 Introduction 

This chapter introduces the design background and concepts of passive cooperative collision warning 

(PCCW) for improving repetition based vehicular broadcast safety MAC reliability performance.  The 

PCCW protocol’s purpose is to inform other user nodes of potential collisions of repetitions. The protocol 

is passive as it does not incur additional transmissions to send this information, and instead appends a small 

header payload to packets that have been pre-determined by an underlying repetition protocol.  This header 

payload incurs a slightly increased latency per slot, but as we will show, is not detrimental.  In addition an 

improved form of PCCW is also proposed and analysed for further improvement, named enhanced PCCW 

(EPCCW), which uses the ability of the DSRC PHY in reducing the chance of collision in certain 

scenarios.  It is important for the protocols not to incur additional data packet transmission to achieve an 

overall reduction of collisions.  Importantly, we chose to design PCCW to make most of its decisions in 

each node, with error tolerance allowed so that node decisions will not adversely affect the other users.  

PCCW works on top of an existing repetition protocol to pass warning information to surrounding users 

of potential collisions.  By having users warn each other of transmissions and collisions, collectively packet 

collisions can be reduced by selective intentional transmission back-off during warned transmission slots.  

As previously mentioned, it is a passive warning system because it does not incur additional packet 

transmissions in order to warn in range users of impending transmission, but instead uses existing 

transmissions themselves to carry the warning information as a header payload.  Distinctively, the PCCW 

header payload is processed in a distributed fashion at each node without requiring transmission of results 

to one another (the protocol tolerates some differences between node information, as the protocol is 

imperfectly distributed as in [20]).   

The amount of vehicles in a region affects the reliability of a protocol because increasing the number of 

users in range of each other correspondingly increases the chance of collision from competing safety 

broadcasts.  The interference range of messages magnifies the vehicle density’s effect on the number of 
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collisions and is modelled in this dissertation according to [4] as described in the next chapter.  Interference 

also depends on power of transmission, which we assume is set to achieve the message range at the SNR at 

set data rate.  The amount of packet collisions, or potential collisions for the case of PCCW also depend on 

other factors including the message lifetime, PHY modulation scheme, and coding rate used.   

Message security is required to prevent malicious activity and ensure anonymity and privacy.  This 

security can be applied before the MAC layer as PCCW does not add any per vehicle identifiable 

information that might be of concern, and hence is not discussed in this dissertation.   

Delay of a safety message is a critical issue that must be taken into consideration when designing a 

vehicular safety message protocol.  If the delay of a safety message is too long, some applications 

interpreting the messages may not operate properly and lose effectiveness.  This happens if the delay 

exceeds the minimum reaction time of a human [21], because it renders any vehicle safety system too slow 

to be of assistance to the driver.  The human reaction time has been listed as being between 500-1200 ms 

[21], and hence for our analysis, we invalidate implementations if they go above this limit.  In repetition 

protocols specifically, as the packet size increases, so too does the average successful reception delay on 

the repetition system used because the frame slots increase.  Also, a factor in delay for repetition protocols 

is the probability of success, that is, the average delay is inversely proportional to the probability of 

success.  That means increasing the probability of success of a protocol effectively lowers its average 

delay.  This additionally validates PCCW’s goal of increasing probability of success.   

PCCW utilizes the benefit of being a distributed protocol in that each node has its own view of the 

surrounding environment, and hence does not need to continuously pass this information around.  Hence, 

the choice for the name passive in PCCW, and it does not have a completely accurate view of all nodes 

accessing the medium.  PCCW does not incur additional packet transmissions, and instead piggy backs on 

pre-determined packet transmissions.   

3.2 Related Work 

From the literature related to QoS for safety communications, protocols such as HIPERLAN/1 [22] have 

been designed to reduce reception delay in communications by categorizing messages according to QoS for 

priority messaging.  The proposal [23] extended Distributed Coordination Function (EDCF) was also 

presented to reduce frame size for packets that are of high quality of service as a way to increase relative 

probability of success through a smaller potential collision period. Yin et. al [24] performed accurate 

modelling of the DSRC PHY, and showed that the 802.11 DCF required improvement to achieve 

satisfactory performance on both latency and throughput.  Our proposed design of PCCW offers improved 

latency indirectly by increasing probability of reception success, directly reducing average delay.  

Additionally the literature, [5] presents a repetition based medium access control protocol based on 802.11 

DCF, incorporating variations of SFR and SPR protocols.  Here Qing et. al presents the idea of using a 

Cooperative Active Safety System (CASS) as a theoretical safety application architecture for the purpose of 

modelling constrains when designing MAC protocols for vehicular safety messaging.  We also adopt a 
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similar strategy for our design in order to stay within design criteria specified as part of our assumptions.  

For their repetition based safety messaging protocol design, a dependency on number of rebroadcasts, 

transmission power, modulation scheme, coding scheme, and vehicular traffic volumes is identified.  

However we choose to model the PHY layer accurately according to our OFDM PHY model simulator 

design in [11], to precisely represent effects of coding, modulation, and vehicular power for each repetition, 

as described in the next chapter (Chapter 4).  Also, in the literature related to repetition protocols is that of 

Positive Orthogonal Codes (POC) [6], which presents the idea of assigning repetition slots to users based 

on geographic location from a subset of topology-transparent orthogonal codes.  This contrasts from Slotted 

Aloha, SPR, and SFR repetition protocols because it uses a pseudo random slot assignment scheme instead 

of the random-based transmission protocols.  This design has been shown to outperform the SPR and SFR 

protocols in many scenarios, hence we chose to test PCCW running on top of POC, SPR, and SFR 

protocols in our analytical and simulation performance testing.  We will show in this dissertation how the 

proposed PCCW protocol can work on top of other repetition protocols such as the ones mentioned above 

for potential improvement in reliability and delay performance. 

3.3 Safety Related Consideration and Emergency Vehicle Communications 

DSRC safety message has a relatively small but variable payload size, with a QoS range from routine to 

critical safety of life [17].  Routine messages may include small changes in velocity or acceleration and 

position.  Critical safety of life messages may include information that conveys for example emergency 

braking messages, airbag deployment messages, or other imminent danger warnings.  All of these messages 

need to be received by other vehicles at low latency for it to be effective, and with high reliability, even 

under scenarios of high channel usage.  It is reported that in order to greatly improve vehicular safety, the 

end-to-end communication delay should not exceed approximately 200 milliseconds (ms).  This is because 

if the delay is more than this, it would be slower than human reaction time.  Repetition-based broadcasting 

protocols, has shown to considerably mitigate the amount of degradation caused during a large number of 

users transmitting at the same time.  It is prudent to attempt to gain more reliability out of repetition 

protocols by further avoiding transmission collisions of repetitions as our PCCW protocol does.  

Packet synchronization of the repetition protocol is helpful because it reduces the chance of having 

overlapping packet collisions.  In order for multiple vehicles to be synchronized, they have to maintain an 

accurate clock that is identical, or near identical to each other clock.  This can be achieved using GPS 

which provides time measurement accurate within 10 and 20ns [25].  Alternatively, a time pulse system 

could be implemented to allow for regional based synchronization using an FM radio pulse [10].   

For safety messaging transport requirements, we have an idea of what kind of information will be useful 

for vehicle-to-vehicle (v2v) transmissions.  Although messages can occur from roadside units as well, in 

this dissertation we focus on v2v communications only, but PCCW could be used for infrastructure to 

vehicle communications as well if the applications required high reliability, low delay or under high load. 
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Table 3-1 provides important parameters we assume for constructing the analytical and simulation models 

for evaluating performance of the proposed PCCW protocol vs. other protocols.   

Table 3-1: Data traffic parameter ranges 

Parameter Value 

Message rate 

(messages/msec) 
1/50 – 1/500 

Packet Payload (Bytes) 100 to 400 

Communication Range 

(meters) 
50 to 300 

Average Inter-Vehicular 

density (meters) 
10 (jammed) to 30 

Lane number per road 2 to 8 

Maximum Latency 0.2 s 

3.4 Repetition Protocols for Safety Messages 

For the safety messages to be received by users with increased reliability, repetition schemes have been 

suggested.  Since our protocol’s main aim is to improve the probability of success for repetition schemes, 

the following descriptions will aid in the understanding of how our protocol is unique with respect to other 

designs.  Repetition-based MAC layer protocols’ goal is to decide which packets to repeat, which timeslots, 

and how frequently in order to achieve QoS goals of the applications.   

3.4.1 SFR, SPR, POC Repetition Protocols 

Synchronous p-Persistent Repetition (SPR) [5], Synchronous Fixed Repetition (SFR) [5] and Positive 

Orthogonal Codes (POC) [6] are three leading repetition protocols for safety communication.  SPR works 

by choosing which slots to transmit based on a random likelihood equal to the average desired repetitions 

over the number of slots in the frame, while SFR chooses a fixed number of repetitions at which to re-

transmit a packet in each MAC frame.  Essentially, SFR will have exactly � repetitions, while SPR will not 

necessarily have � average repetitions.  POC repetition codes use the concept of having partially orthogonal 

codes used to specify slot positions of the repetitions.  Each node chooses a different code from a look up 

table (LUT) so as to try and reduce repetitions of other users.  In our experience of implementing POC, it is 

difficult to find a very large subset of LUTs necessary for optimum POC performance.  This is because of 

the complexity of the search function for finding optimum codes.  It was shown that POC is generally 

superior to both SPR and SFR, while SFR is superior to that of SPR.  The detailed analytical equations and 

simulation results for these protocols can be found in [5] [6] and [8].  However, we include in this 

dissertation the final probabilities of success equations, given in [6], for all three protocols as they will be 

used in our initial “window” success in our proposed protocol design, as will be explained later. 

The probability with at least one successful transmission for SPR [6] is: 

 ��v,�,,6©�(�) = 1 − �1 − �H \1 − �H],�v , (3-1) 

where	� is the number of interfering users, and	H Is the amount of slots in a frame. 
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The probability with at least one successful transmission for SFR [6] is: 

 ��v,�,,,6*�(�) = u(−1)��p \�,+�� ]�nª«
�wp ¬\ va��nª«]\ v�nª«]

, , 
(3-2) 

Finally, the probability with at least one successful transmission for POC [6] is: 

 ��y,v,©®¯(�) = u(−1)��p \�,+�� ] (1 − ���),�nª«
�wp , 

(3-3) 

where �� is the transmission probability for the POC repetition protocol with maximum of t overlapping 

transmissions between the transmitting user’s code and any other users’ code pattern.  As defined in [6], �� 
is	�� = � ‖�‖⁄ , where � = va��a�, and ‖�‖ = �v� �vap�ap⋯�va��a���� is the total number of codewords (�	⋅	� 
represent the floor operation).   

3.5 Proposed New PCCW Design for Safety Messaging  

Passive Cooperative Collision Warning (PCCW) protocol can work on top of existing repetition-based 

protocols for serving as a passive collision warning mechanism in the MAC layer for reducing the number 

of node collisions.  It is important to note that PCCW can also be adapted for other protocols.  The protocol 

cooperatively uses distributed storage of potential future collisions, where each node imperfectly decides 

when to transmit or omit packet repetitions, without adding additional warning packets into the channel 

(hence, passive), and appends specialized header payloads to predetermined safety message transmissions.  

PCCW benefits from the message repetitions found in the underlying repetition-based protocols, and have 

shown to considerably improve reliability for all repetition-based protocols, especially at high loads.  

Additionally, it is shown to have a decreased average timeslots delay that is well within acceptable delay 

threshold.  Its inherent increased success is due to the fact that it does not increase packet repetitions and 

includes warning messages in pre-planned packet repetitions.   

In its basic form, PCCW works by expanding the header by adding warning message containing the 

location of future packet repetitions, which result in nodes either omitting repetitions, or deciding to 

transmit, based on a random function deterministically.  Specifically, repetitions will be omitted if warnings 

have been detected, bringing the node’s state for that slot into CW state, and the result of a randomized 

probability function with probability inversely proportional to the number of received warnings returns 

false.  Table 3-2 provides a description of the PCCW states shown in Figure 3.1. 
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Figure 3.1 PCCW state machine 

Table 3-2: PCCW states 

State State Name Description 

NC No Collision Default state that has no collision information available for the node. 

TI Transmission Informed 
Slots are set to this state when no warnings have been heard from 

other users, but a warning has been attempted by the slot’s host. 

CP Collision potential 
Slots are set to this state when warnings have been heard from other 

users, but the host user has not attempted a warning. 

CW Collision Warned 
Slots are set to this state when warnings have been heard from other 

users, and the host user has warned about this slot. 

CP0 
Collision potential of current 

slot 

Slots are set to this state only when they are the current state next for 

transmission into the PHY, and the previous state was CP.  This will 

result in CP0 back-off. 

CW0 
Collision warning for current 

slot 

Slots are set to this state only when they are the current state next for 

transmission into the PHY, and the previous state was CW.  This will 

result in CW0 operation. 

The uniqueness of our protocol is how the warning messages are generated and processed by PCCW as 

a whole.  PCCW is a non-greedy protocol that acts passively to correct some errors, instead of attempting 

to fix all errors.  This is facilitated by nodes being aware of other nodes’ transmission intentions.  The 

warnings are interpreted by the PCCW protocol to change state according to Figure 3.1, for use in inferring 

an optimal decision on how to transmit based on the available information.  Every node has a state machine 

for each timeslot in the frame in which it is intending to have a repetition.  The states operate and change 

based on comparing incoming warnings from all nodes, interpreting the number of warning users per slot, 

taking into account the node’s intended action for each slot, as well as the warning status of the node’s past 

transmissions. We will illustrate a simple scenario between two users.  If user A broadcasts a transmission 
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Appendix C Pseudo Codes for PCCW, EPCCW and ePCCW Analytical Equations 

Appendix C 

Pseudo Codes for PCCW, EPCCW and ePCCW 

Analytical Equations 

For Passive Cooperative Collision Warning (PCCW) and Enhanced-

PCCW (EPCCW) 

function sfrPCCWs 

 Initialize the number of users in the system N  

 Initialize frame length L (frame length) //L =τ/tkTS�	 where tkTS� is the  

//duration of one time slot, and τ is the lifetime of a message, or the  

//duration of a frame.  

 Initialize communication load �  
 for � ← 1 to �JKL	 //loop through each repetition scenario 

 Initialize probability of success for SFR at  repetition � :  

 prS_SFR(�) ← 0 

 Initialize probability of success for SFR //using PCCW at  

//repetition � : prS_PCCW(�) ← 0 

 for � ← 0		cd	�JKL //loop through all possible interferers 

 //Store the probability of the number of interferers being	�: Prl, ,o(� = �) (Eq. 7) 

 pmm ← PrMgivenM(�,�,�) 

 //Find the probability of success for SFR as PrÂ,á,J(Sz�{) (Eq. 2): 

 prS1 ← PrSFR(r,L,m) 

 Store success into  

 prS_SFR(r) ← prS_SFR(r) + prS1 × pmm; 

 Set the probability of slot transmission p ← r/L 

 //Initialize PCCW windows success to SFR success 

 Set initial recursion probability of success  

 PrPCCW(0)	← prS1 

 for � ← 1	to	�JKL //loop through � recursions for  

//subsequent window successes 

 PrPCCW (�)	← Pr_PCCW(p,w,M,N,L,t PrPCCW(�-1))  

// PCCW window success  

 end 

 //Find the probability of success for PCCW Pr,(�©¯¯=)  
//(Eq. 4) as : 



Appendix C 

  143 

 prS2 ← Pr_PCCW(p,w,M,N,L, PrPCCW (R)) 

 Store success into  

 prS_PCCW(�) ← prS_PCCW(�) + prS2 × pmm 

end 

 end 

 Display the success vs. repetition of prS_SFR and prS_PCCW 

end function 

 

function PrSFR(�, H, �)  

// PrSFR calculates the probability of success of SFR 

prSFR ← Pr�,v,,(�6*�) = u(−1)C�p \�
]
�

Cwp ¬\H − 
� ]&v�) ,
 

 return prSFR 

end function 

 

function PrMgivenM(�,�,�) //binomial distributed data traffic 

// PrMgivenM implements equation Prl,,,o(� = �) (Eq. 7) as 

prMgivenM ← Prl,,,o(� = �) = �� − 1� � �,(1 − �)oa,ap 

 return prMgivenM 

end function 

 

 

function PrMgivenM(�,�,�) //Poisson distributed data traffic 

// PrMgivenM implements equation Prl,,,o(� = �) (Eq. 8) as 

Prl,,,o(� = �) = 8a,�¼ (���)B�!  
//n is the number of messages generated by all transmitters 

//� is the rate of message generation 

end function 

 

function Pr_PCCW(�,�,�,�,H,SW) 

// Pr_PCCW implements the probability of success for PCCW 

 Initialize PCCW probability of success prPCCW← 0 

 Set the probability of a node being a γ user to be p¿ = (1 − l)  
 for γ ← 0 to m// loop through all combinations of gamma 

 Initialize prS_CW0 ← 0 for calculating the probability of success  
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 //(for given α, β, and γ) 

 for α ← 0	to	m − γ 

 Set / ← (� − 0 − .)  
 //to set the users that did not warn successfully 

 //Calculate prStateCW0 as Pr#,$,%(�?�+�-w¯=x) as (Eq. 13): 

 prStateCW0 ← PrStateCW0(�,H,�,0,.,SW) 

 prS_CW0 ← prS_CW0 + prStateCW0; 

 end 

 //calculate probability of success due to backing-off users Pr,,%(�?�+�-w¯©x) as (Eq. 11):	
 prS_CP0 ← \J

γ

] ×	&�µ%) ×	&&1 − p¿)Jaγ)	
 prPCCW ← prPCCW	 + 	prS_CP0 × 	prS_CW0; 
 end 

 return prPCCW 

end function 

 

function PrStateCW0(�,H,�,0,/,.,SW) 

 // Calculate the probability of having alpha users Pr,,#,%(. = .) 
 prA← &,a%# ) × (� × SW)# × &1 − (� × SW)),a%a#

 

 // �y is the 4�� repetition out of � total repetitions.  Used only  

 //when calculating the delay equations. 

 Set �y ← 	� for success of � repetitions 

 // use Æ as a control variable, Æ = 0, 1, 2 when desired user is an ., /, 0 user respectively. 

 if decision mode enhancement is enabled  

 Set the data rate factor �'+>�&� according the EPCCW  

 prScw0a ←	PrScw0_EPCCW(�,�,�y,H,0,.,/,Æ = 0,SW, �'+>�&�) 

 prScw0b ←	PrScw0_EPCCW (�,�,�y,H,0,.,/,Æ = 1,SW, �'+>�&�) 

 prScw0g ← 	PrScw0_EPCCW (�,�,�y,H,0,.,/,Æ = 2,SW, �'+>�&�)  

 else //regular decision mode  

 prScw0a	← PrScw0(�, �, �y , H, 0, ., /, Æ = 0,SW) 

 prScw0b ← PrScw0(�,�,�y,H,0,.,/,Æ = 1,SW) 

 prScw0g ← PrScw0(�,�,�y,H,0,.,/,Æ = 2,SW)  

 end 

 //find the probability of the desired user being an ., /, and 0 user:   

 prðw+ ← 	� × SW	
 prðw¸ ← 	� × (1 − SW)	
 prðwµ ← 1 − �	 	prStateCW0	 ← PrA × \(prZwK × prScw0a) + (prðw¸ × prScw0b) + &prðwµ × prScw0g)]  

 return prStateCW0 

end function 

 

function PrScw0 (�,�,�y,H,0,.,/,Æ,SW)  

 Set the probability of transmission into a particular slot � ← �/H 
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 //Initialize the probability of success during CW0 state to zero:  

 prScw0 ← 0; 

 Initialize the summation of g possible transmitting out of 0 users: sum¿ ← 0 

 // loop through all g users out of 0 users transmitting in the time slot 

 for g ← 0	to	0 

 //Calculate the probability of having specific g transmitting out of the 0 users Pr%(g)	as in (Eq. 16): 

 pr¿ ← ��9 = Pr%(g) = \%¿] �¿ × (1 − �)%a¿ 

 Initialize summation for all combinations of a transmitting users out of alpha .: sumK 	← 	0 

 for a ← 0	to	. // loop through all a users out of . users transmitting  

 //in the time slot 

 //Similarly calculate Pr#(a) for a transmitting out of . users  

 //as in (Eq. 16): 

 prK ← ��� = Pr#(a) = &#K)�K × (1 − �)#aK 

 Initialize sumP ← 0 

 for b ← 0	to	/ // loop through all b users out of / users  

 //transmitting in the time slot 

 //Calculate Pr$(b) for b transmitting out of / users  

 //as in (Eq. 16): 

 prP ← ��� = Pr$(b) = &$P)�P × (1 − �)$aP 

 //Calculate desired user’s transmission under cw0 probability �',( as in (Eq. 17) 

 sd ← �',( = Ü p#�p , when	Æ < 21, when	Æ	is	2	and	a = 00, when	Æ	is	2	and	a ≥ 1Í 
 //Calculate the a users’ transmission under cw0 probability �K,( out of . users as in (Eq. 18) 

 sa ← �K,( = p#�\B(Ba]B(�p	 
 // Calculate b users’ transmission under cw0 probability �P,( out of / users as in (Eq. 19) 

 sb ← �P,( = p#�\B(Ba]B(�} 
 //Calculate g users’ transmission under cw0 probability �¿,( out of 0 users as in (Eq. 20) 

 sg ← �¿,( = Ï0, when	Æ = 0, or	a ≥ 1, or	g = 01, otherwise Í 
 //Calculate the probability of success of transmission for the desired user  

 //given a, b, and g users PrK,P,¿(�')  
 prS ← PrK,P,¿(�')	 = sd × (1 − sa)K × (1 − sb)P × (1 − sg)¿	
 //Sum for all b combinations knowing the desired user’s success 

 sumP ← sumP + prP × prS 

 end 

 //Sum for all a user combinations, knowing b user combinations  

 //given desired user’s success. 

 sumK ← sumK + prK × sumP 

 end 

 //Sum for all g user combinations, knowing a and b user  

 //combinations given desired user’s success. 

 sum¿ ← sum¿ + pr¿ × sumK 

 end 
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 //Save final sum¿ as the probability of success of transmission for the  

 //desired user  

 //given all combinations of	.,	/ and 0 users into Pr#,$,%(�') ← sum¿ 

 //Calculate the last step in calculating probability of the desired user’s  

 //frame success for all r //repetitions in the frame, Pr�,#,$,%(�?�+�-w¯=x) as  

 //in (Eq. 14) (note �y repetitions for delay calculations) 

 prScw0 ← Pr�,#,$,%(�?�+�-w¯=x) = 1 − &1 − Pr#,$,%(�'))� 
 return prScw0 

end function 

 

function PrScw0_EPCCW(�,�,�y,H,0,.,/,Æ,SW) 

 Set the probability of transmission into a particular slot � ← �/H 

 //Initialize the probability of success during CW0 state to zero:  

 prScw0 ← 0; 

 Initialize the summation of g possible transmitting out of γ users: sum¿ ← 0 

 for g ← 0	to	0 // loop through all g users out of 0 users transmitting  

 //in the time slot 

 //Calculate the probability of having specific g transmitting out of the 0 users Pr%(g) as in (Eq. 16): 

 pr¿ ← Pr%(g) = \%¿] �¿ × (1 − �)%a¿ 

 Initialize summation for all combinations of a transmitting users out of alpha .: sumK 	← 	0 

 for a ← 0	to	. // loop through all a users out of . users transmitting in the time slot 

 //Similarly calculate Pr#(a) for a transmitting out of . users as in (Eq. 16): 

 prK ← Pr#(a) = &#K)�K × (1 − �)#aK 

 Initialize sumP ← 0 

 for b ← 0	to	/ // loop through all b users out of / users transmitting  

 //in the time slot 

 //Calculate Pr$(b) for b transmitting out of / users  

 //as in (Eq. 16): 

 prP ← Pr$(b) = &$P)�P × (1 − �)$aP 

 Initialize the sum of enhanced aü users: sumK^ ← 0 

 for aü ← 0	to	a //loop through a users that are transmitting in same sub slot as desired user. 

 //Calculate the probability of having aü of the a users  

 //transmitting in the same sub slot PrK(aü) as in (Eq. 16). 

 prK^ ← PrK(aü) = \ KK^] � p�#ª9$"_�K^ × �1 − � p�#ª9$"_��KaK^ 

 Initialize the sum of enhanced bü users: sumP^ ← 0 

 for bü ← 0	to	b //loop through b users that transmitting in same sub slot as desired user. 

 //Calculate the probability of having bü of the b users  

 // transmitting in the same sub slot PrP(bü) in (Eq. 28). 

 prP^ ← PrP(bü) = \ PP^] � p�#ª9$"_�P^ × �1 − � p�#ª9$"_��PaP^ 

 //Calculate desired user’s transmission under cw0 probability �',( as in (Eq. 17). 
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 sd ← �',( = Ü p#�p , when	Æ < 21, when	Æ	is	2	and	a = 00, when	Æ	is	2	and	a ≥ 1Í 
 //Calculate the a users’ transmission under cw0  

 //probability �K,( out of . users as in (Eq. ). 

 sa ← �K,( = p#�\B(Ba]B(�p	 
 //Calculate b users’ transmission under cw0 probability �P,( out of / users as in (Eq. 18). 

 sb ← �P,( = p#�\B(Ba]B(�} 
 //Calculate g users’ transmission under cw0 probability �¿,( out of 0 users as in (Eq. 19). 

 sg ← �¿,( = Ï0, when	Æ = 0, or	a ≥ 1, or	g = 01, otherwise Í 
 //Calculate the probability of success of transmission for the desired user  

 //given a, b, and g users PrK,P,¿(�') as in (Eq. 20). 

 prS ← PrK,P,¿(�') = sd × (1 − sa)K^ × (1 − sb)P^ × (1 − sg)¿	
 //Sum for all �ò combinations knowing the desired user’s success 

 sumP^ ← sumP^ + prP^ × prS 

 end 

 //Sum for all aü combinations, knowing �ò user combinations  

 //given desired user’s success. 

 sumK^ ← sumK^ + prK^ × sumP^ 

 end 

 //Sum for all b user combinations, knowing aü and bü combinations  

 //given desired user’s success. 

 sumP ← sumP + prP × sumK^ 
 end 

 //Sum for all a user combinations, knowing b, aü, and bü user combinations  

 //given desired user’s success. 

 sumK ← sumK + prK × sumP 

 end 

 //Sum for all g user combinations, knowing a, b, aü, and bü user combinations  

 //given desired user’s success. 

 sum¿ ← sum¿ + pr¿ × sumK 

 end 

 //Save final sum¿ as the probability of success of transmission for the desired user  

 //given all combinations of	.,	/ and 0 users into Pr#,$,%(�') ← sum¿ 

 //Calculate the last step in calculating probability of the desired user’s frame success for all r 

//repetitions in the frame, Pr�,#,$,%(�?�+�-w¯=x) as in (Eq. 14) (note �y repetitions for delay 

calculations) 

 prScw0 ← Pr�,#,$,%&�',()*�+,- = 1 − &1 − Pr#,$,%(�'))� 
 return prScw0 

end function 
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For emergency-PCCW (ePCCW) 

function PrScw0_ePCCW (�,�,�y,H,0,.,/,Æ,tmpPrS) 

 Set the probability of transmission into a particular slot � ← �/H    // � repetition and H slots 

 //Initialize the probability of success during CW0 state to zero: prScw0 ← 0; 

 Initialize the summation of g possible transmitting out of 0 users: sum¿ ← 0 

 for g ← 0	to	0 // loop through all g users out of 0 users transmitting in the time slot 

 //Calculate the probability of having specific g transmitting out of the 0 users Pr%(g): 
 pr¿ ← Pr%(g) = \%¿] �¿ × (1 − �)%a¿ 

 Initialize summation for all combinations of a transmitting users out of alpha .: sumK 	← 	0 

 for a ← 0	to	. // loop through all a users out of . users transmitting in the time slot 

 //Similarly calculate Pr#(a) for a transmitting out of . users: 

 prK ← Pr#(a) = &#K)�K × (1 − �)#aK 

 Initialize sumP ← 0 

 for b ← 0	to	/ // loop through all b users out of / users transmitting in the time slot 

 //Calculate Pr$(b) for b transmitting out of / users: 

 prP ← Pr$(b) = &$P)�P × (1 − �)$aP 

 //Calculate desired user’s transmission under CW0 probability �',( as in (Eq. 7) 

 sd ← �',( = Ü p-�p , when	Æ < 21, when	Æ	is	2	and	a = 00, when	Æ	is	2	and	a ≥ 1Í 
 //Calculate the a users’ transmission under CW0 probability �K,( out of . users as in (Eq. 8) 

 sa ← �K,( = p# \¥} Æ − p} Æ}] 

 // Calculate b users’ transmission under CW0 probability �P,( out of / users as in (Eq. 9) 

 sb ← �P,( = p#�p \¥} Æ − p} Æ}] 

 //Calculate g users’ transmission under CW0 probability �¿,( out of 0 users as in (Eq. 10) 

 sg ← �¿,( = Ï0, when	Æ = 0, or	a ≥ 1, or	g = 01, otherwise Í 
 //Calculate the probability of success of transmission for the desired user D  

 //given a, b, and g users PrK,P,¿(�') as in (Eq.11) 

 prS ← PrK,P,¿(�') = sd × (1 − sa)K × (1 − sb)P × (1 − sg)¿	
 //Sum for all b combinations knowing the desired user’s success 

 sumP ← sumP + prP × prS 

 end 

 //Sum for all a user combinations, knowing b user combinations given desired user’s success. 

 sumK ← sumK + prK × sumP 

 end 

 //Sum for all g user combinations, knowing a and b user combinations given desired user’s success. 

 sum¿ ← sum¿ + pr¿ × sumK 

 end 

 //Save final sum¿ as the probability of success of transmission for the desired user  

 //given all combinations of	.,	/ and 0 users into Pr#,$,%(�') ← sum¿ 

 //Calculate the last step in calculating probability of the desired user’s frame success for all r 

//repetitions in the frame, Pr�,#,$,%(�?�+�-w¯=x) as in (Eq. 13) (note �y repetitions for delay calculations) 
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 prScw0 ← Pr�,#,$,%(�?�+�-w¯=x) = 1 − &1 − Pr#,$,%(�'))� 
 return prScw0 

end function 
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