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Abstract
The rapid and enormous proliferation of expectation on future vehicular sys-
tem has led to numerous challenges in deploying vehicular networks, which is
also known as vehicle-to-everything (V2X) communication networks. V2X com-
munication is a vehicular communication system that allows future connected
and autonomous vehicles to share safety-related and infotainment information
wirelessly to any entity. The main objective is to propose novel designs, so that
they can be considered for next-generation V2X networks to improve road safety
as well as transportation experience. For both industrial and academic areas,
one of the most significant challenges is ensuring safety whilst providing re-
quired services. One promising technology for enhancing the performance of
next-generation vehicular networks is the in-band full-duplex (FD) communi-
cation technology. It allows the transceivers to send and receive/sense signals
simultaneously over the same frequency band.

In this thesis, I have investigated applying FD technology to future vehicular
networks from physical (PHY) layer to transport (TRANS) layer aspects. Since
two different families of technologies have been standardised as the benchmark
designs, which are known as the dedicated short range communications (DSRC)
standard and the cellular V2X (C-V2X) communication standard, respectively, I
started from investigating how FD technology can be applied to future vehicular
networks based on the DSRC standard. Then, I continued to investigate its novel
designs on the application to the networks based on the C-V2X standard.

Specifically, based on the DSRC standard, I firstly proposed a FD signal collision
avoidance scheme. Next, I considered the medium access challenges, and pro-
posed a PHY- and medium access control- (MAC) layers cross-layer design to
address these challenges. After that, based on the C-V2X standard, I also applied
the FD technology to a beyond 5G (B5G) vehicular ad hoc network (VANET)
scenario, and proposed a novel FD MAC layer protocol. Then, I expanded our
research further by jointly taken machine learning techniques into consideration,
an adaptive FD deep reinforcement learning design has been proposed. Finally,
I surveyed the related works, and proposed our understanding and novel ideas
on how to apply FD technology in 6G-V2X networks.
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A few tools and methods were used in this thesis. I introduced a FD energy de-
tection scheme for collision detection and avoidance; Poisson distribution, Cen-
tral Limit Theorem, etc. were used for evaluating the network performance; and
Markov Chain was used to study the protocols. Besides, OMNeT++ was used
for wireless communication simulation, SUMO was used for traffic simulation,
and MATLAB was used for mathematical and simulation results analysis.

Consequently, I found that the proposed FD energy detection method outper-
forms the standardised half duplex (HD) energy detection method, and it is also
feasible with the state-of-the-art FD hardware design achievements. Moreover,
since reliability and latency are the two most significant evaluation parameters
for next-generation vehicular networks, I proved that the reliability can be en-
hanced and latency can be shortened by deploying our proposed FD-based pro-
tocols, in both DSRC-based and C-V2X-based standards.
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1 Introduction

1.1 Background and Objectives

With the continuous and increasing expectations of future more intelligent trans-
portation environment, next-generation vehicular systems have to be supported
by advanced technologies, so that future transportation can be safer, greener
and more efficient. To achieve this goal, vehicles has to be capable of sharing
both safety- and non-safety-related (a.k.a. infotainment) information wirelessly
with surrounding vehicles, infrastructures and even pedestrians. The general
concept of sharing information between a vehicle and any entity was named
as Vehicle-to-Everything (V2X) communication, which comprises of more spe-
cific types as Vehicle-to-Vehicle (V2V), Vehicle-to-Infrastructure (V2I), Vehicle-
to-Pedestrian (V2P) communications and so on.

In 1999, the first family of standards that support V2X communication released,
which was named as the Dedicated Short Range Communication (DSRC) [1], or
IEEE 802.11p standard. As the standard name shows, DSRC was built upon the
IEEE 802.11 series of wireless local area network (WLAN) technologies. It en-
abled vehicles (i.e. V2V) and infrastructures (i.e. V2I) to form a vehicular ad hoc
network (VANET) as transceivers to communicate, which is the key to improve
the quality of future transportation system. The radio technology was a part of
the IEEE 802.11 family of standards and known as Wireless Access in Vehicular
Environments (WAVE) in the U.S., and European Telecommunications Standards
Institute Intelligent Transportation System G5 (ETSI ITS-G5) in Europe.

Besides the DSRC standard, the other and more recent family of standards that
can also support V2X communications is namely the 3rd Generation Partnership
Project (3GPP) cellular V2X (C-V2X) standard. It operates based on the cellular
technologies including the 4G Long Term Evolution (LTE) V2X communications,
namely 4G-V2X or LTE-V2X, in Release 14 [2], and the 5G or New Radio (NR)
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V2X communications, namely 5G-V2X or NR-V2X, in Release 15 [3] and cur-
rently ongoing Releases 16 [4] and 17 [5], respectively. Since both LTE-V2X and
NR-V2X communications operate based on the cellular technologies (i.e. 4G and
5G), they utilise the 4G and 5G infrastructures and technologies to provide the
communication capability, which is different from the paradigm of the DSRC
standard.

Although the DSRC and the C-V2X standards have been compared with each
other thoroughly in terms of various Key Performance Indicators (KPIs), the goal
of having a global unified family of V2X standards have not been achieved yet,
because both standards are undergoing extensive enhancements to satisfy future
abundant and dynamic V2X applications, and each standard has its own pros
and cons. Therefore, it is meaningful to explore and propose novel technologies
to improve the performance of both DSRC and C-V2X standards, which is also
one of the objectives of this PhD project. Furthermore, another important reason
to propose novel designs based on both DSRC and C-V2X standards is because
neither of them can achieve the target performance. For example, in [6] and [7],
the authors have shown that the access delay of the EDCA mechanism in the
DSRC standard can go up to 900 ms, which is 9 times of the target performance,
which is 100 ms [1]. A real-world field test has been conducted to evaluate its per-
formance, which has also been shown in [8] that the latency goes beyond the 100
ms target when the speed of the vehicle is higher than 35 mph. Similarly, despite
the more detailed classification of different use cases in the C-V2X standard, the
general target of an LTE-based V2X system is expected to also provide at most
100 ms delay performance, and 5G NR-based V2X system has even much more
stringent QoS requirements. However, according to the analysis papers such as
[9] and [10], neither the reliability nor the latency has achieved the target QoS
requirements. Therefore, novel designs are needed to be proposed.

The In-Band Full-Duplex (IBFD) communication technology, hereafter FD tech-
nology, is one of the most promising wireless communication technologies for
beyond 5G (B5G) and 6G networks, because it enables a transceiver to transmit
and receive simultaneously over the same frequency band, which in turn can the-
oretically double the link capacity and spectrum efficiency as well as significantly
reduce latency compared to the conventional Half-Duplex (HD) technology [11].
FD technology has a long history, it was firstly considered and developed in the
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continuous wave (CW) radar systems in the 1940s [12]. But until 2000s, FD tech-
nology has not been widely considered for wireless communication systems [11],
let alone applying it to the recently raised V2X communications. The most chal-
lenging obstacle of applying FD technology is its severe inherent loop-back sig-
nals, or Self-Interference (SI) signals, caused by the reception of signals from its
own transmission antenna. In addition, the high mobility characteristic of V2X
communications makes the SI Suppression (SIS), or SI Cancellation (SIC) pro-
cesses even more difficult compared to normal cellular communications. How-
ever, due to the fact that vehicles have a much bigger size which is beneficial
for passive SIS, applying the FD technology to V2X communications is easier
than applying it to conventional small mobile devices such as a mobile phone
[13]. Unlike most FD applications which are designed based on the simultane-
ous bi-directional information transmission and reception feature [11], this thesis
focuses on investigating how to take advantage of the simultaneous information
transmission and sensing feature, which is an area that has paid less attention to,
especially in applying it to the V2X communications [11]. For example, in both
DSRC and C-V2X systems, the PHY layer technologies for supporting a VANET
are sensing-based approaches, and the safety-related information is shared in a
broadcasting manner [1], [2]-[5]. Therefore, an ACK mechanism is not needed,
and the FD simultaneous information transmission and sensing feature can be
used to provide instantaneous feedback [11].

Furthermore, at the end of the 20th century, machine learning (ML) technologies,
which are a set of effective methods that can solve problems where conventional
methods struggle to provide outstanding performance, started to flourish in a
number of fields such as education and finance. Besides these fields, applying
ML to the field of wireless communication has also become a hot and promis-
ing research direction. ML technologies have been shown to be an effective tool
in solving many wireless communication problems such as coverage and mo-
bility prediction, energy efficiency optimisation, resource allocation and so on
[14]. However, investigating the feasibility of each and every ML technology
and proposing novel and suitable ML solutions for future V2X networks is a rel-
atively new topic, it requires more research effort.

In this PhD project and thesis, the objectives include the study of various Phys-
ical (PHY) layer modulation and multiple access technologies, interference and
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wireless channel models, spectrum sensing technologies, Multiple Access Con-
trol (MAC) layer protocols, Network (NET) and Transport (TRANS) layer proto-
cols, FD technologies, ML technologies, DSRC standard as well as C-V2X stan-
dard. Specifically, I have started from the theoretical study and regeneration of
various modulation and multiple access technologies. Then, I have investigated
multiple popular spectrum sensing and FD technologies. Next, I have proposed
an adaptive FD energy sensing method based on the DSRC standard, which can
be applied to the C-V2X-based sensing process due to the fact that the core sens-
ing technology of both standards is the energy detection method. On the basis of
the proposed FD sensing strategy, I have considered the MAC layer challenges
of DSRC, and proposed a priority-based cross-layer design across the PHY and
MAC layers for future VANETs through FD technology. It has been shown that
both latency and reliability performances have been improved compared to the
standardised DSRC technologies. Besides the contribution based on the DSRC
family of standards, based on the 5G-V2X standard, I have also proposed a FD-
based scheduling protocol that has been shown to be capable of reducing latency.
After that, I have extended this research to the reliability analysis, as future V2X
applications belong to the ultra-reliable low-latency communications (URLLC)
area. It has been shown that the proposed FD multiple access mechanism has
not only enhanced the latency performance, but also the reliability performance
compared to the 5G-V2X standardised technologies. Afterwards, I have explored
the feasibility of combining ML and FD technologies for future enhanced-V2X
(eV2X) networks. I have proposed an adaptive FD deep reinforcement learning-
based design, which has been shown to outperform the 5G-V2X standardised
technologies, and can be considered for supporting the next-generation eV2X
networks. Furthermore, motivated by the lack of study in the TRANS layer for
B5G/6G-Internet of Vehicles (IoV) networks, I have proposed a FD-based multi-
path transmission control protocol, namely FDMP, to address the concern about
the feasibility of FD technology in enhancing TRANS layer protocols for URLLC
applications in future vehicular networks. It has been shown that the proposed
FDMP can significantly reduce the latency. I have also found that the FDMP
design is more suitable for dense network scenarios in terms of reliability, as
it has been shown that FDMP has a much better reliability performance in the
dense network scenario compared to the sparse network scenario. Finally, in
order to help other researchers understand the next-generation FD technology
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and V2X technology, I have surveyed literature and proposed my vision, appli-
cations, challenges and opportunities of both technologies.

1.2 Thesis Structure

In Chapter 2, I provide an overview of various modulation and multiple access
technologies along with common interference, channel models and correspond-
ing Bit Error Rate (BER)/Symbol Error Rate (SER) regeneration results, spectrum
sensing technologies, FD technologies, DSRC standard and C-V2X standard. Re-
spective literature review sections in Chapter 3 to Chapter 6 accompany this
Chapter with focuses on frontier research works.

In Chapter 3, I introduce the proposed adaptive FD energy sensing method for
collision detection and avoidance in V2X communication networks.

In Chapter 4, I deliver the proposed FD cross-layer design which was developed
on the basis of the DSRC standardised technologies and their challenges.

In Chapter 5, I demonstrate the proposed 5G-based FD scheduling and multiple
access mechanism, in which different operating autonomous levels have been
taken into consideration for the first time.

In Chapter 6, I present the proposed adaptive FD deep reinforcement learning-
based design, which was developed for 5G-V2X Mode 4 VANETs.

In Chapter 7, I first give the applications, challenges and opportunities of FD
technology in multiple next-generation wireless communication systems, includ-
ing FD 6G-V2X networks, FD unmanned aerial vehicle (UAV) networks with en-
ergy harvesting systems and ML aided FD communication systems. Next, I give
my vision, challenges and opportunities of next-generation vehicular communi-
cations and networking, including the evolved communication architectures, the
DSRC-based technologies and C-V2X-based technologies.

Finally, I conclude this PhD project and thesis, and present my future works in
Chapter 8, before the Bibliography and Appendix.
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2 Background

Synopsis of Chapter

This chapter reviews the fundamentals of the following technologies, as they are
the most important integral parts of my proposed designs in Chapters 3 to 7.

Section 2.1 presents the regeneration results, which refer to the BER and/or SER
performance of transmitting a message by using various combinations of the M-
PSK and/or M-QAM technologies with/without the OFDMA technology when
AWGN and/or fading exist.

Section 2.2 reviews major spectrum sensing technologies, which include energy
detection, matched filter, cyclostationary feature detection and eigenvalue detec-
tion. Since the energy detection technology is the most widely applied method,
which is also the technology being deployed in both DSRC and C-V2X standards,
I focus on the theory, mathematical interpretation and performance analysis of
the energy detection technology.

Section 2.3 reviews history, developments and state-of-the-art achievements of
FD technology.

Finally, Section 2.4 focuses on introducing the standardised supporting technolo-
gies for V2X communications and networking in the DSRC standard and the C-
V2X standard.
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2.1 Regeneration Results - BER/SER Performance

BER/SER performance of various combinations of different modulation, multi-
ple access technologies in the presence of different channel conditions are shown
in this section. MATLAB is the simulation platform used for the regeneration.

2.1.1 BPSK Systems

2.1.1.1 AWGN

Fig. 2.1 shows the BER performance of BPSK systems in the presence of AWGN.
Neither Rayleigh fading nor Rician fading is considered.
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FIGURE 2.1: BER versus SNR per bit Eb/N0 curve for BPSK systems
over AWGN

Theoretical BER, Pe, in this case is given by

Pe =
1
2
· er f c(

√
Eb
N0

), (2.1)
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where er f c(.) refers to the complementary error function.

2.1.1.2 AWGN and Rayleigh fading

Fig. 2.2 shows the BER performance of BPSK systems in the presence of AWGN
over a Rayleigh fading channel.
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FIGURE 2.2: BER versus SNR per bit Eb/N0 curve for BPSK systems
over AWGN and Rayleigh

Theoretical BER, Pe, in this case is given by

Pe =
1
2
· (1 −

√√√√ Eb
N0

1 + Eb
N0

). (2.2)

2.1.1.3 AWGN and Rician fading

Fig. 2.3 shows the simulated BER performance of BPSK systems in the presence
of AWGN over a Rician fading channel.
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FIGURE 2.3: Simulated BER versus SNR per bit Eb/N0 curve for
BPSK systems over AWGN and Rician

Theoretical BER performance in this case is cross-checked with the BERTOOL,
which is a built-in tool in MATLAB that generates theoretical values according to
the provided conditions such as the values for K and channel model.

The BERTOOL is shown in Fig. 2.4.

FIGURE 2.4: BERTOOL

Theoretical BER performance is shown in Fig. 2.5.
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FIGURE 2.5: Theoretical BER versus SNR per bit Eb/N0 curve for
BPSK systems over AWGN and Rician

2.1.2 QPSK Systems

2.1.2.1 AWGN

Fig. 2.6 shows the BER performance of QPSK systems in the presence of AWGN.
Neither Rayleigh fading nor Rician fading is considered.
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FIGURE 2.6: BER versus SNR per bit Eb/N0 curve for QPSK systems
over AWGN

Since a QPSK system consists of two orthogonal BPSK systems, they do not in-
terfere with each other, and the BER curve for QPSK systems in the presence of
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AWGN is identical to that of BPSK systems, which is given by Eq. (2.1).

2.1.2.2 AWGN and Rayleigh fading

Fig. 2.7 shows the BER performance of QPSK systems in the presence of AWGN
over a Rayleigh fading channel.
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FIGURE 2.7: BER versus SNR per bit Eb/N0 curve for QPSK systems
over AWGN and Rayleigh

2.1.3 Higher-Order M-PSK Systems

2.1.3.1 AWGN

Fig. 2.8 shows the SER performance of various M-PSK systems in the presence
of AWGN. Neither Rayleigh fading nor Rician fading is considered.

Theoretical SER, Ps, for M-PSK systems in the presence of AWGN is given by [15]

Ps = er f c[

√
(

Eb
N0

· k) · sin(
π

M
)], (2.3)
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FIGURE 2.8: SER versus SNR per bit Eb/N0 for various M-PSK sys-
tems over AWGN

where k = log2(M), and M refers to the order of the M-PSK systems.

2.1.3.2 AWGN and Rayleigh fading

Fig. 2.9 shows the SER performance of various M-PSK systems in the presence
of AWGN over a Rayleigh fading channel.

Theoretical SER, Ps, for M-PSK systems in the presence of AWGN over Rayleigh
fading channel is given by [15]

Ps =
1
π

∫ (M−1) π
M

0

L∏
l=1

Mγl(−
sin2( π

M )

sin2 θ
)dθ, (2.4)

where L refers to the number of diversity branches.
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2.1.4 16-QAM Systems

2.1.4.1 AWGN

Fig. 2.10 and Fig. 2.11 illustratively show the constellation diagrams of the
transmitted and received 16-QAM symbols in the presence of AWGN. Neither
Rayleigh fading nor Rician fading is considered.

Compared the received 16-QAM symbols to the transmitted symbols in the con-
stellation diagrams, we can see that both the quadrature component and the
in-phase component are drifted from the designed points due to the impact of
AWGN, which degrades the demodulation accuracy, and leads to transmission
errors. However, if the SNR per bit, Eb/N0, is increased, as shown in Fig. 2.11, it
is more likely for the demodulator to demodulate correctly, because with a larger
Eb/N0, the received symbols have smaller Hamming distances to the expected
and ideal constellation points. In other words, the higher the order of the modu-
lation technology (i.e. M) is used, the weaker the anti-interference capability is,
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due to the closer distance between two arbitrary constellation points.
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FIGURE 2.10: An illustrative constellation diagram of the transmit-
ted and received 16-QAM symbols in the presence of AWGN with

10 dB Eb/N0
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FIGURE 2.11: An illustrative constellation diagram of the transmit-
ted and received 16-QAM symbols in the presence of AWGN with

20 dB Eb/N0

Fig. 2.12 shows the SER performance of 16-QAM systems in the presence of
AWGN. No fading is considered.

Theoretical SER, Ps, and k = log2M is even, for square M-QAM systems in the
presence of AWGN is given by [15], [16]

Ps =
4
√

M − 1√
M

Q(

√
3

M − 1
· kEb

N0
)− 4(

√
M − 1√

M
)2Q2(

√
3

M − 1
· kEb

N0
). (2.5)



Chapter 2. Background 15

-10 -8 -6 -4 -2 0 2 4 6 8 10

Eb/N0(dB)

10
-2

10
-1

10
0

S
y
m

b
o
l 

E
rr

o
r 

R
a
te

 (
P

s)

SER versus SNR per bit (Eb/N0) for 16-QAM Systems over AWGN

Theoretical SER: 16-QAM

Simulated SER: 16-QAM

FIGURE 2.12: SER versus SNR per bit Eb/N0 for 16-QAM systems
over AWGN

2.1.4.2 AWGN and Rayleigh fading

Fig. 2.13 shows the SER performance of 16-QAM systems in the presence of
AWGN over a Rayleigh fading channel.

Theoretical SER, Ps, and k = log2M is even, for square M-QAM systems in the
presence of AWGN over Rayleigh fading channel is given by [15]

Ps =
4
π
(1 − 1√

M
)

∫ π
2

0

L∏
l=1

Mγl(−
3

2(M−1)

sin2 θ
)dθ

− 4
π
(1 − 1√

M
)2
∫ π

4

0

L∏
l=1

Mγl(−
3

2(M−1)

sin2 θ
)dθ.

(2.6)
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FIGURE 2.13: SER versus SNR per bit Eb/N0 for 16-QAM systems
over AWGN and Rayleigh

2.1.5 64-QAM Systems

2.1.5.1 AWGN

Fig. 2.14 shows an illustrative constellation diagram of the transmitted and re-
ceived 64-QAM symbols in the presence of AWGN. Neither Rayleigh fading nor
Rician fading is considered.
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FIGURE 2.14: An illustrative constellation diagram of the transmit-
ted and received 64-QAM symbols over AWGN

Fig. 2.15 shows the SER performance.
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FIGURE 2.15: SER versus SNR per bit Eb/N0 for 64-QAM systems
over AWGN

2.1.5.2 AWGN and Rayleigh fading

Fig. 2.16 shows the SER performance of 64-QAM systems in the presence of
AWGN over a Rayleigh fading channel. Neither Rayleigh fading nor Rician fad-
ing is considered.
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FIGURE 2.16: SER versus SNR per bit Eb/N0 for 64-QAM systems
over AWGN and Rayleigh
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2.1.6 OFDMA + M-PSK Systems

2.1.6.1 AWGN

Fig. 2.17 shows the SER performance of an OFDMA system with various M-PSK
modulation technologies in the presence of AWGN. Neither Rayleigh fading nor
Rician fading is considered.
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FIGURE 2.17: SER versus SNR per bit Eb/N0 for OFDMA with var-
ious M-PSK in the presence of AWGN

2.1.6.2 AWGN and Rayleigh fading

Fig. 2.18 shows the SER performance of various M-PSK systems in the presence
of AWGN over a Rayleigh fading channel.



Chapter 2. Background 19

-20 -15 -10 -5 0 5 10

Eb/N0(dB)

10
-1

10
0

S
y

m
b

o
l 

E
rr

o
r 

R
a

te
 P

s(
E

)

SER VS Eb/N0(dB) for OFDMA with various M-PSK over Rayleigh + AWGN

Simulated SER

Theoretical SER

OFDMA+QPSK

OFDMA + 8-PSK

OFDMA + 32-PSK

OFDMA + 64-PSK

OFDMA + 16-PSK
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2.1.7 OFDMA + 16-QAM Systems

2.1.7.1 AWGN

Fig. 2.19 shows the SER performance of an OFDMA system with 16-QAM mod-
ulation technology in the presence of AWGN. Neither Rayleigh fading nor Rician
fading is considered.
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FIGURE 2.19: SER versus SNR per bit Eb/N0 for OFDMA with 16-
QAM in the presence of AWGN

2.1.7.2 AWGN and Rayleigh fading

Fig. 2.20 shows the SER performance of an OFDMA system with 16-QAM in the
presence of AWGN over a Rayleigh fading channel.
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FIGURE 2.20: SER versus SNR per bit Eb/N0 for OFDMA with 16-
QAM in the presence of AWGN over a Rayleigh fading channel



Chapter 2. Background 21

2.1.8 OFDMA + 64-QAM Systems

2.1.8.1 AWGN

Fig. 2.21 shows the SER performance of an OFDMA system with 64-QAM in the
presence of AWGN. Neither Rayleigh fading nor Rician fading is considered.
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FIGURE 2.21: SER versus SNR per bit Eb/N0 for OFDMA with 64-
QAM in the presence of AWGN

2.1.8.2 AWGN and Rayleigh fading

Fig. 2.22 shows the SER performance of an OFDMA system with 64-QAM in the
presence of AWGN over a Rayleigh fading channel.
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2.2 Spectrum Sensing Technologies

Spectrum sensing is one of the core integral parts of multiple wireless networks,
since spectrum sensing technologies provide awareness of the spectrum status to
different nodes, which in turn is used as the foundation of further actions such
as resource allocation and scheduling. In this section, I present some of the most
widely-applied spectrum sensing technologies.

2.2.1 Energy Detection

Among all spectrum sensing technologies, energy detection is the most common
and widely-applied method due to its low implementation cost, low computa-
tional complexity and its advantage of not requiring neither channel gains nor
other parameter estimates [17], [18].

An energy detector first measures the received signal energy within the target
bandwidth and time period. Then the measured energy is compared to a thresh-
old which depends on the noise floor to determine the status of the spectrum.
The main challenges of designing and deploying an energy detector include set-
ting up the right threshold, differentiate interference and enhance performance
in low SNR regions [18]. Besides energy detectors have also been shown that
they cannot provide accurate and efficient sensing results in detecting spread
spectrum signals [19], [20].

The received signal, r, at an energy detector, is sampled, the nth sample, r(n), is
given by

r[n] =

{
w[n]; H0

x[n] + w[n]; H1,
(2.7)

where x[n] refers to the signal to be detected, w[n] refers to the AWGN signal.
Moreover, in this binary hypothesis testing problem, H0 refers to the hypothesis
that the signal to be detected, x[n], is absent, and H1 refers the hypothesis that
the signal to be detected, x[n], is present.

The test statistic of this energy detector, E, is given by

E =
1
N

N∑
n=0

|r[n]|2, (2.8)
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where N refers to the number of samples, which is given by

N = fs · Ts, (2.9)

where fs refers to the sampling frequency, and Ts refers to the sampling duration.

Next, in order to determine whether the target bandwidth has been occupied or
not, the energy test statistic, E, is compared against a pre-defined fixed threshold,
ϵ. The bandwidth is regarded as an occupied resource if the measured energy is
greater than the threshold. Otherwise, the medium is regarded as a free resource
that can be allocated to a user. Thus sensing errors may occur, and we have to
evaluate the performance of this method.

The performance of the energy detection technology is normally evaluated by
three types of probabilities, which are detection probability, false alarm proba-
bility and mis-detection probability. The detection probability is defined as the
probability that the measured energy is greater than the threshold when the sig-
nal x[n] is actually present. The false alarm probability is defined as the prob-
ability that the measured energy is greater than the threshold when the signal
x[n] is actually absent. The mis-detection probability is defined as the probabil-
ity that the measured energy is smaller than the threshold when the signal x[n]
is actually present.

The detection probability, Pd, is formulated as [18]

Pd = Pr{E > ϵ|H1} =

∫ +∞

0
p1(x)dx, (2.10)

where p1(x) refers to the PDF of the energy test statistic, E, under hypothesis H1.
The false alarm probability, Pf , is formulated as [18]

Pf = Pr{E > ϵ|H0} =

∫ +∞

0
p0(x)dx, (2.11)

where p0(x) refers to the PDF of the energy test statistic, E, under hypothesis H0,
and the mis-detection probability, Pm, is formulated as [18]

Pm = Pr{E < ϵ|H1} = 1 − Pd. (2.12)
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According to the CLT, the AWGN can be modeled as a zero-mean Gaussian ran-
dom variable with variance σ2

w, which can be represented as

w[n] = N(0, σ2
w). (2.13)

For a simplified evaluation, the signal x[n] can also be modeled as a zero-mean
Gaussian random variable, which is given by

x[n] = N(0, σ2
s ). (2.14)

Note that the model for x[n] will become much more complicated when fading
is taken into consideration.

According to the above assumptions, the energy test statistic, E, follows Chi-
square distribution with 2N degrees of freedom, χ2

2N, which is given by

E =


σ2

w
2

χ2
2N; H0

σ2
w + σ2

s
2

χ2
2N; H1,

(2.15)

Hence, the detection probability, Pd, is given by

Pd = Q((
ϵ

σ2
w
− Υ − 1) ·

√
N

2Υ + 1
), (2.16)

where Υ refers to the SNR of the signal to be detected, x[n], Q(.) refers to the
tail distribution function of standard normal distribution, or the complementary
error function, which is given by

Q(x) =
1√
2π

∫ +∞

x
exp(−−u2

2
)du

=
1
2
− 1

2
er f (

x√
2
) =

1
2

er f c(
x√
2
).

(2.17)

The false alarm probability,Pf , is given by

Pf = Q((
ϵ

σ2
w
− 1) ·

√
N). (2.18)
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2.2.2 Matched Filter Detection

The matched filter detection method performs coherent operations, and hence
requires perfect knowledge of the signal to be detected and the knowledge of the
channel response [18]. Therefore, it is also known as the optimum method for
sensing when the signal to be detected and the channel response are known [21].
The main advantage of the matched filter detection is its fast speed of achieving a
target false alarm probability and a mis-detection probability [22], so that not too
many transmission opportunities are missed, as well as more potential signal col-
lisions are avoided. On the other hand, since a matched filter detector requires
perfect synchronisation in both PHY and MAC layers, it also has a high com-
plexity. Additionally, the performance decreases significantly when the channel
response varies rapidly [18]. Moreover, since the wireless environment becomes
more and more complicated with the rise of the user density, and a detector nor-
mally has to receive all types of signals, which are compound at the receivers,
the implementation of such a matched filter detector has high complexity, and
therefore is not practical.

2.2.3 Cyclostationary Feature Detection

Cyclostationary feature detection is a method of spectrum sensing that uses the
cyclostationary features of the signal to be detected, which refer to the period-
icity or the statistical features such as the mean or autocorrelation [18]. Or such
features can also be intentionally introduced to the signal to be detected for as-
sisting the spectrum sensing [23]. One way of distinguishing the cyclostationary
features is to use the input-output spectrum correlation density. It is based on
the fact that noise does not have any periodicity, so noise also has no correlation,
whilst the modulated signals do have periodicity features. The disadvantage of
this method is its high computational complexity, which is caused by the high
sampling rate, because this detection method requires sufficient samples of the
signals to distinguish among different components of the compound signal. Be-
sides, cyclostationary feature detection also suffers from frequency offset and
sampling timing errors, because they affect the spectrum correlation density sig-
nificantly, and in turn affect the detection accuracy [18]. Therefore, this spectrum
sensing method is not a suitable candidate for high-speed communication sce-
narios, such as the V2X communications.
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2.2.4 Eigenvalue Detection

Eigenvalue detection uses the ratio of the maximum or the average eigenvalue to
the minimum eigenvalue of the covariance matrix of the sensed signal vector to
compare against a pre-defined fixed threshold to determine the channel status,
above which the channel is regarded as occupied. Otherwise, the channel is free
to be allocated [18]. However, the method is not applicable if the correlation of
the signal to be detected is zero. In other words, in the case where the signal to be
detected appears closely to the characteristics of the white noise. Compared to
other spectrum sensing technologies, the eigenvalue detection method requires
neither the knowledge of the signal to be detected nor the knowledge of the chan-
nel condition, which is one of the main advantages same as the energy detection
method. However, the eigenvalue detection technology has high computational
complexity due to the covariance matrix computation and the eigenvalue de-
composition. In addition, similar to the energy detection technology, selecting a
suitable threshold is a challenge in the eigenvalue detection method, because it
will also affect the detection accuracy performance significantly.

2.2.5 Alternative Spectrum Sensing Technologies

Apart from the four most common and widely-used spectrum sensing technolo-
gies, which are introduced in Sections 2.2.1 - 2.2.4, there are also some alternative
sensing technologies. They can be selected according to their characteristics and
the suitable applications.

One method that can differentiate non-Gaussian distributed signals from Gaus-
sian distributed signals uses the cumulants property which can be expressed as
moments. The cumulants of Gaussian distributed signals higher than second
order are zero [24]. In [25], the authors have proposed a single and multiple
cumulants-based sensing technology, which uses the property that modulated
signals induces non-Gaussian property.

In addition, the Anderson-Darling method is another example, which senses the
channel by introducing a non-parametric hypothesis test problem [26], [27]. This
method tests the sensed samples. If the test satisfy the properties of the noise
distribution, the output is that the channel is free. Otherwise, if the test does not
satisfy the properties, the output is that the channel is occupied.
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Moreover, there are many other spectrum sensing technologies such as the diffu-
sion detection method [28], and the Kolmogorov-Smirnov method [29]. The pro-
posed Kolomogorov-Smirnov method in [29] is also a non-parametric method
that determines the presence or absence of a signal based on the empirical cu-
mulative distribution function. The proposed recursive least square and least-
mean square algorithms in [28] are two diffusion detection methods, which track
changes of the parameters associated with transmitters, receivers and channels
to determine the presence or absence of the signal to be detected.
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2.3 FD Technologies

Traditionally, information in a wireless communication system is transmitted in a
HD or out-of-band FD manner, which means that the information is transmitted
and received either in different time frames or different frequency bands.

Different from the HD and the out-of-band FD communication systems, the IBFD
technology, hereafter FD technology, is capable of transmitting and receiving in
the same time frames over the same frequency bands. For a long period of time,
most researchers do not believe that FD would be a possible and practical tech-
nology for mobile communication networks, such as base stations, mobile termi-
nals and so on, because transmitting and receiving simultaneously in the same
frequency band with very limited space for physical isolation between the trans-
mission and receiving antennas will lead to extremely strong self-interference
(SI) from the transmission antenna to the receiving antenna, which will over-
whelm the desired signal, and in turn makes the communication impossible to
be completed. However, FD technology has been deployed in other types of ap-
plications in history. For example, FD technology can be found in the design of
continuous wave (CW) radar systems since 1940s. But each application has limi-
tations, since the FD technology was used in special cases. It was not applied to
general wireless communication systems and scenarios.

With recent development and achievement in FD technology, especially in the
SI suppression/cancellation (SIS/SIC) technology, FD technology is feasible to
be applied to more general wireless systems and scenarios, such as cellular and
V2X communications [11]. Therefore, this thesis focuses on proposing novel FD
cross-layer approaches for V2X networks. Herein, the cross-layer approach is
defined as the approach that incorporates designs in both the PHY and MAC
layers jointly for the purpose of performance improvement. Specifically, in this
thesis, the FD simultaneous transmission and sensing is deployed in the PHY
layer, whilst the sensing results are also used in the MAC layer to follow the
proposed novel transmission rules.

2.3.1 SIS/SIC Technology

To apply the FD technology to modern wireless communication systems, the
biggest drawback (i.e. the SI signal) must be addressed. As shown in Fig. 2.23,
the SI signal refers to the interference signal that is from the FD station’s own
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FIGURE 2.23: Illustration of the SI at a FD Station

transmission antenna to its receiving antenna. Since this distance is much shorter
than the distance between the receiving antenna and the transmitting antenna of
the desired signal, the power of the SI signal is much higher than the desired
signal strength, which makes the reception impossible, if the SI signal cannot be
suppressed.

Existing SIS/SIC methods can be divided into the following two types: passive
SIS/SIC methods, which refer to physical isolation of the transmitting and re-
ceiving antenna of the FD station, and active SIS/SIC methods, which refer to
the use of the FD station’s known transmitting information to suppress the SI.

Passive SIS methods suppress the SI signal before it enters into the receiver’s
RF chain circuit [30]. Therefore, the amplitude of the received signal can be
suppressed before the analogue-to-digital converter (ADC) process. The most
widely-applied method approach is the use of propagation path loss, which
depends on the placement design of the transmission and receiving antenna.
Moreover, the placement design also normally incorporate other technologies
to further enhance the overall performance, such as antenna directionality, and
beamforming. Comparing to conventional mobile stations (MS), such as mobile
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phones, vehicles has a much bigger size for physical isolation, which in turn
leads to larger path loss, and better passive SIS/SIC performance.

Active SIS methods normally starts from analogue suppression, which subtracts
an estimated SI signal after the passive SIS/SIC method, and followed by a digi-
tal SIS/SIC method. There are two different types of analogue SIS/SIC. The first
type is to use the transmitting signal to generate a replica signal with a trans-
former or multiple parallel lines of varying delays and tunable attenuators [30],
whilst the other type is to convert the delay and attenuation in the digital domain
to the analogue domain to suppress/cancel the SI signal [31].

By deploying various combinations of the SIS/SIC methods, we can control the
SI, and therefore, enjoy the following advantages of the FD technology.

2.3.2 Advantages of FD Technology

• Link Capacity: More efficient use of the time and frequency resources can
theoretically double the link capability compared to the HD technology
[11].

• Feedback Delay: Simultaneous reception of feedback signalling, such as
control information, channel state information (CSI), and acknowledge-
ment (ACK) and negative acknowledgement (NACK) information, which
leads to the reduction in delay, whilst improving the throughput [32].

• End-to-End Delay: In a relay system, if the relay station is equipped with
the FD technology, it is able to transmit data to the destination whilst re-
ceiving data from the source. Thus, the end-to-end delay is reduced [11].

• Security and Secrecy: FD technology allows two nodes to transmit at the
same time in the same frequency. Thus an eavesdropper receives a mixed
signal on a single channel. Comparing to HD transmission, this blended
signal is more difficult to be separated without side information [33].

• Hidden Terminal Effect: In an ad-hoc network scenario, each MS can use
the simultaneous transmission and sensing feature of the FD technology,
which means that each MS can detect collisions during transmission. Thus,
the effect of the hidden terminal problem is reduced [34].

• Resource Fairness: In a centralised network, if HD technology is used, the
access point (AP) has much higher load, since one AP is designed to serve
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multiple MSs. The resource fairness is different for each MS. By deploying
FD technology, the AP and a MS can send information simultaneously in
the same frequency. Thus, a better fairness between upstream and down-
stream can be achieved [35].
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2.4 V2X Communications and Networking

Vehicle-to-Everything (V2X) communications refer to the technologies that can
support information exchange between vehicles. V2X technologies allow vehi-
cles to share both safety and infotainment messages to any other entity. Depend-
ing on different applications, V2X communications can be categorised into more
specific types, including Vehicle-to-Vehicle (V2V) communications, Vehicle-to-
Infrastructure (V2I) communications, Vehicle-to-Pedestrian (V2P) communica-
tions and so on. Generally, the motivations for V2X communications are trans-
portation safety and efficiency.

There are two standards for supporting V2X communications, which are Dedi-
cated Short Range Communications (DSRC) standard [36], and Cellular-V2X (C-
V2X) standard [2]. Although the history of V2X communications can be traced
back to 1970s, a unified set of technical standards has not been achieved, because
each standard has pros and cons in different scenarios.

The background of the DSRC and C-V2X standards are introduced in Section
2.4.1 and Section 2.4.2, respectively. Related technologies such as MAC protocols
are introduced in Chapters 3 - 7 where needed. They are used as the benchmarks
for comparing to the proposed technologies.

2.4.1 DSRC Standard

DSRC is a set of short to medium-range communication standards specifically
designed for V2X applications and Intelligent Transportation Systems (ITS). Its
PHY and MAC layer technical specifications are also know as the IEEE 802.11p
standard. DSRC is also the first international standard for V2X communications
and ITS. Over the years, the performance of DSRC has been evaluated by devel-
oping analytical models [7], using extensive computer simulations [37], and field
tests [8]. The results show that DSRC is satisfactory for most basic vehicular ap-
plications, where the end-to-end latency requirement is approximately 100 ms,
and the network density is not too high. However, when the network density
increases and exceeds a certain limit, its performance degrades rapidly. The first
major reason is the packet collision, which is the result of simultaneous trans-
mission from different vehicles. The second major reason is the hidden node
problem, which is caused by the network topology, because DSRC is mainly de-
signed for broadcast scenario, and there is no acknowledgement mechanism.



Chapter 2. Background 33

To enhance the performance of DSRC standard, and support future more diverse
V2X applications, a new IEEE 802.11bd Task Group was formed in 2019. The
objectives of IEEE 802.11bd focus on improving the reliability, decreasing the la-
tency, and supporting more types of V2X applications and scenarios. Besides,
the Task Group also requires that this new standard to be backward compatible
with the IEEE 802.11p standard, which implies that devices using either stan-
dardised technology must be able to communicate with any other device on the
same channel. Furthermore, as mobility is one of the most significant character-
istics of V2X communications, increasing the maximum relative velocity up to
500 km/h is also one of the primary objectives for IEEE 802.11bd standard.

2.4.2 C-V2X Standard

Comparing to the DSRC standard, C-V2X standard is a more recent set of tech-
nologies, which are designed based on the existing cellular communication tech-
nologies, such as the 4G Long-Term Evolution (LTE) technologies and 5G New
Radio (NR) technologies. Literature shows that C-V2X outperforms DSRC in
terms of additional link budget, higher resilience to interference and better Non-
Line-of-Sight (NLoS) capability [38]. C-V2X standard can also support basic basic
safety V2X applications where the end-to-end latency requirement is about 100
ms. In addition, C-V2X standard has the same design objectives as IEEE 802.11bd
in terms of reliability and latency. But it does not have any constraint on the
backward capability. NR-V2X devices are designed to communicate with LTE-
V2X devices through a dual-radio system, where one set of device for LTE-V2X
communication, and another set of device for NR-V2X communication.

In terms of system model, two modes have been introduced in C-V2X standard,
which are Mode 3 and Mode 4. Mode 3 is used when vehicles are in the coverage
area of a base station (BS) or roadside unit (RSU), whilst Mode 4 is used when
vehicles are out of the coverage area of a BS or RSU, or the connection to the in-
frastructure is not stable. In addition to the conventional Uplink (UL) and Down-
link (DL) communication, the Sidelink (SL) communication is the characteristic
of V2X communications, which refers to the direct communication between ve-
hicles. SL communication cannot only be used in Mode 4, but also in Mode 3.
In this case, control messages such as signalling is transmitted by using the UL
and DL resources in the charge of a BS or RSU, whilst data messages are shared
between vehicles by using the assigned resources.
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To investigate thoroughly based on both standards, this PhD project started from
the DSRC standard, since it is released earlier than the C-V2X standards. Corre-
sponding contributions are presented in Chapters 3 to 4. Then, the works that
are based on the C-V2X standards are presented in Chapters 5 to 7. Finally, this
thesis is concluded in Chapter 8, in which future works are also incorporated.
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3 Collision Avoidance in V2X
Communication Networks

Synopsis of Chapter

In Chapter 3, I investigate collision detection and avoidance in a vehicular net-
work of FD operating nodes, which refers to my paper [39]. Probabilities of de-
tection and false alarm, detection threshold before and during transmission, and
effect of SI on these metrics have been formulated. It is shown that the proposed
scheme would experience a shorter collision duration. Meanwhile, it also re-
quires a minimum SIC capability for acceptable operation, below which, system
throughput would be poor due to high false alarm probability. Numerical simu-
lations verify the accuracy of my analysis. They also illustrate that the proposed
model perform better than the fixed threshold strategy. A trade-off between half
duplex (HD) and FD has been found and the scheme would be applicable even
if SIC capability of OBUs is relatively poor, with no need for complicated and
expensive devices for future vehicular communication.

We introduce the background, motivation and contributions of this work in Sec-
tion 3.1. Next, I present the considered system model and assumptions in Section
3.2. Furthermore, I formulate the probabilities of detection, false alarm and mis-
detection, and the dynamic thresholds in Section 3.3. In addition, I demonstrate
the analytical and simulation results with discussions in Section 3.4. Finally, I
conclude this work in Section 3.5.
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3.1 Introduction

Over the past few years, intelligent transportation systems (ITSs) and autonomous
driving have attracted the attention of auto makers and academia towards in-
troduction of vehicular communication systems. In such networks, information
such as safety messages are exchanged between vehicles (vehicle-to-vehicle V2V)
or between vehicles and any other object (vehicle-to-everything V2X) to provide
a better transportation system in terms of safety, latency, and energy efficiency.
Two different V2X communication standards are widely considered as promis-
ing applicants for future vehicular networks. One of them is DSRC [1], which
is also known as IEEE 802.11p (WAVE). While the other is cellular-V2X commu-
nication (C-V2X) such as release-15 published by 3GPP [3]. Many works have
compared performance of these two technologies such as [9]. However, which
technology would be the better solution is still an open question, since each of
them has its own pros and cons. This work is built upon DSRC.

One of the main challenges based on IEEE 802.11 legacy standard (especially
ad hoc networks) is the access protocol and prevention of data loss due to col-
lision of concurrent transmission of two or many nodes. In this standard, car-
rier sense multiple access with collision avoidance (CSMA/CA) protocol has
been deployed to minimise the probability of collision and data loss. However,
this protocol will not eliminate such incidents and the condition becomes worse
when there are too many nodes in the network (dense networks) [40]. This prob-
lem is more serious in vehicular networks in which safety messages known as
cooperative awareness messages (CAMs) are broadcasted without acknowledge-
ment and loss of them may result in a higher risk of accidents. Finding a way to
eliminate the loss of data due to signal collision in V2X networks is an important
problem to be solved.

Deploying FD technology in vehicular networks seems a promising solution to
this problem. FD technology enables the nodes in a V2X network to sense the car-
rier while they are transmitting at the same time over the same channel. Thanks
to recent advances in SIC techniques, SI suppression as high as 110 dB could
be obtained under certain conditions [11]. Therefore, deploying FD technology
in legacy CSMA/CA protocol enables collision detection (CD) so that vehicles
would be able to detect probable collisions while broadcasting and go to backoff
process in an earlier phase.
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In this work I have considered collision detection and avoidance in V2X net-
works where the transmitting nodes would sense the channel, in a FD manner,
to detect any probable concurrent transmissions. Sensing is carried out through
measuring the energy level of the channel, which is a simple and widely-applied
method. To the best of my knowledge, I am among the first ones exploring
this method in vehicular networks. Other related works are either in the area
of cognitive radio networks such as [18] and [41], or in vehicular communica-
tions but assumed ideal energy detection such as [42] and [43]. Unlike these
works, I have assumed imperfect energy detection and investigated the effect of
threshold, transmit power, SIC capability, sensing time, collision duration and
throughput on the network performance.
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3.2 System Model

We consider a vehicular ad hoc network (VANET) in which vehicles broadcast
CAMs periodically. All vehicles are equipped with FD capability. Rayleigh fad-
ing channels are assumed to be the channel model between vehicles. The noise
component is assumed to be Gaussian, independent and identically distributed
(i.i.d.) with zero mean and unit variance. Regarding the hidden node problem,
the proposed method is not focusing on eliminating it. However, the effect of the
hidden node problem could be weakened by setting up a wider sensing range
such as double of the transmission range. This could be done by adjusting the
thresholds formulated in section III. Since this is not the focus of this work, the
transmit power level of all vehicles would be set to the same and fixed value
based on the required coverage area of the vehicular network, and the sensing
range is considered to be equal to the transmission range.

In my model, energy detection is the core technology and the level of the re-
ceived energy depends on the distance between the sensing vehicle and the po-
tential concurrent transmitting vehicle(s). To be conservative, I have developed
my model to be able to detect the signal collision from the farmost vehicle, as
shown in Fig. 3.1. All vehicles are able to transmit and sense simultaneously.
Here vehicle A is assumed to be a transmitting and sensing vehicle, vehicle B
and C are probable concurrent transmitting vehicles. It is obvious that A can
easily detect the transmission of B if B is also broadcasting since B is close to
A, and the measured SNR of B at A is relatively high. However, C is far away
from A. If C is competing with A for broadcasting, the difficulty of detecting its
transmission would be much higher than detecting B. So, I set the thresholds to
satisfy the detection of signals sent by C (farmost vehicle). Certain requirements
for the received SNR, sensing time and SIC capability are found, which will be
discussed in later sections. Furthermore, my method performs even better when
multiple CAMs are competing for broadcasting at the same time, because the en-
ergy level of the received signal would be much higher and the colliding signal
is much easier to be accurately detected, comparing to the case where there is
only one concurrent broadcasting vehicle.

The system works as follows, whenever a vehicle would like to broadcast a CAM,
it first probes the medium to measure the energy level of the channel. If the mea-
sured energy is less than the threshold ϵth0 which is derived from the theoretical



Chapter 3. Collision Avoidance in V2X Communication Networks 39

FIGURE 3.1: Demonstration of the signal detection between vehi-
cles

formulation in Section III, the vehicle knows the channel is free for broadcasting;
if the sensed energy is greater than the threshold ϵth0 , the vehicle knows there is
another or even more vehicles occupying the channel and will not broadcast un-
til the channel is free. Sensing process continues during the broadcasting period
in a FD manner. The measured energy would be compared to an elevated thresh-
old ϵth1 which is dependent on the amount of residual SI after cancellation. If the
measured energy is higher than this elevated threshold ϵth1 , the vehicle knows
its transmission is in collision with another vehicle(s) transmitting at the same
time. Otherwise, the vehicle itself is regarded as the only one using the channel
in the network.

However, the aforementioned detection is not perfect. All decisions are made
with certain probabilities. Detection probability is defined as the probability that
a vehicle successfully detect the presence of an event (an ongoing transmission or
a collision) when the event actually exists, and false alarm probability is defined
as the the probability that a vehicle falsely declare the presence of an event when
the event does not exist. In order to have a high probability of detection, both
thresholds (ϵth0 , ϵth1) should be set to a low value. However, this will result in a
high false alarm probability. In other words, vehicles are missing opportunities
to transmit. In this work, I focus on keeping the detection probability to a high
value while attempting to find the requirements for an acceptable probability of
false alarm in terms of transmission power, sensing duration and SIC capability.
In this work I just focus on detecting collisions of signals, and further actions
to be followed when collision or false alarm occurs will be left to a MAC layer
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scheduling protocol considered in my future work.

In order to make the mathematical formulations clear, I list the important nota-
tions in Table. 3.1. Specifically, η refers to SIC factor which is the percentage of
residual SI after SIC and it varies between 0 and 1. If η = 0, it means that SIC is
perfect and there is no residual SI.

TABLE 3.1: Important Notations

Parameters Notes
N number of samples

(maximum integer that is smaller than or equal to τ · fs)
r[n] the received signal at a FD node,

where n = 1, 2, ..., N
τ sensing time
fs sampling frequency

w[n] noise signal with mean zero and variance σ2
w

si[n] SI signal with mean zero and variance σ2
i

s[n] transmit signal from a FD node
with mean zero and variance σ2

s
η SIC factor

E|.| Expectation operator
σ2

w variance of w[n] (σ2
w = E|w[n]|2)

σ2
i variance of si[n] (σ2

i = E|si[n]|2)
σ2

s variance of s[n] (σ2
s = E|s[n]|2)

E energy detection test statistic

Υ1 measured SNR of the node itself (Υ1 =
σ2

i
σ2

w
)

Υ2 measured SNR of other transmitting node (Υ2 = σ2
s

σ2
w

)
ϵth0 first threshold
ϵth1 second threshold
Hi hypothesis i where i = 0, 1, 2, 3

Pf ,bt probability of false alarm before transmission
Pf ,dt probability of false alarm during transmission
Pd,bt probability of detection before transmission
Pd,dt probability of detection during transmission
Q(.) Q function operation
pi(x) PDF of E under hypothesis Hi

µi mean value of pi(x)
σ2

i variance of pi(x)
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3.3 Mathematical Analysis

From now on when I refer to transmitting vehicle I mean the vehicle which is or
going to transmit and sense the channel, and colliding vehicle(s) means that the
vehicle(s) that are causing collision due to concurrent transmission.

We have four different hypotheses for different transmission scenarios. Hypoth-
esis H0 is defined as when there is no vehicles broadcasting; H1 is defined as
when there is an ongoing transmission from colliding vehicle(s); H2 is defined as
when the transmitting vehicle is the only vehicle occupying the channel and H3

is defined as when there are at least 2 vehicles competing for broadcasting.

So the received signal at a FD-enabled vehicle would be

r[n] =



w[n]; H0

s[n] + w[n]; H1
√

ηsi[n] + w[n]; H2
√

ηsi[n] + s[n] + w[n]; H3

(3.1)

The energy detection test statistic is given by

E = 1
N ·

∑N
n=1 |r[n]|2. (3.2)

• Under H0:

E is a random variable (RV) whose probability density function (PDF) p0(x)
follows a Chi-square distribution for the complex-valued case, therefore,
probability of false alarm can be expressed as [41]

Pf ,bt(FD) = Q((
ϵth0
σ2

w
− 1) ·

√
N). (3.3)

• Under H1:

Probability of detection under this hypothesis is given by [41]

Pd,bt(FD) = Q((
ϵth0
σ2

w
− Υ2 − 1) ·

√
N

2Υ2+1). (3.4)

• Under H2:
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Similar to H1, probability of false alarm is derived from

Pf ,dt(FD) = Pr{E > ϵth1 |H2} =
∫ ∞

ϵth0
p2(x)dx. (3.5)

According to Central Limit Theorem (CLT), for a large N, p2(x) can be ap-
proximated by a Gaussian distribution with mean µ2 = η2σ2

i + σ2
w and vari-

ance σ2
2 = 1

N · [η4σ4
i + 4σ2

w − (η2σ2
i − σ2

w)
2].

Then PDF of the measured energy would be

p2(x) = 1√
2πσ2

2
· exp(− (x−µ2)

2

2σ2
2

). (3.6)

Therefore, probability of false alarm is given by

Pf ,dt(FD) =
∫ ∞

ϵth1

1√
2π

· 1√
1
N ·(2η2σ2

i σ2
w+σ4

w)
· exp(− [x−(η2σ2

i +σ2
w)]

2

2[ 1
N ·(2η2σ2

i σ2
w+σ2

w)]
)dx. (3.7)

After simplification, I can represent Pf ,dt(FD) in terms of the Q function as

Pf ,dt(FD) = Q((
ϵth1
σ2

w
− η2Υ1 − 1) ·

√
N

2η2Υ1+1). (3.8)

• Under H3:

Similar to the previous hypotheses, probability of detection during trans-
mission is given by

Pd,dt(FD) = Pr{E > ϵth1 |H3} =
∫ ∞

ϵth1
p3(x)dx. (3.9)

p3(x) can be approximated by a Gaussian distribution with mean µ3 =

σ2
s + η2σ2

i + σ2
w and variance σ2

3 = 1
N · (2η2σ2

i σ2
w + 2η2σ2

i σ2
s + 2σ2

s σ2
w + σ4

w).

I use the same method to derive Pd,dt(FD) as

Pd,dt(FD) = Q((
ϵth1
σ2

w
− Υ2 − η2Υ1 − 1) ·

√
N

2η2Υ1+2η2Υ1Υ2+2Υ2+1). (3.10)

• Thresholds ϵth0 & ϵth1 :
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Threshold ϵth0 is found from Eq. (3.4) by calculating the inverse Q function,
which is given by

ϵth0 = (
(Q−1(Pd,bt(FD))√

N
2Υ2+1

+ Υ2 + 1) · σ2
w. (3.11)

Threshold ϵth1 is defined from Eq. (3.9) as

ϵth1 = (
(Q−1(Pd,dt(FD))√

N
2η2Υ1+2η2Υ1Υ2+2Υ2+1

+ Υ2 + η2Υ1 + 1) · σ2
w. (3.12)

Assume the target probabilities of detection before and during transmis-
sion are identical, then the relationship between the two thresholds can be
derived as

ϵth1 =

ϵth0
σ2

w
−Υ2−1√
2Υ2+1

2η2Υ1+2η2Υ1Υ2+2Υ2+1

+ η2Υ1 + Υ2 + 1. (3.13)
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This relationship is depicted in Fig. 3.2 by using Eq. (3.13). It can be seen
that the higher the residual SI is, the higher the thresholds would be, and
the bigger the difference between the two thresholds would be.

• SIC factor η:

SIC capability plays an important role in detecting collisions during trans-
mission. With a huge amount of residual SI, both probabilities become
worse. In order to see the impact of residual SI, I derive the SIC factor η

in terms of the false alarm probability as

η =
2N(

ϵth1
σ2

w
− 0.5) + 2[Q−1(Pf ,dt(FD))]2 − N

2NΥ1

+

√
8(

ϵth1
σ2

w
− 0.5)N[Q−1(Pf ,dt(FD))]2 + 4[Q−1(Pf ,dt(FD))]4

2NΥ1
.

(3.14)

Eq. (3.14) has solutions only when

∆ =
8yN[Q−1(Pf ,dt(FD))]2+4[Q−1(Pf ,dt(FD))]4

N2 ⩾ 0, where y =
ϵth1
σ2

w
− 0.5.

• Average probability of false alarm:

SIC factor is not always fixed, it may fluctuate due to the imperfection of
the hardware or channel variations. For a given SIC factor η0 with ±m%
fluctuation distributed uniformly, the average probability of false alarm can
be calculated by

Pf ,dt(FD) =
∫ η0+m

η0−m Q((
ϵth1
σ2

w
− η2

0Υ1 − 1)·√
N

2η2
0Υ1+1

) · PDF(η)dη.
(3.15)

According to [44], the Q function could be approximated as Q(x) ≈ 1
2 e−

x2
2 .

Thus, the average probability of false alarm is derived as

Pf ,dt(FD) = 1
4m

∫
e−

(y−z)2N
4z · 1

Υ1
dz, (3.16)

where y =
ϵth1
σ2

w
− 0.5 and z = η2

0Υ1 + 0.5. This integral cannot be solved and
the closed-form expression cannot be found. However, I can approximate
the average probability of false alarm according to the simulation result
shown in Fig. 3.3 by using Eq. (3.15) and Eq. (3.16) as an example. I found
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that regardless of target probability, initial SIC factor and SIC fluctuation,
the average probability of false alarm is always the average of Pf for η0 +m
and η0 − m.
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Thus the average probability of false alarm is expressed as

lPf ,dt(FD) ≈
Q((

ϵth1
σ2

w
− (η0 + m)2Υ1 − 1)

√
N

2(η0+m)2Υ1+1)

2

+
Q((

ϵth1
σ2

w
− (η0 − m)2Υ1 − 1)

√
N

2(η0+m)2Υ1+1)

2
.

(3.17)
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3.4 Simulation Results

Following the mathematical analysis discussed in Section 3.3, simulations have
been done in MATLAB to observe and verify the performance of the proposed
scheme. Specifically, the computer simulation conducted in this work is numeri-
cal analysis. An urban area where vehicles are moving with an average speed of
20 miles per hour is assumed. Furthermore, vehicles are focusing on measuring
the energy level of the received signal, which means that Doppler effect would
not be important in this scenario. The simulation is performed by firstly setting
up the thresholds according to Eq. (3.11) and Eq. (3.12). Then, the channel and
AWGN are constructed by using the built-in function in MATLAB according to
the Chi-square and Gaussian distribution, respectively. Afterwards, random in-
formation packets are generated and broadcasted. Finally, vehicles take samples
and do integration over the given sensing time to find the measured energy level,
which is in turn compared to the pre-defined threshold depending on before or
during the transmission case. Monte-Carlo simulation is conducted to find the
average performance. Relevant simulation parameters are shown in Table 3.2.
The chosen values for the parameters are realistic, because they are the values
and scheme suggested in the standard [1], which have also been used in the field
test [8] and other research papers such as [7] and [37]. The reason why only the
standard instead of prior art has been chosen as the benchmark is because to the
best of my knowledge, applying the FD simultaneous transmission and sensing
feature for V2X was firstly proposed in 2017 in [13], and no prior art working on
the same topic was found.

TABLE 3.2: Parameters and Assumptions

Parameters Values
target Pd,bt(FD) & Pd,dt(FD) 90% & 50%
modulation scheme BPSK, QPSK
measured SNR from SI signal before SIC (SNR1) +10 dB
measured SNR from another vehicle (SNR2) (-20)→0 dB
Residual SI 0%-40%
vehicle density 0-200 vehicles/km

Fig. 3.4 shows a good match between the simulated Pd,dt(FD) and Pf ,dt(FD) and
their theoretical values, which verifies my mathematical analysis to be correct
and accurate, where the theoretical curves are plotted by using Eq. (3.8) and Eq.
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FIGURE 3.4: Probabilities of detection Pd,dt(FD) and false alarm
Pf ,dt(FD) VS threshold ϵth1 under different SIC assumptions

(3.10). When residual SI becomes stronger, in order to achieve the same detec-
tion probability, thresholds should be set to a higher value because more energy
(from SI signal) is received. Moreover, a small variation of the threshold ϵth1

would result in a huge deviation in the probabilities even when SIC is perfect.
For example, if the threshold changes from 1 dB to 1.025 dB, such a small change
would lead to 45% drift of the probabilities of detection and false alarm. This re-
sult highlights the calculation of the threshold is of great importance and should
be done as accurate as possible.

Fig. 3.5 and Fig. 3.6 illustrate the significant impact of transmit power and the
difference between two threshold setting strategies, where Eq. (3.3) and Eq. (3.4)
are used to plot the theoretical curves in Fig. 3.5, and Eq. (3.8) and Eq. (3.10)
are used to plot the theoretical curves in Fig. 3.6. One is my proposed method
where the threshold is dynamically changing, while the other is the fixed thresh-
old method. For the fixed threshold strategy, along with the rise of the transmit
power, probability of detection increases while having a high and unacceptable
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probability of false alarm. my proposed method would have a lower detec-
tion probability which is still in the acceptable range. But because the thresh-
old is increasing too with the rise of the measured SNR, false alarm probabil-
ity would decrease at the same time. Compared to the fixed threshold method,
although my proposed method will sacrifice some detection probability by dy-
namically changing the threshold, a much better false alarm probability would
be rewarded, while keeping the probability of detection in an acceptable range.

Fig. 3.7 shows the effect of residual SI on the probabilities, where the theoretical
curves are plotted by using Eq. (3.8) and Eq. (3.10). Firstly, target probability
of detection is achievable regardless of SIC factor by using the dynamic thresh-
old. However, when SIC factor η increases, false alarm probability increases too
since more energy is received. In order to achieve detection probability to be at
least 90% and false alarm probability to be at most 10%, my model would have
acceptable performance when SIC factor is less than 15%. In other words, my
system does not operate only when SIC is extremely well, it works quite accept-
able when SIC is relatively poor.
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FIGURE 3.10: Collision duration over 10 seconds VS average vehi-
cle density

Fig. 3.8 highlights the damage of SIC fluctuation, where Eq. (3.8), Eq. (3.10),
and Eq. (3.17) are used to plot the theoretical curves. When a 10% random SIC
fluctuation is considered, both probabilities of detection and false alarm become
worse compared to the case where such a fluctuation does not considered. Thus,
a space for SIC fluctuation should be left when deploying the scheme in future
V2X systems.

Fig. 3.9 shows the impact of the sensing time on the precision of detection, where
Eq. (3.8) and Eq. (3.10) are used to plot the theoretical curves. By setting the
thresholds properly, the system can achieve the target detection performance.
Meanwhile, the longer the sensing time is, the lower chance the system would
wrongly alarm an impending collision. This is because I am measuring and av-
eraging the received energy over a longer period of time, which gives a more
accurate detection result. Another way to reduce the false alarm probability is
to increase the sampling frequency, since N = τ · fs. However, the accuracy of
the detection performance cannot be improved by only increasing fs. When the
number of samples taken of a signal is large enough, more samples would not
give a more accurate measured energy level.
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Fig. 3.10 shows the collision duration over 10 seconds versus the average vehicle
density. Vehicles are assumed to be placed on a line according to Poisson distri-
bution, which is the same as the assumption in [42]. It is clear that vehicles with
CD capability experience a shorter period of collision compared to the vehicles
which operate in HD mode. The difference becomes larger when the number of
vehicles increases. In other words, FD technology helps vehicles to avoid im-
pending collisions by aborting transmissions at an earlier stage, while vehicles
without CD capability would experience collision for an entire packet duration.

Fig. 3.11 demonstrates the drawback of enabling CD capability. While detecting
probable collisions at an early stage, I am sacrificing throughput compared to HD
mode, especially when probability of false alarm is high. However, since prob-
ability of false alarm can be reduced while keeping the probability of detection
in an acceptable range as shown earlier, throughput could be improved. Thus, a
trade-off between HD and FD modes is found. When the number of vehicles in
a VANET is relatively low, HD mode is preferred. FD mode is more suitable for
dense VANETs.
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3.5 Summary

In this Chapter, I studied FD collision detection and avoidance through energy
detection method in V2X communication networks. By deploying the proposed
model, a vehicle would be able to detect and avoid collisions with certain prob-
abilities without losing too many opportunities to transmit useful data. Two
thresholds which are dynamically changing according to the transmit power lev-
els, sensing time and instantaneous SIC factor have been formulated. Simulation
results have shown that my model does not require near perfect SIC, it works
well even when SIC is poor. On the basis of these results, detecting and avoiding
collisions in V2X communication networks could be better, more suitable MAC
layer protocol based on original CSMA/CA could be proposed to provide better
communication environment, which will also be my future work.
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4 A Priority-Based Cross-Layer
Design for Future VANETs

Synopsis of Chapter

Among all requirements for vehicle-to-everything (V2X) communications, suc-
cessful delivery of packets with small delay is of the highest significance. Es-
pecially, the delivery of a message before a potential accident (i.e. emergency
message) should be guaranteed. In this Chapter, I propose a novel cross-layer
design to enhance the delivery of emergency messages so that accidents can be
further avoided. This design refers to my paper [45]. Particularly, in the PHY
layer, imperfect FD simultaneous transmitting and sensing is analysed and dy-
namic thresholds are mathematically formulated. Then a novel FD MAC pro-
tocol, named priority-based multiple access (PBMA) is proposed. Comparisons
have been made among three different mechanisms. Benchmark is the DSRC
standard. I also compare my proposed protocol with FD EDCA. Simulations
have verified the accuracy of my analysis. They have also illustrated the delivery
of emergency messages has been enhanced by deploying my proposed design.

We introduce the background, motivation and contributions of this work in Sec-
tion 4.1. Next, the proposed PBMA design is introduced in Section 4.2. After-
wards, I present the considered system model and assumptions in Section 4.3.
Furthermore, Corresponding mathematical analysis of both PHY and MAC lay-
ers are given in Section 4.4. In addition, numerical simulations are conducted
and discussed based on the mathematical analysis in Section 4.5. Finally, this
work is concluded in Section 4.6.
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4.1 Introduction

V2X communication has been proposed to reduce accidents in future intelli-
gent transportation system (ITS). Two promising standards are considered as
potential candidates. One of them is IEEE 802.11p which is also known as the
PHY/MAC specifications of dedicated short-range communication (DSRC) [1];
while the other solution is cellular-V2X (C-V2X) [4], which is built upon 4G or 5G
platforms. Comparison between these two standards has been extensively stud-
ied in many works such as [9]. However, the goal of having an unified method
for future V2X networks is not accomplished yet due to the fact that each of them
has its own advantages. This work is built upon DSRC.

In current DSRC standard, safety messages known as cooperative awareness
messages (CAMs) are exchanged periodically between vehicles in a broadcast-
ing manner. In this case, acknowledgement (ACK) messages cannot be used to
detect a failed transmission, and ACK messaging is not incorporated in the DSRC
standard. In other words, nodes cannot detect collisions, and loss of these CAMs
due to concurrent broadcasting would lead to a higher risk of accident. Current
enhanced distributed channel access (EDCA) method adopted by DSRC needs
further improvement, since the performance is shown to degrade significantly
when the number of nodes in the network increases (dense network) [40], [6].

Another weak aspect of DSRC is related to the priority of CAMs. The levels
of priority are named as access categories (ACs). Four ACs are defined (AC0-
AC3), where AC0 has the highest priority and AC3 has the lowest priority. In
addition, a backoff mechanism is used to avoid collisions. Smaller maximum
contention window (CW) size and arbitrary inter-frame space (AIFS) are used to
differentiate a high-priority AC from a low-priority AC. Therefore, high-priority
ACs will access channel with a higher probability, and are expected to experience
less backoff time and total waiting time. This collision avoidance and prioritised
messaging mechanism adopted by EDCA is also known as internal collision han-
dling mechanism [46], [47], as shown in Fig. 4.1 [46]. However, if CAMs with
different priority levels are not generated at the same time, EDCA even cannot
provide a higher access probability to the vehicle which has a high-priority CAM.
The vehicle which has a low-priority CAM may complete the backoff process and
take the channel before the high-priority CAM. In addition, when a collision has
already happened between CAMs from different vehicles with different priority
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FIGURE 4.1: EDCA prioritised channel access

levels (a.k.a. external collision [46], [47]), all colliding CAMs are lost, because
vehicles neither can recognise the collision, nor identify the priority of the collid-
ing CAM. In other words, when multiple vehicles have selected the same slot to
broadcast, EDCA neither can guarantee the transmission of high-priority CAMs,
nor provide high-priority CAMs a greater probability to broadcast. The reason
is that a vehicle is not able to detect concurrent transmissions, and it is also not
able to identify the priority of a CAM from another vehicle. So emergency mes-
sages could be delayed or even lost, which would in turn result in a higher risk
of accident.

There has been extensive work on CAM broadcast in DSRC. H. Luong et al. fo-
cused on optimising the CAM broadcast repetition interval [48]. F. Lyu et al.
proposed a time slot-sharing MAC protocol for CAM broadcast [49]. They de-
fined a danger coefficient for investigating the rear-end collisions, and then pro-
posed a distributed congestion control scheme in [50]. Afterwards, they have
collected DSRC communication traces, and proposed a beaconing scheme in [51]
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to enhance broadcast reliability. In addition, Z. Tong et al. worked on the mod-
eling of DSRC by using stochastic geometry [52]. Besides, many other works are
showing potential congestion control mechanisms for future vehicular networks
[53], [54]-[55]. However, none of these works applied in-band full-duplex (FD)
technology [11] to V2X networks. Thus vehicles cannot detect collisions whilst
transmitting. An overview of FD technology in vehicular communications is
provided in [13]. In addition, an example of FD simultaneous sensing and trans-
mitting is provided in [56]. Furthermore, M. Yang et al. used FD technology in
vehicular networks and focused on managing the interference. Their results have
shown the feasibility of deploying FD technology in future V2X networks [57].
To the best of my knowledge, the most recent and relevant work is [42], in which
A. Bazzi et al. introduced FD technology and an enhanced CSMA/CA proto-
col into vehicular communications. Their results have shown the effectiveness
on the reliability of deploying FD technology in terms of collision probability
of packets and packet delivery ratio. However, the operation of simultaneous
transmission and sensing was considered to be perfect, which is not realistic. In
addition, their proposed MAC layer protocol did not differentiate the priority of
CAMs between vehicles, hence low-priority messages could still transmit before
high-priority messages. In other words, emergency messages, which are sup-
posed to be transmitted before normal update messages to prevent accidents,
may be delayed.

In order to conquer the aforementioned challenges, I propose to equip on-board
units (OBUs) with my design. By deploying FD technology, vehicles are able to
broadcast CAMs and sense the channel status at the same time over the same
frequency band. Sensing is carried out through measuring the energy level of
the channel, which is the simplest and the most widely-applied sensing method.
Then vehicles can react to message collisions as soon as collisions are detected.
Due to the fact that the existing prioritisation (i.e. ACs) in DSRC is designed for
internal collisions, I introduce a new prioritisation scheme for detecting external
collisions, and for enhancing the transmission of high-priority CAMs, when ex-
ternal collisions have happened. After detecting another ongoing transmission
prior to a vehicle’s own transmission, or collisions during a vehicle’s transmis-
sion, proper actions should be followed immediately. I also propose a novel FD
MAC protocol named priority-based multiple access (PBMA) to further schedule
transmissions according to the priority of colliding CAMs. A vehicle which is in
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an emergency situation has an opportunity to re-attempt to broadcast immedi-
ately before going through a backoff process whilst periodic update CAMs defer
their transmission normally according to the same backoff rules in DSRC.

The contributions of this work are summarised as follows.

• I extend the PHY layer sensing method in my recent work in [39] by analysing
the Doppler effect. Furthermore, herein I introduce a novel cross-layer de-
sign across PHY and MAC layers for efficient vehicular communications.
In particular, here I propose a novel prioritisation scheme which is dedi-
cated to CAMs and a MAC layer protocol named PBMA.

• Unlike other works such as [42] and [43], FD sensing results are not as-
sumed to be perfect. Dynamic thresholds and increased sensing window
size for deciding the channel status before and during broadcasting are
mathematically derived. Closed-form expressions of detection and false
alarm probabilities are also found based on transmit power, target proba-
bilities of detection and false alarm, sensing time and SIC capability.

• Based on my design, a vehicle can enjoy prioritised CAM messaging when
competing with other vehicles’ broadcast messages. When a collision is
detected, emergency messages can re-attempt to broadcast immediately
before going to the backoff process. Average collision probability, colli-
sion duration, waiting time as well as successful delivery rate of the sys-
tem are formulated. The delivery of emergency messages are also analysed
through mathematics and simulations, and its performance is shown to be
enhanced.
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4.2 The Proposed PBMA Protocol

In order to cope with the priority issue between messages from different vehicles,
I propose a novel MAC protocol named priority-based multiple access (PBMA)
mechanism, in which FD technology is used for simultaneous transmission and
sensing. First of all, a new prioritisation of CAMs is proposed for external col-
lision detection and external transmission contention. I categorise CAMs into
three types: critical CAMs (Mc), emergency CAMs (Me) and normal vehicle sta-
tus update CAMs (Mn). Mc CAMs have the highest priority and Mn CAMs have
the lowest priority. The relationship between them and example generation sce-
narios of each type of CAMs are detailed in Table. 4.1. All types of CAMs contain
information about the status of the vehicle such as speed and location. However,
any sudden change of the status of the vehicle, such as a harsh breaking, is a crit-
ical and dangerous activity which should be sent out as soon as possible (gen-
eration scenario of Mc). Emergency messages (Me) are generated when other
gentle manoeuvres happen such as lane merging, because this type of message
also shows the change of the vehicle status from normal cruising activity, which
should also be recognised by other vehicles as soon as possible. The third cate-
gory of CAMs (Mn) is generated when there is no potential danger and the vehi-
cle is moving smoothly. In summary, I prioritise CAMs according to the status of
the vehicle. Critical CAMs and emergency CAMs are event-triggered, vehicles
would generate normal update CAMs for most of the time. my proposed cate-
gorisation only shows one approach to differentiate priorities between vehicles,
any other number of priority levels could be considered.

TABLE 4.1: PRIORITISATION OF SAFETY MESSAGES

Priority CAM type Example Generation Scenario
High Mc Harsh breaking, skidding etc.

Middle Me lane merging, gentle breaking etc.
Low Mn normal cruising etc.

The proposed PBMA protocol operates as follows. When a CAM is generated
at a generic vehicle, same as in legacy HD EDCA mechanism, it first probes the
medium for tsens to determine whether the channel is busy or idle. If the channel
is idle, the CAM is broadcast immediately in a FD manner, i.e. transmit and sense
at the same time (TS mode). Otherwise, if the channel is occupied, normal update
messages would defer its transmission by a random time interval (the backoff
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process) same as in the accessing rule in DSRC; critical and emergency messages
would keep sensing the channel instead of initiating the backoff process, and
start broadcasting as soon as the channel is sensed idle for tsens seconds.

During the transmission, unlike HD EDCA mechanism, collision detection (CD)
capability is enabled in PBMA protocol. So vehicles which have Mc or Me CAMs
would not initiate backoff process immediately when a collision is detected. In-
stead they will re-attempt to broadcast in the following time slot. If another
collision is detected, vehicles with Me CAMs will go through a backoff process
and vehicles with Mc CAMs will re-attempt one more time in the following slot
before going to the backoff process. Such a mechanism is another difference com-
pared to DSRC. The accessing mechanism of my proposed PBMA protocol has
been depicted in Fig. 4.2.

The backoff process operates same as DSRC. First, a backoff counter is initialised
with an integer random number of time slot which is randomly selected from
uniformly distributed CW interval [0, CWmax]. Vehicles in the backoff process
will sense the channel status continuously. If the channel is sensed idle for a slot
duration, tslot, counter is decremented by 1. Otherwise, counter will be frozen
until the channel is sensed idle again for tslot seconds. CAM is not transmitted
until the counter reaches 0.

In summary, the proposed FD PBMA protocol has the following differences and
advantages compared to DSRC:

• CD capability: FD technology has matured significantly in recent years,
and given the less-constrained physical dimensions in OBUs, vehicles in
future are expected to be able to detect collisions during transmission by
incorporating full-duplex communication.

• Reliability: Vehicles are capable of detecting impending collision of a trans-
mission without ACK messages. They can abort a transmission as soon as a
collision is detected, so collision duration would be shortened. In addition,
results show my design would work even when SIC is relatively poor.

• Compatibility: my design does not require ACK messages and further sig-
nalling, so it has great compatibility with current DSRC standard.

• Enhanced priority: my design has conquered the priority challenge be-
tween CAMs from different vehicles. In DSRC, priority only exists between
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messages queued in a vehicle’s buffer, when collisions happen between ve-
hicles, all the colliding CAMs are lost, which may lead to severe delay or
loss of emergency messages.
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4.3 System Model

We consider a VANET in which vehicles broadcast CAMs periodically with a
fixed CAM repetition interval tCAM. All vehicles are equipped with FD capabil-
ity. Rayleigh flat fading is assumed to be the channel model between vehicles.
The noise component is assumed to be Gaussian, independent and identically
distributed (i.i.d.) with zero mean and unit variance. Vehicles are distributed
according to a Poisson Point Process (PPP) with density β as shown in Fig. 4.3.
Such an assumption holds when the transmission range of vehicles is larger than
the width of the road [52], [58]-[59]. In addition, vehicles have different trans-
mission (Rtx) and sensing ranges (Rsens), and sensing range is larger than trans-
mission range. Although the effect of hidden node problem is not eliminated, it
can be weakened by increasing the sensing range Rsens and setting up thresholds
according to the analysis in section IV.

Sensing Range of the 
transmitting vehicle S

Transmission Range of 
a receiving vehicle D

Vehicle C Vehicle S

Vehicle D Vehicle H

Direct Collision Range (Rdc)
Hidden Collision 

Range (Rhc)

FIGURE 4.3: Demonstration of the VANET model and analysis of
sections according to the position of vehicles

From now on when I refer to transmitting vehicle I mean the vehicle which is or
going to transmit and sense the channel. Colliding vehicle(s) refer to the vehi-
cle(s) that incur collision due to concurrent transmission. Hidden vehicle(s) are
those vehicle(s) that are hidden to the transmitting vehicle (beyond the sensing
range of the transmitting vehicle), but their transmissions would cause interfer-
ence to a generic receiving vehicle.
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Fig. 4.3 demonstrates two different ranges in which transmission of vehicles
could possibly collide with the transmission of a generic transmitting vehicle S.
Direct collision is defined as the collision of transmission by S with any vehicle
(e.g. vehicle C) which is within the sensing range of S. The range of distance
in which vehicles may lead to direct collision is called direct collision range and
its range is represented by Rdc. Hidden collision is defined as the collision of
transmission by S with any vehicle (e.g. vehicle H) which is beyond the sensing
range of S and within the transmission range of a generic receiving vehicle such
as D. The range of distance in which vehicles may lead to hidden collision is
called hidden collision range and its range is represented by Rhc. Therefore, the
average number of vehicles in the direct collision range is Ntx = 2 · Rsens · β and
the average number of vehicles in the hidden collision range is Nhc = max(0, d +
Rsens − Rtx) · β.

In my model, sensing is carried out through measuring the energy level of the
channel. Since the received energy depends on the distance between the sensing
vehicle and the potential concurrent transmitting vehicle(s), to be conservative,
I have developed my model to be able to detect the signal collision from the far-
most vehicle. Here vehicle S is assumed to be a transmitting and sensing vehicle,
whilst vehicles C and D are potentially concurrent transmitting vehicles. It is ob-
vious that S can easily detect the transmission of C if C is also broadcasting as C
is close to S. However, D is relatively far away from S. If D is also broadcasting,
the detecting of its transmission would be more difficult than detecting that of C.
So, I set the thresholds to satisfy the detection of signals sent by D (farmost vehi-
cle). Certain requirements for the received signal-to-interference-plus-noise ratio
(SINR), sensing time and SIC capability are found, which will be discussed in
section IV. Furthermore, my method performs even better when multiple CAMs
are competing for broadcasting at the same time because the energy level of the
received signal would be much higher and the colliding signal is much easier
to be accurately detected. If the measured energy is less than the threshold ϵth0

which is derived in Section IV, the vehicle knows the channel is free for broad-
casting; if the sensed energy is greater than the threshold ϵth0 , the vehicle knows
there is another vehicle occupying the channel, and will not broadcast until the
channel is free. Sensing process continues during the broadcasting period in a
FD manner. The measured energy would be compared to an elevated threshold
ϵth1 which is dependent on the amount of residual SI after cancellation. If the
measured energy is higher than this elevated threshold ϵth1 , the vehicle knows
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its transmission is in collision with another vehicle. Otherwise, the vehicle itself
is regarded as the only one using the channel in the network.

TABLE 4.2: IMPORTANT NOTATIONS

Parameters Notes
N number of samples

r[n] received signal at a FD node, where n = 1, 2, ..., N
τ sensing time
fs sampling frequency

w[n] noise signal with mean zero and variance σ2
w

si[n] SI signal with mean zero and variance σ2
i

s[n] transmit signal with mean zero and variance σ2
s

η SIC factor
E|.| Expectation operator
σ2

w variance of w[n] (σ2
w = E|w[n]|2)

σ2
i variance of si[n] (σ2

i = E|si[n]|2)
σ2

s variance of s[n] (σ2
s = E|s[n]|2)

E energy detection test statistic

Υ1 measured SNR of the node itself (Υ1 =
σ2

i
σ2

w
)

Υ2 measured SNR from other node (Υ2 = σ2
s

σ2
w

)
ϵth0 threshold used before transmission
ϵth1 threshold used during transmission
Hi hypothesis i where i = 0, 1, 2, 3

Pf ,bt probability of false alarm before transmission
Pf ,dt probability of false alarm during transmission
Pd,bt probability of detection before transmission
Pd,dt probability of detection during transmission
Q(.) Q function operation
pi(x) PDF of E under hypothesis Hi

µi mean value of pi(x)
σ2

i variance of pi(x)

However, the aforementioned detection is not perfect. All decisions are made
with certain probabilities. Detection probability is defined as the probability that
a vehicle successfully detects the presence of an event (an ongoing transmission
or a collision) when the event actually takes place, and false alarm probability is
defined as the probability that a vehicle falsely declare the presence of an event
when the event does not occur. In order to have a high probability of detection,
both thresholds (i.e. ϵth0 , ϵth1) should be set to a low value. However, this setting
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will also lead to a high false alarm probability. In other words, vehicles are miss-
ing opportunities to transmit. When a collision or false alarm occurs, it is left to
the PBMA protocol to decide what course of actions should be followed.

In order to make the mathematical formulations clear, I list the important nota-
tions in Table. 4.2. Specifically, η refers to SIC factor which is the percentage of
residual SI power after SIC and it varies between 0 and 1. If η = 0, it means that
SIC is perfect and there is no residual SI.

In Section 4.4, I formulate the analytical performance of the proposed design,
since it provides the theoretical performance from the mathematical point of
view, which can be used not only to verify the simulation results, but also to
provide values and rationale for developing the proposed design in a field test
or in future applications.
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4.4 Mathematical Analysis

First of all, I analyse the PHY layer FD simultaneous transmitting and sensing
as follows. In the sensing phase, Doppler effect would affect detection accuracy.
Doppler frequency shift formula is given by

∆ f = ∆v
c · f0, (4.1)

where ∆ f denotes the frequency shift, ∆v is the relative speed between vehicles,
c represents the speed of light and f0 refers to the emitted centre frequency.

In addition, required bandwidth for a CAM broadcast can be calculated by
Shannon-Hartley theorem, which is given by:

C = B × log2(1 + SNR). (4.2)

Taking the standardised parameters in DSRC [36] as an example, I assume that
the SNR is 1 dB, transmit rate is 6 Mbps, maximum relative speed between vehi-
cles is 500 km/h. Thus, the required bandwidth for a CAM broadcast is 6 MHz,
and the maximum Doppler frequency shift is approximately 2.731 kHz. The re-
sults show that only a portion of the allocated 10 MHz bandwidth is used for a
CAM broadcast, and there is enough guard frequency gap between channels.

Therefore, in order to mitigate Doppler effect in the sensing phase, instead of
sensing the bandwidth used for broadcast, I increase the sensing bandwidth. The
increased sensing bandwidth B′, by taking Doppler frequency shift into consid-
eration, is designed to be twice of the maximum Doppler frequency shift, which
is given by

B′ = B + 2 · ∆ f . (4.3)

As shown in Fig. 4.4, by increasing the sensing window size (i.e. sensing win-
dow 2), no information will be lost, as the whole signal falls into the sensing
range. On the contrary, if sensing window size remains unchanged (i.e. sensing
window 1), due to the effect of Doppler frequency shift, the shifted part of the
signal (i.e. shadowed part) goes beyond the sensing range, resulting in losing
some information of the signal. In addition, the higher the SNR is, the worse
the sensing accuracy will be, as a higher percentage of the signal will go beyond
the sensing window, resulting in more energy of the signal cannot be measured.
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FIGURE 4.4: Demonstration of the increased sensing bandwidth
strategy for mitigating Doppler effect on sensing accuracy

Hence, the measured energy will be lower than the actual energy of the signal.
Accordingly, probability of detection will decrease, and probability of false alarm
will increase.

Furthermore, this strategy will not be affected by inter-channel interference, be-
cause the sensing window size is much smaller than the allocated 10 MHz chan-
nel bandwidth.

A comparison of sensing accuracy between two sensing window sizes has been
made later in the simulation section.

Then, I analyse probabilities of detection and false alarm before and during trans-
mission with increased sensing window size. Under hypothesis H0, E is a ran-
dom variable (RV) whose probability density function (PDF) p0(x) follows a Chi-
squared distribution, probability of false alarm can be expressed as [18]

Pf ,bt = Q((
ϵth0
σ2

w
− 1) ·

√
N). (4.4)

Under hypothesis H1, probability of detection under this hypothesis is given by

Pd,bt = Q((
ϵth0
σ2

w
− Υ2 − 1) ·

√
N

2Υ2+1). (4.5)
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Under hypothesis H2, similar to H1, probability of false alarm is derived as

Pf ,dt = Q((
ϵth1
σ2

w
− η2Υ1 − 1) ·

√
N

2η2Υ1+1). (4.6)

Under hypothesis H3, similar to the previous hypotheses, probability of detec-
tion during transmission is given by

Pd,dt = Q((
ϵth1
σ2

w
− Υ2 − η2Υ1 − 1)×

√
N

2η2Υ1+2η2Υ1Υ2+2Υ2+1). (4.7)

Next, I analyse the relationship between thresholds ϵth0 and ϵth1 , when increased
sensing window size strategy is deployed. Threshold ϵth0 is found from Eq. (4.5)
by calculating the inverse Q function, which is given by

ϵth0 = (
(Q−1(Pd,bt)√

N
2Υ2+1

+ Υ2 + 1) · σ2
w, (4.8)

and threshold ϵth1 is given by Eq. (4.7) as

ϵth1 = (
(Q−1(Pd,dt)√

N
2η2Υ1+2η2Υ1Υ2+2Υ2+1

+ Υ2 + η2Υ1 + 1) · σ2
w. (4.9)

Assume the target probabilities of detection before and during transmission are
identical, then the relationship between the two thresholds can be derived as

ϵth1 =

ϵth0
σ2

w
−Υ2−1√
2Υ2+1

2η2Υ1+2η2Υ1Υ2+2Υ2+1

+ η2Υ1 + Υ2 + 1. (4.10)

This relationship is depicted in Fig. 4.5 by using Eq. (4.10). It shows that the
higher the residual SI, the higher the thresholds, and the bigger the difference
between the two thresholds would be.

In addition, SIC factor is not always fixed, it may fluctuate due to the imperfec-
tion of the hardware or channel variations. For a given SIC factor η0 with ±m%
fluctuation distributed uniformly, with the help of the approximation of the Q
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FIGURE 4.5: relationship between threshold ϵth0 and threshold ϵth1

function [44], the average probability of false alarm can be calculated by

Pf ,dt ≈
1
2

Q((
ϵth1

σ2
w

− (η0 + m)2Υ1 − 1)

√
N

2(η0 + m)2Υ1 + 1
)+

1
2

Q((
ϵth1

σ2
w

− (η0 − m)2Υ1 − 1)

√
N

2(η0 + m)2Υ1 + 1
).

(4.11)

According to the above analysis and thresholds settings, a vehicle can detect
concurrent transmissions with certain probabilities of detection and false alarm.
Then the vehicle will schedule its broadcast according to the deployed MAC
layer protocol. I formulate collision probability, collision duration, waiting time
as well as throughput by deploying three different mechanisms. The first mech-
anism is the current DSRC standard which uses HD EDCA method. The second
method is FD EDCA scheme and the last strategy is my proposed FD PBMA
design.
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4.4.1 Collision Probability

Collisions happen due to direct collisions and hidden collisions. Direct collisions
happen in two cases. The first case is when the channel is idle, there are at least
two vehicles which have CAMs to broadcast and all of them do not wrongly de-
tect (i.e. no false alarm) the channel status. The other case is when the channel
is busy, there is at least one vehicle which has a CAM to transmit, but the ve-
hicle(s) mis-detect(s) the presence of the ongoing transmission. So the overall
direct collision probability is given by the sum of the probabilities in these two
cases:

Pdc(HD) = Pdc1(HD) + Pdc2(HD). (4.12)

Direct collision probability in the first case (i.e. channel idle) is given by

Pdc1(HD) =
i=Ntx∑

i=2

Pidle(HD)(1 − Pf )
iPs(i), (4.13)

where Pidle(HD) represents the probability that the channel is idle. Pf is the false
alarm probability, Ps(i) represents the probability that i vehicles broadcast CAMs
at the same time.

To find Pidle(HD), I first build up a Markov model to evaluate the backoff pro-
cess, because channel is idle when no vehicle is transmitting, and an arbitrary
vehicle is not transmitting in two cases. The first case is where a vehicle has al-
ready finished transmission and has nothing to transmit within the current CAM
repetition interval. The second case is where a vehicle has something to transmit
but it is in the backoff process.

If I treat each backoff process independently, once the counter is decremented to
0, it never goes out of the state. Besides, it is possible to go from any state to
state 0. Therefore the conditions for using an absorbing Markov chain model are
satisfied and the model is shown in Fig. 4.6.

0 1 2 W-1……1

FIGURE 4.6: Markov model for analysing the backoff process
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PA represents the probability to find the channel idle for one slot duration, which
is given by

PA = Pidle(HD)(1 − Pf ) + (1 − Pidle(HD))(1 − Pd), (4.14)

where Pd refers to the detection probability.

PB refers to the probability to find the channel busy for one slot duration, which
is given by

PB = Pidle(HD)Pf + (1 − Pidle(HD))Pd. (4.15)

So the transition matrix P is

PA 0 0 . . . 0 PB

PB PA 0 . . . 0 0
0 PB PA . . . 0 0
...

...
... . . . ...

...
0 0 0 . . . PA 0
0 0 0 . . . 0 1


.

The fundamental matrix N = (I − Q)−1 is

1 − PA 0 0 . . . 0
−PB 1 − PA 0 . . . 0

0 −PB 1 − PA . . . 0
...

...
... . . . ...

0 0 0 . . . 1 − PA



−1

.

Thus average waiting time for each backoff process is

tBO = 1
W · (

W−1∑
i=0

W−1∑
j=0

(Nij)) · tslot, (4.16)

where i and j refer to the row and column index of the fundamental matrix, W
refers to the contention window size and i, j ∈ [0, W − 1].

Therefore I get Pidle(HD) as

Pidle(HD) =
i=Ntx∑

i=0
(

tCAM−tBO−tpkt
tCAM

)i · ( tBO
tCAM

)Ntx−i, (4.17)
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where tCAM is the CAM repetition interval and tpkt is transmission duration of a
CAM.

Now the only unknown variable is Ps(i). To find Ps(i), I introduce Pr which refers
to the probability that there is a CAM waiting to be broadcast at a vehicle, and
Pσ denoting the probability that the CAM is ready to be broadcast immediately
(i.e. backoff counter is zero). Thus Ps(i) is given by

Ps(i) =
i=Ntx∑

i=2
1 − (1 − PrPσ)i−1. (4.18)

According to the absorbing Markov chain model shown in Fig. 4.6, Pσ is given
by

Pσ = 1
W2 (

W−1∑
i=0

W−1∑
i=0

(Nij)) +
1

W , (4.19)

and the last unknown variable Pr can be found from

Pr =
1

tCAM
{W · (1 − Pidle(HD))

2
[(1 − Ps(i))tslot + Ps(i)(tslot

+ tAIFS + tpkt)] + tpkt}.
(4.20)

Similarly I can find the direct collision probability in the second case (i.e. channel
busy) as

Pdc2(HD) =
i=Ntx∑

i=1
(1 − Pidle(HD))(1 − Pd)

iPs(i). (4.21)

Hidden collision probability is approximated in a same way as shown in [42] as
double of the transmission time from the vehicles at Rdc:

Phc(HD) = 2(Nhc−1)
tCAM

(tAIFS + tpkt)(1 − Pdc(HD)
2 ). (4.22)

Thus the overall collision probability in DSRC is given by

Pc(HD) = Pdc(HD) + Phc(HD)− Pdc(HD)Phc(HD). (4.23)

Then I analyse collision probability (Pc(FD)) when FD EDCA is deployed. Com-
pared to HD EDCA mechanism, the only difference is that vehicles can sense
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the channel whilst broadcasting. So vehicles can abort transmissions and initi-
ate the backoff process as soon as collisions are detected. Direct collision is also
composed of the aforementioned two cases (channel idle case and channel busy
case), which is given by

Pdc(FD) = Pdc1(FD) + Pdc2(FD), (4.24)

where Pdc1(FD) represents the collision probability when channel is idle and
Pdc2(FD) represents the collision probability when channel is busy.

Direct collision probability in the first case (i.e. channel idle) is given by

Pdc1(FD) =
i=Ntx∑

i=2

Pidle(FD)(1 − Pf )
iPs(i), (4.25)

and direct collision probability in the second case (i.e. channel busy) is given by

Pdc2(FD) =
i=Ntx∑

i=1
(1 − Pidle(FD))(1 − Pd)

iPs(i), (4.26)

Hidden collision probability is found by the same method as in the analysis of
the DSRC standard as

Phc(FD) = 2
tCAM

(Nhc − 1)(tAIFS + tpkt)(1 − Pdc(FD)
2 ). (4.27)

Finally I get the overall collision probability when FD EDCA mechanism is de-
ployed as

Pc(FD) = Pdc(FD) + Phc(FD)− Pdc(FD)Phc(FD). (4.28)

Now I extend my analysis to my proposed PBMA design. Assume normal up-
date, emergency and critical CAMs are generated with probabilities Pgn, Pge and
Pgc, respectively. Four cases could lead to direct collisions. The first case is when
the channel is busy, there is at least one vehicle which has a CAM to transmit,
but the vehicle(s) mis-detect(s) the presence of the ongoing transmission. Direct
collision probability in this case is given by

Pdc1(PBMA) =
i=Ntx∑

i=1

(1 − Pidle(PBMA))(1 − Pd)
iPs(i). (4.29)
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The second case is when the channel is idle, there are at least two Mc or Me CAMs
generated and at least two of these vehicles do not announce false alarm. Direct
collision probability in this case is given by

Pdc2(PBMA) =
i=Ntx∑

i=2

Pidle(PBMA)(Pgc + Pge)
i(1 − Pf )

iPs(i). (4.30)

The third case is when the channel is idle, there is one critical or emergency CAM
and at least one normal update CAM which is going to transmit at the same time.
Direct collision probability in this case is given by

Pdc3(PBMA) =
i=Ntx∑

i=1

Pidle(PBMA)(Pgc + Pge)(1 − Pf )
iPs(i). (4.31)

The last case is when the channel is idle, there are only at least two normal mes-
sages ready to transmit at the same time(no Mc and Me). Direct collision is given
by

Pdc4(PBMA) =
i=Ntx∑

i=1

Pidle(PBMA)Pi
gn(1 − Pf )

iPs(i). (4.32)

Thus overall direct collision probability is given by

Pdc(PBMA) = Pdc1(PBMA) + Pdc2(PBMA) + Pdc3(PBMA) + Pdc4(PBMA).
(4.33)

Similar to the DSRC analysis, I obtain hidden collision probability as

Phc(PBMA) =
2

tCAM
(Nhc − 1)(tAIFS + tpkt)(1 −

Pdc(PBMA)

2
). (4.34)

Therefore the overall collision probability by deploying the PBMA design is
given by

Pc(PBMA) =Pdc(PBMA) + Phc(PBMA)− Pdc(PBMA) · Phc(PBMA).
(4.35)
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4.4.2 Collision Duration

In DSRC whether a direct collision or hidden collision happens, collision lasts for
a whole packet time because vehicles are not able to detect collisions. Average
collision duration is

CA
d (HD) = Pc(HD) · tpkt. (4.36)

When FD EDCA mechanism is deployed and sensing is considered to be im-
perfect, since the probability that all vehicles in collision mis-detect for three
consecutive time slots is very low, I only consider for up to three consecutive
mis-detections. Average collision duration is given by

CA
d (FD) =Pdc(FD) · th · (2Pd − P2

d ) + Pdc(FD) · 2th · (1 − Pd)
2×

(2Pd − P2
d ) + Pdc(FD) · 3th · (1 − Pd)

4 · (2Pd − P2
d ) + Phc(FD) · tpkt.

(4.37)

The last strategy is based on my proposed PBMA design. Overall collision du-
ration is given by the sum of collision durations in seven cases. The first case
is direct collisions between normal CAMs, the second case is direct collisions
between critical and normal CAMs, the third case is direct collisions between
emergency and normal CAMs, the fourth case is direct collisions between criti-
cal CAMs, the fifth case is direct collisions between emergency CAMs, the sixth
case is direct collisions between critical and emergency CAMs, and the last case
is hidden collisions.

The first case happens with probability P1 = P2
gn:

CA
d,1(PBMA) =Pdc(PBMA) · [(2Pd − P2

d ) · th + (1 − Pd)
2×

(2Pd − P2
d ) · 2th + (1 − Pd)

4(2Pd − P2
d ) · 3th].

(4.38)

The second case happens with probability P2 = 2PgcPgn:

CA
d,2(PBMA) =Pdc(PBMA) · [Pd · th + (P3

d − P2
d + Pd) · 2th

+ (−2P6
d + 9P5

d − 15P4
d + 13P3

d − 7P2
d + 2Pd) · 3th].

(4.39)
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The third case happens with probability P3 = 2PgePgn:

CA
d,3(PBMA) =Pdc(PBMA) · [Pd · th + (P3

d − P2
d + 2Pd) · 2th

+ (P5
d − 5P4

d + 9P3
d − 7P2

d + 2Pd) · 3th].
(4.40)

The fourth case happens with probability P4 = P2
gc:

CA
d,4(PBMA) =Pdc(PBMA) · [(2Pd − P2

d ) · 3th + (2Pd − P4
d + 4P3

d − 5P2
d )

· 4th + (−P6
d + 6P5

d − 14P4
d + 16P3

d − 9P2
d + 2Pd) · 5th].

(4.41)

The fifth case happens with probability P5 = P2
ge:

CA
d,5(PBMA) =Pdc(PBMA) · [(2Pd − P2

d ) · 2th + (2Pd − P4
d + 4P3

d − 5P2
d ) · 3th

+ (−P6
d + 6P5

d − 14P4
d + 16P3

d − 9P2
d + 2Pd) · 4th].

(4.42)

The sixth case happens with probability P6 = 2PgcPge:

CA
d,6(PBMA) =Pdc(PBMA) · [Pd · 2th + (−P2

d + Pd) · 3th+

(−P4
d + 4P3

d − 5P2
d + 2Pd) · 4th].

(4.43)

The last case happens with probability Phc(PBMA):

CA
d,7(PBMA) = tpkt. (4.44)

Finally I find the average collision duration as:

CA
d (PBMA) =

7∑
i=1

Pidle · CA
d,i(PBMA). (4.45)

4.4.3 Waiting Time

We define average waiting time as the time duration a packet stays in the buffer,
which includes the sensing delay and backoff time. In other words, it is equiva-
lent to the access delay by assuming the queuing delay is zero, because the old
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packet has been assumed to be dropped when a new packet is generated accord-
ing to the standard [1]. Same definition has also been used in other papers such
as [60].

Given the average waiting time for each backoff process in Eq. (4.16), the overall
average waiting time in DSRC can be calculated as

Tw(HD) = Pidle(HD)th + (1 − Pidle(HD))(th + tBO). (4.46)

In the FD EDCA strategy, average waiting time is attributed to four different
cases. The first case is when the channel is idle and no false alarm happens. So
the waiting time would be one sensing duration:

Tw,1(FD) = Pidle(FD) · (1 − Pf ) · th. (4.47)

The second case is when the channel is sensed as busy whilst it is actually busy:

Tw,2(FD) =(1 − Pidle(FD))Pd(th + tBO)+

(1 − Pidle(FD))2P2
d (2th + tBO + t′BO) + ... ,

(4.48)

where t′BO refers to the second continuous backoff duration.

The third case is when false alarm happens:

Tw,3(FD) =Pidle(FD)Pf (th + tBO)+

Pidle(FD)Pf (1 − Pidle(FD))Pd(2th + tBO + t′BO) + ... .
(4.49)

The last case is when mis-detection happens, so the vehicle starts transmission
but it detects the collision during its transmission:

Tw,4(FD) =(1 − Pidle(FD))2PmPd(FD)(2th + tBO)+

(1 − Pidle(FD))3PmP2
d (3th + tBO + t′BO) + ... .

(4.50)

Finally I find the overall average waiting time as the sum of all above four cases:

Tw(FD) =
4∑

i=1

Tw,i(FD). (4.51)
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Now I analyse the average waiting time of the PBMA mechanism. When a nor-
mal update message is generated, the waiting time is equal to the waiting time
by using the FD EDCA method:

Tw,1(PBMA) = Pgn · Tw(FD). (4.52)

When a critical message is generated and the channel is sensed as busy, the trans-
mitting vehicle would keep sensing and broadcast as soon as the current trans-
mission is finished. So the average waiting time in this case would be half the
packet transmission duration. Otherwise when the channel is sensed as idle,
the waiting time would be one sensing duration. In addition, because sensing
is not perfect, false alarm and mis-detection could happen. In the false alarm
case, vehicles which have critical CAMs will not go to the backoff process. The
average waiting time would be half the packet transmission duration. In the
mis-detection case, since the probability that continuous mis-detection occurs is
small, I assume a correct detection with probability Pd in the first transmission
and sensing slot. Then the vehicle would go to the backoff process, and the av-
erage waiting time in this case would be two sensing durations plus the backoff
time. Therefore, the overall waiting time is given by

Tw,2(PBMA) =Pgc(1 − Pidle(PBMA))Pd
tpkt

2
+

PgcPidle(PBMA)Pdth+

PgcPidle(PBMA)Pf
tpkt

2
+

PgcPidle(PBMA)4PmP3
d (4th + tBO)+

PgcPidle(PBMA)5PmP4
d (5th + tBO + t′BO) + ... .

(4.53)

When the generated CAM is Me, average waiting time would be

Tw,3(PBMA) =Pge(1 − Pidle(PBMA))Pd
tpkt

2
+

PgePidle(PBMA)Pdth+

PgePidle(PBMA)Pf
tpkt

2
+

Pge(1 − Pidle(PBMA))3PmP2
d (3th + tBO)+

Pge(1 − Pidle(PBMA))4PmP3
d (4th + tBO + t′BO) + ... .

(4.54)
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Therefore the overall average waiting time is given by the sum of the above three
time durations:

Tw(PBMA) =
3∑

i=1

Tw,i(PBMA). (4.55)

4.4.4 Throughput

We define the system throughput as the total number of successful broadcast
packets within a CAM repetition interval, which can be calculated as

SR = Ntx · (
tCAM − Tw

tCAM
) · (1 − Pc). (4.56)

4.4.5 Evaluation of Critical Messages Transmission

In addition to average system performance, it is also important to compare the
performance of transmitting critical messages in different mechanisms. Since
the successful delivery of Mc within a short amount of time is the key to avoid
accidents.

The formulations of transmitting Mc in the legacy HD EDCA and FD EDCA
mechanisms are the same as shown in the previous section, because there is no
priority between CAMs from different vehicles. However, my proposed PBMA
mechanism operates differently, for which the analysis is shown as follows.

1) Collision Probability: When Mc is generated, collision happens in three cases.
The first case is mis-detection. The second case is simultaneous start of transmis-
sion when channel is idle. The last case is due to hidden collision. Therefore the
collision probability of critical messages is given by

Pc(Mc) =Pgc(1 − Pidle(PBMA))(1 − Pd)+

PgcPidle(PBMA)PdPs(i) + Phc(PBMA).
(4.57)

2) Collision Duration: Critical CAMs could collide with normal, critical and
emergency CAMs, and collision duration for each case is different. The corre-
sponding collision durations are given by Eq. (4.39), Eq. (4.41) and Eq. (4.43),
respectively. Besides, collision duration due to hidden collision is shown in Eq.
(4.44). Therefore the average collision duration of critical messages is given by
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CA
d (Mc) =

∑
i=2,4,6,7

Pi · CA
d,i(PBMA). (4.58)

3) Waiting Time: Average waiting time of Mc has already been analysed and its
formulation is shown in Eq. (4.53).

In addition to the mathematical analysis, computer simulation is another signif-
icant tool to observe and evaluate the performance of the proposed novel design
before a real-world field test. The results can also be used to mutually verify or
debug the mathematical analysis results. In particular, if the differences between
the analytical and simulation results go beyond a reasonable error region, it is
highly likely that there is a mistake. Furthermore, the trend and value of the
figures can be helpful in positioning and debugging the mistake. Therefore, in
Section 4.5, we present both the mathematical analysis and simulation results.
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4.5 Simulation Results

Following the mathematical analysis, I now evaluate my proposed method through
simulations. Specifically, the computer simulation conducted is realistic link-
level simulation instead of numerical analysis. Vehicles are generated and move-
ments are simulated in SUMO, data is then imported into MATLAB. The PHY
and MAC layers of DSRC and my proposed PBMA protocol are simulated in
MATLAB. CAMs are generated and broadcast according to the EDCA or the
proposed PBMA protocols. Energy levels are measured by taking samples and
integrating over the given sensing duration, which are then compared to the pre-
defined thresholds depending on which transmission phase the vehicle is in (i.e.,
before or during transmission cases). Doppler effect has been added by using
the built-in function in MATLAB. Finally, the results such as collision probability
is calculated by firstly tabulating the total number of collisions and then divided
by the total number of CAM transmissions. Simulation parameters are shown in
Table 4.3, which are realistic, because they are the values and scheme suggested
in the standard [1], which have also been used in the field test [8] and other re-
search papers such as [42]. The reason why only the standard instead of prior
art has been chosen as the benchmark is because to the best of my knowledge,
the paper [42] was the only prior art working on the same topic. However, in
[42], the metrics used for evaluation were for a tagged vehicle only, whilst in my
work, all evaluation metrics are formulated from a system average performance
perspective. Therefore, I chose the standard as the only benchmark, same as
what other researchers did, such as the authors in [42].

Fig. 4.7 shows the impact of mobility on the detection probability, where the an-
alytical curve is plotted by using Eq. (4.7). First of all, if vehicles are equipped
with dynamic threshold and increased sensing window size, target detection
probability (i.e. 90%) can be met. However, if the size of the sensing window
remains unchanged, detection probability drops as the relative speed of vehicles
increases, since a higher percentage of energy of the signal goes beyond the sens-
ing window, and hence cannot be measured due to the Doppler frequency shift
effect.

Fig. 4.8 and Fig. 4.9 illustrate the significant impact of transmit power and the
difference between two threshold setting strategies, where the analytical curves
are plotted by using Eq. (4.5) and Eq. (4.6), respectively. One strategy is based
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TABLE 4.3: SIMULATION PARAMETERS

Parameters Values
target Pd,bt & Pd,dt 90%
modulation scheme BPSK, QPSK
SNR1 +10 dB
SNR2 (-20)→0 dB
residual SI 0%-40%
vehicle density 0-200 vehicles/km
relative speed 0-500 km/h
transmission rate 6 Mbps
CAM length 350 bytes/pkt
arbitrary Inter-frame Space 58 µsec
slot duration (tslot) 13 µsec
CAM repetition interval (tCAM) 100 ms

on my proposed method where thresholds are dynamically changing, whilst the
other strategy corresponds to the fixed threshold method. For the fixed threshold
strategy, along with the rise of the transmit power, detection probability increases
at the cost of having a high and unacceptable false alarm probability. my pro-
posed method has a lower detection probability which is still in the acceptable
range. But because the threshold is also increasing with the rise of the measured
SNR, false alarm probability would decrease at the same time. To summarise,
although my proposed method will sacrifice some detection probability by dy-
namically changing the threshold, a much better false alarm probability would
be rewarded, whilst keeping the probability of detection in an acceptable range.

Fig. 4.10 shows the effect of residual SI on probabilities of detection and false
alarm, where the analytical curves are plotted by using Eq. (4.6) and Eq. (4.7).
Firstly, target detection probability is achievable regardless of SIC by dynami-
cally changing the threshold. However, when η increases, false alarm probability
increases too since more energy is received. In order to achieve detection proba-
bility to be at least 90% and false alarm probability to be at most 10%, my model
would have acceptable performance when SIC is less than 15%. In other words,
my system does not operate only when SIC is extremely well, it also works when
SIC is relatively poor.

Fig. 4.11 highlights the negative effect of SIC fluctuation, where the analytical
curves are plotted by using Eq. (4.11). When 10% random SIC fluctuation is
considered, both probabilities of detection and false alarm become worse. Thus
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FIGURE 4.7: Impact of mobility on the detection probability

we should carefully consider SIC fluctuation when deploying the scheme.
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FIGURE 4.10: Probabilities of detection Pd,dt and false alarm Pf ,dt vs.
SIC factor η

Fig. 4.12 shows the impact of the sensing time on the precision of detection,
where the analytical curves are plotted by using Eq. (4.6) and Eq. (4.7). By
setting the thresholds properly, system can achieve the target detection perfor-
mance. Meanwhile, the longer the sensing time is, the lower will be the chance
for the system to wrongly alarm an impending collision. This is because we
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are measuring and averaging the received energy over a longer period of time,
which gives a more accurate result. Another way to reduce the false alarm proba-
bility is to increase the sampling frequency, since the number of samples is equal
to the production of sensing time and sampling frequency (N = τ · fs). How-
ever, the accuracy cannot be improved by only increasing fs. When the number
of samples taken is large enough, more samples would not add to accuracy of
the measured energy level.
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Fig. 4.13 to Fig. 4.16 respectively show the average collision probability (Eq.
(4.12) and Eq. (4.35)), collision duration (Eq. (4.36) and Eq. (4.45)), waiting time
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(Eq. (4.46) and Eq. (4.55)) and system throughput (Eq. (4.56)) against the vehicle
density by deploying different mechanisms. As shown in Fig. 4.13, when vehi-
cle density increases, collision probability will go up accordingly due to the fact
that more vehicles are competing for broadcasting at the same time. In addition,
when a collision happens, it lasts longer (i.e. collision duration is longer) and the
waiting time is also longer compared to the network where fewer vehicles exist,
as shown in Fig. 4.14 and Fig. 4.15.
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Furthermore, it can be seen that FD EDCA and my proposed PBMA mechanism
outperform DSRC in terms of collision probability and collision duration. This
is because CD capability is not enabled in DSRC and collisions cannot be de-
tected through FD technology. DSRC provides the best performance in terms of
waiting time as shown in Fig. 4.15, but a large portion of transmissions are in
collisions, and CAMs are lost. This conclusion is drawn from Fig. 4.13 and Fig.
4.16, where DSRC gives the worst performance in terms of collision probabil-
ity and successful packet delivery rate. In other words, compared to FD EDCA
and FD PBMA methods, DSRC can broadcast messages quicker with more col-
lisions. Comparing FD PBMA to FD EDCA method, FD PBMA has a slightly
higher collision probability and collision duration, which is due to the fact that
vehicles which have Mc or Me would re-attempt to broadcast immediately in FD
PBMA method. But FD PBMA has a shorter average waiting time as shown in
Fig. 4.14. The system throughput in Fig. 4.16 shows the overall performance of
different mechanisms, in which PBMA method provides the highest throughput.
It is worth noting that same definition and unit have been used in other papers
and the DSRC standard too, such as [1], [61], [62], and [63].

In addition to average system performance, it is even more important to observe
the delivery performance of critical messages, because critical messages could
be the last broadcast warning message before potential accidents. Successful de-
livery of critical messages within a short amount of time will lead to a totally
different result. Collision probability, collision duration as well as the waiting
time of broadcasting a critical CAM are demonstrated in Fig. 4.17 to Fig. 4.19.
I did not plot the performance of broadcasting critical messages by deploying
DSRC because FD EDCA method is already shown to outperform DSRC.

By analysing Fig. 4.17 to Fig. 4.19, where the analytical curves are plotted by
using Eq. (4.57), Eq. (4.58) and Eq. (4.53), we can see that FD PBMA has signif-
icantly improved the delivery of critical CAMs compared to FD EDCA, because
FD PBMA can broadcast critical messages with a much smaller collision prob-
ability, a much shorter collision duration and a much shorter waiting time too.
In addition, it is shown in Fig. 4.20 that the success rates of transmitting critical
messages as well as emergency messages by deploying my proposed FD PBMA
design are both significantly enhanced and are higher than those in DSRC and
FD EDCA methods. However, the successful delivery rate of broadcasting nor-
mal update messages by deploying FD PBMA is lower than that in FD EDCA
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method and higher than that in the DSRC standard. In other words, when there
is a vehicle status change, no matter the change is sudden (critical message) or
gentle (emergency message), FD PBMA provides the best performance on letting
other vehicles realise such a change from normal cruising activity.

4.6 Summary

In this Chapter I proposed a cross-layer design for future V2X networks. By
deploying FD technology and setting thresholds as well as sensing bandwidth
according to my design, a vehicle can detect and avoid collisions without los-
ing too many opportunities to transmit useful data. Two thresholds which are
dynamically changing and an increased sensing window size have been formu-
lated for detection of channel status and collisions. Furthermore, a novel priori-
tisation scheme dedicated for CAMs and a novel MAC protocol named PBMA
are proposed to schedule the access according to detection results and priorities
of messages. Comparisons between DSRC, FD EDCA and my proposed PBMA
design have been made through both mathematics and simulations in terms of
average collision probability, collision duration, waiting time and throughput.
Especially, the delivery of critical messages before a potential accident has also
been analysed thoroughly. Results have shown that my design works well even
when SIC is poor. Meanwhile, my PBMA design also has an overall better per-
formance: The delivery of CAMs before a potential accident has been enhanced
and accidents can be further avoided.
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5 A 5G-Based FD Scheduling and
Multiple Access Mechanism

Synopsis of Chapter

Future connected and autonomous vehicles (CAVs) will have different demands
and capabilities for perceiving the surrounding safety-related information. There-
fore, I propose a novel prioritisation scheme and a corresponding multiple ac-
cess mechanism, to be named full-duplex prioritised scheduling (FDPS) protocol,
to enhance the delivery of high-priority packets in future New Radio (NR) en-
hanced vehicle-to-everything (eV2X) communication vehicular ad hoc networks
(VANETs). This design refers to my papers [64] and [65]. Compared to the stan-
dardised sensing-based semi-persistent scheduling (SB-SPS) protocol, this work
presents how collision detection is enabled during broadcast, how collisions are
resolved, how the priority of a packet from a colliding CAV is recognised and
how the broadcast of high-priority packets is enhanced. Performance of the pro-
posed FDPS protocol and the standardised SB-SPS protocol is evaluated through
both mathematical formulations and simulations. Then, comparison has been
made between the two aforementioned designs. Simulation results have firstly
validated the accuracy of my analysis, they have also shown the enhancement of
packets delivery in future NR eV2X VANETs.

The remainder of this Chapter is organised as follows. In Section 5.1, I intro-
duce the background, challenges and contributions of this work. In Section 5.2, I
introduce multiple access mechanisms, including the standardised Mode 4 com-
munications and the proposed FDPS protocol. Next, I present the considered
system model in Section 5.3. Afterwards, both the standardised SB-SPS protocol
and the proposed FDPS protocol are analytically evaluated in Section 5.4. In ad-
dition, simulation results and discussion are given in Section 5.5, future works
are given in Section 5.6. Finally, this work is concluded in Section 5.7.
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5.1 Introduction

Intelligent transportation system (ITS) has become an explicit development
prospect of future society according to many national strategic plans [66]-[67]. A
key enabling technology is vehicle-to-everything (V2X) communications, which
offers many benefits, such as innovative travelling services, improved safety
and efficient traffic management [66]-[67]. Although countless researchers have
worked on V2X communications for decades, the target of having an unified and
agreed standard for future ITS is not accomplished yet. Among all technologies,
two promising solutions are dedicated short range communications (DSRC) [47]
and New Radio (NR) enhanced V2X (eV2X) communications [4].

Comparison between DSRC and cellular-eV2X standards has been extensively
investigated, such as [68], in which comparison has been made in terms of a set
of significant technical and non-technical aspects. The DSRC standard has been
shown to successfully provide communication capability in both centralised and
vehicular ad hoc networks (VANETs) [36]. However, existing literature also
shows that NR eV2X standard outperforms DSRC in terms of many parameters
[10]-[69], and further enhancements based on C-V2X have also been proposed
[70]-[71]. The PHY and MAC layers technical specification of NR eV2X standard
is provided in [72], in which connected and autonomous vehicles (CAVs) are
designed to operate based on the 5G platform. Direct vehicle-to-vehicle (V2V)
communications (a.k.a. sidelink communications) is supported in both Mode 3
and Mode 4. In Mode 3, radio resources are allocated by the cellular network (i.e.
RSUs or gNBs) [73]; whilst in Mode 4, CAVs select resources autonomously ac-
cording to the sensing-based semi-persistent scheduling (SB-SPS) protocol [73].
In other words, CAVs operate in Mode 3 when they are within the coverage area
of gNBs, and operate in Mode 4 when they are out of the coverage area of gNBs.1

Therefore, Mode 4 is also considered as the baseline mode in V2X communica-
tions [74].

1Note that resources can still be allocated to a vehicle by the cellular network (i.e. gNBs/RSUs)
in Mode 4 communication, when the vehicle is under coverage. But I focus on the VANETs case
in which resources are selected autonomously by vehicles according to the SB-SPS protocol [73]
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5.1.1 Challenges

We focus on enhancing eV2X Mode 4 communications driven by the fact that
CAV safety cannot fully rely on the coverage of gNBs. However, this is a chal-
lenging task due to the limitations of the network structure (i.e. VANETs). Firstly,
since safety information is exchanged in a broadcasting manner [73], acknowl-
edgement (ACK) mechanism cannot be deployed. In other words, there is no
feedback for CAVs to determine whether a transmission is in collision or not.
In order to enhance the broadcast reliability, an effective solution is that CAVs
proactively detect collisions. Hence, when a packet is lost due to a signal colli-
sion, a course of actions can be designed in the MAC layer. However, CAVs are
operating in half duplex (HD) mode, so they cannot detect a potential collision
whilst broadcasting. A redundant transmission mechanism is provided as an op-
tional solution in the extended version of the SB-SPS protocol [73]-[75], but this
solution sacrifices spectral efficiency, as a redundant packet is re-broadcasted by
using a different time-frequency resource [73]-[75]. To summarise, VANETs can
be enhanced by proposing a novel method that helps CAVs detect collisions. In
recent years, full duplex (FD) technology is one of the research hot spots. For ex-
ample, in [76], the feature of simultaneous transmission from both ends of a link
has been used for improving physical layer security. In [77], FD technology is
applied to a base station which serves an uplink and a downlink simultaneously.
Different from [76]-[77], in this work, I propose to use a different feature of FD
technology, namely simultaneous transmission and sensing, to detect collisions
in the NR eV2X VANET scenario.

In addition to the lack of knowledge on collisions, MAC layer protocol design
in current NR eV2X standard (i.e. Rel-16 technical specification) [72], specifically
the SB-SPS protocol [73], also needs a novel contention resolution mechanism,
which has not been incorporated yet. If multiple CAVs have already selected
the same time-frequency resource, signal collisions happen, and such collisions
cannot be recognised by CAVs due to HD operation mode. Therefore, there is
also no re-selection process designed before the start of data broadcast. The re-
sult is that collisions cannot be avoided and transmissions cannot be aborted.
Meanwhile, these packets are even assumed to be successfully transmitted. Fur-
thermore, when signal collisions happen, the collision episode persists across
multiple messaging intervals without the colliding CAV realising it. The aver-
age duration of this collision episode is one second, if safety packets repetition
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interval is set to 10 Hz [75], which is unacceptable. Besides, when the density of
a VANET increases, the collision episodes will happen with a higher probability,
because more CAVs will compete for the same limited resources. To summarise,
when such a scenario happens, it is not only a waste of the precious and scarce
spectrum-time resource, CAVs are also put into a dangerous situation.

Furthermore, prioritisation scheme and prioritised messaging mechanism also
need to be enhanced. For example, context awareness approach is currently a
research hot spot to achieve prioritisation [78], which can be considered when
CAVs are operating in Mode 3 or partially distributed scenario in Mode 4. How-
ever, I consider the fully distributed VANET scenario in Mode 4, where there
is no assistance from gNBs. According to the technical report [79], priority lev-
els are defined on the basis of quality of service (QoS) constraints (e.g. latency
and reliability) from different V2X applications. If a safety message is compet-
ing with a non-safety message within a CAV itself, the CAV will firstly transmit
the safety message. However, the standard does not prioritise safety messages,
they are processed according to the first come first serve (FCFS) algorithm [79].
In addition, when multiple CAVs have selected the same resource for broadcast,
the standard also does not specify which CAV keeps broadcast, and which CAV
defers its broadcast or find another available resource. In other words, there is no
prioritisation scheme between safety messages from different CAVs. The reason
is that CAVs neither can detect signal collisions, nor identify the type of colliding
messages, after collisions have already happened.

5.1.2 Novelty & Contributions

For aforementioned reasons, I am motivated to propose a novel prioritisation
scheme and a corresponding MAC layer protocol, named full duplex prioritised
scheduling (FDPS), to enhance the message delivery performance in future NR
eV2X VANETs. FD technology is proposed to be equipped onto on-board units
(OBUs), because it allows a device to transmit and receive simultaneously over
the same frequency band, which means that CAVs can broadcast data and sense
the channel status simultaneously. Hence, collision detection capability is en-
abled without introducing further signalling or ACK messaging scheme. After a
collision has been detected, CAVs can abort their transmissions and choose an-
other time-frequency resource to broadcast packets according to the proposed
prioritisation scheme and the FDPS protocol, which will be explained in details
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in Section III. Therefore, collision duration is shortened, and reliability perfor-
mance, especially for high-priority safety messages, is enhanced. The contribu-
tions of this work can be summarised as follows:

• I show that packet delivery rate, collision duration and latency can be en-
hanced by taking prioritisation into consideration.

• I show a comprehensive and tractable design for applying FD technology to
NR eV2X VANETs from both PHY and MAC layers perspectives. CAVs are
enabled to proactively detect collisions whilst broadcasting without ACK
messaging or further signalling mechanisms.

• I propose a novel prioritisation scheme for NR eV2X VANETs, so that CAVs
can enjoy prioritised messaging based on their communication demands.

• I introduce a novel MAC layer protocol, to be named FDPS, to support
simultaneous transmission and sensing in PHY layer, and provide conges-
tion control, broadcast abortion as well as collision resolution mechanisms
for CAVs with prioritised messaging feature in MAC layer.

• I provide mathematical analysis of detection accuracy during transmission
in terms of detection probability, false alarm probability and
mis-detection probability. In addition, I also formulate overall analytical
packet delivery performance in terms of average successful packet delivery
rate (PDR), collision duration and latency, which have also been validated
through extensive simulations.

• I compare my proposed design to the Rel-16 technical specifications. Re-
sults have shown that my proposed design outperforms the standardised
technical specifications, packet delivery performance is enhanced, when
the self-interference suppression (SIS) factor is better than 16%, which is
achievable by deploying the existing SIS technologies.
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5.2 Multiple Access Mechanisms

In this section, I first introduce the communication framework of the 3GPP Mode
4 VANET scenario. Then, I demonstrate the workflow of SB-SPS, which is adopted
as the MAC layer solution in technical specifications of 3GPP for Mode 4 com-
munications in VANETs [73]. Afterwards, I introduce my proposed prioritisation
scheme and FDPS protocol. Finally, I analyse the differences between the stan-
dardised SB-SPS method and the proposed FDPS method.

5.2.1 Mode 4 VANET Communications

Fig. 5.1 depicts a fully decentralised VANET, in which CAVs operate in Mode 4
to share information. There is no base station that can allocate time-frequency re-
sources and schedule transmissions for CAVs. Instead, CAVs select resources au-
tonomously based on local sensing results, and share safety-related (i.e. control
and data) messages in a broadcasting manner according to the SB-SPS protocol,
which is introduced in Section 5.2.2.

Control Message

Data Message

gNB

FIGURE 5.1: Mode 4 VANET Communication Framework

Therefore, Mode 4 VANET Communication has the following challenges waiting
to be addressed. First, CAVs cannot detect signal collisions whilst broadcasting.
Second, CAVs do not know whether a packet is broadcast successfully or not due
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to the broadcast feature. Third, CAVs cannot resolve external collisions (i.e. col-
lisions between different vehicles.) Last but not least, there is no communication
priority between CAVs, although they have different communication demands
and requirements.

5.2.2 SB-SPS Protocol

First of all, I introduce the PHY layer specifications of the current C-V2X standard
[80]-[81]. In the PHY layer, single-carrier frequency-division multiple access is
adopted, and channels of 10 MHz and 20 MHz bandwidth are both supported.
In addition, channels are further divided into sub-channels, sub-frames and re-
source blocks (RBs). RB is defined as the smallest frequency resource unit that
can be allocated to a CAV. The bandwidth of each RB is 180 kHz wide, which
is consisted of twelve 15 kHz wide sub-carriers. Besides, each sub-frame is de-
signed to be 1 ms long, which is equivalent to the transmission time interval. Fur-
thermore, a sub-channel is defined as a group of RBs in the same sub-frame, and
the number of RBs in a sub-frame can vary. Both data and the sidelink control
information (SCI) are transmitted by using the sub-channels. Data is transmitted
in transport blocks (TBs) over the physical sidelink share channels (PSSCH), and
SCI is transmitted over the physical sidelink control channels (PSCCH). Each TB
carries a full packet such as a basic safety message (BSM), which must be broad-
cast with its associated SCI message in the same sub-frame. In addition, two
sub-channelisation schemes are supported. The first scheme is that a TB and its
associated SCI message are transmitted in adjacent RBs. Whilst the other scheme
is that a TB and its associated SCI message are transmitted in non-adjacent RBs.
Both sub-channelisation schemes are shown in Fig. 5.2.

In the MAC layer, CAVs autonomously select sub-frames and sub-channels ac-
cording to the SB-SPS protocol [73]. Before broadcast, a vehicle needs to reserve
new resources for a random number of consecutive BSMs. This random number
is also known as the re-selection counter (RC), whose value is randomly selected
from the resource reservation range, which depends on the BSM repetition in-
terval, or BSM transmission frequency λ. Relationship among them is shown in
Table. 5.1.

After each BSM broadcast, RC decrements by one. When the value of RC goes
to zero, a CAV has to re-select new resources with probability (1 − Pres), where
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FIGURE 5.2: Sub-channelisation schemes

TABLE 5.1: RESOURCE RESERVATION RANGE

Resource BSM Equivalent BSM
reservation repetition transmission frequency

range interval (packets per second)
[5,15] 100 ms 10 pps (λ = 10 Hz)
[10,30] 50 ms 20 pps (λ = 20 Hz)
[25,75] 20 ms 50 pps (λ = 50 Hz)

Pres ∈ [0, 0.8]2 according to [83], [72] in the standard. In other words, when the
value of the RC decrements to zero, a CAV will definitely select and reserve a
new resource for the next episode of consecutive BSM transmission, as shown in
Fig. 5.3.

The resource reservation process is divided into the following three phases, which
has also been depicted in Fig. 5.4.

Phase 1: Assume a generic CAV, Vtx, needs to reserve new resources at sub-frame
N (i.e. RC is zero). Then the time period for Vtx to reserve new resources is
named as selection window, which starts from the sub-frame N and finishes at
the sub-frame (N + 1

λ ), where λ refers to the BSM transmission frequency. In
addition, Vtx identifies and selects available resources according to the sensing

2Pres is normally set to 0 [82], which is also the value used in this work.
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FIGURE 5.3: SB-SPS Workflow

results from the sensing window, where the sensing window starts from the sub-
frame (N − 1000) and finishes at the sub-frame N.

Phase 2: The CAV, Vtx, creates a list L1 which contains all available resources.
Then resources that meet either of the following three conditions are excluded
from L1:

1. resources which are indicated to be used by other CAVs within the selection
window or next broadcast episode of Vtx.

2. sub-frames Ni in the selection window, if Vtx used sub-frames Nj in the
previous broadcast episode, where j = i − 100 · k. For λ = 10 Hz, k is an
integer number and its range is k ∈ [1, 10].3

3. resources which have the average reference signal received power (RSRP)
higher than a given threshold.

After the above exclusion process, if L1 contains at least 20% of the resources
which are identified in the selection window after Phase 1, the CAV can proceed
to the third phase. Otherwise, Phase 2 should be executed again with a 3 dB
higher RSRP threshold.

3For λ = 20 Hz, j = i − 50 · k and k ∈ [1, 20]. For λ = 50 Hz, j = i − 20 · k and k ∈ [1, 50].
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FIGURE 5.4: SB-SPS resource reservation process

Phase 3: The CAV, Vtx, creates another list L2. The size of L2 is equal to 20% of all
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identified available resources in Phase 1. Then Vtx selects resources which have
the lowest average received signal power indicator (RSSI) from L1, and store
these candidate resources into L2. Finally, Vtx randomly selects one resource from
L2 for the next transmission episode, and set up the RC.

5.2.3 FDPS Protocol

The proposed prioritisation scheme incorporates three communication priority
levels, which is shown in Table. 5.2.

TABLE 5.2: THE PROPOSED PRIORITISATION SCHEME

Communication Priority
Low

Middle
High

Next, I introduce the work flow of the proposed FDPS protocol, which is con-
sisted of two processes: simultaneous broadcast and sensing process, and re-
source reservation process. As depicted in Fig. 5.5, CAVs sense channel status
in both processes in a FD manner. Sustained sensing refers to the sensing pro-
cess in each scheduled TB broadcast, which is the original sensing window in
SB-SPS. Besides, I introduce a new sensing phase, named interim sensing, which
refers to the sensing process in each re-attempt TB broadcast. During the sus-
tained sensing process, every CAV monitors the resource usage and tabulates
channel status for the immediate past one thousand sub-frames whilst broad-
casting BSMs. Assume a generic CAV, named Vtx, needs to broadcast BSMs. It
reserves new resources within the selection window according to the sustained
sensing results, and sets up the RC according to Table. 5.1 prior to the broadcast.
After every BSM broadcast, the RC value decrements by one. Vtx selects new re-
sources with probability (1− Pres) for next broadcast episode when the RC value
is decreased to zero.

Afterwards, I present resource reservation process, transmission abortion and
collision handling mechanisms of FDPS. As shown in Fig. 5.6, when a collision
has been detected during a BSM broadcast, the CAV Vtx responses as follows.
Firstly, I introduce a new re-attempt counter (RAC) which is used for counting
how many times a BSM has been re-broadcast. Vtx sets up a RAC, whose value
is set to zero. Secondly, Vtx selects the same sub-channel and the next avail-
able sub-frame to re-broadcast the collided BSM. The next available sub-frame
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FIGURE 5.5: FDPS Workflow in RBs Diagram

is identified from the previous sustained sensing results, which is also prior to
the generation of the new BSM. After every re-attempt, RAC value is increased
by one. The maximum re-attempt limit (RACmax) for high-, middle- and low-
priority CAVs is set to 2, 1, 0, respectively, in order to differentiate the priority
levels of the colliding BSMs. When the RAC value reaches the limit, Vtx aborts
its current broadcast episode, and goes to the resource reservation process with
Pres = 0.

The resource reservation process includes three phases:

Phase 1: When a BSM arrives at sub-frame N, and the RC value is equal to zero,
Vtx initialises the resource reservation process to identify available resources by
setting up the RC, sensing window and selection window. The range of the sens-
ing window is between sub-frame (N − 1000) and sub-frame N, and the range of
the selection window is between sub-frame N and sub-frame (N + 1

λ ).
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Phase 2: Vtx creates a list L1 to tabulate all available resources. Then, resources
which meet either of the following conditions are excluded from L1:

1. resources which are indicated to be used by other CAVs within the selection
window or next transmission episode of Vtx.

2. resources which were detected to be in collision with any previous trans-
mission from Vtx.

3. resources which have the measured RSRP higher than a given threshold.

It should be noted that the second exclusion condition is one of the differences
between SB-SPS and FDPS. RBs that were detected to be in collision are now
excluded in order to avoid continuous collision, which is achieved based on the
sustained sensing results, interim sensing results and the proposed RAC.

After the above exclusion process, if L1 contains at least 20% of the resources
which are identified in the selection window, Vtx proceeds to Phase 3. Otherwise,
Vtx re-executes Phase 2 with a 3 dB higher threshold.

Phase 3: Vtx creates another list L2 to store candidate resources. The size of L2

is equal to 20% of all identified available resources in Phase 1. Then it selects
resources which have the lowest RSSI values from L1. Finally, Vtx randomly
selects one resource from L2 for the next transmission episode, and sets up the
RC.

5.2.4 Differences between FDPS and SB-SPS

TABLE 5.3: DIFFERENCES BETWEEN FDPS AND SB-SPS

Features FDPS SB-SPS
PHY Layer Energy Sensing Capability ✓ ✓

1. Collision Detection Capability ✓ ×
Occupied RBs Exclusion Feature ✓ ✓

2. Collided RBs Exclusion Feature ✓ ×
3. Transmission Abortion Feature ✓ ×

Prioritisation Between CAVs ✓ ×
Internal Collision Resolution ✓ ✓

4. External Collision Resolution ✓ ×
5. Prioritised Re-transmission Feature ✓ ×

In this sub-section, I show the differences between SB-SPS and FDPS by high-
lighting the enhanced features in FDPS, which are also depicted in Table. 5.3.
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Compared to SB-SPS, FDPS excludes resources which were detected to be in col-
lision in the resource reservation process, which is labeled by 1. in Table. 5.3 and
highlighted in Fig. 5.6. In addition, collision detection capability is embedded
in the FDPS in the broadcasting process, CAVs can detect for potential collisions
whilst broadcasting. This feature is labeled by 2. in Table. 5.3 and highlighted in
Fig. 5.6. Besides, FDPS also has an ongoing transmission abortion feature, which
can shorten the collision duration and let CAVs go to the next phase immediately.
This feature is labeled by 3. in Table. 5.3 and highlighted in Fig. 5.6. Furthermore,
a prioritised re-broadcast mechanism is introduced into FDPS, so CAVs can re-
broadcast the collided BSMs to enhance their safety. This feature is labeled by 4.
and 5. in Table. 5.3 and highlighted in Fig. 5.6. Meanwhile, FDPS has avoided
the ACK mechanism and any further signalling, so it has great backward com-
patibility with the SB-SPS. Finally, SB-SPS suffers from broadcast storm problem,
where FDPS does not have this problem, because there is no blind re-broadcast
mechanism in FDPS.
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5.3 System Model

We consider a NR eV2X VANET, in which CAVs broadcast BSMs according to
the proposed prioritisation scheme or the FDPS protocol, as shown in Fig. 5.7.

FD Broadcast Mode

FIGURE 5.7: System Model: 5G NR eV2X VANET

I assume that CAVs have deployed FD technology to broadcast BSMs and sense
channel status simultaneously. Same as [39], energy detection method is as-
sumed to be deployed for sensing in this work, which is carried out by mea-
suring the energy level of the sub-channels over each sub-frame. The accuracy
of the sensing is considered to be imperfect, which will be affected by the en-
vironment, such as the received signal-to-noise ratio (SNR), sensing threshold
setting strategy, Doppler effect and the self-interference suppression (SIS) capa-
bility. Rayleigh flat fading is assumed to be the channel model between vehicles.
The noise component is assumed to be Gaussian, independent and identically
distributed (i.i.d.) with zero mean and unit variance. Vehicles are distributed
according to a Poisson Point Process (PPP) with density β. Such an assump-
tion holds when the transmission range of CAVs is larger than the width of the
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road [52], [58]-[59]. In addition, vehicles have different transmission and sensing
ranges, and sensing range is larger than transmission range. Although the ef-
fect of hidden node problem is not eliminated, it can be weakened by increasing
the sensing range and setting up thresholds according to the analysis in section
5.4. Since the received energy depends on the distance between the sensing ve-
hicle and the potential concurrent transmitting vehicle(s), to be conservative, the
model is designed to be able to detect the signal collision from the farmost vehi-
cle. This assumption is the same as it is in [45]. I denote the sensing duration by
Ts and sampling frequency by fs, thus, detection probability is given by [39]

PFD
d = Q((

ϵth
σ2

n
− Υsig − η2ΥSI − 1)×

√
Ts · fs

2η2ΥSI + 2η2ΥSIΥsig + 2Υsig + 1
), (5.1)

where ϵth represents the sensing threshold, above which the broadcast is deemed
to be in collision, σ2

n represents the noise variance, η represents the SIS factor, ΥSI

represents the measured SNR of the SI signal, Υsig represents the measured SNR
of the potential colliding signal, Ts represents the sensing time, fs represents the
sampling frequency and Q(.) represents the Q function operator, which is the
tail distribution of the standard normal distribution. The formal definition of the
Q function operator is given by Q(x) = 1√

2π

∫ ∞
x exp(−u2

2 )du. Here, it gives the
probability that a CAV finds its BSM broadcast is in collision when there is at
least one other CAV broadcasting at the same time in the same frequency band.

False alarm probability is given by [39]

PFD
f = Q((

ϵth
σ2

n
− η2ΥSI − 1) ·

√
Ts · fs

2η2ΥSI + 1
). (5.2)

Mis-detection probability is given by

PFD
m =1 − Q((

ϵth
σ2

n
− Υsig − η2ΥSI − 1)×√

Ts · fs

2η2ΥSI + 2η2ΥSIΥsig + 2Υsig + 1
).

(5.3)

In order to compensate the Doppler effect, the increased sensing window size
and the dynamically changing sensing threshold strategy is deployed according
to [45], so that CAVs can provide a stable detection probability whilst avoiding a
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high false alarm probability. Specifically, a pre-defined target detection probabil-
ity is achieved according to the received SNR, the SIS factor and the dynamically
changing threshold setting.

In this work, based on the PHY layer sensing results, I have proposed a new
MAC layer method, namely FDPS protocol. CAVs reserve resources, abort on-
going transmission and re-broadcast collided BSMs according to the proposed
FDPS protocol, which is introduced in detail in Section 5.2.3.
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5.4 Analytical Performance Evaluation

In this section, I analytically evaluate the performance of both SB-SPS and FDPS
protocols. Notations are provided in Table. 5.4, Table. 5.5 and Table. 5.6.

TABLE 5.4: NOTATION TABLE

Symbols Notes
PFD

d FD detection probability

PFD
f FD false alarm probability

PFD
m FD mis-detection probability

RSPS packet delivery rate of SB-SPS

PHD
e probability of losing a BSM due to HD error in SB-SPS

PSENS
e prob. of losing a BSM due to sensing error in SB-SPS

PPROP
e prob. of losing a BSM due to propagation error in SB-SPS

PCOL
e prob. of losing a BSM due to signal collisions in SB-SPS

NEV total number of CAVs in a VANET (i.e. exposed CAVs)

Nsc total number of sub-channels

Nar total number of available resource that can be selected

Ns f total number of sub-frames within a selection window

ζtx transmit power in SB-SPS

ζPL path loss

ζSH shadowing

ζN noise

fζrx(x) the PDF of the received signal power

ϵSENS
th sensing threshold

ϵPROP
th propagation threshold

σ the variance of fζrx(x)
Dt,r distance between a generic transmit and a receiving CAV

Ps f (m) probability that m(m ⩾ 1) CAVs initialise
the resource reservation process in the same sub-frame

Psr(m) probability that at least one of these m CAVs
selects the same resource as the generic CAV

NBSM number of BSMs that is transmitting in one
resource reservation period
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TABLE 5.5: NOTATION TABLE (CONT. I.)

E[.] expectation operator

E[Nc] expected number of candidate resources after
the exclusion process

NV total number of CAVs including exposed and hidden CAVs

NHV average number of hidden CAVs
Nor number of occupied resources that can be

detected by each hidden CAV

PCOL
hid probability that at least one hidden CAV

collides with the generic transmitting CAV

DSPS average collision duration of SB-SPS

TBSM transmission time of a BSM

TRRI resource reservation interval

TPGI packet generation interval

SBSM BSM size

Rtrans transmission rate

LSPS latency of SB-SPS

LRRP latency caused by the resource reservation process

LCOL latency caused by collisions

TSW width of the selection window

RFD packet delivery rate of FDPS

PFD
e probability of losing a BSM due to FD error in FDPS

PS
e prob. of losing a BSM due to sensing error in FDPS

PP
e prob. of losing a BSM due to propagation error in FDPS

PC
e prob. of losing a BSM due to collisions in FDPS

ζFD
SI self-interference signal power

ζFD
tx transmit power in FDPS

fζFD
rx
(x) the PDF of the received signal power in FDPS

DFD
t,r distance between a generic FD transmit and receiving CAV

Plv percentage of low priority CAVs in the VANET

Pmv percentage of middle priority CAVs in the VANET

Phv percentage of high priority CAVs in the VANET

PC
e,i collision probability in case i

DFD overall collision duration of FDPS

Pi probability that case i happens
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TABLE 5.6: NOTATION TABLE (CONT. II.)

DFD,i collision duration in case i
LFD latency of FDPS

LRRP
FD resource reservation delay in FDPS

LRT
FD re-transmission delay in FDPS

LRRI new resource reservation interval

5.4.1 Analytical Performance of SB-SPS

5.4.1.1 Packet Delivery Rate

By deploying the standardised SB-SPS protocol, BSMs can be lost due to four
types of error [82]. The first type is named as half duplex (HD) error, which is
produced when a CAV is transmitting BSMs, so that it cannot receive any BSM
transmitted in the same sub-frame in a different sub-channel. The second type is
sensing error, which is produced when mis-detection happens. The third type is
propagation error, which is produced when the received signal power is not suf-
ficient for a CAV to successfully decode the received BSMs. The last type of error
is collision error, which is produced when multiple CAVs select the same time-
frequency resource to broadcast BSMs. Thus the PDR is defined as the average
probability of broadcasting a BSM without any error, which is given by [82]

RSPS = (1 − PHD
e )(1 − PSENS

e )(1 − PPROP
e )(1 − PCOL

e ). (5.4)

For any CAV within the VANET, HD error is produced when there is at least
one CAV other than the selected CAV broadcasts at the same time in a different
sub-channel, so neither of the CAVs can receive BSMs from other CAVs in this
sub-frame. In other words, the probability of this type of error is equal to the
probability that at least one CAV selects a different sub-channel in the same sub-
frame for transmission. Thus the probability of losing a packet due to HD error
is given by

PHD
e = 1 − (Nar−Nsc

Nar
)NEV−1, (5.5)

where NEV is given by

NEV = 2 · RSENS · β, (5.6)
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and Nar is given by

Nar = Nsc · Ns f . (5.7)

In addition to HD errors, BSMs can also be lost due to mis-detection, which de-
pends on the path loss, shadowing as well as noise. This type of error happens
when the received signal power/SNR is lower than a certain threshold, ϵth, and
there is a BSM transmission from another CAV. The probability of losing a packet
due to this type of error is given by

PSENS
e = PFD

m = 1 − PFD
d . (5.8)

Therefore, the probability of losing a packet due to sensing is given by

PSENS
e = 1 − Q((

ϵSENS
th
σ2

w
− γ − 1) ·

√
Nsam
2γ+1). (5.9)

Afterwards, I compute the error due to propagation, which happens when the
received signal power/SNR is higher than the sensing threshold, ϵSENS

th , but it
is still not sufficient for the receiving CAV to correctly decode the packet. The
received signal power is given by the Friis transmission formula as

ζrx = ζtx − ζPL − ζSH − ζN. (5.10)

Therefore, the probability that the received signal power is not sufficient for cor-
rectly receiving the packet, even if the presence of the signal is detected, is given
by

PPROP
e = Pr{ϵSENS

th < ζrx < ϵPROP
th } =

∫ ϵPROP
th

ϵSENS
th

fζrx(x)dx. (5.11)

Because the shadowing is assumed to follow a log-normal distribution [82], the
PDF, fζrx(x), is given by

fζrx(x) = 1
σ
√

2π
exp(−(

ζtx−ζPL−ϵPROP
th

σ
√

2
)2). (5.12)
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Combining Eq. (5.10) - Eq. (5.12), I can find the probability of error due to prop-
agation as

PPROP
e = Q(

ζtx−(
4πDt,r

λ )2−ϵPROP
th

σ
√

2
). (5.13)

The last unknown variable is error due to collisions, PCOL
e . Collisions happen

when multiple CAVs select the same sub-frame and sub-channel for transmis-
sion, thus the interference generated prevents correct reception of BSMs. Colli-
sions can be further divided into two types. The first type of collisions is the col-
lisions due to hidden node problem, I name it hidden collisions. On the contrary,
I name the collisions that are happened within the sensing range of a generic
transmitting CAV exposed collisions. Firstly, I derive the probability of exposed
collisions, which is given by

PCOL
exp =

NEV−1∑
m=1

Ps f (m) · Psr(m), (5.14)

where Ps f (m) is given by

Ps f (m) = (
(NEV − 1)!

m!(NEV − 1 − m)!
) · ( Pres

NBSM
)m · (1 − Pres

NBSM
)NEV−1−m. (5.15)

Besides, in order to calculate Psr(m), I have to find the expected number of can-
didate resources, E[Nc], after the exclusion process, which can be expressed as

E[Nc] =

Nar − NEV + PCOL
e ·(NEV−1)

m , if Nar ⩾ NV

0, if Nar < NV

. (5.16)

Now I can find the probability that at least one of the m CAVs chooses the same
resource as the transmitting CAV, Psr(m), as

Psr(m) = 1 − (E[Nc]−1
E[Nc]

)m. (5.17)

Combining Eq. (5.14) - Eq. (5.17), I can compute the probability of losing a BSM
due to exposed collisions.
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Next, I formulate the probability of hidden collisions. According to the model
described in Section IV, the average number of hidden CAVs is given by

NHV = max(0, Dt,r + RSENS − Rtx) · β. (5.18)

Since each hidden CAV deploys the same protocol (i.e. SB-SPS) and share the
same time-frequency resources, the number of occupied resources that can be
detected by each hidden CAV is given by

Nor = RSENS · β. (5.19)

The probability that at least one hidden CAV collides with the generic transmit-
ting CAV is given by

PCOL
hid =

1 − Nar−Nor−1
Nar−Nor

, if Nar ⩾ NV

1, if Nar < NV

. (5.20)

Therefore, the probability of losing a BSM due to signal collisions can be ex-
pressed as

PCOL
e = 1 − (1 − PCOL

exp ) · PCOL
hid . (5.21)

Finally, the PDR is given by the combination of Eq. (5.4), Eq. (5.5), Eq. (5.9), Eq.
(5.13) and Eq. (5.21).

5.4.1.2 Collision Duration

Collisions do not terminate instantly, they last for a period of time. The longer
this duration is, the worse the protocol performs, because the resource is kept
being occupied and cannot be released for other CAVs. In this sub-section, I
evaluate the performance of SB-SPS in terms of collision duration.

We define collision duration of SB-SPS, DSPS, as the average length of time that
a generic CAV is in collision within one resource reservation interval. Hence, it
depends on collision probability, packet generation interval, packet size, trans-
mission rate and resource reservation interval. In SB-SPS scheme, when multiple
CAVs have selected the same resource to broadcast, sustained message collisions
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happen and they will not be realised by transmitting CAVs due to the HD trans-
mission feature. Therefore when a collision happens, it lasts for the whole packet
transmission process. Considering the average collision duration within a re-
source reservation interval, it is given by

DSPS = PCOL
e · NBSM · TBSM. (5.22)

The number of BSMs generated depends on the resource reservation interval and
packet generation interval, which it is given by

NBSM = TRRI
TPGI

. (5.23)

Transmission time of a packet depends on the transmission rate and packet size
and it is given by

TBSM = SBSM
Rtrans

. (5.24)

So the collision duration, DSPS, can be expressed as

DSPS = PCOL
e · TRRI

TPGI
· SBSM

Rtrans
. (5.25)

5.4.1.3 Latency

In safety-related MAC layer protocol design, latency performance is more im-
portant than many other parameters, as the delay of a safety packet may put a
CAV into a dangerous situation and in turn may lead to an accident. In this sub-
section, I evaluate the latency performance of SB-SPS, which is defined as the
sum of the resource reservation delay, transmission delay, and the delay caused
by collisions and in turn re-transmissions, where propagation delay and process-
ing delay are assumed to be zero.

We define the latency of SB-SPS, LSPS, as the average time interval between the
following two time instants within one resource reservation interval, as shown
in Fig. 5.8. The first time instant, t1, is when the receiving CAV should have re-
ceived a BSM broadcast from the transmitting CAV since the last received BSM.
The second time instant, t2, is when a generic receiving CAV actually receives a
BSM broadcast from the transmitting CAV since the last received BSM. In other
words, it incorporates the latency caused by the resource reservation process of
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t𝒕𝟎

𝒕𝟎: Generation of BSM 1

𝒕𝟎
′ : Generation of BSM 2

𝒕𝟎
′𝒕𝟏

𝒕𝟏: time instant when the receiving 

CAV should have received BSM 1

𝑳𝑹𝑹𝑷 𝑳𝑪𝑶𝑳

𝒕𝟐: time instant when the receiving 

CAV receives BSM 1

𝒕𝟐

𝑳𝑺𝑷𝑺

FIGURE 5.8: Two time instants for the latency analysis

the protocol, transmission time of BSMs, LRRP, as well as the latency caused by
collisions, LCOL. Propagation delay is assumed to be zero in this latency anal-
ysis, because the distance between CAVs in a VANET is small compared to the
propagation speed of electromagnetic waves. Besides, processing delay is also
ignored in my latency analysis, because it depends on the hardware processing
capability, and this work focuses on the MAC layer protocol design. Hence, the
latency of SB-SPS, LSPS, is given by

LSPS = LRRP + LCOL. (5.26)

The average latency due to the process of resource reservation depends on the
width of the selection window and the transmission time, which is given by

LRRP = TSW+NBSM·TBSM
NBSM

. (5.27)

Whilst the average latency due to collisions depends on collision probability. In
the SB-SPS protocol, if the first BSM within one transmission episode is in colli-
sion, the remaining BSMs are also in collisions. Thus the average latency due to
collisions can be expressed as

LCOL = PCOL
e · TRRI . (5.28)

So the latency of SB-SPS, LSPS, is given by

LSPS = TSW+NBSM·TBSM
NBSM

+ PCOL
e · TRRI . (5.29)
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5.4.2 Analytical Performance of FDPS

5.4.2.1 Packet Delivery Rate

By deploying the proposed FDPS protocol, BSMs can be lost due to four types
of error. The first type is FD error, which is produced when there are multi-
ple CAVs other the transmitting CAV simultaneously sending BSMs, so that all
BSMs are lost. The second type is sensing error, which is produced when mis-
detection happens. The third type is propagation error, which is produced when
the received signal power is not sufficient for a CAV to successfully decode the
received BSMs. The last type of error is collision error, which is produced when
multiple CAVs select the same time-frequency resource to broadcast BSMs. Thus
the PDR is defined as the average probability of broadcasting a BSM without any
error, which is given by

RFD = (1 − PFD
e ) · (1 − PS

e ) · (1 − PP
e ) · (1 − PC

e ). (5.30)

FD error is produced when there are more than two CAVs other than the trans-
mitting CAV simultaneously sending BSMs. In other words, the probability
of this type of error is equal to the probability that multiple CAV other than a
generic transmitting vehicle select different sub-channels in the same sub-frame
for transmission. Thus the probability of losing a packet due to FD error is given
by

PFD
e = 1 − [(Nar−Nsc

Nar
)NEV−1 · (1 + Nsc

Nar
)], (5.31)

where NEV is given by Eq. (5.6) and Nar is given by Eq. (5.7).

In addition to FD errors, BSMs can also be lost due to mis-detection, which de-
pends on the path loss, shadowing as well as noise. This type of error happens
when the received signal power/signal-plus-interference-to-noise ratio (SINR) is
lower than a certain threshold, ϵS

th, and there is a BSM transmission from another
CAV. The probability of losing a packet due to this type of error is given by

PS
e = PFD

m = 1 − PFD
d

= 1 − Q((
ϵS

th
σ2

n
− Υsig − η2ΥSI − 1)×

√
Ts · fs

2η2ΥSI + 2η2ΥSIΥsig + 2Υsig + 1
).

(5.32)
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Afterwards, I compute the error due to propagation, which happens when the
received signal power/SINR is higher than the sensing threshold, ϵS

th, but it is
still not sufficient for the receiving CAV to correctly decode the packet. In other
words, the received signal power/SINR is still smaller than the threshold ϵP

th.
The received signal power is given by the Friis transmission formula as

ζFD
rx =

√
ηζFD

SI + ζFD
tx − ζFD

PL − ζFD
SH − ζFD

N . (5.33)

Therefore, the probability that the received signal power is not sufficient for cor-
rectly receiving the packet, even if the presence of the signal is detected, is given
by

PP
e = Pr{ϵS

th < ζFD
rx < ϵP

th} =
∫ ϵP

th
ϵS

th
fζFD

rx
(x)dx. (5.34)

Because the shadowing is assumed to follow a log-normal distribution [82], the
PDF is given by

fζFD
rx
(x) = 1

σ
√

2π
exp(−(

√
ηζFD

SI +ζFD
tx −ζFD

PL −ϵP
th

σ
√

2
)2). (5.35)

Combining Eq. (5.33) - Eq. (5.35), I can find the probability of error due to prop-
agation as

PP
e = Q(

√
ηζFD

SI +ζtx−(
4πDFD

t,r
λ )2−ϵP

th
σ
√

2
). (5.36)

The final step is to find the error probability due to signal collisions, PC
e . The pro-

posed FDPS protocol operates differently from the standardised SB-SPS protocol,
because FDPS protocol has collision resolution mechanism, and partial collisions
can be avoided. Assume the percentages of low, middle and high communica-
tion priority vehicles are denoted by Plv, Pmv and Phv, respectively. Collisions
happen in the following three cases. The first case is when multiple CAVs have
already selected the same resource for the next transmission episode in the se-
lection window, and all CAVs mis-detect the presence of each other during the
transmission. Thus, collision probability PC

e,1 in this case is given by

PC
e,1 =

NV∑
i=1

PCOL
e · (1 − PFD

d )i−1. (5.37)

The second case is when multiple middle or high CAVs have selected the same
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resource for the next transmission episode in the selection window, and at least
two CAVs do not falsely detect the presence of the collision. Thus, collision prob-
ability PC

e,2 in this case is given by

PC
e,2 =

NV∑
i=2

PCOL
e · (Pmv + Phv)

i · (1 − PFD
f )i−1. (5.38)

The third case is when hidden collisions happen. Thus, the hidden collision prob-
ability is approximated according to [45] and is given by

PC
e,3 = 2(NHV−1)TRRI(2−PC

e )
2·TBSM

. (5.39)

Therefore, the overall error probability due to signal collisions is given by the
combination of Eq. (5.37)-Eq. (5.39) as

PC
e = PC

e,1 + PC
e,2 + PC

e,3. (5.40)

Finally, the PDR performance of the proposed FDPS protocol is given by the com-
bination of Eq. (5.31), Eq. (5.32), Eq. (5.36) and Eq. (5.40), and can be computed
according to Eq. (5.30).

5.4.2.2 Collision Duration

DFD is defined as the average time duration that packets are in collision within
a resource reservation interval. It depends on collision probability, packet gen-
eration interval, packet size, transmission rate and resource reservation interval.
In addition, since the probability that all CAVs in collision mis-detect for con-
secutive sub-frames is very low, I ignore consecutive mis-detections. Overall
average collision duration is given by the sum of seven cases. The first case is
when collisions occur between BSMs from low-priority CAVs, which happens
with probability P1 = P2

lv. Collision duration in this case is given by

DFD,1 = PC
e · (−2PFD

d
4
+ 8PFD

d
3 − 11PF

d D
2
+ 6PFD

d ) · TBSM. (5.41)

The second case is when collisions occur between BSMs from a high-priority
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CAV and a low-priority CAV, which happens with probability P2 = 2PhvPlv. Col-
lision duration in this case is given by

DFD,2 = PC
e · (2PFD

d
3 − 2PFD

d
2
+ 3PFD

d ) · TBSM. (5.42)

The third case is when collisions occur between BSMs from a middle-priority
CAV and a low-priority CAV, which happens with probability P3 = 2PmvPlv.
Collision duration in this case is given by

DFD,3 = PC
e · (2PFD

d
3 − 2PFD

d
2
+ 5PFD

d ) · TBSM. (5.43)

The fourth case is when collisions occur between BSMs from high-priority CAVs,
which happens with probability P4 = P2

hv. Collision duration in this case is given
by

DFD,4 = PC
e · (6PFD

d − 3PFD
d

2
) · TBSM. (5.44)

The fifth case is when collisions occur between BSMs from middle-priority CAVs,
which happens with probability P5 = P2

mv. Collision duration in this case is given
by

DFD,5 = PC
e · (4PFD

d − 2PFD
d

2
) · TBSM. (5.45)

The sixth case is when collisions occur between BSMs from a high-priority CAV
and a middle-priority CAV, which happens with probability P6 = 2PmvPhv. Col-
lision duration in this case is given by

DFD,6 = PC
e · (5PFD

d − 3PFD
d

2
) · TBSM. (5.46)

The last case is when hidden collisions occur with probability P7 = PC
e,3, and the

collision duration in this case is given by

DFD,7 = PC
e · TBSM. (5.47)

Therefore, I can compute the overall collision duration by the combination of the
above seven cases as

DFD =
i=7∑
i=1

Pi · DFD,i. (5.48)
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5.4.2.3 Latency

Same as the analysis of the standardised SB-SPS protocol, I define the latency of
FDPS, LFD, as the average time interval between the following two time instants
within one resource reservation interval. The first time instant is when the re-
ceiving CAV should have received a BSM broadcast from the transmitting CAV
since the last received BSM. The second time instant is when a generic receiving
CAV actually receives a BSM broadcast from the transmitting CAV since the last
received BSM. In other words, it incorporates the latency caused by the resource
reservation process of the protocol, transmission time of BSMs, as well as the
latency caused by collisions. Propagation delay and processing delay are also ig-
nored. In other words, this latency is equivalent to the end-to-end delay in which
propagation and processing delay are assumed to be zero. Hence, the latency of
the proposed FDPS, LFD, is equal to the sum of resource reservation delay, LRRP

FD ,
and delay due to re-transmissions, LRT

FD, which is given by

LFD = LRRP
FD + LRT

FD. (5.49)

Since the resource reservation process in FDPS protocol is the same as it is in the
SB-SPS protocol, resource reservation delay is also the same as it is in the SB-SPS
protocol, which is given by Eq. (5.27), LRRP

FD is given by

LRRP
FD = LRRP = TSW+NBSM·TBSM

NBSM
. (5.50)

However, because partial collided BSMs can be resolved and avoided through
FD technology in the FDPS protocol, CAVs abort the current transmission and
change to a new time-frequency resource only when the maximum re-attempt
limit is reached. Therefore, the amount of time spent on the re-broadcast, LRT

FD,
is equal to the sum of the packet generation interval, TPGI , and the new resource
reservation interval, LRRI , which is given by

LRT
FD = PC

e · (TPGI + LRRI). (5.51)

Finally, I can compute the overall average latency by combining Eq. (5.49)-Eq.
(5.51), which is given by

LFD = TSW+NBSM·TBSM
NBSM

+ PC
e · (TPGI + LRRI). (5.52)
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Meanwhile, it would also be insightful to consider the worst case or maximum
time interval for the latency. Since the collision detection capability is assumed
to be imperfect, and continuous mis-detection will lead to continuous collisions
in the re-broadcast phase, latency will be larger than the average latency perfor-
mance when continuous mis-detection happens, which will in turn put CAVs
into a dangerous situation. The worst case scenario corresponds to the case
where a CAV can only wait for the generation of the new BSM, so the current
BSM will be discarded. Therefore, the maximum time interval for the latency is
100 ms. Compared to the SB-SPS protocol, in which the maximum latency is 1
second when the packet generation interval is set to 10 Hz, FDPS has a much
better performance in terms of maximum time interval for the latency.

5.4.3 Convergence and Complexity Analysis

5.4.3.1 Convergence Analysis

The proof of convergence of SB-SPS is established by showing that the total num-
ber of available resources that can be selected, Nar, is non-increasing with the
update of the total number of available sub-channels, Nasc, and the total number
of available sub-frames, Nas f . As introduced in Section 5.2.2 and shown in Fig.
5.4, Nar is given by Eq. (5.7) and can also be expressed as

NNt−1
ar = F(NNt−1

sc , NNt−1
s f ) = NNt−1

sc · NNt−1
s f , (5.53)

where Nt−1 denotes the sub-frame before the start of the resource reservation
process. After that, Nar will be updated according to the SB-SPS protocol, which
is given by

NNt−1
ar = F(NNt−1

sc , NNt−1
s f )

(1)
⩾ Fa(NNt−1

asc , NNt−1
as f )

(2)
⩾ Fb(NNt−1

asc , NNt−1
as f )

(3)
⩾ Fc(NNt−1

asc , NNt−1
as f ) = NNt

sr ,

(5.54)

where (1), (2) and (3) denote the three exclusion conditions, respectively, which
are introduced in Section 5.2.2. Fi(.) denotes the remaining available resources
after executed exclusion condition i, which is finite, and NNt

sr denotes the selected
resource for the next consecutive transmission period at sub-frame Nt which
refers to the last sub-frame of the selection window. Therefore, the proof of con-
vergence of SB-SPS is completed. SB-SPS is guaranteed to converge within each
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resource reservation interval.

Same as the convergence analysis of SB-SPS, FDPS is also guaranteed to converge
within each resource reservation interval. First, the total number of available re-
sources, Nar,FD is non-increasing with the update of the total number of available
sub-channels, Nasc, and the total number of available sub-frames, Nas f , which is
given by

NNt−1
ar,FD = F(NNt−1

asc , NNt−1
as f )

(1)
⩾ Fa(NNt−1

asc , NNt−1
as f )

(2)
⩾ Fb(NNt−1

asc , NNt−1
as f )

(3)
⩾ Fc(NNt−1

asc , NNt−1
as f )

= NNt
sr,FD,

(5.55)

where NNt−1
ar,FD refers to the total number of available resources that can be se-

lected in FDPS at sub-frame Nt−1, and NNt
sr,FD refers to the selected resource for

the next consecutive transmission episode at sub-frame Nt. (1), (2) and (3) refer
to the three exclusion conditions, respectively, which are introduced in Section
5.2.3. Besides the decreasing resource reservation process, as introduced in Sec-
tion 5.2.3 and shown in Fig. 5.6, the re-broadcast loop is finite. Therefore, the
proof of convergence of FDPS is completed.

5.4.3.2 Complexity Analysis

The complexity of the proposed FDPS lies in the resource reservation and re-
source re-selection processes. In order to analyse the complexity of it, I need
to calculate the complexity of the worst case, which corresponds to the con-
tinuous collisions problem. Besides, collision duration will also affect the to-
tal number of iterations for re-selecting new resources, which in turn will lead
to the continuous collisions problem. The complexity will be maximum when
collision duration is minimum, which corresponds to the case where collisions
happen between BSMs from low-priority CAVs, because low-priority CAVs will
go to resource re-selection process without any re-broadcast attempt. On the
other hand, middle- and high-priority CAVs re-attempt to transmit when colli-
sions have been detected. Therefore, the corresponding collision duration will
be longer, and the respective complexity will be less. The collision duration of
the worst case, DFD,1, is given by Eq. (5.41). In addition, since latency is non-
decreasing and finitely upper bounded by the packet generation interval, TPGI ,
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the complexity of the worst case is given when collisions cannot be resolved
within the packet generation interval. Given the workflow of FDPS which is
shown in Fig. 5.6, in the worst case, the complexity for each CAV to broadcast
once is O(Nar · (3Nar + N2

ar + 1)). Therefore, the overall complexity of FDPS is
O(NEV · (Nar · (3Nar + N2

ar + 1) · δ)) = O(NEV · N3
ar · δ), where δ = ceil( TPGI

DFD,1
), δ

denotes the number of iterations for re-selecting new resources in the worst case,
and ceil(.) is the function which rounds the element to the nearest integer greater
than or equal to the element.

5.4.4 Mathematical Difference Analysis

In this sub-section, I compare the mathematical results provided in sub-sections
A and B for SB-SPS and FDPS. First, I compare the PDR of SB-SPS shown by Eq.
(5.4) against the PDR of FDPS shown by Eq. (5.30). I can see that the differences
are HD and FD errors (i.e. PHD

e and PFD
e ) and collision errors (i.e. PCOL

e and PC
e ).

The relationship between the HD and FD errors is given by

Eq.(5.5) = PHD
e ⩾ PFD

e = Eq.(5.31), (5.56)

because
(

Nar − Nsc

Nar
)NEV−1 · (1 + Nsc

Nar
) ⩾ (

Nar − Nsc

Nar
)NEV−1. (5.57)

Besides, the relationship between collision errors is given byEq.(5.21) = PCOL
e ⩾ PFD

e = Eq.(5.40), if η ⩾ ηr

Eq.(5.21) = PCOL
e < PFD

e = Eq.(5.40), if η < ηr,
(5.58)

where ηr denotes requirement for SIS factor, because the collision probability of
FDPS is reduced as shown by the second exclusion condition during the resource
reservation interval in Fig. 5.6. Therefore, according to Eq. (5.4) and Eq. (5.30),
I can obtain the relationship between the PDR of FDPS and the PDR of SB-SPS,
which can be expressed asEq.(5.30) = RFD ⩽ RSPS = Eq.(5.4), if η ⩾ ηr

Eq.(5.30) = RFD > RSPS = Eq.(5.4), if η < ηr.
(5.59)
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Such a conclusion is also verified by Fig. 5.11 and Fig. 5.14 through simulation,
which will be explained and analysed in detail in Section. 5.5.

Then, I analyse the difference between FDPS and SB-SPS in terms of the formu-
lated collision duration. Same as in the PDR analysis method, I can obtain the
relationship between the collision duration of FDPS and SB-SPS according to Eq.
(5.25) and Eq. (5.48), which are given byEq.(5.25) = DSPS ⩽ DFD = Eq.(5.48), if η ⩾ ηr

Eq.(5.25) = DSPS > DFD = Eq.(5.48), if η < ηr.
(5.60)

Such a conclusion is also verified by Fig. 5.12 and Fig. 5.15 through simulation,
which will be explained and analysed in detail in Section. 5.5.

Finally, I can also compare the latency of FDPS and SB-SPS according to Eq. (5.29)
and Eq. (5.52), respectively, which are given byEq.(5.29) = LSPS ⩽ LFD = Eq.(5.52), if η ⩾ ηr

Eq.(5.29) = LSPS > LFD = Eq.(5.52), if η < ηr.
(5.61)

Such a conclusion is also verified by Fig. 5.13 and Fig. 5.16 through simulation,
which will be explained and analysed in detail in Section. 5.5.

To summarise, FDPS is theoretically proved to be able to enhance the PDR, shorten
the collision duration and reduce the latency, which are achieved by reducing the
HD errors and collisions through the proposed FD simultaneous sensing strat-
egy, transmission abortion policy and prioritised re-broadcast mechanism. How-
ever, the drawback of deploying FD technology is the need to consider the SIS
factor, ηr, which is found and analysed in detail in Section 5.5.

5.4.5 Assumption & Approximation Analysis

The considered scenario in this work is consistent with the 3GPP standards [83],
[72], [73], [79]-[81], and the assumptions and approximations are also consis-
tent with the 3GPP standards [83], [72], [73], [79]-[81], and the related works
such as [45] and [10]. They include the sensing technology, maximum relative
speed between CAVs, modulation and coding scheme, transmit power, channel
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bandwidth packet size, BSM generation interval, resource re-selection probabil-
ity, propagation and processing delay. However, I also provide analysis in this
sub-section to show how the performance of the proposed FDPS method would
be affected when one of the assumptions is relaxed.

First, the deployed sensing strategy of FDPS is designed to endure and compen-
sate a maximum Doppler frequency shift of 2.731 kHz, which can be translated
into 500 km/h maximum relative speed when the transmission rate is 6 Mbps.
If the Doppler frequency shift goes beyond the value, the measured SI signal
strength, ΥSI , and the measured colliding signal strength, Υsig, in Eq. (5.1) will
both decrease. Therefore, the FD detection probability, PFD

d , in Eq. (5.1) will de-
crease, the FD false alarm probability, PFD

f , in Eq. (5.2) will increase, and the
FD mis-detection probability, PFD

m , will increase. In this case, the FD detection
probability is given by

PFD′
d =Q((

ϵth
σ2

n
− ∆Υsig − η2∆ΥSI − 1)×√

Ts · fs

2η2∆ΥSI + 2η2∆ΥSI∆Υsig + 2∆Υsig + 1
),

(5.62)

the FD false alarm probability is given by

PFD′
f = Q((

ϵth
σ2

n
− η2∆ΥSI − 1) ·

√
Ts · fs

2η2∆ΥSI + 1
), (5.63)

and the FD mis-detection probability is given by

PFD′
m =1 − Q((

ϵth
σ2

n
− ∆Υsig − η2∆ΥSI − 1)×√

Ts · fs

2η2∆ΥSI + 2η2∆ΥSI∆Υsig + 2∆Υsig + 1
),

(5.64)

where ∆Υsig and ∆ΥSI denote the measured colliding signal strength and the
measured SI signal strength, respectively, when the Doppler frequency shift goes
beyond the value. In turn, the sensing error probability, PS

e , in Eq. (5.32) and the
collision error probability, PC

e , in Eq. (5.40) will both increase due to the decrease
of detection accuracy, the PDR of FDPS, RFD, in Eq. (5.30) will decrease due to
the rise of sensing and collision errors. Besides of PDR, the average collision
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duration, DFD, in Eq. (5.48) will be longer due to the rise of collision error prob-
ability. Meanwhile, the average latency, LFD, in Eq. (5.52) will also increase due
to rise of collision error probability and number of re-broadcasts.

In addition, propagation delay is assumed to be negligible, because the distance
between CAVs in a VANET is very small compared to the speed of the electro-
magnetic wave. However, when this assumption is relaxed, the overall average
latency, LFD, shown by Eq. (5.52) will be increased, because the propagation de-
lay will be added to the overall latency. Similarly, processing delay depends on
the hardware processing power. This delay is also approximated to be negligi-
ble in this work. When this approximation is not applicable, the overall latency
has to include the processing delay, which will be greater than the formulated
latency shown by Eq. (5.52). Meanwhile, the increased latency may also trigger
BSM drop according to the design of FDPS, which leads to the decrease of PDR.
In this case, the overall average latency, LFD, is given by

LFD = LRRP
FD + LRT

FD + LPROP
FD + LPROC

FD , (5.65)

where LPROP
FD and LPROC

FD denote the latency of propagation delay and processing
delay, respectively.

However, the changes in the above assumptions will not affect the convergence
of FDPS, because the total number of available resources, Nar,FD is still non-
increasing with the update of the total number of available sub-channels, Nasc,
and the total number of available sub-frames, Nas f . In addition, the changes
will also not affect the maximum latency in the worst case, because it is upper-
bounded by the BSM generation interval. Therefore, the execution of FDPS will
not be affected, because resource re-selection process will be triggered. Although
the overall latency will be increased in this case, it will still be better than the
overall average latency of SB-SPS, because the latencies will be the same only
in the worst case, it is equal to the upper bound, which is the BSM generation
interval. Otherwise, in other cases, the latency of FDPS is smaller, so the overall
average latency of FDPS will still be smaller than the overall average latency of
SB-SPS. Furthermore, PDR of FDPS will drop, but the overall PDR will be higher
than the PDR of SB-SPS, because partially lost BSMs can still be recovered in
FDPS, whilst SB-SPS does not have this capability.
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5.5 Simulation Results & Discussions

5.5.1 Simulation Environment

We have developed a customised NR eV2X VANETs simulator over the Veins
simulation framework [84], which integrates the wireless network simulator OM-
NeT++ and the traffic simulator SUMO. Specifically, the FD simultaneous broad-
casting and sensing feature has been developed in the PHY layer, and the stan-
dard SB-SPS and the proposed FDPS protocols have been developed in the MAC
layer.

Besides, Strand, London, U.K. is chosen as the area for simulation, which is de-
picted in Fig. 5.9 and Fig. 5.10. An overview of Stand is provided in Fig. 5.9, and
a closer view of a junction is given as an example in Fig. 5.10. As can be seen,
traffic lights and multiple lanes are both considered and developed in the sim-
ulation. Objects such as roads and traffic lights are generated from Open Street
Map (OSM) and converted into a SUMO network.

FIGURE 5.9: Overview of the simulation scenario
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FIGURE 5.10: Close view of the simulation scenario

At the beginning of the simulation, CAVs are randomly generated according to
the Poisson Point Process (PPP) model, because the distribution of CAVs has
been shown to follow this model in the literature [85]-[86]. Next, destinations of
CAVs are randomly chosen within the area, and CAVs move according to the re-
ceived BSMs from OMNeT++. Meanwhile, the environment developed in SUMO
is also synchronised into OMNeT++, which means that the quality of the chan-
nels depends on the location and surrounding environment of a CAV. Further-
more, analytical formulations are visualised in MATLAB. Simulation results (i.e.
PDR, collision duration and latency) are tabulated in OMNeT++, which are then
imported into MATLAB. Finally, figures are plotted by MATLAB.

5.5.2 Results & Discussions

In this section, I evaluate the proposed design through simulations, and com-
pare it to the standardised SB-SPS protocol. Telecommunication-related values
are selected from the Rel-16 of the 3GPP standard [83], and the percentages of
CAVs operating at different levels are chosen from the national strategic plans
[66]-[67], which are all shown in Table. 5.7. In other words, the chosen param-
eters and scheme are realistic. Furthermore, the reason why only the standard
instead of prior art has been chosen as the benchmark is because to the best of
my knowledge, at the time of this work, this was the first paper applying the FD
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simultaneous transmission and sensing to C-V2X. Therefore, I believe the stan-
dardised SB-SPS protocol was the best benchmark.

TABLE 5.7: SIMULATION PARAMETERS

Parameters Values
Target Detection Probability 90%
Modulation Scheme and coding scheme MCS 9 (QPSK 0.7)
Antenna Height 1.5 m
Transmit Power 20 dBm
Residual Self-Interference 0%-40%
Vehicle Density 0-200 vehicles/km
Maximum Speed 40 miles/h
Transmission Rate 6 Mbps
Packet Size 350 bytes/pkt
Low priority CAV percentage 50%
Middle priority CAV percentage 40%
High priority CAV percentage 10%
MAC protocol SB-SPS, FDPS
Channel bandwidth 10 MHz
BSM repetition interval 20 msec
maximum number of lanes 4 lanes
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FIGURE 5.11: PDR against vehicle density of the VANET
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FIGURE 5.12: Collision duration against vehicle density of the
VANET
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FIGURE 5.13: Latency against vehicle density of the VANET

Fig. 5.11 depicts the PDR performance against the density of the VANET, where
the analytical curves are plotted by using Eq. (5.4) and Eq. (5.30). As it is shown,
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the analytical and simulation results are close to each other, which means that
the analytical PDR and simulation PDR mutually validate each other. In other
words, the analytical and simulation results are both correct and accurate, which
is also reliable. Otherwise, if any of the result is wrong or not accurate enough,
the differences between the analytical and simulation values would be much big-
ger. In addition, when vehicle density increases, the percentage of successful
BSM broadcast drops. The reason is that the available time-frequency resource
is limited, and when more CAVs compete for transmission, collisions happen,
which reduce the successful packet delivery rate. In addition, I can see that the
proposed FDPS protocol outperforms the standardised SB-SPS protocol, because
collisions are recognised and collided packets can be re-broadcast, which helps
increase the successful delivery rate.

Fig. 5.12 illustrates the average time duration that BSMs are in collision within
one resource reservation interval, where the analytical curves are plotted by us-
ing Eq. (5.25) and Eq. (5.48). Firstly, I can see that the analytical and simulation
results mutually validate each other. In addition, it is shown that the collision du-
ration becomes longer when the density of the VANET increases, because when
more CAVs have joined into the VANET, the probability that they select the same
resource for broadcast goes up, which leads to longer time in collision. However,
the FDPS operates in the FD mode, although sensing is not perfect, partial colli-
sions can be avoided by the FD mode and the added collision resolution mecha-
nism. Thus, FD-enabled CAVs can broadcast with shorter collision duration.

Another key parameter in V2X communications is latency, which is shown in Fig.
5.13, where the analytical curves are plotted by using Eq. (5.29) and Eq. (5.52).
First of all, analytical results match simulation results, which shows the valida-
tion of the analysis. In addition, no matter which design is deployed, CAVs suffer
from the VANET density, since latency increases dramatically when more CAVs
are competing for the fixed number of resources. But when FDPS is applied to
the CAVs, latency can be significantly reduced due to its collision detection ca-
pability and collision resolution capability.



Chapter 5. A 5G-Based FD Scheduling and Multiple Access Mechanism 134

0 5 10 15 20 25 30 35 40

SIS factor [%]

60

70

80

90

100

P
D

R
 [
%

]

analy - SB-SPS

sim - SB-SPS

analy - FDPS

sim - FDPS

FIGURE 5.14: PDR against SIS factor of the CAVs

0 5 10 15 20 25 30 35 40

SIS factor [%]

20

30

40

50

60

70

80

L
a

te
n

c
y
 [

m
s
e

c
]

analy - SB-SPS

sim - SB-SPS

analy - FDPS

sim - FDPS

FIGURE 5.16: Latency against SIS factor of the CAVs

However, applying FD technology to CAVs also brings in the RSI signal, which is
one of the main challenges in FD communications. Therefore, I evaluate the effect
of SIS capability on the PDR, collision duration and latency, which are illustrated
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FIGURE 5.15: Collision Duration against SIS factor of the CAVs

in Fig. 5.14 to Fig. 5.16, respectively.
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FIGURE 5.18: Collision duration against priority levels of the CAVs

As can be seen, the figures show the correctness of the analysis, as analytical and
simulation results match. Next, I can see that when the percentage of RSI signal
increases (i.e. SIS factor increases), PDR, collision duration as well as latency all
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FIGURE 5.17: PDR against priority levels of the CAVs

become worse, because RSI signal will reduce the detection accuracy. However,
an intersection points can be found in each figure, which shows the thresholds
for deploying the FDPS protocol. In Fig. 5.14, when SIS capability is better than
approximately 16%, the FDPS outperforms the SB-SPS protocol in terms of PDR.
Similarly, in Fig. 5.15, it is shown that the FDPS can provide shorter collision du-
ration, when SIS factor is smaller than approximately 24%. Besides, as illustrated
in Fig. 5.16, when SIS factor goes above roughly 18%, the standardised SB-SPS
design has shorter latency performance than my proposed FDPS design. In sum-
mary, in order to provide better performance in terms of all metrics (i.e. PDR,
collision duration and latency), a minimum of 16% SIS capability is required for
the proposed FDPS protocol to be feasible, which is achievable [11].

Finally, it is also important to analyse how each category of priority levels per-
form in addition to the average performance. PDR, collision duration and la-
tency performance of CAVs operating at each priority level are demonstrated in
Fig. 5.17 to Fig. 5.19, respectively. First of all, analytical results and simulation
results mutually validate each other. In addition, As can be seen in the figures,
compared with the standardised SB-SPS protocol, CAVs operating at middle to
high-level priority can obtain much better service from the proposed FDPS pro-
tocol, whilst CAVs operating at low-level priority will have slightly worse ser-
vice. However, I believe a slightly worse average performance will not affect the
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FIGURE 5.19: Latency against priority levels of the CAVs

safety. For example, an approximately 38ms average latency can be provided to
low-level priority CAVs, which is sufficient for a driver-assistance system such
as distance warning. But by deploying the FDPS protocol, middle and high-level
priority CAVs can enjoy a much better service. Meanwhile, compared with the
SB-SPS protocol, the overall system performance of the VANET is enhanced.
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5.6 Future Works

The applicability of the proposed design may be complementary to higher layer
technologies, such as the software defined networking in [87], and multipath
TCP in [88], since the broadcasting and sensing feature, and the prioritised mes-
saging feature of this work can be applied as the foundation of novel higher layer
designs. Besides, this work may also be applicable with suitable federated learn-
ing (FL) and block chain technologies to address various other challenges which
are described in [89]. For example, in a case where multiple CAVs cooperatively
train a surrounding environment model for safety enhancement purpose, spec-
tral efficiency and latency requirements are equally important as the privacy de-
mand. Therefore, the throughput and latency performance can be enhanced by
using the FD simultaneous transmission and reception feature in FD device-to-
device (D2D) and FD broadcast/multicast/groupcast architecture, whilst the FD
simultaneous transmission and sensing feature can be used to prevent malicious
attackers, which enhances the privacy protection together with the FL method.

5.7 Summary

In this work, I have proposed a novel prioritisation scheme, which follows the
national strategic plans of future ITS development. Besides, I have also pro-
posed a novel MAC layer protocol, named FDPS, to enhance the performance in
terms of PDR, collision duration and latency, which is compatible with the cur-
rent NR eV2X standard, because neither ACK messaging mechanism nor further
signalling have been introduced. By deploying my proposal, collision detection
is enabled through FD technology, and collision resolution mechanism is also
carefully designed. Its performance is evaluated through mathematical and sim-
ulation analysis, results have shown that the FDPS proposal have enhanced the
performance and feasibility for future NR eV2X VANETs.
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6 An Adaptive FD Deep
Reinforcement Learning-Based
Design

Synopsis of Chapter

This work refers to my paper [90], which exploits full-duplex (FD) technology
and deep reinforcement learning (DRL) algorithm jointly and adaptively to en-
hance the performance of 5G-V2X networks that operate based on the 5G-V2X
Mode 4 standard. Specifically, I propose a novel physical- (PHY) and medium
access control- (MAC) layer cross-layer design. Besides, the resource reservation
scheme, collision resolution mechanism and scheduling policy are also designed.
As the proposed adaptive method is fully decentralised, vehicular users adapt to
the unknown and fast-changing environment autonomously without any help
from gNBs. Simulation results demonstrate the superiority of my proposed de-
sign over the standardised sensing-based semi-persistent scheduling (SB-SPS)
protocol. Therefore, the proposed cross-layer design can be considered as a so-
lution for future 5G-V2X VANETs.

We introduce the background, motivation and contributions of this work in Sec-
tion 6.1. Next, I present the considered system model, assumptions and the
benchmark SB-SPS solution in Section 6.2. Furthermore, my proposed design
is illustrated in Section 6.3. In addition, the simulation setup and the comparison
are presented in Section 6.4. Finally, I conclude this work in Section 6.5.
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6.1 Introduction

Motivated by increasingly stringent quality-of-service (QoS) requirements in fu-
ture vehicular networks, 5G-V2X technology is expected to address a wide range
of critical challenges, where safety becomes the first and most significant demand
[83]. A major challenging scenario is the fully decentralised vehicular network,
in which vehicular UEs (VUEs) access spectrum and schedule transmission with-
out any assistance from gNBs. Such a scenario is regarded as the baseline mode,
and must be supported in 5G-V2X networks.

However, most existing papers consider the device-to-device communication
scenario, which is not fully decentralised, as gNBs are in charge of resource al-
location and scheduling, such as [91]-[92]. Only a few papers consider the fully
decentralised scenario [82], where VUEs share safety information autonomously
without any assistance from gNBs. Furthermore, VUEs are equipped with half-
duplex (HD) technology, signal collisions cannot be detected during broadcast-
ing. Hence, the acknowledgement and the collision resolution problems become
major challenges [43]-[42]. Recent enhancement in self-interference suppression
(SIS) techniques has led to a novel opportunity of applying full-duplex (FD) tech-
nology to 5G-V2X networks [11]. With the capability of simultaneous broadcast-
ing and sensing, FD-enabled VUEs can detect collisions during broadcasting and
re-schedule the transmission after collisions have been detected. Therefore, FD
sensing technique in 5G vehicular ad hoc networks (VANETs) should be anal-
ysed and new medium access control (MAC) layer mechanism should be de-
signed [10].

Although the combination of FD technology and MAC protocol can satisfy QoS
requirements of partial vehicular applications [45], recent developments in ma-
chine learning have also been shown effective in enhancing future V2X commu-
nications [93]. For example, high mobility of VUEs lead to rapid environment
change, and conventional methods such as the energy detection sensing tech-
nique, may be insufficient to provide accurate detection results, especially when
the received signal-to-noise-plus-interference ratio (SINR) is relatively low, or
when the VUEs are facing the SINR wall effect. On the other hand, machine
learning algorithms for coping with the dynamic environment and resource al-
location problems have been extensively investigated. Results have presented
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the great potential feasibility for next generation vehicular networks [93]. Afore-
mentioned reasons are the motivations of applying machine learning technology
to the V2X networks, especially when classical methods are also feasible. In ad-
dition, the reason of proposing the combination of classical method (i.e., the FD
simultaneous transmission and sensing) and machine learning method is they
mutually help each other to address their respective challenges. In particular,
although machine learning, especially the deep reinforcement learning, has been
shown to be helpful in coping with the dynamic environment and resource allo-
cation problems, especially when the unknown and fast-changing factors have
been taken into consideration, such as the effect of the Doppler frequency shift on
the PHY layer sensing accuracy, the question of 1) how to learn safely and its ex-
ploration problem which is 2) where the data comes from are still not addressed
since they are raised in 2017 and 2018, respectively [94].

In this work, I exploit advantages of both FD technology and learning algo-
rithms, and propose an adaptive FD deep reinforcement learning-based (DRL)
design. Different from the standardised sensing-based semi-persistent schedul-
ing (SB-SPS) protocol [83], I deploy FD technology for detecting collisions dur-
ing broadcasting. In addition, I also deploy a deep Q network (DQN) to learn
the unknown and fast-changing environment simultaneously. Afterwards, I de-
sign an adaptive scheme which operates in either FD mode or DRL mode to
reserve resources for broadcasting. Besides, I also design a broadcasting abor-
tion and collision resolution mechanism to address the acknowledgement and
the re-scheduling challenges whilst avoiding the broadcast storm problem. Fi-
nally, I use the SB-SPS protocol as the benchmark mechanism to demonstrate the
enhancement by deploying my proposed design.
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6.2 System Model and SB-SPS Solution

6.2.1 System Model

We consider a fully decentralised VANET, in which FD technology is assumed
to be equipped onto all VUEs, as shown in Fig. 6.1. Since the VANET is fully
decentralised, there is no gNBs that allocate resources and schedule the broadcast
for VUEs. I also assume VUEs can accomplish the following tasks. First, VUEs
can autonomously sense the channel status in a FD manner through the most
widely-applied energy detection method for its simplicity. VUEs can also reserve
resource blocks (RBs), aborting concurrent transmission and re-scheduling re-
broadcast according to my proposed design.

FD Broadcast and Sensing

FIGURE 6.1: An illustrative structure of the VANET

In addition, FD sensing is assumed to be imperfect, sensing accuracy will be
affected by the environment, such as distance, Doppler effect, interference and
threshold setting strategy. I define detection probability as the probability that
a VUE can successfully detect the occupancy of a RB or a collision. I define false
alarm probability as the probability that a VUE claims the occupancy of a RB
when the RB is not occupied, or the VUE declares a collision when there is no
multiple VUEs using the same resource for broadcasting at the same time. I
also define the mis-detection probability as the probability that a VUE claims
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no occupancy of a RB when the RB is occupied, or the VUE declares successful
broadcast when a collision has happened.

6.2.2 SB-SPS Protocol

SB-SPS protocol [73] consists of resource reservation phase and broadcast phase.
Prior to the broadcast of a basic safety message (BSM), a VUE reserves new
resources for a random number of consecutive BSMs. The random number is
termed as re-selection counter (RC), whose value depends on the BSM broadcast
frequency λ. After each broadcast, the RC decrements by one. When RC value
decrements to zero, the VUE reserves a new resource with probability (1 − Pres),
where Pres ∈ [0, 0.8] [83], [73]. The resource reservation phase is executed in 3
steps:

Step 1: Assume a generic VUE, Vtx, has to reserve a new resource at sub-frame
T0. Then the time period for Vtx to reserve new resources is named as selection
window, which starts from N0 and finishes at (N0 +

1
λ ). In addition, Vtx identifies

and selects available resources according to the sensing results within the sensing
window, which starts from (N0 − 1000) and finishes at N0.

Step 2: Vtx creates a table T1 which includes all available resources. Then re-
sources that meet either of the following three conditions are excluded from T1:

1. resources which are indicated to be used by other VUEs within the selection
window or next broadcast episode of Vtx.

2. sub-frames Ni in the selection window, if Vtx used sub-frames Nj in the
previous broadcast episode, where j = i − 100 · k. For λ = 10 Hz, k is an
integer number and its range is k ∈ [1, 10].

3. resources which have the average reference signal received power (RSRP)
higher than a given threshold.

Afterwards, if T1 has at least 20% of the resources which are identified in the se-
lection window after Phase 1, Vtx proceeds to the third step [83], [73]. Otherwise,
Vtx re-executes Step 2 with a 3 dB higher RSRP threshold.

Step 3: Vtx creates another table T2 whose size is 20% of all identified available
resources in Step 1. Then Vtx selects resources which have the lowest average re-
ceived signal power indicator (RSSI) from T1, and store these candidate resources
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into T2. Finally, Vtx randomly selects one resource from T2 for the next transmis-
sion episode, and resets RC.
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6.3 The Proposed AFD-DRL Design

In this section, I introduce my proposed adaptive FD DRL (AFD-DRL) design.

6.3.1 FD Mode

The FD mode includes the resource reservation phase and broadcast phase, as
shown in Fig. 6.2. VUEs sense channel status in both phases in a FD manner.
When a BSM is generated at a VUE, the VUE has to reserve resources for the
broadcast episode within the selection window according to historical sensing
results. The reservation phase is done in the following 3 steps:

Step 1: When a BSM arrives at sub-frame N0, and the RC value is zero, the VUE
initialises the resource reservation process to identify available resources by set-
ting up the RC, sensing window and selection window. The range of the sensing
window is between (N0 − 1000) and N0, and the range of the selection window
is between N0 and (N0 +

1
λ ).

Step 2: The VUE creates a table T1 to tabulate all available resources. Then, re-
sources which meet either of the following conditions are excluded from T1:

1. resources which are indicated to be used by other VUEs within the selection
window or next transmission episode of the VUE.

2. resources which were detected to be in collision with any previous trans-
mission from the VUE.

3. resources which have the measured RSRP higher than a given threshold.

Next, if T1 contains at least 20% of the resources which are identified in the selec-
tion window, the VUE proceeds to Step 3. Otherwise, the VUE re-executes Step 2
with a 3 dB higher threshold.

Step 3: the VUE creates another table T2 to store candidate resources. The size of
T2 is equal to 20% of all identified available resources in Step 1. Then it selects
resources which have the lowest RSSI values from T1. Finally, the VUE randomly
selects one resource from T2 for the next transmission episode, and set up the RC.
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Begin (RC = 0)
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FIGURE 6.2: FD mode work flow
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Once the VUE starts to broadcast, it senses for potential collisions simultane-
ously. If no collision is detected, the corresponding BSM is deemed to be broad-
cast successfully. Otherwise, the VUE responds to the collision as follows. Firstly,
the VUE aborts the broadcast of its current episode of BSMs. Then, it goes back
to the resource reservation phase with Pres = 0 to identify new sub-channels and
sub-frames. Meanwhile, the detection results will also be passed to a machine
learning framework for training, which is detailed in the next sub-section. Be-
sides, if a new BSM is generated before the successful broadcast of the current
BSM, the current BSM will be discarded, and the VUE will start to broadcast the
new BSM.

6.3.2 DRL Mode

As shown in Fig. 6.3, the framework of the DRL mode consists of intelligent
DQN agents and VANET environment. A deep Q network (DQN) is exploited,
which receives sensing results, resource reservation and collision information as
input data for training. Each VUE is regarded as an agent, which makes decisions
autonomously based on local sensing and interaction results. Thus, the objective
is to learn and provide better performance through avoiding collisions.

State Space: I denote the set of VUEs in the VANET by M = {1, 2, ..., M}, RBs that
are to be allocated by K = {1, 2, ..., K}, and sub-frames by {0, 1, ..., t, ...}. Thus,
the state observed by each VUE agent, st, at sub-frame t consists of three parts:
sensing results at the VUE agent, Et−1 = {E1,t−1, E2,t−1, ..., IK,t−1}, the allocated
RBs in the previous sub-frame, Nt−1 = {N1,t−1, N2,t−1, ..., NK,t−1}, and the colli-
sion information during the broadcast of BSMs, Ci, where Ci ∈ {0, 1}. If Ci = 0,
a collision is detected during the broadcast. Otherwise, the BSM is deemed to be
broadcast successfully. Therefore, the state can be formulated as

st = {Et−1, Nt−1, Ci}. (6.1)

The state space, S, can be formulated as S = {si | i = 1, 2, ...}, where si refers to
the potential state i.

Action Space: According to the observed state, st, from the state space, S, VUE
agents take an action, at, from the action space, A, reserving resources based
on the policy, π. The action can be expressed as at = {a, m}, in which a ∈ K,
referring to resource reservation, and m ∈ {0, 1}, referring to mode selection.
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If m = 0, the VUE agent switches to the FD mode. Otherwise, the VUE agent
operates in the DRL mode.
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FIGURE 6.3: Framework of the DRL mode

Reward: As the objective of the DRL mode is to find the policy π that maximises
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the discounted accumulative reward whilst satisfying the latency requirement
through avoiding collisions, the reward function consists of the capacity of the
reserved resource and the latency constraint time, which can be expressed as

rt = λ0
∑

m∈M

BW · log(1 + γm)− λ1(TPGI − TRT), (6.2)

where TPGI represents the packet generation interval which is also the maximum
latency constraint time, TRT represents the remaining time of the current BSM
broadcast to meet the maximum latency constraint time, λ0 and λ1 represent the
weights of the capacity of the reserved resource and the latency constraint time,
respectively, for balancing the revenue and penalty, BW represents the band-
width of the reserved resource, and γm represents the measured SINR. The state
transition and reward follow the Markov decision process (MDP) which only de-
pend on the state of the VANET environment and the action taken by the VUE.
Thus the expected discounted accumulative reward is defined as

Gt = E[
∞∑

j=0

ζ j · rt+j], (6.3)

where ζ is the discount factor.

Q-learning is deployed to find the policy π. After the observation process, VUEs
take action, at, based on the Q-value of the state-action pair, Q(st, at; θ). Given the
Q-values, the updated policy can be obtained by taking the action that maximises
the accumulated reward function, which is given by

at = argmaxa∈AQ(st, a; θ). (6.4)

After iterative update, it has been proven that the Q-values will ultimately con-
verge to the optimal Q-values, which can be expressed as

Qnew = Qold + α[rt+1 + ζmaxs∈SQold − Qold]. (6.5)

Instead of using a look-up table, I exploit a deep neural network (DNN) to esti-
mate the Q-values with weight {θ}. VUEs update the weight by minimising the
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following loss function, L(θ), which is given by

L(θ) =
∑
(st,at)

(y − Q(st, at; θ))2, (6.6)

where

y = rt + maxa∈AQold. (6.7)

Algorithm 1 Training Procedure for the DRL Mode

1: procedure TRAINING
2: Require:DQN structure, VANET environmental simulator
3: Ensure:DQN
4: start:

Randomly initialise the policy, π.
Initialise the design and VANET environment.

5: loop:
Each VUE reserves a resource for broadcasting based on local policy

π.
Simulator returns states and rewards based on the actions taken by

the VUE.
Each VUE stores corresponding st, st+1, rt and at into its local memory.
Using the data as input to train the DQN.
Update policy π.

6: end loop
7: return: DQN
8: end procedure

The training procedure of the DRL mode is summarised in Algorithm 1, where
the experience replay and ϵ greedy policy are exploited [95].

It should be noted that the ϵ greedy policy refers that each VUE first randomly
select an action at ∈ A with probability ϵ (a.k.a. exploring factor), then select the
optimal action at = argmaxaQ(st, a; θ) with probability 1 − ϵ.

6.3.3 Adaptive Mode Selection

Although either the FD mode or the DRL mode can share BSMs in the VANET,
each mode has its own limitations. Hence, the proposed design also exploit an
adaptive mode selection scheme in order to maximise the advantages of both
modes. Prior to the convergence time instant in the DRL mode, VUEs operate in
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the FD mode, so that VUEs will not suffer from the instability of the DRL mode
before convergence. Afterwards, when the DRL mode can provide a better reser-
vation performance comparing to the traditional FD mode, VUEs operate in the
DRL mode, so that VUEs can reserve resources more effectively, and in turn,
the latency can be reduced through avoiding collisions. Furthermore, no matter
which mode a VUE is operating in, the VUE benefits from the simultaneous colli-
sion detection during broadcast capability, and it can abort concurrent broadcast
according to the proposed protocol, so that the continuous collision and the ac-
knowledgement mechanism challenges are addressed without introducing nei-
ther redundant signalling nor acknowledgement mechanism whilst avoiding the
broadcast storm problem.
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6.4 Performance Evaluation

6.4.1 Simulation Environment

We developed a NR VANET simulator over the Veins framework [84] which
integrates the wireless network simulator OMNeT++ and the traffic simulator
SUMO. As shown in Fig. 6.4, I chose Strand, London, U.K. as the simulation
area, where traffic lights and multiple lanes are both considered, which are gen-
erated from Open Street Map (OSM) and converted into a SUMO network.

FIGURE 6.4: Overview of the simulated area of the VANET

VUEs are generated according to the Poisson Point Process (PPP) model, because
the distribution of VUEs has been shown to follow this model [85]. Next, destina-
tions are randomly chosen within the Strand area, VUEs move to corresponding
destinations according to the received BSMs in OMNeT++. Meanwhile, the de-
veloped environment in SUMO is also synchronised into OMNeT++. In other
words, the measured channel status by VUEs depend on their own locations and
the surrounding environment. Finally, simulation results are tabulated in OM-
NeT++, and then imported into MATLAB to plot figures.

In the DRL mode, the DQN is a fully connected neural network consisting of
an input layer, a hidden layer, and an output layer. The number of neurons
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used in the hidden layer is 256. The ReLu function and adaptive moment es-
timation method (Adam) are utilised as the activation function and optimiser,
respectively. Detailed parameters and values are listed in Table. 6.1, which are
chosen based on 3GPP TR 36.885 [96]. In other words, the chosen parameters
and scheme are realistic.

The reason why only the standard has been chosen as the benchmark is elabo-
rated as follows. In [94] and Prof. Andrew Ng’s interview with Prof. Geoffrey
Hinton and Prof. Pieter Abbeel in 2018, one major challenge in DQN is how to
learn safely, and the exploration problem of where the data comes from, in which
self-driving systems were used as an example, which were one of the motivations
of this work. To the best of my knowledge, this work was the first piece of work
that investigates the performance of the combination of a dual-mode system that
improves the learning safety whilst improving the performance in terms of the
major KPIs in a VANET, in which the conventional FD mode does not only guar-
antee the safety of learning, but also feed the DQN with better quality data since
the beginning. Therefore, I believe the best benchmark for the work is the stan-
dard, as if the proposed solution outperforms the standardised technology, this
work has value in showing an example of improving the system performance
whilst guarantying the safety of applying the DQN to a VANET.

TABLE 6.1: SIMULATION PARAMETERS

Parameters Values
Carrier frequency 6 GHz
Interface PC5
Learning rate 0.001
Target Detection Probability 90%
Modulation Scheme and Coding Scheme MCS 9 (QPSK 0.7)
Antenna Height 1.5 m
Transmit Power 20 dBm
Residual Self-Interference 0%-40%
Vehicle Density 0-200 vehicles/km
Maximum Speed 30 miles/hour
Transmission Rate 6 Mbps
Packet Size 350 bytes/pkt
PHY layer SC-FDMA
MAC protocol SB-SPS, AFD-DRL
Channel bandwidth 10 MHz
BSM broadcast frequency 50 Hz (i.e. 20 msec/pkt)
maximum number of lanes 2 lanes/direction
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6.4.2 Simulation Results

Fig. 6.5 depicts the latency with the increase of residual SI signal. When introduc-
ing FD technology into a design, the biggest drawback is the residual SI signal.
So I have to find the SIS requirement. It is shown that the latency of the proposed
AFD-DRL design increases whilst the residual SI increases, this is because resid-
ual SI has affected the detection accuracy, and in turn, has led to re-broadcast,
which improves the latency to broadcast a BSM without collisions. However,
SB-SPS is shown not to be affected by the SI signal, as it is using the HD tech-
nology. Furthermore, it is also shown that the proposed AFD-DRL design can
provide a better latency performance compared to the SB-SPS protocol, if the SIS
factor is smaller than approximately 16%, which is achievable [11]. Hence, in
order to deploy the proposed method, SIS factor has to be contained below 16%.
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FIGURE 6.5: Latency against SIS factor η
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Fig. 6.6 shows the relationship between the latency and the vehicle density. It
can be seen that both SB-SPS and AFD-DRL suffer from dense VANET. When
the number of VUEs goes up, both designs will spend much more time to trans-
mit BSMs successfully. However, AFD-DRL performs better in the dense sce-
nario, because collision resolution mechanism is introduced, collided BSMs can
be recognised and then re-broadcast. Meanwhile, there is no blind re-broadcast,
the spectrum has been used more effectively, and the latency has been reduced
through avoiding collisions.

Same conclusion can also be explained by packet delivery ratio (PDR). Fig. 6.7
shows the superiority of AFD-DRL. When the VANET becomes more dense,
more collisions would happen, as there are more VUEs competing for the same
number of available resources. SB-SPS does not have the collision resolution
mechanism, when multiple VUEs have already selected the same resource for
the next broadcast episode, all BSMs will be lost. However, the proposed AFD-
DRL design has addressed this challenge, thus collided BSMs can be re-broadcast
and the PDR is enhanced.
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6.5 Summary

In this Chapter, an adaptive FD DRL-based design has been proposed for 5G
VANETs. VUEs exploit advantages of both FD technology and DRL. Compared
to the SB-SPS solution, AFD-DRL has addressed the continuous collision and
the acknowledgement challenges, VUEs can abort broadcasting and re-select re-
sources immediately. The broadcast storm problem has also been addressed, as
there is no blind re-broadcast in FD-DRL. Results have verified the superiority of
the proposed AFD-DRL design over the SB-SPS protocol.
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7 Next-Generation FD Technology in
V2X Communications

Synopsis of Chapter

In this Chapter, I present a diversity of benefits, existing challenges and corre-
sponding example solutions of applying FD technology to next-generation wire-
less communication systems, including FD 6G vehicular networks, FD unmanned
aerial vehicle networks with energy harvesting systems and machine learning
aided FD communication systems. This work refers to my paper [97]. Simula-
tion results have demonstrated the superiority of carefully designed FD solutions
over the conventional/standardised solutions in each system.

The remainder of this chapter is organised as follows. In Section 7.1, I intro-
duce the background, challenges and contributions of this work. In Section 7.2,
I present how 6G-V2X communication architectures can be improved with the
help of FD technology. I also introduce the challenges and potential methods of
applying FD technology to 6G-V2X networks from physical- (PHY-) to transport-
(TRANS-) layer perspectives. In Section 7.3, I present the challenges and corre-
sponding example FD solutions in UAV with energy harvesting networks. Fur-
thermore, in Section 7.4, I discuss the feasibility and potential methods of com-
bining FD and machine learning technologies in various networks. Finally, I
conclude this chapter in Section 7.5.
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7.1 Introduction

With the worldwide deployment of 5G networks and extensive development
of next-generation wireless networks, such as B5G and 6G networks, new tech-
nologies are not only required to further improve system performance in terms
of key parameters, but they are also expected to provide novel features, such as
the modifications on communication architecture, so that next-generation net-
works can not only provide more efficient communications, but can also support
novel applications which are not applicable in existing networks. The in-band
full-duplex (FD) technology, which supports simultaneous transmission and re-
ception/sensing over the same frequency band, has emerged as such a promis-
ing technology. In this chapter, I present the benefits, existing challenges and
corresponding example solutions of applying FD technology to various next-
generation wireless networks, including FD 6G vehicular networks, unmanned
aerial vehicle (UAV) networks with energy harvesting systems, and machine
learning aided FD communication systems.

FD technology can be beneficial for 6G vehicle-to-everything (V2X) networks in
many ways, including the enhancements in communication architectures and
various advanced driving scenarios. Since the first cellular V2X (C-V2X) specifi-
cation, 3GPP Rel-14 [2], which operates based on the 4G technologies, numerous
research efforts have improved the C-V2X technologies to a brand-new level, 5G
NR-V2X [3], which has been shown to be able to support basic V2X applications.
Motivated by increasingly stringent quality of service (QoS) requirements, the
FD technology has always been a hot technology under discussion in Rel-16 [4]
and Rel-17 [5]. With the objective of investigating the potential and feasibility
of the FD technology in 6G V2X networks, which has great potential to be in-
corporated in Rel-18 and future releases, I first present how FD technology can
change the communication frameworks in 6G-V2X networks. Then, I provide
an insight into novel designs from physical- (PHY) to transport- (TRANS) layer
perspectives for supporting advanced driving scenarios.

Unmanned aerial vehicle (UAV) is an emerging technology for future wireless
communication systems. Due to the flexible deployment, UAV-enabled wireless
communications can provide higher wireless connectivity in areas without in-
frastructure coverage [98], [99]. Besides, high throughput can always be achieved
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in UAV-enabled wireless communications due to the higher probability of line-
of-sight (LoS) communication links between devices and UAVs. To fully exploit
the design degrees of freedom for UAV-enabled communications, it is crucial
to investigate the energy consumption for both flying and wireless communi-
cation. Recently, energy harvesting has been an active research area in the cir-
cuits and devices side of engineering for a considerable period of time. That
side of engineering aims to design and build devices that harvest energy from
natural sources and/or transfer energy from one device to another most effi-
ciently. In FD, energy harvesting can be used in the downlink since the devices
are always energy-constrained. Combining FD technology with energy harvest-
ing and UAV, the devices can transmit data to the UAV in the uplink, whilst the
UAV can also simultaneously broadcast energy to the devices [100].

Apart from the aforementioned networks, machine learning and FD technologies
can also mutually aid each other in various scenarios. At the end of the 20th cen-
tury, machine learning techniques started to flourish in a variety of fields such as
industry, education, mathematics and finances, etc. Machine learning has been
known as a set of strong methods that are able to automatically solve difficult
problems where conventional methods fail to show good performance (e.g., data
security, financial trading, and healthcare, etc.). Besides these popular applica-
tion fields, the application of machine learning into various communication tech-
nologies, especially the next-generation wireless communication networks (e.g.,
cloud radio access networks, and energy harvesting, etc.), has been studied. As
one of the most promising enabling technologies in next-generation networks,
no doubt that FD machine learning technologies should be considered.
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7.2 FD 6G-V2X Networks

7.2.1 Communication Architectures

Based on the latest frozen standard of the communication architectures [101], ve-
hicular information can be shared among vehicular UEs (VUEs), infrastructures
and pedestrian UEs in the following three manners, which are depicted in Fig.
7.1.

gNB

eNB/gNB

D2D

Broadcast

Information sharing through the Uu interface

Information sharing through the PC5 interface

Data messages Control messages

FIGURE 7.1: Communication Architectures of NR-V2X Networks

As can be seen from Fig. 7.1, the first type of information sharing manner is send-
ing and receiving both control and data messages through the Uu interface. This
mode is used when VUEs are operating within the coverage area of an eNB or
a gNB, and the connection between them is stable. However, because the safety
of UEs cannot fully rely on the eNB/gNB coverage, an autonomous broadcast
mode has also been designed to support the communication through the PC5 in-
terface when VUEs are operating beyond the eNB/gNB coverage area, or when
the connection quality is not sufficient to support the requested V2X service [45].
Besides, a device-to-device (D2D) manner can also be used depending on differ-
ent V2X applications. In this case, VUEs are controlled by the eNB/gNB through
the Uu interface, where data is shared directly between VUEs through the PC5
interface.



Chapter 7. Next-Generation FD Technology in V2X Communications 161

FD Relay FD D2D

FD BroadcastFD Control

FIGURE 7.2: Communication Architectures of FD 6G-V2X Net-
works

With the help of FD technology, the introduced communication architectures of
NR-V2X networks can be modified in 6G-V2X networks, so that the 6G-V2X
system can meet much more stringent QoS requirements, and in turn serve ad-
vanced V2X applications. As shown in Fig. 7.2, FD technology can be deployed
in four scenarios. First, eNBs/gNBs can be equipped with FD technology and op-
erate as a relay station, where it receives and forwards packets simultaneously, so
that the total number of required sub-frames for transmitting the same amount
of data will be theoretically halved. In other words, latency will be theoretically
halved to transmit the same amount of data. Besides, the theoretical spectral
efficiency will be doubled. Second, FD technology can also be beneficial in the
D2D communication scenario, in which FD VUEs can now transmit and receive
data at the same time. This feature is especially helpful in real-time raw/semi-
processed data sharing, which is not supported in 4G/5G-V2X systems. Third,
FD technology can be applied to resource control too, so that time-frequency re-
sources are used more efficiently, and in turn dynamic resource allocation and
dynamic scheduling solutions can be considered in 6G-V2X networks. In ad-
dition to taking advantage of the FD simultaneous transmission and reception
feature, FD simultaneous transmission and sensing feature can also be beneficial
in the broadcasting scenario. In 4G/5G-V2X networks, VUEs suffer from col-
lisions, because they are not able to detect collision. By deploying FD sensing
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technology in 6G-V2X networks, although VUEs still autonomously select re-
sources to broadcast, they can realise collisions and respond to failed broadcast
immediately. Last but not least, these four novel FD communication manners do
not have compatibility problem, a proper designed system can incorporate all of
them at the same time, so that the overall network performance can be boosted
significantly.

7.2.2 Challenges & Novel Designs

7.2.2.1 PHY Layer

Whilst embracing the FD simultaneous transmission and reception, and FD si-
multaneous broadcasting and sensing features in the PHY layer of 6G-V2X net-
works, I must consider various emerging types of cross-link interference, espe-
cially given that vehicular communication has particularly high VUE mobility.
These types of interference include base station (BS) to BS, BS to VUE, and VUE
to VUE interference. Therefore, knowledge about the self-interference (SI) signal
and the propagation channel is the key to design a feasible 6G-V2X solution. As a
matter of fact, a BS usually deploys a multiple antenna system for beamforming
and radiates high equivalent isotropically radiated power, which leads to large
interference to other BSs [102]. Therefore, when VUEs request FD relay or FD
D2D types of support, the co-channel interference and SI have to be handled ad-
equately, and the communication architecture has to be designed carefully. In
addition, when VUEs operate in broadcast or multi-cast mode, where FD simul-
taneous transmission and sensing feature is used, different FD spectrum sensing
technology has to be investigated, such as FD energy detection and FD cyclosta-
tionary feature detection, depending on the considered scenario.

7.2.2.2 MAC Layer

Based on each novel FD V2X scenario, corresponding MAC layer solutions have
to be re-designed. Considering a vehicular ad hoc network (VANET) scenario, in
which the FD technology is deployed on-board to provide simultaneous broad-
cast, multicast and collision detection capability in the PHY layer, both of the re-
source reservation mechanism and the scheduling mechanism can be enhanced.
For example, research effort can be invested on the study of dynamic resource
reservation mechanisms. Besides, novel designs on excluding collided resources
are also needed. Furthermore, with the collision detection capability, various
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re-transmission mechanisms have to be evaluated. In addition, current 4G/5G-
V2X standards only address internal collisions. But, external collisions can be
resolved with the help of FD technology in 6G-V2X networks. For other types of
scenarios, novel methods can be considered with the deployment of FD simul-
taneous transmission and reception feature. For example, considering a vehicle
platooning scenario, in which a platoon leader shares real-time information to
the member VUEs by using the groupcast communication mode, whilst it re-
ceives control messages from a base station simultaneously. This solution can
dramatically improve transportation safety, but FD technology and novel FD
MAC designs are required.

7.2.2.3 NET Layer

In addition to safety-related communication demand, 6G-V2X should also be
able to satisfy infotainment-related communication requirements, which does
not only need support from the access network, but also the core network. In
particular, the remote driving scenario and the extended sensors data sharing
scenario are much more likely to be supported by the service providers in reality.
Furthermore, the QoS requirements from vehicular gaming, content sharing that
requires huge bandwidth support, and latency-sensitive on-board applications
cannot be satisfied only by the access network, but they require much more effi-
cient network (NET) layer support. For example, FD simultaneous transmission
and reception has provided a solid background in the PHY layer, but the above
services cannot be supported without FD routing protocols. Meanwhile, novel
designs should also take the network topology into consideration, because one
of the characteristics of 6G-V2X communication is its highly dynamic network
topology. Therefore, novel methods such as dynamic FD routing protocols are
expected to be proposed.

7.2.2.4 TRANS Layer

In order to benefit from all existing infrastructure as much as possible, 6G-V2X
technologies should have great backward compatibility. In other words, the net-
work can use the 4G and 5G resources according to the requested services and
novel FD backward compatible designs. For example, a possible TRANS layer
design which can be built upon as foundation is the multi-path transmission
control protocol (MPTCP). However, since TCP-based protocols are designed to
provide reliable transmissions, its latency needs to be shortened for low latency
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applications. FD simultaneous transmission and reception can be applied to the
connection establishment process, so that novel FD-based TRANS layer protocol
has a lower latency. Furthermore, the acknowledgement mechanism in MPTCP
is deployed to confirm the successful reception of a packet, or trigger the initial-
isation of the re-transmission mechanism, this confirmation and trigger can be
replaced by proactive detection, so that the confirmation path is shorter, and in
turn the latency is reduced. This proactive detection is one of the advantages
of the FD simultaneous transmission and sensing feature. However, in order
to acknowledge a packet at the transmitting VUE side, advanced and novel FD
designs are needed in TRANS layer.

7.3 FD UAV Networks with Energy Harvesting

Energy harvesting has been an active research area in the circuits and devices
side of engineering for a considerable period of time. That side of engineer-
ing aims to design and build devices that harvest energy from natural sources
and/or transfer energy from one device to another most efficiently. The combi-
nation of FD and energy harvesting technologies enable the transmitter to broad-
cast energy to the receiver, whilst the receiver can also simultaneously transmit
data to the transmitter. Recently, it has been recognised in the communications,
networking and signal processing communities that use of FD with energy har-
vesting in wireless networks brings in new opportunities and challenges to the
communication problem and alters the assumptions under which communica-
tion mechanisms have been traditionally designed.

Compared with conventional FD technologies, there are three important appli-
cation scenarios for FD technology with energy harvesting: 1) Traditional FD
theory operates under an average power constraint which assumes the avail-
ability of energy for data transmission at all times in arbitrarily large amounts
only subject to a long-term average power constraint. Under energy harvesting
conditions, the energy available for communication becomes a random and in-
termittently available quantity. Although an unlimited amount of energy will be
collected in an infinite period of time, at any given time, only the energy collected
so far can be used. In addition, the size and other characteristics of energy stor-
age devices (e.g. batteries) that can save energy for future use further affect the
type of communication. These requirements redesign FD communications and
network protocols by considering the energy availability conditions imposed by
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FIGURE 7.3: FD Energy Harvesting System

energy harvesting. 2) FD relay, which operates at the signal level, where wireless
nodes utilise the overheard signals to forward each other’s messages to improve
the overall network performance at FD mode. The ability to transfer energy wire-
lessly at small distances enables a deeper level of FD relay, where nearby nodes
can cooperate not only at the signal level but also at the battery energy level by
transferring energy among each other. 3) Transmission of information and distri-
bution of energy have been considered as two distinct and separate problems in
FD networks. Since information and energy may be transmitted simultaneously
by a single signal from a transmitter, and both information and energy may be
extracted from an incoming signal at a receiver, as shown in Fig. 7.3.

Due to the distinctions of simultaneous information and power transfer, FD with
energy harvesting can be utilised in UAV communications. In UAV communica-
tion networks, due to the mobility of the UAV, it is energy efficient for the UAV to
dynamically broadcast data to the wireless devices, whilst the wireless devices
use the harvested energy to transmit data to the UAV in a FD manner. Since
UAV’s flying and data transmitting consume power, it is of importance to con-
sider the joint trajectory and wireless resource allocation. The wireless devices
can harvest enough energy from the transmitter only at a short distance. Thus,
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the UAV can sequentially fly to a location near to each device for broadcasting
energy and receiving data simultaneously.

7.4 FD Machine Learning Solutions

In this section, despite machine learning (ML) technologies can be applied to
fields such as financial trading, I focus on discussing the feasibility and poten-
tial of combining FD and ML technologies in various wireless communication
networks.

ML algorithms are typically categorised into supervised, unsupervised and re-
inforcement learning. Supervised learning is the task of learning a function that
maps an input to an output based on example input-output pairs, whilst un-
supervised learning looks for previously undetected patterns in a data set with
no pre-existing labels and with a minimum human supervision. Besides, the
goal of reinforcement learning is to find the optimal state and action pair that
maximises the notion of cumulative reward. Different from supervised learning,
reinforcement learning requires no labelled input and output pairs for training.
Reinforcement learning works well in the cases that the environment can typi-
cally be stated in the form of a Markov decision process (MDP), because many
reinforcement learning algorithms for this context utilise dynamic programming
techniques.

7.4.1 FD Unsupervised ML

The most common task for unsupervised learning is the clustering, which is the
task of grouping a set of objects in a way that objects in the same cluster are more
similar to each other than to those in other clusters measured by a defined crite-
rion. Q K-mean algorithm-based clustering method can be proposed to reduce
the co-channel interference in an FD cellular network, where the BS is assumed
to have the FD capability [103]. Due to the simultaneous uplink and downlink
transmission in the FD cellular network, the co-channel interference becomes the
many sources of interference that degrade the system performance. Clustering
algorithms such as K-means clustering can be used to cluster cellular users into
two groups (i.e., one for uplink and one for downlink) that minimise the co-
channel interference caused by uplink and downlink transmissions. Simulation
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results show that the co-channel interference in the FD cellular network can be
retrained effectively by using the proposed algorithm.

In addition, FD sensing methods can also be used to provide data for determin-
ing follow-up steps in 6G-V2X networks. Therefore, its sensing accuracy is of
great importance in terms of driving safety. Considering the energy detection
and power management problem as an example, clustering can be used to en-
hance the FD energy detection accuracy by using the unprocessed sensing data
as the input training data. Then, with adequate and novel algorithms, it can
improve the detection probability, and reduce the false alarm and mis-detection
probabilities, because conventional FD energy detection is a type of clustering
problem, where successful and failed transmissions are determined according to
the received signal and the threshold setting strategy. However, the feasibility
should be investigated because of the following reasons. First, the complexity of
the model will increase significantly with the rise of feature dimensions. Second,
FD sensing data incorporates various types of interference such as the SI. So,
the learning process will be affected more seriously compared with conventional
mobile networks. Third, the features should be considered carefully according
to the deployed FD sensing method, because applying ML to most areas require
dimension reduction, and some sensing technologies require perfect knowledge
about the signal and the channel response, such as the matched filter method,
which is more likely to be sensitive to interference.

7.4.2 FD Supervised ML

Two typical tasks for supervised learning are regression and classification. In a
regression task, the ML algorithm aims at learning a function that can be used
to predict continuous real-value. In a FD system, the most common regres-
sion task is for SI suppression (SIS). Different from regression, the classification
task requires the algorithm to predict the category or label based on the input
features. One application case for classification is to predict the transmission
mode in an FD cognitive radio network (CRN), which is proposed in my re-
cent work [104]. The FD operation introduces two new transmission modes in
CRNs, namely FD transmission-and-reception (TR) mode and FD transmission-
and-sensing (TS) mode, respectively. In FD-TR mode, the secondary user (SU)
first senses the primary channel and then transmit and receive data at the same
time, whilst it simultaneously transmits and senses the channel in FD-TS mode.
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FD-TR mode increase SU’s throughput doubling the spectral efficiency but also
worsens its collision to the primary user (PU), whilst FD-TS mode reduces the
collision between SU and PU at the cost of lower throughput than using FD-TR
mode. Therefore, a trade-off between these two modes should be leveraged in
FD-CRNs. I propose an NN-based adaptive mode selection (NN-AMS) scheme
in [104] to select the better transmission mode based on the channel occupancy
status. The DNN model takes the previous channel states as input and then pre-
dict the future channel occupancy status. If the channel is predicted to be idle,
FD-TR mode is chosen to fully utilise the idle channel; Otherwise, FD-TS mode is
a better choice to monitor the channel in case that PU comes back suddenly. Sim-
ulation results in Fig. 7.4 have justified that the proposed method can achieve
almost the same SU throughput as FD-TR mode. Meanwhile, the results illus-
trated in Fig. 7.5 demonstrate that the collision probability can be reduced by up
to 92% close to that of FD-TS mode.

5 10 15 20 25 30

Number of Time Slots Predicted

1

1.2

1.4

1.6

1.8

2

2.2

2.4

2.6

2.8

3

S
U

's
 A

v
e

ra
g

e
 N

o
n

-C
o

lli
s
io

n
 T

h
ro

u
g

h
p

u
t 

(b
it
s
/s

e
c
/H

z
)

NN-AMS

TR Mode

TS Mode
=0.05

=0.05

=0.1

=0.1
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number of time slots M, where χ refers to the SIS coefficient.

Besides the SI and co-channel interference introduced by FD communications,
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the real-world CRNs also suffer from malicious attacks such as Primary User Em-
ulation (PUE) and Spectrum Sensing Data Falsification (SSDF) attacks. In [105],
I propose an ensemble learning framework to alleviate the influence of both in-
terference and attack on sensing decision fusion. In such a context, the spec-
trum waste probability, collision probability and secondary throughput in both
FD Listen-Before-Talk (LBT) and Listen-And-Talk (LAT) protocols are analysed.
Simulation results show that my proposed EML framework can provide more ro-
bust and lower false-alarm probability than the conventional majority vote based
fusion strategy for any number of SSDF SUs, only at the cost of slightly higher
inference time.

7.4.3 FD Reinforcement Learning

Reinforcement learning (RL) algorithms have become more and more popular in
coping with problems with unknown and highly dynamic radio environments,
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such as the scenarios in V2X networks. Different from supervised and unsuper-
vised learning, RL takes a further step to not only learn, but also interact with
the environment. RL is data-hungry, it also requires time and trials to interact
with the environment, in order to maximise the reward. In other words, if a
RL solution is applied to V2X networks, it uses the safety of VUEs and human
passengers for training. Therefore, the system is not reliable until the long-term
objective is achieved, which prevents us from applying RL solutions to safety-
related tasks in V2X networks. However, a promising way of applying RL to
safety-related applications is to combine with a FD solution, because a FD solu-
tion will increase the quality of the training data, and it also provides a backup
system for VUEs. Hence, an adaptive mode selection scheme can be designed,
and the drawbacks of RL can be avoided. Meanwhile, early-stage actions and re-
wards from the FD solution are used to feed the algorithm to train, which are also
real-time and reliable data. On the contrary, the RL solution provides real-time
actions too, which can be designed to have a certain weight in the FD mode. Such
an idea has been investigated in [106], where a FD mode and a deep reinforce-
ment mode have been proposed to work cooperatively and adaptively. Results
in Fig. 7.6 have shown that the reliability of the proposed adaptive FD deep RL
(AFD-DRL) design has been improved compared to the standardised sensing-
based semi-persistent scheduling (SB-SPS) method, whilst the latency has been
reduced at the same time, as shown in Fig. 7.7.
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7.4.4 FD Federated Learning

Federated learning (FL) is usually characterised by its capability of training a
global model with privacy protections [107]. Meanwhile, FD and FL technolo-
gies can also mutually help each other to provide a better service in terms of
efficiency and latency for next-generation wireless networks. Considering an ex-
tended sensors data sharing scenario in the research of high-level autonomous
driving support, where multiple VUEs cooperatively train a surrounding envi-
ronment model for safety enhancement purpose. In this case, spectral efficiency
and latency requirements are equally important as the privacy demand. There-
fore, the throughput and latency performance can be enhanced by using the
FD simultaneous transmission and reception feature in FD D2D and FD broad-
cast/multicast/groupcast architecture, whilst the FD simultaneous transmission
and sensing feature can be used to prevent malicious attackers, which enhances
the privacy protection together with the FL method. Therefore, novel FD FL
technologies are needed to be proposed and analysed for next-generation wire-
less networks.
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7.5 Conclusion

This chapter has reviewed and discussed various applications, research chal-
lenges and potential solutions of FD technology in multiple next-generation wire-
less communication systems. The corresponding solutions are introduced and
illustrated by dedicated simulation results, which together with the potential so-
lutions are the key findings and contributions of this work. For example, an FD
energy harvesting system has been introduced and various application scenar-
ios have been discussed. For FD MIMO systems, both pure FD/HD MIMO and
hybrid FD and HD MIMO systems have been discussed. In 6G-V2X networks, I
have studied how FD technologies can be beneficial in designing novel commu-
nication architectures as well as PHY- to TRANS- layer challenges and solutions.
Furthermore, I have also discussed a diversity of machine learning applications
in FD communications in different wireless systems. Simulation results have
shown that machine learning techniques and FD technologies can mutually aid
each other to further improve the system performance. In a nutshell, FD com-
munications for next-generation wireless systems is an exciting area to be further
exploited.
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8 Conclusions and Future Work

8.1 Conclusions

FD communications and V2X communications are two promising technologies
in developing future ITS. They can reduce accidents, improve efficiency, support
a lot of diverse and novel applications, provide more enjoyable transportation
experience, and even change the way people travel, and interact with other peo-
ple and the digital world. FD communications may replace all conventional HD
communications in all wireless communication scenarios, especially in the sce-
nario of ITS development. Meanwhile, V2X communications may quickly be-
come a core safety and infotainment system in vehicles due to the advantages,
achievements, and the support from many national governments, which are in-
troduced in Chapters 1 - 7.

In Chapter 2, I firstly reviewed the literature of the major modulation, multiple
access technologies, and channels. Analytical BER/SER performance of various
combinations are provided. In addition, I also regenerated the BER/SER perfor-
mance through extensive simulations. Results mutually verified the correctness
and accuracy of the study. Next, a literature review of the spectrum sensing
technologies, FD technologies, and V2X technologies was given, which were the
foundations and benchmarks used in Chapters 3 - 7.

In Chapter 3, I considered a VANET in which all vehicles are equipped with FD
capability. I applied the FD simultaneous broadcasting and sensing feature to
the PHY layer sensing procedure. Mathematical formulations of detection prob-
ability, false alarm probability, mis-detection probability, and the two dynamic
thresholds are given. The conventional HD spectrum sensing method is used as
the benchmark for comparison. Results showed that the proposed FD sensing
method does not require further development on the current SIS/SIC technol-
ogy. They also showed that the proposed method outperforms the benchmark.
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In Chapter 4, I proposed a cross-layer design across PHY and MAC layers based
on the achievements from Chapter 3. Specifically, in the PHY layer, the Doppler
effect is incorporated in the design of the FD sensing method, which implies
that the sensing results are also reliable in high mobility scenarios. Besides, in
the MAC layer, a complete prioritised FD MAC protocol was designed based on
the DSRC standard. It incorporates a resource selection mechanism, a schedul-
ing mechanism, and a prioritised re-transmission mechanism. The performance
of this design was evaluated through both mathematical formulations and exten-
sive computer simulations. Results showed that both reliability and latency were
improved comparing to the benchmark which is the technology in the DSRC
standard.

In Chapter 5, I focused on the other V2X standard, C-V2X standard, and pro-
posed a 5G-based cross-layer design. It includes the PHY layer FD sensing mech-
anism, and a MAC layer protocol. In particular, this protocol is also a complete
protocol. It includes a resource reservation mechanism, a scheduling mecha-
nism, and a prioritised re-transmission mechanism. The performance of this de-
sign was analytically evaluated and through extensive simulations in terms of
packet delivery rate, collision duration, and latency. Besides, its convergence,
complexity, mathematical difference, and assumption and approximation were
all analysed. Results showed that the proposed design is a promising FD solu-
tion for B5G/6G-V2X communication VANETs.

In Chapter 6, I proposed an adaptive FD DRL-based design. FD technology and
a DRL algorithm were exploited jointly and adaptively to enhance the perfor-
mance of the considered VANET scenario. A resource reservation scheme, a
collision resolution mechanism, and a scheduling policy were introduced and
design. The 5G-V2X PHY and MAC layer technical specifications were used as
the benchmark. Results demonstrated that the proposed method performs better
in terms of reliability and latency. Therefore, it can be considered as a solution in
future standard.

Last but not least, in Chapter 7, I produced a survey of state-of-the-art and next-
generation FD technology in V2X communications. It includes how the commu-
nication architecture can be changed in 6G-V2X networks, PHY, MAC, NET, and
TRANS layer challenges and corresponding solutions, FD UAV networks with
energy harvesting, cognitive radio networks, and various FD ML solutions.
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8.2 Future Works

In this thesis, I proposed five novel designs based on the FD technology in V2X
communication networking. However, there still lots of topics to be investigated.
Both FD technology and V2X technology have huge research potentials and op-
portunities. Besides of the topics and solutions introduced in Chapter 7, I give a
summary of additional research topics in this section.

Firstly, all proposed designs in this thesis focuses on the simultaneous transmis-
sion and sensing feature of the FD technology. However, simultaneous trans-
mission and reception feature, and FD relay designs can be studied. Secondly,
aperiodic data traffic is not supported in decentralised V2X networks in both
V2X standards. Thus, mini-slot and multi-slot transmission in this scenario can
be investigated. Thirdly, since V2X communications include many more specific
use cases, such as lane merging, overtaking and platooning, a novel FD-based
design can be proposed to each use case. Fourthly, since unicast and group-
cast modes are introduced besides of the conventional broadcast communication
framework, a FD-based design can be proposed to support the simultaneous
inter-operation of all three frameworks. Fifthly, although energy detection is the
most widely-applied sensing method, there are other types of sensing methods.
Feasibility research on FD sensing with other types of methods is another signif-
icant opportunity. Especially, the designs that have taken coexistence of safety
and infotainment data traffic into consideration.
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A PSD of M-PSK Signals

Consider a M-PSK modulated signal in the form of

s(t) = x(t) cos(2π fct)− y(t) sin(2π fct), (A.1)

where x(t) and y(t) are the in-phase and quadrature components determined by
the data streams xk and yk, respectively, which are given byx(t) =

∑+∞
k=−∞ xk p(t − kT)

y(t) =
∑+∞

k=−∞ ykq(t − kT),
(A.2)

where signals p(t) and q(t) are baseband pulse-shaping functions whose Fourier
transforms are given by P( f ) = F{p(t)}

Q( f ) = F{q(t)}.
(A.3)

The complex envelope of s(t) is given by

s̃(t) = x(t) + jy(t). (A.4)

In order to find the PSD of s̃(t), we need to find its auto-correlation function,
which is given by

Rs̃(τ) = E{s̃(t)s̃∗(t − τ)}
= E{[x(t) + jy(t)][x(t − τ)− jy(t − τ)]}
= Rx(τ) + Ry(τ),

(A.5)

where Rx(τ) = E{x(t)x(t − τ)}

Ry(τ) = E{y(t)y(t − τ)}.
(A.6)
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According to the Wiener-Khintchine theorem, we have

Ψs̃( f ) = F{Rs̃(τ} = F{Rx(τ)}+ F{Ry(τ)}
= Ψx( f ) + Ψy( f ),

(A.7)

where Ψx( f ) and Ψy( f ) are the PSD of the in-phase and quadrature components,
respectively, and they are given byΨx( f ) = σ2

x |P( f )|2
T

Ψy( f ) =
σ2

y |Q( f )|2
T .

(A.8)

Therefore the PSD of M-PSK signals, Ψs̃( f ), is given by

Ψs̃( f ) =
σ2

x |P( f )|2
T

+
σ2

y |Q( f )|2

T
, (A.9)

which can also be applied to all other quadrature modulated signals, such as the
M-QAM signals [108].
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B Proof of Virtually Orthonormality

From the ϕ2
1(t) perspective, ϕ1(t) and ϕ2(t) are virtually orthogonal, because

∫ T

0
ϕ2

1(t)dt =
2

Ep

∫ T

0
p2(t) cos2(2π fct)dt

=
1

Ep

∫ T

0
p2(t)[1 + cos(4π fct)]dt

≈ 1, f or fc >>
1
T

.

(B.1)

Similarly, from the ϕ2
2(t) perspective, they are also virtually orthogonal, since

∫ T

0
ϕ1(t)ϕ2(t)dt = − 2

Ep

∫ T

0
p2(t) cos(2π fct) sin(2π fct)dt

= − 2
Ep

∫ T

0
p2(t) sin(4π fct)dt

≈ 0, f or fc >>
1
T

.

(B.2)
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