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5.1 Introduction

In vehicular networking for intelligent transportation, cyber-physical autonomous
vehicular system (CAVS) is a promising technology that has been widely considered
by governments, autonomous industries, and academic research institutes [60, 73].
CAVS is the synergistic integration of heterogeneous networking, computation, and
physical processes in which all vehicles and their components communicate via
a vehicular networking platform and are driven in a platoon-based pattern with a
closed feedback loop between the cyber process and physical process [63]. The
main purpose of the vehicular cyber-physical systems is to incorporate computation,
communication, and control to enhance road safety, efficiency, convenience, and
high quality of daily life by minimizing traffic congestion and injuries, and
improving fuel efficiency while traveling on the road [51].
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Furthermore, with the recent advancement of automation in automotive indus-
tries, the vehicular wireless communication becomes an emerging research interest
both for automotive industry engineers and researchers [13, 111]. As a consequence,
there is an increasing number of required safety features in the modern vehicle such
as driver safety, road safety, vehicle to infrastructure recognition, and vehicle-to-
vehicle communications. The current generation of vehicles integrates a number
of various sensors with the help of different wireless communication protocols to
provide real-time communication for those purposes. Incorporating a large number
of sensors inside the vehicle provides overall safely support for vehicle as well
driver, whereas designing an interoperable, reliable, and flexible communication
technology has been the key challenge [83, 116].

A wireless sensor network (WSN) is spatially characterized by various
autonomous sensors to supervise physical or environmental conditions, such as
remote health monitoring, temperature, sound, pressure, etc. and to simultaneously
forward their particular information over a communication network to a sink
location [17, 18, 46]. The combination of WSN with internet of things (IoT) enables
WSN with either object-oriented or internet-centric resources, which enormously
enlarges the capacity of WSN in a large number of sensing and communication
applications [53, 55].

Modern smart automobiles are monitored by complex distributed networks made
up of a large number of heterogeneous wireless sensor nodes with rich connectivity
supplied by central networks and internet [65]. With the rapid improvement of the
automobile intelligent system and intelligence and internet connectivity, security
and privacy have emerged to be the main challenges for automotive systems [98].
Researchers have shown that by reducing a single control unit, a possible attacker
may obtain access to other vehicle controller units via internal communication buses
such as controller area network (CAN), and harm critical subsystems [111]. As
CAN receives simultaneous connection with IoT resources and service providers,
it becomes effortless marks to cyber adversaries, particularly, because, it has never
been supposed to handle cyber risks. This makes CAN information susceptible
to falsehood assaults that turn into erroneous critical information distribution to
users, which in turn leads the system to take improper and hazardous activities or
to be unaware of an ongoing attack as was the case in Stuxnet attack [80, 118].
It also enables adversaries to possibly perform destructive instructions on control
systems, causing dangerous actions (e.g., disabling the brake system). Therefore, it
is crucially important to secure and protect smart automobile functions towards any
kinds of cyber-related assaults [80, 117].

CAVS is an integration of physical process and cyber systems via heterogeneous
networking and communications. A typical CAVS is shown in Fig. 5.1, comprising
physical components (such as vehicles, DSRC/mobile devices, tablets), cyber sys-
tems (e.g., data center, traffic control center), and communications (e.g., vehicular
networks).

The CAVS industry has noticed a progressive improvement since 2014 and is
estimated to continually exhibit a significant growth as shown in Fig. 5.2 [93].
The concept of the CAVS is growing in every industry sector and more and
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Fig. 5.1 A typical diagram illustrating the concept of vehicular cyber-physical systems using the
interactions among system components

more wireless technologies are being incorporated in the emerging IoT protocol
stack [28]. Device-to-Device (D2D) communication is innovating in daily basis
and envisioned to create a wireless ecosystem of billions of intelligent electronics
devices within a single entity named IoT [15]. In the CAVS ecosystem, intelligent
devices communicate with each other autonomously to assemble, communicate, and
forward heterogeneous information in a multi-hop manner without any human cen-
tralized control and collaboration. However, the real-time communication among
the intelligent devices is the key leveraging value in CAVS intelligent environment
where information is gathered and transformed intelligently. Ultimately, the ability
to gather different types of information varies from one device to another, which
is particularly driven by assorted networking standards and connectivity challenges
[16, 62].

5.2 Impact of CPS on Vehicular Systems

Various automobile manufacturers are spending investment into the cyber-physical
system (CPS), and one particular concern is CPS connected automated vehicles.
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Fig. 5.2 Estimating and forecasting connecting vehicles due to the emerging growth of CAVS

Business intelligence (BI), a business insider’s premium research service, antici-
pated 94 million connected automobiles to ship in 2021 as shown in Fig. 5.2b, which
constitute to 82% of all vehicles transported in the same year. This would represent
a compound yearly growth rate of 35% from 21 million connected vehicles in
2016. Automobile marketplaces have successfully observed a flourishing trend and
a significant business opportunity for their connected automobiles. BI forecasted
381 million connected cars to be on the road by 2020, up from 36 million in
2015. Furthermore, BI forecasted that this will generate $8.1 trillion from connected
automobiles between 2015 and 2020 as shown in Fig. 5.2c.

Automobile manufacturers are becoming interested in heavily investing in their
connected automobile initiatives due to a number of reasons. Internet connectivity
in vehicles enables automobile manufacturers to introduce software updates in
real time, which are extremely worthwhile for after sales service. Moreover, the
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automobile manufacturers can leverage upon a huge amount of big data from
vehicles to analyze the performance and generate invaluable insights on how drivers
utilize their vehicles. Furthermore, the vehicle connectivity provides more efficient
ways to sell their products and better quality of services to customers. It is expected
that in the near future the connected vehicles in the CPS ecosystem produce a
big amount of data which will pave the way to ensure the driving safety of fully
reliable CAVS via vehicle-to-vehicle (V2V) and vehicle-to-infrastructure (V2I)
communications.

Recently, many leading automotive companies have introduced the connected
vehicle concept in the CPS ecosystem as shown in Fig. 5.2d according to the KPMG
survey of 200 automotive executives. The BMW is the top leading company with
other manufacturers including Daimler, General Motors, Toyota, and Tesla being
near the top of the list.

The CPS can be enabled with the advanced of development in wireless tech-
nologies, including RFID, smart sensors, communication technologies, and internet
protocols. Basically, the main principle is driven by the need of smart sen-
sors to cooperate directly without any human interaction. The recent change
in internet-centric phenomena, mobile communications, and overall machine-to-
machine (M2M) communication technologies can be seen as the fundamentals
of the CPS [4, 81]. In the coming years, the growth of the CPS is predicted
through integration of enormous wireless communication technologies to enable
unique applications by connecting cyber systems with physical objects together in
support of intelligent decision making [105]. Likewise, today’s automobiles have
an increased range of effective electronic control devices (ECU) and associated
distributed sensor and actuator elements [68]. For instance, a significant number of
more than 50 sensors are implemented nowadays in a mid-range vehicle, while the
industry estimates for any automotive sensor market volumes surpass 665 million
devices and 2237 million devices, in the USA and globally, respectively [35]. This
represents a multi-billion dollar market in electronic sensors alone in 2007 and the
analysts estimated a significantly more than 80% of the latest functions in cars
become electronic devices based [3, 84, 85]. As a result, the designing concept,
production and installation of the wiring for several of these sensor elements require
considerable engineering work. At present, wiring harnessed inside a vehicle with
4000 parts may have weighed up to 40 kg and up to 4 kilometers long [65].
Eliminating or reducing the number of wires may potentially provide mass savings,
warranty savings, and overall cost savings. This opportunity also paves the way
to enable wireless technology inside the vehicle to monitor its critical parts as
envisioned in the concept of intelligent transportation system (ITS). Therefore, the
intra-vehicular wireless communication requires an in-depth investigation of various
types of wireless communication protocols for integration within the CAVS [83].

Modern automobiles are progressively furnished with a large number of different
types of sensors, actuators, and communication protocols and devices (WSNs,
3G/4G, mobile devices, GPS devices, and embedded computers) [66]. Generally,
automobiles have been equipped with effective sensing, networking, communica-
tion, and data processing capabilities, and can communicate with other automobiles
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or transfer important information with the external environments over various inter-
net protocols like HTTP or TCP/IP, and next-generation telematics protocols [107].
Consequently, various advanced telematics solutions such as remote security for
disabling the engine and remote diagnosis have been designed to improve drivers’
safety, efficiency, and enjoyment [30]. The improvements in cloud computing and
CAVS have delivered a promising opportunity to further address the increasing
intelligent transportation issues, such as heavy traffic, congestion, and vehicle safety
[41]. In the recent years, researchers have suggested a few models that use cloud
computing for implementing ITSs. For example, a new vehicular cloud architecture
called ITS-Cloud was proposed to improve V2V communications and road safety
[45].

The integration of sensor devices and various both wired and wireless com-
munication technologies pave the way for us to track the updating status of an
object by using the internet. The CPS describes a future in which a number of
physical objects and devices around us, such as various sensors, radio frequency
identification (RFID) tags, GPS devices, and mobile devices, will be associated
to the internet and allows these objects and devices to connect, cooperate, and
communicate within social, environmental, and user contexts to reach common
goals [20, 41, 125]. As a promising technology, the CAVS is expected to offer
appealing possibilities to transform transportation systems and automobile services
in the automobile industry [38]. Guerrero-ibanez et al. [41] proposed an idea to
use the “unique identifying properties of car registration plates” to connect various
things. As vehicles are equipped with increasingly powerful sensing, networking,
communication, and data processing capabilities, CAVS technologies can be used
to harness these capabilities and share under-utilized resources among vehicles in
the parking space or on the road. For example, CAVS technologies can make it
possible to track each vehicle’s existing location, monitor its movement, and predict
its future location [52].

By integrating cloud computing with WSNs, RFID tags, satellite network, and
other ITSs technologies, a new generation of CPS-based vehicular data clouds can
be improved to bring many business advantages, such as anticipating improved
road safety, decreasing road traffic congestion, controlling traffic, and promoting
car maintenance or repair [26]. Some exploratory works of using CPS technologies
to enhance ITSs have been performed in recent few years [2, 115]. For example, an
intelligent informatics system (iDrive system) manufactured by BMW used various
sensors and tags to monitor the environment, such as tracking the vehicle location
and the road condition, to provide driving directions [8, 45]. Anand et al. and
Uden et al. [8, 113] proposed an intelligent internet-of-vehicles system (known
as IIOVMS) to collect traffic information from the external environments on an
ongoing basis in order to monitor and manage road traffic in real time. He et al. [45]
discussed how ITSs could use IoT devices in the vehicle to connect to the cloud and
how numerous sensors on the road could be virtualized to leverage the processing
capabilities of the cloud. Anand et al. [8] proposed a technology architecture that
uses cloud computing, IoT, and middleware technologies to enable innovation of
automobile services [123].
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WSNs are mainly characterized by the limited resources of the nodes. A holistic
network configuration and planning is crucial for the effective uses of the restricted
resources. The media access control (MAC) protocol, as a fundamental part of the
networking stack, should be configured with respect to the topological structure of
the network, the power source of the nodes, and the characteristics and requirements
of the running applications [14, 70, 120].

In the subsequent section of this article, some general challenges of MAC
protocol development for CAVS are first reviewed. It follows with state-of-the-
art MAC protocol concept for the CAVS platform. A proposed framework is then
suggested for the future CAVS-enabled vehicular WSN. A conclusion is drawn to
highlight the key points discussed in this article.

5.3 Challenges of Developing Reliable MAC Strategies
in CAVS

A wide range of issues need to be addressed at different layers of the architecture
and from different aspects of system design to improve the CAVS. In this section,
some general challenges of wireless MAC design in the CAVS are discussed:

Large-Scale Deployment and Ad Hoc Architecture Most of the networks con-
tain a large number of deployed sensor nodes without a predetermined network
infrastructure, which exhibits challenges to provide seamless autonomous con-
nectivity. Developing a suitable technology to design a CAVS from existing
technologies requires a comprehensive analysis on communication protocols of the
selected technology. In addition, new technology can also be explored for such a
network.

Integration with Internet and Other Networks It is a fundamental importance
for the CAVS to provide continuous services that allow querying of the network to
retrieve useful information from anywhere and at any time. Therefore, the vehicular
wireless technology should be remotely accessible from the internet and needs to be
integrated with the existing internet protocols.

Resource-Efficient MAC An energy-efficient protocol for wireless communica-
tion is important to optimize the network lifetime of the CAVS. The energy
saving can be achieved in every feature of the network by combining network
functionalities with energy-efficient protocols such as energy-aware routing on
network layer and energy-saving mode on MAC layer.

Self-Configuration and Self-Organization MAC The MAC of the existing tech-
nologies should have dynamic topology features to avoid the node failure due to
mobility and large-scale mobile node deployments that demand self-organizing
architectures and protocols. New sensor nodes can be incorporated to replace the
failing sensor nodes in the implementation area and, similarly, existing nodes in the



136 J. Ali et al.

network can also be eliminated from the system without impacting the common
objective of the application.

Quality of Services As much as possible, the CAVS connection is required to
be safe and reliable without minimal human interaction. The QoS provided by
the MAC layer corresponds to the accuracy between the data reported to the
sink node and what is actually occurring in the physical environment. In the
CAVS, it is undesirable to have sensor data with long latency due to processing
or communication because they may be outdated and lead to wrong decisions in the
monitoring system.

5.4 State-of-the-Art on MAC Design and Development
towards Reliable CAVS

Different of technologies to enable the IoT are becoming widely available due
to the need to provide a better understanding of our environment [77]. As a
result, intelligent devices and networks embedded in various kinds of WSNs are
connected and integrated with the IP-based large network [1, 5]. However, many
open challenges, mostly the suited protocols and standards, still persist in practical
implementation. Specifically, the MAC layer carries a fundamental building block of
WSNs to establish the communication link among different network infrastructures
[87, 101]. Several relevant classifications of IoT enabled MAC protocols in WSNs
have been presented based on operating principles and underlying features to
emphasize their opportunities, strengths, and weaknesses [59].

Within a pervasive sensing framework, WSN technologies have been an integral
aspect of IoT, which enable sensors and actuators to communicate seamlessly with
the environment around us, and to share the information across multiple platforms
towards the vision of a smart environment system [22, 56, 114]. Smart connectivity
with existing network infrastructures and ubiquitous computation using network
resources is an indispensable part of IoT. However, the success of IoT depends on
the improvement of the network performance, flexibility, interoperability, reliability,
and limited energy consumption of WSNs [106]. Among various network layers, the
MAC layer protocols have been received more attention for development towards
reliable energy-efficient sensor network architecture. The attributes of the MAC
layer significantly impact on the performance, power consumption, and scalability
of the sensor network [89].

Since the past few years different wireless sensor MAC protocols have been
successfully developed to fulfill the requirement of the growing scale of the WSNs
in the CAVS [29, 57, 89]. This article classifies these MAC protocols according
to different channel access mechanisms, which include resource sharing methods,
contention based, channel polling, scheduling based, and hybrid MAC protocols. As
an overview, the main classification of the MAC protocols is given in Fig. 5.3.
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Fig. 5.3 Classification of MAC protocols for CAVS

5.4.1 Channel Partitioning Protocols (CPP)

The resource division method along one or more dimensions for a MAC protocol
has been well established. There exist three recognized resource division methods,
namely frequency-division multiple access (FDMA), time-division multiple access
(TDMA), and code-division multiple access (CDMA). The FDMA strategy splits
the resource into several partitions of channels. TDMA mechanism divides the
resource into multiple time slots and the CDMA method separates the resource into
a collection of codes in which the same channel is identified by the assigned user
[43, 49, 86, 88].

TDMA is a synchronous method wherein the users cannot communicate indi-
vidually and simultaneously. No overlapping time slots are permitted to assorted
users to increase the data rate, since it can only access its allocated time slot. TDMA
typically adheres to a high power efficiency requirement, which is the most desirable
characteristics for low power operating systems, at the expense of reducing the
transmission capacity per user [10, 27, 112].

FDMA transmission permits several users to send simultaneously using different
frequencies inside a uniform cell per room topology. In a cellular strategy, the data
transfer is divided into non-overlapping frequency bands. In orthogonal frequency-
division multiple access (OFDMA), users are allocated frequency slots spanning
several OFDM symbols and subcarriers. In general, power efficiency is the main
disadvantage of FDMA and it worsens as the number of subcarriers increases [32,
79, 89].

For CDMA techniques, the typically used strategies rely on direct sequence
distribution where users can receive the exact channel using optical orthogonal
codes (OOCs). This corresponds adaptability of adding users and asynchronous
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accessibility capacity [64]. Users are allowed to transmit at overlapping times and
wavelengths. Consequently, it is feasible to implement hybrid systems such as
WDMA/CDMA or TDMA/CDMA [44, 67].

5.4.1.1 TDMA Based Protocols

In the TDMA mechanism of a MAC protocol, a channel is accessed by only one user
at any time in a same slot [44]. If the other users want to communicate within the
same time slot, it will lead to packet losses or network collision. The main drawback
of using this scheme in WSNs is the increasing waiting time to transmit, which
increases the network vulnerability and reduces network scalability [91]. However,
to avoid any data drop or network collision, this MAC strategy is recommended
because it can utilize the network resource more effectively [74].

Several MAC strategies based on the TDMA mechanism have been developed
over the last few years, which focus on different performances metrics such as
energy efficiency and quality of service (QoS), and result in collision-free MAC
protocols such as TRAMA [58, 72, 104]. The S-MAC and T-MAC follow the
synchronous approach schemes, which tolerate a little schedule misalignment in the
network, although they still require a globally synchronized schedule that creates an
additional energy overhead [71]. S-MAC is popular as an energy-efficient protocol,
but still fails to guarantee to a satisfactory QoS performance in the large-scale
network topology [121].

S-MAC utilizes a mixed contention and scheduling scheme for collision avoid-
ance. Furthermore, interfering nodes will go to sleep when they receive control
message to avoid overhearing [34]. In S-MAC, lengthy messages will be separated
into tiny fragments, which will be sent as a burst. It creates additional messages
to send, which need a longer accessibility to the medium. S-MAC is developed
primarily to reduce energy consumption at the expense of sacrificing other important
performance factors such as fairness, throughput, bandwidth utilization, and latency
[33, 61]. Fairness will degrade (from a MAC level perspective) as some nodes with
small time frame will require to wait MAC access with adaptive listening in which
messages shift two hops in every duty cycle. Consequently, latency becomes higher
as more messages are prepared to be sent [24].

T-MAC is designed to achieve a better performance over S-MAC by utilizing
a dynamic duty cycle instead of a fixed one [6]. The concept is to transfer all
information from one node to another in bursts of adjustable length and introduce
sleeping between bursts for additional energy efficiency [40]. It can also decide
the duration of the variable load by keeping an optimal time. T-MAC pertains RTS
and CTS methods. When RTS cannot obtain a CTS response, it would attempt again
before giving up [48]. As in S-MAC, T-MAC can only deliver the information to one
single hope for each duty cycle, which results in a large latency [9]. Additionally,
T-MAC has an early sleep problem as a node changes to sleep even when a neighbor
has some information waiting to be sent. Consequently, the throughput is reduced at
the sink nodes [124]. T-MAC can adjust the duty cycle in accordance with the traffic
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load of the network. It also offers scalability and collision avoidance functionality
through a mixed scheduling and contention schemes such as S-MAC [37]. Table 5.1
shows the key principle differences among S-MAC, T-MAC, and DSMAC.

Several wireless MAC protocols that overcome the difficulties of receiving global
topology information in the large and scalable networks such as DRAND, PACT,
and TRAMA have been proposed in the literature [7, 95, 102]. Flow-aware medium
access (FLAMA) is a TDMA based MAC protocol modified from TRAMA, which
is prominent for periodic monitoring applications [58]. The main idea of FLAMA
is to prevent the overhead corresponding to the exchange of traffic information.
As the information movement in periodic reporting applications is rather stable,
FLAMA first sets up the flows and then uses a pull-based mechanism so that data is
transferred only after being explicitly requested [39, 75].

5.4.1.2 FDMA Based Protocols

FDMA is another strategy that provides a collision-free channel. In practice, FDMA
needs additional circuitry to dynamically communicate with various radio channels
[47]. This operation increases the cost of the sensor nodes, which contradicts with
the objective of sensor network systems. Compared to TDMA and CDMA, FDMA
is less suitable for operation in low-cost devices [37]. The underlying reason for this
is that FDMA capable nodes need extra circuitry to communicate over and change
among different radio channels. The complicated band pass filters needed for this
operation are reasonably expensive. Another drawback of FDMA that restricts its
practical use is the rather strict linearity requirement on the medium [11].

5.4.1.3 CDMA Based Protocols

CDMA also provides a collision-free medium access mechanism. Its main char-
acteristic is the high computational requirement, which is a major barrier for the
required energy-efficient sensor networks [82]. To minimize the computational time
in the CDMA based wireless sensor networks, there has been limited effort to
investigate the computationally feasible source and modulation schemes, particu-
larly signature waveforms, simple receiver models, and other signal synchronization
schemes [27]. If it can be shown that the high computational complexity of CDMA
can be traded-off with the collision avoidance function, then CDMA protocols might
also be regarded as a possible solution for sensor networks [32].

5.4.1.4 Hybrid Protocols

Hybrid MAC protocols are usually a combination of TDMA, FDMA, and
CDMA. Protocols that combine TDMA and CDMA such as reservation-based
and contention-based hybrid MAC protocols and a TDMA/FDMA based hybrid
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MAC protocol called HYMAC behave like CSMA at low contention levels and
switch to TDMA-type operation at high contention levels [109]. Protocols such as
the hybrid MAC proposed in [100] combine CSMA with TDMA and FDMA where
nodes are allocated a frequency as well as a time frame to send data once they
effectively request for bandwidth resources using contention-based transmission.
Similar protocols where CSMA-based bandwidth demands are used to decide the
assignment of timeslots and codes have also been proposed in [103]. Zebra MAC
(Z-MAC) protocol is one of the most widely considered examples in a hybrid
scheme, which integrates the strengths of both TDMA and CSMA while offsetting
their disadvantages [96, 97]. The Scheduled Channel Polling MAC (SCP-MAC)
and Funneling-MAC protocol are other alternative examples of the widely used
hybrid MAC schemes [54].

Table 5.2 presents a broad classification of the various hybrid MAC protocols.
There are two types of contention-free access scheme, namely Adaptive Collision
Free MAC (ACFM) and Cluster-Based RSU Centric Channel Access (CBRC)
[44]. The combined approach of contention free and contention-based accesses
can be divided into seven types, namely CSMA and Self-Organizing TDMA MAC
(CS-TDMA), Space-Orthogonal Frequency-Time Medium Access Control (SOFT-
MAC), Hybrid Efficient and Reliable MAC (HER-MAC), Dedicated Multichannel
MAC with Adaptive Broadcasting (DMMAC), Clustering-Based Multichannel
MAC (CBMMAC), Cluster-Based Medium Access Control Protocol (CBMCS), and
Risk-Aware Dynamic MAC (R-MAC) [49].

Liu et al. [67] have proposed energy-efficient hybrid MAC protocols in a single
window. In the case of hybrid MAC protocols, protocols based on CSMA/CA
and TDMA access techniques provide better performance compared to CSMA/CA
based MAC protocols. Hybrid protocols based on FDMA and CDMA better
improve the network scalability than the pure FDMA and CDMA protocols.
However, the disadvantages of FDMA-based and CDMA-based hybrid protocols
are the requirement for expensive hardware and complicated operation and the
requirement for power control. As a result, TDMA-based hybrid protocols are the
most appealing in the context of IoT enabled communications [67].

5.5 Framework on CAVS

All the aforementioned MAC protocols are designed from a general communication
point of view. However, MAC on CAVS should be designed to cater specific needs
and requirements of vehicular applications. More specifically, the MAC design for
a CAVS communication platform depends on the following factors:

Network Components The CAVS consists of various types of components such
as onboard sensor nodes for intra-vehicular communications, roadside unit (RSU),
which is installed along the road and provides real-time data services to passing
vehicles, and different long-range communication enabled devices that can be
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supported by different technologies like WiMAX or 3G/4G for inter-vehicular
communications [50, 92]. It shall be noted that cyber–physical interactions within
the CAVS can be divided into two categories, namely intra-vehicular CPS and inter-
vehicular CPS. The intra-vehicular CPS provides the kinetic performance of a single
vehicle by combining and coordinating all of its components such as various types
on board sensor nodes, actuators, and other smart devices into the complex environ-
ment. On the other hand, inter-vehicular communication incorporates V2V and V2I
communications in which the traffic and vehicular networking are controlled from
a CPS design standpoint.

Network Architecture The architecture of CAVS platform can be considered by
reviewing some straightforward issues from the vehicular networking perspectives.
Recall that there are two types of communications in such an environment, namely
V2V [21] and V2I [25]. In V2V communications, vehicles communicate with one
other using dedicated short-range communication standards such as DSRC/WAVE,
radio frequency identifications (RFID), ZigBee, and Bluetooth [36, 83]. In V2I
communications, the vehicles may use medium- or long-range communication
technologies such as WiFi, WiMAX, or LTE/LTE-Advance for accessing the
resources as shown in Fig. 5.4. The vehicles have specialized units such as onboard
units (OBUs), application units, and sensors to communicate with one another and
with the nearest fixed base access points. In the intra-vehicular communication,
various short-range wireless communications such as Bluetooth, ZigBee, or UWB
can be used [13, 68]. A typical network topology for intra-vehicular communication
is of star shape. Alternatively, the mesh or cluster tree topology can also be

Fig. 5.4 A complete scenario of CAVS platform
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employed at the expense of increasing complexity of the network architecture
for further maintenance [83]. The long-range communications used for V2V,
V2I, infrastructure-to-infrastructure (I2I), and infrastructure-to-controller (I2C) data
exchange typically employ mesh topology for their communications. The RSU
accesses all the vehicular information from OBU and passes it to the control center
through a dedicated middleware that is responsible for maintaining the privacy and
security.

CAVS is an integration of physical process and cyber systems via heterogeneous
networking and communications. A typical CAVS is shown in Fig. 5.4, which
comprises physical components (such as vehicles, DSRC/mobile devices, tablets),
cyber systems (e.g., data center, traffic control center), and communications (e.g.,
vehicular networks).

Communication Technologies
In the CAVS for intelligent transportation systems, vehicles are expected to be able
to compute and process the traffic information, and communicate that information
with other vehicles, pedestrian, or roadside units (RSUs) using V2V or V2I
communications in order to avoid traffic accidents and congestion [115]. For com-
munications among vehicles or between vehicles and RSUs, wireless technology
appears to be the most suitable option because the vehicular network topology
changes quickly with the speed variation of the vehicles. In order to meet the
communication requirements, each vehicle needs to dynamically change operating
parameters needed for resilient communications based on the requirements and
applications that are intended to support [19].

For intra-vehicular CPS, the short-range wireless technologies such as Bluetooth,
ZigBee, or WiFi are suitable. However, due to the increasing number of sensor nodes
demanded by intra-vehicular applications, a careful selection of such technologies
is crucial for designing intra-vehicular communication. For inter-vehicular commu-
nication CPS, the long-range wireless technologies such as WiMAX and LTE are
appropriate.

Vehicular networking and communications are considered as principal elements
for the vehicular cyber-physical systems to improve the entire traffic safety and
efficiency by propagating and analyzing the accurate time-critical information in
an appropriate manner [94]. Generally, communications in vehicular CPS rely
on vehicle-to-vehicle (V2V) and vehicle-to-roadside (V2R) communications with
possible intermediate roadside-to-roadside (R2R) communications [92]. Conven-
tional solutions to these issues use mainly automatic control systems using OBU in
individual vehicles without any interaction with other vehicles. However, a recently
proposed vehicular communication platform could help coordinate participating
vehicles more efficiently and effectively with the assistance from inter-vehicular
communications using V2V and/or V2R networking [12].

From the above discussion, it can be stated that according to the communication
requirements for CAVS, both short- and long-range communications technology
should be considered by addressing the following performance criteria, namely:
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• Flexibility and Interoperability
• Safety
• Preparation for the management of quality of service (QoS)
• High Throughput
• Easy Installation and maintenance
• Mobility
• Low Cost
• Coverage

5.6 Open Research Issues

CAVS is still at its primary stage of development towards fully autonomous
operations. Key development directions include proper improvement of onboard
embedded systems, sensor networks, and communication systems. To develop a
fully functioning CAVS platform, some key challenges in the following need to
be addressed:

Privacy and Cyber-Security Privacy and security are major problems faced by
vehicular communications. Whenever vehicles identification is utilized, the system
can be safeguarded by making the involved parties accountable. Nevertheless,
whenever vehicle authentication is used, the privacy of owner or driver/renter may
be comprised. This basically means that, in vehicular systems, it is important to
confirm the identity of the authenticating vehicle to maintain integrity regarding the
supplied information. Cyber-attacks are the main security concern in the wireless
network architecture used for CAVS. The security vulnerabilities of the vehicular
network can cause damages and fatalities to the vehicle and driver.

Heterogeneous Wireless Connectivity The CAVS is integrated with various
vehicular devices or access technologies. Heterogeneous wireless connectivity
comprises a large number of specialized sensor nodes, in which a subset of the
nodes can dynamically set up a self-organizing communication network. Effective
management and integration of different heterogeneous networks constitutes to one
of the primary challenges in improving the overall quality of service (QoS) in
networks with different short-range or long-range wireless connectivity that can
access trust information from the vehicular platform.

Delay Sensitivity and QoS The CAVS wireless connectivity is considered one of
the most important enabling factors to deliver time-critical communications in a
very short time frame.

Platform Independence and Interoperability The CAVS is supposed to be fully
automatic and interoperable across different platforms with complex tasks and
environments. It is challenging to achieve this where it is required from the
manufacturing point of view to assemble different components and systems from
different vendors and suppliers.
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Small Delay and High-Speed Communication Technology Communication
technology for CAVS should have a very small delay and latency requirement (i.e.,
in the order of microsecond or less) so that sensing and processed information can
be used to stabilize the system in a timely manner. This requirement has not been
fully met by the existing CAVS-wireless technologies.

High Data Rates The limited data rate of existing wireless technologies is
insufficient to manage the requirement of CAVS because of high computational
scenarios like videos. It is therefore important to improve existing data rates across
all the CAVS-wireless access technologies.

5.7 Conclusion

In this chapter we have studied the CAVS from a MAC layer perspective. We
have discussed the incorporation of the concept of IoT on vehicular systems and
its impact based on statistical information. In order to address the MAC layer’s
challenges and issues on CAVS, the detailed state of art was discussed. A framework
for CAVS was illustrated and finally the open research issues were described.
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References

1. A.M. Abbas, J. Ali, M.A. Rahman, S. Azad, Paper presented at the 2016 international
conference on comparative investigation on CSMA/CA-based MAC protocols for scalable
networks computer and communication engineering (ICCCE) (2016)

2. H. Abid, L.T.T. Phuong, J. Wang, S. Lee, S. Qaisar, V-Cloud: vehicular cyber-physical
systems and cloud computing. Paper presented at the proceedings of the 4th international
symposium on applied sciences in biomedical and communication technologies (2011)

3. M. Ahmed, C.U. Saraydar, T. ElBatt, J. Yin, T. Talty, & M. Ames, Intra-vehicular wireless
networks. Paper presented at the Globecom workshops, IEEE, New York (2007)

4. A. Aijaz, A.H. Aghvami, Cognitive machine-to-machine communications for internet-of-
things: a protocol stack perspective. IEEE Internet Things J. 2(2), 103–112 (2015)

5. A. Al-Fuqaha, M. Guizani, M. Mohammadi, M. Aledhari, M. Ayyash, Internet of things:
a survey on enabling technologies, protocols, and applications. IEEE Commun Surveys
Tutorials 17(4), 2347–2376 (2015)

6. T. AlSkaif, B. Bellalta, M.G. Zapata, J.M.B. Ordinas, Energy efficiency of MAC protocols in
low data rate wireless multimedia sensor networks: a comparative study. Ad Hoc Netw 56,
141–157 (2016)

7. A.S. Althobaiti, M. Abdullah, Medium access control protocols for wireless sensor networks
classifications and cross-layering. Proc. Comp. Sci. 65, 4–16 (2015)

8. T. Anand, K. Banupriya, M. Deebika, A. Anusiya, T. Anand, K. Banupriya, et al., Intelligent
transportation systems using iot service for vehicular data cloud. Int J Innov Res Sci Technol
2(2), 80–86 (2015)



5 Cyber-physical Autonomous Vehicular System (CAVS): A MAC Layer Perspective 147

9. M. Arifuzzaman, M. Matsumoto, T. Sato, An intelligent hybrid MAC with traffic-
differentiation-based QoS for wireless sensor networks. IEEE Sensors J. 13(6), 2391–2399
(2013)

10. M.S. Azad, M.M. Uddin, F. Anwar, M.A. Rahman, Performance evaluation of wireless
routing protocols in mobile wimax environment. Paper presented at the proceedings of the
international multiconference of engineers and computer scientists (2008)

11. A. Bachir, M. Dohler, T. Watteyne, K.K. Leung, MAC essentials for wireless sensor networks.
IEEE Commun Surv Tutorial 12(2), 222–248 (2010)

12. R.S. Bali, N. Kumar, Secure clustering for efficient data dissemination in vehicular cyber–
physical systems. Futur. Gener. Comput. Syst. 56, 476–492 (2016)

13. C.U. Bas, S.C. Ergen, Ultra-wideband channel model for intra-vehicular wireless sensor
networks beneath the chassis: from statistical model to simulations. IEEE Trans. Veh.
Technol. 62(1), 14–25 (2013)

14. J. Beaudaux, A. Gallais, J. Montavont, T. Noel, D. Roth, E. Valentin, Thorough empirical
analysis of X-MAC over a large scale internet of things testbed. IEEE Sensors J. 14(2), 383–
392 (2014)

15. O. Bello, S. Zeadally, Intelligent device-to-device communication in the internet of things.
IEEE Syst. J. 10(3), 1172–1182 (2016)

16. O. Bello, S. Zeadally, M. Badra, Network layer inter-operation of device-to-device commu-
nication technologies in internet of things (IoT). Ad Hoc Netw. 57, 52–62 (2017)

17. M.Z.A. Bhuiyan, G. Wang, J. Cao, J. Wu, Deploying wireless sensor networks with fault-
tolerance for structural health monitoring. IEEE Trans. Comput. 64(2), 382–395 (2015)

18. M.Z.A. Bhuiyan, G. Wang, J. Wu, J. Cao, X. Liu, T. Wang, Dependable structural health
monitoring using wireless sensor networks. IEEE Trans Depend Secure Comput 14(4), 363–
376 (2017)

19. S. Bitam, A. Mellouk, S. Zeadally, VANET-cloud: a generic cloud computing model for
vehicular ad hoc networks. IEEE Wirel. Commun. 22(1), 96–102 (2015)

20. T.M. Bojan, U.R. Kumar, V.M. Bojan, An internet of things based intelligent transportation
system. Paper presented at the 2014 IEEE international conference on vehicular electronics
and safety (ICVES) (2014)

21. A. Burg, A. Chattopadhyay, K.-Y. Lam, Wireless communication and security issues for
cyber–physical systems and the internet-of-things. Proc. IEEE 106(1), 38–60 (2018)

22. A.S. Cacciapuoti, M. Caleffi, L. Paura, M.A. Rahman, Link quality estimators for multi-hop
mesh network. Paper presented at the Euro Med Telco conference (EMTC) (2014)

23. L. Cao, W. Xu, X. Lin, J. Lin, A CSMA/TDMA dynamic splitting scheme for MAC
protocol in VANETs. Paper presented at the 2013 international conference on Wireless
Communications & Signal Processing (WCSP) (2013)

24. R.C. Carrano, D. Passos, L.C. Magalhaes, C.V. Albuquerque, Survey and taxonomy of duty
cycling mechanisms in wireless sensor networks. IEEE Commun Surv Tutorial 16(1), 181–
194 (2014)

25. D. Centea, I. Singh, M. Elbestawi, Framework for the development of a cyber-physical
systems learning centre, in Online Engineering & Internet of Things, (Springer, Cham, 2018),
pp. 919–930

26. D. Cerotti, S. Distefano, G. Merlino, A. Puliafito, A crowd-cooperative approach for
intelligent transportation systems. IEEE Trans. Intell. Transp. Syst. 18(6), 1529–1539 (2017)

27. K. Chen, M. Ma, E. Cheng, F. Yuan, W. Su, A survey on MAC protocols for underwater
wireless sensor networks. IEEE Commun Surv Tutorial 16(3), 1433–1447 (2014)

28. Q. Chi, H. Yan, C. Zhang, Z. Pang, L. Da Xu, A reconfigurable smart sensor interface for
industrial WSN in IoT environment. IEEE Trans Industr Inform 10(2), 1417–1425 (2014)

29. S. Climent, A. Sanchez, J.V. Capella, N. Meratnia, J.J. Serrano, Underwater acoustic wireless
sensor networks: Advances and future trends in physical, MAC and routing layers. Sensors
14(1), 795–833 (2014)

30. J. Contreras-Castillo, S. Zeadally, J.A. Guerrero Ibáñez, A seven-layered model architecture
for internet of vehicles. J Inform Telecommun 1(1), 4–22 (2017)



148 J. Ali et al.

31. D.N.M. Dang, H.N. Dang, V. Nguyen, Z. Htike, C.S. Hong. HER-MAC: A hybrid efficient
and reliable MAC for vehicular ad hoc networks. Paper presented at the 2014 IEEE 28th
international conference on advanced information networking and applications (AINA)
(2014)

32. F.Z. Djiroun, D. Djenouri, MAC protocols with wake-up Radio for Wireless Sensor Networks:
a review. IEEE Commun Surv Tutorial 19(1), 587–618 (2017)

33. M. Dong, K. Ota, A. Liu, RMER: reliable and energy-efficient data collection for large-scale
wireless sensor networks. IEEE Internet Things J. 3(4), 511–519 (2016)

34. M. Doudou, D. Djenouri, N. Badache, A. Bouabdallah, Synchronous contention-based MAC
protocols for delay-sensitive wireless sensor networks: a review and taxonomy. J. Netw.
Comput. Appl. 38, 172–184 (2014)

35. T. ElBatt, C. Saraydar, M. Ames, T. Talty, Potential for intra-vehicle wireless automotive
sensor networks. Paper presented at the 2006 IEEE Sarnoff symposium (2006)

36. Y. Feng, B. Hu, H. Hao, Y. Gao, Z. Li, J. Tan, Design of distributed cyber-physical systems
for connected and automated vehicles with implementing methodologies. IEEE Trans Indus
Inform 14(9), P4200–P4211 (2018)

37. M.H.S. Gilani, I. Sarrafi, M. Abbaspour, An adaptive CSMA/TDMA hybrid MAC for energy
and throughput improvement of wireless sensor networks. Ad Hoc Netw. 11(4), 1297–1304
(2013)

38. S. Gill, P. Sahni, P. Chawla, S. Kaur, Intelligent transportation architecture for enhanced
security and integrity in vehicles integrated internet of things. Indian J. Sci. Technol. 10(10),
1–5 (2017)

39. S.A. Gopalan, D.-H. Kim, J.-W. Nah, J.-T. Park, A survey on power-efficient MAC protocols
for wireless body area networks. Paper presented at the 3rd IEEE international conference on
broadband network and multimedia technology (IC-BNMT) (2010)

40. S.A. Gopalan, J.-T. Park, Energy-efficient MAC protocols for wireless body area networks:
survey. Paper presented at the 2010 international congress on ultra modern telecommunica-
tions and control systems and workshops (ICUMT) (2010)

41. J.A. Guerrero-ibanez, S. Zeadally, J. Contreras-Castillo, Integration challenges of intelligent
transportation systems with connected vehicle, cloud computing, and internet of things
technologies. IEEE Wirel. Commun. 22(6), 122–128 (2015)

42. W. Guo, L. Huang, L. Chen, H. Xu, C. Miao, R-mac: risk-aware dynamic mac protocol for
vehicular cooperative collision avoidance system. Int J Distributed Sensor Netw 9(5), 686713
(2013)

43. N. Gupta, A. Prakash, R. Tripathi, Medium access control protocols for safety applications
in vehicular ad-hoc network: a classification and comprehensive survey. Veh Commun 2(4),
223–237 (2015)

44. M. Hadded, P. Muhlethaler, A. Laouiti, R. Zagrouba, L.A. Saidane, TDMA-based MAC
protocols for vehicular ad hoc networks: a survey, qualitative analysis, and open research
issues. IEEE Commun Surv Tutorial 17(4), 2461–2492 (2015)

45. W. He, G. Yan, L. Da Xu, Developing vehicular data cloud services in the IoT environment.
IEEE Trans Indus Inform 10(2), 1587–1595 (2014)

46. V.J. Hodge, S. O’Keefe, M. Weeks, A. Moulds, Wireless sensor networks for condition
monitoring in the railway industry: a survey. IEEE Trans. Intell. Transp. Syst. 16(3), 1088–
1106 (2015)

47. P. Huang, L. Xiao, S. Soltani, M.W. Mutka, N. Xi, The evolution of MAC protocols in wireless
sensor networks: a survey. IEEE Commun Surv Tutorial 15(1), 101–120 (2013)

48. P. Hurni, T. Braun, Maxmac: a maximally traffic-adaptive mac protocol for wireless sensor
networks. Paper presented at the European conference on wireless sensor networks (2010)

49. V. Jayaraj, C. Hemanth, R. Sangeetha, A survey on hybrid MAC protocols for vehicular ad-
hoc networks. Veh Commun 6, 29–36 (2016)

50. D. Jia, K. Lu, J. Wang, On the network connectivity of platoon-based vehicular cyber-physical
systems. Transport Res Part C: EmerTechnol 40, 215–230 (2014)



5 Cyber-physical Autonomous Vehicular System (CAVS): A MAC Layer Perspective 149

51. D. Jia, K. Lu, J. Wang, X. Zhang, X. Shen, A survey on platoon-based vehicular cyber-
physical systems. IEEE Commun Surv Tutorial 18(1), 263–284 (2016)

52. Y. Jiang, S. Yin, Recursive total principle component regression based fault detection and its
application to vehicular cyber-physical systems. IEEE Trans Indus Inform 14(4), 1415–1423
(2017)

53. J. Jin, J. Gubbi, S. Marusic, M. Palaniswami, An information framework for creating a smart
city through internet of things. IEEE Internet Things J. 1(2), 112–121 (2014)

54. A. Kakria, T.C. Aseri, Survey of synchronous MAC protocols for wireless sensor networks.
Paper presented at the 2014 recent advances in engineering and computational sciences
(RAECS) (2014)

55. P. Kamalinejad, C. Mahapatra, Z. Sheng, S. Mirabbasi, V.C. Leung, Y.L. Guan, Wireless
energy harvesting for the internet of things. IEEE Commun. Mag. 53(6), 102–108 (2015)

56. S.D.T. Kelly, N.K. Suryadevara, S.C. Mukhopadhyay, Towards the implementation of IoT for
environmental condition monitoring in homes. IEEE Sensors J. 13(10), 3846–3853 (2013)

57. A.A. Khan, M.H. Rehmani, M. Reisslein, Cognitive radio for smart grids: survey of
architectures, spectrum sensing mechanisms, and networking protocols. IEEE Commun Surv
Tutorial 18(1), 860–898 (2016)

58. R.A.M. Khan, H. Karl, MAC protocols for cooperative diversity in wireless LANs and
wireless sensor networks. IEEE Commun Surv Tutorial 16(1), 46–63 (2014)

59. J. Kim, J. Lee, J. Kim, J. Yun, M2M service platforms: Survey, issues, and enabling
technologies. IEEE Commun Surv Tutorial 16(1), 61–76 (2014)

60. N. Kumar, M. Singh, S. Zeadally, J.J. Rodrigues, S. Rho, Cloud-assisted context-aware
vehicular cyber-physical system for PHEVs in smart grid. IEEE Syst. J. 11(1), 140–151
(2017)

61. M. Kumaraswamy, K. Shaila, V. Tejaswi, K. Venugopal, S. Iyengar, L. Patnaik, QoS driven
distributed multi-channel scheduling MAC protocol for multihop WSNs. Paper presented
at the 2014 international conference on computer and communication technology (ICCCT)
(2014)

62. I. Lee, K. Lee, The internet of things (IoT): applications, investments, and challenges for
enterprises. Bus. Horiz. 58(4), 431–440 (2015)

63. X. Li, X. Yu, A. Wagh, C. Qiao, Human factors-aware service scheduling in vehicular cyber-
physical systems. Paper presented at the 2011 proceedings IEEE INFOCOM (2011)

64. R. Liao, B. Bellalta, M. Oliver, Z. Niu, MU-MIMO MAC protocols for wireless local area
networks: a survey. IEEE Commun Surv Tutorial 18(1), 162–183 (2016)

65. J.-R. Lin, T. Talty, O.K. Tonguz, A blind zone alert system based on intra-vehicular wireless
sensor networks. IEEE Trans Indus Inform 11(2), 476–484 (2015a)

66. J.-R. Lin, T. Talty, O.K. Tonguz, On the potential of bluetooth low energy technology for
vehicular applications. IEEE Commun. Mag. 53(1), 267–275 (2015b)

67. Y. Liu, C. Yuen, X. Cao, N.U. Hassan, J. Chen, Design of a scalable hybrid MAC protocol for
heterogeneous M2M networks. IEEE Internet Things J. 1(1), 99–111 (2014)

68. N. Lu, N. Cheng, N. Zhang, X. Shen, J.W. Mark, Connected vehicles: solutions and
challenges. IEEE Internet Things J. 1(4), 289–299 (2014)

69. N. Lu, Y. Ji, F. Liu, X. Wang, A dedicated multi-channel MAC protocol design for VANET
with adaptive broadcasting. Paper presented at the 2010 IEEE wireless communications and
networking conference (WCNC) (2010)

70. L. Mainetti, L. Patrono, A. Vilei, Evolution of wireless sensor networks towards the internet
of things: a survey. Paper presented at the 2011 19th international conference on software,
telecommunications and computer networks (SoftCOM) (2011)

71. T. Maitra, S. Roy, A comparative study on popular MAC protocols for mixed wireless sensor
networks: from implementation viewpoint. Comput Sci Rev 22, 107–134 (2016)

72. R.T. Matani, T.M. Vasavada, A survey on MAC protocols for data collection in wireless sensor
networks. Int J Comput Appl 114(6), 4–7 (2015)

73. A. Miloslavov, M. Veeraraghavan, Sensor data fusion algorithms for vehicular cyber-physical
systems. IEEE Trans Parallel Distribut Syst 23(9), 1762–1774 (2012)



150 J. Ali et al.

74. S. Mishra, R.R. Swain, T.K. Samal, M.R. Kabat, CS-ATMA: a hybrid single channel MAC
layer protocol for wireless sensor networks, in Computational Intelligence in Data Mining,
vol. 3, (Springer, New York, 2015), pp. 271–279

75. P.D. Mitchell, J. Qiu, H. Li, D. Grace, Use of aerial platforms for energy efficient medium
access control in wireless sensor networks. Comput. Commun. 33(4), 500–512 (2010)

76. M. Nabi, M. Geilen, T. Basten, M. Blagojevic, Efficient cluster mobility support for TDMA-
based MAC protocols in wireless sensor networks. ACM Trans Sensor Netw (TOSN) 10(4),
65 (2014)

77. A.H. Ngu, M. Gutierrez, V. Metsis, S. Nepal, Q.Z. Sheng, IoT middleware: a survey on issues
and enabling technologies. IEEE Internet Things J. 4(1), 1–20 (2017)

78. V. Nguyen, T.Z. Oo, P. Chuan, C.S. Hong, An efficient time slot acquisition on the hybrid
TDMA/CSMA multichannel MAC in VANETs. IEEE Commun. Lett. 20(5), 970–973 (2016)

79. K. Ovsthus, L.M. Kristensen, An industrial perspective on wireless sensor networks—a
survey of requirements, protocols, and challenges. IEEE Commun Surv Tutorial 16(3), 1391–
1412 (2014)

80. J. Park, C. Lee, J.-H. Park, B-c. Choi, & J. G Ko,. Poster: exploiting wireless CAN bus bridges
for intra-vehicle communications. Paper presented at the 2014 IEEE vehicular networking
conference (VNC) (2014)

81. G. Parsons, Standardizing machine-to-machine (M2M) communications. IEEE Commun.
Mag. 54(12), 2–3 (2016)

82. A. Rahim, N. Javaid, M. Aslam, Z. Rahman, U. Qasim, Z. Khan, A comprehensive survey
of MAC protocols for wireless body area networks. Paper presented at the 2012 seventh
international conference on broadband, wireless computing, communication and applications
(BWCCA) (2012)

83. M. Rahman, J. Ali, M.N. Kabir, S. Azad, A performance investigation on IoT enabled intra-
vehicular wireless sensor networks. Int J Autom Mech Eng 14(1), 3970–3984 (2017)

84. M.A. Rahman, Design of wireless sensor network for intra-vehicular communications. Paper
presented at the international conference on wired/wireless internet communications (2014a)

85. M.A. Rahman, Reliability analysis of ZigBee based intra-vehicle wireless sensor networks.
Paper presented at the international workshop on communication technologies for vehicles
(2014b)

86. M.A. Rahman, M.S. Azad, F. Anwar, Intergating multiple metrics to improve the performance
of a routing protocol over wireless mesh networks. Paper presented at the 2009 international
conference on signal processing systems (2009)

87. M.A. Rahman, M.N. Kabir, S. Azad, J. Ali, On mitigating hop-to-hop congestion problem
in IoT enabled intra-vehicular communication. Paper presented at the 2015 4th international
conference on software engineering and computer systems (ICSECS) (2015)

88. A. Rai, S. Deswal, P. Singh, MAC protocols in wireless sensor network: A survey. Int J New
Innov Eng Technol 5(1), 95–101 (2016)

89. A. Rajandekar, B. Sikdar, A survey of MAC layer issues and protocols for machine-to-
machine communications. IEEE Internet Things J. 2(2), 175–186 (2015)

90. Y. Rao, Y.-m. Cao, C. Deng, Z.-h. Jiang, J. Zhu, L.-y. Fu, R.-c. Wang, Performance analysis
and simulation verification of S-MAC for wireless sensor networks. Comput Electr Eng 56,
468–484 (2016)

91. M.B. Rasheed, N. Javaid, M. Imran, Z.A. Khan, U. Qasim, A. Vasilakos, Delay and energy
consumption analysis of priority guaranteed MAC protocol for wireless body area networks.
Wirel. Netw 23(4), 1249–1266 (2017)

92. D.B. Rawat, C. Bajracharya, Adaptive connectivity for vehicular cyber-physical systems, in
Vehicular Cyber Physical Systems, (Springer, Cham, 2017a), pp. 15–24

93. D.B. Rawat, C. Bajracharya, An overview of vehicular networking and cyber-physical
systems, in Vehicular Cyber Physical Systems, (Springer, Cham, 2017b), pp. 1–13

94. D.B. Rawat, C. Bajracharya, Vehicular Cyber Physical Systems (Springer, Cham, 2017c)



5 Cyber-physical Autonomous Vehicular System (CAVS): A MAC Layer Perspective 151

95. S. Ray, I. Demirkol, W. Heinzelman, Supporting bursty traffic in wireless sensor networks
through a distributed advertisement-based TDMA protocol (ATMA). Ad Hoc Netw. 11(3),
959–974 (2013)

96. A. Razaque, K.M. Elleithy, Energy-efficient boarder node medium access control protocol for
wireless sensor networks. Sensors 14(3), 5074–5117 (2014)

97. A. Razaque, K.M. Elleithy, Low duty cycle, energy-efficient and mobility-based boarder
node—MAC hybrid protocol for wireless sensor networks. J Sig Process Syst 81(2), 265–
284 (2015)

98. S. Reis, D. Pesch, B.-L. Wenning, M. Kuhn, Intra-vehicle wireless sensor network commu-
nication quality assessment via packet delivery ratio measurements. Paper presented at the
international conference on mobile networks and management (2016)

99. L. Rezazade, H.S. Aghdasi, S.A. Ghorashi, M. Abbaspour, A novel STDMA MAC protocol
for vehicular ad-hoc networks. Paper presented at the 2011 international symposium on
computer networks and distributed systems (CNDS) (2011)

100. M. Salajegheh, H. Soroush, A. Kalis, HYMAC: Hybrid TDMA/FDMA medium access
control protocol for wireless sensor networks. Paper presented at the IEEE 18th international
symposium on personal, indoor and mobile radio communications. PIMRC 2007 (2007)

101. Z. Sheng, S. Yang, Y. Yu, A. Vasilakos, J. Mccann, K. Leung, A survey on the ietf
protocol suite for the internet of things: Standards, challenges, and opportunities. IEEE Wirel.
Commun. 20(6), 91–98 (2013)

102. L. Shi, A.O. Fapojuwo, TDMA scheduling with optimized energy efficiency and minimum
delay in clustered wireless sensor networks. IEEE Trans. Mob. Comput. 9(7), 927–940 (2010)

103. B. Shrestha, E. Hossain, K.W. Choi, Distributed and centralized hybrid CSMA/CA-TDMA
schemes for single-hop wireless networks. IEEE Trans. Wirel. Commun. 13(7), 4050–4065
(2014)

104. M. Shu, D. Yuan, C. Zhang, Y. Wang, C. Chen, A MAC protocol for medical monitoring
applications of wireless body area networks. Sensors 15(6), 12906–12931 (2015)

105. J. Song, A. Kunz, R.R.V. Prasad, Z. Sheng, R. Yu, Research to standards: next generation
IoT/M2M applications, networks and architectures. IEEE Commun. Mag. 54(12), 14–15
(2016)

106. B.L.R. Stojkoska, K.V. Trivodaliev, A review of internet of things for smart home: challenges
and solutions. J. Clean. Prod. 140, 1454–1464 (2017)

107. W. Sun, J. Liu, H. Zhang, When smart wearables meet intelligent vehicles: challenges and
future directions. IEEE Wirel. Commun. 24(3), 58–65 (2017)

108. P. Suriyachai, U. Roedig, A. Scott, A survey of MAC protocols for mission-critical applica-
tions in wireless sensor networks. IEEE Commun Surv Tutorial 14(2), 240–264 (2012)

109. R.R. Swain, S. Mishra, T.K. Samal, M.R. Kabat, An energy efficient advertisement based
multichannel distributed MAC protocol for wireless sensor networks (Adv-MMAC). Wirel.
Pers. Commun. 95(2), 655–682 (2017)

110. N. Torabi, B.S. Ghahfarokhi, A bandwidth-efficient and fair CSMA/TDMA based multichan-
nel MAC scheme for V2V communications. Telecommun. Syst. 64(2), 367–390 (2017)

111. S. Tuohy, M. Glavin, C. Hughes, E. Jones, M. Trivedi, L. Kilmartin, Intra-vehicle networks:
A review. IEEE Trans. Intell. Transp. Syst. 16(2), 534–545 (2015)

112. P. Tuset-Peiro, F. Vazquez-Gallego, J. Alonso-Zarate, L. Alonso, X. Vilajosana, LPDQ: A
self-scheduled TDMA MAC protocol for one-hop dynamic low-power wireless networks.
Perv Mobile Comput 20, 84–99 (2015)

113. L. Uden, L. Uden, W. He, W. He, How the internet of things can help knowledge management:
a case study from the automotive domain. J. Knowl. Manag. 21(1), 57–70 (2017)

114. P. Vlacheas, R. Giaffreda, V. Stavroulaki, D. Kelaidonis, V. Foteinos, G. Poulios, et al.,
Enabling smart cities through a cognitive management framework for the internet of things.
IEEE Commun. Mag. 51(6), 102–111 (2013)

115. J. Wan, D. Zhang, S. Zhao, L. Yang, J. Lloret, Context-aware vehicular cyber-physical
systems with cloud support: Architecture, challenges, and solutions. IEEE Commun. Mag.
52(8), 106–113 (2014)



152 J. Ali et al.

116. C. Wang, Z. Zhao, L. Zhu, H. Yao, An energy efficient routing protocol for in-vehicle wireless
sensor networks. Paper presented at the international conference of pioneering computer
scientists, engineers and educators (2017)

117. S. Woo, H.J. Jo, I.S. Kim, D.H. Lee, A practical security architecture for in-vehicle CAN-FD.
IEEE Trans. Intell. Transp. Syst. 17(8), 2248–2261 (2016)

118. S. Woo, H.J. Jo, D.H. Lee, A practical wireless attack on the connected car and security
protocol for in-vehicle CAN. IEEE Trans. Intell. Transp. Syst. 16(2), 993–1006 (2015)

119. H. Wu, Y. Liu, Q. Zhang, Z.-L. Zhang, SoftMAC: Layer 2.5 collaborative MAC for
multimedia support in multihop wireless networks. IEEE Trans Mob Comput 6(1), 12–25
(2007)

120. B. Yahya, J. Ben-Othman, Towards a classification of energy aware MAC protocols for
wireless sensor networks. Wirel. Commun. Mob. Comput. 9(12), 1572–1607 (2009)

121. M. Yigit, O. Durmaz Incel, S. Baktir, V.C. Gungor, QoS-aware MAC protocols utilizing
sectored antenna for wireless sensor networks-based smart grid applications. Int. J. Commun.
Syst. 30(7), e3168 (2017)

122. C. Yin, Y. Li, D. Zhang, Y. Cheng, M. Yin, DSMAC: An energy-efficient MAC protocol
in event-driven sensor networks. Paper presented at the 2nd international conference on
advanced computer control (ICACC) (2010)

123. Y. Zhang, B. Chen, X. Lu, Intelligent monitoring system on refrigerator trucks based on the
internet of things. Paper presented at the international conference on wireless communications
and applications (2011)

124. Y. Zhao, M. Ma, C. Miao, T. Nguyen, An energy-efficient and low-latency MAC protocol
with adaptive scheduling for multi-hop wireless sensor networks. Comput. Commun. 33(12),
1452–1461 (2010)

125. H. Zhou, B. Liu, D. Wang, Design and research of urban intelligent transportation system
based on the internet of things. Internet of Things 312, 572–580 (2012)


	5 Cyber-physical Autonomous Vehicular System (CAVS): A MAC Layer Perspective
	5.1 Introduction
	5.2 Impact of CPS on Vehicular Systems
	5.3 Challenges of Developing Reliable MAC Strategies in CAVS
	5.4 State-of-the-Art on MAC Design and Development towards Reliable CAVS
	5.4.1 Channel Partitioning Protocols (CPP)
	5.4.1.1 TDMA Based Protocols
	5.4.1.2 FDMA Based Protocols
	5.4.1.3 CDMA Based Protocols
	5.4.1.4 Hybrid Protocols


	5.5 Framework on CAVS
	5.6 Open Research Issues
	5.7 Conclusion
	References


