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Abstract 

The highly anticipated era of vehicular communication networks which is also an integral aspect 

of Intelligent Transportation Systems (ITS) will undeniably improve transport safety and 

significantly reduce road accidents. To promote the communication of mobile vehicles, US FCC 

officially allocated a meagre 75 MHz spectrum in the 5.9 GHz band to enable vehicular 

communication. Cognitive Radio Networks (CRNs) are adaptive, intelligent and reconfigurable 

wireless communications systems with CR technologies capable of learning from their 

surroundings and deciding their operations based on the learning. The application of CR 

technology to vehicular networks in order to increase the spectrum resource opportunities is 

studied in this research. Applying CR technology to vehicular networks is crucial especially when 

the officially allocated 75 MHz spectrum in 5.9 GHz band is not enough due to high demands as 

a result of increasing number of connected vehicles as already foreseen in the near era of Internet 

of vehicles (IoVs), which is also known as vehicular ad hoc networks (VANETs). We proposed a 

novel CR Assisted Vehicular NETwork (CRAVNET) framework which empowers CR assisted 

vehicles to make opportunistic usage of licensed spectrum bands on the highways and developed 

a novel co-operative three-state spectrum sensing and allocation solution which makes CR 

vehicular SUs aware of additional spectrum resources opportunities on their current and future 

positions. Furthermore, a novel Adaptive CR Enabled Vehicular NETwork (ACRAVNET) 

framework is proposed to ensure high spectrum sensing efficiency and provide quality of service 

(QoS) support. To avoid heavy overhead usually incurred during spectrum sensing, we developed 

a novel CR adaptive spectrum sensing (CRASS) scheme that can reduce the spectrum sensing cost 

and improve sensing performance effectively. We also applied the concept of Nash Bargaining 

Solution (NBS) to guarantee fairness in spectral resources allocation and proposed a generalized 

non-symmetric NBS (GNNBS) to perform a non-symmetric cognitive inter-cell spectrum 

allocation in the proposed ACRAVNET framework. Both the simulation and theoretical analysis 

have demonstrated that our solution can significantly improve the performance of a cooperative 

spectrum sensing and sharing schemes and provide vehicles with additional spectrum opportunities 

with zero interference against the PUs activities. Additionally, the problem of joint optimal 

subcarrier and transmission power allocation with QoS support for enhanced packet transmission 

over a cognitive radio-enabled IoVs network system is also considered in this research study. To 
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tackle the problem, a novel Symmetric Nash bargaining solution (SNBS) based wireless radio 

resource scheduling scheme in orthogonal frequency division multiple access (OFDMA) CR 

enabled IoVs network systems is proposed. The objective of the optimization model applied in this 

study is to maximize the overall system throughput of the CR enabled IoVs system without harmful 

interference to transmissions of the shared channels’ licensed owners (or primary users (PUs)), 

guarantee the proportional fairness and minimum data-rate requirement of each CR vehicular 

secondary user (CRV-SU) and efficient transmission power allocation amongst CRV-SUs. To 

avoid the iterative processes associated with searching the optimal solution numerically through 

iterative programming methods, this study developed a low-complexity algorithm. Theoretical 

analysis and simulation results demonstrate that under similar conditions, the proposed solutions 

outperform the reference scheduler schemes. 
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Chapter one 

Introduction 

 

1.1 Background of VANETs and CR Technology  

Vehicular networks also referred to as vehicular ad hoc networks (VANETs) have been foreseen 

as an important application with enormous societal impact [1-2] which includes road safety, traffic 

efficiency and infotainment services. Efficient, reliable and timely exchange of current and 

upcoming traffic information among moving vehicles can reduce road accidents, minimize hours 

spent on the motorways due to traffic jams and reduce fuel consumption. Other applications of 

VANETs include location-based and road side information services such as information about gas 

stations, road side restaurants, parking, road side lodges, etc. [3]. The IEEE 1609.4 [4] protocol 

stack which was proposed by a delegated IEEE Working Group (WG) is meant to provide 

mechanism for multi-channel operations in wireless access for vehicular environments (WAVE), 

where all the seven channels (i.e., one control channel (CCH) and, six service channels (SCH)) are 

periodically synchronized at intervals for efficient message transmission. The United States’ 

Federal Communication Commission (US FCC) made the pioneering step to support vehicular 

networks by allocating 75MHz spectrum in the 5.9GHz spectrum band for the WAVE system. In 

other words, all vehicular users will have to contend for the channel access and use it to exchange 

both safety and non-safety related information in the 5.9GHz spectrum band. However, in order to 

realize the full potentials of VANETs, vehicles should be able to communicate with one another 

using vehicle to vehicle (V2V) – (see Fig. 1.1), vehicle to roadside infrastructure (V2I) and vehicle 

to other pedestrians’ handheld devices (V2X) communications – (see Fig. 1.2) [5-6] by leveraging 
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on the wide range of wireless spectrum and networks such as Wi-Fi networks, cellular networks, 

TV bands and satellite networks, depending on the availability and location of vehicles. 

 

 

Fig. 1.1: V2V communication scenario with CR enabled vehicles. 

 

 

Fig. 1.2: The different categories of wireless communication in vehicular networks. 
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Fig. 1.3: Typical CR-enabled VANET [7] with radio spectrum opportunistic access. 

 

With the recent advances in CR technology [8-12], introduction of CR assisted VANETs will 

enable opportunistic spectrum sensing and hopping from one frequency to another in the entire 

spectrum range based on their needs and operating environment. Both Fig. 1.1 and Fig. 1.3 show 

a typical CR-enabled VANET with radio spectrum opportunistic access. It is imperative to point 

out that in designing CR assisted vehicular networks, attention must be paid to the peculiar 

characteristics of vehicular communication networks such as high speed of vehicles, high density 

in urban areas and extremely dynamic topology of vehicular networks due to high mobility of the 

vehicles, which may lead to challenges of choosing suitable network, communication channel or 

data rate. With the anticipated proliferation of the above applications in near future, the design and 
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implementation of CRN technology in vehicular networks has been believed to further enhance 

efficient spectrum bandwidth distribution model in VANET to accommodate the applications. 

 

The benefits and potentials of CR technology in vehicular networks cannot be over emphasized. 

In several cases, motor highways especially in rural areas are open spaces with absolutely high 

chances of finding a radio spectrum hole that can be accessed opportunistically by CR equipped 

vehicles. This is unlike sub-urban and urban areas where there are very slim chances of finding 

radio spectrum holes as a result of high population which in turn leads to high usage of TV white 

space. According to the studies of Joy et al [13] and Pagadarai et al [14], the experiments which 

both authors have carried out have shown that there is an enormous availability of free, abundant 

radio spectrum holes on the motor highways especially in rural areas for opportunistic use through 

the application of CR technology in vehicular communication networks for efficient transmission 

of both safety and non-safety vehicular messages. Consequently, the combination of CR 

technology and vehicular communication networks has been envisioned as a very attractive 

research challenge as it can exploit the available radio spectrum resource using opportunistic 

spectrum access (OSA) [15-23]. Hence, the combination of these two emerging technologies can 

resolve the problem of scarce, limited and insufficient available spectral resource for vehicular 

communication systems.  

 

1.2 Motivation 

Intelligent vehicles are expected to contend for channel access over the 75 MHz spectrum officially 

allocated in the 5.9 GHz spectrum band for WAVE systems and use it for the exchange of safety 

and infotainment information. However, realizing the full potentials of VANETs, intelligent 
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vehicles must be able to wirelessly exchange communication with one another through V2V, V2I 

and V2X communications by taking advantage of the wide range of wireless networks and 

spectrum such as cellular and Wi-Fi networks, TV bands and satellite networks, depending on their 

availability and the location of the intelligent vehicles. On the contrary, the anticipated increase in 

demand of diverse vehicular network-oriented applications (safety and non-safety related services) 

would certainly result in shortage of spectral resource for IoVs communication networks. One of 

the most crucial optimization parameters in wireless networks which VANET is part of, is the 

wireless radio spectrum. Fig.1.4 shows the illustration of existing distribution of mobile radio 

spectrum occupancy in Europe. 

 

 

 

Fig. 1.4: The typical illustration of existing mobile radio spectrum in Europe [24]. 
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These radio spectrum bands are filling up at an exponential rate and most of them are already 

licensed to private owners. From Fig 1.4 above, the radio spectrum region from the range of 

5150MHz to 5350MHz and the range of 5470MHz to 5850MHz could be adopted for wireless 

communication. Since most of the bands are already licensed with the yet to be licensed bands 

rapidly getting filled up, total radio spectrum scarcity remains a challenge that must be resolved 

through the combination of these two emerging technologies: VANET and CR concept. The 

licensing right for the radio spectrum resources is usually restrained by different countries 

spectrum licensing agency such as Office of Communications (Ofcom) in UK, FCC in US, 

Bundesnetzagentur (BNetzA) in Germany and other licensing agencies in other countries. The 

continuous use of such traditional approach of exclusive radio spectrum licensing for individual 

companies and services is both inefficient and counterproductive. A survey done recently by FCC 

on the utilization of licensed radio spectrum bands has indicated that within New York City alone, 

from radio spectrum measurement taken between 30MHz and 3GHz, only a meagre 13.1% of total 

radio spectrum occupancy [25] was recorded. This means that a whopping 86.9% of the licensed 

bands from 30MHz to 3GHz lies idle most of the time. The same survey show that the same trend 

is applicable to the crowded central area of Washington - D.C. Generally, below 3GHz of the 

frequency bands, the maximum total radio spectrum occupancy is usually less than 35%. Since the 

usage of radio spectrum continually varies with respect to geographic locations, frequency and 

time, efficient ways of licensed radio spectrum resources allocation, optimization and utilization 

remains a hot research interest especially in the area of mobile wireless communication such as 

vehicular networks. 
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Fig. 1.5: PU and SU co-existence environment. 

 

CR technology concept which was first introduced by Joseph Mitola during a seminar at KTH 

Royal Institute of Technology in 1998 [26], is considered by several studies as one of the most 

efficient approach to enhance the radio spectrum allocation and utilization [27-31]. In combination 

with CR technology, mobile nodes (or intelligent vehicles) in VANETs can sense radio spectrum 

bands to identify any existing spectrum holes and use the unoccupied spectrum to transmit either 



8 

 

safety or infotainment messages. This situation is illustrated in Fig. 1.5. According [32-33], 

“spectrum hole” can be defined as an inactive (or idle) licensed band of frequencies to the PU that 

is unutilized or underutilized at a given geographic location and time by the PU. Furthermore, with 

the sensed (i.e., the identified) available spectrum holes, the problem of joint optimal subcarrier 

and transmission power allocation with QoS guarantee for efficient packet transmission over a 

cognitive radio-enabled IoVs network system is considered as part of the proposed solutions in 

this study. 

 

1.3 Main Contributions 

1.3.1   Cooperative Spectrum Sensing and Allocation 

A cooperative spectrum sensing and allocation solution through the application of CR technology 

to vehicular networks is proposed and presented in Chapter three of this report in order to increase 

the spectrum resource opportunities especially when the officially FCC allocated 75 MHz 

spectrum in 5.9 GHz band is not enough due to high demands as a result of increasing number of 

connected devices as already foreseen in the near era of Internet of vehicles (IoVs), which is also 

known as VANETs. Hence, a novel CRAVNET framework which empowers CR assisted vehicles 

to make opportunistic usage of licensed spectrum bands on the motor highways is proposed. A 

novel distributed three-state spectrum sensing and sharing solution which enables CR vehicular 

SUs to be aware of additional spectrum resource opportunities on their current and future positions 

along their directions of movement by leveraging the cooperative spectrum sensing among them 

is also developed.  
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The proposed and implemented novel CRAVNET framework can achieve better channel 

utilization, high throughput, access additional spectrum outside the officially allocated 75MHz in 

5.9GHz spectrum band. Both the theoretical and simulation results of the proposed CRAVNET 

scheme empowered with the developed light-weight cooperative three-state spectrum sensing and 

sharing model demonstrate over 20% improvement in spectrum resource allocation fairness 

performance among competing CR vehicular SUs as opposed to the benchmark two-state spectrum 

sensing and allocation model through the use of Jain Index Fairness performance metric. Finally, 

a discussion on how the proposed novel CRAVNET framework can be integrated into the existing 

protocol stacks for vehicular communication networks such as the multi-channel IEEE 802.11p 

protocol stack is studied.  This will lead to achieving better channel utilization, high throughput, 

communication reliability and access to additional spectrum resource outside the officially 

allocated 75MHz in 5.9GHz band and ensure fairness in spectrum resource allocation.  

 

1.3.2 Improved Spectrum Allocation with QoS Guarantee 

In order to provide an improved spectrum allocation while guaranteeing QoS, a novel framework, 

called ACRAVNET, is proposed in Chapter four to further resolve the shortage of spectral resource 

challenge for vehicular networks as a result of the increasing demand of diverse vehicular network-

oriented applications. We also proposed a CRASS scheme capable of reducing the spectrum 

sensing cost and improving sensing performance. Finally, we proposed a GNNBS to perform a 

non-symmetric cognitive inter-cell spectrum allocation in ACRAVNET. Both the simulation and 

theoretical analysis have demonstrated that our solution can significantly improve the performance 

of a cooperative spectrum sensing and sharing schemes. Simulation results also clearly show that 

the proposed schemes can acquire additional spectral resource for vehicular communication from 

the opened underutilized licensed TV spectrum with the help of CR technology and reduce the 
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message transmission delay and blocking probability significantly. The obtained results also show 

that the currently allocated 10MHz of spectrum for V2V safety message communication is not 

enough, especially in high density vehicular network scenarios.  

 

1.3.3 Design Optimization of Resource Allocation in OFDMA-based CR-enabled IoVs 

The problem of joint optimal subcarrier and transmission power allocation with quality of service 

(QoS) guarantee for enhanced packet transmission over a cognitive radio-enabled IoVs network 

system is considered in Chapter four of this thesis report. In order to resolve this challenge, a novel 

Symmetric Nash bargaining solution (SNBS) based wireless radio resource scheduling scheme in 

orthogonal frequency division multiple access (OFDMA) cognitive radio (CR)-enabled IoVs 

network systems is proposed. The objective of the optimization model applied in this study is to 

maximize the overall system throughput of the CR-enabled IoVs system without harmful 

interference to transmissions of the shared channels’ licensed owners (or primary users (PUs)), 

guarantee the proportional fairness and minimum data-rate requirement of each CR vehicular 

secondary user (CRV-SU) and efficient transmission power allocation amongst CRV-SUs. 

Furthermore, a novel approach which uses Lambert-W function characteristics is introduced and 

by applying time-sharing variable transformation, closed-form analytical solutions were obtained. 

Finally, to avoid the iterative processes associated with searching the optimal solution numerically 

through iterative programming methods, this study developed a low-complexity algorithm. 

Theoretical analysis and simulation results demonstrate that under similar conditions, the proposed 

solutions outperform the reference scheduling schemes (see Chapter four). 
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1.4 Thesis Organization 

The remaining part of this thesis report is organized as follows: Chapter two presents a detailed 

related literature review and a background study on vehicular communication networks and the 

CRN concept. This chapter also discussed packet delivery in VANETs, spectrum access-based 

CRNs, reliable radio spectrum sensing, spectrum resource/channel access in CR supported 

vehicular networks, efficient spectrum allocation with QoS guarantee and three state spectrum 

sensing approach. Chapter three focusses on novel approaches of providing cooperative spectrum 

sensing and allocation. The allocation of CR vehicular SUs for optimal spectrum sensing and 

acquisition were also covered in this chapter. Three-state spectrum sensing and allocation solution 

is also provided in Chapter three. Chapter four presents and discusses the need for efficient 

spectrum allocation and QoS guarantee. A novel scheme called CR adaptive spectrum sensing 

(CRASS) scheme is also presented in this chapter as well as an adaptive spectrum allocation with 

QoS guarantee using GNNBS. Furthermore, Chapter four contains a proposed novel recursive sub-

optimal algorithm based on a linear optimization framework to ensure minimum (or low) 

computational complexity of the proposed CRASS scheme. Chapter five dwells on the design 

optimization of resource allocation in OFDMA-based CR-enabled vehicular communication 

networks. Also, in this chapter, a novel symmetric Nash bargaining solution (SNBS) based 

wireless radio resource scheduling scheme in orthogonal frequency division multiple access 

(OFDMA) CR-enabled IoVs network systems is proposed. Chapter 6 draws the conclusions from 

this dissertation and explores the possible directions to extend the research presented in this thesis 

report in future work.   
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Chapter Two 

Literature Review*1 

 

2.1 VANETs and CRNs 

Vehicular networks and CRNs are both new emerging technologies in wireless networking. The 

application of CR concept in wireless communication systems for intelligent vehicles has been 

envisioned as a promising idea towards solving the problem of scarce spectrum. This chapter 

extensively surveyed the related literature on the application of CR technologies over vehicular 

networks aimed at opportunistic spectrum access for improved vehicular communication 

efficiency using licensed spectrum bands outside the officially allocated bands for ITS. The review 

of related literature presented in this chapter focusses on exploring novel approaches and current 

research challenges associated with efficient spectral resource allocation over the application of 

CR technologies in vehicular communication networks. 

 

Vehicular network is a special type of mobile ad-hoc networks (MANETs), where intelligent 

vehicles in VANETs usually represent high mobility nodes with a highly dynamic network 

topology. On the other hand, CR technology is a concept newly devised to address the challenges 

of radio spectrum insufficiency in communication networks. Although mobile stations in vehicular 

networks move in a random manner in line with the roads patterns, spectrum bandwidths are 

heavily occupied and utilized in urban areas, which are usually high density environments whereas 

sub-urban (or rural) areas are usually less density environments with many spectrum bandwidths 

unoccupied and underutilized most of the time. Hence, incorporating CR technology into VANET 

 

*Part of this chapter has been peer reviewed and published in [P.1] as shown in list of publications.1  
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will help in solving the problem of scarce and insufficient spectrum allocation for vehicular 

network communication through opportunistic spectrum access of the idle and underutilized 

spectrums. This subsection presents a discussion on the general concept on how to incorporate 

CRNs with vehicular networks. With CRAVNETs, high density of smart vehicles may lead to high 

spectral congestion, which in turn could adversely affect the entire network performance unless 

novel frameworks are designed and implemented to avoid such situations. Table 2.1 shows 

challenges and required approaches for CRAVNETs. 

 

Table 2.1: Challenges and required approaches for CRAVNETs 

Challenges Required approaches 

Scarce Spectrum Efficient use of spectrum 

High message delivery reliability QoS support 

Scalability for accommodating 

newer technologies 

Re-programmability 

Highly dynamic topologies Algorithms with fast convergence 

time 

Dynamic environment and spectrum 

availability 

Machine learning algorithms 

 

 

In order to solve the challenges of high spectral congestions in CRAVNETs, Kirsch and O'Connor 

[34] proposed a CR system that can temporarily and spatially add supplementary radio channels 

to vehicular networks in the face of high vehicular density especially during the rush hours when 
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roads are usually heavily congested. The proposed CR framework accords the highest priority to 

critical safety messages while ensuring that non-safety VANET applications (with non-safety 

messages) are also successfully transmitted with less delay and increased overall network 

performance. Likewise, Tsukamoto et al [35] proposed a distributed channel coordination scheme 

for V2V communication to exploits the range of different communication frequencies and enhance 

the data transmission rate of both intra and inter-vehicle communications. The scheme proposed 

by these authors is tailored to avoid spectral congestion under high density vehicular environments. 

This is achieved through a dynamic channel utilization model capable of utilizing each radio 

channel dynamic changes spatially and temporarily for the usage of both licensed and unlicensed 

users. The proposed distributed channel coordination scheme is shown to be efficient in occupying 

and utilizing the idle and underutilized frequencies reliably even with spatial and temporal 

changes. 

 

In Fawaz et al [36], a novel system is introduced to extend the spectrum bandwidth allocation to 

CCH of Wireless Access in Vehicular Environment (WAVE) [37] protocols efficiently through 

the use of cognitive network principles. Although the WAVE protocol stack is already 

standardized by the IEEE for the allocation of spectrum bandwidth for wireless communication in 

vehicular networks, the proposed new system show that WAVE does not provide sufficient 

spectrum for reliable and efficient exchange of safety messages in VANETs. The proposed novel 

system uses the sensed data sent by the smart vehicles to Road-Side Units (RSUs), which in turn, 

forwards the aggregated data to a central processing unit. Finally, the processing unit then infers 

data contention locations and generates radio spectrum bandwidth schedules that will be 

dispatched to the passing smart vehicles. In [38], the authors opine that radio spectrum scarcity 
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has now turned the most critical challenge facing VANETs. Improved wireless architectures and 

its applications on vehicular networks and the deployment of CR technology to seek better radio 

spectrum reuse through ad hoc, peer-to-peer (P2P) and multi-hop communication solutions are 

addressed in Gerla and Kleinrock [38]. 

 

Nyanhete et al [39] explored the negative impacts of CR technology in VANETs, which include 

the adverse effects of SUs not detecting a PUs thereby causing harmful interference to the licensed 

users and the modulation methods based on system signal to interference and noise ratios (SINR). 

In order to improve the overall performance of CR technology in VANETs, Kakkasageri and 

Manvi [40] proposed a novel system which applies cognitive agent concept to realize intelligent 

message dissemination. However, some of the challenging issues such as evaluation of the 

cognitive agent-based system overheads (i.e., memory, computational and communication 

overhead), consideration of a greater number of lanes per road, etc., are not considered by the 

authors. Tomar and Verma [41] in their study, divided the limited spectrum bandwidth allocated 

to a region into pre-fixed overlapping spatial clusters.  The channel in each cluster is also divided 

into different time-slots so as to reduce to the barest minimum the channel allocation time as well 

as the management overhead to overcome the shortfall in the study carried out by Kakkasageri and 

Manvi [40]. The time-slots are, in turn, allocated to the smart vehicles with respect to their priority 

of request as well as the availability of the channel. According to Ghandour et al [42], the amount 

of contention delay suffered by vehicles can be effectively monitored on a CCH. If the amount of 

contention delay exceeds a specified delay threshold, then, the RSUs can increase the allocated 

radio spectrum to the CCH using CRN. On the other hand, if the amount of contention delay is 

observed to be below the specified delay threshold, then, the value of the delay is used as reference 
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input for the controller. In all these studies, frequency resources and dedicated protocols show the 

potentials of CRNs in vehicular networks. 

 

2.2 Packet Delivery in VANETs  

One of the challenges facing efficient design and implementation of vehicular networks which is 

ensuring timely delivery of time-sensitive, safety related and non-safety related (infotainment) 

messages was studied in [43], where the authors proposed a novel Vehicular Information Transfer 

Protocol (VITP) to alleviate the difficulty of providing intelligent vehicles drivers with time-

constrained information regarding vehicular traffic conditions, kinematic information and roadside 

facilities. Yang et al [44] also developed a cross-layer wireless communication scheme for 

efficient Internet-access applications as well as peer communication systems in vehicular network 

systems. In their research study, the authors logically partitioned the roads into various segments 

with equal length, where the leading vehicle is chosen in a segment to perform both the local 

packets reception and aggregation. Finally, the aggregated packets are relayed by the head vehicle 

to ensure that vehicles outside the transmission range of the source node will receive the 

transmitted packets.  

 

Li et al [45], carried out a study to apply mathematical optimization techniques to tackle the 

challenge regarding optimal gateways positioning in vehicular communication networks and 

introduced an objective function to reduce the total number of transmission hops between gateways 

and RSUs. In their work, they developed a packet forwarding system model that enables data 

packets to be forwarded via RSUs to the various optimally placed gateways that are linked with 

the wide area network (i.e., the Internet). Unfortunately, these related studies have a common 
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deficiency in terms of high packet transmission delay for V2R communications. Hence, in order 

to minimize the overall communication delay, the authors applied optimization methods to 

optimize the locations of the various gateways.  

 

Yang et al [46] proposed a Distributed Mobility Transparent Broadcast (DMTB) scheme that will 

provide efficient and robust message broadcasts in V2V communication networks. The proposed 

scheme ensures fairness through random rotation of the relaying vehicles in different packets 

broadcast events and the results of the proposed protocol obtained show that the performance 

remains high even when the vehicle mobility increases. Multi-hop message transmission through 

VANETs is complicated due to the fact that vehicular networks are associated with frequent 

network disconnection, highly vehicle mobility, insufficient spectral resource, etc. In a bid to 

resolve some of these problems, Zhao and Cao [47] propose several Vehicle-Assisted Data 

Delivery (VADD) protocols to forward the message to the best road with the least packet delivery 

delay. Their proposed protocols adopted the carry and forward mechanism, where a mobile node 

carries the broadcasted message until a new node moves into its vicinity and forwards the message. 

Hence, the authors leveraged on the predictable vehicle mobility feature, which is limited by traffic 

pattern and road layout. With the aid of the existing traffic patterns, a mobile node can find the 

next road to forward the message so as to reduce the delay. However, existing carry and forward 

solutions are unfit for vehicular network environment due to the fact that VANETs are associated 

with some peculiar characteristics compared to conventional wireless communication.  

 

 

 

In order to provide an effective CR-based VANET applications, proper data dissemination from 

an information center (fixed RSUs) to other stations on the road is required. According to Zhao et 
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al [48], broadcasting data from a data center to a large number of stations has been studied in the 

database community and the network community, but many peculiar characteristics of the 

vehicular networks bring out unique research challenges. In their research study as shown in [48], 

they propose a Data Pouring (DP) and DP with Intersection Buffering (DP-IB) paradigm to solve 

the challenge of efficient data dissemination in a vehicular network environment. With DP 

approach, packets are periodically disseminated to moving vehicles on the road; while in DP-IB 

approach, packets poured from the sender are buffered, where the packets can be efficiently 

delivered through a rebroadcast transmission from moving vehicles or fixed RSUs to other vehicles 

at the intersections. 

 

 

2.3 Spectrum Access-based CRNs 

Incorporating CRNs in vehicular networks have been shown in Section 2.1 as a promising concept 

to solve the issue of spectrum insufficiency and scarcity in VANETs. This is true because in CR 

enabled vehicular networks, spectrum sensing techniques can be used to provided additional 

required spectrum bandwidth through efficient detection of other ongoing transmissions, 

identification of their present transmission data and most importantly, the identification of the 

exact locations where opportunistic radio spectrum access (i.e., allocation) may occur, through 

individual or cooperative sensing data aggregation. Several studies have been carried out on the 

potentials of spectrum sensing in terms of increasing frequency bandwidth for vehicular 

communications [13, 49-51]. A survey study by Abeywardana et al [51] maintains that the 

incorporation of CR technology in vehicular networks remains a comparatively new research area 

and as such, numerous open issues still require critical investigation.  
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Several studies have shown that the utilization measurements of radio spectrum over the years 

have revealed a worrisome inefficiency in spectral resource allocation and usage with scores of 

unused or under-utilized licensed bands over different space and time [52-56]. Consequently, 

regulatory agencies such as FCC [57] in USA and European Telecommunications Standards 

Institute (ETSI) [58-64] in Europe, that regulate allocations of radio spectrum have opened the 

licensed bands to accommodate the unlicensed users via the application of CR technology [65-70], 

so as to facilitate a more efficient spectrum bands sharing and achieve better usage by both licensed 

users (or PUs) and unlicensed user (or SUs). Although CR technology is an emerging technology, 

it has been envisioned as a promising technology that will eventually improve and ensure efficient 

radio spectrum allocation and usage thereby easing the long-time problem of spectrum scarcity 

and underutilizations [71-74] by taking advantage of under-utilized radio spectral resources via 

opportunistic spectrum access [75-77]. The concept of harnessing the potentials of combining 

radio cognition (RC) technique with dynamic spectrum access (DSA) techniques present 

promising approaches that will enable CR vehicular SUs to opportunistically capture and use the 

spatio-temporally available licensed spectrum holes as long as there will be no harmful 

interference with the PUs [68]. Despite the fact that many researchers have proposed several 

applications of CR in areas such as cellular networks, wireless mesh networks as well as in mobile 

ad hoc networks (MANETs), the application of CR technology in vehicular communication 

networks is a relatively novel, open research area. However, some nascent research studies in that 

direction have started to emerge in recent times [13-14, 78-82]. CR technology enabled vehicular 

Network System is a fast-emerging application area of CR technology [77]. According to Lee et 

al [83], VANETs and vehicular communication systems can benefit immensely from opportunistic 

spectrum usage with the assistance of CR technology. 
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It has been opined that cooperative spectrum sensing (CSS) techniques [84] coupled with 

distributed fusion mechanisms with no requirement for RSUs are more applicable to CRAVNETs. 

The authors identified several open issues for efficient radio spectrum sensing in CRAVNETs such 

as lack of coordination for radio channel access in decentralized data fusion techniques, effective 

CCH utilization for efficient exchange of spectrum sensing data and performance improvement of 

cooperative spectrum sensing under practical conditions. In Wang and Ho [84], a novel spectrum 

sensing coordination framework for CR-VANETs is proposed. The proposed framework of 

coordinated channel sensing scheme uses radio spectrum sensing architectures, stand-alone, as 

well as cooperative spectrum sensing to achieve better spectrum sensing efficiency, accuracy and 

fairness. Through effective utilization of channel spacing of the spectrum bands, a priori 

information, for instance, feature carriers, user-based class information and proactive fast spectrum 

sensing information, the proposed framework of coordinated channel sensing scheme provides 

intelligence in channel selection of spectrum fine sensing for SUs. Li and Irick [49] proposed to 

apply Belief Propagation (BP) to solve the challenges facing CR-VANETs. For efficient 

cooperative spectrum sensing, BP is applied to perform the distributed observations as well as to 

exploit redundancies in both time and space. BP enables each smart vehicle to transmit information 

about the belief on the existence of PUs to its neighboring vehicles. In order to generate a new 

belief, each vehicle will aggregate the beliefs it has received from other vehicles with its own local 

spectrum sensing observations. Then each vehicle uses a few iterations to obtain a stable belief on 

whether the PUs is active or idle and then decides for spectrum sensing. Finally, the BP leverages 

the correlation that exist between different observations to improve the overall performance of 

interference impact over local decisions. 
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CSS techniques use both the spatial and temporal diversity of the frequency bands to achieve 

accurate and fast detection of PUs [13, 50, 84-94]. Ahmed et al [95] presented a brief survey on 

the background and open research issues in CSS for CR-VANETs. The survey article offers an 

overview of CSS techniques for CR-VANETs and categorized CSS techniques into detection and 

prediction techniques. Eze et al [13] proposed a novel CRAVNET framework that empowers CR 

assisted vehicles to make opportunistic usage of licensed spectrum bands on the highways based 

on CSS. The authors further applied CSS to develop a new co-operative three-state spectrum 

sensing and allocation scheme which makes CR vehicular SUs aware of additional spectrum 

resources opportunities on their current and future positions. However, the proposed solutions need 

dynamic channel allocation techniques with new selection metrics which can guarantee that the 

channel selected will satisfy the QoS requirements of the intended application service(s). Such 

new channel selection metrics will ensure efficient and fair allocation of the additional spectrum 

bandwidth among CR vehicular SUs to avoid mutual interference and support high QoS 

requirements satisfaction especially for time-constrained safety applications. Table 2.2 presents a 

survey summary of some related existing works on CSS techniques for CR assisted vehicular 

networks. 
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Table 2.2: Cooperative spectrum sensing (CSS) techniques 
 

Ref. 

No. 

Spectrum 

Sensing 

Technique 

Common 

CCH 

Data 

Fusion 

Aim  

[13] Arbitrary WAVE 

CCH 

Hybrid Effective radio Spectrum detection and fair 

allocation over future road segments along 

vehicle’s path. 

[34] Energy 

detection 

WAVE 

CCH 

Hybrid Prediction of radio channel availability in 

the next road segment using historical 

sensing data mining. 

[36] Fast sensing: 

energy detection 

Fine sensing: 

Arbitrary 

WAVE 

CCH 

Hybrid Framework of coordinated spectrum 

sensing 

[40] Energy 

detection 

WAVE 

CCH 

Distributed Spectrum detection and fair allocation over 

future road segments along vehicle’s path. 

[41] Energy 

detection 

Ideal Distributed Efficient CSS detection and reliability of 

data fusion for CRAVNETs 

[42] Energy 

detection 

Ideal Centralized Improved CSS performance using EGC 

fusion over time-correlated Rayleigh fading 

channels. 

[49] Arbitrary WAVE 

CCH 

Hybrid Effective radio Spectrum detection and fair 

allocation for QoS guarantee  

[50] Energy 

detection 

Ideal Distributed Weighted consensus-based CSS to tackle 

Spectrum Sensing Data Falsification 

security attacks. 

[51] Maximum 

Likelihood 

Ratio (MLR) 

detection 

Ideal Centralized Improved performance of MLR detection 

over a wide band OFDM-based overlay 
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2.3.1 Reliable Radio Spectrum Sensing 

CR technology uses spectrum sensing to detect the presence of spectrum holes and determine more 

importantly the presence or absence of officially licensed PUs. Basically, the core objective of 

radio spectrum sensing is to avoid harmful interference with the licensed PUs and thus, reliability 

of spectrum sensing should be guaranteed for efficiency as well as avoidance of interference with 

licensed PUs. Additionally, high mobility in vehicular networks can lead to deterioration of 

spectrum sensing accuracy and overall performance as a result of signal fading and fast vehicles’ 

changing location. In order to resolve these spectrum sensing challenges, Hassan et al [96], in their 

study focused on spectrum sensing performance improvement especially in the case of fast 

changing radio channels over time. Many other related research studies have also applied the 

concept of signal identification to improve the performance of radio spectrum sensing over fast 

varying channels [97-99].  In a similar study, Simon and Khalighi [100] proposed an improved 

algorithm for channel estimation and equalization in high-speed auto environments. 

 

Similarly, Akyildiz et al [101] adopted cooperative spectrum sensing technique to tackle the 

challenges of spectrum sensing due to high mobility associated with vehicular networks. In the 

same manner, the article of Min and Shin [102] studied the impact of mobility on radio spectrum 

sensing accuracy in CR networks. The results of their study confirm that cooperative spectrum 

sensing can improve the overall performance of spectrum sensing (i.e. in terms of efficiency and 

accuracy) due to increased spatial-temporal diversity in received primary signal strengths. Other 

similar research studies such as [79] and [103] used the concept of coordinated spectrum sensing 

to achieve high precision and accuracy of spectrum sensing. The idea allows each vehicle sends 

its sensed radio spectrum data to RSUs which aggregate and forward the aggregated data to a 

central processing unit. Additionally, Borota et al [104] studied how to ameliorate the delay and 
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improve the reliability of spectrum sensing in vehicular environments. In their experimental study, 

they maintained that the sensing limitations of a single vehicle can be surmounted through 

cooperative spectrum sensing concept, since it exploits the spatial-temporal diversity of the 

received primary signal strengths. As opposed to single node spectrum sensing, the results of their 

study also demonstrate that the average sensing time can be reduced significantly through 

cooperative spectrum sensing. Felice et al [85] were of the opinion that cooperative sensing 

approaches stand a better chance of enabling mobile stations to detect the spectrum availability in 

future locations along their direction of movement by exploiting sensed information from 

neighboring cooperating mobile vehicles. In [62], the same authors conducted an experimental 

investigation on overall spectrum sensing performance in CR enabled vehicular network 

environment. Their results show that the overall spectrum sensing precision and accuracy depends 

on mobile vehicles speed and location. 

  

 

2.3.2 Spectrum Resource/Channel Access in CR supported Vehicular Networks 

In CR supported vehicular networks, vehicles equipped with CR technology contend for radio 

spectrum access in order to communicate with other vehicles or RSUs within their radio 

communication range. Hence, when the total number of CR enabled vehicles involved in radio 

spectrum access contention increases, the need for efficient spectral resource allocation and 

sharing mechanism becomes imperative. This is to ensure spectrum resource allocation fairness 

amongst the contending mobile vehicles as well as to ensure effective radio channel utilization 

across the entire vehicular network system. Jhang and Liao [105] proposed a proxy-based radio 

channel access protocol that will ensure efficient V2R communications in IEEE 802.11 compliant 

[82] vehicular network systems. In their research study, cooperative and opportunistic packet 
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forwarding approach is employed where some of the mobile stations are selected as proxies to 

forward packets from other neighboring mobile stations and ensure effective communication with 

the RSUs. In other words, the application of cooperative and opportunistic packet forwarding 

amongst mobile vehicles results in drastic reduction of radio channel access contentions among 

the participating nodes, which in turn leads to an improved overall network system throughput. 

Hadaller et al [106] also conducted a similar work by proposing a centralized radio channel access 

scheme where the RSUs measure the signal to noise ratio (SNR) value for the communication link 

to each mobile station and assigns channel access to the station with the best SNR value. Korkmaz 

et al [107] proposed a cross-layer scheme for effective vehicular Internet access along motor 

highways. The proposed cross-layer protocol partitions the highway road into segments and the 

time into frames where each segment length is equal to the radio coverage range of an RSU. Hence, 

non-interfering segments of the highway road become active alternatively in different time frames 

where mobile stations that belong to the current active segments will contend for radio channel 

access so as to communicate with RSUs.  

 

Another approach to ensure efficient, easy channel access and spectrum resource sharing fairness 

is the clustering technique. The clustering concept where mobile vehicles are grouped into 

different clusters has been widely researched in vehicular network systems both to: 1) mitigate 

incessant interference and collision across the entire network system; and 2) achieve efficient 

performance in terms of available radio resource management through the help of cluster heads 

(CHs), which serve as centralized controllers. A clustering model for large multi-hop vehicular 

network systems was proposed by Wang et al [108]. The formation of the cluster structure is 

dependent on the geographic locations of the mobile vehicles as well as the traffic priority. 

Similarly, Khabazian and Ali [109] studied the steady state connectivity performances of vehicular 
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communication networks with user mobility such as the probability that mobile vehicles will form 

a single cluster, fraction of nodes within the cluster, as well as the mean cluster size. In [110], 

Bononi and Felice proposed a cross-layer medium access control (MAC) protocol which employed 

the clustering approach to ensure efficient packet broadcast in vehicular communication networks. 

The proposed scheme aims to guarantee timely packet dissemination in VANETs with the aid of 

an established backbone connection amongst the clusters so as to reduce the delay due to packet 

propagation. Gunter et al [111] introduced a novel MAC protocol for vehicular communication 

networks. The aim of their new MAC protocol is to reduce the adverse effects of the hidden vehicle 

problem through the use of vehicular clustering approach where the CH assigns spectral bandwidth 

to other vehicles (cluster members) for efficient packet transmission.  

 

 

Also, in [104], Felice et al opine that CR supported vehicles have many peculiar characteristics 

that require additional considerations than merely placing a CR technology within a vehicle. 

According to the authors, for instance, as opposed to stationary CR systems, the spectrum resource 

availability perceived by each mobile node changes dynamically over time as a result of both the 

activities of the PUs and the relative motion between them. Hence, the authors concluded that 

spectrum resource measurements should be undertaken over the general movement path of the 

mobile vehicles which will lead to a path-specific distribution as opposed to focusing on the 

temporal axis alone. 

 

From the above listed related literatures, it is obvious that some intrinsic aspects of CR supported 

vehicular networks have not yet been covered. Some of these open research areas that must be 

adequately tackled prior to full commercial deployment of this emerging ITS technology is the 

design of specific spectrum management techniques by taking into consideration adaptive 
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spectrum sensing, radio channel access and mobility for CR aided vehicular SUs. Spectrum 

allocation and utilization should also be supported with a framework that will guarantee the 

provision of QoS requirements in CR technology enabled vehicular network systems. In other 

words, QoS guarantees are highly imperative given the high priority of messages and signals 

related to vehicular and human safety in the motorways. These QoS guarantees could be in terms 

of ensuring high reliability of safety message transmission with respect to acceptable packet loss 

and maximum acceptable delay. 

 

Recent related research studies on CR assisted VANET either used the channel selection [112], 

transmission power or rate adaptation approach within a given network [113]. More so, all the 

studies reviewed in the literature adopted the traditional two-state spectrum sensing and allocation 

approach which is known for its inefficiency in ensuring fairness in spectral resource allocation 

[13]. However, these set of approaches are not directly applicable in heterogeneous wireless 

environment given that different networks demonstrate different features. In chapter three of this 

report, we propose a novel CR Assisted Vehicular NETwork (CRAVNET) scheme through which 

we address three main contributions. First, in order to improve fairness in spectrum allocation 

among CR vehicular users (i.e., SUs), we propose a light-weight cooperative three-state spectrum 

sensing model for vehicular environment, through which vehicles can exchange sensed 

information and detect spectrum holes along their paths as opposed to traditional two-state 

spectrum sensing model predominantly used in the literature. Second, with the advantage of 

vehicular mobility, we demonstrate how each vehicle can better exploit spectrum opportunities by 

using the received information to decide in advance the channel to use on future locations. Finally, 

we discuss how the proposed framework can be integrated into the existing protocol stacks for 
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vehicular communication networks such as the multi-channel IEEE 802.11p protocol stack in order 

to achieve better channel utilization, high throughput and fairness in spectrum sharing. 

 

2.3.3 Efficient Spectrum Allocation with QoS Guarantee  

Majority of the existing works on CR technology are mainly focused on ensuring reliable 

communication in emergency networks, enhance the capacity of backhaul wireless mesh networks, 

or facilitating the bridging of heterogeneous wireless networks [114]. However, some recent works 

have shown that vehicular networks can benefit from CR spectrum management functionalities 

such as spectrum sensing to identify spectrum holes in the licensed bands and spectrum decision 

functionalities to choose the most suitable spectrum portion for vehicular communications [1, 79] 

[62]. Other studies have shown that cooperative spectrum sensing can significantly improve the 

detection accuracy in the presence of faded licensed user signals [101, 115]. But Felice et al [62], 

in their study highlighted the extra characteristics of cooperative spectrum sensing associated with 

vehicular environment which renders existing solutions for conventional CR networks unfit for 

CR vehicular networks. Vehicles must detect spectrum holes as fast as possible thereby 

minimizing the overhead of frequency scanning since the duration of spectrum opportunity in CR 

vehicular networks depends on vehicles’ speed which changes dynamically over time. Other 

characteristics of CR vehicular networks highlighted in [62] include the effects of multiple points 

of observation which can enable vehicles to average multiple samples from different locations 

within the PU range domain thereby reducing the probability of not detecting the PU activities.  

 

Ghandour et al [116] proposed a fuzzy cognitive vehicular communication system which 

dynamically assign supplementary spectrum opportunities from ISM band to a VANET control 

channel (CCH). Wang and Pin-Han [84] also proposed a cooperative sensing framework which 
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uses stationary base stations to provide coordination instructions to the mobile stations. A common 

limitation shared by these schemes is the concept of centralized fusion center as pinpointed by Li 

and Irick [79] and proposed a novel belief spectrum propagation sensing solution which requires 

each mobile node to send their individual belief of the presence of PU activities. The study 

conducted by Niyato et al [82] also proposed a novel spectrum allocation scheme which applied 

the theory of constrained Markov decision process using shared channel, cluster size control and 

an exclusive-use channel to achieve a guaranteed QoS requirements of vehicular safety 

applications. However, one of the limitations of these propositions is the absence of strategies to 

address the issue of asymmetric spectrum demands management among multi-cells in cognitive 

vehicular environments. Hence, this thesis has proposed a GNNBS to address the issue of cognitive 

inter-cell spectrum allocation in cognitive vehicular network environments to guarantee the high 

QoS requirements of vehicular safety applications.  

 

The generic concept of Game theory [117] which comprises of cooperative and non-cooperative 

methods has been widely applied as efficient resource management methods to study the severe 

challenges of radio resource allocation in wireless communication networks. In [118], the non-

cooperative game theory was used to study the power control problems where the pricing 

technique was applied to achieve Pareto optimality in a multi-cell wireless data network. In a CR 

vehicular network multi-cell scenario, it may not be easy for an individual vehicle to know the 

channel conditions of the vehicles in the other cells. Therefore, the vehicles in different cells act 

selfishly to achieve improved performance in a distributive fashion. Hence, with ACRAVNET, 

we model radio resource allocation as a non-cooperative game which demonstrates how rational 

and intelligent cognitive cells interact with one another in an effort to achieve their own goals. 
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Specifically, each SU tries to optimize its utility function, where the utility function denotes the 

user’s performance and influences the results of the game. 

 

Different types of game approaches have been applied, in the literature, to many areas of wireless 

communications aimed at solving the challenges of resource allocation. Zhu et al [119] 

investigated a distributive non-cooperative game theory where each player is self-interested. In 

their study, the authors used the Nash equilibrium point, which is often inefficient to achieve multi-

cell OFDMA radio resource allocation by minimizing the users' transmission power under the 

constraints of maximal power and minimal rate for efficient allocation of sub-channels and power 

to the uplink users. Conversely, Vatsikas et al [120] studied the cooperative game approach to 

model the spectrum sharing strategy to ensure collective fairness and rationality among users. NBS 

is used in [120] for efficient allocation of power, rate and sub-channels for a single cell OFDMA 

system scenario and the result demonstrates efficient and fair resource management compare to 

traditional allocation algorithms. In [121], the authors allotted higher bargaining powers to such 

users so as to favor some players under NBS for interference channel. However, these research 

solutions listed in the literature were studied and proposed majorly for static and low mobile 

stations as opposed to cognitive vehicular networks associated with high mobility-oriented nodes. 

 

In chapter four of this thesis report, we modeled an asymmetric cognitive inter-cognitive cell 

spectrum allocation problem by introducing the GNNBS scheme to achieve a better trade-off 

between the spectral resource sharing fairness and the achievable rate under different bandwidth 

requirements and load levels. Additionally, in order to guarantee the QoS requirement of the safety 

applications we extended the GNNBS scheme to the spectrum starvation case, in which the highest 

priority is accorded to safety-related services. 
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2.3.4 Three State Spectrum Sensing Approach 

The act of spectrum sensing is one of the crucial roles in CRNs [13]. Generally, all the existing 

radio spectrum sensing solutions and algorithms are built to detect and identify the presence of a 

signal on a particular channel. In other words, the algorithms categorise the channels into either 

occupied (1) or idle (0) state. This scenario is referred to as a two-state spectrum sensing approach 

in this study. Although this two-state spectrum sensing method has been shown to work efficiently 

well if only one CRN is accessing a given channel, studies have shown that it can significantly 

restrict or hinder the potentials as well as the fairness of the available spectrum sharing especially 

if there is more than one CRN co-existing together [13, 122]. This is due to the fact that, with the 

two-state spectrum sensing model, once CR vehicular SUs from one vehicular ad-hoc CRN sense 

spectrum hole and occupy the channel(s), CR vehicular SUs from other vehicular ad-hoc CRNs 

will falsely perceive that the channel(s) is/are occupied by licensed PU. Furthermore, the challenge 

of inefficient resource allocation arises as the other CR vehicular SUs will be starved and 

prohibited from accessing the available additional spectrum resource because the two-state model 

does not further check if the channel is actually occupied by a licensed PU or just another 

unlicensed CR vehicular SU [13, 122-123]. 

 

Zhao et al. [123] in one of their studies, proposed a three-state sensing approach, which can classify 

the channel into three states such as occupied by a PU, idle, or occupied by a SU for multiple co-

existing CRNs in an area. In another related study, Zhao et al. [124] considered a fair MAC 

protocol for co-existing CRNs. The authors proposed a novel MAC protocol, called Fairness-

oriented Media Access Control (FMAC) protocol to address the issue of the availability of radio 
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channels, provision of fair and efficient co-existence of multiple CRNs. The proposed FMAC 

protocol applied a three-state spectrum sensing mechanism to determine whether a busy radio 

channel is actually being occupied by a PU or a SU from an adjacent CRN. Thus, SUs from co-

existing CRNs can conveniently share the additional available channel(s) together, thereby 

providing fair spectrum allocation and efficient co-existence of SUs from multiple CRNs. In 

another similar study, Gao et al. [125] investigate the effective capacity of the CRN as a significant 

parameter to measure the performance of cognitive radio systems (CRSs). Since the accuracy and 

efficiency of spectrum sensing and management schemes can critically affect the effective capacity 

of the CRS, the authors adopted a multi-channel CR model with each radio channel having three 

states such as idle (0), busy due to the activity of a PU (1) and busy due to the activity of a SU (2). 

Hence, each radio channel has the state space 𝕊 = {0, 1, 2}. 

 

Although the afore-referenced studies above showed impressive results (both numerical and 

simulation results) in terms of their ability to significantly improve the fairness in spectrum sharing 

and the efficiency of multiple CRNs co-existence,  better channel utilization and transmission 

fairness amongst SUs, their proposed three-state spectrum sensing techniques were only applicable 

to conventional CRNs, as opposed to CR enabled vehicular ad-hoc networks which are known to 

have peculiar characteristics totally different from conventional CRNs. To the best of our 

knowledge, the only studies of three state spectrum sensing and management model over CR 

enabled vehicular ad-hoc networks are the studies of Rawat et al. [126] and our own studies in [13, 

122]. However, the study in [126] does not show much details as the paper only presents few 

results generated from simulation without detailed theoretical analysis to support the simulation 

results.   
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Chapter Three 

Cooperative Spectrum Sensing and Allocation*2 

 

3.1 Introduction 

In line with the discussions in Chapter One and Two above, on the recent advances in CR 

technology and the manifold potentials of its application in vehicular communication networks, 

this chapter explores new CSS technique that can guarantee improved and efficient radio spectrum 

sensing and allocation over IoVs. It has been established in the previous chapters that CR enabled 

IoVs will facilitate and allow for opportunistic spectrum sensing and hopping from one frequency 

to another in the entire spectrum range based on their needs and operating environment. It is 

imperative to point out that in designing CR assisted vehicular networks, attention must be paid to 

the peculiar characteristics of vehicular communication networks such as high speed of vehicles, 

high density in urban areas and extremely dynamic topology which may lead to challenges of 

choosing a suitable network, communication channel or data rate. 

 

In this chapter, we propose a novel CR Assisted Vehicular NETwork (CRAVNET) framework 

through which we address three main challenges facing the development and commercial 

deployment of VANETs. First, in order to improve fairness in spectrum allocation among CR 

vehicular users (i.e. secondary users – SUs) which is referred to in this report as CR vehicular SU,  

we propose a light-weight cooperative three-state spectrum sensing model for vehicular 

environment, through which vehicles can exchange sensed information and detect spectrum holes 

along their paths as opposed to the traditional two-state spectrum sensing model predominantly 

 

*2Part of this chapter has been peer reviewed and published in [P.2], [P.3] and [P.4] as shown in list of publications.2 
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used in the literature. The proposed three-state spectrum sensing model is termed light-weight 

because the model uses less memory of each participating mobile vehicle given that the vehicles 

are required to pool their sensed data (i.e., the spectrum sensing results) together at the CR-based 

RSU, which in turn, forwards the aggregated data to a central processing unit. Second, with the 

advantage of vehicular mobility, we demonstrate how each vehicle can better exploit spectrum 

opportunities by using the received information to decide in advance the channel to use on future 

locations. Finally, we discuss how the proposed framework can be integrated into the existing 

protocol stacks for vehicular communication networks such as the multi-channel IEEE 802.11p 

protocol stack to achieve better channel utilization, high throughput and fairness in spectrum 

sharing. 

 

3.2 System Model 

Detailed description of the system model which covers the radio channel, communication and 

scenario model is given in this section. 

 

3.2.1 Radio Channel Model 

In the proposed CRAVNET framework, mobile nodes can use any of the licensed radio channels 

in the UHF-TV spectrum band when it is sensed or confirmed from the result of cooperative 

sensing that spectrum holes exist in the licensed PU spectrum band. Hence, we use the assumption 

that the PU spectrum band is divided into N number of channels. Typically, the PU that is licensed 

to use these available N channels is usually characterized by a pattern of activity and it has been 

demonstrated that the PU occupation of a channel over time can be modeled through well-known 

probabilistic distributions of ON/OFF model as shown in [127-128]. Additionally, we assume that 

the PUs maintain a radio transmission coverage capable of affecting several partitions of the motor 
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highway thereby potentially providing DSA opportunities to the SUs moving within the affected 

highway road partitions. 

 

3.2.2 Scenario model 

In this section, we consider a cognitive network scenario of multi-lane highway with two opposite 

vehicular movements. In the scenario depicted in Fig. 3.1, we used the concept of cognitive cells 

(CCs) which is made up of ℕ number of cognitive road-side base stations (CRBS) and ℝ number 

of CR vehicular SUs. The scenario is also built on the assumption that each SU is aware of its 

current location with the help of in-built Global Positioning System (GPS) receiver. It is also 

assumed that the road length 𝐿𝑅 of the CC which a vehicle belongs to is partitioned into a number 

of blocks 𝐵 of equal length 𝑑, which should be the minimum safety distance for two adjacent 

moving vehicles. Therefore, there are 𝑄 = [𝐿𝑅 𝑑⁄ ] blocks within a given 𝐿𝑅 and their distances to 

the immediate broadcast vehicle are represented as (𝐵𝑖|𝐵𝑖 = 𝑖 ∙  𝑑, 𝑖 ∈ [1, 𝑄] ). Each road partition 

𝐵 can be uniquely identified through a marked road couple 〈𝑅𝑖𝑑 , 𝐵𝑖𝑑〉, where 𝑅𝑖𝑑 and 𝐵𝑖𝑑 represent 

the identification coordinate of both the road 𝑅 and its various partitions 𝐵, respectively. 

Additionally, we assumed that this identification information is incorporated into the digital road 

maps which the vehicles can easily obtain from the neighboring RSU to enable every vehicle to 

know their current road 𝑅𝑐 and partition 𝐵𝑐 at every point in time while in transit. We implemented 

this concept by creating a reference point on the road for all the mobile nodes of the scenario and 

assign a unique and progressive identification number to each road and its accompanying 

partitioned blocks 𝐵. 
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Fig. 3.1: Illustration of cooperative spectrum sensing and sharing for cognitive radio assisted 

vehicular networks. 

 

3.2.3 Communication model  

We also assumed that each SU is fully equipped with CR so as to utilize the UHF-TV spectrum 

bands when the 5.9GHz allocated spectrum band is not available or enough and an IEEE 

802.11p/1609.4 compliant radio transceiver with spectrum agile features as well as sensing 

functionalities. The digital television (DTV) and wireless microphones in the very-high-frequency 

(VHF)/UHF frequency bands form the PUs, while the CR assisted vehicles form SUs in the 

network. There are 𝑁 non-overlapping available channels denoted as (𝐶|𝐶𝑖, 𝑖 = 1, 2, 3, … ,𝑁) 

over the licensed spectrum. The channels (𝐶𝑖, 𝑖 = 1, 2, 3, … ,𝑁) are not necessarily equally 
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spaced; rather, the CR assisted vehicles must support channel spacing like 6MHz, 7MHz and 

8MHz with the ability to accordingly adapt to these channels spacing [129-134]. Additionally, the 

vehicular (or secondary) network permanently occupies a common channel 𝐶0 within the licensed 

spectrum spaces (i.e. the official FCC allocated 5.9 GHz), which is used for the transmission of 

control and advertising information when the SUs require more spectrum resources beyond the 

capacity of their own networks. 

 

CRAVNEt also adopted the concept of spectrum allocation scheme that is based on the IEEE 

1609.4 protocol which enables the underlying IEEE 802.11p MAC scheme for multi-channel 

operations [135]. Hence, all the vehicles are efficiently synchronized and periodically switched 

between any of the seven SCHs and a common CCH. Both the SCHs and CCH are allowed equal 

duration of 50ms.  While the SCHs are used for data transmission, CCH is utilized for transmission 

of control or management information. In addition to the features of IEEE 1609.4 protocol, we 

incorporated two additional features to our proposed CRAVNET scheme. First, our proposed 

scheme allows each SU to use any of the N channels in the SCHs interval. Second, CRAVNET 

enables each CR vehicular SU to use energy-detection [136-137] for periodic PU licensed 

spectrum sensing in order to detect additional spectrum opportunities. This sensing is performed 

at periodical intervals, T and using a SCH slot, which cannot be used for data transmission 

concurrently. Without loss of generality, it is assumed that channels for sensing are randomly 

selected amongst the available N  UHF licensed channels with a fixed spectrum sensing frequency. 
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3.3 Spectrum Sensing and Allocation 

In CRAVNET, each CR vehicular SU (or cognitive vehicle) periodically performs an energy-

detection spectrum sensing on a licensed channel with the model described in Section 3.2.1 and 

Section 3.2.2. CR vehicular SUs perform spectrum sensing while moving, which enables them to 

collect multiple spectrum sensing samples at different locations inside the same PU interfering 

region. The collected sensing samples exhibit different degrees of correlation based on the 

characteristics of the environment, like the presence of buildings and the speed of the CR vehicular 

SUs. 

 

Finally, the results from the performed spectrum sensing activity are stored in a spectrum 

availability database, which is broadcasted periodically using a frequency of 𝑇𝑏 time units. The 

spectrum availability database is periodically updated by overwriting the old sensed results with 

the most current sensed results from the most recently performed spectrum sensing activity to 

ensure the accuracy of the stored sensed data. Given that each CC has its own central processing 

unit that contains and broadcasts the stored sensed data, changes in the direction or speed of a 

vehicle within the same CC does not affect the results of the performed spectrum sensing activity. 

Cooperative spectrum sensing [101] is applied in our proposed CRAVNET scheme to increase the 

accuracy of PU detection by exploiting the spatial diversity of the multiple spectrum sensed 

samples collected by different CR vehicular SUs. Hence, CR vehicular SUs use the received 

sensed messages from other neighboring CR vehicular SUs to update their spectrum availability 

database by merging their local sensing results with the received sensed data using the aggregation 

procedure described in Section 3.5.2. 
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Each CR vehicular SU maintains a local spectrum database (𝜌), which is a set of information on 

spectrum availability for all the segmented road partitions, 𝑃 as described in Section 3.2.1. The 

CR vehicular SU at 𝑃𝑐 uses 𝜌 which contains both the past and future road partitions to be aware 

of spectrum availability within the road partitions behind (𝑃𝑐−𝑛, …, 𝑃𝑐−2, 𝑃𝑐−1) and those ahead 

(𝑃𝑐+1, 𝑃𝑐+2 ,…, 𝑃𝑐+𝑛) with the help of the vehicles’ cooperative sensing approach. As a result, 

each CR vehicular SU is able to know in advance the spectrum resources opportunities that exist 

on its path, so that it can decide the channel schedule to be used before reaching a future road 

partition 𝑃. 

 

The spectrum sensing as performed by the SU network also helps to ensure high degree of 

interference avoidance with the PU network. In the proposed CRAVNET framework, three types 

of primary signals are sensed, such as DTV, ATV and wireless microphones. The DTV signals 

demonstrates narrowband characteristics on the pilot carrier 𝑓𝑝
𝑖, which is located at approximately 

310kHz above the lower edge of the channel and accounts for about 7% of the total signal power 

according to Advanced Television Systems Committee (ATSC) standard [58, 138]. Contrariwise, 

the narrowband features of ATV signals show narrowband features on the video carrier 𝑓𝑣
𝑖, which 

is located at approximately 1.25MHz above the lower edge of the channel and accounts for about 

50% of the total signal power according to National Television System Committee (NTSC) 

standard [58]. Hence, the presence of both the DTV and ATV signals can be effectively identified 

via energy detection by applying a conventional binary hypothesis test [138-141], where 𝐻0 and 

𝐻1 signify the absence and presence of primary signals, respectively. It is noteworthy to mention 

that the CRAVNET framework analysis applies to either low-pass (LP) or band-pass (BP) systems. 

Therefore, the received LP waveform on 𝐶𝑖 at the CR vehicular SU using these two hypotheses 



40 

 

can be represented by applying the models proposed by Wang and Ho [84] and Digham et al [142] 

as 

 

                   𝑟𝑖(𝑡) = {
ℜ {[ℎ𝑐𝕊𝐿𝑃(𝑡) +𝕎𝔾𝐿𝑃(𝑡)]𝑒

𝑗2𝜋𝑓∗
𝑖
} , 𝐻1

ℜ{[𝕎𝔾𝐿𝑃(𝑡)]𝑒
𝑗2𝜋𝑓∗

𝑖
},                      𝐻0 

                                                 (3.1) 

 

Where  𝑖 = 1, 2, 3, … , 𝑁, ℜ{∙} signifies the real part of a complex value operation, ℎ𝑐 = 𝛼𝑒
𝑗𝜃 is a 

slow fading channel with amplitude 𝛼 and phase 𝜃 (i.e. the channel impulse response), 𝕊𝐿𝑃 =

𝑗𝕊𝑠(𝑡) + 𝕊𝑐(𝑡) refers to an equivalent LP representation of the unknown signal with 𝕊𝑠(𝑡) and 

𝕊𝑐(𝑡) signifying the quadrature (Q) and in-phase (I) components, respectively. 𝕎𝔾𝐿𝑃 represents 

an equivalent LP representation of both the DTV and ATV signals and an Additive White Gaussian 

Noise (AWGN) process with a zero mean and a known power spectral density (PSD). 𝑓∗
𝑖 refers to 

the feature carrier frequency with ∗ indicating the type of signal. For instance, when ∗= 𝑎𝑡𝑣, 𝑓𝑎𝑡𝑣
𝑖  

is the signal pilot carrier frequency of ATV signal on 𝐶𝑖, when ∗= 𝑑𝑡𝑣, 𝑓𝑑𝑡𝑣
𝑖  is the video signal 

carrier frequency of DTV signals on 𝐶𝑖, when ∗= 𝑤𝑚, 𝑓𝑤𝑚
𝑖  is the wireless microphone operational 

signal carrier frequencies and finally when ∗= 2, 𝑓2
𝑖 is a CR vehicular SU signal pilot carrier 

frequency if a CR vehicles’ pilot signal is used for the energy detection process. 

 

The receiver structure can generally be described as follows. With the application of an ideal BP 

filter to pre-filter the received signal, given the observed signal 𝑟𝑖(𝑡) on 𝐶𝑖, for 0 ≤ 𝑡 ≤ 𝑇, the 

output of the integrator denoted by 𝑥𝑖 acts as a test statistic to test both the 𝐻0 and 𝐻1 hypotheses. 
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Therefore, with respect to the employed sampling theorem approximation3 [143-145] and 

assuming a narrowband signal over 𝐻1, 𝑥𝑖 can be represented in Eqn (3.2) as 

 

                                                      𝑥𝑖 ≝
2

𝑁0
∫𝑟𝑖

2(𝑡)𝑑𝑡

𝑇

0

                                                                 (3.2) 

 

where 𝑁0 denotes the one-sided noise PSD. Given that 𝑥𝑖 is a random variable with a chi-square 

(𝜒2) distribution, the test statistics can be expressed as 

 

      𝑥𝑖 ≅
1

𝑁0𝑊
{∑[(𝛼𝑐𝕊𝑐𝑖 − 𝛼𝑠𝕊𝑠𝑖 +𝕎𝔾𝑐𝑖)

2]

𝑁
2⁄

𝑖=1

+∑[(𝛼𝑐𝕊𝑠𝑖 + 𝛼𝑠𝕊𝑐𝑖 +𝕎𝔾𝑠𝑖)
2]

𝑁
2⁄

𝑖=1

}           (3.3) 

 

 

where 𝑊 denotes the signal bandwidth (i.e., the positive spectrum support), 𝑁0𝑊 is the channel 

noise variance, 𝑁 2⁄  denotes the number of samples per either in-phase and quadrature 

components, 𝛼𝑐 = 𝛼 cos 𝜃, 𝛼𝑠 = 𝛼 sin 𝜃, whereas 𝕊𝑐𝑖/𝕊𝑠𝑖 and 𝕎𝔾𝑐𝑖/𝕎𝔾𝑠𝑖 represent the 𝑖𝑡ℎ 

samples of the in-phase (𝕊𝑐(𝑡)/𝕎𝔾𝑐(𝑡)) and quadrature (𝕊𝑠(𝑡)/𝕎𝔾𝑠(𝑡)), respectively. Then, 

without loss of generality, it follows that 𝑥𝑖 will be central and non-central chi-square distributed 

under 𝐻0 and 𝐻1, respectively. Hence, the probability density function (PDF) of 𝑥𝑖 can be 

expressed as [84, 143] 

 

 
3 If a signal is observed over a limited interval 𝑇 and in the same time assumed to be band-limited, the outcome of the 

applied sampling theorem will be an approximate expression of the signal in terms of its limited samples. 
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                  𝑓(𝑥𝑖) ≝

{
 
 

 
 

1

𝛽𝑁2
𝑁
2⁄ Γ(𝑁 2⁄ )

𝑥𝑖
(𝑁 2⁄ )−1𝑓∗

𝑖(𝑒)
−
𝑥𝑖
2𝛽2 ,                 𝐻0

1

2
𝛽2(𝑥𝑖)

𝑁−2
4 𝑓∗

𝑖(𝑒)
−
(
𝑥𝑖
2𝜔⁄ )

2𝛽2 (
√𝑥𝑖2𝜔

𝛽2
) 𝐼(𝑁 2⁄ )−1

, 𝐻1

                                  (3.4) 

 

 

where 𝛽 denotes the chi-square distribution variance, 𝑁 represents degrees of freedom (DOF)4, 

Γ(∙) denotes the Gamma function, 𝜔 refers to the instantaneous signal-to-noise ratio (SNR) and 

𝐼(∙) refers to the 𝑖𝑡ℎ first order modified Bessel function. Other notations follow the same meaning 

as in the two-state spectrum sensing model in Eqn. (3.1). In practice, Liang et al [154] has 

demonstrated that 𝑇 must be large enough to guarantee low probability of a false alarm 𝑃𝑓𝑎 and a 

high probability of miss-detection 𝑃𝑚𝑑 (see Fig. 3.2). However, large observation interval 𝑇 cannot 

satisfy the requirement of fast spectrum opportunity sensing and acquisition especially in CR 

enabled vehicular networks which is characterized by high mobility. Consequently, we developed 

a novel adaptive cooperative spectrum sensing model to ensure efficient acquisition of spectrum 

resource opportunities within a limited sensing time. We adopted a slot-based spectrum sensing 

technique, where one CR vehicular SU provides one observation on a certain channel in each slot, 

so that the total number of observations is equal to the total number of CR vehicular SUs that sense 

channels in each slot. Therefore, the main challenge to be solved is how to determine the number 

of CR vehicular SUs that should cooperate to detect the signals on channel 𝑖 in each slot, 𝑖 =

1, 2, … ,𝑁.  

 
4 DOF can be approximated as either 2(TW) or 2(TW+1), depending on the first sample position. 
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Fig. 3.2: Trade-off between spectrum sensing time and detection performance. 

 

It is difficult to distinguish a faded DTV/ATV signals from white noise during spectrum sensing 

especially under circumstances characterized by low SNR. Besides, according to Shellhammer et 

al [141], it has been demonstrated that wireless microphone signals do not show stable and 

common features owing to the fact that its design parameters such as transmission power and 

operational frequencies can vary as a result of different wireless microphone manufacturers. In 

other words, the presence of wireless microphone signals can be misperceived by other unknown 

narrowband spikes as demonstrated in laboratory tests carried out in [141]. Hence, the traditional 

binary hypothesis test may not be suitable for identifying spurious emission interferences from 

wireless microphone signals. Consequently, the studies conducted in [146-149] have shown that 

these issues should be considered in the design of fine sensing techniques for a CR system. 

Unfortunately, with this two-state spectrum sensing model, once a CR vehicular SU senses 

spectrum hole and occupies a channel, other SUs can falsely perceive that the channel is occupied 
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by a licensed PU. Furthermore, the challenge of efficient resource allocation arises as the other 

vehicles are starved and prohibited from accessing the available additional spectrum resource 

given that this two-state model does not further check if the channel is actually occupied by a 

licensed PU or just another unlicensed CR vehicular SU. 

 

Consequently, with CRAVNET framework, in order to resolve these pinpointed limitations and 

ensure all-level fairness in terms of sharing the available spectrum resources among all CR 

vehicular SUs, we propose a three-state spectrum sensing model, which can be expressed as  

 

                 𝑟𝑖(𝑡) =

{
 
 

 
 ℜ0 {[𝕎𝔾𝐿𝑃(𝑡)]𝑒

𝑗2𝜋𝑓∗
𝑖
},                               𝐻0

ℜ𝑝𝑢 {[ℎ𝑐𝕊𝐿𝑃(𝑡) +𝕎𝔾𝐿𝑃(𝑡)]𝑒
𝑗2𝜋𝑓∗

𝑖
} ,    𝐻1

ℜ𝑠𝑢 {[ℎ𝑐𝕊𝐿𝑃(𝑡) +𝕎𝔾𝐿𝑃(𝑡)]𝑒
𝑗2𝜋𝑓𝑠𝑢

𝑖
} ,     𝐻2

                                                (3.5) 

 

 

where ℜ0, ℜ𝑝𝑢 and ℜ𝑠𝑢 denote the absence of any signal transmission (i.e., the presence of 

spectrum holes), the signal transmitted by PU transmitter and the signal transmitted by a CR 

vehicular SU transmitter, respectively. All other notations follow the same meaning as is the case 

with two-state spectrum sensing model in Eq. (3.1). 𝑓𝑠𝑢
𝑖  refers to the feature carrier frequency of 

the signal from the CR vehicular SU currently occupying the spectrum hole created by the absence 

of a PU. Therefore, the PDF of 𝑥𝑖 in Eqn. (3.4) can be rewritten as 
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𝑓(𝑥𝑖) ≝

{
 
 
 
 

 
 
 
 

1

𝛽𝑁2
𝑁
2⁄ Γ(𝑁 2⁄ )

𝑥𝑖
(𝑁 2⁄ )−1𝑓∗

𝑖(𝑒)
−
𝑥𝑖
2𝛽2 ,                      𝐻0

1

2
𝛽2(𝑥𝑖)

𝑁−2
4 𝑓∗

𝑖(𝑒)
−
(
𝑥𝑖
2𝜔⁄ )

2𝛽2 (
√𝑥𝑖2𝜔

𝛽2
) 𝐼(𝑁 2⁄ )−1

,     𝐻1

1

2
𝛽2(𝑥𝑖)

𝑁−2
4 𝑓𝑠𝑢

𝑖 (𝑒)
−
(
𝑥𝑖
2𝜔⁄ )

2𝛽2 (
√𝑥𝑖2𝜔

𝛽2
) 𝐼(𝑁 2⁄ )−1

,     𝐻2

                                       (3.6) 

 

 

where all notations follow the same meaning as is the case with two-state spectrum sensing model 

in Eqn. (3.4). 

 

Based on this developed three-state spectrum sensing model, CR vehicular SUs take different 

actions depending on whether the outcome of the sensing and detection exercise is 𝐻0, 𝐻1, or 𝐻2. 

When a channel is actually occupied by a licensed PU (𝐻1), CR vehicular SU are carefully 

prohibited from transmitting in such channel to avoid interference. However, a CR vehicular SU 

can transmit on any given channel of the PU network that is found to be idle (𝐻0). Likewise, if a 

channel is not idle (𝐻0) but not occupied by a licensed PU (𝐻1), but by a CR vehicular SU (𝐻2), 

other CR vehicular SUs are allowed to stay and contend for the channel access. When the outcome 

of test hypotheses is 𝐻2, meaning that there is a presence of a spectrum resources but been used 

by another CR vehicular SU, any of the already existing media access control (MAC) schemes 

such as Carrier-sense multiple access with collision detection (CSMA/CD) [150], Carrier-sense 

multiple access with collision avoidance (CSMA/CA) [151], Time-division multiple access 

(TDMA) [152], Frequency Division Multiple Access (FDMA) [153], etc, can be adopted to avoid 

collision and improve the reliability of message broadcast in the CR vehicular secondary networks. 

In the proposed CRAVNET, CSMA/CA mechanism is used by CR vehicular SUs for the available 

channel access contention. If there occurs a collision in the process of contending for channel 
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access, the IEEE 802.11 back-off procedure and retransmission rules are applied for collision 

resolution as discussed in Section 3.4. 

 

 

 

Fig. 3.3: A typical back-off procedure for a basic access (BA) mechanism. 

 

3.4 Packet(s) Collision Resolution through Basic Access Mechanism 

If there occurs a collision in the process of contending for channel access, the legacy IEEE 802.11 

back-off procedure and retransmission rules are applied for collision resolution. The proposed 

scheme is for CR-enabled ad-hoc networks which comprises of a number of CR Vehicular SUs 

communicating over a shared radio channel in a peer-to-peer fashion, without a centralized MAC 

protocol arbitrating requests to transmit on the wireless radio channel. Hence, the primary aim of 

MAC protocols for ad-hoc networks such as CR-enabled VANET is to prevent packet collision, 

which occurs when there are simultaneous packets transmissions on a shared channel. Although, 

according to the specification of the legacy IEEE 802.11 standard, each CR Vehicular SU that has 

packet(s) to send must monitor the shared channel prior to transmitting the packet(s), else 

collisions can ensue if two or more nodes are simultaneously transmitting. The adopted IEEE 
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802.11 standard, based on a CSMA/CA scheme, defines a Distributed Coordination Function 

(DCF) for this purpose. The DCF has an important feature such as the application of a randomized, 

slotted exponential back-off procedure, designed to break the symmetry between nodes that are 

retransmitting previously failed transmissions due to collision. 

 

When the shared channel is sensed busy (i.e., the channel is not free for a duration given by the 

DCF Interframe Space (DIFS), the length of which depends on the physical layer), the sending CR 

vehicular SU enters the back-off procedure. Furthermore, there is a random choice of back-off 

value, that specifies the number of time periods called slots that must be passed through before the 

CR vehicular SU can begin packet transmission. The duration of each slot is given by aSlotTime. 

The duration of the aSlotTime is given by the sum of (i) the time taken for a CR vehicular SU to 

assess the shared channel and deliver its state to the MAC layer, (ii) the time taken for the receiving 

CR vehicular SU to switch from a receiving to a transmitting state and (iii) the air propagation 

time. The back-off value will be decremented by 1 when the shared channel is sensed idle for an 

aSlotTime. However, upon detecting a transmission, the back-off value decrementing procedure 

will be temporarily suspended to be resumed only after the shared channel is detected idle for a 

DIFS. Finally, the CR vehicular SU can begin its packet(s) transmission when the back-off value 

reaches 0. Fig. 3.3 illustrates a typical back-off procedure for a BA mechanism based CSMA/CA. 

 

 

Fig. 3.3 shows how the back-off value of CR vehicular SU 2 is frozen if the wireless channel is 

busy (i.e., when the packet transmission and the corresponding acknowledgement (ACK) are sent, 
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as well as during the Short Interframe Space5 (SIFS) that separates these transmissions. The figure 

also shows that the back-off count-down gets frozen during SIFS because of the timing parameters 

of the legacy 802.11 standard which specifies that SIFS < DIFS and that the shared channel must 

be sensed idle for a DIFS before the back-off count-down can be resumed. Thus, the 

implementation of random selection of back-off value follows a uniform distribution over integers 

within the contention window (CW) range (i.e., [0, CW]). The CW is given by 𝐶𝑊 =

(2𝑏𝑐 − 1) × (𝑎𝐶𝑊𝑚𝑖𝑛 + 1), where 𝑏𝑐 denotes a variable referred to as the back-off counter6 and the 

value 𝑎𝐶𝑊𝑚𝑖𝑛 is a constant determined by the physical layer (PHY). The back-off counter can 

increase to a ceiling determined by the maximum back-off (MAX BACK-OFF) counter, which is 

a constant usually given by the PHY.  

 

3.5 Allocation of CR Vehicular SUs for Optimal Spectrum Sensing and Acquisition 

Guaranteed timely acquisition of the available channels within a limited sensing time will 

significantly improve the efficiency of the developed three-state spectrum sensing model. This can 

be achieved by carefully assigning an appropriate number of CR vehicular SUs to sense channels 

in each slot so that the available channels are acquired before the 𝑘𝑡ℎ sloth, where 𝑘 =

1, 2, 3, … ,∞. Let 𝕍𝑎 represent the assignment vector in the 𝑁 non-overlapping available channels, 

𝐶𝑖|𝑖 = 1, 2, 3, … , 𝑁, 1 ≤ 𝑎 ≤ 𝑘. Now, let the intended number of available channels to be acquired 

 
5 The SIFS is the time period the legacy 802.11 standard specifies that a destination CR vehicular SU must wait after 

successfully receiving a transmission. 

6 The back-off counter denotes the number of unsuccessful retransmissions of the pending data packet that have been 

made (therefore 𝑏𝑐 is initially 0). 
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until the 𝑘𝑡ℎ sloth under the assignment vectors, 𝕍1, 𝕍2, … , 𝕍𝑘 be denoted as 𝑁𝑘,𝐴𝑣𝑎𝑖𝑙. 

Consequently, we aim to obtain an optimal assignment set, 𝕍𝛼 = [𝕍1, 𝕍2, … , 𝕍𝑘], such that the 

corresponding 𝑁𝑘,𝐴𝑣𝑎𝑖𝑙
𝛼  becomes optimal, which means that ∀ 𝕍𝛽 ≠ 𝕍𝛼, 𝑁𝑘,𝐴𝑣𝑎𝑖𝑙

𝛽
< 𝑁𝑘,𝐴𝑣𝑎𝑖𝑙

𝛼 . 

However, the 𝑎𝑡ℎ column vector (i.e. the assignment vector in 𝑎𝑡ℎ slot) in the 𝕍𝛼 is largely 

dependent on past spectrum sensing observation results, which in turn, relies on assignment vectors 

in slots 1, 2, 3, … , (𝑎 − 1). Apparently, the optimal assignment matrix cannot be achieved directly 

since there are correlations between the columns in 𝕍𝛼. Therefore, the optimal assignment matrix 

can be obtained slot-by-slot base on past spectrum sensing observation results.   

 

Obviously, 𝑁1,𝐴𝑣𝑎𝑖𝑙
𝛼 = 𝑛1,𝐴𝑣𝑎𝑖𝑙

𝛼  when 𝑘 = 1 and 𝑁𝑎,𝐴𝑣𝑎𝑖𝑙
𝛼 = 𝑛𝑎,𝐴𝑣𝑎𝑖𝑙

𝛼 +𝑁(𝑎−1),𝐴𝑣𝑎𝑖𝑙
𝛼  when 𝑘 > 1, 

where 𝑛𝑎,𝐴𝑣𝑎𝑖𝑙
𝛼  represents the expected optimal number of available channels acquired in 𝑎𝑡ℎ sloth. 

Given that 𝑁(𝑎−1),𝐴𝑣𝑎𝑖𝑙
𝛼  has been obtained and fixed in the 𝑎𝑡ℎ, we seek to maximize 𝑛𝑎,𝐴𝑣𝑎𝑖𝑙

𝛼  in the 

slot 𝑎𝑡ℎ rather than 𝑁𝑎,𝐴𝑣𝑎𝑖𝑙
𝛼 . For the sake of brevity, the index 𝑎 is ignored in the following. Hence, 

the expected optimal number of available channels acquired in the slot 𝑎𝑡ℎ sloth, 𝑛𝐴𝑣𝑎𝑖𝑙 is given 

by 

 

                𝑛𝐴𝑣𝑎𝑖𝑙 =∑𝑃𝑖(𝑉𝑖, 𝑖)

𝑁

𝑖=1

                                              (3.7), 

 

where 𝑃𝑖(𝑉𝑖, 𝑖) denotes the probability that channel 𝑖 is available when CR vehicular SUs 𝑉𝑖 sense 

channel 𝑖. Finally, we formulate the problem into an optimization problem given as 
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max
𝕍
∑𝑃𝑖(𝑉𝑖, 𝑖)

𝑁

𝑖=1

,                                                                            (3.8) 

 

        Subject to 

     ∑𝑉𝑖

𝑁

𝑖=1

≤ ℝ,                                                                                 (3.9) 

 

    0 ≤ 𝑉𝑖 ≤ ℝ,                                                                                  (3.10) 

 

where 𝕍 = {𝑉1, … , 𝑉𝑖, … , 𝑉𝑁}. Obviously, this is a finite state variable optimization problem, which 

means that the optimal solution can only be obtained when 𝑁ℝ possible 𝕍 which satisfy Eq. (3.8) 

have been searched. Unfortunately, assuming that the computation of ∑ 𝑃𝑖(𝑉𝑖, 𝑖)
𝑁
𝑖=1  for one 𝕍 has 

the complexity of 𝑂(1), then the complexity of searching 𝑁ℝ possible 𝕍 will be 𝑂(𝑁ℝ). On the 

contrary, the optimal solution of the optimization problem can be obtained based on dynamic 

programming theory with low complexity based on the principle of optimality [155]. In fact, 

dynamic programming with the Viterbi algorithm avoids an exhaustive search thereby making it 

possible to obtain an optimal solution with very low complexity as shown in page 52 below.  

 

In order to solve the optimization problem in Eq. (3.8) based on dynamic programming theory, we 

define a variable 𝑍𝑖, which represents the total number of the CR vehicular SUs that senses 

channels 𝑖, 𝑖 + 1, …, 𝑁 and establish the dynamic programming formulation using the relationship  

 

         {
𝑍𝑖+1 = 𝑍𝑖 − 𝑉𝑖
𝑉𝑖 = ℝ                 

.                                           (3.11) 
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Additionally, we denote the optimal solution when 𝑍𝑖 CR vehicular SUs sense channels 𝑖, 𝑖 + 1, 

…, 𝑁 as 𝐾[𝑍𝑖 , 𝑖] and the corresponding optimal assignment vector as 𝑉𝑖,𝑍𝑖 =

{𝑉𝑖,𝑍𝑖 , 𝑉(𝑖+1),𝑍𝑖 , … , 𝑉𝑁,𝑍𝑖}. Then, we obtained the resulting recursive equation 

𝐾[𝑍𝑖, 𝑖] = max
𝑉𝑖,𝑉(𝑖+1),…,𝑉𝑁 

∑𝑃𝑗(𝑉𝑗 , 𝑗)

𝑁

𝑗=𝑖

                                          

 

= max
𝑉𝑖,𝑉(𝑖+1),…,𝑉𝑁 

[𝑃𝑖(𝑉𝑖, 𝑖) + ∑ 𝑃𝑗(𝑉𝑗 , 𝑗)

𝑁

𝑗=𝑖+1

] 

          =  max
𝑉𝑖 

[ max
𝑉(𝑖+1),…,𝑉𝑁 

(𝑃𝑖(𝑉𝑖, 𝑖) + ∑ 𝑃𝑗(𝑉𝑗 , 𝑗)

𝑁

𝑗=𝑖+1

)] 

 

          =  max
𝑉𝑖 

[𝑃𝑖(𝑉𝑖, 𝑖) + max
𝑉(𝑖+1),…,𝑉𝑁 

( ∑ 𝑃𝑗(𝑉𝑗 , 𝑗)

𝑁

𝑗=𝑖+1

)] 

 

= max
𝑉𝑖 
[𝑃𝑖(𝑉𝑖, 𝑖) + 𝐾(𝑍𝑖+1, 𝑖 + 1)]                

 

              =  max
𝑉𝑖 
[𝑃𝑖(𝑉𝑖, 𝑖) + 𝐾(𝑍𝑖 − 𝑉𝑖, 𝑖 + 1)],                 (3.12). 

 

    𝕍𝑖,𝑍𝑖 = arg max
𝑉𝑖,𝑉(𝑖+1),…,𝑉𝑁 

∑𝑃𝑗(𝑉𝑗, 𝑗)

𝑁

𝑗=𝑖

,                             (3.13), 
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where the boundary conditions are  

 

{
𝑉𝑁 ≤ 𝑍𝑖                                                        

𝐾(𝑍𝑁 , 𝑁) = max
𝑉𝑁=[0,1,2,…,𝑉𝑁] 

[𝑃𝑁(𝑉𝑁, 𝑁)]
.                    (3.14) 

 

Finally, in order to solve the optimization problem in Eq. (3.8), we simply find 𝐾(𝑍1, 1) and 𝕍1,𝑍1 

which can easily be obtained by applying the recursive equation in Eq. (3.12). Furthermore, to find 

𝐾(𝑍𝑖, 𝑖) and 𝕍𝑖,𝑍𝑖| 𝑖 = 2,… ,𝑁, [(ℝ + 1) ∗ (ℝ + 2)] 2⁄ , feasible 𝑍𝑖 and 𝑉𝑖 are searched. Owing to 

the relationship, 𝑍𝑖 ≥ 𝑉𝑖, the search for 𝑍𝑖 and 𝑉𝑖 starts from zero to ℝ and from zero to 𝑍𝑖, 

respectively. Therefore, the optimal solution has a low complexity of 𝑂(ℝ2𝑁) given that 𝐾(𝑍1, 1) 

and 𝕍1,𝑍1 are obtained by searching ℝ + 1 feasible 𝑍𝑖 and 𝑉𝑖 since 𝑉𝑖 is searched from zero to ℝ 

because 𝑍𝑖 = ℝ. Table 3.1 below shows the pseudo-code followed to obtain the optimal solution 

based on dynamic programming.  

 

The forward recursion of the algorithm can be described as follows:  

a) Set 𝑖 = 1 ∶ 𝑁. For initial number of available non-overlapping channels 

b) If the number of available non-overlapping channels is 𝑁 (𝑖 = 𝑁), then 

c) when the total number of the CR vehicular SUs that senses channels 𝑖, …, 𝑁 is between 0 ∶

ℝ, 

d) Find the optimal solution by calculating the probability that channel 𝑁 is available when 

CR vehicular SUs 𝑉𝑁 sense channels using 𝐾(𝑍𝑁 , 𝑁) = max
𝑉𝑁=0,…,𝑍𝑁 

[𝑃𝑁(𝑉𝑁, 𝑁)] and 

e) The corresponding optimal assignment vector using 𝑉𝑁,𝑍𝑁 = arg max
𝑉𝑁=0,…,𝑍𝑁 

[𝑃𝑁(𝑉𝑁, 𝑁)] 
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f) Else if the number of available non-overlapping channel is more than one but less than 𝑁 

then,  

g) Set the total number of the CR vehicular SUs that senses channels 𝑖, …, 𝑁 is between 0 ∶ ℝ 

and  

h) Find the optimal solution by calculating the probability that channel 𝑁 is available when 

CR vehicular SUs 𝑉𝑁 sense channels using 𝐾(𝑍𝑖, 𝑖) = max
𝑉𝑖=0,…,𝑍𝑖 

[𝑃𝑖(𝑉𝑖, 𝑖) + (𝐾(𝑍𝑖 −

𝑉𝑖), (𝑖 + 1))] and 

i) The corresponding optimal assignment vector using 𝑉𝑖,𝑍𝑖 = arg max
𝑉𝑖=0,…,𝑍𝑖 

[𝑃𝑖(𝑉𝑖, 𝑖) +

(𝐾(𝑍𝑖 − 𝑉𝑖), (𝑖 + 1))]. 

j) Else if there is only one available channel for the CR vehicular SUs 𝑉1 to sense, then 

k) Find the optimal solution by calculating the probability that the channel is available when 

CR vehicular SUs 𝑉1 senses the channel using 𝐾(𝑍1, 1) = max
𝑉1=0,…,𝑀 

[𝑃1(𝑉1, 1) + 𝐾(𝑍2, 2)] 

and  

l) The corresponding optimal assignment vector using 𝑉1,𝑍1 = arg max
𝑉1=0,…,𝑀 

[𝑃1(𝑉1, 1) +

𝐾(𝑍2, 2)]. Then, the forward recursion is finished. 
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Table 3.1: Pseudo-code to Find the Optimal Solution 

Algorithm 3.1: The pseudo-code used to find the optimal solution based on 

dynamic programming. 

 

 

 

 

 

 

 

1: 

Procedure: 

Input: maximization of the expected optimal number of the 

available channels acquired in 𝑎𝑡ℎ sloth 

Output: Obtained optimal solution after the recursive equation in 

Eqn (3.12)  

 

Initialization 

For 𝑖 = 1 ∶ 𝑁 

2:       If  𝑖 = 𝑁 

3:            For 𝑍𝑁 = 0 ∶ ℝ 

4:                    𝐾(𝑍𝑁 , 𝑁) = max
𝑉𝑁=0,…,𝑍𝑁 

[𝑃𝑁(𝑉𝑁 , 𝑁)] 

5:                    𝑉𝑁,𝑍𝑁 = arg max
𝑉𝑁=0,…,𝑍𝑁 

[𝑃𝑁(𝑉𝑁, 𝑁)] 

6:                    𝕍𝑖,𝑍𝑖 = [𝑉𝑁,𝑍𝑁] 

7:             End For 

8:       Else If  1 < 𝑖 < 𝑁  

9:              For 𝑍𝑁 = 0 ∶ ℝ 

10:                     𝐾(𝑍𝑖, 𝑖) = max
𝑉𝑖=0,…,𝑍𝑖 

[𝑃𝑖(𝑉𝑖, 𝑖) + (𝐾(𝑍𝑖 − 𝑉𝑖), (𝑖 + 1))] 

11:                     𝑉𝑖,𝑍𝑖 = arg max
𝑉𝑖=0,…,𝑍𝑖 

[𝑃𝑖(𝑉𝑖, 𝑖) + (𝐾(𝑍𝑖 − 𝑉𝑖), (𝑖 + 1))] 
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12: 
                    𝕍𝑖,𝑍𝑖 = [𝑉𝑖,𝑍𝑖 , 𝕍[(𝑖+1),(𝑍𝑖−𝑉𝑖,𝑍𝑖)]

] 

13:              End For 

14:       Else If  𝑖 = 1 

15:              𝐾(𝑍1, 1) = max
𝑉1=0,…,𝑀 

[𝑃1(𝑉1, 1) + 𝐾(𝑍2, 2)] 

16:              𝑉1,𝑍1 = arg max
𝑉1=0,…,𝑀 

[𝑃1(𝑉1, 1) + 𝐾(𝑍2, 2)] 

17: 
             𝕍1,𝑍1 = [𝑉1,𝑍1 , 𝕍2,(𝑍𝑖−𝑉𝑖,𝑍𝑖)

] 

18:       End If 

19: End For 

 

 

3.5.1 Spectrum Holes Availability Table (SHAT) 

CRAVNET framework maintains the received results of the cooperative spectrum sensing activity 

in SHAT, which has the following components in this particular format as given below [149]: 

 

                         ⟨𝐵 ∈ 𝐿𝑅 , 𝑓 ∈ 𝑁, 𝑃𝐵,𝑓 , 𝑛𝐵,𝑓 , 𝑂𝐵,𝑓⟩                          (3.15) 

 

 

where 𝐵 ∈ 𝐿𝑅 denotes the particular block partition of the road length 𝐿𝑅 of the current motor 

highway cognitive cell of the CR vehicular SU; 𝑓 ∈ 𝑁 refers to either DTV, ATV, or wireless 

microphones licensed channel; 𝑃𝐵,𝑓 represents the average power (dBm) measured in the block 𝐵 

and channel 𝑓 of the PU network;  𝑛𝐵,𝑓 denotes the number of the collected native and public7 

 
7 Native and public spectrum sensing samples refer to the spectrum sensing samples of vehicle 𝑖 and other vehicles, 

respectively. 



56 

 

spectrum sensing samples which were averaged in the current estimation of 𝑃𝐵,𝑓; and 𝑂𝐵,𝑓 refers 

to the vehicles which produced  𝑛𝐵,𝑓 spectrum sensing samples for 𝐵 and 𝑓. Accordingly, as each 

CR vehicular SU continues in movement, the content of the spectrum holes availability table is 

dynamically updated and entries of 𝐵 and 𝑓 belonging to 𝐿𝑅 that are outside the communication 

range and in the opposite direction of movement of the node are automatically deleted and replaced 

with 𝐵𝑐 and 𝑓𝑐 (i.e., the current block partitions and available channels) towards the vehicles’ 

direction of movement. This process aids the reduction of the communication overheads and the 

amount of memory required to efficiently maintain the spectrum holes availability table. 

 

3.5.2 Sensed Spectrum Data Aggregation  

The CR vehicular secondary network under consideration in CRAVNET framework consists of 

randomly deployed CR vehicular SUs, labelled as 𝑆1, 𝑆2, 𝑆3, … , 𝑆𝑛 and sparsely placed RSUs 

denoted as 𝑅𝑆1, 𝑅𝑆2, 𝑅𝑆3, … , 𝑅𝑆𝑛, which also collect aggregated information of sensed spectrum 

data from the CR vehicular secondary network. Each CR vehicular SU broadcasts a SENSED 

DATA message on the CCH which includes the contents of its spectrum holes availability table in 

every 𝑇𝑏 intervals when there are neighbouring stations with a connected logical links. A logical 

link exists between two SUs, 𝑆𝑖 and 𝑆𝑗 if and only if the Euclidean Distance between 𝑆𝑖 and 𝑆𝑗 

which is denoted by ‖𝑆𝑖 − 𝑆𝑗‖ ≤ 𝑟 (where 𝑟 is the transmission radius of a single or half-duplex 

CR communication equipment) and the secondary network represented by 𝒬 = (𝑆, 𝔼𝑙) (where 𝑆 =

{𝑆1, 𝑆2, 𝑆3, … , 𝑆𝑛} is the union of all the CR vehicular SUs and 𝔼𝑙 denotes the set of logical links 

existing between all the neighboring CR vehicular SUs). When 𝑆𝑖 receives a SENSED DATA 

packets from 𝑆𝑗 that is within its radio transmission coverage, 𝑆𝑖 updates the entries corresponding 

to block partitions in its direction of movement along 𝐿𝑅. Due to the spectrum sensing constraints 
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occasioned by the limited range of radio communication, the CR vehicular SU can only sense at 

most N channels, which means the size of 𝑅𝑖(𝑡) (i.e., a set of channels available for sensing) is no 

more than 𝑁, (i.e., |𝑅𝑖(𝑡)| ≤ 𝑁) and aggregates its native and the received SENSED DATA within 

CR range. Following the defined secondary network model, the aggregation of sensed spectrum 

data can be formalized and defined as 𝔸𝑡 = {𝔸1, 𝔸2, 𝔸3, … , 𝔸𝑁}, a set of aggregated SENSED 

DATA from the sensed PU network channels, where 𝔸𝑡|(1 ≤ 𝑡 ≤ 𝑁) contains the shared SENSED 

DATA packets amongst CR vehicular SU scheduled at 𝑡. Furthermore, a constraint 

∀𝑡𝑖, ∀𝑡𝑗  | (1 ≤ 𝑡𝑖,  𝑡𝑗 ≤ 𝑁, 𝑡𝑖 ≠ 𝑡𝑗) is applied to achieve efficient data aggregation by ensuring that 

each CR vehicular SU sends its aggregation result only once.  

 

3.5.3 Spectrum Data Sharing Log 

Each CR vehicular SU can determine the presence of additional spectrum resources in the current 

and future 𝐵 ∈ 𝐿𝑅 along its direction of movement with the help of the contents of its spectrum 

hole availability table. The Spectrum Data Sharing Log (SDSL) is an 𝒦 ×𝒦 × ℒ 3-dimensional 

(3-D) binary matrix containing ℳ𝓀,�̅�ℓ, where 𝓀, �̅� = 1, 2, 3,⋯ , 𝒦 and ℓ = 1, 2, 3,⋯ , ℒ. In 

other words, when CR vehicular SUs established the presence of spectrum hole in the current and 

future 𝐵 ∈ 𝐿𝑅 along their direction of movement, the SDSL is used to identify whether the sharing 

of a given channel by two or more vehicles in the current slot can result in harmful interference or 

not. For instance, if two CR vehicular SUs, 𝒱𝓀 and 𝒱�̅� say, share very close proximity, then their 

sharing of the same free primary channels 𝒞𝑛 where 𝑛 = 1, 2, 3, ⋯ , 𝑁 will certainly result in 

harmful interference to one another.  Hence, in order to avoid harmful interference amongst 𝒱𝓀 

and 𝒱�̅� on 𝒞𝑛, the two vehicles must not share that same channel in the current slot. Additionally, 

under spectral resource sharing system, the aggregated interference to the licensed PU must be put 
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into consideration. Given that the received power is directly proportional to 𝒹−𝔶 (where 𝒹 denotes 

the distance from the source CR vehicular SU to the destination and 𝔶 represents the path loss 

exponent, with 𝔶 = 2~4 and 𝔶 = 2 only if free space is used) when a fixed transmission power is 

applied. In our study, the aggregated interference is constrained by first constraining the main 

interference (or individual interferences from the participating CR vehicular SUs) and then ensure 

that the CR vehicular SUs that share the same 𝒞𝑛 in the current slot do not have the same distance 

from the PU that owns the free (or idle) channel. 

 

Then, let ℳ𝓀,�̅�ℓ = 0 denotes a condition where the two CR vehicular SUs 𝒱𝓀 and 𝒱�̅� can 

successfully share 𝒞𝑛 without causing harmful interference to one another and ℳ𝓀,�̅�ℓ = 1 denotes 

a condition where the two CR vehicular SUs 𝒱𝓀 and 𝒱�̅� cannot successfully share 𝒞𝑛 without 

causing harmful interference to one another. Thus, the SDSL can be obtained using 

 

ℳ𝓀,�̅�ℓ = {
1, 𝛿1

𝓀 + 𝛿2
�̅�  >  𝒹𝓀,�̅�  𝑜𝑟  𝛿1

�̅� + 𝛿2
𝓀  >  𝒹𝓀,�̅� 𝑜𝑟|𝒹�̅� ,𝒞𝑛 − 𝒹𝓀, 𝒞𝑛| < 𝒹𝑡, 𝓀 ≠ �̅� 

0,        𝑒𝑙𝑠𝑒                                                                                                                                  
 

(3.16) 

 

where 𝛿1
𝓀 and 𝛿2

�̅� denote the communication range of the 𝓀𝑡ℎ CR vehicular SU and the interference 

range (to the neighboring CR vehicular SUs) of the 𝓀𝑡ℎ CR vehicular SU, respectively. 𝒹𝓀,�̅� 

represents the difference in distance existing between the 𝓀𝑡ℎ CR vehicular SU and the �̅�𝑡ℎ CR 

vehicular SU. Apparently, ℳ𝓀,�̅�,ℓ = ℳ�̅�,𝓀,ℓ and 𝛿1
𝓀 + 𝛿2

�̅�  >  𝒹𝓀,�̅�  𝑜𝑟  𝛿1
�̅� + 𝛿2

𝓀  >  𝒹𝓀,�̅� 

indicates that the 𝓀𝑡ℎ CR vehicular SU and the �̅�𝑡ℎ CR vehicular SU are too close, hence cannot 

share the same channel in the current slot. 𝒹�̅� ,𝒞𝑛 denotes the distance between the �̅�𝑡ℎ CR 
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vehicular SU and the PU and 𝒹𝓀, 𝒞𝑛 denotes the distance between the 𝓀𝑡ℎ CR vehicular SU and 

the PU. 𝒹𝑡 represents the distance threshold (or minimum distance that must exist between two 

CR vehicular SUs) to avoid harmful aggregated interference. 

 

3.6 Performance Evaluation 

In this section, we discuss the performance evaluation of the proposed CRAVNET framework. In 

Section 3.6.1, we provide the model simulation parameters and performance metrics and in Section 

3.6.2, we show the discussion of the performance evaluation results. 

3.6.1 Simulation Parameters 

In order to evaluate the performance of the proposed CRAVNET framework, simulations were 

conducted to assess the effectiveness of the proposed spectrum sensing and allocation scheme in 

terms of its sensing accuracy, network wide efficiency and resource allocation fairness. We 

consider 15 CCs and a multi-lane highway scenario of 15 km length divided into multiple block 

partitions 𝐵 ∈ 𝐿𝑅 of equal lengths 𝑑 = 100𝑚. The 15 km highway selected ensures that each of 

the 15 CCs are contained within 1km to each other since the maximum communication range 

defined in IEEE 802.11p (DSRC-WAVE) standard for V2V communication and V2I 

communication is 1000m (1km) [222], [176]. The road is portioned into equal lengths 𝑑 = 100𝑚 

which is the minimum safety distance for two adjacent moving vehicles. We consider a Nagakami 

multi-path propagation model to enable us to take into account the impact of fading on PU sensing 

activity with the CR vehicular SUs speed randomly distributed in the range of the discrete set 𝑣 =

{(30 + 10 ∗ 𝑖)𝑚𝑝ℎ, ∀𝑖 ∈  [0 ∶ 5]} and equipped with an IEEE 802.11p radio transceiver. The set 

= {(30 + 10 ∗ 𝑖)𝑚𝑝ℎ, ∀𝑖 ∈  [0 ∶ 5]} is used as speed limit of the CR vehicular SUs since the 

allowed vehicle speed limit in highway (or motorway) scenario is between a minimum of 30mph 
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to a maximum of 80mph. In the simulation, the number of licensed PU channels are assumed to 

be 8 independent channels (i.e., 𝑁 = 8), each with bandwidth 𝑏𝑤 = 1 (b/s) with number of time 

slots 𝑇 = 30 and the number of samples 𝑀 = 10. Additionally, the channel transition probabilities 

P01 and P11 {𝑃01 = 0.2, 𝑃11 = 0.8} are also assumed. Without loss of generality, a static PU case 

is considered where the PUs are always active with the extension to the case of an alternate 

exponential ON/OFF PU activity pattern to be addressed in our future works (see Chapter 5 below). 

Six (6) PUs transmitting up to 1 Km of distance are randomly deployed in the current scenario and 

located at the edge of the highways, so that: 1) the activity of a single PU can affect multiple 

segments of the highway and 2) there is at least one spectrum hole available for vehicular 

communication on each block partition 𝐵 ∈ 𝐿𝑅.  

 

3.6.2 Results Discussion 

We study the ability of the proposed CRAVNET framework to provide opportunistic usage of 

licensed PU spectrum bands without interfering with the activity of the PUs. For performance 

evaluation, we consider two metrics such as the average probability of detection (𝑃𝑑), Probability 

of Miss Detection (𝑃𝑚), Jain Fairness Index [113] and Probability of Spectrum Sensing Conflict 

amongst the participating CR vehicular SUs [156].  

 

3.6.3 Average Probability of Detection 

The average probability of detection, 𝑃𝑑 in the case of Nakagami channels can be expressed as 

𝑃𝑑 = 𝜂∫ 𝑥2𝑚−1
∞

0

𝑒 (−
𝑚𝑥2

2Υ
)ℚ𝑢(𝑥, √𝛿)𝑑𝑥, Υ ≥ 0     (3.17), 

where   
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𝜂 =
1

Γ(𝑚)2(𝑚−1)
(
𝑚

Υ
)
𝑚

                                                  (3.18), 

𝑚 denotes the Nakagami-m fading parameter, which describes the severity of fading, with 𝑚 <

1 indicating severe fading and 𝑚 > 1 signifying less severe fading, Υ represents the PDF of the 

instantaneous SNR at the receiver node and ℚ𝑢(∙) is the generalized Marcum-Q function. 

Hence, solving the integral in Eq. (3.18) according to [122] results to a closed form expression 

of the 𝑃𝑑 in Nakagami channels as:  

𝑃𝑑 = 𝜂 [ℱ1 + 𝔶∑
(𝛿 2⁄ )

2(𝑛!)

𝑑−1

𝑛=1

𝒞1 [((
Υ

𝑚 + Υ
) (
𝛿

2
)) ;  𝑛 + 1;  𝑚 ]]                             (3.18), 

where 𝒞1(. ;  . ;  . ) denotes the confluent hypergeometric function, while the representations of 

𝔶 is given as 𝔶 = Γ(𝑚) (
2Υ

𝑚+Υ
)
𝑚

. 𝑒−(
Υ

2
)
 and solution of ℱ1 is given by the equation ℱ1 =

∫ 𝑥2𝑚−1
∞

0
𝑒 (−

𝑚𝑥2

2Υ
) 𝑑𝑥. 

 

The probability of spectral resource detection is measured as a function of SNR in Fig. 3.4 (a-b). 

From Fig. 3.4 (a-b), it is clearly observed that the probability of detection rapidly improves with 

increasing average SNR (Υ). In both figures, a gain of roughly one order of magnitude is achieved 

by the CRAVNET over the benchmark two-state scheme [156] for values of Υ from 8dB to 12dB 

in Fig. 3.4 (a) and from 4dB to 10dB in Fig. 3.4 (b), respectively. This can be explained by the fact 

that the three-state sensing and sharing approach allows CR vehicular SUs with CRAVNET 

scheme to verify, discover and detect more spectral resource as opposed to traditional two-state 

sensing and sharing model characterised with high level of resource starvation. Furthermore, Fig. 

3.4 (b) shows an interesting improvement in spectrum detection probability even with lesser values 
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of Υ (between -3dB and 8dB) with an increased vehicular density from 50 to 100 CR vehicular 

SUs due to the increased cooperation among the sensing nodes, which eventually lead to higher 

probability of spectrum availability detection. Additionally, the proposed CRAVNET scheme 

outperformed the benchmark two-state scheme with the aid of the Viterbi algorithm which avoids 

an exhaustive search of the dynamically available subcarriers thereby allowing CRAVNET 

scheme to detect and acquire the subcarriers within nanoseconds and with high accuracy. 
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(b) 

Fig. 3.4 (a) and (b): Performance comparisons between the proposed CRAVNET framework with 

three-state spectrum sensing and allocation model and the traditional two-state model using 50 and 

100 CR vehicular SUs with: 𝑃𝑑 measured against SNR. 

 

 

3.6.4 Probability of Miss Detection 

Probability of Miss Detection, 𝑃𝑚 which complements the probability of spectral resource 

detection is measured by the use of receiver operating characteristics (ROC) curves as a function 

of the false alarm probability. It is simply expressed as 

 

𝑃𝑚 = 1 − 𝑃𝑑                                                                        (3.19). 
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(a) 

 

(b) 

Fig. 3.5 (a) and (b): Performance comparisons between the proposed CRAVNET framework with 

three-state spectrum sensing and allocation model and the traditional two-state model using 50 and 

100 CR vehicular SUs with: 𝑃𝑚 measured against 𝑃𝑓𝑎. 
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Fig. 3.5 (a-b) compares the average probability of Miss Detection 𝑃𝑚𝑑 associated with the 

proposed cooperative three state model against the benchmark scheme as a function of 𝑃𝑓𝑎 using 

50 and 100 CR vehicular SUs. As expected, 𝑃𝑚𝑑 reduces rapidly for both CRAVNET and 

Benchmark scheme as the number of CR vehicular SUs increases regardless of the vehicle speed. 

However, CRAVNET scheme shows greater magnitude of improved performance as it can be seen 

in both Fig. 3.5 (a-b) that nearly one order of magnitude of discrepancy is observed between three-

state CRAVNET and two-state conventional approaches which further buttress the point made in 

this thesis report. 

 

3.6.5 Jain Fairness Index 

Furthermore, the fairness performance among competing CR vehicular SUs using our proposed 

CRAVNET empowered with the developed three-state spectrum sensing and sharing model 

against the benchmark two-state spectrum sensing and sharing approach in [156] is measured using 

Jain’s Fairness Index, which is expressed below as  

 

                        𝐽(𝑡) = (∑𝑇𝑖(𝑡)

𝑁

𝑖=1

)

2

(𝑁 ∙∑𝑇𝑖
2(𝑡)

𝑁

𝑖=1

)⁄                                                            (3.20) 

 

 

where 𝑇𝑖(𝑡) is the transmission time for the 𝑖𝑡ℎ CR vehicular SU during the period of time 𝑡. Note 

that the value of 𝐽 ranges from 0 to 1. It follows that the higher the Jain Fairness Index the better 

the spectrum resource sharing fairness among the participating CR vehicular SUs. In ideal case, 

the value of 𝐽(𝑡), should be equal to 1.  
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Two scenarios with 50 and 100 CR vehicular SUs are studied. Results are depicted in Fig. 3.6 (a-

b). From both Fig. 3.6 (a) and (b), we can see that the level of fairness in spectrum resource sharing 

achieved with the proposed CRAVNET framework communications using the three-state 

spectrum sensing and allocation model is significantly improved in comparison to the result of the 

two-state sensing and allocation model in both scenarios. This is because all CR vehicular SUs 

have equal opportunities to access the channel in the three-state model as opposed to two-state, 

where other CR vehicular SUs are denied fair share of available spectrum resource once another 

CR vehicular SU occupies a channel and continually transmits its own packets while others sense 

the channel busy (𝐻2) and presume that a licensed PU is currently occupying that channel.  

 

 

 

(a) 50 CR vehicular SUs 
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(b) 100 CR vehicular SUs 

 

 

 

 

 

 

Additionally, Fig. 3.6 (a-b) show that the number of participating CR vehicular SUs significantly 

impacts the fairness in resource sharing in both two-state and three-state spectrum sensing and 

allocation models. However, the three-state model has constantly demonstrated an improved 

resource sharing fairness performance in both low and high number of CR vehicular SUs scenarios, 

see Fig. 3.6 (a) and (b) above. More interestingly, the performance gap between our proposed 

novel CRAVNET framework and the benchmark two-state solution increased steeply when the 

number of participating CR vehicular SUs increased from 50 to 100. When the number increased 

to 100 CR vehicular SUs, our proposed CRAVNET framework achieved ideal Jain Fairness Index 
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Fig. 3.6 (a-b): Performance comparisons between the proposed CRAVNET 

framework with three-state spectrum sensing and allocation model and the 

traditional two-state model using (a) 50 CR vehicular SUs and (b) 100 CR 

vehicular SUs. 
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(i.e., 1) when the total number of available sensed and shared channels increased to 8. As expected, 

though the performance of the traditional two-state solution did not only improve at all but 

deteriorated when the number of available sensed and shared channels increased to 8 and drop 

from 𝐽(𝑡) = 0.9 to 𝐽(𝑡) = 0.87, (see Fig. 3.6 (b)). This observed steep performance gap between 

the two solutions is as a result of the fact that in two-state spectrum sensing and allocation approach 

the rest of the participating CR vehicular SUs are starved and prohibited from accessing the 

available additional spectrum resource once a given CR vehicular SU has occupied the available 

channel as others would falsely perceive that the channel is actually occupied by a licensed PU.  

 

3.6.6 Probability of Spectrum Sensing Conflict 

The second set of simulation experiments evaluate the possibilities of spectrum sensing conflict in 

the proposed three-state spectrum sensing and sharing solution in comparison with the traditional 

two-state solution [84].  Probability of Spectrum Sensing Conflict is the probability that more than 

one CR vehicular SU identify the same available channels, thereby resulting in contention for 

medium access which may lead to unhealthy interference among the CR vehicular SUs. This 

probability of spectrum sensing conflict, which is denoted as Υ can be described as the relationship 

between the numbers of available common channels 𝑁𝐶𝑜𝑚 sensed by more than one CR vehicular 

SU to the total number of available channels 𝐶𝑖 sensed by the same set of CR vehicular SUs. 

Hence, it can be expressed as 

 

                                                Υ = 𝑁𝑐𝑜𝑚 (∑𝐶𝑖

𝑛

𝑖=1

)⁄                                                                         (3.21) 
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In Fig. 3.7 (a-b), the probability of spectrum sensing conflict Υ in the proposed CRAVNET 

framework with three-state spectrum sensing and sharing approach is evaluated against the 

traditional two-state approach in [84] by setting the number of channels 𝑁 = 5 and 𝑁 = 8 in Fig. 

3.7 (a) and Fig. 3.7 (b), respectively. From Fig. 3.7 (a-b), it can be clearly seen that drastic 

increment of the density of CR vehicular SUs especially in the busy hours of morning and evening 

period can lead to high percentage of spectrum sensing conflict Υ in both frameworks. However, 

the proposed three-state spectrum sensing approach yields smaller percentage of sensing conflict 

(5%) as opposed to traditional two-state sensing approach with 10% of Υ, both at the same 0.05 

CR vehicular SUs traffic density. Notwithstanding, both approaches drastically increased as the 

number of CR vehicular SUs traffic density increases towards 1. The above experimentation 

results demonstrate the improved spectrum sensing efficiency that can be obtained by the proposed 

CRAVNET framework partly due to the application of the third hypothesis 𝐻2. 
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CRAVNET Analysis (Three-State model)

CRAVNET Simulation (Three-State model)

Benchmark Simulation (Two-State model)

Number of Channels, N = 8

(b) 𝑁 = 8 

Fig. 3.7 (a-b): Performance comparisons between the proposed 

CRAVNET framework with three-state spectrum sensing model and 

the traditional two-state model using (a) 𝑁 = 5 and (b) 𝑁 = 8 
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Chapter Four 

Improved Spectrum Allocation with QoS Guarantee*8
 

 

 

4.1 Introduction 

CR technology has been envisioned as promising solution to meet the ever-increasing demand of 

spectrum for wireless communication networks, through the implementation of the Opportunistic 

Spectrum Sharing (OSS) paradigm [101]. Spectrum underlay [157] is another spectrum sharing 

technique which enables the SUs to utilize the unused spectrum bands simultaneously with the 

PUs in the same frequency band thereby meeting the QoS requirements of the SUs while ensuring 

that the interference power constraint of PUs is satisfied. 

 

Several studies have opined that the allocated channel bandwidth may be inadequate to support 

the different stringent QoS requirements of the safety applications especially in the peak hours of 

traffic [1, 158, 159]. For instance, one of the stringent QoS requirements for safety applications 

requires message latency for Intersection Collision Warning (ICW) and Head on Collision 

Warning (HCW) systems to be less than 100ms. Hence, with such anticipated increasing 

communication demand of various applications with stringent QoS requirements, the allocated 

limited and static 75MHz spectrum resource may lead to significant message access delay and high 

rate of packet loss in vehicular networks. 

 

Given the promising capabilities of CR technology and cooperative communication with its 

potentials to increase link capacity by exploiting spatial diversity which has also attracted a 

 

*8Part of this chapter has been peer reviewed and published in [P.3] as shown in list of publications.8 
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significant research attention within the recent years [160-161], we propose a novel ACRAVNET 

scheme to solve the challenge of the increasing demands for vehicular communication services 

and the spectrum scarcity facing vehicular communication networks. 

 

Furthermore, in a heterogeneous cognitive network, cognitive users can be supported with a 

number of spectrum access opportunities from the PUs through collaborative spectrum sharing 

strategies thereby significantly improving the efficiency and fairness of both network systems via 

cooperative radio resource management. Hence, our proposed ACRAVNET scheme enables 

vehicular networks to use additional spectrum opportunities outside the standard allocation of 

75MHz spectrum at 5.9GHz band by FCC and can significantly improve the QoS performance of 

various vehicular network application services. 

 

Despite the remarkable achievements and future prospects of CR technology and cooperative 

communication especially in conventional wireless networks, the research of its applications in 

vehicular network environment is still at a very preliminary stage [49, 159]. However, radio 

resource allocation in vehicular networks supported by CR technology is typically more 

complicated compared to conventional networks as a result of the dynamic spectrum sharing 

characteristics of CR technology. This anticipated difficulty in resource management which is 

partly due to the presence of activities of the licensed users, stringent QoS requirements of safety 

applications and unbalanced spectrum requirements between multi-cells in vehicular networks are 

carefully considered in our proposed novel ACRAVNET protocol. Furthermore, the issues of how 

and when to trigger the spectrum sensing mechanism and the trade-off between cognitive overhead 

and performance gains also make resource allocation in CR enabled vehicular networks different 
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compared to traditional vehicular networks and were carefully considered in ACRAVNET 

Scheme.  

 

With conventional cognitive spectrum sensing schemes, where single-threshold energy detection 

algorithm is used, guaranteeing the real false alarm probability and missing probability is a difficult 

task. However, if double-threshold energy detection algorithm is used, then it is a lot harder to 

make erroneous decision when judging with the value that is located in-between the two 

thresholds. Based on this intuition, a network load metric was defined to evaluate the traffic status 

and propose a novel CRASS scheme to determine how and when to trigger and adjust the cognitive 

sensing window in consonance with the current traffic load status. CRASS can decrease the 

sensing cost and improve sensing performance effectively. Finally, we applied the concept of NBS 

from cooperative game theory which has been widely used in wireless networks to share radio 

resources fairly and proposed a generalized non-symmetric NBS (GNNBS) [162] to perform a 

non-symmetric cognitive inter-cell spectrum allocation in ACRAVNET. 

 

4.2 System Model/Architecture 

The architecture of ACRAVNET consists of 1) CR enabled vehicles, 2) CR enabled RSUs and 3) 

data processing center (DPC). The network is segmented into separate manageable cognitive sub-

systems. Furthermore, each sub-system consists of several cognitive cells. Hence, ACRAVNET is 

a two-step scheme for efficient inter-cell spectral resource allocation. The first step involves the 

use of DPC to guarantee fair and efficient allocation of sub-channels to each cognitive cell (i.e., 

inter-cell allocation). In the second step, CR enabled RSU takes the responsibility of allocating the 

available sub-channels amongst the different competing CR enabled Vehicles in each cognitive 

cell (i.e., intra-cell allocation) under the assumption that each vehicle accesses the PU’s licensed 
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spectrum in an overlay fashion. Therefore, the key focus of this study is on resolving the challenge 

of asymmetric inter-cell spectral resource allocation in CR assisted vehicular networks. 

 

Each sub-system is made up of ℕ cognitive cells and each cognitive cell consists of ℕ𝑛 On-board 

units (OBUs) that are randomly distributed along a highway road segment. Hence, assuming there 

exist a total of 𝑁 available sub-channels that have equal bandwidth of ψHz within the cognitive 

spectrum resource pool, then, according to [219], the overall achievable rate for a given cognitive 

cell can be expressed as  

𝑅𝑛 = ∑ 𝛿𝑛
𝑁
𝜁𝑁𝒞𝑛

𝑁

ℕ

𝑁=1

                                                                     (4.1) 

 

where 𝛿𝑛
𝑁

 and 𝒞𝑛
𝑁 denote the average utility of the allocated 𝑁𝑡ℎ sub-channel to a total 𝑛 number 

of cognitive cells and the channel indication, respectively; and 𝜁𝑁 (such that 𝜁𝑁 = 1 − 𝑃𝑁, where 

𝑃𝑁 is the probability that the 𝑁𝑡ℎ sub-channel is re-occupied by the licensed PUs) represents a 

discount factor of the overall achievable rate.  

 

The total average utility of the 𝑁𝑡ℎ sub-channel is given by 

 

 

𝛿𝑛
𝑁
=
1

ℕ𝑛
∑𝛿𝑖

𝑁

ℕ𝑛

𝑖=1

                                                                 (4.2)  

 

 

where 𝑛 ∈ 〈1, 2, 3,⋯ ,𝑁〉 and 𝛿𝑖
𝑁 denotes the achievable data transmission rate of vehicle 𝑖, which 

is given by 
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𝛿𝑖
𝑁 = ψlog2 (1 +

𝑃𝑖
𝑁𝐺𝑖

𝑁

(𝑁0)2
)                                            (4.3) 

 

 

where 𝑖 ∈ 〈1, 2, 3,⋯ ,ℕ𝑛〉, 𝑃𝑖
𝑁 and 𝐺𝑖

𝑁denote the sub-channel transmission power and gain for 

vehicle 𝑖 in the 𝑁𝑡ℎ sub-channel, respectively; and 𝑁0 represents the noise power for the sub-

channels, which is also assumed to be the same for all sub-channels.  

 

4.3 CR Adaptive Spectrum Sensing (CRASS) Scheme 

As stated in the System model description in Section 4.2, the spectrum is partitioned into 𝑁 

different frequency channels, which are labeled as 𝑓1, 𝑓2, 𝑓3, ⋯ , 𝑓𝑁, where each PU or CR vehicular 

SU requires only one channel for data transmission. However, licensed PUs have higher priority 

to use the channels than CR vehicular SUs. We used the three-state spectrum sensing model 

proposed in [13] with three outcomes of the sensing exercise as either 𝐻0 (idle), 𝐻1 (occupied by 

PU), or 𝐻2 (occupied by a SU). When a channel is actually occupied by a licensed PU (𝐻1), CR 

vehicular SU are carefully prohibited from transmitting in such channel to avoid harmful 

interference. Hence, a CR vehicular SU can transmit on any given channel that is idle (𝐻0). On the 

other hand, if a channel is not idle (𝐻0) and not occupied by a licensed PU (𝐻1), but by a CR 

vehicular SU (𝐻2), the current CR vehicular SU must vacate the channel when a new CR vehicular 

SU has a safety/emergency message with high priority to transmit. In order to enable the BS to 

distinguish safety messages from non-safety messages, we modified the conventional wireless 

communication RTS frame format (see Fig. 4.1) to contain three new fields such as CR vehicular 

SU’s Velocity, Message (Msg) Type and message Propagation Direction. The values of Msg Type 

field can either be 0 (non-safety related packets) or 1 (safety related packets).  
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Frame 
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Fig. 4.1: Modified RTS frame format 
 

 

Similarly, the same condition applies when a new licensed PU needs to utilize the channel currently 

occupied by a CR vehicular SU, whether transmitting a non-safety or safety message. If the 

channel is occupied by a CR vehicular SU that is transmitting a non-safety (or infotainment) 

message, the transmission has to be terminated immediately. Contrarily, if the channel is occupied 

by a CR vehicular SU that is transmitting a safety message, the BS will first check whether there 

is another available idle channel and if there is an existing idle channel, it automatically assigns 

the vacant channel to the licensed PU and the on-going safety message transmission will not be 

terminated. Otherwise, the licensed PU will utilize the channel by forcing the CR vehicular SU 

that is transmitting safety message out, since the primary responsibility of the CR technology is to 

avoid harmful interference to the PUs. However, with this scheme, CR vehicular SUs with safety 

messages have lower probability to be terminated abruptly than those transmitting non-safety 

messages thereby increasing spectrum utilization for those with safety messages while 

guaranteeing the priority of licensed PUs. Consequently, guaranteeing higher QoS requirement for 

the safety related messages. 

 

In ACRAVNET, we also assume that each sub-channel can only support data transmission for one 

cognitive cell at a time. That is, ∑ 𝒞𝑖
𝑁 = 1, ∀𝑁ℕ

𝑖=1 . However, under a highly saturated vehicular 

network environment, there is always a contradiction between the gains of spectrum utilization 

and the adverse effect of spectrum sensing overhead. Consequently, the proposed scheme adjusts 

the cognitive spectrum sensing window in accordance with the network traffic load and 



77 

 

communication quality so as to maintain low sensing overhead to avoid deterioration of the 

network quality. 

 

4.4 Adaptive Spectrum Allocation with QoS Guarantee using GNNBS 

As described in Section 4.1, the DPC acts as the central controller, which is responsible for inter-

cognitive cell spectrum allocation, while the CR enabled RSUs is considered as the bargaining 

player of each cognitive cell. Then, let ℝ𝑖 ∈ 𝑋|ℝ𝑖 ≥ ℝ𝑖
𝑚𝑖𝑛, ∀𝑖 ∈ 𝑁 be a non-empty bounded set. 

In other words, ℝ𝑖 is a set of feasible utilities that can be obtained by each of the CR enabled RSUs 

(i.e., players) if they cooperate after their minimum utility requirements are satisfied. In this study, 

ℛ𝑚𝑖𝑛 = (𝑅1
𝑚𝑖𝑛, 𝑅2

𝑚𝑖𝑛, ⋯ , 𝑅𝑁
𝑚𝑖𝑛) represents the minimum rate requirement, which serves as the 

disagreement point. Hence, 𝑓(ℛ𝑚𝑖𝑛, 𝑋) becomes the outcome of a total 𝑁 − number of RSUs 

bargaining problem so that NBS can provide a fair Pareto optimal operation point under the axioms 

according to Vatsikas et al. [163]. In order to guarantee all-level fairness and efficiency of 

spectrum allocation, the outcome can be solved as an optimization problem using NBS approach. 

In other words, ensuring improved spectral resource allocation efficiency (provided in Eq. 4.5) 

leads to QoS guarantee for the participating CRV-SUs. More so, by taking advantage of the 

benefits of cooperative communication in vehicular networks, we develop a GNNBS model to 

enable each cognitive cell to have different bargaining powers, expressed as  

 

𝑓(ℛ𝑚𝑖𝑛, 𝑋) = arg max
ℝ∈𝑋,   ℝ≥ℝ𝑚𝑖𝑛

∏(𝑅𝑖 − 𝑅𝑖
𝑚𝑖𝑛)

𝜔𝑖

𝑁

𝑖=1

                            (4.4)  
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where 𝜔𝑖 ∈ [0, 1]
𝑁 and ∑ 𝜔𝑖

𝑁
𝑖=1 = 1 denotes the bargaining power for cognitive cell 𝑖. The different 

bargaining powers of the CR vehicular SUs allow for QoS guarantee by allocating spectral resources 

based on their individual needs. 

 

According to Han et al. [164], Hungarian method can be applied to segment the different cognitive 

cells in a sub-system into groups with size two. The proposed GNNBS’s bargaining scheme is 

mainly for a two-cognitive cell scenario. Therefore, a multi-user (i.e., cognitive cell) spectrum 

allocation case can be considered as a constrained optimization problem with objective functions 

as follows 

max∑𝜔𝑖log(𝑅𝑖 − 𝑅𝑖
𝑚𝑖𝑛)

2

𝑖=1

 

Subject to         𝒞𝑖
𝑁 ≥ 0,    ∀𝑖, 𝑁 

∑𝒞𝑖
𝑁 = 1, ∀𝑁

2

𝑖=1

 

∑𝛿𝑖
𝑁𝒞𝑖

𝑁 ≥ 𝑅𝑖
𝑚𝑖𝑛, ∀𝑁

𝑁

𝑖=1

 

 

4.4.1 Karush–Kuhn–Tucker (KKT) Conditions of Optimality 

Karush–Kuhn–Tucker (KKT) conditions, also known as the Kuhn–Tucker conditions in 

mathematical optimization, conditions are first order condition for optimization for maximization 

or minimization of constrained optimization problems. The first order conditions are necessary or 

sufficient for a particular vector to be a solution of a maximization or minimization problem when 

an appropriate second order condition is satisfied. Kuhn tucker conditions provide a unified 

(4.5) 
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approach of constrained optimization such that the method of Lagrange multipliers, which allows 

only equality constraints can be generalized. Similar to the Lagrange approach, the constrained 

maximization (minimization) problem is rewritten as a Lagrange function whose optimal point is 

a saddle point, i.e. a global maximum (minimum) over the domain. 

 

Consider the general constrained optimization problem of the form 

max𝐶(𝜔) 

Subject to:           𝐾𝑖(𝜔) = 0,    ∀𝑖 = 1, 2, 3,⋯ , 𝑛 

                                          𝐿𝑗(𝜔) ≤ 0,    ∀𝑖 = 1, 2, 3,⋯ ,𝑚         (4.6) 

 If 𝜔′ is a solution of Eq. (4.5𝑎), then there are constants 𝜑𝑖(𝑖 = 1, 2, 3,⋯ , 𝑛) and 

𝜇𝑖(𝑖 = 1, 2, 3,⋯ ,𝑚) referred to as Lagrangian multipliers [191], such that  

𝛻𝐶(𝜔′) +∑𝜑𝑖𝛻𝐾𝑖(𝜔
′)

𝑛

𝑖=1

+∑𝜇𝑖𝛻𝐿𝑗(𝜔
′)

𝑚

𝑖=1

= 0                              (4.7) 

                       𝐾𝑖(𝜔
′) = 0,    ∀𝑖 = 1, 2, 3,⋯ , 𝑛               

𝐿𝑗(𝜔
′) ≤ 0,    ∀𝑖 = 1, 2, 3,⋯ ,𝑚                                                         (4.8) 

𝜇𝑖𝐿𝑗(𝜔
′) = 0,    ∀𝑖 = 1, 2, 3,⋯ ,𝑚                                                      (4.9) 

𝜇𝑖 = 0,    ∀𝑖 = 1, 2, 3,⋯ ,𝑚                                                                  (4.10) 

The conditions presented in Eq. (4.7) − (4.10) are referred to as KKT (or Lagrange) conditions 

and are essential for optimality. When the objective functions are convex and the associated 

constraints are affine, as is the case with our constrained optimization problem presented in Eq. 

(4.5), the KKT (or Lagrange) conditions will also be sufficient for global optimality as well [191]. 
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Solving Eq. (4.5), the following assumptions were made: a) let the maximum of 

max∑ 𝜔𝑖 log2(𝑅𝑖 − 𝑅𝑖
𝑚𝑖𝑛) =2

𝑖=1 ℝ, which is the objective function of Eq. (4.5); b) let  𝑌 = (ℝ1 −

ℝ1
𝑚𝑖𝑛)(ℝ2 −ℝ2

𝑚𝑖𝑛) where ℝ1and ℝ2 represent the two users. Given ℝ𝑖
𝑚𝑖𝑛 = 0, NBS fairness is 

the same as proportionality fairness, then the objective function of Eq. (4.5) can be represented as 

max∑ 𝜔𝑖 log(𝑅𝑖)
2
𝑖=1  where 𝜔𝑖 ∈ [0, 1]

𝑁 and ∑ 𝜔𝑖
𝑁
𝑖=1 = 1 denotes the bargaining power for 

cognitive cell 𝑖 and 𝜔𝑖 = 𝑅𝑖
𝑚𝑖𝑛 ∑ 𝑅𝑖

𝑚𝑖𝑛𝑁
𝑖=1⁄ . Then, the goal is the optimization of Eq. (4.4). By 

applying Lagrangian multipliers  𝜑, and 𝜎  as a function of  𝛿𝑖
𝑁 and  𝐶𝑖

𝑁, the constrained 

optimization problem in Eq. (4.5) becomes 𝑓(𝑌) 

 

=∑𝐶𝑖1ψlog2 (1 +
𝑃1
𝑁𝐺1

𝑁

(𝑁0)2
) − ℝ1

𝑚𝑖𝑛×

𝑁

𝑖=1

∑𝐶𝑖2ψlog2 (1 +
𝑃2
𝑁𝐺2

𝑁

(𝑁0)2
) − ℝ2

𝑚𝑖𝑛 +∑𝜎𝑁

𝑁

𝑛=1

   (∑𝐶𝑖
𝑁

2

𝑖=1

𝑁

𝑖=1

− 1) −      ∑∑𝜑𝑖
𝑁𝑌𝑖

𝑁

𝑁

𝑛=1

2

𝑖=1

−∑∑𝜑𝑖
𝑁𝐶𝑖

𝑁

𝑁

𝑛=1

2

𝑖=1

                                                           (4.11) 

 

where  𝛿𝑖
𝑁𝒞𝑖

𝑁 − 𝑅𝑖
𝑚𝑖𝑛 is represented as 𝑌𝑖

𝑁. Using the KKT optimality conditions and taking the 

derivatives with respect to 𝐶𝑖
𝑁 

 

ψlog2 (1 +
𝑃1
𝑁𝐺1

𝑁

(𝑁0)2
)

𝑃1
𝑁𝐺1

𝑁

(𝑁0)2

1 +
𝑃1
𝑁𝐺1

𝑁

(𝑁0)
2

∑ 𝐶𝑖1ψlog2 (1 +
𝑃1
𝑁𝐺1

𝑁

(𝑁0)2
) − ℝ1

𝑚𝑖𝑛𝑁
𝑖=1

=

ψlog2 (1 +
𝑃2
𝑁𝐺2

𝑁

(𝑁0)2
)

𝑃2
𝑁𝐺2

𝑁

(𝑁0)2

1 +
𝑃1
𝑁𝐺1

𝑁

(𝑁0)
2

∑ 𝐶𝑖2ψlog2 (1 +
𝑃2
𝑁𝐺2

𝑁

(𝑁0)2
) − ℝ2

𝑚𝑖𝑛𝑁
𝑖=1

           (4.12) 
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The channel-assignment variable can be slightly relaxed to continuous values 0 ≤ 𝐶𝑖
𝑁 ≤ 1 based 

on the overall achievable rate for the a given cognitive cell (equation 4.1), so that Eq. (4.12) now 

becomes, 

𝜁𝑁𝜔1𝛿1
−𝑁

𝑅1 − 𝑅1
𝑚𝑖𝑛

=
𝜁𝑁𝜔2𝛿2

−𝑁

𝑅2 − 𝑅2
𝑚𝑖𝑛
                                         

let function 𝑓 be defined as 𝑓(𝛿1
−𝑁𝛿2

−𝑁) =
𝜔1𝛿1

−𝑁

𝜔2𝛿2
−𝑁 −

𝑅1−𝑅1
𝑚𝑖𝑛

𝑅2−𝑅2
𝑚𝑖𝑛  where 𝑅1 = ∑ 𝛿1

−𝑁𝑁
𝑖=1  and 𝑅2 =

∑ 𝛿2
−𝑁𝑁

𝑖=𝑖+1 . In order to check for the user of a subcarrier, cognitive cell user 1 or 2, we define  

𝑃𝑁=
𝜔1𝛿1

−𝑁

𝜔2𝛿2
−𝑁,  𝐽𝑁=∑ 𝛿1

−𝑛𝑁
𝑖=1 − 𝑅1

𝑚𝑖𝑛, and 𝐿𝑁 = ∑ 𝛿2
−𝑛 − 𝑅2

𝑚𝑖𝑛𝑁
𝑖=𝑖+1 . Then, in descending order, 

𝑁𝑚𝑖𝑛 = min
𝑖∈(1,2,…𝑁)

{𝑁|𝐽𝑁 ≥ 0} 

𝑁𝑚𝑎𝑥 = min
𝑖∈(1,2,…𝑁)

{𝑁|𝐿𝑁 < 0} 

𝑁𝑚𝑖𝑛 ≤ 𝑁𝑚𝑎𝑥 allows for efficient allocation. Hence, defining 𝑧𝑁=
𝐽𝑁

𝐿𝑁
 , it can be concluded that 𝑃𝑁 

and 𝑧𝑁 are monotonically decreasing and increasing, respectively. Consequently, pareto optimality 

is achieved since there exist a unique 𝑁𝑥, such that 𝑁𝑚𝑖𝑛 ≤ 𝑁𝑥 ≤ 𝑁𝑚𝑎𝑥. 

 

4.5 Performance Evaluation 

In this Section, we discuss the performance evaluation of ACRAVNET framework. In Section 

4.5.1, the model simulation parameters and performance metrics were provided and in Section 

4.5.2, we show the discussion of the performance evaluation results. 

 

4.5.1 Simulation Settings 

In order to evaluate the performance of the proposed ACRAVNET framework, simulation 

experiments were carried out to assess the efficiency of the proposed spectrum sensing and 
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allocation scheme in terms of its sensing accuracy, network wide efficiency and optimal resource 

allocation fairness among the cognitive cells. Firstly, we consider a vehicular network scenario of 

60 CR vehicular SUs randomly distributed within a cognitive cell of width of 600 metres with an 

initial static spectrum bandwidth of 10 MHz (as officially allocated by US FCC). We used a 

Nagakami multi-path propagation model to enable us to take into account the impact of fading on 

PU sensing activity with the CR vehicular SUs’ speed randomly distributed in the range of the 

discrete set 𝑣 = {(30 + 10 ∗ 𝑖)𝑚/𝑠, ∀𝑖 ∈  [0 ∶ 5]} and equipped with an IEEE 802.11p radio 

transceiver. The channel transition probabilities P01 and P11 {𝑃01 = 0.2, 𝑃11 = 0.8} were assumed.  

 

Without loss of generality, a static PU case is considered where the PUs are always active with the 

extension to the case of an alternate exponential ON/OFF PU activity pattern to be addressed in 

our future works. Six licensed PUs transmitting up to 1Km of distance were randomly deployed 

in the current scenario and located at the edge of the highways, so that: 1) the activity of a single 

PU can affect multiple segments of the highway and 2) there is at least one spectrum hole available 

for vehicular communication on each cognitive cell. With the aid of the designed CRASS scheme 

in Section 4.3, an additional bandwidth will be used to extend the communication spectrum as well 

as improve the QoS of CR vehicular SUs’ safety communications.  

 

4.5.2 Results Discussion 

As shown overleaf, message transmission delay and outage probability performance of 

ACRAVNET scheme are measured in comparison between different spectral resource allocation 

(i.e., 10MHz and 60MHz). In order to demonstrate the impact of available spectrum on vehicular 

communication latency as well as on the overall vehicular network performance, we measured the 

resultant message transmission delay of the proposed ACRAVNET scheme as a function of the 
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allocated spectral resource and the amount of traffic (i.e., packet generation rate) across the entire 

CR enabled vehicular network. Additionally, we varied the channel bandwidth from the US FCC 

officially allocated 10MHz to 60MHz with the help of the applied CR technology and effectively 

increase the amount of packet generated (or network traffic load) from low to high. The simulated 

CR enabled vehicular network highway segments filled up with generated vehicular traffic during 

the initialization phase. 

 

 

 

 

Fig. 4.2: Performance comparison of messages transmission delay as a function of packet 

generation rate of CRASS scheme (using the US FCC officially allocated 10MHz and the acquired 

additional 60MHz by our scheme by applying CR technology). 

 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

Probability of Packet Generation

D
e
la

y
 (

s
e
c
o
n
d
s
)

 

 

CRASS Scheme with 10MHz

CRASS Scheme with 60MHz



84 

 

 

In Fig. 4.2, it can be seen that the proposed ACRAVNET scheme can significantly reduce both 

safety and non-safety related message transmission delay in a low as well as in a high CR enabled 

vehicular network density. Fig. 4.2 also demonstrates that the wider the available spectral resource, 

the more the QoS and overall performance of the entire CR enabled vehicular network will 

improve. Additionally, the results contained in Fig. 4.2 goes a long way to prove that high spectrum 

is required for a dense highway vehicular scenario with a stringent reliability demand. The results 

indicate that more than 60MHz bandwidth is required to guarantee minimum acceptable latency 

as well as 99% reliability in certain cases. The performance (i.e., results) depicted in Fig. 4.2 is in 

stark contrast to existing official regulatory decisions of allocating a meagre 10MHz bandwidth in 

5.9GHz band for safety purposes in ITS in US and Europe by US FCC in 1999. Our result suggests 

that a significant modification would be required in either the overall design of V2V 

communication system or the amount of spectrum allocation required to achieve efficient vehicular 

communication system, especially for traffic safety. 
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Fig. 4.3: Performance comparison of percentage of transmission blocking probability for safety 

and non-safety messages as a function of available channel bandwidth (MHz) of the proposed 

GNNBS scheme (using the US FCC officially allocated 10MHz and the acquired additional 

60MHz by our scheme through CR technology). 
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commercial) messages). Fig. 4.3 demonstrates the impact of the presence of licensed PUs in such 

saturated CR enabled vehicular network scenario on both safety and non-safety traffics. As 

discussed in Section 4.3, when there is no vacant channel available, the BS will have to block off 
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the transmission blocking probability for both safety and non-safety is evaluated with the results 

shown in Fig. 4.3 above. GNNBS scheme gives higher priority to CR vehicular SUs transmitting 

safety messages than those transmitting non-safety messages. Hence, the blocking probability of 

CR vehicular SUs transmitting safety messages is lower in multiple order of magnitude compare 

to those transmitting non-safety messages as shown in Fig. 4.3. From Fig. 4.3, it is clearly shown 

that when the available channel bandwidth is 10MHz (as officially allocated by US FCC), only 

11% of on-going safety message transmissions are blocked off while 28% of non-safety message 

transmissions are blocked off.   

 

Interestingly, the transmission blocking probability for both CR vehicular SUs transmitting safety 

messages and those transmitting non-safety messages dropped drastically as more channel 

bandwidth become available up to 60MHz. The drastic drop in the percentage of transmission 

blocking probability also confirms the need to officially allocate more spectrum for efficient V2V 

communication services in addition to the 10MHz already allocated in the 5.9GHz spectrum band 

by US FCC.   

 

Fig. 4.4 (a) show the demonstration of the performance comparisons between the proposed 

ACRAVNET Scheme and the reference scheme (NBNC Scheme) [221] using the rate of outage 

probability as a function of number of available channels for traffic density of 50 CRV-SUs. It is 

evident from Fig. 4.4 (a) that the outage probability increases for both schemes as the number of 

available channels decrease. Fig. 4.4 (a) shows that when the number of available channels N=2, 

our proposed ACRAVNET scheme recorded a performance of outage probability of 0.11 while 

NBNC scheme had a 0.19 outage probability.   
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(a) (b) 

(c) 

Fig. 4.4 (a), (b) and (c): Performance comparisons between the proposed CRAVNET Scheme 

and a reference scheme (NBNC Scheme) using the rate of outage probability as a function of 

number of available channels for different CRV-SUs traffic densities – (a) 50 CRV-SUs, (b) 

100 CRV-SUs, and (c) 200 CRV-SUs. 
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However, Fig. 4.4 (a) further shows clearly that when the number of available channels increased 

to N=20, the outage probability of both schemes dropped drastically to nearly 0.015. This is 

because the number of CRV-SUs that have packets to transmit amongst the participating 50 CRV-

SUs were successfully accommodated and assigned a channel from the 20 available transmission 

channels. Hence, the steep reduction in the outage probability experienced by both our proposed 

ACRAVNET scheme and the reference NBNC scheme in Fig. 4.4 (a).  

Furthermore, a wide performance gap is noticed in both Fig. 4.4 (b) and (c) as the CRV-SUs’ 

traffic density increased from 100 CRV-SUs to 200 CRV-SUs, respectively. It shows that 

performance of NBNC scheme deteriorated as the CRV-SUs’ traffic density increased from 100 

CRV-SUs to 200 CRV-SUs (see Fig. 4.4 (b) and (c)). Similarly, the difference in performance gap 

between the two schemes becomes quite larger as the number of CRV-SUs with packets for 

transmission over the 20 available channels increases, particularly evident in Fig. 4.4 (c) where the 

performance of NBNC scheme has further worsened and the outage probability steeply increased 

to nearly 0.65 with N=20. On the contrary, our proposed ACRAVNET scheme, advantaged by the 

application of the adaptive spectrum allocation with QoS guarantee using GNNBS is able to 

maintain a low outage probability of 0.12 as opposed to the deteriorated performance of NBNC 

scheme as a result of the sharp increase of CRV-SUs’ traffic density.   
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Fig. 4.5 (a), (b) and (c): Performance comparisons between the proposed CRAVNET Scheme 

and a reference scheme (NBNC Scheme) using the sum rate of CRV-SUs measured in bits per 

second per Hertz (b/s/Hz) as a function of packet generation rate for different CRV-SUs traffic 

densities – (a) 50 CRV-SUs, (b) 100 CRV-SUs, and (c) 200 CRV-SUs. 
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In Fig. 4.5 (a), a demonstration of the performance comparison between the proposed 

ACRAVNET Scheme and the reference NBNC Scheme using the sum rate (b/s/Hz) of CRV-SUs 

as a function of packet generation rate for traffic density of 50 CRV-SUs. The results show a sharp 

increase in throughput as the rate of packet generation increases for both schemes, as shown in 

Fig. 4.5 (a). Although, both schemes experienced increased throughput with the increase in rate of 

packet generation, Fig. 4.5 (a) revealed that our proposed ACRAVNET scheme outperformed the 

reference NBNC scheme. As shown in Fig. 4.5 (a), a performance gain of roughly 5 order of 

magnitude and 15 order of magnitude is achieved by our proposed ACRAVNET scheme over the 

reference NBNC scheme for values of 0.3 and 0.8 rate of packet generation, respectively. 

Additionally, further increase in performance gap between our proposed ACRAVNET scheme and 

NBNC scheme becomes even more evident in Fig. 4.5 (b) and (c) as the traffic density of the 

network increased from 100 CRV-SUs to 200 CRV-SUs. This sharp increase in throughput is 

further clearly demonstrated in Fig. 4.5 (c) as the proposed ACRAVNET scheme achieved a 

throughput of 14.0b/s/Hz against 11.0b/s/Hz of the reference NBNC scheme and throughput of 

44.0b/s/Hz against 35.5b/s/Hz of the reference NBNC scheme at 0.3 and 0.8 rate of packet 

generation, respectively. 
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Chapter Five 

Design Optimization of Resource Allocation in OFDMA-

based CR-enabled IoVs*9 

 

5.1 Introduction 

According to [156, 165], the CR technology is an enabling concept with the potential to 

overcoming the challenge of spectrum scarcity, which is the result of the existing fashion of fixed 

spectrum allocation (FSA) policy [166]. DSA or spectrum sharing mechanism [167] has been 

adjudged a vital potential associated with CR technology. Additionally, the existing allocation of 

spectrum for certain radio technologies within 300MHz – 3GHz (i.e., the prime frequency bands) 

is getting closer to saturation point. Consequently, spectrum allocation regulatory bodies like the 

Ofcom or US FCC are considering more flexible spectrum management strategies like secondary 

spectrum access mechanism [156]. Hence, the design and development of unique novel radio 

technologies to be able to operate in unlicensed bands. 

 

Game theory is seen as a robust tool to achieve the Pareto-optimality for distributed resource 

scheduling especially within wireless networks such as vehicular networks [168], as well as in the 

CR network [169]. Furthermore, when efficient spectrum resource sharing is considered in 

conjunction with fairness, it is figured that cooperative game theoretical technique like NBS is 

more suitable to finding the optimal points in comparison to non-cooperative games. 

 

*Part of this chapter has been peer reviewed and published in [P.6] as shown in list of publications.9  
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This chapter’s emphasis is on efficient allocation of spectrum resources with the assumption that 

the intelligent detection of spectrum holes [156, 170] is carried out in advance. Mainly, the key 

aim is to efficiently schedule the dynamically available spectrum resources with the satisfaction 

of QoS requirements of the CR vehicular secondary users (CRV-SUs) while guaranteeing non-

interference to potential communications from the licensed PUs. Using DSA, CRV-SUs can 

intelligently detect the presence of spectral white spaces (i.e., available spectrum holes) that are 

temporarily left under-utilized by the licensed owner (i.e., the PUs), dynamically utilize the 

available spectrum and vacate same at the instance of the licensed PUs. In this chapter, a cellular 

OFDMA-based overlay CR Assisted vehicular network scenario is considered where licensed 

spectrum owners permit CRV-SUs to access the unused spectral resources with a guarantee of no 

performance degradation to the licensed PUs. Thus, under the overlay fashion, CRV-SUs are not 

permitted to access the sub-channels that are under current PU occupation and this ensures that 

there is no co-channel interference between the PU and CRV-SUs.  

 

It is possible for both PU and CRV-SU to exist in side by side frequency bands under the overlay 

fashion, possibly using different access technologies. Thus, the signals transmitted by both PU and 

CRV-SU are not orthogonal. Hence, the nonorthogonality of the signals may lead to mutual 

interference amongst the PU and CRV-SUs. Consequently, the measure of the introduced 

interference to the PU by the CRV-SUs is directly proportional to the amount of transmission 

power allocation in the CRV-SUs’ sub-channels and the difference in spectral distance that exist 

between the PU’s band and the sub-channels. Thus, spectral resource allocation under cellular 

OFDMA-based overlay CR Assisted vehicular networks promises an efficient approach that is 
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capable of protecting the licensed PUs from harmful interference from the CRV-SUs and the 

potential to satisfying the QoS requirements of CRV-SUs, especially for the communication of 

time-constrained safety (or emergency) messages in IoVs. The choice of cellular OFDMA-based 

overlay CR-enabled vehicular networks is in accordance with the current trends of developments 

with respect to future wireless communication systems, such as IEEE 802.16-style networks, IEEE 

802.11p networks or universal mobile telecommunication system (UMTS) Long Term Evolution 

(LTE). Moreover, multicarrier OFDMA technology can lead to improvement of the spectral 

efficiency as well as the robustness needed when dealing with time-varying wireless multi-path 

interferences, which is likely the case with vehicular networks [171]. 

 

In this chapter, a novel Symmetric NBS OFDMA-based overlay CR Assisted Vehicular NETwork 

(SNO-CRAVNET) scheduling scheme is proposed for efficient joint transmission power and 

subcarrier allocation for dynamic spectral resource access in cellular OFDMA-based overlay CR 

Assisted vehicular networks in clusters. The joint optimal allocation strategy is determined in a 

simpler and faster approach by the proposed scheduler with the help of the obtained closed-form 

analytical solution as opposed to existing studies that adopt iterative programming methods like 

the work presented in [172-175]. The merits of the proposed novel SNO-CRAVNET framework 

is confirmed through its comparison with existing approaches. 

 

5.2 System Model 

The co-existence of cellular OFDMA-based overlay CR assisted vehicular network with PU 

network scenario as depicted in Fig. 5.1 is considered in this paper. As is demonstrated in Fig. 5.1, 

the network scenario is divided into cognitive cells (CCs) [156]. The CCs consist of ℕ number of 

CR base stations (CR-BS) and ℝ number of CRV-SUs in vehicular cluster formations. The 
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dynamically available channel bandwidth (𝐵) is evenly divided within a given CC into 𝒩𝒞 number 

of orthogonal channels. Specifically, the CR-BS in-charge of a CC receives data from CRV-SUs 

and efficiently performs the spectral resource scheduling. Thus, to prevent harmful interference 

with the transmissions of the PUs, the CR-BS controls the dynamically available resources. 

 

 

Fig. 5.1: Illustration of a typical cognitive cell (CC) service area.  

 

 

5.2.1 Vehicular Cluster Mobility Model 

The average life span of a CRV-SUs’ cluster formation [176] which is the total duration when all 

the ℝ CRV-SUs in a particular cluster (usually presumed to be exponentially distributed) maintain 

membership of the same CC [177]. Thus, the CRV-SUs’ cluster formation’s mobility can be 
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modeled using a transition rate (i.e., speed) matrix 𝑇 and given by  

 

𝑇 = [
𝑅(1, 1) 𝑅(1, 𝑓𝑚)
⋮ ⋮

𝑅(𝑓𝑚, 1) 𝑅(𝑓𝑚, 𝑓𝑚)
],                      (5.1) 

 

 

where 𝑓𝑚 = |𝐹| denotes the number of locations in a service area, |𝐹| represents the cardinality of 

set 𝐹, the element  𝑅(𝑓,  𝑓′) represents the rate at which the CRV-SUs’ cluster formation changes 

from ℒ𝑓 to ℒ𝑓′ location. Different speed of a CRV-SUs’ cluster formation can be captured in 

different locations by the matrix 𝑇 within a service area. 

 

We represent the steady state probability vector with �⃗⃗� = [𝑉(ℒ1)⋯𝑉(ℒ𝑓)⋯𝑉(ℒ𝑓𝑚)]
𝑡
, where 

the element 𝑉(ℒ) of the vector �⃗⃗�  denotes the probability for the CRV-SUs’ cluster formation to 

be at the location ℒ𝑓. Thus, by solving �⃗⃗� 𝑡𝑇 = 0⃗  and �⃗⃗� 𝑡1⃗ = 1, the steady state probability vector 

�⃗⃗�  can be obtained, where 1⃗  and 0⃗  represent the vectors of ones and zeros, respectively. 

 

5.2.2 Activity of PUs 

Packets transmission from both CRV-SUs’ cluster members (CMs) to cluster head (CH) and from 

the CH to their respective destinations are based on shared common channel with the licensed 

users. Thus, both the CRV-SUs’ CMs and the CH must always watch the activity of the licensed 

users prior to accessing and using the shared channel in a fashion that does not cause harmful 

interference to the PUs’ activity. In a shared channel, activity of the PUs is modeled through a two 

state Markov chain, such as ON-OFF model which corresponds to the busy and idle states, 

respectively. Consequently, a transition probability matrix is used to model the state transition of 
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shared channel 𝑚 as expressed below:  

 

�̃�𝑚 = [
�̃�𝑚(0, 0) �̃�𝑚(0, 1)

�̃�𝑚(1, 0) �̃�𝑚(1, 1)
]
← idle
← busy,

                                      (5.2) 

 

where 0 and 1 represent the idle and busy states, respectively. Thus, the probability of the shared 

wireless channel 𝑚 been in idle state (𝑃𝑚
𝑖𝑑𝑙𝑒) can be obtained from the expression 𝑃𝑚

𝑖𝑑𝑙𝑒 =

1 − �̃�𝑚(1, 1) ((�̃�𝑚(0, 1) − �̃�𝑚(1, 1) + 1))⁄ . Conversely, the sensed state (i.e., idle or busy state) 

of the shared wireless channel 𝑚 may differ from the actual channel state because of shared 

channel sensing error. Therefore, the probability of misdetection for the shared channel sensing, 

which is the probability that a shared wireless channel 𝑚 is sensed to be idle whereas it is actually 

busy is represented by 𝑃𝑚
𝑚𝑖𝑠 and the probability of false-alarm, which is the probability that a shared 

wireless channel 𝑚 is sensed to be busy whereas it is actually idle is represented by 𝑃𝑚
𝑓𝑎𝑙𝑠𝑒

. Thus, 

considering the inter-relation between the sensed and actual shared wireless channel 𝑚 states, the 

transition of joint sensed and actual shared wireless channel 𝑚 state can be given as a matrix as 

expressed below: 

�̃�𝑚 =

[
 
 
 
 
 �̃�𝑚(0,0)(1 − 𝑃𝑚

𝑓𝑎𝑙𝑠𝑒
) �̃�𝑚(0,1)𝑃𝑚

𝑚𝑖𝑠 �̃�𝑚(0,0)𝑃𝑚
𝑓𝑎𝑙𝑠𝑒

�̃�𝑚(0,1)(1 − 𝑃𝑚
𝑚𝑖𝑠)

�̃�𝑚(1,0)(1 − 𝑃𝑚
𝑓𝑎𝑙𝑠𝑒

) �̃�𝑚(1,1)𝑃𝑚
𝑚𝑖𝑠 �̃�𝑚(1,0)𝑃𝑚

𝑓𝑎𝑙𝑠𝑒
�̃�𝑚(1,1)(1 − 𝑃𝑚

𝑚𝑖𝑠)

�̃�𝑚(0,0)(1 − 𝑃𝑚
𝑓𝑎𝑙𝑠𝑒

) �̃�𝑚(0,1)𝑃𝑚
𝑚𝑖𝑠 �̃�𝑚(0,0)𝑃𝑚

𝑓𝑎𝑙𝑠𝑒
�̃�𝑚(0,1)(1 − 𝑃𝑚

𝑚𝑖𝑠)

�̃�𝑚(1,0)(1 − 𝑃𝑚
𝑓𝑎𝑙𝑠𝑒

) �̃�𝑚(1,1)𝑃𝑚
𝑚𝑖𝑠 �̃�𝑚(0,0)𝑃𝑚

𝑓𝑎𝑙𝑠𝑒
�̃�𝑚(1,1)(1 − 𝑃𝑚

𝑚𝑖𝑠)]
 
 
 
 
 
←  and sensed 𝑖𝑑𝑙𝑒
shared channel 𝑖𝑑𝑙𝑒,

←but sensed 𝑖𝑑𝑙𝑒
shared channel 𝑏𝑢𝑠𝑦,

←but sensed 𝑏𝑢𝑠𝑦
shared channel 𝑖𝑑𝑙𝑒,

←and sensed 𝑏𝑢𝑠𝑦
shared channel 𝑏𝑢𝑠𝑦,

 

(5.3) 

Let us assume that the steady state probability vector of the sensed and actual shared wireless 

channel 𝑚 state is denoted by 𝛿 . Therefore, the element 𝛿(𝑖) for 𝑖 = {1, 2, 3, 4} of 𝛿  corresponds 

to the joint sensed and actual shared wireless channel 𝑚 state as defined in row 𝑖 of �̃�𝑚 in Eqn. 

(5.3) above. The steady state probability vector 𝛿  can be obtained by solving 𝛿 𝑡(1⃗ ) = 1 and 
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𝛿 𝑡(�̂�𝑚) = 𝛿 
𝑡. Thus, the transition of the sensed shared wireless channel 𝑚 state can be modeled 

by the matrix 

 

𝒯𝑚 = [
𝒯𝑚(0,0) 𝒯𝑚(0,1)

𝒯𝑚(1,0) 𝒯𝑚(1,1)
]
← shared channel sensed 𝑖𝑑𝑙𝑒
← shared channel sensed 𝑏𝑢𝑠𝑦,

                 (5.4) 

 

such that the elements can be obtained as follows (see Eqns (5.5)-(5.8)) below: 

 

𝒯𝑚(0,0) =
{𝛿(1)(�̃�𝑚(0,0)(1 − 𝑃𝑚

𝑓𝑎𝑙𝑠𝑒
) + �̃�𝑚(0,1)𝑃𝑚

𝑚𝑖𝑠) + 𝛿(2)(�̃�𝑚(1,0)(1 − 𝑃𝑚
𝑓𝑎𝑙𝑠𝑒

) + �̃�𝑚(1,1)𝑃𝑚
𝑚𝑖𝑠)}

{𝛿(1) + 𝛿(2)}
 

          (5.5) 
 

𝒯𝑚(0,1)

=
{𝛿(1) (�̃�𝑚(0,0)𝑃𝑚

𝑓𝑎𝑙𝑠𝑒
+ �̃�𝑚(0,1)(1 − 𝑃𝑚

𝑚𝑖𝑠)) + 𝛿(2) (�̃�𝑚(1,0)𝑃𝑚
𝑓𝑎𝑙𝑠𝑒

+ �̃�𝑚(1,1)(1 − 𝑃𝑚
𝑚𝑖𝑠))}

{𝛿(1) + 𝛿(2)}
 

        (5.6) 
 

𝒯𝑚(1,0) =
{𝛿(3)(�̃�𝑚(0,0)(1 − 𝑃𝑚

𝑓𝑎𝑙𝑠𝑒
) + �̃�𝑚(0,1)𝑃𝑚

𝑚𝑖𝑠) + 𝛿(4)(�̃�𝑚(1,0)(1 − 𝑃𝑚
𝑓𝑎𝑙𝑠𝑒

) + �̃�𝑚(1,1)𝑃𝑚
𝑚𝑖𝑠)}

{𝛿(3) + 𝛿(4)}
 

        (5.7) 
 

𝒯𝑚(1,1)

=
{𝛿(3) (�̃�𝑚(0,0)𝑃𝑚

𝑓𝑎𝑙𝑠𝑒
+ �̃�𝑚(0,1)(1 − 𝑃𝑚

𝑚𝑖𝑠)) + 𝛿(4) (�̃�𝑚(1,0)𝑃𝑚
𝑓𝑎𝑙𝑠𝑒

+ �̃�𝑚(1,1)(1 − 𝑃𝑚
𝑚𝑖𝑠))}

{𝛿(3) + 𝛿(4)}
 

        (5.8) 
 

5.2.3 Packet Arrival Process (PAP) 

A finite queue of size 𝑄 packets is used at each CRV-SU CM to buffer packets.  The CRV-SU 

CMs fetch packets from their finite queue for onward transmission to the CRV-SUs CH. A batch 

Markovian process is used to model the PAP of CRV-SUs with 𝑌 phases. Specifically, 𝑃𝐴 is used 

to denote the transition probability matrix of the PAP as shown in Eqn (5.9) below, for 𝐴 ∈

{0, 1, 2,⋯ , 𝐴𝑚} arriving packets with 𝐴𝑚 representing the maximum batch size 
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𝑃𝐴 = [
𝑃𝐴(1,1)       ⋯        𝑃𝐴(1, 𝑌)
⋮                                    ⋮ 

𝑃𝐴(𝑌, 1)       ⋯        𝑃𝐴(𝑌, 𝑌)
].                                             (5.9) 

 

With respect to Eqn (5.9) above, 𝑃𝐴(𝑦, 𝑦
′) represents the probability that 𝑚 data packets arrived 

at the finite queue with the phase changing from 𝑦 to 𝑦′. Correspondingly, the transition 

probability matrix 𝑃 is given by 𝑃 = 𝑃0 + 𝑃1 + 𝑃2 +⋯+ 𝑃𝐴𝑚 . Let the steady state probability 

vector �⃗⃗�  of PAP be denoted by �⃗⃗� = [𝜔(1)⋯𝜔(𝑦)⋯𝜔(𝑌)]𝑡. Thus, the steady state probability 

that the phase of PAP is 𝑦 is represented by the element 𝜔(𝑦) of the vector �⃗⃗� . Therefore, by 

solving �⃗⃗� 𝑡(1⃗ ) = 1 and �⃗⃗� 𝑡(𝑃) = �⃗⃗� 𝑡, this steady state probability vector �⃗⃗�  can be obtained. 

Accordingly, by weighting the probability of all phases with 𝜔(𝑦), the packet arrival rate (PAR) 

is obtainable through the expression: 

 

𝜏 = ∑𝐴(�⃗⃗� 𝑡𝑃𝐴)1⃗ .

𝐴𝑚

𝐴=1

           (5.10) 

 

 

 

5.2.4 SNO-CRAVNET Architecture 

The model architecture and parameters of the SNO-CRAVNET framework and the description of 

the initial resource allocation strategies of the framework is presented in this subsection. Let the 

identically independent distributed (i.i.d.) subcarrier gain of CRV-SU 𝑛|𝑛 = 1, 2,⋯ , 𝕃 be 

represented by 𝑎𝑚𝑛 on 𝑚𝑡ℎ subcarrier, with 𝑚 = 1, 2,⋯ ,𝒩𝒞. Let 𝐺𝑚𝑛 represent the complex 

circularly-symmetric gaussian noise and 𝐺𝑚𝑛 ∼ 𝐶𝑁(0, 𝜎𝜒
2), where 𝜎𝜒

2 = 𝐵(𝒩0 𝒩𝒞⁄ ) with 𝒩0 

representing the noise density. Then, let the OFDM symbol transmitted by CRV-SU 𝑛 over the 

𝑚𝑡ℎ subcarrier be denoted as 𝑡𝑚𝑛 so that the OFDM symbol received at the destination can be 
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expressed as 𝑟𝑚𝑛 = (𝑎𝑚𝑛 × 𝑡𝑚𝑛) + 𝐺𝑚𝑛. In SNO-CRAVNET framework, matrix 

ℙ𝒩𝒞×ℝ[𝕆𝒩𝒞×ℝ] = [𝒫𝑚𝑛] denotes the transmission power allocation strategy, with the individual 

matrix elements represented by the instantaneous transmission power of CRV-SU 𝑛 over channel 

𝑚 expressed as 𝒫𝑚𝑛 = 𝔼[|𝑡𝑚𝑛|
2], where 𝔼[∙] stands for the expected value operator. Additionally, 

matrix Ɽ𝒩𝒞×ℝ[𝕆𝒩𝒞×ℝ] = [ℛ𝑚𝑛] represents the rate allocation strategy, with the respective 

elements of the matrix denoted by the instant data-rate, ℛ𝑚𝑛(𝒫𝑚𝑛), showing the total number of 

bits actually loaded on the 𝑚𝑡ℎ subcarrier that is allocated to the CRV-SU 𝑛. Furthermore, the M-

QAM is used for the adjustment of the transmission power level in agreement with the combined 

subcarrier power gains and the total number of loaded bits. Therefore, on each allocated to CRV-

SU 𝑛, the bit error rate (BER) according to Chung and Goldsmith [178] can be expressed as 

𝐵𝐸𝑅𝑚𝑛 ≈ 0.2 × 𝑒𝑥𝑝{−1.5 × 𝛽𝑚𝑛 2[ℛ𝑚𝑛(𝒫𝑚𝑛)−1]⁄ }, where 𝛽𝑚𝑛 = 𝒫𝑚𝑛|𝑎𝑚𝑛|
2 𝜎𝜒

2⁄  denotes the 

signal-to-noise ratio (SNR). By assuming, in this model, that the channel state information (CSI) 

is known, we maximized the mutual information denoted as ℳ(∙) between the OFDM symbol 

transmitted by CRV-SU 𝑛 over the 𝑚𝑡ℎ subcarrier and OFDM symbol received at the destination. 

Thus, the maximum achievable channel capacity in a fading slot is represented as ℳ𝑚𝑛
𝒞 (𝒫𝑚𝑛) =

maxℳ (𝑡𝑚𝑛 ∶  𝑟𝑚𝑛|𝑎𝑚𝑛) = log2(1 + 𝒫𝑚𝑛|𝑎𝑚𝑛|
2φ), where φ = −1.5 {ln(5 × 𝐵𝐸𝑅𝑚𝑛) × 𝜎𝜒

2}⁄ . 

Therefore, transmissions can only be successful, if and only if, ℳ𝑚𝑛
𝒞 (𝒫𝑚𝑛) > ℛ𝑚𝑛(𝒫𝑚𝑛) (i.e., the 

maximum achievable capacity is greater than the instantaneous specified data-rate). Contrarily, 

when ℳ𝑚𝑛
𝒞 (𝒫𝑚𝑛) = ℛ𝑚𝑛(𝒫𝑚𝑛), i.e., at the maximal point, according to Shannon’s theory [220], 

the feasible transmissions’ maximum instantaneous data-rate can be expressed as  

 

ℛ𝑚𝑛(𝒫𝑚𝑛) =
𝐵

𝒩𝒞
log2{1 + (𝒫𝑚𝑛|𝑎𝑚𝑛|

2φ)} , ∀𝑚, 𝑛,                (5.11) 
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where 𝐵 𝒩𝒞⁄  represents the bandwidth of the respective dynamically available orthogonal 

subcarrier. Furthermore, the adaptive modulator ensures that the values of ℛ𝑚𝑛(𝒫𝑚𝑛) are taken 

from set 𝐈 = {0, 1, 2,⋯ , 𝐼}, with 𝐼 denoting the feasible maximum number of information over 

each dynamically available orthogonal channel.  

 

 

Additionally, in accordance with both transmission power and rate allocation strategy, the channel 

allocation strategy is denoted by matrix ℂ𝒩𝒞×ℝ[𝕆𝒩𝒞×ℝ] = [𝕔𝑚𝑛], where the channel allocation 

index signified by the matrix elements is represented by 𝕔𝑚𝑛 ∈ {0, 1}. Thus, 𝕔𝑚𝑛 = 1 means that 

the dynamically available channel 𝑚 is successfully allocated to CRV-SU 𝑛 and 𝕔𝑚𝑛 = 0 means 

that no channel is allocated. Under SNO-CRAVNET architecture, two or more CRV-SUs cannot 

share a single channel at the same time. Therefore, a crucial constraint for the available channel 

allocation strategy is [220] 

∑𝕔𝑚𝑛 ≤ 1, ∀𝑚, 𝑛.

ℝ

𝑛=1

                                       (5.12) 

 

Since the conditions of the available channel are random, in this thesis report, the expected value 

operator 𝔼[∙] is used to indicate the random realization of CSI’s mean quantity (i.e., |𝑎𝑚𝑛|
2). 

Consequently, from Eqns. (5.11) and (5.12), the average data-rate of CRV-SU 𝑛 can be expressed 

as  

 

ℛ𝑛(𝕔𝑚𝑛, 𝒫𝑚𝑛) = 𝔼 [∑ 𝕔𝑚𝑛ℛ𝑚𝑛(𝒫𝑚𝑛)

𝒩𝒞

𝑚=1

] , ∀𝑛.                                    (5.13) 

Likewise, amongst all available channels and the CRV-SUs, the overall data-rate is given by   
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ℛ̅(𝕔𝑚𝑛, 𝒫𝑚𝑛) = 𝔼 [∑ ∑ 𝕔𝑚𝑛ℛ𝑚𝑛(𝒫𝑚𝑛)

𝒩𝒞

𝑚=1

ℝ

𝑛=1

].                                        (5.14) 

 

Thus, to guarantee that the transmission power allocated to the CRV-SUs occupying every 

dynamically available orthogonal subcarrier does not exceed target but is maintained below the 

average transmission power 𝒫𝑇𝑜𝑡., available at the CR-BS, the condition for transmission power 

allocation strategy is expressed as  

 

∑∑ 𝕔𝑚𝑛𝒫𝑚𝑛

𝒩𝒞

𝑚=1

≤ 𝒫𝑇𝑜𝑡.                                                                       (5.15) 

ℝ

𝑛=1

 

 

 

5.2.5 Interference Constraints 

In the system model of SNO-CRAVNET, the regulations to control interference against PUs’ 

transmission from the CRV-SUs’ transmission is presented in this sub-section. In this model, ℝ′ 

PUs is considered in the network (i.e., the licensed users with the ownership rights over the radio 

spectrum). On the contrary, when the CRV-SUs exploit the identified available spectrum holes for 

their own transmissions, they should do so in a fashion that ensures no harmful interreference to 

the PUs with ownership rights over the spectrum band. Thus, to guarantee absolute avoidance of 

interference towards the PUs, CRV-SUs must strictly adhere to cognitive capabilities, which 

include, first and foremost, intelligently sensing for the availability of spectrum holes reliably to 

effectively confirm whether the channel is idle or currently occupied by a licensed owner. 

Secondly, upon confirming the existence of spectrum holes, the CRV-SUs should intelligently 

change their radio parameters for efficient exploitation of the identified spectrum holes without 
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causing interference to any ongoing transmissions of the PUs. 

 

In Section 5.2.4, it is stated that under SNO-CRAVNET scheme, each communication channel can 

only be allocated to a single CRV-SU at a time. Despite the allocation of one channel to one CRV-

SU at a time, the communication quality of the channel, to a large extent, also affects the 

communications of the CRV-SUs. Hence, the communication quality of the channel must be 

maintained by ensuring that the signal-to-interference-and-noise ratio (SINR) of the CRV-SU 𝑛 is 

not lesser than a predetermined threshold value 𝛽𝑛
𝑚𝑖𝑛. Thus, an acceptable QoS condition10 is 

obtained and expressed as  

 

𝛽𝑛
𝑚𝑖𝑛 ≤ 𝔼 [∑ 𝕔𝑚𝑛𝒫𝑚𝑛|𝑎𝑚𝑛|

2

𝒩𝒞

𝑚=1

] 𝜎𝜒
2⁄ .                             (5.16) 

 

Hence, Eqn. (5.16) can be expressed in a simplified form as 

 

Ᵽ𝑛
𝑚𝑖𝑛 ≤ 𝔼 [∑ 𝕔𝑚𝑛𝒫𝑚𝑛|𝑎𝑚𝑛|

2

𝒩𝒞

𝑚=1

] , ∀𝑛                            (5.17) 

 

where Ᵽ𝑛
𝑚𝑖𝑛 = (𝜎𝜒

2 × 𝛽𝑛
𝑚𝑖𝑛) = 𝐵(𝒩0 𝒩𝒞⁄ ) × 𝛽𝑛

𝑚𝑖𝑛. 

 

Additionally, to guarantee the protection of possible transmissions from licensed users (i.e., PUs) 

of the spectrum band, at each 𝑛′
(𝑡ℎ)

 PU, with 𝑛′ = 1, 2, 3,⋯ , ℝ′, the received SNIR must be 

greater that 𝛽𝑃𝑈
𝑚𝑖𝑛, where 𝛽𝑃𝑈

𝑚𝑖𝑛 represents the predetermined threshold value to protect any ongoing 

 
10 Due to the orthogonality of the channels/subcarriers, the resultant interference between CRV-SUs are ignored as is 

shown in Eqn. (5.12). 
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transmissions from PUs. Let the distance between the 𝑛′
(𝑡ℎ)

 PU and CR-BS be given as 𝑑𝑛′
𝐶𝑅−𝐵𝑆, 

so that another interference constraint to protect the PUs’ transmission can be given as 

 

𝛽𝑃𝑈
𝑚𝑖𝑛 ≤

(𝑑𝑛′
𝐶𝑅−𝐵𝑆)

−𝜐
× 𝒫𝑛′

𝑃𝑈

(𝐵 ×𝒩0
𝑛′ + (𝑑𝑛𝑛′)−𝜐 × (∑ 𝕔𝑚𝑛𝒫𝑚𝑛

𝒩𝒞
𝑚=1 ))

                              (5.18) 

 

where 𝜐 denotes the exponent of path attenuation and 𝒫𝑛′
𝑃𝑈 is the 𝑛′

(𝑡ℎ)
 PU’s transmission power. 

𝑑𝑛𝑛′ represents the distance between 𝑛𝑡ℎ CRV-SU and 𝑛′
(𝑡ℎ)

 PU, while 𝒩0
𝑛′ represents noise 

spectral density (i.e., noise density) of the 𝑛′
(𝑡ℎ)

 PU. With the help of Location-Based Systems 

(LBSs), for instance, GPS, both distances, 𝑑𝑛′
𝐶𝑅−𝐵𝑆 and 𝑑𝑛𝑛′ can be easily obtained. In addition, 

the information of the CRV-SU’s features can be obtained by the CR-BS through feedback 

channels. From Eqn. (5.18) above, we multiplied both sides of the inequality by 

(𝐵 ×𝒩0
𝑛′ + (𝑑𝑛𝑛′)

−𝜐 × (∑ 𝕔𝑚𝑛𝒫𝑚𝑛
𝒩𝒞
𝑚=1 )) to get 𝛽𝑃𝑈

𝑚𝑖𝑛 ((𝐵 ×𝒩0
𝑛′ + (𝑑𝑛𝑛′)

−𝜐 ×

(∑ 𝕔𝑚𝑛𝒫𝑚𝑛
𝒩𝒞
𝑚=1 ))) ≤ (𝑑𝑛′

𝐶𝑅−𝐵𝑆)
−𝜐
× 𝒫𝑛′

𝑃𝑈, then 𝛽𝑃𝑈
𝑚𝑖𝑛 (((𝑑𝑛𝑛′)

−𝜐 × (∑ 𝕔𝑚𝑛𝒫𝑚𝑛
𝒩𝒞
𝑚=1 ))) ≤

(𝑑𝑛′
𝐶𝑅−𝐵𝑆)

−𝜐
×𝒫𝑛′

𝑃𝑈 − 𝐵 ×𝒩0
𝑛′ × 𝛽𝑃𝑈

𝑚𝑖𝑛. Dividing both sides of the inequality by the co-efficient 

of ∑ 𝕔𝑚𝑛𝒫𝑚𝑛
𝒩𝒞
𝑚=1   gives us ∑ 𝕔𝑚𝑛𝒫𝑚𝑛

𝒩𝒞
𝑚=1 ≤

(𝑑
𝑛′
𝐶𝑅−𝐵𝑆)

−𝜐
×𝒫

𝑛′
𝑃𝑈−𝐵×𝒩0

𝑛′×𝛽𝑃𝑈
𝑚𝑖𝑛

𝛽𝑃𝑈
𝑚𝑖𝑛×(𝑑𝑛𝑛′)

−𝜐 . Hence, simplifying 

further based on the terms involved on the RHS, we have ∑ 𝕔𝑚𝑛𝒫𝑚𝑛
𝒩𝒞
𝑚=1 ≤ (((𝑑𝑛′

𝐶𝑅−𝐵𝑆 𝑑𝑛𝑛′⁄ )
−𝜐
×

𝒫𝑃𝑈 𝛽𝑃𝑈
𝑚𝑖𝑛⁄ ) − (𝐵 ×𝒩0

𝑛′ (𝑑𝑛𝑛′)
−𝜐⁄ )). Thus, without loss of generality, Eqn. (5.18) could be 

expressed as Eqn. (5.19), since maximal power transmitted by individual users are bounded by 

the maximal transmitted power. 

 



104 

 

 

Ᵽ𝑛
𝑚𝑎𝑥 ≥ ∑ 𝕔𝑚𝑛𝒫𝑚𝑛

𝒩𝒞

𝑚=1

, ∀𝑛                                                 (5.19) 

 

where Ᵽ𝑛
𝑚𝑎𝑥 = (((𝑑𝑛′

𝐶𝑅−𝐵𝑆 𝑑𝑛𝑛′⁄ )
−𝜐
× 𝒫𝑃𝑈 𝛽𝑃𝑈

𝑚𝑖𝑛⁄ ) − (𝐵 ×𝒩0
𝑛′ (𝑑𝑛𝑛′)

−𝜐⁄ )).  

From Eqn. (5.19), the stipulated condition guarantees that the potential transmissions of the PU 

are fully protected if and only if the CRV-SU 𝑛’s total transmission power is constrained over 

channel 𝑛 by the predefined threshold Ᵽ𝑛
𝑚𝑎𝑥. 

 

5.3 The Utility of SNO-CRAVNET and Problem Formulation 

The design methodology of the SNO-CRAVNET’s objectives with its SNO-CRAVNET game is 

presented in this Section in the form of a convex optimization problem with its associated players 

represented by the ℝ CRV-SUs. Design of the game bargaining scheme methodologies for the CR-

enabled IoVs network system is proposed in this Section. We assumed that each ℝ CRV-SUs, for 

instance, CRV-SU 𝑛 has an initial utility 𝔘𝑛
0 ≥ 0 which represents its acceptable minimum QoS 

constraint with respect to the data-rate and the corresponding utility function 𝑓𝑛. A utility function 

for CRV-SU 𝑛,   𝑓𝑛: ℧ → ℜ  is defined as a set of feasible utilities that can be obtained by the 

CRV-SU 𝑛  (i.e., player) where ℧ =  ∏ 𝑓𝑛(𝜔)𝑛  is the set of all action profiles. Under the symmetric 

Nash bargaining (SNB) theory, each utility function 𝑓𝑛 is usually designated as a convex and closed 

subset of 𝔉ℝ = {℧} with 𝔉ℝ and ℧ denoting the set of game theory strategies of the ℝ CRV-SU 

players and utility vectors’ space, respectively. Let us assume that 𝔘𝑛
0  is conveniently achievable 

for all the ℝ CRV-SU players, then it follows that at least a feasible subspace ℧0 exists in ℧ so 

that the utility vector, for instance, 𝑓(𝜔) = {𝑓1, 𝑓2, 𝑓3, ⋯ , 𝑓ℝ} becomes equal or bigger in 
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comparison with the initial utility vector, such as, 𝔘𝑛
0 = {𝔘1

0, 𝔘2
0, 𝔘3

0, ⋯ , 𝔘ℝ
0 }. Thus, the subset ℧0 

as the element of ℧ can be expressed as ℧0 = {𝜔 ∈ ℧|𝑓(𝜔) ≥ 𝔘𝑛
0}. Additionally, let us suppose 

that the set of utility that can be achieved is denoted by Ʈ = {𝑓(𝜔)|𝜔 ∈ ℧} and the category of 

sets of utility policies that satisfies 𝔘𝑛
0 , which is the minimum utility bound is denoted as ℬ =

[Ʈ, 𝔘𝑛
0 |Ʈ ⊂ 𝔉ℝ]. Thus, in accordance with the Symmetric NBS theory (see [179]), there exists a 

unique solution, for instance, Տ𝑛𝑏𝑠|ℬ ⟶ 𝔉ℝ which satisfies the underlisted Axioms: 

a) Տ𝑛𝑏𝑠(Ʈ, 𝔘𝑛
0) ensures minimum utility guaranty, for instance, Տ𝑛𝑏𝑠(Ʈ, 𝔘𝑛

0) ∈ Ʈ0, where Ʈ0 =

{𝔘 ∈ Ʈ|𝔘 ≥ 𝔘𝑛
0}, ∀𝑛. 

b) Տ𝑛𝑏𝑠(Ʈ, 𝔘𝑛
0) is Pareto optimal which implies that other allocations Տ𝑛𝑏𝑠

′ (Ʈ, 𝔘𝑛
0) capable of 

guaranteeing a higher performance for all the ℝ CRV-SUs simultaneously do not exist, that is, 

Տ𝑛𝑏𝑠
′ (Ʈ, 𝔘𝑛

0) < Տ𝑛𝑏𝑠(Ʈ, 𝔘𝑛
0), ∃𝑛 and Տ𝑛𝑏𝑠

′ (Ʈ, 𝔘𝑛
0) ≤ Տ𝑛𝑏𝑠(Ʈ, 𝔘𝑛

0), ∀𝑛. 

c) Տ𝑛𝑏𝑠(Ʈ, 𝔘𝑛
0) guarantees symmetry which implies that all the ℝ CRV-SUs have equal priorities, 

for instance, supposing that Ʈ is symmetric with regards to a sub-set 𝒬 ⊆ {1, 2, 3,⋯ , 𝑛,⋯ , ℝ} 

and 𝔘 ∈ Ʈ, 𝑛, 𝑛′′ ∈ 𝒬 so that 𝔘𝑛
0 = 𝔘𝑛′′

0  implies that Տ𝑛𝑏𝑠(Ʈ, 𝔘𝑛
0)𝑛 = Տ𝑛𝑏𝑠(Ʈ, 𝔘𝑛

0)𝑛′′, 𝑛 ≠ 𝑛
′′. 

d) Տ𝑛𝑏𝑠(Ʈ, 𝔘𝑛
0) guarantees fairness by maintaining independence of irrelevant alternatives, for 

instance, if the feasible set decreases and the solution keeps on being feasible, it follows that 

the solution for the lesser achievable set remains the same point. It could be expressed as ɰ ⊂

Ʈ, (ɰ, 𝔘𝑛
0) ∈ ℬ and Տ𝑛𝑏𝑠(Ʈ, 𝔘𝑛

0) ∈ ℬ then Տ𝑛𝑏𝑠(Ʈ,𝔘𝑛
0) = Տ𝑛𝑏𝑠(ɰ, 𝔘𝑛

0), ∀𝑛. 

 

Without loss of generality, property of the SNO-CRAVNET is described using the underlisted 

Theorem. 

Theorem 1: Assuming the utility function 𝑓𝑛 defined on ℧ is convex and compact, and ℧ ⊆ 𝔉ℝ. 

Then, supposing Ɲ is the set of indices of ℝ CRV-SUs that are capable of achieving a strictly 
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superior performance in comparison to their initial performance. Therefore, it follows that there 

exists a SNBP 𝜔 which confirms 𝑓𝑛(𝜔) ≥ 𝔘𝑛
0 , 𝑛 ∈ Ɲ and consists of the unique solution of the 

expressed maximization problem below 

 

max∏(𝑓𝑛(𝜔) − 𝔘𝑛
0)

𝑛∈Ɲ

,   𝜔 ∈ ℧.                             (5.20) 

 

Theorem 1’s proof is similar to that of the SNBS feature provided in [180]. 

 

Irrespective of the fact that the logarithmic basis of the optimization objective in Eqn. (5.20) 

stands, it is observed that resource allocation mechanisms (i.e., allocation problems) which depend 

on Theorem 1 are not typically convex over a given convex sets. Particularly, with such allocation 

problems under certain constraints, the convexity as well as the existence of the feasible set which 

can satisfy the objective and all the constraints have to be thoroughly investigated. For instance, 

with respect to the CR constraints on transmission power allocation policy, channel selection, 

stability (i.e., protection of PU’s communication) and SNIR as shown in Eqn.(5.15), Eqn.(5.12), 

Eqn.(5.19) and Eqn.(5.17), the throughput definition given by Eqn.(5.13) can be adopted as the 

optimization objective in Eqn.(5.20) above. Thus, an initial SNO-CRAVNET problem can be 

expressed as follows: find the joint optimal transmission power and subcarrier allocation strategies 

ℂ𝒩𝒞×ℝ[𝕆𝒩𝒞×ℝ] and ℙ𝒩𝒞×ℝ[𝕆𝒩𝒞×ℝ]  

 

max
ℂ,ℙ 

𝔼

(

 
 
 
∑ ln((∑ 𝕔𝑚𝑛ℛ𝑚𝑛(𝒫𝑚𝑛)

𝒩𝒞

𝑚=1

)− 𝔘𝑛
0)

ℝ

𝑛=1⏟                        
Ʈ(𝕔𝑚𝑛,𝒫𝑚𝑛  ) )

 
 
 
      (5.21) 
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Subject to  

𝕔𝑚𝑛 ∈ {0, 1},   ∀m, 𝑛                                         (5.22a)  

 

∑𝕔𝑚𝑛 ≤ 1

ℝ

𝑛=1

,   ∀m, 𝑛                                         (5.22b)  

 

𝒫𝑚𝑛 ≥ 0,   ∀m, 𝑛                                                 (5.22c)  

 

∑∑ 𝕔𝑚𝑛𝒫𝑚𝑛 ≤

𝒩𝒞

𝑚=1

ℝ

𝑛=1

𝒫𝑇𝑜𝑡.,   ∀m, 𝑛                     (5.22d)  

 

𝔼 [∑ 𝕔𝑚𝑛𝒫𝑚𝑛|𝑎𝑚𝑛|
2

𝒩𝒞

𝑚=1

] ≥ 𝒫𝑛
𝑚𝑖𝑛,   ∀𝑛             (5.22e)  

 

∑ 𝕔𝑚𝑛𝒫𝑚𝑛 ≤ 𝒫𝑛
𝑚𝑎𝑥

𝒩𝒞

𝑚=1

,   ∀𝑛                              (5.22f)  

 

The problem shown in Eqn.(5.21) and in the constraints (5.22a) − (5.22f) is a mixed 

combinatorial problem because it includes both discrete variable {𝕔𝑚𝑛} and continuous variable 

{𝒫𝑚𝑛}. Generally, the conventional approach normally adopted to solving such mixed 

combinatorial problem is usually by performing an exhaustive search method [181] over the ℝ 

CRV-SUs and 𝒩𝒞 number of dynamically available channels. Thus, there are a total of ℝ𝒩𝒞  

possible channel assignments. To guarantee that individual requirement for each of the ℝ CRV-

SUs are satisfied for each of the ℝ𝒩𝒞  possible channel assignments, the total transmission power 

𝒫𝑇𝑜𝑡 is allocated and at the same time, summation of the SNO-CRAVNET data-rate  of each of 

the ℝ CRV-SUs is equally maximized, accordingly. Consequently, while all the constraints in 
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Eqn.(22a) − (22f) are satisfied, the assignment of the dynamically available channels together 

with their corresponding total transmission power allocation 𝒫𝑇𝑜𝑡. which leads to the biggest 

summation of the data-rate becomes the overall optimal solution.  

 

The original constrained problem presented in Eqn.(5.21) and in the constraints (5.22a) −

 (5.22f) is mixed combinatorial optimization that can be solved via exhaustive search (brute-force) 

which requires exponential time complexity of order 𝑂(2ℝ𝒩𝒞). However, because of this high 

computational complexity of this method coupled with the known limited computation, bandwidth 

and storage resources in vehicular communication networks [182-183], extremely complex 

algorithms cannot be the best alternative for implementation in CR enabled vehicular networks. 

Thus, to overcome this challenge, the mixed combinatorial problem seen in Eqn.(5.21) and in the 

constraints shown in Eqn.(5.22a) − (5.22f) is methodically transformed to convex optimization 

problem. Hence, key aim of this transformation of mixed combinatorial problem into convex 

optimization problem is making sure the outcome of the transformation process must be a new 

problem that can symmetrically embrace the property of the proposed SNO-CRAVNET under the 

regulations of the emerging CR system. Furthermore, the new convex optimization problem must 

be defined over a feasible set that maintains its convexity and at the same time, ensures that all the 

involved constraints are satisfied.  

 

The process of the transformation is as shown below. Firstly, as contained in Section 5.2.4, we 

relaxed the requirement ℛ𝑚𝑛(𝒫𝑚𝑛) ∈  𝐈 into ℛ𝑚𝑛(𝒫𝑚𝑛) ∈ [0, 𝐼] so that ℛ𝑚𝑛(𝒫𝑚𝑛) can become 

a real number between the interval [0, 𝐼]. From Eqn.(12), apart from the discrete {𝕔𝑚𝑛} variables, 

set of new real-valued �̃�𝑚𝑛 variables between the interval [0, 1] is introduced, for instance, �̃�𝑚𝑛 ∈
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[0, 1]. In particular, in accordance with the study of Wong et al. [184], �̃�𝑚𝑛 can be considered as 

a time-sharing factor of the 𝑚𝑡ℎ subcarrier, which shows the period of time that subcarrier 𝑚 is 

allocated to CRV-SU 𝑛 over every one of the transmission frames. Then, with the aid of the time-

sharing transformation, the objective Ʈ(�̃�𝑚𝑛, 𝒫𝑚𝑛) could be defined as convex over �̃�𝑚𝑛, though 

still remains non-convex over (�̃�𝑚𝑛, 𝒫𝑚𝑛). Secondly, with the help of the same time-sharing 

approach, 𝒫𝑚𝑛 is transformed into a continuous variable �̃�𝑚𝑛 = 𝒫𝑚𝑛�̃�𝑚𝑛, ∀m, 𝑛 which yields 

�̃�𝑚𝑛 ∈ [0, 𝐼 ∙ �̃�𝑚𝑛  ]. Thus, with �̃�𝑚𝑛 and �̃�𝑚𝑛, the reformulated convex optimization problem can 

now easily be formulated: find the optimal joint channel and transmission power allocation 

strategies ℂ̃𝒩𝒞×ℝ[𝕆𝒩𝒞×ℝ] and ℙ̃𝒩𝒞×ℝ[𝕆𝒩𝒞×ℝ]   

 

max
ℂ,̃  ℙ̃ 

𝔼

(

 
 
 
∑ ln((∑ �̃�𝑚𝑛ℛ𝑚𝑛(�̃�𝑚𝑛, �̃�𝑚𝑛)

𝒩𝒞

𝑚=1

) − 𝔘𝑛
0)

ℝ

𝑛=1⏟                            
Ʈ(�̃�𝑚𝑛,�̃�𝑚𝑛  ) )

 
 
 
      (5.23) 

Subject to  

�̃�𝑚𝑛 ∈ [0, 1],   ∀m, 𝑛                                           (5.24a) 

∑�̃�𝑚𝑛 ≤ 1

ℝ

𝑛=1

,   ∀m, 𝑛                                         (5.24b)  

 

�̃�𝑚𝑛 ≥ 0,   ∀m, 𝑛                                                 (5.24c)  

 

∑∑ �̃�𝑚𝑛 ≤

𝒩𝒞

𝑚=1

ℝ

𝑛=1

𝒫𝑇𝑜𝑡.,                                           (5.24d)  

 

𝔼 [∑ �̃�𝑚𝑛|𝑎𝑚𝑛|
2

𝒩𝒞

𝑚=1

] ≥ 𝒫𝑛
𝑚𝑖𝑛,   ∀𝑛                   (5.24e)  
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∑ �̃�𝑚𝑛 ≤ 𝒫𝑛
𝑚𝑎𝑥

𝒩𝒞

𝑚=1

,   ∀𝑛                                      (5.24f)  

 

Between Eqn.(5.24a) − (5.24f), the constraints presented in Eqn.(5.24a) − (5.24b) guarantee 

that at a given time-share, only one CRV-SU can be allocated a channel and must adhere to the 

properties of Eqn. (5.12) (see Section 5.2.4). The constraint in Eqn.(5.24c) guarantees that the 

allocated transmission power must not be negative, while the constraint provided in Eqn.(5.14d) 

maintains the transmitted power in order to ensure that the transmission power allocated to the 

CRV-SU 𝑛 occupying all the dynamically available orthogonal channels is maintained below the 

total transmission power 𝒫𝑇𝑜𝑡. available at CR-BS as defined in Eqn.(5.15). Lastly, as illustrated 

in Eqn.(5.17) and (5.19), transmission power constraints for each ℝ CRV-SUs and PUs are 

guaranteed by constraints presented in Eqn.(5.24e) and (5.24f), respectively.  

 

Proposition 1: In the above stated optimal joint subcarrier and transmission power allocation 

strategies, the problem defined in Eqn.(5.23) and in the constraints presented in Eqn.(5.24a) −

 (5.24f) is a convex optimization problem. 

Proof: Proposition 1’s proof is shown in Appendix A.       ◼ 

 

 

With regard to Proposition 1, it is established that the problem defined in Eqn.(5.23) and in the 

constraints presented in Eqn.(5.24a) − (5.24f) is clearly convex over a given convex set. Thus, 

there exists a unique optimal solution that can be achieved within polynomial time. Therefore, as 

opposed to the original constrained mixed combinatorial optimization problem presented in 

Eqn.(5.21) and in the constraints (5.22a) − (5.22f) which requires exponential time complexity, 
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the transformed convex optimization as shown in Eqn.(5.23) and in the constraints shown in 

Eqn.(5.24a) − (5.24f) requires only polynomial time 0(𝒩𝒞
ℝ), with ℝ > 1. This is a huge savings 

over the exponential complexity required by the original mixed combinatorial optimization 

problem since polynomial complexity takes less time and space than exponential complexity for 

the same number of variables. 

 

Proposition 2: Let us assume that �̃�𝑚𝑛 > 0, then Ʈ(�̃�𝑚𝑛, �̃�𝑚𝑛) as shown in Eqn.(5.23) can 

stringently increase for all �̃�𝑚𝑛 thereby satisfying �̃�𝑚𝑛ℛ𝑚𝑛(�̃�𝑚𝑛, �̃�𝑚𝑛) > 𝔘𝑛
0 . 

Proof: Appendix A presents the proof of Proposition 2.  ◼ 

 

Proposition 2 certifies that the transformation of the objective in Eqn.(5.20) as well as in 

Eqn.(5.21) to Ʈ(�̃�𝑚𝑛, �̃�𝑚𝑛) in Eqn.(5.23) can be achieved by exploiting the monotonically 

increasing property of the logarithm function. 

 

Proposition 3: The utility function Ʈ(�̃�𝑚𝑛, �̃�𝑚𝑛) proposed in Eqn.(5.23) is Nash Bargaining 

theorem compliant and at the same time, satisfies the proportional fairness metric. 

Proof: Appendix A presents the proof of Proposition 3.  ◼ 

 

 

In our case, Proposition 3 shows that, for the data-rate allocation, a unique Nash bargaining 

equilibrium can be obtained. Likewise, as a nonconventional case of Nash bargaining solution 

fairness [180], proportional fairness can be achieved when 𝔘𝑛
0 = 0, ∀𝑛. 
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5.4 Optimal Resource Scheduling Strategies 

The convex optimization problem’s optimal solutions which are presented in Eqn.(5.23) and in 

the constraints expressed in Eqn.(5.24a) − (5.24f) were derived in this Section. In Hahne [185], 

an efficient round-robin scheduling strategy for Max-Min fairness in data networks is presented. 

For each channel 𝒩𝒞, the scheduling strategy considers the participating users contending to use 

𝒩𝒞 as elements of a directed ring (referred to as CCs in our proposed scheme, see Section 3.2.2, 

Section 4.2 and Fig. 5.1 in Section 5.2). Then, at the beginning of each of the time slot 𝑡, the 

scheduling strategy searches the directed ring, starting immediately after user 𝑛, which is the most 

recent user that was scheduled to use 𝒩𝒞 until the user with a waiting packet and a readily available 

channel is found. Let ℂ̃(𝑛,𝒩𝒞 , 𝑠, 𝑡) denote the scheduled number of attempts offered to user 𝑛 at 

𝒩𝒞 during the interval (𝑠,𝑡]. Hence, if 𝒩𝒞 is hop ℎ for user 𝑛, then ℂ(𝑛, ℎ, 𝑠, 𝑡) is defined to equal 

ℂ̃(𝑛,𝒩𝒞 , 𝑠, 𝑡). For 𝑠 ≥ 𝑡, define ℂ̃(𝑛,𝒩𝒞 , 𝑠, 𝑡) and ℂ(𝑛, ℎ, 𝑠, 𝑡) to be zero. For full detail of the 

strategy, see [185]. Similarly, a simple and efficient scheduling strategy, similar to the strategy in 

[185], which supports an iteration-independent joint transmission power and subcarrier scheduling 

is proposed in this chapter. The optimal subcarrier allocation �̃�𝑚𝑛 with the consideration of time-

sharing approach is a real number implying that the faction of time which subcarrier 𝑚 requires 

for the transmission of a given amount of information. Firstly, uniform transmission power 

scheduling, that is, �̃�𝑚𝑛 = 𝒫𝑇𝑜𝑡. (𝒩𝒞 ∙ 𝐵)⁄  is performed for all the available subcarriers. Then, 

equal amount of information is transferred over all the available subcarriers. Finally, similar to the 

study carried out by Hahne [185], the optimal time-sharing subcarrier scheduling strategy is 

obtained based on Eqn.(5.25) as shown below.  
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Theorem 2: The SNO-CRAVNET optimal time-sharing subcarrier scheduling strategy is given as 

ℂ̃𝒩𝒞×ℝ
∗ [𝕆𝒩𝒞×ℝ] = [ℂ̃𝑚𝑛

∗ ] and the individual matrix elements are expressed as  

 

ℂ̃𝑚𝑛
∗ = ƛ𝑚𝑛

−1 (₼𝑚
∗ ),                                                       (5.25) 

where ₼𝑚
∗ = ɸ−1(1), ∀𝑚. 

Proof: Appendix B presents the proof of Theorem 2.           ◼ 

Based on Eqn.(5.25), the matrix ℂ̃𝒩𝒞×ℝ
∗ [𝕆𝒩𝒞×ℝ] = [ℂ̃𝑚𝑛

∗ ] which illustrates the time-sharing 

scheduling of each subcarrier for all the ℝ CRV-SUs is determined. Additionally, this further helps 

in determining the quality of each subcarrier, that is, based on Eqn.(5.25) if it is observed that 

ℂ̃𝑚𝑛
∗ < ℂ̃𝑚′𝑛

∗  indicating that even though both subcarriers were allocated equal amount of 

transmission power, subcarrier 𝑚 requires lesser amount of time than subcarrier 𝑚′ for the transfer 

of equal amount of information by the same CRV-SU 𝑛. Thus, subcarrier 𝑚 is in better conditions, 

i.e., higher quality in comparison to subcarrier 𝑚′. Furthermore, accounting ℂ̃𝒩𝒞×ℝ
∗ [𝕆𝒩𝒞×ℝ], the 

optimal transmission power scheduling strategy is defined as shown here. 

 

Theorem 3: SNO-CRAVNET optimal transmission power scheduling strategy is given by 

ℙ̃𝒩𝒞×ℝ
∗ [𝕆𝒩𝒞×ℝ] = [�̃�𝑚𝑛

∗ ] and the individual matrix elements are given by  

 

�̃�𝑚𝑛
∗ =

ℂ̃𝑚𝑛
∗

|𝑎𝑚𝑛|2φ
{Þ𝑚𝑛 ∙ exp(𝔴(ln(2

(
𝔛𝑚𝑛∙𝒩𝒞

𝐵∙ℂ̃𝑚𝑛
∗ ∙Þ𝑚𝑛

)
)))− 1}

+

                 (5.26) 
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where 𝔴(∙) represents the Lambert 𝔴-function. The definition of both Þ𝑚𝑛 and 𝔛𝑚𝑛 are contained 

in Appendix B and the symbol (𝑧)+ represents max (0, 𝑧).  

Proof: Appendix B presents the proof of Theorem 3.                    ◼ 

 

The optimal transmission power scheduling for CRV-SU 𝑛 on every subcarrier 𝑚 is obtained from 

Theorem 3. In other words, the optimal transmission power that subcarrier 𝑚 requires to be able 

to transmit a given amount of information based on the licensed PU’s protection parameters, the 

associated subcarrier’s conditions and the characteristics of CRV-SU 𝑛 is denoted by �̃�𝑚𝑛
∗ .   

 

Consequently, through a linear search amongst the 𝒩𝒞 subcarriers, efficient resource scheduling 

can be performed, for instance, for 𝑚 = 1 to 𝒩𝒞: find the optimal CRV-SU 𝑛∗ = argmin ℂ̃𝑚𝑛
∗ . 

Then, allocate the corresponding transmission power as defined in Eqn.(5.26) to all the selected 

CRV-SUs 𝑛∗s. Despite that this procedure derives ℂ̃𝑚𝑛
∗ s accounting the subcarrier scheduling 

constraints presented in Eqn.(5.24a) − (5.24b) under the symmetric NBS’s rule, the procedure 

indirectly considers the transmission power constraints presented in Eqn.(5.24c) − (5.24f). Then, 

with high QoS heterogeneity amongst the ℝ CRV-SUs, (i.e., concerning the subcarrier’s stringent 

QoS requirements and interference conditions), ℂ̃𝑚𝑛
∗ < ℂ̃𝑚′𝑛

∗  does not necessarily indicate that 

�̃�𝑚𝑛
∗ < �̃�𝑚′𝑛

∗  and vice versa, which leads to transmission power inefficiency. Thus, to overcome 

this, the following optimal transmission power scheduling method is introduced in order to 

increase the transmission power efficiency.  
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Theorem 4: The SNO-CRAVNET optimal transmission power scheduling strategy is given as 

ℙ𝒩𝒞×ℝ
∗ [𝕆𝒩𝒞×ℝ] = [𝒫𝑚𝑛

∗ ], where the corresponding matrix elements are determined via searching 

amongst the dynamically available 𝒩𝒞 subcarriers. For 𝑚 = 1 to 𝒩𝒞: 

 

𝑛∗ = argmin �̃�𝑚𝑛
∗ ,  𝒫𝑚𝑛

∗ = {
�̃�𝑚𝑛
∗ , if 𝑛 = 𝑛∗

0,     otherwise
   ,                          (5.27)  

 

where 𝑛∗ represents the optimal CRV-SU. 

Proof: Appendix B presents the proof of Theorem 4.                  ◼ 

 

Using Eqn.(5.27), matrix ℙ𝒩𝒞×ℝ
∗ [𝕆𝒩𝒞×ℝ] is obtained, which indicates that the optimal 

transmission power is allocated to optimal CRV-SU 𝑛∗ on subcarrier 𝑚. Thus, the optimal 

transmission power of each CRV-SU can be determined through 𝒫𝑛
∗ = ∑ 𝒫𝑚𝑛

∗𝒩𝒞
𝑚=1 , ∀𝑛. Likewise, 

accounting ℙ𝒩𝒞×ℝ
∗ [𝕆𝒩𝒞×ℝ], the optimal subcarrier allocation can be defined as shown here.  

 

Theorem 5: SNO-CRAVNET optimal subcarrier allocation strategy is given by ℂ𝒩𝒞×ℝ
∗ [𝕆𝒩𝒞×ℝ] =

[ℂ𝑚𝑛
∗ ], where the individual matrix elements are determined by  

 

ℂ𝑚𝑛
∗ = {

1,     if 𝑛 = 𝑛∗

0, otherwise
   ,      (5.28) 

 

Proof: Appendix B presents the proof of Theorem 5.       ◼ 
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Accordingly, from Eqn.(5.28), the optimal subcarrier scheduling matrix ℂ𝒩𝒞×ℝ
∗ [𝕆𝒩𝒞×ℝ] is 

obtained. Consequently, by using Eqn.(5.25) − (5.28), the joint transmission power and 

subcarrier allocation strategy for CRV-SU systems is determined as illustrated with the aid of the 

pseudo-code in Algorithm 5.1. 

 

Additionally, from the combination of Eqn.(5.11) and Eqn.(5.26) − (5.28), the optimal rate 

scheduling strategy Ɽ𝒩𝒞×ℝ
∗ [𝕆𝒩𝒞×ℝ] = [ℛ𝑚𝑛

∗ (ℂ𝑚𝑛
∗ , ℂ̃𝑚𝑛

∗ , �̃�𝑚𝑛
∗ )] is obtained, where the 

instantaneous optimal data-rate as the individual matrix elements are determined by 

ℛ𝑚𝑛
∗ =

𝐵

𝒩𝒞
∙ ℂ𝑚𝑛

∗ ∙ log2 {Þ𝑚𝑛 ∙ exp(𝔴(ln (2
(
𝔛𝑚𝑛∙𝒩𝒞

𝐵∙ℂ̃𝑚𝑛
∗ ∙Þ𝑚𝑛

)
)))}                          (5.29) 

 

Thus, from Eqn.(5.14) and Eqn.(5.29), the overall optimal throughput of SNO-CRAVNET 

system amongst all the ℝ CRV-SUs and subcarriers can be obtained, for instance, 

ℛ̃∗(ℂ𝑚𝑛
∗ , ℂ̃𝑚𝑛

∗ , 𝒫𝑚𝑛
∗ ) = 𝔼[∑ ∑ ℂ𝑚𝑛

∗𝒩𝒞
𝑚=1 ℛ𝑚𝑛

∗ (ℂ𝑚𝑛
∗ , ℂ̃𝑚𝑛

∗ , 𝒫𝑚𝑛
∗ )ℝ

𝑛=1 ]. 

 

Furthermore, by substituting ℂ𝑚𝑛
∗  and 𝒫𝑚𝑛

∗  in the transformed convex optimization problem 

presented in Eqn.(5.23) and Eqn.(5.24a) − (5.24f), it is observed that an upper-bound of the 

maximum SNO-CRAVNET overall system throughput defined as 𝔼[ℜ̅∗]  can be obtained, where 

ℜ∗ represents the reachable, (i.e., maximum) SNO-CRAVNET overall system throughput of 

subcarrier 𝑛∗. On the contrary, by substituting ℂ𝑚𝑛
∗  and 𝒫𝑚𝑛

∗  in the original optimization problem 

presented in Eqn.(5.21) and Eqn.(5.22a) − (5.22f), a lower-bound of the reachable data-rate 

defined as 𝔼[ℜ∗] can be obtained. Without loss of generality, let ℜTot. be the total reachable data-

rate obtained by combinatorial search of the original optimization problem presented in 
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Eqn.(5.21) and Eqn.(5.22a) − (5.22f), then 𝔼[ℜ̅∗] ≥ 𝔼[ℜTot.] ≥ 𝔼[ℜ∗]. Therefore, the 

difference that exist between the lower-bound 𝔼[ℜ∗] and the upper-bound 𝔼[ℜ̅∗] of the maximum 

SNO-CRAVNET overall system throughput indicates how far apart that the proposed scheme is 

from the actual optimal solution. Consequently, based on the experimental results shown in Section 

5.5.2.5, it is shown that in the case of the proposed Scheme, the gap that exist between the lower-

bound 𝔼[ℜ∗] and the upper-bound 𝔼[ℜ̅∗] of the maximum SNO-CRAVNET overall system 

throughput is insignificantly small, for instance, smaller than 0.014%. 

 

 

Algorithm 5.1: Pseudo-code to find the joint optimal transmission power and subcarrier 

allocation solution 

 

Procedure: 

 

Input: Maximization of the expected optimal number of the dynamically available subcarriers 

acquired in 𝑚𝑡ℎ slot 

 

Output: Obtained joint optimal transmission power and subcarrier allocation solution 

Initialization 

1:  Set �̃�𝑚𝑛 = 𝒫𝑇𝑜𝑡. (𝐵.𝒩𝒞)⁄ , ∀m, 𝑛 

     Step 1 

2:  Find ℂ̃𝒩𝒞×ℝ
∗ [𝕆𝒩𝒞×ℝ] = [ℂ̃𝑚𝑛

∗ ] based on Eqn.(5.25) 

3:  Find ℙ̃𝒩𝒞×ℝ
∗ [𝕆𝒩𝒞×ℝ] = [�̃�𝑚𝑛

∗ ] based on Eqn.(5.26) 



118 

 

 Step 2 

Based on the minimum �̃�𝑚𝑛
∗ , perform resource scheduling: 

4:  For 𝑚 = 1 to 𝒩𝒞 

5:          𝑛∗ = argmin �̃�𝑚𝑛
∗ ,  𝒫𝑚𝑛

∗ = {
�̃�𝑚𝑛
∗ , if 𝑛 = 𝑛∗

0,     otherwise
 

6:  End For 

  Step 3 

7:   Obtain ℙ̃𝒩𝒞×ℝ
∗ [𝕆𝒩𝒞×ℝ] and ℂ̃𝒩𝒞×ℝ

∗ [𝕆𝒩𝒞×ℝ] using Eqn.(5.27) and Eqn.(5.28), 

respectively. 

 

 

5.5 Performance Evaluation 

5.5.1 Simulation Settings 

As depicted in Fig. 5.1, the co-existence of cellular OFDMA-based overlay CR assisted vehicular 

network with PU network scenario of seven CCs (i.e., 𝔍 = {ℒ1, ℒ2, ⋯ , ℒ7}) is considered. In each 

of the seven CCs (i.e., locations), there are two shared wireless channels. As defined in Eqn (5.2), 

on the shared wireless channel 𝑚, the activity of PUs is modeled by 𝒯𝑚 for 𝑚 = 1, 2. The 

simulation experiments used a system which consists of ℝ = 7 CRV-SUs, ℝ = 14 CRV-SUs, 

𝒩𝒞 = 64 with a total power 𝒫𝑇𝑜𝑡. = 3Watts. In each CRV-SU node, duration of the time-slot is 

20 𝑚𝑠 and the queue size 𝑄 is 20 packets. The radius of the CCs is 5 km and the average packet 

arrival rate follow a Poisson process with 𝜏 = 0.5 packets per time-slot. Average speed of the 

CRV-SUs is 50 𝑘𝑚 ℎ⁄ . The frequency selective fading subcarrier involves six independent 

Rayleigh fading multipaths with exponential power delay profile (PDP) of 100 𝑛𝑠. The 
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transmission power for each of the ℝ CRV-SUs is constrained by the threshold 𝒫𝑛
𝑚𝑖𝑛 = 0.5Watts. 

These are the effective (important) parameters and their values that need to be specified before 

running the simulations which justifies their usage in this chapter. The rest of the effective 

parameters used in the simulations with their set values are shown in Table 5.1. 

Table 5.1: Parameter Settings 

Parameter Value 

SINR threshold, (𝛽𝑛
𝑚𝑖𝑛) 5 𝑑𝐵 

Noise density, (𝐵𝒩0) 0.1 𝑑𝐵𝑚 

Channel bandwidth, (𝐵) 1.6 𝐺𝐻𝑧 

Power threshold, (𝒫𝑛
𝑚𝑎𝑥) 1.5 𝑊𝑎𝑡𝑡𝑠 

PU noise density, (𝐵𝒩0
𝑛′) 0.1 𝑑𝐵𝑚 

Distance between 𝑛′
(𝑡ℎ)

 PU and CR-BS, (𝑑𝑛′
𝐶𝑅−𝐵𝑆) 12 𝑚 

Distance between 𝑛𝑡ℎ CRV-SU and the 𝑛′
(𝑡ℎ)

 PU, (𝑑𝑛𝑛′) 4 𝑚 

PU interference threshold, (𝛽𝑃𝑈
𝑚𝑖𝑛) 5 𝑑𝐵 

Exponent of path attenuation, (𝜐) 2.5 

 

 

 

 

5.5.2 Discussion of Results 

The performance evaluation of SNO-CRAVNET is carried out in comparison with existing 

relevant scheduling frameworks for CR assisted vehicular network systems. The relevant reference 

schemes selected for the purpose of performance evaluation against SNO-CRAVNET are 

Dependent Rounding-based Scheme (DR) [186], Pure Nash Equilibrium Search scheme (PNE-S) 
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[187] and Cuckoo Search scheme (CS) with Multi-objective Optimization based on 

Decomposition scheme (MOCS/D) [188]. To ensure that consistency and fairness is maintained in 

the simulation regarding the comparisons between the proposed SNO-CRAVNET and reference 

schemes, the derivation of the optimal strategies of DR, PNE-S and MOCS/D is achieved through 

optimization problems which involve the constraints of CR as shown in Eqns (5.7) and (5.9) and 

further system throughput optimization constraints for the minimal CRV-SU’s utility requirement 

𝔘𝑛
0 . For example, 𝔘𝑛

0 ≤ 𝔼[∑ ℛ𝑚𝑛(ℂ𝑚𝑛
∗ , 𝒫𝑚𝑛

∗ )𝒩𝒞
𝑚=1 ] for DR, while 𝔘𝑛

0 ≤

𝔼[∑ ℛ𝑚𝑛(ℂ𝑚𝑛
∗ , ℂ̃𝑚𝑛

∗ , 𝒫𝑚𝑛
∗ )

𝒩𝒞
𝑚=1 ] for PNE-S and MOCS/D. The cost functions which correspond to 

each of the scenarios are shown below; 

DR: max𝔼[∑ ∑ ℛ𝑚𝑛
𝒩𝒞
𝑚=1 (ℂ𝑚𝑛

∗ , 𝒫𝑚𝑛
∗ )ℝ

𝑛=1 ],  

PNE-S: max min
1≤𝑛≤ℝ

𝔼[∑ ∑ ℛ𝑚𝑛
𝒩𝒞
𝑚=1 (ℂ𝑚𝑛

∗ , ℂ̃𝑚𝑛
∗ , 𝒫𝑚𝑛

∗ )ℝ
𝑛=1 ] and  

MOCS/D: max𝔼[∑ ∑ ℛ𝑚𝑛
𝒩𝒞
𝑚=1 (ℂ𝑚𝑛

∗ , ℂ̃𝑚𝑛
∗ , 𝒫𝑚𝑛

∗ )ℝ
𝑛=1 ]. 

 

 

5.5.2.1 Throughput Evaluation 

The performance of the proposed SNO-CRAVNET is depicted in Fig. 5.2 (a) through the 

comparison between the reference schemes: DR, PNE-S and MOCS/D using the overall achieved 

system throughput measured against the overall supplied transmission power. The overall achieved 

average system throughput by each of the schemes, as expected, sharply increases with a 

corresponding increase in the total supplied transmission power. As can been seen in Fig. 5.2 (a) 

overleaf, the slightly higher overall achieved average system throughput of the PNE-S in 

comparison to the proposed SNO-CRAVNET is because PNE-S does not take into account the 

resource allocation fairness among the CRV-SUs as opposed to SNO-CRAVNET, DR and 
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MOCS/D. On the other hand, although the performance of DR is closely equal with the proposed 

SNO-CRAVNET and a little above the performance of MOCS/D, Fig. 5.2 (a) clearly show that 

SNO-CRAVNET outperforms both. The same is the case in Fig. 5.2 (b) where the performance of 

all the schemes is seen to increase accordingly with a further increase in the number of CRV-SUs 

from 7 to 14. As is the case in Fig. 5.2 (a), SNO-CRAVNET still outperforms both DR and 

MOCS/D. This could be explained as a result of the fact that DR requires additional transmission 

power as opposed to SNO-CRAVNET, whereas MOCS/D fails to utilize the subcarrier resources 

opportunistically thereby resulting in lower overall average system throughput performance as can 

be seen in both Fig. 5.2 (a) and Fig. 5.2 (b) below. 

 

 
 

(a) 
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(b) 

Fig. 5.2 (a-b): Performance evaluation using the achieved system throughput measured against 

the overall supplied transmission power: (a) number of CRV-SUs = 7 and (b) CRV-SUs = 14. 

 

 
 

Fig. 5.3:  Performance evaluation using the overall achieved average throughput gain measured 

against the varying number of CRV-SUs. 
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5.5.2.2 Average Throughput Gain Evaluation  

In Fig. 5.3 above, the performance evaluation of SNO-CRAVNET in comparison to DR, PNE-S 

and MOCS/D using the overall achieved average throughput gain measured against the varying 

number of CRV-SUs is presented. Supposing the scheduler allocated ℜ𝐴𝑙𝑙𝑜𝑐𝑎𝑡𝑒𝑑 data-rate, the 

overall achieved average throughput gain could be calculated as ℜ𝐴𝑙𝑙𝑜𝑐𝑎𝑡𝑒𝑑 − ∑ 𝔘𝑛
0ℝ

𝑛=1 . As shown 

in Fig. 5.3, the PNE-S obtained slightly higher overall average throughput gain because of its non-

fairness consideration among the ℝ CRV-SUs. In the case of SNO-CRAVNET, PNE-S only had 

a relatively marginal higher average throughput gain. For instance, when ℝ = 6, PNE Search 

scheme achieved averaged throughput gain of 0.48bits/s/Hz whereas the proposed SNO-

CRAVNET achieved 0.46bits/s/Hz. Hence, even though PNE-S does not consider fairness, it only 

outperformed the proposed fairness-considerate SNO-CRAVNET by 0.02bits/s/Hz. However, in 

comparison to other scheduling schemes such as DR and MOCS/D that consider fairness, the 

proposed SNO-CRAVNET recorded a significantly higher overall average throughput gain as can 

be seen in Fig. 5.3. For example, when ℝ = 14, SNO-CRAVNET achieved 0.5bits/s/Hz and 

1.6bits/s/Hz against DR and MOCS/D, respectively. 
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Fig. 5.4:  Performance evaluation using the total transmission power gain measured against the 

varying number of CRV-SUs. 

 

5.5.2.3 Transmission Power Gain Evaluation  

Fig. 5.4 demonstrates the performance evaluation of the proposed SNO-CRAVNET against the 

existing related schemes using the total transmission power gain measured against the varying 

number of CRV-SUs. On the assumption that 𝒫𝑛
𝑚𝑖𝑛 and Ᵽ𝐴𝑙𝑙𝑜𝑐𝑎𝑡𝑒𝑑 are the minimum power 

required by a CRV-SU and the minimum power required by scheduler to guarantee the QoS 

requirements of each ℝ CRV-SUs, then the total transmission power gained is obtained as 

Ᵽ𝐴𝑙𝑙𝑜𝑐𝑎𝑡𝑒𝑑 − ∑ 𝒫𝑛
𝑚𝑖𝑛ℝ

𝑛=1 . Fig. 5.4 shows that SNO-CRAVNET achieves remarkably higher 

transmission power gain as the number of CRV-SUs increases compared with DR and MOCS/D. 

For instance, when ℝ = 8, SNO-CRAVNET achieved 0.01Watts and 0.04Watts of total 

transmission power gain higher than DR and MOCS/D, respectively. Similarly, when ℝ = 14, 
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SNO-CRAVNET achieved 0.02Watts and 0.08Watts of total transmission power gain higher than 

DR and MOCS/D, respectively. 

  

 

5.5.2.4 Jain’s Fairness Index Evaluation  

The resource fairness provision is investigated as depicted in Fig. 5.5 through performance 

evaluation using JFI measured against the varying number of CRV-SUs. According to [156] and 

[189], the JFI is expressed as  

 

JFI = (∑(
ℜn

𝔘n
0⁄ )

ℝ

n=1

)

2

(ℝ ∙ (∑(
ℜn

𝔘n
0⁄ )
2

ℝ

n=1

))⁄           (5.30) 

 

where ℜn denotes CRV-SU n’s rate allocation. Consequently, JFI = 1 indicates perfectly fair 

resource allocation by the scheduler. Conversely, JFI reduces towards 0 with increase in CRV-SUs 

rates’ disparity. In Fig. 5.5, it is seen that MOCS/D achieved perfectly fair resource allocation (i.e., 

JFI = 1) due to non-opportunistic scheduling but recorded low overall average system throughput 

performance as can be observed in both Fig. 5.2 (a) and Fig. 5.2 (b) and high transmission power 

demands. In contrast, as expected, the fairness inconsiderate PNE-S is the most unfair amongst the 

schemes and achieved the most imperfectly fair resource allocation (i.e., 𝐽𝐹𝐼 = 0) when 2 ≤ ℝ ≤

14.  

 

However, Fig. 5.5 demonstrates that both SNO-CRAVNET and DR achieve good fair resource 

allocation. Although, it is observed that their performances decrease with increase in the number 
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of CRV-SUs, SNO-CRAVNET continuously outperformed DR in all the cases, (i.e., 2 ≤ ℝ ≤

14). Accordingly, DR is forced to allocate resources less fairly as opposed to SNO-CRAVNET 

due to resource starvation. In general, SNO-CRAVNET shows a performance gain (nearly 5% 

improvement) over DR as is evident in Fig. 5.5 in terms of the percentage of 𝐽𝐹𝐼 achieved. 

Obviously, in the case of both SNO-CRAVNET and DR, when the allocated transmission power 

is insufficient, the 𝐽𝐹𝐼 value decreases. 

 

 

Fig. 5.5:  Resource allocation fairness performance evaluation using Jain’s fairness index (JFI) 

measured against the varying number of CRV-SUs. 
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(a) 

 

 

(b) 

Fig. 5.6:  Performance evaluation using optimal throughput measured against the optimal 

supplied transmission power: (a) CRV-SU 1 and (b) CRV-SU 2. 
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5.5.2.5 Accuracy of the Proposed Method 

The accuracy of the proposed time-sharing approach is studied in Fig. 5.6 (a) and (b) overleaf, 

which depict the comparisons between the derived optimal strategies through the combinatorial 

search within the original optimization problem expressed in Eqn.(5.11) and Eqn.(5.12𝑎) −

(5.12𝑓) and the reformulated convex optimization problem presented in Eqn.(5.13) and 

Eqn.(5.14𝑎) − (5.14𝑓), as discussed in Section 5.5, respectively. The comparisons were 

performed wrt the optimal supplied transmission power and achievable optimal throughput of 

CRV-SU 1 (see Fig. 5.6 (a)) and CRV-SU 2 (see Fig. 5.6 (b)). Furthermore, for other CRV-SUs, 

similar results were likewise obtained. As clearly demonstrated in Fig. 5.6 (a) and (b), the 

transmission power and the achievable optimal throughput values obtained in the case of CRV-SU 

1 (see Fig. 5.6 (a)) and CRV-SU 2 (see Fig. 5.6 (b)) are nearly the same and the performance gaps 

in both cases are infinitesimally trivial such as 0.014%. Thus, both Fig. 5.6 (a) and (b) have shown 

that the proposed time-sharing SNO-CRAVNEt allocation based on Eqn.(5.13) and 

Eqn.(5.14𝑎) − (5.14𝑓) is capable of achieving up to 99.987% in average of the total theoretical 

capacity.   
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Chapter Six 

Conclusions and Future Work 

 

6.1 Conclusions 

In this dissertation, a study on application of CR technology to vehicular networks in order to 

increase the spectrum resource opportunities is presented. These emerging technologies are 

especially crucial when the FCC officially allocated 75 MHz spectrum in 5.9 GHz band is not 

enough due to high demands as a result of increasing number of connected devices as already 

foreseen in the near future. Hence, to achieve this goal, a novel CRAVNET framework is proposed 

in Chapter three, which empowers CR assisted vehicles to make opportunistic usage of licensed 

spectrum bands on the motor highways. Furthermore, a novel distributed three-state spectrum 

sensing and sharing solution which enables CR vehicular SUs to be aware of additional spectrum 

resource opportunities on their current and future positions along their directions of movement by 

leveraging the cooperative spectrum sensing among them is also proposed. Both the simulation 

and theoretical analysis have demonstrated that the proposed solution can significantly improve 

the performance of a cooperative spectrum sensing and sharing schemes (see Fig. 3.4 (a-b), Fig. 

3.5 (a-b), Fig. 3.6 (a-b) and Fig. 3.7 (a-b)).  

 

Additionally, in Chapter four, a novel scheme, called ACRAVNET, is proposed to further resolve 

the shortage of spectral resource challenge for vehicular networks as a result of the increasing 

demand of diverse vehicular network-oriented applications. We also proposed CRASS scheme in 

order to reduce the spectrum sensing cost and improve sensing performance. Furthermore, a 
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GNNBS is proposed to perform a non-symmetric cognitive inter-cell spectrum allocation in 

ACRAVNET. Consequently, both the simulation and theoretical analysis have demonstrated that 

our solution can significantly improve the performance of a cooperative spectrum sensing and 

sharing schemes. Simulation results depicted in Fig. 4.2 and Fig. 4.3 also clearly show that the 

proposed schemes can acquire additional spectral resource for vehicular communication from the 

opened underutilized licensed TV spectrum with the help of CR technology and reduce the 

message transmission delay and blocking probability significantly. The obtained results also show 

that the currently allocated 10MHz of spectrum for V2V safety message communication is not 

enough, especially in high density vehicular network scenarios.  

 

Finally, an efficient joint optimal subcarrier and transmission power allocation framework with 

QoS guarantee is proposed in Chapter five to support enhanced packet transmission over a 

cognitive radio-enabled IoVs network systems. The study further proposed a novel SNBS based 

wireless radio resource scheduling scheme in OFDMA CR-enabled IoVs network systems. The 

CRV-SUs form clusters which lead to improved CR-enabled IoVs’ communication efficiency in 

a network system over the shared wireless radio channels (i.e., the channels that belong to licensed 

PUs). Although, the shared wireless radio channels are primarily allocated to the PUs, same 

channels can be opportunistically accessed by the CRV-SUs on the condition that the SINR with 

the PUs is maintained below the threshold level. Furthermore, a convex optimization problem is 

formulated by applying a time-sharing technique. The formulated convex optimization problem 

involves constraints on CR technology regulations, joint optimal subcarrier and transmission 

power allocation. Then, the optimal subcarrier and transmission power allocation strategies were 

derived via mathematical analysis. The developed iteration-independent and low-complexity 
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algorithm ensures easy convergence to Pareto optimality. Theoretical analysis and simulation 

results show that the proposed SNO-CRAVNET outperform the reference scheduler schemes. 

 

6.2 Future Work 

6.2.1 Use of Relay CR vehicular SU Nodes and Interference Alignment 

The proposed optimization model for optimal radio spectrum allocation framework will be 

extended to a CRAVNET scheme with relay CR vehicular SU nodes [197-201]. This further 

extension of the already proposed CRAVNET scheme with relay CR vehicular SU nodes will have 

a tremendous advantage of extending the range of radio transmission coverage of the secondary 

vehicular network and also in return, assist the primary network in more utilization of the licensed 

primary spectrum. Additionally, as opposed to over-used interference mitigation concept in 

cognitive radio networks, future work in part should also focus on the newly emerging concept of 

interference alignment [202-209] for efficient and fair radio spectrum resource allocation in the 

proposed CRAVNET scheme.  

 

6.2.2 Integration of Spectrum Sensing over Interweave-based CR-enabled IoVs Network 

The study and investigation of the integration of spectrum sensing in the interweave policy-based 

CR-enabled IoVs network systems will form an interesting possible future research direction. This 

interesting possible future work will focus on a hybrid paradigm that can combine the cognitions 

that the CR vehicular SUs are able to perform both in the underlay CR and the interweave policy-

based CR [210-218]. This research direction will facilitate the combination of the potentials of 

underlay while ensuring the maintenance of the QoS of the original owners (i.e., PUs) by avoiding 

harmful interference and at the same time opportunistically access the available spectrum holes 
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like the interweave paradigm. This, if properly studied, would certainly achieve better data-rates 

for both the CR vehicular SUs as well as the PUs.   
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APPENDIX A 

PROOFS OF PROPOSITIONS 1, 2 AND 3 

 

Proof of Proposition 1  

In Eqn.(5.23), Ʈ(�̃�𝑚𝑛, �̃�𝑚𝑛) can be expressed as ∑ ln {∑ (�̃�𝑚𝑛
𝐵

𝒩𝒞
log2{1 +

𝒩𝒞
𝑚=1

ℝ
𝑛=1

(�̃�𝑚𝑛|𝑎𝑚𝑛|
2φ �̃�𝑚𝑛⁄ )}) −𝔘𝑛

0} using Eqn.(5.11) and Eqn. (5.12). In the above expression, 

Ʈ(�̃�𝑚𝑛, �̃�𝑚𝑛) represents the sum of functions which can be given as 𝑓(�̃�𝑚𝑛, �̃�𝑚𝑛) =

ln{(�̃�𝑚𝑛X log2{1 + (�̃�𝑚𝑛 Y (�̃�𝑚𝑛)⁄ )}) − Z} with X, Y and Z denoting positive constants. The 

evaluation of the Hessian matrix 𝑓(�̃�𝑚𝑛, �̃�𝑚𝑛) shows that 𝑓(�̃�𝑚𝑛, �̃�𝑚𝑛) is a negative semi-

definite. Then, according to [181], by implication, it means that over �̃�𝑚𝑛 and �̃�𝑚𝑛, 𝑓(�̃�𝑚𝑛, �̃�𝑚𝑛) 

is a concave function. Therefore, it also follows that Ʈ(�̃�𝑚𝑛, �̃�𝑚𝑛) is a concave function given that 

any non-negative definite combination of concave functions is likewise concave. Additionally, 

over a convex set, the convex optimization problem expressed in Eqn.(5.23) and Eqns.(5.24𝑎 −

5.24𝑓) is determined. Given that each constraint as shown in Eqns.(5.24𝑎 − 5.24𝑓), according to 

its affinity determines a convex set, the set defined by each of the constraints is convex since the 

intersection of convex sets is convex [181]. The proof of Proposition 1 is completed by the above 

presented argument.                                ◼ 

 

Proof of Proposition 2 

Let the first order derivative of Ʈ(�̃�𝑚𝑛, �̃�𝑚𝑛) wrt �̃�𝑚𝑛 be denoted by ƛ𝑚𝑛(�̃�𝑚𝑛), where  

 

ƛ𝑚𝑛(�̃�𝑚𝑛) ≝
𝜕{Ʈ(�̃�𝑚𝑛, �̃�𝑚𝑛)}

𝜕�̃�𝑚𝑛
 

=

log2 (1 +
�̃�𝑚𝑛|𝑎𝑚𝑛|

2φ
�̃�𝑚𝑛

) − {
�̃�𝑚𝑛|𝑎𝑚𝑛|

2φ

ln 2 (�̃�𝑚𝑛(�̃�𝑚𝑛|𝑎𝑚𝑛|2φ))
}

�̃�𝑚𝑛 log2 (1 +
�̃�𝑚𝑛|𝑎𝑚𝑛|2φ

�̃�𝑚𝑛
) − (

𝒩𝒞𝔘𝑛
0

𝐵
)

                   (31) 
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With all the �̃�𝑚𝑛 satisfying 𝔘𝑛
0 < ℛ𝑚𝑛�̃�𝑚𝑛(�̃�𝑚𝑛, �̃�𝑚𝑛) leading to 

𝒩𝒞𝔘𝑛
0

𝐵
< �̃�𝑚𝑛 log2 {1 +

�̃�𝑚𝑛|𝑎𝑚𝑛|
2φ

�̃�𝑚𝑛
} thereby guaranteeing that the denominator in Eqn.(31) is non-negative. Therefore, in 

Eqn.(31), showing that the numerator is likewise non-negative for 0 < �̃�𝑚𝑛
𝑚𝑖𝑛 < �̃�𝑚𝑛 adequately 

suffices to show the strictly increasing property, where �̃�𝑚𝑛
𝑚𝑖𝑛 denotes the unique solution of 

𝒩𝒞𝔘𝑛
0

𝐵
=

�̃�𝑚𝑛 log2 {1 +
�̃�𝑚𝑛|𝑎𝑚𝑛|

2φ

�̃�𝑚𝑛
}. Let 𝔶 =

�̃�𝑚𝑛|𝑎𝑚𝑛|
2φ

�̃�𝑚𝑛
 so that, in Eqn.(31) the numerator can be 

expressed using a function ℋ(𝔶) = log2{((1 + 𝔶) − 𝔶) ln(2(1 + 𝔶))⁄ }, where 𝔶 > 0. Hence, 

when 𝔶 > 0 it can be easily verified that the first order derivative of ℋ(𝔶) over 𝔶 is non-negative, 

that is, 
𝜕ℋ(𝔶)

𝜕𝔶
=

𝔶

ln(2(1+𝔶)2)
> 0. Thus, it follows that ℋ(𝔶) is a strictly increasing function, which 

can be determined through ℋ(𝔶) > ℋ(0) = 0. Therefore, ƛ𝑚𝑛(�̃�𝑚𝑛) > 0 and it can be concluded 

that  Ʈ(�̃�𝑚𝑛, �̃�𝑚𝑛) strictly increases. Proof of Proposition 2 is completed.                           ◼                                                      

 

Proof of Proposition 3 

The utility function could be expressed with regards to the data-rate vector, that is, ℛ =

[ℛ1(�̃�𝑚1, �̃�𝑚1), ℛ2(�̃�𝑚2, �̃�𝑚2),⋯ ,ℛℝ(�̃�𝑚ℝ, �̃�𝑚ℝ)]
ℋ

rewritten as Ʈ(ℛ) = ∏ {ℛ𝑛(�̃�𝑚𝑛,
ℝ
𝑛=1

�̃�𝑚𝑛) − 𝔘𝑛
0}, where [∙]ℋ represents vector transpose. In Eqn.(5.23), the disagreement points of 

Ʈ(�̃�𝑚𝑛, �̃�𝑚𝑛), for equilibrium analysis, are set to be 𝔘𝑛
0 = 0. Thus, Ʈ(ℛ) is minimized to Ʈ(ℛ) =

∏ ℛ𝑛(�̃�𝑚𝑛, �̃�𝑚𝑛)
ℝ
𝑛=1 . The objective function with regards to Proposition 2 can be expressed as 

ln{Ʈ(ℛ)}. Hence, if �̃�𝑚𝑛, ℛ = [ℛ1(�̃�𝑚1, �̃�𝑚1), ℛ2(�̃�𝑚2, �̃�𝑚2),⋯ , ℛℝ(�̃�𝑚ℝ, �̃�𝑚ℝ)]
ℋ

and �̃�𝑚𝑛 is 

the optimal channel, achievable data-rate and transmission power allocation, respectively, then it 

follows that at ℛ = ℛ∗, the following condition stands 

 

∑
𝜕 ln{Ʈ(ℛ)}

𝜕ℛ𝑛
⃒ℛ𝑛−ℛ𝑛∗

ℝ

𝑛=1

(ℛ𝑛 − ℛ𝑛
∗ ) = ∑

ℛ𝑛 − ℛ𝑛
∗

ℛ𝑛∗

ℝ

𝑛=1

≤ 0.                    (32) 

 

In Eqn.(32), the condition ensures proportional fairness [190] since the objective function cannot 

be improved by each movement in the line of ℛ − ℛ∗ at the optimal data-rate vector ℛ∗. Thus, 
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proportionally fair resource allocation is guaranteed by the optimal solution. Proof of Proposition 

3 is completed.                                                                                                                                  ◼ 
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APPENDIX B 

PROOFS OF THEOREMS 2, 3, 4 AND 5 

 

The convex optimization problem’s Lagrangian function ℓ̃ as expressed in Eqn.(5.23) and 

Eqns.(5.24𝑎 − 5.24𝑓) is defined as shown in Eqn.(33) below,  

 

ℓ̃(�̃�𝑚𝑛, �̃�𝑚𝑛, 𝓀,₼𝑛, 𝒻𝑛, 𝒷𝑛) =

= {∑ ln{∑ (�̃�𝑚𝑛
𝐵

𝒩𝒞
log2 (1 +

�̃�𝑚𝑛|𝑎𝑚𝑛|
2φ

�̃�𝑚𝑛
)) − 𝔘𝑛

0

𝒩𝒞

𝑚=1

}

ℝ

𝑛=1

− 𝓀(∑∑ �̃�𝑚𝑛 − 𝒫𝑇𝑜𝑡

𝒩𝒞

𝑚=1

ℝ

𝑛=1

) − ∑ ₼𝑛 (∑ �̃�𝑚𝑛 − 1

ℝ

𝑛=1

)

𝒩𝒞

𝑚=1

+ 𝒻𝑛 (∑ �̃�𝑚𝑛|𝑎𝑚𝑛|
2 −

𝒩𝒞

𝑚=1

Ᵽ𝑛
𝑚𝑖𝑛) + 𝒷𝑛 (Ᵽ𝑛

𝑚𝑎𝑥 − ∑ �̃�𝑚𝑛

𝒩𝒞

𝑚=1

)}              (33 

 

where 𝓀 ≥ 0, ₼𝑛 ≥ 0, 𝒻𝑛 ≥ 0 and 𝒷𝑛 ≥ 0 denote the four constraints’ (i.e., Eqn.(5.24𝑏), 

Eqn.(5.24𝑑), Eqn.(5.24𝑒) and Eqn.(5.24𝑓)) Lagrangian multipliers, respectively. Applying the 

KKT conditions, the optimal subcarrier allocation index ℂ̃𝑚𝑛
∗  is obtained through the 

differentiation of ℓ̃ over �̃�𝑚𝑛 in Eqn.(33) above, so that, 

 

𝜕ℓ̃

𝜕�̃�𝑚𝑛 
⃒(�̃�𝑚𝑛,�̃�𝑚𝑛,₼𝑛,𝓀,𝒻𝑛,𝒷𝑛)=(ℂ̃𝑚𝑛∗ ,�̃�𝑚𝑛

∗ ,₼𝑛
∗ ,𝓀∗,𝒻𝑛

∗ ,𝒷𝑛
∗) = 0,  ∀m, 𝑛 

 ⇒ ƛ𝑚𝑛(ℂ̃𝑚𝑛
∗ ) = ₼𝑚

∗        
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Through the differentiation of ƛ𝑚𝑛(ℂ̃𝑚𝑛
∗ ) wrt ℂ̃𝑚𝑛

∗ , it is shown that 𝜕ƛ𝑚𝑛(ℂ̃𝑚𝑛
∗ ) 𝜕ℂ̃𝑚𝑛

∗ < 0⁄ , ∀ 

ℂ̃𝑚𝑛
𝑚𝑖𝑛 < ℂ̃𝑚𝑛

∗ . Thus, this further shows that ƛ𝑚𝑛(ℂ̃𝑚𝑛
∗ ) is strictly nonincreasing while its inverse 

function, that is, ƛ𝑚𝑛
−1 (ℂ̃𝑚𝑛

∗ ) exists for ℂ̃𝑚𝑛
∗ > 0. Furthermore, by differentiating Eqn.(33) wrt ₼𝑚

∗  

yields that ∑ ℂ̃𝑚𝑛
∗ − 1 = 0ℝ

𝑛=1 . Note that ƛ𝑚𝑛
−1 (₼𝑚

∗ ) = ℂ̃𝑚𝑛
∗  and ∑ ℂ̃𝑚𝑛

∗ = 1ℝ
𝑛=1  results in 

∑ ƛ𝑚𝑛
−1 (₼𝑚

∗ ) = 1ℝ
𝑛=1 , ∀𝑛. 

 

Proposition 4 

Let ɸ(₼𝑚
∗ ) = ∑ ƛ𝑚𝑛

−1 (₼𝑚
∗ )ℝ

𝑛=1 , then there exists an inverse function for ɸ(₼𝑚
∗ ).  

Proof: Recall that 𝜕ƛ𝑚𝑛(ℂ̃𝑚𝑛
∗ ) 𝜕ℂ̃𝑚𝑛

∗ < 0⁄ , then it follows that  

 

𝜕ɸ(₼𝑚
∗ )

𝜕₼𝑚∗
=∑

𝜕ƛ𝑚𝑛
−1 (₼𝑚

∗ )

𝜕₼𝑚∗

ℝ

𝑛=1

= ∑

{
 
 

 
 

1

(
𝜕ƛ𝑚𝑛(ℂ̃𝑚𝑛∗ )

𝜕ℂ̃𝑚𝑛∗
)
}
 
 

 
 ℝ

𝑛=1

< 0, ∀𝑛. 

 

Hence, ɸ(₼𝑚
∗ ) is an entirely strictly non-increasing function.  

Proof of Proposition 4 is completed.                                                                                              ◼ 

 

The optimum Lagrangian multiplier, ₼𝑚
∗ , is obtained from Proposition 4 which is given in 

Eqn.(34) below, 

₼𝑚
∗ = ɸ−1(1), ∀𝑛.                              (34) 

 

Thus, the globally optimum solution of ℂ̃𝑚𝑛
∗  is obtained from Eqn.(34) via the expression 
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ℂ̃𝑚𝑛
∗ = ƛ𝑚𝑛

−1 (₼𝑚
∗ ), ∀𝑚, 𝑛.                                  (35) 

 

The proof of Theorem 2 is completed.                                                                                           ◼ 

 

By applying the KKT conditions and differentiating ℓ̃ wrt �̃�𝑚𝑛 in Eqn.(33) yields �̃�𝑚𝑛
∗  (i.e., the 

optimal transmission power allocation index). Thus,  

𝜕ℓ̃

𝜕�̃�𝑚𝑛 
⃒(�̃�𝑚𝑛,�̃�𝑚𝑛,₼𝑛,𝓀,𝒻𝑛,𝒷𝑛)=(ℂ̃𝑚𝑛∗ ,�̃�𝑚𝑛

∗ ,₼𝑛
∗ ,𝓀∗,𝒻𝑛

∗ ,𝒷𝑛
∗) = 0 

⇒ 

(1 +
�̃�𝑚𝑛
∗ |𝑎𝑚𝑛|

2φ

ℂ̃𝑚𝑛∗
) {(ℂ̃𝑚𝑛

∗
𝐵

𝒩𝒞
log2 (1 +

�̃�𝑚𝑛
∗ |𝑎𝑚𝑛|

2φ

ℂ̃𝑚𝑛∗
)) − 𝔘𝑛

0} 

                                  =
𝐵|𝑎𝑚𝑛|

2φ

𝒩𝒞 ln 2(𝓀∗ − 𝒻𝑛∗|𝑎𝑚𝑛|2 + 𝒷𝑛∗)
.                                                                       (36) 

 

Eqn.(36) is noted to be a transcendental algebraic equation wrt the optimal transmission power 

allocation index �̃�𝑚𝑛
∗ . This type of equation is usually solved by related studies through recursive 

numerical methods. However, recursive numerical methods are known to be computationally 

intensive [192-193]. Hence, analytical solution of �̃�𝑚𝑛
∗  is provided in Eqn.(36) as shown below. 

Let  

ᶀ𝑚𝑛 = 1 +
�̃�𝑚𝑛
∗ |𝑎𝑚𝑛|

2φ

ℂ̃𝑚𝑛∗
,                                                           (37) 

 

𝔛𝑚𝑛 =
𝐵|𝑎𝑚𝑛|

2φ

𝒩𝒞 ln 2(𝓀∗ − 𝒻𝑛∗|𝑎𝑚𝑛|2 +𝒷𝑛∗)
,                                    (38) 

and  
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Þ𝑚𝑛 = 2
{

𝔘𝑛
0

ℂ̃𝑚𝑛
∗ (𝐵 𝒩𝒞⁄ )

}
, Þ𝑚𝑛 ≥ 1.                                                     (39) 

 

Therefore, Eqn.(36) can be further simplified as shown below, 

 

ℂ̃𝑚𝑛
∗

𝐵

𝒩𝒞
log2 (

ᶀ𝑚𝑛
Þ𝑚𝑛

)
ᶀ𝑚𝑛

= 𝔛𝑚𝑛.                                                  (40) 

 

Both sides of Eqn.(40) multiplied by 
1

Þ𝑚𝑛
 yields  

 

ℂ̃𝑚𝑛
∗

𝐵

𝒩𝒞
log2 (

ᶀ𝑚𝑛
Þ𝑚𝑛

)
(
ᶀ𝑚𝑛
Þ𝑚𝑛

)

=
𝔛𝑚𝑛
Þ𝑚𝑛

.                                          (41) 

 

Now, let ᵹ =
ᶀ𝑚𝑛

Þ𝑚𝑛
, then Eqn.(41) becomes 

 

ᵹᵹ = 2
{
𝒩𝒞𝔛𝑚𝑛

ℂ̃𝑚𝑛
∗ (𝐵Þ𝑚𝑛)

}
.                                                                         (42) 

 

So that by applying the properties of Lambert-Ⱳ function [194-196], Eqn.(42) yields 

 

ᵹ = 𝑒
{Ⱳ(ln(2

(
𝒩𝒞𝔛𝑚𝑛

ℂ̃𝑚𝑛
∗ (𝐵Þ𝑚𝑛)

)
))}

,                                                           (43) 

 



140 

 

where Ⱳ(∙) represents the Lambert-Ⱳ function. Then, by substituting ᵹ with 
ᶀ𝑚𝑛

Þ𝑚𝑛
 in Eqn.(43) 

gives 

ᶀ𝑚𝑛 = Þ𝑚𝑛 ∙ 𝑒
{Ⱳ(ln(2

(
𝒩𝒞𝔛𝑚𝑛

ℂ̃𝑚𝑛
∗ (𝐵Þ𝑚𝑛)

)
))}

.                                            (44) 

 

Hence, by relating Eqn.(37) and Eqn.(44), the optimal transmission power allocation �̃�𝑚𝑛
∗  of the 

proposed novel SNO-CRAVNET is determined to be in Eqn.(5.26). Proof of Theorem 3 is 

completed.                                                                                                                                       ◼ 

 

The optimal transmission power allocation �̃�𝑚𝑛
∗  as contained in Eqn.(5.26) signifies the exact 

measure of optimal transmission power on subcarrier 𝑚 of all the CRV-SU 𝑛. Thus, if �̃�𝑚𝑛′
∗ <

�̃�𝑚𝑛
∗ , then the CRV-SU 𝑛 require more transmission power �̃�𝑚𝑛

∗  compared to CRV-SU 𝑛′ so as to 

be able to transmission the same amount of message on subcarrier 𝑛. Hence, the CRV-SU that will 

be selected is the one that requires minimum transmission power. To achieve this, linear search is 

performed amongst the dynamically available 𝒩𝒞 subcarriers of the optimum CRV-SU 𝑛∗, which 

is given by 𝑛∗ = arg min �̃�𝑚𝑛
∗ . Proof of Theorem 4 is completed.                                                                                

◼ 

 

Furthermore, based on Eqn.(5.27), the binary representation of Eqn.(5.25) gives the proposed 

novel SNO-CRAVNET optimal subcarrier scheduling strategy ℂ𝒩𝒞×ℝ
∗ [𝕆𝒩𝒞×ℝ] = [ℂ𝑚𝑛

∗ ], for 

instance, ℂ𝑚𝑛
∗ = 0 when 𝑛 ≠ 𝑛∗ and ℂ𝑚𝑛

∗ = 1 when 𝑛 = 𝑛∗.  

Proof of Theorem 5 is completed.                                                                                                   ◼ 
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