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Abstract  
 

The ever-increasing wireless applications and services has generated a huge demand for 

the RF spectrum. The strict and rigid policy of spectrum management by the Federal 

Communications Commission (FCC) has rendered spectrum a valuable resource. The 

disproportion in the usage of spectrum between the licensed primary users (PUs) and the 

enormous unlicensed secondary users (SUs) in the band has created spectrum scarcity. 

This imbalance can be alleviated by the Dynamic Spectrum Access (DSA) based on 

Cognitive Radio Network (CRN) paradigm by significantly improving the efficiency of 

spectrum utilisation of the wireless networking systems. DSA enables unlicensed 

secondary users (SUs) also known as cognitive radios (CRs) to sense the spectral 

environment and access the licensed spectrum opportunistically without causing any 

interference to the licensed primary users (PUs). Spectrum sensing is the most prominent 

capability of CRs to effectively detect the presence or absence of licensed primary users 

(PUs) in the band. Sensing provides protection to primary users (PUs) from interference 

and creates opportunities of spectrum access to secondary users (SUs). However, scanning 

the spectrum continuously is critical and power intensive. The high-power 

consumption in battery operated CR devices reduces device lifetime thereby affecting 

the network performance. Research is being carried out to improve energy efficiency 

and offer viable solutions for extending lifetime for wireless devices.  
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 In this thesis, the work focuses on the energy efficient spectrum sensing of CR networks. 

The main aim is to reduce the percentage of energy consumption in the CR system in 

possible ways. Primarily, the conventional energy detection (ED) and the cyclostationary 

feature detection (CFD) spectrum sensing mechanisms were employed to sense the 

spectrum. Aiming on energy efficiency, a novel history assisted spectrum sensing scheme 

has been proposed which utilises an analytical engine database (AED). It generates a rich 

data set of spectrum usage history that can be used by CRs to make efficient sensing 

decisions modelled using Markov chain model. The usage of sensing history in decision 

making, results in decreasing the frequency of spectrum scanning by the CRs thereby 

reducing the processing cost and the sensing related energy consumption. It shows 17% 

improvement in energy saving compared to the conventional sensing scheme. The key 

performance parameters such as probability of miss detection (PMD), probability of false 

alarm (PF) and probability of detection (PD) were investigated using ROC curves. 

Extensive performance analysis is carried out by implementing two traditional sensing 

schemes ED and CFD in terms of computational cost and energy consumption and shows 

50% improvement in effective energy saved by using history assisted spectrum sensing 

mechanism.  

Further, to address the high energy consumption during communication between CRs / 

stations (STAs) and the base station (BS), a novel energy efficient Group Control Slot 

allocation (GCSA) mac protocol has been proposed. Publish/Subscribe (PUB-SUB) and 

point-to-point messaging models have been implemented for data communication between 

BS, STAs and AED. The proposed mac protocol increases the number of STAs to enter in 

to sleep mode thereby conserving the energy consumed during idle state. Furthermore, 
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cluster based co-operative spectrum sensing (CSS) is considered for reducing the energy 

utilised for data communication between CRs and BS by electing a cluster head (CH) using 

fuzzy logic-based clustering algorithm. The cluster head (CH) collects, aggregates data from 

cluster members and it is only the CHs that communicate to the BS. Thus, there is no 

communication between individual non-CH CRs and BS, thereby significantly reducing the 

energy consumption and improving the network lifetime of the CR system. Extensive 

simulations were performed in MATLAB and results are presented for all the proposed 

schemes.  
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Chapter 1  
 

  

1. Introduction  
 

1.1 Spectrum Allocation and Utilisation 

Wireless technology has evolved immensely over the past few decades and has great impact 

on the lives of the people on everyday basis. The tremendous increase in wireless applications 

has generated a massive demand for the spectrum. The electromagnetic spectrum which is a 

communication carrier is considered as a natural resource which keeps the wireless network 

alive. The present network scenario reveals that there is a huge spectrum scarcity challenge 

that is highly critical to wireless systems. The exponential growth of mobile communication 

over the years is one of the main factors that has contributed to the increased demand of 

spectrum.  In the different parts of the world, the spectrum sparse dilemma is on rise. The rigid, 

inflexible and centralised spectrum assignment and management policies that were set by the 

Federal Communications Commission (FCC) in the United States and Ofcom in UK has 

resulted in low spectrum utilisation efficiency in licensed bands and poor performance of 

wireless devices in the highly congested unlicensed bands [1]. The reason for the fixed 

allocation of frequency is to guarantee an interference free environment for the licensed users. 

This static spectrum allocation enables every licensed user to acquire a frequency band of the 

spectrum exclusively mostly for long term contracts. The static frequency allocation policy 

worked well in the past, but it is not suitable for the present environment. It has been revealed 

that the allocated spectrum is not in use all the time and it goes as a wastage.  This 

underutilisation issue of spectrum when there is huge demand of spectrum for wireless system 
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has created a furore in the research field and therefore spectrum has been exploited and 

analysed in-depth to explore and yield innovate approaches to make spectrum usage more 

efficient. Thus, to alleviate the spectrum scarcity issue, the spectrum allocation techniques 

should be made flexible and dynamic. Information on RF spectrum, UK frequency allocation 

table, UK spectrum map and other related data can be obtained from the Ofcom report [2]. 

Figure 1.1 shows the UK frequency allocation chart [3]. 

 

                                            Figure 1.1: UK frequency allocation chart [3] 

1.2 Dynamic Spectrum Access 

Static spectrum allocation mechanism provides interference free service to the licensed users 

but at the cost of drastic underutilisation of the spectrum. This led to shortage of spectrum for 
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the emerging wireless technologies. It becomes imperative to consider dynamic access to 

overcome the impediments that prevent access to the spectrum. Dynamic spectrum access 

(DSA) technology is a spectrum sharing paradigm [4], which greatly enhances the spectrum 

utilisation efficiency by allowing the unlicensed users to opportunistically utilise the frequency 

band of licensed user when it is not in use as shown in Figure 1.2 [5]. The licensed users are 

the primary users (PUs) who have exclusive access to their allocated frequency band. The 

unlicensed users are the secondary users (SUs) that do not have exclusive privileges to transmit 

on the licensed spectrum. They utilise the spectrum opportunistically whenever it is unoccupied 

or vacant with the condition that they vacate as soon as the primary user returns without causing 

any harmful interference. The empty spaces which are unoccupied in the spectrum are termed 

as spectrum holes or white spaces (WS). Opportunistic users adapt to the surrounding 

environment, by modifying their wireless communication parameters and they dynamically 

search for the empty spaces in the licensed band and utilise it temporarily for wireless 

applications. There are different techniques in which SUs and PUs are able to access the 

spectrum efficiently, such as interweave, overlay and underlay schemes.  

Power
Frequency

Time

Spectrum in use

Spectrum hole

Dynamic 

Spectrum 

Access

 

Figure 1.2: Dynamic Spectrum Access 

1.3 Software Defined Radios  

Spectrum scarcity problem paved way to technologies such as the software defined radios 

(SDR). The term SDR was first coined by Joseph Mitola in 1991 [6]. As the term suggests, 
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SDRs are radios that have the capability to reconfigure itself through software. For example, 

parameters such as transmission rate, frequency, amplitude, modulation type, message format, 

encryption processes and error correction can be modified based on the current condition of 

the system by simply doing some changes in the software. Basically, the functions of the SDRs 

such as the physical layer functionalities are defined digitally, they can be controlled by 

altering the software. Compared to the conventional radios, in SDRs the hardware element is 

considerable reduced. Most of the hardware components in a radio, such as modulators, 

amplifiers, mixers, filters etc. are software configurable and so they are easily replaced by 

implementing their functionalities through programmable signal processing devices. Advent 

of SDRs have shifted focus from hardware intensive traditional radios to software-based 

radios. Since SDRs can be reconfigured by modifying the software, it becomes easier to 

upgrade the system by amending the latest features by simply altering the operating 

parameters. The Software Communications Architecture (SCA) standard was developed to 

enable the SDRs to be flexible and to run on multiple platforms and to integrate the hardware 

and software from different vendors, thus creating greater interoperability.  

 

 

 

            Figure 1.3: SDR architecture [7] 
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Figure 1.3 displays the basic architecture block diagram of the SDR [7]. SCA standard has 

been widely employed to produce US military radios. The received signal is digitised by the 

ADC. Digital signal processors (DSP), field programmable gate arrays (FPGA) and 

application specific integrated circuits (ASIC) perform processing by implementing software. 

Software such as CORBA, middleware, and virtual radio are implemented to perform 

modulation and demodulation of the signal.  

Some of the advantages of SDR are as follows: 

· SDR architecture is flexible and scalable, therefore it is easier to upgrade to newer 

versions. Enhanced features can be appended without any major transformations in the 

existing legacy infrastructure.  

· Multi-functionality: It allows different technologies to operate by integrating 

opportunistically. Seamless services can be provided by interfacing different systems 

and standards in a network.  

· SDRs are compact and power efficient since it uses the same hardware for carrying out 

the implementation of multiple systems 

· Computation cost is considerably reduced since SDR works on common platform for 

multiple vendors.  

· End users can gain ubiquitous wireless communication and networking. It permits the 

end user to connect to the network anytime. 

 

1.4 Cognitive Radios 

Cognitive radios (CRs) are smart wireless radio devices that have the capability to sense, learn 

and adapt to the environment in real time. CRs are intelligent devices that can also make 

decisions based on what it has learned. CR technology is an advancement of software defined 

radios and it performs, sensing of the spectrum, altering of its operating parameters, and 
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utilising the frequency band when it is unoccupied [8]. The key characteristics of a cognitive 

radio are cognitive capability and reconfigurability. In a cognitive radio network (CRN), the 

CRs serves as the secondary or the unlicensed users. They do not have privilege to access the 

licensed band of the primary users. However, using the dynamic spectrum access mechanism, 

CRs sense the spectrum to discover white spaces. White spaces indicate that the frequency 

band is not utilised by the PU. The CRs use the band opportunistically for it transmission and 

vacates the spectrum immediately when the PU returns. CRs must abide by certain conditions 

to use the licensed band. The most important of all is to avoid harmful interference to the PU 

and efficient spectrum usage. These are the key requisite for a CR in the network. For real time 

interaction with the environment, the different functions that a CR performs are spectrum 

sensing, decision making, spectrum sharing and spectrum mobility. Figure 1.4 displays the 

cognitive cycle, a cyclic approach used to perform the above-mentioned cognitive capability 

functions. 
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      Figure 1.4: Cognitive cycle 
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1.4.1 Spectrum Sensing 

Spectrum sensing is the most prominent function of a cognitive radio. First and 

foremost, a CR senses the spectrum to discover the PU activity, i.e., to find whether PU 

is present or absent. CRs are in search of spectrum holes. If the PU is utilising the 

spectrum, CRs do not interfere and move on to the other bands. If the PU is absent, 

there is a potential spectrum hole, CRs utilise this spectrum frequency for its 

communication. The most important performance parameters are the probability of 

detection (PD), probability of false alarm (PF) and the probability of missed detection 

(PMD) [9]. These parameters can be analysed using the receiver operating characteristic 

(ROC) curves. The probability of false alarm occurs when the sensing result shows the 

absence of PU when it is present, this leads to harmful interference. Missed opportunity 

occurs when sensing result reveals that PU is utilising the spectrum when it is in fact 

not using it, this is due to missed detections. Higher value of PD and lower values of PF 

and PMD gives effective sensing results.   

 

1.4.2 Spectrum Decision making 

The spectrum holes that are detected need to be analysed in order to make effective 

decision whether to utilise the band or not. The CRs calculates and establishes its own 

capabilities such as the rate of transmission, bandwidth requirements, transmission type 

etc. The analysis of spectrum holes reveals the characteristics of frequency bands that 

are available. Then CRs adapt their operating parameters corresponding to the attributes 

of the detected spectrum and the QoS requirement of the CRs. Once this process 

completes, the frequency band is available for the CRs to utilise until the return of 

primary users.  
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1.4.3 Spectrum Sharing 

In a CR network, all the CRs sense the spectrum for detecting spectrum holes and 

utilising the unoccupied band for data transmission. Based on the characteristics and 

quality of service requirements of CRs, they aim to share the spectrum with the 

neighbouring CRs in a fair and efficient way. CR mac protocols play a vital role in 

exploiting the spectrum opportunities and creating spectrum access amongst CRs. The 

CR mac protocols aim for collision avoidance amongst CRs and interference free 

environment for PUs. Efficient spectrum utilization between SUs and PUs is achieved. 

SUs can utilise the spectrum either in underlay or overlay approaches [10]. In overlay 

approach, SUs should immediately terminate its service and vacate the band, while in 

underlay approach, SUs can use the channel for providing its service along with PUs 

without causing any harmful interference to PU. SUs maintains a very low transmission 

power.  

1.4.4 Spectrum mobility 

CRs can freely utilise the licensed bands until they are unoccupied. When the primary 

user returns to occupy the band, the CRs must immediately vacate the spectrum and 

then switch on to another empty space. This is the spectrum mobility function. 

Spectrum mobility must be done seamlessly without causing any interference to the 

licensed user.   

1.5 Cognitive Radio Applications  

The CR wireless sensor networks implement cognitive technologies to opportunistically access 

the licensed frequency bands and has the capability to self-organise. These features of CRs has 

drawn excessive attention from research and defence organisations. Emphasis on creating 
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innovative approaches for implementing this technology in various applications is in focus. 

Some of the applications of CR technology are as follows: 

· Military application: CRs are inherently flexible, they can learn and adapt their 

transmission parameters with respect to the network environment. This feature plays an 

important role for defence and security systems. Communication system in military 

warfare requires communication devices that are capable to operate multiple 

frequencies and waveforms in single device. This is achieved by implementing the CR 

technologies.  

· Commercial application: The Institute of Electrical and Electronic Engineering (IEEE) 

802.22 Wireless Regional Area Network (WRAN) standard was developed for the rural 

broadband wireless services, it uses CR technology which operate in the TV white 

spaces ranging from 54 – 862 MHz. The CRs uses geo-location databases for allocation 

of frequency bands in case of fixed terminals. Spectrum sensing is used to sense the 

spectrum holes in case of mobile terminals.  

· Disaster management System: Natural disasters such as floods, earthquakes etc., make 

it extremely difficult for the rescue operations to take place due to lack of 

interoperability among rescue operation providers. CRs are deployed in areas where it 

is nearly impossible to access. Reliability and capacity of CR devices are improved by 

learning from the environment and modifying the operating parameters.  The data and 

the other vital information regarding the disaster in the area obtained from cognitive 

radios provides immense help for rescuing affected people and property.  In such 

emergency situations, despatching aid to people in need becomes much smoother. 

·  Machine to machine (M2M) systems involves huge computation and data 

communication which would result in increased spectrum congestion which will 

influence the network performance. CR technology could be implemented in M2M 
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systems to tackle the spectrum congestion issue by using the cognitive functionalities 

such as spectrum sharing and spectrum management.    

1.6 Challenges in Cognitive Radios 

The concept of cognitive radios for wireless applications seems to be extremely rewarding. 

Extensive research is being carried out to make this concept more feasible and practical. 

However, like any other technologies, CR technology also faces challenges such as 

· Network Performance: Spectrum sensing is the initial process in the cognitive cycle. 

The performance of the network depends on the accuracy of the sensing results. High 

performance spectrum sensing is essential for interference management. It is a 

challenge to obtain, low PF and PMD and higher value of PD. 

· Multipath and shadowing issues: Interference free network is essential for high network 

performance. But factors such as multipath fading, shadowing, etc. promotes 

interference and thereby degrading the performance of the network. 

· QoS requirements: Quality of service is a major issue for cognitive radio network. The 

CRs while using the licensed frequency bands of PUs must abruptly terminate the 

service and vacate the current channel to avoid interference to PU. If CRs are unable to 

immediately find another channel, then this has a great effect on the QoS of the service 

provided by the CRs.  

· Implementation of CRs: In real time environment, it is highly difficult and expensive 

to implement CRs 

· Computation cost: Some algorithms that are used for performing cognitive functions 

are complex and this results in increase of computational cost.   

· Security of the system: Even though, cognitive radio systems provide reliability, 

flexibility, adaptability but when it comes to security, CRNs are susceptible to threats 

and attacks. Secondary users must abide by certain conditions to remain in the CRN. 
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However, some malicious SUs will access the PU’s licensed band and impersonate a 

PU to fully gain the spectrum to itself and deprive other SUs from accessing the band. 

Some malicious SUs has the only intention to degrade the performance of the system.  

· Energy consumption: One of the main challenges faced by cognitive radio network is 

the energy consumption issue. CR device are battery powered devices and they are 

required to be powered all the time for high performance. CR system consists of sensing 

stage, transmission stage and decision stage. Spectrum sensing is vital for CRs and it is 

performed continuously to detect spectrum holes. A major part of energy consumption 

occurs during spectrum sensing. In centralised network, all the CRs transmit their 

sensing results to the fusion centre (FC), energy consumption occurs due to data 

transmission. The final stage is the decision stage; CR devices are intelligent devices 

they use cognitive algorithms to make efficient decisions about the presence or absence 

of PU. This computation consumes high energy. Therefore, energy efficiency is a key 

feature for improving the network lifetime of CR devices. In this context, the objective 

of this thesis is to focus on spectrum sensing techniques and data transmission to 

improve energy efficiency. 

  

1.7 Motivation for Research  

There has been an incredible rise in wireless communication past few decades and this has 

generated a huge demand for radio spectrum. The strong growth in the number of wireless 

devices and the advancement in wireless technologies such as mobile telephony is the reason 

for the unprecedented increase in the number of mobile subscribers as shown in Figure 1.5 

[11].  This has a direct impact on the RF spectrum which is already saturated because of 

spectrum allocation approach and the incompetent utilisation of licensed spectrum.  It is a huge 

challenge for allocating frequency bands to newer wireless applications. This serves as a 
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motivational factor to develop schemes that can combat the issue of underutilisation of RF 

spectrum. 

 

 

             Figure 1.5 Evolution of fixed and mobile subscriptions from 2005 to 2019 [11] 
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1.8.2 Objectives 

 The research work takes into consideration the following objectives. 

· To present an overview of CR networks and specifically its spectrum sensing 

functionality. Identify the issues related to spectrum sensing in CRN.  

· Highlighting the spectrum scarcity and energy efficiency concerns in CRNs and 

introduce the need for developing an effective spectrum sensing mechanism. 

· A comprehensive study and analysis of conventional spectrum sensing techniques 

and identifying their advantages and drawbacks.  

· Developing an energy efficient novel spectrum sensing scheme based on the history 

data of sensing results and make effective decisions whether to continuously sense 

the spectrum or utilize the history to determine the presence or absence of PUs.  

· Highlighting the need for energy efficient data communication between CRs and BS 

and proposing a novel mac protocol that allows CRs to enter into sleep mode based 

on group priority.   

· Proposing an energy efficient cooperative spectrum model for CRN based on fuzzy 

logic for selecting a suitable CR as an appropriate cluster head (CH) which will 

minimise the communication between individual CRs and BS.  

· Green cognitive radio can be enabled by optimizing the energy efficiency of 

cognitive radio systems 

· To simulate, compare and analyse the proposed algorithms with the existing 

approaches using certain key performance metrics  

1.9 Research Statement 

To alleviate the spectrum scarcity issue, CR technology emerged. However, the advancement 

of the technology increased its implementation in different applications which demanded more 

bandwidth and resulted in increased power consumption. CR devices are battery powered 
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devices, continuous complex operation will drain the power and the device lifetime will reduce 

affecting the performance of the CR network.  It becomes imperative to solve these issues, it 

can be done by doing research and yielding innovative concepts that can improve network 

performance, extending the battery life of devices, increase in energy saving by reducing the 

power consumption.     

Cognitive radio technology covers comprehensive and multidisciplinary areas in wireless 

communication. All these areas are appropriate for research work. However, in this thesis, the 

work is focussed on the physical and data link layers of CR most specifically on spectrum 

sensing. The research work aims to achieve an overall energy efficient CR system. It proposes 

an energy efficient history assisted spectrum sensing mechanism which targets the energy 

consumption during sensing phase. Energy is consumed when CRs scan or sense the spectrum. 

Continuous scanning is detrimental to energy level of the device. The proposed spectrum 

sensing scheme reduces the frequency of sensing the spectrum by providing rich history data 

set for decision making. Also, the energy consumed during the communication that takes place 

between BS and CRs are also addressed by proposing an energy efficient GCSA mac protocol. 

A method where more CRs are send into idle mode and energy that would have been wasted 

by simply listening to the medium has been saved. The system can be further improved by 

implementing cluster based co-operative mechanism in history assisted spectrum sensing 

scheme. 

 

1.10 Key Contributions  

· Novel history assisted spectrum sensing method for CR network is proposed in this 

research work. The proposed scheme facilitates CRs to use history data and its 

intelligence to make effective decisions regarding presence or absence of Pus. Using 

history averts CRs to scan the spectrum. The frequency of spectrum sensing is reduced. 
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Thus, the energy spend during spectrum sensing is drastically reduced. Conventional 

spectrum sensing techniques, such as energy detection (ED), Cyclostationary feature 

detection (CFD), matched filer detection (MFD) etc., perform spectrum sensing but do 

not consider the percentage of energy consumption during sensing.  

· Novel GCSA mac protocol for communication between CRs and BS (Base station) is 

proposed in this research work. The proposed protocol is an energy efficient mac 

protocol. Based on the priority of the nodes, the nodes are grouped and nodes in that 

group alone are awake for listening and data transmission. All other nodes are pushed 

to sleep mode. The more the nodes enter sleep the higher is the energy save.  

· Furthermore, a cluster based co-operative sensing mechanism is proposed. Data 

communication and processing increases the system overhead. Greater the overhead, 

more is the percentage of energy consumption. The proposed cluster mechanism 

utilises the fuzzy logic approach to elect the cluster heads.  It is only the CH that 

communicate with BS all other no-CH CRs communicate with each other with low 

bandwidth. By reducing the overhead and communication traffic, energy efficiency is 

achieved. To end this, an energy efficient cognitive system is developed.  

 

1.11 Organisation of the Thesis 

The structure of the thesis is organised as follows:  

➢ Chapter 2: This chapter provides review of cognitive radio and signal processing. The 

chapter presents an in-depth literature review of spectrum sensing. The review in the 

chapter provides motivation to design and develop a novel spectrum sensing 

mechanism.  
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Work in this chapter has been published in "Spectrum Sensing Mechanisms in 

Cognitive Radio Based LTE Femtocells", in 'LTE Communications and Networks' 

Femtocells Antenna Design and Challenges', First Edition: John Wiley & Sons 

➢ Chapter 3: This chapter presents the system model and the algorithms of the proposed 

history assisted spectrum sensing scheme, which is an energy efficient sensing method. 

The implementation of the SUs decision making model is provided. ROC curves show 

the proposed model performs well with respect to performance indicators such as PF, 

PMD and PD.  

Work in this chapter has been published in "On the Usage of History for Energy 

Efficient Spectrum Sensing," Communications Letters, IEEE.  

➢ Chapter 4: This chapter provides the energy analysis of the proposed model. The 

optimisation of effective energy shows better results. The performance evaluation of 

the proposed sensing model is presented and compared with the conventional spectrum 

sensing methods such as ED and CFD.  

Work in this chapter has been published in "History assisted Energy Efficient Spectrum 

Sensing for Infrastructure based Cognitive Radio Networks," in IEEE Transactions on 

Vehicular Technology  

➢ Chapter 5: This chapter presents the system model and algorithm of the proposed novel 

GCSA mac protocol. For a prolonged operating time, it is imperative to conserve 

energy. The proposed mac offers an energy efficient mac protocol. The performance 

analysis of the proposed mac protocol is compared with the IEEE 802.11e standard 

Hybrid coordination function power save mode (HCF-PS).  

Work in this chapter has been submitted in " History assisted Spectrum Sensing led 

Energy Efficient Medium Access for Infrastructure based Cognitive Radio Networks" 

in IEEE Systems Journal. Under review (submitted in September 2018). 
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➢ Chapter 6: A review of the fuzzy logic system is presented. Cluster based cooperative 

spectrum sensing (CSS) is introduced. System model of the proposed method is 

presented. This is built upon the history assisted spectrum sensing scheme.  

Work in this chapter has been submitted in "Fuzzy Logic-based Cluster Head Election 

for Network Lifetime Extension in Infrastructure Cognitive Radio Networks" in IEEE 

Transactions on Cognitive Communications. Under review (submitted in November 

2018). 

➢ Chapter 7: This chapter provides conclusion based on the analysis and the simulation 

results of the proposed models in the previous chapters. Summarizes the thesis and 

provides direction and objectives for future work.  
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Chapter 2  
 

2. Spectrum Sensing Mechanisms in Cognitive Radio  

 

2.1  Introduction 

The rapid growth and development of advanced wireless technologies in today’s world has 

increased the demand for the most restricted resource, the RF spectrum.  This necessitates the 

importance of efficient allocation, usage and management of the spectrum. Most research work 

has shown that efficient usage of spectrum can be accomplished by employing the emerging 

cognitive radio technology [12-13]. Cognitive radios learn and interact with the radio 

environment and provides real time adaptation by reconfiguring the CRs operational 

parameters such as transmission speed, data rate, operating frequency, modulation technique, 

etc., thus allowing CRs to utilise the spectrum efficiently. The secondary users utilize the 

spectrum when it is unoccupied and vacate it when the primary users (PUs) return. Sensing the 

spectrum holes is the most fundamental process of the CRs. CR system finds application in 

various technologies, when it comes to cellular communication indoors, the coverage is 

substantially poor. To overcome this issue, Long‐Term Evolution (LTE) femtocells are 

integrated with CR technology innovations [14]. This chapter provides an insight into 

fundamental signal processing used for spectrum sensing and explores the conventional 

spectrum sensing techniques used in CR networks. Also investigates different models and 

statistics used for performance analysis of these schemes and present the state‐of‐the‐art 

research results, which outline the widely used models and statistics for specific sensing 
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techniques. Further, a comparison of the conventional spectrum sensing techniques used by 

CRs is presented. 

2.2  Fundamentals of Signal processing in Cognitive Radio Systems 

A functional cognitive network encounters several challenges that need to be resolved by 

employing various signal processing techniques before being fully implemented [15]. 

Spectrum sensing occurs in the physical layer of OSI, which requires signal processing. A 

comprehensive knowledge of signal processing is essential for exploiting its capabilities for 

use in CR technology. In this section, fundamental concepts of signal processing that are 

pertinent to CR are described. Generally, the communication systems are designed such that 

they achieve the desired limit of data transmission by considering varying operating conditions 

such as available bandwidth (BW), channel capacity and signal to noise ratio (SNR). When 

designing communication systems, it is convenient to implement mathematical models to 

statistically characterize the transmission medium. When a signal is transmitted through a 

channel the output is a modified signal. The process that causes this modification of the signal 

can be evaluated by modelling the channel. In communication systems, the channel model 

facilitates the connection of the transmitter and the receiver mathematically. There are both 

analogue and digital channel models. Some of the most commonly used channel models are 

discussed in the next section. 

2.2.1 Channel Model  
 

2.2.1.1 Adaptive Gaussian Noise Channel 

Noise is undesirable as it distorts the information carried by the original signal. Noise can 

originate from electronic components in the system, interference during transmission and 

so on. [16]. The additive noise channel is one of the simplest mathematical models that can 

be implemented for analysis of a communication channel. The stimuli of both noise and 
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signal have the same distribution (bell-shaped curve) and if the signal is present, then 

statistical parameters such as mean and standard deviation of the signal distribution are 

changed, and the curve is shifted to the right relative to the noise distribution [17]. The 

additive Gaussian noise channel model in shown in Figure 2.1. When the signal s(t) is 

transmitted through the channel and additive random noise n(t) is added to the signal and 

the output signal r(t) is given as 

                       r(t) = s(t) + n(t)                                                             (2.1) 

 

      

 

 

  

 

 

Figure 2.1: Additive Gaussian noise channel 

This channel’s assumption is that all noise that is received at any frequency range is   always 

the same and hence is termed the additive white Gaussian noise (AWGN) channel. The 

complexity of this mathematical model is fairly reduced since the Gaussian statistics of 

noise (Gaussian probability distribution) are assumed. 

 

2.2.1.2 Linear Filter Channel 

 
In order to avoid interference between signals, the signals are band limited using filters. 

Figure 2.2 shows a channel model with impulse response h(t) of linear filter, input signal 

s(t) and additive noise n(t). The output signal r(t) is obtained as a result of the convolution 

of s(t) and h(t) added with noise. It is given as  

Channel

s(t) r(t)

n(t)
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                           r(t) = s(t) * h(t) + n(t)                                                             (2.2) 

where ‘*’ stands for convolution. The linear filter channel can be further categorized 

depending on whether the filter is time variant or time invariant. If the characteristics of the 

linear filter do not change with time, then it is a linear time invariant filter. On the other 

hand, if the characteristics of the linear filter change with time then such filters are known 

as linear time variant filter. 

· Linear time variant channel 

· Linear time invariant channel 

 

Channel

s(t) r(t)

n(t)

Linear 

filter  

h(t)

 

Figure 2.2. Linear filter channel with additive noise 

 

2.2.1.3 Band Limited Channel 

 
Due to BW restrictions in the RF spectrum, signals cannot be allowed to exceed a band 

limit. Narrowband filters are employed at the transmitter and the receiver side of the 

communication system to allow only the modulated signal to pass through [16].  

 

2.2.2 Modulation Techniques 

 
After detecting and selecting an available spectrum segment, the CR system should 

essentially use modulation schemes that provide the best spectrum utilization and capacity 



22 

 

while avoiding interference to any PU. The desired transmission system should be flexible 

and scalable with the number of users and bands. The digital modulation scheme based on 

orthogonal frequency division multiplexing (OFDM) has the natural approach to avoid 

interference due to inherent frequency sub-banding. OFDM is one of the best modulation 

techniques that can be used in CR networks since it has the underlying capabilities of 

spectrum sensing and spectrum shaping [18-20]. For opportunistic access, multicarrier 

methods are employed in the cognitive femtocell network. OFDM is a multicarrier 

modulation technique; due to its considerable advantage of allocating radio resources 

flexibly, OFDM is regarded as a potential air interface for LTE femtocells [21]. With 

OFDM modulation, the interference can be eliminated by exploiting orthogonal radio 

resources among femtocells. OFDM modulation technique addresses the problems that 

result from data transmission of high bit rate by splitting it into lower bit rate streams and 

transmitting using the orthogonally overlapped sub‐carriers in parallel. This modulation 

technique uses Fast Fourier transform (FFT) and Inverse Fast Fourier transform (IFFT) 

mathematical tools for spectral analysis, and another advantage of using these operations 

means that the sub‐channels avoid interference with other. Figure 2.3 shows the operation 

of OFDM transmitter and receiver. 

    
     

         Figure 2.3: OFDM block diagram 
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The main advantage of OFDM is that it combats the problem of multipath fading and avoids 

inter‐symbol interference (ISI) by using the cyclic prefix, which maintains the sub‐carriers 

to be orthogonal with each other [19]. The drawback of OFDM is the overhead that is 

introduced due to the cyclic prefix. Moreover, if the cyclic prefix length is not optimal then 

it will not capture the effects of channel impulse response and is thereby unable to prevent 

symbol distortions [18]. 

 

2.2.3 Error Probability 

 
Receivers in communication systems can distinguish between noise and the actual signal. 

The probability of error in distinguishing the signals from noise is the key performance 

characteristics of receivers. In binary systems, the binary digits (0, 1), denoted by pulse 

levels 0 and A, correspond to the absence and presence of signal, respectively.  

 

In this section, the fundamental concepts of digital communication systems relevant to CR 

networks were illustrated. A comprehensive description of the basic channel models was 

provided in this section. Digital modulation such as OFDM has also been introduced. 

Furthermore, the probability of error has been discussed. 

2.3  Spectrum Sensing Techniques 

 
Spectrum sensing is the fundamental process in CR technology. The major function of CRs 

is to detect the empty spaces for the SUs to use the spectrum and vacate the band upon 

arrival of PUs without any interference. Efficient utilisation of the available spectrum is 

possible when CRs have knowledge regarding spectrum holes. This can be achieved either 

by spectrum sensing or the geo location database as in case of fixed TV frequency bands. 

Spectrum sensing accuracy is crucial for effective usage of available spectrum. Key 



24 

 

performance metrics such as probability of detection (PD), probability of false alarm (PF) 

and probability of missed detection (PMD) are used to estimate the spectrum sensing 

accuracy. When the channel is occupied, it is incorrectly detected as unoccupied, expressed 

as PMD. This causes interference with the PU. When the channel is occupied but sensed as 

occupied, leads to missed opportunities expressed as PF. Both PF and PMD are detrimental 

and are required to have a low value, while higher PD displays better sensing. Typically, 

spectrum sensing can be categorized as follows Figure 2.4. 

 

Co-operative 

detection

Spectrum Sensing 

Techniques

Primary receiver 

detection

Primary 

transmitter 

detection

Interference 

temperature 

detection

Centralised

Matched 

Filter

Cyclostatio-

nary 

Feature 

Detection

Waveform 

Detetction

Wavelet 

Detection

Multi-

taper 

Detection

Hybrid 

Detection

External 

Agents
Distributed

Energy 

Detetctor

 

Figure 2.4: Spectrum Sensing Mechanisms 

2.3.1 Primary Transmitter Detection 

 
The primary transmitter detection technique relies on the received signal for PU detection. 

Different sensing techniques will require knowing different degrees of a PU signal’s 

characteristics. Conventional sensing techniques such as the energy detector technique do 

not require any knowledge of PU, while matched filter detection and cyclostationary 
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feature detection techniques require adequate knowledge of the characteristics of a PU 

signal.  

2.3.1.1 Energy Detection 

 
The energy detection technique is the one of the simplest spectrum sensing techniques and 

is commonly used because of low computation and easy implementation [22-24]. This 

method does not require any prior information about the primary user’s signal such as 

preamble signalling for synchronization, pilot patterns for channel estimation and even 

modulation orders [25]. A fixed threshold based on noise variance, which is the noise 

power, is set and this is compared with the strength of the perceived signals evaluated by 

the energy detector. If the perceived signal strength is above the threshold, then the signal 

is considered as the PU signal and suggests that the channel is occupied by the primary 

user. If the detector senses a signal whose signal strength is below the threshold, then it 

implies that the perceived signal is noise and the channel is free for the secondary user. 

Consider the signal r(t) given as 

                           r(t) = s(t) + n(t)                                                             (2.3) 

where s(t) is the transmitted signal that needs to be detected and n(t) is the white Gaussian 

noise, which is a sequence of uncorrelated random values and t is the sample index. When 

channel is not occupied by the PU, then r(t) = 0 and y(t) = n(t). The probability of detecting 

a signal in the frequency band when the primary user signal is present is the probability of 

detection, PD and the probability of detecting a signal in the channel, when it is free is 

known as the probability of false alarm detection PF. For good performance of the energy 

detector, it is essential to have the PF low to prevent underutilization of the channel when 

free. 
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The energy detector implementation shown in Figure 2.5a consists of a low pass, to filter 

out of band noise signal, the analogue to digital (ADC) converter, square‐law device, to 

measure the energy of the received signal and an integrator to evaluate the energy in the 

observation time interval, t [26]. A square‐law device is often found in the receiver front 

end of communication devices and it gives an output voltage, which is proportional to the 

square of the range of input voltages.  
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                       Figure 2.5 (a): Energy detector implementation using square‐law device.  

                 (b): Energy detector implementation using periodogram FFT 

                        and averaging. 

 

According to [27], the implementation shown in Figure 2.5b is more suitable for narrow 

band signals and sine waves in which the magnitude of FFT is squared and then averaged. 

Then the test statistics will be compared to a threshold and make decisions about the 

presence or absence of the PU signal. In [28-29], improved versions of energy detector 

have been proposed where, instead of the traditional squaring operation on the received 

signal, the power operation is implemented and the reduction of instantaneous signal 

energy drop, respectively. The main drawback of this method is that it becomes difficult to 

detect weak PU’s signal as this would be assumed to be noise. When the secondary user 

tries to occupy the band unaware of primary user’s presence, this results in interference. 

Moreover, noise and interference levels have an impact on the selection of the threshold 

level. 
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Energy detector method cannot be used as the standalone method. Instead, it can be used 

in conjunction with other spectrum sensing methods. However, in [30], better performance 

of energy detector has been suggested at moderate to low SNR conditions. In [31], a sliding 

window function is applied to the energy detector, which suggests that the actual power of 

the PUs can be estimated. The performance of energy detector usually degrades due to the 

dynamic nature of the sensing environment. According to [32], an adaptive sensing 

approach has been suggested to overcome the difficulties faced by conventional energy 

detectors in a dynamic environment. A reliable energy detector in case of low SNR was 

suggested in [33], where the first order cyclostationary features such as periodic training 

sequences of PU signal are used instead of the conventional second order cyclostationary 

features to reduce the noise uncertainty. In [34], there is an enhancement in reliable 

spectrum sensing by utilizing multiple verifications by the energy detector using time 

delays to come to a proper decision. 

 

2.3.1.2 Matched Filter Detection 

 
The matched filter detection technique requires the receiver to have comprehensive          

information about the characteristics of the PUs signal in order to provide an optimum 

detection of primary signal in the licensed band [35]. The implementation of the matched 

filter technique in Figure 2.6 consists of a matching filter that has prior information about 

the transmitted signal parameters such as bandwidth, type and order of modulation, frame 

format and pulse shaping. 
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Figure 2.6 Main blocks of matched filter spectrum sensing technique 
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               Figure 2.7 Implementing pilot detection using matched filter technique 

 

Figure 2.7 shows the implementation of pilot detection using a matched filter technique. 

Matched filter is an optimal filter that convolutes the received signal y(t) with some pilot, 

Xp(n) pilot stream and the output is averaged over N samples to obtain the test statistics T, 

where n=1… N. This technique gives results that are far better than the other spectrum 

sensing techniques since the probability of false detection can be achieved in short period, 

as the speed and accuracy of spectrum sensing is high. The limitation of matched filter 

detection is the designing of the filter, which requires high computation power and 

increased complexities. If the primary user signal parameters are not accurate, then the 

matched filter does not operate optimally.  

However, the performance of matched filter spectrum sensing can be enhanced by coherent 

detection, where pilot patterns for channel estimation, preamble signalling for 

synchronization, modulation orders and even spreading codes of the PU signal can be used 

[36]. The preamble signal is used to synchronize two or more different systems. Pilot 

symbols are the training symbols, which are distributed in the time and frequency domain 

to form a pattern known as the pilot pattern. These patterns are used to estimate the time 

and frequency related characteristics of the wireless channel, which has an influence on the 

transmitted signal.  
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2.3.1.3 Cyclostationary Feature Detection 

 
Communication signals, when subjected to operations such as modulation, sampling, 

coding and multiplexing, exhibit periodicity of the spectral correlation features, which are 

basically second order statistical parameters. These recurrent properties can be used 

effectively for sensing the presence of PUs in the spectrum. This built‐in periodicity is not 

present in noise and this is used to differentiate between the PU signal and noise [37-38]. 

To avoid interference, the spectrum, apart from being continuously monitored, should also 

be detected and identified. 

The inherent presence of periodicity in modulated signal is due to the carrier wave, cyclic 

prefixes, repeating spreading codes, hopping sequence and pulse trains. Due to this, there 

is also periodicity in the second order statistical values of mean and autocorrelation. 

Autocorrelation is the measure of how rapidly a signal changes over time and correlation 

is defined as the measure of the relationship between two-time signals. The cyclostationary 

feature detection technique needs to know at least some information about the PU signal. 

The implementation of cyclostationary feature detection shown in Figure 2.8 includes an 

evaluating cyclic autocorrelation function (CAF), computing spectral correlation function 

(SCF) by using discrete Fourier transformation (DFT) of CAF and, finally, detection [39]. 
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          Figure 2.8 Implementation of cyclostationary feature detection. 

 

The signal y(t) is cyclostationary if its second order statistical properties are a periodic 

function of time. Ry(τ) is the CAF of the observed signal and is represented as in [40], 
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      Ry ()=E [ y(t+) y* (t+)𝑒−𝑗2𝛼𝑡] 

  

                                                   (2.4) 

 

where E […], denotes the expectation operation and α is the cyclic frequency. By using 

FFT on CAF, the SCF, also known as the cyclic spectrum, is computed. It is a two‐

dimensional function. Different modulated signals with the same power spectral density 

will have dissimilar SCFs. It is easier to distinguish noise and interference from the primary 

user’s signal since noise and interference do not show any spectral correlation. If the 

received signal is stationary, then it represents noise and if the signal is cyclostationary 

then it suggests the presence of PU signal. The method used in [41] suggests an 

improvement in detection performance in low SNR and signal‐interference noise ratio 

(SINR), where the pilot information of the PU signal is injected into the CR signal. When 

both PU and CR are active, the intentional feature of this results in easy detection of PU 

signals by active nodes using the SCF. The advantage of this spectrum sensing technique 

is that it is robust in the presence of noise signals and interference from other signals. The 

performance of the detector is better even in cases of low SNR values. The limitations of 

this technique are that, firstly, some information of the primary user’s signal must be known 

and secondly, the cost incurred due to computation is very high. 

 

2.3.1.4 Waveform Detection 

 
In this spectrum sensing technique, the known patterns of the signal such as preambles, 

spreading sequences, midambles and redundant pilot patterns are taken and utilized to 

correlate with the received signal patterns to detect the presence of the signals. Consider 

the received signal y(n) as 

                       y(n) = x(n) + w (n)                                                       (2.5) 
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where x(n) is the signal to be observed, w(n) is the white Gaussian noise and n being the 

sample index. Assuming the known time domain patterns to contain N signal samples, the 

waveform sensing metric can be given as in [42] 

S = Re [ ∑ 𝑦(𝑛)𝑥∗(𝑛)𝑁
𝑛=1 ]                                                         (2.6) 

 

      = ∑ |𝑥(𝑛)|2𝑁
𝑛=1 + Re [ ∑ 𝑤(𝑛)𝑥∗(𝑛)𝑁

𝑛=1 ]                                    (2.7) 

 

The sensing metric consists of two terms. The first term is the signal component and the 

second term are the noise component. In the absence of the signal, when x = 0, then the 

sensing metric becomes [42]: 

S = Re [ ∑ 𝑤(𝑛)𝑥∗(𝑛)𝑁
𝑛=1 ]                                                         (2.8) 

According to [43], if the value of N is large, then the known signal pattern in the primary 

user’s signal will allow the waveform-based sensing technique to perform well, even at low 

SNRs. 

 

2.3.1.5 Wavelet Detection 

 
The wavelet detection approach is used mostly for wideband signals where the wide 

frequency band is subdivided into sub bands. The incoming signal is split into different 

sub‐bands, which can be exploited for opportunistic usage of the spectrum by SUs [44]. 

The signal is divided into many parts using a modulated window that is fully scalable and 

then each part is analysed separately. The window can be positioned in the area of interest. 

The edges of the band are determined by taking advantage of the first and second order 

derivative of the convolution, which is derived by convolving the wavelet with the power 

spectral density of the received signal, the location of the frequency boundaries of each 

band within the wide band of interest is found. The transition between the occupied and 
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empty bands can be determined by the irregularities at the edge of the power spectral 

density (PSD). Estimating the power within each band and determining the edges will allow 

the characterization of the band as being occupied or empty [45]. Figure 2.9 shows the 

implementation of the wavelet detection.  
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Figure 2.9 Implementation of a wavelet detector 

Another approach of using wavelet detection is suggested in [46], where the received signal 

is correlated with the modulated wavelet in order to determine the spectral characteristics 

of the received signal. In [47], the entropy of the received signal wavelet is compared to a 

threshold to determine the presence of the PU signal. 

 

2.3.1.6 Multi-taper Spectrum Sensing 

 
The multi‐taper spectrum sensing technique is one of the best for a CR network since it is 

very efficient and accurate in sensing and performs faster computations. This sensing 

technique uses multiple sets of tapers and orthogonal filters for reduced spectrum estimate 

variance and preventing leakage of signal energy in adjacent bands [48].  

2.3.1.7 Hybrid Sensing 

 
Conventional spectrum sensing techniques, such as the energy detector, have some 

drawbacks and in order to overcome them hybrid sensing techniques have been proposed 

in [49]. The energy detector and cyclostationary sensing techniques are integrated to come 

up with an efficient hybrid sensing technique to sense the presence of PUs in a noise 

uncertain environment. The received signal energy is compared with the two threshold 

levels x1 and x2; if the value is above the threshold x1, it suggests the presence of a primary 
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signal and if the value is lower than the threshold value x2 then the signal is noise. This is 

known as coarse sensing. When the value lies in the range of the two thresholds, then a 

cyclostationary sensing technique known as fine sensing is employed. In [49], hybrid 

sensing employs an energy detector and covariance absolute value (CAV) method, which 

uses the covariance of signal and noise to detect the presence of a PU. The hybrid sensing 

technique uses the energy detection technique in cases of lower correlation and, on the 

other hand, uses the CAV method in cases of high correlation [49]. In [50], the hybrid 

method uses only the energy detection method except that it does the sensing in two steps. 

It has suggested an additional hypothesis along with the conventional binary hypothesis in 

an energy detector. 

 

2.3.2 Collaborative / Cooperative Detection 

Enhanced and reliable detection of PUs can be achieved with CR users interacting with 

each other in the collaborative detection technique. Problems such as fading, shadowing 

and hidden node problems can be addressed using this technique. The accuracy of sensing 

the presence of primary users by a single CR is usually hindered by factors such as 

multipath fading, shadowing and receiver uncertainty. This severely degrades the 

performance of the CR. The cooperative sensing method overcomes this issue 

considerably. An effective decision regarding the presence of PUs is obtained by analysing 

the observations of different CRs. Cooperative sensing can be modelled as centralized, 

distributed and external sensing approaches based on the type of data processing by the 

local sensors [51].  

1. Centralised: A fusion or central node identifies the PU signal and the availability of 

the spectrum based on the sensing data transferred from the participating CRs to the 
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fusion node. It sends the information to the CRs for opportunistic utilization of the 

spectrum (Figure 2.10). 

2. Distributed: A decision about the spectrum availability is made by the individual nodes 

based on the information shared among different CRs (Figure 2.11). 

3. External Agents: Spectrum sensing is performed by the external agents and the channel 

occupancy information is broadcasted to the CRs. This scheme overcomes the problem 

of hidden PUs. One of the main issues is the power consumption of the internal 

detectors for spectrum sensing and this addressed by external agents. This scheme has 

been proposed for implementation to identify the PUs in the IEEE 802.22 standard. 

The sensing techniques used by the CRs can be different or the same. Mostly, the 

common method used in cooperative sensing is energy detection due to its simplicity. 

In [52], the CRs participating in cooperative sensing only use the energy detection 

technique for spectrum sensing. 

4. Cluster based: CRs are grouped into small clusters, a cluster head (CH) is 

elected among them and all other CRs become cluster members. CH allocates slots to 

non-CH CRs for data transmission. CRs send the data to CH and it is the CH alone that 

transmits the data to BS.  
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Figure 2.10: Centralised Cooperative Network 
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                                                Figure 2.11: Distributed Cooperative Network 

However, in [53], CRs employ the cyclostationary feature detection approach. According 

to [54], if the sensing methods used in cooperative sensing are the same, then there are 

chances of increased misdetection of the PU signals in the spectrum due to large shadowing 

in that area and, therefore, [54] suggested the use of different spectrum sensing methods 

for different CR nodes: hard or coarse sensing, such as the energy detection method, and 

soft sensing, which involves more parts such as cyclostationary feature detection. CRs that 

have a higher value of SNR are usually chosen for collaboration. Apart from this, the 

constant false alarm rate and constant detection rate are used for filtering and optimal 

selection of cognitive users for collaborative sensing. This would reduce the overall 

sensing time. The advantages of using cooperative sensing are as follows: 

· An effective solution to spectrum sensing problems such as shadowing, multipath 

fading, hidden node terminal and noise uncertainty. 

· Probability of false alarm and probability of misdetection can be significantly 

reduced. 

· The sensing time can be lowered 
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In [55], however, there are challenges that face cooperative sensing such as the difficulty 

of developing highly efficient sensing information sharing algorithms and the immense 

complexity involved. In [56], suggestions have made for addressing the sensing delay 

overheads. 

2.3.3 Interference Temperature Detection 

 
In the interference temperature detection technique, the CR users coexist with PUs. 

However, the CR users are restricted to transmitting using low power in order to avoid 

interference to PUs. An interference limit is set that will be used to determine the power 

intensity to be used by the transmitters. Above this limit, interference becomes inevitable 

and is unacceptable. 

 

2.3.4 Primary Receiver Detection 

 
The primary receiver local oscillator’s leakage power is used to detect PUs in the primary 

receiver detection method. 

 

2.3.5 History Assisted Spectrum Sensing 

 
A technique is under research where the sensing of PUs is performed using the accumulated 

history of the spectrum usage by the PUs. This previous activity knowledge about PUs in 

the spectrum band makes it easier for CRs to make quick decisions about their presence. 

Figure 2.12 shows the usage of an analytical database in a history assisted spectrum sensing 

scheme. In [57], spectrum sensing techniques proposed using the past observations of the 

PU’s state for improved performance of their detection. On the arrival of a PU, the SUs 

must vacate the band and start the restoration mechanism by searching and sensing other 

frequency bands. In [58], the restoration mechanism performance is improved by utilizing 
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the elementary features of learning and history awareness of CRs by providing a shorter 

restoration time or a restored channel with a higher quality. 
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Figure 2.12 History assisted CR model using an analytical database [59]. 

 

History assisted energy efficient spectrum sensing is well suited to infrastructure CR 

networks and employs a processing database [59]. The advantage of using a database 

instead of agents is to reduce the duplication of learning and processing algorithms in 

resource constrained SUs; rather, the intelligence and processing in the history assisted 

scheme is delegated to the central database.  

 

The advantage of using this history for spectrum sensing techniques is that it reduces the 

sensing time, minimal activity in the control channel (CCH), fine tunes the threshold level 

to be scanned and reduces spectrum sensing. The conventional spectrum sensing 

techniques and signal processing methods employed in these techniques have been 
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presented. These sensing techniques have both advantages and disadvantages in terms of 

cost, complexity involved, ease of implementation, hardware realization, accuracy and 

sensing time, which are presented in Table 2.1. 

 

    Table 2.1 Advantages and disadvantages of standard spectrum sensing techniques 

Sensing 

Method 
Advantages Limitations 

Energy  

Detection 

Low complexity. Simple to 

implement when information 

of noise power in the band to 

sensed is known at the 

receiver [60].  

Uncertainty of noise power and this 

results in false detection. Noise 

power estimation error can lead to 

an SNR wall.  

No prior information of 

primary user signal. 

Unable to detect signals in 

conditions of low SNR.  

Matched  

Filter 

Optimal detection of signals in 

the channel.  

 

Requires detailed information 

about the parameters of the primary 

user’s signals.  

Computational cost is low. High implementation complexity. 

Requires synchronisation. 

Cyclostationary 

feature 

detection 

Robust even in low SNR. 

 

 

Computational cost is high. Some 

information about the primary user 

signal is required.  

Able to differentiate noise and 

signal 

Requires excessive signal 

processing expertise. 

 Waveform 

 Detection                  

Performs well even in low 

SNRs if the known pattern is 

large. 

Susceptible to Synchronisation 

errors 

Wavelet 

Detection 

Performs well for the 

wideband signal 

High computational cost. Not very 

effective in case of spread spectrum 

signals. 

Cooperative 

sensing 

Effective solution for 

problems such as shadowing, 

multipath fading and hidden 

node terminal 

Developing efficient sensing 

algorithms. 

Reduced sensing time.  Complex sensing technique. 
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2.4  Models and Statistics based Spectrum Sensing Classifications 
 

Based on the models implemented and the statistics used in different research papers, we have 

come up with a state-of-the-art method for classifying the spectrum sensing techniques. Many 

research papers have been explored and the mathematical models that were implemented to 

statistically characterize the sensing techniques are taken. Statistics used by these models are 

grouped together, thus showing the statistics that are commonly used for performance analysis 

of spectrum sensing. Figure 2.13 shows the classification of spectrum sensing techniques based 

on models and statistics implemented. Table 2.2 shows the traditional spectrum sensing 

mechanisms and the models used in evaluating the performance of various sensing 

technologies under different conditions [60]. It clearly shows that the most extensively 

employed spectrum sensing mechanisms by researchers are the energy detection and 

cooperative sensing techniques. Moreover, the widely implemented model for statistical 

analysis in the spectrum sensing mechanisms are the Neyman–Pearson model and the binary 

hypothesis [60]. Table 2.3 exhibits the statistics used while implementing the different models 

and shows that the generally applied statistics are the probability of false alarm (PF), SNR and 

the PD. For an optimal sensing technique, the PF should be low, and the PD should be high. 

The information obtained from these tables has been used to develop a novel way of classifying 

the spectrums sensing techniques based on the models implemented and the statistics used as 

shown in Figure 2.13. Tables 2.2 and 2.3 provide information after examining several research 

papers about the models implemented for different sensing techniques and the relevant 

statistics utilized [60]. It is found that the Neyman–Pearson model has been widely used for 

the energy detection technique. 
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Figure 2.13: Classification of spectrum sensing techniques based on models and 

statistics implemented 
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        Table: 2.2 Spectrum Sensing Methods and the Models Implemented 
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2.5 Challenges and Issues 

 

The major issues with spectrum sensing have been with interference mitigation. Interference 

results in poor reception in a network. Attaining an efficient spectrum sensing technique is a 

significant factor in detecting unoccupied spectrum bands that can be utilized by cognitive 

radios to reduce interference. However, there are certain issues relating to implementation and 

complexity involved in the spectrum sensing procedure. Further, the other main concerns in 

spectrum sensing are the sensing time and power consumption utilized due to complex sensing 

algorithms. The regulatory requirements are also an issue in the implementation of CR 

networks. Most research work has suggested that standalone spectrum sensing schemes cannot 

achieve reliable detection of white spaces or spectrum holes and therefore, a cooperative 

mechanism can be employed that would also reduce interference [60]. 

 The traditional spectrum sensing schemes and the signal processing methods employed in 

these techniques have been presented. An optimal spectrum sensing scheme, that is compatible 

with respect to various technologies, which provides reduced sensing time, low complexity, 

high accuracy and minimal hardware requirements has not yet been realized. In primary 

transmitter detection methods, the energy detector is the simplest of all the sensing schemes. 

For the implementation of ED, the hardware requirement is minimal, and it is less complex. 

For better performance of ED, the information of noise power should be known at the receiver. 

The drawback of ED when SNR is low, is that the receiver cannot sense the signal and 

moreover, the sensing results obtained by implementing ED sensing technique are generally 

not accurate and reliable [60]. The spectrum sensing technique that provides accurate sensing 

results is the matched filter detection. However, it requires comprehensive information about 

the primary users and therefore, the complexity involved during implementation is very high. 

The CFD mechanism has proved to perform effectively at low SNR. The wavelet detection 

spectrum sensing mechanism is widely used for edge detection in image processing [60]. 
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Table 2.3: Statistics used in different spectrum sensing methods 
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Spectrum sensing mechanisms scan the spectrum to identify the white spaces that can be 

utilised by SUs for their transmission. However, using a single spectrum sensing does not 

provide accurate sensing results at a given time. Therefore, hybrid detection techniques which 

incorporates more than one sensing technique and cooperative sensing techniques could be 

employed to achieve accurate sensing results. There is a trade-off when cooperative sensing 

scheme is utilised, though it provides accurate results and low sensing time, however, the 

complexity involved in sharing spectrum sensing information between the CRs is very high 

[60].  

 

2.6  Chapter Summary  

Signal processing mechanisms that are relevant to CR system are described.  The fundamental 

spectrum sensing techniques have been classified and analysed. Sensing the spectrum to find 

idle channels for gaining immediate access enhances the opportunities for SUs to access the 

spectrum. However, the performance of the techniques can be analysed using the performance 

indicators such as speed and accuracy. Of all the primary transmitter signal detection methods, 

ED is the most widely used sensing technique because of its simplicity and low computational 

cost; it does not require any information about the primary signal’s characteristics. On the 

other hand, the cyclostationary feature detection method and matched filter detection needs 

comprehensive information about the primary signal of interest. This makes these techniques 

complex compared to ED. In the cooperative spectrum sensing method, the CRs work in 

collaboration using any of these sensing techniques. This technique has been widely used and 

the ED is at least one of the sensing techniques of the CRs. In this chapter, we have provided 

an outline of the signal processing fundamentals that are relevant to CR networks. A general 

description of the channel models, OFDM modulation technique and the error probability are 

given. The need for effective utilization of the spectrum and minimal interference to primary 
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users makes spectrum sensing highly crucial. A detailed description of various spectrum 

sensing techniques has been presented. We have also presented the advantages and 

disadvantages of the standard primary transmitter sensing methods, made a comparison and 

found that there is no optimal spectrum sensing technique that could be applied to all 

technologies in all scenarios. Some techniques are suitable for a technology while others are 

more suitable for some other technologies. Detailed tabulation of spectrum sensing techniques 

and the models implemented in those techniques has been presented. It shows that most 

researchers have worked on cooperative sensing techniques predominantly using energy 

detection as one of the sensing techniques and employing the Neyman–Pearson model. Most 

research papers have also shown that PD and PFA are the widely used statistics to access the 

performance of CR networks. It is desirable to have a higher value of PD and a lower value of 

PFA for obtaining accurate signal detection results. Extensive research should be done in CR 

systems to overcome the challenges such as implementation complexity, accuracy, sensing 

time and hardware implementation. 
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Chapter 3  
  

3.  On the usage of History for Efficient Spectrum Sensing   

3.1 Introduction 

A detailed analysis of spectrum sensing was presented in chapter 2, which included, signal 

processing basics, different sensing schemes, pros and cons of the sensing schemes, 

classification based on sensing models, and performance indicators and statistics. Based on the 

context of the previous chapter, which served as a motivation, to propose a novel spectrum 

sensing scheme in this chapter. The chapter begins with introduction and related work in the 

field of spectrum sensing. In the following section, the proposed novel history assisted 

spectrum sensing method is presented. The system model of the proposed sensing scheme is 

described, followed by its implementation and performance analysis. History of the PU activity 

is exploited to make effective sensing decisions which aims to improve spectrum usage, 

minimise interference and improve energy consumption.  

Spectrum sensing is one of the most challenging issues in Cognitive radio networks. It is 

essential for CR devices to provide protection to PUs from harmful interference while creating 

opportunities of spectrum access for SUs. It should be performed efficiently to reduce the 

number of false alarms and missed detection. At the same time, spectrum sensing should be 

energy efficient to ensure the longevity of cognitive radio devices, which are battery operated. 

This work presents a novel scheme which investigates the usage of history of the sensed data 

for energy efficient spectrum sensing in infrastructure cognitive radio networks. The presented 

scheme employs an Iteratively developed history processing database. It is shown that usage 

of history helps in predicting the PU activity and thereby results in considerable reduction in 
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the frequency of spectrum scanning by SUs. Therefore, improving the sensing related energy 

consumption.   

3.2  Related Work 

Spectrum sensing is the most prominent capability of SUs to effectively detect the presence or 

absence of spectrum holes. Reliable and accurate spectrum sensing is vital for the efficient 

usage of spectrum by the CR network.  This is a major challenge for the CR network and many 

research works has been done to address this problem by utilising different sensing 

technologies and schemes [61-63]. The well-known metrics that measure the trustworthiness 

of the sensing results and the performance of the CR system are the probability of detection 

PD and probability of false alarm PF [64] [65]. Generally, the value of PD is calculated by 

keeping constant values of PF. Using the value of PD, the value of probability of missed 

detection (PMD) can also be evaluated. Both PMD and PF are detrimental, thus a trade-off 

between these two metrics is essential. However, a higher value of PMD causes more adverse 

impacts on the cognitive radio system by causing interference on the PUs. Even though 

continuous scanning of the spectrum can fully capture the opportunities for the SUs, however 

it incurs costs in terms of increased energy consumption and sensing time [66]. The spectrum 

sensing mechanism in [67] is the distributed co-operative sensing, wherein the CRs act as 

agents and collaborate to learn and share the sensing activity. This result in CR to continuously 

sense the spectrum and make individual decision. Thereby it results in increased energy 

consumption due to continuous spectrum sensing. It is shown that the power consumption 

scales higher when all the SUs in the cognitive radio network continuously sense the spectrum 

of interest. Many research works have concentrated on the efficiency of spectrum sensing and 

have conveniently ignored the cost of energy consumption during spectrum sensing [68].  In 

[69], the consumption of energy is improved by reducing the number of sensing users in the 

CR system. In battery powered CR devices, it is imperative to reduce energy consumption in 
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order to improve network lifetime. Conventional spectrum sensing techniques, such as energy 

detection (ED), matched filter and cyclostationary feature detection (CFD) are widely 

employed by cognitive radio devices to find the empty spaces. In [70], Artificial neural 

network (ANN) mechanism is employed for predicting the states of the channel for spectrum 

availability prediction. In [71] the Bayesian compressive sensing algorithm along with the PU 

probability prediction results are used for spectrum sensing This chapter presents a novel 

history assisted spectrum sensing technique which employs a database to process the spectrum 

sensing history and help SUs make a decision towards utilization of an empty space or to 

perform continued spectrum sensing. It is shown that the increased history utilization helps 

SUs conserve energy during the spectrum sensing. Towards this end, research is focused on 

engagement of spectrum sensing history to reduce the spectrum scanning frequency thereby 

providing a solution for problems of increased energy consumption and sensing time overhead. 

 

3.3  History Assisted Spectrum Sensing  

History assisted energy efficient spectrum sensing is well suited for infrastructure cognitive 

radio networks and employs a processing database. There is a strong motivation and reasoning 

behind usage of history processing database and infrastructure network in our scheme. The 

advantage of using database instead of agents as in [72] is to reduce the duplication of learning 

and processing algorithms in resource constrained SUs; rather the intelligence and processing 

in our history assisted scheme is delegated to the central database. It will further reduce the 

communicational overhead of individual SUs where instead of exchanging information with 

each other through traditional channel access mechanisms (e.g. CSMA/CA); SUs in our 

scheme will only be communicating with the infrastructure in the available contention free 

slots. Unlike traditional databases which contain information about empty spaces in a particular 

frequency range (e.g. TV white spaces), the mentioned database in our scheme is a history rich 
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data set of spectrum usage pattern of PUs activity which is Iteratively developed over the time 

by utilising the information obtained from individual SUs. By means of any of the conventional 

spectrum sensing techniques, every single SU scans the spectrum for a pre-determined period 

ti; the spectrum related sensed data is locally stored by SUs before it is shared with the database 

through secondary base station using the ISM band. Since the focus of the paper is spectrum 

sensing, in order to reduce complexity, it is assumed that the base station provides contention 

free time slots for data transfer by SUs (uplink slots during CFP part of super frame, i.e. similar 

to PCF/HCF channel access mechanisms of IEEE802.11b/e respectively [71]). The database 

collects, store, digest and intelligently processes the sensed data sent by SUs to establish a 

blueprint of spectrum usage and availability of empty spaces in all bands of interest. Initially 

as the information is collected in the database, it is iteratively analysed and processed to 

produce a rich dataset (history). Based on the recent data and the historical data, the dataset 

will be updated continually before it is shared with SUs to help them make decisions whether 

to continuously sense the spectrum or utilize the history without any further spectrum sensing. 

The history data sharing with SUs could be made possible through usage of one of the 

management frames such as beacon frame in IEEE 802.11b/e.   

Data Processing by the Database 

The analytical result set derived from the database encompasses the scan threshold θ, which 

ranges between1 to 5 and an indicator which shows whether the band is occupied or not. Table 

3.1 depicts the processed data set, range of the threshold and the indicator for the given time 

period ti. 

Table 3.1: Processed Data Set   

Scan Threshold θ  5  4  3  2  1  0  1  2  3  4  5  

Indicator  W  W  W  W  W  
  P  P  P  P  P  
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Table 3.1 is a reference table which shows all possible values at a given time ti. The indicator 

at a certain time could either be W (white space) or P (PU) with a scan threshold ranging from 

1 to 5. For example, if at time t1 the scan threshold is 3 with an indicator of W, it means that 

based on history the database has calculated an outcome with 60% of confidence that it is a 

white space. Similarly, at another instance of time t6, the scan threshold of 3 with an indicator 

P means that database has calculated an outcome with 60% of confidence that PU is present. 

Thus, the same scan threshold could result in either presence or absence of empty spaces at 

different instances of time. Initially before using the processed data set from the database, the 

scan threshold by the SUs will be set to zero, which indicates the higher level of scanning by 

the SUs in order to avoid any missed detections and false alarms. The value of the scan 

threshold ranges 1 to 5 based on the behaviour of the PU until a steady state is reached (i.e. 

repetitions of patterns). When the scan threshold value is equal to 1 then it indicates that steady 

state is yet to reach, and more scanning is required, thus the usage of history by SUs to 

determine whether to sense or not will be minimal at low scan threshold values. On the other 

hand, when the scan threshold value is 5, it indicates a steady state of PU activity has been 

reached and history usage is at its maximum and therefore at this point the frequency of 

scanning is minimised. Figure 3.1 shows the simulated output of the PU activity in a particular 

band for a given time period. 

 

         Figure 3.1: ON/OFF time series 
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3.4  System Model 

As part of system model, ED technique is considered for spectrum sensing due to its simplicity 

and common usefulness [72]. The Cognitive radio network consists of u SUs, where each SU 

senses a particular licensed frequency band in GSM 900 system. Using the binary hypothesis 

test the received signal r(t) can be represented as:   

                             r(t) = {
                    𝑛(𝑡)
ℎ ∗ 𝑠(𝑡) + 𝑛(𝑡)

 
If H0 (PU absent)                                   (3.1) 

If H1 (PU present)          

                                      

where s(t) is the transmitted PU signal and h is the amplitude gain of the channel, n(t) is 

Additive White Gaussian noise (AWGN) with mean zero and variance σn
2, and n denotes the 

sample index. H0 and H1 are the hypothesis, where H0 indicates the absence of PU signal and 

H1 indicates the presence of PU signal. In the classical energy detection sensing method, during 

an observation period the energy of the received signal is compared with the pre-determined 

threshold λ. If the energy of the received signal is lower than the threshold, then the channel is 

declared as idle (hypothesis H0) otherwise the channel is declared as busy or occupied 

(hypothesis H1). E in equation 3.2 above is the energy of the received signal and the value of j 

is determined from the time bandwidth product. 

                              Er= ∑ |𝑟(𝑘)|2𝑗−𝑖
𝑘=0  

                                                               (3.2)                              

 

                             Decision, δ = {
1,
0,

 
    if Er > λ                                                             (3.3)  

    if Er < λ                                      

As far as decision making is concerned, if δ=1 (equation 3.3), it indicates presence of PU and 

δ=0, indicates the availability of white space.  

3.4.1 PU Modelling 

The transition matrix for the two states Markov chain modelling of the PU activity is given in 

Figure 3.2 [73]. The state 1 represents the ON state whereas state 2 represents OFF state 
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respectively. The state of the PU can step from one state i to another j, Pij. The transition 

matrix P is given below:  

 

Figure 3.2: Two state Markov chain modelling of PU 

where P11 + P12 =   P21 + P22 = 1. The primary user activity is based on the assumptions that it 

can be described in terms of a two-state (ON, OFF) discrete-time Markov chain with state 

space S {0, 1}. When the PU utilises the spectrum, it goes into the ON state, otherwise it moves 

into the OFF state. Let St Є {0, 1} describe PU occupancy state at sampling instant t. When PU 

is in OFF state, St=1 and St=0 when PU is occupying the spectrum or in ON state. The 

transition of the state takes place whenever there is a PU activity. The PU moves from one 

state Si1 to another state Si2 depending on its activity, where Si is the i’th sample. The 

probability of each subsequent state depends only on the previous state as shown below 

                  P (Sij | Si1, Si2, …. Sij-1) = P (Sij | Sij-1)                                                     (3.4) 

At any time, t the actual state is denoted as qt. Pij is the transition probability from state Si to 

state Sj. The transition probability Pij can be presented mathematically as: 

                      Pij = P (qt+1= Sj|qt = Si), for i, j ∈ {0, 1}                                               (3.5) 

The spectrum occupancy probabilistic model assumes the traffic arrival for PU to be Poisson 

distribution. The distribution has a mean arrival rate of μ=1/Δm, where μ is the spectral 

occupancy rate and Δm, the mean time between occupancy. In this model, the inter-arrival rate 

is varying to better reflect the real-time traffic conditions. The two state Markov chain model 

is used, and the inter-arrival rate depends on the states. The duration of the PU activity in either 

State 1

ON

State 2

OFF

P 11
P

22

P12

P21

P =

 
P11   P12 

P21   P22 
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of the states, is fixed and follows an exponential distribution. The durations of successive ON 

and OFF periods are independent of each other and given by the exponential distribution with 

probability density function. The inter-arrival rate depends upon PU states and mean arrival 

rate is given as μ=1/Δm.   

                               fexp(t) = μe− μt                                                                  (3.6) 

3.4.2 SU Modelling 

The secondary user is assumed to be a VoIP user that implements the G.711 codec [74]. It is 

modelled using the three state Markov model.  In the steady state, SUs will benefit from history 

(processed data set) to make a decision about scanning. Table 3.2 displays the different states 

of SU. State 1 represents the SU sensing the spectrum to find the presence or absence of white 

spaces, whereas state 2 represents SU using the empty spaces for data transmission, which 

signifies the absence of PU activity in the band. Finally, state 3 shows SU transmitting the 

recently sensed data from its local storage to the database.  

Table 3.2: SU’s different states 

State 1 Sensing  

State 2 Transmission - Utilising the spectrum 

State 3 Information exchange with database 

 

The SUs will subsequently move to state 2 or state 3 depending on current sensing result. If a 

white space is available then it will move to state 2 where it utilizes the spectrum for 

transmission, otherwise it moves to state 3 to share sensing information with the database. A 

local storage in the CR stores the most recent data of spectrum sensing, which is send to the 

analytical database for storage and analysis. Figure 3.3 shows the three state Markov model of 

SUs and the transition matrix Tm. 
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            Figure 3.3 Three state Markov chain modelling of SU 

where P11 + P12 + P13=   P21 + P22 +P23= P31+ P32+ P33 = 1. The SU activity is based on the 

assumptions that it can be described in terms of a three-state (sensing state, data transmission 

state, information exchange with AED) discrete-time Markov chain with state space St Є {0, 

1, 2}. When the SU enters the sensing state (St=0), it starts to scan the spectrum for detecting 

white spaces. When a white space is detected SU enters state 1 (St=1) and utilises the spectrum 

for data transmission. PU presence makes SU go into state 2 (St=2), where SU starts to share 

and retrieve data from AED. Let St Є {0, 1,2} describe SU state at sampling instant t. The 

transition of the SU state depends on the decision making of CRs based on its intelligence and 

the history data. Pij is the transition probability from state Si to state Sj. The transition 

probability Pij can be presented mathematically as: 

                           Pij = P (qt+1= Sj|qt = Si), for i, j ∈ {0, 1, 2}                                        (3.7) 

 

where qt is the actual state at any time, t. Mathematically the model can be defined by deriving 

the transition rate matrix and the probability state vector. Let P (0) be the initial state vector 

and is given as P (0) = [1 0 0], i.e. the system is in state 1. The first step transition probability 
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matrix [Pij] is when state Si changes to state Sj for the first time. The probability distribution 

after one transition is the product of the initial state probability and the transition matrix.  

                        P1 = P(0)* Tm                                                               (3.8) 

The distribution after 2 transitions is given by: 

                                  P2 =P1*Tm = (P(0)*Tm) Tm = P(0)(Tm Tm) = P(0)Tm 2 

The distribution after k transitions it is given by:  

                                  Pn = P(0)Tm
k
                                              (3.9) 

 

3.4.3 CR decision making 

CRs will benefit from history (processed data set) to make a decision about scanning. Based 

on scan threshold  and Indicator (P or W), each SU will have 10 collections ([1...5] *W + 

[1...5] *P) available with them. Clearly each collection is a 2 state Markov Chain model and 

the values will be used by SUs for effective decision making. Based on this intelligence, if no 

scan is required, SU will move straight to state 2 for data transmission, otherwise SU stays in 

state 1 to perform sensing. The SUs will subsequently move to state 2 or state 3 depending on 

current sensing result. If a white space is available then it will move to state 2 where it utilizes 

the spectrum for transmission, otherwise it moves to state 3 to share sensing information with 

the database.  

The main purpose of the proposed model of using a database for storing history and processing 

it is to create a non-interference CR environment and to reduce energy consumption by 

reducing the number of scans by the CRs. The complete system level simulation parameters 

are provided in Table 3.3. 
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                                               Table 3.3: System Parameters 

Parameter Value 

PU signal 

 

GSM-900 cellular signal 

Carrier 

Frequency 

890.2 MHz 

Carrier 

Bandwidth 

200KHz 

Observed time 120 ms (length of the frame) 

 (Pfa) 0.01to1 with increment of 0.1 

 SU user VoIP user 

Ps  40mW 

Ts 10000 seconds 

 

 

3.5   Implementation 

The implementation of history processing in the database is aimed to assist the SUs in 

predicting the PU activity. The individuals SUs will use the processed data set and its 

intelligence to make a decision whether to scan or not (section 3.42, SU modelling). Figure 3.4 

shows the SUs decision making model for different values of scan threshold . Based on scan 

threshold , the value of Markov chain model parameters will be set in such a way that number 

of scans at a given time will vary. Based on the scan threshold , the value of the Markov chain 

model parameters will be set in such a way that the number of scans at a given time will vary. 

The Figure 3.4 shows the probabilities for different scan threshold values. When the scan 

threshold value is 1, then the scanning will be done more frequently because of appropriate 

setting of the Markov chain model parameters as shown in the corresponding values in Figure 

3.4. The usage of history is very minimal at this point. At the threshold value 5, the frequency 

of scanning by the SUs is reduced tremendously and the SUs use the history to intelligently 

decide whether to scan or not. In Figure 3.4, the red lines indicate that the SUs need to scan, 

and the blue lines indicate that SUs need to use the history to decide whether to scan or not. As 



59 

 

the threshold value increases the model parameter values are set accordingly so that the number 

of scans decreases, i.e., the number of scans is inversely proportional to the scan threshold. 

Figure 3.5 provides the pseudo code of proposed history assisted spectrum sensing scheme.     

 

Scan threshold  = 1  

 
 

P11 P12 P21 P22 

0.1 0.9 0.1 0.9 
 

Scan threshold  = 2  

 
 

P11 P12 P21 P22 

0.25 0.75 0.25 0.75 

  

Scan threshold  = 3  

 
 

P11 P12 P21 P22 

0.5 0.5 0.5 0.5 
 

Scan threshold  = 4  
 

P11 P12 P21 P22 

0.75 0.25 0.75 0.25 
 

Scan threshold  = 5  
 

P11 P12 P21 P22 

0.9 0.1 0.9 0.1 
 

 

 

Figure 3.4: SUs decision making model. 
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Figure 3.5: Pseudo code of History Assisted Spectrum Sensing scheme 

 

3.6 Performance Analysis 

Using the system level parameters (Table 3.3), the proposed scheme has been implemented in 

MATLAB. In our simulations, the GSM-900 band cellular signal with sample size of 103 is 

considered as the primary user signal. The simulation scenario consists of several SUs and a 

single PU. The simulation is carried over a period of five weeks; it was found that this time 

period be enough to reach the steady state.   

Algorithm – History Assisted Spectrum Sensing 

 START 

00. CALL get history from database function         

01.     RETURN (Scan threshold, history indicator, ti)          % , W or P,  ti 

02. FOR every time period                   % ti 

03. CALL Sensing decision from CR (Scan threshold, indicator, ti) 

04.    RETURN (SU_decision) 

05. IF SU_decision = ‘scan’ THEN 

 06.    PU activity  Scan the spectrum         % PU present or absent 

07. Store PU activity in local storage 

08. ENDIF 

09. IF PU activity is present OR history indicator shows PU present THEN 

10.     Transmit sensed data from local storage to the database 

11. ELSE 

12.    Use the spectrum for transmission 

13. ENDIF 

14. ENDFOR 

15. END 
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     Figure 3.6: ROC curves (PF Vs PD) 

Figures 3.6 and 3.7 shows the typical receiver operating characteristics (ROC) curves of PF vs 

PD and PF vs PMD. respectively. During week 1, the increased sensing results into higher value 

of Pd. However, as the history becomes rich (week 5), lesser scanning is needed which 

accordingly reflects on the ROC curves. To sum up, it is evident from ROC curves that the 

higher value of scan threshold results into higher value of PD and lower value of PMD 

furthermore vice versa. The usage of history is high, when the value of scan threshold is 

maximum (i.e.  =5). Accordingly, this result in reduced number of scans required to determine 

the presence or absence of PU. According to [84], the total energy consumed by an SU can be 

calculated as follows:    

                                      Es=u(Ps*Ts +Pt*Tt)                                                                (3.9)                              

  

In equation 3.9, Ps and Pt are the sensing (state 1, Figure 3.3) and transmission power (state 2, 

Figure 3.3) respectively per unit of time. Ts and Tt are the corresponding time duration values. 

The number of sensing users is given as u. The usage of history, results into considerable 

condensed scanning, thereby resulting into reduced energy consumption.  
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          Figure 3.7: ROC curves (PF Vs PMD) 

 

Figure 3.8: Energy consumption Vs Period 

Figure 3.8 shows how the scanning and the related energy consumption is affected from week 

1 to 5. The sharp drop from week1 to week 2 is because of no usage of history to start using 
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the history. Due to absence of history, during the first week the SUs scans the spectrum 

frequently and continuously to find the white spaces. At the beginning of week 2, the history 

data starts to build, accordingly there is a drop-in number of scans and subsequent energy 

consumption. From week 2 onwards, the history is gradually enriched thereby leading towards 

reduced scans and energy consumption. 

 

3.7 Chapter Summary 

Due to wireless in nature, secondary cognitive users are usually portable and powered by 

batteries. Their network lifetime is only ensured if energy consumption is minimised as much 

as possible. Energy consumption occurs at both sensing and data transmission states. In this 

chapter, a history assisted energy efficient spectrum sensing scheme for cognitive radio 

networks is proposed that addresses the issue of energy consumption due to spectrum sensing. 

SUs share sensing related information with the database in the infrastructure before SUs are 

provided with a history rich processed data set to make decisions about scanning. It is found 

that usage of history could help SUs envisage the PU activity, thereby resulting into reduced 

spectrum sensing and improving the energy consumption.  
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Chapter 4 
  

4. History assisted Energy Efficient Spectrum Sensing for 

Infrastructure based Cognitive Radio Networks                                                            

4.1 Introduction 

In chapter 3, a novel history assisted spectrum sensing mechanism was proposed and was 

analysed using the performance parameters such as PF, PMD and PD in the receiver operating 

characteristics (roc) curves. Additionally, the proposed sensing scheme demonstrated an 

improvement in energy consumption during spectrum sensing related activities. An analytical 

engine database was employed which produced a rich history data set which was utilised by 

the CRs to make efficient spectrum sensing decision. The previous work is further extended in 

this chapter, wherein the performance of the proposed system is analysed in detail and its 

effectiveness is observed by comparing the energy consumption parameter with data fusion 

OR- rule algorithm.  The history assisted sensing scheme is implemented in the conventional 

spectrum sensing techniques and their performances are compared and analysed. 

Spectrum sensing is a prominent functionality to enable dynamic spectrum access in cognitive 

radio networks. It provides protection to primary users (PUs) from interference and also creates 

opportunities of spectrum access for secondary users (SUs) [74]. It should be performed 

efficiently to reduce number of false alarms and missed detection. Continuous sensing for a 

long time incurs cost in terms of increased energy consumption, thus spectrum sensing ought 

to be energy efficient to ensure the prolonged existence of cognitive radio devices. This chapter 

focusses on usage of history to help achieve energy efficient spectrum sensing in infrastructure 
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cognitive radio networks. The scheme employs an iteratively developed history processing 

analytical engine database which is used by cognitive radios to make decision about spectrum 

sensing, subsequently resulting into reduced spectrum scanning and improved energy 

efficiency. Two conventional spectrum sensing schemes, energy detection and cyclostationary 

feature detection are enriched with history to demonstrate the effectiveness of the proposed 

scheme. System level simulations are performed to investigate the sensitivity of the proposed 

history-based scheme by performing detailed energy consumption analysis for the mentioned 

schemes. Results demonstrate that the employment of history ensued in improved energy 

efficiency due to reduced spectrum scanning. The work also suggests which spectrum sensing 

scheme can be a best candidate in a particular scenario by looking into computational 

complexity before comparative analysis is presented with other state-of-the-art.   

4.2 Related Work 

The global wireless revolution and the increased demand of wireless applications have 

rendered the radio spectrum a restricted resource. This has caused difficulty in assigning 

spectrum to new services and the expanded existing services [75]. Spectrum occupancy 

measurements have revealed that PUs does not always use the spectrum, which results in 

creating empty spaces or spectrum holes [76]. Accordingly, the usage of spectrum in fixed 

spectrum access (FSA), where a band of spectrum is exclusively allocated to PUs, is inefficient 

because most of the licensed band is underutilized resulting into spectrum shortage problems. 

The CRs are wireless communication devices that have the capability of scanning the spectrum 

to find spectrum holes which can be subsequently utilised by the secondary users, thereby 

improving the spectral usage. However, the challenges faced while sensing the spectrum, 

demands complete avoidance of any harmful interference to the primary users PUs. Also, in 

the conditions of low SNR, difficulties are encountered in sensing the spectrum accurately to 

detect the white spaces [77]. Moreover, usually in the CR systems, continual scanning of 
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spectrum is required, and this leads to increased energy consumption during spectrum sensing. 

This energy consumption issue may also limit the implementation of CR systems in power 

restrained networks.  

Accurate sensing determines the presence or absence of PU signal correctly without any 

interference to PU, thus increasing the opportunities for SUs to communicate effectively. 

However, it incurs cost in terms of increased energy consumption and sensing overhead. 

Although many research works have focused on development of effective spectrum sensing 

techniques [78] [79] for better spectrum utilization, however the sensing related energy 

consumption challenges faced by battery operated portable CR devices have still not been 

widely explored. In this context, research work is focused on the optimized sensing and 

periodic scheduling for energy resourceful spectrum sensing [80] [81] [82]. Similarly, energy 

effective spectrum sensing is achieved by prediction of sensing energy and time as described 

in [83] and [84]. In [85] for efficient energy consumption, regulating the count of sensed 

samples is considered as an optimization criterion. 

This chapter is focused on utilisation of spectrum sensing history to reduce the spectrum 

scanning frequency thereby providing a solution for problem of increased energy consumption 

through reduced sensing. The work in this chapter thoroughly extends the concept of history 

assisted spectrum sensing presented in chapter 3 and offers a detailed analysis by employing 

two well-known spectrum sensing techniques, energy detection and cyclostationary feature 

detection. The traditional sensing techniques such as energy detection (ED) and 

cyclostationary feature detection (CFD) are widely employed by cognitive radio devices to 

find the empty spaces are described below. The cyclostationary feature detection technique 

extracts cyclic features of the received signal for possible detection of licensed primary users, 
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resulting into higher computational cost and complexity. ED is the simplest sensing technique 

and is most commonly used because of low computation and easy implementation [86]. 

A. Energy detection 

Energy detection is the conventional spectrum sensing technique that is widely used for its 

low-cost implementation and computation. However, for signals having low SNR values, 

sensing accuracy decreases and becomes difficult to recognise the PU signal. An energy 

detector usually consists of a low pass filter to reject out of band noise and adjacent signals, 

analog to digital converter, square law device and integrator. Using the binary hypothesis test 

the sensing technique decides on either one of the two hypotheses 

                              r(t)=  {
            𝑛(𝑡)

  𝑛(𝑡) + ℎ 𝑠(𝑡) 
  

where r(t) is the received signal at time slot t, s(t) is the transmitted PU signal and h is the 

amplitude gain of the channel, n(t) is Additive White Gaussian Noise (AWGN) with mean 

zero and variance σn
2, where n denotes the sample index. The test statistics is given as: 

                                 Er = ∑ |𝑟(𝑘)|2𝑁
𝑘=0                                                                 (4.2) 

where N is the number of observation samples. The energy of the received signal is compared 

with the pre-determined threshold λ value, which is derived from the noise statistics. If the 

energy (Er) value of the received signal is higher than the threshold λ, then the channel is 

acknowledged as busy and confirms the PU being active (hypothesis H1) otherwise the channel 

is acknowledged as idle (hypothesis H0) confirming the presence of white spaces or empty 

spaces. 

B. Cyclostationary feature detection 
 

Cyclostationary feature detection employs properties such as carrier frequency, symbol period, 

modulation type and chipping rate [80]. These features are detected by the CRs to differentiate 

if H0 (PU absent)           (4.1) 

if H1 (PU present) 
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the signal from noise. The second order statistics i.e. mean, and auto correlation of these 

properties show periodicity which is characterized as being cyclostationary. The spectral 

correlation function (SCF) of the received signal r(t) can be expressed as in [86].  

                      𝑆𝐶𝐹𝑥
𝛼(f)=∫ 𝑅 ()𝑥

𝛼∞

𝛼=−∞
𝑒(−𝑗2𝑓)/T0d                                      (4.3) 

where 𝑅 ()𝑥
𝛼  is the cyclic autocorrelation function (CAF), α is the cyclic frequency and f, the 

carrier frequency. Considering λ, the decision threshold, the two hypothesis H0 and H1 thus 

can be obtained as follows.  

                               𝑆𝐶𝐹𝑥
𝛼(f)≥ 𝜆|H1           PU present                                                           (4.4) 

                               𝑆𝐶𝐹𝑥
𝛼(f)< 𝜆|H0       PU absent                                                           (4.5) 

This chapter investigates the mentioned schemes in terms of detailed energy efficacy analysis. 

The work then suggests which spectrum sensing scheme can be a best candidate in a particular 

scenario by looking into computational complexity before comparative analysis is presented 

with another energy efficient spectrum sensing scheme known as data fusion OR-Rule 

algorithm. The remainder of the paper is organised as follows. The novel history assisted 

spectrum sensing scheme in section 4.3, followed by system model in section 4.4. The detailed 

performance analysis is provided in section 4.5, finally the chapter concludes with the 

summary.  

4.3 History Assisted Spectrum Sensing Scheme 

A. Motivation 

Co-operative spectrum sensing involves learning and sharing of the PU activity among the 

CRs for accurate decision making [87]. However, co-operative spectrum sensing leads to 

overhead such as increased energy consumption during information sharing. In distributed co-

operative sensing, every CR acts as agents and collaborate with each other to learn and share 

the PUs sensing activity [88] [89]. This results in all CRs to continuously scan and make 
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individual decisions and then share with all other CRs, thereby increasing computation cost 

which leads to increased energy consumption. However, the energy spent during spectrum 

sensing can be reduced by employing fixed number of sensing users [90]. Although continuous 

scanning of the spectrum will provide comprehensive information of the special activity of 

PUs, it demands the SU’s transceivers to constantly remain in learning mode [91] thereby 

resulting in increased energy consumption. The spectrum prediction in [92] [93] uses co-

operative groups to predict the spectrum activity whereas collective intelligence is developed 

by learning agents in [94] by exploiting the accumulated history. Nonetheless, this causes the 

duplication of learning and processing algorithms in the resource constrained SUs, which 

could result in increased energy consumption during sensing. Further, in the context of 

spectrum sensing history usage, SUs can also make use of Geo-location databases as in the 

IEEE 802.22 WRAN technologies [95], equally machine to machine (M2M) communications 

can also benefit from databases [96]. On the other hand, it has static pattern of white spaces 

and the refresh cycle can be too long which will fail to respond in a highly dynamic 

environment with increasingly varying position of empty spaces. The proposed history assisted 

spectrum sensing scheme is aimed to rectify the above-mentioned issues of existing history-

based schemes and is presented in the section below. 

B. Proposed Scheme 
 

 In the proposed history assisted spectrum sensing scheme, the centralised analytical engine 

database (AED) provides the rich spectrum usage history to be used by distributed CRs which 

intelligently processes it to make effective spectrum sensing decision. History enabled CRs 

will not always need to find spectrum holes, rather they will be able to benefit from history for 

subsequent data transmission. When compared to related sensing techniques as in [92] and 

[93], the novel history assisted sensing is an energy efficient sensing scheme where the 

duplication of learning and processing algorithms of CRs is considerably reduced by 
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delegating the processing to a centralised analytical database as shown in Figure 4.1. It will 

further reduce the signal overhead of individual SUs, where instead of exchanging information 

with each other through traditional channel access mechanisms (e.g. CSMA/CA); SUs in our 

scheme will only be communicating with the infrastructure in the available contention free 

slots. Figure 4.1 describes the proposed history assisted spectrum sensing scheme.  
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            Figure 4.1: History assisted spectrum sensing 

The CRs sense the radio spectrum by means of any of the conventional spectrum sensing 

techniques (ED, cyclostationary, etc.) and the sensed data is stored in its local storage. This 

sensed data is transmitted to the processing database (AED) through the base station (or access 

point AP) using the unlicensed ISM band. In order to reduce complexity, AP provides 

contention free slots for sensed data transmission by CRs to AED. The AED collects, stores 
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and processes the sensed data and creates a rich dataset. This dataset is updated continually 

based on the recent sensed data and the historical data and then shared with the CRs. The 

history data sharing with CRs could be made possible through usage of one of the management 

frames such as beacon frame in IEEE 802.11 networks [97]. The individuals CRs use 

processed data set and local intelligence for decision making. Thus, the usage of history 

enables CRs in predicting the PU activity thereby reducing the scanning frequency and 

resulting in improved energy consumption during spectrum sensing. 

4.4  System Model 

In our system model, the cognitive radio network consists of u SUs, where each SU senses a 

particular licensed frequency band in GSM-900 system. The individual CRs independently 

sense the spectrum for a predetermined time-period. A single frame length is composed of both 

sensing and transmission period respectively (Figure 4.1). The data is sensed during sensing 

stage and is stored in the local storage of individual CRs before it is shared with the AED. The 

binary test gives two hypotheses H0 and H1 in spectrum sensing for determining the presence 

or absence of primary users. The behaviour of the CRs that use ED for spectrum sensing will 

be different from that of the CRs that use other sensing techniques (e.g. cyclostationary, 

matched filter etc.) because of different sensing parameters and computational complexity, 

thus the system model employs an abstraction layer to ingest sensing parameters from CRs 

that uses different spectrum sensing techniques and transform into a generic history schema to 

be shared with AED. AED processes the sensed data before it is shared with the CRs for future 

spectrum sensing decision making. Figure 4.2 shows the complete system model of the 

proposed history assisted spectrum sensing scheme. The whole process of CR modelling and 

decision making is explained in the sections below. Primary and secondary users modelling 
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are influenced by Markov chain model. The modelling employs set of states where process 

moves from one state to another.  
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Figure 4.2: System model of history assisted spectrum sensing 

The analytical result set derived from the analytical engine database encompasses the scan 

threshold , which has a value that ranges between 1 to 5 and an indicator. If the indicator is 

W, then it indicates that a white space is available, and the CR can use the spectrum for data 

transmission. The indicator P denotes the presence of PU activity in the sensed band and 

therefore CRs cannot use the band until PU leaves. During this period the CR enter into state 

where they communicate with the BS. The CRs transfers the sensed data to BS and retrieves 

history rich data from the BS. CRs uses its intelligence along with the history data to make 

effective decisions whether to scan the spectrum or not. Using history for decision making will 

reduce the number of scans CRs have to perform. As the frequency of sensing is reduced the 

energy consumption related to sensing activities is significantly reduced.    
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4.5 Performance Analysis 

Since the proposed history assisted spectrum sensing approach is aimed at energy 

conservation, thus the main focus of the performance analysis is to demonstrate its impact on 

energy saving. However, two well-known conventional spectrum sensing schemes, ED and 

cyclostationary feature detection are enriched with history before analysis is performed to 

compare in terms of computational loss. The comparative analysis of these schemes is 

performed with the view to give reader an insight about the choice of sensing schemes in terms 

of their pros and cons. Finally, our history assisted spectrum sensing scheme is compared with 

other state of art, i.e. data fusion OR-Rule algorithm and CUSF schemes.   

a) Energy Efficiency Analysis 

Energy consumption is an important parameter for portable wireless devices. Wireless devices 

operate on batteries which provides limited amount of energy and therefore requires efficient 

usage of energy. The proposed history assisted scheme enables CRs to benefit from the rich 

history data set, thus resulting into reduced spectrum scanning and achieving better energy 

conservation. History enabled CRs will not always need to find spectrum holes, rather they 

will be able to benefit from history for subsequent data transmission. This will help them 

achieve improved energy efficiency while still maintaining acceptable sensing accuracy. The 

energy model of the system considers the total energy consumed to be the average of the 

energy consumed during sensing, transmission and the exchange of information. The data 

transmission power (Pd
T) value used is the GSM-900 standard power of 1900 mW with the 

transmission duration Tt, 100ms [98], whereas the spectrum sensing power PS
S stands at 250 

mW with the sensing period Ts of 40ms [80].  
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     Table 4.1: Notations, relevant description and system values mentioned where needed 

Notations and description  

Pd
T Power consumed during data transmission in spectrum hole (1900 mw [98]) 

PS
S Power consumed during spectrum sensing (250 mw [80]) 

PSd Power consumed during exchange of sensed data with AED (10 mw ISM band) 

PRh Power consumed during retrieval of processed data set from AED (10 mw ISM 

band) 

Ed
T Energy consumed during data transmission 

ES
S Energy consumed during spectrum sensing 

ESd Energy consumed during exchange of sensed data 

ERh Energy consumed during retrieval of processed data  

Tt Transmission duration (100 ms [98]) 

Ts Sensing duration (40 ms [80]) 

Tsd Time spent during data exchange with AED 

TRh Time spent during data retrieval from AED 

Et Total energy consumed without using database 

Etdb Total energy consumed when database is used 

Esh Energy saved through usage of history 

 

According to [98], the total energy consumed by an SU is the sum of the sensing energy and 

the transmission energy and can be calculated as follows:  

                          Et = u (Pd
T * Tt+ PS

S *Ts)                                                          (4.12) 

where u is the number of sensing users, PS
S and Pd

T are the sensing and transmission powers 

respectively per unit of time. Ts and Tt are the corresponding time duration values. For the 

history assisted scheme, the SU has two additional components of power, i.e. power spent in 
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sensed data exchange with AED and retrieval of history rich data set from AED, respectively 

given as PSd and PRh. The relevant energy consumed in our history assisted scheme is thus 

provided below: 

                                        ES
S= PS

S *Ts                                                              (4.13)   

                                        Ed
T= Pd

T * Tt                                                              (4.14) 

                                        ESd= PSd
 *Tsd                                                             (4.15) 

                                        ERh= PRh
 *TRh                                                             (4.16) 

where Tsd and TRh are the time values for data exchange with and information retrieval from 

AED respectively (Table 4.1).  

A: Impact of history data on Energy:  

Depending upon the PU activity, at any given time ti, the secondary user (CR) can be in any 

one of the three states. In state 1, the CR is sensing the spectrum for the availability of the 

white spaces. Whereas in state 2, CR is in the transmission state and uses the empty spaces for 

data transmission. When in state 3, the CR either transmits the sensed data to the AED as 

historical data or receives the history rich processed data from the AED. As already shown in 

the previous chapter, usage of the history data for making sensing decision resulted in reduced 

spectrum scanning and improved energy conservation. Figure 4.3 plots the percentage of 

energy saved (Esh) when history is employed. Esh increases with the number of history enabled 

CRs, because increased number of users make more and more usage of history rich dataset, 

eventually resulting in reduced spectrum scanning, thereby cutting on sensing related energy 

consumption and improving overall energy saving. 
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                                              Figure 4.3: Energy saving through usage of history 

 

B: ESd and ERh analysis:  

According to the proposed history assisted sensing scheme, the CRs move to state 3 when the 

PU is active. The CRs take the opportunity to transmit and retrieve data to and from the AED. 

The total system energy consumed when AED is not used can be given as in equation (4.17), 

whereas the total energy consumed when AED is used becomes as shown in equation (4.18).  

                                         Et = Ed
T + ES

S                                              (4.17) 

                                        Etdb = Ed
T + ES

S +ESd + ERh                                             (4.18) 

 According to [8], the energy efficiency can be defined as:  

                  Energy Efficiency =  
𝑡𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑 𝑑𝑎𝑡𝑎(𝑏𝑖𝑡𝑠)

𝑡𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 (𝑗𝑜𝑢𝑙𝑒𝑠)
            (4.19) 

From equation (4.12), the total energy consumed is the sum of sensing energy and transmitting 

energy and presumably lower than the value of total energy consumed as evaluated using 

equation (4.18). Therefore, the losses that have occurred due to the energy consumed by 

employing the AED can be given as the transmission loss TL. 

                              TL = (Etdb – Et) = (Ed
T + ES

S +ESd + ERh)- (Ed
T + ES

S)     (4.20) 

                              TL = ESd + ERh                                                               (4.21) 
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Equation (4.21) gives an impression that employment of AED might result in increased energy 

consumption; however, that is not the case as already shown in Figure 4.3 above and as 

demonstrated in the previous chapter. In fact, by using history, the CRs benefit from the rich 

history data set resulting into reduced spectrum scanning. This has direct impact on spectrum 

sensing related energy; since the number of scans is reduced the energy associated with it ES
S 

is also considerably reduced thereby resulting into reduced total energy. This is further 

explained and demonstrated in optimisation of Esd section below.  

C: Optimisation of Esd: 

Information exchange with AED by CRs take place every time when PU occupies the band 

resulting into increased ESd. Higher duty cycle of this information exchange will accordingly 

result into increased energy consumption. As an effort to optimise it and cut down energy 

expenditure, CRs are made intelligent by adding following trigger point flags in their decision 

making to exchange sensed data with AED.  

  i. Data level threshold: The amount of sensed data stored in the local storage crosses 

a threshold of 1MB 

  ii. Pre-determined time threshold: Set on hourly basis 

 

It is to be noted that value of 1 MB and duty cycle of 1 hour is arbitrary choice. This is 

performed to see if effective energy spent by CRs can be optimised or not. Based on above, 

the CRs in state 3 will transmit the sensed data to the database only if any one of the trigger 

points flags becomes true. This should result in reducing the energy consumption during 

transmission of sensed data, i.e. ESd with the AED. After optimisation, the effective energy is 

obtained by reducing the value of energy consumed during transmission of sensed data. If 

energy saved by using history is given as ESh, then effective energy TEs can be given as: 

                                      TES = ESh – TL                                                          (4.22) 
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Figure 4.4: Effective Energy using AED (CRs without implementation of Trigger 

points) 

To increase the value of TES, the value of TL must be reduced. Importantly, the value of ERh is 

negligible since the retrieval of the history data is not continuously done. The value of ESd can 

be optimised in order to improve the TEs. If both the trigger point flags are false, then there is 

no transmission of sensed data (i.e. data exchange) from the local storage of CR to the AED 

and therefore the energy consumption due to sensed data transfer is reduced. Several 

experiments were performed with implementation of the trigger points to enhance CR 

intelligence for data exchange with AED. Figure 4.4 and 4.5 shows the effective energy TES 

before and after optimisation respectively.  

It shows that when trigger point flags are implemented, TL is considerably reduced and there 

is an improvement in the effective energy TEs. Importantly the overall energy saving through 

usage of history (i.e. ESh) remains the same; however, after optimisation, i.e. when CRs 

implement the trigger points to enhance their intelligence for data exchange with AED, the 
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losses TL (i.e. ESd + ERh) are reduced thereby improving the overall effective energy TEs by 

around 60 % (average value).   

 
Figure 4.5: Optimised Effective Energy using AED (CRs with implementation of 

Trigger points) 

Though optimisation shows improvement in effective energy, however there could be a 

possible drawback. Since because CRs will only be sharing sensed data with AED when either 

of trigger points is met, thus this could possibly result in increased delay and loss of quality 

for time sensitive traffic. However, this is not investigated in this work being out of scope. 
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The computational complexity of cyclostationary feature detection (CFD) is very high 
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Fast Fourier Transform (FFT) for CFD and ED for single user is shown in Table 4.2, where L 

is the smoothing window size [99]. It is clearly shown that the computational complexity of 

CFD is very large, approximately log2 N times, comparable with ED. Importantly, the 

computational complexity and mean detection time of spectrum sensing is a great concern for 

CR other than detection performance.  

Table 4.2: Computational complexity of ED and CFD 

Sensing Technique Real multiplications Real Additions 

CFD 2N2 log2 N + 5NL 3N2 log2 N + 3NL 

ED 4N 3N 

 

Table 4.3 shows the computational complexity in terms of number of operations with respect 

to the given FFT bin size N for both ED and CFD. In frequency domain, for the ED sensing 

method, the power spectral density (PSD) is calculated while in cyclostationary spectrum 

sensing method the spectral correlation function (SCF) for all the cyclic frequencies is 

calculated. The performance of detectors is investigated in relation to the Fast Fourier 

Transform (FFT) bin size and the decimation M (bandwidth of the radio frequency front-end). 

                          Table 4.3: Number of operations for a given sample size 

FFT sample size ED operations CFD operations 

8 12 76 

16 32 288 

32 80 1104 

64 192 4288 

128 448 16832 

 

The length of the processing times for ED and cyclostationary can be defined by the values of 

the FFT length and the decimation value. The time consumed for processing the ED sensing 
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scheme is proportional to the number of samples on which FFT (NFFT) is calculated and the 

decimation value, M. The processing time for cyclostationary scheme is proportional to the 

decimation and to the square number of samples on which FFT is evaluated. 

 

Table 4.6: Tp comparison for ED and Cyclostationary 

 

 

 

 

 

 

 

 

 

 

Table 4.6 compares the processing times Tp, required for computation of PSD (ED) and SCF 

(cyclostationary) for various combinations of NFFT/M (samples/bytes). As the NFFT 

increases the processing time increases. It is found that the cyclostationary feature detector has 

longer processing times for every combination of number of samples on which FFT is 

calculated and the decimation value. Thus, even though cyclostationary is considered to 

provide better sensing results, however the computational complexity with respect to 

processing times that occur during spectrum sensing is higher for cyclostationary sensing 

scheme when compared to that of ED.  Thus, higher CFD computational complexity 

accordingly results in increased energy consumption compared to ED (Figures 4.6 and 4.7).  

NFFT  M (bytes)  

Detector 
128  256  512  1024  2048  

8 Samples   0.35 0.36 0.39 Tp (PSD) ms 

   3.12  11.69  44.32 Tp (SCF) ms 

16 Samples  0.37  0.36  0.38   Tp (PSD) ms 

  1.5  6.08  22.68   Tp (SCF) ms 

32 Samples 0.36  0.37  0.38    Tp (PSD) ms 

 0.84  3.13  11.04    Tp (SCF) ms 
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Figure 4.6: CFD Computation complexity and Energy Consumption 

 

Figure 4.7: ED Computation complexity and Energy Consumption 

Considering ED and CFD computational complexity and adding it to the total energy Et, the 

actual total energy can be given as 
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                                         Ẽt = Ed
T + ES

S + Ec                                              (4.23) 

where Ec is the energy consumed due to computational complexity. Figure 4.8 shows the 

percentage of energy saved when computational complexity parameter of ED and CFD is 

considered. The CFD scheme consumes around 30 % more power compared to ED.  

 

                         Figure 4.8: Computational Complexity Vs Energy Saving Analysis 

 

c) Comparative Analysis with state-of-the-art 

The proposed history assisted spectrum sensing scheme is compared to other existing energy 

efficient sensing schemes.  

c.1: Comparative analysis with data fusion OR-Rule Algorithm: 

The energy consumption model in [90] uses the data fusion OR-Rule algorithm which 

estimates the total energy consumed based on the number of sensing users. Figure 4.9 shows 

the comparative analysis of data fusion OR-Rule algorithm with the proposed history assisted 

sensing scheme for fixed number of users over varying time (time varied from 1 to 5 weeks). 

Clearly data fusion OR-Rule scheme does not respond to changing time and the energy 
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consumption remain the same, however our proposed history assisted scheme has continuously 

reduced energy consumption with increasing time because of the fact that the secondary users 

benefit more and from history over increased period of time, thereby resulting into reduce 

spectrum scanning and gaining improved energy efficiency.   

 

 

Figure 4.9: Energy consumption – History Assisted Vs Data fusion OR-Rule algorithm 

Figure 4.10 compares both schemes by varying the number of sensing users and estimating the 

energy saved during spectrum sensing. In the history assisted scheme, as the number of users 

increases, more history is populated in the AED which results in reduced sensing time and 

thereby increased energy saving. On the other hand, an increase in the number of users results 

in reduced energy saving in the Data fusion OR-Rule scheme. 
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Figure 4.10: Energy saved – History assisted vs Data Fusion OR-Rule 

c.2: Comparative analysis with CUSF Scheme 

It is widely accepted that there is a relationship between computational complexity and energy 

consumption. The statistical results of energy consumption and computational complexity 

relationship could be given by a linear approximation of the product of the number of 

processing cycles and a constant [100] [101]. Cluster updating and subset formation (CUSF) 

process in [84] uses history developed by CRs for decision making. Apart from 

communicational related activities, CRs in CUSF must perform additional computation for 

building, processing and storing the history and retrieving sensed data from the sensor nodes.  

This striking increase in CR computation significantly increases energy consumption. 

Applying the linear approximation for the power - complexity relationship, Figure 4.11 shows 

that for a sensing time-period, the CR computation complexity is greater for CUSF compared 

to the computation complexity of CRs in the history assisted sensing scheme. It is already 

shown above that computational complexity results in increased energy consumption. Figure 
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4.12 shows that there is on average 20% increase in energy consumption in the CUSF scheme 

compared to the proposed history assisted sensing scheme. 

 

Figure 4.11: CR computation complexity (CUSF vs proposed History Assisted Scheme) 

 

 

Figure 4.12: CR Energy Consumption (CUSF vs proposed History Assisted Scheme)  
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4.6 Chapter Summary 

The spectrum sensing is the most prominent capability of CRs to effectively detect the presence 

or absence of PUs in the band. Due to wireless in nature, secondary cognitive users are usually 

portable and powered by batteries. Their portability is only ensured if energy consumption is 

minimized as much as possible. This paper presents a novel history assisted spectrum sensing 

scheme for infrastructure-based CR networks which results in reduced spectrum scanning 

thereby improved energy efficiency. The rich history dataset developed over time is provided 

by the analytical database to the SUs to make effective sensing related decisions. Two 

conventional spectrum sensing schemes, energy detection and cyclostationary feature 

detection are enriched with history to demonstrate the effectiveness of the proposed scheme. 

Energy analysis of the proposed scheme shows that the percentage of energy consumption is 

reduced when the rich history dataset is used for making spectrum sensing decision. Further, 

by optimising the trigger points, the effective energy saved is improved from 50% to 60%. 

However, the trade-off in case of trigger point’s implementation could reduce quality of 

service for delay sensitive traffic. Since our current work is focused on energy efficient 

spectrum sensing, thus this trade-off is not looked in because of being out of scope of this 

work. Finally, the proposed history assisted energy efficient spectrum sensing scheme is 

compared with state of the art. It was found that our proposed history assisted scheme 

outperformed OR-Rule algorithm and CUSF schemes in terms of computational complexity 

and energy consumption. 
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Chapter 5 
 

5. Energy Efficient Medium Access for Infrastructure based  

    Cognitive Radio Networks 

5.1 Introduction 

In the previous chapter, the performance analysis of the proposed history assisted spectrum 

sensing mechanism is performed by iteratively developing history processing analytical 

database for CRs decision making, wherein the commonly used sensing techniques, such as 

the ED and CFD results are imported into analytical engine database.  In the proposed scheme, 

the communication between CRs and BS is assumed to be made possible through usage of one 

of the management frames such as the beacon frame in IEEE 802.11 networks. In this chapter, 

a novel energy efficient mac protocol is proposed for efficient transmission of data between 

CRs and BS.   

Spectrum sensing provides opportunity for CRs to access the white spaces and at the same 

time, CRs need to be alert and vacate the occupied band immediately without causing any 

harmful interference to PUs when they return. Spectrum sensing and spectrum access 

processes play vital role in providing spectrum holes for accessing the frequency bands and 

avoiding interference to PUs. Therefore, it becomes imperative to sense the PU activity in 

time.  CR devices communicate with BS for data transmission through channels which is made 

available with the help of mac protocols. The mac protocols can be broadly classified into three 

categories: allocation-based protocols, contention-based mac protocols and hybrid protocols. 

Allocation based mac protocols assign slots in accordance to some predetermined time 

schedule, example, TDMA. In contention mac protocols, nodes compete for gaining access, 
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example CSMA.  A combination of contention and allocation access mechanism 

characteristics is the hybrid mac protocols. Allocation protocols are inflexible, they do not 

modify with changing network conditions. However, it provides a collision free environment. 

When the nodes are assigned a slot, the nodes are in active state, they transmit and receive 

data. Once the slot is over, the nodes enter in to sleep mode from active mode, resulting in 

power saving. Contention protocols use asynchronous mechanism to gain access to the 

medium. Due to hidden node problems it can result in interference and thereby degrade the 

performance of the network. Hybrid protocols adapt to the network conditions and acquire 

allocation protocol characteristics when the contention is high and contention protocol 

characteristics when contention is low. Sensor nodes are battery operated and therefore 

effective power consumption is required for a prolonged network lifetime. Consumption of 

power are due to some of the following reasons: 

nodes in wireless environment, keep listening even when they are no communication. This idle 

listening is a wastage of energy. Nodes receive unnecessary packets which are not meant for 

it, resulting in needless energy consumption. Power consumption can be achieved by 

designing, energy efficient sensing techniques and energy efficient mac protocols for gaining 

access to the medium. In previous chapters, energy efficient spectrum sensing scheme was 

proposed and in the same line, an energy efficient mac protocol is proposed in this chapter.   

The major challenge encountered by battery driven wireless networking devices is to conserve 

their energy for prolonged operation. This chapter presents an energy efficient medium access 

mechanism called Group Control Slot Allocation (GCSA) protocol. GCSA utilises the group 

priority allocation algorithm to allocate stations (STAs) into groups; subsequently STAs that 

have traffic buffered in access point (AP) are assigned into higher priority group. A 

management frame namely group monitoring pointer (GMP) optimises the sleep-awake cycle 

of the STAs by allocating transmission opportunities (TXOPs) to groups based on their priority. 
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GCSA employs publisher-subscriber (PUB-SUB) and point to point messaging models for 

communication between the base station (BS) and STAs respectively. Performance analysis of 

GCSA demonstrates that by increasing the number of STAs which enter in to sleep mode, 

augments the percentage of energy saved. The overall system level results show that energy 

saved is around 20% higher for GCSA than the IEEE 802.11e standard Hybrid coordination 

function power saving mode (HCF-PS). Since GCSA benefits from history assisted led 

spectrum sensing, the chapter also presents the relationship of the local storage of CRs with 

respect to history and suggests a hybrid approach as best option to keep a balance between the 

sensed data and its sharing with analytical engine database for history enrichment leading 

towards improved energy efficiency.  

5.2 Related work 

Energy efficiency in power constrained wireless communication devices has become a key 

issue and a focal point for research. Significant research has been conducted on measures to 

conserve energy consumption such as optimizing the MAC protocol [102] [103], handling 

burst traffic [104], optimizing the network [105] and employment of sensing history [106] etc. 

According to [107], MAC optimization is considered one of the most substantial approaches 

for energy saving in wireless networks. Generally, in this method, it is the sleep - awake cycles 

of the nodes that are optimized [108-110]. The STAs in awake mode continuously listen to the 

wireless channel for either transmitting or receiving data resulting in consuming considerable 

amount of energy. The energy consumed by the STAs in sleep state is comparatively lesser 

than the energy consumed by STAs in awake state. Therefore, setting the nodes to sleep mode 

for longer periods reduces energy consumption. The standard IEEE 802.11 power save mode 

(PSM) has been devised for energy efficient operations. In the traditional point coordination 

function power save (PCF-PS) mode, the STAs enter sleep mode when they do not transmit or 

receive data. However, the STAs that have data (receive or transmit) buffered in the access 
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point (AP) must remain in idle mode where they should be continuously listening to the 

channel until they obtain their turn. In idle mode, even though there is no data transmission, 

yet some amount of energy is consumed in listening to the channel, thereby resulting in energy 

inefficiency. Considerable research has been done to optimize the PSM for energy efficiency. 

The sleep-awake cycle of the STAs are managed by an adaptive and low duty cycle in [107]. 

Authors in [110], has proposed energy efficient PSM by dynamically adjusting the ad hoc 

traffic indication map (ATIM) window size to an optimal size. Modification of MAC in IEEE 

802.11e for QoS enhancements incorporated the transmission opportunity (TXOP) 

mechanism, which was further enhanced for better throughput in the IEEE 802.11n and 

802.11ac standards. Hybrid Coordination Function (HCF) defined in IEEE 802.11e is an 

access method to ensure high throughput performance and improvement of bandwidth. 

Automatic power-save delivery (APSD) is a PSM with notification mechanisms, which has 

improved power management schemes compared to the legacy PSM [111]. The authors in 

[112] proposed to allocate accurate TXOPs to different traffic streams by presenting an 

adaptive admission control scheme based on mean data rate and minimum physical rate, which 

adapts to the changing channel conditions. In [113] [114], the STAs awake cycle has been 

reduced by employing pointer-controlled slot allocation and re-synchronization (PCSAR) 

MAC protocol. The STAs which have their data buffered in AP do not need to be in awake 

state. These STAs enter sleep state until a transmission slot is allocated to them for data 

transmission, this improves energy efficiency. However, for every downlink a pointer is added 

which increases the bandwidth utilisation and computation cost. This chapter proposes an 

energy efficient medium access called the group control slot allocation (GCSA) protocol for 

IEEE 802.11e HCCA based systems. GCSA implements the publisher-subscriber (PUB-SUB) 

paradigm where the sleep- awake cycle is optimized by group monitoring pointers (GMP) that 

are allocated to different groups of STAs grouped based on priority. The key motive in this 
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chapter is to develop an energy efficient MAC protocol which builds upon and contributes to 

the proposed scheme in chapter 3, where a history assisted spectrum sensing mechanism for 

Cognitive radio system was devised to achieve improved energy efficiency. In the history 

assisted sensing scheme the communication between the CRs and the analytical engine 

database was not implemented; whereas proposed GCSA protocol in this work fits well into 

that gap and completes the overall system by enabling the communication between the CRs 

and the analytical engine database implemented in the base station. The remaining of this 

chapter is organized as follows: Section 5.3 presents the motivation for this work, whereas an 

overview of HCCA power saving and proposed GCSA mechanism is described in Section 5.4. 

System model is explained in section 5.5, followed by performance analysis in section 5.6.  

5.3 Motivation  

This work builds upon the history assisted spectrum sensing scheme proposed in chapter 3, 

which employs history assisted spectrum sensing for increased energy efficiency in 

infrastructure-based CR networks. The proposed sensing technique did not implement any 

medium access control layer for communication between the CRs and base station. Thus, the 

main motivation of work presented in this chapter is to develop a complete system by 

implementing an energy efficient MAC protocol, which not only enable CRs to achieve 

bidirectional communication with base station, but further permits them to achieve two-fold 

energy savings: firstly because of history assisted spectrum sensing and secondly due to energy 

efficient GCSA medium access protocol. The inclusive effect of both history assisted sensing 

scheme and GCSA protocol will show an improvement in the energy conservation in the 

overall system. 
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5.4 HCCA Power Savings and GCSA 

Since GCSA primarily builds itself on HCCA, it is worthwhile to briefly describe HCCA 

protocol and its power saving mechanisms in the following section. Importantly abbreviations 

AP and BS are interchangeably used throughput the chapter and represent the same 

5.4.1 Hybrid Co-ordination Function Controlled Channel Access (HCCA) Power Saving 

(HCF-PS) 

The HCF originally defined by IEEE 802.11e combines functions from the legacy distributed 

co-ordination function (DCF) and Point controlled function (PCF) with some enhanced, QoS-

specific mechanisms that improves the performance of MAC mechanisms and provides an 

improvement of bandwidth utilisation [105]. HCF comprises of Enhanced Distributed Channel 

Access (EDCA) and HCCA which are contention-based and contention free channel access 

mechanism respectively. HCCA mechanism includes a centralized hybrid coordinator (HC) 

that allows parameterized QoS provision. During contention-free period (CFP), only the 

HCCA scheme operates and access the channel. After sensing the channel to be idle for PCF- 

Inter frame space (PIFS), HC gains control of the medium for limited duration-controlled 

access phase (CAP). Importantly, CAP is like the legacy CFP except that it is not periodic since 

its transmission is not bound with the beacon transmissions. The HC is collocated within the 

AP of the basic service set and it initiates frame exchange sequence and TXOP allocations by 

utilising the HC’s higher priority access to the channel. HC transmits the CF-POLL frame 

which allocates TXOP to STAs for granting privilege to access the wireless medium [112] 

[115-117]. HC polling is very crucial in HCF to understand which station to be polled and for 

how long; thereby HC maintains a list of STAs to be polled during CAP. Importantly STAs 

implement EDCA to associate themselves with AP during CP whereas data transfer takes place 

during CFP. Delivery traffic indication map (DTIM) marks the start of CFP. 
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Figure 5.1: HCCA - CAP/CFP/CP  

 

Figure 5.1 shows HCCA CAP, CFP and CP along with DTIM. Automatic power-save delivery 

(APSD) in HCCA defines two delivery mechanisms, namely unscheduled APSD (U-APSD) 

and scheduled APSD (S-APSD) [111] [118].  
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Figure 5.2: S-APSD HCCA Access Mechanism 
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S-APSD in HCCA allows STAs to enter sleep mode between consecutive transmissions. Based 

on the network traffic stats, the AP provides the Service Start Time (SST) and the Service 

Interval (SI) during the initial traffic specification message (TSPEC) negotiations as shown in 

Figure 5.2. SI represents the duration between successive TXOPs granted to a STA whereas 

the STAs awake at their scheduled time to serve their traffic streams. Importantly the 

calculation of TXOP is dependent on the value of the SI and can be determined as follows. The 

number of packets that arrive at mean data rate during SI is given as follows [115]: 

                Ni= [
𝑆𝐼∗𝜌𝑖

𝐿𝑖
] 

                           (5.1) 

where ρi is the mean data rate, Li is the nominal MSDU packet size for the ith traffic stream 

(TS). The TXOP Ti duration for the ith TS is computed as follows: 

 Ti=max([(Ni*Li)/Ri)] +O, [M/Ri] +O)                 (5.2) 

where Ri, is the physical transmission rate, M is the maximum allowable size of MSDUs and 

O means the overheads which is composed to the inter frame space (IFS). At every SI, the 

STAs awake to be polled in uplink (UL) or receive downlink (DL) frames. A Service period 

(SP) is started according to a predefined schedule which is known to the device equipped with 

power-saving mode and ends when the End of Service Period (EOSP) bit set to 1 in the DL 

frame. The buffered data frames in the AP are transmitted in the DL to the stations. The 

transmission of these frames Data + Poll or Data + Poll + Ack to the specific stations from the 

AP occur during the period between the beacon and the contention free end (CF-END) frame 

using short inter frame space (SIFS) [119] [120]. In APSD, multiple frame exchange sequences 

separated by SIFS duration can occur within a polled TXOP. At the end of TXOP and after a 

PIFS duration, if the channel is not reclaimed by the HC, then it marks the end of CAP [121]. 
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5.4.2 Energy Inefficiency of HCF-PS 

In response to the TSPEC, the AP sends the schedule element which includes the SI and the 

service start time (SST) in a schedule frame. Based on the schedule element, a scheduled 

service period begins at the scheduled wakeup time. The stations that use the S-APSD 

mechanism, wake up during the scheduled period in order to receive the buffered DL frames 

from the HC [119] [121]. Based on the SI, a fixed time interval is used by the STAs to wake 

up subsequently [121]. However, STAs that receive individually addressed management frame 

from the AP indicating that there is further traffic buffered remain awake at all time until its 

transmission is completed. These STAs must continuously listen to the channel even when 

channel assessment is not required. This un-necessary channel assessment and listening incurs 

energy inefficiency. The energy utilized by STAs for listening can be reduced by implementing 

channel reservation-based schemes. The IEEE 802.11e based GCSA mac protocol is aimed to 

address this issue of energy inefficiency and is described below.  

 

5.4.3 Group Control Slot Allocation (GCSA) access protocol 

Like IEEE 802.11e standard, the GCSA mechanism consists of a super-frame composed of 

both CFP and CP. During CFP, initially the AP broadcasts a beacon management frame 

followed by the DL frame, which is either CF-POLL or CF- POLL+DATA, to the STAs. For 

every polled STA, a TXOP is granted to transmit its own traffic data in management UL frame, 

called Traffic Specification (TSPEC) [121]. The network traffic attributes of the STAs are 

defined by the parameters in the TSPEC frame. Based on this data, at this point, the AP forms 

a special management frame known as group management pointer (GMP) by computing the 

group priority allocation (GPA) algorithm.  (GPA explained in section IV below). When the 

beacon management frame is broadcasted, traffic indication map (TIM) field contains the group 

ID and the GMP for the group. The GMP pointer allocates the STAs to specific groups based 
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on priority which occur in order by increasing the group ID (GID) {G1, G2… Gn} of equal 

configurable sizes (as shown in Figure 3). The group with the least group  
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                                                      Figure 5.3: GCSA access mechanism 

 

number falls into priority group with TXOPs allocation. STAs that have no data to transfer or 

no traffic is buffered in AP for them are pushed into a sleep group (Gs), thereby putting STAs 

to sleep mode. In order to limit the energy consumption due to GMP, it is sent every beacon 

rather per DL frame. GMP is multicast to a group of STAs based on priority for sleep-awake 

cycle using the PUB-SUB model, where data frames must be periodically transferred between 

AP and STAs. When the beacon management frame is broadcasted, traffic indication map 

(TIM) field contains the group ID and the GMP for the group which provides information about 

the allocation of TXOPs. This is done in round-robin approach in ascending order of the GIDs. 

When the first group receives TXOPs, the pointer allocates the slots and only the STAs in that 

group should stay awake for SP or until they finish their turn. The duration of TXOPs is fixed 
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for each group and using this information along with the GIDs, the STAs in other groups self-

calculate the offset time to wake up to receive the next GMP frame. Importantly, all the STAs 

in a particular group sleep even after receiving the beacon frame except the STA which has 

been allocated a slot by the GMP for TXOP. The STAs in the Gs remain in the sleep mode until 

it has data for transmission. When a STA in Gs has data for uplink, it will transmit a trigger 

frame to the AP which will push out the STA from Gs group and allocates it to the other groups.  
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Figure 5.4: a - HCCA-PS; b – GCSA timing diagram 
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Figure 5.3 shows that in HCCA power saving, all the STAs that that have their data buffered 

at AP will remain in active state and must continuously listen to the channel until their turn 

comes, thereby resulting into increased energy consumption. Whereas in GCSA, with the 

provision of GMP, the STA in G1 is in active mode and once the transmission is completed it 

goes into sleep mode. Importantly all other STAs in other GCSA groups are in sleep state. 

Therefore, more STAs are put to sleep thereby the power consumed by the STAs in GCSA is 

reduced significantly. Figure 5.4 a and b shows the timing diagram for HCCA and GCSA 

respectively. 

5.5 System Model 

The GCSA is an energy efficient MAC protocol and is implemented in the history assisted 

spectrum sensing proposed in chapter 3 to establish energy efficient communication system 

between the base station (BS) and the CRs. Figure 5.5 is additionally borrowed from the 

previous chapter and the light grey shaded area in the figure indicates where this chapter has 

contributed towards creating an overall energy efficient system by implementation of GCSA. 

Since GSCA is entirely IEEE 802.11e based, thus the exchange of data takes place during the 

CFP of the HCF.  It is during this CFP when the data transfer takes place between the analytical 

engine database (AED) and the CRs through the base station. The base station serves as a 

message-oriented middleware (MoM), implementing a publish-subscribe (PUB-SUB) 

messaging model. This communication paradigm uses multicast mechanism, where the 

publisher publishes the messages upon the network and one or more subscribers can consume 

it based on the message identifier [122]. The AED is the message publisher that publishes the 

history enriched result set to the BS and the CRs serve as subscribers who registers their 

interests on that result set data as shown in Figure 5.6. The PUB-SUB model is an established 

concept and involves small packets periodically transferred between sensors and controllers 

according to accurate transfer limits [123]. Accordingly, the GMP in the beacon frame allocates 
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the slots for BS to poll the CRs and have the initial interaction between CRs and the BS. The 

BS acts as an event bus (EB) or message broker (MB) which sends the beacon frame to the 

registered subscribers about the buffered data. The CRs usually are awake to receive the beacon 

and subsequently and listen for the data to be received from the BS. The CR receives the DL 

packets which contains the result set from the BS. After SIFS period the CR replies to the BS 

with UL transmission of Data + Ack frame. This is done by the point-to-point message model 

where the locally stored sensed data is transmitted to the AED through the message-oriented 

middleware BS [123] [124].   

 

 

         Figure 5.5: History assisted Spectrum Sensing led Energy efficient CR system 

It is during this CFP when the data transfer takes place between the analytical engine database 
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communication paradigm uses multicast mechanism, where the publisher publishes the 

messages upon the network and one or more subscribers can consume it based on the message 

identifier [122] [123]. The AED is the message publisher that publishes the history enriched 

result set to the BS and the CRs serve as subscribers who registers their interests on that result 

set data as shown in Figure 5.6. The PUB-SUB model is an established concept and involves 

small packets periodically transferred between sensors and controllers according to accurate 

transfer limits [123]. Accordingly, the GMP in the beacon frame allocates the slots for BS to 

poll the CRs and have the initial interaction between CRs and the BS. The BS acts as an event 

bus (EB) or message broker (MB) which sends the beacon frame to the registered subscribers 

about the buffered data.  

 

Figure 5.6: PUB-SUB Message Model: AED communication with CRs via BS 
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The CRs usually are awake to receive the beacon and subsequently and listen for the data to be 

received from the BS. The CR receives the DL packets which contains the result set from the 

BS. After SIFS period the CR replies to the BS with UL transmission of Data + Ack frame. 

This is done by the point-to-point message model where the locally stored sensed data is 

transmitted to the AED through the message-oriented middleware BS [123] [124].   

 

 

Figure 5.7: Point-to-Point Message Model: CR communication with AED via BS 
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…. Gn} and the sleep group represented as Gs. The members in the groups are allocated based 

on the TPSEC network traffic parameters of the STAs. The STAs that have local storage size 

above the thresh (see Figure 5.8) and whose history version has become stale are categorized 

as CRITICAL. The STAs that have local storage size below the threshold but whose history 

version has become stale are categorized as HIGH. The STAs that have local storage size above 

the thresh and whose history version has not become stale but still is old are categorized as 

MEDIUM. The STAs that have local storage size above the thresh and whose history version 

are up to-date are categorized as LOW. The STAs are now allocated into equal sized groups 

based on the category. The members or STAs that have no data to be transmitted and local 

storage size is lower than the thresh and its history version is equal to the current version then 

these members are allocated to the sleep group Gs.  The first group is found to be critical 

resulting in obtaining TXOPs in an emergency basis. The STAs in Gs remain in sleep state until 

the next cycle of allocation. However, the STAs in G1 must be awake until their transmission 

has been completed in that TXOP. There can be more than one TXOP during the CFP. The 

STAs are granted slots in a round robin fashion based on first come first served basis. As the 

members of the group complete their transmission, they go to sleep mode. The TXOP for each 

STA is deterministic, the STA members in other groups use this information and the IDs to 

calculate the time they need to wake up and the cycle continues for the duration of CFP. 

5.6 Performance Analysis 

The IEEE 802.11e based network is considered for modelling and performance analysis 

purposes. It consists of BS which acts as an AP and CRs as the STAs and employs Orthogonal 

Frequency Division Multiplexing (OFDM) system. OFDM divides the channel into OFDM 

data and pilot subcarriers having bandwidth of 312.5 kHz. The data subcarriers are used to 

carry the data while the pilot subcarriers are used for synchronisation and channel 

measurements [125]. Figure 5.9 shows the subcarriers for an 80 MHz channel. For sake of 
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comparison, both HCF-PS and GCSA benefit from history in terms of spectrum sensing; thus, 

the difference in terms of channel access related energy saving is clearly demonstrated in the 

subsequent results.  

OFDM PHY specifications provide data rates of 6, 9, 12, 18, 24, 36, 48 and 54 Mbps 

respectively for communication where the mandatory transmitting and receiving data rates are 

6, 12 and 24 Mbps to share spectrum sensed information between AP and CRs [125]. Table 

5.1 shows the PHY parameters used for modelling and performance analysis purposes [125]. 

Besides investigating and comparing the core contribution of work. i.e. improved overall 

energy efficiency, BPSK modulation scheme is implemented to calculate BER in the presence 

of Rayleigh fading. 

START 

FOR every CR in the group 

00. IF CR history version < current version – tolerance level and 

     Local storage size > allowed threshold THEN 

01.      group ← CRITICAL       

02.  ELSE IF CR history version < current version – tolerance level 

      and Local storage size < allowed threshold THEN 

03.      group ← HIGH 

04.  ELSE IF CR history version > current version – tolerance level 

      and Local storage size > allowed threshold THEN 

05.      group ← MEDIUM 

06.  ELSE IF CR history version = current version and Local 

       storage size > allowed threshold THEN 

07.      group ← LOW 

08.  ELSE 

09.      group ← SLEEP 

10.  ENDIF 

11.  END FOR 

Figure 5.8: Group Priority Allocation Algorithm 
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Figure 5.9: OFDM subcarriers used in IEEE 802.11    

 

Table 5.1: OFDM PHY Characteristics 

 

Characteristics Value 

(20MHz channel spacing) 

Slot time 9 μs 

SIFS time 16 μs 

PIFS time (Slot time + SIFS time) 

TXOP 32 μs 

PLCP Payload 4,692,480 bytes 

Data rate 54 Mbps 

aCCATime < 4 μs 

aPHY-RX-START-

Delay 

25 μs 

ARxTxTurnaroundTime < 2 μs 

AAirPropagationTime << 1μs 

FFT size. nFFT 64,128,256 

Subcarrier spacing 312.5khz 

No. of subcarriers 52 

Modulation BPSK 

  

 

5.6.1 GCSA- CRs Local storage relationship with respect to history 

The local storage of CRs could not be synced with the BS for various reasons such as lost 

contact with the base station, not in priority group etc. In some circumstances, the sensed data 

in the local storage which needs to be pushed to BS gets filled up on its allocated disk space. 

121 carriers 121 carriers

-40MHz     - 30MHz      -20MHz         -10MHz      fc      10MHz         20MHz       30MHz         40MHz 
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This leads to an error condition when the CR tries to write the incoming sensed data into the 

allocated disk space, which is already filled up. To overcome this issue, there are two options 

which could be adopted: 

a) A FIFO pattern could be employed such that when the local storage for the sensed data 

reaches a threshold level, for example 90% of allocated disk space, the old sensed data 

will be purged to give way for freshly sensed data. This will result in losing the captured 

sensed data to the BS thereby not available for enriching the analytical data in the AED 

(see Figure 5.5).   

b) A percentage of history data in the local storage of CRs can be erased to accommodate 

freshly sensed data. Although the error condition in this case due to insufficient disk 

storage can be avoided, however there is a risk of unavailability of the history data for 

efficient sensing. This may also result in increasing interference with the Primary users.  

c) Based on conditions, a hybrid approach of using both options a, and b. Having said that, 

FIFO can be applied if the history is of the most current version within the tolerance 

level. Contrary, if the history is obsolete, the disk space allocated to history data can be 

acquired by erasing the history.  

There is a trade-off between the first two options: Either the priority is given to history or to 

the freshly sensed data (at the cost of history). Considering option (a), it is vital to have history 

over sensed data, as it will aid CRs to make reduced sensing therefore saving the energy and 

reduced interference with PU. Whereas using option b, the CRs would have to sense the 

spectrum continuously for the period of the history being deleted. This may result in increased 

interference with the PU therefore the energy consumption cannot be improved.   

The best approach is hybrid option, which adapts to the current conditions of the CRs. Figure 

5.10 shows the state diagram of the CR’s local storage when the storage allocated for the 

sensed data is full. At this point (State 1), there is no capacity to hold the incoming new sensed 
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data. Using option b, additional storage for holding the sensed data can be acquired by 

borrowing disk space from the storage allocated for history data by erasing a part of the history 

(State 2). Once the sensed data has been flushed out to the BS, the acquired space can be 

reclaimed for storing the history (State 3). The timing diagram shows the amount of time x, of 

the history data that can be erased to borrow storage for accommodating new sensed data 

(Figure 5.11). If ti is the current time, when the storage allocated for the sensed data is full, 

then the most appropriate option is to delete the recently used history for the time (ti – x).    

5.6.2 Energy Consumption Analysis 

Energy consumption analysis is the key motivation and contribution of this work. This analysis 

builds further on our history assisted spectrum sensing analysis presented in chapter 3 and 

demonstrates the increased energy saving due to implementation of GCSA. Assuming the 

number of CRs to be 50, they will be assigned into groups of equal sizes, for example 5 groups 

of 10 CRs. Apart from the active group (i.e. 20%) all other CRs in other groups will be in the 

sleeping state (i.e., 80%).    

 

Figure 5.10: State diagram of the CRs local storage 
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The hardware employed in this performance analysis assumes the station operating current for 

transmission (Tx) is 100 mA, receiving current (Rx) is 70 mA and 5 mA for sleep mode (Intel 

7265 802.11ac 2x2 DualBand Combo PCIe x1 Card [126]). The average power either for 

sending or receiving is 280 mW, based on that the power saved by putting the CRs in sleep is 

(280-17) mW * sleep slot time, resulting in longer CR battery life. Based on the energy analysis 

in the previous chapter, the total energy Etdb consumed is given by the sum of sensing energy 

ES
S, transmission energy Ed

T and the energy consumed during the exchange of data between 

analytical database and the CRs. 

 

                                                  Figure 5.11: Timing diagram of the history  

 

 

According to [8], the energy efficiency Λ, can be defined as  

                                 Λ =  
𝑡𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑 𝑑𝑎𝑡𝑎(𝑏𝑖𝑡𝑠)

𝑡𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 (𝑗𝑜𝑢𝑙𝑒𝑠)
 

       (5.4) 

 

The transmission loss TL is given as 

 

            TL = ESd + ERh + Epoll          (5.5) 

If energy saved by using history is given as ESh, then the effective energy can be given as 

 

           TES= ESh – TL                                                                     (5.6)                 

ti-x ti

x

TimeT

Acquired Storage

History data from BS 

to CRs local storage

ti - Time when local storage of CR is full

X- Time when history can be erased to borrow additional storage

      Etdb = Ed
T + ES

S +ES
d + ER

h                 (5.3) 
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5.6.3 Overall System Effective Energy Efficiency Analysis    

Implementing the GCSA MAC brings longer sleep time for the STAs that are in inactive 

groups and therefore the energy consumed due to exchange of data between database and CRs 

is reduced. Moreover, sleeping CRs will not be polled by the AP, thereby potentially saving 

energy, Epoll. Therefore, the effective loss of energy for using the history after optimising is 

given as: 

               TES= ESh – (ESd + ERh ) (5.7)  

Figures 5.12 and 5.13 shows the effective energy comparison with respect to ESh and the energy 

consumed for sensed data transmission before optimisation and after optimisation respectively. 

When the GCSA protocol is implemented, the CRs which are not in the active group enter 

sleep mode and thereby, the energy that would have been consumed during listening is saved. 

Therefore, an improvement in the effective energy after implementation of GCSA MAC 

protocols is seen in Figure 5.13 accordingly. 

 

Figure 5.12: HCF-PS Effective Energy 
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Since this work builds upon authors work in [106], thus Figure 5.14 represents the key findings 

and compares the effective energy both with reference 5 and HCF-PS. This actually shows the 

overall system effective energy both from energy efficient spectrum sensing and energy 

efficient medium access through implementation of GCSA MAC protocol. It is evident that 

the overall system effective energy saving is improved in the presence of energy efficient 

GCSA protocol. 

 

Figure 13: GCSA Effective Energy 

5.6.4 Energy Consumption Analysis in Presence of Channel Errors  

Energy saving MAC protocols can have serious impact on their energy related performance 

due to channel errors. It is because errors can result into higher bit error rate (BER) thus making 

DL frames, either sleep related scheduling or data frames etc, non-interpretable and 

subsequently rendering the wireless stations unable to make accurate decision about their state 

thus leading towards unusual or prolonged awake cycles.  
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Figure 5.14: Overall system Effective Energy 

 

 
         Figure 5.15: Energy consumption with Channel Errors 
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In this regard, BPSK along with Rayleigh fading is used to calculate SNR before both GCSA 

and HCF-PS mechanisms are compared for their energy saving results to demonstrate their 

performance in the presence of channel errors (Figure 5.15). Referring to Figure 5.15, higher 

values of SNR results in reduced energy consumption and vice versa. The reasons being the 

fact that higher SNR values evidence that there is lower bit error rate, thereby enabling the 

data and other related frames to be interpreted correctly by the stations. GCSA again did 

perform better compared to IEEE 802.11e based HCF-PS in the presence of channel errors due 

to employment of group management and related pointers. 

5.7  Chapter Summary 

Energy efficacy in battery controlled wireless communication devices has become a crucial 

issue and a pivotal point for research. The major test faced by battery driven wireless 

networking devices is to safeguard their energy for sustained operation. An energy efficient 

IEEE 802.11e based MAC protocol, Group Control Slot allocation – GCSA, has been proposed 

in this paper. The group monitoring pointer allocates TXOPs to a group of STAs based on their 

priority; thereby STAs in that group remain awake and all other STAs in other groups can sleep 

to conserve their energy. The performance analysis involves comparison with the HCF-PS by 

implementing it in the history assisted spectrum sensing system. Simulation results indicate 

that the energy saving improves around 20% while implementing GCSA when compared to 

IEEE 802.11e standard HCF-PS. Since GCSA benefits from history assisted led spectrum 

sensing, cognitive radios local storage relationship with respect to history is also discussed and 

a hybrid approach suggested to keep a balance between the sensed data and its sharing with 

analytical engine database for history enrichment leading to improved energy efficiency.  
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Chapter 6 
 

6. Fuzzy Logic-based Cluster Head Election for Network Lifetime 

    Extension in Infrastructure Cognitive Radio Networks 

6.1 Introduction 

The performance and the network lifetime of wireless sensor networks (WSNs) is affected 

hugely by the energy consumption of power constrained sensor nodes during data transmission 

and reception. To overcome this issue and improve the network lifetime of the system, 

clustering mechanisms are employed. It is only the cluster head (CH) in every cluster that is 

responsible for aggregating the data collected from sensor nodes and forwarding it to the base 

station (BS). In this chapter, an energy efficient fuzzy logic-based clustering algorithm, (EEFC) 

is proposed which uses novel set of fuzzy input parameters to elect the most suitable sensor 

node as CH. EEFC compared to most of the other fuzzy logic-based clustering algorithms, 

increments the fuzzy input parameters from three to four to achieve improved solutions. EEFC 

protocol ensures that the best candidate is selected for the CH role by obtaining the crisp value 

from the fuzzy logic rule-based system. EEFC employs Mamdani method for fuzzification and 

Centroid method for defuzzification. Simulation result shows improvement in network lifetime 

of proposed EEFC compared to other clustering algorithms such as LEACH, CHEF, EAUCF 

and FLECH. Further, the proposed algorithm EEFC, is implemented in the history assisted 

spectrum scheme proposed in chapter 3, in order to analyse the overall energy efficiency of the 
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CR system. The result demonstrates improvement in efficiency of energy consumption of the 

system. 

The energy consumption related to communication activities in WSN is higher because of 

increased overhead traffic and throughput for data transmission [127]. This increased overhead 

traffic creates challenges of increasing the complexity and energy consumption [128]. 

Prolonged usage of the power constrained sensor nodes results in reduced device lifetime 

which has a profound effect on the overall network lifetime. Therefore, it is essential to design 

an energy efficient WSN. Power consumption issues in wireless nodes has been addressed in 

many research works, where different mechanisms of cooperative spectrum sensing (CSS) 

schemes have been employed [129-131]. Cluster based CSS technique is the most popular and 

widely utilised CSS scheme. In clustering mechanism, sensor nodes are grouped into number 

of small clusters and every cluster has a cluster head (CH) which takes the responsibility of 

collecting the data from the non-CH sensor nodes, aggregates the data and forwards it to the 

BS. CH selection is a challenging task since every network has different characteristics and 

limitations. Appropriate selection of CH is vital since it is responsible for important activities 

such as data aggregation, processing, computation and data communication. Frequent re-

selection of CHs will result in energy wastage and this problem occurs when an inappropriate 

sensor node is elected as CH or when every time a same node is elected as CH. This causes 

the node to drain its power and results in first node dead (FND). Cluster head node whose 

power is completely drained is termed as a dead node and this is detrimental for network 

performance, therefore it is essential for CHs to have higher energy levels. FND is the 

performance metric of the system, the higher it is, greater is the stability of the system. 

Therefore, for selecting the best candidate for CH role, certain parameters such as residual 

energy level, distance between non-CH CRs and CH, distance between CHs and BS, node 

density, node centrality are employed and evaluated. The conventional clustering algorithm 
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that is widely employed for cluster head selection and cluster formation is the low-energy 

adaptive clustering hierarchy (LEACH) protocol. LEACH is an energy efficient clustering 

algorithm that uses probabilistic approach to select CHs randomly [132]. In [133], the energy 

levels and received signal strength indicator (RSSI) parameters are used for cluster head 

selection. The optimal number of sensor nodes are used in [134] to create clusters based on the 

OR-rule and AND-rule. Particle swarm optimisation (PSO) is used in [135] for CH selection. 

Authors in [136,137], applied fuzzy logic-based mechanism to select CHs. Fuzzy logic is a 

non-numerical, simple, flexible, cost effective control system approach which integrates the 

input parameters and manipulates linguistic rules to provide appropriate solutions. 

The key motive for this chapter is to develop an energy efficient cluster-based CSS system for 

improving the network lifetime. The sensor nodes in the network are considered homogenous 

and power constrained. In order to avoid the high communication cost between sensor nodes 

and the BS, a CH is selected within the sensor nodes. In the proposed work, an energy efficient 

clustering algorithm, EEFC is devised which uses the fuzzy logic rule-based system. The 

significance of implementing fuzzy logic clustering approach is to use linguistic variables 

instead of mathematical values in order to evaluate the correlation of criteria. Also, fuzzy logic 

reduces the computation overhead and enhances network lifespan. Fuzzy logic is used for 

dynamic selection of CHs using various parameters such as residual energy, node centrality 

and distance between CH and BS as the fuzzy input parameters to the fuzzy inference system. 

The output, outcome gives the decision for CH selection. The remaining of this chapter is 

organized as follows: Section 6.2, presents the related work, a detailed explanation of the 

proposed EEFC clustering algorithm is given in section 6.3 followed by describing the 

performance analysis of the proposed algorithm in section 6.4, paper finally concludes in 

section 6.4.   
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6.2 Related Work 

In traditional clustering mechanism, based on some predetermined criteria, selection of CH 

followed grouping of neighbouring non-CH nodes into clusters. For cluster-based CSS, most 

research is being done in order to extend the network lifetime of WSN. For CH selection and 

cluster formation, algorithms use one or combination of parameters [138] such as residual 

energy, node degree, distance between CHs and BS, distance between non-CH sensor nodes 

and CH, distance between CHs, received signal strength (RSSI), positioning of nodes, 

expected residual energy, node centrality, node density etc.  

LEACH is the most popular hierarchical clustering protocol which aims to improve power 

consumption and extend network lifetime. For CH selection, a random number r, between 0 

and 1 is chosen by a sensor node. If this randomly selected value is lesser than the threshold 

value T(n), calculated using equation 6.1, then that node is selected as the CH in the current 

round, never to be CH until all the other nodes get a chance to become CH in the next rounds. 

T(n) is calculated as follows:  

𝑇(𝑛) = {

𝑝

1 − 𝑃 ∗ (𝑟 𝑚𝑜𝑑
1
𝑃

)
,      𝑖𝑓 𝑛 𝜖 𝐺

  0                                    𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 

  

                                                        (6.1) 

 

where P is the CH probability, n is the number of round, G is the set of nodes that did not 

become a CH in the previous 1/p rounds. Once the CH is selected, the CH advertises its status 

and non-CH sensors gets associate with the nearest CH using the allocated TDMA slots and 

form clusters.  

LEACH performs well when all the sensor nodes have the same energy level. However, there 

are some limitations of LEACH and they are as follows; when the sensor nodes have different 

energy levels, the performance of LEACH degrades in selecting an appropriate CH. Since 
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LEACH being a pure probabilistic model, does not use parameters such as residual energy and 

distance for CH selection, due to this there is a possibility that a CR with low energy is selected 

as CH, CHs may be selected close to each other and  some CHs may lie in at the edge of WSNs, 

all this results to inefficient clustering. Also, for every round, a random number is generated, 

and a threshold value is calculated which increases the CPU cycles. However, many research 

works have considered LEACH algorithm as the base and have produced its different versions 

trying to overcome its limitations [139]. Some of the versions of LEACH are centralised 

LEACH, (LEACH-C), in which the BS selects the CH. LEACH-EP is an energy efficient 

centralised protocol which uses residual energy for CH selection. LEACH-DT uses distance 

from BS as the parameter to select CH [140].  

Fuzzy logic has been widely used in WSN clustering algorithms for its comparatively reduced 

computational load, less processing requirements, effective implementation and for the 

improvement in network lifetime [141-144]. Fuzzy logic-based clustering algorithm reduces 

the overhead in selecting CHs. Some of the clustering algorithms that employ fuzzy logic are 

FUSA [143], cluster head election using fuzzy logic, CHEF [145], F-MCHEL [146], FLECH 

[147], EAUCF [148] and etc. 

 

6.2.1 CHEF  

 

Cluster head election using fuzzy logic (CHEF) is a distributed clustering algorithm, that uses 

both probabilistic approach and parameters to select CHs. CHEF does not require the BS to 

gather all the characteristics of the sensor nodes. CH interim candidates are selected based on 

the probabilistic approach of LEACH and then fuzzy logic is implemented which utilises the 

fuzzy input parameters such as residual energy and local distance to calculate the output 

parameter chance as to which interim CH candidate will become the CH. The drawback in this 
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algorithm is that the local distance is not a suitable parameter for selecting efficient CHs and 

will result in re-clustering overhead in every round. 

6.2.2 EAUCF 

 

Energy aware unequal clustering using fuzzy approach uses probabilistic approach to select 

interim CHs and the final CHs are selected using fuzzy logic scheme. It uses only two fuzzy 

logic inputs which are residual energy and distance to BS and the output is the competition 

radius. Only those interim CHs that fall in the competition radius range will become CHs. If 

more than one interim CH is in the radius then the residual energy is used to determine the CH. 

The main drawback of this algorithm is the selection of the fuzzy input parameters. Essential 

parameters such as node centrality and node density which aids in selecting suitable CH is not 

used. Also, the energy is depleted at the CH node which has detrimental effect on the network 

[149]  

6.2.3 FLECH 

 

Fuzzy Logic based Energy Efficient Clustering Hierarchy includes both probabilistic approach 

and sensor parameters for CH selection. FLECH blends probabilistic approach and metric-

based approach in the correct sense for CH selection.  FLECH links vital parameters such as 

residual energy, node centrality, and distance to BS for selecting the most appropriate sensor 

nodes as CH and increases the network lifetime [147].  

The above-mentioned fuzzy logic-based clustering algorithms propose to improve network 

lifetime. However, due to their certain shortcomings, appropriate CHs may not be selected and 

thereby there will be no proper assignment of CH role among the sensor nodes. Due to random 

selection of CHs, the frequency of same nodes becoming CH once again may increase which 

has a detrimental effect on network lifetime.  
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6.2.4 EEFC 

 

In this chapter, the proposed algorithm, energy efficient fuzzy logic-based clustering (EEFC) 

is a centralised clustering algorithm. Generally, the fuzzy logic-based clustering algorithms 

demand comprehensive information of sensor node attributes and if intra-cluster 

communication occurs then it will prove to be expensive in terms of energy consumption [150]. 

Therefore, it is preferred to employ a centralised approach that would let the BS to handle the 

estimation of node location and etc. Majority of the fuzzy-based clustering algorithms utilise 

only two or three fuzzy input parameters for CH selection estimation. It is shown in [151-152] 

that by increasing the number of fuzzy input parameters, the network lifetime is increased. In 

the proposed algorithm, unlike the other fuzzy-based clustering algorithms, four input 

parameters and one output parameter are used in order to compute the possibility of electing a 

sensor node as a suitable CH. The fuzzy input parameters are node residual energy, distance 

between CH and BS, neighbour node average energy and node centrality. The output 

parameters that determine which node is selected as CH is chance.   

 

6.3  System Model  

This section describes the proposed fuzzy logic approach for optimal selection of CH. Consider 

a WSN network of n collaborating sensors, and a BS. The sensor nodes are indiscriminately 

distributed in the sensing field which is considered to have an area of 200m x 200m and limited 

power. The network is considered to be homogeneous, with energy levels at par for all the 

sensor nodes. The BS is aware of the positioning of the sensors in the network. After 

deployment, the nodes and BS are considered static. Generally, the received signal strength 

indicator (RSSI) is used to estimate the distance between the nodes and BS and this information 

is shared by BS using small HELLO messages.  To establish communication link, all nodes 

have a minimum SNR threshold. There is intercommunication between BS and CHs and intra-
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cluster communication between CH and non-CH nodes. A free space propagation model is 

considered for intra-communication between non-CH nodes and CH, since the distance 

between them is small.  The distance and the number of neighbour nodes can be estimated by 

the individual nodes by using the HELLO messages that are broadcast by all nodes initially. 

These messages contain node ID, communication radius and its other performance metrics. 

Complete drain of power of sensor nodes will lead to first node dead (FND). Figure 6.1 shows 

the system architecture of a cluster-based CSS. 

 

BS

Cluster head

Cluster node

 

Figure 6.1: System Architecture 

6.3.1 Fuzzy Logic System 

Fuzzy logic has proved to be an effective technique to solve the uncertainties issues 

pertaining to WSNs based on multi-valued human decision-making linguistic variables. 

Generally, fuzzy clustering algorithms merge different fuzzy input parameters for CH 

election. The fuzzy logic system (FLS) consists of three major blocks, the fuzzifier, fuzzy 

decision block (FDB), and the de-fuzzifier. The FDB block comprises of the inference 

engine and the fuzzy rule base. The Mamdani controller [153] is the most widely used 
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fuzzy inference system. The input descriptors which are crisp values are fed into the 

fuzzifier, where fuzzified values or fuzzy set which are in the form of understandable 

linguistic variables are generated. The rule base are basically the IF-THEN statements that 

provides antecedents and consequents based on numerical data. The fuzzified FDB maps 

the linguistic variable of input and the output using the rule base and fuzzy inference 

system (FIS). Figure 6.2 shows the FLS system block diagram which is incorporated in 

the proposed model.  

Inference Engine

Fuzzy 

rule 

base

Fuzzification De-fuzzification

Input Output

 
 

                                     Figure 6.2: Fuzzy Logic System 

The input parameters to fuzzifier includes the node residual energy, distance between CH 

and BS, neighbour node average energy and node centrality for the selection of a suitable 

CH. Based on these parameters the potential CH is identified. The output has got just one 

variable, outcome. The fuzzy set is now defuzzied to get the crisp output value.  Greater 

the value of the outcome, higher is the probability of selecting that nodes as CH. Any node 

in the WSN network that has adequate power and suitable to do processing can become a 

potential CH candidate. 

6.3.2 Energy Consumption Model 

 Sensor nodes residual energy is one of the main criteria for the selection of CH. The CHs 

require higher energy levels compared to the other non-CH nodes since it has additional 

activities to perform. The network lifetime will end soon, if the energy of the CH node is 

fully depleted. This will result in node death. Energy is consumed when nodes perform 
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data communication. The energy ETx, that is consumed during inter-communication 

between CHs and BS and during intra communication between non-CH nodes and CH and 

is given as follows as in [147]: 

For the CR network, Heinzelman’s energy model [154] is applied. This energy model only 

considers micro-controller processing, radio transmission and receiving. The energy 

consumption, ETx during data transmission includes the size of the data, l in bits and the 

distance d, between the transmitter and the receiver.  

                               ETx = l * Ee + I * Efs * 𝑑2         if d < d0                               (6.3) 

                               ETx = l * Ee + I * Emp * 𝑑4       if d > d0                               (6.4) 

If the distance between transmitter and receiver is short, then free space loss Efs as in 

equation (6.3) is considered otherwise multipath loss Emp is considered as in equation (6.4). 

Long distance data transmission uses equation (6.4) and short distance data transmission 

utilizes the equation (6.3) to calculate the energy consumed during data transmission. Ee 

is the electronics energy and d0 is the threshold calculated using equation (6.5). 

However, for energy consumption calculation for receiving data, the distance is not 

considered. The energy consumed during receiving the L bits data is calculated using 

equation (6.6) 

 

The CHs collects data from the non-CH nodes in that particular cluster and then aggregates 

the data. It is only the CH that communicates with the BS and sends the aggregated data to 

BS. The energy consumed during data aggregation is calculated using equation (6.7).  

                                   ETx = ECH-BS+ Enon-CH-CH                      (6.2) 

                              d0 =√
𝐸𝑓𝑠

𝐸𝑚𝑝
   (6.5) 

                       ERx = L * Ee  (6.6) 
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The node centrality depicts the closeness of a sensor node to the cluster. Initially, every node 

sends a hello message in the network. The neighboring nodes calculate the number of 

neighbors based on the energy of the received signal. The degree of centrality can be 

calculated by computing the distance between neighboring CRs. The distance between the 

CHs and the BS is calculated using the received signal strength indicator (RSSI). The CHs 

receive a signal from BS and an estimate value of power level can be measured. Using this 

value, it is possible to get an estimate of distance between CH and BS. Table 2 shows the 

values used for energy consumption [147]. 

Table 6.1: Energy consumption values 

S.no. Notation Values 

1 Emp 0.0013 pJ/bit/𝑚4 

2 Efs 10 pJ/bit/𝑚2 

3 Ee 50 nJ/bit 

4 Initial 

energy 

1J 

 

 

 

6.4   Proposed Algorithm 

In cluster formation process, at beginning phase, there are no CHs. CRs exchange their initial 

state at the current round and store the data in their local storage. Proposed clustering 

algorithm, EEFC uses fuzzy logic to elect suitable CHs to improve energy consumption and 

network lifetime of the CR system. The input parameters such as node residual energy (Nre), 

distance between CH and BS (dCH-BS), neighboring nodes average energy (NAE) and node 

centrality (Nc) are augmented as input to the fuzzifier. The residual energy of a node is the 

existing remaining energy of the node. This parameter is most vital for CH election. A potential 

CH is the sensor node which has high energy value to carry out the data collection, data 

                       EDA = L * EDB  (6.7) 
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aggregation and data forwarding functionalities. Average energy of neighboring nodes 

parameter is a strong characteristic which shows the energy level of the neighboring nodes. If 

average energy level of neighboring nodes has a low value, then it has an effect on the 

communication between CH and non-CH nodes. Sensor node that has neighboring nodes with 

higher average energy can become a good candidate for being selected as a CH. Distance 

between CHs and BS should be optimum so that the energy that is used in data communication 

is not high. This distance can be calculate using RSSI. Node degree shows the density of nodes 

within the communication radius and node centrality defines how well a node is located in the 

middle of the neighboring nodes [147]. A node that is centrally located has connections to 

most of the other nodes and thereby improves the efficiency of communication between them. 

Therefore, lower the value of node centrality, higher is the possibility of that node to be 

selected as CH. The output parameter of the fuzzy system is chance. It is a crisp value, and 

which finally depicts which node is eligible to become CH. The fuzzified linguistic input 

values or the fuzzy set are converted into crisp values of system output by the inference system 

after defuzzification.   The fuzzy rule base consists of the membership functions and the IF-

THEN rules for fuzzy logic analysis. The linguistic variable for Nre, dCR-BS, NAE, and NC has 

the following membership degree: for example, the membership degree function of node 

residual energy, T1(Nre) is given as “low”, “medium” and “high”.  

T1(Nre) = {low, medium, high}; 

T2(dCR-BS) = {near, medium, far}; 

T3(NAE) = {weak, normal, strong} ; 

T4(NC) = {adjacent, accessible, remote} ; 

The fuzzy linguistic variables of outcome are as follows: very_low, low, fairly low, fairly 

medium, medium, low medium, fairly high, high and very high. Table 6.2 shows the IF-Then 

mapping rule set created by using the fuzzy input parameters.  
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Table 6.2: Fuzzy input parameters 

 

No Residual 

Energy 

Nre 

Distance 

dCR-BS 

Neighbor 

node 

Average 

energy NAE 

Node 

centrality 

Outcome OV 

      1   Low Near Weak Adjacent Fairly low 

2   Low Near Weak Accessible Low 

3   Low Near Weak Remote Very low 

4   Low Medium Normal Adjacent Fairly low  

5   Low Medium Normal Accessible Low 

6   Low Medium Normal Remote Very Low  

7   Low Far Strong Adjacent Fairly low 

8   Low Far Strong Accessible Low 

9   Low Far Strong Remote Very low 

10 Medium Near Weak Adjacent Fairly medium 

11 Medium Near Weak Accessible Medium 

12 Medium Near Weak Remote Low medium 

13 Medium Medium Normal Adjacent Fairly medium 

14 Medium Medium Normal Accessible Medium 

15 Medium Medium Normal Remote Low medium 

16 Medium Far Strong Adjacent Fairly medium 

17 Medium Far Strong Accessible Medium 

18 Medium Far Strong Remote Low medium 

19   High Near Weak Adjacent Very high 

20   High Near Weak Accessible High 

21   High Near Weak Remote Fairly high 

22   High Medium Normal Adjacent Very high 

23   High Medium Normal Accessible High 

24   High Medium Normal Remote Fairly high 

25   High Far Strong Adjacent Very high 

26   High Far Strong Accessible High 

27   High Far Strong Remote Fairly high 
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Algorithm - Energy efficient fuzzy based clustering  

00 

01 

 

START 

Input parameters: 

Fuzzy Input parameters – 

 

Er: residual energy; NC: node 

centrality; dCR-BS: distance 

between nodes and BS; 

02 Output parameter: OV: Outcome value;  

03 Nodes calculate probability of becoming 

CH, (ProbCH) using fuzzy input 

parameters through FIS; 

Ov = ProbCH = FIS (Er, dCR-BS, 

NC ); 

04 Nodes send potential_CH message to 

neighbouring nodes;  

Contains nodes ID and outcome 

value, Ov; 

05 Nodes compare the chance of becoming 

CH with neighbouring nodes  

 

FOR all neighbouring nodes  

IF (Probi
CH) > (Probj

CH) 

      THEN nodei  potential_CH 

             send to node(j): exit_CH election 

ELSE  

            nodei  non-CH  

           send CH_election_exit 

EXIT 

ENDIF 

END 

IF potential_CH = true 

      send invite_to_join; 

ENDIF; 

 

i, nodes ID; 

Probi
CH: probability of becoming 

CH for the node with ID, i.  

 

CH election process; 

 

 

 

exit from CH election; 

 

 

 

 

 

CH selected; 

06 listen to invite_to_join message; cluster formation process 

07 send request_to_join;  

08 CH allocates TDMA to non-CH nodes for 

data transmissions 

data transmission 

 

Figure 6.3: Pseudocode of EEFC 

For example, if the residual energy is low, distance between CH and BS is far, average energy 

of neighboring nodes is strong and the node centrality is remote then the outcome is indicated 

as very low. The chances of that node to become CH is very low. It becomes the non-CH node. 

It broadcasts the potential_CH message packet that contain the node identification number and 

the outcome value obtained by using the fuzzy input parameters, so that the other nodes can 

compare the value and decide to either contend the election or not. If the received value is 
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greater than its own value, the nodes will not enter to contend the election but will wait to join 

the CH to form a cluster, if not then it enters the election process. If the tentative CH receives 

another node’s potential_CH message and if that value is greater than the present tentative CH, 

then it broadcasts a CH_exit message and exits from the election contention. The node that has 

the high value of outcome is elected as the CH. Elected CH advertise by sending the 

invite_to_join message. The non-CH nodes join the CH by sending the request_to_join 

message after they receive invite message from the CH. The nodes that join the CH are in the 

communication radius within its range. Primarily, the elected CH allocates the TDMA 

schedule for the non-CH nodes in its cluster for data communication. The non-CH nodes 

transmits the data in allocated time slot and the CH collects the data, aggregates it and 

forwarded the aggregated data to the BS.  Figure 6.3, shows the pseudocode of the proposed 

EEFC algorithm, where the nodes enter election process to select the CH.  

6.5 Performance Analysis 

The fuzzy logic toolbox in MATLAB is utilized to implement the EEFC algorithm. The input 

variables follow the triangular and trapezium membership function. Mamdani model is used as 

the fuzzy inference system, it is used to map the fuzzified linguistic variable and the output 

linguistic variable. Centroid method is used for the de-fuzzification of the output variable to 

obtain a crisp output value which clearly dictates which node is suitable to be the CH. The 

number of input variables are 4 and the linguistic variables are 3 so therefore the total number 

of rules created are 27 as shown in the fuzzy rule base in Table 6.2. Figure 6.4 shows the fuzzy 

inference system used in the proposed model Figure 6.5 to Figure 6.8 gives the membership 

functions of input variables. The membership function plot for the output fuzzy variable 

“Outcome” is shown in figure 6.9. Figure 6.10 is the rule viewer, it is used to view the entire 

implication process. As the input values change by moving the line indices, a new output value 

is obtained as the system re-calibrates accordingly.   
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Figure 6.4: Fuzzy Inference System 

 

Figure 6.5: Membership functions for NER 

 

 

Figure 6.6: Membership functions for Dist_BS_CH 
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Figure 6.7: Membership functions for NAE 

 

 
 

Figure 6.8: Membership functions for node centrality 

 

 

 

Figure 6.9: Membership functions for Output variable Outcome 
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From the figure 6.10, it is observed that when the residual energy is high (0.942), distance 

between CH and BS is less (3.37), neighbor node average energy is high (0.853) and node 

centrality is low (1.21), then the probability for that node to be elected as CH is high (0.949). 

Thus, it can be seen that as the value of node residual energy increases the chance of that node 

to become a CH also increases. Also, the distance between the BS and CH has to be small in 

order for reduce the communication overhead. When the value of residual energy is low 

(0.452) and the node centrality is high then the chance of that node to become a CH is low.  

 

Figure 6.10: Rule viewer for the selection of CH 

In the surface viewer in Figure 6.11, it is a two input one output instance where the two input 

parameters that are selected are residual energy, Nre and DCH-BS and the one output parameter 
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“Outcome” is selected. It can be inferred from the surface view, that as the residual energy 

increases and distance between CH and BS reduces, the outcome value is high. 

 

 

Figure 6.11: EEFC simulation result 

Performance evaluation and validation of EEFC is done on the basis of FND. The proposed 

algorithm EEFC is simulated in MATLAB and its performance is compared with the 

conventional LEACH and other fuzzy clustering algorithms such as CHEF, and EAUCF and 

is shown in figure 6.12. The result reveal that the first node dead (FND) occurs at round 995 

in LEACH and FND occurs at round 1280 in the proposed scheme. Since LEACH does not 

consider parameters for CH selection and implements only probabilistic approach, it clearly 

shows the poor performance of LEACH in comparison to EEFC. The network lifetime attained 

by EEFC is improved by around 28% compared to the other clustering algorithm. Thus, the 

proposed algorithm demonstrates that energy consumption is saved, and longer network 

lifetime is achieved by implementing EEFC.  
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     Figure 6.12: Network Lifetime 

6.5.1 Implementing EEFC in History assisted Spectrum sensing mechanism 

The performance of the proposed EEFC clustering algorithm is further analyzed by 

implementing it in an infrastructure-based CR network which uses history data for energy 

efficient spectrum sensing. In infrastructure-based CR system, every CR communicates with 

the BS for data transmission and reception. The energy consumption related to communication 

activities is higher than the energy consumed for spectrum sensing because of increased 

overhead traffic and throughput for data transmission compared to that required for spectrum 

sensing. The CRs senses the spectrum using the traditional energy detection sensing 

mechanism and stores the data in its local storage. This spectrum sensed data of every CR in 

the WSN is transmitted to the BS for processing. The energy consumed during the data 

transmission between CRs and BS can be greatly reduced by employing clustering techniques 

[155], where only the elected CHs are allowed to communicate with the BS. Cognitive radio 

(CR) systems have CRs that are battery operated having limited power, therefore for a longer 
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network lifetime, energy consumption efficiency is vital. The analytical engine database in the 

CR system [22], processes the sensed data and   generates a rich history data set. This result 

set has to be transmitted to the CRs and sensed data from the CRs to the database via BS. If a 

selected CH is far from CRs, then considerable energy is dissipated during data transmission. 

CHs must be in ON state throughout the round, in order to collect, aggregate and transmit data 

from non-CH CRs to BS, this overhead results in increase in power consumption.The overhead 

due to data communication could increase the energy consumption of already energy 

constrained CR devices. This issue can be solved by clustering the nodes and selecting a 

suitable CH. The non-CH CRs associate with the nearest CH to form clusters. The CH collect 

and aggregates the sensed data from all other CRs from its cluster. It then coordinates and 

reports the received local sensed data from the CH to the BS. Cluster based co-operative 

sensing has proved to save energy consumption by allowing only the CHs to communicate 

with the BS. The non-CH CRs transmit their data only to the CH which further transmits it to 

the BS. However, the communication overhead between the CRs and the BS results in 

increased energy consumption. Therefore, it is this energy consumption that must be reduced 

which can be addressed by introducing the concept of clustering. 

Therefore, the proposed EEFC clustering algorithm is implemented in history assisted sensing 

scheme to analyze the performance of the overall CR system. Figure 6.13 shows that by 

implementing EEFC in history assisted spectrum sensing mechanism the energy consumption 

is tremendously reduced (around 33.3%). The elected CH allocates time slots for the CRs in 

the cluster for data transmission. The non-CH CRs can only communicate with CH and 

therefore during their allocated time slots, they transfer the data to CH. Using clustering 

mechanism, the communication between the non-CH CRs and BS is prevented, thereby greatly 

reducing the energy consumption.  
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Figure 6.13: EEFC in history assisted spectrum sensing 

Chapter Summary 

Wireless devices that are battery operated desire to achieve prolonged operating time by 

reducing energy consumption. Clustering mechanism saves more energy compared to the flat 

architecture of non-cluster systems. Proposed clustering algorithm EEFC utilises fuzzy logic 

with fuzzy variable inputs such as Nre, dCH-BS, NAE, NC and results in output OV. Higher the 

value of Ov, higher is the chance for the sensor node to become the CH followed by cluster 

formation. To analyse the performance of the system, EEFC was applied for data 

communication between CRs and BS. Performance analysis indicate that the network lifetime 

of the system is improved by using fuzzy logic-based scheme compared to the traditional 

LEACH algorithm and other fuzzy base clustering algorithms such as CHEF and EAUF. 

Results also showed the impact of proposed method when implemented in history assisted 

energy efficient spectrum sensing scheme, resulting into overall 33% reduced energy 

consumption thereby making EEFC a striking technique for CR networks which employ 

cooperative spectrum sensing in a clustered network.   
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Chapter 7 
 

7 Conclusion and Future Work 

7.1 Conclusion 

The demand for radio spectrum has tremendously increased over the years due to the 

enormous advancement in wireless applications and continuous development of emerging 

technologies. The rigid and strict management and regulation of radio spectrum has 

rendered spectrum a restricted resource which has resulted in inefficient usage of licensed 

bands. Therefore, to alleviate the spectrum scarcity issue and make effective usage of 

licensed bands, the context aware, intelligent and adaptive cognitive radio technology is a 

key enabling solution. The capability of CRs to automatically assess its surrounding 

environment and the ability to detect the available spectrum holes has given the means to 

opportunistically access the bands without creating any interference to the licensed users.  

Spectrum sensing is one of the fundamental processes in CR technology, for identifying the 

spectrum holes. Efficient spectrum sensing for enhancing the network. However, continuous 

sensing of spectrum will affect the network lifetime of the CR devices. Managing the power 

consumption for battery operated CR devices has become a huge challenge. These power-

constrained cognitive radios require energy efficient mechanisms to extend the network 

lifetime of the CR system. Thus, the main objective of this thesis is to model, develop and 

implement a novel energy efficient spectrum sensing scheme for identifying spectrum 

holes/white spaces. This chapter, summarises the research work, presents the achievements 
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of the research goals and shows some limitations of the work.  In addition, this chapter 

suggests enrichments in the research work and describes future research directions. 

The conventional spectrum sensing schemes are discussed in chapter 2. Comparative 

analysis of the different sensing mechanism is presented. It reveals that ED is simple and 

easy to implement, with low computation cost. On the other hand, implementation of CFD 

is complex with high computation cost. However, sensing accuracy is higher in CFD in 

comparison to ED. These 2 traditional spectrum sensing schemes are implemented in the 

proposed spectrum sensing scheme later in chapter 4. Readers are introduced to the history 

assisted spectrum sensing mechanism in chapter 3. A detailed model of the proposed 

spectrum sensing technique is explained in chapter 3. The local sensed data of the CRs is 

transmitted to the analytical engine database (AED) through the BS.  The AED analyses, 

computes and produces a rich history dataset. This rich history data is transmitted to the 

CRs, which utilises its own intelligence and the history data to create sensing decision 

making data. By using this scheme, CRs can make efficient spectrum sensing decisions 

resulting in reduced spectrum sensing frequency which further results in reducing 

percentage of energy consumption. ROC curves display the key performance indicators PF,, 

PD and PMD and further the results show that as the history dataset becomes rich over the 

time period, the CRs utilises this data and computes to determine whether PU is present or 

absent and the number of scan is significantly reduced thereby reducing the energy 

consumption associated with spectrum sensing. A detailed analysis of energy and 

performance analysis in presented in chapter 4. Further, the scheme is optimised to reduce 

energy consumption. By optimising the trigger points, the effective energy saved is 

improved from 50% to 60%.   In the proposed history assisted spectrum sensing scheme 

proposed in chapter 3, it did not implement any medium access control layer for 

communication between the CRs and base station but assumed that the SUs will only be 
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communicating with the infrastructure in the available contention free slots. Therefore, to 

achieve a complete system and close the gap in the research, an energy efficient mac 

protocol, GCSA was proposed in chapter 5. This provided bidirectional communication 

between CRs and BS and furthermore achieved energy conservation by allocating CRs into 

different groups based on priority and letting only the CRs in priority group to be active 

mode and putting all other CRs into sleep mode.  After implementing the proposed GCSA 

mac protocol in the history assisted CR system, simulation results showed that the energy 

saved is around 20% than that the standard IEEE 802.11e Hybrid coordination function 

power saving mode (HCF-PS).   Many research works have proposed that cooperative 

clustering sensing mechanism is an energy efficient mechanism. Network lifetime of a 

system greatly depends on the amount of energy consumed during processing and data 

communication. Clustering mechanisms prevents every node from communicating with the 

BS by electing a cluster head (CH) based on certain parameters. It is only the CHs that 

communicates with BS. The CH collects, processes and forwards the data from non-CH 

CRs to BS. Based on this, an energy efficient clustering algorithm EEFC, is proposed in 

chapter 6 for cluster head selection and cluster formation based on fuzzy logic which uses 

the fuzzy parameters such as node residual energy, distance between BS and CRs, neighbour 

node average energy and node centrality. Since the fuzzy logic in clustering algorithm 

tackles the vagueness and uncertainty it makes the measurement of the input fuzzy 

parameters a simple task. EEFC when implemented in history assisted CR system reduced 

33% of overall energy consumption of the system. Further, based on the research work some 

enhancements that can be implemented for future work are presented in the next section.  
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7.2 Critical Analysis 

The conventional spectrum sensing techniques, ED and CFD are used in the research 

work, with ED being used predominantly because of its ease in implementation and low 

computational cost. Accurate sensing results may not be achieved at low SNR values when 

ED is used. This can be overcome by considering a hybrid approach where more than one 

sensing technique could be implemented to generate accurate sensing results depending 

on whether it is coarse or fine sensing. Further, the scenario of a single PU is used for ease 

of implementation, while in real world environment there could be more than one PU.  In 

addition, the PU activity is modelled as 2 state Markov model which changes states only 

after a periodic cycle. A dynamic PU which can change states during the spectrum sensing 

will give a realistic scenario. Also, using two state Markov chain model may not give 

proper prediction of PU activity. This can be resolved by using hidden Markov models; 

however, this is more complex compared to the 2 state Markov chain model. Furthermore, 

for optimisation of sensed data transmission energy consumption, only the data level and 

time threshold parameters are used. Other parameters such as latency could be considered 

which would further reduce energy consumption and improve network lifetime. Finally, 

though the proposed mac protocol improves energy efficiency of the system however, 

there is a trade-off with respect to the throughput. This can be tackled by implementing 

the IEEE 802.11 ac standard which provides higher throughput.    

7.3 Future Work 

Research work in this thesis has offered some novel insights on spectrum sensing 

particularly on achieving energy efficiency. However, there are opportunities for 

enhancements that can be implemented for future work and are presented in this section.  
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· At present, the AED is assumed to generate the rich analytical history data set. 

Further work can be done on the algorithm to generate effective analytical data set 

based on machine learning (ML).  

· Event streaming is a cutting-edge technology in which the wireless networks become 

self-optimised and self-managed. Instead of storing the sensed data in the local 

storage, the data could be transmitted instantly in near real time for effective 

estimations [141].  

· Co-operative spectrum sensing can be employed in future to improve the spectrum 

sensing.  

· Fuzzy logic is implemented in clustering algorithm in chapter 6 to select CHs which 

are used for communication between non-CH CRs and BS. The research work can 

be extended by selecting a super CH among the CHs which would improve the 

network lifetime of CR systems. Only the super CH will communicate with BS.  

· CR networks are vulnerable to security threats because of its unique features and this 

may lead to interruption of normal functioning of the system. In co-operative sensing 

mechanism, a malicious SU would transmit false local sensing information to the 

central node. This will increase the chances of SUs missing the opportunity to access 

the available bands and increases the interference with the PUs. Eventually 

degrading the performance of the system. Mitigating security issues at transport and 

data link layer could be a potential future work.    
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