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Abstract 

Cognitive radio network (CRN) has grown as an alternative communication method with the 

evolution in the communication technology. A great deal of research, to utilize the most 

important resource of the mobile network i.e. bandwidth, is highly being pursued. The concept of 

the cognitive radio in CRN allows us to utilize the bandwidth opportunistically.  

There are two critical resources in cellular network systems: the radio spectrum (bandwidth) and 

the energy. These two resources majorly affect the Quality of Service (QoS) and the channel 

capacity. Therefore, in the recent past, better bandwidth utilization in mobile communication 

systems has been a significant research area in the telecommunication field. As radio spectrum is 

limited and there is an enormous growth in the wireless communication services, including 

spectrum hungry multimedia applications, efficient and effective spectrum resources utilization 

has been continuously an exciting research area for the last two decades. 

The upcoming 5G network is supposed to offer up to 1000 times the system capacity and at least 

10 times the spectral efficiency over 4G network. The 5G cellular networks are expected to have 

a very low latency of 1ms compared to 4G cellular network latency which is up to 15ms. Also, 

the availability of 99.99%, the peak data rate of more than 10Gbps etc. are some other features of 

5G. For the massive number of users, fulfilling the needs of a higher data rate for services and 

providing the increased capacity of the network is a very challenging task. To address these 

challenges, innovative technological capabilities with new mechanisms are required to exploit 

the available radio spectrum. 

To address the problem of the spectrum scarcity for multimedia services and its demand of high 

data rates, cognitive radio (CR) has emerged as one of the core and prominent technology along 

with Non-Orthogonal Multiple Access (NOMA), multiple-input and multiple-output (MIMO), 

and relay technology for the next generation cellular systems. The opportunistic channel 

utilization characteristics of CR make it a suitable candidate to offer a good solution to the 

efficient and effective spectrum utilization in 5G cellular networks. CR works on the concept of 

software-defined radio (SDR) using which a significant range of radio frequency (RF) bands and 

air interface modes are managed. Contrast to traditional cellular networks, cognitive radio 

networks work intelligently and adjusts its functional parameters based on the status of the 

network environment and utilizes the valuable network resources more efficiently and flexibly. 
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The SDR provides flexible radio architecture to the CRNs, which enable CR devices to operate 

on different transmission power, frequency, and modulation type using their cognitive capability.   

Two types of users exist in CRN; primary users (PUs) and secondary users (SUs). The licensed 

spectrum of the CRN belongs to PUs and they allow SUs to share their spectrum in such a way 

that does not affect and degrade their own performance. In CRN, SUs entirely depends on the 

availability of spectrum holes for their services. The availability of spectrum holes depends on 

the PUs activities as well as accurate detection of the free channels. The spectrum hole detection 

and its proper allocation for SUs services improves the QoS of the network as well as the quality 

of experience (QoE) of the users. Due to unpredictable nature of the availability of spectrum 

holes, it is usually not possible to guarantee the QoS and QoE. In CRN, SUs are equipped with 

cognition capabilities that may sense the available frequency in the heterogeneous wireless 

environment that consists of various service providers/base stations etc. However, such a 

heterogeneous network environment faces the challenges of fluctuating number of available 

channels as well as complicated mobility situation. In CRN, the need for efficient and adaptable 

channel utilization by SUs imposes new challenges and open research issues for designing 

adaptive schemes of channel allocation. 

This thesis proposes few models for better channel utilization in CR enabled cellular network. 

The proposed models, in this thesis, are developed on fundamental assumptions that the future 

5G mobile devices are expected to have cognitive capabilities and operate on dynamically 

varying environment. The significant contributions of the thesis are discussed in the following 

paragraphs. 

We presented the basic concepts and principles, including different approaches of 

communications such as underlay, overlay, and interweave. QoS and QoE are the two crucial 

aspects in terms of service quality assurance and users satisfaction. These aspects have been 

discussed in detail, along with the related research activities reported in the literature. 

A model is proposed based on a new concept in which PUs are also cognitive enabled and can 

opportunistically use the free spectrum of collocated base stations of other service providers. SUs 

are also provided access to the free spectrum of all the collocated base stations. This provides 

wider access of free spectrum to SU and improves the overall QoS and QoE of both primary as 

well as secondary services.  
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Next, a model is conceived to address the channel allocation problem which allocates channels 

based on the service requirements (in terms of bandwidth). This model takes care of fairness in 

channel allocation by accommodating more service requests by allocating at least some 

minimum amount of channels to the services so that the service may start and continue. When 

some channels, occupied by some services are freed, those channels are allocated to the currently 

running services that are falling short of channels to meet their overall channel requirements.  

Thereafter, channel allocation mechanism in CRN is investigated using the concept of channel 

aggregation (CA) and channel fragmentation (CF). Channel aggregation (CA) is one of the key 

techniques which improve the communication system efficiency by aggregating the small chunk 

of distributed or discontinuous radio frequency. Using CA, it has been possible to combine 

multiple idle channels and utilize them as one bonding channel to serve the request. In this 

scheme, channel fragmentation (CF) has been used to accommodate more service requests. This 

improves the overall performance of the network in terms of throughput and utilization of system 

capacity. In the next model, a mechanism for dynamic aggregation based channel allocation in 

CRN has been developed. This applies the concept of probabilistic handover of secondary 

services. Also, this model attempts to minimize the call blocking and the call dropping by 

splitting the allocated bandwidth dynamically. 

Finally, concluding remarks are drawn where the findings and contributions of the thesis have 

been highlighted. Future direction of research has also been set which may lead to a possible 

extension of the work proposed in this thesis with some other existing gaps identified in this 

research area. 
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Chapter 1 

Introduction 

This chapter introduces the problem, addressed in this PhD work, and the related issues. 

1.1 Thesis Motivation 

With the evolution in communication technology, cognitive radio network (CRN) has grown as 

an alternative communication method. A great deal of research is highly being pursued in this 

research field. The CRN allows us to utilize the bandwidth opportunistically. In this chapter, the 

motivation for using CRN as a solution for utilizing channels opportunistically for the secondary 

users (SUs) in a cellular network is explained. Cognitive radio technology (CRT) is being 

established as a promising alternative for the upcoming 5
th

 Generation (5G) mobile 

communication. This chapter gives a background on cognitive radio based cellular network, 

which is efficient, effective and offers good QoS as well as QoE to its users. For effective 

spectrum utilization, the efficient solutions for channel allocation problem in CRN has been 

considered for the upcoming 5G cellular system.  

This chapter presents the thesis’s aim and contrition with an overview of the thesis organization. 

Technological advances in the cellular system and the innovative development of handling 

wireless devices have resulted in the proliferation of mobile computing. The past three decades 

have witnessed the enormous growth in the telecommunication area. These evolutions have 

given the telecommunications industry the capability to provide ubiquitous information and 

provide efficient, reliable and cost-effective communication. Spectrum in wireless mobile 

systems has always been considered a very scarce resource. With rapid population increase of 

mobile users and incremental growth of the multimedia applications, more communication 

channels are required for better telecommunication services. As mobile users continue to grow 

exponentially with the massive bandwidth requirements of multimedia applications, there is a 

necessity to utilize the bandwidth efficiently. Efficient spectrum utilization is also associated 

with the cost-effectiveness of the mobile services.  

Radio spectrum is instrumental in technological innovations in the field of wireless 

communication. The future 5G cellular system aims to offer the interconnection of huge number 
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of active devices in the wireless network across the globe. In the year 2019, the expected global 

mobile data traffic was 29 Exabyte (EB)/month which is expected to increase to 77 Exabyte 

(EB)/Month by 2022 [1]. According to CISCO report, “globally, the total number of Internet 

users is projected to grow from 3.9 billion in 2018 to 5.3 billion by 2023” [2].  

According to an estimate, presented in [3], it is anticipated that from 2020 to 2030, global 

International Mobile Telecommunications (IMT) traffic will have a massive growth to the tune 

of 10–100 times. With such increasing number of billions of wireless devices connected to the 

Internet, providing smooth radio spectrum access will be a big challenge in the years to  

come [4].  

Bandwidth and energy are two essential resources for the wireless communication. These two 

resources majorly affect the QoS and the channel capacity. Therefore, better bandwidth 

utilization in mobile communication systems has been a major research area in the 

telecommunication domain in the recent past [4]-[14].  

Resource management, mainly spectrum allocation, is an essential function of wireless 

communication systems. Proper spectrum allocation is one of the key requirements to utilize the 

available channels effectively. As the available spectrum is fixed and used by the appropriate 

licensing and control, it is essential to use the spectrum to the maximum extent possible to meet 

the ever-increasing demand of various services, including internet of things (IoT), video 

conferencing, gaming and other multimedia applications which often eat up more spectrums. 

Through regular academic and industrial research attempts are being made to develop efficient 

resource allocation mechanisms for better utilization of the available radio spectrum, possibility 

still exists with the introduction of the newer technologies. The cellular system’s users are 

interested in getting higher bandwidth, flexibility in service provider selection, reliability, 

security, QoS, QoE and, low cost of spectrum uses. Concurrently, service providers desires less 

complex system, low infrastructure investment and management cost, scalability, security, fault 

tolerance, sound business models etc. [15]. Fifth-generation (5G) cellular networks is emerging 

as a significant driving force for information and communications technology (ICT)  applications 

and research due to its core objectives of reliability, very high data rate, QoS and QoE for 

multimedia applications with low latency and other related benefits, [13], [16].  
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With the growing demand for the radio spectrum, its effective utilization is one of the key  

concern in wireless communication systems. Cognitive radio (CR) has been considered as one of 

the promising technology for solving the spectrum scarcity [17]-[18]. The core idea behind CR 

technology (CRT)  is its dynamic spectrum access capability, which can utilize the idle spectrum, 

called white spaces, without affecting the licensed users’ rights. CRT also facilitates reuse of the 

available radio spectrum. However, often CR has a limiting factor of spectrum reuse because of 

the interference caused by the environmental factors such as noise or maybe due to other radio 

transmissions [17]. 

CR’s inherent features such as flexibility, adaptability, interoperability, and integration with 5G 

cellular networks may provide the capability to address some of the issues, including better 

channel utilization. These features place CRT among the technologies and techniques that have 

been identified as enablers for the 5G wireless. CR provides an opportunity to use licensed 

spectrum by the unlicensed users opportunistically [4]-[5], [9]-[10], [19]. 

1.2 Cognitive Radio Network (CRN) 

The concept of CR was first introduced by J. Mitola [19]-[20] to enhance the spectrum utilization 

by using the free spectrum of the licensed users by the unlicensed users opportunistically. The 

upcoming 5G cellular systems will house a good number of heterogeneous devices capable of 

using both the licensed frequency band and the unlicensed frequency band. Proper use of CR 

technology in 5G cellular systems can increase its spectrum efficiency significantly [13], [21]. 

Cognitive radio provides the sharing of radio spectrum between licensed users, also called 

primary users (PU) and unlicensed users called secondary users (SU) in a non-transparent 

manner. This sharing of spectrum may be implemented by opportunistic sharing or negotiated 

sharing. Opportunistic spectrum sharing allows a cognitive user to utilize the radio spectrum 

when the primary or licensed spectrum is not being used by its licensed users [4], [8], [22]. CR is 

an intelligent communication mechanism capable of sensing and dynamically accessing the radio 

resources. In a cellular network, CR has the capability to increase the utilization of radio 

spectrum in the network by its adaptive features, i.e. opportunistic and shared radio spectrum 

access [4]. 

 



4 
 

1.2.1 Dynamic Spectrum Access 

The term dynamic spectrum access (DSA) is used in a broader context which includes activities 

and operations such as spectrum access, spectrum pooling, spectrum allocation, spectrum 

management, and its regulation activities [23]. DSA is used as an alternative policy for efficient 

utilization and management of spectrum [19].  

Static allocation methods, which allocate the channels to its users once and sticks to it till the 

completion of the communication, are unable to utilize the available channels fully. This 

problem is overcome in DSA using CR technology (CRT). Using DSA, the same spectrum band 

can be utilized among multiple users by spectrum sharing [11]. Cognitive Radio (CR) has been 

accepted as a 5G technology for efficient spectrum utilization by the opportunistic spectrum use 

through DSA. CR also provides low-cost expansion for wireless systems [24]. The challenge of 

large bandwidth requirements of 5G cellular systems can be significantly addressed by 

employing the CRN [25]-[27]. CR is considered as a useful technology for communication due 

to its characteristics of efficient spectrum utilization, maximizing throughput, mitigating 

interference, facilitating interoperability, accessing secondary markets, etc. [17]. 

US spectrum licensing agency, Federal Communications Commission (FCC), states “A cognitive 

radio (CR) is a radio that can change its transmitter parameters based on its interaction with the 

environment in which it operates. This interaction may involve active negotiation or 

communication with other spectrum users and/or passive sensing and decision making within the 

radio. The majority of cognitive radio will probably be Software Defined Radio (SDR),  

but neither having software nor being field reprogrammable are the requirements of cognitive 

radio” [28].  

1.2.2 Software Defined Radio 

“CR is based on Software Defined Radio (SDR) that was proposed in order to liberate the radio 

networks from the previous dependencies on hardware characteristics such as frequency bands, 

channel coding, and bandwidth” [29]. The transceiver of a CR has the ability to operate on 

varying frequency bands. Therefore, CR uses SDR to dynamically adjust the transmitter 

operating parameters i.e. carrier frequency, modulation and transmission power [30]. In other 

words, by adding programmability to radio devices with the help of SDR, it becomes more 

flexible in operation and can use different spectrum bands with different modulations. CR mainly 
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aims to find the best available spectrum for the secondary users (SU) that does not interfere with 

primary users (PU) [30]. In addition to SDR features, CR has some added features such as 

controlling transmission power, channel identification and, radio scene analysis [29]-[31].  

The significant difference between SDR and CR is that SDR is a radio set in which most of the 

radio and intermediate frequency functionality is performed in digital form whereas CR works as 

a control entity that assists the SDR to determine the operating parameters in the specific 

networking situation [15].  

Using cognitive capabilities, CR opportunistically uses the available bands and increases the 

overall spectrum utilization compared to the traditional fixed spectrum assignment approaches. 

In CRN, SUs transceiver can shift to different frequency bands and control the transmission 

power according to the availability of the spectrum holes and QoE requirements of the PUs. 

Hence in CR channels, types of frequency modulation, level of transmission power are 

dynamically adjusted using the software. This process ensures the QoE and increases the 

throughput of the system. The spectrum handoff in CR also varies from a traditional handoff of 

wireless networks where handoff occurs due to the users’ mobility or poor signal quality. If a PU 

is using the spectrum, a cognitive user should not attempt to access the spectrum; otherwise, a 

cognitive user may use the free spectrum to communicate the SUs [32].  

1.3 Radio Spectrum/Frequency Channel and Frequency Bands 

As given in the literature, primary users are the licensed users. They have the priority in using 

the spectrum over the secondary users. Primary users have their own licensed channels while 

secondary users do not own the channels. SU totally relies on the unutilized channels of the 

primary users. Upon the generation of a primary user request, secondary users need to vacate the 

licensed channels of primary user even if it is using one. Before vacating the channel, maybe 

some available free channel is allocated to the secondary user using spectrum handover [33]-

[34]. If no free channel is available, secondary service will be preempted and resume/repeat later 

when channel becomes available.  

In wireless communication, different frequency bands are used by various radio transmission 

technologies for providing communication services. For proper operations and management, 

allocated frequencies are logically divided into bands. Frequency bands are the representation of 

logical range of frequency. The frequency bands are seen as licensed or unlicensed, depending 
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on its usage rights assigned to them. Basically, licensing provides exclusive rights to the users 

for a specific range of frequency which ensures that this frequency band can be used without any 

interference from other wireless users. The total radio spectrum is approximately in the range of 

3 kHz to 300 GHz. For managing the radio spectrum, regulatory authorities have organized them 

into bands with specified usage for the different services, including cellular, fixed and satellite 

communications. Bands are further divided into channels under the legal binding usage 

mandates, both nationally and via international agreements [35].   

The International Telecommunications Union (ITU) manages frequency band worldwide in 

coordination with the governments of most of the countries. Global management of the radio 

frequency is one of the vital activity of ITU. The ITU’s Recommendation Sector (ITU-R) 

manages the radio frequency spectrum. Also, ITU standards are fundamental to the operation of 

today’s advanced wireless. The ITU-R is responsible for identifying frequency bands for almost 

all types of wireless communication worldwide including aviation, broadcasting, mobile 

communications, public protection & disaster relief, and satellite services [36].  

Spectrum is categorized as a licensed and unlicensed spectrum; the FCC has allocated the 

spectrum for both. The Office of Engineering and Technology (OET), a unit of FCC, advices on 

the policy as well as technical issues related to spectrum allocation and uses. As many of the 

useful radio spectrum bands are already allocated; it is nontrivial to find vacant bands for new 

applications and for improving the existing applications. According to the FCC observation, 

most of the time a good portion of the allocated spectrum is underutilized; whereas an unlicensed 

spectrum is being exhausted by rapidly growing wireless service and applications. Also, as per 

the FCC report, the spectrum utilization varies geographically and temporally between 15% to 

85% [28], [37]. 

Furthermore, as per FCC survey [28], [38] the radio spectrum usage is non-uniform where some 

portions are highly used and some others are underutilized. Thus the licensed spectrum, which its 

licensed users are not currently using, can be sensed and used by an unlicensed user for its 

services. The available free spectrum of licensed users is random, non-continuous and 

changeable [39]-[40], hence traditional frequency access mechanisms such as time division 

multiple access (TDMA), frequency division multiple access (FDMA), and code division  

multiple access(CDMA) are not suitable for CR and 5G communications as they are based on the 

continuous and fixed spectrum allocation [40]. In CR, the availability of spectrum is decided 
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through spectrum sensing. Due to rapid growth in global mobile data traffic, there is an 

immediate need for a good mechanism design for utilizing the available spectrum to its 

maximum possible extent. The invention of the CR is with the objective to enhance the spectrum 

utilization and efficiency [4].  

For 2G/3G/4G cellular communications, mainly frequency range of 700 MHz to 42 GHz is used. 

Also, for some transmission, 400 MHz and 70/80 GHz range is used. The frequencies are 

allocated by ITU Radio communication Sector (ITU-R) through World Radio communication 

Conferences (WRC) on both a primary and secondary basis [36], [41]. In the upcoming 5G, a 

large amount of spectrum will be required for providing services to high capacity broadband 

multimedia applications.  

There are many cellular bands centered around 800/900 MHz, 1.8/1.9 GHz, 2.1 GHz, 2.3 GHz, 

and 2.5 GHz. These bands are suitable to serve the mobile users who are in a cells coverage area. 

The CRN service area is also generally the same region of the cellular network cells coverage 

area. The high demand of mobile broadband and breakneck data transfer speed in the range of 

gigabits, emerging IoT applications, smart city applications with a very large number of wireless 

sensors and many more such services are compelled to search for additional bands. It is expected 

that an additional 1000 or so MHz will be required to fulfill the demand of mobile broadband by 

2020 [36]. 

The ITU uses the term IMT-2000 for 3G systems and IMT-Advanced for 4G systems.  For 

upcoming 5G systems, ITU is using the term IMT-2020. Collectively all these 3G, 4G and 5G 

are   identified as IMT. With the development in technology, IMT systems are becoming more 

capable of continuously enhancing user requirements and the latest technology trends [42]. To 

meet the massive requirements of increased data traffic with high reliability and low latency, it is 

compulsory to enable the transmission bandwidths for supporting very high data rates. For 

increasing capacity, 5G must use an extended range of frequencies to meet its massive data 

traffic requirements with a very high data rate. This frequency range includes higher frequency 

bands and also the new spectrum range below 6 GHz [42]. For 5G wireless communications, 

relevant frequency ranges are from below 1 GHz up to approximately 100 GHz. From the 

perspective of broader coverage and high data range requirements of 5G, spectrum range below 

6 GHz is an important part of 5G IMT [42]. 
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In telecommunication, bands are divided into channels and bandwidth, and subsequently, this 

converts into per-user data rate. As the frequency channels are unpredictable and beyond 

anyone’s control, mapping them in more bps/Hz/km
2
 (bits per second per Hertz per square 

kilometer) is very challenging often referred as system spectral efficiency. To handle this 

challenge, in addition to enormous innovations in wireless communication, almost every 

generation of mobile communication has exercised a new multiple access method with some 

improvement over the previous one. In 2G systems, FDMA and TDMA techniques have been 

used. The 3G systems use CDMA with LTE, WiMAX. The 4G systems are based on OFDMA 

(Orthogonal FDMA). Thus, it can be envisioned for 5G that it will be using a combination of the 

existing access methods with sufficient improvements or one or more new and improved 

multiple access methods [36]. In CRN, different frequency bands including Ultra High 

Frequency (UHF), cellular and fixed wireless access bands can be used for transmission. 

Currently, for Television (TV) broadcasting, UHF band is used. As FCC policies [43], CRN may 

use the TV spectrum not used by PUs for the SUs services [44]. 

1.3.1 Channel Capacity 

For sending/receiving information, the communication channels are used as a medium (wired or 

wireless). In cellular communication, frequency channels are used to carry information from the 

base station to the user and vice-versa. The rate of transmission of information is represented 

using channel capacity. Using the famous Shannon–Hartley theorem, channel capacity is 

expressed as given in equation 1.1 [36]: 

  C         (1 
 

 
) (1.1) 

Where, CC is channel capacity in bits per second, BW is channel bandwidth in Hertz, S is 

average received signal power measured in watts, and N is the average noise or interference 

power measured in watts. 

In channel allocation, one of the basic concepts of data communication i.e. multiplexing is used. 

There are many techniques of multiplexing, such as frequency-division (FD), time-division (TD), 

or code-division (CD). In FD, frequency spectrum is divided into disjoint frequency bands with 

each channel being assigned to a unique frequency range, whereas in TD separate channels are 

achieved by dividing the signal into different time slots. In CD, the channel separation is  
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achieved by using special coding schemes. Further, more complex techniques can be designed 

based on a combination of TD, FD and CD techniques. For example, with a combination of TD 

and FD, a hybrid technique of multiplexing have been developed, which will divide each 

frequency band of an FD scheme into time slots. Irrespective of the access technology (FDMA, 

TDMA, CDMA), the system capacity can be measured in terms of effective or equivalent 

bandwidth [45]-[46]. In OFDMA, the available spectrum is divided into orthogonal sub-carriers 

grouped into subchannels. OFDMA applies multi-access technique by allocating the users to 

different groups of orthogonal subchannels. In OFDMA, the system capacity can be measured in 

terms of effective or equivalent channels [47]. According to the Ericsson paper [48], the 

upcoming 5G network will incorporate LTE access, based on Orthogonal Frequency Division 

Multiplexing (OFDM) for providing good coverage to the mobile users. 

1.4 The Channel Allocation Problem 

In wireless communication, frequency bands are referred as the range of frequencies that are 

used for the transmission. If a frequency band has a broad range, it can transmit more data. A 

simple rule of thumb is “more the frequency, more the data rate” [49]. 

A cell is the basic geographic unit of a cellular system in which radio bandwidth is divided into 

channels. Only a fixed set of channels are available for the entire network. A channel or group of 

channels can be used to support a call or communication session. These channels are represented 

in terms of frequency channels, time slots, or modulation code. These channels, in a certain cell, 

are used for communication and further system allows the same channel to be reused in other 

cells provided these cells are at least the minimum reusable distance apart from the current cell. 

In figure 1.1, a reuse plan of seven channels, namely A, B, C, D, E, F and G in the cellular 

system, is given. Cells that can use the same channels are called co-channel cells. 

 

Figure 1.1: Concept of Channel Reuse in a 7 cell Cluster [50] 
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For better channel utilization, a simultaneous use of the channels by different cells are possible 

only if the distance between each pair of cells is greater or equal to the minimum reuse distance. 

The minimum reuse distance depends on the radius R of the cell and the minimum SIR (signal to 

interference ratio) also known as CIR (carrier-to-interference ratio), one of the most basic level 

interference caused by the proximity of other cells sharing the same channels. One of the 

objectives of channel allocation algorithms is to allocate channels to minimize the CIR. 

During the design of a cellular system, extensive planning is required. In cellular system 

modeling, the important technical challenges include interference mitigation, radio resource 

allocation, mobility management & handoff, self-organization and learning. Some other 

challenges are to manage QoS and QoE, along with the fairness in offering the services. The 

overall environment of cellular networks is dynamic because of the landscape’s geographical 

nature, operating frequency, and user movability/speed. The cell landscape has a significant 

influence on the radio characteristics and the throughput of the system.  

The system design includes determining cell sites cleverly to get the clear and attractive needs 

for communication at present and in the near future in terms of users’ load. The more the number 

of cells, the more the cost and complexities are involved in the system setup and operations. In 

real life, the size of different cells in a cellular system varies, particularly between rural and 

urban areas. In rural areas, few and large cells are sufficient to meet the needs as the users’ 

density is less. The radius may be in the range of 2-4 kilometers. There is a need for smaller and 

more numbers of cells in denser populated areas like business centers and highly populated 

residential colonies, serving an area of radius down to about 500 to 1000 meters. In 5G cellular 

system, to meet the needs of the densely populated parts of the cities, it is better to use cells 

consisting of a short section of a street (micro cells) or a room or even a floor of a building 

(picocells). 

Through spectrum analysis, prediction of channel capacity and channel state information (CSI) is 

performed for the channels which are to be used by the CR transmitter. CR uses a spectrum 

decision process to determine the data rate, the transmission mode and, the bandwidth of the 

transmission. Based on the spectrum, CR selects the most appropriate spectrum band for the 

transmission. After spectrum sensing, CR adapts the transmission parameters based on the 

sensed information for optimal performance using reconfigurability. CR can be programmed to 

transmit and receive different frequencies. It can also use different access technologies by its 
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appropriate hardware design. CR reconfigurable parameters include operating frequency, 

modulation, transmission power, and communication technology.  

Issues that affect the channel allocation planning and execution, in a usual scenario in cellular 

systems, includes: 

 Whether the application is hard real-time, soft real-time or non real-time, 

 Whether sufficient dedicated channels are available for system control activities, 

 Whether transmitter power for the entire BS and the Mobile users are similar, 

 Whether the system is scalable for high load or not, 

 Whether system performance under heavy load and light load are similar, and  

 Whether services offered to different users are fair or not. 

The OFDMA, is widely used as a feasible technology for mobile communication systems due to 

its ability to allocate power, rate and frequency optimally among the subcarriers [51]. Due to its 

features of adaptive parameter adjustment and dynamic allocation, OFDM is widely used in 

wireless communication [52]. 

The signal to interference ratio (SIR) is a commonly used metric to characterize the quality of a 

communication link. In OFDMA network, co-channel interference (CCI) is a major challenge 

considering the aspiration of full frequency reuse. In OFDMA, co-channel interference occurs 

mainly when multiple users transmit on overlapping frequency bands simultaneously. Hence in 

the downlink of an OFDMA system, such interference is confined to inter-cell interference, as 

users within a given cell use orthogonal sub-carriers. One significant advantage of OFDMA is 

that any two MSs that belongs to two different BSs, can be assigned same subcarrier if the SINR 

(signal-to-interference-plus-noise ratio) of that subcarrier is higher than given threshold SINRmin 

[53]. 

To gain more from the communication network, it is necessary to adopt an objective quality 

measure that addresses users’ QoS perspectives and is suitable for the service providers’ business 

perspectives. A critical QoS parameter, from the perspective of service providers, is throughput 

as it represents the amount of data being transferred through a channel in unit time. However, 

from the users’ viewpoint speedy service is more important. 
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The bandwidth-hungry multimedia applications require more bandwidth, either in the uplink or 

in the downlink channel. For example, Internet access is a bias towards downlink. Hence for 

such applications, uplink and downlink resources need to be allocated accordingly. The OFDMA 

uses Time Division Duplexing (TDD) techniques for allocating varying number of channels/slots 

in uplink and downlink for services with biased resource requirements [54]. There are different 

aspects of fairness in wireless communication, including sharing channels fairly among the users, 

fair consumption of energy, and fairly satisfying QoS and QoE requirements of the  

users [55]. 

While serving the users request in the CRN, it is appropriate to consider the service request’s 

nature. In the plethora of emerging services e.g. Internet Protocol Television (IPTV), mobile 

gaming, video conferencing, smart city, health care and IoT applications, a few classes of 

services are critical and important as compared to others. Therefore, it becomes obvious to give 

more importance to some traffic classes than others while allocating the channels. Hence, during 

high system load, low priority services should be blocked before high-priority services using the 

DSA mechanism. In 5G heterogeneous environment, managing priority by admission control 

becomes an exciting problem of the dynamic spectrum allocation [9]. 

The upcoming 5G communication systems is supposed to offer 10 to 1000 times of the system 

capacity and at least 10 times the spectral efficiency of 4G networks. Also, offering ultra-low 

latency of less than 1 millisecond, availability of 99.99%, and peak data rate of more than 

10Gbps are some other requirements. These challenges are being researched by industry and 

academia extensively [6], [56]-[57]. Since 5G networks are comprised of heterogeneous and 

multimedia-rich applications, internet protocol television (IPTV), mobile gaming, video 

conferencing, and videos; it will have different QoS and QoE requirements. Also, categorizing 

applications in multiple service class with different priorities become a must [24]. To address 

these issues, suitable models need to be developed. 

In CRN, SUs are equipped with cognition capabilities and may sense the available frequency in 

heterogeneous wireless environment that consists of various service providers/base stations. 

However, such heterogeneous network environment faces the challenge of fluctuating number of 

available channels and complicated mobility situations. Therefore, this environment requires 

some special kind of collaborative spectrum management schemes for efficient and effective 

channel allocation [4]. 
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Cognitive radio-enabled cellular network not only provides services to its PUs but also serve the 

SUs using opportunistic spectrum access. As the CRN co-exist and operate on a spectrum of the 

primary network, channel allocation schemes need to be developed considering the priority of 

PUs services as well as QoS/QoE requirements. At the same time, efficiently utilize the 

resources for the SUs services. 

The channel allocation scheme needs to consider the overall network performance in terms of 

network throughput and system capacity utilization. Channel aggregation (CA) is one of the 

critical techniques which improve the communication system efficiency by aggregating the small 

chunk of distributed or discontinuous radio frequency [58]-[59]. More data/ information can be 

transmitted using channel aggregation (CA) [60]. 

Dynamic channel allocation and permissible aggregation can be a key technology to serve with 

the limited resources to the users. Channel aggregation enables a user to use more than one 

channel to enhance its bandwidth. It is possible only when the channel aggregation is being done 

by considering the OFDM [61]. Channel aggregation (CA) would help to enhance the channel 

capacity with the aggregation from other channels. It can improve the QoS also especially when 

the service is running on minimum bandwidth. In general, various models have categorized the 

services into two categories; primary and secondary, where secondary services can be 

homogeneous/heterogeneous [24]. While using channel aggregation for real-time services, live 

voice conversation, or video calls, their QoS requirement should be satisfied as they are time-

bound and have no flexibility in completing the service [62]. Channel fragmentation (CF) can 

also be a better idea to accommodate the number of services. In this approach, a channel can be 

split into more than one channel to serve the requests considering that QoS is acceptable. 

Simultaneously, if the channels are free, they can be assembled to allocate the higher bandwidth. 

Higher bandwidth will reduce the service duration if the service is a non-real-time service but in 

the case of real-time service, service duration will not be affected [63].  

As CR system are opportunistic and primarily depends on PUs activeness in the environment, it 

may not provide seamless coverage [64]. The QoS and QoE of PUs are ensured at the cost of 

SUs services interruption or degradation. Compared to PUs, SUs are more affected due to 

network fluctuation and adjust their QoE expectations [4]. Though 5G mobile networks will have 

their licensed spectrum band, mobile devices with CR capabilities can utilize the free channels of 
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other co-existing networks for higher data rate, especially for multimedia applications. This will 

improve the QoS/QoE of the system [4]. 

CRN aims to leverage the spectrum holes and utilize it opportunistically using DSA for efficient 

spectrum utilization. New models for resource allocation in CRNs should be developed 

addressing QoS and QoE issues with better throughput. The objectives of channel assignment 

mechanisms in CRNs should include assigning the spectrum holes to SUs in such a way that the 

following are met. 

1) It leads to efficient spectrum utilization. 

2) It minimizes the interference to PUs. 

3) It keeps the interference minimum among SUs. 

4) It provides a fair chance to the services to access the available channels. 

5) High priority services are given due weightage.  

If channel allocation in CRN is compared with the conventional wireless networks, there are 

several commonalities: interference, connectivity, stability, throughput, and fault tolerance. 

Always there exists a tradeoff between connectivity and interference, latency and QoE, fault 

tolerance and better QoS, operator profitability and network overload. Therefore, in the study of 

channel allocation in CRN, these tradeoffs also need consideration. 

1.5 Research Contribution and the Outline of the Thesis 

The contribution of this thesis is towards developing a better understanding of CRNs. This work 

provides new insight into utilizing CRN capabilities in efficient spectrum utilization for both 

PUs and SUs. Towards that, few models have been developed and studied in this research work. 

The organization of the thesis is as follows.  

Chapter 1 is an introductory chapter that introduced the concept of the cognitive radio network, 

DSA, SDR, frequency channels and frequency bands. Also, in this chapter channel allocation 

problem in the cellular system is described, and basic issues and challenges in channel allocation 

have been highlighted.   

Chapter 2 presents the concepts of CR channel allocation and a review of the available literature 

in this research area. This chapter explains CRN architecture, the concept of spectrum holes and 

the functions of CRN. Different approaches to channel allocation are discussed in details. 
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Subsequently, concepts of QoS and QoE in the context of cellular services have been explained. 

In CRN, mobility management is an important aspect; this chapter explains different spectrum 

handoff approaches used for mobility management in CRN. Generally, two approaches, namely 

the centralized approach and the distributed approach, are used in the cellular network to manage 

the channels. These approaches have been discussed in detail in this chapter. Finally, different 

schemes studied in the literature for channel allocation in CRN are discussed. 

In chapter 3, first model is proposed in which both PUs of one network opportunistically access 

the channels of other collocated networks. This improves both QoS and QoE of the PUs as they 

are having access to frequency channels of other service providers. This proved an opportunity to 

effectively utilize the free channels of any service providers in the vicinity for better channel 

utilization using DSA. In this model, SUs service requests are also provided access to the free 

channels of any collocated network in the service area, but the priority to assign free channels to 

SUs service request is less compare to PUs service request.  

In chapter 4, another model for channel allocation is proposed which considers the fairness in 

resource allocation. This model assumes that even when the maximum channel requirements of 

any service cannot be provided, it will still continue with minimum channels. At some later stage 

during the service, when channels are freed by some services, these channels will be allocated to 

the ongoing service operating with minimum number of channels. In this model, a service is only 

accepted if the service's minimum bandwidth requirement is fulfilled. This way more number of 

services are accommodated in the system which overall improves the QoS/ QoE of the system.  

In chapter 5, channel allocation problem in CRN is solved using the channel aggregation and 

fragmentation concepts for better radio spectrum utilization and serve the maximum number of 

users with desired QoS/QoE. This model attempts to minimize the call block as well as call drop 

by splitting the allocated bandwidth dynamically. This model has been designed to increase the 

bandwidth utilization by allocating the available free bandwidth to the ongoing services that 

improves the service quality. 

Finally, concluding remarks are drawn in chapter 6 besides setting the directions for future 

research work.   
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Chapter 2  

The Channel Allocation Problem: Literature Review 

As the channel allocation problem in cellular communication is very old, good research works 

have been done in this area as available in the literature. However, it has been an evolving field 

and technological innovation has resulted in the quality improvement in solving the channel 

allocation problems from both users’ perspectives and the service provider’s perspectives. This 

chapter briefs mostly the recent research work in this area, as reported in the literature. 

2.1 Cognitive Radio Enabled Cellular Network  

In a typical cellular system, the entire geographical area is fragmented into number of cells. A 

cell is seen as a basic geographic unit of the network. To represent the shape of a cell, a circle is 

to be considered as a natural choice; an omnidirectional antenna at the centre of the cell can be 

placed with a circular radiation pattern. However, in practice, while filling a large area with 

circles, either area overlaps or gaps in the coverage area are noticed. Hence, the hexagonal shape 

of a cell is most suitable. The term cellular originates from honeycomb (hexagonal) shape of the 

area of which a coverage region is divided theoretically [49]. Mobile users are served by a base 

station (BS) located at the centre of the cell which are interconnected via a wired network [65]. 

 

Figure 2.1: Architecture of a cellular System [50] 
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Each cell size may vary depending on the landscape. BSs are also known as Mobile Service 

Station (MSS). The wired network, connecting BSs, is known as the backbone network. Several 

base stations are connected to a mobile switching center (MSC) in the backbone network, as 

shown in figure 2.1. The MCS acts as a gateway from the cellular network to the backbone wired 

networks/wireless networks [50], [66]. 

In CR, primary users (PUs) are those who have to subscribe to a primary network. Secondary 

users (SUs) in CR do not have any subscribed channels and try to utilize the unused portion of 

the spectrum in the primary networks opportunistically. Coexistence of SU with PU is ensured 

with dynamic spectrum access (DSA) in CR network (CRN). Services of SUs are dependent on 

the free channels of the primary network [67]. 

5G network provides services to heterogeneous applications such as high-quality video 

streaming, Internet surfing, online gaming and tactile Internet, which lead to different resource 

requirements by different applications. It is pertinent to note that effective and efficient 

utilization of channels is a must for providing 5G services with QoS and QoE. CRN architecture 

generally comprises both primary networks and secondary networks [30]-[31], [68]. 

2.1.1 Cognitive Radio Network Architecture 

The primary network consists of primary base stations and primary users (PUs). Primary network 

hold their right on the spectrum by having a license over it. PUs have their priority on the use of 

the spectrum of the primary network. The secondary network (SN), also known as the cognitive 

radio network (CRN), does not have any licensed spectrum and opportunistically uses the free 

spectrum of the primary network for their services. CR devices are equipped with hardware 

characteristics such as managing frequency bands, channel coding, and bandwidth by using 

software defined radio (SDR) through programming [29], which makes CR devices more 

flexible and adaptable to operate on different spectrum bands [4], [69].  

According to FCC [28], CRT can be used for spectrum access by a third party, non-voluntarily. 

This means any unlicensed user can use the licensed spectrum in such a way that it does not 

interfere with the user that is holding the license of the spectrum [70]. 
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Figure 2.2: Architecture of Cognitive Radio Network [71] 

CR has unique characteristics of flexibility, adaptability, and interoperability, which makes CR a 

capable technology for 5G cellular network spectrum management [4]. In figure 2.2, the basic 

architecture of CRN is shown. 

2.1.2 Spectrum Hole 

In CRN, the spectrum not being used by its licensed users temporarily in a specific area is known 

as spectrum hole (white space) as shown in figure 2.3. These spectrum holes are the basic 

resources for the CRN [37]. The available white space in CRN decides the network capacity. 

Therefore, it is essential to have accurate detection of the free spectrum (spectrum holes). The 

main operation of cognitive radio is based on the utilization of the spectrum holes. In CRN, one 

of the important jobs is to identify the spectrum holes and provide them to the SUs. The 5G 

devices can be enabled with cognitive capability by equipping them with the software-defined 

radio (SDR). Cognitive capability helps the devices to reconfigure different network protocols 

such as 802.16, 802.11, 802.22, etc. [4]. 
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 Figure 2.3: Spectrum Holes in CRN [71] 

Detecting spectrum holes in CRN is very challenging as it needs to consider several factors 

which include fading, shadowing, and random interference etc. Detection of spectrum holes is a 

complex process in which the transmitter and the receiver of a SU work in coordination and try 

to explore common spectrum holes for the successful transmission. As in CRN, the transmission 

is opportunistic and entirely depends on the behavior of PU; throughput is normally difficult to 

guarantee. 

In CRN, PUs are the users with the assigned licensed spectrum with priority uses. SUs are those 

users who opportunistically use the spectrum. The SU uses spectrum on a non-interfering or 

leasing basis, depending upon the policies agreed with PUs or regulatory authorities’ guidelines. 

As SU uses the unused PUs spectrum, it increases the utilization of licensed spectrum. In CR, SU 

senses the radio environment and dynamically adapt to the communication parameters for 

effective communication. SUs are equipped with cognitive capability in the cognitive radio 

network which senses and learns from the surrounding radio environment. Using these 

capabilities, SUs identify the spectrum holes. Based on the available spectrum holes information, 

SUs select the spectrum frequencies and operating parameters dynamically using a software-

defined network (SDN) [72]. 
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Devices in cognitive radio enabled cellular network (CRN) are equipped with the capabilities of 

being programmed in such a way that they can transmit and receive using different frequency 

bands and can use different transmission access technologies [30]. The emergence of the IoT 

applications and 5G resource-hungry services require more spectrum than before. Therefore, to 

minimize the spectrum scarcity problem by achieving higher spectral utilization, CR technology 

can be used in 5G and IoT services [73]. 

In the CRN for successful connection, firstly, the best available channels are determined and then 

network operations are configured accordingly. In CRN, due to dynamic changes in the network 

environment, channel allocation requires a flexible network management system that can adapt 

to the network structure and utilize the available spectrum efficiently. The resource allocation 

schemes, developed for conventional cellular networks, are not suitable for CRNs as the 

transmission opportunities in CRNs are not identically available throughout the secondary user’s 

single operation. The services of CRNs entirely depend on the activities of the primary network 

users [74]. Also, in CRNs, managing interference between primary users and secondary users 

and interference among secondary users is a big challenge. 

2.2 Function of Cognitive Radio Network 

In CRN, offering services are challenging because of dynamic variations in spectrum 

availability. Also, various QoS and QoE requirements of different services require a lot of 

control and management activities. CRN uses spectrum sensing, spectrum sharing, spectrum 

mobility, spectrum handoff, and overall spectrum management as its main functionalities. A SU 

uses spectrum sensing to detect whether PUs or other SUs are present in the spectrum or not. 

Through spectrum sensing, spectrum holes are detected by SUs, and accordingly, a decision 

about the transmission of data is taken. Using DSA, the selection of the best channel of various 

identified spectrum holes during spectrum sensing is made. Spectrum sharing is a control and 

management process through which available channels are shared among multiple users who 

compete to access the spectrum. Through spectrum mobility management, on the appearance of a 

PU, channels being used by SUs are switched to another channel if available. Spectrum handoff 

is the process of switching the channels [4], [11], [69], [75]. To manage these functionalities, a 

CRN spectrum management framework is needed, which can provide the following functions 

[4], [11], [69], [76]. 
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2.2.1 Spectrum Sensing and Management 

In 5G cellular network, devices use multiple channels for communication to improve the 

throughput. As in CR only idle channels can be used for communication; there is a need to 

perform proper spectrum sensing using a suitable mechanism to access large number of free 

channels. In the CR network, PUs have priority over SUs and on the appearance of a PU during 

the SU’s transmission process, the SU must need to preempt the channel immediately for the PU. 

To meet the service agreement, it is necessary for the SUs to continuously sense the spectrum 

band to observe PUs arrival or to find the spectrum holes. Sensing can be performed through a 

cooperative spectrum sensing approach by a group of SUs in collaboration or locally by a SU 

[40]. In the spectrum scanning technique, presented in [77], the spectrum occupancy over time 

and frequency is measured. This technique uses SRN (signal-to-noise ratio) estimation to 

improve the scanning performance. During the spectrum sensing phase, the channel detected is 

generally widespread over a broad frequency range. During the spectrum sensing phase, detected 

free channels are analyzed and channel allocation decisions are made on the basis of QoS and 

QoE requirements. In the spectrum sensing process, SUs regularly monitor the PUs activity. In 

CR, proper and precise sensing is required along with the signaling mechanisms, including 

transmission power control required to deal with PU activity. Irrespective of the spectrum 

sensing method, used for spectrum sensing, getting a perfect outcome is very difficult and there 

will be some sensing errors, including misdetections and false alarms. Sensing errors contribute 

to depressing the QoS of PUs and SUs. 

In CRN, channels among the SUs are shared using the spectrum sharing process. Multiple SUs 

share the channels of PUs by coordinated access so that harmful interference and collision are 

eliminated [76]. The 24×7, broader coverage 5G heterogeneous networks can be ensured by 

proper spectrum sharing. Through this, a large number of users and diverse applications can be 

supported [78].  

Many factors, including a licensed user’s presence, availability of a wide range of spectrum and 

latency, are considered during the spectrum sharing. In cooperative spectrum sharing, a 

centralized location, called fusion centre, is used for data processing and to increase each CRs 

sensing capabilities. Data in the network is sent to the fusion centre for processing [79]. In non-

cooperative sharing, all SUs behave in a selfish manner and try to maximize their gain. They do 

not cooperate with each other, and spectrums are sensed by the CRs independently. In this 
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process, any CR does not obtain any data from other CRs in the vicinity. In non-cooperative 

sharing, all the CRs are at different position of each CR. Also, each of the CRs may have a 

different SRN. On the basis of the channel analyzing process, sensing techniques can be 

categorized into two groups: narrowband and wideband. In narrowband sensing, one frequency 

channel at a time is analyzed. In wideband sensing, a number of frequencies are analyzed at a 

time. In narrowband spectrum sensing techniques, it is in the hand of SUs to decide whether PU 

is present or absent for a spectrum of interest [80].  

Spectrum sensing plays a major role in the performance of CRN, which helps avoid harmful 

obstruction like interference among the PUs and SUs and distinguish the accessible frequency 

band of PUs by SUs [81]. Through spectrum sensing, CRN learns about the radio environment 

by detecting the PU signals' presence and accordingly decides to use the PUs frequency band. 

Spectrum sensing helps CRN learn and adapt to the environment to make decisions on the 

efficient use of the radio spectrum [82]. 

In CRN, SUs find whether PUs are currently using signals in a specific channel or not using 

spectrum sensing [21]. If a channel is not in use by PU and is idle then SU receives typically 

noise only but if the channel is in use by PU, in that case, SU receives a signal consisting of both 

the PU signal and the noise. To detect the PU signal’s presence, generally, the energy detection 

model is used [83].  

In the CR for sensing the local spectrum utilization, dedicated sensors are used or it is performed 

through a configured SDR receiver channel. For reliable spectrum sensing and radio resource 

management, localization of a PU helps in CRNs [84]. With the evolution in the cellular 

network, i.e. from 2G to 5G, localization methods have also evolved helping in locating the 

better position of the users in the system. The accuracy of the user positioning achieved in 2G 

system has further improved in 4G cellular system, using the assisted global navigation systems 

[85]. Further, in the upcoming 5G cellular systems, localization accuracy is expected to improve 

drastically in both outdoor as well as indoor environment that helps in providing better QoS [86].  

The CRN co-exist with the primary network and uses its channel bands while managing its 

users’ diverse QoS requirements. It generates the requirements for proper spectrum management 

functions for CRN, which addresses interference avoidance challenges with primary networks. It 

also provides QoS in dynamic and heterogeneous communication systems with seamless 

communication. In CRN, spectrum management functions are required to provide proper 
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spectrum sensing so that CR user can monitor the available spectrum bands of the primary 

network and detect the spectrum holes. Based on spectrum bands’ availability, channels can be 

allocated to CR users [30], [87]. Spectrum sensing requires good knowledge of the PUs behavior 

for proper decision making [87].  

2.3 Different Approaches of Channel Allocation 

Based on the regulatory constraints and available network-side information, CRN uses three 

approaches, namely underlay, overlay and interweave for the communication [7], [16], [70], 

[88]-[89].These are as follows. 

2.3.1 Overlay Approach 

In this approach, the free bands of spectrum of PUs (not being used for the time being) are 

identified by the CR and accessed by the SUs for their services in a dynamic manner. The PUs 

shares the knowledge and messages of their signals with the SUs. The SUs has knowledge of the 

PU’s codebooks and their messages and use this knowledge for interference mitigation. This 

approach is more practical and suitable for TV bands. In this scheme, the waiting time of SUs 

transmission depends on the PUs behavior. In overlay communication systems, SU and PU can 

communicate simultaneously on the same band using various encoding and interference 

mitigation schemes. In this approach, the transmission power of the SUs only depends on the 

device constraints. 

2.3.2 Underlay Approach 

In the underlay approach, both SUs and PUs transmit their signal in the same time-slots using the 

network’s spatial and frequency channels. SUs use the location coordinate of PUs to mitigate 

interference with PUs during communication. In this approach, SUs are permitted to 

communicate simultaneously with the PUs by sharing the PUs channel with controlled and 

limited power. In this approach, high priority is given to the PUs and SUs are not allowed to 

communicate beyond a threshold limit of the interference so that it does not cause an intolerable 

interference on the PU [6]. 

The interference constraints are managed by the spread spectrum technique, by ultra-wideband 

(UWB) techniques, or by directional antennas. This approach is more sophisticated as the PUs 

allows SUs to access that spectrum currently in use by the PUs. This approach is less practical as 



24 
 

it compromises on the QoE but it is still suitable for cellular networks and ultra-wide bands. In 

underlay communication, it is the SU’s responsibility to determine the interference caused to PU 

due to their transmission and continue its transmission only if interference caused to PU is under 

a threshold. In this approach, SU communicates by transmitting data at very low power so that it 

does not have interference with the PU [7].   

In CRN, PUs and SUs share the same sub-channel using the underlay approach. In this approach, 

strong co-channel interference (CCI) is one of the common problems in the allocation of 

channels. In underlay communication in CRNs, CCI may appear from three sources; from SU to 

PU, from PU to SU, and interference among the SUs themselves. In underlay communication, 

SUs are responsible for communication in such a way that interference to PUs is below a given 

limit. Therefore, in the underlay CR network, SUs operate with the objectives to maximize their 

transmission rate and keep minimum interference to the PUs. In the underlay approach, the 

transmitting power of SUs is limited by the device capabilities and the interference limits of  

the PUs.  

2.3.3 Interweave Approach 

The idea of opportunistic communication is based on the utilization of spectrum holes by the 

SUs for their communication [31]. This idea is the original motivation for the cognitive radio 

[20]. In interweave systems, SUs use PUs bandwidth opportunistically and are allowed to access 

only those bands/spectrum which is not being used by the PUs for quite some time [7]. Hence, 

this scheme completely avoids interference between PUs and SUs by not allowing the 

transmission in a PU occupied band. In this approach, SUs search for the spectrum holes (the 

spectrum in either frequency or time domain), and only broadcast a signal if spectrum holes are 

available. In this approach, SU exploits the opportunistic feature and transmit only using the 

spectrum holes available in the primary network using the knowledge of the activity of the PUs. 

Proper spectrum sensing plays a greater role in the performance of the interweave approach. The 

disadvantage of this approach is that if no spectrum hole is available, SUs have to wait for a long 

for their services. In interweave approach, the SUs transmit power depends on device constraints 

and the sensing range. 
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2.4 QoE and QoS in CR Network  

With the evolution in communication services, QoE and QoS are most often desired by the 

telecommunication users. These have been briefed as follows. 

2.4.1 Quality of Experience (QoE) 

QoE is the subjective description of the observation of the user about the working of the 

applications/services. QoE is application-specific and centered towards the user experiences of 

the service. Some examples of QoE based applications may include the experience of quality in 

video transmission, low latency for time-critical services such as video transmission, gamming, 

and augmented reality. Providing high QoE services may eat up valuable resources like 

spectrum, device battery, base station power etc. At the same time, delivery of services with too 

low QoE may increase user’s dissatisfaction. Therefore, a balance between the scale of QoE and 

the relative cost of services are required. In 5G cellular network, QoE requirements are stringent 

in terms of very low latency and extremely reliable communication. Therefore, it is challenging 

to meet the desired level of QoE [90]-[93]. To meet the desired level of QoE, CRN uses its 

software-defined nature and flexibly provision the necessary resources [10], [91]. Mean opinion 

score (MOS), from the end-users, is obtained by applying a subjective test under the laboratory 

environment to measure the QoE [90].  

As 5G cellular network has very stringent QoE requirement, it is challenging to provide the 

services with QoE’s desired level. To offer better QoE, low latency and high bandwidth are 

among the necessary requirements. Along with the traffic optimization techniques, CRN can use 

its software-defined nature to flexibly provision the required resources to achieve the desired 

QoE [10], [91]. High spectrum handoff latency is one of the critical QoE parameters in cognitive 

5G cellular networks. Specifically, spectrum handoff latency is more stringent in multimedia 

services as it reduces the QoE [4]. Spectrum handoff latency is shown in figure 2.4. In CRN, SUs 

channel sequencing has a significant impact on the handoff latency.  
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Figure 2.4: Spectrum Handoff Latency in RCN [71] 

To reduce the sensing time, instead of sensing channels in a random manner, they should be 

sensed in the order of most probably to least probably vacant [11]. To support multimedia 

applications in CRN, a QoE based spectrum handoff scheme is presented in [33]. This scheme is 

based on the mixed preemptive and non-preemptive model. This scheme uses a resume priority 

queuing model to analyze the PU interruptions effects and SU spectrum access conflict situation 

on spectrum handoff. 

2.4.2 Quality of Service (QoS)  

QoS is represented using various measurement parameters such as response time, throughput,  

rate of transmission, blocking and dropping probabilities, access delay, transmission delay, jitter, 

packet loss rate etc. [10], [67], [91], [94]. QoS parameters have an overall effect on network-

oriented performance and focus on the entire service experience [10], [91]. In the context of a 

cellular system, the quality of transmission is always related to the type of service used. Due to 

its varying bandwidth demand and time-critical requirements, more complexities are involved in 

multimedia applications than simple voice applications. The voice traffic is bustier and more 

sensitive to delay than the data traffic. Hence QoS requirements for voice traffic are different 

from data traffic. Data traffic is more delay tolerant but voice traffic is time-critical and less 

tolerant to delay. In terms of transmission error rate, data is highly sensitive to bit error rates, 

requiring it to be 10
-6

. However, voice can be transmitted with a bit error rate of 10
-3

 [95]-[96].  

The QoS parameters include a set of specific requirements that service providers should offer to 

their users to fetch the required services with certain level of satisfaction. To offer better QoS has 
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always been a major concern in cellular systems. It is observed that a trade-off is involved, 

among the various related service parameters, in an attempt to offer better QoS. Many 

researchers have considered different QoS parameters, such as call blocking probability (CBP), 

call dropping probability (CDP), performance, flexibility, and complexity in their study. There 

have been attempts to provide channel allocation algorithms to improve the QoS [66], [97]-[98]. 

From user’s point of view, call dropping is unacceptable. However, in some cases, call blocking 

may be tolerable up to some extent [99].  

Minimizing the CDP and CBP is one of the main goals for better QoS. Most of the admission 

control and channel allocation schemes, proposed in the literature, have tried to minimize the 

CBP and/or CDP to maintain the QoS of wireless cellular networks [100]. Contrary to QoS, 

measurement of QoE is very specific to applications and user-centric [10], [91]. There are many 

challenges involved in channel allocation which directly or indirectly affect the QoS of the 

system. The following four conditions need to be fulfilled for a successful channel allocation. 

 Channel should be available 

 Carrier to noise ratio (CNR) between the mobile unit (MU) and BS is above a given 

predefined threshold 

 Carrier to noise plus interference ratio (CNIR) is above a predefined threshold 

 The minimum required channel is allocated to a multimedia service to run with the 

video’s acceptable clarity. 

In addition to these four conditions, CBP and CDP play a vital role in determining the QoS in a 

cellular system. The call blocking probability (CBP) is the probability of a new initiated call 

being blocked while call dropping probability (CDP) is the conditional probability where 

handoff calls from the neighbouring cell are dropped. The low rate in both new call and handoff 

call and uninterrupted communication increase the system’s QoS. Model for time-critical 

applications for channel allocation is designed in such a way that computation at each BS/MSC 

should be as low as possible.  

Another challenge in channel allocation is to ensure fault-tolerant and reliable communication 

[101]. Usually, fault tolerance and reliability would demand redundancy. Fault-tolerance and 

reliability may be achieved by minimizing the failure probability of the failure-prone items. 

Instead of keeping more reliable centralized control of the system, better reliability can be 
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achieved by using many low-reliability components in a distributed manner [102]. Through 

optimal provisioning, attempts are made to offer better services to the users by maximal 

utilization of the capability of the selected network’s resources [67]. Some of the broad 

measurements of QoS can be parameters such as availability of channels, accessibility, 

maintainability, and user satisfaction. When a user request comes, the operator is expected to 

assign one or more channels as per the service demand of the user within a specified time period. 

In the case of traditional cellular service, this time delay is a maximum of 6 seconds. [103]. 

The function of providing channel, as per the requirement, is termed as availability. Accessibility 

is referred to as users’ capability by which the service provider’s channels can be accessed for 

their service request. For example, when a 100 kHz channel is allocated to a user device for 

some service, the device should be capable to communicate at high modulation signal. This event 

is called accessibility. Maintaining established communication in a cellular system is a challenge, 

as a service provider has to take notice of various parameters like movement and speed of the 

user, handover, etc. Providing user services while managing these service parameters is known 

as maintainability. The user satisfaction level is a highly personalized parameter for observing 

the QoE and QoS. Service providers are required to deliver the services as per the user’s quality 

of expectations to remain competitive in the market. As the services offered are also diverse, 

such as browsing, multimedia streaming, gaming, and uploading/downloading contents, the QoS 

and QoE requirements are different for different services. For example, 5G networks are 

expected to comprise of heterogeneous applications such as Internet gaming, high definition 

(HD) video streaming, tactile Internet, multimedia applications. These services have their own 

QoS/QoE requirements. Hence to offer better services, supporting multiple service classes is a 

must for 5G networks [24]. 

QoE relates to the user’s experience of the service quality of the applications. To provide better 

QoE, different systems may have different amount of network resources. As QoS is a 

measurement from the service provider side and based on technical parameters, hence it does not 

directly reflect the quality of services experienced by the end-users. In measuring the QoS, QoE 

is more connected with the user’s subjective perceptions and has more assurance about meeting 

the user’s needs and timeliness of content delivered [104]. In CRN, QoS attempt to guarantee a 

minimum transmission rate, minimize latency, jitter and packet errors. In the context of 

multimedia transmission over CRNs, accessing QoE is still challenging and an open issue [90]. 
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Matrices used for measuring the QoS to evaluate network performances are packet loss, delay, 

jitter, call dropping rate, call blocking rate [24], [105]. Though each of the candidate 5G wireless 

radio frequency (RF) band provides advantages of higher data rate, reliability and low latency 

than 2G, 3G, and 4G communications, no single band is able to fully achieve the desired level of 

QoE for the complete range of wireless access devices including smart phones, tablets, laptops, 

vehicles, health equipment, smart buildings etc. [35].  

In contrast to QoS, in measuring QoE subjective matrices are used. These indicate not only the 

network performance but also the subjective opinion of users about the services. In recent 

wireless communication research, QoE has taken an important place in designing the solution 

models [104]. ITU has proposed many standards on subjective assessment methods for various 

application scenario.  Mean opinion score (MOS) is the most widely used metrics for measuring 

the QoE [106]. MOS is used to measure the utility of the services and characterize QoE by 

refracting users’ opinions in varying ranges from totally unacceptable to complete satisfaction on 

services [107]. QoE estimation models, based on the conventional QoS-QoE mapping method, 

are not suitable for the CRN as they ignore the parameters such as spectrum handoff delay and 

handoff frequency which are critical in terms of SUs’ QoE performance in CR multimedia 

applications. It is challenging to have a simple correlation between QoS and QoE because QoE 

metrics not only characterize QoS but also consider users’ requirements [35]. 

QoE attempt to address the issue of fairness in terms of user satisfaction. It is important to note 

that more QoS does not always make higher QoE; a detailed explanation of key determinants of 

wireless QoE are given by J.Mitola et al. in [35]. Better QoS always do not guarantee a high QoE 

score. For example, if data is delivered in 100ms for a service with delay requirement of 50ms, it 

may result in a low QoE score but high QoS performance [90]. The relation between QoS and 

QoE is more complex because QoE metrics attempt to characterize the match between user 

requirements and services quality [108]. 

QoE is used as an effective mechanism for video transmission, as it may give an actual 

perception of the user on the visual quality of video transmission. To measure QoE, the metrics 

used include the visual quality of a video transmission and network environment parameter such 

as packet loss rate, network delay, etc. Also, the quality of video content delivery depends on the 

type of content. For example, in the same network conditions, the quality of the transmission of 

video content having fast motion like sports, video game etc. is generally worse than that of 
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video contents with slow motions like movies, news etc. [109].  A QoE based scheme proposed 

in [33], support multimedia applications that assign a priority of SUs based on their QoE 

requirements and achieve better performance by allocating more available resources to SUs. To 

study QoE for multimedia services, MOS is used to measure the end-user satisfaction [106]. A 

QoE-driven scheme, proposed in [106] for spectrum handoff, offer to enhance the end-user 

satisfaction by using MOS for spectrum handoff. The scheme proposed in [90], maximizes the 

SUs’ expectation of MOS by adoptively using channel conditions and the traffic load of SUs’. 

To sustain in the highly competitive market, 5G networks need to achieve high user QoE. All 

candidate 5G wireless radio technologies, including cognitive radio, offers advantages that 

include more extended range or higher data rate, efficient channel utilization compared to 2G, 

3G, and 4G technologies, but none of the single band or air interface standard alone is able to 

offer ubiquitous levels of QoE for the whole range of wireless devices [35]. With strict QoE and 

QoS requirements in 5G services like interactive multiparty gaming, high definition (HD) 

content delivery, for commercial acceptance of QoE, there is the need of mapping among MOS, 

QoE and QoS [25]. 

Due to its opportunistic nature and dependency on primary network resources, CRN is prone to 

channel access failure compare to primary networks. Therefore in CRN, offering assurance on 

reliability and availability to the users is challenging [8]. The QoS metrics generally cover 

channel capacity, data rate, error rate, etc. However, only offering services with better QoS does 

not satisfy the users of heterogeneous multimedia services.  

As the mobile communication environment is dynamic, some services keep on completing 

whereas some new service request keeps on arriving in the system. For proper services, the 

operator needs to manage the flow of the user’s communication, handover, etc. This function is 

known as maintainability [103]. 

Considering the user, call blocking and call dropping are two most important QoS parameters. 

Call blocking (CB) occurs in a cellular system if upon receiving a new connection request, cell is 

not able to entertain it due to non-availability of the channel. Whereas call drooping (CD) occurs 

if an ongoing connection is dropped due to traffic congestion or due to incapability of the cell to 

provide enough bandwidth. Generally, call dropping occurs due to denial of some channels to an 

existing connection. The call dropping probability (CDP) and the call blocking probability (CBP) 
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in any system should be minimized for better QoS. Therefore in mobile communication system, 

channel allocation problem is seen as an optimization problem [6], [50], [66], [97]-[98], [103]. 

Cellular communication systems are trunked radio systems, as each user in the system is 

allocated the channels on a per-call request basis. Cellular operators serve a large number of 

users using the trunking concept with less number of channels assigned to the operator. When a 

user requests for a service, and if all of the system’s radio channels are busy, the new service 

request is blocked. In some service models of communication systems, the concept of queue is 

used to hold the new request until channels become available for the service. Grade of service 

(GoS) is used to measure the cellular systems’ ability to provide access to the services in busy 

hours of operations. In other words, GoS measures channel congestion which is expressed in 

terms of probability of a call blocking or the probability of a call delay beyond a specified time. 

For example, if in a cellular system GoS is of 2% blocking, this means the cellular system is 

designed to block 2 out of 100 services of the users because of channel congestion or channel 

unavailability during the peak hour. 

Trunked cellular systems are of two types. One in which, for call request, no queuing facility is 

provided is known as the “Erlang B” system. Another formula in which call request queuing 

facility is provided, is known as the “Erlang C” system. This is also known as Erlong B and C 

Formula and these were developed by A.K. Erlang [110]. Performance evaluation of call 

blocking probability is evaluated using the Erlang B formula, which is expressed in equation 

(2.1) [110]. 

     
  

  

 
  

  
 
   

        (2.1) 

Where BP represents the probability of call blocking, A is total offered traffic in Erlang and N is 

number of trunked channels. 

To measure the GoS, known as call blocking probability for that call that waited in a queue 

before being blocked, the “Erlang C” formula is used [110], which is expressed in equation (2.2). 
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Where CDP represent the probability of call delay (of waiting for service), A is total offered 

traffic in Erlang, and N is number of trunked channels. In Erlang C formula (equation 2.2) 

incoming calls arrival follows Poisson distribution whereas calls service time is exponentially 

distributed. 

While modeling cellular communication, two important factors i.e. call arrival rate and call 

holding time are used. These factors are unpredictable in cellular communication. The call 

arrivals, in classical studies of communication, is assumed to follow Poisson’s distribution. This 

process is based on a memory less system and the system is having a large number of 

independent users. Poisson’s process states that for non-overlapping events, if the average 

arriving rate of events is λ, then the probability of ‘s’ arrivals in time t is given in equation (2.3) 

[8], [111]-[112]. 

         
  λ  

  

 

   λ     (2.3) 

The call holding time of the service request follows the negative exponential distribution [113]. 

It has the probability distribution function (pdf) as given in equation (2.4). In the negative 

exponential distribution,   indicate the mean service rate and t indicate the time duration. 

                           (2.4) 

2.5 Mobility Management and Spectrum Handoff in CRN 

Spectrum mobility management in CRN is one of the most important functionalities by which 

channels are managed during the service requests of PUs while SUs are using the PUs channel. 

The spectrum mobility process starts due to a change in the system’s operational conditions, such 

as a SU is forced to preempt the channel currently in use due to a PU’s appearance. Through 

spectrum mobility, SUs operations are handoff from one frequency channel to another [76]. The 

goal of spectrum mobility is to provide the expected QoS/QoE in the dynamically changing 

spectrum condition. On the arrival of a PU, services of SU are interrupted to return the channel 

to PU. Spectrum handoff occurs, in which SU’s service is shifted from one channel to another 

[33]-[34]. 

Spectrum handoff may occur due to one of the followings: (i) arrival of a PU for the channel 

occupied by the SU (ii) spatial mobility of the SU (iii) degradation of link quality and SNR. 
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Through the spectrum handoff process, SUs are provided a suitable channel for continuing their 

services [11]. Multiple handoffs, in a single transmission, degrade the system performance as it 

leads to excess switching time, which in turn affects the system’s efficiency. Spectrum handoff 

may cause harmful interference with PUs; thus, spectrum handoff should be performed wisely.  

During the spectrum handoff process, SU pauses its ongoing transmission and return channels 

currently used by it to PU. It switches to some free channel if available and resume its 

transmission. In case no channels are available, interrupted SU is forced to terminate its session. 

In [7], a decision support system based on fuzzy logic is proposed. This system jointly manages 

with both channel selection and channel switching to improve the throughput of the system. The 

spectrum management process provides dynamic spectrum access to CR users. The activities of 

the spectrum management process are as follows [39]: 

1) Determine the  available portions of the spectrum, 

2) Do the selection of the best available channel, 

3) Do channel coordination with other users, and 

4) On arrival of a licensed user, vacate the channel from a secondary user. 

Spectrum management functions in CRN are done dynamically by provisioning the software 

using SDN features of CR. Efficient handoff handling has a good impact on QoS, which tries to 

ensure seamless transmission and avoids interference. In a cellular network, handoff occurs due 

to users’ mobility from one cell to another. On the contrary, the spectrum handoff in a CRN 

occurs to a stable user on the arrival of PU. During its single service period, a SU may 

experience several spectrum handoffs [69], [114]; therefore, it is challenging to give service 

assurance in CRN. 

As in CRN systems, SUs do not own any channel and depend on unused channels of the PUs 

(the owner of channels). Therefore, when a PU decides to access its licensed spectrum, SU must 

have to leave that channel and explore other means to access some other available channel to 

continue its transmission. After the arrival of PU, SU is forced for spectrum handoff. In that case, 

SU may have the possibility to perform one of these three actions: 

1) SU suspend the transmission and leave the channel for PU and wait till PU finishes its 

transmission. Subsequently, after PU vacate the channel, the SU will resume its 

transmission again on that channel. 
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2) If another free channel is available, SU selects and switch to it. 

3) If SU doesn’t want to be in suspended mode and there is no fee channel to switch the 

transmission, SU has to terminate its session. 

As during the spectrum handoff process, SU either transfers ongoing communication on some 

other free channel or keeps ongoing communication suspended, SU will not be able to provide a 

QoE requirement of the seamless communication [39], [111]. Spectrum mobility is managed 

using different spectrum handoff techniques. These techniques are non-handoff, proactive 

handoff, reactive handoff and hybrid handoff [33]-[34]. 

2.5.1 Non-Handoff 

The spectrum handoff process’s main activity is to find transmission opportunities for SU so that 

it may continue its transmission as channel switching is associated with complexities such as 

finding a new free channel, time of switching, etc. Sometimes, to minimize the spectrum handoff 

cost, SU may go in a wait state until PU’s current channel is available again. Once PU makes the 

licensed channel free, SU resumes its transmission again on that channel [34]. This situation is 

known as non-handoff [39]. This strategy is not suitable for delay-sensitive applications and 

cannot meet the QoS requirements of many of the services [34]. 

5.2 Proactive Handoff  

The proactive handoff approach works on the prediction of handoff occurrence. In this approach, 

a pre-knowledge of the PU traffic is used. This approach provides short handoff latency by 

keeping a target channel sequence ready before the actual handoff request is generated. To 

maintain the channel sequence for future use, SUs sense all channels periodically. Accurate 

information of channel-usage statistics is a must for a better result in this scheme [11], [115]. 

However, a poor prediction of PUs arrival may degrade the overall throughput and may affect 

the QoE adversely.  

In [34], a proactive spectrum handoff mechanism is propped with the objective to minimize total 

cost and maximize data transmission efficiency. This scheme uses the discrete-time Markov 

decision process for an optimal solution.  

In [4], a proactive spectrum handoff mechanism propped to optimize total cost and data 

transmission efficiency. This scheme uses a database and indexing in the channel allocation 
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process to manage the spectrum handoff. This scheme addresses several issues, including 

different QoE requirements for different class of services, prediction of PUs, and handoff 

interruption management.  

2.5.3 Reactive Handoff 

In reactive handoff [11], [39], spectrum sensing and handoff action both are applied reactively. 

When handoff occurs, the target channel is selected to perform handoff. SU starts the spectrum 

sensing process after the handoff event occurs. Once the SU finds a free channel, its transmission 

is switched to that channel. SU may get an accurate target channel for handoff in the reactive 

handoff approach because the environment’s actual requirements are used for spectrum sensing. 

This scheme suffers from longer handoff latency because of the delayed start of spectrum 

sensing. The reactive spectrum handoff performs the spectrum-sensing process with greater 

accuracy compared to proactive spectrum handoff. To achieve greater accuracy, reactive handoff 

scheme compromise for high spectrum latency. This scheme is suitable for applications which 

are liberal for handoff latency but requires better accuracy in spectrum sensing [11].  

2.5.4 Hybrid Handoff 

This scheme is the combination of the reactive and the proactive spectrum handoff schemes. It 

uses proactive spectrum sensing and reactive handoff action [4], [34]. As the SU performs 

spectrum sensing activity before PU arrives, fast spectrum handoff can be achieved. A hybrid 

spectrum handoff scheme is an attempt for a good trade-off between proactive and reactive 

spectrum handoff. Through the spectrum handoff process, SUs throughputs are significantly 

increased.  

In table 2.1, a comparison of different spectrum handoff schemes is given. In CRN, where a SU 

may experience multiple spectrum handoff situations, there are many challenges associated with 

it. These challenges include high operation cost due to frequent channel switching, energy 

consumption, and high spectrum handoff latency on average throughput and QoE requirements. 

Therefore, there is a need to study the spectrum handoff strategy which considers a balance 

among the various trade-offs such as cost of transmission, cost of spectrum handoff, and QoE’s 

performance constraints for transmission in CRN.  

 



36 
 

Table 2.1: Comparison of different spectrum handoff strategies 

Handoff 

Strategy 

Classical (Stay 

and Wait) 

Reactive Proactive Hybrid 

Main 

Characteristics 

i.   Very low 

interference 

level of PU 

i.  No prediction of 

PUs arrival 

required 

ii.  Spectrum sensing 

is performed by 

SU   handoff 

detection 

 

i. Predict PUs arrival 

ii. Accurate traffic 

prediction required 

i. Predict PUs 

arrival 

ii. Accurate traffic 

prediction 

required 

Advantages i. Low handoff 

cost 

     (less energy 

consumption) 

i. Accurate target 

channel section 

i.   Very small handoff 

latency 

ii.  Minimize multiple   

     spectrum handoff 

i. Short handoff 

latency 

ii. Minimize multiple 

spectrum handoff 

Disadvantages i. Extremely 

large handoff 

latency 

ii. Reduce 

throughput 

i. Large handoff 

latency 

ii. False channel 

selection 

iii. Knowledge of the 

PUs traffic model is 

required 

 

i. Knowledge of 

PUs traffic model 

is required 

 

2.6 Centralized and Distributed Approach of Channel Allocation  

In the recent past, channel allocation schemes for CRNs have been investigated extensively in 

the literature. It is observed that cognitive radio enabled cellular networks have been designed 

either using a centralized or a distributed channel sharing and control mechanism [11], [76]. In 

literature, proposed algorithms for resource allocation in cellular network are based on either a 

centralized approach or distributed approach [76]. In a centralized system, spectrum sharing is 

controlled by a central entity. In a distributed system, the decision of spectrum sharing and 

allocation is taken by each node independently [116].  

Both the approaches have their advantages and disadvantages and have been applied on the basis 

of the problem requirement and systems priorities. The centralized approaches suffers from 

scalability and reliability. Distributed approaches have the potential and are both reliable and 

scalable. A central controller assigns the channels, in the centralized schemes. However, in 

distributed schemes, a channel is assigned either by the local base station of the cell or selected 

autonomously by the mobile user [65], [76]. 
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2.6.1 Centralized Approach  

In the centralized approach [50], [117]-[121], the channel allocation process is managed by a 

central entity. This entity may be a Mobile Switching Center (MSC), a base station (BS), 

eNodeB or a dedicated control node (server) [117], [122]. In the network, the central entity is the 

only one that has access to system-wide channel usage information. In this approach, 

particularly, each cell notifies the central entity when it acquires or releases a channel. This 

equips the central entity with in hand information of the available channels in each cell at any 

time. In centralized schemes, the central entity has full knowledge of the whole network, which 

helps in obtaining informed solution based on the desired performance metric (maximize 

spectrum efficiency, allocate channel fairly etc.) of the network. Also, in centralized schemes, 

user priorities are handled more efficiently. The centralized approach may suffer from single-

point failure because the whole system’s functioning depends only on the central entity. This 

approach is neither scalable nor reliable because the failure of the central entity brings down the 

whole system covered by it. Also, in the case of a hefty system traffic load, the central entity 

may become a bottleneck [117], [122].  

A centralized channel allocation scheme is presented in [11] for efficient handoff handling in 

CRN. In this scheme, a centralized cognitive device is used for CR operations such as spectrum 

sensing, spectrum management. A centralized cognitive device improves the accuracy in sensing, 

reduces the handoff time, and minimizes energy consumption. This scheme uses a preemptive 

resume priority (PRP) M/G/1 queue for handling priority-based handoff requests.  

2.6.2 Distributed Approach  

Distributed channel allocation approach is simpler and more robust as compared to the 

centralized approach. The distributed approach of channel allocation [50], [76], [121], [123]-

[125] is better as compared to centralized channel allocation due to its high reliability and 

scalability. In contrast to a centralized approach, there is no central entity to control the channel 

allocation process in a distributed approach. Each eNodeB/BS makes their channel allocation 

decision independently based on local information with limited cooperation from neighboring 

eNodeB/BS by exchanging only that information which is required to reach the decision on 

channel allocation [76], [125]. 
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The distributed approach of channel allocation efficiently utilizes bandwidth, adoptively 

manages mobility, efficiently manage spectrum handoff and provides QoS guarantees [37], [70], 

[76], [125]. The distributed schemes are more flexible and adaptive to changes in the wireless 

environment than the centralized schemes. Therefore, in case of failure, the recovery is fast. This 

make distributed schemes a better choice for critical services. Another advantage of distributed 

approaches is minimum overhead in exchanging information with the neighboring cells. The 

disadvantage of distributed approaches includes sub-optimum channel utilization due to lack of 

global information of the system. Distributed approaches are not suitable for high load networks 

[37], [70], [97], [121]. An Artificial Intelligence (AI) based four layers distributed cellular 

network framework for optimal channel allocation is proposed in [13]. A comparison of 

centralized approach and distributed approach, based on several parameters, is given in table 2.2. 

Table 2.2: Comparison between Centralized and Distributed CA Approaches 

Evaluation Parameter Centralized Approach Distributed Approach 

Network Knowledge Global Local 

Complexity More Less 

Reliability Less More 

Scalability No Yes 

Robustness No Yes 

Use of Local Information More Less 

Channel  Utilization Optimum Sub-Optimum 

Fairness in Channel Allocation More Less 

Heavy Network Load Suitable Not suitable 

 

2.7 Channel Allocation Schemes 

It is imperative to deliberate on some popular channel allocation schemes studied in the 

literature. 

2.7.1 Fair Channel Allocation Schemes 

The channel allocation scheme, proposed for distributed cognitive radio network in [18], tries to 

maintain fairness among the SUs using the channel-aggregation (CA) technique and multi-



39 
 

channel assignment. To protect PUs from SUs interference, dedicated sensors (DSs), periodically 

perform spectrum sensing. In this scheme, SU uses free channels in an overlay manner. Also, to 

solve the fairness problem in CRN, a distributed medium access control (MAC) protocol for 

channel allocation is discussed in [126]. This scheme uses a combination of a greedy approach 

and the max-min criteria for channel allocation. 

Distributed channel allocation scheme, discussed in [127], aims to fair channel allocation to the 

users along with maximizing the network throughput. In any cognitive radio network, an 

effective spectrum assignment is a challenging task. If a multi-channel selection-based spectrum 

assignment scheme is used, secondary users can enhance the network throughput by utilizing 

multiple channels. A model is given in [128], in which a fair multi-channel assignment scheme is 

proposed for cognitive radio networks. Through simulation, it is observed that a fair multi-

channel assignment scheme results in a good trade-off between throughput and fairness of the 

spectrum assignment. Though the model has applied the CR concept, no cooperation with other 

primary networks is suggested towards further possibilities of improvement in radio spectrum 

utilization. Dynamic spectrum allocation for heterogeneous cognitive radio networks is given by 

W. Zhang et al. [129]. In this, the concept of multiple channels has been used to facilitate the 

secondary services with the aim to enhance the throughput of the secondary services. This model 

basically takes care of the appropriate channel allocation to the secondary sender-destination (S-

D) [130] pair for sensing and utilization. 

A fair optimal resource allocation model is given in [6], in which a correct reception probability 

(CRP) is introduced as a metric to measure the network utility. While allocating the resources, 

two constraints have been taken care of; co-channel interference and average power budget 

constraints. A service-oriented bandwidth borrowing model is given by J. Change et al. in [131]. 

In mobile multimedia wireless networks, requirement-based bandwidth borrowing is used. This 

model reduces the bandwidth reconfiguration overhead and controls the call admission to 

maintain the QoS. It infers that for the good quality of realtime services, the minimum speed for 

Voice Over Internet Protocol (VoIP) [132], phone calls should be between 90 kbps to 156 kbps at 

the other end of the VoIP speed spectrum. Although many models have been proposed for the 

channel allocation problem for realtime and non real-time services, it is observed that these lack 

the service request that has the specified bandwidth requirement. Only a few models discuss the 
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service requirement based bandwidth borrowing in which realtime and non-real-time service 

requests will have specified bandwidth requirements [131].   

2.7.2 Cluster Based Channel Allocation Schemes 

To overcome the problem of sub-optimum channel utilization by distributed schemes, 

decentralized channel assignment schemes are developed [64], [133]-[134]. These schemes use 

cluster-based wireless networks to take advantages of both; centralized and distributed channel 

assignments. In a decentralized channel assignment, a cluster head performs the intra-cluster 

channel assignment in a centralized manner. The knowledge of the nodes of a cluster is utilized 

by cluster-head for the intra-cluster channel allocation. In [134], a semi-distributed hierarchical 

interference management scheme is proposed. This scheme is based on joint clustering and radio 

resource allocation for the femtocells. In [133], a QoS based, robust, clustering-based admission 

control scheme has been discussed for an OFDMA femtocell network. Entire subchannels of a 

single cluster are available to the SUs of that cluster. The SUs within a cluster can 

simultaneously communicate over different subchannels, avoiding mutual interference among 

the SUs. The numerical results show that this scheme achieves higher system capacity as 

compared to other schemes. 

Channel allocation in CR is a non-convex problem solved by applying subchannel allocation [5] 

and power allocation along with k-means clustering techniques. Results presented in [5] indicate 

that spectrum allocation is significantly improved with a quick convergence rate in this model. It 

also indicates that the technique is able to ensure fairness among users. 

2.7.3 AI Based Channel Allocation Schemes 

To solve the resource allocation problem in CRN, heuristic/meta-heuristics e.g. genetic algorithm 

(GA), particle swarm optimization (PSO), Fuzzy Logic etc. have been used extensively [7], [13], 

[135]-[137].   

The model proposed in [13], using AI and CR technologies, divides the whole network into four 

tiers. BS control mechanism is made using AI technique, which optimizes the channel allocation 

in distributed cellular network. The result shows that after all the BS have completed the 

learning, channel demands of the PUs and the channels allocated by each BS are almost the 

same. 
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A Fuzzy logic-based model for efficient channel utilization is given in [7]. The proposed scheme 

reduces channel switching rate of the SU and makes channel selection more adaptable. Cognitive 

users (secondary users) opportunistically exploit the white spaces available in a licensed 

spectrum. Also USs immediately releases the channel on sensing the appearance of the primary 

users. Both channel selection and channel switching are jointly managed by the decision support 

system of this model to enhance the overall throughput of CRNs [7]. In this model, for better 

channel utilization, both underlay and interweave approaches have been used. Results show that 

this model performs better in transmitting data packets because of best channel selection based 

on susceptibility. This model assumes that if a channel is less susceptible to PU transmission, it 

will be available for a longer period and thus incur less channel switching.  

A cognitive channel allocation model is given by Singh et al. [135], which applies genetic 

algorithm (GA) for channel allocation in a cellular network. The concept of GA and cognitive 

radio utilizes the radio spectrum better. Services are categorized into four; primary new, primary 

handoff, secondary new and secondary handoff. Primary services are high priority services than 

secondary services. The lending of single-channel, as well as multi-channel, is also applied for 

better radio spectrum utilization. It is observed that call block and call drop are minimized 

significantly in this model.  

A heuristic channel allocation model using multi-lending is given in [5], where the multi-lending 

concept is applied over 42 cell cellular network to minimize the call block and call drop. 

Cognitive radio enabled the opportunistic utilization of licensed channels by the secondary users, 

which enhanced the radio spectrum utilization and minimized the call blocking and dropping. In 

the model, services are considered into two categories; real-time and non-real-time used by 

primary and secondary users, respectively. A CR based heuristic channel allocation model is 

proposed by Vidyarthi et al. [12], in which services are categorized into two; realtime and non-

real-time services. Realtime services are recognized as primary services and non real-time as 

secondary services/cognitive services. For the effective radio spectrum utilization, cognitive 

radio concept is used to facilitate the secondary services. Results show that radio spectrum 

utilization has improved significantly with this proposed method. A revenue-based mechanism is 

used to accommodate the number of secondary users by applying the particle swarm 

optimization (PSO) in [137].  



42 
 

Multi-objective based resource allocation in the cellular network always has been a challenging 

task. A hybrid optimization-based model [138] has been proposed in a cooperative cognitive 

radio network (CCRN) to handle various issues. These include load balancing, PSO based 

energy-efficient cluster formation, multi-factor differential evolution for prioritization of traffic 

levels and modified gravitational search algorithm for resource allocation throughput. It is shown 

that hybrid CCRN (HCCRN) performs well and utilizes the radio spectrum quite well. A 

cognitive radio-based spectrum allocation model, given by [73], is a multi-objective optimization 

model that addresses the issues concerning utilization and network throughput. The model 

intends to maximize the spectrum utilization by concurrent transmission on the channel. 

In [139], a price based channel sharing model using PSO has been proposed. This model 

minimizes the price incurred by the SUs. Another model, proposed by N. Ul Hasan et al. [67], 

uses PSO and modified GA for network selection in such a way that minimize the overall cost 

paid by the SUs. At the same time, it reduces the overall interference incurred to the PUs. Two 

scenario are used to evaluate the performance; the first is the SU data rate demands and the 

second is the price preferences of the SUs. Simulation results showed that the performance of the 

modified GA is better than the PSO. Spectrum sensing plays a very important role in proper 

channel allocation in CRN. In [81], the spectrum sensing process in CRN has been optimized 

using grey wolf optimization (GWO) and dragonfly meta-heuristic algorithms. This model uses 

priority weight at the fusion center, optimize the weight vector, and provide the highest value of 

the probability of detection. It also guarantee the maximum proportional fair reward for users. 

2.7.4 Channel Reservation Based Schemes 

Due to its dynamic environment that consists of mobile users, base stations, links, etc. cellular 

networks are vulnerable to failure [102]. There is heterogeneity of wireless networks failures 

which may occur due to channel failure, hardware failure, software failure or/and due to some 

fundamental problems in radio transmission resulting in network performance degradation [8]. 

To improve channel utilization and to guarantee QoS and manage failure, few recent studies 

have used channel reservation mechanisms in CRN [8], [24], [140]. 

A PU based channel reservation scheme for CRN is proposed in [140], where initially some 

channels are reserved for PUs. For communication, PUs cannot use unreserved channels as long 

as reserved channels are available; this gives a fair chance to SUs to complete their services. In 
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model [24], both multi-level channel reservation and dynamic channel aggregation are used for 

admission control and QoS guarantee. This scheme reserves some specific channels for each SU 

in contrast to single-level channel reservation [141]. The forced termination rate in this model 

decreases considerably, but the blocking probability increases considerably by a small increase 

in CRN load. 

In CRN, SUs services are affected on arrivals of the PUs services, channel failure or interference 

between SUs communications. To overcome the problem of error-prone channels, a model was 

proposed in [8], in which a dynamic channel reservation (DCR) scheme has been adopted that 

provides three access privilege variations. In this dynamic spectrum access model, the numbers 

of reserved channels are dynamically adjusted with the objectives to minimize forced termination 

of ongoing PU and SU services. The reserved channels are used only by those SU and PU 

services that face interruption due to channel failure or SU services that are forced to preempt the 

channels upon arrival of the new PU services. This scheme enhances the service retainability of 

SUs as well as the reliability of the network. 

In CR-IoT network, QoS provisioning is important not only for PUs but also for SUs. In a 

dynamic channel reservation-based model, for admission control and channel allocation, a QoS 

provisioning based solution for CR-IoT network is proposed in [9]. This scheme efficiently 

utilizes the channels and minimizes the call blocking probability by using PU traffic patterns for 

channel selection. The call-blocking probability of high priority services of SUs is minimized by 

dynamic channel reservation. Assuming 100% spectrum sensing, PUs detection is not possible. 

This scheme included sensing error in the analysis of the system performance. On the basis of 

QoS requirements of different priority classes and their realtime traffic estimation, a dynamic 

number of channels are reserved for each priority class.  

2.7.5 Auction Based Channel Allocation Schemes 

Along with QoS and QoE, one of the major objectives of the cellular network is to provide cost-

effective services to its users to retain them in this competitive market. In recent past, some work 

addresses the issue of pricing for channel allocation in CRN using game theory [142]-[144]. 

A spectrum-sharing mechanism using auction was proposed in [145], for profit maximization of 

the primary owner in CRN having multiple PUs and SUs. Game theory has been used as  
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an effective tool for obtaining a competitive optimal solution for pricing related problems. A 

cooperative game-theoretic model has been proposed in [144], for dynamic spectrum leasing 

(DSL), with the objective of network utility maximization (NUM) for spectrum sharing where 

SUs participate in the negotiation on interference budget for channel allocation.  

In [146], a revenue optimal pricing policy is proposed for spectrum access control and 

maximization of both the service provider’s revenue and social welfare. In CRN, the channel 

allocation process needs to consider the speed of users for better QoS. A two-tier pricing model 

is proposed in [142] for heterogeneous CRN. Two types of users, high speed and low speed, are 

considered. Game theory has been applied to determine the spectrum price. The final decision of 

spectrum allocation and calculation of the payment price is made considering the result of the 

game for high-speed users and low-speed users. This model gets a good request success rate and 

achieves good spectrum utilization and user satisfaction. 

To compensate an SU in CRN, a semi-cognitive radio networks paradigm is proposed in [143]. 

In this model, a constraint is imposed on the PUs, making PUs explore all free channels available 

in the network before interrupting the SUs. A game-theoretic approach is proposed to converge 

into a stable equilibrium state. The results indicate that interruption rates are significantly 

reduced and profit to the primary network is increased without affecting channel efficiency. 

Another revenue-based model is given in [147] that considers the revenue aspect along with the 

concept of penalty on the service providers for the dropped services. Cooperation among 

wireless service providers helps in uninterrupted communication to the mobile users. Imposing 

penalty on wireless service providers compel it to offer better service. This also motivates the 

customers to stick to the service providers, i.e. reducing the churning of the customer. In [147]- 

[148], the utility of the customers are defined with the help of the modified sigmoid functions. 

2.7.6 Channel Aggregation Based Schemes 

In many of the existing works, static and dynamic channel aggregation along with channel 

fragmentation techniques have been applied [24]. Channel aggregation (CA)  has been used as a 

tool for spectrum enhancement in cognitive radio network. Using CA, it is possible to combine 

multiple idle channels and utilize as one bonding channel. A distributed CA model proposed in 

[18], attempts to address the fairness problem in channel allocation along with improving the 

throughput of the system by multi-channel aggregation, which allows each SU to access multiple 
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channels simultaneously. In some cases, narrow fragments of the spectrum bands are available 

and by aggregating them, radio chunks required for service requests can be created. The channel 

aggregation can improve effective spectrum utilization. While implementing spectrum 

aggregation for a service request, free segments of the spectrum from a lower frequency to a 

higher frequency are considered [149]. 

When SUs detect those spectrum wholes which are too small and discontinuous, it cannot 

support the requirement of high data rate as well as high-speed required for the SUs 

communications. In those cases, spectrum aggregation is a better solution for effective spectrum 

utilization [150]. A channel aggregation based multi-user cooperative relay scheme proposed in 

[151], aggregate those idle spectrum which can be selected for the same relay. It is observed that 

the throughput of the network is better when spectrum aggregation in a multi-user cooperative 

relay network is used compared to when the spectrum aggregation is not used. By combining 

dynamic relay selection and aggregation strategy, both spectrum efficiency and transmission rate 

have been improved. 

In two approaches for channel aggregation are proposed in wideband cognitive radio networks; 

one is constant channel aggregation (CCA) and the other is variable channel aggregation (VCA). 

In VCA, channels are aggregated using probability distribution or on the basis of the number of 

free channels for utilization. In [153], a mechanism of channel allocation for centralized 

cognitive radio networks is proposed in which dynamic channel aggregation is performed based 

on the number of packets remaining for transmission. This mechanism highly depends on the 

CRN load and used discrete-time priority queuing model along with an adjustable transmission 

rate for minimizing forced termination rate. 

In [154], a model for channel adjustment using dynamic spectrum leasing is discussed.   

The spectrum is leased based on the amount of ongoing traffic load and buffered PU request 

status. To serve the SU request, this model uses a dynamic spectrum access strategy along with 

channel aggregation. In [155], a model for sharing spectrum (SS) using the mechanism of 

channel aggregation (CA) is studied. This model allocates channels for the 5G wireless networks 

services, using both the licensed spectrum as well as the unlicensed spectrum, which are 

aggregated from the industrial, scientific, and medical (ISM) bands. The authors have developed  
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a mechanism known as spectrum lean management (SLM) to maximize the total system 

throughput of the proposed system, considering both the system’s internal and external 

constraints.  

2.7.7 Few other Channel Allocation Schemes 

A reasoning CR is proposed in [156], which is an advancement over the traditional CR with no 

interference. It can automatically determine the permissible limits for the safe transmission of 

secondary users’ services. Cognitive radio has enabled opportunistic utilization of the licensed 

channels based on the primary user’s behavior. A QoS provisioning for a heterogeneous 

services-based model is given by [9]; in which priority-based secondary users use the licensed 

channels opportunistically. This model aims to minimize the call blocking probability of high 

priority SU calls while maintaining a satisfactory level of channel utilization. Another model, 

given in [67], minimizes the secondary user’s interference to the primary network. It also 

optimizes the cost paid by the secondary users.  

In maintaining the QoS, the call admission control (CAC) technique plays a significant role. In 

CAC, bandwidth reservation and degradation schemes can be applied to achieve the desired 

QoS. In the model by S. Alsamhi et al. [157], to admit a new call request, an adaptive 

degradation scheme is proposed. The new call request will be admitted and a new channel will 

be created by reducing the bandwidth of the existing channels. 

CR decisions can further be improved by applying AI-based machine learning techniques on 

input data to identify the pattern and make composed decisions. Cognitive radio is used for 

opportunistic utilization of the radio resources, where for centralized management of radio 

resources, software defined networking (SDN) [158] is used. SDN has experienced an 

overwhelming concern towards wired as well as wireless mobile networks [159]. 

In traditional wireless networks, communication begins when the required bandwidth is 

available. A model is given by [160], in which their proposed channel allocation technique 

overcomes the limitations of contiguous bandwidth allocation in the CRN. A realistic situation 

for multimedia communication is considered, where typically a varying number of bandwidth is 

needed for the users’ services. This technique is based on the utilization of many non-contiguous 

channels whose bandwidth is smaller than the required bandwidth but collectively is equal to or 

more than the required bandwidth. This study shows that the heuristic-based model outperforms 
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other existing first-fit and best-fit allocation techniques under all traffic situations. It is 

demonstrated that their proposed technique can accommodate around 96% of the traffic load and 

also is able to allocate the channels in less than 4.5 seconds. Cognitive radio plays a vital role in 

utilizing the unlicensed and non-contiguous radio spectrum.  

An underlay channel allocation algorithm is proposed in [25], in which both PUs and SUs are 

capable of communicating under different modulation schemes, power levels etc. SUs transmit 

within the permissible limit of interference level, defined by the PUs. Different users of  

 

the network transmit on different slices of the frequency band using OFDMA. Through results 

analysis, it is observed that in case of increased PUs interference limit, the total data rate is 

increased to a maximum possible value and increases the system’s overall capacity. This happens 

because it permits the SUs to transmit at a higher rate. In a practical scenario, different 

multimedia services require a different number of channels. In a channel allocation model 

proposed in [129], each SU is allocated more than one channel if available at that instant. PUs 

channels are characterized using channel idle probability and channel capacity. SUs are depicted 

using its geographical location, received SNR and the energy detection threshold. This algorithm 

is less complex and its performance is close-to-optimal solution, as demonstrated through 

experimental results.  

Unpredictable behavior of PUs makes CRN management more challenging. Considering the 

dynamic nature of channel availability for SUs due to interference constraints and PUs reclaim of 

multiple channels simultaneously, in [161] a fault-tolerant model based on k-channel-

connectivity has been proposed. The theoretical analysis and simulation results demonstrate that 

this model is fault-tolerant, provides a connectivity guarantee, and is energy efficient. 

This chapter gives a good insight into the channel allocation problem in cellular systems, in 

general, with an emphasis on opportunistic channel utilization in cognitive radio enabled cellular 

systems and discussed many related research works reported in the literature in the channel 

allocation research area. 

Though there have been consistent effort to develop mechanisms to address various issues and 

challenges in channel allocation in CRN, still due to a very large number of emerging services, 

e.g. internet protocol television (IPTV), mobile gaming, video conferencing, smart city, health 

care and videos conferencing etc. in which majority of the services are of multimedia nature  
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and resource-demanding, it requires more attention. At the same time, to address the upcoming 

5G services, including IoT applications, we need to consider fairness in service providing by 

prioritizing a few classes of services that are more critical and important than other services. 

Also, future cellular network systems are expected to work in sync with other network base 

stations to collaboratively exploit the available frequency resources to the maximum extent 

possible using the DSA mechanism. To manage 5G heterogeneous environment, it is necessary 

to have proper priority-based admission control with dynamic spectrum allocation to serve both 

PUs and SUs services. Both the heterogeneous environment of networks and multimedia-rich 

service demand generates different QoS/QoE requirements. A cognitive radio-enabled cellular 

network not only provides services to its PUs but also serve the SUs using opportunistic 

spectrum access. As the CRN co-exist and operate on a spectrum of the primary network, 

channel allocation schemes need to be developed considering the priority of PUs services and 

their QoS/QoE requirements. At the same time, efficient utilization of the resources for SUs 

services is necessary.  

2.8 Research Gaps Identified 

While considering the existing research work and the points mentioned above, some gaps have 

been identified, which are listed as follows. 

1. Mechanisms need to be developed which facilitate utilizing the free channels available 

opportunistically, not only by SUs in the CRN but also by PUs belonging to another 

service provider in the vicinity. This will increase the collaborative utilization of free 

channels available at any base station (BS).  

2. Fairness in providing service is a major challenge. There is a need to develop mechanisms 

by which fairness in channel allocation may be ensured and the running services get a fair 

chance to utilize the available channels. Also, more service requests may be accepted by 

some adjustment and compromise in the services’ QoS/QoE requirements. 

3. The mechanism to enhance the overall network performance in terms of network 

throughput and system capacity utilization needs to be developed using the concept of 

aggregating small chunks of free channels to fulfill the requirements of service requests 

and ensure the priority of PUs in the entire service process. 
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4. In the upcoming 5G CRN, it is expected that one user may run more than one service at a 

time that too using the free channels of different service providers. To address such a 

scenario, models need to be developed in which QoE of the users is ensured and the overall 

throughput of the network increases. 

5. Mobility management of SUs is an important aspect to address both QoS and QoE 

assurance to the SUs in the CRN. Mobility management becomes complex in the 

environment where a CRN is having access to free channels of several service providers 

for SUs services. To have mobility management mechanisms where SUs are in motion is a 

significant problem of the study in CRN. 

This thesis has proposed and studied some models to address some of the research gaps as 

mentioned above and presented them in the upcoming chapters. 
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Chapter 3 

Opportunistic Channel Allocation in  

Collocated Primary Cognitive Network 

 
In order to facilitate primary/secondary users in a cellular network, meeting the growing demand 

for radio spectrum has become a challenge. In the past, many channel allocation models have 

been proposed that applies cognition, for better radio spectrum utilization. The proposed model, 

in this chapter, is based on our work published in [162]. Three types of users have been 

considered: primary users (PUs), opportunistic primary users (OPUs), and secondary users 

(SUs). They use radio resources in collocated primary base stations. The opportunistic primary 

users and the secondary users may request for handover as and when required. The model aims 

to enhance the radio spectrum utilization by making opportunistic use of radio resources by 

OPUs. This also enables the cognitive radio base stations to dynamically collect the free channel 

information. The CR base stations maintain the information on centralized free channels at the 

collocated primary base stations to opportunistically facilitate SUs. The proposed channel 

allocation model maintains the QoE of the users besides the QoS. The performance analysis, of 

the proposed model, is done by simulation.  

3.1 The Problem  

Most of the proposed models in the literature have applied diverse cognitive approaches for 

channel allocation. Many of these consider two categories of services; real-time and non-real 

time with differing priorities [136]-[137]. Further, primary and secondary services are considered 

as follows; primary services are real-time in nature while secondary services are non-real time 

services. Few other models, such as GA based [135] and the pricing based [147], also 

categorized the services into real-time and non-real time services.  

 

In general, primary and secondary requests reaches to the service providers which utilize the 

channels opportunistically using the Cognitive Radio (CR) concept. Although CR has increased 

the utilization of radio spectrum to some extent, the possibility still exists for its better 

utilization, and therefore, this issue is still relevant for the researchers. 
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The proposed model considers two categories of services; real-time and non-real time. Real-time 

services are delay-sensitive while non-real time services are delay tolerant. This model also 

considers three kinds of users; primary users (PUs), opportunistic primary users (OPUs), and 

secondary users (SUs). As mentioned earlier, Primary users are the licensed/privileged users, 

whereas secondary users are the one who uses the radio resources opportunistically. The third 

category of users, considered as OPUs, uses the radio spectrum of other primary networks 

opportunistically. In case of interruption by the primary users of the same network, it may be 

shifted to their own primary network by performing the handover. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 depicts three collocated primary radio base stations (PRBS) of different primary 

networks serving their primary user’s requests. CR base station (secondary base station) is 

equipped with the sensing ability to collect the free channel information from all the primary 

radio base stations. These free channels are being used by SUs and OPUs opportunistically. 

Opportunistic primary users (OPUs) are those primary users who are using the channels 

opportunistically in other primary networks. 

Figure 3.1: Primary and Cognitive communications in Collocated PBS 



52 
 

The proposed model aims to increase the utilization of the radio spectrum by allocating the 

channels for the service requirement. The model applies the opportunistic utilization of radio 

resources by other primary users as opportunistic primary users. 

3.2 The Proposed Model 

In the proposed model, it is considered that the primary user has the requirement of channels for 

both delay-sensitive and delay-tolerant services, while secondary users have only non-real time 

(delay-tolerant) services. On falling short of a channel, the primary users can explore other 

primary networks (owned by some other service providers) to complete their services. When a 

primary user is running its services in other networks, it will be categorized as the opportunistic 

primary user.  

Let there are   number of primary networks with their base stations to handle primary requests. 

For secondary requests, there will be a specialized secondary base station that can locate the free 

channels of each primary network. The secondary base station allocates the channels to the 

secondary users for opportunistic utilization. Each channel has its specified capacity and is 

allocated to the primary/ secondary users considering their bandwidth requirements for their 

services.  

3.2.1 Service Vector 

As shown in table 3.1, the service vector maintains the running status of various PUs, OPUs, and 

SUs status in terms of real-time and non-real time services.  

Table 3.1: Service Vector 

Channel id C1 C2 C3 C4 C5 C6 C7 

Channel Bandwidth (kbps) 219 237 217 223 225 140 212 

Service Time (s)/Size (Kb) 169 kb 1523 kb 2 1 3 836 kb 900 kb 

Service Category NRTS NRTS RTS RTS RTS NRTS NRTS 

User Category PU PU PU PU OPU OPU SU 

Table 3.1 shows the running status of channels for             The second row, in the table, 

depicts the bandwidths of the channels, the third row represents the size/time required by the 

primary and the secondary services e.g    requires 1523 Kb size to upload or download while    
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requires 2-time units to complete the service. The third row in the table shows that    and    has 

the service time and service size (kb) respectively depicting real and non-real time services 

respectively. The fourth row represents the service category types, i.e. real-time or non-real time 

service. The last row of the table indicates the user’s category; a primary user, an opportunistic 

primary user, or a secondary user. OPU is the user of other service providers. For example,    

and    are running OPU services, real-time and non-real time, respectively.  

3.2.3 Spectrum Handover 

Spectrum handover is the process of switching from one channel to another as per the 

requirement. In this model, the opportunistic primary user (OPU) will participate in the handover 

process. It is because OPUs will be using the channels of other primary networks. It is also 

possible that OPUs will be interrupted to release the channels for the primary users that belong to 

that particular network. For this, OPUs will be migrated back to their own network. In case the 

channels are not available in their own network and the nature of the service is non-real time, 

OPU status will be stored in the interrupted service vector and will be resumed on the availability 

of the channels. Otherwise, if OPU is using a real-time service, it will simply be dropped. 

Whenever a primary network falls short of channels to facilitate its licensed users, it will 

interrupt the low priority serving SUs first. Subsequently, on the non-availability of channels 

occupied by SUs, PU will interrupt the OPUs as stated above. This mechanism will increase the 

radio spectrum utilization and minimize the drop/block rate of the primary services. 

3.2.4 Update Channel Status 

Channel status information will be updated whenever a channel becomes free or occupied. The 

service status of both real-time and non-real time services will be updated as given in  

equation 3.1. 

                  
                                                                                     

                                                         
            (3.1) 

If the service is real-time, it is delay-sensitive and will require some time to complete, as 

reflected in table 3.1. If the service is non-real time, it will be in terms of size 

(upload/download). After the completion of the service, the channel will be released and will be 

pooled to the free channel list of the respective primary network.  
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3.2.5 The Flow Chart 

A self-explanatory flow chart, of the proposed model, appears in figure 3.2. 

No

Start

Input:
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primary network
4. Primary service request arrival rate 
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YesNo

 

Figure 3.2:  The Flow Chart of the Proposed Model 
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3.2.6 The Algorithm 

  

The algorithm, of the proposed model, is as follows. 

Algorithm 3.1: Cognitive Channel Allocation 

Input: Number of Primary Networks, SBS, Channel Assignment in each primary network, 

PSRAR in the primary network, SSRAR at SBS.  

   PSRAR is the primary service request arrival rate and SSRAR is secondary service 

request arrival rate.  

Output: Primary blocked services, Secondary blocked services, Opportunistic dropped 

services 

1.                            

2.                                                                              

3.        

4.                   

5.                                             

6.                          

7.                    

8.                                                  

9.                                                 

10.                                 

                                                     

                                                               

                                        

11.                                                                
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14.     

15. I                                                        
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16.                

17.                                   

18.                                          

19.                                                        

                     

                             

20.             

21.                

 

In the above algorithm, steps 1 to 3 are the initialization steps. The duration of the total execution 

time is being set in step 2. The timer is initialized to zero to begin. 

Step 5 classifies the requests to primary and secondary. Steps 6-8 allocate the channels to the 

primary requests in each primary network.  

In steps 9-14, if free channels are not available, SUs and OPUs are suspended to facilitate the 

PUs. Suspended SUs information will be stored in the Interrupted Service Vector to resume later, 

after the availability of the channels. Suspended OPUs will be shifted to their own primary 

network. 

Steps 15-16 serve the interrupted services and allocate the channels to SUs as per the availability 

of the channels. Free channel and busy channel information will be updated in step 17, while step 

18 stores the status of primary and secondary blocked services. 

After checking the status of channels to free or occupied, in step 19, the free channel list will be 

updated. The algorithm will iterate until a termination criteria is satisfied. 

3.3 The Performance Analysis 

In this section, the performance of the proposed model has been analyzed through simulation. 

The parameters used for the performance evaluation have been discussed. In order to conduct the 

experiments, few assumptions have also been laid down. 
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3.3.1 Performance Evaluation Criteria 

The following metrics have been used to evaluate the performance of the proposed opportunistic 

channel allocation model. 

Service request arrival, in the cellular network, is random and follows the Poisson distribution 

model with some specified mean arrival rate. In the model, primary and secondary requests have 

been assumed to follow the Poisson distribution [112].       denotes the probability of   number 

of request arrivals in time duration   as indicated in equation 3.2 and    is the mean arrival rate. 

       
      

  
        (3.2) 

The call holding time of the service request follows the negative exponential distribution [113]. 

[It has the probability distribution function (pdf) as given in equation 3.3. In the exponential 

distribution,   indicate the mean service rate. 

            (3.3) 

In the model, we have assumed that 60% of the primary services will be real-time services, and 

40% will be non-real time services. 

3.4 Simulation Results 

This section demonstrates the outcome of the experimentation done to evaluate the performance 

of the proposed channel allocation model. It is done in MATLAB. The study is performed on 

varying number of primary networks for minimizing the number of blocked primary as well as 

secondary services. Cells of the network have three types of requests PUs, OPUs, and SUs. The 

data used in the experiments, conforms to that of [147].  

3.4.1 On Varying Number of Primary Request  

This experiment is carried out to observe the performance of the primary requests on varying 

request arrival rates. The input parameters of the experiment are as follows: the number of 

channels per network is 10, mean arrival rate of each primary requests is 5, secondary request 

arrival rate on the cognitive base station is also 5, the service time of real-time services are in the 

range of 3 to 5 time units and non-real time services are in the range of (100kb to 2000kb). The 
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experiment is carried out for a 500-time unit and the results of the last 10 iterations are taken, i.e. 

after the system is stabilized. 

 

 

 

Figure 3.3 shows that requests are being served even on the high mean arrival rate of 5. When 

the mean arrival rate decreases to 4, blocked requests are reduced significantly, as shown in 

Figure 3.4. 
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Figures 3.5 and 3.6 show the results of further decreasing mean arrival rates (3 and 2) 

respectively. The observation from figure 3.5 shows the improvement in serving the requests. 

Figure 3.6 shows that blocked requests are almost nil. 

The overall observations, from figures 3.3 to 3.6, reflect that when the mean arrival rate 

diminishes, then the number of blocked requests is also reduced. After decreasing the mean 

arrival rate to a certain level, almost all the requests are being served, and blocked requests are 

negligible. 
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3.4.2 On Varying Number of Channels with Fixed Arrival Rate 

This experiment is carried out to test the average secondary blocked requests. The input 

parameters for the experiment are as follows: The number of primary networks is 5, primary 

requests mean arrival rate in each network is 3, the mean arrival rate of secondary request is 5. 

The experiment is carried for 5000 iterations on a varying number of channels as 10, 15, 20, 25. 

The output is shown as average blocked secondary requests.  

 

Figure 3.7 confirms that secondary requests are also getting served, though opportunistically, 

very well. It is further observed that on increasing the number of channels in the network, 

average blocked secondary requests are being reduced. When the number of channels is 25, 

almost all the secondary requests are being served. 

3.4.3 On Varying Number of Primary Networks with Fixed Arrival Rate 

This section performs another set of experiments to observe the effect on secondary services on a 

varying number of primary networks. The input parameters are as follows: 10 channels are 

assigned to each network, the mean arrival rate on each primary network is 2, and secondary 

requests mean arrival rate is 5. The number of primary networks is varied from 2, 4, 6, 8, 10. The 

average result of 5000 iterations is taken. 
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Figure 3.8 shows that on varying number of primary networks, average secondary blocked 

requests are reduced even with the limited number of channels in the network. When the number 

of primary networks is 10, average blocked requests are quite low.  

3.4.4 A Comparative Study on Varying Number of Primary Networks  

A comparative study has been performed to observe the primary average blocked with and 

without using OPUs on varying numbers of Primary Networks (PNs). The experiment is carried 

out to observe the role of opportunistic primary users on average blocked requests. The input 

parameters for the experiments are as follows. The number of channels per network is 10, the 

primary service mean-arrival rate is 5 in each network and the secondary service mean arrival 

rate is also 5. These parameters remain fixed for all sets of experiments. Average blocking of 

primary requests has been observed on varying number of primary networks (PNs); with and 

without using the opportunistic primary users.  

Figure 3.9 reflects that without using the concept of the opportunistic primary user, average 

blocked requests are high. On increasing the number of primary networks (PNs) and enabling the 

opportunistic primary users to use the services opportunistically, average blocked requests are 

decreased. When the number of PNs is 8, the average blocked requests are significantly low. 
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3.4.5 A Comparative Study on Varying Number of Channels  

A comparative study has been performed to observe the primary average blocked with and 

without using OPUs on varying number of channels. A set of experiments is performed on 

varying the number of channels to 10, 15, and 20 to observe the impact of opportunistic primary 

users. Other input parameters in the experiment are as follows. The number of primary networks 

is 5, the primary services mean arrival rate is 5 for each network, and mean request arrival rate 

on the cognitive base station is also 5. The result, shown in figure 3.10, is the average of 5000 

iterations. 
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Figure 3.10 shows that when primary requests utilize the channels of other primary networks 

opportunistically, average blocked requests are quite low in comparison to without using the 

OPU concept. When the number of channels is increased to 20, the average blocked requests of 

primary services are minimized quite significantly. Figures 3.9-3.10 show that the opportunistic 

primary users concept increases the utilization of the radio spectrum and also minimizes the 

primary blocked requests effectively. 

3.5 Concluding Remarks 

In this chapter, a model is proposed with a new concept of OPU, besides the other existing types 

of mobile network users and observes its effect on channel utilization. This model applies CR’s 

concept to facilitate both the PUs and SUs services in the collocated primary network’s vicinity. 

The radio spectrum utilization has been enhanced by the opportunistic access of radio resources by 

OPUs and by enabling the CR base stations to collect information on free channels dynamically. It has 

been observed, through simulation, that the requirement based channel allocation increases the 

channel utilization by allocating it opportunistically. 

The model has been evaluated by carrying out many experiments which depict that when 

primary users of a primary network share other collocated primary networks channels for their 

services as an opportunistic primary user (OPU), the primary users’ service requests are 

effectively addressed. It has been observed that when the number of channels is increased to a 

certain level, the average secondary blocked requests are negligible. The secondary services’ 

performance is also studied on varying numbers of primary networks, and it has been observed 

that they perform very well.  Model is also tested with and without opportunistic primary users 

(OPU), and it is observed that the performance of the model is quite encouraging when it uses 

the opportunistic primary users to utilize the radio spectrum opportunistically. The overall study 

about the proposed model suggests that it can be implemented for future communication 

networks for the channel allocation problem for better QoS and QoE. 
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Chapter 4 

 

Requirement Based Channel Allocation  

in CRN 
 

Radio spectrum is a scarce resource and its utilization has always been a key concern in a 

cellular network. Various techniques have been applied in the past to enhance the utilization of 

the radio spectrum. With the growth in technology, QoS and QoE are often desired by the 

spectrum users. This is taken care of by allocating the channels based on the minimum 

bandwidth requirement. Cognitive radio deals with the opportunistic usage of the radio spectrum 

by the secondary users. In this work, a bandwidth requirement-based channel allocation is 

proposed in the CRN, which considers the minimum bandwidth requirement for allocating the 

channels. Two types of services are considered in the model; primary and secondary. Primary 

services are high-priority services that are facilitated by performing the spectrum handover with 

the secondary services. The performance study of the model depicts its effectiveness in terms of 

primary and secondary services. 

The problem addressed in this chapter proposes a novel approach of channel allocation in a 

cognitive radio network based on the users’ bandwidth requirement. The objective of the work is 

as follows: 

 To enhance the radio spectrum utilization by using the CR. 

 To allocate the channels as per the bandwidth requirement. 

 To minimize the call blocking/dropping for both primary and secondary services. 

 To improve the throughput of the system by allocating the appropriate number of 

channels as per the minimum bandwidth requirement. 

4.1 The Problem 

The problem addressed, in this work, is channel allocation in the cognitive radio network with 

fair requirement-based bandwidth management. It is evident from the chapter on the related work 

that many existing models do not address the issue of the service request with specified 

bandwidth requirements. Many a times, services run by compromising their minimum bandwidth 

requirements. Thus hampers the quality of service and quality of experience. This model 
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addresses this issue and channel allocation is done considering the minimum bandwidth 

requirement. This helps to improve the desired quality parameters. 

Service request arrival, in a cellular system, is purely random and follows the Poisson’s 

distribution [8], [112]. In this work also, the arrival pattern of the primary and the secondary 

requests in a cellular system has been considered to follow the Poisson distribution [111]. Let 

      denotes the probability of arrival of   number of requests in the time duration   as 

indicated in equation 4.1 and    is the mean arrival rate. 

       
      

  
      (4.1) 

In the proposed model, a practical scenario of the spectrum allocation is considered in which the 

requests arrive with the specific requirements. All the primary and secondary services arrive with 

their minimum and maximum bandwidth requirements and the channels will be allocated to the 

services satisfying the minimum bandwidth requirement of the request. This model aims to 

improve the quality parameters and enhance the utilization of the radio spectrum. 

Quality of Experience (QoE) is a very subjective metric with respect to the specific quality of 

service parameters from users’ point of view. It can also be defined as the degree of the delight 

of a customer. If customer satisfaction is high then QoE will be high. However, If customer 

satisfaction is low, it will make the degree of annoyance high [92]-[93]. Subjective QoE 

measurement quantifies it in terms of mean opinion score (MOS) [92], which is measured using 

a point scale. Quality of Service (QoS) measures is very objective. In the proposed model, 

availability of the channels, quality of call (without interruption), Call block, Call drop, and 

waiting time for the services are considered as the QoS parameters. The QoE can be measured in 

terms of Application’s Quality of Service (AQoS) and Network Quality of Service (NQoS). Thus, 

Quality of Experience [93] can be defined as shown in equation 4.2. Where      basically 

covers the reliable delivery aspects of multimedia data over wireless medium and      is 

concerned about End-User     [163]. 

                            (4.2)   

In the proposed model, the utility of the customer depends on the call block/call drop and other 

QoS parameters such as availability of channels and waiting time of the secondary services. 
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Mathematically, utility of the customer can be defined with the help of the modified sigmoid 

function [147]-[148] as shown in equation 4.3. 

             
 

                      
   (4.3) 

Where,                   is the number of call requests made by the customer, call rejected 

and QoS parameters respectively and    and   determine the steepness of the curve. Physically, 

these constants influence the utilization of the radio spectrum. In equation 4.3,   is associated 

with call block and call drop while   is associatd with other QoS parameters.     and 

    1, because in mobile communication system, call blocking and dropping are crucial 

factors and cannot be compromised. We can compromise other quality of service parameters, 

sometimes. 

4.2 The Proposed Model 

In the proposed model, two types of services are considered; real-time and non-real-time. Real-

time services are time-constrained and is often used by the primary users. Non-real time services 

are delay tolerant and is used by the secondary users/cognitive users. Primary services will have 

high priority than secondary services. The model also considers that service providers cooperate 

with each other to enhance the utilization of the radio spectrum. By the cooperation in the 

network, it is possible to serve the secondary services of the other service providers as per the 

availability of the channels.  

Before the proposed model is described, some preliminaries are given as follows.  

4.2.1 Channels 

The channels will have some specified capacity (bandwidth) to serve the real time and non-real 

time services as indicated in table 4.1. Channels will be allocated by considering the bandwidth 

requirements of the services. 

Table 4.1: Channels with specified bandwidth 

 

Channel_Id C1 C2 C3 C4 C5 C6 

Channel_Bandwidth 40 kbps 60 kbps 30 kbps 70 kbps 75 kbps 65kbps 
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4.2.2 Primary/Secondary Service Request 

Primary and secondary service requests arrive with the specified minimum and maximum 

bandwidth requirements as indicated in table 4.2.   

 

Table 4.2:  Primary/Secondary Service Requests 

 

As indicated in the last row of the table 4.2, primary requests is attributed with service time 

whereas secondary requests are attributed with size. 

4.2.3 Service Vector 

Channels are allocated to primary and secondary services as per the minimum bandwidth 

requirements to ensure the QoS. Table 4.3 shows the channel allocation to primary and 

secondary services where primary services are high priority services. 

 

Table 4.3:  Service Vector Status Matrix 

 

 

Request Id PR1 PR2 PR3 PR4 PR5 PR6 SR1 SR2 SR3 

Minimum Bandwidth 

Requirement (Kbps) 

54 71 77 76 57 65 38 37 29 

Maximum Bandwidth 

Requirement (Kbps) 

95 94 90 94 98 91 100 99 98 

Required Service Time 

(Sec.) / Size (KB) 

2 3 1 2 3 2 975 1206 1203 

Channel Id C1 C2 C3 C4 C5 C6 

Channel Bandwidth (Kbps) 40 60 30 70  75 65 

Minimum Bandwidth Requirement 

(Kbps) 

38  54  29 57 65 64 

Maximum Bandwidth Requirement 

(Kbps) 

100 95  98 98 91 100 

Service time (sec)/ Size (KB) 975 2 1203 3 2 3 

Remaining Service time (sec) / 

Size (KB) 

895 0 1143 1 0 1 

Service type (Primary/ Secondary) SR1 PR1 SR3 PR5 PR6 PR7 



68 
 

Table 4.3 shows the status of channels            in which C1 and C3 are allocated to the 

secondary services whereas remaining channels (C2, C4, C5, C6) are allocated to the primary 

services. Each channel satisfies the minimum requirements of the services running on it. For 

example, channel C2 is allocated to PR1 (Primary request) which requires minimum 54kbps 

bandwidth and channel bandwidth is 60kbps. The 5
th

 row in table 4.3 shows the required service 

time for primary services and required size to uplink/downlink for secondary services. 6
th

 row 

shows the required service time/size to complete the services. Zero (0) value in the field indicates 

that service has been completed and channel is free now to be allocated to any other request. 

4.2.4 Spectrum Handover 

Spectrum handover is the process of switching from one channel to another without interrupting 

the ongoing services. In the model, on the arrival of a primary request, if no free channel is 

available then for facilitating the primary services, secondary services will be moved to some 

other channel of some other service providers. Secondary services will be terminated only when 

spectrum handover is not possible. 

4.2.5 Interrupted Services 

In the proposed model, non-real time services i.e. secondary services can be interrupted to 

facilitate a real-time service. Interrupted service vector stores the information of interrupted 

secondary services. Secondary services will be interrupted to facilitate the primary request if a 

free channel to serve the primary service is not available. Once the channel becomes available, 

interrupted service (secondary service) may resume from the point where from it was interrupted 

i.e. it will complete its service using a preemptive-resume approach. Interrupted service vector 

contains the interrupted service-id, minimum bandwidth requirement, maximum bandwidth 

requirement, and remaining size for upload/download. Table 4.4 contains the information of the 

interrupted services. 

Table 4.4:  Interrupted Services 

  

Interrupted Service-id 1 2 3 4 5 6 7 

Minimum Bandwidth Requirement 80 78 80 80 78 59 65 

Maximum Bandwidth Requirement 100 90 97 96 91 99 99 

Remaining Service time/ Size (KB) 894  1518 876  899 421 1060 1213 
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4.2.6 Channel Update 

In the proposed model, the channel update is required to update the free and busy channel 

information. After completing the running service, the channel immediately will be returned to a 

free channel pool. The remaining size of data for upload/download (to send or receive a file), 

required by the secondary services, will be calculated with the help of the equation 4.4. The 

equation 4.5 is used to update the service time for the primary services where service time 

indicates the time required for the real-time service to complete.  

                                       –                                            

                                                                                                                                                             

4.2.7 The Flowchart 

The flowchart, to explain the working of the model, is given in figure 4.1 which illustrates the 

channel allocation to primary and secondary users. It also shows the interruption of secondary 

services when no channel is available to facilitate the primary services. 
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Figure 4.1: The flowchart of the proposed model  
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4.2.8 The Algorithm 

The algorithm of the proposed model is as follows. 

 

Algorithm 4.1: Channel Allocation based on Bandwidth Requirement 

Input: SP, PSRAR, SSRAR, Channels 

Output: Blocked Primary service, Blocked Secondary service 

1. Set the bandwidth of the channels and T   

                                                         

2. Set min and max bandwidth requirement of primary and secondary services 

3. time=0; 

4. while time ≤  T do 

5. Repeat steps 6 to 8 till all primary requests are served  AND   until step 6 returns true. 

6. If (available_channels>0 AND min bandwidth requirement of primary request is satisfied) 

then  

7.  {Assign the channel to the requested primary service 

8.  Update the information in the service vector} 

9. Else if (active secondary_services>0 AND respective channel satisfying the min 

bandwidth requirement) Then 

10. Interrupt the secondary service       // Algorithm 4.3 

11. Store the interrupted secondary service information in ISV  

                            Mention in Table 4.4 for sample 

12. Assign the vacated channel to the primary request 

13. Repeat steps 9 to 12 till either all the primary request is served OR there is no active 

secondary service. 

14. End If  

15. If (Available_channel>0) Then  

16. //Interrupted services will resume their execution before new secondary services 

17.  Resume the secondary interrupted service 

18. End If  // if free channel is still available then allocate the channel to secondary services 
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19. If (available_channels>0 AND min bandwidth requirement of secondary request is 

satisfied) Then 

20. Assign the channel to requested secondary services 

21. Update the information in Service Vector. 

22. Repeat steps 19 to 21 till the condition is satisfied. 

23. End 

24. Update the channel status()    Alogorithm 4.2 

25.  time=time+1; 

 

Algorithm 4.2:   Update the Channel Status Information 

Input: Service Vector  

Output: free_channel, Busy_channel 

1. Update the remaining service time of primary requests                      

2. Update the remaining service size of secondary requests                      

3. For all busy channels Do 

4. If ((remaining service time ≤ 0) OR (remaining service size) ) 

5. Return the channel into free_channel list 

6. Update the free and busy channel information 

7. End If 

8. End For  
 

 

Algorithm 4.3:   Spectrum Handover 

  Spectrum handover will be performed with secondary services only as per the 

availability of channels 

1. For each service provider search the  free channel 

2. If (free_channel bandwidth ≥ min bandwidth requirement of secondary services) 

3. Perform the handover of the secondary service. 

4. End If 

5. End For  
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In Algorithm 4.1, steps 1 to 3 are the initialization of the parameters. Steps 4 to 24 are the 

iterative steps for channel allocation for primary and secondary services in which channels 

allocated to primary services are high priority and is covered from steps 5 to 8.  

Steps 9 to 12 cover the spectrum handover and channel allocation to secondary services. 

Spectrum handover is required when a few primary services are not served. After serving the 

primary, secondary services will be served as per the availability of the channels. 

In Algorithm 4.2, aim is to update the status of free and busy channels information. Free channel 

list will be updated to further facilitate the primary and secondary services. 

In Algorithm 4.3, objective is to handle the spectrum handover of the secondary services. Steps 

2-3 is used to locate the free channels from other service providers. If free channels are available 

and satisfy the minimum bandwidth requirement of the secondary service, then spectrum 

handover will be performed. 

4.3 The Performance Study 

For the performance study of the model, simulation is done in MATLAB. More than one service 

providers are considered in a cell of the cellular network. The cell of a network receives two 

types of requests; primary and secondary. Spectrum handover is done for the unserved primary 

service. For this, secondary services are interrupted and allocated some other channels possibly 

from some other nearby service providers as per the availability of the channels. Numbers of 

experiment have been performed by varying the parameters. 

4.3.1 Primary and Secondary Services Analysis on Varying Arrival Rate 

In this set of experiment, the observation is taken on the number of primary and secondary 

requests served. The input parameters, for the experiment, are as follows. The number of 

channels in each cell is considered to be 10. While allocating the channels to primary and 

secondary services, the minimum bandwidth requirement of the service is considered. Execution 

is done up to 100-time units and results are taken of the last 10 time units after the system is 

stabilized. This ensures the real behavior of the system. Bandwidth is in the range of 90 to 156 

kbps. The request arrival rate of primary and secondary services is considered to be the same for 

analyzing the system performance when the same traffic capacity is being generated by both 

kinds of services. However, it can be different also. 



74 
 

 Experiment 1 

In this experiment, the observation is taken on the number of primary requests served. The mean 

arrival rate for both Primary and Secondary requests are 5. Figure 4.2 exhibits that primary 

services are being served significantly better even with the high arrival rate of the request.  

 

Figure 4.2: Arrived and served primary requests with arrival rate 5 

 Experiment 2 

This experiment is carried out by decreasing the mean arrival rate for primary and secondary 

requests to 4. Other parameters remain unchanged. Figure 4.3 shows that almost all primary 

service requests are served. Thus, on decreased arrival rate, blocked requests are negligible.  

 

Figure 4.3: Arrived and served primary requests with arrival rate 4 
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 Experiment 3 

Further, mean arrival rate of primary and secondary requests are decreased to 3. Figure 4.4 

shows that all the arrived requests are served now. 

 

Figure 4.4: Arrived and served primary requests with arrival rate 3 

Same set of experiments are carried out to observe how the secondary requests are being served. 

 Experiment 4  

This experiment is carried out to observe the arrival and service pattern of the secondary 

services. Notable is that when the mean arrival rate of secondary service is 5, only few secondary 

services are served as shown in figure 4.5. 

 

Figure 4.5: Arrived and served secondary service requests with arrival rate 5 
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 Experiment 5 

In this experiment, the service request rate is decreased to 4. Figure 4.6 depicts a slight 

improvement in serving the secondary services. 

 

Figure 4.6: Arrived and served secondary service requests with arrival rate 4 

 Experiment 6 

Further, the secondary service rate is decreased to 3. Observation from figure 4.7 is that after 

decreasing the request rate to 3, blocking of the secondary requests are decreased significantly.  

 

Figure 4.7: Arrived and served secondary service requests with arrival rate 3 

Observation from figures 4.2, 4.3 and 4.4 show that when the primary request arrival rate is 

decreased then almost all primary requests are served. Figures 4.5, 4.6, and 4.7 show that when 

the secondary request arrival rate is low, blocked secondary requests are also reduced 

significantly.  



77 
 

4.3.2 Primary and Secondary Services Analysis on Varying Number of Channels 

This set of experiments is carried out on the varying numbers of channels to observe the service 

performance of the primary and secondary requests. The input parameters, in the experiment, are 

as follows: the mean arrival rate of both primary and secondary requests is 5. Channel’s 

bandwidth is in the range of 128 kbps to 256 kbps. The experiment is carried out for 500 units of 

time and results of the last 10-time units are taken i.e. when the system is stabilized.  

First, three experiments show the analysis of arrived and blocked primary requests. 

 Experiment 1.  Number of channels per cell is 10. 

 

 

Figure 4.8: Arrived and Blocked Primary requests on 10 channels per cell 

 Experiment 2.  Same experiment is carried out with number of channels per cell as 15. 

 

 

Figure 4.9: Arrived and Blocked Primary requests on 15 channels per cell 
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 Experiment 3.  Again the experiment is repeated with number of channels per cell as 20. 

 

 

Figure 4.10: Arrived and Blocked Primary requests on 20 channels per cell 

Observations from figures 4.8, 4.9 and 4.10 show that for fixed arrival rate, on increasing the 

number of channels per cell from 10 to 15, the requests are served better. On 20 channels per 

cell, all the arrived requests are being served.  

 

Further, experiments are carried out to analyze the arrived and blocked secondary services on 

increasing number of channels. 

 

 Experiment 1.  Number of channels per cell is 10. 

 

Figure 4.11: Arrived and Blocked Secondary requests on 10 channels per cell 
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 Experiment 2.  Same experiment is carried out with number of channels per cell as 15. 

 

Figure 4.12: Arrived and Blocked Secondary requests on 15 channels per cell 

 Experiment 3. Again the experiment is performed with number of channels per cell as 

20. 

 

Figure 4.13: Arrived and Blocked Secondary requests on 20 channels per cell 

 Experiment 4.  In this experiment, the number of channels per cell is increased to 25. 

 

Figure 4.14: Arrived and Blocked Secondary requests on 25 channels per cell 
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 Experiment 5.  Further, number of channels per cell is increased to 30. 

 

Figure 4.15: Arrived and Blocked Secondary requests on 30 channels per cell 

 Experiment 6.  In this experiment, number of channels per cell is 35. 

 

Figure 4.16: Arrived and Blocked Secondary requests on 35 channels per cell 

Observations of the above set of experiments from figures 4.11, 4.12, 4.13, 4.14, 4.15 and 4.16 

show that when the number of channels per cell is 10 then almost all the secondary requests are 

blocked. But on increasing the number of channels to 15, 20, 25, and 30, secondary blocked 

requests are being reduced significantly with the iteration. When the number of channels are 35, 

almost all the secondary requests are served. 

4.3.3 Analysis of Average Blocked and Interrupted Secondary Services 

These sets of experiments are carried out to observe the average blocked and interrupted 

secondary services. The input parameters for the experiment are as follows: the mean arrival rate 

of the primary service request is 4 and secondary service request is 6. Secondary service sizes are 
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in the range of (100Kb to 2000Kb) in the first set of experiments whereas in the next set of 

experiments, it is in the range of (100Kb to 1000Kb). Primary service is in the range of 1 to 3 

time units to complete its service. The experiment is carried out on 10, 20, 30, 40, and 50 

channels to observe the performance of the model, in which channels bandwidth is in the range 

of 128 Kbps to 256 Kbps. The average result of 5000 iterations has been taken. 

 

Figure 4.17: Average secondary blocked requests on a varying number of channels 

Figure 4.17 shows that when secondary service size is in the range of (100kb to 1000kb) then 

average blocking of secondary services is low however on increasing the number of channels, 

average blocking is reduced significantly. Average blocked requests are negligible when the 

number of channels is increased to 50. Thus, it concludes that when secondary services size is 

low and the number of channels is high, the average blocked requests are negligible.  

4.3.4 Analysis of Average Successful Rate on Varying Channel Bandwidth 

In this section, a set of experiments are conducted to observe the impact of varying bandwidth. 

The input parameters for the experiment are as follows; the mean arrival rate of primary requests 

is 2 and the mean arrival rate of secondary requests is varying from 2 to 6 with incremental steps 

of 1. The number of channels per cell is 20. To observe the impact of channel bandwidth, three 

sets of experiments have been conducted by varying the channel bandwidth from 128 to 
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256Kbps, 512 to 4×512Kbps, and then 1024 to 5×1024Kbps. The observation is taken of 1000 

iterations. It has been observed that when the mean arrival rate of secondary request is low, the 

average successful completion rate of secondary request is almost equal in all three cases of 

bandwidth. Also, when we increase the channel bandwidth then it is observed that the average 

successful completion rate of secondary requests is quite high with higher bandwidth channels. 

 

Figure 4.18: Comparison of Average successful request completion of Secondary Requests 

Therefore, from figure 4.18, it can be concluded that the model performs better for secondary 

services, especially when bandwidth is high. Thus, this model can be suitable for both 4G and 

5G types of wireless communication systems which are especially based on higher channel 

capacity. 

4.3.5 A Comparative Study 

A comparative study has also been performed to see the impact of the model on the throughput 

of the system. In the CR-enabled cellular system, the arrival of primary users often has an impact 

on the secondary users. It is because, on the arrival of a primary user, the secondary user needs to 

release the channel immediately. In order to complete its service, it has to locate some other 

available channels from the list of its accessible channels. Sudden interruption to secondary users 

may affect the throughput of the system. This section does a comparative study on secondary 

users’ throughput with a recent model given by Amjad Ali et al. [9]. 
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Figure 4.19: Average throughput of Secondary Users 

For fair analysis, the input conforms to [9]. Secondary users’ arrival follows a Poisson 

distribution with an average exponential call holding time of 120s. On average, 16 channels are 

available to secondary users at any moment of time. The result, shown in figure 4.19, is of 100 

unit time when the system is stabilized.  

 

Figure 4.19 shows that the proposed model performs better than Amjad Models [9] when various 

service providers are cooperating with each other and enable the secondary users to run their 

services on each other networks opportunistically. 

4.4 Concluding Remarks 

Fairness in allocation of channels, in cellular network for multimedia services, is one of the 

important requirement. In this chapter, a bandwidth requirement-based channel allocation is 

proposed in the CRN, which considers the minimum bandwidth requirement for allocating the 

channels. We applied the spectrum handover and cognitive radio technique on the requirement-

based service requests for channel allocation effectively in this work. This model attempt to 

serve the maximum number of users possible. Simultaneously, the model has provisions to 

distribute the free channels to the currently running users to achieve fairness in channel 

allocation. Experimental evaluation, on varying request arrival rates, shows that primary services 

are being served effectively. When the mean arrival rate is low, both primary as well as 
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secondary requests are served using the cognitive radio and spectrum handover concepts. The 

experiment conducted shows that even on the high mean arrival rate, both primary and secondary 

services are being served effectively and call block is minimized with the increasing number of 

channels. It has been also observed that non-real-time services are performing well on high 

channel bandwidth and being served effectively. Therefore, this system has the ability to perform 

better on higher generation wireless system, i.e. 4G and 5G wireless communication systems. A 

comparative study on secondary users’ throughput indicates that the proposed model performs 

better in comparison to a few other recent models, which signifies the importance of the model. 
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Chapter 5 

A Hybrid Dynamic Aggregation and Fragmentation Model 

for Cognitive Channel Allocation 

Dynamic channel allocation and permissible aggregation can be a key technology to serve the 

limited resources among the increasing number of users. Cognitive Radio (CR) can be used as a 

key concept to further enhance the radio spectrum utilization at a higher level [152]. Channel 

aggregation enables a user to use more than one channel with enhanced bandwidth. Channel 

aggregation results in enhanced channel capacity. It can improve the quality of service (QoS) 

especially when the service is running on minimum bandwidth. Channel fragmentation (CF) can 

also be a better idea to accommodate the number of services. In this approach, one can split a 

channel into more than one channels to serve the requests with an acceptable QoS. At the same 

time, if the channels are free then they can be assembled to allocate the higher bandwidth to the 

required services. In general, users in cellular systems have interests in fetching higher 

bandwidth, flexibility in service provider selection, reliability, security, QoS, QoE, and low cost 

of bandwidth usage. At the same time, service providers are interested in least complex, scalable, 

reliable, and secure system, with low management cost and a good business model in terms of 

revenue [15]. Channel aggregation and fragmentation can be quite relevant in an advanced LTE 

standard also for serving the maximum number of users with a decent level of QoS [15], [165]-

[166]. Cognitive Radio is playing a crucial role to enhance the radio spectrum utilization by 

applying various techniques for real-time and non-real-time services. The proposed work applies 

the channel aggregation and fragmentation concepts, along with the cognitive radio, to serve the 

maximum number of users with desired QoS/QoE. The major contributions of the work, 

presented in this chapter, can be summarized as follows. 

 It minimizes the call block and call drop by splitting the allocated bandwidth 

dynamically which also helps in admitting maximum possible service requests. 

 It increases the channel capacity for an ongoing communication by allocating available 

free bandwidth to the services in order to improve the QoS. 

 It proposes a probabilistic channel allocation for the forced handover of the cognitive 

services. 

 The model enhances the overall radio spectrum utilization. 
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5.1 The Problem and The Proposed Model 

In this work, four priority levels of heterogeneous services have been considered with the 

division in real time and non-real time services. Real-time services are categorized into two; 

primary new (type 1) and primary handoff services (type 2). Similarly, non-real-time services are 

also of two categories; secondary new (type 1) and secondary handoff services (type 2). 

Preferably primary services will be served in F_CRN and secondary in D_CRN. In case of 

shortage of channels, primary services may be served in D_CRN by considering the bandwidth 

requirement and channel fragmentation concepts. Secondary services are not having any 

preference over each other while being served in D_CRN but in case of shortage of channels in 

D_CRN, even after applying the channel fragmentation technique, secondary handoff services 

may be served in F_CRN as per the availability of channels. 

The proposed model for channel allocation uses the cognitive radio based dynamic channel 

aggregation and channel fragmentation techniques. It also uses the probabilistic channel selection 

to minimize the handover, especially of low priority services i.e., secondary services. 

5.1.1 Probability-Based Channel Selection for Spectrum Handover 

Cognitive users are required to perform spectrum handover in order to release the channel for 

serving the primary users. In this work, we have applied a probabilistic approach [11] to select 

the best-suited channel for performing the handover operation. For this, the probability of being a 

channel idle at a time has been calculated as given in equation 5.1. This indicates that the 

channel will be free at the time of performing the handover.  

      
   

   
                                                                                                                   (5.1) 

Where NIi is determined as in equation 5.2.     is the number of trials on     channel to check 

whether the channel is idle or not. 

     
                                           
                                               

                                                      (5.2) 

Equation 5.1 calculates the probability of a particular channel being idle that can be used to serve 

a new or handover request. Equation 5.2 is used to count on how many times a channel   is idle 

out of     trials. For example, if a channel is accessed 5 times out of which 3 times it is found 

idle, then     and     will be 3 and 5 respectively. 
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5.1.2 Spectrum Allocation Scenario  

In a study in [8], Cognitive Radio Network (CRN) based centralized architecture has been 

considered that comprised of two types of network; Primary Network (PN) and Secondary 

Network (SN). Two types of users have also been assumed in the network; Primary users (PU) 

and Secondary Users (SU). Primary users are further categorized into two; primary new users 

and primary handoff users and secondary users are also further categorized into two; secondary 

new users and secondary handoff users. Among all, primary handoff users are considered as the 

highest priority users. 

In the proposed work, the whole radio spectrum allocated to the network is divided into two 

parts; the first one is aggregation-based non-reserved dynamic bandwidth, and the second is a 

reserved fixed bandwidth. Reserved fixed bandwidth channels preferably will be allocated to the 

primary users. It may be allocated to interrupted or suspended secondary services from D_CRN 

also as per the availability. 

In figure 5.1, it is shown that PN is running on      channels, where    is the set of positive 

integers. M channels are comprised of Non-reserved (L) as well as Reserved (R) channels as 

shown in equation 5.3. 

                                         (5.3) 

Where      is the number of non-reserved channels, not necessarily of equal bandwidth as it 

may vary during aggregation and splitting of channels.      is the number of equal capacity 

reserved channels. 

N2 N3 N4 NLNL-1N1 R1 RRR2

Non-Reserved Dynamic Band (D-CRN) Reserved Fixed Band (F-CRN)

Cognitive Radio Network (CRN)
 

Figure 5.1: Non-Reserved Dynamic and Reserved Fixed band channel 
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5.1.3 The System Model 

The proposed model considers four priority levels of the services assuming that higher priority 

services will be served first. This has been modeled as a continuous-time Markov-chain based 

cognitive radio network model assuming four types of users (           , and    ) sharing 

the channels in F_CRN and D_CRN. Users' arrival follows a Poisson distribution with the rates 

as                        . Service time follows an exponential distribution with the rates 

                           for the users             , and     respectively.  

In the model,     and     can access the entire cognitive radio network spectrum and     has 

priority over     i.e. during the shortage of free channels,     may be interrupted to 

facilitate    .     and     will be served in D_CRN by applying the best possible channel 

aggregation and fragmentation approach. In case arrival rates of     and     are too high and 

can not be served in D_CRN, then depending upon the availability of channels in F_CRN, it may 

be served therefrom also. 

To serve the requests as much as possible with considered QoS, dynamic splitting and 

aggregation of channels are shown in figure 5.4. It is obvious that allocation of higher bandwidth 

to non-real-time services will minimize the service time i.e. will increase the throughput. 

There is no bandwidth constraint for the primary and secondary services over each other i.e. 

primary users' bandwidth can be more or less than the secondary users' bandwidth and vice 

versa. Secondary user's service duration may vary as per the allocated channel bandwidth after 

the aggregation. If higher bandwidth is allocated then service duration will be reduced and vice 

versa. In this work,      ,      ,      
            

    and      
            

    refers to the 

bandwidth for each category of users    ,     ,    , and     respectively. 

In the model, primary users     and     can access the entire CRN (F_CRN + D_CRN) 

spectrum. Preferably, they will access F_CRN in case of normal traffic load.     and     will 

access the D_CRN, in which the number of channels may vary as per the aggregation and 

fragmentation of the radio spectrum. States of all four types of services can be represented as a 

tuple           where       and   are the number of active    s,    s,    s and    s 

respectively. Finally, its possible state space can be represented as shown in equation 5.4, and 

TRS can be calculated equation 5.5. 
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                                                                                             (5.4) 

Where,                                                                                                                                (5.5) 

In case of high traffic in the network, the bandwidth to     and     will be allocated as shown 

in equation 5.6. 

     
              

 
 

          
    

               
    

    
                                

   
   

                                        
         

     

                                                                                                                                                    

  

                                                                                                            (5.6) 

Where   and   are the numbers of active     and     in the      . 

If the system state indicates           as the number of requests in the system then the idle 

bandwidth can be calculated as shown in equation 5.7. 

                                                                                    (5.7) 

Thus, it is possible to calculate the available bandwidth in the system at any stage of the 

communication. 

5.1.4 Free Channel Update 

Channel status will be updated from busy state to free state when           and           

and the free channel will be returned to F_CRN or D_CRN.  

                     
                                                                                        (5.8) 

                                                                                                                        (5.9)     

Equation 5.8 is used to calculate the remaining required data size for non-real-time services and 

equation 5.9 gives the required time to complete the real-time services. After completing the 

services, channels will be returned into the respective free channels pool.   
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5.2 The Flowchart  

The flowcharts on the activities of the primary and secondary users' arrivals, are drawn in figures 

5.2 and 5.3 respectively for better understanding. 

5.2.1 PU Arrivals 

The request arrival of primary users' is possible in two categories; primary new users and 

primary handoff users. Amongst them, primary handoff users will be of high priority. Both 

primary handoff and new users can use the channels in D_CRN as well as in F_CRN. The 

flowchart of the activities, on the primary users’ arrival, is shown in figure 5.2. 

PU arrival
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Allocate the channel in 
D_CRN

Yes

Check idle 
channel in
 F_CRN?

No

Allocate the channel in 
F_CRN
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Check high 
bandwidth channel 
in D_CRN occupied 

by SU?

Split the high 
bandwidth D_CRN 

channel

Yes

Check 
whether PU request 

is PU1?

No

Suspend the PU2 
service

Yes

Check 
whether PU2  is 

running in F_CRN

Yes

PU is blocked/Dropped

No

No

 

Figure 5.2: Channel allocation on PU arrival 
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5.2.2 SU Arrivals 

The channel allocation activities, on the arrival of secondary users, is shown in figure 5.3. 

SU arrival

Check idle 
channel in
 D_CRN?

Allocate the channel in 
D_CRN

yes

Check idle 
channel in
 F_CRN?

No

Check 
whether 

PU is running in 
D_CRN?

yes

Shift the PU from 
D_CRN to F_CRN 

(Handover)

yes

No

Check the 
high bandwidth 

channel in D_CRN 
occupied by

 SU?

No

Split the high 
bandwidth channel

yes

No

SU is Blocked
 

Figure 5.3: Channel Allocation on SU arrival 

5.3 Channel Fragmentation and Aggregation 

Channel aggregation follows the concept of buddy algorithm, applied in memory management 

by the operating systems. This considers the aggregation of the channel to the same fragment of 

the channel from wherefrom it was split. The aggregation concept helps the system to provide a 

better quality of service especially when traffic is low. In the buddy algorithm [164], [167], 

splitting takes place in equal fragments but in the proposed model splitting is done as per the 

requirement. However, the aggregation concept is the same as in the buddy algorithm [167]-

[168]. The entire aggregation process is shown in figure 5.4. 
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5.3.1 Channel Selection for Handover 

To minimize the PU1 handover on the arrival of PU2, we have applied the probabilistic channel 

selection if more than one channel is available. The channel with a high probability value 

indicates that the channel has a high probability to remain idle for a long period of time whereas 

the channel with low probability has higher chances to be occupied again. Therefore, for 

handover, the channel with high probability is good because such channel allocation will 

minimize the chances for a request to enter into handover repeatedly. Both these probabilities of 

the channels are calculated using equation 5.1 and equation 5.2 respectively. 
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5.4 The Algorithm  

The algorithm for the channel allocation, based on the concept of aggregation and channel 

splitting, is as follows. 

Algorithm 5.1: Channel Allocation using Aggregation and splitting 

Input  Enter the Mean Arrival rate of             and     

Initialize       and       for each request of             and     

Initialize the number of channels for        

Initialize the bandwidth for       

Enter the         for taking the observation 

Output  Average blocking of     and     

Average dropping of     and     

Steps 1.                    and                then 

                               then 

  Allocate the channel to all the     requests 

Update the       free channels 

Update               

 2.      

  Allocate the channels to              as per available free channels 

Update the     unserved requests 

Update                       

 3.                                                               

 4. If any one of                     are unserved then 

  Check              then 

  Split the channel from         as per       requirement for 
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Update the         by removing the allocated part 

Repeat step 4 till all the             are served 

              Else 

Block the              

Drop the              

 5. End 

 

The algorithm for channel allocation to the secondary users is as follows. 

Algorithm 5.2: Channel Allocation to     and     

                                                             

 1.                                 

  Split the channel       and allocate the channel to     requests 

Update the         by removing the allocated part 

Repeat step 1 until all the    are served.  

 2.                                 

                                                                     

 3.                                   then 

Split the channel       and allocate the channel to     

Update the         by removing the allocated part 

Repeat step 3 until the condition is true 

 4.                                           

  Allocate the entire         to     

       

  Allocate the         to     
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Update           

 5.                                                                          

                                      

 6. Drop the              

Block the     requests 

 7.  Go to Algorithm 3 to update the free channel information and merge the       free 

channels. 

The Algorithm for updating the F_CRN free channels and D_CRNBW 

Algorithm 5.3 : Update the       free channels and         

                                                           

                         

                                                        and   

                                                  

 1.    channel       and                           then 

Return the channel into       free channel list 

 2.    channel       and                           then 

                                                                     

                              

 

In algorithm 5.1, the initial steps are for the initialization of input parameters, steps 1-2 states the 

channel allocation process for     and    ’ s in      . Unserved     and    ’ s will be 

served in       by performing the channel splitting which is stated from steps 3-5. The output 

in terms of primary blocked and dropped requests is indicated in step 7. 
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Algorithm 5.2 is aimed to indicate the channel allocation process for     and    . In this, step 1 

shows the channel allocation to     if the free channel is available. Otherwise, it will split the 

channel as per the possibility of min and max bandwidth requirement for the channel allocation. 

Steps 2-4 indicate the channel allocation to     along with updating the bandwidth status. 

Storing the blocked and dropped information of secondary services are listed in steps 5 and 6. 

Updating the free channel information is mentioned in algorithm 5.3 with the help of tag 0 and 

tag 1 for identifying the real and non-real-time services. 

5.5   Performance Analysis 

To analyze the performance of the proposed model, simulation is done by writing the program in 

MATLAB. Heterogeneous services, i.e. real-time and non-real-time services, are considered that 

are used by primary and cognitive users. Primary services are of two categories; new services 

and handoff services. Similarly, non-real-time services are also categorized into new and handoff 

services. Radio spectrum is categorized into two categories; fixed band spectrum and dynamic 

band spectrum. In a fixed band, the channel is fixed with its specified bandwidth while in the 

dynamic band, initially entire dynamic band is treated as one channel and dynamic splitting takes 

place as per the requirement of the bandwidth and the availability of the radio spectrum. 

Aggregation takes place as per the availability of different free slots. 

5.5.1 Experiment 1 

In this experiment, it is assumed that the mean arrival rate of all four types of services 

            and     are quite high i.e. 5 for each. Two types of channels are considered to 

serve the requests; fixed channels in the bandwidth range of 250Kb to 300 Kb whereas dynamic 

spectrum is allocated as a whole to serve the requests. It splits and merges as per the 

requirement. In the experiment, fixed channel and dynamic bands for each types of users (shown 

in tuple) are as follows: <20, 4096>, <30, 8192>, <40, 16384>, <50, 32768>, and <60, 65536>. 

For example <20, 4096> means there are 20 channels in the fixed bandwidth, and 4096 is the 

available dynamic bandwidth. Experiments are repeated for 5000 times and average results are 

shown in figure 5.5. 
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Figure 5.5: Average Primary Blocked Requests with mean arrival rate 5 

From figure 5.5 one can observe that even at high mean arrival rate, requests are being served 

quite effectively which is almost zero when fixed channels and dynamic frequency band is <40, 

16384>. 

 

Figure 5.6: Average Primary Dropped Requests with mean arrival rate 5 

Figure 5.6 shows that primary handoff requests are also being served quite effectively using the 

dynamic aggregation concept. 

 



98 
 

 

Figure 5.7: Average Secondary Blocked Requests with mean Arrival rate 5 

 

Figure 5.8: Average Secondary Dropped Requests with mean Arrival rate 5 

Figures 5.7 and 5.8 show that although the blocking and dropping rate of secondary services are 

a bit high, after increasing the fixed and dynamic channels, it is reduced effectively and 

eventually becomes negligible. 

It can be concluded, therefore, that even with the high mean arrival rate of requests, the proposed 

model can serve the requests effectively using the dynamic splitting and the aggregation 

concepts with the help of Cognitive Radio. 
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5.5.2 Experiment 2 

This experiment is performed to test the performance of the secondary services by reducing the 

traffic of primary services. In this experiment, the mean arrival rate of primary new and primary 

handoff is kept low i.e. 2 for each. However, secondary services are quite high i.e. secondary 

handoff and secondary new services 5 each. The fixed number of channels considered is 20. D-

CRN channel is varied from 10000Kb to 50000Kb. 

 

Figure 5.9: Average Secondary Blocked requests by increasing the D_CRN bandwidth 

Observation from figure 5.9 reflects that on increasing the          average blocking of the 

requests is reduced. When         is 50000Kb, the average blocking is quite low. 

 

Figure 5.10: Average Secondary Dropped Requests by increasing D_CRN bandwidth 
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Figure 5.10 shows that the average dropping rate is almost negligible even when there is no 

increase in       channels. Therefore, one can conclude that on comparatively high        , 

there is no need to increase the number of       channels and it will serve the requests 

effectively using the channel fragmentation and aggregations concepts. 

5.5.3 Experiment 3 

This set of experiments are conducted to observe the average blocked and dropped requests by 

changing the F_CRN while keeping D_CRN same. The input parameters for the experiment is as 

follows; mean arrival rate of     and     are 5 and 4 respectively while mean arrival rate of 

    and     are comparatively low to 3 and 2 respectively. Bandwidth for D_CRN (in Kb) is 

10240 and channels in F_CRN are varied from 20, 40, 60, 80, and 100. Average results are taken 

of 1000 iterations. In this experiment, it is assumed that     and     can share the D_CRN 

bandwidth as per the requirement but     and     will not share the F_CRN channels. 

 

Figure 5.11: Average Primary Blocked and Dropped Requests by increasing the F_CRN channels 

Observation, from figure 5.11, shows that on increasing the number of channels in F_CRN 

average primary blocked and dropped requests are being reduced significantly. Also, when the 

number of F_CRN channels are 100 then primary blocked and dropped requests are almost 

negligible. 

 



101 
 

 

Figure 5.12: Average Secondary Blocked and Dropped Requests by increasing the F_CRN channels 

From figure 5.12 it can be observed that when we increase the number of channels in F_CRN 

then also average secondary blocked and dropped requests are being reduced significantly even 

when     and     requests are not sharing the F_CRN channels. It concludes that with the 

comparatively high number of channels in F_CRN,     and     requests are negligibly sharing 

the D_CRN and D_CRN bandwidth is able to serve almost all the     and     requests. Figure 

5.12 depicts that with 100 number of channels, average secondary blocked and dropped requests 

are almost negligible. 

5.6 Comparative Analysis 

A comparative study with the model in [24] by Falcao et al. has been done to show the 

effectiveness of the proposed model in terms of blocking probability of     and     services. To 

perform the comparative study,     and     are collectively considered as    as the model in 

[24] does not consider PU1 and PU2 separately. Therefore, the mean arrival rate is mapped as 

    
     

    . The input parameter for the experiment are as follows; the mean arrival rate 

of secondary users     
   and     

  . Number of F_CRN channels in the network is 4 and 

D_CRN bandwidth is considered to perform channel aggregation and fragmentation 

dynamically. The observation is taken for 1000 iteration on varying     as 1, 2, 3, and 4. 



102 
 

 

Figure 5.13: Blocking Probability of     on varying Primary Users Arrival Rate 

Figure 5.13 shows the comparison of blocking probability of     of the proposed model and the 

Falcao model [24]. It can be observed that when the primary arrival rate       then Falcao 

model performs better but with the increase in the primary user’s arrival rate, the proposed model 

performs better and gives the lower probability for     users. 

Figure 5.14 exhibits the comparison of the blocking probability of     with the Falcao model. It 

can be observed that on the low arrival rate of primary users, the Falcao model is good but with 

the increase in the arrival rate of primary users, the blocking probability of the proposed model is 

significantly lower than the Falcao model. 

 

Figure 5.14:  Blocking Probability of     on varying Primary Users Arrival Rate 
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Observations from figures 5.13 and 5.14 are derived as follows. With the increase in the mean 

arrival rate of primary users, blocking probability of the proposed model for both     and     is 

lower than the Falcao model. 

5.7 Concluding Remarks  

Developing channel allocation models for CRN need to consider both QoS and QoE 

simultaneously as service users are interested in getting higher bandwidth, flexibility in service 

provider selection, reliability, and security. Simultaneously, service providers are interested in 

least complex, scalable, reliable, and secure system, with low management cost and a good 

business model in terms of revenue. In this chapter, the channel allocation model proposed for 

CRN uses the concepts of channel aggregation and fragmentation with the cognitive radio 

technology to serve as many uses as possible. In the model, services are categorized as primary 

new, primary handoff, secondary new, and secondary handoff. Primary services are being served 

in F_CRN on priority basis considering their required bandwidth. Secondary services are being 

served by applying the techniques of channel splitting and channel aggregation. Probabilistic 

channel handover is applied to minimize the multistage handoff.  

Experimental evaluation verifies that F_CRN and D_CRN networks are collectively able to 

minimize the call block and call drop effectively. It also provides a better quality of service 

because channels are allocated as per the bandwidth requirement. It has been also observed that 

on varying the D_CRN bandwidth, secondary new and secondary handoff requests are being 

served well. Furthermore, with good number of F_CRN channels, D_CRN can serve all the 

secondary services by performing the channel splitting and channel aggregation only. 

A comparative study on the varying mean arrival rate of primary services has been done to 

observe the impact on secondary services wherein it has been observed that the proposed model 

is effectively able to serve both kinds of secondary services (    and    ). Thus, blocking 

probability is minimized for both types of secondary services. The lower blocking probability, in 

comparison to a few recent models, signifies the importance of the proposed model. This model 

can be implemented in real CRN to gain in terms of better QoS and efficient channel utilization. 
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Chapter 6 

 

Conclusion 

  

Cognitive radio network (CRN) is an intelligent network which is based on the concept of 

software-defined radio (SDR). The CR is intelligent technology which dynamically adjusts to the 

operating parameters and makes it more adaptive, self-configuring, self-organizing, self-healing, 

and self-recovering. Cognitive network maximizes frequency channel utilization by 

opportunistically accessing the free spectrum holes. CR capability to improve the spectrum 

utilization makes it a promising technology and a potential solution to 5G cellular network 

spectrum management. 

 

This chapter derives the conclusion on the findings of the thesis with a discussion for each of the 

proposed models for channel allocation in cognitive radio enabled cellular networks.   

 

6.1 Concluding Remarks and Discussion 

The chapter wise concluding remarks are as follows. 

 

In chapter 1, we focused on the channel allocation problem in the mobile cellular system.  This 

chapter introduces the cellular system and the related technology for the channel allocation 

problem in cellular system. It also points out the research issues therein which is the motivation 

behind the work performed in this thesis. The concept of CR has been discussed along with the 

FCC definition of CR. Then the idea of DSA and SDR are elaborated and also on how CR is 

different from SDR. Frequency channels are the key resources used for communication in the 

wireless environment. This chapter describes the frequency band, frequency channels, and the 

frequency range proposed for 5G cellular networks. This chapter also introduces the Shannon–

Hartley theorem for the channel capacity. Subsequently, the channel allocation problem in the 

CRN has been discussed. This chapter also highlights why new channel allocation schemes are 

required for serving both PUs and SUs in the CRN with better QoS/QoE by considering proper 

spectrum mobility management and the use of channel aggregation.  
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In chapter 2, the channel allocation problem has been properly described and CRN architecture is 

explained. The concept of spectrum holes, which is very important for opportunistic channel 

utilization, has been described. In this chapter, the essential functions of the cognitive radio 

network have been described. Different approaches to communication such as underlay, overlay 

and interweave are explained. Users always expect to get better services assurance from the 

service providers, and at the same time service providers aim to improve their revenue and assure 

better service quality. Particularly for multimedia services, QoE expectation from the users is 

quite apparent. This chapter discussed QoS and QoE in detail in the context of CRN. Mobility 

management is one of the essential aspects of providing better QoE and managing the spectrum 

handoff. It can be managed using different ways namely; proactive spectrum handoff, reactive 

spectrum handoff, and hybrid spectrum handoff. In this chapter, these handoff schemes have 

been explained in detail with their advantages and disadvantages. The centralized approach of 

channel allocation and the distributed approach of channel allocation are mainly used to manage 

channel allocation and control activities in the cellular systems. The pros and cons of both these 

approaches are explained in this chapter in the context of CRN. In literature, an extensive study 

of channel allocation has been reported. We have also presented a detailed literature review 

adding the newer and modern approaches and technologies such as artificial intelligence, channel 

reservation, clustering, auction techniques, fairness in channel allocation and channel 

aggregation. Finally, this chapter identifies the research gaps in the area of channel allocation in 

the CRN. 

 

In chapter 3, we have presented our first proposed model to enhance the radio spectrum 

utilization by using the opportunistic access of radio resources by the OPUs and enabling 

cognitive radio base stations to dynamically collect the free channel information. This model 

applies the CR’s concept to facilitate both the PUs and SUs services in the collocated primary 

network’s vicinity. Services have been categorized into two; real-time and non-real-time, which 

is to be used by three types of users. Primary users (PUs) and opportunistic primary users (OPU) 

both have been using real-time and non-real-time services, while secondary users (SUs) have 

used only non-real-time services. The proposed model has been evaluated by carrying out 

rigorous experiments which concludes that when primary users of a primary network share other 

collocated primary network channels for their services as an opportunistic primary user (OPU), 

the primary users’ service requests are effectively addressed. When the arrival rate of primary 
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services is low, the request blocking is almost negligible. The work also studied the performance 

of the secondary services on varying number of channels. It has been observed that when the 

number of channels is increased to a certain level, the average secondary blocked requests are 

negligible. The secondary services’ performance is also studied on varying number of primary 

networks and it has been observed that they perform very well.  Model is also tested with and 

without opportunistic primary users (OPU) and it is observed that the performance of the model 

is quite encouraging when it uses the OPUs to utilize the radio spectrum opportunistically. The 

comprehensive study, about the proposed model, suggests that it can be implemented for future 

communication networks for the channel allocation problem for better QoS/QoE. 

 

Next, in chapter 4, a model for Requirement based Channel Allocation in Cognitive Radio 

Network has been proposed. We applied the spectrum handover and cognitive radio technique on 

the requirement-based service requests for channel allocation effectively in this work. Two types 

of services have been considered in this model: primary and secondary. Channels have been 

allocated based on the minimum bandwidth requirement of the services. For facilitating the 

primary services, the model uses the spectrum handover as per the channels’ availability with 

other service providers in the network. This model attempts to serve the maximum possible 

number of users. Simultaneously, the model has provisions for distributing the free channels to 

the currently running users to achieve the fairness in channel allocation. Experimental 

evaluation, on varying request arrival rates, shows that primary services are being served 

effectively. When the mean arrival rate is low, both primary as well as secondary requests are 

served using the cognitive radio and spectrum handover concepts. The experiment shows that 

even on high mean arrival rate, both primary and secondary services are being served effectively 

and call block is minimized with the increasing number of channels. It has also been observed 

that non-real-time services perform well on the high channel bandwidth and are served 

effectively. Therefore, this system can perform better with higher generation wireless system, i.e. 

4G and 5G wireless communication systems. A comparative study on varying secondary service 

size indicates that when the number of channels increases, the average call blocking is reduced 

significantly. It also shows that when secondary service size is low, the performance is better 

even without interrupting the primary services’ behaviour. A comparative study on secondary 

users’ throughput indicates that the proposed model performs better, in comparison to few other 

recent models, which signifies the importance of the model. 
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Channel aggregation enables a user to use more than one channels to enhance its bandwidth. A 

large number of users can be served using DSA with permissible aggregation with the limited 

resources. In chapter 5, the channel allocation model is proposed for CRN using the concept of 

channel aggregation and fragmentation with the cognitive radio technology to serve as many 

users as possible. This model uses a hybrid (Dynamic + Fixed) channel aggregation and 

fragmentation approach by considering primary and secondary users’ bandwidth requirement. 

This model attempts to admit the maximum possible service requests by splitting the allocated 

bandwidth dynamically with the objective to minimize the call blocking and call dropping. In 

this model, the bandwidth of the ongoing services is increased by allocating the available free 

bandwidth which contributes to improve QoS. Experimental evaluation on fixed channels and 

dynamic spectrum is performed and we observe that average requests are served quite effectively 

even at high mean arrival. It is also observed that even on high mean arrival rate of requests; this 

model can serve effectively using the dynamic splitting and aggregation concepts with the help 

of CR. Also, it is noticed that when the          is increased, average blocking of the requests 

is reduced. Experimental evaluation indicates that F_CRN and D_CRN networks are collectively 

able to minimize the call block and call drop effectively. It also provides a better QoS because 

channels are allocated as per the bandwidth requirement. It is evident that on varying the D_CRN 

bandwidth, secondary new and secondary handoff requests are being served well. Performance 

analysis of this model has established that it serves the requests effectively by using the channel 

fragmentation and aggregations concepts. A comparative study on the varying mean arrival rate 

of primary services has been done to observe the impact on secondary services. The proposed 

model is effectively able to serve both kinds of secondary services (    and    ). Thus, 

blocking probability is minimized for both types of secondary services. Compared to a few 

recent models, the lower blocking probability signifies the importance of the proposed model. 

Overall, the proposed models and their study in this thesis provide novel channel allocation 

techniques for efficient and effective channel utilization in cognitive radio enabled cellular 

networks. All the proposed models, in this thesis, are simulated and evaluated under realistic 

service modeling. 

 

 



108 
 

6.2 Future Research Directions  

In this thesis, we proposed some techniques for channel allocation in the CRN, which attempts 

an efficient utilization of frequency channels for better QoS/QoE of networks and users 

respectively. However, there are still many relevant issues that need further consideration and 

may result in the development of new channel allocation mechanisms in the CRN.  

  

In most of the research work, static networks are assumed where secondary users’ movement is 

not studied. In a realistic situation of upcoming 5G cellular system, mobility consideration of 

secondary users is desirable for better QoE delivery. In the heterogeneous environment of the 

CRN, both PUs and SUs can access the free spectrum of any of the base station/service provider 

for their services. Even with the evolution in the communication technology, running more than 

one services simultaneously by a user is not far from reality. In such a scenario, the users can 

access the free frequency channels of different bands belonging to different service providers. To 

manage such scenario, channel allocation schemes that consider both, the heterogeneity of the 

network and QoS/QoE requirements, need to be developed. 

 

QoE assessment and offering QoS guarantee in CRN is challenging and still an open problem for 

offering multimedia transmission over CRNs. The problem becomes more challenging when 

both the PUs services and the SUs services are real-time in nature and more resource-demanding. 

Our works, proposed in chapters 3, 4, and 5 can further be extended to address such possible 

situations.  

 

To address the future need of emerging 5G services, including  IoT applications, while 

considering better QoS and QoE for high-speed users, ultra-reliable communication and very low 

latency requirement of time-critical applications (e.g. driverless car) need more attention of the 

researcher. In future, “IoT devices would be equipped with CRT to enable them to think, learn, 

and make decisions via awareness of both physical and social environments” [9]. This opens the 

door for more collaborative communication and utilize frequency channels opportunistically as 

never before. 
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