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ABSTRACT 

Humaira Afzal 

Modelling and Analysis of Dynamic Spectrum Sharing in Cognitive Radio 

based Wireless Regional Area Networks 

Modelling and Performance Evaluation of Initialization and Network 

Association of Customer Premise Equipments with the Base Station in 

Cognitive Radio based IEEE 802.22 Wireless Regional Area Networks 

Keywords: IEEE 802.22, Customer Premise Equipments (CPEs), Base 

Station (BS), Initial Ranging Process, Registration Process, Wireless 

Regional Area Network (WRAN), Collision Probability, Cognitive Radio (CR)  

 

The development of the IEEE 802.22 standard is aimed at providing 

broadband access in rural areas by effectively utilizing the unused TV band, 

provided no harmful interference is caused to the incumbent operation. This 

thesis presents the analytical framework to evaluate the number of active 

customer premise equipments (CPEs) in a wireless regional area network.  

Initial ranging is the primary process in IEEE 802.22 networks for CPEs to 

access the network and establish their connections with the base station 

(BS). A comprehensive analysis of initial ranging mechanism is provided in 

this work and initial ranging request success probability is derived based on 

the number of contended CPEs and the initial contention window size. 

Further, the average ranging success delay is derived for the maximum 
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backoff stages. The collision probability is highly dependent on the size of 

the initial contention window and the number of contended CPEs. To keep it 

at a specific level, it is necessary for the BS to schedule the required size of 

the initial contention window to facilitate the maximum number of CPEs to 

establish their connections with reasonable delay. Therefore, the optimized 

initial window size is proposed that meets the collision probability constraint 

for a particular number of contended CPEs.   

An analytical model is also developed to estimate the ranging request 

collision probability depending upon the size of initial contention window and 

the number of contended CPEs. Moreover, this approximation provides the 

threshold size for contention window to start the initial ranging process in the 

IEEE 802.22 network.    
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Chapter 1.  

INTRODUCTION   

This chapter presents the motivation and the overall structure of this thesis. 

A brief overview of the previous work in this area is given in Section 1.2. The 

contribution of the thesis is summarized in Section 1.3. Section 1.4 gives the 

layout of the thesis and some concluding remarks are given in Section 1.5.  

1.1 Introduction 

Due to the rapid growth of wireless devices, the need for spectrum access 

for wireless services has increased dramatically. The regulatory authorities 

are always finding ways to release the new spectrum and encourage the 

technology innovation that would ultimately lead to the social and economic 

developments of a country.  On the other side of the picture, the inefficiency 

in the spectrum usage and the technology that can be deployed are creating 

the spectrum shortage problem and making the overall spectrum allocation 

harder for regulators. Moreover, according to Federal Communications 

Commission (FCC) [1], the portions of the spectrum between 30 MHz to 30 

GHz are still used sporadically, leading to underutilization of a significant 

amount of the spectrum, as illustrated in Figure 1.1, where the signal 

strength distribution over a large portion of the wireless spectrum is shown. 

In addition, various regulatory authorities have conducted studies on how the 

allocated spectrum is being utilized today. According to the FCC, temporal 

and geographical variations in the utilization of the assigned spectrum range 

from 15% to 85% with a high variance in time [3]. Because of the 
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development of extensive wireless services, their overall performance suffers 

due to interference.  

 

Figure 1.1: Spectrum usage [2]. 

To remove this huge misbalance in the use of different portions of the 

spectrum, to overcome the problem of the increased demand of spectrum 

and to reduce the inefficiency in the spectrum usage; the FCC has proposed 

a new paradigm in which the white spaces in the spectrum are accessed 

dynamically. This new paradigm is referred to as cognitive radio (CR).  The 

term, CR, can formally be defined as “A cognitive radio is a radio that can 

change its transmitter parameters based on interaction with the environment 

in which it operates” [3]. It provides opportunities to develop new wireless 

networks or enhance existing technologies. It is different from conventional 

radio devices in the sense that a CR can equip users with cognitive capability 

and reconfigurability [4]. Exploiting these capabilities, a CR can sense and 
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collect data about transmission frequency, bandwidth, power, modulation, 

etc. from its surrounding environment.  After incorporating this information, it 

can identify the best available spectrum to meet communication 

requirements, and then can reconfigure its operational parameters according 

to the achieved information in order to attain the optimal performance.  

The CR network architecture contains multiple tasks to ensure efficient 

operation and licensed user protection. The four main tasks are spectrum 

sensing, spectrum decision, spectrum sharing, and spectrum mobility.  

Spectrum sensing is the task where a CR user senses the spectrum to 

detect the presence of licensed user and identify the unused portions of the 

spectrum, often called spectrum holes. The detection of spectrum holes 

needs wideband spectrum sensing techniques, capable of observing the 

radio frequency environment and to correctly identify which portions of such 

band contain only noise [5], [6]. Therefore, spectrum sensing plays a 

significant role to realize its full potential of spectrum utilization in real 

environment since the sensed information is further utilized in deciding the 

operations of CR users. Spectrum decision is the task where a CR user 

selects the best available spectrum band while keeping the quality of service 

(QoS) issues in consideration, without causing any harmful interference to 

the licensed users. This task takes place through spectrum characterization, 

spectrum selection and CR reconfiguration functions. It means, once the 

available spectrum is identified, the first step is to characterize it based upon 

the current radio environment conditions and licensed user activities, and 

then the most appropriate spectrum band is selected considering QoS 



 

 
4 
 
 

requirements.  Finally, the CR reconfigures its transmission parameters 

accordingly to allow communication on the selected band [7]. Spectrum 

sharing is the task through which the coordination access among CR users is 

established on the selected channel. It plays an important role in achieving 

the optimal utilization of the available spectrum. Generally, in spectrum 

sharing, the main factors such as licensed user activity, transmission power, 

and variations in the radio environment are addressed in addition to 

throughput and fairness [8]. Another important task is spectrum mobility, 

which is a process of performing a seamless transition from one channel to 

another available channel. After a CR user selects the channel and starts 

transmitting on a certain frequency band, a licensed user may occur on its 

native channel; in this case, the CR has to move to another empty channel 

and vacate this channel before a licensed user utilizes it to avoid unwanted 

interference.  Spectrum mobility gives rise to a new type of handoff called 

spectrum handoff, in which, the CR transmission is transferred from its 

current channel to another vacant channel [9].   

One of the attempts that is seen as a solution to the current spectrum 

scarcity problem is the development of IEEE 802.22 standard.  IEEE 802.22 

is a CR based wireless regional area network (WRAN) standard that allows 

the unused, licensed TV bands to be used by unlicensed users on a non-

interfering basis [10]. The basic purpose of this deployment is to provide 

broadband access in rural and remote areas. The WRAN systems can 

operate on TV channels in very high frequency (VHF) and ultra high 

frequency (UHF) band, ranging from 54 MHz to 862 MHz subject to not 
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causing any harmful interference to the incumbents which may be digital TV, 

analogue TV or wireless microphone. The TV band is particularly attractive 

for the deployment of CR systems, due to its lower frequencies when 

compared to other licensed bands, which, therefore, results in lower 

propagation path loss. Because of this characteristic, the power spectral 

density of the radio signal reduces slowly, which culminates in a high 

coverage area [11], [12]. The average coverage area of WRAN cell is 33 

sq.km but it can be extended to 100 sq.km subject to weather conditions. 

This coverage area is greater than that of IEEE 802.11 based Wi-Fi and 

IEEE 802.16 based WiMAX.   

The core components of the WRAN cell consists of one base station (BS) 

and a number of fixed or portable customer premise equipments (CPEs) 

having different QoS requirements. The cell follows fixed-point to multi-point 

topology with master/slave architecture and can facilitate up to 512 CPEs 

after fulfilling the requirements necessary for the protection of an incumbent. 

No CPE is allowed to transmit without receiving appropriate authorization 

from the BS. The BS manages all the activities regarding modulation, coding 

etc. of its associated CPEs by medium access control (MAC). There are two 

operational modes defined in the IEEE 802.22 standard: normal mode and 

self-coexistence mode [10]. A WRAN cell runs in a normal mode by default 

and transits to self coexistence mode if another WRAN cell is detected. In 

normal mode, one WRAN cell transmits on a single TV channel and operates 

on all the frames in a superframe; while in self-coexistence mode, multiple 

WRAN cells share the same TV channel and each WRAN cell operates on 
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one or several frames of the superframe exclusively with its neighbouring 

cells. When operating in normal mode, a WRAN cell transmits a superframe 

preamble and a superframe control header (SCH) at every first frame of a 

superframe on the operating TV channel. Each superframe lasts 160 ms and 

contains16 frames of 10 ms each. All transmissions take place in 

downstream (DS) and upstream (US) transmissions based on the direction of 

transmissions. The DS transmission is used to transmit information from the 

BS to CPEs, while in the US transmission, the communication direction is 

reversed. The boundary between these two transmissions is adaptive, and 

so the control of DS and US capacity can be easily done.  The BS has the 

responsibility to schedule both DS and US transmissions. All scheduling 

behaviour is expressed into the MAC frame. Each MAC frame is divided into 

two parts: DS subframe and US subframe. The DS subframe is for DS 

transmissions. Similarly, the US subframe is for US transmissions. The first 

MAC frame contains the BS MAC address and other information, used for 

frequency and time synchronization, channel estimation and received power 

estimation. The mechanism for incumbent protection and coexistence 

situation handling, and quiet period schedule for sensing is also contained in 

it. In addition, it contains information necessary for the CPE to initiate the 

connection with the BS. Connection establishment in IEEE 802.22 standard 

is different from other standards such as IEEE 802.11 or IEEE 802.16. Unlike 

other wireless networks, it is not so straightforward in IEEE 802.22 WRAN 

cell to establish connection with the BS as there is no predefined channel for 

this purpose. This is because IEEE 802.22 networks share the spectrum 

bands dynamically with the licensed devices. Therefore, it is not possible for 
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a CPE to know what channel to use to establish the initial connection with 

the BS. When a CPE is powered on, it first scans the TV band to determine 

which channels are occupied by the incumbent and which channels are free. 

On the basis of its observation, it establishes the spectrum usage report. The 

same mechanism of spectrum sensing is also performed on BS and it 

periodically broadcasts using some operating channel. The broadcast from 

BS is distinguished from other TV broadcasts by the preamble transmitted at 

the beginning of each superframe. The CPE, after receiving the particular 

frame, tunes to that frequency and sends its unique identifier in the uplink 

direction. The BS comes to know its presence in its regional area. Then 

authentication and connection registration process is performed. After the 

connection has been successfully established, the CPE sends its spectrum 

usage report to the BS in the form of feedback. If more than one CPE 

attempts to create an initial connection then the contention based procedure 

will be performed.   

The protocol reference model of IEEE 802.22 network consists of data plane, 

management plane and cognitive plane. Spectrum Manager (SM) is a very 

important part of the BS, which is implemented at the MAC layer of the 

cognitive plane at the BS side. It plays a key role in maintaining spectrum 

availability information, channel selection, channel management, scheduling 

quiet periods for spectrum sensing, accessing to the database service, 

enforcing IEEE 802.22 and regulatory domain policies, enabling self-

coexistence, and assuring the incumbent protection. To attain information 

about channel status with respect to incumbents in its cell as well as from 



 

 
8 
 
 

neighbouring cells, SM incorporates three different sources: incumbent 

database, geolocation and spectrum sensing. From incumbent database, SM 

receives a list of available channels and their respective allowable effective 

isotropic radiated power (EIRP), which CPE can transmit without providing 

any harmful interference to incumbent in any given geographical area. This 

database service is officially managed by local regulatory authority. Satellite 

based geolocation is mandatory for all IEEE 802.22 devices to find out 

longitude and latitude of its antenna within a radius of 50 metre. The SM 

needs geolocation information at the BS to identify its own location as well as 

all CPEs locations associated with the BS. From the third source, the SM 

sends the requests for spectrum sensing automation to perform spectrum 

sensing and then combines the received spectrum sensing reports from 

CPEs with the local sensing report. This achieved information is further 

treated as the input in decision making for channel selection, channel state 

management and self coexistence problems. The basic objective of channel 

management process is to protect an incumbent from interference from a 

WRAN device. On the basis of information received, the SM classifies the 

channels into disallowed, operating, back up, candidate, protected and 

unclassified for WRAN operation at a given geographical area [13]. The 

channel which is not deployed for WRAN operation is termed as disallowed 

channel, and the operating channel is one through which the communication 

between BS and CPEs in a WRAN cell is carried out. Any channel that can 

have the status of an operating channel is said to be a backup channel. 

Candidate channels are those channels that can attain the status of backup 

channels, whereas, protected channels are the channels occupied by the 
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incumbent or WRAN device. These channels are maintained by WRAN BS 

and each CPE is responsible for maintaining only operating, backup and 

candidate channel sets. 

1.2 Previous Work and Motivation 

Due to advancements in communication theory, many techniques such as 

energy detection, matched filtering, cyclostationary detection, etc. have been 

explored in the literature for spectrum sensing. Each technique has its own 

operational requirements, merits and demerits.  For instance, cyclostationary 

detection needs to know the cyclic frequencies of the incumbents, and 

matched filtering requires the knowledge of waveforms and channels of the 

incumbents. On the other hand, energy detection does not require any such 

information about the detected signal, and is robust to unknown dispersive 

channel and fading. However, energy detection requires the complete 

knowledge about the noise power and is particularly prone to noise 

uncertainty [14]. Ref. [15] employed cyclostationary detection technique to 

develop a sensing algorithm for low SNR environments with noise 

uncertainty. It was shown that the scheme was effective and promising as an 

improvement of 2.5 dB over the existing approaches. The same technique 

was also incorporated in [16] for wireless microphone signal detection. Ref. 

[17] proposed a method to evaluate the performance of fast sensing, but 

their work did not optimize the sensing time and sensing period. Ref. [18] 

developed a backoff-based sensing scheduling algorithm in 802.22 networks, 

but their approach did not cater for detecting the returning incumbents in an 

in-band channel. Ref. [19] took this issue into account and suggested a quiet 
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period scheduling algorithm for heterogeneous networks. They claimed that 

the proposed algorithm was not only suitable for WRANs, but also for 

wireless personal area networks, and wireless local area networks in the 

UHF TV bands. Ref. [20] used an adaptive sensing scheduling algorithm to 

capture the trade-off between throughput and reliable spectrum sensing. 

Their strategy, however, was not designed for protecting in-band 

incumbents. Ref. [21] introduced a novel approach called dynamic frequency 

hopping (DFH) scheme with a goal to achieve reliable channel sensing in 

WRAN cells. In this scheme, the cooperating communities were established 

among neighbouring WRAN cells to coordinate DFH operations and  data 

transmissions was carried out in parallel with spectrum sensing without 

interruptions. The basic idea behind this scheme was to minimize the 

interruptions due to quiet periods. Sensing-disorder attack is a challenging 

problem in IEEE 802.22 networks [22], [23]. It aims to obscure the presence 

/absence of incumbent by manipulating the spectrum sensing reports either 

by decreasing or increasing the signal strength. When no incumbent exists, 

attackers can raise the received signal strength to generate an illusion of a 

primary signal.  Due to this, all users in the entire cell immediately vacate the 

operating channel to avoid causing interference to the incumbent. Once the 

CPEs in the cell vacate the channel, the attacker can freely use the channel 

without any interruption. In case, if there is a primary signal, attackers can 

lower the received signal strength to veil the presence of a primary signal. 

Now, in both scenarios, attackers mislead the BS, to make a wrong decision 

on the presence and absence of a primary signal, leading to wasting of 
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spectrum resources or causing unacceptable level of interference to the 

incumbent.    

To mitigate coexistence and self-coexistence problems in WRAN cells, 

different approaches have been introduced. Ref. [24] suggested four different 

approaches based on dynamic frequency hopping to minimize coexistence 

problem in IEEE 802.22 networks. These approaches were classified 

according to the type of antennas used at the BS and the way of selecting 

the operating channel. In [25], fuzzy logic based control scheme was 

designed to make effective utilization of resources in IEEE 802.22 network 

by using a Gaussian membership function as input and a triangular 

membership function as output. The scheme incorporated three types of 

traffic; voice, video and data. The proposed controller took inputs in the form 

of signal strength and data rate of each CPE to estimate the required 

channel resource and fuzzy value for each BS. The same method was also 

reported in [26] to address the coexistence problem. However in this method, 

the selection of appropriate set of rules is compulsory. For this the designer 

must have the knowledge about system behaviour and fuzzy system so that 

the required membership functions can be selected. In addition, optimization 

of parameters in membership function is more complex. Ref. [27] proposed a 

proportional derivative (PD) controller for self-coexistence problem in multiple 

IEEE 802.22 WRAN cells. The controller employed CPEs signal-to-

interference ratio (SNIR) as the input and BS transmitted powers as the 

output. Although, the control strategy is simple to design and is easy to 

implement, the performance is operating point dependent. When the 
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operating point is changed, the performance of the controller starts 

deteriorating. Ref. [28] developed an adaptive traffic-aware channel 

allocation strategy to overcome self-coexistence problems between CPEs in 

the overlapped WRAN cells. The basic idea behind this approach was to 

redistribute the available channels between the neighbouring WRAN cells. It 

was observed that the proposed scheme could provide a significant 

improvement on system performance in terms of number of served requests 

when compared with fixed channel assignment schemes. Ref. [29] 

introduced utility graph colouring approach as a new solution for self-

coexistence problem among IEEE 802.22 networks. In this approach, the 

spectrum was allocated to multiple IEEE 802.22 WRAN cells so that the 

interference across the cells could be optimized. The proposed technique 

took allocation fairness among the networks into account in terms of minimal 

fairness, proportional fairness, and complete fairness. From the results, it 

was found that the proposed technique outperforms the existing techniques 

not only in increasing the spectrum utilization but also in minimizing the 

collision probability among IEEE 802.22 enabled devices and the connection 

delay. Ref. [30] proposed an on-demand spectrum contention algorithm for 

spectrum sharing in IEEE 802.22 networks. First, the issue of self-

coexistence was addressed by utilizing interactive MAC messaging among 

the coexisting WRAN cells. Next, focusing on inter-network coordination 

functions, the beacon period framing algorithm was proposed. However, in 

this method, control signaling was greatly increased through extensive MAC 

messaging. Ref. [31] formulated the coexistence problem as a modified 

minority game by considering the number of overlapping IEEE 802.22 
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networks as N players. The proposed model considered two particular cases: 

1) at the beginning of the game, all networks coexisted on a single band, 2) 

at any random stage of the game, only a particular network coexisted with 

some other networks. It was found that the performance of mixed strategy 

space is far better than the pure strategy space in achieving an optimal 

solution. In [32], a game theoretic framework was investigated to guarantee 

self-coexistence among WRANs. In this work, the channel assignment 

problem was modeled as a multi-player, non-cooperative, repeated game 

that converged to a NASH equilibrium point. In the scheme, two different 

utility functions, one to maximize spatial reuse of the spectrum and a second 

one to minimize interference, were proposed and when compared with [31], 

the proposed scheme performed much better with respect to convergence 

cost.   

Due to open nature of cognitive radio networks and lack of proactive security 

protocols, it raises significant new opportunities for malicious behaviour 

among cognitive or outside entities. Like others, the IEEE 802.22 networks 

are also vulnerable to various denial-of-service (DoS) attacks. Ref. [33] 

addressed the security vulnerabilities and presented the security sub-layer in 

IEEE 802.22 WRAN cell. Moreover, the impacts of various DoS attacks on 

the performance of IEEE 802.22 networks were also analyzed. In [34], 

coordinated DoS threats on IEEE 802.22 networks were discussed from the 

malicious users’ aspect. The problem was studied from single stage as well 

as from multi stage perspectives. In the single stage, a cooperative game 

among the malicious nodes was devised and then the optimal decision 



 

 
14 

 
 

strategy was derived. In the multi stage, a discrete time Markov chain model 

was adopted to analyse the dynamic behaviour of both malicious nodes and 

the 802.22 secondary networks. The results showed that, in the single stage 

case with coordination approach, the malicious nodes could get more than 

10% net payoff than that without coordination.  Further, when the system 

attained steady state, the optimal number of malicious nodes being 

participating in the attack, achieved the maximum net payoff. In IEEE 802.22 

WRAN cell, two types of spectrum sensing are defined, i.e. fast sensing and 

soft sensing. During fast sensing, the malicious users have an opportunity to 

launch a smart DoS attack by transmitting a very short jamming signal 

leading to the network carrying out fine sensing, which results in more delay 

and, ultimately, causes loss of spectrum opportunities for an honest CPE. In 

[35], a dynamic and smart spectrum sensing algorithm was proposed with a 

goal to minimize the effects of jamming as well as noise in the fast sensing 

phase of IEEE 802.22 networks. The scheme was claimed to be helpful for 

the SM in making fine sensing scheduling decision.   

Most of the existing work in IEEE 802.22 networks is focused on spectrum 

sensing, coexistence/self-coexistence, inter-cell and DoS threats. However, 

no significant work has been done regarding performance evaluation of 

initialization and network association of CPEs with the BS. Initialization and 

network association is the primary process through which a CPE can 

become part of the IEEE 802.22 WRAN cell. The motivation of this thesis is 

to explore this process in detail and develop a mathematical model to 
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address performance evaluation of initialization and network association 

process of CPEs with the BS in IEEE 802.22 CR based WRAN cell.  

1.3 Contribution of the Thesis 

In this thesis, a number of analytical models are proposed for initialization 

and network association of CPEs with the BS in CR based IEEE 802.22 

WRAN. The designed schemes have been investigated for performance 

evaluation. The major individual contributions of this thesis are summarized 

below.  

A novel analytical framework has been developed to estimate the number of 

active CPEs in the IEEE 802.22 network. The proposed scheme is based on 

continuous time Markov chain model and its effectiveness has been 

validated through several cases. The active CPEs length entirely depends 

upon the service rate. However, when arrival rate approaches to the service 

rate, the active CPEs curve attains a constant value.    

A comprehensive analysis of initial ranging process in IEEE 802.22 has been 

presented and initial ranging request success probability has been derived 

based on number of contention CPEs and the initial contention window size. 

This detailed analysis has been carried out for the first time for IEEE WRAN 

cell according to author’s best knowledge based on extensive literature 

survey.   

The average ranging success delay has been derived for a CPE for 

maximum backoff stages in the IEEE 802.22 network. Since, the collision 

probability depends upon initial contention window size and number of 
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contention CPEs, so to reduce the collision probability among CPEs; the BS 

needs to adjust the initial contention window size to facilitate maximum 

number of CPEs to establish their connections with reasonable delay. 

Therefore, the optimized initial window size has been designed for the first 

time for IEEE 802.22 network that provides the least upper bound keeping 

the collision probability constraint for a particular number of contention CPEs 

into account.  

An analytical model has been proposed for WRAN cell to estimate the 

ranging request collision probability based on initial contention window size 

and the number of contended CPEs. The accuracy of the estimated curve 

has been investigated for various number of contention CPEs on the basis of 

the relative errors. This model has been developed for the first time for IEEE 

802.22 network. 

The threshold size for contention window has been estimated to start the 

initial ranging process depending upon how many CPEs attempting to 

associate with the BS in IEEE 802.22 network.    

1.4 Organization of the Thesis  

This thesis is organized as follows: 

A brief introduction to CR network is given in Chapter 2.  Starting with some 

basic concepts, the essential capabilities of CR:  the cognition capability and 

the reconfigurability are then described.  Next, the architecture and spectrum 

management framework for CR network are presented.  The spectrum 

management framework is composed of spectrum sensing, spectrum 
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decision, spectrum sharing, and spectrum mobility functions.  Spectrum 

sensing is one of the important functions of CR to prevent the harmful 

interference with licensed users and identify the available spectrum for 

improving the spectrum’s utilization. By collaborating with spectrum decision, 

a CR user can determine a new spectrum band from the multiple available 

bands. Spectrum sharing provides the capability to share the spectrum 

resource opportunistically with multiple CR users without creating any 

interference to the licensed users. Spectrum mobility occurs when the 

frequency of operation changes. This functionality gives rise to a new type of 

handoff in CR network, called spectrum handoff, in which the CR users 

transfer their connections to an unused spectrum band.  Finally, the areas 

where the applications of CR could be useful are also discussed in this 

chapter.   

Chapter 3 gives an overview of IEEE 802.22 standard. This is the first 

international standard for WRAN based on CR techniques by exploiting the 

unused TV band. Next, the protocol reference model defined in IEEE 802.22 

is described along with system architecture, functionalities of various blocks, 

and their mutual interactions. The standard provides both PHY and MAC 

layer functionalities in an infrastructure based network for communication 

between CPEs via a BS. Among the other components, the SM is the 

integral part of the BS which plays a very important role in maintaining 

spectrum availability information, scheduling quiet periods for spectrum 

sensing, enabling self-coexistence and enforcing IEEE 802.22 policies within 

the cell to ensure incumbent protection and maintain QoS. On the basis of 
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the information obtained from incumbent database, geolocation and 

spectrum sensing, the SM first declares the status of the channels with 

respect to incumbent occurrence, and then categories the channels into 

operating, backup, candidate, protected, disallowed and unclassified. To 

perform channel decision process, a pseudocode is proposed for the SM. To 

understand Spectrum etiquette procedure and how it is activated, an 

example is given. Spectrum handoff is triggered by the SM either when 

incumbent is detected on an operating channel or its adjacent channels, or 

when the specified transmission time is expired.  This process is illustrated 

by taking two different perspectives.  

Initialization and association process is the first step for a CPE to perform in 

order to join the WRAN cell. The necessary steps for this procedure are 

elaborated in Chapter 4. Next, an analytical framework to evaluate the 

number of active CPEs in a CR network based on Markov process is 

proposed. Poisson arrival rate and exponential service rate are incorporated 

in the proposed model to analyze the behaviour of the active CPEs curve. In 

addition, important numerical results are discussed for different arrival rates 

and service rates. The active CPEs length is highly dependent on service 

rate but, when service rate becomes equal to the arrival rate, the active 

CPEs curve attains a constant value.   

An analytical model is derived in Chapter 5 for comprehensive analysis of 

initial ranging requests mechanism in IEEE 802.22 network. The proposed 

model is based on a probabilistic framework using a two dimensional 

probability transition model. The ranging request collision probability and 
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ranging request success delay are examined to estimate the performance of 

the network. The ranging success probability and average ranging delay are 

both dependent on the initial contention window size and the number of 

contention CPEs in the network. In order to reduce the average delay, the 

initial window size should be reduced to as minimum as possible, but on the 

other hand, the ranging success probability will be decreased. Consequently, 

only few contending CPEs may establish their connection with the BS and 

many of them will be involved in binary exponential random backoff process. 

Therefore, for better throughput, it is important for the BS to optimize the 

initial contention window size before scheduling.  

Chapter 6 deals with the estimation of ranging request collision probability 

and the threshold size for contention window to perform the initial ranging 

process in the IEEE 802.22 network. The significant results are elaborated 

through numerical study, and accuracy of the estimated curve is tested and 

compared with the actual curve for various number of contention CPEs.    

In Chapter 7, a brief review of the results of the previous chapters along with 

some general comments is given and proposed future work is also 

presented.  

1.5 Conclusion 

This chapter has briefly described the overall structure of the thesis. A CR 

has recently been recognized as an attractive means to mitigate the 

imminent spectrum scarcity problem by enabling dynamic spectrum access, 

which allows unlicensed users to identify the unused portions of licensed 

spectrum and utilize them opportunistically as long as the unlicensed users 
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do not cause harmful interference to on-going operations of primary users. 

IEEE 802.22 is the first worldwide standard based on CR techniques in 

which a set of base stations make opportunistic use of TV bands on a non-

interfering basis to provide wireless access to the CPEs within their cells. 

Due to the application of CR concept in IEEE 802.22 WRAN, many 

challenges and issues arise at spectrum sensing, spectrum management, 

QoS support, etc. so, it has received considerable attention from the 

research community.    

 

 

 

 



 

 
21 

 
 

Chapter 2.  

INTRODUCTION TO COGNITIVE RADIO NETWORK  

This chapter is dedicated to a brief introduction of cognitive radio (CR) and 

CR network. Some important fundamental concepts are elaborated in 

Section 2.1. The basic capabilities of CR are discussed in Section 2.2. 

Section 2.3 provides the basic architecture and spectrum management 

framework of CR network. The spectrum management framework is 

composed of spectrum sensing, spectrum decision, spectrum sharing, and 

spectrum mobility functions. Section 2.4 highlights some applications where 

CR could be beneficial. Next, the concluding remarks are given in Section 

2.5.     

2.1 Introduction 

The aim of this Section is to provide a basis for understanding the rest of the 

chapter.  

2.1.1 Radio Waves 

Wireless communication is based upon broadcast principle and the reception 

of electromagnetic waves. These waves are described either by their 

frequency or by their wave length. Figure 2.1 illustrates the various frequency 

bands in the electromagnetic spectrum as defined by International 

Telecommunication Union (ITU). The low frequency bands consisting of 

radio, microwave, infrared, and visible light portions of the spectrum, can be 

utilized for information transmission by modulating the amplitude, frequency 



 

 
22 

 
 

or phase of the waves. Whereas, the high-frequency waves such as X-Rays 

or Gamma Rays are not used for information transmission due to their 

impairment causing to living things. In addition, these waves do not 

propagate well through buildings.     

 

Figure 2.1: Electromagnetic spectrum. 

In low frequency bands, radio waves ranging from 3 kHz to 300 GHz, are 

easy to generate and have the ability to move across the buildings and the 

ability to travel long distances. Due to these characteristics, these waves are 

widely used for both indoor and outdoor communication. Since radio waves 

are omni directional in nature, there is no need to physically align the 

transmitter and receiver. Their frequency determines a lot of characteristics 

of the transmission. At low frequencies, these waves can pass through 

obstacles easily and at higher frequencies, these waves are more prone to 
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absorption caused by rain drops. However, due to the long transmission 

range of radio waves, their interference between transmissions is an issue 

that needs to be addressed.  

2.1.2 Radio Spectrum and Spectrum Allocation 

Radio spectrum refers to the part of the electromagnetic spectrum 

corresponding to radio frequencies, i.e. the frequencies lesser than around 

300 GHz (or equivalently wavelengths longer than about 1mm) or 

frequencies between 3 kHz to 300 GHz (or equivalently wavelengths from 1 

mm to 100 km). It is an immense resource that allows people to get better of 

their communications, grow up their industries, and enhance their everyday 

lives all around the world. Different from other natural resources, it can be 

repeatedly reused, provided certain technical conditions are fulfilled. Since, 

electromagnetic spectrum is a common resource and is open for access to 

anyone, so various national and international agreements have been drawn 

about the usage of different frequency bands within the spectrum [36]. The 

spectrum allocation for applications like AM/FM radio broadcasting, television 

broadcasting, mobile telephony, military communication and government 

usage is carried out by the individual national governments. Internationally, 

an agency known as World Administrative Radio Conference (WARC), also 

tries to coordinate the spectrum allocation among various national 

governments, so that the communication devices operating in multiple 

countries can be manufactured. Regarding the national spectrum allocation, 

even when the government reserves a spectrum band for a particular 

application/use (e.g. cellular telephony), the problem may arise – how the 
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company comes to know which set of frequencies to use. A number of 

methods have been reported in the literature for this frequency allocation 

among multiple competing companies. Some of them are beauty contest 

method, lottery system and auctioning method. Internationally, the ITU has 

reserved some frequency bands for unlicensed usage. These bands are 

called industrial, scientific, medical (ISM) bands which are generally used by 

wireless local area networks (WLANs) and personal area networks (PANs) 

are around the 2.4 GHz band. In addition, part of the 900 MHz and the 5 

GHz bands are also available for unlicensed usage in countries like the 

United States and Canada.  

2.1.3 Licensed and Unlicensed Spectrum 

Each country splits the spectrum up into licensed and unlicensed bands in 

order to mitigate radio spectrum pollution and maximizes the benefit of 

usable radio spectrum. The licensing spectrum mainly covers exclusive 

access to the spectrum and spectrum sharing within the licensed band. In 

case of exclusive spectrum usage, a license holder generally pays a fee to 

have this privilege.  Exclusive access rights have the advantage of 

preventing potential interference from dissimilar radio systems, which 

otherwise may lead to an unreliable and chargeable communication. In case 

of spectrum scarcity, license spectrum is extremely valuable, usually leading 

to economic profits for the licensee as consumers need to pay for using it. 

Having commercial implications, spectrum licenses are particularly tightly 

bonded to requirements that must be satisfied by the licensee [37].  No 

doubt, spectrum licensing provides a proficient way to guarantee sufficient 
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QoS and to prevent interference, but unfortunately it leads to highly 

inefficient use of radio spectrum resource.    

For unlicensed spectrum, there is no need to apply and pay for a license. 

Due to this, especially in Europe, the phrase ‘license exempt spectrum’ is 

used as an alternative word for unlicensed spectrum. It is open for all users 

but its utilization is strictly regulated. An unlimited number of users can share 

the same unlicensed spectrum on a non-interference basis. Spectrum usage 

is available to all devices that satisfy certain technical rules or standards in 

order to alleviate potential interference resulting from transmission powers or 

advanced coexistence capabilities. The usage rights of unlicensed spectrum 

are flexible and no specific technique to access spectrum is required. This 

spectrum supports a number of technologies, including WLANs, and 

regulators are attempting to make more unlicensed spectrum available in the 

hopes of fueling innovation and economic growth.   

2.1.4 White Spaces or Spectrum Holes 

White space or spectrum hole is a tag that represents the portion of 

spectrum that is assigned to a licensed user, but at a specific location and 

time, is not used. Generally speaking, it is a space available in various 

spectrum bands. This concept can further be generalized as a transmission 

opportunity in radio spectrum space. Radio spectrum space is a theoretical 

hyperspace occupied by radio signals which has dimensions of location, 

angle of arrival, frequency, time, energy and possibly others. This 

hyperspace is used to describe the ways in which the radio environment can 

be shared among multiple systems [38], [39]. 
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 As depicted in Figures 2.2-2.3, there are two types of spectrum holes. Type-

1spectrum hole is the portion of underutilized assigned band. Figure 2.2 

illustrates the usage of a particular assigned band over a specific period of 

time. Suppose that the maximum throughput for this band is 15 Mbps, 

represented by a blue dash line.  

 

Figure 2.2: Type-1spectrum hole - underutilized spectrum band.  

As shown in the figure, the spectrum band is hardly being utilized to its full 

capacity, leaving lots of white spaces. Taking advantage of such spectrum 

needs sophisticated spectrum spreading. Type-2 spectrum hole is the gap 

between transmissions in an assigned band. As shown in Figure 2.3, the 

spectrum band is being fully used, but there are pauses in the transmission, 

creating a number of white spaces. This type of spectrum hole is much 

easier to detect and utilize, as compared to type-1.  In reality, type-1 and 

type-2 often coexist in an assigned spectrum band while type-1 occurs more 

frequently than type-2. In a fixed spectrum assignment policy, these 

spectrum holes could fill from 15% to 85% of the assigned band [40]. 

Further, a report from Federal Communication Commission (FCC) concludes 
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that with a very large probability, there is some licensed spectrum bands that 

are not being utilized by the licensed users in a certain geographical area or 

time [41].  

 

Figure 2.3: Type-2 spectrum hole - gaps in data transmission. 

In general, spectrum utilization can be optimized by allowing unlicensed 

users to dynamically access the spectrum holes temporally unoccupied by 

the licensed users. This observation of spectrum holes inspires the 

introduction to cognitive radio technologies.   

2.2 Cognitive Radio 

The fundamental technology for enabling dynamic spectrum access 

techniques is cognitive radio (CR), which allows intelligent spectrum-aware 

devices to opportunistically use the licensed spectrum bands for 

transmission [42], [43], [44], [45].The term CR has different meanings 

depending upon the area in which the people are working for. Different 

research communities define CR as follows: 

Hardware community: CR is an upgrade from software-defined radios. 
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PHY layer researchers: CR is synonymous with dynamic spectrum sharing, 

i.e. just a medium access pattern. 

Computer Science view: For computer and IT personnel, CR is a device 

with machine learning capabilities. 

Networking community: CR is a device that performs cross-layer 

optimizations. 

Information theorists: CR reduces to an interference channel with side 

information. 

The idea of CR was first introduced by Joseph Mitola in a seminar at KTH, in 

The Royal Institute of Technology, in 1998, as “a radio or system that 

senses, and is aware of its operational environment and can be trained to 

dynamically and autonomously adjust its radio operating parameters 

accordingly” [42], [46]. This definition was generalized by the FCC to be, “a 

CR is a radio that can change its transmitter parameters based on interaction 

with the environment in which it operates”. From these definitions, a CR has 

two main features that distinguish it from a traditional radio: the cognitive 

capability and the reconfigurability [4]. 

2.2.1 Cognitive Capability 

Cognitive capability of CR refers to the ability to sense and capture spectrum 

related information such as the set of frequency bands that are not in use by 

the licensed users from its surrounding radio environment. This capability 

makes a CR to continually monitor the dynamically changing surrounding 

radio environment in order to interactively come up with the appropriate 
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transmission plans to be employed. Through this capability, the portions of 

the spectrum that are unused at a particular time or geographical area can 

be identified, referred as spectrum holes. Therefore, the best spectrum band 

and the most appropriate operating parameters can be selected. 

 

 

Figure 2.4: Cognitive radio concept. 

2.2.2 Reconfigurability 

The cognitive capability provides spectrum awareness whereas 

reconfigurability enables the radio to be adapted according to the radio 

environment. In particular, CR can be programmed to transmit and receive 

on a variety of frequencies and to use different transmission access 

technologies supported by its hardware design [47], [48]. Some parameters 

that can be reconfigured according to user requirement and channel 

conditions are operating frequency, modulation, communication technology, 

and transmission power of the device.  By taking these two capabilities into 

account, Figure 2.4 illustrates the concept of CR more explicitly.  
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2.3 CR Network 

Simply, an interconnected set of CR devices that share information is called 

CR network. The idea of CR was developed due to: (1) availability of limited 

spectrum, (2) fixed spectrum assignment policy, and (3) inefficiency in 

spectrum usage. Due to these reasons, CR networks are proposed to 

opportunistically utilize the underutilized spectrum. Furthermore, the FCC 

also encouraged the idea of using the CR devices to cater for spectrum 

shortage problem. In this connection, the FCC has developed an interference 

free opportunistic spectrum access policy which states that CR nodes can 

only access the channels when they are not utilized by the licensed users [4].     

2.3.1 Architecture of CR Network 

The basic components of the CR network architecture, as shown in Figure 

2.5, can be classified into two groups as the primary network and CR 

network [40]. The primary network consists of users having exclusive rights 

to use certain spectrum band, for example TV broadcast networks and 

cellular networks. If the primary network has an infrastructure support, the 

operations of the primary user are controlled through the primary base-

stations. Due to their priority in spectrum access, the licensed user’s 

activities should not be affected by any other unauthorized users.  On the 

contrary, CR network does not have a license to operate in a desired band. 

Therefore, some additional functionality is needed for CR users to share the 

licensed spectrum band with the primary network. CR networks can further 

be classified into infrastructure based and infrastructureless networks. The 
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infrastructure based network has a central network entity, for example an 

access point in Wireless LANs or a base station (BS) in cellular networks. On 

the other hand, the Infrastructureless CR networks, also called cognitive 

radio ad hoc networks, have no central network entity.  

 

Figure 2.5: Cognitive radio network architecture.  

The key elements of the CR network architecture can be described as 

follows:  

Primary user: This is the licensed user having access to operate in a certain 

spectrum band. This access is controlled by its BS.  

Primary BS: It is a fixed infrastructure component having license to use the 

spectrum. In principle, the primary BS is not equipped with any CR capability 

for sharing spectrum with CR users, but it may be requested to have both 

legacy and CR protocols for the primary network access of CR users.  
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CR user: CR user, also called secondary user, can access the spectrum 

holes opportunistically i.e. when licensed spectrum is idle. The basic 

functions of this component are spectrum sensing, spectrum decision, 

spectrum handoff and spectrum sharing. However, CR users do not make a 

decision on spectrum availability but report their sensing results to CR base 

station. They can work both in infrastructure based network as well as in ad 

hoc network.  

CR base station:  It is an infrastructure based component equipped with CR 

functionalities. It provides CR users with a single hop connection within its 

transmission range and exerts control over them.   

As mentioned before, CR user can work both in infrastructure based network 

and ad hoc network, therefore, there are three possible access ways in a CR 

network, as is clear from Figure 2.5.  

CR network access: This access takes place when a CR user accesses its 

own CR base station. Since, all operations are carried out inside the CR 

network, so its medium access approach is independent of that of primary 

network. 

CR ad hoc access:  Using this access, a CR user can communicate with 

other CR users through an ad hoc connection on both licensed and 

unlicensed spectrum bands.  

Primary network access: Using this access, a CR user can access the 

primary BS through the licensed band. To incorporate this access scheme, 

CR users are required to support the medium access technology of primary 

network and also, the primary BS should be equipped with CR capabilities.  
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2.3.2 Spectrum Management Framework for CR Network 

A CR network has the ability to share the wireless spectrum with primary 

users in an opportunistic manner. However, because of high fluctuation in 

the available spectrum band and the diverse quality of service (QoS) 

requirements of various applications, CR networks enforce unique 

challenges. In order to meet these challenges, each CR user in CR network 

must have the following capabilities:  

 

Figure 2.6: Spectrum management framework for Cognitive radio networks. 

 Determines which portions of the spectrum are available; 

 Selects the best available channel; 

 Coordinates access to the selected channel with other CR users; 

 Vacates the channel when a licensed user is detected. 
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Based on these capabilities, the spectrum management framework, as 

shown in Figure 2.6, is composed of the four functions: spectrum sensing, 

spectrum decision, spectrum sharing, and spectrum mobility. These 

functions are now discussed as follows.   

2.3.2.1 Spectrum Sensing 

Spectrum sensing means that a CR user should monitor the available 

spectrum bands, capture the required information, and then detect the 

spectrum holes. Since, a CR is designed to be aware of and sensitive to the 

changes in its surroundings, therefore, spectrum sensing is an important 

requirement for the realization of CR networks. The key objective is to offer 

more spectrum access opportunities to the CR users with the condition that 

they will not interfere with the operations of primary users. The situations 

where this capability is required are out-of-band sensing and in-band 

sensing. The former means that the CR users find available spectrum holes 

over a wide frequency range for their transmission and the latter means that 

the CR users observe the spectrum band during the transmission and 

identify the occurrence of primary users to avoid interference. To perform 

spectrum sensing, the CR network must have the following functionalities:  

 Primary user detection 

A CR user detects the presence of primary user’s transmissions after 

observing its local radio environment and identifies the current 

spectrum availability.  

 Cooperation  
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Spectrum sensing accuracy can be improved significantly through 

cooperation among CR users and BS [49]. Cooperation is achieved 

either by sending the observed information to the BS or by sharing the 

sensed information with neighbours. In this way, spectrum availability 

is achieved accordingly.  

 Sensing controller  

Primary user detection functionality is controlled by a sensing 

controller with the objectives: 1) how fast a CR user can find the 

available spectrum band over a wide frequency range [50], [51], 2) 

how long and how often the CR user should sense the spectrum to 

achieve adequate sensing accuracy and detect the appearance of 

primary networks to avoid interference [52], [53].  

2.3.2.2 Spectrum Decision 

The available spectrum bands identified through spectrum sensing show 

different characteristics in the CR environment. Based on the spectrum 

availability, spectrum decision refers to the process of selecting an 

appropriate spectrum band from the multiple available bands. It is closely 

related to the primary user activity, spectrum sensing operation and QoS 

requirements of the applications.  However, spectrum decision is affected by 

the activities of other CR users in the network. It is also desirable to consider 

how frequently the primary user appears on the spectrum band as there is no 

guarantee that a spectrum band will be available during the entire 

transmission time of a CR user. Therefore, due to the operation of primary 
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networks, a CR user cannot acquire a reliable channel for a long period of 

time. 

Spectrum decision is usually involved with two steps: 1) the available 

spectrum bands are characterized depending upon the local observations of 

CR users and the statistical information of primary network, 2) based on the 

characterization, the best spectrum band is selected. The following are some 

characteristics that are considered while performing spectrum decision.   

Interference: The maximum transmitted power of a CR user is derived from 

the amount of interference at the primary receiver. This allowable power is 

further utilized for estimating the channel capacity.  

Path loss: It is directly related to distance and frequency. When operating 

frequency increases, the path loss increases. Consequently, the 

transmission range decreases. If transmission power is increased to 

compensate for the increased path loss, the interference at other users may 

increase.   

Wireless link errors: The error rate of the channel is dependent on the 

modulation scheme and the interference level of the spectrum band. 

Link layer delay: Different types of link layer protocols are required at 

different spectrum bands in order to cater for different path loss, wireless link 

error and interference. Due to the variable nature of link layer delay, it is 

desirable to detect the spectrum bands containing all the characteristic’s 

parameters (operating frequency, bandwidth, etc.) for making precise 

spectrum decision.  
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Channel switching delay: Switching from one channel to another channel 

leads to an additional delay to the CR Networks, called switching delay. This 

delay may be caused due to many factors such as appearance of a primary 

user on the operating channel, degradation of QoS because of interference, 

or traffic load in the current operating channel [10]. Moreover, the switching 

delay fluctuates from one node to another as it depends upon the hardware 

technology and the algorithm employed by the CR users. The desired goal is 

to keep the switching delay as small as possible to guarantee that it does not 

affect the overall performance of CR network.   

Channel holding time: Channel holding time is the expected time interval 

that a CR user spends while occupying a licensed band before interruption. 

The longer the holding time, the better will be the QoS for the CR users [40].  

After characterizing the available spectrum bands, the most suitable 

spectrum band is selected by taking into account QoS requirements and 

spectrum characteristics. Consequently, the respective transmission mode 

and bandwidth for the transmission can be reconfigured.   

2.3.2.3 Spectrum Sharing 

Since spectrum availability varies over time and space, and there may be a 

number of CR users attempting to access the spectrum at the same time, so 

their transmissions should be managed to avoid collisions in an overlapping 

portion of the spectrum. Spectrum sharing provides the ability to maintain the 

QoS of CR users without creating any interference to the licensed users by 

coordinating multiple accesses of CR users as well as allocating 

communication resources adaptively to the ever changing radio environment. 
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Therefore, spectrum sharing is carried out during the communication session 

and within the spectrum band, and includes much of the functionality of a 

medium access control (MAC) protocol. Based on architecture, spectrum 

allocation behaviour, spectrum access technique and scope, spectrum 

sharing can be classified into four categories.  

1. Classification based on architecture 

On the basis of architecture, spectrum sharing can be categorized into 

centralized and distributed. In centralized spectrum sharing, the spectrum 

allocation and access procedures are controlled through a BS [54]. A 

distributed sensing algorithm can be utilized to forward the spectrum 

allocation measurements to the BS and then, a spectrum allocation map is 

generated. Moreover, the BS can lease portions of the spectrum to users in a 

limited geographical region, such as home, an office building, etc. for a 

specific amount of time. Besides, competition for the spectrum, competition 

among the users can also be considered through a central spectrum policy 

server [55]. On the other hand, in distributed spectrum sharing, the spectrum 

allocation and access procedures are based on local strategies that are 

performed by each CR user distributively [56]. Distributed solutions are also 

employed among different networks such that the neighbouring BSs compete 

with each other according to the QoS requirements for its users to allocate a 

portion of spectrum.     

2. Classification based on spectrum allocation behaviour 

Based on spectrum allocation behaviour, spectrum sharing can be classified 

into two categories: cooperative and non-cooperative. In cooperative 
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spectrum sharing, the cooperative solutions are incorporated for interference 

measurements while taking into account the communication effect of one CR 

user on the other CR users [57], [58]. One of the most commonly used 

solutions is to form clusters to share interference information locally. This 

localized procedure can present an effective balance between a fully 

centralized and a distributed scheme. In non-cooperative spectrum sharing, 

frequent message exchanging in CR users is not required [59], [60]. Only a 

single CR user is taken into account. Since, mutual interference in CR users 

is not considered, therefore, non-cooperative solutions may result in low 

spectrum utilization.    

3. Classification based on spectrum access technique 

On the basis of spectrum access methodology, spectrum sharing can be 

classified as overlay spectrum sharing and underlay spectrum sharing.  In 

the first category, the CR users access the network using spectrum holes 

that are not being utilized by the licensed users. The objective is to minimize 

the interference to the licensed users [61], [62]. In the second category, 

spread spectrum schemes such as code division multiple access (CDMA) 

and ultra wide band (UWB) are incorporated to achieve low interference 

levels. When compared to the first category, this utilizes higher bandwidth, 

but at the cost of a slight increased complexity [63], [64].  

4. Classification based on scope 

Based on scope, spectrum sharing can be categorized into two types: intra-

network and inter-network [65], [66]. In intra-network spectrum sharing, the 

resources are shared inside a CR network among its CR users, whereas, in 
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inter-network spectrum sharing, the resources are shared among multiple 

coexisting CR networks as shown in Figure 2.7.   

 

Figure 2.7: Intra-network and inter-network spectrum sharing in CR 

networks. 

The intra-network spectrum sharing can be centralized or distributed. The 

centralized methods are particularly focused on a cooperative scheme. The 

distributed methods may be cooperative or non-cooperative.   

2.3.2.4 Spectrum Mobility 

The CR users are generally considered as visitors to the spectrum. Hence, 

they are required to vacate the spectrum when a licensed user reuses the 

current spectrum, and the communication needs to be carried out in another 

vacant portion of the spectrum. This mechanism is called spectrum mobility. 

To provide seamless communications, spectrum mobility introduces a new 

type of handoff, called spectrum handoff, in which, the CR users transfer 

their connections to an unused spectrum band. In CR networks, spectrum 

handoff can be initiated in the following cases:  
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 When a licensed user is detected on the operating channel; 

 When a CR user loses its connection resulting from mobility of users 

involved in an on-going communication; 

 When current spectrum band does not provide good QoS 

requirements due to licensed user usage of the spectrum band. 

Spectrum handoff can be categorized into proactive-decision spectrum 

handoff and reactive-decision spectrum handoff. In the former category, the 

target channels are made available for spectrum handoff before data 

transmission according to the long term traffic observations, and in the latter 

category, the target channel is determined on the basis of results obtained 

from an on-demand sensing. Both proactive and reactive handoff schemes 

have their own merits and demerits [67], [68]. The proactive handoff scheme 

can give less spectrum handoff delay, because scanning the whole spectrum 

in finding the target channel is not required.  But, it may be possible that the 

predetermined target channel may not be available when it is requested by 

the CR user. On the other hand, the reactive scheme ensures the target 

channel availability at the licensed user appearance, but at the cost of relying 

on fast spectrum sensing techniques. Spectrum handoff can also be 

classified into vertical spectrum handoff and horizontal spectrum handoff. 

Horizontal handoff occurs between base stations using the same type of 

wireless network interface or same radio access technology (e.g. Bluetooth, 

Wi-Fi, etc.); whereas vertical handoff is executed between base stations 

using different wireless network technologies, and occurs when a different 
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network becomes consistently better than the current network in terms of the 

offered bandwidth.  

In order to compensate spectrum handoff, protocols for different layers of the 

network stack need to adjust the channel parameters of the operating 

frequency.  Also, they need to be transparent to spectrum handoff and the 

associated latency. Since available spectrum band is noncontiguous 

frequency bands of different width distributed over a wide range, the CR 

users may need the reconfiguration of operating frequency which results in a 

significant switching time.  The main characteristic of spectrum mobility in CR 

networks is its interdependency with the routing protocols. Like spectrum 

decision, spectrum mobility is required to involve in the recovery of link 

failure on end-to-end route. Therefore, the objective of the spectrum mobility 

management in CR networks is to provide smooth and fast transition to the 

new operating channel leading to minimum performance degradation during 

a spectrum handoff.  

2.4 Applications of CR  

As CR is well aware of its environment and is capable to learn from the 

surroundings, and adjusts its transmission parameters such as frequency, 

modulation, transmission power, etc. according to the current state of the 

environment, so the concepts of CR can be applied to a variety of wireless 

communication systems. A few of the applications are listed below:  
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2.4.1 TV White Spaces 

The main regulatory agencies involved in developing rules for the unlicensed 

use of TV white spaces are the FCC in the United States, the Office of 

Communications (Ofcom) in the United Kingdom, and the Electronic 

Communications Committee (ECC) of the Conference of European Post and 

Telecommunications (CEPT) in Europe. After many years of comprehensive 

discussions and scientific analysis, the FCC released the final rules for using 

the TV white space in September 2010 which led to the culmination of this 

field [69]. In the meantime, other agencies such as Ofcom and ECC have 

also been getting progress in developing regulations for the TV white spaces 

[70]. This is based on the idea of having an accessible database service for 

available TV channels, otherwise, to sense and obtain spectrum holes within 

TV bands to utilize for communication.     

2.4.2 Emergency Networks  

This area of CR networks was first introduced in [71]. Since, emergency 

services mostly depend upon the public networks for data transmission, this 

is not considered to be reliable enough in emergency situations such as 

natural disasters and calamities, where the public networks may get 

overloaded. In these situations, it is very hard for emergency personnel to 

establish an emergency network to take care of all communications 

requirements. The major limitation is the spectrum shortage, since 

multimedia data in the emergency network requires plenty of radio 

resources. The idea of applying CR to the emergency network is to 



 

 
44 

 
 

overcome this spectrum scarcity problem by dynamically accessing free 

licensed spectrum resources. CR has the ability to work in different 

frequency bands and various wireless channels, and exploits the existing 

network infrastructure in order to better utilize it and improve the 

communication efficiency [70].  

2.4.3 Military Networks  

Military network is another area in which CR has gained a lot of attention. 

This CR technology offers significant benefits for the protection of 

communication transmissions, recognition of enemy communications, and 

the discovery of paths of opportunity. A CR also plays an important role in 

interoperability of military systems. By recognizing other communication 

devices, the CR adapts itself to communicate with those devices. This can 

facilitate many different legacy systems to interoperate. Over the last few 

years, the U.S. Department of Defense has devoted considerable resources 

to advanced wireless topics and has now developed programs such as Joint 

Tactical Radio System (JTRS), SPEAK easy radio system, and Next 

Generation (XG) to exploit the benefits of CR techniques [72].   

2.4.4 Cellular Networks 

In the last decade, there has been tremendous growth in cellular networks, 

with consumers always expecting to stay connected irrespective of their 

different locations and time. The introduction of smartphones and tablets, the 

popularity of social networks, growing media sites such as Youtube, Hulu, 

flickr, induction of new devices such as e-readers, have all added to the 
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already high and emergent use of cellular networks for conventional data 

services such as email and web-browsing.  Due to this, it has become 

challenging in some geological regions, as mobile networks have become 

more congested because of the limited bandwidth available for cellular 

operators. In recent years, the emerging applications of CR have attracted 

considerable attention from cellular networks. To overcome the indoor 

coverage problem and adjust to traffic growth, the concept of small cells, 

such as femtocells, has been proposed in 3GPP LTE Advanced and IEEE 

802.16m, with companies like PicoChip driving femtocell revolution.   

 

Figure 2.8: Illustration of femtocell interference. 

The femtocell unit has the functionality of the typical BS (eNodeA in LTE). 

However, the self-deployment property of the femtocells makes the 

centralized interference management impractical in every residence and 

small office [73], [74]. Figure 2.8 illustrates an example of such a scenario, 

where distributed spectrum planning schemes are required. With CR, the 

femtocells can search and find the available spectrum bands in order to 
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maintain the coverage and avoid the interference to other femtocells and 

macrocells.     

2.5 Conclusion 

The objective of this chapter was to discuss the concept of CR and CR 

network.  A CR is a radio that is well aware of its environment and is capable 

to learn from the surroundings, and adjusts its transmission parameters such 

as frequency, modulation, transmission power, etc. accordingly. The 

cognitive capability and the reconfigurability are the salient features that 

make CR different from the traditional one. The CR network architecture is 

composed of primary user, primary BS, CR user and CR base station. A CR 

user has the ability to work both in infrastructure based network and ad hoc 

network. The spectrum sensing, spectrum decision, spectrum sharing, and 

spectrum mobility are the main functionalities that must be contained in 

spectrum management framework of CR network. In spectrum sensing, a CR 

user monitors the available spectrum bands, captures the required 

information, and then detects the spectrum holes. It is an important task 

upon which the entire operation of CR rests. In spectrum decision, a CR user 

selects the appropriate spectrum band from the multiple available bands. 

Spectrum sharing provides the ability to maintain the QoS of CR users 

without creating any interference to the licensed users. Since, CR users are 

usually considered as temporary visitors to the spectrum, therefore, they are 

required to vacate the spectrum when a licensed user appears. Spectrum 

mobility causes a new type of handoff, referred to as spectrum handoff, in 

which, the CR users transfer their connections to an unused spectrum band. 
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Due to characteristics of CR, it is being incorporated in various wireless 

communication systems such as Emergency networks, Military networks, 

Cellular networks, etc.  As IEEE 802.22 is the first standard using white 

spaces based on CR, the next chapter will provide its in-depth overview.     
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Chapter 3.  

OVERVIEW OF IEEE 802.22 STANDARD 

This chapter provides an overview of IEEE 802.22 standard. This is the first 

worldwide standard for Wireless Regional Area Network (WRAN) based on 

CR by exploiting the unused TV band. In Section 3.1, a brief introduction 

about the development of this standard and the reasons for TV band 

selection are presented. The protocol reference model defined in IEEE 

802.22 is discussed in Section 3.2, which identifies the system architecture, 

functionalities of various blocks, and their mutual interactions.  Section 3.3 

discusses the important functionalities of PHY/MAC layer. The significance of 

Spectrum Manager in a WRAN Base Station is elaborated in Section 3.4. 

Finally, Section 3.5 highlights the main points of this chapter.    

3.1 Introduction 

IEEE 802.22 working group was formed in November, 2004 to develop the 

first complete cognitive radio-based international standard for wireless 

regional area network (WRAN), which was subsequently published in 2005 

and accepted by the FCC [10], [75], [76]. The basic purpose of this 

development was to provide broadband access in remote and rural areas by 

opportunistically exploiting the unused TV band. Many other applications 

such as real-time video streaming in home networks or automatic meter 

reading in the smart grid can also be better supported. The WRAN systems 

can operate on vacant TV channels in VHF/UHF band ranging from 54 MHz 

to 862 MHz frequency subject to non-interfering to the broadcast incumbents 
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which may be digital TV, analogue TV or wireless microphone. The main 

reasons for TV band selection are three fold. The TV band is not always 

used in the geographical area; it is underutilized [11], [77], [78], [79], [80], 

[81], [82]. Figure 3.1 illustrates one of the possible patterns of TV band 

occupancy by incumbents over time and frequency. The second reason is of 

having lower frequencies compared to other licensed bands, therefore, 

resulting in lower propagation path loss. Due to this feature, spectral power 

density of the radio signal reduces slowly which results in high coverage 

area. The average coverage area of WRAN cell is 33 km2 but it can be 

extended up to 100 km2 subject to weather condition. This coverage area is 

larger than IEEE 802.11 based Wi-Fi and IEEE 802.16 based WiMAX. The 

third reason is having less deployment cost.  

 

Figure 3.1: TV band occupancy over Time and Frequency. 

IEEE 802.22 network is based on master/slave architecture with single base 

station (BS) managing more than one customer premise equipments (CPE) 

through MAC. The BS controls all the communication in the cell, i.e. there is 

no peer-to-peer communication directly between the CPEs. No CPE is 
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allowed to transmit without receiving any proper authorization from BS. The 

downstream transmission, where BS transmits and CPE receives, is based 

on time division multiplex (TDM) and the upstream transmissions are shared 

by CPEs on demand basis according to orthogonal frequency division 

multiplex (OFDMA) scheme [83], [84], [85]. OFDMA is a multiple access 

approach where orthogonally divided frequency subcarriers are allocated to 

the individual CPEs of the cell.  A subcarrier assignment is usually made by 

the BS, and can be based on the quality of service (QoS) requirements of the 

individual CPEs. The desired throughput between CPE and BS in the 

upstream is 384 kb/s and 1.5 Mb/s in the downstream [10]. 

3.2 Reference Architecture  

The protocol reference model defined in IEEE 802.22 is depicted in Figure 

3.2, which defines the system architecture, functionalities of various blocks, 

and their mutual interactions. This reference model partitions the system into 

three different planes: data plane, management plane and cognitive plane.  

As shown, data plane consists of the Physical Layer (PHY), the medium 

access control (MAC) layer and the convergence sublayer (CS). Service 

access points (SAPs) are added in between these layers to allow different 

components to communicate with each other. Security sublayers are 

appended between SAPs to provide authentication, encryption, etc. The 

basic purpose of management or control plane is to manage different 

assignments related to system configuration, monitoring statistics, 

notifications, triggers, CPE and session management, communication with 

the database service, spectrum sensing and geolocation reporting, etc. The 
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cognitive plane is particularly composed of Spectrum Manager, Geolocation, 

Spectrum Sensing Automaton and Spectrum Sensing Function.    

 

Figure 3.2: A cognitive radio interface diagram for the IEEE 802.22. 

3.3 PHY/MAC layer 

The IEEE 802.22 MAC provides tools for flexible and efficient data 

transmission and supports cognitive capabilities for protection of incumbent 

services in the TV band as well as for self-coexistence among 802.22 

systems. The MAC is a connection-oriented mechanism supporting unicast, 

multicast and broadcast services. Connection is the basic component that 

can be established or deleted depending upon the requirements. It is defined 
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by 12 bits; 9 bits are reserved for station ID (SID) and 3 bits are for flow ID 

(FID). The station being under the control of BS is uniquely identified by SID, 

which can be unicast station (single CPE) or multicast station (group of 

CPEs). The FID represents a specific traffic flow assigned to a CPE. The 

combination of SID and FID defines a connection identifier (CID) for the 

particular CPE. The MAC facilitates up to 512 stations, each with a maximum 

of 8 service flows and each service flow requires a separate connection in a 

WRAN cell. 

 

Figure 3.3: Superframe structure in IEEE 802.22 standard. 

There are two operational modes, i.e., normal mode and self-coexistence 

mode, defined in the IEEE 802.22 standard. A WRAN cell works by default in 

a normal mode and switches to self coexistence mode if another WRAN cell 

is detected. This work is focused on normal mode. During normal operation, 

a WRAN cell broadcasts superframe preamble and superframe control 

header (SCH) at the beginning of every superframe on its operating channel. 

The basic superframe structure is shown in Figure 3.3. Each superframe has 

duration of 160 ms and is composed of 16 frames, each having a length of 

10 ms.  All transmissions can be organized into downstream (DS) and 
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upstream (US) transmissions based on the direction of transmissions.  The 

DS transmission is defined as the transmission from the BS to CPE. 

Conversely, the US transmission is the transmission in the opposite 

direction. According to the IEEE 802.22 standard, the BS is responsible for 

scheduling both DS and US transmissions. All scheduling behaviour is put 

into the MAC frame. A frame is basically a two dimensional structure that 

consists of a fixed number of orthogonal frequency division multiplexing 

(OFDM) slots having fixed size length. Each slot contains one OFDM symbol 

by one subchannel, i.e., 1 OFDM slot = 1 symbol × 1 subchannel. A 

subchannel is the basic unit for resource allocation in both downstream and 

upstream transmission. Each OFDM symbol is divided into 2048 subcarriers, 

out of which 368 subcarriers are used as guard band/DC subcarriers, also 

called null subcarriers, having zero amplitude and zero phase.  The 

remaining 1680 subcarriers are divided into 60 subchannels. Each 

subchannel contains 1680/60 = 28 subcarriers in which 24 are data 

subcarriers carrying useful data and 4 are pilot subcarriers used to facilitate 

coherent detection and to provide robustness against frequency offsets and 

phase noise. Null subcarriers are inserted just to prevent leakage of energy 

into adjacent subchannels. Figure 3.4 depicts the particular distribution of 

subcarriers. The subcarrier spacing is dependent on the bandwidth of the TV 

band. The IEEE 802.22 standard supports three channel bandwidths of 6, 7 

and 8 MHz according to TV channel regulation throughout the world. The 

structure of a MAC frame defined in the IEEE 802.22 standard can be 

divided into DS subframe and US subframe. The DS subframe is for DS 

transmissions. Similarly, the US subframe is for US transmissions.  
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Figure 3.4: In OFDM, usable bandwidth is divided into a large number of 

orthogonal subcarriers. 

The first MAC frame contains superframe preamble, frame preamble, SCH, 

frame control header (FCH) and data payload as shown in the Figure 3.5. Its 

payload is reduced by two symbols to compensate for the superframe 

preamble and SCH. The superframe preamble is for frequency and time 

synchronization purpose. The SCH carries BS MAC address and other 

information necessary for the CPE to initiate a connection. To protect 

incumbents and to handle a self-coexistence situation, the sufficient 

mechanism is included in SCH. The quiet period schedule for sensing is also 

given in it. The remaining 15 frames start only with frame preamble. Frame 

preamble indicates the beginning of the frame. It is used for synchronization, 

channel estimation; frequency offset estimation and received power 

estimation. FCH contains information about frame and is transmitted as a 

part of DS-PDU. Further, DS subframe contains DS-MAP, US-MAP, 

upstream channel descriptor (UCD), downstream channel descriptor (DCD) 

etc.  The DS-MAP and US-MAP contain resource allocation for each frame 
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and each MAP has a number of information elements, i.e. DS-MAP IE, US-

MAP IE. 

 

Figure 3.5: The frame structure in IEEE 802.22 standard which is an 

extension of the IEEE 802.16e-2005 frame structure with the addition of a 

self-coexistence window (SCW). 

The transmission parameters of possible upstream channel are contained in 

UCD whereas DCD has characteristics of possible downstream channels. 

The MAC data elements in the upstream bursts are mapped to US subframe. 
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First, they are mapped horizontally in the same logical subchannel to the end 

of US subframe. Once a logical subchannel is filled, the remaining data 

elements are mapped to the next logical subchannel. This process is going 

on until all of the subchannels and symbols reserved for the burst are 

occupied. If the capacity of MAC data elements is not enough to fill an 

upstream burst then zero padding is inserted at the end. If CPE has nothing 

to transmit in the US subframe, the BS may get back this allocation from 

CPE in the subsequent frames and the resource may further be utilized for 

some other purpose.  As shown in Figure 3.5, the DS subframe is comprised 

only one PHY PDU (protocol data unit) but US subframe is composed of 

more than one PHY PDUs, each transmitted from a different CPE. Moreover, 

US subframe has the following contention windows: 

Initial Ranging Window ~ used for initializing the association of CPEs with 

the BS; the first five OFDM symbols of US subframe are always occupied by 

this window. 

Periodic Ranging Window ~ employed for regularly adjusting the timing 

and power at the CPE. 

Bandwidth Request (BW) Window ~ used for CPEs to request upstream 

bandwidth allocation from the BS. 

UCS Notification Window ~ employed by CPEs to report an urgent 

coexistence situation with the incumbents. 

Self-Coexistence Window (SCW) ~ scheduled at the end of frame if 

necessary and used by coexistence beacon protocol (CBP) packets to alert 
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the adjacent and overlapping WRAN cells about self-coexistence situation, 

and also employed for resolving interference situations with the incumbents.  

3.4 Cognitive Radio Capability 

Cognitive radio capabilities for identifying the available TV channels and 

protecting incumbents are incorporated in IEEE 802.22 systems including 

spectrum manager (SM), spectrum sensing automaton, channel set 

management, access to the database services and geolocation services. 

Each IEEE 802.22 device (CPEs and BS) employs these capabilities to 

make decisions about its radio operating behaviour. The SM is the important 

capability among all. It is the integral part of the BS which plays an important 

role in maintaining spectrum availability information, channel selection, 

channel management, scheduling quiet periods for spectrum sensing, 

accessing to the database, enforcing IEEE 802.22 regulatory domain 

policies, enabling self-coexistence, etc. In the following Sections, we will 

demonstrate its significance in IEEE 802.22 WRAN cell.   

3.4.1 Maintaining Spectrum Availability Information 

The SM keeps the record of spectrum availability in its WRAN cell operation 

while following the rules and policies defined for that domain. It attains the 

information about the status of the channels with respect to incumbent 

occurrence and other WRAN cells in the region. The achieved information 

will further be utilized as the input in decision making for channel selection, 

channel state management and self coexistence issues. To make channel 
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status operational, the SM can access information from the following three 

sources: 

3.4.1.1 Incumbent Database  

The database service provides a list of available channels and their 

respective allowable Effective Isotropic Radiated Power (EIRP) that CPEs 

can transmit without creating any harmful interference to incumbent in any 

given geographical area. This service is officially incorporated by the local 

regulatory authority. The SM attains this incumbent database through higher 

layers and updates it at least once in 24 hours. Moreover, the database 

service may send any update relevant to the BS. The system architecture 

and interface to the database services developed in IEEE 802.22 standard is 

shown in Figure 3.6. 

 

Figure 3.6: Structure of the IEEE 802.22 WRAN access to the database service. 

3.4.1.2 Geolocation 

The SM obtains the geolocation information at the BS to identify its own 

location and also determines the locations of all associated CPEs with the 

BS. There are two modes of geolocation, i.e. satellite based geolocation and 

terrestrial-based geolocation. The satellite based geolocation is compulsory 
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for all IEEE 802.22 devices to find out longitude and latitude of its antenna 

within a radius of 50 metre. Each CPE propagates its coordinates to the BS 

during registration phase. The terrestrial-based geolocation is used to 

determine how far a CPE is located from the BS. The geolocation technology 

assists in detecting if any device moves a distance greater than the specified 

distance, then in such a situation the WRAN system will follow the local 

regulations to acquire the new list of available channels for the new location 

of the device.    

3.4.1.3 Spectrum Sensing  

The purpose of sensing is to accurately and reliably detect the 

presence/absence of incumbents on a spectrum band. All IEEE 802.22 

devices have an entity called spectrum sensing automation (SSA), which is 

incorporated by the SM using PHY/MAC layer functionalities and 

management frames to control spectrum sensing within the WRAN cell. The 

SM sends the requests to SSAs to perform spectrum sensing and then 

combines the received CPEs spectrum sensing reports with its local sensing 

report. Although, the SM is responsible for controlling the sensing behaviour 

of SSA, however, it locally manages its sensing behaviour in the following 

situations [10]:  

 At the initial turn on of the BS before transmitting any signal; 

 At the initial turn on of the CPE before creating association with the 

BS; 

 During quiet periods for in-band sensing;  
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 During out-of-band sensing at the BS when it is not broadcasting; 

 During out-of-band sensing at the CPE during its idle time; 

 At the time when the CPE drops its contact with the corresponding 

BS. 

All devices in IEEE 802.22 network sense incumbent transmission using an 

omni-directional antenna which should be at least 10 metre above the 

ground as well as 10 metre away from TV antenna. There is no particular 

spectrum sensing technique recommended by IEEE 802.22 standard, any 

technique can be incorporated subject to fulfil the specification requirements 

[19], [22], [86], [87], [88], [89], [90]. The sensing requirements can be 

expressed in terms of sensing receiver sensitivity, channel detection time, 

probability of detection and probability of false alarm [91]. For 0 dBi antenna 

gain, the sensing receiver sensitivity for digital TV, analogue TV and wireless 

microphone are –116 dBm, –94 dBm, –107 dBm respectively. The channel 

detection time is 2 second and the probability of detection is 0.9, whereas the 

probability of false alarm is 0.1 for all signal types. 

Broadly speaking, sensing is categorized into two groups: in-band sensing 

and out of band sensing. In-band sensing is performed on operating channel 

(Let say 𝑁) and its adjacent channels (𝑁 ± 1). Out-of-band sensing in carried 

out on the channels except 𝑁 𝑎𝑛𝑑  𝑁 ± 1, and is not dependent on 

scheduling of quiet periods. The CPEs can perform out-of-band sensing 

during normal cell operation either whenever they are free or being instructed 

by the BS with the intention of keeping track of a sufficient number of 

potential backup channels. The BS is responsible for scheduling quiet 
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periods to protect incumbents from any interference while maintaining the 

QoS required for WRAN cell. The IEEE 802.22 provides a two-stage sensing 

mechanism in a quiet period.   

 

Figure 3.7: The mechanism for quiet period management. Here, intra-frame 

sensing cycle length represents the number of superframes during which 

intra-frame sensing is to be carried out. 

Based on the sensing algorithms used and type of signals that the CPEs has 

to sense, the SM finds out the repetition rate and quiet period duration. 

Having achieved the necessary information, the SM schedules the quiet 

periods either in the explicit mode or implicit mode. In explicit mode, CHQ-

REQ MAC message is propagated whereas in implicit mode, the information 

is specified in the relevant field of SCH. It is important to note that using 

explicit mode the quiet period scheduling information is not shared with any 

neighbouring WRAN cells and is not employed in a self-coexistence 

operation. The two- stage quiet period mechanism is involved into two stage 

sensing: 1) Intra-frame sensing and 2) Inter-frame sensing as shown in the 

Figure 3.7. The intra-frame sensing phase, also called fast sensing, is used 

to support sensing algorithms requiring quiet periods of less than one frame 



 

 
62 

 
 

size. The intra-frame quiet periods are scheduled having minimal impact on 

the QoS of WRAN devices. These quiet periods are normally scheduled at 

the end of a MAC frame. The BS broadcasts the information regarding the 

specific frame in which quiet periods are scheduled and their duration. Based 

on intra-frame sensing results, the BS decides whether inter-frame sensing is 

required or not. Moreover, the BS has the authority to execute inter-frame 

sensing without going through the intra-frame sensing. The inter-frame 

sensing phase is employed for assisting sensing algorithms requiring quiet 

periods of longer than one frame size. This quiet period may last up to an 

entire superframe. Since a long quiet period may degrade the system 

throughput and can considerably decrease the QoS of sensitive traffic, so the 

BS dynamically adjusts the duration and timing of inter-frame sensing phase 

[92]. When both sensing phases are scheduled in the same frame, the inter-

frame quiet period has priority over the intra-frame quiet period. 

After gathering information from incumbent database, geolocation and 

spectrum sensing results, the SM defines the status of the channels with 

respect to incumbent occurrence. In a situation where the database service 

is not required by the regulatory domain, all channels are assumed to be 

available. In this case, the SM declares the channel’s status on the basis of 

spectrum sensing results. This channel availability information is defined 

during network initialization and is periodically updated during network 

operation.  
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3.4.2 Channel Classification and Selection  

Another important function of the SM is to perform channel management 

process. Its key objective is to protect incumbent from interference of WRAN 

device.  Here the main functionality is the classification and selection of TV 

channels which is primarily based on channel status. Broadly speaking, the 

SM categorizes channels into two main groups: available/unavailable for 

WRAN operation at a given geographical area. The available channels are 

further classified into 6 mutually exclusive groups [13], [76], [93].  

Disallowed: Due to regulatory and operational constraints, these channels 

are not employed for WRAN operation. For example, channel 37 is reserved 

in USA for medical telemetry equipment.   

Operating: The current channel utilized for communication between the BS 

and the CPEs in WRAN cell is termed as operating channel. This channel 

should be sensed after every 2 seconds for incumbent detection and 

wireless beacons depending upon the regulatory domain.  

Backup: These channels have been declared free from incumbent 

occupancy and may be used as an operating channel if WRAN needs to 

move to another channel. The backup channels should be sensed for 

incumbent protection at least once every 6 seconds and are maintained by 

the BS at any given time and location. This channel remains in backup 

channel state as long as no incumbent occurs.   

Candidate: The channel that can attain the status of backup channel is 

termed as a candidate channel. To search the candidate channel among the 
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available channels, the BS may send the request to the CPEs to sense and 

evaluate its possibility. Before declaring it a backup channel, it is mandatory 

to sense it in at least every 6 seconds but not more than 30 seconds so that 

no incumbent may appear. This is the additional work the CPE has to 

perform to constitute the list of candidate channels. It is important to note that 

each candidate channel can become a backup channel and each backup 

channel can become an operating channel based on channel state.   

Protected: These channels are occupied by the incumbent or WRAN device. 

The channel occupancy information is received from the database service or 

through sensing results. These protected channels can acquire the status of 

candidate channels in the case when the incumbent or WRAN systems have 

left the channel.  It is also possible that a protected channel may turn into a 

backup channel when no incumbent is found through sensing which should 

be carried out in at least every 6 seconds but not more than 30 seconds. 

Unclassified: These channels could not be sensed due to some delay in 

channel sensing schedule. Once the unclassified channels have been 

sensed, they can get the status of protected channel or candidate channel 

subject to the sensing results. 

Table 3.1: Sensing time for different channel types. 

Channel Type Sensing Time 

Operating Channel 2 seconds 

Backup Channel 6 seconds 
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Candidate ≥ 6 seconds  but  < 30 seconds 

The particular approach for selecting the operating channel and defining how 

the operating and backup channels are prioritized is not defined in IEEE 

802.22 standard. However, different schemes have been reported in the 

literature and their performance has been tested in terms of probability and 

throughput [94]. The above mentioned channel sets are maintained by the 

WRAN BS and each CPE is responsible for maintaining only operating, 

backup and candidate channel sets. These channel sets are updated 

individually. For example, from the CPE side, operating set is updated after 

receiving SCH whereas backup and candidate channel sets are confirmed by 

getting DCD message. From the above classification, it can be observed that 

the sensing time fluctuates with channel status, i.e. sensing time for 

operating channel is 2 seconds but for backup channel, it is 6 seconds. Table 

3.1 depicts the sensing time for different channel types. The SM normally 

makes the channel decision process in two steps which has been 

demonstrated in the PSEUDOCODE-1. First, the SM contacts the database 

service if it exists to get information about the availability of TV channels.  As 

discussed earlier, if database service does not exist, then all the TV channels 

are assumed to be available. On the basis of sensing results, the SM is in a 

position to pronounce the channel status.   

PSEUDOCODE-1 FOR CHANNEL DECISION 

1 MAIN PROCEDURE Channel_Decision 

2 BEGIN 

3  IF database service exists   THEN 
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4   PERFORM database authentication process 

5    IF Channels are available THEN 

6     CALL PROCEDURE Channel_Classification 

7    ELSE 

8     DISPLAY   Channels are unavailable 

9    ENDIF 

10  ELSE 

11   CALL PROCEDURE Channel_Classification 

12  ENDIF 

13 END 

14 PROCEDURE Channel_Clasification 

15 BEGIN 

16  IF Channels are sensed THEN 

17   DISPLAY     Disallowed Channel List     

18   DISPLAY     Operating Channel 

19   DISPLAY     Backup Channel List 

20   DISPLAY     Candidate Channel List 

21   DISPLAY     Protected Channel List 

22  ELSE 

23   DISPLAY     Unclassified Channel List 

24  ENDIF 

25 END 

3.4.3 Spectrum Etiquette 

A channel cannot have more than one state at a time but it may be possible 

in a situation where operating channel for one WRAN cell can also be the 

same operating channel for the neighbouring WRAN cell. This situation is 

called self-coexistence [95], [96]. To avoid this phenomenon, there are 

certain rules called spectrum etiquettes incorporated for channel selection so 



 

 
67 

 
 

that the neighbouring WRAN cells may not experience interference [29], [31], 

[97], [98]. In this regard, cooperation plays an important role in minimizing 

the channel collision probability when more than one WRAN cell switches 

their operational channels having the same backup channel set. Without 

cooperation, the channel selection of one cell may cause the shortage of 

channels for the other cells. For example, we have three cells C1, C2, C3. 

Suppose the backup channel sets for C1, C2 and C3 are denoted by β1, β2 

and β3 respectively such that β1= {4, 5. 6}, β2 = {4, 5, 6} and β3= {4, 6}. Now 

suppose cell C1 decides to utilize channel 4 as an operating channel and cell 

C2 wants to operate on channel 6, then in this case cell C3 will have no 

channel to operate on. Therefore, cooperation is an important factor for 

smooth running of WRAN cells.  

Spectrum etiquette procedure is activated due to incumbent detection, 

neighbouring WRAN cell detection/update, operating channel switching 

request because of interference and contention request obtained from 

neighbouring WRAN cells. In addition of operating, backup and candidate 

channel sets, the following channel sets are also employed in spectrum 

etiquette operation.  

WRAN occupied Channel Set = Operating channels of the detected 

neighbouring WRAN cells = Ω1 

Neighbour WRAN Backup Channel Set = Backup channels of the detected 

neighbouring WRAN cells = Ω2 

Local Priority Set1 = {𝑥| 𝑥 ∈ Backup channel set or 𝑥 ∈

Candidate channel set and, 𝑥 ∉ Ω1 and  𝑥 ∉ Ω2} = Ω3 
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Local Priority Set2 = {𝑥| 𝑥 ∈ Backup channel set or 𝑥 ∈

Candidate channel set and, 𝑥 ∉ Ω1} = Ω4 

Local Priority Set3 = {𝑥|  𝑥 ∈ Ω1} = Ω5   

The local priority sets are not shared with neighbouring WRAN cells. 

Spectrum etiquette procedure is illustrated in Pseudocode-2. 

PSEUDOCODE-2 

1 PROCEDURE Channel_etiquette 

2 BEGIN 

3   IF exclusive operating channel available THEN 

4   Move to the selected channel 

5  ELSE 

6   CALL PROCEDURE contention_based_coexistence 

7  ENDIF 

8 END 

This spectrum etiquette procedure is explained in the following steps. 

1. The SM constructs or renews all above mentioned channel sets using 

information received from incumbent database, geolocation and 

WRAN spectrum sensing. These channel sets are built or updated 

periodically. 

2. Update the backup channel set using one or more elements of Local 

Priority Set1 (LP1). If there is no element in LP1 then Local Priority 

Set2 (LP2) can be utilized for this purpose. Moreover, if LP2 also has 

no element then Local Priority Set3 can be incorporated for updating 

the backup channel set. 
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3. In case of channel switching due to incumbent detection on the 

operating channel, elevate the first back up channel to operating 

channel and then perform the step 2.  

4. In the scenario when the new operating channel of a cell is also the 

operating channel of neighbouring WRAN cell then in this situation 

execute self coexistence contention process.  

5. Update the neighbouring WRAN operating/backup Channel Sets. 

3.4.3.1 Illustrative Example of Spectrum Etiquette 

Suppose, the central WRAN cell exists with 6 neighbouring cells. Let the 

backup channels and candidate channels be represented in bold and italic 

characters respectively. The central cell is assumed to have one operating 

channel ch4, one backup channel 𝐜𝐡𝟓  and one candidate channel 𝑐ℎ8 as 

shown in the Figure 3.8.  

 

 

 

 

 

 

 

Suppose, two incumbents are detected on ch4 and 𝐜𝐡𝟓 .  On account of this, 

the central cell will have to update its channel sets; therefore the spectrum 

 

Figure 3.9: After spectrum. 

 

 

 

Figure 3.8: Before spectrum. 
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etiquette procedure will be executed. Under this procedure, the candidate 

channel 𝑐ℎ8 will be promoted to operating channel and the channel ch3, 

being the operating channel of one of the neighbouring cells will be promoted 

to the backup channel as shown in the Figure 3.9.  Due to this transition on 

central cell, all the neighbouring cells will perform the spectrum etiquette 

procedure.  

 

Table 3.2: Spectrum Etiquette Procedure. 

Central Cell 

Status 

Before Spectrum 

Etiquette 

Over Incumbent 

Detection 

After Spectrum 

Etiquette 

Operating 

channel set 

{ch4} {ch4} {ch8} 

Backup channel 

set 

{𝐜𝐡𝟓} {𝐜𝐡𝟓} {𝐜𝐡𝟑} 

Candidate 

channel set 

{ch8} {ch8} { } 

Ω1 {ch1, ch2, ch3, ch6, ch7} {ch1, ch2, ch3, ch6, ch7} {ch1, ch2, ch3, ch6, ch7} 

Ω2 {ch1, ch2, ch3, ch7, ch8} {ch1, ch2, ch3, ch7, ch8} {ch1, ch2, ch3, ch7, ch8} 

Ω3 {ch5} {ch5} { } 

Ω4 {ch5, ch8} {ch5, ch8} {ch8} 

Ω5 {ch1, ch2, ch3, ch6, ch7} {ch1, ch2, ch3, ch6, ch7} {ch1, ch2, ch3, ch6, ch7} 

 

Now, if another incumbent occurs on an operating channel ch8 of the central 

cell then its backup channel 𝐜𝐡𝟑 will be promoted to operating channel and 

contention based self coexistence process with its neighbouring cell will be 

carried out. The above response can be envisaged in Table 3.2.   
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3.4.4 Spectrum Handoff in IEEE 802.22  

Another important functionality of the SM is to execute spectrum handoff 

requests. Spectrum handoff mechanism is initiated through the SM either 

when a primary user1 is detected on the licensed channel or when the 

specified transmission time is terminated as discussed in IEEE 802.22 

standard [10]. The operating channel should be sensed every 2 seconds in 

order to provide incumbent protection. There are two modes promoted in this 

standard, i.e. hopping and non hopping mode. In non hopping mode, the CR 

user has to wait on the operating channel during sensing time and resumes 

its transmission for 2 seconds only if no incumbent is detected. In this mode, 

the data transmission is interrupted by the SM after every two seconds and, 

consequently, these periodic interruptions degrade the system throughput 

and can considerably decrease the QoS of secondary users. For example, 

an interruption of more than 20 milliseconds is normally unaffordable for 

many delay-sensitive applications such as voice transmission, etc.  In 

hopping mode, spectrum sensing and data transmission take place 

simultaneously [99]. After every 2 seconds, the channel switching is 

performed. One of the backup channels becomes the new operating channel 

and the previous operating channel is vacated. As a result, no interruption is 

needed for sensing any more [21], [24], [100], [101]. The only condition for 

efficient hopping mode operation is to perform channel switching process 

fast enough and this requirement can be fulfilled through the use of power 

electronics.    

                                            
1 The terms primary user, licensed user and incumbent are used interchangeably. 
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A secondary user2 may face multiple interruption requests during its data 

transmission period. The spectrum handoff mechanism must be performed 

after every 2 seconds or whenever licensed user appears on the channel.  

Figure 3.10 and Figure 3.11 elaborate the scenario in IEEE 802.22 network 

where four spectrum handoff requests are initiated during transmission 

period of secondary user SUA.  In this particular example, the default 

operating channel is Ch1. Let the data transmitted by the secondary user in 2 

seconds be expressed by the event called Transmission Time Expired (TTE) 

and the backup channel list be represented by Ch2, Ch3, Ch4,…. Let the 

handoff delay in the ith interruption be denoted by Hi; where Hi is the time 

interval between the moment when transmission is interrupted and the 

moment when unfinished transmission is started again. Since the primary 

user may appear either before TTE or after TTE, so there may be the 

following two possible cases:  

Case-1: Appearance of Primary User after TTE Event 

 When the CPE is powered on, it tries to register with the base station. 

Suppose connection is established at the operating channel Ch1. 

When TTE event occurs, spectrum handoff procedure is initiated. The 

SUA is assumed to decide Ch2 as the next operating channel as 

shown in the Figure 3.10. In this situation, the handoff delay H1 is 

equal to the channel switching time.  

                                            
2 The terms secondary user, CR user and CPE are used interchangeably. 
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 At the 2nd interruption, the SUA changes its operating channel from 

Ch2 to Ch3 because the next backup channel is Ch3. In this case the 

handoff delay H2 is again equal to the channel switching time.  

 At the 3rd interruption, the SUA changes its operating channel from Ch3 

to Ch2 because Ch4 is not listed in backup channel set as it is busy at 

the moment and therefore, the resulting handoff delay H3 is equal to 

the switching time. 

 

Figure 3.10: Appearance of the primary user after transmission time expired. 

 At the 4th interruption, no backup channel is available at the moment; 

therefore, the SUA will wait at the current operating channel Ch2, 

which reflects the non hopping mode behaviour. The SUA will sense 

the channel and if the primary user is detected, it will wait until the 

transmission of primary user. In this case, the handoff delay H4 is 
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equal to the addition of sensing time and waiting time due to the 

primary user data transmission.   

 Finally, the SUA completes its transmission on Ch2.  

Case-2: Appearance of Primary User before TTE Event 

 Suppose, the default operating channel is Ch1. At the appearance of 

primary user, the SUA changes its operating channel from Ch1 to Ch2 

by the SM as shown in Figure 3.11. Therefore, the handoff delay H1 is 

equal to the switching time. 

 At the 2nd interruption, the SUA selects Ch3 as the next operating 

channel and resumes its transmission at this channel. In this situation, 

the handoff delay H2 is again equal to the switching time. It is 

important to note that in the meantime the primary user has appeared 

on Ch4, therefore, Ch4 will no longer be available in the backup 

channel list.    

 At the 3rd interruption, the SUA changes its operating channel from Ch3 

to Ch1 because Ch1 is only the available channel in the backup 

channel list. The handoff delay H3 in this case is equal to the switching 

time. 

 The 4th interruption is due to TTE event, the SUA has to wait on the 

same channel and perform sensing because no backup channel is 

available at the moment. The overall system moves in non hopping 

mode and the resulting handoff delay is equal to the sensing time. 

 Finally, the SUA completes its transmission on the Ch1.   
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In this scenario, when secondary user shifts from operating channel Chi to 

operating channel Chj where 𝑖 ≠ 𝑗, the expected handoff delay 𝐸(𝐻) is equal 

to the sum of all switching times. In the non hopping mode, i.e.  𝑖 = 𝑗, the 

expected handoff delay is equal to the sum of all sensing times plus waiting 

time due to the appearance of primary user. The secondary user will wait 

until all the data of primary user is transmitted.   

 

Figure 3.11: Appearance of the primary user before transmission time 

expired. 

3.4.5 Association Control 

Association is the process in which CPE performs its registration with the BS. 

During this process, the SM takes the location information and the basic 

capabilities (sensing and geolocation) of CPE into account and then contacts 

to the database service for available channels together with their allowable 

EIRP. The purpose of having sensing and geolocation capabilities in the 
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CPEs is to protect incumbent from harmful interference. On the basis of the 

received information, the SM makes the decision whether to grant or deny 

the association rights to the requesting CPEs on its current operating 

channel. If the CPE‘s capabilities are in an appropriate limits, then SM 

permits it to join the network.  

3.4.6 SM Policies and Operations 

Another important responsibility of the SM is to impose IEEE 802.22 policies 

within the cell to ensure incumbent protection and to maintain QoS in WRAN 

system. These policies are related with events and their corresponding 

actions. The events may be initiated from the database service, or occurred 

in the form of incumbent detection and beacon signal detection. When 

events are triggered, one of the following actions may take place. 

 Move the entire cell to the new operating channel. 

 Direct the CPE (s) to another operating channel if possible. 

 Terminate the operation of the CPE (s) or entire cell on a given 

channel. 

A number of policies are described in IEEE 802.22 standard to deal with 

different situations [10]. For instance:  

 If the SM is informed about the unavailability of current operating 

channel for the BS by the database service, then the entire cell will be 

moved toward the new operating channel within 2 seconds. The new 

operating channel will be the highest priority backup channel.   
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 If the SM is informed about the unavailability of current operating 

channel for some CPEs by the database service, then the entire cell 

will be either shifted towards the new operating channel or the 

affected CPEs will be disassociated from the current operating 

channel within 2 seconds while the remaining CPEs will continue their 

normal operation.  

 If the database service directs the SM that the current operating 

channel is no longer available, or in case of incumbent detection on 

either the operating channel or on any adjacent operating channel, 

and also the backup channels are not available, then the entire WRAN 

cell operation will be terminated within 2 seconds. 

 If the incumbent is detected by the CPE on the operating channel 

before the registration request with the BS then the corresponding 

CPE will not send its registration request on that channel. 

 If the incumbent is detected by the CPE on the operating channel and 

CPE has already been registered with the BS then the CPE will alert 

the BS about incumbent presence by sending UCS (Urgent 

Coexistence Situation) message. 

 If the BS comes to know about the current position of CPE that has 

been changed by greater than 50 m radius (or some specified 

distance defined by local regulation), then the BS will send the request 

to the CPE to verify its new location. If it is verified, the SM will contact 

to the database service to acquire updated list of available channels 



 

 
78 

 
 

based on the new location of the CPE. If the service is protected at 

the current new location then the BS will deregister the CPE.    

The SM operations can be classified into two states; network initialization 

state and network operation state. During network initialization, the SM 

responsibility is to find out the operating channel whereas during network 

operation, the main job of the SM is to direct the BS to synchronize to other 

WRAN systems. The BS begins its transmission on the identified operating 

channel and waits for the CPEs to connect to the network. In this phase, the 

main activities of the SM include accessing to the database service, 

maintaining spectrum availability information, channel selection, channel 

management, scheduling quiet periods, imposing IEEE 802.22 policies, etc.   

3.5 Conclusion  

This chapter aimed to elaborate the overview of IEEE 802.22 standard. It is 

the first international standard for wireless regional area network based on 

cognitive radio techniques. It provides access to use unused TV band 

without causing any harmful interference to the incumbents. This standard 

provides both PHY and MAC layer functionalities in an infrastructure based 

network for communication between customer premise equipments (CPEs) 

through a base station (BS). The Spectrum Manager (SM) is the integral part 

of the BS which plays an important role in maintaining spectrum availability 

information, scheduling quiet periods for spectrum sensing and enabling self-

coexistence. Using incumbent database, geolocation and spectrum sensing 

results, the SM defines the status of the channels with respect to incumbent 

detection. On the basis of channel status, the SM classifies the channel into 



 

 
79 

 
 

different categories. A pseudocode had been proposed for the SM to perform 

channel decision process in two steps. Spectrum etiquette procedure is 

activated due to incumbent detection, neighbouring WRAN cell 

detection/update, operating channel switching request and contention 

request obtained from neighbouring WRAN cells. An example was given to 

demonstrate this procedure in a WRAN cell. Spectrum handoff mechanisms 

are initiated through the SM either when primary user is detected on the 

licensed channel or when the specified transmission time is terminated as 

discussed in IEEE 802.22 standard. Other responsibilities of the SM are to 

impose IEEE 802.22 policies within the cell to ensure incumbent protection 

and maintain QoS in WRAN system.  The policies are concerned with events 

and their corresponding actions.  

As it is clear throughout this chapter, IEEE 802.22 plays a vital role in the 

evolution of CRs and its outcome will serve as a foundation for many major 

future developments. This standard is considered to be a practical 

implementation of CR technology.  
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Chapter 4.  

MODELLING AND ANALYSIS OF CPES REGISTRATION 

PROCESS IN IEEE 802.22 WRAN CELL 

This chapter presents the analytical framework to evaluate the number of 

active CPEs in a CR network using continuous time Markov chain model. In 

Section 4.1, the main steps are given which are necessary for CPE 

initialization and association with the BS. Next, the proposed model is 

described and the mean queue length is derived in Section 4.2. Important 

results are discussed in Section 4.3 and concluding remarks are made in 

Section 4.4. 

4.1 Initialization and Network Association  

Initialization and network association is a basic process through which a CPE 

can become the part of IEEE 802.22 WRAN cell. During this process, the BS 

needs to minimize the CPE communication in order to protect incumbents 

from any harmful interference. To address this need, a number of algorithms 

are incorporated by the SM at the BS. Therefore, this process is sometimes 

referred to as an incumbent safe process. During this process, the CPE’s 

basic capabilities are negotiated with the BS and this procedure is carried out 

through three different processes: 1) initial ranging, 2) authentication and, 3) 

registration.  The number of steps involved in this procedure is given as 

follows:  
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 In case, when CPE association with the BS gets fail or CPE is 

powered on, it first performs the self-test.   

 The CPE obtains the antenna information regarding the maximum 

antenna gain that can be utilized for the channels in the existing 

regulatory domain.  This information is normally pre-populated by the 

antenna manufacturer.  

 The CPE performs spectrum sensing to identify the BS as well as the 

other incumbents in the area operating in the TV band.   

 The CPE forwards the sensing report to the higher layers and a 

WRAN service is selected.  

 The CPE requests for acquiring valid geolocation information from 

geolocation based satellite. If acquisition is not successful, then the 

resulting association process will not be continued, otherwise CPE will 

start again scanning the TV band to capture the particular BS frame. 

 After synchronization, the CPE acquires the downstream and 

upstream parameters. The downstream parameters are broadcasted 

by the BS in the DCD message. The upstream parameters are 

transmitted in the UCD massage containing the transmission 

parameters for the possible upstream channel. These messages are 

periodically updated by the BS for all available upstream channels. If 

no upstream channel is found within a specific time limit, the CPE will 

carry on scanning to find another downstream channel.  
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 If channels 𝑁 𝑎𝑛𝑑 𝑁 ± 1  fulfill the sensing and timing requirements, 

then the CPE will perform an initial ranging process. We will discuss 

this initial ranging process in detail in the next chapter. 

 After successful initial ranging process, the CPE transmits its basic 

capabilities to the BS. Note that the basic capabilities comprise geo-

location information acquiring capability and sensing capability. In 

geo-location capability, the location information about the CPE is 

identified. The database service provides a list of available channels 

and their respective EIRP which can be transmitted in any given 

geographical area and is officially incorporated by the local regulatory 

authority. In a situation where no database service is required, all 

channels are assumed to be available, whereas the spectrum sensing  

capability consists of observing the TV band and identifying which 

channels are not occupied by the incumbents. The presence of these 

capabilities in a CPE is essential to protect incumbents from harmful 

interference.  If the capabilities are according to the BS requirements, 

then the authentication process will be performed, otherwise, the CPE 

does not proceed further to registration process and, in the end, the 

BS de-registers the CPE.  

 The CPE performs registration process. During this process, the CPE 

verifies its configuration with the BS. If the configuration is according 

to the BS requirements, then the CPE will be allowed entry into the 

network. After that, the BS contacts the database service to acquire 

the list of available channels based on the current location of the CPE. 
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If the service is protected or unavailable at the current location due to 

incumbent detection either on 𝑁 𝑜𝑟 𝑁 ± 1 channel then the BS will 

decline to register the particular CPE.         

 After successful registration process, the BS transmits channel sets 

and operational parameters to the corresponding CPE. These sets 

contain the prioritized backup channels list as well as the candidate 

channels list.  

 The CPE performs dynamic host configuration protocol (DHCP) 

mechanism to acquire IP address and any other parameters 

necessary to set up IP connectivity.  

 The CPE then adjusts the current date and time. These adjustments 

are not mandatory for the successful association rather they are 

necessary for ongoing operations.  

 The BS transfers operational parameters to the CPE and establishes 

service connections with it.  Finally, after registration with the BS, the 

CPE sends its spectrum usage report to the BS in the form of 

feedback.  

In the next Section, we develop a framework using Markov process to derive 

an expression for finding the mean queue length (𝑁𝑄) in a network. In order 

to analyse the impact on 𝑁𝑄, we consider different arrival rates and service 

rates. By exploiting these rates, two special cases have been studied: 1) 

when total capacity of the WRAN cell is one greater than the number of 

channels, 2) when total capacity of the WRAN cell is two greater than the 
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number of channels. Further, we will also investigate the influence on 𝑁𝑄 

when the arrival rate exceeds the service rate.    

4.2 Proposed Model 

As defined in IEEE 802.22 standard, the capacity of the WRAN cell ranges 

from 1 to 512 CPEs (population). When CPE powers on or loses its 

association with the BS, it then attempts to register with the BS. Let 𝐾 be the 

number of channels through which the CPEs send their registration requests 

to the BS. It may be possible that two or more CPEs send their requests on 

the same channel at the same time. Then, in this situation, collision occurs. 

We will discuss this issue in next chapter with details. Here, we assume that 

each CPE sends its registration request on the separate channel.  

 

Figure 4.1: Queueing model of the number of working CPEs. 

When number of CPEs becomes greater than number of channels, then they 

have to wait on queue for registration purpose as shown in queueing 

diagram depicted in Figure 4.1.  It is multiple server queueing system with 𝐾 
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servers with finite capacity  𝑁 [108]. It is assumed that arrival process is 

Poisson with mean arrival rate  𝜆 and channels provide exponential service 

time with homogeneous service rate 𝜇. After being served, the CPEs join 

back the population.  

The model consists of two parts as shown from Figure 4.2; the unsaturated 

part containing states 0 to K and the saturated part having states K+1 to N. 

The unsaturated part represents the case when number of CPEs in the 

system is less than or equal to the number of channels, whereas, the 

saturated part denotes the situation when number of CPEs in the system is 

greater than the number of channels.   

 

Figure 4.2: View of the continuous-time Markov chain of the number of 

working CPEs. 

In unsaturated part, 𝑃𝑗 is the probability that 𝑗 CPEs are active in the system, 

whereas, in saturated part, 𝑃𝐾+𝑗 is the probability that (𝐾 + 𝑗) CPEs are 

active. 𝛼 is the exponential backoff time at state 𝐾, 2𝛼 at state (𝐾 + 1), 3𝛼 at 

state (𝐾 + 2) and so on. Let 𝑄𝐾+𝑗 be the probability that (𝐾 + 𝑗) CPEs after 

being served, go back to join the population after experiencing exponential 

backoff delay. State 0 means that no CPE is active and State 1 represents 

that one CPE is active in the system, and so on.  Now, consider the 
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equilibrium condition on state 0, state 0 is entered into state 1 with arrival 

rate 𝑁𝜆𝑃0, and is reached by the state1 with departure rate 𝜇 𝑃1, then by the 

principle of detailed balance:    

𝑁𝜆𝑃0 = 𝜇 𝑃1           (Eq 4.1) 

𝑃1 = 𝑁 
𝜆

𝜇
  𝑃0 =  

𝑁(𝑁−1)!

(𝑁−1)!
  
𝜆

𝜇
  𝑃0         (Eq 4.2) 

⟹     𝑃1 = (
𝑁
1
) 
𝜆

𝜇
  𝑃0        (Eq 4.3) 

Also           (𝑁 − 1)𝜆𝑃1 = 2 𝜇 𝑃2  then 

𝑃2 = 
𝑁−1

2
  
𝜆

𝜇
 𝑃1 = 

𝑁 (𝑁−1)

2
 (
𝜆

𝜇
)
2

 
(𝑁−2)!

(𝑁−2)!
𝑃0                    (Eq 4.4) 

⟹     𝑃2 = (
𝑁
2
) (

𝜆

𝜇
)
2

 𝑃0        (Eq 4.5) 

Similarly    𝑃3 =  (
𝑁
3
) (

𝜆

𝜇
)
3

 𝑃0,  𝑃4 = (
𝑁
4
) (

𝜆

𝜇
)
4

 𝑃0  and so on, 

Finally     𝑃𝑗 = (
𝑁
𝑗
) (

𝜆

𝜇
)
𝑗

 𝑃0  𝑗 = 0, 1, 2,   …𝐾   (Eq 4.6) 

where P0 is the probability that no CPE is active in the system and Pj is the 

probability that j number of CPEs are active in the system while K channels 

are available.  Before deriving P0, we have the following two propositions. 

Proposition 1:  

𝑃𝐾+𝑗 = (
𝑁−𝐾
𝑗
) (𝑁

𝐾
) 
𝑗!

𝐾𝑗
 (
𝜆

𝜇
)
𝐾+𝑗

 𝑃0       for    𝑗 = 1, 2, …       𝑁 − 𝐾           (Eq 4.7) 

where 𝑃𝐾+𝑗 is the probability that (𝐾 + 𝑗) number of CPEs are active in the 

system.  

Proof 
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The value of 𝑃𝐾+𝑗 can be evaluated as follows: 

(𝑁 − 𝐾)𝜆𝑃𝐾 = 𝐾𝜇𝑃𝐾+1        (Eq 4.8) 

𝑃𝐾+1 =
𝑁−𝐾

𝐾

𝜆

𝜇
 𝑃𝐾 =

𝑁−𝐾

𝐾

𝜆

𝜇

(𝑁−𝐾−1)!

(𝑁−𝐾−1)!
 𝑃𝐾      (Eq 4.9) 

⇒       𝑃𝐾+1 = (𝑁−𝐾
1
)
1

𝐾
 
𝜆

𝜇
  𝑃𝐾       (Eq 4.10) 

Also  (𝑁 − 𝐾 − 1)𝜆𝑃𝐾+1 = 𝐾𝜇𝑃𝐾+2  then 

𝑃𝐾+2 =
𝑁−𝐾−1

𝐾

𝜆

𝜇
 𝑃𝐾+1 =

𝑁−𝐾−1

𝐾
 
𝜆

𝜇
 
𝑁−𝐾

𝐾

𝜆

𝜇
 𝑃𝐾      (Eq 4.11) 

𝑃𝐾+2 =
(𝑁−𝐾−1)(𝑁−𝐾)

𝐾2
(
𝜆

𝜇
)
2

 𝑃𝐾 =
(𝑁−𝐾−1)(𝑁−𝐾)

𝐾2
 
2!(𝑁−𝐾−2)!

2!(𝑁−𝐾−2)!
 (
𝜆

𝜇
)
2

 𝑃𝐾  

⇒      𝑃𝐾+2 = (𝑁−𝐾
2
)
2!

𝐾2
 (
𝜆

𝜇
)
2

  𝑃𝐾       (Eq 4.12) 

Also  (𝑁 − 𝐾 − 2)𝜆𝑃𝐾+2 = 𝐾𝜇𝑃𝐾+3  then 

𝑃𝐾+3 =
𝑁−𝐾−2

𝐾

𝜆

𝜇
 𝑃𝐾+2 =

𝑁−𝐾−2

𝐾
 
𝜆

𝜇
 
(𝑁−𝐾−1)(𝑁−𝐾)

𝐾2
(
𝜆

𝜇
)
2

 𝑃𝐾     (Eq 4.13) 

𝑃𝐾+3 =
(𝑁−𝐾−2)(𝑁−𝐾−1)(𝑁−𝐾)

𝐾3
 (
𝜆

𝜇
)
3

 𝑃𝐾 =
(𝑁−𝐾−2)(𝑁−𝐾−1)(𝑁−𝐾)

𝐾3
 
3!(𝑁−𝐾−3)!

3!(𝑁−𝐾−3)!
 (
𝜆

𝜇
)
3

 𝑃𝐾        

(Eq 4.14) 

⇒      𝑃𝐾+3 = (𝑁−𝐾
3
)
3!

𝐾3
 (
𝜆

𝜇
)
3

  𝑃𝐾        (Eq 4.15) 

Similarly   𝑃𝐾+4 = (
𝑁−𝐾
4
)
4!

𝐾4
 (
𝜆

𝜇
)
4

  𝑃𝐾   and so on,   

Finally,     𝑃𝐾+𝑗 = (𝑁−𝐾
𝑗
)
𝑗!

𝐾𝑗
(
𝜆

𝜇
)
𝑗

𝑃𝐾      for    𝑗 = 0, 1, 2, …       𝑁 − 𝐾      (Eq 4.16) 

Now, substituting (Eq 4.6) into (Eq 4.16), we can obtain (Eq 4.7). 

Proposition 2:  



 

 
88 

 
 

𝑄𝐾+𝑗 = (
𝑁−𝐾
𝑗+1

) (𝑁
𝐾
)  

𝑗! 𝜆

𝛼𝐾𝑗
 (
𝜆

𝜇
)
𝐾+𝑗

 𝑃0            for      𝑗 = 0, 1, 2, .  .   .  𝑁 − 𝐾 − 1  

          (Eq 4.17) 

where 𝑄𝐾+𝑗 is the probability that (𝐾 + 𝑗) number of CPEs join back the 

system after being served.   

Proof 

The value of 𝑄𝐾+𝑗  can be evaluated as follows: 

𝛼𝑄𝐾 = (𝑁 − 𝐾) 𝜆 𝑃𝐾        (Eq 4.18) 

⇒        𝑄𝐾 = 
𝑁−𝐾

𝛼
 𝜆 𝑃𝐾 = (

𝑁−𝑘
1
) 
𝜆

𝛼
  𝑃𝐾      (Eq 4.19) 

Note that, in saturated part, the service rate of CPEs become constant, i.e. 

𝐾𝜇 and, the arrival rate is faster than the service rate.  

Now  2𝛼𝑄𝐾+1 =  (𝑁 − 𝐾 − 1) 𝜆 𝑃𝐾+1  then 

𝑄𝐾+1 = 
(𝑁−𝐾−1) 𝜆 

2 𝛼
  𝑃𝐾+1  where    𝑃𝐾+1 = 

(𝑁−𝐾)𝜆

𝐾 𝜇
 𝑃𝐾   then 

𝑄𝐾+1 = 
(𝑁−𝐾−1) 𝜆 

2 𝛼
   
(𝑁−𝐾)𝜆

𝐾 𝜇
 𝑃𝐾 =

(𝑁−𝐾)(𝑁−𝐾−1)

2

(𝑁−𝐾−2)!

(𝑁−𝐾−2)!
 
𝜆2

𝛼 𝐾 𝜇
 𝑃𝐾  

⇒        𝑄𝐾+1 = (
𝑁−𝑘
2
) 

𝜆2

𝛼 𝐾 𝜇
 𝑃𝐾       (Eq 4.20) 

Also    3𝛼𝑄𝐾+2 = (𝑁 − 𝐾 − 2) 𝜆 𝑃𝐾+2   then 

𝑄𝐾+2 = 
(𝑁−𝐾−2) 𝜆 

3 𝛼
  𝑃𝐾+2 where   𝑃𝐾+2 = 

(𝑁−𝐾) (𝑁−𝐾−1)𝜆2

𝐾2 𝜇2
 𝑃𝐾   then  

𝑄𝐾+2 = 
(𝑁−𝐾−2) 𝜆 

3 𝛼
  
(𝑁−𝐾) (𝑁−𝐾−1)𝜆2

𝐾2 𝜇2
 𝑃𝐾 =

(𝑁−𝐾) (𝑁−𝐾−1) (𝑁−𝐾−2) 

3 𝛼
 
𝜆3

𝐾2 𝜇2
 
2! (𝑁−𝐾−3)!

2! (𝑁−𝐾−3)!
 𝑃𝐾  



 

 
89 

 
 

⇒        𝑄𝐾+2 = (
𝑁−𝑘
3
) 

2!  𝜆3

𝛼 𝐾2 𝜇2
 𝑃𝐾        (Eq 4.21) 

Also    4𝛼𝑄𝐾+3 = (𝑁 − 𝐾 − 3) 𝜆 𝑃𝐾+3   then 

𝑄𝐾+3 = 
(𝑁−𝐾−3) 𝜆 

4 𝛼
  𝑃𝐾+3 where   𝑃𝐾+3 = 

(𝑁−𝐾) (𝑁−𝐾−1) (𝑁−𝐾−2)𝜆3

𝐾3 𝜇3
 𝑃𝐾   then  

𝑄𝐾+3 = 
(𝑁−𝐾−3) 𝜆 

4 𝛼
 
(𝑁−𝐾) (𝑁−𝐾−1) (𝑁−𝐾−2)𝜆3

𝐾3 𝜇3
 𝑃𝐾      (Eq 4.22) 

𝑄𝐾+3 =
(𝑁−𝐾) (𝑁−𝐾−1) (𝑁−𝐾−2)(𝑁−𝐾−3) 

4 𝛼
 
𝜆4

𝐾3 𝜇3
 
3! (𝑁−𝐾−4)!

3! (𝑁−𝐾−4)!
 𝑃𝐾    (Eq 4.23) 

⇒        𝑄𝐾+3 = (
𝑁−𝑘
4
) 

3!  𝜆4

𝛼 𝐾3 𝜇3
 𝑃𝐾         (Eq 4.24) 

Similarly   𝑄𝐾+4 = (
𝑁−𝑘
5
) 

4!  𝜆5

𝛼 𝐾4 𝜇4
 𝑃𝐾      and so on,  

Finally       𝑄𝐾+𝑗 = (𝑁−𝐾
𝑗+1

) 
𝑗!𝜆𝑗+1

𝛼𝐾𝑗𝜇𝑗
 𝑃𝐾    for      𝑗 = 0, 1, 2, .  .   .  𝑁 − 𝐾 − 1  (Eq 4.25) 

Now, substituting (Eq 4.6) into (Eq 4.25), we can obtain (Eq 4.17). 

4.2.1 Derivation for 𝑷𝟎 

𝑃0 can be computed as: 

Because ∑(𝑃𝑛 + 𝑄𝑛)

𝑁

𝑛=0

= 1          then 

∑𝑃𝑛

𝑁

𝑛=0

+ ∑ 𝑄𝑛

𝑁−1

𝑛=𝐾

= 1,   since  ∑ 𝑃𝑛

𝑁

𝑛=0

= ∑𝑃𝑛

𝐾

𝑛=0

+ ∑ 𝑃𝑛

𝑁

𝑛=𝐾+1

        therefore 

∑𝑃𝑛

𝐾

𝑛=0

+ ∑ 𝑃𝑛

𝑁

𝑛=𝐾+1

+∑ 𝑄𝑛

𝑁−1

𝑛=𝐾

= 1                                                                            (𝐸𝑞 4.26) 

Using (Eq 4.6), (Eq 4.7) and (Eq 4.17), we come up with  
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∑(
𝑁

𝑛
) (

𝜆

𝜇
)
𝑛

 𝑃0

𝐾

𝑛=0

+ ∑ (
𝑁 − 𝐾

𝑛 − 𝐾
) (
𝑁

𝐾
)  
(𝑛 − 𝐾)! 

𝐾(𝑛−𝐾)
 (
𝜆

𝜇
)
𝑛

 𝑃0

𝑁

𝑛=𝐾+1

+ ∑ (
𝑁 − 𝐾

𝑛 − 𝐾 + 1
) (
𝑁

𝐾
)  
(𝑛 − 𝐾)!  𝜆

𝛼𝐾(𝑛−𝐾)
 (
𝜆

𝜇
)
𝑛

 𝑃0

𝑁−1

𝑛=𝐾

= 1 

                     (Eq 4.27) 

(Eq 4.27) can simply be written in a compact form as:  

𝑃0[Ω1(𝑁, 𝐾, 𝑛, 𝜆, 𝜇) + Ω2(𝑁, 𝐾, 𝑛, 𝜆, 𝜇) + Ω3(𝑁, 𝐾, 𝑛, 𝜆, 𝜇, 𝛼)] = 1 

𝑃0 ζ(Ω1, Ω2, Ω3) = 1          ⇒          𝑃0 = ζ(Ω1, Ω2, Ω3)
−1       

The functions   Ω1, Ω2, Ω3 and ζ  are defined as: 

ζ(Ω1, Ω2, Ω3) = Ω1(𝑁, 𝐾, 𝑛, 𝜆, 𝜇) + Ω2(𝑁, 𝐾, 𝑛, 𝜆, 𝜇) + Ω3(𝑁, 𝐾, 𝑛, 𝜆, 𝜇, 𝛼), 

         (Eq. 4.28)  

where 

Ω1(𝑁, 𝐾, 𝑛, 𝜆, 𝜇) = ∑(
𝑁

𝑛
) (

𝜆

𝜇
)
𝑛𝐾

𝑛=0

 

Ω2(𝑁, 𝐾, 𝑛, 𝜆, 𝜇) = ∑ (
𝑁 − 𝐾

𝑛 − 𝐾
) (
𝑁

𝐾
)  
(𝑛 − 𝐾)! 

𝐾(𝑛−𝐾)
 (
𝜆

𝜇
)
𝑛𝑁

𝑛=𝐾+1

 

Ω3(𝑁, 𝐾, 𝑛, 𝜆, 𝜇, 𝛼) = ∑ (
𝑁 − 𝐾

𝑛 − 𝐾 + 1
) (
𝑁

𝐾
)  
(𝑛 − 𝐾)!  𝜆

𝛼𝐾(𝑛−𝐾)
 (
𝜆

𝜇
)
𝑛𝑁−1

𝑛=𝐾

 

For simplicity, the explicit dependence of ζ on Ω1, Ω2 and Ω3 is omitted, 

therefore  

𝑃0 = ζ−1                    (Eq 4.29) 

Using (Eq 4.29), 𝑃0 can be found out.  
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Now, finally we have the following expressions for 𝑃𝑗 

𝑃𝑗 =

{
 
 

 
 (

𝑁

𝑗
) (

𝜆

𝜇
)
𝑗

 𝑃0        For 𝑗 ≤ 𝐾

(
𝑁

𝑗
)  𝑗! (

𝜆

𝜇
)
𝑗

𝑃0      For 𝑗 > 𝐾  

 

and  𝑃0 = ζ
−1     

4.2.2 Derivation for Mean Queue Length 

The mean queue length 𝑁𝑄 can be calculated as 

𝑁𝑄 =∑𝑛(𝑃𝑛 + 𝑄𝑛) =∑𝑛𝑃𝑛

𝑁

𝑛=0

+∑ 𝑛𝑄𝑛

𝑁−1

𝑛=𝐾

                                                       (𝐸𝑞 4.30) 

(Eq 4.30) can be rewritten as: 

𝑁𝑄 = ∑𝑛𝑃𝑛

𝐾

𝑛=0

+ ∑ 𝑛𝑃𝑛

𝑁

𝑛=𝐾+1

+ ∑ 𝑛𝑄𝑛

𝑁−1

𝑛=𝐾

 

Using (Eq 4.6), (Eq 4.7), (Eq 4.17) and (Eq 4.29), we come up with 

𝑁𝑄 = Φ ζ−1                                                                                                                  (𝐸𝑞 4.31)   

where  

Φ

=∑𝑛(
𝑁

𝑛
) (

𝜆

𝜇
)
𝑛

 

𝐾

𝑛=0

+ ∑ 𝑛(
𝑁 − 𝐾

𝑛 − 𝐾
) (
𝑁

𝐾
)  
(𝑛 − 𝐾)! 

𝐾(𝑛−𝐾)
 (
𝜆

𝜇
)
𝑛

 

𝑁

𝑛=𝐾+1

+ ∑ 𝑛(
𝑁 − 𝐾

𝑛 − 𝐾 + 1
) (
𝑁

𝐾
)  
(𝑛 − 𝐾)!  𝜆

𝛼𝐾(𝑛−𝐾)
 (
𝜆

𝜇
)
𝑛

 

𝑁−1

𝑛=𝐾

 

and         𝜁−1 =
1

Ω1(𝑁, 𝐾, 𝑛, 𝜆, 𝜇) + Ω2(𝑁, 𝐾, 𝑛, 𝜆, 𝜇) + Ω3(𝑁, 𝐾, 𝑛, 𝜆, 𝜇, 𝛼)
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4.3 Numerical Results and Discussions  

In all numerical results 𝛼 is taken as 50 seconds and, for simplicity N is taken 

as 20. Figure 4.3 depicts the number of active CPEs with different arrival 

rates. At  λ = 1.0, the mean queue length starts decreasing exponentially 

from 18.34 with increasing the number of channels. This is true for 𝐾 ≤ 6.   

 

Figure 4.3: Number of active CPEs with different arrival rate. 

When the number of channels are between 6 and 8, the curve experiences a 

bump; it first decreases and then it starts increasing linearly up to the 

maximum value and then again it starts decreasing. This behaviour is due to 

the parameter 𝛼. The maximum peak occurring in this case is 10.1243 at K = 

11. This peak length varies with varying the value 𝛼. If we further increase 

the number of channels, the curve becomes saturated i.e. no change/slight 

change in the number of CPEs.   
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To see the behaviour of the curve on arrival rate, we first decrease the value 

of λ by 50 % and then increase it to 100 % of its nominal value.  At 50 % 

decrement, i.e. λ = 0.5, 𝜇 = 1.5,where λ < 𝜇, with increasing the number of 

channels, the curve decreases exponentially. In this case, the starting value 

is 16.81 which is less than the previous case. The maximum peak is 6.7154 

at K = 7 and the curve becomes saturated at K = 12.  The saturated value is 

approximately 5. It means the number of active CPEs has been increased; 

we have more numbers of CPEs in the cell.  

Figure 4.4: Number of active CPEs for special case   N=K+1. 

Now, when λ is increased by 100 % of its nominal value, i.e. λ =

2.0,where  λ > μ, the curve usually decreases linearly with increasing the 

number of channels. Since the arrival rate is greater than the departure rate, 

the starting mean queue length has been increased, i.e. 19.10. Here, the 
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maximum peak occurs at K = 14 with value 13.5980 and saturated value is 

more or less 11, which means less active CPEs result in the system.  

Figure 4.4 and Figure 4.5 show the number of active CPEs for the special 

case 𝑁 = 𝐾 + 1 and 𝑁 = 𝐾 + 2, respectively. In this experiment, the number 

of active CPEs is investigated for different arrival rates, 𝜆 =

0.15, 0.3, 0.5, 0.6, 1.0, 1.2, 2.0, 2.2 with service rates, 𝜇 = 0.5, 1.0, 2.0. As 

indicated in Figure 4.4, the mean queue length is strictly increasing with 

increasing value of 𝜆 for all service rates. It is interesting to note that when 𝜇 

becomes equal to 𝜆, the curves attain a constant value.  

 

Figure 4.5: Number of active CPEs for special case N=K+2. 

This means that whatever the value of  𝜆, when it becomes equal to 𝜇, the 

number of active CPEs is equal to 10. Another characteristic is the mean 
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service rate. At a specific value of 𝜆, for example 𝜆 = 1.0, when service rate 

is increased by 100% from 0.5 to 1.0, the number of active CPEs is 

increased by about 25%. Further, when service rate is increased by 300% 

from 0.5 to 2.0, the number of active CPEs is increased by almost 50%. 

Similarly, when service rate is increased by 100% from 1 to 2, the number of 

active CPEs in this case is increased by 33%. It is clear from the results that 

the number of active CPEs increases with increasing service rate. These 

results can also be seen in Figure 4.6.   

 

 

Figure 4.6: Number of active CPEs with different arrival rate and departure 

rate for special case N=K+1. 

Figures 4.7-4.9 give the number of active CPEs for the more general case, 

where K = 10, 12, 14, 16, 18, 20. Now at λ = 0.15  with  μ = 0.5 where λ < 𝜇, 

the number of active CPEs remains more or less the same throughout the 
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value of K.  The same is true with  λ = 0.3. As indicated from Figure 4.7, 

when λ changes from 0.3 to 0.5 and from 0.6 to 1.0, the mean queue length 

increases from 7.6421 to 10.7198, and from 11.9325 to 14.9632, 

respectively.  

 

 

Figure 4.7: Number of active CPEs when μ=0.5.  

When  λ is allowed to change by 100%, from 1.0 to 2.0 at the same value of 

μ = 0.5, the mean queue length increases from 14.9632 to 17.4796 at a 

particular value of K = 10.  This improvement is degraded with increasing the 

value of K.  It means, to achieve the required number of active CPEs, we do 

not need to increase the number of channels (K). In the case of μ = 1.0 and 

when λ is 100% incremented, for example from 0.5 to 1.0 and from 1.0 to 

2.0, the gain in the mean queue length is about 59% (from 6.7424 to 
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10.7248) and 39% (from 10.7248 to 14.9191), respectively, while considering 

K = 10. This decrement from 59% to 39% (20%) in the gain is due to λ ≥ μ 

as is obvious from Figure 4.8.   

 

Figure 4.8: Number of active CPEs when μ =1.0.  

Now, for the case when 𝜇 = 2.0 and λ is incremented again by 100% from 

0.5 to 1.0 and from 1.0 to 2.0, the increment in the mean queue length is 

about 69% (from 4.0021 to 6.7671) and 59% (from 6.7671 to 10.7341), 

respectively, at the same value of K. Here, the decrement in the gain is 10%, 

which is 100% less than that in the previous case where 𝜇 = 1.0. This is due 

to  λ ≤ μ as is clear from Figure 4.9.  
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also be visualized from the measurements shown in the figures that the 

active CPE’s length is highly dependent on service rate. Further, for a 

specific value of active CPE’s length, we can select the required number of 

channels that we have.  

 

Figure 4.9: Number of active CPEs when μ=2.0.  

4.4 Conclusion 

In this chapter, we have presented an analytical framework to evaluate the 

number of active CPEs in a CR network based on Markov process. Poisson 

arrival rate and exponential service rate have been taken into account. 

Different cases have been studied and the behaviour of the active CPE’s 
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the active CPE’s curve attains a constant value. In addition, the active CPE’s 

length is highly dependent on service rate.   

In order to create more realistic model for real type of networks, a discrete 

time Markov chain model is a good choice. We intend to develop this model 

in our future work.  
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Chapter 5.  

ANALYSIS OF RANGING PROCESS 

Initial ranging is the key process for the CPEs to access the network and 

establish their associations with the BS. This chapter provides a 

comprehensive analysis of initial ranging mechanism in IEEE 802.22 

network. Section 5.1 discusses and illustrates the initial ranging process for 

CPEs. In Section 5.2, an analytical model is described based on probabilistic 

framework.  Initial ranging request collision probability as well as initial 

ranging request success probability is derived.  Next, important numerical 

results are discussed in Section 5.3. Section 5.4 concludes the chapter.   

5.1 Introduction 

CPEs may lie at different locations in the large cell; some are near while 

some are far away from the BS, so their transmission delays and received 

powers are different. To attain orthogonality among the sub-carriers in the 

upstream link, it is necessary that the signals generated by all the active 

CPEs must arrive at the BS synchronously.  If not, CPEs will cause 

interference with each other and at the end the BS will not be in a position to 

recover the individual signal of each CPE. Therefore synchronization is an 

important aspect that can be achieved through a ranging process in which 

the CPEs adjust their timing offset and effective isotropic radiated power 

(EIRP) so that at the BS their transmitted signals having equal powers 

synchronize to the mini-slot boundary of the BS.  The basic functions of this 
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process at the BS comprise: timing estimation, ranging codes detection, and 

power estimation. Ranging process is further classified into initial ranging 

and periodic ranging. Initial ranging is the primary process for the CPEs to 

access the network and establish their connections with the BS. Work on the 

initial ranging process has been extensively discussed in [102], [103], [104], 

[105], [106], [107] for IEEE 802.11 and IEEE 802.16 but no such work has 

been found in the literature for the IEEE 802.22 standard.    

Contention may occur during initial ranging, periodic ranging, bandwidth 

request, urgent coexistence situation (UCS) notification etc. The Medium 

Access Control (MAC) implements several schemes to control contention 

between CPEs within a cell and overlapping cells sharing the same channel. 

To avoid contention during initial ranging, Code Division Multiple Access 

(CDMA) method is specified in IEEE 802.22 WRAN standard. To perform 

initial ranging, the CPE first acquires downlink synchronization and uplink 

transmission parameters from DS-MAP and US-MAP respectively. Then it 

selects a number from its internal backoff window and a CDMA code from 

the given available codes using uniform random process. The CPE then 

modulates the CDMA code with the initial ranging channel in the selected 

time slot to the BS. The ranging channels are assigned by the BS indicated 

by the number of subchannels in US-MAP. If a CPE selects a number 10 

from its internal backoff window having values between 0 to 15 then it must 

defer a total of 10 contention transmission opportunities before a 

transmission attempt.  If the first US-MAP is for 4 transmission opportunities, 

the CPE does not utilize this and requires 6 more transmission opportunities 
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to defer. If the second US-MAP is for 5 transmission opportunities, the CPE 

again does not use this and needs one more transmission opportunity to 

defer. If the next US-MAP is for 7 transmission opportunities, the CPE 

transmits ranging request on the 2nd transmission opportunity after deferring 

the first one.  After transmitting the ranging request, the CPE has to wait for a 

BS response (RNG-CMD). The decision on whether a transmission of 

ranging request is successful or not is made by the CPE in accordance with 

the information contained in RNG-CMD.  

 

Figure 5.1: Initial ranging illustration. 

According to the IEEE 802.22 standard, if a CPE does not receive any 

feedback from the BS in the subsequent US-MAP, the CPE assumes that the 

transmission failed due to collision with other ranging requests. Note that 

collisions can occur when two or more CPEs want to be associated with the 

BS and send their request on the same ranging slot on the same channel as 

shown in Figure 5.1.  In this case, the CPE enters into the next retrial stage 
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using truncated binary exponential backoff mechanism by increasing its 

backoff window size by a factor of two as long as it is less than the maximum 

backoff window size.  Using this new backoff window, the CPE then selects a 

number randomly and repeats the above process. There exists some upper 

bound in the number of retries for association with the BS. When this bound 

is achieved by the particular CPE, the used downlink channel is marked as 

unusable and the CPE will start scanning for another downlink channel.  

After successfully receiving the ranging request, the BS extracts information 

regarding timing and power. Then it broadcasts the RNG-CMD message that 

contains the received ranging code, the ranging time slot and a status 

notification. This response message is identified by the relevant CPE.  The 

status notification may be success or continue. In case of continue status, 

the RNG- CMD message contains additional information about timing and 

power adjustments. The CPE considers this transmission attempt 

unsuccessful and after making the suggested modifications (power level, 

timing adjustments), it sends another ranging request in the initial ranging 

slot using random backoff. If the status in RNG- CMD message is success, 

the ranging process will be completed.  This entire ranging process is 

illustrated in the following pseudocode-1.   

PSEUDOCODE-1 FOR INITIAL RANGING PROCESS 

1 MAIN PROCEDURE INITIAL RANGING 

2 BEGIN 

3  CAPTURE superframe preamble and takes out necessary information 

4  SET internal backoff window 

5  SELECT a number (say K) from internal backoff window 

6  SEND ranging request in the Kth initial ranging slot 

7       IF received no RNG-CMD THEN  
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8             CALL PROCEDUE backoff_process 

9             Go to line 5 

10       ENDIF 

11      IF received RNG- CMD with status ‘continue’ THEN  

12             MAKE recommended correction  

13             Go to line 5 

14      ENDIF 

15      IF received RNG- CMD with status ‘success’ THEN  

16              PROCEED further 

17      ENDIF 

18 END 

19 PROCEDUE backoff_process 

20 BEGIN 

21  DOUBLE the internal backoff window until ≤ max backoff window 

22 END 

5.2 Analytical Model 

In this section, we derive the expression for initial ranging request collision 

probability, ranging request success probability and average ranging success 

delay in terms of number of contention CPEs and initial contention window 

size. The analysis is based on a probabilistic framework utilizing two 

dimensional transition diagram.  Without loss of generality, the following 

assumptions are used in our model.   

 Each CPE has geolocation information acquiring capability and 

sensing capability.  

 Each CPE updates the required parameters correctly after the BS 

recommendations.  

 When BS successfully receives the ranging request without requiring 

any modification, it will associate the CPE with the network.  
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 During initial ranging process if an incumbent is detected, the CPE will 

not proceed further on the operating channel according to IEEE 

802.22 spectrum etiquettes [10]. We assume that no incumbent will 

occur on the operating channel during this process.  

 The BS has the information about how many CPEs are attempting to 

join the WRAN cell. 

5.2.1 Initial Ranging Request Success Probability 

For simplicity, we call initial ranging request success probability a ranging 

success probability (𝑃𝑠(. )). This probability indicates that the initial ranging 

request has successfully reached the BS. Based on the given assumptions, 

the BS will associate the requested CPE with its network after successfully 

receiving the ranging request. To derive 𝑃𝑠(. ), we proceed as follows. Let C 

be a stochastic process representing a counter and B(t) be a random 

process representing a backoff stage of the given CPE at time t. The 

maximum number of backoff stages for each attempted CPE are m where m 

is an integer such that 𝑚 > 0. Each stage has a backoff window 

corresponding to the states at that stage.  Let 𝑊𝑗 where   𝑗 ∈ {0, 1, 2, …𝑚 − 1}  

be the internal backoff window incorporated by CPE for the jth backoff stage. 

The CPE selects a random number 𝐾𝑗 from the set  {0, 1, … 𝑊𝑗 − 1} such that 

0 ≤ 𝐾𝑗 < 𝑊𝑗 and suppose that 𝐶𝑊𝑗
= 𝐾𝑗 and its value is decremented by 

deferring one transmission opportunity given in the US-MAP.  When 𝐶𝑊𝑗
= 0, 

the CPE will transmit its ranging request in the available transmission 

opportunity on the initial ranging channel. It is also possible that there are 
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more than one CPE whose CWj
 reaches zero at the same time, which means 

that there are more than one CPE trying to send a ranging request in the 

same transmission opportunity. In this situation, collision occurs.  Let 𝑃𝑐(𝑗) be 

the probability that the initial ranging request experiences a collision at the jth 

backoff stage. Now consider two dimensional probability transition diagram 

shown in Figure 5.2, i.e., (𝐵(𝑡), 𝐶𝑊𝑗
), where 𝐵(𝑡) ∈ {0, 1, 2, …𝑚 − 1} and 

𝑊𝑗 = 2
𝑗𝑊0. Transitions take place between states in every stage with 

probability 1.    

 

Figure 5.2: Probability transition model for IEEE 802.22 backoff process. 

The transition probabilities in the above figure chain can be presented as 

follows:  

 𝑃{(𝑥, 𝑦 − 1)|(𝑥, 𝑦)} = 1, where 𝑥 ∈ {0, 1, …𝑚 − 1} and 𝑦 ∈ {1, 2, …𝐾𝑗}, 𝐾𝑗 =

𝐶𝑊𝑗
 and 𝑗 ∈ {0,1, …𝑚 − 1}        (Eq 5.1) 

𝑃{(𝑥, 0)} = 1 − 𝑃𝑐(𝑗), where 𝑥 ∈ {0, 1, …𝑚 − 1} and 𝑗 ∈ {0,1, …𝑚 − 1}  
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          (Eq 5.2)    

 𝑃{(𝑥 + 1, 𝐾𝑗)|(𝑥, 0)} = 𝑃𝑐(𝑗), where 𝑥 ∈ {0, 1, …𝑚 − 2} and  𝐾𝑗 = 𝐶𝑊𝑗
 and 𝑗 ∈

{0,1, …𝑚 − 1}                    (Eq 5.3) 

When 𝐶𝑊𝑗
= 0, the probability that CPE successfully sends the initial ranging 

request on the transmission opportunity is 1 − 𝑃𝑐(𝑗). It is also possible that 

the BS successfully receives the ranging request but rejects it due to not 

fulfilling its timing and power requirements. Let 𝑞 be the probability of the BS 

that the ranging request of the CPE is rejected and is required to be repeated 

after some adjustments. In this case, the CPE will select a fresh random 

number  𝐾𝑗 from the set  {0, 1, … 𝑊𝑗 − 1} and will repeat the ranging process 

again. So the probability of ranging request failure is primarily concerned with 

these two main factors: collision and rejection by the BS. This probability at 

the jth backoff stage, which is denoted by 𝑃𝐹(𝑗), can be represented as  

𝑃𝐹(𝑗) = 𝑃𝑐(𝑗) + (1 − 𝑃𝑐(𝑗))𝑞        (Eq 5.4) 

Since CPE is assumed to be a capable device so it is reasonable that q is 

extremely small such that q ≈ 0, therefore   

𝑃𝐹(𝑗) ≅ 𝑃𝑐(𝑗)               (Eq 5.5) 

Let n be the total number of contention CPEs (previously contended CPEs 

and current attempted CPEs). It is assumed that n should be smaller than or 

equal to the difference of total capacity (N) of an IEEE 802.22 WRAN cell 

and its number of already associated CPEs (A), i.e. 𝑛 ≤ 𝑁 − 𝐴. Collisions will 

take place when at least two CPEs select the same transmission opportunity. 
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Therefore, given n CPEs, the ranging request collision probability at jth 

backoff stage can be derived as:    

𝑃𝑐(𝑗) =

{
  
 

  
 

0    𝑖𝑓 𝑛 < 2  

∑ (
𝑛

𝜙
)

𝑛

𝜙=2

𝑝𝑗
𝜙
(1 − 𝑝𝑗)

𝑛−𝜙
      𝑖𝑓 𝑛 ≥ 2

𝑤ℎ𝑒𝑟𝑒  𝑝𝑗 =
1

𝑊𝑗
,𝑊𝑗 = 2

𝑗𝑊0, 𝑓𝑜𝑟 𝑗 = 0,1, 2, …𝑚 − 1

                    (𝐸𝑞 5.6) 

where 𝑝𝑗 is the probability of selecting 𝐾𝑗 from 𝑊𝑗. Now finally, the probability 

of ranging success, denoted as 𝑃𝑆(𝑗), is written as 

𝑃𝑆(𝑗) = 1 − 𝑃𝐹(𝑗) = 1 − 𝑃𝑐(𝑗)        (Eq 5.7)                                             

where 𝑗 ∈ ℤ 𝑎𝑛𝑑 0 ≤ 𝑗 ≤ 𝑚 − 1. Now, substituting (Eq 5.6) into (Eq 5.7), we 

can obtain ranging success probability at the jth backoff stage.  

5.2.2 Derivation of Least Upper Bound on Initial 

Contention Window Size (𝐖𝟎) 

Now we are interested in determining the minimum initial contention window 

size at a specific collision probability level for a particular number of 

contention CPEs.  From (Eq 5.6), after incorporating the value of  𝑝𝑗 into this 

expression we have    

𝑃𝑐(𝑗) = ∑ (
𝑛

𝜙
)(

1

𝑊𝑗
)

𝜙

(1 −
1

𝑊𝑗
)

𝑛−𝜙𝑛

𝜙=2

                                                                  (𝐸𝑞 5.8) 

𝑃𝑐(𝑗) = ∑ (
𝑛

𝜙
)(

1

𝑊𝑗
)

𝜙

(
𝑊𝑗 − 1

𝑊𝑗
)

𝑛−𝜙𝑛

𝜙=2

                                                                 (𝐸𝑞 5.9)   
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𝑃𝑐(𝑗) = ∑ (
𝑛

𝜙
)(

1

𝑊𝑗
)

𝜙

(
𝑊𝑗 − 1

𝑊𝑗
)

𝑛𝑛

𝜙=2

(
𝑊𝑗

𝑊𝑗 − 1
)

𝜙

                                               (𝐸𝑞 5.10) 

𝑃𝑐(𝑗) =      (
𝑊𝑗 − 1

𝑊𝑗
)

𝑛

 ∑ (
𝑛

𝜙
)(

1

𝑊𝑗 − 1
)

𝜙𝑛

𝜙=2

                                                       (𝐸𝑞 5.11) 

𝑃𝑐(𝑗) = (
𝑊𝑗 − 1

𝑊𝑗
)

𝑛

[∑ (
𝑛

𝜙
)

𝑛

𝜙=2

(
1

𝑊𝑗 − 1
)

𝜙

+ (
𝑛

0
) + (

𝑛

1
)(

1

𝑊𝑗 − 1
) − (

𝑛

0
) − (

𝑛

1
)(

1

𝑊𝑗 − 1
)] 

         (Eq 5.12) 

𝑃𝑐(𝑗) = (
𝑊𝑗 − 1

𝑊𝑗
)

𝑛

[∑ (
n
𝜙)(

1

𝑊𝑗 − 1
)

𝜙n

𝜙=0

− 1 − (
𝑛

𝑊𝑗 − 1
)]                        (𝐸𝑞 5.13) 

𝑃𝑐(𝑗) = (
𝑊𝑗 − 1

𝑊𝑗
)

𝑛

[(1 +
1

𝑊𝑗 − 1
)

𝑛

− 1 − (
𝑛

𝑊𝑗 − 1
)]                                  (𝐸𝑞 5.14) 

𝑃𝑐(𝑗) = (
𝑊𝑗 − 1

𝑊𝑗
)

𝑛

[(
𝑊𝑗

𝑊𝑗 − 1
)

𝑛

− 1 − (
𝑛

𝑊𝑗 − 1
)]                                          (𝐸𝑞 5.15) 

𝑃𝑐(𝑗) = 1 − (
𝑊𝑗 − 1

𝑊𝑗
)

𝑛

− 𝑛(
𝑊𝑗 − 1

𝑊𝑗
)

𝑛

(
1

𝑊𝑗 − 1
)                                          (𝐸𝑞 5.16) 

Let 𝑃𝑐(𝑗) < 𝛺, where Ω ∈ [0,1], then (Eq 5.16) can be written as 

1 − (
𝑊𝑗 − 1

𝑊𝑗
)

𝑛

− 𝑛 (
𝑊𝑗 − 1

𝑊𝑗
)

𝑛

(
1

𝑊𝑗 − 1
) < 𝛺                                                 (𝐸𝑞 5.17) 

−(
𝑊𝑗 − 1

𝑊𝑗
)

𝑛

− 𝑛 (
𝑊𝑗 − 1

𝑊𝑗
)

𝑛

(
1

𝑊𝑗 − 1
) < 𝛺 − 1                                             (𝐸𝑞 5.18) 

(
𝑊𝑗 − 1

𝑊𝑗
)

𝑛

+ 𝑛(
𝑊𝑗 − 1

𝑊𝑗
)

𝑛

(
1

𝑊𝑗 − 1
) > 1 − 𝛺                                                 (𝐸𝑞 5.19) 

(𝑊𝑗 − 1)
𝑛

𝑊𝑗
𝑛 + 𝑛

(𝑊𝑗 − 1)
𝑛−1

𝑊𝑗
𝑛 > 𝛹                                                                         (𝐸𝑞 5.20) 
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𝑤ℎ𝑒𝑟𝑒   𝛹 = 1 − 𝛺,      𝛹 ∈  ℝ                      

(𝑊𝑗 − 1)
𝑛−1

(𝑊𝑗 − 1 + 𝑛)

𝑊𝑗
𝑛 > 𝛹                                                                             (𝐸𝑞 5.21) 

Ψ 𝑊𝑗
𝑛 < (𝑊𝑗 − 1)

𝑛−1
(𝑊𝑗 − 1 + 𝑛)                                                                    (𝐸𝑞 5.22)  

𝐹𝑖𝑛𝑎𝑙𝑙𝑦, 𝑊𝑗 <
√(𝑊𝑗 − 1)

𝑛−1
(𝑊𝑗 − 1 + 𝑛)

Ψ

𝑛

                                              (𝐸𝑞 5.23) 

 𝑤ℎ𝑒𝑟𝑒    𝑊𝑗 = 2𝑗𝑊0, 𝑓𝑜𝑟 𝑗 = 0,1, 2, …𝑚 − 1                          

This expression gives the general formula for finding the least upper bound 

on initial contention window size for n number of contention CPEs with the 

constraint 𝑃𝑐(𝑗) < 𝛺   where Ω ∈ [0,1]. 

5.2.3 Backoff Delay Derivation     

Suppose CPE is powered on and, it captures the superframe preamble and 

extracts the necessary information regarding minimum backoff window, 

maximum backoff window, synchronization parameters, transmission 

parameters etc. The window sizes are controlled by the BS and are 

stipulated in the DS-MAP. These sizes are expressed as a power of 2 value.  

For example, a value of 5 indicates that the contention window size is 32. 

The CPE sets its internal backoff window according to the minimum backoff 

window allocated by the BS.  Let this internal backoff window be 𝑊0.  The 

CPE then randomly selects a number from the set {0, 1, … 𝑊0 − 1}. Let this 

number be 𝐾0.  The CPE has to defer a total of 𝐾0 initial ranging 

opportunities (O)/slots over multiple frames before transmitting the initial 

ranging request. These opportunities are given in US-MAP. Each frame has 
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one or more ranging opportunities. We assume that each frame has a fixed 

number of ranging opportunities.  Therefore, the number of frames that the 

CPE has to defer is  
𝐾0

𝑂
 . In this case the delay (𝐷0) will be  

𝐾0

𝑂
∗

Frame duration. Further, the CPE needs to defer (𝐾0 𝑚𝑜𝑑 𝑂 ) initial ranging 

slots along with 
𝐾0

𝑂
 frames.  Therefore,  𝐷0 can be written as:   

𝐷0 =
𝐾0

𝑂
∗ Frame duration + (𝐾0 𝑚𝑜𝑑 𝑂 ) ∗ slot duration    (Eq 5.24) 

For simplicity, Frame duration = 𝑇𝐹 and  slot duration = 𝑇𝑂 , Now (Eq 5.24) 

takes the form as 

𝐷0 =
𝐾0

𝑂
∗ 𝑇𝐹 + (𝐾0 𝑚𝑜𝑑 𝑂 ) ∗ 𝑇𝑂         (Eq 5.25) 

Since 𝐾0 varies from 0 to 𝑊0 − 1, therefore we take the average value. 

Finally, 𝐷0 can be written as: 

𝐷0 =
1

𝑊0
∑ (

𝐾0
𝑂
∗ 𝑇𝐹 + (𝐾0 𝑚𝑜𝑑 𝑂 ) ∗ 𝑇𝑂)

𝑊0−1

𝐾0=0

                                                  (𝐸𝑞 5.26)  

Let 𝑃𝑐(𝑗) be the probability that the ranging request experiences a collision, 

i.e. failed transmission then 1 − 𝑃𝑐(𝑗) is the probability that the ranging 

request is transmitted successfully. In case of collision, the CPE will double 

the size of its internal backoff window. Let the new window be 𝑊1.  Now the 

CPE will randomly select the number 𝐾1 from {0, 1, … 𝑊1 − 1}. Similarly, 

delay (𝐷1) can be computed as follows: 

𝐷1 =
1

𝑊1
∑ (

𝐾1
𝑂
∗ 𝑇𝐹 + (𝐾1 𝑚𝑜𝑑 𝑂 ) ∗ 𝑇𝑂)

𝑊1−1

𝐾1=0

                                                    (𝐸𝑞 5.27) 
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If collision again occurs, the CPE will involve in the third backoff phase and 

adopt the same process, i.e., it will double the size of internal backoff 

window. Let us assume that the CPE completes its successful ranging 

request in a maximum of m attempts or backoff phases. Therefore, we have 

the following delays for the remaining backoff phases.  

𝐷2 =
1

𝑊2
∑ (

𝐾2
𝑂
∗ 𝑇𝐹 + (𝐾2 𝑚𝑜𝑑 𝑂 ) ∗ 𝑇𝑂)

𝑊2−1

𝐾2=0

                                                   (𝐸𝑞 5.28) 

𝐷3 =
1

𝑊3
∑ (

𝐾3
𝑂
∗ 𝑇𝐹 + (𝐾3 𝑚𝑜𝑑 𝑂 ) ∗ 𝑇𝑂)

𝑊3−1

𝐾3=0

                                                   (𝐸𝑞 5.29) 

. 

. 

𝐷𝑚−1 =
1

𝑊𝑚−1
∑ (

𝐾𝑚−1
𝑂

∗ 𝑇𝐹 + (𝐾𝑚−1 𝑚𝑜𝑑 𝑂 ) ∗ 𝑇𝑂)

𝑊𝑚−1−1

𝐾𝑚−1=0

                         (𝐸𝑞 5.30) 

Where   𝑊1 = 2𝑊0,𝑊2 = 2𝑊1,𝑊3 = 2𝑊2, …   𝑊𝑚−1 = 2𝑊𝑚−2  

Now we consider the worst case where the ranging request obtains success 

in the mth phase, so there will be (𝑚 − 1) failures. The resulting delay (𝐷) 

can be computed as:  

𝐷 = (1 − 𝑃𝑐(0))[𝐷0 + 𝑡𝑠] + 𝑃𝑐(0)(1 − 𝑃𝑐(1))[𝐷0 + 𝑡𝑐 + 𝐷1 + 𝑡𝑠] + 𝑃𝑐(0)
2(1 −

𝑃𝑐(2))[𝐷0 + 𝑡𝑐 + 𝐷1+𝑡𝑐 + 𝐷2 + 𝑡𝑠] + 𝑃𝑐(0)
3(1 − 𝑃𝑐(3))[𝐷0 + 𝑡𝑐 + 𝐷1 + 𝑡𝑐 +

𝐷2 + 𝑡𝑐 + 𝐷3 + 𝑡𝑠] + ⋯  + 𝑃𝑐(0)
𝑚−1(1 − 𝑃𝑐(𝑚 − 1))[𝐷0 + 𝑡𝑐 + 𝐷1 + 𝑡𝑐 + 𝐷2 +

𝑡𝑐 +⋯+ 𝐷𝑚−1 + 𝑡𝑠]                                                                                                (𝐸𝑞 5.31)   
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Where 𝑡𝑐 is the time when failure is assumed due to not receiving any 

response from the BS. This is equal to one frame duration in IEEE 802.22 

network. 𝑡𝑠 is the time when status notification success is received in the 

next US-MAP. Since,  𝑡𝑐 = 𝑡𝑠 = 𝑡, so (Eq 5.31) can be formulated as  

𝐷

= (1 − 𝑃𝑐(0))[𝐷0 + 𝑡] + 𝑃𝑐(0)(1 − 𝑃𝑐(1)) [∑𝐷𝑗

1

𝑗=0

+ 2𝑡]

+ 𝑃𝑐(0)
2(1 − 𝑃𝑐(2)) [∑𝐷𝑗

2

𝑗=0

+ 3𝑡] + 𝑃𝑐(0)
3(1 − 𝑃𝑐(3)) [∑𝐷𝑗

3

𝑗=0

+ 4𝑡] + ⋯  

+ 𝑃𝑐(0)
𝑚−1(1 − 𝑃𝑐(𝑚 − 1)) [∑ 𝐷𝑗

𝑚−1

𝑗=0

+𝑚𝑡] 

          (Eq 5.32) 

The expression given in (Eq 5.32) gives the average delay when the ranging 

request success is achieved in mth backoff stages. Now for simplicity, let us 

consider the particular case when no backoff is required i.e., m = 0 and we 

investigate the average ranging success delay over different values of initial 

contention window size.   

𝐷 = (1 − 𝑃𝑐(0))[𝐷0 + 𝑡]         (Eq 5.33) 

𝐷(𝑛,𝑊0)

= [1 −∑ (
𝑛

𝜙
)

𝑛

𝜙=2

(
1

𝑊0
)
𝜙

(1 −
1

𝑊0
)
𝑛−𝜙

] [
∑ (

𝐾0

𝑂
∗ 𝑇𝐹 + (𝐾0 𝑚𝑜𝑑 𝑂 ) ∗ 𝑇𝑂)

𝑊0−1
𝐾0=0

𝑊0
+ 𝑡] 

             (Eq 5.34)    
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5.3 Numerical Results and Discussions  

To evaluate the mathematical model developed in the previous Section, we 

numerically solve expressions given in (Eq 5.6), (Eq 5.7) and (Eq 5.34) to 

calculate the value of 𝑃𝑐(𝑗), 𝑃𝑠(𝑗) 𝑎𝑛𝑑 𝐷(𝑛,𝑊0). These results are shown in 

Figures 5.3-5.9.The parameters used in the numerical results are given as:  

𝑂 = Initial ranging request opportunities per frame = 5; 

𝑇𝐹 = Frame duration in IEEE 802.22 network = 10 ms; 

𝑇𝑂 = Transmission slot duration in IEEE 802.22 network = 0.264 𝑚𝑠; 

𝑡 = BS responce time = One frame duration = 10 𝑚𝑠.  

Figure 5.3 illustrates the effect of initial contention window size (W0) on 

ranging request collision probability when the number of CPEs are taken as 

n = 2, 5, 10 and 20. At W0 = 2, the ranging request collision probability or 

simply collision probability is too high. It is very hard for the CPEs to join the 

network in the first attempt. Ultimately, they will go in binary exponential 

random backoff (BERB) process.  At W0 = 4, the collision probability is 

0.3672 for n = 5. When number of CPEs approaches 10, the collision 

probability becomes 0.7560.  It means when the number of CPEs is 

increased by 100% the collision probability is significantly increased by more 

than 100%. Only a few CPEs can establish their association with the BS at 

this current initial contention window size. Similarly, when number of CPEs is 

further increased by 100% from 10 to 20, the respective collision probability 

turns into 0.9757, which is a further 29% more from the previous one.  In this 
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case, the majority of the CPEs will be involved in the BERB procedure which 

results in more delay.  

 

Figure 5.3: Ranging request collision probability versus initial contention 

window size. 

Now at the other perspective when W0 is doubled from 4 to 8, the collision 

probability is decreased by about 67%, 52% and 25% for n = 5, n = 10 and n 

= 20 respectively. Obviously, the ranging success probability given in Figure 

5.5 will be increasing. There are more chances for the CPEs to become part 

of the IEEE 802.22 network. Again when W0 is changed from 8 to 16, the 

collision probability for n = 5 rapidly approaches to zero. The collision 

probability for n = 10 is further reduced by around 65%. It is worth noting that 

in the case for n = 20, the collision probability is drastically decreased by 

51%.  
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Figure 5.4: Ranging request collision probability versus initial contention 

window size. 

 

Figure 5.5: Ranging success probability versus initial contention window size. 
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If we extend the window size upto 512 (9 bits) then we can see that from 

Figure 5.4, the collision probability exponentially decreases with increasing 

the window size. For example, at W0 = 32, the collision probability for n = 20 

is 0.1281 and it is asymptotically converging to zero for higher values of W0 

which implies more CPEs can join the system.  The same is true for other 

values of n.  

 

Figure 5.6: Ranging request collision probability versus number of contention 

CPEs over different initial contention window sizes. 

To see the behaviour of initial contention window size 𝑊0 more precisely, we 

have plotted the ranging request collision probability and ranging success 

probability for 𝑛 = 5,10, 20, 40, 60, 80,100 in Figure 5.6 and Figure 5.7 

respectively over different values of 𝑊0. In this experiment, it can be 

observed that at a particular value of W0 as the number of contention CPEs 

increases, the collision probability goes on increasing. For the fixed value of 
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n, while increasing the initial contention window size, the collision probability 

decreases.  

 

Figure 5.7: Ranging success probability versus number of contention CPEs 

over different initial contention window sizes. 

Now we investigate the impact of initial contention window size on the 

performance in terms of average ranging success delay (Let us call it 

average delay, D). At W0 = 4, the average delay is almost less than 10 

millisecond (ms) for all contention CPEs as shown in Figure 5.8. When W0 is 

increased by 100% (W0 = 8), the average delay for n = 5 is increased by 

104%.  At the same initial contention window size when n is increased from 5 

to 10, D is decreased by about 27%. If n is increased up to 20, D is further 

decreased by 58.21%. The number of contention CPEs at this window size 

will experience less average delay to establish their associations with the BS. 
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81.15%, 125.68%, 296.59% for n = 5, n = 10 and n = 20 respectively. It is 

very clear from this figure, when window size is doubled the average delay is 

significantly increased.    

 

Figure 5.8: Average ranging success delay versus initial contention window size.  
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average for its connection establishment with the BS as it is evident from 

Figure 5.9.   

 

Figure 5.9: Average ranging success delay versus number of contention 

CPEs over different initial contention window sizes. 

To reduce the average delay, the initial window size needs to be decreased. 

By doing this, the collision probability will be increased and, ultimately, fewer 

number of CPEs will establish their connection with the BS and many of 

them will be involved in BERB process. So to keep the collision probability at 

a tolerable value to facilitate more CPEs establishing their connections with 

less delay, it is necessary to optimize the initial contention window size which 

the BS can schedule. 
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2, for 𝑃𝑐(0) < 0.1, after some mathematical manipulation we come up with 

𝑊0
2 > 10 ⟹ 𝑊0 > √10 = 3.16, Therefore, 𝑊0 ≥ 4  which means, the 

minimum initial contention window size should be 4 (2 bits) to meet the 

requirements. Again, for n = 10, and now the desired collision probability is 

𝑃𝑐(0) < 0.2 , using (Eq 5.23) and after some mathematical juggling, 𝑊0
2 >

155 ⟹ 𝑊0 > √155 = 12.45. This implies that 𝑊0 ≥ 16, the minimum initial 

contention window size in this case should be 16 (4 bits) to fulfill the desired 

specifications. These mathematical results can be verified in ranging request 

collision probability versus initial contention window size plot of Figure 5.3.  

5.4 Conclusion 

In this chapter, an analytical model has been derived to analyze the 

performance of initial ranging requests in IEEE 802.22 wireless regional area 

network.  The model is built based on a probabilistic framework utilizing two 

dimensional probability transition model. The ranging request collision 

probability and ranging request success delay are investigated to evaluate 

the performance of the network. We have shown that the ranging success 

probability as well as average ranging delay is strongly dependent upon the 

system parameters, mainly the initial contention window size and the number 

of contention CPEs in the network. To reduce the average delay, the initial 

window size needs to be decreased. By doing this, the ranging success 

probability will be decreased and ultimately, a fewer number of CPEs will 

establish their connection with the BS and many of them will be involved in 

binary exponential random backoff process. So to keep the collision 

probability at a tolerable value to facilitate more CPEs establishing their 
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connections with less delay, it is necessary to optimize the initial contention 

window size which the BS can schedule. This analysis can help the BS in 

scheduling the initial contention window size to facilitate the maximum 

number of contention CPEs to associate with reasonable delay leading to 

reach better system performance.    
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Chapter 6.  

DERIVATION OF ESTIMATED RANGING REQUEST COLLISION 

PROBABILITY WITH THRESHOLD OF WINDOW SIZE 

This chapter deals with estimated ranging request collision probability, and 

the threshold size for contention window, necessary to start the initial ranging 

process for any number of CPEs in the WRAN cell. In Section 6.1, estimated 

ranging request collision probability is derived based on number of 

contention CPEs and initial contention window size. The significant results 

are elaborated in Section 6.2. The accuracy of the estimated curve is 

examined with the actual curve at various number of contention CPEs. 

Figures 6.1-6.13 are sketched for this purpose. Section 6.3 concludes the 

chapter.  

6.1 Estimated Ranging Request Collision Probability 

Derivation 

Recall from Chapter 5, we have the following expression for ranging request 

collision probability: 

𝑃𝑐(𝑗) =

{
  
 

  
 

0    𝑖𝑓 𝑛 < 2  

∑ (
𝑛

𝜙
)

𝑛

𝜙=2

𝑝𝑗
𝜙
(1 − 𝑝𝑗)

𝑛−𝜙
      𝑖𝑓 𝑛 ≥ 2

𝑤ℎ𝑒𝑟𝑒  𝑝𝑗 =
1

𝑊𝑗
,𝑊𝑗 = 2

𝑗𝑊0, 𝑓𝑜𝑟 𝑗 = 0,1, 2, …𝑚 − 1

                    (𝐸𝑞 6.1) 
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The expression given in (Eq 6.1) provides a non-linear relationship between 

ranging request collision probability and the initial contention window size for 

a particular number of contention CPEs. This expression does not give any 

clue regarding bounds on window size to initiate initial ranging process 

successfully. Therefore, we need an expression which not only provides 

collision probability but also gives the threshold size for contention window in 

order to perform successful ranging process for establishing connection with 

the BS. To achieve this, we take log-log plot of the ranging request collision 

probability and the initial contention window size over various number of 

contention CPEs. The reason for taking log-log plot is to provide straight 

forward relationship between the variables and to estimate the parameters 

from the numerical data.  From the log-log plots we will look forward to the 

straight lines using the following slope formula  

𝑀 =
log𝑃𝐶(𝑗)|𝑦2 − log𝑃𝐶(𝑗)|𝑦1
log𝑊0|𝑥2 − log𝑊0|𝑥1

            ∀ (𝑥𝑢, 𝑦𝑣) ∈ (log𝑊0, log 𝑃𝐶(𝑗))         (𝐸𝑞 6.2) 

where 𝑀 is the slope of the line at any point of the curve and 

 𝑚𝑖𝑛(log𝑊0) ≤ 𝑥𝑢 ≤ 𝑚𝑎𝑥(log𝑊0), log𝑃𝐶(𝑗)|𝑃𝐶(𝑗) 𝑎𝑡 0 ≤ 𝑦𝑣 ≤ log𝑃𝐶(𝑗)|𝑃𝐶(𝑗) 𝑎𝑡 1. 

Using the plot given in Figure 6.2, we generally get the following expression 

log �̂�𝑐(𝑗) = {
0                    𝑓𝑜𝑟  0 < log𝑊0 ≤ 𝛼𝑛
𝑀(log𝑊0 − 𝛼𝑛)   𝑓𝑜𝑟 log𝑊0 > 𝛼𝑛

                                              (𝐸𝑞 6.3) 

where �̂�𝑐(𝑗) is the estimated ranging request collision probability at a 

particular value of n. Taking the antilogarithm on both side of (Eq 6.3) will 

give  
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�̂�𝑐(𝑗) = {

1            𝑓𝑜𝑟  1 < 𝑊0 ≤ 𝑒𝛼𝑛

𝑊0
𝑀

𝑒𝑀𝛼𝑛
          𝑓𝑜𝑟       𝑊0  > 𝑒𝛼𝑛

                                                                 (𝐸𝑞 6.4) 

where 𝑒𝛼𝑛 is the offset to be determined. To estimate 𝑒𝛼𝑛for any number of 

contentions CPEs, we apply least squares method on data points {(𝑥, 𝑦) ∈ 𝜁,

where   𝑥 ∈ 𝑛 ≥ 2, 𝑦 ∈  𝑒𝛼𝑛  } obtained from the log-log plot, where 𝜁 

represents the total number of data points. The estimated offset  𝑒𝛼𝑛  

achieved is as follows   

𝑒𝛼𝑛 = 𝑎 + 𝑏𝑛          (Eq 6.5) 

where 𝑎 and 𝑏 are the parameters to be determined. Let 𝑒 be the error 

between the actual offset and the estimated offset values, then  

𝑒𝑖 = 𝑒
𝛼𝑛𝑖 − 𝑎 − 𝑏𝑛𝑖        (Eq 6.6) 

Let 𝐸 be the sum of the squared errors, then 

𝐸 =∑𝑒𝑖
2 =∑(𝑒𝛼𝑛𝑖 − 𝑎 − 𝑏𝑛𝑖)

2

𝜁

𝑖=1

𝜁

𝑖=1

                                                                      (𝐸𝑞 6.7) 

For finding a and b such that the sum of the squared errors 𝐸 between the 

actual offset and the estimated offset is minimized, we put  
𝜕𝐸

𝜕𝑎
= 0,   

𝜕𝐸

𝜕𝑏
= 0,   

therefore,  

𝜁𝑎 + 𝑏∑𝑛𝑖

𝜁

𝑖=1

=∑𝑒𝛼𝑛𝑖

𝜁

𝑖=1

                                                                                            (𝐸𝑞 6.8) 

𝑎∑𝑛𝑖

𝜁

𝑖=1

+ 𝑏∑𝑛𝑖
2

𝜁

𝑖=1

=∑𝑛𝑖

𝜁

𝑖=1

 𝑒𝛼𝑛𝑖                                                                             (Eq 6.9) 



 

 
126 

 
 

Multiplying (Eq 6.8) by ∑ 𝑛𝑖
𝜁
𝑖=1  and (Eq 6.9) by  𝜁, and then after subtracting 

the resulted equations, finally we come up with  

𝑏 =
∑ 𝑛𝑖
𝜁
𝑖=1 ∑ 𝑒𝛼𝑛𝑖

𝜁
𝑖=1 − 𝜁 ∑ 𝑛𝑖 𝑒

𝛼𝑛𝑖
𝜁
𝑖=1

(∑ 𝑛𝑖
𝜁
𝑖=1 )

2
− 𝜁 ∑ 𝑛𝑖2

𝜁
𝑖=1

                                                                (Eq 6.10) 

Now, by using (Eq 6.8), we obtain a as 

𝑎 =
∑ 𝑒𝛼𝑛𝑖
𝜁
𝑖=1

𝜁
− 𝑏  

∑ 𝑛𝑖
𝜁
𝑖=1

𝜁
                                                                                    (Eq 6.11) 

Now substituting (Eq 6.10) and (Eq 6.11) into (Eq 6.5), the estimated offset 

can be obtained and this offset will further be incorporated in (Eq 6.4) for 

estimating the ranging request collision probability.  

6.2 Numerical Results and Discussions 

To support our analysis, the numerical results are added in Figures 6.1-6.13. 

The effect of initial contention window size (W0) on ranging request collision 

probability is illustrated in Figure 6.1. In this analysis, we consider the 

number of contention CPEs as n = 2, 5, 10, 20, 40, 60 and 80.  For n = 2, the 

ranging request collision probability or simply collision probability is less than 

0.3 that will further be reduced with increasing the window size. So, there is 

no such problem of association with n = 2.  Now for the other values of n with 

smaller contention window size, i.e., 𝑊0 = 2, the collision probability is too 

high. Therefore, it is very difficult for the CPEs to join the network in the first 

attempt. Ultimately, they will go in the binary exponential random backoff 

(BERB) process. At W0 = 4, the collision probability for n = 5 is less than 0.4 

but when the number of CPEs approaches to 10, the collision probability 
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goes to 0.76. This clearly indicates that when the number of CPEs is 

increased by 100% the collision probability is considerably increased by 

more than100%.  

 

Figure 6.1: Ranging request collision probability versus initial contention window 

size. 

In this situation, only a few CPEs can establish their association with the BS. 

Similarly, when the number of CPEs is further increased either from 10 to 20 

or from 20 to 40, the respective collision probability approaches to 1.  At this 

current initial contention window size, the majority of the CPEs will be 

involved in the BERB procedure which results in more delay. On the other 

hand, if window size increases, for example from 4 to 8 or from 16 to 32 with 

n=10, the collision probability decreases by about 52% and 70% 

respectively. Obviously, there will be more chances for the CPEs to become 

part of the IEEE 802.22 network.  The same is true for other values of n. As 
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shown in Figure 6.1, it is clear that the collision probability depends upon the 

initial contention window size and the number of contention CPEs.  

 

Figure 6.2: Ranging request collision probability versus initial contention 

window size in logarithmic scales. 

To obtain a mathematical expression for offset, we move towards the 

logarithmic plot of the collision probability against initial contention window 

size. Here, the window size 𝑊0 from 2 to 2048 is incorporated for the number 

of contention CPEs n = 2, 5, 10, 20, 40, 60 and 80 as shown in Figure 6.2. 

We are now interested in obtaining the straight lines so that we can find out 

the offsets. For this we need to find out the slopes of the lines by using (Eq 

6.2) for each value of n. The slopes for n = 2 are almost the same throughout 

the window size, i.e., -2 as shown in the Table 6.1. It means the relationship 

between logarithmic collision probability and logarithmic initial contention 

window size is linear. The slopes for n = 5 are approximately the same at 
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𝑊0 ≥ 32.  For n = 10, the slopes are moderate at the beginning of the 

window size, then they start steeping and become more or less the same at 

the window size 𝑊0 ≥ 128.   

Table 6.1: Slopes of the lines for different values of n. 

 

 

No. W0 log W0 

Slopes (𝑴) 

n = 2 n = 5 n = 10 n = 20 n = 40 n = 60 n = 80 

1 2 0.69315 - - - - - - - 

2 4 1.38629 -2 -1.14580 -0.38802 -0.03549 -0.00014 0 0 

3 8 2.07944 -2.00231 -1.60514 -1.06599 -0.41243 -0.04707 -0.00462 -0.00043 

4 16 2.77259 -2 -1.81095 -1.52012 -1.03324 -0.42151 -0.15397 -0.05291 

5 32 3.46573 -1.99769 -1.92270 -1.75890 -1.48349 -1.01808 -0.66995 -0.42540 

6 64 4.15888 -2 -1.93860 -1.88095 -1.73434 -1.46551 -1.22376 -1.01090 

7 128 4.85203 -2 -1.99791 -1.96777 -1.86079 -1.72437 -1.58616 -1.45710 

8 256 5.54518 -1.99998 -1.99869 -1.97093 -1.96057 -1.94614 -1.78507 -1.71891 

9 512 6.23832 -2.00001 -1.99437 -1.98500 -1.98359 -1.95753 -1.92691 -1.91387 

10 1024 6.93147 -2.00001 -1.99718 -1.99248 -1.98308 -1.98796 -1.96728 -1.97020 

11 2048 7.62461 -1.99998 -1.99856 -1.99622 -1.99157 -1.98220 -1.97995 -1.98114 

As shown in Table 6.1, the slopes for n = 20 are less steep as compared to 

the slopes for n = 10.  These slopes are approximately the same for the 

window size 𝑊0 ≥ 256.  The slope is nearly equal to 0 for n = 40 at 𝑊0 = 2 

and 𝑊0 = 4. It means that there is a slight change in the curve. With 

increasing the window size the slopes are getting sharp. After the window 

size 𝑊0 = 128, the slopes are nearly the same. When n = 60, the slopes are 

approximately equal to 0 between 𝑊0 = 2 and 𝑊0 = 8, i.e. no change in the 

curve. It means, the collision probability for this particular value of n is 
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constant over this window size.   When  𝑊0 ≥ 16, the slope is getting steep 

and is converging to -2 for the higher values of 𝑊0. Now similarly when n = 

80, the curve almost remains the same for 𝑊0 = 2, 4, 8 and 16. The collision 

probability has a maximum value over this window size. After 𝑊0 = 16, the 

slope starts steeping with increasing the initial contention window size and it 

asymptotically converges to a constant value.  

 

Figure 6.3: Ranging request collision probability versus initial contention 

window size in logarithmic scales. 

From this observation, this can be visualized that at a smaller value of 

window size, i.e.,𝑊0 = 4, the slope steepness drastically decreases with 

increasing the value of n and it approaches to 0 for the higher value of n.  At 

a particular value of n, the slope steepness steadily increases with increasing 

the window size 𝑊0. On the other hand when window size 𝑊0 is big enough, 

the slopes approximately approach to -2 for any value of n.  

0.7 1.4 2.1 2.8 3.5 4.1 4.8 5.5 6.2 6.9 7.6 8
-16

-15

-14

-13

-12

-11

-10

-9

-8

-7

-6

-5

-4

-3

-2

-1

0

Initial contention window size (Wo) in logarithmic scale

R
an

gi
ng

 r
eq

ue
st

 c
ol

li
si

on
 p

ro
ba

bi
li

ty
 i

n 
lo

ga
ri

th
m

ic
 s

ca
le

n = 2

n = 5

n = 10

n = 20

n = 40

n = 60

n = 80



 

 
131 

 
 

After analyzing the slopes from Figure 6.2, we select those slopes which are 

approximately the same for each value of n and draw the corresponding 

straight lines in Figure 6.3. Note that the slopes of every straight line are 

almost equal to -2. Now we need to find out the offset 𝑒𝛼𝑛 at each straight 

line.  

 

Figure 6.4: Offsets verses number of contention CPEs. 

Figure 6.4 gives the relationship between the offsets and the number of 

contention CPEs n. We see that the offset at n = 2 is approximately 1.  When 

n increases from 5 to 10, the offset changes from 3.15 to 6.63.  It means 

when the number of contention CPEs is increased by100%, the offset is also 

increased by more than 100%. Similarly, when n moves from 10 to 20, the 

offset moves from 6.63 to 13.71. It is interesting to note that when n is 

doubled the offset is almost doubled. Again, as shown from Figure 6.4, when 

n is increased by 100% either from 20 to 40 or from 40 to 80, the respective 
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offset is almost increased by 100% from 13.71 to 27.95 and 27.95 to 53.73. It 

shows that the offset increases as the number of contention CPEs increases.  

 

Figure 6.5: Offsets verses number of contention CPEs. 

On the other hand if the number of contention CPEs decreases the offset 

also decreases.  Therefore, it is clear from the results that the offset value is 

highly dependent on the number of contention CPEs n. Now using these 

data values, we estimate 𝑒𝛼𝑛 by exploiting (Eq 6.5), (Eq 6.10) and (Eq 6.11). 

The estimated curve is shown in Figure 6.5 along with the actual curve. 

Using these equations, the relative error is calculated by getting a difference 

between the actual value and the estimated value and then, dividing it by the 

actual value.   The relative error at n = 2 and n = 5 is −1.40 × 10−5and 1.47 ×

10−4 respectively which is too small that can be negligible. It means the 

approximation is good enough for the smaller values of n. Now for n = 10 

and n = 20 the relative error is 4.21 × 10−3 and 7.92 × 10−3 respectively 

2 5 10 20 40 60 80

3

6

9

12

15

18

21

24

27

30

33

36

39

42

45

48

51

54

57

60

Number of contention CPEs (n)

O
ff

se
t 

( 
e 


n)

Actual value

Estimated value



 

 
133 

 
 

which is also very small.  Now for the larger values n = 40 and n = 60 the 

relative error is 1.24 × 10−2 and 2.68 × 10−3 respectively. As n increases, the 

relative error decreases. For n = 80, the relative error is just 2.47 × 10−3 

which is further 8% less than that for n = 60.  From this analysis, it is clear 

that the approximation fits well for the larger values of n too.  Using this 

approximation, we can find the offset depending upon how many CPEs are 

attempting to associate with the BS. Finally, the expression for estimating the 

ranging request collision probability comes into the form as follows.     

�̂�𝑐(𝑗) =

{
 
 

 
 

1          𝑓𝑜𝑟  1 < 𝑊0 ≤ 𝑒
𝛼𝑛

𝑊0
𝑀

𝑒𝑀𝛼𝑛
          𝑓𝑜𝑟       𝑊0  > 𝑒𝛼𝑛

𝑤ℎ𝑒𝑟𝑒 𝑒𝛼𝑛 =
6𝑛 − 3

10
,    𝑀 = −2

                                                       (𝐸𝑞 6.12) 

From this expression, it implies that the initial ranging process will not be 

successful if W0 ≤ e
αn.  Therefore, to initiate the ranging process for any 

number of CPEs, the initial contention window size should be greater than 

offset value eαn. Figure 6.6 compares the collision probability (𝑃𝑐(𝑗)) resulting 

from (Eq 6.1) with the estimated collision probability (�̂�𝑐(𝑗)) obtained from (Eq 

6.12). These probabilities are plotted against initial contention window size 

ranging from 𝑊𝑜 = 2 to 𝑊𝑜 = 2048 in logarithmic scale for the various number 

of contention CPEs n.  
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Figure 6.6: Ranging request collision probability versus initial contention 

window size in logarithmic scales. 

Let us now turn to investigate the relative errors of the approximation. For n = 

5, the relative error at 𝑊𝑜 = 2 is -0.231 which is a little bit large but decent. 

This is due to very small window size. The relative error at 𝑊𝑜 = 4, 𝑊𝑜 = 8 

and 𝑊𝑜 = 16 is 0.18, -0.078 and -0.062 respectively.  The relative error 

decreases as the window size increases.  Again, when 𝑊𝑜 = 32 and 𝑊𝑜 =

64, the relative error further reduces to -0.019 and 0.012 respectively. If we 

keep on increasing the window size upto 𝑊𝑜 = 1024 and 𝑊𝑜 = 2048, the 

relative error goes to 1.05 × 105 and −8.39 × 106 respectively which is 

extremely small.  From the results, it is clear that the approximation is good 

for n = 5.  Now for n = 10, the relative error at  𝑊𝑜 = 2 is -0.012 which is very 

small. At  𝑊𝑜 = 4, the relative error is -0.323 which is large. When window 

size moves up from 𝑊𝑜 = 8 to 𝑊𝑜 = 16, the relative error moves down from -
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0.137 to -0.113. Also, when window size moves from 𝑊𝑜 = 32 to 𝑊𝑜 = 64, 

the relative error moves from -0.076 to -0.052. Similarly, when window size 

increases from 𝑊𝑜 = 128 to 𝑊𝑜 = 256, the relative error reduces from -0.023 

to -0.019.   

 

Figure 6.7: The relative error of the approximation (Eq 6.12) for n number of 

contended CPEs from Wo=2  to W0 =2048. Note that the relative error is not 

everywhere positive. 

If the window size is large enough, the relative error asymptotically 

converges to zero. For n = 20, the relative error at 𝑊0 ≤ 4 is almost equal to 

0 but at 𝑊𝑜 = 8, it is -0.364 which is large but affordable.  The relative error at 

𝑊𝑜 = 16 is just 0.099. It is interesting to see that when window size increases 

from 𝑊𝑜 = 16 to 𝑊𝑜 = 2048, the relative error rapidly approaches to zero as it 

is evident from Figure 6.7, which shows the effectiveness of the 

approximation for n = 20. Now, for n = 40, the relative error at 𝑊0 ≤ 16 is 
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nearly equal to 0 except at 𝑊𝑜 = 16, which is -0.384. When window size 

changes from 𝑊𝑜 = 16 to 𝑊𝑜 = 32, the relative error decreases from -0.384 

to -0.076. Similarly, when window size changes from 𝑊𝑜 = 64 to 𝑊𝑜 = 128 

and 𝑊𝑜 = 512 to 𝑊𝑜 = 1024, the relative error further decreases from -0.052 

to -0.041 and from -0.039 to -0.006 respectively. This shows that the 

approximation results are closely related to the numerical results for n = 40. 

For n = 60, the relative error is less than -0.116 throughout the window size 

for 𝑊0 < 32. When window size is increased from 𝑊𝑜 = 32 to 𝑊𝑜 = 64, the 

relative error is reduced to -0.062. Again, when window size is increased 

from 𝑊𝑜 = 128 to 𝑊𝑜 = 256, the relative error is reduced by a factor of -1.2. 

Similarly, when window size is increased from 𝑊𝑜 = 512 to 𝑊𝑜 = 1024 and 

from 𝑊𝑜 = 1024 to 𝑊𝑜 = 2048, the relative error in this case, is reduced by 

the factors of 1.02 and -11 respectively no matter how large the initial error 

may be.  Now, finally for n = 80, the relative error remains less than -0.040 

throughout the window size for 𝑊0 < 32. When window size is moved from 

32 to 64, the relative error is reduced to -0.038. When window size is 

increased to 2048, the relative error is further reduced to -0.002. As shown 

from the figure, the approximation performs well for smaller window size as 

well as for larger window size for n = 80. This can be noted that the worst 

relative error for n = 5, 10, 20 and 40 occurs at 𝑊𝑜 = 2, 𝑊𝑜 = 4, 𝑊𝑜 = 8 and 

𝑊𝑜 = 16 respectively. Similarly, the worst relative error for n = 60 and n = 80 

take places at, 𝑊𝑜 = 32. These peaks in the relative error are due to the 

following reasons: (1) 𝑊0 ≪ 𝑛, (2) The estimated collision probability is equal 

to 1 at this particular window size. Due to this, the CPEs cannot successfully 
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establish their connection with the BS. Since, the peaks occur during CPEs 

waiting time, so these worst relative errors pay no significant role in the 

approximation.   

 

Figure 6.8: Comparison of collision probabilities with n = 5. 

Figures 6.8-6.13 compare the results of estimated collision probability with 

numerically calculated collision probability for n = 5, 10, 20, 40, 60 and 80. It 

can be observed that the estimated results are closely related with the 

numerical results. In the light of this analysis, it can be concluded that our 

approximation works reasonably well for finding the ranging request collision 

probability for any number of contention CPEs at a particular value of initial 

contention window size.   
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Figure 6.9: Comparison of collision probabilities with n = 10. 

 

Figure 6.10: Comparison of collision probabilities with n = 20. 
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Figure 6.11: Comparison of collision probabilities with n = 40. 

 

Figure 6.12: Comparison of collision probabilities with n = 60. 
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Figure 6.13: Comparison of collision probabilities with n = 80. 

6.3 Conclusion 

The ranging request collision probability was estimated depending upon the 

size of initial contention window and the number of CPEs attempting to join 

the IEEE 802.22 network. The accuracy of the estimated curve has been 

analyzed for various number of contention CPEs using the relative errors. 

The results show that the approximation works reasonably well for finding the 

ranging request collision probability for any number of contention CPEs at a 

particular value of initial contention window size. Moreover, this 

approximation provides the threshold size for contention window to start the 

initial ranging process for any number of CPEs in the IEEE 802.22 network.   
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Chapter 7.  

CONCLUSIONS AND FUTURE WORK 

In this thesis, a number of analytical frameworks have been proposed for 

initialization and network association of CPEs with the BS in IEEE 802.22 

WRAN cell.  The IEEE 802.22 is the first international standard based on CR 

techniques for the opportunistic use of TV bands on non-interfering basis. 

This standard defines both PHY and MAC layer specifications for operation 

and avoidance of harmful interference to incumbents. A WRAN cell is in an 

infrastructure based network, particularly facilitating a maximum of 512 

CPEs.  A novel analytical framework based on Markov process is presented 

to evaluate the number of active CPEs in the IEEE 802.22 network. Poisson 

arrival rate and exponential service rate are incorporated into the model. The 

active CPEs length entirely depends upon the service rate but, when service 

rate becomes equal to the arrival rate, the active CPEs curve attains a 

constant value. A number of cases are studied and the effectiveness of the 

proposed framework is validated through various evaluation results.    

Contention, which occurs when two or more CPEs attempt to use the same 

operating channel, is a critical issue. It may occur during initial ranging, 

periodic ranging, bandwidth request and urgent coexistence situation 

notification. The MAC makes use of several schemes to efficiently control 

contention between CPEs.  The contention resolution scheme is used only in 

initial ranging, periodic ranging and bandwidth request, but it is not applied to 

UCS notification because of not receiving any explicit feedback from the BS. 
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To avoid contention in bandwidth request, the CDMA method is incorporated. 

Initial ranging is the primary and important process for CPEs to access the 

network and establish their connections with the BS. To avoid contention in 

initial ranging, the contention resolution scheme defined in the IEEE 802.22 

network is based on CDMA method with a fixed initial contention window 

size. However, this algorithm does not consider the possibility that the 

number of contention CPEs may change dynamically over time leading to 

dynamically changing collision probability. In this work, a comprehensive 

analysis is provided to clarify initial ranging process in IEEE 802.22 network, 

and on the basis of number of contention CPEs and the initial contention 

window size, the initial ranging request success probability is derived.  Then, 

the expression for average ranging success delay is obtained for the 

maximum backoff stages.  It is clear from the numerical results that the 

ranging success probability as well as average ranging delay depends upon 

the system parameters, mainly the initial contention window size and the 

number of contention CPEs in the network. To reduce the average delay, the 

initial window size needs to be decreased. By doing this, the ranging success 

probability will be decreased and ultimately, less number of CPEs can be 

able to establish their connections, while many of them will be involved in 

BERB process. Thus, to keep the collision probability at a specific level for 

the particular number of contention CPEs, it is necessary for the BS to 

schedule the required size of initial contention window. Therefore, the 

optimized initial window size based on number of contention CPEs is 

proposed to provide the least upper bound that meets the collision probability 

constraint. This analysis can help the BS in scheduling the initial contention 
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window size to facilitate the maximum number of contention CPEs to 

associate with reasonable delay leading to reach better system performance.  

An analytical framework is developed to estimate the ranging request 

collision probability depending upon the size of initial contention window and 

the number of CPEs attempting to join the IEEE 802.22 network. The 

accuracy of the estimated curve is analyzed for various number of contention 

CPEs on the basis of the relative errors.  The numerical results confirm that 

the approximation works reasonably well for finding the ranging request 

collision probability for any number of contention CPEs at a particular initial 

contention window size.   Moreover, this approximation is further utilized to 

find out the threshold size for contention window to start the initial ranging 

process for any number of CPEs in the IEEE 802.22 WRAN cell.   

Future work may address the following issues: 

 Since continuous time Markov chain model provides approximate 

solution, so in order to create more realistic model for real type of 

networks, a discrete time Markov chain model is indispensable. We 

will intend to develop this model for performance evaluation of CPEs 

attempting to associate with the BS in the IEEE 802.22 network.  

 Development of an analytical framework for spectrum handoff in IEEE 

802.22 network. We would intend to further explore for performance 

comparison of different spectrum handoff schemes.  

 Self-coexistence is a situation, when more than one WRAN cells 

existing in the same geographical area, use the same operating 
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channel.  The self-coexistence and channel sharing between cells are 

important issues in IEEE 802.22 networks. We would further explore 

these issues and intend to develop an analytical model for 

performance evaluation of CPEs attempting to associate with the BS.   

 Spectrum sensing is the first and the central components of CR 

network. It is an important task upon which the entire operation of CR 

rests. We would explore this area, and would intend to design an 

efficient spectrum sensing algorithm for fast sensing as well as for fine 

sensing based on IEEE 802.22 networks. 

 The Model presented in Chapter No. 4 is based on ordinary Poisson 

arrivals in which only one event occurs at any arrival instant. However 

we are intended to extend this work by incorporating the compound 

Poisson processes with generalized exponential service rate.  
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APPENDIX 

The work presented has already been submitted and published in national 

and international reviewed conferences and journals. 

Journals: 

 Afzal H., Awan I., Mufti M. R., Fretwell R., Sheriff  R. E., “A 

Comprehensive Analysis of Initial Ranging Request Process in IEEE 

802.22 Networks”, Submitted in IEEE Systems Journal, 2014. 

 Afzal H., Awan I., Mufti M. R., Fretwell R., Sheriff  R. E., “Modeling of 

Initial Contention Window Size for Successful Initial Ranging Process 

in IEEE 802.22 WRAN Cell”, Submitted in Simulation, Modelling, 

Practice and Theory (Elsevier Journal), 2014. 

 Afzal H., Awan I., Mufti M. R., Sheriff R. E., “Modelling and Analysis of 

Customer Premise Equipments Registration Process in IEEE 802.22 

WRAN Cell”, Journal of Systems and Software (Elsevier Journal), 

August, 2014. 

 Afzal H., Mufti M. R., Nadeem M., Awan I., Khan U. S., “The Role of 

Spectrum Manager in IEEE 802.22 Standard”, Journal of  Basic and  

Applied Scientific  Research, Vol. 4, No. 4, pp. 280-289, 2014.  

Conferences:  

 Afzal H., Khan U. S., Awan I., Mufti M. R., “A Simple Greedy Algorithm 

for Cognitive Radio Networks”, Proc. in 29th  Annual UK Performance 

Engineering Workshop (UKPEW) 2013, pp.3-7. 
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