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ABSTRACT 
 

The demand of wireless spectrum is increasing very fast as the field of telecommunication is 

advancing rapidly. The spectrum was underutilized because of fixed spectrum assignment 

policy and this valuable spectrum can be utilized efficiently by cognitive radio technology. 

In this thesis we have studied spectrum selection problems in cognitive radio network. 

Channel sharing and channel contention problems arise when multiple secondary users tend 

to select same channel. The thesis work is focused on spectrum selection issue with the aim 

to minimize the overall system time and to solve the problem of channel contention and 

channel sharing.  The overall system time of secondary connection is an important 

performance measure to provide quality of service for secondary users in cognitive radio 

network.  

 

        We studied two spectrum selection schemes that considerably reduce the overall system 

time and resolve the problems of channel sharing and channel contention. An analytical 

model associated with Preemptive Resume Priority (PRP) M/G/1 queuing model has been 

provided to evaluate the studied spectrum selection scheme. This model also analyzes the 

effect of multiple handoffs due to arrival of primary users. According to this scheme, the 

traffic load is distributed among multiple channels to balance the traffic load. Secondary 

users select the operating channels based on the spectrum selection algorithm. They can 

intelligently adopt better channel selection scheme by considering traffic statistics and 

overall transmission time. All simulation scenarios are developed in MATLAB. 

 

        Based on our result we can conclude that both channel selection schemes considerably 

reduce the overall transmission time of secondary users in cognitive radio network. The 

overall transmission time increase with the rise of arrival rate of secondary user. The 

probability based channel selection scheme perform better with lower arrival rate and 

sensing based channel selection scheme perform better with higher arrival rate of secondary 

users. These channel selection schemes help distribute the traffic load of secondary users 

evenly among multiple channels. Hence, increase the channel utilization and resolve the 

channel contention problem. 

 

 

Keywords: Cognitive Radio Network, QoS, Spectrum Selection  
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1. Introduction 

 
In this chapter background, aims and objectives as well as research methodology for 

cognitive radio networks are discussed. 

 

1.1 Overview 
 

Cognitive radio is a technique for efficient utilization of spectrum. The thesis work is 

focused on spectrum selection issue with the aim to minimize overall system time and to 

solve the problem of channel contention. The overall system time of secondary connection is 

an important performance measure to provide quality of service for secondary users in 

cognitive radio networks. It is defined as the duration from the moment that a request for 

connection arrives at the system until the moment of completing the whole transmission. It is 

the sum of waiting time and data transfer time. The waiting time is the duration from the 

moment that connection arrives at system until the moment of starting transmitting data. The 

data transfer time is the duration from the moment that connection transmission is started 

until the moment of completing the whole transmission. The selection of the vacant channels 

is an important task performed by secondary user. For this, various channel characteristics 

such as shortest expected waiting time [22], largest idle probability, and largest expected 

remaining idle period are considered [23]. Channel contention issue arises when more 

secondary users select same channel for transmission. 

 

1.2 Aims and objectives 
 

The main aim of this thesis project is to study on minimizing the overall transmission time of 

secondary users in cognitive radio networks. 

 

         For doing this we studied an analytical model for spectrum selection scheme. Our 

results are obtained by Matlab simulation. Two types of spectrum selection scheme are 

considered: (1) Instantaneous sensing-based spectrum selection scheme and (2)  Probability-

based spectrum selection scheme. 

 

        For the sensing-based channel selection scheme, the secondary users have to 

accomplish wideband sensing to find an idle channel from all the candidate channels. If more 

than one idle channel is found, the secondary user randomly selects one channel from the 
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idle channels for its operating channel. If all candidate channels are occupied, the secondary 

user still randomly selects one channel from all the candidate channels and waits for the 

available time slot of this selected channel. In sensing-based spectrum selection scheme, the 

total number of candidate channels for channel selection considerably influence the overall 

system time because this scheme requires scanning all candidate channels. Obviously, a 

narrowband sensing can reduce the total sensing time. However, it is difficult to find one idle 

channel from a small number of candidate channels. Therefore, a challenging issue is to 

determine the optimal number of candidate channels to minimize the overall system time 

[31]. 

 

        For the probability-based spectrum selection scheme, the operating channel is selected 

based on a predetermined probability determined according to long-term observation 

outcomes. The probability-based spectrum selection scheme needs to prevent the secondary 

users from selecting a busy channel. Therefore, the challenging issue is to determine the 

optimal channel selection probability to reduce the overall system time. The sensing 

outcomes in the both schemes are influenced by the traffic statistics of both primary and 

secondary users [32]. 

 

        For evaluation of the overall transmission time of the secondary users considering 

multiple handoffs, the studied channel selection model is combined with preemptive resume 

priority (PRP) M/G/1 queuing network. 

Some important features of the PRP M/G/1 queuing network model are as follows [19]: 

 The primary users have preemptive priority to interrupt the transmission of the 

connections of the secondary users. 

 The interrupted connection of the secondary user can resume the unfinished 

transmission when the channel becomes idle, instead of retransmitting the whole 

data. 

 

Our objectives are as follows: 

 

 Analyze the spectrum selection scheme in cognitive radio networks to meet Quality 

of Service (QoS) requirements for secondary users. 

 Study of cognitive radio networks and their working in general. 

 Resolve the effect of channel contention. 

 Characterize the behavior of multiple handoffs. 
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1.3 Research questions 
 

1. What is the impact of larger transmission time of secondary users in cognitive radio 

networks and how spectrum selection scheme can minimize it?  

2. How to determine best channel selection probability in probability based channel selection 

scheme? 

3. What is the impact of traffic loads of secondary users on sensing base and probability 

based channel selection schemes? 

4. What is the impact of channel contention and how channel selection scheme can solve it?  

 

1.4 Research methodology 
 

An analytical model is reported to evaluate the overall system time of secondary users for the 

sensing based and probability based spectrum selection schemes. In the studied method, the 

arrivals of primary and secondary users follow the Poisson process. According to this model, 

the secondary user can select one of M independent channels to be its operating channel. The 

spectrum selection algorithm is either instantaneously sensing-based or probability-based 

method. Based on the spectrum selection algorithm, each secondary user can select its 

operating channel. Distribution vector is necessary to describe the result of spectrum 

selection [32]. The distribution vector will be calculated mathematically for both spectrum 

selection schemes considering the traffic statistics of each channel. 

 

 

 
 
Fig.1.1 Shows an Overview of Suggested Analytical Model for Channel Selection Schemes. 
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          Here, arrival process of the primary and the secondary users are considered Poisson 

process. Let 
( )n

pr    be the arrival rates of primary connection on channel n and sc   be the 

arrival rates secondary connections. In addition, 
( )n

prX  represents the transmission duration 

of the primary connection on channel n and scX  represents the transmission duration 

secondary connections. Again bp
(n)

(x) and bs(x) are probability density functions of 
( )n

prX  

and scX  respectively. When the request for connection of a secondary user arrives at the 

system, the secondary user can select one of M channels for its operating channel depending 

on spectrum selection algorithm. Each spectrum selection scheme has its own selection 

algorithm. 

 

        The overall system time is evaluated based on the above model. Within the transmission 

period of a secondary connection, it may experience multiple spectrum handoffs due to the 

interruption from the primary users. The spectrum handoff procedure helps the secondary 

users vacate the occupied channel and then resume the unfinished transmission when this 

channel becomes idle. For evaluation of the overall transmission time of the secondary users 

considering multiple handoffs, the studied channel selection model is combined with 

preemptive resume priority (PRP) M/G/1 queuing network [19]. 

 

        Based on the PRP M/G/1 queuing network model the spectrum usage behavior between 

primary and secondary users can be characterized. Each channel has a virtual high priority 

queue and a low priority queue. Primary user’s traffic waits on high priority and secondary 

user’s traffic waits on low priority. 

 

 

 

Fig.1.2 Spectrum Usage Behavior Using PRP M/G/1 Queuing Network. 
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        The total service time of the secondary users is derived considering the average number 

of interruptions for secondary users of a particular channel and the average busy period 

resulted from the primary users of that channel. The result of both selection schemes is 

compared. 

 

        The simulation results are obtained by simulation using Matlab and are discussed in 

different statistical plots and tables. 

1.5 Contribution 
 

The studied spectrum selection scheme is expected to reduce the overall system time in 

comparison with traditional scheme. Numerical result and plot show the overall system time 

for different arrival rate of secondary users. The comparison of overall system times for the 

spectrum selection schemes is shown. Simulation is done in different scenario with different 

traffic pattern of primary and secondary users. Matlab optimization tool is used to determine 

the distribution vector of probability channel selection scheme. The results are obtained by 

simulation using Matlab and are discussed in different statistical plots and tables. 

 

1.6 Related work 
 

A cognitive radio (CR) is a radio that is aware of its surroundings and adapts intelligently 

[1]. In cognitive radio, the transceiver can intelligently detect the channels for 

communication if they are in use or not. If it finds some vacant channels then it moves in to 

it, avoiding the interference with the channels are that are already occupied. This feature also 

helps in getting maximum use of available radio-frequency (RF) spectrum and avoiding 

interference to other users. The main functions of the cognitive radio are to identity and to 

authorize its user, to determine the geographical location, to sense the neighboring wireless 

devices in operation and to adjust the output power. Cooperative communication in cognitive 

radio networks is new technology, a hot field of research. One of the most important 

challenges in cognitive radio networks is to identity the licensed users. 

 

        In [2] the authors discuss the influence of CR to future spectrum management. Goals 

and purpose of the future spectrum management are discussed. Architecture for the future 

spectrum management is suggested with a spectrum database and a policy database. The 

layering framework of the future spectrum management is also presented. 
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       In [3] Cognitive Radio Network (CRN) coordinated spectrum sensing is  studied in 

which cognitive terminals are assigned to sense different channels in the same sensing slots 

in order to obtain the occupancy status of all channels in every sensing period. The authors 

further discuss coordinated spectrum sensing strategies. The Kuhn-Munkres based alongside 

with greedy based algorithm are used for coordinated spectrum sending strategies. The 

results are shown with the help of simulation from which we can clearly see that overall 

sensing performance is improved by these algorithms as compared to basic greedy algorithm. 

 

        In [4] the authors address the Quality of Service (QoS) support for enhanced call quality 

that is demanded by the Voice over Internet protocol (VoIP). For the deployment of VoIP in 

communication models like Cognitive Radio (CR) we need to take the analysis of the factor 

that is involved in the design and its implementation. The main objective is to successfully 

implement a VoIP over cognitive radio networks and maintain the quality of the call to 

acceptable limit. Initially the model of VoIP is implemented over CRN using OPNET 

Modeler. Quality of Service (QoS) parameters of delay, jitter and packet loss are analyzed 

over the basic cognitive radio cycle in the developed model, and further modification is 

suggested in the cognitive radio cycle for improvement of the call quality and increase in the 

throughput. The suggested model is finally enhanced by providing some parameters that 

result in high quality VoIP calls. 

 

        In [5] the authors investigated the cooperation based spectrum access at the secondary 

networks. The Quality of Service (QoS) requirement of primary users is stringent, 

transmission rate is limited and low power is allowed at cognitive radio user. To increase the 

rate it is best and beneficial for the cognitive radio user to obtain cooperation from the 

surrounding environment. The relay that provides the best transmission rate is selected for 

cooperation. Under the peak and average interference constraints the maximum transmission 

rate performance is investigated. 

 

        In [6] maintaining the Quality of Service (QoS) in CRN is very hard task because of the 

random nature of radio channel condition and primary user traffic. In this paper the authors 

analyzed the already proposed mean-variance based QoS and resource management 

methods. They introduced the concept of mean-variance evaluation of QoS and resource 

management techniques. Mean variance technique is a statistical approach and do not 

acquire instantaneous knowledge of the PU activity. It enables the option to trade off 

between risk (QoS variance) and reward (QoS mean). Derivation is reported for the 

theoretical throughput mean-variance characteristics of a CR-OFDM system employing a 

mean-variance based QoS management strategy. 
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        In [7] the performance of CR networks under resume (RR) and restart retransmission 

(RS) strategies for interrupted secondary calls is investigated. In terms of secondary users 

blocking probability and mean transmission delay, the system performance is evaluated and 

analyzed. A trellis-based mathematical analysis is proposed for RR strategy for calculation 

of secondary users. Considering that service time for secondary user is coxian distributed, 

numerical results are shown that quantitatively compare the performance of the RR and RS. 

 

        In [8]   the authors discussed an analytical framework to design system parameter for 

load-balancing multi user spectrum decision schemes. In non-load balancing methods multi 

secondary users may try to use same channel, whereas considered load balancing scheme 

distribute the loads of the secondary user to multiple channels. A spectrum decision 

analytical model is suggested which is based on the preemptive resume priority (PRP) M/G/1 

queuing theory. The analytical model evaluates the effects of sensing errors (missed 

detection and false alarm) of secondary users and multiple interruptions from primary during 

each link connection. Cooperative spectrum sensing is used to increase the reliability of the 

spectrum sensing but there are still some limitations for improving local sensing decisions.   

 

       In [9] the authors suggested many signal processing techniques for detection of primary 

user. A two stage local spectrum sensing approach is being suggested by the authors. In first 

step each cognitive radio performs spectrum sensing techniques which are already exits i.e 

energy detection, cyclostationary detection and matched filter detection. In second step the 

output from each technique used in first step is combined using fuzzy logic to take decision 

about existence of the primary user. The suggested approach has higher probability of 

detection and low false alarms, so it improves the spectrum sensing. Secondary users (SUs) 

in cognitive radio networks have to detect the channel periodically while they are 

transmitting data. They have to decide whether the channel is idle in order to avoid 

undesirable interferences to primary users (PUs). The Channel efficiency of SU is affected 

during this detection process.  

 

        In [10]   the authors have explained the issue on the detection time selection with the 

aim to improve the channel efficiency. An optimization algorithm is suggested to obtain the 

numerical solution to the problem. Numerical results show that the highest channel 

efficiency can be obtained by the optimization of the detection time. 

 

        In [11] Radio Knowledge Representation Language (RKRL) is defined and analyzed 

via use-case scenarios. RKRL is combination of natural language and computer based 
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models. Networks, protocols, user needs, broad communications context, personal wireless 

devices, radio propagation and applications scenarios are represented by RKRL. Its 

properties help the software to resident in a handset and are capable to learn about radio 

environment. Software radios are ideal platform for cognitive radio. A programmable digital 

radio can be control by cognitive radio algorithms. In software radio the efficient use of 

spectrum is enhanced. 

1.7 Thesis outline 
 

The remaining part of this paper is arranged as follows. In Chapter 2, we discuss about 

cognitive radio technology. In chapter 3 spectrum management techniques are discussed. In 

chapter 4, we discuss modeling of our system. In Chapter 5 we discuss our simulation work 

and analyze the results. Finally, in chapter 6 we conclude our work. 
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2. Cognitive Radio Technology 
 

In this chapter issues related to spectrum management are discussed to use the 

spectrum in a better way. Further we provide a brief explanation about cognitive 

radio architecture and discussed how cognitive radio adopts its self according to 

environment. 

2.1 Spectrum Issues 
 

Radio spectrum is an important source for wireless communication provided by the service 

providers. It can use in global system of mobile communication by using frequency reuse 

techniques. The most important research fields are radio spectrum management and 

utilization. The figure 2.1 below show how spectrum management is used. Frequency 

allocation and standards for new technology are defined by national telecommunication 

union. For wireless service spectrum is divide in to different segments. It is the right of 

licensed user to divide allocated spectrum into fixed number of frequency channels. 

 

 
 

Fig.2.1 Division of Radio Spectrum and Radio Spectrum Ranges. [25] 

 

 

       Federal communication Commission (FCC) is independent organization of United States 

of America, which works in areas such as broadband, public safety, media, homeland 

security and spectrum. [12] 

        In 2002 FCC reported that cognitive radio can help in better usage of spectrum and 

improve the efficiency of the network [13].So the cognitive radio can help in effective 
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utilization of spectrum. FCC has then publish a another report called “Notice  of  proposed  

rulemaking  (NPRM)  using  cognitive  radio  Technology”  [13]. 

 

 
 

                                               Fig.2.2 Radio Spectrum Usages. [16] 

 

        The above Fig. 2.2 shows that licensed radio spectrum is unoccupied and unused. It 

means that the entire spectrum is not used by the licensed user all the time. So there are 

always some white holes and spectrum opportunities. To overcome this issue and fill the 

white holes and to utilize spectrum in a better way a cognitive radio technology is used. 

Wastage of radio spectrum occurs because it is underutilized from 3GHZ to 6GHZ. Such 

situation creates a problem of unavailability of radio spectrum. 

2.2 Cognitive Cycle 
 

In [14] the cognitive radio is defined as a wireless communication system, which is 

intelligent and adopts its self according to the environment. It uses the methodology to learn 

from its environments. It has two primary objectives  

 Reliable communication whenever and wherever. 

 Utilization of the spectrum in an efficient way. 
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Fig.2.3 Basic Cognitive Cycle. [26] 

 

 

 

 

        Through direct observation the radio collects information about the present operating 

environment. At Orient the importance of information is estimated and some priority is 

assign to it. According to that established priority cognitive radio figure out Plan or Decide 

operations in a way that would credibly improve the evaluation. The alternative (Act) is 

implemented by the radio by adjusting its resources and doing proper signaling. The 

operation of the radio (Learn) is improved by using the observation and decision. 

 

2.3 Cognitive radio Architecture 
 

In cognitive radio network there are two categories of users. They are licensed (primary) and 

unlicensed (secondary) users. In radio spectrum primary user is the main owner of the 

spectrum. For using this radio spectrum customer has to pay government authorities. Various 

operating parameters for PU are control by the base station. The licensed user also known as 

primary user has the right to use spectrum anywhere at any time, whereas the secondary 

needs permission to use the spectrum. If some spectrum is not used by the primary then 

cognitive radio provides opportunity to the secondary user to use that particular spectrum. 
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Fig.2.4 A Cognitive Radio Network Setup. [29] 

 

        The SU can sense the presence of primary user. If there is no primary user then that 

spectrum band can be used by the secondary user. Therefore we need some spectrum sensing 

techniques to meet Quality of Service (QoS) requirements in Cognitive radio networks. 
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3. Spectrum management for CR 
 

In this chapter we have discuss about radio spectrum and its utilization by all the modern 

technologies. The challenges faced in spectrum management are also discussed. Further we 

study some important features of Preemptive Resume Priority (PRP) M/G/1 queuing model 

and how to evaluate overall transmission time for secondary user based on this model. 

 

3.1 Radio Spectrum  
 

The nature has provided us radio spectrum as valuable source for communication. The wide 

ranges of the applications are been covered by radio waves such as cultural, social and 

scientific. It consists of air traffic control, emergency services and defense purposes. There is 

a high demand for radio spectrum in developing new technologies. The part of 

electromagnetic spectrum which can carry radio waves is known as radio wave spectrum. 

The different ranges of frequency are given in figure 3.1 

 

 
 

Fig.3.1 Radio Spectrum. [27] 

 
        The most important characteristics of spectrum are its propagation and amount of 

information it carries. Different waves act in a different way to spread, penetrate and hop. 

The higher frequency has the more bandwidth capacity to carry data as compare to lower 

frequency. Global System for Mobile Communications (GSM), Code Division Multiple 

Access (CDMA) and Long Term Evolution (LTE), all these modern technologies uses higher 

frequency.  
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3.2  Spectrum Management in Cognitive Radio 

network and its challenges 
 

Wireless networks are characterized by static spectrum allocation policy. In this policy the 

governmental agencies assign wireless spectrum to license holder. Due to increase in 

demand of spectrum this policy faces some problems in particular spectrum bands. The large 

amount of spectrum is used irregularly which leads to underutilization of the spectrum 

band.[15] 

        The dynamic spectrum access techniques can solve these spectrum efficiency problems. 

Cognitive radio provides the capability to share the channel with licensed users. [30] Using 

dynamic spectrum access techniques the cognitive radio (CR) can provide high bandwidth to 

mobile users. This goal can only be achieve through efficient spectrum management 

techniques and dynamic spectrum access. The CR faces new challenges because of high 

fluctuation in available spectrum and Quality of Service (QoS) requirement for different 

application. To address these challenges each CR network must 

 

 know portion of the spectrum are available 

 make decision for selection of the best channel 

 coordinate access to this channel with other user 

 leave the channel if licensed user is detected.[2] 

 

       Cognitive radio can change its transmitter parameters on interaction with environment in 

which it works. The two main characteristics of cognitive radio are as follows [16]: 

 

 Cognitive Capability: Cognitive capability refers to the ability of the radio to sense 

the information from its radio environment. [17] 

 

 Reconfigurability: To transmit and receive a variety of frequencies, to use different 

transmission access technologies a cognitive radio can be programmed.  

The cognitive capability and reconfigurabilty help the secondary user to use the unused 

spectrum in network.  
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Fig.3.2 Cognitive Radio Architecture. [16] 

 

        The cognitive radio operating in heterogonous network environment addresses four 

main challenges: spectrum sensing, spectrum decision, spectrum sharing, and spectrum 

mobility. 

 

 Spectrum Sensing: Unused portion of spectrum can be allocated to a cognitive radio 

user. Therefore available spectrum bands should be monitored by the CR user.CR 

user needs to capture their information and detect the spectrum holes.[28] 

 

 Spectrum Decision: Users can allocate a channel, based on spectrum availability. 

This allocation not only depends on availability of spectrum but also based on 

internal policies.[28] 

 

 Spectrum Sharing: If there are multiple CR users trying to access the spectrum, in 

this case to prevent multiple users colliding in overlapping portions of the spectrum, 

the CR network access should be coordinated.[28]  

 

 Spectrum Mobility: CR users are visitors to the spectrum. If the portion of the 

spectrum is required to be used by the primary user, the communication needs to 

transfer to another unused portion of spectrum.[28] 
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3.3  PRP M/G/1 queuing model 
 

Many challenges are faced by secondary user SU during its operation in licensed user to 

meet Quality of Service (QoS) requirements. 

The main challenges are: 

 

 Availability of the spectrum. 

 To find best available channel. 

 

        For evaluation of the overall transmission time of the secondary users considering 

multiple handoffs, the suggested channel selection model is combined with preemptive 

resume priority (PRP) M/G/1 queuing network. 

Some important features of the PRP M/G/1 queuing network model are as follows: 

 

 The primary users have preemptive priority to interrupt the transmission of the 

connections of the secondary users. 

 The interrupted connection of the secondary user can resume the unfinished 

transmission when the channel becomes idle, instead of retransmitting the whole 

data. 

 

       Overall system time will be evaluated based on the M/G/1 model. Within the 

transmission period of a secondary connection, it may experience multiple spectrum 

handoffs due to the interruption from the primary users. The spectrum handoff procedure 

helps the secondary users vacate the occupied channel and then resume the unfinished 

transmission when this channel becomes idle. 
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4. Analysis of system model for Spectrum 

selection schemes 
 

This chapter gives an overview of how to determine the optimal distribution vector of the 

two proposed channel selection scheme, how to evaluate the overall transmission time and 

multiple handoffs and how to calculate channel utilization. 

4.1 Distribution Vector 
 

The result of spectrum selection is expressed by the probability distribution vector. This is 

the set of probabilities to select the channels by secondary users for transmission. This 

distribution vector is denoted as P= (p1,p2..,pn…pM) where pn is the probability of selecting a 

particular channel n for secondary user’s transmission. For two different channel selections 

scheme distribution vector is assessed by the following approach. 

 

4.1.1 Instantaneously sensing based scheme 
 

According to instantenously sensing based  scheme all secondary users perform spectrum 

sensing to find an idle channel from all channels. If more than one channel is found vacant, 

one channel will be selected uniformly by the secondary user as its operating channel from 

those entire vacant channels. On the other hand, if all channels are found busy, the secondary 

user will conduct spectrum sensing on next sensing interval [32]. The probability of a 

selecting a particular channel n depends on the trafic statistics of primary and secondary 

users and determine inherently. 

      We  consider the set of all channels α={1,2……….M},  then  a particular channel n will 

be selected by the secondary users as an operating channel with the following probability 

[31]. 

 
                         (1)  

 

 

 

Where 
n  = busy probability of channel n and it is determined by the arrival rates and 

service times of the primary and secondary users. 
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This probability consists of two parts. The first part is the probability of selecting channel n 

when channel n and another | | channels are idle, and channel n is selected with the 

probability
1

1 
. 

The second part is the probability of all channels being busy and channel n will be selected 

in next sensing slot [31] 

 

 

 

4.1.2 Probability based scheme 
 

In probability bases channel selection scheme, a predetermined distribution vector is used by 

the secondary users to select its operating channel. To determine the distribution vector a 

transmission time minimization is formulated as follows [31]. 

 

 

 

                                                                                         (2) 

                             

 

Where [ ]prE T  = Average overall transmission time of secondary user in probability based 

scheme. Here [ ]prE T  is the function of distribution vector.  

        Solution of  this optmization problem  finds the set of probability distribution vector for 

which overall transmission time will attain a minimum value. To solve this optimization 

problem, in Matlab we use optimtool as an optimization tool and we also use fmincon as 

solver. This optimtool is a graphical user interface (GUI) for selecting a solver, the 

optimization options and running problems. 

Sum of all these probability distribution is equal to one.  

 

                 1

1
M

n n

nn

p p
 

                                                                                                         (3) 

 

           and  

 

                 
0 1np  n                                                                                                              (4) 
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Fig.4.1. Solving optimization problem by using optimtool to determine the distribution 

vector for probability based channel selection scheme. 
 

 

 

4.2 Evaluation of Overall transmission Time 
 

For better Quality of Service of SU we need to minimize the overall transmission time. This 

is important factor for better Quality of Service (QoS). The overall transmission time is 

denoted by (T). It consists of the waiting time and the total service time. Waiting time is 

denoted by W and total service time is denoted by S as shown in figure below. 
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Fig. 4.2.Overall Transmission Times of Secondary Users Considering Multiple Handoffs. 

 

        Waiting time is defined as time from which data enters the system to time at which 

system start transmitting the data and  the total time is define as the instant at which system 

start transmitting data until it completes the transmission. During the transmission SU may 

experience multiple handoffs because of the interruptions that are caused by primary user. 

Handoff method in spectrum helps the secondary user to vacate the channel and later if the 

channel become idle then it can resume and finish its job. So, overall transmission time is 

affected significantly by multiple handoffs. It will increase the transmission time and Effect 

the Quality of Service (QoS). [18] 

 

        To evaluate the overall transmission time with multiple handoffs, PRP M/G/1 queuing 

model  is associated with the  proposed channel selection schemes. This queuing model help 

analyzing the spectrum usage behavior [19]. 

 

         Depending on the analytical result the best scheme is selected for transmission. The 

channel selection scheme for which overall transmission is lowest is the optimal selection 

scheme and the optimal transmission time can be determined as follows. 

                   *  ,sc prT min T T                                                                                                    (5) 

 

Where Tsc= The overall transmission time of SU for sensing based channel selection scheme 

and Tpr= The overall transmission time of SU for probability based channel selection 

scheme. 

 

       The total service time of secondary user depends on the number of interruption due to 

primary user and average busy period of primary user on a particular channel. Secondary 
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users can not transmit data on current operating channel if they are interrupted by primary 

user and must wait until all the primary users in current queue complete their transmission. 

So after each interruption event occurred due to primary user, secondary users have to wait 

for average time duration. 

 

Let us consider 

 

             
( )n

pr = Average arrival rate of primary user on channel n 

            sc    = Average arrival rate of secondary 

            [ ]scE X = Average connection length of secondary users 

           
( )[ ]n

prE X  = average connection length of primary users on channel n
 

 

 

The total service time of SU can be written as follows [31]: 

 

                  
( ) ( ) ( )[ ] [ ]n n n

sc prE X E I G  
                                                                                  (6) 

                                                    

=   Total service time of secondary user on channel n 

                   

And according to [20] we can find followings: 

  Average number of interruption on channel n,  

               
( ) ( )[ ] [ ]sc
n n

prE I E X                                                                                        (7) 

 

Average busy period due to primary user on channel n,  

               

( )
( )

( ) ( )

[ ]

1 [ ]

n
prn

Gpr
n n

pr pr

E X

E X



                                                                                (8) 

 

 

Again, the total service time can be written as 

 

                
( )

1

[ ]
M

n

n

n

E S p


                                                                                               (9) 

 

 

4.2.1 Transmission time for instantaneously sensing based scheme 
 

From the definition of overall transmission time we can write 

                 [ ] [ ]sc scE T W E S                                                                                         (10) 

 

        scW  is average waiting time and [ ]E S  is average service time of the secondary users 

( )n
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         In sensing based method the waiting is the time for finding at least one channel by the 

process of spectrum sensing. Suppose that at different time slot channel busy probabilities 

are independent. Then this waiting time follows the geometric distribution which can be 

written as [32]. 

                
1

1

(1 )
i

sc

i

W i 






                                                                                    (11) 

 

        Where  is sensing time and   is the probability that all M channels are busy at same 

time which can be written as follows. 

                
( )

1

M
n

n

 


                                                                                                      (12) 

                                                              

          Solving equation (9), (10) and (11) altogether gives the average overall transmission 

time for sensing based spectrum selection scheme. 

 

 
 

4.2.2 Transmission time for probability based scheme 
 

In the probability based  scheme overall transmission time of secondary user for a channel k 

is as follows 

  
( ) ( )( )
n nnprTpr W                                                                                    (13) 

 

Where,  ( )nprW = Average waiting time of the secondary user of channel n 

 

              
( )n = The total service time of the secondary users on channel n 

 

The waiting time is the length of time that a secondary user spent in queue and according to 

PRP M/G/1 queuing theory [24], we have: 

              

( )
[ ]( )

( ) ( ) ( )(1 )(1 )

n
E Rn

pr
n n n

pr pr sc

W
p 


  

                                                      (14) 

    

 

Here, 
( )

[ ]
k

E R is the residual service time due to primary and secondary users. According 

to[24] we can write 

               ( )
21 1( )

[ ]
2 2

[ ] [ ]n

pr sc

n
E R E Xpr E scnp X  

                                                   (15) 

        
 

Busy probability due to primary user,
( )n

pr =
( ) ( )[ ]n n

pr prE X  and 
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Busy probability due to secondary user, 
( )n

scp = [ ]sc scnp E X  

Now according to [24], we can find the average overall transmission time of all channels as 

follows 

  

( )

1

[ ]
M

n
prn

n

E Tpr p T



 

 

=
( )( )

1 1

M M
nn

prn n

n n

p W p
 

                                                                             (16)                               

 
 

Where  

              
1

1
M

n n

nn

p p
 

     and 0 1np        n  

 

 

        Substitution of (6) and (14) into (16) gives the interrelationship between distribution 

vector and average overall transmission time. Finally, distribution vector can be calculated 

from (2) 

 

        Busy probability,
n , is the probability that channel k is busy. This busy probability 

resulted from the busy probability due to primary user (
( )n

pr ) and busy probability due to 

secondary user (
( )n

scp ). This can be written as follows. 

( ) ( )

( ) ( )[ ] [ ]

1,

n n n
pr sc

n n
pr pr sc scn

p

E X p E X
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5. Simulation and Analysis of Result 
  

This chapter describes the result of spectrum selection and numerical analysis of the result. 

Distribution vector which describe the result of channel selection, channel utilization, overall 

transmission time of secondary users are present in this chapter. 

5.1 Distribution Vector 
 

We have considered that the transmission duration of the primary and secondary connections 

follow the exponential distribution. The connections with the same priority will access the 

channel by maintaining the First Come First Served queuing order. The results in this part 

describe the effect of arrival rate of secondary users on distribution vector. The system 

becomes unstable if the arrival rate of secondary users become too high and solver stopped 

prematurely. We only consider distribution vector for those arrival rates for which system 

remain stable and solver of optimization tool terminate successfully satisfying the 

constraints. The results are obtained for different traffic parameters of primary users to show 

the effect of primary users’ traffic on distribution vector as its arrival rate can vary. 

 

Fig.5.1 Stacked Bar Presentation of the Distribution Vector Considering Different Arrival 

Rate of Secondary Users for Probability Based Spectrum Selection Scheme Where 

[ ]scE X =0.9. Sum of All Probabilities in Each Bar is 1. 
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Fig.5.2 Grouped Bar Presentation of Optimal Probability Distribution Vector Shows Traffic 

Load Distribution among Different Channel with Different Arrival Rate of Secondary Users 

where [ ]scE X = 0.9. 
 

 

         Figure 5.1 illustrates the optimal distribution vector with different arrival rate of 

secondary users. This optimal distribution vector is the probability distribution for which the 

overall transmission time of secondary users will be minimum one. In this case we have 

considered a four channel-system with the following criteria: [
(1)

pr ,
(2)

pr ,
(3)

pr ,
(4)

pr ] = 

[0.3,0.3,0.4,0.4] , [ ]scE X =0.9 and  (
(1)[ ]prE X ,

(2)[ ]prE X ,
(3)[ ]prE X ,

(4)[ ]prE X ) = 

[1,1.2,1,1.2]. It is obvious from the figure 5.1 and figure 5.2 that in lowest traffic load, 

secondary user has a higher tendency to select channel one as its operating channel but with 

increasing traffic load secondary user tend to select different channel with different 

probability to balance the traffic load over all channels. As channel one has the lowest traffic 

load, it is selected with higher probability. 
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Fig. 5.3 Stacked Bar Presentation of the Distribution Vector Considering Different Arrival 

Rate of Secondary Users where [ ]scE X =0.7. Sum of All Probabilities in each Bar is 1. 
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Fig.5.4 Grouped Bar Presentation of Optimal Probability Distribution Vector Shows Traffic 

Load Distribution among Different Channel with Different Arrival Rate of Secondary Users 

where [ ]scE X =0.7. 

 

 

 

        Figure 5.3 and 5.4  show the distribution vector for another scenario where we have 

considered a four channel-system with the following parameters for primary users: 

[
(1)

pr ,
(2)

pr ,
(3)

pr ,
(4)

pr ] = [0.1, 0.2, 0.4, 0.8 ] , [ ]scE X =0.7 and  

(
(1)[ ]prE X ,

(2)[ ]prE X ,
(3)[ ]prE X ,

(4)[ ]prE X ) = (2, 1, 0.5, 0.125). In this case secondary user 

has a  tendency to select channel 4 with higher probability as this can result in shorter 

waiting time. But the tendency of selecting channel 4 is decreases and probability of 

selecting all other channels increases with the rise of secondary users’ arrival rate. Hence 

there is a balance distribution of traffic among all channels. 



  28 

 

Fig. 5.5 Stacked Bar Presentation of the Distribution Vector Considering Different Arrival 

Rate of Secondary Users where [ ]scE X =0.9. Sum of All Probabilities in each Bar is 1. 
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Fig.5.6. Grouped Bar Presentation of Optimal Probability Distribution Vector Shows Traffic 

Load Distribution among Different Channel with Different Arrival Rate of Secondary Users 

where [ ]scE X =0.9. 

 

        Figure 5.5 and 5.6  show the distribution vector for another scenario where we have 

considered a two channel-system with the following parameters for primary users: 

[
(1)

pr ,
(2)

pr ] = [0.4 0.6] , [ ]scE X =0.9 and  (
(1)[ ]prE X ,

(2)[ ]prE X ) = [1 1.1]. In this case 

secondary user has a tendency to select channel 1 with higher probability as it has the lighest 

traffic load. But the tendency of selecting channel 1 is decreases and probability of selecting 

channel 2 increases with the rise of secondary users’ arrival rate. Hence there is a balance 

distribution of traffic between both channels. 

 

 

          Channel contention arises when all secondary users compete for all channels. Clearly, 

this probability based channel selection scheme distribute traffic load among all channel 

hence reduce the effect of channel contention. 
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        Table 5.1 shows distribution vector for different arrival rate of secondary users where 

[ ]scE X =0.9 and traffic parameter is : [
(1)

pr ,
(2)

pr ,
(3)

pr ,
(4)

pr ] = [0.3,0.3,0.4,0.4] and  

(
(1)[ ]prE X ,

(2)[ ]prE X ,
(3)[ ]prE X ,

(4)[ ]prE X ) = [1,1.2,1,1.2]. 

 

 

 

 

 

 

 

 

 

Table 5.1 Distribution Vector for Different Arrival Rate of Secondary Users . 

 

 

 

         Table 5.2 shows distribution vector for different arrival rate of secondary users  where 

[ ]scE X =0.7 and traffic parameter is : [
(1)

pr ,
(2)

pr ,
(3)

pr ,
(4)

pr ] = [0.1, 0.2, 0.4, 0.8] and  

(
(1)[ ]prE X ,

(2)[ ]prE X ,
(3)[ ]prE X ,

(4)[ ]prE X ) = [2, 1, 0.5, 0.25]. 

 

 

 

 

 

 

 

 

 

 

 

                

 

Table 5.2 Distribution Vector for Different Arrival Rate of Secondary Users. 

 

 

 

Arrival rate of 

Secondary user 

Optimal  distribution vector 

Channel 1     channel 2    channel 3      channel 4 

0.1 0.879 0.103 0.018 0 

0.2 0.614 0.22 0.166 0 

0.3 0.525 0.26 0.214 0 

0.4 0.48 0.28 0.24 0 

0.5 0.439 0.279 0.243 0.039 

0.6 0.41 0.276 0.243 0.071 

0.7 0.388 0.274 0.243 0.095 

0.8 0.372 0.272 0.243 0.113 

Arrival rate of 

Secondary user 

Optimal distribution vector 

Channel 1     channel 2    channel 3      channel 4 

0.1 0 0 0.285 0.715 

0.2 0 0.007 0.394 0.599 

0.3 0 0.122 0.372 0.506 

0.4 0 0.18 0.362 0.459 

0.5 0 0.215 0.355 0.43 

0.6 0.022 0.23 0.344 0.404 

0.7 0.06 0.233 0.328 0.379 

0.8 0.088 0.236 0.317 0.36 

0.9 0.11 0.238 0.308 0.345 



  31 

         Table 5.3 shows distribution vector for different arrival rate of secondary users where 

[ ]scE X =0.9 and traffic parameter is [
(1)

pr ,
(2)

pr ] = [0.4, 0.6] and (
(1)[ ]prE X ,

(2)[ ]prE X ) = 

[1, 1.1] 

 

 

 

 

 

 

 

 

Table 5.3 Distribution Vector for Different Arrival Rate of Secondary Users. 

 

 

5.2  Chanel Utilization 

 

Fig.5.7 Utilization of Channels for Four Channel System with Different Arrival Rate of 

Secondary Users where [ ]scE X =0.7. 

 

 

 

Arrival rate of 

Secondary user 

Optimal distribution vector 

Channel 1     channel 2    

0.1 1 0 

0.2 1 0 

0.3 0.97 0.03 

0.4 0.86 0.14 

0.5 0.792 0.208 

0.6 0.745 0.255 
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        Figure 5.7 shows the utilization (busy probability) of all channels for various arrival 

rates. Following criteria was assumed in this case: [
(1)

pr ,
(2)

pr ,
(3)

pr ,
(4)

pr ] = [0.1, 0.2, 

0.4, 0.8] , [ ]scE X =0.7 and  (
(1)[ ]prE X ,

(2)[ ]prE X , 
(3)[ ]prE X ,

(4)[ ]prE X ) = (2, 1, 0.5, 0.25). 

Utilization of all channels is 0.2 while secondary users’ arrival rate is 0. Here it is considered 

that all channels have equal busy probability due to primary user. Figure shows that 

utilization of all channels is increasing with the rise of secondary users’ arrival rate. It is also 

seen that secondary users prefer to select channel 4 as its operating channel because selecting  

this channel will reduce waiting time. So channel 4 has the highest busy probability. 

 

Fig.5.8 Utilization of Channels for Four Channel System with Different Arrival Rate of 

Secondary Users where [ ]scE X =0.9. 

 

 

 

 

 

 

        Figure 5.8 shows the channel utilization for another scenario where we have considered 

a four channel-system with the following parameters for primary users: 

[
(1)

pr ,
(2)

pr ,
(3)

pr ,
(4)

pr ] = [0.3, 0.3, 0.4, 0.4] , [ ]scE X =0.9 and 

(
(1)[ ]prE X ,

(2)[ ]prE X ,
(3)[ ]prE X ,

(4)[ ]prE X )  =  (2, 1.2, 1, 1.2). When there is no secondary 

users’ arrival utilization of all these four channels are 0.3, 0.36, 0.4 and 0.48 respectively. It 

is seen that channel one has the lightest traffic load but utilization of all channels increase as 

the secondary users arrival rate increase. 
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Fig.5.9 Utilization of Channels for Two Channel System with Different Arrival Rate of 

Secondary Users where [ ]scE X =0.9. 

 

 

          Figure 5.9 shows the utilization (busy probability) of a two channel system for various 

arrival rates considered with the following parameters for primary users: [
(1)

pr ,
(2)

pr ] = 

[0.4 0.6] , [ ]scE X =0.9 and  (
(1)[ ]prE X ,

(2)[ ]prE X ) = (1 1.1). Channel 1 has the lowest 

utilization where secondary users’ arrival rate is low but utilization of both channel increase 

with higher arrival rate of secondary users. When sc  = 0.6 utilization of both channel are 

equal. 
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        Table 5.4 shows Channel utilization for different arrival rate of secondary users where 

[ ]scE X =0.9 and traffic parameter is : [
(1)

pr ,
(2)

pr ,
(3)

pr ,
(4)

pr ] = [0.3,0.3,0.4,0.4] and  

(
(1)[ ]prE X ,

(2)[ ]prE X ,
(3)[ ]prE X ,

(4)[ ]prE X ) = [1,1.2,1,1.2]. 

 

Table 5.4 Channel Utilization for Different Arrival Rate of Secondary. 

 

 

        Table 5.5 shows Channel utilization for different arrival rate of secondary users where 

[ ]scE X = 0.7 and traffic parameter is : [
(1)

pr ,
(2)

pr ,
(3)

pr ,
(4)

pr ] = [0.1, 0.2, 0.4, 0.8] and 

(
(1)[ ]prE X ,

(2)[ ]prE X ,
(3)[ ]prE X ,

(4)[ ]prE X ) = [2, 1, 0.5, 0.25]. 

 

 

Table 5.5   Channel Utilization for Different Arrival Rate of Secondary Users. 

 

 

 

 

 

 

 

Arrival rate of 

Secondary user 

Channel utilization 

Channel 1 channel 2 channel 3 channel 4 

0.1 0.3791 0.3693 0.4016 0.4800 

0.2 0.4105 0.3996 0.4299 0.4800 

0.3 0.4417 0.4302 0.4578 0.4800 

0.4 0.4728 0.4608 0.4864 0.4800 

0.5 0.4975 0.4856 0.5093 0.4975 

0.6 0.5214 0.5090 0.5312 0.5183 

0.7 0.5444 0.5326 0.5531 0.5398 

0.8 0.5678 0.5558 0.5750 0.5614 

Arrival rate of 

Secondary user 

Channel utilization 

Channel 1     channel 2    channel 3      channel 4 

0.1 0.2000 0.2000 0.2200 0.2500 

0.2 0.2000 0.2010 0.2552 0.3063 

0.3 0.2000 0.2256 0.2781 0.3063 

0.4 0.2000 0.2504 0.3014 0.3285 

0.5 0.2000 0.2752 0.3242 0.3505 

0.6 0.2092 0.2966 0.3445 0.3697 

0.7 0.2294 0.3142 0.3607 0.3857 
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        Table 5.6 shows channel utilization for different arrival rate of secondary users where
 

[ ]scE X =0.9 and traffic parameter is [
(1)

pr ,
(2)

pr ] = [0.4, 0.6] and  (
(1)[ ]prE X ,

(2)[ ]prE X ) = 

[1, 1.1] 

 

 

 

 

 

 

 

 

 

 

Table 5.6 Channel Utilization for Different Arrival Rate of Secondary Users. 

 

 

 

 

5.3 Overall transmission time 

 
 

Fig.5.10 Comparison of Overall Transmission Time for Different Channel Selection 

Schemes with Different Arrival Rate of Secondary Users. 

 

 

       Fig.5.10 describes the effect of arrival rate of secondary users on overall transmission 

time for three spectrum selection schemes. Here we have considered two channels with 

following criteria: : [
(1)

pr ,
(2)

pr ] = [0.4, 0.4] , [ ]scE X =0.7 , (
(1)[ ]prE X ,

(2)[ ]prE X ) = (1,1) 

Arrival rate of 

Secondary user 

Channel utilization 

Channel 1 channel 2 

0.1 0.4900 0.6600 

0.2 0.5800 0.6600 

0.3 0.6619 0.6681 

0.4 0.7096 0.7104 

0.5 0.7564 0.7536 

0.6 0.8023 0.7977 
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and sensing time  =1.3. It is evident from the figure 5.10 that both sensing based and 

probability based scheme considerably reduce the overall transmission time in comparison 

with traditional scheme. In traditional method secondary tends to select same channel for 

transmission. In traditional scheme the secondary users selects channel based on the lightest 

traffic load [21], the shortest expected waiting time[22],the longest expected remaining idle 

period[23] and maximum throughput. It is seen from the figure 5.10 that probability based 

scheme has shorter overall transmission time in lower arrival rate of secondary users whereas 

with higher arrival rate of secondary users sensing based scheme has the shorter overall 

transmission time. This is because probability based scheme tend to select channel which has 

the lowest interrupted probability and sensing based scheme considerably decrease the 

waiting time. 

 
 

Fig. 5.11 Optimal Overall Transmission Time for Different Arrival Rate of Secondary Users. 

 

 

        Figure 5.11 shows the optimal overall transmission time adopted from both scheme. 

Secondary user can chose the best spectrum selection scheme to reduce the overall 

transmission time. 
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6. CONCLUSION AND FUTURE WORK  
 

6.1 Conclusion 
 

 This thesis work investigated the secondary users’ overall transmission time, the effects of 

channel contention and spectrum sharing problems, and multiple handoffs. Thus it provides 

an insight view of spectrum selection technique in cognitive radio network. 

 

        Larger overall transmission time degrade the QoS of secondary users. Two spectrum 

selection schemes were studied which considerably reduce the overall system time. 

According to traffic statistic of primary users and secondary users both channel selection 

scheme dynamically select operating channel for secondary users and also evaluate the effect 

of multiple hand-off. 
 

        In probability based channel selection scheme best channel selection probability is 

determined by solving optimization problem. Solution of the optimization problem 

determines the probability distribution of channel selection that result in minimum overall 

transmission time of secondary users. 
 

        Traffic load of secondary users has great impact on overall transmission time. For both 

channel selection scheme overall transmission time increase with the rise of rate of 

secondary users’ arrival. In addition, probability based channel selection scheme perform 

better while secondary users’ arrival rate is lower. In contrast, instantaneous sensing based 

channel selection scheme perform better while secondary users arrival rate is higher. 

Moreover, secondary users can intelligently choose the better spectrum selection scheme 

with variable traffic parameter. 

      The traffic loads of secondary users are distributed among different channel and all 

secondary users do not tend to select particular good channel. Thus channel contention and 

sharing problem is resolved. Moreover, the utilization of all channels is increased due to 

balance distribution of traffic load among them. 

 

6.2 Future Work 
 

 Although cognitive radio convey a greater potential to overcome the under utilization of 

spectrum in future it has many theoretical limit still unresolved. More research is required to 

develop new spectrum selection algorithm for efficient utilization of spectrum. This work 

can be further extended considering sensing error and different types of spectrum handoff 

schemes.  
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