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ABSTRACT 
The explosive growth of wireless communication systems and 

computing devices is being hindered by the scarcity of readily 

available usable frequency band as most bands are licensed 

and the unlicensed bands are becoming overcrowded. 

Research has however, shown that a considerable portion of 

licensed bands lies idle at some points in time or location. 

This prompts the development of cognitive radios (CRs) to 

improve the overall utilisation of the limited spectrum by 

opportunistically using licensed spectrum. This paper 

observed that the two approaches of underlay and overlay of 

spectrum utilisation of CRs are not maximising the potentials 

of CRs. To further improve spectrum utilisation, a hybrid 

model of the two approaches is hereby presented. The model 

uses the principles of match filtering and interference 

temperature. The design is implemented within the scope of 

IEEE 802.22 research group which describes the coexistence 

of cognitive radios with TV bands. This paper therefore, 

presents a mathematical formalism that allows CRs to utilise 

the TV band while ensuring a minimum interference to the 

primary users. 
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1. INTRODUCTION 
Wireless technology depends on the limited radio frequency 

which is a part of the electromagnetic spectrum. Radio 

frequency spectrum is in the middle of the electromagnetic 

spectrum and it covers a frequency range of about 10 KHz to 

300 GHz [1]. A large and growing part of the world’s output 

relies upon use of spectrum for large varieties of things. 

According to [2], wireless technology is proliferating rapidly 

with over 3 billion wireless devices, most of which are cell 

phones and mobile computers, and the number is expected to 

increase to approximately 100 billion by the year 2025.   

The key purpose of spectrum management is to maximize the 

value that society gains from the radio spectrum by allowing 

as many efficient users as possible while ensuring that the 

interference between different users remains manageable [1]. 

Spectrum management provides each user with the right to 

transmit on a particular frequency over a particular area, 

typically in the form of a licence.  In a licensed spectrum, only 

the licensee has the right to use the spectrum in that particular 

area. A few bands designated as unlicensed spectrum, allow 

users to share spectrum but with restriction to limit the 

consequences of interference [1, 3]. Spectrum allocation is 

necessary in order to ensure interference free operation for 

each radio service. However, when exclusive right (licensed 

spectrum) is given to a particular user to operate in a 

particular frequency, some sort of inefficient usage of the 

spectrum is inevitable. This is because the spectrum lies idle 

when the licensee is not using the spectrum and this limit the 

introduction of new technologies by supposedly shortage of 

spectrum which in much of the time sits idle [1]. Researchers 

have however, shown that most allocated spectrum sits idle at 

any given time [3, 4]. The observation is that most of the 

licensed spectrum at some time in a particular location lies 

fallow when the primary user is not transmitting while the 

unlicensed spectrum band is increasingly being overcrowded 

[5, 6]. 

The increasing demand for spectrum in recent years due to the 

introduction of new wireless technology has put pressure on 

spectrum manager to evaluate spectrum utilisation for the 

purpose of identifying idle channel for re-use [7, 8]. 

In order to improve the efficiency of spectrum, radio systems 

are allowed to coexist in the same spectrum through dynamic 

spectrum access (DSA). Effective spectrum utilisation is 

achieved when one device transmits while others are idle. 

Dynamic spectrum access sharing could be between Primary 

and Secondary users (i.e. licensed and unlicensed users) or 

among different secondary users in open spectrum band.   

In order to meet the demand for spectrum, new technologies 

to efficiently utilize the limited resource are being developed. 

One of these technologies is cognitive radio which is designed 

to opportunistically use licensed spectrum when licensed 

users are inactive [2, 5].  

The current spectrum sensing techniques in cognitive radio 

are not maximizing the opportunistic usage of the spectrum. 

In the overlay approach shown in Figure 1, CR uses the 

spectrum only when licensed users are not present. Even when 

primary users’ usage of the spectrum is low, CR cannot use it 

at all when usage at restricted transmission would not have 

cause any harmful interference.  

 

Figure 1: Overlay Sharing of Spectrum. Source: [12] 
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In the underlay approach shown in Figure 2, CRs are allow to 

share and coexist with primary users in the spectrum but with 

the constraint that CRs users cannot transmit above a set limit, 

so as not to cause harmful interference to primary users. The 

shortcomings of this approach is that when primary users are 

not even present, CRs users still cannot transmit above the set 

limit even though doing so will not affect primary users as 

they are inactive during the period. 

 
Figure 2: Underlay Sharing of Spectrum Source: [12] 

According to [9], because the current approach to spectrum 

access has not kept up with spectrum demand, there appears 

to be scarcity of electromagnetic spectrum. However, the 

introduction of cognitive radios has significantly affected 

spectrum management policy which has led to the idea of 

opportunistic spectrum utilisation for finding available 

spectrum to improve coverage and capacity [9, 10]. Finding 

available spectrum requires the ability to sense the absence or 

presence of licensed users and this is a major challenge for 

cognitive radios [11]. 

 

Different sensing techniques classified as overlay and 

underlay approaches have been developed. [12] identified the 

shortcomings of these approaches and proposed a hybrid 

model where the need to opportunistically and maximally use 

the underutilized licensed spectrum band was justified. The 

model proposed addresses how to ensure that cognitive radios, 

through a sensing technique and interference temperature 

model, use vacant spectrum optimally when licence users are 

not transmitting. In the hybrid model, cognitive radio users 

will be able to use the available spectrum optimally when the 

licensed users’ absence is noted unlike in the existing model 

where cognitive radio users are restricted to the set fixed 

transmitting parameters. 

This paper now presents a mathematical model of the hybrid 

approach. 

2. LITERATURE REVIEW 

2.1 Introduction         
Data communication refers to information or signal generated 

in one way or the other from a source and transmitted to a 

desired destination or receiver external to message source 

[13]. The distance over which data moves may vary from a 

few thousandths of an inch, as is the case within a single IC 

chip within a computer to as much as several thousands of 

kilometres in communications satellites [13,14]. Wireless 

communications systems are systems that use and rely on the 

scarce radio frequency spectrum which is the fields of 

electrical and magnetic energy that carry communications 

signal to transmit data. Wireless communications systems 

have been having great impact on human endeavours and 

activities since the time Guglielmo Marconi, in 1895 first 

transmitted wireless signal in the form of wireless telegraphy 

over a distance of three kilometres [15]. According to [16], 

wireless communications technology is the fastest growing 

segment of communications industry because of its wide 

range of applications in use today. Among many applications 

of wireless communications systems are mobile 

communication (voice, data and video), Internet-enabled cell 

phones, smart homes and appliances, remote control, 

interconnection of computing devices, video teleconferencing, 

meteorological and scientific uses, radio astronomy, Radio 
and Television broadcasting. 

2.2 Dynamic spectrum access 
Dynamic spectrum access is identified as an important near-

term opportunity for efficient spectrum usage and introduction 

of new wireless services [2]. DSA is the use of licensed 

spectrum opportunistically by unlicensed user when the 

primary user is idle or inactive and it is important in the sense 

that it improves the efficient utilisation of radio spectrum and 

allows introduction of new wireless services [2].   

The challenges of DSA include developing wireless devices 

that can operate in different frequency bands, protecting the 

right of licence holders and maintaining service quality [2]. 

To achieve the goals of DSA, systems involves in spectrum 

sharing must be able to know whether to transmit or not in 

order not to cause interference with systems coexisting in the 

network. With emerging technologies like cognitive radios, 

opportunistic access is becoming more practical, but 

significant research challenges remain [17]. The 5 GHz 

unlicensed frequency band is a candidate for a large set of 

radio services, and is one of the unlicensed frequency bands 

that may be efficiently used only with established spectrum 

etiquette [18]. 

The basic premise of DSA is that spectrum licence holders, 

known as primary users, should allow other devices, known 

as, secondary users to transmit in their frequency bands when 

they are not using them, on a non-interference basis, for 

example, idle TV spectrum can be reused for regional 

broadband access, which is the goal of IEEE 802.22 [19]. 

 

There are two basic dynamic spectrum access approaches, 

overlay and underlay approach in CRs. In the overlay 

approach, the SUs access the portion of the spectrum that is 

not used by PUs as a result; there is virtually no interference 

to the PUs. In the underlay approach, the SUs access the 

network by spreading their signals over a wide frequency 

band. The underlay approach imposes severe constraints on 

the transmission power of SUs. Operating below the noise 

floor of PUs, the SUs are allowed to interfere with PUs up to a 
certain tolerable level. 

The overlay approach is not very effective if cognitive radio 

techniques’ inherent need to increase the spectrum utilisation 

is taken into consideration. So the underlay allowing the SU 

to use the spectrum band while the PU is operating on the 

spectrum is more appropriate. In this case, avoiding the 

interference in cognitive radio as well as primary device is 

important. 

2.3 Cognitive Radios 
A cognitive radio is a software radio equipped with sensors 

and software that allow it to perceive the operating 

environment and learn from experience [7]. 

Cognitive radios by design are capable of sensing their 

environment and thereby make necessary changes in their 

transmission parameters to use the spectrum when primary 
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users are inactive and to leave when licence users reappear [2, 

9, 10, 20, 21]. From software defined radio (SDR) which was 

conceived by Joe Mitola in 1991, comes the idea of cognitive 

radio as an option to the problems inherent in SDR [9]. 

Cognitive radio is a technology for spectrum sharing that 

recognizes vacant bands of spectrum and adjusts 

autonomously its transmission to one of the bands by using 

SDR technology [10]. 

Cognitive radio technology is expected to improve spectrum 

access through: increased spectrum efficiency of licensed 

spectrum users; secondary markets by allowing licensees to 

lease their spectrum access e.g. by machine-controlled 

negotiation between systems; automated frequency 

coordination between licensees; opportunistic spectrum use by 

unlicensed devices while protecting incumbents from harmful 

interference [7]. 

Radio functionalities are major challenges in cognitive radio 

as it requires a considerable amount of intelligence from the 

transmitting device. Cognitive radio need to detect the 

presence of primary users in a licensed spectrum and quit the 

frequency band as quickly as possible if the corresponding 

primary radio emerges in order to avoid interference to 

primary users [7]. From the definition of cognitive radio, [22] 

highlighted two main characteristics of cognitive radio to be 

cognitive capabilities and re-configurability. This means that a 

cognitive radio will be able to detect multiple idle frequency 

bands and decides which frequency band to use since it is in 

most cases unrealistic that the user will be able to pick the 

right band [2]. In other word, cognitive radio systems require 

the four major management functions of spectrum sensing, 

spectrum decision, spectrum sharing and spectrum handoff or 

mobility [23]. 

Cognitive radio network is an intelligent multi user wireless 

communication system that knows, understand and learn the 

process of transmission from its environment and thereby 

reconfigure the transmission parameters of each transceiver in 

the network to facilitate and control communication processes 

among multiple users through cooperation and proper 

allocation of available resources. Cognitive radio networks 

intend to address the inefficient usage of spectrum in static 

allocation through dynamic sharing of available spectrum 

between licensed users also called primary users and 

unlicensed users. To address the challenges of dynamic 

spectrum access, there is need for the description of CR 

network architecture for the development of communication 

protocols that will help in the realization of the goals of 

cognitive radio networks [22]. 

The different implementations of cognitive radio network 

architecture as recorded by [9] includes CR1 and DARPA’s 

XG architecture which are examples of ontological reasoning 

radios, biologically inspired cognitive radio and CORTEKs  

which are examples of non-deterministic procedural radios, 

the last cognitive radio presented by [9] is XG1, which is an 

example of a deterministic procedural radio.   

However, [22] classified components of the CR network 

architecture into two groups, the primary network and the CR 

network. The primary network (or licensed network) is 

referred to as an existing network, where the primary users 

have a licence to operate in a certain spectrum band. Due to 

their priority in spectrum access, the operations of primary 

users should not be affected by unlicensed users. Because CR 

network does not have a licence to operate in a desired band, 

it requires additional functionality for CR users to share the 

licensed spectrum band, base stations that provide single-hop 

connection to CR users and spectrum brokers that play a role 

in distributing the spectrum resources among different CR 

networks [22]. 

2.4 Spectrum Sensing Techniques in 

Cognitive Radio 
The spectrum sensing techniques in cognitive radio are 

classified into five main categories namely, Transmitter 

detection, Primary receiver detection, Cooperative Sensing, 

Interference Temperature Management, and Other 

Approaches. Match filtering technique and interference 

temperature are employed for this model 

2.4.1 Matched Filter (MF) 
This sensing technique performs optimally if transmitted 

primary signal is known at secondary receiver. It requires 

perfect knowledge of primary user signalling features and this 

makes implementation complexity to be very high because it 

needs to identify different signal types [4]. When the 

transmitted signal is known at receiver, matched filtering 

(MF) is known as the optimal method for detection of primary 

users since it maximizes received signal-to-noise ratio (SNR) 

[24]. 

A matched  filter  (MF)  is  a  linear  filter designed  to 

maximize  the  output  signal  to noise  ratio  for  a given  

input  signal. Matched filter operation is equivalent to 

correlation in which the unknown signal is convolved with the 

filter whose impulse response is the mirror and time shifted 

version of a reference signal. MF is the most complex in terms 

of implementation but also, has the highest accuracy among 

the sensing techniques [25]. 

 

2.5 Interference Temperature Management 
Works as an ultra-wide band (UWB) technology where the 

SUs are allowed to transmit simultaneously with PUs using 

low transmit power and are restricted by the interference 

temperature level [25]. The disadvantage of this approach is 

that CR users will not be able to transmit beyond the set 

interference temperature limit even with the absence of PUs in 

the spectrum band [4]. Using this model, cognitive radios 

(CRs) operating in licensed frequency bands would be capable 

of measuring the current interference environment, and 

adjusting their transmission characteristics in such a way that 

their transmissions avoid raising the interference temperature 

over a regulatory limit [26]. Interference management is one 

of the most important topics in cognitive radio networks since 

secondary user (SU) is allowed to reuse the spectrum of the 

primary user (PU) only if SU do not cause interference and 

resulting degradation in the PU transmission [27]. 

3. NETWORK MODELLING 
The design of the model is based on the scope of IEEE 802.22 

which describes the coexistence of cognitive radios with TV 

bands. According to [9], with these bands in mind, the IEEE 

802.22 working group is pursuing the development of a 

waveform intended to provide high bandwidth access in rural 

areas using cognitive radio techniques. It is stated that the 

802.22 standard intends to achieve spectral efficiencies of up 

to 3 bits/sec/Hz corresponding to peak download rates at 

coverage edge at 1.5 Mbps. Simultaneously, the 802.22 

system hopes to achieve up to 100 km in coverage [28].   
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According to [19], there are two main challenges in 

implementing the network model. The first involves 

identifying licensed signals and the second problem involves 

measuring the interference temperature TI in the presence of a 

licensed signal. These two problems are addressed in the 

existing models of overlay and underlay upon which this 

paper develops a hybrid model to increase spectrum 

utilisation. 

4. MATHEMATICAL MODEL 
The optimal way for any signal detection is by using a 

matched filter (figure 3) since it maximizes received signal-to-

noise ratio [29]. The primary users are identified by matching 

the priory information about their transmission characteristics 

to the features extracted from the received signal. In many 

broadcast signals such as television, a pilot carrier is 

transmitted to aid in phase synchronization [30].  

 

Figure 3: Matched filter Using pilot Signal for signal 

detection 

Supposed r (t) = s (t) + n (t)   -------- (1) 

Where  

           r (t) is the input to the filter 

           s (t) is the signal with a finite duration T and known 

waveform p(t) to be detected  

           n (t) the additive noise 

The Match filter impulse response to the signal is given as:  

y (t) =             
 

 
   -------- (2) 

h (t) is the impulse response of the filter 

y (t) is the output of the matched filter 

The matched filter is designed to maximize the ratio of the 

square of signal amplitude to the square of the noise 

amplitude. This is done by using a matched filter with 

optimum impulse response hopt (t). This is found thus:  

SNR = 
  

    

  
    

  = 
             

              
   -------- (3) 

The signal part of the output is given in equation (4) and its 

expression in terms of amplitude and pulse duration is given 

in equation (5).  

ys (t) =             
 

 
   -------- (4) 

The received signal s(t) = ApP(t-to)  -------- (5) 

      Where Ap = unknown signal amplitude, and (t-to) = Pulse 

duration, T 

The Fourier transform of s(t)  in equation (5) is given as 

S (f) = ApP(f)e-j2Πft0     -------- (6) 

The peak pulse amplitude A, of the received signal could be 

derived from the Inverse Fourier Transform (IFT) of the 

signal part as 

A =                
 

 
    -------- (7) 

   = Ap                  
 

 
   -------- (8) 

The noise part of the output and its Fourier Transform are 

given in equations (9) and (10)   

yn (t) =             
 

 
   -------- (9) 

                    
 

 
   -------- (10) 

The noise variance can be expressed as 

   =                 
 

 
   -------- (11) 

Maximising the ratio of peak output amplitude A to the noise, 

gives: 

 
 

 
  =   

                   
 

 

                
 

 

   -------- (12) 

 
 

 
  =   

  
       

     

 

 
      -------- (13) 

Assuming that       is a white Gaussian noise with spectral 

density of      , equation (13) reduces to 

 
 

 
    
 = 

   
 

  
           

 
df = 

   

  
   -------- (14) 

Where    =   
           

 
df   -------- (15) 

The signal at the output of the filter, at the observing instant t 

is given by 

    
   

  
   -------- (16) 

y (t)   is then compared with a threshold TRE 

4.1 Determination of Threshold 
There are two possible ways to determine the threshold (TRE) 

of a signal. One way is to estimate the energy of the signal 

and reduce it to half, fix it as a threshold. Another way is to 

compute the standard deviation of the signal by computing the 

mean and use it as threshold. Of the two methods, the former 

one is theoretically proved to be optimal. 

If the known primary signal energy is Es, then  

TRE = 
  

 
   -------- (17) 

If y (t)  > TRE  then primary signal is present  

If y (t)  < TRE then primary signal is absent  
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The interference temperature TI can be specified as a function 

of bandwidth B as 

   (    B) = 
 

  
  (    B) -------- (18) 

= 
 

  
 
 

 
         

 
  

 
 

 
  

 
 

  -------- (19) 

= 
 

   
        

 
  

 
 

 
  

 
 

  -------- (20) 

PI (fc, B) = average interference power in watts at centre 

frequency fc, and bandwidth B 

K = Boltzmann’s constant (1.38 x10-23 J/K)  

Where S(f) represents spectral power of current RF 

environment. 

Given B, to compute a valid P, If n (number of primary users) 

= 0:  

 P ≤ Pmax, the radio’s maximum transmit power. 

For n> 0, P is given as: 

P  ( 
   

 
    (  ) -   (      ))) -------- (21) 

The goal is that the interference temperature present added to 

the interference to be introduced by the SU will not exceed 

TL, that is: 

TI (fi, Bi) + 
     

   
   TL (fi)      1      -------- (22) 

This power requirement of the SU is then computed as: 

Psu    
   

  
   L (fi) – TI (fi, Bi))) -------- (23) 

Psu = Unlicensed transmitting power 

Mi= Fractional value between 0 and 1 representing attenuation 

between SU and PU (depends on distance between primary 

user transmitter and secondary user transmitter). 

If 
   

  
      TRE then,  

Psu    
   

  
   L (fi) – TI (fi, Bi))) else, 

Psu = Pmax 

Where 

Psu is the transmission power of the cognitive radio with the 

presence of primary user signal and Pmax is the maximum 

transmission power when the primary user is absent. 

5. CONCLUSION 
This research has developed a new spectrum utilisation 

technique which is the Hybrid of Overlay and Underlay 

methods. The Hybrid method uses match filtering principles 

and interference temperature management in Cognitive radios. 

This hybrid technique is to be implemented in the Digital 

Television (DTV) band. When the research is successfully 

completed, the contribution will be improved spectrum 

utilisation in the TV band where cognitive radio will not only 

coexist with the DTV signal in the overlay but also in the 

underlay in a hybrid mode. This will be possible in the sense 

that in the case of the presence of primary users, cognitive 

radio will operate within a set limit. Also, when primary 

users’ are not using the spectrum, instead of restricting the 

cognitive radio to the set limit, it will be able to 

opportunistically use the spectrum maximally. 

 

 

6. FUTURE WORK 
This mathematical model is to be implemented by designing 

an algorithm that will be used by the media access control of 

cognitive radio.  
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