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ABSTRACT 

Cognitive Radio (CR) is a comparatively new technology 

which is based on the revolutionary idea that provides 

solution to the underutilization of spectrum and spectrum 

scarcity problem. CR allows a group of users to identify and 

access to available spectrum resources for their optimum use. 

In this paper we describe the CR starting from the traditional 

Radio and Software Defined Radio (SDR). We also introduce 

the concept of reconfigurability. CR can be implemented 

using reconfigurable hardware. Therefore, it needs a platform 

that offers higher performance and reconfigurability. In this 

paper we describe different existing implementation of CR in 

reconfigurable platform and make a comparative study of 

them. 

General Terms 

Cognitive radio: its implementation techniques on 

reconfigurable hardware and complexity analysis.  

Keywords 

Radio communication system, SDR, CR. 

1. INTRODUCTION 
Wireless communication is a hot topic for research works to 

the communication and computer engineers. Wireless devices 

are getting popularity everyday. Electromagnetic spectrum 

requirements have also increased. However, the process of 

availability of electromagnetic spectrum is very complex and 

costly. As a result, availability of spectrum and its proper use 

has been a major problem across the world. There are various 

agencies that are responsible for the allocation of frequencies. 

Firstly, the International Telecommunication Union (ITU) [1] 

and other International agencies allocate spectrum frequencies 

to different countries for their use. Secondly, within each 

country the respective government allocates frequencies to 

different agencies for different purposes. Finally, these 

agencies in their turn may reallocate the frequencies to the sub 

agencies. Huge costs are involved at every stage of allocation 

and availability. The frequency bandwidths thus available for 

use against huge money are expected to be used to their 

optimum capacity. But the matter of concern is that most of 

these valuable spectrums remain unutilized. According to a 

survey conducted by the Federal Communications 

Commission (FCC) [2] in the United States shows that only 

30% of the allocated spectrums are properly utilized. Surveys 

conducted by other researchers and agencies like Office of 

Communication (Ofcom) of the United Kingdom [3] also 

support this finding. One of the major reasons attributing to 

the underutilization of the costly spectrum is that present day 

communication devices are not capable enough so that it can 

use the spectrum to its optimum capacity.   

Communication devices like the traditional radio system 

supports fixed number of channels and multiple frequencies 

but the problem is that channel and frequency must be chosen 

at the time of design and not at a later stage because there is 

no mechanism to bring about any post-design adjustment at 

the time of and as per actual requirement. In search of a better 

solution to this problem, a comparatively new concept called 

Software Defined Radio (SDR) was introduced. It was 

designed based on the idea of the traditional radio system but 

with a little change to its design. In SDR radio’s physical 

layer behavior and functionalities are defined in software. 

Although SDR brings a new concept and an important 

improvement of the idea of traditional radio, it is not 

completely fault-free. It does not have any intelligence and 

thus cannot take any decision of its own. To get over this 

limitation, a new concept called Cognitive Radio (CR) was 

improved on the basis of the idea of the SDR. CR removes the 

limitations of SDR. It has intelligence of its own. Therefore, it 

can take its own decision. It is capable of attaining awareness 

of its environment and is also capable of handling complex 

situations. It invented a new way of solving spectrum 

underutilization problem. It can sense the surrounding 

environment and try to find out the electromagnetic spectrum 

that is not utilized to its optimum capacity. After finding such 

range of frequencies, CR wants to utilize these properly by 

allowing the Secondary Users1 to utilize it in the vacuum 

slots.  

The main difference of CR from its predecessors is that it is 

defined by software and fully reconfigurable. All the logics in 

the CR can be implemented in software. Depending on the 

information CR senses, it can change its behavior and needs. 

It can be done through physical changes as well as by 

software instructions. In this chapter we have used the term 

                                                           

1
 Licensed users of spectrum band are known as ‘Primary user 

(PU)’. Other unlicensed users of the spectrum band are known 

as ‘Secondary User (SU)’. 
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‘reconfigurability’ several times. In this connection we like to 

mention that the term has been used to mean mainly to the 

‘reconfigurability in the hardware’ (Fig1). Different 

reconfigurable hardwares are available in the market for 

commercial use like ASIC2  and FPGA3. 

 

Fig 1: Sensing the environment and make necessary 

changes 

This paper is organized as follows. Section I has been used as 

introduction. In section II we discussed different 

communication devices. In section III previous works like 

different implementation methods of the CR was described 

and a comparison among them was drawn. In section IV 

complexity analysis of these methods were done. Section V 

concludes the paper.   

2. RADIO SYSTEM 

2.3 Traditional Radio System  

One of the significant inventions in the history of 

communication is the invention of radio communication 

system. It was developed in more than 100 years ago. Radio 

communication means the transmission of signals through the 

free space. Research for development of such wireless 

communication started many years ago and many individuals 

contributed to this research. As a result, radio can transmits 

voice as well as data to any part of the world.  

Radio communication system constitutes a combination of 

different electronic devices namely transmitter, receiver and 

electronic circuits. For transmission of signals, it uses 

electromagnetic waves. Electromagnetic wave is a new form 

of energy which travels through the free space. Though 

development of radio communication technology brought 

about a revolution in this field, it has some limitations in 

terms of reconfigurability. Though the traditional radio 

supports multiple ranges of frequencies, but limitations of it is 

that it must be chosen at the time of design. Software defined 

radio (SDR) is a comparatively newer concept which helps 

remove the limitations of the traditional radio to some extent. 

But later with the invention of the CR it has been found that it 

                                                           

2 An application-specific integrated circuit (ASIC) is one kind 

of Integrated circuit (IC)2, which is designed for specific use. 

3
FPGA is another reconfigurable hardware used in 

reconfigurable computing.  

is a better choice than SDR. We discuss SDR and CR in the 

next section.  

2.2  Software Defined Radio 
Software defined radio (SDR) is a new concept developed on 

the basis of the idea of the traditional radio. In SDR different 

components of the radio communication system like amplifier 

and filters have been implemented in software instructions 

rather than the hardware. It can be upgraded easily. It was first 

used in Europe and USA for ‘defense’ purpose. In a word, 

SDR can be shown as: 

Software Defined Radio = Traditional Radio + Software 

defined functionality 

As per available records, a group of researchers of ‘Garland 

Texas division’ first used the term ‘software radio’ in 1984. 

Later, a group of German scientists designed and developed 

SDR. However, the term ‘Software Defined Radio’ was used 

by Joseph Mitola for the first time in 1991. Since then the 

term ‘Software Defined Radio’ got popularity. In SDR, 

behavior of the radio is defined and implemented by software. 

In it, all the major works of typical radio communication 

system like receiving, transmitting and processing of the 

signals can be done using software only. Different 

functionality of all the hardware components of a typical radio 

is implemented in software. SDR have several parts. 

Reconfigurable part is the most important part of the SDR. 

This part can be reconfigured to perform the radio 

functionality.  

2.3 Cognitive Radio 
We have already mentioned in the previous section on 

cognitive radio. It a special type of radio which has intelligent 

enough to take its own decision. CR provides a unique 

solution to the approach of spectrum underutilization problem. 

It can sense the surrounding environment and depending on 

the information and requirement of the situation, alters its 

physical layer and reconfigures itself. It can change the 

configuration so that it can handle complex situations. 

Moreover, it can adapt to the new situation. According to the 

FCC [4], CR is a system which “could negotiate cooperatively 

with other spectrum users to enable more efficient sharing of 

spectrum. A cognitive radio could also identify portions of the 

spectrum that are unused at a specific time or location and 

transmit in such unused white spaces, resulting in more 

intense, more efficient use of the spectrum while avoiding 

interference to other users”. CR is as an intelligent device 

which combines the SDR along with intelligence.  In a word 

CR (Fig. 2) can be shown as: 

Cognitive Radio = [Software Defined Radio] + Intelligence + 

Reconfigurabiliy 
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Fig. 2: Block diagram of cognitive radio

Joseph Mitola first used the term ‘Cognitive Radio’ in 1998. 

Later after one year in 1999 Mitola and Gerald Q Maguire 

published an article on CR. In his PhD thesis [5] Mitola 

explains: “The term cognitive radio identifies the point in 

which wireless personal digital assistants (PDAs) and the 

related networks are sufficiently computationally intelligent 

about radio resources and related computer-to-computer 

communications to detect user communications needs as a 

function of use context and to provide radio resources and 

wireless services most appropriate to those needs”.  

Figure2 describes the architecture of the CR. Main part of the 

CR is its Cognitive Engine (CE), also known as the ‘brain’ of 

it. It is that part of the CR which has its own intelligence and 

can take its own decision based on different parameters and 

situations. Another important part of the design is that Radio 

Environment Map (REM) which is the central database of the 

CR. It keeps different types of information in its records. In 

the receiver and transmitter different sensor nodes are placed 

to sense the surrounding environment. These sensor nodes 

sense and store the information into the REM. From the 

current data and past stored information CR can reconfigure 

itself.  Data in the REM database also updated in different 

times based on the information available through the sensors.   

2.4 Reconfigurable Computing 
In the last few years tremendous growth in the semiconductor 

industry has been noticed. Due to the wide applications of 

semiconductors in different fields it has become a major area 

of research. Among different applications of the 

semiconductors industry one of the most prominent areas of 

research is ‘reconfigurable computing’. The concept of 

‘reconfigurable computing’ has been in use for some days. 

Reconfigurability means changing of the hardware structure 

with the help of programming as and when required. It helps 

providing a new way to the existing system. It helps adapt to 

various situations, add new functionalities to the existing one 

and upgrade to newer ones from the old versions of the 

systems at any subsequent stage after initial design and 

implementation. Some reconfigurable hardwares supports 

more flexibility like providing the facility of partial 

reconfiguration, where the original system can be 

reconfigured in part without affecting the normal functions of 

the other parts of the system. Whereas in some systems, which 

does not support partial reconfiguration, cases when whenever 

any changes need to occur in the system, the entire system 

may need to configure again from the beginning. 

Implementation of the concept of reconfigurability needs 

supports from the hardware and the architecture. But all kinds 

of hardwares do not support configurability. There are some 

specialized hardwares which are configurable-friendly. 

Among the configurable hardwares available in the market for 

commercial use ASIC and FPGA are widely used. In the 

following section we have discussed different existing 

implementation techniques of CR on reconfigurable 

hardwares. 
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3. PREVIOUS WORKS 

3.1 Implementation 
CR can be implemented completely on the reconfigurable 

hardware. Implementation consists of two different parts: 

Hardware implementation and Software implementation. In 

the following section we are giving brief description of these 

two types of implementation.   

3.2 Hardware Implementation 
Depending on the information sensed by the sensors, 

functionality of the CR can be changed. It can be 

implemented on the reconfigurable hardware like ASIC and 

FPGA. Though it can be implemented on ASIC successfully 

but limitation of such implementation is that such architecture 

is not flexible because ASIC is a onetime programmable chip. 

FPGA provides a better solution to this problem. It is flexible 

enough and can be programmed multiple times. Functionality 

of the modules as well as of the architecture can be changed 

even after implementation on the FPGA platform. Using 

different instructions the same FPGA can be tuned to different 

applications. Moreover, some FPGA supports partial 

reconfiguration. Therefore, CR can be implemented on FPGA 

at running time and its functionality can be changed at a later 

stage depending on the requirements. Parameters which 

control the functionality of the components can also be 

changed at a later stage. It adds flexibility to the 

implementation technique. Examples of such frameworks 

where CR have been implemented on reconfigurable 

hardware have been shown in the next section.   

3.3 Software Implementation 
Implementation of CR on the reconfigurable hardware can be 

done with the help of a set of software instructions. 

Reconfigurable hardwares can be tuned to a specific 

application by means of software instructions only. CR can 

implement complex algorithms. Designers use C++ languages 

for implementation of such algorithms. For hardware 

implementation, other programming languages, like VHDL 

and Verilog can be used. These are hardware programming 

language used to program the reconfigurable hardware to tune 

to a specific application. After compilation, VHDL / Verilog 

programs generate executable codes known as ‘software 

bitstream’. These bitstreams are downloaded on the hardware 

to configure it to a specific application. Once configured, 

static architecture is sufficient and works fine. 

Reconfiguration is required only when the CR senses the 

surrounding environment and decides that accordant changes 

in the configuration is required to maintain a balance with the 

outside world. These changes must be made with extreme care 

and intelligence. To achieve this goal both hardware and 

software implementations are required. To transfer data 

between software and hardware components balance is 

needed to maintain between the software and hardware 

components.  

3.4 Implementation of Cognitive Radio 

using FPGA:  

 

3.4.1  Method1 
Several research works have been carried out on how to 

‘implement cognitive radio on FPGA platform’ practically. In 

the following section example of such an implementation has 

been discussed: 

An excellent method for implementation of cognitive radio 

nodes was proposed by J. Lotze et. all [13,14,15,16]. 

According to the conceptual framework proposed by them, a 

practical implementation can be divided into following three 

different parts: 

I) A virtual architecture [15]: Framework for implementation 

is designed without considering the underlying 

implementation details. The architecture thus designed can be 

mapped directly to the FPGA board. It consists of two 

different parts: the Processor Subsystem (PS) and the 

Customizable Processing Subsystem (CPS). Duty of the PS is 

to execute the software instructions whereas the duty of the 

CPS is to implement them on the FPGA board. The objective 

of the CPS is to implement it as a partially reconfigurable 

area. This area can be reprogrammed without hampering the 

normal activity of the other parts. CPS is used for radio 

configuration. 

II) An adaptive runtime system [15]: Supports the 

reconfiguration process and manages all the processes during 

run time reconfiguration. An XML file will maintain the flow 

of data, components and other parts required and other details 

information. System execution is managed by this run time 

system. According to J. Lotze et. all [15] the architecture for 

implementation is divided into two different parts: processing 

and control plane.  The processing plane performs all the 

computations required. The control plane is the part which is 

used to manage the system.  

III) High level design tools [15]:  Tools that helps such 

designers of the cognitive radio network who don’t have 

knowledge about FPGA implementation. It helps system-level 

design and selection of hardware components where the 

design will be implemented. Two parts of the design is to 

design the processing chain and the cognitive process. 

Processing chains are typically described as flow graph. 

Another aspect of this design is to select which components 

will be selected for mapping. For this purpose a control 

specification may be used. In this design, a Composer tool 

uses the control specification. It will generate the FPGA 

bitstreams which will be used by the runtime system for 

reconfiguration.  
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Fig 3: Algorithm for method1 

One of the vital tasks for the cognitive radio is to sense the 

spectrum to detect any empty slot. Important components of 

the cognitive radio are transmitter, receiver and the cognitive 

engine. Transmitter can send any arbitrary frequency. The 

same transmitter can be used as the receiver also. Depending 

on the situation the transmitter reconfigures itself as a 

receiver. In their research works J. Lotze et. all [15], used 

Xilinx XUP development board [16] with a Vertex II-pro 

FPGA architecture for implementation of cognitive radio on 

FPGA. According to the design given in the paper [15], 

FPGAs can be used to be configured and reconfigured as the 

transmitter and the receiver of the cognitive radio. The 

composer takes the chains and control specifications and 

selects the best hardware to implement the module (Fig 4). It 

can also be used to implement the chain [15]. Cognitive 

engine is implemented in Power PC processor. 

 

Fig 4: Flow Diagram for implementation of CR on FPGA 

according to Method1 

3.4.2  Method2 
Another method for implementation of cognitive radio nodes 

was proposed by Q. Zhang et. all [10,12]. According to their 

proposal the design flow consists of the following steps: 

Design flow starts with software description. Algorithm 

consists of a collection of functionalities which can 

communicate between them. Individual functional process is 

then compiled and a set of machine level codes were 

generated. This approach advocates the use of the Real time 

operating system (RTOS).  RTOS selects the appropriate 

machine code and implements it onto the proper hardware. 

Thus the hardware is tuned to a particular application and 

works like a CR. 

 

Fig 5: Algorithm for method2 

 

Fig 6: Flow Diagram for implementation of CR on FPGA 

according to Method2 

Comparison: Two different methods for implementation of 

the CR on reconfigurable platform were discussed in the 

previous section. Both of them propose different approaches 

for implementation. Though there are similarities between 

these two approaches. In the following table (Table1) we have 

shown a comparison between these two approaches and find 

out their advantages and drawbacks.………………………….. 

………………………………
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Table 1: Comparison between above two methods 

 

4. COMPLEXITY ANALYSIS 

4.1 Time Complexity Analysis 

4.1.1 Configuration time Complexity:  

Let, method1 requires ‘ D ’ rounds to complete for its 

configuration.  

Therefore configuration time complexity may be 

approximated as  DO  

Method2 supports partial reconfiguration. Here, out of ‘ D ’ 

rounds, let ‘ d ’ rounds need to be completed to configure 

partially. It leads to time complexity  dO  (where Dd  ). 

Therefore, we can conclude that     DOdO        . 

Let, each round consumes ‘ ct ’ time to configure. 

Method1 consumes )t*(D c configuration time. 

Whereas Method2 consumes )t*(d c  (where Dd  ) as it 

supports partial configuration time. 

Therefore Method2 is faster than Method1 by 

      t* d - D       t* d -  t* D  cc c  time 

 

 

 

 

Let ‘ ct ’ is the unit time. 

Therefore method2 is faster than method1 by     d - D  O . 

 

Fig 7: Configuration Time Complexity Graph  
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4.1.2 Processing time Complexity:  
Generally Processing tiles includes general purpose processor, 

domain specific reconfigurable hardware, DSP, FPGA and 

ASIC.  
 

Let Method1 & Method2 process 1x  and  2x  number of 

tiles respectively in a speculated time ‘ pt ’. 

Tile processing rate of Method1 )t/(xr p11   

Tile processing rate of Method2 )t/(xr p22   

Taking the ratio of the processing rates we find--------- 

)/x(x)x*/(t)t*x()r/(r 121pp212  ….........(1) 

According to the second method, )x(x 12   

or 1)x/(x 12  ……………………………...………...(2) 

Substituting the value of (2) in (1), we get 1)r/(r 12   

or )r(r 12  .....................................................(3) 

Now, to process x number of tiles, 

Processing time by Method1 )x/r()(T 11   

and processing time by Method2 )x/r()(T 22   

Therefore )/r(rx)*)/(r*(x)/T(T 121221  r ....... (4) 

From (3) it is found that )r(r 12   

or 1)r/(r 12  ………….……………………………..(5) 

Therefore replacing the value of (5) in (4),  

we get 1)/T(T 21   

or )T(T 21  ……………………………………….....(6) 

Therefore we can conclude that processing time of method1 is 

greater than processing time of method2. 

4.1.3 Speed up time Complexity:  
Method2 has employed parallelism to process say ‘ n ’ 

number of tasks. Let, ‘ k ’ segments are there to support 

parallel processing. Here time taken to process individual 

tasks is t  (say) 

Total time taken to process ‘ n ’ number of tasks 

t)*n()(T2  . 

On the contrary 1st method does not use parallel processing. 

Time taken to process individual tasks is k)*(t  

Total times taken to process ‘n’ number of tasks are 

n)*k*t()T( 1   

Second method is faster than the fast method by 

k times.n)*n)/(t*k*(t times)/T(T 21   

Therefore )T*(kT 21  . 

4.2  Space-Complexity Analysis         
In method1, enter configuration files are needed to be loaded 

during ‘ D ’ rounds to complete configuration. Let N)*(M  

memory space is required for this. Therefore complexity of 

method1 is N)*(MO . 

In contrast method2 undergoes only ‘ d ’ (where d < D ) 

rounds to startup the process, as it supports partial 

configuration. Let here memory space consumption is 

n)*(m  where N)n and M(m  .Space complexity 

claimed by method2 is n)*(mO . 

Save in memory space, by second method is 

n))*(m-N)*((MO  N))*(M(O  

 

                  Fig 8: Space Complexity Analysis 

4.3  Efficiency:  

A process is considered to be efficient if it consumes less time 

to process the tasks and has less memory usage as well. 
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We can consider the efficiency parameter as inverse function 

of the time-complexity and space complexity in the following 

manner. 

Before going to analysis the efficiency of the processes, let us 

define few parameters. 

Let,          be the efficiency of the processes. 

         S     be the Space- complexity of any process. 

        T    be the Time - complexity of any process. 

    
    *      *  

1
      

T2S1 



    

Where,   1         21    

According to the requirement, 1  &  2  parameters are 

assigned value. 

From the above analysis mentioned in paragraph 4.1 & 4.2, 

It is found that method2 is more efficient the method1.  

 

Fig 9: Efficiency Analysis 

5. CONCLUSION 
In this paper we have shown the architecture of CR, different 

implement techniques and their performance analysis. CR 

tries to solve the spectrum shortage problem and optimizes the 

use of this costly natural resource. But CR is in a very 

preliminary stage and many problems are yet to be solved. 

According to the different possible implementation techniques 

one of the design methods proposes a composer. Future 

research can be directed towards building a new composer 

which will be much more intelligent and efficient. There are 

scopes for designing of new methods and derive high level 

tools for automation techniques. Research can be possible for 

deriving a method for finding out how to minimize the energy 

consumption by the semiconductor chip while configuring the 

hardware into the CR. Second method described in this paper 

advocates the use of RTOS. We can write an algorithm for 

optimum use of the RTOS. However, the objective of these 

researches is to set a platform where CR can be implemented 

efficiently and its functionality can be tuned to its optimum 

capacity.   
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