
  
 

 
Abstract—In the cognitive radio scenario, the secondary users 

(SU) detects the vacant spectrum holes, coordinates this information 
among the other secondary users and selects the most suitable of the 
vacant spectrum band for its transmission purposes, with the 
condition that the functioning of the primary user is not altered. For 
the realization of this concept, there have been many studies, 
proposals for techniques, hardware and protocol suggested by the 
researchers. Subsequently, the focus have been on implementing 
smart behavior into the radio devices to enable more adequate 
configurations, so as to make the devices get adapted to their 
environment. While implementations, the main challenge is to find 
the most appropriate way to correctly dimension the cognitive 
abilities of the device according to the environment as well as the 
user. In this paper, we use fuzzy logic to solve spectrum management 
issues related to spectrum decision and allocating specific channel to 
the secondary user.  The different solutions presented in the chapter 
include:(1) Estimate the probability of primary channel utilization (2) 
Estimate the channel availability and non-availability periods (3) 
Monitor the traffic and estimate the probability of channel allocation 
guaranteeing the required QoS.  
 

Keywords—Cognitive Radio, Fuzzy Logic, QoS (Quality of 
Service)  

I. INTRODUCTION 
 

NTRODUCTION of flexibility and intelligence in the 
wireless devices and applications have introduced the 

concept of Cognitive Radio. This research objective has 
inspired various ongoing research activities which included the 
decision making aspects. One of the ways is the use of 
“Cognitive Radio”, according to this; the already licensed 
spectrum can be used more efficiently by introducing artificial 
intelligence, the decision- making to be specific, in the radio. 
This enables the radio to learn from its environment, 
considering certain parameters. 
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Based on this knowledge the radio can actively exploit the 
possible empty frequencies in the licensed band of the 
spectrum that can then be assigned to other processes in such a 
way that they don’t cause any interference to the frequency 
band that is already in use. This makes the efficient usage of 
the available licensed spectrum possible. A collaborative 
spectrum sensing scheme was proposed in [1].  

The spectrum sensing was proposed at individual SU level 
and these results were compiled at the access point (AP). The  
ccess point takes the decision on sensed spectrum and 

evaluates the secondary user credibility using fuzzy logic 
system. The work we have presented for opportunistic 
spectrum access is based on the [1] [2] for credibility 
evaluation of the secondary user. In [1] and [2], the authors 
have considered the probability of detection, false alarm and 
missed detection for evaluating the credibility of a SU. But the 
fuzzy rules which are computed to provide probabilities did 
not provide good approximations. Another scheme was 
presented in [3], which considered spectrum utilization 
efficiency of the SU, its degree of mobility and the distance 
between the primary and secondary user to evaluate the 
functioning of the secondary user. The following sections 
detail this scheme and study the impact of the fuzzy based 
decision making scenario on cognitive radios system. Let us 
first have a brief look at the technique used. Although the 
basics of the fuzzy systems were discussed in the previous 
chapter we now have a look at the problem associated with the 
technique and the solutions suggested to overcome it. 

II. THE FUZZY INTERFACE 
The principle components are the fuzzification module, 

knowledge base, interference engine and a defuzzification 
module. 

 

(1) The Fuzzification Module:  
a)It measures the value of input variables 
b)It performs a scale mapping that converts the range of input 
values into corresponding universes of discourse. 
c)It converts input data into suitable linguistic variables. 
 

(2) The Knowledge Base: 
i. It provides necessary definitions, which are used to define 

linguistic control rules and fuzzy data manipulation. 
ii. It characterizes the control goals and policies of the 

domain experts by means of a set of linguistic control 
rules. 
 

(3) The Inference Engine: 

I 
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It is capable of simulating human decision making based    
on fuzzy concepts and rules. 

 

(4) The Defuzzification Module: 
It converts range of values of output variables into 
corresponding universes of discourse. 
It yields a non fuzzy control action from an inferred control 

action. 
 

Drawback associated with Fuzzy Systems:  
 

Fuzzy systems have been applied to many applications such 
as approximation, system control applications, fuzzy 
classification, fuzzy clustering etc. The transparency of the 
fuzzy system enables interpretation and analysis of many 
complex systems. However, when fuzzy systems are applied to 
more complicated and high dimensional systems “curse of 
dimensionality” becomes more apparent (detailed in next 
subsection). To avoid this bottleneck to wider applications, 
hierarchical fuzzy system was proposed. 

The Hierarchical Fuzzy Systems 

The complexity of a fuzzy system increases with the 
increase with the number of input variables. This complexity 
issue is termed as “curse of dimensionality”. In context of 
fuzzy systems it may be summarized as [4]: 

1. Rule dimensionality: The total number of rules in the fuzzy 
rule base increases exponentially with the number of input 
variables. 
2. Parameter dimensionality: The total number of parameters 
in the mathematical formulas for the fuzzy system increases 
exponentially with the number of input variables. 

3. Data or information dimensionality: The number of data or 
knowledge set required to identify fuzzy system increases 
exponentially with the number of input variables. 

Some drawbacks associated with curse of dimensionality are: 

1. Transparency and interpretation is damaged or lost as a 
human is incapable of understanding or justifying hundreds 
and thousands of fuzzy rules and parameters. 

2. As there is often limited data to an application a large 
number of rules and parameters result in over fitting, which 
destroys the generality of the fuzzy system. In other words, 
learning from the data becomes difficult or impossible. 

3. Excessive requirement for more computation and memory 
[5]. 

To overcome these problems Hierarchical Fuzzy System 
(HFS) was introduced by Raju, Zhao and Kisner [6] in 90s. 
HFS consists of hierarchical number of low dimensional sub 
fuzzy systems called fuzzy logic modules instead of using high 
dimensional standard fuzzy system. These smaller fuzzy logic 
modules contribute to the final solution. The upper fuzzy 
subsystem may also take input as a combination of lower level 
output and an original input variable. Thus an HFS may have 
multiple levels and multiple sub systems at each level.  

In HFS, the total number of rules increases only linearly 
with the increase in number of input variables as against 
exponential growth in standard fuzzy subsystem.  
The number of rules, R is given as: 

2)1( yxR −=                            … (1) 

Where, x  is the number of input variables and y is the 
number of membership functions. HFS system has been used 
in the proposed opportunistic cognitive radio model for 
spectrum management strategy. 

III. OPPORTUNISTIC CHANNEL ALLOCATION DECISION FOR 
QOS PROVISIONING 

In this section, we propose a fuzzy based approach for 
channel allocation for dynamic spectrum access. As the nature 
of the cognitive radio scenario is dynamic, it is characterized 
by uncertain and in complete information, therefore fuzzy 
logic is used to find a better solution for the issue related. The 
channel allocation is done dynamically on the basis of the 
information of availability of channel and for how long it will 
be available. This information is help us avoid the channels 
which the primary users acquire too frequently as it degrades 
the system performance hence QoS is forsaken. 

The hierarchical fuzzy system proposed consists of two 
fuzzy controllers [7-8], in order to overcome the curse of 
dimensionality. One of the controllers is used to estimate the 
spectrum utilization for the channel. The second controller 
receives the input along with the two other antecedents to find 
the probability of the channel allocation decision. 

The model consists of two FLS in hierarchical form [9-10] 
as shown in the Figure 1. FLS1 receives three inputs, spectral 
efficiency, distance and mobility and gives the probability of 
channel utilization by the channel. FLS2 manipulates the three 
inputs: channel utilization information, rate of channel 
available and rate of channel un-available, to define the 
possibility of channel allocation for spectrum access to the SU. 

 
Fig. 1 Proposed Model 

A.  

 

 

Estimating Probability of Channel Utilization  
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We use the previously stored channel information like 
spectral efficiency of the channel, the mobility of the SU and 
distance between SU and PU, to determine the probability of 
spectrum utilization by the channel. 

The three antecedents are described for estimation of the 
channel utilization: 

• Antecedent 1: Mobility 

• Antecedent 2: Spectral Efficiency 

• Antecedent 3: Distance between SU and PU 

 Mobility of the SU 

Mobility of the secondary user is an important parameter 
in our design. When the SU moves at a velocity v m/s, it 
causes Doppler shift given by (2): 

c
vff cD

θcos
=                            … (2) 

Where, fD is the Doppler shift, fc  is the carrier frequency 
and θ is the angle between the direction of arrival of received 
signal and direction of motion of the SU, c is the wave 
velocity. The mobility is important parameter because more 
the velocity of the secondary user more shall be the chance for 
SU to change position and hence QoS degradation due to non 
availability of the channel. 

Spectrum Efficiency 

Spectrum efficiency is the ratio of the required spectrum by 
the SU to the total available spectrum. It is an important 
parameter in out design because in channel utilization for 
dynamic spectrum access, the radio shall use the unused vacant 
spectrum. Spectrum efficiency refers to the information rate 
that can be transmitted over a given bandwidth in a specific 
communication system as given by (3): 

α

η
BW
BWs

s =                             … (3) 

Where, BWs is the required bandwidth of the spectrum and 
BWa  is the available bandwidth of the spectrum.  

Distance 

Distance between the PU and SU is an important parameter 
because SU at a closer distance should be given priority to 
access the spectrum. But the location of the PUs is not known. 
We can consider signal to noise ratio (SNR) as a proxy for 
distance [11] as given by (4): 








= 2

)(
log10

σ
RgP

SNR t
SU                         … (4) 

We assume that R is the distance between the PU and SU, Pt 
is the power transmitted by the SU, g(R) is the power gain 
between the PU and SU and σ2 is the noise power measured at 
SU. From (4), we can derive the distance between the PU and 
SU.Membership functions for antecedent 1, 2 and 3 are 
characterized into three levels as LOW, MEDIUM and HIGH 

as shown in Figure 2 (a), (b) and (c) respectively. Gaussian 
membership functions are used for this work. The consequence 
(i.e. the probability of channel utilization) is divided into five 
levels: VERY LOW, LOW, MODERATE, HIGH and VERY 
HIGH as shown in Figure 2. Since we have 3 antecedents and 
3 fuzzy subsets, so we need 33 = 27 rules for FLS1. The rule 
base of [3] is referred which is based on expert opinions as 
shown in Table 1. The corresponding decision surfaces are 
shown in Figure 3. 

 
(a) 

     
(b)(c) 

 
(d) 

Fig. 2 Membership Function Plot for (a) Spectrum (b) Mobility and 
(c) Distance (d) Consequence (Probability of Spectrum Utilization) 

 
(a) 

     
(b)(c) 

Fig. 3 Decision Surface for FLS1 showing Probability of Channel 
Utilization variation with (a) mobility with spectrum (b) spectrum 

with distance (c) mobility and distance 

From the above results we can see that the probability of 
channel utilization is affected by the distance of the SU and 
PU. The probability of the channel utilization by the SU is 
more when the distance between SU and PU is more. The 
probability of the channel utilization also depends on the 
mobility of the SU. When the mobility is high, the chance of 
channel utilization is also high.  

 

 
TABLE I 

FUZZY RULES FOR FLS1 
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Rule 
No. 

Spectrum Velocity Distance Prob. 
Channel 
Utilization  

1 Low Low Near Very Low 
2 Low Low Moderate Low 
3 Low Low Far Low 
4 Low Moderate Near Very low 
5 Low Moderate Moderate Low 

6 Low Moderate Far Moderate 
7 Low High Near Very Low 

8 Low High Moderate Low 
9 Low High Far Moderate 

10 Medium Low Near Very Low 
11 Medium Low Moderate Moderate 

12 Medium Low Far High 
13 Medium Moderate Near Very Low 
14 Medium Moderate Moderate Moderate 

15 Medium Moderate Far High 
16 Medium High Near Very Low 

17 Medium High Moderate Low 
18 Medium High Far High 

19 High Low Near Low 
20 High Low Moderate High 

21 High Low Far very High 
22 High Moderate Near Low 
23 High Moderate Moderate High 

24 High Moderate Far Very High 
25 High High Near Very Low 

26 High High Moderate High 
27 High High Far High 

 
Fig. 4 Simulated Measure of Probability of Channel Utilization by 

within a period of time (Output of FLS1) 

The output of FLS1 (probability of channel utilization) is 
used to compute the probability of channel allocation decision 
for the SU, by the use of FLS2. Depending upon the rule base 
of FLS1 the simulated probability of channel utilization is as 
shown in the Figure 4. In FLS1, we estimated the utilization of 
the primary channel, if it can be used by the SU for its 
transmission. The information obtained from FLS1 is used in 
FLS2 to decide whether exchanging traffic over unused 
primary channel is feasible and will it enhance the quality of 
communication. We have assumed in our work that traffic 
opportunistically sent over the primary channel will be 

preempted when the traffic generated by the primary user 
arrives. This will be done by switching the traffic back to the 
secondary channel. We also assume that the transmission takes 
place between either the secondary or any of the unused 
primary channels based on the protocol which has to be 
decided by the reasoning engine of the cognitive radio. 

Three antecedents used for FLS2 are: 

i. Probability of Channel Utilization (Output from FLS2) 
ii. σon (Deviation in the duration of available periods) 

iii. σoff (Deviation in the duration of unavailable periods) 
 

After the selection of the channel, the Bit Error Rate 
(estimated) of the channel as follows [12]: 

pS

estimateppSS
estimated CC

UCBERCBER
BER

+

+
=

..
    … (5) 

BERs is the bit error rate of secondary channel, BERp is the 
bit error rate of the primary channel, Cs is the maximum 
channel capacity of the secondary channel and Cp is the 
maximum channel capacity of the primary channel and Uestimate 
is given as: 

off

on
estimate T

T
U =                             … (6) 

Rate of T_on and Rate of T_off 

The primary channel utilization is under consideration as it 
is to be utilized by the SU transmission. We know that the 
channel is not permanently carrying the information/traffic. 
The channel can be carrying traffic or it can be idle, over a 
period of time. T_on is the period of time during which the 
channel is not carrying traffic (Available) and T_off is the 
period of time during which the channel is carrying traffic 
(Not Available). Let us assume the deviation in the duration of 
available periods is σon and deviation in the duration of 
unavailable periods is σoff. The decision of the channel 
allocation is distributed over time. It depends on the number of 
periods during which the channel is not occupied and is 
available for transmission. The channel will be available when 
it switches between long available period and/or long 
unavailable period.  

 
                        (a)                 (b) 

Fig. 5 Two channels with same percentage of availability with (a) 
High σon (b) Low σon 

The figure above shows two channels with same 
availability percentage. But the rate of T_on varies as we see 
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the deviation of the available periods. We notice that in Figure 
5(a), the channel is available for one long and several short 
periods hence it can be utilized for allocation. But in case of 
Figure 5(b), the channel is available for short durations. This 
makes it less suitable for channel allocation as it will have 
more number of frequency transitions, which further will cause 
interference to the PU. The flowchart explaining the process is 
shown in the Figure 6. Gaussian membership functions are 
used in our work because with Gaussian function rise time is 
low and fluctuations are minimum. Mamdani type rule base 
system is used on both FLS1 and FLS2.  

 
Fig. 6  Flowchart for Channel Allocation Strategy Based on Fuzzy 

Logic 

 
(a) 

      
(b)(c) 

 
(d) 

Fig. 7 Membership functions of (a) probability of channel utilization 
(b) rate of Ton(σon) (c) rate of Toff (σoff) (d) membership function for 

probability of channel allocation 

The membership functions for the three antecedents are 
shown in Figure 7 (a), (b) and (c). Figure 7(d) shows 
membership function for probability of channel allocation 
decision. The membership function is divided into LOW, 
MEDIUM and HIGH for the antecedents and for consequence 
it is divided into VERY LOW, LOW, MEDIUM, HIGH and 
VERY HIGH. 

IV. SIMULATED RESULTS 
 

In FLS1, we consider the SU mobility in the range of 1 to 
10 m/s, the distance is varied in the range 1 to 10 m and 
spectrum efficiency in percentage from 1 to 100. Based on the 
knowledge on linguistic variables 27 IF THEN ELSE rules are 
used for FLS2 to take decision for channel allocation for 
secondary users. These rules are shown in Table 5.2. If the 
output decision value is close to 1, that means that the decision 
is on favor of that variable.  

In a network of PUs and SUs, the PU has higher priority of 
using the channel. The SU must vacate the channel so that it 
does not interfere with the PU functioning. However, in some 
situation this causes temporal connection loss of SUs. 
Moreover, if SU cannot vacate the channel within a period of 
time, it can affect the PU. So to avoid these situations, the 
channel allocation should be done in such a manner that the 
SU avoid using such channels which will be claimed by the 
PUs with greater possibility within a period of time. We 
address this issue by proposing a fuzzy based decision model 
which will take into account the problem by predicting the 
availability of the channel and also monitoring the PU traffic.   

 
TABLE II 

FUZZY RULES FOR FLS2 
Rule 
No  

Antecedent 
1 

Antecedent 
2 

Antecedent 
3 

Consequence 

1 Low High High High 
2 Low High Medium High 
3 Low High Low High 
4 Low Medium  High High 
5 Low Medium Medium Very High 

6 Low Medium Low Very High 
7 Low Low High Very High 

8 Low Low Medium Very High 
9 Low Low Low Very High 

10 Medium High High Medium 
11 Medium High Medium Medium 

12 Medium High Low Medium 
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13 Medium Medium High Medium 
14 Medium Medium Medium High 

15 Medium Medium Low High 
16 Medium Low High High 

17 Medium Low Medium High 
18 Medium Low Low High 

19 High High High Low 
20 High High Medium Low 

21 High High Low Low 
22 High Medium High Low 
23 High Medium Medium Low 

24 High Medium Low Low 
25 High Low High Low 

26 High Low Medium Low 
27 High Low Low Low 

Antecedent 1 – Prob. of Channel Utilization Antecedent 2 – Rate of 
Ton(σon), Antecedent 3 – Rate of Toff(σoff) ;  Consequence – 

Probability of Channel Allocation 

 

 
(a) 

   
(b)(c) 

Fig. 8 Decision Surface for FLS2 showing Probability of Channel 
Allocation Variation with (a) σon and Prob. of Channel Utilization (b) 

σoff and Prob. of Channel Utilization (c) σon and σoff 

The decision surfaces for FLS2 are shown in Figure 8. We 
can analyze from them that the probability of channel 
allocation decision is high when the rate of Ton is high and vice 
versa. We will analyze the results for different situations.  

The results from the FLS2 and FLS1 are analyzed for the 
following three scenarios: 
1. Scenario 1:  Channel Allocation Decision based on 

proposed HFS. 
2. Scenario 2: Channel Allocation Decision based on FLS1 as 

an independent entity. 
3. Scenario 3: Channel Allocation Decision based on FLS2 as 

an independent entity. 

 
Fig. 9 Comparison of three scenarios:  Propsed HFS vs Independent 

FLS1 vs Independent FLS2 

It is difficult to represent the overall system performance 
with single index of performance. The proposed model 
overcomes this problem by modeling the system using fuzzy 
logic. We compare the efficiency of the proposed system by 
comparing it with independent FLS1 and Independent FLS2 as 
shown in Figure 9. The results show that the proposed scheme 
outperforms the two scenarios and approximately 85% of 
spectrum is utilized as compared to 78% in case of 
Independent FLS2 and 57% in case of Independent FLS1.  

The proposed fuzzy model monitors the traffic by 
analyzing the rate of availability of the channel for SU 
allocation. The work presented here is a rearranged model with 
hierarchical fuzzy system based on [3] and proposes channel 
allocation decision strategy which enhances the QoS 
provisioning on cognitive radio such that the SU will avoid 
using the channel which will be claimed by PUs with greater 
probability. The QoS of SUs will also increase as there will be 
less number of temporal connection losses. Another advantage 
of using this model will be the PUs which utilizes the channel 
at frequent intervals will not be interfered by the SU 
transitions. Hence the required QoS will be maintained. 

 

 
Fig. 10 Overall Spectrum Utilization for system with proposed HFS 
scheme and system with primary users (with σon = 0.8 and σoff = 0.2) 

The plots shows the overall spectrum utilization of the 
system for a given time period with different rates of channel 
availability. Figure 10 shows plot for σon = 0.8 and σoff = 0.2. 
Figure 11 shows plot for σon = 0.2 and σoff = 0.8.  
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Fig. 11 Overall Spectrum Utilization for system with proposed 
HFS scheme and system with primary users (with σon = 0.2 and 

σoff = 0.8) 

We can see that the plot for σon = 0.8 outperforms for σon = 
0.2, and clearly see the affect for channel availability 
information on overall spectrum utilization. 

 
Fig. 12 BER Comparison Plot 

After the selection of the channel, we study the channel 
allocation decision by considering the QoS in terms of BER. 
The inference engine compares the measures SINR with 
different periods of time periods of channel availability. The 
highest level that satisfies the required BER is chosen. This 
information is fed back to the transmitter and resource 
allocation is done at the transmitter. The proposed HFS 
follows the theoretical values as shown in Figure 12. It shows 
that the proposed HFS can be used for optimizing BER 
tradeoff analysis with respect to signal to noise ratio in 
cognitive radio scenario for better performance reliability of 
the system. 

V. CONCLUSION 
 

Looking into the prospects of soft computing techniques in 
the field of CR, we explore some of the spectrum access 
solutions using fuzzy logic technique in this chapter. In the 
first model, the performance of the cognitive radio is evaluated 
on the basis of spectrum efficiency, distance and mobility of 
the SU. The probability with which the channel will be utilized 
by the SU is calculated. But how far this model can maintain 
the required QoS of the system is an unexplored area so far. 
The SU has to vacate the channel as soon as PU is detected. If 
the frequency of switching of the channels between SU and PU 
is high, it can affect the QoS of the system because every time 

the SU has to terminate its communication or reduce its 
transmission power. In addition, it can cause temporal 
connection loss of the SU and also can cause interference with 
the PU. 

So to overcome these issues, a novel channel allocation 
scheme is proposed which will monitor the deviation of the 
time periods for which the available and allocate to the SU 
accordingly. The channel which has low deviation of the 
available period (although it can have same available 
frequency) is avoided as these channels will be claimed by the 
PU with greater probability within a given period of time. The 
simulated results show that the proposed scheme outperforms 
the rest of the schemes. The overall spectrum utilization for the 
system is increased with the use of proposed HFS scheme. In 
addition the channel selected for allocation is analyzed if it 
meets the QoS requirements. The QoS is measured in terms of 
BER. The results show that the proposed scheme gives better 
performance in terms of BER tradeoff analysis with respect to 
signal to noise ratio. The inference engine compares the 
measures SINR with different periods of time periods of 
channel availability. The highest level that satisfies the 
required BER is chosen. This information is fed back to the 
transmitter and resource allocation is done at the transmitter.  
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