
 
 

i 
 

MEE10:68 

 

Optimal Power Control in Cognitive 
Radio Networks with Fuzzy Logic 

 

 

Jhang Shih Yu 

 

 
This thesis is presented as part of Degree of  
Master of Science in Electrical Engineering 

 
September 2010 

 
 

Main supervisor: 

Prof. Wlodek J. Kulesza 
Co-supervisors: 

Prof. Abbas Mohammed 
Prof. Elisabeth Rakus-Andersson 

Examiner: 

Prof. Wlodek J. Kulesza 
 

Blekinge Institute of Technology 
School of Engineering 
Karlskrona, Sweden  



 
 

ii  
 

** This page is left blank **  



 
 

iii  
 

 
To Liza and my family  



 
 

iv 
 

ABSTRACT  

In this thesis, we consider a pair of primary link (PU link) and a pair of 
cognitive link (CR link) in a fading channel. The PU link and CR link 
share spectrum simultaneously with different priorities, establishing the 
spectrum sharing network. The PU link has a higher priority to utilize 
spectrum with respect to the CR link. A desired quality of service (QoS) 
is given as a threshold on the PU link when it utilizes spectrum. The CR 
link utilizes spectrum only when the PU link is assured with the desired 
QoS or recognized as idle, not utilizing spectrum. Under this constraint, 
the CR link utilizes spectrum with an opportunistic power scale to assure 
the desired QoS on the PU link. To optimize the spectrum usage, we 
propose a fuzzy-based optimal power control strategy for the CR link 
using Mamdani fuzzy control. With the proposed control strategy, the CR 
link can estimate an optimal power scale for the spectrum sharing 
network.  

To illustrate the proposed fuzzy-based optimal power control strategy 
and its advantages, we approach the spectrum sharing network in two 
different propagation environments: without path loss and with path loss. 
In the propagation environment without path loss, we assume all channel 
state information (CSI) on each transmission side is available to the 
others, including the PU’s signal-to-noise (PU’s SNR) and PU’s 
interference channel gain  ���. These two variables are used as fuzzy 
antecedents to estimate a corresponding power scale. In the propagation 
environment with path loss, we analyze the spectrum sharing network 
from the geometric point of view. We assume all CSI on each side is 
available to the others, including the PU’s SNR, PU’s interference 
channel gain ��� and relative distance ���. With a supposed condition 
that the PU’s interference channel gain  ��� is fixed and normalized to 1, 
we use PU’s SNR and relative distance ��� as fuzzy antecedents to 
calculate a corresponding power scale.  

Keywords: cognitive radio networks, channel gain, relative distance, 
fuzzy control, spectrum sharing, path loss, power control, quality of 
service.    
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1 CHAPTER 1: INTRODUCTION  

In radio communications, each wireless link normally transmits over a specific and 

fixed spectrum band. To avoid interference and collision during transmission, 

multiple transmission protocols are proposed to regulate spectrum usage and the 

traffic of radio communications. With this regulated traffic, each wireless link is 

assigned to the specific spectrum bands depending on the purpose and radio user. 

However, the regulated traffic easily leads to the waste of spectrum resource and 

causes underutilized spectrum usage since the traffic regulation is based on the radio 

user and its purpose instead of the traffic load. In other words, the conventional traffic 

regulation lacks adaptability and flexibility. To improve this situation, the concept of 

cognitive radio networks was first proposed by Joseph Mitola III in 1998 and later 

presented in an article of Mitola and Gerald [1]. According to their ideas, radio users 

or wireless links could be empowered with cognitive capacities and able to seek 

available spectrum holes for dynamic and opportunistic transmission. By this 

proposed mechanism, underutilized spectrum usage could be improved and multiple 

radio users or wireless links can coexist over the same spectrum. Consequently, it also 

becomes possible that radio users or wireless links can transmit over unspecific and 

unfixed spectrum bands. 

1.1 Definitions: 

In cognitive radio networks, there are two different types of radio user: primary 

user (PU) and cognitive user (CR). A pair of PUs establishes a wireless link which 

marked as the PU link. A pair of CRs establishes a wireless link which marked as the 

CR link.  

The PU is defined as the licensed user and has a higher priority to utilize spectrum 

with respect to the CR. In general, the PU does not have the cognitive capability 

without awareness of the CR. Thus, the PU does not need to adjust its own spectrum 

usage to the CR behavior. The CR is defined as the unlicensed user and has a lower 

priority to utilize spectrum with respect to the PU. The CR has the cognitive 

capability with awareness of the PU. The CR has to sense the status of the PU and 

adjust its own spectrum usage to the PU behavior opportunistically. 

In cognitive radio networks, two types of wireless link can transmit over the same 

spectrum. The coexistence of two type of wireless link invariably causes interference 

to each link due to dynamic spectrum usage. Since the PU is the licensed user having 

a higher priority with respect to the CR, a desired quality of service (QoS) is usually 

expected to assure the PU link inside the cognitive radio networks. In this sense, an 
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interference constraint is often given as a threshold. The CR utilizes spectrum under 

the given interference constraint.  

1.2 Classificastion:  

In deployment, the cognitive radio network is extended to two different types of 

traffic mechanism: opportunistic spectrum access and spectrum sharing [2], [3], [4], 

[5]. Both of them are subject to interference constraints but in different ways. 

In opportunistic spectrum access, the PU link and CR link utilize spectrum 

exclusively. With the low priority, the CR senses spectrum to seek available spectrum 

holes before each spectrum utilization cycle. When the spectrum is not utilized by the 

PU link, the CR link comes to utilize spectrum with a dynamic and opportunistic 

duration until it is utilized by the PU link again. Since the collision of two wireless 

links causes interference to each link, the ideal coexistence is that both wireless links 

can cooperate perfectly without any collision or idle state.  

However, due to imperfect channel estimation and dynamic spectrum usage, the 

ideal coexistence is not easy to implement. Consequently, the interference occurs to 

each link when the CR link collides with the PU link. The more frequently they 

collide, the more frequent interference occurs. Thus, the CR link optimizes the 

duration of spectrum sensing to limit the interference to the PU link [2]. In this type of 

traffic mechanism, the optimal sensing and inter-sensing duration is the main research 

issue.  

In spectrum sharing, the PU link and CR link utilize spectrum simultaneously. 

When both wireless links transmit together, the interference occurs constantly to each 

link and the interference intensity depends on the scale of transmit power. To limit the 

interference intensity to the PU link and assure the desired QoS on the PU link, the 

CR link senses the transmission status of the PU link and allocates a proper power 

scale to transmit [4], [5]. In this type of traffic mechanism, the optimal power control 

strategy is the main research issue. 
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1.3 Thesis Organization: 

The thesis is organized as follows: 

- In Chapter 2, we introduce the state of the art and give an overview of the reference 

works. 

- In Chapter 3, we introduce the problem statement, research problem, hypothesis and 

main contributions. 

- In Chapter 4, we first introduce the modeling of the spectrum sharing network in the 

propagation environment without path loss and spectrum sharing network in the 

propagation environment with path loss, respectively. In the last section, we introduce 

the mathematical modeling of Mamdani fuzzy control.     

- In Chapter 5, we introduce the fuzzy-based power control strategy in the propagation 

environment without path loss. The fuzzy-based power control strategy is based on 

the Mamdani fuzzy control using PU’s SNR and PU’s interference channel gain as 

two fuzzy antecedents.  

- In Chapter 6, we introduce the fuzzy-based power control strategy in the propagation 

environment with path loss. We approach the spectrum sharing network from the 

geometric point of view, taking relative distance into consideration. With a supposed 

condition that the PU’s interference channel gain is fixed and normalized to 1, the 

fuzzy-based power control strategy is based on the Mamdani fuzzy control using PU’s 

SNR and relative distance as two fuzzy antecedents. 

- In Chapter 7, we validate the fuzzy-based optimal power control strategy by 

comparison with the spectrum sharing network without power control strategy in the 

Rayleigh fading channel. 

- Chapter 8, we draw the conclusion and suggest the future work. 
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2 CHAPTER 2: THE STATE OF THE ART 

In [2], the authors propose a probability-based power control strategy for dynamic 

spectrum access. They consider a scenario of cognitive radio network with one pair of 

PU link and one pair of CR link. The PU link and the CR link utilize spectrum 

exclusively with different priorities. The CR link utilizes spectrum only when the 

spectrum is not utilized by the PU link. In order to maximize its own opportunistic 

spectrum usage, a probability-based modeling is proposed to optimize the sensing and 

inter-sensing duration of the CR link. 

In [3], the authors propose a fuzzy-based opportunistic spectrum access strategy in 

the cognitive radio networks. They consider a scenario of cognitive radio network 

with a plurality of PU link and a single CR link in a fading channel. The considered 

propagation environment is the propagation environment with path loss. The 

fuzzy-based opportunistic spectrum access strategy is based on Mamdani fuzzy 

control using three fuzzy antecedents: spectrum utilization efficiency, degree of 

mobility and relative distance to the PU link. With these three fuzzy antecedents, the 

CR can select the best spectrum band among these multiple PUs, causing less 

interference to the PU link. 

In [4] and [5], the authors propose an opportunistic power control strategy in the 

spectrum sharing network. They consider a typical scenario of spectrum sharing 

network with a pair of PU link and a pair of CR link. A target signal-noise-ratio (SNR) 

is given as a threshold, assuring a target transmission rate on the PU link. When the 

PU’s SNR is below this threshold, the PU link is considered as idle and the CR 

transmits with its peak power; when the PU’s SNR is between the threshold and 

threshold + 1 dB, the PU link is considered as sensitive to interference, the CR 

transmits with a fraction of its peak power; when the PU’s SNR is above the threshold 

+ 1 dB, the PU link is considered as robust to interference and the CR transmits with 

its peak power. With this proposed opportunistic power control strategy, the 

efficiency of spectrum usage is optimized and the target transmission rate is assured 

on the PU link. 

In [6], the authors consider a typical scenario of spectrum sharing network with a 

pair of PU link and a pair of CR link. The cognitive radio network is assumed in the 

propagation environment with path loss. The authors propose the concept of 

interference radius and discuss the relationship between the interference and relative 

distance. Based on the proposed interference radius of the PU link, the CR transmits 

with an opportunistic power scale depending on its relative distance. 
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In [7], the authors consider a scenario of spectrum sharing network with a plurality 

of PU link and a single CR link. The cognitive radio network is assumed in the 

propagation with path loss. The authors proposed the concept of primary exclusive 

region and formulate the relationship between the outage probability and primary 

exclusive region.  

In [8], the authors consider a scenario of spectrum sharing network with a plurality 

of PU link and a plurality of CR link. The cognitive radio network is assumed in the 

propagation with path loss. The authors proposed the power scaling law of single-hop 

cognitive radio networks.   
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3 CHAPTER 3: PROBLEM STATEMENT , RESEARCH PROBLEM AND MAIN 

CONTRIBUTIONS  

3.1 Problem Statement:  

The previous works propose an opportunistic power control strategy in spectrum 

sharing [4], [5]. The authors define three different transmission states and differentiate 

the corresponding power control principle for each transmission state. The boundary 

for judging the transmission state is crisp and on the basis of a predetermined target 

SNR. The transition of transmission state is not taken into consideration. When the 

PU’s SNR goes up and down around the target SNR, the transmission state is in the 

transition, shifting between utilizing and not utilizing spectrum. The power allocation 

becomes difficult in the spectrum sharing network based on the proposed judgment.  

3.2 Research Problem: 

In mathematical modeling, the transition state could be viewed as the partial state in 

the judgment. The fuzzy logic is one of the effective methods dealing with the partial 

state. In this sense, we are interested in that if we can apply fuzzy logic to differentiate 

the transmission states into different states which are followed with different 

membership degrees. With the concept of partial state in fuzzy logic, we can develop 

a fuzzy-based optimal power control strategy to spectrum sharing. Therefore, the 

research problem is to apply a fuzzy-based optimal power control strategy in the 

cognitive radio network.  

In the propagation environment without path loss, the fuzzy-based optimal power 

control strategy is based on two input variables: the PU’s SNR ratio and PU’s 

interference channel gain ratio. We hypothesize that the spectrum sharing network 

with the proposed fuzzy-based optimal power control strategy has a lower bit error 

rate (BER) than that without power control strategy for different PU’s interference 

channel gain. 

In the propagation environment with path loss, the fuzzy-based optimal power 

control strategy is based on two input variables: the PU’s SNR ratio and relative 

distance ratio. We hypothesize that the spectrum sharing network with the proposed 

fuzzy-based optimal power control strategy has a lower BER than that without power 

control strategy for different relative distances. 
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3.3 Main Contributions: 

The main contributions of this thesis can be summarized as follows:  

Applying Mamdani fuzzy control to spectrum sharing network.  

Implementing and validating the fuzzy-based optimal power control strategy in the 

cognitive radio networks, using two different scenarios of spectrum sharing network: 

in the propagation environment without path loss and in the propagation with path 

loss.   
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4 CHAPTER 4: PROBLEM MODELING  

4.1 Spectrum Sharing Network in the Propagation Enviornment without Path 

Loss: 

 

Figure 4.1: The spectrum sharing network with a pair of PU link and a pair of CR link 

The considered scenario of spectrum sharing network in the propagation 

environment with path loss is shown in Figure 4.1, which comprises a pair of PU link 

and a pair of CR link in a fading channel. The PU link comprises a primary 

transmitter (PU-TX) and a primary receiver (PU-RX). The CR link comprises a 

cognitive transmitter and a cognitive receiver. Inside the spectrum sharing network, 

all channel state information (CSI) on each transmission side is available to the others. 

The additive noises at PU-RX and CR-RX are assumed to be independent with the 

same variance of ��. The instantaneous channel gains on the PU direct link, PU 

interference link, CR direct link and CR interference link are denoted by ���, ���,��� and ���, respectively. All channel gains involved are assumed to be independent 

random variables each having a continuous probability density function (PDF).  

The PU link and CR link transmit over the same spectrum simultaneously with 

different priorities. The PU link is prioritized to utilize spectrum and given a target 

QoS to assure. The CR link utilizes spectrum when the target QoS is assured on the 

PU link or the PU link is recognized as idle.  
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4.2 Spectrum Sharing Network in the Propagation Enviornement with Path 

Loss: 

 

Figure 4.2: The spectrum sharing network with a pair of PU link and a pair of CR link 

from the geometric point of view 

Similar to the considered scenario in previous section, the spectrum sharing 

network in the propagation environment with path loss is shown in Figure 4.2. The 

spectrum sharing network comprises a pair of PU link and a pair of CR link in a 

fading channel, including PU-TX, PU-RX, CR-TX and CR-RX. We assume that 

PU-TX, PU-RX, CR-TX and CR-RX locate in different positions, respectively, and 

each link has a different relative distance. The relative distances from PU-TX to 

PU-RX, from CR-TX to CR-RX and from CR-TX to PU-RX are denoted as  ���,��� and  ���, respectively. In this scenario, the spectrum sharing network is analyzed 

from the geometric point of view, considering the path loss issue. In the propagation 

environment with path loss, the received power intensity at receiver decreases as the 

relative distance between the transmitter and receiver increases. In other words, the 

interference intensity caused by the other link also decreases as the relative distance 

between the transmitter of the other link and the receiver increases.  
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4.3 Mamdani Fuzzy Control Modeling:  

 

Figure 4.3: The architecture of Mamdani fuzzy control 

The Mamdani fuzzy control comprises of four components: knowledge base, 

fuzzifier also known as fuzzification, rule-based decision and defuzzifier also known 

as defuzzification as shown in Figure 4.3 [3], [9], [10], [11].  

Knowledge base defines the relationship between crisp input/output variables and 

their fuzzy representations understood by the Mamdani fuzzy controller. 

Fuzzification translates crisp input values into their fuzzy linguistic expression. This 

process is carried out for each input variable at every control cycle, by evaluating the 

membership degree of each attribute characterizing it. In Figure 4.3, X and Y are two 

input variables (fuzzy antecedents). Z is the output variable (fuzzy consequence).    

Rule-based decision composed of multiple predetermined IF-THEN rules used to 

determine the attribute of the output variables. 

Defuzzification converts the fuzzy output into crisp output. The crisp value is used as 

the actual output to represent the fuzzy linguistic expression. There are many 

defuzzification techniques and one of the most commonly used techniques is the 

center of area (COA) method. In this thesis, we use COA method for defuzzification 

[12], [13], [14], [15]. 
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5 CHAPTER 5: POWER CONTROL IN SPECTRUM SHARING NETWORKS IN 

THE PROPAGATION ENVIORNMENT WITHOUT PATH LOSS 

In Chapter 4, we formulated the problem modeling of spectrum sharing network in 

the propagation environment without path loss. In this chapter, we introduce the 

evaluation of QoS, power control principles for spectrum sharing network in the 

propagation environment without path loss and the implementation of Mamdani fuzzy 

control.  

5.1 Evaluation of QoS: 

The CR link utilizes spectrum with opportunistic power scales to assure the desired 

QoS on the PU link. The opportunistic power allocation is linked with the PU’s QoS. 

It is needed to develop the criterions to evaluate QoS. Thus, we adopt the 

signal-to-noise ratio (SNR) and signal-to-interference-and-noise ratio (SINR) as the 

criterions [4], [5]. They are defined as follows:  

Before spectrum sharing, the PU’s SNR without the CR link is: 

α �  �� ��� ��                                                             �5.1  

And during spectrum sharing, the PU’s SINR with the CR link is:  

! �   �� ���  ��  ��� " ��                                                     �5.2  

where �' is the PU’s transmit power; ��  is the  CR’s transmit power; ��  is the 

variance of Additive White Gaussian Noise (AWGN). 

For simplicity, we assume that the CR has a peak power scale ����� and the CR 

allocates the peak power scale ratio +  to assure the desired QoS on the PU link. The 

equation �5.2  can be rewritten as follows:  

!�+ �   �� ��� +  �����   ��� " ��                                           �5.3  
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5.2 Power Control Principles for Spectrum Sharing Network in the 

Propgataion Enviornment without Path Loss: 

Suppose there is a threshold !- for the desired QoS, then to assure the desired QoS, 

the PU’s SINR !�+  should be greater than the threshold !-  during spectrum 

sharing. The CR allocates the peak power scale ratio + to assure that the PU’s SINR !�+  is greater than threshold  !- [4], [5]. From the equation �5.3 , the value of + is 

influenced by the PU’s SNR α and PU’s interference channel gain ���. The power 

control principles for spectrum sharing networks in the propagation environment 

without path loss can be organized from two different perspectives: PU’s SNR α and 

PU’s interference channel gain ���.            

The perspective of PU’s SNR can be summarized as follows: 

When the PU’s SNR is far below the threshold, the desired QoS is not assured. The 

PU link is already in outage before spectrum sharing and the spectrum utilization of 

the CR link will not cause any negative influence on the PU link. Thus, the CR link 

can transmit with its peak power. 

When the PU’s SNR is below but close to the threshold, the desired QoS is not 

assured but is likely in transition state, turning to be assured. The PU link is sensitive 

to interference and the spectrum utilization of the CR link will cause interference to 

the PU link. Thus, the CR link can transmit with a fraction of its peak power. 

When the PU’s SNR is above but close to the threshold, the desired QoS is just 

assured. The PU link is sensitive to interference and the spectrum utilization of the 

CR link will downgrade the desired QoS. Thus, the CR link can transmit with a 

fraction of its peak power. 

When the PU’s SNR is far above the threshold, the desired QoS is highly assured. The 

PU link is robust to interference and the spectrum utilization of the CR link will not 

downgrade the desired QoS. Thus, the CR link can transmit with its peak power. 

The perspective of PU’s interference channel gain can be summarized as follows: 

When the PU’s interference channel gain ��� is low, the received interference 

intensity caused by the CR link is low with respect to the PU’s interference channel 

gain ��� is high. In other words, when the PU’s interference channel gain ��� is high, 

the received interference intensity caused by the CR link is high with respect to the 

PU’s interference channel gain ��� is low.  
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5.3 Implementation of Mamdani Fuzzy Control:  

 

Figure 5.1: The architecture of Mamdani fuzzy control for spectrum sharing network 

in the propagation environment without path loss.  

The fuzzy-based optimal power control strategy can be illustrated by the 

architecture of Mamdani fuzzy control as shown in Figure 5.1. The PU’s SNR ratio . !/⁄  and PU’s interference channel gain ratio ��� ���_���⁄  are chosen as two input 

variables (fuzzy antecedents). The value of + is chosen as the output variable (fuzzy 

consequence). Each of them is translated into its fuzzy representation with 

membership functions [3], [9], [10], [11].  

5.3.1 Fuzzification: 

In fuzzification, the two input varibales are used as the antecedents and the output 

varibale is used as the consequence in the Mamdani fuzzy control. We distinguish the 

intensity levels of the input and ouput variables. Each level is represented by a fuzzy 

set with an assisting membership function. The antecedent 1 is the PU’s SNR ratio, 

the antecedent 2 is the PU’s interference channel gain ratio and the consequence is the 

CR’s peak power scale ratio [12], [13], [14], [15].   

 

  



 
 

14 
 

Antecedent 1: PU’s SNR Ratio: 

 

Figure 5.2: The membership functions of PU’s SNR ratio 

The ratio of PU’s SNR  .  to the threshold  !/ is differentiated into three intensity 

levels, which assist fuzzy sets restricted by membership functions. Thus, the linguistic 

variables of PU’s SNR ratio  0 can be presented by idle, active and robust states as 

shown in Figure 5.2. The PU’s SNR ratio 0 is represented as: 

0 � .!/                                                                �5.4  

The membership function used to represent the idle state is defined as follow: 

23456�0 � 7 1 89: 0 ;  0.5<20 " 2 89: 0.5 = 0 ; 10 89: 0 >  1 ?                               �5.5  

The membership function used to represent the active state is defined as follow: 

2��/3@6�0 � A  0 89: 0 ;  0.520 < 1 89: 0.5 = 0 ; 1<20 " 3 89: 1 = 0 ; 1.50 89: 0 >  1.5                             ? �5.6  

The membership function used to represent the robust state is defined as follow: 

2CD
EF/�0 � 7   0 89: 0 ;  1  20 < 2 89: 1 = 0 ; 1.5  1 89:  0 >   1.5  ?                             �5.7   
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Antecedent 2: PU’s Interference Channel Gain Ratio:  

 

Figure 5.3: The membership functions of PU’s interference channel gain ratio 

Suppose that a predetermined high value of PU’s interference channel gain is given 

as the threshold  ���_��� , which is used to differentiate the attribute of PU’s 

interference channel gain ���. The ratio of PU’s interference channel gain ��� to the 

threshold ���_��� is also differentiated into three levels. Thus, the linguistic variable 

of PU’s interference channel gain ratio  H is represented by low, medium and high 

states as shown in Figure 5.3. The PU’s interference channel gain ratio H  is 

represented as: 

H � ������_���                                                             �5.8  

The membership function used to represent the low interference channel gain is: 

 25DI�H � J  <2H " 1  89: 0 = H ; 0.5     0  89: H >   0.5 ?                              �5.9  

The membership function used to represent the medium interference channel gain is: 

2�643E��H � J       2H 89:  0 = H ; 0.5<2H " 2 89: 0.5 = H ; 1 ?                        �5.10  

The membership function used to represent the high interference channel gain is: 

2L3ML�H � J     0 89: H ;  0.5   2H < 1 89: 0.5 = H ; 1?                               �5.11  
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Consequence: CR’s Peak Power Scale Ratio:  

 

Figure 5.4: The membership functions of CR’s peak power scale ratio 

The CR’s peak power scale ratio + is differentiated into three intensity levels. The 

linguistic variable of CR’s peak power scale ratio +  is presented by low, medium and 

high scales as shown in Figure 5.4.  

The CR’s peak power scale ratio + is represented as: 

+ � �������                                                             �5.12  

The membership function used to represent the low power scale is: 

 25DI�+ � 7 1 89:  + ; 0.2<5N " 2 89: 0.2 = + ; 0.40 89:  + > 0.4  ?                         �5.13  

The membership function used to represent the medium power scale is: 

2�643E��+ �
OPQ
PR 0 89: + ; 0.25+ < 1 89: 0.2 = + ; 0.41 89: 0.4 = + ; 0.6<5+ " 4 89: 0.6 = + ; 0.80 89: + > 0.8

 ?                        �5.14  

The membership function used to represent the high power scale is: 

2L3ML�+ � 7 0    89: + ; 0.65+ < 3    89: 0.6 = + ; 0. 81    89: + > 0.8 ?                        �5.15  
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5.3.2 Rule-Based Decision: 

Based on the proposed power control principles for spectrum sharing network in 

the propagation environment without path loss, the fuzzy control rules are established 

as shown in Table 5.1, according to the proposed power control principles for 

spectrum sharing in the propagation environment without path loss. 

Table 5.1: The fuzzy control rules for spectrum sharing network in the propagation 

environment without path loss 

Rule . !/⁄  ���/���_��� + 

1 idle low high 

2 idle medium high 

3 idle high high 

4 active low high 

5 active medium medium 

6 active high low 

7 robust low high 

8 robust medium high 

9 robust high high 

In Table 5.1, the PU’s SNR ratio . !/⁄  is classified into three different 

transmission states: idle, active and robust states; the PU’s interference channel gain 

ratio ���/���_��� is also classified into three different scales: low, medium and high; 

the CR’s peak power ratio + is divided into three different power scales. When the 

PU’s transmission state is recognized as idle (Rule 1-3) or robust (Rule 7-9), the CR 

can transmit with its peak power. When the PU’s transmission state is recognized as 

active, the CR can transmit with a fraction of its peak power depending on the scale of 

the PU’s interference channel gain ratio  ���/���_���. The relationship is outlined as 

follows: 

•••• When the PU’s SNR ratio . !/⁄  is active and the PU’s interference channel gain 

ratio ���/���_��� is low, the CR can transmit with high power (Rule 4). 

•••• When the PU’s SNR ratio . !/⁄  is active and the PU’s interference channel gain 

ratio ���/���_��� is medium, the CR can transmit with medium power (Rule 5). 

•••• When the PU’s SNR ratio . !/⁄  is active and the PU’s interference channel gain 

ratio ���/���_��� is high, the CR can transmit with low power (Rule 6).  
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5.3.3 Defuzzification using COA Method: 

 
Figure 5.5: The value of CR’s peak power scale ratio vs. the PU’s SNR ratio and vs. 

the PU’s interference channel gain ratio  

After defuzzification using COA method, the relationship of the CR’s peak power 

scale ratio vs. the PU’s SNR ratio and vs. the PU’s interference channel gain ratio is 

computed and shown in Figure 5.5 [12], [13], [14], [15]. The x axis labels the PU’s 

SNR ratio and y labels the PU’s interference channel gain ratio.  

•••• When the PU’s SNR ratio . !/⁄  is close to 1 (active state), the value of + is turning 

to high as the PU’s interference channel gain ratio ���/���_��� is turning to 0 (PU’s 

interference channel gain ratio is low).  

•••• When the PU’s SNR ratio . !/⁄  is close to 0 (idle state), the value of + is always 

high, no matter the PU’s interference channel gain ratio ���/���_��� is close to 0 

(PU’s interference channel gain is low) or 1 (PU’s interference channel is high).  

•••• When the PU’s SNR ratio . !/⁄  is close to 2 (robust state), the value of + is always 

high, no matter the PU’s interference channel gain ratio ���/���_���  is close to 0 

(PU’s interference channel gain is low) or 1 (PU’s interference channel gain is high).   
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6 CHAPTER 6: POWER CONTROL IN SPECTRUM SHARING NETWORKS IN 

THE PROPAGATION ENVIORNMENT WITH PATH LOSS 

In Chapter 4, we discussed the scenario of spectrum sharing network in the 

propagation environment with path loss and formulated the problem modeling. In the 

propagation environment with path loss, the received signal/interference intensity at 

receiver decreases as the relative distance between the transmitter and receiver 

increases. In this chapter, we introduce the evaluation of QoS with path loss 

awareness, power control principles for spectrum sharing network in the propagation 

environment with path loss and the implementation of Mamdani fuzzy control.  

6.1 Evaluation of QoS with Path Loss Awareness: 

Since the spectrum sharing network is assumed in the propagation environment 

with path loss, the relative distance between the transmitter and receiver becomes one 

of the considered variables. Thus, the relative distance should be introduced into the 

evaluation of QoS and the received power intensity at receiver decreases as the 

relative distance increases [6], [7]. For simplicity, we assume that each power scale 

has a maximum effective distance and the received power intensity is regarded as zero 

when the relative distance is outside this maximum effective distance. The 

relationship can be expressed as: 

 �C/ �  ��/ T U1 < V������WXY                                          �6.1  

where  �C/  is the received power at receiver;  ��/  is the transmit power at 

transmitter;  T is the frequency-dependent path loss constant [7]; ��� is the relative 

distance between the PU-TX and PU-RX, ��� is its maximum effective distance; Z 

is the path loss exponent, Z should be greater than or equal to 2 in any typical 

propagation environment. Please note that ��� is invariant and ��� is less than or 

equal to ��� [��� = ���\. 
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Based on the equation �6.1 , the SNR and SINR with path loss awareness can be 

expressed as the equation �6.2  and �6.3 , using to evaluate the QoS on the PU link. 

They are defined as follows:  

Before spectrum sharing, the PU’s SNR without the CR link is: 

α �  ��/ T U1 < ]������^XY ��� ��                                              �6.2  

During spectrum sharing, the PU’s SINR with the CR link is:  

! �  ��/  T U1 < ]������^XY ��� 
  ��/  T U1 < ]������^XY ��� " ��

                                      �6.3  

where  ��� is the relative distance between the CR-TX and PU-RX, ���  is its 

maximum effective distance. 

For simplicity, we assume that the CR has a peak power scale ��/_��� and the CR 

allocates the peak power scale ratio + , assuring the desired QoS on the PU link. The 

equation �6.3  can be rewritten as follows:  

!�+ �   ��/ T U1 < ]������^XY ��� 
+ ��/_���  T U1 < ]������^XY ��� " ��

                              �6.4  
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6.2 Power Control Principles for Spectrum Sharing Network in the 

Propagation Enviornement with Path Loss:     

Suppose there is a threshold !- for the desired QoS, the PU’s SINR !�+  should 

be greater than the threshold  !- during spectrum sharing. The CR allocates the peak 

power scale ratio + to assure that the PU’s SINR !�+  is greater than threshold  !- 
[4], [5]. From the equation �6.4 , the value of + is dominated by the PU’s SNR α, 

PU’s interference channel gain ���  and relative distance  ��� . To illustrate the 

relationship between the PU’s SNR and relative distance in power control principles, 

we fix and normalize the PU’s interference gain ���  to 1, excluding the influence of 

PU’s interference gain ���. Thus, the power control principles for spectrum sharing 

network in the propagation environment with path loss can be organized from two 

different perspectives: PU’s SNR α and relative distance ���.         

The perspective of PU’s SNR can be summarized as follows: 

When the PU’s SNR is far below the threshold, the desired QoS is not assured. The 

PU link is already in outage before spectrum sharing and the spectrum utilization of 

the CR link will not cause any negative influence on the PU link. Thus, the CR link 

can transmit with its peak power.  

When the PU’s SNR is below but close to the threshold, the desired QoS is not 

assured but is likely in transition state, turning to be assured. The PU link is sensitive 

to interference and the spectrum utilization of the CR link will cause interference to 

the PU link. Thus, the CR link can transmit with a fraction of its peak power. 

When the PU’s SNR is above but close to the threshold, the desired QoS is just 

assured. The PU link is sensitive to interference and the spectrum utilization of the 

CR link will downgrade the desired QoS. Thus, the CR link can transmit with a 

fraction of its peak power. 

When the PU’s SNR is far above the threshold, the desired QoS is highly assured. The 

PU link is robust to interference and the spectrum utilization of the CR link will not 

downgrade the desired QoS. Thus, the CR link can transmit with its peak power. 

The perspective of relative distance can be summarized as follows: 

When the relative distance ��� is short, the interference caused by the CR link is high 

with respect to the relative distance is long. Thus, the CR link can transmit with its 

low power scale. In other words, if the relative distance ���is far, the interference 

caused by the CR link is low with respect to the relative distance is short, the CR link 

can transmit with its high power scale.  
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6.3 Implementation of Mamdani Fuzzy Control: 

 

Figure 6.1: The architecture of Mamdani fuzzy control for spectrum sharing network 

in the propagation environment with path loss  

The architecture of Mamdani fuzzy control for spectrum sharing network in the 

propagation environment with path loss is similar to the architecture described in 

Chapter 5 as shown in Figure 6.1. The PU’s SNR ratio  . !/⁄  and relative distance 

ratio ��� ���⁄  are chosen as two input variables (fuzzy antecedents). The value of + 

is chosen as the output variable (fuzzy consequence). Each of them is translated into 

its fuzzy representation with membership functions [3], [9], [10], [11]. 

6.3.1 Fuzzification: 

In fuzzification, the two input varibales are used as the antecedents and the output 

varibale is used as the consequence in the Mamdani fuzzy control. We distinguish the 

intensity levels of the input and ouput varibales. Each level is represented by a fuzzy 

set with an assisting membership function. The antecedent 1 is the PU’s SNR ratio, 

the antecedent 2 is the relative distance and the consequence is the CR’s peak power 

scale ratio [12], [13], [14], [15].   
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Antecedent 1: PU’s SNR Ratio 

 

Figure 6.2: The membership functions of PU’s SNR ratio 

The ratio of PU’s SNR . to its threshold  !/ is differentiated into three intensity 

levels, which assist fuzzy sets restricted by membership functions. Thus, the linguistic 

variables of PU’s SNR ratio  0 can be presented by idle, active and robust states as 

shown in Figure 6.2. The PU’s SNR ratio 0 is represented as: 

0 � .!/                                                               �6.5  

The membership function used to represent the idle state is: 

23456�0 � 7 1 89: 0 ;  0.5<20 " 2 89: 0.5 = 0 ; 10 89: 0 >  1 ?                              �6.6  

The membership function used to present the active state is: 

2��/3@6�0 � A   0 89: 0 ;  0.520 < 1 89: 0.5 = 0 ; 1<20 " 3 89: 1 = 0 ; 1.5   0 89: 0 >  1.5    ?                         �6.7  

The membership function used to present the robust state is: 

2CD
EF/�0 � 7   0  89: 0 ;  1  20 < 2  89: 1 = 0 ;  1.5  1  89:  0 >  1.5  ?                            �6.8   
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Antecedent 2: Relative Distance Ratio 

 

Figure 6.3: The membership functions of relative distance ratio 

Suppose that a predetermined maximum effective distance of relative distance is 

given as the threshold  ���, using to differentiate the attribute of relative distance 

ratio ���/��� . The ratio of relative distance ��� to the threshold ���  is also 

differentiated into three intensity levels. Thus, the linguistic variable of relative 

distance ratio H is represented by near, middle and far states as shown in Figure 6.3.   

The relative distance ratio H is represented as: 

H � ������                                                                  �6.9  

The membership function used to represent the near distance is: 

 2_6�C�H � J <2H " 1   89:  0 = H ; 0.5     0   89: H >   0.5 ?                            �6.10  

The membership function used to represent the middle distance is: 

2�34456�H � J    2H 89:  0 = H ; 0.5<2H " 2 89: 0.5 = H ; 1       ?                    �6.11  

The membership function used to present the far distance is: 

2`�C�H � J    0  89: H ;  0.5     2H < 1  89: 0.5 = H ; 1?                             �6.12  
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Consequence: CR’s Peak Power Scale Ratio 

 

Figure 6.4: The membership functions of CR’s peak power scale ratio 

The CR’s peak power control ratio + is differentiated into three intensity levels 

and the linguistic variable of CR’s peak power scale ratio + is presented by low, 

medium and high scales, respectively, as shown in Figure 6.4.  

The CR’s peak power scale ratio + is represented as: 

+ � ��/��/_���                                                         �6.13  

The membership function used to represent the low power scale is: 

 25DI�+ � 7 1 89:  + ; 0.2<5+ " 2 89: 0.2 = + ; 0.40 89:  + > 0.4  ?                     �6.14  

The membership function used to present the medium power scale is: 

2�643E��+ �
OPQ
PR 0 89: + ; 0.25+ < 1 89: 0.2 = + ; 0.41 89: 0.4 = + ; 0.6<5+ " 4 89: 0.6 = + ; 0.80 89: + > 0.8

 ?                     �6.15  

The membership function used to present the high power scale is: 

2L3ML�+ � 7 0   89: + ; 0.65+ < 3   89: 0.6 = + ; 0. 81    89: + > 0.8 ?                      �6.16  
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6.3.2 Rule-Based Decision: 

Based on the proposed power control principles for spectrum sharing network in 

the propagation environment with path loss, the fuzzy control rules are established as 

shown in Table 6.1, according to the proposed power control principles for spectrum 

sharing in the propagation environment with path loss. 

Table 6.1: The fuzzy control rules for spectrum sharing network in the propagation 

environment with path loss   

Rule . !/⁄  ��� /��� + 

1 idle near high 

2 idle middle high 

3 idle far high 

4 active near low 

5 active middle medium 

6 active far high 

7 robust near high 

8 robust middle high 

9 robust far high 

In Table 6.1, the PU’s SNR ratio . !/⁄  is classified into three different 

transmission states: idle, active and robust; the relative distance ratio ��� /��� is also 

classified into three different scales: near, middle and far; the CR’s peak power ratio 

K is divided into three different power scales. When the PU’s transmission state is 

recognized as idle (Rule 1-3) or robust (Rule 7-9), the CR can transmit with its peak 

power. When the PU’s transmission state is recognized as active, the CR can transmit 

with a fraction of its peak power depending on the scale of relative distance 

ratio  ��� /���. The relationship is outlined as follows: 

•••• When the PU’s SNR ratio . !/⁄  is active and the relative distance ratio ��� /��� is 

low (the relative distance is near), the CR can transmit with low power (Rule 4). 

•••• When the PU’s SNR ratio . !/⁄  is active and the relative distance ratio ��� /��� is 

medium (the relative distance is middle), the CR can transmit with medium power 

(Rule 5). 

•••• When the PU’s SNR ratio . !/⁄  is active and the relative distance ratio ��� /��� is 

high (the relative distance is far), the CR can transmit with high power (Rule 6).  
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6.3.3 Defuzzification using COA Method: 

 
Figure 6.5: The value of CR’s peak power scale ratio vs. the PU’s SNR ratio and vs. 

the relative distance ratio  

After defuzzification using COA method, the CR’s peak power scale ratio vs. the 

PU’s SNR ratio and vs. the relative distance ratio is computed and shown as Figure 

6.5 [12], [13], [14], [15]. The x axis labels the PU’s SNR ratio  . !/⁄   and y labels the 

relative distance ratio ���/���.  

•••• When the PU’s SNR ratio  . !/⁄  is close to 1 (active state), the value of + is turning 

to high as the relative distance ratio ���/��� is turning to 1 (relative distance is far).  

•••• When the PU’s SNR ratio  . !/⁄  is close to 0 (idle state), the value of + is always 

high, no matter the relative distance ratio ���/��� is close to 0 (relative distance is 

near) or 1 (relative distance is far).  

•••• When the PU’s SNR ratio  . !/⁄  is close to 2 (robust state), the value of + is always 

high, no matter the relative distance ratio ��� /��� is close to 0 (relative distance is 

near) or 1 (relative distance is far).   
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7 CHAPTER 7: MODEL VERIFICATION  

The proposed fuzzy-based optimal power control strategy is validated by 

comparison with spectrum sharing networks without power control strategy in the 

Rayleigh fading channel [16], [17]. The performance differences can be seen from 

characteristic of the bit error rate (BER) as a function of energy per bit to noise power 

spectral ratio �	
 ��⁄   using 16-quadrature amplitude modulation (16-QAM) scheme. 

The verification models for the propagation environment without path loss and the 

propagation environment with path loss are illustrated:    

7.1 In the Propagation Enviornment without Path Loss: 

In the propagation environment without path loss, the fuzzy-based optimal power 

control strategy is based on two input variables, the PU’s SNR ratio . !/⁄  and PU’s 

interference channel gain ratio ��� ���_���⁄ . In verification model, we fix the variable 

of PU’s interference channel gain ratio  ��� ���_���⁄  at three different scales: low, 

medium and high, respectively, and let PU’s SNR ratio . !/⁄  become the only 

variable. The Figure 7.1 depicts the BER vs. 	
 ��⁄  at  ��� ���_���⁄ � 0.2. The 

Figure 7.2 depicts the BER vs. 	
 ��⁄  at  ��� ���_���⁄ � 0.5. The Figure 7.3 depicts 

the BER vs. 	
 ��⁄  at  ��� ���_���⁄ � 0.8. The x axis labels PU’s SNR ratio . !/⁄  

in 	
 ��⁄  and y axis labels the BER.The  !/  is fixed at 20 dB, . increases from 0.2 

dB �. !/⁄ � 0.1  to 40 dB �. !/⁄ � 2 .  

 

Figure 7.1: BER vs. 	
 ��⁄  at ��� ���_���⁄ � 0.2 
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Figure 7.2: BER vs. 	
 ��⁄  at ��� ���_���⁄ � 0.5 

 

Figure 7.3: BER vs. 	
 ��⁄  at ��� ���_���⁄ � 0.8 

Based on the Figure 7.1 to 7.3, we observe that the BER of the spectrum sharing 

network with the proposed fuzzy-based optimal power control strategy is reduced, 

comparing to that without power control strategy. Besides, the reduction of BER is 

greater when the PU’s interference channel gain is higher, comparing to that when the 

PU’s interference channel gain is low.    



 
 

30 
 

7.2 In the Propagation Enviornment with Path Loss:  

In the propagation environment with path loss, the fuzzy-based optimal power 

control strategy is based on two input variables, the PU’s SNR ratio . !/⁄  and 

relative distance ratio ��� ���⁄ . Suppose the spectrum sharing network is in the free 

space propagation environment (path loss exponent = 2) and the PU’s interference 

channel gain ratio . !/⁄   is fixed and normalized to 1, we fix the input variable of the 

relative distance ratio ��� ���⁄  at different scales, respectively, and let the PU’s SNR 

ratio . !/⁄  become the only variable. The Figure 7.4 depicts the BER vs. 	
 ��⁄  

at  ��� ���⁄ � 0.2. The Figure 7.5 depicts the BER vs. 	
 ��⁄  at  ��� ���⁄ � 0.5. The 

Figure 7.6 depicts the BER vs. 	
 ��⁄  at  ��� ���⁄ � 0.8. The x axis labels PU’s SNR 

ratio . !/⁄  in 	
 ��⁄  and y axis labels the BER. The  !/  is fixed at 20 dB, . 

increases from 0.2 dB �. !/⁄ � 0.1  to 40 dB  �. !/⁄ � 2 .  

 

Figure 7.4: BER vs. 	
 ��⁄  at ��� ���⁄ � 0.2 
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Figure 7.5: BER vs. 	
 ��⁄  at ��� ���⁄ � 0.5 

Figure 7.6: BER vs. 	
 ��⁄  at ��� ���⁄ � 0.8 

Based on the Figures 7.4 to 7.6, we observe that the BER of the spectrum sharing 

network with the proposed fuzzy-based optimal power control strategy is reduced, 

comparing to that without power control strategy. Besides, the reduction of BER is 

more obvious and greater when the relative distance is closer, comparing to that when 

the relative distance is far.   
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8 CHAPTER 8: CONCLUSION 

Throughout the thesis, we have a clear picture of the fuzzy-based optimal power 

control strategy and understand how to implement the Mamdani fuzzy control in the 

spectrum sharing network.  

Numerical results show that spectrum sharing with the proposed fuzzy-based 

optimal power control strategy has a lower BER than that without power control 

strategy, especially when PU’s interference channel gain is high (in the propagation 

environment without path loss) or when the relative distance is near (in the 

propagation environment with path loss). We can conclude that the proposed 

fuzzy-based optimal power control strategy can effectively assure the desired QoS on 

the PU link and the PU link can have a lower BER while the CR link utilizes 

spectrum simultaneously. Suppose there is a predetermined value of the PU’s SNR for 

the desired QoS, the performance is better when the PU’s SNR close to the 

predetermined value with respect to that when the PU’s SNR is far below or far above 

the predetermined value. Besides, when the PU’s interference channel gain is high, 

the performance is better than that when the PU’s interference channel gain is low. 

When the relative distance is short, the performance is better than that when the 

relative distance is long.  

Additionally, from the presented algorithm, we can see that the proposed 

fuzzy-based optimal power control strategy has a less-complexity computational 

strategy, comparing to the conventional power strategies.   

For the future work, we suggest this fuzzy-based optimal power control strategy 

can be extended to the cooperative cognitive radio network with a plurality of PU link 

and a plurality of CR link, considering the an optimal power control among multiple 

wireless links over the same spectrum bands [3], [17]. The Mamdani fuzzy control 

can be applied to optimize spectrum usage when multiple channel gains and multiple 

interference channel gains are taken into consideration. 
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Appendix: 

 

Figure A1.1: The Mamdani fuzzy control model with two antecedents and one 

consequence   

 

Figure A1.2: The membership function of PU’s SNR ratio 
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Figure A1.3: The membership function of relative distance ratio  

 

Figure A1.4: The membership function of CR’s peak power scale ratio 
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Figure A1.5: The fuzzy control rules: PU’s SNR ratio and relative distance ratio  

 

Figure A1.6: The defuzzification by COA method  
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Figure A1.7: The relationship between the two antecedents and one consequence after 

defuzzification by COA method   


