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ABSTRACT 
 
 
The cognitive radio network (CRN) has been proposed to address growing demand and 
underutilization of the radio spectrum. CRN technology allows the utilization of spectrum i.e., the 
same frequency band, by both, the primary users (PUs) and secondary users (SUs) under certain 
conditions imposed on the sharing. Spectrum sharing systems have become popular due to the need for 
higher utilization of the available resources considering the exponential increase in the number of 
electronic devices used for Internet access[1], thus demanding more bandwidth and higher speeds. It is 
necessary to study the problems caused due to inefficient usage of spectrum and find suitable 
alternatives to accommodate a higher number of users to spectrum, thus making it efficient in terms of 
money spent and power consumed[2]. To increase radio spectrum utility, cognitive radio network is 
considered a promising technology. In the approach of spectrum sharing, the Secondary Users (SU) 
access the licensed frequency bands that are allocated to the Primary Users(PUs) without having to 
violate the quality of Primary Users' (PU) transmission[3]. Spectrum sharing and spectrum sensing are 
vital for communication in cognitive radio networks[4]. But, when it comes to a hyper dense 5G 
mobile environment, spectrum sharing along with interference management, energy efficiency and 
multi-hop communications are substantial challenges that require further and deep investigation[4]. 
Furthermore, guaranteeing an ideal spectrum sensing is challenging and there are risks of SUs causing 
interference to PUs in a probable case of missed detection. 

 
In an interweave spectrum sharing system, the SU can utilize the spectrum, while the PU remains idle. 
To identify the vacancies in spectrum utilization with respect to time, the spectrum should be actively 
monitored for spectrum gaps. Alternatively, the cognitive users can conduct reliable sensing 
operations to identify spectrum gaps. This thesis work aims at analyzing the problems of spectrum 
under-utilization, performance, service priority, and performance assessment of potential scheduling 
approaches. In an interweave spectrum sharing system, quality of service (QoS) of the cognitive user 
becomes a concern, if the PU is never idle, or is idle for very less amount of time. The objective of this 
thesis work is providing a minimum QoS[5] guarantee to the SU while maintaining the predefined 
QoS for PU. When two or more users approach the same frequency band at the same time, it is 
necessary to allow them to access the spectrum in such a way that the transmission of PU receives 
higher priority, to maintain unchanged QoS for PU. If the PU is chosen over the SU continuously, the 
transmission of the SU is seriously affected. To deal with the problem, a priority queuing model for 
queuing of incoming processes that can optimize the QoS for both PU and SU is proposed. There is a 
possibility that spectrum sensing by the cognitive user can be unreliable. This misdetection can lead to 
SU interfering with the PU transmission. The challenges that arise due to inaccurate spectrum sensing 
by the cognitive user are overcome by using continuous spectrum monitoring to identify when the PU 
is idle, and when the SU can be allowed to use the frequency band.  
 
Methods: Extensive literature study was done on various aspects of CRN technology, various 
visualization and simulation tools necessary to simulate and analyze a hyper dense 5G network. 
Experimentation was done using Network Simulator-2(NS2). The methods used for the research work 
are literature review and qualitative analysis[6].  
 
Results: Assigning suitable priorities and orderly transmission of data with spectrum sensing and 
queuing results in optimal throughput and delay for both primary and secondary users in a cognitive 
radio network. 
 
Conclusions: The transmission of data in a medium or low frequency system uses digital 
beamforming, there is no functional difference in the transmission of packets be it data, voice or video. 
The difference between real-time services and data is the protocol used and the presence in HARQ 
feedback in non-real time systems. 
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  PREFACE 
 
This entire work of this thesis has been carried out as two research parts, which are: 

PART 1 
 

a. QoS analysis of primary user in the absence of secondary user 
b. QoS analysis of primary and secondary users, where the secondary user has no interference 

constraints 

PART 2 
 
QoS analysis of primary and secondary users where the QoS conditions of the primary user are 
satisfied while trying to maintain the QoS of secondary user. 
 
ABBREVIATIONS 
 
CRN Cognitive Radio Network 
PU Primary User 
SU Secondary User 
3G Third Generation 
4G Fourth Generation 
5G Fifth Generation 
LTE Long Term Evolution 
QoS Quality of Service 
NS-2 Network Simulator 
TCP Transmission Control Protocol 
UDP User Datagram Protocol 
CBR Constant Bit Rate 
FTP File Transfer Protocol 
RED Random Early Detection 
SFQ Stochastic Fair Queuing 
IP Internet Protocol 
NAM Network Animator 
CLI Command Line Interface 
GPRS General Packet Radio Services 
WLAN Wireless Local Area Network 
UE User Equipment 
TTI Transmission Time Interval 
GB Giga Bytes 
GHz Giga Hertz 
ISO International Standards Organization 
CD Compact Disc 
FIFO First-in First-out 
REM Random Exponential Marking 
CoDel Controlled Delay 
PQ Priority Queuing  
NS Network Simulator 
C++ Object oriented programming language 
Tcl/Otcl Scripting language 
LBNL Lawrence Berkeley National Laboratory 
GUI Graphic User Interface 
HARQ            Hybrid Automatic Repeat Request 
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INTRODUCTION 
 

This chapter gives an overview of the thesis work and explains the objectives, research questions and 
the research methodology for the thesis work. 
 
Cognitive Radio is a promising technology that can effectively handle the problem of spectrum 
shortage, by sharing the available radio spectrum of the licensed users to the unlicensed users, while 
causing no interference to communications. Spectrum sensing is a technique used to detect the 
presence and absence of the licensed user in the spectrum. In the absence of the licensed user, 
unlicensed user can transmit on the radio spectrum[7].  This technique however, comes with the 
problem of missed detection[8]. In case of inaccurate spectrum sensing, there will be interference, thus 
causing disruption to communications. This poses a threat to the integrity of a cognitive radio network.  

 
Abundant research has been done in areas concerning security in CRNs. There appears to a gap in 
research when it comes to behavior of spectrum sharing systems for various services, for instance, 
voice. In this work, the impact of type of service on the performance of the CRN was studied.  
 

1.1 Spectrum sharing systems 
 

1.1.1 Cognitive radio networks 
 

Cognitive radio (CR) is the enabling technology for supporting dynamic spectrum access: This 
technology addresses the spectrum scarcity problem that is encountered in many countries. Thus, CR 
is widely regarded as one of the most promising technologies for future wireless communications. To 
make radios and wireless networks truly cognitive, however, is a task, that requires collaborative effort 
from various research communities, including communications theory, networking engineering, signal 
processing, game theory, software-hardware joint design, and reconfigurable antenna and radio-
frequency design[9].  

 
 

 
Figure 1-1: Cognitive Radio Network 

 

1.1.2 Primary Users and Secondary Users 
 
The significant components of a cognitive radio network are the licensed and unlicensed users. They 
are also referred to as primary and secondary/cognitive users. A user who has higher priority or legacy 



 

9 

rights on the usage of a specific part of the spectrum is a primary user. A user who has a lower priority 
and therefore exploits the spectrum in such a way that it does not cause interference to primary users, 
is a secondary user. Usually, the primary user is unaware of the presence of the secondary user in the 
network. The secondary user uses spectrum sensing to make use of the spectrum in the absence of the 
primary user. The spectrum of the primary user is shared with the secondary user to optimize the 
spectrum utilization. This may lead to various security and QoS problems. If the primary user is given 
higher priority for all the incoming traffic, it is impossible to provide a minimum QoS for the 
cognitive user. 
 

1.1.3 Quality of Service 
 
Quality of Service is a parameter that refers to the capability of a network to provide better service to 
selected network traffic. If the number of incoming packets exceeds the capacity of the queue, the 
queue will over flow and packets will be dropped to empty the queue. The QoS of a network can be 
maintained if the rate at which the packets arrive into the queue is lesser than or equal to the rate at 
which the packets leave the system. In cognitive networks, often the primary user is unaware of the 
existence of the cognitive user. Thus, it becomes necessary to not compromise on the QoS of the 
primary user[10].  

1.2 Types of services and their impact on performance 
 
To analyze the performance of a spectrum sharing system with respect to different types of services, it 
is necessary to see how data and voice transmissions differ. Voice, like all other data, travels in 
packets over IP networks with fixed maximum capacity[11].  
  
The major difference between voice and data traffic is the fact that data packets can be retransmitted in 
case they are dropped, so that no part of the data is lost. With voice on the other hand, it is pointless to 
resend dropped packets because voice only makes sense if it is a contiguous stream. This implies that 
voice must be more carefully configured[12].    
 

1.3 Traffic scheduling mechanisms  
 

1.3.1 DropTail Queuing 
 

It is a simple mechanism that is used by routers to decide when the packets should be dropped. Each 
packet is treated identically and when queue is at its maximum capacity, the incoming packets from 
that instant are dropped until the queue has enough space to accommodate the incoming packets[12]. 
 

1.3.2 Stochastic Fair Queuing 
 

This queuing mechanism, queue is not assigned for every session, it has an algorithm that divides 
traffic over a restricted number of queues using a hashing algorithm. It assigns many FIFO queues. 
 

1.3.3 Random Early Detection 
 

Random Early Detection is a congestion avoidance queuing mechanism that is highly efficient for 
high-speed transit networks. In this mechanism, if the buffer is empty, all the incoming packets are 
acknowledged. With the increase in queue size, the probability of dropping a packet also increases. 
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1.3.4 Priority Queuing 
 

As the name suggests, a packet with higher priority is served before the packet of low priority. The 
major disadvantage of this mechanism is that, a low priority packet could be left in the queue for a 
long time. 
 

1.3.5 First-in First-out 
 
First-in First-out is a type of PQ, where highest priority is assigned to the first arrived packet, 
irrespective of the sender of the said packet. 

 
Spectrum sharing in a cognitive radio can be done in many ways. Some of the approaches to sharing 
the spectrum are Underlay, Overlay and Interweave. Spectrum sharing and security concerns for a 
cognitive radio network have been addressed in the research by Sibomana, considering Overlay 
approach. The spectrum sharing mechanism chosen for the current research is Interweave. A 
comparative analysis of Underlay, Overlay and Interweave have been provided below to support the 
choice of Interweave as the spectrum sharing mechanism for assessing the performance of spectrum 
sharing systems with respect to service differentiation. 

1.4 Underlay approach 
 
Cognitive and non-cognitive users are allowed to simultaneously access the same radio spectrum for 
transmission, as long as the interference[13] caused to the primary user by the secondary user remains 
under a predefined tolerable limit. In the recent times, a signal processing technique called 
Beamforming is used to cause minimal interference, by limiting the transmission behavior of 
secondary user[14]. In cases where the tolerance limit is exceeded despite the precautionary measures, 
there will be serious problems for the transmission of the primary user.  

1.5 Overlay approach 
 
In this approach, the non-cognitive users share knowledge of their messages with the cognitive users. 
This way, the cognitive users enhance and assist the non-cognitive transmissions, instead of trying to 
compete for spectrum access. This approach rises security concerns for the secondary user, though the 
spectrum is utilized efficiently[15].  

1.6 Interweave approach 
 
This method of spectrum sharing enables the cognitive users to access the spectrum when the primary 
user is not using the spectrum, i.e., the primary user is idle. To identify the period for which the 
primary user is inactive, spectrum sensing is used by the secondary user. The problem arises, when the 
spectrum sensing becomes inaccurate and the secondary user tries to use the spectrum when it is not 
vacant[16]. This causes a drop in the QoS the primary user. To avoid this problem, a schedule is used, 
where the duration for which the primary user is idle, is known to the secondary user. This does not 
rely purely on spectrum sensing, but controls the transmission times of both, primary and secondary 
users in such a way that they do not clash.  

1.7 Network simulator 
 

Network simulator is a discrete event simulator, primarily used for research. Ns-1, ns-2 and ns-3 are 
the available version of ns[17]. To analyze the behavior of a cognitive network, network simulator 
provides suitable environment. The different versions are as follows[18, p.]. 
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1.7.1 NS-1 
 

ns-1 is the first version of ns, initially known as LBNL Network Simulator. 

1.7.2 NS-2 
 

ns-2 is a revision of ns-1, with wireless codes being one of the major new features. It uses Otcl and 
C++ languages. 
 

1.7.3 NS-3 
 

ns-3 is still under development and makes use of C++ and Python. 
 
For this project, ns-2 was chosen, due to the availability of nam GUI and stability of the simulator. 
Another important selection criterion is the presence of abundant documentation for ns-2 online and 
technical forums with discussions on the ns-2 simulator. 
 
Ns2 is a discrete event simulator targeted at networking research. It provides substantial support for 
simulation of TCP, routing and multicast protocols over wired and wireless (local and satellite) 
networks. ns2 aims to provide the following features to a simulation: 
 

1. Networking research and education 
2. Protocol design, traffic studies, etc. 
3. Protocol comparison 
4. New architecture designs 
 

1.7.4 Languages used in ns2 
 

Ns2 primarily makes use of two languages. C++, Otcl. Otcl is object oriented Tcl, which is an 
extension to Tcl for object-oriented programming. It is useful to build network structure and topology 
which is the surface of the simulation. With Otcl, it is easy to configure network parameters. But, for 
research schemes and protocol architecture adaptation, Otcl is insufficient. 
C++ is used to implement the kernel of the architecture of protocol designs. It is also helpful to change 
or comment the existing protocols in ns2. 
It is necessary to use both the languages for ns2, to satisfy the following requirements of the simulator:  
Detailed simulation of protocol, higher run-time speed, varying parameters or configuration. 
C++ is fast to run, but slow to code and modify. Otcl is easy to code, but it takes longer to run. Thus, 
these two languages are used to satisfy the requirements of the simulator. 
 

1.7.5 Components of NS2 
 

NS2: The simulator version ns-2.35 
NAM: Network animation tool for simulation 
Pre-processing: Traffic and topology generators 
Post-processing: Simple trace analysis, often in awk, perl or Tcl 
 

1.7.6 NS2 directory structure 
 

NS is an object-oriented simulator, written with C++ with an Otcl interpreter as frontend. Simulator 
supports a class hierarchy in C++ known as compile hierarch and Otcl supports a class hierarchy, 
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known as interpreter hierarchy. These two hierarchies are closely related and there is one-to-one 
correspondence between a class in interpreter hierarchy and a class in compile hierarchy. The 
simulator, ns-2.35 is the base directory. On the next level, we there are tcl 8.0, otcl and ns-2. The 
complete directory structure is as shown in the figure below. 
 
 

 
Figure 1-2 NS2 directory structure 

1.8 Installation of NS2 
 

NS2 is an open-source simulation tool that runs on Linux. It is a discreet event simulator that enables 
the simulation of routing, multicast protocols and IP protocols such as UDP, TCP, RTP and SRM for 
both wired and wireless networks. 
 
Use the installation document from nsnam to install the software. 
 

1.8.1 Validation 
 

After the successful completion of the above steps, it is necessary to validate the installation. To do 
this, use the command,  ./validate in terminal. This is a time taking process and might take around an 
hour to complete. 
After this, the command ns is typed in the terminal. A % is displayed, which shows the successful 
installation and validation of ns2. 

1.9 Simulation of Network 
 

Creating a simulator object, coloring the data flow, opening the NAM trace file, defining a finish 
procedure. 

1.9.1 Connections between nodes 
 

Creating links between the nodes, setting queue size of the links i.e., bandwidth with: 
 

 2MB 10ms DropTail for each of the links.  
 Positioning the nodes to define the layout. 

1.9.2 Generation of traffic 
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Setup of a TCP connection to node1 and setting sink. Setting up FTP over TCP connection. Using 
CBR, for the newly setup UDP[12]. 
 

1.10 Network Animator 
 

To simulate the desired network and assess the performance in terms of various parameters, it is 
necessary to use a suitable simulation software. NS2 and NS3[19, p. 3] are the available network 
simulators that can be used to virtually establish a mobile network. NS2 is used for wired and wireless 
simulation, whereas NS3 is used for internet simulation.   

 
The format of the trace file has twelve rows with the following parameters: 

 
 

1. Event- An event could be packet received (r), enqueue (+), dequeue (-), drop (d)  
2. Time-Time at which the event occurred, with respect to simulation start time  
3. From node- Node from which originates 
4. To node-Destination node 
5. Packet type-Acknowledge packet (for TCP), CBR, etc 
6. Packet size-size of the packet in bytes 
7. Flags- 
8. fid- flow ID of IPv6 is the color set for each flow at the input OTcl script 
9. Source address 
10. Destination address 
11. Sequence number 
12. Packet ID 

 
r -t 3.62875294117649 -s 2 -d 0 -p ack -e 40 -c 1 -i 980 -a 1 -x {3.0 0.0 483 ------- null} 
 
This is the format for the trace (tr) for each run of the simulation. In ns-2, this is displayed in 
the GUI of the nam console.  

 

1.10.1 Role of nam output 
 

Nam output is generated in write mode when the simulation is run[20]. This collects the data, which 
has 12 fields as explained in earlier sections. With the help of nam, average RTT is calculated. 

1.10.2 Xwd files 
 

The program xwd (X Window Dump) captures the content of a screen/window and saves it. In this 
scenario, the output of the nam console, which appears like a live video as the packets are moving 
within the simulated network, is captured are multiple snapshots, as xwd files[21]. 
 

1.10.3 Role of awk script  
 

AWK is a programming language designed for processing text, to be specific, parse text. Extremely 
useful pieces of code can be written in AWK, that aid data extracation and reporting[22]. 

 

Event Time From 
node 

To  
Node 

pkt 
type 

pkt  
size 

flags Fid Src 
addr 

Dst 
addr 

Seq 
num 

Pkt 
Id 
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AWK script used in this research counts the number of packets dropped during a TTI. The total 
number of packets transmitted is known, and with AWK script, the number of packets dropped is 
known. This helps in determining the throughput.  

 
As logic goes, higher the packets dropped during a transmission interval, lower is the throughput and 
reduced is the performance of the system[23]. 

1.11 Trace Analysis Utilities 
 

Analysis of traces is as significant a job as properly collecting and storing them. Trace can be a 
confusing format to analyze data from. To solve this problem, awk script for parsing and excel sheet 
for further delimiting the columns of trace file are used. The number of packets dropped can be viewed 
as console output with a single line command. 

 
Another approach to analyze trace for such a massive amount of data is to have a perl script that would 
automate the process of parsing and delimiting the data columns.  
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2 THESIS OUTLINE, OBJECTIVES AND RESEARCH 
QUESTIONS  
 

2.1 Outline of the thesis work 
 

Literature study involved shortlisting the list of references around Cognitive Radio and Queuing 
mechanisms. Simulation was divided into three scenarios, to isolate testcases and answer each of the 
Research Questions with accuracy. 

2.1.1 Part 1A 
 

Both PU and SU were simulated to transmit in the system with no priority queuing for the entire TTI. 

2.1.2 Part 1B 
 

Only PU can transmit for the entire spectrum and SU was forced to be idle during the entire TTI. 

2.1.3 Part 2 
 

Both PU and SU could transmit with a fair queuing mechanism, during the entire TTI.  
 
 

2.2 Objectives 
 
1. Providing a minimum QoS guarantee to the SU while maintaining the predefined QoS 

for PU. 
2. Proposing a priority queuing model for queuing of incoming processes, that would 

address the problems of spectrum under-utilization in spectrum sharing systems. 
3. Handling the challenges that arise in the QoS of the PU due to inaccurate spectrum 

sensing and interference caused by SU. 
 

2.3 Research Questions and Motivation 
 

Research Question 1. 
 

Is it possible to have an algorithm for queuing of incoming processes which has higher throughput, 
lower delay and lower spectrum utilization compared to the existing algorithms? What would its 
functioning be? 
 
Motivation. 
 
Though data transmission is possible with existing algorithms, to make use of the spectrum with 
higher efficiency, i.e., less power consumption, or higher data transfer rate for the same amount of 
power, etc., it is necessary to look for a better algorithm for queuing of incoming processes. Hence, 
this research question becomes investigable, as there appears to be a gap in this research area. 
 
Research Question 2. 
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What may be the best solution for providing optimal QoS for all the users within the spectrum sharing 
system? 

 
Motivation. 
 
From the literature research, it was understood that, the QoS for PU is expected to be unaltered, 
though a SU shares the same spectrum. At the same time, it is also necessary to provide the SU with a 
minimum QoS guarantee. Thus, this question becomes relevant for research. 

 
Research Question 3. 

 
What is the impact of queuing mechanism for incoming processes based on the type of data (voice, 
video, etc.) being transmitted in a spectrum sharing system? 
 
Motivation. 
 
It is necessary to instigate the impact of queuing mechanism on the data type being transferred, as this 
helps understand the behavior of spectrum sharing systems with service differentiation. 
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3 RELATED WORK 
 
 
The research work of Louis Sibomana on physical layer security for cognitive relay networks 
mathematically derives the relationship between the secondary system security and relay selection 
diversity. In the presence of multiple eavesdroppers (EAVs), the author researches a solution for 
security concerns in a cognitive radio network. The focus of the author’s work is to study and provide 
a mathematical enhanced security in the secondary network by increasing the power in the cognitive 
radio network[3].  
 
In the research work titled “A Framework for Packet Delay Analysis of Point-to-MultiPoint Underlay 
Cognitive Networks”, the authors conduct a detailed study about the behavior and performance of a 
SU while outage conditions were imposed by the PU[24].  
 
Numerous work has been done in researching optimal approach to share a spectrum between the 
primary and secondary users in a cognitive radio network with the main approaches being underlay, 
overlay and interweave spectrum sharing mechanisms[15], [16], [24]. 
 
Studies concerning quantification of the behavior of a network in terms of measurable physical 
quantities in the field of radio networks provide relevant background knowledge necessary for the 
current research on performance assessment of spectrum sharing systems with service differentiation. 
The parameters that are relevant to the performance measurement of a communication system are 
throughput, delay and QoS[23]. 
 
From the literature review of the above-mentioned research works, a gap in research was identified. 
There is a need to study the behavior of spectrum sharing systems when the type of service is varied in 
the network. 
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4 METHODOLOGY 
 

For a traditional research, the approach used would be literature survey, simulation, real-time 
experimentation, with the aid of existing mathematical models for the system under research[25]. Due 
to novelty of the project, literature study, followed by simulation were used. Real-time 
experimentation is not a feasible option as it would involve UE traffic and real-time nodes. 
Mathematical models for the proposed configurations of the system did not exist, prior to this 
research. Legacy codes of ns-2 have become the backbone to Otcl and C++ scripts generated for the 
system simulation, Research Question1 and Research Question 2 were answered with simulation, with 
trial and error approach, where the packet loss and RTT were compared for each available active 
queue mechanism like RED, REM, CoDel etc.  
 
The experiment consists of three areas part 1A, part 1B and part 2. In 1A, Both PU and SU transmit 
with equal priority. In 1B, only PU has accessed the entire BW. In part 2, both PU and SU transmit, 
with PU having a higher priority. 
 

 
RQ3 was answered with simulation, by using various protocols like TCP, UDP, FTP, each type of 
packet delivery, representing a different service like voice, email etc.  

 
The research method primarily consists of three parts. The first is literature research, the second is 
experimentation and the third is validation.  

4.1 Literature Study 
 

In literature research, the domain for the research is narrowed down from Networks to Spectrum 
sharing systems to Interweave spectrum sharing systems, for which the performance is assessed with 
respect to throughput and delay[26] for different types of services like voice, video, text etc. Focus 
was placed on various existing traffic scheduling algorithms for the queue and planning to develop a 
hybrid algorithm[2] that could provide optimum QoS [26] for both the primary and secondary users is 
done. To be able to study a spectrum sharing system, a suitable simulator should be chosen. Network 
simulator 2 and Network simulator 3 have been studied, and NS2 was chosen to simulate the network, 
as it has a direct network animator in it to visualize the network, instead of having to use an external 
visualizing tool for the generated pcap files in NS3. C++/Otcl library is used in NS2 and NS3 uses 
only C++ objects. Though the simulation of the network is relatively easier in NS3, due to the ease of 
access to the Network animator, NS2 was chosen.  
 

4.2 Qualitative Analysis 
 
 

This part of the research work is carried out majorly with the help of the simulation tool, network 
simulator. The experimental setup is split into three scenarios to obtain an optimal value of the 
throughput value in the system i.e., a reference value. The best value of throughput is assumed to be 
the one where the primary user is the only occupant of the entire spectrum in transmission time 
interval. This aids in comparison of throughputs of scenarios 1a, 1b and 2 graphically and roundtrip 
times numerically. 
 
In a computer system with Windows OS, a Linux virtual machine was installed. NS-2 software is 
installed and validated, after which tcl scripts were used to simulated to three scenarios explained 
earlier. The nam outputs are collected during runtime. These values are then extracted, sorted with 
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respect to type of packet i.e., whether the packet is received or dropped, and analysis is done in excel 
sheets. The results obtained, and the analysis is explained in the following sections. 
 
To have a simplified network, only four nodes are taken into consideration of which nodes 0 and 1 are 
the source nodes which produce packets and node 3 is the common destination for both the nodes. 
Node 2 is the intermediate node where queuing and collision takes place. 
 
CBR and TCP traffic is applied to the network, CBR representing the real-time traffic and TCP 
representing the reliable data transfer applications thus creating the scenario to analyze the network 
parameters with service differentiation. 
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5 RESULTS 
 

In this chapter, the results of the thesis work have been split and presented as two sections. The 
numerical results obtained from mathematical calculations by extracting the values from nam files to 
excel sheets. The other is graphical results where an effort was made to represent the throughput for 
visual analysis. 

 
The process of the experimental setup, arising because of literature research has been explained in the 
previous chapter. The idea behind the tcl scripts used is to simulate the scenarios 1a, 1b and 2 in ns2. 

5.1 Experimental Results 
 

The scripts used to generate the numerical results in the below section have been added in the 
appendix. The RTT values are observed to be the following for scenarios 1a, 1b and 2. 
 

S. Num Experimental Scenario RTT 
01 1a_nam average 1.558214 
02 1b_nam average 2.307313846 
03 2_nam average 1.88606 

Table 5-1 RTTs for 1a,1b and 2 
 
The above values are obtained by extracting the nam outputs to an excel files, in which calculations 
have been performed. It can be noted that, part 1a has the least RTT due to the presence of only PU in 
the system. Part 1b has larger delays, due to lack of a proper queuing mechanism. Part 2 has an 
optimal RTT, which suits the needs of both PU and SU, with lower packets being dropped in the 
system. These results are further analyzed and discussed in the following chapter. 
 
The xwd files are the nam instances when the output is seen on the GUI. They are dumps in a manner 
of speaking, windows dumps, seen as snippets. It is an extract of the runtime GUI output. 
 
 

 
 
 

 
Figure 5-1: xwd during runtime 
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The xwd files provide useful information for visual understanding of the results but to obtain a 
mathematical analysis, it is necessary to collect the dumps to a tcl file for further analysis. 

 
 

 
Figure 5-2: nam GUI output  

 
 

The blue and red arrows shown in the nam console in the above figure, represent the packets between 
nodes 0 to 3 and 1 to 3, with node 2 as an intermediate node between them, where congestion could 
occur when the traffic is the network increases exponentially or when the secondary user competes 
with the primary user for the available resources. 

 

 
Figure 5-3: Roundtrip time calculated with tcl script 

 
 

It is possible to see the roundtrip time as a console output instead of having to extract and 
analyze data from the nam output by running the tcl script attached in the appendix, while ns2 is 
running in the background.  

5.2 Graphs corresponding to experimental results 
 

This section tries to represent the number of packets vs RTT of each scenario to better visualize the 
results of 1a, 1b and 2.  
 
 
 

5.2.1 Throughput for 1a 
 

1a is the experimental scenario in which only one user i.e., the PU occupies the entire spectrum. The 
graph shows the number of packets transmitted with respect to the roundtrip times. It appears to be 
linear, as there is no factor causing the throughput to drop during the entire interval of transmission. 
 

5.2.2 Throughput for 1b 
 
1b is the experimental scenario where the SU can access the spectrum after the PU has started using 
the frequency already. This causes high level of interference, because there is no scheduling in done to 



 

22 

determine how the resource i.e. the spectrum is shared by both the users. The throughputs of both PU 
and SU can be seen dropping. 
 

 
Figure 5-4 Throughput for 1b packets in bytes Vs time in ms 

 

5.2.3 Throughput for 2 
 

2 is the experimental scenario where, like 1b, both PU and SU are accessing the spectrum, but the 
difference is that, they are scheduled to access the spectrum in such a way that they cause least 
interference with each other, thus leaving the throughput optimal. Spectrum sensing is a technique that 
allows for the system to anticipate the arrival of an incoming packet before the event takes place and 
when the primary user would be inactive. This provides the resources necessary for the secondary user 
in the presence of primary user in the same network, but in an inactive state. This avoids dropping or 
delaying of packets due to interference. 

 

 
Figure 5-5 Throughput for 2 packets in bytes Vs time is ms 
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5 ANALYSIS AND DISCUSSION 
 
 
 

5.1 Analysis of Results 
 

The mathematical outputs of delay, patterns observed in the window dump(xwd) files and the outputs 
saved to the nam files during each run of the simulation must be further analyzed statistically to 
decipher how throughput and delay change from 1a, 1b and 2 scenarios. 

 
The average RTTs obtained from the experimental results suggest that, sharing the same resource i.e., 
spectrum between two users can cause delay for both users. One probable solution to share spectrum, 
while also maintaining the RTT for each user in a future would be to use beamforming technique like 
in 5G, where, the location of the mobile device is constantly tracked and the beam from the antenna is 
focused towards each specific user, thus making spectrum reuse feasible. 
 
This however, results in higher power consumption at the radio base station in a real-life scenario. For 
the tradeoff to be efficient, it is recommended to exponentially increase the number of users reusing 
the spectrum, thus reducing the per user power consumption. 
 
The analysis of numerical data is done by extracting the experimental output of the nam and trace files 
to excel sheets, where the mathematical operations are done and graphs are extracted[27]. 

 

5.1.1 Throughput 
 

Throughput is defined as the ratio of number of data packets transmitted from one node to the other to 
the time taken for the said transmission to take place. It is an elaborate process to separate the packets 
that have been received, from the packets that have been dropped, queued or are acknowledge packets. 
This is done in an excel sheet.  
 
The corresponding RTTs for the received packets imply the following for each case. For 1a, where the 
entire spectrum is occupied by a single user, the throughput is the highest. This is expected, as there is 
no reason for interference or extreme packet loss in the channel. For 1b, where the secondary user is 
introduced into the same spectrum as the one in which the primary user is actively transmitting 
packets, we can notice a significant drop in throughput of the primary user. The throughput of the 
secondary user is also quite low, in comparison to the case where a single user has the entire spectrum. 
In case 2, where instead of using CBR traffic for both users, the secondary user is given a Pre-emptive 
resume priority and SFQ is used as the queuing mechanism, the throughput of both primary and 
secondary user maintains an optimal value.  
 
Roundtrip times are not strict indicators of delay in a system, but they are useful in throughput 
calculation. To summarize, throughput for the three scenarios can be shown as, 
 
Throughput-1a > Throughput-2 > Throughput-1b 
 
With throughput of scenario 2 being somewhere in between that of 1a and 1b, it is safe to say that the 
goal has been achieved.  
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5.1.2 Delay 
 

Delay is defined as the time taken by a single packet to be transmitted from the source node to the 
destination node. A simple tcl script has been developed, which upon running gives a console output. 
It is the ping i.e., delay in terms of milliseconds. 
 
The delays for scenarios 1a, 1b and 2 follow the inverse pattern to that of throughput since delay is 
inversely related to throughput. To summarize, the delays can be shown as: 
 
Delay 1-a < Delay 2 < Delay 1-b 
 
As with throughput, with delay of scenario 2 being between the best and worst scenarios i.e., 1a and 
1b, it is safe to say that an optimum delay has been achieved.    

5.2 Threats to Validity 
 

This chapter explains the possible threats to validity of the experimental results. It can be categorized 
into the following[28]. 
 

5.2.1  Internal threats 
 

Internal threats, as the name suggests, are internal to the system and tools utilized for experimentation. 
They are not caused or acknowledged by the researcher. The most efficient way to avoid this threat, is 
to perform numerous iterations of the same experiment. The average results obtained curb any 
possible anomalies caused by the simulation setup. The experimental scenarios 1a, 1b and 2 are each 
repeated 5 times each. The values and results seen above are obtained from the average of the 
iterations, thus curbing the chance of abnormalities in the results, increasing the reliability of 
experimental results and greatly reducing the margin of error. 

 

5.2.2 External threats 
 

External threats are caused when the results of the experiment happen to be platform or technology 
dependent i.e., not generic in nature. To mitigate this threat, it is recommended to employ a widely 
available and reliable platform for experimental setup. Ns-2 is a trusted, widely available platform 
used by numerous research all around the world. This nullifies any external threat to the experimental 
results. 

5.3  Challenges  
 

Many challenges were faced during this research work. Major issues that required immense literature 
research, trial and error and pondering are listed below: 
 

1. Determining what types of spectrum sharing approach of the available approaches 
should be used for this specific research. 

 
2. Understanding 3GPP[29] specifications and limitations that are likely to impact the 

simulation scenario. 
 

3. Determining a way to implement scheduling for spectrum sharing between primary 
users and secondary users in ns-2. 
 

4. Weighing the pros and cons of ns-2 and ns-3 simulator before experimentation. 



 

25 

 
5. Analysis of trace data gathered during runtime to know throughput, delay and graphs for 

performance analysis. 
 

6. Interpretation of experimental results to check if they are aligned with theoretical 
expectations. 
 

7. Documenting the experimental procedure in a detailed manner. 
 

8. Validation of the obtained results. 
 

 

5.4 Limitations 
 

 
Real time monitoring of communication networks for performance assessment of spectrum sharing 
systems is not feasible, as this involves having to store and process massive amounts of data. So, a 
cognitive radio[30] network was simulated using ns-2. 
 
Beam forming is a radio base system technology, where the best route to the mobile device is 
calculated and power i.e., signal is focused towards it. Beams are directed to mobile devices, thus 
increasing the probability of the spectrum being picked up by the device. Though this a cutting-edge 
technology for 5G, it is not effective to use it in a simulation scenario, where there are limited number 
of users accessing the same spectrum[31].  
 
Only low band and mid band frequencies are considered for the thesis work, as both ranges of 
frequencies use a mechanism called digital beam forming, while high band frequencies use analog 
beamforming, which has high attenuation and power loss factors to be considered in a real time 
system. It is not feasible to replicate this in a simulation scenario. 
 

 

5.5 Answers to Research Questions 
 

This section contains the research questions and the answers for each of them as a summary obtained 
after analysis. 

 

5.5.1 Research Questions and Answers 
 

Research Question 1. 
 
Is it possible to have an algorithm for queuing of incoming processes which has higher throughput, 
lower delay and lower spectrum utilization compared to the existing algorithms like DropTail and 
FIFO? What would its functioning be? 

 
Answer. 
 
There is a possibility of developing new queuing mechanisms for higher spectral efficiency, but using 
SFQ and DropTail when needed, make it possible to have lesser delays and higher throughput. For low 
and medium frequency bands, since the data transmission is in the form of packets, queuing plays a 
mojor role in impacting the performance of a spectrum sharing system. Efficient scheduling with the 
existing queuing mechanisms provides an optimal solution.  
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Research Question 2. 

 
What may be the best solution for providing optimal QoS for all the user within the spectrum sharing 
system? 
 
Answer. 
 
The best solution for providing optimal QoS for all the users within the spectrum sharing system 
would be to allocate priorities to each of the active users of spectrum in a given time interval, while 
using fair queuing. QoS is a quantity proportional to throughput. Thus, throughput can be used as a 
measure for QoS. Higher the throughput of a system, higher the QoS.  

 
Research Question 3. 

 
What is the impact of queuing mechanism for incoming processes based on the type of data (voice, 
video, etc.) being transmitted in a spectrum sharing system? 

 
Answer. 
 
The queuing mechanism has no significant impact on the type of data being transmitted in the 
spectrum sharing system. It however impacts the delay and throughput irrespective of the type of 
service. Especially in case of the considered low band and mid band frequency systems, due to digital 
beamforming and the data being transmitted as packets, each with a unique packet ID, the nature of 
the service is irrelevant to the queuing mechanism. The number of packets, thus the throughput can 
differ between services. 
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6 CONCLUSION AND FUTURE WORK 
 

This chapter discusses the summary and conclusion of the thesis work. The future work of the thesis 
work has also been discussed, which includes possible extension of the research. 

6.1 Conclusion 
 

From the literature study and experimental results, the three research questions have been addressed. It 
can be concluded that, developing a new queuing mechanism for spectrum sharing should always take 
into consideration that the requirements for spectral efficiency, throughput and delay are context and 
system dependent. It is unavoidable to effect one quantity of the three without impacting the other. 
There will always be a tradeoff between spectral efficiency, throughput and delay. The communication 
system under design should choose a suitable queuing mechanism for itself depending on the 
telecommunication standards it adheres to. 

 
The transmission of data in a medium or low frequency system uses digital beamforming, there is no 
functional difference in the transmission of packets be it data, voice or video. The difference between 
real-time services and data is the protocol used and the presence in HARQ feedback[32] in non-real 
time systems. 

 
 

6.2 Future Work 
 

Due to the limited time and resources available for the research work, many features, testcases and 
modifications of the cognitive radio network system have been left to future work. The research work 
of this thesis can be extended to the following: 

 
1. Implementation of the simulated system in a real-time environment for validation of 

experimental results.  
 

2. As the focus of the research is Cognitive Radio, it can also be extended for more users 
in experimentation. 

 
3. Spectrum sensing can be automated, which would lead to inaccuracies that require to be 

handled.  
 

4. Simulate similar scenario, but with ns-3, for advanced features with GUI for a wireless 
network. 

 
5. Study and solve the security issues that arise with underlay approach of spectrum 

sharing in CRNs.  
 

6. Introduce beamforming in the spectrum sharing system and formulate a solution for the 
power consumption problem caused by it. 

 
 

 
 



 

28 

7 APPENDIX - A 

7.1 Tcl Scripts 
 

These are run using the command ns <filename> from the CLI 
 

#Create a simulator object 
set ns [new Simulator] 
 
#Define different colors for data flows (for NAM) 
$ns color 1 Green 
$ns color 2 Red 
 
#Open the NAM trace file 
set nf [open out.nam w] 
$ns namtrace-all $nf 
 
#Define a 'finish' procedure 
proc finish {} { 
        global ns nf 
        $ns flush-trace 
        #Close the NAM trace file 
        close $nf 
        #Execute NAM on the trace file 
        exec nam out.nam & 
        exit 0 
} 
 
#Create four nodes 
set n0 [$ns node] 
set n1 [$ns node] 
set n2 [$ns node] 
set n3 [$ns node] 
 
#Create links between the nodes 
$ns duplex-link $n0 $n2 2Mb 10ms DropTail 
$ns duplex-link $n1 $n2 2Mb 10ms DropTail 
$ns duplex-link $n2 $n3 1.7Mb 20ms DropTail 
 
#Set Queue Size of link (n2-n3) to 10 
$ns queue-limit $n2 $n3 10 
 
#Give node position (for NAM) 
$ns duplex-link-op $n0 $n2 orient right-down 
$ns duplex-link-op $n1 $n2 orient right-up 
$ns duplex-link-op $n2 $n3 orient right 
 
#Monitor the queue for link (n2-n3). (for NAM) 
$ns duplex-link-op $n2 $n3 queuePos 0.5 
 
 
#Setup a TCP connection 
set tcp [new Agent/TCP] 
$tcp set class_ 2 
$ns attach-agent $n0 $tcp 
set sink [new Agent/TCPSink] 
$ns attach-agent $n3 $sink 
$ns connect $tcp $sink 
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$tcp set fid_ 1 
 
#Setup a FTP over TCP connection 
set ftp [new Application/FTP] 
$ftp attach-agent $tcp 
$ftp set type_ FTP 
 
 
#Setup a UDP connection 
set udp [new Agent/UDP] 
$ns attach-agent $n1 $udp 
set null [new Agent/Null] 
$ns attach-agent $n3 $null 
$ns connect $udp $null 
$udp set fid_ 2 
 
#Setup a CBR over UDP connection 
set cbr [new Application/Traffic/CBR] 
$cbr attach-agent $udp 
$cbr set type_ CBR 
$cbr set packet_size_ 1000 
$cbr set rate_ 1mb 
$cbr set random_ false 
 
 
#Schedule events for the CBR and FTP agents 
$ns at 0.1 "$cbr start" 
$ns at 1.0 "$ftp start" 
$ns at 4.0 "$ftp stop" 
$ns at 4.5 "$cbr stop" 
 
#Detach tcp and sink agents (optional) 
$ns at 4.5 "$ns detach-agent $n0 $tcp ; $ns detach-agent $n3 $sink" 
 
#Call the finish procedure after 5 seconds of simulation time 
$ns at 5.0 "finish" 
 
#Print CBR packet size and interval 
puts "CBR packet size = [$cbr set packet_size_]" 
puts "CBR interval = [$cbr set interval_]" 
 
#Run the simulation 
$ns run 
 

7.2 Nam files  
 

 
Figure 7-1 Snapshot of nam file extract 
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7.3 awk script 
 

BEGIN { 
pktdrp = 0; 
} 
{ 
event = $1; 
if(event =="d") 
{ 
pktdrp++; 
} 
} 
END { 
printf("Number of dropped packets is %d\n",pktdrp); 
} 
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7.4 Excel sheets excerpt 
 

 
 

Figure 7-2 Excel excerpt 
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