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ABSTRACT 
 

In the last few years, there has been enormous improvement in mobile communication services. 
Due to this rapid growth in the field of communications, the demand for wireless spectrum has 
increased rapidly. In the early days in order to remove the interference problem, the spectrum 
was assigned statically. To assign the spectrum statically, the fixed spectrum assignment policy 
was used. Due to the fixed spectrum assignment policy, the spectrum was not efficiently utilized 
and remained vacant most of the time. The study by Federal Communications Commission 
(FCC) shows that the spectrum is available but its usage is not efficient. Such kind of spectrum 
inefficiency can be overcome by the use of Cognitive Radio.  

Cognitive Radio is a new technology that allows the secondary users (SUs) to use the spectrum 
whenever it is available. In this thesis, an Opportunistic Cognitive MAC Protocol (OC-MAC) 
has been proposed for the Cognitive Radio to access the unoccupied spectrum opportunistically 
and coexistence with the ad hoc Wireless Local Area Network (WLAN).  

OC-MAC is a decentralized MAC protocol over Cognitive Radio network along with WLAN. In 
the OC-MAC protocol, there is a dedicated control channel over which the cognitive nodes 
compete with each other for the reservation of the data channel. The handshaking phenomenon 
for the reservation of data channels is performed on the control channel. After a selection of the 
appropriate data channel, when a secondary user starts using the data channel and the primary 
user claims it, the SU leaves the spectrum and moves to another available channel. The 
transmission of data by the secondary user is confirmed by receiving an acknowledgement. In 
this way secondary user utilizes the unused frequency spectrum while maintaining acceptable 
collision rate among secondary users and between secondary users and primary users. 

All simulation scenarios are developed in OPNET v14.5 Network simulator and simulation 
results are collected for different scenarios; under light and heavy traffic to check the 
performance of the OC-MAC protocol.  
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Chapter 1: Introduction   

 
1.1 A Brief History:   

 
In recent time, the management of the radio spectrum is of vital importance for wireless 
communication systems (WCS). Current studies have shown that most of the available wireless 
spectrum has been allocated for different WCS and the assigned spectrum is significantly 
underutilized. For any new WCS, there is a problem of spectrum availability. For this reason 
Dynamic Spectrum Access (DSA) techniques are developed [1].  

 
Cognitive Radio (CR) [3], [4] gives a solution for dynamic access of the spectrum [2]. CR aims 
to improve spectrum utilization in which the primary (licensed) and the secondary (un-licensed) 
users co-exist simultaneously. The owner of the channel is referred as the Primary User (PU) and 
all other users are termed as Secondary Users (SUs) [5]. SUs are allowed to opportunistically 
access the spectrum not used by primary users (PUs). SUs leave the occupied spectrum when 
PUs requires it. The SUs then get some other vacant spectrum which is not occupied by the PU. 
Following this procedure, it allows for both PUs and SUs to communicate seamlessly and 
simultaneously. Moreover, the CR has many smart features like quickly sensing the presence of 
PUs and utilizing unused bands efficiently [1].  

 
Recent studies have unveiled an unbalanced use of available spectrum. Small portions of the 
spectrum e.g. the Cellular band and the Industrial, Scientific and Medical (ISM) band are 
extremely crowded and the remaining very large portion of the spectrum is underutilized. It has 
been observed that cellular technology could carry significantly more amount of traffic if it is 
able to use the spectrum dynamically. Heavy data traffic in Metropolitan area networks could be 
much more efficient with better traffic throughput, if competing networks can be motivated and 
agreed upon deploying DSA techniques [1], [6].  

 
The available spectrum has already been allocated for different types of services and new 
technologies and development also demand spectrum. Most of the available spectrum is already 
assigned in most of the developed countries. Although most of this spectrum is already allocated 
but research from the Federal Communications Commission (FCC) [7] shows that allocated 
spectrum remains unused in a majority of the time and results in spectrum holes [8], also called 
white space which is spectrum that remains unutilized. Thus, the scarcity of spectrum is only due 
to the allocation of spectrum, not by lack of spectrum [1].  
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The development in the area of telecommunications enables mobile phones to download at 1-10 
Mbps and in the next few years it will reach up to 100 Mbps and may hit 1 Gbps in the next 
decade. This capability of smart phones will allow users to listen to high quality audio, watch 
high resolution pictures, videos, etc. These high speed data services will be offered to a wide 
range of customers. More and more spectrum then will be required for providing such services to 
a large number of customers. Thus, spectrum availability is a serious threat for deploying high 
data rate services.  
 
To provide different types of data services and to remove artificial scarcity of the wireless 
spectrum, new communication technologies are required. CR is one of the main emerging 
technologies these days for fulfilling the new trends [6].  
 

1.2 Problem Statement  
 

A fixed spectrum assignment policy results in underutilization of the available spectrum. New 
technologies and demand for high data rates require efficient utilization of underutilized 
spectrum. Existing Medium Access Control (MAC) protocols of other technologies like 
Bluetooth cannot be implemented in Cognitive Radio networks since they do not have a primary 
user and secondary user mechanism. The Cognitive Radio technology gives an efficient design 
for utilizing the available spectrum but it also introduces new challenging problems which are 
not present in conventional wireless networks, specifically the changing availability over time of 
channels in CR networks. One of the important design problems of the MAC layer of CR is how 
secondary users should take decisions about which channel they will use and at which time in 
order to enable secondary user communication while avoiding damage to primary users by 
analyzing spectrum sensing information provided by the physical layer. This problem becomes 
much more difficult under wireless ad hoc networks where there is no central control mechanism 
like base stations, access points and central servers. Thus a cross-layer based opportunistic 
Cognitive Medium Access Control (OC-MAC) protocol is required for wireless ad hoc network 
which integrates spectrum sensing from the physical layer and decision making on the MAC 
layer.   

 

1.3 Motivation and Objectives:   
 

Electromagnetic spectrum is a kind of limited natural resource like coal, natural gas, crude oil, 
etc. With the development of various wireless technologies the requirement for wireless 
spectrum also increases. Nowadays, the demands of wireless services and applications are ever 
increasing which results in enormous demands for Bandwidth. The existing regulatory system 
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for licensing wireless services is unable to meet the new requirements of the era with its 
traditional fixed spectrum assignment policy and it has also created an artificial scarcity of 
spectrum. This has resulted in an increase of license fees for spectrum usage and many small and 
medium wireless service providers are unable to enter the market. Recent studies by FCC have 
shown that 90% of the assigned spectrum is underutilized [9].  
 
This huge difference of spectrum allocation and utilization provides the motivation to develop 
CR which can opportunistically use the spectrum and provides efficient utilization of the 
spectrum. Significant amount of spectral efficiency is expected by the deployment of different 
wireless devices that can coexist with primary users with minimum interference with licensed 
users. These CR techniques can also be implemented on WLAN spectrum. WLAN spectrum 
congestion is continuously getting dense due to increase in different wireless devices. In this 
thesis CR techniques are implemented in Ad hoc WLAN network to improve the utilization of 
dense WLAN spectrum. Since there is no central control in Ad hoc wireless networks, the 
decision making process becomes more difficult at MAC layer. The aim is to develop an OC-
MAC protocol that makes decision making using CR techniques by collecting information from 
physical layer and based on that information take decisions at MAC layer. Following are the 
main objectives of OC-MAC protocol.  

 
• Enable efficient spectrum management and utilization by using the CR concepts for best 

utilization of unused spectrum while avoiding collision among secondary users 
(unlicensed user) and between secondary users (unlicensed user) and primary users 
(licensed user).  

• Solve channel contention issue. When there are more than one channel available for 
transmission for CR devices, CR devices will select the best available channel for 
transmission by following decision making algorithm.   

• Enable synchronization between the secondary sender and receiver due to the difference 
of the channel availability between them. 

• Resolve traditional hidden terminal. This type of problem occurs in CR environment 
when the sensing CR node is shadowed or in severe multipath fading environment and 
cannot identify all available spectrum holes. Due to hidden terminal problem the CR node 
may also not identify all ongoing communications and attempt to start a communication 
on a channel which is already in use and thus resulting in a collision. 

• Design a MAC layer protocol for efficient spectrum utilization which can also handle all 
these above mentioned problems, and simulate it in the OPNET Network Simulator.  
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1.4 Organization of Thesis 

 
This thesis is organized into six chapters. The thesis organization is illustrated in Fig. 1.1. 
Chapter 2 discusses the wireless spectrum and its assignment policies. Chapter 3 describes the 
Cognitive Radio concept of primary users and secondary users in detail as well as the main parts 
of Cognitive Radio networks and its physical and medium access layer mechanisms. Chapter 4 
gives the introduction of the OPNET and its module used in our project. Chapter 5 gives the 
overview of simulation and OC-MAC protocol. Chapter 6 describes the results and conclusions 
obtained and the future work. 

 

 
Figure 1.1. Organization of thesis                 

                                                                            

1.5 Summary 
 

To accommodate new WCS or SUs within the available spectrum band, efficient utilization of 
the radio spectrum is very important. Since most of the spectrum has been allocated, this 

Chapter 6 
Results and Conclusions 

Chapter 5 
Simulation Overview 

Chapter 4 
Introduction to OPNET  

Chapter 3 
Cognitive Radio 

Chapter 2 
The Wireless Spectrum 

Spectrum Sensing and Management in 
Cooperative Cognitive Radio 
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increases the demand to deploy DSA techniques. CR dynamically performs spectrum analysis 
and based on this analysis makes decisions for communication of both primary and secondary 
users simultaneously and seamlessly which ultimately increases the spectrum utilization. CR 
offers a possible solution based on a sophisticated system for allocating spectrum that can 
dramatically increase the amount of spectrum available to network operators and individual 
users. Our aim is to design an efficient OC-MAC protocol that increases the wireless spectrum 
utilization. 
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Chapter 2: The Wireless Spectrum 

  
2.1 A Wireless Spectrum Overview 

 
There is a rapid growth in the telecommunication sector in the last decade and due to several 
developments especially in  wireless technologies more spectrum is required. Presently, fixed 
spectrum assignment policy is still in use. Due to the fixed assignment policy, a specific band of 
spectrum was assigned for different purposes. This removed the interfence problem between 
spectra but also raised the issue of spectrum scarcity. Indeed, spectrum  is available but its 
utilization is not efficient and most of the time the assigned spectrum remains un utilized. 
Therefore, the assignment and usage of this spectrum is a critical issue. Fig. 2.1 shows the rapid 
growth in telecommuncation and the corresponding use of radio spectrum. 

 

 

Figure 2.1. Rapid Growth in the use of the Radio Spectrum [9] 
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The use of the fixed wireless spectrum approach is not efficient and studies have shown that the 
available spectrum is usually utilized from 15% to 85% depending on the time of usage and 
geographic location. Nowadays, the spectrum usage is shown in fig. 2.2. [9] 

 

 

 Figure 2.2.Spectrum Utilization [1] 

In fig. 2.2, the use of spectrum is not uniform. There is a large consumption at some points but 
most of the time the spectrum usage is underutilized. To use this vacant spectrum efficiently, 
new schemes are proposed which can use the wireless spectrum opportunistically. The intelligent 
devices used for the quick sensing and for the adaptation of the surrounding environment are 
next generation devices or cognitive radios. [1] 

 

2.2 Spectrum Assignment Policy 
 

The wireless spectrum is assigned to different operators on request. This assignment is fixed and 
the operators pay for the use of this spectrum. According to the FCC, the usage of this fixed 
spectrum is not efficient and results in lot of white spaces also known as spectrum holes. Much 
worse is that 90% of the time the spectrum remains vacant [9]. Due to the rapid growth in the 
wireless technology, spectrum usage is becoming a major issue. [9]  
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2.3 Static and Dynamic Spectrum Allocation Techniques  
 

Once the spectrum is assigned for different services, its allocation is fixed and it cannot be 
changed again. This type of allocation technique is known as static allocation. Although, there 
are several wireless standards that are using this static spectrum allocation, the use of this 
licensed or fixed spectrum is not efficient and the available spectrum remains under-utilized 
most of the time. The spectrum usage is concentrated only to specific portions of spectrum and 
rest of the spectrum is underutilized as shown in fig. 2.2. Due to this underutilization of 
spectrum, FCC has proposed the new dynamic spectrum techniques which exploit the existing 
wireless spectrum opportunistically to improve the utilization of spectrum. This type of 
techniques aims to implement policy based radios known as Cognitive Radios. CR is a new type 
of device that continuously monitor/sense the spectrum and detect spectrum holes.CR 
continuously looks for the free available channel and occupies it when it not used by the PUs. 
When the SU is using the available data channel and PU require that channel then SU leaves the 
current channel and moves to the next available free channel. [11] 

 

2.4 Unlicensed Spectrum: 
 

Unlicensed or license free spectrum is simply a band that has pre-defined rules for using the 
spectrum. In unlicensed bands the interference between many devices is minimized with the help 
of technical rules defined for the band unlike licensed spectrum approach where access is 
restricted. There are two major advantages of using the unlicensed spectrum. First, there is no 
requirement to register for using the spectrum and second its deployment is very fast and cost 
effective. The unlicensed spectrum is shared among users which is indeed useful for wireless 
systems in which devices can dynamically change its position like notebooks.  
 
Unlicensed spectrum access is openly available but it has strict laws and regulations for utilizing 
the spectrum. The access to unlicensed spectrum is available for any device but how the device 
will utilize the spectrum is controlled in a way that other devices should not be affected.  The 
access to the spectrum is allowed only for those devices which can follow the standards of 
communication while minimizing potential interference. [1] 

 

2.4.1  ISM band: 
 

The ISM radio bands were originally dedicated for the use of Radio Frequency (RF) 
electromagnetic fields for industrial, scientific and medical research purposes only, not for the 
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field of communications. The different ranges of ISM bands and their available bandwidth for 
communication is shown in fig. 2.3. Since there is no license fee for using ISM bands, devices 
using these bands are cost effective. Moreover, as there is no requirement of registering the users 
using these bands, there is no particular restriction on users for their usage and users can use the 
products anywhere at any place. 

 

 

Figure 2.3.ISM Bands [12] 

 

Most of the spectrum for whole WCS is already saturated and now several new wireless 
technologies tend to use the ISM band since it is easy to exist in the free band rather than 
assigning a separate portion of the spectrum for new services. Consequently in this band there is 
a heavy competition for using ISM bands which can also cause interference problems. On the 
other hand, TV broadcasting bands are used only in broadcasting hours and remains inactive rest 
of the time and no one can use this band in this inactive time which makes this band 
underutilized. Fig. 2.4 shows the 2.4 GHz spectrum of the ISM band.   

 

 

Figure. 2.4. ISM Band illustration [12]  
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The ISM band in the of range 2.4 GHz is becoming more and more popular for household 
devices in the last few years and almost all the commercial areas and buildings are also equipped 
widely with these devices such as garage door openers, cordless phones, remote controls, 
Wireless Fidelity (Wi-Fi) hot spots and many short range Bluetooth and Infrared devices.[12] 

 

2.5 Wireless Regional Area Network (IEEE 802.22): 
 
The Institute of Electrical and Electronics Engineers (IEEE) 802.22 Working Group was started 
in November 2004 for developing a standard for Wireless Regional Area Network (WRAN) 
which can also accommodate new technologies like CR. The 802.22 WRAN group is designed to 
work from the 54 MHz to 862 MHz range which is the Very High Frequency/Ultra High 
Frequency (VHF/UHF) TV operating bands that has been underutilized in the past. The WRAN 
target is to provide wireless broadband internet access having a range from 33 km to 100 km. 
The WRAN aims to utilize the unused TV spectrum by making unlicensed access of the TV 
spectrum possible. The new 802.22 WRAN system has the capability to sense the spectrum, scan 
for unused TV spectrum and then use that spectrum for providing broadband services. While 
doing so, they must make sure that there is no undesirable interference with licensed users. These 
are all main features for CR. Fig. 2.5 shows the WRAN standards and applications. [13] 
 

 
 

Figure. 2.5. WRAN  

The IEEE 802.22 WRAN standard is developed with the aim to provide broadband internet 
services in rural areas with a performance comparable to Digital Subscriber Line (DSL) and 



11 
 

cable modems. The UHF/VHF television spectrum is suitable for such a service due to its 
propagation characteristics and underutilization. Propagation characteristics of UHF/VHF TV 
signals are basically the same as for FM signals. For example, their transmission is often referred 
as line of sight (LOS) transmission and their transmitters have to be situated on elevated grounds, 
they have enough higher frequency and smaller wavelength signal which can pass through the 
ionosphere instead of being refracted back on earth, etc. So, these TV signals can also be 
deployed for providing wide area services just like with FM technology. [13] 

 

2.6 Summary: 
 

Due to the rapid growth of wireless services, various wireless standards have been developed 
which are becoming a cause of major stress in fixed and limited spectrum. The consequence of 
fixed spectrum assignment policy is the low utilization of available spectrum. Nowadays, 
applications require more spectra for efficient services. The fixed spectrum is not convenient for 
these services. Therefore, this problem can be improved efficiently by allowing unlicensed users 
to exploit the spectrum whenever it would not cause interference to licensed users. The fixed 
spectrum policy relies on a static spectrum allocation policy under which each licensed spectrum 
band is statically assigned to the specific licensed service and its allocation is not allowed to 
change. In order to solve this issue, a new concept of dynamic spectrum allocation is introduced 
to improve utilization of available spectrum. To make this concept more efficient, a new 
technology called cognitive radio technology has been developed. The basic idea behind this 
technology is to allow SUs to access licensed spectrum bands as far as they do not cause any 
harmful interference to the PUs. The unlicensed spectrum has two major advantages i.e., one is 
they are fast and cheap in deployment and the other is unlicensed spectrum being shared. As 
sharing is essential for wireless networks, many wireless communication standards are aimed to 
use unlicensed ISM band because of complete absence of user restrictions and it is easier to 
coexist with existing wireless networks than to allocate new empty spectrum. CR technology is 
being used in the WRAN developed by the IEEE 802.22 working group to give broadband 
services in rural areas, having the performance statistics comparable to DSL and cable modems 
by utilizing white spaces on non-interference basis. 
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Chapter 3: Cognitive Radio 

 
3.1 Background 

 

In this era of growing wireless technology, spectrum scarcity is becoming a major issue. The 
utilization of wireless spectrum is not efficient and most of the time the spectrum remains vacant. 
Initially, the large part of the spectrum was assigned by FCC by using the fixed spectrum 
assignment policy and termed as the licensed spectrum. The users that have access to this 
spectrum are called the licensed or primary users. The users that do not have direct access to the 
wireless spectrum, but have the ability to use the licensed spectrum whenever it is free are called 
unlicensed users or Secondary Users (SUs). For example, there are the Wireless Personal Area 
Network (WPAN) and the Wireless local Area Network (WLAN) devices that are using the 
unused licensed spectrum. A CR is a device that allows the SUs to access the licensed spectrum 
while avoiding interference between PUs and SUs and among the SUs themselves. The PUs have 
as the first priority to access the licensed spectrum. In case the SU is accessing the licensed 
spectrum and there comes a PU to access it, the SU leaves that occupied spectrum and switches 
to another available vacant spectrum portion. The idea of CR was first given by Joseph Mitola 
with the meaning of a CR being a radio that adapts itself according to the environment. [1] 

 

3.2 Software Defined Radio (SDR) 
 

Software Defined Radio (SDR) has both the software and hardware in it. Due to the software 
part, it becomes easy to make changes, as it can be modified through software according to our 
requirements. 

SDR can be illustrated in a better way by referring it to the Open Systems Interconnection (OSI) 
model. The SDR works on the two lower layers of the OSI model named the Physical (Layer 1) 
and the Data Link layer (Layer 2) as shown in Fig. 3.1. [14]  
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Figure. 3.1. SDR in terms of the OSI Model [13] 

 

3.3 Software Defined Radio and Cognitive Radio 
 

A CR can change its parameters according to the environment to allow users to communicate 
efficiently while avoiding interference between the PUs and SUs, as well as between SUs 
themselves. A CR remains aware of the environment by active monitoring of the available 
spectrum. The SDR can be reconfigured depending upon the user’s requirement. The relationship 
between the CR and the SDR is given in fig. 3.2. [15] 

 

 

Figure 3.2 Cognitive Radio Concept [15] 

A CR is a radio that can modify its transmission and reception parameters by active monitoring 
of the radio spectrum, user behavior and other parameters that help to communicate effectively 
and mitigate the interference between the PUs and the SUs. An SDR is a fully reconfigurable 
radio that automatically changes its communication variables depending on the network and user 
requirements. So, by changing the communication variables adaptively, an SDR can satisfy the 
required flexibility that a CR needs. [15][26] 
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3.4 The Vision of Cognitive Radio 
 

Nowadays, the usage of spectrum varies from 15 % to 85% in time. The underutilization of the  
spectum is a very critical issue. To use the vacant spectrum opportunistically, the new networks 
referred to are cognitive radio networks or NeXt Generation (xG) networks.  

 

3.4.1 Network Architechture of Cognitive Radio 
 

The network is divided into two parts, the primary network and the cognitive radio network. The 
general architecture of the cognitive radio network is given in fig. 3.3.[1]. The primary network 
is referred to as the legacy network that has the high to use the spectrum. On the other hand, the 
cognitive radio network does not have the license to operate in a desired band. The cognitive 
radio users can either communicate with each other in a multihop manner or access the base 
station. 

 

 

Figure. 3.3. Cognitive Radio Network Example [1]  
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3.4.2 Primary Network 
 

The primary networks are those which have the license to use the wireless spectrum. 
Common primary networks include TV broadcasting and cellular companies. [1] 

• The Primary user: Primary or licensed users are the legal users of the primary network. 
The operation of primary users is controlled entirely by the primary base station. [1] 

• The Primary Base Station: The primary base station is a fixed infrastructure network 
like the Base Station Transceiver (BTS) in the cellular system. The primary base station 
is unable to manage the sharing of spectrum between the primary and secondary users but 
it can modify itself upon request. [1] 

 

3.4.3 Cognitive Radio Network 
 

The cognitive radio network or xG etwork does not have a license to use the spectrum. Hence, it 
uses the spectrum when it is vacant. The cognitive radio network is implemented as both a fixed 
and an ad hoc network. The main parts of the cognitive radio network are as follows [1] : 

• The Cognitive Radio User: The cognitive users are the secondary users and do not have 
the license to use the spectrum and they are using the spectrum opportunistically. To 
access the licensed spectrum they need extra capabilities. [1] 

• The Cognitive Radio Base-Station: It has a fixed infrastructure and has the next 
generation capabilities which helps the unlicensed user access the other networks. [1] 

 

3.5 Dynamic Spectrum Access (DSA) in Cognitive Networks 
 
A major point for studying and making progress in CR is the technique of DSA. In the early 
period of wireless communication, the target was to remove interference among users. To avoid 
interference, “Command and Control” [6] was used to give the license to all the operators. The 
license was the permission to use the specifics portion of the spectrum. In the early days of 
wireless communication, the term “Command and control”, simply means that the spectrum was 
assigned by no special rules and the only task was to remove the issue of interference.  In this 
way, the issue of interference was removed but the assigned spectrum was getting underutilized. 
To overcome the inefficiency of spectrum usage, FCC in the US and Office of Communications 
(OfCom) in the UK are working to improve the spectrum usage. To overcome the inefficiency in 
spectrum usage, cooperative networks deployed are cognitive networks also known as Dynamic 
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Spectrum Access Networks (DySPANs). Although, a lot of techniques have been proposed to 
access the spectrum, there are three main distinctions [6] : 

 
• Exclusive Usage Rights 
• Spectrum Commons 
• Opportunistic Use 

 
In the first approach of exclusive usage, a license is issued to the operators to avoid the 
interference among users. In the second case, the common technique allows multiple users to 
access the spectrum. Interference and collision are avoided by the agreed protocol on which 
every user agrees. This idea of common spectrum gives root to the concept of cognitive radio. [6] 
 
The third technique is the one that is applied in recent cognitive radio networks. In this technique 
the cognitive radios access the unused spectrum while avoiding the interference among all the 
users. [6] 
 
Sensing/monitoring the wireless spectrum is a major issue to use the vacant spectrum 
opportunistically. The cognitive radio senses its environment with the help of an SDR and the 
parameters of the SDR can be modified depending on the surrounding environment. The 
cognitive radio further adapts itself according to the environment. The tasks required by the CR 
for environmental adaptation are described in the fig. 3.4. [11, 14] 
 

 

 
                                                                                 

Figure. 3.4. Cognitive Cycle [1] 

 
In fig. 3.4 the CR senses the spectrum and detects the spectrum holes also called the white 
spaces. The characteristics of the spectrum holes are analyzed and then depending on the user 
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requirement for the transmission data rates, the appropriate spectrum hole is selected for data 
transmission. This whole phenomenon used by the CR is termed the cognitive cycle.  
 

3.6 Cognitive Radio and the Physical layer 
 
Before the invention of cognitive radio, all operating wireless devices were based on the 
OSI/ISO layering model. CR also uses the OSI/ISO layering model. The most critical issue in the 
CR is the sensing of free available spectrum and the process of sensing the vacant band is 
performed on the Physical layer. The critical issue while sensing the unused spectrum is to detect 
weak signals under noisy conditions. In the process of sensing the unoccupied spectrum, the 
signal is detected via the RF-front end, and as the received signal is in the analog form, it is 
converted to the digital form through the Analog to Digital converter (ADC). After the analog to 
digital conversion, the measurements are made for the detection of the primary user signal. The 
block diagram of the receiver is shown in fig. 3.5. [16] 

 

                         

                                                                                       Figure 3.5. Cognitive Radio Receiver [15] 

 

After detecting the unoccupied spectrum, the CR should adapt a feasible modulation technique to 
utilize the maximum available capacity. Now coming towards the transmitter side of the CR, the 
fig.3.6 shows the major parts of the transmitter used in CR. The critical issue on the transmitter’s 
side is the generation of a signal that does not create interference with the primary users. [16]  

 

                       

                                                                             Figure. 3.6. Cognitive Radio Transmitter [16] 

Channel 

Channel 
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3.7  Spectrum Sensing 
 

Due to the rapid growth in the field of communication, there is an increasing demand for higher 
data rates. Static frequency assignment cannot fulfill the requirements of higher data rates. In CR 
communication, spectrum sensing is performed before an SU starts using the spectrum. By 
spectrum sensing, the white holes are determined and these holes are used efficiently. There are 
certain methods for sensing the unused spectrum. Spectrum sensing techniques (Cooperative 
detection, Transmitter detection and Interference-based detection) are shown in fig. 3.7. [1] 

 

 

                                                                             Figure. 3.7. Different Spectrum Sensing Techniques  

These techniques will be explained in upcoming sections. 

3.7.1  Transmitter detection 
 

In this technique, weak signals of the PU transmitter are detected on the basis of local 
observations of the cognitive user. The transmitter detection method depends on the hypothesis 
model that is defined as 

                                                𝑥(𝑡) = �𝑛
(𝑡)                                 𝐻0   
ℎ𝑠(𝑡) + 𝑛(𝑡)                𝐻1   

�                                                                                                               

where 𝑥(𝑡) is the signal received by the cognitive user, 𝑠(𝑡) is the signal transmitted by the PU, 
𝑛(𝑡) is Additive White Gaussian Noise (AWGN) and  is the channel amplitude gain. 𝐻0 is a 
null hypothesis, which describes the absence of the licensed user in a specific spectrum band. In 
contrast, 𝐻1  is an alternative hypothesis, which describes the presence of some PU signal. [1, 
22] 
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Transmitter detection is further divided into three different techniques: 

1. Matched filter detection. 
2. Energy detection. 
3. Cyclostationary feature detection. 

 

i. Matched Filter detection 
 

The optimal detector in additive Gaussian noise would be a matched filter as it maximizes the 
Signal to Noise Ratio (SNR) of the received signal. It is commonly used in radar communication 
but its usage is not common in the CR as it requires prior information about the PUs. It performs 
badly when it receives the wrong information since it requires a prior knowledge about the PU 
signal such as packet format, pulse shape, modulation type and order. Matched filter provides 
synchronization between the primary transmitter and the CR user. [1, 24] 

ii. Energy detection 
 

The optimal detector would be an energy detector if the receiver is not able to get enough 
information about the PU signal, for example, the receiver knows about the power of the random 
Gaussian noise. In the energy detection mechanism, the users of CR use the received primary 
signal energy to sense whether PUs are present or not. The energy of the received primary signal 
is measured by squaring and integrating the received signal over the observation interval. To 
ensure that the PU is present or absent, the output of the integrator is compared with a threshold. 
[6, 22] 

The energy detector is very simple and easy in implementation as it only tells about the presence 
of the signal but cannot distinguish between different signal types. Hence, sometimes the energy 
detector provides false detection of signals. Another drawback of energy detection is that it only 
depends on the received signal SNR, and because of this, its performance is not consistent in 
noise power. The energy detector will never detect the signal efficiently, if the noise power is 
inconsistent. [6] 

 

iii. Cyclostationary Feature detection 
 

The modulated signals are said to be cyclostationary if their mean and autocorrelation possess 
periodicity. The PU signal can be detected for low SNR values if it exhibits cyclostationary 
features. For cyclostationary detection, the cyclic autocorrelation function (CAF) 𝑅𝑥(𝑇) of 
observed signal 𝑥(𝑡) is calculated as  
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                                                  𝑅𝑥(𝑇) = 𝐸[𝑥(𝑡 + 𝑇)𝑥∗(𝑡 − 𝑇)𝑒−2𝜋𝛼𝑡]                                                         

where α denote the cyclic frequency and 𝐸 [.] represents the statistical expectation operation. 
The spectral correlation function (SCF) represented by S (f,𝛼) is obtained by computing the 
Discrete Fourier Transform (DFT) of the CAF. The peaks in the acquired data gives us 
information about the spectrum occupancy. The implementation of the cyclostationay method is 
shown in fig.3.8. [22, 23, 24] 

 

Figure. 3.8. Cyclostationary Feature Detection  

 

3.7.2 Cooperative Transmitter Detection 
 

Transmitter detection techniques depend only on the primary transmitters’ weak signals because 
there is lack of signaling information between the CR users and the primary users. Thus, 
transmitter detection techniques cannot avoid the primary receivers’ interference because there is 
a lack of primary receiver information as shown in fig. 3.9(a) 

 

 

               Figure. 3.9.Transmitter detection problem:(a)Receiver uncertainty (b) Shadowing uncertainty [3] 
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Moreover, it does not provide a solution for the hidden terminal problem. The CR transmitter 
cannot detect the primary transmitter because of the shadowing although it is having good line-
of-sight to a CR receiver as shown in fig. 3.9(b). 

Therefore, the primary transmitter is detected by using the sensing information provided by the 
combined effort of SUs, known as cooperative detection. Cooperative detection provides 
collaboration to minimize the uncertainty in a single user’s detection. [6] 

 

3.7.3 Interference-based detection 
 

Practically, interference occurs at the receivers as shown in fig. 3.9(a). Interference is controlled 
at the transmitter through the radiated power and the location of every transmitter. For the 
measurement of interference, a new model is proposed by the FCC known as interference 
temperature. 

The signals of the primary transmitter are designed to operate in a range at which the received 
power reaches the level of noise floor as shown in fig. 3.10. The model demonstrates that the 
noise floor increases at different points within the service area as represented by the peaks above 
the original noise floor. Interference temperature limit is used to manage interference at the 
receiver as shown in fig. 3.10. CR users can use the spectrum band unless they exceed this limit. 
The main difficulty in this method is that the interference temperature has to be determined for 
every location specific case. [6] 

 

                                                                  Figure. 3.10. Interference Temperature Measurement  
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3.8 Cognitive Radio and MAC Layer 
 
In this project, a cross layer designed OC-MAC protocol has been proposed which integrates 
spectrum sensing at the physical layer and packet scheduling at the MAC layer. In CR, packet 
scheduling is done on the MAC layer. The entire decision making is done on this layer. 
Furthermore, MAC layer scheduling has the capability to assign the data channels to the 
cognitive nodes [18]. In cognitive radio, the MAC layer performs the following functions: 

3.8.1  Spectrum Management 
 
The unoccupied spectrum sensed through the CR shows the different properties of the spectrum, 
these include the modulation scheme used, bandwidth and the power level of the signal. 
Deciding from these properties, CR should use the best available spectrum to have a good 
Quality of Service (QoS). Therefore, to have good QoS more functions are required by the CR 
which includes spectrum sensing, spectrum analysis, spectrum decision. Spectrum sensing in 
Cognitive Radio Networks (CRNs) is done on the physical layer. The other functions are 
concerned with the upper layer. The brief explanation of the upper layer function are described 
as follows [1] 
 

3.8.2 Spectrum Analysis 
 
By the opportunistic sensing of the wireless spectrum, white holes are detected. The detected 
white spaces provide us with the information about the power level, the available radio 
environment, bandwidth, and the modulation scheme used. Analysis of these white holes helps to 
choose the appropriate spectrum from a lot of sensed potion of the spectrum. In spectrum 
analysis, there are some factors which help to categorize the spectrum holes. These are path loss, 
measurement of interference, wireless link error, link layer delay and holding time. A brief 
explanation of these factors is illustrated as follows [1]: 

3.8.2.1 Interference 
 
Upper bound in interference temperature limit as shown in the fig. 3.10 gives us the information 
about the allowable interference that can exist in the band. From the upper limit on the 
interference, the estimation about the transmission power is made and the estimated power is 
used to estimate the channel capacity. [1, 22] 
 

3.8.2.2 Path Loss 
 
If operating frequency is increased, the path loss also increases. In order to decrease the path loss 
at high frequency, the transmission power of cognitive user needs to be kept constant which will 
reduce the transmission range as well. If transmission power is increased then it will result in 
high interference with other users which is not acceptable. [1, 22] 
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3.8.2.3 Wireless Link Errors 
 
Error rate of the channel is dependent on the modulation scheme used and on the interference 
level. Each spectrum hole can or cannot have the same modulation scheme depending on the 
desired conditions. Therefore, with the change of the modulation scheme, the error rate changes. 
[1, 22] 
 

3.8.2.4 Link Layer Delay 
 
To tackle the different kind of channel errors, path losses and interference, there is a need of 
different link protocols at each band. Due to these changes in different bands, the delay varies. 
[1, 22] 
 

3.8.2.5 Holding Time 
 

Holding time is referred to as the time for which the cognitive user occupies the spectrum 
without any interruption. It is good to have a large holding time and less handoffs. [1, 22] 
 

3.8.3 Spectrum Decision 
 
Once all the characteristics of the spectrum are measured properly, by taking into account 
interference and holding time, the best spectrum should be selected for transmission to achieve 
better QoS. Transmission rate, modulation scheme and channel capacity are chosen upon the 
user’s requirement. The spectrum decision is one of the major parts in cognitive radio [1] 
 

3.8.4 Spectrum Mobility 
 
The target of cognitive networks is to use the best available channel. If the channel under use 
becomes noisy, the cognitive user switches to another available channel. The shifting of the 
cognitive user from one channel to another is called spectrum handoff. To maintain consistent 
transmission by a cognitive user, it is recommended to have a smooth and rapid handoff. It is 
preferable for the mobility management protocol to have the idea of switching duration. Once the 
mobility management protocol knows about the time used for switching, it should manage to 
have little latency in the ongoing communications. [1]  
 

3.8.5 Spectrum Mobility Challenges  
 
Following are some challenges that are required to be fulfilled for efficient mobility in cognitive 
networks: 
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• At some specific time, different spectrums are available for cognitive users. There is a 
need of algorithms that decide the best spectrum based on the characteristics of channel 
and user requirements. [1] 
 

• After the selection of best available spectrum, the issue is to reduce the handoff time. By 
reducing the handoff time, there will be little delay in ongoing communications and 
performance will get better. [1] 
 

• If a SU is using the specific available spectrum and suddenly a licensed user requires this 
spectrum, then of course, the SU will have to leave the spectrum and will have to move to 
some other available spectrum. There is a need of algorithms ensuring that spectrum 
mobility will not take too much time and performance will not be reduced. [1] 
 

• One reason for the spectrum handoff is the detection of the PU. There exist other reasons 
also that enable spectrum handoff. For example, if the cognitive user moves from one 
place to another this can also cause the spectrum handoff and it is termed as “inter-cell 
handoff” [1]. Also the cognitive user can move from one network to another network for 
better quality. This handoff is referred to as “vertical handoff” [1]. It is recommended that 
all handoff schemes be taken into account. [1] 
 

3.8.6 Spectrum Sharing 
   
Sensing of the spectrum is done on the physical layer and decision about the sharing of the 
sensed spectrum is performed on the MAC layer. Spectrum sharing consists of five steps. [6] 
 

1. Spectrum Sensing: The CR senses the unoccupied spectrum and looks for the free 
available channel that is not used by a PU. [1] 

 
2. Spectrum Allocation: After the selection of the available channel, the channel is 

assigned to a particular user. [6] 
 

3. Spectrum Access: As there are numbers of cognitive users trying to access the free 
spectrum at the same time, this can cause interference problems. Hence, the access to the 
available spectrum is managed, to avoid a collision in the overlapping spectrum areas. [1] 

 
4. Transmitter-receiver handshake: After the selection of the appropriate spectrum for the 

communication, a message is sent from the transmitter side to notify the receiver about 
the specific selected spectrum that will be used for the communication. Through this 
notification from the transmitter side, both the transmitter and the receiver become 
familiar with the selected spectrum that will be used for the communication. [1] 
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5. Spectrum Mobility: If the specific portion of the spectrum that is being used is 
demanded by the licensed user, unlicensed users move to another available spectrum hole 
to continue communication. Therefore, spectrum mobility is a major part for successful 
communication in cognitive networks. [1] 

 

3.9 Spectrum Sharing Techniques 
 

The sharing of spectrum among cognitive users is divided into three main classes. This 
classification is based on the assumptions of the architecture, the way in which the 
spectrum is allocated and spectrum access techniques. [1]  
 

3.9.1 First Classification 
 
The first classification which is based on the architecture is illustrated as follows:  
 

• Centralized spectrum sharing In this technique there exists a central entity that controls 
the allocation of spectrum and channels. All the users in the cognitive network forward 
their measurements towards the central entity that will make decisions about the spectrum 
allocation. [1] 
 

• Distributed Spectrum Sharing: Distributed spectrum sharing technique is implemented 
in the case where there cannot be defined any infrastructure of the network. In this 
scheme each individual user makes decisions about the spectrum and channel allocation. 
[1]  
 

3.9.2 Second Classification  
 
The second classification that is based on the spectrum access behavior is described as 
follows  
 

• Cooperative spectrum sharing: The measurements of interference made by the 
individual cognitive users are shared among all users. This information collected from all 
the users is used for the allocation of the spectrum. Almost all of the centralized 
spectrums sharing techniques are cooperative. [1] Security is the major issue in this 
technique. [6] 
 

• Non-cooperative Spectrum Sharing: In non-cooperative spectrum sharing the cognitive 
users are making decisions based on local observations. They do not cooperate with each 
other and are making decisions independently from others. The advantage of this 
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approach is that control traffic is mitigated to a large extent and the channel allocation 
behavior is also simplified. [6]   
 

3.9.3 Third Classification 
 
Finally, the third technique is based on how the spectrum is accessed:   
 

• Overlay spectrum sharing 
 
In this type of sharing the SUs are accessing the spectrum at the same time the PUs are 
accessing it, but with as little interference as possible. Ultra Wideband (UWB) 
technologies are using this kind of spectrum sharing. [17] 
 

• Underlay Spectrum Sharing  
 
The spectrum is shared in one of the following three ways:  
 
i) Opportunistic: -The spectrum is shared among the SUs whenever the PUs are not 

using it. [17]    
 

ii) Cooperative: - The spectrum is allocated after negotiation with the PUs. [17]  
  

iii) Mixed: - The spectrum is accessed in either a cooperative or opportunistic way. [17]  
 

3.10 Cognitive Radio MAC Protocol Description 
 
The proposed MAC protocol consists of one control channel and 5 data channels. SDR 
technology on the physical layer gives channel utilization and average packet size of PUs 
periodically in a time window T. Primary usage of any particular channel can be examined by 
recorded busy time of the channel in the channel state table and by sensing the given channel 
before starting the transmission. Each CR device has native information of channels, like 
channels data rate, Bit Error Rate (BER) and acceptable damage percentage of channel. This 
information could be installed on CR devices which could be easily updated via the Internet. 
Furthermore, the data rate of the channel x is denoted by rate (x) and acceptable damage 
percentage of channel x is denoted by threshold ( x). [7]   
 

3.10.1  Channel State Table 
 
Each CR device maintains a channel state table which gives information regarding the channels’ 
current status. When a specific channel becomes free or busy, all of the information is updated in 
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the channel state table in a periodic manner. There are two main fields which records the status 
of the channel: 
 

3.10.1.1 Available timer: 
 

This timer gives availability time of a channel when it is free from PU by continuous monitoring 
of the channels. The channel value is set through control messages by the control channel. [9] 
 

3.10.1.2 Channel Utilization: 
 

The Physical layer gives periodical information of the channel utilization. Let’s suppose, there 
are certain free channels, then which channel will be used by the SUs depends on the previous 
utilization of the channels. If a specific channel is available but its previous history shows that 
channel was extensively used by the PUs, then this channel will not be preferred by the SUs 
because there is a probability that it will be claimed again by the PUs. So, the channel that is 
having lesser utilization in its past is the most suitable channel to be used by the SUs. Also, by 
using the current utilization of a channel, the prediction about the next utilization of the channel 
can be made by using the equation [9] 

 
𝑈𝑡 = 𝛼𝑈𝑡−1 + (1 − 𝛼)𝑈�     

 
where 𝛼 is a constant, 𝑈𝑡−1 represents the channel utilization for the previous slot and 𝑈� is the 
average utilization of channels in the past. 
 

3.10.2 Prediction of Transmission Duration 
 
Before transmission, the CR nodes detect the spectrum hole when the channel is observed as free 
through channel state tables. The detected spectrum holes can be small or large. The largest 
spectrum hole is best to use for the transmission.  
 

3.10.3 Transmission Policy 
 
Consider two CR nodes, A and B wants to communicate with each other as shown in fig. 3.11. 
Initially all CR nodes are on the control channel and listens to the traffic. Now, CR node A wants 
to communicate with CR node B. There is one more CR node C which is one of the neighboring 
CR nodes of node A or node B. The handshaking process is explained below [9]:  
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Figure. 3.11. Example of CR Network [9]  

 

Step 1: Initiate a Transmission  

When node A has packets for sending to node B, it will first sense the environment in the 
following way: 

Node A first updates its channel state table before transmission. During update, any free channel 
could become busy due to the arrival of a PU. In that case, node A resets the available timer for 
that channel in the channel state table, where a reset means that the available timer is set as 
packet transmission duration and that channel is not available anymore for secondary usage. It is 
being used by the PU. This type of sensing scheme for PU allows seamless communication for 
all PUs since PUs do not send any message on the control channel to inform about the status of 
the data channel. CR nodes do not know when the connection of the PU will terminate, so they 
repeatedly reset the available timer for the channel in the channel state table, in order to check 
that the channel is still free or occupied by the PU. 

After sensing, node A check for any free channel in its channel state table. If there are more than 
one free data channel available, A sends a Ready-to-send (RTS) packet to node B. Here at least 
more than one channel condition is employed so that if the PU comes in, this channel or if time 
expires, then the CR user could be accommodated in another free channel. Thus, this kind of 
scheme allows seamless communication for both types of users. [9] 

Step 2: Channel Selection 

Node B on receiving RTS from node A, updates its channel state table in the same way as 
mentioned in step 1. Afterwards B looks for overlapping channels set through available channel 
lists between A and B. Here overlapping channels are the free common channels available to both 
nodes. Node B then uses the evaluating function to give score to the available common channel. 
This evaluating function depends on the least common channel utilization. For example:  
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Common channel set 1, CH 1: 0.6+0.1= 0.7 (utilization) 
Common channel set 2, CH 3: 0.1+0.3= 0.4 (utilization) 

 
So, CH 3 has less common utilization, thus it is selected for transmission. If utilization is same, 
then the channel set which gives maximum data transmission rate will be selected. Still if two or 
more channel sets have the same data rate for transmission, randomization is used. Channel 
utilization information comes from the physical layer. 
 
After selecting a channel set, B sends clear-to-send (CTS) to A with its channel index and 
maximum packet number. If there are no channel sets available to B then it does not take any 
action, and the timer at A to receive the CTS packet expires. [9] 
 
Step 3: Confirm Information 

When B sends the CTS packet to A, it is also broadcasted to all the neighbors. After receiving 
the CTS packets, the neighboring nodes are informed that the specific data channel is going to be 
used for communication and to not claim for it. Cognitive nodes cooperate with each other and in 
this way the multichannel hidden terminal problem is removed. All neighbor nodes of both A and 
B are informed about the upcoming transmission to keep all CR nodes aware of the surrounding 
environment so that they will not interrupt during transmission. At the same time, both nodes 
update their channel state table for channel reservation. The handshaking phenomenon for the 
selection of the appropriate data channel is performed on the control channel and after the 
selection of the data channel, the control shifts from the control channel to the data channel. [9]  

Step 4: Data Transmission  

After successful completion of step 1 to step 3, node A moves to the specified data channel and 
immediately starts data transmission. On receiving data successfully from A, B will send an ACK 
packet to A. Transmission continues until the connection timer expires. On expiring of the 
connection timer, both nodes move back to the control channel from the data channel. Thus, re-
enter to step 1 and whole process is repeated. [9] 

3.10.4 Collision Avoidance 
 
In the MAC protocol, there are two types of timers. 
 

i) DATA timer (Channel availability time ) 
ii) ACK timer (the time to receive CTS packet after transmission of RTS packet from 

sender). 
 
While transmitting data, if any of the above two timers expire, it is assumed as a result of 
collision and both the sender and the receiver will set their available timers to random and go 
back to step 1 (listening on the control channel). The sender and the receiver flow charts are 
shown in fig. 3.12 and 3.13 respectively. [9] 
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Figure. 3.12. Sender side flow chart 
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3.11 Summary 
 
The third generation system is currently in general use, and the next generation communication 
technology is a matter of primary concern. An SDR is a collection of hardware and software 
technologies that enable reconfigurable system architectures for wireless networks and user 
terminals. CR technology is the advance form of SDR technology. The main difference between 
SDR and CR is that; in SDR all operations and different applications are configured and 
reconfigured with the help of software manually but in CR technology the reconfiguration will 
be automatic or dynamic according to the radio environment and requirements of users. In 2004, 
FCC issued a Notice of Proposed Rule Making (NPRM) that raised the possibility of permitting 
unlicensed users to temporarily borrow spectrum from licensed holders as long as no undue 
interference was seen by the primary user. Even though cognitive radios are quite different from 
traditional wireless radios, it is reasonable to assume that a CR framework would be based on the 
ISO/OSI layering methodology. The fundamental feature of CR is to sense the environment for 
channels status and there availability. The CR should distinguish between used and unused 
spectrum bands. While spectrum sensing is primarily a physical layer issue, spectrum analysis 
and spectrum decisions are closely related to the upper layers. Once all available spectrum bands 
are characterized, an appropriate operating spectrum band should be selected for the current 
transmission taking into consideration QoS requirements and spectrum characteristics. Spectrum 
mobility is the process of CR technology in which one more CR users exchanges there frequency 
of operation with other users.  Spectrum sharing is the process of allocating or scheduling of 
available spectrum for different types of users. Spectrum sharing is the most important challenge 
in those networks which follow dynamic allocation techniques. The coexistence of secondary 
users with licensed users and the wide range of available spectrum are two of the main reasons 
for these unique challenges. Finally, the protocol overview is given. 
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Chapter 4: Introduction to OPNET   

 
4.1 What is OPNET? 

 
OPNET is a network simulator used for experimental purposes. It has a huge library of available 
network protocols and is also used for research and development at industrial level. It helps to 
design and implement different network applications, protocols and devices at large scale. 
Moreover, it provides a flexible environment to evaluate new ideas and their solutions with 
lower cost.  

  

4.2 Structure of OPNET  
 

Hierarchically OPNET is divided into three different domains: 

4.2.1  Network Domain  
 
The network domain provides high-level information of objects for any system. The network 
model describes the type, location, interconnections and configuration of objects. The size and 
length of networks modeled can be simple or complex. A network model may have one node, 
one sub network or many nodes and sub networks interconnected to each other depending upon 
the structure and complexity of the network model. [19] For example, a star topology network 
having one center hub that is connected to several other nodes with point-to-point links is shown 
in fig. 4.1. 

 

 

Figure.4.1.Star Topology in Abstract and Network Model Representations 
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4.2.2 Node Domain  

The network models consist of two components: communication nodes and communication 
links. At network level the internal structure of these objects is invisible. A node model is 
constructed from many connected blocks called modules. Each module consists of inputs, 
outputs, state memory and a way to find out the output of the module from the input and the state 
memory. The way of computation depends upon the module type. Some modules have built-in 
action to complete specific tasks, whereas others behavior may be designed by the model 
designer. [19]  

In node models, inputs and outputs of different modules are connected through objects called 
connections. Connections are of two types, one type is called the packet stream and is used to 
carry data packets from one place to another, and the other type is called the stat wire which is 
used for the transmission of individual values. Both the data stream and the stat wires send data 
packets and statistics over its output packet streams, and receive data packets and statistics over 
its input packet streams. 

 

4.2.3 Process Domain    
 

Queue modules and processors exist in node domain and their behaviors are described by the 
process models. Process models may used for the implementation of operating systems, disks or 
memory, many communication protocols, algorithms, different type of software and hardware 
subsystems, and so on. [19] The Process domain consists of two major parts:  

• Process Model Operation: describes the construction, features and applications of process 
modeling. 

• Process Model Development Methodology: describes the steps for the creation of the 
process model. 

4.3 Modeling 
 

Before starting projects the network that is to be implemented should be similar to an existing or 
a proposed system. Hence the desired model should behave in a similar manner like a real 
system. However, models can represent specific desirable aspects due to practical reasons. Thus, 
for the equivalence of models, the following points should be taken under consideration: 
 
• The model should clearly define the problem and the proposed solution for that problem.  
• The model should provide accuracy in its solution and all types of actions should be clear.  
• The model should provide a clear design and support validation.   

javascript:WWHClickedPopup('mod_concepts',%20'ModelingConcepts-06-2.html');�
javascript:WWHClickedPopup('mod_concepts',%20'ModelingConcepts-06-3.html');�
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Consequently, equivalence means that the model should describe the desired and achieved goals 
clearly. For better modeling results, the following problem solving steps should be kept in mind, 
as shown in fig.4.2. 
 

.  
 

Figure. 4.2.Problem Solving in OPNET 
 

Fig. 4.2 shows that for any problem to be simulated in the OPNET, the Algorithm is prepared 
and implemented by using the required modules. At the end, optimized results are collected, 
showing the solution of the problem. 
 

4.4 Editors in OPNET 

4.4.1 Project Editor 
 
The project model is used for the construction and editing of the network topology. The network 
domain in which the project editor works is the highest domain because it supports all the 
modules of other domains. The project editor provides the analysis and simulation capabilities. 
The project editor objects and their operations are shown in the table 4.1 [20]. 
 

Object 
 Type 

Definition Representation 

 
Fixed 
Subnetwork 

 
It contains different sub networks and network 
objects. 

 

 
 

 
 
Fixed node 

 
It is a network device that has capacity to 
communicate with other devices and geographically 
it cannot change its position over the time. 
 

 

 

 
Table 4.1. Project Editor Objects 
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4.5 Node Editor 
 
The device models and their structures are represented by the node editor. Different interfaces of 
the node model are represented by developers of node models that describe what aspects of the 
model should be visible to different users and what aspects of the model should be hidden from 
specific users.  [19]. Node objects are known as modules. The modules that are used in our 
project and their functionalities are shown in table 4.2. 
 

Object 
Type 

Definition Representation 

 
Processor 

 
A processor is a general purpose object that can be 
programmed. 

      

      
 

 
Queue 

 
A queue provides the internal packet queuing facility. 

      

      
 

 
Transmitter 

 
It allows the packets to be sent to the outside of node 
through the attached links. 

      

       
 

 
Receiver 

 
The packets sent by the nodes are received by the receiver 
through the attached links. 
 

     

       

 
Packet 
Stream 

 
Allows the packets to be transmitted from the output 
stream of the source module towards the destination 
module. It allows the packets to be communicated or 
buffered between source and destination modules.  
 

 
       

 

 
Statistic 
Wire 

 
It is used to transfer the numerical data between source 
and destination modules. 
 

 

 

 
Table 4.2 Node Editor Objects 
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4.6 Process Editor 
 

The process editor specifies the features of the process model that have both textual and 
graphical components. The process editor functionalities can be implemented in both software 
and hardware. Process mode logics clearly represent real-world processes; for example, 
operating systems, queuing disciplines communication protocols and their algorithms etc. Finite 
State Machine (FSM) paradigms are used by process models for behavior expression depending 
upon the new stimuli and the present state. These different kinds of operations are performed in 
C or C++ code blocks [20]. The process editor objects used in our project and their 
functionalities are shown in table 4.3.  

 

Object 
Type 

Definition     Represenation 

 
State 

 
Upper and lower portion in the state are called 
enter and exit executives and they contain the 
code. The code expresses the processing that is 
performed while leaving or entering in to the state. 
There are two type of states, forced (Green) and 
unforced state (Red). 
 

 

        

 
Transition 

 
Moving from one state to another state is termed as 
state transition. Each state can serve as a source or 
destination for other states.  
 

        

 

 

Table 4.3 Process Editor Objects 

 

4.6.1  Forced State (Green) 
 
The word state refers to an object that corresponds to one of the primary modes or situations that 
a process may find itself in.” [20] At any time a process can only have one state. A process 
moves from one process to another in response to an interruption. When a process is completed, 
it moves from one state to another. Furthermore, for a transition to occur, the applied condition 
should be fulfilled. The steps required to move from one transition to another for a forced state 
are as follows: 
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• Call for enter exec. 
• Call for exit exec. 
• Evaluates all conditions. 
• After evaluation, if exactly one condition is true, the transmission would traverse to the 

next state. These steps are shown in fig. 4.3.  
 

 
Figure. 4.3. Forced State 

 

4.6.2 Unforced State (Red) 
 

When the process enters in a forced state, it completes the enter executives immediately and gets 
in the exit executive but upon entering an unforced state, it waits until a new invocation occurs. 
When an invocation occurs, the process executes the exit executives and proceeds immediately 
to the next state to also complete the enter executive there and then blocks again. Jumping from 
one state to another is called a transition. The state transitions guide the process to a new state or 
possibly back to the same one, depending upon the applicability of their conditions. These 
actions comprise a complete process invocation and require no time delay. The whole steps 
explaining the state enter, exit executive, blocking within a state and state transition is shown in 
fig. 4.4.  
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Figure. 4.4. Unforced State  

 

4.6.3 Packet Format Editor 
 
There are different fields in a formatted packet that are specified by the packet format editor. The 
attributes of fields include name, type, size and default value. Fields can be packet, structure, 
integer and double. [20] 
 
Only one subject is used by the packet format editor which is called the packet field. The length 
of the packet cannot be changed and depends only on the assign length of the field, but the color 
of the field can be changed. [20] Example of the packet field is shown in table 4.4. 
 
 

Object Type Definition Representation 

 
Packet Field 

 
Packet field consists of 8 bits. 
Field can be specified by its 
size or name. 
 

        

 

 
Table 4.4. Packet Field 
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4.7 Run a Simulation 
 

To run a Discrete Event Simulation (DES), one of the following ways from the project menu can 
be chosen: 
 
• DES>Configure/Run Discrete Event Simulation 
• DES>Run Discrete Event Simulation 
 
DES operations are used to adjust simulation attributes and to run simulations. All simulation 
parameters are on the default values initially. The simulation parameters such as duration, seed 
etc can be changed [20]. When the DES parameters have been adjusted according to the 
requirement, pressing the run button starts executing the simulations as shown in Fig.4.5. [21] 
 
 

 
 

Figure 4.5. Running Simulation  
 
 

4.8  View Results 
 
The View Results operation allows you to use statistics from discrete event simulation or flow 
analysis to create standard or parametric analysis panels. There are different types of analysis 
options when you choose to perform this operation. You can collect different types of results 
according to you requirement of graph as shown in fig. 4.6. 
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4.8.1 Graphs  
 
There are many different statistics you can select and graph describe one statistic at a time and 
shows how that particular statistic change during the specified simulation time like utilization, 
throughput, upload and download response times, etc as shown in fig. 4.6. In these graphs 
horizontal x-axis represents the time of the simulation and the vertical y-axis demonstrates 
measured quantities. 
 

 
 

Figure. 4.6. Displaying Graphs  
  

4.9  Summary 
 
The OPNET modulator is a most useful and result oriented simulator which is used for 
individual research and development. The OPNET simulator simulates system behavior by 
modeling processes which are defined by the user itself. It arranges all processes of a whole 
network in a well organized manner. The entities are from physical link transceivers, antennas 
and then processed by the CPU in order to manage running protocols, to a network model that 
interconnects all kind of nodes to each other. The main thing in projects is that modeling is 
basically used to achieve equivalence. The models almost represent the proporties of the real 
system. The network, process node and external system modeling constraints are related to each 
other in an organized manner. Process models, the external system and the node model are 
defined in the node domain and the network domain respectively. In order to construct and edit a 
topology of a communication network model, project editor is used. The project editor gives 
basic simulation and analysis capability. In the network domain, device models can be defined as 



42 
 

node objects (like computers, bridges, packet switches). The process editor is used to describe 
the behavior of a process model. OPNET gives the facility to attach C/C++ code fragments to 
each part of the state. The packet format editor gives a procedure to collect fields which are 
contained in formatted packets. The Configure/Run Discrete Event Simulation operation sets the 
values of simulation attributes and controls how a simulation runs. Furthermore, the View Result 
Option gives the option to use statistics from discrete event simulations. 
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Chapter 5: Simulation Overview  
5.1 Introduction 

 
Consider a small office network near karlskrona, Sweden as shown in fig.  5.1. 
 

 
 

Figure 5.1. Small office network in Karlskrona  

 
Now let us move inside to the CR office network shown in fig. 5.1, there is a small office 
network of area 100*100 meters where 5 pairs of primary nodes (tx1 & rx1, tx2 & rx2, tx3 & 
rx3, tx4 & rx4, tx5 & rx5) are communicating with each other and 2 pairs of secondary nodes 
(SU1-1 & SU 1-2, SU 2-1 & SU 2-2) are opportunistically utilizing the spectrum and 
communicating with each other as shown in fig. 5.2. 
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Figure 5.2. The project scenario 

 

5.2 Transmission Specifications 
 
There are five pair of PUs in our project scenario. The transmission specification of each pair is 
shown in Table 5.1 below. The ideal transmission rate is 11 Mbps for each pair. The frequency 
for transmission of each pair is different so that to avoid potential interference during 
transmission. [20], [21] 
 
The transmitter uses the modulation type Differential Phase-shift Keying (DPSK).It has two 
main advantages over other schemes. First, DPSK do not require training symbols and pilot sub-
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carriers since there is no requirement of channel equalization in DPSK. This makes it easy for 
CR sensing module to sense in the spectrum occupied frequencies. Second, the DPSK 
modulation scheme maintains a typical circular constellation diagram whose shape is disturbed if 
another signal is added, thus CR receiver can detect interference after observing shape of 
constellation diagram of the sub-carriers [25]. 
 
 

Primary 
user name 

Data rate 
(bps) 

Frequency(MHz) Bandwidth 
(KHz) 

Modulation 
type 

Power (W) 

tx1 & rx1 11,000,000 2,402 11,000 Dpsk 0.5 
tx2 & rx2 11,000,000 2,418 11,000 Dpsk 0.05 

tx3 & rx3 11,000,000 2,430 11,000 Dpsk 0.05 

tx4 & rx4 11,000,000 2,445 11,000 Dpsk 0.005 

tx5 & rx5 11,000,000 2,475 11,000 Dpsk 0.005 

 

Table 5.1. Communication Specifications  

 

5.3 Modules registration in OPNET 
 

In OPNET in order to establish RF connection between different modules, they must be 
registered to the specific groups of their specifications. To establish the RF connection between 
the radio transmitter and radio receiver they are registered in logical transmitter and receiver 
groups which match their specifications, so they can communicate with each others. The node 
module name P_3 is made for this purpose as shown in fig. 5.3. By using the kernel procedure 
op_id _self(), node self id is obtained and then its parent id is obtained by using the kernel 
procedure op_topo_parent(). Furthermore, transmitter id which should be registered with this 
node is acquired by using the kernel procedure op_id_from_ name(). 
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Figure. 5.3: Transmitter and Receiver Registration 
 

5.4 Node Models 
 

Different types of node models available in OPNET are discussed in chapter 4. In this project, 
there are two types of node models used; one for PUs and one for SUs or CR node model. 

 

5.5 PU Node model 
 

Since all PUs nodes are conventional users which do not have the dynamic capabilities like CR 
users; default configuration of node model for all PUs is used as shown in fig. 5.4. The major 
components of PU node model are the following. 

P_3 
Module 
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Figure. 5.4 PU node model  

5.5.1 Source  
 
In the source module, a bursty source is used. A bursty source is the one in which the ratio of 
peak transmission rate to the average transmission rate is very high. So, whenever there is a peak 
transmission by the user, the channel will be fully utilized but it happens on rare occasions and 
most of the time the channel remains underutilized. In OPNET the traffic of any particular user 
can be controlled by limiting or increasing its packet generation capability by adjusting packet 
generation parameters of the source. 
 

5.5.2 Sink  
 
All packets which are for higher layers are forwarded to sink and destroyed in sink since the 
main focus is on Physical and Data link layer only.  
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5.5.3 Transmitter   
 
As the name explains; this module is used for generating packets from the source. 
 

5.5.4 Receiver  
 
As the name explains; this module is used for receiving packets from the source. 
 

5.6 CR Node model  
 

In CR node model, the source, sink, transmitter and receiver modules are the same as in PU node 
model. The other important components with the help of which CR MAC protocol is 
implemented are the CR_MAC layer, packet streams and stat wires as shown in fig. 5.5.  
 

 
 

Figure. 5.5 CR node model  
 



49 
 

5.6.1 MAC layer process (Cr_mac)  
 
In the MAC process, the protocol is implemented in the state form.  

5.6.2 Packet Streams 
 
The solid wires in fig. 5.6 are packet streams and they are use to carry the packet from one point 
to another.  

5.6.3 Stat Wires 
 
The dotted wires in the fig. 5.6 are stat wires. These wires are used to carry the statistics from 
one point to another. In OPNET, sensing is done at the Physical layer and all the stats about the 
presence of users are given to the MAC processor via the stat wire.  
 
All of these modules are shown in fig. 5.6   
 

 
 

Figure. 5.6: Different parts of CR node model 
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5.7 Higher Layers Functionality  
 

The higher layers are replaced by a bursty source and a sink process. 

5.7.1 Source of CR 
 
The CR bursty source produces the packets, which enter the MAC process via a packet stream 
connected with the source and the MAC process. In the MAC process, the packets are stored in a 
queue. See fig. 5.7. 
 
 
 

 
 

Figure. 5.7. CR Source 
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The source consists of the following attributes; Start time, ON state time, OFF state time, Inter-
arrival time, packet size and segmentation size. [21] See fig. 5.8. 
 

 
 

Figure. 5.8: CR Source Attributes  

 

5.7.2 The Sink of CR 
 

The sink module receives packets from the MAC process via a packet stream attached between 
the sink module and the MAC process module and destroys them. The sink module is shown in 
fig. 5.9. 
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Figure. 5.9: CR Sink 

 

5.8 Physical layer of CR 
 
The physical layer consists of the transmitter and the receiver module as shown in fig. 5.7.  
 

5.8.1  Transmitter of CR 
 

The transmitter of the CR node receives packets from the MAC process via a packet stream and 
transmits the packets using one control channel and five data channels as shown in fig. 5.7. Fig. 
5.10 shows the detail information of the channels. 
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Figure. 5.10. CR Transmitter 

 
The transmitter only supports two packets formats wlan_mac_cr and wlan_control_cr. The 
wlan_control_cr packet format is used for carrying control information and the wlan_mac_cr 
packet format is used for carrying data information. The figures of the packet format are shown 
in fig. 5.11 and 5.12. 
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Figure. 5.11. Control Packet Format 
 
 

 
 
 

Figure. 5.12. Data Packet Format 
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5.8.2 Receiver of CR 
 

The receiver of the CR node receives packets and sends it to the MAC process via a packet 
stream, using one control channel and five data channels. Specifications of the channels are 
shown in fig. 5.13. 
 

 
 

 
Figure. 5.13: CR Receiver  

 
The interrupt streams are also attached with the receiver and the MAC process; using these 
interrupt streams, the receiver senses the primary user interference and sends it to the MAC 
process and the CR node senses the PU on the five data channels.  
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5.9 Implementation of the OC-MAC Protocol on MAC Layer 
 
In this protocol, there is one dedicated control channel and five data channels. On the control 
channel, the CR nodes compete with each other for the reservation of data channels. The basic 
mechanism for the selection of the data channel is that the sender sends the RTS packet towards 
the receiver side containing the information about the available channels and possible 
transmission duration. The receiver checks for the availability of a common channel between the 
transmitter and the receiver and sends the CTS packet back towards the transmitter as well 
towards all the neighbors. After the selection of the data channel, the transmission of data starts. 
Fig. 5.14 shows the implementation of the MAC protocol. 
 

 
 

Figure. 5.14. MAC Protocol Implementation 1 
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5.9.1 Step 1: Initiate a Transmission 
 

When the nodes start the communication with the other node, the first thing the state executes is;   

• Init state(red) 

In this state the function calls cr_sv_init() for initialization of all variable starting values. Then it 
transits to the wait state. 

• Wait state(red)  

In this state, the first function called is CR_interrupts_process() for checking whether the data is 
coming from a higher layer or the physical layer. The two cases appear if data comes from a 
higher layer, the function CR_ higher_layer_data_arrival() is called otherwise the function 
cr_physical_layer_data_arrival() is called. In this state the channel status table is updated by 
calling the function cr_rcv_channels_table_status_update (intrpt_code). The interrupt stream 
senses the data channel and updates the channel status. If the condition frame to send is true then 
it transits to the state send RTS. The implementation of all this is shown in fig. 5.15. 

 

Figure. 5.15. MAC Protocol Implementation 2 
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5.9.2  Step 2: Channel Selection 

 
In this step the states executed are; 
 
• Send RTS(red) 
 
In this state the channel states table is again updated and a RTS packet is sent to other desired 
CR nodes for communication purposes using the packet format wlan_control_cr. If the RTS_ 
TRANSMISSION_COMPLETE condition is true then the state transitions to rtx_tx_end.  
 
• rtx_tx_end(green) 
 
In this state the protocol waits for the CTS packet from the other node then two cases are 
possible: either the CTS packet is received or not. 
 

 
 

Figure. 5.16. Channel Selection 
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• CTS_wait(red) 
 
For waiting purposes, the protocol transits to this state if anything happens either CTS_RCVD or 
FRAME_TIMEOUT. Afterwards the protocol transitions to the again rtx_tx_end (green) state. 
This state decides if FRAME_TIMEOUT condition is true, the protocol again tries to send the 
RTS packet and go back to Send RTS state. If the CTS_RCVD condition is true, it transits to the 
send_DATA state. In RTS and CTS packets, the nodes are communicating for the best channel 
selection from which they can send their data. See fig. 5.16. 
 

5.9.3 Step 3: Confirm Information 
 
In this step they also inform their neighbor that they are communicating on this channel using 
wlan_control_cr packet. The all node in the scenario update their channel status table. 

 
• Send_data(red) 

 
In this state the node prepare data to send and check the connection establishment. If the 
connection establish then select a channel and send the data on the selected channel. Then 
protocol transition to the state tx_end. See fig. 5.17. 
 

 
 

Figure. 5.17. Confirm Information 
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5.9.4 Step 4: Data Transmission  
 

In this step the data is transmitted on the selected channel; 

• tx_end(green) 

In this state the protocol wait for Acknowledgment of the transmitted data and transitions to the 
state wait for Ack.  

• Wait_for_Ack(red)  

In this state the protocol waits for the acknowledgment for a given time period. In any case either 
the ACK_RCVD or FRAME_TIMEOUT condition is true, the control again goes to the state 
tx_end. In this state, if acknowledgment is received in a given time, data is again transmitted and 
control goes to the state send_data. Furthermore, if acknowledgment is not received in a given 
time, all the process is again started from step 1 and control goes to the wait state, as shown in 
the fig. 5.18.  

 

 

Figure. 5.18. Data Transmission 
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5.10 Summary  
 

In this chapter, the whole implementation of the OC-MAC protocol is explained. There are three 
models to be used in the OPNET. First of all the network model is shown having the transmitters 
and receivers. Next, in the node model, the inner view of the transmitter and the receiver is 
shown. Furthermore, in the process model, detail information of the nodes is given in the form of 
the states. In the state, the upper part is called the enter executive and the lower part is called the 
exit executive. In both enter and exit executive, the programming is done. The implementation in 
the process model in the form of states is describing that when two nodes want to start the 
communication, all the variables are initialized and then the RTS packet containing the 
information about the available data channel and possible transmission duration is sent from the 
transmitter towards the receiver side. The receiver compares the RTS packet content with its 
available set of channels and the most appropriate data channel selected for transmission. The 
receiver sends the CTS packet information about the commonly selected channel towards the 
transmitter as well to the neighbors. After successfully receiving the CTS packet, the appropriate 
data channel is selected and all neighbors are also informed about this communication. 
Transmission of data starts on the selected data channels. If the Acknowledgement is received, it 
means data has been sent successfully, otherwise the control again goes back to the wait state 
and all steps are repeated again.  
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Chapter 6: Results and Conclusions  
This chapter gives a detailed analysis of simulation and results for different scenarios to evaluate 
the performance of the OC-MAC protocol. The performance of OC-MAC is evaluated with 
respect to average data sent over the network and number of collisions. The tolerable damage is 
supposed to be 1 % provided by the primary network.  

6.1 Simulation Results   
 

All simulations are done in the OPNET v 14.5 Network simulator. IEEE 802.11b ad hoc WLAN 
is introduced as the primary network, having a channel rate of 11 Mbps. In the project scenario, 
there is an office network of 100 square-meters area. In this small network there are five pairs of 
PU nodes and 2 pairs of CR nodes. There is one control channel for channel selection and five 
data channels for transmission. Simulation duration is of 5 minutes and results are collected for 
three different random seeds. First the performance of network with only primary users is 
observed. Afterwards secondary users are also allowed to communicate and then the 
performance of network as well as the performance of OC-MAC protocol is observed with both 
primary and secondary users communicating simultaneously. 

6.1.1 First Scenario  
 

The network is analyzed first with 128 as random seed. Fig. 6.1 and 6.2 shows the performance 
of the network with only primary users.  

      

Figure 6.1.Total Instantaneous Traffic (PU).                         Figre 6.2. Total Average Traffic (PU) 
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The peak traffic sent over the network is 2.1 Mbps approximately as sown in Fig. 6.1. Fig. 6.2 
shows the average traffic sent by 5 PU nodes. Here again, the blue curve represents the total 
average traffic sent over the network which is about 0.898 Mbps and the rest 5 curves represent 
individual average  traffic of PU nodes. 

The main objective of CR technology is to increase the utilization of the available spectrum in 
such a way that it will not affect the primary usage above an acceptable level. Now to evaluate 
the performance of the network with CR concepts, SUs are allowed to access the spectrum 
opportunistically by avoiding collision using the OC-MAC protocol. Fig. 6.3 and Fig. 6.4 shows 
the performance of the network with both PUs and SUs. Fig. 6.3 shows the instantaneous traffic 
sent by 5 PU nodes and 4 SU nodes. The blue line is the total instantaneous traffic sent by all PU 
nodes over the network and the rest of the 9 curves represent individual traffic sent by each PU 
node and SU node. The total peak traffic sent over the network with both SU and PU nodes using 
the same spectrum is now about 5.2 Mbps approximately as compare to 2.1Mbps with only PU 
nodes as shown in Fig. 6.3 and Fig. 6.1 respectively. Fig. 6.4 shows the average traffic sent by 5 
PU nodes and 4 SU nodes. Here again, the blue curve represents the total average traffic sent 
over the network and the rest 9 curves represent individual average traffic of PU nodes. The 
average traffic now increases to 2.62 Mbps from 1.2 Mbps. The collision rate is less than 
tolerable damage of 1 % which is supposed to be provided by the primary network. The collision 
count of each CR node and transmission rate in bits/sec and packets are given in table 6.1. The 
maximum packets sent are 1849 packets and collision is with 17 packets only which is less than 
the allowable collision rate of 1% as shown in table 6.1 and in Fig. 6.5.  

       

Figure 6.3.Total Instantaneous Traffic (PU+SU).                Figure 6.4. Total Average Traffic (PU+SU) 
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Statistic Average Maximum Minimum 
Collision count CR node 1(packets) 1 1 1 

Collision count CR node 2(packets) 2.0478 3 1 

Collision count CR node 3(packets) 6.7942 10 1 

Collision count CR node 4 (packets) 2.9083 3 1 

Total collision count of CR nodes(packets) 12.7503 17 1 

Traffic Source Traffic Sent (bits/sec) 2,747,793 5,021,784 0 

Traffic Source Traffic Sent (packets) 1,009.60 1,849.00 14 
 

 

 

Figure 6.5. Collision Count of CR nodes 

The MAC protocol detects spectrum holes and utilizes them for secondary usage. An example of 
spectrum hole utilization is shown in fig. 6.6 and 6.7. In fig. 6.6, the red curve represents traffic 
sent by the PU node and the blue curve represents traffic sent by the CR node over the same 
channel. The CR node utilizes the portion of the spectrum not used by PU node, thus increasing 
the overall utilization of the available channel. Fig. 6.7 shows radio transmitter busy time. Again 
the red portion represents PU node busy time and blue color represents SU node busy time on the 
same channel.   

Table 6.1.Scenerio 1 statistics 
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        Figure 6.6. Spectrum holes utilization (PU+SU)                   Figure 6.7. Transmitter Busy time (PU+SU)  
 
When only PU nodes are using the network the overall throughput is 0.898 Mbps. When CR 
nodes are allowed to use the network the overall throughput increases to 2.62 Mbps from 0.898 
Mbps as shown in fig. 6.8.  Thus, the total utilization of available channels increases by 
introducing SUs and the collision rate is less than the specified threshold. 
 
 

 
 

Figure 6.8. Improved Utilization 
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6.1.2 Second Scenario  
 

The designed MAC protocol also allows custom settings for each user. This means the maximum 
allowed traffic for each user can be set individually. To check the reliability of OC-MAC 
protocol, its performance is now tested with another scenario under heavy traffic. In this scenario 
traffic sending capability of all SUs is increased to the maximum possible limit and traffic of 
PUs is also increased and finally new simulation results are observed. The ad hoc wireless 
network can handle up to 11 Mbps of traffic at any instant and at above 11 Mbps traffic, packet 
loss occurs. Fig. 6.9 shows total instantaneous traffic and fig. 6.10 shows total average traffic 
sent when only primary users are allowed to use the network.    

 

         

Figure 6.9.Total Instantaneous Traffic (PU).                         Figre 6.10. Total Average Traffic (PU) 

Now, Fig. 6.11 shows total instantaneous traffic and fig. 6.12 shows total average traffic sent 
when both primary and secondary users are allowed to use the network.  
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Figure 6.11.Total Instantaneous Traffic (PU+SU).                   Figre 6.12. Total Average Traffic (PU+SU) 

In figures 6.9, 6.10, 6.11, and 6.12, the blue curve which is on peak represents the total traffic 
sent over the network, the other curves represent traffic sent by PU and SU nodes. The average 
traffic now increases to 5.20 Mbps from 1.13 Mbps. The collision rate is less than the tolerable 
damage of 1 %. The collision count of each CR node and transmission rate in bits/sec and 
packets are given in table 6.2. The maximum packets sent are 3269 packets and the total collision 
of all CR nodes are with 22 packets only which is below the allowable collision rate of 1% as 
shown in table 6.2 and in fig. 6.8. 

Statistic Average Maximum Minimum 

Collision count CR node 1(packets) 3.8815 4 1 

Collision count CR node 2(packets) 5.1906 7 1 

Collision count CR node 3(packets) 4.8231 6 1 

Collision count CR node 4 (packets) 4.076 5 1 

Total collision count of CR nodes(packets) 17.9712 22 1 

Traffic Source Traffic Sent (packets) 2,019.60 3,269.00 55 

Traffic Source Traffic Sent (bits/sec) 5,459,921 8,740,192 0 
 

Table 6.2.Scenerio 2 statistics 
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Figure 6.13 Collision Count of CR nodes 

When only PU nodes are using the network the overall throughput is 1.13 Mbps. When CR 
nodes are allowed to use the network the overall throughput increases to 5.20 Mbps from 1.13 
Mbps as shown in fig. 6.5.  Thus, the total utilization of available channels increases again by 
introducing SUs and the collision rate is less than the specified threshold.  

 

 

Figure 6.14 Improved Utilization  
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6.2 Conclusions 
 
Following are the main features and attained objectives of the OC-MAC protocol.  

• The OC-MAC protocol caters to variant behavior of PUs (channel usage pattern) by 
sensing at every step of communication. First it senses the spectrum then transmits the 
data. 
 

• The OC-MAC protocol converts channel access time in two equal slots of time period; in 
the first, the half node sends the data and in the second half the node waits for 
acknowledgment of the data. 
 

• The OC-MAC protocol resolves channel contention problem by assigning random time to 
again access the network if collision is detected.  
 

• The OC-MAC protocol uses the cognitive radio concept for best utilization of unused 
spectrum while avoiding collisions of secondary user with other secondary users and 
between secondary user and primary users. Collisions are avoided by sensing at every 
step of the communication and assigning random time if collision occurs. 
 

• The OC-MAC protocol allows secondary users to decide when and which channel they 
should use to transmit/receive secondary user packets without affecting the 
communication among the primary user. The decision is taken with the help of the RTS 
and the CTS handshaking scheme.  
 

• The OC-MAC protocol caters to the synchronization between the secondary sender and 
the receiver by using one common control channel and due to the difference of the 
available channel between the secondary sender and the receiver.  
 

• The OC-MAC protocol resolves the conventional hidden terminal problem by using the 
CTS packet which informs all neighbors of the sender and the receiver for upcoming 
communication and all other nodes do not transmit on a particular channel during the 
upcoming communication. 

In conclusion, the OC-MAC protocol improves the low-utilization of the Primary network by 
allowing secondary users to use the network without affecting primary users. Simulation results 
show that the OC-MAC protocol improves the sparse utilization of the primary network from 
0.898 Mbps to 2.62 Mbps in the first scenario under light traffic. The OC-MAC protocol is able 
to adjust under different traffic conditions. When the primary and secondary users transmit at 
higher rates, the utilization of network increases from 1.13 Mbps to 5.20 Mbps and the collision 
rate remains less than the allowable damage to the network in both scenarios. 
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6.3 Future Work  
 

CR Networks are still in its early stage of development and there are many complex issues which 
still need to be resolved in future especially regarding common control channel (CCC) and 
sensing policies of MAC protocols.  

Moreover, In future it will be interesting to develop another cross-layer based protocol which can 
get different type of information from higher layers like current bandwidth consumption and 
future requirement. This will require the more intelligent sensing module of CR which can sense 
and adapt according to the requirements and such a protocol will be more flexible and effective 
in real CR Networks. 
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