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                             Nomenclature 

BPSK:                                                  Binary Phase Shift Keying 

QPSK:                                          Quadrature Phase Shift Keying 

CN:                                                      Cognitive Radio 

AWGN:                                                Additive white Gaussian noise 

FFT:                                                       Fast Fourier transform 

FCC:                                                    Federal Communications Commission 

PTS:                                                      Swedish post and telecom Agency 

SDR:                                                      Software defined radio 

TDMA:                                                   Time division multiple access 

FDMA:                                                    Frequency division multiple access 

FHSS:                                                    Frequency Hopping Spread Spectrum 

OFDM:                                                Orthogonal Frequency Division Multiplexing 

ADC:                                                     Analog to Digital Converter 

CSMA:                                               Carrier sense multiple access 

CT2:                                                   Cordless telephone second generation 

IF:                                                       Intermediate frequency 

A/D:                                                   Analogue to digital 

Pd:                                                      Probability of detection 

LNA:                                              Low noise amplifier 

VCO:                                            Voltage control oscillator 

SNR:                                             Signal to noise ratio 

DFT:                                              Discrete Fourier transform 

N:                                                  Number of trial 

P signal:                                         Power of signal 

P noise:                                      Power of noise 

Ca:                                            Correlation of signal with carrier frequency cosine         

wave               

Cb:                                                            Correlation of signal with carrier frequency sine                     

wave 

Cc:                                                        Correlation of signal with carrier frequency cosine              

plus sine wave 

Cd:                                                        Correlation of signal with carrier frequency cosine  

minus sine wave 
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Abstract 

Cognitive radio is one of the modern techniques for wireless communication systems to utilize 

the unused spread spectrum effectively. This novel paradigm makes wireless communication 

possible with less interference. In our work we have investigated one of the functions of cogni-

tive radio called spectrum sensing. We have specifically used the method of Cyclostationary fea-

ture detection. Spectrum sensing is also a very effective method to detect spectrum holes and to 

utilize them. We have implemented spectrum sensing technique in these experiments. A signal is 

randomly generated which could be Binary shift phase keying (BPSK) or Quadrature phase shift 

keying (QPSK), then this modulated signal is passed through Additive white Gaussian noise 

(AWGN), The output signal of AWGN is then passed to cyclostationary detector, various func-

tions are pre-implemented inside cyclostationary detector and this includes Fast Fourier trans-

form (FFT), Auto correlation, Sliding window to identify that signal. Finally we have demon-

strated the results of signal to noise ratio to show the performance evaluation of our experiments. 

The results have shown a decreasing trend in the probability of incorrect detection by increasing 

signal to noise ratio. 
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1.  Introduction 

Different communication systems such as medical, broadband mobile telecommunication, marine 

communication, defense and emergency services utilize the radio spectrum. Wireless services and 

communication is very important for social and economic development in today’s world. The 

requirement of radio spectrum is increasing rapidly because of this advancement in wireless sys-

tems. To enable future wireless communication services, the radio spectrum management is a very 

important element. The utilization of the radio spectrum must be responsive, active, and flexible 

to the present needs. Today, every wireless system has its own license to avoid interference. In 

case of new technologies it is difficult to operate in their radio spectra because they are already 

engaged by government and commercial operators. 

For example, it is not so easy to reclaim spectrum bands which are already licensed. A new 

scheme of spectrum licensing was adopted by the Federal Communication Commission (FCC) [1] 

and the Swedish Post and Telecom Agency (PTS) [3]. Both parties have chosen to divide users 

into two categories; such as a licensed user (primary user) and an unlicensed user (secondary 

user). Cognitive radio provides an opportunity to secondary users to use spectrum that are free for 

the moment (white space). Cognitive radio also provides the ability for the radio to take decisions 

about its operations and behavior according to its surrounding environment in order to improve 

the service. 
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1.2 Motivation 

The basic idea is that a cognitive radio is able to find free spectrum (white space) in the overall 

available radio spectrum. It has the ability to analyze its radio environment. Spectrum holes can 

be identified by detecting the presence of primary users. Cognitive radio is a flexible device for a 

wide range of broadband wireless systems. Cognitive radio is a flexible system because it can 

change the communication parameters to adopt the channel condition. Flexibility is possible be-

cause cognitive radio includes what is known as Software Defined Radio (SDR).  

In software defined radios (SDR), the radio hardware (e.g. mixer, filters, modulator and demodu-

lator) are implemented by software. By using software components, functionalities and perfor-

mances can be changed dynamically without changing the hardware. SDR are used in program-

mable wireless networks to increase the access of spectrum in an efficient manner. SDR are also 

dynamically programmable and reconfigurable because they are based on software instead of 

hardware. SDR also provide flexibility to the communication system design and implementation 

in a robust way. 

The signal classifier could be an interesting part of an application, which can determine mod-

ulated signals, without the requirement of any pre-knowledge. In this application, the randomly 

selected modulated signal will be detected using a cyclostationary detector. A signal classifier is 

added to the output of the cyclostationary detector to determine which kind of signal that is 

present at the moment [2]. 

Our study will only focus on the performance analysis of cyclostationary feature detection a 

spectrum sensing technique in cognitive radio. There are several Spectrum Sensing methods in 

cognitive radio present in the literature which are theoretically analyzed and interpreted in the 

sense of advantages and disadvantages.  

There are generally different signal detection methods 

1. Cyclostationary Feature Detection 

2. Matched Filtering 

3. Energy Detection 

Our main focus is on cyclostationary feature detection which depends on the fact that modulated 

signals are generally coupled with sine wave carriers and pulse trains which result in periodicity 

and their statistics, mean and autocorrelation, exhibit periodicity in wide sense. This periodicity 

trend is used for analyzing various signal processing tasks such as detection, recognition and es-

timation of the received signals. 

Despite having a drawback of high computationally complexity, cyclostationary feature detection 

performs satisfyingly well under low SNR regimes due to its robustness against unknown level of 

noise. Moreover  

1. Cyclostationary feature detection is more robust to changing noise level than energy de-

tection. 

2. Cyclostationary detectors can work in lower SNR compared to energy detection because 

feature detectors exploit information embedded in the received signal. 

3. Feature detectors can achieve a huge processing gain compared to energy detectors. 
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1.3 Problem Description 

Wireless multimedia applications and other real-time applications need high bandwidth, as static 

frequency allocation techniques cannot resolve the problems of an increasing number of high 

data rate services. This problem can be resolved by improving spectrum resource utilization. In 

this thesis we investigate the performance of the spectrum sensing technique called Cyclostatio-

nary Spectrum Sensing. Specifically this thesis investigates a cyclostationary based sensing de-

tector’s ability to differentiate between a BPSK or a QPSK modulated signal. 
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2.  Background 

To overcome the lack of radio spectrum Federal Communication Commission FCC [4] has pro-

posed four different scenarios for improving spectrum sharing.  

1.  To increase the efficiency of bandwidth utilization in the internal network, the specific li-

cense can require dynamic spectrum management i.e. cognitive radio. 

2.  Sharing of radio spectrum between licenses users and third party secondary users is the poss-

ible by deployment of cognitive radio. 

3.  Automated frequency allocation can be facilitated by cognitive radio when primary services 

are required for licenses 

4.  Unlicensed devices can use spectrum when there is no licensed spectrum. 

2.1 Evolution in Cognitive Radio 

During the last 15 years, notions of radio design are getting away from pure hardware based ra-

dio. Instead they are implemented using combination of software and hardware. At the start of 

the 1990’s Joseph Mitola [5] proposed the concept of software defined radio (SDR). In these 

kind of radios, software technologies were used to implement mixers, filters, amplifiers and so 

on instead of using hardware. 

The ability to configure the modulation scheme, as was enabled by software defined radio in 

2000, took software defined radio forwards a great number of steps. Mitola evolved it further by 

introducing artificial intelligence [6] to the decision process. Artificial intelligence made the de-

cision process for reacting to the environment more efficient. Radio sets used by the military are 

the most common examples of software defined radio. SDR radio was also able to sense the ra-

dio environment: transmitted data, received data with bandwidth modulation and power of com-

munication system. Calculation of all the above mentioned parameters help in providing an op-

timal network. SDR helps in monitoring the interference of signal with each other and provide 

security and protection from congestion in the network 

The radio configuration and environment sensing are configured by the cognitive radio engine by 

accessing the software defined radio via cognitive radio interface. Performance results and radio 

behavior of a communication system can be observed by implementing the learning engine and 

policy based engine in SDR [7]. 

2.2 Concept of multiplexing multiple users on a shared medium 

In real environments, many users are attempting to communicate with each other simultaneously. 

To facilitate every user it is essential to share the resources. Normally multiple access schemes 

are used for multiplexing. In time division multiple access (TDMA), users are multiplexed in the 

time domain. Specific windows are allocated to users for communication, and time is equally 

divided into small windows. Each device has its own time slot when needing to transmit data. 

For this, the main controller is required in the network which keeps information regarding device 

capacity. In frequency division multiple access (FDMA), frequency is allocated for communica-

tion between devices. FDMA is not considered as an efficient way of multiplexing because the 
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user cannot jump from one frequency to other frequencies to utilize free channels. A centralized 

controller will be required to handle the data transmission in time division multiplexing or fre-

quency division multiplexing by allocating different time slots or frequency ranges to various 

communicating devices [8]. 

CDMA is a one of the advance multiplexing technique in which several users can access the 

same channels simultaneously. CDMA supports asynchronies access of a common channel by 

modulation. These users spread their information with pre-assigned signature sequences on the 

common channel. The implementation of CDMA technology in CR systems/networks is one 

modern technique. This technique can reduce the damage or the interference caused due to the 

simultaneous communication of various competing nodes or users for the same channel. CDMA 

is a better candidate than other technologies like FDMA, TDMA or OFDMA because of its low 

average transmission power emission levels. Also possible interference will be comparatively 

reduced [9] [10]. 

2.3 Elastic Spectrum Management 

In the early 1920’s, maritime communication was the first communication system with shared 

radio resources [11]. For emergency, the 2.182 kHz band was used in maritime communication 

systems. In 1970, Abrahamson’s aloha protocol presented a way of multiplexing users on com-

monly shared radio channels for packet switched data communication. The proposed communi-

cation system was not dependent any centralized coordinating element. The method of Abram-

son’s Aloha protocol is not centralized and it can extend further into the packet radio networks 

[11]. 

Carrier sense multiple access is as efficient as TDMA [12], because CSMA cannot organize the 

data transmission as TDMA can. Both CSMA and TDMA multiplex in time. CSMA cannot or-

ganize like TDMA.  

If CSMA needs to transmit data it will first listen to the channel, if there is no data transmission 

from any other device in range then it will start to transmit data. In case the channel is busy then 

CSMA will wait until the channel becomes free. The main problem with CSMA is loss of data, 

which happens due to simultaneous transitions of data. The advantage of CSMA is that a centra-

lized controller is not required.  

In 1980, the British Cordless Telephone second generation (CT2) system was standardized as a 

successful example of a distributed channel management technique [13].  The base station ma-

naged the available 40 MHz, which is sliced into 40 channels. The base station is also capable of 

observing channel interference. In 1995 University of Columbia proposed an “open spectrum 

access” method which enabled parties to pay for bandwidth when required [13] 

2.4 Cognitive Radio Network 

“A Cognitive Radio is a radio that can change its transmitter parameters based on interaction 

with the environment in which it operates” [14]. Using a heterogeneous wireless architecture and 

dynamic spectrum techniques enables the cognitive radio to provide high bandwidth to mobile 

users. It is commonly observed that there is a lot of inefficient use of the existing radio spectrum. 

To improve this inefficiency without interacting with existing user, the secondary use of licensed 
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band access is defined.. The dynamic spectrum access technique allows the cognitive radio to 

operate on the best available channel [14]. 

The basic operation of dynamic spectrum access is based upon the following functions: 

1.  Detect the licensed user in licensed band and detect the available spectrum portion. 

2.  Selection of available channel which is considered as best. 

3.  Channel coordination with other user in terms of spectrum sharing. 

4.  Hold  the  channel  when  licensed  user  is  detected  which  is  also  called  as  spectrum mo-

bility. 

2.4 Physical Architecture of Cognitive Radio 

A typical cognitive radio architecture is shown in Figure 2.4, which shows the baseband 

processing unit and the radio front-end is the main component of a cognitive radio. In a radio 

frequency environment, the configuration of each component is possible via a control bus; this 

ensures that the transmission can be changed at any instant if necessary. Here, the received sig-

nals are sampled only after necessary band is selected using a band pass filter which avoids the 

unnecessary digitalization of unwanted signals [16].  

 

 

Figure 2.4(Cognitive Radio Architecture) [16] [18] (a) CR Transceiver (b) wideband RF/Analog front-end architecture 
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2.4.1 RF- Front End 

The received signal is first amplified then down mixed to a baseband or an intermediate fre-

quency (IF), after that it is converted to digital representation by an analogue to digital (A/D) 

converter, shown in figure 2.4b. The  capability of sensing of wideband spectrum is an impor-

tant characteristic of a  cognitive radio transceiver, and this capability is related to the hardware 

units, such as antennae, filters and amplifiers. 

2.4.2 Baseband Processing Unit 

In the baseband processing unit, figure 2.4a, all the necessary processing operations of the signal 

is achieved. Modulation, demodulation, encoding and decoding are performed. The baseband 

processing unit of cognitive radio would be essentially similar with the existing transceivers, but 

implemented using software [14].The wide band front end architecture of cognitive radio, figure 

2.4b, consists of the following components, [18]: 

a) RF FILTER 

b) Low Noise amplifier  

c) Mixer 

d) Voltage control oscillator  

e) Phase locked loop 

f) Channel section filter 

g) Automatic gain Control 

a)  RF Filter 

This unit basically is a band pass filter which selects the desired frequency range and removes 

the unnecessary signal frequency. 

b)  Low Noise Amplifier (LNA) 

Amplification of the desired signal while minimizing the noise. 

c)  Mixer 

The mixer basically mixes the incoming signal frequency with a locally generated signal to convert 

it to an intermediate frequency (IF).  

d)  Voltage Control Oscillator 

Voltage Control Oscillator (VCO) is the component which generates the local frequency which is 

fed to the mixer where it is then mixed with the incoming frequency to generate intermediate fre-

quency (IF). 



Background and Foundation  

22 | P a g e  

 

e)  Phase Locked loop 

The phase locked loop locks the local oscillator at the incoming signals specific frequency, which is 

used to down convert the incoming signal to IF. 

f)   Channel Selection Filter 

Channel Selection filter is used to select a particular frequency channel and reject the unwanted 

adjacent channels. Channel selection filter can be: 

a) A Low pass Filter 

b) A Band pass Filter 

a) Low pass Filter 

For channel selection, a low pass filter is used in the direct conversion receiver. 

    b)  Bands pass Filter 

A band-pass filter is used in super-heterodyne receivers. It selects a desired frequency band which is 

defined by the pass band of the filter whilst rejecting the other frequency components. 

g) Automatic Gain Control 

Automatic gain control is an adaptive system which dynamically adjusts the gain so that the weak 

signals get proper amplification whilst strong signals are brought down. Automatic Gain Control 

ensures that this reduced dynamic range is amplified properly so that we can utilize the resolution of 

the analog to digital converter, which is limited [19]. 

2.4.3 Capabilities of Cognitive Radio 

The main concern today is the efficient utilization of radio spectrum; cognitive radio can be used for 

this purpose. When a particular frequency band is assigned to a primary user, at that particular in-

stant the band may not be used. This band is referred to as a spectrum hole, and can be assigned to 

other secondary users, which significantly enhances the utilization of spectrum. Cognitive radio is 

an adaptive system which has the capability to learn from the outside environment and adapt its 

parameter to suit the change. Cognitive radio needs to have some intelligence, adaptability, learning, 

accuracy, re-configurability and reliability [15] [16]. 
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3.  Cognitive Cycle 

A cognition cycle is a cycle by which cognitive radio may interact with the environment. Concep-

tual Operation includes 

• Observe outside world  

• Orient to infer meaning of observations  

• Adjust waveform as needed to achieve goal  

• Implement processes needed to change waveform  

• Adjust goals (Plan)  

• Learn about the outside world, needs of user. 

This cycle implements the capabilities required of CR in a reactive sequence. Stimuli enter the CR 

as sensory interrupts, dispatched to the cognition cycle for a response. Such as CR continually 

observes (senses and perceives) the environment, orients itself, creates plans, decides, and then 

acts. To determine communication parameters, cognitive radio capability allows the radio device 

to interact with the environment. From a spectrum access perspective, the cognitive cycle consists of 

three steps, shown in figure 3. 

1. Spectrum Sensing 

2. Spectrum Analysis 

3. Spectrum Decision  

                                                

 

 

                         Figure 3 The spectrum access cognitive cycle [20] 
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3.1 Spectrum Sensing 

Spectrum sensing for cognitive radios is still an ongoing development and the techniques for the 

primary signal detection. One of the most distinguished features of cognitive radio networks will 

be an ability to switch between radio access technologies, transmitting in different parts of the 

radio spectrum as idle frequency band slots arise. This dynamic spectrum access which was pro-

posed in (Mitola 2000) for the first time [6], is one of the fundamental requirements for      trans-

mitters to adapt to varying channel quality, network congestion, interference and service require-

ments. Cognitive radio networks which (is assumed to be secondary users), will also need to coex-

ist with primary users, which have the right to use the spectrum and thus must have a guarantee 

not to be interfered by secondary users. Fundamentally, a spectrum sensing device must be able to 

give a general idea on the medium over the entire radio spectrum. This allows the cognitive radio 

network to analyze all degrees of freedom (time, frequency and space) in order to predict the 

spectrum usage. Spectrum sensing is based on a well known technique called signal detection. 

Signal detection can be described as a method for identifying the presence of a signal in a noisy 

environment. 

Spectrum sensing is one of the major tasks performed by cognitive radio shown in figure 3.1. It 

gives the awareness about the present spectrum usage by monitoring primary users in a particular 

geographical location and frequency bands. This enables the detection of present spectrum holes 

in the available frequency range [21] [22]. 

 

 

 

                                             Figure 3.1 Spectrum Sensing [20] 

 

3.1.1 Transmitter Detection 

The major issue in cognitive radio is the detection of spectrum holes by the help of spectrum sens-
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ing. The secondary users (non-licensed user) may not have the knowledge of the whole spectrum, 

so we need to detect primary users (licensed users) i.e. their local presence in a particular spec-

trum. Detection of primary users can be done using several techniques as shown in figure 3.1 [23]. 

1. Cyclostationary sensing 

2. Matched Filter detection 

3. Energy Detection 

3.1.2 Cyclostationary sensing 

The most challenging task in the designing and implementation of cognitive radio is spectrum 
sensing. By using spectrum sensing, cognitive radios can adapt themselves to the eternal wireless 
spectrum environment. An effective method used for signal detection is cyclostationary sensing. A 
modulated radio signal is considered as a cyclostationary process [20] and the statistical properties of a 
cyclostationary process vary periodically over time. The autocorrelation function is the cyclic 
processes with a periodicity T.  

If we consider a signal from the primary user as x(t) = s(t)+ n(t), where n(t) represents additive 
white Gaussian noise, while s(t) is the transmitted signal, then s(t) has some visible and distinct 
properties which can be exploited by sensing cyclostationary properties, for example, by diffe-
rentiating it from noise. These properties are: carrier frequency, modulation type, symbol dura-
tion and so on. The auto-correlation and the mean function of the received signal x(t), is a peri-
odic signal with period T, where T is expressed as the reciprocal of the carrier frequency. 
Spectral correlation and auto correlation functions can be used to extract weak signals from 
noise. They can be used to find out the presence or absence of a random signal in the presence 
of other signals having different modulation schemes [24]. 

Spectral correlation function is one of the special characteristics exhibited by modulated sig-
nals. This can be used for various signal processing tasks like detection, classification and syn-
chronization. Especially for the signals under during and interference, whereas autocorrelation 
function is a cross correlation of a signal with itself. Commonly, an analysis of a stationary 
random signal is done using the autocorrelation function and power spectral density as a ma-
thematical tool. However, cyclostationary signals reflect correlation between distinct spectral 
components because of periodicity, so an analogy of autocorrelation function is implemented 
to define spectral correlation function. 

In cyclostationary spectrums different data length can be taken. It will be easier to detect the 
signal of primary users which use longer transmission length rather than using shorter trans-
mission lengths. The main purpose of the spectral correlation function is to separate noise 
energy from the modulated signal [25]. 

3.1.3 Matched Filter 

When we have some prior knowledge about the primary user’s signal such as modulation 

scheme used, signal shape; then a matched filter becomes the optimal choice for transmitter 

detection. This means if the pre knowledge of modulation scheme is not correct, the matched 

filter will perform poorly therefore, correct prior knowledge about the primary user’s signal 

has to be ensured [26] [27]. 
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3.1.4 Energy Detection 

The straight forward method for detecting unknown signals is energy detection. When a prima-

ry user is assumed to be unknown to the secondary receivers’ detector, it will become an ener-

gy detector, also referred to as radiometers.  The energy of a received wave form can be meas-

ured by squaring the output of band pass filter with a bandwidth W, and then integrating the 

received power over a time interval T. The output of the integrator is compared with a prede-

fined threshold to determine presence or absence of primary user [21].  

3.1.5 Cooperative Detection 

As the name suggests, cooperative detection implies there is some sense of cooperation i.e. the 

sensing information is exchanged between neighbors in a network of cognitive radios. This 

gives an obvious advantage, as information from a single secondary user might be incorrect 

and it also alleviates multipath and shadowing effects. In cooperative detection, information 

from many secondary users is incorporated to detect the primary user [28]. 

3.1.6 Centralized Sensing 

In the centralized sensing method, the secondary user’s base station gathers sensing informa-

tion from all available secondary users in range, to detect the presence of spectrum holes in the 

network. The secondary user’s base station can instruct available secondary users to undertake 

different measurements at different times so that different actions can be taken at the same in-

stant. An example of this might include some secondary users might be measuring signal level 

on channel while others might be instructed to measure signal level on adjacent channels to 

determine an alternative channel if change becomes necessary.  

3.1.7 Decentralized Sensing 

In  decentralized  sensing, the  primary  transmitter  signal  detects  users  on  the  basis  of 

their independent local observations. However, there are some limitations in decentralized de-

tection such as: a higher level of decision making ability is required at each radio and the cog-

nitive radio network might have to be set up in a more ad hoc fashion. 

Sensing functions and data transmissions can be co–located in a single user device. This archi-

tecture is considered as suboptimal spectrum sensing because of conflicts between sensing and 

data transmission. A wireless device cannot sense the medium and transmit at the same in-

stance, as co-locating sensing functions and data transmissions in a single user device can 

hugely deteriorate data transport efficiency.  To avoid these kinds of problems, two networks 

are deployed separately, such as a sensing network for cooperative spectrum management and 

an operational network for data transmission. 

A sensing network will be deployed, which will sense the spectrum and gather radio spectrum 

information. The operational network uses this information from maps created by the sensing 

network and then determines the available spectrum for operation [29].  
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3.2 Spectrum Analysis 

Spectrum holes can be characterized in different ways, they vary over the time, as they are dy-

namic in their nature.  In order to describe this dynamic nature of spectrum holes, we need not 

only to consider the time varying of the spectrum holes, but also the present activity, frequency 

and bandwidth of the primary users. Different parameters which describe the quality of spec-

trum are interference, path loss and holding time [34].  

3.2.1 Interference 

Some spectrum bands might be more crowded compared to others in a cognitive radio network. 

Thus, interference characteristic of the channel can be determined by the amount of interfe-

rence at the spectrum band in use. The amount of power a secondary user can use is then com-

puted from the interference at primary user [34]. 

3.2.2 Path Loss 

Path loss is nothing but the reduction in signal power density as it propagates through space. If 

we consider that the transmission power is constant, it is obvious that range of the transmission 

will decrease with increases in frequency. If we increase the transmission power to combat the 

path loss it will create high interference within the spectrum. 

3.2.3 Holding Time 

Channel quality can be affected by the activities of primary user. Basically, holding time is the 

expected time in which the secondary user can use the licensed band before getting interrupted. 

As holding time increases, quality also increases because increased holding time reflects effi-

cient re-use of spectrum. 

3.2 Spectrum Decision 

All spectrum bands will be characterized by considering: the transmission mode, bandwidth, 

and data rate. On the basis of transmission requirements [32] data rate, error rate, and the mode 

of transmission the most appropriate spectrum band will be selected. Cognitive radio keeps 

information about changes in the environment in order to select the next best spectrum band 

available.  

3.3.1 Multiple Spectrum Band Decision 

For transmission, multiple spectrum bands can be chosen whereas it is not necessary to select 

continuous multiple bands for transmission. With the use of multiple bands, quality will in-

crease. For example if a licensed user appears in a specific band, then the secondary user has to 

vacate this band but all other bands will maintain their communication. Due to this instantane-

ous drop in the service, quality is avoided [34]. 
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3.3.2 Reconfiguration 

A cognitive radio has the ability to provide awareness of spectrum and conduct reconfigura-

tion, which enables adaption according to the environment. The hardware design of cognitive 

radio needs to supports a large bandwidth for transmission [17].Some configurable parameters 

of a cognitive radio are: operating frequency, modulation transmission power and communica-

tion technology. 

a) Operating Frequency  

Cognitive radio can change their operating frequency by considering the user information and 

the radio environment. The cognitive radio selects the operating frequency dynamically, but 

with the change in operating frequency, network protocol has to change its mode. Therefore, 

the transition should be made smoothly and quickly. 

b)  Modulation 

A cognitive  radio  adopts the modulation  scheme  by  itself  to  meet  the  user  requirements  

and adapts to the channel conditions. Cognitive radio will select the modulation scheme which 

enables the spectrum with the highest efficiency. 

c) Transmission Power 

Reconfiguration of transmission power is possible within the transmission power constraints. 

The transmitter power can be reduced when high power is not required, which allows spectrum 

sharing and reduces the level of interference between users. 

d) Communication Technology 

Cognitive radios enable different communication systems to work with each other. This is re-

ferred to as interoperability. As the wireless technology is becoming convergent, the evolution 

of cognitive radio will enable users to select among available services and make them more 

cost effective. Cellular connectivity might swap with WIMAX or vice versa depending on the 

user’s activity. 

3.3.3 Spectrum Decision Over Heterogeneous Spectrum  

Once we analyze and characterize all the available spectrums, an appropriate spectrum has to 

be selected for operation based on the user activities such as: data rate, delay bound and error 

rate. The cognitive radio network might be a combination of licensed and unlicensed spec-

trums. In the licensed band, the activities of primary users have to be considered to ensure that 

the secondary user may not interfere with the primary user. Whereas in unlicensed band, all the 

secondary users have same privileges so some matured spectrum sharing technique has to be 

implemented. Thus cognitive radio has to support spectrum decision in both licensed and unli-

censed bands.  
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3.4 Spectrum Hole or White Space 

A spectrum hole is defined as the frequency band assigned to primary user (licensed user) but 

not in use at the present instance of time and location. This unused frequency band can be as-

signed to secondary users to enhance the spectrum efficiency [15].  

3.5 Interference Based Detection 

Interference is basically regulated and controlled at the transmitter side by minimizing the ne-

cessary radiated power, thus reducing interference. However, interference actually occurs at 

the receiver side, so a new technique for measuring interference has been proposed by FCC, 

namely ‘interference temperature’. An interference temperature model manages the interfe-

rence at receiver by imposing interference temperature limits, which is the extra amount of 

interference that can be tolerated by the receiver [34]. Any un-licensed transmission must not 

violate the interference temperature limit at the licensed receivers to use the spectrum band. 

The interference temperature model has certain limitations like: it considers the interference 

caused by single secondary user, not multiple secondary users and it is unsuitable when sec-

ondary user is unaware of the position of nearby primary users.  
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4. Implementation of Cyclostationary Feature Detection 

The analysis of the stationary random signals is based on autocorrelation function and spectral 

density. On the other hand cyclostationary signals exhibit correlation function between widely 

separated spectral components due to the spectral redundancy caused by the periodicity of the 

modulated signal.In this section, cyclostationary feature detection is described step by step: 

1. Determine the points of cyclic frequency, carrier frequency, window size and FFT size. 

2. Sliding windows are very useful in the analysis of dominant cyclic features. In our simula-

tions we decided to use Rectangular window. 

3. A Fourier Transform of these windowed signals is conducted to continue the computation 

in the frequency domain. 

4. The Spectral Correlation Function is computed for each frame, and then normalize by tak-

ing its mean. 

5. By the use of the spectral correlation function we can detect the primary user. 

6. Afterwards BPSK/QPSK modulation classification is undertaken based on the cyclic spec-

trum. 

4.1 Generating the Random Signal 

First of all we generate a binary sequence which is then modulated and transmitted afterwards. 

The generated signal is shown in fig 4.1, where the x-axis represents the discrete time whilst 

the y-axis represents the amplitude (0 for bit 0 and 1 for bit 1).  

 

         

  

                                              Figure 4.1 Generated binary data 
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4.2 BPSK Modulation 

We evaluated our system by BPSK and QPSK classification because they are applied to Cyclosta-

tionary Feature Detector in both AWGN. Considering the results, cyclostationary feature detec-

tion gives better performance for AWGN channel compared to fading channel. 

The data stream is encoded using non return to zero NRZ encoding. In NRZ encoding the first 

thing is to keep the binary signal’s amplitude of 1, where it has value on and replace value of ‘0’ 

with ‘-1’. Secondly, the number of elements of binary signal are up sampled by repeating the 

number of 1’s and number of  -1’s to make the size of matrix equal to the size of carrier wave 

over the specific time. Afterwards, the NRZ encoded data is multiplied by a carrier wave, accord-

ing to equation (i). This will act to make a 180 degree phase shift of the carrier wave, where -1 is 

present and a 0 degree phase shift where 1 is present [24]. 

 

Sb(t) = 2Es/T  * Cos ( 2πfct + π(1-n))                                                                                  ( i ) 

n= 0 for bit ‘0’ 

n=1 for bit ‘1’ 

 

 

                                         Figure 4.2 BPSK Modulations [30] 

In BPSK, a carrier sinusoidal wave with center frequency fc is generated and multiplied by the 

NRZ encoded binary signal. This part of model can be implemented physically by using a 

simple multiplier circuitry [30]. 

4.3 QPSK Modulation 

In QPSK modulation, the binary data stream is divided into an even number of bits and odd num-

ber of bits. Then both parts of the signal are separately encoded through NRZ encoding. After 

that, the even part of the signal is multiplied by the sinusoidal wave with 0 degree phase shift.  

The odd part of the signal is multiplied by sinusoidal wave with a 90 degree phase shift. This can 

easily be done by multiplying the even part by cos(2πft) and the odd part by sin(2πft). After that 

both parts are added up to generate a QPSK modulated signal. [30], according to equation (ii). 
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Sq(t) = 2Es/T  * Cos ( 2πfct +(2n-1) π/4 )                                                                            ( ii ) 

n=1, 2, 3, 4 representing four phases π/4, 3π/4, 5π/4, and 7π/4 respectively. 

 

 

                                                          Figure 4.3 QPSK Modulation [30] 

4.4 Signal to Noise Ratio 

Signal-to-noise ratio (SNR) is defined as the ratio of signal power to the noise power, shown in 

equation (iv). Additive white Gaussian noise (AWGN) is a channel model in which the only im-

pairment to communication is a linear addition of wideband or white noise with a constant spec-

tral density and amplitude, which can be modeled by Gaussian distribution shown in equation (iv) 

[30]. 

 

X(T) = Y(T) + N (T)                                                                                                            (iii) 

 

 

SNR= Signal to Noise Ratio 

 

Psignal = Power of signal 

 

Pnoise  = Power of Noise 

 

SNRdb = Psignal / Pnoise  

 

SNRdb = 10 log10 (Asignal /Anoise)
 2    

          = 20 log10 (Asignal /Anoise)                                                                                                   (iv)               
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                                                         Figure 4.4 AWGN 

4.6 Fast Fourier Transform (FFT) 

The Fourier transform of a signal gives us the frequency spectrum of a signal [31].It is very useful 

to analyze the signal’s frequency spectrum in signal processing.The formulae to calculate the 

Fourier transform of signal x(t) is given below in equation (v). 

=                                                                                                          (v) 

Where x(t) represents the incoming signal, while X(w) gives the FFT of x(t). 

After sampling and quantizing, we get the discrete version of x(t) in both the time and amplitude 

domain, which is referred to as x(n). 

FFT model is a discrete implementation of the Fourier transform, so the formulae used to calcu-

late the transform of the signal x(n) is given below in equation (vi) [33]. 

 

 
=     

                                                                                                       (vi) 

X(k) = Fourier Transform of signal 

X(n) = Sampled Signal of x(t) 

N = Time period of signal  

n = Discrete sample time 

 

Discrete Fourier Transform (DFT) can be used to compute the Fourier Transform of a discrete 

signal, although (FFT) is a faster version of (DFT). It takes less computation time and thus is pre-

ferred. The peak of the spectrum indicates the carrier frequency at which the signal is mod-
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ulated, shown in figure 4.6. In the model FFT is used to estimate the carrier frequency of the sig-

nal. Where On x-axis represents its frquency and on y-axis represents its amplitude as shown in 

figure 4.6. 

 

                    

                                                        Figure 4.6 Fast Fourier Transform 

4.7 Autocorrelation 

Autocorrelation of a signal is the cross correlation of the signal with itself [32]. It portrays 

the energy density distribution of the signal. The formulae to calculate the autocorrelation [32] 

of the signal is according to equation (vii), 

 

R(  =                                                                                                           (vii)                            

 

x(t)=Signal 

 

x(t+ =Shift  

 

Equation (viii) is used to calculate the autocorrelation in a continuous environment but in a dis-

crete environment to calculate autocorrelation of a signal. 

 =  ─                                                                                                    (viii) 

                                     

R(j) = Auto correlation, discrete signal 

 

x(n)= discrete signal 

 

(n-j)= Shift in signal 
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In figure 4.7 describes Auto correlation plot which indicates how well a signal correlates with 

itself, with the peak value indicating maximum correlation. The analysis of the stationary random 

signals is based on autocorrelation function and spectral density. On the other hand, cyclostatio-

nary signals exhibit correlation function between widely separated spectral components due to the 

spectral redundancy caused by periodicity. Where x-axis represents its frequency and y-axis 

represents its amplitude. 

               

                                                                   Figure 4.7 Auto Correlation 

4.8 Signal Detection 

One of the efficient detection methods in cognitive radio is cyclostationary detection especially 

when the SNR value is low. As the incoming modulated signal exhibits periodicity in its statistical 

behavior (i.e. auto correlation function) the signal is considered as a cyclostationary process [25]. 

Now the detection approach we implement have certain features like carrier frequency which is 

distinct can be exploited to detect the modulated signal immerged in noise.  

We implement a sensing mechanism which includes detection of modulation scheme at the re-

ceiver end. The transmitter has the ability to switch between BPSK and QPSK modulation accor-

dingly to the modulation classification, i.e. as a consequence the receiver must be aware of the 

modulating technique before applying proper demodulation.  

By using cyclostationary detection we exploit the distinct behavior shown in the carrier frequency 

and estimate the carrier frequency. So, the first step in detection is the full awareness of the carrier 

frequency. Then the cyclostationary detector generates the cosine, sine, (sine + cosine), (sine -

cosine) waves of the same frequency and correlates them with the modulated signal by using equ-

ation (ix) in Matlab. 

 

    c=sin(2*pi*fc*t); % carrier frequency sine wave                                                                 (ix) 

    s=cos(2*pi*fc*t); % carrier frequency cosine wave 

 

    sc=s+c; 

    sd=s-c; 
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Afterwards, the cyclostationary detector compares the absolute of each correlation with the other 

the first condition is that any of the values must be greater than 0.5, which ensures that the receiv-

er actually receives some signal and is not receiving only noise. Now if the value with cosine is 

greater, it means the modulation is BPSK because the carrier of BPSK is cosine. On the other 

hand, if the value with (sine + cosine) or (sine – cosine) is greater as shown in the condition (x), it 

means the value is QPSK because the carrier may be (sine + cosine) or (sine – cosine), or the ad-

ditive inverse of them, due to multiplication with NRZ signal. 

 

    if ca>.5 || cc>.5  

 

      if ca>cc && cb<.5 

        display('BPSK') 

                                                                                                                                             (x) 

      else 

        display('QPSK') 

 

Where  

 ca= correlation of signal with carrier frequency cosine wave 

 cb= correlation of signal with carrier frequency sine wave 

 cc= correlation of signal with carrier frequency cosine plus sine wave 

 cd= correlation of signal with carrier frequency cosine minus sine wave 

 

One of the important observations during the implementation is that detection of signal becomes 

better even at low SNR with the increase in observation data. In our implementation the length of 

observation data is 16 bits.  As we increase the number of trials, the output curve becomes 

smoother. 

One of the major limitations with cyclostationary based detection in cognitive radio is that with 

the increase in observation data length, the performance of detector enhances but at the cost of 

complexity. Energy consumption might be another issue while implementing cyclostationary 

based sensing as battery life is limited in mobile environment. 
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Performance Analysis of Cyclostationary Sensing in Cognitive Radio Networks 
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5. Results 

5.1 Performance of detector 

Performance is related with the probability of correct and probability of incorrect detection as 

shown in equation (xi).p is the probability of correct detection. Then q=1-p must be the prob-

ability of incorrect detection. 

We know that 

P =  =                              

(xi) 

n = number of trails 

Now we generate n random signals (also mentioned as number of trials) repeatedly, and mod-

ulate them by BPSK add some white noise in to achieve SNR and then detect the signal with 

the help of above mentioned detector. Finally we count the correct number of detections by 

using the detector. a/n will give approximately the probability of correct detection at given 

SNR if n is very huge. 

The performance chart contains the values of probability of correction detection p at different 

SNR levels by just iterating the above mentioned method at different values of SNR. 

Then the graph of performance is SNR versus p which shows the trend and shows the value of 

p increases as SNR increases as shown in figure 5.1. 

 

 

                                                                Figure 5.1 Performance of detector 

5.2 Performance of detector 

In the figure 5.2, the relationship between SNR and probability of incorrect detection is shown 
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at different observation data lengths i.e. for n=10, n=16 respectively. Where green line in 

graph represents n=10 bits and blue line represents n=16 bits. As we can observe, the proba-

bility of incorrect detection gradually reduces with increase in SNR.                                             

 

 

                                                                Figure 5.2 Performance of detector 
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6. Conclusion 

In this thesis we have evaluated a model in which the transmitter has an ability to switch be-

tween BPSK/QPSK modulation schemes. For the signal classification we use a cyclostatio-

nary detection method. We have performed signal classification and detection in a noisy envi-

ronment such as the AWGN channel. By increasing the length of observation data from 10 to 

16, the performance curve plotted between probabilities of incorrect detection corresponding 

to different SNR values shifts left. This indicates that as we increase the length of observation 

data, the accuracy of signal detection increases even at low SNR values reflecting better per-

formance of the detector. 
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