
DEGREE PROJECT, IN  , SECOND LEVELCOMMUNICATION SYSTEMS

STOCKHOLM,  SWEDEN 2014

Study and Comparison of Spectrum
Sensing Methods

HUIMEI LU

KTH ROYAL INSTITUTE OF TECHNOLOGY

INFORMATION AND COMMUNICATION TECHNOLOGY



TRITA -ICT-EX-2014: 132

www.kth.se



 

 

Study and Comparison of Spectrum 

Sensing Methods 

 

Master Thesis 

 

 

Student: Huimei Lu 

Supervisor:Svante Signell 

Examiner:Ben Slimane 

 

 

KTH – Royal Institute of Technology 

Stockholm, Sweden 

September 2012 

 

 





i 

 

Abstract 

Efficient utilization of frequency bands has attracted more and more attention. Most of the licensed 

spectrum nowadays is under-utilized and some unlicensed services are allowed to use the available 

spectrum without causing harmful interference to the primary users. Therefore, unlicensed users 

should be able to detect spectrum holes reliably. Spectrum sensing and estimation is an important 

factor to achieve this. In this thesis, several spectrum sensing and estimation methods are compared 

based on receiver operating characteristics. Simulation results show that there is a trade-off among 

different methods. 
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Chapter 1 Introduction 

Nowadays most of available spectral resources have already been licensed. Meanwhile there is still a 

great demand for new wireless services with higher data rates. New alternatives need to be 

proposed to allocate these new services in the existing spectrum. Studies have shown that a great 

part of the licensed spectrum is under-utilized [1]. Even though the spectrum in a general area may 

be licensed, it is often not being fully utilized [2].We can find white spaces or spectrum holes in the 

frequency band traditionally allocated to the licensed services. There is a demand to utilize the 

spectrum more efficiently based on preserving regular services of existing communications. 

Therefore, the regulators intend to allow unlicensed usage of certain frequency bands. 

 

1.1 Background 

With increasing demand for frequency spectrum and limited resource availability, the Federal 

Communication Commission (FCC) was open to new approaches for efficient spectrum sharing 

techniques with unlicensed users [1]. One of these techniques is Cognitive Radio (CR).  

According to FCC’s rules [2], higher spectrum efficiency can be achieved by allowing access to the 

spectrum by other users, normally unlicensed users. Researchers have shown that some frequency 

bands are unoccupied most of the time, some other parts are only partially occupied, and the 

remaining part is heavily used [3]. On a time basis, new operations can be permitted when the 

current licensed users are not using the spectrum, and break off immediately when the licensed 

users are operating. For the aspect of frequency, operations that are less frequency sensitive can be 

assigned to less crowded frequency bands and can operate with less bandwidth or lower power.  

FCC adopts CR as “a radio or system that senses its operational electromagnetic environment and 

can dynamically and autonomously adjust its radio operating parameters to modify system operation, 

such as maximize throughput, mitigate interference, facilitate interoperability, access secondary 

markets” [4]. CR is an intelligent technology to improve spectrum efficiency, with spectrum sensing 

and estimation as one of the key factors. This technology has the characteristics of awareness, 

intelligence, learning, adaptivity, reliability and efficiency.CR is a new term in wireless 

communication technology which can detect where the unlicensed users (i.e., secondary users) are 

allowed to transmit and receive signals over part of the spectrum when the licensed users (i.e., 

primary users) are inactive. It is able to modify some operating parameters, for example, the carrier 

frequency, the type of modulation, and power levels, to be suitable to the conditions and 

applications [5]. In this way, this technology can recognize the surrounding environment and adapt to 

the environment by self-adjustments, to achieve the aim of increasing the efficiency of spectrum 

utilization, lightening the pressure of spectrum resource competition and offering reliable 

communication whenever and wherever needed [3]. 
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How to avoid the interference with the primary users and how to adapt with the changing situation 

have become the main challenges for the cognitive radio. The primary task for CR is the real-time and 

reliable detection of “spectrum holes” which can be used by unlicensed users.  

 

Table 1 Frequency Utilization 

Frequency (GHz) 0-1 1-2 2-3 3-4 4-5 5-6 

Utilization (%) 54.4 35.1 7.6 0.25 0.128 4.6 

 

Table 1 lists the spectrum utilization for 0-6 GHz band [1]. The utilization at lower frequencies is high 

while it is quite low at higher frequencies. We can find “spectrum holes” in the frequency bands. 

Normally, the spectrum holes are known as the frequency bands which are assigned to licensed users 

but are not being used by those users at a particular time and specific geographic location [3]. 

However, there are multiple dimensions of spectrum space: frequency, time, geographical space, 

code and angle [6].  

In the frequency dimension, all of spectrum might not be used simultaneously. In the time dimension, 

certain frequency bands are not continuously used and are available in some time slots. Spectrum 

holes in frequency and time dimensions can also be referred as temporal spectrum holes [7]. Figure 1 

gives an example of temporal spectrum holes. 

 

Figure 1 Temporal Spectrum Holes in Time and Frequency Dimensions[8] 

 

Spectrum opportunity in code dimension requires an orthogonal code for secondary users (SU) with 

respect to the codes used by primary users(PU) in order to avoid inference. The geographical space 

means there might be some geographical positions outside the area of primary transmission. The 

spectrum can be used by unlicensed users at these locations. If the primary transmission is operated 

in a specific direction, spectrum holes in angle dimension can be created. SU can use the same 

spectrum for transmission in other directions without causing interference to PU. There are visual 
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expressions of geographical and angle spectrum holes in Figure 2. Since PU and SU can be in the 

same geographical area, spectrum holes in the angle dimension are different from those in the 

geographical dimension [6].  

 

 

Figure 2 Spatial Spectrum Holes 

 

These spectrum holes cannot be used by the primary users because of interference planning. Then 

secondary users should be able to sense the spectrum, find the spectrum holes and utilize the 

spectrum without causing harmful interference to the primary users. 

According to spectrum bands used by SUs, there are two types of spectrum allocation and sharing 

schemes namely open spectrum sharing and licensed spectrum sharing [9]. For open spectrum 

sharing, users access the channels with equal right. The spectrum sharing among SUs in unlicensed 

bands belongs to this type [10].  For licensed spectrum sharing, PUs have higher priorities in using the 

frequency resources. In this kind of systems, SUs seek to underlay, overlay, or interweave their 

signals with those of existing users (PUs) without significantly impacting primary users’ 

communication [10], [11].  

The underlay technique allows secondary users to transmit simultaneously as long as the 

interference caused to primary users is below an acceptable threshold. It is only useful for short-

range communications [12].It enables simultaneous primary and secondary transmissions by utilizing 

Ultra Wide Band (UWB) systems. Power control is one of the key issues for this technique [10].  

In overlay systems, the secondary users use complicated signal processing and coding to maintain or 

improve the communication of primary users while also obtaining some additional bandwidth for 

their own communication. Secondary users can also transmit simultaneously with primary users. The 

interference to primary users can be offset by using part of the secondary users’ power to relay the 

primary users’ messages [13].  

PU 

SU 

Geographical Dimension Angle Dimension 
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The interweave approach is based on the idea of opportunistic communication. It refers to an 

intelligent wireless communication technique that periodically monitors the radio spectrum, 

intelligently detects occupancy in the different parts of the spectrum, and then opportunistically 

communicates over the spectrum holes with minimal interference to the active users [13]. Secondary 

users transmit simultaneously with primary users only in the event of a false detection of spectrum 

holes. In other words, in “interweave” cognitive systems, secondary users can only access to the 

frequency bands which are not being used by primary users. 

Spectrum sensing is useful for discovering spectrum opportunities for secondary users with a 

cognitive function. The IEEE 802.22 standard is the first standard for cognitive wireless regional area 

network (WRAN) operating in unused TV channels [14], [15], [16].The spectrum manager is the 

cognitive function at the base station (BS) that will use the inputs from the spectrum sensing function, 

geo-location, and the incumbent database to decide on available channels [14]. 

Some primary users, known as hidden nodes, may be unsuccessfully detected due to shadowing or 

fading. To prevent interference with primary users, the FCC ruling proposes that secondary users rely 

on a combination of spectrum sensing and a geo-location database of primary users to predict 

spectrum availability [17]. FCC’s Part 15 rules require unlicensed users to contact an authorized 

database system [18]. The database will return a list of channels available for the user’s operation at 

its reported location. The unlicensed users operate only on those channels. In this thesis, only 

spectrum sensing is studied. 

 

1.2 Previous Work& Literature Review 

Primary users are the users having higher priority or legacy rights on the usage of specific parts of the 

spectrum, while secondary users are those having lower priority [6]. As defined in IEEE 802.22, 

examples of licensed operations are three types of services: analog television, digital television and 

licensed low-power auxiliary devices such as wireless microphones.  

According to [2], the unlicensed users (also known as secondary users) are defined as the 

communication devices that transmit signals on a basis of non-interference to licensed users. They 

can be classified as follows [1]. 

i. Intentional Radiator 

It refers to the radio device, such as cordless phones and remote controls, which intentionally 

generates and emits RF energy by radiations. 

ii. Unintentional Radiator 

The device which generates or uses RF energy but does not emit is considered as unintentional 

radiator. Examples are laptops, radio receivers, digital clocks etc. 

iii. Incidental Radiator 
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It is a kind of device which is not designed to generate RF energy but do so during operations. 

Examples are motors and switches. 

There are many different spectrum sensing and estimation methods proposed, e.g. periodogram 

spectral estimator (PSE), Thomson’s multi-taper spectrum estimator (MTSE), filter bank spectrum 

estimator (FBSE), etc., which will be discussed in this thesis work. An overview of several spectrum 

sensing techniques, including PSE, MTSE and FBSE, was discussed in [19]. This paper gives basic 

concepts of the three methods without comparisons on system model basis. These concepts are 

applied in my work. PSE is the simplest form of non-parametric spectral estimation. MTSE alleviates 

the problem of high variance of estimated power spectrum and high side lobes in PSE but have high 

complexity. The FBSE method attracts more attention recently due to its lower complexity and 

computational cost. By using filter banks as a multicarrier technique, the same filter bank can be 

used for normal operation and channel sensing, and no additional cost will be caused.  

In [20], limitations of OFDM in CR systems were pointed out, and filter banks were proposed to be 

used as an integrated tool for data communication as well as channel sensing. Filter bank multicarrier 

modulation offers much higher spectral efficiency than OFDM. Filter bank can offer greatly reduced 

computational complexity for spectrum analysis compared to MTSE. The IEEE 802.22 standard, which 

is still in development, is known as the first wireless standard based on cognitive radio due to its 

cognitive features. Spectrum sensing is included as a mandatory feature within IEEE 802.22 [15]. In 

[14], the requirements for spectrum sensing and the spectrum sensing framework in IEEE 802.22 

were described. A description of the method used for evaluating specific spectrum sensing 

techniques was also given. A high-level overview of IEEE 802.22 can found in [15]. This standard 

provides the sensing structure but does not mandate specific sensing techniques. Studies of 

spectrum sensing algorithms based on second-order statistics can be found in [8].  

In this thesis, the emphasis will be put on performance comparisons among different estimation 

methods. 

 

1.3 Scope &Problem Statement 

This thesis aims to study and analyze the performances of the following three spectrum estimation 

methods: periodogram spectral estimator (PSE), Thomson’s multi-taper method (MTSE), and filter 

bank spectrum estimator (FBSE). The scope of the thesis involves investigation and comparison of 

different spectrum estimation methods. Also the influence of channel allocation is of interest. 

The problem can be decomposed into the following issues. 

i. Investigate different spectrum estimation methods 

� Study the theories of the three methods 
� Establish certain simulation scenarios and apply  the methods to the scenarios 
� Compare the performance results according to some chosen criteria 

ii. Evaluate the methods 
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� Analyze the simulation results 
� Consider possible reasons that would influence the results 

 

1.4 Outline of the Thesis 

The paper is structured as follows. 

Chapter 1 gives an introduction to the background, the studies that have been done in previous work 

and the problems going to be discussed in this thesis. Chapter 2 describes the theories of the three 

spectrum sensing methods and Chapter 3 proposes the simulation scenarios and parameter settings 

as well as the simulation steps. Results are presented and discussed in detail in Chapter 4. Finally 

Chapter 5 gives the overall conclusions and the possible future work. 
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Chapter 2 Spectrum Sensing Methods 

Spectrum sensing is the process which surveys certain part of radio spectrum and decides whether 

the spectrum is available or not [21].There are various classifications of signal detection approaches 

for spectrum sensing methods, e.g., energy (power) detection, matched filtering, and feature 

detection [22]. If only local noise power is known, the power detection is optimal [23]. The methods 

discussed in this thesis belong to power detectors which use power spectrum estimators.  

 

2.1 Periodogram Spectral Estimation (PSE) 

The Discrete Fourier Transform (DFT) provides a Fourier based technique for the estimation of the 

power spectral density (PSD) of a signal. This estimation is known as periodogram spectral estimation 

[24]. It is one of the most common nonparametric approaches for spectrum estimation. 

The PSE method obtains an estimate of the spectrum ����of a random process����, based on N 

samples of one realization of ���� [7].The spectrum estimation can be expressed as 

 ���	
���� � � �������� � �����

���


�
 (1) 

����� � ������������, where���� is a window function. If ����is chosen, ����� will be a bandpass 

filter with the center frequency ��. For the simplest case, a rectangular window ���� � 1/√#, � �0,1, … , # � 1 is applied. Therefore, the spectrum estimation can be written as 

 ���	
��� � 1# |(����|� (2) 

where  (���� � ∑ ����������������� .  

In the frequency domain, the rectangular window has a narrow main lobe but high side lobe 

amplitudes which lead to significant spectral leakage and spectral interference during transformation. 

The side lobes of strong signals can affect the power spectrum detection of weak signals. For 

extreme cases, weak signals may not be detected or the side lobe of a strong signal may be 

considered as the signal. There are some methods proposed to improve the performance of 

periodogram, e.g., the Bartlett’s method and the Welch’s method. In the Bartlett’s method, the 

signal is divided into non overlapping segments. For each segment, the periodogram is computed and 

spectrum estimation of the signal is obtained by averaging these periodograms. The Welch’s method 

allows the segments to overlap. It has got better precision but less frequency resolution than 

Bartlett’s method [25]. These methods reduce variance of the spectrum estimate and are considered 

as modified periodogram. In this thesis, a simpler form of modified periodogram is studied. The 
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rectangular window is replaced by a general window, for example, the Hanning window, to show the 

differences caused by different windows.  

Figure 3 and Figure 4 compares the rectangular window with Hamming and Hanning windows in the 

time domain and in the frequency domain, respectively. 

 

Figure 3 Comparison of Window Functions in Time Domain 
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Figure 4 Comparison of Window Functions in Time Domain 

From Figure 4, we can see that the rectangular window has the narrowest main lobe, which means 

the best frequency resolution for spectral analysis. However, the side lobes of the rectangular 

window are higher and fall off rather slowly. The side lobes arise due to the falling edges of the 

window in the time domain. The Hamming window and the Hanning window have lower amplitude 

of side lobes but their main lobes are both wider than the rectangular window.  Therefore, Hamming 

window and Hanning window are better on decreasing the spectral leakage at the expense of 

frequency resolution.  

 

2.2 Multi Taper Spectral Estimation (MTSE) 

By windowing the time series, bias of power spectrum estimation is reduced, while variance of the 

estimation is increased due to the loss of information which results from a reduction in the effective 

samples size [3]. The idea of multiple tapers is proposed to resolve this problem. 

The multi taper method is a technique developed by David J. Thomson to estimate the power 

spectrum of a stationary random process ����. This method is also known as multi window methods 

with a set of orthogonal sequences as windows [26]. The spectrum estimation is obtained by 

averaging the signal power at the output of a set of narrowband filters that have the same passband 

but have been designed to generate a set of independent outputs [21]. In other words, this method 
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reduces estimation variance by obtaining multiple independent estimates from the same samples. 

But larger number of tapers will also increase spectral leakage, resulting in larger bias. 

Equation (1) can be considered as a single taper. As mentioned above, if ���� is a rectangular 

function, equation (1) is called the periodogram. For the multi taper method, ���� is multiplied by 

multiple data tapers which are orthogonal to each other, to form a number of single taper 

periodograms [12]. Then these periodograms are averaged to get the PSD estimation.  

A special form of sequences which is called Slepian Sequences (or discrete-time prolate spherical 

sequences) are used to generate the tapers. The sequences expand part of the time series *����, ��� � 1�, … , ��� � + , 1�- in the frequency band ��� � ., �� , .� where ��  is the center 

frequency and . is the bandwidth [5]. The sequences are chosen as tapers since they are mutually 

orthogonal and possess desirable spectral concentration properties. The Fourier transforms of the 

sequence have maximal energy concentration in the bandwidth stated above for a finite number of 

samples [27]. This property helps reduce the variance of the spectrum estimate and keep the 

estimates unbiased. 

The Fourier transform of a taper is assumed as 

 /��� � � ����������0
���

0��
 (3) 

The measure of spectral concentration can be expressed by 

 1� � 2 |/����|�3�4�4
2 |/����|�3�56 �⁄�56 �⁄

 (4) 

Where 89  is the sampling frequency and |.| : 89 2⁄  [29]. It is clear that the ratio satisfy the 

inequality 0 : 1� : 1. With the length of the sequence N and the effective bandwidth of the 

sequence [-W, W], there are 2NW-1 Slepian sequences which make 1� quite close to one, and 

beyond 2NW-1Slepian sequences, 1� begins to approach zero [28]. NW is called time half bandwidth 

product whose value is commonly chosen from 2.5, 3, 3.5 and 4. These sequences maximize 1� and 

are orthogonal to each other. Figure 5 shows a set of Slepian sequences and Figure 6 is the Fourier 

transform of 3 leading Slepian Sequences. 
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Figure 5 Five Leading Slepian Sequences with NW=3 

 

Figure 6 Fourier Transform of Slepian Sequences 
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The tapers generated by Slepian sequences all have a good reduction in spectral leakage problem. It 

is reasonable to use all these tapers to get a spectrum estimation. The spectrum estimation using kth 

Slepian sequence����� of the total K Slepian sequences is obtained by 

 ������ � � ���������������0
���

0��


�
 (5) 

Then the averaged estimation is defined [29]. 

 ��<=	
��� � 1> � ������?��

���
 (6) 

   

2.3 Filter Bank Spectrum Estimation (FBSE) 

Filter bank has better spectral efficiency as a multicarrier technology [20] compared to OFDM. If the 

same filter bank is used for spectrum sensing, there would be no additional computational cost. This 

thesis studies filter banks as a sensing method.  

This method is implemented by a bank of filters working on different frequency bands. These filters 

are generated by a prototype filter (PF) which is a lowpass filter used to realize the zeroth band of 

the filter bank.  

Figure 7 gives a graphical presentation of a filter bank. 

 

Figure 7 Graphical Presentation of a Filter Bank [19] 

 

Assuming the impulse response of PF is ����, the corresponding transfer function is  

|H(f)| 

f 2π/N 4π/N 2πk/N 

1st band 2nd band kth band 0th band 

PF 
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 /��@� � � ��A�@�B
<��

B��
 (7) 

Then the kth band of an N band filter bank can be considered as a shift of /�@� with the centered 

frequency 2C�/#. 

 /��@� � � ��A�.��B�@�B
<��

B��
� /��@.�� (8) 

where .� � �����/�. If + � >#, then we have 

 /��@� � � @�0D0�@��.���0
���

0��
, k � 0, … , K � 1 (9) 

Where D0�@� is the nth polyphase component of /�@�. 

The transfer function of the output signal is  

 G��@� � /��@�(�H� (10) 

The realization is shown in Figure 8. 

 

Figure 8 Realization of an N Band Filter Bank 

 

Figure 9 shows the polyphase realization of an N band filter bank [19]. 
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Figure 9 Polyphase Realization of an N Band Filter Bank 

 

The implementation of an N band filter bank is equivalent to the design of a prototype filter and one 

N-point inverse discrete Fourier transform (IDFT). The computational complexity can be decreased by 

using IFFT instead of IDFT with a proper value of N [29]. The key to design the filter bank is to choose 

a PF whose side lobes have low amplitude and fall off quickly. This can help to decrease the spectral 

leakage and the adjacent interference.  

����is passed through a bank of filters and the spectrum estimation for each subband can be 

obtained based on the output of each filter. 
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Chapter 3 Scenarios 

3.1 Simulation Scenarios 

The simulation model chosen involves calculation of the receiver operating characteristics (ROC) for a 

single sensor. In Figure 10, the PU transmitter is located at the center of the interested area shaped 

as a circle with a range of 20 km. It transmits signals to the PU receiver in the licensed spectrum. The 

SU intends to access spectrum. The SU transmitter needs to detect the presence of the PU receiver 

to avoid harmful interference to primary transmission. Since it is difficult to implement direct PU 

receiver detection, the SU transmitter can easily detect the absence or presence of PU transmitter 

signals instead. The primary transmitter power is radiated from a height of over 200m above average 

terrain with omnidirectional transmitters [30].   

 

 

Figure 10 Interested Area 

 

The fundamental problem of spectrum sensing is to discriminate an observation containing only 

noise from an observation containing a weak signal embedded in noise. The received signal can be 

modeled as 

 I�J� � K ��J�,              L�M���N OMLM�J� · Q�J� , ��J�, L�M���N RLLSTU�3V (11) 

whereQ�J�is the transmitted TV signal, ��J� is additive white Gaussian noise (AWGN) and � is decay 

factor. The sensor should be able to distinguish the two cases in equation (11). 

PUTx 

PU Rx 

r 

SU Rx 

SU Tx 



16 

 

The current 802.22 project identifies the North American frequency range of operation from 54-862 

MHz, while there is an ongoing debate to extend the operational range to 41-910 MHz to meet 

additional international regulatory requirements [15]. Also, the standard should accommodate the 

various international TV channel bandwidths of 6, 7, and 8 MHz. In this thesis, the simulation 

scenarios are operated in UHF TV broadcasting band with the total bandwidth of 392 MHz (from 470 

MHz to 862 MHz), and the channel bandwidth of 8 MHz is chosen, which means there are 49 

channels in total. The noise value is calculated according to the following formula [31] with a noise 

figure of 10 dB. 

 W0X3YAZ � �174 , 10 NR]���Y.� , 10  (12) 

With the bandwidth of 8 MHz, the corresponding noise floor is W0 � �93dBm. 

The radio propagation over a wireless channel is affected by path loss and shadowing [3].  Path loss 

with a shadowing fading effect between the transmitter and sensor will be applied, which can be 

expressed as follows: 

 cXdBZ � c� , c	 (13) 

Path loss c�refers to the reduction in signal power with distance between the transmitter and the 

receiver. The path loss can be expressed using Okumura-Hata model [32]. This model is an empirical 

formulation for total path loss prediction along a link [33]. It presents the propagation loss as a 

standard formula, along with additional correction factors for application in various situations such as 

urban, suburban and rural areas [32]. 

 c�XdBZ � 69.55 , 26.16 log����jXMHzZ� � 13.82 log����oXmZ� � M��pXmZ�, X44.9 � 6.55 log����oXmZ�Z log���3XkmZ� , qB 
(14) 

There are some restrictions on the parameters in this model. �j is the frequency with a range from 

150MHz to 1000MHz. �o is the effective transmitter antenna height ranging from 30m to 200m and �p is the effective receiver antenna height ranging from 1m to 10m.3is the distance between 

transmitter and receiver with a value smaller than 20km. 

M��p� is the correction factor for effective antenna height and is related to the area size. For medium 

or small city, M��p� can be calculated by 

 M��p� � X1.1 log����j� � 0.7Z�p � 1.56 log����� , 0.8 (15) 

qBrelates to the area type and qB � 0dB for an urban area is chosen. 

c	is a lognormal shadow fading process with zero mean and standard deviation 5.5 dB [31].Shadow 

fading occurs due to the obstacles between the transmitter and the receiver. It causes significant 

reduction in signal strength since the wave is shadowed or blocked by the obstacles.  

The received signal power can then be obtained by 

 WpXdBmZ � Wo , ro , rp � c (16) 

Where Wo is the transmitted power, ro is the transmit antenna gain and rp is the receive antenna 

gain. 
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And then SNR can be calculated. 

 �#sXdBZ � WpXdBmZ � W0X3YAZ (17) 

The simulation parameters are summarized in Table 2. 

 

Table 2 Simulation Parameters 

Parameters Values 

UHF TV Broadcasting Bandwidth (Btot) 392MHz 

Channel Bandwidth (B) 8MHz 

PU Transmit Power (Pt) 50dBm [34] 

Radius of Interested Area (r) 20km 

PU Transmit Antenna Height (ht) 100m 

SU Receive Antenna Height (hr) 1m 

PU Transmit Antenna Gain (Gt) 10dB [30] 

SU Receive Antenna Gain (Gr) 6dBi [35] 

Noise Level (Pn) -93dBm 

 

 

3.2 Performance Metrics 

The receiver operating characteristics (ROC) involves with two important parameters used to 

evaluate the sensing methods. The parameters are the probability of misdetection W<t and the 

probability of false alarm W5u.  Both W<t and W5u are functions of SNR and the detection threshold. 

They are the principal metrics for characterizing a sensing method [36]. 

The spectrum sensing mechanism attempts to determine which TV channels are occupied by the 

digital television (DTV) signals and which are available for secondary users in the area. The problem 

can be summarized as two hypotheses shown in the following table. 

Table 3 Two Hypotheses for Simulation 

H0 The TV channel is vacant 

H1 The TV channel is occupied 
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Similarly, the detector can make two possible decisions. 

 

Table 4 Two Decisions 

D0 The TV channel is vacant 

D1 The TV channel is occupied 

 

If the TV channel is detected as vacant while it is in fact occupied, misdetection occurs. The 

probability of misdetection is then defined as 

 W<t � W�v�|/�� � #<t #wxx⁄  (18) 

#<t is the number of occupied channels which are considered to be vacant. #yjj is the total number 

of channels occupied.  

False alarm refers to the situation that the channel is vacant but is detected as occupied. Then 

similarly, the definition of the probability of false alarm is 

 W5u � W�v�|/�� � #5u #yjj⁄  (19) 

#5u refers to the number of vacant channels considered as occupied. 

According to these definitions, the probability of false alarm relates to the spectral utilization. In 

other words, it shows the percentage of the white spaces that are misclassified as occupied. The 

probability of misdetection demonstrates the harmful interference to primary users. In an optimal 

situation, these two probabilities are expected to be zero at the same time. However, this goal is 

difficult to be achieved in reality. From the aspect of protecting primary users, a higher W5u is more 

acceptable. 

 

3.3 Simulation Steps 

The simulation can be summarized into the following steps. 

1) Setting of occupied channels 

Firstly, it is assumed that there is one channel occupied every five channels.  

Then the occupation is changed to see whether there are differences in the results. Two adjacent 
channels are occupied in every ten channels.  

In total, ten channels are occupied for both of the two cases. 

2) PSD estimation of received signal 

The three spectrum estimation methods are applied to the received signals to obtain estimated 
spectrum for detection. 

3) Channel decisions 
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For a selected detection threshold, if the spectrum is above the threshold, the corresponding 
channel is detected as occupied, otherwise it is vacant. Then the probability of false alarm and 
probability of misdetection based on this threshold can be calculated according to the spectrum 
estimation. 

Numerous simulations for different locations of the sensor will be run to get a general result.  

The threshold will be varied over a reasonable range to obtain the curves showing the trends of W<t and W5u with respect to the threshold as well as comparisons among different estimation 
methods. Also, the transmitted power is changed to get different SNR.  
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Chapter 4 Results 

By performing simulations with the assumptions and information given in Chapter 3, the following 

results for different methods are derived. These results are obtained from numerous samples of 

random locations of the sensor in the interested area. The simulations are given for a medium size 

city with 10 channels occupied. 

 

4.1 Channel Decision 

Figure 10 gives an example of PSD to show how are the channel decisions made. 

 

Figure 11 Example of PSD for Transmitted Signal 

 

In Figure 11, we can see that the peak values for occupied channels are much higher than those for 

vacant channels. The channels with spectrum above the chosen threshold are detected as occupied, 

while those with spectrum below threshold are detected as available. By choosing a reasonable 

threshold, it is easy to detect channel occupation without misdetection. 

500 550 600 650 700 750 800 850
-10

-5

0

5

10

15

20

25

30

35

40

S
p
e
c
tr

u
m

(d
B

/H
z
)

Frequency(MHz)

Threshold Occupied Vacant 



22 

 

However, when the propagation effect and noise are taken into consideration, the spectrum is not 

ideal as in Figure 12.The signal power is decreased during transmission.  Differences between 

occupied channels and available channels are not as obvious as in Figure 11. This leads to the 

occurrences of misdetection and false alarm. The false alarm probability and misdetection probability 

are varied for different choices of threshold. 

 

Figure 12 Example of PSD for Received Signal 

 

4.2 Probabilities vs. Threshold 

In this section, results are given based on the assumption that there is one channel occupied every 

five channels.  

Figure 13 gives the probabilities of false alarm and misdetection with respect to the detection 

threshold. From this figure, we can see that for all of the three methods, PSE, MTSE and FBSE, with 

increasing threshold, the probability of false alarm decreases while the probability of misdetection 

increases. 
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Figure 13 PFA and PMD vs. Threshold 

 

In the spectrum, the peak value of occupied channels should be higher than free channels. Spectral 

leakage and noise may reduce the spectrum amplitude in occupied channels and raise that in free 

channels. It is not easy to distinguish signals from noise. Since the probabilities are calculated 

according to the spectrum, for certain spectrum, when the threshold increases, there are more 

channels whose peak value is under the threshold. This decreases the possibility of available 

channels to be decided as occupied. However, it also leads to a result that more occupied channels 

are considered to be available. 

The advantages and disadvantages for three different window functions are discussed in section 2.1. 

Simulations for standard periodogram with rectangular window and modified periodogram with 

Hanning window and Hamming window are performed. Comparisons between PSE and modified PSE 

are shown in Figure 14 and Figure 15.  
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Figure 14 PFA  vs. Threshold (PSE and Modified PSE) 

 

Figure 15 PMD vs. Threshold (PSE and Modified PSE) 
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For the false alarm probability, the modified PSE methods with Hanning window and Hamming 

window perform similarly and show a reduction compared to PSE.  The curves for Hanning and 

Hamming windows are always below the curve for the rectangular window. All of the three curves 

have similar trends.  W5u for modified PSE decreases slightly faster to approach zero. As mentioned in 

section 2.1, the main lobes of Hanning and Hamming window are twice as wide as the main lobe of 

rectangular window. This results in lower frequency resolution and a reduction on spectrum 

amplitude. Therefore, for the same value of threshold, PSE gets more free channels whose peak 

values are above the threshold.  Then PSE has higher W5u. The rectangular window has a more 

significant spectral leakage problem than Hanning and Hamming window. The spectrum of occupied 

channels spreads to adjacent available channels. This increases the possibility of an available channel 

to be detected as busy. 

For misdetection probability, similarly, W<t of modified PSE is higherthanthat of PSE. This can also be 

explained with the above reasons. 

Figure 16 and Figure 17 show the simulation results for MTSE with different values of NW. 

 

Figure 16 PFA  vs. Threshold (MTSE with different NW) 
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Figure 17 PMD vs. Threshold (MTSE with different NW) 

 

As described in section 2.2, the value of NW determines the number of tapers generated and applied 

in MTSE. The difference is not obvious and they give similar performances. It can still be observed 

that the curve for larger NW value has a slightly sharper trend in both figures. With larger NW, there 

are more estimations of the spectrum. Thus more variance is reduced. However, as the figures 

showed, choice of NW value does not have a significant influence on the results in this thesis’s model. 

Figure 18 and Figure 19 in next page are the comparisons among three methods.  

For the false alarm probability in Figure 18, the curve for FBSE is always below those for PSE and 

MTSE. This means FBSE has a less significant leakage problem, which reduces the spectrum 

amplitude of vacant channels. The black line and the red line, representing PSE and MTSE 

respectively, have two intersection points. Even though the false alarm probability of MTSE in some 

threshold intervals is the highest, the MTSE curve falls down more quickly than the other two. In 

order to reduce spectrum estimation variance, MTSE applies multiple tapers to the same signal 

samples to get an averaged spectrum estimation. It also reduces the influence of noise on the signal 

spectrum. The peak values in free channels are close to each other, as well as those in busy channels. 

Thus the MTSE curve has sharper trend.  

In Figure 19, the misdetection probabilities of MTSE and FBSE increase faster than PSE. FBSE curve is 

above the other two curves. 
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Figure 18 PFA vs. Threshold (PSE, MTSE and FBSE) 

 

Figure 19 PMD vs. Threshold (PSE, MTSE and FBSE) 
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Comparisons for different values of SNR are given in Figure 20. It can be seen that for all of the three 

methods, W5u is reduced for lower SNR. Since the noise figure is fixed, lower SNR means lower 

received signal power. The spectrum spreading to adjacent channels becomes less. W5u can approach 

to zero at the lower threshold. 

 

Figure 20 PFA vs. Threshold (different SNR) 
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Figure 21 PMD vs. Threshold (different SNR) 

 

Lower SNR results in lower W5u but higher W<t as shown in Figure 21. The spectrum amplitude in 

occupied channels is reduced due to lower signal power, which makes it easier to detect the 

occupied channels as available. In other words, for the same threshold, lower SNR leads to the result 

that more occupied channels are considered to be available. 

 

4.3 Effect of Channel Allocation 

Simulations with different channel allocation are also run. There are still 10 occupied channels totally. 

But it is assumed that there are two adjacent channels occupied in every ten channels. Results are 

demonstrated in Figure 22 and Figure 23. 

Compared to Figure 18 and Figure 19, PSE and FBSE do not show large differences. MTSE has a 

sharper trend for W5u and correspondingly a reduction on W<t. MTSE has better performance on 

reducing spectrum leakage and estimation variance in this case. 
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Figure 22 PFA vs. Threshold (PSE, MTSE and FBSE) with 2 Adjacent Channels Occupied 

 

Figure 23 PMD vs. Threshold (PSE, MTSE and FBSE) with 2 Adjacent Channels Occupied 
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Chapter 5 Conclusions and Future Work 

From the simulation results, it is obvious that there is always a trade-off between false alarm 

probability and misdetection probability. Each method has certain advantages compared to the 

others. 

The false alarm probability represents the utilization of available frequency resources. If the system 

requires to achieve the utmost utilization of the frequency bands, low probability of false alarm is 

expected. FBSE is recommended. Even though the midsection probability is high, which means some 

of the occupied channels may be used by SUs, SUs can avoid excessive interference to primary 

communications by power control or some coexist techniques.  

For secondary systems which will cause harmful interference to primary users, e.g. SUs with high 

transmitted power or large bandwidth, the misdetection probability is expected to be as low as 

possible. MTSE is recommended since it is more sensitive to channel allocation and has good 

performance on distinguish signal from noises.  

Furthermore, when considering the complexity, MTSE is the most difficult one. This may limit its 

application in cognitive radio. FBSE can be implemented without additional computational cost if the 

same filter bank is applied as the multi-carrier technique instead of OFDM. 

Future work can be focus on comparing these methods on dynamic channel allocation or dynamic 

sensing time. A fast dynamic in spectrum sensing is expected. Also, advantages of filter bank as a 

multicarrier technique can be taken into consideration. 
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