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Abstract

Blind signal classification and parameter estimation plays an important role in

both military and civilian applications. The classification and estimation task provides

signal information, such as modulation typ

carrier frequency, signal bandwidth,
and symbol timing, for the design of effective communication systems. In general,
blind signal classification and parameter estimation is very challenging, particularly

in cnvironments involving a low

ignal-to-noise ratio (SNR) regime, short observation

periods, fading channel conditions and relaxed a priori information

Duc to its casy implementation and widespread usage in legacy communications
cquipment, the frequency shift keying (FSK) modulation continues to be very com-
mon, especially in the VHF and UHF bands. On the other hand, minimum shift-
keying (MSK) scheme is also widely used in wircloss communication systems as it
possesses many advantages, such as bandwidth efficiency and constant-envelope prop-
erty. Thus, the blind classification and parameter estimation of FSK and MSK signals
becomes an attractive rescarch arca. Most of existing approaches for FSK and MSK

signal classifi

wtion and parameter estimation require pre-processing such as symbol

timing and carrier recovery, and only additive Gaussian noise (AWGN) ¢

el is

considered.

In this thesis, the cyclostationarity-based FSK and MSK signal classification and

parameter estimation are studied. The first- and second-order cyclostationarity of



FSK and MSK s

gnals affected by fading is inves

tigated. Bascd on the first-order

cyclostationarity of FSK signals, a joint class

fication and tone frequency spacing
estimation algorithm is proposed. Furthermore, a symbol period estimation algorithm
for 'K signals is proposed based on the propertics of sccond-order eyclostationarity.
By combining the propertics of first- and sccond-order cyclostationarity of FSK and

MSK signals, a joint cl ation algorithm for FSK and MSK signals is proposed.
Simulation and experimental results are carried out to show the efficiency of proposed
algorithms. It is proved that reasonably good performance can be obtained at low

SNRs, using

short. observation period, under the fading effect, and with relaxed a

priori information



Acknowledgements

I would like to thank my supervisors Dr. Octavia A. Dobre and Dr. Cheng Li,
for their support, suggestions, and encouragement throughout my master’s program.
They educated me with their abundant engineering knowledge and guided me pa-
tiently all the time. Without their persistent help, this thesis would not have been

possible,

My sincere thanks also go to Dr. Venkatesan and Dr. Yuanzhu Peter Chen. [

greatly appreciate their support and guidance when T was working on graduate courses
and conducting rescarch related to wireless sensor network

[ am grateful to the generous financial support from the Defence Research and
Development Canada (DRDC) and the great opportunity being a rescarch assistant
under the contract with DRDC and Mcmorial University of Newfoundland.

I always remember the help and guidance from Mr. Nolan White in the De-
partment of Computer Science, who offered me the computational facilities for my
simulations. His help made it possible for me to obtain results running mumerous
simulation trials.

Lalso appreciate for Dr. Weimin Huang’s help during my life in Memorial Univer-
sity. His suggestion and encouragement provided me with inspiration and confidence
in my rescarch work.

I would also like to thank the members of the Computer Engineering Rescarch



laboratories (CERL), which provided a friendly and resourceful environment for con-
duct my rescarch. Thanks especially to Walid A. Jerjawi, who helped me to solve
many problems with the signal generator and analyzer facilitics

There are too many friends to mention individually, who have assisted me in so
many ways during my study and life. I would like to thank Ruoyu Su, Yi Zhang, Zehua
Wang, Jic Chen, Walid A. Jerjawi, Yahia A. Eldemerdash, and Ebrahim Bedeer for
the help during my rescarch work. 1 would also like to thank Dr. Shuai Han and his

Jianhui Feng, Yan Luo, and many friends whose

family, Cheng Wang, Shuang Wu,

names are not mentioned,
Last. and most important, I would like to thank my family. I cannot find words
to express my gratitude to my dear girlfriend Fan Zhang for all her love and encour-

agement. I also owe a lot to my parents for their continuous support and endless love.

I dedicate my thesis to them.




Table of Contents

Abstract

Acknowledgments

Table of Contents

List of Tables

List of Figures

List of Abbreviaitons

1 Introduction

1.1
1.2
1.3
14
L5
1.6

1.7

2 Signal models and corresponding cyclostationarity

Blind signal classification and parameter estimation

ignal classification

FSK signal parameter cstimation

Joint classification of FSK and MSK signals . .

Thesis objective
Thesis organization

Major contributions of the thesis



©

'S

2.1 Introduction . .
2.2 FSK signal model and its cyclostationarity

2.2.1 FSK signal model . . . ...

222 F

irst-order cyclostationarity of FSK signal

2.2.3  Second-order cyclostationarity of FSK signal

2.3.1  MSK signal model . .

2.3.2  First-order cyclostationarity of MSK signal

2.3.3  Second-order cyclostationarity of MSK signal

24 SUMMALY . ov o o mo s s ume s smussimesamsssws

Proposed algorithms

3.1 Introduction . . ... ... HiE ML MY

ignal model and its cyclostationarity . . ‘e

3.2 First-order cyclostationarity based FSK signal classification and tone

froquency estimation .

3.3 Sccond-order cyclostationarity based FSK symbol period estimation

algorithm
3.4 Joint classification of MSK and FSK signals

3.5 Summary .. ...

Performance of proposed algorithms

1 Simulation setup

1.2 Performance of the first-order cyclostationarity based FSK signal clas-

sification and tone frequency spacing estimation algorithm

1.2.1  The magnitude of the first-order CM estimate

1

Initial cutoff value setup

1.2.3  Cyclostationarity test threshold setup



4.24  FSK signal classification performance . ... ... ...
4.2.5  Tone frequency spacing estimation performance ... ... ...
1.2.6  Receiver spatial diversity for FSK signal classification and tone

frequency spacing estimation

1.3 Performance of second-order cyclostationarity based FSK symbol pe-
riod cstimation algorithm
13.1 Setting the threshold value e . ...
132 Symbol period estimation performance . . . . . .

14 Performance of joint classification algorithm of MSK and FSK signals

45 Experimental results .

4.5.1  Equipment description
4511 Agilent N5182A RF vector signal generator (VSG) and
signal studio software . . . ... ...
4512 Keithley 2820 vector signal analyzer (VSA) and Agi-
lent V2901A SignalMeister
4.5.1.3  Hardware setup
4.5.2  Experimental performance evaluation

46 Summary FE

5 Conclusions and future work

References

viii

60

61

63



List of Tables

SNR (dB) required to achieve a P.(2 - FSK|Q - FSK)=0.8.

SNR (dB) required to achieve a Po(§2 - FSK|Q - F
Confusion matrix for SNR=0dB. . . .....................

Confusion matrix for SNR=10dB. . ..............

39

39



List of Figures

I

©

o

Relationship between the transmitted symbol and delayed symbol when

7=0..

Relationship between the transmitted symbol and delayed symbol when

7<0

Relationship between the transmitted symbol and delayed symbol when

>0 Sy RS e e v

The magnitudes of the first-order estimated CM of the FSK signal, for
(a) 2-FSK, (b) 4-FSK, and (c) 8-FSK.

Flowchart of the proposed algorithm. ... ... ... .. ...
Normalized magnitude of the 2-FSK signal second-order CM at zero
CF, with no noise and fading cffect.

Normalized magnitude of the MSK signal sccond-order CM at zero CF.

Joint MSK and FSK classification algorithm. . ... ... ..

The magnitude of the first-order CM estimate of 8-FSK signals at (1)
-10 dB SNR, (b) -5 dB SNR, () 0 dB SNR, and (d) 10 dB SNR.
)

Probability of correct classification versus the cutoff value for (a) 2-

FSK, (b) 4-FSK, and (c) 8-FSK signals at varions SNRs.

Classification performance versus SNR for Q-FSK signals,



4.4

=

oy

1.10

116

5 Clay

Classification performance comparison between the proposed algorithm

and that in [17]

Classification performance versus SNR for 8-FSK with different obscr-
vation periods. pwenr s

Classification performance versus Ricean K factor for 8-FSK, at -5 dB,
0 dB, and 5 dB SNR, respectively .

Probability of correct tone frequency spacing estimation versus SNR
for Q-FSK signals, 2 = 2,4,8

Probability of corrcet tone frequency spacing estimation versus SNR

for 8-FSK signals with different observation periods. ... ... ...

Classification performance versus SNR. for 8-FSK with one and two

receive antennas. .. ...

Probability of correct tone frequency spacing cstimation versus SNR

for 8

SK signals with one and two receive antennas,

Probability of correct symbol period estimation versus the threshold

value, &, for 2-| -FSK, and 8-FSK signals, at 5 dB SNR

Probability of correct symbol period estimation versus SNR for 0-
signals, Q=2,4,8. ... ..
Probability of correet symbol period estimation for 2-FSK signals ver-

sus SNR with different observation periods. .. ... ... ..

Probability of correct symbol period estimation for 2-FSK signals ver-

sus SNR with one and two antennas. . . .

sification performance versus SNR for FSK and MSK signals with

1 see observation period. .. L. .. .

Classification performance versus SNR for MSK signals with different

observation periods.

xi

10

19




4.17 Classification performance versus SNR for MSK signals with one and

WO TeCCIVe ANCINAS. . . . . . oo 53
4.18 Agilent N5182A RF VSG. . 54
1.19 Agilent Signal Studio toolkit. . .. ...... - PO o B8
4.20 Keithley 2820 RF V 56
1.21 SignalMeister Softwarc, . . .57
1.22 Experimental setup. FE 58
1.23 Simulation and experimental results for FSK and MSK signal classifi-

£ A B R e 50
1.24 Simulation and experimental results for Q-FSK signal tone frequency

spacing estimation, Q =2,4,8 G0




List of Abbreviations

ADC Analog-to-digital converter
AM Amplitude modulation

ARB Arbitrary waveform generator

AWGN Additive white Gaussian noisc

CF Cycle frequency

oM Cyclic moment

CPFSK Continuous phase frequency shift keying
cPM Continuous Phase Modulation

CR Cognitive radio

DAC Digital-to-analog converter

FB Feature based

Federal communication commission

iid Independent and identically distributed
IMR Integer multiple relationship

LB Likelihood based

MSK Minimum shift keying

OFDM Orthogonal frequency division multiplexing
PC Personal computer

pPSD Power spectrum density

xiii



PSK
QAM
sc
SDR
SNR
UHF
VHF
VSA
VSG
wT

Phase shift keying
Quadraturc amplitude modulation
Selection combining

Software defined radio
Signa-to-noise ratio

Ultra high frequency

Very high frequency

Vector signal analyzer

Vector signal generator

Wavelet transform



Chapter 1

Introduction

1.1 Blind signal classification and parameter esti-
mation

The rescarch on blind signal classification and parameter estimation investigates the
processing of received signals for the purpose of extracting required information with-
out or with very limited knowledge of the original signal. Rescarch on the signal
classification problems mainly focuses on identifying the signal modulation types,
whereas the estimation problems study how to estimate the value of parameters that
can ot observed direetly. It is of practical importance in wircless communication that
classification and estimation task be completed based on limited prior information of
received signals. Applications of blind signal classification and parameter estimation

are found in many areas, such as clectronic surveillance, interference identification

suitable jamming signal selection, and speetrum monitoring [1]-
In wircless communications, blind signal classification and parameter estimation

e be used to obtain basic signal information such as modulation type and symbol

timing so as to facilitate the effective design of receivers. Morcover, blind classification



and estimation task can also improve the transmission cfficiency by reducing the data
overhead and training sequence. These advantages make blind signal classification and
parameter estimation very attractive for software defined radio (SDR) application (3]

In the SDR system, the hardware is controlled by internal software so that it is able

to adjust its parameters according to the radio environment and support various
processing functions. It is highly desirable that the receiver can perform its functions
by extracting the appropriate information from the received signal, .. modulation
type, coding rate, channel bandwidth, and antenna configuration

Another important application for blind signal classification and parameter esti-
wation is in cognitive radio (CR) [4]. Recently, the progressively increasing demand
for radio communications services has aggravated the problem of spectrum scarcity.
The observation that many of the licensed spectrum bands are, on average, under-
utilized [5] has led to the notion of the CR as a way of resolving the spectrum scarcity

problem. The key idea is to allow CR users access unutilized channels (spectral

whitespace) allocated to the primary (incumbent) users, if they do not cause harmful
interference, The ability of a CR to dynamically adapt to the radio environment is
critically dependent on speetrum sensing and awareness [4]. These functions involve
signal detection, classification, and parameter estimation. By classifying the modu-
lation type or estimating important parameters of the transmitted signals of primary
users, CR users are able to obtain the knowledge of spectrum ocenpation

meter estimation has been extensively stud-

Blind signal classification and pa

The vast majority of rescarch focus on

ied on various types of modulation schem

and quadrs

single carrier linear modulations such as phase shift keying (PSK) |

ture amplitude modulation (QAM) [7

sion” multiplexing

, orthogonal frequency i
(OFDM) [8]- [9], and frequency shift keying (FSK) [10]- [21]. Various approaches

have been developed to extract the important signal parameters such as modulation



order, symbol timing, carrier froquency, signal bandwidth, cte. In gencral, blind signal
classification and parameter estimation is very challenging, particularly in environ-

ments involving a low signal-to-noise ratio (SNR) regime, short obscrvation periods,

fading channel conditions and relaxed a priori information

In this thesis, we focus on the blind signal classification and parameter estimation

ification of FSK signals arc extensively

of FSK and MSK signals.  Although cl:
studicd, most of work only considered the additive Gaussian white noise (AWGN)
channel condition. Morcover, very little work has been carried out on FSK signal
parameter estimation and MSK signal classification. Thus, it s our goal to develop

classification and parameter estimation algorithms for FSK and MSK signals in fading

channels which does ot require prior knowledge of reccived signals

1.2 FSK signal classification

Due to its casy implementation and widespread usage in legacy communications sys-
toms, the frequency shift keying (FSK) modulation continues to be a common choice
for communication cquipments, especially in the very high frequency (VITF) and ul-
tra high frequency (UHF) bands. Considerable rescarch work has been conducted to
explore the FSK signal classification, which can be grouped into two broad categories,
likelihood-based (LB) and featurc-based (FB) methods. The LB approach is based
on the likelihood function of the received signal using a likelibood ratio test for the

classification decision, whereas the FB approach utilizes the existence of the extracted

features of reccived signals to identify the modulation type.

The LB approach is investigated in [10]- [11], in which a higher-order correlation
FB algorithm is also jointly considered with the LB method. Signal parameter infor-

mation such as symbol rate, tone frequency spacing, and signal and noise powers, is



required. A wavelet transform (WT) FB method is proposed in [12]. This requires
symbol timing recovery to achieve an acceptable classification performance at lower

ented

SNRs. An FB method based on the mean of the complex signal envelope is pres
in [13], however, symbol timing recovery is also required. A Fourier transform is

employed in [14] to classify FSK signals. First-order cyclostationarity was utilized

for amplitude modulation (AM) and FSK signal detection and classification in [15

signals are identified based on the zero-crossing sequence. Another

[17]. In [18], FSK

algorithm that classifies FSK signals versus other signal classes, such as PSK, is stud-

ied in [19] by employing the information provided by the instantancous frequency.

However, carrier recovery is required for the algorithm to function

Channel cffects may have big impact on signal classification and parameter es-
timation, particularly in terrestrial environments. An additive white Gaussian noise
(AWGN) channel is considered in [10]- [19]. Classification of FSK signals in Raylcigh
fading channels is studied in [20] based on the LB approach, by assuming known
symbol timing. When the timing information is unknown, the likelihood function is
averaged over the timing offset, which inevitably increases the computational cot-
plexity. In addition, the symbol period still needs to be known, and the performance

is sensitive to a carrier frequency offsct. An instantancous frequency FB method is

21]; however, it requires the

proposed when the FSK signals are affected by fading

knowledge of the tone frequency spacing and symbol period

1.3 FSK signal parameter estimation

For FSK signals, tone frequency spacing and symbol period are two important. pa-
rameters for further processing. In the previous studics, not much work has been

conducted on tone frequency spacing cstimation, A Fourier transform based method



is proposed in [14], where the tone frequency spacing is caleulated according to the
distance between spectrum peaks.

On the other hand, WT-based methods for FSK signal symbol period estimation

have been studied in [22)- [24]. By utilizing WT to locate the transients produced
from frequency changes and the separation between transients, symbol period can be
estimated.

In [22], the WT magnitude is autocorrelated to reduce the noise and cxploit

the periodicity so that the peaks from transients become apparent. The separation of

peaks provides the possibility of symbol period estimation. This algorithm is improved

| by taking the Fourier transform of WT magnitude before estimation. After
applying the Fourier transform, significant peaks are obtained in the spectrum which
provides a more accuracy estimate of symbol period. In [24], the carrier frequency of
received signal is moved to zero before WT and therefore obtains a better estimation

performance, However, prior knowledge of carrier frequency is required

1.4 Joint classification of FSK and MSK signals

Continuous Phase Modulation (CPM) systems have gencrated great interest due to

their bandwidth efficiency and constant-cnvelope property [26)- [27). As an important
form of CPM, minimum shift-keying (MSK) scheme is widely used in wireless com-
munication systems. Thus, algorithms which can effectively identify MSK signals are

required in various applications [28]- [31]

In (28], a decision-theoretic approach is proposed to classify different digitally

modulated signals including MSK signals. A set of key features are considered at the

classificr, such as the standard doviation of the normalized instantancous frequency

and the maximum value of the power spectral density (PSD) of the normalized in-



stantancous frequency. Since MSK signals have less frequency components than FSK
signals, the PSD of instantancous frequency for MSK signals is less than that of FSK
signals. This feature can be utilized to distinguish MSK and FSK signals. Another
method is proposed in [29], which utilizes the instantancous amplitude to separate
FSK and MSK signals from lincarly modulated signals. By examining the peaks in the
spectrum, MSK and FSK signals can be distinguished. The algorithm proposed in [30]
calculates the spectral correlation of the received signals for MSK signal classification

based on the position of spectral peaks.

1.5 Thesis objective

The drawbacks of the previously proposed work for FSK and MSK signal classification

and parameter estimation make it necessary to develop more efficient algorithms which

Rs, using short observation

are able to achieve a reasonable performance at low
periods, under the fading channel conditions, and with relaxed a priori information

lostationarity of FSK and

The first objective of this thesis is to investigate the cy
MSK signals. We study the first-order cyclostationarity of FSK and MSK signals in
particular, under the fading channel conditions, and we extend the study to sccond-
order cyclostationarity. To the best of our knowledge, there is not such work carried
out for the study of sccond-order cyclostationary propertics of FSK and MSK signals.

The second objective of this thesis is to develop blind classification and param-
cter estimation algorithms for FSK and MSK signals based on their cyclostationary
properties. The proposed algorithms do not require pre-processing such as timing and
carricr recovery. The first-order eyclostationary propertics of FSK signals are used for

P

K signal classification and tone frequency spacing estimation. Classification and

estimation tasks are carried out jointly. Besides tone frequency spacing, symbol pe-



-

riod is also an important parameter for FSK signals. Thercfore, we further explore the
second-order cyclostationary properties of FSK signals for symbol period estimation
By combining the first- and sccond-order cyclostationarity of FSK and MSK signals,
a joint FSK and MSK classification algorithm is proposed. The performance of the

proposed algorithms arc evaluated using extensive simulations and experimental tests.

1.6 Thesis organization

The rest of the thesis is organized as follows.

In Chapter 2, the signal model and cyclostationarity of reccived FSK and MSK
signals arc introduced. The FSK signal model affected by fading channels and ad-
ditive Gaussian white noise is presented. Based on the proposed signal model. the
first- and second-order cyclostationarity of reccived FSK signals arc obtained. includ-
ing time-varying moment, cyclic moment, and cycle frequencics. The model of the
received MSK signal is then presented, and findings on its first- and sccond-order
cyclostationarity arc also given.

In Chapter 3, algorithms for FSK and MSK signal classification and FSK signal

parameter estimation are proposed. Based on the properties of first-order cyclo-

stationarity of FSK signals, FSK signal classification and tone froquency estimation

algorithm is proposed. The modulation order of FSK signals can be determined based
on the number of detected cycle froquencies (CFs), and the tone frequency spacing can
be caleulated according to the position of CFs. Then, the propertics of sccond-order
cyclostationarity of FSK signals arc developed. The absolute value of the sccond-
order eyclic moment at zero CF has a serics of spectrum peaks, and the peak pattern
changes when the delay cquals the symbol period. Basced on this property, the FSK

signal symbol period estimation algorithm is proposed. Furthermore, by combining
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