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Abstract

Blind signal classification and parameter estimation plays an irnpOltant rolc in

both military and civilian applications. Thc classification and cstimation task provides

signal information, such as modulation type, 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, particnlarly

in environments involving a low signal-to-noise ratio (SNR) regime, short observation

periods, fading channel conditions and relaxed a priori information

Due to its easy implementation and widespread usage in legacy communications

equipment, the frequency shift keying (FSI<) 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 wireless communication systems as it

possesses many advantages, such as bandwidth efficiency and constant-envelope prop-

crty. Thus, the blind classification and parameter estimation of FSI< and NISI< signals

becomes an attractive resea.rch area.. lVlost of existing approaches for FSI< and MSK

signal classification and parameter estimation require pre-processing such as symbol

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

considered.

In this thesis, the cyrlostationarity-hasccl FSf< ancl iVrSf< signal classification and

paramctcr estimation arc stucliecl The first- ancl seconcl-orcler cyclostationarity of



FSI< and lVISI< signals afFected by fading is investigated. Based on the first-order

ryclostationarity of FSI\: signals, a joint classification and tone frequency sparing

estimation algorithm is proposed. Furthermore, a symbol period estimation algorithm

for FSI< signals is proposed based on the properties of second-order cyclostationarity

By combining the properties of first- and second-order cyclostationarity of FSI\: and

MSI( signals, a joint classification algorithm for FSI\: and MSK signals is proposed

Simulation and experimental rcsultsare canied out to show the efficiency of proposed

algorithms. It is proved that reasonably good performance can be obtained at low

SNRs, using shorl observation period, under the fading cfleeL, and with relaxed I!

pT'i07'i information
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Chapter 1

Introduction

1.1 Blind signal classification and parameter esti-

mation

The researrh on blind signal rlassifirat.ion and parameter est.imat.ion investigat.es t.he

pl'Ocessingofreceived signals for the purpose of extracting required information with­

out or with very limited knowledge of the original signal. Research on the signal

rlassification problems mainly foruses on identifying the signal modulat.ion types.

whereas the estimation problems study how to estimate the value of parameters that

can not observed directly. It is of practical importance in wireless communication that

classification and estimation task be completed based on limited priorinforrnationof

received signals. Applications of blind signal classification and parameter estimation

arc found in many areas, such as electronic surveillance, int.erference identificat.ion,

suitable jamming signal selection, and spectrum monitoring [1]- [2]

In wireless communications, blind signal classification and parameter estimation

can be used to obtain basic signal information such as modulat.ion type and symbol

timingsoas to facilitate the effective design of receivers. Moreover, blinclclassification



and estimation task can also improve the transmission efficiency 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, e.g. modula.tion

type, coding rat.e, channel bandwidth, and antenna configuration

Another important application for blind signal classification and parameter esti­

mation is in cognitive radio (CIl) [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 CRasa way of resolving thespectrulJI scarcity

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

whitespace) allocated to the primary (inculJlbent) users, if they do not cause harmful

interference. The ability of a CIi. to dynamically adapt to the radio environment is

critically dependent on speetrum sensing and awareness [4]. These functions involve

signal r1(~t.ect;ion, classificat.ion, and paramet.er estimation. By c1assif)ring t.he lJIodu-

lation type or estimating important parameters of the transmitted signals of primary

users, Cn. users arc able to obtain the knowledge of spectrum occupation

mind signal classification and parameter estimation has been extensively stud-

ied on various types of modulation schemes. The vast majority of research focus on

single carrier linear modulations such as phase shift keying (PSI<) [G] and quadra­

tme amplitude modulation (QAlVl) [7], orthogonal frequency division multiplexing

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

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



order, ~ymbol timing, canier frequency, ~ignal bandwidth, etc. In general, blind ~ignal

classification and parameter estimation is very challenging, particularly in environ-

Illent~ involving a low ~ignal-to-noi~e ratio (SNR) reginle, ~hort observation period~,

fading channel condition~ and rclaxed a pr·iori information

In this thesis, we focus on the blind signal classification and parameter estin13tion

of FSI< and lI/lSK signals. Although classification of FSK signals arc extensively

~tudied, most of work only considered the additive Gaussian white noi~e (i\WGN)

channel condition. Moreover, very little work has been canied out on FSl< signal

parameter estimation and MSK signal classification. Thus, it is our goal to develop

c1as~ificationand parameter estimation algorithms for FSK and MSK signals in fading

channels which docs not require prior knowledge of received ~ignals

1.2 FSK signal classification

Due to its easy implementation and widespread u~age in legacy communication~ sys-

teJll~, the frequency ~hift keying (FSK) modulation continue~ to be a COlnlnon choice

for communication equipment~, e~peeially in the very high frequency (VHF) and ul­

tra high frequency (UHF) band~. Con~iderablc re~earch work has been conducted to

explore the FSl< signal classification, which can be grouped into two broad categories,

likelihood-based (L13) and feature-based (F13) methods. The L13 approach is ba.~ed

on the likelihood function of the received signal usingalikelihood ratio test for the

classification decision, whereas the F13 approach utilizes the existence of the extracted

features of received signals to identify the modulation type.

The L13 approach i~ investigated in [10]- [11], in which a higher-order correlation

F13 algorithm is also jointly considered with the L13 method. Signal parameter infor-

Illation ~ueh a~ symbol rate, tone frequency spacing, and signal and noise power~, i~



required. A wavelet tran~form (WT) FB method i~ propo~ed in [12] Thi~ require~

symbol timing recovery to achieve an acceptable classification performance at lowel

SNRs. An FB method based on the mean of the complex ~ignal envelope i~ pre~ented

in [13], however, ~ymbol timing recovery i~ abo required. A Fourier tran~form i~

employed in [14] to clas~ify FSK ~ignab. Fir~t-order cyclo~tationarity wa~ utilized

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

[17]. In [18], FSK signals arc identified based on the zero-crossing sequence. Anothel

algorithm that classifies FSK signals versus other signal classes, such as PSI\:, is stud­

ied in [19] by employing the information provided by the in~tantaneou~ frequency

1I0wever, carrier recovery i~ required for the algorithm to function

Channel cffect~ may have big impact on ~ignal cla~~iricaLion and parameter e~-

timation, particularly in terre~trial environment~. An additive white Gau~~ian noi~e

(AWGN) channel i~ con~idered in [IU]- [I!)]. Cla~~ihcati()n of FSK signab in Rayleigh

fading channeb i~ ~tudied in [20] ba~ed on the LB approach, by a~~uming known

~ymbol timing. When the timing information is unknown, the likelihood function i~

averaged over th(~ tilning offset, which inevitably increases the <Olllputational <on 1-

plexity. In addition, the ~ymbol period ~till need~ to be known, and the performance

is sensitive to a carrier freCIuency offset. An instantaneous freCIuency FB method is

proposed when the FSK signals arc afrccted by fading [21]; however, it reCIuires the

knowledge of the tone frequency ~paeing and ~ymbol period

1.3 FSK signal parameter estimation

For FSK ~ignab, tone frequency ~pacing; and ~ymbol period arc two ilnportant pa-

rameter~ for further proce~sing. In the previou~ studies, not much work has been

conducted on tone frequency ~pacing estimation. A Fourier tran~form based method



is proposed in [14], where the tone frequency spacing is calculated 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 autoconelated to rcdncc the noise and exploit

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

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

in [23] by taking the Fourier transform of WT magnitude before estimation. i\ftel

applying the Fourier transform, significant peaks arc obtained in the spectrum which

provides a more accuracy estimate of symbol period. 111 [24], the carrier frequency of

received signal is moved to zero before WT and therefore obtains a better estimation

performance. However, prior knowledge of canier frequency is required

1.4 Joint classification of FSK and MSK signals

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

their bandwidth efficiency and constant-envelope property [26]- [27]. As an important

form of CPM, minimum shift-keying (MSK) scheme is widely used in wireless COIII-

lIlunication systems. Thus, algorithms which can effectively identify 1IISK signals arc

required in various applications [28]-[31]

In [21)], a decision-theoretic approach is proposed to classify diflcrent digitally

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

rlassifi<,r, surh as the st.andard d<,viation of t.lll' nOrJnali",ed instant.ancous frequcnry

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



btantaneous frequeney. Since MSI< signals have less freqllencycolllponents than FSI<

signals, the PSD of instantaneous frequency for MSI< signals is less than that of PSI<

signals. This feature can be utili7.ed to distinguish MSI\: and FSI< signals. Allothel

method is proposed in [29], which utilizes the instantaneous amplitude to separate

FSI< and IvISI< signals from linearly modulated signals. By examining the peaks in the

spectrllm, MSI< and FSI< signals can be distinguished. The algorithm proposed in [30]

calculates the spectral cOtTelation of the received signals for MSKsignal classificatioll

based on the position of spectral peaks.

1.5 Thesis objective

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

andparameterestiJnationmakeitnecessarytodevelopmoreefficientalgorithmswhich

are able to achieve a reasonable performance at low SNRs, using short observation

periods, under the fading channel conditions, and with relaxed ap'r'ior'i information.

The first objective of this thesis is to investigate the cyclostationarity of FSI< and

MSK signals. We study the first-order cyclostationarity of FSK and ;vISI< signals in

particular, under the fading channel conditions, and we extend the study to second­

order cyclostationarity. To the best of our knowledge, there is not such work catTied

out for thestudyofsecond-ordercyclostationarypropertiesofFSI< and MSI< signals

Tile second objective of this thesis is to develop blind classification and param-

eter estimation algorithms for FSI< and lVISI< signals based on their cyclostationary

properties. The proposed algorithms do IIOt require pre-processing such as tinlingand

catTier recovery. The first-order cyclostationary plOpeltiesofFSI< si/!;nals arc IIsed 1"01

PSI-( signal classification and ton,~ frcqu'''lcy spacing cstillJation. Classificat.ion and

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



riod is also an important parameter for FSI< signals. Therefore, we further explore the

second-order cyclostationary properties of FSI< signals for symuol period estimation

By combining the first- and second-order cyclostationarity of FSI< and 1\ISI< signals,

CL joint FSK and MSI< classification algorithm is proposed. The perfolTnCLnce of the

proposed algorithms arc evaluated usingextensivesimulationsandexperimentftl tests.

1.6 Thesis organization

The rest of the thesis is organized as follows

In Chapter 2, the signal model and cyclostationarity of received FSI< and 1\'ISI<

signals arc introduced. The FSI< signal model affected by facling channels and ad­

ditive Gallssian white noise is presented. Based on the proposed signal model, the

first- ami second-order eyclostationarity of received FSI< signals arc obtained, includ­

ing time-varying moment, cyclic moment, and cycle frequencies. The model of the

received MSI< signal is then presented, and findings on its first- and second-ordel

cyclostationarity arc also given.

In Chapter 3, algorithms for FSI< and MSI< signal classification and FSI< signal

parameter estimation arc proposed. Based on the properties of first-order cyelo­

st.ationarity of FSI< signals, FSK signal classification and tone frequency est.imation

algorithm is proposed. The modulation order of FSI< signals can be determined based

on the number of detected cycle frequencies (CFs), and the tone frequency spacing can

be calculated according to the position of CFs. Then, the properties ofsccond-ordcr

cyclostationarity of FSI< signals arc developed. The absolute value of the second­

order cyclic moment at zero CF has a series of spcctrum peaks, and the peak pattern

changes when the delay equals the symbol period. Based on this property, the FSI<

signal symuol period estimation algorithm is proposed. F\rrtherJnore, by comuining
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