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Abstract 

Digitally modulated signals play an important role in the world of communic

ations today. It is increasingly necessary for the communication intelligence 

(COMINT) sector to have the capability to classify these signals effectively in 

an automated fashion. Automatic recognition of a signal's modulation has been 

a well studied subject and has undergone significant transformation in recent 

years. 

This thesis investigates some recent advances in the field of automatic modu

lation classification, especially in the development of modulation classifiers. From 

the view of organisation, this thesis can be largely broken into three main parts, 

Le.: 

i) investigation of neural networks (NN) approach 

ii) refinement of NN approach through feature selection; and 

iii) investigation of maximum likelihood (ML) approach. 

For the NN approach, a conventional multi-layer perceptron (MLP) based classi

fier is reviewed and refined in performance through the adoption of a more robust 

algorithm. Furthermore, a wider variety of NNs are also investigated including 

radial basis function (RBF) network and probabilistic neural network (PNN). 

Additionally, A novel feature set based on the analysis of higher-order statistics 

x 



of the signal's constellation is also formulated in this work. From experiments, 

the proposed feature set has shown a good degree of robustness and invariance 

under additive white and Gaussian noise (AWGN) environments. 

A good feature set is essential for a NN classifier to achieve good performance. 

However, as the number of features increases, the number of training examples 

needed to ensure statistically reliable performance also increases. This presents 

a practical problem. The second part of the thesis investigates the possibility of 

minimising the number of input features with the minimum degradation in clas

sification performance. New genetic algorithm (GA) based methods are devised 

for the selection of features for modulation classification. The rest of this part of 

the work is devoted to the investigation of linear transformation based methods, 

in particular, principal component analysis (PCA) and independent component 

analysis (ICA). 

When training examples are not available, one has to resort to alternative 

approaches that do not require training examples. In the final part of this work, 

ML based methods are reviewed and investigated. In a coherent environment 

ML classifier provides an upper bound for classification performance. A new 

minimum distance based method is derived from ML method and its performance 

is compared with the ML method. Although this method suffers degradation of 

2 dB in performance (in a dual class scenario), it offers better computational 

efficiency. A multi-class scenario is also investigated here. 

Although ML is the optimum classifier in a coherent environment, its per

formance is expected to suffer from degradation in non-coherent environment as 

phase mismatch is introduced. Therefore, a closed form ICA based algorithm is 

introduced to mitigate the effects of phase errors. Originally devised for blind 

source separation (BS8), the algorithm is proven capable of removing the phase 

offset through experiments. 

xi 



In short, this thesis is comprised of a collection of recent works in automatic 

modulation classification. When training samples are available, NN classifiers 

provides a robust and effective solution. Feature selection and transformation are 

efficient tools to form a smaller feature subset for NN classifier with minimum 

compromise in performance. On the other hand, when training examples are not 

available ML classifiers provide an optimum solution in a coherent environment. 

With the aid of a closed form phase offset removal blockset, the ML classifier can 

be applied in the non-coherent operating environment directly. 
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Chapter 1 

Introduction 

Communication is an integral part of our life nowadays. We often encounter 

communication without realising the process of it, for examples, the telephones 

(both land-lines and mobile phones) we use every day, the computer terminal, 

radio and television networks, and the Internet are examples of many facets of 

communications that surround us today. Many of these applications are multi-

plexed in nature, i.e. many sources of signals share a common channel. One way 

of multiplexing these signals is to limit the frequency bandwidth of the signal 

and send the signals at different portions of the total available bandwidth. To do 
. 

this, we require an important process in communication called modulation. In 

its simplest form, modulation is the process where the carrier wave (often at a 

higher frequency band) is "modulated" by the information that is to be transmit

ted. For digital modulation, this process is preceded by an analogue-to-digital 

conversion (ADC) phase; and a symbol-mapping phase whereby the digitised 

signal is mapped onto the respective constellation diagrams. 

Today, digitally modulated communication signals are becoming vital as the 

world is becoming increasingly 'digital'. Many analogue applications have been re

placed with their digital counterparts e.g. digital cable/satellite television, digital 

1 



CHAPTER 1. INTRODUCTION 2 

audio and digital software radio. The wide usage of Internet is another evidence of 

the popularity of digital signals, digital modems are used to (de )modulate data 

for transmitting across normal telephone lines. Additionally, the mobile com

munication system has been 'digitised' with the introduction of GSM networks 

around the globe and is now getting a further boost with the introduction of third 

generation (3G) code division multiple access (CDMA) based system [1,2, 3, 4]. 

The forthcoming fourth generation mobile system (4G) [5,6] has also proposed an 

IP-based digital network with the adoption of multi-carrier techniques. With the 

shift of focus from analogue technology to digital equivalents, digital modulation 

now deserves more attention than the aging analogue modulation. 

Software defined radio (SDR) [7, 8, 9] provides an interesting prospect for the 

future communications sector, as it has the ability of rapid reconfiguration and as 

all processes in SDR are executed in software, it is also cheaper to manufacture 

hence beneficial financially. Another advantage of SDR is that, it provides a single 

unified platform for signals of various modulation types. This highly desirable fea

ture implies that we need an 'intelligent' modem that can automatically identify 

different modulation types. Automatic recognition of the modulation type of the 

incoming signal then plays an important task in this 'intelligent' modem. 

In this work, we investigate several variants of such study, under the umbrella 

of a wider field of pattern recognition. In digital communication, each modulation 

has its own distinct characteristics that can be considered as an unique pattern. 

The aim of this study is to seek an efficient method for classifying these patterns 

with very limited amount of prior knowledge. In the originating work, Liedtke 

[10] described modulation classification is neither an energy detection nor a de

modulation problem that required full message extraction, but it is something in 

between as depicted in Figure 1.1. The amount of prior knowledge required for 

modulation recognition is more than what is needed for symbol detection, and 
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Figure 1.1: The relationship of ADMC and other detection procedures 

3 

similar to that required for demodulation. However, due to the nature of the 

problem, we do not possess these information and estimates have be done blindly 

without the actual knowledge. Correct classification would not give us the full 

demodulated information, and more complex tasks of deciphering might follow 

after demodulation. Nevertheless, classification of modulation type is an essential 

process especially in a furtive environment. 

In recent years, artificial intelligence (AI) has found many applications in 

pattern recognition and established a good track record in performance against 

traditional statistical pattern recognition. The use of AI is also found in various 

complex applications among respective engineering disciplines. For example, Ar

tificial Neural Networks (ANN) have been applied in system identification [11], 

and system control processes [12]; Genetic Algorithms (GA) in optimisation pro

cess [13, 14], multiuser detectors for DS-CDMA communications [15], and Fuzzy 

logic in robotics control [16], etc. 
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By framing the task of modulation classification into a supervised neural net

work learning problem, we avoid the cumbersome process of manual determina

tion of thresholds for key feat ures (Chapter 3) as in conventional decision theoretic 

methods (see Chapter 2). Besides, through this formulation using ANNs, one also 

benefits from the many advantages offered by ANN detailed in Chapter 4. 

There are limitations for any supervised learning method. One of these is the 

input dimension of a learning machine. The larger the input dimension of the 

learning machine is, the larger the amount of training data that is required for 

drawing a sufficiently generalised discriminating boundary. This problem in itself 

is an interesting one and is to be investigated in an individual study in its own 

right. Such study is sometimes named feature selection (see Chapter 5). The 

objective of feature selection is to select a minimal amount of input dimension 

while avoiding performance loss. At times, the outcome of feature selection can 

increase the performance of the learning machine. 

Another limiting factor for the supervised learning machine would be the need 

for training data. At times, there is too much variability in a system, and it is de

sirable to have a generalised framework for all variabilities, e.g. changes in signal 

to noise ratio, fading channels, etc. The amount of training examples needed to 

cover such a wide variety of scenario is just not feasible in practice. Therefore, it 

would be logical to re-framework the existing problem into a probabilistic hypo

thesis testing one. However, unlike conventional decision theoretic methods, we 

would like to consider one specific form of classifier that would handle multiple 

hypotheses at once, so that the order of tests does not have any influence on the 

final classification result. One way of doing so is to have a likelihood value for 

each possible hypothesis and choose the hypothesis with the greatest likelihood 

value. This is called the maximum likelihood (ML) method and will be discussed 

in greater depth later (Chapter 6). 
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We cannot overlook the explicit usage of probability theory and higher or

der statistics (HOS) in this work. Gaussian probability density function (PDF) 

can be completely characterised using second order statistics (SOS), Le. by the 

mean and variance of the distribution. However, real world data often tends 

to be non-Gaussian, and in this case, SOS cannot provide sufficient information 

to help to solve the problem. Hence, HOS provides an interesting approach to 

many problems, e.g. independent component analysis (lCA) and blind source 

separation (BSS), blind channel equalisation, blind SNR estimation, blind decon

volution, etc. These applications are termed 'blind' because one does not have 

the prior knowledge on the target's information, e.g. different components in ICA 

or channel coefficient in the case of channel estimation or deconvolution. HOS 

plays an integral role in this work, especially in feature formulation and extrac

tion. Besides, HOS is also employed in non-coherent environment prior to the 

classification. 

1.1 Structural Organisation of The Thesis 

This thesis is organised in the following fashion: Chapter 2 presents an introduct

ory section on the background and motivations of this research; this is followed by 

another section introducing some communications and mathematical preliminar

ies which might be useful for readers that do not have necessary pre-requisites 

toward this study. Next, Chapter 3 will present the signal model used in this 

work and subsequently the derivation of a novel set of HOS based features. This 

feature set is in turn used in the experimental works of Chapter 4, preceded by 

an introduction to ANN, and some feed-forward variants of the ANN. 

Chapter 5 expands the feature set to include a wider range of statistical and 

spectral features to investigate the interesting topic of feature selection. Two 
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paradigms are discussed in this chapter: choosing feature subset by selection and 

forming feature subset by transformation. Both paradigms were supported with 

a set of results obtained via computer experiments. 

Furthermore, in the final part of the thesis (Chapter 6), the ML likelihood 

classifier and its variants are introduced and investigated. The classifiers are first 

derived in the ideal condition, where the signals are only corrupted through an 

AWGN channel. Later on, the investigation was taken further in an non-coherent 

environment where a lCA/BSS based method is called upon to mitigated the 

phase offset introduced in the received signal model as a result of carrier frequency 

offset. 

Lastly, the work is summarised in Chapter 7 on a chapter-by-chapter basis. 

A summary of possible directions for the future works of this research is also 

presented at the end of this chapter. 

1.2 Summary of Contributions 

This thesis has some novel works in the study of automatic digital modulation 

classification and these contributions are summarised as below: 

• A set of new higher order cumulants based features had been devised and 

analysed in Chapter 3. These features (a set of three 4th order cross cumu

lants) are guaranteed to be non-complex. Besides, the standard deviations 

of these features are shown to be small under the influence of addictive 

white and Gaussian noise . 

• An alternate training algorithm, the Resilient Backpropagation (RPRPOP), 

were proposed in favour to the conventional backpropagation (BP) algorithm 

adopted in the previous works. Expriemental results showed that RPROP 
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is faster to train and offers better classification performance. The above is 

detailed in Chapter 4. 

• The author proposed a new integer list genome based genetic algorithm 

(GA), in Chapter 5. This integer list genome mitigate the posibility of 

repeatable entry into the GA, hence reducing the search space. Unlike the 

binary genome based GA, the new GA gives the users control over the 

number of required features. 

• A comparison of principal component analysis (PCA) and independent com

ponent analysis (ICA) as feature transformation techniques has been made 

in second part of Chapter 5. 

• In Chapter 6, a new maximum likelihood (ML) modulation classifier (MC) 

with SNR estimation had been devised and introduced. The new classifier 

showed high degree of robustness in coherent AWGN environment. Its 

performance had been compared to the optimum ML classifier with a priori 

knowledge of SNR. 

• Besides, the author employed a Blind Source Separation (BSS) algorithm in 

non-coherent AWGN environment. By doing so, one can directly employ the 

above mentioned ML MC without alteration to the original algorithm. The 

performance of such algorithms had been investigated through experimental 

results. 

1.3 List of Publications 

This research started in September 1999 and was the major part of the author's 

research. However, there are also some other works, both in communication and 
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pattern recognition, that the author has undertaken through this period of time. 

All these are reflected in the following list of pUblications: 

• M. L. D. Wong and A. K. Nandi, "Multiuser Detection", Proceedings of 

ICCCD'2000, Khagapur,India, December 2000. 

• M. L. D. Wong and A. K. Nandi, "Automatic Digital Modulation Recog

nition using Spectral and Statistical Features with Multi-layer perceptrons", 

Proceedings of ISSPA 2001, pp. 390-393, Vol II, ISSPA, Kuala Lumpur, 

Malaysia, August 2001. 

• L. B. Jack, M. L. D. Wong and A. K. Nandi, "Modified Kohonen Self 

Organizing Map for Automated Fault Detection in Helicopter Gear Boxes", 

Proceedings of the 16th Int. Congress and Exhibition on Condition Mon

itoring and Diagnostic Engineering Management (COMADEM), Sweden, 

27-29 August 2003. 

• M. L. D. Wong and A. K. Nandi, "Automatic Digital Modulation Re

cognition using Artificial Neural Network and Genetic Algorithm", Signal 

Processing 84(2)(2004), 351-365. 

• M. L. D. Wong, L. B. Jack and A. K. Nandi, "Automated Novelty Detec

tion using a modified Kohonen Self Organising Map", preprint submitted 

to EURASIP Journal on Applied Signal Processing. 

• L. B. Jack, M. L. D. Wong and A. K. Nandi, "A Modified SOM for 

Helicopter Gear Box Fault Detection", presented at Sensors for Aircraft 

Systems, Institute of Physics. 14 May 2003. 



Chapter 2 

Background and Preliminaries 

In this chapter, a section on the background of automatic modulation classifica

tion and the related motivationsis introduced. The background is taken from a 

historical viewpoint and ends with discussions on some of the recent developments 

of this study. The second part of this chapter is devoted to some pre-requisites 

for readers who may not have the necessary academic background. 

2.1 Background and Motivations 

The present methods of modulation recognition can be traced back to Liedtke's 

first paper [10] published in 1984. Since then, the methods became very different 

from what was first proposed. Azzouz and Nandi's pioneering works in the 90's 

led to their book [17]; this presented a excellent summary of recent modulation 

recognition techniques up till 1996. They proposed various algorithms in dealing 

with analogue modulation and digital modulation signals. Besides, they also 

proposed the use of ANN in complement with conventional hypothesis testing 

classification methods. Various new features were introduced for differentiating 

among various classes of analogue and digital modulations. 

9 
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In the early days, modulation recognition relied heavily on the human oper-

ator interpr tation of measured parameters to classify signals. Signal properties 

such as IF waveform ignal spectrum, instantaneous amplitudes and instant an-

eou phase are often u d in conventional methods. A latter form of recogniser 

(Figure 2.1) con i ts of a bank of demodulators, each designed for a particular 

modulation type. Thi i considered as semi-automatic since a human operator 

till required to 'listen' to the output, but it is impractical for digital commu-

nications. 

~ 
Demodulator 

Type I H 
U 
M 
A 

Demodulator N 

> Type 2 

J 
0 

• p 

• E 
• R • • A 

• T 
0 
R 

Demodulator 
Type N 

Figure 2.1: A emi-automatic modulation classifier which requires human inter
pretation. 

ince the mid- O's, new classes of modulation recognisers which automatic-

all determine incoming modulation type have been proposed. Generally, these 

methods fall into two main categories, decision theoretic and statistical pattern 

r cogni ion. Deci ion theoretic approaches use probabilistic and hypothesis test

ing arguments to formulat the recognition problem. The major drawback of this 

approach ar th difficultie of forming the right hypothesis as well as careful ana

ly s that are required to et the correct threshold values. Examples of decision 
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theoretic approaches include Azzouz and Nandi [18, 19J who proposed a global 

procedure for analogue and digital modulation signals; and Dohono and Huo [20J 

who proposed a new method using Hellinger representation. 

Pattern recognition approaches, however, do not need such careful treatment. 

Nevertheless choosing the right feature set is still an important issue. The recog

nition method can be further divided into two: the feature extraction sub-system 

and the classification sub-system. The feature extraction sub-system is respons

ible for extracting prominent characteristics, called features, from the raw data. 

The second sub-system, the pattern classifier, is responsible for classifying the 

incoming signal based on the features extracted. It can be implemented in many 

ways, e.g. K-nearest neighbourhood classifier (KNN) , Probabilistic Neural Net

work (PNN), Support Vector Machine (SVM), etc. Multi-layer perceptron (MLP) 

was chosen as the classifier system in [21, 22, 23, 24]. 

Louis and Sehier [21] proposed a hierarchical neural network which uses back

propagation (BP) training. They also gave a performance analysis on back

propagation with other algorithms such as cascade correlation, binary decision 

tree and KNN. Lu et al. [22] proposed a novel MLP based modulation neural 

network recogniser using instantaneous frequency and bandwidth features of sig

nals. In [23), Lu et al. enhanced their techniques through the usage of cyclic 

spectrum features. Nandi and Azzouz [24J proposed MLP neural networks with 

spectral feature sets for analogue, digital and combined modulation recognition. 

Their algorithms had inspired the foundation of a couple of commercial products 

or prototypes; examples of hardware implementation have been reported in a 

variety of applications, e.g. 4G software radio wireless networks [25), spectrum 

monitoring hardware [26, 27], etc. 

Recently, several papers [28, 29, 30, 31] have proposed several novel meth

ods in tackling the problem. Swami and Sadler [28] presented a comprehensive 
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paper discussing their proposed higher-oder statistics (HOS) based hypothesis 

testing method. Wong and Nandi [30], extending the work of Azzouz and Nandi 

[17], proposed a combined set of spectral and statistical features in classifying 

10 different modulation types. On the other hand, Mobasseri [29] suggested an 

alternative method by reconstruction the signal constellation shape using max

imum likelihood estimation. The common trend among these algorithms seems to 

be recognising that the constellation shape is an unique signature among different 

modulation types. 

The conventional classification methods exploit different instantaneous prop

erties, e.g. instantaneous frequency, amplitudes, phase, etc. However, with the 

wide spread of usage of digital modulation nowadays, one could make use of 

the unique constellation diagram of each modulation type to discriminate among 

various digital modulations. Each constellation possesses different higher order 

cumulant values which can be estimated via its two dimensional histogram. An 

advantage of such a method is that it is immune to additive white and Gaussian 

noise as all higher-order cumulants for any Gaussian distributions are zero. 

On the other hand, Mobasseri's [29] method provides an interesting altern

ative. By using clustering, his algorithm works under a non-supervised envir

onment. Clustering also reduces the dimension of the input signal. To this 

end, it is parallel to feature extraction procedure in other pattern recognition 

algorithm. After clustering, Mobasseri proposed a Bayesian maximum likelihood 

(ML) method based on an image modeling method. However, the method sug

gested is sensitive to phase error, both static and non-static. 

There are some other more generic forms of ML method that have also been 

reported. Wei and Mendel [32] showed that the constellation vector is a sufficient 

statistic for modulation recognition and that the ML classifier is optimal under 

ideal situations. Their work provides an upper bound for performance comparison 
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for classifiers in non ideal situations. In another related work [33], they proposed 

a method based on fuzzy logic (FL) and had shown that, when fine tuned, FL 

based method corresponds to the ML solution. Meanwhile, Sills [34] extended 

the ML method to non-coherent environment which remains a challenging area 

of research in this field. 

2.1.1 Applications of Modulation Classification 

Conventionally, modulation classifier (MC) was devised for Communication Intel

ligence (COMINT) applications. Typical CO MINT includes a receiver front-end, 

a modulation classification unit and a presentation stage. Types of receiver front

end include channelised receiver, scanning superheterodyne and an instantaneous 

frequency measurement (IFM). The front-end is important as most MCs require 

input from the decision front-end. Discussion of these is beyond the scope of 

this thesis. Similarly the presentation stage, e.g. demodulators, information ex

traction, deciphering, etc. need an accurate information from the MC to perform 

their operation and hence MC plays an important role in COMINT applications. 

Examples of COMINT include the followings: 

• Civilian Applications 

- Transmission control and monitoring 

- Signal confirmation 

- Interference identification 

- Spectrum management 

• Military Application 

- Electronic support measures (ESM) 
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- Electronic counter measures (ECM) 

- Threat detection and warning 

- Target acquisition 

- Homing 

A more recently reported application of MC is in the area of software defined 

radio (SDR). Originally proposed for military purpose, recent proposals of SDR 

e.g. [35, 36] are gearing towards the public consumer market. Under the new 

software based architecture, SDR boasts high reconfigurability. Some SDRs have 

the ability of handling multiple modulation type as standard, enabled by the built

in MC unit. The work presented in this thesis favours a working environment that 

is like an SDR or adaptive modulation environment, in which, the application 

is channelised so information such as the carrier frequency and other channel 

parameters are mostly assumed to be known. However, the model introduced 

in later chapters will take into account the errors of such information, although 

these are thought to be minimal. 

2.2 Preliminaries 

The study of automatic classification of modulation signals is an interesting field 

as it requires some cross-disciplinary knowledge from different branches of en

gineering and computer science e.g. signal detection and identification, signal 

modulation, parameters estimation and pattern recognition. This thesis is a col

lection of work done in the above mentioned study, particularly of those using the 

statistical pattern recognition approach (includes both ANN and ML). Therefore 

in the following sections some background knowledge of digital communication 

as well as relevant mathematics are presented. Interested readers should refer 
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to [37, 38, 17J for further in-depth discussions in communications and [39J for 

statistics related background. 

2.2.1 Digital Communication Preliminaries 

Communication Signals as Narrow Band Signals 

Present day communication signals! are mostly narrow band signals, i.e. the sig

nal bandwidth is relatively small in comparison with the center carrier frequency. 

For example, in radio communications, baseband signals are used to modulated 

carriers of higher frequencies spaced at intervals of the order of the signal band-

width. 

To enable the analysis of these signals, it is essential to convert these pass

band signals to baseband complex envelopes. Due to the typically high carrier 

frequency of such signals, a high sampling frequency rate is normally required. 

Along with this requirement, it is also desired to have high processing ability. 

Here, we shall look at ways to treat these signal efficiently while suppressing the 

largely irrelevant carrier oscillations. 

Before proceeding, it needs to be emphasised that the task is to recognise 

various modulations but not to demodulate them. Therefore, details regarding 

demodulation are omitted. 

Analytic Signal, Hilbert Transform and Complex Envelope 

The Fourier Transform of any real signal is defined as: 

F(jw) = I: f{t)exp{ -jwt)dt (2.1) 

lwith the exception of the recently launched 3G mobile communication system, which has 
a wide-band protocol, however in [40], it was shown that once the user code is decoded, the 
signal can be treated in the same way as narrowband signals. 
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For the purpose of clarity, we shall simply state F(jw) as F(w) for the rest of 

this thesis. It is trivial that, F(w) is conjugate symmetric, i.e. F( -w) = F*(w) 

where * denotes complex conjugate. 

Owing to this property, there is obvious redundancy of the negative frequencies 

as it is the mirror image of positive frequency. It is clear that we only need the one 

side of the signal spectrum. This representation of the signal is termed analytic 

signal. 

An analytic signal Jp(t) can be one that has the spectrum: 

Fp(w) = F(w)[l + sgn(w)] (2.2) 

1 w> 0, 

sgn(w) = 0 w=o, (2.3) 

-1 w < o. 

In other words, the analytical is spectrum is twice the original spectrum for posit

ive frequencies but zero for negative frequencies with DC component unchanged. 

Note that Jp(t) is complex and it is sometimes referred to as the pre-envelope 

signal of f(t). The real envelope of f(t) can then be found via the magnitude of 

Jp(t). 

Rewriting Equation (2.2) as 

Fp(w) = F(w) + jF(w) (2.4) 

where 

F(w) = H(w)F(w) (2.5) 
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with 

H(w) = -jsgn(w) (2.6) 

A system with transfer function as in Equation (2.6) is called a Hilbert trans

fonner, and a signal, i(t) with spectrum as in Equation (2.5), is the Hilbert 

transform of f(t). 

With this, the analytic signal fp(t) can be written as: 

jp(t) = f(t) + j j(t) (2.7) 

In practice, j(t) can be realised by multiplying f(t) with a quadrature filter, 

:FQ, with impulse response, rQ(t) and complex gain H(w). Thus we can write, 

= x(t) * rdt) 

= I: x(t - ()).rQ(())d() 

A complex envelope, j(t), of a real signal, j(t) is then defined as, 

j(t) = jp(t) exp( -jwct) 

= (J(t) + jj(t)) exp(-jwet ) 

(2.8) 

(2.9) 

(2.10) 

(2.11) 

(2.12) 

where We = 27r fc in this context, refers to the carrier frequency in the passband. 
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Instantaneous Amplitude, Phase and Frequency 

The instantaneous amplitude, ii( t) of real signal can be found using the magnitude 

of the analytic signal: 

Similarly, the instantaneous phase, J>(t) can be calculated as follows: 

t -I(i(t)) an f(t) if J(t) > 0, jet) > 0, 

7r - tan- I ( j(t)) 
f(t) if J(t) < 0, jet) > 0, 

71" if J(t) = o,j(t) > 0, 
J>(t) = 

"2 

7r + tan- l (j(t)) 
f(t) if J(t) < 0, jet) < 0, 

371" if J(t) = o,j(t) < 0, T 

27r - tan-l(j(t)) 
f(t) if J(t) > 0, jet) < O. 

Finally, the instantaneous frequency, J(t) is found by 

Digital Modulations 

j(t) = ~ d<jJ(t) 
27r dt 

(2.13) 

(2.14) 

(2.15) 

There are general four major modulation schemes, namely amplitude shift keying 

(ASK), phase shift keying (PSK), frequency shift keying (FSK) and quadrature 

amplitude shift keying (QASK, also commonly known as quadrature amplitude 

modulation QAM). All modulation schemes are M-ary 2 derivation of the above 

four. 

A digitally modulated signals in its complex envelope representation can be 

2 An expression used in digital communication, where M correspond to the number of symbols 
in the constellation diagram. 
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written as follows: 

(2.16) 

where Am, 1m and ¢m are the message amplitude, message frequency and message 

phase respectively, in accordance with appropriate modulation techniques and 9T 

is the pulse shaping function. Consider the four main types of digital modulation 

techniques, i.e. Amplitude Shift Key (ASK), Phase Shift Key (PSK), Frequency 

Shift Key (FSK) and Quadrature Amplitude Modulation (QAM). 

QAM, (e.g. QAM16, V29, V32, QAM64, etc.), is a newer type among the 

four and takes a slightly different form: 

(2.17) 

where "'l(t) and sQ(t) are known as the in-phase and quadrature components of 

the signal respectively. Equation (2.17) is also known as the canonical represent

ation for general digital modulation signals. Without loss of generality, we can 

take gT(t) as rectangular pulse function. Equation (2.17) can then be rewrote 

with its complex envelope representation: 

(2.18) 

2.2.2 Mathematical Preliminaries 

Probability Theory 

From a sample space, fl, that contains a set of possible of outcomes where A 

being a particular set of those outcomes. In other words, A correspond with a 

subset of sample points in O. A probability measure is a function, peA), with A 
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as argument. It can be thought of the expected frequency of occurrence for A to 

be observed and possesses the following properties: 

• 0 ~ p(A) ~ 1 

• P(O) = 1 

• If A and B are mutually exclusive events then 

P(A U B) = P(A) + P(B) 

or if they are not mutually exclusive 

P{A U B) = P(A) + P(B) - P(A n B) 

Given a random variable x, the cumulative distribution function (CDF) is: 

Px(x) = probability that X ~ x 

and the derivative of the CDF is the probability density function (PDF) of x 

dPx 
Px(x) = dx 

which has the following properties: 

• J: pAx)dx = P(a ~ X :S b), and 
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Higher Order Statistics 

Some features and methods that we discuss in later chapters will invoke the use 

of higher order statistics (HaS). Gaussian density can be fully characterised us

ing up to second order statistics (SOS). However, for other distributions, e.g. 

sub-Gaussian or super Gaussian, measures beyond SOS are needed. In digital 

commnnications, signals are non-Gaussian, and owing to the central limits the-

orem, the total effect of summation of different sources of noise can be model as 

a Gaussian distribution. This has motivated the use of HaS in many communic-

ation application since the mid-80's. 

At the same time as interest in HaS was growing in signal processing com

munity, ANN had become popular. An ANN is basically a large collection of 

distributed parallel non-linear processing units. Each processing unit, called a 

neuron, possess a chosen non-linearity. The non-linearity, for example a sigmoid 

function (or hyperbolic tangent function as it is also known), implicitly intro

duces HaS to the input data. For example, the sigmoid function, tanh(u) can be 

expanded into its Taylor series: 

1 3 2 5 
tanh( u) = u - -u + -u - ... 

3 15 
(2.19) 

For feed-forward ANN, e.g. the multilayer perceptrons (MLP), the scalar u 

is the inner product u = w T x where x denotes the input data, and W are the 

weights of the neurons. It is plain that HOS is implicitly utilised in this examples. 

A successful example of HOS in recent signal processing would be independent 

components analysis (ICA), and its application in the problem of blind source 

separations (BSS). Other examples also includes blind channel equalisation, blind 

estimation of signal and noise ratio. 
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Expectation, Moments and Cumulants 

Let x be a random variable of probability density function Px, the expectation 

operator, E{ x} for any function g( x) of x is then defined as: 

E{g(x)} = i: g(x)Px(x)dx (2.20) 

Moments are set of typical expectation used to characterise x. The lh order 

moment Ctj is written as: 

(2.21) 

and the /h order central moment J-lj of x is: 

(2.22) 

where mx are the first order moment, better known as the mean of x. J-to = 1 and 

J-tl = 0 are of little use to us, but J-t2 is the variance of x. 

Skewness, the third order central moment J-l3, is a measure of asymmetry of 

the PDF of x. For a symmetrical PDF around the mean, skewness is equal to 

zero. 

Kurtosis, on the other hand a measure of the length of the tail of the PDF, 

and it is zero for a Gaussian distribution. However, Kurtosis unlike skewness is 

not a central moment although it is related to the fourth order central moment 

J.L4. In fact, kurtosis is known as the the fourth order cumulant, /'\:4 and it is 

defined as: 

(2.23) 

Here. we assumed x is zero mean. 
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Cumulants are related to moments by the natural logarithm of the moment 

generating function defined as below: 

m.g.f(x) = E{exp(jwx)} = 1: exp(jwx)px(x)dx (2.24) 

which incidentally is the Fourier Transform of the expectation operator. 

For zero mean variable x, the first four cumulants are shown in Table 2.1. 

Cumulants Definition 

"'1 /11 = 0 

"'2 /12 = E{ X2} 

"'3 /13 = E{ X3} 

"'4 /14 - 3/1~ = E{x4
} - 3E{x2 }2 

Table 2.1: First four cumulants expressed in term of moments 

From the table, it can be easily deduced that the first three cumulants are the 

same as the first three central moments, for the zero mean case. For the fourth 

order cumulant, kurtosis, there exists an normalised version which is more often 

used, f£4 

(2.25) 

Sometimes the data is pre-whitened, thus the variance is unity, i.e. E{x2 } = 1, 

in this case both version of kurtosis reduce to: 

(2.26) 

which is the fourth order central moment with a bias. 

Mean Vector, Correlation Matrix and Covariance Matrix 

Let f(x) denotes any function of a random vector oflength N, x = [Xl, X2, ..• XNV, 

and f(x) can either be a scalar, vector, or matrix. As with Equation 2.20, the 
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expectation operator of f (x) is defined as 

E{f(x)} = 1: f(X)Px(x)dx (2.27) 

where Px(x) again denotes the probability density function (p.d.f.) of x. The 

integral in carried out on each component of x, Xl, X2, ... ,Xn yielding a new 

quantity of the same dimension. 

The first order moment, is called mean vector, mx of x, is defined as the 

expectation of x: 

mx = E{x} = I: xpx(x)dx (2.28) 

Correlation matrix is defined by the second order expectation of x: 

(2.29) 

A correlation matrix is a positive semi-definite matrix, i.e. aTRxxa is greater 

than zero for all nonzero vector a , and in practice it is usually positive definite, 

provided the sample size of x is large enough. 

We define central moments for random vectors as we did for the random 

variables, however, it is plain that first order central moment for random vectors 

are irrelevant. Second order central moment for x is termed as the covariance 

matrix, and the covariance operation is sometimes denoted by, cov(x). Covariance 

matrix C xx is the expectation of the central moment of xx 

Cxx = E{(x - mx)(x - mxf} (2.30) 
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Cross covariance for two vectors, cov(x, y) can be similarly defined: 

(2.31) 

Each component C~~ in Cxy then represents the cross-covariance between Xi 

and yj. 

(2.32) 

Likewise, the cross-correlation matrix is defined as: 

(2.33) 



Chapter 3 

Feature Extraction and Data 

Preprocessing 

3.1 Data Model for Digital Modulation 

To build up a working model for the problem, the working environment is assumed 

to be coherent and synchronous. This implies that the carrier frequency, data 

baud rate and channel coefficient have been adequately established. In practice, 

these parameters are sometimes not known, for example in a furtive environment, 

where the signal is intercepted stealthily and these parameters have to be estim

ated. A high sampling rate! is also usually required for adequate recovery of 

these paratmeter. Nevertheless, in other civil applications, these parameters are 

sometimes available. An example of this is the combined orthogonal frequency di

vision multiplexing (OFDM) - code division multiple access (CDMA) technique. 

In OFDM-CDMA using adaptive modulation [41, 42] where the modulation type 

of the signal is depending on other operating factors, it can be assumed that the 

IThe features proposed in this work are extracted using symbol based calculation, therefore 
changes of sampling rate should not affect the training of ANN. Nevertheless, a high sampling 
rate and fast processing power is always desired. 

26 
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carrier frequency and sample baud rate are known a priori. 

In the case where the carrier frequency is unknown, a coarse estimate of 

the carrier frequency can be obtained using the power spectral density (PSD) 

of the intercepted signal. The baseband in-phase (I) and quadrature (Q) part 

of the signal can then be recovered through the quadrature filter (i.e. Hilbert 

transformer in Chapter 2). The carrier frequency can be refined via various 

high resolution spectrum analysis methods [43, 44]. The symbol baud rate can 

be estimated through a tracking loop, and symbol timing can be obtained via 

standard fractional sampling schemes [37, Chapter 6]. 

Here, we also assumed that the channel effects on the received signal have 

been equalised. A constellation-independent algorithm has to be used in this 

task as by definition the underlying constellation type is unknown. Examples of 

these blind equalisation algorithms include the Godard's algorithm [45], and the 

constant modulus algorithm (CMA), [46, 47]. 

Assuming that the above mentioned tasks have been carried out, we introduce 

the following model for the received data: 

00 

y(n) = A· L x(f)h(nT - fT + cTT)· exp(j27rfoTn + jen) + g(n) (3.1) 
e=-oo 

where x(f) is the signal sequence, A is an unknown amplitude factor, h(·) rep

resents the residual baseband channel effects, T is the symbol spacing, CT is the 

timing error, fo is the constant frequency offset for the received sequence and en 
is the phase jitter which vary from sample to sample in the recovered sequenced. 

g(n) is the complex additive white and Gaussian noise (AWGN). 

Here, we further assumed that the channel effects and symbol timing errors 

are negligible, and the phase jitters are sufficiently small, we can then take a 
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impl r model as follows: 

y(n) = Ax(n) exp( -.j2n fo) + g(n) (3.2) 

Although WG is as umed in this model, g(n) can qually be from a coloured 

proces too. x(n) i the complex envelope of the received samples which tak s 

th form of (2.11). The real and imaginary part of x(n) correspond to the I and 

Q component of the signal. By plotting the I and Q components of the signal 

with a two dimen ional scatter plot, we obtained the estimated constellation dia-

gram for th re eived signal. The con tellation diagram is unique to a particular 

modulation type (see Figure 3.1). 

Various Normalised Constellation Diagrams 

• • • • • • • 

0 ;. • 0 0 0 • •• 
• • : . . : 

-1 -1 • -1 -1 • 
- 1 0 -1 0 -1 0 -1 0 

ASK2 BPSK QPSK PSK8 

• • ••• • . . • • ••••• • • • • • • ••• • • • • • • • • •• o • • ••••••• 0 •• . . •. : " 0 ........ ••• 0 . .. .•... ... •• • • • • • • •• • • • .:. • -1 • -1 • • -1 .. -1 • • • • • • • •• 
-1 0 -1 0 -1 0 -1 0 

STAR V.27 V.29 V.32 

• • • •• ... : .. , ....... : ....... 
~ .. : ... • •••••••• • • •• • • • • • • ••••• • •••••••• 

0 0 0 " ..... .. 0 :.::.:.:.::: .. • • •• • • • • • •• ••••• • ••••••• •••••• • •••••••• -1 -1 • • ••• -1 : ..... : -1 ••••••••• 
-1 0 -1 0 -1 0 -1 0 

QAM8 QAM16 QAM32 QAM64 

Figur 3.1: Th 12 digital modulation types considered in this work 
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3.2 Problem Statement 

Given N samples of received signal, y(n), and a set of c possible modulation types, 

Ij , as follows: 

j=1,2, ... ,c (3.3) 

where x jk is a point in the constellation j and Mj is the total number of points 

that constellation; by normalising both y(n) and Ij to unit power, we can then 

take A to be unity. 

Given a set of K received signals, denoted by vector Yk = {Yl, Y2, . .. , YK}, 

the task is to choose the hypothesis, Hj , based on some pre-defined criterion: 

Hj : the underlying constellation is Ij (3.4) 

For maximum likelihood (ML) method (Chapter 6), the criterion is the log like

lihood value, however, we shall leave the discussion of ML to later chapters. For 

neural network (NN) with supervised learning paradigm, the criterion is the min

imisation of the cost function. An example of such a cost function is the mean 

squared difference between the output of the NN and the desired target value. 

We shall discuss NN in greater depth in Chapter 4. 

3.3 Feature Extraction 

The problem of modulation classification can be formulated in terms of a pat

tern recognition problem. However, prior to the actual recognition stage, it is 

necessary to consider the feature extraction and data reduction process. 

By definition, any pattern or object (in this case, modulations) that can be 

classified possesses some discriminative properties that differentiate between itself 
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and other patterns or objects. These properties are called features (analogous to 

the human face features) in pattern recognition problem. Three type of features 

exists in general, i.e. physical features, structural features and mathematical 

features. 

Examples of physical features are colour of an object, its fragrance, it mater

ials, etc. Structural features includes structural properties of the objects such as 

its shape, height, weight, textures, volume, etc. The third category (the math

ematical features), which might be the most relevant in this context, are derived 

properties of the object. E.g. the statistical mean, statistical variance, Fourier 

Series, eigenvalues or eigenvectors of covariance matrix etc. A classifier is essen

tially a mathematical algorithm dealing with any computable features. An often 

desirable characteristic for a given feature is invariance. Any good feature should 

be invariant toward scaling, dilation, transformation, etc. Therefore, care need 

to be exercised when selecting and defining features. 

Various features for modulation classification have been proposed as men

tioned previously (Chapter 2). Among which, Azzouz and Nandi [48] proposed a 

spectral feature set for digital communication signal. Azzouz and Nandi tackled 

various modulation types, namely ASK2/4, PSK2/4, and FSK2/4. However, 

while the spectral feature set recognised the fact that information is hidden in 

either the amplitude, phase and frequency spectrum of the signal, and were use

ful for their application, the newer modulation schemes like M-ary QAM signals 

contain both information in amplitude and phase spectrum. A HOS based hier

archical algorithm has been proposed by Swami and Sadler [28], and has shown 

robustness and proven performance in multiple scenarios. 

Some of the features that Swami and Sadler proposed are complex features, 

although they appeared to be real valued if the frequency offset is small. There

fore, complex valued NN are needed if these features is to be used instead of 
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the standard NN. Later in this chapter, the author proposes a set of alternative 

HOS based real valued features that can be applied directly to a standard NN. 

The examples given in Swami and Sadler's literature addresses particular set 

of modulation types, however, most of their examples contains a small number 

of modulation types (c = 2,4) and owing to the hierarchical hypothesis testing 

method, a particular set of modulation types require a different formation of the 

classifier. Great care and experience are exercised for the each formation of the 

solution. When a new modulation type is added to the system, the user needs 

to re-examine the feature threshold manually which can be equally cumbersome 

and time consuming. However, by using a NN solution, the user simply needs to 

retrain the network by adding the new training data and target class label to the 

existing database. 

With any feature extraction procedure, the number of features used is nor

mally kept to a minimum, as the input dimension of the pattern classifier is 

determined by the number of features. The higher the input dimension, the more 

the number of training samples that is required. This is known as the curse of 

dimensionality. It is the analogous to the estimation problem in statistics, in 

that one needs sufficient samples to generate a meaningful statistical estimate. 

Feature selection algorithms (Chapter 5) can be used to choose the feature subset 

that gives the best performance. 

3.4 Data Pre-processing 

Prior to feature extraction, it is customary to take certain measures to ensure 

the integrity of the data. Such measures are commonly known to as data pre

processing. Some examples of these pre-processing techniques are outlier removal, 

data normalisation and missing data treament. 
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Outliers are points that lie far away from the statistical mean of a random 

variable. The presence of outliers also leads to large errors during training, which 

can be costly to the classification process. Normally, a threshold is determined 

(e.g. a multiple of standard deviation) to remove possible outlier. 

Apart from the problem of outliers, it is also possible that the amount of 

available data is not the same for all features. This is the case of missing data. 

This can be a significant problem when the data set is small (a problem typically 

found in genomic signal processing). Otherwise, the examples with missing data 

can be disregarded. In practice, the missing data is sometimes predicted through 

heuristic methods (see [49, 50]). 

Among these pre-processing method, data normalisation is the most relevant, 

as it ensures invariance of certain features. One common normalisation method 

is that the signal/data is ensured to be of zero mean and of unit variance. Math-

ematically, this is achieved through the following: 

(3.5) 

where i is the discrete time index, Xk and (JXk are the mean and standard deviation 

of kth signal examples respectively. 

3.5 Cumulants 

In Section 2.2.2, we introduced some higher order statistics for the case of a 

random variable, where the definition of the moments and cumulants of a random 

variable were given. In a similar fashion, higher order cross-cumulants for random 

variables can be defined as follows: 

Given N samples of a random variable, xi(n), arranged in a vector format, 
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{X; = [x;(l), x;(2), ... , xi(N)V}, and E{-} denote the statistical expectation. 

The second, third and fourth order cross cumulants2 can be defined (c.f. Chapter 

3 in [51]) a..., follows: 

CumX1 ,X2 - E{XI,X2} 

1 N 
- N 2: Xl (n)X2(n) 

n=] 

(3.6) 

CunlX1 ,X2,X3 - E{Xl,X2,X3} 
1 N 

N 2: xl(n)x2(n)x3(n) 
n=l 

(3.7) 

-E{x], x2}E{X3, X4} 

-E{Xl, x3}E{X2, X4} 

-E{x], x4}E{X2,X4} 
1 N 

- N 2: Xl (n)X2(n)X3(n)x4(n) 
n=l 

-CumX1 ,X2 CumX3 ,X4 

(3.8) 

Under ideal environment, the signal model introduced in Equation (3.2) is only 

affected by additive Gaussian noise, g(n), and the phase offset. Assuming that the 

2These cumulants are derived using central moments, and since the signal is of zero mean 
(first order moment), hence for clarity, all relevant products of first order moment in Equation 
(3.7) had been dropped. 
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Figure 3.2: olTuption of the signal's constellation under AWGN at different 
R 

op rating environm nt i coherent the received signal is then only corrupted by 

g(n). Figur 3.2 show how the noise affected the reconstructed I-Q diagram. For 

Gau sian noi higher order cumulant (n > 2) are equal to zero; therefore the 

stimated high r ord r cumulants of the received signal, y(n), can be attributed 

to the high r ord r cUlllulant of the source signal, x(n), as illustrated below using 

t h fomt h ord r cUl1lulant : 

(3.9) 

Thi ' provid an int r ting pro pect for u ing higher order cumulants as f ature 

to clas ify differ nt modulation type . 
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3.6 Feature Set 

Let H.II be the complex envelope of the sampled signal y(t) which is defined by: 

Hy(n) = [y(n) + jy(n)Jexp(-j2nIen) (3.10) 

where y(t) is the Hilbert transform of y(t) and Ie again denotes the carrier fre-

quency. For clarity, we shall drop the discrete time index. 

We then define R to be the real part of Hy , R(Hy) and I to be the imaginary 

part of Hy, r;:"s(Hy). For elegance, we adopt the following convention for nth order 

cumulallts: 

Kn-p,p = CumR ... RI ... I 
~ 

n-p p 

Thus, the following features are introduced: 

(3.11) 

(3.12) 

which are the second, third and fourth order cumulants and cross cumulants of 

the real and imaginary parts of the signal. 

As most of the constellation types considered (see Figure 3.1) here have four

fold symmetry (with the exception of ASK2, BPSK and QAM8), it follows that 

theoretically, the features listed in Equation 3.13 for these summetrical modu

lation types are null features, i.e. their value should be zero, and hence non-

discriminating. 

(3.13) 

Table 3.1 shows the value of all the values of the elements in Equation 3.12, 
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cakulat('d from the ideal noise free constellation diagrams (SNR = 00). The 

result is in accordance with Equation 3.13. It is normally assumed the received 

signal is normalised to unit power. In practice self-normalised cumulants are often 

used to avoid the scaling problem. Owing to the four-fold symmetry properties, 

K20 and n02 are the same (again, with the exception of the three constellations 

mentioned earlier). Therefore, the fourth order cumulants are normalised by 

their second order cumulants. To generalise for modulation types which do not 

process four-fold symmetry, the higher value between K20 and n,02 is taken to be 

the normalising cumulant, n,narm, i.e. 

(3.14) 

and 

(3.15) 

After normalisation, the second order cumulants are not kept since they are 

now non-discriminating. Therefore, the final feature set comprises the following 

fourth order cumulants: 

(3.16) 

In Table 3.2, we consider the theoretical values for the following phase and 

quadrature modulation types: 

· ASK2 . BPSK . QPSK . PSK8 

· STAR . V.27 . V.29 . V.32 

· QAM8 . QAM16 . QAM32 . QAM64 

These values were again calculated using the ideal constellation diagrams of each 

individual modulation. Besides, the standard deviations of these values at 0, 10 



Cumulants ASK2 BPSK QPSK PSK8 STAR V.27 V.29 V.32 QAM8 QAM16 

11:20 0.50 0.00 0.38 0.44 0.46 0.44 0.47 0.48 0.73 0.47 
11:11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
11:02 0.00 0.50 0.38 0.44 0.46 0.44 0.47 0.48 0.15 0.47 
11:30 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
11:21 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
11:12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
11:03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
11:40 -0.50 0.00 -0.28 -0.29 0.10 -0.30 -0.14 -0.22 -0.72 -0.30 
11:31 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
11:22 0.00 0.00 0.00 -0.10 -0.21 0.05 -0.12 -0.10 0.00 0.00 
11:13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
11:04 0.00 -0.50 -0.28 -0.29 0.10 -0.30 -0.14 -0.22 -0.04 -0.30 

-- -- -- - -

Table 3.1: Theoretical cumulant values for various modulation types 

QAM32 QAM64 

0.48 0.49 
0.00 0.00 
0.48 0.49 
0.00 0.00 
0.00 0.00 
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0.00 0.00 
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0.00 0.00 
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and 20 dB signal-to-noise ratio (SNR) are also presented here (Tables 3.5, 3.4, 

3.3). The SNR is defined mathematically as follows: 

[
{-, y2(n)] 

SNR = 10 log ~ g2(n) (3.17) 

where y( n) and g( n) are the signal and the Gaussian noise respectively. 

3.7 Conclusion 

This chapter presented a practical mathematical model of a received signal with 

unknown modulation via an AWGN channel. This complex model which takes 

into account various non-idealities upon interception of signals can be simplifed 

under the assumption of a coherent channel. The problem definition for modula-

tion classification was also stated in the first half of this chapter. 

Feature extraction is an integral part of the pattern recognition problem. An 

important criterion for an ideal feature is invariance against translation, trans-

formation, noise corruption, rotation etc. Such features are difficult to obtain 

in real life. However, if the underlying mechanism of a problem can be clearly 

understood, it is then easier to find features that are near to the ideal conditions. 

In this chapter, a small feature set based on HOS is introduced. Communic

ation signals are often corrupted by Gaussian noise. In general, HOS provides 

a good degree of immunity against additive Gaussian noise, as the higher order 

cumulants ( of order > 2) are zeros. Although, in practice, owing to the finite 

samples scenario, variability can still be found in the estimates of these HOS. 

HOS provides good descriptive measures for 2D constellation diagrams. It 

provides an intuitive method for discriminating among different modulation type 

with different constellation diagrams. A statiscal feature set, based on the fourth 



Features ASK2 BPSK QPSK PSK8 STAR V.27 V.29 V.32 QAM8 QAM16 QAM32 QAM64 

K40 -1.00 0.00 -0.75 -0.66 0.21 -0.68 -0.29 -0.46 -0.99 -0.64 -0.55 -0.61 

'"'22 0.00 0.00 0.00 -0.22 -0.46 0.12 -0.26 -0.21 0.00 0.00 -0.12 0.00 
K04 0.00 -1.00 -0.75 -0.66 0.21 -0.68 -0.29 -0.46 -0.06 -0.64 -0.55 -0.61 

Table 3.2: Theoretical values for the final feature set calculated with ideal noise free constellation diagrams 
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Standard ASK2 
Deviation 

Std(K40} 0.02 
Std(K22} 0.00 
std(Ko.i} 0.00 

- -- -- --

Standard ASK2 
Deviation 

std(K40} 0.07 
Std(K22} 0.02 
Std(K04) 0.02 

'--~-.---- L- ___ 

Standard ASK2 
Deviation 

Std(K;40) 0.11 
Std(K22) 0.04 
std(Ko.i) 0.08 

BPSK QPSK PSK8 STAR V.27 V.29 V.32 QAM8 QAM16 

0.00 0.04 0.06 0.07 0.04 0.06 0.06 0.04 0.05 
0.00 0.00 0.01 0.02 0.01 0.02 0.01 0.00 0.02 
0.02 0.04 0.06 0.07 0.04 0.06 0.06 0.01 0.05 

- ----- -- ------'-

Table 3.3: Standard deviation of proposed features at 20 dB SNR 

BPSK QPSK PSK8 STAR V.27 V.29 V.32 QAM8 QAM16 

0.02 0.06 0.08 0.07 0.06 0.06 0.06 0.05 0.05 
0.02 0.02 0.03 0.02 0.03 0.02 0.02 0.01 0.02 
0.07 0.06 0.07 0.07 0.06 0.06 0.06 0.01 0.05 

- -- - ----'------ --- '----- - '---'--- --- L- _____ 

Table 3.4: Standard deviation of proposed features at 10 dB SNR 

BPSK QPSK PSK8 STAR V.27 V.29 V.32 QAM8 QAM16 

0.08 0.10 0.10 0.10 0.09 0.08 0.08 0.10 0.08 
0.04 0.04 0.04 0.03 0.04 0.03 0.03 0.03 0.04 
0.12 0.10 0.10 0.09 0.10 0.09 0.08 0.05 0.08 

-------- ----- '-- --- '-------

Table 3.5: Standard deviation of proposed features at 0 dB SNR 

QAM32 
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--------
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order ("ulllulants of the I-Q diagram, was devised. The theoretical values shown 

in Table 3.2 suggest that discimination is possible using the proposed statistical 

feature set. The tightly bounded standard deviations of these features in high 

SNR (> 10 dB) give an optimistic view for the actual classification process. 

Although when the noise gets higher, the bound of the standard deviaton also 

lossen. This is understandable judging from Figure 3.2. 



Chapter 4 

Digital Modulation Classification 

using Neural Networks 

Artificiallleural networks (ANN) first overwhelmed the signal processing society 

in the mid-80s. Today the ANN is widely used in many digital communication 

application [52]. It applications ranges from simple channel estimation to MIMO 

channel equalisation. Other examples can also be found in control engineering, 

condition monitoring, image processing, etc. ANN can be grouped into two major 

categories by their learning paradigms, i.e. supervised learning (learning with a 

teacher) or unsupervised learning (clustering). Unsupervised learning is widely 

used in applications such as data representation, vector quantisation, data mining, 

etc; while supervised learning is commonly used in non-linear regression and 

pattern classification. In this work, the application of supervised learning based 

neural networks in digital modulation classification is investigated. 

Supervised neural networks are popular choices in recent developments of 

modulation classification. It is a preferred alternative approach to decision the

oretic (DT) based algorithms [17J when training examples are available. ANN 

based algorithms have the ability to learn the optimal threshold via training. This 

42 
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differs from some algorithms based on the DT approach where many thresholds 

of the key feature values needed to be chosen carefully with detailed analyses. 

Another major advantage of supervised ANN over DT is that the key features 

can be applied all at the same instance. For DT however, the order of evaluat

ing certain key features are crucial, as it can give rise to differing performance. 

Training the ANN requires all features must be available prior to the classification 

phase. This may be time-consuming if the number of key features is large and 

is extracted serially. Nevertheless, this issue can be overcame through parallel 

processing of key features as often they do not rely on the presence of other key 

features. 

When an ANN classifier is trained, i.e. the underlying structure and paramet

ers are fixed adaptively through the training data, it may be used for on-line ana

lysis. This is owing to the computational simplicity of the ANN. Besides, when 

changes occurred to the operating environment (e.g. changes of SNR), ANN can 

be easily retrained for the new operating condition. Most ANNs also demonstrate 

robustness and tolerances against faults. 

In general, an ANN classifier can be viewed as shown in Figure 4.1. A set 

of pre-defined features are calculated during the feature extraction stage. The 

features are then fed through the pre-trained neural networks which consists 

an interconnection of weighted non-linear processing units called neurons. These 

weighted neurons form a set of non-linear discriminant functions which will output 

a set of soft decisions. A final classification stage transforms these soft decisions 

into hard decisions where the output is associated to one modulation type in the 

context of autmatic digital modulation classification (ADMC). 

The operation of each ANN, in general, consists of a training phase and a 

testing phase. Depending on the training methodology adopted, a validation 

phase is sometimes required. In the training phase, the weight of the neurons are 
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Extraction 

Networks 

Figure 4.1: A based modulation classifier 

constantly adju ted with the aid of error information fed back through a feedback 

path. 

In the validation phase, if present, a separate set of validation data is used to 

check the generality of the classifier at the end of each training epoch (iteration). 

A classifier with good generalisation is one that has good classification for all 

sample ' including tho it has never seen before. It is essential that a classifier 

performs well for all three datasets (training, validation and testing). During 

validation phase if th cla sifier's error index of the validation set increases con-

si 'tently for a pre-defined period, despite the error index of its training set still 

dccreassing, th cla ifier i aid to be "overfitting" the training set. Hence, the 

training pro s is intcruptted. Subsequently, the weights of the classifier are re

v rt d to th previou weight values that gave the smallest validation error index. 

This III thod i called generali ation via early topping" and is commonly used 

in back-propagation 1 arning ba ed neural networks. 

One th training phas is completed, a new feature set is then supplied to 
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test the performance of the classifier. In both validation phase and testing phase, 

the feature set used should not be seen before by the classifier nor should the 

weights of the neurons be altered. 

In this chapter, three ANN based classifiers are presented, namely, multi-layer 

perceptrons (MLP), radial basis function networks (RBF) and probabilistic neural 

networks (PNN). There is a discussion of MLP in some details and with that we 

proceed to introduce the latter two variants. Their performances are compared 

at different SNR conditions. This chapter aims to demonstrate the capability of 

ANNs in ADMC. 

4.1 Multi-layer Perceptrons Classifier 

MLP (see Figure 4.2) is a feed-forward structure of interconnection of indi

vidual non-linear parallel computing units called neurons. Inputs are propagated 

through the network layer by layer and MLP gives a non-linear mapping of the 

inputs at the output layers. 

We can write MLP mathematically as: 

q p 

Yk(n) = <P2(l: Wkj<P1 (l: Wjixi(n))) ( 4.1) 
j=1 i=O 

where n is the sample number, subscript k denotes the output nodes, subscripts 

i and j denote hidden nodes and inputs nodes respectively; p and q are the total 

number of neurons available in layer i and j respectively. Note that the activation 

functions, <Pl,2, can vary for different layers of neurons. 

Classification generally consists of two phases - training and testing. A paired 

training input and target output are presented at each training epoch, output 

errors and weights are calculated according to the chosen learning algorithm. 
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Figur 4.2: two-layer MLP with sigmoid activation 

For a bat h training algorithm, weights are updated once every training epoch, 

m aning a full run of training sample, while in adaptive training, weights are 

updat d y ry training ampl. Learning algorithms shall be discussed in more 

d pth in the n xt ction. 

4.1.1 Learning Algorithms for MLP 

Th ~ILP i a r lativ 1. mature branch of ANN and there are a number of efficient 

training algorithm '. zzouz and andi adopted the standard back-propagation 

algorithm (BP) [53]. Th y al 0 u ed BP with momentum and adaptive learning 

rat to:p d lip th training tim required. 

BP algorithm implem nt gen ralised chained rule repetitively to calculate 

th chang ach \V ight wi h r pect to the error fun tion, E. 

6E 6E 6Yi bUi 

bWij = 6 Vi bUi bWij 
( 4.2) 
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and where 'Wij represents the weight value from neuron j to neuron i, Yi is the 

output and 11,i is the weighted sum of the inputs of neuron i. Examples of some 

common choices of E are the Sum Squared Error (SSE) and Mean Squared Error 

(MSE): 

( 4.3) 

( 4.4) 

where E{·} is the mathematical expectation operator, and di is the target vector. 

The weight values are then updated by a simple gradient descent algorithm: 

8E 
Wij(t + 1) = Wij(t) - c 8Wij (t) (4.5) 

The learning rate parameter, f, is analogous to the step size for a least mean 

square (LMS) adaptive filter, where a higher learning rate means a faster con

vergence, but with risk of oscillation. On the other hand, a value too small will 

take too much time to achieve convergence. An adaptive learning rate variant of 

BP takes account of this problem by updating the learning rate adaptively. By 

doing so, one also avoids trapping in a local minimum. 

A BP algorithm with momentum adds an extra momentum parameter, Il, to 

the weight changes: 

(4.6) 

This takes account of the previous weight changes and leads to a more stable 

algorithm and accelerates convergence in shallow areas of the cost function. 

In recent years, new algorithms have been proposed for network training. 
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However. some algorithms require much computing power to achieve good train-

ing, especially when dealing with a large training set. Although these algorithms 

require very small numbers of training epochs, the actual training time for a 

epoch is much longer compared with BP algorithms. An example would be the 

Levenberg-Marquardt Algorithm (LM) [54]. 

Here, we consider the BP algorithms and the resilient back-propagation a1-

gorithm (RPROP) proposed by Riedmiller and Braun [55] in 1993. Basically, 

unlike BPs, RPROP only considers the sign of derivatives as the indication for 

the direction of the weight update. In doing so, the size of the partial derivative 

does not influence the weight step. 

The following equation shows the adaptation of the update values of Aij for 

the RPROP algorithm. For initialisation, all Aij are set to small positive values. 

'Y)+ * AiJ-(t - 1), if 8E (t - 1) * 8E (t) > 0 '/ OWij 8Wij 

'Y)- * AiJ-(t - 1), if 8E (t - 1) * 8E (t) < 0 '/ 8w'J OWij 
(4.7) 

1]0 * Aij (t - 1), otherwise 

where 1]0 = 1, 0 < 1]- < 1 < TJ+ and 1]-.0,+ are known as the update factors and * 
denotes the multiplication operand. Whenever the derivative of the corresponding 

weight changes its sign, it implies that the previous update value is too large and 

it has skipped a minimum. Therefore, the update value is then reduced (TJ-) 

as shown above. However, if the derivative retains its sign, the update value is 

increased (1]+). This will help to accelerate convergence in shallow areas. To 

avoid over-acceleration, in the epoch following the application of 1]+, the new 

update value is neither increased nor decreased (TJO) from the previous one. Note 

that values of Aij remain non-negative in every epoch. 

This update value adaptation process is then followed by the actual weight 
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update proces , which i governed by the following equations: 

-6. i j (t), if 8:~i (t) > 0 

+6. i J (t) , if 8E (t) < 0 8Wt j 

0, otherwise 

4.2 Radial Basis Networks 

x2 

• • • • • xM 

Figure 4.3: A RBF network with linear output lay r 
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( 4.8) 

(4.9) 

Yl 

Y2 

• • • 
YN2 

not her popular typ of fe d-forward AN is the radial basis function (RBF) 

11 tworks [56 57] . RBF network would normally have more hidden layer neurons 

than lLP ' . In fact , a typical RBF has one neuron for every training examples. 

However there a1 0 xi t implementation where the hidden layer neurons are 
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added one at a time. To do this, the training pattern that produces smallest 

training error will be chosen as the new hidden layer neuron. 

Typically, RBF is a two layer network as shown in Figure 4.3. The activation 

function for the input layer of RBF is: 

f(x) = <1>(lIxll) (4.10) 

where <1>(-) is a continuous function (a radial basis function). The activation 

function can take the form of a Gaussian activation function, thus for kth neuron 

in the hidden layer: 

( 4.11) 

where a is known as the scale factor which is constant for all neurons and Ck is 

the centre for the neuron k. 

The second layer as shown in the diagram is a weight sum of the output of 

the input layer. Therefore the network output can be written as below: 

N 

Yj = Lwkj<I>k(IIx - Ckll) (4.12) 
k=l 

where NJ is the number of neurons in the hidden layer and Wkj is the weight value 

of output j from hidden neuron k where j = 1, ... , N 2 . In fact, when there is 

only neuron that fires and other neurons' output are zero or close to zero, the 

output of this linear layer is actually the weight vector for the winning neuron. 

However, this is an extreme case, normally, all neurons would have a certain 

degree of response. 

One way to see the difference between a MLP and a RBF network is to look 

at the way the decision boundaries are drawn. In MLP, the decision boundary 

are drawn as hyperplanes. However, in RBF networks, decision boundaries exist 
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as countonrs ill the feature space. A comprehensive illustration of this can be 

found in [58, Chapter 3]. 

4.2.1 Learning Rule for RBF 

The RBF networks have two stages for learning, an unsupervised stage for the 

centres and a supervised stage for the weights update. 

In the unsupervised stage, each time an input vector, x(n), is presented to 

the network,the distances between x(n) and the centres Ci(n) are computed. The 

winning centre,Cwin is then the one with the smallest distance, Dwin: 

( 4.13) 

The winning centre is then updated according to the following: 

(4.14) 

where I-l is a small positive constant analogous to the learning rate parameter 

in MLP. After the unsupervised stage, the weights update of the output layer is 

then carried out. If the output layer is linear one, then the Least Mean Squared 

(LMS) algorithm can be used. For each iteration, the errors between the targets 

(desired output values) to the network's outputs are found. Consequently the 

weights are updated according to: 

(4.15) 

where again Q is a small positive constant and ej (n) is a small. If the output 

activation function is not a linear one, then standard BP algorithm can be applied 
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in place of the LMS algorithm. 

4.3 Probabilistic Neural Networks 

Another family of neural networks, which is structurally similar to the RBF net

works, is the probabilistic neural networks (PNN). The PNN is in fact an out 

growth from Bayesian classifiers and evolved from a classifying method named 

Parzen's windows. Historically, the PNN was first proposed for pattern classific

ation by Specht in 1967 [59] and since then had been used in various applications 

e.g. vector-cardiogram interpretation [60], power lines fault detection [61], spike 

detection for on-line vibration diagnostics [62], etc. However, the PNN was not a 

straight hit off during the early days of its introduction due to the computational 

constraint which limited its usage in real time or dedicated application. Never

theless, with the massive advances in computing abilities and parallel computers, 

the PNN has enjoyed renewed interest [63, 64] and a few modified version to were 

proposed [65, 66] recently. 

The PNN has some advantages over MLP and other BP methods. Firstly, 

the PNN has a rapid training time when compared to BP. The iterative training 

in BP could take a long period of time, but this is replaced by a little more 

than reading in the training set in the case of PNN. Secondly, PNN is said to be 

guaranteed to converge to a Bayesian classifier given enough training examples. 

Such guarantee can not be found with standard BP procedures, and as a matter 

of fact, standard BP has the risks of become trapped in the local minimums of the 

cost functions. Additionally, the PNN also allows convenient data alteration, i.e. 

pattern can be added or deleted from the training set without lengthy retraining. 

This means that when there are more data available as the time goes by, we can 

add to the PNN so that better classification can be made. One other advantage 
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over the 1fLP is that the output of PNN indicates the confidence of the decision. 

Such a level of evidence cannot be found in MLP. 

Although the PNN overcomes some major shortfalls of MLP, it still retains the 

desired characteristics of neural networks. Like MLP, it is able to map complex 

input/output relation via learning. It is also able to generalise data, i.e. if a 

similar pattern is found, it is able to classify the new pattern correctly within 

limits. Last but not least, it also retains the concurrency property of neural 

networks enabling parallel implementation for real time processes. 

4.3.1 Bayesian Classification and Parzen Windows Estim

ation 

The Bayesian method of N class classification chooses class a with the feature 

value, x, which maximises product of the prior probability Pa , the probability 

Pa{x), and its loss factor, la{x) of the class a, a = 1,2, ... , N. In its simplest 

case, if the prior probabilities and the loss factors are equal for all classes, the 

Bayesian classifier simply chooses the class with the greatest probability value for 

feature, x to be observed. This can be illustrated in a dual class scenario using 

Figure 4.4. In Figure 4.4, the one dimensional Normal PDFs of two classes, Class 

1 and Class 2, are shown for one dimensional input feature, x. Given an observed 

value of x = 0.2 as shown with the vertical dotted line, Pl(X) gives a value of 

0.04 and P2{X) give a value of 0.77. The decision of Bayesian Classifier in this 

case therefore is that the observation belongs to Class 2. Of course, in practical 

scenario, there are often more than one dimensional input spaces, and hence a 

multi-dimensional PDF is used for such decision making processes. 

In rea11ife, the PDF for each class is general unknown and has to be deduced 

from the training samples. It is often difficult to estimate the PDF accurately 
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Figure 4.4: Illustration of Bayesian classification 

because the training data is often quite sparse in nature, therefore not allowing 

sufficient density for the histogram of the training data to be meaningful. Parzen 

proposed a method in overcoming such problem in 1962 and this method is now 

generally called Parzen windows [67]. Figure 4.5 shows the method is used for 

OIle feat ure and one class. Three samples and their unit Gaussians are shown in 

dotted lines in Figure 4.5. Adding them up together with scaling, an estimation of 

the true PDF is shown with the thicker solid line. Parzen showed that with large 

number of samples and appropriate scaling, this composite curve will approach 

the true PDF. 

The calculation of whole PDF is not necessary while implementing Parzen's 

windows for classification. One only need the value of Parzen's windows at the 

test vector point, which is summarised in the following equation, generalised for 
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( 4.16) 

where i is the sample number, d is the number of dimension of the feature space, 

a is the scale factor as with the case of RBF networks, X is the test vector to be 

classified, and Y; is the ith training vector of class a. When the scale factor a, 

approaches zero, the classifier then approximates a nearest neighbour classifier. 

When a approaches to infinity, the decision boundaries reduces to a hyperplane, 

therefore only linearly separable problems can be solved. 

The popularity of lleurailletworks in 19808 led to the reformulation of Parzen'8 

windows with neural networks terminology. The idea of Parzen's windows can 

be recreated using a PNN with a three-layer network. These layers include a 
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pattern layer, a summation layer and an output layer. Structurally the PNN 

is similar to the RBF networks, except the output layer can be now called a 

decision layer since it is replaced with competitive layer and therefore only one 

neuron (representing one particular class) can fire at one time. 

More detailed discussion 011 MLP, RBF and PNN can be found in [68, 69] and 

other neural network related literatures. A bibliography of application of neural 

networks in digital communications can also be found in [52]. 

4.4 Experimental Setup and Results 

In this section, we investigated and examined the three neural networks that 

were discussed previously. For the purpose of the experiments in this work, some 

statistical feature sets (Equation (3.16)) were generated with a variety of selec

ted parameters. The datasets were generated according the parameters shown in 

Table 4.1. These features were then generated and grouped according to their 

Parameters Varieties 

ASK2, BPSK, QPSK, PSK8, 
Modulation V.27, V.29, Star(V.29c), V.32, 

QAM8, QAMI6, QAM32 & QAM64 

SNR -5 dB, 0 dB, 5 dB, 
10 dB, 15 dB & 20 dB 

Total Number of Symbols 100, 250 & 500 

Table 4.1: Parameters for feature sets 

SNRs and total number of symbols from which the three statistical features were 
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generated. For each modulation type, 3000 examples for each SNR and each set

ting of total number of symbols were generated. These 3000 examples were then 

divided into 3 equal set of a thousand for training, validation and testing. This 

high lllllllber of training and test examples ensured the statistics for classification 

were as meaningful as possible. 

For the following sections, we first looked at the determination of hidden 

neurons for the case MLP with BP and RPROP. The BP that was adopted here 

incorporates learning with momentum and early stopping. Then, the asymptotic 

behaviour of the feature sets was examined by comparing the effect of the estim

ation of features using different number of symbols. The performance of RBF 

and PNN with a variety of scale factors is compared with the best performance 

obtained using RPROP classifier. 

The general model for a ANN based classifier is shown in Figure 4.1. From 

the diagram, it implicitly shows that the number of input nodes for the ANN 

classifiers is determined by the number of input features; in this case, three. The 

number of output neurons is then determined by the number of available classes. 

It has been shown that a two-layer network (a hidden layer and output layer) has 

the ability to approximate any measurable function in a precise fashion provided 

there are sufficient number of hidden layer neurons [70, 71 J. Therefore, a two-layer 

network is adopted in this work. 

Under this kind of setup, one now needs to find the optimal number of hidden 

layer lleurons for MLP based classifiers. A general rule of thumb is that the 

hidden layer neurons is at least twice the input features. For RBF and PNN 

based classifiers, the number of hidden layer neurons are assigned implicitly in 

the training algorithm. 
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4.4.1 Case Study I: SNR Analysis and Hidden Layer N eur-

ons 

In order to find out the optimal (or at least suboptimal) number of neurons, 

two computer experiments were conducted in MATLAB, in conjunction with the 

Neural Network Toolbox. For each experiment, a set of two-layer MLP feed

forward NNs was created with different number of hidden layer neurons, ranging 

from one neuron to a layer of twenty neurons. Two training algorithm were 

then used for investigation namely, BP learning with momentum and adaptive 

learning rate, and the RPROP algorithm. For both algorithms, the nonlinearity 

for the hidden layer neurons was set to the tansig (sigmoid) function, while the 

nonlinearity of the output layer neurons was set to logsig (logarithmic sigmoid) 

function 1. For each algorithms, SNR analyses were conducted with each setting 

of number of hidden layer neurons. 

At the end of each training iteration, the network under test was tested with all 

the three sets of data, giving three set of performance, which were then averaged 

to give the performance index2
• 

Equation (4.17) was used as performance index for this section: 

P 
Ptraining + PYalidation + Ptesting 

avg = 3 ( 4.17) 

where Hraining, Pvalidation and Hesting are the correct classification percentages of 

1 The logsig function has the range from 0 to 1 that corresponds to the range of target vectors 
(N x 1 vectors with a single entry of '1' at the row corresponding to the class label, and '0' 
elsewhere). 

2It is not common practise to use such a performance index; if the classifier are over-fitted 
to the training data set, this index will be bias to a higher value. However, as seen from Figure 
4.6, all three data sets show closely matched and well generalised performance. Therefore, in 
this case, the usage of such index can be compromised. A more common approach is to use 
the classification performacne of the test set as the performance index, which will be adopted 
in the author's future works. 
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training, validation and testing process. Figure 4.6 shows a typical graph to 

depict a typical training process. As can be seen from the graphs, the network 

was generalising well as there were little differences in the MSE of each curves. 

Figure 4.7(a) gives the result obtained from the experiment using BP learning 

with momentulll and adaptive learning rate. The horizontal axis gives the number 

of neuron and the vertical axis gives the performance index of the classifier. 

Results for SNR = -5,0, 5, 10, 15, and 20 dB are shown using different markers 

as depicted in the legend box. 

The results obtained for this experiment did not clearly indicate the optimal 

number of neurons. From the graph, it did show a general trend of convergence 

once a certain number of neurons was achieved for all cases with different SNRs. 

Ideally, the performance of the classifier should converge if the classifier possesses 

sufficient neurons to draw the decision boundaries. 

The number of hidden layer neurons chosen was fourteen in this case. The 

reason being, with fourteen neurons, the performance of most classifier had ad

equately converged, particular for SNR = 20 dB and 5 dB. The fluctuation of 

performance at lower SNR seemed to be less prominent than with higher SNRs. 

With the RPROP classifier, the picture was much clearer than it was with 

the case of BP training. In Figure 4.7(b), the results for the RPROP classifier 

is shown using identical setup as with BP classifier, with the exception that, the 

horizontal axis, representing number of hidden layer neurons, has been truncated 

to 10 neurons. The six curves again show the results obtained for six different 

SNR value as depicted in the legendary box. 

From the graph, it was shown that the RPROP classifiers were superior to 

their BP counterparts. All RPROP classifiers gave a converged performance index 

value with number of hidden layer neurons set to five or more. This was a useful 

result that one can immediately determine the number of neurons needed for the 
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Figure 4.6: An example of training process for BP learning with momentum and 
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hidden layer without much further analysis or compromise to be made. 

In general, the performance of RPROP classifiers also seemed to be consist

ently higher or at least equal to their BP counterpart for all positive SNRs. 

However, the number of hidden layer neurons needed for RPROP was half com

pared to the number of hidden layer neurons required for BP classifiers. This 

suggested RPROP as the more attractive choice for our modulation classification 

task, as a lesser number of neurons indicates a simpler neural network in term of 

network complexity. By using five hidden layer neurons, the number of hidden 

layer neurons of RPROP classifier was one neuron less than the rule of thumb 

had required. 

4.4.2 Case Study II: Asymptotic Behaviour 

Having designed a feature set, its relation with the sample size that it was estim

ated from is of particular interest in signal processing algorithms. It is a desirable 

characteristic for a classifying system to have good asymptotic behaviour, i.e. the 

increment of performance against the sample size. In this section, we used three 

identical groups of datasets to test the two MLP classifiers. These three groups 

of datasets varied in the sample size of the signal that they were estimated from, 

and in our case these are 100, 250 and 500 samples. We assumed symbol space 

sampling for these signals, therefore the sample sizes corresponded to the number 

of symbols. To avoid confusion while comparing against other works, the term 

symbol is adopted hereafter. 

Having chosen the number of hidden layer neurons from the results of previous 

section, we set the number of hidden layer neurons to be fourteen for the BP 

classifiers, and five for the RPROP classifiers. Consequently, the classifier were 

trained for different SNRs as before. The number of maximum training epoch 
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allowed for each classifier was set to 10,000. This will give more chances for the 

classifier to converge fully. The results obtained are summarised in Figure 4.8(a) 

and Figure 4.8(b) for the BP classifiers and RPROP classifiers respectively. 

From the figures, both classifiers indicate that a higher sample size dataset 

would give a better classification performance. In other word, our classifying 

systems do converge with the increment in sample size. From the results, it can 

be seen that the RPROP classifier outperformed the BP classifier again, and 

especially in datasets of low sample size. Interestingly, the performance of BP 

at 100 symbols and 250 symbols were lower than RPROP initially (0 dB and 5 

dB), then over the range of SNR, the performance of the algorithms seemed to 

converged and leveled at 10 dB and above. At 500 symbols, the BP's performance 

at 15 dB dropped back to 100 symbols, this could be due to a local minimum 

encounter in the algorithm. 

4.4.3 Case Study III: RBF network and PNN 

In this section, we examine the performance of alternative classifiers, based on 

the RBF networks and PNNs. For these experiments, the training dataset was 

reduced to one tenth of those used for MLP classifiers. Although more training 

data was available, the computational burdens of these neural network variants 

were too much. From experiments, it was deduced that the physical memory 

was a limitation for the algorithm to train with full dataset. Therefore, the 

classifier was only shown 100 training examples per modulation type as opposed 

to 1000 examples per modulation in previous sections. An alternative method 

that could be used is to train the networks multiple times if one insists to have 

all the examples used for training. However, this was not adopted and proved 

unnecessary from the experimental results obtained. 
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Unlike ~lLP neural networks, generalisation was controlled by the scale factor 

in these variants of neural networks. Therefore no validation set was used. For 

testing, the same dataset used for the previous experiments was used. The per-

fOflnance index used for this section is the correct classification rate of the test 

dataset as this reflects the generalised performance of the classifier as well. 

Results of these classifiers using the above setup for datasets obtained with 

500 symbols are shown in Table 4.2 and 4.3 for the RBF network classifier and the 

PNN classifier respectively. The range of scale factors examined in this section 

ranged from 0.2 to 1.2, and the SNR examined again ranged from -5 dB to 20 dB 

in steps of 5 dB. 

Scale SNR 
Factor -5 dB o dB 5 dB 10 dB 15 dB 20 dB 

0.20 8.31 9.03 57.79 71.60 67.45 95.85 
0.40 8.30 9.69 31.98 32.24 92.74 96.97 
0.60 8.97 9.42 25.94 61.08 84.96 92.85 
0.80 9.57 14.63 46.77 77.30 90.99 98.19 
1.00 9.06 20.11 58.75 84.80 92.62 97.16 
1.20 10.25 25.82 65.85 88.10 94.07 98.28 

Table 4.2: Performance of RBF network for N = 500 

Scale SNR 
Factor -5 dB o dB 5 dB 10 dB 15 dB 20 dB 

0.20 16.07 46.56 78.79 93.35 94.91 97.83 
0.40 18.16 48.89 79.24 92.92 94.46 97.17 
0.60 20.12 49.07 78.91 92.83 94.13 96.86 
0.80 21.07 49.12 78.78 92.67 93.98 96.75 
1.00 20.98 48.91 78.58 92.64 93.99 96.68 
1.20 20.82 48.95 78.53 92.57 93.96 96.67 

Table 4.3: Performance of PNN for N = 500 

From Table 4.2, it was found that the best performing scale factor of those 

examined was 1.2 for the RBF network classifier. At high SNR (10, 15 and 20 
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dB), the RBF network classifier achieved very similar performance of the RPROP 

classifier with 5 hidden layer neurons (see Figure 4.8(b)). However, at lower SNRs 

(-5,0 and 5 dB) the performance of the RPROP classifier was twice as good as 

the figures shown by the RBF network classifier. 

With the PNN classifier, the determination of scale factor was a more difficult 

task. The optimal scale factor seems to decrease with the improvement of SNR. 

From the table, it seemed that for -5 dB and 0 dB, the best scale factor was 

0.8. For 5 dB and 10 dB, it was 0.4 and for high SNRs, the best scale factor 

was chosen as 0.2. Nevertheless, for a practical system, we would have to make 

some trade off, therefore we have chosen the scale factor to be 0.4 after various 

considerations. Nevertheless, these knowledge is useful if the knowledge of SNR 

is available. It also prompt for further work in a adaptive version of PNN with 

variable scale factor. 

In comparison with the RPROP classifier, the performance of the PNN classi

fier showed (scale factor = 0.4) a close match although typical 1 or 2% lower than 

the RPROP classifier. This is an encouraging result as the training examples used 

were one tenth of those shown to the RPROP classifier, The results suggested 

that the possibility of better performance if repetitive training were used for the 

PNN classifier. One remark from the observation in terms of physical training 

time, the PNN classifier was the fastest in all the variants of NN investigated in 

this work. However, the memory requirement for a PNN is much larger than the 

memory requirement of a MLP. This is because the PNN reads in every training 

vectors as its patterns. 

The experiments were repeated for datasets obtained with 100 and 250 sym

bols as with the MLP classifiers. The corresponding results were shown in Table 

4.4 to Table 4.7. Generally, the results show an increase of performance with 
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increment of the original signal sample size. This is coherent with the observa-

tion in Section 4.4.2 in the case of MLP classifiers. This is expected in statistical 

features a,.,) such features are sample estimates of the true statistics of the sampled 

signals. 

Scale SNR 
Factor -5 dB OdB 5 dB 10 dB 15 dB 20 dB 

0.20 8.26 11.28 39.52 9.66 51.92 89.74 
0.40 8.35 9.40 9.61 15.82 52.73 74.53 
0.60 8.14 8.51 12.75 39.85 73.03 85.76 
0.80 9.29 11.84 31.38 58.77 80.33 96.22 
1.00 9.07 14.87 39.58 69.92 83.94 96.23 
1.20 9.21 19.27 47.33 77.47 86.10 94.81 

Table 4.4: Performance of RBF network for N = 250 

Scale SNR 
Factor -5 dB o dB 5 dB 10 dB 15 dB 20 dB 

0.20 8.38 8.72 16.62 11.29 39.67 77.81 
0.40 8.18 8.58 24.77 14.19 31.85 76.72 
0.60 8.16 8.92 11.91 20.38 47.35 64.17 
0.80 8.45 9.30 17.97 33.89 57.64 74.81 
1.00 8.93 11.79 25.10 43.83 64.24 87.30 
1.20 9.07 13.82 29.70 51.67 69.11 88.33 

Table 4.5: Performance of RBF network for N = 100 

From the tables, the same phenomenon that was observed for the scale factors 

in the case of the RBF networks and the PNN were again observed for 100 and 250 

symbols. The RBF network favoured a consistent scale factor (1.2 in this case) 

but the scale factors for the PNN seemed to get smaller as the SNR increases. 

4.5 Conclusion 

In this chapter, the general framework of pattern recognition using neural net

works was introduced and discussed. Three popular types of neural network were 



Digital Modulation Classification using NNs 68 

Scale SNR 
Factor -5 dB o dB 5 dB 10 dB 15 dB 20 dB 

0.20 13.38 34.60 68.20 86.77 90.58 96.00 
0.40 15.65 38.48 69.87 85.53 89.71 95.51 
0.60 16.56 39.38 69.68 84.84 89.34 95.32 
0.80 17.00 39.33 69.21 84.38 89.09 95.20 
1.00 17.27 39.05 69.07 84.12 89.00 95.18 
1.20 17.55 38.86 68.85 83.90 88.97 95.15 

Table 4.6: Performance of PNN for N = 250 

Scale SNR 
Factor -5 dB o dB 5 dB 10 dB 15 dB 20 dB 

0.20 9.83 22.40 48.36 69.28 77.86 89.49 
0.40 11.50 26.47 52.44 69.87 77.17 88.33 
0.60 12.85 27.54 52.77 69.20 76.54 87.30 
0.80 13.30 27.84 52.62 68.54 76.04 86.83 
1.00 13.23 28.11 52.26 68.28 75.70 86.61 
1.20 13.35 28.02 51.87 67.95 75.53 86.54 

Table 4.7: Performance of PNN for N = 100 

investigated and their performance was examined using the statistical features 

proposed in previous chapter. Selected results were included at the end of the 

chapter. 

The first neural network variant investigated was the MLP neural network. 

With a feed forward structure and structure resemblance of the physical neural 

network, this variant gained huge popularity since the 80s particular among the 

new comer into field. Two training algorithms were investigated for the case 

of MLP classifiers, these were namely the standard BP with momentum and 

adaptive learning rate, and the RPROP algorithm. In terms of performance, the 

RPROP classifier consistently outperformed the BP classifier. From observation, 

the RPROP classifier also showed faster convergence during training. The optimal 

number of hidden layer neurons for the classifiers were chosen via Monte Carlo 

trials for a range of numbers of hidden layer neurons. 
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The asymptotic characteristic of the features proposed were also examined 

through experiments with the two chosen classifiers with an optimal number of 

hidden layer neurons. It was shown that the the higher the original sample size, 

the better the sample estimates, and hence the better the performance shown. 

This observation was later confirmed with a coherent result for other variants of 

neural networks investigated in this chapter. 

In the final part of the chapter, the performance of RBF network classifier 

and the performance of PNN classifier were investigated through computer ex

periments. The scale factors for the networks, although different in their origins, 

played an important roles for the generalisation for the neural networks. The 

PNN in particular was shown to be a robust alternative to MLP based solution, 

boasting implicit generalisation, faster training time and no threats of trapping in 

local minimum of cost functions. Performance wise, the PNN closely matched the 

RPROP classifier, while RBF network classifier lagged behind to the two other 

alternatives in lower SNRs. 

In short, supervised neural networks provide an easy to implement and theor

etically easy to comprehend approach to modulation classification. With the 12 

modulation types tested in this work, all three neural networks variants gave ex

cellent performance of near 100% in simultaneous learning/classification of all 12 

modulation types. As far as the knowledge of the author is concerned, none of the 

other previous works using ANN reported such a broad range of digital modula

tion types. Unfortunately, direct comparison of results with other work is difficult 

because of different modulation types and signal datasets used in different works 

(as agreed by [29]). Furthermore, the existence of various definitions for SNR 

also complicate the task of result comparison. Nevertheless, supervised neural 

networks give a robust alternative solution to the decision theorectic approach in 

digital classification. 



Chapter 5 

On Feature Selection and 

Transformation 

Feature design as discussed in Chapter 3 has always been a crucial and integ

ral process of any pattern recognition system. An excessive number of features 

as input to any classification system is undesirable as it induces more computa

tional overhead and requires more training samples as was discussed earlier. The 

technique of choosing the right set of feature subset without compromising on 

performance is often called feature subset selection. 

Two approaches of feature subset selection are investigated here in this work, 

i.e. feature selection and feature transformation. Feature selection iteratively 

selects a combination of features and evaluates the performance of the selected 

feature subset. This is often carried out in an organised fashion, e.g. forward 

selection, backward selection, etc. This type of feature subset selection method 

is often called the wrapper type method as the classifier is used as the evaluating 

agent in the algorithm. The main drawback of the wrapper type method is that 

these algorithms often take a long time to complete and this is may be a factor 

to consider for those who require a solution quickly. 

70 
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The ot.her approach, feature transformation, exploits some pre-defined inter

relationship of the features and applies a linear projection of the original feature 

set to create a new feature sets (often with less dimensionality). Feature trans

formation is more often used for feature extraction; however, it is demonstrated 

that it can be used as a feature subset selection method. In terms of evaluating 

functions, feature transformation would be grouped under the approach called 

filter type feature selection, as the classifier is not involved in choosing the new 

feature subset. However, it differs from the main stream filter type method as 

each of the new features is now a combination of a group of features from the 

original feature set. Although, in principle, the transformation method is quicker 

than the selection method, the performance of the chosen feature is not guaran

teed in terms of classification as the actual classification does not take part in the 

selection process. 

The RPROP-MLP classifier is chosen as the classifier throughout this chapter 

to enable performance comparison between different methods. 

5.1 Feature Sets 

Two datasets are used in this work. The first set is the spectral feature set, which 

was introduced in Azzouz and Nandi's work in digital modulation classification 

[17]. The second set is the statistical set, which includes all 12 statistical features 

(defined by Equation (3.12)) prior to self-normalisation and processing. 

For completeness, the spectral feature set are listed in the following section: 

5.1.1 Spectral Feature Sets 

The main motivation for this spectral feature set is that, the information content 

for digital modulations is hidden either in the signal instantaneous amplitude, 
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instantaneous phase or instantaneous frequency, while for the previously proposed 

modulation types [17, chapter 3], information is only hidden in a single domain 

for 1-1 particular modulation type. 

The five features proposed previously are as below: 

• !\laximum value of the power spectral density of the normalised-centred 

instantaneous amplitude: 

1 ( . 2 'max = argmax Ns DFT acn('l)) (5.1) 

where Ns is the number of samples, acn(i) = an(i) - 1 and an(i) = a(i) , a(i) is the 
ma 

ith instantaneous amplitude and ma is the sample mean value. 

• Standard deviation of the absolute value of the centred non-linear compon

ents of the instantaneous phase: 

where C is the number of samples in {q>Nd i )} for which an(i) > at and at is the 

threshold value for a( i) below which the estimation of the instantaneous phase is 

very noise sensitive. 

• Standard deviation of the direct value of the centred non-linear component 

of the instantaneous phase: 
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• Standard deviation of the absolute value of the normalised-centred instant-

aneous amplitude: 

(5.4) 

• Standard deviation of the absolute value of the normalised-centred instant

aneous frequency: 

Note that the availability of instantaneous amplitude, phase and frequency 

depends on the availability of carrier frequency fe. It is assumed that fe is known 

a prior1; in practical applications it would need to be estimated. Besides the 

frequency estimation (see Appendix B in (17]), other concerns such as channel 

information are assumed to have been adequately addressed either with a priori 

knowledge or through blind estimation algorithms. The above features were used 

in previous works of Nandi and Azzouz. 

5.1.2 General Experimental Setup 

Combining the spectral feature set with the 12 statistical features, a total set 

of 17 features is obtained. For the purpose of examining the feature selection 

and transformation algorithm, the RPROP MLP classifier is adopted. A range 

of SNR values is chosen for investigation: -5 dB, 0 dB, 5 dB, 10 dB and 20 dB. 
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The SNR is again defined as follows: 

SNR in dB = 10 log 10 (:i) (5.6) 

where a; corresponds to the variance (power) of the the signal, x, and (T~ repres

ents the noise variance (power). 

Ten modulation types are used in this work, including frequency shift keying 

(FSK), which was not examined in the previous chapter. The 10 modulation 

types are listed in Table 5.1. 

I Modulation Types I 
OOK ASK4 
BPSK QPSK 
FSK2 FSK4 

QAM16 V.29 
V.32 QAM64 

Table 5.1: 10 digital modulation types investigated in this chapter 

Time series of the these modulation types were created and additive white 

Gaussian noise was added with a noise factor, Rsn , to achieve the desired SNR. 

~
2 -SNR 

R = ..2.10-10-
sn 2 

(Tn 
(5.7) 

Three datasets were created at each chosen SNR. For each datasets 1000 ex-, 

amples of each modulation types were created and noise was added accordingly. 

The three datasets at each SNR were used for training the classifiers, the valid

ation process during classifier training and testing the classifier. These datasets 

were therefore labeled as the training set, validation set and test set respectively. 

Table 5.2 shows a set of parameters used in preparation of the datasets. 
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Parameters Values 
Sampling Frequency, is 307.2 kHz 
Carrier Frequency, ie 17 kHz 
Baud Rate, Rb 9600 baud 
No. Samples, Ns 4096 samples 

Table 5.2: Parameters used for digital modulation 

5.2 Feature Subset via Selection Method 

There exists two main paradigms of feature selection, i.e. the filter type approach 

(e.g. [72, 73]) and the wrapper type approach (e.g. [74, 75]). For the filter type 

approach the feature set is evaluated without the aid of the application, in this 

case, the MLP classifier. In other words, the features were selected based on some 

predefined functions of the members of the features set. An example of these 

functions is the correlation among the features. The wrapper type approach, 

however, uses the performance of the classifier to evaluate the selected feature 

subset. This has the advantage of guaranteed performance, but often takes a 

longer time. 

There are many methods for feature selection, but they generally consist of two 

main parts - a selection phase and evaluation phase. In pattern recognition, the 

selection criterion is normally the minimisation of recognition errors. This leaves 

us with choosing a suitable selection procedure. In this work we shall focus on a 

stochastic search method using a genetic algorithm (GA). Similar wrapper type 

feature selection method with GA were also proposed in [76, 77, 78]. Conventional 

brute force searching method like forward-selection, backward-selection etc. are 

also available; a comparison among these methods Can be found in [79]. 
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5.2.1 Genetic Algorithm 

GA [80, 13J is a stochastic optimisation algorithm which mimics Darwin's theory 

of survival of the fittest. The algorithm runs through an iteration of individual 

selection, reproduction and evaluation stages. Each individual represents a unique 

solution to the problem and for each generation (Le. epoch in ANN terminalogy), 

there exists a collection of solutions which is termed a population. The fitness 

of an individual refers to the quality of the solution which is evaluated at the 

end of a generation. Prior to evaluation stage, the previous population breeds 

through reproduction functions, such as crossover and mutation, gives rise to a 

new population. The new population inherits some preferred properties from 

the parent population as only individuals with strong fitness value are chosen to 

reproduce. 

1. Initialise a population Po of N individuals 

2. Set generation counter, i = 1 

3. Create an intermediate Population, P:, through selection function 

4. Create a current Population, ~ through reproduction functions 

5. Evaluate current population 

6. Increment the generation counter, i = i + 1 

7. Repeat step 3 until termination condition reached 

8. Output the best solution found 

Table 5.3: An overview of generalised G A 

Table 5.3 shows a generalised form of the GA. Various advanced GAs exist but 

all GAs are based on this general concept. At each iteration, or generation in the 
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context of GA, a pool of individuals is created. Each individual is uniquely rep

resented by its genome which is analogous to human genome. The fitness of each 

individuals is then tested using an evaluation function, which will be discussed 

later. A pre-defined selection criteria is then used to choose the individuals to 

reproduce through the genetic operators. The process is then repeated for the 

next generation. At each generation, the performance is always checked to see 

whether the GA has converged. Nevertheless, to avoid early convergence, this 

option is only enabled after a predefined number of generations. 

Two important issues in GA are the genetic coding used to define the problem 

and the evaluation function. Without these, GA is nothing but a meaningless 

repetition of procedures. The simple GA proposed by Goldberg in his book [13] 

uses binary coding, but other methods such as real coding are sometimes more 

meaningful to the problem. This is discussed in further details in the following 

section 5.2.2. 

The fitness function evaluates how good an individual is in surviving the cur

rent environment. In function minimisation problems, the individual that gives 

the smallest output will be given the highest score. In this case, the fitness 

function can be the reciprocal of output plus a constant. In the modulation clas

sification problem, the evaluation is defined as the overall percentage of correc

tion classification of the classifier. Hence, the GA implemented here is designed 

to search for the indivuals that represent the classifiers with high accuracy in 

classfication. 

5.2.2 String Representation 

Each individual solution in GA is represented by a genome string. This string 

contains specific parameters to solve the problem. In our application, two different 
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methods of coding are investigated, i.e. the binary genome coding and the list 

genome coding. 

0 1 1 0 •••••• 
I 1 

I 
'-- ~ 

----v--
N 

Figure 5.1: An example of binary string genome with length N 

In the binary genome coding (see Figure 5.1, each string has a length N, 

where N is the total number of input features available. A binary '1' denotes the 

presence of the feature at the corresponding index number. Similarly, a binary 

'0' denotes an absence. The advantage of this coding is that it searches through 

the feature subspace dynamically without user defined number of subset features. 

No constraint is needed with this coding method. 

The second coding used is the integer list genome string as shown in Figure 

5.2. Each genome in this category is of length M, where M is the desired num

ber of features in a feature subset. To initialise, the GA chooses randomly M 

integers from a list of integers ranging from 1 to N. However, we do not desire 

any repetition of the integers as this means that the same feature is selected more 

than once. Therefore a constraint, 1 < Ii < N is applied, where Ii denotes ith 

input feature. In practice, we randomise the list sequence and choose the first M 

features in the list. 

1 •••••• 

'-------------- -------------~ --v-
M 

Figure 5.2: An example of integer list string genome with length M 

An extra parameter can be appended to the genome for choosing the number of 
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hidden units in the ~ILP classifier. However, from previous experience [30], it was 

determined that the optimum number of hidden units is around ten neurons using 

RPROP training algorithm. Since this is practical and reasonable for a hardware 

implementation, we shall not complicate our problem of feature selection with an 

extra parameter. 

5.2.3 Basic Genetic Operators 

Basic genetic operators are used for reproduction and selection. The following 

gives a brief description of each operator: 

Crossover: Crossover occurs with a crossover probability of Pc. A point is chosen 

for two strings where their genetic informations are exchanged (Figure 5.3). 

There are also variations of two-points or multi point crossover. For our 

purpose, we shall use one-point crossover, and typical value of probability 

of crossover,Pcrossoven of 0.75. 

Mutation: Mutation is used to avoid local convergence of the GA. In binary cod

ing, it just means the particular bit chosen for mutation is inverted to its 

complement (Figure 5.4). For the list genome, the chosen index is replaced 

with a new index without breaking the constraint. Mutation occurs with 

typical mutation probability, Pmutation, of 0.05. This probability value is 

kept at such a low value to prevent unnecessary oscillation. 

Selection: There are several ways to select a new intermediate population. Based 

on the performance of individual strings, roulette wheel selection assigns a 

probability to each string according to their performance. Therefore poor 

genome strings will have a slight chance of survival. Unlike roulette wheel, 

selection by rank just orders the individuals according to their performance 
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and select copies of best individuals for reproduction. 

Other genetic operators, such as elitism, niche and diploidy, are often classified 

as advanced genetic operators [13]. For the purpose of this investigation, we shall 

apply only elitism. Elitism comes in various forms. In our application, we require 

that the best two strings are always to be included in the new population. This 

gives a chance to reevaluate their capabilities and improves GA convergence. 

PARENT I 1 o 

• • • 

1 0 0 i 0 0 1 01 
• 

PARENTIII~_O~_l~_l~l~_o-+l~l~l_l~l_o~_o~ 
~ "crossover site 

CHILD I 1 o 

CHILD II 0 1 

• 

1 I 0 I 0 I 1 I 1 0 0 
• 

1 I 1 I 0 ! 0 I 0 0 1 
• • • • • 

Figure 5.3: Illustration of the single point crossover genetic operation 

5.3 Feature Subset via Component Analysis 

The second method of choosing the "right" feature subset is related to the wider 

of field of component analysis. Two of such methods are investigated in this work, 
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I 

PARENTI 0 1 1 1 0 1 
I 

1 0 0 

c::=::J ~ 
0: I MUTATION SITE 

;( 
l 

CHILD I 0 1 1 1 0 
I 

0 
I 

1 0 0 

L _ I 

Figur 5.4: Illustration of the mutation genetic operation 

th ar llaUl ly th principal component analysis (PCA) and the independent 

compon nt analy:i (I ). In term of operation, these m thods share the common 

operation pr p rty that both m thod map the original d-dimensional dataset F on 

to a r due d £ atur t F ' of dimen ion d' through the mean of linear projection, 

lL. 

(5.8) 

For arh method, tIl linear proje t, lL, is obtain through optimisation of differ

ent obj tive erit rion' for xample, the PCA seeks the best representation of a 

datas t a ording to a minimum- qUill'ed-error criterion while ICA seeks features 

with minimulll joint ntropy of the data. 

h main acivantag of the method is the operational speed in finding the 

'olution I' lative t '1 ction based method'. However, when used as a tool to 

. 1 ct f atur 'ub 'et , all of the original features have to be present for feature 

transformation. Th rca on for this being that Lhe llew feature set is a linear 

combinati 11 of til original feature et as mentioned earlier. Therefore, feature 
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transformation based methods do not offer speed boost during the feature ex

traction stage. The main speed difference is the training of the classifier as there 

are lesl' inputs to the classifier after transformation. One minor drawback due to 

the lincar cOlllbination operation, the new features are difficult to be interpreted 

physically in relation to the original feature set. 

5.3.1 Principal Component Analysis 

PCA, also known as Karhunen-Loeve transform, is a well-known technique in 

lllany signal processing and statistical applications; it originated from the work of 

Pearson [81J in 1901. The purpose of PCA in the context of feature transformation 

is to derive a new reduced set of features from the original feature set while taking 

into account the level of importance of each features. It is common practice to 

arrange the new feature set according to the decreasing measure of importance 

(represented by the variance). 

As we mentioned earlier, the new feature set created by PCA is a linear 

combination of the original features, with the constraint that the new features 

have to be orthogonal to one another. Geometrically, it can be thought as a 

rotation of the original axes in the feature space to a new set of orthogonal axes 

that are ordered in terms of the amount of variation of the original features. 

Although, it may be almost always possible to find a reduced representation 

of the original feature set, it is often difficult to assign meaningful interpretation 

on the new feature set. PCA is also a feature directed technique as it does not 

take into account of prior information such as the class label of the data. Thus 

it is essentially an unsupervised technique. 

Given iI,.·. jp as the original set of features, and let ~1' ... , ~pl be the new 
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linear combination of these features: 

P 

(i = L lijiJ (5.9) 
j=1 

where lij is called the basis vector, and in matrix form, as we mention earlier in 

(5.8): 

~ = lLTF (5.10) 

Consider now the ith new feature, we choose at = (ail, ai2 . .. aip)T to maximise 

the variance of 1:, subject to the constraint that aT ai = 1. The variance, i.e. the 

second central moment: 

var(~i) - E{(?} - E{~i}2 

E{aTffT ail - E{aTf}E{fT a;} 

- anE{ffT} - E{f}E{fT} )ai 

(5.11) 

To find the stationary value of (5.12), with the constraint aT ai - 1, is the 

same as to find the unconditional stationary value of the following: 

(5.12) 

Hence, differentiating with respect to ai and equating to zero gives: 

(5.13) 

A trivial solution would be a; = 0, but this will then be meaningless. There

fore the nontrivial solutions of ai have to be an eigenvector of C ff and v is the 
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corresponding eigenvalues. Note that Cft' has the rank of p, therefore we have p 

eigcnvalues, Al ... Apo and we can rank them in descending order, without loss of 

generality: 

The ith principal basis vector is then chosen as the eigenvector with the ith largest 

eigenvaluc Ai since our objective is to maximise variance of ~ and by (5.12): 

(5.14) 

By choosing the p' eigenvalues, the whitened version peA transform has the 

closed form solution of: 

(5.15) 

where A is diagonal matrix with it it h value equal to Ai in descending and 2: is a 

matrix with it's ith column being the corresponding eigenvector. 

More detailed discussions of peA can also be found in [82J. 

Simple PCA Demonstration 

In Figure 5.5, we show a simple demonstration where the application of peA is 

particularly useful. Figure 5.5{ a) shows three two-dimensional Gaussian clusters 

of data but with two data clusters belonging to the same class, denoted by '0'. 

The third cluster is marked with 'x'. The first two clusters are of mean of '0' 

and '3' respectively. However, they are biased with a vector, b q = [-3.0,O.aV. 

The third cluster has the mean of '0' but was biased with b
C2 

= [1.5, -3.0V. 

All clusters are of unit variance. From the figure, it is obvious that a non-linear 

separation boundary is required to separate the two classes accurately. 

In Figure 5.5(b), the data is redrawn on the principal component axes, where 
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(b) peA transformed Data 

Figure 5.5: A simple demonstration where PCA can be useful 

5 

it i obvious that by choosing the axes with maximum variance, a linear separation 

line can be readily drawn with the minimum mean squared error criterion on the 

first prin ipal a.-xes, x~. Instead of using both axes, only one principal axis is 

needed to do th cle. ification (dimension reduction in the input features). 

However, we noLe that the direction of maximum variance is not always the 

be t direction. 

peA via eural Network 

Figure 5.6 shows an example of bottleneck multilayer perceptrons with linear 

activation function. ueh a network can be used to create PCA basis vectors 

in an auto-a ociative mode. The number of output neurons is set equal to the 

lllUnber of input node and the number of hidden layer neurons is set to number 

of dimensions t hat one wi hes to reduce to. This network can then be randomly 

initialisrcl and train d with standard BP algorithm. The target vectors are set 

equal to th input vector. pon convergence, The output layer can be pruned 

and the output of the hidden layer neurons will be the principal components of 

th input [ 3]. In other word , the weights of the hidden layer neurons act as the 
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Figure 5.6: linear bottlen ck MLP network 

princil al ba 'i ve tor ' . ote that the activation fun tion of the hidden layer has 

to b linear, oth rwi 'e th output would not be th principal components. 

non-linear v rsion can al 0 b easily implemented using a similar idea ([ 4]). 

To add in non-linearity, the network is extended to a five-layer n twork ( Figure 

5.7 with th addition of 2nd and 4th lay r being non-linear activation neuron . The 

training of non-linear PC n twork are the am a for linear PCA network. At 

the nd of training, th final layer is prun d off a in the linear case. 

In thi work, th exp rim ntal results were achi ved by using the eigenvalue 

d mp ' ition (E D) approa h; these neural networks (linear and non-linear) 

bas d P method ar included for complet n ss and interest of the read rs. 

Th inv ' tigation of th uperiority of differ nt PC methods is beyond the 

context of thi ' work. Int l' sted r ader an find out more in [85]. 
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Figure 5.7: non-linear bottleneck MLP network 

5.3.2 Independent Component Analysis 

Imagin th cene of a co ktail party, where multiple people are speaking simul

taneously and yet th human ear have the amazing capability of recognising the 

individual ource '. However, a r cording of the party would contain a mixed up 

copy of different ource . The question here is, if multiple copies of the recording 

are obtained from multiple microphones, can one reconstruct the original sources? 

Th answer to that i independent component analysis (ICA) 

Th name IC was fir t coined by Comon in 1994 [86]. Neverthel ss, ICA was 

originat ct form the work in solving blind source separation (BSS) problems (e.g. 

the cocktail party problem mention d above) and th first paper was published by 

II rault and Jutt n in 1991 [7]. maximum likelihood solution wa proposed in 

[ ] and recently Hyviirinen et. al. proposed a FastICA algorithm that has been 
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pron'll robust awl Ils{'ful ill f('atuu' extraction of stereo images [89]. Other ap

plications of ICA includ(' extraction of fetus ECG diagram, artifacts cancellation 

of EEG. sp('ak('r s('panltioll. <'tc. 

Th(' applicatioll of leA to feature transformation gets its motivation from 

results in 1l('Hrosci<'llce that suggest similar principle of redundancy reduction 

explaills SOIll(' f('SP('cts of the early processing of sensory data by the brain [90, 91]. 

In lCA, \\'(' a.O";slll1l('d that the observed data (the original feature set) are a 

lilH'ar cOlllhinatioll of independent components (ICs). In statistical terms, these 

Ie:; are call('d lat('ut sources, because they cannot be observed in the data. Con

sidering olll~' t h(' case of linear mixtures, ICA adopts the following model: 

x=As (5.16) 

when' x is tIl(' ohs('rved data, s are the original ICs and A is the unknown 

(as.·mlll('(i square) mixing mat rix. 

Estimating til(' les means that we are estimating a demixing matrix, denoted 

by W: 

s - Wx 

- WAs 

:. W _ A-I 

(5.17) 

(5.18) 

By (5.18) w(' ha\'(' implied the assumption that the mixing matrix is invertible, 

and estimating W is to find the inverse of A. Unfortunately, A is unknown here. 

However, by taking the following further assumptions, the problem can be 

simplified: 

1. The les are assumed to be statistically independent. Mathematically this 
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Illeans that: 
N 

P(Sl, S2, ... , SN) = II P(sn) (5.19) 
n=l 

2. The probability distributions of the ICs are assumed to be non-Gaussian. 

Ga1lssian data is usually disregarded and treated as noise in ICA. 

P(S"S2) of two ICs 
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Figure 5.8: Joint distribution of two statistically independent sources 

However, the output of ICA also possesses two main ambiguities: 

1. The variances (energies) of the I Cs cannot be determined. This means 

that the successfully recovered signal will be a scaled version of the original 

sources. 

2. The order of the ICs cannot be determined, i.e. the original order of the 

sources can not be preserved. This has implication in some applications. 

In many ways, ICA goes to PCA with whitening, and it is stricter than PCA 

as it imposes statistical independence for the sources while PCA only require 
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Ullcorr lat dnef..'. B r P with whitening, the constraint is stricter but it is 

not. cnouh ~ r 1 . Howc\' r. whit ning is desired as a pre-process for lCA as 

it tran.form ' thr mixino matrix A to a new matrix A which is orthogonal. An 

orthogonal matrix ontain ' 11(11 - 1) / 2 degree of freedom. For example, for a 

two 'our as, an orthogonal tran formation is solely determined by an angle 

pm'am t 1'. h mixtur ' i ' 'aid to be whitened if: 

(5.20) 

P(w,.w~ OI two whl1eood aIgoal. 

0' : ~. 

II 

OJ 

.... 
.. 

... .. , .s " 

(n) Ob ' rv<.'d 'ignal (b) Whitened signals 

Figure 5.9: The whitening process is favoured in lCA. 

Figur 5.9(a) how a two dimensitional joint probability density function 

(s 'att r diagram) of two received signals while Figure 5.9(b) shows the same 

signal ' after P A with whitening. Comparing Figure 5.9(b) with Figure 5.8, the 

whitcned cop. of th our is a caled copy of the original sources and offset 

with an angl . Finding th demixing matrix is now simplified to estimating the 

unknown angl . 

In this part of th work, the FastlCA package was used in the computer 

ex}) rim nt. This package i freely distributed and downloadable via the package 



On Feat. Select iOIl & n'ansformation 91 

hOllH'page OIl t he Internet !. 

A summary of the FastiCA algorithm for a single source can be found in Table 

A.I. The algorithm seeks to maximise the non-Gaussianity of the data through 

maximise the negentrop:v. It is a fast fixed point algorithm that approximate the 

n('g('ntrop~' using some non-linear functions, e.g. g(x) = tanh(x). For the m > 1 

sources case. an orthogonalisation stage is added to the algorithm. One way of 

doing so is llsing Gram-Schmidt method to estimate the sources one after another. 

\Vhenever p ICs have been estimated, the projection (WJ+l Wi)Wj, for j = 1, ... , P 

is subtracted from w p+!' The orthogonalisation stage prevents the vectors Wl, ... ,p 

from having the same maximum. The algorithm is presented in Table A.2. 

5.4 Experimental Results 

5.4.1 Selection Based Methods 

The block diagrams of the training and testing process for selection based method 

for feature selection are as depicted in Figure 5.10: 

The features were first selected according to the assigned selection method 

and criterion and an ANN was trained using the RPROP MLP classifier (Figure 

5.1O(a)). When the selection criterion were made, the best classifier network was 

then chosen for modulation classification. In the actual classification process, only 

the required features were extracted from raw received data (Figure 5.10(b)). 

In this section two variants of selection methods using GA were investigated. 

The first one is the binary coding method where the GA is allowed to search 

through 17 dimensions of feature space, and the latter being a fixed length list 

coding method where one has the freedom to choose the best pre-defined N' 

1 FastiCA Homepage: http://vww.cis . hut. fi/projects!ica/fastica 
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Figure 5.10: Block diagrams for feature selection based MLP-RPROP Classifier 

dimension. 

Binary Coding 

For binary coding, 20 binary genome strings were created randomly with uniform 

probability distribution during initialisation. This implies that each bit in the 

string is independent of other bits. One-point crossover and single bit mutation 

were used as reproduction operators. The GA was run until it reached conver

gence. Each feature subset selected was allowed to train for a maximum of 250 

epochs unless it was stopped by the validation process prior to the maximum 

epoch being reached. 

Table 5.4 shows the best genome strings selected in different SNR environ

ments and their performance. These are then compared with the performance of 

the MLP classifier trained using RPROP. 

Generally, performance from reduced feature sets selected in different SNRs 

show similar to the performance achieved by the RPROP MLP classifier. Moreover 
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it should be llotpd that, the GA achieved this performance using only 10 to 12 

featur('~ t,v pica ll,v. with the exception of SNR = -5 dB, which required 14 fea-

t Ur<'s. 

SNR Dinary String Feat ures Chosen Perf. with GA RPROP Perf. 
-5 dB 11011111111111100 14 94.37% 94.79% 
o dB 11110100011101111 12 99.15% 99.07% 
5 dB 11110100010111101 11 99.97% 99.53% 

10 dB 11110100011101111 12 99.97% 99.95% 
20 dB 11011000001110111 10 99.99% 99.97% 

Table 5.4: Performance of binary string GA RPROP MLP with 10 hidden layer 
neurons with dynamic feature selection 

Fixed Length List Coding 

The experimental setup remained similar to the previous experimental setup. 

However. the following results were obtained through running the experiments 

in compiled environment using a software suite written entirely in C++ 2. The 

advantage being compiled language offer much efficiency and consumed less CPU 

time for computer experiments than interpreted language such as MATLAB. As 

the lists of experimental were a lot more elaborate than the binary string GA 

feature selection, using compiled language was a natural choice. 

With list genome encoding method, one has to specify the length of the gen

ome string, which represents the number of features in the reduced feature set. 

As seen from the previous section, without any compromise in performance, the 

feature set can typically be reduced down to twelve features. Therefore in this 

section, experiments were carried out to investigate the possibility of even smaller 

datasets and the compromise in performance that might be observed. 

At each SNR, a GA was used to select a set of designated number of features. 

2The author would like to express his thanks to Mr. A. D. Parkins for sharing his GAFFS 
package [921. 
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Here. the total ll11Illber of features to be selected ranges from one single feature 

to ('ight. features. The lists of feature selected for -5 dB, 0 dB, 5 dB, 10 dB, and 

20 dB ar(' shown in Tables 5.5, 5.6, 5.7, 5.8 and 5.9 respectively. A summary of 

the classificat.ion p('rformance at each SNRs is t.hen found Table 5.10. 

Required 
No of Features Features Selected 

1 5 
2 1 6 
3 1 6 14 
4 168 12 
5 169 11 14 
6 1 89 11 14 16 
7 1 689 10 11 14 
8 1 5 8 10 11 12 14 16 

Table 5.5: Features selected by GA at -5 dB SNR 

Required 
No of Features Features Selected 

1 5 
2 511 
3 1 6 14 
4 126 14 
5 169 11 14 
6 14678 14 
7 1 246 8 9 14 
8 1 5 6 7 9 11 12 14 

Table 5.6: Features selected by GA at 0 dB SNR 

Each GA was stopped when the convergence criteria were reached. Figure 

5.11 to Figure 5.13 show some of the GA process plots for 0 dB, 10 dB and 20 dB 

SNR respectively. It is dear that all GAs achieved convergence generally and 25 

generations were typically adequate. Moreever, from these plots, it is shown that 

the processes with 10 dB and 20 dB SNR show quicker convergence than those 

with 0 dB SNR. 

From Table 5.10, it was shown that by using only 3 features one can achieve 
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Required 
No of Features Features Selected 

1 5 
2 1 6 
3 5614 
4 136 14 
5 567 11 14 
6 3 567 11 14 
7 1 234 7 12 14 
8 1 3 4 5 7 11 14 15 

Table 5.7: Features selected by GA at 5 dB SNR 

Required 
No of Features Features Selected 

1 1 
2 1 6 
3 5 6 14 
4 136 14 
5 1 3 7 12 14 
6 3 6 11 12 13 14 
7 o 1 3 6 7 12 14 
8 o 1 3 5 7 10 11 14 

Table 5.8: Features selected by GA at 10 dB SNR 

Required 
No of Features Features Selected 

1 1 
2 1 6 
3 1312 
4 1 3 5 14 
5 1 357 14 
6 1 3 7 12 14 15 
7 o 1 356 7 14 
8 o 1 2 3 5 6 14 15 

Table 5.9: Features selected by GA at 20 dB SNR 
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:\ umber of SNR 
requir d features -5 dB o dB 5 dB 10 dB 20 dB 

1 66.68 65.24 67.95 64.06 68.23 
2 3.97 8 .67 90.92 91.04 93.82 
3 7.05 96.79 98.85 99.32 98.57 
4 .15 96.56 98.61 99.73 99.95 
5 90.13 97.59 99.24 99.80 99.98 
6 90.92 96. 99.17 99.87 99.98 
7 91.33 97.02 99.12 99.88 99.99 
8 90.79 98.39 99.25 99.90 99.98 

Tabl 5.10: Performance of the GA aided MLP RPROP classifier 
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> 95r;{ ill cla.<;sifkation accuracy for SNRs larger than 0 dB. By increasing the 

numlwr feat.ures, bet.ter performance were achieved in the low SNRs. These 

result.s demonstrated the advantage and practicality of the proposed GA feature 

selection algorithm. By using a fraction of the original feature set, one can achieve 

good da'isificatioll results similar to the results achieved when a full feature set 

was used. Of course. this is based on the assumption that there is possible 

redundancy in the feature set and normally, the original number of features are 

thought to be large. 

5.4.2 Transformation Based Methods 

Any transformation base method differs from the selection method in that both 

training and testing share the same procedures as shown in Figure 5.14: 

Preprocessed Feature .. MLP-RPROP 

Data .. Feature .. Classifier Extraction Transformation 

Figure 5.14: Block diagram of the feature transformation based RPROP classifier 
for ADMC 

After the features were extracted, they were projected to fewer dimensions by 

the transformation matrix. The dimension of the new feature space was controlled 

by the size of the transformation matrix. Here, all the 17 transformed dimensions 

were investigated because it was quicker to calculate than the GA based feature 

selection method. 

For each set of experiments, the RPROP-MLP was allowed to train for a 

maximum of 250 epochs as with the GA based feature selection. The architecture 

for the RPROP-MLP remained unchanged from previous section, i.e. a three layer 

network, with 10 hidden-layer neurons. The validation process was also used 

for experiments. The transformation matrix was first found for each individual 
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Rand th 1 most influential (components with most significant eigenvalues) 

were cho n for dimensionality reduction. All features in the datasets were pre-

normali ed before PC and whitening. 

To e timate th number of reduced components needed, the cumulative sum 

of the ig llYalU of the pre-normalised training dataset for each SNR were plot-

ted on Figure 5.15. From the figure, it was shown that for SNR above 10 dB, the 

igellvalue were table and for most SNRs except a dB and below, eight com

ponents wer enough to claim more than 90% contribution towards to cumulative 

um of eigenvlaues. In any case, 11 components (all datasets converged to the 

arne percentage at thi level) claimed over 97.5% of the cumulative sum of the 

eigenvalue . The e useful information could facilitate the analyses of the results 

shown in Table 5.11. 

100 

~ o 

30 

2 4 6 

Percentage of Eigenvalues 

8 10 12 
No of Component 

- SNR ~-5dB 
SNR = 0 dB 

--- SNR = 5 dB 
x SNR ~ 10 dB 

- SNR =20dB 

14 16 

Figure 5.15: Percentage of eigenvalue against the number of selected components 

From Table 5.11, the results recorded for single component showed some mixed 
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No. of SNR in dB 
Features -5 0 5 10 20 

1 69.8 57.7 57.2 75.1 70.8 
2 72.1 76.8 83.7 79.7 89.0 
3 76.2 81.7 87.0 83.2 92.3 
4 79.3 84.2 87.0 84.7 93.8 
5 81.9 87.8 88.6 87.3 95.9 
6 85.0 91.6 92.6 96.9 97.1 

7 83.4 94.9 97.3 98.9 99.7 

8 84.3 95.4 97.5 99.5 99.9 
9 90.6 95.9 98.3 99.7 99.9 
10 85.5 96.2 98.5 99.7 99.9 
11 85.5 95.9 98.7 99.7 99.9 
12 88.3 96.2 98.8 99.9 99.9 
13 88.0 96.5 99.2 99.7 99.9 
14 92.4 97.6 99.3 99.9 99.9 
15 92.3 98.7 99.3 99.9 99.9 
16 93.0 99.1 99.6 99.9 99.9 
17 93.8 99.2 99.7 99.9 99.9 

Table 5.11: Performance (%) of whitened peA for feature transformation 

results (e.g. lower SNRs performed better than higher SNRs), however, because 

there was only one component and the maximum epoch was set to a short length, 

this confusion could be owing to pre-convergence termination of training process. 

Therefore it would be safer to disregard this particular row of result in our ana

lyses to follow. Otherwise, the results shown here look sensible. At 20 dB SNR, 

over 90% of classification success rate was achieved using only 3 transformed 

features. By only choosing the 6 highest eigenvalues features, over 90% of classi

fication success rate were recorded for all positive SNRs. Increasing the number 

of transformed features would give us over 90% of classification success rate for 

all SNRs investigated here. Interestingly, the performance for -5 dB dropped for 

subsequent components added. However, the performance climbed back to 92% 

at 14 components, and stabilised for the rest of the experiments. 

For ICA, the procedure was largely the same as for the peA. The number 
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of input dilllPnsion were first determined using N components with largest ei-

genvalues a,,'i for PCA. Subsequently, the reduced feature set (whitened) were 

orthogonalised using deflation method as described in Table A.2. The RPROP-

I\lLP used for this investigation was identical in structure with the one used for 

peA investigation. The results were shown in Table 5.12 

No. of SNR in dB 
Features -5 0 5 10 20 

1 69.69 58.60 57.15 75.13 77.98 
2 69.14 79.69 83.73 77.45 89.45 
3 78.37 82.45 86.84 82.75 91.45 
4 82.72 85.02 86.62 92.43 93.91 
5 78.28 88.70 88.74 92.87 95.00 
6 83.76 91.69 91.68 97.79 97.95 
7 90.50 95.71 98.50 98.84 99.80 
8 92.83 95.89 97.66 99.64 99.87 
9 88.85 98.71 99.63 99.62 99.84 
10 93.77 95.23 98.79 99.77 99.93 
11 87.28 96.32 99.05 99.88 99.92 
12 87.57 96.52 98.82 99.83 99.90 
13 93.04 98.83 99.47 99.20 99.88 
14 93.08 97.13 99.38 99.79 99.93 
15 94.01 97.73 99.69 99.91 99.94 
16 94.29 99.07 99.76 99.92 99.87 
17 94.53 99.20 99.78 99.91 99.90 

Table 5.12: Performance (%) of ICA (with pre-normalisation of features) for 
feat ure transformation 

From the table, the performance recorded using ICA transformation was 

largely similar to those shown by using whitened PCA transform. In other words, 

ICA had little to offer in improving the performance of the datasets used in this 

investigation. The performance of higher dimension at this SNR were nearer to 

the original RPROP performance value (Table 5.4). 

Figures 5.16 and 5.17 showed the two transformed features with largest eigen

values after whitening and after ICA respectively at SNR of 20 dB. The horizontal 
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axis represents the number of samples, and each 1,000 samples belongs to a par

ticular modulation type. The vertical axis represents the numerical values of the 

features. The first. ICA t.ransformed features (upper figure in Figure 5.17) showed 

more pronounced separation for modulation type 7, 8 and 9 when compared with 

the whitened features. However in terms of classification success rate, both PCA 

and ICA performed remarkably similarly in terms of the average classification 

rate for the dataset tested in this work. 

5.5 Conclusion 

This chapter presented two methods of dimension reduction that can be used 

when dealing with a large input dimension feature set. Firstly, the feature selec

tion based method were demonstrated through the introduction of GA in digital 

modulation classification. Two approaches of selection were investigated: the 

binary string genome method and the list string genome method. The first ap

proach enables the search through the entire feature space and find the best 

combination of features. The number of features selected are determined by the 

algorithm. The latter approach, however, gave more control to the user in that 

one has the choice of fixing the number of features required for the application. 

Both approaches have been designed for the application of automatic modula

tion recognition. Nevertheless, the principle developed is applicable to pattern 

recognition and feature selection problems at large. 

The second focus the chapter is the dimension reduction through linear pro

jection method, which was terrmed feature transformation in this work. Again, 

two methods were discussed and investigated; these are namely PCA and ICA. 

PCA projects the features according to the minimum squared error criterion, 

while leA extends the methodology of PCA to seek maximum "independence" 
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property among t he features. Both method gave similar performance as shown 

ill t.hl' results recorded from computer experiments. 

In term of performance, the list string genome based GA showed better per

fOrIllanCe when compared with the feature transformation based method, par

ticularly in lower dimension feature space (N = 2 or 3). However, the feature 

transformation based method offers quicker operational time. Nevertheless, the 

transformed feature space were difficult to interpret as they were not direct sub

set, but combinations, of the original feature space. 



Chapter 6 

Maximum Likelihood 

Classification of Digital 

Modulations 

ANN based classifiers exhibit high degree of performance (Chapter 4 and 5) in cor

rectly recognising a wide variety of modulations across a range of SNRs. However, 

these appealing classification performances depend on the availability of training 

examples. The number of training examples required is related to the number of 

features in the input feature set to the ANN classifier. Although ANNs are well 

known for their robustness, the re-training requirement at designated SNRs are 

troublesome and time consuming. 

There are situations where training examples are not available or the number 

of available training examples are not sufficient for the training of an ANN clas

sifier. The parameters of the operating environment (e.g. SNR value) might also 

change rapidly, hence re-training of classifiers becomes impractical and something 

to avoid. These are realistic factors where unsupervised algorithms become ap

pealing. By unsupervised, it is meant that the decision boundaries of the classifier 

106 
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arc drawn wit hout. using t.he knowledge of existing examples. Instead, other prior 

knowledge of the modulations are exploited. In this work, we investigate a fam

ily of da .. o..;sifiers t hat exploit the probabilistic relationship between the received 

samples and source constellations. These are namely, the Maximum Likelihood 

(!\lL) modulation classifier, the Estimated Maximum Likelihood (EML) classifier, 

and a the Minimum Distance (MD) modulation classifier. 

\Ve hegin by some discussions on The Law of Total Probability and Bayes 

Rules for estimation. Following which the ML modulation classifier (Me) is 

presented. The EML r..lC is a version of the ML where the unknown SNR is 

estimated through a proposed simple algorithm. The MD Me is a reduced version 

of the ML MCs proposed with the aim to reduce the complexity of ML MC. The 

performances of these classifiers were investigated first in coherent environment 

and then in non-coherent environment. 

When classifying in nOll-coherent environment a novel method of utilising a 

well known EML closed form ICA/BSS estimator for phase mismatch removaL 

This removal process is essentially a blind process as we do not have the inform

ation of phase mismatch on arrival of the received signal. 

The performance of the classifiers are evaluated through computer simulation 

in MATLAB environment, and selected results are reviewed at the end of this 

chapter. 

6.1 The Law of Total Probability and Bayes Rules 

The law of total probability states if an event A can exist in m states, and each 

of the m states occurs exclusively, then the the probability of event A happening 

is equal to the sum of all the probabilities of the occurrence of the m states. For 

example, if a random variable y can take m different values of y when x takes the 
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values of II . . r2 •... .Im , then P(y) is the sum of the joint probability P(x, y) over 

all possible values of x. Mathematically, the law of total probability is stated as 

follows: 

P(y) = L P(x, y) (6.1) 
xEX 

\\'hen two variables are statistically dependent, the information of one of the 

two will h{'lp in estimating the other. This is called the conditional probability, 

P(I I y) i.e. the probability of event x given event y is observed, and is stated 

mathematical as follows: 

and equally: 

P(x, y) 
P(x I y) = P(y) 

( I ) - P(x, y) 
Pyx - P(x) 

(6.2) 

(6.3) 

Combining (6.1) with (6.2) and (6.3); rearranging them gives us the Bayes the-

orem: 
P(y / x)P(x) 

P(x I y) = L:xEX P(y I x)P(x) (6.4) 

and if x takes M states, for clarity we can write: 

(6.5) 

In pattern recognition, y often represent the observation and Xl, X2, . .. XM are 

the various pattern classes, (or as the causes in statistics) Bayes' theorem can be 

expressed in term of words as the following: 

. likelihood x prior 
postenor = 'd eVI ence (6.6) 

The term likelihood, P(y I Xj) expresses how likely the observation is to occur 
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given t hat the underlying class is actually Xj, it is easier to estimate because we 

would know what the pattern (cause) is. On the other hand, the posterior probab

ility P(Ij I y) is difficult to determine as often the observation can be originated 

from a s{'\'(lral causes. Nevertheless, Bayes' theorem inverts this situation and 

makps it easv to estimate the posterior given that we know the likelihood and the 

prior probability of each class, P(xJ The denominator in (6.5) is a normalising 

factor to ensure that the posterior probabilities sum up to unity. Therefore it is 

the llumerator which actually gives the shape of the function. 

It is then logical, given an observation and a set of classes for classification, 

one would choose the observation-class pair which give the maximum posterior 

probability. This plain logic gives us the fundamental of a particular classifier 

family, known as the maximum a posteriori (MAP) classifier. However, in many 

cases, it is fair to assume that all classes in the system share the same prior prob-

ability, therefore the shape of function is now only depending on the likelihood 

term since the prior term is now constant. This then bring us to the maximum 

likelihood method for classification which chooses the observation-class pair that 

possesses the highest likelihood measure. 

6.2 Coherent Maximum Likelihood Classifier 

The received signal can be modeled ((3.1), Chapter 3) as the following: 

00 

y(n) = A· 2: x(e)h(nT - eT + ETT)· exp(j2rrfoTn + jOn) + g(n) (6.7) 
t=-oo 

where all the variables are as defined previously in Chapter 3. In this section, we 

assume ideal working condition with only the presence of white Gaussian noise. 
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The cOllllllunication channel had been adequately equalised and the residual chan

nel df{'ct. h(·) is negligible. Besides, other parameters such as symbol timing, T, 

carrier fr<'quC'Ilcy, fe. etc are known or have been successfully estimated. In some 

lit('rature, ('.g. [32, 34, 33], it is assumed that the signal amplitude and the noise 

varianc{' are also known, i.e. one has knowledge of the SNR. This assumption can 

be rcla..xed as will be shown here through experimental results. One other import

ant assumpt.ion is that the transmitted symbols are independently and identically 

distributed (i.i.d) process. The signal and noise are also not correlated. 

It was shown in [32] that under these assumptions, the received signal se

quence, after being processed by the quadrature receiver, is a sufficient statistic 

for modulation classification. The received sequence in ideal coherent environ

ment can then be rewritten as: 

y{n) = Ax(n) + g(n) (6.8) 

As noted before, each modulation is associated with one particular constella

tion which is a set complex points. Let us denote a group of c possible constella

tions by 

I = 1,2, ... , c (6.9) 

where Nit is the total number of symbols in constellation, II. 

It was mentioned briefly in Section 3.2 that classification of a set of con

stellation can be thought of as a hypotheses testing problem on the following c 

hypotheses: 

HI = the underlying constellation in Il 1=1,2, ... ,c (6.10) 

The maximum likelihood (ML) solution for classifying different modulation 
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t~·p('s is to choose the hypothesis that has the largest value of its likelihood func-

tion give a set of received data, YN = {Yk = [Ylk, YQk]T}, 

H* - argmaxL(HI I YN ) 
I HI 

- arg max P(YN I Ht) 
HI 

6.2.1 The Likelihood Function 

k = 1,2, ... , N: 

Using the law of total probability (Equation (6.1)), we have 

M 

P(Yk I HI) = L P{Xli I IdP(Yk I Xli) 
i=l 

Under AWGN environment, the likelihood is as follows: 

(6.11) 

(6.12) 

(6.13) 

where a2 represents the variance of the Gaussian noise. With the Li.d assumption, 

we can assume each constellation point has equal probability of being observed, 

therefore we can write: 

(6.14) 

Taking into account of all received point, The likelihood function is then: 

N 

L(Hl I YN ) - II P(Yk I Hl) (6.15) 
k=l 
N Mill 1 g tt MI y'2iia exp( - 2a21/Yk - Xli1/2) (6.16) 

It is often easier to take the natural logarithm of the likelihood function, and 
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because the natural logarithm is a monotonic function, taking the maximum of 

the logarithm achieve the same result as taking the maximum of the likelihood 

function. 

In practice, the constant term can be dropped, and the log likelihood equation 

is reduced to: 

11 - L(I IX)II---------, 
1 

I 
Y 

2 - L(I IYI---....,;;:..;...\ MAX 
-----+-----~ 2 N 

N 

(6.18) 

--~30;... decision 
HML 

1 

Figure 6.1: The maximum likelihood modulation classifier 

Figure 6.1 shows a block diagram of the maximum likelihood classifier for 
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modulation recognition. Upon availability of the output of the quadrature filters, 

the signal is then passed to a bank of likelihood estimators. Each estimator has 

a knowledge of a particular type of constellation diagram. The outputs of these 

(log)likclihood estimators are then processed by a maximum operator (compet

itiv(' la:ver in ANN terminology). This method accommodates any modulation 

t.vpe with constellation diagram that can be expressed in its in-phase (I) and 

quadrature (Q) components. Although, the classifier is only optimum in the 

ideal ('oherent assumption, it nevertheless gives an upper bound for classification 

performance in comparison with the non-ideal scenario. In real life, the recovered 

constellation diagram is affected by frequency offset which results in a phase 

mismatch between the received data and the original constellation. 

6.2.2 Variability of Likelihood Function caused by SNR 

Both the likelihood function and its logarithm acquire the knowledge of the noise 

variance, (J2. This is readily available if one has the knowledge on the working 

SNR. The parameter (J2 scale the width of the curve of the probability density 

function (PDF). Three one dimensional Gaussian PDFs (i.e. the likelihood func

tion in this case) are shown in Figure 6.2. A PDF with higher SNR (i.e. small 

variance) will have a sharper peak than one with lower SNR. The horizontal axis 

represents the distance of the received signal point and the constellation point. 

In any case, the likelihood function has a peak when the distance is the smal

lest. When SNR is infinitely high, the PDF reduced to a point source on the two 

dimensional PDF (the constellation diagram). 

However, in lllany cases, the knowledge of SNR is not available directly. There

fore, the noise variance need to be estimated. A simple and approximate method 

of estimating the noise variance is presented in the following section: 
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Normalised Likelihood Funclion for differenl SNR values 
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Estimation of the Unknown CJ Parameter 

114 

As with the formulation of the maximum likelihood classifier, we assumed that we 

are working in an ideal coherent AWGN channel. The noise variance can then be 

estimated through the mean squared distance between the received signal point 

and the original constellation point. 

N 

&r ~ L: d(yk, xi;) (6.19) 
k=l 

where 

xjj = arg mind(Ykl Xli) i = 1,2, ... , Ml (6.20) 
Xli 

and 

d{m, n) = 11m - nl1 2 (6.21) 
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B:v til(' definitioll. the source constellation point is unknown, therefore for a group 

of (' lllodulatioll type. there are c estimated noise variances. Figure 6.3 shows the 

matching pair of signal and source constellation will have the smaller value of 

the estimated variance at high SNR region (SNR 2: 10 dB). At these SNRs, the 

mismatch pairs always exhibit a higher value than the matching pair. Therefore, 

with this observation, our variance estimator logically chooses the minimum of 

er1 for I = 1. 2 .... ,c: 

eri2 = arg min 81 l = 1,2, ... , c (6.22) 

A block diagram of such an estimator is shown in Figure 6.4. For lower SNR, 

the variance estimator does not perform well. However, the maximum likelihood 

classifier shows a good degree of robustness against the estimation error, as will 

be shown later, as long as the (J2 is common to all sub estimator modules within 

the classifier. 

6.2.3 Minimum Distance Classifiers 

ML modulation classifier provides an optimum performance for benchmarking in 

AWGN environment. However, it would be beneficial to reduce the complexity 

of the classifier as the speed is an important factor in modulation classification. 

From (6.18) and Figure 6.2, it was observed that the maximum of the likelihood 

functions occur when the distances between the received signal and the constella

tion point are at the minimum (d = 0). This observation suggests an alternative 

classifier based on the distances only. 

Given the received signal, Yk and a set of c constellations, II where 1 
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ML 
Classifier 

1. 2, ... ,c, the minimum distance (MD) modulation classifier chooses the hypo

thesis of which the sum squared distance function, V(·, .), is the minimum: 

N 

V(Yk, II) = L d(Yk' xiJ (6.23) 
k==l 

with xii and d(·,·) defined in (6.20) and (6.21) respectively. The procedures for 

the MD modulation classifier is identical to the procedures for estimating the 

SNR described in Section 6.2.2. For this reason, the MD modulation classifier 

can be also be termed as minimum variance classifier. 

The MD modulation classifier (shown in Figure 6.5) has reduced complexity 

with respect to ML modulation classifier. Besides, it requires no prior knowledge 

of the SNR. However, due to the fact that MD modulation classifier only takes into 

consideration the winning constellation point, and ignores the rest of the members 

in the constellation, one would expect trade-off in classification performance. The 

trade-off would be more obvious in lower SNR as with the case of estimation 
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Figure 6.5: The minimum distance modulation classifier 

of unknown SNR discussed in previous section. The is an interesting area of 

investigation for comparison between the optimal classifier and the MD classifier. 

6.3 Non-coherent Maximum Likelihood Classi-

fier 

In real practical situation, the operating environment is likely to be non-ideal (c.f. 

(6.7)). In a non-coherent situation, we assumed that every parameter is known 

except for the carrier phase mismatch. The additive noise is modelled as white 

and Gaussian as in the coherent case. The received signal can then be modeled 

as the following: 

y(n) = Ax(n) exp(j¢c) + gk(n) (6.24) 

There have been attempts in tackling the problem in non-coherent environ

ment as reported in [34, 93, 94, 95]. Sills extended the log likelihood function to 
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incorporate the pha e information in [34J while similar approaches using likeli

hood ratio w r reported in [94, 95] which have an extensive and in-depth study 

of coh r nt, 'ymho} non-coherent and phase non-coherent environments, however, 

the III dulation type w re limited to 1-ary PSK modulation and a hierachical 

aprroa h i taken. In [93], A method for non-coherent BPSK and QPSK classi-

fication u ing an int resting antenna array method was also proposed by Hong 

and Ho. 

The main problem of carrier non-coherency is that the received signal are 

pre ented with a translation. Geometrically it can be observed as a rotation 

around th origin a hown as in Figure 6.6. This rotation as can be seen from 

QAM16 with iflc = 0.1848 rad 
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Figure 6.6: An example of received QAM16 with carrier phase offset of ¢c 
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the figure in turn causes the mismatch between the received samples and the 

constellation points. As a result, the previously derived likelihood function no 

10llgn holds for the nOll-coherent case. 

As the ~lL method is generalised for all quadrature phase-amplitude modu

lation. it is therefore desirable to leave the solution as it is, and mitigating the 

pha.<;e mismatch problem as a separate block prior to the current classifier block. 

A tool that can perform blind estimation of the phase error without prior know

ledge of the constellation model is required. Recalling the introduction of leA 

in Chapter 5, this phenomena is similar to the two uniformly distributed unit

variance sources scenario, where performing leA is the same as estimating the 

angle of rotation after whitening. By regarding the I and Q component of the 

received signal as separate i.i.d. sources (valid for most communication applica

tions), the process attempts to mitigate the rotation by performing leA on the 

received signal. When the number of sources is equal to two, the solution can be 

found using a closed form method discussed in detail in the following section. 

6.3.1 Closed Form Blind Phase Offset Removal 

In the case of linear instantaneous mixture of two statistically independent sources, 

the mixtures are normalised and uncorrelated. After whitening, the sensor out

put, y E Cd is related to the source, x E Cd, (also assumed to be zero mean and 

unit variance), by a unitary mixing matrix,M E Cdxd [86, 96, 97, 98]. Mathem

atically, this can be expressed as the following for a noiseless case: 

y=Mx {6.25} 

For any d > 2 case, the problem can be solved by solving the elementary d = 2 

case iteratively over the signal pairs ([98]). In this application, we treat the I and 
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Q components as i.i.d components (d = 2), which the mixing matrix (rotation 

matrix for whitened I and Q components) has the general shape: 

M = [cose - sine] 

sin e cose 
(6.26) 

Given the above equation, closed form expressions for the non-iterative estimation 

of e can be formulated, through the utilisation of the HOS of the signal. Fur

thermore. it is usually possible to find further closed form expressions to predict 

large sample asymptotic behaviour of these closed form estimation method. 

The angle, e' is estimated in closed form as the phase of a set of two 'centroids', 

which are just complex linear combinations of the 4th-order statistics of the 

whitened random vector. The extended maximum likelihood estimator is based 

on the 4th-centroid [99]: 

~4 

- I exp(j4e) 

(6.27) 

(6.28) 

where I = K~O + K(M is the source kurtosis sum, which can be estimated from the 

source using: 

(6.29) 

The angle, e can the be estimated from the following for cases where I #- 0: 

~ 1 
eExtended ML = 4L(~41) (6.30) 

For our purpose, most of the modulation types have four-fold symmetry, and 
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th r for th kurto f r I and Q components are therefore equal , i.e. the con-

diti n , =I 0 i ati fied. Con equently, the utilisation of Extended ML method 

is ju: Ufied. Th Extend d l\IL method also has the lowest asymptotic variance 

am ng timator ' from the ame la s. 
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igur 6.7: d mon tration of blind phase offset removal: QAM16 

Figur s 6.7, 6. , 6.9 and 6.10 how the r ult of applying the closed-form 

xtendcd l\IL timator on Q 116 V.29, V.29 (Star), and QPSK modulations 

rcspc tiv ly. • 'ot that th con tellations after transformation arc not always 

th am a th original const llations. Ther fore it is propo ed to apply the 

transform n hot h th original constellation and the receiv d signal to maintain 

tIl relation,'hip b tWO .11 the l' c ived en or output and the original constellation 

f th modulation. 
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6.4 Experimental Results 

6. 4 .1 Coherent Classifiers 

In thi ction, th elas ification p rformance of the fL, EML and MD classifier 

ill thr c ca e 'tudie of coher nt detection is examined. The first two case studies 

are dual-cl " las ification the first case study for the case of modulations with 

ompl t ly diff rent con tellations; meanwhile the second for two modulations 

with imilar con tellation etup (with one being a subset of another). The third 

tudy ext nd to a multi-elas scenario where four modulation types are 

in Iud d for la .. <; ification. 

Throughout the ' as studi s, the performance index used is the average 
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percentage of classification, defined as follows: 

"L pIt 
pAvg = DI c 

C L l = 1,2, ... , L 

125 

(6.31) 

where L is the total number of modulation types and p!t is the correct classific-

ation rate of modulation type, h 

All the experiments were run for three settings of total number of symbols 

of the received signal, N = 100,200 and 1000. This is to help in examining the 

a."iymptotic behaviour of the classifiers. The experiments were also conducted with 

a total number of 1000 realisations of each modulation type. For each realisation, 

random A\VGN were mixed with the signal with appropriate scaling to achieve 

the desired SNR value. The experiment was also repeated over a range of SNR, 

ranging from 0 dB to 30 dB with single stepping. 

Case Study I: V.29 vs QAM16 

In this case study, a dual class scenario was investigated. Two modulation types 

of different constellation shapes were chosen, i.e. V.29 against QAM16. In terms 

of shape, V.29 is said to have a diamond (or kite) shape and QAM16 is a square 

shape (see Figure 3.1). The distinct shape difference make it a good case for 

building a handle for better understanding of the behaviour of the classifiers. 

The results presented here were obtained with 1000 realisations for each mod

ulation type at each designated SNR. The experiments were run repeated from 0 

dB to 30 dB SNR in step of 1 dB. At each run, random additive white Gaussian 

noise was added according to the desired SNR. The same received signals were 

fed into 3 different classifiers, i.e. the generic ML Me with actual knowledge of 

SNR, the EML MC with an estimated value of SNR and the MD MC. All received 

signal and constellation diagrams were normalised to unit energy. 
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Figure 6.11: Case 1: Performance of ML MC and EML MC 
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Figure 6.11 how ' the performance of the 1L MC, both generic and estimated. 

It \Va ho\Vn that the re ults obtained agrees with the results shown by Wang 

and r-.lend 1 in [32]. The figure also hows that both Me shows good asymptotic 

b haviour her even at very low S R values, where the performance increases as 

th 'ample size increases. 

At lower number of samples, N = 100 and 200, the EML MC showed a very 

do ' match with the generic ML MC. Interestingly, the EML classifier exhibited 

lightly better performance at lower S R than the generic ML MC. At first glance, 

it wa not convincing as ML MC acts as a performance upper bound for other 

I s. How vcr during our SNR e timation, by choosing the smallest variance 

'timatioll. we were effectively choosing the preferred modulation type (in fact 

the proc dure i th ame a doing an MD classification). This pseudo-decision 

implicitly uppre ' 'cd other less preferred modulation types. Consequently, more 

iIlf rmation was exploited than might have app ared on the surface. 
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In Figure 6.12 the performance of the MD cla sifier was compared with the 

1IL de ' ifi r. From the figure, the MD classifier shows a close match with the 

optimal }'IL cla 'ifier at high S R value. This results supported the claim that 

the ?-.ID da ifier ar equivalent to ML classifier in AWe environment given suf-

fi ient R. However, at lower S R values, the performance is not as satisfactory. 

This was owing to th simplification of the MD classifier that decision was purely 

made u ing th n ar st constellation point, and the relationships between the 

re iv d ,ample and other point in the constellation were ignored. 

point worth noting was that the MD classifi r showed a lower bound of 50% 

das ification, uc ' rate at low S R. By taking a detailed look (see Figure 6.13), 

it W~ , reali:ed that the classifier was biased to a particular modulation type at 

lower J\R (V.29 in thi case). Therefore, the figure (50 %) did not reflect the 

actual ' ('uario of what \Va' going on. 
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t udy II: QP K v QAM16 

Th ~etup for the 'ocond case study was the ame a the previou ca e study. The 

only cliff renc wa ' that two square con tellations were chosen for comparison, 

i.e. QP K and Q 116. ame experiments were deployed as for the previous 

xperim nt . Th classification performance was again expressed with the average 

of th percentage of correction cla sification. Thes figures were obtained, again, 

from th av rag of 1000 examples for each modulation types . 

Figure 6.14 present· th performance of the EML MC and the ML MC. The 

clott'd lin repr nts th performance of IL MC with appropriate legend for 

100. 200 and 1000 number of samples. The solid line again hows the performance 

of E}'IL 11 . nce again, t he two classifiers showed a clo e match in p rformance 

with th E~IL:\1 Olltp rfonning the IL MC by a slight margin at low S R 

region. For mid end high R (> 10 dB), both classifiers were achieving 100 % 
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of corrcct classification. 

The average performance of the MD Me and the ML Me are shown in Figure 

6.15. As with Case Study I, the ML Me exhibit its superiority over the MD Me 

in term of average performance. The gap of the two classifiers were wider at the 

lower SNR regions compared to previous case. This is owing to the fact that 

the two modulation types possess similar shape and in lower SNR, the effect of 

AWGN causes difficulties in distinguishing the two modulations. The implication 

of the MD by taking only the winning constellation point into consideration for 

decision making was not justified in this case. 

Case Study III: Multi-class Scenario 

The final case study of this section investigated a multi-class problem. Four 

modulation type were chosen as listed below: 

1= {V.29, QAM16, V.32, V.29c (Star)} 

The experiments were again conducted with different number of samples over 

a range of SNR as before. However, in this case study the experiments were 

repeated five times with 200 test examples each to get a smoother performance. 

The average performance was again chosen as performance index and the results 

are shown in Figure 6.16 and Figure 6.17. 

The average correct classification performance of EML Me is shown in Figure 

6.16 as solid lines and the performance of ML Me is shown as dotted lines. 

As with the dual class scenario, the EML Me consistently outperformed the 

ML Me by at lower SNRs. However the differences are not so prominent. For 

N = 1000, there was only IdE difference approximately. At lower sample sizes, 

the differences were negligible. 
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Figure 6.17 shows the performance of the MD Me (solid lines) with the ML 

~IC as reference (dotted lines). The performance difference between the two 

cla...,::;ifiers was wider than in the QPSK-QAM16 scenario. For large sample size, 

the performance of the MD Me is similar to that of the the ML MC at mid SNR 

range (SNR ~ 12 dB), but for smaller sample sizes, the SNRs needed were much 

higher ( SNR ~ 16 dB for N = 200 and SNR > 20 dB were needed for N = 100). 

6.4.2 Non-Coherent Classifiers 

In this final section of the chapter, the performance of the classifiers in the non

coherent environment with the aid of the proposed closed form blind phase re-

moval tool is examined. The experimental setup is the same as the previous 

experiments, with the exception that, for each received sample a constant phase 

offset is added to the received signal simulating the unknown phase mismatch, 

7f 7f 
-- < ()c < -2 - - 2 (6.32) 

We assume high sampling rate so that the carrier phase offset is constant through

out the length of the received signals. 

Case Study IV: Non-coherent performance of the proposed classifiers 

As in previous case studies, Monte Carlo simulations were conducted for SNRs 

ranging from 0 dB to 30 dB. At each SNR, 200 examples of received signal 

were mixed with AWGN and random phase offsets. This was repeated for 5 

trials with 3 different number of samples at each trials, N = 100,200 and 1000. 

Four modulation types were again chosen for multi-class classification. The four 

digital modulation types were the same as those used for Section 6.4.1. The 

results obtained for EML MC, ML Me and MD Me were presented in Figure 
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6.18, Figure 6.19 and Figure 6.20 respectively. 

The performances of the EML classifier with the aid of the closed form phase 

removal tool are shown in solid lines while the performances of its coherent coun

terpart without the tool are drawn using dotted lines. At N = 100, the perform

ance of the non-coherent case is about 5% less than the coherent case. However, 

it is still in the high ninety percent for correct classification for high SNRs. For 

higher values of N, the performance of the noncoherent EML Me equated the 

performallce of the coherent EML Me at high SNR. Nevertheless, the perform

ances were typically 5 rv 10% lower in low SNR regions. 

In Figure 6.19, the same setup were adopted for presenting the results of the 

ML classifier in non-coherent environment and coherent environment. A close 

match of performance was observed for the high SNR region regardless of the 

the sample size. At sample size of a hundred, the performances of both scenario 

converged to almost the same percentage of correct classification. The same fact 

can be observed at higher samples size. At lower SNR, it was observed that more 

trials was needed for a better smoothness of the performance. 

Lastly, the performances of the MD Me were examined for the non-coherent 

environment in Figure 6.20. As with the previous results, the performances 

showed close matching in all SNRs, with the non-coherent case lagged with rv 1 

dB in performance for lower SNRs. As we have seen in previous cases, the SNR 

needed for MD Me is more than the ML methods of modulation classification. 

6.5 Conclusion 

The ML approach has advantages over the conventional hypothesis testing and 

ANN based methods. In hypothesis testing, the order of tests for multi-class 
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modulation classification can be influential to the final classification results. Re

petitive testing is needed for determination of key features thresholding. The 

hypothesis testing method has its limitation in extending the algorithm. ANN 

based method on the other hand, faces the difficulty in getting training examples 

for statistical reasons. Besides, the hassle of re-training the ANN for different 

SNRs appears as another drawback for ANN based classifier. 

To these ends, the ML approach has major advantage over these methods. 

The method exploits the probabilistic relation between the received samples and is 

derived in accordance with classical detection theory [100]. There is no extraction 

of key features, hence no extra effort required for determination of thresholds for 

different modulation types. The prior knowledge needed is nothing more than 

the known constellations of the modulation types. Assuming that the operating 

environment is AWGN with others sufficient treatment for the channel, the ML 

is the optimal classifier for method of the same class. 

We developed a simple SNR estimation method in complement to the ML Me 

for the case when SNR is not known a priori. Experimental results show that this 

method works very well, and in some cases, it had slightly better performance 

than generic ML. This is believed to be caused by the fact that the EML MC is 

implicitly a cascaded MD and ML classifier. The MD MC was also derived from 

the ML Me without the exploitation of the knowledge of SNR. The performance 

of MD Me was shown through experiment to be not as good as ML Me in low 

SNR regions, but it offered an option with less computational complexity. 

A novel application of leA was deployed in dealing with the non-coherent 

environment where a phase offset was introduced to the coherent signal model. 

The method was based on the fact the capability of leA in compensating the 

angle of rotation of the constellation caused by the phase mismatch. A closed 

form solution method was adopted and the results were close to those obtained 
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for coherent environment. 

In short, ML based methods offer a realistic, simple and extendible solution 

preferred to the conventional hypothesis testing as well as the newer ANN based 

pattern recognition approach. The case studies proved that the ML based meth

ods are robust and give good performances. 
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Chapter 7 

Conclusion 

This thesis presented a compilation of work in the study of digital modulation 

classification. The increasing integration of digital communications in our daily 

lives had posed a need for an intelligent modem that automatically demodulates 

the signal without prior knowledge of the incoming signal modulation. To achieve 

this, a modulation recognising front end is required. Besides, modulation classific

ation also plays a role as an important front end in various military communica

tion intelligence systems as well as civil surveillance applications. The popularity 

of software digital radios along with the rapid evolution of digital communication 

also echoes the need for automatic digital modulation classification. 

We have seen the evolution of modulation classification from manually oper

ated system to nowadays abundant choices of fully automatic systems (Chapter 

2). The study of automatic classification of signal modulation has gone a long 

way from it first began. With a firmer grip of more advanced signal processing 

and pattern recognition techniques, researchers have been able to improve the 

classification performance through these years. The proposal of ANN for modu

lation classification presents a elegant and robust substitute to the conventional 

decision theoretics methods. A wide choice of different variants of ANN s also 
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give the user customised solutions depending on the circumstances. While ANN 

methods lean toward a more practical investigation of the problem, ML based 

solutions offer better theoretical value. 

\Ve summarised the major contributions of this work on a chapter by chapter 

basis in the following section. A broad view of considerations and comments for 

future direction of this research are discussed in concluding this work. 

7.1 Summary by Chapters 

The backgrounds and literature survey of the field were given at the start of this 

work. The literatures surveyed includes the originating work of automatic mod

ulation recognition as well as many recent contributions by various researchers. 

Some necessary pre-requisites were also included at the end of Chapter 2. 

The mathematical treatments of the problem were laid out in the subsequent 

chapter (Chapter 3). A novel higher order statistical feature set was introduced 

in this chapter. The feature set (consisting of only three HOS based features) 

was designed based on the fact that each modulation had a unique constellation 

signature under the coherent environment. The higher order cumulants capture 

the statistical descriptions of the in-phase and quadrature components of the 

complex envelope of the received signal. The variants of the proposed feature set 

for various SNR were also found through numerical computation. 

In Chapter 4 of the thesis, three variants of supervised neural networks (MLP, 

RBF network and PNN) were investigated. These neural networks were examined 

in terms of classification performance via computer experiments. The RPROP 

MLP excelled among them, giving a high classification performance of 98% in high 

SNR while giving 50 % of classification accuracy at 0 dB SNR. This was remark

able considering the broad range of digital modulations tested in this chapter, 
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12 modulation types in total. The classifying system also showed a good asymp

totic behaviour in terms of classification performance. The PNN, being another 

variant of the neural network, proved to be a strong contender to the RPROP 

l\ILP in term of classification performance. Besides, it offered a shorter train

ing time along with other advantage over the BP training based MLP classifiers. 

RBF network based classifier was also investigated in this chapter. Experimental 

results were also presented at the end of the chapter. 

There have been a broad collection of feature set proposed by various research

ers for the problem of modulation classification. Chapter 5 discussed the issues of 

feature selection and transformation. The primary aim of feature selection was to 

reduce the input dimension to the classifier by choosing the most effective feature 

subset. The author proposed the use of GA for feature selection and two methods 

of such algorithm to meet different design requirements. The first approach, using 

a binary string genome, dynamically searched the whole feature space. However, 

the user loses control on the final reduced input dimension, as this is controlled 

by the GA. The latter approach, list string genome, rectified this drawback by 

including an extra parameter to fix the exact number of features needed. By 

using the latter approach, a performance of "-J 96 % of correct classification was 

recorded for 0 dB SNR using only 3 features out of the total of 17 features. The 

chapter continued to explored another type of dimension reduction method based 

on linear transformation matrix. Two method were investigated again, namely 

PCA and ICA. From the experimental results, it was shown that leA, although 

an extension of PCA, did not outperform the PCA. Both method recorded similar 

performanes, giving more than 90% across all SNRs using 9 transformed features, 

and over 70 % across all SNRs using only 2 features. As the dataset used in this 

chapter was different from the previous chapter, much to the author's regret, 

direct comparison was not possible. 
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In the final part of this work (Chapter 6), an alternative approach to the 

neural network approach and the decision theoretic approach, the maximum like

lihood approach was introduced. The introduction began with the discussion of 

The law of total probability and Bayesian rule for classification. Subsequently, 

the ML classifier were derived for the coherent case of operating environment. 

A more practical implementation of the ML classifier using a novel yet trivial 

SNR estimation technique was introduced. From the ML classifier, a new min

imum distance classifier was derived. The performance of these three classifier 

was reviewed for the dual class scenario and the multi class scenario involving 4 

different modulation types. As the ML classifier is only optimal in the coherent 

environment, we proposed the novel utilisation of a blind phase correction tool: 

the closed form extended maximum likelihood BSS estimator. The performance 

of the classifiers with the aid of the closed form estimator under non-coherent 

environments were also investigated. Selected results were given at the end of 

this chapter. 

In conclusion, the supervised neural networks promised excellent performance 

without any fuss of threshold determination. The novel HOS based features was 

proven to be effective and robust, particularly in high SNRs under coherent scen

arios. When there exists a large number of features or when the characteristics 

of the features were not adequately understood, feature selection and transform

ation could be used in refining the performance of the neural classifiers. When 

training examples are not accessible to the user, ML approach is a strong altern

atives to the neural classifier. Using the blind closed form estimator, the ML 

approach and its variants can be applied directly without any alteration in likeli

hood function. The classification performance obtained via this method suffered 

little degradation. 
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7.2 Future Directions 

The author suggests the following for consideration of the extension of the existing 

works: 

1. The design and investigation of a single neural classifier for all SNRs. One 

particular advantage of the ML approach is that a single global solution for 

all SNR. This is not the case for neural classifier at the moment, it would 

be a desirable feature if there exists an universal neural classifier. 

2. The investigation of a adaptive scale factor for PNN classifier. As seen 

from the results obtained in Chapter 2, it hints that the optimal scale 

factor seems to change with the SNRs. A possible method is determination 

of scale factors from the statistics of the training dataset. 

3. Extension of the investigation of ML approach to more modulation type. 

The proposed method seemed to be robust but currently the investigation 

is limited to few modulation types only. 

4. A unified dataset to facilitate the direct performance comparison between 

the ANN classifiers and ML classifiers. 

5. The implementation of current classifiers (Neural and ML) on to real time 

DSP based solution. This will enable real field application of the algorithms. 

Integration of the algorithms to a practical active software radio project 

would also be of great interest e.g. Free Software Foundation (FSF) GnuRa

dio Project [101]. 

6. The investigation of other framework for modulation classification e.g. the 

phase lock loop based method [102, 103], fuzzy logic frame work [33], etc. 
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7. Feature selection and transformation are only required under specific cir

cumstance where dimension reduction is required. However, these are in

teresting and practical problems, investigation should continues with some 

recently proposed approach such as the maximum representative and dis

criminative features (MRDF) transformation [104J. Genetic programming 

is also proposed to be a quicker alternative to GA in feature selection. 



Appendix A 

The FastICA Algorithm 

In this thesis, the FastICA algrotihm was used in evaluating the application of 

ICA in feature transformation. The algorithm is available freely in MATLAB and 

R software packages. The FastICA website can be accessed through the following 

URL: 

• http://wwv.cis.hut.fi/projects/ica/fastica 

Tables A.l and A.2 detail the algorithm for a single IC and mulitple Ies 

respectively. These tables are included here to facilitate the relevant discussion 

in this thesis and for easier reference for interested readers. 

In both Table A.l and Table A.2, the statistical expectation E {.} is approx

imated by sample average. A parallel version of FastICA that uses symmetric 

decorrelation exists. However it was omitted here, as it was not investigated 

in this work. The version of FastICA adopted was as described in Table A.2. 

The readers are referred to [105, Chapter 8] for further information and detailed 

mathematical derivation of the algorithm using negentropy. 
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1. Remove the mean from the data. 

2. Whiten the data to give z. 

3. Initialise a unit norm random w vector. 

4. Let w f- E{zg(wTz)} - E{zg'(wTz)}w, where 9 is a chosen non-linearity 
fUllction e.g. tanh. 

5. Let w f- w/llwll. 
6. Check for convergence, repeat step 4 otherwise. 

Table A.l: A brief summary of the FastICA algorithm for one IC 

1. Remove the mean from the data. 

2. Whiten the data to give z. 

3. Choose m, the number of lCs to estimate, and initialise the counter p +- 1. 

4. Initialise a unit norm random wp. 

5. Let wp +- E{zg(w; z)} - E{zg'(w; z)}w, where 9 is a chosen non-linearity 
function e.g. tanh. 

6. Execute the orthogonalisation: 

7. Let wp +- 11::11. 

p-l 

wp f- wp - 2:)w; Wi)Wj 

j::=l 

8. Check for convergence, repeat step 5 otherwise. 

9. increase counter p, if P ::; m, repeat step 4. 

Table A.2: A summary of the FastICA algorithm for multiple ICs 

(A.l) 



References 

[1] Perry M. Mistry, "Third generation cellular (3G): W-CDMA & TD

CDMA," in Proc. WESCON'98, Anaheim, CA, September 1998, pp. 227-

231, Wescon. 

[2] R. Prasad, CDMA for wireless personal communications, Artech House, 

1996. 

[3] Andrew J. Viterbi, CDMA: Principles of spread spectrum commumc

ation, The Addison-Wesley Wireless Communications series. Addison

Wesley Pub. Co., Boston, 1995. 

[4] International Telecommunication Union, "ITU actvities on IMT-2000," 

Internet,http://www.itu.int/home/imt.html. 

[5} Luca Becchetti, Petri Mahonen, and Luis Munoz, "Enchancing ip service 

provision over heterogeneous wireless networks: A path toward 4g," IEEE 

Commun. Mag., vol. 39, no. 8, pp. 74-81, 2001. 

[6] Manuel Dinis and Jose Fernandes, "Provision of sufficient transmission 

capacity of broadband mobile multimedia: A step toward 4g," IEEE Com

mun. Mag., vol. 39, no. 8, pp. 74-81, 2001. 

[7] Thierry Turletti, "Software Radio Resource Page," Internet, http://www

sop.inriaJr / rodeo / personnel/Thierry. Turletti / SoftwareRadio .html. 

147 



REFERENCES 148 

[8] Mahmoud Naghshineh, Ed., IEEE Personal Communications: Special Is

sues on Software Radios, vol. 6, IEEE Communications Society, 1999. 

[9] Enrico Burachini, "The software radio concept," IEEE Commun. Mag., 

vol. 38, no. 9, pp. 138-143, 2000. 

[10] F. F. Liedtke, "Computer simulation of an automatic classification pro

cedure for digitally modulated communication signals with unknown para

meter," Signal Processing, vol. 6, pp. 311-323, 1984. 

[11] L. Yingwei, N. Sundararajan, and P. Saratchandran, "Identification of 

time-varying nonlinear systems using minimal radial basis function neural 

networks," IEEE Proc. Control Theory, vol. 144, no. 2, pp. 202-208, 1997. 

[12] F. L. Lewis, S. Jagannathan, and A. Yesildirek, Neural Network Control 

of Robot Manipulators and Nonlinear Systems, chapter Neural Network 

Control of Nonlinear Systems, pp. 277-304, Taylor and Francis, 1999. 

[13] D. E. Goldberg, Genetic Algorithms: in search optimisation and machine 

learning, Addison-Wesley, 1989. 

[14] D. E. Goldberg and M. P. Samtani, "Engineering optimization via genetic 

algorithm," in Proc. 9th Conf. on Electronic Computation, 1986, pp. 472-

482. 

(15] C. Ergn and K. Hacioglu, "Multiuser detection using a genetic algorithm 

in CDMA communications systems," IEEE Trans. Commun., vol. 48, pp. 

1374-1383, Aug. 2000. 

(16] T. Takeuchi, Y. Nagai, and Y. Enomoto, "Fuzzy control of a mobile robot 

for obstacle avoidance," Information Sciences, vol. 45, no. 2, pp. 231-248, 

1988. 



REFERENCES 149 

[17] E. E. Azzouz and A. K. Nandi, Automatic Modulation Recognition of Com

munication Signals, Kluwer Academic Publishers, 1996. 

[18] E. E. Azzouz and A. K. Nandi, "Procedures for automatic recognition of 

analogue and digital modulations," lEE Proc. Comms, vol. 143, no. 5, pp. 

259-266, 1996. 

[19] A. K. Nandi and E. E. Azzouz, "Algorithms for automatic modulation 

recognition of communication signals," IEEE Trans. Commun., vol. 46, no. 

4, pp. 431-436, 1998. 

[20] D. Donoho and X. Huo, "Large-sample modulation classification using 

hellinger representation," Signal Processing Advances in Wireless Commu

nications, pp. 133-137, 1997. 

[21] C. Louis P. Sehier, "Automatic modulation recognition with a hierarchical 

Neural Network," in Proc. MILCOM'93: Communications on the move, 

Beijing, China, 1993, IEEE, vol. 1, pp. 111-115. 

[22] Lu Mingquan, Xiao Xianci, and Li LeMing, "Cyclic spectral features based 

modulation recognition," in Proc. Int. Con! Commun. Tech., Beijing, 

China, 1996, vol. 2, pp. 792-795. 

[23] Lu Mingquan, Xiao Xianci, and Li Lemin, "AR modeling based features 

extraction for multiple signals for modulation recognition," in Proc. 4th 

Int. Con/. Signal Processing, 1998, vol. 2, pp. 1385-1388. 

[24] A. K. Nandi and E. E. Azzouz, "Modulation recognition using artificial 

neural networks," Signal Processing, vol. 56, no. 2, pp. 165-175, 1997. 

[25] P Mackenzie, L Doyle, D o 'Mahony, and K Nolan, "Modulation scheme 



REFERENCES 150 

recognition techniques for software radio on a general purpose processor 

platform.," Proc. 1st Joint lEI/lEE Symp. Telecommunication Syst., 1999. 

[26] Communications Research Centre Canada, "Spectrum Explorer 

Software," Internet.http://www-ext.crc.ca/spectrum-explorer/spectrum

explorer6/en/index.htm, 2002. 

[27] D. Boudreau, C. Dubuc, F. Patenaude, M. Dufour, J. Lodge, and R. Inkol, 

"A fast modulation recognition algorithm and its implementation in a spec

trum monitoring application," in Proc. MIL COM '00. October 2000, vol. 2, 

pp. 732-736, IEEE. 

[28] Ananthram Swami and Brian M. Sadler, "Hierachical digital modulation 

classification using cumulants," IEEE Trans. Commun., vol. 48, no. 3, pp. 

416-429, 2000. 

[29] Bijan G. Mobasseri, "Digital modulation classification using constellation 

shape," Signal Processing, vol. 80, pp. 251-277, 2000. 

[30] M. L. D. Wong and A. K. Nandi, "Automatic digital modulation recognition 

using spectral and statistical features with multi-layer perceptrons," in 

Proc. ISSPA '01. ISSPA, August 2001, vol. II, pp. 390-393. 

[31] M. L. D. Wong and A. K. Nandi, "Automatic digital modulation recognition 

using artificial neural network and genetic algorithm," Signal Processing, 

vol. 84, no. 2, pp. 351-365, 2004. 

[32] Wen Wei and Jerry M. Mendel, "Maximum-Likelihood Classification for 

Digital Amplitude-phase Modulation," IEEE Trans. Commun., vol. 48, no. 

2, pp. 189-193, 2000. 



REFERENCES 151 

[33] Wen Wei and Jerry Mendel, "A fuzzy logic method for modulation classi

fication in nonideal environments," IEEE Trans. Fuzzy Syst., vol. 7, no. 3, 

pp. 333-344, June 1999. 

[34] J A Sills, "Maximum-likelihood modulation classification for PSK/QAM," 

in Proc. of MILCOM'99. IEEE, 1999, pp. 217-220. 

[35] K. Nolan, L. Doyle, P. Mackenzie, and D o 'Mahony, "Modulation scheme 

classification for 4g software radio wireless network," in Proc. lASTED Int. 

Conf Signal Processing, Pattern Recognition, and Applications SPPRA '02, 

2002. 

[36] S. Haruyama, R.Morelos-Zaragoza, and Y. Sanada, "A software-defined ra

dio platform with direct conversion: Soprano," submitted to Kluwer Journal 

on Wireless Personal Communications, Special Issue on Wireless Personal 

Multimedia Communications., 2002. 

[37] Simon Haykin, Communication Systems, John Wiley and Sons Inc., 4 

edition, 200l. 

[38] Robert N. McDonough and Anthony D. Whalen, Detection of Signals in 

Noise, Academic Press, 24-28 Oval Road, London NW1 7DX, second edi

tion, 1995. 

[39] Sir Maurice Kendall and Alan Stuart, The advanced theory of stat-

istics, vol. 1, Charles Griffin & Company Limited, 4th edition, 1977, 

QA276A2K3l.4{ v.l). 

[40] Gilles Burel, Andre Quinuis, and Stephane Azou, "Interception and furt

ivity of digital communication transmission," in Invited paper, Proc. IEEE 

Communications 2002, Bucharest, Romania, Dec 2002. 



REFERENCES 152 

[41] Thomas Keller and Lajos Hanzo, "Adaptive multicarrier modulation: A 

convenient frame work for time-frequency processing in wireless communic

ations," IEEE Proc., vol. 88, no. 5, pp. 611-639, 2000. 

[42] K. E. Nolan, L. Doyle, D. o 'Mahony, and P Mackenzie, "Signal space 

based adaptive modulation for software radio," in Proc. IEEE Wireless 

Communications and Networking Conf. IEEE, March 2002, pp. 510-515. 

[43] M Luise and R. Reggiannini, "Carrier frequency recovery in all-digital 

modems for burst mode transmissions," IEEE Trans. Commun., vol. 43, 

pp. 1169-1178, 1995. 

[44] Tyler Brown and Michael Mao Wang, "An interative algorithm for single

frequency estimation," IEEE Trans. Signal Processing, vol. 50, no. 11, pp. 

2671-2682, Novemeber 2002. 

[45] A. K. Nandi, Ed., Blind Estimation Using Higher Order Statistics, Kluwer 

Academic Press, London, 1999. 

[46] John J Shynk and Christina K Chan, "Performance surfaces of the constant 

modulus algorithm based on a conditional Gaussian model," IEEE Trans. 

Signal Processing, vol. SP-41, no. 5, pp. 1965-1969, May 1993. 

[47] Richard Johnson, Jr., Philip Schniter, Thomas J. Endres, James D. Behm, 

Donald R. Brown, and Raul A. Casas, "Blind equalisation using the con

stant modulus criterion: a review," IEEE Proc. Special issue on blind 

system identification and estimation, vol. 86, no. 10, pp. 1927-1949, Oct. 

1998. 

[48] E. E. Azzouz and A. K. Nandi, "Automatic Identification of Digital Mod

ulations," Signal Processing, vol. 47, no. 1, pp. 55 - 69, Nov. 1995. 



REFERENCES 153 

[49] R. J. A. Little and D. B. Rubin, Statistical analysis with missing data, 

Wiley, 1987. 

[50] P. D. Allision, Missing Data, Sage, 2002. 

[51] Alan Stuart and J. Keith Ord, Kendall's Advanced Theory of Statistics, 

vol. 1, Charles Griffin & Co. Ltd., 5th edition, 1986. 

[52] Mohamed Ibnkahla, "Applications of neural networks to digital communic

ations - a survey.," Signal Processing, vol. 80, pp. 1185-1215,2000. 

[53] A. K. Nandi and E. E. Azzouz, "Modulation Recognition Using Artificial 

Neural Networks," Signal Processing, vol. 56, no. 2, pp. 165-175, 1997. 

[54] M. T. Hagan and M Menhaj, "Thaining feedforward networks with the 

marquardt algorithm," IEEE Trans. Neural Networks, vol. 5, no. 6, pp. 

989-993, 1994. 

[55] Martin Riedmiller and Heinrich Braun, "A direct adaptive method for 

faster backpropagation learning: The RPROP algorithm," in Proc. IEEE 

Int. Conf. on Neural Networks, San Francisco, CA, 1993, pp. 586-591. 

[56] S. A. Billings and G. L. Zheng, "Qualitative validation of radial basis 

function networks," Mechanical Systems and Signal Processing, vol. 13, no. 

2, pp. 335-349, 1999. 

[57] L. B. Jack, A. K. Nandi, and A. C. McCormick, "Diagnosis of rolling ele

ment bearing faults using radial basis functions," Applied Signal Processing, 

vol. 6, no. 25, pp. 25-32, 1999. 

[58] Carl G. Looney, Pattern recognition using neural networks, Oxford Univer

sity Press, 1997. 



REFERENCES 154 

[59] D. F. Specht, "Generation of polynomial discriminant functions method of 

pattern recognition," IEEE Trans. Electronic Computers, vol. EC-16, pp. 

308-319, 1967. 

[60] D. F. Specht, "Vectorcardiographic diagnosis using the polynomial dicrim

illallt method of pattern recognition," IEEE Trans. Biomedical Engineering, 

vol. BME-14, pp. 90-95, 1967. 

[61] F. Mo and W. Kinsner, "Probabilistic neural networks for power line fault 

classification," in Proc. CCECE'98, Piscataway, NJ, 1998, pp. 585-588, 

IEEE. 

[62] L. A. Branagan and P. D. Wasserman, "Introductory use of probabilistic 

neural networks for spike detection from an on-line vibration diagnostic 

system," in Proc. ANNIE'92, Fairfield, NJ, USA, 1992, vol. 2, pp. 719-724, 

ASME. 

[63] Donald F. Specht, "Probabilistic neural networks," Neural Networks, vol. 

3, pp. 109-118, 1990. 

[64] P. D. Wasserman, Advanced Methods in Neural Computing, chapter 3, pp. 

35-55, Van Nostrand Rheinhold, New York, 1993. 

[65] Anthony Zaknich, "Introduction to the modified probabilistic neural net

work for general signal processing applications," IEEE Trans. Signal Pro

cessing, vol. 46, no. 7, pp. 1980-1990, July 1998. 

[66] P. P. Raghu and B. Yegnanarayana, "Supervised texture classification using 

a probabilistic neural network and constraint satisfaction model," IEEE 

Trans. Neural Networks, vol. 9, no. 3, pp. 516-522, May 1998. 



REFERENCES 155 

[67] E. Parzen, "On estimation of a probability density function and mode," 

Ann. Math. Stat., vol. 33, pp. 1065-1076, 1962. 

[68] Simon Haykin, Neural Networks: A Comprehensive Foundation, Prentice 

Hall, 1999. 

[69] Richard O. Duda, Peter E. Hart, and David G. Stork, Pattern Classifica

tion, John Wiley & Sons, Inc, New York, 2001. 

[70] K. Hornik, M. Stinchcombe, and H. White, "Multilayer feedforward net

works are universal approximators," Neural Networks, vol. 2, pp. 359-366, 

1989. 

[71] G. Cybenko, "Approximations by superpositions of sigmoidal functions," 

Math. Control, Signals, Systems, vol. 2, pp. 303-314, 1989. 

[72] Pier Luca Lanzi, "Fast feature selection with genetic algorithms: A filter 

approach," in Proc. IEEE Int. Conf. Evolutionary Computation, 1997, pp. 

537-540. 

[73] Shigeo Abe, Ruck Thawonmas, and Yoshiki Kobayashi, "Feature selection 

by analyzing class regions approximated by ellipsoids," IEEE Trans. on 

Systems, Man, and Cybernetics - Part C: Applications and Reviews, vol. 

28, no. 2, pp. 282-287, May 1998. 

[74] Ron Kohavi and Dan Sommerfield, "Feature Subset Selection Using the 

Wrapper Method: Overfitting and Dynamic Search Space Topology," in 

Pmc. Int. Conf. Knowledge Discovery and Data Mining (KDD-95), August 

1995, pp. 192-197. 

[75] Ron Kohavi and George H. John, "Wrappers for feature subset selection," 

Artificial Intelligence, vol. 97, no. 1-2, pp. 273-323, 1997. 



REFERENCES 156 

[76] Jihoon Yang and Vas ant Honavar, "Feature subset selection using a genetic 

algorithm," IEEE Trans. Intell. Syst., vol. 13, no. 2, pp. 44-49, Marchi April 

1998. 

[77] L. B. Jack and A. K. Nandi, "Genetic algorithms for feature selection in 

machine condition monitoring with vibration signals," lEE Proc. Vision, 

Image and Signal Processing, vol. 147, no. 3, pp. 205-212, 2000. 

[78] Lindsay Jack, Applications of Artificial Intelligence in Machine Condition 

Monitoring, Ph.D. thesis, The University of Liverpool, 2000. 

[79] Mineichi Kudo and Jack Sklansky, "Comparison of algorithms that select 

features for pattern classifiers," Pattern Recognition, vol. 33, pp. 25-41, 

2000. 

[80] Melanie Mitchell, An Introduction to Genetic Algorithms, MIT Press, 

Cambridge, MA, 1996. 

[81] K. Pearson, "On lines and planes of closest fit to systems of points in 

space," Philosophical Mag., vol. 2, pp. 559-572, 1901. 

[82] Ian T. Jolliffe, Principal Component Analysis, Springer-Verlag, New York, 

1986. 

[83} P. F. Baldi and K Hornik, "Learning in linear neural networks: A survey," 

IEEE Trans. on Neural Networks, vol. 6, no. 4, pp. 837-858, 1995. 

[84] E. Oja, J. Karhunen, L. Wang, and R. Vigario, "Principal and independ

ent components in neural networks recent developments," in Proc. VIIth 

Workshop on Neural Nets, 1995. 

[85] K. I. Diamantaras and S. Y. Kung, Pricipal Component Neural Networks: 

Theory and Applications, Wiley-Interscience, New York, 1996. 



REFERENCES 157 

[86J Pierre Comon, "Independent component analysis, a new concept?," Signal 

Processing, vol. 36, no. 3, pp. 287-314, Apr 1994, Special issue on Higher

order statistics. 

[87J Christian Jutten and Jeanny Herault, "Blind separation of sources, Part I: 

An adaptive algorithm based on neuromimetic architecture," Signal Pro

cessing, vol. 24, no. 1, pp. 1-10, Jul 1991. 

[88J M. Gaeta and J. L. Lacoume, "Sources separation without a priori know

ledge: the maximum likelihood solution," in Proceedings of the EU

SIPCO'90, Enrique Masgrau Luis Torres and Miguel A. Lanunas, Eds., 

Barcelona, Spain, Sep. 1990, vol. 1, pp. 621-624, Fifth european signal 

processing conference, Sept. 18-21 1990. 

[89] Aapo Hyvarinen, "Fast and robust fixed-point algorithms for independent 

component analysis," IEEE Trans. Neural Networks, vol. NN-lO, no. 3, pp. 

626-634, May 1999. 

[90] H. B. Barlow, "Possible principles underlying the transformations of sensory 

image," Sensory Communication, pp. 217-234, 1961. 

[91] B. A. Olshausen and D. J. Field, "Emergence of simple-cell receptive field 

properties by learning a sparse code for natural images," Nature, vol. 381, 

pp. 607-609, 1996. 

[92] A. D. Parkins and A. K. Nandi, "Simplifying hand written digit recogni

tion using a genetic algorithm," in XI European Signal Processing Conj., 

Toulouse, France, 2002, vol. 1, pp. 111-114. 

(93] Liang Hong and K. C. Ho, "An antenna array likelihood modulation classi

fier for BPSK and QPSK signals," in Pmc. MILCOM'Ol: Communications 



REFERENCES 158 

for Network Centric Operations: Creating the information force, 2001, pp. 

118-112. 

[94J C. Huang and A. Polydoros, "Likelihood methods for MPSK modu

lation classification," IEEE Trans. Commun., vol. 43, pp. 1493-1504, 

Feb/Mar/April 1995. 

[95] Andreas Polydoros and Kiseon Kim, "On the detection and classification 

of quadrature digital modulations in broad-band noise," IEEE Trans. on 

Commun., vol. 38, no. 8, pp. 1199-1211, August 1990. 

[96] Vicente Zarzoso, Closed-form higher-order estimators for blind separation 

of independent source signals in instantaneous linear mixtures, Ph.D. thesis, 

The University of Liverpool, 1999. 

[97] Frank Herrmann, Independent Component Analysis with Applications to 

Blind Source Separation, Ph.D. thesis, The University of Liverpool, 2000. 

[98] Franck Harroy and Jean-Luis Lacoume, "Maximum-likelihood estimators 

and Cramer-Rao bounds in source separation," Signal Processing, vol. 55, 

pp. 167-177, 1996. 

[99J Vicente Zarzoso and Asoke Kumar Nandi, "Blind separation of independent 

sources for virtually any source probability density function," IEEE Trans. 

Signal Processing, vol. SP-47, no. 9, pp. 2419-2432, Sep. 1999. 

[100] Nirode Mohanty, Random Signals Estimation and Identification: Analysis 

and Applications, Electrical/ Computer Science and Engineering Series. 

Van Nostrand Reinhold Company, 1986. 

[101 J Free Software Foundation, "Gnu radio: The gnu software radio," Internet, 

http://www.gnu.org/software/gnuradio/gnuradio.html. 



REFERENCES 159 

[102] Robert H. Morelos-Zaragoza, "Joint phase-lock detection and identifica

tion of digital m-psk/m-qam modulation," in Proc. 2000 Third Generation 

Wireless Communication Conference, San Francisco, June 2000, pp. 272-

279. 

[103] R. H. Morelos-Zaragoza and Kenta Umebayashi, "Adaptive carrier recov

ery with modulation identification," in Proc. 2001 Int. Symp. on Signals, 

Systems, and Electronics, Tokyo, July 2001, pp. 216-219. 

[104] Ashit Talukder and David Casasent, "A closed-form neural network for 

discriminatory feature extraction from high-dimensional data," Neural Net

works, vol. 14, pp. 1201-1218,2001. 

[105} Aapo Hyvarinen, Juna Karhunen, and Erkki Oja, Independent Component 

Analysis, Wiley-InterScience, 2001. 


	400128_001
	400128_002
	400128_003
	400128_004
	400128_005
	400128_006
	400128_007
	400128_008
	400128_009
	400128_010
	400128_011
	400128_012
	400128_013
	400128_014
	400128_015
	400128_016
	400128_017
	400128_018
	400128_019
	400128_020
	400128_021
	400128_022
	400128_023
	400128_024
	400128_025
	400128_026
	400128_027
	400128_028
	400128_029
	400128_030
	400128_031
	400128_032
	400128_033
	400128_034
	400128_035
	400128_036
	400128_037
	400128_038
	400128_039
	400128_040
	400128_041
	400128_042
	400128_043
	400128_044
	400128_045
	400128_046
	400128_047
	400128_048
	400128_049
	400128_050
	400128_051
	400128_052
	400128_053
	400128_054
	400128_055
	400128_056
	400128_057
	400128_058
	400128_059
	400128_060
	400128_061
	400128_062
	400128_063
	400128_064
	400128_065
	400128_066
	400128_067
	400128_068
	400128_069
	400128_070
	400128_071
	400128_072
	400128_073
	400128_074
	400128_075
	400128_076
	400128_077
	400128_078
	400128_079
	400128_080
	400128_081
	400128_082
	400128_083
	400128_084
	400128_085
	400128_086
	400128_087
	400128_088
	400128_089
	400128_090
	400128_091
	400128_092
	400128_093
	400128_094
	400128_095
	400128_096
	400128_097
	400128_098
	400128_099
	400128_100
	400128_101
	400128_102
	400128_103
	400128_104
	400128_105
	400128_106
	400128_107
	400128_108
	400128_109
	400128_110
	400128_111
	400128_112
	400128_113
	400128_114
	400128_115
	400128_116
	400128_117
	400128_118
	400128_119
	400128_120
	400128_121
	400128_122
	400128_123
	400128_124
	400128_125
	400128_126
	400128_127
	400128_128
	400128_129
	400128_130
	400128_131
	400128_132
	400128_133
	400128_134
	400128_135
	400128_136
	400128_137
	400128_138
	400128_139
	400128_140
	400128_141
	400128_142
	400128_143
	400128_144
	400128_145
	400128_146
	400128_147
	400128_148
	400128_149
	400128_150
	400128_151
	400128_152
	400128_153
	400128_154
	400128_155
	400128_156
	400128_157
	400128_158
	400128_159
	400128_160
	400128_161
	400128_162
	400128_163
	400128_164
	400128_165
	400128_166
	400128_167
	400128_168
	400128_169
	400128_170
	400128_171
	400128_172
	400128_173
	400128_174
	400128_175

