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Abstract

S
ince the laser technlology has been applied for providing highly precise measure-

ment, laser interferometry based systems have found increasing applications in

the distance, displace measurement and related applications. Recently, a simple con-

struction of laser interferometer with the use of so-called optical feedback self-mixing

interferometry (OFSMI) e�ect has become a popular technique in optical measurement

�eld. In comparison with conventional interferometer, OFSMI enables simple, compact

size and cheap interferometer devices to be implemented.

This thesis studies the spectrum characteristics of OFSMI signals and outlines novel

approaches to analysze and process the noisy signal at the time and frequency domain

simultaneously. The work is motivated by the observation that, when OFSMI signal is

given at weak feedback regime (feedback parameter C ≤ 1), the signal is strictly band-

limited, consequently an linear band-pass �lter can be applied to remove the noise

disturbance while preserving the signals waveform unchanged. On the other hand, in

case of OFSMI signal is obtained with C > 1, an e�cient denoising algorithm based on

joint time-frequency representation (TFR) can be applied. It has been found that TFR

approach provides an su�cient prospective for study the behavior of OFSMI signals

for C > 1.

This work contributes to the framework of pre-processing and analyzing of OFMSI

signals. This thesis focus on the spectrum characteristics and the noise attenuation

at weak and moderate feedback regime. To achieve this, the ability of band-pass FIR

�lters and TFR methods in OFSMI signal processing have been evaluated and com-

pared. The results of this work lead to an signi�cant improvement to the performance

of OFSMI based laser measurement system.

v



Acknowledgements

I would like to express my sincere gratitude to my supervisor and co-supervisors: Pro-

fessor Jiangtao Xi, Professor Luqi Sheng, Professor Yangguang Yu, Professor Xianjing

Huang and Professor Joe Chicharo. Without them, this thesis would not have been pos-

sible. I thank them for their patience and encouragement that carried me on through

di�cult times. Their continuous supervision and mentoring assisted me to advance in

my work and explore new territories in my research �eld step by step.

This work would also not have been possible without the great technical assistance

given by the sta� in SECTE and TITR, whose presences and kindness have given me a

good memory of studying and living in this country. I am also appreciative of the ca-

sual teaching jobs provided by the school during my study which have given a valuable

experience in addition to �nancial assistance during my study. I have been extremely

fortunate to have the support of very special friends, Hong Meng, Chao Sun and his

wife,Lu Wei and Yi Zhang, etc., to whom I am truly grateful.

Last but not least, I am also very grateful to my parents,my sister,my uncle Edin,

aunty Xuling Zhang and friends who have always supporting me through the most

di�cult times of this work. Without their love and unstandarding, it is impossible to

accomplish this work!

vi



Publications

Xiaojun Zhang, Jiangtao Xi, Yanguang Yu, Joe Chichero, "The Fourier Spectrum

Analysis of Optical Feedback Self-Mixing Signal under Weak and Moderate Feedback,"

delta, pp. 491-495, 4th IEEE International Symposium on Electronic Design, Test and

Applications (delta 2008), 2008

vii



Contents

Abstract v

Acknowledgements vi

Publications vii

1 Introduction 15

1.1 The Background of Research . . . . . . . . . . . . . . . . . . . . . . . . 15

1.2 The Principles of OFSMI E�ect . . . . . . . . . . . . . . . . . . . . . . 19

1.2.1 The OFSMI e�ect and its history . . . . . . . . . . . . . . . . . 19

1.2.2 The theoretical model of OFSMI e�ect . . . . . . . . . . . . . . 21

1.2.3 The hardware implementation of OFSMI system . . . . . . . . . 25

1.2.4 The applications of OFSMI system . . . . . . . . . . . . . . . . 27

1.2.4.1 Measurement of external target . . . . . . . . . . . . . 27

1.2.4.2 Measurement of semiconductor lasers . . . . . . . . . . 29

1.2.5 Major issues . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

1.3 Motivation of this work . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

1.4 Summary of Contribution . . . . . . . . . . . . . . . . . . . . . . . . . 32

1.5 Structure of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2 The Spectrum Analysis of Optical Feedback Self-Mixing Signals 34

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.1.1 An Overview of OFSMI Signals Waveform . . . . . . . . . . . . 35

2.1.2 The Basic Principles of Discrete Fourier Transform (DFTs) . . . 39

2.1.3 Experiment Procedures . . . . . . . . . . . . . . . . . . . . . . 40

2.2 Spectral Analysis of OFSMI Signals Under Weak Feedback Regime . . 41

2.2.1 Analysis of Simulated Signals . . . . . . . . . . . . . . . . . . . 41

2.2.2 Analysis of Actual Signals . . . . . . . . . . . . . . . . . . . . . 44

1



CONTENTS 2

2.2.3 Comparison between Simulated and Actual Signals . . . . . . . 46

2.3 Spectral Analysis of OFSMI Signals Under Moderate Feedback Regime 46

2.3.1 Analysis of Simulated Signals . . . . . . . . . . . . . . . . . . . 46

2.3.2 Analysis of Actual Signals . . . . . . . . . . . . . . . . . . . . . 47

2.3.3 Comparison between Simulated and Actual Signals . . . . . . . 51

2.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3 Signal Pre-processing using Linear Filtering Methods 53

3.1 Background of Linear Filtering Techniques . . . . . . . . . . . . . . . . 54

3.1.1 Mathematical Model of Noise . . . . . . . . . . . . . . . . . . . 54

3.1.2 Principles of Linear Filters Design . . . . . . . . . . . . . . . . . 54

3.1.3 FIR Filters with Window Methods . . . . . . . . . . . . . . . . 55

3.1.4 FIR Filter Design procedure . . . . . . . . . . . . . . . . . . . . 58

3.2 Linear Band-Pass Filters under Weak Feedback Regime . . . . . . . . . 59

3.2.1 Performance of Linear Band-Pass Filters on Simulated OFSMI

signals under Weak Feedback regime . . . . . . . . . . . . . . . 59

3.2.2 Performance on the Actual Noisy OFSMI signals under Weak

Feedback regime . . . . . . . . . . . . . . . . . . . . . . . . . . 67

3.3 Linear Band-Pass Filters under Moderate Feedback Regime . . . . . . . 70

3.3.1 Performance of Linear Band-Pass Filters on Simulated OFSMI

signals under Moderate Feedback Regime . . . . . . . . . . . . . 70

3.3.2 Performance of Band-Pass Filters on Actual OFSMI Signals un-

der Moderate Feedback Regime . . . . . . . . . . . . . . . . . . 76

3.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4 Localized Spectral Analysis of OFSMI Signals 79

4.1 Development history of S-Transform . . . . . . . . . . . . . . . . . . . 80

4.2 Theory of STFT and S-Transform . . . . . . . . . . . . . . . . . . . . . 81

4.2.1 Short Time Fourier Transform (STFT) . . . . . . . . . . . . . . 81

4.2.2 Principles of S-Transform . . . . . . . . . . . . . . . . . . . . . 82

4.2.2.1 S-Transform and Continuous Wavelet Transform . . . 82

4.2.2.2 S-Transform and Short Time Fourier Transform . . . . 83

4.2.2.3 S-Transform and Fourier Transform . . . . . . . . . . . 83

4.2.2.4 Discrete 1-D S-Transform . . . . . . . . . . . . . . . . 84

4.3 Local Spectrum Analysis of OFSMI signals under Weak Feedback Regime 85

4.3.1 Local Spectrum Analysis to the Simulated OFSMI Signals . . . 85



CONTENTS 3

4.3.1.1 Analysis Results using Short Time Fourier Transform . 85

4.3.1.2 Analysis Results using S-Transform . . . . . . . . . . . 87

4.3.2 Local Spectrum Analysis to the Actual OFSMI Signals . . . . . 88

4.3.2.1 Analysis Results using Short Time Fourier Transform . 88

4.3.2.2 Analysis Results using S-Transform . . . . . . . . . . . 92

4.4 Local Spectrum Analysis of OFSMI signals under Moderate / Strong

Feedback Regime . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

4.4.1 Local Spectrum Analysis to the Simulated OFSMI Signals . . . 94

4.4.1.1 Analysis Results using Short Time Fourier Transform . 94

4.4.1.2 Analysis Results using S-Transform . . . . . . . . . . . 95

4.4.2 Local Spectrum Analysis to the Actual OFSMI Signals . . . . . 98

4.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

5 Denoising of Noisy OFSMI Signals based on Wavelet Transform under

Moderate Feedback Regime 102

5.1 The Basic Principles of Wavelet Transform . . . . . . . . . . . . . . . . 102

5.1.1 Continuous Wavelet Transform (CWT) . . . . . . . . . . . . . . 103

5.1.2 Discrete Wavelet Transform (DWT) . . . . . . . . . . . . . . . . 104

5.1.3 Multiresolution Analysis (MRA) and Signal Denoising . . . . . 106

5.1.4 Procedures of Wavelet Based Denoising . . . . . . . . . . . . . . 108

5.1.5 Thresholding Method . . . . . . . . . . . . . . . . . . . . . . . . 108

5.2 Implementation of Wavelet Transform based Denoising Method to OF-

SMI signals under Moderate Feedback Regime . . . . . . . . . . . . . . 110

5.2.1 Denoising Results of Simulated OFSMI signals . . . . . . . . . . 110

5.2.2 Denoising Results of Actual OFSMI Signals . . . . . . . . . . . 118

5.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

6 Conclusions and Future Research 121

6.1 Summary of Contributions . . . . . . . . . . . . . . . . . . . . . . . . . 122

6.2 Suggestion of Future Researches . . . . . . . . . . . . . . . . . . . . . . 122

A Appendix: Programming List 124

A.1 Simulation Code for Generating OFSMI Signals . . . . . . . . . . . . . 124

A.2 Spectrum Analysis of OFMSI Signal . . . . . . . . . . . . . . . . . . . 128

A.3 FIR Filter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

A.4 FIR Band-pass Filter with Kaiser Windnow . . . . . . . . . . . . . . . 133



CONTENTS 4

A.5 S-Transform and its Inverse code . . . . . . . . . . . . . . . . . . . . . 134

A.5.1 S-Transform . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

A.5.2 Inverse of S-Transform . . . . . . . . . . . . . . . . . . . . . . . 142

A.6 Short Time Fourier Transform Analysis . . . . . . . . . . . . . . . . . . 143

A.6.1 Short Time Fourier Transform . . . . . . . . . . . . . . . . . . . 143

A.6.2 Short Time Fourier Transform Window Function . . . . . . . . 146

A.7 Wavelet Transform and its Denoising Processing . . . . . . . . . . . . . 149

A.7.1 Multiresolution Decomposition Analysis . . . . . . . . . . . . . 149

A.7.2 Discrete Wavelet Transform . . . . . . . . . . . . . . . . . . . . 152

A.7.3 Inverse of Disecete Wavelet Transform . . . . . . . . . . . . . . 155

Bibliography 164



List of Figures

1.1 Illustration of displacement measurement of OFSMI system . . . . . . . 16

1.2 Displacement measurement with Fourier Transform demodulation method. 17

1.3 Laser Doppler Velocity measurement based on OFSMI e�ect. . . . . . . 17

1.4 Three mirror structure for self-mixing e�ect inside a single mode laser 22

1.5 compound cavity model for self-mixing e�ect in a single mode laser . . 22

1.6 The waveform of self-mixing signal with di�erent value of C. The upper

�gure shows the case for C = 0.6 with a sinusoidal shape of waveform,

the bottom �gure shows the case for C = 3.6 with a saw-tooth-like

waveform. Theses waveforms are obtained by simulation program. . . 26

1.7 The block diagram of experimental system setup . . . . . . . . . . . . . 26

1.8 The phase shift of self-mixing signal with C = 0.7 (Top phase shift of

external target without feedback;middle: phase shift of back re�ected

light; bottom: waveform of OFSMI signal) . . . . . . . . . . . . . . . . 28

1.9 The phase shift and waveform of self-mixing signal with C = 2.6 (Top

phase shift of external target without feedback;middle: phase shift of

back re�ected light; bottom: waveform of OFSMI signal) . . . . . . . . 28

1.10 The phase shift and waveform of self-mixing signal with C = 3.6 (Top

phase shift of external target without feedback;middle: phase shift of

back re�ected light; bottom: waveform of OFSMI signal) . . . . . . . . 29

2.1 Phase shift φf (t) with feedback versus phase shift φ0(t) . . . . . . . . . 35

2.2 The change in excess phase shift φ0(t) − φf (t) with optical feedback

versus external target phase shift φ0(t) with di�erent values of C . . . . 36

2.3 The phase shift of self-mixing signal with C = 0.7 (Top phase shift

of external target without feedback;middle: phase shift of back re�ected

light; bottom: waveform of OFSMI signal). Each fringe in OFSMI signal

corresponding to a 2πphase shift. . . . . . . . . . . . . . . . . . . . . . 37

5



LIST OF FIGURES 6

2.4 The phase shift of self-mixing signal with C = 2.6 (Top phase shift

of external target without feedback;middle: phase shift of back re�ected

light; bottom: waveform of OFSMI signal). Each fringe in OFSMI signal

corresponding to a 2πphase shift. . . . . . . . . . . . . . . . . . . . . . 37

2.5 The phase shift of self-mixing signal with C = 3.6 (Top phase shift

of external target without feedback;middle: phase shift of back re�ected

light; bottom: waveform of OFSMI signal). Each fringe in OFSMI signal

corresponding to a 2πphase shift. . . . . . . . . . . . . . . . . . . . . . 38

2.6 Actual OFSMI signal under weak feedback regime with C = 0.7. (Top:

The overview of signal waveform, Bottom: The zoom-in view of signal

waveform) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

2.7 Actual OFSMI signal under moderate feedback regime with C = 3.6.

(Top: The overview of signal waveform, Bottom: The zoom-in view of

signal waveform) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

2.8 The follow chart of experiment procedures . . . . . . . . . . . . . . . . 40

2.9 The simulated OFSMI signal with C = 0.7 and α = 3. . . . . . . . . . . 41

2.10 Fourier spectrum of the signal. . . . . . . . . . . . . . . . . . . . . . . . 42

2.11 The raw signal g(n) with solid line and �ltered signal g̃(n) with cycle

dot line. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

2.12 Fourier of actual OFSMI signal for C = 0.7. Many non-harmonic com-

ponents results from noise disturbance can be observed. . . . . . . . . . 44

2.13 The zoom-in view of Fourier spectrum of actual OFSMI signal with

C = 0.7. The non-harmonic components result from noise interference

can be observed. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

2.14 The actual OFSMI signal g(n) with black solid line and �ltered signal

g̃(n) with red cycle dotted line. . . . . . . . . . . . . . . . . . . . . . . 45

2.15 First 256 samples of simulated OFSMI signal with C = 2.6 and α = 3 . 47

2.16 Fourier spectrum of OFSMI signal. . . . . . . . . . . . . . . . . . . . . 48

2.17 The raw signal g(n) with solid line and �ltered signal g̃(n) with cycle

dotted line. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

2.18 The error residual of �ltered signal g̃(n). . . . . . . . . . . . . . . . . . 49

2.19 The waveform of actual OFSMI signal with C = 3.6 . . . . . . . . . . . 50

2.20 The Fourier spectrum of actual OFSMI signal with C = 3.6 . . . . . . . 50

2.21 The zoom-in view of Fourier spectrum of actual OFSMI signal with

C = 3.6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50



LIST OF FIGURES 7

2.22 The actual signal g(n) with black solid line and �ltered signal g̃(n) with

red cycle dotted line. The MSE error residual σ = 0.2 . . . . . . . . . . 51

3.1 Frequency magnitude response of band-pass �lter. . . . . . . . . . . . . 56

3.2 The simulated noisy OFSMI signal ǵ(n) (red dotted line ) and raw signal
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