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Thesis Structure 
 

 

The structure of the Thesis is the “Conventional Thesis”, adhering to the “2019 UTS 

Graduate Research Candidature Management, Thesis Preparation and Submission 

Procedures”. The structure of Thesis is as follows: 

 

 Publications – this is a list of published academic conference and journal 

papers, as well as journal paper submitted and under peer-review at the time 

of Thesis submission. 

 

 Patents – this is a list of published patents, including world international 

patent (WIPO), US patent and filed provisional Australian IP (AusPat) 

applications. 

 

 Statement of Contribution – this is a summary section documenting the 

contributions of the Thesis to the knowledge of the non-contact sleep 

monitoring field. 

 

 List of Tables – this section provides a list of tables in the Thesis. 

 

 List of Figures – this section provides a list of figures in the Thesis. 

 

 Acronyms and Abbreviations – this section provides a list of acronyms 

and abbreviations in the Thesis. 

 

 Abstract – this is a summary of the research works in the Thesis. 

 

 Chapter 1: Literature Review (Thesis Contribution 1 – Knowledge) – 

Chapter 1 provides a comprehensive review of the current state of the non-

contact microwave Doppler radar sleep monitoring technology. It also 
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outlines the current challenges and recommendations for future research 

directions. 

 

 Chapter 2: Sleep Disorders (Thesis Contribution 1 – Knowledge) – 

Chapter 2 provides an overview of the sleep disorders and focuses on 

obstructive sleep apnea (OSA). The purpose of chapter 2 is to outline the 

basic fundamentals of sleep disorders and to provide the background 

knowledge for the research work in the Thesis. 

 

 Chapter 3: Relative Demodulation (Thesis Contribution 2 – Novel 

Theory 1) – Chapter 3 presents a novel real-time demodulation theory and 

technique for the non-contact microwave Doppler radar system. Included in 

this chapter, is a novel respiratory and heart rates estimation algorithm, 

using the non-contact microwave Doppler radar. 

 

 Chapter 4: Pulmonary Ventilation Mathematical Model (Thesis 

Contribution 3 – Novel Theory 2) – Chapter 4 presents a novel pulmonary 

ventilation mathematical model that defines the relationship between the 

intrapulmonary pressure and the chest displacement. Included is this 

chapter, is a novel tidal volume estimation algorithm, using the non-contact 

microwave Doppler radar. 

 

 Chapter 5: External Ventilation Mathematical Model (Thesis 

Contribution 4 – Novel Theory 3) – Chapter 5 presents a novel 

mathematical model that quantitatively defines the relationships between the 

arterial oxygen saturation (SaO2), the arterial partial pressure of oxygen 

(PaO2) and the arterial partial pressure of carbon dioxide (PaCO2). Included 

in this chapter is a novel non-contact algorithm that utilizes the 

mathematical model, multilayer perceptron (MLP) artificial neural network 

(ANN) and the non-contact microwave Doppler radar, to translate the 

human periodic chest displacements caused by respiratory efforts into 

peripheral capillary oxygen saturation (SpO2) measurements. 
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 Chapter 6: 3-Dimensional Feature Representation and Extraction 

Technique (Thesis Contribution 5 – Novel Theory 4) – Chapter 6 presents 

a novel 3-dimensional feature representation and extraction technique, 

consisting of two methods, Spatial Dimensions Transform (SDT) and 

Spatial Dimensions Decomposition (SDD). SDT and SDD when combined 

can achieve data transformation, augmentation, normalization, scaling, and 

feature extraction in a single process. 

 

 Chapter 7: Novel Real-life Applications and Results of Non-Contact 

Sleep Monitoring (Thesis Contribution 6 – Novel Real-Life Applications 

and Results) – Chapter 7 presents the real-life non-contact sleep monitoring 

applications of the novel contributions theories and techniques presented in 

chapters 3, 4, 5 and 6. The applications demonstrate the non-contact 

monitoring of the following sleep parameters: 

 

1. Respiratory rate. 

2. Heart rate. 

3. Tidal volume. 

4. Body orientations, i.e., “Prone”, “Upright”, “Supine”, “Right” 

and “Left” sleep orientations. 

5. Oxygen saturation. 

 

 Conclusion – this section includes the “Statement of Conclusion” for the 

research presented in the Thesis. 

 

 Appendix I – this section includes the descriptions of the non-contact 

microwave Doppler radar biosensor used in the research and presented in 

the Thesis. 

 

 Appendix II – this section includes the descriptions of the patients’ 

databases, including ethics approval used in the research and presented in 

the Thesis. Additionally, this section also includes the justifications for the 

data exclusions, selections and partitions. 
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 Appendix III – this section includes the descriptions of common 

hyperparameters utilized in the artificial neural networks (ANN) and 

covered in the Thesis. 

 

 References – this section includes a list of references utilized in the Thesis. 

 

  



Page | vii  

 

Publications 
 

 

Published Conference Papers 
 

1. V. P. Tran, and A. A. Al-Jumaily, “Non-Contact Dual Pulse Doppler 

System based Respiratory and Heart Rates Estimation for CHF Patients,” in 

37th Annual International Conference of the IEEE Engineering in Medicine 

and Biology Society, MiCo – Milano Conference Center – Milan, Italy, 

2015, pp. 4202-4205. 

 

2. V. P. Tran, and A. A. Al-Jumaily, “Non-Contact Real-Time Estimation of 

Intrapulmonary Pressure and Tidal Volume for Chronic Heart Failure 

Patients,” in 38th Annual International Conference of the IEEE Engineering 

in Medicine and Biology Society, Orlando, Florida USA, 2016, pp. 3564-

3567. 

 

3. V. P. Tran, and A. A. Al-Jumaily, “Non-Contact Doppler Radar Based 

Prediction of Nocturnal Body Orientations Using Deep Neural Network for 

Chronic Heart Failure Patients,” in 2017 International Conference on 

Electrical and Computing Technologies and Applications (ICECTA), 

American University of Ras Al Khaimah, Ras Al Khaimah, United Arab 

Emirates (UAE), 2017. 

 

Published Journal Papers 
 

4. V. P. Tran, and A. A. Al-Jumaily, “Non-Contact Dual Pulse Doppler 

System Based Real-Time Relative Demodulation and Respiratory & Heart 

Rates Estimations for Chronic Heart Failure Patients,” Procedia Computer 

Science, vol. 76, no. 2015, pp. 47–52, 2015. 

(Best paper awarded at IEEE-IRIS conference in 2015) 



Page | viii  

 

5. V. P. Tran, A. A. Al-Jumaily, and S. M. S. Islam, “Doppler Radar-Based 

Non-Contact Health Monitoring for Obstructive Sleep Apnea Diagnosis: A 

Comprehensive Review,” Big Data and Cognitive Computing, vol. 3, no. 3, 

pp. 1-21, 2019. 

 

6. V. P. Tran, and A. A. Al-Jumaily, “A Novel Oxygen-Hemoglobin Model for 

Non-Contact Sleep Monitoring of Oxygen Saturation,” IEEE Sensors 

Journal, vol. 19, no. 24, pp. 12325-12332, 2019. 

 

Submitted Journal Paper 
 

7. V. P. Tran, and A. A. Al-Jumaily, “A Novel 3-Dimensional Feature 

Representation and Extraction Technique with Non-Contact Sleep 

Monitoring Applications,” IEEE Sensors Journal, 2020. 

 

  



Page | ix  

 

Patents 
 

 

Published World International Patent (WIPO) 
 

1. (WO2019079855) DETECTION AND MONITORING OF BODY 

ORIENTATION 

https://patentscope.wipo.int/search/en/detail.jsf?docId=WO2019079855 

Publication date: 02-May-2019 

 

2. (WO2016205891) DIAGNOSIS AND MONITORING OF CARDIO-

RESPIRATORY DISORDERS 

https://patentscope.wipo.int/search/en/detail.jsf?docId=WO2016205891 

Publication date: 29-Dec-2016 

 

Published US Patent 
 

3. (US20180153427) DIAGNOSIS AND MONITORING OF CARDIO-

RESPIRATORY DISORDERS 

https://patentscope.wipo.int/search/en/detail.jsf?docId=US219626659 

Publication date: 07-Jun-2018 

 

Filed Australian Provisional IP (AusPat) Applications 
 

4. Non-contact monitoring of nocturnal body position 

http://pericles.ipaustralia.gov.au/ols/auspat/applicationDetails.do?applicatio

nNo=2018900724 

Filed date: 06-Mar-2018 

 

 

 

https://patentscope.wipo.int/search/en/detail.jsf?docId=WO2019079855
https://patentscope.wipo.int/search/en/detail.jsf?docId=WO2016205891
https://patentscope.wipo.int/search/en/detail.jsf?docId=US219626659&redirectedID=true
http://pericles.ipaustralia.gov.au/ols/auspat/applicationDetails.do?applicationNo=2018900724
http://pericles.ipaustralia.gov.au/ols/auspat/applicationDetails.do?applicationNo=2018900724


Page | x  

 

5. Non-contact monitoring of nocturnal body position 

http://pericles.ipaustralia.gov.au/ols/auspat/applicationDetails.do?applicatio

nNo=2017904337 

Filed date: 26-Oct-2017 

 

6. Non-contact monitoring of nocturnal oxygen saturation in the arterial blood 

http://pericles.ipaustralia.gov.au/ols/auspat/applicationDetails.do?applicatio

nNo=2016903946 

Filed date: 28-Sep-2016 

 

7. Estimation of Pulmonary Ventilation Quantities Based On Non-Contact 

Sensor Data 

http://pericles.ipaustralia.gov.au/ols/auspat/applicationDetails.do?applicatio

nNo=2016900897 

Filed date: 10-Mar-2016 

 

8. Heart and respiratory rate estimation from non-contact sensor data 

https://pericles.ipaustralia.gov.au/ols/auspat/applicationDetails.do?applicati

onNo=2015902494 

Filed date: 26-Jun-2015 

 

  

http://pericles.ipaustralia.gov.au/ols/auspat/applicationDetails.do?applicationNo=2017904337
http://pericles.ipaustralia.gov.au/ols/auspat/applicationDetails.do?applicationNo=2017904337
http://pericles.ipaustralia.gov.au/ols/auspat/applicationDetails.do?applicationNo=2016903946
http://pericles.ipaustralia.gov.au/ols/auspat/applicationDetails.do?applicationNo=2016903946
http://pericles.ipaustralia.gov.au/ols/auspat/applicationDetails.do?applicationNo=2016900897
http://pericles.ipaustralia.gov.au/ols/auspat/applicationDetails.do?applicationNo=2016900897
https://pericles.ipaustralia.gov.au/ols/auspat/applicationDetails.do?applicationNo=2015902494
https://pericles.ipaustralia.gov.au/ols/auspat/applicationDetails.do?applicationNo=2015902494


Page | xi  

 

Statement of Contribution 
 

 

The Thesis is a response to the demands for non-contact sleep monitoring systems. The 

demands arise due to the limitations of the polysomnography (PSG) system, the 

importance of early screening for obstructive sleep apnea (OSA), the need for long-term 

continuous monitoring and the concern with respect to patient discomfort when using 

the current gold-standard PSG system. 

 

The Thesis presents novel theories, real-life applications and the results of the non-

contact sleep monitoring using the microwave Doppler radar, including the “non-

stationary” and the “non-direct facing” subjects’ measurements in the complex sleep 

environment. 

 

The Thesis includes six contributions to the knowledge of the non-contact sleep 

monitoring field. The six contributions in its entirety, are my own work. 

 

1. Contribution 1: Knowledge 
 

Chapter 1: Literature Review – Chapter 1 adds to the knowledge and understanding 

of non-contact sleep monitoring field by presenting a comprehensive review of the 

current state of the non-contact Doppler radar sleep monitoring technology. This chapter 

includes an outline of the current challenges and recommendations on future research 

directions. 

 

Chapter 2: Sleep Disorders – Chapter 2 adds to the knowledge and understanding of 

the non-contact sleep monitoring field and the research work by presenting an overview 

of the sleep disorders with the focus on obstructive sleep apnea (OSA). The overview 

includes the epidemiology, pathophysiology, comorbidities and cardiovascular 

comorbidities associated with OSA. 
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2. Contribution 2: Novel Theory 1 
 

Chapter 3: Relative Demodulation – Chapter 3 contributes to the field of non-contact 

sleep monitoring by introducing “Relative Demodulation”, a novel real-time 

demodulation theory and technique for the non-contact microwave Doppler radar 

system. The novelty of the “Relative Demodulation” technique is that it pivots from 

conventional displacements analysis to introduce derivatives analysis. Included in this 

chapter, is a novel respiratory and heart rates estimation algorithm that utilizes the 

“Relative Demodulation” technique and the non-contact microwave Doppler radar. 

 

3. Contribution 3: Novel Theory 2 
 

Chapter 4: Pulmonary Ventilation Mathematical Model – Chapter 4 contributes to 

the field of non-contact sleep monitoring by introducing a novel pulmonary ventilation 

mathematical model that defines the relationship between the intrapulmonary pressure 

and the chest displacement. The novelty of the mathematical model is that it enables the 

capability to estimate tidal volume using the non-contact microwave Doppler radar. 

Included in this chapter, is a novel tidal volume estimation algorithm that utilizes the 

mathematical model and the non-contact microwave Doppler radar. 

 

4. Contribution 4: Novel Theory 3 
 

Chapter 5: External Ventilation Mathematical Model – Chapter 5 contributes to the 

field of non-contact sleep monitoring by introducing a novel oxygen-hemoglobin 

dissociation mathematical model that quantitatively defines the relationships between 

the arterial oxygen saturation (SaO2), the arterial partial pressure of oxygen (PaO2) and 

the arterial partial pressure of carbon dioxide (PaCO2). The novelty of the mathematical 

model is that it enables the capability to estimate oxygen saturation using non-contact 

microwave Doppler radar. Included in this chapter, is a novel non-contact algorithm that 

utilizes the mathematical model, multilayer perceptron (MLP) artificial neural network 

(ANN) and non-contact microwave Doppler radar to translate the human periodic chest 
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displacements caused by respiratory efforts into peripheral capillary oxygen saturation 

(SpO2) measurements. 

 

5. Contribution 5: Novel Theory 4 
 

Chapter 6: 3-Dimensional Feature Representation and Extraction Technique – 

Chapter 6 contributes to the field of non-contact sleep monitoring by introducing a 

novel 3-dimensional feature representation and extraction technique, consisting of two 

methods, Spatial Dimensions Transform (SDT) and Spatial Dimensions Decomposition 

(SDD). The SDT and SDD when combined can achieve data transformation, 

augmentation, normalization, scaling, and feature extraction in a single process. The 

novelty of SDT and SDD is that the feature engineering process is not required. The 

preprocessing of signals, DC-offsets removal, signals filtering, expert domain 

knowledge, wavelet packet decomposition and/or time-frequency domain analysis are 

not required in the process of feature extraction. This technique is applicable to both 

classification and dynamic time-series regression applications. 

 

6. Contribution 6: Novel Real-Life Applications and Results 
 

Chapter 7: Novel Real-Life Applications and Results of Non-Contact Sleep 

Monitoring – Chapter 7 contributes to the field of non-contact sleep monitoring by 

presenting the real-life non-contact sleep monitoring applications and the results of the 

contributions presented in chapters 3, 4, 5 and 6. The contributions of chapter 7 include 

the novel high accuracy non-contact estimations/predictions of the following sleep 

monitoring parameters: 

 

1. Respiratory rate. 

2. Heart rate. 

3. Tidal volume. 

4. Body orientations, i.e., “Prone”, “Upright”, “Supine”, “Right” and “Left” 

sleep orientations. 

5. Oxygen saturation. 

 



Page | xiv  

 

Table of Contents 
 

 

INTRODUCTION ............................................................................................................ 1 

Research Aim ............................................................................................................................ 2 

Research Objectives .................................................................................................................. 2 

Research Methodologies ........................................................................................................... 3 

CHAPTER 1:  LITERATURE REVIEW ......................................................................... 4 

ABSTRACT .............................................................................................................................. 4 

INTRODUCTION .................................................................................................................... 5 

1.1 RADAR Overview ........................................................................................................ 7 

1.1.1 Radar – Definition ................................................................................................. 7 

1.1.2 Radar – Architecture ............................................................................................. 8 

1.1.3 Radar – A Brief Historical Journey ..................................................................... 10 

1.2 Non-Contact Doppler Radar Architecture .................................................................. 11 

1.2.1 Heterodyne versus Homodyne Topology............................................................ 11 

1.2.2 Continuous-Wave versus Pulsed-Wave Architecture ......................................... 13 

1.2.3 Single versus Quadrature Architecture ............................................................... 14 

1.3 Non-Contact Doppler Radar Principle ........................................................................ 15 

1.3.1 Theoretically Analysis ........................................................................................ 15 

1.4 Sources of Noise in Non-Contact Doppler Radar ....................................................... 22 

1.4.1 Clutter and DC Offset ......................................................................................... 22 

1.4.2 Phase-Nulling or Null-Point ................................................................................ 22 

1.4.3 Others Sources of Noise ...................................................................................... 22 

1.5 Non-Contact Doppler Radar Signal Processing .......................................................... 23 

1.5.1 Clutter and DC Offset Cancellation .................................................................... 24 

1.5.2 Phase-Nulling Cancellation ................................................................................. 24 

1.5.3 Multi-Targets and Motions Artefacts Cancellation ............................................. 26 

1.6 Categories of Non-Contact Doppler Radar Signal Processing Techniques ................ 29 

1.6.1 Time-Frequency Analysis ................................................................................... 30 

1.6.2 Numerical Analysis ............................................................................................. 31 

1.6.3 Classification and Training ................................................................................. 33 

1.6.4 Other Methodologies........................................................................................... 34 

1.7 Ultra-Wide Band Doppler Radar ................................................................................ 35 

1.8 Challenges and Future Research Directions ............................................................... 37 



Page | xv  

 

1.8.1 Current Achievements ......................................................................................... 37 

1.8.2 Challenges and Future Research Directions ....................................................... 38 

1.9 Conclusion .................................................................................................................. 39 

CHAPTER 2: SLEEP DISORDERS .............................................................................. 40 

INTRODUCTION .................................................................................................................. 40 

2.1 Sleep Disorders ........................................................................................................... 40 

2.1.1 Sleep Disorders – Classification ......................................................................... 40 

2.1.2 Sleep Disordered Breathing – Definition ............................................................ 41 

2.2 Obstructive Sleep Apnea ............................................................................................. 42 

2.2.1 Epidemiology ...................................................................................................... 42 

2.2.2 Pathophysiology .................................................................................................. 43 

2.2.3 Comorbidities ...................................................................................................... 47 

2.2.4 Obstructive Sleep Apnea & Cardiovascular Comorbidities ................................ 48 

2.3 Conclusion .................................................................................................................. 49 

CHAPTER 3: RELATIVE DEMODULATION ............................................................ 50 

INTRODUCTION .................................................................................................................. 50 

3.1 Theory of Relative Demodulation ............................................................................... 50 

3.1.1 Continuous Time Domain ................................................................................... 50 

3.1.2 Discretized Time Domain ................................................................................... 54 

3.2 Respiratory and Heart Rates Estimation Algorithm .................................................... 56 

3.2.1 Algorithm Block Diagram .................................................................................. 56 

3.2.2 DC Offsets and Amplitude Gain Constants ........................................................ 57 

3.2.3 Band-Pass Filter Type and Frequency Bandwidth .............................................. 57 

3.2.4 Inspiration and Expiration Detection Algorithm ................................................. 58 

3.2.5 Systole and Diastole Detection Algorithm .......................................................... 59 

3.2.6 Respiratory and Heart Rate Estimation Algorithm ............................................. 59 

3.3 Conclusion .................................................................................................................. 60 

CHAPTER 4: PULMONARY VENTILATION MATHEMATICAL MODEL ........... 61 

INTRODUCTION .................................................................................................................. 61 

4.1 Pulmonary Ventilation Model ..................................................................................... 61 

4.1.1 Theoretical Analysis and Modeling .................................................................... 61 

4.2 Tidal Volume Estimation Algorithm .......................................................................... 67 

4.2.1 Algorithm Block Diagram .................................................................................. 67 

4.3 Conclusion .................................................................................................................. 69 

CHAPTER 5: EXTERNAL VENTILATION MATHEMATICAL MODEL ................ 70 

INTRODUCTION .................................................................................................................. 70 



Page | xvi  

 

5.1 Oxygen-Hemoglobin Dissociation Model .................................................................. 70 

5.1.1 Theoretical Analysis and Modeling .................................................................... 71 

5.1.2 Case 1 – Overdamped Solution (ζ > 1) ............................................................... 74 

5.1.3 Case 2 – Critically Damped Solution (ζ = 1) ...................................................... 75 

5.1.4 Case 3 – Underdamped Solution (0 < ζ < 1) ....................................................... 76 

5.1.5 Generalized SaO2 Equation ................................................................................. 76 

5.2 Relationships of the Alveolar Partial Pressures .......................................................... 77 

5.2.1 Alveolar Ventilation Relationship to Subject’s Height ....................................... 78 

5.2.2 Carbon Dioxide Production Relationships to Subject’s Heart Rate and 

Respiratory Quotient ........................................................................................................... 79 

5.2.3 Arterial Partial Pressure of Carbon Dioxide Relationships to Alveolar Ventilation 

and Carbon Dioxide Production .......................................................................................... 80 

5.2.4 Arterial Partial Pressure of Oxygen Relationship to Arterial Partial Pressure 

Carbon Dioxide ................................................................................................................... 81 

5.3 Non-Contact Prediction of Oxygen Saturation Algorithm .......................................... 82 

5.3.1 Algorithm Block Diagram .................................................................................. 83 

5.3.2 Feature Extraction Process .................................................................................. 86 

5.3.3 SpO2 Multilayer Perceptron Artificial Neural Network Architecture ................. 86 

5.4 Conclusion .................................................................................................................. 87 

CHAPTER 6: 3-DIMENSIONAL FEATURE REPRESENTATION AND 

EXTRACTION TECHNIQUE ....................................................................................... 89 

INTRODUCTION .................................................................................................................. 89 

6.1 Spatial Dimensions Transform.................................................................................... 90 

6.1.1 SDT Rules ........................................................................................................... 90 

6.1.2 SDT Methodology............................................................................................... 91 

6.1.3 Inverse SDT ........................................................................................................ 99 

6.2 Spatial Dimensions Decomposition ............................................................................ 99 

6.2.1 SDD Methodology ............................................................................................ 100 

6.2.2 SDD Decomposition Tree ................................................................................. 100 

6.2.3 SDD Algorithm ................................................................................................. 101 

6.2.4 SDD Approach on Data Transformation........................................................... 101 

6.2.5 SDD Approach on Data Augmentation ............................................................. 101 

6.2.6 SDD Approach on Feature Extraction .............................................................. 101 

6.3 Conclusion ................................................................................................................ 103 

CHAPTER 7: NOVEL REAL-LIFE APPLICATIONS AND RESULTS OF NON-

CONTACT SLEEP MONITORING ............................................................................ 104 



Page | xvii  

 

INTRODUCTION ................................................................................................................ 104 

7.1 Non-Contact Respiratory and Heart Rates Estimation .............................................. 106 

7.1.1 Patients’ Dataset for Respiratory and Heart Rates Estimation .......................... 107 

7.1.2 Respiratory and Heart Rates Estimations using Automated Estimation Algorithm

 107 

7.1.2.1 Signal Separation & Reconstruction Component ......................................... 108 

7.1.2.2 Signal Demodulation Component ................................................................. 109 

7.1.2.3 Respiratory and Heart Rates Estimation Component .................................... 110 

7.1.2.4 Performance Measures .................................................................................. 110 

7.1.2.5 Results and Discussions ................................................................................ 111 

7.1.2.6 Conclusion .................................................................................................... 114 

7.1.3 Respiratory and Heart Rates Estimations using Relative Demodulation and 

Respiratory and Heart Rates Estimation Algorithm .......................................................... 114 

7.1.3.1 Results and Discussions ................................................................................ 114 

7.1.3.2 Conclusion .................................................................................................... 118 

7.1.4 Remarks ............................................................................................................ 118 

7.2 Non-Contact Tidal Volume Estimation .................................................................... 120 

7.2.1 Patients’ Dataset for Tidal Volume Estimation ................................................ 120 

7.2.2 Tidal Volume Estimations using Pulmonary Ventilation Model and Tidal 

Volume Estimation Algorithm .......................................................................................... 120 

7.2.2.1 Results and Discussions ................................................................................ 120 

7.2.2.2 Conclusion .................................................................................................... 122 

7.3 Non-Contact Body Orientations Prediction .............................................................. 123 

7.3.1 Patients’ Dataset Partitions for Body Orientations Prediction .......................... 124 

7.3.2 Body Orientations Prediction using Wavelet Packet Decomposition and Deep 

Neural Network ................................................................................................................. 124 

7.3.2.1 Wavelet Packet Decomposition Process ....................................................... 124 

7.3.2.2 Feature Extraction Process ............................................................................ 126 

7.3.2.3 Deep Artificial Neural Network Architecture ............................................... 127 

7.3.2.4 Deep Artificial Neural Network Training Characteristics ............................ 128 

7.3.2.5 Results and Discussions ................................................................................ 129 

7.3.2.6 Conclusion .................................................................................................... 133 

7.3.3 Body Orientations Prediction using SDT, SDD and Multilayer Perceptron ..... 134 

7.3.3.1 Feature Extraction using SDT and SDD ....................................................... 134 

7.3.3.2 Multilayer Perceptron Artificial Neural Network Architecture .................... 134 

7.3.3.3 Multilayer Perceptron Artificial Neural Network Training Characteristics .. 135 



Page | xviii  

 

7.3.3.4 Results and Discussions ................................................................................ 135 

7.3.3.5 Conclusion .................................................................................................... 138 

7.3.4 Remarks ............................................................................................................ 138 

7.4 Non-Contact Oxygen Saturation Prediction.............................................................. 140 

7.4.1 Patients’ Database for Oxygen Saturation Estimation ...................................... 141 

7.4.1.1 Adjusted Patients’ Database and Patients’ Data Partitions for External 

Ventilation Mathematical Model .................................................................................. 141 

7.4.1.2 Adjusted Patients’ Database and Patients’ Data Partitions for SDD and SDT

 141 

7.4.2 Oxygen Saturation Estimation using External Ventilation Mathematical Model

 141 

7.4.2.1 Results and Discussions ................................................................................ 141 

7.4.2.2 Conclusion .................................................................................................... 150 

7.4.3 Oxygen Saturation Estimation using SDT, SDD and Multilayer Perceptron ... 151 

7.4.3.1 Feature Extraction using SDT and SDD ....................................................... 151 

7.4.3.2 Multilayer Perceptron Artificial Neural Network Architecture .................... 152 

7.4.3.3 Multilayer Perceptron Artificial Neural Network Training Characteristics .. 153 

7.4.3.4 Results and Discussions ................................................................................ 153 

7.4.3.5 Conclusion .................................................................................................... 159 

7.4.4 Remarks ............................................................................................................ 160 

7.5 Conclusion ................................................................................................................ 161 

CHAPTER 8: SUMMARY, FUTURE RESEARCH, and CONCLUSION ................. 163 

INTRODUCTION ................................................................................................................ 163 

8.1 Thesis Summary ........................................................................................................ 164 

8.2 Recommendations for Future Research .................................................................... 167 

8.3 Conclusion ................................................................................................................ 168 

APPENDIX I ................................................................................................................. 170 

A.I Biosensor................................................................................................................... 170 

A.I.I SleepMinderTM ...................................................................................................... 170 

APPENDIX II ............................................................................................................... 172 

A.II Patients’ Database ..................................................................................................... 172 

A.II.I Total Patients .................................................................................................... 172 

A.II.II Patients Exclusions ........................................................................................... 173 

A.II.III Selected Patients’ Database .............................................................................. 176 

A.II.IV Adjusted Patients’ Database for Respiratory and Heart Rates Estimations ...... 177 



Page | xix  

 

A.II.V Adjusted Patients’ Database for Tidal Volume and Oxygen Saturation 

Estimations by External Ventilation Mathematical Models ............................................. 178 

A.II.VI Patients’ Database Partitions for Body Orientations Prediction ....................... 180 

A.II.VII Patients’ Database Partitions for Oxygen Saturation Prediction by SDT and 

SDD 181 

APPENDIX III .............................................................................................................. 183 

A.III Common Neural Network Training Characteristics ................................................. 183 

A.III.I Hyperparameters ............................................................................................... 183 

REFERENCES .............................................................................................................. 184 

 

 

 

  



Page | xx  

 

List of Tables 
 

 
Table 1.3.1.1 – Parameters That Can Be Estimated Using Non-Contact Doppler Radar ........... 21 

Table 1.8.1.1 – Sleep Monitoring Using Non-Contact Doppler Radar Achievements ............... 38 

Table 2.2.1.1 – OSA Prevalence Statistics World-Wide ............................................................ 43 

Table 5.1.1.1 – Empirical Estimates of Zeta and Wn .................................................................. 73 

Table 5.3.2.1 – Time-Domain Statistical Features ...................................................................... 86 

Table 5.3.3.1 – SpO2 MLP Artificial Neural Network Architecture Characteristics .................. 87 

Table 7.1.4.1 – Respiratory and Heart Rates Accuracy Comparison ........................................ 119 

Table 7.3.2.1 – Time-Domain Statistical Features .................................................................... 127 

Table 7.3.2.2 – Frequency-Domain Features ............................................................................ 127 

Table 7.3.2.3 – Deep Artificial Neural Network Architecture Characteristics ......................... 128 

Table 7.3.3.1 – MLP Artificial Neural Network Architecture Characteristics ......................... 135 

Table 7.3.4.1 – Body Orientations Prediction Performance and Accuracy Comparison .......... 139 

Table 7.4.2.1 – SpO2 MLP Artificial Neural Network Mean Squared Error (MSE) ................ 144 

Table 7.4.3.1 – SpO2 MLP Artificial Neural Network Architecture Characteristics ................ 152 

Table 7.4.3.2 – SpO2 MLP Artificial Neural Network Mean Squared Error (MSE) ................ 154 

Table 7.4.4.1 – SpO2 Prediction Performance and Accuracy Comparison ............................... 161 

Table II.1 – Patients’ Demographics and Recorded Sleep Duration ........................................ 176 

Table III.1 – Selected Patients’ Database Summary ................................................................. 177 

Table IV.1 – Adjusted Patients’ Database Summary for Respiratory and Heart Rates ............ 178 

Table V.1 – Adjusted Patients’ Database Summary for Tidal Volume & Oxygen Saturation by 

Mathematical Models ................................................................................................................ 179 

Table V.2 – Selected Patients’ Database Partitions for Saturation Oxygen.............................. 180 

Table VI.1 – Selected Patients’ Database Partitions for Body Orientations ............................. 181 

Table VII.1 – Selected Patients’ Database Partitions for Saturation Oxygen ........................... 182 

Table I.1 – Artificial Neural Network Training Characteristics ............................................... 183 

 

  



Page | xxi  

 

List of Figures 
 
Figure 1.1.2.1 – Radar Architecture .............................................................................................. 8 

Figure 1.2.1.1 – Heterodyne Transceiver Topology ................................................................... 12 

Figure 1.2.1.2 – Homodyne Transceiver Topology .................................................................... 13 

Figure 1.2.3.1 – Single-Channel Architecture ............................................................................ 14 

Figure 1.2.3.2 – Quadrature Architecture ................................................................................... 15 

Figure 1.3.1.1 – Non-Contact Doppler Radar Setup in a Sleep Laboratory or at Home............. 20 

Figure 2.2.2.1 – Pharynx Anatomy ............................................................................................. 44 

Figure 2.2.2.2 – Airway Obstruction During Sleep and Adenoids & Tonsil .............................. 45 

Figure 2.2.2.3 – Central Nervous System: Automatic Nervous System Activity ....................... 46 

Figure 2.2.3.1 – Obstructive Sleep Apnea and Comorbidities Statistics .................................... 48 

Figure 3.1.1.1 – Relative Demodulation Concept Diagram ........................................................ 52 

Figure 3.2.1.1 – Respiratory and Heart Rates Estimation Algorithm Block Diagram ................ 56 

Figure 4.1.1.1 – Pulmonary Ventilation Model .......................................................................... 62 

Figure 4.2.1.1 – Tidal Volume Estimation Algorithm ................................................................ 68 

Figure 5.1.1.1 – Bohr’s Oxygen-Hemoglobin Dissociation Curve (ODC) ................................. 71 

Figure 5.1.1.2 – Simulated Step Responses of Second-Order Transfer Functions ..................... 72 

Figure 5.3.1.1 – Non-Contact Prediction of SpO2 Algorithm Block Diagram ........................... 84 

Figure 5.3.3.1 – SpO2 MLP Artificial Neural Network Architecture ......................................... 87 

Figure 6.1.1.1 – Spatial Dimensions Transform Theory Graphical Representation ................... 91 

Figure 6.1.2.1 – Spatial Dimensions Directional Cosines .......................................................... 92 

Figure 6.1.2.2 – Spatial Dimensions Theta Transposition .......................................................... 93 

Figure 6.1.2.3 – Spatial Dimensions Transform of Simulated Time-Series Signal .................... 97 

Figure 6.1.2.4 – Spatial Dimensions Transform of An Image .................................................... 98 

Figure 6.2.2.1 – Spatial Dimensions Decomposition Tree ....................................................... 100 

Figure 7.1.2.1 – Automated Estimation Algorithm Block Diagram ......................................... 108 

Figure 7.1.2.2 – SleepMinderTM versus PSG Estimated Respiratory and Heart Rates ............. 112 

Figure 7.1.2.3 – SleepMinderTM Estimated Respiratory Rate Mean Accuracy and Error ........ 113 

Figure 7.1.2.4 – SleepMinderTM Estimated Heart Rate Mean Accuracy and Error .................. 113 

Figure 7.1.3.1 – SleepMinderTM Demodulated Respiratory and Heart Displacements ............. 115 

Figure 7.1.3.2 – SleepMinderTM versus PSG Estimated Respiratory and Heart Rates ............. 116 

Figure 7.1.3.3 – SleepMinderTM Estimated Respiratory Rate Mean Accuracy and Error ........ 117 

Figure 7.1.3.4 – SleepMinderTM Estimated Heart Rate Mean Accuracy and Error .................. 118 

Figure 7.2.2.1 – SleepMinderTM Estimated Tidal Volume Median Accuracy and Error .......... 122 



Page | xxii  

 

Figure 7.3.2.1 – Wavelets Extraction Process Block Diagram ................................................. 125 

Figure 7.3.2.2 – Deep Artificial Neural Network Architecture For Body Orientations Prediction

 .................................................................................................................................................. 128 

Figure 7.3.2.3 – Deep Artificial Neural Network Training Performance ................................. 129 

Figure 7.3.2.4 – Deep Artificial Neural Network Confusion Matrix ........................................ 130 

Figure 7.3.2.5 – Nocturnal Body Orientations Prediction For “Test” Dataset.......................... 131 

Figure 7.3.2.6 – Nocturnal Body Orientations Prediction for a CHF Patient ........................... 132 

Figure 7.3.2.7 – Time-series Illustration Of The Features For A CHF Patient ......................... 133 

Figure 7.3.3.1 – Body Orientations MLP Artificial Neural Network Architecture .................. 134 

Figure 7.3.3.2 – Body Orientations MLP Artificial Neural Network Training Performance ... 136 

Figure 7.3.3.3 – Body Orientations MLP Artificial Neural Network Confusion Matrix .......... 136 

Figure 7.3.3.4 – Nocturnal Body Orientations Prediction For “Test” Dataset.......................... 137 

Figure 7.3.3.5 – Nocturnal Body Orientations Prediction For A CHF Patient ......................... 138 

Figure 7.4.2.1 – Bland-Altman Plot of Bohr’s Measured SO2 and Model’s SaO2 ................... 142 

Figure 7.4.2.2 – Bohr and Model Oxygen-Hemoglobin Dissociation Curve ........................... 143 

Figure 7.4.2.3 – SpO2 MLP Artificial Neural Network Training Performance ........................ 144 

Figure 7.4.2.4 – SpO2 MLP Artificial Neural Network Regression Performance .................... 145 

Figure 7.4.2.5 – Nocturnal SpO2 Prediction for “Test” Dataset ............................................... 146 

Figure 7.4.2.6 – Bland-Altman (B&A) Plot for “Training” ...................................................... 147 

Figure 7.4.2.7 – Bland-Altman (B&A) Plot for “Validation” ................................................... 147 

Figure 7.4.2.8– Bland-Altman (B&A) Plot for “Test”.............................................................. 148 

Figure 7.4.2.9 – Bland-Altman (B&A) Plot for “All” .............................................................. 148 

Figure 7.4.2.10 – SleepMinderTM Estimated SaO2, PaO2 and PaCO2 ....................................... 149 

Figure 7.4.2.11 – SleepMinderTM Estimated VA, CO and VCO2 .............................................. 150 

Figure 7.4.3.1 – SpO2 MLP Artificial Neural Network Architecture ....................................... 152 

Figure 7.4.3.2 – SpO2 MLP Artificial Neural Network Training Performance ........................ 153 

Figure 7.4.3.3 – SpO2 MLP Artificial Neural Network Regression Performance .................... 154 

Figure 7.4.3.4 – Nocturnal SpO2 Prediction for “Test” Dataset ............................................... 155 

Figure 7.4.3.5 – Bland-Altman (B&A) Plot for “Training” ...................................................... 156 

Figure 7.4.3.6 – Bland-Altman (B&A) Plot for “Validation” ................................................... 157 

Figure 7.4.3.7– Bland-Altman (B&A) Plot for “Test”.............................................................. 157 

Figure 7.4.3.8 – Bland-Altman (B&A) Plot for “All” .............................................................. 158 

Figure 7.4.3.9  – Nocturnal SpO2 Prediction for a CHF Patient ............................................... 159 

Figure I.1 – SleepMinderTM by BiancaMed .............................................................................. 171 

Figure I.2 – S+ by ResMed ....................................................................................................... 171 

Figure I.1 – SleepMinderTM Setup in a Sleep Laboratory or at Home ...................................... 173  



Page | xxiii  

 

Acronyms and Abbreviations 
 

 

AASM – American Academy of Sleep Medicine 

ADC – Analogue-to-Digital Converter 

AF – Atrial Fibrillation 

AHI – Apnea Hypopnea Index 

AI – Apnea Index 

ANN – Artificial Neural Network 

ANS – Autonomic Nervous System 

BMI – Body Mass Index 

BP – Blood Pressure (sometimes referred to as Arterial Blood Pressure) 

CCD – Charge-Coupled Device 

CHF – Congestive Heart Failure 

CO2 – Carbon Dioxide 

CSA – Central Sleep Apnea 

CSAS – Central Sleep Apnea Syndrome 

CSR – Cheyne-Stokes Respiration 

CW – Continuous-Wave 

DC – Direct Current 

ECG – Electrocardiography 

EM – Electromagnetic 

FFT – Fast Fourier Transform 

FIR – Finite Impulse Response 

FM – Frequency Modulated 

FMCW– Frequency-Modulated Continuous-Wave 

FT – Fourier Transform 

FRC – Functional Residual Capacity 

HBPF  – Heart Band-Pass Filter 

HF – High Frequency 

HI – Hypopnea Index 

HR – Heart Rate 



Page | xxiv  

 

HRV – Heart Rate Variability 

ICSD – International Classification of Sleep Disorders 

ICU – Intensive Care Unit 

IP – Intellectual Property 

LDV – Laser Doppler Vibrometry 

LF – Low Frequency 

MHz – Mega Hertz 

MLP – Multilayer Perceptron 

MTI – Moving Target Indicator 

OSA – Obstructive Sleep Apnea 

OSAS – Obstructive Sleep Apnea Syndrome 

PaCO2 – Arterial Partial Pressure of Carbon Dioxide 

PaO2 – Arterial Partial Pressure of Oxygen 

PCO2 – Partial Pressure of Carbon Dioxide 

PSG – Polysomnography 

PW – Pulsed-Wave 

Radar  – Radio Detection and Ranging 

RBPF  – Respiratory Band-Pass Filter 

Rf        – Respiration Frequency 

RIP      – Respiratory Inductive Plethysmography 

SaO2 – Arterial Oxygen Saturation 

SD – Sleep Disorders 

SDB – Sleep Disordered Breathing 

SpO2 – Peripheral Capillary Oxygen Saturation 

SSG – Seismosomnography 

STFT – Short Time Fourier Transform 

TLC – Total Lung Capacity 

UHF – Ultra-High Frequency 

UWB – Ultra-Wave Band 

Vf – Ventilation Frequency 

WPD – Wavelet Packet Decomposition 

  



Page | xxv  

 

ABSTRACT 
 

 

Obstructive sleep apnea (OSA) is a common and potentially lethal sleep disorder 

affecting at least 4% of adult males and 2% of adult females worldwide. Early detection, 

treatment and continuous monitoring of OSA are extremely important as it may reduce 

the risks associated with cardiovascular comorbidities. Polysomnography (PSG) is the 

gold-standard to diagnose OSA, however there are limitations, such as its unsuitability 

for long-term continuous monitoring. 

 

The Thesis is a response to the demands for the non-contact sleep monitoring systems. 

The demands arise due to the limitations of the PSG system, the importance of early 

screening for OSA, the need for long-term continuous monitoring and the concern with 

respect to patient discomfort when using the gold-standard PSG system. The research 

presented in the Thesis are the novel theories, real-life applications and the results of the 

non-contact sleep monitoring using the non-contact microwave Doppler radar, including 

the “non-stationary” and “non-direct facing” subjects’ measurements in the complex 

sleep environment. 

 

The novel theories that the Thesis contributes to the field of non-contact sleep 

monitoring are: 

 

1. Relative Demodulation – a novel theory and technique for real-time 

demodulation of the subject’s chest or abdomen periodic motions using non-

contact microwave Doppler radar. 

 

2. Pulmonary Ventilation Mathematical Model – a novel mathematical model 

of the physiological pulmonary ventilation that enables the estimation of 

tidal volume using non-contact microwave Doppler radar. 

 

3. External Ventilation Mathematical Model – a novel mathematical model of 

the physiological external ventilation that enables the estimation of oxygen 
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saturation using non-contact microwave Doppler radar. 

 

4. 3-Dimensional Feature Representation and Extraction – a novel theory and 

technique that represents and extracts features in 3-dimensional space. This 

technique, when combine with the artificial neural networks (ANN) will 

enable the predictions of body orientations and oxygen saturation using non-

contact microwave Doppler radar. 

 

The novel non-contact sleep monitoring real-life applications and results that the Thesis 

contributes to the field of non-contact sleep monitoring are: 

 

1. Respiratory rate – achieves 91.53% accuracy with median error of ±1.30 

breaths/min. 

 

2. Heart rate – achieves 91.28% accuracy with median error of ±6.20 

beats/min. 

 

3. Tidal volume – achieves 83.13% accuracy with median error of 57.32 

milliliters. 

 

4. Body orientations – achieve high correct classification rate of 99.9%. The 

misclassification is at a negligible rate of 0.1%. 

 

5. Oxygen saturation – achieves correlation coefficient of 0.92 and the 95% 

limits of agreement is ±2.7 (% oxygen saturation). 

 

The contributions of the novel theories, real-life applications and the results presented in 

the Thesis demonstrated a good level of accuracies. The potential applications include 

non-contact sleep early screening and/or continuous monitoring of the respiratory and 

heart rates, tidal volume, body orientations and saturation oxygen during sleep. This can 

be use in homes, hospitals, primary care sectors, nursing home facilities and/or sleep 

laboratories. 
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