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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.

o Patents — this is a list of published patents, including world international
patent (WIPO), US patent and filed provisional Australian IP (AusPat)
applications.

o 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.

o List of Figures — this section provides a list of figures in the Thesis.

o Acronyms and Abbreviations — this section provides a list of acronyms

and abbreviations in the Thesis.

o 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 (Sa0O.), the arterial partial pressure of oxygen
(Pa0y) and the arterial partial pressure of carbon dioxide (PaCO>). 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.
Heart rate.

Tidal volume.

Eal

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.
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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 (Sa0.), the arterial partial pressure of oxygen (PaO>) and
the arterial partial pressure of carbon dioxide (PaCO3). 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.
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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. Oxvygen 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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