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(57) ABSTRACT

Methods and systems estimate cardio-respiratory parameter
(s), such as from in-phase and quadrature channels. The
channels may represent patient chest movement and may be
generated with a sensor, such as a contactless sensor that
may sense movement with radio-frequency signals. In the
methods/systems, the in-phase and quadrature channels may
be processed, such as in a processor(s), using relative
demodulation to generate cardio-respiratory parameter esti-
mate(s). Optionally, the processing produces a jerk signal
that may be filtered for producing a heart rate estimate, such
as from zero-crossings of the filtered signal. Optionally, the
processing produces a chest velocity signal that may be
filtered for producing a respiratory rate estimate, such as
from zero-crossings of the filtered signal. Optionally, a
respiratory volume, such as tidal volume, may be estimated
from an intrapulmonary pressure signal generated by apply-
ing a function to a chest displacement signal where the
function relates intrapulmonary pressure and chest displace-
ment.
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DIAGNOSIS AND MONITORING OF
CARDIO-RESPIRATORY DISORDERS

1 CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of Australian
Provisional Application No. 2015902494, filed 26 IJun.
2015, and Australian Provisional Application No.
2016900897, filed 10 Mar. 2016, the entire disclosures of
which are hereby incorporated herein by reference.

2 STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] Not Applicable
3 SEQUENCE LISTING
[0003] Not Applicable

4 BACKGROUND OF THE TECHNOLOGY

4.1 Field of the Technology

[0004] The present technology relates to one or more of
the detection, diagnosis, monitoring, treatment, prevention
and amelioration of cardio-respiratory disorders. The pres-
ent technology also relates to medical devices or apparatus,
and their use.

4.2 Description of the Related Art

4.2.1 Human Respiratory System and its Disorders

[0005] The respiratory system of the body facilitates gas
exchange. The nose and mouth form the entrance to the
airways of a patient.

[0006] The airways include a series of branching tubes,
which become narrower, shorter and more numerous as they
penetrate deeper into the lung. The prime function of the
lung is gas exchange, allowing oxygen to move from the
inspired air into the venous blood and carbon dioxide to
move in the opposite direction. The trachea divides into right
and left main bronchi, which further divide eventually into
terminal bronchioles. The bronchi make up the conducting
airways, and do not take part in gas exchange. Further
divisions of the airways lead to the respiratory bronchioles,
and eventually to the alveoli. The alveolated region of the
lung is where the gas exchange takes place, and is referred
to as the respiratory zone. See “Respiratory Physiology”, by
John B. West, Lippincott Williams & Wilkins, 9th edition
published 2012.

[0007] A range of respiratory disorders exist. Certain
disorders may be characterised by particular events, e.g.
apneas, hypopneas, and hyperpneas.

[0008] Examples of respiratory disorders include Obstruc-
tive Sleep Apnea (OSA), Cheyne-Stokes Respiration (CSR),
respiratory insufliciency, Obesity Hyperventilation Syn-
drome (OHS), Chronic Obstructive Pulmonary Disease
(COPD), Neuromuscular Disease (NMD) and Chest wall
disorders.

[0009] Obstructive Sleep Apnea (OSA), a form of Sleep
Disordered Breathing (SDB), is characterised by events
including occlusion or obstruction of the upper air passage
during sleep. It results from a combination of an abnormally
small upper airway and the normal loss of muscle tone in the
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region of the tongue, soft palate and posterior oropharyngeal
wall during sleep. The condition causes the affected patient
to stop breathing for periods typically of 30 to 120 seconds
in duration, sometimes 200 to 300 times per night. It often
causes excessive daytime somnolence, and it may cause
cardiovascular disease and brain damage. The syndrome is
a common disorder, particularly in middle aged overweight
males, although a person affected may have no awareness of
the problem. See U.S. Pat. No. 4,944,310 (Sullivan).

[0010] Cheyne-Stokes Respiration (CSR) is another form
of sleep disordered breathing. CSR is a disorder of a
patient’s respiratory controller in which there are rhythmic
alternating periods of waxing and waning ventilation known
as CSR cycles. CSR is characterised by repetitive de-
oxygenation and re-oxygenation of the arterial blood. It is
possible that CSR is harmful because of the repetitive
hypoxia. In some patients CSR is associated with repetitive
arousal from sleep, which causes severe sleep disruption,
increased sympathetic activity, and increased afterload. See
U.S. Pat. No. 6,532,959 (Berthon-Jones).

[0011] Respiratory failure is an umbrella term for cardio-
respiratory disorders in which the lungs are unable to inspire
sufficient oxygen or expire sufficient CO, to meet the
patient’s needs. Respiratory failure may encompass some or
all of the following disorders.

[0012] A patient with respiratory insufficiency (a form of
respiratory failure) may experience abnormal shortness of
breath on exercise.

[0013] Obesity Hyperventilation Syndrome (OHS) is
defined as the combination of severe obesity and awake
chronic hypercapnia, in the absence of other known causes
for hypoventilation. Symptoms include dyspnea, morning
headache and excessive daytime sleepiness.

[0014] Chronic Obstructive Pulmonary Disease (COPD)
encompasses any of a group of lower airway diseases that
have certain characteristics in common. These include
increased resistance to air movement, extended expiratory
phase of respiration, and loss of the normal elasticity of the
lung. Bxamples of COPD are emphysema and chronic
bronchitis. COPD is caused by chronic tobacco smoking
(primary risk factor), occupational exposures, air pollution
and genetic factors. Symptoms include: dyspnea on exertion,
chronic cough and sputum production.

[0015] Heart failure (HF) is a relatively common and
severe cardio-respiratory disorder, characterised by the
inability of the heart to keep up with the oxygen demands of
the body. Management of heart failure is a significant
challenge to modern healthcare systems due to its high
prevalence and severity. HF is a chronic condition, which is
progressive in nature. The progression of HF is often char-
acterized as relatively stable over long periods of time
(albeit with reduced cardiovascular function) punctuated by
episodes of an acute nature. In these acute episodes, the
patient experiences worsening of symptoms such as dyspnea
(difficulty breathing), gallop rhythms, increased jugular
venous pressure, and orthopnea. This is typically accompa-
nied by overt congestion (which is the buildup of fluid in the
pulmonary cavity). This excess fluid often leads to measur-
able weight gain of several kilograms. In many cases,
however, by the time overt congestion has occurred, there
are limited options for the doctor to help restabilise the
patients, and in many cases the patient requires hospitaliza-
tion. In extreme cases, without timely treatment, the patient
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may undergo acute decompensated heart failure (ADHF)
events, sometimes referred to as decompensations.

4.2.2 Therapy

[0016] Various therapies, such as Continuous Positive
Airway Pressure (CPAP) therapy, Non-invasive ventilation
(NIV) and Invasive ventilation (TV) have been used to treat
one or more of the above respiratory disorders.

[0017] Continuous Positive Airway Pressure (CPAP)
therapy has been used to treat Obstructive Sleep Apnea
(OSA). The mechanism of action is that continuous positive
airway pressure acts as a pneumatic splint and may prevent
upper airway occlusion, such as by pushing the soft palate
and tongue forward and away from the posterior oropha-
ryngeal wall. Treatment of OSA by CPAP therapy may be
voluntary, and hence patients may elect not to comply with
therapy if they find devices used to provide such therapy one
or more of: uncomfortable, difficult to use, expensive and
aesthetically unappealing.

[0018] Non-invasive ventilation (NIV) provides ventila-
tory support to a patient through the upper airways to assist
the patient breathing and/or maintain adequate oxygen levels
in the body by doing some or all of the work of breathing.
The ventilatory support is provided via a non-invasive
patient interface. NIV has been used to treat CSR and
respiratory failure, in forms such as OHS, COPD, NMD and
Chest Wall disorders. In some forms, the comfort and
effectiveness of these therapies may be improved.

[0019] Invasive ventilation (IV) provides ventilatory sup-
port to patients that are no longer able to effectively breathe
themselves and may be provided using a tracheostomy tube.
In some forms, the comfort and effectiveness of these
therapies may be improved.

4.2.3 Treatment Systems

[0020] These therapies may be provided by a treatment
system or device. Such systems and devices may also be
used to diagnose a condition without treating it.

[0021] A treatment system may comprise a Respiratory
Pressure Therapy Device (RPT device), an air circuit, a
humidifier, a patient interface, and data management.

4.2.4 Diagnosis and Monitoring Systems

[0022] Diagnosis is the identification of a condition from
its signs and symptoms. Diagnosis tends to be a one-off
process, whereas monitoring the progress of a condition can
continue indefinitely. Some diagnosis systems are suitable
only for diagnosis, whereas some may also be used for
monitoring.

[0023] It is of interest to be able to monitor HF or COPD
patients at home with a view to preventing or ameliorating
potential clinical events such as HF decompensations or
COPD exacerbations. Characteristics that have been pro-
posed or used for the purpose of predicting clinical events
include body weight, levels of B natriuretic peptides (BNP),
nocturnal heart rate, and changes in sleeping posture. Poly-
somnography (PSG) is a conventional system for diagnosis
and monitoring of cardio-respiratory disorders, and typically
involves expert clinical staff’ to apply the system. PSG
typically involves the placement of 15 to 20 contact sensors
on a patient in order to record various biosignals such as
electroencephalography (EEG), electrocardiography (ECG),
electrooculograpy (EOG), electromyography (EMG), etc.
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PSG is therefore expensive and inconvenient. In particular it
is unsuitable for home diagnosis and monitoring.

[0024] COPD and HF diagnosis/monitoring systems based
on the sensor modalities described above tend to be unsat-
isfactory as they require good patient compliance (e.g.
weight-based monitoring systems that rely on patients to
record their daily weights), are wearable, which makes them
unrealistic for long-term monitoring, or are invasive or
obtrusive. The use of implantable devices is only feasible for
a subset of HF patients eligible for such devices.

[0025] SleepMinder (ResMed Sensor Technologies Ltd,
Dublin, Ireland) is a contactless bedside monitor suitable for
long-term monitoring of chronic diseases such as HF and
COPD. SleepMinder contains a biomotion transceiver sen-
sor operating on radar principles in a license-free band at 5.8
GHz or 10.5 GHz at ultra-low power (less than 1 mW).
SleepMinder is capable of measuring bodily movement, and
in particular cardio-respiratory movement, over a distance
ranging from 0.3 to 1.5 metres; in the case of two people in
a bed, a combination of sophisticated sensor design and
intelligent signal processing allows SleepMinder to measure
only the movement of the person nearest to the sensor. The
SleepMinder is suitable for long-term monitoring of chronic
disease as it is unobtrusive and does not present significant
compliance issues. However, processing the raw Sleep-
Minder signals to obtain cardio-respiratory parameters use-
ful for chronic HF or COPD monitoring, such as heart rate
and respiratory rate, is a difficult task.

5 BRIEF SUMMARY OF THE TECHNOLOGY

[0026] The present technology is directed towards provid-
ing medical devices used in the diagnosis, monitoring,
amelioration, treatment, or prevention of cardio-respiratory
disorders having one or more of improved comfort, cost,
efficacy, ease of use and manufacturability.

[0027] A first aspect of the present technology relates to
apparatus used in the diagnosis or monitoring of a cardio-
respiratory disorder.

[0028] Another aspect of the present technology relates to
methods used in the diagnosis or monitoring of a cardio-
respiratory disorder.

[0029] One form of the present technology comprises a
monitoring apparatus including a contactless motion sensor,
and a processor configured to analyse in-phase and quadra-
ture channels (i.e., the I and Q channels respectively) from
the sensor to estimate a patient’s cardio-respiratory param-
eters such as heart rate, respiratory rate, and/or tidal volume.
Rather than demodulating the I and Q channels into a
general motion signal and analysing the general motion
signal to separate specific cardiac and respiratory compo-
nents, the analysis obtains a cardiac “jerk” and/or a respi-
ratory velocity directly from the I and Q channels. The
zero-crossings of these signals may be determined and may
be used to obtain estimates of heart rate and respiratory rate
respectively. The chest velocity may be integrated to obtain
chest displacement of the patient, to which a pulmonary
ventilation model may be applied to estimate instantaneous
intrapulmonary pressure, from which an estimate of mean
tidal volume may in turn be derived.

[0030] Some versions of the present technology include a
method of estimating a heart rate of a patient from an
in-phase channel and a quadrature channel. Each channel
may represent chest movement of the patient. The method
may operate in one or more processors. The method may
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include processing the in-phase channel and the quadrature
channel by relative demodulation to generate a jerk signal.
The method may include filtering the jerk signal with a
cardiac band-pass filter to produce a cardiac jerk signal. The
method may include generating a heart rate estimate from
zero-crossings of the cardiac jerk signal.

[0031] In some versions, the generating the heart rate
estimate may include detecting systole phases of heartbeats
by determination of the zero-crossings of the cardiac jerk
signal; and calculating the heart rate estimate from a number
of detected systole phases in a window of the cardiac jerk
signal. The generating the heart rate estimate may include
detecting diastole phases of heartbeats by determination of
the zero-crossings of the cardiac jerk signal; and calculating
the heart rate estimate from a number of detected diastole
phases in a window of the cardiac jerk signal. The jerk signal
may be a third derivative of chest displacement of the
patient.

[0032] In some versions, the relative demodulation may
involve numerically differentiating the in-phase channel and
the quadrature channel to produce a numeric derivative of
the in-phase channel and a numeric derivative of the quadra-
ture channel. The relative demodulation may involve gen-
erating a chest velocity signal from the numeric derivative of
the in-phase channel and the numeric derivative of the
quadrature channel. The relative demodulation may involve
numerically differentiating the chest velocity signal to gen-
erate the jerk signal.

[0033] In some cases, the generating the chest velocity
signal may include dividing the numeric derivative of the
quadrature channel by the in-phase channel to obtain a first
ratio signal; dividing the numeric derivative of the in-phase
channel by the quadrature channel to obtain a second ratio
signal; and subtracting the second ratio signal from the first
ratio signal multiplied by a scaling factor. The scaling factor
may be a ratio of amplitude gain constants of the in-phase
channel and the quadrature channel. The method may
include subtracting respective offsets from the in-phase
channel and the quadrature channel before the dividing
steps.

[0034] Optionally, the cardiac band-pass filter may com-
prise a band-pass filter with a pass-band 0f0.7 to 1.6 Hz. The
band-pass filter may be a sixth-order Butterworth filter. The
in-phase channel and the quadrature channel may be gen-
erated by a contactless motion sensor. The contactless
motion sensor may be a radio-frequency sensor that gener-
ates the in-phase channel and the quadrature channel by
processing of signals representing transmitted radio-fre-
quency waves and received reflected ones of the transmitted
radio-frequency waves. The one or more processors may
control a display to output the heart rate estimate. The one
or more processors may control a change to a control
parameter of a treatment device in response to the heart rate
estimate.

[0035] Some versions of the present technology include an
apparatus or systems configured with any of such methods
of estimating a heart rate.

[0036] For example, some versions of the present tech-
nology include apparatus for estimating heart rate of a
patient. The apparatus may include a contactless motion
sensor configured to generate an in-phase channel and a
quadrature channel. The in-phase channel and the quadra-
ture channel may each represent chest movement of the
patient when the contactless motion sensor is generally
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directed toward a chest of the patient. The apparatus may
include a processor configured to analyse the in-phase
channel and the quadrature channel to generate a heart rate
estimate. The analysis may include processing the in-phase
channel and the quadrature channel by relative demodula-
tion to generate a jerk signal. The analysis may include
filtering the jerk signal with a cardiac band-pass filter to
produce a cardiac jerk signal. The analysis may include
generating a heart rate estimate from zero-crossings of the
cardiac jerk signal.

[0037] The processor may be co-located with the contact-
less motion sensor. The apparatus may include communica-
tions circuitry configured to transfer data to an external
computing device via a connection. The processor may be a
processor of the external computing device. The contactless
motion sensor may be a radio-frequency sensor that gener-
ates the in-phase channel and the quadrature channel by
processing of signals representing transmitted radio-fre-
quency waves and received reflected ones of the transmitted
radio-frequency waves.

[0038] Some versions of the present technology include a
patient monitoring system. The system may include means
for generating an in-phase channel and a quadrature channel,
each channel representing chest movement of a patient. The
system may include means for analysing the in-phase chan-
nel and the quadrature channel to generate a heart rate
estimate of the patient. The analysing of this means may
include processing the in-phase channel and the quadrature
channel by relative demodulation to generate a jerk signal,
The analysing of this means may include filtering the jerk
signal with a cardiac band-pass filter to produce a cardiac
jerk signal. The analysing of this means may include gen-
erating a heart rate estimate from zero-crossings of the
cardiac jerk signal.

[0039] Some versions of the present technology include a
method of estimating a respiratory rate of a patient from an
in-phase channel and a quadrature channel. Each channel
may represent chest movement of the patient. The method
may operate in one or more processors. The method may
include processing the in-phase channel and the quadrature
channel by relative demodulation to generate a chest veloc-
ity signal. The method may include filtering the chest
velocity signal with a respiratory band-pass filter to produce
a respiratory velocity signal. The method may include
generating a respiratory rate estimate from zero-crossings of
the respiratory velocity signal.

[0040] In some versions, the generating the respiratory
rate estimate may include detecting inspiration phases of
respiration by determination of the zero-crossings of the
respiratory velocity signal. The generating the respiratory
rate estimate may include calculating the respiratory rate
estimate from a number of detected inspiration phases in a
window of the respiratory velocity signal.

[0041] In some versions, the generating the respiratory
rate estimate may include detecting expiration phases of
respiration by determination of the zero-crossings of the
respiratory velocity signal. The generating the respiratory
rate estimate may include calculating the respiratory rate
estimate from a number of detected expiration phases in a
window of the respiratory velocity signal. The chest velocity
signal may be a first derivative of chest displacement of the
patient.

[0042] In some versions, the relative demodulation may
involve numerically differentiating the in-phase channel and
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the quadrature channel to produce a numeric derivative of
the in-phase channel and a numeric derivative of the quadra-
ture channel. The relative demodulation may involve gen-
erating a chest velocity signal from the numeric derivative of
the in-phase channel and the numeric derivative of the
quadrature channel.

[0043] In some versions, the generating the chest velocity
signal may include dividing the numeric derivative of the
quadrature channel by the in-phase channel to obtain a first
ratio signal; dividing the numeric derivative of the in-phase
channel by the quadrature channel to obtain a second ratio
signal; and subtracting the second ratio signal from the first
ratio signal multiplied by a scaling factor. The scaling factor
may be a ratio of amplitude gain constants of the in-phase
channel and the quadrature channel. The method may also
include subtracting respective offsets from the in-phase
channel and the quadrature channel before the dividing
steps. Optionally, the respiratory band-pass filter may
include a band-pass filter with a pass-band of 0.2 to 0.5 Hz.
The band-pass filter may be a sixth-order Butterworth filter.
[0044] The in-phase channel and the quadrature channel
may be generated by a contactless motion sensor. The
contactless motion sensor may be a radio-frequency sensor
that generates the in-phase channel and quadrature channel
by processing of signals representing transmitted radio-
frequency waves and received reflected ones of the trans-
mitted radio-frequency waves. The one or more processors
may control a display to output the respiratory rate estimate.
The one or more processors may control a change to a
control parameter of a treatment device in response to the
respiratory rate estimate.

[0045] Some versions of the present technology include an
apparatus or systems configured with any of such methods
of estimating a respiratory rate.

[0046] For example, some versions of the present tech-
nology include apparatus for estimating respiratory rate of a
patient. The apparatus may include a contactless motion
sensor configured to generate an in-phase channel and a
quadrature channel, each channel representing chest move-
ment of the patient when the contactless motion sensor is
generally directed toward a chest of the patient. The appa-
ratus may include a processor configured to analyse the
in-phase channel and the quadrature channel to generate a
respiratory rate estimate. This analysis may include process-
ing the in-phase channel and the quadrature channel by
relative demodulation to generate a chest velocity signal.
This analysis may include filtering the chest velocity signal
with a respiratory band-pass filter to produce a respiratory
velocity signal. This analysis may include generating a
respiratory rate estimate from zero-crossings of the respira-
tory velocity signal. The processor may be co-located with
the contactless motion sensor. The apparatus may further
comprising communications circuitry configured to transfer
data to an external computing device via a connection. The
processor may be a processor of the external computing
device. The contactless motion sensor may be a radio-
frequency sensor that generates the in-phase channel and the
quadrature channel by processing of signals representing
transmitted radio-frequency waves and received reflected
ones of the transmitted radio-frequency waves.

[0047] Some versions of the present technology include a
patient monitoring system. The system may include means
for generating an in-phase channel and a quadrature channel,
each channel representing chest movement of a patient. The
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system may include means for analysing the in-phase chan-
nel and the quadrature channel to generate a respiratory rate
estimate of the patient. This analysing may include process-
ing the in-phase channel and the quadrature channel by
relative demodulation to generate a chest velocity signal.
This analysing may include filtering the chest velocity signal
with a respiratory band-pass filter to produce a respiratory
velocity signal. This analysing may include generating a
respiratory rate estimate from zero-crossings of the respira-
tory velocity signal.

[0048] Some versions of the present technology include a
method of estimating a tidal volume of a patient. The method
may operate in one or more processors. The method may
include generating an intrapulmonary pressure signal by
applying a function relating intrapulmonary pressure and
chest displacement to a signal representing chest displace-
ment of the patient. The method may include generating a
tidal volume estimate from the intrapulmonary pressure
signal.

[0049] In some versions, the method may include process-
ing, by relative demodulation, an in-phase channel and a
quadrature channel, each channel representing chest move-
ment of the patient, to generate a chest velocity signal. The
method may include numerically integrating the chest veloc-
ity signal to obtain the chest displacement signal.

[0050] The function relating intrapulmonary pressure and
chest displacement may include input for a respiratory rate
of the patient. The method may include generating, for the
function, a respiratory rate estimate of the patient from the
chest velocity signal. The generating the respiratory rate
estimate may include processing the in-phase channel and
the quadrature channel by relative demodulation to generate
a chest velocity signal; filtering the chest velocity signal
with a respiratory band-pass filter to produce a respiratory
velocity signal; and generating a respiratory rate estimate
from zero-crossings of the respiratory velocity signal. The
relative demodulation may include numerically differentiat-
ing the in-phase channel and the quadrature channel to
produce a numeric derivative of the in-phase channel and a
numeric derivative of the quadrature channel; and generat-
ing a chest velocity signal from the numeric derivative of the
in-phase channel and the numeric derivative of the quadra-
ture channel.

[0051] In some cases, the generating the tidal volume
estimate may include estimating an instantaneous lung vol-
ume from the intrapulmonary pressure signal; applying a
respiratory band-pass filter to the instantaneous lung volume
to extract a respiratory component of the instantaneous lung
volume; and generating the tidal volume estimate for a
breath by determining a difference between maxima and
minima of the respiratory component of the instantaneous
lung volume over the breath. The method may also include
calculating a mean of the tidal volume estimate for each
breath in a window. The function relating intrapulmonary
pressure and chest displacement may include input for a
body mass index of the patient. The one or more processors
may control a display to output the tidal volume estimate.
The one or more processors may control a change to a
control parameter of a treatment device in response to the
tidal volume estimate.

[0052] Some versions of the present technology include an
apparatus or systems configured with any of such methods
of estimating a tidal volume.
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[0053] For example, some versions of the technology may
include apparatus for estimating a tidal volume of a patient.
The apparatus may include a sensor configured to generate
a signal representing chest displacement of the patient. The
apparatus may include a processor configured to analyse the
chest displacement signal to generate a tidal volume esti-
mate. The analysis may involve generating an intrapulmo-
nary pressure signal by applying a function relating intra-
pulmonary pressure and chest displacement to a signal
representing chest displacement of the patient; and gener-
ating a tidal volume estimate from the intrapulmonary
pressure signal. The sensor may be a contactless motion
sensor configured to generate an in-phase channel and a
quadrature channel. Each channel may represent chest
movement of the patient when the contactless motion sensor
is generally directed toward a chest of the patient. The
processor may be further configured to process the in-phase
channel and the quadrature channel by relative demodula-
tion to generate a chest velocity signal. The processor may
be further configured to numerically integrate the chest
velocity signal to obtain the chest displacement signal. The
contactless motion sensor may be a radio-frequency sensor
that generates the in-phase channel and the quadrature
channel by processing of signals representing transmitted
radio-frequency waves and received reflected ones of the
transmitted radio-frequency waves. The processor may be
co-located with the sensor. The apparatus may include
communications circuitry configured to transfer data to an
external computing device via a connection. The processor
may be a processor of the external computing device.

[0054] Some versions of the present technology include a
patient monitoring system. The system may include means
for generating a signal representing chest displacement of a
patient. The system may include means for analysing the
chest displacement signal to generate a tidal volume esti-
mate of the patient. The means for analysing may include
generating an intrapulmonary pressure signal by applying a
function relating intrapulmonary pressure and chest dis-
placement to a signal representing chest displacement of the
patient. The means for analysing may include generating a
tidal volume estimate from the intrapulmonary pressure
signal.

[0055] Some versions of the present technology include a
method of estimating a cardio-respiratory parameter of a
patient from an in-phase channel and a quadrature channel.
Each channel may represent chest movement of the patient.
The method may operate in one or more processors. The
method may include receiving the in-phase channel and the
quadrature channel. The method may include processing the
in-phase channel and the quadrature channel by relative
demodulation to generate a chest velocity signal. The
method may include generating a cardio-respiratory param-
eter estimate based on the chest velocity signal.

[0056] In some versions, the relative demodulation com-
prises: numerically differentiating the in-phase channel and
the quadrature channel to produce a numeric derivative of
the in-phase channel and a numeric derivative of the quadra-
ture channel; and generating the chest velocity signal from
the numeric derivative of the in-phase channel and the
numeric derivative of the quadrature channel.

[0057] Optionally, the cardio-respiratory parameter may
be respiratory rate, and the generating may include: filtering
the chest velocity signal with a respiratory band-pass filter to
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produce a respiratory velocity signal; and generating a
respiratory rate estimate from zero-crossings of the respira-
tory velocity signal.

[0058] The relative demodulation may further include
numerically differentiating the chest velocity signal to gen-
erate a jerk signal. Optionally, the cardio-respiratory param-
eter may be heart rate, and the generating may include
filtering the jerk signal with a cardiac band-pass filter to
produce a cardiac jerk signal; and generating a heart rate
estimate from zero-crossings of the cardiac jerk signal.
[0059] Optionally, the cardio-respiratory parameter may
be tidal volume, and the generating may involve: numeri-
cally integrating the chest velocity signal to obtain a chest
displacement signal, generating an intrapulmonary pressure
signal by applying a function relating intrapulmonary pres-
sure and chest displacement to the chest displacement sig-
nal; and generating a tidal volume estimate from the intra-
pulmonary pressure signal.

[0060] Some versions of the present technology include an
apparatus or systems configured with any of such methods
of estimating a cardio-respiratory parameter.

[0061] For example, some versions of the present tech-
nology include apparatus for estimating a cardio-respiratory
parameter of a patient. The apparatus may include a con-
tactless motion sensor configured to generate an in-phase
channel and a quadrature channel, wherein the in-phase
channel and the quadrature channel may each represent
chest movement of the patient when the contactless motion
sensor is generally directed toward a chest of the patient. The
apparatus may include a processor configured to analyse the
in-phase channel and the quadrature channel to generate a
cardio-respiratory parameter estimate. This analysis may
involve reception of the in-phase channel and the quadrature
channel; processing the in-phase channel and the quadrature
channel by relative demodulation to generate a chest veloc-
ity signal; and generation of a cardio-respiratory parameter
estimate based on the chest velocity signal.

[0062] Some versions of the present technology include a
patient monitoring system. The system may include means
for generating an in-phase channel and a quadrature channel,
each channel representing chest movement of a patient. The
system may include means for analysing the in-phase chan-
nel and the quadrature channel to generate a cardio-pulmo-
nary parameter estimate of the patient. This analysing may
involve receiving the in-phase channel and the quadrature
channel; processing the in-phase channel and the quadrature
channel by relative demodulation to generate a chest veloc-
ity signal; and generating a cardio-respiratory parameter
estimate based on the chest velocity signal.

[0063] Any of the estimates herein may be generated, such
as by a processor, as or for output. For example, they may
be generated for display on a display device that is con-
trolled by a processor. Once generated they may be evalu-
ated for generating some other output on the display device
where the displayed output is based on the evaluation of the
estimate(s). Any one or more of the estimates may be
applied as an input to a control algorithm for a treatment
device, such as a respiratory pressure therapy device
described herein or other cardiac-related treatment device
(e.g., a cardiac resynchronization device, cardioverter-defi-
brillator, etc.). Thus, an output of the treatment device may
be generated based on the one or more estimates. For
example, any one of more of the estimates may serve as an
input to control a change to a control parameter (e.g., a



US 2018/0153427 Al

generated pressure treatment or cardiac stimulation treat-
ment) of such a treatment device.

[0064] The methods, systems, devices and apparatus
described herein can provide improved functioning in a
processor, such as of a processor of a specific purpose
computer, and/or a cardio-respiratory diagnosis/monitoring
apparatus. Moreover, in some cases they may be integrated
within a controller or processor of a treatment device such
as a respiratory pressure therapy device or a cardiac-related
treatment device. Moreover, the described methods, sys-
tems, devices and apparatus can provide improvements in
the technological field of automated management, monitor-
ing and/or treatment of cardiac conditions and/or respiratory
conditions, including, for example, sleep disordered breath-
ing or respiratory insufficiency (e.g., COPD).

[0065] Of course, portions of the aspects may form sub-
aspects of the present technology. Also, various ones of the
sub-aspects and/or aspects may be combined in various
manners and also constitute additional aspects or sub-as-
pects of the present technology.

[0066] Other features of the technology will be apparent
from consideration of the information contained in the
following detailed description, abstract, drawings and
claims.

6 BRIEF DESCRIPTION OF THE DRAWINGS

[0067] The present technology is illustrated by way of
example, and not by way of limitation, in the figures of the
accompanying drawings, in which like reference numerals
refer to similar elements including:

6.1 Treatment Systems

[0068] FIG. 1 shows a system including a patient 1000
wearing a patient interface 3000, in the form of a full-face
mask, receiving a supply of air at positive pressure from an
RPT device 4000. Air from the RPT device 4000 is humidi-
fied in a humidifier 5000, and passes along an air circuit
4170 to the patient 1000.

6.2 Respiratory System and Facial Anatomy

[0069] FIG. 2 shows an overview of a human respiratory
system including the nasal and oral cavities, the larynx,
vocal folds, oesophagus, trachea, bronchus, lung, alveolar
sacs, heart and diaphragm.

6.3 Patient Interface

[0070] FIG. 3 shows a patient interface in the form of a
nasal mask in accordance with one form of the present
technology.

6.4 RPT Device

[0071] FIG. 4A shows an RPT device in accordance with
one form of the present technology.

[0072] FIG. 4B is a schematic diagram of the pneumatic
path of an RPT device in accordance with one form of the
present technology. The directions of upstream and down-
stream are indicated.

6.5 Humidifier

[0073] FIG. 5A shows an isometric view of a humidifier in
accordance with one form of the present technology.
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[0074] FIG. 5B shows an isometric view of a humidifier in
accordance with one form of the present technology, show-
ing a humidifier reservoir 5110 removed from the humidifier
reservoir dock 5130.

6.6 Breathing Waveforms

[0075] FIG. 6A shows a typical respiratory flow rate
waveform of a person while sleeping.

[0076] FIG. 6B shows selected polysomnography chan-
nels (pulse oximetry, flow rate, thoracic movement, and
abdominal movement) of a patient during non-REM sleep
breathing normally over a period of about ninety seconds.

6.7 Diagnosis and Monitoring Systems

[0077] FIG. 7A shows a patient undergoing polysomnog-
raphy (PSG). The patient is sleeping in a supine sleeping
position.

[0078] FIG. 7B shows a monitoring apparatus monitoring
a sleeping patient in accordance with one form of the present
technology.

[0079] FIG. 7C is a block diagram illustrating the moni-
toring apparatus of FIG. 7B in more detail.

[0080] FIG. 81is a flow chart illustrating a method that may
be used to implement an analysis process carried out by the
monitoring apparatus of FIG. 7B.

[0081] FIG. 9 contains a graph illustrating the perfor-
mance of the method of FIG. 8 in estimating respiratory rate
on example patient data.

[0082] FIG. 10 contains a graph illustrating the perfor-
mance of the method of FIG. 8 in estimating heart rate on
example patient data.

[0083] FIG. 11 is a block diagram illustrating a model
relating intrapulmonary pressure to chest displacement.
[0084] FIG. 12 is a flow chart illustrating a method that
may be used to implement an analysis process carried out by
the monitoring apparatus of FIG. 7B.

7 DETAILED DESCRIPTION OF EXAMPLES
OF THE TECHNOLOGY

[0085] Before the present technology is described in fur-
ther detail, it is to be understood that the technology is not
limited to the particular examples described herein, which
may vary. It is also to be understood that the terminology
used in this disclosure is for the purpose of describing only
the particular examples discussed herein, and is not intended
to be limiting.

[0086] The following description is provided in relation to
various examples which may share one or more common
characteristics and/or features. It is to be understood that one
or more features of any one example may be combinable
with one or more features of another example or other
examples. In addition, any single feature or combination of
features in any of the examples may constitute a further
example.

7.1 THERAPY

[0087] In one form, the present technology comprises a
method for treating a cardio-respiratory disorder comprising
the step of applying positive pressure to the entrance of the
airways of a patient 1000.

[0088] In certain examples of the present technology, a
supply of air at positive pressure is provided to the nasal
passages of the patient via one or both nares.
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[0089] In certain examples of the present technology,
mouth breathing is limited, restricted or prevented.

7.2 TREATMENT SYSTEMS

[0090] In one form, the present technology comprises an
apparatus or device for treating a cardio-respiratory disorder.
The apparatus or device may comprise an RPT device 4000
for supplying pressurised air to the patient 1000 via an air
circuit 4170 to a patient interface 3000.

7.3 PATIENT INTERFACE

[0091] A non-invasive patient interface 3000 in accor-
dance with one aspect of the present technology comprises
the following functional aspects: a seal-forming structure
3100, a plenum chamber 3200, a positioning and stabilising
structure 3300, a vent 3400, one form of connection port
3600 for connection to air circuit 4170, and a forehead
support 3700. In some forms a functional aspect may be
provided by one or more physical components. In some
forms, one physical component may provide one or more
functional aspects. In use the seal-forming structure 3100 is
arranged to surround an entrance to the airways of the
patient so as to facilitate the supply of air at positive pressure
to the airways.

7.4 RPT DEVICE

[0092] An RPT device 4000 in accordance with one aspect
of the present technology comprises mechanical, pneumatic,
and/or electrical components and is configured to execute
one or more algorithms. The RPT device 4000 may be
configured to generate a flow of air for delivery to a patient’s
airways, such as to treat one or more of the respiratory
conditions described elsewhere in the present document.
[0093] In one form, the RPT device 4000 is constructed
and arranged to be capable of delivering a flow of air in a
range of =20 L/min to +150 L/min while maintaining a
positive pressure of at least 6 cmH, O, or at least 10cmH,O,
or at least 20 cmH,0.

[0094] The RPT device may have an external housing
4010, formed in two parts, an upper portion 4012 and a
lower portion 4014. Furthermore, the external housing 4010
may include one or more panel(s) 4015. The RPT device
4000 comprises a chassis 4016 that supports one or more
internal components of the RPT device 4000. The RPT
device 4000 may include a handle 4018.

[0095] The pneumatic path of the RPT device 4000 may
comprise one or more air path items, e.g., an inlet air filter
4112, an inlet muffler 4122, a pressure generator 4140
capable of supplying air at positive pressure (e.g., a blower
4142), an outlet muffler 4124 and one or more transducers
4270, such as pressure sensors 4272 and flow rate sensors
4274.

[0096] One or more of the air path items may be located
within a removable unitary structure which will be referred
to as a pneumatic block 4020. The pneumatic block 4020
may be located within the external housing 4010. In one
form a pneumatic block 4020 is supported by, or formed as
part of the chassis 4016.

[0097] The RPT device 4000 may have an electrical power
supply 4210, one or more input devices 4220, a central
controller 4230, a therapy device controller 4240, a pressure
generator 4140, one or more protection circuits 4250,
memory 4260, transducers 4270, data communication inter-
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face 4280 and one or more output devices 4290. Electrical
components 4200 may be mounted on a single Printed
Circuit Board Assembly (PCBA) 4202. In an alternative
form, the RPT device 4000 may include more than one
PCBA 4202.

7.5 AIR CIRCUIT

[0098] An air circuit 4170 in accordance with an aspect of
the present technology is a conduit or a tube constructed and
arranged to allow, in use, a flow of air to travel between two
components such as RPT device 4000 and the patient
interface 3000.

7.6 HUMIDIFIER

[0099] In one form of the present technology there is
provided a humidifier 5000 (e.g. as shown in FIG. 5A) to
change the absolute humidity of air or gas for delivery to a
patient relative to ambient air. Typically, the humidifier 5000
is used to increase the absolute humidity and increase the
temperature of the flow of air (relative to ambient air) before
delivery to the patient’s airways.

[0100] The humidifier 5000 may comprise a humidifier
reservoir 5110, a humidifier inlet 5002 to receive a flow of
air, and a humidifier outlet 5004 to deliver a humidified flow
of air. In some forms, as shown in FIG. 5A and FIG. 5B, an
inlet and an outlet of the humidifier reservoir 5110 may be
the humidifier inlet 5002 and the humidifier outlet 5004
respectively. The humidifier 5000 may further comprise a
humidifier base 5006, which may be adapted to receive the
humidifier reservoir 5110 and comprise a heating element
5240.

7.7 BREATHING WAVEFORMS

[0101] FIG. 6A shows a model typical breath waveform of
a person while sleeping. The horizontal axis is time, and the
vertical axis is respiratory flow rate. While the parameter
values may vary, a typical breath may have the following
approximate values: tidal volume, Vt, 0.5 L, inspiratory
time, Ti, 1.6 seconds, peak inspiratory flow rate, Qpeak, 0.4
L/s, expiratory time, Te, 2.4 seconds, peak expiratory flow
rate, Qpeak, =0.5 L/s. The total duration of the breath, Ttot,
is about 4 seconds. The person typically breathes at a rate of
about 15 breaths per minute (BPM), with Ventilation, Vent,
about 7.5 L/min. A typical duty cycle, the ratio of Ti to Ttot,
is about 40%.

[0102] FIG. 6B shows selected polysomnography chan-
nels (pulse oximetry, flow rate, thoracic movement, and
abdominal movement) of a patient during non-REM sleep
breathing normally over a period of about ninety seconds,
with about 34 breaths. The top channel shows blood oxygen
saturation (SpQ, ), the scale has a range of saturation from 90
to 99% in the vertical direction. The patient maintained a
saturation of about 95% throughout the period shown. The
second channel shows quantitative respiratory flow rate, and
the scale ranges from -1 to +1 LPS in a vertical direction,
and with inspiration positive. Thoracic and abdominal
movement are shown in the third and fourth channels.

7.8 MONITORING SYSTEMS

7.8.1 Polysomnography

[0103] FIG. 7A shows a patient 1000 undergoing poly-
somnography (PSG). A PSG system comprises a headbox
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2000 which receives and records signals from the following
sensors: an EOG electrode 2015; an EEG electrode 2020; an
ECG electrode 2025; a submental EMG electrode 2030; a
snore sensor 2035; a respiratory inductance plethysmogram
(respiratory effort sensor) 2040 on a chest band; a respiratory
inductance plethysmogram (respiratory effort sensor) 2045
on an abdominal band; an oro-nasal cannula 2050 with oral
thermistor; a photoplethysmograph (pulse oximeter) 2055;
and a body position sensor 2060. The electrical signals are
referred to a ground electrode (ISOG) 2010 positioned in the
centre of the forehead.

7.8.2 Unobtrusive Monitoring Apparatus

[0104] One example of a monitoring apparatus 7000 for
monitoring the respiration of a sleeping patient 1000 is
illustrated in FIG. 7B. The unobtrusive monitoring apparatus
7000 contains a contactless motion sensor generally directed
toward the chest of the patient 1000. The motion sensor is
configured to generate one or more signals representing
chest movement of the patient 1000.

[0105] FIG. 7C is a block diagram illustrating the com-
ponents of the monitoring apparatus 7000 of FIG. 7B in
more detail, according to one form of the present technology.
In the monitoring apparatus 7000, a contactless sensor unit
7007 includes a contactless motion sensor 7010 generally
directed toward the patient 1000. The motion sensor 7010 is
configured to generate one or more signals representing
chest movement of the patient 1000, from which may be
derived one or more cardio-respiratory movement signals
representing cardio-respiratory movement of the patient.
Cardio-respiratory movement of the chest has two compo-
nents: respiratory movement, and heartbeat-derived move-
ment. The recoil movements of the body that result from
contraction of the heart muscle in ejecting blood from the
ventricles is referred to as the Cardioballistic Effect. The
heart’s pumping force propagates through the entire body,
however, the cardioballistic effect is most significant at the
chest area where the heart is located. The resulting move-
ments, even at the chest, are too small to be seen by the
naked eye but can be detected by sensitive motion sensors
such as the unobtrusive monitoring apparatus 7000. Unlike
the respiratory component, which is generally sinusoidal, the
heart pumping is an ‘abrupt’ action which is caused by the
systolic and diastolic cycles of the beating heart.

[0106] The sensor unit 7007 may also include a micro-
controller unit (MCU) 7001, and a memory 7002 (e.g. a
memory card) for recording data. In one implementation, the
sensor unit 7007 may include communications circuitry
7004 configured to transfer data to an external computing
device 7005, e.g. a local general purpose computer, a remote
server, or other processor-controlled treatment device, via a
connection 7008. The connection 7008 may be wired or
wireless, in which case the communications circuitry 7004
has wireless capability, and may be direct or indirect via a
local network or a wide-area network (not shown) such as
the Internet.

[0107] The sensor unit 7007 includes a processor 7006
that may be configured to process the signals generated by
the motion sensor 7010 as described in detail below.
[0108] The sensor unit 7007 includes a display device
7015 configured to provide visual feedback to a user. In one
implementation, the display device 7015 comprises one or
more warning lights (e.g., one or more light emitting
diodes). The display device 7015 may also be implemented
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as a display screen such as an LCD or a touch-sensitive
display. Operation of the display device 7015 is controlled
by the processor 7006 based on an assessment of the
patient’s cardio-respiratory health. The display device 7015
may be operated to show information to a user of the
monitoring apparatus 7000, such as the patient 1000, or a
physician or other clinician. The display device 7015 may
also display a graphical user interface for operation of the
monitoring apparatus 7000.

[0109] The sensor unit 7007 may also include an audio
output 7017 configured to provide acoustic feedback to a
user under the control of the processor 7006, e.g., a tone
whose frequency varies with respiratory rate, or an alarm
which sounds when certain conditions are met.

[0110] The above descriptions of the visual display 7015
and the audio output 7017 of the monitoring apparatus 7000
apply equally to comparable elements of the external com-
puting device 7005.

[0111] User control of the operation of the monitoring
apparatus 7000 may be based on operation of controls (not
shown) that are sensed by the processor 7006 of the moni-
toring apparatus 7000.

[0112] One example of a sensor unit 7007 is the Sleep-
Minder device manufactured by ResMed Sensor Technolo-
gies [ .td, which contains a contactless radio-frequency (RF)
motion sensor 7010. The RF motion sensor 7010 processes
signals representing transmitted radio-frequency waves and
received reflected ones of the transmitted radio-frequency
waves. Other examples include the sensors disclosed in
United States Patent Application Publication No. US 2015-
0216424 and U.S. Provisional Patent Application No.
62/205,129 filed on Aug. 14, 2015, the entire disclosures of
which is incorporated herein by reference.

[0113] In one form of the present technology, such as
when the SleepMinder device is used as the sensor unit
7007, the motion sensor 7010 includes an RF transmitter
7020 configured to transmit an RF signal 7060. The trans-
mitted signal 7060 for example has the form

s(t)=u(t)cos(2nf1+0) (Eq. 1)

[0114] InEq. 1, the carrier frequency is £, (typically in the
range 100 MHz to 100 GHz, e.g. 3 GHz to 12 GHz, e.g. 5.8
GHz or 10.5 GHz), t is time, 0 is an arbitrary phase angle,
and u(t) is a pulse shape. In a continuous wave system, the
magnitude of u(t) may be unitary, and can be omitted from
Eq. 1. More generally, the pulse u(t) may be defined as in Eq.
2:

(Eq. 2)

I, te[kT kT+T,),keZ
u(l):{

0, otherwise

[0115] where T is the period width, and T, is the pulse
width. Where T,<<T, this becomes a pulsed continuous
wave system. In one case, as T, becomes very small, the
spectrum of the emitted signal becomes very wide, and the
system is referred to as an ultra-wideband (UWB) radar or
impulse radar. Alternatively, the carrier frequency of the RF
transmitted signal 7060 can be varied (chirped) to produce
a so-called frequency modulated continuous wave (FMCW)
system.

[0116] The radio-frequency signal 7060 may be generated
by the transmitter 7020 using a local oscillator 7040 coupled
with circuitry for applying the pulse gating. In the FMCW
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case, a voltage-controlled oscillator is used together with a
voltage-frequency converter to produce the RF signal 7060
for transmission. The coupling of the transmitted RF signal
7060 to the air may be accomplished using an antenna 7050.
The antenna 7050 can be omnidirectional (transmitting
power more or less equally in all directions) or directional
(transmitting power preferentially in certain directions). It
may be advantageous to use a directional antenna 7050 in
the apparatus 7000 so that transmitted and reflected energy
are primarily coming from one direction. In one implemen-
tation of the apparatus 7000, a single antenna 7050 is used
for both the transmitter 7020 and the receiver 7030, with a
single carrier frequency. Alternatively, multiple receive and
transmit antennas 7050 can be used, with multiple carrier
frequencies.

[0117] The apparatus 7000 is compatible in various
embodiments with various types of antenna 7050 such as
simple dipole antennas, patch antennas, and helical anten-
nas, and the choice of antenna can be influenced by factors
such as the required directionality, size, shape, or cost. It
should be noted that the apparatus 7000 can be operated in
a manner which has been shown to be safe for human use.
The apparatus 7000 has been demonstrated with a total
system emitted average power of 1 mW (0 dBm) and lower.
The recommended safe power density level for RF exposure
is 1 mW/em®. At a distance of 1 metre from a system
transmitting at 0 dBm, the equivalent power density will be
at least 100 times less than this recommended limit.

[0118] In use, the transmitted RF signal 7060 is reflected
off objects that reflect radio waves (such as the air-body
interface of the patient 1000), and some of the reflected
signal 7070 will be received at a receiver 7030, which can
be collocated with the transmitter 7020, or which can be
separate from the transmitter 7020, in a so-called “bistatic”
configuration. The received signal 7070 and the transmitted
signal 7060 can be multiplied together in a mixer 7080
(either in an analog or digital fashion). This mixer 7080 can
be of the form of a multiplier (as denoted below in (Eq. 3))
or in a circuit which approximates the effect of a multiplier
(e.g., an envelope detector circuit which adds sinusoidal
waves). For example, in the CW case, the mixed signal will
equal

m(H)=y cos(2af )cos2af 1+(t) (Eq. 3)
[0119] where ¢(t) is a phase term resulting from the path
difference of the transmitted and received signals 7060 and
7070 (in the case where the reflection is dominated by a
single reflective object), and v is the attenuation experienced
by the reflected signal 7070. If the reflecting object is fixed,
then ¢(t) is fixed. In the apparatus 7000, the reflecting object
(e.g., the chest wall of the patient 1000) is in general
moving, and ¢(t) will be time-varying. As a simple example,
if the chest wall is undergoing only a sinusoidal respiratory
movement of frequency f,, then the mixed signal m(t)
contains a component at f, (as well as a component centred
at 2f_ which can be removed by low-pass filtering, e.g. at 1.6
Hz). The signal at the output of the low-pass filter after
mixing is referred to as the baseband signal 7003, and in
general represents bodily movement of the patient 1000. In
some implementations, the mixer 7080 contains an analog-
to-digital converter at its output, so the baseband signal 7003
may be a discrete signal (sequence of samples), e.g. with
sampling rate equal to 16 Hz.
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[0120] The amplitude of the baseband signal 7003 is
affected by the mean path distance of the reflected signal,
leading to detection nulls and peaks in the motion sensor
7010 (i.e. areas where the motion sensor 7010 is less or more
sensitive). This effect can be minimised by using quadrature
techniques in which the transmitter 7020 simultaneously
transmits a signal 90 degrees out of phase (in quadrature)
with the signal 7060 of Eq. 1. This results in two reflected
signals, both of which can be mixed and low-pass filtered by
the mixer 7080, leading to two signals representative of
bodily movement, referred to as the “I (in-phase) channel”
and the “Q (quadrature) channel”. The baseband signal 7003
may comprise one or both of these channels.

[0121] In this way, the motion sensor 7010, e.g., a radio-
frequency sensor, can observe the movement of the part of
the body of the patient 1000 toward which the motion sensor
7010 is directed, e.g. the chest.

[0122] As mentioned above, the received signal 7070 can
include large non-cardio-respiratory components, e.g. as the
result of gross bodily movement. This is due to the fact that
the reflected signals from the body can contain more than
one reflection path, and lead to complex signals (for example
if one hand is moving towards the sensor, and the chest wall
is moving away). The reception of such signals is useful as
it can indicate that the upper body is in motion, which is
useful in determining sleep state.

[0123] In order to improve the quality of the chest move-
ment signal, and more general bodily movement signals, the
physical volume from which reflected energy is collected by
the sensor unit 7007 can be restricted using various methods.
For example, the sensor unit 7007 can be made “direction-
ally selective” (that is, it transmits more energy in certain
directions), as can the antenna of the receiver 7030. Direc-
tional selectivity can be achieved using directional antennas
7050, or multiple RF transmitters 7020. In alternative forms
of the present technology, a continuous wave, an FMCW, or
a UWB radar is used to obtain similar signals. A technique
called “time-domain gating” can be used to only measure
reflected signals 7070 which arise from signals at a certain
physical distance from the sensor unit 7007. Frequency
domain gating (filtering) can be used to ignore motions of
the reflected object above a certain frequency.

[0124] In implementations of the apparatus 7000 using
multiple frequencies (e.g., at 500 MHz and 5 GHz), the
lower frequency can be used to determine large motions
accurately without phase ambiguity, which can then be
subtracted from the higher-frequency sensor signals (which
are more suited to measuring small motions). Using such a
sensor unit 7007, the apparatus 7000 collects information
from the patient 1000, and uses that information to deter-
mine chest movement information.

[0125] The baseband signal 7003 may be stored in
memory 7002 of the sensor unit 7007, and/or transmitted
over a link (e.g., connection 7008) for storage in the external
computing device 7005, for each monitoring session. In one
implementation, each monitoring session is one night in
duration.

[0126] The processor 7006 of the sensor unit 7007, or that
of the external computing device 7005, may analyse the
stored baseband signal 7003 according to an analysis pro-
cess such as those described in detail below. The instructions
for the described processes may be stored on a computer-
readable storage medium, e.g. the memory 7002 of the
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sensor unit 7007, and interpreted and executed by a proces-
sor, e.g. the processor 7006 of the sensor unit 7007.

7.8.3 Baseband Signal Analysis

[0127] One aspect of the present technology comprises
one or more analysis processes to obtain cardio-respiratory
parameters from a signal representing chest movement of
the patient 1000.

[0128] In the form of the present technology in which the
monitoring apparatus is the unobtrusive monitoring appara-
tus 7000 illustrated in FIG. 7B and the analysed signal is the
baseband signal 7003, an analysis process may be imple-
mented by the processor 7006 of the contactless sensor unit
7007, configured by instructions stored on computer-read-
able storage medium such as the memory 7002. The results
of the analysis, i.e. the cardio-respiratory parameters, may
be transmitted to the external computing device 7005 via the
connection 7008 as described above.

[0129] Alternatively, a processor of the external comput-
ing device 7005 may implement all or part of each described
analysis process, having obtained the required data, either
raw or partly analysed, from the sensor unit 7007 and any
other sensors in the apparatus 7000 via the connection 7008
as described above.

[0130] In one example, the external computing device
7005 is a clinician-accessible device such as a patient
monitoring device that allows a clinician to review the
cardio-respiratory parameters, whether these are received
from the monitoring apparatus 7000 or obtained by the
external computing device 7005 itself. In this example, a
database may also be provided to record the cardio-respira-
tory parameters. Through such an external computing device
7005, a clinician may monitor the patient’s cardio-respira-
tory disorder and issue a report or alert that the patient may
require closer observation or hospitalisation.

7.8.3.1 Respiratory Rate and Heart Rate Estimation

[0131] FIG. 8 contains a flow chart illustrating a method
8000 that may be used to implement an analysis process
mentioned above. The cardio-respiratory parameters
obtained by the method 8000 from the I and Q channels of
the baseband signal 7003 are respiratory rate and heart rate.
As mentioned above, the method 8000 may be carried out by
the processor 7006 of the unobtrusive monitoring apparatus
7000 or a processor of the external computing device 7005
in communication therewith. Thus, the steps of the process
may be implemented in one or more processors.

[0132] The method 8000 starts at step 8010, which per-
forms “relative demodulation” on the I and Q channels to
generate two discrete specific motion signals: chest velocity
(written herein as v[n]) and “jerk” (written herein as j[n]).
The chest velocity signal v[n] is the discrete first derivative
of the chest displacement d[n]. The jerk motion signal j[n]
is the discrete third derivative of the chest displacement d[n].
The relative demodulation step 8010 will be described in
more detail below.

[0133] Steps 8020 to 8040 are then carried out on the chest
velocity signal v[n]. Step 8020 applies a respiratory band-
pass filter (RBPF) h [n] to the velocity v[n] to extract the
respiratory velocity x'[n], which is the discrete derivative of
the component x[n] of the chest displacement that is due to
respiration. In one implementation, the RBPF is a sixth-
order Butterworth band-pass filter with unity gain. One
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reason for choosing such a Butterworth filter is that the
frequency response of a Butterworth filter is maximally flat
(i.e. has no ripples) in the pass-band and rolls off towards
zero in the stop-band. In addition, the implementation of a
Butterworth filter is much simpler and performs much faster
as compared to other finite impulse response (FIR) filters,
which is more suitable for implementation on the unobtru-
sive monitoring apparatus 7000. In one such implementa-
tion, the pass-band for the RBPF is 0.2-0.5 Hz, correspond-
ing to a respiratory rate of 12-30 breaths per minute.
[0134] Step 8030 then detects the inspiration and expira-
tion phases of respiration from the respiratory velocity x'[n].
The inspiration and expiration phases are represented by
binary inspiration and expiration signals i[n] and e[n].
[0135] The inspiration signal i[n] is set to one at negative-
going zero-crossings of the respiratory velocity x'[n], which
coincide with positive peaks of the respiratory displacement
x[n].

(Eq. 4)

I, X[n]<0ax'[n=11>0ARy; ARy
iln] =

0, otherwise

[0136] R,, is an indicator function that is equal to one
when the current index n minus the index n' of the previously
detected inspiration (i.e. the value of n when i[n] was last
equal to one) is greater or equal to 2f. This prevents
zero-crossings from being detected with a spacing of less
than two seconds, corresponding to a maximum permissible
breathing rate of 30 breaths per minute.

[0137] R,, is an indicator function that is equal to one
when the current index n minus the index n' of the previously
detected expiration (i.e. the value of n when e[n] was last
equal to one) is greater or equal to £. This prevents negative-
going zero-crossings from being detected with a spacing of
less than one second from positive-going zero-crossings,
corresponding to a maximum permissible breathing rate of
30 breaths per minute.

[0138] The expiration signal e[n] is set to one at positive-
going zero-crossings of the respiratory velocity x'[n], which
coincide with negative peaks of the respiratory displacement
X[n].

(Eq. 5)

1, Xnlz20ax[n-11<0AR, ARy
6[ﬂ]={ }

0, otherwise

[0139] R, is an indicator function that is equal to one
when the current index n minus the index n' of the previously
detected expiration (i.e. the value of n when e[n] was last
equal to one) is greater or equal to 2f_.

[0140] R,, is an indicator function that is equal to one
when the current index n minus the index n' of the previously
detected inspiration (i.e. the value of n when i[n] was last
equal to one) is greater or equal to f..

[0141] Finally, step 8040 estimates the respiratory rate
(RR) from the binary inspiration and expiration signals i[n]
and e[n]. The respiratory rate can be estimated as the average
number of detected inspiration and expiration phases (nega-
tive- and positive-going zero-crossings of respiratory veloc-
ity x'[n] respectively) in a window divided by the window
width. In one implementation, a fixed window of width 60
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seconds (2 epochs) and a sliding window of width 30
seconds (1 epoch) are employed in step 8040 for respiratory
rate estimation.

[0142] Optionally, step 8040 may also return the inspira-
tory time Ti and expiratory time Te of each breath from the
durations between adjacent negative- and positive-going
zero-crossings indicated by the inspiration and expiration
signals i[n] and e[n].

[0143] Steps 8050 to 8070 are then carried out on the jerk
signal j[n]. The reason for using jerk to detect heart rate is
that the abrupt heartbeat-related component of chest move-
ment is emphasised by each differentiation. That is, each
time the chest displacement signal is differentiated, the
“slow” motions in the signal get reduced, while the ampli-
tude of “faster” motions is increased. The jerk signal j[n]
therefore already has the heartbeat-related component fore-
grounded. Step 8050 applies a cardiac band-pass filter
(CBPF) h_[n] to the jerk j[n] to extract the cardiac jerk y"'[n],
which is the discrete third derivative of the component y[n]
of the chest displacement that is due to the heart beating. In
one implementation, the CBPF is a sixth-order Butterworth
band-pass filter with unity gain. One reason for choosing
such a Butterworth filter is that the frequency response of a
Butterworth filter is maximally flat (i.e. has no ripples) in the
pass-band and rolls off towards zero in the stop-band. In
addition, the implementation of a Butterworth filter is much
simpler and performs much faster as compared to other FIR
filters, which is more suitable for implementation on the
unobtrusive monitoring apparatus 7000. In one such imple-
mentation, the pass-band for the CBPF is 0.7-1.6 Hz,
corresponding to a heart rate of 42-96 beats per minute.
[0144] Step 8060 then detects the systole and diastole
phases of each heartbeat from the cardiac jerk y"'[n]. The
systole and diastole phases are represented by binary systole
and diastole signals s[n] and d[n].

[0145] The systole signal s[n] is set to one at negative-
going zero-crossings of the cardiac jerk y™[n], which coin-
cide with positive peaks of the cardiac displacement y[n].

1, ¥"[n]=0Ay"[n-1]>0aCisa Cy (Eq. 6)
s[x] :{

0, otherwise

[0146] C,; is an indicator function that is equal to one
when the current index n minus the index n' of the previously
detected systole (i.e. the value of n when s[n] was last equal
to one) is greater or equal to 0.5f,, where {; is the sampling
rate. This prevents zero-crossings from being detected with
a spacing of less than half a second, corresponding to a
maximum permissible heart rate of 120 beats per minute.
[0147] C,, is an indicator function that is equal to one
when the current index n minus the index n' of the previously
detected diastole (i.e. the value of n when d[n] was last equal
to one) is greater or equal to 0.251,. This prevents negative-
going zero-crossings from being detected with a spacing of
less than 0.25 seconds from positive-going zero-crossings,
corresponding to a maximum permissible heart rate of 120
breaths per minute.

[0148] The diastole signal d[n] is set to one at positive-
going zero-crossings of the cardiac jerk y™[n], which coin-
cide with negative peaks of the cardiac displacement y[n].

1, y’”[n]zOAy”’[n—l]<0ACldACZd} Eq. 7)

d =
g {0,

otherwise
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[0149] C,, is an indicator function that is equal to one
when the current index n minus the index n' of the previously
detected diastole (i.e. the value of n when d[n] was last equal
to one) is greater or equal to 0.51.

[0150] C,, is an indicator function that is equal to one
when the current index n minus the index n' of the previously
detected systole (i.e. the value of n when s[n| was last equal
to one) is greater or equal to 0.25f..

[0151] Finally, step 8070 estimates the heart rate (HR)
from the binary systole and diastole signals s[n] and d[n].
The heart rate can be estimated as the average number of
detected systole and diastole phases (negative- and positive-
going zero-crossings of cardiac jerk y™[n]) in a window
divided by the window width. In one implementation, a
fixed window of width 60 seconds (2 epochs) and a sliding
window of width 30 seconds (1 epoch) are employed in step
8070 for heart rate estimation.

7.8.3.1.1 Relative Demodulation

[0152] The name ‘relative demodulation’ is given to step
8010 as an application of the ‘relativity’ concept in the
demodulation of the patient’s chest motion from the I and Q
channels. Relative demodulation pivots from conventional
displacement and phase-shift demodulation to introduce
derivative analysis. Relative demodulation is simple enough
to be carried out in real time and provides the following
advantages over conventional demodulation:
[0153] Eliminates DC offsets, clutter, and null-points.
[0154] Approximates the instantaneous derivatives of
the patient’s periodic chest motions.
[0155] Allows separation of the instantaneous respira-
tory and cardiac chest motions.
[0156] Relative demodulation starts from the following
expressions for the I and Q channels of the baseband signal
7003:

Az (Eq. 8)
)=V, +A ,cos(?o o +din)+ Aqs(z))

0=V, +AQsm(00 + 4/1—”@0 +d(D) +A¢(t)) (Ea. 9)

[0157] where A is the wavelength of the transmitted RF
signal, V, and V; are DC offsets, and A, and A, are received
amplitudes. The argument of the cos and sin functions is the
phase term ¢(t) from Eq. 3 above. Its components are:
[0158] O, the constant phase offset of the system;
[0159] d,, a baseline distance from the motion sensor
7010 around which the patient’s chest moves;
[0160] d(t), the instantaneous chest displacement from
the baseline distance, comprising periodic components
due to respiration and heartbeat (written as x(t) and y(t)
respectively), and a non-periodic component due to
gross bodily movement; and
[0161] A¢(t), the phase noise of the system.
[0162] For cardio-respiratory monitoring using the moni-
toring apparatus 7000, the distance to the patient’s chest is
usually within 0.5 to 3.0 metres, which makes the phase
noise term Ad(t) negligible.
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[0163] The time derivatives of the I and Q channels may
be obtained by differentiating Egs. 8 and 9:

, 4n . 4ir (Eq. 10)
I'o=- 7v(t)A,sm(@o + T (do + d([))]
4x 4 (Eq. 11)

7
o' = 7v(z‘)AQcos(Oo + T(do + d(l‘)))

[0164] where v(t) is the derivative of the chest displace-
ment d(t).
[0165] In the context of relative demodulation, the T and Q

channels are referred to as ‘Observer I’ and ‘Observer Q’.
The patient’s chest motion is referred to as ‘Observation
Target’. The fundamental relative demodulation concepts
are as follows:

[0166] Both ‘Observer I” and ‘Observer Q* are moving
at the same speed, however, at different phases.

[0167] The instantaneous derivatives of the ‘Observer I’
and ‘Observer Q’ are ‘relative to’ and ‘impacted by’ the
instantaneous derivatives of the ‘Observation Target’.

[0168] At any given point in time, both ‘Observer I’ and
‘Observer Q* observe the same ‘Observation Target’
instantaneous derivatives with respect to the other
Observer'.

[0169] Using Egs. 10 and 11, the ‘Observation Target’
instantaneous velocity as observed by ‘Observer I' with
respect to ‘Observer Q° and ‘Observer Q” with respect to
‘Observer I” can be expressed respectively as:

" A ( Agl'(0) ] (Eq. 12)
S P L A
T 4 Ao - vp)
and
volt) = i( A1Q'(0) ] (Eq. 13)
T\ aglin - vy
[0170] The null-points of velocity estimation can be elimi-

nated by averaging the Observation Target' instantaneous
velocity with respect to ‘Observer I” and ‘Observer ’. The
resultant ‘Observation Target” instantaneous velocity can be
expressed as:

/\( kQ (1) o ] (Eq. 14)

0= g\ G- v) ~ kam- Vo)

[0171] where k=A/A .

[0172] The third derivative of displacement, i.e. the sec-
ond derivative of velocity, referred to as “jerk”, describes the
changes of acceleration. Therefore, to describe the changes
that the cardiac acceleration imposes on the respiratory
acceleration, relative demodulation may also derive the
resultant ‘Observation Target’ instantaneous jerk j(t). The
‘Observation Target” instantaneous jerk j(t) can be expressed
as:

Jun. 7,2018

& (Eq. 15)

Jo= EV(I)

[0173] Backwards-difference numerical approximations
may be used for their simplicity in implementation to
discretise the continuous-time ‘Relative Demodulation’
derivatives. The resulting discretised ‘Relative Demodula-
tion” equations are as follows:

o] = if K[@Mr] - Qln—11] _ [iln] - iln—1]] (Eq. 16)
T 8x [Al- Vi) k[QIn] - Vo]
Jin] = £2vin] = 2v[n— 1]+ v[n - 2]) (Eq. 17)

[0174] The voltage offsets V; and V,, are set to half the
maximum output value of the analog-to-digital converter at
the output of the mixer 7080. In most implementations, the
I and Q channel amplitude gain constants A; and A, are
approximately equal. Therefore, the ratio k may be set to 1.

7.8.3.1.2 Example Results

[0175] The example patient data was obtained from
twenty patients with New York Heart Association (NYHA)
Heart Failure Classification Class 1T & III. The patients
underwent full PSG, manually scored by sleep experts. A
monitoring apparatus similar to the monitoring apparatus
7000 was installed in the PSG laboratory and the I and Q
channels were recorded simultaneously with the PSG sig-
nals. The monitoring apparatus was placed facing the patient
in line with chest at a distance of approximately 0.5 metres
and an elevation of approximately 0.5 metres from the edge
of the bed.

[0176] FIG. 9 contains a graph 9000 illustrating the per-
formance of the method 8000 of FIG. 8 in estimating
respiratory rate on a portion of the example patient data. The
graph 9000, which shows the analysis results from one of the
patient monitoring sessions of duration 6.39 hours, contains
two traces. The solid trace 9010 is the respiratory rate
estimated from the chest band respiratory effort sensor 2040,
and the dotted trace 9020 is the respiratory rate estimated
from the I and Q channels using the method 8000. The
respiratory rate estimation for the respiratory effort PSG
signal was performed using the RBPE, inspiration and
expiration detection, and respiratory rate estimation steps
8020, 8030, and 8040 to ensure a fair comparison.

[0177] FIG. 10 contains a graph 10000 illustrating the
performance of the method 8000 of FIG. 8 in estimating
heart rate on a portion of the example patient data. The graph
10000, which shows the analysis results from one of the
patient monitoring sessions of duration 6.39 hours, contains
two traces. The solid trace 10010 is the heart rate estimated
from the ECG 2025, and the dotted trace 10020 is the
respiratory rate estimated from the I and Q channels using
the method 8000. The ECG heart rate estimation utilized a
reliable real-time QRS detection algorithm by Pan-Tomp-
kins [1] to extract the R-wave peaks from the ECG. The
heart rate was then calculated from the number of identified
R-peaks per selected window.

[0178] FIGS. 9 and 10 show that the respiratory rate and
heart rate estimated using the method 8000 track exception-
ally well with the respiratory effort-estimated respiratory
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rate and ECG-estimated heart rate respectively for the entire
duration of the monitoring session. Across all twenty
patients’ monitoring sessions, the respiratory rate estimation
achieved 91.5% median accuracy compared to the PSG with
median error of 1.31 breaths per minute. The heart rate
estimation achieved 91.3% median accuracy compared to
the PSG with median error of 6.16 beats per minute.

7.8.3.2 Chest Displacement Estimation

[0179] An instantaneous chest displacement signal d[n]
may be found by numerically integrating the chest velocity
signal v[n] produced by the relative demodulation step 8010
of the method 8000. In one implementation using the
trapezoidal rule with even spacing, the numerical integration
may be implemented as follows:

da] = din—1]+ (Eq. 18)

vlr] +v[n-1]
2f; ]

[0180] Alternatively, the instantaneous chest displacement
signal d[n] may be computed by numerically integrating the
respiratory velocity signal x'[n] produced by the respiratory
band-pass filtering step 8020 of the method 8000.

7.83.3 Intrapulmonary Pressure and Tidal Volume

Estimation

[0181] A mathematical model may be derived to define the
relationship between the intrapulmonary pressure p ,(t) and
the chest displacement d(t). The model may be used, such as
in the fashion of a processing function implemented in a
processor with one or more inputs, to convert estimates of
chest displacement to estimates of intrapulmonary pressure.
The model takes an engineering approach with the utiliza-
tion of electronic circuit-like elements to describe the time-
varying differential relationships. The lungs are modelled as
containers of certain volume that can hold a certain amount
of pressurised air. The resistance and elasticity in the respi-
ratory system may be modelled using a resistor and an
inductor. The model is presented in the Laplace transform’s
s-domain; this is for mathematical convenience in analyzing
the time-varying differential parameters.

[0182] FIG. 11 is a block diagram illustrating a pulmonary
ventilation model 1100 relating intrapulmonary pressure
P,(s) to chest displacement D(s). The descriptions of the
variables used in FIG. 11 are as follows:

[0183] g—standard gravitational constant (9.8 ms™2).

[0184] M, and M—The mass portion of the patient’s
body mass (in kg) residing in the left and right chest

area.
[0185] C,, and Cy,—the left and right lung volumes.
[0186] L,zz and Lzzr—the left and right bronchiole

and terminal bronchiole elasticity, which cause changes
in resistance due to changes in gas pressure.

[0187] R,; and Rzz—the left and right secondary and
tertiary bronchus resistance.

[0188]

[0189] R, —the upper respiratory system airway resis-
tance, including the nose, pharynx & associated struc-
tures.

R;—the larynx and trachea resistance.
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[0190] The following assumptions may be applied to the
pulmonary ventilation model 1100 illustrated in FIG. 11:
[0191] The left lung volume is approximately equal to
the right lung volume, denoted by C,.
[0192] The left bronchiole and terminal bronchiole elas-
ticity are approximately equal to the right bronchiole
and terminal bronchiole elasticity, denoted by L.
[0193] The left secondary and tertiary bronchus resis-
tance is approximately equal to the right secondary and
tertiary bronchus resistance, denoted by R.
[0194] From the pulmonary ventilation model 1100 illus-
trated in FIG. 11, applying the above assumptions, the
following transfer function relating intrapulmonary pressure
P_(s) to chest displacement D(s) may be derived:

Pals) K(52 —kl] (Eq. 19)
D(s) 5
where
K =g(ML+ Mg)RLRyRpLgr (Eq. 20)
and
1 (Eq. 21)

k= ——

LprCa

[0195] The negative sign on the coeflicient K in Eq. 19
indicates that when the lung volume increases due to the
contraction of the diaphragm, which results in the increase
of the chest displacement, the intrapulmonary pressure
decreases for inspiration to occur, and vice versa for expi-
ration.

[0196] The product of coefficients L, and C, in the
denominator of k; in Eq. 21 can be seen as a time constant
(), which is the period of the pressure accumulation in the
alveoli. The reciprocal of T, i.e. k,, is therefore the respira-
tory rate in Hertz, which may be computed as the respiratory
rate (RR) in breaths per minute divided by 60 seconds.
[0197] Thes® term in Eq. 19 indicates a second derivative,
which in this case is the acceleration of the chest due to
respiration. The chest acceleration multiplied by a constant
K indicates both force acting, and work done, on the chest
area. Work done in lifting a mass against gravity is the
product of the mass, the standard gravitational constant g,
and the lifting height, which in this case is the chest
displacement. The force acting on the patient’s chest is
proportional to the mass portion of the patient’s body mass
residing at the chest area. This mass portion is equal to the
patient’s body mass index (BMI). The constant K in Eq. 19
can be expressed as g multiplied by the patient’s body mass
index (BMI), which is the ratio between the patient’s body
mass in kilograms, and the patient’s height in metres.
[0198] Transforming the s-domain relationship in Eq. 19
to the time domain and making the substitutions above
vields a continuous-time differential equation summarising
the pulmonary ventilation model 1100 relating intrapulmo-
nary pressure to chest displacement:

2

d = BMI(d d RRd ]
EPA([) =-g e (- ) @

(Eq. 22)

[0199] For a discrete-time implementation of the pulmo-
nary ventilation model 1100, the Laplace transform (s-do-
main) relationship in Eq. 19 may be converted to an equiva-
lent discrete-time model in the Z-transform domain. The
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conversion of s-domain relationships to Z-domain uses the
equivalence z=e°* where T, is the sampling time (the recip-
rocal of the sampling rate f). The resulting Z-transform

model may be written as:

Py (Eg. 23)

-k '+72 ]
D(2)

=- BMI(
& -1

[0200] where k=2 cos h(TS\/k—l) (the hyperbolic cosine).
[0201] Transforming Eq. 23 to the discrete-time domain
gives the discrete-time derivative of the intrapulmonary
pressure:

Apaln] = —gBMIFA[d[n] -k [nld[n - 1] +d[n - 2]] (Eq. 24)
where
2 h[T RR[n] ] (Eq. 25)
£[n] = 2cos x\ 60
[0202] to allow for the variation in the respiratory rate RR
over time.
[0203] Discrete-time integration of Eq. 26 between sam-

pling instants (n-1) and n using the trapezoidal rule yields
a third-order difference equation for the instantaneous intra-
pulmonary pressure p_[n]:

DalP]=paln-11-gBMIf[d[n)- (k [n]-1)d[n-1]+(1-k,

[n-11)d[n-2]+d[n-3] (Eq. 26)

[0204] The intrapulmonary pressure p,[n] may be con-
verted to an instantaneous lung volume V, [n] (in millilitres)
using Boyle’s Law, which states that pressure and volume
are inversely proportional:

pale ] (Eq. 27)
Viln] = TLC[W —1], palnl 0
0, paln]=0

[0205] V. is the total lung capacity (TLC) in millilitres.
Adopting the power law prediction parameters for respira-
tory variables in mammals by Stahl [2] and the height-
weight covariance by Livingston and Lee [3], V. can be
expressed in the form of an allometric formula, where Wt is
the patient’s predicted ideal body mass in kilograms and Ht
is the patient’s actual height in centimeters:

Hy (0302271 (Eq. 28)

33.34)

Vire = 53.5 Wtb% where Wt :(

[0206] The range of lung volume V,[n] over a breath
determines the tidal volume V1 for the breath.

[0207] FIG. 12 is a flow chart illustrating a method 1200
that may be used to implement an analysis process. The
method 1200, such as when implemented as a function of a
processor, estimates the cardio-respiratory parameter known
as the mean tidal volume Vt from two inputs, the chest
displacement signal d[n] and the respiratory rate RR[n].
Like the method 8000, the method 1200 may be carried out
by the processor 7006 of the unobtrusive monitoring appa-
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ratus 7000 or a processor of the external computing device
7005 in communication therewith. In some such implemen-
tations, the chest displacement signal d[n] may be obtained
by integrating, using Eq. 18, the chest velocity v[n] obtained
from the relative demodulation step 8010 of the method
8000. In such an implementation, the respiratory rate RR[n]
may be obtained from the step 8040 of the method 8000.

[0208] In other implementations, the chest displacement
signal d[n] may be obtained directly, e.g. from a respiratory
inductance plethysmogram (respiratory effort sensor) 2040
on a PSG chest band, and the respiratory rate RR[n| may be
obtained by conventional analysis of one or more of the
other PSG signals.

[0209] The method 1200 starts at step 1210, which applies
Fq. 26 to estimate the intrapulmonary pressure p,[n] from
the chest displacement signal d[n] and the respiratory rate
RR[n]. Step 1220 then applies Eq. 27 to estimate the
instantaneous lung volume V,[n] from the estimated intra-
pulmonary pressure p,[n]. To reject noise and/or gross
bodily movements corrupting the chest displacement signal
d[n], the instantaneous lung volume estimate V,[n] may in
some implementations of step 1220 be “clipped” so that its
absolute value does not exceed the patient’s predicted peak
tidal volume V. According to Stahl [2] and Livingston and
Lee [3], Vprcan be expressed in the form of an allometric
formula using the patient’s predicted ideal body mass Wt as
described above:

Vi =T.69Wt1-%4 (Eq. 29)

[0210] Step 1230 then applies a respiratory band-pass
filter (RBPF), e.g. the RBPF described above in relation to
step 8020, to extract the respiratory component of the
estimated instantaneous lung volume V,[n].

[0211] The next step 1240 identifies the maximum and
minimum values of the respiratory component of the esti-
mated instantaneous lung volume V[n] for each breath. A
breath is delineated by the current and previous identified
maximum values of the respiratory component of V,[n]. The
breathwise tidal volume V1 is then estimated as the differ-
ence between the maximum and the minimum values of the
respiratory component of the instantaneous lung volume
V,[n] over each breath. A threshold value of V,, may be
applied as a conditional rule, ie., if the estimated tidal
volume Vt for the current breath is greater than the thresh-
old. then the estimated tidal volume Vt for the current breath
is set equal to the estimated tidal volume Vt for the previous
breath. Step 1250 then calculates the mean of the breathwise
tidal volume Vt per selected window. In one implementa-
tion, a fixed window-width of 60 seconds (2 epochs) and a
sliding window-width of 30 seconds (1 epoch) may be
employed.

7.8.3.3.1 Example Results

[0212] The mean tidal volume was estimated using the
method 1200 applied to the chest displacement obtained
using relative demodulation (step 8010) of the example I and
Q channel data mentioned above. For comparison, the mean
tidal volume was also estimated by applying the steps 1220
to 1250 of the method 1200 to the nasal pressure signal of
the parallel PSG data. Across all twenty patients’ monitoring
sessions, the mean tidal volume estimation achieved 83.1%
median accuracy compared to the PSG with median error of
573 mL.
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7.9 GLOSSARY

[0213] For the purposes of the present technology disclo-
sure, in certain forms of the present technology, one or more
of the following definitions may apply. In other forms of the
present technology, alternative definitions may apply.

7.9.1 General

[0214] Air: In certain forms of the present technology, air
may be taken to mean atmospheric air, and in other forms of
the present technology air may be taken to mean some other
combination of breathable gases, e.g. atmospheric air
enriched with oxygen.

[0215] Flow rate: The volume (or mass) of air delivered
per unit time. Flow rate may refer to an instantaneous
quantity. In some cases, a reference to flow rate will be a
reference to a scalar quantity, namely a quantity having
magnitude only. In other cases, a reference to flow rate will
be a reference to a vector quantity, namely a quantity having
both magnitude and direction. Flow rate may be given the
symbol Q. ‘Flow rate’ is sometimes shortened to simply
“flow’.

[0216] In the example of patient respiration, a flow rate
may be nominally positive for the inspiratory portion of a
breathing cycle of a patient, and hence negative for the
expiratory portion of the breathing cycle of a patient. Total
flow rate, Qt, is the flow rate of air leaving the RPT device.
Vent flow rate, Qv, is the flow rate of air leaving a vent to
allow washout of expired gases. Leak flow rate, Ql, is the
flow rate of leak from a patient interface system or else-
where. Respiratory flow rate, Qr, is the flow rate of air that
is received into the patient’s respiratory system.

[0217] Humidifier: The word humidifier will be taken to
mean a humidifying apparatus constructed and arranged, or
configured with a physical structure to be capable of pro-
viding a therapeutically beneficial amount of water (H,O)
vapour to a flow of air to ameliorate a medical respiratory
condition of a patient.

[0218] Patient: A person, whether or not they are suffering
from a respiratory condition.

[0219] Respiratory Pressure Therapy (RPT): The applica-
tion of a supply of air to an entrance to the airways at a
treatment pressure that is typically positive with respect to
atmosphere.

[0220] Ventilator: A mechanical device that provides pres-
sure support to a patient to perform some or all of the work
of breathing.

7.9.2 Respiratory Cycle

[0221] Apnea: According to some definitions, an apnea is
said to have occurred when flow falls below a predetermined
threshold for a duration, e.g. 10 seconds. An obstructive
apnea will be said to have occurred when, despite patient
effort, some obstruction of the airway does not allow air to
flow. A central apnea will be said to have occurred when an
apnea is detected that is due to a reduction in breathing
effort, or the absence of breathing effort, despite the airway
being patent. A mixed apnea occurs when a reduction or
absence of breathing effort coincides with an obstructed
airway.

[0222] Breathing rate: The rate of spontaneous respiration
of a patient, usually measured in breaths per minute.
[0223] Duty cycle: The ratio of inspiratory time, Ti to total
breath time, Ttot.
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[0224] Effort (breathing): The work done by a spontane-
ously breathing person attempting to breathe.

[0225] Expiratory portion of a breathing cycle: The period
from the start of expiratory flow to the start of inspiratory
flow.

[0226] Flow limitation: Flow limitation will be taken to be
the state of affairs in a patient’s respiration where an increase
in effort by the patient does not give rise to a corresponding
increase in flow. Where flow limitation occurs during an
inspiratory portion of the breathing cycle it may be
described as inspiratory flow limitation. Where flow limita-
tion occurs during an expiratory portion of the breathing
cycle it may be described as expiratory flow limitation.
[0227] Hypopnea: According to some definitions, a hypo-
pnea is taken to be a reduction in flow, but not a cessation
of flow. In one form, a hypopnea may be said to have
occurred when there is a reduction in flow below a threshold
rate for a duration. A central hypopnea will be said to have
occurred when a hypopnea is detected that is due to a
reduction in breathing effort.

[0228] Hyperpnea: An increase in flow to a level higher
than normal.
[0229] Inspiratory portion of a breathing cycle: The period

from the start of inspiratory flow to the start of expiratory
flow will be taken to be the inspiratory portion of a breathing
cycle.

[0230] Patency (airway): The degree of the airway being
open, or the extent to which the airway is open. A patent
airway is open. Airway patency may be quantified, for
example with a value of one (1) being patent, and a value of
zero (0), being closed (obstructed).

[0231] Positive End-Expiratory Pressure (PEEP): The
pressure above atmosphere in the lungs that exists at the end
of expiration.

[0232] Peak flow rate (Qpeak): The maximum value of
flow rate during the inspiratory portion of the respiratory
flow waveform.

[0233] Respiratory flow rate, patient airflow rate, respira-
tory airflow rate (Qr): These terms may be understood to
refer to the RPT device’s estimate of respiratory airflow rate,
as opposed to “true respiratory flow rate” or “true respiratory
airflow rate”, which is the actual respiratory flow rate
experienced by the patient, usually expressed in litres per
minute.

[0234] Tidal volume (Vt): The volume of air inspired or
expired during normal breathing, when extra effort is not
applied.

[0235] Inspiratory Time (Ti): The duration of the inspira-
tory portion of the respiratory flow rate waveform.

[0236] Expiratory Time (Te): The duration of the expira-
tory portion of the respiratory flow rate waveform.

[0237] Total Time (Ttot): The total duration between the
start of one inspiratory portion of a respiratory flow rate
waveform and the start of the following inspiratory portion
of the respiratory flow rate waveform.

[0238] Typical recent ventilation: The value of ventilation
around which recent values of ventilation Vent over some
predetermined timescale tend to cluster, that is, a measure of
the central tendency of the recent values of ventilation.
[0239] Upper airway obstruction (UAQO): includes both
partial and total upper airway obstruction. This may be
associated with a state of flow limitation, in which the flow
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rate increases only slightly or may even decrease as the
pressure difference across the upper airway increases (Star-
ling resistor behaviour).

[0240] Ventilation (Vent): A measure of a rate of gas being
exchanged by the patient’s respiratory system. Measures of
ventilation may include one or both of inspiratory and
expiratory flow, per unit time. When expressed as a volume
per minute, this quantity is often referred to as “minute
ventilation”. Minute ventilation is sometimes given simply
as a volume, understood to be the volume per minute.

7.10 OTHER REMARKS

[0241] A portion of the disclosure of this patent document
contains material which is subject to copyright protection.
The copyright owner has no objection to the facsimile
reproduction by anyone of the patent document or the patent
disclosure, as it appears in Patent Office patent files or
records, but otherwise reserves all copyright rights whatso-
ever.

[0242] Unless the context clearly dictates otherwise and
where a range of values is provided, it is understood that
each intervening value, to the tenth of the unit of the lower
limit, between the upper and lower limit of that range, and
any other stated or intervening value in that stated range is
encompassed within the technology. The upper and lower
limits of these intervening ranges, which may be indepen-
dently included in the intervening ranges, are also encom-
passed within the technology, subject to any specifically
excluded limit in the stated range. Where the stated range
includes one or both of the limits, ranges excluding either or
both of those included limits are also included in the
technology.

[0243] Furthermore, where a value or values are stated
herein as being implemented as part of the technology, it is
understood that such values may be approximated, unless
otherwise stated, and such values may be utilized to any
suitable significant digit to the extent that a practical tech-
nical implementation may permit or require it.

[0244] Unless defined otherwise, all technical and scien-
tific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
technology belongs. Although any methods and materials
similar or equivalent to those described herein can also be
used in the practice or testing of the present technology, a
limited number of the exemplary methods and materials are
described herein.

[0245] When a particular material is identified as being
used to construct a component, obvious alternative materials
with similar properties may be used as a substitute. Further-
more, unless specified to the contrary, any and all compo-
nents herein described are understood to be capable of being
manufactured and, as such, may be manufactured together or
separately.

[0246] It must be noted that as used herein and in the
appended claims, the singular forms “a”, “an”, and “the”
include their plural equivalents, unless the context clearly
dictates otherwise.

[0247]  All publications mentioned herein are incorporated
herein by reference in their entirety to disclose and describe
the methods and/or materials which are the subject of those
publications. The publications discussed herein are provided
solely for their disclosure prior to the filing date of the
present application. Nothing herein is to be construed as an
admission that the present technology is not entitled to
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antedate such publication by virtue of prior invention. Fur-
ther, the dates of publication provided may be different from
the actual publication dates, which may need to be indepen-
dently confirmed.

[0248] The terms “comprises” and “comprising” should
be interpreted as referring to elements, components, or steps
in a non-exclusive manner, indicating that the referenced
elements, components, or steps may be present, or utilized,
or combined with other elements, components, or steps that
are not expressly referenced.

[0249] The subject headings used in the detailed descrip-
tion are included only for the ease of reference of the reader
and should not be used to limit the subject matter found
throughout the disclosure or the claims. The subject head-
ings should not be used in construing the scope of the claims
or the claim limitations.

[0250] Although the technology herein has been described
with reference to particular examples, it is to be understood
that these examples are merely illustrative of the principles
and applications of the technology. In some instances, the
terminology and symbols may imply specific details that are
not required to practice the technology. For example,
although the terms “first” and “second” may be used, unless
otherwise specified, they are not intended to indicate any
order but may be utilised to distinguish between distinct
elements. Furthermore, although process steps in the meth-
odologies may be described or illustrated in an order, such
an ordering is not required. Those skilled in the art will
recognize that such ordering may be modified and/or aspects
thereof may be conducted concurrently or even synchro-
nously.

[0251] It is therefore to be understood that numerous
modifications may be made to the illustrative examples and
that other arrangements may be devised without departing
from the spirit and scope of the technology.

7.11 REFERENCE SIGNS LIST

[0252] patient 1000

[0253] pulmonary ventilation model 1100
[0254] method 1200

[0255] step 1210

[0256] step 1220

[0257] step 1230

[0258] step 1240

[0259] step 1250

[0260] headbox 2000

[0261] ground electrode 2010

[0262] EOG electrode 2015

[0263] EEG electrode 2020

[0264] ECG electrode 2025

[0265] submental EMG electrode 2030
[0266] snore sensor 2035

[0267] respiratory effort sensor 2040
[0268] respiratory effort sensor 2045
[0269] oro-nasal cannula 2050

[0270] photoplethysmograph pulse oximeter 2055
[0271] body position sensor 2060
[0272] patient interface 3000

[0273] seal-forming structure 3100
[0274] plenum chamber 3200

[0275] structure 3300

[0276] vent 3400

[0277] connection port 3600

[0278] forehead support 3700
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[0279]
[0280]
[0281]
[0282]
[0283]
[0284]
[0285]
[0286]
[0287]
[0288]
[0289]
[0290]
[0291]
[0292]
[0293]
[0294]
[0295]
[0296]
[0297]
[0298]
[0299]
[0300]
[0301]
[0302]
[0303]
[0304]
[0305]
[0306]
[0307]
[0308]
[0309]
[0310]
[0311]
[0312]
[0313]
[0314]
[0315]
[0316]
[0317]
[0318]
[0319]
[0320]
[0321]
[0322]
[0323]
[0324]
[0325]
[0326]
[0327]
[0328]
[0329]
[0330]
[0331]
[0332]
[0333]
[0334]
[0335]
[0336]
[0337]
[0338]
[0339]
[0340]
[0341]
[0342]

RPT device 4000
external housing 4010
upper portion 4012
portion 4014

panel 4015

chassis 4016

handle 4018

pneumatic block 4020
inlet air filter 4112

inlet muffler 4122
outlet muffler 4124
pressure generator 4140
blower 4142

air circuit 4170
electrical components 4200

Printed Circuit Board Assembly 4202

electrical power supply 4210
input devices 4220

central controller 4230
therapy device controller 4240
protection circuits 4250
memory 4260

transducers 4270

pressure sensors 4272

flow rate sensors 4274

data communication interface 4280

output devices 4290
humidifier 5000
humidifier inlet 5002
humidifier outlet 5004
humidifier base 5006
humidifier reservoir 5110
humidifier reservoir dock 5130
heating element 5240
monitoring apparatus 7000
microcontroller unit 7001
memory 7002

baseband signal 7003
communications circuitry 7004
external computing device 7005
processor 7006

sensor unit 7007
connection 7008

motion sensor 7010
display device 7015

audio output 7017
transmitter 7020

receiver 7030

local oscillator 7040
single antenna 7050
signals 7060

signal 7070

mixer 7080

method 8000

step 8010

step 8020

step 8030

step 8040

step 8050

step 8060

step 8070

graph 9000

trace 9010

trace 9020
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1. A method of estimating a heart rate of a patient from an
in-phase channel and a quadrature channel, each channel
representing chest movement of the patient, the method
comprising:

in one or more processors,

processing the in-phase channel and the quadrature chan-

nel by relative demodulation to generate a jerk signal;
filtering the jerk signal with a cardiac band-pass filter to
produce a cardiac jerk signal, and

generating a heart rate estimate from zero-crossings of the

cardiac jerk signal.
2. A method according to claim 1, wherein the generating
the heart rate estimate comprises:
detecting systole phases of heartbeats by determination of
the zero-crossings of the cardiac jerk signal; and

calculating the heart rate estimate from a number of
detected systole phases in a window of the cardiac jerk
signal.
3. Amethod according to claim 1, wherein the generating
the heart rate estimate comprises:
detecting diastole phases of heartbeats by determination
of the zero-crossings of the cardiac jerk signal; and

calculating the heart rate estimate from a number of
detected diastole phases in a window of the cardiac jerk
signal.

4. A method according to claim 1, wherein the jerk signal
is a third derivative of chest displacement of the patient.

5. A method according to claim 4, wherein the relative
demodulation comprises:

numerically differentiating the in-phase channel and the

quadrature channel to produce a numeric derivative of
the in-phase channel and a numeric derivative of the
quadrature channel,

generating a chest velocity signal from the numeric

derivative of the in-phase channel and the numeric
derivative of the quadrature channel; and

numerically differentiating the chest velocity signal to

generate the jerk signal.
6. A method according to claim 5, wherein the generating
the chest velocity signal comprises:
dividing the numeric derivative of the quadrature channel
by the in-phase channel to obtain a first ratio signal;

dividing the numeric derivative of the in-phase channel by
the quadrature channel to obtain a second ratio signal;
and

subtracting the second ratio signal from the first ratio

signal multiplied by a scaling factor.
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7. A method according to claim 6, wherein the scaling
factor is a ratio of amplitude gain constants of the in-phase
channel and the quadrature channel.

8. A method according to claim 6, further comprising
subtracting respective offsets from the in-phase channel and
the quadrature channel before the dividing steps.

9. A method according to claim 1, wherein the cardiac
band-pass filter comprises a band-pass filter with a pass-
band of 0.7 to 1.6 Hz.

10. A method according to claim 9, wherein the band-pass
filter is a sixth-order Butterworth filter.

11. A method according to claim 1, wherein the in-phase
channel and the quadrature channel are generated by a
contactless motion sensor.

12. A method according to claim 11, wherein the contact-
less motion sensor is a radio-frequency sensor that generates
the in-phase channel and the quadrature channel by process-
ing of signals representing transmitted radio-frequency
waves and received reflected ones of the transmitted radio-
frequency waves.

13. A method according to claim 1 wherein the one or
more processors controls a display to output the heart rate
estimate.

14. A method according to claim 1 wherein the one or
more processors controls a change to a control parameter of
a treatment device in response to the heart rate estimate.

15. Apparatus for estimating heart rate of a patient, the
apparatus comprising:

a contactless motion sensor configured to generate an
in-phase channel and a quadrature channel, wherein the
in-phase channel and the quadrature channel each rep-
resent chest movement of the patient when the contact-
less motion sensor is generally directed toward a chest
of the patient; and

a processor configured to analyse the in-phase channel
and the quadrature channel to generate a heart rate
estimate, the analysis comprising:

processing the in-phase channel and the quadrature chan-
nel by relative demodulation to generate a jerk signal;

filtering the jerk signal with a cardiac band-pass filter to
produce a cardiac jerk signal; and

generating a heart rate estimate from zero-crossings of the
cardiac jerk signal.

16. Apparatus according to claim 15, wherein the proces-

sor is co-located with the contactless motion sensor.

17. Apparatus according to claim 15, further comprising
communications circuitry configured to transfer data to an
external computing device via a connection.

18. Apparatus according to claim 17, wherein the proces-
sor is a processor of the external computing device.

19. Apparatus according to claim 15, wherein the con-
tactless motion sensor is a radio-frequency sensor that
generates the in-phase channel and the quadrature channel
by processing of signals representing transmitted radio-
frequency waves and received reflected ones of the trans-
mitted radio-frequency waves.

20. A patient monitoring system comprising:

means for generating an in-phase channel and a quadra-
ture channel, each channel representing chest move-
ment of a patient; and

means for analysing the in-phase channel and the quadra-
ture channel to generate a heart rate estimate of the
patient, the analysing comprising:
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processing the in-phase channel and the quadrature chan-
nel by relative demodulation to generate a jerk signal;

filtering the jerk signal with a cardiac band-pass filter to
produce a cardiac jerk signal; and

generating a heart rate estimate from zero-crossings of the

cardiac jerk signal.

21. A method of estimating a respiratory rate of a patient
from an in-phase channel and a quadrature channel, each
channel representing chest movement of the patient, the
method comprising:

in one or more processors,

processing the in-phase channel and the quadrature chan-

nel by relative demodulation to generate a chest veloc-
ity signal;

filtering the chest velocity signal with a respiratory band-

pass filter to produce a respiratory velocity signal; and
generating a respiratory rate estimate from zero-crossings
of the respiratory velocity signal.

22. A method according to claim 21, wherein the gener-
ating the respiratory rate estimate comprises:

detecting inspiration phases of respiration by determina-

tion of the zero-crossings of the respiratory velocity
signal; and

calculating the respiratory rate estimate from a number of

detected inspiration phases in a window of the respi-
ratory velocity signal.

23. A method according to claim 21, wherein the gener-
ating the respiratory rate estimate comprises:

detecting expiration phases of respiration by determina-

tion of the zero-crossings of the respiratory velocity
signal; and

calculating the respiratory rate estimate from a number of

detected expiration phases in a window of the respira-
tory velocity signal.

24. A method according to claim 21, wherein the chest
velocity signal is a first derivative of chest displacement of
the patient.

25. A method according to claim 24, wherein the relative
demodulation comprises:

numerically differentiating the in-phase channel and the

quadrature channel to produce a numeric derivative of
the in-phase channel and a numeric derivative of the
quadrature channel; and

generating a chest velocity signal from the numeric

derivative of the in-phase channel and the numeric
derivative of the quadrature channel.
26. A method according to claim 25, wherein the gener-
ating the chest velocity signal comprises:
dividing the numeric derivative of the quadrature channel
by the in-phase channel to obtain a first ratio signal;

dividing the numeric derivative of the in-phase channel by
the quadrature channel to obtain a second ratio signal,
and

subtracting the second ratio signal from the first ratio

signal multiplied by a scaling factor.

27. A method according to claim 26, wherein the scaling
factor is a ratio of amplitude gain constants of the in-phase
channel and the quadrature channel.

28. A method according to claim 26, further comprising
subtracting respective offsets from the in-phase channel and
the quadrature channel before the dividing steps.

29. A method according to claim 21, wherein the respi-
ratory band-pass filter comprises a band-pass filter with a
pass-band of 0.2 to 0.5 Hz.
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30. A method according to claim 29, wherein the band-
pass filter is a sixth-order Butterworth filter.

31. A method according to claim 21, wherein the in-phase
channel and the quadrature channel are generated by a
contactless motion sensor.

32. A method according to claim 31, wherein the contact-
less motion sensor is a radio-frequency sensor that generates
the in-phase channel and quadrature channel by processing
of signals representing transmitted radio-frequency waves
and received reflected ones of the transmitted radio-fre-
quency waves.

33. A method according to claim 21 wherein the one or
more processors controls a display to output the respiratory
rate estimate.

34. A method according to claim 21 wherein the one or
more processors controls a change to a control parameter of
a treatment device in response to the respiratory rate esti-
mate.

35. Apparatus for estimating respiratory rate of a patient,
the apparatus comptrising:

a contactless motion sensor configured to generate an
in-phase channel and a quadrature channel, each chan-
nel representing chest movement of the patient when
the contactless motion sensor is generally directed
toward a chest of the patient; and

a processor configured to analyse the in-phase channel
and the quadrature channel to generate a respiratory
rate estimate, the analysis comprising:

processing the in-phase channel and the quadrature chan-
nel by relative demodulation to generate a chest veloc-
ity signal,

filtering the chest velocity signal with a respiratory band-
pass filter to produce a respiratory velocity signal; and

Jun. 7,2018

generating a respiratory rate estimate from zero-crossings

of the respiratory velocity signal.

36. Apparatus according to claim 35, wherein the proces-
sor is co-located with the contactless motion sensor.

37. Apparatus according to claim 35, further comprising
communications circuitry configured to transfer data to an
external computing device via a connection.

38. Apparatus according to claim 37, wherein the proces-
sor is a processor of the external computing device.

39. Apparatus according to claim 35, wherein the con-
tactless motion sensor is a radio-frequency sensor that
generates the in-phase channel and the quadrature channel
by processing of signals representing transmitted radio-
frequency waves and received reflected ones of the trans-
mitted radio-frequency waves.

40. A patient monitoring system comprising:

means for generating an in-phase channel and a quadra-

ture channel, each channel representing chest move-
ment of a patient; and

means for analysing the in-phase channel and the quadra-

ture channel to generate a respiratory rate estimate of
the patient, the analysing comprising:

processing the in-phase channel and the quadrature chan-

nel by relative demodulation to generate a chest veloc-
ity signal,

filtering the chest velocity signal with a respiratory band-

pass filter to produce a respiratory velocity signal; and
generating a respiratory rate estimate from zero-crossings
of the respiratory velocity signal.

41-67. (canceled)
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