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AN AIR CONDUCTION SENSOR AND A SYSTEM AND A METHOD FOR
MONITORING A HEALTH CONDITION

Cross-Reference To Related Application

[0001] This application claims the benefit of priority of Singapore application
No. 201002250-7, filed 31 March 2010, the content of it being hereby incorporated by

reference in its entirety for all purposes.

Technical Field

[0002] Various embodiments relate to an air conduction sensor for detecting a sound
from a user and a method of controlling the air conduction sensor and a system and a

method for monitoring a health condition of a user.

Background

[0003] There is a growiﬁg demand for the health condition of patients to be monitored
over a long duration. This is true especially for patients with chronic diseases such as
asthma. Auscultation using a stethoscope has been the most popular medical tool used for
this purpose, but the design of the stethoscope does not allow the monitoring to be made
in the absence of a physician. This poses a restriction on the location and duration of the
monitoring.

[0004] Rapid technological advances in recent years have led to the use of electronic
systems for automatic respiration measurement. However, sﬁch systems require relatively -
specaial equipment. and/or bulky equipment that can only be provided in the hospitals. The
systems are designed with bundles of wires connecting the equipments to sensors
deployed on the human body. These systems attach sensors to the skin of the patients,
thereby requiring skin contact of the sensors. All these restrict the movements of the
patients, are uncomfortable for the patients and are unsuitable for daily continuous

monitoring purposes.
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[0005] In addition, the'computer aided signal detection for wheezes and snores has been
investigated for several decades. Many methods have been proposed for this purpose, for
example Mel-Frequency Cepstral Coefficients (MFCC), time-frequency analysis, wavelet
transform, neural network and Hidden Markov Model (HMM) are among the popular
methods. However these methods involve, in general, high computational complexity and
are therefore not suitable for implementation for low power and long duration monitoring

devices.

Summary

[0006] According to an embodiment, an air conduction sensor for detecting a sound from
a user is provided. The air conduction sensor may include a housing including an
opening, wherein a rim of the opening is configured to at least substantially attach to a
skin or a clothing of the user; a microphone coupled to the housing such that there is an
air gap between the microphone and the skin or the clothing, and wherein the microphone
is configured to detect the sound.

[0007] According to an embodiment, a method of controlling an air conduction sensor for
detecting a sound from a user is provided. The method may include providing a housing
including an opening, wherein a rim of the opening is configured to at least substantially
attach to a skin or a clothing of the user; providing a microphone coupled to the housing
such that there is an air gap between the microphone and the skin or the clothing, and
detecting the sound with the microphone.

[0008] According to an embodiment, a wearable portable belt for monitoring a health
condition of a user is provided. The wearable portable belt may include a monitoring
system including at least one sensor movably arranged in the belt, wherein the at least
one sensor is cdnﬁgured to detect at least one sound; and a processing circuit in
communication with the at least one sensor, wherein the processing circuit is configured
to process the at least one detected sound for monitoring the health condition of the user.
[0009] According to an embodiment, a method for monitoring a health condition of a
user is provided. The method may include providing a wearable portable belt; providing a

monitoring system in the wearable portable belt, the monitoring system including at least
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one sensor movably arranged in the wearable portable belt and a processing circuit in

. communication with the at least one sensor; detecting at least one sound with the at least

one sensor; and processing the at least one detected sound in the processing circuit for
monitoring the health condition of the user.

[0010] According to an embodiment, a portable system for monitoring a health condition
of a user is provided. The portable system may include a monitoring system including at
least two sensors configured to detect at least one sound, wherein the at least two sensors
are arranged such that an end-fire direction of the at least two sensors is at least
substantially aligned with a central longitudinal axis of the user; and a device in
communication with the monitoring system, wherein the device is to configured to
process the at least one detected sound for monitoring the health condition of the user.
[0011] According to an embodiment, a method for monitoring a health condition of a
user is provided. The method may include providing a monitoring System, the monitoring
system inchuding at least two sensors; arranging the at least two sensors such that an end-
fire direction of the at least two sensors is at least substantially aligned with a central
longitudinal axis of the user; detecting at least one sound with the at least two sensors;
and processing the at least one detected sound in a device in communication with the
monitoring system for monitoring the health condition of the user.

[0012] According to an embodiment, a system for monitoring a health condition of a user
is provided. The system may include a sensor configured to receive a sound from the
user; an analogue-to-digital converter configured to convert the received sound into a
digital signal; a selection circuit configured to select samples from the digital signal; an
entropy determination circuit configured to determine at least one entropy-based
parameter value based on the selected samples; and an entropy comparator circuit
configured to compare the at least one entropy-based parameter value with a threshold
value to detect a health signal for monitoring the health condition.

[0013] According to an embodiment, a method for monitoring a health condition of a
user is provided. The method may include receiving a sound from the user; converting the
received sound into a digital signal; selecting samples from the digital signal; determining

at least one entropy-based parameter value based on the selected samples; and comparing
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the at least one entropy-based parameter value with a threshold value to detect a health

signal for monitoring the health condition.

Brief Description of the Drawings

[0014] In the drawings, like reference characters generally refer to the same parts
throughout the different views. The drawings are not necessarily to scale, emphasis
instead generally being placed upon illustrating the principles of the invention. In the
following description, various embodiments of the invention are described with reference
to the following drawings, in which:

[0015] FIG. 1 shows a schematic block diagram of an air conduction sensor for detecting
a sound from a user, according to various embodiments.

[0016] FIG. 2 shows a flow chart illustrating a method of controlling an air conduction
sensor for detecting a sound from a user, according to various embodiments.

[0017) FIG. 3A shows a schematic block diagram of a wearable portable belt for
monitoring a health condition of a user, according to various embodiments.

[0018] FIG. 3B shows a schematic block diagram of the wearable portable belt of the
embodiment of FIG. 3A.

[0019] FIG. 3C shows a schematic block diagram of the monitoring system of the
embodiment of FIG. 3A.

[0020] FIG. 3D shows a schematic block diagram of the ;;rocessing circuit of the
embodiment of FIG. 3A.

[0021] FIG. 4 shows a flow chart illustrating a method for monitoring a health condition
of a user, according to various embodiments.

[0022] FIG. 5A shows a schematic block diagram of a portable system for monitoring a
health condition of a user, according to various embodiments.

[0023] FIG. 5B shows a schematic block diagram of the monitoring system of the
embodiment of FIG. 5A.

" [0024] FIG. 5C shows a schematic block diagram of the device of the embodiment of

FIG. 5A.
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[0025]) FIG. 6 shows a flow chart illustrating a method for fnoniforing a health condition
of a user, according to various embodiments.

[0026] FIG. 7 shows a schematic block diagram of a system for monitoring a health
condition of a user, according to various embodiments.

[0027] FIG. 8 shows a flow chart illustrating a method of forming a system for
monitoring a health condition of a user, according to various embodiments.

[0028] FIG. 9A shows a schematic block diagram of a system for monitoring a health
condition of a user, according to various embodiments.

[0029] FIG. 9B shows a schematic block diagram of the system of the embodiment of
FIG. 9A.

[0030] FIG. 10 shows a flow chart illustrating a method for monitoring a health condition
of a user, according to various embodiments.

[0031] FIG. 11 shows a schematic block- diagram of a portable system, according to
various embodiments.

[0032] FIG. 12A shows a schematic block diagram of a portable system, according to
various embodiments.

[0033] FIG. 12B shows a schematic block diagram of a signal conditioning circuit, an
analogue-to-digital converter and a beamformer module of the embodiment of FIG. 12A.
[0034] FIG. 13A shows a monitoring system with an array of external sensors, according
to various embodiments.

[0035] FIG. 13B shows a monitoring system with an array of exfernal sensors, according
to various embodiments.

[0036] FIG. 13C shows a monitoring system with an array of internal sensors, according
to various embodiments,

[0037] FIG. 14 shows a custom-designed microphone sensor, according to various
embodiments. |

[0038] FIG. 15A shows a schematic block diagram of a signal combining and noise
reduction module; configured for use with a system with external sensors, according to

various embodiments.
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[0039] FIG. 15B shows a schematic block diagram of a signal combining and noise
reduction module, configured for use with a system with internal sensors, according to
various embodiments.

[0040] FIG. 16 shows a flow chart illustrating a beamforming-based calculatibn method,
according to various embodiments.

[0041] FIG. 17 illustrates data segmentation of a data stream, accbrding to various
embodiments.

[0042] FIG. 18 shows a flow chart of a wheeze detection scheme, according to various
embodiments. _

[0043] FIG. 19 shows a flow chart illustrating an operation of a wheeze recording
scheme, according to various embodiments.

[0044] FIG. 20 shows a plot illustrating a relationship among T, detection accuracy and
false alarm rate.

[0045] FIG. 21 shows a flow chart illustrating an adaptive threshold scheme, according to

various embodiments.

[0046] FIGS. 22A and 22B show plots of entropy difference and entropy ratio of human

subjects, according to various embodiments.

[0047] FIG. 23 shows results of entropy-based methods performed at below the Nyquist

sampling rates, according to various embodiments.

[0048] FIG. 24 shows results of a modified entropy-based method, according to various

embodiments. a

[0049] FIG. 25 shows performance results of the portable system with external Sensors,

according to various embodiments.

Detailed Description

[0050] The following detailed description refers to the accompanying drawings that
show, by way of illustration, specific details and embodiments in which the invention
may be practiced. These embodiments are described in sufficient detail to enable those

skilled in the art to practice the invention. Other embodiments may be utilized and

. structural, logical, and electrical changes may be made without departing from the scope
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of the invention. The various embodiments are not necessarily mutually exclusive, as
some embodiments can be combined with one or more other embodiments to form new
embodiments.

[0051] In the context of various embodiments, a ‘circuit’ may be understood as any kind
of a logic implementing entity, which may be special purpose circuitry or a processor
executing software stored in a memory, firmware, or any combination thereof. Thus, in
an embodiment, a ‘circuit’ may be a hard-wired logic circuit or a programmable logic
circuit such as a programmable processor, e.g. a microprocessor (e.g. a Complex
Instruction Set Computer (CISC) processor or a Reduced Instruction Set Computer
(RISC) processor). A ‘circuit’ may also be a processor executing software, e.g. any kind
of computer program, e.g. a computer program using a virtual machine code such as e.g.
Java. Any other kind of implementation of the respective functions which will be
described in more detail below may also be understood as a "circuit" in accordance with
an alternative embodiment.

[0052] In the context of various embodiments, the term ‘main beam direction’ as applied
to an array of sensors may mean the direction where amplification of a signal is the
largest or optimum. In various embodiments, the main beam direction is configured to be

at least substantially similar to the direction where the signal of interest is arriving from.

| [0053] In the context of various embodiments, an ‘end-fire direction’ as applied to an

array of sensors may mean a direction along the axis of the array. In various
embodiments, the main beam direction may be at least substantially aligned with the end-
fire direction.

[0054] In the context of various embodiments, the term ‘frequency component’ may
mean a component in a frequency spectrum or profile. The frequency profile may be a
Short Time Fourier Transform (STFT) spectrum. In the context of various embodiments,
the term ‘power component’ may mean a component in a power spectrum.

[0055] Various embodiments provide a simple portable monitoring system, and a design
or configuration of the system, and a monitoring method, without or with reduced at least
some of the associated disadvantages of conventional devices and approaches. The
system may be used for the monitoring of health conditions, such as respiratory

conditions or disorders for out-patients with conditions such as including, but not limited
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to, wheezing, stridor, crackles, coughing, asthma, chronic obstructive pulmonary disease
(COPD) and obstructive sleep apnea syndrome (OSAS), and cardiac or heart conditions,
and diseases relating to heart sounds. The portable system may also be used for various
other applications, including evaluating the effectiveness of treatments, training junior
physicians and/or medical students, and for medical research purposes.

[0056] Various embodiments may provide a portable systerﬁ including a monitoring
system and a device in communication with the monitoring system. The monitoring
system includes one or more sensors for detecting sound or sounds from a user. The
monitoring system further includes other components such as analogue-to-digital
converters and filter to process the detected sounds prior to transmitting the processed
sounds to the device for further processing in order to monitor the health condition of the
user.

[0057] Various embodiments may provide a wearable non-invasive non-skin-contact
monitoring system that is configured for automatic detection or monitoring of health
conditions (e.g. wheeze) to be performed in the monitoring system or on a portable
device (instead of a rack of equipment). The system may be configured to enable the
detection or monitoring operation to be performed automatically and continuously over a
long duration, and without restricting the user’s movements. The monitoring system may
be configured to be wearable, to be worn by a patient or user, without the need to connect
the sysfem to any external power sources or equipments. Various embodiments may
provide the monitoring system in the form of or provided in a flexible wearable belt or
vest, designed to allow the user to wear the monitoring system without hindering the

user’s movements. The wearable design of the system may be flexible and may be used

by different sizes of users, for example by using adjustable straps or Velcro to fit

different users.

[0058] In various .embodiments, the monitoring system is a multiple sound-sensor based
system designed to detect the presence of respiratory disorder signals generated by the
wearer or user. The monitoring system may suppress noises and interferences. In contrast,
the presence of noises and interferences in practical environments may affect the
operation of a single-sensor system and the results obtained. Therefore, the single-sensor

system may not be robust and practical for use in a variety of environments. In various
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embodiments, a wearable multiple sound-sensor based design for respiration monitoring
may be provided.

[0059] In the context of various embodiments, the portablé system includes a Sensor
Sub-System (SES) (e.g. a monitoring system) and a Processing and Recording Sub-
System (PRS). The SES may be in electrical cdmmunication with the PRS or may
communicate wirelessly with the PRS. In various embodiments, the PRS may be
integrated in the portable system or may be a portable device (e.g. a personal digital
assistant (PDA), a mobile phone or a smart phone). The PRS may include a processor or
a processing circuit and storage (e.g. memory). ‘

[0060] The SES may include one or more sensors, for example one sensor, two sensors,
three sensors, four sensors, five sensors or any higher number of sensors. The sensor or
sensors may be housed within a wearable design of the monitoring system. In various
embodiments, each of the sensors is connected to, or in electrical communication with a
filter and an amplifier. In various embodiments, the SES may further include one or more
analogue-to-digital convertors (ADC) in electrical communication with the filter and the
amplifier. The ADC may be a single-channel ADC or a multi-channel ADC. The single-
channel ADC may be a high speed single-channel ADC in order to sample the output
signals of the sensors in turn or consecutively. As the multi-channel ADC provides
multiple channels, with each channel configured to sample the output signals of a
respective sensor, a multi-channel ADC of any speed may be used.

[0061] In various embodiments, the sensor or sensors may be'provided in an ‘internal
configuration’ as internal sensor or sensors or in an ‘external configuration’ as external
sensor or sensors. The one or more sensors may be sound sensors or sound-based sensors.
[0062] In the context of various embodiments, the term ‘internal sensor’ may mean an
inward-facing sensor directed to the body of the user and is configured to detect or

receive sounds originating from within the human body and the term “internal sensors”

‘means a plurality of such sensors.

[0063] In various embodiments, internal sensors may be provided at a number of
locations or parts of the body (e.g. corresponding to chest, lungs, heart, upper airway,
trachea, back) to detect or receive sounds or signals from these parts. The internal sensors

may be configured to monitor respiratory signals/disorders or cardiac activities (e.g.
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through the recording and processing of heart sounds) separately or simultaneously, for
example by placing the internal sensors at the chest and/or back areas. Monitoring
methods for different respiratory signals and cardiac activities may be developed for
various applications.

[0064] In various embodiments, the portable system may be a multiple sound-sensor
based system configured with internal sensors with temporal filtering (e.g. for noise
reduction) to monitor the respiratory conditions at different parts of the body.

[0065] In various embodiments, the internal sensors do not require skin contact and
therefore the system including the internal sensors may be wormn outside the user’s
clothing,

[0066] In the context of various embodiments, the term ‘external sensor’ may mean an
outward-facing sensor directed to the ambient surrounding of the user and is configured
to detect or receive sounds or signals from an upper airway, a nose and/or a mouth of the

user and sounds from the ambient surrounding (e.g. sounds propagating towards the

-upper airway) and the term “external sensors” means a plurality of such sensors or an

array of such sensors. In various embodiments, the external sensors do not require skin
contact and therefore the system including the external sensors may be worn outside the
user’s clothing.

[0067] In various embodiments, the portable system may be a multiple sound-sensor
based system configured with external sensors with spatial (e.g. with signal combining
using beamforming) and temporal filtering (e.g. for noise réduction) to enhance the
quality of the received signals, for respiratory monitoring.

[0068] In various embodiments, the external sensors also record or detect noise from the
ambient surrounding (e.g. conversations) or unwanted sound generated from the human
body, in addition to health-related signals such as the target respiratory sounds from the
human body. Thérefore, the external sensors may be configured for suppressing these
noises or unwanted sounds. As there are a plurality of sensors, these noises or
interferences may be suppressed by using suitable adaptive noise cancellation technique,
which may not be possible with a single-sensor system.

[0069] In addition to monitoring and detecting health-related signals or disorders, such as

respiratory signals and/or cardiac signals, the system of various embodiments may be

10
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conﬁguréd for use for other purposes. For exémple, the portable system with the external
sensors may.be used to monitor sounds generated in the surroundings and based on these
sounds, the system may alert the user of any possible danger surrounding the user. This
may be useful for the elderly and/or people with hearing impairments. In additioh, the
portable system having the external sensors may be configured as a sound recording
device for the user.

[0070] Furthermore, it should be appreciated that different combinations of the two
configurations (i.e. the internal configuration and the external configuration), for example
part of or both of these .conﬁgurations, may be provided. Therefore, any reference to ‘a
sensor or sensors’ includes a reference to a sensor or sensors in the internal configuration,
the external configuration or a combination of these configurations.

[0071] Further, it should be appreciated that any number of sensors (including one
sensor), may be provided. Therefore, any reference to the terms ‘internal sensors’ and
‘external sensors’ include a reference to a single sensor in either of these configurations.
[0072]) In the context of various embodiments, each sensor may convert the sound
detected or received by the sensor into an electrical signal.

[0073) In the context of various embodiments, each sensor may be a microphone, a
stethoscope, a piezo-electric device, a pressure-sensor, or any device that may be used to
record sound or sound-generated signals, such that an array or a plurality of sensors may
include the same type of sensors or a combination of different types of sensors.

[0074] In various embodiments, the microphone may be custofn-designed and built. In
various embodiments, the stethoscope may be an e-stethoscope or may be custom-
designed and built. In various embodiments, where the microphone and stethoscope are
custom-designed and built, the microphone and stethoscope may be configured to be used
without having contact with the human skin (i.e. the user may wear the system over a thin
layer of clothing),.thereby allowing the sound signals (e.g. respiratory sound signals) to
be recorded or detected even when the user wears a thin layer of clothing undemeath the
sensors. In various embodiments, the custom-designed microphone may be an air

conduction sensor.
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[0075] In the context of various embodiments, the internal sénsb-lrs m.ay. includé the
custom-designed microphones, stethoscopes, piezo-electric sensors, pressure sensors, or a
combination thereof.

[0076] In various embodiments, the operation of the system may involve initially using
the sensors in the SES to detect or sense the target sound signals and convert the detected
sound signals into electrical signals. The electrical signals are then filtered and amplified
and converted into digital signals before being fed to the PRS. The PRS combines the
signals, reduces the effects of noises and interferences, extracts the specific parameter
values customized according to various embodiments, and uses these parameter values to
decide if the target disorder signal (e.g. a respiratory disorder signal) is present or absent.
Upon the detection of the presence of the target disorder signal, the extracted parameter
values and/or the signals (e.g. sounds) are stored in the PRS. An alert signal may be
displayed on the PRS to inform the user or a medical practitioner of the condition. In
addition, where a wireless transmission system is provided with the monitoring system,
these parameter values and the signals recorded may be transmitted wirelessly to a nearby
Internet router for onward transmission to medical practitioners (e.g. doctors), caregivers,
clinics, hospitals or databases.

[0077] Various embodiments may provide a portable system and a method which enable
the use of a single parameter or two parameters for respiration monitoring, for example
wheeze detection, instead of a larger number of parameters in conventional systems
and/or methods. Various embodiments may provide a system ana a method which enable
the use of entropy-based parameter(s) for wheeze detection.

[0078] Various embodiments may provide a method of detecting the presence of certain
types of sound signal. The method may be able to distinguish sound signals with a
peculiar energy distribution pattern from those without such a pattern. In various
embodiments, the method may detect the existence or presence of sound signals with the
peculiar energy distribution pattern in the frequency spectrum or in the power spectrum
or in the time-frequency plot using an entropy-based method. In various embodiments,
the method requires one single entropy-parameter based feature or two entropy-parameter
based features to be calculated, thereby reducing the computational complexity

considerably compared to conventional methods (e.g. in time-frequency analysis-based

12



10

15

20

25

30

methods, every pixel of the dominant components has to be used in the detection and

identification procedure).

1 [0079] In order that the invention may be readily understood and put into practical effect,

particular embodiments will now be described by way of examples and not limitations,
and with reference to the figures. The embodiments of various modules constituting the
portable system and monitoring system of various embodiments are also described. While
the descriptions are provided with respect to wheezing and wheeze signals, the system of
various embodiments may be configured for detecting or monitoring other respiratory
signals, cardiac signals and conditions relating to heart sounds or signals.

[0080] FIG. 1 shows a schematic block diagram of an air conduction sensor 100 for
detecting a sound from a user, according to various embodiments. The air conduction
sensor 100 includes a housing 102 including an opening 104, wherein a rim 106 of the
opening 104 is configured to at least substantially attach to a skin or a clothing of the
user, a microphone 108 coupled to the housing 102 such that there is an air gap between
the microphone 108 and the skin or the clothing, and wherein the microphone 108 is
configured to detect the sound. The microphone 108 may be configured to detect the
sound from at least one of a lung and a heart of the user. As illustrated by 110, the
microphone 108 may be coupled to the housing 102 having the opening 104 and the rim
106 of the opening 104.

[0081] In various embodiments, the microphone 108 may be configured to detect the
sound in a frequency of between about 20 Hz to about 20 kHz. The microphone 108 may
be configured to convert the sound into an electrical signal.

[0082] In various embodiments, the air gap may be between about 0.1 ¢cm to about 3 cm.
[0083] In various embodiments, the rim 106 of the housing 104 may be configured to
cover an area of between about 0.19 cm® to about 30 cm”. The housing 104 may have a
shape of a hemisphere.

[0084] In various embodiments, the air conduction sensor 100 may further include a filter
and an amplifier in electrical communication with the microphone.

[0085] FIG. 2 shows a flow chart 200 illustrating a method of controlling an air

conduction sensor for detecting a sound from a user, according to various embodiments.
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[0086] At 202, a housing including an opening is provided, wherein a rim of the opening
is configured to at least substantially attach to a skin or a clothing of the user.

[0087] At 204, a microphone coupled to the housing is provided such that there is an air
gap between the microphone and the skin or the clothing.

[0088] At 206, the sound is detected with the microphone. The sound may be detected
from at least one of a lung and a heart of the user.

[0089] In various embodiments, the method may further include converting the sound
into an electrical signal.

[0090] In various embodiments, the method may further include filtering and amplifying
the electrical signal.

[0091] In various embodiments, the microphone may be configured to detect the sound in
a frequency of between about 20 Hz to about 20 kHz. The air gap may be between about
0.1 cm to about 3 cm.

[0092] The rirﬁ of the housing may be configured to cover an area of between about 0.19
cm? to about 30 cm’. ‘

[0093] The housing may have a shape of a hemisphere.

[0094] FIG. 3A shows a schematic block diagram of a wearable portable belt 300 for
monitoring a health condition of a user, according to various embodiments. The wearable
portable belt 300 includes a monitoring system 304. The monitoring system 304 includes
at least one sensor 306 movably arranged in the belt 300, wherein the at least one sensor
306 is configured to detect at least one sound, and a pré)cessing circuit 308 in
communication with the at least one sensor 306, wherein the processing circuit 308 is
configured to process the at least one detected sound for monitoring the health condition
of the user.

[0095] FIG. 3B shows a schematic block diagram of the wearable portable belt 300 of the
embodiment of FIAGA 3A. In various embodiments, the at least one sensor 306 may be
arranged in the belt 300 at a position corresponding to a chest area of the user. The at
least one sensor 306 may be configured to detect the at least one sound from at least one
of a lung and a heart of the user.

[0096] In various embodiments, the at least one sensor 306 may include a plurality of

sensors 310. The plurality of sensors 310 may be arranged in the belt 300 at positions
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corresponding to at least one of a chest area, an upper airway and a back of the user to
detect the at least one sound from at least one of the chest area, the upper airway and the
back. The plurality of sensors 310 arranged at positions corresponding to the chest area
may be arranged at locations corresponding to at least one of a left lung, a right lung and
a heart of the user to detect at least one sound from at least one of a left lung, a right lung
and a heart. The plurality of sensors 310 arranged at positions corresponding to the chest
area may be arranged in a linear array.

[0097] The wearable portable belt 300 may further include a first track 312 on a left side
of the belt 300 corresponding to a left chest area of the user, and a second track 314 on a
right side of the belt 300 corresponding to a right chest area of the user, wherein the
plurality of sensors 310 may be; movably arranged in at least one of the first track 312 and
the second track 314. The wearable portable belt 300 may further include an adjusting
means 316 configured to adapt the wearable portable belt 300 to a size of the user. The
adjusting means 316 may include at least one of a Velcro fastener and a strap.

[0098] FIG. 3C shows a schematic block diagram of the monitoring system 304 of the
embodiment of FIG. 3A. The monitoring system 304 may further include at least one
signal conditioning circuit 320 including a filter 322 and an amplifier 324, wherein a
respective signal conditioning circuit of the at least one signal conditioning circuit 320 is
in electrical communication with a respective sensor of the at least one sensor 306, and
wherein the at least one signal conditioning circuit 320 is configured to filter and amplify
a respective detected sound of the at least one detected sound from a respective sensor of
the at least one sensor 306 to generate a respective output. In various embodiments, the
filter 322 may have a filter bandwidth of one of between about 0 Hz to about 22.063 kHz
and between about 60 Hz to about 4000 Hz and a stop-band attenuation of one of
between about 10 dB to about 80 dB and about 30 dB. In various embodiments, the
amplifier 324 may have a pass-band gain of between 0 dB to about 30 dB.

[0099] The monitoring system 304 may further include at least one analogue-to-digital
converter 326, wherein a respective analogue-to-digital converter of the at least one
analogue-to-digital converter 326 is in electrical communication with a respective signal
conditioning circuit of the at least one signal conditioning circuit 320, and wherein the at

least one analogue-to-digital converter 326 is configured to convert the respective output
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into a respective digital signal. In various embodiments, the at least one analogue-to-
digital converter 326 may include one of a single-channel analogue-to-digital converter
and a multi-channel analogue-to-digital converter. The at least one analogue-to-digital
converter 326 may have a sampling rate of one of between about 1000 samples per
second (sps) to about 44.125 ksps and about 8000 sps and a resolution of one of between
8 bits to 32 bits and 16 bits.

| [0100] The monitoring system 304 may further include at least one temporal filter 328,

wherein a respective temporal filter of the at least one temporal filter 328 is in electrical
communication with a respective analogue-to-digital converter of the at least one
analogue-to-digital converter 326, and wherein the at least one temporal filter 328 is
configured to filter the respective digital signal to generate a respective filtered output.
[0101] In various embodiments, the processing circuit 308 may be configured to receive
the respective filtered outputs.

[0102]) In various embodiments, the at least one sensor 306, the at least one signal
conditioning circuit 320, the filter 322, the amplifier 324, the at least one analogue-to-
digital converter 326, and the at least one temporal filter 328 may be in communication
with each other, as illustrated by 334, for example in electrical communication with each
other such as by electrical interconnections (e.g. wire or bus).

[0103] FIG. 3D shows a schematic block diagram of the processing circuit 308 of the
embodiment of FIG. 3A. The processing circuit 308 may include an entropy
determination circuit 340 configured to determine at least one .entropy—based parameter
value from the respective filtered outputs. The at least one entropy-based parameter value
may include at least one of an entropy difference between a maximum entropy value and
a minimum entropy value and an entropy ratio of a maximum entropy value to a
minimum entropy value.

[0104] In various émbodiments, the processing circuit 308 may further include a memory
344 configured to store at least one of the at least one sound, the respective output, the
respective digital signal, the respective filtered outputs and the at least one entropy-based
parameter value. The processing circuit 308 may further include a wireless transmitter

346 for communication with an external device. The processing circuit 308 may further

16



10

15

20

25

30

include at least one of a sound indicator and a light indicator 350 configured to alert the
user of the health condition.

[0105] In various embodiments, the entropy determination circuit 340, the memory 344,
the wireless transmitter 346, and the at least one of the sound indicator and the light
indicator 350, may be in communication with each other, as illustrated by 352, for
example in electrical communication with each other such as by electrical
interconnections (e.g. wire or bus).

[0106] In various embodiments, the at least one sensor 306 may include four sensors. In
various embodiments, the at least one sensor 306 may include a sound-based sensor. In’
various embodiments, the at least one sensor 306 may include at least one of an air
coﬁduction sensor, a microphone, a stethoscope, a piezo-electric sensor and a pressure
Sensor.

[0107] In various embodiments, the health condition may include at least one of a
respiratory condition and a cardiac condition. In various embodiments, the health
condition may include a condition selected from a group consisting of wheezing, asthma,
chronic obstructive pulmonary disease, obstructive sleep apnea syndrome, stridor,
crackles, coughing and any combination thereof.

[0108) In various embodiments, the air conduction sensor 100 of the embodiment of FIG.
1 may be used in the wearable portable belt 300 of the embodiment of FIG. 3A.

[0109] FIG. 4 sﬁows a flow chart illustrating a method for monitoring a health condition
of a user, according to various embodiments. '

[0110] At 402, a wearable portable belt is provided.

[0111] At 404, a monitoring system is provided in the wearable portable belt, the system
including at least one sensor movably arranged in the wearable portable belt and a
processing circuit in communication with the at least one sensor.

[0112]) At 406, at least one sound is detected with the at least one sensor.

[0113] At 408, the at least one detected sound is processed in the processing circuit for
monitoring the health condition of the user.

[0114] In various embodiments, the at least one sensor may be arranged in the belt at a

position corresponding to a chest area of the user.
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[0115] In various embodiments, the at least one sound may be detected from at least one
of a lung and a heart of the user.

[0116] In various embodiments, the at least one sensor may include a plurality of sensors.
The plurality of sensors may be arranged in the belt at positions corresponding to at least
one of a chest area, an upper airway and a back of the user, and the at least one sound
may be detected from at least one of the chest area, the upper airway and the back.

[0117] In various embodiments, the plurality of sensors arranged in the belt at positions
corresponding to the chest area may be arranged at locations corresponding to at least one
of a left lung, a right lung and a heart of the user, and the at least one sound may be
detected from at least one of a left lung, a right lung and a heart.

[0118] In various embodiments, the plurality of sensors arranged at positions
corresponding to the chest area may be arranged in a linear array.

[0119] In various embodiments, providing the wearable belt may include providing a first
track on a left side of the belt corresponding to a left chest area of the user, providing a
second track on a right side of the belt corresponding to a right chest area of the user, and
movably arranging the plurality of sensors in at least one of the first track and the second
track.

[0120] In various embodiments, at least one signal conditioning circuit may be provided
in the monitoring system, wherein a respective signal conditioning circuit of the at least
one signal conditioning circuit is in electrical communication with a respective sensor of
the at least one sensor, a filter and an amplifier may be provided' in the at least one signal
conditioning circuit, and a respective detected sound of the at least one detected sound
from a respective sensor of the at least one sensor may be filtered and amplified to
generate a respective output. In various embodiments, the filter may have a filter
bandwidth of one of between about 0 Hz to about 22.063 kHz and about 60 Hz to about
4000 Hz and a stop—band attenuation of one of between about 10 dB to about 80 dB and
about 30 dB. In various embodiments, the amplifier may have a pass-band gain of
between 0 dB to about 30 dB.

[0121] In various embodiments, at least one analogue-to-digital converter may be
provided in the monitoring system, wherein a respective analogué-to-digital converter of

the at least one analogue-to-digital converter is in electrical communication with a
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respectivé signal conditioning circuit of the at least one signal conditionihg circﬁit, and
the respective output may be converted into a respective digital signal. In various
embodiments, the at least one analogue-to-digital converter may include one of a single-
channel analogue-to-digital converter and a multi-channel analogue-to-digital converter.
The at least one analogue-to-digital converter may have a sampling rate of one of
between about 1000 sps to about 44.125 ksps and about 8000 sps and a resolution of one
of between 8 bits to 32 bits or 16 bits.

[0122] In various embodiments, at least one temporal filter may be provided, wherein a
respective temporal filter of the at least one temporal filter is in electrical communication
with a respective analogue-to-digital converter of the at least one analogue-to-digital
converter, and the respective digital signal may be filtered to generate a respective
filtered output. |

[0123] In various embodiments, the respective filtered outputs may be received in the
processing circuit.

[0124] In various embodiments, at least one entropy-based parameter value may be
determined from the respective filtered outputs. In various embodiments, determining the
at least one entropy-based parameter value may include determining at least one of an
entropy difference between a maximum entropy value and a minimum entropy value and
an entropy ratio of a maximum entropy value to a minimum entropy value.

[0125] In various embodiments, at least one of the at least one sound, the respective
output, the respective digital signal, the respective filtered outﬁuts and the at least one
entropy-based parameter value may be stored in a memory in the processing circuit.
[0126] In various embodiments, a wireless transmitter may be provided in the processing
circuit for communication with an external device.

[0127] In various embodiments, the user may be alerted of the health condition by at least
one of a sound indicator and a light indicator in the processing circuit.

[0128] In various embodiments, the at least one sensor may include four sensors. In
various embodiments, the at least one sensor may include a sound-based sensor. In
various embodiments, the at least one sensor may include at least one of an air
conduction sensor, a microphone, a stethoscope, a piezo-electric sensor and a pressure

SENsor.
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[0129] In various ernbbdiments, an adjusting means may be provided in the wearable
belt, wherein the adjusting means may be configured to adapt the wearable belt to a size
of the user. The adjusting means may include at least one of a Velcro fastener and a strap.
[0130] In various embodiments, the health condition may include at least one of a
respiratory condition and a cardiac condition. In various embodiments, the health
condition may include a condition selected from a group consisting of wheezing, asthma,
chronic obstructive pulmonary disease, obstructive sleep apnea syndrome, stridor,
crackles, coughing and any combination thereof.

[0131] FIG. SA shows a schematic block diagram of a portable system 500 for
monitoring a health condition of a user, according to various embodiments. The portable
system 500 includes a monitoring system 502 including at least two sensors 504
configured to detect at least one sound, wherein the at least two sensors 504 are arranged
such that an end-fire direction of the at least two sensors 504 is at least substantially
aligned with a central longitudinal axis of the user, and a device 506 in communication
with the monitoring system 502, wherein the device 506 is to configured to process the at
least one detected sound for monitoring the health condition of the user.

[0132] In various embodiments, the end-fire direction may be at least substantially

aligned with a main beam direction of the at least two sensors 504.

'[0133] In various embodiments, the at least two sensors 504 may be configured to detect

the at least one sound from at least one of the user and ambience. In various
embodiments, the at least two sensors 504 may be configured to detect at least one sound
from at least one of an upper airway, a throat, a mouth, a nose and a chest area of the
user.. ‘

[0134] In various embodiments, the at least two sensors 504 may be arranged in one of a
linear array, a grid array and a circular array. The at-least two sensors 504 may have an at
least substantially uniform spacing between adjacent sensors or a non-uniform spacing
between adjacent sensors. _

[0135] In various embodiments, the portable system 500 may include a housing
configured to house the at least two sensors 504. '

[0136] FIG. 5B shows a schematic block diagram of the monitoring system 502 of the
embodiment of FIG. 5A. The monitoring system 502 may further include at least two

20



10

15

20

25

30

signal conditioning circuits 510, wherein a respective signal conditioning circuit of the at
least two signal conditioning circuits 510 is in electrical communication with a respective
sensor of the at least two sensors 504, wherein each of the at least two signal conditioning
circuits 510 includes a filter 512 and an amplifier 514, and wherein a respective signal
conditioning circuit of the at least two signal conditioning circuits 510 is configured to
filter and amplify a respective detected sound of the at least one detected sound from a
respective sensor of the at least two sensors 504 to generate a respective output.

[0137] In various embodiments, the filter 512 may have a filter bandwidth of one of
between about 0 Hz to about 22.063 kHz and about 60 Hz to about 4000 Hz and a stop-
band attenuation of one of between about 10 dB to about 80 dB and about 30 dB. In
various embodiments, the amplifier 514 may have a pass-band gain of between 0 dB to
about 30 dB.

[0138] The monitoring system 502 may further include a beamformer module 516 in

electrical communication with the at least two signal conditioning circuits 510. The

‘beamformer module 516 may include at least two analogue-to-digital converters 518,

wherein a respective analogue-to-digital converter is in electrical communication with a
respective signal conditioning circuit of the at least two signal conditioning circuits 510.
In various embodiments, each of the at least two analogue-to-digital converters 518 may
include one of a single-channel analogue-to-digital converter and a multi-channel
analogue-to-digital converter. In various embodiments, each of the at least two analogue-
to-digital converters 518 may have a sampling rate of one of between about 1000 sps to
about 44.125 ksps and about 8000 sps and a resolution of one of between 8 bits to 32 bits
and 16 bits.

[0139] The beamformer module 516 may further include at least two filters 520, wherein
a respective filter of the at least two filters 520 is in electrical communication with a
respective analoglie-to—digital converter of the at least two analogue-to-digital converters
518.

[0140] The beamformer module 516 may further include a sumuming amplifier 522 in
electrical communication with the at least two filters 520 to generate a sum output. In

various embodiments, the device 506 may be configured to receive the sum output.
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[0141] In various embodiments, the monitorihg system 502 may further include a first
wireless transmitter 524 for communication with the device 506.

[0142] In various embodiments, the at least two sensors 504, the at least two signal
conditioning circuits 510, the filter 512, the amplifier 514, the beamformer module 516
and the first wireless transmitter 524 may be in communication with each other, as
illustrated by 526, for example in electrical communication with each other such as by
electrical interconnections (e.g. wire or bus).

[0143] FIG. 5C shows a schematic block diagram of the device 506 of the embodiment of
FIG. 5A. The device 506 may include an entropy determination circuit 530 configured to
determine at least one entropy-based parameter value from the sum output. The at least
one entropy-based parameter value may include at least one of an entropy difference
between a maximum entropy value and a minimum entropy value and an entropy ratio of
a maximum entropy value to a minimum entropy value. |
[0144] In various embodiments, the device 506 may further include a temporal filter 532
configured to reduce noise signals from the sum output. '

[0145] In various embodiments, the device 506 may further include a wireless receiver
532 for communication with the monitoring system 502. The device 506 may further
include a memory 536 configured to store at least one of the sum output and the at least
one entropy-based parameter value. The device 506 may further include a second
wireless transmitter 538 for communication with an external device. The device 506 may
further include a display 540 configured to display the health condition. The device 506
may further include at least one of a sound indicator and a light indicator 542 configured
to alert the user of the health condition.

[0146] In various embodiments, the entropy determination circuit 530, the temporal filter
532, the wireless receiver 534, tﬁe memory 536, the second wireless transmitter 538, the
display 540 and the at least one of the sound indicator and the light indicator 542, may be
in communication with each other, as illustrated by 544, for example in electrical
communication with each other such as by electrical interconnections (e.g. wire or bus).
[0147] In various embodiments, the device 506 may be a mobile device. In various
embodiments, the device 506 may be one of a personal digital assistant (PDA) and a

mobile phone.
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[0148] In various embodiments, the at least two sensors 504 may include four sensors. In
various embodiments, each of the at least two sensors 504 may include a sound-based
sensor. In various embodiments, the at least two sensors 504 may include at least one of
air conduction sensors, microphones, stethoscopes, piezo-electric sensors and pressure
Sensors.

[0149] In various embodiments, the health condition may include at least one of a
respiratory condition and a cardiac condition. In various embodiments, the health
condition may include a condition selected from a group consisting of wheezing, asthma,
chronic obstructive pulmonary disease, obstructive sleep apnea syndrome, stridor,
crackles, coughing and any combination thereof.

[0150] FIG. 6 shows a flow chart 600 illustrating a method for monitoring a health
condition of a user, according to various embodiments. ,

[0151] At 602, a monitoring system is provided, the monitoring system including at least
two sensors.

[0152] At 604, the at least two sensors are arranged such that an end-fire direction of the
at least two sensors is at least substantially aligned with a central longitudinal axis of the
user.

[0153] At 606, at least one sound is detected with the at least two sensors.

[0154] At 608, the at least one detected sound is processed in a device in communication
with the monitoring system for monitoring the health condition of the user.

[0155]) In various embodiments, the end-fire direction may be at least substantially
aligned with a main beam direction of the at least two sensors.

[0156] In various embodiments, the at least one sound may be detected from at least one
of the user and ambience. In various embodiments, the at least one sound may be detected
from at least one of an upper airway, a throat, a mouth, a nose and a chest area of the
user. '

[0157] In various embodiments, the at .least two sensors may be arranged in one of a

linear array, a grid array and a circular array. The at least two sensors may have an at

~ least substantially uniform spacing between adjacent sensors or a non-uniform spacing

between adjacent sensors.
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[0158] In various embodiments, a housing may be provided to house the at least two
sensors.

[0159] In various embodiments, at least two signal conditioning circuits may be
provided, wherein a respective signal conditioning circuit of the at least two signal
conditioning circuits is in electrical communication with a respective sensor of the at least
two sensors, a filter and an amplifier are provided in each of the at least two signal
conditioning circuits, and a respective detected sound of the at least one detected sound
from a respective sensor of the at least two sensors to generate a respective output is
filtered and amplified. In various embodiments, the filter may have a filter bandwidth of
one of between about 0 Hz to about 22.063 kHz and between about 60 Hz to about 4000
Hz and a stop-band attenuation of one of between about 10 dB to about 80 dB and about
30 dB. In various embodiments, the amplifier may have a pass-band gain of between 0
dB to about 30 dB.

[0160] In various embodiments, a beamformer module may be provided in the
monitoring system, wherein beamformer module is in electrical communication with the
at least two signal conditioning circuits. In various embodiments, at least two analogue-
to-digital converters may be provided in the beamformer module, wherein a respective
analogue-to-digital converter is in electrical communication with a respective signal
conditioning circuit of the at least two signal conditioning circuits, and the respective
output may be converted into a respective digital signal. In various embodiments, each of
the at least two analogue-to-digital converters may include one of a single-channel
analogue-to-digital converter and a multi-channel analogue-to-digital converter. In
various embodiments, each of the at least one analogue-to-digital converter may have a
sampling rate of one of between about 1000 sps to about 44.125 ksps and about 8000 sps
and a resolution of one of between 8 bits to 32 bits and 16 bits.

[0161] In various 'embodiments, at least two filters may be provided in the beamformer
module, wherein a respective filter of the at least two filters is in electrical
communication with a respective analogue-to-digital converter of the at least two
analogue-to-digital converters, the respective digital signal may be filtered to generate a

respective filtered output.
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[01'62] In various embodiments, a summing amplifier may be provided in the
beamformer module, wherein the summing amplifier is in electrical communication with
the at least two filters to generate a sum output.

[0163] In various embodiments, the sum output may be received in the device.

[0164] In various embodiments, at least one entropy-based parameter value may be
determined from the sum output, In various embodiments, determining the at least one
entropy-based parameter value may include determining at least one of an entropy
difference between a maximum entropy value and a minimum entropy value and an
entropy ratio of a maximum entropy value to a minimum entropy value.

[0165] In various embodiments, the sum output may be filtered to reduce noise signals.
[0166] In various embodiments, a first wireless transmitter may be provided in the
monitering system for communication with the device.

[0167) In various embodiments, at least one of the sum output and the at least one
entropy-based parameter value may be stored in a memory in the device.

[0168] In various embodiments, a wireless receiver may be provided in the device for
communication with the monitoring system. In various embodiments, a second wireless
transmitter may be provided in the device.

[0169] In various embodiments, the health condition may be displayed in a display in the
device. In various embodiments, the user may be alerted of the health condition by at
least one of a sound and a light indicator in the device.

[0170] In various embodiments, the device may be a mobile device. In various
embodiments, the device may be one of a personal digital assistant (PDA) and a mobile
phone.

[0171] In various embodiments, the at least two sensors may include four sensors. In
various embodiments, each of the at least two sensors may include a sound-based sensor.
In various embodiments, the at least two sensors may include at least one of air
conduction sensors, microphones, stethoscopes, piezo-electric sensors, and pressure
Sensors.

[0172] In various embodiments, the health condition may include at least one of a
respiratory condition and a cardiac condition. In various embodiments, the health

condition may include a condition selected from a group consisting of wheezing, asthma,
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chronic obstructive Iiulmonary disease, obstructive sleep apnea syndrome, stridor,
crackles, coughing and any combination thereof. _

[0173] FIG. 7 shows a schematic block diagram of a system 700 for monitoring a health
condition of a user, according to various embodiments. The system 700 may include a
wearable portable belt 702-and a portable system 704. The wearable portable belt 702
may be of the embodiments of FIGS. 3A to 3D. The portable system 704 may be of the
embodiments of FIGS. 5A to 5C. The wearable portable belt 702 and the portable system
704 may be in communication with each other, as illustrated by 706, for example in
electrical communication with each other such as by electrical interconnections (e.g. wire
or bus).

[0174] FIG. 8 shows a flow chart 800 illustrating a method of forming a system for
monitoring a health condition of a user, according to various embodiments.

[0175] At 802, a first method for monitoring the health condition is provided.

[0176] At 804, a second method for monitoring a health condition is provided.

[0177] The first method may be of the embodiment of FIG. 4.

[0178] The second method may be of the embodiment of FIG. 6.

[0179] FIG. 9A shows-a schematic block diagram of a system 900 for monitoring a
health condition of a user, according to various embodiments. The system 900 includes a
sensor 902 configured to receive a sound from the user, an analogue-to-digital converter
904 configured to convert the received sound into a digital signal, a selection circuit 906
configured to select a predetermined number of samples from the digital signal, an
entropy determination circuit 908 configured to determine at least one entropy-based
parameter value based on the selected samples, and an entropy comparator circuit 910
configured to compare the at least one entropy-based parameter value with a
predetermined threshold value to detect a health signal for monitoring the health
condition. |

[0180] In various embodiments, the sensor 902, the analogue-to-digital converter 904, the
selection circuit 906, the entropy determination circuit 908 and the entropy comparator
circuit 910 may be in communication with each other, as illustrated by 912, for example
in electrical communication with each other such as by electrical interconnections (e.g.

wire or bus).
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[0181] FIG. 9B shows a schematic block diagram of the system 900 of the embodiment
of FIG. 9A. In various embodiments, the system 900 may further include a filter and
amplifier module 912 configured to amplify the received signal. In various embodiments,
the system 900 may further include a segmentation circuit 914 configured to segment the
digital signal into a plurality of segments of a first time duration; and wherein the
selection circuit 906 is configured to select the samples from the plurality of segments.
The first time duration may be one of between about 10 ms to about 1 s and about 64 ms.
[0182] In various embodiments, the selected predetermined number of samples may
include samples corresponding to one of a segment and an overlap between two adjacent
segments of the plurality of segments. The overlap may be one of between about 0% to
about 100% and about 50%.

[0183] In various embodiments, the system 900 may further include a transformation
circuit 916 configured to transform the selected predetermined number of samples into a
plurality of frequency components. The transformation circuit may be configured to
perform a Short Time Fourier Transform. '

[0184] In various embodiments, the system 900 may further include an averaging
filtering circuit 918 configured to determine a plurality of dominant frequency
components. The averaging filtering circuit 918 may be configured to determine the
plurality of dominant frequency components from the plurality of frequency components.
[0185] In one embodiment, the averaging filtering circuit 918 may include a comparator
circuit 920 configured to compare a respective. magnitude of ‘each of the plurality of
frequency components with a threshold point, and an identification circuit 922 configured
to identify at least one of a dominant frequency component when the respective
magnitude is above the threshold point and a non-dominant frequency component when
the respective magnitude is below the threshold point. The system 900 may further
include a threshold determination circuit 924 configured to determine the threshold point
by averaging magnitudes of a predetermined number of neighbouring components of the
plurality of frequency components. The predetermined number of neighbouring
components may be one of between about 0 to about the predetermined number of

samples and about a quarter of the predetermined number of samples.
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[0186] In another embodiment, the averaging filtering circuit 918 may include a

comparator circuit 920 configured to compare a respective magnitude of each of a

plurality of power components in a power spectrum corresponding to the plurality of
frequency components with a threshold point, and an identification circuit 922 configured

to identify at least one of a dominant frequency component when the respective

magnitude of the corresponding power component in the power spectrum is above the

threshold pc;int and a non-dominant frequency component when the respective magnitude

of the corresponding power component in the power spectrum is below the threshold
point. The system 900 may further include a threshold determination circuit 924 to

determine the threshold point by averaging magnitudes of a predetermined number of
neighbouring power components in the power spectrum. The predetermined number of
neighbouring power components may be one of between about O to about the

predetermined number of samples and about a quarter of the predetermined number of
samples.

[0187]) In various embodiments, the non-dominant frequency components may be

discarded.

{0188} In various embodiments, the system 900 may further include a substitution circuit

926 configured to replace a respective magnitude of each of the non-dominant frequency

components with one of about 0.01 and a numeral between about 0 to a value

corresponding to a smallest value of the non-dominant frequency components.

[0189] In various embodiments, the system 900 may further include a power
determination circuit 928 configured to determine a plurality of normalized power of the

dominant frequency components.

[0190] In various embodiments, the entropy determination circuit 908 may be configured

to determine a plurality of entropy values from the plurality of normalized power. The

entropy determination circuit 908 may be further configured to determine a maximum
entropy value Emax and a minimum entropy value Emy from the plurality of entropy
values after a second time duration. The second time duration may be one of about 3 s

and greater than the first time duration. In various embodiments, the at least one entropy-

based parameter value may include at least one of an entropy difference Eq between the
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- maximum entropy value Ep.x and the minimum entropy value Eni; and an entropy ratio

E; of the maximum entropy value Ey,x to the minimum entropy value Epy,.

[0191] In various embodiments, the entropy comparator circuit 910 may be further
configured to subtract the at least one of the entropy difference and the entropy ratio from
the predetermined threshold value to produce a result; and identify that the health signal
is present when the result is a positive value or identify that the health signal is absent
when the result is a negative value.

[0192] In various embodiments, the predetermined threshold value may be one of a fixed
threshold value and an adaptive threshold value.

[0193] In various embodiments, the system 900 may further include an adaptive
threshold determination circuit 930 configured to determine the adaptive threshold value.
The adaptive threshold determination circuit 930 may include a noise power
determination circuit 932 configured to determine a noise power from the non-dominant
frequency components, and a look-up comparator circuit 934 configured to determine the
adaptive threshold value based on the noise power and a look-up table including a
plurality of predetermined threshold values at different noise powers.

[0194] In various embodiments, the system 900 may further include a sample selection
circuit 936 configured to reduce the number of samples from the selected predetermined
number of samples.

[0195] In various embodiments, the analogue-to-digital converter 904 may be configured
to sample the received sound at below the Nyquist’s sampling rate.

10196] In various embodiments, the sensor 902 may include a sound-based sensor. In
various embodiments, the sensor 902 may include one of an air conduction sensor, a
microphone, a stethoscope, a piezo-electric sensor and a pressure sensor.

[0197] In various embodiments, the health condition may include at least one of a
respiratory condition and a cardiac  condition. In various embodiments, the health
condition may include a condition selected from a group consisting of wheezing, asthma,
chronic obstructive pulmonary disease, obstructive sleep apnea syndrome, stridor,
crackles, coughing and any combination thereof.

[0198] FIG. 10 shows a flow chart 1000 illustrating a method for monitoring a health

condition of a user, according to various embodiments.
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[0199] At 1002, a sound is received from the user.

[0200] At 1004, the received sound is converted into a digital signal.

[0201] At 1006, a predetermined number of samples are selected from the digital signal.
[0202] At 1008, at least one entropy-based parameter value is determined based on the
selected samples.

[0203] At 1010, the at least one entropy-based parameter value is compared with a
predetermined threshold value to detect a health signal for monitoring the health
condition

[0204] In various embodiments, the received sound may be filtered and amplified.

[0205] In various embodiments, the digital signal may be segmented into a plurality of
segments of a first time duration, wherein the samples may be selected from the plurality
of segments. The first time duration may be one of between about 10 ms to about 1 s and
about 64 ms.

[0206] In various embodiments, the selected predetermined number of samples may
include samples corresponding to one of a segment and an overlap between two adjacent
segments of the plurality of segments. The overlap may be one of between about 0% to
about 100% and about 50%.

[0207] In various embodiments, the selected predetermined number of samples may be
transformed into a plurality of frequency components. In various embodiments,
transforming the selected samples into the plurality of frequency components may
include performing a Short Time Fourier Transform. '

[0208] In various embodiments, a plurality of dominant frequency components may be
determined from the plurality of frequency components. In various embodiments,
determining the plurality of dominant frequency components includes performing an
averaging filtering process.

[0209] In one embodiment, performing the averaging filtering process may include
comparing a respective magnitude of each of the piurality of frequency components with
a threshold point, identifying at least one of a dominant frequency component when the
respective magnitude is above the threshold point, and a non-dominant frequency
component when the respective magnitude is below the threshold point. The threshold

point may be determined by averaging magnitudes of a predetermined number of
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neighbouring components of the plurality of frequency components. The predetermined
number of neighbouring components may be one of between about 0 to about the
predetermined number of samples and about a quarter of the predetermined number of
samples.

[0210] In another embodiment, performing the averaging filtering process may include
comparing a respective magnitude of each of a plurality of power components in a power
spectrum corresponding to the plurality of frequency componénts with a threshold point,
identifying at least one of a dominant frequency component when the respective
magnitude of the corresponding power component in the power spectrum is above the
threshold point, and a non-dominant frequency component when the respective
magnitude of the corresponding power component in the power spectrum is below the
threshold point. The threshold point may be determined by averaging magnitudes of a
predetermined number of neighbouring power components in the power spectrum. The
predetermined number of neighbouring power components may be between about 0 to
about the predetermined number of samples or about a quarter of the predetermined
number of samples.

[0211] In various embodiments, the non-dominant frequency components may be
discarded.

[0212] In various embodiments, a respective magnitude of each of the non-dominant
frequency components may be replaced with one of about 0.01 and a numeral between
about 0 to a value corresponding to a smallest value of the non-dominant frequency
components.

[0213] In various embodiments, a plurality of normalized power of the dominant
frequency components may be determined.

[0214] In various embodiments, a plurality of entropy values may be determined from the
plurality of normalized power.

[0215] In various embodiments, a maximum entropy value Ep, and a minimum entropy
value Ey;, may be determined from the plurality of entropy values after a second time
duration. The second time duration may be one of about 3 s and greater than the first time

duration.
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[0216] In various embodiments, determining the at least one entropy-based parameter
value may include determining at least one of an entropy difference Eg4 between the
maximum entropy value Ep,, and the minimum entropy value E;;, from the equation .
E,=E,..-E..
and an entropy ratio E; of the maximum entropy value Ep,y to the minimum entropy
value Ey, from the equation
[0217] In various embodiments, comparing the at least one entropy-based parameter
value with the predetermined threshold value to detect the health signal related to the
health condition may include subtracting at least one of the entropy difference and the
entropy ratio from the predetermined threshold value to produce a result, and identifying
that the health signal is present when the result is a positive value or identifying that the
health signal is absent when the result is a negative value. In various embodiments, the
predetermined threshold value may be one of a fixed value and an adaptive value.
[0218] In various embodiments, the adaptive threshold value may be determined by
determining a noise power from -the non-dominant frequency components; and
determining the adaptive threshold value based on the noise power and a look-up table
including a plurality of predetermined threshold values at different noise powers.
[0219] In various embodiments, the number of samples from the selected predetermined
number of samples may be reduced. .
[0220] In various embodiments, converting the received sound into digital signals may
include sampling the received sound at below the Nyquist’s sampling rate.
[0221] In various embodiments, the health condition may include at least one of a
respiratory condition and a cardiac condition. In various embodiments, the health
condition may inciude a condition selected from a group consisting of wheezing, asthma,
chronic obstructive pulmonary disease, obstructive sleep apnea syndrome, stridor,
crackles, coughing and any combination thereof.
[0222] FIG. 11 shows a schematic block diagram of a portable system 1100, according to
various embodiments. The portable system 1100 includes a Sensor Sub-System (SES)

(e.g. a monitoring system) 1102 and a Processing and Recording Sub-System (PRS)
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1104. The SES 1102 includes four sound sensors which receive sound signals 1106. The
array of four sound sensors include a first sound sensor 1108a, a second sound sensor
1108b, a third sound sensor 1108c and a fourth first sound sensor 1108d, which are each
respectively in electrical communication with a first filter and amplifier module 1110a, a
second filter and amplifier module 1110b, a third filter and amplifier module 1110c and a
fourth filter and amplifier module 1110d.

[0223] Each of the first filter and amplifier module 1110a, the second filter and amplifier
module 1110b, the third filter and amplifier module 1110c and the fourth filter and
amplifier module 1110d is a signal conditioning circuit, including a filter and an amplifier
to filter and amplify the sound signals 1106 received.

[0224] The SES 1102 may further include an ADC 1112 configured to receive and
convert the output signals from the first filter and amplifier module 1110a, the second
filter and amplifier module 1110b, the third filter and amplifier module 1110c and the
fourth filter and amplifier module 1110d, into digital signals.

{0225] The PRS 1104 includes a processor 1114 in communication, either wirelessly or
with a cable connection, with the ADC 1112 to perform further processing of the digital
signals from the ADC 1112. The PRS 1104 further includes storage (e.g. a memory) 1116
and display 1118 in electrical communication with the processor 1114. The storage 1116
may be used to store data or results while the display 1118 may be used to show the
results obtained after processing by the processor 1114.

[0226] While FIG. 11 shows that the portable system 1100 includes four sensors (e.g. the
first sound sensor 1108a, the second sound sensor 1108b, the third sound sensor 1108c
and the fourth first sound sensor llO8d), it should be noted that the portable system 1100
may include any number of sensors, for example, one sensor, two sensors, three sensors,
four sensors, five sensors, or any higher number of sensors, with a corresponding number
of the filter and amplifier modules.

[0227] A sensor configuration according to various embodiments will now be described
below, by way of examples and not limitations.

[0228] Various embodiments may provide a non-invasive sound based wearable health
portable system including a monitoring system with one or more external sensors, as

shown in FIG. 12A. The sensor may be, for example, a microphone. However, it should
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be appreciated that other sensor types may be used in the monitoring system, such as a
stethoscope, a piezo-electric device, a pressure-sensor, or any device that may be used to
record sound or sound-generated signals. In particular, various embodiments may provide
a wearable sensor system that is configured to acquire and analyze automatically and
continuously the respiratory (and heart beat) sound generated by the user over a long
duration and without restraining the user’s mobility. The system may be able to detect,
identify, and selectively record abnormal sounds (e.g. wheeze) generated by the user, and
may transmit the sounds to other devices for further use or processing.

[0229] As shown in FIG. 12A, the portable system or node 1200 may include a
monitoring system or a recording system 1201. The monitoring system may be wearable
and may include a linear sensor array 1202, or a single sensor 1204 or distributed sensors
1206 or any combination thereof. The wearable monitoring system 1201 further includes
a signal conditioning circuit and an analogue-to-digital converter, as represented by the
block 1208. The wearable monitoring system 1201 may further include a beamformer
module, as represented by the block 1210. In various embodiments, the wearable
monitoring system 1201 may communicate, for example wirelessly or with a cable
connection, with a portable platform or device 1212, such as a PDA or a mobile phone. In
various embodiments, by using wireless transmission between the wearable monitoring
system 1201 and the portable platform 1212 for the portable system 1200, there is
maximum mobility to the user. In addition, the portable platform 1212 may further
communicate wirelessly with other devices. ' '

[0230] In various embodiments, the signal conditioning circuit and the analogue-to-
digital converter, as represented by the block 1208 and the beamformer module 1210 in
FIG. 12A may be expanded in further details as shown in FIG. 12B. The signal 1240
captured by the sensor or sensors (e.g. 1202, 1204, 1206 of FIG. 12A) is sent to the signal
conditioning circuit 1208 where the signal 1240 undergoes amplification 1242 and
filtering 1244 to retain the signal component of interest while removing noise and signal
component out of interest. The conditioned signal is then digitized by an analogue-to-
digital converter 1246. In various embodiments, the signal 1240 may include a plurality

of signals from the array of sensors.
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[0231] In various embodiments, for example when the single sensor 1204 (FIG. 12A) or
the distributed sensors 1206 (FIG. 12A) are used to capture the signal 1240, the digitised
signal may be transmitted, for example wirelessly or with a cable connection, to the
portable platform 1212 via path 1248a.

[0232] In various embodiments, when the linear sensor array 1202 (FIG. 12A) is used to
capture the signal 1240, the digitised signal may be enhanced via the beamformer module
1210 configured to remove spatially distributed noise and interferences. The digitised
signal may be enhanced by either an adaptive beamformer 1250 via path 1248b or a fixed
beamformer 1252 via path 1248c, depending on the application scenario and/or the
computational power of the portable system or node 1200 (FIG. 12). An adaptive
beamformer may be configured to adjust the main beam direction using the signal 1240
acquired continuously. A fixed beamformer maintains a single main beam direction and
does not adjust the main beam direction. At the beamformer module 1210, multiple
sensor outputs are combined into a single output to reduce the data rate to be transmitted
to the platform 1212, which therefore saves power. The processed signal is then
transmitted, for example wirelessly or with a cable connection, to the portable platform
1212.

[0233] FIGS. 13A and 13B show a respective wearable monitoring system with an array
of external sensors, according to various embodiments, configured to capture or detect
respiratory sounds, including abnormal respiratory sounds, of the user.

[0234] FIG. 13A shows a monitoring system 1300 with an array of external sensors 1302,
according to various embodiments. The array of external sensors 1302 may be an SES.
The array of external sensors 1302 includes a first sensor 1304a, a second sensor 1304b, a
third sensor 1304c and a fourth sensor 1304d. The array of external sensors 1302 is
arranged such that an end-fire direction of the array of external sensors 1302 is at least
substantially alighed with a central longitudinal axis 1305 of the user. In various
embodiments, the main beam direction may be at least substantially aligned with the
central longitudinal axis 1305 of the user, and therefore also at least substantially aligned
with the end-fire direction of the array of external sensors 1302. In various embodiments,

the array of external sensors 1302 is arranged as a linear array with an end-fire
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configuration for use for beamforming. The linear array of external sensors 1302 may be
equivalent to the linear sensor array 1202 (FIG. 12A). 7
[0235] The array of external sensors 1302 is provided in a housing 1306 (e.g. a box),
which may be designed as a pendant, including a strap 1308 coupled via a connector
1310 to the housing 1306. The pendant may be worn by a user on the exterior (i.e. outside
the user’s clothing). In various embodiments, the array of external sensors 1302 may
receive or detect respiratory sounds from either the upper airway or the throat, the mouth
or the nose or any combination thereof.

[0236] The monitoring system 1300 may include a circuitry 1312 in electrical
communication with the array of sensors 1302. The monitoring system 1300 may
communicate with a PDA 1314 functioning as a Processing and Recording Sub-System
(PRS). The monitoring system 1300, including the circuitry 1312 and the PDA 1314 form
part of a portable system for monitoring a health condition of the user. The circuitry 1312
may include a signal conditioning circuitry configured to process or manipulate the
analogue signals from the first sensor 1304a, the second sensor 1304b, the third sensor
1304c and the fourth sensor 1304d, for subsequent further processing. In various -
embodiments, the circuitry 1312 may be analogous to the first filter and amplifier module
1110a, the second filter and amplifier module 1110b, the third filter and amplifier module
1110c and the fourth filter and amplifier module 1110d of FIG. 11. The circuitry 1312
may further include an analogue-to-digital converter (ADC) in communication with the
signal conditioning circuitry. .

[0237) For measurement operation, the first sensor 1304a, the second sensor 1304b, the
third sensor 1304c and the fourth sensor 1304d are used together as an array of sensors to
receive and amplify sounds or sound signals arriving from the end-fire direction, while
suppressing noises and interferences from all other directions. In various embodiments,
the end-fire direction is designed to be in the direction of the mouth or the upper airway
of the user, at least substantially aligned with the central longitudinal axis 1305 of the
user.

[0238] While FIG. 13A shows a linear array of uniformly-spaced sensors 1302, it should
be appreciated that other geometries or configurations, including but not limited to, a

circular array of sensors and/or an array of sensors with non-uniform inter-sensor
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spacings, '1'nay be provided or desighed. In addition, while FIG. 13A shows an érray of 4
sensors 1302, ény number of sensors may be provided, depending on the size and shape
of the system and wearable design and the application of the system, for example 2
sensors, 3 sensors, 5 sensors, 6 sensors or any higher number of sensors.

[0239] FIG. 13B shows a wearable monitoring system 1315 with an array of external
sensors 1316, according to various embodiments. The array of sensors 1316 includes a set
of distributed sensors including a first sensor 1317a, a second sensor 1317b and a third
sensor 1317c, arranged on a pendant 1318, to capture or detect sounds generated from the
chest area of the user. The first sensor 1317a and the third sensor 1317c¢ may be
positioned respectively, on the right side and the left side of the chest area just below the
neck, while the second sensor 1317b may be positioned in the middle of the chest area of
the user. The array of sensors 1316 may be equivalent to the distributed sensors 1206
(FIG. 12A).

[0240] It should be appreciated that while FIG. 13B shows an array of sensors 1316
having 3 sensors, any number of sensors may be provided, depending on the size and
shape of the system and wearable design and the application of the system, for example 2
sensors, 4 sensors, 5 sensors, 6 sensors or any higher number of sensors.

[0241] In various embodiments, any combinatibns of the wearable monitoring system
1300 (FIG. 13A), the wearable monitoring system 1315 (FIG. 13B) and a wearable
monitoring system with a single microphone (e.g. equivalent to the single microphone
1204 of FIG. 12A) may be provided. '

[0242] FIG. 13C shows a wearable monitoring system 1320 with an array of internal
sensors 1321, according to various embodiments. The array of internal sensors 1321,
include a first sensor 1322a, a second sensor 1322b, a third sensor 1322¢ and a fourth
sensor 1322d. The first sensor 13224, the second sensor 1322b, a third sensor 1322¢ and a
fourth sensor 1322d, and the corresponding electronic circuits, are arranged and housed
within a custom-designed belt or vest 1324. The belt 1324 includes a number of straps
1326, and may be worn by the user on the exterior (i.e. outside the user’s clothing) or on
the inside of the user’s clothing. The belt 1324 with the straps 1326 may be designed such
that the belt 1324 may be tightened or loosened to cater for the different sizes of users.
The belt 1324 further includes a first wing 1327a and a second wing 1327b. The first

37



10

15

20

25

30

wing 1327a includes a Velcro fastener and the second wing 1327b includes a Velcro
fastener. When the belt 1324 is worn by the user, the belt is wrapped around the body of
the user and the first wing 1327a and the second wing 1327b may be adjustably fastened
together to adapt the belt 1324 to the size of the user.

[0243] The first sensor 1322a, the second sensor 1322b, the third sensor 1322¢ and the
fourth sensor 1322d, are movably arranged in the belt and therefore the positions of these
sensors in the belt 1324 may be adjusted easily by the user. The first sensor 1322a, the
second sensor 1322b, the third sensor 1322c¢ and the fourth sensor 1322d may be covered
by a soft layer of material 1328 for the comfort of the user. For aesthetic purposes and/or
for use by children, the exterior side of the belt 1324 may be covered by an image, as
shown in FIG. 13C.

[0244] In various embodiments, the first sensor 1322a, the second sensor 1322b, a third
sensor 1322¢ and a fourth sensor 1322d, may be placed at positions corresponding to the
neck (e.g. in proximity to the trachea or the upper airway), the right lung, the heart and
the left lung, respectively, of a user’s body, to receive sound signals originating from
these internal organs. Therefore, sounds in the upper airway, the left and right lungs as
well as the heart may be recorded and processed. The array of sensors may be placed at
other positions, dépending on‘the monitoring needs, at the back and in various positions
around the chest area of the user. In various embodiments, by placing at least one sensor
at a position correponding to the heart of the user, the sensor may detect sounds
originating from the heart and the left lung. Correspondingly, by placing at least,one
sensor at a position correponding to the left lung of the user, the sensor may detect sounds
originating from the left lung and the heart.

[0245] For measurement operation, each of the first sensor 1322a, the second sensor
1322b, the third sensor 1322¢ and the fourth sensor 1322d, records and processes sounds
received from the .part of body respectively corresponding to each of the sensors, and the
output results may be used together for monitoring purposes.

[0246] In various embodiments, the monitoring system 1320 may include circuitry,
including a processing circuit; configured to perform monitoring of a health condition of

the user. For example, the processing circuit may be configured to determine at least one

_entropy-based parameter value (e.g. an entropy difference between a maximum entropy
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value and a minimum entropy value and/or an entrdpy ratio of a maximum eﬁtropy value
to a minimum entropy value). The processing circuit may include a memory for storage
of results or data. The processing circuit may further include a wireless transmitter for
communication with an external device (e.g. a database or a computer), where for
example, a clinician may analyse the results or data. The processing circuit may further
include at least one of a sound indicator and a light indicator configured to alert the user
of the health condition.

[0247]) In various embodiments, the processing circuit may be provided in a device in
communication with the monitoring system 1320. The processing circuit may be
configured to determine at least one entropy-based parameter value (e.g. an entropy
difference between a maximum entropy value and a minimum entropy value and/or an
entropy ratio of a maximum entropy value to a minimum entropy value). For
communication between the monitoring system 1320 and the device, the monitoring
system 1320 may include a wireless transmitter while the device may include a wireless
receiver. The device may further include a wireless transmitter for communication with
an external device (e.g. a database or a computer), where for example, a clinician may
analyse the results or data. Each of the monitoring system 1320 and the device may also
include a memory for storage of results or data. The device may further include a display,
and at least one of a sound indicator and a light indicator. The device may be a mobile
device (e.g. a personal digital assistant (PDA), a mobile phone or a smart phone).

[0248] While FIG. 13C shows an array of sensors 1321 having 4 sensors, any number of
sensors may be provided, depending on the size and shape of the system and wearable
design and the application of the system, for example 1 sensor, 2 sensors, 3 sensors, 5
sensors, 6 sensors or any higher number of sensors.

[0249] In various embodiments, each sensor of the array of sensors 1321 may be a
microphone, a s’tefhoscope, a piezo-electric device, a pressure-sensor, or any device that
may be used to record sound or sound-generated signals, such that the array of sensors
1321 may include the same type of sensors or a combination of different types of sensors.
[0250] FIG. 14 shows a custom-designed microphone sensor 1400, according to various
embodimenté. The custom-designed microphone sensor 1400 is a type of air conduction

sensor. The custom-designed microphone sensor 1400 includes a microphone 1402
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coupled to a housing 1404. The custom-designed microphone sensor 1400 is designed
and configured such that an air gap 1406 is provided between the microphone 1402 and
the skin or shirt 1408 worn by the user and that the area covered by the housing 1404 is
larger fhan the area covered by the microphone 1402. In various embodiments, the
housing 1404 may have a shape of a convex or a hemiphere or a square.

[0251] In various embodiments, the distance d of the air gap 1406 may be in a range of
between about 0.1 cm to about 3 cm, for example a range of between about 0.1 cm to
about 2 cm or a range of between about 1 cm to about 3 cm. In various embodiments, the
diameter / of the housing 1404 may be in a range of between about 0.5 cm to about 6 cm,
for example a range of between about 0.5 cm to about 3 cm, a range of between about
1.5cm to about 6 cm or a range of between about 3 cm to about 6 cm. In various
embodiments, the housing 1404 may cover an area in a range of between about 0.19 cm?
to about 30 cm?, for example a range of between about 0.19 cm? to about 20 cm?, a range
of between 0.19 cm? to about 10 cm? or a range of between 1 cm’ to about 30 cm®.

[0252] The microphone 1402 may be attached to a tube 1410 and connected to or in
electrical communication with a filter and amplifier module (not shown).

{0253] In various embodiments, an e-stethoscope may be used to replace the microphone
1402 and the tube 1410.

[0254] A filter and amplifier module according to various embodiments will now be
described below, by way of examples and not limitations.

[0255] Sounds or sound signals generated, for example, from the mouth, upper éirway,
chest, and/or back, are recorded by a respective sensor. Subsequently, the sounds
received and recorded, for example, by each sensor of the array of external sensors 1302
(FIG. 13A), or the array of distributed external sensors 1316 (FIG. 13B) or the array of
internal sensors 1321 (FIG. 13C) is respectively fed or transmitted to a filter and
amplifier module (as illustrated in FIG. 11). Each of the filter and amplifier modules are
designed and configured to suppress out-of-band noises and interferences, while
amplifying the power of the target sound signals. .

[0256] Table 1 shows the specifications of the filter and amplifier module of various

embodiments.
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Table 1: Specification of the filter and amplifier module

Design Parameter Specification
Filter bandwidth 60 Hz to 4000 Hz
Amplifier Gain of Pass-Band 0dB to 30 dB
Attenuation of Stop-Band 30dB

[0257] While the range for the filter bandwidth of the filter is between about 60 Hz to
about 4000 Hz (4 kHz), it should be appreciated that the filter bandwidth may be in a
range of 0 Hz to about 22.063 kHz (22063 Hz), for example a range of 0 Hz to about
16 kHz, a range of 0 Hz to about 10 kHz, a range of 0 Hz to about 4 kHz, a range of
4 kHz to about 22.063 kHz or a range of 4 kHz to about 16 kHz.

[0258] In addition, while the value for the attenuation of stop-band of the filter is about
30 dB, it should be appreciated that the attenuation of stop-band may be in a range of
about 10 dB to about 80 dB, for example a range of about 10 dB to about 50 dB, a range
of about 10 dB to about 30 dB, a range of about 30 dB to about 80 dB or a range of about
20 dB to about 60 dB.

[0259] In various embodiments, the amplifier may have a gain of pass-band in a range of
between 0 dB to about 30 dB, fbr exémple a range of between 0 dB to about 20 dB, a
range of between 0 dB to about 10 dB or a range of between abm.lt 10 dB to about 30 dB.
[0260] An analogue-to-digital Convertor (ADC) according to various embodiments will
now be described below, by way of examples and not limitations.

[0261] In various embodiments, a multi-channel ADC may be provided for the
monitoring system and portable system of various embodiments. In alternative
embodiments, a single-channel ADC may be provided. The single-channel ADC may be
a high speed single-channel ADC to sample the output signals of the sensors in turn, so
long as the sampling rate is high enough.

[0262] Table 2 shows the specifications of the ADC of various embodiments.
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Table 2: Specification of the analogue-to-dogotal converter

Design Parameter Specification
Sampling rate (Rs) 8000 samples per second (sps)
Resolution 16-bit

[0263] While the value for the sampling rate of the ADC is about 8000 samples per
second (sps), it should be appreciated that the sampling rate may be in a range of about
1000 sps to about 44.125 ksps (44125 sps), for example a range of 1000 sps to about
30000 sps, a range of 1000 sps to about 15000 sps, a range of 1000 sps to about 8000 sps,
a range of 8000 sps to about 44125 sps or a range of 4000 sps to about 30000 sps.

[0264] In addition, while the value for the resolution of the ADC is 16-bit, it should be
appreciated that the resolution may be in a range of 8-bit to 32-bit.

[0265] Theoretically, full signal recovery requires the signal to be sampled at above the

Nyquist’s rate and as such, practical systems are designed to sample signals at above the

Nyquist’ rate. Nyquist’s rate refers to the lowest sampling rate that may permit accurate

reconstruction of a sampled analogue signal and/or to avoid aliasing, equal to twice the
highest frequency contained within the signal. Various embodiments of the system and
method, for example for wheeze detection, may allow the signals to be sampled at below
the Nyquist’s rate. Various embodiments provide a method of sound signal detection
even when the signals are sampled at below the Nyquist’s rate. As the signals are
sampled at below the Nyquist’s rate, thé system of various embodiments require a smaller
amount of power, thereby reducing the power supply requirement and allowing the
system to be wearable and portable.

[0266] A processor according to various embodiments will now be described below, by
way of examples and not limitations.

[0267] Various embodiments may include a processor. The processor may include two
modules, including a signal combining and noise reduction module and a wheeze signal
detection module, for monitoring wheeze.

[0268] It should be appreciated that the processor may include any other module or

modules as an alternative and/or in addition to the signal combining and noise reduction
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module and/or the wheeze signal detection module, depending on the applications of the
system of various embodiments. For example, the wheeze signal detection module may
be replaced by other module or modules configured to detect other respiratory soundé or
signals or heart sounds.

[0269] A signal combining and noise reduction module according to various
embodiments will now be described below, by way of examples and not limitations.
[0270] In embodiments of a portable system with external sensors, the signal combining
operation is implemented through the use of a plurality of ADCs and a corresponding
bank or plurality of filters. FIG. 15A shows a schematic block diagram of a signal
combining and noise reduction module 1500, configured for use with a system with
external sensors, according to various embodiments. The schematic block diagram of the
signal combining and noise reduction module 1500 includes a block diagram for a
beamformer, as represented by the dotted box 1501, configured to perform the signal
combining operation, and a noise reduction component 1508 (e.g. a temporal filter).
[0271] Beamforming is a signal processing technique used to mimimize the energy of all
signals arriving from or transmitting to all directions except for the main beam direction
where the signal of interest is arriving from or transmitting to. The technique may involve
the use of a sensor array. Using beamforming, the majority of signal energy transmitted
from an array of sensors may be directed in a particular angular direction. Conversely, the
array of sensors may be configured to receive signals predominently from a particular
angular direction. Therefore, a beamformer may receive sounds originating in one
direction and suppress sounds in other directions.

[0272] As shown in FIG. 15A, an output signal, c,(n), from a first sensor (not shown) is
sent to a first ADC 1502a. The first ADC 1502a then provides an output signal x;(n) to a
first filter 1504a, which multiplies the output signal x;(n) with a complex value, wi.
Simﬂarly, the output signals, ¢{n) and cp(n), from an i-th sensor (not shown) and an N-th
sensor (not shown) respectively, are sent respectively to an i-th ADC 1502b and an N-th
ADC 1502¢. The i-th ADC 1502b and the N-th ADC 1502¢ then respectively provide
output signals x,(n) and xpM(n) to an i-th filter 1504b and an N-th filter 1504c reépectively.
Subsequently, the i-th filter 1504b and the N-th filter 1504c, respectively multiply the

output signals x,(n) and xp(n) with complex values, w; and wy.
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[0273] Subsequently, the resultant values from the first filter 1504a, the i-th filter 1504b
and the N-th filter 1504¢ are summed together via a summing amplifier or a summer 1506
to produce a single output value y(n).

[0274] The signal y(n) (i.e. the output of the beamformer 1501) is then processed by the
noise reduction component 1508 (e.g. a temporal filter) to further minimise the effect of
noise and interferences. For example, one major type of interferences is speech, and
hence a Blind Source Separation or a single-channel speech enhancement method may be
implemented here with the noise reduction component 1508.

[0275] The output from the noise reduction component 1508 is then processed by a
wheeze detection method, as represented by the block 1510, to produce a signal s(n) to
indicate whether wheeze is present. |
[0276] In various embovdiments, the beamformer 1501 effectively functions as a spatial-
domain filter where the desired or target signals, noise and interferences are separated
based on their directions of arrivals.

[0277] It should be appreciated that there may be any number of ADCs and a

- corresponding number of filters, depending on the number of external Sensors.

[0278] In various embodiments, the weights wi, w; and wy, respectively of the first filter
1504b, the i-th filter 1504b and the N-th filter 1504c, may be designed using a
beamforming or beam pattern synthesis based method. ‘

[0279] FIG. 16 shows a flow chart 1600 illustrating a beamforming-based calculation
method, according to various embodiments. After starting the method at 1602, the
different parameters, e.g. N2, d, and wy, are initialised at 1604. N2 represents a time
duration (e.g. 3 seconds), d represents a vector where the elements of the vectors are the
phase delays introduced by the various sensors, while wy represents the initial value of
the weight, w, of the filter. For every time duration of N2, the co-variance matrix R of the
sensor output x, is estimated at 1606 via the equation R=E[xx*], where x* is the complex
conjugate of x, and E[xx*] is the Expected value of xx* as defined in Probability Theory.
Subsequently, another matrix Q is calculated at 1608 via the equation Q=(R+ul)”., where
p is the Lagrange multiplier, I is the identity matrix and (...)" is the inverse of the matrix
(...). The values of the weights {w;} of the filter is then determined at 16110 via the
equation w=(Qd)/(d*Qd), where d* is the complex conjudate of d.
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[0280] In various embodiments, the processes at 1606, 1608, and 1610 may be repeated
periodically or continuously every N2 seconds to determine the values of {w;} so that the
main beam direction is always pointing to the direction of the sound source.

[0281] In various embodiments, the value for the parameter pu is 0.0001. However, it
should be appreciated that p may be any value in a range of between 0 to about 1, for
example a range of between 0 to about 0.8, a range of between 0 to about 0.5, a range of
between 0 to about 0.3 or a range of between about 0.3 to about 1.

[0282] The respective weight of each filter is designed with the method of FIG. 16 so as
to maintain the power of the target signals arriving from a particular direction (e.g. the
main beam direction) and to suppress the unwanted noises and interferences arriving
from other directions.

[0283] FIG. 15B shows a schematic block diagram of a signal combining and noise
reduction module 1512, configured for use with a system with internal sensors, according
to various embodiments. As shown in FIG. 15B, an output signal, c;(n), from a first
sensor (not shown) is sent to a first ADC 1514a. Similarly, the output signals, c/(#n) and
cy(n), from an i-th sensor (not shown) and an N-th sensor (not shown) respectively, are
sent respectively to an i-th ADC 1514b and an N-th ADC 1514c.

[0284] The output of each ADC is then fed to a noise reduction component (e.g. a
temporal filter) to reduce the effect of noise and interferences before being combined. As
shown in FIG. 15B, the first ADC 1514a provides an output signal x;(n) to a first noise
reduction component 1516a, the i-th ADC 1514b provides an ouiput signal x,(n) to an i-th
noise reduction component 1516b while the N-th ADC 1514c¢ provides an output signal
xp(n) to an N-th noise reduction component 1516c¢.

[0285]) Subsequently, the resultant values from the first noise reduction component
15164, the i-th noise reduction component 1516b and the N-th noise reduction component
1516¢ are fed to a wheeze detection method, as represented by the block 1518, to produce
a signal s(n) to indicate whether wheeze is present.

[0286] In the embodiments of FIGS. 15A and 15B, n represents the sample that is being
processed, for example an n-th sample. For example, y(n) means the n-th sample of y.
[0287] In the embodiment of FIG. 15B, the output of each sensor is monitored and

processed separately but the processed results from all the sensors are used together to
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indicate whether wheeze is present and provide a better understanding of the wheezing
condition, for example whether the wheeze occurs in or relatively more in the upper
airway, the left lung or the right lung and/or if poor heart rate occurs at the same time.
[0288] A wheeze signal detection method according to various embodiments will now be
described below, by way of examples and not limitations.

[0289] An at least substantially similar wheeze signal detection method may be applied
to the monitoring system and portable system with external sensors and the monitoring
system and portable system with internal sensors. The wheeze signal detection method
may be performed at a portable platform (e.g. a PDA or a mobile phone) as part of the
portable system.

[0290] The wheeze signal detection method (e.g. the wheeze detection 1510 of the
embodiment of FIG. 15A and the wheeze detection 1518 of the embodiment of FIG. 15B)
is configured to process the output of the signal combining and noise reduction operation
(e.g. performed by the signal combining and noise reduction module 1501 of the
embodiment of FIG. 15A and the signal combining and noise reduction module 1512 of
the embodiment of FIG. 15B).

[0291] In various embodiments, the wheeze detection scheme may be implemented via
three stages. Stage 1 involves data segmentation, stage 2 involves entropy-based
parameter value calculations and stage 3 involves comparison of the entropy-based
parameter values with a threshold value. The implementation or operatioﬁ of the wheeze
detection scheme may be illustrated with reference to FIGS. 17, 18 and 19.

[0292] In various embodiments, prior to data segmentation, the signals captured or
received by the external sensors or the internal sensors (e.g. microphones) may be sent to
signal conditioning circuits for amplification, filtering and then éonversion of the signals
into digital signals.

[0293] FIG. 17 illustrates data segmentation of a data stream 1700, according to various
embodiments. The process of data segmentation occurs before wheeze detection.

[0294] The data or data stream 1700 at the output of the signal combining and noise
reduction module is stored in a buffer (e.g. memory) continuously. The data stream 1700
is then grouped into segments, each of which contains approximately N1 seconds of data.

FIG. 17 illustrates as an example and not limitation, three segments of data, including a -
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first data segment 1701a, a second data segment 1701b and a third data segment 1701c,
where each segment contains N1 seconds of data. In various emb_odiments, the value for
N1 is about 64 ms. However, it should be appreciated that N1 may be any value in a
range of between about 10 ms to about 1 s (1000 ms), for example a range of between
about 10 ms to about 500 ins, a range of between about 10 ms to about 200 ms, a range of
between about 10 ms to about 64 ms, a range of between about 64 ms to about 1 s or a
range of between about 200 ms to about 1 s.

[0295] A sliding window may then be used to select a portion of data stream 1700 (e.g.
containing N samples) for wheeze detection. As shown in FIG. 17, a sliding window
1702 selects the first data segment 1701a for wheeze detection or a sliding window 1704
selects the second data segment 1701b for wheeze detection. In addition, a sliding
window 1706 may instead select a data segment that overlaps the first data segment
1701a and the second data segment 1701b, for wheeze detection. In various embodiments
with an overlap of data segments, the amount of overlap between two data segments is
about 50%. However, it should be appreciated that the amount of overlap between two
data segments may be in a range of between 0% to about 100%, for example a range of
betw¢en 0% to about 80%, a range of between 0% to about 50%, a range of between 0%
to abbut 20%, a range of between about 20% to 100% or a range of between about 50%
to about 100%.

[0296) The use of a sliding window allows the same data or data segment 1700 to be
used more than once for the wheeze detection scheme, ‘whic':h helps to improve the
detection performance.

[0297] FIG. 18 shows a flow chart 1800 of a wheeze detection scheme, according to
various embodiments, following the selection of samples from the data segments, for
example as illustrated in the embodiment of FIG. 17. The selected samples, for example
the data selected by any of the sliding windows 1702, 1704, 1706, (FIG. 17) may
optionally be subjected to a sample selection process 1802. The sample selection process
1802 reduces the number of samples for the purpose of either lowering the computational
load or the removal of bad samples (e.g. errors). As an example ana not limitation, the
sample selection process 1802 may be implemented using a “Sub-Sampling” method. For

example, the sub-sampling method may extract every K-th sample, where K is an integer,
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and uses the samples to form a final set of samples. As an example, the sub-sampling
method with K = 3 may be implemented such that, the 1%, 4% 7% 10h .. samples are
extracted to form the final set of samples while the 2% 31 58 g™ g™ 9 samples are
discarded.

[0298] The selected data, for example of N samples, or the resultant data from the
optional sample selection process 1802 is then transformed to the frequency domain by
the use of a Short Time Fourier Transform (STFT) 1804 into a plurality of frequency
components.

[0299] After transforming the selected samples into the frequency domain, a “Peak
Detection” process 1806 is performed or implemented using a “Masking” or an
“Averaging” filter. The use of an “Averaging” filter for peak deteétion reduces the
number of components that need to be processed, and hence minimizes the processing
and power requirements, e.g. reducing processing time and load and reducing power
consumption. .

[0300] The “Averaging” filter is used to select frequency components with dominant
magnitudes (i.e. dominant frequency components) compared to those of adjacent
frequency components,- with non-dominant magnitudes (i.e. non-dominant frequency
components).

[0301] This may be achieved by determining or computing the magnitudes of the
components in a power spectrum corresponding to the STFT spectrum having the
plurality of frequency components. The imagnitude of each component of the power
spectrum is first compared with a threshold point, T,. When the magnitude of a
component of the power spectrum is larger than T, (i.e. more than or above the value of
T,), the corresponding STFT component is identified as a peak (i.e. a dominant frequency
component). The magnitude of the dominant frequency components may be denoted as
Ci, Gy, ..., Cp, and may be used to calculate the entropy-based parameter values. If the
magnitude of the component of the power spectrum is smaller than T, (i.e. less than or
below the value of Tj), the corresponding STFT frequency component is considered a
‘less significant frequency component’ (i.e. a non-dominant frequency component). The
non-dominant frequency components may be discarded and may not be used for further

processing, thereby reducing the computational complexity.
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[0302] In the context of various embodiments, the term "Entropy"”of a parémeter, p, is as
defined in the Information Theory as Equation 2.

[0303] However, it should be noted that while the components of the power spectrum
have been used as described above, the components of the STFT spectrum or other
equivalents or variations may also be used for the same calculation. As an example, the
magnitude of each STFT frequency component may be compared with the threshold
point, T,. In cases where the magnitude of the frequency component is larger than Ty, the
frequency component is identified as a peak (i.e. a dominant frequency component).
Otherwise, the frequency component is considered a ‘less significant frequency
component’ (i.e. a non-dominant frequency component). The non-dominant frequency
components may then be discarded.

[0304] The design of the “Masking” or “Averaging” filter is now described by way of
example and not limitation. The threshold point T, may be determined by taking the
average of the values of the M neighboring components of the power spectrum.
Alternatively, the threshold point T, may be determined by taking the average of the
values of the M neighboring frequency components. In various embodiments, the value
of M is about a quarter of N (i.e. 0.25 of N or 0.25*N), with N being the number of
samples selected from the data segments. However, it should be appreciated that M may
be in a range of between 0 to N, for example a range of between 0 to 0.75*N, a range of
between 0 to 0.5*N, a range of between 0 to 0.25*N, a range of between about 0.25*N to
N or a range of between about 0.5*N to N. ‘

[0305] In various embodiments, the magnitudes of the peaks of the selected STFT
components (e.g. Cy, C,, ..., Cp), being the dominant components, are used to determine
or compute the entropy E of the dominant frequency components to provide a description
of the balance of the power spectrum.

[0306] In various-embodiments, the normalized power (or magnitude or equivalent), py,

of the dominant frequency components may be determined from the equation:

C, .
Pp= , (Equation 1),
ZnD=1 C, ‘
where n is an element of {1, 2, ...., D}, D is the number of dominant frequency

components and C, is a magnitude of each of the dominant frequency component.
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[0307] As shown in equation 1, the normalize'd'power, p, (or altci‘natively called the
Weight) for each dominant frequency component is determined by the proportion between
the power of the specific dominant frequency component and the total power sum of all
these dominant frequency components.
[0308] The entropy E of the dominant frequency components may then be determined
from the normalized power, p, using the equation:

E=~% p,log(p,) (Equation 2),

n=

[0309] In further embodiments, a modified entropy-based method may be implemented
by replacing the magnitudes of the less significant frequency components (i.e. non-
dominant frequency components) with suitable ‘small values’, instead of discarding
them. These small values may be set to be equal to 0.01. These values may be assigned as
the values for Cp+;, Cps2, ..., and the value of the entropy E may be computed using
equations 1 and 2, and by adding Cp++ Cput ... to the denominator of equation 1,
where Cp+1, Cp+2, ... are the magnitudes of the non-dominant components.
Correspondingly, n is an element of {1, 2, ...., D+1, D+2,...} However, it should be
noted that other values may be used, for example in a range between O to the smallest
value or magnitude out of all the less significant frequency components. While this
modified entropy-based method may increase complexity, it provides a better detection
performance. The modified entropy-based method may allow to construct a time-feature
improved entropy for periodic signals, which may be useful, for example in respiration
monitoring. .
[0310] Thereafter, an entropy-based feature extraction 1808 is performed after the peak
detection process 1806.
[0311] In various embodiments, after smoothing the entropy for a sufficiently long
duration N2, the maximum entropy value Epax and the minimum entropy value Epi, are
recorded or determined. The value for N2 is about 3 seconds. However, it should be
appreciated that N2 may be of any value larger or longer than N1 (i.e. N2 > N1), where
N1 may be in a range of between about 10 ms to about 1 s (1000 ms). Therefore, N2 may
be larger than about 10 ms (i.e. > 10 ms), for example in a range of between about 10 ms

to about 10 s, a range of between about 10 ms to about 5 s, a range of between about 10
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ms to about 3 s, érange of between about 1 s to about 10 s,va rahge of between about 1 s
to about 5 s, a range of between about 1 s to about 3 s or a range of between about 3 s to
about 10 s.

[0312) The entropy-based feature extraction 1808 is then carried out to determine the
entropy-based parameter value, Eq (i.e. a difference between the maximum entropy value
Emax and the minimum entropy value E;,) and/or E; (i.e. a ratio of the maximum entropy

value Epax to the minimum entropy value Epin), from the following equations,

respectively:
E,=E_..—E.. (Equation 3),
E .
E, = -E-‘P-a-"— (Equation 4).

[0313] A signal detection or identification process 1810 is then performed to determine
the presence of wheeze by identifying the signal of interest by observing whether the
value of E4 and/or E; has crossed a threshold value Tg. For example, the value of Eg4
and/or E; is subtracted from the value of a threshold, Te. In cases where the subtraction
operation results in a positive value, the detection scheme determines that wheeze is
present. Otherwise, wheeze is determined to be absent when the subtraction operation
results in a negative value.

[0314] Subsequently, after the decision is made as to whether wheeze is present or
absent, a signal display/alarm and store process 1812 may be-performed to provide a
signal indicator on a display and/or an alarm signal, and the results or data may be
displayéd, stored and/or transmitted to other devices for subsequent uses and/or
processing. A

[0315] Referring to FIG. 18, the processes at 1810 and 1812 may be expanded in further
details as shown in FIG. 19.

[0316] FIG. 19 shows a flow chart 1900 illustrating an operation of a wheeze recording
scheme, according to various embodiments.

[0317] The signal detection or identification process at 1902 determines if wheeze is
present or absent. If wheeze is detected to be present, the sample or data is stored and an
alert signal (e.g. an alarm) may be sent, at 1904. If wheeze is detected to be absent, the
sample or data is removed at 1906. After the processes of either 1904 or 1906, the
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detection/identification results are displayed, at 1908. The processes at 1904 and 1908
may be equivalent to 1812 (FIG. 18).

[0318] In various embodiments, the value of Tg rhay either be fixed or adaptive (i.e.
time-varying). For a fixed Tg, the value may be determined from the training samples as
the value corresponding to the best detection accuracy and false alarm rate. In the context
of various embodiments, training samples are samples collected under a controlled
environment and they are used to determine the values of Tg. Detection accuracy refers to
the percentage (%) of correct detection (e.g. the process detects that wheeze is present
when the sound signals include wheezes) while false alarm rate refers to the percentage

(%) of incorrect detection (e.g. the process detects that wheeze is present when the sound

.signals do not include wheezes). FIG. 20 shows, by way of example and not limitation, a

plot 2000 illustrating a typical relationship among Tg 2002, detection accuracy 2004 and
false alarm rate 2006. The detection accuracy 2004 and the false alarm rate 2006 may be
determined for each value of Tg considered using the training samples in order to obtain
the plot 2000 of FIG. 20. Subsequently, the value of Tg at the intersection point 2008 may
be used as the T to test the real samples obtained from patients under tests.

[0319] Referring to FIG. 18, the flow chart 1800 of a wheeze detection scheme may
include an adaptive threshold scheme 1814, which is described in further details below
with reference to FIG. 21. ‘

[0320] FIG. 21 shows a flow chart 2100 illustrating an adaptive threshold scheme,
according to various embodiments. In this scheme, the value of the threshold used
changes according to the noise level experienced by the system of various embodiments.
[0321] After starting the scheme or method at 2102, the different parameters, e.g. N2, are
initialised at 2104. Data buffering may then be carried out at 2106. At 2108, the
components with very low magnitude (or power) (e.g. non-dominant frequency
components) are assumed to contain no signal of interest but only noise. The power of
these components are then taken as the estimated noise power. The value of the noise
power obtained is then compared to those stored in a Look-Up Table (LUT) at 2110. The
LUT stores both the values of Tg obtained from FIG. 20 and the corresponding noise

power considered when determining FIG. 20.
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[0322] The value of Tx corresponding to the estimated noise power is then used as the
new value of Tg. When the estimated noise power varies, a new Tg is used and the
adaptive process continues as the sound signals are being processed. In this way, Tk is
updated, as shown by 2112. In various embodiments, the use of a Look-Up Table (LUT)
for the selection of the adaptive threshold Tg lowers the system complexity and hence the
power requirement.

[0323] Various embodiments enable the use of a single parameter, e.g. the entropy-based
parameter, to represent the energy distribution of the sound signals over the frequency
spectrum. Various embodiments provide for the use of a single or two parameter values
or features (e.g. Ey and/or E;) to determine the presence of wheeze or any other
respiratory or cardiac conditions, instead of a larger number of parameters in
conventional methods. This allows the detection process to be completed quickly and
hence may be implemented using a much lower amount of power and hardware, thereby
reducing the computational complexity and enabling the system of various embodiments
to be wearable and portable, and with a much longer monitoring duration, compared to
conventional methods.

[0324] A storage and a display according to various embodiments will now be described
below, by way of examples and not limitations.

[0325] In various embodiments, the system or portable system for monitoring a health
condition of a user of various embodiments may include a memory which is for example
used in the processing carried out by the system or the portable system. In various
embodiments, the memory may be provided and/or integrated with the Processing and
Recording Sub-System (PRS) and/or with the monitoring system of various
embodiments. The memory may be used for data storage, such as storing the parameter
values extracted, as described in the above processes, for the indication of the presence of
wheeze signals. In addition, in occasions where signals indicate wheeze is present, the
raw data or sounds corresponding to the wheeze may be stored in the memory.
Furthermore, various embodiments may provide that the presence of wheeze signals may
be indicated by a light indicator, for example on a screen of the PRS or on an external

display device.
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[0326] In the context of various émbodiments, a memory used in the embodiments may
be a volatile memory, for example a DRAM (Dynamic Random Access Memory) or a
non-volatile memory, for example a PROM (Programmable Read Only Memory), an
EPROM (Erasable PROM), EEPROM (Electrically Erasable PROM), or a flash memory,
e.g., a floating gate memory, a charge trapping memory, an MRAM (Magnetoresistive
Random Access Memory) or a PCRAM (Phase Change Random Access Memory).

[0327] The performance of the system and method of various embodiments is evaluated
using sounds from the lungs of patients and normal subjects. The validity of the method
of various embodiments was tested and the results are shown in FIG. 22A, evaluated
using sounds from the lungs of ten patients and seven normal subjects and FIG. 22B,
evaluated using sounds from the lungs of eleven patients and one normal subject.

[0328] FIG. 22A shows a plot 2200 of entropy difference 2202 and entropy ratio 2204 of
human subjects, according to various embodiments. As shown in FIG. 22A, it may be
observed that eight out of ten patients (star data points, as represented by 2206 for two
such data points) may be distinguished from the normal subjects (circle data points, as
represented by 2208 for two such data points), by either the entropy difference 2202 or
the entropy ratio 2204 or both.

- [0329] FIG. 22B shows a plot 2210 of entropy difference 2212 and entropy ratio 2214 of

human subjects, according to various embodiments. As shown in FIG. 22B, it may be
observed that ten out of eleven patients (star data points, as represented by 2216 for two
such data points) may be distinguished from the normal subject (circle data points, as
represented by 2218), by either the entropy difference 2212 or the entropy ratio 2214 or
both.

[0330] In various embodiments, operation at below the Nyquist sampling rate may be
implemented. The method of various embodiments were implemented with a wheezy
breath in two opefations, where the breath signals were sampled at approximately 2 kHz
and approximately 1 kHz, respectively, to illustrate the principle that enables the method
to work at down-sampling rates.

[-0331] The results from the main procédures of the operations of the entropy-based
method at below the Nyquist sampling rates are shown in FIG. 23, where the left column

2300 of FIG. 23 (with images (al), (b1), (c1) and (d1)) shows results for a wheezy breath
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' samp'led at approximately 2 kHz and the rfght column 2302 of FIG. 23 (with images (a2),

(b2), (c2) and (d2)) shows results for the same wheezy breath but sampled at
approximately 1 kHz.

[0332] Images (al) and (a2) show the time-domain signals of the wheezy breath signals
sampled at approximately 2 kHz and approximately 1 kHz, respectively. After STFT was
performed on the time-domain signals of images (al) and (a2), the respective frequency-
domain signals (i.e. the frequency components) of the breath signals were obtained and
are shown in images (bl) and (b2). It may be observed from the image (bl),
corresponding to breath signals sampled at approximately 2 kHz, that there is a harmonic
wheeze at about 520 Hz and a weaker harmonic wheeze at about 780 Hz. For the results
shown in the image (b2), as the sampling rate of approximately 1 kHz is below twice of
these harmonic frequencies (i.e. at about 520 Hz and about 780 Hz), a phenomenon
known as frequency aliasing occurs, and as shown in the image (b2), these harmonic
frequencies are translated to the spectrum in a range of O to about 500 Hz. Aliasing
causes different signals to become indistinguishable and may present a serious problem to
conventional signal detection methods or may even cause these conventional methods to
fail. However, various embodiments provide a system and a method that allow the system
and method to work even when the aliasing phenomenon occurs.

[0333] Images (c1) and (c2) show the results of peak detecti;)n. Frequency components
below 70 Hz were removed in order to minimise interference from the power supply. As
shown in the image (c2), even though frequency aliasing occurs, the peculiar energy
distribution pattern of the wheezy signals are still maintained. As the method of various
embodiments is based on the feature related to peculiar energy distribution pattern in
terms of entropy, the frequency aliasing phenomenon does not substantially affect the
fundamentals of the method.

[0334] Images (di) and (d2) show the smoothened entropies for normal-sampled wheezy
breath (i.e. sampled at about 2 kHz), and down-sampled wheezy breath (i.e. sampled at
about 1 kHz), respectively. It may be observed that the method with down-sampling rate
(i.e. image (d2)) show comparable performance to the method with normal sampling rate

(i.e. image (d1)), at or above the Nyquist sampling rate.
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~ [0335] In addition, a modificd entropy-based method was implemented by replacing the -

magnitudes of the less significant frequency components with a value of 0.01 and the
results are shown in FIG. 24 for several breath signals sampled at approximately 8 kHz.
FIG. 24 shows the time-domain signals 2400 and the smoothened entropy result 2402.
The smoothened entropy result 2402 shows a comparison of results based on the entropy-
based method 2404 and the modified entropy-based method 2406, illustrating a better
performance (e.g. in terms of having sharper peaks in the time-domain plot) for the
modified entropy-based method. ,

[0336] In order to evaluate the robustness of the system and the method of various
embodiments against noise, the performances of the system and the method were
evaluated at different levels of signal-to-noise ratios (SNRs) via computer simulations
using real data and simulated noise. The SNR is defined as the ratio of the signal power
to the noise power. In embodiments using a computer simulation test, the amount of noise
added may be pre-determined and the corresponding SNR may be determined
correspondingly. ‘
[0337] FIG. 25 shows performance results 2500 of the wearable portable system with
external sensors, according to various embodiments. The detection accuracy of the
system was evaluated at different levels of signal-to-noise ratios (SNRs) by computer
simulations using real data and simulated noise. The performance results 2500 are shown
in terms of detection accuracy (%) 2502 against SNR (expressed in dB) 2504. In the
simulation, 63 breath samples including four normal breaths and 59 wheezy breaths were
used. The levels of SNR is known during the simulation as the amount of noise added
may be pre-determined for the computer simulation. The performance results 2500 show
that the method of various embodiments may be able to produce good results for true
positive, false positive, true negative, and false negative, which are important in the
medical field.

[0338] In the context of various embodiments, the term “true positive” may mean that a
sick person is correctly identified as sick, the term “false positive” may mean that a
healthy person is incorrectly identified as sick, the term “true negative” may mean that a
healthy person is correctly identified as healthy, and the term “false negative” may mean

that a sick person is incorrectly identified as healthy.
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[0339] Referring to FIG. 25, the performance results 2500 show that in terms of false

positive, there is almost substantially zero probability of wrongly detecting healthy

| people as being sick; in terms of true negative, there is almost substantially 100% of

correctly detecting healthy people as being healthy, in terms of true positive, there is
substantially a 90% accuracy of detecting sick people as sick, and in terms of false
negative, there is a 10% error of detecting sick people as being healthy, even when
additional noise is added to the real samples collected.

[0340] While the invention has been particularly shown and described with reference to
specific embodiments, it should be understood by those skilled in the art that various
changes in form and detail may be made therein without departing from the spirit and
scope of the invention as defined by the .appended claims. The scope of the invention is
thus indicated by the appended claims and all changes which come within the meaning

and range of equivalency of the claims are therefore intended to be embraced.
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CLAIMS

1. A system for monitoring a health condition of a user, comprising:

a sensor configured to receive a sound from the user;

an analogue-to-digital converter configured to convert the received sound into a
digital signal, wherein the analogue-to-digital converter is configured to sample the
received sound at below the Nyquist’s sampling rate;

a selection circuit configured to select a predetermined number of samples from
the digital signal;

an entropy determination circuit configured to determine at least one entropy-
based parameter value based on the selected samples; and

an entropy comparator circuit configured to compare the at least one entropy-
based parameter value with a predetermined threshold value to detect a health signal for

monitoring the health condition.

2. The system as claimed in claim 1, further comprising a filter and amplifier

module configured to amplify the received signal.

3. The system as claimed in claim 1 or 2, further comprising a segmentation circuit
configured to segment the digital signal into a plurality of segments of a first time
duration; and wherein the selection circuit is configured to select the samples from the

plurality of segments.

4. The system as claimed in claim 3, wherein the first time duration is one of

between about 10 ms to about 1 s and about 64 ms.
5. The system as claimed in claim 3 or 4, wherein the selected predetermined

number of samples comprise samples corresponding to one of a segment and an overlap

between two adjacent segments of the plurality of segments.
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6. The system as claimed in claim 5, wherein the overlap is one of between about

0% to about 100% and about 50%.

7. The system as claimed in any one of claims 1 to 6, further comprising a
transformation circuit configured to transform the selected predetermined number of

samples into a plurality of frequency components.

8. The system as claimed in claim 7, wherein the transformation circuit is configured

to perform a Short Time Fourier Transform.

9. The system as claimed in claim 7 or 8, further comprising an averaging filtering

circuit configured to determine a plurality of dominant frequency components.

10.  The system as claimed in claim 9, wherein the averaging filtering circuit is
configured to determine the plurality of dominant frequency components from the

plurality of frequency components.

11. The system as claimed in claim 9 or 10, wherein the averaging filtering circuit
comprises:

a comparator circuit configured to compare a respective magnitude of each of the
plurality of frequency components with a threshold point; and

an identification circuit configured to identify at least one of a dominant
frequency component when the respective magnitude is above the threshold point and a
non-dominant frequency component when the respective magnitude is below the

threshold point.

12.  The system as claimed in claim 11, further comprising a threshold determination
circuit configured to determine the threshold point by averaging magnitudes of a
predetermined number of neighbouring components of the plurality of frequency

components.
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13.  The system as claimed in claim 12, wherein the predetermined number of
neighbouring components is one of between about 0 to about the predetermined number

of samples and about a quarter of the predetermined number of samples.

14.  The system as claimed in claim 9 or 10, wherein the averaging filtering circuit
comprises:

a comparator circuit configured to compare a respective magnitude of each of a
plurality of power components in a power spectrum corresponding to the plurality of
frequency components with a threshold point;

an identification circuit configured to identify at least one of a dominant
frequency component when the respective magnitude of the corresponding power
component in the power spectrum is above the threshold point and a non-dominant
frequency component when the respective magnitude of the corresponding power

component in the power spectrum is below the threshold point.

15.  The system as claimed in claim 14, further comprising a threshold determination
circuit configured to determine the threshold point by averaging magnitudes of a

predetermined number of neighbouring power components in the power spectrum.

16.  The system as claimed in claim 15, wherein the predetermined number of
neighbouring power components is one of between about 0 to about the predetermined

number of samples and about a quarter of the predetermined number of samples.

17.  The system as claimed in any one of claims 11 to 16, wherein the non-dominant

frequency components are discarded.

18.  The system as claimed in any one of claims 11 to 16, further comprising a
substitution circuit configured to replace a respective magnitude of each of the non-
dominant frequency components with one of about 0.01 and a numeral between about 0

to a value corresponding to a smallest value of the non-dominant frequency components.
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19. The system as claimed in any one of claims 11 to 18, further comprising a power
determination circuit configured to determine a plurality of normalized power of the

dominant frequency components.

20.  The system as claimed in claim 19, wherein the entropy determination circuit is
configured to determine a plurality of entropy values from the plurality of normalized

power.

21.  The system as claimed in claim 20, wherein the entropy determination circuit is
further configured to determine a maximum entropy value and a minimum entropy value

from the plurality of entropy values after a second time duration.

22. The system as claimed in claim 21, wherein the second time duration is one of

about 3 s and greater than the first time duration.

23. The system as claimed in claim 21 or 22, wherein the at least one entropy-based
parameter value comprises at least one of an entropy difference between the maximum
entropy value and the minimum entropy value and an entropy ratio of the maximum

entropy value to the minimum entropy value.

24.  The system as claimed in claim 23, wherein the entropy comparator circuit is
further configured to subtract the at least one of the entropy difference and the entropy
ratio from the predetermined threshold value to produce a result; and identify that the
health signal is present when the result is a positive value or identify that the health signal

is absent when the result is a negative value.

25.  The system as claimed in claim 24, wherein the predetermined threshold value is

one of a fixed threshold value and an adaptive threshold value.

26.  The system as claimed in claim 25, further comprising an adaptive threshold

determination circuit configured to determine the adaptive threshold value.
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27.  The system as claimed in claim 26, wherein the adaptive threshold determination
circuit comprises:

a noise power determination circuit configured to determine a noise power from
the non-dominant frequency components; and

a look-up comparator circuit configured to determine the adaptive threshold value
based on the noise power and a look-up table comprising a plurality of predetermined

threshold values at different noise powers.

28. The system as claimed in any one of claims 1 to 27, further comprising a sample
selection circuit configured to reduce the number of samples from the selected

predetermined number of samples.

29.  The system as claimed in any one of claims 1 to 28, wherein the sensor comprises

a sound-based sensor.

30.  The system as claimed in any one of claims 1 to 29, wherein the sensor comprises
one of an air conduction sensor, a microphone, a stethoscope, a piezo-electric sensor and

a pressure sensor.

31.  The system as claimed in any one of claims 1 to 30, wherein the health condition

comprises at least one of a respiratory condition and a cardiac condition.

32.  The system as claimed in any one of claims 1 to 31, wherein the health condition
comprises a condition selected from a group consisting of wheezing, asthma, chronic
obstructive pulmonary disease, obstructive sleep apnea syndrome, stridor, crackles,

coughing and any combination thereof.
33. A method for monitoring a health condition of a user, comprising:

receiving a sound from the user;

converting the received sound into a digital signal;
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selecting a predetermined number of samples from the digital signal;

determining at least one entropy-based parameter value based on the selected
samples; and

comparing the at least one entropy-based parameter value with a predetermined
threshold value to detect a health signal for monitoring the health condition,

wherein converting the received sound into a digital signal comprises sampling

the received sound at below the Nyquist’s sampling rate.

34.  The method as claimed in claim 33, further comprising:

filtering and amplifying the received sound.

35.  The method of as claimed in claim 33 or 34, further comprising:
segmenting the digital signal into a plurality of segments of a first time duration;
and

wherein selecting the samples comprises selecting from the plurality of segments.

36. The method as claimed in claim 35, wherein the first time duration is one of

between about 10 ms to about 1 s and about 64 ms.

37.  The method as claimed in claim 35 or 36, wherein the predetermined number of
selected samples comprise samples corresponding to one of a segment and an overlap

between two adjacent segments of the plurality of segments.

38.  The method as claimed in claim 37, wherein the overlap is one of between about

0% to about 100% and about 50%.

39.  The method as claimed in any one of claims 33 to 38, further comprising
transforming the predetermined number of selected samples into a plurality of frequency

components.
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40.  The method as claimed in claim 39, wherein transforming the selected samples
into the plurality of frequency components comprises performing a Short Time Fourier

Transform.

41.  The method as claimed in claim 39 or 40, further comprising determining a

plurality of dominant frequency components from the plurality of frequency components.

42.  The method as claimed in claim 41, wherein determining the plurality of

dominant frequency components comprises performing an averaging filtering process.

43.  The method as claimed in claim 42, wherein performing the averaging filtering
process comprises:

comparing a respective magnitude of each of the plurality of frequency
components with a threshold point;

identifying at least one of a dominant frequency component when the respective
magnitude is above the threshold point, and
a non-dominant frequency component when the respective magnitude is below the

threshold point.

44.  The method as claimed in claim 43, further comprising determining the threshold
point by averaging magnitudes of a predetermined number of neighbouring components

of the plurality of frequency components.
45.  The method as claimed in claim 44, wherein the predetermined number of
neighbouring components is one of between about 0 to about the predetermined number

of samples and about a quarter of the predetermined number of samples.

46.  The method as claimed in claim 42, wherein performing the averaging filtering

process comprises:
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comparing a respective magnitude of each of a plurality of power components in a
power spectrum corresponding to the plurality of frequency components with a threshold
point;

identifying at least one of a dominant frequency component when the respective
magnitude of the corresponding power component in the power spectrum is above the
threshold point, and a non-dominant frequency component when the respective
magnitude of the corresponding power component in the power spectrum is below the

threshold point.

47.  The method as claimed in claim 46, further comprising determining the threshold
point by averaging magnitudes of a predetermined number of neighbouring power

components in the power spectrum.

48.  The method as claimed in claim 47, wherein the predetermined number of
neighbouring power components is one of between about 0 to about the predetermined

number of samples and about a quarter of the predetermined number of samples.

49.  The method as claimed in any one of claims 43 to 48, further comprising

discarding the non-dominant frequency components.

50.  The method as claimed in any one of claims 43 to 48, further comprising
replacing a respective magnitude of each of the non-dominant frequency components
with one of about 0.01 and a numeral between about 0 to a value corresponding to a

smallest value of the non-dominant frequency components.

51.  The method as claimed in any one of claims 43 to 50, further comprising

determining a plurality of normalized power of the dominant frequency components.

52.  The method as claimed in claim 51, further comprising determining a plurality of

entropy values from the plurality of normalized power.
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53.  The method as claimed in claim 52, further comprising determining a maximum
entropy value and a minimum entropy value from the plurality of entropy values after a

second time duration.

54. The method as claimed in claim 53, wherein the second time duration is one of

about 3 s and greater than the first time duration.

55. The method as claimed in claim 53 or 54, wherein determining at least one
entropy-based parameter value comprises determining at least one of an entropy
difference E4 between the maximum entropy value and the minimum entropy value from
the equation:

Ey=E,x —Em
and an entropy ratio E; of the maximum entropy value to the minimum entropy value
from the equation:

Er — Emax
E

min

where Enay is the maximum entropy value and E, is the minimum entropy value.

56.  The method as claimed in claim 55, wherein comparing the at least one entropy-
based parameter value with the predetermined threshold value to detect the health signal
related to the health condition comprises:

subtracting at least one of the entropy difference and the entropy ratio from the
predetermined threshold value to produce a result; and

identifying that the health signal is present when the result is a positive value or

identifying that the health signal is absent when the result is a negative value.

57.  The method as claimed in claim 56, wherein the predetermined threshold value is

one of a fixed threshold value and an adaptive threshold value.

58.  The method as claimed in claim 57, further comprising determining the adaptive

threshold value, comprising:
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determining a noise power from the non-dominant frequency components; and
determining the adaptive threshold value based on the noise power and a look-up

table comprising a plurality of predetermined threshold values at different noise powers.

59.  The method as claimed in any one of claims 33 to 58, further comprising reducing

the number of samples from the selected predetermined number of samples.

60.  The method as claimed in any one of claims 33 to 59, wherein the health

condition comprises at least one of a respiratory condition and a cardiac condition.

61.  The method as claimed in any one of claims 33 to 60, wherein the health
condition comprises a condition selected from a group consisting of wheezing, asthma,
chronic obstructive pulmonary disease, obstructive sleep apnea syndrome, stridor,

crackles, coughing and any combination thereof.
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