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A SYSTEM AND METHOD FOR ACTIVELY CANCELLING A NOISE SIGNAL
ENTERING THROUGH AN APERTURE

CROSS-REFERENCE TO RELATED APPLICATION
[0001]  This application claims priority to Singapore patent application 10202008940T,
filed 11 September 2020 with the Intellectual Property Office of Singapore, the contents of it

being hereby incorporated by reference in its entirety for all purposes.

TECHNICAL FIELD
[0002]  Various aspects of this disclosure relate to a system for actively cancelling an
acoustic noise signal entering a room through an aperture of the room. Various aspects of this
disclosure further relate to methods for actively cancelling an acoustic noise signal entering a

room through an aperture of the room.

BACKGROUND

[0003] The World Health Organisation (WHO) has recently put forth strong
recommendations to reduce urban transportation noise levels, underpinned by a rapidly
growing body of evidence associating a myriad of health risks with environmental noise
exposure [WHO Regional Office for Europe, Env. Noise Guidelines for European Region,
2018]. In high-rise urban landscapes, traditional noise mitigation approaches such as noise
barriers have a limited efficacy in the low-frequency range and are effective only for the lower
floors of a high-rise building that are in its shadow zone [Murphy E. et al. Env. Noise Pollution,
2014]. Although noise mitigation at the receivers’ end, such as on building facgades, is
inefficient, it is usually the only form noise control available for land-scarce, high-density
urban cities. The sustainability push for naturally ventilated buildings also increases the noise
control difficulty as noise propagates easily through any opening in the facade.

[0004]  Noise control for naturally-ventilated buildings has been traditionally passive, where
physical elements have been employed to obstruct or dampen the acoustic waves as it enters
the fagcade [De Salis M.H.F. et al. Build. Env. 2002, 37, 471-484,; Tang S.K. Appl. Sci. 2017,
7, 175]. The main limitation of effective passive interventions, such as louvres and plenum

windows, appear to be the restriction of airflow. Moreover, passive elements are designed with
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the noise control perspective of reducing the total acoustic pressure in the building interior by
treating all sounds that enter the facade opening as ‘waste’ to be reduced. Although the indoor
acoustic environment for naturally ventilated buildings is dependent on context, there has been
some evidence showing a preference of some external sound sources (e.g. natural sounds,
human voices) over others (e.g. heavy traffic), while no indoor sound sources were present
[Torresin S. et al. Build Env. 2020, 182, 107152]. With the introduction of international
standards on soundscapes [International Organization for Standardization (ISO), Acoustics
Soundscapes Part 1.2014, 1ISO 12913-1; 1SO, Acoustics Soundscapes Part 2. 2018, ISO/TS
12913-2; ISO, Acoustics Soundscapes Part 3. 2019, ISO/TS 12913-3], it is imperative that the
indoor acoustic comfort is approached with a perceptual perspective [Torresin, S. et al. Appl.
Sci. 2019, 9, 5401].

[0005]  Further, one overlooked factor in an indoor environment is the concept of control,
which is challenging for naturally ventilated buildings. For instance, opening of windows to
lower the temperature increases the influx of exterior noise. Currently, the selective control of
external noise sources [Ranjan, R. et al. Proc. of the INTER-NOISE and NOISE-CON Congress
and Conference Proc. 2016, 482-492; Shi, D. et al. IEEE/ACM Trans. Audio, Speech, Lang.
Process. 2020, 28, 1479-1492; Wen, S. et al. J. Acoust. Soc. Am. 2020, 147, 3490-3501]
without obstructing airflow appears to be achievable with an active noise control (ANC) system
designed for fagade openings [Lam, B. et al. Sci. Rep. 2020, 10, 10021].

[0006] By projecting an opposing sound wave with the same amplitude at the precise time
and space of the disturbance to be controlled, ANC has been successfully integrated into
automobile cabins [Samarasinghe, P.N. et al. /[EEE Signal Process. Mag. 2016, 33, 61-73;
Cheer, J. et al. Mech. Syst. Signal Process. 2015, 60-61, 753-769.], aircraft cabins [Elliot, S.J.
et al. J. Sound Vib. 1990, 140, 219-238] and headsets [Chang, C.-Y. et al. IEEE Consum.
Electron. Mag. 2016, 5, 34-43] to reduce low-frequency noise. The ANC principle has been
recently adapted for fagcade openings to provide significant noise control without obstruction
to natural ventilation [Lam, B. et al. Sci. Rep. 2020, 10, 10021; Murao, T. et al. J. Environ.
Eng. 2012, 7, 76-91; Murao, T. et al. Mech. Eng. J. 2014, 1, EPS0065-EPS0065; Lam, B. et
al. Build. Environ. 2018, 141, 16-27]. However, even though the proposed method where noise
sources are distributed across the entire aperture allows for optimal control [Lam, B. etal. Appl.
Acoust. 2018, 137, 9-17], the limited size of the loudspeakers in such a layout inherently limits

the noise control performance in the low frequency range.
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[0007]  Thus, it is desired to provide better means to improve ANC performance, in
particular, for cancelling noise in the low-frequency range, typically perceived as being

undesired, without obstruction to natural ventilation.

SUMMARY

[0008]  Various embodiments may relate to systems and methods for ANC performance,
without obstruction to natural ventilation. In particular, various embodiments may actively
cancel at least part of the noise entering a room through an aperture of the room. Various
embodiments may provide instantaneous noise reduction, optimized ANC performance, and
may be used for the selective (e.g. user-specific) cancellation of noise in the low-frequency
range.

[0009] A first aspect of the disclosure concerns a system for actively cancelling an acoustic
noise signal entering a room through an aperture of the room. The system includes a sensor
configured to detect the acoustic noise signal and to convert the acoustic noise signal into an
electronic noise signal, and a plurality of transducers configured to generate an acoustic anti-
noise signal from an electronic anti-noise signal to cancel, at least part of, the acoustic noise
signal, when the acoustic anti-noise signal is added to the acoustic noise signal. The system
further includes a controlling circuit operably coupleable to the sensor and the plurality of
transducers, such that when operably coupled, the controlling circuit: receives the electronic
noise signal from the sensor; classifies the electronic noise signal by matching a sample of the
electronic noise signal to one or more pre-determined cancellation filter candidates; selects a
first pre-determined cancellation filter from the one or more pre-determined cancellation filter
candidates, by basing a selection on the classified sample of the electronic noise signal;
generates the electronic anti-noise signal by applying the first pre-determined cancellation filter
on the electronic noise signal; and transmits the electronic anti-noise signal to the plurality of
transducers.

[0010] A second aspect of the disclosure concerns a method for actively cancelling an
acoustic noise signal entering a room through an aperture of the room. The method includes
providing a sensor to detect the acoustic noise signal and to convert the acoustic noise signal
into an electronic noise signal, and transmitting the electronic noise signal from the sensor to a
controlling circuit operably coupled to the sensor and to a plurality of transducers. The method

further includes classifying using the controlling circuit, the electronic noise signal by matching



WO 2022/055432 PCT/SG2021/050549

4

a sample of the electronic noise signal to one or more pre-determined cancellation filter
candidates; and selecting using the controlling circuit, a first pre-determined cancellation filter
from the one or more pre-determined cancellation filter candidates, by basing a selection on
the classified sample of the electronic noise signal. The method also includes generating using
the controlling circuit, an electronic anti-noise signal by applying the first pre-determined
cancellation filter on the electronic noise signal; and transmitting using the controlling circuit,
the electronic anti-noise signal to the plurality of transducers, wherein the plurality of
transducers generates the acoustic anti-noise signal from the electronic anti-noise signal to
cancel, at least part of, the acoustic noise signal, when the acoustic anti-noise signal is added
to the acoustic noise signal.

[0011] A third aspect of the disclosure concerns a method for actively cancelling an acoustic
noise signal entering a room through an aperture of the room. The method includes: providing
a sensor to detect the acoustic noise signal and to convert the acoustic noise signal into an
electronic noise signal; and providing a plurality of transducers to generate an acoustic anti-
noise signal to cancel at least part of the acoustic noise signal, when the acoustic anti-noise
signal is added to the acoustic noise signal, and to convert an electronic anti-noise signal into
the acoustic anti-noise signal. The method further includes: transmitting the electronic noise
signal to a controlling circuit operably coupled to the sensor and the plurality of transducers;
classifying using the controlling circuit, the electronic noise signal by matching a sample of
the electronic noise signal to one or more pre-determined cancellation filter candidates;
selecting using the controlling circuit, a first pre-determined cancellation filter from the one or
more pre-determined cancellation filter candidates, by basing a selection on the classified
sample of the electronic noise signal; generating using the controlling circuit, the electronic
anti-noise signal by applying the first pre-determined cancellation filter on the electronic noise
signal; and transmitting using the controlling circuit, the electronic anti-noise signal to the

plurality of transducers.

BRIEF DESCRIPTION OF THE DRAWINGS
[0012]  The invention will be better understood with reference to the detailed description
when considered in conjunction with the non-limiting examples and the accompanying

drawings, in which:
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— FIG. 1 shows an exemplary schematic illustration of a use condition of a system 100
for actively cancelling an acoustic noise signal 112 entering a room 410 through an
aperture 420 of the room 410, in accordance with various embodiments;

— FIG. 2A and 2B show exemplary schematic illustrations of a training system 200 and
the algorithm 250 implemented by the training system 200, for generating each one of
the one or more pre-determined cancellation filter candidates 160, in accordance with
various embodiments;

— FIG. 3 shows an exemplary schematic illustration of the method 300 employed by the
training system 200, in accordance with various embodiments;

— FIG. 4 shows an exemplary schematic illustration of a use condition and the layout of
the system 400 for actively cancelling the acoustic noise signal 112 entering through an
aperture 420 of a room 410, in accordance with various embodiments;

— FIGS. 5A to 5G show exemplary schematic illustrations of the physical configurations
of the system 100, 400, in relation to the aperture 420 of the room 410, in accordance
with various embodiments;

— FIG. 6 shows an exemplary schematic illustration of a use condition of the system 600,
in accordance with various embodiments;

— FIG. 7 shows an exemplary schematic illustration of method 700 for actively cancelling
an acoustic noise signal 112 entering a room 410 through an aperture 420 of the room
410, in accordance with various embodiments;

— FIGS. 8A and 8B show exemplary schematic illustrations of methods 800A and 800B
for activating and deactivating method 700, in accordance with various embodiments;

— FIG. 8C shows an exemplary schematic illustration of method 800C as a flow diagram
for actively cancelling an acoustic noise signal 112 entering a room 410 through an
aperture 420 of the room 410, in accordance with various embodiments

— FIG. 9 shows an exemplary schematic illustration of method 900 for actively cancelling
an acoustic noise signal 112 entering a room 410 through an aperture 420 of the room
410, in accordance with various embodiments;

— FIG. 10 shows the (A) layout of the 4 secondary sources (e.g. plurality of transducers
120) around a customized wooden frame (e.g. support 520) and 4 error microphones
(e.g. reference sensor 440 or training error microphone array 240) placed 30 cm away,

and (B) the primary source (e.g. acoustic noise signal 112) and reference microphone
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(e.g. sensor 110) on the outside of the fully-opened top-hung window (e.g. aperture
420), in accordance with various embodiments;

— FIG. 11 shows the room dimensions of the: observation microphone layout, primary
source (e.g. acoustic noise signal 112), reference microphone (e.g. sensor 110), error
microphone placement (e.g. reference sensor 440 or training error microphone array
240), in accordance with various embodiments;

— FIG. 12 shows the: (A) impulse response of the primary paths measured from the
reference microphone (e.g. sensor 110) to each of the four error microphones (e.g.
reference sensor 440 or training error microphone array 240), and (B) the corresponding
frequency responses, in accordance with various embodiments;

— FIG. 13 shows the offline measurements of the secondary paths from the four
loudspeakers (e.g. plurality of transducers 120) to error microphones (e.g. reference
sensor 440 or training error microphone array 240 (A) 1, (B) 2, (C) 3, and (D) 4, in
accordance with various embodiments;

— FIG. 14 shows the frequency responses of the secondary paths from the four
loudspeakers (e.g. plurality of transducers 120) to error microphones (e.g. reference
sensor 440 or training error microphone array 240 (A) 1, (B) 2, (C) 3, and (D) 4, in
accordance with various embodiments;

— FIG. 15 shows the one-third octave band spectra at observation microphone 7 for (A)
aircraft, (B) motorbike, (C) traffic, and (D) compressor noise, in accordance with
various embodiments;

— FIG. 16 shows the (A) finite element method simulation model of a regular window
system with a 45° opened awning window (e.g. aperture 420) and a closed casement
with a fixed glass panel, and (B) acoustic transmission loss in dB as a function of
frequency for four scenarios: (i) full glazing, (ii) top and bottom ANC sources turned
on (ql & q2), (iii) bottom ANC source turned on (q1), and (iv) top ANC source turned
on (q2), in accordance with various embodiments;

— FIG. 17 shows the attenuation in dB at microphone 7 as a function of frequency during
ANC ON (window opened) and ANC OFF (window closed) across (A) aircraft, (B)
motorbike, (C) traffic and (D) compressor noise types, in accordance with various

embodiments; and
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— FIG. 18 shows the attenuation in dB as a function of frequency during ANC ON
(window opened), and ANC OFF (window closed) for (A) aircraft, (B) motorbike, (C)

traffic, and (D) compressor noises types; in accordance with various embodiments.

DETAILED DESCRIPTION

[0013]  The following detailed description refers to the accompanying drawings that show,
by way of illustration, specific details and embodiments in which the disclosure may be
practiced. These embodiments are described in sufficient detail to enable those skilled in the
art to practice the disclosure. Other embodiments may be utilized and structural, and logical
changes may be made without departing from the scope of the disclosure. The various
embodiments are not necessarily mutually exclusive, as some embodiments can be combined
with one or more other embodiments to form new embodiments.

[0014]  The disclosure illustratively described herein may suitably be practiced in the
absence of any element or elements, limitation or limitations, not specifically disclosed herein.
Thus, for example, the terms “comprising”, “including,” containing”, etc. shall be read
expansively and without limitation. The word "comprise" or variations such as "comprises” or
"comprising" will accordingly be understood to imply the inclusion of a stated integer or groups
of integers but not the exclusion of any other integer or group of integers. Additionally, the
terms and expressions employed herein have been used as terms of description and not of
limitation, and there is no intention in the use of such terms and expressions of excluding any
equivalents of the features shown and described or portions thereof, but it is recognized that
various modifications are possible within the scope of the disclosure. Thus, it should be
understood that although the present disclosure has been specifically described in exemplary
embodiments and optional features, modification and variation of the disclosure embodied
herein may be resorted to by those skilled in the art.

[0015]  Features that are described in the context of an embodiment may correspondingly be
applicable to the same or similar features in the other embodiments. Features that are described
in the context of an embodiment may correspondingly be applicable to the other embodiments,
even if not explicitly described in these other embodiments. Furthermore, additions and/or
combinations and/or alternatives as described for a feature in the context of an embodiment

may correspondingly be applicable to the same or similar feature in the other embodiments.
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a

[0016] Inthe context of various embodiments, the articles an” and “the” as used with
regard to a feature or element include a reference to one or more of the features or elements.
[0017]  Asused herein, the term “and/or” includes any and all combinations of one or more
of the associated listed items.

[0018]  According to various embodiments, the term “noise signal”, as used herein, may
refer to any signal in the acoustic domain, relating to sound, and the sense of hearing which is
processed by the auditory system of a user. For example, the term noise signal may refer to any
audio or acoustic signal, and not to noise specifically. In other words, the noise signal may be
indistinguishable from a desired audio signal. Within the context of the disclosure, the term is
referred to as a noise signal, since it may represent audio signals that is perceived as being
unwanted, unpleasant, or loud to a user. As a further example, the term noise signal may be
perceived as any audio signal perceived as causing disturbance or disruption to a user.

[0019]  According to various embodiments, the term “acoustic noise signal” and “acoustic
anti-noise signal”, as used herein, may refer to any analog signal in the acoustic domain. For
example, an analog acoustic signal may refer to a continuous signal where the instantaneous
voltage of the signal varies continuously with the pressure of the sound waves.

[0020]  According to various embodiments, the term “electronic noise signal” and
“electronic anti-noise signal” as used herein, may refer to a digitized signal in the digital
domain. Within the context of the disclosure, the electronic noise signal represents a converted
digital form of the acoustic noise signal. The electronic anti-noise signal may represent a
converted digital form of the acoustic anti-noise signal, and vice versa. For example, the
electronic noise or anti-noise signals represents the original voltage of the noise or anti-noise
signal, respectively, as a sampled sequence of quantitized values. In other words, the electronic
noise or anti-noise signal is a representation of the acoustic noise or anti-noise signal,
respectively, that has been sampled and quantized, e.g. an abstraction that is discrete in time
and amplitude and exists at regular time intervals. The electronic noise or anti-noise signal may
be stored, processed or transmitted physically, for example, as a pulse-code modulation (PCM)
signal by a circuit.

[0021]  According to various embodiments, the term “aperture”, as used herein, may refer
to a space through which an acoustic noise signal may pass through. For example, an aperture

may refer to any opening of a room which admits and allows the acoustic noise signal to enter.
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In a preferred embodiment, the aperture of a room may include or may be: windows and/or
doors of a room.

[0022]  According to various embodiments, the term “room”, as used herein, may refer to
an area, or a part of a space of a building enclosed by walls, floor and a ceiling. For example,
aroom may include a partition, e.g. section or division, inside a building that is separated from
other parts by walls, floor and a ceiling.

[0023]  According to various embodiments, the term “sensor”, as used herein, may refer to
a device which detects, e.g. measures, a physical property of the acoustic noise signal. For
example, the sensor may be an audio or acoustic, e.g. sound, sensor that detects sound waves
through its intensity or pressure, and may include or may be: active or passive decibel meters.
In a further example, the sensor may include the required architecture, e.g. analog-to-digital
converter (ADC), to convert an acoustic noise signal into an electronic noise signal. In yet a
further example, the sensor may include amplifiers, e.g. microphones, to amplify the acoustic
or electronic noise signal.

[0024]  According to various embodiments, the term “transducer”, as used herein, may refer
to a device which converts an electronic signal into an acoustic signal, e.g. a digital signal into
an analog signal. For example, the transducer may include the required hardware, e.g.
amplifier, circuits to receive an electronic signal and convert an electronic signal into an
acoustic signal. Within the context of the disclosure, the transducer may receive an electronic
anti-noise signal and convert it into an acoustic anti-noise signal, in response to the detected
acoustic noise signal.

[0025]  According to various embodiments, a circuit may include analog circuits or
components, digital circuits or components, or hybrid circuits or components. 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. A digital
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 various embodiments, a "controlling circuit” may be a digital
circuit, e.g. a hard-wired logic circuit or a programmable logic circuit such as a programmable
processor, €.g. a microprocessor (e.g. a Complex Instruction Set Computer (CISC) processor

or a Reduced Instruction Set Computer (RISC) processor). A "controlling circuit” may also
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include 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.

[0026]  FIG. 1 shows an exemplary schematic illustration of a use condition of a system 100
for actively cancelling an acoustic noise signal 112 entering a room 410 through an aperture
420 of the room 410, in accordance with various embodiments.

[0027]  The system 100 includes a sensor 110 configured to detect the acoustic noise signal
112, and to convert the acoustic noise signal 112 into an electronic noise signal 114. For
example, the sensor 110, which may be an acoustic sensor, detects any acoustic noise signal
112, that enters through the aperture of the room. As a further example, the sensor 110 may
amplify and/or buffer the detected acoustic noise signal 112. The sensor 110 further converts
the acoustic noise signal 112 into the electronic noise signal 114, and may include for example,
the necessary hardware such as ADCs to convert the acoustic noise signal 112 in the analog
domain, to the electronic noise signal 114 in the digital domain.

[0028]  According to various embodiments, the electronic noise signal 114 may be stored in
the sensor 110, for example, in a memory in the sensor 110, before being transmitted to a
controlling circuit 130. In another example, the electronic noise signal 114 may immediately,
e.g. upon acquisition, be transmitted to a controlling circuit 130. For instance, the electronic
noise signal 114 may be transmitted to the controlling circuit 130 in accordance with a pre-
defined communication protocol, which may include wireless communications. The sensor 110
and the controlling circuit 130 may thus be equipped with the required hardware and/or
software protocols to transmit and receive 140 the electronic noise signal 114. Examples of the
pre-defined communication protocol include: Wi-Fi, Bluetooth, ZigBee, SigFox, LPWan,
LoRaWan, GPRS, 3G, 4G, LTE, and 5G communication systems. To illustrate, the sensor 110
may include a wireless communicator configured to transmit the electronic noise signal 114 to
the controlling circuit 130 via wireless communications. Alternatively, it may also be
envisioned that the sensor 110 may be configured to transmit the electronic noise signal via
wired communications, e.g. electrical cables.

[0029]  The system 100 further includes a controlling circuit 130 which is operably coupled
to the sensor 110 and to a plurality of transducer 120, such that the controlling circuit 130 when
in operation is in communication with the sensor 110 and the plurality of transducers 120.
According to various embodiments, the controlling circuit 130 is configured to: (i) receive 140

the electronic noise signal 114 from the sensor 110, for example, the electrical noise signal 114
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of the respective acoustic noise signal 112 detected by the sensor 110; (ii) classify 150 the
electronic noise signal 114 by matching a sample of the electronic noise signal 114 to one or
more pre-determined cancellation filter candidates 160, for example, by implementing a
software protocol, to match the sample of the electronic noise signal 114 to one or more pre-
determined cancellation filter candidates 160; (iii) selects 170 a first pre-determined
cancellation filter 162 from the one or more pre-determined cancellation filter candidates 160,
wherein the selection 170 is based on the classified sample 150 of the electronic noise signal
114. For example, said selection 170 may be implemented using another software protocol to
select 170 the first pre-determined cancellation filter 162 from the one or more pre-determined
cancellation filter candidates 160; (iv) generate 180 an clectronic anti-noise signal 124 by
applying the first pre-determined cancellation filter 162 on the electronic noise signal 114; and
(iv) transmit the electronic anti-noise signal 124 to the plurality of transducers 120.

[0030]  According to various embodiments, the system 100 includes a prior training stage to
generate each one of the one or more pre-determined cancellation filter candidate 160. Methods
and means to obtain each one of the one or more pre-determined cancellation filter candidate
160 will be explained below, with reference to FIGS. 2A and 2B.

[0031]  The controlling circuit 130 of system 100 is configured to (i) receive 140 the
electronic noise signal 114. For example, the controlling circuit 130 may be configured to
receive 140 electronic noise signals 114 within the aforementioned specified frequency range.
Various communication protocols to enable the controlling circuit 130 to receive the electronic
noise signal 114 from the sensor 110 have also been described above, e.g. via wireless or wired
communications. In some embodiments, the received electronic noise signal 114 may be stored,
e.g. in a memory of the controlling circuit 130, before being classified 150 by the controlling
circuit 130. In another example, the electronic noise signal 114 may classified 150
immediately, e.g. upon acquisition, by the controlling circuit 130.

[0032]  The controlling circuit 130 of system 100 is further configured to (ii) classify 140
the electronic noise signal 114 by extracting a sample of the electronic noise signal 114. For
example, the controlling circuit 130 may process, ¢.g. analyze, the electronic noise signal 114
and extract a part of the electronic noise signal 114. In another example, the controlling circuit
130 processes the electronic noise signal 114 and reproduces a part of the electronic noise

signal 114 to create a sample of the respective electronic noise signal 114. The controlling
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circuit 130 is further configured to match the sample of the electronic noise signal 114 to one
or more pre-determined filter candidates 160.

[0033]  According to various embodiments, matching the sample of the electronic noise
signal 114 to the one or more pre-determined cancellation filter candidates 160 may include
determining at least one characteristic from the sample of the electronic noise signal 114. For
example, the controlling circuit 130 may process the sample of the electronic noise signal 114
to determine the at least one characteristic of the sample of the electronic noise signal 114. The
at least one characteristic may include or be: an amplitude, frequency and/or phase of the
sample of the electronic noise signal 114, in accordance with various embodiments. For
example, an amplitude of the sample of the electronic of the noise signal 114 may refer to the
discrete levels of the signal, e.g. pulse train signal. In another example, a phase of the sample
of the electronic noise signal 114 may refer to the position at a point in time of the sample of
the electronic noise signal 114. In yet another example, the frequency of the sample of the
electronic noise signal 114 may refer to the number of cycles within a unit of time, e.g.
cycles / second or Hz. Means to determine the amplitude, phase and/or frequency of the sample
of the electronic noise signal 114 will be known to those skilled in the art.

[0034]  According to various embodiments, matching the sample of the electronic noise
signal 114 to the one or more pre-determined cancellation filter candidates 160 may further
include, determining if the at least one characteristic from the sample of the electronic noise
signal 114 has a same characteristic to at least one corresponding characteristic of an exemplary
electronic signal stored within each one of the one or more pre-determined cancellation filter
candidates 160. In other words, the controlling circuit 130 may be configured to compare the
characteristic, e.g. amplitude, phase and/or frequency, of the sample of the electronic noise
signal 114 to that of the exemplary electronic signal stored within each one of the one or more
pre-determined cancellation filter candidates. For example, the controlling circuit 130 further
determines, from said comparison, if the characteristic, e.g. amplitude, phase and/or frequency,
of the sample of the electronic noise signal 114, is equal, e.g. identical, to that of the
corresponding characteristic of the exemplary electronic signal stored in each one of the one or
more pre-determined filter candidates 160. As a further example, the controlling circuit 130
may determines if, the amplitude of the sample of the electronic noise signal 114 is equal to
that of the amplitude of the exemplary electronic signal stored in each one of the one or more

pre-determined filter candidates 160. In another example, the controlling circuit 130 further
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determines, from said comparison, if the characteristic, e.g. amplitude, phase and/or frequency,
of the sample of the electronic noise signal 114, falls within a pre-defined range of the
corresponding characteristic of the exemplary electronic signal stored in each one of the one or
more pre-determined filter candidates 160. For instance, the pre-defined range may include
specified limits of the characteristic (which may be user-defined), and the controlling circuit
130 may determine if the characteristic of the sample of the electronic noise signal 114 falls
within, the pre-defined range of the exemplary electronic signal stored in each one of the one
or more pre-determined filter candidates 160. By way of illustration, the controlling circuit 130
may determine if, the frequency of the sample of the electronic noise signal 114 is within the
pre-defined range of frequencies of the exemplary electronic signal stored in each one of the
one or more pre-determined filter candidates 160. In some embodiments, the controlling circuit
130 may be configured to further determine if more than one characteristic, e.g. amplitude and
frequency, of the sample of the electronic noise signal 114 is equal to, or falls within the pre-
defined range, of the more than one corresponding characteristic of the exemplary electronic
signal stored within each one of the one or more pre-determined cancellation filter candidates
160.

[0035]  The controlling circuit 130 of the system 100 is configured to (iii) select 170 a first
pre-determined cancellation filter 162 from the one or more cancellation filter candidates 160,
wherein said selection 170 is based on the classified sample of the electronic noise signal 114.
For example, the controlling circuit 130 selects 170 the first pre-determined cancellation filter
162, when the at least one characteristic of the sample of the electronic noise signal 114 has
the same characteristic, e.g. amplitude, phase and/or frequency, as the exemplary electronic
signal stored within each one of the one or more pre-determined cancellation filter candidates
160. As a further example, the first pre-determined cancellation filter 162 is selected 170 when
the characteristic, e.g. amplitude, phase and/or frequency, is equal to, or falls within the pre-
defined range, of the corresponding characteristic of the exemplary electronic signal stored
within each one of the one or more pre-determined cancellation filter candidates 160. Thus,
selection 170 of a cancellation filter, e.g. the first pre-determined cancellation filter 162, is
dependent on the classified 150 electronic noise signal 114, which may be determined by
matching of the sample of the electronic noise signal 114 to one or more pre-determined

cancellation filter candidates 160. That is to say, the selected cancellation filter, e.g. the first
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pre-determined cancellation filter 162, has the same characteristic, e.g. amplitude, phase,
and/or frequency, to that of the electronic noise signal 114.

[0036]  The controlling circuit 130 is further configured to (iv) generate 180 an electronic
anti-noise signal 124 by applying the first pre-determined cancellation filter 162 on the
electronic noise signal 114. For example, the controlling circuit 130 may include the required
programs and instructions to generate the electronic anti-noise signal 124. The electronic anti-
noise signal 124 may include or be an opposing electronic signal to that of the electronic noise
signal 114. For example, the electronic anti-noise signal 124 may be the same as the electronic
noise signal 114, having an opposite phase at a precise time and space.

[0037]  According to various embodiments, the term “applying”, as used herein, may be
used in the context of signal processing, and may refer to the application or implementation of
a digital filter on the sampled, discrete-time signal, e.g. the electronic noise signal.

[0038]  According to various embodiments, the term “anti-noise”, as used herein, may refer
to a signal in the digital and/or analog domain, that is produced to cancel, e.g. reduce, at least
part of the incoming noise signal. For example, the acoustic anti-noise signal may be an
opposing sound wave with the same amplitude at the precise time and space of the incoming
acoustic noise signal, such that the acoustic anti-noise signal at least, cancels or reduces the
amplitude of the incoming acoustic noise signal. Within the context of the disclosure, the
acoustic anti-noise signal is configured to cancel at least part of the acoustic noise signal such
that the user no longer perceives the disturbance, e.g. acoustic noise signal, or it is at a level
that may be acceptable to the user.

[0039]  The controlling circuit 130 is further configured to be operably coupleable to a
plurality of transducers 120, such that when operably coupled, the controlling circuit 130 is in
communication with the plurality of transducers 120. The controlling circuit 130 thus,
(v) transmits the electronic noise signal 124 to a plurality of transducers 120. For example, the
electronic anti-noise signal 124 may be stored in the controlling circuit 130, e.g. in a memory
in the controlling circuit 130 before being transmitted to the plurality of transducers 120. In
another example, the electronic anti-noise signal 124 may immediately, e.g. upon acquisition,
be transmitted to a controlling circuit 130. Means for the transmission of the electronic anti-
noise signal 124 to the plurality of transducers 120 may include wireless or wired

communications, as explained above, and the controlling circuit 130 and the plurality of
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transducers 120 may thus be equipped with the required architecture to transmit and receive,
respectively, the electronic anti-noise signal 124.

[0040]  The plurality of transducers 120 are configured to generate the acoustic anti-noise
signal 122 from the electronic anti-noise signal 124 received from the controlling circuit 130.
For example, the plurality of transducers 120 may include a digital-to-analog (DAC) converter
to convert the electronic anti-noise signal 124 in the digital domain, into the acoustic anti-noise
signal 122 in the analog domain. In a further example, the plurality of transducers 120 may
include amplifiers to amplify the acoustic anti-noise signal 122. According to various
embodiments, the acoustic anti-noise signal 122 may include or be: an acoustic wave with the
same or similar amplitude but with an inverted phase, i.c. anti-phase, relative to the acoustic
noise signal 112. For example, the amplitude of the acoustic anti-noise signal 122 may be
proportional to the amplitude of the original acoustic noise signal 112.

[0041] The ANC system 100, in accordance with various embodiments of the disclosure,
generates the acoustic anti-noise signal 122, to cancel, at least part of, the acoustic noise signal
112, when the acoustic anti-noise signal 122 is added to the acoustic noise signal 112, for
example, via wave superimposition and destructive interference. Specifically, when the
acoustic anti-noise 122 and noise 112 signals superimpose, they interfere with each other to
form a resultant acoustic signal which may have a lower amplitude, such that the
superimposition of said signals effectively cancels, at least part of, the acoustic noise signal
112. That is to say, the addition of the acoustic anti-noise signal 122 to the acoustic noise signal
112 results in destructive interference, which effectively reduces the volume of the perceivable
noise to the user. In preferred embodiments, the acoustic anti-noise signal 122 effectively
cancels the acoustic noise signal 112, such that the acoustic noise signal 112 is no longer
perceived as noise to the user. As a result, noise disturbance or disruption to the user is no
longer present or at least, significantly reduced.

[0042]  According to various embodiments, the one or more pre-determined cancellation
filter candidates 160 may be stored within a library of pre-determined cancellation filters 190.
For example, the library of pre-determined cancellation filters 190 may be assembled by the
one or more pre-determined cancellation filter candidates 160 which may be obtained from the
prior training stage, as will be explained below.

[0043]  According to various embodiments, the library of pre-determined cancellation filters

190 may be stored in the controlling circuit 130, for example, a memory in the controlling
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circuit 130. In another example, the library of pre-determined cancellation filters 190 may be
stored on a server of a cloud network. In such embodiments, the classification 150 of the
electronic noise signal 114, and selection 170 of the first pre-determined cancellation filter 162
from the one or more pre-determined cancellation filter candidates 160 within the library of
pre-determined cancellation filters 190 may be performed on the server. Accordingly, the
controlling circuit 130 may be configured to communicate with the server via wired or wireless
communications, and may be equipped with the required architecture to support such
communication, as explained above. In some embodiments, the library of pre-determined
cancellation filters 190 may be stored in another microprocessor external to the controlling
circuit 130. The controlling circuit 130 may thus be configured to communicate with another
microprocessor via wired or wireless communications, and may be equipped with the required
architecture to support such communication, as explained above.

[0044]  Advantageously, the system 100 for actively cancelling at least part of an acoustic
noise signal 112, via the application of a selected pre-determined cancellation filter among the
one or more pre-determined cancellation filters 160 on the electronic noise signal 114, provides
content-aware, i.e. tailored to noise type, and instantaneous noise reduction or cancellation.
[0045]  FIGS. 2A and 2B show exemplary schematic illustrations of a training system 200
and the algorithm 250 implemented by the training system 200, for generating each one of the
one or more pre-determined cancellation filter candidates 160, in accordance with various
embodiments. FIG. 2A shows a schematic illustration of a training system 200 of the prior
training stage for generating each one of the one or more pre-determined cancellation filter
candidates 160. The prior training stage may be based on an adaptive filtering process as known
to those skilled in the art. In preferred embodiments, the training system 200 of the prior
training stage may be based on a multichannel, feedforward, filtered x-least, mean square
(FXLMYS) algorithm on a feedforward ANC structure. The training system 200 may be used to

determine an optimized, pre-determined coefficient wz,fixed (n) for each one of the one or

more pre-determined cancellation filter candidates 160, which is used to generate the electronic
anti-noise signal 124.

[0046]  The training system 200 may include a training reference microphone array 210
configured to detect a training acoustic noise signal 212, which may include or may be primary
noise types which is desired by a user to be cancelled. For example, the training noise signal

212 may include low-frequency noise, specifically, low-frequency urban environmental noise
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typically perceived as unwanted by the user. As a further example, the training noise signal
212 may be selected from the group of: aircraft fly-by, motorbike pass-by, traffic noise, or
compressor noise. The training acoustic noise signal 212 may be converted into a training
electronic noise signal 214, for example, by an ADC. As a further example, the training
electronic noise signal 214 may be filtered by an estimation of the secondary path S(z). The
filtered training electronic noise signal 214 may then be applied to a least-mean-square block
230 (LMS) employing the FXLMS algorithm, and to training cancellation filters 260. The
FXLMS algorithm employed by the LMS block 230 may then calculate and update a training
coefficient for each one of the training cancellation filters 260, to generate a training electronic
anti-noise signal 224.

[0047]  The training electronic anti-noise signal 224 may be generated by applying the
training coefficient on a reference signal x(n), which may be the training electronic noise
signal 214. The training electronic anti-noise signal 224 may be transmitted to a training
transducer array 220 which generates a training acoustic anti-noise signal 222, for example, via
a DAC converter. The training acoustic anti-noise signal 222 may be added to the training
acoustic noise signal 212 to cancel, at least part of the training acoustic noise signal 212, which
may generate a resultant training acoustic signal 242 via destructive interference, in a similar
manner to that as explained with reference to system 100. In other words, the resultant training
acoustic signal 242 may be a sound wave resulting from the superposition of the training
acoustic noise 212 and anti-noise 222 signals.

[0048]  The training system 200 further includes the training error microphone array 240
configured to detect the resultant training acoustic signal 242, and convert it into a resultant
training electronic signal 244, which is fed-back to the LMS block 230. The training system
200 aims to reduce the sum-of-the-squared pressure at the training error microphone array 240,
and the training process may thus be re-iterated until a steady-state is achieved, whereby noise
is minimized to a desired level (which may be determined by the user). In other words, the
LMS block 230 optimizes and updates the training coefficient of the training cancellation filters
260, based on the sum-of-squared pressure level at a training error microphone array 240, and
re-iterates the process until the sum-of-squared pressure level at the training error microphone
array 240 is minimized. The optimized training coefficient may then be stored as a pre-

determined coefficient Wzﬂxed(n) for each one of the one or more pre-determined

cancellation filter candidates 160, which is employed in system 100 to generate the electronic
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anti-noise signal 124. In sum, the training system 200 utilizes the multichannel, feedforward
FXLMS algorithm 250 to update the training coefficients in the training cancellation filter 260
until it converges to a steady-state, to obtain the optimized pre-determined coefficient

Wz. rixea(n) for each one of the one or more pre-determined cancellation filter candidates 160.

[0049]  FIG. 2B shows an exemplary schematic illustration of the multichannel, feedforward
FXLMS algorithm 250, adopted by training system 200. Referring to training system 200 and
algorithm 250, the training reference microphone array 210 may include a single reference
microphone (J = 1) to detect an impinging noise, e.g. the training acoustic noise signal 212,
and convert it into the training electronic noise signal 214. The training electronic noise signal
214 may be provided to for example, four training cancellation filters 260 (K = 4), to drive
the training transducer array 220, which includes four transducers (K = 4) to minimize the
sum-of-the-squared pressures at the training error microphone array 240, which includes four
error microphones (M = 4). The m-th error microphone signal e,,(n) can thus be expressed

as:

K

(1) = d(1) = ) 5ye () = [WE ()], M

k=1

where d,,,(n) = p,(n) * x(n) is the disturbance to be cancelled at the m-th error microphone
of the training error microphone array 240, and s, (n) is the real secondary path transfer
function from the k-th transducer of the training transducer array 220, to the m-th error
microphone  of  the  training  error  microphone  array  240. wg(n) =
[Weo(n) wi1(m) - wy,_1(n)]T is the training coefficient vector of the training
cancellation  filters 260, which may have an order L, and x(n)=
[x(n) x(n—1) -+ x(n—L+1)]T, e.g. training electronic noise signal 214, is the
reference signal vector of W(z).

[0050]  The k-th equation of the FXLMS algorithm is thus given by:

M
Win+ 1) = W) + 1 ) K (e (), M

=1

where u is the step size, and Xp,, (n) = $pp(n) = x(n) is the filtered reference signal, e.g.

filtered training electronic noise signal 214, from the measured secondary path estimates
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Smr(n). Hence, the k-th secondary source output of the training transducer array 220, is given

by:

yi(n) = wi(n) * x(n). 3)

[0051]  The fixed-filter approach was adopted by training system 200 for repeatability in the
measurement of attenuation and to mimic practical realization of system 100 for actively
cancelling an acoustic noise signal 112 entering a room 410 through an aperture 420 of the
room 410. During the training stage, each primary noise type, e.g. the training acoustic noise
signal 212, was played on loop to allow the FXLMS algorithm to converge to a steady state,
after which the optimized coefficient wzy fixea() was stored, as the pre-determined coefficient
Wz, fixea() in each one of the one or more pre-determined cancellation filters candidates 160
for implementation in system 100. In other words, the pre-determined coefficient
Wz, rixea() stored in each one of the one or more pre-determined cancellation filter candidates
160, for generating the electronic anti-noise signal 124 based on the electronic noise signal
112, is an optimized coefficient obtained from training system 200.

[0052]  In accordance with various embodiments, the library of pre-determined cancellation
filters 190 including the pre-determined, e.g. optimized, coefficient wzﬂxed(n) for each one
of the one or more pre-determined cancellation filter candidates 160 may be deployed in system
100 for actively cancelling the acoustic noise signal 112. However, unlike the training system
200 where the FXLMS approach is employed, the selection of a pre-determined cancellation
filter is based on the classified 150 sample of the electronic noise signal 114. In other words,
adaptive filtering and the FXLMS algorithm may not be performed by system 100 for actively
cancelling at least, part of the acoustic noise signal 112.

[0053]  According to various embodiments, the training system 200 and the system 100 for
actively cancelling the acoustic noise signal 112, may be operably coupled such that they are
in communication with each other. For example, the training system 200 and system 100 may
communicate via wired or wireless communications and may include the required architecture
to support such communication means. In accordance with various embodiments, additional
pre-determined cancellation filter candidates may be added to the library of pre-determined

cancellation filters 190. In a further example, the pre-determined coefficient WE, fixea(n) for
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each one of the one or more pre-determined cancellation filter candidates 160 may be updated
with a further optimized pre-determined coefficient wy, Fizea (V).

[0054]  According to various embodiments, the generation 180 of the electronic anti-noise
signal 124 may include convolving, e.g. linear convolution, the reference signal x(n) with the
pre-determined coefficient WI’ fixea(n)of the first pre-determined cancellation filter 162. The
pre-determined coefficient wrlr’ rixea(n) may include or be the optimized coefficient obtained

using adaptive filtering and the FXLMS algorithm during the prior training stage 200. The
reference signal x(n), may include or be a constant stream of digitized audio signal that is
picked up by the sensor 110. For example, the reference signal x(n), may be the electronic
noise signal 114 detected by the sensor 110. Thus, generating the electronic anti-noise signal

124 of the k-th transducer of the plurality of transducers 120, may be given by:
yi(n) = Wl,fixed(n) * x(n). 4

where Wy riveq(n) is the pre-determined coefficient vector of the k -th pre-determined
cancellation filter. For example, generating the electronic anti-noise signal 124 using the first
pre-determined cancellation filter 162 is given by, y;(n) = w{ frixea(n) * x(n). Said
convolution may be implemented using a finite impulse response filter, which is known to
those skilled in the art. Alternatively, it is envisioned that generating the electronic anti-noise
signal 124 may be implemented in an infinite impulse response filter.

[0055]  FIG. 3 shows a schematic illustration of the method 300 employed by the training
system 200, by way of example and in accordance with various embodiments. Method 300
may include a noise database 310 for generating 320 a desired noise signal. New primary noise
types, e.g. training acoustic noise signal 212, may be added to the noise database 310. Further,
the updated noise database 310 may be transmitted to the controlling circuit 130, and may be
used in to classify 140 the electronic noise signal 114 in system 100 for actively cancelling at
least part of the acoustic noise signal 112. At step 320, the noise database 310 may thus be used
to generate the training acoustic noise signal 212. At step 330, method 300 may include
detecting the training acoustic noise signal 212 at the training microphone array 210 and
converting it into the training electronic noise signal 214. Step 340 may include generating the
training electronic anti-noise signal 224 by applying a training cancellation filter 260 on the
training electronic noise signal 214. Step 340 further includes, transmitting the training

electronic anti-noise signal 224 to the training transducer array 220, where said signal is
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converted into the training acoustic anti-noise signal 222. Step 340 may further include adding
the training acoustic noise 212 and anti-noise 222 signals to generate the resultant training
acoustic signal 242. Step 350 may thus include, monitoring the resultant training acoustic signal
242 at the training error microphone array 240, and to convert it into the resultant training
electronic signal 244, which is fed-back to the LMS block 230. Step 360 may include detecting,
if the training system 200 is at steady-state, and may further include re-iterating 362, steps 340
and 350 until steady-state is achieved, where noise is minimized to a desired level. Once steady-
state is achieved, step 370 may include storing the optimized coefficient as the pre-determined
coefficient wy, fixed(n) of the one or more pre-determined cancellation filter candidates 160
for implementation in system 100. Step 380 may thus include preparing and assembling the
library of pre-determined cancellation filters 190, including the pre-determined coefficient
Wy rixed (n) for each one of the one or more pre-determined cancellation filter candidates 160,
which may be transmitted 382 and stored in the controlling circuit 130, or transmitted for
storage in a server. The library of pre-determined cancellation filters 190 is then employed in
system 100 to generate the electronic anti-noise signal 124.

[0056]  FIG. 4 shows an exemplary schematic illustration of a use condition and the layout
of the system 400 for actively cancelling the acoustic noise signal 112 entering through an
aperture 420 of a room 410, in accordance with various embodiments. The ANC system 400
may be deployed in a room 410 which includes an aperture 420. For example, the aperture 420
may include or be the window or door of the room 410. The system 400 is based on system
100 and repeated descriptions are omitted for brevity. In system 400 for actively cancelling the
acoustic noise signal 112, the sensor 110 may be located at a position proximal to the aperture
420 of the room 410 as will be explained with reference to FIGS. 5A to SF. For example, the
sensor 110 may be located on an outer moveable frame 530, e.g. window panel, attached to the
aperture 420 of the room. As a further example, the sensor 110 may be located exterior to the
aperture 420 of the room 410, for instance, on the fagade of the building. The system 400
further includes the plurality of transducers 120, which may be placed at the aperture 420 of
the room 410, as will be explained with reference to FIGS. 5A to S5F. For example, the plurality
of transducers 120 may be placed at the stool or the casing of the window. The controlling
circuit 130 configured to generate the electronic anti-noise signal 124 may be located in the

room 410. For example, the controlling circuit 130 may be placed adjacent to the plurality of
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transducers 120, at the stool or the casing of the window. As a further example, the controlling
circuit 130 may be placed inside the room 410.

[0057] A reference position 430, which is spaced apart from the aperture 420 of the room
410, may be designated. For example, the reference position 430 may be spaced 0.2 m, 0.5 m,
1 m, or 2 m apart from the aperture 420 of the room 410. As mentioned above, the addition of
the acoustic noise 112 and anti-noise 122 signals generates the resultant acoustic signal 432,
which may be detected by the reference sensor 440 placed at the reference position 430 of the
room 410. Said reference sensor 440 may be configured to convert the resultant acoustic signal
432 into a resultant electronic signal 434, and may further be configured to determine a sum-
of-squared acoustic pressure at the reference position 430 from the resultant electronic signal
434.

[0058]  In accordance with various embodiments, since system 400 includes the library of
pre-determined cancellation filters 190, where each one of the one or more pre-determined
cancellation filter candidates 160 within the library 190 includes the pre-determined, e.g.

optimized, coefficient wzlfixed(n), for generating the electronic anti-noise signal 124, the

acoustic anti-noise signal 122 may effectively cancel, at least part of, the acoustic noise signal
112. As a result, the sum-of-the-squared acoustic pressure level of the resultant acoustic signal
432 (i.e. based on the addition of the acoustic noise 112 and anti-noise 122 signals) at the
reference position 430 may be minimized.

[0059] FIGS. 5A to 5G show exemplary schematic illustrations of the physical
configurations of the system 100, 400, in relation to the aperture 420 of the room 410, in
accordance with various embodiments.

[0060]  FIG. 5A shows a cross-sectional view 500A of the physical configuration of the
system 100, 400. As shown in FIG. 5A, a stationary frame 510 may include a stationary frame
510 attached to the aperture 420 of the room 410. For example, the stationary frame 510 may
be fixed, or permanently attached to the aperture 420 of the room 410. As a further example,
the stationary frame 510 may include or be, a window frame or door frame which is affixed to
the aperture 420 of the room 410. The stationary frame 510 may be configured to receive a
support 520. In other words, the support 520 and the stationary frame 510 are separate and the
support 520 may thus be removably disposable in relation to the stationary frame 510. The
plurality of transducers 120 may be mounted on the support 520. For example, the plurality of
transducers 120 may be fixed on the boundary, e.g. edge of the support 520, and may not be
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distributed across the support 520. The support 520, including the plurality of transducers 120,
may then be attached to the stationary frame 510. That is to say, the plurality of transducers
120, which is mounted on the support 520 may be fitted to the stationary frame 510 of any
aperture 420, and is removeable to the aperture 420. In some embodiments, the controlling
circuit 130 may also be mounted on the support 520, for instance, adjacent to the plurality of
transducers 120. Alternatively, the controlling circuit 130 may be positioned in the room 410.
[0061]  According to various embodiments, plurality of transducers 120 may be mounted on
at least one edge of the support 520. For example, the plurality of transducers 120 may be
mounted on at least one edge of the boundary or border, of the support 520. In preferred
embodiments, the plurality of transducers 120 may be mounted on the entire circumference,
e.g. all edges of the support 520, as may be seen in the examples of FIGS. 5A to 5G.

[0062]  FIGS. 5B to 5D show the 3D perspective view 500B, side view 500C, and inner
view 500D of the physical configuration of system 100, 400, respectively, which may be
mounted on an awning, i.e. top-hung window. Referring to FIGS. 5B to 5D, in addition to the
stationary frame 510 and support 520 including the plurality of transducers 120, the system
100, 400 may further include an outer moveable frame 530 coupled to the stationary frame 510.
The outer moveable frame 530 may include a pane 540 set within the outer moveable frame
530. For example, the pane 540 may include or be a glass window pane or a wooden pane of a
door. As a further example, the outer moveable frame 530 may include or be the hinged portion
of the window or door.

[0063]  According to various embodiments, the sensor 110 may be affixed to the outer
moveable frame 530 which is coupled to the stationary frame 510. For example, as shown in
configuration 500B, the sensor 110 be placed on the outer moveable frame 530, facing the
acoustic noise signal 112. As a further example, as shown in configuration 500C, the sensor
110’ may also be placed on the facade 550 of the building, for instance, on any permanent
protrusion extending from the building.

[0064]  Advantageously, since the support 520, including the plurality of transducers 120, is
removably disposable in relation to the stationary frame 510, the system 100, 400 may therefore
be easily fitted, e.g. installed and removed, on a stationary frame 510 which is fixed to the
aperture 420. Further, the plurality of transducers 120 which are mounted on the boundary of

the support 520 may provide minimal visual and physical obstructions. As a result, an
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undesired acoustic noise signal 112 may be instantaneously cancelled, with minimal visual and
physical obstruction, for example, to natural ventilation.

[0065]  According to various embodiments, the system 100, 400 may further include a
motion sensor 560, as shown in the example of FIG. 5D. The motion sensor 560 may be placed
on the outer moveable frame 530, the support 520, and/or the stationary frame 510, and may
include or be a contact sensor, e.g. window or door contact sensor. The motion sensor 560 may
be configured to detect a movement of the outer moveable frame 530 in relation to the
stationary frame 510. In addition, the motion sensor 560 may determine information about an
arrangement of the stationary frame 510 and the outer moveable frame 530. The arrangement
of the stationary frame 510 and the outer moveable frame 530 may adopt a closed arrangement,
where the outer moveable frame 530 is in contact with the stationary frame 510. For example,
the outer moveable frame 530 may block the aperture 420 (via the pane 540) in the closed
arrangement, and thus block the ventilation flow passing through the aperture 420. In the closed
arrangement, the pane 540 may also act as a passive noise barrier to reduce an acoustic noise
signal 112 that may enter in the closed arrangement. The arrangement of the stationary frame
510 and the outer moveable frame 530 may also adopt an open arrangement, where the outer
moveable frame 530 is partially separated from the stationary frame 510. For example, the
outer moveable frame 530 may be spaced apart from the stationary frame 510, such that the
aperture 420 may not be blocked and may permit natural ventilation through the aperture 420.
[0066]  FIGS. 5E to 5G show examples of the placement of the support 520 on the stationary
frame 510 attached to the aperture 420 of a room 410, in accordance with various embodiments.
In the example shown in FIG. 5SE, the plurality of transducers 120 may be mounted on the
support 520 and fixed to the stationary frame 510 of, for example, a sliding window. In the
example shown in FIG. 5F, the support 520 may be fixed to the stationary frame 510 of, for
example, a casement window. In the example shown in FIG. 5G, the support 520 may be fixed
to the stationary frame 510 of multiple window types, for example, a window including awning
and casement windows, illustrating the versatility of the system 100, 400. In the examples
shown in FIGS. 5E to 5G, the sensor 110, 110° and motion sensor 560 may be placed as
described above in relation to FIGS. 5A to 5D, and repeated description will be omitted.
[0067]  FIG. 6 shows an exemplary schematic illustration of a use condition of the system
600, according to various embodiments. The system 600 may be based on the system 100, 400

described in relation to FIGS. 1 to 5G, and repeated descriptions will be omitted for brevity.
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System 600 may include a user interface 610 operably coupled to the controlling circuit 130
and may communicate with the controlling circuit 130 to receive a user’s input. The user
interface 610 and controlling circuit 130 be coupled via wired or wireless means, and may
include the necessary architecture to support said communication protocols. For example, the
user interface 610 may be a portable interface and may include hand-held devices such as
smartphones, laptops, tablets, or consoles. Alternatively, the user interface 610 may be a
display panel attached to the controlling circuit 130. In accordance with various embodiments,
the user interface may receive an input of a user’s selection of a pre-determined cancellation
filter, for example, the second pre-determined cancellation filter 164, selected from the one or
more pre-determined cancellation filter candidates 160. The second pre-determined
cancellation filter 164 may differ from a previously selected pre-determined cancellation filter,
e.g. the first pre-determined cancellation filter 164. For example, the user may select a pre-
determined cancellation filter to cancel undesired construction noise, instead of a previously
selected pre-determined cancellation filter which cancels undesired aircraft noise. In
accordance with various embodiments, the controlling circuit 130 may receive the input from
the user interface 610 and in response, may deactivate the first pre-determined cancellation
filter 162 and activate the second pre-determined cancellation filter 164. For example, the
controlling circuit 130 may terminate the application of the first pre-determined cancellation
filter 162 and apply the second pre-determined cancellation filter 164, regardless of the acoustic
noise signal 112 detected by sensor 110. In other words, the user’s selection of the second pre-
determined cancellation filter 164 may override the previously selected first pre-determined
cancellation filter 162.

[0068]  System 600 may further include the embodiment, wherein the controlling circuit 130
is further configured to receive information about the arrangement of the stationary frame 510
in relation to the outer moveable frame 530, from the motion sensor 560. In system 600, the
controlling circuit 130 may be operably coupled to the motion sensor 560 and may
communicate with the motion sensor 560. The motion sensor 560 and the controlling circuit
130 may be connected via wired or wireless means, and may include the necessary architecture
to support such communication protocols. The controlling circuit 130 may be configured to
receive the information about the arrangement from the motion sensor 560. For example, the
controlling circuit 130 may receive information as to whether the arrangement of the stationary

frame 510 in relation to the outer moveable frame 530 is in the closed, or in the open
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arrangement. In another example, the motion sensor 560 may detect the movement of the outer
moveable frame 530 in relation to the stationary frame 510. In accordance with various
embodiments, the controlling circuit 130 may activate the system 600 when the motion sensor
560 determines that the arrangement is in the open arrangement. For example, the system 600
may be activated to actively cancel a detected acoustic noise signal 112 when said acoustic
noise signal 112 passes through the aperture 420 of the room 410 in the open arrangement. As
a further example, when the aperture 420 is the window or door of the room 410, the system
600 may be activated when it receives information that the window or door is open. In
accordance with various embodiments, the controlling circuit 130 may be configured to
deactivate the system 600 when the motion sensor 560 determines that the arrangement is the
closed arrangement. For example, the system 600 may not operate to actively cancel the
detected acoustic noise signal 112, in particular, since the outer moveable frame 530 including
pane 540, may act as a passive noise barrier to reduce the perceived noise level to a volume
that may be acceptable by the user. As a further example, when the aperture 420 is a window
or a door of the room 410, the system 600 may be deactivated when it receives information that
the window or door is closed. Nevertheless, it is envisioned that the system 600 may be
activated when the motion sensor 560 determines that the arrangement is the closed
arrangement. For example, to cancel the acoustic noise signal 112 which leaks through the pane
540. In some other embodiments, the system 600 may be activated when the motion sensor 560
detects a movement of the outer moveable frame 530 in relation to the stationary frame 510,
for example, when the window is being opened by the user.

[0069]  According to various embodiments, the controlling circuit 130 may deactivate the
system 100, 400, 600, when at least one characteristic from the sample of the electronic noise
signal 114 is different from the at least one corresponding characteristic of the exemplary
electronic signal stored within each one of the one or more pre-determined cancellation filter
candidates 160. For example, the system 100, 400, 600 may be deactivated when it is
determined that the phase, frequency and/or amplitude of the sample of the electronic noise
signal 114 does not have the same characteristic to a corresponding characteristic of the
exemplary electronic noise signal stored within each one of the one or more pre-determined
cancellation filter candidates 160. In other words, the system 100, 400, 600 may be deactivated

when the sample of the electronic noise signal 114 may not be matched to the one or more pre-
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determined cancellation filter candidates 160, and hence may not be classified 150 by the
controlling circuit 130.

[0070]  According to various embodiments, the controlling circuit 130 may be further
configured to determine a deviation of the at least one characteristic from the sample of the
electronic noise signal 114 to a corresponding pre-determined threshold value. For example,
the controlling circuit 130 may be configured to subtract a value of the characteristic, e.g. value
of the amplitude, phase and/or frequency, from a corresponding pre-determined threshold
value. The controlling circuit 130 may then activate the system 100, 400, 600 when the
deviation of the at least one characteristic from the sample of the electronic noise signal is
greater than the corresponding pre-determined threshold value. For example, the controlling
circuit 130 may activate the system 100, 400, 600 when the deviation, e.g. subtracted value
determined in the preceding step, is greater than the corresponding pre-determined threshold
value. For example, the system 100, 400, 600 may be activated to cancel the detected acoustic
noise signal 112 when the deviation, e.g. value of frequency, is greater than that of the pre-
determined threshold value. In other words, the system 100, 400, 600 may operate when it is
determined that the subtracted amplitude, phase and/or frequency is greater than the pre-
determined threshold value determined by the user.

[0071]  According to various embodiments, the controlling circuit 130 may be configured to
generate the electronic anti-noise signal 124, when the electronic noise signal 114 is in a range
of 20 Hz to 850 Hz. In preferred embodiments, the electronic anti-noise signal 124 may be
generated when the electronic noise signal 114 is within the range of 100 Hz to 700 Hz. For
example, the controlling circuit 130 may determine the at least one characteristic as being the
frequency of a sample of the electronic noise signal 114, and may activate the system 100, 400,
600 when it detects that the frequency of the sample of the electronic noise signal 114 is within
said range. As a further example, the one or more pre-determined cancellation filter candidates
160 within the library of pre-determined cancellation filters 190 may be optimized, e.g. during
the prior training stage, such that the pre-determined coefficient Wy rixeq (n) for each one of
the one or more pre-determined cancellation filter candidates 160, cancels acoustic noise
signals 112 within the indicated range. In other words, the system 100, 400, 600, may be
configured to actively cancel acoustic noise signals 112 in in the frequency range of 20 Hz to
850 Hz, or preferably, 100 Hz to 700 Hz, and does not cancel acoustic noise signals 112 outside

of said frequency range.
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[0072]  Advantageously, the system 100, 400, 600 in accordance with various embodiments
of the disclosure may be optimized for low-frequency urban environmental noise, which may
be typically perceived as being undesired or unwanted by a user. Further, the ANC system 100,
400, 600 may be easily fitted to any aperture, e.g. openable facade element to provide minimal
visual and physical obstruction, e.g. to natural ventilation. The ANC system 100, 400, 600 may
also function independently, and provide user-specific, content-aware, instant noise
cancellation through the application of a selected pre-determined cancellation filter, for low-
frequency urban environmental noise.

[0073]  FIG. 7 shows an exemplary schematic illustration of method 700 for actively
cancelling an acoustic noise signal 112 entering a room 410 through an aperture 420 of the
room 410, in accordance with various embodiments. Method 700 includes, at step 710,
providing a sensor 110 to detect the acoustic noise signal 112 and to convert the acoustic noise
signal 112 into an electronic noise signal 114. For example, the sensor 110 may include or be
an acoustic sensor that detects the acoustic noise signal 112 entering through the aperture 420.
The sensor 110 may further include, for example, an ADC to convert the acoustic noise signal
112 into the electronic noise signal 114. Method 700 also includes, at step 720, transmitting
the electronic noise signal 114 from the sensor 110 to a controlling circuit 130 operably coupled
to the sensor 110 and to a plurality of transducers 120. For example, the sensor 110, plurality
of transducers 120 and the controlling circuit 130 may be coupled through wireless or wired
means, and may include the necessary architecture to support such communication protocols.
Method 700 also includes, at step 730, classifying using the controlling circuit 130, the
electronic noise signal 114 by matching a sample of the electronic noise signal 114 to one or
more pre-determined cancellation filter candidates 160. For example, the controlling circuit
130 extracts a sample of the electronic noise signal 114, and determines at least one
characteristic which may be selected from the group of: frequency, phase and/or amplitude.
Step 730 may further include, determining if the at least one characteristic from the sample of
the electronic noise signal 114 has a same characteristic to at least one corresponding
characteristic of an exemplary electronic signal stored within each one of the one or more pre-
determined cancellation filter candidates 160. For example, the controlling circuit 130 may
determine if the phase, amplitude and/or frequency of the sample is equal to, or falls within a
specific range of the exemplary electronic signal stored within each one of the one or more pre-

determined cancellation filter candidates 160.
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[0074]  Based on the classified sample of the electronic noise signal, method 700 also
includes, at step 740, selecting using the controlling circuit 130, a first pre-determined
cancellation filter 162 from the one or more pre-determined cancellation filter candidates 160.
For example, the exemplary electronic signal stored in the first pre-determined cancellation
filter 162, may have at least one same characteristic of a phase, amplitude and/or frequency, to
a corresponding at least one same characteristic of the sample of the electronic noise signal
114.

[0075]  Method 700 also includes, at step 750, generating using the controlling circuit 130,
an electronic anti-noise signal 124 by applying the first pre-determined cancellation filter 162
on the electronic noise signal 114. In accordance with various embodiments, each one of the
one or more pre-determined cancellation filter candidates may include a pre-determined
coefficient WE‘ fixea(n) for generating the electronic anti-noise signal 124. For example, the
pre-determined coefficient wrl,;ﬂxed (n) may be obtained from a prior training stage as
explained above with reference to training system 200 in FIGS. 2A and 2B. As a further
example, the pre-determined coefficient w{lﬁxed(n) may be the optimized coefficient for
cancelling a training acoustic noise signal 212, and may be obtained by adaptive filtering and
employing the FXLMS algorithm. According to various embodiments, generating the
electronic anti-noise signal 124 using the controlling circuit 130, at step 750, may include
convolving a reference signal x(n) with the pre-determined coefficient w7 fixea(n) of the first
pre-determined cancellation filter 162. For example, the electronic anti-noise signal 124 may
be generated by convolving the pre-determined coefficient WI, frixea(n) of the first pre-
determined cancellation filter 162 with the reference signal x(n), which may be the electronic
noise signal 114, and given by, y,(n) = WI, rixea() * x(n).

[0076] The convolution of the signals may be implemented in a finite impulse response
filter, in accordance with the various embodiments of the disclosure. Alternatively, the
convolution of the signals may be implemented in an infinite impulse response filter. As such,
the generated electronic anti-noise signal 124 based on the optimized pre-determined
coefficient WI’ frixea(n) of the first pre-determined cancellation filter 162 may be designed to
effectively cancel at least part of, the acoustic noise signal 112.

[0077]  Method 700 includes, at step 760, transmitting using the controlling circuit 130, the

electronic anti-noise signal 124 to the plurality of transducers 120. For example, the electronic
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anti-noise signal 124 may be transmitted via wired or wireless communications since the
plurality of transducers 120 are operably coupled, e.g. in communication, to the controlling
circuit 130. Step 760 further includes generating the acoustic anti-noise signal 122 from the
electronic anti-noise signal 124, by the plurality of transducers 120. For example, the plurality
of transducers 120 may include a DAC to generate the acoustic anti-noise signal 122.
According to various embodiments, the acoustic anti-noise signal 112 cancels at least part of,
the acoustic noise signal 112, when the acoustic anti-noise signal 122 is added to the acoustic
noise signal 112. For example, the addition of the acoustic noise 112 and anti-noise 122 signals
results in destructive interference to cancel at least part of the acoustic noise signal 112. As a
further example, acoustic anti-noise signal 122 may have the same amplitude and frequency
but a phase opposite to that of the acoustic noise signal 112. In preferred embodiments, the
acoustic anti-noise signal 122 effectively cancels, via destructive interference, the acoustic
noise signal 112, such that the user no longer perceives the unwanted or undesired acoustic
noise signal 112.

[0078] Inaccordance with various embodiments, the addition of the acoustic anti-noise 122
and noise 112 signals at step 760 may minimize the sum-of-squared acoustic pressure level at
areference position 430 in the room 410. The reference position 430 may be spaced apart from
the aperture 420 of the room 410. For example, a reference sensor 440, e.g. acoustic sensor,
may be placed at the reference position 430 to detect the acoustic pressure level, and to
calculate the sum-of-squared acoustic pressure level at the reference position 430. In
accordance with the various embodiments of the disclosure, the cancellation of the acoustic
noise signal 112 by the acoustic anti-noise signal 122 minimizes the sum-of-squared acoustic
pressure level at the reference position 430.

[0079]  According to various embodiments, the one or more pre-determined cancellation
filter candidates 160 may be stored within a library of pre-determined cancellation filters 190.
For example, the library of pre-determined cancellation filter 190 may be assembled during the
prior training stage as explained with reference to FIGS. 2A and 2B. According to various
embodiments, the library of pre-determined cancellation filters 190 may be stored in one or
more of: a server (e.g. cloud network of the server), or within a memory of the controlling
circuit 130. For example, the library of pre-determined cancellation filters 190 may be stored
in a server external to the controlling circuit 130, e.g. another microprocessor. Alternatively,

in another example, the library of pre-determined cancellation filters 190 may be stored in a
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physical memory storage within the controlling circuit 130. The library of pre-determined
cancellation filters 190 may be updated via wired or wireless communications, in accordance
with various embodiments. For example, the pre-determined coefficient w',Eﬂxed (n) for the

one or more pre-determined cancellation filter candidates 160 may be replaced with an updated
optimized pre-determined coefficient. As a further example, additional pre-determined
cancellation filter candidates 160 may be added to the library of pre-determined cancellation
filters 190.

[0080] Method 700 may further include, at step 770, attaching a stationary frame 510 which
is coupled to an outer moveable frame 530, to the aperture 420 of the room 410, as illustrated
with reference to examples 500A to 500G of FIGS. 5A to 5G. For example, the stationary
frame 510 may include a casing around or surrounding the border of the aperture 420, and the
outer moveable frame 530 may enclose a pane 540. As a further example, the stationary frame
510 may be a window frame or a door frame, and the outer moveable frame 530 may include
the moveable frame enclosing the windowpane or a door frame enclosing the door, e.g. hinged
portion of window or door frame.

[0081]  Step 770 may further include, providing a support 520, configured to be attached to
the stationary frame 510. For example, the support 520 may have similar dimensions to that of
the stationary frame 510, and may be fixed to the stationary frame 510. In other words, the
support 520 may be removably disposable in relation to the stationary frame 510. The plurality
of transducers 120 may be mounted on the support 520, for example on at least one edge of the
support 520. In preferred embodiments, the plurality of transducers 120 may be mounted on
all edges of the support 520, for example, on the entire circumference of the support 520.
[0082]  Step 770 may also include, affixing the sensor 110 on the outer moveable frame 530
coupled to the stationary frame 510. For example, the sensor 110 may be fixed on the outer
moveable frame 530 such that it faces the noise source, e.g. acoustic noise signal 112. In
another example, the sensor 110 may be placed on the exterior of the building, for instance, on
the building facade near the aperture 420 of the room 410.

[0083]  According to various embodiments, method 700 may further include, at step 780,
terminating said method 700, using the controlling circuit 130, when the at least one
characteristic from the sample of the electronic noise signal is different from the at least one
corresponding characteristic of the exemplary electronic signal stored within each one of the

one or more pre-determined cancellation filter candidates 160. For example, the method 700
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may be terminated when either of the frequency, phase and/or amplitude of the sample of the
electronic noise signal 114 does not have the same characteristic, e.g. equal to, or fall within
the specified range, of the exemplary electronic signal stored within each one of the one or
more pre-determined cancellation filter candidates 160. To put it in another way, the method
700 may be terminated when the sample of the electronic noise signal 114 does not match one
or more of the pre-determined cancellation filter candidates 160.

[0084]  According to various embodiments, method 700 may further include, at step 790,
determining using the controlling circuit 130, a deviation of the at least one characteristic, e.g.
amplitude, phase, and/or frequency, from the sample of the electronic noise signal to a
corresponding pre-determined threshold value. For example, the controlling circuit 130 may
calculate the deviation of, for instance, the frequency of the sample of the electronic noise
signal 114 to that of a frequency of the pre-determined threshold value. Method 700 may be
initialized, using the controlling circuit 130, when the deviation of the at least one characteristic
from the sample of the electronic noise signal is greater than the corresponding pre-determined
threshold value. To put it in another way, the method 700 may be initialized when the frequency
of the sample of the electronic noise signal 114 is greater than a pre-determined threshold value.
[0085]  FIG. 8A shows an exemplary schematic illustration of method 800A for receiving a
user-selected pre-determined cancellation filter and activating said filter, in accordance with
various embodiments. Method 800A may be in addition to method 700 as described above.
Method 800A may include, at step 810, providing a user interface 610 operably coupled to the
controlling circuit 130. For example, the user interface 610 may be in communication with the
controlling circuit 130 via wired or wireless means, and may include the necessary architecture
required to support such means. The user interface 610 may be portable and include hand-held
devices. Alternatively, the user interface 610 may be a display panel of the controlling circuit
130. Step 812 may include, receiving using the controlling circuit 130, an input from the user
interface 610, wherein the input may include a user’s selection of a second pre-determined
cancellation filter 164 from the one or more pre-determined cancellation filter candidates 160.
The second pre-determined cancellation filter 164 may differ to that of the first pre-determined
cancellation filter 162. For example, the second pre-determined cancellation filter 164
according to the user’s selection may include a filter designed to cancel acoustic noise signals

112 of a different frequency, amplitude and/or phase. In other words, the second pre-
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determined cancellation filter 164 may cancel a different noise type from that of the first pre-
determined cancellation filter 162.

[0086] Method 800A may further include, at step 814 and in response to the user’s selection
at step 812, terminating the application of the first pre-determined cancellation filter 162 on
the electronic noise signal 114, and applying the second pre-determined cancellation filter on
the electronic noise signal 114. For example, the controlling circuit 130 may terminate the
operation of the first pre-determined cancellation filter 162 and activate the second pre-
determined cancellation filter 164, regardless of the acoustic noise signal 112 detected by
sensor 110. In other words, the user’s selection of the second pre-determined cancellation filter
164 may override the previously selected first pre-determined cancellation filter 162.

[0087]  FIG. 8B shows an exemplary schematic illustration of method 800B for receiving
an information about the arrangement of the stationary frame 510 and outer moveable frame
530, in accordance with various embodiments. Method 800B may be in addition to method 700
and 800A as explained above. Method 800B may include, at step 820, providing a motion
sensor 560 to detect a movement of the outer moveable frame 530 in relation to the stationary
frame 510. For example, the motion sensor 560 may be placed on the outer moveable frame
530 and/or the stationary frame 510 to detect information about an arrangement of the
stationary frame 510 and the outer moveable frame 530. At step 8§22, method 800B further
includes, determining, using the motion sensor 560, information about the arrangement which
may include a closed arrangement or an open arrangement. For example, in the closed
arrangement, the outer moveable frame 530 may be in contact with the stationary frame 510,
and in the open arrangement, the outer moveable frame 530 may be partially separated from
the stationary frame 510. In other words, in the closed arrangement, at least part of the acoustic
noise signal 112 may not pass through the aperture 420 and enter the room 410, and in the open
arrangement, the acoustic noise signal 112 may enter the room 410 through the aperture 420.
As a further example, when the aperture 420 is a window, the closed arrangement may refer to
a closed window, and the open arrangement, a partially open, or open window. In another
example, the motion sensor 560 may detect a movement of the outer moveable frame 530 in
relation to the stationary frame 510.

[0088]  Method 800B may further include at step 824, receiving using the controlling circuit
130, the information about the arrangement, e.g. closed or open arrangement, from the motion

sensor 560. In some embodiments, step 824 may also include receiving information about the
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movement of the outer moveable frame 530 in relation to the stationary frame 510. Method
800B may also include at step 826, initializing the method 700, 800A, 800B, using the
controlling circuit 130, when it is determined that the arrangement is the open arrangement. In
addition, step 826 may also initialize the method 700, 800A, 800B, in response to the
movement of the outer moveable frame 530 in relation to the stationary frame 510. If it is
determined (at step 822) that the arrangement is the closed arrangement, step 828 may include,
terminating the method 700, 800A, 800B, using the controlling circuit 130. For example, a
detected acoustic noise signal 112 which is detected by sensor 110, may not be cancelled by
the methods and system in accordance with the various embodiments of the disclosure. For
instance, when the outer moveable frame 530 which is in contact with the stationary frame 510
in the closed arrangement, the pane 540 may act as a passive noise barrier to prevent at least,
part of the acoustic noise signal 112 from entering the room 410.

[0089]  FIG. 8C shows an exemplary schematic illustration of method 800C as a flow
diagram for actively cancelling an acoustic noise signal 112 entering a room 410 through an
aperture 420 of the room 410, in accordance with various embodiments. Method 800C may be
based on methods 700, 800A and 800B and repeated description are omitted.

[0090] Method 800C may include at step 710, providing the sensor 110 to detect the
acoustic noise signal 112 and converting it into an electronic noise signal 113. Step 720
includes, transmitting the electronic noise signal 114 to the controlling circuit 130 operably
coupled to the sensor 110 and to the plurality of transducers 120.

[0091]  After step 720 of transmitting the electronic noise signal 114 to the controlling
circuit 130, method 800C may proceed to step 822 which includes, determining, using the
motion sensor 560, information about the whether the arrangement of the stationary frame 510
and the outer moveable frame 530 is in a closed arrangement or an open arrangement. If it is
determined that the arrangement of the stationary frame 510 and the outer moveable frame 530
is in a closed arrangement, the method 800C may be terminated 830 at step 828. Conversely,
if is determined that the arrangement of the stationary frame 510 and the outer moveable frame
530 is in an open arrangement, the method 800C may continue at step 826, and may proceed
to step 730 which includes, classifying using the controlling circuit 130, the electronic noise
signal 114 by matching a sample of the electronic noise signal 114 to one or more pre-

determined cancellation filter candidates 160.
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[0092]  After step 730 of classifying the electronic noise signal 114, method 800C may
proceed to step 840 which includes, determining using the controlling circuit 130, if a selected
pre-determined cancellation filter may be selected from the one or more pre-determined
cancellation filter candidates 160. If it is determined that no selection may be made, for
example, because the at least one characteristic of the sample of the electronic noise signal 114
does not have a same characteristic, e.g. match, to at least one corresponding characteristic of
the exemplary electronic signal 114 stored within each one of the one or more pre-determined
cancellation filter candidates 160, the process of method 800C may be terminated 830 at step
842. Else, method 800C may continue at step 844, and proceed to subsequent step 740 which
includes, selecting using the controlling circuit 130, the first pre-determined cancellation filter
162 from the one or more pre-determined cancellation filter candidates 160, by basing the
selection on the classified sample of the electronic noise signal 114. As mentioned above, the
selection of a pre-determined cancellation filter is based on the library of pre-determined
cancellation filters 190 including each one of the one or more pre-determined cancellation
filters 160 which may be obtained based on a prior training stage, in particular, with reference
to training system 200 and the FXL.MS algorithm 250 of FIGS. 2A and 2B.

[0093] Method 800C may also include, at step 810, providing the user interface 610
operably coupled to the controlling circuit 130, and at step 820, receiving an input from the
user interface 610, wherein the input comprises the user’s selection of a second pre-determined
cancellation filter 164 from the one or more pre-determined cancellation filter candidates 160,
and wherein the second pre-determined cancellation filter 164 differs from the first pre-
determined cancellation filter 162. Based on the user’s selection, method 800C may then
proceed to step 814 which includes, terminating the application of the first pre-determined
cancellation filter 162 on the electronic noise signal 114, and applying the second pre-
determined cancellation filter on the electronic noise signal 112, thereby overriding the pre-
selected first pre-determined cancellation filter 162.

[0094]  Method 800C may then proceed to step 750 which includes, generating using the
controlling circuit 130, the electronic anti-noise signal 124 by applying the first pre-determined
cancellation filter 162, or alternatively the second pre-determined cancellation filter 164 (based
on step 814) on the electronic noise signal 114.

[0095]  Method 800C may also include, upon termination of the method 800C at step 830,

proceeding to step 850, which includes proceeding back to step 710 of detecting the acoustic
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noise signal 112 and converting the acoustic noise signal 112 into the electronic noise signal
114 by the sensor 110. In other words, once it is determined that method 800C has been
terminated, method 800C may be re-started, in accordance with various embodiments.

[0096] Method 800C may also include, step 860, wherein method 800C continues to detect
incoming the acoustic noise signal 112 and proceeds in accordance with the various steps of
method 800C. That is to say, method 800C may continue to detect the acoustic noise signal
112, and to update the selected pre-determined cancellation filter to cancel the incoming
acoustic noise signal 112. For example, method 800C may detect construction noise and apply
the respective pre-determined cancellation filter for the construction noise type. Upon detecting
aircraft fly-by, for instance, method 800C may apply the respective pre-determined
cancellation filter for the aircraft fly-by noise type. In a further example, method 800C may
apply more than one pre-determined cancellation filter, for instance, the respective pre-
determined cancellation filters for the construction and aircraft fly-by noise types. In other
words, the application of a selected pre-determined cancellation filter is based on the most
recent, e.g. updated noise type, and/or on all detected noise types. In accordance with various
embodiments, the application of the selected pre-determined cancellation filters may be in real-
time such that the user perceives a reduced acoustic noise signal 112, or does not perceive any
acoustic noise signal 112, even though the noise type may have been changed.

[0097]  According to various embodiments, the controlling circuit 130 of method 700, 800A,
800B, 800C may generate the electronic anti-noise signal 124, when it is determined that the
electronic noise signal 114 is within the range of 20 Hz to 850 Hz, specifically, in the range of
100 Hz to 700 Hz. For example, the method 700, 800A, 800B, 800C may be initialized when
it is determined that the frequency of the electronic noise signal 114 is within said range.
Accordingly, the method 700, 800A, 800B, 800C according to the various embodiments of the
disclosure, may actively cancel acoustic noise signals 112 in in the frequency range of 20 Hz
to 850 Hz, and may not cancel acoustic noise signals 112 outside said frequency range.

[0098] FIG. 9 shows an exemplary schematic illustration of method 900 for actively
cancelling an acoustic noise signal 112 entering a room 410 through an aperture 420 of the
room 410, in accordance with various embodiments. At step 910, method 900 includes
providing a sensor 110 to detect the acoustic noise signal 112 and to convert the acoustic noise
signal 112, for example, through an ADC, into an electronic noise signal 114. At step 920,

method 900 includes providing a plurality of transducers 120 to generate an acoustic anti-noise
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signal 122 to cancel at least part of the acoustic noise signal 112, when the acoustic anti-noise
signal 122 is added to the acoustic noise signal 112. Step 920 also includes converting the
electronic anti-noise signal 124 into the acoustic anti-noise signal 122, for example via a DAC.
Step 930 includes, transmitting the electronic noise signal 112 to a controlling circuit 130
operably coupled to the sensor 110 and the plurality of transducers 120, for example, via wired
or wireless means. Step 940 includes, classifying using the controlling circuit 130, the
electronic noise signal 112 by matching a sample of the electronic noise signal 114 to one or
more pre-determined cancellation filter candidates 160. Step 950 includes, selecting using the
controlling circuit 130, a first pre-determined cancellation filter 162 from the one or more pre-
determined cancellation filter candidates 160, by basing a selection on the classified sample of
the electronic noise signal 114. Step 960 includes, generating using the controlling circuit 130,
the electronic anti-noise signal 124 by applying the first pre-determined cancellation filter 162
on the electronic noise signal 114. Method 900 also includes, at step 970, transmitting using
the controlling circuit 130, the electronic anti-noise signal 124 to the plurality of transducers
120, for example via wired or wireless means.

[0099]  In accordance with various embodiments of the disclosure, individual sub-steps for
matching the sample of the electronic noise signal 114 to one or more pre-determined
cancellation filter candidates 160 at step 940, selecting the first pre-determined filter 162 at
step 950, and generating the electronic anti-noise signal 124 at step 960, have been explained
above and repeated descriptions are omitted.

[00100] Inaccordance with the various embodiments, the controlling circuit 130 may include
a microprocessor. In some embodiments, the controlling circuit 130 may be included in a
microprocessor. For example, the microprocessor may be a computer or a server in a cloud
network.

[00101] According to various embodiments, method 700, 800A, 800B, 800C and 900 may
be performed by a computing program including instructions to cause a computing system to
execute the steps of method 700, 800A, 800B, 800C and 900. For example, a computer program
may include instructions to execute the steps of method 700, 800A, 800B, 800C and 900, to
actively cancel an acoustic noise signal 112 entering a room 410 through an aperture of the
room 410.

[00102] According to various embodiments, a computer program may include instructions

to cause the system 100, 400, 600 to execute the steps of methods 700, 800A, 800B, 800C and
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900, to actively cancel an acoustic noise signal 112 entering a room 410 through an aperture of
the room 410.

[00103] Advantageously, the system 100, 400, 600 and methods 700, 800A, 800B, 800C,
900, in accordance with various embodiments of the disclosure may provide a system 100, 400,
600 where a desired noise type for instance, low-frequency urban environmental noise types,
may be cancelled in a standalone system. Further, a user may override the system and select a
desired noise types to be cancelled. Said system 100, 400, 600 and methods 700, 800A, 800B,
800C, 900, described herein also provides content-aware, instantaneous noise cancellation,

since the pre-determined coefficient WE, fixea(n) stored within each one of the one or more pre-

determined cancellation filter candidates 160 have been optimized in the prior training stage.
Further, the system 100, 400, 600 and methods 700, 800A, 800B, 800C, 900, according to the
present disclosure results in an ANC system that may be easily fitted to any aperture (via
mounting on a support 520 and placement of transducers 120 on the boundary of the support
520), and provides minimal visual and physical obstruction. The system 100, 400, 600 is in
particular, suitable for naturally ventilated high-rise buildings since it does not block natural

ventilation, while reducing noise signals entering through the aperture(s) of the building.
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EXAMPLES

[00104] The system 100, 400, 600 and methods 700, 800A, 800B, 800C, 900, herein
disclosed are further illustrated in the following examples, which are provided by way of
illustration and are not intended to be limiting the scope of the present disclosure.

[00105] In the Examples, to improve the low-frequency active control performance, the
plurality of transducers 120 (also referred to as control loudspeakers) were affixed to a full-
sized but smaller top-hung ventilation window (also referred to as aperture 420). Active control
of recorded urban noise (also referred to as the acoustic noise signal 112) was evaluated in a
full-scale room of a mockup residential apartment. For comparison, the active control
performance of said system 100, 400, 600, is benchmarked to the passive insulation provided

by fully closing the window.

Materials and Methods

Experimental Setup

[00106] The ANC system 100, 400, 600 was installed on a single 60 cm by 40 cm top-hung
window on a full-sized apartment window, as shown in FIGS. 10A and 10B. A single reference
microphone (PylePro PLM3, Pyle Audio Inc, USA; e.g. sensor 110), senses the primary noise
(e.g. acoustic noise signal 112), from a single loudspeaker (8341A, Genelec Oy, Finland)
located in an adjoining 270 cm by 340 cm by 260 cm chamber outside the window, as depicted
in FIG. 10B. The reference signal (e.g. acoustic noise signal 112) is fed into the controller (NI
8135, National Instruments, USA; e.g. controlling circuit 130), which drives four control
loudspeakers (T3-2190S, TB Speaker Co. Ltd., Taiwan; e.g. plurality of transducers 120) to
actively minimize the sum-of-the-squared pressures at four error microphones (PylePro
PLM3]; e.g. training error microphone array 240 or reference sensor 440).

[00107] An array of six observation microphones (GRAS 40PH, GRAS Sound & Vibration
A/S, Denmark) were distributed across the entire 287.5 cm by 525 cm by 260 ¢cm room to
evaluate the global control performance in the entire room as denoted by the observation
microphones numbered from 1 to 6 in FIG. 11. These 6 observation microphones were arranged
based on recommendations in ISO 16283-3:2016 [EN ISO 16283-3, Acoustics Part 3: Fagade
sound insulation, 2016, ISO]. The 7 observation microphone (GRAS 40PH) was mounted in

the center of the error microphone array (e.g. training error microphone array 240 or reference
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sensor 440), which is 30 cm from the window aperture 420, to evaluate the performance at the
error microphone positions (e.g. training error microphone array 240 or reference sensor 440).
[00108] As the chamber where the primary source (e.g. acoustic noise signal 112) was
located was designed as a reverberation chamber, both the doors were left opened to release
some of the acoustic modes. The doors in the receiving room were kept closed during the
experiment.

[00109] The active control formulation was in accordance with the training system 200
explained with reference to FIGS. 2A and 2B. Briefly, a multichannel feedforward FXLMS
algorithm was adopted, as explained with reference to FIG. 2B. The parameters used in the
execution of the FXLMS algorithm is summarized in Table 1. The filter order of the training
cancellation filters 260 for determining the one or more pre-determined cancellation filters 160,
and sampling rate were maximized to fully utilize the available resources on the real-time
platform of the ANC system 100, 400, 600. The control filter (e.g. training cancellation filters
260 for determining the one or more pre-determined cancellation filters 160) length was also

maximized to account for the non-ideal acoustic condition to be described in the following

section.
Reference microphones (e.g. sensor 110) Jj=1
Control sources (e.g. plurality of transducers 120) K=4
Control filters (e.g. training cancellation filters 260 for K=4
determining the one or more pre-determined
cancellation filters 160)
Error microphones (e.g. training error microphone M=14
array 240 or reference sensor 440)
Sampling rate 16000 Hz
Control filter (e.g. training cancellation filters 260 for 640
determining the one or more pre-determined
cancellation filters 160) length, L + 1
Secondary path length 256
Step size (u) 1x10711

Table 1: Active control parameters

System Characteristics
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[00110] The impulse response of the primary paths measured from the reference microphone
(e.g. sensor 110) at the periphery of the opened top-hung window panel (see FIG. 10B) to each
of the four error microphones (e.g. training error microphone array 240 or reference sensor
440) is shown in FIG. 12A. The reverberations in the adjacent chamber, where the primary
noise (e.g. acoustic noise signal 112) is placed, is reflected in the jitter of the impulse responses.
There is also a prominent mode at around 300 Hz as portrayed in the frequency response of the
primary paths, as shown in FIG. 12B. This is despite keeping the doors open to release the
modes and employing unidirectional microphones for both the reference (e.g. sensor 110) and
error microphones (e.g. training error microphone array 240 or reference sensor 340).

[00111] The same jitter is also observed in the secondary paths. Secondary paths were
measured from each of the speakers to each error microphone to obtain a total of 16 transfer
functions, i.e. Sk, as shown in FIG. 13 (i.e. transfer function si1, S12, 813, 14 in FIG. 13A,
transfer function s21, s22, $23, s24 in FIG. 13B, transfer function s31, 832, 833, s34 in FIG. 13C, and
transfer function s41, s42, 843, S44 in FIG. 13D for each error microphone). It seems that only the
secondary paths at error microphone 3 (e.g. training error microphone array 240 or reference
sensor 440) was adversely affected by the acoustic mode at 300 Hz, as shown in FIG. 14C.
FIGS. 14A, 14B and 14D indicate that the secondary paths at error microphones 1, 2 and 4,
respectively (e.g. training error microphone array 240 or reference sensor 440), were not
adversely affected by the acoustic mode at 300 Hz. Despite the jitter and acoustic mode
observed, preliminary tests indicated that the acoustic condition was satisfactory for the control
filters (e.g. training cancellation filters 260 for determining the one or more pre-determined

cancellation filters 160) to converge.

Primary noise types

[00112] A total of four representative primary noise samples (e.g. acoustic noise signal 112)
were employed in the evaluation of the ANC system 100, 400, 600. These noise samples are a
representation of common urban noises in Singapore with dominant low-frequency content.
All but the compressor noise was recorded on a window panel (e.g. aperture 420) with a surface
microphone (GRAS 147AX, GRAS Sound & Vibration A/S, Denmark). The compressor noise
was recorded next to an industrial air conditioning compressor on the roof of the University
building with a handheld recorder (Zoom H6, Zoom Corporation, Japan). Both the aircraft fly-

by, and the traffic noises were recorded in residential districts, whereas the motorbike passby
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noise was recorded in an industrial district. The duration of each of passby noise sample reflects
the entire buildup, whereas the duration was selected to be longer than 6 s for stationary noises
according to ISO 16283-3. The dominant frequencies of the aircraft flyby noise seem to occur
between 200 Hz to 400 Hz one-third octave bands, as shown in FIG. 15A. There are prominent
tonal components in the motorbike and compressor noise as illustrated in FIGS. 15B and 15D,
respectively. The energy appears to be evenly distributed between 160 Hz to 630 Hz one-third

octave bands in traffic noise, as shown in FIG. 15C.

Noise Types Aircraft Motorbike Traffic Compressor
Duration, s 47.2 16.41 13.19 10
Frequency range, Hz | 100 to 700 100 to 700 100 to 700 100 to 700
Recording location | Residential Industrial Residential University
Description Jet aircraft Motorbike Non-peak Adjacent to

fly-by pass-by traffic from source
expressway

Table 2: Characteristics of the primary noise samples, which may be the acoustic noise

signal 112

Evaluation criteria
[00113] The space and time average sound pressure level (SPL) in the room is defined as the

energy-average sound pressure level, Lg,, and in the receiving room (e.g. room 410) given by:

n
1
Lga = 101log;, <ZZ 10LAeq.i/1°), (%)

i=1
where Lyeq,; is the A-weighted equivalent SPL at the ith observation microphone position (i.e.
n = 6) in the room (e.g. room 410) [EN ISO 16283-3, Acoustics Part 3: Fagcade sound
insulation, 2016, 1SO]. The energy-average attenuation due to the ANC system 100, 400, 600
with the windows (e.g. aperture 420) fully opened is written as:
Qactive,pa = Leaors — Leaons (6)

where Lgy ofr and Lgy op are the energy-average SPLs with the ANC system turned off and
on, respectively, both while the windows (e.g. aperture 420) were fully opened. It follows that

the passive attenuation is given by:

Upassive,ea = Leaorr — LEacloseds (N
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where Lgy cioseq 15 the energy-average SPL with the ANC system turned off and with the
windows (e.g. aperture 420) fully closed.
[00114] Similarly, the active and passive attenuation at the 7% observation microphone near

the error microphones (e.g. training microphone array 240 or reference sensor 440) can be

written as:
aactive,Error = LAeq,7,Off - LAeq,7,One (8)
and
apassive,Error = LAeq,7,0ff - LAeq,7,Closed» (9)
respectively.

[00115] It is important to note that, since all four primary noise types (e.g. acoustic noise
signal 112) were temporally different, the duration for the equivalent sound pressure level,
Ljeq» calculation was track-dependent, i.e. 47.2 s for aircraft noise and 10 s for compressor
noise. This ensures that the attenuation is measured across the entire sound event, especially

for transient noise sources such as aircraft fly-by and motorbike pass-by noises.

Finite element method (FEM) simulations

[00116] In addition, the ANC system 100, 400, 600 in accordance with the various
embodiments of the disclosure is also physically (i.e. limits of physics) optimized to cancel
noise types (e.g. acoustic noise signal 112), in the low-frequency region, since such noise types
(e.g. acoustic noise signal 112) correspond to most environmental noise (e.g. traffic, train,
aircraft, construction). The layout of the ANC system 100, 400, 600, is also supported by
numerical FEM simulations conducted with realistic conditions to demonstrate the feasibility
and physical limits of the said system, as shown in FIG. 16A, which includes a top-hung awning
window panel that is open (e.g. aperture 420) at a 45 © angle. The supporting casement window
and fixed windows (e.g. denoted as the stationary frame 510) may be closed. Under ideal
conditions, the various noise types (e.g. acoustic noise signal 112) may not enter through the
closed windows. The control loudspeakers (e.g. plurality of transducers 120) may be placed at
either the: (i) bottom of the awning window panel (ql), (ii) top of the awning window panel
(q2); or (iii) top and bottom of the awning window panel (q1 & q2). The transmission loss due
to the ANC system 100, 400, 600 was compared to that of a fully-closed window (full glazing),

i.e. passive noise attenuation.
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[00117] As may be seen from FIG. 16B, the transmission loss as a result of the ANC system
(e.g. system 100, 400, 600), where the control loudspeakers were placed at the top and bottom
of the awning window panel (ql & q2), exceeds that of a fully-closed window (full glazing)
without the ANC system 100, 400, 600, at frequencies below 800 Hz.

[00118] According to the FEM simulations, the cut-off frequency of the ANC system 100,
400, 600 of the present disclosure may be given by:

fo = Cair/d (10)

where f is the cut-off frequency in Hz, ¢, is the speed of sound in air in m/s, and d is the
smallest, e.g. shortest dimension of the aperture 420 in m. In accordance with various
embodiments of the disclosure, the theoretical cut-off frequency of the ANC system 100, 400,
600 would be based on one wavelength of the shortest opening (approximately 0.4 m), and

therefore, is about 850 Hz.

Results

[00119] For repeatability in the measurement of attenuation and to mimic practical
realization of such an ANC system 100, 400, 600 on domestic windows (e.g. aperture 420), the
fixed-filter approach was adopted. Each primary noise type (e.g. acoustic noise signal 112) was
played on loop to allow the FXLMS algorithm to converge to a steady state, after which the
control filter coefficients (e.g. pre-determined coefficients) were stored. The control signals
(e.g. electronic anti-noise signal 124) were generated by convolving the reference signal x(n)
(e.g. electronic noise signal 114) with the stored fixed-coefficient w’,l; Fixed (n) finite impulse
response filters, given by Eqn. 5, i.e. y,(n) = WE, rixea(n) * x(n), where Wy, rixeq(n) is the k-
th fixed-coefficient control filter (e.g. pre-determined coefficient of the one or more pre-
determined cancellation filter candidates 160). Hence, the active control attenuation
performance of the fixed-filter (e.g. one or more pre-determined cancellation filters 160)
implementation measures the instantaneous steady-state attenuation across the entire duration

of the primary noise.

Passive and active attenuation performance
[00120] As the ANC system 100, 400, 600 is designed to minimize the sum-of-the-squared
sound pressure levels at the error microphone positions (e.g. training microphone array 240 or

reference sensor 440), the active control performance of the four primary noise types (see Table
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2) is first evaluated at observation microphone 7 placed near the error microphones (e.g.
training microphone array 240 or reference sensor 440). The active and passive attenuation at
observation microphone 7, Qgctive,Error aNd Apgssive,Error» T€Spectively, is summarized in
Table 3. Across the four primary noise types, active attenuation was somewhat consistent (8
dB to 12 dB), whereas the passive attenuation was about 10 dB with the exception of
compressor noise. Passive attenuation of compressor noise was only 6.5 dB, which was about

half that of the active attenuation at 12.4 dB.

Mode of Attenuation of primary noise types (dB)
operation Aircraft Motorbike Traffic Compressor
ANC ON Qactive Error 9.5 8.97 7.99 12.36
(window Qactive.£a 5.76 4.84 4.56 10.51
opened)
ANC OFF Apassive Error 9.98 10.09 10.77 6.47
(window Apassive EA 5.66 6.57 6.45 4.85
closed)

Table 3: Sound pressure level attenuation in dB of observation microphone 7 near the error
microphones and the energy-average across six microphones (microphones 1 to 6) across the

Sfour noise types with ANC turned on (window opened) and ANC turned off (window closed).

[00121] To evaluate the global control effectiveness of the ANC system 100, 400, 600, the
active and passive attenuation calculated with the energy-average SPL of observation
microphones 1 to 6 (see FIG. 11) were also presented in Table 3. The active and passive
attenuation (i.e. Qgctive,pa aNd Apgssive,54) Was almost 4 dB lower than at the error microphone
position (e.g. reference sensor 440 or training error microphone array 240), except for the
compressor noise. However, the trend across the noise types is similar to that in the attenuation
at the error microphone position (e.g. reference sensor 440 or training error microphone array
240). Overall, the ANC system 100, 400, 600, on a fully opened top hung window (e.g. aperture
420) offered similar attenuation to the passive insulation provided by fully closing the window.
More importantly, active attenuation outperformed passive attenuation significantly for

compressor noise.

Attenuation performance as a function of frequency
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[00122] To understand the frequency dependency of the attenuation performance for both
the ANC system 100, 400, 600 and the passive insulation of the fully-shut window, the
attenuation level at observation microphone 7 is plotted as a function of frequency, as shown
in FIG. 17. In the low frequencies, the active control performance exceeds that of the passive
insulation up to about 250 Hz across all noise types. Attenuation of the aircraft noise between
active and passive control is similar across the entire frequency band, with the ANC system
100, 400, 600 providing better reduction in the lower frequencies, as shown in FIG. 17A.
[00123] There is a significant roll-off in ANC attenuation at 300 Hz for the motorbike noise,
as shown in FIG. 17B. This dip in ANC performance at 300 Hz is observed for all four noise
types (e.g. acoustic noise signal 112), which could be due to the 300 Hz mode observed in the
primary and secondary paths. As shown in FIG. 17C, active control outperformed passive
insulation to about 250 Hz, and attenuation of the traffic noise between active and passive
control is similar across the remaining frequency band, e.g. above 300 Hz. In the case of the
compressor noise, active control significantly outperformed passive insulation to about 250 Hz
with a match in performance between 350 Hz to 500 Hz, which explains the results in Table 3.
Moreover, passive control was negligible up to about 150 Hz, as shown in FIG. 17D. In general,
passive control outperforms the active control system above about 500 Hz, which is reflected
in all the primary noise types (e.g. acoustic noise signal 112).

[00124] Energy-average attenuation performance (i.e. observation microphones 1 to 6) were
in line with that near the error microphone position (i.e. observation microphone 7; e.g. training
microphone array 240 or reference sensor 440), whereby active control approximately matched
that of the passive control up to about 250 Hz, as shown in FIGS. 18A to 18D for aircraft noise,

motorbike noise, traffic noise and compressor noise respectively.

Discussion and Conclusion

[00125] An active control system 100, 400, 600, and method 700, 900, to control low-
frequency urban noise (e.g. acoustic noise signal 112) whilst maintaining natural ventilation in
a building was devised. Four loudspeakers (e.g. plurality of transducers 120) were affixed to a
frame (e.g. support 520) surrounding a top-hung ventilation window (e.g. aperture 420) in a
full-sized mock-up apartment room (e.g. room 410). The active control system 100, 400, 600,
with a fully-opened window (e.g. aperture 420) achieved similar noise reduction to a fully-

glazed window for aircraft noise, whereas active attenuation for traffic and motorbike noise
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was not too far off from passive insulation. In an extreme example, active attenuation of low-
frequency compressor noise significantly outperformed that of a fully-glazed window. This
highlights a potential scenario for low-frequency noise (e.g. acoustic noise signal 112) control
through apertures (e.g. aperture 420) beyond the domestic setting.

[00126] However, it is important to note that the upper frequency limit of active control is
dependent on the distance between the control loudspeakers (e.g. plurality of transducers 120)
[Lam, B. et al. Appl. Acoust. 2018, 137, 9-17; Elliott, S.J. et al. J. Sound Vib. 2018, 419, 405—
419], and appears to be related to the smallest dimension of the opening as reported in [Wang,
S.eta;. J. Acoust. Soc. Am. 2018, 143, 3345-3351]. In the top-hung window (e.g. aperture 420)
shown, the theoretical limit would be based on one wavelength of the shortest opening (~0.4
m), which is about 850 Hz. Besides the frequency limit, the directivity of the control
loudspeaker (e.g. plurality of transducers 120) becomes critical as the frequency increases,
which would have implications on the placement of the loudspeakers (e.g. plurality of
transducers 120) and would be worthwhile of further investigation. Moreover, only a single
top-hung window (e.g. aperture 420) was affixed with the ANC system 100, 400, 600,
potentially allowing low-frequency noise to leak into the interior through other, albeit closed,
window panels. Expansion of the system to all available top-hung windows in the window
system could be investigated next.

[00127] Despite the limitations, the attenuation results obtained from a single top-hung
window (e.g. aperture 420) is promising, especially for noise types (e.g. acoustic noise signal
112) with dominant low-frequency content, such as jet aircraft and compressor noise. Although
placement of control sources at the edge of the window frame was previously found to be non-
optimal [Lam, B. et al. Appl. Acoust. 2018, 137, 9—17], the tradeoff to obtain improved low-
frequency performance and reduced visual obstruction could be worthwhile.

[00128] This ANC window system 100, 400, 600 can also be a solution to the urban planners’
dilemma of balancing the proximity and orientation of residential buildings to urban transport
infrastructure. Optimisation of the orientation of naturally ventilated buildings for wind flow,
solar heat gain and air temperatures [Poh, H.J. et al. Proc. 4th Int. Conf. on Countermeasures
to Urban Heat Island; 2016] would not be bogged down by the consideration of noise
propagation. Moreover, the ANC system 100, 400, 600 mounted on a window (e.g. aperture
420) also provides an avenue for indoor soundscaping of naturally ventilated buildings,

whereby unwanted noise can be removed using selective algorithms [Wen, S. et al. J. Acoust.
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Soc. Am. 2020, 147, 3490-3501; Shi, D. et a; IEEE/ACM Trans. Audio, Speech, Lang. Process.
in press] and wanted sounds can be introduced or amplified via the same loudspeakers (e.g.
plurality of transducers 120) that deliver the anti-noise. This element of controllability with an
ANC system aligns well with the concept of “adaptive acoustic comfort” suggested by Torresin

et al.. [Torresin, S. et al. Appl. Sci. 2019, 9, 5401], which could be worth further investigation.

[00129] While the disclosure 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.



