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Description
Field of the Invention

[0001] The present invention relates to an air-pulse
generating device, wearable sound device, and fanless
blower thereof, and more particularly, to an air-pulse gen-
erating device, wearable sound device, and fanless blow-
er thereof improving user experience.

Background of the Invention

[0002] As electronic devices (e.g., a smartphone or a
tablet) slim down, they also demand increasingly more
complicated computations and thus drains more battery
power. Heat managementis of escalating importance for
the future viability of an (palm-sized) electronic device.
[0003] Besides, wearing headphones in moist ears
may compromise the longevity of the headphones, or
make it difficult to dry the ears. Therefore, ear canal dry-
ing may be desirable after water-related activities (e.g.,
swimming or surfing) or shower.

Summary of the Invention

[0004] Itis therefore a primary objective of the present
application to provide an air-pulse generating device, a
wearable sound device, and a fanless blower thereof, to
improve over disadvantages of the prior art. The inven-
tion is set out in the appended claims.

Brief Description of the Drawings
[0005]

FIG. 1 is a schematic diagram of an air-pulse gen-
erating device according to an embodiment of the
present invention.

FIG. 2 illustrates waveforms of demodulation-driving
signals and a modulation-driving signal according to
an embodiment of the present invention.

FIG. 3illustrates simulated results corresponding to
the device in FIG. 1.

FIG. 4 plots a simulated frequency response of
sound pressure level of the APG device in FIG. 1.
FIG. 5illustrates simulated results corresponding to
the device in FIG. 1.

FIG. 6 illustrates simulated results corresponding to
the device in FIG. 1.

FIG. 7 is a schematic diagram of an air-pulse gen-
erating device according to an embodiment of the
present invention.

FIG. 8 is a schematic diagram of an air-pulse gen-
erating device according to an embodiment of the
present invention.

FIG. 9 illustrates frequency responses of energy
transfer ratio of the device in FIG. 1.

FIG. 10 illustrates frequency responses of energy
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transfer ratio of the device in FIG. 8.

FIG. 11 illustrates a process of a manufacturing
method for the device in FIG. 8.

FIG. 12 is a schematic diagram of an air-pulse gen-
erating device according to an embodiment of the
present invention.

FIG. 13 illustrates driving signal wiring schemes ac-
cording to embodiments of the present invention.
FIG. 14 illustrates SPL measurement results versus
frequency of the device of FIG. 12.

FIG. 15 illustrates SPL measurement results versus
peak-to-peak voltage of the device of FIG. 12.

FIG. 16 is a schematic diagram of an air-pulse gen-
erating device according to an embodiment of the
present invention.

FIG. 17 is a schematic diagram of an air-pulse gen-
erating device according to an embodiment of the
present invention.

FIG. 18 illustrates full-cycle pulses within one oper-
ating cycle with different degrees of asymmetricity.
FIG. 19 illustrates a system perspective of the func-
tions of each component and their corresponding fre-
quency domain effects.

FIG. 20 is a schematic diagram of air pulses AP ac-
cording to an embodiment of the present invention.
FIG. 21 illustrates waveforms of demodulation sig-
nals and a modulation signal according to an em-
bodiment of the present invention.

FIG. 22 is a schematic diagram of different configu-
ration of an APG device according to embodiments
of the present invention.

FIG. 23 is a schematic diagram of an APG device of
a host device according to an embodiment of the
present invention.

FIG. 24 is a schematic diagram of APG devices of a
host device according to an embodiment of the
present invention.

FIG. 25 is a schematic diagram of an APG device of
a host device according to an embodiment of the
present invention.

Detailed Description

[0006] A fundamental aspect of the present invention
relates to an air-pulse generating device, and more par-
ticularly, to an air-pulse generating device comprising a
modulating means and a demodulating means, where
the said modulating means generates an ultrasonic air
pressure wave/variation (UAW) having a frequency fjc,
where the amplitude of UAW is modulated according to
an input audio signal Sy, which is an electrical (analog
or digital) representation of a sound signal SS. This am-
plitude modulated ultrasonic air pressure wave/variation
(AMUAW) is then synchronously demodulated by the
said demodulating means such that spectral components
embedded in AMUAW is shifted by +n-f,c, where nis a
positive integer. As a result of this synchronous demod-
ulation, spectral components of AMUAW, corresponding
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to sound signal SS, is partially transferred to the base-
band and audible sound signal SS is reproduced as a
result. Herein, the amplitude-modulated ultrasonic air
pressure wave/variation AMUAW may be corresponding
to a carrier component with the ultrasonic carrier frequen-
cy fc and a modulation component corresponding to the
input audio signal Sy

[0007] FIG. 1illustrates a schematic diagram of an air-
pulse generating (APG) device 100 according to an em-
bodiment of the present invention. The device 100 may
be applied as a sound producing device which produces
an acoustic sound according to an input (audio) signal
S|y, but not limited thereto.

[0008] The device 100 comprises a device layer 12
and a chamber definition layer 11. The device layer 12
comprises walls 124L, 124R and supporting structures
123R, 123L supporting a thin film layer which is etched
to flaps 101, 103, 105, and 107. In an embodiment, the
device layer 12 may be fabricated by MEMS (Micro Elec-
tro Mechanical Systems) fabrication process, for exam-
ple, using a Si substrate of 250~500.M in thickness,
which will be etched to form 123L/R and 124R/L. In an
embodiment, on top of this Si substrate, a thin layer, typ-
ically 3~6.M in thickness, made of silicon on insulator
SOl or POLY on insulator POI layer, will be etched to
form flaps 101, 103, 105 and 107.

[0009] The chamber definition layer (which may be al-
so viewed/named as "cap" structure) 11 comprises a pair
of chamber sidewalls 110R, 110L and a chamber ceiling
117. In an embodiment, the chamber definition layer (or
cap structure) 11 may be manufactured using MEMS fab-
rication technology. A resonance chamber 115 is defined
between this chamber definition layer 11 and the device
layer 12.

[0010] In other words, the device 100 may be viewed
as comprising a film structure 10 and the cap structure
11, between which the chamber 115 is formed. The film
structure 10 can be viewed as comprising a modulating
portion 104 and a demodulating portion 102. The mod-
ulating portion 104, comprising the (modulating) flaps
105 and107, is configured to be actuated to form an ul-
trasonic air/acoustic wave within the chamber 115, where
air/acoustic wave can be viewed as a kind of air pressure
variation, varying both temporally and spatially. Inan em-
bodiment, the ultrasonic air/acoustic wave or air pressure
variation may be an amplitude DSB-SC

[0011] (double-sideband suppress carrier) modulated
air/acoustic wave with the ultrasonic carrier frequency
fuc- The ultrasonic carrier frequency fi,c may be, for ex-
ample, in the range of 160KHz to 192 KHz, which is sig-
nificantly larger than the maximum frequency of human
audible sound.

[0012] The terms air wave and acoustic wave will be
used interchangeably below.

[0013] The demodulating portion 102, comprising the
(demodulating) flaps 101 and 103, is configured to oper-
ate synchronously with the modulating portion 104, shift-
ing spectral components of DSB-SC modulated acoustic
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wave generated by the modulating portion 104 by
+nXfyc, where nis positive integer, producing a plurality
air pulses toward an ambient according to the ultrasonic
air wave within the chamber 115, such that the baseband
frequency component of the plurality air pulses (which is
produced by the demodulating portion 102 according to
the ultrasonic air wave within the chamber 115) would
be or be corresponding/related to the input (audio) signal
S|n» Where the low frequency component of the plurality
air pulses may refer to frequency component of the plu-
rality air pulses which is within an audible spectrum (e.g.,
below 20 or 30 KHz). Herein, baseband may usually be
referred to audible spectrum, but not limited thereto.
[0014] Inotherwords, when the device 100 is switched
to sound producing application, the modulating portion
104 may be actuated to form the modulated air wave
according to the input audio signal S|y, and the demod-
ulating portion 102, operate in synchronous with modu-
lation portion 104, produces the plurality air pulses with
low frequency component thereof as (or correspond-
ing/related to) the input audio signal S;y. For sound pro-
ducing applications, where f¢ is typically much higher
than the highest human audible frequency, such as f;
>96KHz ~ 5 X20KHz, then through the natural/environ-
mental low pass filtering effect (caused by physical en-
vironment such as walls, floors, ceilings, furniture, or the
high propagation loss of ultrasound, etc., and human ear
system such as ear canal, eardrum, malleus, incus,
stapes, etc.) on the plurality air pulses, what the listener
perceive will only be the audible sound or music repre-
sented by the input audio signal Sy.

[0015] lllustratively, FIG. 19 conceptually/schematical-
ly demonstrates the effect of (de)modulation operation
by showing frequency spectrums of signals before and
after the (de)modulation operation. In FIG. 19, the mod-
ulation operation produces an amplitude modulated ul-
trasonic acoustic/air wave UAW with spectrum shown as
W), according to the input audio signal S|y, which is an
electrical (analog or digital) representation of a sound
signal SS. The spectrum of S|\/SS is represented as S(f)
in FIG. 19. The synchronous demodulation operation,
producing an ultrasonic pulse array UPA (comprising the
plurality of pulses) with spectrum illustrated as Z(f), can
be viewed as (comprising step of) shifting spectral com-
ponents of the ultrasonic acoustic/air wave UAW by
*nXfyc (with integer n) and spectral component of the
ultrasonic air wave UAW corresponding to the sound sig-
nal SS is partially transferred to the baseband. Hence,
as can be seen from Z(f), baseband component of the
ultrasonic pulse array UPA is significant, compared to
the amplitude modulated UAW W(f). The ultrasonic pulse
array UPA propagates toward ambient. Through the in-
herent low pass filtering effect of natural/physical envi-
ronment and human hearing system, a resulting spec-
trum Y(f) corresponding to the sound signal SS can be
reproduced.

[0016] Note that, different from conventional DSB-SC
amplitude modulation using sinusoidal carrier, W(f) has
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component at =3Xf,s, £5Xfc and higher order har-
monic of f,c (not shown in FIG. 19). It is because that
the carrier of the modulation of the present invention is
not purely sinusoidal.

[0017] Referring back to FIG. 1, as an embodiment of
the synchronous demodulation operation, the demodu-
lating portion 102 may be actuated to form an opening
112 at the time and location which are correspond-
ing/aligned to peak(s) of the modulated air wave. In other
words, when the modulated air wave reaches its peak at
the location of the opening 112, the demodulating portion
102 may be actuated such that the opening 112 also
reaches its peak.

[0018] Inthe embodimentshowninFIG. 1, the demod-
ulating portion 102 forms the opening 112 at a center
location between the sidewalls 110L and 110R, which
have a surface-to-surface, or 111L to 111R, spacing of
(substantially) A, between them, meaning that tips of
the flaps 101 and 103 are (substantially) 1,/2 away from
the sidewalls 110L and 110R, or away from the sidewall
surfaces 111L and 111R, where A, represent a wave-
length corresponding to the ultrasonic carrier frequency
fuc, i-e., Ayc = Clfy,c with C being the speed of sound.
[0019] In an embodiment, the demodulating portion
102 may be actuated to form the opening 112 at a valve
opening rate synchronous to/with the ultrasonic carrier
frequency f,c. In the presentinvention, the valve opening
rate being synchronous to/with the ultrasonic carrier fre-
quency fi,c generally refers that the valve opening rate
is the ultrasonic carrier frequency f,c times a rational
number, i.e.,f,cX(N/M), where N and M represent inte-
gers. In an embodiment, the valve opening rate (of the
opening 112) may be the ultrasonic carrier frequency f;c.
For example, the valve/opening 112 may open every op-
erating cycle Ty, where the operating cycle Tqy is a
reciprocal of the ultrasonic carrier frequency fg, i.e.,
Tey=1/fyc.

[0020] Inthe presentinvention, (de)modulating portion
102/104 is also used to denote the (de)modulating flap
pair. Moreover, the demodulating portion (or flap pair)
102 forming the opening 112 may be considered as a
virtual valve, which performs an open-and-close move-
ment and forms the opening 112 (periodically) according
to specific valve/demodulation driving signals.

[0021] In an embodiment, the modulating portion 104
may substantially produce a mode-2 (or 2"d order har-
monic) resonance (or standing wave) within the reso-
nance chamber 115, as pressure profile P104 and airflow
profile U104 illustrated in FIG. 1. In this regard, the spac-
ing between sidewall surfaces 111L and 111R substan-
tially defines a full wavelength A, corresponding to the
ultrasonic carrier frequency f ¢, i.e., W115 = ¢ = C/fyc.
Furthermore, in the embodiment shown in FIG. 1, a free
end of the modulating flap 105/107 is disposed by the
sidewall 110L/110R.

[0022] Please be aware that, inter-modulation (or
cross-coupling) between the modulation of generating
the modulated air wave and the demodulation of forming
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the opening 112 might occur, which would degrade re-
sulting sound quality. In order to enhance sound quality,
minimizing inter-modulation (or cross-coupling) is desir-
able. To achieve that (i.e., minimize the cross coupling
between the modulation and the demodulation), the mod-
ulating flaps 105 and 107 are driven to have a common
mode movement and the demodulating flaps 101 and
103 are driven to have a differential-mode movement.
The modulating flaps 105 and 107 having the common
mode movement means that the flaps 105 and 107 are
simultaneously actuated/driven to move toward the same
direction. The demodulating flaps 101 and 103 having
the differential-mode movement means that the flaps 101
and 103 are simultaneously actuated to move toward op-
posite directions. Furthermore, in an embodiment, the
flaps 101 and 103 may be actuated to move toward op-
posite directions with (substantially) the same displace-
ment/magnitude.

[0023] The demodulating portion 102 may substantial-
ly produce a mode-1 (or 15t order harmonic) resonance
(or standing wave) within the resonance chamber 115,
as pressure profile P102 and airflow profile U102 formed
by the demodulating portion 102 illustrated in FIG. 1.
Hence, the demodulating portion 102 shall operate at a
valve operating/driving frequency fy \ (corresponding to
valve/demodulation-driving signal) such that W115 ~
Ap v/2, where Ay y = C /fy \, and the valve operat-
ing/driving frequency shall be half of the ultrasonic carrier
frequency fic, i.e..fy v =Tfyc /2.

[0024] The common mode movement and the differ-
ential mode movement can be driven by (de)modulation-
driving signals. FIG. 2 illustrates waveforms of demodu-
lation-driving signals S101, S103 and a modulation-driv-
ing signal SM. The modulation-driving signal SM is used
to drive the modulating flaps 105 and 107. The demod-
ulation-driving signals (or valve driving signals) S101 and
S103 are used to drive the demodulating flaps 101 and
103, respectively.

[0025] In an embodiment, the modulation-driving sig-
nal SM can be viewed as pulse amplitude modulation
(PAM) signal which is modulated according to the input
audio signal S\y. Furthermore, different from convention
PAM signal, polarity (with respect to a constant voltage)
of the signal SM toggles within one operating cycle Tgy.
Generally, the modulation-driving signal SM comprises
pulses with alternating polarities (with respect to the con-
stant voltage) and with an envelope/amplitude of the
pulses is (substantially) the same as or proportional/cor-
responding to an AC (alternative current) component of
the input audio signal S,y. In other words, the modulation-
driving signal SM can be viewed as comprising a pulse
amplitude modulation signal or comprising PAM-modu-
lated pulses with alternating polarities with respect to the
constant voltage. In the embodiment shown in FIG. 2, a
toggling rate of the modulation-driving signal SM is
2X/[fyc, which means that the polarity of the pulses within
the modulation-driving signal SM alternates/toggles
twice in one operating cycle Tgy.
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[0026] The demodulation-driving signals S101 and
S103 comprises two driving pulses of equal amplitude
but with opposite polarities (with respect to a constant/av-
erage voltage). In other words, at a specific time, given
S101 comprises a first pulse with a first polarity (with
respect to the constant/average voltage) and S103 com-
prises a second pulse with a second polarity (with respect
to the constant/average voltage), the first polarity is op-
posite to the second polarity. As shown in FIG. 2, a tog-
gling rate of the demodulation-driving signal S101/S103
is fi,c, which means that the polarities of the pulses within
the demodulation-driving signal S101/S103 alter-
nates/toggles once in one operating cycle Tsy. Hence,
the toggling rate of the modulation-driving signal (SM) is
twice of the toggling rate of the demodulation-driving sig-
nal S101/S103.

[0027] The slopes of S101/S103 (and the associated
shaded area) are simplified drawing representing the en-
ergy recycling during the transitions between voltage lev-
els. Note that, transition periods of the signals S101 and
S103 overlap. Energy recycling may be realized by using
characteristics of an LC oscillator, given the piezoelectric
actuators of flap 101/103 are mostly capacitive loads.
Details of the energy recycling concept may be referred
to US patent No. 11,057,692, which is incorporated here-
in by reference. Note that, piezoelectric actuator serves
as an embodiment, but not limited thereto.

[0028] To emphasize the flap pair 102 is driven differ-
entially, the signals S101 and S103 may also be denoted
as -SV and +SV, signifying that this pair of driving signals
have the same waveform but differ in polarity. For illus-
tration purpose, -SV is for S101 and +SV is for S103, as
shown in FIG. 2, but not limited thereto. In an embodi-
ment, S101 may be +SV and S103 may be -SV

[0029] Inanother embodiment, there may be a DC bias
voltage Vg ag and Vgas#0, under such situation driving
signal S101= Vpgjag- SV, S103=Vgps+ SV Variations
such as this shall be considered as within the scope of
this disclosure.

[0030] In addition, FIG. 2 demonstrates difference in
toggling rate between the modulation-driving signal SM
and the demodulation-driving signal *=SV. Relative
phase delay, meaning timing alignment, between the
modulation-driving signal SM and the demodulation-driv-
ing signal =SV may be adjusted according to practical
requirement.

[0031] In an embodiment, driving circuit for generating
the signals SM and =SV may comprise a sub-circuit,
which is configured to produce a (relative) delay between
the modulation-driving signal SM and the demodulation-
driving signal =SV. Details of the sub-circuit producing
the delay are not limited. Known technology can be in-
corporated in the sub-circuit. As long as the sub-circuit
can generate the delay to fulfill the timing alignment re-
quirements (which will be detailed later), requirements
of the present invention is satisfied, which will be within
the scope of the present invention.

[0032] Note that, the tips of the flaps 101 and 103 are
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at substantially the same location (the center location
between the sidewalls 111L and 111R) and experience
substantially the same air pressure at that location. In
addition, the flaps 101 and 103 move differentially.
Hence, movements of the tips of the flaps 101 and 103
owns a common mode rejection behavior, similar to the
common mode rejection known in the field of analog dif-
ferential OP-amplifier circuit, which means that the dis-
placementdifference of the tips of the demodulating flaps
101 and 1083, or |d4gq - d4g3l, is barely impacted by air
pressure formed by the modulating flaps 105 and 107.

[0033] The common mode rejection, or modulator-to-
demodulator isolation, can be evidenced by FIG. 3. FIG.
3 illustrates simulated results generated from an equiv-
alent circuit model of the device 100. Curves d4p¢ and
d4 o3 represents movements/displacements of the tips of
the flaps 101 and 103, respectively. As can be observed
in FIG. 3, even though d44 and d,q5 fluctuates quite sig-
nificantly due to the acoustic pressure generated by the
modulating flap 105/107 (P104), the differential move-
ment, represented by the curve denoted by dq4 - dqg3
in FIG. 3, remains (substantially) consistent. That is,
width/gap of the valve opening 112 would be consistent
even when the modulation portion 104 operates. In other
words, modulator movement produces negligible impact
on the functionality and performance of the demodulator,

which is what "modulator-to-demodulator isolation"
means.
[0034] On the other hand, as for demodulator-to-mod-

ulator isolation, since the flaps 101/103 produce 1storder
harmonic resonance or standing wave within the cham-
ber 115, as can be seen from FIG.1, pressure exerted
by P102 on the flap 105 and the flap 107 would have
substantially the same magnitude but of opposite polar-
ity, causing the movements of the flap 105 and the flap
107 to experience changes (due to P102) that are also
of the same magnitude but of opposite polarity. This will
produce two ultrasonic waves (one by 105, the other by
107) that also changes same magnitude but of opposite
polarity. When these two ultrasonic waves propagate to
the location above the valve opening 112 (indicated by
the dotted area shown in FIG. 1), they are merged into
one pressure. Since the location of this "merge" occurs
at the center of device 100, along X-axis or X direction,
with equal distance from the tips of 105 and 107, the
P102 induced changes would cancel/compensate each
other and produce a net rest that is largely free from the
interference of demodulator/virtual-valve operation.
[0035] lllustratively, FIG. 4 plots a simulated frequency
response of an SPL (sound pressure level), measured
at 1 meter away from the device 100, under the condition
that Sy is a 10-tone equal amplitude test signal (within
650-22K Hz and with equal log scale spacing) and an
equivalent circuit simulation model of the device 100 is
used. In the current simulation, the ultrasonic carrier fre-
quency is set as fyc = 192KHz and the valve operating
frequency is set as fp = fiyc/2=96KHz.

[0036] The demodulator-to-modulator isolation can be
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evidenced by the absence of extraneous spectral com-
ponent at and around 96KHz (pointed by block arrow in
FIG. 4), indicating a high degree of isolation.

[0037] As aresult, the interference of the movements
of these two flap-pairs (101/103 versus 105/107) is min-
imized through the common mode (on modulator) versus
differential-mode (on demodulator) orthogonality/ar-
rangement.

[0038] In addition, the percentage of time valve re-
mains open, or duty factor, is a critical factor affecting
the output of device 100. Increasing amplitude of driving
voltage S101 and S103 can increase the amplitude of
the movements of the flaps 101 and 103, which will in-
crease the maximum open width of the valve opening
112, and raising the driving voltage also raises the duty
factor of valve opening. In other words, duty factor of the
valve opening 112 and the maximum open width/gap of
the valve opening 112 can be determined by the driving
voltage S101 and S103.

[0039] When the opening duty factor of valve ap-
proaches 50%, such as the example shown in FIG. 5,
which is generated from one of the equivalent circuit sim-
ulation models mentioned previously, the period of each
valve opening, shown as curve labeled as V(opening) >
0, overlaps with the same half-cycle of the amplitude
modulated ultrasonic standing wave at the location atop
the valve opening 112 (indicated by the dotted region in
FIG. 1). By synchronizing and timing-aligning the open-
ing-closing of valve opening 112 to the in-chamber stand-
ing wave, illustrated as curve labeled as V(p_vlv) in FIG.
5, a nicely shaped output pressure pulse, illustrated as
curve labeled as V(ep_vlv), is produced.

[0040] In FIG. 5, curve labeled as V(d2)-V(d3) repre-
sent difference in displacement of flaps 101 and 103, i.e.,
d4o1 - dqp3, curve labeled as V(opening) represent a de-
gree of opening of the virtual valve 112. V(opening) > 0
when|V(d2)-V(d3)|> TH, where THis a threshold defined
by parameters such as the thickness of the flaps 101 and
103, width of slit between claps 101 and 103, boundary
layer thickness, etc. V(ep_vlv) being nicely shaped may
refer that pulses illustrated by V(ep_vlv) are highly asym-
metric, unlike V(p_vlv) which is highly symmetric.
Asymmetricity of output pressure pulses would demon-
strate low frequency component (i.e., frequency compo-
nent in audible band) of air pulses generated by the air
pulse generating device, or APG device for brief, which
is a desirable feature for the APG device. The higher the
asymmetric is, the stronger the baseband frequency
component of the air pulses will be. A zoomed-out view
of FIG. 5 is illustrated in FIG. 6, showing the asymmetric-
ity of V(ep_vlv) corresponding to the envelope of the
baseband sound signal of 1.68KHz. In the presentinven-
tion, the opening (112) is opened/formed orin an opened
status when difference in displacement of flaps 101 and
103 is larger than a threshold, e.g., |V(d2)-V(d3)|> TH,
and is closed or in a closed status otherwise.

[0041] Furthermore, it is observed that the maximum
output will occur when the duty factor of valve opening,
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defined as |V(d2)-V(d3)|> TH, is equal to or slightly larger
than 50%, such as in the range of 55-60%, but not limited
thereto. However, when the duty factor of valve opening
is significantly higher than 50%, such as 80-85%, more
than half-cycle of the in-chamber ultrasonic standing
wave will pass through the valve, leading portions of the
standing wave with different polarities to cancel each oth-
er out, resulting in lower net SPL output from device 100.
It is therefore generally desirable to keep the duty factor
of valve opening close to 50%, typically in the range be-
tween 50% and 70% (where the duty factor in the range
between 45% and 70% is within the scope of present
invention).

[0042] In addition to duty factor, to ensure the modu-
lator-to-demodulator isolation, resonance frequency f
of demodulating flaps 101/103 is suggested to be suffi-
ciently deviated from the ultrasonic carrier frequency fyc,
which is another design factor.

[0043] It can be observed (from equivalent circuit sim-
ulation model) that, under the constraint of valve open
duty factor equals 50%, for any given thickness of flaps
101/103, the higher is the resonance-to-driving ratio
(fR v:fp v or fr vify v), the wider the valve can open.
Since the output of device 100 is positively related to the
max width valve opens, it is therefore desirable to have
the resonance-to-driving ratio higher than 1.

[0044] However, when fg | falls within the range of fi,¢
= max(fsounp)s flap 101/103 will start to resonate with
the AM ultrasonic standing wave, converting portion of
the ultrasound energy into common mode deformation
of flap 101/103, where max(fsoynp) Mmay represent max-
imum frequency of the input audio signal S,y. Such com-
mon mode deformation of flaps 101/103 will cause the
volume atop the flaps 101/103 to change, result in fluc-
tuation of pressure inside chamber 115 at the vicinity of
valve opening 112, over the affected frequency range,
leading to depressed SPL output.

[0045] In order to avoid valve resonance induced fre-
quency response fluctuations, it is preferable to design
the flap 101/103 with a resonance frequency outside of
the range of (f,c £max(f5oynp)) X M, where M is a safety
margin for covering factors such as manufacturing toler-
ance, temperature, elevation, etc., but notlimited thereto.
As a rule of thumb, it is generally desirable to have fg
either significantly lower than f,c as in fr v < (fyc -
20KHz) X0.9 or significantly high than ¢ as in fg \ >
(fuc + 20KHz)x1.1. Note that 20KHz is used here be-
cause it is well accepted as highest human audible fre-
quency. In applications such as HD-/Hi-Res Audio,
30KHz or even 40KHz may be adopted as max(fsounp)
and the formula above should be modified accordingly.
[0046] In addition, suppose w(t) and z(f) represent
functions of time for the amplitude-modulated ultrasonic
acoustic/air wave UAW and the ultrasonic pulse array
UPA (comprising the plurality of pulses). Since the open-
ing 112 is formed periodically in the opening rate of the
ultrasonic carrier frequency fi,c, a ratio function of z(t) to
w(t), denoted as r(t) and can be expressed as r(f) =
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z(t)/w(t), is periodic with the opening rate of the ultrasonic
carrier frequency fi,¢. In other words, z(t) may be viewed
as a multiplication of w(t) and r(t) in time domain, i.e., z(f)
= r(f)-w(f), and the synchronous demodulation operation
performed on UAW can be viewed as the multiplication
on w(t) by r(t) in time domain. It implies that Z(f) may be
viewed as a convolution of W(f) and R(f) in frequency
domain, i.e., Z(f) = R(f)*W(f) where * denotes convolution
operator, and the synchronous demodulation operation
performed on UAW can be viewed as the convolution of
W(f) with R(f) in frequency domain. Note that, when r(t)
is periodic in time domain with the rate of the frequency
fuc, R(f) is discrete in frequency domain where frequen-
cy/spectrum components of R(f) are equally spaced by
fuc- Hence, the convolution of W(f) with R(f), or the syn-
chronous demodulation operation, involves/comprises
step of shifting WAf) (or the spectral components of UAW)
by *nXf,c (with integer n). Herein, r(f)/w(t)/z(t) and
R(IWA(f)IZ(f) form Fourier transform pair.

[0047] FIG. 12 is a schematic diagram of an APG de-
vice 400 according to an embodiment of the present in-
vention. The device 400 is modified from FIG. 7 of US
application No. 17/553,806 and similar to the device 100
shown in FIG. 1 of the present invention. Different from
the device 100, the device 400 comprises only flap pair
102 (but no flap pair 104). The flap pair 102 is configured
to perform both the modulation operation (which is to
form amplitude-modulated air pressure variation with the
ultrasonic carrier frequency f,c) as well as the demodu-
lation operation (which is to form the opening 112, syn-
chronous to the amplitude-modulated ultrasonic carrier
at frequency f,c, to produce air pulses according to the
envelope of the said amplitude-modulated ultrasonic air
pressure variation).

[0048] In FIG. 12, U104 and P104 represent pressure
profile and airflow profile formed by the flap pair 102 in
response to the modulation-driving signal SM, and U102
and P102 represent pressure profile and airflow profile
formed by the flap pair 102 in response to the demodu-
lation-driving signal =SV. Herein the demodulation-driv-
ing signal is denoted by =SV to emphasize the flap pair
102 is driven differentially (which implies the demodula-
tion-driving signals +SV and -SV have the same magni-
tude but opposite polarity) to perform the demodulation
operation. For example, S101 and/or S103 above may
be represented by -SV and/or +SV.

[0049] In other words, modulator and demodulator are
co-located at/as the flap pair 102. Like the device 100,
the film structure 10 of the flap pair 102 of the device 400
is actuated to have not only a common mode movement
to perform the modulation and a differential mode move-
ment to perform the demodulation.

[0050] In other words, the "modulation operation" and
the "demodulation operation" are performed by the same
flap pair 102, at the same time. This colocation of "mod-
ulation operation" together with "demodulation opera-
tion" is achieved by new driving signal wiring schemes
such as those shown in FIG. 13. Given that the device
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400 may comprise an actuator 101A/103A disposed on
the flap 101/103 and the actuator 101A/103A comprises
a top electrode and a bottom electrode, both of the top
and bottom electrodes may receive the modulation driv-
ing signal SM and the demodulation-driving signal =SV.
[0051] Inanembodiment, one electrode of the actuator
101A/103A may receive the common mode modulation-
driving signal SM; while the other electrode may receive
the differential mode demodulation-driving signal
S101(-SV)/S103(+SV). For example, diagrams 431 to
433 shown in FIG. 13 illustrate details of a region 430
shown in FIG. 12. As shown in the diagrams 431 and
432, bottom electrodes of the actuator 101A/103A re-
ceive the common mode modulation-driving signal SM;
while top electrodes of the actuator 101A/103Areceive
the differential mode demodulation-driving signal
S101(-SV)/S103(+SV). A suitable bias voltage Vgag
may be applied to either the bottom electrode (like dia-
gram 432 shows) or the top electrode (like diagram 433
shows), where the bias voltage Vg a5 can be determined
according to practical requirement.

[0052] Inanembodiment (shown in diagram 433), one
electrode of the actuator 101A/103A may receive both
the common mode modulation-driving signal SM and dif-
ferential mode demodulation-driving signal
S101(-SV)/S103(+SV); while the other electrode is prop-
erly biased. In the embodiment shown in diagram 433,
the bottom electrodes receive the common mode mod-
ulation-driving signal SM and differential mode demod-
ulation-driving signal S101(-SV)/S103(+SV); while the
top electrode are biased.

[0053] The driving signal wiring schemes shown in
FIG. 13 achieve a goal that, (without considering Vgas)
an applied signal of one actuator (e.g., 101A) is or com-
prises -SM-SV while an applied signal of the other actu-
ator (e.g., 103A) is or comprises -SM+SV. Note that, driv-
ing signal wiring schemes may be modified or altered
according to practical situation/requirement. As long as
a common-mode signal component between the two ap-
plied signals applied on the flap pair 102 comprises the
modulation-driving signal SM (plus Vg|5g) and a differ-
ential-mode signal component between the two applied
signals applied on the flap pair 102 comprises the de-
modulation-driving signal SV, requirements of present
inventionis satisfied and is within the scope of the present
invention. Herein (or generally), a common-mode signal
component between two arbitrary signals a and b may
be expressed as (a+b)/2; while a differential-mode signal
component between two arbitrary signals a and b may
be expressed as (a-b)/2.

[0054] Further note that, in order to minimize the cross
coupling between the modulation operation (as a result
of driving signal SM) and the demodulation operation (as
a result of driving signal =SV ), in an embodiment, the
flaps 101 and 103 are made into a mirrored/symmetric
pair in both their mechanical construct, dimension and
electrical characteristics. For instance, the cantilever
length of flap 101 should equal that of 103; the membrane
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structure of flap 101 should be the same as flap 103; the
location of virtual valve 112 should be centered between,
or equally spaced from, the two supporting walls 110 of
flap 101 and flap 103; the actuator pattern deposited on
flap 101 should mirror that of flap 103; the metal wiring
to actuators deposited atop flap 101 and 103 should be
symmetrical. Herein, a few items are names for mir-
rored/symmetric pair (or the flaps 101 and 103 are mir-
rored/symmetric), but not limited thereto.

[0055] FIG. 14 illustrates a sets of frequency response
measurement results of a physical embodiment of the
device 400 in an IEC711 occluded ear emulator, where
driving scheme shown in diagram 431 is used to drive
the device 400, Vrms for modulation-driving signal SM
for bottom electrodes is 6 Vrms, Vpp (peak-to-peak volt-
age) for demodulation-driving signal =SV for top elec-
trodes is swept from 5Vpp to 30 Vpp, and a GRAS
RA0401 ear simulator is used for measuring acoustic re-
sults. Operating frequency (i.e., ultrasonic carrier fre-
quency fi,¢) of the device 400 is 160 KHz, and the device
dimension is designed accordingly (e.g., W115 = A =
Clfyc = 2.10 mm for C = 336 m/s). As can be seen from
FIG. 14, the device 400 is able to produce sound of high
SPL at low frequency band (at least 99 dB for frequency
less than 100 Hz).

[0056] Furthermore, FIG. 15 illustrates and analysis of
measurement results of the device 400 shown in FIG.14.
In FIG. 15, the SPL at 100Hz (bold dashed line) and 19Hz
(bold solid line) of FIG. 14 is plotted versus Vvtop (Vpp),
where Vvtop (Vpp) is the peak-to-peak voltage for the
demodulation-driving signal applied on the top elec-
trodes, as shown in connection diagram 431. It can be
seen from FIG. 14 and FIG. 15 that SPL increases as
Vvtop increases. In addition, simulation results of equiv-
alent lumped-circuit model of the device 100 also con-
curred that SPL increases as amplitude of (valve-driving
or) demodulation-driving signal increases. Therefore, it
can be obtained that a volume of a sound produced by
the air-pulse generating device of the present invention
may be controlled via an amplitude of the demodulation-
driving signal.

[0057] Based on the results from FIG. 14 and FIG. 15,
it can be concluded that the concept of modulator-de-
modulator co-location is validated, meaning that modu-
lation (forming amplitude-modulated ultrasonic air pres-
sure variation) and demodulation (forming opening syn-
chronously to produce asymmetric air pulses) performed
by the device 400 successful produce APPS effect.
Hence, it may be possible to shrink the chamber width
(e.g., W115 of the device 100).

[0058] FIG. 17 is a schematic diagram of an APG de-
vice C00 according to an embodiment of the present in-
vention. The deice C00 is similar to the APG devices
previously introduced, which comprise the flaps 101 and
103. The flaps 101 and 103 may also be driven by the
driving scheme shown in FIG. 13.

[0059] Different from those devices, the device C00
comprises no cap structure. Compared to the APG de-
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vices introduced above, the device C00 has much simple
structure, requiring less photolithographic etching steps,
done away complicated conduit fabrication steps, and
avoid the need to bound two sub-components or sub-
assemblies together. Production cost of the device C00
is reduced significantly.

[0060] Since there is no chamber formed under the
cap structure to be compressed, the acoustic pressure
generated by the device C00 arise mainly out of the ac-
celeration of the flaps (101 and 103) movement. By align-
ing the timing of opening of the virtual valve 112 (in re-
sponse to the demodulation-driving signal =SV) to the
timing of acceleration of common mode movement of the
flaps 101 and 103 (in response to the modulation-driving
signal SM), the device CO0 would be able to produce
asymmetric air (pressure) pulses.

[0061] Note that, the space surrounding flaps 101 and
103 is divided into two subspaces: one in Z>0, or +Z
subspace, and one in Z<0, or -Z subspace. For any com-
mon mode movements of flaps 101 and 103, a pair of
acoustic pressure waves will be produced, one in sub-
space +Z, and one in the subspace -Z. These two acous-
tic pressure waves will be of the same magnitude but of
opposite polarities. As a result, when the virtual valve
112 is opened, the pressure difference between the two
air volumes in the vicinity of the virtual valve 112 would
neutralize each other. Therefore, when the timing of dif-
ferential mode movement reaching its peak, i.e. the tim-
ing VV 112 reaches its maximum opening, is aligned to
the timing of acceleration of common mode movement
reaching its peak, the acoustic pressure supposed to be
generated by the common mode movement shall be sub-
dued/eliminated due to the opening of the virtual valve
112, causing the auto-neutralization between two acous-
tic pressures on the two opposite sides of the flaps 101
and 103, where the two acoustic pressures would have
same magnitude but opposite polarities. It means, when
the virtual valve 112 is opened, the device C00 would
produce (near) net-zero air pressure. Therefore, when
the opened period of the virtual valve 112 overlaps atime
period of one of the (two) polarities of acceleration of
common mode flaps movement, the device CO0 shall
produce single-ended (SE) or SE-liker air pressure wave-
form/pulses, which are highly asymmetrical.

[0062] In the present invention, SE(-like) waveform
may refers that the waveform is (substantially) unipolar
with respect to certain level. SE acoustic pressure wave
may refer to the waveform which is (substantially) unipo-
lar with respect to ambient pressure (e.g., 1 ATM).
[0063] Note that, the opening of virtual valve 112 does
not determine the strength/amplitude of the acoustic
pressure pulse, but determines how strong is the "near
net-zero pressure" (or the auto-neutralization) effect.
When the virtual valve 112 opening is wide, the "net-zero
pressure" effect is strong, the auto-neutralization is com-
plete, the asymmetry will be strong/obvious, resulting in
strong/significant baseband signal or APPS effect. Con-
versely, when the virtual valve 112 open is narrow, the
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"net-zero pressure" effect is weak, the auto-neutraliza-
tion is incomplete, lowering the asymmetry, resulting in
weak baseband signal or APPS effect.

[0064] In an FEM simulation, the device C0O0 can pro-
duce 145 dB SPL at 20 Hz. From the FEM simulation, it
is observed that, even though the SPL produced by the
device CO0O0 is about 12 dB lower than which produced
by the device 600 (about 157 dB SPL at 20 Hz), under
the same driving condition, THD (total harmonic distor-
tion) of the device C00 is 10-20 dB lower than which of
the device 600. Hence, the simulation validates the effi-
cacy of the device C00, the APG device without cap struc-
ture or without chamber formed therewithin.

[0065] Please note that, the statement of the timing of
VV opening being aligned to the timing of peak pressure
within the chamber or peak velocity/acceleration of com-
mon mode membrane movement implicitly implies that
a tolerance of *e% is acceptable. That is, the case of
the timing of VV opening being aligned to (1=e%) of peak
pressure within the chamber or peak velocity/accelera-
tion of common mode membrane movement is also with-
in the scope of present invention, where €% may be 1%,
5% or 10%, depending on practical requirement.
[0066] As for the pulse asymmetricity, FIG. 18 illus-
trates full-cycle pulses (within one operating cycle Tcy)
with different degrees of asymmetricity. In the present
invention, degree of asymmetricity may be evaluated by
a ratio of p, to p;, where py > p,, p4 represents a peak
value of a first half-cycle pulse with a first polarity with
respect to a level, and p, represents a peak value of a
second half-cycle pulse with a second polarity with re-
spect to the level. In acoustic area, the level may be cor-
responding to ambient condition, either ambient pressure
(zero acoustic pressure) or zero acoustic airflow, where
air pulses in the present invention may refer to either
airflow pulses or air pressure pulses.

[0067] FIG. 18 (a)illustrates a full-cycle pulse with r =
polps > 80%. The full-cycle pulse shown in FIG. 18 (a) or
with r= p,/p; = 1 has low degree of asymmetricity. FIG.
18 (b) illustrates a full-cycle pulse with 40% < r = p,/p4 <
60%. The full-cycle pulse shown in FIG. 18 (b) or with r
= pJlp,=50% has median degree of asymmetricity. FIG.
18 (c) illustrates a full-cycle pulse with r = p,/p; < 30%.
The full-cycle pulse shown in FIG. 18 (c) or with r = p,/p,
— 0 has high degree of asymmetricity.

[0068] As discussed in the above, the higher the de-
gree of asymmetricity is, the stronger the APPS effect
and baseband spectrum components of the ultrasonic
air pulses will be. In the present invention, asymmetric
air pulse refers to air pulse with at least median degree
of asymmetricity, meaning r = p,/p1 < 60%.

[0069] Note that, the demodulation operation of the
APG device of the present invention is to produce asym-
metric air pulses according to the amplitude of ultrasonic
air pressure variation, which is produced via the modu-
lation operation. In one view, the demodulation operation
of the present invention is similar to the rectifier in AM
(amplitude modulation) envelope detector in radio com-
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munication systems.

[0070] In radio communication systems, as known in
the art, an envelope detector, a kind of radio AM (non-
coherent) demodulator, comprises a rectifier and a low
pass filter. The envelope detector would produce enve-
lope corresponding to input amplitude modulated signal
thereof. The input amplitude modulated signal of the en-
velop detector is usually highly symmetric with r = p,/p,
— 1. One goal of the rectifier is to convert the symmetric
amplitude modulated signal such that rectified amplitude
modulated signal is highly asymmetric with r = p,/p; —
0. After low pass filtering the highly asymmetric rectified
AM signal, the envelope corresponding to the amplitude
modulated signal is recovered.

[0071] The demodulation operation of the present in-
vention, which turns symmetric ultrasonic air pressure
variation (with r= p,/p; — 1) into to asymmetric air pulses
(with r= p,/p; — 0), is similar to the rectifier of the enve-
lope detector as AM demodulator, where the low pass
filtering operation is left to natural environment and hu-
man hearing system (or sound sensing device such as
microphone), such that sound/music corresponding to
the input audio signal S|\ can be recovered, perceived
by listener or measured by sound sensing equipment.
[0072] It is crucial for the demodulation operation of
the APG device to create asymmetricity. In the present
invention, pulse asymmetric relies on proper timing of
opening which is aligned to membrane (flaps) movement
which generates the ultrasonic air pressure variation. Dif-
ferent APG constructs would have different methodology
of timing alignment. In other words, a timing of forming
the opening 112 is designated such that the plurality of
air pulses produced by the APG device is asymmetric.
[0073] APG device producing asymmetric air pulses
may also be applied to air pump/movement application,
which may be applied on heat dissipation, ventilation, or
have cooling, drying or other functionality. In this regards,
APG device of the present invention may be also viewed
as (a kind of) airflow generating device.

[0074] Note that, conventional speaker (e.g., dynamic
driver) using physical surface movement to generate
acoustic wave faces problem of front-/back-radiating
wave cancellation. When physical surface moves to
cause airmass movement, a pair of soundwaves, i.e.,
front-radiating wave and back-radiating wave, are gen-
erated. The two soundwaves would cancel most of each
other out, causing net SPL being much lower than the
one that front-/back-radiating wave is measured alone.
[0075] Commonly adopted solution for front-/back-ra-
diating wave canceling problem is to utilize either back
enclosure or open baffle. Both solutions require physical
size/dimension which is comparable to wavelength of
lowest frequency of interest, e.g., wavelength as 1.5 me-
ter of frequency as 230 Hz.

[0076] Compared to conventional speaker, the APG
device of the present invention occupies only tens of
square millimeters (much smaller than conventional
speaker), and produces tremendous SPL especially in
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low frequency.

[0077] It is achieved by producing asymmetric ampli-
tude modulated air pulses, where the modulation portion
produces symmetric amplitude modulated air pressure
variation via membrane movement and the demodulation
portion produces the asymmetric amplitude modulated
air pulses via virtual valve. The modulation portion and
the demodulation portion are realized by flap pair(s) fab-
ricated in the same fabrication layer, which reduces fab-
rication/production complexity. The modulation opera-
tion is performed via common mode movement of flap
pair and the demodulation operation is performed via dif-
ferential mode movement of flap pair, wherein the mod-
ulation operation (via common mode movement) and the
demodulation operation (via differential mode move-
ment) may be performed by single flap pair. Proper timing
alignment between differential mode movement and
common mode movement enhances asymmetricity of
the output air pulses.

[0078] As mentioned earlier, the APG device of the
present application may function as a (miniature) air
pump, be capable of producing asymmetric air pulses,
and can be applied in cooling, drying, dehumidifying, heat
dissipation and/or ventilation applications, where the
(asymmetric) air pulses are produced to form a net air
movement constantly in one direction.

[0079] Furthermore, the APG device of the present in-
vention for airflow applications may be disposed within
an air quality sensing device, which is to sense, e.g., a
density of specific particle(s) (e.g., PM 2.5 or PM 10 (PM:
Particulate Matter)) or compound(s) (e.g., Ozone (O3),
nitrogen dioxide (NO,), sulfur dioxide (SO,) and carbon
monoxide (CO)) in the air. Hence, a size of the air quality
sensing device may be significantly reduced.

[0080] Forexample, FIG. 20 illustrates a schematic di-
agram of air pulses AP according to an embodiment of
the present invention. The air pulses may be generated
by the APG device of present application (e.g., C00, 500,
or 100), which comprises a film structure (e.g., 10). As
mentioned earlier, the film structure of the APG device
may be actuated to perform a movement to generate the
air pulses AP at an ultrasonic pulse rate s (€.9., 96
KHz or 192 KHz), which may be a reciprocal of the op-
erating cycle Ty of the ultrasonic carrier frequency fc
for example. In this case, the ultrasonic pulse rate fse
may be the ultrasonic carrier frequency fc. The air puls-
es AP may produce a net airflow toward a single direction.
As aresult, the APG device may function as a (miniature)
air pump.

[0081] Inanembodiment, first air pulses AP1 may pro-
duce a first net airflow constantly toward one single di-
rection, e.g., a first direction D1. Taking FIG. 20 as an
example, during the first period of time T1, the air pulses
AP are all toward first direction D1. When the first time
period T1 is at least or longer than a reciprocal of a min-
imum audible frequency, the first net airflow produced by
the first air pulses AP1 may be considered as constantly
toward one single direction D1. For example, for a min-
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10

imum audible frequency being acknowledged as 10 Hz,
when the first time period T1 is at least or longer than 0.1
second, the first net airflow may be considered as con-
stantly toward one single direction D1. Note that, first
amplitude(s), corresponding to the first air pulses AP1
toward the first direction D1, may or may not be the same.
[0082] On the other hand, the APG device may pro-
duce second air pulses AP2, and the second air pulses
AP2 may produce a second net airflow constantly toward
a second direction D2, opposite to the first direction D 1.
In an embodiment, when the APG device produces sig-
nificant airflow or air movement and the air pulses tog-
gling between the first direction D1 and the second di-
rection D2 is not discernible, the first net airflow may be
considered as constantly toward direction D1 during pe-
riod T1, and/or the second net airflow may be considered
as constantly toward direction D2 during period T2.
[0083] The film structure may be actuated by a demod-
ulating-driving signal (e.g., =SV) and a modulating-driv-
ing signal (e.g., SM). Note that, in the present application,
SM may be referred to modulation signal, which is also
a kind of driving signal. Similarly, =SV may be referred
to demodulation signal, which is also a kind of driving
signal.

[0084] Apartfrom FIG. 2, FIG. 21 illustrates schematic
waveforms of the demodulation signals =SV and the
modulation signal SM according to another embodiment
of the present invention, neglecting transition between
high/low voltages thereof. As shown in FIG. 21, the mod-
ulation/driving signal SM may be generated according to
an input signal (e.g., Syy), which comprises a (nonzero)
direct current (DC) offset. In other words, the input signal
may be simply a DC signal, but not limited thereto.
[0085] Inanembodiment, the DC offset may be related
to the direction of the net airflow. For example, during a
first period of time T1, the air pulses (AP) may produce
a first net airflow constantly toward the first direction D1
in response to the DC offset being positive. On the other
hand, during a second period of time T2, the air pulses
generated by the APG device may produce the second
net airflow constantly toward the second direction D2,
which is opposite to the first direction D1, in response to
the DC offset being negative. In this regard, the APG
device or airflow generating device of the present inven-
tion may be viewed as a voltage-to-airflow converter,
which can convert voltage into airflow.

[0086] In addition to polarity of the DC offset, the di-
rection of net airflow may also be determined/controlled
via phase between the modulation signal (SM) and the
demodulation signal (=SV). For example, in FIG. 21,
transitions of the demodulation signal =SV are aligned
to interval of the modulation signal SM being low. In this
case, the APG device may produce airflow toward a third
direction for example. When (phase of) the demodulation
signal =SV is shifted such that transitions of the demod-
ulation signal =SV are aligned to interval of the modula-
tion signal SM being high, the APG device would produce
airflow toward a fourth direction opposite to the third di-
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rection. In short, the direction of the net airflow produce
by the APG device may be determined/controlled via
phase (difference) between the modulation signal and
the demodulation signal.

[0087] The strength/volume of a net airflow may be re-
lated to or a function of the magnitude of the DC offset.
By maintaining an airflow direction (either the first direc-
tion or the second direction), the APG device is able to
dissipate heat, dehumidify, provide ventilation, or facili-
tate air circulation. In this case, the APG device can be
regarded as a fanless blower. That is, C00, 500, or 100
may also be regarded as fanless blower, especially when
the driving signal or modulation-driving signal applied
thereto is generated according to an input signal com-
prising nonzero DC component/offset. In the present in-
vention, the terms of APG device, airflow generating de-
vice and blower may be used interchangeably, which
means device 100, 500, C00, or KOO, for example, may
also be viewed as airflow generating device or blower.
[0088] Alternatively,asshowninFIG. 2, the inputaudio
signal S|y may be an electrical representation of an audio
sound signal, such as music. Note that, the input audio
signal § )\ comprising alternating current (AC) audio com-
ponent may further comprise a nonzero DC voltage/off-
set. The modulation signal SM may be generated accord-
ing to the input (audio) signal S,y including the DC offset.
In this case, the APG device or fanless blower can pro-
duce sound while generate unidirectional net airflow at
the same time.

[0089] Inanembodiment, the APG device, airflow gen-
erating device or fanless blower may be disposed within
a wearable sound device (such as an earbud), which will
be discussed later. When the APG device, airflow gen-
erating device or fanless blower is disposed within the
wearable sound device, the APG device, airflow gener-
ating device or fanless blower is able to achieve ear canal
drying/cooling and music playing at the same time.
[0090] As mentioned above, the airflow generating de-
vice, APG device or fanless blower may be used in heat
dissipation applications. To dissipate heat from a heat
source, the APG device may be strategically positioned
near a heat source. For example, FIG. 22 is a schematic
diagram of different configurations of an APG device GO0
according to embodiments of the present invention. FIG.
23(a), (b), and (c)illustrate the APG device GO0 disposed
on, under, or by a heat source HS, respectively. The heat
source HS may be a CPU, GPU, or any component gen-
erating heat. The APG device GO0 and/or the heatsource
HS may be disposed within a housing of an electron-
ic/host device (e.g., a host computer, a wearable sound
device, a laptop, a tablet, a mobile phone, an augmented
reality device, a virtual reality device, or a mixed reality
device).

[0091] FIG. 23 is a schematic diagram of an APG de-
vice HOO of a host device 23HD according to an embod-
iment of the present invention. For the APG device HOO
integrated within the host device 23HD to produce air
flow, the host device 23HD may comprise proper vent(s)
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1"

VNT to establish such air flow. The vents VNT may be
multiple holes along edge(s)/side(s) of the host device
23HD, placed strategically to facilitate the desired (cool-
ing/drying) airflow. In an embodiment, the host device
23HD may be a personal/portable device such as per-
sonal/portable phone, but not limited thereto.

[0092] When there is one APG device (e.g., HO0) in a
chamber (or the host device 23HD), the APG device
(HO0) may be operated in a pump-in mode. In the pump-
in mode, air enters the host device 23HD through the
APG device HOO, and the vent(s) VNT may act as out-
let(s) for the established air flow. When water is detected
by the APG device HOO, the APG device HOO for water
damage prevention may stop pumping right away to pre-
vent an ingress of water into the host device 23HD. Al-
ternatively, the APG device HO0 may be operated in a
net pump-out mode, and the internal space of the host
device 23HD may be in an underpressurized state to pull
a net air flow into the host device 23HD through the
vent(s) VNT.

[0093] A host device may comprise one or more APG
devices disposed within the host device. For example,
FIG. 24 is a schematic diagram of APG devices JOOa and
JOOb of a host device 24HD according to an embodiment
of the present invention. The two APG devices J00a and
JOOb disposed within the host device 24HD are config-
ured to ventilate the space within the host device 24HD.
In an embodiment, the host device 24HD may be a host
computer where a dimension (e.g., width/length/height)
thereof is not limited.

[0094] The space inside the host device 24HD may be
unorganized/undivided. The host device 24HD may lack
a specific pattern designed to guide airflow. However,
the placement of the APG devices J00a and JOOb may
be essential for adequate cross ventilation.

[0095] As shownin FIG. 24 (a), the APG devices J0Oa
and JOOb may be disposed diagonally or non-facing/mis-
aligned on/near opposite/nonadjacent faces (e.g., Wa,
Wb) of the host device 24HD, but not limited thereto. It
is because placing the APG devices J00a and JOOb
across from, but not directly opposite, each other may
optimize the path air follows through the host device
24HD. Accordingly, airflow may be directed to the place
where the cooling air is most needed. Besides, low fre-
quency sound may be blocked without passing through
the APG device JO0Oa or JOOb, as back waves of the APG
devices J00a and JOOb, which could cancel out their re-
spective front waves thereafter, are less likely to leak out
through each other with the help of the facing surfac-
es/walls (e.g., Wa, Wb) of the host device 24HD.
[0096] Inanembodiment, the absence of direct mixing
between sound pressure from the APG devices J0O0Oa and
JOOb allows the host device 24HD to employ an adaptive
compensation algorithm, which may utilize real-time
chamber pressure data to manipulate the operation of
the APG devices J00a and JOOb, ensuring optimal per-
formance without introducing unexpected errors by the
APG devices J00a and JOOb to the adaptive compensa-
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tion algorithm.

[0097] In an embodiment, the APG devices JOOa and
JOOb may be substantially parallel. In an embodiment,
the faces (e.g., Wa, Wb) where the APG devices JOOa
and JOOb locate may be farthest apart. Inan embodiment,
the APG devices J00a and JOOb may be misaligned in
the top view (FIG. 24 (a)) but aligned in the side view
(FIG. 24 (b)).

[0098] The DC offset of the APG device JOOa and the
DC offset of the APG device JOOb may have opposite
polarities. This polarity contrast is instrumentaliin creating
a push-pull active airflow cooling pathway.

[0099] Dust accumulation on the airflow inlet tends to
increase over time, which may gradually clog up airflow.
In an embodiment, for self-cleaning purposes, the DC
offset of the APG device JOOa may switch/alternate be-
tween a first value (e.g., positive or above a threshold)
and a second value (e.g., negative or below the thresh-
old) to reverse the air flow regularly/irregularly (e.g., eve-
ry few minutes), thereby minimizing dust accumulation.
Similarly, the DC offset of the APG device JOOb may
switch between a third value (e.g., the second value, a
negative value, or below a threshold) and a fourth value
(e.g., thefirst value, a positive value, or above the thresh-
old), which is synchronous with the switching of the APG
device JOOa. As a result, accumulated dusts may be
mostly blown off and airflow may be maintained. This
self-cleaning mechanism is especially suitable for situa-
tions where a high heat generation application requires
sustained airflow for extended period of time (e.g., watch-
ing action movies or playing dungeon games).

[0100] In an embodiment, for self-cleaning purposes,
a "puff" operation may be employed occasionally. For
example, the APG device JOOa may pump in air at me-
dium rate (continuously in a first timeslot), and the APG
device JOOb may pump out air at high rate (intermittently
(e.g., 2-3 times) in the first timeslot). Then, the roles are
reversed: The APG device JOOb may pump in air at me-
dium rate (continuously in a second timeslot), and the
APG device J00a may pump out air at high rate (inter-
mittently (e.g., 2-3 times) in the second timeslot). The
whole cycle may take about 1 second. Such puffing op-
eration may be activated as frequent as every time the
host device’s power button is pushed and disguised by
playing a motorcycle starting sound (e.g., "pon", "pon",
"pon", "pon"). As aresult, accumulated dusts may mostly
be dislodged and airflow may be maintained.

[0101] An APG device may be disposed within a wear-
able sound device (e.g., an in-ear sound device, an ear-
bud, a headphone or a hearing-aid) to ventilate an ear
canal. Ear canal ventilation/drying may prevent infection
caused by bacteria, fungi growth due to long-term use.

[0102] For example, FIG. 25 is a schematic diagram
of an airflow generating device KOO of a hostdevice 25HD
according to an embodiment of the present invention.
The host device 25HD may be a wearable sound device
such as earbud or hearing-aid. The wearable sound de-
vice 25HD comprises the airflow generating device K00.
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The airflow generating device KOO is configured to pro-
vide constant airflow or (net) air movement, toward or
outward ear canal when user wears it, in order to achieve
canal drying/dehumidifying/ventilation. FIG. 25 (a) illus-
trates the host device 25HD; FIG. 25 (b) and (c) provide
views of the front side and the back side of the airflow
generating device (or APG device) KOO, respectively.
[0103] The airflow generating device (or APG device)
KOO0 within the host device 25HD (i.e., a wearable sound
device) may produce constant airflow within, into, or out
of the host device 25HD, facilitating ear canal cooling or
drying, which can prevent infection caused by bacteria,
fungi growth due to extended use.

[0104] Inaddition, the hostdevice 25HD may comprise
suitable vent(s) (e.g., on its housing K04) to allow releas-
ing pressure due to low-volume airflow, which may con-
stantly refresh air within the host device 25HD or the ear
canal and lead to a more comfortable long-time wearing
experience. In an embodiment, the vent(s) may be de-
signed to remain permanently open, but not limited there-
to. In addition, dimension, shape(s) or position(s) of the
housing K04 is not limited, which can be designed ac-
cording to practical requirements.

[0105] Note that, the airflow generating device (e.g.,
KO00) disposed within the wearable sound device is not
limited to be APG device. Any device capable of produc-
ing constant air flow and disposed within the wearable
sound device should satisfy the requirements of present
invention, which is within the scope of the present inven-
tion.

[0106] The strength/volume of a net airflow may be
controlled/adjusted dynamically, programmatically, au-
tomatically, responsive to output(s) of a sensor (e.g., a
humidity sensor or a thermometer) disposed within the
host device 25HD, or manually by a user.

[0107] In other words, the host device 25HD or the
wearable sound device 25HD may comprise a sensor
(e.g., K02 in FIG. 25), and volume of airflow produced
by the airflow generating device (or APG device) KOO
may be adjusted according to a sensing result of the sen-
sor (K02). In an embodiment, the sensor K02 may be a
humidity/temperature sensor, and volume of airflow pro-
duced by the airflow generating device (or APG device)
K00 may be adjusted according to sensing result of the
sensor K02, which is not limited thereto. Note that, posi-
tion of sensor K02 within the host device 25HD may be
optimized according to practical requirements, which is
not limited thereto.

[0108] A user may change/adjust the strength/volume
of a net airflow by controlling the wearable sound device
manually; alternatively, the airflow generating device KOO
may be triggered/activated according to an instruction
signal from a sensor, which is disposed within the host
device 25HD or communicatively coupled to the airflow
generating device KOO via a wireless/wired connection.
The strength/volume of a net airflow may be adjusted via
the amplitude of a demodulating (driving) signal (e.g.,
+8V) and/or a modulating (driving) signal (e.g., SM).
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[0109] The APG device (e.g., KOO) generating con-
stant amplitude air pulses is designed to have low power
consumption, by taking advantage of the energy recy-
cling set forth above.

[0110] Inaword, in applications where audio is unnec-
essary, the host device 25HD (operated in the blower
mode) may or may not be powered by a battery, and the
air pulses (AP) may still produce a net air movement con-
stantly toward one direction to dry the ear canal (or dis-
sipate heat previously generated by the host device
25HD). Unlike traditional speaker technologies such as
electrodynamic or electrostatic, which lack the ability to
move air in one (single) direction, the APG device or air-
flow generating device (e.g., K0O), of present invention,
capable of unidirectional airflow offers a solution for ven-
tilation.

[0111] Not all features in one figure/embodiment are
essential and may be omitted. The technical features de-
scribed in the following embodiments may be mixed or
combined in various ways as long as there are no con-
flicts between them.

[0112] Details or modifications of a wearable sound
device, a sound producing device, a APG device, and a
circuit for energy recycling are disclosed in US Applica-
tion No. 62/572,405, No. 62/575,672, No. 62/579,088,
No. 62/579,914, and No. 63/437,371, the disclosure of
which is hereby incorporated by reference herein in its
entirety and made a part of this specification.

[0113] In summary, the air-pulse generating device of
the present invention generates asymmetric air pulses
at ultrasonic pulse rate and can functions as air pump.
The plurality of air pulses produce net airflow constantly
toward one single direction, which may be applied to air
movement applications such as cooling, drying, dehu-
midifying, heat dissipation and/or ventilation applica-
tions.

Claims

1. An air-pulse generating device (C00), character-
ised by, comprising:

a film structure (10), configured to be actuated
to generate a plurality of air pulses (AP, AP1,
AP2) at an ultrasonic pulse rate (f,se);
wherein the plurality of air pulses produces a net
airflow toward one single direction (D1 or D2).

2. A wearable sound device (25HD), characterised
by, comprising:

a housing (K04); and

an airflow generating device (C00, 500, 100, or
K00), configured to produce an airflow toward
one single direction (D1 or D2).

3. Thewearable sound device (25HD) of claim 2, char-
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acterised in that, the airflow generating device
(C00, 500, 100, or KOO) comprises:

a film structure (10), configured to be actuated
to generate a plurality of air pulses (AP, AP1,
AP2) at an ultrasonic pulse rate (fy,se);

wherein the plurality of air pulses produces the
airflow toward one single direction (D 1 or D2).

The air-pulse generating device of claim 1 or the
wearable sound device (25HD) of claim 3, charac-
terised in that, the film structure is actuated by a
driving signal;

wherein the driving signal is generated according to
an inputsignal (S;y) comprising a nonzero direct cur-
rent offset.

The air-pulse generating device of claim 1 or the
wearable sound device (25HD) of claim 3,

characterised in that, the film structure is ac-
tuated by a modulating signal (SM) to perform
a common-mode movement;
wherein the modulating signal is generated ac-
cording to an input signal (Sjy) comprising a
nonzero direct current offset.

The air-pulse generating device of claim 1 or the
wearable sound device (25HD) of claim 3, charac-
terised in that, the film structure is actuated by a
demodulating signal (=SV) to perform a differential-
mode movement to form an opening (112) at an
opening rate which is synchronous with the ultrason-
ic pulse rate.

The air-pulse generating device of claim 1, charac-
terised in that, the air-pulse generating device func-
tions as an air pump.

The air-pulse generating device of claim 1, charac-
terised in that, the air-pulse generating device is
disposed on, under or by a heat source (HS) and
configured to dissipate heat from the heat source.

The air-pulse generating device of claim 1, charac-
terised in that, the air-pulse generating device is
configured for ventilation.

The air-pulse generating device of claim 1, charac-
terised in that, the air-pulse generating device is
disposed within a host device (23HD, 24HD, or
25HD) and configured to ventilate a space within the
host device.

The air-pulse generating device of claim 1, charac-
terised in that, the air-pulse generating device is
disposed within an air quality sensing device.
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12. The wearable sound device of claim 2, character-
ised by, further comprises:

a sensor (K02);

wherein volume of airflow produced by the air-
flow generating device is adjusted according to
a sensing result of the sensor.

13. A method of producing airflow, characterised by,
comprising:

producing a plurality of asymmetric air pulse
(AP), by an air-pulse generating device (C00),
at an ultrasonic pulse rate (fyyse);

wherein the plurality of asymmetric air pulses
produces a net airflow toward a single direction
(D1 or D2).

14. The method of claim 13, characterised by, compris-
ing:

driving a film structure (10) of the air-pulse gen-
erating device via a driving signal;

wherein the driving signal is generated accord-
ing to an input signal (S;y), and the input signal
comprises a nonzero direct current offset.

15. The method of claim 13, characterised by, compris-
ing:

driving a film structure (10) of the air-pulse gen-
erating device via a modulation-driving signal
(SM), to perform a common-mode movement;
wherein the modulation-driving signal is gener-
ated according to an input signal (S)y), and the
input signal comprises a nonzero direct current
offset.

16. The method of claim 13, characterised by, compris-
ing:

driving a film structure (10) of the air-pulse gen-
erating device via a demodulation-driving signal
(£8V), to perform a differential-mode move-
ment;

wherein the differential-mode movement is con-
figured to form an opening (112) at an opening
rate which is synchronous with the ultrasonic
pulse rate.
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