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TITLE OF THE INVEWTION
FARARMETKIC AUDIO SYSTEM

RQOS3 REFERENCE TQ RELATED APPLICATIONS
This applicstion ls & continuation-in-part applicaticn
of prior 0.8, Fatent Application Number 0%/200,022 filed
April 27, 1989 entitisd PARAMETRIC AUDIO SYSTEM.
This application <laims priority =f U.5. Provisicnal
Patent Application Number €0/176,140 filed January 14, 2000
entitled PARAMETRIC ADDIO SYSTEM.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT
N/A

BACKGROUND OF THE INVENTION

The present invention relates generally to parame(tric
zudic systems for ¢gensrabtlng =alrborne audic signals, and
more specifically to such parametric audio systems that
include arrays of wide bandwidth membrane-type tranaducers.

Parametric audlc systems are known that employ arrays
of acoustic transducers for projecting uwltrasonic ecarriex
eignales modulated with audic signals through the air fox
subseguent regeneraiion of the andic signals along a path of
projecticn., A conventional parametric audio system includes

2 modulator for modulating an ultrasonic carrier signal with

JP
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an  audic signal, at least one driver amplifier Ffor
amplifying the modulated ecarrier signal, and one or more
acoustic transducers for <directing the medulated and
amplified carrier signal through the air along a sclected
projection path. Bacn of the acoustic tranaducers im the
array 1 typically a pilezoelectric transducer. Further,
because of the non-linear propagation characteristics of the
air, the projscted ultrasonic signal is demodulated as it
passes through the alr, thereby regenerating the audio
signal along the selected projectieon path.

One drawback of the abeve-descriked conventional
parametric sudio system  is that the piszoelectric
transducers used therewith typically have a narrcow
bandwidth, e.g., 2-5 kHz. As a result, it iz difficult to
minimize distortion in +the regenerated audic signals.
Further, hecasuse the level of the audible sound generated by
such parametric audio systems is proportional to the surface
area eof the acoustic tramsducer, it is generally desirable
to maximize the effective surface area of the acoustic
transducer aYray. However, because the typical
plezoelectyic transducer has a diameter of only about 0.25
inches, it is ofter necessary te include hundreds or
thousands of such piezoelectric transducers ir the acoustic
transducer array to achisve an optimal acoustic transducer
surface area, thereby significantly increasing the cost of
manufacture.

Enother drewback of the conventional parsmetric audio
system is that the ultrssonic signal is typically directed
along the selected projection path by a mechanical steering
device. This allows the sound to be positicned dynamically

or interactively, as controlled by a computer system.

JP 2004-501524 A 2004.1.15
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However, such mechanical steering devices are freguently
2¥pensive, bulky, inconvenient, and limited.

It would therefore be desirable to ntave a parametric
audic system configured to generate alrborne audio signals.
Suck a parametric audic system would provide increased
bandwidth and reduced distortion in an implementation that

is less costly to manufacture.

ERYEF SUMMARY OF THE TNVENTION

In accerdance with the present invention, a parameliric
audioc system is provided that has increased bandwidth for
generating airborne audio =signals with reducec distertion.
In one embodiment, the parametric audio system includes =z
redulator feor moedulating an ultrasenic carrier signal with
at least one processed audio signal, at Jleast one driver
amplifier for ampilifying the modulated carrier signal, and
an array of acousztic transducers for projecting tie
wocdulated and emplified carrier signal through the air for
subssyuent regensration of the audic signal along 2 selacted
projection path. Bach of the acoustic transducers in the
array 1s a membrane-type transducer, In a preferred
embodiment, the wembrane-type transducer Lls a Sell-type
electrostatic transducer that includes a conductive membrane
and an adjacent conductive backplate. . In an alternative
enmbodiment, the Sell-type slectrostatic transducer includes
a conductive membrane, an adjacent insulative backplate, and
an  electreode disposed on the side of the insulative
backplate opposite the conductive membrane . The backplake
preferably has &a plurality of depressions formed on a
surface thereof npear the conductive membrans. The

depressicns in the backplate surface are sultably formed to

JP 2004-501524 A 2004.1.15
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zet the center Ireguency of the membrane-type transducer,
and to allow sufficient bandwidth to reproduce a nenlinearly
inverted uvltrascnic signal. Further, the driver amplifier
includes an inductor ceupled to the capacitive load of the
membrane-type transducer te form a resonant cirenit. In a
preferred embodiment, the center frequency of ths membrane—
type transducer, the resenance freguency ¢f the resonant
circult formed by the driver amplifier coupled to the
menbrane-type transducer, and the fregquency of the
vltrasonic carrier signal are egual to tne sane walue of at
least 45 kHz. The array of acoustic transducers is arrenged
in one or more dimensions and i3 capable of electronically
steering at least one audjo beam along the selected
projectien path. In cne exmbodiment, the zcoustic transducer
array has a one-dimensionzl arrangement and is capabls of
electronically steering at least cone zudio beam in one {1)
angular direction. In ancther sepbodiment, the accoustic
transducer array has a two-dimensional arrangement and is
capable ¢f electronically steering at least one audioc peam
ie two (2) angulay directions. In a preferred embodiment,
the acoustic transducer array is a one-dimensiopal linear
array that steers, Ifocuses, or shapes at least one audia
beam in one (1} angblar direction by distributing a
pradetermined time delay acreoss the acoustic transducers of
the array.

Other features, functions, and asvects of the inventicn
will be evident from the Detalled Description of the

Invention that follows.
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BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING

The inventicn will be meore fully understood with
reference to the felleowing Detailed Description of the
Inventien in conjunction with the drawings of which:

Fig. 1 i5 2 block diagram of a parametric audic system
in accerdance with the present invention:

Fig. 2a is a simplified plan wiew of an array of
acoustic transducers included in the parametric audic system
of Fig. 1;

Fig. 2Zb 18 a cross-sectional view of the acoustic
transducer array of Fig. 2a:

Fig. 3 1s a siwplified, expleded perspective view of
the acoustic transducer array of Fig. Zb;

Fig. 4 is a schematic diagram of 2 driver amplifier
cireuit included in the parametric audic system of Fig. 1;

Fig. 2 is 2 partial block diagram of an adaptive
parametric audin system in =accordance with the present
invention;

Figs. 6a and 6b depict, respectively, the freguency-
dependent decay of ultrasconic signals through the atmosphare
and the result of correcting for this phencmenon; and

Fig. 7 is a cress-secticnal view of ar alternative

embodiment of the acoustic bransducer array of Fig, Za.

DETAILED DESCRIPTION OF THE INVENTION
U.3. Patent Application Wo. 03/300,022 filed April 27,
1899 is incorperated nerein by refarence.
U.5. Yrovisional Patent A&Applicaticn KRe. 60/176,140
filed January 14, 2000 is incorporated herein by reference.
Methots and apparstus are disclosed for dJdirecting

ultrasonic beams modulated with audico signslis through the
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air for subsequsnt regensration of the audie signals along
selected paths of prejection. The presently disclosed
invention directs such modulated uitrasonic beams through
the air by way of a parametric audio system configured to
provide increased bandwidrh and reduced distortion in an
implementation that is less gostly to manufacture.

Fig. 1 depicts a rlock diagram of an illustrative
empodiment of a parametric audic system 100 accerding to the
present invention. In the illustrated embodiment, the
parametric audio system 100 includes an acoustic transducer
array 122 comprising a plurality of acoustic transducers
arranged in & one, two, or three-dimensional configuration.
The accustic transducers of the array are driven by a signal
generator 101, which includes an ultrasonic carrier signal
gereratoxr 114 and cne {1) or more audio signal sources 102-
104,  Optional signal conditioning circults 106-10B receive
respective auvdic signals generated by the avdic signal
sources lUZ-104, aand provide conditicned audio signals to a
summer 110, It is noted that such conditioning of the audio
signals may allernatively be performed after the audio
signals are summed by the summer 110. In either case, the
copditioning tyoically comprises 2 nonlinear inversion that
is mnecessary to redice or eliminate distortion in the
reproduced  audic and gensrally expands the need for
ultrasonic bandwidth. The conditioning may additionally
comprise standard a2udio  preduction  routines  such  as
equalization (of 2udio) and compression. A modulator 112
receives @ composite audic signal from the summer 110 and an
ultrasonic carrier signal from the carrier generator 114,
and modulates the ultrasonic carrier signal with the

composite andice signal. The modulator 112 is preferably

JP 2004-501524 A 2004.1.15
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adjustabls in order to vary the modulation index. Amplitude
modulation by multiplication with a carrier 1is preferred,
but beczuse the ultimate goal of such modulation is to
convert audic-band signals into ultrascund, any form of
modulaticn that can have that result may be used.

In a preferred embodiment, the modulator 1lZz provides
the modulated carrier signal to a matching filter 116, which
is configured to compensate for the generally non-flat
Freguency response of the driver amplifier 118 and the
acoustic transducer array 122. The matching filter 1l€¢
provides the modulated carrier signal to at least one driver
amplifier 118, which in tuxn provides an amplified version
of the modulated carrier signal to at least a portion of the
plurality of acoustic transducers of the acoustic tranaducer
array 122. The driver amplifier 118 may include a delay
circuit 120 that applies a relative phase shift across all
frequencies of the modwlated carrier signal in order te
steer, focus, or shape the ulirasonic beam provided at the
output of the scoustic tranaducer array 122. ‘The ultrasonic
beam, which comprises the high intensity uvltrasonic carrier
signrai amplitude-modulated with the composite audic signal,
is demecdulated on passage through the zir due to the non-
lirear propagation characteristics of the propagation medium
to generare audible sound. 1t 1is noted that the audible
seund gensrated by way of this non-linear parametric process
is approximately proportional to  the sguare of the
modulation envelope. Accerdingly, to reduce distortion im
the audikle  sound, the signal conditioners 106-108
preferably include nonlinear inversicn circuitry for
inverting the distortion that would otherwise result in the

audible signal. For most  signals, this inversion

JP 2004-501524 A 2004.1.15
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approximates taking a square root of the =ignal, after
appropriate cffset. Turther, Lo increase the level of the
audible sound, the acoustic transducer array 122 is
preferably configured to maximize the effective surface area
of the plurality of acoustic transducers.

The frequency of the carrier signal generated by the
ultrasonic carrier aignal generater 114 is prefersbly on the
order of 45 xHz or higher, and £nm:e preferably on the order
of 55 kHz or higher. Becauss the sudio signals generated by
the audic signal socurces 102-104 typically have a2 maximum
frequency of about 20 khz, the lowest freguency components
of substantial irtensity according te the strengith of the
audic signal in the moduleted ultrasenic carrier signal heve
a freguency of abcut 25-3% kHz cor higher. Such freguencies
are typically above the audible range of hearing of humen
beings.

Fig. 2a depicts a simplified plan visw of an
illustrative embodiment of the acoustic transducer array 122
ineluded in the parsmetcic audie system 100 {see PFig. 1).
As described above, the acoustic transducer array 122
includes s plurality of acoustic transducers arranged in a
zonfiguration having one or wore dimensions. Accordingly,
the exemplary acoustic transducer array 122 includes a
plurality of acoustic transducers 0-11 (shown in phantom)
arranged in a ome-dimensional configuratiocn. Bach of the
acoustic transducers 0-11 comprises a capacitor transducer,
and more particularly a membrane-type transducer ‘euch as a
merbrane-type PYDF  {ransducer, a memorane-type electret
transducer, or a membrane-type electrostatic transducer.
The membrane-type transducer has a loudness figure of merit,

1, definen as

JP 2004-501524 A 2004.1.15
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1 = (Area) e (Bmplitude)?, (1)
in which “Area” is the area of the membrane-type transducer
and “Amplitude” is the amplitude of the modulated ultrasonic
carrier sigunal. The leoudness figure of merit is preferaoly
greater than (2.0 x 10%) va? e in®, and more preferably
greater than (4.5 =z 10°) Fa® e in?, In the illustrated
embodiment, each of the acoustic transducers 0-11 has a
generally rectangular shape to facilitate close packing in
the cne-dimensional configuration. It should be understood
that other geometrical shapes and configurations of the
acoustic transducers may be cmployed. For example, the
acoustic transducers may be suitably shaped for arrangement
in an annular configuration.

Fig. 2b depicts a cross-sectionsl view of the acoustic
tLransducer array 122 of Fig. Za. 2= menticned above, the
acoustic transcducers 0-11 are membrane-type transducers. In
a preferred embodiment, each of the acoustlc transducers 0-
11 is a Sell-type electrostatic transducer. Accordingly,
the agoustic transducer array 122 includes an electrically
conductive membrans 202 that ls conductive om at least one
side, which opposes an adjacent backplate electrode 204.
For exampla, the membrane 207 may comprise a kapton membrane
with one-sided metalization. Further, a surface Z04a of the
backplate electrode 204 is interrupted by a plurality of
vectangular grooves of varying depth to form the acoustic
transducers 0-11. In the exemplary embodiment, the acoustic
transducer array 122 includes suitable structure, e.g., &
leaf spring (neot shown), Ffor forcing the membrane 202
against the surface 204a of the backplate electrode 204.
Thus, the acoustic transducer array 122 includes the

plurality of acoustic transducers 0-11 as dafined by the

JP 2004-501524 A 2004.1.15
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membrane 202 and regpective edges of the plurality of
rectangular grooves. In an aliternative =nbodiment, *he
acoustic transducer =srray 122 may include the conductive
memorane 202, a conductive elecirode (not shown), and an
insulative kackplaie {not shown) having a surfzce
interrupted by a piurality of rectangular grooves and
digposed between the membrane 202 and the electrode.

The bhandwidth oi the acoustic transducsr arvay 122 is
preferably on the order of 5 XHz or higher, and more
preferaply on the order of 10 kHz or higher as enhanced by
the matching filter 1186. Furiher, by suitably setting the
depth of the grooves forming the acoustic transducers 0-11,
the frequency respense of the acoustic transducer array 122
can ke set to satisfy the requirements of the target
application. For example, the center fraouency of the
acoustic transducer array 122 may be made lower by
increasing the depth of the greooves, and bandwidth can be
extenoed by varying the groove depths about the transducer.
The center freguency of the acoustic transducer array 122 is
also affected by, e.g., the tenaion of the membrane 202 and
the width of the grooves, as described in co-pending U.S.
Patent Applicaticn No. (9/300,200 filed April 27, 1893
entitled ULTRASONIC TRAWSDUCERS, which is incorporated
herein by reference. In a preferred embadiment, the center
Zreguency of the acoustic transducer array 122 and the
fregquency of the carrier signal generated by the ultrasonic
carrier zignal gensrator 114 are equal to the same valus of
at least 45 kH=z.

Those of ordinary skill in the art will appreciate that
the time~varying ulirasonic carrier signal provided to the

acoustic transducers 0-11 of the array 122 generates a

JP 2004-501524 A 2004.1.15
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varying electric field betwsen the c<onductive membrane 202
and the backplate electrode 204 that deflects the wmembrane
202 inkto and out of the depressions formed in the surface
2C2a of the backplatz electrode 204 by the plurality of
rectangular grooves. In this way, the uwltrasonic carrier
signal causes the membrane 202 to wvibrate at a rate
corresponding ta the frequency of the electric field,
thereby wcausing the aooustic transducer array 122 to
generate sound waves.

Fig. 3 depicts a simplified, exploded pexrspective view
of the acoustic transducer array 122 included in the
parametric auwio system 100 (see Fig. 1l). BAs shown in Fig.
3, the acoustic transducer array 122 inciudes the conductive
membhrans 202 and the backeplate slectrode 204. Because each
of the acoustic transducers 0-11 is preferably a Sell-tyoe
electrostatic transducer that may require a DC bias applied
therete, a DC hias source 306 (e.g., 1530 Vi) is connected
across  the conductive menbrane 202 and  the backplate
electrode 204, The DC bias source 306 increases the
sensitivity of the acoustic transducer array 122 and reduces
ultrasonic distoriion in the sonic beam gensrated by the
acoustic transducer array 122, The D[C pias may
alternatively e provided by the internal charge of a
compoaent of the transducer, preferably the membrane, in the
form of an electret. Fig. 3 further depicts an AC source
304 serially connected te the DX bias source 30& that
generates a time-varying signal representative of the
modulated ultrasonic carxier =ignal orovided to the accustic
transducer array 122 by the driver amplifier 118.

Moregover, Fig. 3 depicis an optional dielectric spacer

302 disposed between the conductive membrane 202 and the

JP 2004-501524 A 2004.1.15
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backplate electrode 204, In one embodiment, the dielectric
spacer 307 is configured to fill the depres=sicna formed in
the surface 204a (see Fig. 2b; of the backpﬁate electrode
204 by the plurality of rectangular grooves. For examnpie,
the dielectric spacer 302 may be provided to increass the
electric fleld Eormed between the backplate electrode 204
and the conductive membrane 202, thersby generating an
incraased amount of force on the membrane 202 and enhancing
the performance of ths acoustic transducsr array 122, In
another empodiment, an acoustic horn {not Showin) is
operatively disposed near the membrane 207 to provide for
improved impedance matching between the acoustic transducer
array 122 and the air, and/or to wvary the distribution of
ultrasonic beams projected along the selectad projzctien
paths.

Fig. 4 depicts a schematic diagram of %“he driver
amplirtier 118 ({see Fig. 1) including the delay circuoit 220
(see Tig. 1}. It is urderstood that the driver amplifier
118 may be suitably configured for driving either a portion
or all of the acouvstic transdecers 0-11 included in the
acoustic transducer arvray 122, It is also noted that a
respective delay circuit 120 is preferably provided for each
one of the acoustic transducers 0-11. Fig., 4 shows the
driver amplifier 118 cdriving ocaly the accustic transducer 0
for clarity of discussion.

As shown in Fig. 4, the delay circult 120 receives the
modulated carrier signal from the matching filter 116 ({see
ieg. )+ applies a relative whase shift to the modulated
cerrier signal for steering/focusing/shaping the ultrasonic
beam generated by the acoustic transducer array 122, and

provides the modulated carrier signal to an amplifier 404,

JP 2004-501524 A 2004.1.15
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The primary winding of a step-up transformer 406 receives
the output of the amplifier 404, and the secondary winding
of the transformer 406 provides a stepped-up voltage (e.4.,
200-300 W¥pe) to the series combination of the acoustic
Eransducer 0, a resistor 408, and a bhlocking capacitor 410,
The resistor 408 provides a measure of damping to broaden
the frequency response of the driver amplifier 118.
Further, a DC bias is applied to the acoustic transducesr 0
from a DC bias source 402 by way of an isolating inductor
432 and a resistor 414, The capacitor 410 has relatively
iow impedance and the inductor 412 has relatively high
impedance at the operating freguency of the driver amplifier
118. Accordingly, these components typically have no effect
on the operation of the circuit except to isolate the AC and
DC portions of the circuwit from each other. For erxample,
the impact of the blacking capacitor 410 on the electrical
resonance properties of ths driver amplifier 118 may be
reduced if the capaciter 410 has a waleve that is
significantly greater than the capacitance of the acoustic
transducer (. The capacitance of the blecking capacitor 410
may alsc he used to tune the capacitance of the acoustic
transducer 0, thereky tailering the resonance wroperties of
the driver amplifier 118, In an alternative exmbodiment, the
inductor 412 may be replaced by a very large rasistor value.
It is noted that the blocking capacitor 410 may be omitted
when the DC bias is provided by an electret.

As ewplained above, the matching filter 116 (see Fig.
1) may be provided Just before the deiver amplifier 118 to
compensate for the generally non-flat freguency response of
the driver amplifier 118 and the acoustic transducer array
122, It is noted that Lhe matching filter 116 may be

JP 2004-501524 A 2004.1.15
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cmitied when the combination of the driver amplifier 118 arnd
the aceoustic transducer 0 provides a relatively flat
frequency response. In a preferred embodiment, the matching
filter 116 is configured to perform the function of a band-
stop frlter for esgentially inverting the band-pass nature
of the driver amplifiser 118 and the acoustic transducoer .
It is further noted that the Ifrequency response of the
comibination eof tie driver amplifier 118 and the acouatic
transducer 0 is preferably either consistent soc that the
matching filter 116 can be reliably reproduced, ar
meagurable so that the matching filter 116 can be tuned
during macufacture or in the field. In an alternative
embodiment, the matching filter 116 is provided before the
modulator 112 {see Fig. 1) with suitable freguency mapping.
Such an alternative embodiment may be employed for digital
implementations of the parametric audio system 1006 {see Fig.
1.

In a preferred embodiment, the secondary winding of the
transformer 406 is configurad to resonate with the
capacitance of the acoustic transducer 0 at the cenker
frequency of the acoustic transducer 0, e.g., 45 KMz or
higner. This effectively steps-up the voltage across the
acousilc transducer and vprovides a highly efficient coupling
of the power from the driver amplifier 118 to the acoustic
transducer. Witheut the rescpant clrcuil formed by the
secondary winding of the transformer 406 and the acoustic
transducer capaciitance, the power reguired +o drive the
parametric avdic system 100 is very high, i.e., on the order
of hundreds of watts. With the resonant cirewit, the power
reguirement reduction corresponds €0 the Q-facter of

TESONaNncS . It is aocted that in the illustrated embodiment,

JP 2004-501524 A 2004.1.15
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the capacitive load of the acoustic transducer functions as
a “charge reflesctor”. In effect, charge “reflecis” from the
acoustic transducer when the transducer is driven and is
“gaught” by thne secondary winding of the transformer 406 to
ke rewsed. The slectrical rescnance frequenny of the driver
amplifier 118, the center frequency of the acsustic
transducer 0, and the ultrasenic carrier freguency
preferably have the same freguency value.

It should ke understecod that the transformer 406 may
alternatively be provided with a relatively low secondary
inductance, and an inductor (not shown) may be added in
series with the agoustie transducer O to provide the desired
electrical rescnance frequency. Further, if the transformer
406 has an inductence that 1s too large te provide the
desired resonance, then the effective inductance may be
suitably reduced by connecting an indouctor in parallel with
the secondary winding., It is noted that the cost as well as
the physical size and weight of the driver amplifier 118 may
be reduced by suitably confiquring the secondary inductance
of the *transformer 406, I+ is further noted that an
acokstic transducer array having acoustic transducers with
diffsrent center freguenciss may be driven by a plurality of
driver amplifiers tuned to the respective center
freguencies.

As described above, the delay cirecult 120 (see Fig. 1)
applies a relative phase shift acress all freguencies of the
modulated carrier signal so as te steer, focvs, or shape
ultrasonic beams generated by the zcoustic transducer array
122, The acoustlc transducer array 122, particularly the
cne-dimensional accustic transducer array 122 of Fig. 2a, is

therefore well suited for use as a phased array. sSucn

JP 2004-501524 A 2004.1.15
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phased arrays may be employsd for elsctronically steering
audio beams toward desired locations along  selected
preojection paths, without requiring mechanical motion of the
acoustic transducer array 122. Further, the phased array
may be used to vary audiec beam characteristics such as the
lream width, focus, and spread. Still fuorther, the phased
array may be used to generate a frequency-dependent bean
distribution, ir which modulated wultrasonic beams wilth
different [Ereguencies propagate through the 2ir along
different projection patns. Moreover, 2 suitably controlled
phasad array may ftransmit multiple ultrasonic beams
zimaltansously =c that multiple audible beams are generated
in the desirad directions.

Specifically, the acoustic transducer arrey 122 is
configured €o operzte as a vhased array by manipulating the
phase relationships between the acoustic trensducers
inciuded therein Lo obtain a desired interference pattern in
the ultrascnic field. For example, the ope-dimensional
acoustic transduser array 122 {cee Fig. 22) may nanipulate
the phase relationships between the acoustic transducers 0-
11 by way of the delay circuit 120 (see Fig. 1)} so that
constructive interfercnce of ultrasonic beams cccurs in one
direction. As a result, the one-dimensional acoustic
transducer array 122 steers the modulated ultrasonic beam in
that direction electronically. Fexr example, a rich,
flexible aundio acene of many dynamic sound objects may he
generated by changing the directlion of the wmodulated
ultrasenic beam In this manner in real-time (e.g., via a
computerizad beam steering control dewvice 124, see Fig. 1).

In a preferrad embodiment, the delay circuit 120 (zee

Fig. 1) 1linearly distributes a wpredetexminsd time delay

JP 2004-501524 A 2004.1.15
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acress the acoustic transducers 0-11 (see Fig. 2a), the
alope of which is proportionsl to the sine of the stesring
angle, 8. In a preferred embodiment, the delay circuit 120
applies a time delay, d, defined as '
d = {x s8in{d)/c, (2)

in which “#" is the distance from one of the acoustic
transducers 0-11 and the lecation of the acoustic tranaducer
0 in the array 122, and “c¢” is the speed of socund.

This phased array technigue can be used to produce
arpitrary interference patterns in the vltrasound field and
therefore arbitrary distributions of regenerated avdic

signals, much like holographic reconstructien of light.

" milthough this <echnigue can be used for electronically

steering, focusing, or shaeing a single modulated ulhirasenic
beam by way of the acoustic transducer array 122 (see Fig.
2a), it is noted that it may zlisc be used to create a sonic
anvirommant  containing mueltiple, arbitrarily shaped and
distributed audible soungd sources.

The efficiercy of demodulation of the ultrasocnic beam
to provide aundibkle soond is a direct funetien of the
absorption rate of the wulitrasound and therefore the
atmospheric conditions such as temperature andfor humidity.
For this rsascn, the parameiric audic system 100 preferably
includes a temparature/kumidity contrel device 130 {see Fig.
1. For example, the temperature/humidity control device
130 may inelude a thermostatically controlled cooler, or a
dehumidifier that maintains desired atmospheric conditions
along the path traversed by the ultrasonic heam. In
general, at ultrasonic frequencies, it 1is desirable to
provide cooler, dry air to minimize abzorption and maximize

periormance . Other agents such as stage =moke may alsoc be

JP 2004-501524 A 2004.1.15
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injected inte the air to increase the efficiency of
demodulation.

Fig. 5 depicts an adaptive parametric audie system 500,
which is a preferred embodiment of the parametric audio
system 100 ({see Fig. 1). As shown in Fig. 5, an =udio
sigral source 502 provides an audic signal to a peak level
detector 505, and the auwdic signal and the output of the
peak lsvel detacior 505 are provided Lo a summer 510. Fi8
square root circuii 506 receives the sum of the audic signal
and the peak level detector 505 ocutput from the summer 510.
As described sbove, the square root of the audio signal is
preferably taken before the signal is provided to the
wodulagtor s¢ as to reduce distertion in the audible sound.
In the adaptive parsmetric audic system 500, the squars zoot
circuit 506 in combination with the peak level detector 505
is configured to perform a nonlinear inversion of the audic
signal to reduce the audible distortion. In altcrnative
embodiments, the sguare root function performed by the
circuit 506 may ke replaced by a suitable polynomizl, =
lockup table, or a spline curve. The square root cilrcuit
506 provides the sguare root of the sum of the auvdio signal
and the peak level detecter 505 output to a wmodelator 512,
which modulates an ultrasonic carrier signal provided by a
carrier generztor 314 with the composite signal. The
modulated carrier 1s then provided to a matching filtex 516,
and the output of the metching filter 516 is applied to'an
amplifier 517 pefore passing to the driver circuit 118 (see
Fig. 1}.

The adaptive parametric aunslo system 500 generates en

audikle secondary beam of sound by transmitting into the air

JP 2004-501524 A 2004.1.15
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a medulated, inauwdible, primary ultrasonic beam. For a
primery beam defined as

p1{t] = BiE{T)sin{mct}), {3
in which “P)” 1is the carrier amplitude and " is the
carrier frequency, a reascnable reproduction of an zudio
aignal, git}, is obhiained when

E(t) = (1 + Jimg(t)ac®ys, 4
in which ™m* is the modulation depth and “g(t)* is
noxmalized to a peak value of unity. The rasulting audible
secondary beam may be expressed as

pelt) w 2% (B (£} /dt?) {5}

peit! w Plmgit)

pa(t} = glt),
in which the symbel “«” represents the phrase “approximately
proporticnal to”,

The adaptive parametric audiec system 500 controls both
the modulation depth and the ovsrall primary signal
amplitude, P., to (1) maximize the medulation depth (while
keeping it at or belew a target walue, e.g., 1), (2}
maintain an audible level corresponding to the level of the
audie signal, glt), by appropriately adjusting Pi, and {3)
ensure that when there is no audic signal present, there is
littie or neo vltrascund present. The parametric audio
system 500 is configurad to perform these functions by
measuring the pezk lewvel, L{t), of the integrated {i.e.,
equaliized) audic signal, and synthesizing the transmitted
primary peam, p’(t), defined as

P () = BLit) + milgitidth) siniut), (6)
in which “L{t)" is the cutput of the peak level detector 505

and the suam “L(t] [nﬂg(t)dt"’” is the output of the summer

JP 2004-501524 A 2004.1.15
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510.  The square root of the sum “Lit} + nmffgit)de™ is
previded at the output of the square =oot circuit 506, and
the muoltiplicaticn by “Fisielet)” is provided by the
modulator 512,

Atmcspheric demodulation of the modulated ultrasonic
signal results in an audle signal, p’z(t}, which may be
expressed as

platz) = EP{r) fat? 7}
pa(t) = Fuit) + nfere)ac?) sar?
paltl o 'Lty /dE? ¢ mglt) .

The signal “p'3{t)” includes the desired sudio signal,
mg(t}, and a residual term invelving the peak detection
signal, L{t). Ia the illustrated embodiment, the peax level
detector 535 is provided with a short time constant for
increases in g(t) peak, and 2 slow decay {(i.e., a long time
gonstant} for decreases in gii) peak. This reduces the
sudikle distortion in the first term of equation (6) {(i.e.,
:lzl.(t)/cltz'l, and shifts 1t to relatively low freguencies.

To reduce the possibility of exceeding an allowable
nltrasound exposure, a ranging unit 540 3is provided for
determining the distance to the nearest listener and
appropiiately adjusting the output of  the adaptive
parametric audico system 500 by way of the amplifier 517.
For example, the ranging unit 540 may comprise an uwltrasonic
ranging system, in wiich the modulated ultrascund beam is
augmented with & ranging pulse. The ranging unit 549
detects the return of the pulse, and estimates the distance
te the nearest object by measuring the time between the
pilse’s transmission and return.

Te Further xeduce audible distortion, the modulator 512

provides the modulated carrier signal to the matching fiiter

JP 2004-501524 A 2004.1.15
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514, which adjusts the signal amplituds in proportlon to the
cxpected amount of decay at an assumed or actusl distance
Ifrom the accustic transducer array 122 (see TFig. 1).
Consequently, the curves representing the requency-
dependent decey of the ultrasenic signal throngh the
atmosphere (see Fig. 6a) are brovght closer together, as
depicted in Fig. €b (with the greatest power boost being
applied to the highest freguency, f£4). Although the ovarall
rate of decay is uvnchanged, the descay of the ultrasonic
sigral iz not nearly as freguency dependent and therefore
audibly distortive, .

The correction intreoduced by the matching filter 516
mzy ipe further refined by employing a temperature/humidity
sensor 5330, which provides a gignz2l to the matching filter
516 that can be used to establish an equalization profile
according to known atmospheric abscrpticn equations. Such
equalization is useful over a relatively wide rangs of
distances until *he above-mentioned curves diverge once
again [see Fig. 628). In such cases, the correction may be
improved by using beam geometry, phased array focusing, ot
any other technigue to change the amplitude distribution
along the length of the beam so as to compensate more
precisely for abserption-related decay.

As described above, the pressntly disclosed parametric
audio system reduces distortion in airborne audio signals b-y
way of, e.g., nonlinear inversion of the audio signals and
filtering of the modulated ultrasonic carrier signal. It
should be understood that swch reductions in  audible
adistortion are most effectively achieved with an acoustic
transducer, driver amplifier, and equalizer system that is

capable of reproducing a relatively wide bandwidth.

JP 2004-501524 A 2004.1.15
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Fig. 7 depicts a cross-sectiocnal view of an acoustic
transducer array 622, which is a preferred embediment of the
acoustic transducer array 122 (see [igs. 2Za and 2b). The
acoustic transducer arrszy 622 is configured to provide a
relatively wide bandwidth, e.g., on the order of 5 kHer or
higher. Like the acoustic transducers 0-11 included in the
accustic ‘transducer array 122, each of the acoustic
transducers 0-13 of the acoustic transducer array 622 is
preferably a Selli-type electrostatic transducer.
Rccordingly, the acoustic transducer array 622 includes an
electrically conductive membrane 692 dispesed near an
adjacent backplate electrode 604. Further, & surface 504a
of the backplate electrode 804 is interrupted by a pluraliiy
of rectangular grooves to form the acoustic transducers 0O-
11. Thus, the acoustic transducer array 622 inclodes the
plurality of acoustiz transducers 0-11 as defined by the
membrane 602 and respective sdges of the plurality of
rectangular grooves.

In this preferred embodiment, the grooves corresponding
te the acoustie transducers 0, 2, 4, 6, 8, and 10 are decper
than the greooves corresponding to the acoustic transducers
l, 3, 5, 7, 9, and 11. The acoustic transducers 0, 2, 4, &.
6, and 10 therefore have a lower center frequency than the
acoustic transducers 1, 3, 5, 7, &, and 11. It is noted
that the uge of wniform greove depths absent the matching
filter is not recommended as it tends to reduce bandwidth
owing very high resonance. The respective center
frequencies are sufficiently spaced apart to provide the
relatively wide bhandwidth of &t least 5 kHz. The backplaté
elactrode 604 comprises &z surface roughness 605 to provide

damping and increase the bandwidth of the acoustic

JP 2004-501524 A 2004.1.15
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transducer array 622. Morsover, the membrane 602 may be
configured with internal damping and/or ancther memhrane or
material {e.g., & plece of cioth; nrot shown) may be disposed
near the mnembrane 6G2 +to provide damping and further
increase the bsndwidth of.the acoustic transducer array 622,

The foregeing acoustic transducer array configuration
iz easily manufactured using commonly avallable stamped or
efched materials and therefore has a low cost. Further,
compenents of the driver amplifier 118 (see Fig. 1) may he
placed directly on a portion of the same substrate used to
form the backplate electrode 204 ({see Fig. 2b}. The
acoustic transducer arvay configuration is also light in
welght and can he flexibls for easy deployment, focusing,
and/cr steering of the array. It will also be appreciatea
that geometries, particularly the depths of the rectangular
axooves formed in the backplate electrode 204, may vary so
that the center fregquencies of the individual ecoustic
transducers 0-11 span =z desirved freguency =rznge, thereby
broadening the overall response of the acoustic transducer
array 122 as compared with that of a single acoustic
transducer or an acoustic transducer array having a single
center freguency.

Tt will further bDe appreciaied by those o ordinary
skill in the srt that modifications to and veriations of the
zbove-described parametric audio system may be made without
departing frem the iaventive concepts isclosed herein,
Accordingly, the invention should not be viewsd as limited

except as by the scope and spirit of the appended claims.

JP 2004-501524 A 2004.1.15
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Wnat is claimed ls:

1. A parametric auwdic system for generating at least one
airborne audic beam, comprising:

at least ope audio signal source configured to provide
at. least one awdic signal;

a2 medulator configured to receive a2 first signal
representative of the audio signai and to convert the first
signal into ultrasonic freguencies; and

an acoustic tramsducer array incleding at least one
agoustic trensducer, the array being configured to recelive
the converfed first signal and to project the converted
first signal through the air along a selscted path, therehy
regenerating the audio =ignal along at least & portion of
the selected path;

wherein the acoustic transducsr arxay has a bpandwidth

greater than 5 kiz.

2. The paramstric andis syster of claim 1 wherein each

acoustic transducer i5 a membrane-type transducer.

3. The parametric audic system of claim 2 wherein the
membrane-type transducer is a Sell-type electrostatic

transducer.

3. The parametric audio system of olaim 2 wherein the
membrane-type transducer further  includes a conductive
membrane, a bacikplate electrode, and a DC bhias source

between the conductive membrane and the backplate electrode.

JP 2004-501524 A 2004.1.15
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3. Tne paramctric audic system of claim 4  further
including

at lzast one driver amplifier coupled betwsen the
modulator and the accustic transducer array and configured
to receive the converted first signazl and to generate an
sEplified signal representative of the converted first
signal, and

a blocking capacifor coupled betwesn the drivexr
smplifier and the acoustic transducer array and configured

to block the DC bias from the driver amplifiexr.

G, The parametric audio system of claim ¢ further
including

at least one driver amplifier coupled betwsen the
modalator anc the accustic transducer array and configured
to receive the converted first signal and to generate an
amplified signal representative of the converted Zfirst
signal, and

& first component coupled between the acoustic
transducer array ard the DO bias source and configured to

block the amplified signal from the DO bias source.

7. The parametric audio system of claim 4 wherein the DO

bias source is provided by an embeddsd charge.

8. The parametric aundio system of claim 3 wherein the
Seli-type electreostatic itransducer includes a conductive
merirane, & backplate electrode, and a dielectric svacer
aisposed between the conductive membrane and the backplate

electrade.

JP 2004-501524 A 2004.1.15
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9. The parametric audic system of claim 2 wherein the
membrane-type transduicer dis a Sell-type electrostatic
transdiucer including a conductive wembrane, an electrode,
and an imsulative backplate disposed between the conductive
membrans and the electrode.

i0. The paranetiic audic system of  claim 1 further
including a eircuit configured to perform nonlinear

inversion of the audic signal to generate the first signal,

1i. The parametric audic system of claim 1 further
including

at least one driver esmplifier coupled between the
medulater and the acoustic transducer array and configured
te receive the converted first signal and te gensrate zn
amplified sigral representative of the converted first
signal, and

a matching filter configured to compensate for a non-
flat fregquency response of the combination of the acoustic

transducer array and the driver amplifier.

12. the parametric andio system of claim 1

wherein the at least one acqustic transducer comprises
a membrane-type transducer,

wherein the membrane-type fransducer has a loudness
figure of wexit, 1, defined according to the expression 1 =
{(Area) » (AmplitudE)Q, and

wherein “Area” 1is the area of the membrans—type
transducer and “Amplitude” is the amplitude of the modulated

cavrier signal.
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13. The parametric audio system of claim 1Z whersein “1* is
greatexr than {2.0 x 10Y) Pa? < in”.
14. The paiametric audic system of ¢laim 12 wherein “1% is

greater than {4.3 x 10%) Pa® » in®.

i%. A parametric audic system for generating at least one
airborne audic beam, comprising:

at least one audio signal source configured to provide
at least one audio signal;

a modulator configured to receive & £irst signal
representative of the audio signal and to wodulate an
ultrasonic carrier signal with the first signal;

at least one driver amplifier cenfigured to receive the
modulated carrier signal and to gensrate an amplified signal
representative of the modulated carrier signal: and

an accustic transducer array including at least one
acoastic transducer, the array peing configured to reccive
the modulated carrier signal and to project the moduiated
carrier signal through the air along a szelected path,
thereby derodulating the medulated carrier signal to
regenerate the audic signal along at least a portion of Lhe
selected nath,

wherein the driver amplifier includes an inductor
covpled to a capacitive load of the acowstic transducer
array to form a xresonant circuit having a resonance
frequency approximately egual to the frequency of the

ultrasonic carrier signal.
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16, The parametric sudic system of claim 15 wherein the
freguency ef tne ultrasonic carrier signal is greater than

or egqual to 45 kiz

17. The vparametric audio system of claim 15 wharein the
frequency of the ultrasconic carrier signal is greater than

or egual to 55 kH=z.

18. 1%he paremeiric audio system of claim 15 wherein the
driver amplifier further includes a damping resistor coupled
between the inducter apd the capacitive load of the acoustic

transducer array.

19. The parametric zudio system of c<laim 15 wherein the
driver amplifier further includes a step-up transformer and

the inductor is provided by the step-up transformer.

20, A parametric andic system for genersting at least one
airborne sudio beam, comprising:

at least one andio signal source configured to provide
at least one auwdios signal;

a modulator configured to recelve at least one first
signal representative of the audio signal and to convert the
at least one first signal into ultrasonic frequencies:

at least one driver amplifisr coafigured to receive the
at least one ceonverted first signal and to generate =t least
one amplified signal representative of the converted first
signal;

an acoustic transducer array including z plurslity of
acoustic tramsdocers, the array being configured to receive

the at least one converted first signal and to project the

JP 2004-501524 A 2004.1.15
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regeneration of the audlo signal;
a delay clrcult coniigured

predetermined time delay to the at

signal.

21. The parametric audio system
delay circuit is configured to

predetermined time delay to the at
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the air for subseguent

and

to apply at least ong

least one converted first

aof clzim 20 wherein the
apply the at 1lsast one

least one converted first

gignal to steer the converted first sigmal through the air

along at least one path by the acoustic transducer array,

22. The parametric audio system

of claim 20 wherein the

acoustic Gransducer array further ipcludes a membrane

disposed aleng an adjacent Dbackplate, the backplate

including a plurality of depressicns formed on a surface

therecf, and each acoustic transducer being defined by the

memnbranc and one or more of the depressions.

23. The parametric audio system

dimensions of the respective

of ¢laim 22 wherein the

depressions  are set  to

determine the center freguency and the bancwidth of %ie

respective acoustic transducers.

24, The parametric audio system

of claim 20 wherein the

delay circuit is configured to apply a predetermined time

delay, d, accerding to the expression o = (x + sin{)/ o,

wherein “x* is the distance from a dstum toc s respective

acoustic transducer and Yo iz the

23. An acoustic transducer array,

speed of sound.

comprising:

JP 2004-501524 A 2004.1.15
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a bhackplate including a surface and a plurality of
respective depressions of varying dimensions formed on the
surface; and

2z membrane adiacently disposed along the backplate,

wherein the membrane and at least one of the plurality
of respective depressions define at least one acoustic
transducer, and

wherein the dimensions of the respective depressions
are set to determine the center fregquency and the bandwidih

of the at least cone acoustic transducer.

2€. The acoustic transducer array of claim 25 wherein the

acoustic transducer array hes a bandwidth greater than 3

kHz.
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