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1 Non-Uniform U trasonic Transducers for generating

appl i cat jon s related to a8 L;SLL:’QSp;“-:nﬁmmmmmuun|mm|n|||
application entitled "Utrasonic Transducers an

anplifiers for generating audi o beans”, having "11%¥he

present appl cat on. Freld of the i nvent: on MUY
present invention relates to ultrasonic transdugghs,
for generating a highly directed ultrasonic beam

nmodul ated with an audio signal, and which include an
array MNortUnifafAilfaésmb THaseducere i HeherdithPaGHke 'HeuRts

of Invention Tt Ts known tThat by transmttiing an
ultrasonic signal into air through an wultrasonic
t related applicatigRssi bl e t o produce a highly

directional ultrasonic beam Furthernore, if the

| ; . q 0 di : ' _
AR SO TR 8o's Gndp fol Aplcan nit
d ébticasionice Traresduicersaandi amplifanalfor gederatingnaudio eoédmes”, having

aydi o_signal as the ultraspnic beam passes through {he
21156 SaiefByentdFs. anniget A o S3RAS haar sseparpIation
called an audio beam This is a very prom sing

t $GAI DAY inViehflog very wi de range of possible

appltcatrons. 20 The basic configuration of an audio
beam generation systemis shown in Fig. 1. After the

addecdresgnpbinventien reiales todiltragonic teantucersifer generating a highly
pres; Y ' .ed e distaortion. . -
R S38 o P BIE YE Bubl oL Bhion mauce
d amoaithyaof witrasdhiedrarisdusemeldmented by a unit 5 onto an
ultrasonic wave (e.g. 40 kHz) generated by an

oscillator, 7. The, nodul ated wave i s passed through 25

a 0 fil i .g. a part of unit 5), and then

fed to an ultrasonic transducer 9 and transmtted out

to the air. In the air, the nodulated signal is

ali ismidniovan Ityatd byrottansmidtingbyant hutrasonic i signal &f6 eait thfough an

t rl‘ﬁtra‘as'ornicaprgnts L?ceall'fjl 'ig Ipeossible to produce a highly directional ultrasonic
beam. Furthermore, if the ultrasonic beam is modulated with an audio signal
non-linear effects in the air will automatically demodulate the ultrasonic signal
and regenerate the audio signal as the ultrasonic beam passes through the air
[1]{2). This highly directional audio space is called an audio beam. This is a

very promising technology with a very wide range of possible applications.

The basic configuration of an audio beam generation system is shown in Fig.
1. After the audio signal 1 is input to the system, it is first pre-processed by a
unit 3 to reduce the distortion which is expected to be produced during the air-
demodulation. Then it is modulated by a unit 5 onto an ultrasonic wave (e.g.
40 kHz) generated by an oscillator 7. The modulated wave is passed through
a power amplifier (e.g. a part of unit 5), and then fed to an ultrasonic
transducer 9 and transmitted out to the air. In the air, the modulated signal is
automatically demodulated by the non-linear effect of the air and the audible
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2 sound is regenerated. The gradual regeneration of
the audi bl e sound is equivalent to having many
virtual speakers in the air. The high directivity of
t he generated audi ble sound is the result of both the
narrow ul trasoni c beam and the virtual speakers al ong
the path of wave propagation. 5 Based on nonlinear
acoustic theory, if a strong uftrasonic signal wth
two frequency conponents is transmtted to the air,
the nonlinear effect of the sound propagati on cannot
be ignored. Due to this effect, a new sound signa
Wisblinf €isg patfeinar §iédwi THe rédwuﬁgéheﬁﬂitﬁi df thehaudible sound is
dlfference etween the original 10 two frequencies.
wesuiMs™ terhaving mmany visiual wpepkenseinythel air.a m.mgrsduaqtlwty of
fi
¢ % E3ndrate aGIoIGSEug it e Fautt PR TG0V jPibpic beam
t raadrtagewraremspdaldér‘sfaaomme pathopfevase piopaghtion.
(secondary signal) is: 15 q_ (r, z) _-nj3 k2 f JZJ
q, (r', z2')q2 (r',z2')G_(r, z | r', z')r'dr'dz' Pogo

0 ) . ; oradaL . ot -

sk oSl B e PRS0, ksl win o

t firequeney conmponents i@ fifamsaitted fto eheeaicythie, nenlirgear effect of the
f| Gi e

| SREN e Fpagatin,Canrt e ighareih 5% o fis ftechia paw sound signal
Qe B@ge‘h@rétédtvh& éwqheﬁw eahaM@\tﬁe Rfifftanas 'beﬂNéa,g?&fé original

superscript * signifies the conplex conjugate, an
Gt\w fzqquencaesaltaava%showncm. kir]1 thalr fati fwaepgingary ultrasonic sound
e .shown

- SBCR ) Sot (hepiindiasiyensy iBndas: erepediyoyngus to the
It ﬁgh%%%ﬁﬁpuéf StheenGiE,h tAE TBEeREatBY Y ait¥&Tce ARSI signal

(secondary signal) is:

qinﬂ:— ‘IJlUﬁ/MXV/XiUJhﬂiyﬂﬁk' (1)
00

2
0

where r is the off propagation axis distance, z is the coordinate along the
axis of the beam, k_ is the wave number of difference frequency f, - f,
(assuming f, > f,), B is the coefficient of nonlinearity, p, is the ambient
density of the medium, ¢, is the small-signal wave propagation speed,
superscript * signifies the complex conjugate, and G_(r,z) is a Green's

function for difference frequency.

Based on Eqn. (1), it can be shown that the regenerated sound depends on
two factors:
1) the instantaneous strength of the primary waves. Assuming the

sound pressure levels (SPL) of two primary waves are P, and P, respectively,
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sound pressure levels (SPL) of two primary waves are

P, and P2 respectively, 3 the strength of reproduced

di fference frequency signal will be P where P-P, PZ

2) the primary sound field distribution, since Eqn.

(1) includes a volunme integration over the primry

sound fields. Normally, the bigger the sound 5

fields, the higher the regenerdted sound SPL, provided

that the phase differences of regenerated sound wthin

the fields are small (e.g. < 2 ). Thus, a key

conponent in such an audi o beam systemis the

ulthe astpendth bf aBprbdREd( aiffePéfidd SfaqueRtCcsighle valldb®Pe where
sound is regenerated fromthe 10 ultrasoni ¢ beam whi c

I "PtdRPl.s generated fromthe transducer, the

ultrasoni c transducer al one determ nes the sound

field d)dhe pomargsound fietd distritation; since &, (Thiacludes a volume

configuration and performance of, t ul traspnic.

¢ PReutrlioDr ofes B gL St fls. diotalb iR ebiager the sound
S YrldyT theP AidHRr MR fegéherdlad SotAHEBPLNeSroviMed that the phase
directivity of the beam and the SPL of the ultrasonic

fidifdtenadslof figenehftel Bolind YRR fHEMkIB8 Br&SHafiQER < Z).
it f

field. The ultrasonic sound field (strength & plased
al so influences the conversion efficiency wth which
the ultrasonic sound is converted into audi o sound,

t Mhuayd ke corponeéntain sucletan avdio deanlsysR#@NsCthe ultrasonic
transducers for audi g beam system have previously been
2dransgperiedor amitterdy SinGey the "aHdiblgssennd tis Jg9anei@ted from the
u WY . [ .
A REa STl op ARSRERAH ) S TeHcFae fidih Thé vhBH3CHH o uitrasonic
at@nsdoter BIBhec eletermihes thar sourids fields elistiibutidrnef the ultrasonic
applications such. as distance or intruder detections.
BBt ctiq CanfoiatieR 200 ReTGRSRe qfhe diraserie iamsgucer has a
| Qendbig/ i t is0 oC t d i
couhE I SfSct h (86 SRS Sy rlsdperforftaricel JCARIE, Uetermines the
Adiregtivityl ef dfe bermoandithed3iL of ithg Wirasonic diekhtand thus the re-
S%%\P\%re'\tgd Fa{u%iblé 'sc}urﬁdtttlle‘?d. The ultrasonic sound field (strength & phase)
also influences the conversion efficiency with which the ultrasonic sound is

converted into audio sound, the audible sound quality etc.

Various ultrasonic transducers for audio beam system have previously been
proposed. A first kind of ultrasonic transducer uses many independent
elements to form a transducer array [2]~[4]. The elements are normally
commercial available PZT cells which are also used in other applications such
as distance or intruder detections. A PZT cell can generate a big SPL for a
relatively low driving voltage and has high electric-acoustic conversion

efficiency since it uses PZT material.

An example of a known linear array of N elements is shown in Fig. 2. In the
far field, the directivity of the beam is determined by following formula:
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far field, the directivity of the beamis determ ned
by following formula: 4 N, 2nd, sin(e) f(e)=IS, a;
(e)eXP(-J )=a(e)S(e) (2) f=0 where a,(9) is ith
element's directivity (it is assunmed that all elenents
are of same directivity), g, is the driving signal
anplitude of ith elenent, d, is the distance between
ith el ement and the reference €l enent (denoted by i =
0), e5is the angle fromthe broadside, and A is the
wavel ength of the ultrasonic wave. It is clear that
the far field directivity is the product of each
cell's directivi a(6) and,hhgmgyray configuration
factor g(o). f@)e%%&bdﬂbhm )apt®£©F r om t he meRh
beam which is transmtted at angle 00 (i.e. on the

W Herg' ,ge?’ﬁ%ﬁtho%letnngnttsr al?ec‘%ﬁ/gg e(?t |§ sshr?}%ddt'hgig iemep s are of

vveen ray elenents rs

b%aﬁié"@fre@ﬂnﬂtyg € i$ ARE YrivihP 6RhaNahBifudd 1 8f rﬁta@&ngﬁt d, is the

It can also found that “we “can sharpen t

didistahce betwedn rﬁwelmem/amu/tr&; tdieﬁen@b@@ﬁ@hﬂwer@wm by i=0), 8
cell's directivity a(e) .or sharpening the ar

céhthe@ngle §om 4ee Arogdside, apey riﬁltbﬂawiﬁ‘{ﬁ'ﬁh@thc@ﬁ the ultrasonic
gp\ga\%ag?gge&eépgrﬁat:’@' fer“h@lat&ﬁé#}w.Q d fHe% p?@cﬁ.lc?e(l)fl 8ach cell's

rrven Sane Si 's”are

t yiirectiityy acu)ram;el@b @Irmecdrﬁmtdiﬁﬁn facton R(gyl. $ecamde shown that
di stance between the cells, and thereby to avoid gate

| @past from thaanaiadreanswdticl mwvgnsnndm atrargle d1°|(i.ar oayke central

2 dalioet ielVtiadefl, T e Mehbe bebfiaer iay Mol s bigger then

t ranpars will beldthed Biai §dtedbBes npgfe@) dthif thes +90°. It can also
circl es). The appearance of 20 a known PZT cell is

s Ibevfound thatgwe4anl ¢hdrpen Zh@glrecﬁm& Wﬂ'\efaraawbyaltelthehehbrpening
res e 0, positive and .negative po i a
GoRE cel STk oo r e eBg 376 aLrewBenERuER P agioy £(0).

to port| ons of the PZT material which are spaced
apart in the different polarization directions of the

PLonvehtionally théhiells dr@@rranged in a uniform pattern, and all the cells are
driven by the same signal. The cells are typically arranged close together to
minimise the distance between the cells, and thereby to avoid gate lobes in
the beam. Such conventional PZT cell arrays on uniform grids are shown in
Fig. 3(a) and (b), with a substantially equal spacing between the neighbouring
transducer cells (which are shown as the shaded circles). The appearance of
a known PZT cell is shown in Fig. 4. It has 2 pins 6,8 which are attached
respectively to positive and negative potential sources. The pins connect
these sources electrically to portions of the PZT material which are spaced
apart in the different polarization directions of the PZT material. Thus, the
voltage of the pin 6 relative to that of the pin 8 is related to the deformation of

the material.

A second kind of ultrasonic transducer employs a PVDF film [5]~[6]. In these
arrays, PVDF films with electrodes on both sides are usually attached to fixed
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voltage of the pin 6 relative to that of the pin 8 is

related to the deformation of 25 the material. A

second kind of ultrasonic transducer enploys a PVDF

film[5]-[6]. In these arrays, PVDF filns with

el ectrodes on both sides are usually attached to fixed

5 substrates. Many small cells with specific resonant

frequencies can be forned by @rOV|d|ng cavities on

the substrates. Normally only a single driving signal

is applied to the whole transducer. A PVDF transducer

has good properties (such as having a w de frequency

bantdstraed. I\Aﬁriycémalncélpo‘s\mth HpBEifie resdrian éedgiehcidsbaiihbe formed

driving voltag around 100Vpp. Also the

e|byoqrpv@1rm:@am¢%on gmwb%traiﬁSeprmaléh@w.ass:lagbodm\am signal is
n V.

o PRyEd Jol (RS fRnraaR, 8PP Fandifldes s Ghpg properties

el(ﬁmh as having @ wide frebaendy ba®d), ardhis lohdinnapstbHewever, it needs

dahra attached to substrate i s kind of
5 TG S0Rua s Valageyn ot SroRptl of ARD. SARG 1he geiasti acoustic
o}ﬂ%rts?&? effTé?@néé} %%é&‘l&ﬁ@#?ﬁ?ﬁ théot?é(r%oﬁ.lg‘é c{efg ibed above
IS

efficrency 1s al SO propose

t isingpa tPdhadi@ayer can enploy an array of elenents 15
operated as a phase array. By controlling the phase
and anplitude of each elenent in the array, the

dix gfitd KIRdQf dma@sd}ﬁ@m@%rﬁsl 5 eRe %ﬂbdtﬁ)s@é‘?tﬁ:' péstiple [7]~[9], and

di recti ons w t hout nechani cal g rotatln t he array.
Umm@\rah!madlaplyragmﬂ @tira@hﬁdoto sphsfsatear rTaWSHSnd of array normally

35%8""@&9?1@{ r{d gcﬂ Qqc!]g&ﬁgﬁts@g%&ltégghfﬁe I%'Ie%l?né Hcoustic

|r¢moénsmn gﬂﬂmi;nb? iPaRvile®. a new and useful transducer
array of the kind having many i ndependent transducer

cells. In general terns the present invention

1] [
DHCRRSES o scd ADEAAY yAKS e Ban Sl P o o ements
woipehated asoa phase array By controlling the phase and amplitude of each

element in the array, the direction of the beam can be steered to desired
directions without mechanically rotating the array. Unfortunately, this form of

phase array is practically difficult to implement and is also high in cost.

Summary of the Invention

The present invention aims to provide a new and useful transducer array of
the kind having many independent transducer cells.

In general terms, the present invention proposes that a transducer array is
formed having an array of transducer cells (such as PZT cells), which is not
uniform, but instead consists of a plurality of uniform sub-arrays (which need
not be identical with each other). There are normally more than 2 sub-arrays,
such as at least 4 sub-arrays, or at least 9 sub-arrays.
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uni form but instead consists of a plurality of

uni f orm sub-arrays (which need not be identical with
each other). There are normally nore than 2
sub-arrays, such as at |east 4 sub-arrays, or at

| east 9 sub-arrays. 6 By permtting the designer of a
transducer array the freedomto design a non- uniform
array, the present invention nBkes it possible to him
to forma transducer having beamprofiles which are
not available with uniform transducer arrays. 5 From
a first point of view, the concept of a non-uniform
arByayenmijtingetheadgsigreessexf sasansduten artayahe tifeedany &y design a non-
i ncludes two r nore sub- arra

ch, of h .
S LGP a9tay wie. (PTReRA Ruenbial akes dhiPassifada Bimde) form a
CFRHM LY Wﬂgs be\éﬁfgr Préﬂl LivAfeh! re! g&teda\fa‘ﬂQSfeh%th uniform

and the various su ays el ng spaced 10 apart from
edeansduberarrags.e generally, this idea may be expressed
by saying that the centres of the cells within one

sub-array are arranged with a first spacing, but the

S o %\a}’lﬁstabﬁlnmﬁfuﬁﬂew ﬁ]@a%ﬁcé\ﬂabf Poh-FRfRR0 array may be
spacing which is ar ger than the first spacl ng.

s Gpressedas mleanmgstha theo@rrmemlude@ twouay- raareaytsb-earays»eeach of

b
353 AR Bilhedd GoferiichBa G, KAHEHH) Baning ool
anhicinlaye \tighhily sptaced itogethe tareh the hativessubharays being spaced
respe ive beans fromthe sub-arrays). This
fttftfq’mt%ﬂq?fh‘a%@ i More,garenally. this ld@ﬁénav rb&yexmessed by saying
gffnar meecémbs@rafstnecceeugafvﬁﬁneaﬁéa%y Sr&PYRE dFdhbed with a first

peopl e in near range applications
f rspaclnlge bat lthfy)sub%raﬂ)dst mlenamltumlyyspamdaa#nﬁurt ibgralslexcond spacmg

oncep n-uni form' arra Xpr e
byiGH o EPaerethan 1o Aok Sactg dn S speds dhe digt between the
haviblHrysotar®esver§ Shige) su.ﬁ!hetlfa‘ﬂ(iﬁe ta'?'ladg/ aif b@e\}lé\ﬁed as an array
wi t hin each sub-artray  occup ol nts of
r@dmmrgegeraiepanumple bpamsi z@ tthalte steh onhyr wgry smalltlhterachons
grbe‘fl/vgg\% Eﬁeé nesspfe% |vg'bfefa(rer¥seﬁ'om the sub-arrays). This possibility makes it
possible for the array to generate a beam space large enough to cover many

people in near range applications (i.e. 1 to 5 metres from the array).

Alternatively, or additionally, the concept of a “non-uniform” array may be
expressed by saying that the plurality of sub-arrays (each having 4 or more
cells) are such that the cells within each sub-array occupy all the points of a
regular grid pattern spanning that sub-array, and the grid patterns for different
neighbouring sub-arrays are not portions of a single regular grid pattern
spanning the two sub-arrays. Or, to express this idea in other words, each of
the sub-arrays is associated with a respective regular grid pattern, and the
grid patterns of neighbouring sub-arrays do not “match up” where those sub-
arrays meet.
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nei ghbouri ng sub-arrays are not portions of a single
regular grid pattern 25 spanning the two sub-arrays.

O, to express this idea in other words, each of the
sub-arrays is associated with a respective regul ar

grid pattern, and the grid patterns of neighbouring
sub-arrays do not "match up" where those sub- arrays

meet. 7 Note that, in one fornfof non-uniform array,

there nmay be one or nore sub- arrays where the cells

are relatively sparse, and one or nore other

sub-arrays where they are relatively dense. 5 Sone

| INUte A, v iopesfobrieofl MarRhiférn afys Bfsreemay 'Y one or more sub-
configurations which scatter the positions of the

g@@yf yhere dhe celisiare ealatively gparsey and gme orgnergyather sub-arrays
Igpﬁﬁ al so use fewer cells to form

a ar3g§§fggiﬂﬁ%é&@%?éﬁgb“That will increase the

integration volune in the air where audi ble sound is

regener.ated, and thys increase the |evel of the , .

: Soeveiaplmedannne (e RieTtay are RoaES AALTgurations which
a : S

il i, b ESRY Kbed She HANoc et tfeso gate
plalfas. Such amamag,cancalsarnusel fewercells todormi a large amay aperture.

CTRRL e dhciedpe 48 infRGFRLA Bk dhe i where Budible sound is
U FERSTBIERID, ANARINLA McPEaRE BRI |aviel %f%héh@b@ﬁerét@?‘tadd‘?ole sound

an el ement defining a sound-transm ssion channe
wwil@auhipcreasing theoamplitusiespfdpatiteasatindect i on. 20 The
horn may increase the cell's directivity and SPL. It
thus provides a way of using fewer cells in an array

t dlote that\the 3ubesrrdystmal tgaehdid 6f aikshape, @l dubh that their outer
errboﬂi ments, it also provides a way to design a

t PEQTEQIR-BQUaEr ERPIRNOUIBLOTAONAg t he position of the
gate | obe and the single cell's gain in that
position.
In some embodiments of the invention, some or all of the transducer cells

(such as PZT cells) of the transducer array are provided with a “horn”, that is
an element defining a sound-transmission channel widening in the sound

propagation direction.

The horn may increase the cell’'s directivity and SPL. It thus provides a way of
using fewer cells in an array to achieve a desired ultrasonic SPL. In certain
embodiments, it also provides a way to design a transducer array by
balancing the position of the gate lobe and the single cell’'s gain in that

position.

A further possibility is that the array of transducer elements should not be
exactly two-dimensional (i.e. flat), but should include transducer cells
arranged such that their centres are in a three-dimensional configuration.
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25 A further possibility is that the array of
transducer el enents should not be exactly

two-di nensional (i.e. flat), but should include
transducer cells arranged such that their centres are
in a three-di nensional configuration. 8 For exanple,
the transducer array can be such that the transducers
lie on a concave surface, or ®n a convex surface
(these surfaces may be real, or alternatively
notional; for exanple the surface may be defined as
the convex hull of the transducers in the array). In

t iForcaaemplé hite tréesducenstayedsh beesueh thabtifofraa¥@ucers lie on a
surface, thls may produce a narrower beam wth an

i FOPEaR Surface: 85(9(“ a8 apvexpsurfiace éhese swfaoes mgynke real, or
f'a‘l’cb%at@%f‘vﬁéﬁtﬁ'{a\f ' fo ?%xﬁ%kﬁﬂ?eesﬁﬁ % e nidiFpL’ ﬁQHgfg the convex

lie on a convex surface e maln eam can
(& .of tthe trameducersrie tpetapdag) larttle roadac that ftiee uﬂahsda@ersdle ona

SPL (whi ch n s tions is nee%ﬁd to duce
CCONGATG TurTage: SbE BV RISGsRaA BadgYer iths Abnigcreased
OfuItHb%dlé‘S‘Fflt fhe' BerlYJlt@ Wtﬁé‘%ohﬁ rfﬁe‘?ﬁ“@én\?érééw ir§trbe case that

formed of uni orm arrays, e sub-arrays
utihe dnansddcars digeoh arcquexﬁurface; tm mairi hgamtcmmbelwdere(e g.to

r§9§ §|:e ap?%@}e?cgrp] Iéﬁ l%osfolpfpmﬁlgLOf(wﬁlcﬁ in some

pmnmtidrisws naeted e r@cﬁjdesnsnﬁamfm SRECtBIthRHAYam BB dPe
fed the same driver signal, but for each cell it is

multiplied by a correspondlng wei ghting coefficient

f ‘?ﬁ vhps?orﬁﬂﬁ ﬁ%ﬂg@éﬁkﬁweﬁ%hﬂhrt% t%frpgﬁﬁrbmtsargép is formed, of uniform

Conveni en driver Sig

a spbaredyist )Yh@fsubcamiys gl bhd Iuﬁffﬁrm %chewewan tﬁﬁpdhrédtlﬁh facing
rrultlﬂ s the driver signal a resPectlve
WEP YA Sﬁgeé@éﬁiueereme aamwvm igh Hiestiexing ohthe tsangducer array

t @aRAGIbE YRRy Fay Of

In one possibility, all the cells of a given sub-array may be fed the same driver
signal, but for each cell it is multiplied by a corresponding weighting coefficient

for the corresponding sub-array of cells.

Conveniently, a single driver signal may be passed to a plurality of power
amplifiers. Each power amplifier multiplies the driver signal by a respective
weighting coefficient, and then transmits the result to each sub-array of

transducer cells.

By using one, or a combination of more than one, of the above concepts,
transducers and loudspeaker systems can be built which are useful for a wide
range of specific applications.

The invention in its various aspects may be expressed as a transducer,

having an array of transducer elements, or as a loudspeaker system



10

15

20

25

transducer cells. 25 By using one, or a conbination of
nore than one, of the above concepts, transducers and
| oudspeaker systens can be built which are useful for
a wde range of specific applications. The invention
in its various aspects may be expressed as a
transducer, 30 having an array of transducer

el enents, or as a | oudspeaker Bystem 9 conprising the
transducer and also the circuitry for generating the
signal input to the transducer. This circuitry may

i nclude units which respectively receive an input

adhprisirgthle, tranisetugepand aaldd theacicbuitbgforajeneratingthe ignal input
ul trasoni ¢ signal [t may alternatively be expressed

ado g‘%@ﬁ@ﬂ”%ﬁr u-Eh'ﬁg?'@HEW may Jueluge dinits whigh sespgatiyely receive
p%ﬂqHﬁ é’lﬂil@% n%\l %@%rob@%ﬁ%ﬁ@mo\féﬂﬁt tﬁrﬂ’%‘%ﬂulﬁé@omc signal.

contro I ng rious degrees o omin
sytisinam altamatl\aely ecexpregsed ag a covathdd ofeusing stioh a loudspeaker

BN DS GO AN R O B LG (P GaPRRPIIAR Gomtroling

“’ﬂ?e'\m/rﬁﬁds' ‘él@g\ﬂééé di'oﬁ"eQGorﬁe%WthBegystEﬁf (EU@h S§é<eth6f welghtlng

10 il lustration only, reference to th
f icgaffisients) tatproduce ag au:dIO beambvitie desir@q;cbanaofer@tlmom
di rectional audi o beamsystem Fig. 2 illustrates an

e : I array structure having many

1 S,BF' ’%B fhe ¥ sed of Fig. 3(a) and 3(b)

whi ch show conventional transducers having PZT

elPeefentes] feratarege df rtlwpmﬂritml will noagbar desonitbed| foultlze sake of

3o ol whterPon e ol USG5 8 YR ne,

one positive, the other negative;

Fig. 1 is a block diagram of a known directional audio beam system;

Fig. 2 illustrates an example of a known linear array structure having many
cells;

Fig. 3 is composed of Fig. 3(a) and 3(b) which show conventional transducers
having PZT elements arranged respectively in square and circular arrays
which are tight and/or symmetric;

Fig. 4 shows a known PZT cell having two polarization pins, one positive, the

other negative;

Fig. 5 is composed of Fig. 5(a) and Fig. 5(b), which respectively show a first
embodiment of the invention which is a transducer having a non-uniform array
structure which is a sparse array in which the center part is more sparse than
the edge part, and a second embodiment of the invention which is a
transducer having a non-uniform array structure which is an array which
consists of non-uniformly placed sub-arrays of tightly put cells;
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Fig. 5 is conposed of Fig. 5(a) and Fig. 5(b), which
respectively show a first 25 enbodi nent of the
i nvention which is a transducer having a non-uniform
array structure which is a sparse array in which the
center part is nore sparse than the edge part, and a
second enbodi nent of the invention which is a
transducer having a non-uniforlfh array structure which
is an array which consists of non-uniformy placed
sub-arrays of tightly put cells; 10 Fig. 6 shows a
possi bl e transducer cell of a transducer array which
is an enbodi nent of the present invention; 5 Fig. 7
is conposed of Fig. 7(a) and 7(b) which are
chd&s ssémwsOﬁaposmtélﬂstr@mdetqear@Hu@feastramﬁmeara;rray which is an
({f& Bfof)tfhecnﬂ' s@r‘it%\%“tdnnvem' on and conpri se
respec ively a Reave carl array and a convex cel
array; and Fig. 8 shows a transducer and an anplifier

whi ch f 1 np t of t
PGt 1940 Basan ol Bed 69X 319 S I ReAts: BssTRaRienalsviews of
R‘t?rfa%ﬂbé’&st\Nhl%hgare5élﬁ‘lbodﬁ‘néﬁt§rk§ﬁj nYW'rH\Fé?\tlbﬁ &hd comprise

enbodi nent of Invention is gﬁ,eam The transducer
21e$|methelmadcd>lmmerqplltaww asd a comvexcell amaycandarri es
a nunber of PZT elements 23. In contrast to the known
transducers of Fig. 3, the PZT elenents 23 of the 20

t IR\ s dUgRbWs Oh Ebﬁsdlﬁfe@) afd Calr AMPHRSE Bysiefn Whﬁﬁr@ a further
array. The transducer of 5(a) is non-uniformin that

t legrRodiment etiherisvesitiathe array (such as rectangul ar
region 25, indicated by a dashed line) in which the
density of the elenents 23 is relatively high, and

oDwtaileDestriptiotusiithaensispdimentsgi on 27, indi cated by

a dashed line) in which it is relatively |lower. W
may say that in the region 25 25 the di stance of each
cell 23 to its nearest nelc?hbourl ng cell is lower than
i Refersingr &yifdg. 2%a), | adisans ri 21 ushicht isd ant eebegdiment of the
2?nvaern oﬁaigksﬁ'locl)wt/nI e¥rans Lsu(:eert Qgelé rQ/‘lae(wed lookin
g towards a surface

which carries a number of PZT elements 23.

In contrast to the known transducers of Fig. 3, the PZT elements 23 of the
transducers of Fig. 5(a) are arranged a non-uniform array. The transducer of
5(a) is non-uniform in that there are regions of the array (such as rectangular
region 25, indicated by a dashed line) in which the density of the elements 23
is relatively high, and other regions (such as square region 27, indicated by a
dashed line) in which it is relatively lower. We may say that in the region 25
the distance of each cell 23 to its nearest neighbouring cell is lower than in the
region 25. Indeed, as illustrated, the cells 23 are packed tightly close together
in the region 25, while in region 27 the cells are spaced apart by at least one
cell diameter. As illustrated the high-density region 25 is proximate the edge
of the array), while the cells 23 are relatively sparse in the region 27 in the
center of the array. In other embodiments, this is the other way around. Each
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in the region 25, while in region 27 the cells are

spaced apart by at | east one cell dianeter. As

illustrated the high-density region 25 is proximte

the edge of the array), while the cells 23 are

relatively sparse in the region 27 in the 30 center of

the array. In other enbodinents, this is the other way
around. Each 11 of the reg|on§125 27 can be

consi dered a sub-array of the whole transducer 21.

Note that within the region 25, the cells 23 are on

all the points of a regular 5 grid pattern which

spfitise régions @502725an BBidoRsiteréd @ $utRafragiodhé WHIN transducer
cells 23 are on all the points of another regular grid
péﬂtern whi ch spans the region 27 (these two grid

patterns do not match at their edges, since the second

grid pattern has a different unit cell size fromthe

f iINate that dithiat ther ne)gxoriLISAﬂm belts 23 anmplan all thi@lpolmé; fotbranegular

S naioxh MAICH SBerhre fation Bo. WISyt fhe Saiert 57 tﬁe cells 23

i ’
Ay G SR St s oo 27
t fheseltwo @dd piatterms dhenctubatohr aly theiMedges, rmnce e second grid

b- 35, 37 diff ,
CPPREFLAYS Aditea0t BhR o8l pieetiom b s} SR aEB b v oy
15 35, 37 the cells are arranged on all the points of

a uniformgrid pattern (a square nesh). For the kind
o rmtm%ry@(etm>leaf|rpn-wufqm array, 34 Je shewniin Figurerkfimin which the

B, 23 8 ol Gl f BR84S ARy ceshod

| chhes) @ad the sﬁlbadrt’&yse% i 37 dré fetrentfrom glaeh o@lﬁ@f thhaithe spacing

strength w reatly reduced. Another advant ag

ofOf e Cal$ é@swshmc@lq §ub ﬁ"?M% Npten thitl dbe subsarrays 35, 37 are of
?i‘“ﬁé’?’%ﬁfjs&@s,k(gﬁﬁ‘m b%rg dfkefs h@""%ltﬁ]H TRESub-arrays

of cells can be us d to UI| an array having an

a3ér t3ur theotelts grev anrasiged. o dllathgepaipts t)leaeum&nm ped pattern (a
used to mg&ease the integration volunme as shown in

EGAYaENCSPher eby

For the kind of arrays of cells in the transducers 21, 31 shown in Figs. 5(a)
and 5(d), due to the non-equal distances between cells 23, 33, the positions
of the gate lobes can be scattered in different angles and their strength will be
greatly reduced. Another advantage of the arrays of cells in the transducers
21, 31 compared to known transducers is that a lower number of cells can be
used to build an array having an aperture of a given size. A large aperture can
be used to increase the integration volume as shown in Eqgn. (1), thereby
benefiting the regeneration of audible sound.

Turning to Fig. 6, a PZT cell is shown which can optionally be used in the
transducers of Figs. 5(a) and 5(b). The PZT cell generally includes a structure
40 which is capable of generating ultrasonic air vibrations (and which may be
identical to of the known PZT cell shown in Fig. 4), and additionally includes a
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25 benefiting the regenerati on of audible sound.
Turning to Fig. 6, a PZT cell is shown which can
optionally be used in the transducers of Figs. 5(a)
and 5(b). The PZT cell generally includes a structure
40 which is capable of generating ultrasonic air

vi brations (and which may be 30 identical to of the
known PZT cell shown in Fig. 42 and additionally
includes a 12 horn 41. By a horn is nmeant here an

el ement defining a sound channel extending away from
t he sound-generation structure 40, and having a

ghaeuad 1. yBy rec hons i isomeant hrese cini @lerhent eeafihingt hesound channel
directjon away fromthe structure 40. Preferably, the

h@%wwin%rﬁwwfyor@néhq &@m%a@%ﬁaﬁnestrwt@ 49, gnd having a
| | f
_ﬁ{ﬁg&ﬁ{) r? é‘éélﬁ c¥r0§é'rsb?f1'6‘r‘?§l Groefth Sﬁhgsﬁggg'&ﬂfém Yrom the

ave rusto-conica
alstractnm®i4£hl Iyreeieltahlmpme bhoapd.1 Bgtiretyt mbwclgstﬂne tleanmel (i.e. it

GPeSIBr P R & iadssph SXis"Gbe PG i gt 4 may have a
alrr%@tcgb@mbbwsnarp@r epaRernalilely APampdt %ﬁabé‘at of Fig. 4.
An enbodi nent of the invention may be formed which is

a transducer in which sone (or nore preferably all)

o afteBng e AT e %ﬁﬁpff%h'@av fr ik ao is
SR 35,90 3 L 458D DY s
clcoefmared)t@mat@fﬁtg)dl bal ance can be achi eved by

properly designing the array configuration. Another

advant age of the transducer, conpared to a transducer

f A &HboInght i ghe nwnu&’#ﬁ]aaebé %rﬁfeafwalchéts a @aﬁsnﬁtcer in which

it may achieve the sane ultrasonic SPL despite having
aspmﬁe(orﬁnﬁlfgeprqjerabgoa&)ethﬁsPZErelemfant&erengmy&ed)wlth respective

c i,q t a
¢ okl AR g AR dy Jp4dR, ebine, iange between the
| centrédof epntels isohighkt thdiein 6ibling trbﬂs@mérscﬁmﬁus make the
pl ane. However the invention is not limted in this
gate lobes closer to 0°, a good balance can be achieved by properly
designing the array configuration. Another advantage of the transducer,
compared to a transducer formed using the known PZT cells of Fig. 4, is that
it may achieve the same ultrasonic SPL despite having a lower number of

cells (or, if the number of cells is the same, achieve a higher SPL).

The transducer arrays of Figs. 5(a) and 5(b) are flat, i.e. the centres of all the
cells lie on a common plane. However the invention is not limited in this
respect. Specifically, Figs. 7(a) and 7(b) are schematic cross-sectional views
of two further transducers 42, 44 which are embodiments of the invention.
These cross-sectional views are in planes passing through the centre of the
corresponding transducer array. Looked at in the direction opposite to the
sound propagation direction (which is the upward direction in Fig. 7(a) and
7(b)), the array of transducer elements looks just like that in Fig. 5(a).
However, in contrast to the transducer of Fig. 5(a), in the transducers 42, 44
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respect. Specifically, Figs. 7(a) and 7(b) are
schematic cross-sectional views 25 of two further
transducers 42, 44 which are enbodi nents of the

i nvention. These cross-sectional views are in planes
passi ng through the centre of the corresponding
transducer array. Looked at in the direction opposite
to the sound propagation dirdétion (which is the
upward direction in Fig. 7(a) and 7(b)), the array of
transducer elenents | ooks just like that in Fig. 5(a).
30 However, in contrast to the transducer of Fig.

5¢Wé surfacésh%t BensH Wedrs the traddddckridiements 48 effe uppbited are
ch the transducer elenents 48 are supported are

n@Pt flabt Nomth@ttﬂn@wlet%owms?@ gy é(b) daanoksipw tirg presence
das Rk s?nlﬂoéﬂ‘ré)& tﬂft%?ﬁ& %YO dé“@lsﬁﬂg |1a'iﬁéa¥r§ns§b’&?rtsh§r%(eV|ewed
woul d” be “vi Si ransaucers are fom

t fent the b dfiklg. 7. 5 As shown in Fig. 7(a), in

transducer 42 the cells 48 are arranged al ong a

concave curve. In fact, the front surface 46 of the

tmén§lq&ﬁﬁrln'ﬁﬂc? a\(ﬁtafhsﬁhher dor et éé]fé5485é7ret§‘r'i‘én ed along a
whi chever e roug he transducer 42 is sel ected

t @onpav:euouryet refast, dhe-fwﬁtsudaae 46 efvihettransduceaisecergave in all

| d As 10 in Fig. 7(b),. A
¢ Pt EGHRR %, R e v e LS R ctidtindiedt 42, B selected to
SW)GM& the ér@é@ls%ét|bﬁala\lnbwd'tﬁe?§hrf86é)46 Wﬁﬁldcﬁﬂbéeﬁ &ncave. As
the curvature surfaces 46, 49 is a parabolic surface.

Tishowsdnckige 74 ) 4y tianstueersdd dbe sells 4fhare@rmangedtan a convex

TRurB8e YETOFRR g dfedBabler o34 can be ueed  fo
i ncrease the beamm dth (mhlch can be useful in sone
circu tance increase the c verage ar

a nd
PH’@ QFt“?'%sQS’rﬁY%tUEﬁDLSU £8 s"én%tﬂqfégg]t%éﬂtfﬁce- The
t%oﬁ@ %rr’a&eoﬁ“?.‘a%&hceergf@fkénoée LHsTeBat%OHéﬁoWiff%SbQQm and to
t he uman body) .

increase the ultrasonic SPL. The convex array of transducers 44 can be used
to increase the beamwidth (which can be useful in some circumstances to
increase the coverage area) and reduce the ultrasonic SPL (which is
sometimes useful to reduce the harmful effects of ultrasonic waves on the

human body).

Fig. 8 illustrates a third embodiment of the invention, employing a transducer
31 of the kind shown in Fig. 5(b). Multiple power amplifiers 51 are provided,
each receiving the same modulated signal (which may be the output of a
modulation unit 5 of a loudspeaker system of the kind shown in Fig. 1). Each
of the power amplifiers 51 multiplies the signal it receives by a (real, i.e. non-
complex) weighting coefficient, and then outputs it to a respective set of cells,
which may be all the cells of a single sub-array.

This arrangement may provide a “virtual sound centre”, i.e. give the listener
the impression that the sound is coming from a certain location in the array.
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20 Fig. 8 illustrates a third enbodi nent of the

i nvention, enploying a transducer 31 of the kind
shown in Fig. 5(b). Miultiple power anplifiers 51 are
provi ded, each receiving the sanme nodul ated si gna
(which may be the output of a nodulation unit 5 of a
| oudspeaker system of the kind shown in Fig. 1). Each
25 of the power anplifiers 51Multiplies the signal it
receives by a (real, i.e. non- conplex) weighting
coefficient, and then outputs it to a respective set
of cells, which may be all the cells of a single
SU'h1SiId®YonTﬂnay ;] kjﬁfegenEﬂbmmyuypmfothedemaT ‘pbsmu»als of the sub-
sound centre", i give the |istener

| RPe¥8sBh XAHIPle. h@y @&%@P"@eb/oﬁ?fﬁ@olk%M% p@é‘fecra@’ﬁp“f'ers 51 a
@%‘l @gp! t;br gprﬁpl?éd &y fOLﬁAqu“éﬁaJ(é’ﬁﬁﬁé’fbdpﬁésp@cthve corners of a

rent any of the actual positions o
are@taaglerut theaandible stqunalppamtnel raadé yo seai tol he Bmlﬂtéﬂafrom the

power a fie can be s ed to fou
s&sné?rogﬁbé ieCtangie-ofhis oot i 68 RERd. b ‘axampi. when the

IsCuseRhs pBR &'Léjb LScreBHMsTBYerPfh RS the bf cells in
to be ‘emtted fromthe centre of herectangle 'S

c e epbodimentoibigr 81is |deated imatigred riation ke (e.gi sifactied to the

+ oML B 0 Bthe Rerdbn o B LA PRI i . 5 1o
| ocated in aligned relation to (e.g. attached to the

front or back of% the screen of a visual display
d&ate dhat thizanaplification Hsystemypisi m|U§Bt$lmp|%fy§'ta@MHGS Phased array
2 5 10} BRORIBE R S, A8l 501 U Ik BopBer ystom

nobt onlyytuhes¢ise bhplitudes dsfutuess@ials e tree diff@renttelemniats, but also
different el enent ZI@ n‘ﬁt al s cont oI s their phase

( coBtrolshthelBhase, Pt"F"BPFté’ H’&E?fdﬁ" a5 T@Bpl'%d to each
e@Fd?\al H Q'I%mn%@x%&ﬁ , bt Ul‘gé?roneyolboﬁigrlﬁ?é uﬁ%]gées the need for

Doi'ng this inplies the'need for 15 et
slelthe(era phasge tshitterior gy timenedelBy Iloentﬁyas:ontraste the amplification
st em 0 t he pr ese i hvent.i on

ﬁ%@lﬁtleﬁ)c t grprggé@t INYER |%r5§\p%¥ uch lower ‘in cost, ch? easier to

implement.

Although the invention has been explained above in relation to several
different embodiments, it is to be understood that the features of the
embodiments may be combined in any desired combination. For example, the
proposed cells having a horn may be used as some or all of the cells in the
transducers of Figs. 5(a) or 5(b), and the arrangement of the cells of these
transducers may be three-dimensional.

Furthermore, although the invention has been explained above in relation to
PZT cells as the basic building element, the invention is not limited in this
respect, and all aspects of the invention have application also in the cases
that the ultrasound generating elements are of other forms, such as MEMS
structures built by depositing many PZT cells onto a substrate.
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i mpl ement. Although the invention has been expl ai ned
above in relation to several 20 different

enbodi nents, it is to be understood that the features
of the enbodi nents may be conbined in any desired
conbi nation. For exanple, the proposed cells having a
horn may be used as sone or all of the cells in the
transducers of Figs. 5(a) or 39fb), and the arrangenent
of the cells of these transducers may be

t hree-di nensi onal . 25 Furthernore, although the

i nvention has been expl ai ned above in relation to PZT
cells as the basic building elenent, the invention is
not limted in this respect, and all aspects of the

i Referensashave application also in the cases that the
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oo SR BoFRAGIA U0 GPURIRAURET s, the aray

c aopsising of a][plm'aﬁimof(ﬁu_btamysjf mek;r:emeéé of trfehhfellerdfa!ye sub-arrays

consi stin a pluyrality of sub-arrays, the centres

oPeinge SpefFe qmrf MU st spagiad sang (g SWxagayapeing mutually
] —_ r .

oshact BRa IR LSS WRIH IAKR R 1 Mt S

the first spacing. 2. A transducer according to claim

1,n ich the transducer cells of ea f the

S8b- ar fufansiieel PRSIl RBUm oGerRER the Fagsdfcer cells of each
t baffdsGRarra9sare SRy packyd mgetiert r ansducer cel | s,

the array consisting of a plurality of uniform

sub-arrays each having 4 or nore cells, the cells

"0t o SRR S RGREH DL, oL LB g g amay

gcbAsipting ef aplhralitydofl drefoemt sutsaghpoeachGaging 4 or more cells, the
cells within each sub-array occupying all the points of a regular grid pattern
spanning that sub-array, and the grid patterns for different neighbouring sub-
arrays not being portions of a single regular grid pattern spanning the two

sub-arrays.

4. A transducer according to claim 3 in which the mutual spacing of the
cells in one of the sub-arrays is different from the mutual spacing of the cells
in at least one of the other sub-arrays.

5. A transducer according to any preceding claim in which one or more of
the transducer cells include:

an ultrasound generation element; and

a horn defining a channel and arranged for transmitting ultrasound
generated by the ultrasound generation element along the channel, the
channel widening in the sound propagation direction.

6. A transducer according to any preceding claim, in which the centres of

the transducer cells are not co-planar.
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15 arrays not being portions of a single regular grid
pattern spanning the two sub-arrays. 4. A transducer
according to claim3 in which the nutual spacing of
the cells in one of the sub-arrays is different from
t he nmutual spacing of the cells 20 in at |east one of
the other sub-arrays. 5. A transducer according to any
preceding claimin which one 47 nore of the
transducer cells include: an ultrasound generation

el enment; and 25 a horn defining a channel and arranged
for transmtting ultrasound generated by the

ul trasound generation el enent al ong the channel, the
channel wi dening in the sound propagation direction.

67- A t ParlRNSEUFCRASONING 1@ dayn pf etfedviigh ctha wentres of the
V"’EFaﬁFd&&?rsqi%gﬁrgg%xﬂéavggﬂtf%_transducer cells are not

co-planar. ransducer according to claim6 in
which the centres of the transducers lie on a concave

syrface. 5 8., A transdycer accordipg.to claim®6 in
wflt ch PhdrANSOLRRE SHCOMHET 1G Flalmucer & WiicBnthe csities of the

SwahadGcer -Iie’%ﬁé%ﬁ?gé‘;?%rfé’c?éordi ng toclaim?7 or claim
8 1in [

ch the surface I1s a parabolic surface. 10 10.
A conbi nation of a transducer according to any

precedi,ng cl ai m and n anmpli.fier systeg. the .
Dottt Aofadsdicinatierdite 78 Blam Tloxialdi Brin whieh dhe surface s a
epakabtiRlsutfage. bei ng arranged to receive the sane

driver signal and to multiply it by a different real

wei ghting coefficient, the outputs of the anplifiers

éﬁ bei ng driiRglidA BF o fahdifucs'dcRoRing 't '4Hy S ¥eceding claim and

ub- arrays.
an amplifier system, the amplifier system including a plurality of amplifiers,

each amplifier being arranged to receive the same driver signal and to
multiply it by a different real weighting coefficient, the outputs of the amplifiers
being transmitted to the cells of different sub-arrays.

11. A combination according to claim 10 including a control unit for

controlling the amplifiers to control the weighting coefficients.

12. A combination according to claim 11 in which the control unit is
arranged to control the amplifiers to generate a virtual sound emitting position

which is different from the position of any of the sub-arrays.

13. A loudspeaker system comprising:

an input for receiving an audio frequency signal;

a pre-processing unit for receiving the audio signal, and pre-processing
it to form a pre-processed audio frequency signal;

a modulation section for modulating an ultrasonic signal using the pre-
processed audio frequency signal to generate a modulated ultrasonic signal;
and



11. A conbination according to claim 10 including a
control unit for controlling the anplifiers to
control the weighting coefficients. 20 12. A

conbi nation according to claim11l in which the contro
unit is arranged to control the anplifiers to
generate a virtual sound emtting position which is
different fromthe position oflf8any of the sub-arrays.
13. A |l oudspeaker system conprising: 25 an input for
recei ving an audi o frequency signal; a pre-processing
unit for receiving the audio signal, and

pre- pr ecesmblragtiohtoft 8 traiisiuaeP a@dPa® cRagIF‘r adydtem according to
frequency signal; a nodul ati on section for nodul ating
aﬁnMIQfP%@n1(g claighhl onstaiy e pre- processed audio
frequency signal to generate a nodul ated ul trasonic
signal; 30 and 18 a conbi nation of a transducer and
an anplifier systemaccording to any of claim 10,
claim1l or claim12.



