10

15

20

25

1 Non-Uniform Ultrasonic Transducers for generating audio beams
Cross-related applications The present application is related to a
Singapore patent application entitled "Ultrasonic Transducers and
amplifiers for generating audio beams”, having 5 the same inventors,
applicant and filing date as the present application. Field of the invention
The present invention relates to ultrasonictransducers for generating a
highly directed ultrasonic beam modulated with an audio signal, and
which include an array of ultrasonic transducer elements. 10 Background
of Invention It is known that by transmitting an ultrasonic signal into air
through ahlanttagdeiotiditsthare Trisrzossible fopsedieambigiliio beams
directional ultrasonic beam. Furthermore, if the ultrasonic beam is
magidatedtb fauidigsignal 15 non-linear effects in the air will
automatically demodufate the ultrasonic signal and regenerate the audio

sigpal as the ultrasonic beam passes through the air [1][2]. This highly
gfﬁ?oﬁé?ﬁ%&oa?@!ﬂ]@@ti@'&dﬁeEﬁéﬂe&M% BediMgapmsasratestyanphesiiog entitled

techriplagnnist epery wade éﬁ@@@bﬂﬂéﬁ@*’%@@@%ﬁﬂﬂ\%‘ glgd-'i%eo%%?h% having

com‘iguration of an audio beam generatjon system is shown In

ARSFtRE RIS GILPI RPRATH3RE dise deteiasitbeppecpridaspticaicn.

unit 3 to reduce the distortion which is expected to be produced during the

airkl tioweftiem it is modulated by a unit 5 onto an ultrasonic

wave (e.g. 40 kHz) generated by an oscillator 7. The modulated wave is

pa @d‘ﬁ'g ; lifier, . a.part of ynit 5), and then fedto .
an$jtrasorﬁ§8§ﬁl%?l@¥v Ségggtrg&r?gﬁ?t%e(()ﬁl)%%rt%nt%%ugﬁ%n?%eggn,efﬁgng a highly
méiasted sianasicahematoaniutisetadtate byutie miyaineanefoniaf include

theaipaad B AHiEBISC transducer elements.

Background of Invention

It is known that by transmitting an ultrasonic signal into air thfo&gh an
ultrasonic transducer, it is possible 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 audible sound is
equivalent to having many virtual speakers in the air. The high directivity

of the generated audible sound is the result of both the narrow ultrasonic

beam and the virtual speakers along the path of wave propagation. 5

Based on nonlinear acoustic theory, if a strong ultrasonic signal with two
frequency components is transmitted to tie air, the nonlinear effect of the

sound propagation cannot be ignored. Due to this effect, a new sound

signal will be generated with a frequency equal to the difference between

the original 10 two frequencies. It was shown in [1) that for two primary
uIﬁélé@ﬁ#c@o[ﬁﬁﬁﬁi@lé?d;(rﬂ)%r@rqggai)\mﬂ}efneqaénnycﬁfaﬁh@f%udible sound is
re j Jineari I, the regenerated difference . .
e RGeSl MR T RIOR ey of
JJGer SeReRteg @udibles sounddeditg T9sMOLD 1 Wheneariswhealttisonic beam

prapagationaxs shtaRess zisHherRegudin ong the axis of the beam,
k_is the wave nugrkn%er of diffgﬁagnce f%%ue%@%,v-e gﬁ?g@ﬁ%ﬁﬁ{‘g f, - 12),
13 is the coefficient of nonlinearity, p, is the ambient 20 density of the

mediugy e inEigisaR -NgnAlNaYR BIIPIBAIY, SREeT  SuRerscipt +
signifies the complex conquaté, an _G@(r?f)%s%?’éggerggr?uﬁc LI%nsfgpal with two
di?f@fé#é'é%a%w%&ge@ dreremitted itedhdeshdiva thantinear effect of the
regengeRRe KbHesnls: ¢ ?gﬁwwgcfaﬁeési&)tmg BRRaNE W sound signal
strength of the primary waves. Assuming the

will'oe generated with a frequency equal to the difference between the original

two frequencies. It was shown in [1] that for two primary ulfrasonic sound
fields ¢,(r,z) and g,(r,z)with frequency f and f, respectively, due to the

non-linearity of the air, the regenerated difference frequency signal
(secondary signal) is:

q_(hz)=*nﬁk
Po

) [[a.¢". 29007 NG (217, 2 ar'd’ (1)
0 00
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 P,
respectively, 3 the strength of reproduced difference frequency signal will
beP where P":IP,. 2) the primary sound field distribution, since Eqn. (1)
includes a volume integration over the primary sound fields. Normally, the
bigger the sound 5 fields, the higher the regenerated sound SPL,
provided that the phase differences of regenerated sound within the fields
are small (e.g. <). Thus, a key component in such an audio beam system
is the ultrasonic transducer (or emitter). Since the audible sound is
regenerated from the 10 ultrasonic beam which in turn is generated from

théarsderigsh) tieé ultrrsohicarhndifecenadorieedetenmynesdig saunddigtd where
disfributjon of the ultrasonic beam. The configuration and performance of
the ulffdsdhic transducer has a very big effect on the whole system's

performange, dt ﬂ%&?%@ﬂﬁg‘ﬁéigﬁ&sﬁgﬁﬁ%w &fat%% I%‘ﬁgg nﬁéﬂ%gsp % volume

of the ultrasonic field, and thus the re 15 generate
THEIGAFAE8RI CYGInt e RIiBREN gt B Bhisks aloinfalbnctetisgger the sound

conversiopeffigiensy Wik W%QS}HW%@@%?%E isgf:oovrrlggg N 'é]ﬁgig}% phase

audio sound, the audible sound quality etc. Various ultrasonic trans

fouirtstisoearineseRt Rl RIQYIRUSIRS S 2 W@BP&%%Q!&%‘.‘@@?T
ultrasonic transducer uses many independent elements to form a 2
transducer array [2]-[4]. The elements are normally commercial available

PZFB cells which are also used in other applications such as distance or
intt(48r FetbRYoRRMRPIENELN calvCe ABraAEddig S faysteraldtveiye lairasonic

driving doliaes anehediio healREIriGRCaNSHIG SOBYRRION: %%gyéfhcg%k% from the
since it uses PZT material, An example of a known linear array o
eldHERRNS Qﬁaﬁhw{ilﬁ‘,gl@_tmrﬂﬁé generated from the transducer, the ultrasonic

transducer alone determines the sound field distribution of the ultrasonic
beam. The configuration and performance of the ultrasonic transducer has a
very big effect on the whole system’s performance. It alone determines the
directivity of the beam and the SPL of the ultrasonic field, and thus the re-
generated audible sound field. 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 beam is determined by following formul_a: 4

N 27rct; sin(0), .f(0)g;a,(0)exp(-j-- )=a(a)g(0) (2) t=0iwhere a,(9) is ith
element's directivity (it is assumed that all elements are of same
directivity), g1 is the driving signal amplitude of ith element, d, is the
distance between itr' element and the reference element (denoted by
1=0), a 5 is the angle from the broadside,4and a is the wavelength of the
ultrasonic wave. It is clear that the far field directivity is the product of
each cell's directivity a(6) and the array configuration factor g(o). It can be
shown that apart from the main beam which is transmitted at angle On
(Le. on the central %5 the transduces),sihthe distance between arra2/2)

i .
elements is biggef than 4 4 (AP Wil be pther Big§E@obes ing(e)

within the range 9o. It can also be found that we can sharpep .the

dikkeEtRyaPihisdrtaelepents direininditdachssellisedirgeiivity a(@)@nts are of
[ [ [ t Conventionally the cells

sr%aar eenlamﬁ]et tlsvi;ray conflguratlon factor g(e |

are arranged i’ Uiniforli pAReT VNG 819 @éﬂgﬁlﬂ@%‘)&iveﬁlﬁmﬁ{& d, is the
safsasigaaleeaels alriRioaly TROIsR AlAse t&%%'éfgb@géﬁ]b’lﬁ%@ i=0), 6

the distance between the cells, and thereby to avoid gate

&t &S 809 ofiRER itieabradsidearais én iﬁntfmhwgﬂdheagifshﬂvdhénultrasonic
Figad6) AN (et SURSIaaliafK BOURLRRANI LehYe

Dok §
neighbouring transducer cells (which are shown’as the sh%aé)gé? glcrc%s?.aCh cells
TRESHHEaee Snsbths sty PonfiguratisnolasiorFigoxs. It las Dpirshown that
6, ' t d lvely.to,positive and pegative potential
sc%p\r%gs(%.&l)ﬁg rr?%n@gcgoﬁnbe%%aﬁégécsol&r(tz%sn%@‘cfﬁga"ﬁg '1’8%5 r??o L&t gpthe central
P2ximaitdhial trarnishecerspiidbe distanicetihe tiferertrpotasizationts is bigger than

diﬁe,cﬂ?&%%iﬁpﬁg%ﬁlg}att)?é'%lat%hvosbégein g(6) within the range +90°. It can also
be found that we can sharpen the directivity of the array by either sharpening

each cell's directivity a(6) or sharpening the array configuration factor g().

Conventionally the cells are arranged 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 substahtially 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 [6]~[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 employs a

PVDF film [5]--[6]. In these arrays, PVDF films with electrodes on bgth

sides are usually attached to fixed 5 substrates. Many small cells with

specific resonant frequencies can be formed by providing cavities on the
substrates. Normally only a single driving Signal is applied to the whole
transducer. A PVDF transducer has good properties (such as haying a

wide frequency band) and is low in cost. However, it needs 5 a high .

driving voltage, e.g. around 100Vpp. Also the electric-acoustic conversion

effitieREp e Mawemnplhsate wihsheasfic desoribed fabquenumeg:aerZé' formed
ar aird ki F Lltr ' lqys the electrostatic pringiple . ,
g ek it S MR ISl e sonal i
arARPHBEMERI hreudwle higrnadvierr valiag¥ RRd teaistiLinias B voliageproperties

T j tic, conversi fiGi is also low. It is al roposed.
e OO eI 5 0 B SRR oo
a phddeardving coatietig the.pleiserthd H&@Migudeébﬁsgazhiglet?emdrecousho
th i Fect f: e 0 desired dirgctions
T ating s Rt bl euLig ol ro G BiRgs above
arl‘%%iﬂg BrachcaAy @fficult to implement and is also high in cost. 20

Summary of the Invention The present invention aims to provide a new

and useful transducer array of the kind having many independent

trahdBliceriBeiRf Migasil Rifimg afwionsshe inlesitiontplispusesipthat(a]~[9], and

tr&ﬁﬁg_?%ﬂl%ﬁé&yﬁ.ﬁagg%io%ﬂ%@ﬁ@d“@@ an, BuRyatrapsAuesiselp (asr‘#%? normally
iS no

asngedscae hSi)g'thrlic\:/ing voltage and a high bias DC voltage. The electric-acoustic

conversion efficiency is also low.

It is also proposed in [10] that a transducer can employ an array of elements
operated as a phase array. By controliing 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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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. 6 By
permitting the designer of a transducer array the fr_eedom to design a non-
uniform array, the present invention makes it possible to hl_m to form a

transducer having beam profiles which ar@ not available with uniform

transducer arrays. 5 From a first point of view, the concept of a .

non-uniform array may be expressed as meaning that the array includes

two or more sub-arrays, each of the sub-arrays (which need not be

idRie "D Ebixh e slgtionelining Uammhmyighﬁ)frpl@@edﬂng%@@gn a non-
an r%' sup=arr, ' 10 apart from ea qﬁ?t er, More
geﬁgtﬂgwﬁhis idéaﬁ]rr%aygge:sgﬁg]r%]s%s%% I%?/] s%ﬁrgge StH%thRgsfg R fiRelo form a
ce’f@ﬂﬁfﬁi‘ﬁ%né@l\@ﬁrréﬁém drrafiged witihch fieste spmlr‘@véﬁﬁﬂrr]@ ‘f’ith uniform
Su ally spaced apart by a second spacing which is larger
thfrﬁlégﬁgr s%pg%?r?g. In some cases, the distant between the sub-arra_lys

can be very large such that the array can be viewed as an array 15 which

| a i.e th only,very small intetactions
gmﬁf %h@%lsp@c%egﬁgﬁg’frgg tafgge8 gf%}-%rr%{/s%. IF’RPS"%%' %EB?nt?”’aV may be
m&RREGESSEsabBeanine Hatfhe gé”@e)’rétﬁeladmtwsmoedmmm:mm?ﬁpeach of
i icatl i.e, 1 to 5 metres fro e

ot BB T S o S sraaTng oells
ant%ythad Betighfve Bl toatig thartd etipduneditp oé wkbaatga%%s(emihg spaced
ha I Us within each sub-arra .

S A i s Bt by saving
arj{E%éf@i&%{t@%g&dhgiff@@mwﬂhin one sub-array are arranged with a first

spacing, but the sub-arrays are mutually spaced apart by a second spacing
which is larger than the first spacing. In some cases, the distant between the
sub-arrays can be very large such that the array can be viewed as an array
which generates multiple beams (i.e. there are only very small interactions
between the respective beams from 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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neighbouring sub-arrays are not portions of a single regular grid pattern

25 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. 7 Note that, in one form of

non-uniform array, there may be one or nmbre sub- arrays where the cells

are relatively sparse, and one or more other sub-arrays where they are

relatively dense. 5 Some implementations the invention are sparse array
configurations which scatter the positions of the gate lobes and thus

re&?gﬁ theleleisrariese gftadoseifSucmanartagreamalsbaserfewsrmore sub-
c QMR A illingre he integration

vg#tiﬁré%tin the gﬁﬁ%ﬂ%ﬁ?ﬁg%ﬂ gﬁ%%%’n%piggl ,éa%%%g iﬁg)gggélb-arr ays
th¥/ sy branaregeladigbodansible sound 10 without increasing the

amplitude of the ultrasound. Note that the sub-arrays may each be of any

shape, e.g., such that their outer profile is square, rectangular or round.

1SS TBRIRIHEAIREARS dherdHoatinon aserseaisall aif tye tanfsgluesions which
celtsattarenap brtlone!lst fidnetansgueel iy & 2 AIRUdRd WA ¢ these gate

"horn”, that is an element defining a sound-transmission channé

widBRimgTH RS0 AH@YpFapaaiatonsErten CBUIST te foom miargecreasy aperture.
thereallwidineeiuliy and S e §rHHSHPIRYIAESE 8 ﬁYeOEiPW%F%WaeJ&%% 'S ound is

an array to achieve a desired ultrasonic SPL. In certain embodimeénts, it

alEFprRNaR s ARG therdrprensantrdevelnel the pegrenenatett audible sound
pesition DiibR8sied ke anrbieRingiekelik-gaisinthat position.

Note that the sub-arrays may each be of any shape, e.g., such that their outer

profile is square, rectangular or round.

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 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.

8 For example, the transducer array can be such that the transducers lie

on a concave surface, or on a convex surface (these surfaces may be

real, or alternatively notional; for examplegthe surface may be defined as

the convex hull of the transducers in the array). In the case, that the

transducers lie on a 5 concave surface, this may produce a narrower

beam, with an increased ultrasonic SPL in the centre in the sound field.
CohQerssiniahthealserthdtidbe aaagdmelsdig @rhaticanyes SHfReRJHS lie on a

maighean wider (e.qg. to._cover mare pegple) and reduce the
ultrasonic S%ﬁ?v%éhgﬁl%%r%egg%|cxat:|5([)Jns? Fsgngﬁﬁ § tS4eaGRS ifgay be real, or
haftfflingffeetyonatienalinian dxatyp|20te \andmns of dhdinvesttianins the convex

whi is far f uniform sub-arrays, the .
B S b RSB Wt o o
trafRACREe (PEfacsevitiiswhigh theoflexiagafribe treesdusanar@ithcandhcreased

be $888) n sihili the cells of g.gjven.sub-array may be
fed the saﬁ%e@ %ﬂgéngfélrh%?ﬁbr Eﬁ%éggﬁﬁ |§géﬁiul SRy In tRe case that
cotesBaRamiEisigrtipg soetfivients tufahe, threnpondiegnsuartaywider (e.g. to

cellsy 2P ] single dri igpal may be passegd.to a plurality.
of po\\//vercfﬁrﬁﬁﬁgg ME%%h%g&we?égrﬁéﬁﬁe{rh%u@%laesso 18 d vell‘r s‘ﬁAHFaBy Y some
reSPRIGALi ARBitsHiiRdaskifioiedt centsthenman sfiisttbe tasuitmeadiody).

sub-array of

In versions of the invention in which the transducer array is formed of uniform
sub-arrays, the sub-arrays may be uniform as viewed in the direction facing

towards the transducer (i.e. a view in which the flexing of the transducer array
cannot be seen).

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
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transducer cells. 25 By using one, or a combination of more than one, _of

the above concepts, transducers and loudspeaker systems can be byllt .

which are useful for a wide range of specific applications. The invention in

its various aspects may be expressed as a transducer, 30 having an

array of transducer elements, or as a loudspeaker system 9 comprising

the transducer and also the circuitry for generating the signal input o the
transducer. This circuitry may include units which respectively receive an

input audio signal, pre-process it, and modulate it onto an u[trasonlc

signal. It may alternatively be expressed as a met_hod of using such a
loG@spRERICS Y Sramsdusetace alsadbléodeariinirfoludingrahegehe signal input
ap@‘?ﬁé‘@@nﬁ@ﬂﬁ@”'ngh%e J%ru(ﬁ )%a%eeslgé f;?{erg i I%cé éﬁgcrtrl]vely receive

(such as the weighting coe C|en

dedir ot Aediesigns!, Bﬁ@f@esenptlbmoﬁ'?hecﬁj@ims Bméearredzfaﬁalrﬁ@ signal.
of fth for the ke of . 10 illustratjon on

W|Ittth %e%g%ﬁ%ﬂ%\ﬁ#le foll é)v%gg%%ures in v@hlc S%Smgcﬁu&hg%{wgﬁpeaker
a RidleMdirelieddraudn aedin bﬁmmrﬁlgicﬂntﬁ,lswat&ﬂ appramipie of:antronmg
k n rar t a 5cells;, F

F?g;%\é[ J%%(g)ea/%%%ﬁ gﬁiv?)%%g%ﬁntlgﬁaﬁran dguce ?}1 gz@"e weighting
eléﬁféﬂﬁ%ﬁ@ﬁ@e@r eskmscavedytichears ith desi rmdamrwacwnishoare

tight and/or symmetric; 20 Fig. 4 shows a knovv_n PZT cell having two
pdBaidtabioschifteo9RE PRSIt G other negative;

Preferred features of the invention will now be described, for the sake of

ilustration only, with reference to the following figures in which:
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 composed of Fig. 5(a) and Fig. 5(b), which respectively show a

first 25 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-tiformly placed sub-arrays of

tightly put cells; 10 Fig. 6 shows a possible transducer cell of a transducer

array which is an embodiment of the present invention; 5 Fig. 7 is

composed of Fig. 7(a) and 7(b) which are cross-sectional views of

transducers which are embodiments of the present invention and

C ri \Y n I nvex cell array; and. . .
B R, TS R0, Wi is an
eABGIRIERBIAhE Rwsasent Deedl@hDescription of the embodiments 15
Referring to Fig. 5(a), a transducer 21 which is an embodiment of the

invention is shown. The transducer 21 is viewed looking towards a surface

whieh €dfti€s PRI PO T Gerasnts #3) hiohtrarst wrake-keotional views of
rgasddeRiS 9T\ icR dhe BALSHMERS ‘é@ méhgégge%??@gﬁﬁé% of fig comprise
5(a) are arranged a non-uniform array. The transducer of 5(a) IS
nbFERRFEMAIAISRNPRYE SR RIGRONRISH theciveX (satimasyratahgular

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,

indidgatéd YoV Hagh&@nseyaeisod s rampdiglonystane wiighsaisthat further
I seiesn2 o 26 the gistabge 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

Detailed Description of the embodiments

Referring to Fig. 5(a), a transducer 21 which is an embodiment of the
invention is shown. The transducer 21 is viewed looking 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 nqn-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 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 30 center of the array. In other embodiments, this is the
other way around. Each 11 of the regions 25, 27 can be considered a
sub-array of the whole transducer 21. Naté that within the region 25, the
cells 23 are on all the points of a regular 5 grid pattern which spans the
region 25, while within the region 27 the cells 23 are on all the points of
another regular grid pattern which spans the region 27 (these two grid
pRfel’ tROHIMATIR At ehBibedgesskintedte sevanthgrish patteimotasransducer
difjgrent unit cell size from the first grid pattern). 10 Another example of
non-uniform array 31 is shown in Figure 5(b) in which the cells 33 are
packed together tightly in sub-arrays 35,37 (indicated by dashed lines), -

angdhe suh-aie ther from each other than the spacing, of
the cells 33 wiithiﬁﬁe%s%ﬁé{rﬁa%éf%o?e%@ﬁ %%]gﬁ%%r}r@st%%,%‘%rg%ggfa regular
diffEfbRedisEs vdistammeg sliffereapiumbarsvbliealiigs. théthigithe 27 the cells 23

SUR-RI5RY: L.the points of a uniform .
8 potern (s B MRS A T AL B TR S Bt egion 27

trdRRR AV grid1paisumsind Piget Seatendb ik ideddethainca-éysaecond grid
dipkatsas haluramarlis i T Repopliong 20.of fir gaelones can be
gth wil great

scattered in different angles and their stren y reduced.
Another advantage of the arrays of cells in the transducers 21, 31

CconnRAR B KRN SrRNSAYERISHS Hak @T’ R OHouReS e ig%%?ﬁyiﬁuvrvehich the

used to build an array having an aperture of a given size.

c&F el aed aidreddedrthridighalivrinysimertay shddvir(iEdicate) by dashed
thateby, and the sub-arrays 35, 37 are further from each other than the spacing

of the cells 33 within the sub-arrays. Note that the sub-arrays 35, 37 are of
different sizes, containing different numbers of cells 33. Within the sub-arrays

35, 37 the cells are arranged on all the points of a uniform grid pattern (a
square mesh).

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 celis 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 Eqn. (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 regeneration of audible sound. Turning to Fig. 6, aPzZT

cell is shown which can optionally be used in the transducers o_f Figs. 5(a)

and 5(b). The PZT cell generally includes a structure 40 Whiph |s‘capable

of generating ultrasonic air vibrations (and which may be 30 identical to of

the known PZT cell shown in Fig. 4), and additionally includes a 12 horn

41. By a horn is meant here an element defining a sound channe_l

extending away from the sound-generation structgre A_fO, and having a

gradually increasing cross-sectional area in the direction away from'the_

structure 40. Preferably, the horn 41 entirely encircles the channel (i.e. it 5
préRiabl efirely Sorounds @ akis erfethencaamelt Thefinong 44 @aYhd channel

h oz6oni pg, or atively a trumpet-shape. )

R SO et AR IO B o i
gre&agYrliolnsaeasiacs prosstse céting| Figea |sfrar|]m_egre‘m3¢ﬂmreaa@@ from the
1 g, 4 odiment.of the invention may pe o
fo%m%(?g f%%é%%értmﬁlggﬁ ggpn%n}gre Mo?gﬁfgqgf’aﬂﬁ}eaﬁﬁﬁf@el (i.e. it
pPredRiARME rfee provided thaespdstividhieochs ddshIfhbadiviedtonmsy have a

M@y, £es1ike ithat IS - t 2 centres of the cells is higher
th?r??n existi%?t?ﬁ%&%(%Eﬁﬁﬁ%%gs%%ié%%?tgaﬁg%%es closer to 00, a
good balance can be achieved by properly designing the array

copfigymat vant o] a Cer, mpar d_t - .
trﬂducﬂ%ﬁrgnxgﬁétwjgﬁlﬁgqt@k%%eﬁn%%%eﬁﬁEgi ZR?S 5 S.ta#{%‘?t‘v'ty a(6) 1s
a@f@&éﬂh@%mdltrﬁbeniEBF:‘BPbﬂeBBiteéia‘dﬂg:fglOW%nH!’QBe%RJa@Q increased

' r-of cells is the same, achieve a higher SPL). The
Beah bl Ay

tran (a) and 5(b) are flat, i.e. the centres of_ all t_he
cells lie on a common plane. However the invention is not limited in this

An embodiment of the invention may be formed which is a transducer in which
some (or more preferably all) the PZT elements are provided with respective
horns 41. Although the horns may require that the distance between the
centres of the cells is higher than in existing transducers, and thus make the
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 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 transduger elements looks just like that

in Fig. 5(a). 30 However, in contrast to the transducer of Fig. 5(a), in the
transducers 42, 44 13 the surfaces 46, 49 on which the transducer

elements 48 are supported are not flat. Note that the views of Figs. 7(a)
anth@(Byidacsst 4hotdrenprdyehctheotrthessiubearralgsnbutdBeaositbperted are

visi if,th 2 Vi . from the top of Fig, 7. 5 shown in
O ISP R E ETIR Beseno
cuRletN® fitt-ar@ fionbstifacecs 8/of i cbgavisthieeifisrencavedincalls are viewed

dirggHO NS %tggwg]ie;hever plane through the transducer 42 is selected
to produce the cross-sectional view, the surface 46 would appear

concave. As 10 shown in Fig. 7(b), in transducer 44 the cells 48 are

arngaaghen Jrenyex syrf in all directions). One choice of '
the curvature suﬁgzes(i , Z‘Sﬁ%@ﬁ@%gﬁgﬁ} acée?ﬁfhégcgﬁ%aﬁféaﬁgg Oqlong a
tri R SUY ead@els daadreatrowiteebt@iof dhe toadsducezasetheave in all

uligaeRisnaP é@ﬁhﬁt%Y%?%gﬁéafm%?;ﬁstﬁé GAN LG usedo is gelected to

increase the beamwidth (which can be usefuf in some circumstance
inQLEThEecvIBTSerianahyiesd e thetaresdhio®Rld (apicaisconcave. As

Eaﬁgmiﬁ L?Qf%{@)f%”ﬁ%ﬁ@%@@émﬂﬂ Afedis wga&%nignyg‘%\é%%ogntge convex
surface 45 (convex in all directions).

One choice of the curvature surfaces 46, 49 is a parabolic surface. The
concave array of transducers 42 can be used to narrow the beam and to
increase the ultrasonic SPL. The convex array of transducers 44 can v-b-e 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 embodiment of the invention, employlng_a

transducer 31 of the kind shown in Fig. 5(b). Multiple power gmpllflers 51

are provided, each receiving the same modulated signal (which may be

the output of a modulation unit 5 of a loudspeaker system c_)f the kln_d _

shown in Fig. 1). Each 25 of the power amplifiers 51 r_ngltlplles 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 smgle
sub-array. This arrangement may provide a "virtual sound centre”, .e. give

the listener 30 the impression that the sound is coming from a certain
loddtisnasaHerarragy 1ae Tifsksrititomaanyeafiftarentdroa poyigstkeos the sub-

it] - I appropriatel o
B LSO P REI R ot 51 -
sUblHIRhRTh e SoDPHeshte oaicarie s talys hed:]wgm;rb:ﬁébﬁﬁudlbiﬁmers of a

itted f t centr e .
e e S o 38 e Paignigeg from the

usEES PArihse degpseieen bispreyeae Wtﬂgzhttbaﬂeﬁy,oﬁoceélﬁdg\ ?l@teh when the
j i | in ali ion to (e.g, attaghed to the )

ey S\ ALEG B PSR S SRBIONE 8 IR S ot

aMtﬂiﬁéaheﬁ@y@f&rﬁﬁsﬁauéw%mﬂéedh@nah@rmmwimmo @l@gloatﬁdd:‘ied to the

1 risEus ' ink er system not only

Euﬁggftﬁe ampIi?ﬁ?&ﬁfﬁ;ﬁﬂ%@ﬁ@%#ﬁ@%e?é?ﬁénts, bu_t also

controls their phase (i.e. the amplitude multiplication factor applied to each

o 15 elthar & b i g o TRl Bitesed array
afBfREE0HN sy Qb Rt HepieseshahouatioinmayhE Miutitel dweisipectstr system
andeesigti®es the amplitudes of the signals to the different elements, but also
controls their phase (i.e. the amplitude muitiplication factor applied to each
signal is a complex number, not a real one). Doing this implies the need for
either a phase shifter or a time delay line. By contrast, the amplification

system of the present invention may be much lower in cost, and 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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implement. Although the invention has been explained above in relation to
several 20 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 threg-dimensional. 25 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 30
str%éyégésn%uilt by depositing many PZT cells onto a su_bstrate. 15 _
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0 Sl PG L IRE B RG  HR) v
Clakfiple. bemgamer:@mimmngflaa roliiplitybebeubreasags rivsdetres of the
Cellgists tﬂyg%@%ﬁ%‘% BER %‘grér%%ﬁngg%frm%r%“ TS ué)c;:fﬁg ﬁ sétt rs“tz’ib-arrays

centres of the 5 ce he stb-arrays being spaced apart W
spatisymHuiialiy-spases Berd Ryiaustioashepdciparvbich @tmt?eastminge first
which.is larggyt | [ res o sub-array .
P St g a5 D RAGY BBER By o i
sPREFIGIIGICIA i dargaidbaadbedifisg 38ating 1 in which the transducer

cells of each of the sub-arrays are tightly packed together. 3. A

transducer comprising an array of transducer cells, the array consisting of

adlurality HRNSAIGRTSAECArNE tastaimaving wbiohdhe dearsduser cells of each
of the sub-arrays are tightly packed together.

3. A transducer comprising an array of transducer cells, the array
consisting of a plurality of uniform sub-arrays each having 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.

LLOYD WISE
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15 cells within each sub-array occupying all the points of a regular grid

pattern spanning that sub-array, and the grid patterns for different YD WISE
neighbouring sub- arrays not being portions of a single regular grid paLt‘f((a)rn E
spanning the two sub-arrays. 20 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 aflleast one of the other

sub-arrays. 5. A transducer according to any preceding claim in which one

or more of 25 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

chiannel, AhershaansbmideBiageosuarPIBPIaY AT GIONeANRL of the
transducer according to any preceding claim, in which the centres ot the
trz?%bftfg"é(f%élféea?g AR EHTALSYD WISE 17 7. A transducer

according to claim 6 in which the centres of the transducers lie on a
c caveol?urface. 5 8. A transducer according to claim 6 in which the

céhtres ¢ tHEPMRHGRICASIN NG donvdriBurfacé) owhighndbacaentres of the

atcatdingetorslianr felaiaddnish the surface is a parabolic surface.
10 10. A combination of a transducer according to any preceding claim

and
9. A transducer according to claim 7 or claim 8 in which the surface is a

parabolic surface.

10. A combination of a transducer according to any preceding claim and
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;
s 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



an amplifier system, the amplifier system including a plurality of amplifiers,

each amplifier being arranged to receive the same driver signal and to LLOYD WISE
multiply it by a different real weighting coefficient, the outputs of the

amplifiers 15 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 coéfficients. 20 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
comprisir%???gmﬁﬂﬁﬁ f8f RJIEANRGUGShGEe FPEyaeneliiiagrastem according to
prargrotessimgiitfaniereiyingdhs apdio 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; 30 and LLOYD WISE

18 a combination of a transducer and an amplifier system according to

any of claim 10, claim 11 or claim 12.



