; €3esxp46$TxJR/'1 A Highly-Directional Sound Projection SystemField of the
I nvention The present invention relates to a paranetric speaker, and a
sound generation systemincluding the paranetric speaker. 54“MﬂmmmﬂmmmmWion
is related to Singapore patent application 200300490-0, whi

published at the priority date/filing date of the present appli cabisen.
Background of Invention There is no doubt that it would be desirable to be
able to produce a narrow beam of audi o-frequency sound mavejMW“ﬂW@MﬂmwwmAz
descri bes a system 10 which does this, by replicating an in ny
times, nodifying each version of the signal slightly, and feedi ngoaach
version into a respective | oudspeaker elenent to produce a desired sound

field (nanely a narrow,Afm§M§qﬂr#@%| SUGF@?Q@%@@Q gz {Sﬁ‘él’ﬁh. a systemis
i kely to prove expensi : rution is to use
parametric speakers, that is to say speakers which generate ultrasonic

waves. The prhieldiafltbe dfivemtionown paranetric speaker systemis illustrated in
Fig. 1 (a). An audio signal 1 (which nmay be obtained froma m crophone (not

h h di o .el ect i c.devj h .a 20 QVD pl ayer (not
shown)) T 1l RSANE HEVEDIA JeRR o ur SAPErelni: SRRRRER GBI GOt 2.
n the si gnalgenepaiRse ot ntiuding thepdtafistfiosgeed. by a preprocessing unit

3, and then used by a multiplier “uni to nodul ate an ultrasonic signal
produced by an ultrasonic oscillator 7 which produces vibrations at a

si ngl e fr8quekh8/appiicatiends relateshiocSingagere matent applicatios 200300489, twhight o a
lifi : : o ' . US assune
Phat t o s pedfas Mot AblisheBiH: hE pRotf daBAfATTRES bt RRAFESRar ApalcBlioh?, 3°7

Since the ultrasonic waves have a short wavel engt h, 2 the output field of
t he speaker 1Backgmourel bblwentionnto a narrow beam The ul trasoni c waves have
a non-linear interaction with the air, and this generates sound waves

[ ' dible high f ent) and
having tones 'lthleJngls gg%o‘u%ﬂha{t?t v?/oulldgoe dései%%efg %/ bg%b é) tno pro)duce a narrow

beam of audio-frequency sound waves. WO01/23104A2 describes a system

10 which does this, by replicating an input signal many times, modifying each
version of the signal slightly, and feeding each version into a respéctive
Ioudspeaker element to produce a desired sound field (hamely a narrow,
focused beam). Unfortunately, such a system is likely to prove expensive to
manufacture.

15 |
Another solution is to use parametric speakers, that is to say speakers which
generate ultrasonic waves. The principle of a known parametric speaker
system is illustrated in Fig. 1(a). An audio signal 1 (which may be obtained
from a microphone (not shown) or another audio electronic device such as a

20 DVD player (not shown)) is input from the left of the figure to a signal
processing unit 2. In the signal processing unit 2 it is pre-processed by a pre-
processing unit 3, and then used by a multiplier unit 5 to modulate an
ultrasonic signal produced by an ultrasonic oscillator 7 which produces
vibrations at a single frequency in the ultrasonic range. The result is

25 transmitted to a power amplifier 9, and from there to a parametric speaker 11.
Let us assume that the speaker 11 emits two ultrasonic waves with

frequencies fy and f,. Since the ultrasonic waves have a short wavelength,



f1-f2 (a difference signal which may be in the audio range). The systemis
5 designed such that this difference frequency corresponds to the frequency
of the audio signal 1 input to the left of Fig. 1 (a). In other words) the
non-linear effects of the propagation of the ultrasonic wave in the air
cause a denodul ation, which in turn generates the desired audio sound in a
narrow beam 10 More generally, if the audio signal 1 contains nultiple
audi o frequency conponents of differing agplitudes, then the pre-processor
unit 3 ains to operate such that these anplitudes are equal to the
correspondi ng anplitudes of the audio frequency signals produced by the

ai r-denodul ati on of the 15 ultrasonic wave. Thus, a paranetric speaker

provi des an i iqgi i =1 L. a
narrom1bean1qh%%ﬁﬁgh5§%%§fgrﬁag%ﬂ@%gq6%?%%% f¥%8g§@§E£P5ﬁQV@% |bT@%tly
great, the didliresenicavdvesthavecy nbi-lihdacmteraetion ndthghd i ahd thistdéneratey of
the low, mddle and hu?n audi o frﬁqrency ngpﬁes” 20 The Berktay's far-field
sol ution, whiXAYNOWVAET hRYBAAORSS hifTdapiiraudiblghigh feguenay compopgrb @ndat ed
secondary wa i t S cRE L SHiRT { .he second
time derivat ﬁi@gﬂlfﬁﬁguﬂggﬁyﬁ? ﬁén %@%Fﬁﬁ%@éﬁ&%’ﬁ@‘%}éﬁgﬁég stéggtcl)g]ndar y
wave is t 9er edasignagtsuchathed this diffdregte fregqeéscyotomespundscodhs fraguienoy one

known net hod ,of desi gni ng,t he t em_of,_ FEi a). 25 tomnimse this is
1 tst rat eq. itertgio S0naH1 e B Lot ah(a) bR GT DB R RPN TNERT  en s
x(c) , is tWéfﬁadthﬁﬂfe%r%ﬁantiéh gpmlﬂtrbgéﬁew\)e% tHQ'ﬂfirtéa'i:se.té‘e“ a unit 15

multiplies it by a gain mand adds an offset. The resu I's input to a
squar e root udgrmodulatiamwhichdn turargensirateslth€deired audmdsdiyncainumnarro® t o
nodul at e an LBég{nfi‘SO”i c signal fc obtained fromthe crystal oscillator 7, to
- produce a signhal 30 E(t)sin(2~c fc) which is transmtted by the paranetric
speaker HD. This is 3 subject to a double derivative operation due to the
non-linear effects of the air, to produce a denodul ated signal y(t) . The
result is thdvlotgggnerallytif the aydiaisignal 1mentaine anultiple austio §equeacy oot
operation pr ni .t : ] fectl. i ntroduce
infinite har ergnogf[?:@%orﬁgf)hQﬁfexlggta'éﬁlgﬁggé’ghﬁ‘('ES'Q,SFJS@FCE%%SBFH”@%#cﬁspt e a

source with iofdraiet sudvethautriise émi)ntedak apsl ef0alatolthe \cornespbnding(dmplitudies
practi ce, ho%}{ﬁé i'e?UI t Is inpossible to provide an ultrasonic source having

infinite ban dinfrequensyssignals praducad bnthe ais-demasiylation ebthet has been
f dth all -Qe- | j | i ded
ound t hgtg auLfIeréc}JﬁcWa@%, RAnd, 4 S%Fﬁggfc%ﬁgﬁéﬁﬁgmesogﬁ faﬁém Ewa)f)é vi ge

that the nodul ated wave is tran rasoni c transadcer 11
with a wi de handdindt audible scundradiation inky eatrowdaam.tihthepbasdnidth Bfthet i on to

devel op such an ul trasonic trangducer. So i cations describin
par amelto ric spedRESTIC ﬁP%ﬁ#ﬁfHﬁ\ﬁHﬁﬁ@n‘aﬂﬁrﬁﬂg&?a##ﬁ‘?'?ﬁfsf?e%‘l‘e"“c;)’afﬂ%f?rﬁ?'gp@ audi o
systems”, i ncarisiyed tokhvithih afRBPiRe 1Bw2Rtlddie and high audio frequency ranges.

20  The Berktay's far-field solution, which is well-known in this field, predicts that
the derhodulated secondary waveform along the axis of the beam is
proportional to the second time derivative of the square of the modulation
envelope. The secondary wave is therefore generated with high levels of
harmonic distortion. One known method of designing the system of Fig. 1(a)

25 to minimise this is illustrated in Fig. 1(b). In this system an input audio signal,
written as x(f) , is twice integrated by a double integration unit 13, then a unit
15 multiplies it by a gain m and adds an offset. The result is input to a square-
root unit 17. This resultant signal E(t) is used by a unit 19 to modulate an
ultrasonic signal f; obtained from the crystal oscillator 7, to produce a signal

30 E(t)sin(2x f;) which is transmitted by the parametric speaker 11. This is



15 Kumanot o, "Paranetric Loudspeaker - characteristics of acoustic field
and suitable nodul ation of carrier ultrasonic", Electronics and

Communi cations in Japan, Part 3, vol 74, No. 9, 1991; D.T. Bl ackstock,
"Audi o application of the paranetric array", J. Acoust. Soc. Am, 102,
3106(A), 1997; and M Yoneyama, J. Fujinoto, Y. Kawano, and S. Sasabe, "The
audi o spotlight: an 20 application of non-linear interaction of sound waves
to a new type of |oudspeaker design", J. Acoust. Soc. Am, 73(5), 1983. In
t hese conventional paranetric audio systens, the paranetric

speaker/ul trasonic transducer typically includes a | arge anount of

ceram c-based piezoel ectric binorph el enents. One drawback of such a

Cound i st or LB 3P EREH A o BEtRth Shpo M B RAL Bteb® il o
repeat abi | i t fogreduce aglembduledrsigresiul . The rdsultds ﬂmtiy@&a@gi cal for

production. Paranetric speakers using a nonolithic thin tilm provide a
practical andnébsuBbbenptast that theagquarerropt operatiodipreforineddly theumit 1Buch

speakers are r LN 4 US 6,. 044 160 . ssued to. E. Norris, and US
pat ent appl i cvg‘ﬁ'ﬁghk ggg‘?i’ﬁ%?@ﬁcﬂ& 'B&Oé‘.‘ce\l !nf'ﬁgﬁ'g‘@fmo’l'*ﬁés‘g the hpyd signal |

el ectrost gt i cy®l, isoaRaNINCPRNAABIB HISAUrES Wi ihBhite bARGWRAR i redfuirdatts R nivet hi s
type of emitter is that an insulating thin filmis provided on a flat

netal | i ¢ backyl-at@) .Haypragticehablvewes igis dmpessibnid providienarekeisbhic | ayer is
deposi ted/sputtered onto the thin film A DC voltage bias is applied across
t he i nsul at i f@ures Rayingrinfinitele@ndwidth dee & physitalylienitationst As sbearkpromise,

th b i i -str. Jnth ilm. | ti i t
of ¢ he oo i1t REBpFR four MeEadliEigethAnCulasdhb e MR fore Vel age
across the i nolided tbat therbaulafstwavaihaRsrhitRAUKNEN uttkdyorid ﬂaﬁs&ﬁcetrpe

thin film Both the resonant frequency and the el €ctro-acoustic transfer
ef fi ci endf arld With arigide hesswidnit is dhuseng obisctive épthe presenhinvehtiontd | m s
geonetry, so i | G speaker requires both an accurate
back- pl ate stﬁ@l@r%‘%ﬂlgﬁgﬁ@e@y %gﬁ&#"ﬁeﬁﬁ (of the order of a few mcrons).
These pose sone difficulties to the fabrication and 15 mass production of

this type of stﬁ_gakeg/_t ransducer. By contrast, piezoelectric filmultrasonic
enmitters prowneepublications:describindparamettic speakersuaisoi knowrpas Speremairiaudi o
system Such Vi i rrﬂasf{ﬁ L J ' 1D, wrel dto A
R Sel fridge agrn P.bF éur'l’él - aﬁgg%ﬁ’ﬁs@eﬁg ,g@ag&%i@%&@ﬁ%fﬁ%@%@qﬁ%&éﬁamt ric
speaker 1A wi{urhamotdi"Rapareetid leaudspeaket mcharabitspstiosdbfamoastc fisldemmd t er

pl at e havi ng matngI t hr ug@l hol_es. ,Alﬂr essyre ?our ce, such as one provi ded by
a vacuum punpUitAtlesngghisdon of caarier Yikasanies FHlectrasics aad Gammenications in and
devel ops a bi Rr t p f t LM &y = Stehess in
the f1m and Rarbr ot haof e, b Py T aERuaa A ERs bR rifas |
constri cti ng pan@melricarayyg Ji AcoasipSoseAtn, 102, 3406¢AY 1997amndivl i ed

el ectrical iRput. However. the | ication constant pressure

di fferential r?o&eé/aa‘?'a]'ﬁ;'m%rga?%wﬂaon?ﬁpg't%q%@qu %éﬂglﬂmtm@: 8f the
bi ezoel eor | capplibatdrponiabnfinkal Mtdtactiérs bf séundalivs Wa iy Wipehor 011, 855
describes in relation to its Fig. 5, the emtter has a bandw dth around

37KHz of onl youdlspeaker degignth. iAcanst. Sea drenda(h). 1883 oindhese cohvestioraldi o

frequency ra : Iy I 020 and thus.if such an

emtter is us egartngﬁ}é%@dgét}yg?es@%ﬁﬂgtpr??g?'gé\tldq ?&%aéé%}zhﬂtﬁﬁﬂ%(f &aHFglf?ﬁrti on at

hi gh audi o f tgsjosicinekidesta lapg@entiuitof terdmigtinRsel piBoslapiv sldreh t he

emtter by increasi ng}qtphe carrier frequency (for exanple, the -6dB

bandwi dth re gntsg drewbadkeof saichiacparsmetdq spasler is iB3amgw but rai sing

the carriser f y LE i ' don,of . the ultrasonic

sound. 5851 ndPEHIREY whERt ekt i Bt Sodhd ARGaR aRol Gravbadk BYEH <o

reduce sound igimanufacturability 4ed réyseatabiligvareaisiwodidh whish R seith o itheing
impractical for production.

Parametric speakers using a monolithic thin film provide a practical and cost-
30 effective way to reproduce directional sound. Such speakers are described in



10 have been made to devel op equalisation or pre-processing nethods in the
paranetric audio system Exanples include T. D. Kite, J. T. Post and M F.
Ham [ ton, "Paranetric array in air: distortion reduction by preprocessing”,
J. Acoust. Soc. Am, 103 (1998), but these approaches can only reduce
distortion within limts. They cannot elimnate it conpletely. 15 Apart
fromUS 6, 011, 885, discussed above, another publication in which
phased- mat ched air ultrasonic transducersd4are described which use a
corrugated PVDF filmis the article "Phased-matched air ultrasonic
transducers using corrugated PVDF filmw th half wavel ength depth", M 20
Toda, | EEE Transactions on U trasonics, Ferroelectrics, and Frequency

trol, Vol. . i t Q& ) ] } I
htroduet on ooy u 190153081 to B0 Rpfrish a6 pferl drpba iy 200 1b7ge e
audi o range uA1 hy FawpPompki- Tineke atecbisitallyhelectrestatinalirdsonear ul t rasoni ¢

wave propagat, naj oy i of the text ig directed to a transducer
which is 25 ﬁt%géf?g}ﬁ/%#‘ﬁ?@u *E%b%é‘cf%'ﬁmﬁéf& q)%&h'éi}%? aﬁ@wt?%r is foaf@n . Note
that it is nipsuldesd it fi® brétidey 8n s B‘a%kep- : w beam
pattern al nost V\A?'?\%H?hsﬂmé?mbe_s aggl theliﬁ\?tg‘e”&bandwI%ﬁﬁa\%‘ﬁgspragé\@ducer

i ncl udes & pi#Po¥eS@Nd @ thinInetaHiedayettis deposited/sputtered aritodisethin ffilrkeA

S . . tieger iy pudfin i I
Che edges of U 2ifadk bk Rt Heass héinSdRRss B MR Heeraiemaaiicne
sheet, a deptlayarfarthite lfack-platé teérbgidausihg GaEhEive p?h;é’-s%%?ﬁtﬁé‘gﬁn the

corrugated PVDF ultrasonic transducer has phase-matching and goo
directivity. "B8WEDg n ajquryaiureef ther mpoplithicfilegk Ao A@iexcitationtisi s r equi r ement

since there i [ GRILL I . en.theoretical

cal cul ati Ons@gﬁ%ﬁgﬁéﬁggpﬂrﬁﬁ'}}iﬁ%gﬁ%&é 8%:%SSRE§ "ﬁsﬁégﬁ‘,g fgh ﬁ lgﬁuge gl‘ﬂf'er ror
appr oach 10s  dremptendy tvibrationys ebthe thirr Ae Byt the résdneN frequeney aRgther mance,
but this wl I%éésul t in lowyield of ultrasonic transducers wWith

i nconsi st ent Foraeeysti transfergiiigiangy @re stiengivdanansient onthe gpre@eent

i nvention ai. j : P I r. Preferably,
t he speaker arHt% p}t@g@?%& f[fi‘lﬁ 83‘!’@?&%&%@?&&2&%@@%@“5Répﬁﬁﬁgﬁﬁ S?ﬁ@%ﬁgrs
descri bed abgequirgsbdihsan aseutatebavk-platestruckde artetiemthin film (dieher esent
invention are gge%keffs whi ch Erﬁgﬁl i ght wei ght, thin and conpact . '

Advant ageous|SfCt N W BICIoRsgk feseRrssesorae sliffipulties to the takdicatior and

sel ect ablg bensaglhicRRitivh oY thidk ARaHskYcer N speaker has a wi de
bandw dth to reduce denodul at ed soun Istortion, and a narrow beam pattern

to reproduce a highly-directional audible sound. In general terms, the
i exi bl e pl eopernstasRESerefief i dlradiie aintibts piyfle f ReShstontige o gnal
tot BSaI | m altedtivirfor sé ik atharamatri Bdiby8teM Istih BeUCH BUbdcbed in
US patent no. 6,011,855, issued to A. R. Selfridge and P. Khuri-Yakub. This is
20  apiezopolymer-based parametric speaker in which a thin piezoelectric film is
disposed across an emitter plate having many through holes. A pressure
source, such as one provided by a vacuum pump, is coupled to the a back-
cavity of the emitter plate, and develops a bias pressure at the apertures to
cause extensive pre-stress in the film, and deform the film into an arcuate
25  configuration capable of constricting and extending in response to variations
in an applied electrical input. However, the application of a constant pressure
differential to such a structure to maintain the required curvature of the
piezoelectric film is not a trivial task. In addition, as US 6, 011,855 describes
in relation to its Fig. 5, the emitter has a bandwidth around 37KHz of only 5

30  kHz, which is not wide enough to cover the human audio frequency range



In a first formof this concept the filmis fixed to the substrate at
fixing positions which are at at least two different positions in the

t hi ckness direction of the 25 substrate. The fixing portions hold the film
in a corrugated configuration including generally concave corrugations
parallel to the fixing portions, the 7 corrugations being supported at
their sides and also at a central region by respective ones of the fixing
portions. The substrate nmay furthernore i Bclude a surface formation for
giving the corrugations a desired curvature over a portion of the area of

t he piezoelectric 5 film (thereby controlling the curvature of the

remai nder of the corrugations). For exanple, the substrate may incl ude

tially-cyl i Iy ) of
Cor rugat ] ons Cariet SHOAR2OME S 28 25, A 0SS st o RS Seiey. 10
Typi cal | y, t lrepeacheersiiund theteidiisbe bnrayalitde distgrtion(dt\igie aldiy fréduainghds), and
t.he. adhesi ve Henbra gdheres t{'%egi e Qag)ec%i C filmto the substrate at
fixing portidh® REFSie & jpsrease "T"?QZM | ofihgiemitte]; by ingreasing die gavtert he
substrate a S%dt%‘é%/‘mi'r@kahﬂ%, I BS-GHEPRA Wit FdhcABS 16REZAMMH ﬁil'q §&Hier

square) in crosssection. The volunme between the piezoelectric m and t he
subst r at e 515 fraguenicy is 88kHz), ek raisingtthe canterdrepueeicgcesilts ihid quicky
optionally be_.adher.ed t he substrate usin n adhesive film extendi ng

bet ween t he fﬁf%%“é‘ﬁ‘a"ﬂtﬁg‘%H@@SPH{CeSOUﬂ‘?eSQ&%@&%@@W@%wﬁaﬁée@he form
of a doubl e- syrep@riaieh(i. €. a tape having adhesive on both surfaces)

havi ng uni formthickness. This tape nmay provide a 20 high hol ding strength
and durability. Both the bonding tape and the reduced back-cavity in the

substrate prqyi of .d N ot notions of the piezoelectric
film and Ehdd 03‘?%’3‘8@@%%9}488ﬁﬂ@v'Oﬁei%ﬁ?gﬁeMOr%ﬁéaﬂwEh- ﬂ&?@“s
det er m ned t halvesbderamadeasrdevalodcqidlizBaon vt bFe-bRstdsBirRYhebdEBN tRe
achieve a high carrier frequency_(preferably, in between 55~70kHz), a w de

bandwi dt h ( prR&ramgbicaudio-systemahxamples iaclude d. Ddgte, Jf T1BRBELINd MhdF.a

narr ow beam ¢ I - ; i df h of t han « These

8 features nanzéeﬁﬂo“bogé@wéetﬁ §¥ rayg}oia éﬁhs?g@Wé&&%?t&;‘eﬂ’f?e&ﬁ@%sﬁ%%ne{I
transducers: AcdusarSatdem., Woidoh 9p8Ribet tisede apprvadhésean ORRI regaBad Wit h
reduced distoftion when 3 si nmpl. e signal pre-processi n% al gorithm (such as
square rooti %toﬂ@na‘ﬂtgﬂif‘ nitsor They camat eiminatedt gempletelyi n a furt her aspect
the invengi on provides a speaker as described above in conbination with a
power anplifier. In a further independent aspect of the present invention,
whi ch i s contAparbfremiUSHS, (01,885, sdisassedtabolve asothey pablicationtinavhiewer
anplifier useg@t ogglri Vf‘ét he ultrasonic transducer utilizes an electrical

resonance frd: A aib”'?@?gﬂ'&é"%ﬁ?@“ﬁ%%ﬁiq,eoﬁcripﬁgd\‘m%lésflaequency.
Thi s _enhancesopuigARePYIH A B thedritiey PhAsEaRisichad of ditdédic! nduct ance

may be provided to produce the resonance. A resistor (such as a variable
resi stor) nayjransdpeersausing conugateshPYBE fillmegitle half wavebength depthél.dri ve

i rcuit j di ing. Preferably. t i stor i iable. 15 Th
nvent | ofSr bricksr "BFE taBsadians ik lERRalins, Bariepaadiey, ARUHRAYSROE gnal
processi ng urjohtroliV@), 48,086 V82607 . IMENS papaF ahe Al dFhastiGHs AUdEo signal,

nmodul ates an ultrasonic signal using the input signal, and outputs a
nmodul at ed ul tiRtEaHHGtEONSIaptian thaiconcept fitfighly direaticnalispeakemindhe auslieaker

and/ or a po i i ef i v 20 Addi t.onal | t he i nvention
proposes a mn@%ﬂ@%lralgk dg%h@rﬁt;ﬁdgﬁrébggﬁh%?mBBYVW'rﬂf%"%ﬁrrq%a?@ﬁéﬁaé’eto t he
speaker unit ppopagstizh, byt theniajomy of e fdidiraste@do bitfarkeNeEr MR ki er
proposed by the invention, Brief scription of The Figures Preferred

feat ures28f tNek saicliorhe suitable fomese iea pammetsisspepker.tNietedhatit ist mpse
o Shas! o0 R BuE EEERRG: e bR BBt S Bl 1O 2
without side-lobes and the wide bandwidth. The transducer includes a
piezoelectric film sheet which is held in a sinusoid-like corrugated
configuration by sinusoid-like support members extending along the edges of
30 the sheet. Due to the sinusoid-like configuration of the sheet, a depth of half a



9 FIG 1 (b) shows schematically a block diagramof a known signal pre
processi ng schene for use in the systemof Fig. 1 (a); Fig. 2, which is

conposed of Figs. 2(a) to 2(d), illustrates a speaker which is a first
enbodi ment of the invention; 5 FIG 3 shows a curved PVDF nenbrane el enent
in the first enbodinent of the invention; FIG 4 illustrates the operating

node of the PVDF film of the enbodinent of Fig. 2; and FIG 5 shows
schematically a power anplifier for use weth an ultrasonic 10 transducer
according to the invention. Detail ed Description of the enbodi nents
Referring to FIG 2, a substrate 20 for formng an ultrasonic transducer is
15 depi cted whi ch is an enbodi nent of the invention. This transducer may be

used, for ex r%g‘;tﬂ i§ ?é'%ﬂ?’ %fucqg‘tlgat tfve%}mgﬁgéd BObF & r%ggﬁ%a) shows

t he substrat Irect Its su Fig. 2(b)

is a per specttrarmdmcemha§pbasé—(mrétchmgéand @mmdnﬂlrectMtySEloWbr QﬂlsQfotfahl@iv%@
substrate ZO\K#%‘F he pl.ane. shown a in Fig is an

enl arged vie ﬁ@"ﬁ@ﬂ’ihﬁr%”'rpﬂ'&ntﬁw thﬁEﬁ @ﬁ@@a!ﬁ %ﬁ'gf}*fécatﬂt ft@ﬁéaﬂ@e The
b 2 d
substrate 20 gaRcBf tl'“ﬂécﬁ‘étlé ﬁ%ﬂé‘ﬁ(ﬁe aﬁd Qeﬁj‘gpfa%'rﬁmoﬁl I'ﬁecﬁlsg&?ﬂé)r bttr('such as

| am nar film (not shown) nd nono

PVDF). Thé smﬁmte:ramreamoaab lsaaduptbdde v@rﬁsompq:earamatémde dahidviega gé()b)) 25
directed towards the f E) %nd j,ncl u % ﬁg{ nal | unlform rooves 22
di vi ded by riRggRImance, byt bc‘W*HH@SQ' y'8 PTHAL" 'Eﬁ”é seersivither

i ncl udes par tihgdrisistent ¢ﬁg:|-@b@q\ilst|§§_ncave shal | ow notches 27a, 27b, 28a, 28b,
28c. Sone of these notches 27a, 27c are provided in rows at the two
.respective ends of the substrate. OQther of the notches 28a, 287b, 28c are
relatively narrower (i.e. 10 in the direction along the grooves 22) and

are provided Stﬂ’n of tHEIny r?f not ches 28a, 28b, 28c are substantially
normal to th ; The piezo-polyner is bonded onto the
substrate 20 by an adhesi ve, such as 5 an adhesive nenbrane (not shown).

Speci ficably TH&prqmeatmmltmm%nmsStopmbt/lc@l & e ade dusesiiliioparaendtap spebkéne
ridges 21 a, ooves 22 and to the surface of notches 27a, 27b,

28a, 28b, 28 refﬂ?@b'rye ¢ fiRegkeaal least Mitigates dhe pisgeantages rfethealgaown
mai nt ai ned '%gggkél‘égc?éé&'%d%o@ﬁl el to the fixing portions 21 a, 21 b, each

of which is concave on the surface faC| ng away fromthe

As discussed below, preferred embodiments of the present invention are
speakers which are lightweight, thin and compact. Advantageously, these

15  speakers may be resonance tuned and have selectable beam directivity. Also
advantageously, the speaker has a wide bandwidth to reduce demodulated
sound distortion, and a narrow beam pattern to reproduce a highly-directional
audible sound.

In general terms, the present invention proposes in a first aspect that a

20 speaker includes a flexible piezoelectric fiIm'having electrodes for applying a
voltage signal to the film. The film is fixed to a substrate and is maintained in
corrugations. |

In a first form of this concept the film is fixed to the substrate at fixing positions
which are at at least two different positions in the thickness direction of the
25 substrate. The fixing portions hold the film in a corrugated configuration
including generally concave corrugations parallel to the fixing portions, the



10 substrate (the upper surface in Fig. 2(b)) and covers a respective

| ongi t udi nal | y- ext endi ng back-cavity. For clarity, the transducer of Fig. 2
i ncludes only five pairs of grooves 22. However, the invention is not
limted to this. Actually, in other enbodinents of 15 the invention it is
preferred for the transducer to include many rows. Furthernore, a single
transducer may be forned having many el enents such as that shown in Fig. 2
to provide a large total area, with nmany @olums or rows. The provision of
a large area including many colums or rows is desirable since this my

i ncrease the sound pressure level (SPL), inprove the 20 directivity of the
sound- beam and avoid any saturation of the mediumat high intensities. Fig.
3illustrate Y i e f DF
(i.e. one of Sﬁge 5‘5’?553‘%‘?@ ﬁ{ppﬁglg éﬂ ﬂ"!eir Slaéges. c%ﬁgbe;e@'gh gﬁ'?aF th
doni nant 25 frespeetiveyonds afﬂnyelfmtgpoalbnE’VDF sound emtter is given by: f~
(1/ 2nr-) Y| p (1) where Y is the average Young s nodul us of the PVDF

th el ect t d t di f.
curvature. For hslels PR RRErTER nelie” Sosiitedoraston fon abing dhe
exper i ment al | gorkgyatibhe @ déited OAvERIME 998F a pokior! bEMHERA éﬁhégilé’éc%ibétﬂct he

curvature as well as other factors |ike the constral nt and
Accor di ng St o flgudbersbyicontrallingthe surfatwguehthe temaindenlof rthsmrmgarclans):lucer

oi ezopol ymer rBrane e Ihe B ekl BHLIR B U uRBl Fohivg ghalows

provi des an eidteigéd.ve way of maintaining a partially-cylindrical shape,
using the constraints of three points AL B, C Wthout these three points
it is much hapder to ensure that the actual resonant frequency is close to
its design val Meshapesefl theccorugationsareiwelheéefifiash dhus prmducing @ hieh spuedul ar
arc or other due to its higher flexibility. Thus, by neans of the
concept of sucﬁjpb?)‘rt's 10 at differing heights above the mai n substrate body,
a resonance-tuned sound projector should be achievable. Note that the
central fiequiypisallyf the tsubstratecinchatesdeloagaienridges diypioally sifaigts, amdzsﬂaet
inventionist i cal l et ween 40~80 It h been experinmental |y
verified that? fvﬁ’gnémb@' %@?ﬁrﬁﬁlthﬁr@%@%r@é‘ﬁ ecﬁHQ%tr@tﬁeatl Wﬂgt
har noni c CONMYIESH r r nto
an audi bl e range V\?nmléweomgugégﬁggb le%rZ?%i?%ﬂc‘yégglégloﬁessggg%e%ﬂb%ﬁ‘ée b
addition, a Imecwhlchallncfu@m@wyealvdmch endsrectangeidce(ort $quate) Gttcross-y of

sound beam not ,al ways sirable to i eas he centr
frequency si :%gagﬁo hY%ng é)&ﬁ‘fv?é?/ gb?r r?'%?oefei?‘étﬁ'ﬁeﬁﬁv SI tﬂﬂ%sﬁ‘l‘ sty e
qui ck at enuajonetitudés HlbBdcksaavitg. sound. ‘It is thus preferable in the pr esent

invention that the central frequency of ultrasonic transducer is between
45- 75kHz. Par |cularIY for a far-field application, the resonant frequency

i s pref erabl yl ePigzoglentic fimsmryzoptinally ha adhgrachio hesuibstrate gsing an
| | He.
Lot of o A RsiVEFR bebhdfl ek, B eﬁ"ﬁé{%lﬁtdﬁg?e?sﬁ? ey 0, BRfediap

carrier frequaemprare uhay aakeithet forns dficedoubld-sidedstapet (ils:t wt@F)er Ra@nRgnce

frequency, and, the vibration node at this frequency is a so-cal
bregth rr)t/)de aghesivepn Both surfaces) having uniform t%lckne)és This tape may provide a

20  high holding strength and durability.

Both the bonding tape and the reduced back-cavity in the substrate provide a
measure of damping to the motions of the piezoelectric film, and thus broaden
the frequency response of transducer.

We have determined that a transducer in accordance with the invention may
25 achieve a high carrier frequency (preferably, in between 55~70kHz), a wide
bandwidth (preferably, a -6dB bandwidth over a range of 10kHz), and a
narrow beam pattern (preferably, a -6dB beamwidth of less than 8°%. These



30 of these will enhance the fluid-solid coupling as well as the SPL of the
12 ultrasonic transducer. The vibration node at the 1st natural frequency
tends to be a breath-node as the a is decreased. However, it is not a
trivial task to maintain a PVDF nmenbrane to have a "shall ow' and
partially-cylindrical shape with a reduced a due to its elastic recovery.
In the enbodi nent of Fig. 5 2, the central point of each partially
cylindrical portion of the PVDF nenbrane i8s bonded onto a respective one of
the short ridges 21 b. In this configuration the partially cylindrical
portions are each divided into two (subtending an angle of only a / 2,
resulting in a breath-node at the first natural frequency. 10 W have

i tallg hat d th
Wl woof tHEaHfEs IR " poRSpRP LR SEReS M | RSt o3 BhBbftora '
beconme nar r ovteansduesrsy ianctrmer Hwh&merpro}uctéﬂ highlyedigadtional SSUrRs ewitlpus

side | obes are ferabl t he value of wis less than 1.0 mm
15 The hei ghtrega (gcqi Pss'%\p@ SR PrEPERCLIRND FHEONIRTE (BIeGt ASso
as to elim najqaAdYo '@b@ogt%%kl%kgﬁ Suidfd bightl,on: The trapped air in
the cavity may funct as a squeeze er to Suppress the mechani cal
resonance of the pi ezo pol ynmer 31 and broaden t he bandw dth of the

ul trasoni & t rlang duidlker. asm)ecmdhswewenfaompgmde& aespeakerads teeciibehpbdvaiin i s

that it may opant e ncy fromits design value. One way of
addr essi ng th&ﬁ%P%ﬁﬁ%mﬁ% %98\3(959"&9?11@ it is significant) is to provide
holes to rel ease air extending fromthe back cavity 32, e.g. through the
entire thi ckrinssfurherhedspsireniatpat ofhe esOh R tiiehfis kBiphasioer ed
to the substrate. This nmay be by an adhesive nenbrane which lies directly
on the subst rthe the G%@Smﬂis@fa @NB?tIQme’fh@hbowealampltﬁlfertLtsedawldBvedhe
membrane. |t (sl ATEHuEY: RIS Chh HedtABS FacRE FEGISISP! Which

tape is adopted Since it may ac I'6Ve

particul &40l y matchesr e paeshénical yesondrive freguedbesiThis nahitdncts tephafcke
3MIMWHBTM doubl e- si ded. t ape whi ch has a hi gh hol d| ng strength and 13
durability. ISYSHIRi eisiency: AeSARASHAREE (3nd/ak IRdGtaRce vinBY abe orovidesiite i ng
in the extensi e t r i Gt b a 20
may be for rre?rgglé?né ntwrgtga &?&%ﬁbgs IAa?%?rllg{nofru QH 53 eér a\(l)rhrﬁ'p%?%rrggét&@ ﬁ]%&o[?nga
pl astics mat gresentsioc braessieABhe ﬂ:bquemwmspdmyz muthla 6N Bircuis by preafidingbl e

alternative sjnce it r&gt&g t%?rlcated|n'r,oar|g|d structure with | ow
density, res#aTRIRYi RreferatlytReirgsiBtosisvakaile- | i ke hi ghl y-directional sound
projector. In addition, alum niumhas |ow acoustic inpedance, which may be

mat ched wist h tHeirvieABsn RGHNEP proldes' 8 <RAEHEAGARbN %a{m‘mblﬂﬁf@uﬁ% o0

adopted in fabrication of the substrate 20."Alternativ
may be forne@r99e$ﬁbnlﬂl dlmbwhmﬂl JdrRceings pa\iepelosignal fledudmg an audie signal,

B{)IOSUS;[ In?lni néﬁ uor| de r%i%@ft gﬁ?@ihﬁﬁﬁﬁeﬁg%p'gpége%'gﬁélnaﬁpg PH%@S fow

acoustic i rrperdadl@letemIuﬂfbsdrﬁétsllghamﬁﬁlbhaﬂcmpuh't@ha dhBipafibs &f éegﬂéékeand
| ow cost. Moreover, it may be fabricated into unusual designs.

pi ezo- pol yer an/Qrsa ppwer aswlifier Bs slefived ehoyes or appl ying a vol tage toit.
The material for electrodes may be 20 silver ink. The PVDF nenbrane is

preferablyy T diforidl§N a2 in O TprbPEsds®"d YABIHAA % generating sound by

applying electric signals to the speaker unit proposed by the invention and/or
using the power amplifier proposed by the invention.

Brief Description of The Figures

Preferred features of the invention will now be described, for the sake of
25 illustration only, with reference to the following figures in which:

Fig. 1(a) shows schematically a known parametric speaker system;.



31, clanped at its two sides, vibrates in the d31 node, and thereby produce
a sound wave propagating nornmal to the films surface. The PVDF d31 node is
25 illustrated in Fig. 4. In order to obtain a high sound pressure |evel,
it isrequired to provide a significant driving voltage to the PVDF filns
of the enbodi nents of the 30 transducer described above. Mxinmum system
efficiency may be achi eved 14 when the drive electrical resonance
frequency matches the nechani cal resonancé® frequency of the ultrasonic
transducer. Fig. 5 shows a basic schematic of a power anplifier for the
ultrasonic transducer in the present invention. The nodul ated signal y; (t)
is anplified to an appropriate |level by 5 an operational anplifier 81,

whi ch may al t er naFiG.el (b) BRows @efBimRdith ' frowHe [
anplifiers. The out_put(b())f anmplifier 81W§%Lopcg(lciﬁgg*ﬁ%;gsktdep- uﬁb?ggq@f or mer
82 to i ncreasocagsingisghagever tiagén the system ofidrie. 1(ad; equi val ent circuit of

Ser i es | nuct or 85%Pe iaur o Res ARGy 2816 dru. MSLBRSA SRRk °°

el ectrical resbichisae.fir§i evbodineert\dPtheirvieheibni N the present invention is a
wi de- band transtﬁ@%,&)a vari able resistor 86 and a variable capacitor 84

are introduced to ahows @ gnvedi &Y Dmeemignerrigmest fothedirst t he dri ve

circuit so asghBod®icit dr'tse Mﬁﬂhﬁ. characteristics of the transducer. Such
a power anplifier may maxi mse the transfer efficiency from15 el ectri cal

ener gy into nmechani@at illostsatggs. thalapecatiriy mody of the R\ 6ith wEties of t he
i nventi on have Beﬁn d sgrgl be%d above, many variants are possible within the
scope of the FROQAMESE %AE19i4:1@%e clear to a skilled reader. In parti cul ar,

the speaker may be|GEsISh&ls lséh&%aﬁbélﬁva? ?gww'éﬁ ggrﬁglitﬁgr Fdrei.%ree\%\%?bmhré’ﬁrﬁé’t he

sound pressure |evel, and achieve a pattern. i ona

par aret er'® oftranssduspeareording/totbedpvéntioned to i ncrease the conversion
efficiency fromultrasonic energy to audibl e sound. 15 Cdainms 1. A
speaker unit for a sound generation system the speaker unit conprising: a

flexible pi eagabfsd Hebchblioh BRild mBhafi&Ages for applying a vol tage
signal to the Ti T a surface facing towards the
pi ezoelectric film the piezoelectric filmbeing attached to the surface of
substrate at gl.ongat I X rtiong, the fixin ortions maintaining the
pi ezoel ectri ﬁ?f?arfﬁ%q ﬁ) I%I'Cé(#‘% %ﬁ?%ﬁ?%ibif%ﬁﬁm'%ag DISHRNPGUEEN P ch are
el ongat e 13nd qedictbl WhicRisléh b%&dimbﬁgﬂmétig@é}ﬁm{{ Heid tréh8dl, " 2 Be
including first fixing portions at either edge of the elongate cohcCave
portions of tusedpfaraxamerindheisysienanfiFig. 1(@pst 1(@)e second fixing portion
at a central region of each el ongate concave portion of the piezoelectric
film

Fig. 2(a) shows the substrate 20 in a view looking directly towards its surface.

Fig. 2(b) is a perspective view. Fig. 2(c) is a view of a cross-section of the

20  substrate 20 in the plane shown as A-A in Fig. 2(a). Fig. 2(d) is an enlarged

view of the portion of Fig. 2(c) indicated by the circle B.

The substrate 20 can be used to produce a transducer by adhering to it a

laminar film (not shown) of flexible and monolithic piezo-polymer (such as

PVDF). The substrate 20 has a surface (the upper surface in Fig. 2(b))

25 directed towards the film and including longitudinally-uniform grooves 22

divided by ridges 21a, 21b. The surface of the substrate 20 further includes

partially-cylindrical concave shallow notches 27a, 27b, 28a, 28b, 28c. Some

of these notches 27a, 27¢ are provided in rows at the two respective ends of

the substrate. Other of the notches 28a, 287b, 28c are relatively narrower (i.e.



2. A speaker unit according to claim1 in which the substrate includes 15
el ongate first ridges projecting fromits surface which faces towards the
pi ezoelectric film the first fixing portions being the tops of the first
ridges. 3. A speaker unit according to claim2 in which said second fixing
portions are provided on second ridges projecting fromthe sanme surface of
the substrate and shorter than the first ridges. 20 4. A speaker unit
according to claim?2 or 3 in which the ritigpes give the substrate a surface
profile which includes grooves. 5. A speaker unit according to claim4 in
whi ch the grooves are rectangular or square in cross-section. 16 6. A
speaker unit according to any preceding claimin which the substrate

includes for igagddf j ' . Lcat i hih a
back space. betLen S o oo P arl e o RIS Fhg Pt
gener ati on sywtemes 284,28 @8ararestibistamtially hormaletodhatridggs 21ap2db) | at i ng

signal, a nodulating unit for nodul ating the ultrasonic signal according to

an audi o-frequency signal, a power anplifier for anplifying the nodul ated

signal, and arfPgiRlspdNther RASEHIEI Bhtb 3@ BYbeF Se et waﬁ'a@h%%rﬁgaggsto

receive the output of the power anplifier as a voltage across f
el ectrode§. &n adhgaivelMmembiaae (0ot shewenSpecificdilyydhe piedcapatymeris whi ch t he

Por gener at 1 Hiprie PRt ntoghe 085 b e B A1 AR ok 2 anigofie ' '
osci | lator f qyuriaeBesfaotdbs?27 4, D705 28h! 28H, EBc ThHem:AniNE BHreéf the gidid- for

nmodul ating the ultrasonic signal according to an audio-frequency 'signal, a
power anpl i f iRAYMeF isdrgs.iand maintaiwedda ¢patigatiensypanallebiodhe fixingapentionsi t

The-of sct r odca ™ AE: R Pr it BlosneRxPliThe JURebe g Buiffarh 38 " O

capaci t orfoanddubsstrate (thdupber stifacd BnRigal(b)Pand 2BveRsHrsspeetivd0. A sound
generation syste_mdaccordi ng toclaim8 or 9 in which the resistor is a

vari abl e resilQagudinally-extendingack-geyityas3. A3e. A . As.A L. A .A L A %AL A

. A% u2?BpS5w a '

. lyzupkf a\ W ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca]ca]ca]ca]ca]ca]ca]l
ca] ca] ca] c”a]fca]otarjty ahedlaristuceabt Kl @RatMdes only five pairs of grooves 22.

However, the invention is not limited to this. Actually, in other embodiments of
15  the invention it is preferred for the transducer to include many rows.
Furthermore, a single transducer may be formed having many elements such
as that shown in Fig. 2 to provide a large total area, with many columns or
rows. The provision of a large area including many columns or rows is
desirable since this may increase the sound pressure level (SPL), improve the
20 directivity of the sound-beam and avoid any saturation of the medium at high

intensities.

Fig. 3 illustrates the vibration of a partially-cylindrical element 31 of PVDF (i.e.
one of the corrugations) held at its edges. It can be shown that the dominant
25 frequency of a cylindrical PVDF sound emitter is given by:

f.=Q/2m)\Y/p _ ' (1)

where Y is the average Young's modulus of the PVDF with electrodes, p is

its average density, and r is the radius of curvature. For a partially-cylindrical

PVDF sound emitter, it has been experimentally verified that the dominant
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10  at differing heights above the main substrate body, a resonance-tuned sound
projector should be achievable.

Note that the central frequency of ultrasonic transducer in embodiments of the
present invention is typically between 40~80kHz. It has been experimentally
15 verified that having a lower central frequency tends to cause the lowest
harmonic component in the modulated ultrasonic carrier signal to fall into an
audible range when the square root pre-processing is adopted. In addition, a
lower central frequency also tends to weaken the directivity of sound beam.
However, it is not always desirable to increase the central frequency since too
20  high a central/carrier frequency will result in a quick attenuation of ultrasonic
sound. It is thus preferable in the present invention that the central frequency
of ultrasonic transducer is between 45~75kHz. Particularly for a far-field
application, the resonant frequency is preferably between 45 and 55kHz.
Particularly for a near-field application, the resonant frequency is preferably
25 between 60 and 75kHz.

It is preferable in the present invention that the central frequency or carrier
frequency of ultrasonic transducer is its 1% structural resonance frequency,
and the vibration mode at this frequency is a so-called breath-mode, since all

30 of these will enhance the fluid-solid coupling as well as the SPL of the
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10%2& ()-F) ><l)n)a?ntain a MI/WF membrane to have a “shallow” and partially-cylindrical

shape with a reduced o due to its elastic recovery. In the embodiment of Fig.
5 2, the central point of each partially cylindrical portion of the PVDF membrane

is bonded onto a respective one of the short ridges 21b. In this configuration
the partially cylindrical portions are each divided into two (subtending an angle

of only «/2, resulting in a breath-mode at the first natural frequency.

10 We have experimentally verified that the sound beam’s directivity is related to
the width w of the ridges 21a, 21b. In this regard, the main lobe starts to
become narrower when w increases. However, with increasing w, deleterious

side lobes are generated. Preferably, the value of w is less than 1.0 mm.

16 The height of back-cavity 31 is preferably less than one wavelength so as to
eliminate any possible backside wave refiection. The trapped air in the cavity
may function as a squeeze damper to suppress the mechanical resonance of
the piezo-polymer 31 and broaden the bandwidth of the ultrasonic transducer.

20 However, a negative effect of the trapped air is that it may shift the resonant
frequency from its design value. One way of addressing this problem (in
cases where it is significant) is to provide holes to release air extending from
the back cavity 32, e.g. through the entire thickness of the substrate 20.

25  The piezo-electric film is adhered to the substrate. This may be by an
adhesive membrane which lies directly on the substrate 20 over substantially
the whole area of the adhesive membrane. It may be formed by using either
tape or epoxy. Preferably, a tape is adopted since it may achieve the uniform
thickness. One particularly preferred possibility is for the adhesion material to

30 be 3M™VHB™ double-sided tape which has a high holding strength and
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A substrate 20 may be formed from metal such as aluminium, copper or

5 brass, or from a plastics material such as ABS. Aluminium alloy such 6061A!
is a preferable alternative since it may be fabricated into a rigid structure with
low density, resulting in a lightweight and panel-like highly-directional sound
projector. In addition, aluminium has low acoustic impedance, which may be
matched with the piezo-polymer 31.
10

Conventional CNC machining may be adopted in fabrication of the substrate
20. Alternatively, the substrate 20 may be formed by moulding, which may
prove cost-effective in mass production.

15 Itis preferable that the piezo-polymer 31 is poly-vinylindine fluoride (PVDF)
since PVDF has a vast dynamic range, low acoustic impedance, high elastic
compliance, high dielectric strength and low cost. Moreover, it may be
fabricated into unusual designs. The piezo-polyer 31 is provided with
electrodes for applying a voltage to it. The material for electrodes may be

20 silverink.

The PVDF membrane is preferably formed such that each of the corrugations

31, clamped at its two sides, vibrates in the d3; mode, and thereby produce a

sound wave propagating normal to the film’s surface. The PVDF d3; mode is
25 llustrated in Fig. 4.

In order to obtain a high sound pressure level, it is required to provide a
significant driving voltage to the PVDF films of the embodiments of the
30 transducer described above. Maximum system efficiency may be achieved
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schematic of a power amplifier for the ultrasonic transducer in the present

invention. The modulated signal y,() is amplified to an appropriate level by

5 an operational amplifier 81, which may alternatively be a combination of a
serious of linear power amplifiers. The output of amplifier 81 is applied to a
step-up transformer 82 to increase the driving voltage further. Here the
equivalent circuit of the PVDF transducer is denoted as a capacitance 85. A
transformer 82 and a series inductor 83 are provided to make it possible to

10 obtain an electrical resonance. Since the PVDF emitter in the present
invention is a wide-band transducer, a variable resistor 86 and a variable
capacitor 84 are introduced to dampen and broaden the frequency response
of the drive circuit so as to match the dynamic characteristics of the
transducer. Such a power amplifier may maximise the transfer efficiency from

15 electrical energy into mechanical energy.

Although only a few embodiments of the invention have been described
above, many variants are possible within the scope of the invention as will be
clear to a skilled reader. In particular, the speaker may be made of large size,
20 so as to create a high output sound pressure level, and achieve a narrow
beam pattern. Additionally, the parameters of the speaker may be optimised
to increase the conversion efficiency from ultrasonic energy to audible sound.
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1. A speaker unit for a sound generation system, the speaker unit
comprising:

a flexible piezoelectric film having electrodes for applying a voltage
5 signal to the film; and

a substrate having a surface facing towards the piezoelectric film;

the piezoelectric' film being attached to the surface of substrate at
elongate fixing portions, the fixing portions maintaining the piezoelectric film in
a configuration including concave portions which are elongate anld parallel to
10  the fixing portions, the fixing portions including first fixing portions at either
edge of the elongate concave portions of the piezoelectric film, and at least
one second fixing portion at a central region of each elongate concave portion
of the piezoelectric film.

2. A speaker unit according to claim 1 in which the substrate includes
15 elongate first ridges projecting from its surface which faces towards the
piezoelectric film, the first fixing portions being the tops of the first ridges.

3. A speaker unit according to claim 2 in which said second fixing portions
are provided on second ridges projecting from the same surface of the
substrate and shorter than the first ridges.

20 4. A speaker unit according to claim 2 or 3 in which the ridges give the
substrate a surface profile which includes grooves.

5. A speaker unit according to claim 4 in which the grooves are
rectangular or square in cross-section.
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5 7. A sound generation system including an oscillator for generating an
oscillating signal, a modulating unit for modulating the ultrasonic signal
according to an audio-frequency signal, a powér' amplifier for amplifying the
modulated signal, and a speaker unit according to any preceding claim

arranged to receive the output of the power amplifier as a voltage across the
10  electrodes.

8. A sound generation system according to claim 7 in which the power
amplifier includes a resistor and also a capacitor and/or an inductor for

generating a resonance.

9. A sound generation system including an oscillator for generating an
15  oscillating signal, a modulating unit for modulating the ultrasonic signal
according to an audio-frequency signal, a power amplifier for amplifying the
modulated signal, and a speaker unit arranged to receive the output of the
power amplifier as a voltage across the electrodes, the power amplifier

including a resistor and also a capacitor and/or an inductor for generating a
20 resonance.

10. A sound generation system according to claim 8 or 9 in which the
resistor is a variable resistor.



