. ;e3e Cvvwt yXdy{66{T{i wD Met hod and Apparatus to Generate An Audi o Beam
with Hgh Quality Field of the invention 5 The present mmmlmmmmmwmm‘m]es to
nmet hods and apparatus for nodi fying an ultrasonic signal en
transmtted through a transducer, it gener ates an ultrasoni c Qheas nodul at ed

with an audio signal, so that the audio signal is reproduced in air. 10
Background of the invention The acoustic field generated by conventi onal

| oudspeaker | fivlélﬂ{;d ‘Hnﬁe&é¢é}§ﬁls t%%?%r%r%ié 1Anf/f&j‘dié) Bah{ ﬁ/ﬂH‘FﬂpM Cﬁﬁé?igf' S
Directional r bl e by
using an array of |oudspeakers having conplex 15 control nechani sns, and
the resulting systemhas a high cost. However, it is well known that a

hi ghly di55$325§5ﬂﬂﬂﬁﬁ¥£honic beam can be generated relatively easily. It
is further known to nodul ate an ultrasonic wave such that it contains two

ul trasonic frequency conponents differing by an audio 20 frequency, and
transmit The pneskntanahtiontretedestacmethassi andbapparatus for modifyiagd@am Nonl i near

effects of the air cguse, the t onponent, .signals to |nterac a new
S gnal wi P SoPRSigE S0P W BRdT AR o 1T o HBR ke BB e e
frequenci g8 Uitpagt#EbaaRtnodiNdtad WK ahdlldid SRhak isbarRbbtHel aié signal is
automatically denodul ate the ultrasonic signal and reproduce the audio

si gnal i nrepraducehirodir.r egi on of air [1 ]-[5]. This highly directional audio
space is called an audio beam This is a very prom sing technology with a
very wi de range of possible applications. However, because the denodul ating
procefs i BaBRiYoUREF thd vehBBroduced audio signal is highly distorted

unl ess there Is appropriate pre 30 processing. Several kinds of
pre-processing are suggested [4], [6], [S] and [9]. 2 5 10 15

The acoustic field generated by conventional loudspeaker is not directional

especially for low frequency signals. Directional radiation at medium and low
frequencies is only possible by using an array of loudspeakers having complex
15  control mechanisms, and the resulting system has a high cost.

However, it is well known that a highly directional ultrasonic beam can be
generated relatively easily. It is further known to modulate an ultrasonic wave
such that it contains two ultrasonic frequency components differing by an audio

20 frequency, and transmit the modulated ultrasonic wave into air as a narrow
beam. Nonlinear effects of the air cause the two component signals to interact
and a new signal with a frequency corresponding to the difference of the two
frequencies is generated. Thus, the nonlinear effects of air will automatically
demodulate the ultrasonic signal and reproduce the audio signal in a narrow

25  region of air [1]—[5]. This highly directional audio space is called an audio beam.

This is a very promising technology with a very wide range of possible
applications. However, because the demodulating process is nonlinear, the
reproduced audio signal is highly distorted unless there is appropriate pre-

30 processing. Several kinds of pre-processing are suggested [4], [6], [8] and [9].
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. 20'25 The overall structure of these systens is shown in Fig. 1. An audio
signal is input fromthe left of the figure to a pre-processing unit 1. The
out put of the preprocessing unit 1 is transmtted to a nodul ati on and power
anplification unit 2, as is an ultrasonjc wave generated by an oscillator

3. The nodul ati on and power anplification unit 2 uses the output of the
pre-processing unit 1 to nodulate the ultrasonic wave, and the resultant

ul trasoni t

gener at es?g&%\{/r@reéélfslﬂd{l&?%rﬁfttbgg%%?s @esgénts %@m @1 rpgd glsgqned @Béfut r to
regener at feomrtheaeiﬂlootrm)ﬂlgwl'e tSlecpresproges Ny uym|1ca1hle>omptﬁtfca‘nbefpre>m two forns
of distortion. Flrst t he frequen sponse (i s not uniform
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gener at e nany Istortion requency” conponents that are not included in
the ord gi asplitication whityAaises kue osipubof the: gre-processiag uni 't legvedelate thesi gnal s

inthis do ument as tota iIstorti T 1S not
he. exact UARDHIG PP G THSQR st 1l s Fsted B bR ke, hods
so far suggrsdeseral WHIEH gbferavey Qﬁmcfmria]wrédbw&@@ém@ Ve & However
they are neither efficient nor easy to ement in practice. To explain
why this femegulaied bymair tpdeaenertateﬁmawp s@uBdussi on of the situation.
Based on the nonlinear theory of acoustics, it is shown in [5] that if two
collimated primary waves with frequencies f and fz respectively are

transyg tt 8dch @?s@emltﬁplﬁélly SGFfert drom dﬁ.@fdrmddj\‘&il@t@mdn sty { thedfeduamegi r,
t he reproduced i fference frequency signal (secondary wave) is; ~' 2C 2
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P
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t ransver sprauessdiil gepergio @ranyd( dwbrt@hgefrehaem:y tmmboﬁérhis tét ar‘eendtwo primary
frequency waves of a piston radiator wth radiu e wave numnber

of di {1t EIREaK BhE aEgNal udi,signal. FaE Simliegy rwe £ef’re2tcrthese. @rRignals
Coeffié“ e trid d?&%éﬁ?&é tdtdr h thn?c 413 JﬂHPKﬂQP ?@E‘ﬁy tHls is P@t frRAGxaB CO IS

shal | -si' g wave ropaga I on spee tanz a I's the
Wsst ervel deﬂmrtrentafﬂ'l—t[y ubed @t acoystieay TD&(Ere- prﬁdeﬁ{rlgimza’llﬁx)ds sofare aperture

factor. has been further, shown t hat under certain
Lol iyt oeSde attetn 16 Byarcame, Miataly 2ag Sovdha Hrapiers: AowepE!, the

transm “ﬁ@rthérféﬂérehhﬁoﬁéésﬂ@%’érﬁéhprﬂ pré&tréé"e far field of the transducer
and on the Z axis of the beam a secondary wave pz(t) will be generated: 10

p, (t) = PE(t) sin(rv~t) (2) t Rp Acz Ez z Pz( ) 1l6pcaza c~zz (3) where

angui 2t Aty S B e G i R oo e R AL SR sl o,
area, a lBa@ba crbgieryrilineacthreliohy of gedustits tibis showruim [Eathatvif tvo collinated t - z
| cois the lag 15 tine. The rel atlonshlp bet ween the nodul ati on envel ope

E(t) and pﬁanaemmaye@vgtrafreqw)cre%ﬁ Bnd) f.=respepiivaly afairansaiiedfiom  he AM

d Based t hat the denodul at | t
| Thear 1y PO Subta e o lnestl of s dod ipaiatsRed fT et duce 20
the audi oggygRALy WghBl (E&Bn&éﬂﬁké@é’) jjg:an equal i zation of the audio signal
a(t) is

2.2 e -7
25 g (r.z)=—2PoaPuPla Dy (6)D,,(8)exp(-— jk_ztan? 8) . (1)
4pycqar z 2

where ¢_(,z) is the complex-valued amplitude of the different frequency signal,

z is the coordinate along the axis of the beam, r is the transverse coordinate,
ro. @nd p,, are the initial SPLs of the two primary frequency waves of a piston

radiator with radius a«, k_ is the wave number of difference frequency f, - f,



. required to conpensate the square operation on E(t) . This neans that by
appropriately pre-processing a(t) before AM the secondary wave shoul d be
directly proportional to a(t) . This can be achieved by generating a

nodi fied version E(r) of E(t) as [4], [36]: 192 25 E(t) _ [1+ m f a(t)dtz ]
(5) 4 This seemngly sinple pre-processing is very difficult to inplenent
in practice. The main difficult arises fromthe square-root operation.

B Lo i ST . . . i dth
vastl'y. Hasstpfadd s we Siie EpeRRieck or Pohingef, FnG R Bb 8 osrepr e

. ! I i . . oot q it
s very aorRiPARR olkad S and R Bl et oncy  t ransducer .
The double integratign is also difficult to inplement due to the
-12dB/ oct M)W%;:—we&;ghlﬁithg Viéesterveltgicectividofurstioneandr ge f requency
span (20~20, 0OCHZ *-16#0dm

es) of audio signal. Al so, analog integrator is

easy to 10 sat Wradk & ¢ difficult to debug in practice. In summary, the
si npl e sq@a(@:rﬁbt;wplﬁdbéﬁﬁﬁgrm?@éprt o conpensate the distortion will
not work wel | ir(‘~6?a ctice because of the following reasons: 1 ) a practi cal

transducer has a linmted bandw dth which is usually not enough to 15
transmt all the frequency conponents required by square-root operation,
especi al | i Hasrbdergiurthed shown d&yBerkiay(teabunder ceictdin) sin)lifying gssemiptions
transducer_frequency response is not. uniformeven within its ss band.
This will [5r]e|§§ﬁ?§BrRMrPé' Vr’ffﬁﬁecpc(é}fﬁérﬁé‘ﬁf@tt%i ﬁ?ﬁé%‘? ﬁtﬁld@mﬁ‘rg%é%@il bei ng
generated, Wth_a li,t ude and phase differe f t i by the
Sauar o- ol p e SIRe S8, B R B3 Tnd - TR ShneboF dRaR PSRN

effici enc¥ €9 "Wt IbROgeMdrBted: nar row band one since it does not work near the
resonant frequency point. 4) the Berktay fornula (3) is only an

appr oxy mati on thapl(})szpozﬂ(kﬁiﬂqmggr far-field and on axis con@)tions, while
sonme of the interesting working areas in practice are within the near field
and of f-axis, and 5) ingppactige t he nodul ati ng part of the signal 25

o
is small, the squa(fé=|‘-oﬁ*t—epl—\1\avpf36(’f Esc) is very simlar t@)he waveform
wi t hout the square-rodPPspes%affon E~a~ . Thus, the effect of square-root

of “mal 1 e 2o Sieg SBE Tl el ikl BETHBRIRIST sridobE ookl T
broposed ot 3alendlof SRUBINAVE (R BIRRICER trls RRLiel rde 877 oo
is the absorption coefficient of the medium (at w,), and r=t-z/c, is the lag
15  time. The relationship between the modulation envelope E(¢) and the audio
signal a(r)is:
E@)=1+ma(r) (4)
where m is the AM index. Based on Egn.(3), it is found that the demodulated
signal is not linearly proportional to the envelope of the modulation. To reproduce
20 the audio signal with high fidelity, an equalizatibn of the audio signal a(¢) is

required to compensate the square operation on E(¢) . This means that by
appropriately pre-processing a(?) before AM, the secondary wave should be
directly proportional to a(f). This can be achieved by generating a modified

version E()of E(f) as [4], [6]:

25 E@)=[1+m j J' aOdt] (5)



. 5 envel ope by SSB nodulation. This is still based on the idea that a
square-rooted envelope will generate |ower THD. While true square-root DSB
AMW || require a very |arge bandw dth, the SSB AM based approxi mation w ||
avoi d such requirenent. However, since ghe real feedback of the denodul at ed
signal is not 5 available, a nodel is used there to sinulate the

denodul ating process in the air. What is suggested for the nodel is stil
based on Berktay's equation (3). However, as noted, (3) is only valid under
certain conditions and cannot be used as a general description of the

secondar yThs\seehiiably.sifibke pesprogessing navery difficulhéo implecent & pcauunéul Al so,
the iteratjve progcess is conplex and regqgnres a.large 10

conput at i 6ne MAHOSifficylt pEsesfrogy e fquare+roteperati RHFE ﬁlad?ci’rﬁ'ﬁ‘eaBoth of
the above ;5 tiBRt ltt‘%ﬁn%l:é‘aé %%nﬁ%th%sﬁgﬁ fH?@FBE Q/eﬂ?bﬁ%
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conponents are nheeded. In practice ue to the non-uni formresponse of the
circuit athg {l2dBéokiave amprhtude Wetgyltldgfeﬁecuamd atsoitaphe farge fiameency spaa wi de

and use uf2GekoRd 7. HRGaled) ofiabiin BEBAL AR ehalod MR T RESP R once.

I'n gemeragatr,_,eét@sa@@iﬁmuqqgra{ebug\{,eppa@,@eproposes that an input audi o signal
is divided into frequency band hat is, it is partitioned into frequency

ranges), and that frequencies in different ones of these bands are treated

different|ys urﬂm?é(?y,"glg% rﬁ) e rl‘l{)tt ﬁr%s;?r%'cgsﬁﬁ ru's@& to -EBfa%eﬁQQ ?tﬁre has

vari ous aspec aspec I nvVent 1 on proposes
di fferent dlmubamlmgoswbmell an pramled becausk bf tbma‘ntloxivmqeeamys brads. A
second asBect of the invention Egﬁg eneral terns, that djfferent

n
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audi o frequenci es.
amplitude and phase different from those required by the square-root operation.

20 3) a wideband transducer generally has low efficiency compared with a narrow
band one since it does not work near the resonant frequency point. 4) the
Berktay formula (3) is only an approximation that is valid under far-field and on-
axis conditions, while some of the interesting working areas in practice are within
the near field and off-axis, and 5) in practice, if the modulating part of the signal

25 is small, the square rooted waveform E() is very similar to the waveform without

the square-root operation E(). Thus, the effect of square-root operation is

actually not so evident as it seems to be.

To reduce the THD of multiple frequehcy signals while in the same time to avoid
30 the wideband requirement of the square-root pre-processing method, [8] and [9]

proposed a way to use an iterative process to approximate the square-root



. 15'Preferably, the ultrasonic carrier frequency also is broadcast through
the w dest aperture (or at |east through a w der aperture than the
ultrasonic signal derived using the high frequency audio signals). This
effectively nmeans that the equival ent r%dul ating index for the high
frequency bands is lower than it would-be if the high frequency bands were
transmtted using the full aperture size. Note 20 that a small nodul ating
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frequency bands) than signals in the high frequenc ands, 25 This leads to
a third avpyderas bangwidhi dne SHB AW?%#W%WW&@”%IQ‘%@&@W'%%% t ude

nmodul at i ng 4, pel ; i i } r e . A
relativel %dsdm g%ﬁ?éﬁ%ﬁ%&&%lrg??ﬁr%dp%%gg%%rdﬁé;ﬁ%(?ﬂrsal I t@”%‘? §:ﬁ§gi ces)
is used favaitdbigad model & Used theestesimuldtanide demadedgingt proeesoim theegjuency

T al b0 r WAL Supgssie Tohaanodblun st Bpsstpa ey srataPBASbor ween
repr oduci pgulbt Aecad() i bhly vailif ik CBriaiPRaiditins! A AR beibddf oposes
in general terns that a further frequency equalizer 1s applied within each
of the fragacgenerabdercription wbthe yecdneareivaye fieldambie neabipsrfaimance efdbe sone
of the audiog freque C onents within the band such that in the

denodul at El??ré%lsoél?}@ﬁ‘ll'tﬁggr @ed[qr%veamcp%bsegorgpleg(r%pereghlgpg af'%'&fuency
conpof®nt anyidt of ESRbutalion) This ielsidt \sgitapmR! fof ke SmdiniglémeRtatioput audi o
signal. The four aspects of the invention can be straightforwardly conbi ned
(in any conbination), as described bel ow. Conveniently, the bands used in

the four technigues are the sa Q. [Q. S .divided into
a plurali b&?ﬁbP*% %@&i@ﬁc@em%rsdﬂéobﬁm&lgkﬁ'@ tﬁg@é Eg%ﬁgﬁsgt ed onto
the carri eanseiRfiah tathiiqdé i 81egk apepngscey Thepdlllzaditonthé erbimatisignal and be
transmtted using different respective apertur e%%.és;o@\ﬁﬁver, the ipvention

is not |iMithextiafrequencycaseranents imadvanage Ifdhe ArPpldEgR RE1N88nd nay
be partiti [ j f h oS Hi,0N
rocolt 1 §RaFEebeheniSalbe MeBMRToR cotS SR HEPY P PR e BlFRAIRTRTY ||
aspects ototmpenentsgeneratetblatdreiuringl the e@modulatigepriocess.dbdbe matthesipect i ve
partitionings of the audi o band. Brjef Description of th rawi ngs 25 An
enbodi rrpnpog'f a'ﬁ"ﬁﬂtqmpﬁﬂs%mpnﬁébﬁfeC@@erg%tégﬂrefr@!ed?ﬁeﬁi"ge{@@{?g?’ exanpl e
only, witRy,6&5eh&ABR-UrfotMGes0ons b e didit &trérf%dwe?r?m:isﬁbg,' ditfiduft t8
schemati c representation of a conventiona Irectional audi o “signal
gener at i ngnplestentithéingove? a widelfeedulemcly reinggr am of the structure of an
enbod'éérent of the 30 present invention; 8 Fig. 3, which is conposed of

a

Fig. ) to 3(c), illustrates the spectrumof a single tone for different
AM nodul ations: (a) SSB AM (b) DSB AM (c) Square

Summary of the Invention

This invention proposes new and useful ways to reduce the THD and equalize
25 the frequency response.

In general terms the present invention proposes that an input audio signal is
divided into frequency bands (that is, it is partitioned into frequency ranges), and
that frequencies in different ones of these bands are treated differently in

30 modulating the ultraspnic carrier. This concept has various aspects.



., root DSB AM Fig. 4 is an exanple of the frequency band separation and
their internal 5 band frequency equalizing values, as inplenented by the
enbodi ment of Fig. 2; Fig. 5, which is conposed of Fig. 5(a) and 5(b),
shows how t he enbodi nent of Fig. 2 inplenments the concept of changi ng of
the aperture size for different frequency bands. 10 Detail ed Descriation of
the enbodi nents Referring to Fig. 2, an enbodi nent of the invention is
illustrat gGi sl q i {e ik D ' j enent ed
w thin ¢ e Teetabent BFERShIion HEiEBbe gt difaliit Mol EReng e

pr ocessi ngs€aforaiffereatrfreqaenaynbarids he two). The 15 foll owi ng description is
an exanple only, and in no way limts the coverage of the patent. An audio
signal is input to the enbodinment fromthe left of the figure, and input to

a filter gr i il i [ tively pass
three 20 gan gn%l% rsggéie(?\‘gtgb%\ﬁﬁglfg? F;cl)? b;é?]éeslgu%wg r@ﬁg%@??@ﬁ'@ﬁgw band", f
<500H7A, i tansducer apertugs sizes doié esed fof'yliragantie signalsderb@d-Arommdiffétentr 21;
and (3) "high band", f>1400Hz, .in filter 31.. Of cqourse, the freguencies
i oh 1 or SR (An0eS A4 T b AUCIRG 3518 S apPRLES Fiay B wetd Bfbodi mont s
of the i ”M%%bﬁi&-si%rihl!vo%miﬁeé%?hgl%ﬁé%wézﬂ%tﬁjié frefeahcyf sigAYRNENd &l gnal s are

equal i zed (it shoul'd be understood that the term"equalrzation" refers here
t o equal i teddtively oarrower apprtureuioe ubrasonicsigsals obtaised uding- retaliyebnkighebund

generated.fr h ulated ultrasonic carrier follow ng the denodul ati on)
by a freqﬁéﬂ@&@qﬁgfﬁgati on section 20. The frequency equalization section

has tfgee frequency 30 equalizers 12, 22, 23 which operate independently to
equal i ze the frequencies in the three respective frequency bands b

nul ti pl yi hesgeandaspaet afithe irvasnyion ngai@mg@ﬁésibl@ te\comRansats; {5 A ?fgeqxei ght
function. £ 4 i KON 1 SGLSS j | ation
to Fi g 4o Hr SER R R ipf B nel SRR ] e Rt 1L

adj ust unBPL¥dr Idw abdiodrequencigs. t he equal i zer 22 (for the middl e band
signal) passes to a square root unit 23 which perforns a square root
operation. To do the square-root operation, a DC bias is added to nmake the

sumrefk si { 44; s L&t | be done
correbt Iy TRIITNE P BaffRr BBLehHPaRS S bfuddealt RPEIGH hawkBt O], €
out put si gpertursf (or laé |dasy thrbagh aemider aperturg2than tihe uttrasonjr sigeslsdativied an

R T NG R R L e RN e
and equivalent modulating index for the high frequency bands is lower than it would
be if the high frequency bands were transmitted using the full aperture size. Note
20 that a small modulating index reduces the THD. As for the low frequency band, a
relatively smaller amplitude modulating index may be used obtained by explicitly
using a lower modulation index for signals in a low frequency band (or respective
low frequency bands) than signals in the high frequency bands.

25 This leads to a third aspect of the invention, which is that different amplitude
modulating indices are used for signals in different frequency bands. A relatively
smaller amplitude modulating index (or a plurality of indices) is used for signals in
a low frequency band (or respective low frequency bands).



. 15 quadr at ure- phase conponents). One exanple of the inplenentation of the
analytic filter is a Hilbert filter to generate 90-deg shift of the
original signal. The output of the analytic filter 33 is further adjusted
by a gain adjust unit 34. The | ow band 7si gnhal passes fromthe gain adjust
unit 14 to a DSB nodul ation 20 unit 15 where it is used to nodul ate an

ul trasoni c signal generated by an |local oscillator (LO 43 with the desired

f requency, oL . Thi \I@ r. t he
Pzt 1 r ane Byt At R g dindl gdUEeg e THE. 168G REN & . a1 s
a 90 shi freASPE! Thes tarehd babdrideds rédyred betdeeRhveprsiicinetfiaicney amai t 15
nodul at es_t he ul trasonic signal by sinple double sideband (DSB) anplitude
nodul ati ohHPAM) . The out put signal of the nodulation unit 15 is goes to a
power anplifier 16, and is used to drive the edge cells of a PZT transducer
array 45, as described belowwith reference to Fig. 5 where this is

ref erred Adoarth'aspbetofrthg imdrition3oposds iflgernenaldetms trata fwirtbier t he gai n
adjusters_14, 24 of hoth the | ow band and._m ddl e band ar umregd. t oget her
and " Used BFIHEIBLEMAIAERIS SRPIGR I Sah A i HeGUeTY bande SOMEETY, Bl
gener at edré?ati\{ehsmﬁﬁﬁ}d'ek%f%& | t@MmB%ﬁwﬁMauEIb%fr@qrgp AmpdrferdtSRitmeul ation

unit 25 signal 1s'transmtted throug power anplifier 26 to 5 drive the
next to ethpebamd ddchethadin jhecdémeodulatechaudiz beam the whativesampliudag of | in Fi g.

. The hjgh b I ' I by th 1534 ] SS
rSr%)duIrate [ oh‘%{?ﬁi q‘fjluncg%?r%gﬂﬁﬁéﬁﬁéﬁggpﬁﬁtgﬁétc ric? ﬁu—atfrg} Wérérﬁplﬁ'sgﬁﬁ}l i r]r asgni c
10 signal j{put BUEIiobéi?hﬁl? oscillator 43. The SSB nodul ati on unit 35 operates

by single sideband (SSB) AM This real part (lI) and inmaginary part (Q of
the signal are nultiplied by the carrier signal and its 90 shifted version

respecti and_added ether..after, multiplicaftjon . o) t of the
58 modul AP AU ASHeciE of BRhHERITLGAT hE SR PeS P comBnEdUTEhE " e DoB
nmodul at i oBombirtatid), A4 )déedtribad HEoW! OBaveRERHE thé Beahdslesed pefenrs from

both the | ow and m ddl e band DSB- AM si gnal . The sumed signal output from

the unit IEchyisiesaredngwame@erthamudid signakean be givided inte agdviadty ofar t
Il's, of " suh- " i Fi ' | ow band
Canat 1 < BAUPRLBENGY B oS BaRHS M be hcidisqBhee A CHREFSigha bRt 200

36, it isdiffenentaeepettiv@mblalatibaltecHtddues, anyd mentiandmittedasing difienetithe
| argest effective aperture size of transmtti n&HIr_an ducer. By contrast,

the mi ddi EeRaeveBgREHres)skloysuer, the tﬂ)@ﬁt'%m%n EnitehindpisyiegPREkt to edges
cells of Ragediid éﬁtﬁ‘é%f‘cﬁc\),\e ﬁ%h?ﬁnﬂf‘?@ﬁ@@%%éaﬁﬁo%@ﬁ EFI‘I‘EF'erItlrs‘P édlof

effective aperture size 10 a a |'ow band si gna medi um
aperture themodulationrendamsmisgiont precesgim differknd respectivewaygoesch thatugh t he

t I f the t d and th h [ | | est fecti
Cpor c o0 6 LS of fore of i sdedich Beilenial Pel 2 WZed Braser Bhi cal 1)
| I ement etrerefcredbaativepatifohingg e i agdbtiemids 30 of a real audio signal.

Brief Description of the drawings

25  An embodiment of the invention will now be described, for the sake of example
only, with reference to the following drawings, in which:
Fig. 1 is a schematic representation of a conventional directional audio
signal generating system;
Fig. 2 is the block diagram of the structure of an embodiment of the
30 present invention;



. I'n"the above process, the carrier signal is always transmtted through the
whol e array aperture i ndependent of the frequency content of the input
audi o signal, since the carrier is present in the outputs of all three of

t he nmodul ati on units 15, 25, 35. This Q§ equi valent to saying that for the
m ddl e band and high band 5 signals the AMindex (mof Eqn. (4)) is low By
contrast, the effective value of the AMindex is higher for the | ow

frequency bandg;.sikhnge: tiu Y- - b Gy pal
audio signal i5 b %’ﬁ%éfﬂﬁr&& J%ﬁ%ﬁ@ eg%%@s@ﬁﬁp@é‘tﬁéé&s%e E@%tﬂ%d&%ngke up
for thi s, siaglectoaeifoediffierdriteXM Abduidionss i@us 8BEM gy D 3B AM he) Sawafe-equency
band to furtqu%Br@i&uce the THD. 10 Note that since the input audio signal

i s divide@®at eral bands, within each band the signal's dynam c range
can be reducedg; [ ' Ihbnd ,ﬁpg% ki i i ndex
of each band vvﬂq' ggg a@%@ﬁgﬁt@%ﬂgg%ﬁ% 15 é%g(\?rvﬁltaﬁﬁjﬁlﬁ?lgmgéﬁr}%lﬂcussi on
of whys t heardrfreduercy eqfialiZing values, asliveplemgatadsby thepambddineenthod Higain
systemof Fig._l. Firstly, to explain the advantages of the different
nodul ati on uni F&J-ﬁo?’vhﬂ%écﬁ%@%&rﬁé’@p PVQ?W@%EBW&)P% s, it is
necessar YehBoBHOR' & Kif €2 YRS hePdortdbpt of ERERIIAG oY RS aPérturediz@fdrons.
To sinplify the description, we use the case of a single tone for

i |1 ustr at differentfrassencypendeal audi o signal can be viewed as a sum of nmany
such single tone signals. The basic classes of the nodul ations include
anplitude nodul ation AM (as used by the enbodinent in Fig. 2), frequency
nmodul g3 i oDeldiidd PEskriphionaf tivs enbiodimenieM . Anong al |l these cl asses, AM has
25 the sinplest spectrumdistribution, i.e. it has the | east nunber of
frequency conponents for a single tone signal. FMand PMw || have nore

frequenc . S 1

gener ar o REHRABIDFIo 2 Al ebodipr i e FBnEST o lasiuea Mg BRicestRe.
AM may beijllubateessih thisaRfure mayosk inaplententsd withih ihetszapeaithe draention by0 12
Anong the various known types of AM nodul ation, different wrr&ﬁull_ﬁtl ng
schenes s@tRerQf angtooysser é‘ﬁﬂalsfém&?%ﬁ'ﬂﬂ&@r W‘Hf‘@'”ﬁﬂﬁﬂ@g%ﬁa . 1P a single

tone wth rqﬁp@ Sl i } ; Eﬁérb { cﬂ‘qﬁé

desi rg%l efc{”ﬁat ﬁ%cr!%dgsigiaﬁg erﬁ@%%nﬁ]ﬁ%ﬁﬂg%ﬁ%@é@gé |no%%rra .béT e AM
nodul ati npatgnbcess will 5 however generate additional frequency conponents.
Based on the nodul ation theory, SSB AMis the nost suitable nodul ation
since it only has two frequency conponents. One is the carrier frequency f~
, and the id i ' e BAd NebaRo Whi ch
Si deband 0 S Rl B A bad e o L o e f R "o Ean.
(1), onl g filtee geouy €0 bavimgitheapfiiters 111, 20 81, wichOespaotivalyass thidgever, it

the ot bAngRfaaiancd TBhegRust 1o 2Ll Hene! FEF RRERAROCS sonop, BB e "
reason f on1ggneniaiidBandieSe0RR<Da| 450HS infitect Baind (B)t'highrband't i s

possibly due to the inperfect performance of the circuit and, transducer.
Anyway, i > 1AQRHZ, drfiltesshl. A sauirpe thaiRapenaeseyeh forn theediMisiNspdul at i on
Scherme. evBndder (e BAHG el Uiferif ey SREbamEREs SPERLIBVERARIN DB /M of @
single tone 1s shown as in’Figure ). ere are spectrum |l ines
corresponding to ~~ - f, , 1~ and f~ + f, . Based on Eqn. (1 ), the
interaction hetween f~ - f, and f~ , together with the interaction between
£ 1 andd 20 W edch band, the HERERNS fiepiuenoy sioBals FEcRRAIZod JhSBRUHON: 1,
Hovever, {RBetdib&d ﬂ’?ét'tﬁ%}é}ﬁ’i ”é‘tﬁl%liﬁa‘tidn"frﬁfé‘é‘ﬂef@to”e uali¥htibn @efHY ate a
frequency conponent at , . This 1s a harnonic distortion. In practical
exper i nenammpitade components ih dum dudicafrequencyisbuot gederatedifrorhithgher f or

i ddl e-t o- hi f [ Si | t t he THD, i he | t f |
'+ equency dhtatea ESHs RaMET ol oRE 158 CRmorLiatbbby BBy p2T ar oy,
ve found ighakliznRrddden e h'g nEl]‘@tq‘;L]JQﬁzétioﬁ SRUBN HasUAARY fréfgeridyie SPL

conditions. The square-root DSB AM has e nost conpl ex spectrum|ines
di st r B®ut iegnabizersHAn22i A3 Ritych eperaty indepesdenttyyta equalizerthe gseneigsmEn. ( 3),

the squar ?hé ﬁ'frtﬁg?ggq)% igé‘gdwvgdelfgf) %ra];’\gg t:)lyyerJI?lﬁl?/\llnegr é’aéhhgf tﬁg\ﬂ‘reelq%n%g/ gnal. The

principle™i




. multiple frequency lines exist, they will conpensate with each other and
only the desired frequency f, will be left in air. In practice, we have
found that for the m ddle frequency band, under the sane SPL conditions,
this nodul ati on schene results in the |lpwest THD. However, for both the |ow
and high frequency bands, it 5 is not the best one. It may also be due to
the inperfect pertormance of the circuit and transducer. One exanple of the
mddle fr 9,96—,% 1399¢H0 EHPIB' tr om our
experi mnﬁﬂﬁ?ﬁ%ﬁ%@% rciéour trﬁ%gvregqr? cal ar?a Q;bls dfg\]/ééwfek%nd t hat the
best way functiedisdisthesetHielow inselationdd Figd 4«i nds of AM 10 sel ectively. For
different frequency bands, the nodul ati on schenme with the | owest THD anong
t hese 3 schenes shoul d be sel ected, and one exanpl e of such conmbination is
shown in Egm f S AMw || be
used. Forﬂggo ﬂfgﬁgggﬂtz’e@gﬁ lf?aehzfgggtz lQKI’I)QBA ?/?né Bﬁﬂﬁg%d“”'ggﬁf > nMooHz
SSB AM wi II be used. 15 One i medi ate advant age of this conbination can

modul at | on P The Bal8Ganae /A b8 MBHE &5 S bRSRRETOH s8R nan ¢ he
bandwi dt hrcs'u‘t Unit@BWHich seribtils d éé@érfe roapo@@fbﬁoﬁ pé dé'th@@ggéré:rcﬁ}t 2 presents

one way in which different nodul ation techni ques are used for the different
bands, t hpeergianba Do hias is addey tasmeke thegumaned Bigral was pesitivRese thatnt i on.

oneroF B eSO R SRS, THE AR L TR,
formtdhe gamnsdjtistanst D&t ween the bands are selected 25 differently. For

ot her enbodi nents of the invention, these frequency bands and correspondi ng
nodul ati on schenes can be found by experinment. Secondly, we turn to the

feature O‘rpgr aﬂ%ﬂhéh é?ﬁibé"tﬁ%htz@ﬁ_ﬁﬁé fRthak P&?estsgé'b%rdéf?er is

di fferent ferent freq enc IS 1S no |vate by anot her 30
bi g probl analgfic alter Bﬁgrmuiuhajenerates acgtingle esidebiandy SSB) dityreadt B SISB | in SPL

From i rsbrel SEb TR SRR g L RSB Rrlt 1 B Sufiiaf "
~ d h hi
2-) Z1endg aadr?gmée@ﬁéﬂ en?is toﬁ@éxé?ﬁgla JfQHQ% bén@émsfwsf\met at this

effect is evil Eve so, the SPL for the | ow
f r equencyabalytic IfIIEkeISIlSIEI Hullner¢ Iﬁlterom generaterqixded st’t of thaa:mgmal sskgnal. The

i ddl e-t o-hj gh f th ff i mpl
wey woul doBEU 6t HREREARE: HFE 33 M OHe AR eI AT dULA%y band by
12dB/ oct ave. However, this will means that conponents of very high

anplitude are gener at ed for Iow frequency audi o conponents while very |ow
anpl i t udeThe low band signal passes from the gain adjust unit 14 to a DSB modulation

20  unit 15 where it is used to modulate an ultrasonic signal generated by an local
oscillator (LO) 43 with the desired frequency f, (e.g. 40KHz). This should be at

the center frequency of the PZT transducer 45 (described below). The local

oscillator 43 also generates a 90° shifted version of the carrier signal.

25  The DSB modulation unit 15 modulates the ultrasonic signal by simple double
sideband (DSB) amplitude modulation (AM). The output signal of the modulation
unit 15 is goes to a power amplifier 16, and is used to drive the edge cells of a
PZT transducer array 45, as described below with reference to Fig. 5 where this
is referred to as "sub-array llI".
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. 0" conponents are generated for high frequency audi o conponents. Any
practical systemw || have a maxi num all owed anplitude and, due to the

| arge dynam c range of real audio signals, the efficiency of the response
of such a systemto high frequency conpgnent s will be very |low 15 By
contrast, the embodinment of Fig. 2 enploys a better way to conpensate for

t he above effect. This is notivated by the observation that in Egn. ( 1)
the SPL i r g t t I ius a2
has, 1 TP SRR Gt of el iin SR, PR Lo UG bART I TROBRE oa,

the SPL V\bdalhd bee smmm@ed‘iérlmdamdoyby irDSBlnmdMMiomemt%Ito heodulate” dynam’ c
aperture" since the ef ctive pertur, es, .accordin t he
frequency r@dﬂﬁr@ﬁ?n'ﬁfs'g 9&0.7%98%5'3? Os¢ipa ?‘saygsgg ng iﬁ tB&tﬁﬁh

i mpl ement oSk ?d‘t%

respecti vgéaagﬁpgeraq"gggency %@hgﬂls%&fﬁg}rﬁ t%?gﬂtaa S ucrgérrﬁ lcl)¥éf I fferent
aper t Uy esdriviptieveext towdged omddieipant) lcglls bﬁtheeﬁ’dﬁﬁd:rmnctS Osulsiagrayal @eFignpl oys
a cell-bagsed transducer array 45 such as PZT array. Two possible fornms of
this PZT )rray are illustrated in Figs. 5(a) and 5(b) respectively. Each is

conposed of three nested sub-arrays of different respective dianeters (the
di aneter of each sub-array may be defined as the maxi num di stance between

two PZT elbesighsband icaoyiex signalowput by H@A)nit%is:used)hxaht%@ respective

ional s Mipgtlein g R BiobEiate dh B s S Bads it fnd LiARREL °C oY

whi chyg ecsignel éutﬁ(!ﬂb? thé b8einatar 48 eTied SSBMmoeIRion Uritd8 bpérdtéy by sfrfg%luency
band signal's. In enbodi ment of Fig. 2 the three frequency bands are the

three fr eqldehapd masaa AMu'Ems\nealdoaghﬁ) erad irnaginaey part {@) ehthersigprRl@eve

f nt dul. at 5 stated abov HZ ,
el RTRISE S S TEETE B eBBN Fosperfunhnd s i o
i's used Wydendrdftdr mulkipfdtént he smal | est aperture is used. In other

enbodi nents, the sub-arrays may be driven by signals derived based on
frequency bands which are different fromthe bands which determ ned the

Fro 3 cathBa-ifi el 8 S monutorililed s {inepi e diites WAbEG e noy
band in aocqapist 2etRDSH m@dula‘tlbn\Mrilt|25 ReHicHR s mbatishtd abova)l inéludasiency

conponents wthin each frec‘_hé band. However, different frequenc
conponent SOMPERRAtstirRM et thexlew and midelel hanskD 8BAMrsignaldT bgﬁﬁgm 15 same

aperture f anpl i tude
TR the 1 npleeLpRfhuf Bl readit 47 BPOERtBLER dine AapMere 8 N el e quency
response genter parf «lig)of the PZThaehy RS {("sub-drray I"2n FRpS)t he frequency

equal j zation stage 20. Wthin each band, the respective frequency

equal #&ers 12, 22, 32 effectively nulti pI y the anplitudes of the frequency
conponent fgction is
hi gher fo?sI e{hlggngﬁég\bﬁse ?lgg% dgrglcr)]rt\r*gg&pl)]ct)élh fogaThﬁr | ower % FLe hi gh
frequency untbsrﬂSnEﬁt&G vﬂ ishkgemeeatel floan the WhefeaPZEIarrayrligl‘resu@ﬁ fruthet i on

t th the f Th t f th
el ahi moTHraPasactyE aneaLr sk al TeneritiDenEnshltey By @Rt dhe Gdeave) o
each sub- Bapd-sigial il goe8dHRReH tﬁ‘ﬁh‘%é ééﬁtePQnU%ek{ {ousdded &slisidf theég. 4. The

three frequency bands "are | abél ed 61 (t | ow frefguency band which is
nmodul 2§ ed trassdgcerSmrayand ﬁms(wméaawgemwtefdfe@mamg ective apsiriine isizenlower at ed

modul at ed ) it SeBeey Saf 0B @ Mapinars S agRY i ealle . 3re cac
band are H zdzweéﬁc%@ﬁabwnw rj?% tﬁﬁoug!ﬁahe%%ntewéug ¢ tHe BabSer efgy! areht | on

units 12, accordin mul tip e frequency 16 conponents by

wei ght vawm&hmt%sraa&est aveeeesqre eze Bzms tfr@qelsﬂ'éy degerd®dt anti al |y
flat respg| est ed
fr oquency A GHES 595 L8 B hine3 | ABEmerR B SEKARAATE fis oo oo e
of theosysfarre'alsala?dlie(signabroved For a real audl o signal, after dividing the
signal into different frequency bands, the signal anplitude vari ation

wi thin each frequency sub-band will be nmuch small.er than that of the
original signal. Thus, each frequency sub-band's signal dynamc range is
much smal |l er and thus can be nore easily handled by circuit.



10" To further reduce the THD anong nmultiple frequency conponents, a
relatively strong carrier wave should be transmtted to air. This is
because that the desired frequency signal is generated between the
interaction of the carrier signal and ?rgyone of the AM nodul ated frequency
conmponents, while the undesired 15 harnonic is generated fromthe

i nteraction of any pair of the AM nodul ati on frequency corrponents (except
pai rs whi ig

Bigure 3( d%%gh@%ﬁ%é'cﬁhe? %ﬂfél %]Wé‘?sﬁﬂatn'éﬁfn'té?d‘tﬂréugﬁ enerate Strong
carrier sialgayilapestute:)mdepeademmﬂtlaelfrequ’enc;acmratyentsbfrbhetluptﬂt amilcpnsxgmaised in

10] which can transm.t a strong carrier Si f rans. r 20
[ef f} ci ent Pifce Ae gartiar 45, Repsenbinkt e&*@pytgtq{@“qgmq ethggrp%qz}{-ll_a%qn Fﬂg gsoposed
dynam ¢ aper3sirgnis is bavaRRCH g@fﬁ%tr%ttf&athetrﬁi%ldfébéh&éné'h@{rﬁbahé al ways

transmitted fromthe earr erture, and thus a relatively stronger
carri € ssignals the w\m@( {m of kgna(4)) |selsmeayaidn;rasbrtbe|e€actl\te valge afhe t ude

of the m e-to- band si naI S ch arg onl ced using
oube ar r ayaM ik if hiihe i Tey 8 4lia3) BaRe psint8 i o fiadlema et

modul at i neomﬂeﬁénﬂérthe%rfgma| @u@fﬂ ngh@l-nblo@tpdtrtwgﬁ%n thapdwir Ams 16, As for

| ow frequency band signal's, the enbodi nent uses a | ower AMindex mto
reduce t ha6;T8®. Towtaketupstor thissa relative smeker Abbindexshaglddre Lee@faytheor t he

| ow frequ t enbodi nent can achi eve an

opti mal @%ﬁgﬁ#%@@a%%%gosﬁk%eﬁp& %tﬂ? ﬁi‘gt ors as signal fidelity,

power t@f ficiency, systemconplexity, cost, etc. Specifically: (1) Instead
of using a single kind of nodul ation scheme as in past designs, this 5

embodi nenNote gt sincedhefiaperaudie ganat E%Vlgéﬁéﬁésﬁeﬂél‘a' @iaﬂfiénr‘éﬁﬁ"nﬁa&ﬁ‘uency

bands to n rture size of
the trans %Ré?ﬁ%rgfgg)él%ggﬁgﬁ#%gﬁ:%&tgncey teHeFeggﬁﬂot?g?ést\%e?@gguency si gnal
wi Il be i mpleassdatidhifissane NmMsdsedfeeddneodsid wildde sémavatehs conteollexy

frequency end predicted by theory. Thus the reproduced 10 signal will have

relatively uniformresponse and its bandwidth will be increased. (3) By
furth u I r ed
udi bl o oo apR LTS OIOR dry Rl orRStTR ol P2 b RVaRRIGEOISTC 1
i s furthecompdreettb the krmwrgsystenabﬂFn@M index for the |ow frequency
conponents. 15 (5) By separating the real signal into different sub-bands,
w thin each sub-band, the signal's anplitude variation is usually
decreasedp w?h‘%&o%léh e hdvartygesbetherdiferant MaligRm GMits fopee BiffeRerdt of
the circuit | rrpl enentation. Many variations are possible within the scope
of the i nvespective fregengnbphds, LIS necessayHotceaRaTe dae ﬁémantagefsp@ 2

ol &0 oferHi P B RAREIAGRE, TR 48 AERc o, Wl sttt o

limted i @m%jre forfecP Akistration PhAIds Theaadl Ao @fgrfah@arv{@el\ﬁlexﬁedl@sd sum
t echni ques escri bed above may used 25 on its own, or conbined with one or

nore of tBEMAMNSUSh singleHenasianals. H@etb%ﬁiealaéees afthgymedwlationsinclugde a pzT

PVDF 18
o PVOF. vyl BUETHER A 84 HBLS, NSNS 2P e
"Directi omdmmmcmyand Phasemodulatidon (FMEAMdKg alt HESS, asses] 98B hp8] . A

R Selfri d e and P. Khuri-Yakub "Piezoelectric Film SOHIF Emtter" U S.
Pat eng> No & simplestsspechipgpdistribution, i.e. it has the least number of frequency

components for a single tone signal. FM and PM will have more frequency

components even for a single tone and these components may generate
undesirable harmonics between any pairs of them. Thus, in general, AM may be
the best class of modulation for audio beam application.
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. 5 [3]. Masahi de Yoneyama etc. "The Audio Spotlight: An Application of

Nonl i near Interaction of Sound Wave to a New Type of Loudspeaker Design" J.
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and Kazuo udi es eal 'on' 0 ar ane speaker™
J. Acoust sucbnas S&B)EDSB lsmd sﬁqddoé-rocéltlDSE&ré%ﬁ/ cdrﬁﬂ)arelé IfAD&ingleltonsamittk ur a

and Y. Kamanoto "Paranetric LoudsPeake %? ectronics
and Conmuth?f %%nqyné Esd”%‘da?? apgpgloeany systeg, ”ﬁ!é ’@C’St o] |? thaEPB'Nael E.
o ocess ni Sk tohenlrid tepes Bl Tn &y MEAM By SEHeRERE Wiy, i 5001

[9]. JanmeRowevér gérerbid additiohadteduenspenmponants. B@seﬁbn@hemdmlatlom/bdul at or
Processi ngﬂfor A Paranetric Speaker Systeni, U S, Patent . 6,548, 205,

June, 200thepsy,[SBB AMiis e mestekitahiel Meshiasionksiaee it pBinbrs BNRJI regHarat us f or
[ " |
20050266650 PRRS M, 5557 b Sy ienriifency® LOARPIE citufel i B iccichey T

modul at ed | I FOICr Q%ﬁ@haih%% RAICAsidEPAd @ls(é'léhtéd)g'll% shblf if F3§ &8

conpri si ng: a noduf ati on conprising: (i) lter section Tor

di vi di ng 8f&. Imipiebryabdised orgbah. (1htanythe dnffarertc;s fcéqdamgu;qzrw;u beands; (ii)
an oscillator for generating an ultrasonic signal; and (iii) a nodul ation
sect i th wraprbduesiliRawavernit is foundonipcacticgrthat cutt\engatmmmrerququ@ﬁcgf fands,
each frequency band bej ng nobdul ated onto the ultrasoni ¢ signal according to
a respect Alge SiRidn He ik fla%@ﬁemoalﬁa bgrome; Paepyident | aﬁm@ﬂur—‘w generating

and trans HW\E I Si gnal
wher eby amﬁeﬁemﬂg‘?'?a%%rgf]cﬁaaﬁ'eﬁat rgéglﬁﬁeeﬁlecgﬁgggﬁ&elrggg @sthggﬁpgﬂ Igl ghals. 15
2. A syst pussabkyaitda fogtheompedfieot gerfornvaricetoftthe cirouitibad transdotenmAsywaypr i se
one or rm|rn pr%ctlce SSB AM is not always necessarily the best modulation scheme even

15  for pure single tone signal.

The spectrum of DSB AM of a single tone is shown as in Figure 3(b). There are 3
spectrum lines corresponding to 7. -5, , f, and £, +f,. Based on Egn. (1), the

interaction between r, -1, and ,, together with the interaction between s, and
20 1, +1, will generate the desired frequency component at 1,. However, the

interaction between f, -7, and /. +f, will generate a frequency component at

2f,. This is a harmonic distortion. In practical experiment, although it is found that

the THD of DSB AM is higher for middle-to-high frequency signal components,
the THD is the lowest for low frequency signal. For example, in one

25 implementation using a PZT array, we found that DSB AM has the lowest THD
for f<500Hz under the same SPL conditions.

The square-root DSB AM has the most complex spectrum lines distribution as
shown in Figure 3(c). According to theory based on Eqgn.(3), the square-root DSB
30  AM will perfectly recovery the envelop signal. The principle is that although



. (a) double side band anplitude nodul ati on wi thout a square root operation;
20 (b) doubl e side band anplitude nodulation with a square root operation;
and (c) single side band anplitude nodul ation. 3. A system according to
claim2 in which there are three frequency 25 bands, (a) the | owest
frequency band bei ng nodul ated onto thé ultrasonic signal using doubl e side
band anplitude nodul ati on wi thout a square root operation; (b) the mddle

f requencym%ﬁgfeﬁe ﬁngggﬁnm%’%s?‘éﬁﬁt, gﬁ@g@gﬂl%n%ér{s%?@Witﬁ e%ﬁr&gﬁﬁd@g@@nﬂﬂﬁw e side

band anplitu ation wt are root operation; 0 (€) the high
f r equencydésiret] frequencyodulvilt eslleftrin @irt irepradticesweihaveifgurad thegiforthei ngl e si de
band anplitude nodul ati on. 20 4. A system according to any preceding

cl ai mi n midda frequency basdnunrdaritha samsebPL conddiossathis moghlatipndgiches i ons

o gnal's. TS 1 R THEE TR PEvE 1R LTI B Y nIgR Ry S X o
di f f erent jsshdnpé besbonel I8 fiagalsh dariuerts theimpedsctarafoimanceaf ¢he eircuiput s
generated using different ones of the f uency bands. 5. A system

the fre ,
accor di ngan@ trensaueer. Onegyamplerns the an@@iag@qb@eéy PR % Sofki<nfat 1489/Fnal
transm ssion dianmeter is arranged to receive an input generated by 10
nmodul ating the ultrasonic signal with the | owest frequency band. 6. A

syst em acpgGhAfary odthdidi But BxpéimBntain fitbihgd 2Pl dur thadraticalirdiyes wei ng
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/ >1400Hz , SSB AM will be used.
15
One immediate advantage of this combination can be stated as follows: since
SSB AM is used for high frequency band modulation, the required bandwidth for
the system need be no more than the bandwidth of the audio signal itself.

20 Note that although Fig. 2 presents one way in which different modulation
techniques are used for the different bands, this can be done is many ways in
other embodiments of the invention. For example, different modulation
techniques may be preferable if the number of frequency bands is different, or if
the frequency values which form the transitions between the bands are selected

25 differently. For other embodiments of the invention, these frequency bands and
corresponding modulation schemes can be found by experiment.

Secondly, we turn to the feature of the embodiment that the aperture size of the
transducer is different for different frequency bands. This is motivated by another
30  big problem of air demodulation: that there is a —12dB/octave fall in SPL of the



. being I ower than the second nodul ating i ndex. 25 9. A system according to
any preceding claimfurther including a frequency equalization section
which nultiplies the anplitudes of the frequency conponents within one of
t he bands by respective weighting facteys, the weighting factors being
selected to equalize the anplitudes of the frequency 30 conponents of the
band in the denodul ated beam 21 10. A systemaccording to claim?9
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i nput audio signal into a plurality of frequency bands; 10 (ii) an
oscillator for generating an ultrasonic signal; and (iii) a nodul ation
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! . di
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system will have a maximum allowed amplitude and, due to the large dynamic

range of real audio signals, the efficiency of the response of such a system to
high frequency components will be very low.

15 By contrast, the embodiment of Fig. 2 employs a better way to compensate for
the above effect. This is motivated by the observation that in Egn. (1) the SPL is
proportional to the square of the transducer aperture radius«*. Thus, if for the
low frequency band, a bigger aperture radius is used, the SPL will be increased
efficiently. This is what we call here a "dynamic aperture" since the effective

20 aperture size changes according to the frequency content of the audio signal.

In principle, this could be implemented by feeding modulated carrier signals
generated by the respective audio frequency bands to different transducers of
different apertures. However, more conveniently, the embodiment of Fig. 2

25 employs a cell-based transducer array 45 such as PZT array. Two possible forms
of this PZT array are illustrated in Figs. 5(a) and 5(b) respectively. Each is
composed of three nested sub-arrays of different respective diameters (the
diameter of each sub-array may be defined as the maximum distance between
two PZT elements included in the sub-array), which constitute respective sub-

30 apertures. As explained in Fig. 2, the sub-arrays are powered by signals



. 25"ultrasonic signal using the | owest frequency band. 13. A system
according to claim12 in which the | owest frequency band is used to produce
nodul ated ultrasonic signals transmtted to all of the transducer sections,
and signals for the other frequency bapgs are transnitted only to a 30
subset of the transducer sections. 22" 14. A system according to any of

cl ai ns 11 to 13 in which said nmodul ating section nodul ates the ultrasonic
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nodul at ed ul trasoni c S|8na s; and 20 an ultrasonic transducer for

gener at i ngetgnminadthenme UlﬁQOG@me $igealsi c beam from the nodul ated
ul traspnic signals, whereby air denodul ation of the ultrasonic beam
generates audi o signals; wherein the weighting factors are selected to

equal i ze The dymahii¢ aﬁeﬁum‘ oftthe enmisstieeal ot Pigh 2ruant sfficientiy eoippedsate thbe
denodul at ed beam 25 17. A nodul ation unit for a system acfcor di n thteo any
pr ecedi ng E|Lafa|htoward the low frequency band in a coarse way, i.e., it will increas
SPL of all frequency components within each frequency band. However, different
frequency components within the same band will still be transmitted using the
15 same aperture size, so even if all frequencies are present with equal amplitude in
the input signal, the SPL will still be non-flat. To make the frequency response
more uniform, the embodiment of Fig. 2 uses the frequency equalization stage
20. Within each band, the respective frequency equalizers 12, 22, 32 effectively
multiply the amplitudes of the frequency components by respective weighting
20 functions. The weighting function is higher for the low frequencies, and
correspondingly lower for the high frequency components within each band.
Preferably the weighting function varies continuously with the frequency value.
The variation of the weighting value is dependent on the frequency range
(measured in octave) of each sub-band.
25
The frequency equalization is illustrated in Fig. 4. The three frequency bands are
labeled 61 (the low frequency band which is modulated using DSB AM), 62 (the
middle frequency band which is modulated using square-root DSB AM) and 63
(the high frequency band which is modulated using SSB AM). The values of the
30 weighting function of each band are illustrated by lines 51, 52, 53, and the
frequency equalization units 12, 22, 32 accordingly multiply the frequency



. 18: An ultrasonic transducer for a systemaccording to any of clains 4 to 6
or any of clains 11 to 15, the transducer including: 30 a plurality of
nested arrays of piezoelectric elenments, the arrays having different
respective maxi mum di aneters, and 23 %or each array, a respective input
for receiving a respective nodul ated ultrasonic signal for driving the

el enments of that array. .AA .A AL.ARAY .A.AE A AE A2 A A2 Ar.AAy. A
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10%7& () - apéMk@Athé lentbodiieBt (S)that the carrier signal is always transmitted from

the whole array aperture, and thus a relatively stronger carrier signal is always in

the air, especially compared to the amplitude of the middle-to-high frequency

band signals, which are only produced using sub-arrays | and Il in Figs. 5(a) and

25  5(b). Thus, the effective modulating index is low for middle-to-high frequency
band signals. As for low frequency band signals, the embodiment uses a lower
AM index m to reduce the THD. Note that this reduces the reproducing efficiency

for the low frequency signal.
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2) By increasing the aperture size of the transducer array toward low frequency,

the SPL of low frequency signal will be increased. This can compensate the SPL
fall towards the low frequency end predicted by theory. Thus the reproduced

10  signal will have relatively uniform response and its bandwidth will be increased.
(3) By further using a frequency equalizer for each sub-band, the reproduced
audible signal’s frequency response will become more uniform.
(4) The THD is further reduced by using a small AM index for the low frequency
components.

15 (5) By separating the real signal into different sub-bands, within each sub-band,
the signal’s amplitude variation is usually decreased. Thus the signal’'s dynamic
range is reduced for each branch of the circuit implementation.

Many variations are possible within the scope of the invention. For example,

20 although the embodiment of Fig. 2 conveniently uses the same frequency sub-
bands both for different modulations and for dynamic aperture variation, the
invention is not limited in this respect.

Furthermore, any one of the various novel techniques described above may used
25 onits own, or combined with one or more of the others.

Furthermore, the transducer array can either be a PZT or PVDF array, or even
an array which combines the two.
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10mh 10mh (i) an oscillator for generating an ultrasonic signal; and
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10 frequency bands, each frequency band being modulated onto the ultrasonic

signal according to a respective modulation scheme; and
an ultrasonic transducer for generating and transmitting an ultrasonic
beam from the modulated ultrasonic signal, whereby air demodulation of the

ultrasonic beam generates audio signals.

15
2. A system according to claim 1 in which the modulation schemes comprise
one or more of:
(a) double side band amplitude modulation without a square root
operation:
20 (b) double side band amplitude modulation with a square root operation;
and
(c) single side band amplitude modulation.
3. A system according to claim 2 in which there are three frequency
25 bands,
(a) the lowest frequency band being modulated onto the ultrasonic signal
using double side band amplitude modulation without a square root operation;
(b) the middle frequency band being modulated onto the ultrasonic signal
using double side band amplitude modulation with a square root operation; and
30 (c) the high frequency band being modulated onto the ultrasonic signal

using single side band amplitude modulation.
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5. A system according to claim 4 in which the transducer section of maximal
signal transmission diameter is arranged to receive an input generated by
10  modulating the ultrasonic signal with the lowest frequency band.

6. A system according to claim 5 in which an ultrasonic signal obtained using
the lowest frequency band is transmitted to all of the transducer sections, and the
other frequency bands are used only to generate inputs for one or more of the

15  other transducer sections.

7. A system according to any of claims 4 to 6 in which the number of
transducer sections is equal to the number of frequency bands.

20 8. A system according to claim 6 or claim 7 in which said modulating section
modulates the ultrasonic signal using said lowest frequency band with a first
modulating index, and modulates the ultrasonic signal using at least one other
said frequency band with a second modulating index, the first modulating index
being lower than the second modulating index.

25
9. A system according to any preceding claim further including a frequency
equalization section which multiplies the amplitudes of the frequency
components within one of the bands by respective weighting factors, the
weighting factors being selected to equalize the amplitudes of the frequency

30 components of the band in the demodulated beam.
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(i) a filter section for dividing the input audio signal into a plurality of
frequency bands;
10 (ii) an oscillator for generating an ultrasonic signal; and
(iii) @ modulation section which modulates the ultrasonic signals using the
output of the filter section to produce a plurality of modulated ultrasonic signals;
and
an ultrasonic transducer for generating and transmitting an ultrasonic
15 beam from the modulated ultrasonic signals, whereby air demodulation of the
ultrasonic beam generates audio signals;
the ultrasonic transducer including a plurality of sections having different
signal transmission diameters and inputs for receiving signals to be transmitted
using the respective sections, the sections of different signal transmission
20 diameters being arranged to receive modulated ultrasonic signals obtained using
different respective subsets of the frequency bands.

12. A system according to claim 11 in which the transducer section of maximal
diameter is arranged to receive an ultrasonic signal obtained by modulating the

25  ultrasonic signal using the lowest frequency band.

13. A system according to claim 12 in which the lowest frequency band is
used to produce modulated ultrasonic signals transmitted to all of the transducer
sections, and signals for the other frequency bands are transmitted only to a

30 subset of the transducer sections.
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lower than the second modulating index.

15. A system according to any of claims 11 to 14 in which the number of

transducer sections is equal to the number of frequency bands.

16. A system for generating a modulated ultrasonic beam based on an input
audio signal, the system comprising:

a modulation unit comprising:

(i) a filter section for dividing the input audio signal into a plurality of
frequency bands;

(i) an oscillator for generating an ultrasonic signal,

(i) a frequency equalization section which, for each band, multiplies the
amplitudes of the frequency components by respective weighting factors; and

(iv) a modulation section which modulates an ultrasonic signal using the
frequency bands to produce a plurality of modulated ultrasonic signals; and

an ultrasonic transducer for generating and transmitting an ultrasonic
beam from the modulated ultrasonic signals, whereby air demodulation of the
ultrasonic beam generates audio signals;

wherein the weighting factors are selected to equalize the amplitudes of
the frequency components of the band in the demodulated beam.

17. A modulation unit for a system according to any preceding claim.

18.  An ultrasonic transducer for a system according to any of claims 4 to 6 or
any of claims 11 to 15, the transducer including:

a plurality of nested arrays of piezoelectric elements, the arrays having
different respective maximum diameters, and
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ultrasonic signal for driving the elements of that array.



