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beans having a range of frequencies fo ... J. The
el ectrical signal output from broadband pulse 12 is

WO p@ano2e2 an acousti c beanf ormer conposed of prPOI/E81004/022377
electronics 14 and a frequency-steered array. 16. The
acoustic array is designed to produce a

frequency-di spersed sound field 18 having a known, )
of norrbadhead aceustie ipylss Hi2preduckd &y anwlse sensyae and oympggd of acoustic
frequency f qgiy, : (1) .01 IS WAY..:
el S FEY bl YRR 1) | o Ve AR brondion
pulRt @ & fopefIte Be Yicsistie rieamasriy compdsednef pefecas deci®hics 14 and a
of acoustic beans having, different a%%ular directions

frequprayditersechbar®y yuBhicicousticearraydy denisirdde priuse g feghenpy-dispersed
i el fr.Qm bl r it : ]
ol G5 G s SEB0 A, DABHAG S e space (@) e
frdoaaekscAgiven &g, Ed.r@yudnaitisdivay er brddisamd ndgifal ebotaind® immy acoustic
i ncident upon a rgeceiver arr orned as a

y 24, )
frqqperfiesntsyseat BXe adredupagy-stamer FagY and PICESSS A5 ot o asgustic beams
ha®1hg differe laP §fledtith® dépeRlipadRaREusignal  28. Thus,

reflected signals are recelived fromthe same angle )
t heyThee frequenandispeised] sawdl fickl 18 cfoorbi blextdbyrrayhd6 interacts with the

an];lqg%rgi%gnﬁ 3 %%ﬁéﬁﬂﬁg?%%&éq&%g{aa{a?%%aﬁi?rgg,ﬁ%q%%gc%{dag&gsed sound field
22t RCGRGideMasHoRBY 1dcbivBr Reay PP foptled s biftequeRadiiedted airgylaind receiver
to separate out the frequencies and create and

elefittopica)26apnd isetgeorsbined apto taobropdhands signadii28al Thits; Feflestedsignals are
Syst frequency- ' . ' )

YT R AL G4 P b R e ARG U equency

stdepeR arrey tadomsta singlechromitandrreaigedigail. aAnalogl andf digital processing
t he general plane of the _array. atent 5,9

UsS P 3,617 .
teghmiques weay theis bR applassiodhe brRgdbyndngenal e a%p@aataeghﬁlpifgequencws and
B Bl PR AR Bl Bl M abami RS e g

acoustic el enents being displaced from one anot her.
The Ghagwtenaforaysudecyestedring dmacohstic ®uRd fiskt emploss @ “blazed array”

first order 1 rrays,  having.a single. wavel engt h
haigctolge daiendbaeuats FEepo 4pe Ao FEIF URY e AREb plane of the
arkdyat UNEgPSEnt0s,983,6 BNdesdtbdd a 9b:khe fsyﬁf@xﬂ&&n;ﬂ@ﬁhg a§lazed acoustic array
_designed. The sinplest inplementation of the blazed | _
ingluding spliralityref sterngd eneystis elamantnionged & an gehelogy #gve with adjacent

channel 2D | [ syst [ . ‘
w0 RS0 L SRS o o 17
pdi@ntofirse ordes (prPseniyethavingh kingleonpetengtht spating befiween facets. The

Di_mensi onal, and Three Dj nensi onal | mgi ng R ul{ifls.
digepsige rcagnigesAhatdygher-ordeppn &hgrd%l@ﬂ!ew‘f%% sigoed.

pp. 985-988, vol. 2. This publication also describes a

bl azegl & t ithPIBENRAGAf B8 bldre@ QAR BRd tiRR-Mdqbney beamforming is -

conventional array design and beanform ng techni ques
intapsipgle dhemnel RDviniagingt soner $ystegi. nPataGrodle wsingiaggingle channel blazed

ar%g}a%ggg@%ﬁ é%él% 2ed %)éaandrr%g} Fi‘sd pre?éel\llf\%)d erqoléic.)ﬂ%zrrzpzson et al., “Two
Dimensional and Three Dimensional Imaging Results Using Blazed Arrays,” IEEE Oceans

2001 proceedings, pp. 985-988, vol. 2. This publication also describes a blazed array
implementation in combination with conventional array design and beamforming techniques

to produce 3D volumetric imaging. One 3D configuration employed a blazed array oriented



vertically and flown horizontally to create a
hori zontal synthetic aperture. Several views rendered
w0 e@s0@27hl azed synt hetic aperture sonar data BEL/US2084/022377
presented. Both the 2D and 3D systens were
i npl enmented with a single hardware channel. Sunmary of
the Invention Methods and systens of the present i
vertimaliptand rileyp hogizdntalyutonerpats tackoréiagnied syathetic apgruggs Several views
and L ne- uency..sj.gnal . anal ysi ' '
re]ilcrpéﬁqt %%méysl?l s[yﬁg]le{l pRS eesoné{ﬂi%stft %& élpé gr\égegll‘?eél?lcl%olfﬁ 2D and 3D
syStez R Y esSinaasMes Wafiethl hitdivhRahentey. These
frequency-steered systens may be inplenented with
data processing techniques to generate a 2D i nage
using a single hardware channel because the

Summaue pfthednwentéan array effectively nmultipl exes the
bea Lgnal s.into se ate fre C e :
o BhBY b PSSP b BN, SHDAk Sl kbt sconsi
arf9B jabld GitricORedtehdy SignMl @Nblysisad prsvide/acdastiogimagiity systems that produce
beanf orm ng techni ques, a 3D acoqustic imging system

myhiplep eanigilorlz niisperduSPags tsHeredaiatn fivarsncht Hapndieguency-sieered
S8R AU P Sa SUSEL LS00 e a2 A winss
sifngle dasdvard ehbared iiedduse ahe tireuemguteded anbereffsttively multiplexes the
har dwar e _channel s jncreases to c the extra . .
begphEnals e SFRAAP SiPAumpy _yffgfﬁl_é éffegae%i T Eghfpohnique is
used ShedBniRR bR Yeitf @bhRatioR) arBRt 8ésfer RO DehfdimEng kdtghiQues, a 3D
transm ssion, providing high resolution imges at high
acbnstiveinmragingssystenuma haiimplegentsd, usingghe garge awaber of hardware channels

3 Pl oot AR LA ST, IhEBb R 8RS the same data
rafy B3thakRstha basdbiath ef thadvditea@amberbf BirdwhCeiagtelt ereases to carry

frequency-steered array generates nultiple beans
the sy spatigl infPenaiopadb SRaueicyRiriedt Ay SMBgRe system fan dus collect an

| troni i . p 2 Ny i . .
R R0 EAGNGR: A A g o igh rame s
aridveqiifigg lee aiginBycenestabiling t he el ectroni cs required,

the imagi ng sonar is significantly smnal ] ess

! er .
ex peHENG dredupreyr eefiitd a3SOPTRGHREr21Y HAKOF PRAIRAgSH i 2 somar system
i ﬁ&ﬂéﬁ’cgﬁcﬁf)@‘ﬁ(&deéﬂ ALRBE: @f%ﬂ@gﬁtg%g. tFQrst, Bebdie the frequency-steered array

requency-st eer arrays In i I ng sonar iIs that they .
ganeentesaheltipte praoducs;mgi gihglguabadbpnd sigagle theeamounit iof analog electronics
shall|ow waters.. Traditiopal .small sonar devigce ... . }
reRR AL R OGS P ABRS & L THerS S a3 e ppgitional imaging
scfat. eByWedltids el ckréficy rQfupdd, thedmhgihp sefalib by smaller, less

these broad ~beamsignals tend to be reflected from
exnensive andarsasiresnigss pevwerethan draditionab imaging sonaf e riaghertagivantage to
as lti-path i,nterfer T l.1i.-pat ' . :
il Feinp Ralefueti g S kg SHEC R (bl REBISLHIRRe high quality

irhapeg @dn ANHall@$ Wakers. NTedditional eolall soiaf d6Vics temeait and receive using a
I mages. Because a fre%uenc -steered inagingwf stem
nrEQW eeBengd dandn9tieravith @ tstabivelyi roahbernt - & Shallowapater, these broad

bleat §iig}{ﬁs TRAES belBfecté from many surfaces and create what is commonly referred
to as multi-path interference. These multi-path signals return from multiple directions (from
the same target) and result in cluttered, confusing sonar images. Because a frequency-steered

imaging system can generate many narrow beams in both transmit and receive modes, the



WO 2005/ 008272 PCT/ US2004/ 022377 systemis |ess

susceptible to multi-path signals and perforns nuch
whedosmes2than conventional sonar devices in shedT/o82004/022377

wat er environnents. |nmagi ng nethods and systens of the

present invention preferably utilize a broadband

acoustic pulse as an input signal to a )
sydteraqs émss yussemible th mobimath sigrelsapdinetiorgs awch bader than genventional

= 12, m="/4 m=.1/8 or m= 1/n in a single order
S°%¥F@V@“ﬁwghdg%ﬁﬁ?ﬁﬁF?%ﬁP Bhe or nore of these

orders in a nmultiple order array. The broadband pul se

My hagRB nidvhdtidl 9@ sy@erds of the phaventl inventRngireforbieutilize a broadband

train, "a multi-wavelet, a nulti-frequency pul se,. _
acustio olse an e APUL SipRad fiel ééreauer@w‘r'qeﬁ;s‘pﬁéaufééﬁn@g%&fflng an order of m =

v, Sub-pul se che ' f
Ailinett B VBB Bhadhif bR Sxaf S SCCARARKRI one or more o
thédelos@ers The niultipldadd aegusHhechrpadbaed pubst enabbe/ an FM pulse, a scale-
delivers generally equivalqg% ene%%ﬁ.to each of. the 4 d
swiepl qUAYSISY -t e THL, b RBltgwAISl &g MEidrgReRey. BYlse, Repudo-random,

apﬁgxﬁ‘éﬁ.toir GvaTdoAYP sdHRY | %ul?—?ﬁ‘l%&é' medcRel {0 BaMaY"s Qbfled aperture function,
erial s an provi ded in various configurations.
orSiottab | tepea o6 soadband ansustic erdsenailhp eroatvand (eoesticf pudsp preferably

de@??r\é gglithlﬁ XaﬁlequEYigi?an %lﬁesgf-;c% & gﬁé‘ g{ei e%q%alzcurygsr%ee?% %erea?% egenerated.

( PVORLqRRey-lcbRl d¥Bhsicl atss mi baBsonbeudian b edrshs materials and
using a variety of conventional technol ogies,

providediifi wariovs copBgwetionsnedhtahlecasousipsirasguqeravgy be constructed from

t echnol and, .techni qu : ' r .
o FFAPTARY By R G LIRS BRI povinyiden
L SP VD) had thee Ratdrialspii] may bbeostacteé dsing afvariaty of conventional
ers. Because the _frequency-

multiple |a st '
fe@}é’@iﬂﬁ?%uem%‘é@n% BYPTOElsRremechapical, <3S oGNS Hegtpology  and

e i I1€yer or muitiple
B4 SRl SR s BRI b e ol
adoastipettardsieded $ayefs muy bw.statked mbfoemaunultipte leydrs.aBsdanse ithe frequency-
array terials and.nethqds of construction are well .
SRR I QifeF & PO Bt GEQDREmL PAyeVity Rordyis ey resoludon.
trARIORE (BRSO Mt provilkeBload HahdWRith) AMicAEn WaB pesNid@laryer fields of
a single rowor colum of elenments in a flat or curved
viewnf Syjtable ponvstidwensdiicets aaso materialy anchmethads pf coppfruction are well
whi ch gu&&iple rows and colums of elenents are
ko AndByatn - a generally flat arrangement having a
var i he/ a8dustO rfagyiimady 88 Sprowded agSonei diiehsional Otlalear” arrays having
square, rectangular and other pol ygonal .
essotally s SMBlNEW R \COMINED obEleaE 1 dotldi MrefidVesh spnfiguration.  Two
curvi | inear ar . i T
oo 1S NG T L SRR ot
a g¥leralnr flgt atrangaimint Ahving avbidiety lof canfigurationamiclhaheircular, oval, square,
curved confugurations, re also e %3éed int

a e . .
reﬁﬁ‘f‘ﬁ‘é‘ﬁ’é agd tags PRYEORAl FaRiEPTaHeRht it 106 nl.lsea‘neTWO dimensional
c@gﬁfﬁ%ﬂ ea?tg ?ﬁg%ﬂg GREAIBYS afl/Br BbIBRIE I0f @lcenBORRRGE®Hh cylindrical,

an e roni ¢s structure )
partially cylindrical, conical, partially conical and other curved configurations, are also

emiployed in the methods and systems of the present invention.
The acoustic transducer arrays are electrically connected to an electronics structure

that provides a common connection for multiple elements and communication with transmit

5



that provides a common connection for nultiple
el ements and communication with transmt 5 WO
WQBSH@2B272 PCT/ US2004/ 022377 and/ or recei vePCTUSD0022377
systens and el ectronics. The el ectronics structure may
be provided integrally with the acoustic transducer
el ements or separately frombut electrically connected
anf/or réveivar p@qtroélsmem end Elepfsoms— u&"h@ eleceryichsiructure may be provided

mtg%}l& Wéﬁjit tgﬁ awulsﬁ gﬁ%ﬁ%gcg‘er e?m ?r ﬁep%rg)tn,gy ﬁgwt%ut e%ectncally connected

to REO¥rfeeldmemy, ShaditAtbturk hﬁ@@ob@ﬁn ané@bd & al@s6r digital form and in
shifti'ng or time delay, sw tching interconnections

COmemwéhe@ammrc@gﬁﬁm@eﬁﬁ do pegvadee Aray, hagding ifixed|or variable

p%rgjﬁp %?gglftgrﬁé &2 fagogwﬁchﬂé% 21%%{(/:8&?60‘[1&55 bectwggr{ gﬂ-cﬁ&ﬁés channels and

elerhéi @8N Genal aaplafidationalor ather fncgioner at isyndmzﬁmabwhbn we refer to a
the array of acoustic transducer elenents _and the

“FrR QNG BHEEP 08| T IFRSRPRSS- PR ERlE L BT AP SoRFTally PRHAboth fhe array of

acaﬁs]%c tﬁﬂg@a%@el&fneﬁtg f?)ésoﬁa?&f 188 S SR AR AU éo‘fnbmatlon are

pul’'se.” Frequency-steered arrays nay I npl ement ed

capatde shfrequencl-seerigrcai nputmodesicamibe. | nagl ng systemns of

th toi ti f -
ar ?ﬁég@;gy atlggli\ég {A};rla?s? W@?ﬁ%&mn\y’gﬁ hted. egga%s@a/t d?or recelve modes and
nﬁgfﬁ%rhf%@lgﬁls JrShé SRLASHVAMRA BHPUEEILCHSHBNAS-Stc@ef arrays exclusively.

ted and recei ved on identical, collocated
A&twaysty Heamt pttersadvantagghis rehlizedanrancaustic Sgnabylaredtansmitted and-

reit;eg% ﬁjll: gléo%felgl e bet gcgcralt ! SO| Ut I gﬁ? % ! 1608S Iﬂ'(fjgve#l? Saf fs reduced to
provide roeatid Vé@bl‘)ﬁtloh "eReli the s‘idbﬂdb% aff rdddCed ke pedvide reduced interference
I nvention may incorporate a frequency- steered arra¥
levels.cAhpinatiralibimaging sysiemp ef thepreseridgliuiiop eydaprgorate a frequency-
t8FHSELS 3 AYnBhatidd ATEUGREer | Bol %glgéﬁgg-q{egfeﬂt acllstic array or
r equency- St eered array my be orient I the sane

trftls@i®r. BSork ctbvdémnéntom ﬁ’eqlwnbﬁ-yteelred anmy enayrtef eieatedyin tIa: same plane
frequency-steered array may be orjented orthogonal % ented
asgd wﬂwﬁwn@n@r%%avorq Aregabluxa %lﬁpcyeﬂs% Y, may be orente
VR bl q Y-t 6RE [BY SUERIPSeRE Bhort-vertical
{aﬁ%g%aglhﬁotr %eegllévret Fé%ﬂ? Wns@on gﬁ‘% a?%ng t hi ne ori-vertica
frepruensteand | arayossdeps mmaythrcmghs‘éd m'u@l rddmensien,. and a long thin

Thi s. system provi des 3D i nagin C
co BT R SR BB Y BBrib o g s 3D imaging
ca%ﬁlﬁiﬁ%ﬁdiﬁ)is SeRLRED B fid Scafhink BénaR faﬁﬁlﬁ!&hoﬁsﬂvent i on,
i ncl udi ng one di nensional |inear arrays, two
di rreFi@quﬁmV-S]iﬂemdamaa’S roé‘ylae progent dnmﬁgnowaludm engadimegsional linear
curvilinear a [ d
i br AR Bip Ry o B Dnaf Q2 Bbal pritinean amays, two

dlﬁ’iﬂiéﬂbh?ﬂnﬁﬁﬁcal &fu[’ﬁMﬁedffBatrdye z&ﬂefv@d elimassiomhacdeéd @onical curvilinear
"unshaded" arrays, shaded" array, a reduaglon
AIERY§ ARAY lmﬂeraltqﬂd@ Sbadéé PY elalsmﬂn@rrwsorhnah #Fay, a Teduction in

glgég%&) e ngﬁﬁﬁfﬁféoﬁgté ftlﬂé E\%tf}rtB@ d thé*b"aﬁér R3S of the array.

ect uci ng SI eve s in the array's
Sheelanp lpattheefiiect Al teduciag isidellghe levels in the array’s beam pattern. Alternatively,

frequency-steered arrays of the present invention may be operated in an unshaded mode in

which equivalent amplitude signals are applied to the array elements. Shading may be
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periodic frequency-steered arrays having orders m = Y4, m = 1/8, more generally m = 1/n

employed in the methods and systems of the present invention generally operate using fixed,

though optionally selectable phase shifts between adjacent array elements.
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resolution of an array is independent of the order in
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to the aperture |epgth N and the angle of the be 0.

The quantity Ndcos 0. omitobe treated as the effective

aperture encountered by the wave front arriving from
- angle 0 The resolution can therefore be expressed as
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thte \%)qugnctyr}rel abre}eacmeingy-gt\évgr%ti a%\{i? rchMEeﬁ théfB&f width and hence changes the
resolution. The horizontal beam patterns shown in Fig. 4 demonstrate that the beam widths
decrease for the m = 1/2 array as the main beam is frequency-steered from 45° to 27°. In
fact, the beam width changes by a factor of almost two as the beam is swept over this range.
This resolution change must be taken into account when implementing a frequency-steered

system.
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filter banks, for example, may be designed and used to provide appropriate spatial filtering
for aperiodic frequency-steered arrays. Arrays may be aperiodically spaced in a spatially
‘frequency-modulated’ pattern (e.g. continuously differing spacing along the array), or in a

spatially ‘frequency hopped’ pattern (e.g. different spacing along different sections of the



for aperiodic frequency-steered arrays. Arrays may be
aperiodically spaced in a spatially
wO teoemosemry - nodul at ed' pattern (e.g. conti nUOUBCTUS2004/022377
differing spacing along the array), or in a spatially
“frequency hopped' pattern (e.g. different spacing
along different sections of the 9 WO 2005/008272
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of a signal, while the range ormation is napped
informatipn & mppped deiedhntime ﬁomn@ rIe g mpﬂ@mmm@e tha@oglga o process the
0 vV
ﬂg&al 0 aQ 'E &gﬁéeﬁltt%r mg% ggﬂrghmégntacng a%’x%ul'éle&]%orr%fln%e% é@h%ffﬂa’tmn from
ﬂkhamheﬂeﬁyeﬁ si gnal . Frequency steerable acoustic

arrays may be o rated in a frequency-steered node in
c onbHRARGHSH-HaeF AV RO ATEA Y eePpdgiedin pdicanensyissged mode in

fiation!! W“thaénc&ﬁ’é}VFébe} QRRling AR ?%Jn’rlﬁg% %%Eﬁ ¢ conventional
o es, convention ectronic tine "phase
methidnicabbeam sfering mepde desyemiodalptlesenio tiperdetyrandngiase shift beam
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sysREICARO B eﬁ%ﬁﬂeﬂt%n@ngom&h%tté‘c}ﬁﬁubm'1H(Qe§s)éslhﬁ§§ -quality and
Brief Description of the Figures Fig. 1 shows
crsefhdbbimaging dystemsat i on of frequency- st eer ed acoustl c

array system and beanforner for generating an i mage.

Figs. 2A-2D illustrates four frequency-steered array

de ans. with progressively -decreasing orders. Fig. 2A
—H—MMLﬁqﬁ—g%rray design; Fig. 2B illustrates
an nFig. Ya%hows hayhdesicOMusthition of Grdghbnttdicth@Bacdistd %ay system and

1/ 4 arrgy design; and Fig. 2D illustrates an m =
begopfgym @Igﬂwr 4nivag3D show the horizontal beam

pat t gy S2 ofﬁeﬂl ?t)faggsh %01;\'{ glga\?é}%\_y-ﬁ%te?eﬁr gﬁia adreglgf{s with progressively

desi gis’ i Gst T al respectiv
decreasing orders. Fig. 2A illustrates an m = 1 array design; Fig. 2B 1llustrates anm="%

array design; Fig. 2C illustrates an m = % array design; and Fig. 2D illustrates an m = 1/8
array design.

Figs. 3A-3D show the horizontal beam patterns formed by the frequency-steered
array desigus illustrated in Figs. 2A-2D, respectively.

Fig. 4 illustrates exemplary horizontal beam patterns formed by an unshaded, order m
= 15 frequency-steered array having a blaze angle of 45°, plotted for frequencies of 300 kHz
(solid line), 390 kHz (long dashed line) and 480 kHz (short dashed line).
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Fig. 4 illustrates exenplary horizontal beam patterns

formed by an unshaded, order m _ V2 frequency-steered
w@eeoapod2ari ng a bl aze angl e of 45, plotted forPCT/US2004/022377

frequencies of 300 kHz (solid line), 390 kHz (I ong

dashed line) and 480 kHz (short dashed line). 10 WO

2005/ 008272 PCT/ US2004/ 022377 Figs. 5A and 5B

i |1 ulies-at apdud Beillapiate tyjo @K@@plﬁt}hﬁlé@er Gogifigatationsfor an m = 1/2

1 frequency-steered array. Figs. 6A and
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for Bigs.n6A ahd 4B fihetuency- aleapied eddctrayics kogfigufations for an m = Y
illustrates an exenplary spatially "frequency-hopped'
fregieneostrerehaBast i ¢ ar ray confi gur ation. Figs. 8A-8C
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comfigatesionFi gs. 9A-D illustrate an exerrpl ary si ngl e

field of_ vi onar emant at i o usji n sin

{1 eotten A 8l dehanaigal B G racp BOL P MER B ROHeN oy multi-order
fr REWS I@dgﬁgygmtl c bl ock diagramfor the sonar

és@setg)?n o? Fi 9A-9D. Figs. 1 1A-D schematically

i 11 usies.dtleDa uetx:éﬁpn axgmplary] sifigle figldodf wiéweworamaplementation using a

. nplenent ati,on provi rd | ooki ng and

s o e PRl PR o7hgl o

f r eqEigNDy stvinaer RHeiticEo6d dlh%’t@ £ ERAbNAYEBI oTFigs. 9A-9D.
Figs. 12A-D schematically illTustrate an exenpl ar

i mpl EgendatrBnsihsastippbatilyyatonsn pxeeplanc duak e J&f view sonar
ng{lérﬂ%/rg%tgfx{] g:t%g%ﬂnoéego@{kgﬁaﬁﬁngﬂﬂév%ﬁﬁéﬁ%g%{ ?oo'kgrfg %abﬂlty‘usmg a

ver of "vie
sisglbefirmpuenai-dtyered hrust sftheprebére ilentién.vi ew produced by a

si ngl.e, | ti-order _ar (m=1/4, m= 1/8) and Fig
T35 et 2t by cbermieay el il N\ REPPHER P ﬁﬂg@%@ym@ jgotborating two

t [
e hcracron, "Rl ip &1 REETLABEP P e o, pgplpoine. i

fiddofipleary i n’pl enment ations of nultiple

T Corte i aergnetoghy, RG] S ol Bpdkesty painggmltorder

arﬁ’dyn@ﬁ&h onsm E 98) shalFib. SIQBeﬂHster@é litve iffelddSéf ¥ @Bnerated by the
exenpl ary nmulti-array inplenmentation incorporating

cmnmnﬂmmféweyn@tl@&@@rraym;as %p@ﬁr@é@thnn an
f | gur,atHo n rI ap
fi crives TRk ReROb B AR nesshi g b BRsath P of muipt
fraquency-se@sd Qitalo giadded in a T- conﬁguratlon, providing imaging information in

two dimensions.

Figs. 15A-D schematically illustrate an exemplary multi-array implementation
incorporating two frequency-steered arrays arranged in an X-configuration and providing an
overlapping, wide field of view in one orientation and two fields of view in an orthogonal
orientation.

Figs. 16A-F schematically illustrate the combination of various frequency-steered
arrays and frequency-steered array assemblies with mechanical steering mechanisms to

produce various 2D and 3D imaging fields.
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orientation. Figs. 16A-F schematically illustrate the
conbi nation of various frequency-steered arrays and
WO p@gues2cy - st eered array assenblies w th nmechaPrCTak2004/022377
steering mechanisns to produce various 2D and 3D
i maging fields. 11 WO 2005/008272 PCT/ US2004/ 022377
Figs. 17A-D schematically illustrate an exenplar )
si ndligs. f 1A-® ochemativatlnoillgstnate samo respmplary single afiglgyof view two-

.al i gned on_.a plane. canted fromthe rtj X{ S..an .
gl g SuBLTiRT b e i G b o B Rl porasonally
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usi fgal Tdsteales ancexemplary sembiation, of Irpqpency giaeres and conventionally
| GlabeY shid WSt e - RhedBfibA s ical -
boRRER sy shifl MPUGAL SI) AR BA ApRAeBH sing & conica
cubdtinerg amay.r uncat ed cone confi guration

frequency-stereed and .conventional beantf,or.med t.0 .

gendhat 2O Ba-harsiiaty i ERfHEFaSepishy ATy Ary Py Op pging a two-
difRnSSSIRLA Nndt 3lraf ARViIAE|a GiHchted! dd@BcoRfifiditi s Hefilin¥y-stereed and

that conbines frequency steering in the verti cal

codiverdivnalbnbeantfonneitergeheratsl 2 P sofumetnadpta sett he

ort ohal lindrical) .di,nension t. rQvi | .
71 el08 BRgp s SRR a0y SPRE A p e B that combines
fréfjuefS) dtestig it el BRs@kiontan® Bodfentibigal beatefoiniiy in the orthogonal
requency-steered acoustic array systens and net hods _
(cylindrisel) ghesasien fhpevideowide fieldy of vievpin hatiathg veetigh pnd horizontal
di%léjci&?s as an input signal to one or nore
requency-steered arrays that may have periodic or
aperi odi ¢ spaci ng or phasing of transducer elenents
t hat . nmay be_ bl azed_ and/or phase shifted, that nay be
Defaed Deserin dithe Jnventlionr or a nultiple order
ered%ggusﬁ

e 2 A e

conf i Qur QR Rafra i BYstdifs ARENELEE dfMhépicsai $iehtion utilize
and/ or ‘receive node. Miltiple frequency-steered

a hoadsdridcacanstaypudsesisears inpry sigealdo roam gedném feaqushcyesteered arrays that
T- conf iegliér ation to (gr ovi de dgsi.r ed

. fields f vij
g, D P PGS TR g BERPR O PSHHCey glgpepy Hat may be blazed
arld/d¥9hsAhet €Al tHaPal be g?dvid&lqh AN ordsE&WHNABipMPStEsT ¢ddfiguration,
produce a vari eté/.of D and 3D data sets that may be

angr thee s cbe eperated in a transmit and/or receive mode. Multiple frequency-steered
acoustic array systems may be arranged in an X~ or T-configuration to provide desired fields
of view, and selected array configurations may be used in linear and/or rotational mechanical
scanning modes to produce a variety of 2D and 3D data sets that may be processed to
produce 2D and 3D images.

The input pulse to a frequency-steered acoustic array operated in a transmit mode is
preferably a broadband pulse such as an FM pulse, a scale-swept wavelet pulse train, a multi-
wavelet or multi-frequency pulse, or another broadband pulse. The input pulse preferably

delivers equivalent energy to each frequency-steered beam. Appropriate sweeping of the
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produce 2D and 3D i mages. The input pulse to a
frequency-steered acoustic array operated in a
w0 ea@a®os2r2 node is preferably a broadband pul seCEUSIVOEB22377
an FM pul se, a scal e-swept wavel et pulse train, a
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c (3) 2 2B Sone nodi fj cakipons to the classical
resolution and grating theory are necessary, however,
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i \ : ever, for
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case of a frequency-steered array system The, i i
acbustiqueny yysiera design. aHowpverathetsds wifondsmental dgsue with using this measure

..angl e- depen specgtral fil . t '
SRR, MBS e o S Pt s
sySteRe MtheGReqhfiR yahar@l afay hagbeeiosed ad hemsfledepentiont spectral filter. In

beam poi nted at a given angle of incidence, the array
othér| werds, Buactsaas 8 pwEion; epestabifilier whose propartise: depeighpn i angle of

. br.oadb ngmi_t ] i\ . Uk

R RO NR R b2 56] Hoth B A, B 80 ot

speéfie hah@dr hy sub-pules uema yangtheeadbdnd aunsayittad er recivetd goilse. Using a
in or received froma different an u{ﬁar dir c&ion and d

lopg, ﬁngqzﬂgy Bgdplated @E/de?l}td) .n@e 5P 'gﬂ eHeArcEAte by a frequency-steere

ar&ﬁf%r%'r?«‘f’dﬁt%ﬁ ih Dr'RPGeed 698! Yidif8ehOindulRtdiRBAS, 4HRINGAY the beam’s
the half- power neasure of the entire pul se

specifioraed ok puleptisermbuisibates it gingelresatutiorb fomditchaamanHence, the half-
the resoluytjon which can be achieved on that .

PR TR A O S eI UERUE COUECH P SRR Byt S GApdyidth and the

red1i@oh Which @hPbOshicved 6B 1RA/beam. Only that specific
band of the sub-pul se can be used for range-resol ution
est i Fastd given @ngle of incidence, the frequency-steered array filters out a sub-pulse.

Only that specific band of the sub-pulse can be used for range-resolution estimation. One
can estimate this bandwidth for a frequency-steered array beam with a maximum at some
angle 6 by first assuming that the beam width is sufficiently small, such that the angle versus
frequency relationship of Eq. (1) is effectively linear over the span of a beam. This
assumption is an acceptable approximation for narrow beam (e.g., imaging) applications.

The beam pointing angle @ is then positioned midway between the half-power points on the
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can estimate this bandw dth for a frequency-steered

array beamw th a maxi nrum at sone angle B by first
w@s®anisge t hat the beamw dth is sufficiently BeEUE2004/022377

such that the angle versus frequency relationship of

Eq. (1) is effectively linear over the span of a beam

This assunption is an acceptabl e approxi mation for
bemar# omd 8am Vaey this mrdppingdssapplior st Gomtsned Witk Hugah) and (2), one

poi nting angle B is then positioned md bet ween t he
fings Fire hyaditdtip Br spesncgbyt the beam @Y 20615 © 6809 2

PCT/ US2004/ 022377 beam (r)_ and 0 +. Wen this

m dpoi nt assunption is conbined with Eqs. (1) and (2),

one finds the bandw dth'g(.ﬂ smr@@e)d by the beam(@t any

Bl -sin 8 -1t 2nMN CB

angle (r) to be,(4pn§) -9
f (B) = dB[f@?D(ﬁ)zﬁ ' 4 q. (4) can be
substituted int Oqusinéé}kin - fective bandwi dth to

cal cul ate the angl e-déependengmiNange resol ution for

the frequency-steered array as follows: Of (8) =c¢

(5 2Bf(0) The effective pulse duration can al so be

det ' usgj f. | v j :

sve i G Sk B 3ehdtie P . () BRI BRI, to eplolate the
anglteddpehdent Magdeitasbiudon ifer thofreducnepsteened atrayres foiloen: t he

sweep rate wll be a function of angle, the effective

pul se duration at each angle is: Tf (0) = Baf (0) (6)

O and the effective spectral resolution at the (gﬂgl e

(r) is Amd (8) =A2(d)=22% O (7) Tf(0) Bf(0) nce,

the time-bandw dth proa ctof a beam positioned at (r)

for a given frequency-steered array and transmt

pul se conmbination is 14

The effective pulse duration can also be determined using the effective bandwidth and the
sweep rate  given in Hz/sec of the transmit pulse. If the pulse modulation is non-linear in
time, then the sweep rate will be a function of angle, the effective pulse duration at each

angle is:

B,(0) ©6)
()

T,(0) =

and the effective spectral resolution at the angle @ is

2z 2ma(6) (7

A =) B,0)

Hence, the time-bandwidth product of a beam positioned at € for a given frequency-steered

array and transmit pulse combination is

14



WD 2005/ 008272 PCT/ US2004/ 022377 2 TB f (0) = of (e)
(8 a(0O The tine-bandw dth product, and hence the
wo e@slowd2ny power for a beam is highly dependemtT/Us2904/022377
the sweep rate of the pul se. One approach to
“normalizing' the beans of a frequency-steered array
i maging systemis to design the output pul se such
that the " sub-pul se' atB%éH)h angl e has a constaf TBf
product. Each suBBp{f)se—wit1- then have the sane
energy. A pulse with co ? nt sub-pul se energy can be
generated by solving for the sweep rate using Eq. (8)
as the pulse is being generated to maintain a
Theaiisd-bntdwi@s. préduct, rand lenasythe mesobasepowdrdndabdarh, is highly dependent
i ncreases, d ul se duration is commensurately
OndB%F‘@%f@éateO%E@@ﬁﬁe in preferred enbodi nents, the

| NpWhne ShSB&h BYeRRNIafikRgt Shd1BbarR® T a@'ﬂeg@é}ﬂ:ytslt&rém Bihy imaging
pul se 1sa non-linear frequency-nodul ate pul se.
syStainsie $o designtthe nirpyt pulecosvch dhat thessult-palse’ atlsedy anglekas| aconstant 7By

b rocessed to r ver. the full diffracti;on-Limn
P35 55 BBl Db 5] My ol 2Ly TR su-pu
enbiply! cafarddrdtdied by RbIVETE foRNIge swegOlad ugng &Y. (@t o tie patke is being

by Eq. (5) using matched filters. As descrihed above,
genpratpdelocyiaintaie reePsiant d@r arf¥saffeausaGY iRFreascs raaadwidth: mpyeases, and

. . olar 0 . _ _
AR AL R, AP o bocimnts, e
sigppliveqt o $s ndwonsteatphdithe mbecpuloniscs nosinegufreduenesmodulated

I
diﬁ&&aon-ﬁﬁagpdazié%h FRoRALA o6 AlkdrAteat b?'“ﬁ?i (g)" RAd B0 fil bandwidth-

conpose mul tiple adjacent elements aced from
limited mnge teeolutiyn a datemuredbyolq.t(heustrgiaptchbéd fiters.

wavel| engt h, The bl aze angl e the angle .of th 1
o) erenerne s, PEGHBEN ol gt aflar B PRgpymgy v that se
bdth &lRFadY, fioﬁarﬁ@_ﬂh@ﬁng%b_ eléhémSiotaiondaranisafis - for many 2D imaging
El enent s % are in electrical connection wth
applisationst t woanygaplarye cleciretics spafigyratignssiozam hlc hregpgney-steered
be formed in rall j ] r :
s Rt ERL R s Mabtyl 4 REGeRE BORARR, BrosuclTH Figs. 5A and
51.hén eposinfightatiohs, Ringy 30As composdd éftranltiphedddjaceneelements 32 spaced

el ectronics 34 are in electrical conmuni Cﬁ{l cin vvitT
from S AOEY DY distnga o HRY ORT pCY v elqueih i hablige anele, or the angle
Oig‘ﬁlgcéléﬁlglﬂl fac&cbb‘m‘%s%gg' QN biBndr" &sEHohess BESheRY, 49 45° for bath

receiver system Transmtter system 40 _ )
illnstogied sesysa Rlemsetsgenee an electivdl pumecticanith tiagsmidigr fuad/or receiver
ing.a,broa b?nd coust

o8 mich o VG RL o Fmed e gelly oy BEF GieE B BoREREY be provided
separat¥ly EBmBY physical array.

In the embodiment of Fig. 5A, transmitter and/or receiver electronics 34 are in

electrical communication with transmitter/receiver (TR) switch 38, which is in electrical
communication with transmitter system 40 and receiver system 50. Transmitter system 40
comprises a pulse generator and power amplifier 42 for generating a broadband acoustic
pulse. Receiver system 50 comprises a receiver electronics component 52 which may

incorporate a pre-amplifier, an analog filter and an A/D converter in operable communication
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incorporate a pre-anplifier, an analog filter and an

A/ D converter in operable comunication 15 WO
WQBSHe2Z272 PCT/ US2004/ 022377 with a di gital PGT/gsmn4/022377

processi ng system 54 and an i nage di splay system 56.

This is a sinplified systemthat does not provide

phase shifting of the array elenents but is capabl e of

.produci ng. and/ or r.ecei vin f requency-.st eered bhe iR .
wil) Sptegrh SRt OresRE arven o4 wd fl 1EREY RS SBeterg This is a
simpBfied EpRsiTtHat 88esHOEPOYide PEAI\CRITHIRY GTthé AthEelerdéntdbet ik Bapable of

el ectrical communication with two TR switches 36 and
proggeing ardforgreaiting A fieguanay-gleered Praafn a spghrbeare SEFHHIG: t h

L ans Het %ﬁﬁocﬁ%éﬁtegf ﬁ% 2l kSt land L8IBIRY - electronics 34 are in

Transmtier system cénprises a pul se generator and
elepipioslr connrifadtien wizh fvor TResvetchts AQ and 38 eathaofdwhich s it electrical

PR T arab e el 8 19T SRRy Tridniter sytem 40

corp@seh lOp16SS g GRIRONBH pdwder CREANTIES 4D Jor gerering bfadBand acoustic
{Jre-arrp |ofi er, an analog filter and an AID conpyerter )
pulse and ArhEAT ehese shiftas tor Phasgishiftng transyrbsispls cBisaddifipn to a receiver
i ' HirSRhAY1eS ¥ Pt ipltier! BE8kYG filter and
eleg%ﬁggﬁog%oﬁg%dﬁ? glgé al{ 180¥ gadZ’r 58§lyvl,116irch opae(r?@gat1 eesr a_n o
A/Bscongertep hmsemstnfcation with addigitalrsegnal processingesysteay 54 and an image
.received signals. This stem proyi _dgs.w J £t
BRSNS, 00N s B0 BB T8 SRR s o
philse déhsfter NhdCdiffekeatialnganenanfoe dedetved cdgmabin  Thidesystem provides phase
shilgt;]g{ggff&g%gl{r]gyeﬁ%h%g{rbws' ]g{rg lflnitn o ?gqe}mer egdqa%raiglg%grhggympqgmented to
coﬂ%htlﬁa@igt@rfg}%g&tgiggﬁlsnunber. One particularly useful
array design having an order m= 1/4, was descri bed )
aboVesquitiysstepessh ayray snast her erderided th meay Seders miyad/n, where n is any
larit . i f i ti -
ropQUEPL I, e  PY Wep DR R ARG - 16
was defibedabovel MRisrdesizn iy ddtrativapedasselinhsgedsiy yynreetau€e. as many
the 90 phase_shifting suppresses the, anbi gugus e
pogiit RO GHESS HHRAGPERETES Ve c00E NEP0 Ly gotaton in the m
= 9 fabhPgs CRRbEQRLSy HeauBb PRE 88| SHAsOTshiffkey saffbgero e ambiguous.
symetric | obes, the polarity of the 90 phasing can be
sywmetrifelebe.o I addidon, beesuoetis 99uphrsesifting etrolytherstrmression of the
. e r Sl b f itch
58, SR LUREL o, ], 15 062 REAAE i MRS o s
besvate shgmessig théeymmetnic Detsmoarite either side lofl thefperpendiguias When the
symretrically switched fromone.side to.the other.
opriaarBre i NS et Car iy AR o 5ehie el taRlyang e feld of
vidhh @VeyiiB&ritd)E fatcBéd frymQdnetsiid t90hebhse FThuréfbieNchei/8=1/4 array can
sw tched. The 180 _phase can be created W th the, o
preduse £ HPIS ofisiewgisnripe Bolerayiod di W phassshiiing swifehedy The 180
ph ahfb'e_%'f%ted BRlRasscd tRSERL IRl Sice®buctliaddltRréntial amplifiers
wth 4 independent drive and Teceive |ines, or sone
and atoneeak rosforfedi gi digltalineithhdahdepepdeat drivhprid fepgjve lines, or some

combination of digital and analog phase shifting.

g S

CO

Two exemplary electronics configurations for m = Y4 frequency-steered acoustic
arrays are illustrated in Figs. 6A and 6B. In both configurations, array 60 is composed of

multiple adjacent elements 62 spaced from one another by distance d of Y wavelength.
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Two exenpl ary el ectronics configurations for in = 1/4

frequency-steered acoustic arrays are illustrated in
wo-2@s/0082 and 6B. I n both configurations, arraRCB0S1084/022377

conposed of nmultiple adjacent el enents 62 spaced from

one anot her by distance d of 1/4 wavel ength. 16 WO

2005/ 008272 PCT/ US2004/ 022377 Array elenents 62 are

el ectri cal cOo ecgﬁg,to tra smtter and/ recei ve

ATy cglemghts agetP 89{11169&?, dR RS TRFFper electronics

strhdt @RSl tifch BaHMRRicAES SithaFans@Rtidr GhdRY $écRRr cdhtfdl systems. The
array s not blazed, but frequency-steeri n IS

affalchln@vble@yblﬁrf{iﬂqu@g-Stﬂf?EQ@lS@Pmﬁ Lyt digferences of 90° to
adj acéﬁj? ?regstrdg%?rgé; ot %‘E er I lb%gme fye Séiecl._tom@ %Bgfléd}&oglg Z@sﬁgﬁh Gn Figs. 6A

an@) &W, ths gbal i@ltbsﬂirstccleab eandrlthrism&nﬁﬂpér}}ppbq.‘xe-rshlﬁed signals, and then
phase- shi si gnal and then i.ve an
recBie w0 COBPIE SRR P S TSP AELLS | DU roEhd oS pRS are used to

isobé LIGPRSoRIR HaRehil %1gn'a§>0 ke thé ABw\Rlith @0 GedeivaN elBckronics while
signal's fromthe [ owVvoltage receive electronics while

trapsmaitiing Qnﬂlrmwénﬁjusﬁ@dbiﬁ $RRPIERYE ng t he sane array. In

g S 2 th??n%%sﬁs(ﬁc % st%%ﬁg tog mgg gAF'th% 8t6a§1€fmt 59%@‘71‘% rﬂ'ﬁ(ﬁﬁutces the 0°, 90°,

180% ascbzﬁhlpha@ehhsﬁegrs@mls One wayyto tgenayen drea¢ phaskdsignals is to employ

ha d nals [ a_four chann rbltrar
o i e ne sl B et e e SR ey 1§ etnerate the
redifiRe rpﬁh@dt dighals’ BaYI firetduse hasasd clengetadrBitiay Helsd gerstatoifwer amp
a two channel arbit rarg pul se generat or/ power anp

sulgypisst2eimapperats thedl epd e’ degtsesizanly 0 thradise éplérP@Wé‘F gansformers
to a%?gatéq 4 14 epﬁ(ggze Prohaded §1§1?§1§ffﬁﬁmﬁée Sikifedl O sighBs. In the

0 an Ignal s"fromthese original two
erré)pgmadns of Frg 6 Aefor endyoplerePQ° phbserihgfter GA anfl dwo d R8liuplass shifters 76,

se shifter 74 a 8
78 aaf%gﬁ:?eldl conhbl%a tﬁ zi)trﬁ)&jurc] Wg 09’5 ﬁ(r)lggucef?oﬁ)b Eés% 36"17 g sgnZl% that are
cortféllaphae 1 hdifHeeng ramdliser elbatenired throagi TRIslvatbhes 6bed
t o nei ghbori ng transdu&gr el enents 6

h h TR .
Swi (REREEe BETRED SRS Pt im0 BBk epi Oh ghjs-shiged peipm signals
an@'@gmglﬁgs Eﬁﬁ?’t% 5t hisgdie I%Eéi{fé"s@ﬂﬂn@jné meli SFUFRIbRASy these signals

themto forma single receive signal. One nethod o )
througlbTRi svgtchereGeis o gmalify andiligitigthalir fous whanselssarslgthens cqrabine them

. Lif f : o
dlgl{(_}aﬁ,g.: ﬁ}eﬁo?{%g m%{hgd ok’ fZAg ?\%}l‘ng Aﬁéoé% ﬁlé?gi?rgstet:gglae ﬂ'?r% £ %& to comblne 180
phhfeesdefial gpadls atns the:n useard aaaled oirerst ®© tcnnlmnerﬂummsﬂlﬂﬂg 90° phase-
S o BB R R S SRy o

180" 8d@FD 81 ABMNI0° 200 BefotdproldssinpEitSieyedet Sleitdi® @ngonent 82
processed through 180 adders 88 and 90 adder 90

copwrising, jor oxernde. agre-ArPkEe; yeanslogdilies pidan L EhpYtErer digital signal

' mplifier, an anal og
pr?%??é% a% ang{&/ E?é onv@?¥§ys’9€r§| g. tal signal
pr odeské agpustysireap S4teandf FigagB, thesif0aphasgshifiingB. taken out of the

transmit and receive electronics subsystems and placed on the array side of the TR switches.

In this system, each of the array elements 62 communicates with a TR switch 66 through a
180° adder 68. Transmit system 70 produces the 0°, 90°, 180° and 270° phase-shifted signals

using pulse generator/power ampliﬁer subsystem 72 and 90° phase shifter 74 in combination
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In the acoustic array systemof Fig. 6B, the 180
phase-shifting is taken out of the transmt and

WO e@siove7El ect roni cs subsystens and pl aced on PeEUS200E§22377
side of the TR switches. In this system each of the
array elenments 62 communicates wwth a TR swtch 66
through a 180 adder 68. Transnmt system 70 produces

AN LSO ISR R

thr e3P Hdfi&8 168 7hdi TR GRAtBheRdd &1 lages!{@ tBeA5h 0823dder 90 prior to
PCT/ US2004/ 022377 wth TR switches 66 and 180 adders

prc@sssxrfgemereo@veybp@mlmcmememe& adigitpd tsignak PEResising system 84 and

%% g@%},%ggmﬁders 68 and TR switches 66 and processes
e

r 90 prior to processing in receive
el eThe aiécadnico mpmﬁ]@natlcﬁﬂpresbngadt al Fig. oillrerces dwsitotg electronics

S em 84 and em.86.. ., 1h
recl R i G BORL RY (gD R pUC R, BV 1807 Phaggsshiging, aperations.
Thigh ﬁ%sté?ﬁ ghaye bﬁﬁfﬁdeoﬁnl‘é&lctlbﬁcbﬂ §igshltdndibe r&j(ﬁb@rﬁ])zi’.tyd to the system
ining transmt and recejve 180 phase-shiftjng

ﬂh@ﬁéieétm Bits SA- Ore way Japetarmethe f§ Euhawnsatibelat 5P spunecting the
186d z?faqj eleficHRIRE 'tl'[e‘?gOID gnc??fﬂa %%ge I:lgmteﬁ’[? baY w8 fhe coilg%ctlons made to

trated in ki g perforn1th
oppdsmxs ipalprigt eledv@dey tloayvqm thy pclemyé@twwg thdse pairgof ederdergs. Another

n 90 .and 270 ree elenents, but with
Watyﬁ%ggﬁﬁvﬁéﬁ? ?BOOL RSt USeHSBY l%fe ‘polarity el ectrodes
t 0 BRacaOhies I:chﬂﬁgnﬂhaﬁs foy diffeteneerdet lvoasticpaiay dedfns (e.g. m = 1/8, m =
ment s tqQ achi eve_the 180 haS|n
1/16@ msé/rt)ftaﬂ‘é%hdio&éwwf@ceﬂé deseahrd 1L %ﬁ PP@&?% q B?Fs"f? (Hiimafy skitl in

théj 'aftf‘t%rs@d"t)n qpd ﬁEscﬁﬁﬁ’é&ﬁt}% vidbd R¥reHETADBE W&l-Bnowh Tledtdhics design
6, ough not specifically

prlgiemlﬁm bed wi ||l be apparent to one of ordinary skill
' n lg]eear%ry% d s%%ﬁgd Qt{lwg Iaﬁe ‘1;‘1%8&' P{hhpﬂsth% HX\}edc%ﬁstQI?trs?ﬁgng and/or

and on NOWN ctroni cs design I'nc
phadel shifindelstwidneatigiboriag aleener i OPérivdic Ellembnﬂ spacmge(y)r a sampled

haye, const.ant aci ng and/.or ase f be
SPHER é’l‘i‘l’}%ﬂ“‘ﬁ?)rf@ ngh BE?E%W& esysgpipldq;t E‘P%‘W@rf?fj ‘%?Feedaa“ay This
is HBEMRLE perRBRL écﬁiedsab@ﬂﬂ&@'tﬂﬁctioﬁs RAd ma'fUh‘é@\tﬁfer b@ﬁl&e@hl ® employed

to the function of a frequency-steered arr&y This _is
dupiag sigval prpesssingite pmeeawp@peﬂelﬁpeﬁaﬁ dWieting ndoamgerstand the way in

w}m?ﬁ 811? gerfod d flqul g:{}%fﬁeeﬁ\‘@c{]alp A e%xgjg o Q‘l‘f&f& ;59? ?dug{‘ﬁ}st look at the

proces e appr tering
prEf@smngielsai ambxﬂrm angle aml ramige chfoamataqmer iRedéiged acoustlc pulses are

freq steer array ,can._be t ed. one nust
depRaTse g S e &Y 687G o R BpRPior Moot and down-
;?tdd iFRAGS dndf @nheRtd @Rful RaeedsV edlft@copisitd Bastbies @Snanitted, reflected
econposed, in tinme_and frequency_ domains, to extr

frqmm sy feegeh gad repeieg tha poam digaatnire dosAgrossH e firostipand signal
THREREERL 6f g%%fn#i ﬁl%ﬁ&ecgn e Md BEquRnBHIHiINASE REEA signals is referred

transmt t
to herein as “time-frequency (TF) beamforming.” One of the simplest methods of
implementing a TF beamformer is to décompose narrow band digital time signals using
STFT decomposition techniques, as described below.

In conventional Fourier analysis, signals are compared to complex, continuous

sinusoidal basis functions. Because these continuous basis functions are not localized in
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fromthe target, and received, the beamsignals are

deconposed fromthe broadband signal. The process of
waelemsn2gi ng the time and frequency domai ns of PEEUSI00€0R2377

signals is referred to herein as "tinme-frequency (TF)

beanform ng." One of the sinplest nethods of

i npl ementing a TF beanforner is to deconpose narrow

. n TFT dec Siti
tlrpr.a ﬂn?glg)gét%nai @%ﬁgﬁge% gg]@? cag m%ﬂg%ﬁ%nahon only on the
spFquli natterardl ths lest;lre Ssnglla]al Forads}ﬁmpw,‘ﬂaamﬁﬁilef Gah PO 6Xa signal having
hlchoﬁ nuouse q ; i dal . baS| ncti ons. Because these
o e R e s SASTRIE T SR ?‘% grency casiey etits and skewyOnly that
the 6ighd1 8RR %H éﬁéﬁ%&@%@&%&y It 8488 mok B QBRI @Q% al these
Fourier transformof a signal can provide inforna e
freguenpy grompeaents gequry aflowesr esruestial h}aohearmonseofs]?cgmat transforms to
F f
shg@ rWIﬁWr e@q u}?ortégnseﬁfej{hees'iggttaf ﬁ’[&é %g%pp%q yeﬁdg 8ghze t%\e/ mg%al’s spectral
contgmr- fnrtgq@re Atys Sgel gyalgtis idchnigind issédes aOSHCXS-TM@FourIeP 'ransform

Lgnal h a ow frequencies. It does. not
(Sgﬁ%n eécﬁ?thqtlﬂagh%\‘aélr‘fgﬁy libﬁé§’§nafs 28ency conponent s
occur. Fbmever sequenti al applications of Fourier
transforns to short w ndowed portions of the signa
may be enpl SVEH? e < jfn{a)yi(zet)eﬁé’dsi,gnal 's spectrdp)
content in time. This signal analysis technique is
called a Short-Tinme Fourier Transform (STFT) and is

f S
Wh%?e?tﬁe ﬁ.}ncld ?rk j/g/‘? As ca%l‘ é?he %J&ggvrv f@@?llo%%c} gsg(e%)ga]?;%érqlt:qgfg have short
tindé( dukatich ®©3}rb&de gbgd Wﬁnﬂﬂl)?é’y rgs%ﬂgltoho nl"}%n& écﬁorg ]élég\a' function

sel ected to hav€ short tine duration rov
alspé%grsgmﬁc@gbmnapbm thEhepestall egsblution of tIﬁdWSTW‘ nd@\fact resolution in
t he

as a gni fi cant ct, on
b°%3%§% o0 i3y MRS e pfeal i e RBverpit P the trediagercy imoertainty
pnnmpleb"ﬁhdﬂhrhb-lﬁféqmdy LineaERBEYridife 6ot Had 1RRdis Qrfﬁndamelntal limit to

over.ned . by I me-frequency uncert aint rinciple
th 8"1%1?‘?11‘3’“%“@&&% 193 ey ?ﬁwbeplieﬁﬂﬁ‘?dpﬁﬂélué{l@p@&ly fihhoth the time

and REfiRndySdondivindanmental limt to the precision with
whi ch the srgnal energy can be resolved sinultaneously
1

i n Bbt Hhereat {imits to avldcl feogigmt enetgranaysbe Tdselvied he bett time and
iJm | d
frefplefb) Sochdnd 0L 8 BudsBF ol Blg e et o Sopiineay Tos Bitygyon:

i magi ng system are expressed by the Equation: QAtvd
= TB (10) where T and B are t he pul se duration and
bandwi dth, respechi-wel, v._lof the transnitted pul@®.
Therefore, for a gi ved dOBati on- bandwi dt h product, the
resolutions in time and frequency cannot both be nmade
arbitrarily small. Generally, if the tenporal

where Joandt B are ths pulkpdor€ion ahd'Bandwidth, respectively, of the transmitted pulse.

Therefore, for a given duration-bandwidth product, the resolutions in time and frequency
cannot both be made arbitrarily small. Generally, if the temporal resolution is improved, the
spectral resolution declines, and vice versa.  This is an important consideration when
attempting to match time-frequency resolution to the physical diffraction and range

resolution limitations of a frequency-steered array.
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spectral resolution declines, and vice versa. This is

an i nportant consideration when attenpting to match
wao pevsbs2erjuency resol ution to the physical di fPCEHUS1004022377

and, range resolution [imtations of a

frequency-steered array. 19 WO 2005/ 008272

PCT/ US2004/ 022377 To process digitized receive

signals, a disscrete .short-tine fourier trapsf.or TET

ot grS PEREEIRTDahab d Bt bl i RGE SRRER DsTET
havifld 1k Bollowidg progﬁgs-%ﬁly b&iphlied | s(mMy(m- n)e-i Moo

The di screte STFT may be applied using a bank of

narrow band digital Finite Inmpulse Response (FIR)

filters hf (n) wath bandw dths determi ned by {f

wi nd DB TRIGE IO Dy{(m)yGmdn)ec€fitat . f requenci es 't “such

that DSTFT(n,e''n=== s(n}* hf(n) (12) where hf(n) =

y(-n)e' COn (13) Application of a bank of FIRfilters

to a frequency-steered array signal generates a set

of TheisdWIFT et applighaise abakefaende bafd dégitd fdiedmpulse -

can generally be correlated with .steerjing directiaons
Regope (i) BHers (i) AHIEh BAOAIIGIRS Fgmings b Mepufiow ieacian 1) and

cmgéqﬁﬂug%kgzémﬁghm (assum ng TBf>_ 1). Although an FIR
Tl '

I'lter bank isolates the signal's energy into narrow

bands, the DSTFT filters are not matched to the
sub- of,.t he be when a chirp transmt se is
used. ”éﬂc'TﬁB??ﬁgﬁgnit pul se i s used, thegli}‘w
frequency-steered array sub-pul ses are narrow band
portions of the chirp (or chirplets), while the
whefd | ters' of an STFT are wi ndowed sinusoids. The
sub-pul ses are the result of the frequency-steered
array's spatial filtering characteristics on the
transm e e and/or the received pul se. T93
illuzg¥%&e9€ﬂ§é poi nt, consider a planar mave(%r%nt
carrying a signal s(t) traveling at a phase velocity
co, and arriving fromincidence angle 0. This wave
f r ompplicatiah f a harsi AR filters te pdrgusrcy-stapred aglap signelgenerates a set
direction of travel. If this ve front inpin on .
of el S STl 9SS (LD HRI -SSR P og Sptted with
steering directions given by Eq. (1) and diffraction-limited beam widths given by Eq. (2)

(assuming 7By>1).

Although an FIR filter bank isolates the signal’s energy into narrow bands, the
DSTFT filters are not matched to the sub-pulses of the beams when a chirp transmit pulse is
used. When a chirp transmit pulse is used, the frequency-steered array sub-pulses are narrow
band portions of the chirp (or chirplets), while the ‘filters’ of an STFT are windowed
sinusoids. The sub-pulses are the result of the frequency-steered array’s spatial filtering
characteristics on the transmitted pulse and/or the received pulse.

To illustrate this point, consider a planar wave front carrying a signal s(?) traveling at
a phase velocity c,, and arriving from incidence angle 6. This wave front creates a signal in

space s(r-fc,) along the direction of travel. If this wave front impinges on a linear aperture
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a(x) aligned wwth the x-axis, the wave front's signa
wi Il be physically convolved with an effective
wapesoer2e2 f unction scal ed by sin(G L sinnee (B&)/US2004/022377
shizZ(t) =L a(r)s(r - tca)dr si 2 where r = x sin(g)
(15) This convolution is anal ogous to the
application of an FIR filter to the signal. However,

ach L orrespgonds to.a scal ed version.of the .
o g aar G 4BF £ 4FR" B nepieciehe 550l T BE By cOtvolved with an
efbdifk 9568 fuotiortbohidd by Theg)f r equency-steered array acts
as an angularly scaled, wavelets filter bank applied

to signals arriving fromdifferent angles. Therefore,
t he optinag.%eanforner is a filter bank natcﬁg? to
the t qﬂﬁgism a e frequency-steered “array
apert%ﬁe f @@?gﬁngE% &gptinal beanforner is
generated by creating a wavelets filter bank based on
the frequency-steered array's aperture function that
wHese Scal ed by the trace velocity along the aperture
ctrco/sin(9) so that ha(z,0) = a(rct,.(0)) . (16) This
aperture filter bank is applied to the transmt pul se
SX,,, 1 ét) éy length T to generate a natched15
sub- guF £S89t er bank for each beam using t he(1®
equation: h,, (z' 6) = f'2ha(t,0)Sxnt(t-1:)dt. (17)
The aperture filter bank is applied to the transmt
Pul 60BN oRAER it fankdgols’ ROURNGpTCAIAEEL t FTRAMILSto the signal.
used for only transm T or receive. It Is applied tw ce
Hawevehesath angleneoyrespands dol 2 agalesly versionsefdthg norigindh aperture function

B e RN S —
scAtbel R RR1RE 2R applidd e\ighdls hrriftdeithrh @SRIrett 2RRSs. 9TN&Bfore, the
by Eq. (2) and Eg.” (3), respectively, can be achieved
opiimehbaasifeigner i & fiftgpeans matehedfio thegransmiipylsapad fhei feequency-steered
) i : : Codi
anjgg gg?x}]%g f%@ﬁgﬁggﬁ%loggﬁag%%ﬁfg{ﬂeé I%n %e%g{ag%aa%ys&g%tln%da Kavelets filter
bank bhsedadn tle fdymefidyrtédrahandy’ s aperane dncyios et riedcaAsd By the trace
Thjs i s hecause aperiog;c aperture and matched filter
velpsHik alopg the apprturg vy coa$h@ 9db3tgned to provi de
appropriate spatial filtering. Frequency-steered

arrays of the present invention may therefore have
h,(z,0) = a(r c, (9))‘ . (16)

This aperture filter bank is applied to the transmit pulse s, (t)of length T'to generate

a matched sub-pulse filter bank for each beam using the equation:
h@.0) = [ 1.0)s,,(-7)dt. a7

The aperture filter bank is applied to the transmit pulse only once if the frequency-
steered array is used for only transmit or receive. It is applied twice if the frequency-steered

array is used on both transmit and receive. The full inherent diffraction-limited and
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aperi odi c spaci ng between nei ghboring array el enents,

or between nei ghboring sets of array elenents. Arrays
woreapsioas2aper i odi cal |y spaced, for exanple, in BCT/US2004/022377

spatially "frequency nodulated pattern (e.g.

conti nuously decreasing spacing along the array) or a

spatially “frequency hopped' pattern (e.g. different

acing al ong di.fferent_ secti e arra) or )
ba@fﬁ) thal%alt?%regrlstlwsawmbry %@ (o géﬂjégh ;resgfﬁiﬁ)s@ can be achieved

wr?eh @ﬁg%ﬁ?ﬂﬁoéofmnﬁml ary frequency-hopped array,
desigh is 'shown schematically in Figure 7. In this

arr a)hlsomntysg hdnads toghe ingpdrianisgengretizagion thag petshe $pacipg i(@r a sampled
t
spe‘;flrr g 9 01d)V\1As ngt GRIY glt tgsgr{’r i&%ﬁ&{]?fe ag ﬁeg&%&@t@&e& I31“3ra Tl&ls is because

a Secon IS arr

apwlctdvc ap&milﬂmha@mcmr@ tdrks haky®em bé ae@greﬂa@tﬁovm& appropriate
third set of n elenments 96 is arranged with a constant

spstpdadilﬁgngs Fﬂoetlamey;\steefﬁé aetaemrﬁtthe paasdntsmvemlonTmay therefore have

I eguenc) confl rovi des
oD IF D TAGDE JPRTRE O A =X MRS P BB ET A6 s of mray
eleMidntsy | PGrdyk A bk fpeesdicARsRbed, ShMERAHpIS, abaUdpaliflly ‘frequency
broadsi de axis of the array because _ a scal ed version
megfulateds r@rtr:@y(esg cepenoyply éqﬁﬁ-‘@tmg) fPacing ploggtthe @frpy) or a spatially

ﬁg@{/&r{rl%t Pzﬁtehh & T BASE L80n 0 h1dnE CRirMest s%btﬂﬂl@lof tHd 8rray), or

. aperture funétion appears to an
providéddia ratbltnw erte@d@eartdpmb@ spevedrasmdgenyatsieen the two

ang[&erfe)f’ ﬁi%{l rﬁrleéue%%gﬁépd)eﬁ earrg gsg g%ho X g’chem%wa'ﬂ% in Figure 7. In

ext ape uncti on

thid neaK reehffeetion, tahfidst set e@u:aélbmeﬁ@ akes apankdi with cewems apacing d;
aperture function, _the_sy nnetrrékgnrrror

"l obe' .
begecniEe siemEySichiToRl S5HACLTRAS his BB Wihd CoRsiEnt spacing d

beﬁﬁ&ﬁ' tﬂ@ SlethehRY erntcp Bet Off rS@ahbms obrigananey witde cbl@&ﬁﬁ spacing ds
atial l frequency-hopped array desjign that

beb’seea rth¢ 9@@1@9’[8{ @1k spcorne T hiskrrawpncyBapRest arggydéomgisuigt el prayides the
ad%gn%q]%emoi‘ trgs% \ng %lga gﬁ% %ﬂl&s A&%Qe%r st aﬁg 'agmlﬁ%lﬂ‘é{n S(ﬂﬁgl%gt angles

symmesiid aloout thls bﬁ)adﬂdﬁaﬂstdfahy ap’aﬁléaecairhd: fat sctleétvardivat v ére array’s

ts. of eI t ratl rra
opglGraiicdy 8 SRITE ATBEP IR b riie "CHETRLEI TGPy signsl. The
as%‘éﬂn@ﬁrﬁ;nEu‘r@}L @rﬁﬁ&tﬂﬁe nedctidR Sbpebrs thB&h mc@d‘éhSQ)uPs@dtoSEe Qii‘ne-reversed

his array design produces successful imaging resu

beregendhe iwh anglessimupdc about dhe propdsde s sTrrTheswmthat This scaled
apgrftl_% g?ﬂtlgg id &rrclt)gglaéﬁ ngﬁ@t ﬁ;gﬁléf gcﬁaﬁd%d(t%e ve : apf;étur\?@ function,

to a als conherently
th@ @ﬁﬁfnm,?ﬁﬁrr@ﬁ'ﬁia%ZI@Bd’/ @288 Atay b be pimpressaier One embodiment that

ste ryays nmm | so. used syste
prifiE RS R Bty s TR i e pata e e Bopped armay
desighian Mnhl’d)gbti&&o ﬂ&r\iﬁelf kRS Boykes t&EAE diséd nadansiliRd pulse design.
conmbi nation that_inproves resol ution and i ncreases the

£ 1 elAncgher gberipdicaly base graueapy-gigered appy designgf thapreget Savention
us® ard 51%1‘& gy ha%é g‘hlﬁrtﬂetb Betwedd BvPEAEET AEh@¥s. dRSthRBnfigRation, array

one enb he sane
elements are mterleaved such that the phasing of adjacent elements may be 0°, 6°, 180°,
©+180° and so on. This array design produces successful imaging results using either
matched filter pulses or STFT signal processing if the appropriate phasing (0°, 6°, 180°,

©+180°) is applied to add the signals coherently.
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array is used to produce both orders, with different

W ring being provided for each order. This design
w@e@siooes2 an i ncreased field of view using a sP@mUS2004/022377

array and the sane bandwi dth input signal. The main

beam of the in = 1/8 node conplements the main beam of

the in = 1/4 node by sweeping over a different

ang The in =
2O B oPAE e S PSS ERHE IR, IR G o s o
thﬁ)fprésbﬁ inmerstioh/ ghdnmde, beb¢tﬁnb1ﬁedairsﬂleh@ﬁ1e frqufeﬁcj Kt€ered array. One
power of the in = 1/4 cause the . in =

sol vi
a“BB ﬂ%af‘ GRPTEBT IS} ‘étloﬁlr?é‘dé%ﬁ‘i%a“sg‘gﬁ%@ﬁ Grvigwe o318 ¥inglparray is the

co?rﬁﬁﬁa%oﬁ RE ﬁh’é% QVﬁﬂ af® ni D8/PEEL AfaySRGeRs. Hhéhel e?nb?)d{rﬁent the same
in = modes generate two'independent beans

ar@adh US‘?det?uI@nél}CG botth etdletsanvithedibfonebi wirthgobeing arocmbd for each order.

T}ﬁg El@s g% A%gﬂ?esoa%la {:rg?érég %eﬂi o %!/ ﬁ%li}ﬁ’ égﬁggeoar%ajyealng t%e s&me bandwidth

mpmttslignap pTriepmbiat esain ¢fl thgm A 1(8 modd cdnyplehers tRymaihdeiA of the m =
may be enbodied in si.ngl e frequen steered array

Ao Ty FPEIRS O e P Reylas o op e soee epraeny pagd. The m =

1/@ Ak pranatss wif e dhdfiareiath fi@d efeRly oFithé RO= @f4%b&5ee dut it also has
for operation in each order node. Figs. 8A-8

twiige the resely me@RERpe by m thmqﬂeéem@ﬂlem Fa mrémamntams the same

nu‘fr?d%; b?%ﬁﬁhﬂé&ﬁ%ﬂg #@ad %I‘II/I hd B%lﬁéﬁ%ﬁ&?ﬁgﬂé Ty ﬁ/ and m 1/8 modes

I nterl eave enents W th tvi dual “arr
geabmtretwto, indepentiérs teatns dit reecit fre@renay, rehicle Icmmbatcoﬂdbﬁledlcs/er a one-

o5 o s B e R ST Radfb 08 s may e

co@fblmddt £id] eategppropielcemngsa plitalit} 08 arrh Drddrs @fhy be embodied in a
toget her and conbined to provide the nth el enent of

m?%%ﬁEPHE%*“BW“5WFay and a second set of interleaved
el e r 0g;
"Rk Sndifigle o]rQé}r r%ﬁ? Oe}%’ %rﬁgloﬁl%gﬁhgl@ an%gdofcéignéfig ?Vl%anlfferent

provi de an th el e order rra
elgrhéng sitirieg providad &rivpdiatiemin ¢anh whiec modacRigar ¥ Cdllestmist exemplary
O i s divided p 8..pf th el ene
iRl g% NS Araithl Rofogirboan iy S8 iR foel 46 B mtertcaved
subé’lemeﬂlte methin daele didﬁkgdlieﬂl erray)éléﬁént B thi éraboditib, anBeray element 100
1s@%|ﬁ strates yet anther enbodi nent. i n which each array

Afto ey of tpeomaniel (lekdsin Sommdhatres Wied Yiediately, with

a Bifsf 38(f 1ﬂt&léa9é<§s&@ﬁ91@hﬁqm IOM‘?@B ked ?d'geﬁﬂ:gaﬁcf‘combmed to provide
actuated, element 100 is wired as an order "A" arra

thoyndhyplemgnt efithe prder §B 3 errumansch, seedrakashef intpdeavied elgnrents 142, 104, 105
Wgéeh[ %gt%«%r al% ccﬁ’ﬁl;ﬁélé/dr ‘[SOTBI?%/% a%yntfl %Te%én? %f %do%\é% L&h ' gy Fig. 8B

en array orde
illpstogpsanmeaibbéiment innmlyiclb mchahey E]abieﬁt mp 11; Hﬂnmdewah affirst part 108 of

005/008272 PCT/ US2004/ 022377 There UMerous._ ..

thg, A Bept 60005 05 GXIE g AR 201 Aeeropdao O the Sement feeding the

ortiEPIBETERAY e Bid. BCARuaREks ot bﬂ"ﬂ@&'eﬁ%o&ﬁi&h@ﬁ&swhﬁhl eichdetray element 100
sonar systems and nmethods utilizing a S|ng e or

is giyitehadleebetupqnalys, diffseent prder esaysddsitkin embpdineat, ayvheprswdtch 112 is
ac%?ateg,r elellnéntolrdéqg WA Y ah QrdiE PR %{'rgy,awﬁénns%lﬁ:hflllgllg ac%ated, element

100 is wired as an order “B” array. The array function and switching between array orders

may be programmed or programmable, or may be selectable by the operator.
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view. This inplenmentation may be used, for exanple, to

|l ook in front of a vessel and imge the bottom and
wowriosnos2et uim in front of the vessel to det ectPCT/US2004/022377

navi gati on hazards. Schematic diagrans illustrating

various features of this inplenentation are shown in

Figs. 9A-9D, which show how a single

frequency-steered arr may be used in .an underwat er ]
Cost HET G BURERN BRSSPy oAyt episBy By bcimleraented in 2D
ankil T URAMEYE SRS Quoﬁrds%n@rt?s%stbﬁs and %étl_ﬁ&l@luj:ilizin% a single or multiple

orientation, wth one of earrg/y's I maging Ti
4

. i el ds of
arfpyewlhosimplssidesigngasiiise 8n n hds oy ¥t ender geraydogersrate a single field of

. ' ' . v cal slice of the area..
i AR RRR ARl FRP S pls, RrtEihbClabal it of §5rhERd imoee
the pettant end waiet holumhan m’rfmt ﬂlhthe @%Elcﬁong‘;]daoﬁaezﬁgaitiah h?zarcllsd Schematic
.obstacles i.n front, of t ystem The. imging fielg
cigipays QG e eyt i (S R g B B 4 Figs. OA-OD,
w0 Wiowe Gow Bsihgls | ftequéddyKtedred Wray Fhdly b AsedNAWE VARG Obstacte
sonar's field of view 122 is oriented relative to a
DefertionrSqmpa(PBSInshiemt &y placiag e &isetengpateetsd ryi @9 in a vertical
' f, . S, 1.0 EEQN
05, b ARS8 BAOREPLAS) 2 ATEE SRR e sy
préduses avo-dinesmsiondl ingeaof ayvet2@l1 atick iof shd meh diiettly ireront of the
. 122  respectively. This, single order, . . .
ey AR Gl Pdfes APl ™, PO el orsroeping yewisbgbstactes in
franndf i systeina iR ifaping SR1d 6F wb@|JfaYs WIS EysenY @R Bh $- vessel is
ws a.sinplified schematic diagr

Fig. .10 sh . . gram .
shpyt Slemafisally 16120 38 di Odh THEME G the sapamufiol pAyergi22 is oriented
reaNed RN Ltk DA EANGIEY o5 b §84E01 8 {08 ovidl b9 SP R ocean floor

flow for thi's system starts when elther a processor
ang pbgfpdes inyfrony of timvesel 124ucRiga8Cand 8Fphibera Kde wew and frontal view

| cat ? evi sends. a, request signal.to
L N T IR
arday peovideb 6 @6° field ef viewaintl esuital]e Esituse §0MaN0W SRtk ehvi®hments.

132 sends .l ow val t age pul ses to power anplifier 134,

V\,helPig' {lﬁe@ogpé %@ﬁﬁg?d( écgle tig, Fbg”tgr% pl{lg‘@@tlrgn@ oY embodiment of a
sofd#! iBRSing T9ySteM &gy | Hc3B&cyReRBSartd 3 i '
f re1 ugﬁg S;-g]gtteeer édg/acoeﬁst icg arer aya 1 S%r%uaﬁs §]O1WRfor this system
stagiyj when cither g Hpaecessop|ogtdisplayt $ystehp b3 clutiage ar @omgiutes or a dedicated

: C [ f . hi t i | s, . .
dls‘ékagzq%eéffnbgys_glzc%seie ?%BE% El@@é]?t{&cs\églgr %ﬁoﬁg;g@nw? 8 rcli,}gltal communications,
Iiner dfet geavivingh thehiegiresy sbtagentdléat 132cehds iognabisagt Puldes to power

' [ |s that are, sent out intqQ the water. At
B hf At i it srvaned S Figh Yallees palemphisss. The high voltage
puBesd irvad €8l frequcREHeBEYd A6S8EE %Qaﬁ@%lﬁfr&fgihaar TRYwAi38 185 sk isolates

transforns any returned acoustic signals into | ow _
thelgpi volfase terars ¢lpetromics ifigruthe highrieltagd Benaleo | Rregyency-steered acoustic

a8} 894 §d /R ﬁﬁ%ﬁﬂssth@%%g %%ﬁ%t%%l é%@aglg Rotd é?oeutsﬁc giggals that are

recei ve el ectronics nal's
serdropt infa thd wattdr| tAd theisl poiaf) thediegriitd didelof thasystendisgictivatet], Frequency-

r r n_Si I e read into sonar caontroller 132,
sebitd S oy PR R FETER® oo SePSiocisptn g o Yow voltage
elePEtAIUSZRNN/ D38 Tow volige deuhiadal isTEAEI8 passTTheouBMBX switch 136 to the
controller then sends these inmages thr ou?h the digital
recetve electronics 140, where the signals are amplified, filtered, and digitized. Once

digitized, the return signals are read into sonar controller 132, where they are beam-formed

24



communi cations line to the processor or dedicated
di splay 130, where they are either displayed or
W@ L@seB2fnr | at er exam nation. | nmagi ng syst ensPOf/US1964/022377
present invention using various types of
frequency-steered acoustic arrays and array
conbi nations, may be inplenented using simlar
~ systens configurations. |n another sonar.szsteﬂ1 . .
inte reonETERALEE Jbei $Aa% CPBFAleT jtherrisgids these. pnages through the digital

corBﬁﬁgl*dStM'ﬁ&t & &&dg@E%éﬂ bf dRditA¥d Jcﬁ%)ée{ys 150 NhGY ftﬁf&nta& either

produce two or nore axisymetric fields of view

displageccabsidiereint latdr |eyaminatied ImaghigysystenisrefthPpraspied invmtion using

fields of view 144 14 rovi de__inmages a .
g SRES | 6o RN g B PBLl: Aoy Sageuleb, Sy Gbfgong, may be
implematé@nting sigkilsr §y3femsrBiififigatioayi gati on and col lision

avoi dance applications., This sy?ten1ﬁnov]des oth tEe
ODSIt ABRfbY WRaEFYpten AMPITRRBHOR LHERIAGD ﬁ%r“%t)i?_sf equency-
ste%rgﬁggocus{ig aeylsfl@VYs LOsARIan PRMBce twdBARSe Akislhiiet]d ffedds of view.

bott om ow the array. The 3D rendering in Fig. 1 )
In 1 ehovdmbgvillusieatedsionkigs. sl 1A- BiRisthe two ifields 10 4view 4649146 provide

. oriented kel ati.vg.fo ropl agf ad. 0

i 5 S B0 g BENE R AL QLD 0 s

marine iagigatiorewnd taligies biveidinee applidabionar r ahiasmdtant provides both the
fields of yiew In_this enbodjnent wo 25 fields of

01y e &1 51t et Eivoeh KBS onat DL Te{ish ief sy Mgtantancons

im8 QY ehel SIBAHERAWTSbASH Bltb ARQYUIThE (BDatfeﬁ@éﬁnigWFI . P1 & shows how the
frequency-steered arrays may al so be e 0 in

/ | mpl oye

somes's islds oA miewslidi Mfsare Pricntpbiehitivs dne S‘Fﬂﬁ%ﬂ{‘%‘&ﬁ! mpytehen a vessel

14@."?@.' ﬂgﬁzmd fl‘ﬁ)sh%gg maf_vife{sveaﬂu SRV $leRe ;@sgecgwagyéf_ A& Brray and its
ori te I nan -con | de w de

|gurat|on to pro . .
fieldsedfivietv .vi lavthiswerhboditnento tw 25° dieldsach viemr ang, provided in different

contributin%.t @ conbinedgiiel%.of view. In an
TIPS e At ?r@gef R S F Y B or i ented in the
sampatiseidifentlydtRredi didyaumhi x86 RNGAIGfed iR hftliods and systems of

the constituent array faces 1n the frequency-steering .
theprageat inpprtion; e ane,emeadimentoorasmare SRausHgy-sietfed figeys are oriented

in L€ ioh! eLthYE fRId BY Vidve WHILHRS 8bY: of each array
lnﬁ%tﬁéen uogfhlg)gﬁﬁ%%b gﬁg, nor e p}eferablyt %%tmgeﬁmz.amﬁl
contibutingl® sacvanbifedaield déyiewd$n amXtdoafiguntign, orudtéple arays are oriented

. conbi nati on of orders.and the bandw ) .
in S e<b B R e L o cena s PERGRALOE g offRficnl Bfay faces in the
fraabétyStaRtitg biad, Thsifingd erivhtaifon edmidnnaipls bétwebw tiof faces of the

vi ew can be generated by usin | ar ge bandw dt h
TesPgFEiEt BFAYE HaRTSHAPLY Jietatre) 2 9}18 18 angh b%}%u £1°Fq prefigably, between
abB@ 130 b LA AN lepn8Y6:Pihe RRAP o RIEF SYRmbMALBH BASIIMEladd the bandwidth
three arrays could be used with smaller bandw dths to

uset. e Horenaingée, vden tiveusinale pider wis= df4 pariegic ariays arenmad, pogingle wide
iJ.lustr {] L b

A58 SPOPT 1291ty 5 SARPBILLS 163,08 g v

ocpveydigied ahdbantilizieobdth dieldavt eiew oifieotahirgyseitesatively, three arrays

orjentations, an éi.lds of vieware.illu ated for
copliertocd wih sipllehcandyigitso et Witk Soimupu P Gt s

and Figd 12A-12D illustrate, schematically, the capabilities and arrangement of multiple
frequency-steered arrays provided in an X-configuration. The alignments, orientations, and

fields of view are illustrated for two m = 1/2 or m = 1/4 arrays, but other array orders and
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array orders nmay be used in nultiple acoustic array
w@ooebioeser: ons i npl emented in an X-confi gurat i BOT/US2004/022377

Figure 12B shows how two frequency-steered acoustic

arrays 150, 152 arranged in a horizontal

X-configuration with the array faces at a 40 angle

with respect to one anot her c n, bgwgt ?d in a Forward
combitetioRg SbraaraY( PIIS) &Yt B%n 4569 Ple agpustign ey sq@binations
1m§)1e§ﬂegf%dq{1 a eV¥6nkeflratidm 6 FRULAY 1'213 B I Gk ﬁéﬂu%hc%nsteered acoustic
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bolipyleqtireh ELTOH OF §ie SOPORPBHERr | B FeRrerE g%&é%tsha’rvs how the

soﬁ'ﬁ% dbihed ﬁél(ibebf ViBiavd Sh@ed 1cBHide 18 khe RVt 'Eﬁ:yaxpa%zs e placed on
i gned, as shown, to provide a continuous, | d

andfche bntf@m surface M0  Bigh oldiCrandt12Dx showi atap memmd SEE \fl?\@ Ioﬂﬁle arrays
r
an, th?l g \})? g\?v%% %vgl& ‘ﬁﬂtﬂ%ﬁgpger %nélgl?f;%ﬁ %Qlléﬁ??tacﬁgthg rarrays the

indiloiawal ﬁeﬂd}ssﬁ nigwnes bd hlmd Jdsckhoivng ®, protids ai ntimetus, wide field of
nec

. SSarYy, d the arrays L S e anot her, .at, an
B B B R YRR of el i &bhodce o
coﬁﬁmg e pelde vidky. t he arr ays may be offset by sone

linear distance fromthe mdpoint and still produce

t he Althengle ek configysation apiays gr&rsa?wa §rasging aearitheir wydppints, this is
e SERhLY Sod o LAY B GBI MOG0 g SR, e
wardgrthb Icrdssmgdaoartt ofi thev.ardaps avhgh e offsett dycsomiz higag distance from the

m%}ntgrllde %lfpiégﬂﬁ?lt}?e{ﬁ%%re éa?%crét? y@}?:)g'ﬁg&}é(‘éﬂ%g’fqgl 19%‘@ tlar?y ¢ffective in a
twolg 2§ N RERCwhE KiER &EeGuehcl BEHRE afel hadd WontigRWsIy HAlthe tdhter of the

an_X-configuration dual array conbination, nay be
°V§F9111Lf§%€if‘fl6wpr ovi de a contiguous or over| apping field

of Vi, 8ok o QOIﬁ‘ﬂnH ben@BbRY &St opRR Qﬂh% - anFngonﬁgi@atlon, two or

sh owst%efle view generated using a single
mmﬁlmultlpluedneder anam/maﬁ also bt iplemignted éereath atlanghleﬁﬂﬂ of yjegy that, in
nctog? fgnllrﬁéel 101 4 f%elllealéldasll %)El})bdl%a %’gﬁo{r})‘ﬂaf ISt gedéus?édd {EOFProvﬁlf chontlguous or
oveflhppiﬁg’ fitldsofhvisw tith 20dinglbes@veraf bmdlmdtm dhg. lalAr shp®/s the fields of
164, 166_.can be, ranged .in an X- conf | gurat havi
vigW gpyeEaied A D %Flnglﬁt pitiseyd ffea%é? ﬁéaaﬁv? 8ot fﬂwﬁl? =118 and m =
1/RRYdsTSvidw | Al Gfer siAO B iaOdeRtéslinRr aré lcbAtidubis @Y 8id aRRInNJ Fig. 13B
field of view. Another useful nultiple array

lllumfafnghnvattwgnofethsmwltmh tordsr erfaye d@énd 9o §@Ieéaeea}‘ranged in an X-
coﬂfi%@%ﬁoﬂ ﬂza@'?% gl fg&ﬁ ;angﬁ'lﬁlaut&fbn IBQW ﬁ‘lg am% 'hvglg gMes a large,

ays an View are orien
coaag&owbhailg}ﬂy@vamegéieidmgum data in two di nensions.

In tzbno%he%olrl]sfe lallttlpf)e array configuration employs multiple frequency-steered

arrays in a ‘T-configuration’ in which the individual arrays and fields of view are oriented
orthogonal to each other and acquire imaging data in two dimensions. In this configuration,

two or more fan-shaped fields of view may be oriented to intersect such that the axes of
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two or nore fan-shaped fields of view may be oriented
to intersect such that the axes of 26 WO 2005/008272
weERADsE200D4/ 022377 frequency-steering are oriBCL/E2004/022377
ort hogonal to each other. The array faces of nultiple
frequency-steered arrays arranged in a T-configuration
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confifured 4@aysFiFgs - 14B4G0A04 ﬁ@n&&%ﬁ@ dt\Re ﬁ;{fdjlﬁedﬂeﬁ%stgére& Bays 170,

T-configuration conbination. The nul tiple array,
172 hayiei igeasaariapgedceindsl aeuts engle tmonreanpska, i Toonfigmatidngmroducing
faldt &y & - ¢T ipgur b d of i j.ng:t W ! :
R T R T
copitatigonal pl anes, as shown in Figs. 15A-15D. These

figures w _how.1 he conf.igurat.ions of Figs, 11 and X

1o S SO AR TP SRR G o ST RRIoR g by Srifton with the
X-Lbatigupdtioni Bie rientiagethe Wiléhfialid of RiRE cRhiteing®, IePRSoBfiguration in

sonar _i mages described so far: obstacle detection,

orthggpnal BlERFSnaS shoxpingiagsad pA-158b kKThege figares Hemwn hpyi the epnfigurations

I8, L] S840 SRR 502 Ul M s

witlod! thidee {2 typescdspmy imageFidgscrib&¥so fah @bstatiedetedtdn, down looking,

| t rray, configuratiop's fields of view are
anf oL oo @Ot % 138 foduy Reed el 182 may be
opplagederd peoducEifighls oFSbevaned,Fisg, 195G 0V Thé BDEreNdRMs aRFig. 15A
Vi ew, especti vel of the arrays and their freld

top Y, , : .
sheys b?‘f@\ﬁée %&W&W‘We‘?oyﬁg%’é@f t BeldeAE ylewtase pripfed relative to a vessel
190 EhBNrAYE Sraflsbeli’ GHURREY 15¢ 6RA eﬂ%._a'i 58Ysho® a Elﬁﬁ vRGE S Yop view,
invention may al so be used in cohjunction wth other
regpeetiviclt ebthi ayaysrrdiilesinfi¢ld pfrvinys reaspestimélyues, such as

nventio el ect roni

nec [ ha, .C
t] nelﬁg eﬁ%uegﬁgﬁé‘%@%e teé’ﬁlinﬂ?es %%J]aarﬁeflg?w}%‘fereéln FTPHa8k the present
in'zﬁnlti'pmmila@oals@rbgh&eéﬁﬁ :clﬂﬁ_]hhafbnt with rotlgp ijeast’ﬂéﬂri@g land beam forming
el ow, unmmari.zes jllustrative, 2D and 3D acoustic )
g S B B GRS N ioRay BonIe G eAEAY e phase shif
bedeforRBIED| dadNBhdsé e&%ﬁjaﬁymgtas%él QUi t@ézlﬂﬁfuegeamme 1, below,

steeri ng met hodol ogi es. 27 WD 2005/ 00827 '
supgpriggsp dlyairgve 320y and 3D acoustic imaging system embodiments that may be

implemented when combining frequency steering with other beam steering methodologies.
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Table 1 Non-Freq-steer Freq-steer Freg-steer beam

steering (single or nultiple arrays) (single or
worpiosiopd2e2 ar r ays) techni que Ort hogonal to ConRenuUsmnad22377

I n-plane with Technol ogy Conventional Technol ogy

Conventional 3D Incoherent rotational stacking 2D

I ncoherent overlay Mechanical of inmage slices

Rot ati on 2D overl ay coherenﬁ l‘?n range 3D Coherent -

rot ati onal synthetic direct 23 ]aperture 2D overl ay

Hstee! T[ANgE 01 T Behls@dy and rotagi onal Sy Rehis
chert i B ot o N ww& gl 12100 LA, bitmilipte aray
t
rrf

a2| | rectl 0 1| ncoher With

g. of 2D ! nfﬂlw 0 no?o EEELC%nY@n lgngﬁsghnology

op fgn@:ﬁ rent 3‘5’/ Ingabsfe r§ Retionl %ac%’l%} 3%8%\‘%5%%\‘6516}%
so¥&Fhapisy sag)ofype nt overlay in|{range and

sym#&Hc aperture Convent| onal 3D Ir@@rfé’re@?ﬁ"(’heremmrange

st acki ng of s|l3RkEshoent ~ieigHenad anthsfisr || directomect r oni ¢

Rot at i onal 3D a@8H@eent -rotational synthetic 2D

coherent over{lay in range Beanfor nm ng2Bpwetlay eohgfont in range
coherent overflay in range and synt hetlidoecparandr@ational synthetic
Conventional [3D I ncoherent stacking of| apérteeproziding coherent-level
| ncoherent overlay Electronic Transl atésohusibn 3Dxzimuth direction

Cabaventibndl i near3B kvbhathtdindd? serRimeont |over 2ayIntshefapgeerlay
Beaedahidhing aperture Zbhgahegent overllay in range and

Linear 2D coherent overlay in range
(side look or 3D Cobherent linear synthetic
forward look) aperture sonar (3D SAS) 2D coherent overlay in range and
synthetic aperture
Conventional 3D Incoherent stacking of slices 2D Incoherent overlay
Electronic
Rotational 3D Coherent - rotational synthetic 2D coherent overlay in range
Beamforming aperture
2D coherent overlay in range and
synthetic aperture
Conventional 3D Incoherent stacking of slices 2D Incoherent overlay
Electronic
Translational 3D Coherent linear synthetic 2D coherent overlay in range
Beamforming aperture
2D coherent overlay in range and
synthetic aperture
Conventional Stacked array processing: 3D Split array processing: Target
Electronic image generation by estimating localization within a beam by
Phase Comparison | elevation angle in 2 or more beams | choosing angle for given range bin
Angle Estimation from 2 or more arrays

Figs. 16A-F illustrate, schematically, frequency-steered acoustic arrays of the present
invention used in exemplary combinations with mechanical steering techniques. The
orientation of the mechanical scanning may be in a linear or rotational direction orthogonal to

the frequency scanning plane or in the plane of the frequency-steered array. The frequency-
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synthetic aperture Conventional Stacked array
processing: 3D Split array processing: Target

wEbk@snosam ¢ | mage generation by estimating | oceCT/E81000622377
within a beam by Phase Conparison el evation angle in
2 or nore beans choosing angle for given range bin
Angle Estimation from2 or nore arrays Figs. 16A-F
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in20f AR detieWil dd@mbhdd $ifaikanAlaltReddd b eRhteREM volumetric data
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ort hogonafe \é\gl%ﬂ{eg%d:a?g:tq?é gﬁé&?’ %%e?%qﬁéﬁ y- slg{eégr é‘gﬁogonal fo the
frimpaney/-steeged planbds qabievidnat heuescive difniesst ﬂmﬁﬁ@lp”ﬂixhrﬁiltel@ 20% of a

woloRily et B 58T Rih LR SEREEREBHED 0V By B ARG the

artdy @veepd alcirblad sydfhefit Aferife Sithea TRBREE If,i,f 1F bRaas u&{te number of
translated) to create_a 3D volunetric data set. This

Pifgt e §@1tle°&§1rf° peopioeEieer gralbinaeing é@g i Tegef mhwqféequency) of
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OXI tel 0% 0o engt h
prpfiR8g bY ) RSP Fulfhe? bl Sl PTYF F0A ooy resitation
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frequenc
igs. ¥gC and 16D illustrate frequency-steered array embodiments in which

mechanical scanning is implemented in the frequency steering plane of the arrays. Fig. 15C
illustrates two frequency-steered acoustic arrays oriented in an X-configuration, providing a
dual array combination 210 that produces a wide field of view horizontal beam 212. Dual

array combination 210 may be combined with a rotational mechanical beam steering
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the “synthetic elenments' of the synthetic aperture and

the re-registration is sufficiently accurate, the
wa@l2108/002y2 be coherently processed to recover tPer/Dsion4/022377

azimuth resolution provided by the circular synthetic

aperture swept out by the array. Adequate

re-registration for this coherent processing is
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acSlir@€ied Pdter &n Wk 2080480 3 2TRE Ty ol%%@soﬂlle Qe?s%ﬁ&%n and reduces speckle

mechani sm 214 that rotates the dual array conbinatio
by gffestiyedy Hicresping thedundvideh efahtpixels (mgohemnduh@ehaf 2Pa comblnatlon
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OVpﬂmyl Ipd)cmgplrg di,la(bmpieﬂE:é.y Thun‘aecﬂmique rpradlfbei haRD nnoﬂum: @fage having

hor i zo heam 21

sulfi s ey o T, PO o dAG PEApC s Single transmission
inagidgkyAgnechani sm novi ng the dual array combination

al ong a linear scanning path 218 to produce a 2D data

set 1 (hedrrreesination sancbe goiered to aeawaeies of lngs thm@@somytely 20% of
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systemr égtlﬁmeqde @vero ntuﬂteple dospemytsteerdie beans t(ah henes the full range

[ t esol uti on. and )
rel SRR B PhpioB o Er 4 b PaQe syl e system using
onb amdm» of barﬁfwmﬂhespﬂiaa abs{ hfieORRRRE DY beadss feb®¥rs RE FulR octave of
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Adequate re-registration for this coherent processing is relatively simple to achieve on a
platform that is stationary relative to the imaging scene (such as a bottom-mounted sonar).
This processing will produce a 2D mosaic image with further enhanced resolution and

quality compared to that of the incoherently processed and single transmission images.
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view pointed forward. A rotating motor is then used to scan the array’s vertical 2D field of

view over a given rotation angle. At multiple angles within the rotation, 2D images are
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beanf orm ng techniques to create a 3D vol unetric
i mgi ng system The single-order and nulti-order

WO p@ques2cy - st eered arrays di scussed above nay BCHUS1964/022377
i mpl emented with phase conparison techniques that
al | ow neasurenent of the angle of arrival between two
over | appi ng beans when the phase shifts of the two

rrow t nmeasured. .Thi,s orrbl
cREEEMAONG, B Uh0R A MRS pul S SOTSANL OB Bhce of
are® Baptidds efherfdy rd:iadenng'ﬁm Iﬁgﬂi‘llHAEﬂloWstHdQ}gl(hB @banh&i EBI@S of view through
| ane or in the same plane a

frequ steerln%ri
SR qﬁm I8 PENPh & atpegR 2 veRikleP 8 the @frmatSé&aced on. Figs. 16C and
1615 BRIWR4 opakidw ; anc?s1§é Neker fHe%My @hd ¥ &%&%%s%‘cfm Q%b%vely

a two dinensional circular frequency-steered arra

230 Rerhapaeaneool thepmasteversatile Goﬁlbmmwﬂseoﬂ/ eorvieniddnal and frequency—

fi vi ew 236 nechani.cal l.y_rota
SR Iyl LB R Mt el i
(sgmamnad ellad 3ide miwwy bandainéngetechnidifs.s Wagie 88 gh&vs®Ychematic

be rogramed _into a devjce inplenmentation, or it my

%‘r 6@#&%‘%“@6 OYPEERIOBCPE A ecog@n%q@le figguneypigerej gnd time-delay
bdiﬁff&ﬂnfebl'pﬂina§ }iﬁﬁf o %f ftHeeﬂﬂfe'ﬁP YiveAtRa! eﬂh@flfu@ﬁ‘a‘[é@ array 240 is a two

nmount ed vertica one of its field Vi ew
digspsionad ar@vmﬂdnambpdtrawdﬁb igt suaies r@dﬁmgulazsedrqu@r,sgmi or any
nt?n{i_}feg t@? %tﬁé(rac%lé 185‘[% U?EPIOB :.J\ghrglﬁlar con?%r%%{gl{ s adgan\{ageous for many
appbtaitons rhecaie |thagnredu&eé beaﬂa )Mite&ﬁ)(]ﬁé (168/2§1ae lobe levels. The two

PCT/.US2004/ 022 col l ected. .Fi t he. se ate. 2D. .
ST AP kbt RIS FEiarards Reishars s ringt g vaica directon
ardr thrfe-8€lay Bedhnforing 3B theRsteohap dirébnEthd 1ﬁﬂeh§s,mﬂ&>dhﬁéﬂt creates a

t he scanned fields of viewthr og% sweep path 234 are
SR rolemerty freld eftvicw cowpesed oht éPectxBgorind bapmag4d.s pl aced
on. Iﬁlt19§ B&fim
of the a?rrnay a%gtdf?n;v@@éoglﬁnegﬁ]ff ?%é/{e?ﬂ QJLQ afd {8030 Bbhs and steer
beams ;beummzélyyto Peathapagesve a@th dhe saost fre/cpleﬁ@t stéeeed imaging planes.

MR s SRt TRl Fene B oty A6 de Rl vith oo

plpha seragopdrated t® providdEb@h lﬁfehild’h@y s(e%ﬁﬁ@bhm&eﬁﬁlldye&amformmg in
del ay beanformn t echni gure 18

dlﬁtjﬁfs%&%%@ﬁéﬁmd@ce aPan#la?ﬁ ¢ flafa ﬁ?t&(i:i]ah gen w@pr@msm foggnerate 3D
inffes? CONDIHRFinbAGOAWENEY] u%ﬁ%ﬁé'tgé# nghd | gﬂ? sed Shifn o tlme shifting
beanf orned pl anar array e present 1nv
(sorpetigs| qgled Bretmardelay bzdqurmnm) mvbquemaus be rraplememtay with both
SII%’]QO arﬁ%ﬂlﬂh o\fhéii%ga#q a square, T ect angL” ar,
oval nunber of other candidate

Confﬁlgut%hlihmtrstes A partlﬁ:lw aonic ndurglificdk i a@fayi 346 implemented using a
s for ma i cati ons because the

o 81?‘5{%’23? g‘”%ﬁnﬁ‘éﬁ%@% ‘I’i‘afgg Vericd i drmensiseandespay entiopg]beamforming

(phat® sheft 158 NEhe Adlay P EdcANiqiRY il fhel HIRARERAL @?hﬁdﬁc% O¥indfion. This
frequency steering in the vertical direction

impjementiEing plsp @zedueesi I golumettiredato rity orrnpased of e@tlcab feams 248 that
ar@tbcebddd 1B g%n@ﬁ&ogb%g‘es.c F R84£$h& embodiment shown in Fig. 18, this

embodiment uses conventional beamforming techniques to focus and steer beams

horizontally to create image on each of a set of frequency-steered imaging planes. However,
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3D volunetric field of view conposed of a 3D set of

coni cal beanms 242. In this enbodi nent, conventiona
whe@siaes2mt ng t echni ques are used to focus and BCEER2004/022377

beans horizontally to create i mages on each of a set

of frequency-steered inmaging planes. Miltiple arrays

arranged in X- and/or T-configurations may al so be

i npl enented with two . pl anar, arrays operated to . o
thy :T%\chg S%J"’é’FhPIPY guéh dycrg@séeﬁfﬂﬁg@ﬁm PRb gRroxgd uniformity in the
hdreantpdirdcAgL i n different directions to produce 3D

volunetric data sets that can be processed to generate

3D Figng8A:D pelenvindllynidiustonte of exernplane aogy destmr impderaending a two-

. i, £ ki j hifti times called
dl?{%ﬁ%&%&? %léltvjaﬁel-{égrygr%@;aﬁlgﬁm % tr{&g% t(%]dlS cgogngsco:ﬂrg uration Eequency—stereed
aridnpineaeivhelly bednfohnédto gérmeglte a3l elblul’ltl[bﬁ'idl”ﬂb]di oi?t‘rieﬁf252 during a

.arrays. Fig.. 19 illustrates _a parti y c¢onical .

SiBglp PP eisf P Db POisies RPnipege SIS sele BRBTIHEP e cycles.
TIY hdr{ZBREHEAAN of VRS! thiMdbé ProleRenN&Y fnlCAlev U TRIPMNAR RO or selectable
conventional beanform ng (phase shift or time delay)
by e serg Ulds cprved senied] tfrragensatsteered armal shufage)is dperetad koprovide a 3D
[ 1 n [:on: al . G t .
G0 F QP RRE o i Rfof 1 BEREHEGR ARt Wbl Bpovides o
wids fplhef dte 3BDvdlumetes datdsei thatt frevidedagh raolutisi 8Mrimiages. The 3D

e R R R S oSS i i 0 e

plbisth7 MBneed ¥n b GeGeERIE FIROITOOBnERE 20D sRov @ttozgp'f'iew and side view
offég‘gquency-st eered_ i magi ng. pl anes. However, 32 WO

%‘f@(f@‘é'}"@ ﬁP@WfUS’ZY)G%’ D8ly7  the conical shape ’

pr O\/F- .%1 r . g »

e , ettt £ eap bt Tl f&%ﬂ&%’g@% oA gual conical
cusgitinenataren 260 i latrengerd avith dre widermpbuioys af theyredpsiign conical arrays
prhg@aﬁéggxget ltlr?oglhe% gt \é\%ﬂ%%o:%lg%g gl:q%n E?agtjairrr\éhé Iaprgr%gred 4h ra%yX%ggﬁguration.
THis daalenoylikheieadconfigration Ran be dmplehiénte@ atHOGAEE ofRr arrays (e.g.

geperate a 3D volunmetric field of view 252 during a L
ms] 31 & WHLRU PR - & e T d/4 fat =g v i/etitipiheiragpfiguration in
th WD Rk ghl NSt s ! h8 Il lokd & GRIpHEMAEDE Snay Miﬁ@fﬂem{iﬁﬂe vertical

field of view nmay be programed into a“device
figldgofafen toatreaimonsy lakge verticalfiedd. Byis demdgnumevidesTirey wideedds of view
. ' ; . urface is operated t
A0 i SAEIEARY SHERGE, M A5 Ra PRSI ot o
viewRue ithprovial uniformizpint tht hdrbanfabdindctign apd Pwidtertical Méldef view.

field of.view 3D volunetric data set that provides .

hi gHA8disen: b AL s g %S.lgnmaa 3@?%@%9%5{8@98% grein may be
acdRicsln YeubtaWol RRnSRIBA6N Sr fréc%b%rpf)ur}ébs%ﬁvbgr@%ed}ﬁnical shaping of the

oriented relative to a sensor  platformnounted on a .
trapy gl repgjyed bownanky Mnplempotieh o asovsis irnesw emelectronic
p}réggg eogltt?%\{/%e [slgi’tmtghécl‘ﬂﬁéiﬂ, &sihd § donfithiRh of Hlke techniques. These
techniques, combined with the use of frequency-steered arrays, may be use to create high

intensity focal points for steered application of high intensity focused ultrasound (HIFU).
HIFU can be used for various medical and commercial applications. Focusing can also be
used in imaging to improve the imaging of a frequency-steered array in the near field. For

instance, a fixed mechanically focused lens can be placed in front of a frequency-steered
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Fig. 21 illustrates a dual conical curvilinear array

i npl enmentati on. The dual conical curvilinear array
WQoe®sies222 r anged with the wider portions of theCT/US2004/022377

respective conical arrays proximte one another is

anal ogous to dual planar arrays arranged in an

X-configuration. This dual curvilinear array

confi.qurati ma | emented with sin
argay ragggn(eléteg %' plﬁg%thiﬁgﬁargqnevw{t}ﬁ (Feticy iop glgg ?@@@f view to allow
ndaf fdld, rﬁ“eguéd& -steeftd making) - F&%swgtdéntﬁéeugéd Gl LeY bRk Bombined
in the 2D |g§9|ng arrays, the nulti-order
frequsnenserringi and resehanieadi srenming orulconyshonabrheamfgrming techniques
wto create one large vertical field.
dlg%ﬁéeqzj és),vlflciqu\réhﬁr ovides very wde fields of view in the
ver tht odll mndndesstoab titas lthel lforegtmg) ﬂSscnﬂfﬁl@qsbd)ﬁ: oarioval embodiments of
|ncrease

d
o R PSR O ey e TR fe BReLt NSRS Pbfhe dRepntion and its

vatled @mbRBimcadl. Mobifikatiins\tb StiodsNaspeldd bi A2 méthbdsOdndt §8tems of the
array designs_and inplenentations disclosed herein my

piggent Bxentiopival be ylplfaé%qﬁ ethopetkilied dm e agtsﬁnérar@ntené@etptfaﬂbwﬂhm the
scBPK RRSRSvIBY of B Q&l&s@tke %ﬁ om I#JTJ ms! ransmtted
and/or recei ved eans {1 on of acoustic
| enses or electronic phaS|ng or time shifting
techni ques, or using a conbination of these
techni ques. These techni ques, conbined with the use
of frequency-steered arrays, may be use to create high
intensity focal points for steered application of high
intensity focused ultrasound (H FU). H FU can be used
for various nmedical and conmercial applications.
Focusing can also be wused in imaging to inprove the
i magi ng of a frequency-steered array in the near
field. For instance, a fixed nechanically focused
| ens can be placed in front of a frequency-steered 33
WD 2005/ 008272 PCT/ US2004/ 022377 array and oriented
to place the focal zone in the center of the inmaging
field of viewto allow near field, frequency-steered
i magi ng. Focusing can be used with any of the conbi ned
frequency-steering and nmechani cal scanning or
conventi onal beanform ng techni ques discussed
previously. It will be understood that the:foregoing
descriptions of various enbodi nents of nethods and
systens of the present invention are nerely
illustrative of the invention and its varied
enbodi ments. Modifications to various aspects of the
met hods and systens of the present invention will be
apparent to those skilled in the art and are intended
to fall within the scope and purview of this
di scl osure and the follow ng clains. 34 WD 2005/ 008272
PCT/ US2004/ 022377
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W claim 1. An acoustic array conprising a plurality

of acoustic transducer elenents that are capable of
w@eosne2rng nmul ti pl e, angul arly di spersed acouBCT/US2004/022377

beans steerable by nmeans of frequency from an input

acoustic signal, wherein the frequency-steerable

acoustic array is operable at an order selected from

the group consisting of m=1/2; m=1/4;, m=1/8, m=

1/16 and m= 1/n. 2. A frequency-steerable acoustic
walhay of claim1l, wherein the frequency- steerable

acoustic array is nmulti-order and is operable at a

conmbi nati,on at .| east two.order el ected.from.t he

ol conSiResisiG Ry conisthe © prualis of ESty ARG sleponts that
arcAgablt of ddnBratiBg mANAE QHSITY dikPeadedGOSIREE Stdis Aeerable by means of

plurality, of acoustic transducer elenents having )
fregyracy Sefine an Farvyt dgoushel sigralp HAsieRy theficaEensytstestable acoustic array is

: Cyy. Sheered, — =

op b ot BT o bR LS 0 2y 35y = 110
andreen$/nof frequency band selection. 4. An acoustic '

arrgy of ,a of cl ai 1-3 capable of .transmttin
andPor . PolEIVRGFraREHRYSE BEREaT Sliiol Photsbfhe frgauency-
stedfable€R®tisticVidraly 11 hilsti-ofdey b@VisOspeiblcest d CorbihdtRhedtleast two orders
directions, the array conprising a Elvrallté-of _
selgeted Spmdhe STAHR ARRSEHNSPE T Mt ’5 ™ Sat™ of L/t He™ 180&Rd it S 1/n-

bei g phage,@hidd 89aWicbpfi§3P aCHlutBit) F HoBRKiL Neansducer elements
el ements, and each of the elenents eing in

hawing capeiodic spoving rindfr i Whasing t ndacapebler off Mepsmitiipgbhml/@rf receiving -
St ohi gt . . Tl
vk PR bR o R of U e b g ey

bahdisedéction. t 0 sel ect an active, frequency-steered field

of view. 5. An acoustic arra f. claim4,. capabl e af.
tr affsmi t (nCORE GFeY (el A SRS LaNEpaUE oy Ggnsmitting and/or

re RS FrbfuchRBASBerbdaRhist B ains Vg 1€dsBhaSHiQls M v8W oriented in different
symretric about a plane normal to the plane of the

dirgetiony. the. anmy eppenuisinigca aturality off asonstin Bansdyrsy elementse cach of the
el 1 fet%'tﬁsl;elixf% ﬁ{agéﬂ%i@&lswﬁlgr gc%c@}[o ﬁ)é'iglﬂ):?rig% el ntg,a %r(d“’ea@l@ gf the elements

ernati’ng array elenents are-| eg ri
bemgrimeisct @bl ammintitetian catit a odrlteiler cpplab lo€ switcling thehbolegity, phase

1he polarity,. phase shifts, .or interconnectiqgns of. the .
shiffy o R oA g SuareciSof R St oot gypolspt i active
freqidhceistdetedi figkd df Bew.addi tional |y conprising a

nmechani cal steering nmechani sm capabl e of scanning the .

f r equency\is peRisth aFray cfusiaie 4r pappbls| ofn fragsmiftingapnd/or receiving

freftibry-shered acoustic beams in at least two fields of view symmetric about a plane
normal to the plane of the array.

6. An acoustic array of claim 5, wherein the acoustic array has an array order of
m = % and alternating array elements are in electrical communication with a controller
capable of switching the polarity, phase shifts, or interconnections of the alternating array
elements.

7. An acoustic array of any of claims 1-6, additionally comprising a mechanical
steering mechanism capable of scanning the frequency-steerable acoustic array along a linear

axis.
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WO 2005/ 008272 PCT/ US2004/ 022377 8. An acoustic array
of any of clains 1-6, wherein the array has a
waeonwsiogaarat i on sel ected fromthe group consi seCTHYSWH4/022377
a one dinensional linear array having a flat or curved
profile; a two dinmensional planar array having a
generally flat profile; and a two di nensi onal
curvg linear array havi a.curved profile. 9. An )
acoustic ‘gﬁ‘ P%Ws%%/aré‘ﬁ'f%gyﬂf&a%s -6 Wherepdhp praY hasp configuration
seldcted fRons BRARCUPEALISENCOS: A dndMiBElRAGEEh ! aédr},e&@gl & fifl or curved
the frequency-steerable array and in the sa p gne,
Praiter & Byo dinkasignal planataryayings gesereBy A profle; and a two dimensional
BRI L -ﬁg@lé i.vi ng acoustic pulses in
Cdilfferentgllq%ile dslﬁg?délsgl\?\i in a single plane. 10. An

acoust i ¢ Awr aaystioarbiyndtanp of chingl BE i SombWgiddi With B8econd acoustic
tQ one ;

ousti c, arrays, ar rranged at..an angle.
ufhySRared s Y e ReauReRy tiedablS qerend it Biovee plane, whereby
tht afthylSombinatiodVis ca@bR T eRhirBuesSand/or QURIViAPROSict futses in different
ﬁeg%rje ate.a continuous field of view 11. "An acoustic

IS M Hagle B3 clainms 9- or 10, wherein the
secomd acQlgtduStic i@ ¥orhBindidn X e el i
12. A frequency- st eey?a%ﬂflgmgté%lugﬂﬂgﬂg?f 2{1/1@%}111 glr?yacg o arrays are
arganggdhed an-agglerto ooptanether whemsby the wansmitted indfod vskelved fields of view'

2 r angle to.the f ugncy- st eer abl e
o e B e R S BT EMEY o ne
pl anld. of Arhaofistiecuman cymbinagsabl Gaiafs08dt, 10WREERRYhE B&ond acoustic
rra conbi nat i(?n is capable of transmtting and/or

a
a?@&%%@?‘i’rﬁn%f}ﬁir? @l ses in different fields of view
in 1190 plafeguchdaite@itle GERSHEEItY &rahg 8800 Rks ];—8 ci:lfgl:ﬁ%t{ination with

anot her. 13. An acoustic array conbination o
a gepondyaequstip argy awoset ath e woglectoathe dyequemcyasteerable array and in a

- | acoustic.arra
ge&% i ngt:f(?’ggﬁglg@ﬁrgegtya[% @CQP% %ﬁ%heé‘?%?ncmiﬁe&b € ?IF,%G whereby the array
cofnbegtiem &ycapstile of absenitting uad/ot reatik R dcSusiy |phise@frﬁ<ﬁffre]1%ﬁtjﬁelds of

.i.S.0 ergble iF at Iea]t two orders selected fromthe
VI%YSUEVO P Gt g egrerally arthpgongl fo qnepnothee 1/8, m = 1/ 16
and 18n = Al dtoustie arA c AP dCofiRY1 2C SbeRAkL Qﬁboﬁé agﬁﬁﬁtic array

. of clainms 9-13, additionally conprising a nechanic
s g fig@ienpyysteweham®s m capabl e of scanning the array

compnat i ) l.j . j . An oustic
oty B Lo D i
steprablppenesyic agne évabltieordacnd tis epesableniy an dastawo orders selected from the

flrguration selected fr t he oup consisting of: a
groglg’go%lg%{}%%nosfio@nalé’r”iﬂé‘apz"éﬂg]a’)’f —h]a{i% ?fﬁf’ﬁ‘f & or curved
proflbl e; Aa dcemstidiaffe sorabiahtidl GFRAY oREkANs 9-NAVidafioRally comprising
enerally flat profile; and a two di nensi onal
a rg qnpqlﬁgegpn%megya% F#Rgble ofiseqnming the array combination along a linear

axis.

16.  An acoustic array combination of any of claims 9-13, wherein the frequency-
steerable acoustic array has a configuration selected from the group consisting of: a one
dimensional linear array having a flat or curved profile; a two dimensional planar array
having a generally flat profile; and a two dimensional curvilinear array having a curved

profile.
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profile. 36 WO 2005/008272 PCT/ US2004/ 022377 17. An
acoustic inmagi ng systemconprising: a
WO p@ques2cy - st eerabl e array or array conbi nat i BPOT/U820041922377
of clainms 1-16 in electrical comunication with an
acoustic pulse generator providing acoustic input to
the array in a transmt node and in electrical
co icg%i on v¥it.h an acoustic receiver in a receive
node;"a SHYNASEBRELSSYSIERSPBPIFGS: #illvaueneE§Geiblp array or array
comitgidion adTadnySofSclhitnsI €161 34 @130l %mﬁ‘iﬂgicétﬁﬁg@/itg an acoustic pulse
information fromreceived acoustic signals an
SPFBEN cREOKIIE ARRuStiG fRraks dnt tha gartdye imag trhmsmitmbdeamgie in electrical
cd - R ; ' di spl evice for .
GRTERhann, BN tondlh KR0S ReBle FBYIE SRy regrspgpemploxing
tira¢-frednzenny Fignahwmelsisnior peneato ungiler pud sRogenRHAAN frbS received
acdSRe Al en a br oadband acoustic pul se selected fromthe
ot 88 AP Prodiice Ao mipserippssTLiag theangular and jgmge information; and
anviegt @isplpy isged fordigplagngetimap@vel et pul se, a
mul tji-frequency pul se, a pseudo- random appended or
overlBappd ¥apiticdmaging shstern of elpimbt, ovhettin thetaheustic palst generator
is S6RKA A 1 . S & LTRGI 1
gyst em o?l%g(lmgih?nacld;lw %%;?e%%t defﬁg% g%g{ ?%p ] Flgglgg OF an FM pulse,
a galgesvgpbvavelss pulsatei, a norltadivaletipulss a-rhiltieedquency pulse, a pseudo-

- ed .pul.se hayi ng a vari abl e sweep

ralde DG B B B ot S il s Rt sealed aperture
fumdtienei n t he acoustic pul se generator generates an

outq t pyl se containing a sub-pulse at each angle

havi'iy a Qyshif amagipg Gysfegeof clgim 17 wheeeiny theiagoustia gitlsg generator
ehdtsle bRhdsdndl nlithea hdY- . Kes
¢ sequential applicat i_%ﬁgdugffl&%gﬁ%rw??gens Vg%?a?%bg%gg‘fp rate.

wi ndBwed Agciceishiadmeging exstany eficlsing Ha whereftSHE Bottstic pulse generator

r . I info i 0 romrecejve
BRSSO IMLP oY AN o B 6% Wi YRR Fegr 15, value.
cl alin 17 Anvoewseic imagingl Systein T clamh $7,veleepbiv @6k H¥nal bRRessor makes
Sesulegtrlaagl @EC% essor._ ar.e tg%ng tized and the signal _ _
rocess B Y FougFS emg fh#hort wigdowedbpgrtiens of received signals
(STFB)6 igiici®e bhdRTdr hhd tR g8 8ITSIAkiSN %Me@eﬁvéﬁrﬁ%lﬁs@igg%n Is.
information fromrecerved acoustic signals. 23. AR
acodét i cANREYISHE ImasngsHssm of cddim 177 whalear mbusteciznslsireceived by
theS kighal [ Dy ' | processor are .. .
R o AR e Plred 0 T R ORISR Bl digerey shorttime
Fowiigyi trarisidringi (S TRMrpul semetdes ponde dfd Ringki inf@mstié® from received
ac @Hﬂi?ﬁ:ﬁs angul ar and range information fromreceived
acoustic 'signals. 24. An acoustic imagi ng system of

cl alin 17Anwab@isti findgftg FERMSI LaiUl75 WhEBRIBARL signals received by

the signal processor are digitized and the signal processor applies a bank of digital Finite

Impulse Response (FIR) filters to generate angular and range information from received
acoustic signals.

24.  An acoustic imaging system of claim 17, wherein the acoustic pulse generator
incorporates a filter bank matched to an acoustic transmit pulse and a frequency-steered array

aperture function.
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i ncorporates a filter bank matched to an acoustic
transmt pulse and a frequency-steered array aperture
wo eovsposam 37 WO 2005/ 008272 PCT/ US2004/ 02237 7PCRES2004022377
acoustic imging systemof claim17, wherein at |east
one acoustic array is operable in a frequency-steered
node in a first direction and operable in another,
non-. _frequency-steered node in .a cond.direction . i
di f RSr enAYASORRHE HEAGIRG SSIRR PeRioh s WRSTeiTgF 1epshRgaegustio amay is
opefBR M0a THGLERY AfcefcliBhnBAL T aWREK BirébtioNCande5REBMle in another, non-
direction i's orthogonal to the first direction. 27.
freqnenaystpstedanddeny i Sepon direqtion diffdrerit fontthe fing dgestionhe
non-yf.r equency- st e [ fromthe gro .
condbst AT EPuSlCRidhe SRR oF SPENCE Sthorif g ol RifRction s
orfiibgenal toahe Acodiséction.] ens beanf ormi ng node; and a phase

conpari sgn node, 28.. An acoustiG i i.ng.syst em of

cl A zs%wev%acrfnla_ﬁ@gﬁaﬁgmr@cf&éwﬁ gihég-?fé\é“e_ TopcfEequency-steered
mébdeT8 sél&di @V rHaNd Qo BehsiRAL oA NE phdIE-sBi odl: Legld @ffing mode;

is orthogonal to the first  direction. . An’ acoustic

anjageustin éns Peanefarmoing snodenands, phagsegomiparisdnamede. | east one
acougt | ¢ 2L bhaic! iﬁlagin% %&ytélln' IR imH S, %ere'i)’l? the non-frequency-steered

mode is a time-delay beamforming mode and the second direction is orthogonal to the first

direction.

29.  An acoustic imaging system of claim 25, wherein the at least one acoustic

array is a curvilinear array.
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