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Mostdiagnosticultrasonicimagingsystemsperformfixedfocusingontransmitanddynamicfocus-
ingonreceive. Suchsystemssufferfromimage qual ity degradationatdepthsaway fromthetransmitfo-
cal zone. Sev eral dy namic trans mit fo cus ing tech niques have been pre vi ously in ves ti gated. Among
them, afilter-based, retrospectivefocusingtechniquewasproposedtoincreasethe length ofthetrans mit
focalzone. Inthispaper, the fil ter-based tech nique isex tended from dy namicre ceive fo cus ing to fixed
receivefocusing. Itisshownthatthe fil tering technique with fixed re ceive focusing can achieve an im-
agequalitysimilartothatofdynamicreceive focusingwithfiltering. The per for mance of the pro posed
approachisverifiedusingrealul trasounddata. Itisshownthatthe proposedap proachwi thfixedreceive
focusingrequiresalongerfilterthanthatwithdynamicreceivefocusing. Nonetheless, systemcomplex-
ityisgreatly re duced withsynthetictransmitandre ceive focusingbe causethe dy namicreceivefocusing
cir cuitis no lon ger needed.

Key Worbs: Deconvolution; depth of fo cus; dy namic fo cus ing; op ti mal fil ter; syntheticap er ture.

I. INTRODUCTION

Mostcurrentreal-timear ray imaging systems per formfixed focusingontrans mitand dy-
namic fo cusingonre ceive. Thefo cusing qual ity of suchsystemsis lessthan optimalati m-
aging depths away from the transmit focal zone. To fully realize the image quality
potentially achiev able by anarray imaging system, dy namic trans mitfo cus ing is de sired.
Various meth ods have been pro posed to in crease the length of the trans mit fo cal zone. One
straight for ward method is to sim ply apodize the trans mit ap er ture. How ever, apodization
ex tends the trans mit fo cal zone atthe price of lateral reso lution. * An other method based on
nondiffracting beam propagation was proposed by Lu and Greenleaf.* Although non-
diffracting beams pro duce a lon ger trans mit fo cal zone, high sidelobes are in tro duced and,
thus, the contrastresolutionisaf fected.

Coded ex ci tation meth ods have also been pro posed for dy namictrans mitfocusing. *® In
thiscase, inde pend entcodesare usedtoexciteindividual channelsofaphasedarray. Anim-
age can then be re constructed by usingapseudo-inverse linear op erator based onsingu lar
value decomposition. Note thattheimage qual ity is de ter mined by the orthogonality among
the transmit codes. Unfortunately, orthogonality is usually poor due to the limited time-
bandwidth prod uctof currentmedical ultrasoundtransducers. Synthetictransmitfocusing
usingweightinghasalsobeenproposed. * Transmitfociaresynthesized betweentwophysi-
cal fo cal pointsby sum ming the weighted ech oes re turn ing from trans mis sions cor re spond-
ing to the two real fo cal points. The weights are de ter mined based on a least-squares method
thatminimizesthe combined phaseerrors. However, multiple firingsare neededtoim prove
the fo cus ing qual ity be tween two orig i nal fo cal points. Thus, the frame rate isre duced. In
ad dition, only the image qual ity be tween the two phys i cal fo cal points can be im proved.

Bae and Jeong pro posed a de lay-and-sum based syn thetic ap er ture im ag ing method with
virtualsourceelements.® The method syn the sizes dy namic two-way (i.e., trans mitand re -

73 0161-7346/01 $18.00
Copy right 2001 by Dy name dia, Inc.
Allrights of re pro duc tion in any form re served.



74 LI AND LI

ceive)focusingwithalineararraytransducer. Itimprovesthelateralresolutionandsidelobe
levelsatallimagingdepths. Nonethe less, itissusceptibletomotionartifacts. Finally, aret-
rospectivedynamictransmitfocusingtechniquesuitableforreal-timeap plicationswaspro-
posed by Freemanetal. ® Theretrospective filteringtechniquetreatsdynamicfocusingasa
deconvolution prob lem and the length of the trans mit fo cal zone is ex tended by fil ter ing the
predetection im age data. Note that the pre vi ous work was based on fixed trans mit and dy -
namicre ceive focusing. Fixedtrans mitand fixed re ceive fo cusingwasnotconsidered. As
willbeshowninthispaper, fixedre ceive focusingwithfil tering canprovidesimilarimaging
per for mance to that of dy namic re ceive fo cus ing. Since only fixed re ceive fo cusing isem-
ployed, the system complexityissubstantially reduced.

Inthispaper,theretrospectivefilteringtechniqueisreviewedinsectionIl. Thecharacter-
istics of the pulse-echo ef fec tive ap er ture with fixed re ceive fo cus ing are then com pared to
those with dy namic re ceive focusinginsection 1. Insection IV, the per for mance of retro-
spectivetransmitandreceivefocusingiscomparedtothatofretrospectivetransmitfocusing
us ing real ul trasound data. The pa per con cludesin section V.

II. REVIEW OF RETROSPECTIVE FILTERINGTECHNIQUE

An im age can be viewed as the con vo lu tion of a pulse-echo point spread func tion with a
scatteringdistributionfunction. Inthe lateral direction, the pulse-echo pointspread function
isthe multi pli cation of the trans mitbeamand the re ceive beam. Theretro spective fil tering
techniquetreatsdy namicfocusingasadeconvolution prob lem. Inotherwords, synthetic fo-
cusingisdoneby laterally apply ingafil tertothe beamdata. * Suchafil teris range dependent
andneedstobeappliedafterbeam formationandbe foreenve lope detection. Furthermore, the
filter has com plex co ef fi cients if the beam sum sig nal is de mod u lated to base band. Inot her
words, we have

(SA Byt ) A (Bigea A" By ) = SA By M)
origind image inversefilter  focused image

where Arepresentsconvolution, A" de notes deconvolution, Sisthescatteringdistribution
function, B, is the out-of-focused pulse-echo beam pat ternand B, is the ideal pulse-echo
beam pat tern (i.e., dy namic fo cus ing on both trans mitand re ceive). Forasectorimage,all
theabovetermsareafunction of (R, sin g), where Risthe range and qisthesteeringangle.

The inverse filter in Eqg. (1) deconvoles the out-of-focused beam into a focused beam.
Based on the dis crete space Fou rier trans form re lation ship be tween abeam pat tern and the
correspondingap er ture function, it is straightforwd to see that spec trum of the in verse fi Iter
isthe ideal pulse-echo ef fec tive ap er ture di vided by the out-of-focused pulse-echo ap er ture
function. Theaperturefunctioncanalsobe usedtorepresentthespatial fre quencyspect rum.
Thus, the purpose of the inverse filter is to change the amplitude and the phase of an
out-of-focused ap er ture function into anideal ap er ture func tion.

Ro bust re sults can be ob tained us ing the in verse fil ter only if there are no sin gu lar point s
(i.e., pointswith smallam pli tudes) and the SNR is suf fi ciently high. Oth er wise, di rectappli-
cationoftheinversefilteramplifiesthe noise and de gradesthe beamqual ity. Inad dition, the
in verse fil ter with the num ber of taps equal ing the num ber of beams in the im age is also not
practical. Hence,analternative filtering ap proach based onaminimum meansquareder ror
criterionisused. ** The fil ter is also known as the op ti mal fil ter in the sense that the mean
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FI1G. 1 Hardwarestructureforretrospectivefocusing.

squared error be tweenthe filter out putand ade sired beam patternisminimized. Thedesi red
beam patternistypically the dy nami cally-focused beam at the same image po si tion.

Let the column vector d represent the desired beam pattern, the columnvector b be the
out-of-focused beam pat tern and the col umn vec tor fde scribesthe fil ter co ef fi cients. Then
the mean squared er ror can be de fined as

e=(Bf - d)"(Bf - d) @

where Hdenotesthe Hermitian conjugateand Bfisthe matrixrepresentationoftheconvolu-
tion of b andf. There fore, the op ti mal fil ter that min i mizes the mean squared er ror can be
found as

iopt :(BHB)-lBHg (3)

Asmentioned by Free manetal, longerfil tersare re quired for ranges far theraway fromthe
focus. *° Theefficacy oftheretrospectivefilteringtechniqueusingthe opti malfilterhasal so
beendemonstratedanda2-7dB sidelobe re ductionwasachievedwithunapodizedapertures.

Asystemblockdiagramforretrospective focusingisil lustratedinfigure 1. °* Af ter the
echosignalisre ceivedanddigitized by the A/D con verter, the beam for mer prop erly de lays
the data be fore the beam sumis de mod u lated to base band and stored in the beam buffer. The
range-dependentfil terthenretrospectively synthesizesafo cused beamandthe dataissent to
theimage bufferfor furthersignal processing, scanconversionanddisplay. Notethatapipe-
linestructure can be used forim ple mentation of these range-dependentcomplex fil ters. The
complexfiltershave lengthsvaryingasafunctionofrangeandcoefficientsare precal culated
andstoredinthefilterbank. Thisarchitectureissimilartothewallfil terarchitect ure in color
Dopplerimagingmodes.

Ill. PULSE-ECHOEFFECTIVEAPERTURES

As previously mentioned, the optimal filter or the inverse filter converts a distorted
pulse-echoaperture functionintoanideal one. Ef fective nessofthefil terisprimarily deter-
mined by characteristics of the aperture function and the filter length. First, the effective
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FIG. 2 Pulse-echo effectiveaperture functions (solid isthe mag nitude, dashedisthe phase). For each panel, the
left ver ti cal axis is for the am pli tude and the right ver ti cal axis is for the phase (inradi ans). Panels on the left show
cases with out apodization and pan els on the right are cases with apodization. (a) and (d) are ideal pulse-echoaper-
tures. (b) and (e) are pulse-echo ap er tures with fixed trans mit and dy namic re ceive fo cusing. (c) and (f) are
pulse-echo ap er tures with fixed trans mit and fixed re ceive fo cusing.

widthoftheaperture functionfundamentally limitsthe width of the fil tered beam. T he wi der
that the aperture is, the narrower the beam width that can be achieved. Second, singular
points within the ap er ture af fect ro bust ness of the deconvolution pro cess. To eval u ate the
performance ofthefil ter-based ap proach, pulse-echoef fective ap ertureswith fixed trans mit
and fixed re ceive fo cus ing are stud ied and com pared to those with fixed trans mitand dy -
namicreceivefocusing.

Without loss of generality,al-Darrayfocusedatrange R, and zero steeringangleisas-
sumed. Further,assumingcontinuouswavepropagation, thephase f_of the one-way aper-
tureatrange Rcanbewritten as

i @ 190 (4)
n— - =

28R Ry
wherek isthewave numberand x, isthe distance be tweenthe n-thelementandthearray cen-
ter. Note that the phase is equal to zero at the fo cal depth, whereas qua dratic phase across the
ap erture exists inthe out-of-focused re gion. In otherwords, fixed fo cusing re sults indiffer-
entquadratic phasesatdif fer entranges. Since the convo lution of trans mitand re ceive aper-
tures is the pulse-echo effective aperture, the quadratic phase distorts the pulse-echo
effectiveapertureand possibly generatessingular points. Intheexam plesshownbe low, a
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128 el e ment 1-D ar ray with a 3.5 MHz cen ter fre quency and half-wavelength pitch is as -
sumed. The sound ve loc ity is 1.48 mm/ s,

Effects of the quadratic phase on the pulse-echoap er ture functionareil lustrated in figure
2. Effective apertures at range 80 mm are shown. The left panels show examples of
unapodized ap er tures. The top panel (a) shows the pulse-echo ideal ap er ture (i.e., with both
trans mitand re ceive fo cused at 80 mm). Since an unapodized one-way ap er ture (i.e., trans-
mitor re ceive only) atthe fo cal pointis rectan gu lar with zero phase, the pulse-echo ideal ap-
ertureistriangu lar (solid) also with zero phase (dashed). The verti cal axis shown onthe I eft
ofeach panelisthe nor malized am plitude and the ver ti cal axis shown on the right is the phase
(inradians). The middle panel (b) shows the pulse-echo ef fec tive ap er ture with fixed trans-
mitfo cusingat60 mmand dy namicre ceive focusing (i.e., the re ceive beam is fo cused at 80
mm). The bot tom panel (c) shows the ef fec tive pulse-echo ap er ture with fixed trans mitand
fixed re ceive fo cusing, both at 60 mm. Ap par ently, both pulse-echo ef fec tive ap er turesin
(b) and (c) are dis torted (i.e., with am pli tude vari a tions and non-zero phase) due to the qua-
dratic phase inthe one-way ap er ture function. Sincebothaperturesinpanels (b)and(c) have
no ze ros in the mid dle por tion of the ap er ture func tion, one can de fine the passband of the
spatial fre quency spec trum (i.e., the pulse-echo ap er ture func tion) as the re gion where the
am pli tude is higher than a cer tain thresh old (e.g., -6 dB from the max i mum). The width of
the passband can be used to eval u ate the ef fec tive ness of the fil tering tech nique. Infigure 2,
be cause the —6 dB ap er ture width in panel (c) is larger than that of the ideal ap er ture in panel
(a),thefilterisgenerallyaspatial low pass fil ter (LPF) and is less sus cep ti ble to noi se com-
pared to a high pass fil ter (HPF).

The right panels of figure 2 show the pulse-echo effective apertures with Hamming
apodization. Inthiscase, the apodized ap er tures have lessam plitude variations com paredt o
the unapodizedap ertures. Thisindicatesthatthe fil ter de signwith fixed re ceivefocusi ng is
easierwithapodization. Fordy namicre ceive focusing, theeffectiveapertureinpanel (e) is
nar rower than the ideal one in panel (d). Hence, noise will be am pli fied when the fil ter is ap-
plied. Also, thefilteringtechniquewithfixedreceivefocusingisex pectedtooutperformthat
with dy namic re ceive fo cus ing since the —6 dB width in panel (f) is larger than that in panel
(e).

The -6 dB and —30 dB aperture widths of pulse-echo effective apertures for a target at
range 80 mmare shown in fig ure 3. The widthsare nor mal ized to the cor re spond ing widths
of the ideal aperture func tion. The —6 dB width is used to represent the effective aperture
width and the ex pected beam width af ter a fil ter is prop erly ap plied. The —30 dB width, on
the other hand, isalso adopted since the inverse fil ter be comesunre liable when low level si g-
nalsareamplified. Thehorizontal axisisthefixedtransmitfocal depth. Fordynamicreceive
focusing, there ceive fo cal depth isthe same as the tar getdepth (i.e., 80 mm). For fixed trans-
mit and fixed re ceive fo cus ing, the hor i zon tal axis rep re sents both the trans mit and the re-
ceive fo cal depths. The solid line in each panel cor re sponds to fixed trans mit and dy namic
re ceive fo cus ing and the dashed line cor re sponds to fixed trans mit and fixed re ceive fo cus-
ing. The left panels (i.e., (a) and (b)) show cases with out apodization and the right pan els
(i.e., (c) and (d)) are cases with apodization.

Figure 3(a) shows the nor mal ized—6 dB width of the pulse-echo ef fec tive ap er ture. With
fixed trans mit and fixed re ceive fo cus ing, the width is al ways larger than the width of the
ideal aperture. Fordynamicre ceive fo cusing, on the other hand, the normalized—6 dBaper-
ture widths be come smaller than one when it is away from the tar get depth. Re sults for the
apodization cases shown in fig ure 3(c) are simi lar with the ex cep tion that the —6 dB width for
fixedtrans mitand fixed re ceive fo cus ing are rel atively con stant com pared to those with out
apodization. Figure 3(b) shows the —30 dB width with out apodization. The dif fer ence be-
tween fixed re ceive fo cus ing (dashed) and dy namic re ceive fo cus ing (solid) is smaller than
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FIG.3 (a)and(c)arenormal ized -6 dB ap er ture widths. (b) and (d) are nor mal ized -30 dB widths. Solid line
corre sponds to fixed trans mitand dy namic re ceive fo cus ing. Dashed line cor re sponds to fi xed trans mit and fixed
re ceive fo cus ing. (a) and (b) are with out apodization. (c) and (d) are with apodization.

thatshowninfigure3(a). The differenceinthe —30 dB widthbe comes more notice ablewhen
apodization is ap plied, as shown in fig ure 3(d). Note that with apodization, the -6 dB width
and the —30 dB width are similar.

Apertures with fixed transmit and fixed receive focusing at 60 mm at different target
ranges (69 mm, 81 mm, 98 mm) are shown in fig ure 4. The left pan els show the unapodized
cases and the right pan els show the apodized cases. Fig ures 4(a) and 4(b) showthatasthe tar-
get moves further away from the focal zone, the pulse-echo effective aperture becomes
wider. Moreover, both amplitude variations and the quadratic phase error also increase.
Notethattherelationshipbetweenmagnitude ofthequadratic phaseandtheaperturewidthis
similartotherelationshipbetweenthe phase of achirpsignalandthe corre sponding spectral
bandwidth. “ Infigures4(c)and 4(d), the apodized ef fective ap ertures are notice ably dif fer-
ent from the unapodized cases in that the am pli tude vari a tions at dif fer ent ranges are not as
significant. In both cases, a longer filter is re quired to re move the defocusing ef fect for a
range far ther away from the fo cal depth due to the larger phase er ror and/or the larger am pli-
tudevariations.
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FI1G.4 Aperturesattargetranges 69 mm, 81 mmand 98 mmwith fixed trans mitand fixed re ceive fo cal depth at
60 mm. Left panelsare with outapodizationand right pan elsare with apodization. (a) and (c) are foramplitudes. (b)
and (d) are for phases.

Resultsshowninfigure 3weregeneral izedinfigure5by consideringall possi ble com bi-
na tions of the trans mit and the re ceive fo cal depths. Panels (a) and (b) are the unapodized
casesand panels (c) and (d) show the apodized cases. The horizon tal axis is the trans mit fo-
cal depth, the ver ti cal axis rep re sents the re ceive fo cal depth and the tar get depth is fixed at
80 mm. The image bright ness is the nor mal ized -6 dB ap er ture width in fig ures 5(a) and
5(c), whereas the im age bright ness is the nor mal ized —30 dB width in fig ures 5(b) and 5(d).
Thefol lowing observationsare made. First, boththe—6 dB and the—30 dB widths are larg est
alongthe diagonal (up per left to lower right) where the trans mitand re ceive fo cal depths are
the same. Second, the horizontal line with the re ceive fo cusat80 mmrep re sents fixed trans-
mitand dy namic re ceive fo cus ing since the tar get depth is also at 80 mm. Third, the up per
rightregioncor re spondstothe cases where the trans mit fo cus is deeper and the re ceive fo cus
is shal lower than the tar get depth. Fourth, the lower left re gion rep re sents the cases that the
trans mit fo cus is shal lower and the re ceive fo cus is deeper than the tar get depth. Inall cases,
fixed trans mit and fixed re ceive fo cus ing at the same depth has the larg est width. Thus, the
best per for mance isex pected.
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FIG.5 (a) and (c) are the nor mal ized -6 dB ap er ture widths. (b) and (d) are nor mal ized =30 dB aperturewidths.
Theverticalaxisisthere ceivefocal depthand thehorizontal axisisthetransmitfocal depth. (a) and (b) are with out
apodization. (c) and (d) are with apodization.

IV. EXPERIMENTALRESULTS

Simulatedimagesusingrealul trasound dataare pre sentedinthissection. Alltherawdat a
are avail able at the web site bul.eecs.umich.edu. They were ac quired us ing a 128-element,
3.5MHzphasedar ray transducer (Acuson V328, Mountain View, Cal i for nia, U.S.A.). Data
from a wire and tis sue-mimicking phan tom were used. The wire phan tom con sisted of six
ny lonwiresinwaterandan inde pendentop ti mal fil terwas derived for eachwire. Eachfi Iter
was then ap plied to a zone ex tend ing over a range of 20 mm with the wire atthe cen ter. The
Six wires were at ranges of 34, 48, 65, 83, 101 and 121 mm, re spec tively. For all im ages, a
trans mit f/num ber of 2 and a re ceive f/num ber of 1.5 were ap plied. For all apodized cases,
the Hamming win dow was used on both trans mitand re ceive. Cases cor re spond ing to fixed
fo cal depths at 60 mm and 120 mm were in ves ti gated.

Fig ure 6 shows the mean-squared er ror, de fined in Eq. (2) asa func tion of the fil ter length,
for the four wires at 65 (lines with cir cles), 83 (lines with crosses), 101 (lines with squares)
and 121mm (lineswith tri an gles). Nyquist beam spac ing was used. Panel (a) is for dy namic
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FI1G. 6 Mean-squared er ror as a func tion of the fil ter length. Left pan els show the unapodized cases and right
panelsshowtheapodized cases. (a) and (c) are dy namicre ceive fo cusing with fixed trans mit fo cusingat60 mm. (b)
and (d) fixed trans mit and fixed re ceive fo cus ing at 60 mm.

re ceive fo cus ing with fixed trans mit fo cus ing at 60 mm. Panel (b) is for fixed trans mitand
fixedre ceive focusingat60 mm. Both panelscorre spondtore sultswith outapodization. As
indicated in the fig ures, the er ror gen er ally de creases and reaches amin i mumas the fil ter
lengthincreases. More over, alon gerfil ter is re quired for the wire far ther away from the focal
depth to reach the mini mum. Such re sults are con sis tent with the spa tial fre quency spec tra
showninfigure4andthediscussioninthe previoussection. Theminimummeansquareder-
rors ac quired in (b) are gen er ally higher than those in (a), ex cept for the wire at 83 mm.
Fig ures 6(c) and 6(d) show the apodized cases. Dif fer ent from the unapodized cases, the
fil ter length re quired to reach the min i mum mean squared er ror is smaller for both dy namic
and fixed re ceive fo cusing. Thisis be cause the am pli tude vari ations of the apodized ap er-
tures are smaller than those of the unapodized ap er tures, as shown in fig ure 2. There fore the
fil ter de sign be comes eas ier with apodization. In ad di tion, the min i mum mean-squared er -
rors for fixed fo cus ing (in (d)) are gen er ally slightly lower than those with dy namic re ceive
focusing (in (c)), except for the wire at 65 mm. This is again consistent with the results
shown in fig ure 2 in that with apodization, the width of the ap er ture for dy namic re ceive fo-
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Unapodized

FIG. 7 Imagesof six wires over a40 dB dy namic range (unapodized). T he ver ti cal axis is the az i muth and the
horizontalaxisrepresentstherange. (a) isdy namic transmitand dy namicreceivefocusing. (b) isfixed trans mitfo-
cus ing at 60 mm and dy namic re ceive fo cus ing. (c) is (b) with the ret ro spec tive fil ter ing tech nique. (d) is fixed
trans mitand fixed re ceive fo cus ing at 60 mm. (e) is (d) with the ret ro spec tive fil ter ing technique.

cusingissmaller than that for fixed re ceive fo cusing. There fore, fil ter ing with fixed receive
focusingismoreefficientbutalongerfilterisneeded. Basedonfigure 6, afilterlength of 17
was ap plied for dy namicre ceive fo cusingand afil ter length of 21 was used for fixed re ceive
focusinginthe fol lowingresults. Nonethe less, asmaller fil ter length could have been used
in the apodized cases.

Fig ure 7 shows 40 dB im ages of the wire phan tom for dy namic trans mitand dy namic re-
ceivefo cusing (panel (2)), fixed trans mit fo cus ing at 60 mm and dy namic re ceive fo cusing
beforefiltering (panel (b)) and after fil tering (panel (c)), fixed trans mitand fixed re ceive fo-
cusing at 60 mm be fore fil ter ing (panel (d)) and af ter fil ter ing (panel (e)). All imagesare
with out apodization. Note that the im ages are sec tor scan im ages prior to scan con ver sion
and the dif fer ent wires along dif fer ent di rec tions are aligned along the same line for ease of
display. The verti cal axis isthe az i muth and the hor i zon tal axis is the range. Com paring
panel (d) to panel (e), the beam qual ity with fixed trans mitand fixed re ceive fo cus ing is sig-
nificantlyimprovedwithfiltering. Itisalsoshownthatthefil tering tech nique with fixed re-
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Apodizeo

FI1G.8 Imagesofsixwiresovera40dB dynamicrange (apodized). The vertical axisistheazimuthandthehori-
zontal axisrepresentstherange. (a) isdy namictrans mitand dy namicre ceive focusing. (b) is fixed trans mit fo cus-
ingat60 mmanddynamicreceivefocusing. (c)is(b) withtheretrospectivefilteringtechnique. (d)isfixedtrans mit
and fixed re ceive fo cus ing at 60 mm. (e) is (d) with the ret ro spec tive fil ter ing tech nique.

ceive focusing (panel (e)) can provide similar imaging performance to that of the image
shown in panel (c) (i.e., dy namic re ceive fo cus ing with fil ter ing).

The im ages with apodization are shown in fig ure 8 with the same dis play for mat. Sim i lar
to fig ure 7, the beam qual ity with fixed trans mit and fixed re ceived fo cus ing is still sig ni fi-
cantly improved. Moreover, the filtering technique with fixed receive focusing can still
achieveimaging per for mancesimilartothat of dy namicre ceive fo cus ing withfil tering.

Fig ure 9 pres ents the pro jected beam pat terns for the last wire (i.e., at 121 mm) with out
apodization (top) and with apodization (bot tom). In both pan els, dy namic trans mit and dy -
namicre ceive focusing (dotted), fixed trans mitand dy namicre ceive focusing be forefil t er-
ing (solid), fixed transmit and dynamic receive focusing after filtering (dot-dashed) and
fixed transmit and fixed receive focusing after filtering (dashed) are demonstrated. It is
shown that fixed trans mitand fixed re ceive fo cusing with fil tering has per for mancesimil ar
tothat of fixed trans mitand dy namic re ceive fo cus ing with fil ter ing for both the unapodized
and apodized cases.

Fig ures 10 and 11 show re sults of the same wire phan tom ex cept that the fixed fo cus is at
120 mm. The beam pat terns of the wire at 65 mmare shown in fig ure 12. Re sults are con sis-
tent with the pre vi ous re sults shown in fig ures 7, 8 and 9.
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FIG. 9 Beam pat terns at 121 mm. Top panel shows the unapodized cases and bot tom panel cor re sponds to the
apodized cases. Dotted line: dy namic trans mitand dy namicre ceive focusing. Solid line: fixedtransmitfocusingat
60 mmand dy namic re ceive fo cus ing. Dot-dashed line: fixed trans mit fo cus ing at 60 mm and dy namicreceivefo-
cusing af ter fil tering. Dashed line: fixed trans mitand fixed re ceive fo cus ing at 60 mm af terfiltering.

Data from aspeckle gen er ating phan tom with anechoic cysts are also used to eval u ate ef-
fectivenessofthefilteringap proachoncontrastresolutionimprove ment. Atissue-mimicking
phantom (RMI-412R, Gammex RMI, Middleton, Wisconsin, U.S.A.)withsoundve locity of
1.54mm/ nsandanattenuationrate of 0.5dB/cm/MHz was used. 30dB images in the vi cin-
ity of a cyst at 65 mm are shown in figures 13 (without apodization) and 14 (with
apodization). Inboth fig ures, the ver ti cal axis is the range and the hor i zon tal axis rep resents
theazimuth. Panel (a) isthe ideal im age with dy namic trans mitand dy namic re ceive fo cus-
ing. Panels (b) and (d) are the un fil tered im ages cor re spond ing to cases with fixed trans mi t
focusingat 120 mm and dy namic re ceive fo cus ing (panel (b)) and with fixed trans mit and
fixed re ceive fo cal depthat 120 mm (panel (d)). Panels (c) and () are the fil tered im ages cor-
re spond ing to pan els (b) and (d), re spec tively. Itis shown that de tec tion of the cyst is i m-
proved for fixed re ceive fo cus ing with or with out apodization. The cyst detectability for
fixed re ceive fo cus ing with fil ter ing issim i lar to that for dy namic re ceive fo cusing.
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Unapodized

FIG.10 Imagesofsixwiresovera40dB dy namicrange (unapodized). The verti cal axis isthe az i muth and the
horizontalaxisrepresentstherange. (a)isdynamic transmitand dy namicreceivefocus ing. (b) is fixed trans mit fo-
cusingat120 mmand dy namicre ceive focusing. (c) is (b) with the retro spec tive fil teri ng tech nique. (d) is fixed
trans mit and fixed re ceive fo cus ing at 120 mm. (e) is (d) with the ret ro spec tive fil ter ingtechnique.

V. CONCLUSION

Inthispaper, theretrospectivefilteringtechniquewasextendedtofixedtransmitand fi xed
receivefocusing. Itwasfoundthatthetechnique providesimage quality similarto that with
dynamicreceive fo cusingwithorwith outapodization. Thesmalleram plitude variations of
the apodized ap er tures also im ply that the deconvolution pro cess is more ro bust and shorter
filtersmaybeappliedwithsimilarperformance. However,onedisad vantageforthefilt ering
technique with fixed re ceive fo cusingisthatitneedsalon ger fil ter com pared to that for dy-
namic re ceive fo cus ing. This means that more beam lines must be ac quired for fixed re ceive
fo cus ing to ob tain the same field of view.

The other disad van tage foralong fil ter isthe motion ar ti fact. Inparticu lar, if the object
moves by more than a quar ter wave length over the en tire time needed to ac quire all beams
usedintheretrospectiveprocessing, motionartifactswilloccur. * Asdescribedinthispaper,
21 beams are used to re con struct one beam line for fixed re ceive fo cus ing. Thus, the motion
mustbenegligibleduringaperiodof21pulserepetitionintervals (PRI’s). Foral60mmim-
age depth, the ob ject should not move by more than a quar ter wave length in a pe riod of about
4.5ms. Thisrepresentsave loc ity ofabout25mm/s. Thus, tissue motionmay be sig nifi cant
forcardiacap plicationsand the motion mustbe corrected inordertoap ply thefilteringtech-
nique.
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Apodized

FIG.11 Imagesofsixwiresovera40dB dynamicrange (apodized). Thevertical axisistheazimuth and the hor-
izontalaxisrepresentstherange. (a)isdynamictransmitanddynamicreceivefocusing. (b) s fixed trans mit fo cus-
ingat120 mmand dy namicre ceive focusing. (c)is (b) withtheretrospective filteringt ech nique. (d) is fixed trans-
mit and fixed re ceive fo cus ing at 120 mm. (e) is (d) with the ret ro spec tive fil ter ing technique.

In this paper, fixed receive focusing was applied in combination with fixed receive
apodization. Another pos si bil ity isto use dy namic re ceive apodization along with fixed re-
ceive fo cus ing. Inthis case, the near field per for mance may be im proved at the price of a
slightincreaseinsystemcomplexity. Nonetheless,aslongastheeffectiveaperture width of
a fixed focused system is larger than that of the gold stan dard sys tem, the fil ter-based ap-
proach can achieve per for mance simi lar tothat of the gold stan dard system. The only poten-
tial dis ad van tage is that a lon ger fil ter may be re quired for fixed apodization than that for
dy namicapodization. Finally, since only fixed re ceive focusingisre quired, noreal-timere-
ceivedy namicfocusingcircuitisneeded. T he com plexdy namicre ceive focusingcircuitis
re placed by asim ple 1-D fil ter bank at the beam for mer out put. Thus, hard ware com plex ity
issubstantially reducedwith outsacrificingimagingperformance.
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FIG. 12 Beam pat terns at 65 mm. Top panel shows the unapodized cases and bot tom panel cor re sponds to t he
apodized cases. Dotted line: dy namic trans mitand dy namic re ceive fo cusing. Solid line: fixedtransmitfocusingat
120 mmand dy namic re ceive fo cus ing. Dot-dashed line: fixed trans mit fo cus ing at 120 mm and dy namic re ceive
focusingaf ter fil ter ing. Dashed line: fixed trans mitand fixed re ceive fo cus ing at 120 mmafterfil tering.

REFERENCES

1. Wright, J., Resolutionissuesinmedicalultrasound,in Proc. IEEE Ultrasonics Symp. , pp. 793-799 (1985).

2.Lu,J.Y.and Greenleaf, J., Ul trasonic nondiffracting trans ducer for med i calimag ing, IEEE Trans. Ultrason.
Ferroelect. Freq. Contr. 37, 438-447 (1990).

3. Lu, J.Y. and Greenleaf, J., Sidelobe reduction for limited diffraction pulse —echo systems, IEEE Trans.
Ultrason. Ferroelect. Freq. Contr. 40, 735-746 (1993).

4. Lu, J.Y., Designinglimiteddiffractionbeams, IEEE Trans. Ultrason. Ferroelect. Freq. Contr. 44, 181-193
(1997).

5. Shen, J. and Ebbini, E.S., A new coded-excitation ul trasound im ag ing sys tem —part |: basi cprinciples, IEEE
Trans. Ultrason. Ferroelect. Freq. Contr. 43, 131-140 (1996).

6. Shen, J.and Ebbini, E.S., A new coded-excitation ul tra sound im ag ing sys tem —part |1: op eratordesign, IEEE
Trans. Ultrason. Ferroelect. Freq. Contr. 43, 141-148 (1996).

7. Haider, B., Synthetic transmit focusing for ultrasonic imaging, in Proc. IEEE Ultrasonics Symp., pp.
1215-1218 (2000).



88 LI AND LI

Unapodized

FI1G. 13 30dB images of the anechoic cyst in a tis sue-mimicking phan tom (unapodized). The ver ti cal axis is the
range and the hor i zon tal axis is the az i muth. (a) is dy namic trans mitand dy namic re ceive fo cus ing. (b) is fixed
transmitfocusingat120mmanddy namicre ceivefocusing. (c) is(b) withtheretrospectivefilteringtechnique. (d)
is fixed trans mit and fixed re ceive fo cus ing at 120 mm. (e) is (d) with the ret ro spec tive f ilteringtechnique.
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Apodized

FIG. 14 30 dB im ages of the anechoic cyst in a tis sue-mimicking phan tom (apodized). The ver ti cal axi s is the
range and the hor i zon tal axis is the az i muth. (a) is dy namic trans mitand dy namic re ceive fo cusing. (b) is fixed
transmitfocusingat120 mmanddynamicreceivefocusing. (c)is(b) withtheretrospect ivefilteringtechnique. (d)
is fixed trans mit and fixed re ceive fo cus ing at 120 mm. (e) is (d) with the ret ro spec tive f ilteringtechnique.



