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Most di ag nos tic ul tra sonic im ag ing sys tems per form fixed fo cus ing on trans mit and dy namic fo cus -
ing on re ceive.  Such sys tems suf fer from im age qual ity deg ra da tion at depths away from the trans mit fo -
cal zone.  Sev eral dy namic trans mit fo cus ing tech niques have been pre vi ously in ves ti gated.  Among
them, a fil ter-based, ret ro spec tive fo cus ing tech nique was pro posed to in crease the length of the trans mit 
fo cal zone.  In this pa per, the fil ter-based tech nique is ex tended from dy namic re ceive fo cus ing to fixed
re ceive fo cus ing.  It is shown that the fil ter ing tech nique with fixed re ceive fo cus ing can achieve an  im -
age qual ity sim i lar to that of dy namic re ceive fo cus ing with fil ter ing. The per for mance of the pro posed
ap proach is ver i fied us ing real ul tra sound data.  It is shown that the pro posed ap proach wi th fixed re ceive 
fo cus ing re quires a lon ger fil ter than that with dy namic re ceive fo cus ing.  None the less,  sys tem com plex -
ity is greatly re duced with syn thetic trans mit and re ceive fo cus ing be cause the dy namic re ceive fo cus ing 
cir cuit is no lon ger needed.
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I.  IN TRO DUC TION

Most cur rent real-time ar ray im ag ing sys tems per form fixed fo cus ing on trans mit and dy -
namic fo cus ing on re ceive.  The fo cus ing qual ity of such sys tems is less than op ti mal at i m -
ag ing depths away from the trans mit fo cal zone.  To fully re al ize the im age qual ity
potentially achiev able by an ar ray im ag ing sys tem, dy namic trans mit fo cus ing is de sired.
Var i ous 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 at the price of lat eral res o lu tion. 1  An other method based on
nondiffracting beam prop a ga tion was pro posed by Lu and Green leaf. 2-4   Al though non -
diffracting beams pro duce a lon ger trans mit fo cal zone, high sidelobes are in tro duced and,
thus, the con trast res o lu tion is af fected.

Coded ex ci ta tion meth ods have also been pro posed for dy namic trans mit fo cus ing. 5, 6   In
this case, in de pend ent codes are used to ex cite in di vid ual chan nels of a phased ar ray.  An im -
age can then be re con structed by us ing a pseudo-inverse lin ear op er a tor based on sin gu lar
value de com po si tion.  Note that the im age qual ity is de ter mined by the orthogonality among
the trans mit codes.  Un for tu nately, orthogonality is usu ally poor due to the lim ited time-
 bandwidth prod uct of cur rent med i cal ul tra sound trans duc ers.  Syn thetic trans mit fo cus ing
us ing weight ing has also been pro posed. 7, 8   Trans mit foci are syn the sized be tween two phys i -
cal fo cal points by 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
that min i mizes the com bined phase er rors.  How ever, mul ti ple fir ings are needed to im prove
the fo cus ing qual ity be tween two orig i nal fo cal points.  Thus, the frame rate is re duced.  In
ad di tion, only the im age 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
vir tual source el e ments. 9  The method syn the sizes dy namic two-way (i.e., trans mit and re -
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ceive) fo cus ing with a lin ear ar ray trans ducer.  It im proves the lat eral res o lu tion and sidelobe
lev els at all im ag ing depths.  None the less, it is sus cep ti ble to mo tion ar ti facts.  Finally, a ret -
ro spec tive dy namic trans mit fo cus ing tech nique suit able for real-time ap pli ca tions was pro -
posed by Free man et al. 10   The ret ro spec tive fil ter ing tech nique treats dy namic fo cus ing as a
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 -
namic re ceive fo cus ing.  Fixed trans mit and fixed re ceive fo cus ing was not con sid ered.  As
will be shown in this pa per, fixed re ceive fo cus ing with fil ter ing can pro vide sim i lar im ag ing
per for mance to that of dy namic re ceive fo cus ing. Since only fixed re ceive fo cus ing is em -
ployed, the sys tem com plex ity is sub stan tially re duced.

In this pa per, the ret ro spec tive fil ter ing tech nique is re viewed in sec tion II.  The char ac ter -
is tics 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 fo cus ing in sec tion III.  In sec tion IV, the per for mance of ret ro -
spec tive trans mit and re ceive fo cus ing is com pared to that of ret ro spec tive trans mit fo cus ing
us ing real ul tra sound data. The pa per con cludes in sec tion V.

II. RE VIEW OF RET RO SPEC TIVE FIL TERING TECH NIQUE

An im age can be viewed as the con vo lu tion of a pulse-echo point spread func tion with a
scat ter ing dis tri bu tion func tion. In the lat eral di rec tion, the pulse-echo point spread func tion
is the mul ti pli ca tion of the trans mit beam and the re ceive beam.  The ret ro spec tive fil ter ing
tech nique treats dy namic fo cus ing as a deconvolution prob lem.  In other words, syn thetic fo -
cus ing is done by lat er ally ap ply ing a fil ter to the beam data. 10   Such a fil ter is range de pend ent 
and needs to be ap plied af ter beam for ma tion and be fore en ve lope de tec tion.  Fur ther more, the
fil ter has com plex co ef fi cients if the beam sum sig nal is de mod u lated to base band.  In ot her
words, we have

where ⊗ rep re sents con vo lu tion, ⊗−1 de notes deconvolution, S is the scat ter ing dis tri bu tion
func tion, Boof is the out-of-focused pulse-echo beam pat tern and Bideal is the ideal pulse-echo
beam pat tern (i.e., dy namic fo cus ing on both trans mit and re ceive).   For a sec tor im age, all
the above terms are a func tion of (R, sin θ), where R is the range and θ is the steer ing an gle.

The in verse fil ter in Eq. (1) deconvoles the out-of-focused beam into a fo cused beam.
Based on the dis crete space Fou rier trans form re la tion ship be tween a beam pat tern and the
cor re spond ing ap er ture func tion, it is straightforwd to see that spec trum of the in verse fi l ter
is the ideal pulse-echo ef fec tive ap er ture di vided by the out-of-focused pulse-echo ap er ture
func tion.  The ap er ture func tion can also be used to rep re sent the spa tial fre quency spec t rum.
Thus, the pur pose of the in verse fil ter is to change the am pli tude and the phase of an
out-of-focused ap er ture func tion into an ideal 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., points with small am pli tudes) and the SNR is suf fi ciently high. Oth er wise, di rect ap pli -
ca tion of the in verse fil ter am pli fies the noise and de grades the beam qual ity. In ad di tion, 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
prac ti cal.  Hence, an al ter na tive fil ter ing ap proach based on a min i mum mean squared er ror
cri te rion is used. 10-13   The fil ter is also known as the op ti mal fil ter in the sense that the mean
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squared er ror be tween the fil ter out put and a de sired beam pat tern is min i mized.  The de si red
beam pat tern is typ i cally the dy nam i cally-focused beam at the same im age po si tion. 

Let the col umn vec tor d rep re sent the de sired beam pat tern, the col umn vec tor b be the
out-of-focused beam pat tern and the col umn vec tor f de scribes the fil ter co ef fi cients.  Then
the mean squared er ror can be de fined as

where H de notes the Hermitian con ju gate and Bf is the ma trix rep re sen ta tion of the con vo lu -
tion of b and f.  There fore, the op ti mal fil ter that min i mizes the mean squared er ror can be
found as

As men tioned by Free man et al, lon ger fil ters are re quired for ranges far ther away from the
fo cus. 10   The ef fi cacy of the ret ro spec tive fil ter ing tech nique us ing the op ti mal fil ter has al so
been dem on strated and a 2-7dB sidelobe re duc tion was achieved with unapodized ap er tures. 

A sys tem block di a gram for ret ro spec tive fo cus ing is il lus trated in fig ure 1. 10-12   Af ter the
echo sig nal is re ceived and dig i tized by the A/D con verter, the beam for mer prop erly de lays
the data be fore the beam sum is de mod u lated to base band and stored in the beam buffer.  The
range-dependent fil ter then ret ro spec tively syn the sizes a fo cused beam and the data is sent to 
the im age buffer for fur ther sig nal pro cess ing, scan con ver sion and dis play.  Note that a pipe -
line struc ture can be used for im ple men ta tion of these range-dependent com plex fil ters.  The
com plex fil ters have lengths vary ing as a func tion of range and co ef fi cients are pre cal cu lated 
and stored in the fil ter bank.  This ar chi tec ture is sim i lar to the wall fil ter ar chi tec t ure in color
Dopp ler im ag ing modes.

III. PULSE-ECHO EF FEC TIVE AP ER TURES

As pre vi ously men tioned, the op ti mal fil ter or the in verse fil ter con verts a dis torted
pulse-echo ap er ture func tion into an ideal one.  Ef fec tive ness of the fil ter is pri mar ily de ter -
mined by char ac ter is tics of the ap er ture func tion and the fil ter length.  First, the ef fec tive
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FIG. 1 Hard ware struc ture for ret ro spec tive fo cus ing.



width of the ap er ture func tion fun da men tally lim its the width of the fil tered beam. T he wi der 
that the ap er ture is, the nar rower the beam width that can be achieved.  Sec ond, sin gu lar
points within the ap er ture af fect ro bust ness of the deconvolution pro cess.  To eval u ate the
per for mance of the fil ter-based ap proach, pulse-echo ef fec tive ap er tures with fixed trans mit
and fixed re ceive fo cus ing are stud ied and com pared to those with fixed trans mit and dy -
namic re ceive fo cus ing.

With out loss of gen er al ity, a 1-D ar ray fo cused at range R
0
 and zero steer ing an gle is as -

sumed.  Fur ther, as sum ing con tin u ous wave prop a ga tion, the phase φ
n
 of the one-way ap er -

ture at range R can be writ ten as1 

where k is the wave num ber and xn is the dis tance be tween the n-th el e ment and the ar ray cen -
ter.  Note that the phase is equal to zero at the fo cal depth, whereas qua dratic phase across the
ap er ture ex ists in the out-of-focused re gion.  In other words, fixed fo cus ing re sults in dif fer -
ent qua dratic phases at dif fer ent ranges. Since the con vo lu tion of trans mit and re ceive ap er -
tures is the pulse-echo ef fec tive ap er ture, the qua dratic phase dis torts the pulse-echo
ef fec tive ap er ture and pos si bly gen er ates sin gu lar points.  In the ex am ples shown be low, a
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FIG. 2 Pulse-echo ef fec tive ap er ture func tions (solid is the mag ni tude, dashed is the 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 (in ra di 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-echo ap er -
tures.  (b) and (e) are pulse-echo ap er tures with fixed trans mit and dy namic re ceive fo cus ing.  (c) and (f) are
pulse-echo ap er tures with fixed trans mit and fixed re ceive fo cus ing.



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/ µs.

Ef fects of the qua dratic phase on the pulse-echo ap er ture func tion are il lus trated in fig ure
2.  Ef fec tive ap er tures at range 80 mm are shown.  The left pan els show ex am ples of
unapodized ap er tures.  The top panel (a) shows the pulse-echo ideal ap er ture (i.e., with both
trans mit and re ceive fo cused at 80 mm).  Since an unapodized one-way ap er ture (i.e., trans -
mit or re ceive only) at the fo cal point is rect an gu lar with zero phase, the pulse-echo ideal ap -
er ture is tri an gu lar (solid) also with zero phase (dashed).  The ver ti cal axis shown on the l eft
of each panel is the nor mal ized am pli tude and the ver ti cal axis shown on the right is the phase 
(in ra di ans).  The mid dle panel (b) shows the pulse-echo ef fec tive ap er ture with fixed trans -
mit fo cus ing at 60 mm and dy namic re ceive fo cus ing (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 mit and
fixed re ceive fo cus ing, both at 60 mm.  Ap par ently, both pulse-echo ef fec tive ap er tures in
(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 in the one-way ap er ture func tion.  Since both ap er tures in pan els (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
spa tial 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 ter ing tech nique.  In fig ure 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), the fil ter is gen er ally a spa tial 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 pan els of fig ure 2 show the pulse-echo ef fec tive ap er tures with Hamming
apodization.  In this case, the apodized ap er tures have less am pli tude vari a tions com pared t o
the unapodized ap er tures.  This in di cates that the fil ter de sign with fixed re ceive fo cus i ng is
eas ier with apodization.  For dy namic re ceive fo cus ing, the ef fec tive ap er ture in panel (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, the fil ter ing tech nique with fixed re ceive fo cus ing is ex pected to out per form that 
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 ap er ture widths of pulse-echo ef fec tive ap er tures for a tar get at
range 80 mm are shown in fig ure 3.  The widths are nor mal ized to the cor re spond ing widths
of the ideal ap er ture func tion. The –6 dB width is used to rep re sent the ef fec tive ap er ture
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, is also adopted since the in verse fil ter be comes un re li able when low level si g -
nals are am pli fied.  The hor i zon tal axis is the fixed trans mit fo cal depth.  For dy namic re ceive 
fo cus ing, the re ceive fo cal depth is the same as the tar get depth (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 pan els (i.e., (a) and (b)) show cases with out apodization and the right pan els
(i.e., (c) and (d)) are cases with apodization. 

Fig ure 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 ap er ture. For dy namic re ceive fo cus ing, on the other hand, the nor mal ized –6 dB ap er -
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 sim i lar with the ex cep tion that the –6 dB width for
fixed trans mit and fixed re ceive fo cus ing are rel a tively con stant com pared to those with out
apodization.  Fig ure 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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that shown in fig ure 3(a). The dif fer ence in the  –30 dB width be comes more no tice able when 
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 sim i lar.

Ap er tures with fixed trans mit and fixed re ceive fo cus ing at 60 mm at dif fer ent tar get
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) show that as the tar -
get moves fur ther away from the fo cal zone, the pulse-echo ef fec tive ap er ture be comes
wider.  More over, both am pli tude vari a tions and the qua dratic phase er ror also in crease.
Note that the re la tion ship be tween mag ni tude of the qua dratic phase and the ap er ture width is 
sim i lar to the re la tion ship be tween the phase of a chirp sig nal and the cor re spond ing spec tral
band width. 13   In fig ures 4(c) and 4(d), the apodized ef fec tive ap er tures are no tice 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
sig nif i cant.  In both cases, a lon ger fil ter 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 -
tude vari a tions.
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FIG. 3  (a) and (c) are nor mal ized –6 dB ap er ture widths.  (b) and (d) are nor mal ized –30 dB widths.   Solid line
cor re sponds to fixed trans mit and 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.



Re sults shown in fig ure 3 were gen er al ized in fig ure 5 by con sid er ing all pos si ble com bi -
na tions of the trans mit and the re ceive fo cal depths.  Panels (a) and (b) are the unapodized
cases and pan els (c) and (d) show the apodized cases.  The hor i zon 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 im age 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).
The fol low ing ob ser va tions are made.  First, both the –6 dB and the –30 dB widths are larg est
along the di ag o nal (up per left to lower right) where the trans mit and re ceive fo cal depths are
the same.  Sec ond, the hor i zon tal line with the re ceive fo cus at 80 mm rep re sents fixed trans -
mit and dy namic re ceive fo cus ing since the tar get depth is also at 80 mm.  Third, the up per
right re gion cor re sponds to the 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.  In all 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 is ex pected. 
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FIG. 4 Ap er tures at tar get ranges 69 mm, 81 mm and 98 mm with fixed trans mit and fixed re ceive fo cal depth at
60 mm.  Left pan els are with out apodization and right pan els are with apodization.  (a) and (c) are for am pli tudes.  (b) 
and (d) are for phases. 



IV. EX PER I MEN TAL RE SULTS

Sim u lated im ages us ing real ul tra sound data are pre sented in this sec tion.  All the raw dat a
are avail able at the web site bul.eecs.umich.edu.  They were ac quired us ing a 128-element,
3.5MHz phased ar ray trans ducer (Acuson V328, Moun tain 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 lon wires in wa ter and an in de pend ent op ti mal fil ter was de rived for each wire.  Each fi l ter
was then ap plied to a zone ex tend ing over a range of 20 mm with the wire at the 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 mit and 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) as a 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 (lines with tri an gles).  Nyquist beam spac ing was used.  Panel (a) is for dy namic
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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 ap er ture widths. 
The ver ti cal axis is the re ceive fo cal depth and the hor i zon tal axis is the trans mit fo cal  depth.  (a) and (b) are with out
apodization.  (c) and (d) are with apodization.



re ceive fo cus ing with fixed trans mit fo cus ing at 60 mm.  Panel (b) is for fixed trans mit and
fixed re ceive fo cus ing at 60 mm.  Both pan els cor re spond to re sults with out apodization.  As
in di cated in the fig ures, the er ror gen er ally de creases and reaches a min i mum as the fil t er
length in creases. More over, a lon ger fil ter is re quired for the wire far ther away from the fo cal 
depth to reach the min i mum.  Such re sults are con sis tent with the spa tial fre quency spec tra
shown in fig ure 4 and the dis cus sion in the pre vi ous sec tion.  The min i mum mean squared er -
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 cus ing.  This is be cause the am pli tude vari a tions 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
fo cus ing (in (c)), ex cept for the wire at 65 mm.  This is again con sis tent with the re sults
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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FIG. 6 Mean-squared er ror as a func tion of the fil ter length.  Left pan els show the unapodized cases and right
pan els show the apodized cases.  (a) and (c) are dy namic re ceive fo cus ing with fixed trans mit  fo cus ing at 60 mm. ( b) 
and (d) fixed trans mit and fixed re ceive fo cus ing at 60 mm. 



cus ing is smaller than that for fixed re ceive fo cus ing.  There fore, fil ter ing with fixed re ceive
fo cus ing is more ef fi cient but a lon ger fil ter is needed.  Based on fig ure 6, a fil ter length of 17
was ap plied for dy namic re ceive fo cus ing and a fil ter length of 21 was used for fixed re ceive
fo cus ing in the fol low ing re sults.  None the less, a smaller 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 mit and dy namic re -
ceive fo cus ing (panel (a)), fixed trans mit fo cus ing at 60 mm and dy namic re ceive fo cus ing
be fore fil ter ing (panel (b)) and af ter fil ter ing (panel (c)), fixed trans mit and fixed re ceive fo -
cus ing at 60 mm be fore fil ter ing (panel (d)) and af ter fil ter ing (panel (e)).  All im ages are
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
dis play.  The ver ti cal axis is the 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 mit and fixed re ceive fo cus ing is sig -
nif i cantly im proved with fil ter ing.  It is also shown that the fil ter ing tech nique with fixed re -
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FIG. 7 Im ages of six wires over a 40 dB dy namic range (unapodized). T he ver ti cal axis is the az i muth and the
hor i zon tal axis rep re sents the range.  (a) is dy namic  trans mit and dy namic re ceive fo cus ing.  (b) is fixed trans mit fo -
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 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 fo cus ing (panel (e)) can pro vide sim i lar im ag ing per for mance to that of the im age
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 f i -
cantly im proved.  More over, the fil ter ing tech nique with fixed re ceive fo cus ing can still
achieve im ag ing per for mance sim i lar to that of dy namic re ceive fo cus ing with fil ter ing.

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 -
namic re ceive fo cus ing (dot ted), fixed trans mit and dy namic re ceive fo cus ing be fore fil t er -
ing (solid), fixed trans mit and dy namic re ceive fo cus ing af ter fil ter ing (dot-dashed) and
fixed trans mit and fixed re ceive fo cus ing af ter fil ter ing (dashed) are dem on strated.  It is
shown that fixed trans mit and fixed re ceive fo cus ing with fil ter ing has per for mance sim i l ar
to that of fixed trans mit and 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 mm are 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. 8 Im ages of six wires over a 40 dB dy namic range (apodized).  The ver ti cal axis is the az i muth and the hor i -
zon tal axis rep re sents the range.  (a) is dy namic trans mit and dy namic re ceive fo cus ing.  (b) is fixed trans mit fo 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 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.



Data from a speckle gen er at ing phan tom with anechoic cysts are also used to eval u ate ef -
fec tive ness of the fil ter ing ap proach on con trast res o lu tion im prove ment. A tis sue -mimicking
phan tom (RMI-412R, Gammex RMI, Middle ton, Wis con sin, U.S.A.) with sound ve loc ity of 
1.54 mm/ µs and an at ten u a tion rate of 0.5 dB/cm/MHz was used.  30 dB im ages in the vi cin -
ity of a cyst at 65 mm are shown in fig ures 13 (with out apodization) and 14 (with
apodization).  In both fig ures, the ver ti cal axis is the range and the hor i zon tal axis rep re sents
the az i muth.  Panel (a) is the ideal im age with dy namic trans mit and 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
fo cus ing at 120 mm and dy namic re ceive fo cus ing (panel (b)) and with fixed trans mit and
fixed re ceive fo cal depth at 120 mm (panel (d)).  Panels (c) and (e) are the fil tered im ages cor -
re spond ing to pan els (b) and (d), re spec tively.  It is 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 is sim i lar to that for dy namic re ceive fo cus ing.
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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 mit and dy namic re ceive fo cus ing.  Solid line: fixed trans mit fo cus ing at
60 mm and dy namic re ceive fo cus ing.  Dot-dashed line: fixed trans mit fo cus ing at 60 mm and dy namic re ceive fo -
cus ing af ter fil ter ing.  Dashed line: fixed trans mit and fixed re ceive fo cus ing at 60 mm af  ter fil ter ing.



V. CON CLUSION

In this pa per, the ret ro spec tive fil ter ing tech nique was ex tended to fixed trans mit and fi xed 
re ceive fo cus ing.  It was found that the tech nique pro vides im age qual ity sim i lar to  that  with
dy namic re ceive fo cus ing with or with out apodization.  The smaller am pli tude vari a tions of
the apodized ap er tures also im ply that the deconvolution pro cess is more ro bust and shorter
fil ters may be ap plied with sim i lar per for mance.  How ever, one dis ad van tage for the fil t er ing 
tech nique with fixed re ceive fo cus ing is that it needs a lon 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 dis ad van tage for a long fil ter is the mo tion ar ti fact.  In par tic u lar, if the ob ject
moves by more than a quar ter wave length over the en tire time needed to ac quire all beams
used in the ret ro spec tive pro cess ing, mo tion ar ti facts will oc cur. 11   As de scribed in this pa per,
21 beams are used to re con struct one beam line for fixed re ceive fo cus ing.  Thus, the mo tion
must be neg li gi ble dur ing a pe riod of 21 pulse rep e ti tion in ter vals (PRI’s).  For a 160 mm im -
age depth, the ob ject should not move by more than a quar ter wave length in a pe riod of about
4.5 ms.  This rep re sents a ve loc ity of about 25 mm/s.  Thus, tis sue mo tion may be sig nif i cant
for car diac ap pli ca tions and the mo tion must be cor rected in or der to ap ply the fil ter ing tech -
nique.
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FIG. 10 Im ages of six wires over a 40 dB dy namic range (unapodized).  The ver ti cal axis is the az i muth and the
hor i zon tal axis rep re sents the range.  (a) is dy namic  trans mit and dy namic re ceive fo cus ing.  (b) is fixed trans mit fo -
cus ing at 120 mm and dy namic re ceive fo cus ing.  (c) is (b) with the ret ro spec tive fil ter i 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 ing tech nique.



In this pa per, fixed re ceive fo cus ing was ap plied in com bi na tion with fixed re ceive
apodization.  An other pos si bil ity is to use dy namic re ceive apodization along with fixed re -
ceive fo cus ing.  In this case, the near field per for mance may be im proved at the price of a
slight in crease in sys tem com plex ity.  None the less, as long as the ef fec tive ap er ture width of
a fixed fo cused sys tem is larger than that of the gold stan dard sys tem, the fil ter-based ap -
proach can achieve per for mance sim i lar to that of the gold stan dard sys tem.  The only po ten -
tial dis ad van tage is that a lon ger fil ter may be re quired for fixed apodization than that for
dy namic apodization.  Finally, since only fixed re ceive fo cus ing is re quired, no real-time re -
ceive dy namic fo cus ing cir cuit is needed. T he com plex dy namic re ceive fo cus ing cir cuit i s
re placed by a sim ple 1-D fil ter bank at the beam for mer out put.  Thus, hard ware com plex ity
is sub stan tially re duced with out sac ri fic ing im ag ing per for mance.
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FIG. 11 Im ages of six wires over a 40 dB dy namic range (apodized).  The ver ti cal axis is the az i muth and the hor -
i zon tal axis rep re sents the range.  (a) is dy namic trans mit and dy namic re ceive fo cus ing.   (b) is fixed trans mit fo cus -
ing at 120 mm and dy namic re ceive fo cus ing.  (c) is (b) with the ret ro spec tive fil ter ing t 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 tech nique.
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Unapodized

FIG. 13 30 dB im ages 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 mit and dy namic re ceive fo cus ing.  (b) is fixed
trans mit fo cus ing at 120 mm and dy namic re ceive fo cus ing.  (c) is (b) with the ret ro spec t ive fil ter ing 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 f il ter ing tech nique.



FIL TER-BASED FO CUSING                                                             89

Apodized

(a)

(b) (c)

(d) (e)

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 mit and dy namic re ceive fo cus ing.  (b) is fixed
trans mit fo cus ing at 120 mm and dy namic re ceive fo cus ing.  (c) is (b) with the ret ro spec t ive fil ter ing 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 f il ter ing tech nique.


