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A Fou rier trans form (FT)-based tech nique for form ing par al lel re ceive beams has been pre vi ously
em ployed to in crease the im ag ing frame rate in ul tra sonic im ag ing.  How ever, the im age qual ity in
FT-based par al lel re con struc tion is de graded be cause dif fer ences in range fo cus ing de lays are ig nored
and a wide trans mit beam needs to be used.   In this pa per, an adap tive weight ing tech nique based on a fo -
cus ing-qual ity in dex is used to re duce the sidelobes of the FT-de rived par al lel re ceive beams.  The fo cus -
ing-qual ity in dex is de rived from the spa tial spec trum of the re ceived ap er ture data af ter the re ceive
de lays have been ap plied.  Since the spa tial spec trum of the base band ap er ture data is also used to ap -
prox i mate re ceive beams in FT-based par al lel re con struc tion, the adap tive weight ing tech nique can be
di rectly com bined with the FT-based tech nique for form ing par al lel re ceive beams with only a slight in -
crease in sys tem com plex ity.  Real ul tra sound data are used to dem on strate the ef fi cacy of the pro posed
tech nique on both wire tar gets and speckle-gen er at ing ob jects.   The re sults clearly dem on strate the ef -
fec tive ness in re duc ing the sidelobes.   In ad di tion, the im age back ground noise is sup pressed.  The prin -
ci ples, ex per i men tal re sults, and the ex ten sion of the pro posed tech nique to 3D ul tra sound im ag ing are
de scribed in this pa per.
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 I. INTRODUCTION

In con ven tional ul tra sonic im ag ing sys tems, the re ceive beams are formed se quen tially,
with one re ceive beam along the trans mit di rec tion be ing formed af ter one trans mit burst.
There fore, the sound ve loc ity in the tis sue fun da men tally lim its the data ac qui si tion rate of
such sys tems.  A higher data ac qui si tion rate makes it is pos si ble to ac quire more im ages
(within a given time in ter val) that can be com pounded to re duce speckle noise, or to re duce
the av er age ra di a tion ex po sure to the pa tient while main tain ing the same dis play frame rate.1

Other po ten tial ap pli ca tions re quir ing high frame rates in clude car diac im ag ing, color flow
im ag ing and real-time 3D im ag ing.  The data ac qui si tion time par tic u larly lim its the frame
rate in real-time 3D im ag ing.2, 3 

To ob tain a higher data ac qui si tion rate, sev eral tech niques for form ing mul ti ple re ceive
beams have been pro posed.1, 4–7  These tech niques si mul ta neously pro duce mul ti ple re ceive
beams along dif fer ent di rec tions so that the data ac qui si tion rate is in creased by a fac tor
equal to the num ber of re con structed re ceive beams per trans mit event.  Each re ceive beam
has its own re cep tion time de lays, and the re spec tive time de lays are ap plied to the same
chan nel data prior to in di vid ual beam sum ma tion.  The pulse-echo beam pat tern for each
beam pro duced in this man ner is the prod uct of the trans mit beam pat tern and the cor re -
spond ing re ceive beam pat tern.   Hence, only re ceive beams close to the cen ter of the trans -
mit beam can be ef fec tively syn the sized.1 

Re con struct ing mul ti ple re ceive beams re quires par al lel pro cess ing, which in creases the
sys tem com plex ity.  Con cep tu ally, a du pli cate beam for mer is needed for each si mul ta -
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neously re ceived beam.  Prac ti cally, sev eral meth ods have been pro posed to re duce the sys -
tem com plex ity as so ci ated with par al lel pro cess ing.  Shattuck et al. used the de lay sim i lar ity
on each chan nel be tween ad ja cent re ceive beams to pro pose a par al lel pro cess ing ap proach
for a phased ar ray sec tor scan ner, named “Explososcan.”1   In Explososcan, small tapped de -
lay lines added at each re ceive chan nel af ter the main de lay sys tem re placed a com pletely in -
de pend ent beam for mer for each ad di tional re ceive beam.  In their study, four si mul ta neous
re ceive beams were formed for each trans mit beam.  The trans mit beam needs to be suf fi -
ciently broad such that all the re ceive beams ac quire data from all di rec tions with suf fi cient
insonification.  A time multiplexing scheme has also been pro posed for the for ma tion of par -
al lel re ceive beams.6   Us ing two beams as an ex am ple, the sam pled re ceive data are time
mul ti plexed, in which the odd-num ber sam ples are used to form one beam and the
even-num ber sam ples are used to form the other beam.  For ma tion of the two re ceive beams
is switched in time.  The for ma tion of three or four par al lel beams can be im ple mented in a
sim i lar fash ion.  With time multiplexing, the hard ware com plex ity is re duced but the re -
duced clock rate pro duces a lower sys tem band width that may af fect the ax ial res o lu tion. 

Al ter na tively, the par al lel pro cess ing of re ceived beams can be greatly sim pli fied by ig -
nor ing the small time de lay dif fer ence for neigh bor ing beams on a given chan nel.  Us ing the
par a bolic ap prox i ma tion, the time de lay for a given ar ray el e ment is the sum of a range fo -
cus ing term and a steer ing term.  When the range fo cus ing term is ig nored, the for ma tion of
par al lel beams can be ap prox i mated by Fou rier trans form ing the base band ap er ture data
(i.e., the re ceived chan nel data along the ar ray di rec tion).  Based on this prop erty, O’Donnell
de vel oped an ef fi cient tech nique for form ing par al lel re ceive beams in phased ar ray im ag -
ing.7, 8  Two re ceive beams were formed with only a slight in crease in hard ware com plex ity.  
How ever, ig nor ing the fo cus ing de lay dif fer ence among dif fer ent re ceive beams de grades
the qual ity of the re ceive beams.   

This pa per in tro duces an adap tive weight ing tech nique that was pre vi ously de vel oped to
re duce the fo cus ing er rors re sult ing from sound-ve loc ity inhomogeneities.9, 10  The adap tive
weight ing tech nique is ex tended to Fou rier trans form (FT)-based for ma tion of the par al lel
re ceive beams.  The adap tive weight ing is based on a fo cus ing-qual ity in dex, known as the
gen er al ized co her ence fac tor (GCF).9, 10  The GCF is de rived from the spa tial spec trum of the
re ceived ap er ture data af ter the re ceive de lays have been ap plied.  In this study, the GCF is
em ployed to re duce the sidelobes of the FT-de rived par al lel re ceive beams.  Since the spa tial
spec trum of the ap er ture data is used to ap prox i mate par al lel re ceive beams, the GCF weight -
ing tech nique can be di rectly com bined with FT-based for ma tion of par al lel beams with only 
a small in crease in sys tem com plex ity.  In this pa per, real ul tra sound data are used to eval u ate 
the ef fi cacy of the pro posed tech nique on both wire tar gets and dif fuse scat ter ers.  The ef -
fects on con trast res o lu tion and back ground noise level are ex plored.  The ex ten sion of the
pro posed tech nique to 3D ul tra sound im ag ing is also dis cussed.

The pa per is or ga nized as fol lows.  In sec tion II, FT-based for ma tion of par al lel re ceive
beams is first re viewed.  The adap tive weight ing tech nique based on the GCF is in tro duced
and ex tended to FT-based par al lel re con struc tion in sec tion III.   In sec tion IV, real ul tra -
sound data are used to eval u ate the per for mance of the adap tive weight ing tech nique, con -
cen trat ing on sidelobe re duc tion in im ages.  The pa per con cludes in sec tion V.

II. FT-BASED PAR AL LEL RE CON STRUC TION

The chan nel data are de fined as the data re ceived by each ar ray chan nel af ter the fo cus ing
de lays of a par tic u lar re ceive di rec tion

 
are ap plied prior to beam sum ma tion.  At a par tic u lar

74 LI AND LI



range, the data re ceived by each chan nel i across the ar ray is also called the ap er ture data and
is de noted as S(i).  The time in dex is fixed at a par tic u lar range and thus is omit ted in the
above no ta tion.  Par al lel re ceive beams can be si mul ta neously re con structed us ing the FT of
the base band ap er ture data.  The dis crete Fou rier spec trum across the ar ray can be viewed as
the ap prox i ma tion of mul ti ple par al lel re ceive beams cen tered at a prespecified di rec tion (it
is typ i cally the trans mit di rec tion) and equally spaced by   

where q is the steer ing an gle in a sec tor scan, d is the pitch of the ar ray, l is the wave length,
and N is the num ber of points in the dis crete spec trum.7, 8  Note that N de ter mines the spac ing
of the re con structed beams.

The N-point dis crete Fou rier spec trum of the ap er ture data can be ex pressed as

where k = –N/2 to N/2–1 is the spa tial fre quency in dex, which can also be used as the re ceive
beam in dex.  If the length of S(i) is less than N, S(i) is zero pad ded to length N.  The dis crete
Fou rier trans form can be ef fi ciently com puted us ing the fast FT (FFT).  Note that the neg a -
tive and pos i tive parts of k rep re sent equally spaced beam di rec tions on each side of the cen -
ter of all re ceive beams (i.e., k = 0).   In other words, the dc com po nent (i.e., p(0)) rep re sents
the re ceived sig nal from the prespecified pri mary re ceive di rec tion and the high-fre quency
com po nents cor re spond to the ap prox i mated re ceive beams from other an gles.

In prac tice, only the re ceive beams near the cen ter of the trans mit beam can be ef fec tively
syn the sized.   Hence, the trans mit beam should be broad ened for the for ma tion of par al lel re -
ceive beams and the trans mit beam spac ing is equal to the one-way Nyquist beam spac ing
l/Ntd, where Nt is the num ber of trans mit chan nels.  Note that the trans mit beam width can be
ad justed by vary ing Nt.  The ge om e try of n par al lel re ceive beams us ing the FT ap prox i ma -
tion is il lus trated in fig ure 1 with n = 3 (i.e., three beams).  In this case, three beams are re -
ceived within the trans mit beam.  The thick solid ar row rep re sents the cen ter re ceive beam
di rec tion and the two dot ted ar rows are the ad di tional par al lel re ceive beams.  The re gion
within the two dashed lines in fig ure 1 is de fined as the ef fec tive re gion for the i-th trans mit
beam (Txi).  The n par al lel re ceive beams are evenly spaced by l/(nNtd).  Com par ing this
spac ing with that de fined in Eq. (1), the num ber of points in the dis crete spec trum is equal to
n times the num ber of trans mit chan nels, i.e., 

  In ad di tion, the spac ing of the n par al lel re ceive beams needs to sat isfy the two-way
Nyquist cri te rion, with the two-way ef fec tive ap er ture size be ing (Nt+Nr)d.  In other words,
Nt and Nr must be cho sen such that l/(nNtd) £ l/[(Nt+ Nr)d].11  Thus, the num ber of trans mit
chan nels used in FT-based par al lel re con struc tion can be ex pressed as
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where é·ù is the ceil ing func tion (i.e., the small est in te ger that is larger than the value of the
in put pa ram e ter).  Given the num ber of re ceive chan nels and the num ber of par al lel re ceive
beams for each trans mit event, the num ber of trans mit chan nels is first cal cu lated us ing Eq.
(4).  Then, the num ber of points used in the FFT can be de ter mined based on the re ceive beam 
spac ing and Eqs. (3) and (4) to sat isfy the two-way Nyquist beam sam pling cri te rion.  Al -
though the FT-based tech nique for form ing par al lel re ceive beams can ef fi ciently re con -
struct par al lel re ceive beams, fo cus ing er rors are in tro duced since the fo cus ing de lay
dif fer ences are ig nored.  Such fo cus ing er rors, as well as the need for a wider trans mit beam,
limit the per for mance of the FT-based tech nique for form ing par al lel re ceive beams and
need to be cor rected.

III. ADAP TIVE WEIGHT ING TECH NIQUE

In this sec tion, an adap tive weight ing tech nique pre vi ously pro posed for phase ab er ra tion
cor rec tion is ex tended and com bined with the FT-based tech nique for form ing par al lel re -
ceive beams.  The weight ing fac tor (i.e., the GCF) is de rived from the spec trum of the ap er -
ture data af ter ap pro pri ate re ceive de lays have been ap plied prior to beam sum ma tion and
af ter base band de mod u la tion.  The GCF is an in dex of the fo cus ing qual ity, where a high
GCF cor re sponds to good fo cus ing qual ity and thus the im age in ten sity is main tained.   A
low GCF, on the other hand, should be used to re duce the im age in ten sity since sig nif i cant
fo cus ing er rors are pres ent.9, 10  Ig nor ing the range fo cus ing de lay dif fer ences in FT-based
par al lel re con struc tion makes the fo cus ing im per fect – GCF adap tive weight ing can be em -
ployed to re duce such im per fec tion and to fur ther lower the sidelobes of the FT-de rived par -
al lel re ceive beams.  In ad di tion, since the spa tial spec trum of the ap er ture data used to de rive 
the GCF is readily avail able for FT-based for ma tion of par al lel re ceive beams, the GCF
weight ing tech nique can be di rectly com bined with FT-based par al lel re con struc tion with
only a small in crease in sys tem com plex ity.   

For the for ma tion of par al lel re ceive beams, the GCF is de fined as the ra tio of the en ergy
re ceived from an gles near the re con structed re ceive beam di rec tion to the to tal en ergy from
all di rec tions.  Based on the re la tion ship be tween par al lel re ceive beams and the Fou rier
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FIG. 1 Il lus tra tion of the ge om e try of three par al lel re ceive beams.  The thick solid ar row in di cates the cen ter re -
ceive beam di rec tion and the two dot ted ar rows are the par al lel re ceive beams with ap prox i mated de lays.



spec trum over the ap er ture data, as de scribed in sec tion II, the GCF can also be viewed as the
ra tio of the spec tral en ergy within a prespecified fre quency range cen tered at the spa tial fre -
quency rep re sent ing the re con structed re ceive beam di rec tion to the to tal en ergy.  Hence, for
FT-based par al lel re con struc tion, the GCF for one re con structed re ceive beam l at a given
range can be ex pressed as  

where M0 is a cut off fre quency spec i fy ing the fre quency range in the spa tial fre quency in dex
(i.e., from –M0 to M0).  For three re ceive beams, the re con structed re ceive beam in dex l
ranges from –1 to 1: l = 0 rep re sents the cen ter re ceive beam, and l = –1 and 1 in di cate re spec -
tively the left and right ap prox i mated re ceive beams as in di cated by the two dot ted ar rows in
fig ure 1.   The pro ce dure for cal cu lat ing the GCF for three beams is il lus trated in fig ure 2.  
Note that while im ag ing a speckle-gen er at ing tar get, the cut off fre quency M0 can not be re -
stricted to zero since it needs to be large enough to in clude the in her ent in co her ence of such a
tar get.   

As de scribed above, the im age qual ity of FT-based par al lel re con struc tion can be im -
proved via GCF weight ing.  The GCF-weighted sig nal xl-weighted of xl for the re ceive beam l at a
given range can be ex pressed as  

Note that for each re ceive beam, the weight ing needs to be cal cu lated and ap plied at each
im ag ing depth.  Fig ure 3 shows the sys tem block di a gram of the GCF tech nique for three
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FIG. 2 Sche matic di a gram show ing how the GCF for three beams is cal cu lated.
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beams.  The echo sig nal for one trans mit event is re ceived and dig i tized by an an a log-to-dig i -
tal con verter, and then the re ceived rf data are de mod u lated down to base band.  The base -
band beam for mer ap plies the cor rect dy namic re ceive de lays and phase ro ta tions along the
cen ter re ceive di rec tion (as in di cated by the solid ar row in fig ure 1) be fore the data are sent to 
the chan nel buffer.  The par al lel re ceive beams and their cor re spond ing GCFs are then es ti -
mated us ing the FFT of the de layed base band ar ray data (note that the GCFs need to be cal cu -
lated at all range points).  The spec tral com po nents at fre quency in di ces of –1, 0, and 1 (i.e.,
the three beams il lus trated in fig ure 1) are then weighted by the cor re spond ing GCFs based
on Eq. (6) on a point-by-point ba sis.  The weighted data are then sent to the beam buffer for
fur ther sig nal pro cess ing, scan con ver sion and dis play.  Note that the re con structed re ceive
beams and their cor re spond ing GCFs can be ef fi ciently com puted via the FFT at the same
time.  As il lus trated in fig ure 3, the pro posed GCF tech nique can be eas ily in cor po rated into
the FT-based tech nique for form ing par al lel re ceive beams.

IV. EXPERIMENTAL RE SULTS

In this sec tion, simulated im ages us ing real ul tra sound data are pre sented to eval u ate the
ef fi cacy of the pro posed tech nique.  All the raw data files are avail able from http:// bul.
eecs.umich.edu.  They were ac quired us ing a 128-el e ment, 3.5 MHz phased-ar ray trans -
ducer (Acuson V328, Moun tain View, Cal i for nia, USA) at a 13.8889 MHz sam pling rate.  
Data from a wire phan tom and a tis sue-mim ick ing phan tom were used.  The wire phan tom
con sisted of six ny lon wires in wa ter, ar ranged at ranges of 34, 48, 65, 83, 101 and 121 mm. 
For all im ages, the trans mit fo cus was 60 mm from the trans ducer and dy namic re ceive fo -
cus ing with an f-num ber of 1.5 was ap plied.  Here, three re ceive beams were re con structed. 
Since the en tire ar ray trans ducer (i.e., 128 chan nels) was used on re ceive, ac cord ing to Eqs.  
(3) and (4), the mid dle 64 chan nels were used on trans mit, and a 192-point FFT was ap plied
for par al lel re con struc tion.  Cut off fre quen cies of M0 = 2 and M0 = 8 were used for the wire
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FIG. 3 Sys tem block di a gram of the adap tive weight ing tech nique for three beams.



phan tom and the tis sue-mim ick ing phan tom, re spec tively.  In ad di tion, since the re ceive
beams are along dif fer ent di rec tions rel a tive to the cen ter of the trans mit beam, the re sult ing
vari a tions among the par al lel re ceive beams re sult in asym me try in the two-way beam pat -
tern.  For the for ma tion of n par al lel re ceive beams, this causes pe ri odic vari a tions of the im -
age in ten sity (with a pe riod equal to n).  The vari a tions are more pro nounced when the
steer ing an gle is larger.  Hence, an n-tap mov ing-av er age fil ter (i.e., with fil ter co ef fi cients of 
[1/n 1/n … 1/n]) needs to be ap plied lat er ally to smooth out these ar ti facts.  All im ages are
shown here in the for mat af ter scan con ver sion (i.e., the hor i zon tal axis is the lat eral dis tance
in mil li me ters and the ver ti cal axis is the depth away from the trans ducer in mil li me ters).

A. Wire phan tom

Fig ure 4 shows the im ages for the wire phan tom, dis played with an 80-dB dy namic range. 
Fig ure 4(a) is the im age with stan dard scan ning (i.e., one re ceive beam along the trans mit di -
rec tion for each trans mit event).  Fig ure 4(b) is the three-beam im age as sum ing du pli cate
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(a) (b) 

(c) (d) 

FIG. 4 Im ages of a six-wire phan tom, dis played with an 80-dB dy namic range.  The ver ti cal axis is the depth and
the hor i zon tal axis is the lat eral dis tance.  (a) is the im age with stan dard scan ning.  (b) is the three-beam im age as -
sum ing du pli cate beam formers.  (c) and (d) are the three-beam im ages of FT-based par al lel re con struc tion with out
and with GCF weight ing, re spec tively.   
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(a) 

FIG. 5 Pro jected ra di a tion pat terns of the two wires at 65 mm (a) and 121 mm (b) in fig ure 4.  The solid lines are
the case with stan dard scan ning.  The dot ted–dashed line is the three-beam case as sum ing du pli cate beam formers.  
The dot ted and dashed lines are the three-beam cases us ing FT-based par al lel re con struc tion be fore and af ter adap -
tive weight ing, re spec tively.



beam formers (i.e., three re ceive beams are re con structed si mul ta neously by ap ply ing their
cor re spond ing time de lays to the same chan nel data).  Fig ures 4(c) and 4(d) are the
three-beam im ages us ing FT-based par al lel re con struc tion be fore and af ter GCF weight ing,
re spec tively.  The chan nel counts on trans mit and re ceive for the four cases are the same. 
The width of the four im ages is 110 mm and the depth ranges from 21.79 mm to 131.79 mm.  
Note that the two par al lel-re con structed im ages (fig ures 4(b) and 4(c)) look sim i lar, but the
sig nal-to-noise ra tio (SNR) is lower than in the im age with stan dard scan ning (fig ure 4(a)). 
Com par i son of fig ures 4(c) and 4(d) re veals that both the sidelobe level and im age back -
ground noise are no tice ably sup pressed by the adap tive weight ing tech nique.   

Fig ures 5(a) and 5(b) show the pro jected beam pat terns of the wires at 65 and 121 mm, re -
spec tively, of the im ages in fig ure 4.  For both wires, note that the beam pat terns of both par -
al lel-re con structed im ages have wider mainlobes than those with stan dard scan ning.  The
mov ing-av er age fil ter wid ens the mainlobe and hence de grades the lat eral res o lu tion, al -
though this also can re duce the im age-in ten sity vari a tions re sult ing from the trans mit beam
asym me try.  The beam pat tern of FT-based par al lel reconstruction has higher sidelobes and
noise level than that with stan dard scan ning.  The sidelobe level of the FT-based par al lel-re -
con structed im age is sup pressed by about 10 dB af ter weight ing.  In ad di tion, the noise floor
of the weighted im age is about 20 dB lower than that of the un weight ed im age when us ing
FT-based par al lel re con struc tion.   

B. Tissue-mimicking phan tom

Data from a tis sue-mim ick ing phan tom (RMI-412R, Gammex RMI, Middle ton, Wis con -
sin, USA) with anechoic cysts were also used to eval u ate the ef fi cacy of the adap tive weight -
ing tech nique in im prov ing con trast res o lu tion.   Im ages (with a 40-dB dy namic range) in the
vi cin ity of a cyst at 72 mm are shown in fig ure 6.   Fig ures 6(a)–(d) are the im ages with stan -
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(a) 

(b) 

(c) 

(d) 

FIG. 6 Im ages of a tis sue-mim ick ing phan tom with anechoic cysts, dis played with a 40-dB dy namic range.  The
ver ti cal axis is the depth and the hor i zon tal axis is the lat eral dis tance.  (a) is the im age with stan dard scan ning.  (b) is
the three-beam im age as sum ing du pli cate beam formers.  (c) and (d) are the three-beam im ages of FT-based par al lel
re con struc tion with out and with GCF weight ing, re spec tively.  The black and white boxes in di cate the back ground
and cyst re gions used for CNR cal cu la tions, re spec tively.



dard scan ning, du pli cate beam formers, FT-based par al lel re con struc tion and GCF weight -
ing, re spec tively. The width of the four im ages is 75.20 mm; the depth ranges from 68.42
mm to 79.16 mm.  Fig ure 6 shows that GCF weight ing im proves the im age qual ity of
FT-based par al lel re con struc tion.  The cyst de tec tion is no tice ably im proved af ter adap tive
weight ing in that the weighted im age is less ‘filled in’ in the cyst re gion than the im age us ing
FT-based par al lel re con struc tion with out weight ing.  The weighted im age also ex hib its su -
pe rior edge def i ni tion and sharper con trast.  Again, the im age back ground noise is sup -
pressed by adap tive weight ing.  Fig ure 7 shows the im age in ten sity along the hor i zon tal
white dashed line shown in fig ure 6(a).  In ad di tion to sidelobe re duc tion, GCF weight ing re -
duces the noise floor in the left por tion of the im age by about 20 dB.   

The con trast-to-noise ra tio (CNR) is em ployed to quan ti ta tively eval u ate the im prove -
ment in con trast res o lu tion.  The CNR is cal cu lated by tak ing the ra tio of the im age con trast
to the stan dard de vi a tion of im age in ten sity in the back ground re gion, where the con trast is
de fined as the dif fer ence (in deci bels) be tween mean in ten sity val ues in the back ground and
in the cyst re gion.8  The back ground and cyst re gions are in di cated re spec tively by the black
and white boxes in fig ure 6(a).  The CNRs are 1.98 for the stan dard-scan im age, 2.29 for the
par al lel-re con structed im age with du pli cate beam formers, 2.33 for the FT-based par al -
lel-re con structed im age and 2.64 for the GCF-weighted im age.  Be cause the mov ing-av er -
age fil ter re duces speckle noise, the CNR in the two par al lel-re con structed im ages (fig ures
6(b) and 6(c)) is higher than that with nor mal scan ning.  None the less, the CNR is fur ther in -
creased af ter weight ing.  It is dem on strated that adap tive weight ing can ef fec tively im prove
the im age qual ity of FT-based par al lel re con struc tion by re duc ing the sidelobes.  
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 FIG. 7 The im age in ten sity of the four im ages in fig ure 6 along the hor i zon tal white dashed line shown in fig ure
6(a).



V.   CONCLUDING RE MARKS

The adap tive weight ing tech nique us ing the GCF was pre vi ously de vel oped to re duce the
fo cus ing er rors re sult ing from sound-ve loc ity inhomogeneities.  In this pa per, this tech nique
has been ex tended to im prove the de graded beam qual ity of the FT-based tech nique for
form ing par al lel re ceive beams.  Ex per i men tal re sults from a wire phan tom and a tis -
sue-mim ick ing phan tom dem on strate the ef fec tive ness of the adap tive weight ing tech nique:
the sidelobe level was ef fec tively sup pressed and con trast res o lu tion was no tice ably im -
proved.  The im age back ground noise was also lower af ter ap ply ing the weight ing.  Due to
the re la tion ship be tween par al lel re ceive beams and the Fou rier spec trum over the ap er ture
data, this weight ing tech nique can be im ple mented ef fi ciently.  The pro posed GCF tech -
nique can be in cor po rated into FT-based par al lel re cep tion sys tems with only mi nor mod i fi -
ca tions.

The GCF in Eq. (5) is de fined with out tak ing noise into con sid er ation.  The re la tion ship
be tween GCF with out noise (i.e., an in fi nite SNR) and the es ti mated GCF with a fi nite SNR
(de noted by GCF’) has been dis cussed pre vi ously.10  If the SNR is much less than unity, the
es ti mated GCF can be ex pressed as       

In our case, given M0 = 8 and N = 192, the es ti mated GCF is about 0.09.  Since the SNR in
the im age back ground (i.e., the anechoic re gion) is very low, ap ply ing such weight ing re -
duces the im age in ten sity.  Thus, as shown in sec tion IV, the adap tive weight ing tech nique
ef fec tively sup presses the noise floor in the im age back ground.  In ad di tion, a sim ple mov -
ing-av er age low-pass fil ter is used to smooth out the im age-in ten sity vari a tions re sult ing
from beam asym me try in this pa per.  How ever, such a sim ple fil ter re duces the spa tial res o -
lu tion in all types of par al lel beam form ing tech niques.   

The pro posed GCF weight ing tech nique can be di rectly ex tended to im prov ing the qual ity
of real-time 3D im ag ing us ing 2D ar rays.  For 3D im ag ing us ing 2D ar rays, the GCF of one
re con structed re ceive beam (l, m) can be de fined as fol lows:

where p(kx,ky) is the 2D Fou rier spec trum over the 2D ap er ture data with Nx points in the lat -
eral di rec tion and Ny points in the elevational di rec tion, kx and ky are the 2D spa tial in di ces
along the lat eral and elevational di rec tions of the 2D ar ray, re spec tively, and Mx0 and My0 are
the cut off fre quen cies spec i fy ing the fre quency range in the spa tial fre quency do main (i.e.,
from –Mx0 to Mx0 and from –My0 to My0).  Al though the re sults dem on strated here are only for
2D im ag ing us ing 1D ar rays, it is ex pected that the pro posed weight ing tech nique can pro -
duce sim i lar im prove ments to 3D im ag ing with the FT-based tech nique for form ing par al lel
re ceive beams us ing 2D ar rays.   
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