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Abstra_ct

This paper proposes an efficient array beamforming method using spatial matched filtering for ultrasound imaging. In the proposed method,
ultrasound waves are transmitted from an array subaperture with fixed transmit focus as in conventional array imaging. At receive, radio
frequency (RF) echo signals from each receive channel are passed through a spatial matched filter that is constructed based on the system
transmit-receive spatial impulse response. The filtered echo signals are then summed. The filter remaps and spatially registers the acoustic
energy from each element so that the pulse-echo impulse response of the summed output is focused with acceptably low side lobes.
Analytical beam pattern analysis and simulation results using a linear array show that the proposed spatial filtering method can provide more
improved spatial resolution and contrast-to-noise ratio (CNR) compared with conventional dynamic receive focusing (DRF) method by
implementing two-way dynamically focused beam pattern throughout the field.
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I. INTRODUCTION

ocusing (or beamforming) is one of the most important

factors in determining the image quality of ultrasound

B-mode images [1-8]. Currently, most ultrasound systems
employ different focusing methods at transmit and receive,
respectively. First, at transmit, fixed focusing method is used,
in which ultrasound waves are transmitted from a subaperture
consisting of a number of elements toward a predetermined
transmit focal depth. The fixed focusing method provides best
spatial/contrast resolution at vicinity of focal depth, but it
suffers from degraded resolution at depth which is away from
transmit focal depth, near-field and far-field. In other hands, at
receive, we can focus the received ultrasound echo signals at
every imaging points by selecting appropriate digitized samples
received on each channels considering propagation delay time
between imaging points and each receive channels, which is
commonly called dynamic receive focusing (DRF) [2-7]. And
overall B-mode image quality and resolution are affected by
both transmit and receive focusing whose performance can be
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represented by beam pattern. Therefore, for further improving
the resolution of current ultrasound imaging, it is necessary to
overcome the limitation of fixed transmit focusing.

To overcome these limitations, current ultrasound systems
employ multi-zone transmit focusing, in which ultrasound
transmission and reception are performed several times (i.c.,
2-8 times) to construct single scanline by changing transmit focal
depth per each transmission and reception. However, this method
still can not implement perfect or ideal focusing at every ima-
ging depth unlike DRF method at receive, and also suffers from
low frame rate in proportion to the number of transmit focal
depth.

Therefore, in this paper, efficient focusing method for impro-
ving the resolution of ultrasound B-mode image was proposed.
In the proposed method, ultrasound waves are transmitted from
a subaperture with fixed transmit focus as in conventional array
imaging. At receive, each channels construct separate low
resolution images, and these low radio frequency (RF) images
are passed through spatial matched filters that are constructed
based on the system transmit-receive spatial impulse response.
And finally the filtered images are then summed. In proposed
method, spatial matched filters make it possible to implement
dynamic focusing at transmit by overcoming the limitation of
fixed transmit focusing. Hence, the proposed method can
provide two-way dynamically focused beam pattern, which can
be implemented only transmit focal depth in case of current
ultrasound system employing DRF, at all imaging point regar-



dless of location of transmit focal depth. Also, by using matched
filter, the proposed method can provide high echo signal-to-
noise (eSNR) ratio compared with conventional DRF method.
Therefore, the proposed method can improve the overall
performance of ultrasound diagnosis including early detection
of breast cancer by providing much higher resolution and
eSNR compared with DRF method, and can be used as alter-
native focusing method in case array beamforming is required.

This paper is organized as follows. In Section I, focusing
theory is explained using mathematical beam pattern analysis,
and based on this basis, the focusing method using spatial
matched filter is presented. In Section III, the simulation
results using linear array transducer are presented to verify the
performance of proposed method. Finally, the paper concludes
in Section I'V.

Il. METHOD AND ANALYSIS

ig. 1 represents a two dimensional geometrical model for
mathematical lateral beam pattern analysis, where x and
z represent lateral and axial direction, respectively. In Fig. 1,
p1(x,) represents pupil function of aperture, and (R, 0) and
(x, z) represent transmit (or receive) focal point and an arbi-
trary imaging point in x— z plane, respectively. Also, R, and
R represent distance from a source point (x,, 0) on aperture
to focal point (R, 0) and imaging point (x, z), respectively.
Using this geometrical model of Fig. 1 and Rayleigh-Sommerfeld
diffraction formula for continuous wave (CW) [8], lateral beam
pattern at (x, z) can be given by

+ . . -
o(x)= % f_oo pAxp) - % et e THET g, (1)

Fig. 1. Model for beam pattern analysis.

where A(=27/4) and A represent wave number and wave-
length of the used CW signals. And using paraxial approxima-
tion [8], R and R, can be expressed by
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where R,=V x?+ 2? represents distance between origin (0, 0)
to imaging point (x, z). Therefore, by substituting (2) and (3)
into (1), (1) is expressed by

Ik o . 2 — X
qo(x)z ]jRO foo pl(xo) . efkﬂXO e Ry dxo (4)
where 3 is defined by
1 1
B=9R, " 2R, )

In manipulating (4), 1/R in (1), representing ultrasound diffrac-
tion as wave propagates, is approximated by 1/R,. Hence, at
focal depth, where 8=0 (R,= Ry), (4) is expressed by

TRy o — A x,
gp=(x) RD:RF:;—RO[OO pl(xo) e RO dxo
—c- FTIp(x)]| . (6)
T AR,

where F7(-) and f_ denote Fourier transform operator and
spatial frequency, respectively. And ¢ represents complex cons-
tant term. As shown in (6), lateral beam pattern, when focusing
is performed, is given by spatial Fourier transform of aperture.
In other words, the role of focusing is to eliminate the quad-
ratic phase term exp (jkgx,?) in (4), which degrades spatial
resolution in ultrasound imaging.

In conventional ultrasound system using array transducers,
focusing is performed separately at both transmission and recep-
tion. Transmit focusing is only performed at single fixed depth
while receive focusing can be implemented at every depths by
changing receive delay values of each channels, which is called
dynamic receive focusing (DRF) method. In DRF method,
overall lateral beam pattern, ¢(x) per, is given by multipli-
cation of fixed transmit beam pattern of (4) and dynamically
focused receive beam pattern of (6).

-+ oo . 2
¢(x)DRF — CZ . f_w l’t(xo) R e]kb’xa
— e x
R, 0
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Also, lateral beam pattern of DRF at transmit focal depth,
which is named DRF-Focus in this paper, can be expressed by
2
8

fo= —;}g ®)
In (7) and (8), the same pupil function p(x,) was used as both
transmit and receive subaperture. Because (8) is the best beam
pattern that ultrasound imaging system employing DRF can
provide, it can be considered “gold standard” or “ideal beam

¢(x)DRF—Focus: Cz ) Fﬂpl(xO)]
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pattern.” Therefore, if we can implement the DRF-Focus beam
pattern of (8) through all imaging depths regardless of transmit
focal depth by overcoming the limitation of fixed transmit
focusing, we can significantly improve spatial and contrast
resolution of ultrasound image. For achieving these goals, we
propose an efficient focusing method using spatial matched
filtering (SMF), in which spatial matched filter is used for
implementing DRF-Focus through all imaging depths.
Underlying basic idea of the proposed SMF method is to
use spatial matched filter instead of delay-sum process for
implementing focusing. In other words, if we apply spatial
matched filtering to fixed focused beam pattern of (4) along
lateral direction, lateral beam pattern can be expressed by

o(x) ;= p(x)" " (—x)
+oo| oo I — ik x
=ct- f- [fg pixg) - e™ e Ry dx,

+ o0 . 2 + ik
1 na- oo

R ™, dr

®
where * and ¢*(x) represent convolution operator and com-
plex conjugate of ¢(x), respectively. By re-arranging the each
terms and with the help of Dirac delta function identity, (9)
can be expressed by

o, e L
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As shown in (10), output of spatial matched filter for fixed
focused beam pattern is equal to the focused beam pattern of
(6) except square term in pupil function induced by matched
filter. This change in pupil function should be also considered
to select optimum apodization window function for various
applications. And spatial matched filtering also can be applied
to unfocused beam pattern. In this case g can be expressed by
1/2R, assuming R has infinite value. Therefore, spatial mat-
ched filtering can be considered another method for imple-
menting focusing by eliminating the quadratic phase term.
Based on this basic idea, SMF method can implement two-way
dynamically focused beam pattern, such as DRF-Focusin (8),
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at all imaging depths.

We can use the same model in Fig. 1 to explain and analyze
the proposed method mathematically. First, in the SMF method,
ultrasound waves are transmitted from an array subaperture
with fixed transmit focus as in conventional array imaging. At
receive, each channels construct separate low resolution images.
Therefore, from (4), transmit and receive beam pattern using
transmit aperture of »,(x,) and receive aperture p (x,)=

8(x,— x,) in Fig. 1 can be expressed by

X
z. ejk'gx'z . ]kRO x,

p(x%x,) rp=c
' f+ oopl(x()) Cet L _jkﬁ;xodxo
(11
Note that, in (11), fixed focusing and same focal depth are
used at both transmit and receive. Therefore, (11) repre- sents
the beam pattern of each low resolution images constructed by
each single receive channel.

Next, these low resolution radio frequency (RF) images are
passed through a spatial matched filter that is constructed
based on the system transmit-receive spatial impulse response.
Hence, by applying spatial matched filter to (11), filtered

signal of each channel can be expressed by
o(xx,) T8

= o(x%x,) e*[ 2" (—x:%,) 7¢]
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By re-arranging the each terms and using definition of Dirac

delta function, (12) can be expressed by
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As shown in (13), fixed focused transmit beam pattern of (11)

before spatial matched filtering is turned into focused beam

pattern after the filtering. Therefore, by adding filter output of

every channel, final beam pattern can be expressed

o= [ 5,x) - oz, i
=c' FT[pA(x))] . f+°°p (x,)
-e_]kﬁ dx
FTm(xl)](
/11?0
Tl )], (14)
=7 AR,

where p,(x,) represents receive aperture. Therefore, proposed
SMF method can provide TR-Focus beam pattern of (8) at all
imaging depths. For example, if we use linear array transducer
of (15) as both transmit and receive aperture, beam pattern of
SMF is expressed by (16)

Z Vecz‘(

(15)

pl(xl)

p(x) = nd)

Unfocused Images
(Before filtering)

focused Images
(After filtering)

2—-way focused
image
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In (15), »ec( - ) and 2N+ 1 represent the rectangular func-

tion and the number of active elements, respectively. And o

and w» represent the element width and element pitch, res-

pectively. In (16), x/R, termsin sinc( - ) and sin( - ) canbe

represented by sin 8(= «), where 4 represents azimuthal angle
in Fig. 1. Therefore, (16) can be expressed by

sin (kd2N2—+1 u) ’
' : (17)
sin (kd -5 u)
As shown in (17), SMF method provides two-way dynamically
focused beam pattern given by sinc?( - ) at all imaging depths
like multi-element synthetic aperture focusing (M-SAF) tech-
niques [11].

In summary, Fig. 2 represents overall block diagram of
proposed SMF method. First, after transmitting and receiving
ultrasound wave with fixed focusing, we construct each fixed
focused images using each receive channels. And next, apply
spatial matched filter to each fixed focused images. At this
stage, of course, spatial matched filters are constructed based
on the system transmit-receive spatial impulse response. So,
after filtering, fixed focused beam pattern is turned into
focused beam pattern. Also, relative time delays were also
compensated after the filtering. In other words, before the
filtering, peak value of each image is located at different
position because of different propagation time. However, after

Pou(u)=c' - sin 62<% u) .

Fig. 2. Block diagram of proposed SMF method.
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the filtering, these peak values are located at same position.
Finally, by adding all these signals, which have different phase
depending on the lateral location of each receive channels, we
can construct 2-way dynamically focused beam pattern.

ll. SIMULATION RESULTS

o evaluate the performance of the SMF method, simula-

T tions were performed using linear array with center fre-
quency of 10MHz and element pitch of 0.18mm based on Field
11 [9]. In all simulations, 96 transmit and receive channels were
used, and transmit focus is fixed at 40mm for DRF and SMF
method. And in case of DRF-Focus, transmit focal depth is set
to equal to each imaging depth. Fig. 3 shows continuous wave
(CW) azimuthal beam patterns of DRF-Focus, DRF, and SMF
method at near-field (20mm), transmit focus (40mm), and far-
field (60mm). In Fig. 3, solid line represents DRF-Focus, and
dashed line and dotted line represent DRF and SMF method,
respectively. As shown in Fig. 3, DRF-Focus method provides
beam pattern of sinc?( - ) at all imaging depths because both
transmit and receive focusing is implemented perfectly while
DRF provides much more degraded beam pattern at near-field
and far field compared with DRF-Focus since transmit beam
pattern is degraded except transmit focus in case of DRF.
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Also, SMF method shows the almost same beam pattern as
ideal DRF-Focus at transmit focus and far-field. In other
hands, from (17), theoretical first null location of SMF and
DRF-Focus beam patterns in Fig. 3(b),(c) can be calculated by

— ain 1 —/1_ — 0
uy= sin ((2N+1)d>_0'51 (18)

In Fig. 3(b),(c) measured first null location of SMF is (.5°,
which almost coincides with theoretical value of (18). But, at
near-field result of Fig. 3(a), first side lobe level is increased
while beam width of SMF is slightly decreased compared with
DRF-Focus. These differences from theoretical analysis at near-
field is due to the fact that our analysis is based on paraxial
approximation of (2) and (3), which doesn’t hold good well at
near-field. Despite of these differences, however, SMF still
provides much improved resolution compared with DRF in
term of main lobe width and side lobe level.

Fig. 4 shows point spread function (PSF) of each method.
Short pulse having bandwidth of 70% at -6dB were used. And
Fig. 5 represents corresponding lateral beam patterns of each
PSFs in Fig. 4. In Fig. 5 solid line represents DRF-Focus, and
dashed line and dotted line represent DRF and SMF method,
respectively. As shown in Fig. 4, at near field, DRF-Focus
provides best resolution compared with DRF or SMF method.
Unlike the CW beam pattern results of Fig. 3, beam width of
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» \Qﬁmﬂﬂﬁ

0 05 1 . 2 25 3 35 4
Azimuthal Angle [degree)
(b)

............. o SMF

Fig. 3. Comparison of azimuthal beam patterns of DRF-Focus {solid line), DRF (dashed line), and SMF (dotted line) at various depths using continuous wave.
Transmit focus is set to 40mm for DRF and SMF. And in case of DRF-Focus, transmit focus is set to each imaging depth.

(a) 20mm depth, (b) 40mm depth, {c) 60mm depth
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SMF is slightly worse than DRF-Focus. It is because 2-D
spatial matched filters were used for constructing 2-D image
whereas while 1-D spatial matched filter were used in Fig. 4.
However, SMF method provides still much improved resolution
than DRF. Also, at transmit focal depth and far-field, SMF

DRF—Focus

(a)

(b)

(c)
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provides almost same resolution compared with DRF-Focus.
Especially, at far-field, SMF method shows best resolution. It
is because that the 2-D spatial filter remaps and spatially
registers the acoustic energy from each element in addition to
focusing the beam as shown in Fig. 6 and Fig. 7. Fig. 6(a) and

DRF SMF

Fig. 4. Comparison of point spread function (PSF) of DRF-Focus, DRF, and SMF at various depths. Transmit focus is set to 40mm for DRF and SMF. And in case
of DRF-Focus, transmit focus is set to each imaging depth. (All PSFs are displayed with 60dB dynamic range.)

(a) 20mm depth, (b) 40mm depth, (c) 60mm depth
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Fig. 5. Comparison of lateral beam patterns of PSF of DRF-Focus, DRF, and SMF in Fig. 4.
(a) 20mm depth, (b) 40mm depth, (c) 60mm depth
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6(b) represent 2-D beam pattern of center channels before and
after the filtering, respectively. Note that in this case, spatial
matched filter for Fig. 6(a) is identical with Fig. 6(a), so Fig.
6(b) is 2-D auto-correlation results of Fig. 6(a). And Fig. 6(c)
represents 2-D beam pattern of center channel in case of DRF-
Focus. Also, Fig. 7 represents corresponding lateral beam pat-
terns of Fig. 6. As shown in Fig. 6 and Fig. 7, beam pattern is
turned into focused beam pattern after the filtering. In addition,
curved shaped-beam pattern is turned into more linear shaped-
beam pattern with slightly lower side lobe level compared
with DRF-Focus method. Therefore, SMF method provides
best beam pattern at far-field.

In fact, our previous analysis is based on 1-D (or lateral
direction) spatial filtering. It doesn’t consider 2-D spatial filte-
ring. Due to this limitation, PSF of SMF is slightly different
from that of DRF-Focus, especially at near-field and far-field.
However, in spite of this difference, SMF method-provides
better improved resolution at both near-field and far-field
compared with conventional DRF method by providing almost
similar beam pattern with DRF-Focus. Especially, at far-field,
SMF provides slightly improved resolution compared with
DRF-Focus.

*{ =——DRF-FoCus

e A B N RS Before SMF
m-10¢ - = After SMF - H
i/ :
@
S-20 1
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I \
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—60/ : : ; : ; . . ; . \

-0 -8 -6 -4 -2 0 2 4 6 8 10

Lateral Direction[mm]

Fig. 7. Comparison of lateral beam patterns of 2-D images in Fig. 6. (Dotted
line and dashed line represents beam pattern of Fig. 6(a) and Fig.
6(b), respectively. And solid line represents beam pattern of Fig. 6(c).)

()

(b)

Finally, Fig. 8 shows computer generated cyst phantom
images constructed using each methods. For SMF method, the
same spatial matched filter constructed from each imaging
depths (i.e., 20mm, 40mm, and 60mm) were used for filtering
the entire images located at different depth. In Fig. 8, all
images are displayed with dynamic range of 60dB and each
numbers in images represent contrast-to- noise ratio (CNR),
which is defined by

[<Sp—<Sy|

Vo, toa;

where ¢Sp and <S, > are the mean brightness values inside

CNR= (19)

and outside region of the cyst target, and o2 and % are the
variances of those regions. As shown in Fig. 8, SMF method
provides almost same images with DRF-Focus at 40mm and
60mm. However, at near field, resolution and CNR of SMF
image is slightly degraded compared with DRF-Focus like
result of PSFs in Fig. 6. But compared with DRF method, image
quality and CNR are significantly improved at near-field and
far-field.

IV. CONCLUSION

n efficient focusing technique using spatial matched

filter was proposed, which can provide better lateral
resolution than conventional dynamic receive focusing method.
It was verified through computer simulations as well as theo-
retical analysis that proposed SMF method produces ultrasound
beams with lateral beam patterns represented as the product of
the spatial Fourier transforms of the transmit and receive suba-
perture. Therefore, SMF method provides two-way dynamically
focused beam pattern throughout all imaging points.

In the proposed method, because spatial filters should be
applied to each individual channel, system complexity increases
due to the 2-D filtering on channel-by-channel. Therefore,
efficient filtering algorithms are required which are being
investigated by the author.

In addition, in the proposed method, because each unfocused
image before filtering can be fully constructed after all transmit

(c)

Fig. 6. 2-D images constructed by center channel before the spatial matched filtering (a) and after the spatial filtering (b). Fig. 6(c) represents 2-D images

constructed by center channel using DRF-Focus.
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Fig. 8. Simulation results of DRF-Focus (left panel), DRF (center panel), and SMF (right panel) using cyst phantom. Transmit focus is set to 40mm for DRF and
SMF. And in case of DRF-Focus, transmit focus is set to each imaging depth. (Diameter of cyst is 4 mm, and its center position is located at x=0(center of
the transducer) and z=20, 40, 60mm at each depths. Also, CNR s represented at the bottom of each image. And all images are displayed with 60dB
dynamic range.)

(a) 20mm depth, (b} 40mm depth, (c) 60mm depth
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