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The paper presents the optimization problem for the multi-element synthetic transmit aperture method
(MSTA) in ultrasound imaging applications. The optimal choice of the transmit aperture size is made as
a trade-off between the lateral resolution, penetration depth and the frame rate. Results of the analysis
obtained by a developed optimization algorithm are presented. The maximum penetration depth and
lateral resolution at given depths are chosen as optimization criteria. The results of numerical experiments
carried out in MATLAB® using synthetic aperture data of point reflectors obtained by the FIELD II
simulation program are presented. The visualization of experimental synthetic aperture data of a tissue
mimicking phantom and in wvitro measurements of the beef liver performed using the SonixTOUCH

Research system are also shown.
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1. Introduction

Synthetic aperture (SA) methods, which are widely
used in radars (PERRY, MARTINSON, 1978; MOREIRA,
1992) and sonars (STERGIOPOULOS, SULLIVAN, 1989;
YEN, CAREY, 1989), have spread on the medical ul-
trasound imaging application recently (LOCKWOOD,
1998; SYNNEVAG et al., 2005; NIKOLOV et al., 2008;
TROTS et al., 2008), since they offer a number of
advantages over conventional beamforming methods
(KARAMAN, 1996; JENSEN et al., 2006). These include
a higher spatial resolution due to the full dynamic fo-
cusing on the transmit and receive, lower power con-
sumption due to the small number of elements used
for ultrasound wavefield generation at each transmis-
sion and so on. The most perspective approach for ul-
trasound imaging is a Multi-element Synthetic Trans-
mit Aperture (MSTA) method (HoLM, 1995) which
is known to be able to increase the frame rate of
the imaging system providing a reasonable compro-
mise between the penetration depth and lateral res-
olution at the same time, as compared to the other
synthetic aperture (SA) techniques (GAMMELMARK,
JENSEN, 2003; TROTS et al., 2010). Since in MSTA the
transmit aperture comprises several elements, the to-
tal transmitted power increases and the signal-to-noise

ratio is improved as compared to the conventional syn-
thetic transmit aperture method using a single element
in transmit mode. The main concern in the MSTA is
a proper choice of the transmit aperture size and shift
between subsequent emissions. The paper presents the
results of an experimental study of the developed op-
timization algorithm which makes the optimal choice
of the number of elements in the transmit mode. The
maximum penetration depth and lateral resolution at
given (user defined) depths were considered as the op-
timization criteria. The optimization was carried out
in the MATLAB® environment using the FIELD II
(JENSEN, SVENDSEN, 1992; JENSEN, 1996) simulated
synthetic aperture data of a system of point reflectors
for the case of a 5 MHz 128-element linear transducer
array with 0.48 mm pitch. Experimental results are
presented for a tissue mimicking phantom as well as
for a beef liver pattern study in vitro. The data were
collected using the Ultrasonix SonixTOUCH Research
system. Both the simulation and experimental results
show that the optimal aperture size strongly depends
on the required visualization depth. The paper is or-
ganized as follows: in the next section a brief overview
of the MSTA methods for ultrasound imaging applica-
tions is given, in Sec. 3 the optimization problem for
MSTA is stated and the developed algorithm is pre-
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sented and discussed in details and in Sec. 4 the results
of numerical experiments are shown.

2. The multi-element synthetic transmit
aperture method

The MSTA method is a generalization of the con-
ventional synthetic transmit aperture (STA) method,
which uses a single element in, the transmit mode
(TrROTS et al., 2009). The MSTA instead uses a finite
number of elements to transmit an unfocused ultra-
sound wave-field to emulate a single element. This al-
lows to increase the transmitted power resulting in an
improved signal-to-noise ratio and penetration depth.
The main advantage of the MSTA is that it provides
the full dynamic focusing both in transmit and receive
modes yielding high imaging quality. The schematic
diagram explaining the MSTA method is sketched in
Fig. 1. At each time a transmit aperture comprised
of several elements is used to emit an unfocused wave-
field. The backscattered waves are received by each ele-
ment of the transducer independently. Then the trans-
mit aperture is moved along the transducer by certain
number of elements Ny, and the emission-reception is
repeated. Resulting radio frequency (RF) echo signals
are digitized and stored in memory for further (off-line
or real time) processing. For an N-element array and
N, elements used in the transmit mode N x M in-
dependent recordings are required to synthesize a final
high resolution image, where M is the number of emis-
sions in one data acquisition cycle. For non-overlapping
apertures (yielding high gain in the frame rate of the
imaging system) M = round(N/Ny) if Ny, = Ny is as-
sumed, which case is mainly considered here. It should
be noted, that if the overlapping transmit apertures are
used, even a better image quality can be achieved. But
in this case, the number of transmissions M increases,
which leads to a frame rate decrease.
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Fig. 1. The transmit and receive elements combination and
the focus point in the MSTA method.

After finishing the full data acquisition cycle, the
RF echo signals are summed up with properly chosen

time delays according to the location of the focus point
(see Fig. 1) in order to synthesize the final high resolu-
tion image. Thus, in the case of a N-element array for
each point in the image, the final focused signal can be

expressed as follows:
2r
— — Imm | 1
(Z-mn) @

where Y n(t) is the RF echo signal and 7, , is the
round-trip delay, defined for the (m,n) transmit-receive
element combination by the following expression:

1<m, n<N.

(2)

The corresponding delays for m-th transmit and n-th
receive elements relative to the imaging point (r, 6)
are:

Tmn = Tm + Tn,

(r_\/r2+xf—2xirsin9), i=mn, (3)

where x,,, x, are the positions of the m-th transmit
and n-th receive apertures, respectively, and r, 6 are
the polar coordinates of the imaging point with respect
to the origin placed in the center of the transducer’s
aperture. The frame rate is increased in the MSTA
with non-overlapping apertures by N; as compared to
the STA method due to decrease of the total number of
emissions. This speeds up the data acquisition process
considerably. Unfortunately, it appears that too exces-
sive increasing of the transmit aperture size N; (and
its shift at the same time) leads to the lateral resolu-
tion deterioration. However, using a small number of
elements in the transmit mode allows to increase the
system frame rate as compared to the STA method,
and provides the best compromise between penetra-
tion depth and lateral resolution. The latter strongly
depends on the transducer acoustic field and is dis-
cussed in (NOWICKI et al., 2007). The optimal choice
of the transmit aperture size is crucial in the MSTA
method.

T, — —
C

3. Optimization problem for MSTA

In this section the algorithm for optimal choice of
the transmit aperture size in the MSTA method is dis-
cussed. Here we consider the case of non-overlapping
transmit apertures, which means that the shift be-
tween subsequent transmissions Ny, = N¢, N; being
the number of elements used in transmit mode. The
developed algorithm, however, can be extended to the
more general case of the MSTA method with different
values of the shift Ng,. Usually, Ny, < Ny yields some
improvement of the synthesized image quality at the
cost of the frame rate decrease.

In the developed algorithm the maximum penetra-
tion depth and the best lateral resolution at a given
depths are chosen as the optimization criteria. A test
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synthetic aperture data of point reflectors was simu-
lated in the Field II program for Matlab® for each
size of the transmit aperture. The reflectors were lo-
cated in the nodes of a rectangular grid. The rows and
columns were equidistantly spaced. For each individ-
ual experiment the lateral resolution and penetration
depth were estimated. The lateral resolution was eval-
uated for each lateral cross-section coinciding with the
rows of the reflectors. Only the reflector located at the
central column (coinciding with transducer center) was
taken into account for simplicity. For convenience, the
lateral cross-sections were labelled in accordance with
the row numbers of the point reflectors. The lateral res-
olution (LR in Fig. 2a) in the presented algorithm was
estimated by the full width (expressed as a number of
image lines) at a given level (0.1 in the examples con-
sidered in the next section) for the reflector located at
an intersection of a given row and the central column
of point reflectors (see Fig. 2 for explanation).
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Fig. 2. Evaluation of the lateral resolution for a given row:

a) LR is a full width expressed as the number of image

lines at a given level (0.1 in the considered example) for the

reflector located at the intersection of the row and central

column of point reflectors; b) lateral cross-section of the
entire given row of point reflectors.

The penetration depth was estimated in a similar
manner. For the central column of point reflectors, the
penetration depth (PD in Fig. 3) was assessed by the
relative amplitude of the scattered signal of the deep-
est “visible” reflector, which means that its normalized
(with respect to the maximum value in the considered
axial cross-section) amplitude exceeded a certain level
respective to the value of the first row (0.2 is assumed
in the examples of the next section). This is illustrated
in Fig. 3.

Axial cross—section: central coulmn

0.9+ 1

%0

~
s

PD

amplitude
2

=
i
L

rm.
z

No

¥
i
[
[
[
[
I

L__'
S
-

0{) 10 20 30

Depth [mm]
Fig. 3. Evaluation of the penetration depth: PD is the loca-
tion of deepest reflector for which the normalized amplitude

exceeds the given level in the axial cross-section coinciding
with the central column of point reflectors.

Below this level the reflectors were assumed to be
indistinguishable. In the examples explaining the op-
timization algorithm performance (see Figs. 2 and 3),
the STA algorithm was exploited for visualization, that
is a single element was used in the transmit mode.
For smooth visualization of the lateral cross-sections,
the interval between subsequent image lines was cho-
sen 0.1 of the transducer pitch (10 image lines per
transducer pitch) yielding the total number of 1280
image lines altogether. After estimation of the lateral
resolution and penetration depth, the optimal system
configuration was selected. Two different approaches
were realized in the presented algorithm. The first one
sought for the transmit aperture configuration yielding
the maximum penetration depth for the lateral resolu-
tion being within some tolerance bounds. The second
approach, on the other hand, selected the configura-
tion giving the best lateral resolution for the pene-
tration depth not less than some minimum acceptable
limit.

In the first approach the lateral resolution was
of main concern. The algorithm in the first step se-
lected the transmit apertures yielding the lateral reso-
lution falling within a certain defined tolerance limit.
In the examples considered in the next section, the
15% acceptable decrease of the lateral resolution was
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assumed. From this set of transmit aperture configu-
rations that was selected which yielded the maximum
penetration depth.

In the second approach the value of main impor-
tance was the penetration depth. The algorithm sought
for the transmit apertures yielding the penetration
depths not less than a certain defined minimum ac-
ceptable limit. In the example considered further this
decrease was chosen to be 15% of the maximum value.
From this set of transmit aperture configurations that
was selected, which yielded the best lateral resolu-
tion. If more than one has been chosen (it is less
likely to happen for a larger number of image lines
per pitch, which directly follows from the LR defini-
tion, see Fig. 2b.) then that with the largest aperture
size or, alternatively, that giving the best frame rate
(minimum number of transmissions) was picked up.

4. Numerical results and discussion

In this section, the results of the simulations per-
formed with the FIELD II program for Matlab® are
presented and compared with those obtained experi-
mentally.

4.1. FIELD II simulation

In this section the numerical results illustrating
the optimization algorithm performance are presented.
A 5 MHz 128-element linear transducer with 0.48 mm
pitch and 0.15 mm kerf excited by one sine cycle burst
pulse was considered. The FIELD II simulated syn-
thetic aperture data of the point reflectors discussed
in the previous section were used to verify the perfor-
mance of the developed optimization algorithm. The
reflectors were placed in the nodes of a rectangu-
lar grid comprising 10 equidistantly spaced rows and
3 columns. The central vertical line coincided with the
transducer aperture centre. The reflectors were spaced
15 mm laterally and 5 mm axially The correction of
RF echo signals accounting for the receive element di-
rectivity was applied in the considered MSTA method
(TrROTS et al., 2010).

In Table 1 the optimized values of the transmit
aperture width N; are shown for different visualiza-
tion depths. The results correspond to the case of op-
timization approach selecting the configuration with
maximum penetration depth from within the set of
transmit apertures yielding the lateral resolution de-
crease less than 15% of its maximum value.

Table 1. Aperture width for different visualization
depth: approach 1.

D mm] | 5[10]15[20|25|30 (35|40 |45 |50
N, 1| 1] 2| 2| 3] 3| 3] 4| 4] 4
SLR (%) |45 (522216 5|12[11| — | — | -

As seen from Table 1, the maximum penetration
depth was achieved with N; = 4. For this configura-
tion the decrease in the lateral resolution § LR as com-
pared to the optimized value of N; at different depths
is shown in the last row in Table 1. The best lateral
resolution was achieved with the STA algorithm using
a single-element transmit aperture, but only for visu-
alization depths not exceeding 10—-15mm. On the other
hand, the configuration with N; = 4 enabled the visu-
alization of the deepest parts of the phantom, but at
the cost of a lateral resolution decrease at lower depths
in comparison with the STA method, as seen from the
last row in Table 1.

In Table 2 the optimization results are shown for
the second approach selecting the configuration which
yielded the best lateral resolution from the set of trans-
mit apertures for which the penetration depth was not
less than 15% of its maximum value. Comparison of
the results in Table 1 and 2 reveals a similarity of the
optimal transmit aperture configurations obtained by
two different approaches.

Table 2. Aperture width for different visualization
depth: approach 2.

D [mm] | 5[10]15|20|25|30 35|40 |45 |50
N, 1] 2| 2| 3| 3| 3| 4| 4| 4| 4
SLR (%] |45 (32|22 — | 5|12 — | - | - | -

In Fig. 4 the lateral cross-sections at the depths 10,
20, 30 and 40 mm, corresponding to different optimal
transmit aperture configurations, are shown. The cases
of N; = 1—4 are compared.

As can be seen from Fig. 4 for row #2 of point re-
flectors (10 mm depth) the optimal lateral resolution is
achieved by the STA algorithm using a single-element
transmit aperture, whereas at the depths of 20 mm
and deeper the larger transmit apertures are the best
choices. For depths exceeding 30 mm the best overall
quality — the lateral resolution and penetration depth
—is yielded by the transmit aperture with Ny = 4. This
can be seen in Fig. 5 where the axial cross-sections of
the central column of point reflectors are shown at dif-
ferent depths. Apparently, at the depths not exceeding
15—20 mm, the smaller transmit apertures give a better
lateral resolution. To visualize the deeper parts of the
phantom, the larger apertures should be chosen, which
allows to increase the frame rate at the same time.
Thus, if the main concern is the penetration depth to-
gether with the frame rate gain and some decrease in
the lateral resolution is acceptable, than it is reason-
able to use the MSTA algorithm with optimal number
of elements Ny = 4 (for the considered test system of
point reflectors) in the whole range of the visualization
depths. In Fig. 6a, the 2D ultrasound images of the sys-
tem of point reflectors are shown. The synthetic aper-
ture data were simulated by FIELD II for the 5 MHz
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Fig. 4. Comparison of the lateral cross-sections at different depths: a) 10 mm (row #2), b) 20 mm (row #4),
¢) 30 mm (row #6), d) 40 mm (row #8).

a b)
Axial cross-section: central column Axial cross—section: central column
0.8 . 0.35 . T r .
0.7f 0.3+
0.6 [
3 3 025}
= =1
2 05) =
EL ? 0.2
[+ 0.4 [+
: . 015}
% 03} g
Z. 02 Z 0.1

s T 48 48.2 484 86 458 49
Depth [mm] Depth [mm]

Fig. 5. Comparison of the axial cross-sections of central column of point reflectors for different depths corresponding to:
a) row #3 and b) row #10.



52

Archives of Acoustics

Volume 37, Number 1, 2012

a)
Lateral width [mm)]
10 -10
0
10
15
g 2
= 25
=1
L
A 30
35

50

STA

MSTA-4

b)

Lateral width [mm]
10

-10 0 10

5

Depth [mm)]

16

STA

MSTA-4

Fig. 6. 2D visualization of point reflectors using Filed II simulated synthetic aperture data a) full range of depth
and b) first 3 rows; all images are displayed over 20 dB dynamic range.

128-element transducer array with a 0.48 mm pitch,
excited by one sine cycle pulse burst. In Fig. 6b, the
detailed view of the first three rows of point reflectors
is shown. The STA algorithm is compared with MSTA
using 4 elements in the transmit mode. As seen from
Fig. 6, the STA algorithm yields a better lateral res-
olution in the vicinity of the transducer surface but
a worse penetration depth as compared to the MSTA
with Ny, = 4.

4.2. Experimental results

In this section, the performance of the developed al-
gorithm was tested using the experimentally obtained
synthetic aperture data of a tissue mimicking phantom
and a beef liver pattern (in vitro study). The measure-
ments were done using the Sonix-TOUCH Research
system (Ultrasonix Medical Corporation) equipped
with a 4 MHz 128 element linear transducer L14-5/38
with a 0.3 mm element pitch, 0.28 mm element width
and 70% fractional bandwidth.

In Fig. 7, the 2D ultrasound images of tis-
sue mimicking phantom (model 525 Danish Phan-
tom Design with attenuation of background material
0.5 dB/[MHzxcm]) are shown. As seen from Fig. 7,
the optimal correlation between the penetration depth
and lateral resolution was obtained by MSTA-4 with
N; = 4 elements in the transmit mode. The STA
method is characterized by the best lateral resolution
at lower depths but has a poor penetration depth. For
larger apertures, Ny = 8, 16, the lateral resolution was
worsened and the gain in penetration depth was neg-

ligible. To estimate the penetration depth and lateral
resolution, the axial cross-sections of the image line
#1885 (corresponding to the vertical line of reflectors
in Fig. 7) and the lateral cross-sections at depths 10
and 60 mm of the above phantom for different transmit
apertures are shown in Fig. 8.

As seen from Fig. 8a, at the depth of 30 mm
the scattered amplitude in the case of MSTA-4 (op-
timal aperture) is 1.46 and 1.59 times larger than for
MSTA-16 (N; = 16) and STA (N, = 1), whereas, in
Fig. 8b one can observe that at the depth of 40 mm
MSTA-4 yields 1.14 and 2.84 times larger amplitude
than MSTA-16 and STA, respectively. The lateral
resolution, estimated from the lateral cross-sections
at the 0.3 level of its maximum value at different
depths, was best in the case of the STA algorithm,
as expected. Thus, at the depth of 10 mm, Fig. 8c,
the STA method gives a 3% and 20%, and at the
depth of 60 mm, Fig. 8d, a 3% and 8% better lat-
eral resolution than MSTA-4 and MSTA-16, respec-
tively.

In Fig. 9a, the 2D ultrasound images of the beef
liver pattern study in vitro for different transmit aper-
ture sizes are shown. The data were collected as above
using the Ultrasonix SonixTOUCH Research system.
The fresh beef liver sample was obtained from the local
butcher shop within 6-8 hours after slaughter. It was
refrigerated until being transferred to the lab. Ultra-
sonic experiments were conducted within 7-9 hours of
the removal of the liver from the animal. The bovine
liver sample was immersed in water at room tempera-
ture during the measurements.
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Fig. 7. 2D visualization of a tissue mimicking phantom for different transmit aperture sizes: a single-element aperture —
STA and 2,4,8,16-element aperture (MSTA). All images are displayed over the 30 dB dynamic range.

0.71 r
STA
5l ——MSTA—4
: - = =MSTA-16
=
= 0.5}
-
204
E
= .
E. 0.3
i
S 02
e
0.1t
[].- eating g -t _-"
28.6 28.8 29 292 294 29.6
Depth [mm]
c)
_ —N
. - - =MSTA-16
o 08 : ALY
t \,
=
=
'E' .61
g
-1
g 04f
1
z
0.2
(] _ 1 — 1 i )
15 155 16.5 17 17.5 18

16
Width [mm]

b)
n,.‘i ¥ T T
CSTA
| —MS5TA-4
0.25¢ = ==MSTA-161
o ]
=]
= 0.2 I
= !
— L
= '
=] 1
=0.15F ]
-] '
g ;
= 0l :
: , [
Z ' a
0.05 ":
L]
pl—t i L L L L !
38.6 388 39 39.2 39.4 39.6 398
Depth [mm]
d)
1
i
’ o
o 08 : ===-MSTA-16
=
=
=
'E' 0.6}
£
«
E' 0.4}
b
z

[¥]

gl 't L i 4 L
14 14.5 15 15.5 16 16.5

Width [mm]

Fig. 8. a), b) Axial cross-sections of the phantom line #1885 at different depths and c), d) lateral cross-sections at
depths 10 mm and 60 mm of the reflectors situated on the right hand side of the phantom. The transmit apertures
with Ny = 1,4, 16 are compared.



54 Archives of Acoustics — Volume 37, Number 1, 2012

Lateral distance [mm]

-10 0 10

30

40

50

60

Depth [mm]

70

80

90
STA MSTA-2

-10 0 10

30

40

50

60

70

80

90

MSTA-4 MSTA-8

Fig. 9. 2D visualization of beef liver pattern study in vitro for different transmit aperture sizes: a single-element aperture
— STA and 2,4,8-element aperture (MSTA). All images are displayed over the 40 dB dynamic range.

As seen in Fig. 9, the air bubbles are observed,
what was almost impossible to avoid in case of in
vitro experiments. But here they were helpful for
qualitative estimation of the image quality parameters
like the lateral resolution and contrast. At the same
time the basic liver structure was unchanged in the
presented experimental results. As expected, the STA
algorithm, using a single-element transmit aperture,
was characterized by the best image resolution,
but the penetration depth was poor. In the case of
MSTA-4 with N; = 4, the optimal correlation between
resolution and penetration depth was achieved at the
depths up to 80-90 mm. For MSTA with a larger
aperture, N; = 8, the increase of the visualization
depth was almost indistinguishable, whereas some
degradation of the image resolution was observed.

5. Conclusions

In the work, the optimization of the multi-element
synthetic transmit aperture (MSTA) method for ultra-
sound imaging is discussed. The transmit aperture size
providing the best compromise between the lateral res-
olution and penetration depth of the resulting 2D ul-
trasound image and maintaining high frame rate at the
same time is the main concern of the present study. For
this purpose the corresponding optimization algorithm
was developed and tested using the FIELD II simu-
lated synthetic aperture data of point reflectors and
the experimentally obtained data of the tissue mim-
icking phantom. For the test phantom, the best image

quality as concerns the lateral resolution at low depths
up to 30 mm was achieved by the small apertures with
N; =1,2. On the other hand, the deeper phantom re-
gions (up to 90 mm) were better visualized with Ny =
4—5 elements in the transmit mode. This was also con-
firmed by the in vitro study of the beef liver pattern.

In the paper, the MSTA method with non-
overlapping transmit apertures, assuming Ng, = Ng,
was considered. However, the developed optimization
algorithm can be generalized to the case of MSTA
with Ng, < N;, which is characterized by a some-
what better imaging quality but worse frame rate
as compared to Ng, = N;. This, however, requires
some modification of the optimization criteria and is
a problem of the future study. Also, the correction of
RF echo signals accounting only for the single-element
receive aperture directivity was applied in the consid-
ered MSTA method (TROTS et al., 2010). In order to
account for the multi-element transmit aperture the
proper modification of the MSTA method is required.
To this end the results of the full-wave analysis of
the radiation and scattering problem for a periodic
(TASINKEVYCH, DANICKI, 2010; TASINKEVYCH,
DaNIcKI, 2011) or a finite (TASINKEVYCH, 2010)
baffle system can be applied for the purpose of
modelling the directivity properties of the transmit
aperture comprising several elements. The method is
based on the BIS-expansion (BLOTEKER et al., 1973),
which was successfully applied to solving electrostatic
problems in the theory of surface acoustic wave trans-
ducers (DANICKI, TASINKEVYCH, 2006), in the theory
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of elastic wave scattering by periodic cracks (DANICKI,
2002) and in the theory of EM scattering by periodic
structures (TASINKEVYCH, 2008; 2009; 2011). The
main advantage of the above mentioned approach
is that the mutual interactions of array elements
are accounted for in the full-wave analysis of the
corresponding mixed boundary value problem. This is
another problem of future study concerning the appli-
cation of the MSTA method in ultrasound imaging.
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