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The paper presents the modified multi-element synthetic transmit aperture (MSTA) method for ultra-
sound imaging. It is based on coherent summation of RF echo signals with apodization weights taking
into account the finite size of the transmit subaperture and of the receive element. The work presents
extension of the previous study where the modified synthetic transmit aperture (STA) method was con-
sidered and verified [1]. In the case of MSTA algorithm the apodization weights were calculated for each
imaging point and all combinations of the transmit subaperture and receive element using their angular
directivity functions (ADFs). The ADFs were obtained from the exact solution of the corresponding mixed
boundary-value problem for periodic baffle system modeling the transducer array. Performance of the
developed method was tested using Field II simulated synthetic aperture data of point reflectors for
4 MHz 128-element transducer array with 0.3 mm pitch and 0.02 mm kerf to estimate the visualization
depth and lateral resolution. Also experimentally determined data of the tissue-mimicking phantom
(Dansk Fantom Service, model 571) obtained using 128 elements, 4 MHz, linear transducer array (model
L14-5/38) and Ultrasonix SonixTOUCH Research platform were used for qualitative assessment of imag-
ing contrast improvement. Comparison of the results obtained by the modified and conventional MSTA
algorithms indicated 15 dB improvement of the noise reduction in the vicinity of transducer’s surface
(1 mm depth), and concurrent increase in the visualization depth (86% augment of the scattered ampli-
tude at the depth of 90 mm). However, this increase was achieved at the expense of minor degradation of
the lateral resolution of approximately 8% at the depth of 50 mm and 5% at the depth of 90 mm.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Ultrasound imaging techniques are currently one of the most
commonly used modalities for medical imaging in diagnosis and
therapeutic procedures. In B-mode (brightness mode) ultrasound
typically a linear array of transducers is used to scan the area of
interest and the image is obtained using beamforming techniques
e.g. delay-and-sum (DAS). To obtain high-quality images the syn-
thetic aperture (SA) algorithms [2–4] have been extensively
explored. These algorithms allow the imaging quality obtainable
with conventional B-mode imaging (based on line by line data
acquisition with transmit focusing) to be improved. This is due to
their ability to provide dynamical focusing in both transmit and re-
ceive modes. Among several implementations of the SA method
that have been reported in literature, the synthetic transmit aper-
ture (STA) approach [5], where all transducer elements are used to
receive back-scattered signal at every transmission, has proven to
be most suitable for medical ultrasound. In the previous study [1] a
All rights reserved.

ch).
modified STA method for ultrasound imaging was developed. The
method allowed the contribution of the off-axis targets resulting
in broad image clutter especially in the vicinity of the transducer
face to be substantially suppressed. Specifically, the simulations,
conducted in Matlab� (The MathWorks Inc., Natick MA) using Field
II [6,7] software, demonstrated a 12 dB noise reduction, estimated
by the lateral cross-sections of point reflectors at the depth of
1 mm, in comparison with conventional STA algorithm. The algo-
rithm was implemented as a weighted sum of the appropriately
delayed echo signals with predefined apodization weights calcu-
lated for every focal point and transmit-receive combination. The
weights were determined using the analytic expression for a far-
field radiation pattern of a narrow strip (individual array element)
transducer vibrating with uniform pressure amplitude distribution
across its surface [8].

The major drawbacks of the STA which restrict its application
on clinical scanners are limited penetration depth (since an unfo-
cused wave energy is emitted only by a single element) and a huge
amount of data to be processed and computational complexity
connected with this. For example, as reported in [1], the processing
time for 2D image reconstruction in Matlab� (128 image lines each
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comprised of 512 spatial samples) was about 30 s on PC running
Windows 7 x64 with Athlon 64 X2 Dual Core 5600+, core speed
2.8 MHz. The memory requirements for storage of recorded RF
echo signals with 5500 samples (sampling frequency fs = 40 MHz)
for 128 emissions was approximately 0.18 GB of RAM (see discus-
sion in Section 3.2).

To resolve the issues of limited penetration depths and compu-
tational complexity (to some extent) the multi-element synthetic
transmit aperture (MSTA) method described in [9] seems to be
suitable. At each time a subaperture comprised of several grouped
elements transmits an unfocused ultrasound wave, emulating the
radiation pattern of a (virtual) point source, and all the elements
receive the echo signals. This allows the emitted energy to be in-
creased (several elements emit simultaneously in MSTA instead
of one in STA), which, in turn, leads to increase of the penetration
depth. Moreover, a data acquisition cycle can be reduced to several
firings. For instance, assuming 8-element non-overlapping trans-
mit subapertures in the case of 128-element transducer array
yields 16 emissions in the MSTA method for full data acquisition
cycle. This results in eight time higher frame rate in comparison
with conventional STA (128 emissions). Moreover, an eight time
less memory for recorded RF echoes is required. This makes the
MSTA method a likely candidate for clinical applications.

However, when the element size is comparable to the wave-
length of the interrogating wave an application of the simple point
source model to reconstruct the image leads to errors and artifacts
worsening the quality of the overall image in a similar manner as
in the case of STA discussed in [1].

The main aim of this work was to develop a modified MSTA
method which alleviates these drawbacks. It takes into account
the directivity of the transmit subaperture, comprised of several
elements, and of the receive element in order to eliminate the
influence of the off-axis targets and improve imaging quality. To
this end the approach reported in [1] was further developed and
generalized for the MSTA method. Namely, a system of predefined
apodization weights was introduced for each focal point in the im-
age and all possible combinations of transmit subaperture and re-
ceive element. However, in transmit mode the apodization weights
were determined using semi-analytic approach for evaluation of
the far-field radiation pattern of a periodic baffle system, modeling
the transducer array [10], which was considered suitable in this
case. The approach presented in [10] allows the interactions be-
tween individual elements of the transducer array to be accounted
for in the full-wave analysis of the boundary-value problem for
periodic baffle array with arbitrary aperiodic excitation.

As shown in this paper the application of proposed apodization
weights allowed the quality of the synthesized images to be im-
proved. Specifically, the broad image clutter (hazy blurring arte-
facts, observable in the case of the conventional MSTA algorithm)
resulting from the off-axis reflections were considerably depre-
cated, particularly in the imaging region near the transducer aper-
ture. This is critical, for example, in breast and skin imaging. Also,
the reflections from off-axis targets lead to the image quality deg-
radation especially in bone tissue imaging with conventional med-
ical ultrasound systems [11]. Therefore, the image enhancing
techniques are necessary to improve clinical applicability ultra-
sound imaging of bone tissue. For example, in [12] a minimum var-
iance beamforming was introduced to compensate for the
shadowing effects resulting in noisy ultrasound images of tissue
in the bone vicinity. In this context the proposed extension of the
MSTA method seems to be promising for enhancing of the bone tis-
sue medical imaging as well.

The rest of the paper is organized as follows. In the next section
the theoretical background of the MSTA algorithm and its exten-
sion are given. Also the main results of the full-wave analysis of
the mixed boundary-value problem for periodic baffle array
presented in [10] and directly connected with evaluation of the
transmit subaperture ADF are referenced here. Next, in Section 3
the performance of the proposed modified MSTA algorithm is
tested using synthetic aperture data of point reflectors simulated
using Field II for the case of 4 MHz 128-element transducer array
with 0.3 mm pitch and 0.02 mm kerf (emulating a linear trans-
ducer used in experimental measurements). Simulations were fur-
ther validated using experimentally obtained synthetic aperture
data of the tissue-mimicking phantom (Dansk Fantom Service,
model 571) collected using the SonixTOUCH Research system
(Ultrasonix Medical Corporation, Richmond, BC, Canada). The scan-
ner was equipped with a linear transducer model L14-5/38: a 128-
element transducer with 0.3 mm element pitch, 0.02 mm kerf and
70% fractional bandwidth, excited by two cycles of transducer’s
center frequency equal 4 MHz. The discussion of the results is pro-
vided in Section 4. Finally, in Section 5 the conclusion of this work
are summarized.

2. Background theory

In the multi-element synthetic transmit aperture (MSTA) imag-
ing approach a transmit subaperture comprised of several ele-
ments is used to emit unfocused wavefront which interrogates
the region of interest in the medium as illustrated in Fig. 1.

The back-scattered waves are received by each element inde-
pendently and the resulting RF echo signals are digitized and
stored in memory for further processing. For an N-element array,
Nt – element transmit subaperture and Nsh-element shift of the
transmit subaperture between subsequent emissions, there are
M ¼ dðN � NtÞ=Nshe emissions in each cycle altogether, where dxe
denotes the integer ceiling of x. Assuming Nt = 1 results in conven-
tional STA algorithm. In the case of MSTA the frame rate is in-
creased by N/M as compared to the STA method due to decrease
of the total number of emissions, which speeds up the data acqui-
sition process. For N-element aperture upon completion of the data
acquisition cycle M � N RF echo signals are recorded for further im-
age synthetisation. Therefore, in comparison with the STA method
the MSTA requires also N/M times less memory storage.

The post-processing which includes coherent summation (DAS)
of all received RF echoes with dynamical transmit and receive focus-
ing at each imaging point is performed then. For the N-element
transducer array at each point in the image, the final focused signal
can be expressed as follows:

AMSTAðr; hÞ ¼
XM

m¼1

XN

n¼1

ym;n
2r
c
� sm;n

� �
; ð1Þ

where ym,n (t) denotes the RF echo signal recorded by nth receive
element and corresponding with interrogation pulse emitted by
mth transmit subaperture. The round-trip delay sm,n is determined
by the geometric distance from the imaging point to the transmit
subaperture and receive element and is given by expression:

sm;n ¼ sm þ sn; 1 6 n 6 N; 1 6 m 6 M; ð2Þ

where the corresponding transmit (sm) and receive (sn) delays,
relative to the focal point (r, h), are:

si ¼
1
c

r �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 þ x2

i � 2xir sin h
q� �

; i ¼ m;n: ð3Þ

In the above equation xm, xn are the positions along the x-axis of
the mth transmit subaperture and nth receive element, respec-
tively; r and h are the polar coordinates of the focal point with re-
spect to the origin, placed in the center of the transducer’s aperture
(see Fig. 1). The first and second summations in Eq. (1) correspond
to the transmit and receive dynamical focusing, respectively
(transmit and receive delays are dynamically updated for every



Fig. 1. Spatial diagram illustrating the MSTA beamforming. The round trip delay is determined by the geometric distance between the imaging point and transmit
subaperture and receive element centers.
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imaging point and every transmit-receive combination). The angu-
lar dependence is not taken into account in the point-like source
model applied in Eq. (1). However, when the width of the array ele-
ment is comparable to the wavelength, corresponding to the nom-
inal frequency of the emitted signal, the point-like source model
becomes inaccurate, as was reported in the previous study con-
cerning conventional STA method [1]. The reflections from off-axis
targets lead to the broad image clutter (hazy blurring artefacts) ob-
servable especially in the vicinity of the transducer face. To im-
prove imaging quality in the same way it was done to improve
the display obtainable with the STA method [1] the ADFs of the
transmit subaperture and receive element need to be accounted
for. The ADFs influence the partial contributions of the resulting
signal AMSTA (r, h) in Eq. (1) depending on the mutual positions of
the focal point and transmit-receive pair, determined by the angles
hm, hn (see Fig. 1). They can be incorporated into the MSTA algo-
rithm in a similar manner it was done in the case of the STA meth-
od discussed in [1]. Namely, the predefined apodization weights
can be introduced into Eq. (1), which yields:

Amod
MSTAðr; hÞ ¼

XM

m¼1

XN

n¼1

wmnym;n
2r
c
� sm;n

� �
;

wmn ¼ fTðhmÞfRðhnÞ; hi ¼ hiðr; hÞ; i ¼ m; n;

ð4Þ

where hi(r, h), i = m, n are the corresponding observation angles for
the transmit subaperture and receive element, and fT(hm), fR(hn) are
their directivity functions, respectively. It is worthwhile to note,
that the angles hm and hn depend on the spatial position of the focal
point (r, h).

In the case of STA algorithm [1] the ADF of single element, used
both in transmit and receive modes, was approximated by a far-
field radiation pattern of a narrow strip transducer [8]. In the case
of MSTA method for evaluation of directivity function of the trans-
mit subaperture, comprised of several (4 up to 16, as evidenced in
the Section 4) elements another approach is proposed in this work.

Specifically, the apodization weights can be determined using a
semi-analytic approach for evaluation of the ADF of a periodic baf-
fle system, modeling the transducer array [10]. It allows the inter-
actions between individual elements of the transducer to be
accounted for in the full-wave analysis of the corresponding
boundary-value problem. The solution was obtained in the spatial
spectrum domain. Namely, the (spatial) Fourier transform of the
pressure field distribution on a baffle plane was used for the far-
field radiation pattern evaluation. The nice feature of the method
is that the reciprocal influence of the array elements is accounted
for in the full-wave analysis of the wave excitation or scattering
problems.

In the considered mixed boundary-value problem the normal
acoustic vibration vanishes on baffles [13] and between them there
are acoustically soft domains where the acoustic pressure vanishes,
or is given constant values in the case of the wave excitation prob-
lem. The solution was obtained using the BIS-expansion method
[14], which was successfully used earlier for solving electrostatic
problems in the theory of surface acoustic waves interdigital trans-
ducers [15], in the theory of elastic wave scattering by periodic
cracks [16], or in generalized form in the theory of electromagnetic
wave scattering by periodic gratings [17].

As shown in [10], the ADF of a periodic system of hard acoustic
baffles (periodicity along the x-axis direction is assumed, see Fig. 1)
can be evaluated from the spatial spectrum (spatial Fourier trans-
form) of the pressure field distribution on the baffle plane as
follows:

f ðhÞ � pðk sin hÞ cos h; k ¼ x
c
¼ 2p

k
; ð5Þ

where k is the wave-number; c is the sound velocity; x is the angu-
lar temporal frequency. In Eq. (5) p is the spatial spectrum of the
pressure distribution on the plane of baffles, which is the solution
of the above boundary-value problem and can be written as
follows:

pðnÞ ¼ pnðn� nKÞ � pnðrÞ; n ¼ r þ nK; n ¼ bnc; K ¼ 2p=K;
ð6Þ

where n is the spatial spectrum variable in the x-axis direction; dxe
is the integer floor of n. In Eq. (6) r e (0, K) is an arbitrary spatial
wave-number, constrained to one Brillouin zone, introduced for
the sake of uniqueness of the pressure distribution on the plane
z = 0:

pðxÞ ¼
X

n

pne�jðrþnKÞx;

pn ¼
j

r þ nK

X
m

amSn�mPn�mðcos DÞ; D ¼ pð1� d=KÞ; ð7Þ

where pn are the Bloch amplitudes; Pn are the Legendre polynomials;
d is the baffle width and K is the period (transducer pitch); Sn = 1 for
n P 0 and 0 otherwise. In Eq. (7) am are the unknown expansion coef-
ficients (dependent on r) representing the corresponding Bloch
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components pn. The coefficients am can be obtained by solving the
system of linear equations [5]:

X
m

am j
g
n

Sn�m � 1
� �

Pn�mðcos DÞ ¼ 0

X
m

ð�1ÞmamP�r=K�mð� cos DÞ ¼ j
K
p

~plejrlK sinpr=K;
ð8Þ

where ~pl ¼ 1; l ¼ 0; . . . ;Nt � 1, and 0 otherwise are given constant
pressures of the corresponding active elements (slots in the consid-
ered boundary-value problem formulation) which model the Nt-ele-
ment transmit subaperture. In Eq. (8) the summation over a finite
domain m e [�M, M] is assumed and n e [�M, M], or in the other
words, there are 2M + 1 Bloch orders accounted for in the expansion
of p(x), Eq. (7). This assumption allows the problem to be reduced to
numerical solving of the truncated system of linear equations,
Eq. (8), for unknown coefficients am. The truncation index M is
determined by the BIS-expansion approximation [10], stating that
for sufficiently large M (to be defined below) one may assume:

g
n
� g

r þ nK
¼ jSn ð9Þ

for any n > M (see Eq. (6) for definition of n). In the above condition
g is the spatial spectrum variable in the z-axis direction (harmonic
dependence of the pressure field on z is assumed in standard form
e�jzg):

g ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 � n2

q
; jnj 6 k;

�j
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2 � k2

q
; jnj > k:

8><
>: ð10Þ

The value of g in Eq. (9) is chosen so that the solution for radi-
ated pressure field presents outgoing wave, or, alternatively, the
scattered field vanishes at z ?1 in the scattering case. Typically,
for k � K it is sufficient to take into account only several Bloch com-
ponents pn in the solution for the pressure field in Eq. (7). In the
numerical examples, shown in the next section, M = 16 is applied,
which yields the spectral variable n in the domain limited by the
upper bound nmax � 20k (for K = 0.3 mm, 4 MHz operating fre-
quency and c = 15,000 m/s). In this case g/f � j0.9987 resulting in
0.13% rational error in the BIS-expansion approximation, Eq. (9),
which accuracy is acceptable for numerical analysis.

In the case of a single-element receive aperture the directivity
function and corresponding apodization weights in Eq. (4) can also
be evaluated using Eq. (5), if ~pl ¼ d10 is applied in Eq. (8), where d -
is the Kronecker delta.
Fig. 2. Angular directivity functions for 2-, 4-, 8- and 16-element subapertures;
operating frequency was 4 MHz corresponding to K/d � 0.8; the element width
d = 0.28 mm and 0.02 mm kerf was assumed.
Fig. 2 illustrates the computed examples of the ADFs obtained
using the above approach for 2-, 4-, 8- and 16-element subapertures
and 4 MHz operating frequency, 0.3 mm pitch and c = 1500 m/s (the
values corresponding to those used in the numerical experiments in
the next Section).

The directivity function given by Eq. (5) was used in the modi-
fied MSTA algorithm for evaluation of the apodization weights in
Eq. (4), both in transmit (ft(h)) and receive (fr(h)) modes.
3. Methods

To verify the performance of the proposed modified MSTA
method it was tested using the data obtained by Field II simulation
program for Matlab� and from experimental measurements. The
main stress was set on comparison between the images produced
using the conventional MSTA, Hamming and Blackman windows
enhanced MSTA and the modified STA algorithms.

3.1. Field II simulated point-reflector data

To estimate the lateral resolution and penetration depth obtain-
able with the modified MSTA method as compared to the conven-
tional MSTA, the Field II simulated synthetic aperture data of point
reflectors were used. To this end a linear array transducer with 128
elements and a center frequency of 4 MHz was modeled using
xdc_linear_array function. The pitch was 0.3 mm and the kerf
0.02 mm which yielded the maximum accessible aperture size of
38 mm for this transducer. These parameters (the center fre-
quency, the pitch and the kerf) were chosen to mimic the Sonix
L-14-5/8 array transducer used in experiments (see discussion in
the next section). The one sine cycle burst of center frequency
equal 4 MHz was assumed as the transducer excitation. The point
reflectors were placed in seven columns, each spaced 4.9 mm apart
laterally (this corresponds to 16 transducer pitches). The columns
were centered with respect to the transducer middle point for con-
venience. In each column reflectors were spaced 5 mm axially
starting from the depth of 1 mm. Such arrangement of point reflec-
tors, covering entire imaging region, was considered to be conve-
nient for visual assessment of the imaging quality in the whole
area. It enabled estimation of the spatial resolution at different
depths using corresponding lateral cross-sections of 2D images.
The temporal sampling rate of 40 MHz was chosen so that the Ny-
quist criterion was satisfied. The back-scattered RF echo signals
with 5500 temporal samples were simulated using a calc_scat_mul-
ti function of the Field II. To emulate the MSTA mode, during each
pulse emission the corresponding transmit subapertures were se-
lected using ele_apodization function by setting the values of 1
for active elements and 0 otherwise. To enable accurate quantita-
tive estimates of the lateral resolution 2048 image lines were syn-
thesized (16 image lines per transducer pitch). Every image line
had 5000 spatial samples for 100 mm visualization depth corre-
sponding to 50 samples per mm.

3.2. Experimentally obtained tissue-mimicking phantom data

To demonstrate the improvements in image contrast offered by
the modified MSTA algorithm the image reconstruction of experi-
mentally obtained synthetic aperture data was performed. An ex-
tra large scan- and elevation-plane tissue mimicking phantom
model 571 (Dansk Fantom Service [18]) with attenuation of the
background material of 0.5 dB/(MHz cm) was used in experiments.
The visualized region of the phantom consisted of a collection of
cysts with the diameters 2, 4, and 8 mm, being representative of
those encountered in clinical practice as suggested in [18]. The
cysts were distributed in depth starting from 1 mm, which enabled
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comparison of the image contrast obtained with different algo-
rithms. In addition, the cysts placed near the transducer aperture
facilitated the demonstration of the noise reduction obtained with
the modified MSTA.

The measurements were done using the Sonix-TOUCH Research
system (Ultrasonix Medical Corporation, Richmond, BC, Canada).
The scanner was equipped with a linear transducer model L14-5/
38: a 128-element transducer with 0.3 mm element pitch,
0.02 mm kerf and 70% fractional bandwidth excited by 2 cycles
of transducer’s center frequency equal 4 MHz.

The RF data collected on each of 128 receive channels were
digitized at 12-bit resolution and 40 MHz temporal sampling rate
and transferred to a PC for further off-line processing in Matlab�

in order to test the developed MSTA image reconstruction
algorithm. Every RF echo with 5500 temporal samples was stored
in PC RAM. For the conventional STA the total number of samples
equal 90e6 required approximately 0.18 GB of RAM. For the MSTA
with 4-element non-overlapping transmit subapertures
(4-element aperture shift) the total number of temporal samples
was reduced to approximately 22.5e6, whereas for 8-element
non-overlapping subapertures (8-element shift) the number of
samples was further reduced to approximately 11.25e6, which cor-
responds to 0.045 GB and 0.0225 GB of the RAM, respectively. In
the case of 16-element non-overlapping apertures (16-elements
shift) and apodization weights applied in receive mode only (see
discussion in the Section 4) the corresponding values of 5.6e6 data
samples and 0.011 GB of the required RAM were achieved. For ex-
perimentally obtained data image reconstruction a total of 128 im-
age lines with 512 spatial samples were synthesized, which
yielded for 100 mm visualization depth approximately five sam-
ples per mm. The processing time in Matlab� 7.11 on PC running
Windows Windows 7 x64 with Athlon 64 X2 Dual Core 5600+, core
Fig. 3. MSTA image reconstruction of the Field II simulated synthetic aperture data for
0.02 mm kerf and Nt = 4: (a) modified MSTA algorithm, this work, (b) Hanning apodized M
dynamic range.
speed 2.8 MHz was about 8 s for the MSTA using 4-element non-
overlapping subapertures (32 emissions), about 4 s for the MSTA
using 8-element non-overlapping subaperture (16 emissions) and
about 2 s for the MSTA using 16-element non-overlapping suba-
pertures (eight emissions, apodization weights calculated for
receive mode). It should be noted that no attempts were made to
optimize Matlab code to shorten the image reconstruction time.
The issue of processing time reduction can be addressed for exam-
ple by exploiting a graphics processing unit (GPU) capabilities for
SA beamforming (see discussion in Section 6).
4. Results and discussion

4.1. Field II simulations

Examples of 2D visualization of point reflectors are shown in
Fig. 3 over a 60 dB dynamic range. Fig. 3a and d show images ob-
tained using the modified MSTA, discussed in this work, and the
conventional one, respectively (the case of 4-element transmit
subaperture Nt = 4 is considered). For comparison, in Fig. 3b and
c the images obtained using the MSTA algorithms with Hanning
and Blackman apodization weights are shown. The image enhance-
ment, especially in the region adjacent to the transducer’s aper-
ture, can be observed. The blurring artefacts clearly visible in
Fig. 3b–d in the vicinity of the first row of point reflectors, are sub-
stantially (see discussion following Fig. 4) reduced in Fig. 3a
processed using the modified MSTA algorithm. Also, the visibility
of the point reflectors located at the depth of approximately 80–
90 mm is improved (increased penetration depth, see discussion
following Fig. 6) in the case of modified MSTA algorithm, see
Fig. 3a, when compared with the conventional one, see Fig. 3d.
point reflectors and 4 MHz 128-element transducer array with 0.3 mm pitch and
STA, (c) Blackman, and (d) conventional MSTA. All images are displayed over 60 dB



Fig. 4. Lateral cross-section of the first row (depth 1 mm) of point reflectors in
logarithmic scale for Nt = 4: (a) comparison of the results obtained by the modified
MSTA (this work) and conventional MSTA and (b) comparison of the results
obtained by the modified MSTA and by the Hanning and Blackman apodized MSTA.

Fig. 5. Normalized axial cross-section of the central column of point reflectors for
Nt = 4 Thick solid line – modified MSTA, this work, thin solid line – conventional
MSTA, dotted line – Hanning apodized MSTA, dashed line – Blackman apodized MSTA.

Fig. 6. Normalized axial cross-sections of the image line coinciding with the central
column of point reflectors at different depths: (a) 50 mm and (b) 90 mm and Nt = 4.
Thick solid lines – modified MSTA, this work, thin solid lines – conventional MSTA,
dotted lines – Hanning apodized MSTA, dashed lines – Blackman apodized MSTA.
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In Fig. 4 the lateral cross-sections of the first row of point reflec-
tors (depth 1 mm) obtained using different methods can be found.
The improvement of image quality is also observable in this exam-
ple. As seen in Fig. 4a, the ‘‘noise’’-like spatial variations of the
scattered signal from the reflectors positioned near the transducer
surface are substantially suppressed from approximately �25 dB in
the case of MSTA to �40 dB in the case of modified MSTA (mea-
sured in midpoints between reflectors). For comparison, the results
obtained using the conventional MSTA algorithm with Hanning
and Blackman apodization weights are also shown in Fig. 4b. These
indicate the ‘‘noise’’ reduction of approximately �27 to 30 dB as
compared to the conventional MSTA.

In Fig. 5 the normalized axial cross-section of the central col-
umn of point reflectors is shown. The depth up to 4 mm covering
the vicinity of the first reflector is visualized for convenience. The
‘‘noise’’ reduction from approximately �14 dB (measured at the
depth of 2.5 mm) obtained when applying conventional MSTA
algorithm to approximately �23 to 25 dB in the case of Hanning
and Blackman apodization weights or �50 dB in the case of modi-
fied MSTA algorithm considered in this work, can be observed.

An increase in penetration depth is illustrated in Fig. 6, where a
detailed view of the axial cross-sections (central column) showing
the maxima of the scattered echo signals as a function of depth are
presented. As shown in Fig. 6a and b for Nt = 4, the scattered echo
amplitude obtained using the modified MSTA algorithm are 1.56
and 1.86 times larger at the depths of 50 and 90 mm as compared
to those obtained using conventional MSTA method. A comparison
of the results obtained using the modified MSTA algorithm and the



Fig. 7. Normalized lateral cross-section of the scattered signal corresponding to the
point reflectors placed in central column at different depths: (a) 50 mm and (b)
90 mm and Nt = 4. Thick solid lines – modified MSTA, this work, thin solid lines –
conventional MSTA, dotted lines – Hanning apodized MSTA, dashed lines –
Blackman apodized MSTA.
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conventional MSTA with Hanning and Blackman apodization
weights indicate that the scattered amplitudes (at the same depths)
are 1.23, 1.94 and 1.39, 2.31 times larger, respectively (see Fig. 6).

Fig. 7 gives an indication of the resolution capabilities of differ-
ent approaches. There the lateral cross-sections corresponding to
scattered echo signal of the point reflectors positioned in the cen-
tral column at the depths 50 and 90 mm are shown. As illustrated
in Fig. 7a and b for the modified MSTA algorithm the lateral reso-
lution is slightly decreased in comparison with the one obtained by
using the conventional MSTA. It is quantified here by the full width
at half maximum (FWHM). Accordingly, at the axial distance of 50
and 90 mm for the conventional MSTA (Nt = 4) the lateral resolu-
tion is 0.9316 and 1.0930 mm, respectively. The corresponding
data for the modified MSTA are 1.0134 and 1.1565 mm, which rep-
resent 8.07% and 5.49% decrease in the lateral resolution at the
above identified depths. It is worth noting that the decrease in
the lateral resolution diminishes with depth. In the case of MSTA
algorithm with Hanning and Blackman apodization weights
(dashed and dotted lines in Fig. 7a and b) the respective lateral res-
olutions are equal to 0.9476 and 1.3634 mm (Hanning) and 0.9691
and 1.3448 mm (Blackman). This corresponds to the respective de-
creases in lateral resolution of 1.69% and 19.83% (Hanning) and
3.87% and 24.53% (Blackman) as compared to the conventional
MSTA processing (it worth to note the increase with depth in the
lateral resolution degradation in this case). These data indicate that
the modified MSTA algorithm at the depths below 50–60 mm
exhibits somewhat lower lateral resolution in comparison with
that achieved with Hamming and Blackman apodizations. On the
other hand, at the axial distances exceeding 70 mm, the lateral res-
olution of the modified MSTA algorithm exceeds those that were
obtained using Hamming and Blackman windows.

5. Experimental results

Experimental validation of the improvements in image contrast
offered by the modified MSTA algorithm are demonstrated in Fig. 8
where the examples of 2D image reconstruction of the experimen-
tally obtained tissue-mimicking phantom (Dansk Fantom Service,
model 571 [18]) data are illustrated.

The image enhancement in the vicinity of the array’s aperture is
clearly observable from comparison of the images shown in Figs. 8a
(modified MSTA, this work) and Fig. 8d (conventional MSTA). Sim-
ilarly, the comparison of the images obtained by the MSTA method
with Hanning (Fig. 8b) and Blackman (Fig. 8c) windows with the
image of Fig. 8a indicates the improved display structure close to
the array’s surface. Also, the results shown in Fig. 8, demonstrate
that the image contrast of the cysts located at the axial distance
exceeding 40 mm is also slightly improved (visual assessment).

The modified MSTA method discussed in this work performs
well if the number of elements in transmit subaperture is not
greater than approximately 14–16. For larger number of elements
the increasing directivity of the transmit subaperture leads to the
‘transmit beam separation’ phenomenon (see example in Fig. 9b)
provided that non-overlapping transmit subapertures are consid-
ered. For example (see Fig. 9), for 16-element subaperture and
the 4 MHz 128-element transducer array with 0.3 mm pitch and
0.02 mm kerf the ADF’s angular width measured at the reference
level of �6 dB is approximately 5� (see Fig. 2). This corresponds
to approximately 4.3 mm spatial beam-width at the depth of
50 mm (w � aR, w being the spatial width at the depth R; a – is
the angular width). The above estimated value of the beam-width
is comparable with the transmit subaperture size, being equal
approximately 4.9 mm. This influence of the transmitted beams
separation is illustrated in Fig. 9 where the examples of image
reconstruction of the same tissue-mimicking phantom (see
Fig. 8) are shown for the case of conventional MSTA (Fig. 9a) and
modified MSTA (Fig. 9b) using 16-element non-overlapping trans-
mit subapertures (the aperture shift Nsh = 16 is assumed). The dete-
rioration of the synthesized images can be eliminated provided the
smaller subaperture shift is used. For example, applying Nsh = 8 or
Nsh = 4, as illustrated in Fig. 9c and d, the transmitted beams sepa-
ration effect can be suppressed. However, it should be noted, that
the decrease of Nsh from 16 to 4 leads to four times longer image
reconstruction time due to the four times increase in the number
of recorded RF echoes (32 emissions instead of 8). This limitation
can be alleviated to some extent by using the MSTA algorithm with
larger subaperture shifts (Nsh = 8, up to 16 for 16-element transmit
subaperture) but with the corresponding apodization weights ap-
plied in the receive mode only [19]. This is illustrated in Fig. 10,
where the same tissue-mimicking phantom data were recon-
structed using the modified MSTA method with Nt = 16 and differ-
ent Nsh assumed. The apodization weights were evaluated in Eq. (4)
only in receive mode (fT(h) � 1 was applied).

As shown in Fig. 10a, application of the apodization weights
only in receive mode provides better image quality (by visual
assessment) of the cysts located in the vicinity of the transducer
aperture in comparison with conventional MSTA (Fig. 9a). It also
allows the transmitted beam separation phenomenon to be
suppressed to some extent in comparison with modified MSTA
having apodization weights applied both in transmit and receive
modes (Fig. 9b).



Fig. 9. MSTA image reconstruction of the measurement synthetic aperture data for the same phantom and transducer array; Nt = 16: (a) conventional MSTA, Nsh = 16, (b)
modified MSTA, this work, Nsh = 16, (c) modified MSTA, Nsh = 8, and (d) modified MSTA, Nsh = 4. All images are displayed over 50 dB dynamic range.

Fig. 8. MSTA image reconstruction of the measurement synthetic aperture data for tissue-mimicking phantom (Dansk Fantom Service, model 571 [18]) and 4 MHz 128-
element transducer array with 0.3 mm pitch and 0.02 mm kerf, Nt = 4: (a) modified MSTA, this work and (b) Hanning apodized MSTA, (c) Blackman apodized MSTA, and (d)
conventional MSTA. All images are displayed over 50 dB dynamic range.
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6. Conclusions

In this work the modified multi-element synthetic transmit
aperture (MSTA) algorithm for ultrasound imaging was presented
and discussed. In analogy to the STA method, discussed in [1] the
algorithm was realized as a weighted sum of properly delayed RF
echoes. The corresponding weights were evaluated using angular
directivity functions of the corresponding transmit and receive
subapertures for each focal point in the image. For efficient compu-
tation of the far-field radiation patterns the results of the previous



Fig. 10. Image reconstruction of the measurement synthetic aperture data for the same tissue-mimicking phantom and transducer array using modified MSTA method with
Nt = 16 and apodization weights applied only in receive mode: (a) Nsh = 16, (b) Nsh = 8 and (c) Nsh = 4. All images are displayed over 50 dB dynamic range.
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study concerning the analysis of generation and scattering of the
acoustic waves by periodic baffle system were used [10]. The pre-
dicted improvements in the image quality and the penetration
depth were verified using experimentally obtained synthetic aper-
ture data of tissue-mimicking phantom and Field II [6,7] simulated
synthetic aperture data of point reflectors. It was shown, that using
the modified MSTA algorithm considerable improvement in the
image quality in the immediate vicinity of the transducer surface
can be achieved. Specifically, the hazy blurring artefacts observable
in the images obtained using the conventional synthetic aperture
algorithm were substantially (�15 dB, see Fig. 5a) suppressed
due to the directivity weights applied in the developed algorithm.
In addition, an increase in the penetration depth was demon-
strated. More specifically, the scattered amplitude increased by
the factor of 1.56, 1.86 in the case of the modified MSTA algorithm
with Nt = 4 in comparison to the conventional one, at the depths of
50 and 90 mm. Concurrently, however, a slight degradation of the
lateral resolution was observed; namely, at the depths of 50,
90 mm the modified MSTA algorithm provided the lateral resolu-
tion which was 8.07% and 5.49% worse, respectively, than that
achieved with the conventional MSTA method. On the other hand
this decrease in the lateral resolution diminishes with increasing
penetration depth.

The numerical results of tissue-mimicking phantom visualiza-
tion using experimentally obtained data showed improvement of
the image contrast in the phantom region in the vicinity of the
transducer surface. Also, deeper located cysts (axial distance larger
than 40 mm) were visualized with slightly improved contrast too.

It was demonstrated that the proposed algorithm is capable of
improving the display quality provided the transmit subaperture
is comprised of no more than approximately 16 elements. This is
due to the transmitted beam separation which is related to
decreasing angular beam-width. It was demonstrated, however,
that this phenomenon can be eliminated if the proposed apodiza-
tion weights are applied in receive mode only, which still yields
improved imaging quality as compared to the conventional MSTA
algorithm.

It should be noted that the signal processing involved allowed
off-line image reconstruction, only, similarly as in the case of STA
method [1]. To the best of the authors’ knowledge the STA imaging
is currently realized in research ultrasound imaging systems only
and no commercial medical system is available for clinical applica-
tion. However, the MSTA method discussed in this work offers
better frame rate as compared to the STA. For instance, using
128-element array transducer with 8-element transmit subaper-
ture and 8-element shift between subsequent emissions the MSTA
provides eight times higher frame rate than that obtainable with
STA. Moreover, the MSTA requires less computations in compari-
son with the STA algorithm, which makes it competitive for real-
time processing. The most promising approach for reduction of
the processing time is acceleration of SA beamforming by using
graphics processing unit (GPU) to perform all data processing such
as apodization, DAS and other related tasks [20]. For example, re-
cently the MSTA image reconstruction algorithm was implemented
on the research platform utilizing GPU beamformer by Yiu et al.
[21]. Their results proved feasibility of real-time SA imaging: for
32 receive channels at 40 MHz temporal sampling and 15 cm visu-
alization depth the 512 � 255 pixel images were reconstructed at
3000 fps frame rate.

Provided the real-time processing is implemented in commer-
cial scanners, the modified MSTA method would be well suited
to be employed in clinical examinations, especially in the applica-
tions where the quality of the image in the immediate vicinity of
the scanhead is of critical importance such as for instance in skin-
and breast-examinations. It also can be used for enhancing of bone
tissue medical imaging by eliminating unwanted reflections from
the off-axis targets which degrade the quality of the resulting
images.
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