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Abstract—In recent years, multiple-line acquisition (MLA) 
has been introduced to increase frame rate in cardiac ultra-
sound medical imaging. However, this method induces block-
like artifacts in the image. One approach suggested, synthetic 
transmit beamforming (STB), involves overlapping transmit 
beams which are then interpolated to remove the MLA block-
ing artifacts. Independently, the application of minimum vari-
ance (MV) beamforming has been suggested in the context 
of MLA. We demonstrate here that each approach is only a 
partial solution and that combining them provides a better 
result than applying either approach separately. This is dem-
onstrated by using both simulated and real phantom data, as 
well as cardiac data. We also show that the STB-compensated 
MV beamfomer outperforms single-line acquisition (SLA) de-
lay-and-sum in terms of lateral resolution.

I. Introduction

One of the major challenges in ultrasound today is 
that of increasing the frame rate. It is important for 

getting high temporal resolution for fast-moving objects 
such as the heart in traditional 2-D imaging and, more 
recently, is even more vitally important in 3-D ultrasound 
imaging. The frame rate depends on the speed of sound in 
the medium, number of transmit (Tx) lines per frame, and 
depth of penetration of the scanned field of view (FOV).

A major constraint on the frame rate is the number of 
transmitting lines covering the FOV. In standard ultra-
sound imaging there, is a receive (Rx) line created for each 
Tx line. Together, they give the Tx-Rx or 2-way beam 
profile, which is the multiplication of the Tx by the Rx 
beam profiles. This improves SNR by a square factor. Be-
cause the beam profiles are the Fourier transforms at the 
far field (or focal point) of a finite aperture, their profiles 
have a main lobe and side lobes and are symmetric when 
the aperture shading is real. This means that the overall 
Tx-Rx profile also has this symmetric form with a main 
lobe and side lobes.

Potentially, one can attempt to produce several Rx 
lines from a wider transmit profile covering the same lat-
eral FOV as several Rx lines. This is called multi-line ac-
quisition (MLA), or parallel receive beamforming (PRB), 
and was originally proposed in [1] and [2].

There are several inherent problems with this method. 
One problem is the shifting of the peak location of the 
Tx-Rx beam profile’s main lobe. It happens because the 
Tx and Rx beam profiles are no longer aligned, hence the 
Tx-Rx peak will lie between the peaks of the Tx and Rx 
profiles. This is called warping. Another problem stems 
from the fact that the Tx-Rx beam profile is no longer 
symmetric—this is called skewing. A third problem is the 
gain loss because the energy is not concentrated at the 
center of the Tx-Rx profile, but rather spread out more; 
hence, the peak of the Tx-Rx beam profile is lower when 
using single-line acquisition (SLA) mode. All these effects 
are described in detail in [3].

However, the strongest effect noticeable when using 
MLA is the decorrelation of the Rx lines in the transition 
region between adjacent MLA group lines. It creates a 
lateral block-like appearance in the image that intensifies 
as the number of Rx lines per Tx line increases. There 
is also much loss of lateral resolution in an MLA group 
region because strong reflectors tend to smear out all over 
the lateral Tx region. This happens because of the lack 
of focus in transmit. As the transmission needs to cover a 
wider area, strong reflectors will appear all over the main 
lobe of the wide Tx profile and will not be reduced by the 
side lobes, as in standard SLA.

To compensate for these artifacts, several approaches 
were proposed in the patent literature, such as sinc apo-
dization on transmit [4], dynamic steering [5], [6], or inco-
herent interpolation after RF detection [7], [8]. The most 
prominent approach that utilizes coherent interpolation 
before beamforming was suggested in [3] and [9]. This ap-
proach, called synthetic transmit beamforming (STB), 
proposes generating the Rx lines by linear interpolation of 
the delayed-and-summed (DAS) Rx lines generated from 
adjacent overlapping Tx lines. We will describe the STB 
method in some detail in the following. In [3], it is shown 
that the STB does reduce the artifacts of MLA beamform-
ing, especially the block-like appearance, because it highly 
correlates adjacent Rx lines, even those belonging to dif-
ferent Tx regions. However, it seems to suffer from loss 
of resolution and contrast because of the interpolations it 
involves.

Synnevag et al. [10] suggest, as one of the benefits in us-
ing minimum variance (MV) beamforming, or the Capon 
beamformer [11], in ultrasound imaging is its application 
to MLA (or PRB, as they refer to it). They have used 4 
Rx lines per transmission to demonstrate that the perfor-
mance of MV gives good results compared with DAS with 
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SLA. However, they worked in a simulated environment of 
Field II [12], which does not emphasize the MLA-induced 
artifacts in their somewhat simplified examples. In real ul-
trasound data, and especially in organs such as the heart 
where strong reflections are present near weak or nonre-
flecting media, these effects are much more severe. This 
can be observed in the original STB work [3], in which the 
block-like artifacts are not seen in a simulated medium 
with 2MLA (see [3, Fig. 8]), whereas in the subsequent 
work [13], the results clearly show that real data displays 
these artifacts (see [13, Fig. 2], for example). Therefore, 
we feel that there is no evidence in the literature that 
applying MV in the context of MLA removes the block-
ing artifacts. On the contrary, to challenge this, we have 
applied MV beamforming on cardiac data and show that 
these artifacts still remain.

On the one hand, STB reduces the MLA artifacts at 
the price of lateral resolution and contrast loss; on the 
other, MV cannot alleviate the MLA artifacts, but has 
been shown to improve resolution and contrast (see e.g., 
[14]–[19]). This realization prompted us to combine the 
two, and that is what we describe in this paper. To dem-
onstrate the benefits of this combination over the use of 
each separately, we have used both simulated Field II data 
and data from real phantoms, as well as data from real 
cardiac ultrasound imaging. We will show that MV in an 
MLA setting does not remove the decorrelation block-like 
artifacts when the Rx lines are generated from a single Tx. 
We will demonstrate that the STB method does compen-
sate for these artifacts, but when combined with MV can 
produce better results than STB with fixed apodization 
alone, and that applying STB with MV can produce bet-
ter results than applying MV in an MLA setting without 
STB.

In our next section, we describe briefly the known theo-
ry behind the STB approach and MV adaptive beamform-
ing. Section III provides the details of our simulations, the 
real data set-up, and the wide Tx profile simulation. In 
Section IV, we present and discuss the results of our ex-
periments, and Section V contains the conclusions drawn 
from this work.

II. Theory

A. Synthetic Transmit Beamforming (STB)

The full background and motivation for using the STB 
technique is given in [3]. A brief discussion is provided 
here for the benefit of the reader. This method creates 
synthetic transmit beams between the real transmitted 
beams. Let d, a, and λ be the Tx focal depth, aperture 
width, and central wavelength, respectively. Then, assum-
ing that the transmit beams sample the scanned FOV at 
no more than the Nyquist sampling criterion of d/aλ, by 
interpolating the sampled data on each aperture element, 
one can construct data as if received from a synthetic 
transmit beam in any intermediary direction. The inter-

polated data can in turn be steered and focused in the 
direction of the synthetic beam. In this way, we get a 
(synthetic) transmit beam aligned with the received beam 
and all of the geometric distortions mentioned earlier are 
alleviated.

More formally, assume an aperture of M elements trans-
mits B beams transmitted into the FOV of the ultrasound 
image. For beam 1 < b < B, the aperture will be focused 
at point xb, with a radial depth of d = ct0/2, where c is 
the speed of sound in the medium and t0 is the time of 
flight required to reach depth d. Let Sm(xb, n) denote the 
sampled signal received at element m after focusing at 
point xb, and {Sm(xb, n)}1<b<B,1<m<M is the set of collected 
signals. Using sampling theory and the Nyquist assump-
tion, the signal originating from an intermediate point xi 
and received at element m can be found as

	 �S x n h x b S x nm i
b

i m b( , ) = ( , ) ( , )∑ ,	 (1)

where h(xi, b) is the interpolation filter. Then, the received 
signal beamformed in the xi direction can be found by
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where {τm(xi)}1<m<M are the time delays corresponding 
to xi.

The interchange from (3) to (4) can be done if we as-
sume that the filter h(xi, b) is linear, shift invariant, and 
independent of m. It is interesting to observe that the 
signals Sb(xi, n) are the results of transmitting in the xb 
direction and focusing in the xi direction in the receive 
mode. Clearly, for these signals to be non-negligible, there 
must be a sufficient overlap in the transmit beams because 
only those overlapping are included in the summation over 
b. In practice, each xi is contained in two corresponding 
values of b and the choice for h(xi, b) is [1 − w, w] where w 
is the relative distance (see [3] for more details). This over-
lap and interpolation is an essential factor in the cure for 
the blocking artifacts typical in MLA but, as we pointed 
out earlier, it is also the cause of the loss of resolution and 
contrast.

We note that in (2), one can add a fixed apodization 
vector g = [g1,…,gM]H and the sum over m in (4) will be 
modified accordingly.

B. Correlation Analysis

Although the geometric distortion artifacts in the tran-
sition between MLA groups may be visible in the image, 
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a quantitative measure is needed to assess its significance, 
and that of a measurable reduction in the artifacts after 
applying STB compensation. To assess the decorrelation 
of adjacent scan lines stemming from MLA in the results 
section, we have used the quantitative measure introduced 
in [13]. When the two-way profiles are sampled irregularly, 
such as without STB-compensated MLA, where two adja-
cent Rx lines are generated from different Tx beams, the 
correlation will be low. When the profiles belong to the 
same Tx beam (same MLA group) it will be higher. When 
STB compensation is used, the correlation should be ap-
proximately the same regardless of the two-way profiles 
pair examined.

Using the notation

	 ˆ ,Rij
r n d

n

i jd y r y r=
1

[ ] [ ]
=

1

−

−
∗∑ 	 (6)

for the correlation estimate between adjacent Rx scan 
lines, i and j, with � denoting estimation, and where yi[n] 
is the delayed and beam-summed complex (IQ) signal 
along scan line i and depth sample n, a correlation coeffi-
cient can be defined in the form of
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Cc can be calculated for the whole length of the mea-
sured signal (all samples) or a certain subset of length 
d around the Tx focal region, for example. A Cc plot of 
adjacent Rx lines can be used to view both the correlation 
within MLA groups and at the transition regions between 
MLA groups. In addition, an indicator of fractional cor-
relation coefficient, Dc was defined in [13] as
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where i ≠ j are a pair of scan lines, the set W contains all 
pairs within MLA groups, the set T contains all pairs in 
the transition regions between MLA groups, and X and Y 
are the set sizes, accordingly. Dc is 0 when no difference in 
correlation between MLA groups and transition regions is 
present, and 100 when there is full correlation within the 
MLA groups and no correlation between the groups. A 
negative value appears when there is more correlation on 
average in the transition regions than within MLA groups.

C. Minimum Variance Beamforming (MV) With STB

The MV beamformer finds the apodization weights 
at each beamformed point xi so that the variance of the 
beamformed signal is minimized while forcing a gain one 
in the xi direction. An in-depth description and analysis of 
MV beamformer can be found in [16] and [17] and refer-

ences therein. We will briefly describe it here and show 
how it is modified to be applied with STB.

Consider the beamformed signal as in (2) with apodiza-
tion
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∗ denotes the complex conjugate and H denotes the conju-
gate transpose (Hermitian). Then, the variance of this sig-
nal can be written as

	 E S x n x n x n x ni i i i{ } ( ) ( ) ( ),�( , ) = , , ,
2

w R wH 	 (10)

where E{·} denotes the expectation and R(xi, n) = 
E x n x ni i{ }� �S S( , ) ( , )H  is the spatial covariance matrix. The 
weight vector minimizing this variance can be found as 
the solution of

	 w w R w w 1
w

( ) arg min ( ) ,x n x ni i, = , = 1H H such that 	 (11)

where 1 = [1,…,1]T, as the signals across the aperture are 
pre-steered. The constraint guarantees a gain of 1 in the 
steered direction. The solution to this problem is known 
to be

	 w
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1 R 1

( )
( )
( )

.x n
x n
x ni
i

i
, =

,
,T 	 (12)

The MV beamformer adapts to the recorded data, plac-
ing nulls in directions where strong interferences appear, 
large side lobes at low-energy lateral regions, and forcing 
unit gain at the direction of arrival (DOA), which is the 
steering angle.

The covariance matrix, R(xi, n) is not given and must 
be estimated from the data. There are several methods to 
do this for the SLA set up, but the most common one used 
in [16] is spatial averaging. Spatial averaging is needed be-
cause the signals involved are nonstationary, and because 
signals from different scatterers can be correlated, which 
may lead to signal cancellation. This may be avoided us-
ing sub-array averaging, as described in [20] and [21].

In addition, to achieve speckle statistics similar to 
DAS, as described in [22], temporal or depth averaging is 
also needed. The estimate of the covariance matrix with 
sub-array length L, and 2K + 1 temporal window will be
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We note that the optimization problem is reduced in di-
mension from M to L and the steered signal becomes
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which gives more weight to the central elements and 
causes a tapering of the full length aperture and reduces 
the lateral resolution. Because the MV beamformer is sen-
sitive to steering errors, the optimization in (11) can be 
modified to require that
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This means that the covariance matrix, ˆ( )R x ni,  is re-
placed by ˆ( )R x ni,  + εI in (12), where I is the identity 
matrix, the same size as ˆ( ).R x ni,  We took ε, as suggested 
in [16] and [17], to be proportional to the power of the 
observations,

	 ε = , ,∆ ⋅ tr ( )ˆ{ }R x ni 	 (17)

where tr {·} is the trace operator and Δ is usually a small 
gain on the order of 1/100L.

Because we apply the MV beamforming with STB, we 
note that { ( )}S� x ni,  are not available and must be gener-
ated using (1). Namely, its entries are given by

	 �
� �S x n x h x b S x n xm i i

b
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This means that before applying the estimation and 
weighting schemes for the MV beamforming as detailed 
previously, the signals along Rx scan lines (identified by 
xi) should be interpolated from adjacent measured signals 
along beams b of a certain interpolation order.

III. Methods

As mentioned earlier, we have conducted extensive ex-
periments using simulated data, real phantom data, and 
real cardiac data. In the following, we describe in some 
detail the setup and information pertaining to these ex-
periments. In all our experiments, we have applied SLA 

and 4MLA. For the use of STB compensation we have, for 
each transmitted beam b, 8 receive beams enumerated as i 
= 4b + ℓ, ℓ ∈ {±1, ±2, ±3, ±4} four of which are common 
to two consecutive transmit beams. The interpolation fil-
ter we used is then given by
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A. Simulation Setup and Selecting Aperture Width

For our experiment with simulated data we used a set-
up similar to the one used in the experiments described in 
[10] for 4MLA.

Namely, an 18.5-mm aperture with 96 elements was 
used, and a Gaussian pulse at the central frequency of 
3.5 MHz and 85% fractional bandwidth was simulated. 
The transmission was focused at 70 mm depth and no 
apodization was applied on transmission. The returned 
signals were sampled using 20 MHz sampling frequency. 
The IQ envelope of the signal was extracted and sampled 
using linear interpolation at the appropriate dynamic de-
lays. Three options were applied with dynamic receive 
beamforming: No apodization (rectangular window), 
Hamming apodization, and MV adaptive apodization.

A 20° sector was spanned with 32 Tx lines in SLA mode 
and 8 Tx lines in 4MLA mode. The number of Rx lines 
was the same in both cases, 32 lines with 0.625° line den-
sity.

An important point to consider when simulating the 
MLA setting is the transmission beam pattern. To achieve 
efficient lateral coverage in MLA mode, a wider beam pat-
tern is needed, as described in [3]. It is even more impor-
tant when using STB compensation, because the transmis-
sion width should span at least twice the lateral spacing of 
uncompensated MLA to uphold the Nyquist criterion. In 
[10], the authors have used 0.25 of the aperture to gener-
ate a wider beam. We have analyzed the beam profiles for 
this setting and show that this generates a beam wider 
than necessary to hold the Nyquist criterion in [3], and 
we instead used 0.5 of the active aperture. Although using 
a wide profile on transmit helps to reduce MLA-induced 
artifacts, it also causes a poorer lateral resolution in the 
process; hence, using a larger aperture helps preserve lat-
eral resolution.

We have compared the Tx profiles for the 0.25 and 0.5 
apertures. Using a wider aperture narrows the beam pro-
file as known through the relation

	 D
F
aF = ,λ 	 (20)

where a is the aperture length, F is the depth distance to 
the focal spot, and DF is the profile width at the focus.
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Fig. 1 shows the Tx pressure fields at the focal depth 
of 70 mm for 0.25 and 0.5 active apertures at the central 
steering angle of 0°. It is important to note that the tran-
sition region from near field to far field for 0.25 active 
aperture with a width of 4.625 mm is RC = a2/λ = a2fc/c 
= ((4.625 mm)2 · (3.5e6/s))/(1540e3 mm/s) = 48.6 mm, 
which is smaller than the desired focus of 70 mm. That is 
why the cross section of the pressure field at 70 mm does 
not show a single main lobe for 0.25 active aperture. At 
the same time, the transition region of 0.5 active aper-
ture with a width of 9.25 mm is RC = 194.5 mm, which 
is larger than the 70 mm depth, and hence the 70 mm 
focus is possible and the pressure field has a clear main 
lobe. When looking at the magnified profiles (see same 
figure) it is clearly observed that 0.5 active aperture can 
be used to span 4 adjacent Rx lines with pressure no less 
than −3 dB, and 0.25 active aperture spans 8 adjacent 
Rx lines approximately above −3 dB which is needed for 
linear interpolation with STB, meaning that the Tx pro-
file for 0.25 active aperture is approximately twice as wide 
above −3 dB than that of 0.5 active aperture, as expected. 
Using these results, we have used 0.5 active aperture for 
MLA simulations without STB, and 0.25 active aperture 
for STB-compensated MLA simulations, which is needed 
to maintain the Nyquist criterion for angular sampling 
so that the Rx data can be interpolated from adjacent 
transmissions.

B. Experimental Data Setup

For the experimental data analysis, we have used a 
GE experimental breadboard ultrasound system, courtesy 
of GE Healthcare, Israel. The system was applied to an 
acrylic phantom and a healthy heart of a human subject. 
The same transducer was used for both trials, but with 
different line density and receive settings.

An 18.56-mm probe with 64 elements was used. Its cen-
tral frequency was 2.5 MHz, and it transmitted 1.5 peri-
ods of Gaussian pulse at 1.71 MHz frequency with 60% 
bandwidth. On receive, the second harmonic of 3.42 MHz 

was used for beamforming. Tx focus was 14 cm. The RF 
signals for each channel were sampled at 20 MHz. After-
ward, the signals were re-sampled according to the cal-
culated delays for dynamic receive using linear interpola-
tion, their in-phase and quadrature (IQ) components were 
extracted using the Hilbert function, and the appropriate 
apodization was applied according to the selected method. 
The delays, quadrature extraction, and apodizations were 
implemented separately using Matlab (The MathWorks 
Inc., Natick, MA). The FOV of the scan covered 75° with 
76 lines, which gave a 1.013° line density. The maximum 
depth was 16 cm.

For the cardiac data, the probe, its transmitted pulse, 
and Tx focus were the same as those used for scanning the 
phantom. The RF signals for each channel were sampled 
at 50 MHz frequency, and then were demodulated, shift-
ing them 3.42 MHz. The resulting signals were re-sampled 
at 4 MHz frequency and their IQ components were ex-
tracted. Afterward, the IQ signals were re-sampled ac-
cording to the calculated delays for dynamic receive using 
linear interpolation, and the appropriate apodization was 
applied according to the selected method. The delays and 
apodizations were implemented separately using Matlab. 
The FOV of the scan covered 75° with 120 lines, which 
gave a 0.625° line density. The maximum depth was 16 cm.

For this part of the analysis, we chose to compare the 
MV beamformer images to DAS with rectangular window 
only, because this is a commonly used window for com-
parison; it preserves resolution at the expense of contrast 
compared with windows with tapering at the edges of the 
aperture, such as Hamming or Hanning windows.

C. Simulating a Wider Transmit Pulse  
for Experimental Data

The RF data for the phantom and the cardiac IQ data 
were both obtained using standard SLA mode, where the 
transmitted pulse spans a single receive line laterally, as 
this is what the system allowed at the time. We had to 
simulate a wider transmit pulse from this data. To simu-

Fig. 1. Tx pressure fields at 0° steering angle and 70 mm depth focus used for the simulation. Solid lines represent the locations of the adjacent Rx 
lines in the same MLA group, dashed lines represent the Rx lines also used in STB. (a) Comparison of the Tx profiles at the focal depth. (b) Mag-
nification of the region spanned by 8 Rx lines used in STB mode.



IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency Control, vol. 60, no. 12, December 20132526

late an MLA scan setting, the received signals of adjacent 
scan lines were averaged. For an uncompensated 4MLA 
setting, the signals from groups of 4 adjacent SLA scan 
lines were averaged for each element. For the STB-com-
pensated setting, the signals from groups of 8 adjacent 
SLA scan lines were averaged with overlaps of 4 lines, 
which would be expected of an overlapping wide transmis-
sion for STB acquisition. Fig. 2 shows the pressure fields’ 
cross sections at the focal depth of 14 cm, and magnified 
view on the region of 8 adjacent Rx lines.

It can be seen that to get proper lateral coverage for 
STB, the data from 8 adjacent scan lines should be aver-
aged, because the profile in the region spanning 8 scan 
lines is in the range of −4 dB, whereas if averaging only 4 
lines, the furthest lines have −15 dB amplitude compared 
with the peak at the center of transmission, which may in-
cur aliasing for 2-way profiles unless the Rx profile is wide 
enough to compensate for it. It is sufficient to average 4 
adjacent scan lines when non-compensated MLA is used, 
because then it needs to span only 4 Rx lines.

It is important to note that in a real scenario, the ac-
tual Tx profile would be wider, which will reduce SNR. 
In the observed results in subsections IV-B and IV-c, the 
SNR is improved as a result of the use of the simulated 
wide Tx profile, which is narrower than real Tx profile in 
4MLA beamforming.

IV. Results and Discussion

As mentioned earlier, we have used Field II simulations 
as well as experimental data of a phantom and heart. We 
will show that both the simulations and real data experi-
mental results support our claim that combining the STB 
with the MV gives superior performance to either sepa-
rately used MLA setting.

A. Simulated Phantom Results

We have investigated the effects of MLA in an envi-
ronment similar to the heart, where strong reflections in 
the heart wall are adjacent to weak reflections of blood 

inside the chamber, and intermediate reflections of tissue 
outside the heart. For that purpose, we have simulated 
an elliptic ring centered along the main axis, at 0°, at a 
depth of 69 mm. The outer perimeter of the ring is defined 
by an ellipse with main axis lengths 7 and 11 mm, such 
that x2/72 + z2/112 = 1. The inner perimeter of the ring 
is defined by an ellipse with main axes 5 and 9 mm, such 
that x2/52 + z2/92 = 1. The ring is cylindrical, and has the 
same shape for all pitch (y) values.

The imaged region spanned from −9 to 9 mm in azi-
muth (x), −5 to 5 mm in pitch, and 56 to 84 mm in depth 
(z). The density of all scatterers inside the chamber, in 
the ring, and outside the ring was set to be 10 scatterers 
per resolution cell of size λ3, where λ = c/fc is the central 
wavelength that matches the central frequency, fc, as sug-
gested in [23]. The difference in reflectance was according 
to the standard deviation (STD) of the Gaussian drawn 
amplitudes inside the different regions. The mean values 
of the Gaussian was 0 for all regions. Outside the ring, its 
STD was set to 1, inside the inner ellipse to 0.1, and in-
side the ring to 10. Between the ring and the inner ellipse 
(chamber) there was a difference of 2 orders of magnitude 
(in terms of STD).

In addition, 2 pairs of strong reflectors were simulated 
deeper than the ring for lateral resolution measurements. 
The azimuthal distance between the reflectors was 3 mm. 
The first pair was at a depth of 81 mm and the second 
at the depth of 83 mm. The fixed amplitude of the strong 
reflectors was set to 500.

The simulated chamber was processed using standard 
SLA DAS beamforming with rectangular and Hamming 
windows and MV beamforming. In addition, it was pro-
cessed using 4MLA setting without and with STB com-
pensation. In both cases, 0.5 of the aperture was active 
in transmit. The MV beamforming was done using a sub-
array of length L = 48 (half of the aperture), Δ = 1/100L, 
and K = 5 (11 samples, which corresponds to 0.42 mm 
and 0.96 wavelengths).

Fig. 3 shows a comparison of the results for the 3 beam-
formers using SLA and STB-compensated and uncompen-
sated 4MLA. The images have a display range of 60 dB. 
Below each image, there is a plot of the Cc values, which 
represent the correlation of adjacent scan lines as defined 
in (7). Grey bars represent the correlation between Rx 
lines in the same MLA group; black lines represent the 
correlation between Rx lines of different MLA groups. The 
whole displayed depth was used for correlation measure-
ments. Notice the sharp transition seen inside the cham-
ber between the brighter reflections and the darker, weak 
reflections, when no STB compensation is applied. This 
artifact stems from the side lobes of the ring projected lat-
erally into the chamber. Without STB compensation this 
sharp transition is caused by the skewing and warping ef-
fects of MLA. This is noticeable even with MV beamform-
ing which potentially can reduce interference for the ring’s 
side lobes; because they are too strong, it is manifested in-
side the chamber as seen by the straight lines following the 
transitions between adjacent MLA groups centered inside 

Fig. 2. Simulated Tx pressure fields at 0° steering angle and 140 mm 
depth focus used for MLA pulse simulation of real data. Solid lines rep-
resent the locations of the adjacent Rx lines in the same MLA group, 
dashed lines represent the Rx lines also used in STB. (a) Comparison 
of the Tx profiles at the focal depth. (b) Magnification of the region 
spanned by 8 Rx lines used in STB mode.
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the ring and the chamber accordingly. STB compensation 
reduces this phenomenon, creating a gradual transition 
between the ring and the chamber. This is true for all 
three methods of beamforming, and especially relevant for 
the Hamming window, which has a wide Rx profile that 
emphasizes the MLA artifacts. Notice also the well-de-
fined shape and edges of the ring using STB-compensated 
MV beamforming compared with SLA rectangular DAS. 

It can be observed that the Cc values are lower for transi-
tion between MLA groups than inside the MLA groups for 
the uncompensated MLA case. Using STB brings them to 
approximately the same level. This is most noticeable for 
Hamming window and less noticeable for MV beamform-
ing, where the transition artifact is subtle and can be seen 
only in transitions between strong and weak reflections 
between MLA groups.

Fig. 4 shows a steered response through the strong re-
flectors at 81 mm depth. Note the narrower main lobe 
width for the strong reflectors when using MV with 4MLA 
compared with the main lobe width of rectangular win-
dow SLA. In addition, notice the lower side lobes the MV 
beamformer has compared with SLA rectangular DAS.

We have measured the main lobe width at −3 dB level 
and side lobe maximum levels of the strong reflectors. The 
results are given in Table I. From these measurements, it 
can be seen that MV has narrower main lobes, and hence 
improved lateral resolution with non-compensated MLA 
over that of SLA DAS. In addition, MV’s side lobes with-
out STB compensation are lower than SLA DAS. It is also 
important to notice that applying STB in 4MLA mode 
increased the width of the main lobe and the side lobes 
levels for all three beamformers over those of their SLA 
counterparts because of the wide Tx beam profile needed 
to span two adjacent MLA groups in STB-compensated 
mode.

Fig. 3. Simulated ventricle. (a) DAS rectangular window SLA, (b) DAS 
Hamming window SLA, (c) MV SLA (L = 48, K = 5), (d) Rect 4MLA 
(uncompensated), (e) Hamming 4MLA (uncompensated), (f) MV 4MLA 
(uncompensated), (g) Rect 4MLA STB, (h) Hamming 4MLA STB, (i) 
MV 4MLA STB. Corresponding Cc values of adjacent Rx lines are below 
each image.

Fig. 4. Steered responses of target points for DAS (rectangular and Ham-
ming windows) and 4MLA with MV (with and without STB compensa-
tion).

TABLE I. Main Lobe Width and Side Lobe Levels for Point Reflectors. 

SLA/MLA Beamforming
Main lobe 
width [°]

Max side lobes 
level [dB]

DAS rect 0.87 −23.2
SLA DAS Hamming 1.00 −27.6

MV 0.55 −24.6
DAS rect 1.12 −26.5

MLA no STB DAS Hamming 1.70 −27.7
MV 0.57 −25.8
DAS rect 2.00 −16.9

MLA with STB DAS Hamming 3.44 −20.2
MV 1.69 −17.6
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The simulations results show that one can achieve bet-
ter separation and lateral resolution using MV beamform-
ing in an uncompensated MLA setting than SLA DAS. 
In addition to that, a method such as STB is needed to 
compensate for MLA-induced artifacts of block-like sharp 
transitions between adjacent MLA groups in strong re-
flecting media next to weak reflecting media.

B. Phantom Analysis

An acrylic phantom (405GSX LE, Gammex Inc., Mid-
dleton, WI) was used in the first part of the trials for as-
sessment of lateral resolution improvement. It contained 
needle point reflectors embedded in an acrylic medium, as 
well as small lesion-mimicking inclusions.

Fig. 5 shows 6 images with DAS rectangular window 
and MV beamformer, comparing SLA, non-compensated 
4MLA and STB-compensated approaches. MV beam-
forming was applied using the parameters L = 32, K = 5 
(11 temporal samples, 0.42 mm, 0.96 wavelengths for the 

second harmonic), and Δ = 1/100L. The images have a 
display range of 60 dB. Below each image is a correlation 
plot of its adjacent Rx lines measured from 32 to 160 mm 
depth. The block-like artifacts in the transition between 
MLA groups are clearly seen without STB compensation. 
With STB compensation, the artifacts are clearly reduced. 
This phenomenon can also be seen in the correlation pat-
terns of adjacent Rx lines. The black bars in the correla-
tion plots represent the correlation between Rx lines of 
different MLA groups. Without STB compensation, the 
correlation is lower than the correlation of Rx lines in the 
same MLA group.

As opposed to the Field II simulations, in which no 
significant transition artifacts were observed for non-com-
pensated MLA with MV beamforming, Fig. 5(e) shows 
clear straight lines in the transition between adjacent 
MLA groups. This phenomenon can be also observed in 
the sharp correlation drop between Rx lines from adja-
cent MLA groups, as demonstrated by the black bars, 
which are much lower than the gray bars (we recall again 
that the gray bars represent the correlation within MLA 
groups). As expected, STB compensation removes these 
transition artifacts.

Overall, the wire targets have a much sharper appear-
ance with MV beamforming compared with SLA DAS, 
even with a much wider Tx profile than the narrow Tx 
profile used for SLA DAS. The cyst’s shape is less ob-
scured by the strong reflectors above and below it with the 
MV beamformer than the DAS images.

Fig. 6 displays the steered responses around a wire 
target at 88 mm depth for DAS SLA without STB, and 
DAS and MV with STB-compensated 4MLA. We observe 
a slight deterioration of lateral resolution when SLA and 
STB-compensated MLA are compared. However, by com-
paring the main lobes, we see a significant resolution en-
hancement when MV is applied to the STB-compensated 
MLA, outperforming even the SLA. This is especially im-
pressive as we recall that in the STB-compensated MLA 
case the Tx beam is much wider.

Fig. 5. Phantom images with rectangular apodization (DAS) and MV 
beamformer: (a) DAS-SLA (76 lines), (b) DAS–non-compensated 4MLA 
(19 lines) from averaged 4 scan lines, (c) DAS–STB-compensated 4MLA 
from 8 averaged scan lines, (d) MV-SLA, (e) MV–Non-compensated 
4MLA, (f) MV–STB-compensated 4MLA.

Fig. 6. Steered responses of wire target at 88 mm depth for rectangular 
window DAS SLA and STB-compensated 4MLA generated with rectan-
gular DAS and MV beamformers.



rabinovich et al.: multi-line acquisition in medical ultrasound imaging 2529

Table II summarizes the comparison of lateral resolu-
tion and Dc values for the phantom. The Dc value is a 
measurement for the overall relative decorrelation (0 to 
100%) that exists in the image as described in (8). It is 
interesting to note that the main lobe for DAS is wider 
when applying STB, because it requires a wider Tx pro-
file, whereas the main lobe for MV is narrower after ap-
plying STB. It is even narrower than the main lobe width 
of SLA with MV beamforming. This can be explained by 
the fact that the wire target lies in the transition between 
the MLA groups, and thus it is slightly suppressed by the 
Tx profiles of the adjacent transmission. When the targets 
lie in the center of the MLA group, as in the simulation 
results in subsection IV-A, the main lobe will be wider 
because of the wider Tx beam profile applied in STB-
compensated MLA beamforming.

Looking at the Dc values, the improvement in terms 
of scan line correlation is seen with STB compensation. 
There is a sharp drop in Dc value for DAS after STB 
compensation compared with non-compensated MLA. It 
is also noticeable for the MV beamformer, as the Dc val-
ue of 68.8 shows a very high decorrelation between MLA 
groups. STB compensation brings the Dc value to the 
same level as SLA MV.

C. Cardiac Data Analysis

In the second part of the trials with real data, a healthy 
heart of a human subject was imaged. The chosen frame 
shows a cross section of the left ventricle. Fig. 7 shows 
6 images with DAS rectangular window and MV beam-
former comparing SLA, non-compensated 4MLA, and 
STB-compensated 4MLA. MV beamforming was applied 
using the parameters L = 32, K = 1 (3 temporal samples, 
0.58 mm, 1.28 wavelengths for the second harmonic), and 
Δ = 1/100L. The images have a display range of 60 dB.

As can be seen from the images, there are strong reflec-
tions in the heart muscle next to weakly reflecting tissue 
and almost non-reflecting blood inside the ventricle and 
chamber. This causes sharp lines between MLA groups to 
appear in the transition between the different media. The 
strong reflectors are smeared across the MLA group where 
they appear, whereas the MLA groups next to them are 
affected mainly by the low reflections. This property of 
the scanned medium enhances the MLA induced artifacts, 
beecause now the data that is summed by the asymmetric 

profiles that tend toward the center of the MLA groups 
dominates the whole lateral range spanned by the MLA 
group.

When comparing the MV images to DAS, an improve-
ment in lateral resolution can be seen in the form of 
sharper speckle appearance, although there is no contrast 
improvement, and it even seems that there is a loss of con-
trast relative to DAS. This stems from the fact that the 
strong reflections in the heart wall have a smaller lateral 
signature with MV beamforming, whereas some speckles 
in the blood are more emphasized by the MV beamformer 
relative to DAS because of the interference cancellations.

Table III shows the overall decorrelation Dc values for 
the images in Fig. 7. The results for MV clearly show that 
the decorrelation rise when using non-compensated MLA 
compared with SLA, and approximately the same correla-
tion as SLA with STB-compensated MLA.

V. Conclusions

In this work, we have shown that an MV beamformer in 
a non-compensated MLA setting may have sharp transi-
tion artifacts, similar to those seen in MLA setting with 
fixed apodization beamforming. To our best knowledge, 
this phenomenon of the MV beamformer was not encoun-
tered in the literature before and was not anticipated, be-
cause the MV beamformer outperforms fixed apodization 
beamformers in many cases in terms of image quality. Us-
ing MV beamforming with STB compensation generated 
artifact-free images.

The scenario that emphasized these artifacts most was 
that of strong reflections next to a weakly reflecting me-
dium, such as the one that can be seen in the heart wall 

TABLE II. Phantom Data Main Lobe Width and Dc Values  
for Rectangular DAS and MV Beamformers. 

SLA/MLA Beamforming
Main lobe 
(−3 dB) [°]

Dc 
[%]

SLA DAS rect 1.86 1.8
MV 1.08 −2.3

MLA no STB DAS rect 2.39 69.3
MV 1.09 68.8

MLA with STB DAS rect 2.43 3.7
MV 1.03 −1.9

TABLE III. Cardiac Data Dc Values for Rectangular DAS  
and MV Beamformers. 

SLA/MLA Beamforming
Dc 
[%]

SLA DAS rect 0.7
MV 1.0

MLA no STB DAS rect 42.8
MV 41.7

MLA with STB DAS rect 1.3
MV 1.1
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next to blood-filled chamber. It is vitally important to 
apply some sort of MLA compensation to reduce these 
artifacts in a clinical setting, even with a data-dependent 
beamforming such as the MV beamformer, because it 
cannot eliminate these artifacts on its own. On the other 
hand, we have also demonstrated that STB compensation 
in the MLA setting comes at the cost of resolution and 
contrast loss.

In conclusion, we have shown that the MV beamformer 
with STB compensation can produce better results than 
the MV beamformer without STB compensation, better 
than those of the STB-compensated DAS beamformer, 
and even better than those of SLA DAS in terms of lateral 
resolution in experimental settings.
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