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Abstract—In Multi-Line Transmission (MLT) ultrasound
imaging, high frame-rate is achieved by the simultaneous
transmission of multiple focused beams along different
directions. Image contrast is potentially degraded by cross-talk
artifacts that, however, can be successfully attenuated e.g. by
Filtered-Delay Multiply and Sum (F-DMAS) beamforming. F-
DMAS is based on the computation of the autocorrelation of the
aperture in reception, which is related to the spatial-coherence
(SC) of backscattered signals. SC in turn is affected by the two-
way beam shape. Since MLT has a major effect on SC, a new F-
DMAS formulation, called Short-Lag (SL) F-DMAS, is here
proposed that allows setting the maximum lag (MLAG) between
the echo signals used in the correlation operation on which image
reconstruction is based. The performance of the new approach in
MLT imaging is assessed through simulations. Results show that
the smaller the MLAG value, the better the spatial resolution and
speckle uniformity. On the other hand, contrast worsens due to
increasing crosstalk artifacts. This analysis thus provides
valuable indications to select the MLAG (thus, a certain trade-off
between contrast, resolution and speckle-SNR) based on the
specific requirements for a given application.

Keywords—non-linear beamforming, delay multiply and sum,
high frame-rate, multi-line transmission, short lag spatial
coherence, ultrasound imaging

I. INTRODUCTION

The concept of spatial coherence of backscattered signals
[1] has recently been exploited to develop several image
formation techniques, enabling high quality ultrasound imaging
with improved clutter rejection, spatial resolution and contrast.
Such methods include for example Short Lag Spatial
Coherence (SLSC) imaging [2], phase and sign coherence
beamforming [3], coherence factor weighting [4], and Filtered-
Delay Multiply and Sum (F-DMAS) beamforming [5]. In
particular, some of the authors have worked on this last
technique, which was proven to successfully improve image
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contrast resolution in several applications, including high
frame rate imaging with plane-waves [6] and multi-line
transmission (MLT) [7].

The F-DMAS algorithm [5] is based on the computation of
the spatial correlation of backscattered signals received by the
N-element aperture in reception (RX). Basically, it consists in
focusing these radiofrequency (RF) signals, coupling them by
making all possible combinations, and then multiplying each
pair of signals to generate (N>-N)/2 outputs, which are finally
summed and band-pass filtered around the second harmonic
frequency. In this process, cross-multiplications are made
between signals at different spatial lags, from 1 to N-1, where
N is the number of RX aperture elements.

In this work we study how F-DMAS beamforming behaves
when an upper limit is set to the maximum lag between the
signals, i.e. only part of the possible signal couples are
considered in the correlation operation, and the performance of
this version of the algorithm (called Short-Lag (SL) F-DMAS
[8]) is analyzed.

In the study we focus on the application of SL F-DMAS in
high frame-rate ultrasound imaging with MLT. The latter
technique in fact consists in transmitting multiple beams
simultaneously to increase the frame-rate by a factor equal to
the number of such beams [9]. Interferences among them
however occur, which generate crosstalk artifacts in the final
image, worsening its contrast [10, 11].

Since in MLT imaging the pulse-echo beam shape is
affected by this phenomenon, which in turn reduces spatial
coherence of echo signals, we investigate how such reduction
influences the performance of F-DMAS. Results of point-target
and phantom simulations are used to evaluate image resolution,
contrast and speckle uniformity achieved by the algorithm in
this particular case, hence providing further insights on the
dependence of F-DMAS behavior on the spatial coherence of
the backscattered echoes.
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II. MATERIALS AND METHODS

A. Short Lag F-DMAS Beamforming

The first step of the SL F-DMAS algorithm consists in
delaying the received signals as in Delay and Sum (DAS).
Then, signals are amplitude-rescaled by means of a signed
square root operation and coupled, by making all possible
combinations among them up to a certain spatial lag (L). If we
use for example an N-element RX aperture, ie. N
backscattered RF signals s,(f) with n =1...N, and we select L =
MLAG as the maximum spatial-lag value to be considered,
then the SL F-DMAS formulation is the following [8]:

MLAG N-L

ZSl*/dmas(t) = Z zSign(Sn (t)SrH»L (t)) Y ‘Sn (I)S71+L (t)‘ (1)

L=1 n=1

SL F-DMAS becomes equivalent to F-DMAS when
MLAG=N-1, 1ie. all the received RF signals are
combinatorially coupled and multiplied [5, 8].

The beamformer output signal zymes is in the end band-
pass filtered around the second harmonics. To obtain the final
image, envelope-detection, normalization and log-compression
are subsequently applied.

B. Multi-Line Transmission

The ultrasound pulse-echo response can be generally
computed by convolving the TX and RX array responses, /iry
and /gy

u Np N =i
hyy (1) = ma%);mc[ Pe =" L2 —uly)

A = rx 2
By (1) = smc(%)sinc[ij (u— /_;}% Y

where u=sin(f) and 0 is the beam steering angle, urx and ugx
refer to the steering direction of the TX and RX beam,
respectively, p, is the array pitch and A is the wavelength [8,
12].

In standard B-mode imaging, each time a scan line is
acquired sequentially by transmitting and receiving a single
beam (i.e. Single Line Transmission, SLT), thus Nz = 1. In
MLT imaging, instead, multiple (i.e. Np) TX beams are
transmitted simultaneously along different directions, thus a
different pulse-echo beam shape is obtained compared to SLT.
The excitation pulse is computed by summing up Np delayed
pulses that would be used in the SLT case to focus along the Np
TX directions. In this way, also the pulse-echo beam shape
changes and the so-called crosstalk artifacts [10] arise in the
image, due to inter-beam interferences, worsening the contrast.
On the other hand, the frame-rate improves by N3 times, as less
TX events are required to acquire all the lines of the image.

C. Simulation setup

Field II [13, 14] simulations in Matlab were carried out to
generate both images of a point-scatterer and of a phantom
with an anechoic cyst inclusion.

A 2 MHz, 64-element phased array was modeled, with a
0.34 mm pitch and 12 mm element height. A 90° image sector
was scanned simulating 192 scan lines. The TX focus was set
at 70 mm depth while dynamic focusing was implemented in
RX. The excitation signal was a 2-cycle sinusoidal burst with
Hanning tapering at 2 MHz. Two different configurations were
considered, i.e. standard SLT and transmitting 4 beams
simultaneously (4-MLT).

A point scatterer was placed at (x, z) = (0, 70) mm, in order
to obtain the point spread function (PSF) image of the system
and hence evaluate the lateral resolution, i.e. the PSF main lobe
width at -6 dB. Then, phantom images were simulated by
modeling a tissue phantom with a 10-mm-diameter anechoic
cyst centered at (x, z) = (0, 70) mm, and contrast ratio (CR),
contrast-to-noise ratio (CNR) and speckle signal-to-noise ratio
(sSNR) were measured at the focal depth (as defined in [5]).

The performance achieved by SL F-DMAS at different
MLAG values, including standard F-DMAS (i.e. MLAG=63),
was compared to that of DAS with Tukey RX apodization.
Tukey TX apodization (with a=0.5) was applied in TX in both
cases, in order to suppress TX crosstalk artifacts (as proposed
in [10]) and to evaluate the RX crosstalk rejection capabilities
of the two beamformers. Besides, the F-DMAS final band-pass
filter was set between 1.5-7 MHz.

III. RESULTS

The plots represented in Fig. 1 give an overview of the
performance achieved by SL F-DMAS considering different
MLAG values.

The first panel on the left refers to the trend of lateral
resolution. As expected, the lateral resolutions achieved in SLT
and 4-MLT images are comparable, since MLT crosstalk does
not affect the main lobe lateral width. However, SL F-DMAS
performs better than DAS for every MLAG: in particular, the
smaller the MLAG value, the better the resolution. The worst
value is obtained with standard F-DMAS (MLAG=63), i.e. 2.4
mm vs. 3 mm obtained with DAS, as reported in Table L.

Qualitatively, the PSF images in Fig. 2 confirm this
worsening trend of resolution with increasing values of
MLAG:; on the other hand, they also show an opposite trend of
the side-lobe level, which improves as MLAG becomes higher.
This in turn accounts for an improvement of contrast resolution
performance.

In the central and right panels of Fig. 1, the CR and CNR
trends are represented, respectively. The former shows that a
better contrast can be achieved with SL F-DMAS as MLAG
increases, which becomes higher than that of DAS at
MLAG=13 for SLT or MLAG=32 for 4-MLT imaging. With
standard F-DMAS, the CR is ~16 dB and ~8 dB higher (in
absolute value) than that of DAS for SLT and 4-MLT,
respectively (see Table II).

CNR and sSNR are lower with SL F-DMAS than with
DAS, for all MLAG values (Fig. 1, right panel). At shorter
lags, the SL F-DMAS CNR is slightly worse, but in general it
has an almost constant trend around 1.8 and 1.4 in SLT and 4-
MLT, respectively; for DAS instead, CNR is 2.2. Also the
sSNR undergoes small variations, in this case worsening as
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Fig. 1. Comparison of performance parameter trends obtained with different imaging configurations in simulations: lateral resolution (LR) at -6 dB (left panel),
CR (central panel), CNR and sSNR (right panel). Line color refers to the beamforming technique implemented (DAS with Tukey RX apodization or SL F-
DMAS), while line pattern (solid or dotted) indicates the acquisition modality (SLT or 4-MLT).
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Fig. 2. Simulated 4-MLT images of the PSF at 70 mm depth obtained with DAS plus Tukey RX beamforming, SL F-DMAS with different MLAG values
(MLAG =8, 32, 48) and standard F-DMAS (MLAG = 63). Images are represented over a 70 dB dynamic range (log scale).

MLAG increases. Shorter MLAGs worsen the CNR but

enhance sSNR, since cross-talk rejection is weakened but
speckle uniformity is improved. These trends are confirmed by
the cyst-phantom images in Fig. 3, obtained with SL F-DMAS
at different MLAGs for 4-MLT imaging. The CR, CNR and
sSNR measured on these images (and also on SLT ones, for
reference) are reported in Table I1.

By looking at the cysts in Fig. 3 it is clearly visible that
resolution is higher for MLAG=8, as the cyst diameter is
almost equal to the real one; however, the area inside it is
degraded by clutter and crosstalk artifacts, which make contrast
low. When MLAG increases, up to 63, the cyst becomes
darker, but its diameter slightly reduces (the smallest diameter
is in any case that obtained with DAS). At the same time,

DMAS cross-multiplication procedure, in order to evaluate
contrast, resolution and speckle uniformity at different MLAG
values as compared to DAS. Results show how SL-FDMAS
can be tuned to achieve different imaging performances, i.e. a
certain trade-off between the above-mentioned image-quality
parameters. Shorter lags allow improving resolution and
speckle uniformity, sacrificing contrast; on the opposite, high
MLAG values improve contrast, but lower resolution and
speckle quality. Nevertheless, in any case the CR and
resolution obtained with SL F-DMAS are better than those
achievable with DAS and Tukey RX apodization, both in SLT
and MLT imaging.

In conclusion, SL F-DMAS provides valuable indications
to select the MLAG based on the specific application

several dark areas appear in the speckle background, partially  requirements.
worsening its uniformity.
IV. CONCLUSION TABLE L PSF MAIN LOBE WIDTH (LATERAL RESOLUTION)
This paper investigates more in depth the behavior of the F- Method Main Lobe Width at -6 dB [mm]
DMAS beamformer, by proposing a different formulation SLT 4-MLT
called SL F-DMAS, which is aimed at understanding the DAS 207 299
impact of spatial coherence of backscattered echoes on the
algorithm performance. In particular, the analysis is focused on SL F-DMAS (MLAG=8) 1.62 1.63
high frame-rate imaging with MLT, where the use of multip}e SL F-DMAS (MLAG=32) 210 210
TX beams has an impact on the pulse-echo beam shape and, in
turn, on signals spatial coherence. SL F-DMAS (MLAG=48) 2.38 2.39
Simulated images are obtained by using only RF-signal F-DMAS 243 244

couples below a certain maximum spatial lag in the SL F-

In the DAS case, Tukey RX apodization is applied.
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Fig. 3. Simulated 4-MLT images of the cyst phantom obtained with DAS plus Tukey RX beamforming, SL F-DMAS with different MLAG values (MLAG = 8,
32, 48) and standard F-DMAS. Images are represented over a 60 dB dynamic range (log scale).
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