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Abstract—The assessment of ultrasound images is hampered
by limited spatial resolution and view-dependent artifacts. Both
limitations depend on the small aperture of the transducers
used in clinical practice, and may potentially be overcome by
extending the effective aperture. The coherent multi-transducer
ultrasound (CoMTUS) imaging method enables an extended
effective aperture through coherent combination of multiple
transducers. In this work, CoMTUS, originally developed and
validated using plane waves, is extended to diverging wave
imaging to widen the field of view, which, in CoMTUS, is
limited to the intersection of the combined field of views. First
phantom images produced using CoMTUS with diverging waves
are presented here. Results show that CoMTUS with diverging
waves has the potential to improve ultrasound image quality,
improving resolution and target detectability. Compared with
coherent DW compounding using a single probe, there is an
averaged improvement in resolution of 26% and 2.3 dB increment
in contrast.

Index Terms—Ultrasound Imaging, Diverging Waves, Large
Aperture, Beamforming, Image Resolution

I. INTRODUCTION

Limited resolution and a restricted field of view (FoV) are
two of the main challenges in ultrasound imaging that, in
principle, can only be improved with larger apertures [1].
Recently, we have demonstrated that multiple synchronized
arrays, taking turns to transmit plane waves (PWs) into a
common FoV, can be used as one large effective aperture to
significantly improve imaging resolution [2], [3]. The opti-
mal beamforming parameters, which include the transducer
locations and the average speed of sound in the medium, are
deduced by maximizing the coherence of the received radio
frequency data (RF) by cross-correlation. For this coherent
multi-transducer ultrasound (CoMTUS) system an overlap of
the isonated regions is mandatory to determine the relative
probe-to-probe position [4].

However, for applications that require large and deep FoV,
such as transabdominal fetal imaging, a PW approach restricts

the applicability of CoMTUS. Like in coherent PW imaging
[5], CoMTUS may become rapidly inefficient when the imag-
ing depths are large in comparison with the single apertures,
because the different transmitted PWs do not overlap in the
region of interest [4]. A solution to the small FoV obtained
by PW is the use of circular waves also known as diverging
waves (DWs). These waves remain circular during propagation
and enable to isonate a large FoV [6]. In this work, we adapt
CoMTUS to DW imaging not only to improve resolution but
also to extend the width of the imaging FoV.

II. BEAMFORMATION

The concept of CoMTUS with DWs is illustrated in Fig. 1.
The CoMTUS system considered in this work consists of two
identical linear arrays that are synchronized and take turns
to transmit a DW. They share part of the FoV and lay on
the same plane (y = 0). A chosen number of DWs defined
by their virtual source (VS) are sent independently by each
linear array probe, in an alternating sequence. Each DW is
backscattered by the medium and all the transducers that form
the system (including the transmitting one) simultaneously
receive the corresponding echoes. In a sequence in which
transducer i transmits and transducer j receives, the RF data
received on channel h of transducer j at time t is named
TiRj(h, t). The resulting image and all transducer coordinates
are defined in a world coordinate system arbitrarily located
in space (x̂0, ẑ0). For each transducer, a local coordinate
system (x̂i, ẑi) is defined at the center of the transducer surface
with the ẑ direction orthogonal to the transducer surface and
directed away from transducer i. The position and orientation
of transducer i are then characterized in the world coordinate
system with 3 parameters, a translation vector ri and a rotation
angle θi [7].

Taking into account the full path length between the transmit
transducer and the receive elements, a coherent summation is
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Fig. 1. Multi-transducer beamforming scheme for DWs. In this example,
transducer T1 transmits a DW defined by VS and T2 receives the echo
scattered from Qk on element h.

then performed at each point of the image with the adequate
delay (Fig. 1). Assuming that transducer i transmits a DW
defined by a VS, the image point to be beamformed located
at Qk can be computed from the echoes received at transducer
j as:

si,j(Qk; VS) =

H∑
h=1

TiRj (h,Qk; VS) =

H∑
h=1

TiRj

(
h,
Di,j,h(Qk; VS)

c

) (1)

where H is the total number of elements in the array and
c is the speed of sound of the medium. The total distance
Di,j,h(Qk) between the transmit transducer i, the imaging
point Qk and the receive element h of transducer j is defined
by,

Di,j,h(Qk; VS) = ‖VS−Qk‖+ ‖Qk − h‖ (2)

where ‖‖̇ represents the Euclidean distance and then, ‖VS −
Qk‖ = dT is the transmit distance (from VS to the point Qk),
and ‖Qk − h‖ = dR is the receive distance (from the point
Qk to the receive element h of transducer j). These distances
are represented in Fig. 1.

Finally, the total beamformed image S(Qk; VS) can be
obtained by coherently adding the individually beamformed
images acquired in a sequence in which both probes transmit:

S(Qk; VS) =

s1,1(Qk; VS) + s1,2(Qk; VS) + s2,1(Qk; VS) + s2,2(Qk; VS)
(3)

Note that, like in PW imaging, several waves at different
angles (in this case defined by different VSs behind the probe)
can be added to reconstruct a transmit focus [8].

Similar to CoMTUS with PW [2], the beamforming param-
eters that define Eq. 3, which include the average speed of

sound in the propagation medium and the relative position
and orientation of each imaging probe (defined by ri and θi)
are calculated by maximizing the similarity across RF datasets
sharing the receive transducer for all common scatterers. Those
parameters are the ones that define the total reception time
corresponding to each scatterer and are:

P = {VS, c, θ1, r1, θ2, r2, Q1, . . . , QK} (4)

In practice the position of the VS is known, and defining
the world coordinate system the same as the local coordinate
system of one of the transducers reduces the problem to
P = {c, θ2, r2, Q1, . . . , QK}.

The optimal parameters P̄ can be found maximizing the cost
function χ by using gradient-based optimization methods [9]
and initializing the algorithm in a similar way as in CoMTUS
with PW [2],

P̄ = arg max
P

χ(P) (5)

Measuring the coherence by the normalized cross-correlation
(NCC), the cost function quantifies the total coherence of the
system over all receive transducers,

χ(P) =

K∑
k

H∑
h

{NCC(T1R1(h,Qk;P), T2R1(h,Qk;P))W1,1W2,1

+NCC(T1R2(h,Qk;P), T2R2(h,Qk;P))W1,2W2,2}

where Wi,j is a weighting factor proportional to the degree
of coherence between pulses received across the individual
elements of a single transducer,

Wi,j(P) =
1

2
+

1

2H

H∑
hb 6=h

NCC(TiRj(h;P), TiRj(hb;P))

(6)

III. METHODS

The CoMTUS method using DWs was implemented in
two synchronised 256-channel Ultrasound Advanced Open
Platform (ULA-OP 256) systems (MSD Lab, University of
Florence, Italy) [11], [12] to record images on an ultrasound
phantom [2]. Each ULA-OP 256 system was connected to
an ultrasonic linear array (imaging transducer LA332, Esaote,
Firenze, Italy) made of 144 piezoelectric elements with a -6 dB
bandwidth ranging from 2 MHz to 7.5 MHz. The probes were
mounted on a multi-probe holder physical device to maintain
them on the same imaging plane (y = 0) [13]. For each probe
in an alternating sequence, DWs were generated by placing
several VSs behind the probe and using the full array aperture
as described in [14]. For non-steered DW, the VS was set
behind the center of the probe with a distance equal to half
aperture size to cover all elements with a DW opening angle of
60o. For steered DW, multiple VSs were moving along a semi-
circle (center: the center of the probe, radius: half aperture
size) to different steering angles with respect to the vertical
axis. The maximum steering angle was set as ±15o. A total
of 31 DWs were transmitted at 3 MHz and pulse repetition
frequency (PRF) of 1 kHz linearly spaced to cover the total
sector (-15o to 15o, 1o step). RF raw data backscattered up
to 85 mm deep were acquired at a sampling frequency of
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19.5 MHz. Resulting CoMTUS images were compared with
the equivalent images acquired by a single probe (T1). Image
performance, in terms of spatial resolution and contrast, was
assessed in all cases.

IV. RESULTS

Fig. 2 shows a comparison between a DW image acquired
with a single probe (T1) and the CoMTUS image. All images
are shown in the same dynamic range of -45 dB. It is observed
an overall improvement in the CoMTUS image. The speckle
size is reduced and the different structures, point targets and
anechoic region, are easily identifiable from the phantom
background.

Fig. 2. Comparison of resulting images acquired by (a) a single probe; and
(b) CoMTUS. Dynamic range -45 dB.

Lateral resolution was quantified from the point-spread
function (PSF) of the four imaged point targets located at
46 mm, 55 mm, 62 mm and 71 mm depth, respectively.
Contrast and contrast-to-noise ratio (CNR) were estimated at
the anechoic lesion. The corresponding imaging metrics are
summarized in Table I. Like in CoMTUS with PW [2], when
using DWs the CoMTUS PSF has a significantly narrower
main lobe but also side lobes of larger amplitude than a single
probe conventional imaging system. For the DW single probe
image, the measured lateral resolution at the different depths
is 1.05 mm, 1.12 mm, 1.25 mm and 1.36 mm, while those
values are reduced to 0.69 mm, 0.86 mm, 0.94 mm, and 1.06
mm, respectively, with an averaged improvement of 26 % in
the CoMTUS image. In the single transducer case, the lesion

is visible with a contrast of -19.79 dB and a CNR of 0.89,
while both metrics are improved in the CoMTUS image to
-22.06 dB and 0.92, respectively.

TABLE I
IMAGING PERFORMANCE FOR THE DIFFERENT METHODS

Lateral Resolution [mm]
Contrast [dB] CNR [-]46 mm 55 mm 62 mm 71 mm

depth depth depth depth
1 probe 1.05 1.12 1.25 1.36 -19.8 0.89
CoMTUS 0.69 0.86 0.94 1.06 -22.1 0.92

V. DISCUSSION

This study shows the feasibility of increasing the effective
aperture of the imaging system by the coherent combination
of signals acquired by different synchronized transducers
that have a shared FoV and transmit DWs. To estimate the
required beamforming parameters, CoMTUS optimizes the
spatial coherence of the backscattered echoes arising from the
same point scatterer and received by the same transducer using
sequential transmissions from each of the transducers.

Results show that the CoMTUS method, originally validated
using PWs, can be adapted to DWs (see Fig. 2). Improvements
in resolution, achieved with CoMTUS and DWs, agree with
those achieved with PW, i.e. the lateral resolution is signif-
icantly smaller (-26%) when comparing with a single probe
system of DW imaging. In addition, the resulting CoMTUS
image has an enlarged FoV, expanding its possible applica-
tions. Although in Fig. 2 identical FoV is presented to aid
comparison. Also, since the use of DWs expands the overlap
of isonated regions, an improvement in the performance of the
technique is expected.

However, the trade-off between resolution and contrast,
previously observed in CoMTUS using PW, seems more
critical with DWs. It is well known that the choice of the
number and the position of VSs is crucial in the performance
of all coherence compounding methods [6], [8] and thus will
be also in CoMTUS. Further studies are needed to understand
and determine the optimal transmit parameters in CoMTUS
with DWs.

VI. CONCLUSIONS

This study extends CoMTUS imaging with DWs. The
method was experimentally validated and improvements in
imaging quality in terms of resolution and contrast have been
shown. Results show that the CoMTUS method can be adapted
to DWs. The use of DWs enlarges the imaging FoV, expanding
the possible applications of CoMTUS.
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