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Coherent Multi-Transducer Ultrasound Imaging

Laura Peralta, Alberto Gomez, Ying Luan, Baechyung Kim, Joseph V Hajnal and Robert J Eckersley

Abstract—This work extends the effective aperture size by
coherently compounding the received radio frequency data from
multiple transducers. As a result, it is possible to obtain an
improved image, with enhanced resolution, an extended field
of view and at high acquisition frame rates. A framework is
developed in which an ultrasound imaging system consisting of
N synchronized matrix arrays, each with partly shared field of
view, take turns to transmit plane waves. Only one individual
transducer transmits at each time while all N transducers
simultaneously receive. The subwavelength localization accuracy
required to combine information from multiple transducers
is achieved without the use of any external tracking device.
The method developed in this study is based on the study of
the backscattered echoes received by the same transducer and
resulting from a targeted scatterer point in the medium insonated
by the multiple ultrasound probes of the system. The current
transducer locations along with the speed of sound in the medium
are deduced by optimizing the cross-correlation between these
echoes. The method is demonstrated experimentally in 2-D for 2
linear arrays using point targets and anechoic lesion phantoms. A
first demonstration of a free-hand experiment is also shown. Re-
sults demonstrate that the coherent multi-transducer ultrasound
imaging method has the potential to improve ultrasound image
quality, improving resolution and target detectability. Compared
with coherent plane wave compounding using a single probe,
lateral resolution improved from 1.56 mm to 0.71 mm in the
coherent multi-transducer imaging method without acquisition
frame rate sacrifice (acquisition frame rate 5350 Hz).

Index Terms—Mulit-probe, Image resolution, Large aperture,
Plane Wave, Ultrasound imaging

I. INTRODUCTION

LTRASOUND is a widely used clinical imaging tool
Uand its advantages in terms of portability, safety and
low cost over other medical imaging modalities are well
known. However, there are still some main challenges that
remain in ultrasound imaging and limit the usability of con-
ventional ultrasound systems for certain applications. Conven-
tional ultrasound images may be difficult to assess because
of the restricted field of view (FoV) that often prevents
the acquisition of the entire object of interest, the limited
resolution and the view-dependent artefacts. These challenges
are particularly present when imaging at larger depths in
abdominal or fetal imaging applications [1], [2] and inherent
to the small aperture transducers used clinically. To increase
the FoV, multiple images, acquired mechanically moving the
probe [3] or by different probes [4], can be incoherently
compounding together in the lateral direction using image
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registration. However, the resolution of the resulting image
is not improved by such approaches. Alternatively, increased
resolution may be achieved by advanced beamforming. For
example, minimum variance adaptive beamforming has been
shown to improve ultrasound image resolution compared with
the standard delay-and-sum method [5]. Finally, the rela-
tively slow frame rate (about 20 to 40 frames per second),
determined by the number of scan lines and the imaging
depth, restricts the use of conventional ultrasound systems
for certain applications, such as real-time 3-D imaging, shear
wave elastography or cardiac cycle monitoring [6]. Although
adaptive beamforming methods in combination with multi-
line transmission and acquisition approaches can increase
the frame rate of focal linear scanning [5], [7], this frame
rate is still not enough for many applications. Methods such
as coherent plane wave compounding [6], [8] and synthetic
aperture [9], [10] allow generation of images similar in quality
to conventional focused-mode images but acquired with frame
rates typically in the kHz range.

A direct way to enhance resolution and imaging perfor-
mance is by extending the aperture of the imaging system [11].
Recently, the improvements of a wider coherent aperture have
been shown in synthetic aperture ultrasound imaging [12],
[13], where an extended aperture was obtained by mechan-
ically moving the ultrasound transducer. An external tracker
was used to identify the relative position and orientation of
the ultrasound images which were then merged together into
a final image. However, noise in the tracking system and cali-
bration errors are propagated to coherent image reconstruction
causing image degradation. The subwavelength localization
accuracy required to merge information from multiple trans-
ducers is challenging to achieve in conventional ultrasound
calibration. Resolution will suffer from motion artefacts, tissue
deformation or tissue aberration, which worsen with increased
effective aperture size [14], [15]. For practical implementation,
a more accurate calibration technique is required [13], [16]. In
addition, the viability of the technique in-vivo is limited by the
long acquisition times (>15 minutes per image) that may also
contribute to the break down of the coherent aperture [12].

In addition to technical limitations, in clinical practice the
aperture size is limited not only by the complexity of the sys-
tem and its high cost but also by the low flexibility that a large
probe may have for different situations. Clinical probes must
be controlled and moved by a physician to adapt to contours
and shapes of the human anatomy. The physical transducer
size is then a compromise between cost, ergonomics and image
performance. Fabrication of flexible probes that can adapt to
the body has not been successfully implemented because the
sub-wavelength localization of transducer elements is required
for accurate coherent image formation, and this is currently
infeasible with external trackers as discussed before. However,
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exploiting the correlation between the received signals on
different physical apertures may allow the relative positions
of the transducer elements to be determined with sufficient
accuracy. To demonstrate this concept, this paper describes
coherent combination of conventional array transducers using
a plane wave (PW) imaging approach, in order to provide a
significantly extended aperture. The motivation of this work
is to demonstrate the potential of the approach and provide
a proof-of-concept as an initial step towards large array
imaging using independently placed transducers to form non-
continuous extended apertures. The novelty of this work lies
in the use of the mutual information available in the signals
received by the individual transducers that form the extended
array to provide precise relative positioning information so that
they might be used as one coherent whole. A unique aspect of
this approach is that it does not require an external tracking
system to achieve accurate localization. Instead, the coherence
in the backscattered echoes resulting from point-like scatterers
in the medium is used to determine the relative position of
multiple transducers with respect to a single transducer.

This work is organized as follows. The theory is presented
in a general 3-D framework for matrix arrays in Section II.
The principles of plane wave imaging are summarized in
Section II-A along with the nomenclature used to beamform
data acquired by multiple transducers. Section II-B describes
the method for accurate calculation of the spatial location of
the different transducers. Then the method is experimentally
validated in 2-D using two identical linear arrays. Experimen-
tal methods are described in Section III. The corresponding
results, using the multi-transducer system, are presented in
Section IV. To evaluate the potential gains in resolution and
image contrast provided through our approach, all results are
compared to coherent PW compounding imaging with one
single transducer and the incoherently compounded image ob-
tained with the multiple transducers. Finally, the implications
of this work, including the limitations, are discussed in Section
V. The study is concluded is Section VI.

II. THEORY

Ultrasound image quality improves by reducing the F-
number, which represents the ratio of the focusing depth to
the aperture size. Expanding the aperture is a direct way
to improve imaging performance. Preliminary in silico and
phantom works suggest that different transducers can be
coherently combined, significantly increasing the aperture size
of the system and improving image resolution [17], [18].

In the proposed coherent multi-transducer method, a single
transducer is used for each transmission to produce a PW
that insonates an entire FoV of the transmit transducer. The
resulting echoes scattered from the medium are recorded using
all the transducers that form the system. The sequence is
continued by transmitting from each individual transducer in
turn. Knowing the location of each transducer and taking into
account the full transmit and receive path lengths, coherent
summation of the radio frequency (RF) data from multiple
transducers can be used to form a larger aperture and get an
image, following the same approach as in PW imaging [6].

A. Multi-transducer notation and beamforming

A 3-D framework consisting of /N identical matrix arrays
(T;, e =1,...,N) that are freely placed in space and have a
partly shared FoV is considered. The transducers are otherwise
at arbitrary positions. All transducers are synchronized (i.e.
trigger and sampling times in both transmit and receive mode
are the same), and take turns to transmit a plane wave. Every
transmitted wave is received by all transducers, including the
transmit one. Thus, a single plane wave shot will yield N RF
datasets, one for each receiving transducer.

The framework is described using the following nomencla-
ture. Points are noted in upper case letters (e.g. P), vectors
representing relative positions are represented in bold low-
ercase (e.g. r), unit vectors are noted with a “hat” (e.g. )
and matrices are written in bold uppercase (e.g. R). Index
convention is to use ¢ for the transmitting transducer, j for
the receiving transducer, h for transducer elements, and k for
scatterers. Other indices are described when used.

The set-up is illustrated in Fig. 1 for the simplest case of 2
transducers. The resulting image and all transducer coordinates
are defined in a world coordinate system arbitrarily located
in space. The superscript ¢ denotes when the transducer’s
local coordinates are used. The position and orientation of
a transducer T; is represented by the origin O;, defined at the
center of the transducer surface, and the local axes {&;, §;, 2; },
with the Z; direction orthogonal to the transducer surface and
directed away from transducer ¢. A plane wave transmitted
by transducer T; is defined by the plane P!, which can be
characterized through the normal to the plane 7; and the origin
O;. The RF data received by transducer j on element h at time
t is noted T;R;(h,t).

Fig. 1.
scheme. In this example, transducer T; transmits a plane wave at certain
angle defined by P} and T3 receives the echo scattered from Qy, on element

h.

Geometric representation of the multi-transducer beamforming

Using the above notation, PW imaging beamforming [6] can
be extended to the present multi-transducer set-up. Assuming
that transducer T, transmits a plane wave at certain angle
defined by P!, the image point to be beamformed located at
Q@ can be computed from the echoes received at transducer
T; as:

H
5i5(Qri PL) = ZTiRj (hotijn(Qr; Py)) =

e ‘ (1)
ZTZRJ' <h Dz‘,j,h(QMP;))
h=1

C
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where H is the total number of elements in the array, c is the
speed of sound of the medium, and D is the distance travelled
by the wave, which can be split into the transmit and the
receive distances:

Dijn(Qu;PL) = dr(Qr, PL) + drn(Qr, O +11)  (2)

with d7 measuring the distance between a point and a plane
(transmit distance), and dgrj being the distance between
a point and the receive element (receive distance). These
distances can be computed as follows:

dr(Qr, Pi) = [(Qr — O) - 7| = |(Q — O4) - (Ri)| (3)
and
dr.n(Qr, O5 +rn) = ‘ @
1Qk = (O; +rn)ll = Q= (O; + Ryry)|
where |||| is the usual Euclidean distance, and R; = [%; §; 2;]

is a 3 x 3 matrix parameterized through three rotation angles,
¢; = {¢u, Py, ¢.}i, that together with the offset O, char-
acterize the position and orientation of transducer T; with 6
parameters [19].

With the total distances computed, equation (1) can be
evaluated for each pair of transmit-receive transducers, and the
total beamformed image S(Q}) can be obtained by coherently
adding the individually beamformed images:

ZZSU Qk; P )

=1 j=1

Qk?

In the same vein, assuming that the location of the multiple
transducers of the system is known over the acquisition
time and the medium of interest do not move, several plane
waves transmitted at different angles, a = 1,..., A, may be
coherently combined as well to generate an image,

N N A

=D 3 si(QrsP) (6)

i=1 j=1a=1

S(Qr;Pa)

B. Calculation of the transducer locations

In order to carry out the coherent multi-transducer com-
pounding described in the previous section, the position and
orientation of each imaging transducer (defined by O, and ¢,)
are required. This then allows computation of the travel time
of the transmitted wave to any receive transducer. This section
describes a method to accurately calculate these positions by
exploiting the consistency of received RF data when signals
are received from the same medium insonated by different
transducers.

A medium with K point scatterers located at positions Qy,
k=1,...,K is considered. It is assumed that the speed of
sound is constant and all transducers are identical (implications
of these assumptions are discussed later in Section V). The
following transmit sequence is considered: a single plane
wave is transmitted by each probe in an alternating sequence,
i.e. only one probe transmits at each time while all probes
receive, including the transmit one. Since the use of plane
waves enables a high transmit rate, it can be assumed that the

system remains still during consecutive acquisitions. Then, the
wavefields resulting from the same point scatterer and received
by the same transducer T;, from consecutive transmissions by
all transducers T;—; ... ny, must be correlated or have spatial
covariance [20]. Specifically, considering only the RF data
received by transducer T; (i.e. T;—1 ... nR;), for each element
h, any timing difference between them is the transmit time
(receive time is equal since the receive transducer is the same).
The signals received by element h will be correlated once
the difference in transmit time is compensated. The proposed
method consists of finding the optimal parameters for which
the time correlation between the received RF datasets sharing
the same receive transducer is maximum for K scatterers in
the common FoV. Those parameters define the total reception
time corresponding to each point scatterer QJ, and are:

9:{P;a"'apévac7Q17'"7QK7¢1501a"'7¢N70N} (7)

Note that, in practice the angle of the transmitted plane wave
is known and then the unknown parameters to optimize are
the speed of sound and the locations of the scatterers and
probes. In addition, since the parameters that define transducer
locations in space depend on the definition of the world
coordinate system, the vector of unknown parameters can be
reduced by defining the world coordinate system the same as
the local coordinate system of one of the receiver transducers,
e.g. T; (¢, ={0,0,0}, O; =[0,0,0]).

Being T the time pulse length of the transmitted pulse, the
envelope of the signal transmitted by transducer T; backscat-
tered by the scatterer () and received by transducer T}, i.e.
TiR;(h,ti jn(Qr;PL) + T) can be calculated as,

= B{T:R;(h,t; jn(Qr; PL) + T)} =
[T;R;(htijn(Qu; Ph) + T)* 4+ (8)
H{T:R;(h,t; jn(Qr;PL) +T)} ]1/2

where H is the Hilbert transform and to simplify the envelope
of the signal is noted as E; j . x;a)[T]-

Then, the similarity between signals received by the same
element h of transducer T; can be computed using equation
(9), where NCC is the normalized crossed correlation.

Finally, the total similarity, X x, between RF data received
by the same transducer j can be calculated taking into account
all the elements as,

Eijhsa) 1]

N H
Xk (0) = Z Z NCC(E(i jh k)T,
i h

E¢ inkia) [T Wik 0 ()W k5.1 (6)

where W; i ; 1, is defined as,

(10)

Wik, (0) = 5 + ﬁ Z NCC(T;R;(h, ti,jn(Qus Py) +T),
hy#h
TiR;(ho, ti j,n (Qrs Pa) + 1)
with h, hy € [1,...,H]
(1)
The function Wy ;p is a weighting factor proportional to
the degree of coherence between pulses received across the



IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, MAY 2019 4

NIE!

(Ei,,hki0) [T] = E i i) [T (B goh ks [T) = Bt [7])

NCC(Ei g s [T], B g [T1) = —— :

T=

9)

T 1/2

Z(](E(i,j,h,k;a) (7] = B jhkia) [7T))? Z(](E(j,j,h,k-;a) (7] = E¢jnka)lr])?

T=

individual elements of a single transducer, i.e. how well each
signal correlates with those from the rest of the elements of
the same transducer.

Finally, summing over all receiving transducers of the
system and scatterers yields the cost function:

N K
X0 =>_> x;k(0)
7 k

Then, the optimal parameters #, which include the relative
position and orientation of all involved transducers, the speed
of sound, and the position of the point scatterers can be found
by a search algorithm that maximizes the cost function Y,

13)

(12)

0 = arg max x(0)

Equation (13) can be maximized by using gradient-based
optimization methods [21].

Knowing the relative position of the different transducers
of the system, the RF data can be beamformed using equation
(5). Note that, the world coordinate system where the multi-
transducer image is reconstructed may be defined arbitrarily
in space. A world coordinate system defined at the center
of the total aperture of the system will lead to a more
conventional point spread function (PSF), in which the best
possible resolution is aligned with the lateral direction (x-axis)
of the image.

C. Intuition and Uniqueness of solution

In a homogeneous medium with K point scatterers, the
corresponding one-way geometric delay profile is a unique
function of the target and array geometry and sound speed.
Assuming a constant speed of sound in the medium, it is well
known that the position of a point scatterer and the speed of
sound can be estimated solely from the delays in the RF echo
data recorded on individual elements of the receiver array [22],
[23].

Given the position of a number of point scatterers and
with the assumption of a uniform speed of sound, the relative
locations of the receivers and transmitters that form the imag-
ing system can be calculated in similar way to trilateration
positioning problems [24]. To localize a point, trilateration
uses the location of at least three reference points (two points
in 2-D) and the distance between them and the point to be
localized. In 2-D geometry, it is known that if a point lies on
two circles, then the circle centers and the two radii provide
sufficient information to narrow the possible locations down
to two. In 3-D geometry, when it is known that a point lies
on the surfaces of three spheres, then the centers of the three
spheres along with their radii provide sufficient information to
narrow the possible locations down to no more than two. In

both cases, 2-D and 3-D, additional information may narrow
the possibilities down to one unique location.

In the context of the multi-probe system presented in this
work. Once the relative position between a scatterer and the
transducer T; are known, it is possible to estimate the distance
between the scatterer and the second transducer T through
comparison of the RF data received by Ty, i.e., 71 Ry and
T5R,. Each additional point scatterer detected determines a
sphere of center Qi = (T, Yk, 2x) and radius dr(Qg; PT2).
The location of transducer Ty is determined relative to T;
by one of the two external tangent planes common to three
spheres defined by three different point scatterers. The direct
RF echo data received by transducer Ty i.e. T5Ro and T4 Ro
then provides the extra information required to determine the
unique solution. In 2-D geometry two point scatterers provide
the information required to solve this trilateration problem.

III. METHODS

The method was tested experimentally using 2 identical
linear arrays having a partly shared FoV of an ultrasound
phantom with both located on the same plane (y = 0).
In this 2-D framework, the elevation dimension is removed
from the problem and then the parameters that define the
position and orientation of the transducers are reduced to
one rotation angle {¢} and one 2-D translation O; [19]. The
experimental sequence starts with transducer 1 transmitting a
plane wave into the region of interest (in the common FOV of
transducer 1 and 2). Then, the backscattered ultrasound field is
received by both transducers of the system (77 R; and T3 R»).
This sequence is repeated but transmitting with transducer 2
and acquiring the backscattered echoes with both transducers,
Ty R, and T5R,. Using this sequence, two different kind of
experiments were carried out to validate the technique, a static
configuration and a free-hand demonstration.

A. Experimental Setup

The experimental setup was composed of two synchronized
256-channel Ultrasound Advanced Open Platform (ULA-OP
256) systems (MSD Lab, University of Florence, Italy) [25].
Each ULA-OP 256 system was used to drive an ultrasonic
linear array made of 144 piezoelectric elements with a 6
dB bandwidth ranging from 2 MHz to 7.5 MHz (imaging
transducer LA332, Esaote, Firenze, Italy).

Before acquisition, probes were carefully aligned in the
same elevational plane using a precision mechanical mount.
Each probe was held by a 3-D printed shell structure that was
connected to a double-tilt and rotation stage and then mounted
on a ryz translation and rotation stage (Thorlabs, USA). Fig.
2 shows an annotated photograph of this setup. The imaging
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Fig. 2. Precision mechanical setup. Components are labeled with letters. (A)
Linear array. (B) 3-D printed probe holder. (C) Double-tilt and rotation stage.
(D) Rotation stage. (E) xyz translation stage.

plane of both transducers (y = 0) was that defined by two
parallel wires immersed in the water tank.

B. Phantom

Two different ultrasound phantoms were used to experi-
mentally validate the method and characterize resolution and
contrast. The first phantom was a custom-made wire target
phantom (200-um diameter) submersed in distilled water. Fig.
3 shows a schematic view of this experimental setup.

Synchronized

ULA256

ULA256

Wire phantom
Water tank

Fig. 3. Experimental setup for coherent multi-transducer ultrasound imaging.

For measurement of contrast, an anechoic lesion phantom
was produced. It was formed in a rectangular polypropylene
mould of dimensions 13.5 cm x 10.2 cm x 18.5 cm. Two
parallel walls of the mould (section 13.5 cm x 18.5 cm)
were drilled to create a series of 3 holes in a line spaced
~ 10 mm apart. Three nylon wires (200-pm diameter) were
passed through the holes and fixed. In line with these, a single
cylindrical stainless steel bar (12.7 mm diameter, 102 mm) was
also postioned (for later removal) to form the anechoic lesion.

Then, 1200 mL deionized water was mixed with 28 g of agar
until dissolved. The mixture was heated in a microwave oven
up to 90° (boiling point of agar is 85°). When the solution
reached the boiling point, it was removed from the oven and
allowed to cool at room temperature while being stirred using
a magnetic stirrer. When the temperature reached 50°, 50 g
of graphite were added without stopping stirring. The solution
was then poured into the rectangular mould described above.

After room temperature was reached, the solution in mould
was allowed to settle down in the fridge for at least 12h. Then
the sample was carefully removed from the mould, keeping
the wires and the bar embedded. In a final step, the stainless
steel bar was removed from the sample. The resulting hole was
filled with a similar agar mixture, except without graphite to
make the anechoic lesion.

During the experiments, the phantom was placed in a water
tank at room temperature and positioned so that all wires
and the anechoic region were in the common FoV of the 2
transducers.

C. Pulse sequencing and experimental protocol

Two different kind of experiments were carried out. First,
a stationary acquisition in which both probes were mounted
and fixed in the precision mechanical setup described above.
Resolution and contrast were measured in these conditions
using the two ultrasound phantoms described above. The
second experiment consisted of a free-hand demonstration.
In this case, both probes were held and controlled by an
operator. The transducer movements were carefully restricted
to the same elevational plane, i.e. y = 0 and to keep two
common targets in the shared FoV. To facilitate the alignment
of the probes, the operator kept them in contact and parallel
to the wall of the water tank. Data was acquired on the wire-
phantom.

PW imaging was used for all the experiments. Plane waves
were transmitted from the 144 elements of each probe at 3
MHz with a pulse repetition frequency (PRF) equal to 4000
Hz and RF data were acquired at a sampling frequency of 39
MHz. No apodization was applied either on transmission or
reception. The maximum angle in transmit, imaging depth and
total acquisition time varied depending on the scenario.

1) Stationary acquisition: resolution phantom: To image
the wire phantom and measure resolution in a static configu-
ration, 121 plane waves, covering a total sector angle of 60°
(from -30° to 30°, 0.5° step), were transmitted. This is a total
of 242 transmission events, since only one transducer transmits
at each time while both probes simultaneously receive. The
imaging depth and total acquisition time for this sequence
were 77 mm and 60.5 ms, respectively. The total sector
angle between transmitted plane waves was chosen to be
approximately the same as the angle defined between the
probes, with the goal of filling the gap in the effective aperture
obtained by the coherent multi-transducer method [18].

2) Stationary acquisition: contrast phantom: To image
the speckle phantom with the anechoic lesion, the transmit
sequence was optimised for the standard coherent PW com-
pounding method for a single transducer and achieve equiva-
lence to a conventional focused system with F-number=1.75
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[6], [26]. This results in 41 plane waves for the full angle
sequence (total sector 20°, from -10° to 10°, 0.5° step), per
each transducer and in total 82 transmission events for the
coherent multi-transducer system. The imaging depth was 77
mm and the total acquisition time 20.5 ms.

3) Free-hand demonstration: During the free-hand demon-
stration, 21 plane angles (from -5° to 5° with a 0.5° step) were
transmitted from each probe and the backscattered signals
from up to 55 mm deep were acquired. The total acquisition
time using this sequence was 2 s, meaning 4000 frames of
data from the pair of transducers (8000 transmit events in
total). Data was acquired only from the wire target phantom.
In this case, the maximum angle of the emitted plane wave
was limited to keep the common FoV of both transducers over
time while the probes were moving.

D. Data processing

Optimization was done in Matlab using the simplex search
method described in [21]. The initial estimate of the param-
eters, 6y = {¢,Q1,...,QK, d1,01,d2,02}, needed to start
the optimization algorithm was chosen as follows. Considering
the world coordinate system the same as the local coordinate
system of transducer T; (¢1 = 0, O1 = [0, 0]), the parameter
{¢2,02} that define the position of transducer T, were cal-
culated using point-based image registration [27]. Two single
images, T1R; and T3Rs, acquired by each of the transducers
were used. For the scatterer positions )y and speed of sound
of the propagation medium ¢, an initial value was calculated
from the RF data T;R; using the best-fit one-way geometric
delay for the echoes returning from the targets, as described
in [22].

Optimization was done using all the point-like targets within
the shared FoV. For the static experiment, since there is no
motion, only one set of optimal parameters is needed and all
RF data corresponding to plane waves transmitted at different
angles can be beamformed using the same optimal parameters.
However, to validate the optimization algorithm, 121 optimal
parameter sets were calculated, one per transmit angle and
using the same initial estimate. On the other hand, for the
free-hand demonstration, each frame was generated using a
different set of optimal parameters, where after initializing the
algorithm as described above, each subsequent optimization
was initialized with the optimum value of the previous frame.

The proposed coherent multi-transducer method was com-
pared with the image acquired using one single transducer
and with the incoherent compounding of the envelope-detected
images acquired by two independent transducers. The images
acquired during the static experiment were used for this image
performance analysis. A fully coherent image was obtained
using equation (5), by coherently adding the totality of the RF
data acquired in one sequence (T1R;, T1Ra, ToR;, ToRs):

S(Qu; Pa) = 511(Qr; Pa) + 51.2(Qr; Pa)+
$2,1(Qk; P2) + 52.2(Qi; P2)
Spatial resolution was calculated from the PSF on a single

scatterer. An axial-lateral plane for 2-D PSF analysis was
chosen by finding the location of the peak value in the

(14)

elevation dimension from the envelope-detected data. Lateral
and axial PSF profiles were taken from the center of the point
target. The lateral and axial resolutions were then assessed by
measuring the width and the axial (depth) of the PSF at the
—6dB level, respectively. In addition, resolution was described
using a frequency domain or k-space representation. Axial-
lateral RF PSFs were extracted from the beamformed data and
the k-space representation was calculated using a 2-D Fourier
transform. While the axial resolution is determined by the
transmitted pulse length and the transmit aperture function,
the lateral response of the system can be predicted by the
convolution of the transmit and receive aperture functions [28].

For the anechoic lesion phantom, the contrast and contrast-
to-noise ratio (CNR) were measured from the envelope-
detected images. Contrast was calculated as,

Contrast = 201og; (1ti/ o) (15)
and CNR was computed as
CNR =| pi; — fio | /1) 07 + 02 (16)

where p; and p, are the means of the signal inside and
outside of the region, respectively, and o; and o, represent
the standard deviation of the signal inside and outside of the
region, respectively.

IV. RESULTS

The 121 optimal parameter sets calculated for each of the
transmit angles in the static experiment converged to the same
solution. For the algorithm initialization, the estimated time
from reconstructing the 2 images independently acquired by
each probe, running the semi-automated registration method
and optimizing the solution was less than 1 minute. Fig.
4 shows the corresponding coherent multi-transducer images
obtained using the initial estimate of the parameters and their
optimum values. It is clearly shown that the blurring of the
PSF presented in the image obtained using the initial estimate
of the parameters is reduced after optimization.

The convergence of the method was also validated in the
free-hand experiment. In this case, each transmit angle was
optimized over the total acquisition time. After calculating
the initial estimate of the parameters of the first transmit PW
as described in the previous section, each optimization was
initialized with the optimum value of the previous transmis-
sion event. As expected, rotation and translation parameters
changed over acquisition time (following the operator move-
ments), while the speed of sound can be considered constant.
The averaged value and the standard deviation of the optimal
speed of sound over the acquisition time was 1466.00 m/s
4 0.66 m/s. The resulting video, showing the sequence of
succesfully optimized frames, can be found in the supporting
material. !

Fig. 5 shows images for the wire phantom obtained using
a single transducer (using the RF data T;R; and noted as

IThis paper has supplementary downloadable material available at
http://ieeexplore.ieee.org, provided by the authors. This includes three mul-
timedia AVI format movie clips, which show the results of the free-hand
experiments.



IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, MAY 2019 7

Initial Optimum [dB]
1-5
1-10
-15
-20
-25
-30
-10 0 10 -10 0 10
X [mm)] X [mm]
Fig. 4. Experimental coherent multi-transducer images obtained using the initial estimate of the parameters (¢2 = 55.33°,02 = [39.55,22.83] mm,

¢ = 1496 m/s) and their optimum values (¢2 = 56.73°, O2 = [38.80,23.06] mm, ¢ = 1450.4 m/s). Images formed compounding 121 angles over a total
angle range of 60°. Local coordinate system of transducer 1 used as world coordinate system for all images.

Single T1R1), incoherently compounding the images acquired
by both transducers (using the envelope-detected images T;R;,
T2Rs and noted as Multi Incoherent) and coherently recon-
structing the total RF data (using equation (6) and noted as
Multi Coherent) after optimization. Comparing the resulting
images between the case with a single transducer and the
multi-transducer method, it is observed that the reconstructed
images of the wire targets were clearly improved. The PSF
of the three images were compared. Fig. 6 and 7 show the
corresponding transverse cut of the PSF at the scatterer depth
indicated by dotted lines in Fig. 5 for each of these images,
using a single PW at 0° and compounding 121 PW over a
total angle range of 60°, respectively. To analyze the multi-
transducer method, the world coordinate system defined at the
center of the total aperture, which leads to a more conventional
PSF shape where the best resolution is aligned with the z-
axis, is used. This coordinate system is defined rotating the
local coordinate system of transducer T1 by the bisector angle
between the two transducer, as indicated in Fig. 5. Also, note
that, the incoherent multi-transducer results shown here benefit
from the optimization, as the optimum parameters were used
in the incoherent compounding of the enveloped-detected sub-
images T1R; and T3Ro.

The effect of the apodization on the multi-coherent PSF is
presented in Fig. 7. The relative performance of all approaches
is summarized in Table I. The coherent multi-transducer ac-
quisition presents the best lateral resolution, while the worst
one corresponds to the incoherent image generated through
combining the independent images acquired by both trans-
ducers. Also, larger differences are observed in the behavior
of the side lobes, which are higher in the coherent multi-
transducer method. When a single PW 1is used, the biggest
difference is between the second side lobes, being raised by
13 dB for the coherent multi-transducer method compared to
the single transducer method, while the difference of the first

side lobes is 3.5 dB. This suggests that while significant image
improvements can be achieved, the image may suffer from the
effects of side lobes. The inclusion of the proposed apodization
results in a significant reduction of the first side lobe and
resolution improvement of 65% compared to the conventional
image acquired by a single transducer. In Fig. 5 there is a
noticeable variation in the PSF with increasing depth. This is
due to the relative spatial position of the individual transducers
and to the direction of the transmitted plane waves which
determines the generation of the sidelobes in the reconstructed
data.

The PSFs obtained using a single transducer and the coher-
ently combined multi-transducer signals were investigated in
k-space representation. Fig. 8 shows the corresponding results
using a single PW at 0°. Images are represented in the local
coordinate system of transducer 1. An important consequence
of the linear system is that the superposition principle can
be applied. As expected, the total k-space representation
shows an extended lateral region that corresponds to the sum
of the four individual k-spaces that form an image in the
coherent multi-transducer method. It worth noting that, since
both transducers are identical, they have the same k-space
response (identical transmit and receive aperture functions)
but in different k-space locations. The discontinuity in the
aperture of the system, given by the separation between both
transducers, leads to gaps in the spatial frequency space. This
discontinuity can be filled by compounding PW over an angle
range similar to the angle between by the two transducers.
Since the lateral extent of k-space that can be reached with
steered waves from a single transducer should be double that
of the single plane wave (rectangle vs triangle function). Fig.
9 shows the resulting PSF after compounding 121 angles
with a separation of 0.5°, which define a total sector of
60°, and the corresponding continuous k-space. In addition,
the topography of the continuous k-space can be re-shaped
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Fig. 5. Experimental images of the wire phantom produced with a single transducer (using the RF data T{R; and noted as Single T1R1), incoherently
compounding the images acquired by both transducers (using the envelope-detected images T1R1, ToR2 and noted as Multi Incoherent) and coherently
reconstructing the total RF data (using equation (6) and noted as Multi Coherent). Images formed compounding 121 angles over a total angle range of 60°.
Local coordinate system of transducer 1 used as world coordinate system for all images. PSF and transverse cut at the scatterer depth to estimate resolution
are indicated with dashed lines. Note that, PSF and its cross section are calculated in the world coordinate system that leads to the best resolution in each case,
i.e., conventional PSF of a single transducer calculated in the local coordinate system of transducer 1, and rotated by the bisector angle between transducers

for the others PSFs.

TABLE I
IMAGING PERFORMANCE FOR THE DIFFERENT METHODS ASSESSED USING THE RESOLUTION PHANTOM.

Axial resolution [mm)]

Lateral resolution [mm)]

157 sidelobe [dB]  2"9 sidelobe [dB]

PW Conventional (1 PW at 0°) 0.9445 0.6674 -14.96 -20.79

Multi Incoherent (1 PW at 0°) 0.9474 0.7837 -20.87 -

Multi Coherent (1 PW at 09) 0.8109 0.1817 -11.46 -7.01
=Y ' - - - Single T1R1 m 0 ' — — —Single T1R1
‘; ——— Multi Incoherent =, M-Incoherent
g 101 Multi Coherent ﬂc—; -10 M-Coherent w/o
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Fig. 6. Transverse cut of the PSF at the scatterer depth defined in Fig. 5 for
the single transducer, incoherent and coherent multi-transducer methods. PSFs
calculated in the world coordinate system that leads to the best resolution in
each case, i.e., conventional PSF of a single transducer calculated in the local
coordinate system of transducer 1, and rotated by the bisector angle between
transducers for the others PSFs. For comparison, main lobes of the resulting
transverse cuts are aligned within the lateral axis. Images formed transmitting
a single plane wave at 0°.

weighting the data from the different images that are combined
to form the total one. A more conventional transfer function
with reduced side lobes can be created accentuating the low
lateral spatial frequencies, which are mostly defined by the
sub-images T;R5 and T2R;. Using this approach, Fig. 9 shows
a PSF and its corresponding k-space representation generated
weighting the sub-images T1Ry, T1Rs, ToR; and T3R, with
the vector [1,2, 2, 1]. Corresponding transverse cut of the PSF
and imaging metrics are shown in Fig. 7 and Table 1.

The results obtained from the anechoic lesion phantom are

Lateral [mm)]

Fig. 7. Transverse cut of the PSF at the scatterer depth defined in Fig. 5
for the single transducer method and coherent multi-transducer method, with
(w) and without (w/0) apodization. PSFs calculated in the world coordinate
system that leads to the best resolution in each case, i.e., conventional PSF
of a single transducer calculated in the local coordinate system of transducer
1, and rotated by the bisector angle between transducers for the others PSFs.
For comparison, main lobes of the resulting transverse cuts are aligned within
the lateral axis. Images formed compounding 121 plane waves over a total
angle range of 60°.

presented in Fig. 10 and 11, where the FoV of each transducer
is indicated by blue and red lines (T1 and T2 respectively). Fig.
10 shows the individual sub-images that form the final multi
coherent image and that are obtained through beamforming
the 4 RF datasets acquired in a single cycle of the imaging
process, i.e. transmitting a PW at 0° with probe T1 and
simultaneously receiving with both probes (T1R1,T1R2) and
repeating the transmission with probe T2 (T2R1,T2R2). Note
that, the reconstruction of these sub-images is only possible
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Fig. 8. Envelope-detected PSFs and k-space representation obtained using
a single transducer (upper graph) and using the coherent multi-transducer
method (bottom graph). Images formed using a single PW at 0°. Local
coordinate system of transducer 1 used as world coordinate system.

PSF — k-space [dB]
= E 15 0
2 44 g
R — 10 -10
= 46 - :

*é - 5 -20
< 48 %0 ; -30
4 2 0 2 T -0 0 10

X [mm] lateral f [1/mm)]

— k-space [dB]

= E 15 0
S 44 =
=S = 10 ’ -10
= 46 - .
§ il -20
T 48 %0 ; -30

4 2 0 2 % A0 0 10

X [mm] lateral f [1/mm)]

Fig. 9. Envelope-detected PSFs and k-space representation of the multi-
transducer method, compounding 121 plane waves covering a total angle
range of 60°, without (upper graph) and with apodization (bottom graph).
Local coordinate system of transducer 1 used as world coordinate system.

after finding, through optimization, the relative position of the
probes. A direct result of the combination of these 4 sub-
images is the extended FoV of the multi coherent image. Fig.
11-c shows the multi coherent image obtained by coherently
compounding these 4 sub-images. It can be seen that, as pre-

dicted by the k-space representation, any overlapping regions
in these sub-images will contribute to improved resolution in
the final multi coherent image because of the effective enlarged
aperture created.

Images acquired using coherent PW compounding with
a single transducer (T1R; and T3R,, compounding 41 PW
angles) and coherently compounding the RF data acquired by
both transducers (using equation (6)) transmitting each one
a single PW at 0° and transmitting each one 41 PW are
compared in Fig. 11. Table II shows the corresponding imaging
metrics in terms of lateral resolution, contrast, CNR and frame
rate. To reconstruct the coherent multi-transducer images, the
initial estimate of the parameters was chosen as described in
Section III-D and the 3 strong scatterers generated by the
nylon wires were used in the optimization. It can be seen
that, in general, the multi coherent image has better defined
edges, making the border easier to delineate than in the image
obtained by a single transducer. The reconstructed images
of the wire targets are clearly improved, the speckle size is
reduced and the anechoic region is easily identifiable from the
phantom background. Resolution significantly improved in the
coherent multi-transducer method without frame rate sacrifice
and at small expense of contrast. For single transducer, with
coherent compounding, the lateral resolution, measured at
the first target position is, 1.555 mm (measured at a frame
rate of 260 Hz). Using multi-probe image (without additional
compounding) the resolution improved to 0.713 mm (with an
improved frame rate of 5350 Hz). In the single transducer case,
the lesion is visible with a contrast of -8.26 dB and a CNR
of 0.795, while both metrics are slightly reduced in the multi-
transducer coherent image (without additional compounding)
to -7.251 dB and 0.721, respectively. Using compounding with
41 PW over each probe these improve to -8.608 dB and 0.793.
These results suggest that target detectability is a function of
both resolution and contrast.

The dependence of the imaging depth on the angle between
both probes was also investigated. Fig. 12 shows a spatial
representation of the FoV of two linear arrays and the depth
of the common FoV, measured at the intersection of the center
of both individual field of view. The depth of common FoV as
function of the angle between both probes when transmitting
plane waves at 0° is described. It can be seen that imaging
depth increases at larger angle between the probes.

V. DISCUSSION

This study introduces a new coherent multi-transducer ultra-
sound system that significantly outperforms single transducer
through coherent combination of signals acquired by different
synchronized transducers that have a shared FoV. Although the
experiments presented here were performed as a demonstration
in 2-D using linear arrays, the framework that we propose
clearly encompasses the 3rd spatial dimension. In future work
the use of matrix arrays capable of volumetric acquisitions
could be used for a true 3-D demonstration. Since the multi
coherent image is formed by 4 RF datasets that are acquired
in two consecutive transmissions, it is necessary that tissue
and/or probe motion do not break the coherence between
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Fig. 10. Individual sub-images that form the final multi coherent image. These were obtained by individually beamforming the 4 RF datasets acquired from
one complete sequence, i.e. transmitting a PW at 0° with probe T; and simultaneously receiving with both probes (T1R1,T1R2) and repeating the transmission
with probe T2 (T2R1,T2R2). The optimum parameters used to reconstruct the images are ¢o = 53.05°, Oz = [41.10,25.00] mm, ¢ = 1437.3 m/s.Lines
indicate the field of view of transducer T1 (blue) and T2 (red).

TABLE I
IMAGING PERFORMANCE FOR THE DIFFERENT METHODS ASSESSED USING THE CONTRAST PHANTOM.

Lateral resolution [mm]  Contrast [dB] CNR [-]  Frame rate [Hz]

Single TIR1 (1 PW at 0°) 2.633 -6.708 0.702 10700
Single TIR1 Compounding (41 PW, sector 20°) 1.555 -8.260 0.795 260
Multi Coherent (1 PW at 0°) 0.713 -7.251 0.721 5350
Multi Coherent Compounding (41 PW per array, sector 20°) 0.693 -8.608 0.793 130

consecutive acquisitions. To ensure this is the case high frame is a complex interplay between FoV and resolution gain as
rate acquisition is essential. Its performance has been demon- probes are moved relative to one another. In the method
strated using plane waves. However, different transmit beam presented there must be overlap of insonated regions to allow
profiles such as diverging waves may increase the overlapped the relative probe positions to be determined. Any overlap
FoV, extending the final high resolution image. Indeed there in either transmit or receive sensitivity fields will contribute
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Fig. 11. Experimental images of the contrast phantom obtained by different methods. (a) Coherent plane wave compounding 41 PW with transducer T1;
(b) Coherent plane wave compounding 41 PW with transducer T2; (c) Coherent multi transducer method with transmission of a single PW at 0° from
each transducer; (d) Coherent multi transducer method with additional compounding and each transducer emitting 41 PW. The optimum parameters used to
reconstruct the multi-coherent images are ¢o = 53.05°, O2 = [41.10, 25.00] mm, ¢ = 1437.3 m/s. Lines indicate the field of view of transducer T1 (blue)

and T2 (red).

to improved resolution because of the enlarged aperture of
the combination of transducers. The final image will always
achieve an extended FoV, but the resolution will only improve
in regions of overlapping fields. This will be best towards the
centre where the overlap includes transmission and receipt for
both individual probes. There is also an improvement (albeit
lesser) in regions where the overlap is only on transmit or
receive fields (see Fig. 10 and 11). Thus there are net benefits,
but of different kinds in different locations. In a similar
way, this also will determine the imaging depth achieved

by the method. While the relative position of the individual
transducers and the angles of the transmitted plane waves will
determine the depth of the common FoV (see Fig. 12), an
improvement of imaging sensitivity in deep regions is expected
because the effective receive aperture is larger than in a single
probe system.

Our results suggest that the improvements in resolution
are mainly determined by the achieved extended aperture
rather than compounding PW at different angles. Preliminary
simulation results showed that in the coherent multi-transducer
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Fig. 12. Schematic representation of the common field of view (FoV) of two
probes, T1 (blue) and T2 (red). Depth of common field of view as function
of the angle between both probes when transmitting plane waves at 0°. The
dashed line shows the angle and corresponding depth of the configuration
shown in the schematic representation. The depth of the FoV is measured at
the intersection of the center of both individual field of view.

method there is a trade-off of between resolution and contrast
[18]. While a large gap between the probes will result in an
extended aperture which improves resolution, the contrast may
be compromised due to the effects of sidelobes associated with
creation of a discontinuous aperture. Also, additional off-axis
scattering may contribute to the side lobe amplitude (see Table
I). Further coherent compounding can be used to improve
the contrast by reducing sidelobes. Fig. 11 shows that target
detectability is determined by both resolution and contrast
[29]. The differences between the k-space representations for
the single and the coherent multi-transducer methods further
explain the differences in imaging performance; the more
extended the k-space representation, the higher the resolu-
tion [30]. The relative amplitudes of the spatial frequencies
present, i.e. the topography of k-space, determine the texture
of imaged targets. Weighting the individual data from the
different transducers can reshape the k-space, accentuating
certain spatial frequencies and so can potentially create a
more conventional response for the system. Moreover, the
presence of uniformly spaced unfilled areas in a system’s k-
space response may indicate the presence of grating lobes in
the system’s spatial impulse response [28]. A sparse array
(like our multi-transducer method) creates gaps in the k-space
response. Only with minimal separation between transducers
the k-space magnitude response will become smooth and
continuous over an extended region. This suggests that there
is an interplay between the relative spatial positioning of the
individual transducers and the angles of the transmitted plane
waves; where either one or both of these can determine the
resolution and contrast achievable in the final image [18].
There is an opportunity to use the relative position data to
decide what range of PW angles to use and to change these
on the fly to adaptively change performance. Finally, in real
life applications, resolution and contrast will be influenced by
a complex combination of probe separation and angle, aperture
width, fired PW angle and imaging depth. In the future, we
will focus on further investigating these different factors that
determine the image performance of the system, including the
use of advance beamforming methods [5].

Image enhancements related to increasing aperture size are
well described [12]. Nevertheless, in clinical practice the aper-
ture is limited because extending it often implies increasing the

cost and the system complexity. This work uses conventional
equipment and image-based calibration to extend the effective
aperture size while increasing the received amount of RF data
(data x V). The estimated time for the first initialization is
less than 1 minute, which is comparable to other calibration
methods [31], [32]. Once the algorithm has been correctly
initialized, the subsequent running times for the optimization
can be significantly decreased. For example, in the free-hand
experiment, where each optimization was initialized with the
output from the previous acquisition, the optimization was up
to 4 times faster than the first one. Regarding to the amount of
data, similar to 3-D and 4-D ultrafast imaging where the data
is significantly large [33], in the proposed multi-transducer
method computation may be a bottleneck for real time imag-
ing. Graphical processing unit (GPU)-based platforms and
high-speed buses are key to future implementation of these
new imaging modes [34]. In addition to the system complexity,
large-aperture arrays represents ergonomic operator problems
and have limited flexibility to adapt to different applications.
In this work, the extended aperture is the result of adding
multiple freely placed transducers together, which allows more
flexibility. Small arrays are easy to couple to the skin and
adapt to the body shape. Notwithstanding, in relation to current
ultrasound imaging systems, the use of multiple probes will
potentially increase the operational difficulty for the individual
performing the scan. However, it is possible to manipulate
multiple probes using a single, potentially adjustable, multi-
probe holder that would allow the operator to hold multiple
probes with only one hand while keeping directed to the
same region of interest. In related work, such a probe holder
has been demonstrated as a potential device for incoherent
combination of multiple images for extended FoV imaging [4].
The approach presented in this study could lead to a totally
different strategy in US in which large assemblies of individual
arrays are operated coherently together.

To successfully improve the PSF, the proposed multi-
transducer method requires coherent alignment of the
backscattered echoes from multiple transmit and receive po-
sitions. This requirement is only achieved through precise
knowledge of all the transducer positions, which in practice is
not achievable by manual measurements or using electromag-
netic or optical trackers [35]. This study, presents a method
for precise and robust transducer location by maximizing
the coherence of backscattered echoes arising from the same
point scatterer and received by the same transducer using
sequential transmissions from each of the transducers of the
system. Similar to free-hand tracked ultrasound for image
guide applications [31], [32], spatial calibration is essential
to guarantee the performance of the proposed multi-coherent
ultrasound method. The use of gradient-descent methods re-
quires an initial estimate of the parameters close enough to the
global maximum of the cost function, including the position
of the calibration targets. It is then expected an increase in the
sensitivity errors away from the targets used for calibration.
The distance between maxima, which depends on the NCC
and corresponds to the pulse length, dictates this tolerance.
This is approximately 1.5 us (equivalent to 2.19 mm) for the
experimental configuration used here. This tolerance value can
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be realistically achieved through image registration [27]. In
practice, in a free-hand situation, and assuming that at some
initial instant the registration is accurate, this initial guess
can be ensured if the transducers move relatively little in the
time between two transmissions and share a common FoV.
In PW imaging, the frame rate is only limited by the round-
trip travel time, which depends on the speed of sound and
the depth. For the experimental setup used in this work, the
minimum time between two insonifications is around 94 ps.
Hence the maximum frame rate is limited to F},,. = 10.7
kHz, which in the case of the present multi transducer coherent
method is reduced by the number of probes as Fj,../N.
To guarantee free-hand performance of the multi transducer
method, perfect coherent summation must be achieved over
consecutive transmissions of the NV transducers of the system.
However, when the object under insonification moves between
transmit events, this condition is no longer achieved. In other
words, the free-hand performance is limited by the maximum
velocity at which the probes move. Considering that coherence
breaks for a velocity at which the observed displacement
is larger than half a pulse wavelength per frame [26], the
maximum velocity of the probes is Viax = AFmaz/2N,
which in the example showed here is 1.33 m/s. This speed
far exceeds the typical operator hand movements in a regular
scanning session and hence, the coherent summation over two
consecutive transmission is achieved. The method has been
validated in a free-hand demonstration.

Wavefront aberration caused by inhomogeneous medium
can significantly limit the quality of medical ultrasound images
and is the major barrier to achieve diffraction-limited resolu-
tion with large aperture transducers [36]. In the situation where
there is no variation in the speed of sound through the medium,
the result of the optimisation will remain valid throughout the
imaged region. Even in areas distant from the targets used for
calibration. However, in the presence of variation in speed of
sound, errors in the applicability of the transform are likely
to increase in regions further from the targets. The technique
described in this work has been tested in a scattering medium,
with the assumption of a constant speed of sound along the
propagation path. However, since the speed of sound is a
parameter in the optimization, the technique could be adapted
for nonhomogeneous media where the speed of sound varies
in space [18]. In this case, the medium could be modeled
through piecewise continuous layers. The optimization method
could be applied in a recursive way, dividing the FoV in
sub areas with different speeds of sound. More accurate
speed of sound estimation would improve beamforming and
allow higher order phase aberration correction. Potentially
representing speed of sound maps would be of great interest
in tissue characterization [37], [38]. In addition, the use
of multiple transducers allows multiple interrogations from
different angles, which might give insight into the aberration
problem and help to test new algorithms to remove the clutter.

Further studies are needed to predict the performance of
the proposed multi-transducer system for in-vivo imaging. The
approach presented here has been formulated and validated
for detectable and isolated point scatterers within the shared
imaging region, which in practice may not be always possible.

However, although the theory was presented for point-like
scatterers, the approach relies on a measure of coherence
which may well be more tolerant, as indicated in the contrast
phantom demonstrated in Fig. 11. This result suggests that the
method may work when there are identifiable prominent local
features, and the concept of maximizing coherence of data
received by each receiver array when insonated by different
transmitters could allow wider usage. Indeed, an optimization
based on spatial coherence might be more robust in the case
where point targets are not available, due to the expected
decorrelation of speckle with receiver location [39]-[41]. This
may also lead to improvements in computational efficiency.
Measures of spatial coherence have been used previously in
applications such as phase aberration correction [42], flow
measurements [43], and beamforming [44]. On the other hand,
isolated point scatterers can be artificially generated by other
techniques, for instance by inclusion of microbubble contrast
agents [45]. Recently, ultrasound super-resolution imaging has
demonstrated that spatially isolated individual bubbles can
be considered as point scatterers in the acoustic field [46]
and accurately localized [47]. The feasibility of the coherent
multi-transducer method in complex media, including a new
approach mainly based on spatial coherence [20], [40] and the
potential use of microbubbles will be the focus of future work.

VI. CONCLUSION

In this study a new coherent multi-transducer ultrasound
imaging system and a robust method to accurately localize
the multiple transducers have been presented. The subwave-
length localization accuracy required to merge information
from multiple probes is achieved by optimizing the coherence
function of the backscattered echoes coming from the same
point scatterer insonated by sequentially all transducers and
received by the same one, without the use of an external
tracking device. The theory for the approach was general for
a multiplicity of 2-D arrays placed in 3-D and the method
was experimentally validated in a 2-D framework using a pair
of linear array and ultrasound phantoms. The improvements
in imaging quality have been shown. Overall the performance
of the multi-transducer approach is better than plane wave
imaging with one single linear array, enhancing resolution
and extending the field of view while keeping high acquisition
frame rates. Results suggest that the coherent multi-transducer
imaging has the potential to improve ultrasound image quality
in a wide range of scenarios.
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